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RESUMO

A doxorrubicina (DOX) ¢ utilizada para tratar varios tipos de canceres, mas causa toxicidade
nos ovarios pelo aumento da formagao de espécies reativas de oxigénio (EROs), causando
estresse oxidativo e uma resposta inflamatdria exarcebada. Assim, o uso de compostos naturais
com propriedades antioxidantes e anti-inflamatéria contra os efeitos colaterais toxicos
induzidos por drogas antineoplésicas tem se destacado. Este estudo visou investigar a agdo do
extrato de Aloe vera contra os efeitos deletérios da DOX na sobrevivéncia e crescimento
folicular em camundongos fémeas. Para tanto, foram utilizados camundongos Swiss fémeas
com ciclo estral regular nas fases 1 e 2. Para a fase 1, os animais (n= 37) tiveram seus ovarios
coletados e cultivados individualmente em placa de 24 pogos a 37,5° C, em 5% CO?, por 6 dias.
Os ovarios foram cultivados em DMEM™ sozinho; em meio suplementado com DOX (0,3
ug/mL); ou neste caso em DMEM™ suplementado com DOX (0,3 pg/mL) combinado com Aloe
vera (5%, 10%, 25% ou 50%). Apos o cultivo, os ovarios foram fixados para analise. Na fase
2, os animais (n = 24) foram divididos em seis grupos (8 por grupo): controle positivo
(NAC+DOX), que recebeu pré-tratamento com N-acetilcisteina por via oral (VO) e, 1 hora
depois, dose unica intraperitoneal (IP) de DOX; controle negativo (SAL+DOX), com pré-
tratamento VO de solugdo salina seguido, apds 1 hora, de DOX (IP); trés grupos pré-tratados
com extrato de Aloe vera (0,1, 1,0 ou 10,0 mg/kg, VO) e, 1 hora depois, submetidos a dose de
DOX (IP) (AV0,1+DOX, AV1,0+DOX e AV10,0+DOX); e controle (SAL+SAL), que recebeu
solucado salina por VO e IP. A DOX foi administrada em dose tnica e a administracdo de Aloe
vera ocorreu em trés dias consecutivos; 24 horas apds a ultima aplicacdo (no quarto dia), os
ovarios foram coletados, com isso, € 0 experimento teve duragdo de quatro dias. Os ovarios
coletados nas fases 1 e 2 foram destinados para andlise histoldgica (morfologia, crescimento,
ativagdo, configuragdo da matriz extracelular (MEC) e densidade do estroma),
imunohistoquimica (TNF-a) e avaliagao dos niveis de mRNA para superoxido dismutase (SOD),
catalase (CAT), fator nuclear-eritroide 2 relacionado ao fator 2 (NRF?2) e fator de necrose
tumoral-a (7NF-a) por PCR em tempo real. A andlise estatistica foi realizada com o programa
GraphPad Prism e as diferencas foram consideradas significativas quando P < 0,05. Os
resultados da fase 1 mostraram que os ovarios cultivados apenas com DOX apresentaram
reducdo na porcentagem de foliculos normais e na densidade de células estromais. Entretanto,
a adicdo de extrato de Aloe vera ao meio ndo apenas atenuou esses danos estruturais, mas
também aumentou a deposi¢ao de coldgeno. Além disso, os ovarios cultivados com DOX e Aloe

vera (10 e 25%) apresentaram reduc¢do na imunocoloragdo de TNF-a e aumento na expressao



de mRNA para enzimas antioxidantes (SOD, CAT e NRF2). Ja os resultados da fase 2 mostraram
que 0,1 e 1,0 mg/kg de Aloe vera preservaram tanto os foliculos ovarianos quanto a densidade
estromal frente aos danos induzidos pela DOX. Além disso, 0,1 e 1,0 mg/kg de Aloe vera
reduziram a imunomarca¢do de TNF-a e aumentaram a porcentagem de fibras de colageno.
Ademais, a dose de 1,0 mg/kg de Aloe vera aumentou a expressdo de mRNA para enzimas
antioxidantes (SOD, CAT e NRF?2), enquanto 0,1 mg/kg de Aloe vera manteve esses niveis de
expressao semelhantes ao grupo salina. Em conclusdo, os resultados obtidos indicam que o
extrato de Aloe vera, tanto in vitro quanto in vivo, demonstrou efeito protetor nos ovarios de
camundongos fémeas contra os danos induzidos pela DOX. Esse efeito foi evidenciado pelo
aumento da resposta antioxidante, redu¢do da inflamagdo, preservacdo do estroma e

manutencdo da morfologia folicular.

Palavras-chave: doxorrubicina; ovario; fertilidade; camundongos; 4Aloe vera.



ABSTRACT

Doxorubicin (DOX) is used to treat several types of cancer, but it causes ovarian toxicity by
increasing the formation of reactive oxygen species (ROS), causing oxidative stress and an
exacerbated inflammatory response. Thus, the use of natural compounds with antioxidant and
anti-inflammatory properties against the toxic side effects induced by antineoplastic drugs has
been highlighted. This study aimed to investigate the action of Aloe vera extract against the
deleterious effects of DOX on follicular survival and growth in female mice. For this purpose,
female Swiss mice with a regular estrous cycle in phases 1 and 2 were used. For phase 1 the
animals (n = 37) had their ovaries collected and cultured individually in a 24-well plate at 37.5°
C, in 5% CO2, for 6 days. The ovaries were cultured in DMEM+ alone; in medium
supplemented with DOX (0.3 pg/mL); or in this case in DMEM+ supplemented with DOX (0.3
pug/mL) combined with Aloe vera (5%, 10%, 25% or 50%). After culture, the ovaries were
collected and fixed for analysis. In phase 2, the animals (n = 48) were divided into six groups
(8 per group): positive control (NAC+DOX), which received pretreatment with N-
acetylcysteine orally (PO) and, 1 hour later, a single intraperitoneal (IP) dose of DOX; negative
control (SAL+DOX), with PO pretreatment with saline followed, 1 hour later, by DOX (IP);
three groups pretreated with Aloe vera extract (0.1, 1.0 or 10.0 mg/kg, PO) and, 1 hour later,
subjected to a dose of DOX (IP) (AV0.1+DOX, AV1.0+DOX and AV10.0+DOX); and control
(SAL+SAL), which received saline solution by PO and IP. DOX was administered in a single
dose and Aloe vera was administered on three consecutive days; 24 hours after the last
application (on the fourth day), the ovaries were collected, thus, the experiment lasted four days.
The ovaries collected in phases 1 and 2 were intended for histological analysis (morphology,
growth, activation, extracellular matrix (ECM) configuration and stromal density),
immunohistochemistry (TNF-a) and evaluation of mRNA levels for superoxide dismutase
(SOD), catalase (CAT), nuclear factor-erythroid 2-related factor 2 (NRF2) and tumor necrosis
factor-a (TNF-a) by real-time PCR. Statistical analysis was performed using GraphPad Prism
and differences were considered significant when P < 0.05. Phase 1 results showed that ovaries
cultured with DOX alone showed a reduction in the percentage of normal follicles and in the
density of stromal cells. However, the addition of Aloe vera extract to the medium not only
attenuated these structural damages but also increased collagen deposition. Furthermore,
ovaries cultured with DOX and Aloe vera (10 and 25%) showed a reduction in TNF-a
immunostaining and an increase in mRNA expression for antioxidant enzymes (SOD, CAT and

NRF?2). The results of phase 2 showed that 0.1 and 1.0 mg/kg of Aloe vera preserved both



ovarian follicles and stromal density against DOX-induced damage. In addition, 0.1 and 1.0
mg/kg of Aloe vera reduced TNF-o immunostaining and increased the percentage of collagen
fibers. Furthermore, the 1.0 mg/kg dose of Aloe vera increased the mRNA expression for
antioxidant enzymes (SOD, CAT and NRF?2), while 0.1 mg/kg of Aloe vera maintained these
expression levels similar to the saline group. In conclusion, the results obtained indicate that
Aloe vera extract, both in vitro and in vivo, demonstrated a protective effect on the ovaries of
female mice against damage induced by DOX. This effect was evidenced by increased
antioxidant response, reduced inflammation, preservation of the stroma and maintenance of

follicular morphology.

Keywords: doxorubicin; ovary; fertility; mice; Aloe vera.
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1.0+DOX; F, Aloe vera 10.0+DOX; G, SAL+SAL. Triangles indicate
absent coloration; arrows indicate weak coloration, stars indicate moderate
coloration; asterisks indicate strong coloration. Scale bar: 100 pm............
mRNA levels (means+SEM) for (A) tumor necrosis factor (TNF)-a, (B)
nuclear factor erythroid 2-related factor 2 (NRF2), (C) superoxide
dismutase (SOD), and (D) catalase (CAT) in mice treated with doxorubicin
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1 INTRODUCAO

O cancer ¢ um dos maiores desafios do século XXI, com impactos sociais, de saude
publica e economicos expressivos. Projecdes demograficas indicam que o niimero anual de
novos casos podera atingir 35 milhdes até 2050 (Bray et al., 2025). No Brasil, o cancer ¢ um
entrave critico a saude publica, devido a0 aumento na incidéncia e impacto significativo na
qualidade de vida da populacao (Oliveira; Santo, 2024). Além disso, a ocorréncia de cancer em
mulheres em idade fértil ¢ uma questdo de satide importante. Em 2019, a incidéncia mundial de
cancer em mulheres de 15 a 39 anos foi de 766.692 casos (Hernandez Martinez et al., 2025).
Os tratamentos oncologicos tém um impacto extremamente negativo na fertilidade feminina,
diminuindo ou mesmo eliminando o potencial reprodutivo dessas pacientes (Moragon et al.,
2021). Entretanto, com os avangos no tratamento do cancer e o aumento da sobrevida a longo
prazo, um numero crescente de pacientes na pré-menopausa tende a enfrentar os impactos
adversos da terapia oncoldgica sobre a fertilidade (Roof et al., 2024).

A Doxorrubicina (DOX) ¢ um antineoplasico amplamente usado no tratamento de
diversos tipos de cancer (Lopes et al., 2020). A acdo antitumoral da DOX ocorre por sua
intercalacdo no DNA, ligacdo a proteinas de replicagdo e transcri¢do, inibi¢do da topoisomerase
IT e producdo de espécies reativas de oxigénio (EROs) (Meinag et al., 2024). Apesar de sua
eficacia, a DOX ndo tem especificidade para células cancerigenas, afetando potencialmente
células saudaveis, impactando particularmente a fertilidade feminina (Nguyen et al., 2025). O
aumento do estresse oxidativo e a deficiéncia de fatores antioxidantes desempenham papéis
importantes na toxicidade induzida por DOX (Sheibani et al., 2022). Recentemente, foi
observado que o uso de produtos naturais possui a capacidade de proteger células contra os
efeitos toxicos da DOX. Os mecanismos subjacentes envolvem agdes antioxidantes e anti-
inflamatorias (Yi et al., 2024; Szponar et al., 2024).

Nesse contexto, estudos in vitro e in vivo que investigam o efeito de antioxidantes
naturais sobre os foliculos ovarianos representam uma abordagem essencial para avaliar o
potencial citoprotetor de diferentes substancias no ovario. A proposta ¢ viabilizar a preservagao
dareserva e da fun¢do ovariana frente a exposi¢ao a agentes gonadotoxicos, além de aprofundar
o entendimento sobre a ativagdo dos foliculos primordiais, os mecanismos de acao envolvidos
e as vias de sinalizagdo que regulam a foliculogénese inicial, ampliando significativamente o
potencial de aplicagdes clinicas e reprodutivas, especialmente em animais com alto valor
genético e econdmico (Silva et al., 2023; Assis et al., 2022; Lins et al., 2020; Herrero et al.,

2023). Assim, a utilizacdo de produtos naturais para mitigar a toxicidade provocada pela DOX
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tem despertado interesse crescente, tornando-se um foco promissor de pesquisa na busca por
estratégias protetoras para a fun¢do ovariana e fertilidade.

A Aloe vera, pertencente a familia Liliaceae, tem composi¢cdo quimica rica e
diversificada, que inclui polissacarideos, compostos fenolicos e outras moléculas bioativas.
Além disso, suas propriedades antioxidantes, anti-inflamatdrias e antimicrobianas refor¢gam seu
valor como um agente promissor em diferentes aplicagdes medicinais (Farid et al., 2021;
Hakeem et al., 2025). Estudos in vitro e com modelos animais mostram que a Aloe vera possui
um potencial significativo para atuar sobre as células ovarianas (Costa et al., 2021; Azevedo et
al., 2022; Manouchehri ef al., 2023; Mathur; Choudhary; Bhatnagar, 2022). Assim, o potencial
terapéutico da Aloe vera na fisiologia reprodutiva pode abrir novas perspectivas para sua
aplicacdo, seja na otimizacdo de meios de cultivo in vitro de foliculos ovarianos ou no
desenvolvimento de formulacdes terapéuticas. Essas abordagens emergentes podem ser
empregadas como estratégias de tratamento para mulheres submetidas a quimioterapia,
contribuindo para a preservagdo da reserva ovariana e a reducdo dos danos decorrentes.

Para uma compreensao mais aprofundada da relevancia desta tese, a revisdo de
literatura a seguir explora aspectos relacionados a morfofisiologia ovariana, os processos de
oogénese ¢ foliculogénese, o impacto dos agentes quimioterdpicos na fungdo ovariana e as
abordagens experimentais no estudo da toxicidade ovariana. Além disso, discute estratégias
para mitigar essa toxicidade, explora o potencial terapéutico da Aloe vera e destaca a
importancia da preservagdo da funcdo ovariana em pacientes oncoldgicos. O presente estudo
teve como objetivos gerais analisar estratégias de prote¢do contra danos ovarianos induzidos
por quimioterapia antineoplasica, com foco em compostos naturais, e avaliar o potencial do
extrato de Aloe vera na atenuagao dos efeitos da DOX sobre a fun¢do ovariana de camundongos

fémeas, por meio de modelos in vitro e in vivo.
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2 REVISAO DE LITERATURA

2.1 Aspectos morfofisiologicos dos ovarios

O ovario de mamiferos possui duas fungdes principais: a producdo e liberagdo de
odcitos maduros capazes de fertilizagdo, e a sintese e secrecao de esteroides, que sdo essenciais
para garantir a ovulacdo e a gestacdo, e impactar as caracteristicas sexuais secundarias, bem
como a saude dssea, cerebral, imunologica, cardiovascular e o metabolismo (Fletcher ef al.,
2025; Xiao; Lai, 2025). No ovario, os foliculos representam a unidade funcional bésica,
exercendo um papel essencial na dupla fun¢do do 6rgdo. A Figura 1 ilustra as principais
estruturas do ovério e os diferentes estdgios do desenvolvimento folicular (Matsushige et al.,

2024).

Figura 1. Representacao esquematica do ovario de mamiferos, destacando as principais estruturas e estagios do
desenvolvimento folicular.

Foliculo primario Foliculo secundario
Foliculo primordial

Regiao cortical Foliculo pré-ovulatério

Odcito

Vasos sanguineos

a

+— Células da teca

Foliculo antral
Corpo liteo

Células da granulosa Regido medular

Fonte: Adaptado de Shen ef al. (2023).

Os foliculos ovarianos que consistem em células da teca e da granulosa, formam o
microambiente necessario para o desenvolvimento e maturagdo apropriada dos odcitos. Os
foliculos ovarianos maduros se rompem durante a ovulagdo, liberando o6citos nas trompas
uterinas, enquanto o restante do foliculo se transforma no corpo liteo, uma estrutura altamente
vascularizada e produtora de progesterona, onde as células da granulosa e da teca originam,
respectivamente, as células lateas pequenas e grandes (Przygrodzka et al.,, 2025).
Adicionalmente, o ovario contém dois tipos principais de células esteroidogénicas: células da
teca, que sdo responsaveis pela sintese de androgenos, e células da granulosa, que sao

responsaveis pela conversdo de androgenos em estrogénios e progestinas Os hormonios
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endocrinos sdo amplamente reconhecidos como os principais fatores que regulam o
desenvolvimento ovariano, € a secrecdo hormonal anormal estd intimamente associada a
ocorréncia de doengas ovarianas (Xiao et al., 2025). Dessa forma, a produ¢do de hormonios
esteroides ¢ uma funcdo ovariana importante e, se interrompida, pode impactar a satde
reprodutiva e sistémica (Potts et al., 2025).

Nos foliculos antrais, as células da granulosa constituem a principal fonte de
estrogénio, hormonio sexual feminino fundamental para o controle da reprodugdo (Merico et
al., 2021). Em roedores, por exemplo, a senescéncia reprodutiva tem sido associada, em parte,
ao envelhecimento neural, evidenciado pelo aumento dos niveis basais de hormonio
luteinizante (LH), possivelmente decorrente da alteracdo na pulsatilidade do hormonio
liberador de gonadotrofinas (GnRH) e da redu¢do da receptividade ao 17f-estradiol (E2) no
hipotalamo. Embora os mecanismos subjacentes ao envelhecimento hipotalamico ndo sejam
totalmente compreendidos, alguns estudos apontam para uma diminui¢do no numero de
neurdnios de kisspeptina e um aumento do tonus inibitério GABAérgico nos neurénios GnRH
(Chester et al., 2025).

E importante notar que a gonada feminina envelhece de forma acelerada em
compara¢do a outros sistemas do corpo, sendo que as mulheres ja4 nascem com um ndmero
finito de odcitos, cerca de 1 a 2 milhdes, armazenados como foliculos primordiais nos ovarios.
Ap0s o nascimento, essa reserva folicular diminui gradualmente, um processo que se intensifica
por volta dos 31 anos de idade, resultando na reducdo da qualidade dos odcitos e na perda
progressiva da fecundidade. Paralelamente, a deplecdo folicular leva a queda na producao de
estrogénios, os principais esteroides gonadais ovarianos. Quando o numero de foliculos
ovarianos atinge menos de 1.000, a mulher entra na menopausa, marco natural da esterilidade

feminina, que ocorre por volta dos 50 anos de idade (King ef al., 2024).

2.1.1 Papel da matriz extracelular e do estroma na dindmica folicular ovariana

O estroma ovariano ¢ um componente fundamental do ovario, constituido
predominantemente por tecido conjuntivo de suporte que abriga uma populagdo celular
heterogénea, incluindo células estromais incompletamente caracterizadas, como células
fusiformes semelhantes a fibroblastos e células intersticiais (Sharma et al., 2024). Esse
compartimento estromal se diferencia do tecido parenquimatoso especializado, responsavel por
envolver os foliculos ovarianos em crescimento que contém odcitos. Além das células
estromais, o cortex ovariano compreende populacdes de células imunes, perivasculares e

endoteliais, que também desempenham fungdes essenciais para o ambiente folicular e sdo
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necessarias em condig¢des de cultivo in vitro (Grubliauskaité et al., 2024). As células estromais
participam da sustentac¢do estrutural e funcional do ovario, sendo responsaveis pela secrecio de
proteinas da matriz extracelular (MEC), como colageno, laminina e fibronectina (Jiang et al.,
2025). A MEC atua como um arcabouco estrutural estdvel que fornece suporte fisico aos
constituintes celulares e contribui com propriedades bioquimicas e biomecanicas
indispensaveis a morfogénese, diferenciagdo e homeostase do tecido ovariano (figura 2)

(Grosbois et al., 2023).

Figura 2. Representagdo do estroma ovariano evidenciando tecido com morfologia preservada e alterada, além de
suas fungdes estruturais e secretoras para a manuten¢ao do ambiente folicular.

Ovirio

« Fornece estrutura ao ovario

* Oferece suporte ao desenvolvimento folicular

* Secreta componentes da matriz extracelular (MEC), como:

- Colageno
/ - - Laminina
Tecido com morfologia Tecido com alteragdes
preservada morfologicas - Fibronectina

Foliculogénese Foliculogénese

Propriedades bioquimicas e biomecfnicas

Morfogénese, diferencia¢iio e homeostase do tecido

Fonte: Elaborado pelo autor.

A dindmica da MEC ¢ essencial para o desenvolvimento folicular, uma vez que ela
passa por modificagdes continuas para acomodar e regular a reorganizagao celular nos foliculos
em desenvolvimento (Nikanfar et al., 2025; Ledn-Félix et al., 2025). O ovério ¢ considerado
um Orgado mecanorresponsivo, € a interacao entre a MEC, os foliculos e as células ovarianas ¢
vital para a foliculogénese e a oogénese. A densidade das células estromais, por sua vez, ¢ um
marcador relevante da integridade tecidual e pode influenciar a foliculogénese por meio de
mecanismos de mecanossensibilizagao celular (figura 2) (Grosbois et al., 2023). Os
componentes da MEC, como a fibronectina e a laminina, contém sequéncias especificas de
ligacdo a integrina — principalmente Arg-Gly-Asp (RGD) — que regulam diretamente a
proliferacdo das células foliculares e a diferenciacdo das células germinativas (Shen et al.,

2023). Dessa forma, o estroma ovariano exerce um papel multifuncional ao integrar suporte
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estrutural, sinalizacdo bioquimica e influéncia mecénica no microambiente ovariano e

consequetemente no processo de oogénese e foliculogénese.

