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RESUMO

O objetivo deste estudo foi investigar o efeito do kaempferol sobre o cultivo in
vitro de tecido ovariano e de foliculos secundarios isolados da espécie ovina.
Para isso, foram realizadas duas fases experimentais, divididas em dois
capitulos. Para o cultivo de tecido ovariano (cultivo in situ - capitulo 1), os
fragmentos de coértex foram cultivados por 7 dias em meio controle (a-MEM*) ou
em a-MEM* adicionado de diferentes concentracbes de kaempferol (0,1; 1; 10
ou 100 uM). O meio controle era constituido de a-MEM suplementado com
insulina, transferrina, selénio, glutamina, hipoxantina, albumina sérica bovina
(BSA), penicilina e estreptomicina, chamado a-MEM+. Apés o cultivo, foram
avaliados a morfologia, a ativacao, o crescimento e a fragmentacao do DNA dos
foliculos pré-antrais. Além disso, realizou-se a inibicdo farmacolégica da via
fosfatidilinositol-3-fosfato (PI3k) e a imunohistoquimica para analise da
expressao da proteina quinase B fosforilada (pAKT). No capitulo 2, os foliculos
secundéarios foram isolados e cultivados durante 12 dias em a-MEM
suplementado com BSA, insulina, glutamina e hipoxantina (a-MEM: meio base
sem antioxidantes) ou neste meio também adicionado por transferrina, selénio e
acido ascorbico (AO: meio base com antioxidantes). Além disso, foram
adicionadas diferentes concentracdes de kaempferol (0,1; 1 ou 10 uM) aos
diferentes meios de base: (a-MEM ou AO), totalizando 8 tratamentos. Apés o
cultivo de foliculos isolados, 0s seguintes parametros foram avaliados:
morfologia, formagé&o de antro, diametro folicular, percentagem de odcitos = 110
pm, niveis de glutationa (GSH), atividade mitocondrial e percentagem de
maturacdo in vitro. No capitulo 1, 10 yM de kaempferol mostrou uma maior
porcentagem de ativacao folicular e proliferacdo celular do que os outros
tratamentos (P <0,05) e uma porcentagem de células TUNEL positivas
semelhantes as do controle fresco e menor do que outros tratamentos (P <0,05).
O LY294002 inibiu significativamente a ativacao do foliculo primordial estimulada
por a-MEM + e 10 uM de kaempferol e reduziu a expressdo de pAKT. J& no
capitulo 2, a porcentagem de foliculos normais foi maior (P <0,05) no meio AO
com relacdo aos demais tratamentos e similares (P> 0,05) ao a-MEM
suplementado com 1 ou 10 uM kaempferol. Além disso, a-MEM mais 1 ou 10 pM
de kaempferol e meio AO apresentaram diametros foliculares, ovdcitos
totalmente crescidos e niveis de GSH similares (P> 0,05). A formacéo de antro
foi maior (P <0,05) em a-MEM + 1 yM kaempferol do que em AO e similar (P>
0,05) a a-MEM + 10 yM kaempferol. Além disso, a-MEM suplementado com 1
UM de kaempferol apresentaram maiores (P <0,05) niveis de mitocéndrias ativas
do que a-MEM + 10 uM de kaempferol e meio AO. Nao houve diferenca para as
taxas de retomada meiotica (P> 0,05). Em concluséo, 10 uM de kaempferol
promove a ativacao, reduz a fragmentacdo do DNA e aumenta a expressao de
pPAKT dos foliculos pré-antrais ovinos cultivados in situ. Ja para foliculos
secundarios, 1 uM de kaempferol pode ser utilizado como Unico antioxidante
presente no meio base, substituindo a adicdo de transferrina, selénio e acido
ascorbico durante o cultivo in vitro e a retomada meio6tica de oocitos oriundos de
foliculos secundarios ovinos.

Palavras-chave: foliculogénese, AKT, preantral, PI3K, antioxidante.



ABSTRACT

The aim of this study was to investigate the effect of kaempferol on the in vitro
culture of ovarian tissue and isolated secondary follicles in the ovine species.
For this, two experimental phases were performed, divided in two chapters. For
the culture of ovarian tissue (in situ culture — chapter 1), fragments of the cortex
were cultured for 7 days in control medium (a-MEM+) or in a-MEM*
supplemented with different concentrations of kaempferol (0.1, 1, 10 or 100 pM).
The control medium consisted of a-MEM supplemented with insulin, transferrin,
selenium, glutamine, hypoxanthine, bovine serum albumin (BSA), penicillin and
streptomycin, called a-MEM+. After culture, morphology, activation, growth and
DNA fragmentation of the preantral follicles were analyzed. In addition, we
performed a pharmacological inhibition of the phosphatidylinositol 3 kinase
(PI3K) pathway and the immunohistochemistry for analysis of phosphorylated
protein kinase B (pAKT) expression. In chapter 2, the secondary follicles were
isolated and cultured for 12 days in a-MEM supplemented with BSA, insulin,
glutamine and hypoxanthine (a-MEM: base medium without antioxidants) or in
this medium also supplemented with transferrin, selenium and ascorbic acid
(AO: base medium with antioxidants). Moreover, different concentrations of
kaempferol (0.1, 1 or 10 uM) were added to the different base media: (a-MEM
or AO), totaling 8 treatments. After culture of isolated follicles, the following
parameters were analyzed: morphology, antrum formation, follicular diameter,
percentage of oocytes =110 pm, glutathione (GSH) levels, mitochondrial activity
and percentage of in vitro maturation. In Chapter 1, 10 yM kaempferol showed
a higher percentage of follicular activation and cell proliferation than the other
treatments (P <0.05) and a percentage of TUNEL positive cells similar to those
of fresh and less control than other treatments (P <0.05). LY294002 significantly
inhibited the activation of primordial follicle stimulated by a-MEM + and 10 yM
kaempferol and reduced pAKT expression. Already in Chapter 2, the
percentage of normal follicles was higher (P <0.05) in AO medium compared to
other treatments and similar (P> 0.05) to a-MEM supplemented with 1 or 10 yM
kaempferol. In addition, a-MEM plus 1 or 10 uM kaempferol and AO medium
showed follicular diameters, fully grown oocytes and similar GSH levels (P>
0.05). The den formation was higher (P <0.05) in a-MEM + 1 uM kaempferol
than in AO and similar (P> 0.05) a-MEM + 10 yM kaempferol. In addition, a-
MEM supplemented with 1 yM kaempferol had higher (P <0.05) active
mitochondria levels than a-MEM + 10 yM kaempferol and AO medium. There
was no difference for meiotic recovery rates (P> 0.05). In conclusion, 10 yM
kaempferol promotes activation, reduces DNA fragmentation, and increases
PAKT expression of ovine preantral follicles cultured in situ. For secondary
follicles, 1 uM of kaempferol can be used as the only antioxidant present in the
base medium, replacing the addition of transferrin, selenium and ascorbic acid
during in vitro culture and the meiotic recovery of oocytes from ovine secondary
follicles.

Keywords: folliculogenesis, AKT, preantral, PI3K, antioxidant.
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mammary tumor (G). O: Oocyte; GC: Granulosa cells. Scale bars: 25
and 100 pym (400x).
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1. INTRODUCAO

O rebanho de ovinos apresenta um efetivo de 18,4 milhdes de animais no
Brasil, sendo 64,2% destes na regido Nordeste (IBGE, 2017). Tendo em vista
gue a ovinocultura desempenha importante papel socioeconémico por se tratar
de importante fonte de alimento e renda, o estabelecimento de biotécnicas
reprodutivas ira contribuir para ampliacdo do conhecimento basico em fisiologia
reprodutiva (CASTILHO et al., 2013), permitir a multiplicacdo do germoplasma
desses animais e servir como base para o entendimento de algumas doencas,
como a infertilidade (MBEMYA et al., 2017).

Nesse sentido, dentre as biotecnologias da reproducéo de fémeas,
destaca-se o cultivo in vitro de foliculos ovarianos pré-antrais, que visa criar in
vitro as condicfes necessarias para promover o completo desenvolvimento de
foliculos ovarianos (HOSSEINI et al., 2017) e, consequentemente, proporcionar
a obtencdo de odcitos fertilizaveis destinados, por exemplo, a técnicas de
reproducéo assistida (CADENAS et al., 2018). Até o momento, o resultado mais
promissor oriundo do cultivo in vitro folicular demonstrou que é possivel obter o
nascimento de crias vivas a partir do crescimento e da maturagao in vitro de
odcitos oriundos de foliculos pré-antrais de animais de laboratério (O’'BRIEN et
al., 2003). Contudo, em espécies domésticas, como a caprina (SARAIVA et al.,
2010) e a ovina (ARUNAKUMARI & RAO, 2010), poucos embrides foram
produzidos in vitro apds o cultivo de foliculos secundarios.

Desse modo, o maior desafio dos pesquisadores é o desenvolvimento de
um meio de cultivo in vitro ideal que assegure o completo desenvolvimento
folicular (FIGUEIREDO et al., 2008). Nessa perspectiva, estudos demonstram
que diferentes substancias, como fatores de crescimento (AGUIAR et al. 2017),
hormdonios (SILVA et al., 2017) ou ainda antioxidantes (LINS et al., 2017) vém
sendo testados. Sabe-se que a adicdo de antioxidantes ao meio de cultivo
reduz a producdo de espécies reativas de oxigénio (ERO), evitando assim, o
estresse oxidativo durante o cultivo in vitro (SA et al., 2017). Além disso, o
antioxidante pode promover o desenvolvimento folicular do estagio de

secundario para antral (MENEZES et al.,, 2017), etapa essencial para o
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desenvolvimento folicular. Dentre as substancias antioxidantes, destaca-se o
kaempferol, que ainda nao foi estudado na foliculogénese ovariana ovina.

O kaempferol € um flavondide natural presente em inUmeras plantas
comestiveis e que ja foi estudado devido as suas propriedades antioxidante
(CALDERON-MONTANO et al., 2011), antiapoptoética em células estaminais
mesenquimais derivadas da medula éssea em coelho (ZHU et al., 2017) e
citoprotetora contra cardiotoxicidade induzida por doxorrubicina em rato (XIAO
etal., 2012). Com relacéo a reproducéo, esse flavondide restaurou a motilidade
de espermatozéides humanos, expostos previamente ao aluminio (JAMALAN
et al., 2016) e aumentou a porcentagem de embrides suinos em estagio de
moérula, quando adicionado ao meio de maturacao in vitro (ORLOVSCHI et al.,
2014). No entanto, o efeito dessa substancia sobre o desenvolvimento in vitro

de foliculos ovarianos ovinos ainda nao foi estudado.
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2. REVISAO DE LITERATURA

2.1. O ovario mamifero

O ovério mamifero (Figura 1) é o principal érgao do sistema reprodutivo
de fémeas, sendo composto por foliculos ovarianos juntamente com o corpo
liteo, o tecido intersticial e varios tipos de células diferenciadas que trabalham
em conjunto para promover suas funcdes enddcrina e exdcrina. Com relacéo a
funcdo enddcrina, o ovario € responsavel pela sintese e secrecao de hormdnios
que sao essenciais para o0 desenvolvimento folicular, ciclicidade
estral/menstrual e manutencao do trato reprodutivo e suas fungdes. A funcao
exdcrina ou gametogénica visa a diferenciacdo e a liberacdo de um odcito
maturo para fecundacéao (FENG et al., 2018; MCGEE E HSUEH, 2000).
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Figura 1. Representagcdo esquematica do ovario mamifero. Adaptado de

http://www.tarleton.edu/Departments/anatomy/ovary.html.

Em todas as espécies mamiferas, o ovario € composto de duas regides
distintas: uma medular e outra cortical, circundada pelo epitélio germinativo

(BAILLET etal., 2012). Na maioria das espécies, a medula esta localizada mais


http://www.tarleton.edu/Departments/anatomy/ovary.html
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internamente e consiste de um arranjo irregular de tecido conjuntivo
fibroeldstico e um extensivo tecido nervoso e vascular que chega ao ovario
através do hilo. O cortex ovariano, localizado mais externamente, consiste na
regido funcional do 6rgéao, sendo composto de tecido conjuntivo (fibroblastos,
coldgeno e fibras reticulares), foliculos ovarianos em vérios estadios de
desenvolvimento ou em regressdo, bem como corpos lateos, albicans e
hemorragicos (RICHARDS & PANGAS, 2010).

A funcionalidade deste 6rgdo durante a vida reprodutiva das fémeas
depende da perfeita interagcdo entre fatores intra-ovarianos, autdcrinos,
paracrinos e enddcrinos (ALVES et al., 2012), bem como entre a vasculatura
local e os foliculos nos mais variados estagios de desenvolvimento que atuam

coordenando o processo da foliculogénese ovariana (FENG et al., 2018).

2.2. Classificacéo dos foliculos ovarianos e foliculogénese

O foliculo ovariano € a unidade morfofuncional do ovério e € formado por
um odcito circundado por células da granulosa e/ou tecais (HE & TOH, 2017)
que proporcionam as condi¢cdes ideais para a manutencdo da viabilidade,
crescimento e liberagdo de um odécito maturo no processo de ovulacdo
(KNIGHT; GLISTER, 2006; NILSSON et al., 2011). Assim, uma alteracdo em
qualquer etapa deste processo complexo pode comprometer a fertilidade
(CONTI et al., 2012).

A foliculogénese pode ser definida como um processo ciclico responsavel
pela formacéo, maturacdo e liberacdo de odécitos dos ovarios (LAISK-PODAR
et al., 2016), iniciando-se com a formacao do foliculo primordial e culminando
com o estadio de foliculo de De graaf ou pré-ovulatorio (MONNIAUX, 2016). A
capacidade reprodutiva de uma fémea mamifera € iniciada durante a vida fetal,
momento em que ocorre a formacao folicular (BAILLET et al., 2012). Nesse
sentido, de acordo com o grau de evolucéo, os foliculos podem ser divididos
em: 1) foliculos pré-antrais ou ndo cavitarios, que abrangem os foliculos
primordiais, de transicdo, primarios e secundarios e 2) foliculos antrais ou
cavitarios, compreendendo os foliculos terciarios e De graaf ou pré-ovulatorio
(Figura 2; ROSSETO et al., 2013; SILVA et al., 2004).
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Figura 2. Classificacdo dos foliculos pré-antrais e antrais. Foliculo primordial
(A), de transicao (B), primario (C), secundario (D) terciario (E) e pré-ovulatério
(F). N: Nucleo, O: oécito, G: células da granulosa, ZP: zona pellcida, CT:

células da teca, A: antro. (Adaptado de Silva et al., 2004).

O foliculo primordial ou foliculo quiescente (WEAR et al.,, 2016) é
composto por um odécito, que se encontra na fase de dipléteno da préfase |,
circundado por uma Unica camada de células da pré-granulosa de morfologia
pavimentosa (MONNIAUX, 2016). Em ruminantes e primatas, a formacao de
foliculos primordiais, os quais representam 95% do total de foliculos pré-antrais
presentes no ovario, comeca durante o desenvolvimento fetal e, mais
especificamente em ovinos, ocorre apos 100 dias de gestacdo (FORTUNE et
al., 2000; SMITZ; CORTVRINDT, 2002).

A ativacao ou inicio do crescimento folicular € um processo que se da pela
passagem dos foliculos primordiais do pool de reserva (quiescentes) para o
pool de foliculos em crescimento (transicdo, primario, secundario, terciario e
pré-ovulatério), ou seja, refere-se ao passo inicial no processo complexo de
crescimento do odcito e diferenciacdo das células da pré-granulosa (WEAR et
al., 2016). Esse processo é independente de gonadotrofinas (VABRE et al.,
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2017). A ativagdo dos foliculos primordiais é caracterizada pela mudancga na
morfologia e aumento das células da granulosa, seguida do aumento do
diametro oocitario (MONNIAUX, 2016). Apés a ativacao, os foliculos primordiais
gradualmente adquirem células da granulosa com morfologia pavimentosa e
cubica, tornam-se foliculos de transicdo e, em seguida, foliculos primérios, ou
seja, qguando séo circundados por uma camada de células da granulosa cubicas
(SILVA et al., 2004).

Estudos in vitro demonstraram evidéncias de que a ativacao de foliculos
primordiais ovinos pode ser influenciada, entre outros fatores, por: kit-ligand
(KL) (CAVALCANTE et al.,, 2016), fator de crescimento epidermal (EGF)
(SANTOS et al., 2017), fator de crescimento semelhante a insulina-1 (IGF-I)
(BEZERRA et al., 2018), GDF-9 (MARTINS et al., 2008), fator de crescimento
fibroblastico-2 (FGF-2) (SANTOS et al., 2014), hormonio do crescimento (GH)
(MAGALHAES et al, 2011) e a proteina morfogenética-15 BMP-15
(CELESTINO et al., 2011).