2.2 Oogénese e foliculogénese: aspectos fundamentais

Em mamiferos, a reproducao sexual baseia-se na fusdo de uma célula germinativa
haploide feminina com uma masculina, formando um embrido diploide que dara origem a
proxima geracdo. As células germinativas de ambos os sexos surgem de um tipo de célula
comum, chamadas células germinativas primordiais (CGPs), que seguem o caminho feminino
ou masculino de diferencia¢do, denominado oogénese ou espermatogénese, respectivamente.
As CGPs se originam como um pequeno grupo de células epiblasticas proximais que se movem
para os tecidos extraembrionarios na base do alantoide (Pereira et al., 2024; Ginsburg et al.,
1990, Lawson e Hage, 1994). Em seguida, elas proliferam e se deslocam ao longo do intestino
posterior do embrido para alcancar as cristas genitais, estruturas inicialmente bipotenciais
oriundas do mesoderma intermedidrio. Sob a influéncia das vias de sinalizagao
WNT4/RSPO1/CTNNBI, essas cristas genitais femininas se diferenciam em ovarios, onde, por
exemplo, em camundongos, as CGPs proliferam até atingir cerca de 25.000 células
germinativas nas gonadas fetais (Perrotta; Condrea; Ghyselinck, 2025; Ford et al., 2020).

A oogénese ¢ um processo essencial para a continuidade das espécies, € o
desenvolvimento folicular nos ovarios de mamiferos ocorre em estdgios bem definidos. O
crescimento de foliculos em estdgio inicial, como foliculos primordiais, foliculos priméarios ou
foliculos secundarios nao sao dependentes das gonadotrofinas. Notavelmente, esses foliculos
prematuros crescem nos estagios fetal, neonatal e infantil, momento em que as gonadotrofinas
ndo sdo secretadas; portanto, o crescimento inicial dos foliculos € uma etapa critica para gerar
odcitos férteis de alta qualidade apos a puberdade (Kawada et al., 2025).

A selecdo folicular ¢ um processo Unico e fisiologicamente importante pelo qual
foliculos dominantes contendo odcitos de alta qualidade sdo selecionados da coorte recrutada
ou onda de foliculos em crescimento. Embora a maioria dos foliculos seja perdida por meio da
atresia, e apenas alguns foliculos atingem o estdgio pré-ovulatério e a ovulagdo. Um dos
principais processos responsaveis pela perda folicular no ovério ¢ a atresia folicular, que ¢
iniciada pela apoptose das células da granulosa. At¢é o momento, muitos estudos relataram
fatores envolvidos na seleg¢do folicular e propuseram modelos para o mecanismo de sele¢ao
folicular em algumas espécies (Paulino et al., 2022). As gonadotrofinas, em especial o
horménio foliculo-estimulante (FSH) e o LH sdo considerados os fatores mais importantes que

regulam a promocao e/ou supressao do crescimento folicular e/ou atresia folicular (Wang ef al.,
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2020). Outros hormdnios influenciam o crescimento e sobrevivéncia do foliculo, incluindo o
fator de crescimento semelhante a insulina (IGF) e membros da superfamilia do fator de
crescimento transformador [ (inibinas e ativinas), embora o processo de selecdo do foliculo
tenha sido investigado em muitos estudos, seu mecanismo completo permanece desconhecido

(Ueno et al., 2025).
2.2.1. Desenvolvimento e caracteristicas dos foliculos ovarianos

O crescimento e o desenvolvimento dos foliculos ovarianos sdo regulados por
hormdnios e ocorrem em estadgios bem definidos, que incluem foliculos primordiais, foliculos
primarios, foliculos secundarios, foliculos antrais e foliculos pré-ovulatorios (Figueiredo et al.,
2009). O volume do foliculo murino aumenta aproximadamente 45 vezes durante a transi¢cao
do estagio primordial para o priméario, enquanto o desenvolvimento até o foliculo secundario
abrange aumentos de 125 vezes no volume. A partir do inicio do foliculo antral até os maiores
foliculos pré-ovulatorios, observou-se rapido aumento, de aproximadamente 15 vezes no

volume, com o continuo acimulo de fluido folicular (Figura 3) (Feng et al., 2018).

Figura 3. Esquema ilustrativo da foliculogénese e das fases de desenvolvimento folicular.
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O FSH e o LH, secretados pela glandula adenohipofise, sdo os dois principais
hormonios que regulam o desenvolvimento folicular. De acordo com a dependéncia do FSH, o
desenvolvimento folicular ¢ dividido em fase dependente de FSH e fase independente de FSH.
O FSH exerce um papel crucial no crescimento dos foliculos antrais e na sintese de hormdnios

esteroides, sendo que foliculos em diferentes estagios apresentam variados niveis de expressao
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de seus receptores (FSHR), o que os torna distintamente sensiveis a estimulacdo (Wang et al.,
2020). O FSH atua ao se ligar aos FSHR expressos nas células da granulosa ovariana,
estimulando a produgdo de estradiol. Em camundongos o FSH ¢ essencial para a fertilidade,
conforme evidenciado pela infertilidade e anovulagdo em animais Fshb knockout (Walters et
al.,2025). Ademais, em camundongos imaturos, com cerca de 21 a 22 dias de idade, a secre¢ao
ciclica de gonadotrofinas ainda ndo se estabeleceu, mantendo niveis plasmaticos de FSH baixos
(Ueno et al., 2025). A maioria das evidéncias para essa independéncia da gonadotrofina vem de
modelos de knockout ou hipofisectomizados de roedores, em que as gonadotrofinas estao
ausentes ou muito reduzidas. Nesses modelos, os foliculos pré-antrais ainda crescem e param
na transi¢do para a fase antral (Morton et al., 2023).

A regulagdo precisa do desenvolvimento folicular depende, em grande parte, das
células da granulosa, que envolvem o odcito e coordenam seu desenvolvimento por meio de
uma rede eficaz de troca de material (Li et al., 2024). Recentemente, identificou-se uma relacao
molecular entre foliculos ovulatérios e a ativagdo ordenada de foliculos primordiais adjacentes,
fendmenos cruciais na manutencao da fertilidade feminina. Em camundongos multiovulatérios,
sinais emanados dos foliculos ovulatorios estimulam os foliculos ndo crescidos circundantes,
promovendo sua ativagdo em cada ciclo reprodutivo. Esse recrutamento inicial de foliculos
primordiais ocorre nos ovarios fetais, mesmo na auséncia de foliculos em crescimento, e ¢é
impulsionado por sinais derivados dos proprios oocitos, e ndo das células precursoras da
granulosa. Em camundongos adultos, alguns foliculos primordiais dentro da zona definida de
foliculos pré-ovulatérios podem ndo ser recrutados. Curiosamente, a ativacdo de foliculos
primordiais dentro de um ovario ndo ¢ selecionada aleatoriamente em cada ciclo, mas depende
de sua proximidade com os foliculos ovulatérios. A ovulagdo provoca degradagdo e
remodelagdo significativas da MEC dentro de uma faixa de 40 pm ao redor do foliculo. O
gradiente enzimatico, em especial a secrecdo da proteina catepsina L (CTSL) pelas células
mesenquimais do foliculo periovulatério, provavelmente contribui para a ativagao dos foliculos
primordiais adjacentes ao aliviar o estresse mecanico associado a8 MEC. Esse alivio reduz a
tensao sobre os foliculos, diminuindo a taxa de rotacdo nuclear. Como resultado, os foliculos
primordiais mais proximos ao foliculo ovulatério apresentam maior probabilidade de serem
ativados primeiro (Figura 4). Este processo sequencial de ovulagdo seguido pela ativagao de
foliculos primordiais ¢ crucial para manter a reserva de foliculos primordiais (Richard et al.,

2023; Zhang et al., 2024; Luo et al., 2019).
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Figura 4. A catepsina L promove a ativagao de foliculos primordiais proximos ao foliculo ovulatorio por meio da
degradacdo da matriz extracelular e regulag@o da dindmica nuclear e expressdo de FOXO3a.
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Fonte: Adaptado de Zhang et al. (2024).

A via de sinalizagdo PI3K/AKT ¢ um regulador-chave da ativacdo do foliculo
primordial. A ativagdo induzida por células da granulosa da via do alvo mamifero da rapamicina
(mTOR) estimula a secrecdo do ligante Kit, que se liga ao seu receptor c-KIT nos odcitos,
iniciando a cascata da fosfoinositideo 3-quinase (PI3K). A PI3K catalisa a conversdo de
fosfatidilinositol-4,5-bifosfato (PIP2) em fosfatidilinositol-3,4,5-trifosfato (PIP3), recrutando a
quinase 1 dependente de fosfoinositideo (PDK1) para fosforilar e ativar o AKT. O AKT ativado
¢ translocado para o nucleo, onde fosforila e inibe o fator de transcricdo FOXO3, levando a sua
exportacdo nuclear e a supressao de suas fun¢des de manutengdo de dorméncia, promovendo
assim a ativagdo do foliculo primordial. A AKT também fosforila o complexo da esclerose
tuberosa (TSC1/2), ativando ainda mais o complexo 1 do mTOR (mTORC1). O mTORCI, por
sua vez, regula efetores a jusante, como a cinase S6 (S6K), a proteina ribossdmica S6 (rpS6) e
a proteina de liga¢do ao fator de iniciacdo da tradugdo 4E eucariotica (4EBP), promovendo a
sintese proteica, a proliferacdo de células da granulosa e o desenvolvimento folicular geral
(Figura 5). Além disso, outras moléculas, como o ciclo de divisdo celular 42 (CDC42), E-
caderina (E-cad), Sirtuina 1 (SIRT1), histona desacetilase 6 (HDAC®6) e fator de crescimento
transformador B (TGF-B), também foram relatadas como reguladoras do processo de ativacao
folicular. Embora as fun¢des das vias PI3K e mTOR estejam bem estabelecidas nesse contexto,

as moléculas a montante ainda ndo foram identificadas, € os mecanismos regulatérios
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homeostaticos da ativacao do foliculo primordial permanecem pouco compreendidos (He et al.,

2025; Wang et al., 2022).

Figura 5. Esquema ilustrando a ativagdo do foliculo primordial e as principais vias envolvidas. A via PI3K-AKT,
ativada por KIT Ligand (KL), promove o crescimento do ovocito e a inativagdo do Foxo3a, permitindo a saida da
dormeéncia.

Kit mTOR
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Fonte: Adaptado de Wang; Yang (2025).

Em camundongos jovens, a transi¢ao de um foliculo em estdgio primordial para um
estagio pré-ovulatorio dura aproximadamente 19 a 21 dias. Durante esse periodo, o odcito
transcriptomicamente ativo deve acumular os transcritos necessarios para dar suporte a
maturacao, fertilizagdo e desenvolvimento embriondrio inicial (Ramirez-Martin et al., 2025).
Ademais, estudos recentes indicam que a MEC desempenha um papel crucial na manutencao
da dorméncia dos foliculos primordiais, atuando na ligagao das fibras de actina e coladgeno para
gerar estresse mecanico. Esse mecanismo influencia a rotacdo do nticleo do odcito dentro do
foliculo primordial. A ativacao desses foliculos ocorre quando a MEC circundante ¢ degradada,
permitindo sua transi¢ao para estdgios mais avancados do desenvolvimento folicular (Zhang et
al., 2024).

Um foliculo primario inicial pode conter apenas seis células pré-granulosas, o que
aumenta para cera de 70 células da granulosa no final da fase primaria. Isso requer que cada
célula da granulosa passe por trés a quatro rodadas de mitose para atingir o final do estagio
primario. No entanto, em foliculos primarios de animais adultos, a proliferacdo das células da
granulosa ¢ raramente observada, sugerindo que essa fase pode ser prolongada. Ainda ndo esta
claro se isso ocorre porque as células da granulosa tém periodos prolongados de quiescéncia
celular (fase G0) ou se um ou mais estagios de divisao celular sdo prolongados durante esse
estagio da foliculogénese. Essa incerteza impacta o delineamento experimental e a interpretacao

de modelos matematicos que estudam a dindmica folicular (Richard et al., 2023).
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Durante o crescimento do foliculo secundario, a camada de células da teca se
diferencia em duas regides distintas: a teca externa, situada na periferia, ¢ composta por células
ndo diferenciadas, enquanto a teca interna, mais proxima ao foliculo, abriga células precursoras
de fibroblastos, capazes de se diferenciar e secretar esteroides (Cavalcanti et al., 2023). Esse
processo depende da comunicagdo bidirecional entre o o6cito e as células somaticas
circundantes. Diversas moléculas de sinalizagdo envolvidas nesse mecanismo pertencem a
superfamilia do TGF-p, incluindo ativina, GDF-9 e BMP-15, além de neurotrofinas, como a
neurotrofina tipo 5 (NTF5) e o fator neurotrofico derivado do cérebro (BDNF) (Rimon-Dahari
et al.,2016). Além disso, o foliculo secundario se forma quando uma camada de células da teca
se origina do tecido conjuntivo circundante. Nessa fase do desenvolvimento folicular, os FSHR
tornam-se funcionais, sendo detectados nos ovarios de ratas recém-nascidas entre o quarto € o
quinto dia de vida, atingindo um pico de transcri¢ao por volta do décimo dia em camundongos
(Richards et al., 2018; O'shaughnessy et al., 1997).

Com a continua proliferacdo de células somaticas e o aumento do diametro do
odcito, comegam a surgir pequenas cavidades repletas de fluido dentro das camadas de células
da granulosa. Essas cavidades eventualmente se fundem em uma tinica cavidade chamada antro,
uma estrutura preenchida por fluido folicular contendo nutrientes e fatores criticos para o
crescimento final do oocito (Wang et al., 2025; Merico et al., 2021). O volume total do foliculo
continua a se expandir até o estagio pré-ovulatorio. Perto do momento da formagdo do antro,
o0s o0citos mostram um grande aumento em seu volume, o que esta associado ao acimulo de
mitocondrias e outras organelas, mRNA e proteinas que dardo suporte ao desenvolvimento
embriondrio inicial ap6s a fertilizacao (Paulino et al., 2022).

Ao longo do desenvolvimento do foliculo antral, as células da granulosa e da teca
se diferenciam em subtipos distintos. A teca interna, ou a camada mais préxima da lamina basal,
torna-se altamente vascularizada e se especializa na conversao do colesterol em andrégenos em
resposta ao LH. Ja a camada externa das células da teca se torna a teca externa, que desempenha
um papel importante na ovulagdo ao se contrair em resposta ao aumento do LH, contribuindo
assim para a ruptura do foliculo. Nas células da granulosa, observa-se uma diferenciagao
funcional: as células da granulosa mural, localizadas proximas a 1dmina basal e contendo rFSH,
convertem androgenos da teca interna em estrogé€nios. Por outro lado, as células do cumulus,
que envolvem diretamente o odcito, produzem fatores essenciais para o seu crescimento e
maturacio. E nesse estagio que o odcito adquire competéncia meidtica, embora permaneca
bloqueado na profase I até o pico de LH na fase folicular do ciclo estral ou menstrual (Morton

et al., 2023).
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A ovulagdo envolve mudancas estruturais e fisioloégicas no foliculo, incluindo a
degradacdo da MEC, ruptura da parede do foliculo, extrusdo de um oo6cito maduro envolto em
células cumulus expandidas e colapso da estrutura folicular restante. Essas modificacdes sao
acompanhadas por uma transi¢do na esteroidogénese, com a producdo de estradiol sendo
substituida pela sintese de progesterona. O pico de LH, ou a administra¢do de hCG ovulatorio,
ativa multiplas vias de sinalizagdo interconectadas nas células foliculares pré-ovulatorias. Esse
processo resulta na indugdo e ativacdo de diversos fatores celulares e extracelulares, que
coordenam as mudangas morfoldgicas e bioquimicas necessarias para a ovulagdo e posterior
luteinizagdo (Jo et al., 2025; Zhang et al., 2024). Os camundongos ovulam cerca de 10 odcitos
por ciclo estral, que geralmente tem uma duracgao de 4 a 6 dias (mas ciclos mais longos ndo sao
incomuns). A fase folicular do camundongo dura todo o ciclo e os corpos luteos persistem pelos
trés ciclos subsequentes (Richard et al., 2024). Todo esse processo de desenvolvimento folicular
¢ fortemente regulado para selecionar os foliculos aptos a ovulagdo, e os demais acabam

sofrendo atresia ao longo do processo.

2.3 Regulacio da populacio folicular e mecanismos de atresia

No ovdrio, o destino de cada foliculo reflete um delicado equilibrio entre sinais de
sobrevivéncia e morte celular, regulados por hormonios e fatores intraovarianos. Desde o
estdgio embrionario, quando se formam os cistos de CGPs, até a deplecao final da reserva
ovariana, dezenas de milhares de foliculos primordiais compdem essa reserva, mas cerca de
99 % nao alcancard a ovulagdo, sendo destinados a atresia ao longo da vida reprodutiva (Liu et
al., 2023). Durante o periodo juvenil, observa-se predominantemente a degenera¢do dos
foliculos antrais, enquanto, ap6s a puberdade, picos de FSH e hormdnio LH secretados pela
hipofise resgatam por ciclo um pequeno grupo de foliculos, promovendo seu recrutamento com
base na sensibilidade hormonal e em citocinas e fatores de crescimento intraovarianos (Yang et
al., 2022). O foliculo selecionado ovula, formando o corpo lateo, que posteriormente involui
por agdo da prostaglandina F2a (PGF2a) (Figura 6). A maior parte, entretanto, degenera sem
atingir a fase antral dominante, ilustrando a seletividade rigorosa que preserva apenas 0s
foliculos de melhor qualidade para ovulagao.

No nivel molecular, o recrutamento de foliculos primordiais depende da via
PI3K/AKT/mTOR, que integra sinais metabolicos, hormonais e de estresse para decidir o
destino folicular. A PI3K transforma PIP2 em PIP3, que recruta AKT a membrana plasmatica,
permitindo sua fosforilagdo e ativacdo. A AKT, por sua vez, ativa o complexo mTORCI1, que

regula a sintese proteica e o crescimento celular por meio dos efetores S6K e 4E-BP1 (Zhang
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et al., 2025). Para evitar a ativacdo indiscriminada, a fosfatase homodloga a tensina (PTEN)
deleta PIP3, limitando a sinalizagdo de AKT e mantendo fatores como FOXO3 no nucleo, onde
reprimem genes de ativacdo folicular. Quando PTEN falha ou a sinalizagdo PI3K ¢ excessiva,
ocorre recrutamento exagerado de foliculos, esgotando a reserva com perda de qualidade e

predispondo a faléncia ovariana prematura (FOP) (Lopez et al., 2023).

Figura 6. Ilustragdo do desenvolvimento folicular desde o estagio embrionario até o periodo reprodutivo,
destacando a formacao, maturagao, atresia e ovulagdo dos foliculos, bem como a deplecao da reserva ovariana ao
longo do tempo.
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Fonte: Adaptado de Chesnokov et al. (2024).

A atresia inicia-se tipicamente pela apoptose das células da granulosa nos foliculos
em crescimento. A medida que a taxa de células da granulosa apoptéticas ultrapassa cerca de
10%, a arquitetura folicular colapsa, provocando a morte do odcito e das células da teca
adjacentes (Zhang et al., 2025). Morfologicamente, as células da granulosa apoptoticas exibem
condensac¢do da cromatina, retracdo celular, formag¢do de bolhas na membrana e fagocitose por
macrofagos ou células da granulosa vizinhas (Vieyra et al., 2024). A clivagem da caspase-3
executora cliva proteinas estruturais e regulatdrias, enquanto as proteinas antiapoptdticas da

familia BCL-2 antagonizam a permeabiliza¢do da membrana mitocondrial externa, atrasando a
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liberagdo de citocromo c (Cardoso et al., 2023). Vias pro-sobrevivéncia como PKA, PKB/AKT,
ERK1/2, p38-MAPK, EGF ¢ BMPs modulam esse equilibrio, promovendo a viabilidade das
células da granulosa em resposta a estimulos hormonais e de fatores de crescimento (Yang et
al., 2024).

Além da apoptose, a autofagia desempenha um papel essencial na manutengao da
homeostase folicular: em niveis fisiologicos, ela remove organelas danificadas e residuos do
corpo luteo, mas, quando exacerbada, degrada componentes essenciais a sobrevivéncia das
células da granulosa e dos odcitos, acelerando a atresia (Xie et al., 2021). Em células da
granulosa, a autofagia regula a degradagao do fator de transcricdo WT1, modula a diferenciagao
celular e interage com vias de estresse, como a da proteina quinase ativada por AMP (AMPK)
e adaenzima 1 que requer inositol (IRE1), ajustando a resposta a caréncias nutricionais, hipdxia
e estresse oxidativo (Xi et al., 2025; Bhardwaj et al., 2022). Marcadores como BECN1 e LC3-
IT indicam a formacao de autofagossomos, mas sua superativagao pode provocar lise autofagica
e morte celular, prejudicando a qualidade do foliculo e a integridade do odcito (Wu et al., 2024).

Pesquisas recentes ampliaram ainda mais o conceito de atresia, incorporando modos
de morte celular regulada como ferroptose, piroptose e necroptose. A ferroptose, caracterizada
pelo acumulo de ferro livre e espécies reativas de oxigénio (EROs), envolve inibigdo de
glutationa peroxidase 4 (GPX4) e de transportador de solutos da familia 7, membro 11
(SLC7A11), aumento de ciclo-oxigenase-2 (COX-2) e disfun¢do mitocondrial, culminando em
peroxidagdo lipidica (Zhang et al., 2025; Ye et al., 2025). Enzimas como sintetase de acil-CoA
de cadeia longa membro 4 (ACSL4) e lisofosfatidilcolina aciltransferase 3 (LPCAT3)
incorporam acidos graxos poli-insaturados em fosfolipidios que, na presenca de Fe**, geram
EROS pela reagdo de Fenton, promovendo dano de membrana (Ruan et al., 2025; Pan et al.,
2024). A piroptose, ativada por gasderminas como gasdermin D (GSDMD), cria poros na
membrana e libera citocinas pro-inflamatorias, alterando o microambiente folicular (Wang et
al., 2023). Por fim, a necroptose, mediada por RIPK1, RIPK3 e MLKL, resulta em inchago
celular, ruptura da membrana plasmatica e disfuncdo das células da granulosa, privando odcitos
de nutrientes essenciais e acelerando a regressao folicular (Wu et al., 2024; Tang et al., 2024;
Yang et al., 2025).