A multiplicacdo das células da granulosa dos foliculos primarios leva a
formacdo de varias camadas de células ao redor do odcito, formando os
foliculos secundarios. Estes foliculos sao caracterizados pela presenca de duas
ou mais camadas de células da granulosa cubicas localizadas em torno do
odcito, bem como pela formacdo de uma camada de células tecais envolvendo
a membrana basal folicular (VAN DEN HURK; ZHAO, 2005). Nestes, a zona
pelucida é claramente identificada ao redor do oécito (LUCCI et al., 2001).
Nessa fase, inicia-se a formacéo das camadas de células da teca a partir de
células do estroma intersticial. Sendo assim, a camada de células tecais se
estratifica e se diferencia em duas partes distintas: teca externa e teca interna
(RIZOV et al., 2017).

Com o crescimento dos foliculos secundarios e a organizacéo das células
da granulosa em vérias camadas, ocorre a formacdo de uma cavidade repleta
de liquido folicular, entre as camadas de células granulosa, denominada antro.
A partir deste estadio, os foliculos passam a ser denominados terciarios ou
antrais. O diametro dos foliculos aumenta devido ao crescimento do odcito,
multiplicacéo das células da granulosa, da teca e aumento do fluido antral. As

gonadotrofinas FSH e LH séo liberadas na glandula pituitaria e controlam
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principalmente o0s processos de desenvolvimento folicular e ovulacéo,
regulando, em parte, a producdo de estrogénio e as fungbes das células da
granulosa e da teca (Figura 3; JIANG et al., 2017; VAN DEN HURK; ZHAO,
2005).

Na espécie ovina, diversos fatores de crescimento e hormonios
contribuem para o desenvolvimento de foliculos secundarios in vitro, como por
exemplo, IGF-I, fator de crescimento transformante beta (TGFb), hormdnios
tetraiodotironina (T4), horménio do crescimento (GH) e hormdnio foliculo
estimulante (FSH) (ARUNAKUMARI et al. 2010).
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Figura 3. Representacdo esquematica dos processos de foliculogénese e
oogénese (ROSSETO et al., 2013).

Vale ressaltar que os foliculos em crescimento estdo em continua
interacdo também com a vasculatura local ovariana (Figura 4). Portanto, os
foliculos ovarianos secretam fatores angiogénicos locais (fator de crescimento
endotelial vascular (VEGF), fator de crescimento fibroblastico basico (FGFb),
angiopoietina, entre outros, que atuam em conjunto para promover suprimento
vascular para os foliculos vizinhos, aumento da concentracdo de hormonios
gonadotroficos (GnHs), nutrientes e oxigénio desencadeando assim o
crescimento folicular (FENG et al., 2018).
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Figura 4. Interacfes entre a vasculatura local e os foliculos ovarianos. As setas
representam a interacao entre fatores de crescimento, nutrientes e oxigénio
(FENG et al., 2018).

No ultimo estadio do desenvolvimento folicular, forma-se o foliculo pré-
ovulatorio, o qual é caracterizado por um odcito circundado por células da
granulosa especializadas que sao denominadas de células do cumulus. As
células da granulosa de foliculos pré-ovulatérios param de se multiplicar em
resposta ao hormonio luteinizante (LH) e iniciam a etapa final de diferenciagéo.
Desta forma, nessa fase, ocorre uma diminui¢cao dos niveis circulantes de FSH
em resposta ao alto nivel de estradiol e inibina produzidos pelo foliculo. Com o
pico pré-ovulatorio de LH durante a puberdade, o odcito retoma a meiose e
progride da profase | para a metafase Il, resultando na ovulacdo de um odcito
maturo (MONNIAUX, 2016).

2.3. Populacéo e atresia folicular

Os foliculos pré-antrais representam 90% do total de foliculos presentes
no ovario e constituem o estoque de gametas femininos (FIGUEIREDO et al.,
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2008). A populacao folicular difere entre as espécies, além de ser observada
uma grande variacdo individual (KATSKA-KSIAZKIEWICZ, 2006). Na espécie
ovina, podem ser encontrados cerca de 160.000 foliculos ovarianos
(DRIANCOURT et al., 1991). Apesar desta grande populacéo folicular presente
no ovario mamifero, a quase totalidade dos foliculos, ou seja, 99,9%, nado
chegam a ovulagdo, pois morrem por um processo fisiolégico denominado
atresia, o qual ocorre, principalmente, por via apoptética ou pelo processo
degenerativo de necrose (FIGUEIREDO et al., 2008).

A apoptose € a principal responséavel pela perda da reserva folicular
ovariana (GOUGEON, 2010). Refere-se a um processo fisiolégico de morte
celular programada e desempenha um papel relevante na homeostase de
diferentes tecidos em resposta a numerosos estimulos. Ela é caracterizada por
diversas alteracdes morfoloégicas e bioquimicas nas células, tais como:
modificacdes no citoesqueleto (ORRENIUS et al., 2013), que induzem
contracdo celular, fragmentacdo do &cido desoxirribonucléico (DNA) e
condensacdo da cromatina, levando ao aparecimento de nucleos picnoticos,
formacdo de vesiculas, porém, sem perda de integridade da membrana e sem
resposta inflamatéria (LAVIN, 1993; LIAO et. al.,, 2005; YASUHARA et al.,
2003). Existem moléculas envolvidas no controle das vias de ativagdo da
apoptose, dentre estas, estdo as proteinas antiapoptoéticas e pré-apoptéticas
(GRIVICICH; REGNER; ROCHA, 2007), que podem ser ativadas por duas vias
principais: a via extrinseca ou via do receptor de morte e pela via intrinseca ou
via mitocondrial (SILVA et al, 2013).

A via extrinseca € desencadeada pela ligacdo de ligantes especificos
aos receptores Fas, membros da superfamilia dos receptores do fator de
necrose tumoral (rTNF). Esta ligacdo é capaz de ativar a cascata das caspases
(GRIVICICH; REGNER; ROCHA, 2007). Inicialmente, sdo ativadas as
caspases iniciadoras (caspase-8 e 9), que ativam as caspases executoras, tais
como a caspase-3 e caspase-7 (JIANG; WANG, 2004), responsaveis pela
clivagem de proteinas essenciais, conduzindo a morte celular (HUTT, 2015).
Por sua vez, a via intrinseca é ativada por estresses diversos, como a privacao
de fatores de crescimento, danos ao DNA, hipdxia ou ativacdo de oncogenes.

Estes sinais sdo conduzidos até as mitocondrias, as quais liberam moléculas
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pré-apoptéticas, como o citrocomo c, no citoplasma (DESAGHER; MARTINOU,
2000; HENGARTNER, 2000), estimulando a ativacdo das caspase-9 e
caspase-3 (RUPNARAIN et al., 2004) e, consequentemente, a apoptose
celular.

A necrose, por sua vez, é um termo usado para as mortes celulares
acidentais, produzidas, por exemplo, por traumatismos ou substancias toxicas,
resultando em rapida desregulacdo da homeostasia celular (BRAS et al., 2005).
Durante a necrose, ocorre condensacdo da cromatina, a célula aumenta de
volume, as mitocondrias dilatam-se e, dessa forma, sédo danificadas juntamente
com o reticulo endoplasmatico e ha desagregacdo dos ribossomos
(UCHIYAMA, 1995; ORRENIUS et al., 2013).

Por fim, apesar de varios estudos sobre os foliculos pré-antrais e
mecanismos envolvidos na atresia folicular, os dados obtidos até 0 momento
Nao nos permitem criar um ambiente in vitro ideal para produzir um
desenvolvimento folicular semelhante ao observado no ovario. Provavelmente
por causa disso, os sistemas de cultivo e composi¢cdes de meio ndo sao
capazes de sustentar a sobrevivéncia da maioria dos foliculos e,

consequentemente, fornecem poucos odécitos em metafase Il (AMORIM, 2018).

2.4. Sistemas de cultivo in vitro de foliculos ovarianos

O desenvolvimento de sistemas de cultivo in vitro a partir de foliculos
primordiais até a obtencdo de o6citos em metafase Il (Mll), que posteriormente
possam ser utilizados eficazmente para fecundacao in vitro (FIV), seria um
avanco importante na medicina reprodutiva, especialmente para o crescente
namero de mulheres que sobrevivem ao cancer, mas enfrentam a infertilidade
devido aos efeitos do seu tratamento (BERTOLDO et al., 2018).

Nesse sentido, o cultivo in vitro de foliculos vem sendo utilizado para
promover o completo desenvolvimento de foliculos ovarianos (HOSSEINI et al.,
2017) e, consequentemente, proporcionar a obtencédo de odcitos fertilizaveis
destinados, por exemplo, a técnicas de reproducao assistida (CADENAS et al.,
2018). Além disso, o cultivo de foliculos tem sido considerado uma estratégia

promissora para combater a infertilidade em mulheres (HE & TOH, 2017),



29

sobretudo porque a medida que as mulheres envelhecem, a qualidade dos
odcitos € reduzida e a reserva de foliculos primordiais é esgotada (REGAN et
al., 2017). Essa técnica possibilita, ainda, maximizar o potencial reprodutivo de
animais domeésticos, especialmente aqueles geneticamente superiores, bem
como minimizar a perda oocitaria observada in vivo (ARAUJO et al., 2014;
HAAG et al., 2013; NANDI et al., 2017; XU et al., 2013).

Nesse sentido, o cultivo in vitro de foliculos ovarianos pré-antrais pode
possibilitar que os o00citos imaturos inclusos nestes foliculos tornem-se
maduros e aptos a fecundacao in vitro (FIGUEIREDO et al., 2008), evitando a
atresia folicular (GUZEL & OKTEM, 2017). Essa biotecnologia vem sendo
desenvolvida na tentativa de: 1) evitar a atresia e elucidar os mecanismos
envolvidos na regulacado da foliculogénese inicial; 2) fazer testes in vitro da acao
(benéfica ou toxica) de farmacos; 3) produzir bancos genéticos (germoplasma);
4) aperfeicoar a reproducao assistida de humanos e animais (FIGUEIREDO et
al., 2007; LIMA et al., 2016).

Dessa forma, utilizando essa biotécnica, varios sistemas de cultivo in
vitro foram desenvolvidos nas ultimas décadas e os resultados obtidos sé&o
dependentes do tipo de meio, concentracdo, tipo da substancia, como por
exemplo: hormonio (SILVA et al., 2017), fator de crescimento (AGUIAR et al.
2017), antioxidante (LINS et al., 2017), sistema de cultivo utilizado e da espécie
animal investigada (ZOHEIR et al., 2017; ZHENG et al., 2018). Finalmente,
destaca-se que o foliculo ovariano pode ser cultivado de duas maneiras:
inclusos em fragmentos do cortex ovariano (in situ) ou de forma isolada (Figura
5).
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Figura 5. Tipos de cultivo in vitro de foliculos ovarianos (Adaptado de
ROSSETO, 2013).
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2.4.1. Cultivo in situ e ativacdo de foliculos primordiais

O cultivo de tecido ovariano (in situ) € realizado com o objetivo de estudar
a ativacao do foliculo primordial (SILVA et al., 2016), identificar os caminhos de
sinalizagdo no ovéario que mantém a quiescéncia do foliculo, permitindo a
manipulacdo farmacolégica, através de inibidores das vias de sinalizacdo da
ativacdo folicular (ZHAO et al., 2017) e, consequentemente, promover o
posterior crescimento folicular in vitro (GUZEL & OKTEM, 2017). Um estudo
recente mostrou que o cultivo de fragmentos do cortex ovariano representa uma
excelente ferramenta para entender melhor a biologia reprodutiva e testar os
efeitos de varias drogas sobre o crescimento folicular ovariano (GUZEL, 2018).

Diante disso, muitos pesquisadores tém buscado estudar os
mecanismos que controlam o inicio do crescimento folicular, processo
conhecido como ativagdo. Um estudo recente destacou que o controle da
ativacdo de foliculos primordiais fornece basicamente duas estratégias: 1)
aumenta o pool de foliculos em crescimento, resultando em maior
disponibilidade de odcitos para o tratamento da infertilidade para pacientes com
insuficiéncia ovariana prematura ou aqueles que respondem fracamente a
estimulacdo ovariana. Por outro lado, 2) a supressao dos foliculos primordiais
€ uma estratégia potencial para preservar o estoque de odcitos em mulheres
gue desejam engravidar tardiamente. A estratégia 2 € baseada na teoria de que
mais foliculos primordiais serdo preservados para o futuro (ZHENG et al.,
2018).

Em roedores, a pequena dimenséo dos ovarios possibilita o cultivo do
orgao inteiro, o que tem sido bastante Gtil para o estudo da foliculogénese inicial
em pequenos mamiferos (O’BRIEN; EPPIG, 2003). Por outro lado, em animais
domeésticos de médio e grande porte, devido as grandes dimensfes dos
ovarios, este modelo torna-se inviavel. Nestes animais, o cultivo de pequenos
fragmentos do cértex ovariano (cultivo in situ) tem sido realizado para o estudo
da ativacdo de foliculos primordiais e posterior crescimento folicular em
diferentes espécies, incluindo ovinos (BEZERRA et al., 2018), caprinos (DIPAZ-
BERROCAL etal., 2017), bovinos (SILVA et al., 2017), humanos (LANDE et al.,
2017) e babuinos (WANDJI et al., 1997). Além da praticidade, o cultivo in situ
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tem a vantagem de manter o contato celular (ABIR et al., 2006) e a integridade
tridimensional dos foliculos, fornecendo um complexo sistema de suporte que
se assemelha ao ovario in vivo (PICTON et al., 2008). No entanto, neste tipo
de sistema, embora haja uma significativa ativacao folicular, poucos foliculos
primérios cultivados progridem até o estégio de foliculo secundario (FORTUNE,
2003).

Normalmente, quando o cortex ovariano € cultivado in vitro, os foliculos
primordiais dormentes ou quiescentes sao ativados e iniciam o0 seu crescimento
(SILVA et al., 2016). No entanto, a fragmentacéo do tecido ovariano também
pode promover a ativacdo folicular. Uma possivel explicacdo para a ativacao
espontanea é que a fragmentacdo dos ovarios aumenta a polimerizagdo de
actina e interrompe a via de sinalizacdo Hippo, levando a um aumento na
expressdo de fatores de crescimento presentes no tecido conjuntivo, que
promovem o crescimento do foliculo in vitro (HSUEH et al., 2015).

Para um melhor entendimento sobre o processo de inicio do crescimento
de foliculos primordiais, além de um meio adequado para o cultivo in vitro de
tecido ovariano, é importante estudar as vias de sinalizac&o intracelular e como
elas podem regular os processos reprodutivos, especialmente, a ativacao
folicular. Dentre as vias de sinalizacdo de ativacdo do foliculo primordial,

merece destaque a via fosfatidilinositol-3-quinase.

2.4.1.2. Via de sinalizacéao fosfatidilinositol-3-quinase / proteina quinase B
(PI3K/AKT).

A fosfatidilinositol-3-quinase, em inglés phosphatidylinositol 3 kinase
(PI3K), é uma enzima pertencente a familia de quinases intracelulares, que
representa um componente chave dos mecanismos que controlam o
crescimento e a proliferagédo celular. J& a proteina quinase B (AKT ou PKB)
atua como um regulador critico da fisiologia e controla diversas funcdes
celulares, incluindo a sobrevivéncia, a proliferagdo e o metabolismo. A familia
da AKT é composta por trés isoformas altamente homoélogas, AKT1 (PKBa),
AKT2 (PKBB) e AKT3 (PKBy) (CECCONI et al., 2012; MANNING E CANTLEY,
2007; HERMIDA et al., 2017).
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A ativacdo da via de sinalizacdo PI3K/AKT comeca através da interacéo
ente a PI3K e o receptor de tirosina quinase ou o receptor transmembrana
acoplado a proteina G (KENNA et al., 2018). Essa interacdo ocorre direta ou
indiretamente por meio de moléculas adaptadoras tais como substratos de
receptores de insulina (ZHANG et al., 2018).

Existem multiplas isoformas da via PI3K e elas sdo classificadas em
classes I, Il, 1ll, que tém funcdes distintas na sinalizacao celular e levam a
ativacdo de varias vias de sinalizacdo que regulam o metabolismo, a
sobrevivéncia e a diferenciacao celular (ORCY et al.,, 2008). Dentre elas, a
classe mais estudada € a PI3K da classe |. Essa, por sua vez, inclui duas
subclasses: PI3K - IA (PI3K a, B e 0), que sao ativadas por receptores de
tirosina quinase e PI3K - IB (PI3Ky), que sao ativadas por receptores acoplados
a proteina G. A PI3K - IA consiste de uma subunidade reguladora, chamada
p85 e uma subunidade catalitica, denominada p110 (MABUCHI et al., 2015;
Figura 6).

Figura 6. Receptores de tirosina-quinases (RTKs) e receptores acoplados a
proteina G (GPCRs) para PI3K-IA e PI3K-IB, respectivamente. (Adaptado de
MABUCHI et al., 2015)

A PI3K da classe | (Figura 7), por sua vez, possui a capacidade de
fosforilar o fosfatidilinositol-bi-fosfato (PIP-2) e produzir fosfatidilinositol-3,4,5-
trifosfato (PIP3). Por sua vez, o aumento de PIP3 recruta, entre outras, a

proteina quinase B ou AKT, via dominio de homologia pleckstrin (JANG et al.,
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2016). Isso leva ao seu recrutamento para a membrana citosolica onde se torna
ativa. Uma vez ativa, a AKT pode, entao, fosforilar varios substratos e regular
sua atividade, incluindo glicogénio sintase quinase-3p (GSK3p), murino duplo
minuto-2 homologo (MDM2) e a familia de fatores de transcricdo FoxO (também
chamado “forkhead”), aumentando assim a sintese de proteinas, a motilidade
e a proliferacao celular (KENNA et al., 2018).

Além desses efeitos diretos, a AKT também exerce importante efeito
indireto, atuando sobre o0s complexos mMTOR (MTORC). Embora
estruturalmente semelhantes, mMTORC1 e mTORC2 desempenham papéis
diferentes dentro da via de sinalizacdo PI3K (KENNA et al., 2018). Nesse
sentido, a ativacdo de mTORC1 causa fosforilacao da proteina ribossdémica S6
quinase (S6K) e proteina de ligacdo 1 do fator de iniciacdo eucariotico 4 (4E-
BP1) (HAY et al.,, 2004). Isso resulta na proliferacdo celular, crescimento e
sintese proteica (CORNU et al., 2013). J& 0 mTORC2 demonstrou ter atividade
de piruvato desidrogenase quinase-2 (PDK-2), fosforilando e ativando AKT
(SHRIVASTAVA et al., 2018).

Receptor Receptor
acoplado a tirosina
proteina-G ¢ ., quinase
1u|xu':llufu:u:liiiiii’ﬂu:u:u'n:' L O o o o
WHEA : ‘ * — ‘
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Figura 7. Componentes da via de sinalizacdo PI3SK/AKT e algumas das suas
respectivas funcdes (Adaptado de KENNA et al., 2018)
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A via PI3K/AKT ¢é a principal via de sinalizacdo intracelular que regula
multiplos processos bioldgicos, como a proliferacdo, diferenciacédo e apoptose
celular sob condicdes fisioldgicas e patologicas (OUYANG et al., 2017). Sendo
assim, o papel da sinalizacdo PI3K/AKT sobre a proliferacdo, sobrevivéncia e
metabolismo celular € bem compreendido (DUPONT et al., 2013). No entanto,
mais estudos sdo necessérios para elucidar o papel da sinalizacdo PISK/AKT
em foliculos ovarianos.

Nesse sentido, € sabido que a via de sinalizacdo PI3K/AKT é uma das
vias responsaveis pela ativacdo de foliculos primordiais (ZHOU et al., 2018).
Portanto, para comprovar que essa via age na ativagao folicular, alguns estudos
vém sendo desenvolvidos, utilizando inibidores farmacolégicos da PI3K, a
exemplo do LY294002 (BEZERRA et al., 2018). Esses estudos fornecem uma
melhor compreensdo da funcdo e mecanismos regulatorios desta via na
ativacao folicular ovariana (BEZERRA et al., 2018; KEATING et al. 2009,
SOBINOFF et al., 2012; ZHAO et al., 2017). Adicionalmente, um estudo da
nossa equipe forneceu a primeira evidéncia direta de que a via PI3K medeia a
ativacdo espontanea in vitro de foliculos primordiais na espécie ovina. Porém,
esse mesmo estudo destacou que o EGF pode promover a ativacéo folicular
atraves de outras vias de sinalizacéo, exceto a via PI3K (SANTOS et al., 2017).
Nessa perspectiva, um estudo recente do nosso laboratério comprovou que o
IGF-I promove ativacdo através da via PI3K/AKT na espécie ovina (BEZERRA
et al., 2018). Por outro lado, ao relacionar a via PISBK/AKT com a foliculogénese,
faz-se importante destacar que o balanco desta via é fundamental ndo apenas
para ativacdo folicular, mas também para manutencdo, crescimento e
sobrevivéncia do pool de foliculos primordiais (MONNIAUX, 2016). Entretanto,
em ovinos, nao existem estudos que verifiquem a hipotese de que a inibicao
farmacoldgica da ativacédo da via PI3K, utilizando LY294002, inibe a ativacéo
folicular in vitro, especificamente, ap0s cultivo de tecido ovariano em meio

suplementado com o kaempferol.
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2.4.2. Cultivo in vitro de foliculos ovarianos isolados

O cultivo in vitro de foliculos isolados € uma técnica que objetiva
aumentar a producdo de odcitos meioticamente competentes (SILVA et al.,
2016). Nesse tipo de cultivo, os foliculos pré-antrais séo isolados e através da
técnica de microdisseccéo, utilizando agulhas, sédo cultivados individualmente
em gotas de meio de cultivo (CADENAS et al., 2018; GOUVEIA et al., 2016;
LINS et al., 2017). Este tipo de cultivo apresenta como vantagens permitir o
acompanhamento individual dos foliculos durante o cultivo, além de favorecer
uma maior perfusdo do meio para as células foliculares (ABIR et al., 2001). No
entanto, embora esse sistema de cultivo, utilizando foliculos secundarios, tenha
demonstrado ser eficiente na producéo de odcitos de alta qualidade (SILVA et
al., 2017), o cultivo de foliculos isolados néo € tao eficaz para foliculos em
estagios iniciais de desenvolvimento, pois os foliculos primordiais e primarios
estdo mais propensos a perder o contato fisico entre 0 odcito e as células da
granulosa durante o cultivo in vitro (SHEA et al., 2014).

Além dos sistemas anteriormente descritos (in situ e isolado), pode ser
realizado o modelo de cultivo “em dois passos”, associando esses dois
sistemas. Nesse modelo, € efetuado inicialmente o cultivo in situ, no intuito de
maximizar a ativacao folicular e o crescimento dos foliculos pré-antrais iniciais,
e em seguida, realiza-se o isolamento e cultivo dos foliculos secundarios
crescidos in vitro (O’'BRIEN; PENDOLA; EPPIG, 2003; TELFER et al., 2008). A
grande vantagem desse sistema é que este mantém a interacao celular entre o
estroma e os foliculos nos estagios mais iniciais, sendo capaz de garantir uma
boa ativacdo e fornecer um maior numero de foliculos secundarios para a
utilizag&o no cultivo (JIN et al., 2010; SMITZ et al., 2010). Através do sistema
de cultivo de dois passos, foliculos primordiais bovinos foram cultivados
inclusos em tecido ovariano (in situ) até o estagio secundario e, em seguida,
foram isolados para posterior crescimento in vitro. Entretanto, estes autores néo
conseguiram produzir embrido, necessitando, desta forma, de mais estudos
para este tipo de cultivo nessa espécie (MCLAUGHLIN; TELFER 2010).
Adicionalmente, utilizando esse mesmo sistema de cultivo, outros autores

conquistaram resultados satisfatérios e obtiveram a producdo de embrides e o
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nascimento de 59 camundongos viaveis através de foliculos primordiais
cultivados in vitro (O'BRIEN et al., 2003). A seguir, seréo listados os resultados
mais promissores obtidos através do cultivo in vitro de foliculos ovarianos pré-

antrais.

2.5. Estado atual do cultivo in vitro de foliculos pré-antrais

Notavel progresso tem sido observado no cultivo in vitro de foliculos pré-
antrais em diferentes espécies animais. O cultivo in vitro de foliculos
secundérios resultou na producdo de o6citos maduros, os quais foram
fecundados in vitro, produzindo embrides nas seguintes espécies: suinos (WU;
TIAN, 2007); bubalinos (GUPTA et al., 2008); ovinos (ARUNAKUMARI;
SHANMUGASUNDARAM; RAO, 2010; LUZ et al., 2012); caprinos: (SARAIVA
et al., 2010; MAGALHAES et al., 2011) e primatas ndo humanos (XU et al.,
2013). No entanto, nestas espécies citadas, a quantidade de embrides
produzidos a partir de od6citos provenientes de foliculos pré-antrais crescidos in
vitro ainda é limitada. Os resultados mais satisfatorios foram obtidos por Eppig
& O’Brien. (2003), que obtiveram o nascimento de 59 camundongos saudaveis
a partir de foliculos primordiais crescidos e maturados in vitro. Além disso, ap6s
cultivo in vitro de odcitos derivados de foliculos pré-antrais secundarios obtidos
de tecido ovariano vitrificado de camundongos, Wang et al. (2011) obtiveram a
producdo de embribes e o nascimento de crias viaveis. Apesar desse notorio
avanco no cultivo in vitro de foliculos pré-antrais com as referidas espécies,
busca-se otimizar as pesquisas para que sejam obtidos resultados satisfatorios
em outras espécies, como a ovina. Portanto, para que bons resultados sejam
alcancados, a exemplo da producdo de embrides, € fundamental que seja
estabelecido o meio de cultivo in vitro ideal.

2.6. Importancia da composicao do meio de cultivo in vitro
A composicdo do meio é a etapa crucial para o sucesso do cultivo in

vitro. Nesse sentido, para o melhor desenvolvimento in vitro de foliculos

ovarianos, tém-se utilizado, rotineiramente, meios comerciais, destacando-se,
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dentre eles, o Meio Essencial Minimo alfa-modificado (a-MEM), que ja foi
utilizado em diferentes espécies, mantendo a viabilidade e promovendo o
crescimento folicular (GAO; WANG; WU, 2007; SILVA et al., 2010). Este € um
meio rico em substancias, como eletrolitos, antioxidantes, aminoacidos,
substratos energéticos, vitaminas e precursores de DNA (PICTON et al., 2008;
FAUSTINO et al.,, 2013). Porém, apesar do meio a-MEM possuir vérias
substancias em sua composicao, estudos vém mostrando a necessidade de
adicionar substancias a esse meio de cultivo de base para um melhor
desenvolvimento folicular ovariano (SILVA et al., 2004; ABEDELAHI et al.,
2008; RODRIGUES et al.,, 2010; GOUVEIA et al.,, 2016). Dentre essas
substancias, merecem enfoque o0s antioxidantes que, dentre outras
substancias, sdo comumente adicionados ao meio de base e, por sua vez,
atuam beneficamente sobre a foliculogénese (LINS et al., 2017). No proximo
tépico, serdo enfatizadas algumas consequéncias da producdo de espécies
reativas de oxigénio, bem como serdo mostradas substancias com potencial

antioxidante, que ja foram testadas no cultivo in vitro de foliculos ovarianos.

2.7. Estresse oxidativo e antioxidantes no meio de cultivo folicular

O estresse oxidativo é uma consequéncia do desequilibrio na quantidade
de espécies reativas de oxigénio (ERO), que pode ser causado por diversos
fatores relacionados com o aumento da producdo de ERO e/ou a reducgéo da
disponibilidade de antioxidantes (ANDRADE et al., 2012). As ERO podem ser
definidas como compostos que contenham um ou mais elétrons
desemparelhados, o que as tornam instaveis e altamente reativas (AGARWAL
et al., 2006). Elas sdo geradas pelo metabolismo energético normal e
funcionam como moléculas de sinalizac&o celular importantes. Em condi¢cfes
homeostéaticas, as ERO intracelulares s8o mantidas em concentracdes
adequadas para cumprir essas fungdes e todos 0s excessos sdo tamponados
por varias enzimas e moléculas antioxidantes, como as moléculas do sistema
glutationa. Por outro lado, as ERO, quando acumuladas, podem reagir com

moléculas biolégicas (BARBOSA et al., 2014) e funcionar como sinalizadoras e
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indutoras de processos que causam injarias as células (LIMA-VERDE et al.,
2007).

Nesse sentido, alguns dos muitos efeitos conhecidos da formacéo
aumentada de ERO em sistemas bioldgicos incluem a peroxidacdo de
membranas lipidicas, dano oxidativo de acidos nucléicos e carboidratos. Para
combater o0 estresse oxidativo, as células possuem defesas antioxidantes,
classificadas em: (1) enzimas antioxidantes primarias, incluindo a superoxido
dismutase (SOD), a catalase (CAT) e a glutationa peroxidase (GPX); (2)
antioxidantes ndo-enziméaticos secundarios de baixo peso molecular, como as
vitaminas E e C. A enzima SOD converte o radical superéxido em peréxido de
hidrogénio; a CAT decompde o perdxido de hidrogénio em &gua (H20) e
oxigénio (O2); a GPX catalisa a reducdo do peroxido de hidrogénio e o
hidroperoxido organico em agua e o alcool correspondente (TREMELLEN,
2008; AKONDI et al., 2011). As propriedades antioxidantes tém sido atribuidas
a habilidade de sequestrar ERO (CELIK e ARINGC, 2010).

Ao relacionar o estresse oxidativo x foliculogénese, € importante
destacar que o metabolismo oxidativo é indispensavel para a producdo de
energia do foliculo ovariano, que, por sua vez, resulta em geracdo de ERO,
como: hidréxido de oxigénio, ion superéxido, metais pesados e radicais livres.
Embora uma quantidade critica de ERO seja essencial para desempenhar
atividades fisiologicas (MBEMYA et al., 2017), uma quantidade excessiva de
ERO causa estresse oxidativo, danos as mitocondrias e também as estruturas
celulares, como os lipidios de membrana, danos aos acidos nucléicos e
proteinas (COSTA et al., 2011). Nesse sentido, uma das estratégias para
neutralizar a superproducdo de ERO durante o cultivo celular in vitro é
aumentar a capacidade antioxidante dos meios utilizados.

Alguns estudos tém mostrado que a adicdo de antioxidantes, como o
selenito de sodio, aumenta a taxa de crescimento in vitro e a maturagdo de
foliculos pré-antrais de camundongos (ABEDELAHI et al., 2008; 2010). Além
disso, o processo de maturacao folicular esta relacionado aos altos niveis do
antioxidante transferrina adicionada ao meio de cultivo e seus receptores na
célula (DEMESTERE et al., 2005). Ademais, ja foi observado que o acido

ascorbico impede a peroxidacdo lipidica do tecido embrionario de aves



39

(SURRAI; FISININ; KARADAS, 2016). Durante o cultivo in vitro, o acido
ascérbico mantém a viabilidade e promove o desenvolvimento folicular em
caprinos (ROSSETTO et al., 2009; SILVA et al., 2011), bem como auxilia na
ativacao folicular em bovinos (ANDRADE et al., 2012). Entretanto, além desses
antioxidantes (acido ascorbico, transferrina e selénio), outras substancias com
potencial antioxidante vém sendo testadas no cultivo in vitro de foliculos
ovarianos pré antrais. Um estudo recente demonstrou que a adi¢cdo de acido
alfa lipdico ao meio de cultivo in vitro de foliculos secundarios melhora o
desenvolvimento e o crescimento de foliculos pré-antrais de bovinos (ZOHEIR
et al., 2017). Outro estudo mostrou que a suplementacdo do meio com a
coenzima Q10 (CoQ10) melhorou os niveis da capacidade total antioxidante e
o desenvolvimento de foliculos pré-antrais vitrificados em murinos (KASHKA;
ZAVAREH; LASHKARBOLUKI, 2015).