Em ultima instancia, todos esses mecanismos — apoptose, autofagia, ferroptose,
piroptose e necroptose — interagem de maneira complexa. Niveis elevados de EROS podem
disparar diferentes vias de morte celular dependendo da intensidade e do contexto do estresse.
A coordenagdo entre sinais pro-sobrevivéncia (PI3K/AKT/mTOR), respostas de estresse

(AMPK, IRE1) e vias de morte celular assegura a selecdo rigorosa de foliculos de alta
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qualidade, a0 mesmo tempo em que elimina eficientemente foliculos danificados. Entender essa
rede multifacetada abre caminhos para intervengdes terapéuticas destinadas a modular esses
processos, preservar a reserva ovariana e prevenir a FOP (Chaudhary et al., 2019) o que ocorre

quando ha agentes estressores como por exemplo o uso de antineoplasicos.

2.4 Impactos de agentes antineoplasicos na funcio ovariana

A infertilidade ¢ um problema de satde que afeta milhdes de pessoas em idade
reprodutiva ao redor do mundo. E prevalente em aproximadamente 15-180 milhdes de
individuos, representando cerca de 15% da populacdo mundial. Assim, a infertilidade ¢ um
importante problema de saude publica (Oteyola et al., 2025; Mo et al., 2025). Os ovarios de
adultos ndo possuem células-tronco da linha germinativa, tornando os foliculos um recurso nao
renovavel que é gradualmente esgotado ao longo da vida, resultando em senescéncia
reprodutiva. A deplecdo prematura de foliculos pré-antrais pode resultar em FOP, afetando a
saude reprodutiva e causando infertilidade em mulheres em idade fértil (Qin et al., 2025; Cui;
Wang, 2024). Nesse contexto, diversos agentes antineoplasicos t€m sido associados a impactos

negativos na fun¢do ovariana, contribuindo para a FOP e comprometendo a fertilidade feminina,

conforme demonstrado no quadrol.

Quadro 1. Principais antineoplésicos e seus impactos na fun¢do ovariana.

Agente Mecanismo de acdo | Risco de faléncia | Retomada da | Taxa de gravidez
antineoplasico ovariana funcio apos o tratamento
ovariana
Agentes alquilantes | Inibir a replicag@o do 42,2% apos Desconhecido Desconhecido
DNA tratamento
Ligagdo cruzada de
cadeias de DNA e 50% (com
Agentes de platina inibigdo da bleomicina) Desconhecido Desconhecido
replicagdo e
transcri¢ao
Taxanos Instabilidade dos 57,1% em 12 meses | 75% em 24 Desconhecido
microtubulos meses
85% no final do
tratamento (quando
combinado com
Quebras de fita dupla paclitaxel) 67,4% em 24 Dados limitados a
Antraciclinas de DNA que levam a | 98% (40—49 anos) meses modelos murinos
apoptose <10-34% (<40
anos)
Inibe a di-hidrofolato 60% com
Antimetabdlitos redutase que causa menstruagao
(metotrexato) apoptose de células T Desconhecido normal 46-57,1%
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Bleomicina, 7% apos o 94-100% com
etopodsido e Terapia combinada tratamento menstruagao 95%
cisplatina normal
Etoposideo,
metotrexato e Terapia combinada Desconhecido Desconhecido 36,4-56%
actinomicina

Fonte: Adaptado de Roof et al. (2024).

Os mecanismos por trds da perda de foliculos primordiais induzida pela
quimioterapia tém sido investigados, mas permanecem em grande parte obscuros (Pirzaman et
al., 2023). Os mecanismos relatados incluem um efeito primario ou secundério nos foliculos
primordiais resultando na deplecdo da reserva ovariana. Como efeito primario, os
antineoplésicos podem induzir diretamente danos ao DNA (por exemplo, quebras de fita dupla,
ligagcdes cruzadas inter e intrafita, intercalagdo e monoalquilagdo), o que resulta na ativagdo de
vias relacionadas a apoptose e/ou autofagia, ou podem causar indiretamente danos ao DNA
aumentando o estresse oxidativo ou danificando a rede de microvasos ovarianos, levando ao
estresse celular, como isquemia e privagdo de nutrientes (Figura 7) (Mattiello et al., 2021;

Huang et al., 2020; Szymanska, Tan, Oktay, 2020).

Figura 7. Esquema dos principais mecanismos pelos quais a quimioterapia promove dano ovariano e deplegdo da
reservasa folicular.
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Fonte: Adaptado de Hao et al. (2019).
Além disso, estudos relatam que alguns antineoplasicos que sdo amplamente

utilizados, como ciclofosfamida, cisplatina e doxorrubicina (DOX), podem induzir a FOP
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devido a danos causados a diversas estruturas do ovario (Figura 8) (Bahrehbar et al., 2022).
Relatorios mostraram que a incidéncia de FOP antes dos 40 anos ¢ de 1%. De acordo com as
projecdes da Organizagdo Mundial de Satde (OMS), a incidéncia de infertilidade estd
aumentando em todo o mundo e se tornard a terceira doenca mais prevalente depois de tumores
e doengas cardiovasculares. As evidéncias mostram que os sobreviventes tratados apos o inicio
do periodo puberal com agentes alquilantes tiveram uma taxa 29 vezes maior de FOP quando
comparados com os sobreviventes tratados antes do inicio da puberdade sem agentes alquilantes.
Diante do crescimento da incidéncia de cancer em faixas etdrias mais jovens, a FOP, causada
por quimioterapia e radioterapia, tem atraido atengdo. Portanto, a preservagao da fertilidade e a
melhora da fun¢do ovariana em mulheres jovens ndo gravidas com tumores tornam-se

consideragdes centrais no manejo clinico (Mo et al., 2025).

Figura 8. Localizacao e mecanismos dos efeitos gonadotoxicos de agentes quimioterapicos.

Toxicidade estromal
Taxanos
Doxorrubicina
Agentes de platina

Toxicidade Vascular

Doxorrubicina
Tnibidores de VEGE

 Toxicidade folicular
Ciclofosfamida

Agentes alquilantes
Doxorrubicina

Mecanismos de toxicidade celular

Danos no DNA  Estresse oxidativo Apoptose

Agentes alquilantes  Taxanos Doxorrubicina
Doxorrubicina Doxorrubicina
Agentes de platina

Fonte: Adaptado de Roof ef al. (2024).

2.5 Influéncia do estresse oxidativo e da inflamac¢ao no ovario

O desequilibrio do estresse oxidativo é reconhecido como um dos fatores
patogénicos associados a reserva ovariana diminuida. Estudos indicam que o estresse oxidativo
contribui para prejudicar a fun¢do ovariana, a méa qualidade dos odcitos e os disturbios da
ovulacdo em mulheres contemporaneas, pois o excesso de EROs pode perturbar o equilibrio
dos sistemas oxidativo e antioxidante do corpo. Além disso, o estresse cronico esta associado
ao aumento dos niveis de estresse oxidativo, afetando diferentes estagios do desenvolvimento

folicular, desde a forma¢do do foliculo primordial até sua maturagdo e atresia. Esse
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desequilibrio também contribui para patologias ovarianas, incluindo apoptose de células da
granulosa, disfun¢do mitocondrial e alteragdes nos niveis de ions calcio (Qian et al., 2025).

As EROs, sao moléculas derivadas de oxigénio que podem causar danos ao DNA e
as proteinas, se os niveis de EROs forem dramaticamente aumentados e ndo neutralizados por
antioxidantes. EROs, como o perdxido de hidrogénio (H»0,), sdo produtos normais do
metabolismo e estdo envolvidos em multiplas vias de sinalizagdo celular. No entanto, niveis
aumentados induzidos por estresse ambiental ou atividade antioxidante reduzida podem levar
ao estresse oxidativo, que por sua vez resulta em dano oxidativo (Hiensch et al., 2020).

O sistema reprodutivo feminino ¢ um dos primeiros a sofrer os efeitos do
envelhecimento, sendo um indicador precoce desse processo. O envelhecimento reprodutivo
precoce esta associado ao inicio precoce da infertilidade e a um risco aumentado de vérias
doengas. Durante esse processo, o estresse oxidativo sistémico e reprodutivo e os niveis de
inflamacdo aumentam por meio da ativacao do inflamossomo, levando a perda do foliculo
ovariano (Lliberos et al., 2021). Nesse sentido, foi observado que camundongos fémeas com
TNF-a knockout (TNF-0—/—) apresentam maior frequéncia de ciclos estrais, maior proliferacao
de células da granulosa e reducao da apoptose de odcitos, produzindo 21% mais filhotes do que
camundongos controle durante um periodo reprodutivo de 12 meses (Lopez et al., 2023).
Ademais, outros marcadores do envelhecimento reprodutivo incluem aumento da fibrose e
encurtamento dos teldmeros nas células ovarianas. Embora os fatores que aceleram esse
processo ndo sejam completamente compreendidos, acredita-se que a exposi¢do a substancias
quimicas e desreguladores enddcrinos tenha um papel relevante (Santacruz-Mérquez et al.,
2025).

Apesar dos efeitos deletérios do excesso de EROs, essas moléculas desempenham
funcdes essenciais na fisiologia ovariana, como a maturagdo dos oodcitos, a fertilizagdo e o
desenvolvimento embrionario. Em contrapartida, o excesso de EROs resulta em estresse
oxidativo que danifica as células, promove inflamagao através das vias do fator nuclear-kB
(NF-xB) e inflamossomo e interrompe o metabolismo e a regulacdo epigenética. No ovario,
niveis elevados de EROs podem danificar os cromossomos do odcito, induzindo defeitos do
fuso e instabilidade meidtica que inibem a fertilizacdo bem-sucedida e promovem distlrbios
reprodutivos, incluindo a sindrome dos ovarios policisticos (SOP) e FOP (Qin et al., 2025).

A ativacdo do NF-kB por EROs ocorre por meio da via classica dependente da
cinase IkB (IKK), resultando no aumento da expressao de citocinas pro-inflamatdrias, como o
fator de necrose tumoral-a. (TNF-a), interleucina-1p (IL-1B) e interleucina-6 (IL-6). Estudos

demonstraram que a administracdo de DOX em camundongos elevou os niveis plasmaticos de
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TNF-a em apenas uma hora ap6s o tratamento (Du ef al., 2021). Diante disso, antioxidantes
como N-acetilcisteina (NAC), flavonoides, vitaminas C ¢ E e coenzima Q10 (CoQ10) vém
sendo investigados em modelos animais por seus efeitos protetores contra o estresse oxidativo.
Além de neutralizar as EROs, esses compostos apresentam propriedades pro-longevidade no
sistema reprodutivo feminino, contribuindo para a preservagao da reserva ovariana, o aumento
do numero de foliculos saudaveis, a redug¢do da atresia folicular e a melhora na fertilidade,
refletida pelo aumento do tamanho da ninhada e na regularidade do ciclo estral (King et al.,

2024).

2.6 Estudo da foliculogénese e da protecio ovariana frente a citotoxicidade por meio do

cultivo folicular in vitro

Em 1996, um estudo marcante demonstrou pela primeira vez com sucesso 0
crescimento de odcitos de ovarios neonatais, com potencial para se desenvolver em
descendentes (Eppig; O'Brien, 1996). Esse avanco foi alcangcado usando um método de cultivo
de duas etapas. O processo comegou com o cultivo de tecido ovariano de camundongos recém-
nascidos em um meio suplementado com soro bovino fetal por oito dias. Posteriormente,
complexos de células oocitos-granulosa, que foram isolados de ovéarios cultivados em tecido,
foram desenvolvidos por meio de cultivo em um meio quimicamente definido por mais 14 dias
(Chen et al., 2024).

Os modelos de cultivo de foliculos in vitro permitem a investigacdo de mecanismos
regulatorios especificos relacionados a foliculogénese in vivo, bem como a busca de diversos
fatores suplementares para sustentar o desenvolvimento folicular e a avaliacdo de agentes
terapéuticos contra varios distirbios reprodutivos. Contudo, a producdo e o acimulo de EROs
a partir de processos metabdlicos celulares nos foliculos em desenvolvimento afetam o
desenvolvimento e a sobrevivéncia dos foliculos durante o cultivo de longo prazo (Islam et al.,
2025). Esse desequilibrio € responsavel por danos a macromoléculas, membranas e organelas
em odcitos e embrides, prejudicando sua qualidade e potencial de desenvolvimento e causando
resultados abaixo do ideal (Musapoor et al., 2025; Liu et al., 2020). Para atenuar esses efeitos,
antioxidantes tém sido adicionados ao meio, a fim de neutralizar as EROs, reduzir a peroxidacao
lipidica intracelular e prevenir a fragmentagdo do DNA (He et al., 2025).

Nos ultimos anos, pesquisas sobre reproducdo assistida t€ém se concentrado na
foliculogénese, especificamente em relagdo ao cultivo in vitro de foliculos pré-antrais e a
maturacdo de odcitos. Esses estudos visam melhorar a compreensdo da foliculogénese e dos

hormdénios e fatores de crescimento envolvidos nesse processo; os achados podem ser
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relevantes para a reproducdo humana e para determinar o potencial reprodutivo de animais
geneticamente superiores ou para preservar espécies extintas (Neto ef al., 2020). Diversas
biotecnologias foram desenvolvidas para promover o crescimento e a maturagdo de odcitos a
partir de foliculos pré-antrais que poderiam ser usados para reproducdo assistida em humanos
e producdo animal. A combinagdo de biotecnologias de gametas, como o cultivo de foliculos
pré-antrais in vitro seguida de maturagdo e fertilizagdo in vitro, obteve bons resultados com a
producdo de embrides em algumas espécies domésticas e descendentes saudaveis
em camundongos (Figueiredo et al., 2020).

Considerando esse processo de desenvolvimento folicular, estudos no campo da
tecnologia de reproducdo assistida (TRA) tém tido inumeros esfor¢os para desenvolver
protocolos in vitro para o uso de foliculos e/ou odcitos para produzir dvulos vidveis (Kohama
et al., 2024). O crescimento ¢ o desenvolvimento de foliculos ovarianos in vitro sdo uma
abordagem para salvaguardar a fertilidade e obter odcitos clinicamente competentes residindo
nos foliculos em conexdo com a preservacgao da fertilidade. O desenvolvimento bem-sucedido
dessas novas terapias tem o potencial de melhorar significativamente o tratamento da
infertilidade feminina e o gerenciamento da satide (Mihajlovic ef al., 2024).

Para o sucesso do cultivo de foliculos ovarianos, ¢ de extrema importancia manter
a morfologia folicular intacta, preservando as intera¢des entre as células da granulosa somatica
circundante e o o6cito (Mihajlovic et al., 2024). Os sistemas de cultivo de foliculos pré-antrais
incluem cultivo bidimensional e tridimensional, esses sistemas foram desenvolvidos e estdo
evoluindo rapidamente. O sistema bidimensional ¢ comumente usado no cultivo de foliculos
pré-antrais de camundongos. Como o sistema de cultivo bidimensional ndo requer
encapsulamento de foliculos, a operagao ¢ relativamente simples. Portanto, este sistema pode
ndo apenas ser usado para expandir a fonte de odcitos disponiveis, mas também se tornar um
bom modelo de pesquisa para prever a FOP e rastrear substancias tdxicas ovarianas, para reduzir
o uso de animais experimentais € melhorar o bem-estar animal (Wang et al., 2020; Simon et al.,
2020). Dessa forma, o cultivo de foliculos ovarianos representa uma abordagem inovadora para
investigar a foliculogénese e a oogénese em um ambiente sob condi¢des controladas. Este
método ndo sO permitiu uma visdo sem precedentes da biologia fundamental do
desenvolvimento do foliculo, mas também tem aplicagdes translacionais de longo alcance,
incluindo na preservagdo da fertilidade para mulheres cujos foliculos ovarianos podem ser
danificados por doengas ou seu tratamento ou na conservagdo da vida selvagem (Simon et al.,

2020).
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O desenvolvimento de sistemas de cultivo in vitro para explorar o6citos imaturos
inseridos em foliculos pré-antrais tem um grande potencial para fornecer muitos o6citos para
fertilizagdo in vitro em espécies humanas e animais domésticos. E importante considerar que
os foliculos pré-antrais representam 90 a 95% de toda a populagdo folicular e armazenam a
maioria dos odcitos presentes nos ovarios de mamiferos (Paulino et al., 2022). Além disso, o
crescimento folicular in vitro ¢ um método unico e versatil para preservar a fertilidade em
pacientes com cancer e estudar a biologia ovariana e folicular (Matsushige ef al., 2024) frente

a toxicidade causada por antineoplasicos como por exemplo a DOX.

2.7 Doxorrubicina e seus efeitos nos foliculos ovarianos

A DOX ¢ um quimioterapico amplamente utilizado e pertence a familia das
antraciclinas, um grupo de medicamentos anticancerigenos (Figura 9). E comumente conhecido
por seus principais nomes comerciais, como Adriamicina e Rubex. Foi originalmente isolado
de Streptomyces peucetius na década de 1970 e agora ¢ usado para tratar uma grande variedade
de canceres, incluindo mama, pulmao, gastrico, ovario, bexiga, tireoide, leucemia, sarcoma,
linfoma, neuroblastoma, tumores de Wilms e canceres pediatricos (Nguyen et al., 2025; Spears
et al., 2019; Xia et al., 2017). Além disso, foi demonstrado que a DOX tem um potencial
terapéutico significativo e é reconhecida como um dos medicamentos quimioterapicos mais
eficientes que foram aprovados pela Food and Drug Administration (FDA) (KCIUK et al.,
2023).

Figura 9. Estruturas de diferentes drogas antraciclinas. Diferencgas estruturais comparadas com a doxorrubicina
sdo indicadas em vermelho.
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Fonte: Adaptado de Zanden et al. (2021).
Em sua forma liquida, a DOX ¢ facilmente identificavel devido a sua coloracdo

vermelho-intensa. A administracdo ocorre predominantemente por via intravenosa, com ciclos
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de tratamento geralmente realizados em intervalos de 21 dias. A DOX exibe rapida distribui¢cao
nos tecidos e tem uma meia-vida de eliminacdo de até 48 horas. Embora possa ser administrada
rapidamente (15 a 20 minutos), a administracao lenta da formulagao lipossomal é recomendada
para reduzir o risco de reagdes a infusdo. Além disso, a DOX ¢é incompativel com heparina e
fluorouracil e pode causar precipitagdo se misturada com esses medicamentos (Johnson-Arbor;
Dubey, 2023).

O principal e mais amplamente reconhecido mecanismo da DOX ¢ a inibicao da
enzima nuclear topoisomerase II. A topoisomerase II previne o superenrolamento e a tor¢ao do
DNA durante a replicagdo, produzindo corte de fita dupla e resselagem do DNA clivado e,
portanto, ¢ particularmente abundante na transi¢ao de fase do ciclo celular G2/M. No entanto,
a DOX impede a formag¢do do complexo topoisomerase [I-DNA apo6s a fase de corte, com um
acumulo de fragmentos de DNA que, em ultima analise, induz a morte celular. Além disso, a
DOX induz a produgdo de radicais livres e outras EROs (Spears et al., 2019; Ste¢ et al., 2025;
Kalvala et al., 2023).

A partir desses mecanismos iniciais, a acdo da DOX se estende a processos mais
complexos de dano ao DNA, envolvendo multiplas vias celulares de detec¢ao e resposta, que
reforcam sua eficacia citotoxica (Ma et al., 2024). A figura 10 apresenta os danos ao DNA
induzidos pela DOX por meio de trés mecanismos principais: formagao de adutos DOX-DNA,
quebras de fita simples e quebras de fita dupla, além da intercalagdo na molécula de DNA. As
quebras de fita simples sdo detectadas pela poli [ADP-ribose] polimerase 1 (PARP-1) e
recobertas pela proteina de replicagdo A (replication protein A — RPA), promovendo o
recrutamento de proteinas como a proteina de ligagdo de topoisomerase 2 de DNA 1 (TOPBP1),
o orfao nuclear interativo de HUS1 (RHINO), a proteina interativa de ATR (ATR-interacting
protein — ATRIP) e o complexo MRE11-RADS50-NBSI1. Esse conjunto ativa a quinase
relacionada a ataxia telangiectasia e Rad3 (ATR). As quebras de fita dupla sdo reconhecidas
pelo mesmo complexo MRE11-RADS50-NBSI1, que recruta o mediador da proteina de ponto
de verificacdo de dano ao DNA 1 (MDCI1) e ativa a quinase mutada na ataxia telangiectasia
(ataxia telangiectasia mutated — ATM). As quinases ATR e ATM fosforilam as quinases de
ponto de verificagdo CHK1 (checkpoint kinase 1) e CHK2 (checkpoint kinase 2), que inibem
as fosfatases CDC25A e CDC25C (cell division cycle 25 A/C), bloqueando a ativacdo dos
complexos ciclina-CDK (cyclin-dependent kinase) e interrompendo o ciclo celular. CHK2
também ativa o fator de transcricdo p53 (tumor protein p53 — TP53), que induz a expressdo de
P21 (cyclin-dependent kinase inhibitor 14 — CDKN1A), refor¢ando a inibi¢ao das CDKs e
podendo levar a apoptose. (Jones; Dass, 2022; Sangweni et al., 2022; Wang et al., 2023).
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Figura 10. Indugdo de dano ao DNA apos tratamento de células com doxorrubicina. (A) Inducao de dano ao DNA
apos tratamento de células com doxorrubicina. (B) Ativagdo da via de resposta a dano ao DNA. (C) Indugéo de
apoptose ou parada do ciclo celular por doxorrubicina.
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Fonte: Adptado de kciuk ef al. (2023).

Apesar de sua eficacia no combate ao cancer, a DOX esta associada a diversos
efeitos adversos, incluindo toxicidade cardiaca, imunossupressao e danos teciduais. Além disso,
foi relatado que a DOX pode induzir respostas pro-inflamatorias e pro-angiogénicas dentro de

tumores, o que pode impactar a progressao da doencga (Abou-Shanab et al., 2025).
2.7.1 Efeitos adversos da doxorrubicina

Embora a DOX seja um dos pilares no tratamento do cancer ha quase cinco décadas,
seu uso ¢ severamente limitado por efeitos colaterais graves. Além dos efeitos adversos comuns
geralmente agudos e reversiveis relacionados a quimioterapia, como nausea, vomito, diarreia e
supressao da medula 6ssea, o tratamento com antraciclina esta associado a efeitos adversos de
longo prazo, a saber, cardiotoxicidade, malignidades relacionadas a terapia e gonadotoxicidade.
Esses efeitos adversos de longo prazo impactam severamente a qualidade de vida dos
sobreviventes do cancer, o que limita a aplicacdo posterior de antraciclinas (van der Zanden et

al., 2021).
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O uso prolongado de DOX pode desencadear uma série de efeitos todxicos,
representando um dos principais desafios para sua aplicacdo clinica. Estudos demonstraram que
a DOX pode comprometer significativamente o sistema de defesa antioxidante do organismo
ao inibir a expressdo de fator nuclear eritroide 2 relacionado ao fator 2 (Nrf2), heme oxigenase-
1 (HO-1), superoxido dismutase (SOD), catalase (CAT), glutationa (GSH) e outros niveis,
levando eventualmente ao desequilibrio redox no corpo (Wang et al., 2025). Esse efeito pode
ser visualizado na Figura 11, que ilustra os mecanismos pelos quais a DOX induz estresse
oxidativo, danos ao DNA e morte celular, além de inibir vias protetoras como a biogénese

mitocondrial e a ativacdo de fatores de sobrevivéncia celular.

Figura 11. Representacdo esquematica dos mecanismos pelos quais a doxorrubicina induz estresse oxidativo,
disfun¢do mitocondrial e morte celular, impactando vias antioxidantes e de sobrevivéncia celular. ABCB8 —
membro 8 da subfamilia B do cassete de ligagdo ao ATP; AMPK — proteina quinase ativada por AMP; BNIP-3 —
proteina 3 interativa com proteina BCL2 de 19 kD; Cyt C — citocromo C; CTE — cadeia de transporte de elétrons;
Gli — glicose; HO-1 — heme oxigenase 1; KEAP — proteina associada a8 ECH semelhante a Kelch; mPTP — poro de
transi¢ao de permeabilidade mitocondrial; PGC-1a — coativador 1 alfa do PPARy; PPAR — receptor ativado por
proliferador de peroxissomo; EROS — espécies reativas de oxigénio; SIRT1 — sirtuina 1; TCTP — proteina tumoral
controlada translacionalmente; TOP 1mt — topoisomerase mitocondrial 1.
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Fonte: Adaptado de Schirone ef al. (2022).

Além disso, a DOX estimula a formagao de EROs, causando peroxidacao lipidica
dos fosfolipidios da membrana celular. Esse mecanismo ¢ responsavel por varios efeitos
adversos observados durante o tratamento com DOX, incluindo cardiomiopatia (Ste¢ et al.,
2025). A producao de radicais livres pela DOX envolve duas vias distintas. A primeira envolve
a acdo de numerosas redutases dependentes de NADPH na conversdo da DOX na semiquinona

equivalente da DOX. Os radicais oxigénio e superdxido sdo produzidos durante o ciclo redox



46

da semiquinona quinina gerada a partir da DOX. A segunda via usa ferro e processos nao
enzimaticos. O complexo de radicais livres ferroso-DOX ¢ criado quando ocorre uma reagao
redox entre o férrico e a DOX. O perdxido de hidrogénio e outras espécies ativas de oxigénio
sdo0 produzidos quando o oxigénio ¢ reduzido por esse complexo. As EROs induzidas pela DOX
levam a uma elevagao notavel na expressao de biomarcadores inflamatorios (Abdel-Megeed et
al., 2024).

Estudos recentes indicam que o excesso de EROs aumenta a peroxidagao lipidica,
um potencial mecanismo de gatilho de um mecanismo de morte celular dependente de ferro
denominado ferroptose, que ¢ mecanicamente distinto da apoptose. Os mecanismos que
regulam a ferroptose em condicdes fisiologicas ndo sdo totalmente compreendidos, mas as
interrupgdes genéticas e derivadas da quimioterapia no equilibrio redox demonstraram induzir
a ferroptose em odcitos, levando a redu¢do da qualidade do odcito, diminui¢ao das reservas
ovarianas e FOP (Qin ef al., 2025).

Nos ultimos anos, os mecanismos reguladores da ferroptose nos processos
fisioldgicos e patolodgicos do sistema reprodutor feminino, como a SOP, placenta prévia e
gravidez ectdpica, tém recebido atencdo crescente. No entanto, os estudos sobre distirbios
reprodutivos relacionados a ferroptose ainda sao limitados e inconsistentes, € poucos estudos
sobre morte por ferro na FOP foram relatados até agora (Mo et al., 2025). A DOX também pode
causar danos ovarianos significativos (Tabela 1) (Nguyen et al., 2025). Seu uso tem sido
associado a deplecdo dos foliculos primordiais e a disfun¢do ovariana, resultando na deplecao
da reserva ovariana e consequente FOP (Silva et al., 2023). O dano ao DNA induzido pela DOX
ativa mediadores da via Tp53 em células ovarianas, sendo o p53 um dos principais reguladores
desse processo. Além de sua fungdo como supressor tumoral, o p5S3 atua como regulador do
ciclo celular, indutor de apoptose e mediador da resposta ao dano genomico (Abdel-Megeed et

al., 2024; Nguyen et al., 2025).

Tabela 1. Propriedades gonadotoxicas da Doxorrubicina em estudos realizados em modelos animais. Via
intraperitoneal (ip); Via intravenosa (vi).
Medicamento Modelo Dose Duracio Efeitos no ovario Autor
Deplegao da reserva

Camundongos CD- ovariana, atresia dos
lde5 dias,g 21 dias 10 mg/kg que foliculos primordiais, Wang el
ou 8 semanas (ip) uea ativagdo excessiva dos al., 2019
Doxorrubicina foliculos primordiais
Camundongos ICR 10 me/k Dose Bar-Joseph
de 7 a 8 semanas de gk Efeitos sobre os odcitos etal.,

idade (Vi) unica 2010
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Redugdo do tamanho e
peso do ovario, redugdo

Ben-
Camundongos ICR 7,5 ou 10 Dose da ovulagdo, reducdo da
de 4 semanas ou 7— . . 4 , Aharon et
8 semanas de idade mg/kg (ip) unica populagdo de foliculos /
primordiais e foliculos at.,2010
secundarios
Easio i
C57BL/6 ou 129/Sv geno v, Andersen
10 mg/kg Dose luteinicas menos
de 6 semanas ou . . . . . et al.,
(ip) Unica diferenciadas (citoplasma
10-22 semanas de ~ . 2021
idade menor, expressdo reduzida
de StAR)
15 mg/kg Diminui¢do do nimero de  gymare-
Ratos Sprague- (dos§ 7 injecdes foliculos, d1m1ry1u.1(;ao do Najaf et
Dawley cumulativa; volume dos ovarios e do

lp) atero al., 2020

Fonte: Adaptado de Markowska ef al. (2024).

Notavelmente, apesar de sua passagem limitada pela barreira hematoencefélica
(BHE), a DOX ainda pode causar neurotoxicidade grave no cérebro, e varios estudos clinicos
relataram que pacientes de todas as idades tratados com DOX exibiram capacidade prejudicada

em avaliacdes cognitivas (DU et al., 2021).

2.7.2 Impacto da toxicidade ovariana na fertilidade e na fisiologia reprodutiva

O dano ovariano induzido por antineoplasicos ¢ um problema significativo para
mulheres em idade reprodutiva, pois pode levar a FOP e a infertilidade. Especificamente, a
quimioterapia antineopldsica com agentes alquilantes ¢ conhecida por induzir estresse oxidativo,
danos ao DNA em tecidos ovarianos, levando a ativagao folicular acelerada, atresia, apoptose e
danos vasculares, além do esgotamento das reservas foliculares e da redu¢do da qualidade dos
odcitos (Figura 12) (Ramirez-Martin et al., 2025).Entretanto, as taxas de amenorreia apds uso
de DOX parecem variar drasticamente com a idade, mulheres de 40 a 49 anos apresentam uma
taxa de amenorreia de 96% em comparagdo com pacientes mais jovens, com taxas variando de
menos de 10% a 34% (Ben-Aharon; Shalgi, 2012).

Além de impactar diretamente os foliculos ovarianos, os antineoplasicos também
afetam o estroma e a vasculatura ovariana, o que afeta indiretamente a fertilidade e a fungao
ovariana (Lima de Andrade et al., 2024; Ustiiner et al., 2024). Ademais, estudos in vitro com
murinos mostraram que a exposi¢do a DOX afeta a estrutura normal do estroma ovariano,
contribuindo para atrofia ovariana (Assis et al., 2022). O tratamento com DOX também
compromete as células da granulosa, causando disfun¢do mitocondrial devido a presenca

excessiva de EROs, que desencadeiam apoptose celular. Um estudo que cultivou foliculos
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ovarianos de camundongos expostos a DOX por 24 horas analisou a secre¢do hormonal, o
desenvolvimento folicular e a maturacdo do odcito, revelando um efeito dose-dependente sobre
a sobrevivéncia dos foliculos. As taxas de sobrevivéncia foram de 90% para foliculos tratados
com 100 nM de DOX e de apenas 50% para aqueles expostos a 200 nM, em comparagdo com

os controles no segundo dia de experimento (Xiao et al., 2017).

Figura 12. Efeitos dos danos causados por antineoplasicos no ovario: perda de foliculos primordiais por apoptose,
ativagdo acelerada de foliculos primordiais, atresia folicular, inflamagao estromal, dano ao tecido estromal ou dano
a vascularizacdo intraovariana. FPM: foliculos primordiais; FP: foliculos primarios; FS: foliculos secundarios.
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Fonte: Adaptado de Donnez (2020).

A DOX também compromete 0s vasos sanguineos corticais no modelo murino, bem
como no ovario humano, induzindo fibrose. Evidéncias sugerem que a DOX atravessa a
membrana basal do foliculo e se acumula no DNA e nas mitocondrias do odcito (Spears et al.,
2019). Além disso, a fun¢do mitocondrial prejudicada nas células estromais ovarianas surge
como um fator fundamental na inflamagao e fibrose do estroma, potencialmente impedindo o
crescimento do foliculo. A disfun¢do mitocondrial, caracterizada pela produgao prejudicada de
trifosfato de adenosina (ATP), dindmica mitocondrial alterada e aumento da produgdo de EROs,
causando estresse oxidativo. Essa cascata desencadeia inflamacdo e apoptose, facilitando a
ativacao dos fibroblastos e a deposi¢ao de proteinas da matriz extracelular no estroma ovariano
(Zhu et al., 2025).

O sistema de defesa antioxidante in vivo, composto por enzimas como SOD, CAT,
GPx, tioredoxina redutase (TrxR), HO-1 e NAD(P)H quinona oxidorredutase 1 (NQO1),

juntamente com componentes ndo enzimaticos, regula os niveis de EROs. No entanto, a



49

capacidade antioxidante desses sistemas diminui com a idade. A suplementagdo com
substancias como glutationa, selénio, vitamina C, resveratrol, coenzima Q10 e melatonina
demonstrou mitigar o estresse oxidativo. SOD1, um oxidante intracelular essencial, converte
radicais superdxido prejudiciais em perdxido de hidrogénio, que € posteriormente neutralizado
em agua e oxigénio. Camundongos fémeas sem SODI1 exibem sinais de envelhecimento
reprodutivo acelerado, incluindo menores taxas de prenhez, menores tamanhos de ninhadas e
reducdo do tamanho do corpo luteo e dos niveis de progesterona (Qin et al., 2025).

Os efeitos dos agentes antineoplasicos diferem em seus efeitos sobre a funcao
ovariana dependendo de fatores especificos da paciente, especialmente a idade. Além disso, a
reserva ovariana basal e a duracdo do tratamento podem contribuir para o resultado de
fertilidade de uma paciente, no entanto, o aspecto multifatorial e a falta de informagdes
progndsticas precisas tornam dificil para os clinicos fornecerem informagdes especificas sobre
a magnitude dos potenciais efeitos gonadotdxicos (Roof et al., 2024).

A figura 13 ilustra, de forma esquematica, as vias de estresse celular ativadas em
resposta @ DOX que podem desencadear danos em uma célula ovariana, que culminam em
apoptose. O estresse do reticulo endoplasmatico (mediado por PERK) leva a ativacdo da
caspase 12 e calpaina, que se comunica com a mitocondria, promovendo aumento de calcio
intracelular e liberag¢do do citocromo C. Paralelamente, ha ativag¢do da caspase 2, contribuindo
para a cascata apoptotica. No nucleo, a DOX causa estresse genotoxico, ou seja, danos ao DNA.
Esse dano ativa a proteina Ataxia Telangiectasia Mutante (ATM), que ¢ uma quinase envolvida
na resposta ao dano no DNA. A ATM, por sua vez, estimula a proteina p53, um fator de
transcri¢do que regula a expressdo de genes envolvidos na resposta ao estresse € na apoptose.
A ativagdo da p53 leva a fragmentacdo do DNA, um dos principais sinais de morte celular
programada. Além disso, a proteina poli(ADP-ribose) polimerase (PARP) também ¢ ativada em
resposta ao dano no DNA, contribuindo para os processos de reparo ou, quando o dano ¢ severo,
para a apoptose (Sun et al., 2025; Mohan et al., 2021). Além disso, a DOX pode comprometer
a homeostase do célcio (Ca*"), afetando o potencial transmembrana e a permeabilidade
mitocondrial. Um estudo conduzido com foliculos ovarianos secundérios tratados com DOX
(200 nM) revelou um aumento nos niveis de Ca** no citosol, enquanto os niveis de Ca*" no
reticulo endoplasmatico diminuiram e permaneceram baixos ao longo do experimento. Isso
indica que a DOX pode induzir a liberagdo de célcio do reticulo endoplasmatico, um fator
crucial para o equilibrio celular. Esse achado ¢ relevante, pois a homeostase do calcio
desempenha um papel essencial na fisiologia do odcito, no crescimento folicular e na regulagao

da secrecdo de gonadotrofinas. Além disso, a DOX mostrou reduzir significativamente a
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secrecdo de E2, um hormodnio fundamental para a fun¢do ovariana e a fertilidade feminina
(Markowska et al., 2024).

Figura 13. Toxicidade celular ovariana causada pela doxorrubicina.
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Fonte: Adaptado de Bar-Joseph ef al. (2010).

2.8 Estratégias para mitigar a toxicidade ovariana e preservar a fertilidade

Devido aos efeitos insatisfatorios dos eliminadores de EROs e quelantes de ferro na
clinica, sistemas de administragdo de medicamentos especificos para tumores foram
introduzidos na década de 1990 para reduzir as toxicidades induzidas pela DOX. Entre essas
abordagens, destacam-se as formulacdes lipossomais da DOX, como a DOX lipossomal
encapsulada em nanoparticulas (LD) e a LD peguilada (PLD), que apresentam meia-vida sérica
prolongada e menor volume de distribui¢do em comparagdo com a DOX convencional (Van der
Zanden et al., 2021). Além disso, estatisticas sobre cancer mostram que a propor¢ido de
pacientes do sexo feminino com cancer com menos de quarenta anos estd aumentando. A
possibilidade de sobrevivéncia a longo prazo foi melhorada gragas a expansdo do acesso a
prevencao de alta qualidade, deteccdo precoce e servicos de tratamento aprimorados. No
entanto, essas sobreviventes correm alto risco de se tornarem inférteis apos o tratamento do
tumor durante seus anos reprodutivos. O risco de reserva ovariana diminuida ndo apenas coloca
ansiedade e depressdao nas pacientes durante o tratamento da doenga, mas também impacta
significativamente a qualidade da vida de sobrevivéncia subsequente. Consequentemente, 0s

mecanismos de lesdo da fertilidade e os métodos de preservacao da fertilidade em pacientes
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com cancer atrairam ampla aten¢do desde que a “oncofertilidade” foi proposta pela primeira
vez em 2007 (Xie ef al., 2024). A medida que mais pacientes na pré-menopausa passam por
tratamentos de cancer, a necessidade de aconselhamento sobre fertilidade e de estratégias para
preservacgao ovariana torna-se cada vez mais evidente (Roof ez al., 2024). Assim, ¢ fundamental
desenvolver abordagens que protejam os ovarios dos efeitos adversos da quimioterapia ou que
otimizem sua fung¢do apds o término do tratamento oncologico (Ramirez-Martin et al., 2025).
E importante destacar que qualquer estratégia para reduzir os efeitos adversos dos
agentes quimioterapicos no ovario necessita da combinag¢do certa de farmacos. Por exemplo, o
imatinibe protegeu os ovarios de camundongos recém-nascidos de danos causados pela
cisplatina, mas nao pela DOX, evidenciando que diferentes agentes quimioterapicos afetam os
ovarios por mecanismos distintos (Morgan et al., 2013). H4 um interesse crescente na terapia
combinada que se baseia na administracdo de dois ou mais medicamentos que atuam em
diferentes locais-alvo, dificultando a mutagao e a adaptagdo das células cancerigenas a novas
condi¢des. Os efeitos sinérgicos observados entre diferentes tipos de medicamentos podem
levar a uma reducdo da dosagem, toxicidade, resisténcia e a um aumento da eficiéncia
terapéutica (Kazantseva et al., 2022). Nesse contexto, o uso de compostos naturais com
propriedades antioxidantes pode ser uma estratégia promissora para prevenir ou atenuar os
danos ovarianos induzidos pela DOX (Silva et al., 2023). A administragdo de agentes de
protecdo ovariana antes ou junto com a quimioterapia pode aliviar os danos a reserva ovariana,
sendo adequado para pacientes de todas as idades e estagios de vida, essas aplicagdes podem

ser promissoras na preservacao da fertilidade (Xie et al., 2024).

2.9 Propriedades terapéuticas da Aloe vera

A Aloe veraé uma planta medicinal suculenta, sem caule, pertencente a
familia Liliaceae, com folhas tirgidas, lanceoladas, com pontas afiadas e bordas irregulares
(Figura 14). A palavra arabe “Alloeh”, que significa brilhante e amargo, ¢ a fonte do nome Aloe
vera. Fisiologicamente, o membro mais ativo do género Aloe ¢ Aloe barbadensis. Com mais de
75 compostos bioativos, é amplamente utilizado na China, india e Egito, e tem sido utilizada
para fins medicinais desde os tempos antigos, e ainda ¢ usada para fazer cosméticos,
medicamentos e alimentos para humanos (Khan et al., 2022). A Aloe vera ganhou popularidade

pela primeira vez com o relato de seu sucesso no tratamento de queimaduras de raios X nos

Estados Unidos na década de 1930 (Bala et al., 2017).
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Figura 14. Aloe vera cultivada diretamente no solo.

Fonte: Autor.

As folhas maduras das plantas A/oe vera sdo compostas por trés camadas principais:
epiderme verde externa que protege a planta e sintetiza proteinas e carboidratos; a camada
intermediaria produtora de latex sintetizando seiva amarela contendo antraquinona e
glicosideos, e o mesofilo parenquimatoso interno macio, transparente e escorregadio — a unica
fonte de gel de Aloe vera - A Aloe vera ¢é cultivada principalmente pela camada interna, que ¢
uma substancia esbranquigada, viscosa, semissélida e transparente, semelhante a um gel, com
potencial terapéutico (Jodhani et al., 2025). Suas folhas armazenam agua em células de
parénquima contendo mucilagem viscosa, composta principalmente de polissacarideos,
enzimas, minerais e dcidos organicos, com um teor de agua superior a 98% (Gome et al., 2025;
Laux A, Gouws C, Hamman, 2019). O gel de Aloe vera é aprovada pela FDA como um aditivo
alimentar para consumo humano devido a sua seguranga e compatibilidade com aplicagdes de
grau alimenticio. E comumente usada em bebidas em todo o mundo, e processos industriais
foram desenvolvidos para preservar suas propriedades nutricionais, semelhantes as usadas nas
industrias cosméticas (Gome et al., 2025).