Alguns estudos realizados por nossa equipe ja& demonstram o
envolvimento positivo de substancias antioxidantes com a foliculogénese. Por
exemplo, a utilizacdo de 0,05 mg/mL do extrato de Morus nigra na preservacao
de tecido ovariano ovino a 4 °C por até 6 h, resultou em percentagem de
foliculos morfologicamente normais superior e taxas de células apoptéticas
inferiores as observadas apds preservacdo no meio controle (MEM)
(CAVALCANTE et al., 2017). Outro estudo mostrou que a rutina pode substituir
a adicao de transferrina, selénio e acido ascorbico durante o cultivo in vitro de
foliculos secundarios ovinos por 12 dias, mantendo a viabilidade folicular (LINS
et al., 2017). Além disso, a nossa equipe também demonstrou que o extrato da
Amburana cearensis (amburana de cheiro), puro ou adicionado de uma mistura
de suplementos e FSH, pode ser utilizado como meio de cultivo de foliculos
secundarios ovinos (BARBERINO et al., 2015) e caprinos (GOUVEIA et al.,
2016), respectivamente, mantendo a sobrevivéncia e promovendo o
desenvolvimento folicular in vitro. Um outro trabalho relevante mostrou que o
acido protocatecuico como o Unico antioxidante adicionado ao meio de cultivo
in vitro de foliculos secundarios de ovino, substituindo a associacdo de
transferrina, selénio e acido ascorbico, mantém a sobrevivéncia folicular, a

integridade do DNA dos odcitos cultivados, melhora os niveis intracelulares de



40

glutationa e de mitocdndrias ativas e promove a retomada meiotica (MENEZES
et al., 2017).

Entretanto, apesar dos resultados mostrados serem promissores, a
porcentagem de odcitos em metafase Il permanece baixa. Sendo assim, na
tentativa de melhorar os resultados obtidos até o momento com o uso de
antioxidantes no cultivo in vitro de foliculos ovarianos, no tépico abaixo, sera
dada énfase aos metabdlitos secundarios, que substancias amplamente

estudadas devido ao seu potencial antioxidante.

2.8. Metabdlitos secundarios

Metabolitos secundarios sdo compostos de nhatureza quimica produzidos
pelas plantas, essenciais para a defesa da planta. No entanto, os metabdlitos
secundarios ndo desempenham apenas um papel vital na defesa das plantas
contra herbivoros e outras interespécies, mas vém sendo estudados devido a
sua aplicabilidade e uso em medicamentos, aromatizantes, produtos
farmacéuticos, agroquimicos, biopesticidas, aditivos alimentares e farmacos.
Muitos dos farmacos vendidos atualmente sédo simples modificacdes sintéticas
das substancias naturalmente obtidas das plantas (JAMWAL et al., 2017).

Nesse sentido, os metabolitos secundarios s&o estruturalmente
diversos; sua classificacdo é principalmente derivada de suas vias
biossintéticas. Na farmacognosia, 0s metabdlitos secundarios estédo
classificados em trés tipos (Figura 8), que sao: 1) compostos fendlicos; 2)

compostos alcaldides; e 3) compostos terpendides (ZAYNAB et al., 2018).
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Figura 8. Classificacdo esquemética de metabdlitos secundéarios (Adaptado de
ZAYNAB et al., 2018).

Os compostos fendlicos estdo entre as classes mais difundidas de
metabdlitos secundarios na natureza. Esta classe de compostos é sintetizada
a partir de um precursor comum: 0os aminoacidos fenilalanina ou tirosina. Os
compostos fendlicos podem se dividir em flavonoides (antocianinas, flavondis
e isoflavonas) e néo flavonoides (4cidos fendlicos) (FERRERA et al., 2016).

Os compostos alcal6ides, por sua vez, sdo compostos nitrogenados que
contém anéis heterociclicos e devido a presenca de um ou mais atomos de
nitrogénio, eles apresentam propriedades béasicas. O nome alcaléide é
diretamente relacionado ao fato de que quase todos 0os compostos alcaldides
sdo basicos (alcalinos). Derivados de aminoacidos, em geral, eles sao
farmacologicamente ativos. Os alcaldides constituem um grupo de metabdlitos
secundarios com mais de 12.000 substancias isoladas (BOURGAUD et al.,
2001).

Os compostos terpendides compreendem monoterpenos,
sesquiterpenos, sesterterpenos e triterpenos, além de esterdides, saponinas e
glicosideos cardiacos. Eles sédo considerados os fitoquimicos que possuem as
estruturas quimicas mais diversas. Monoterpenos e sesquiterpenos sao
comuns em Oleos produzidos por plantas (SAXENA et al., 2013).

Os metabolitos secundarios tém funcéo importante tanto in vivo quanto
in vitro durante a foliculogénese e a esteroidogénese ovarianas em muitas

espécies animais. Alguns metabdlitos secundarios podem atuar como
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antioxidantes, geralmente através de sua capacidade de eliminar ERO ou
regular a producdo hormonal ovariana. Em geral, essas propriedades s&o
responsaveis pelas funcbes medicinais usadas para tratar distdrbios da
infertilidade feminina. Algumas plantas contém substancias biolégicas ativas
qgue tém sido utilizadas para tratar a disfuncao reprodutiva (MBEMYA et al.,
2017). Dentre os metabdlitos secundarios, destacam-se os flavonoides, grupo
bem distribuido em uma rica variedade de plantas, conforme sera mostrado a

seqguir.

2.8.1. Flavonoides

Flavonoides constituem um grupo de pigmentos vegetais de ampla
distribuicdo na natureza e sua presenca pode estar relacionada com funcdes
de defesa e de atracdo de polinizadores (SIMOES et al., 2010). Estes
compostos apresentam uma estrutura quimica difenilpropano (C6-C3-C6), que
consiste de dois anéis aromaticos (A e B) unidos por um anel heterociclico
oxigenado (C) (Figura 9). Substituicdes dos anéis A e B originam diferentes
compostos dentro de cada classe de flavonoides (HERTOG et al., 1993;
ANGELO & JORGE, 2007).

Figura 9. Estrutura quimica geral dos flavonoides (Retirado de SIMOES et al.,
2010)

Os flavonéides sdo amplamente distribuidos em plantas (LIN et al., 2018)
e constituem componentes bioativos devido aos seus efeitos: anti-inflamatorio,

antineoplasico, antibacteriano, antimutagénico, vasodilatador e antioxidante.
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Exercem atividade antioxidante principalmente através da eliminacdo de ERO
excedentes, evitando a peroxidagdo lipidica (CHEN et al., 2018;
EGHBALIFERIZ & IRANSHAHI, 2016).

Entre os flavonoides, destaca-se o kaempferol, especialmente devido ao
seu efeito antioxidante e citoprotetor, especialmente relacionado as células
reprodutivas (JAMALAN et al., 2016). Portanto, hipotetizamos que essa

substancia também pode exercer efeito citoprotetor em foliculos ovarianos.

2.8.1.1 Kaempferol

O flavondide kaempferol (3,5,7-trihidroxi-2- (4-hidroxifenil)-4-H-1-
benzopirano-4-ona) € um composto amarelo com um baixo peso molecular
[MW: 286,2 g/mol]. Como outros flavonoides, ele possui um difenilpropano em
sua estrutura (C6-C3-C6) e é sintetizado pela condensacéo de 4-coumaroil-
CoA (C6-C3) com trés moléculas de malonil CoA (C6) (Figura 10; CALDEIRON
MONTANO et al., 2011; KASHYAP et al., 2017).
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Figura 10. Estrutura quimica do kaempferol (Retirado de CALDEIRON
MONTANO et al., 2011)

O kaempferol foi inicialmente descrito na planta Camellia sinensis (cha
verde). Esse flavonodide é encontrado em alimentos, como macgéas, morangos e
feijdo (KASHYAP et al.,, 2017; SOMERSET & JOHANNOT, 2008), vegetais

(CHE et al., 2017) e em plantas usadas na medicina tradicional, a exemplo da



44

Aloe vera (KEYHANIAN & STAHL-BISKUP, 2007), Cassia angustigolia
(TERREAUX et al., 2002), entre outras (CALDEIRON MONTANO et al., 2011).
Um trabalho da nossa equipe demonstrou que o kaempferol esta entre os
compostos extraidos da planta Amburana cearensis (Figura 11; GOUVEIA et
al., 2016).

Figura 11. Planta (A), caule (B) e folhas (C) da Amburana cearensis (Adaptado
de LEAL et al., 2013).

A possivel associacdo entre o consumo de alimentos contendo
kaempferol e um risco reduzido de desenvolvimento de varios disturbios,
incluindo céncer e doencas cardiovasculares esta relacionada a sua
capacidade antioxidante. Sendo assim, estudos in vitro e in vivo demonstraram
o efeito antioxidante do kaempferol contra vérios tipos de cancer incluindo
mama (LEE et al., 2017), ovério (ZHAO et al., 2017), pulmao (KUO et al., 2015),
pancreas (ZHANG et al., 2008), es6fago (YAO et al., 2016), estdbmago (SONG
et al., 2015), célon (CHO & PARK, 2013), préstata (HALIMAH et al., 2015),
bexiga (DANG et al., 2015), rim (SONG et al., 2014) e outros. A maioria desses
estudos demonstra que a capacidade do kaempferol atuar contra o estresse
oxidativo esta diretamente ligada a sua capacidade de eliminacéo de ERO, que
pode ser atribuida a sua capacidade de aumentar a atividade de enzimas
antioxidantes, como: superéxido dismutase (SOD), catalase e hemi-oxigenase
(ZHANG et al., 2017; LIN et al., 2003; HONG et al., 2009).

O mecanismo antioxidante do kaempferol esta intrinsicamente ligado

aos grupos hidroxilas que sédo capazes de doar hidrogénio a ERO, através da
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ativacdo da nicotinamida adenina dinucleotideo fosfato oxidase (NADPH
oxidase). Em células normais, geracdo de ERO e defesa antioxidante
intracelular trabalham em um estado homeostatico para evitar os danos
causados por ERO, bem como para garantir a sua funcionalidade. ERO,
incluindo anion superéxido (O72), peréxido de hidrogénio (H202), e radical
hidroxilo (OH). O foram gerados pela redugcdo de O2 mediado por NADPH
oxidase que poderiam ser dismutados em H202 por SOD. H202 foi convertido
em molécula de agua por CAT e GPx. A glutationa (GSH) doa elétrons para
H202 e converte-se em sua forma oxidada, o dissulfeto de glutationa (GSSG).
GSSG pode ser reduzido de volta ao GSH pela glutationa redutase (GR). Este
processo é um mecanismo de defesa antioxidante essencial, conhecido como
0 metabolismo da glutationa. H202 também pode ser reduzido em "OH, o que
pode causar danos ao DNA e, finalmente, levar apoptose celular. Além disso, -
OH poderia desencadear a peroxidacao lipidica. Isto pode reagir com acido
graxo poliinsaturado (LH) para gerar carbono centrado radical lipidico (L"), que
poderia interagir ainda mais com o O2 para formar o radical peroxil lipidico
(LOO") e malondialdeido (MDA), conforme pode ser observado na figura 12
(LIAO et al., 2016).

Kaempferol o) NADPH oxidase 02
SOD
GP GSSG

Kaempferol

Processo de peroxidagao lipidica Apoptose

Figura 12. Mecanismo de acdo do kaempferol (Adaptado de LIAO et al., 2016).



Ao se tratar do potencial citoprotetor e antiapoptético do kaempferol,
alguns estudos recentes mostraram que esse flavonoide protegeu
cardiomidcitos de ratos contra a hipertrofia cardiaca in vivo e in vitro (GUO et
al., 2015). Outro estudo in vivo mostrou que o kaempferol melhorou os danos
da estrutura 6ssea causados pela deficiéncia de estrogénio, apds ovariectomia,
nessa mesma espécie (NOWAK et al., 2017). Além disso, o kaempferol inibiu a
apoptose induzida por lipopolissacarideo e promoveu a proliferacdo em células
tronco mesenquimais derivadas de medula 6ssea de coelho (ZHU et al., 2017),
protegeu contra danos decorrentes da lesdo pulmonar aguda induzida pelo
virus influenza HOIN2 em camundongos (ZHANG et al., 2017), neutralizou as
propriedades toxicas de 7 beta-hidroxicolesterol em células de musculo liso de
ratos, diminuindo a apoptose (RUIZ et al., 2006), reduziu o dano celular
induzido pela antimicina A (inibidor do transporte de elétrons nas mitocéndrias)
em células semelhantes a osteoblastos (células MC3T3-E1l) e induziu a
ativacdo de algumas via de sinalizacdo, a exemplo da via PI3K/AKT,
aumentando assim a atividade metabdlica inibida pela antimicina A (CHOI,
2011).

Portanto, podemos hipotetizar que o kaempferol pode promover efeitos
benéficos em foliculos ovarianos e, possivelmente, esses efeitos benéficos
podem estar relacionados a ativacdo da via de sinalizacdo PI3K/AKT (Figura
13). Como ja foi visto, a ativacdo dessa via leva a fosforilacdo da AKT,
sobrevivéncia celular (CECCONI et al., 2012) e ativacéo de foliculos primordiais
(JOHN et al., 2008).

<
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Crescimento, diferenciacao
e proliferagao celular

Figura 13. Kaempferol e a via de sinalizacdo PISK/AKT (Adaptado de LIN et
al., 2018).
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Estudos demonstram que o kaempferol age nas mitocondrias (Figura 14)
e sobre o Fator nuclear eritroide 2 relacionado ao fator 2 (Nrf2), considerado o
regulador mestre da resposta antioxidante do organismo, sendo um mecanismo
de importancia critica para a manutencdo da homeostase e sobrevivéncia
celular (SAW et al.,, 2014; KASHYAP et al.,, 2017). O Nrf2 é um fator de
transcricdo nuclear que se encontra inativo no citoplasma ligado a proteina
associada ao citoesqueleto Keapl (Kelch-like ECH - associated protein 1) a
qual impede sua translocacao para o nucleo. Este fator € ativado por alteracdes
do estado redox da célula, tais como o aumento das concentracdes de ERO,
perdendo, assim, a ligagdo com a Keapl. Nesse caso, o kaempferol dissocia o
Nrf2 do Keapl e facilita a sua translocacao para o nucleo para exercer 0 seu
papel antioxidante (KASHYAP et al., 2017). Além disso, o kaempferol age
diretamente na mitocondria, atuando na producdo de SOD nessa organela e
ativando o sistema mitocondrial de tioredoxina redutase (TrxR). Sabe-se que o
sistema TrxR é essencial para a manutencéo do equilibrio redox do tiol celular
e é critico para a sobrevivéncia celular (MYERS e MYERS, 2009). Assim, a
disfuncao do sistema TrxR pode levar a progressao do estresse oxidativo e, por
fim, & morte celular (CHOI, 2011).

-

dissocia
Nrf2 - Keap 1
— Keap1
l Sistema tioredoxina
redutase (TrxR).
Nrf2

Figura 14. Esquema ilustrativo da acao direta do kaempferol nas mitocondrias
(Adaptado de KASHYAP et al., 2017).
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Poucos estudos tém relatado o envolvimento do kaempferol sobre a
reproducdo. Nesse sentido, a adicao de kaempferol ao meio de maturagéo in
vitro (MIV) melhorou a competéncia de desenvolvimento dos odécitos suinos,
aumentando a porcentagem de embribes em estagio de moérula em
comparagdo com o meio controle (ORLOVSCHI et al., 2014). Outro estudo
demonstrou que o kaempferol protegeu os espermatozéides de humanos e
diminuiu os niveis de producdo de malondialdeido (MDA), um marcador de
peroxidacao lipidica (JAMALAN et al., 2016). Além disso, ja foi comprovado que
o kaempferol possui efeito progestogénico em células do estroma endometrial
humano (TOH et al., 2012). Um estudo recente mostrou que os flavondéides
contidos na propolis, entre eles o kaempferol, mantiveram a viabilidade e
motilidade de espermatozoides de coelhos apds 72 h de refrigeracdo (EL-
SEADAWY et al., 2017).

Apesar dos estudos relatados acima, poucos foram os trabalhos
envolvendo o kaempferol e a foliculogénese mamifera. Além disso, os efeitos
do kaempferol na sobrevivéncia, ativacdo, via de sinalizacdo PI3K/AKT,
estresse oxidativo, atividade mitocondrial e maturacdo in vitro de odécitos
oriundos de foliculos ovarianos cultivados in vitro na espécie ovina

permanecem desconhecidos.
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3. JUSTIFICATIVA

Sabendo-se da relevancia econémica que a espécie ovina representa
para varias regides do mundo, especialmente para o Nordeste brasileiro, € de
extrema importancia o desenvolvimento de um sistema de cultivo in vitro capaz
de manter a viabilidade, promover o crescimento e maturacdo de foliculos
ovarianos nessa espécie. Esta biotécnica otimizaria o potencial oocitario
desses animais, aumentando a sua eficiéncia reprodutiva. Aliado a isto, o
desenvolvimento de um sistema de cultivo in vitro eficiente também podera
fornecer subsidios para uma melhor compreensao dos fatores que regulam a
foliculogénese inicial (ativagdo dos foliculos primordiais e suas vias de
sinalizacdo, além do crescimento de foliculos secundarios) na espécie ovina,
como também servira de base para estudos em outras espécies, inclusive para
a humana. Além disso, sabe-se que o resgate de milhares de odcitos imaturos
(inclusos em foliculos pré-antrais) a partir de um anico ovario, e o posterior
cultivo in vitro podera contribuir para a multiplicacdo de animais de alto valor
zootécnico (a partir da producdo de embrides) ou em via de extincao.