A Aloe vera tem sido usada hé séculos como um remédio popular por seu poder de
cura, por exemplo, no tratamento de queimaduras solares, hidratando e acelerando a

cicatrizagdo de feridas. Véarios trabalhos relataram que o acemanano ¢ responsavel pelas
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propriedades semelhantes & mucilagem do gel de Aloe vera, que se espera ser uma matriz
conectiva flexivel potencial. Além disso, ¢ relatado que o acemanano possui varias propriedades
terapéuticas, como propriedades antiinflamatorias e anticancerigenas ou promog¢do da
regeneragdo Ossea (Huynh et al., 2025). A ag¢do combinada de vitaminas, aminodcidos,
compostos fendlicos, enzimas, minerais, acidos organicos, lipidios e carboidratos contidos neste
gel parece ser responsavel pelas multiplas propriedades benéficas da Aloe vera (Fehrmann-
Cartes et al., 2020). Ademais, a Aloe vera ¢ bem conhecida por suas propriedades hidratantes,
antiinflamatdrias, antioxidantes, anticancerigenas, antibacterianas, antivirais e antifingicas
(Paul et al., 2020; Irfan et al., 2024). A atividade anti-inflamatoria com possivel regulacao
negativa de MMP-9 em células sanguineas foi encontrada em extrato aquoso de Aloe vera. A
aplicacdo de sua preparacao de gel topico foi encontrada para acelerar o tempo de cicatrizagdo
de queimaduras e induzir epitelizagdo. Também aumenta a contragdo da ferida, alinhamento e
organizacdo do tecido cicatricial regenerado e exerce acdes antimicrobianas e
antifungicas (Widjaja et al., 2023).

O potencial antioxidante da Aloe vera é devido aos flavonoides, carotenoides, alfa-
tocoferol e 4cido ascorbico, que podem auxiliar na eliminacao dos ions hidroxila e na producao
da proteina crucial metalotioneina e também podem melhorar o nivel de SOD e GPX (Nauroze
et al., 2024). Dessa forma, a Aloe vera como uma fonte de antioxidantes natural in vitro, pode
ter aplicagdo na redugcdo da peroxidacao lipidica/estresse oxidativo com consequentes
beneficios a satde (Mirzaalizadeh et al., 2018). A atividade de eliminagdo de radicais livres do
extrato da folha de Aloe vera é de 67% a 89% (de 50 a 300 pg/ml) (Majumder et al., 2020).
Nesse sentido, os antioxidantes naturais tém atraido consideravel interesse devido a sua suposta
seguranca, potenciais efeitos nutricionais e terapéuticos. Extratos vegetais e produtos naturais
oferecem uma solugdo alternativa como radioprotetores devido a sua baixa toxicidade em seus
niveis ideais de dose protetora (Bala et al., 2017).

Estudos mostram que plantas como Aloe vera melhoram a fertilidade aumentando
o numero de foliculos ovarianos (Manouchehri et al., 2023). Dey et al. (2022) em seu estudo
observou a eficacia do LP3, isolado do gel de Aloe vera, contra a SOP induzida por letrozol em
camundongos. O grupo com LP3 exibiu foliculos maduros, corpos luteos e poucos foliculos
cisticos e atrésicos, podendo ser usado no tratamento da SOP como uma alternativa a
metformina. Em um estudo anterior também foi observado que a formulacdo de gel de Aloe
vera exerce um efeito protetor contra o fenotipo da SOP restaurando o estado esteroide ovariano
e alterando a atividade esteroidogénica chave. Isso pode ser atribuido aos fitocomponentes

presentes no extrato (Maharjan et al., 2010). Ademais, em ratas albinas Wistar que receberam
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Aloe vera foi observado por meio da anélise histoldgica que os ovarios apresentavam alteragdes
que implicavam um efeito angiogénico ¢ um efeito semelhante ao do hormonio foliculo-
estimulante nos ovarios (Kosif; Aktas, 2009). Além disso, o uso do gel de Aloe vera é bem
tolerado, seu uso foi descrito em medicamentos veterinarios. O extrato de gel tem sido usado
no tratamento de uma série de condi¢des externas em muitos animais. Essas condi¢gdes incluem
micose, alergias, abscessos, infec¢des fungicas, varios tipos de inflamagao, dor e coceira. Dessa
forma, as atividades antioxidantes e imunossupressoras da Aloe vera foram indicadas
(Werawatganon et al., 2014).

Em estudos in vitro, observou-se que a adi¢cdo de Aloe vera ao meio de cultivo em
concentragdo de 10% aumentou a expressdo de mRNA de genes antioxidantes, como PRDXG6,
GPXI1 e SOD, em tecidos ovarianos vitrificados, promovendo a ativagdo e o desenvolvimento
folicular e preservando a viabilidade dos foliculos (Costa ef al., 2021). Além disso, 2,5% de
Aloe vera favoreceu a formacdo do antro, a viabilidade e a expressdo de mRNA para SOD em
foliculos secundarios cultivados, mas concentragdes mais altas de Aloe vera t€m efeitos
negativos na ultraestrutura folicular (Azevedo et al., 2022). No entanto, ainda sdo escassos 0s
estudos que avaliam, de forma integrada, os efeitos da Aloe vera sobre o ovario de

camundongos expostos a doxorrubicina.

2.10 Relevancia da preservaciao da funcido ovariana em pacientes oncologicas

A American Society of Clinical Oncology (ASCO) e a European Society for Medical
Oncology (ESMO) recomendam que os profissionais de satide que cuidam de pacientes com
cancer abordem a possibilidade de infertilidade e discutam abordagens de preservagdo da
fertilidade o mais cedo possivel antes do inicio do tratamento, independentemente do tipo ou
estagio da doenca (Herndndez Martinez et al., 2025). O momento certo para as discussdes sobre
preservacao da fertilidade ¢ um desafio significativo para os profissionais de satde. De acordo
com as diretrizes de pratica clinica da ASCO, discussdes precoces e abrangentes antes do
tratamento sdo essenciais para fornecer opgdes aos pacientes e melhorar a qualidade de vida de
forma geral (Wang et al., 2025; Ferro et al., 2023).

A preservagio da fertilidade ganhou forga nos tltimos anos. A medida que as taxas
de sobrevivéncia ao cancer melhoram, os efeitos tardios da perda da funcdo gonadal
aumentaram a necessidade de considerar a preservacao da fertilidade (Latif et al., 2023). Mais
de 80% dos pacientes infantis e adolescentes com cancer se tornam sobreviventes de longo
prazo. Pesquisas atuais sugerem a necessidade do desenvolvimento de uma estratégia nacional

para garantir que pacientes pediatricos submetidos a regimes gonadotdxicos sejam educados,
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junto com suas familias, sobre opg¢des de fertilidade e resultados posteriores (Brungardt; Burns;
Dasgupta, 2022). Além disso, varios estudos relatam que os pacientes possuem desejo por filhos
bioldgicos futuros no momento do diagnostico em cerca de metade dos pacientes jovens com
cancer, € que suas principais preocupagdes gerais eram o medo do aumento do risco de cancer
pessoal ou da prole e a incapacidade de cuidar de seus filhos em caso de recidiva da doenga.
Notavelmente, 51-66% dessas pacientes relataram estar preocupadas em se tornarem inférteis
e, em um quarto dos casos, as preocupagdes com a fertilidade afetaram a tomada de decisao
sobre o tratamento (Moragon et al., 2021).

De acordo com as recomendacdes de preservacdo da fertilidade de pacientes
femininas com cancer, para mulheres que desejam ser maes no futuro, a criopreservagdo do
tecido ovariano, o congelamento de odcitos, o congelamento de embrides, o transplante de
ovario artificial e outras abordagens de preservacdo da fertilidade podem ser usadas.
Atualmente, com a ajuda da tecnologia de congelamento de tecido ovariano, mais de 200 bebés
nasceram em todo o mundo, e o primeiro na China nasceu com sucesso em 2021. No entanto,
as células tumorais acompanharao a circulagdo sanguinea no tecido ovariano, e o transplante de
tecido ovariano contendo células tumorais pode fazer com que o cancer recidive (Ren et al.,
2023). Além disso, a criopreservacao de tecido ovariano ¢ discutida mais detalhadamente na
secdo pré-pubere. A criopreservacao de odcitos requer 1-2 semanas de estimulagdo ovariana
para coleta ideal de odcitos, o que pode atrasar o tratamento. Isso pode ser preocupante para a
quimioterapia. Embora muitas vezes a familia e a equipe de oncologia possam elaborar um
plano razoavel para atraso, isso pode ndo ser recomendado para certos pacientes e canceres.
Ademais, a técnica possui um custo alto, variando de US$ 12.000 a US$ 20.000 para o processo
inicial, mas deve ser discutido que o uso de odcitos preservados exigira fertiliza¢do in vitro no
futuro, o que pode adicionar outros US$ 12.000 a US$ 15.000 no futuro. Como em todas as
criopreservacdes, também ha uma taxa anual de armazenamento, que varia de US$ 300 a
USS$ 1.000 (Vogt; Malhotra, 2024).

Nesse sentido, a protecdo dos ovdarios contra danos e distirbios de fertilidade
associados a exposicdo a agentes quimioterapicos criou um novo campo, a “oncofertilidade”,
que se preocupa com a preservagdo da funcdo hormonal ovariana e da fertilidade e com a
prevencao da FOP (Markowska ef al., 2024). Com mais mulheres sobrevivendo ao cancer apds
quimioterapia ou adiando a idade da maternidade, o foco mudou para o desenvolvimento de
estratégias para proteger a funcdo ovariana e a fertilidade feminina contra os efeitos deletérios
da quimioterapia (Ramirez-Martin et al., 2025). Atualmente, a cultura in vitro de foliculos

pré-antrais e a obtencao de odcitos maduros podem efetivamente evitar o risco de recorréncia
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do tumor apds a remigra¢do (Ren et al., 2023). Assim, vdrias terapias atuais podem ser
utilizadas em combinacdo, ou podem ser usadas sozinhas no futuro. Essas estratégias podem
auxiliar mulheres jovens que ndo sdo elegiveis para métodos convencionais devido a idade ou
tempo limitado antes do inicio do tratamento da doenga (Kim ef al., 2021).

A taxa de morbidade de FOP na populacado ¢ de 1% a 5%, embora tenha aumentado
significativamente nos ultimos anos. Mais importante, a maioria dos FOP ocorre em mulheres
jovens que tém uma alta predisposicdo genética, o que tem um sério impacto na saude
reprodutiva das mulheres. A terapia de reposi¢cao hormonal (TRH) é um tratamento amplamente
utilizado para melhorar a fun¢ao folicular equilibrando os niveis de estrogénio. No entanto, nao
ha medicamentos clinicos para tratar a infertilidade em pacientes com POF. Dado que o FOP ¢
atualmente reconhecido como um dos principais gatilhos da infertilidade feminina, ¢ importante
encontrar medicamentos seguros e eficazes para restaurar a fungdo ovariana em pacientes com
FOP (Hong et al., 2025). Adicionalmente, o adiamento da gravidez, comum nos dias de hoje,
tem levado ao aumento das taxas de infertilidade. As TRH n3o conseguem superar
completamente o declinio reprodutivo associado a idade avan¢ada da mulher. O
envelhecimento reprodutivo também estd relacionado a uma maior incidéncia de osteoporose,
doengas cardiovasculares e disfuncdo neuroldgica apos a menopausa (Gu et al., 2025). ATRH
se tornou mais acessivel e popular como alternativa para contornar a perda de quantidade e
qualidade dos odcitos, além das dificuldades com fertilizacdo e embriogénese. Estratégias
adjuntas, como a criopreservacao de oocitos e de tecido ovariano, também se aperfeicoaram,
aumentando as taxas de sucesso. No entanto, essas estratégias t€ém limitagdes, pois abordam os
efeitos da perda ovariana sem atacar diretamente sua causa — o envelhecimento ovariano.
Embora permitam que uma mulher tente engravidar, ndo garantem o sucesso reprodutivo, uma
vez que a qualidade dos odcitos diminui com a idade, tornando a idade materna avangada o
fator mais comum para o fracasso da fertilizagdo in vitro (King et al., 2024). Dessa forma, a
preservacdo da fertilidade ¢ um setor crescente da satde reprodutiva, devido & tecnologia
aprimorada e a um numero crescente de indicagdes clinicas além daquelas relacionadas a
oncologia (Henry et al., 2023). Dessa forma, o fornecimento de informagdes e suporte precisos,
bem como opgdes realistas para protecdo e preservagdo da fertilidade, para esses pacientes
jovens e suas familias, ¢ absolutamente possivel. Também ¢ uma parte fundamentalmente
importante da medicina reprodutiva, em termos de processos clinicos e avango cientifico (Stern;

Agresta, 2019).
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3 JUSTIFICATIVA

Com o aumento do nimero de pacientes que sobrevivem ao cancer, torna-se
essencial reconhecer a preservacao da fertilidade como prioridade, alocando recursos para o
aprimoramento continuo de protocolos integrados a oncoterapia, de modo que, em um futuro
proximo, seja possivel proteger a reserva ovariana durante o tratamento. O desenvolvimento de
novas estratégias para a preservacao dos foliculos ovarianos de pacientes submetidas a agentes
antineoplasicos requer um entendimento dos mecanismos que regulam a sobrevivéncia e morte
folicular. A doxorrubicina, um antineoplasico amplamente utilizado, induz a deplecdo acelerada
da reserva ovariana, efeito que tem sido associado, em parte, a inducdo de estresse oxidativo e
de processos inflamatdrios no ovario. Diante disso, torna-se imperativa a busca por estratégias
adjuvantes capazes de atenuar esses efeitos deletérios. Nesse contexto, compostos naturais com
comprovada acdo antioxidante e anti-inflamatéria emergem como potenciais agentes
citoprotetores. A Aloe vera, em particular, apresenta um perfil bioativo rico em polissacarideos,
compostos fenolicos e vitaminas que ja demonstraram, em diferentes modelos celulares e
teciduais, reduzir marcadores de dano oxidativo e modular respostas inflamatorias, protegendo
células sujeitas a insultos quimicos (Huynh et al., 2025). No entanto, ainda sdo escassos 0s
estudos que avaliam, de forma integrada, os efeitos da Aloe vera sobre o ovério de
camundongos expostos a doxorrubicina. O uso de modelos experimentais com roedores, por
sua vez, ¢ de grande relevancia, pois permite a padronizagdo de protocolos € o aprimoramento
de biotécnicas reprodutivas, podendo servir de base para outras espécies, incluindo humanos.

Este estudo se destaca pela inovagdo ao investigar os efeitos da Aloe vera na
preservacdo da fun¢do ovariana, especialmente em condi¢des de estresse oxidativo induzido.
Sua originalidade ¢ ainda mais evidente pela avaliagdo da Aloe vera tanto em modelo in vitro
quanto in vivo, o que possibilita uma analise abrangente de seu potencial protetor e de suas
implicagdes terapéuticas para a preservacao da fertilidade. Ao explorar os efeitos da Aloe vera
sobre o desenvolvimento folicular e a integridade do estroma ovariano, esta pesquisa abre
caminho para estratégias terapéuticas que visam preservar da fertilidade. Diante do impacto
devastador da terapia antineopldsica sobre a reserva ovariana, os resultados deste estudo
poderdo contribuir significativamente para o desenvolvimento de novas abordagens
reprodutivas em humanos e em animais, ampliando estratégias biotecnologicas e fortalecendo

a reprodugdo assistida no Brasil e no mundo.
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4 HIPOTESES CIENTIFICAS

Diante do exposto, foram formuladas as seguintes hipoteses cientificas:

A adicdo de Aloe vera ao cultivo in vitro de ovarios de camundongos Swiss fémeas
promove a ativa¢ao e desenvolvimento folicular mantendo a morfologia adequada das células
foliculares e do tecido ovariano.

Os efeitos in vitro da Aloe vera no ovério de camundongos Swiss fémeas sao
mediados pelas vias antioxidante e anti-inflamatoria.

A Aloe vera protege os foliculos e o estroma ovariano contra os danos induzidos
pela doxorrubicina em ovario de camundongos Swiss fémeas in vivo.

A Aloe vera age no ovario de camundongos Swiss fémeas in vivo reduzindo o

estresse oxidativo e a inflamacao.
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S OBJETIVOS

5.1 Objetivo geral

e Discutir as estratégias para a protecdo contra os danos ovarianos induzidos pela
quimioterapia, com énfase no papel dos compostos naturais.

e Investigar o potencial do extrato de Aloe vera na atenuagdo dos efeitos adversos da
doxorrubicina sobre a funcdo ovariana de camundongos Swiss fémeas, utilizando

modelos in vitro e in vivo.

5.2 Objetivos especificos

e Analisar os efeitos dos compostos naturais na preservacao da integridade dos foliculos
ovarianos em murinos submetidos a quimioterapia.

e Avaliar, por histologia classica, a morfologia, ativa¢do e desenvolvimento folicular,
além da densidade estromal, em ovarios cultivados in vitro por 6 dias com doxorrubicina
(0,3 pg/mL) e Aloe vera (5, 10, 25 ou 50%);

e Analisar a organizacdo da matriz extracelular, com base na quantifica¢ao dos niveis de
coldgeno nos ovarios cultivados in vitro por 6 dias;

e Investigar, por imunohistoquimica, a expressdo da citocina inflamatdéria TNF-o nos
ovarios cultivados in vitro por 6 dias;

e Avaliar, por RT-qPCR, a expressao relativa de RNAm dos genes antioxidantes (NRF2,
SOD e CAT) e do gene inflamatdrio (TNF-a) nos ovarios cultivados in vitro por 6 dias;

e Avaliar, por histologia classica, a morfologia, ativa¢do e desenvolvimento folicular,
além da densidade estromal, em ovarios de camundongos Swiss fémeas tratados in vivo
com Aloe vera (0,1, 1,0 ou 10 mg/kg) e doxorrubicina (10 mg/kg);

e Analisar a configuragdo da matriz extracelular nos ovarios de camundongos Swiss
fémeas tratados in vivo, com base na quantificacdo dos niveis de colageno;

e Investigar, por imunohistoquimica, a expressdo de TNF-a como marcador inflamatorio
nos ovarios de camundongos Swiss fémeas tratados in vivo;

e Avaliar, por RT-qPCR, a expressdo de RNAm dos genes antioxidantes (NRF2, SOD e

CAT) e inflamatorio (TNF-a) nos ovarios camundongos Swiss fémeas tratados in vivo;
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Abstract

Chemotherapy, while essential for cancer treatment, entails side effects that impair reproductive
function, often leading to premature ovarian failure (POF). Based on the question "What is the
impact of natural compounds on the preservation of reproductive physiology in mice subjected
to chemotherapy treatment?", this systematic review investigated the role of these protective
agents in murine models. Searches were conducted in the PubMed and Scopus databases using
specific terms such as: “natural products, chemotherapy and ovary”, “doxorubicin, ovary and
mice”, “cisplatin, ovary and mice”, and “Cyclophosphamide, ovary and mice”. Experimental
studies conducted in mice from 2019 to December 2024 were included. The 11 included studies
demonstrated that natural antioxidants compounds play a crucial role in preserving ovarian
follicle integrity by reducing apoptosis levels and attenuating chemotherapy-induced oxidative

stress. Specifically, resveratrol and gallic acid showed significant protection of ovarian follicles

in mice treated with doxorubicin, while quercetin and epigallocatechin-3-gallate mitigated
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damage induced by cyclophosphamide. Rosmarinic acid and rutin preserved the ovarian
follicles in mice undergoing cisplatin treatment. Additionally, phenolic acids (protocatechuic
and gallic), Amburana cearensis extract, flavonoids (rutin and quercetin), polyphenols
(resveratrol and epigallocatechin-3-gallate), rosmarinic acid and curculigoside demonstrated
follicle preservation via modulation of the PTEN/Akt and AKT/mTOR pathways, regulation of
autophagy, and enhanced antioxidant defense. These findings highlight the potential of natural
antioxidant compounds as adjuvants in protecting ovarian function, offering promising
prospects for fertility preservation. Clinical application requires further studies to confirm the

safety and efficacy of natural compounds without compromising chemotherapy.

Keywords: Chemotherapy; Natural products; Fertility; Ovary; Mice.

Introduction

Chemotherapy aims to interrupt or prevent the proliferation of cancer cells, thus
constituting the primary therapeutic strategy in oncology [1]. Anticancer drugs represent a
broad and diverse array of medications [2]. Over the past decades, significant therapeutic
advances have been achieved in oncology, contributing to improved survival rates among
children and young adults. Nevertheless, reproductive function is often compromised, leading
to subsequent premature ovarian failure (POF) [3], due to the interaction of antineoplastic drugs
with healthy ovarian cells [2]. The POF is defined as the loss of ovarian function before the age
of 40, with diagnostic criteria including the occurrence of oligomenorrhea or amenorrhea for at
least four months and two or more basal follicle-stimulating hormone (FSH) measurements >25
mlIU/mL, taken at least four weeks apart. According to etiology, POF can be classified into
primary and secondary forms, with chemotherapy-induced POF being categorized as the

secondary type [4].
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Chemotherapy disrupts the delicate balance of the ovarian microenvironment, thereby
reducing oocyte developmental competence and increasing follicular atresia [5]. Consequently,
various agents and a number of protective strategies have been developed to mitigate the
adverse effects of chemotherapy on the ovaries. Available options include embryo, oocyte, and
ovarian tissue cryopreservation. Furthermore, Kartlasmis ef al. [6] reported the use of agents
such as sphingosine-1-phosphate, tamoxifen, crocetin, mechanistic target of rapamycin
complex inhibitors, and tyrosine kinase inhibitors to counteract the damage caused by
alkylating agents. These agents improve follicular and ovarian vascular development,
preventing follicular death. However, it remains imperative to demonstrate that these agents not
only protect the ovary from damage but also do not impair the efficacy of chemotherapy itself
[7].

In recent years, natural antioxidants have attracted increasing attention due to their low
toxicity and potential to modulate oxidative stress and inflammatory processes in cells,
potentially alleviating the side effects of chemotherapy on healthy tissues [8]. Moreover, natural
compounds can exert anticancer effects by targeting cancer stem cells and inhibiting their
signaling pathways. Phytochemicals, characterized by low toxicity, efficacy at minimal doses,
and a broad spectrum of biological activities—such as anti-inflammatory, antiproliferative,
antioxidant, and anticancer effects—are promising candidates for cancer treatment [9].
Therefore, understanding the mechanisms underlying ovarian damage is crucial to the
development of therapeutic strategies capable of mitigating these effects and preserving
fertility. In this context, increasing interest has been directed toward protective approaches, with
particular emphasis on natural compounds whose antioxidant and anti-inflammatory properties
show potential in attenuating chemotherapy-induced damage.

This study aims to discuss strategies for protecting against chemotherapy-induced

ovarian damage, with a particular focus on the role of natural compounds. Accordingly, this



64

research seeks to answer the following questions: What is the impact of natural compounds on
the preservation of reproductive physiology in mice undergoing chemotherapy? What is the

efficacy and safety profile of these compounds?

Methodology

Protocol Registration and Reporting Guideline

The protocol for this systematic review was registered in PROSPERO
(CRD420250622133) under the title "Evaluation of the Effect of Natural Compounds on the
Preservation of Reproductive Physiology in Mice Treated with Chemotherapy: A Systematic
Review." To ensure transparency and reporting quality, this study was conducted in accordance

with PRISMA guidelines.

Data Sources and Search Strategy

Searches were conducted from 2019 to December 2024 in the PubMed and Scopus
databases. The search strategy employed the following terms: “natural products and

99 ¢¢

chemotherapy and ovary,” “doxorubicin and ovary and mice,” “cisplatin and ovary and mice,”
and “Cyclophosphamide and ovary and mice.” The search was restricted to experimental
studies conducted in animals. No language restrictions were imposed. Additionally, the

reference lists of selected primary studies were examined to identify further relevant citations

not retrieved during the initial search.

Study Selection

Two investigators (E.I.T.A. and J.P.C.) independently screened titles and abstracts
using a review management platform (Rayyan QCRI). Studies deemed potentially eligible were

subjected to full-text review. In cases where there was a divergence of opinion, a third
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investigator (J.R.V.S.) was engaged to facilitate a discussion and determine the inclusion or

non-inclusion of these elements.

PICO Definition

Population (P): Female mice subjected to chemotherapy. Intervention
(D): Administration of natural compounds in association with chemotherapy. Comparator
(C): Control groups consisting of mice not receiving natural compounds — either treated with
vehicle or untreated — provided they allow comparison with the experimental group. Outcome
(O): Assessment of reproductive physiology preservation, measured, for example, by the count

or percentage of morphologically normal ovarian follicles.

Data Extraction and Quality Assessment

Two investigators (E.LLT.A. and J.P.C.) independently extracted data using a

standardized form. The following data were collected:

Study characteristics: experimental design, number of groups, number of animals per
group;
e Animal model details: species, age, and sex;
e Intervention details: type of chemotherapeutic agent, dosage, frequency, treatment
duration, and specifics of the administered natural compounds;

e Outcomes: primary outcomes (e.g., count or percentage of morphologically normal
ovarian follicles) and secondary outcomes (types of chemotherapeutic agents and
natural compounds, among other relevant parameters).

In the event of a divergence of opinion, the two investigators were required to engage

in a dialogue or consult with a third investigator (J.R.V.S.).

Assessment of risk of bias
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The included studies were assessed by two independent investigators (E.L'T.A. and
J.P.C.) with SYRCLE's risk of bias tool. The tool under consideration comprises six domains,
namely selection bias, performance bias, detection bias, attrition bias, reporting bias, and other
sources of bias. The tool contains 10 items, with each item being assigned a judgment of “+” =
Low risk of bias (clearly described and adequate methodology); “—” = High risk of bias
(inadequate or absent methodology); “?”” = Unclear risk of bias (insufficient information for
judgment). Disagreements were subject to either negotiation or adjudication by a third

researcher (J.R.V.S.).

Data Synthesis and Analysis

Due to the heterogeneity among studies — in terms of doses, experimental protocols,
and outcome measures — data were synthesized narratively. Methodological characteristics and

main findings of the included studies were described and qualitatively compared.

Results
Results of literature screening

The initial database search yielded a total of 491 studies, of which 449 records were
retained subsequent to the exclusion of duplicates. Following a thorough review of the titles
and abstracts, seventeen studies were selected for further consideration. Following a thorough
review of the complete text, 11 studies were ultimately incorporated into the analysis,
contingent upon meeting the predetermined inclusion and exclusion criteria. The screening

process for the included studies is depicted in Fig. 1.



67

Identification of studies via databases and registers

Records removed before screening:
Duplicate records removed (n = 42)
Records marked as ineligible by
automation tools (n = 0)

Records removed for other reasons

l (n=0)

Records identified from*:
Databases (n =491) —>
Registers (n = 0)

—

\4

Reports excluded:

Synthetic product (n = 2)

Associated with microorganism (n = 1)
l Did not use chemotherapy (n= 3)

Reports assessed for eligibility
(n=17) — >

)
Records screened L 5 | Records excluded**
(n=449) (n=432)
Reports sought for retrieval Reports not retrieved
(n=17) — > | n=0)

—

Studies included in review (n = 11)
Reports of included studies (n = 0)

—

Fig. 1 PRISMA 2020 flow diagram for systematic reviews

Characteristics of the Included Studies

The eleven included studies were published between 2020 and 2024 and involved a
total of mice aged between 5 and 8 weeks, corresponding to the reproductive age in women.
Table 1 summarizes the characteristics of the included studies, presenting information regarding
the type of female mice used, the experimental interventions, the chemotherapeutic agents
administered, and the main findings obtained. In this synthesis, studies employing cisplatin
highlighted the efficacy of antioxidant agents in preserving ovarian follicles. Lins et al. [10]
demonstrated that pre-treatment with N-acetylcysteine (NAC) or rutin — particularly at a dose
of 10 mg/kg — prior to cisplatin administration (5 mg/kg, intraperitoneally) maintained the

number of morphologically normal follicles close to control levels. Complementarily, Gouveia
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et al. [11] observed that administration of protocatechuic acid at 20 mg/kg preserved normal
follicles more effectively compared to higher doses. Gui et al. [12] and Gouveia et al. [13]
reinforced these findings, showing that treatment with rosmarinic acid, NAC, or Amburana
cearensis extract contributed to the maintenance of normal follicles by reducing apoptosis and
oxidative stress through modulation of the Phosphatase and Tensin Homolog (PTEN)/Protein
Kinase B (Akt) signaling pathway.

Moreover, several studies employing cyclophosphamide reported notable protection
of ovarian follicles through the use of natural compounds. Li et al. [14] demonstrated that
quercetin attenuates the loss of primordial follicles, while Barberino et al. [15] reported that
pre-treatment with epigallocatechin-3-gallate at doses of 25 and 50 mg/kg protected both
follicular morphology and the primordial follicle reserve. In a model of ovarian insufficiency
induced by cyclophosphamide (90 mg/kg), Chen et al. [16] found that administration of
quercetin at doses of 25 and 50 mg/kg increased the proportion of normal follicles and
eliminated atretic follicles, suggesting the involvement of the Peroxisome Proliferator-
Activated Receptor Gamma Coactivator 1-Alpha (PGC-1a) pathway. Similarly, Meng et al.
[17] observed that treatment with curculigoside in a cyclophosphamide-induced POF model
(100 mg/kg) promoted follicular development and inhibited atresia, possibly mediated through
the Akt/mechanistic Target of Rapamycin (mTOR) pathway. Hu et al. [18] further supported
these findings, showing that resveratrol-fcd treatment in a POF model induced by busulfan and
cyclophosphamide recovered primary, secondary, and antral follicles, inhibiting ovarian
insufficiency progression and modulating autophagy pathways.

In models employing doxorubicin, studies highlighted the protection of the follicular
reserve through the use of various natural compounds. In hybrid mice (C57BL/6 x Balb/c),
Herrero et al. [20] found that administration of resveratrol combined with doxorubicin

increased the numbers of primary and antral follicles, prevented the formation of atretic
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follicles, and preserved the primordial reserve. Similarly, Silva et al. [21] demonstrated that
pre-treatment with gallic acid at a dose of 50 mg/kg protected follicular morphology in mice
treated with doxorubicin. It is noteworthy that primordial follicles were not analyzed in the

study by Herrero et al. [20], whereas secondary and antral follicles were not evaluated in the

study by Barberino et al. [15].

Table 1 Characteristics of the Included Studies

Species/Authors

Intervention

Results

Female Swiss mice
Lins et al. [10]

Female Swiss mice
Gouveia et al. 2021
[11]

Female C57BL/6 mice
Liet al. [14]

Female Swiss mice
Barberino et al. [15]

Female C57BL/6 mice
Chen et al. [16]

Female Balb/c mice
Meng et al. [17]

Female C57BL/6 mice
Hu et al. [18]

Cross breeding
C57BL/6 x Balb/c
female

Herrero et al. [19]

Female Swiss mice
Silva et al. [20]

Control (saline solution) vs. pretreatment

with NAC (150 mg/kg, po) or RT (10, 30,

or 50 mg/kg, po) for 3 days before CP (5
mg/kg) per day

Saline, CP (5 mg/kg), or pretreatment with
NAC (150 mg/kg) or PCA (20 or 50
mg/kg, po) for 3 days before CP

Single injection of CY (75 mg/kg) with or
without Que (20 or 40 mg/kg)

CY (200 mg/kg, ip) or pretreatment with
NAC (150 mg/kg, ip) or EGCG (5, 25, or
50 mg/kg, ip) for 3 days before CY

POF model with CY (90 mg/kg) followed
by treatment with Q10 or Que (12.5; 25;
50 mg/kg)

POF induced by CY (100 mg/kg, ip) and
treatment with CUR (10, 20 or 40
mg/kg/day) or estradiol valerate

POF induced by BF (30 mg/kg) + CY (120
mg/kg) and resveratrol-Bcd treatment (50
mg/kg, oral, alternate days)

7 injections of RES (7 or 15 mg/kg, ip,
every 48h) and DOX (10 mg/kg, ip, in the
3rd injection)

Pretreatment with NaCl (0.15 M, po) or
GA (50, 100 or 200 mg/kg, po) for 5 days;
DOX (10 mg/kg, ip) on the 3rd day

RT 10 mg/kg prevented the
reduction of normal follicles,
maintaining results similar to the
control

PCA 20 mg/kg better preserves
normal follicles

Que attenuates primordial follicle
loss caused by CY

EGCG (25 and 50 mg/kg) preserves
follicular morphology and
primordial follicle reserve

Que (25 and 50 mg/kg) increased
the number of normal follicles and
decreased atretic follicles,
protecting ovarian reserve via
PGClI-a

CUR promoted follicular
development and prevented atresia,
acting through the AKT/mTOR
pathway

RES recovered primary, secondary
and antral follicles by inhibiting
POI progression and modulating

autophagy

RES increased primary/antral
follicles and decreased atretic
follicles, preserving the reserve of
primordial follicles compared to the
DOX group

GA 50 mg/kg maintained normal
follicles, reduced apoptosis and
prevented inflammation
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Female Swiss mice CP injection (7 mg/kg, ip) and treatment RA Reduced Inflammation and
Gui et al. [12] with RA (2.5; 5 or 10 mg/kg) for 14 days Oxidative Stress, Protecting the
Ovary
Control: oral saline + ip; or pretreatment NAC and AC extract maintained
Female Swiss mice with NAC (150 mg/kg) or AC extract (50 normal follicles, decreased
Gouveia et al. [13] or 200 mg/kg, po) followed by CP (5 apoptosis/ROS and regulated
mg/kg, ip) PTEN/Akt expression

CY: Cyclophosphamide; CP: Cisplatin; DOX: Doxorubicin; NAC: N-acetylcysteine; EGCG: Epigallocatechin-3-
gallate; RT: Rutin; AC: Amburana cearensis;, GA: Gallic acid; PCA: Protocatechuic acid; RES: Resveratrol;
BF/CY: Busulfan and cyclophosphamide; RA: Rosmarinic acid; CUR: Curculigoside; Que: Quercetin; Q10:
Coenzyme Q10; POF: Premature ovarian failure

Risk of bias assessment results

In evaluating the 11 included studies (Table 2), it was observed that, in the domain of
selection bias, eight studies reported random sequence generation, while three lacked sufficient
detail for assessment. Baseline characteristics of age, sex and weight were clearly described in
eight studies and remained unclear in three. Allocation concealment was not reported in any of
the studies, representing a high risk of selection bias. In terms of performance bias, no study
documented randomization of animal housing or blinding of caretakers or researchers,
indicating methodological weaknesses at this stage. For detection bias, random selection of
animals for outcome assessment could not be verified in any study, but eight studies reported
blinding of outcome assessors, two did not present sufficient information and only one did not
apply the procedure. All studies presented complete outcome data, indicating a low risk of
attrition bias. Selective reporting bias and other sources of bias could not be assessed in any of
the publications due to lack of information. These findings highlight the need for greater rigor
in allocation concealment, randomization of housing and blinding of evaluators in future

experiments, to reduce biases and increase the reliability of the results.
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Table 2 Assessment of the risk of bias of the studies included in the systematic review, based on SYRCLE's Risk

of Bias Tool for studies with animal models

Selection Bias Performance Detection Attrition Reporti
Bias Bias Bias ng Bias
Author Random seline Allocatio Random 3lindin lando Blinding Incomplete Selective Other
sequence charac n housing g m outcome outcome outcome bias
generation teristic :oncealm caregiv )utco assessor) data reporting
s ent rs/inve me
tigator issess
s) ment
Herrero et + ? _ _ _ ? + + ? ?
al. [19]
Lins ef al. + + _ _ _ ? + + ? ?
[10]
Barberino + + _ _ _ ? + + ? ?
et al. [15]
Silva et + + _ _ _ ? + + ? ?
al. [20]
Gouveia et + + _ _ _ _ + + ? ?
al. [11]
Guiet al. ? + _ _ _ ? ? + ? ?
[12]
Gouveia et + + _ _ _ ? + + ? ?
al. [13]
Liet al. ? + _ _ _ ? + + ? ?
[14]
Chen et + + _ _ _ ? ? + ? ?
al. [16]
Huet al. + ? _ _ _ ? ? + ? ?
[18]
Meng et ? ? _ _ _ ? ? + ? ?
al. [17]

Legend of symbols: “+” Low risk of bias; “—" High risk of bias; “?”” Unclear risk of bias. Other bias: lack of
justification for sample size, lack of prior registration of the experimental protocol or statistical plan, and
insufficient information on funding sources or potential conflicts of interest

Natural antioxidant compounds and chemotherapeutics agents

Table 3 presents a comprehensive analysis of the natural antioxidant compounds
investigated for their ability to protect ovarian function against the deleterious effects of various
chemotherapeutic agents. The results demonstrate that these compounds exert multifaceted
effects, with properties extending beyond simple antioxidant and anti-inflammatory actions,
including cardioprotective, neuroprotective, and anti-apoptotic effects, which vary depending

on the type of chemotherapeutic agent used. In the case of doxorubicin, resveratrol emerges as
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a particularly effective compound, combining antimicrobial, anti-aging, cardioprotective, and
antioxidant properties [19]. Its action is complemented by gallic acid, which presents an even
broader pharmacological profile, including gastroprotective, neuroprotective, antimicrobial,
and anticancer effects, along with marked antioxidant activity [20]. For treatments
involving cyclophosphamide, a diverse set of protective compounds is observed: quercetin [16,
14] epigallocatechin-3-gallate [15], and Curculigoside [17] act synergistically through
antioxidant, anti-inflammatory, and immunomodulatory mechanisms. Particularly noteworthy
is resveratrol-fcd, which demonstrates efficacy even against the combined busulfan and
cyclophosphamide regimen [18], suggesting potential for more aggressive treatments.
Moreover, regarding cisplatin, ovarian protection is mediated by a distinct set of
compounds. Rosmarinic acid [12] and protocatechuic acid [11] act mainly through anti-
inflammatory and antioxidant mechanisms, while rutin adds antidiabetic and antitumor
properties to these effects [10]. Amburana cearensis extract [13] stands out due to its additional
antinociceptive effect, suggesting potential benefits in reducing treatment-associated pain.

The results described not only confirm the therapeutic value of natural compounds in
preserving ovarian function during chemotherapy but also reveal important differences in their
pharmacological profiles. Thus, the selection of the most suitable compound can be guided by
both the type of chemotherapeutic agent used and the specific adverse effects targeted for

mitigation, paving the way for personalized therapeutic strategies in reproductive oncology.

Table 3 Properties of natural compounds used to reduce deleterious effects on ovaries

Compounds / Author Properties Chemotherapy
Antimicrobial, anti-aging, anti-
Resveratrol - Herrero et al. [19] inflammatory, cardioprotective and Doxorubicin
antioxidant

Cardioprotective, gastroprotective,
Gallic acid - Silva et al. [20] neuroprotective, antimicrobial, anti- Doxorubicin
inflammatory, anticancer and antioxidant
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Quercetin - Chen ef al. [16] Anti-inflammatory and antioxidant Cyclophosphamide
Epigallocatechin-3-gallate - Antioxidants, anti-inflammatory and Cyclophosphamide
Barberino et al. [15] anti-apoptotic
Quercetin- Li et al. [14] Anti-inflammatory, antioxidant and anti-  Cyclophosphamide
cancer
Curculigoside - Meng et al. [17] Anti-inflammatory, antioxidant and Cyclophosphamide

immune-boosting
Busulfan and

Resveratrol-Bed - Hu ef al. [18] Antioxidants and antiapoptotics cyclophosphamide
Rosmarinic acid - Gui et al. [12] Anti-inflammatory andantioxidants Cisplatin
Amburana cearensis - Gouveia ef al.  Antinociceptive, anti-inflammatory and Cisplatin
[13] antioxidant
Antidiabetic, antiinflammatory,
Routine - Lins ef al. [10] antitumor, antibacterial and antioxidant Cisplatin
Antioxidants, antibacterials, anti-
Protocatechuic acid — Gouveia et al. inflammatories and neuroprotectors Cisplatin

[11]

Impact of treatments on ovarian follicles

Recent studies have demonstrated the potential of natural antioxidant compounds in
mitigating the damage caused by chemotherapeutic agents to murine reproductive physiology,
specifically in preserving the follicular reserve (Table 4). Data presented by Barberino et al.
[15] show that the administration of NAC in combination with cyclophosphamide resulted in
greater preservation of primordial follicles (50%) compared to mice treated with
cyclophosphamide alone (30%). Additionally, follicle protection was also observed with
different concentrations of epigallocatechin-3-gallate. Doses of 25 mg/kg and 50 mg/kg of
epigallocatechin-3-gallate combined with cyclophosphamide led to significant maintenance of
morphologically normal primordial follicles (50%), compared to the lowest dose (5 mg/kg
epigallocatechin-3-gallate + cyclophosphamide), which preserved only 25% of such follicles.
These findings suggest that antioxidant compounds such as NAC and epigallocatechin-3-gallate

play a crucial role in mitigating follicular damage induced by chemotherapy.
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Lins et al. [10] also reported that NAC preserved ovarian function in mice treated with
cyclophosphamide. The combination of NAC and cisplatin led to a considerable recovery of
primordial (70%) and antral follicles (85%), compared to 50% and 75%, respectively, in the
cisplatin-only group. Furthermore, different doses of rutin (10 mg/kg; 30 mg/kg; 50 mg/kg)
combined with cisplatin revealed varying degrees of follicle preservation, with the lowest dose
(10 mg/kg) resulting in the highest preservation rate of primordial (75%) and primary follicles
(80%). These findings support the hypothesis that combined antioxidant therapies, such as with
rutin, can significantly reduce the adverse effects of chemotherapy on ovarian reserve.

Similarly, Gouveia et al. [11,13] and Silva et al. [20] evaluated the protective effects
of natural compounds in murine models exposed to chemotherapeutic agents such as cisplatin
and doxorubicin. In Gouveia et al. [11], treatment with protocatechuic acid at doses of 20 mg/kg
and 50 mg/kg preserved primordial follicles at 70%, compared to 45% in the cisplatin-only
group. Regarding antral follicles, both doses of protocatechuic acid preserved 50% and 40%,
respectively, while the cisplatin-only group presented only 30%. In a subsequent study, Gouveia
et al. [13] investigated Amburana cearensis extract and observed that the 50 mg/kg dose
preserved 60% of primordial follicles and 50% of antral follicles, compared to 30% and 25%,
respectively, in the cisplatin-only group. Moreover, Silva et al. [20] demonstrated that gallic
acid, particularly at the dose of 50 mg/kg combined with doxorubicin, preserved 85% of
primordial follicles, while the doxorubicin-only group showed only 35%. These findings
reinforce the role of natural antioxidants in preserving different follicular populations and in
mitigating chemotherapy-induced ovarian damage.

Herrero et al. [19] further supported the potential of resveratrol in preserving murine
reproductive physiology exposed to doxorubicin. In the control group, 40% of antral follicles
were preserved while doxorubicin alone reduced this rate to 20%. However, treatment with 7

mg/kg of resveratrol increased preservation to 40%, and the 15 mg/kg dose resulted in 35%.



75

Regarding primary follicles, doxorubicin alone preserved only 4% of morphologically normal
follicles, while resveratrol increased this to 12% at 7 mg/kg and 9% at 15 mg/kg. These results
suggest that the 7 mg/kg dose was more effective in reducing reproductive damage, indicating

that moderate doses may be more beneficial in follicular protection.