Na busca por um sistema ideal de cultivo de foliculos pré-antrais,
diversas substancias ja foram testadas in vitro. Nesse sentido, uma atencéo
especial deve ser dada a adicdo de antioxidantes ao meio de cultivo in vitro
para evitar que o estresse oxidativo ocorra e reduza a eficiéncia da biotécnica
citada. Além disso, muitos antioxidantes também auxiliam na manutencao da
sobrevivéncia e no crescimento celular, o que poderia ser benéfico ao cultivo
folicular in vitro. Entretanto, ainda ndo ha nenhum estudo sobre os possiveis
efeitos do flavonoide kaempferol sobre o cultivo de foliculos ovarianos in situ
ou isolado. Ademais, ainda é desconhecido se o kaempferol poderia influenciar

a maturacgao oocitaria in vitro.
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4. HIPOTESES

e A adicao de kaempferol ao meio de cultivo in vitro de tecido ovariano
ovino mantém a sobrevivéncia, promove a ativacdo de foliculos
primordiais através da via de sinalizacdo PI3K/AKT e reduz a
fragmentacao do DNA.

e A adicdo de kaempferol ao meio de cultivo in vitro de foliculos
secundérios isolados ovinos mantém a morfologia, aumenta a formacéao

de antro e melhora os niveis de glutationa e de mitocéndrias ativas.
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5. OBJETIVOS

5.1.

5.2.

Objetivo Geral

Estudar o efeito do kaempferol sobre o cultivo in vitro de tecido ovariano

ovino e de foliculos secundarios isolados desta espécie.

Objetivos Especificos

Analisar os efeitos do kaempferol na sobrevivéncia folicular,
fragmentacdo do DNA, ativagéo do foliculo primordial e crescimento de
foliculos ovarianos apas o cultivo in situ (capitulo 1);
Verificar se a inibicdo farmacoldgica da ativacdo da via PI3K, com a
utilizacdo do LY294002, inibe a ativacao de foliculos primordiais in vitro
sob estimulos com o kaempferol (capitulo 1);
Verificar se a fosforilagdo de AKT esta envolvida na acao do kaempferol
no ovario ovino (capitulo 1);
Avaliar o efeito de diferentes concentracbes de kaempferol no
desenvolvimento in vitro de foliculos secundérios isolados ovinos
(capitulo 2), sobre:

- A morfologia, a formacédo de antro e o crescimento folicular;

- Os niveis de glutationa e de mitocondrias ativas;

- A percentagem de retomada de meiose e de maturacao oocitaria in

vitro.
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6. CAPITULO 1.

Kaempferol promotes primordial follicle activation through the PI3BK/AKT
signaling pathway and reduces DNA fragmentation of sheep preantral

follicles cultured in vitro.
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Abstract

The aim of this study was to evaluate the effects of kaempferol on the
morphology, follicular activation, growth and DNA fragmentation of ovine
preantral follicles cultured in situ, and the effects of a PI3K inhibitor and the
expression of phosphorylated AKT (pAKT) after culture. Ovine ovarian
fragments were fixed for histological and TUNEL analyses (fresh control) or
cultured in a-MEM+ alone (control) or with different concentrations of
kaempferol (0.1, 1, 10 or 100 uM) for 7 days. Follicles were classified as normal
or atretic, primordial or growing, and the oocyte and follicle diameters were
measured. Proliferating cells were analyzed and DNA fragmentation was
evaluated by TUNEL assay. Inhibition of PI3K activity was performed through
pretreatment in media added with 50 uM LY294002 for 1 h and pAKT
immunohistochemistry was performed after culture in the absence or presence
of LY294002. After culture, the percentage of normal follicles was similar among
the treatments (P>0.05), except for 100 uM kaempferol, which had less normal
follicles (P<0.05). Moreover, kaempferol at 10 yM showed a higher percentage
of follicular activation and cell proliferation than the other treatments (P<0.05)
and a percentage of TUNEL positive cells similar to that in the fresh control and
lower than other treatments (P<0.05). LY294002 significantly inhibited
primordial follicle activation stimulated by a-MEM+ and 10 uM kaempferol and
reduced pAKT expression in those follicles. In conclusion, 10 yM kaempferol

promotes primordial follicle activation and cell proliferation through the
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PIBK/AKT pathway and reduces DNA fragmentation of ovine preantral follicles

cultured in vitro.

Additional keywords: Flavonoid, ovary, folliculogenesis, pAKT, TUNEL.

Introduction

The majority of ovarian primordial follicles in mammals are preserved in
a dormant state and only a few of them are activated to enter the growing follicle
pool (Zhao et al., 2017). In this way, in vitro culture of ovarian cortical tissue is
an important tool to understand the mechanisms and the signaling pathways
involved in the initial stages of folliculogenesis, especially the activation of
primordial follicles (Shea, Woodruff & Shikanov, 2014; Laronda et al., 2014,
Silva, Van den Hurk, & Figueiredo, 2016; Guzel & Oktem, 2017). Short-term in
vitro activation could also benefit infertile patients with a reduced pool of
primordial follicles by providing a large number of mature gametes (Li et al.,
2010; McLaughlin et al., 2018), which could be retrieved for in vitro fertilization
and embryo transfer, followed by the delivery of healthy pups (mouse: Li et al.,
2010) and a baby (Kawamura et al., 2013). Therefore, the in vitro activation
approach could be useful for human and other mammals, including endangered
species and economically important animals (Li et al., 2010). Particularly the
sheep model, which has the tissue architecture similar to the human ovaries
(Milenkovic, Wallin, Ghahremani, & Brannstrom, 2011), would help develop

useful treatment strategies for improving fertility in other species.
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Using in vitro cultures, some paracrine factors have been found to be
important for the activation of ovine primordial follicles, including kit ligand
(Cavalcante et al., 2015) and insulin-like growth factor-1 (Bezerra et al., 2018).
Although the exact factors and mechanisms involved in the initiation of
primordial follicle growth are still unknown (Li et al., 2010), several studies have
demonstrated that the activation of the phosphatidylinositol 3 kinase (PI13K) and
protein kinase B (AKT) is one of the major signaling pathways involved in the
control of follicular activation in mice (Reddy et al., 2009; Sobinoff et al. 2012;
Zhao et al., 2014) and rat (Keating et al., 2009; Abramovich, Irusta, Parborell, &
Tesone, 2010) ovaries. However, the pathways regulating primordial follicle
activation in domestic species have received minimal attention (swine:
Moniruzzaman, Lee, Zengyo, & Miyano, 2017; feline: Fujihara et al., 2014;
Thuwanut et al., 2017; equine: Hall, Upton, McLaughlin, & Sutherland, 2017;
ovine: Santos et al., 2017; Bezerra et al., 2018).

One potential signal that may regulate the activation of the PI3K pathway
in oocytes is kaempferol (3,5, 7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-
benzopyran-4-one), a flavanol present in many plants (e.g. tea, broccoli,
cabbage, beans, tomato, strawberries, grapes), botanical products commonly
used in traditional medicine (Ginkgo biloba, Moringa oleifera, and propolis)
(Calderén-Montafio, Burgos-Morén, Pérez-Guerrero, & Lopez-Lazaro, 2011) or
as alternative feed resources in sheep (Moringa oleifera: Murro, Muhikambele,
& Sarwatt, 2003). Kaempferol has a wide range of pharmacological activities,
including antioxidant and cytoprotective effects (Oh et al., 2016). For example,
kaempferol counteracted lipopolysaccharide-induced decreased cell viability by

inhibiting cell apoptosis and promoting cell proliferation in rabbit bone marrow-
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derived mesenchymal stem cells (Zhu et al., 2017). Furthermore, kaempferol
restored motility of aluminum-exposed sperm cells and decreased the levels of
malondialdehyde (MDA) production, a lipid peroxidation marker (Jamalan,
Ghaffari, Hoseinzadeh, Hashemitabar, & Zeinali, 2016).

The relationship between kaempferol and PI3K/AKT has been shown
previously. Choi (2011) demonstrated that pretreatment with kaempferol prior to
antimycin A (AMA) exposure reduced AMA-induced cell damage in osteoblast-
like cells and also induced the activation of PI3K/AKT, thus increasing the
metabolic activity inhibited by AMA. Therefore, we hypothesized that kaempferol
may also act in the ovary through the PI3K/AKT pathway. However, to our
knowledge, only one study has evaluated the role of kaempferol on the female
reproduction. It reported that addition of kaempferol to the in vitro maturation
medium improved the developmental competence of porcine oocytes,
increasing the percentage of morula stage embryos compared to the control
(Orlovschi, Miclea, Zahan, & Miclea, 2014). Nevertheless, there has been no
report of the effects of kaempferol on the in vitro culture of ovarian tissue in any
species.

Therefore, the aims of this study were to analyze whether a dose-
response curve of kaempferol might have beneficial effects on the survival,
primordial follicle activation and growth after ovarian tissue culture and to verify
whether the PISK/AKT signaling pathway is involved in kaempferol action in the

sheep ovary.

Materials and methods
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Source of ovarian tissue

Ovarian cortical tissues (n=18 ovaries) were collected at a local abattoir
from 9 adult (1 - 3 years old) mixed-breed sheep for the in vitro culture with
different concentrations of kaempferol (n=10 ovaries) or with the PI3K inhibitor
(n=8 ovaries). Since slaughtered animals were used, the approval of the ethics
committee was not necessary. Immediately postmortem, pairs of ovaries were
washed once in 70% alcohol (Dinamica, Sao Paulo, Brazil) followed by twice in
Minimum Essential Medium buffered with HEPES (MEM-HEPES) and
supplemented with antibiotics (100 pg/ml penicillin and 100 pg/ml streptomycin.
The ovaries were transported within 1 h to the laboratory in tubes containing
MEM-HEPES and antibiotics at 4°C (Chaves et al.,, 2008). Unless noted
otherwise, all chemicals used in this study were purchased from Sigma Aldrich

Chemical Co. (St. Louis, MO, USA).

In vitro culture of preantral follicles with kaempferol

The in vitro culture was performed according to Santos et al. (2014). In
the laboratory, ovarian cortex samples from each ovarian pair (n=10 ovaries)
were cut into slices approximately 3 mm x 3 mm (1 mm thick) in size using a
needle and scalpel under sterile conditions. For each animal, one slice of tissue
was randomly selected and immediately fixed for histological and TUNEL
analyses (fresh control). The remaining slices of the ovarian cortex were
cultured individually in 1 mL of culture medium in 24-well culture dishes for 7

days at 39 °C in an atmosphere of 5% CO:z in the air. The base culture medium
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(control) consisted of a-MEM (pH 7.2—7.4) supplemented with 10 ng/mL insulin,
2.5 yg/mL transferrin, 4.0 ng/mL selenium, 2 mM glutamine, 2 mM hypoxanthine
and 1.25 mg/mL bovine serum albumin (BSA), which is referred to as a-MEM".
The ovarian fragments were cultured in a-MEM* alone or with different
concentrations of kaempferol (0.1, 1, 10 or 100 uM), which were chosen based
on a previous study (Zhang, Zhen, Maechler, & Liu, 2013). Each treatment was
repeated five times, thus using the ovaries of five different animals. The culture

medium was replenished every two days.

Morphological evaluation of the preantral follicles cultured in vitro

Tissues from the fresh control and from all cultured treatments were fixed
in 10% buffered paraformaldehyde (Dinamica) for 18 h, dehydrated in
increasing concentrations of ethanol (Dindmica) and clarified with xylene
(Dinamica). After paraffin embedding (Dinamica), the ovine ovarian tissues were
cut into 5 pym sections, and every section was mounted on glass slides and
stained with hematoxylin and eosin (Vetec, Sao Paulo, Brazil).

The preantral follicles were evaluated by light microscopy (Nikon, Tokyo,
Japan; 400x magnification) in the section where the oocyte nucleus was visible.
The follicles were classified individually as histologically normal when an intact
basement membrane was attached by one or more layers of granulosa cells
that were well organized, without swelling or any pyknotic nuclei; the
surrounding granulosa cells were in close contact with the oocyte, which did not
show cytoplasm contraction and/or pyknotic nuclei. The atretic follicles were

defined as those with a retracted oocyte, swelling or disorganized granulosa
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cells detached from the basement membrane, and/or pyknotic nucleus in any of
the follicle structures (oocyte or granulosa cells). Overall, 150 follicles were
evaluated for each treatment (30 follicles per treatment x 5 replicates = 150

follicles), totaling 900 preantral follicles.

Assessment of the in vitro follicular activation and growth

For assessment of the follicular activation and growth (oocyte and
follicular diameters), only histologically normal follicles with visible oocyte
nucleus were recorded. The evaluation of the follicular activation (transition from
primordial to growing follicles, when surrounding squamous pregranulosa cells
become cuboidal and begin to proliferate) was performed by quantifying the
follicles at different stages of follicular development (Silva et al., 2004), as
primordial (one layer of flattened granulosa cells around the oocyte) or growing
follicles (intermediate: one layer of flattened to cuboidal granulosa cells; primary:
one layer of cuboidal granulosa cells, and secondary: two or more layers of
cuboidal granulosa cells around the oocyte). The proportion of primordial and
growing follicles was calculated at day O (fresh control) and after 7 days of
culture. In addition, from the basement membrane, the major and minor axes of
each oocyte and follicle were measured by using the Image-Pro Plus® software
(Media Cybernetics Inc., Silver Spring, MD, USA). The average of these two
measurements was used to determine the diameters of both the oocyte and the

follicle.

Proliferating cell nuclear antigen (PCNA) immunohistochemistry
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Proliferating cells were detected with proliferating cell nuclear antigen
(PCNA) immunohistochemistry before and after culture. Immunohistochemistry
was performed as described previously (Barberino et al., 2017). Briefly, 5 um-
sections were cut on a microtome (EasyPath, S&o Paulo, Brazil) and mounted
in Starfrost glass slides (Knittel, Braunschweig, Germany). The slides were
incubated in citrate buffer (Dinamica) at 95°C in a humidified decloaking
chamber for 40 min to retrieve antigenicity, and endogenous peroxidase activity
was prevented by incubation with 3% H20: (Dindmica) and methyl ethanol
(QEEL, Sé&o Paulo, Brazil) for 10 min. Non-specific binding sites were blocked
using 1% normal mouse serum (Biocare, Concord, USA) diluted in phosphate-
buffered saline (PBS). Subsequently, the sections were incubated in a
humidified chamber for 90 min at room temperature with rabbit polyclonal anti-
PCNA antibody (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Then, the sections were incubated for 30 min with MACH4 Universal HRP-
polymer (Biocare). The protein localization was demonstrated with
diaminobenzidine (DAB; Biocare), and the sections were counterstained with
haematoxylin (Vetec) for 40 s. Negative control (reaction control) underwent all

steps except the primary antibody incubation.

Only follicles that contained an oocyte nucleus were analyzed for
proliferating cell assay. The number of PCNA positive granulosa cells (brown
staining) was counted in ten randomly fields per treatment using Image-Pro
Plus® software (Media Cybernetics Inc.). The percentage of PCNA positive cells
was calculated as the number of cells in proliferation out of the total number of

cells (x 100).
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Detection of DNA fragmentation by TUNEL Assay

Terminal deoxynucleotidyl transferase (TdT) mediated dUTP nick-end
labeling (TUNEL) assay was used for a more in-depth evaluation of the ovine
preantral follicle quality before and after the in vitro culture. TUNEL was
performed using a commercial kit (In Situ Cell Death Detection Kit, Roche
Diagnostics Ltd., Indianapolis, USA) as previously described (Barberino et al.,
2017). Briefly, the sections of 3 um from each block were cut on a microtome
(EasyPath) and mounted in Starfrost glass slides (Knittel). The slides were
incubated in citrate buffer (Dinamica), at 95°C in a deckloaking chamber
(Biocare) for 40 min to retrieve antigenicity, and endogenous peroxidase activity
was prevented by incubation with 3% H20: (Dindmica) and methyl ethanol
(QEEL) at room temperature for 10 min. After rinsing in phosphate-buffered
saline (PBS), the sections were incubated with the TUNEL reaction mixture at
37°C for 1 h. Thereatfter, the specimens were incubated with Converter-POD in
a humidified chamber at 37°C for 30 min. DNA fragmentation was revealed by
incubation of the tissues with DAB for 1 min. Finally, the sections were
counterstained with Harry’s haematoxylin (Vetec) in a dark chamber at room
temperature for 1 min, dehydrated in ethanol, cleared in xylene, and mounted
with balsam (Dinamica). For negative controls (reaction controls), slides were
incubated with a labeled solution (without terminal deoxynucleotidyl transferase
enzyme) instead of the TUNEL reaction mixture.

The DNA fragmentation in the preantral follicles was evaluated as

described previously (Barberino et al., 2017). Only follicles that contained a
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visible oocyte nucleus were analyzed and the number of brown TUNEL positive
cells (oocyte and granulosa cells) was counted in ten randomly fields per
treatment by using Image-Pro Plus® software (Media Cybernetics Inc.). The
percentage of the TUNEL positive cells was calculated as the number of cells

with fragmented DNA out of the total number of cells (x 100).

Pharmacologic inhibition of the PI3K pathway

The aim was to test the hypothesis that pharmacological inhibition of the
PI3K pathway would inhibit the actions of kaempferol on sheep primordial follicle
activation and survival (morphology) in vitro. For this in vitro culture, additional
pairs of sheep ovaries (n=8) were collected, transported to the laboratory and
fragmented as described above. The ovarian fragments were cultured for 7 days
in the control medium (a-MEM+) or in a-MEM+ supplemented with 10 uM
kaempferol without the PI3K inhibitor, or in these treatments in the presence of
the PI3K inhibitor (a-MEM+ supplemented with PI3K inhibitor or 10 puM
Kaempferol + PI3K inhibitor). For PI3K inhibition, 50 uM of the PI3K specific
inhibitor LY294002 (Cell Signaling Technologies, Danvers, USA) was added to
the control medium (a-MEM+) for 1 h (before kaempferol supplementation) at
39°C and 5% CO:z in the air. Media were changed and treatments replenished
every other day (including the inhibitor). The concentration of LY294002 (50 uM)
was chosen according to Ryan et al. (2008) and Adhikari, Risal, Liu, & Shen
(2013).

After this culture, the ovarian tissue was fixed, processed for histological

evaluation and preantral follicles were examined for morphological aspects
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(histologically normal or atretic) and developmental stages (primordial or

growing follicles) as described above.

Immunohistochemistry for the evaluation of the expression of pAKT

To check the effectiveness of LY294002 in suppressing PI3K signaling,
we evaluated the expression of AKT phosphorylation (pAKT) in the ovaries.
Following in vitro culture for 7 days, the ovarian fragments from a-MEM+ or
those treated with 10 uM kaempferol in the absence or presence of LY294002
were destined to immunohistochemistry, which was carried out as described
above, but the slides were incubated with a rabbit polyclonal anti-p-AKT
antibody (1:40; Santa Cruz Biotechnology) instead of the anti-PCNA antibody.
Moreover, positive control was performed using canine mammary tumor (Lin,
Bacchi, Baracat, & Carvalho, 2014).

The immunostaining (brown staining) was subjectively classified as
absent, weak, moderate or strong in the oocyte and the granulosa cells. Only
follicles that contained an oocyte nucleus were analyzed. The slides were

examined by using a microscope (Nikon) under 400x magnification.

Statistical analysis

The percentages of morphologically normal, primordial and growing
follicles from both cultures (without and with the PI3K inhibitor) were submitted
to Shapiro Wilk test. Thereafter, ANOVA, and the Tukey’s test were applied for

comparison among treatments. Values of proliferating cells and TUNEL positive
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cells were submitted to Chi-square test. The results of follicular survival and
growth were expressed as the mean + SD, and the results of follicular activation
were expressed as the mean = SEM. The differences were considered to be

statistically significant when P < 0.05.

Results

Follicular morphology and development after in vitro culture

The preantral follicles in the fresh control (Fig. 1A) and those cultured in
the medium containing 10 uM kaempferol (Fig. 1B) showed centrally located
oocytes and granulosa cells surrounded by normal intact basement
membranes. Atretic follicles with a retracted oocyte and pyknotic nucleus, and
disorganized granulosa cells could be observed after in vitro culture at the
highest concentration of kaempferol (100 uM) (Fig. 1C).

The percentage of morphologically normal follicles decreased
significantly after 7 days of culture in all treatments compared to the fresh control
(Fig. 1D). In addition, the percentage of normal follicles (survival) was similar
among the treatments (P>0.05), except for 100 uM kaempferol, which had
significantly less normal follicles (P<0.05).

In all culture conditions, a significant reduction in the percentage of
primordial follicles (Figs. 2A and 2D) was observed concomitant with an

increase in the percentage of growing follicles (Fig. 2B, 2C and 2E) compared
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to the fresh control. Furthermore, a higher follicular activation was observed in
the tissue cultured for 7 days in 10 uM kaempferol than other treatments
(P<0.05). Nevertheless, a significant reduction in the follicle diameter was
observed when the tissues were cultured in medium containing 100 pM
kaempferol compared to the fresh control and the other treatments (Table 1).
Moreover, the oocyte diameter also reduced significantly in the follicles cultured

in 0.1 or 100 pM Kaempferol compared to the fresh control.

Granulosa cell proliferation using PCNA immunohistochemistry

Ovarian follicles cultured in the fresh control (Fig. 3A) or in a-MEM+ (Fig.
3B) did not have or had less proliferating cells than ovarian tissue that had been
cultured in medium containing 10 uM Kaempferol (Fig. 3C). Negative control did
not show staining for PCNA (Fig. 3D). The percentage of PCNA-positive cells in
the 10 uM kaempferol (42.5%) was significantly higher than in the fresh control
(15.0%) and other treatments (a-MEM+: 18.0%; 0.1 uM kaempferol: 6.8%; 1 uM

kaempferol: 5.0%; 100 uM kaempferol: 7.1%) (Fig. 3E).

Analysis of DNA fragmentation

The ovarian tissue cultured in medium containing 10 uM kaempferol
maintained the percentage of TUNEL positive cells similar (P>0.05) to that
observed in the fresh control (3.29% and 1.86% for 10 uM kaempferol and fresh
control, respectively; Table 2). In addition, kaempferol at 10 uM (Fig. 4A)

significantly reduced the DNA fragmentation compared to the other treatments
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(21.67%, 14.14%, 11.06% and 20.09% for a-MEM+, 0.1 uM, 1 uM and 100 puM
kaempferol, respectively; Table 2). In all treatments, DNA fragmentation
occurred in the granulosa cells and more frequently in the oocyte (Fig. 4B).

Negative control did not show staining for TUNEL analysis (Fig. 4C).

Follicular morphology after inhibition of the PI3K pathway

The percentage of morphologically normal follicles decreased
significantly after 7 days of culture in the ovarian tissue pretreated with or without
PI3K inhibitor, compared to the fresh control (Fig. 5). Moreover, pretreatment of
the ovine ovarian tissue with the PI3K inhibitor did not influence follicular survival

(P>0.05; Fig. 5).

Effect of PI3K inhibition on pAKT protein staining

The competitive inhibitor of PI3K (LY294002) was used to confirm that
AKT is a downstream phosphorylation target of PI3K in ovine follicles. After
culture in the absence of the PI3K inhibitor, oocytes from primordial or
intermediate follicles showed a moderate reaction for pAKT in both a-MEM+
(Fig. 6A) and 10 uM kaempferol (Fig. 6B) treatments. Positive control (mammary
tumor) showed a moderate reaction for pAKT (Fig. 6C). In the presence of
LY294002, the oocytes showed a weak reaction for pAKT (Fig. 6D and 6E).
Negative control did not show staining for pAKT expression in ovarian follicles

(Fig. 6F) or in mammary tumor (Fig. 6G).
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Follicular development after in vitro culture with PI3K inhibitor

As observed previously, in the absence of the PI3K inhibitor (LY294002),
a significant reduction in the percentage of primordial follicles (Fig. 7A) was
observed concomitant with an increase in the percentage of growing follicles
(Fig. 7B) after the culture in a-MEM+ or 10 uM kaempferol compared to the fresh
control. Moreover, the follicular activation was significantly higher after the
ovarian tissue culture in 10 uM kaempferol than in a-MEM+ in the absence of
LY294002. However, the pretreatment of ovarian tissue with LY294002
significantly inhibited the primordial follicle activation stimulated by both

treatments (a-MEM+ and 10 uM kaempferol).

Discussion

To our knowledge, these are the first data demonstrating the effects of
kaempferol on the in vitro culture of ovarian preantral follicles in any species.
This study showed that 10 puM kaempferol increased primordial follicle
activation, stimulated granulosa cell proliferation and reduced DNA
fragmentation after culture of ovine ovarian tissue. In addition, we demonstrated
that inactivation of the PI3K pathway inhibited follicular activation and reduced
AKT phosphorylation, indicating that PI3BK/AKT is a key regulator of primordial
follicle growth in the ovary.

Although 10 puM kaempferol did not influence the maintenance of
morphologically normal follicles after in vitro culture, this concentration was

effective in reducing DNA fragmentation in both oocytes and granulosa cells
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(only 3.29% of TUNEL positive cells) compared to the control medium and other
kaempferol concentrations. It is known that detection of early apoptotic changes
may be beyond the scope of histological examination (Bedaiwy & Hussein,
2004). Therefore, our findings would suggest that culture in a-MEM+ (control)
or under inadequate concentrations of kaempferol may have harmful effects on
the ovarian tissue that were not clearly apparent from the histomorphological
analysis. Despite its well-documented anti-apoptotic activity in other cells, such
as pancreatic 3-cells (Zhang & Liu, 2011; Varshney, Gupta, & Roy, 2017), bone
marrow-derived mesenchymal stem cells (Zhu et al., 2017), and smooth muscle
fibers (Ruiz, Padilla, Redondo, Gordillo-Moscoso, & Tejerina, 2006), the ability
of kaempferol to reduce apoptosis in ovarian follicles has not been previously
reported. Nevertheless, kaempferol at concentrations >100 puM showed
cytotoxic effects on embryo stem cells (Correia et al., 2016). Therefore,
kaempferol might have cytoprotective or cytotoxic effects depending on the
concentration and the type of cell as observed with the concentrations of 10 or
100 uM in the present study, respectively. The concentration of 100 uM
kaempferol also reduced both follicular and oocyte diameters after in vitro
culture, which is a sign of follicular atresia.

In this study, all treatments promoted primordial follicle growth compared
to the fresh control. The spontaneous activation observed in the control medium
may be explained by the mechanical ovarian fragmentation, which represents a
key first step in the initiation of primordial follicle growth through the Hippo
signaling pathway (Hsueh, Kawamura, Cheng, & Fauser, 2015). Moreover,
there was clearly an additive effect of 10 uM kaempferol on follicular activation.

There are no reports showing the effect of kaempferol on the in vitro
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development of preantral follicles, however it has already been used for
promoting in vitro maturation and fertilization of swine cumulus-oocyte
complexes (Orlovschi et al., 2014). In addition, kaempferol inhibits cell
proliferation in esophagus squamous cell carcinoma via targeting epidermal
growth factor (EGF) receptor signaling pathway (Yao et al., 2016). Therefore,
we may speculate that kaempferol acts in the initiation of primordial follicle
growth through binding to tyrosine kinase EGF receptors. Nevertheless, an
additive effect on granulosa cell proliferation was observed when ovarian
fragments were cultured in 10 uM kaempferol compared to the fresh control and
the control medium.

Tyrosine kinase receptors respond to their ligands in oocytes by
activation of the PI3K pathway to promote follicular activation (Li et al., 2010).
Therefore, to verify the involvement of the PIBK/AKT signaling in the regulation
of ovine primordial follicle activation stimulated by kaempferol, we exposed
ovaries to the PI3K inhibitor LY294002. In this study, LY294002 did not cause
loss of preantral follicles (Fig. 5). Similar results were observed after in vitro
culture of cat ovarian tissue in medium containing this inhibitor (Fujihara,
Comizzoli, Keefer, Wildt, & Songsasen, 2014). Nevertheless, follicular activation
has been inhibited by LY294002 in a-MEM+ and 10 uM kaempferol. Therefore,
the PI3K pathway could be potentially involved in ovine primordial follicle
activation in vitro, which is in agreement with the findings reported for other
species (rat: Keating, Mark, Sen, Sipes, & Hoyer, 2009; mice: John, Gallardo,
Shirley, & Castrillon, 2008; Sobinoff, Nixon, Roman, & McLaughlin, 2012; Zhao
et al., 2014; cat: Thuwanut, Comizzoli, Wildt, Keefer, & Songsasen, 2017). A

possible explanation for the involvement of the PISK/AKT pathway in follicular
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activation observed in the a-MEM+ is the presence of insulin in the control
medium. Thus, blocking PI3K pathway could interfere in the metabolic effects of
insulin (Khorami, Movahedi, Huzwah, & Sokhini, 2015), which promotes the
initiation of primordial follicle growth (human: Louhio, Hovatta, Sjoberg, & Tuuri,
2000).

To further investigate the mechanisms behind ovine primordial follicle
activation in vitro, the expression of pAKT was evaluated, which is an indirect
measurement of PI3K activity (Granville, Memmott, Gills, & Dennis, 2006;
Reddy et al., 2009) and a marker of primordial follicle activation (Reddy et al.,
2009). The immunostaining of pAKT was increased in follicles from a-MEM+
and 10 uM kaempferol; however, pAKT expression reduced in the follicles of
both treatments after PI3K inhibition. It is important to note that some pAKT
immunostaining was observed even after PI3K inhibition, which could be
explained by the presence of intermediate follicles in fresh tissues. A previous
study has shown that kaempferol is also a potent neuroprotective compound
which probably protects against apoptosis through activation of AKT in retinal
ganglion cells submitted to the oxidative stress induced by iodoacetic acid
(Ondricek, Kashyap, Thamake, & Vishwanatha, 2012). These data support the
hypothesis that kaempferol might be an important and promising candidate in
the regulation of the initiation of primordial follicle growth through the PI3K/AKT
pathway. Future studies will clarify the roles of other players of the PI3K pathway
such as transcription factor foxhead box O3 (John, Gallardo, Shirley, &
Castrillon, 2008) during early follicle development in sheep.

In conclusion, at a concentration of 10 yM, kaempferol promotes

primordial follicle activation through the PISK/AKT pathway, stimulates
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granulosa cell proliferation and reduces DNA fragmentation of ovine preantral
follicles cultured in vitro. Our findings highlight the importance of
pharmacological inhibitors of the PISK/AKT, which could be important tools in
the follicle culture to increase our knowledge of the folliculogenesis, especially
of how primordial follicles are activated, and to retrieve oocytes with an

enhanced developmental potential.
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Table 1. Mean oocyte and follicular diameter (mean £ SD) in the fresh control

and after in vitro culture of ovine ovarian tissue in different concentrations of

kaempferol.
Treatments Follicular Oocyte diameter
diameter (um) (um)

Fresh control 45.06 + 2.84 30.88 £ 2.76
a-MEM* 42.23 +5.03%8 29.92 + 3.8148
0.1 uM Kaempferol 42.30 +3.81B 28.34 + 3.93B¢
1 uM Kaempferol 44.84 + 6.7178 30.15 + 4,548
10 uM Kaempferol 47.81 +£9.16° 33.55 + 6.694
100 puM Kaempferol 36.01 + 9.16%" 24.69 +2.69%"

* Differs significantly from fresh control (P<0.05).

(A-B) Different letters denote significant differences within the column (P<0.05).
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Table 2. Percentage of TUNEL-positive oocytes and granulosa cells before
(fresh control) and after in vitro culture of ovine ovarian tissue in different

concentrations of kaempferol.