Table 4 Percentage of morphologically normal ovarian follicles by group

Primordial Primary Secondary Antral follicle
Authors / Treatments follicle follicle (preantral
follicle)
Control 55% 25% Not evaluate Not evaluate
CY 30% 50% Not evaluate Not evaluate
Barberino NAC+CY 50% 30% Not evaluate Not evaluate
et al. [15] 5 mg/kg EGCG+CY 25% 50% Not evaluate Not evaluate
25 mg/kg EGCG+CY 50% 25% Not evaluate Not evaluate
50 mg/kg EGCG+CY 50% 25% Not evaluate Not evaluate
Control 80% 75% 75% 76%
CP 50% 40% 20% 75%
Lins ef al NAC+CP 70% 60% 60% 85%
ins .
[10] 10 RT + CP 75% 80% 75% 85%
30 RT +CP 50% 75% 40% 85%
50 RT + CP 45% 35% 20% 75%
Control 80% 70% 75% 60%
CP 45% 40% 20% 30%
Gouveia et
NAC 65% 60% 65% 50%
al. [11]
20 mg/kg PCA 70% 80% 60% 50%
50 mg/kg PCA 70% 65% 60% 40%
Control 80% 70% 70% 85%
CP 30% 30% 25% 25%
Gouveia et
NAC 60% 70% 85% 85%
al. [13]

50 mg/kg AC 60% 55% 60% 50%
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200 mg/kg AC 50% 70% 60% 45%

Control 80% 80% 80% 95%

DOX 35% 35% 30% 20%
Silva et al.

50 mg/kg GA+DOX 85% 80% 80% 80%
[20]

100 mg/kg GA+DOX 80% 65% 40% 20%

200 mg/kg GA+DOX 60% 60% 25% 20%

Control Not evaluate 9% 25% 40%

DOX Not evaluate 4% 20% 20%
Herrero et

7 mg/kg RES+DOX Not evaluate 12% 20% 40%
al. [19]

15 mg/kg RES+DOX  Not evaluate 9% 20% 35%

CY: Cyclophosphamide; CP: Cisplatin; DOX: Doxorubicin; NAC: N-acetylcysteine; EGCG: Epigallocatechin-3-

gallate; RT: Rutin; AC: Amburana cearensis; GA: Gallic acid; PCA: Protocatechuic acid; RES: Resveratrol

Gui et al. [12] investigated the impact of cisplatin on mice and the protective effect of
different doses of rosmarinic acid. In the control group, 23 primordial follicles, 12 primary, 6
secondary, and 4 antral follicles were observed. Treatment with cisplatin led to a reduction in
primordial (17) and antral follicles (2), highlighting its toxicity. Administration of rosmarinic
acid at 2.5 mg/kg and 5 mg/kg did not show significant improvements compared to cisplatin
alone. However, the 10 mg/kg dose restored the count of primordial (22) and antral follicles (4)
to levels close to the control group, suggesting a significant protective effect of rosmarinic acid
against cisplatin (Table 5).

Hu et al. [18] evaluated the effect of resveratrol-Bcd on follicular preservation in a
model of premature ovarian insufficiency (POI) induced by busulfan and cyclophosphamide.
In the POI group, a sharp decrease in follicle numbers was observed: 50 primary, 100 secondary,
and 50 antral follicles. In contrast, treatment with resveratrol-fcd significantly restored these
structures, with 200 primary, 300 secondary, and 310 antral follicles. These findings show that
resveratrol-fcd was able to significantly restore the follicular population, even surpassing the

levels observed in the control group (390 primary, 800 secondary, and 410 antral follicles),
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suggesting a potent regenerative and protective effect of the compound against chemotherapy-
induced damage.

Chen et al. [16] evaluated the effects of different treatments following
cyclophosphamide exposure. Cyclophosphamide alone resulted in minimal follicle preservation
(10 primordial and 1 antral follicle), indicating severe ovarian damage. Administration of low
and medium doses of quercetin (12.5 mg/kg and 25 mg/kg) and coenzyme Q10 showed some
preservation, but they were not as effective as the high-dose quercetin group (50 mg/kg), which
preserved 7 primordial and 3 antral follicles. Coenzyme Q10 showed lower counts, suggesting
quercetin may be more effective in protecting against cyclophosphamide-induced damage
(Table 5).

Li et al. [14] demonstrated the effects of quercetin on ovarian follicle preservation in
mice treated with cyclophosphamide. In the control group, 600 primordial and 250 primary
follicles were observed. These values dropped drastically in the group treated only with
cyclophosphamide (200 primordial and 150 primary follicles), evidencing the drug’s
deleterious effect. Administration of quercetin at doses of 20 mg/kg and 40 mg/kg resulted in a
substantial recovery of primordial follicles (500 and 550, respectively) and primary follicles
(148 and 145, respectively), indicating a dose-dependent protective effect. These findings
reinforce the antioxidant and cytoprotective potential of quercetin in preserving the follicular

reserve in the face of cyclophosphamide-induced toxicity.

Table 5 Count of morphologically normal ovarian follicles by group

Primordial Primary Secondary Antral follicle
Authors / Treatments follicle follicle (preantral
follicle)
Control 23 12 6 4
CP 17 7 3 2

CP+2.5 mg/kg AR 17 7 3 2
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Gui et al. CP+5mg/kg AR 20 8 4 3
[12] CP+10mg/kg AR 22 10 6 4
Control Not evaluate 390 800 400
Resv Not evaluate 390 800 410
Hu et al.
BF/CY Not evaluate 50 100 50
[18]
BF/CY + Resv Not evaluate 200 300 310
Control 9 6 5 2
CY 10 1 1 1
ue 12.5 mg/k 7 2 1 3
Chen et al. Q gke
[16] Que 25 mg/kg 6 3 1 3
Que 50 mg/kg 7 4 2 3
Q10 6 5 2 2
Control 600 250 Not evaluate Not evaluate
CY 200 150 Not evaluate Not evaluate
Liet al.
[14] Que 20 mg/kg 500 148 Not evaluate Not evaluate
Que 40 mg/kg 550 145 Not evaluate Not evaluate

CP: Cisplatin; CY: Cyclophosphamide; BF/CY: Busulfan and cyclophosphamide; RA: Rosmarinic acid; RES:

Resveratrol; Que: Quercetin; Q10: Coenzyme Q10

Tble 6 shows the percentage of atretic and normal follicles in different experimental
groups, highlighting the protective effect of Curculigoside and estradiol valerate in mice treated
with cyclophosphamide. The control group shows the lowest atresia percentage (19%) and the
highest percentage of normal follicles (100%), whereas the group treated exclusively with
cyclophosphamide displays the worst outcome (30% atresia and 80% normal follicles). In the
groups treated with curcumin at doses of 10, 20, or 40 mg/kg, there is a significant reduction in
atretic follicles (20%, 21%, and 22%, respectively) and an increase in normal follicles (90%—
91%), values similar to those observed in the group treated with estradiol valerate (21% atretic
follicles and 90% normal follicles), confirming the potential of these treatments in protecting

against chemotherapeutic-induced reproductive injury.
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Table 6 Percentage of normal and atretic follicles

Normal
Atretic follicles
Author / Treatments follicles
Control 19% 100%
CY 30% 80%
CURI10 mg/kg 20% 90%
Meng et al. [17] CUR20 mg/kg 21% 90%
CUR40 mg/kg 22% 91%
Estradiol valerate 21% 90%

CY: Cyclophosphamide; CUR: Curculigoside

Discussion

In preclinical models, chemotherapeutic agents exert deleterious effects on ovarian
reserve, directly affecting follicle viability and granulosa cell function [21,22]. Oxidative stress
and inflammation play a crucial role in chemotherapy-induced follicular atresia. Activation of
the Nuclear Factor kappa B (NF-kB) pathway amplifies the expression of pro-inflammatory
mediators, intensifying tissue stress and exacerbating ovarian damage [23,24]. Markowska et
al. [25] showed that elevated levels of inflammatory cytokines, such as Tumor Necrosis Factor
Alpha (TNF-a) and Interleukin-6 (IL-6), are correlated with a reduction in primordial and
primary follicles, compromising long-term fertility. Nguyen et al. [26] emphasized that
granulosa cells are particularly vulnerable to excess Reactive Oxygen Species (ROS) generated
by chemotherapy treatment, presenting accumulation of lipid peroxides and decreased activity
of antioxidant enzymes. Furthermore, Xie et al. [27] confirmed that oxidative stress precipitates
granulosa cell apoptosis through the activation of pro-apoptotic proteins, such as BCL2-

Associated X Protein (Bax), and the reduction of B-Cell Lymphoma 2 (Bcl-2), promoting
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follicular atresia. This scenario creates a vicious cycle in which DNA damage and oxidative
stress feed back into the inflammatory response, accelerating the loss of ovarian reserve.

In this context, the Phosphatidylinositol 3-Kinase (PI3K)/PTEN/Akt)/Forkhead Box
Protein O3 (FOXO3a) signaling pathway emerges as a critical regulator of follicular activation
and cell survival [28]. Chi ef al. [29] demonstrated that in mice and human ovarian tissue,
dysregulated activation of this pathway can lead to premature activation of primordial follicles,
exhaustion of the reserve and a drop in Anti-Miillerian Hormone (AMH) levels. Zatalian et al.
[30] added that cyclophosphamide-induced hyperactivation of PI3K/Akt/mTOR in primordial
follicles enhances the phosphorylation of key proteins, reducing AMH and promoting early
activation. Furthermore, p-Akt phosphorylates FOXO3a, translocating it to the cytoplasm and
interrupting its function of maintaining follicular quiescence, which culminates in granulosa
cell apoptosis and follicular loss [14,15,11]. Thus, modulation of this pathway has proven to be
a promising target for ovarian protection strategies.

In this context, several natural compounds have been widely investigated for their
ability to attenuate ovarian damage induced by chemotherapeutic agents [31]. Doxorubicin
significantly reduces the number of primordial follicles and causes premature activation of the
follicular reserve, associated with decreased proliferation of granulosa cells [21]. Furthermore,
it induces DNA double-strand breaks that activate apoptotic pathways via p53 and caspase-3
[22]. Herrero et al. [19] demonstrated that treatment with resveratrol significantly reduces
oxidative stress levels, such as Malondialdehyde (MDA) concentration, in addition to
decreasing apoptosis in the ovarian cortex of mice exposed to doxorubicin, preserving follicular
architecture and the expression of the antioxidant enzyme Superoxide Dismutase (SOD).
Additionally, Hu et al. [18] developed a formulation of resveratrol complexed with B-
cyclodextrin, which improved its stability and bioavailability. This formulation was able to

suppress the progression of ovarian failure in a POl model induced by busulfan and
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cyclophosphamide, promoting the positive modulation of IL-6 secretion, the stimulation of
autophagy in granulosa cells and the restoration of hormonal markers essential for reproductive
function. The relationship between oxidative stress and autophagy, in this scenario, is
particularly relevant: when ovarian cells face redox imbalances, the activation of autophagy
represents a crucial adaptive response for the removal of damaged organelles and proteins,
favoring cellular recovery and the maintenance of tissue homeostasis [32].

Among phenolic acids, gallic acid and rosmarinic acid have been shown to be effective
in attenuating oxidative stress. Silva et al. [20] demonstrated that co-treatment of gallic acid
(50 mg/kg) with doxorubicin preserved the percentage of normal follicles, maintained cell
proliferation, reduced caspase-3 expression, and increased Reduced Glutathione (GSH) levels
and mitochondrial activity in mice. Furthermore, studies indicate that cisplatin cycles lead to
degeneration of the ovarian cortex and histological changes typical of follicular atresia [33]. In
this adverse scenario, Gui et al. [12] demonstrated that rosmarinic acid was able to significantly
reduce the levels of Nitric Oxide (NO) and Myeloperoxidase (MPO) in the ovarian tissue of
mice treated with cisplatin, while increasing the antioxidant enzymes GSH, SOD, Catalase
(CAT) and Glutathione Peroxidase (GPx). Furthermore, this compound inhibited pro-
inflammatory cytokines, such as IL-6, TNF-a and Interleukin-1 Beta (IL-1p), and suppressed
the expression of Cyclooxygenase-2 (COX-2) and Inducible Nitric Oxide Synthase (iNOS),
culminating in relevant histological improvement. These combined actions attenuate ROS
overload and preserve redox homeostasis, preventing excessive apoptosis of granulosa cells.

In the case of flavonoids, both rutin and quercetin have remarkable protective effects.
Lins et al. [10] observed that pretreatment with 10 mg/kg rutin, before cisplatin administration,
preserved the percentage of normal follicles and granulosa cell proliferation, reducing apoptosis
and ROS levels by inhibiting PTEN phosphorylation and maintaining p-FOXO3a in the

nucleus. Similarly, Li et al. [14] showed that quercetin attenuates cyclophosphamide-induced
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follicular loss by inhibiting the phosphorylation of PI3K, Akt, and FOXO3a, maintaining basal
AMH levels and preserving primordial pool quiescence, which prevents premature activation.
Furthermore, Chen et al. [16] reported that quercetin not only elevated AMH, Estradiol (E2),
and progesterone, but also activated Peroxisome Proliferator-Activated Receptor Gamma
Coactivator 1-Alpha (PGC-1a) and Mitochondrial Transcription Factor A (TFAM), promoting
mitochondrial biogenesis and reducing pyroptosis in granulosa cells by suppressing NOD-,
LRR-, and Pyrin Domain-Containing Protein 3 (NLRP3), caspase-1, and IL-1p, enhancing cell
survival and follicular integrity. Cyclophosphamide induces intense follicular atresia,
inflammation, and mitochondrial dysfunction, resulting in premature ovarian failure [15,23]. In
addition, it is worth noting that apoptosis or dysfunction of granulosa cells is considered one of
the main factors associated with follicular atresia and the development of POF, since these cells
play an essential role in the support, nutrition, and hormonal signaling for the developing oocyte
[34].

Additionally, Amburana cearensis and protocatechuic acid — one of its main phenolic
compounds — also play a relevant role in modulating cell survival pathways. Gouveia et al.
[11] demonstrated that pretreatment with protocatechuic acid (20 mg/kg) reduced cisplatin-
induced p-PTEN expression, increased nuclear export of p-FOXO3a, decreased markers of
apoptosis and maintained mitochondrial activity, in addition to increasing GSH levels. It is
worth noting that cisplatin tends to accumulate preferentially in mitochondria, where it triggers
crosslinking of mitochondrial DNA (mtDNA) and opening of the permeability transition pore,
resulting in bioenergetic collapse characterized by oxidative stress and mitochondrial
dysfunction [35]. Similarly, Gouveia et al. [13] showed that Amburana cearensis extract, rich
in protocatechuic acid, was able to preserve the integrity of normal follicles, maintain cell
proliferation, reduce ROS levels and increase GSH concentration, in addition to positively

modulating p-PTEN and p-Akt proteins after exposure to cisplatin. This combination of effects



83

— involving the balance between PTEN/Akt pathway signaling and control of the redox state
— proves to be essential to protect the ovarian reserve against chemotherapeutic insult.

Epigallocatechin-3-gallate, a widely studied catechol, stands out for its remarkable
cytoprotective properties. Barberino et al. [15] demonstrated that pretreatment with
epigallocatechin-3-gallate (25 mg/kg) was able to regulate the phosphorylation of Akt,
FOXO3a and ribosomal protein S6 (rpS6), preventing follicular loss, reducing oxidative stress,
attenuating inflammation and decreasing apoptosis in a model of cyclophosphamide-induced
follicular atresia. This precise modulation of the mTOR and apoptotic pathways contributed to
preserving cellular integrity and functional balance, maintaining not only follicular morphology
but also steroidogenic function. In this context, it is important to highlight that
cyclophosphamide is widely known to disrupt ovarian function, potentially causing follicular
depletion and a reduction in serum estrogen levels, which compromises fertility and hormonal
balance [36].

Finally, curculigoside has been shown to be a promising agent in preserving ovarian
function against chemotherapy-induced toxicity. Meng et al. [17] demonstrated that this
compound reduces follicular atresia, improves body weight and ovarian index, and increases
the expression of AMH, E2 and FSH in cyclophosphamide-induced POF models. Granulosa
cell apoptosis, in turn, directly compromises AMH secretion and accelerates the depletion of
the dormant follicle pool, promoting early activation of primordial follicles and contributing to
ovarian failure [37]. Curculigoside also exerts a protective effect by inhibiting excessive
autophagy and activating the Akt/mTOR pathway, mechanisms that reduce apoptosis in
granulosa cells and favor the production of factors associated with mitochondrial survival. It is
noteworthy that autophagy occurs predominantly in these cells and is directly involved in
follicular atresia, acting as a link between cellular stress and the progressive loss of ovarian

function [38]. These findings reinforce the therapeutic potential of natural compounds capable
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of acting in an integrated manner in the regulation of the redox state and in the modulation of
intracellular pathways essential for the maintenance of the follicular reserve.

In short, the protective effects observed by the different natural compounds
converge on two main axes: the reduction of oxidative stress and the modulation of cell survival
pathways (PI3K/PTEN/Akt/FOX0O3a and Akt/mTOR). While exacerbated ROS generation and
the inflammatory response mediated by NF-kB and pro-inflammatory cytokines accelerate
follicular atresia, administration of specific antioxidants restores redox balance, preserves
mitochondrial function and maintains quiescence of the primordial pool. At the same time, by
positively modulating Akt signaling and inhibiting FOXO3a hyperphosphorylation, these
compounds delay premature follicle activation, preventing their exhaustion. Furthermore, the
elucidation of the mechanisms underlying chemotherapy-induced ovarian toxicity — from
irreversible DNA damage and oxidative stress to the dysregulated activation of apoptotic and
inflammatory pathways — supports the use of natural products as protective agents. By
modulating cellular and molecular responses, these adjuvants not only preserve follicular
reserve, but also emerge as a valuable strategy for maintaining fertility and quality of life in
young women undergoing chemotherapy, representing an advance in the integrated and

multidisciplinary approach to cancer treatment [39,40].

Conclusion

Chemotherapeutic agents impair ovarian function by causing follicular atresia,
reducing the follicular reserve, and inducing apoptosis due to the inhibition of granulosa cell
proliferation and irreversible DNA damage. These deleterious effects lead to premature
depletion of the ovarian reserve and reduced fertility. The natural antioxidant compounds have
emerged as effective and safe alternatives to preserve ovarian function during chemotherapy,
acting on multiple molecular targets. Agents such as resveratrol, epigallocatechin-3-gallate,

rutin, quercetin, curculigoside, gallic acid, rosmarinic acid, protocatechuic acid, and Amburana
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cearensis extract have demonstrated antioxidant and anti-inflammatory activity in preclinical
models by neutralizing free radicals, restoring endogenous antioxidant levels, and attenuating
apoptosis. Their ability to modulate critical pathways, such as oxidative stress and apoptotic
responses, makes them ideal adjuvants to counteract chemotherapy-induced ovarian failure.
Translating these findings into clinical practice requires further studies to validate their efficacy
in humans, ensuring that the protective action does not compromise the antitumor effectiveness.
Thus, this review highlights the importance of integrated strategies that balance oncologic
efficacy with fertility preservation, offering new perspectives for the management of young

cancer patients.
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Abstract

The present study investigated the protective effect of Aloe vera extract against the toxic effects
of doxorubicin (DOX) on mice ovaries cultured in vitro. Female Swiss mice with regular estrous
cycle were used. The animals (n=37) had their ovaries collected and cultured individually in a
24-well plate at 37.5°C in 5% CO> for 6 days. The ovaries were culture DMEM" alone or
supplemented with DOX (0.3 pg/ml), as well as both DOX and Aloe vera (5%, 10%, 25% or
50%). After culture, ovaries were fixed for histological analysis (follicle morphology, growth
and activation, extracellular matrix (ECM) configuration and stromal cell density),
immunohistochemistry (7NF-a expression) or stored at’-800C to evaluate the levels of mRNA

for superoxide dismutase (SOD), catalase (CAT), nuclear factor- erythroid 2-related factor 2
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(NRF2) and tumoral necrosis factor-a (7NF-a) by real-time PCR. The results showed that
ovaries cultured with DOX had a lower percentage of normal follicles and reduced stromal cell
density, but when Aloe vera extract was added to the culture medium, there was a protective
effect on the ovarian structure against the deleterious effects of DOX. In addition, ovaries
cultured with both DOX and Aloe vera (10 and 25%) had reduced TNF-o immunostaining and
increased expression of mRNA for antioxidant enzymes (SOD, CAT and NRF2). In conclusion,
Aloe vera is associated with a protective effect on ovarian follicles and stromal cells against
DOX-induced toxicity. Therefore, Aloe vera has great potential to preserve fertility in patients
undergoing chemotherapy treatment, which often cause irreversible damage to oocytes.
Keywords: Aloe vera; doxorubicin; fertility preservation, in vitro culture; mice.
1 Introduction

The technological advances in diagnosis and therapy of cancer has contributed to
increase the survival rate of patients (Owumi et al. 2023). For women in reproductive age,
understanding and reducing the long-term adverse effects of cancer therapy has increasingly
become a critical issue to preserve reproductive capacity (Nelson and Levine 2023). Premature
ovarian failure and infertility are serious side effects of chemotherapy protocols in young female
cancer survivors (Herrero et al. 2023). Doxorubicin (DOX) is one of the most widely prescribed
first-line chemotherapy drugs, demonstrating significant therapeutic potential (Methaneethorn
et al. 2023). It is recognized as one of the most effective chemotherapy drugs approved by the
Food and Drug Administration (FDA) to treat various cancer types, like breast cancer,
carcinomas, sarcomas and hematological malignancies (Kciuk et al. 2023). The cytotoxic
effects of DOX are associated with topoisomerase II inhibition, cytochrome c release from
mitochondria, DNA intercalation, DNA unwinding/splitting, increased alkylation, and
generation of free radicals leading to oxidative stress (Peter et al. 2022). The DOX oxidative

effects include a significant reduction in the level of endogenous antioxidant enzymes, such as
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superoxide dismutase (SOD), NAD(P)H quinone oxidoreductase-1 (NQO-1), heme oxygenase-
1 (HO-1), glutathione peroxidase (GPX) and catalase (CAT), which significantly reduces
antioxidant defense system and cause redox imbalance (Qi et al. 2020). It increases the levels
of kelch-like ECH-associated protein 1 (Keapl), inhibits the expression of erythroid-related
nuclear factor 2 (NRF2) HO-1, NAD(P)H oxidase, and aggravates oxidative stress (Shi et al.
2023). In the ovaries, DOX has been mainly associated with reduced antioxidant capacity,
increased reactive oxygen species (ROS), and inflammatory response, leading to cell apoptosis
(Han et al. 2020).