Treatments Oocytes Granulosa Total of
(%) cells (%) TUNEL-

positive cells

(%)
Fresh control 8.11 0.56 1.86
a-MEM+ 73.91¢ 15.00¢" 21.67¢
0.1 uM Kaempferol 68.18¢" 7.108 14.14 8¢
1 uM Kaempferol 64.71%" 0.57A 11.068"
10 uM Kaempferol 21.21~ 0.58% 3.29°
100 uM Kaempferol 79.31¢ 11.71F° 20.09¢

* Differs significantly from fresh control (P<0.05).
(AB.C) Different letters denote significant differences within the column

(P<0.05).
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Figure legends:

Figure 1: Histological sections of ovine ovarian fragments (A-C): normal follicles
in the fresh control (A) and after in vitro culture in medium containing 10 uM
kaempferol (B), and atretic follicles after in vitro culture in a-MEM+ (C). O:
oocyte; GC: granulosa cells; Asterisk: pyknotic nucleus; Arrow: retracted oocyte.
Scale bar: 20 ym (400x). Percentages of ovine morphologically normal follicles
(D) in the fresh control and after 7 days of in vitro culture in a-MEM+ or in
different concentrations of kaempferol. *Differs significantly from the fresh
control (P<0.05). (*B) Different letters denote significant differences among

treatments (P<0.05).
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Figure 2: Histological sections of ovine ovarian fragments (A-C): normal
primordial follicles (A and B - above); normal growing follicles: intermediate (B -
bellow) and primary (C) follicles. O: oocyte; GC: granulosa cells; Arrow: cuboidal
granulosa cell in the intermediate follicle. Scale bar: 20 um (400x). Percentages
of primordial (D) and growing (E) follicles in the fresh control and after 7 days of
in vitro culture in a-MEM+ or in different concentrations of kaempferol. *Differs
significantly from the fresh control (P<0.05). (#BC) Different letters denote

significant differences among treatments (P<0.05).

)

O

~—
—_—
m
—~

7]
2 3
(&] -—
= 100 - © 100 - S *
3 90 E 90 - * A B
O 80 - o 80 - * T
- 70 - w— 70 B B B
80 bl 8 5 2 % ‘
5 40 - 012 B B B % * 'S 40 - 79/95 | | 43/54
£ 30 A B o 30+ 5182 |50/85 | | 33/84
= %8 1 31/82| |35/83| |31/84 |_._| 5 %8 .
J 16/95]| [11/54 7 [ 5121
o 0 | — 0
- Fresh gMEM+ 0.1pM 1uM  10pM  100pM 3@ Fresh o MEM+01pM  1pM  10pM 100 pM
2 control kaempfarol - control kaemprerol



86

Figure 3: Immunohistochemical detection of PCNA (A-D) in the fresh control
(A), a-MEM?* (B), in medium containing 10 uM Kaempferol (C), and negative
control (D). O: Oocyte; GC: Granulosa cells; Asterisk: PCNA-positive cell. Scale
bars: 30 um. Percentages of PCNA-positive cells in the fresh control and after
in vitro culture in a-MEM+ or in different concentrations of kaempferol. *Differs
significantly from the fresh control (P<0.05). (A#B) Different letters denote

significant differences among treatments (P<0.05).
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Figure 4. Detection of DNA fragmentation in sheep preantral follicles after
TUNEL staining: normal follicle cultured in 10 uM kaempferol (A), follicular cells
with DNA fragmentation (in brown) after culture in a-MEM+ (B), and negative
control of the reaction (C). O: oocyte; GC: granulosa cells. Scale bar: 20 um

(400x).
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Figure 5: Percentages (mean + SEM) of morphologically normal follicles in the
fresh control, after in vitro culture in a-MEM+ or in 10 pM kaempferol in the
absence or presence of LY294002 (PI3K inhibitor). *Differs significantly from the

fresh control (P<0.05).

100 -
90 -
80 -
70 - *
60
30 - ]
40

HH
H ¥

110/150

30 - e
74/150 §130 2130

92/150

(%) normal follicles

Fresh a-MEM+ 10 g a-MEM+ 10 pM
control kaempferol  PI3K inhibitor  Kaempferol +
PI3K inhihitor



89

Figure 6: Immunohistochemical expression of pAKT in the sheep ovary.
Follicles cultured in a-MEM+ (A) or in 10 uM kaempferol (B) in the absence of
LY294002; positive control in canine mammary tumor (C); follicles cultured in a-
MEM+ (D) or in 10 pM kaempferol (E) in the presence of LY294002; negative
control in the ovary (F) and in mammary tumor (G). O: Oocyte; GC: Granulosa

cells. Scale bars: 25 and 100 ym (400x).
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Figure 7: Percentages of normal primordial (A) and growing (B) follicles in the
fresh control, after 7 days of in vitro culture in a-MEM+ or in 10 pM kaempferol
in the absence or presence of LY294002 (PI3K inhibitor). *Differs significantly
from fresh control (P<0.05). (*BC) Different letters denote significant differences

among treatments (P<0.05).
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Abstract

This study evaluated the effect of addition of kaempferol alone or combined with
other antioxidants (transferrin, selenium and ascorbic acid) on in vitro culture of
ovine isolated secondary follicles. Secondary follicles were isolated and cultured
for 12 days in a-Minimal Essential Medium (a-MEM) supplemented with BSA,
insulin, glutamine and hypoxanthine (a-MEM: antioxidant free-medium) or in this
medium also added by transferrin, selenium and ascorbic acid (AO: base
medium with antioxidants). Moreover, different concentrations of kaempferol
(0.1; 1 or 10 yM) were added to the different base media (a-MEM or AO). After
culture, glutathione (GSH) levels, mitochondrial activity and meiotic resumption
were evaluated. After 12 days, the percentage of normal follicles was higher
(P<0.05) in AO base medium than the other treatments and similar (P>0.05) to
a-MEM supplemented with 1 or 10 yM kaempferol Moreover, a-MEM plus 1 or
10 uM kaempferol and AO medium showed similar (P>0.05) follicular diameter,
fully-grown oocytes, and GSH levels. However, at the end of the culture, antrum
formation was higher (P<0.05) in a-MEM + 1 uyM kaempferol than in AO, and
similar (P>0.05) to a-MEM + 10 yM kaempferol. In addition, oocytes cultured in
a-MEM supplemented with 1 uM kaempferol showed greater (P<0.05) levels of
active mitochondria than a-MEM + 10 pM kaempferol and AO medium. The
rates of meiotic resumption were similar (P>0.05) among a-MEM + 1 uM
kaempferol and AO medium. In conclusion, 1 uM kaempferol can be used as
the single antioxidant present in the base medium, replacing the addition of

transferrin, selenium and ascorbic acid during in vitro culture of ovine secondary
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follicles, maintaining follicular survival, increasing active mitochondria levels,

and promoting the oocyte meiotic resumption.

Keywords: Flavonoid, Oocyte, Sheep, Survival

Introduction

Preantral follicles are a potential source of oocytes that can reach meiotic
competence [1] and consequently through in vitro culture, would increase the
availability of potentially fertilizable oocytes destined for assisted reproductive
techniques [2]. However, this is still considered a challenge since in vitro
conditions may increase reactive oxygen species (ROS) exposure, inactivating
antioxidant enzymes, as glutathione (GSH), and/or causing mitochondrial
damages, resulting in lower quality oocyte or cell death [3; 4]. Therefore, culture
systems must be supplemented with antioxidants to counterbalance the effects
induced by in vitro oxidative stress [5]. In addition to the antioxidants ascorbic
acid, transferrin and selenium routinely added to the base medium [6; 7], other
substances with antioxidant potential have been tested in the in vitro culture of
preantral follicles [8; 9; 10; 11].

Recently, there has been an increasing interest in the antioxidant
potential of the kaempferol [12; 13]. Kaempferol (3,5,7-trihydroxy-2- (4-
hydroxyphenyl)-4-H-1-benzopyran-4-one) is a low molecular weight flavonoid
(MW: 286.2 g/mol) commonly found in foods, such as broccoli, cabbage, beans,
tomatoes, strawberries, grapes, and tea [14], and in plants used in traditional
medicine, such as Amburana cearensis [15], Aloe vera [16] and Cassia

angustigolia [17]. Little is known about possible effects of kaempferol on
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reproduction. In vitro study has shown that kaempferol restored motility of
aluminum-exposed human sperm cells and decreased the levels of
malondialdehyde (MDA) production, a lipid peroxidation marker [18].
Furthermore, addition of kaempferol to the in vitro maturation (IVM) medium
improved the developmental competence of porcine oocytes, increasing the
percentage of morula stage embryos compared to the control [19].
Nevertheless, there has been no report of the effects of kaempferol on the in
vitro culture of isolated secondary follicles in any species. Knowing that
antioxidant agents may act as pro-oxidants when used in excess [20], we
hypothesized that kaempferol could replace the other antioxidants present in
the culture medium.

The aim of this study was to evaluate the effect of different concentrations
of kaempferol as the only antioxidant added to the base culture medium or
combined with three antioxidants typically used (transferrin, selenium and
ascorbic acid) on morphology, development, intracellular GSH levels,
metabolically active mitochondria and meiotic resumption of oocytes from ovine

secondary follicles cultured in vitro.

Material and Methods

Unless indicated, media, kaempferol, supplements and chemicals used

in the present study were purchased from Sigma Chemical Co. (St. Louis, MO,

USA).

Source of ovarian tissue
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Ovaries (n = 120) were collected at a local abattoir from 60 adult mixed-
breed sheep (Ovis aries). Immediately post-mortem, pairs of ovaries were
washed once in 70% alcohol and then twice in Minimum Essential Medium
buffered with HEPES (MEM-HEPES) and supplemented with antibiotics (100
pg/mL  penicillin and 100 pg/mL streptomycin). Next, the ovaries were
transported within 1 h to the laboratory in tubes containing MEM-HEPES with

antibiotics at 4°C [21].

Isolation and selection of ovine secondary follicles

Isolation, selection, culture and follicular evaluation were performed
according to [9]. In the laboratory, the surrounding fatty tissues and ligaments
were stripped from the ovaries; large antral follicles and corpora lutea were
removed. Ovarian cortical slices (1-2 mm thick) were cut from the ovarian
surface using a surgical blade under sterile conditions and subsequently placed
in holding medium consisting of MEM-HEPES with antibiotics. Ovine secondary
follicles, approximately 200-230 um in diameter without antral cavities, were
visualized under a stereomicroscope (SMZ 645 Nikon, Tokyo, Japan) and
mechanically isolated by microdissection using 26-gauge (26 G) needles. These
follicles were then transferred to 100 uL droplets containing base culture
medium for the evaluation of quality. Only follicles that displayed the following
characteristics were selected for culture: an intact basement membrane, two or
more layers of granulosa cells and a visible and healthy oocyte that was round

and centrally located within the follicle, without any dark cytoplasm. Isolated
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follicles were pooled and then randomly allocated to the treatment groups, with

approximately 55 follicles per group.

In vitro culture of ovine secondary follicles

After selection, the follicles were randomly divided into eight experimental
groups and individually cultured (one follicle per droplet) in 100 uL droplets of
culture medium under mineral oil in petri dishes (60 x 15 mm, Corning, USA).
The base control media consisted of a-MEM (pH 7.2—7.4) supplemented with
3.0 mg/mL bovine serum albumin (BSA), 10 ng/mL insulin, 2 mM glutamine and
2 mM hypoxanthine (antioxidant free-medium, referred as a-MEM) or this
medium also supplemented by 5.5 pg/mL transferrin, 5.0 ng/mL selenium and
50 pg/mL ascorbic acid (medium containing antioxidants, referred as
Antioxidant medium: AO). To verify the effects of kaempferol, both base media
(a-MEM or AO) were supplemented with different concentrations of kaempferol
(0.1, 1 or 10 pM; Fig. 1). The kaempferol concentrations were chosen based on
previous studies [22; 23 (unpublished data)]. All follicles were cultured at 39°C
under 5% CO:2 for up to 12 days. Every 2 days, in all treatments, 60 pL of the

culture media was replaced with fresh media in each droplet.

Morphological evaluation of follicle development

The morphological aspects of all follicles were assessed every 6 days

using a pre-calibrated ocular micrometer in a stereomicroscope (SMZ 645

Nikon) at 100x magnification. Only those follicles showing an intact basement
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membrane, with bright and homogeneous granulosa cells and an absence of
morphological signs of atresia were classified as morphologically normal
follicles. Follicular atresia was recognized when a darkening of the oocytes and
surrounding cumulus cells or misshapen oocytes was noted. The rupture of the
basement membrane was also observed and characterized as oocyte extrusion.
The following characteristics were analyzed in the morphologically normal
follicles: (i) antral cavity formation, defined as the emergence of a visible
translucent cavity within the granulosa cell layers, (ii) the diameter of healthy
follicles, measured from the basement membrane, which included two
perpendicular measures of each follicle.

After 12 days of culture, all the healthy follicles were carefully and
mechanically opened with 26 G needles under a stereomicroscope for oocyte
recovery. The percentage of fully grown oocytes, i.e., oocyte 2110 um, was
calculated as the number of acceptable quality oocytes (= 110 um) recovered

out of the total number of cultured follicles (x 100).

Assessment of GSH intracellular levels and metabolically active mitochondria

After culture, the oocytes were recovered and intracellular glutathione
(GSH) levels and mitochondrial activity were measured as previously described
[8], with minor modifications. Briefly, 4-chloromethyl-6.8-difluoro-7-
hydroxycoumarin (CellTracker® Blue; CMF2HC; Invitrogen Corporation,
Carlsbad, CA, USA) and MitoTracker Red (MitoTracker® Red, CMXRos,
Molecular Probes, Melbourne, Victoria, Australia) were used to detect

intracellular GSH and mitochondrial activity levels as blue and red fluorescence,



99

respectively, in oocytes derived from in vitro grown follicles in the treatments
that presented the best results after 12 days (a-MEM plus 1 or 10 uyM
Kaempferol and AO treatments). Approximately, 20 oocytes per treatment group
were incubated in the dark for 30 minutes in PBS supplemented with 10 mM of
CellTracker® Blue and 100 nM MitoTracker® Red at 39°C. After incubation, the
oocytes were washed with PBS and the fluorescence was observed under an
epifluorescence microscope (Nikon) with UV filters (370 nm for GSH and 579
nm for active mitochondria). Fluorescent images were saved as image TIFF
format and the fluorescence intensities of oocytes were analyzed using Image

J software (National Institutes of Health, Bethesda, MD, USA).

Maturation of ovine oocytes from in vitro cultured secondary follicles and

evaluation of chromatin configuration

In vitro maturation (IVM) was performed in the oocytes derived from in
vitro grown secondary follicles after 12 days of culture in a-MEM + 1 uM
Kaempferol or AO treatments. The a-MEM + 1 uM Kaempferol medium was
chosen because it presented the highest levels of active mitochondria and to
verify the ability of these oocytes to further resume meiosis. For IVM, additional
pairs of ovine ovaries (n = 20 ovaries) were collected, washed and transported
to the laboratory as described above. After culture, the cumulus oocyte
complexes (COCs) enclosed in healthy follicles were carefully and mechanically
collected with 26-G needles under a stereomicroscope. Only oocytes 2110 uym
of diameter with a homogeneous cytoplasm and surrounded by at least 1

compact layer of cumulus cells were selected for IVM. The COCs were
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transferred to drops of 100 pl of maturation medium (under oil) composed of
tissue culture medium 199 (TCM 199) supplemented with 10% fetal calf serum
(FCS), 1 pg/mL follicle stimulating hormone (human recombinant FSH; Gonal-
F; Serono Laboratérios, Sdo Paulo, Brazil) and 1 pyg/mL luteinizing hormone
(LH; ovine pituitary) [24] and incubated for 36 h under 5% CO: in the air. After
IVM, the oocytes were incubated in drops of PBS containing 10 mM Hoechst
33342 for 15 min at room temperature in the dark and visualized under
fluorescence microscopy (Nikon). The chromatin configuration was analyzed
through observation of the intact germinal vesicle (GV), meiotic resumption
(including germinal vesicle breakdown [GVBD] or metaphase | [MI]) or nuclear

maturation (metaphase Il [MII]).

Statistical analysis

Data from survival follicles, antrum formation, retrieval of fully grown
oocytes and meiotic resumption after in vitro culture were expressed as
percentages and compared by the Chi-squared test. Data from follicular
diameter, GSH and mitochondrial activity were submitted to the Shapiro-Wilk
test to verify normal distribution of residues and homogeneity of variances.
Thereatfter, data from follicular diameter were submitted to Kruskal-Wallis non-
parametric test for comparisons. When main effects or interactions were
significant, means were compared by Student Newman Keuls test. In addition,
data from GSH and mitochondrial activity were submitted to ANOVA for

comparisons and when main effects were significant, means were compared by
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Student's t-test. The results were expressed as the means * standard error

mean (SEM), and differences were considered significant when P < 0.05.

Results

Follicular morphology and development after in vitro culture

Morphologically normal follicles showed centrally located oocytes and
normal granulosa cells, which were enclosed by an intact basement membrane
(Fig. 2A). As early as day 6 of the culture, a small antral cavity (Fig. 2B) and
atretic (Fig. 2C) follicles could be observed. The percentage of morphologically
normal follicles significantly decreased from day 0 to day 12 of culture in all
treatments (Fig. 3). At the end of the culture, the follicular survival was
significantly higher in AO base medium (89.1%) than the other treatments,
except compared to a-MEM supplemented with 1 (78.8%) or 10 (78.8%) uM
kaempferol (P > 0.05; Fig. 3).

All treatments induced a significant increase in the antral cavity formation
rates from day 0 to day 6 of culture (Fig. 4). In addition, only a-MEM
supplemented with 1 or 10 uM kaempferol and AO treatments significantly
increased the antrum formation from day 6 to day 12. At the end of the culture,
antrum formation was higher (P < 0.05) in a-MEM + 1 yM kaempferol (40.4%)
than the other treatments, including AO medium (25.5%), except compared (P
> 0.05) to a-MEM + 10 uM kaempferol (36.5%) and AO + 10 uM kaempferol
(35.3%) (Fig. 4). At day 12 of culture, follicular diameter was significantly higher

in both a-MEM + 1 uyM kaempferol and AO treatments than in a-MEM base
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medium and AO supplemented with 1 or 10 uM kaempferol, and similar (P >
0.05) to the other treatments (Fig. 5). No differences (P > 0.05) were observed
in the extrusion rate (data not shown).

At the end of culture, a-MEM + 10 pM kaempferol presented a
significantly higher percentage (32.69%) of fully grown oocytes than the other
treatments, except compared (P > 0.05) to a-MEM + 1 yM kaempferol (21.15%),

AO base medium (20%), and AO + 1 uM kaempferol (18.18%) (Fig. 6).

Intracellular GSH levels and mitochondrial activity

After 12 days of culture, levels of intracellular GSH were similar (P > 0.05)
among treatments (Fig. 7). However, oocytes cultured in a-MEM
supplemented with 1 uM kaempferol showed greater (P < 0.05) levels of active

mitochondria than a-MEM + 10 uM Kaempferol and AO medium (Fig. 7).

Chromatin configuration after IVM

When evaluating chromatin configuration, both treatments (a-MEM + 1

uM Kaempferol or AO) showed oocytes in GV (Fig. 8A), GVBD (Fig. 8B) and Mi

(Fig. 8C). However, the percentage of meiotic resumption did not differ between

treatments (Table 1).

Discussion
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This study was the first to evaluate the effects of kaempferol on in vitro
culture of isolated preantral follicles. In ovine species, addition of antioxidants
(transferrin, selenium and ascorbic acid) to secondary follicle culture medium,
at the same concentrations used in the current study, can attenuate in vitro
oxidative stress damages [8; 9]. Transferrin has the action of chelating hydroxyl
radicals by preventing them from participation in ROS reactions [25], and
selenium inhibits oxidative damage being within the structure of antioxidant
enzymes like GSH-Px [26]. Ascorbic acid is a substance that has already been
described for increasing the activity of antioxidant enzymes such as superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px) [27]. However, in the
current study, after 12 days of culture, addition of 1 or 10 uM kaempferol as the
sole antioxidant to the culture medium promoted the same effects (survival,
follicular diameter, oocyte development, and intracellular GSH levels) as the
medium supplemented with those three different antioxidants (transferrin,
selenium and ascorbic acid).

Previous research has shown that kaempferol can induce its antioxidant
effects preventing lipid peroxidation [28] by increasing the expression or activity
of antioxidant enzymes such as catalase (CAT), heme-oxygenase (HO), and
GSH [29; 30; 31]. In vitro studies demonstrated that kaempferol improved
viability in murine MC3T3-E1 (osteoblast-like cells) in response to oxidative
stress, which includes unstable radicals prone to harm DNA [32], decreased
apoptosis in human umbilical venous endothelial cells after gamma radiation
[33], improved the developmental competence of porcine oocytes after IVM [19],
as well as promoted cell proliferation in different cell types, such as bone

marrow-derived mesenchymal stem cells in rabbit [34], pancreatic B-cells
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(human and rat: [35; 36]), and smooth muscle fibers in rat [37]. Therefore, single
kaempferol can be as efficient as three associated antioxidants.

Nevertheless, after 12 days of culture, a-MEM supplemented with 1 yM
kaempferol presented a higher antrum formation rate than AO base medium
(Fig. 4). A study demonstrated that the kaempferol may have phytoestrogenic
activity due to its chemical similarity with endogenous steroid hormones, such
as estradiol [38], and therefore it may have high binding affinity for estrogen
receptor (ERs) [39]. Therefore, as estradiol increased the in vitro antrum
formation in porcine preantral follicles [40], we can suggest that the antioxidant
kaempferol promoted the development (antrum formation) of ovine secondary
follicles cultured in vitro through its phytoestrogenic activity. This finding is of
great importance, since the formation of the antrum is essential for follicular
development [41] and consequently to the achievement of oocytes (2110 um)
capable of meiosis resumption [2].

Additionally, in an adequate concentration, kaempferol (1 uM) increased
the levels of active mitochondria compared to a-MEM + 10 uM kaempferol and
AO media (Fig. 7). A study performed by [32] showed that kaempferol acts
directly on mitochondria, stimulating the production of SOD in this organelle,
and activating the mitochondrial thioredoxin reductase (TrxR) system. This TrxR
system is essential for the maintenance of redox balance of cellular thiol and is
critical for cell survival [42]. Thus, the dysfunction of the TrxR system can lead
to the progression of oxidative stress and finally cell death [32]. Therefore, we
can suggest that 1 puM kaempferol alone was able to improve mitochondrial
function and consequently to support follicular survival and development.

Moreover, our study showed that the tested culture conditions (culture in a-MEM
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+ 1 yM kaempferol or AO medium for 12 days) did not affect oocyte meiotic
resumption (Table 1). Other studies have shown that sheep oocytes from
secondary follicles cultured in vitro for 18 days are able to resume meiosis after
36-40 h of IVM [43; 44]. Thus, in our study, we suggest that an increase in the
in vitro culture period (18 days) may provide oocytes capable of achieving MII.

Finally, in the present study, we observed that the use antioxidant free-
medium (a-MEM) or supplemented with insufficient concentration of kaempferol
(0.1 uM), as well as the excess of antioxidants (medium containing three
antioxidants plus kaempferol at 0.1, 1 or 10 uM) negatively affected the follicular
survival and/or development. It is possible that in vitro oxidative stress has
occurred due to the absence or inefficiency of the antioxidant system, as well
by prooxidant actions when antioxidants were used in excess [45].

In conclusion, kaempferol, at a concentration of 1 uM, can be used as
the single antioxidant present in base medium, replacing the addition of
transferrin, selenium and ascorbic acid during in vitro culture of ovine secondary
follicles for 12 days, maintaining follicular survival, improving antrum formation
and mitochondrial activity, and promoting the oocyte meiotic resumption. It is
important to note that the use of a single antioxidant in the culture medium over
three antioxidants offers advantages in terms of practicality and makes the
technique less costly (kaempferol is about three hundred dollars less

expensive).
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Table 1. Meiotic stages (%) after IVM of sheep oocytes from in vitro grown

secondary follicles after 12 days of culture in a-MEM + 1 uM Kaempferol or in

AO medium.
Treatments % GV % GVBD % Mi % Ml
(n) (n) (n) (n)
a-MEM+ 46.15 (12/26) 42.31(11/26) 11.54 (3/26) 0 (0/26)
1 uM Kaempferol
AO 59.09 (13/22) 36.37(8/22)  4.54 (1/22) 0 (0/22)

a-MEM: antioxidant free-medium; AO: medium containing antioxidants
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Figure captions

Figure 1 - General experimental protocol for in vitro culture of sheep secondary
follicles in different media (a-MEM or AQO) without or with different

concentrations of kaempferol (0.1, 1 or 10 uM).

Ovarian pair
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Figure 2 - Morphologically normal secondary follicle at day 0 (A); antral follicle
after 6 days of culture in a-MEM + 1 pM kaempferol (B) and atretic follicle after
6 days of culture in AO + 1 uM kaempferol (C). GC: granulosa cells; O: oocyte.

Arrow: antral cavity. Scale bar: 100 pym.
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Figure 3 - Percentages of morphologically normal follicles cultured in different
media (a-MEM or AO) without or with different concentrations of kaempferol
(0.1, 1 or 10 puM).

(A B ©) Different letters denote significant differences among treatments in the
same period (P < 0.05); (> b ) Different letters denote significant differences
among culture periods in the same treatment (P < 0.05).

a-MEM: antioxidant free-medium; AO: medium containing antioxidants
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Figure 4 - Percentages of antrum formation in follicles cultured in different
media (a-MEM or AO) without or with different concentrations of kaempferol
(0.1, 1 or 10 puM).

(A B ©) Different letters denote significant differences among treatments in the
same period (P < 0.05); (> b ) Different letters denote significant differences
among culture periods in the same treatment (P < 0.05).

a-MEM: antioxidant free-medium; AO: medium containing antioxidants
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Figure 5 - Follicular diameter (um) during culture in different media (a-MEM or
AO) without or with different concentrations of kaempferol (0.1, 1 or 10 pM).

(A B ©) Different letters denote significant differences among treatments in the
same period (P < 0.05); (> b ) Different letters denote significant differences
among culture periods in the same treatment (P < 0.05).

a-MEM: antioxidant free-medium; AO: medium containing antioxidants
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Figure 6 - Percentages of fully grown oocytes after culture of secondary follicles
in different media (a-MEM or AO) without or with different concentrations of
kaempferol (0.1, 1 or 10 uM).

(A B C) Different letters denote significant differences among treatments (P <
0.05).

a-MEM: antioxidant free-medium; AO: medium containing antioxidants
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Figure 7 - Epifluorescent photomicrographic images of ovine oocytes showing
intracellular levels of GSH (A, B, C), active mitochondria (D, E, F) and (G)
Intracellular levels of GSH and active mitochondria in oocytes from different
experimental groups. Scale bars: 50 um (100x).

(A B) Bars with different letters are significantly different (P < 0.05).

a-MEM: antioxidant free-medium; AO: medium containing antioxidants.
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Figure 8- Chromatin configuration of ovine oocytes stained with Hoechst 33342
after IVM. Oocytes in GV (A), GVBD (B) and MI (C) from in vitro grown

secondary follicles in a-MEM + 1 yM kaempferol. Scale bars: 50 pm.
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8. CONCLUSAO

Este trabalho foi o pioneiro a estudar os efeitos do kaempferol no
desenvolvimento de foliculos ovarianos ovinos cultivados in vitro. Foi possivel
demonstrar que, em uma concentracao adequada, o kaempferol possui efeitos
benéficos para o desenvolvimento de foliculos ovarianos na espécie ovina, a
depender do tipo de cultivo in vitro utilizado (in situ ou isolado).

Apos o cultivo de tecido ovariano, observou-se que 10 uM de kaempferol
promoveu a ativacdo de foliculos primordiais (através da via de sinalizacao
PI3K/AKT) e reduziu a fragmentacdo de DNA de foliculos pré-antrais ovinos
cultivados in situ. Além disso, apés o cultivo de foliculos secundarios isolados,
o tratamento a-MEM (meio sem antioxidantes) adicionado de 1 pM de
kaempferol apresentou resultados semelhantes quando comparado ao meio
AO (meio com antioxidantes), quanto aos parametros: sobrevivéncia, diametro
folicular, percentagem de odcitos totalmente crescidos, bem como apresentou
maiores percentagens de formacédo de antro. Além disso, 1 uM de kaempferol
aumentou a atividade mitocondrial e promoveu a retomada da meiose dos
odcitos oriundos de foliculos secundérios crescidos in vitro.

De modo geral, esses dados sao importantes para aperfeicoar e otimizar
os resultados ja alcancados com o cultivo in vitro de foliculos ovarianos,

auxiliando na posterior producéo in vitro de embrides ovinos.
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9. PERSPECTIVAS

Mais estudos utilizando o kaempferol sdo necessarios para melhorar as
taxas de maturacdo in vitro e, consequentemente, promover a producao in vitro

de embrides.
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> Your manuscript entitled "Kaempferol promotes primordial follicle activation
through the PI3K/AKT signaling pathway and reduces DNA fragmentation of
sheep preantral follicles cultured in vitro" has been successfully submitted online
to Molecular Reproduction and Development. Once all of file and formatting
details have been reviewed for compliance with the Author guidelines, your
manuscript will be given full consideration for publication by the Editorial Board.
>

> You can view the status of your manuscript at any time by checking your Author
Center after logging into https://mc.manuscriptcentral.com/mrd. If you have
difficulty using this site, please click the 'Get Help Now' link at the top right corner
of the site.

>

> Thank you for submitting your manuscript to Molecular Reproduction and
Development.

>

> Sincerely,

> Molecular Reproduction and Development Editorial Office
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ANEXO 2

Comprovante de submissdo do manuscrito: “Kaempferol can be used
as the single antioxidant in the in vitro culture medium of ovine isolated
secondary follicles: effects on development, mitochondrial activity and meiotic

resumption”

Elsevier Editorial System(tm) for

Theriogenology
Manuscript Draft
Manuscript Number:
Title: Kasmpferol can bes used as the single antioxidant in the in vitro
culture medium of ovine isolated sscondary follicles: effects on
development, mitochondrial activity and meiotic resumption
Article Type: Original Ressarch Article
Keywords: Flavonoid; Oocyte; Sheep; Survival

Corresponding Author: Professor Maria Helena Tavares Matos, Ph.D.

Corresponding Author's Institution: Federal University of S3c Francisco
Valley

First Author: Jamile Santos

Order of Authors: Jamile 3antos; Alane Monte; Thas Lins; Ricassio
Barberinc; Vantzia Menezes; Bruna Gouvela; Talis Macedo; Nathalie Donfack;
Maria Helena Tavares Matos, Ph.D.

De: "eesserver" <eesserver@eesmail.elsevier.com>

Para: "helena.matos" <helena.matos@univasf.edu.br>, "htmatos"
<htmatos@yahoo.com>

Enviadas: Terca-feira, 20 de novembro de 2018 23:20:17
Assunto: Thank you for your submission to Theriogenology

*** Automated email sent by the system ***

Dear Professor Matos,

Thank you for sending your manuscript Kaempferol can be used as the single

antioxidant in the in vitro culture medium of ovine isolated secondary follicles:
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effects on development, mitochondrial activity and meiotic resumption for
consideration to Theriogenology. Please accept this message as confirmation

of your submission.

When should | expect to receive the Editor's decision?

We publicly share the average editorial times for Theriogenology to give you
an indication of when you can expect to receive the Editor's decision. These
can viewed here: http://journalinsights.elsevier.com/journals/0093-

691X/review_speed

What happens next?
Here are the steps that you can expect as your manuscript progresses through

the editorial process in the Elsevier Editorial System (EES).

1. First, your manuscript will be assigned to an Editor and you will be sent a
unique reference number that you can use to track it throughout the process.
During this stage, the status in EES will be "With Editor".

2. If your manuscript matches the scope and satisfies the criteria of
Theriogenology, the Editor will identify and contact reviewers who are
acknowledged experts in the field. Since peer-review is a voluntary service, it
can take some time but please be assured that the Editor will regularly remind
reviewers if they do not reply in a timely manner. During this stage, the status

will appear as "Under Review".

Once the Editor has received the minimum number of expert reviews, the

status will change to "Required Reviews Complete”.

3. Itis also possible that the Editor may decide that your manuscript does not
meet the journal criteria or scope and that it should not be considered further.
In this case, the Editor will immediately notify you that the manuscript has

been rejected and may recommend a more suitable journal.



152

For a more detailed description of the editorial process, please see Paper
Lifecycle from Submission to Publication:
http://help.elsevier.com/app/answers/detail/a_id/160/p/8045/

How can | track the progress of my submission?
You can track the status of your submission at any time at

http://ees.elsevier.com/THERIO

Once there, simply:

1. Enter your username: Your username is: helena.matos@univasf.edu.br

If you need to retrieve password details, please go to:

http://ees.elsevier.com/THERIO/automail_query.asp

2. Click on [Author Login]. This will take you to the Author Main Menu

3.  Click on [Submissions Being Processed]

Many thanks again for your interest in Theriogenology.

Kind regards,

Dr. Fulvio Gandolfi

If you require further assistance, you are welcome to contact our Researcher

Support team 24/7 by live chat and email or 24/5 by phone:

http://support.elsevier.com
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