In this sense, the administration of natural compounds with antioxidant and anti-
inflammatory properties may be a potential strategy to prevent or attenuate DOX-induced
ovarian damage (Silva et al. 2023). Thus, medicinal plants and their derivatives have several
beneficial effects, including the reduction of ROS, the prevention of cell apoptosis and the
modulation of pro-inflammatory factors (Silva ef al. 2023; Lins et al. 2020). In particular, Aloe
vera extract has several pharmacological properties such as antioxidant, immunomodulatory,
bactericidal, antiviral, antifungal and anti-inflammatory because of a variety of chemicals
compounds, such as flavonoids, anthraquinones, enzymes, vitamins and phenolic acids
(Ceravolo et al. 2021). Recently, Aloe vera was used as an adjuvant therapy in the treatment of
polycystic ovary syndrome (PCOS) in mice (Ghagane et al., 2023). Furthermore, Aloe vera
extract improves extracellular matrix distribution and increases mRNA expression for
peroxirredoxin 6 in bovine ovarian tissue culture in vitro (Costa et al., 2022). In secondary
follicles, Aloe vera extract also increased antrum formation, viability and mRNA expression for
superoxide dismutase (bovine: Azevedo et al., 2021). Thus, we hypothesize that Aloe vera
extract can protect ovarian follicles and stromal cells against DOX-induced toxicity.

The present study aims to investigate (I) the protective effects of Aloe vera extract on

DOX-induced ovarian toxicity and (II) the underlying mechanisms that mediate these effects.
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Thus, the effects of Aloe vera on follicular morphology, activation of primordial follicles,
maintenance of ovarian stromal cell density, extracellular matrix (ECM) configuration, TNF-o.
immunostaining and expression of antioxidant enzymes were evaluated in vitro cultured ovaries.
2 Material and methods
2.1 Chemicals
Doxorubicin (CAS number: 25316-40-9, Sigma), the culture medium and other

chemicals used in this study were purchased from Sigma Chemical Co. (St Louis, MO, USA).
2.2 Plant material and extract preparation

The plant was cultured in Sobral - CE, northeast of Brazil (3° 40’ 26" S, 40° 14’ 20"
W), with semi-arid tropical climate and temperatures ranging from 24° to 36 °C. To get the
crude extract of Aloe vera, leaves at an intermediate stage of maturation were collected.
Identification of maturation stage of Aloe vera was performed according to Ahlawat et al.
(2013). The selected leaves had a yellowish-green color and were at the intermediate position
of the plant central axis. Immediately after collection, the leaves were disinfected, placed in a
thermal box and transported to the laboratory within 1 h at room temperature (~25 °C). Then,
the leaves were washed with distilled water and their surface parts were removed to expose
colorless gel that was extracted from parenchyma. After extraction, the gel was filtered through
a sieve and stored at 4 °C in sterile 50 mL Falcon tubes until used (Costa et al. 2021). Before
supplementation of culture medium, the extract was filtered again through membranes of 0.45
pm.
2.3 Animals and evaluation of estrous cycle

This study was conducted in accordance with the guidelines and normative resolutions
of the National Council for Control in Animal Experimentation (CONCEA) and the ethical
guidelines from Ethics Committee on the Use of Animals (CEUA) of Federal University Ceara

(approved under protocol N°. 08/20). Adult Swiss female mice (Mus musculus) were kept in



97

polyethylene boxes lined with wood shavings (6 animals/box), with free access to filtered water
and feed. The animals were kept at an average temperature of 22 + 2°C, following 12h light-
dark cycles.

All female mice from 18 g and/or 2 months of age had their estrous cycle evaluated
once a day, for 15 days, between 9:00 h and 10:00 h a.m., by a single evaluator, as established
by Marcondes ez al. (2002). Briefly, the vaginal smear was collected with pipettes filled with
saline solution (10 pnL, NaCl 0.5 M) and placed on histological slides and evaluated under a
light microscope (Nikon, Eclipse, TS 100, Japao). According to the observed cells, the cycle
stage, i.e., proestrus, estrus, metestrus or diestrus was determined. Only females with a regular
cycle, that lasts 4 to 5 days, were used to carry out the experiment.

2.4 In vitro culture of ovaries

The ovaries were cultured according to the protocol described by O’Brien et al. (2003), with
modifications. Mice ovaries (n=37) were collected and cultured individually in 24-well plates
containing 0.5 ml of DMEM/HAMS F12 supplemented with penicillin G (75 pg/ml) and bovine
serum albumin (BSA) (10 pg/ml). This base medium was called DMEM™. Then, the ovaries
were cultured in DMEM™ alone or supplemented with DOX (0,3 pg/ml); both  DOX (0,3
pg/ml) and 5% Aloe vera (v/v); DOX (0,3 pg/ml) and 10% Aloe vera (v/v); DOX (0,3 pg/ml)
and 25% Aloe vera (v/v); DOX (0,3 pg/ml) and 50% Aloe vera (v/v). The Aloe vera percentages
(5, 10, 25 and 50%) represent a proportionin relation to the total medium (0.5 ml) of each well.
The concentrations of Aloe vera used in the present study were based on a previous study by
Costa eral. (2022). The culture was carried out in a humidified incubator at 37.5°C, in 5% CO»,
for 6 days. Half of the culture medium was replaced every 2 days.

2.5 Morphological assessment of ovarian follicles and cell density evaluation

Uncultured and cultured ovaries were fixed in 10% buffered formalin for 24 h and

processed for classical histology. After fixation, the ovaries were dehydrated in gradual series
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of ethanol, clarified with xylene and embedded in paraffin wax. For each ovary, 5 um sections
were mounted on slides and stained using the hematoxylin-eosin (HE) method. Quantitative
analysis of ovarian sections was carried out by an experienced researcher who is unaware of
the treatments of each group under analysis. The follicles were classified as primordial or
growing follicles (primary and secondary follicles) according to Lins e al. (2020). These
follicles were classified as morphologically normal when an intact oocyte was surrounded by
granulosa cells well organized in one or more layers, and which had no pycnotic nucleus.
Degenerated follicles were defined as those with retracted oocyte, pycnotic nucleus and/or
surrounded by disorganized granulosa cells, detached from the basement membrane (Gouveia
etal. 2021).

To evaluate ovarian cellular density, the number of stromal cells was calculated in an
area of 100 um? in all treatments. The average number of stromal cells per field was calculated
as previously described by Cavalcante et al. (2019). All evaluations and measurements were
performed by a single operator.

2.6 Analysis of extracellular matrix

To assess collagen fibers of extracellular matrix (ECM) in ovarian cortex, staining with
Picrosirius Red (Abcam Kit) was performed following the methodology described by Ritti¢
(2017), with modifications. Ovarian sections of 7 pm were dewaxed in xylene and incubated in
Sirius Red solution (0.1%) for 1 hour at room temperature. Then, the excess dye was removed
with acetic acid solution (0.5%) and the sections were dehydrated and subjected to slide
assembly with subsequent observation under an optical microscope (Nikon, Eclipse, TS 100,
Japan) under magnification 400x. For each treatment, the percentage of the area occupied by
collagen fibers in ten different fields was measured with the aid of a DS Cooled DS DS-Ril
camera attached to a microscope (Nikon, Eclipse, TS 100, Japan), and the images were analyzed

by Image J Software (Version 1.51p, 2017) with 400x magnification. Only the collagen fibers
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were marked in red color, while the follicles remained colorless (white). The analyzer software
automatically excludes the circumference of unstained follicles from the total area marked in
red. The Image J software was used to quantify the percentage of collagen fiber in uncultured
and cultured tissues. The staining intensity of collagen fibers was determined by measuring the
average pixel intensity of the total area imaged after background subtraction.
2.7 Immunohistochemistry assay

Ovaries from mice were collected and fixed in 10% buffered formalin. The ovarian
tissue was dehydrated with increasing concentrations of ethanol (Dinamica), clarified in xylene
(Dinamica), and embedded in paraffin (Dinamica). Section (5 pm thick) from each paraffin
block were cut using a microtome, mounted in Starfrost glass slides (Knittel, Braunschweig,
Germany), and taken for immunohistochemistry using procedures previously described by
Barberino er al. (2019). The slides were incubated in citrate buffer at 95°C in a decloaking
chamber (Biocare, Concord, USA) for 40 min to retrieve antigenicity, and endogenous
peroxidase activity was prevented by incubation with peroxidase blocker (H20>) for 10 min.
Nonspecific binding sites were blocked using 10% normal goat serum for 10 min.
Subsequently, the sections were incubated in a humidified chamber for 50 min at room
temperature with anti-7NF-o antibody. Thereafter, the sections were incubated for 20 min with
EasyLink One polymer, followed by DAB staining for protein localization, and counterstaining
with hematoxylin for 1 min. For reaction control (no primary antibody), the tissues were
incubated with blocking buffer, without the primary antibody included. Images were taken
using a Nikon microscope with a camera. For inflammatory activity, the immunostaining of
TNF-o in the ovarian tissue was subjectively classified as absent (complete absence of
detectable labeling), weak (light labeling, visible only under high magnification), moderate
(moderate labeling, observable at intermediate magnification) and strong (intense labeling,

evident even at low magnification) (Silva ez al. 2023).
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2.8 RNA isolation and real time quantitative PCR (RT-qPCR)

After 6 days of culture, the ovaries of each treatment were collected and stored at -

80 °C until total RNA extraction for further analysis of mRNA levels for SOD, CAT, TNF-a
and NRF2. Total RNA extraction was performed using a TRIzol® purifiCATion kit (Invitrogen,
Sao Paulo, Brazil) according to the manufacturer instructions. The mRNA quantification was
performed using SYBR Green. The qPCR reactions were composed of 1 pl of cDNA as a
template in 9.4 pl of SYBR Green Master Mix (PE Applied Biosystems, Foster City, CA, USA),
9.4 nl of ultra-pure water and 0.5 uM of each primer. The primers were designed to perform
amplification of SOD, CAT, TNF-o, NRF2 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Table 1). The GAPDH was used as the reference gene. The specificity of each
primer pair was confirmed using melting curve analysis of qPCR products. The thermal cycling
profile for the first round of qPCR was initial denaturation and polymerase activation for 10
min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 30 s at 58 °C and 30 s at 72 °C. The final
extension was for 10 min at 72°C. All reactions were performed on a Step One Plus instrument
(Applied Biosystems, Foster City, CA, USA). The 2*AACt method was used to transform Ct
values into normalized values for relative expression levels.
2.9 Statistical analysis

The statistical analysis was performed using the software GraphPad Prism (8.0). The
Chi-square test was used to evaluate the percentages of normal follicles, as well as those of
primordial and developing follicles. Data of collagen fibers distribution and stromal cell density
passed the normality test and were analyzed by analysis of variance (ANOVA) and Tukey test.
The data of levels of mRNA for SOD, CAT, TNF-a and NRF2 were analyzed by the Kruskal-
Wallis test, followed by Dunn's multiple comparisons test. The results were expressed as mean
and standard error (mean = S.E.M). Differences were considered significant when P <0.05.

3. Results
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3.1 Evaluation of follicular morphology after in vitro culture of ovaries
Ovaries cultured with DOX alone had reduced percentage of morphologically

normal follicles when compared to uncultured ovaries (P = 0.0013). However, the presence of
10% or 25% Aloe vera was able to block the toxic effects of DOX on ovarian follicles, since
ovaries cultured in these treatments and uncultured ovaries had similar percentages of normal
follicles (P > 0.05). In addition, ovaries cultured in control medium (DMEMY) alone or
supplemented with both DOX and 10% Aloe vera or DOX and 25% Aloe vera showed similar
percentage of morphologically normal follicles (P > 0.05). Moreover, ovaries cultured with
DOX and 5% Aloe vera or DOX and 50% Aloe vera had similar percentages of morphologically
normal follicles when compared to ovaries cultured in control medium (DMEMY) (P > 0.05).
However, ovaries cultured in those treatments (DOX and 5% Aloe vera or DOX and 50% Aloe
vera) showed similar percentages of normal follicles compared to ovaries cultured with DOX
alone (P > 0.05) (Figura 1). Figure 2 shows morphologically normal or degenerated follicles
after in vitro culture.
3.2 Follicular activation and development in cultured ovaries

Ovaries cultured in presence of DOX showed reduced percentage of primordial
follicles when compared to uncultured ovaries (P < 0.0001) or ovaries cultured in control
medium (P = 0.0267) (Figure 3A). Uncultured ovaries and those cultured in control medium
alone and supplemented with both DOX and 10% or 25% Aloe vera had similar percentages of
primordial/developing follicles (P > 0.05), showing that A/oe vera blocked the effects of DOX.
Furthermore, ovaries cultured with both DOX and 5% Aloe vera or DOX and 50% Aloe vera
showed a similar percentage of primordial follicles compared to ovaries cultured in control
medium (P > 0.05), but did not differ from ovaries cultured with only DOX (P > 0.05).
Furthermore, ovaries cultured in presence of DOX showed higher percentage of developing

follicles when compared to uncultured control. Furthermore, ovaries with DOX and 10% Aloe
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vera or DOX and 25% Aloe vera showed percentage of developing follicles similar to
uncultured control (P =0.0356). In addition, ovaries culture with DOX and 5% Aloe vera, DOX
and 50% Aloe vera and DOX alone showed similar percentages of developing follicles when
compared to ovaries cultured in control medium (P > 0.05) (Figure 3B).
3.3 Evaluation of ovarian extracellular matrix after in vitro culture

Ovaries cultured with DOX and 10% Aloe vera or DOX and 25% Aloe vera showed
similar collagen levels per area to each other but significantly higher levels than the uncultured
groups (P = 0.0002), those cultured in control medium (P = 0.0001), or those treated with DOX
alone (P <0.05) or DOX and 5% Aloe vera (P <0.05) (Figure 4). Figure 5 shows collagen fibers
after in vitro culture of female mice ovaries.
3.4 Stromal cell density after in vitro culture of mice ovaries

Ovaries cultured in medium supplemented with DOX alone had a significantly

reduced stromal cell density when compared to uncultured ovaries (P = 0.0001) or ovaries
cultured in other treatments (P = 0.0001) (Figure 6). However, the presence of Aloe vera in all
concentrations prevented the toxic effects of DOX. Furthermore, ovaries cultured with both
DOX and 10% Aloe vera or DOX and 25% Aloe vera had a stromal cell density statistically
similar to uncultured ovaries (P > 0.05), indicating preservation of tissue structure. In contrast,
ovaries cultured with both DOX and 5% Aloe vera or both DOX and 50% Aloe vera had a
stromal cell density comparable to ovaries cultured in control medium (P > 0.05), suggesting a
protective effect of these concentrations against DOX toxicity. Figure 7 shows histological
sections of uncultured ovaries and ovaries cultured in control medium, with DOX alone or
combined with different concentrations of Aloe vera (5%, 10%, 25%, and 50%).
3.5 Expression of TNF-a in mice ovaries

Uncultured ovaries and ovaries cultured with both DOX and 25% Aloe vera did not

have TNF-a staining in stromal cells. However, stromal cells from ovaries cultured in control
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medium alone or supplemented with both DOX and 10% Aloe vera showed weak staining,
while ovaries cultured with DOX showed moderate staining for 7NF-a. In addition, a weak
staining for TNF-o was observed in oocytes from primordial follicles from ovaries cultured
with only DOX. Furthermore, granulosa cells from primary follicles showed weak staining in
ovaries cultured in medium supplemented with DOX alone, while ovaries cultured in other
treatments showed no immunolabeling. Oocytes from secondary follicles stained weakly for
TNF-a in all cultured ovaries, while oocytes from uncultured control stained moderately.
Furthermore, granulosa cells from secondary follicles had moderate staining in uncultured
ovaries, or ovaries cultured in control medium alone or supplemented with both DOX with 10%
Aloe vera. On the other hand, ovaries cultured only with only DOX and both DOX with 25%
Aloe vera showed weak staining (Table 2). The control reaction showed no staining (Figure 8A).
3.6 mRNA levels for SOD, CAT, NRF2 and TNF-a in mice ovaries

Ovaries cultured with both DOX and 10% Aloe vera had significantly increased
mRNA levels of NRF2 (p = 0.0046), SOD (p = 0.0338), and CAT (p = 0.0035) when compared
to ovaries cultured in medium supplemented with DOX alone (Figure 9B, C, D). In addition,
ovaries cultured with both DOX and 10% Aloe vera or DOX and 25% Aloe vera showed
statistically similar mRNA levels of CAT and NRF2 when compared to ovaries cultured in
control medium (P > 0.05). However, SOD, CAT, and NRF2 mRNA levels in ovaries cultured
in control medium alone or supplemented with DOX and 25% Aloe vera did not differ
significantly from those in ovaries cultured with DOX alone (P > 0.05). Furthermore, no
significant differences were observed in TNF-a mRNA levels across treatments (P > 0.05)
(Figure 9A).

4 Discussion

This study shows that the presence of Aloe vera extract (10% and 25%) in culture

medium is associated with a protective effect on ovarian follicles and stromal cells against the
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deleterious effects of DOX. In the ovary, DOX-mediated toxicity occurs through the
induction of oxidative stress and increased inflammatory response (Silva et al. 2023; Fabbri et
al. 2019). In addition, chemotherapeutic drugs can also have detrimental effects on ovarian
stroma (Spears et al. 2019). Aloe vera extract has several bioactive compounds such as a-
tocopherol, carotenoids, ascorbic acid, tannins, flavonoids that can control oxidative stress and
inflammation (Farrugia et al. 2019; Lopez et al. 2019). Aloin, a compound from Aloe vera,
attenuated lipopolysaccharide-induced inflammation by inhibiting ROS-mediated activation
(Ma et al. 2018). Results from previous studies indicate that Aloe vera extract has beneficial
effects on in vitro culture of bovine ovarian tissue (Costa et al. 2022) and bovine secondary
follicles (Azevedo et al. 2022).

The presence of Aloe vera (10% and 25%) in the culture medium increased the levels
of collagen fibers present in the ECM. The ECM, which provides structural strength to tissues,
also plays a role in cell differentiation, development and migration, which may have significant
effects on follicular growth and oocyte quality (Parkes et al. 2021). It is clear from the literature
that Aloe vera can stimulate faster wound healing by increasing the collagen content within the
wound (Khan et al. 2023; Gao et al. 2019). This property of Aloe vera to influence healing
includes modulating collagen production, migration, and cell proliferation (Genesi ef al. 2023).
In addition, it may influence through the modulation of proteases such as matrix
metalloproteinases (MMP) and collagenases. Curto et al. (2014) showed that Aloe vera
increases the synthesis of type III collagen. In addition, a significant increase in the matrix
metalloproteinases MMP9 and MMP2 was reported after DOX treatment (Fabbri ef al. 2019).
The MMPs play a role in the pathogenesis of inflammatory diseases with focal tissue
destruction (Nissinen and Kéhiri 2014).

In our study, ovaries cultured with DOX showed a higher staining for 7NF-a, mainly

in the ovarian stroma and oocytes of primordial follicles, but the presence of 25% Aloe vera
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blocked this expression. The TNF-a is an important pro-inflammatory cytokine and inducer of
apoptosis (Hussain ef al. 2021). It is known that ovarian stromal cells play an important role in
follicular growth and maintenance by producing cytokines, growth factors and intracellular
proteins (Yoon et al. 2020). Kaipia et al. (1996) showed that TNF-a stimulates apoptotic DNA
fragmentation and apoptosis in ovarian follicles in vitro. The underlying mechanism behind the
inflammatory response may be elevated ROS levels, impaired tissue antioxidant defense system,
and lipid peroxidation (Ma et al. 2018). Several factors, including ROS, can induce the
expression of cyclooxygenase, a pro-inflammatory enzyme (Ma et al. 2019). The influence of
Aloe vera on cyclooxygenase-2 (COX-2) may contribute to the anti-inflammatory and
antioxidant properties, since Aloe vera can suppress the increase of mRNA for COX-2 (Farrugia
et al. 2019; Ceravolo et al. 2021). The DOX causes an imbalance between free radicals and
antioxidants, and stimulates the release of TNF-a (Spears et al. 2019; Hussain et al. 2021). In
another study with human corneal epithelial cells, Ceravolo et al. (2021) observed that
pretreatment with Aloe vera extract reduced inflammatory cytokine levels (7NF-a, IL -6 and
IL-1 B) after hydrogen peroxide (H20:2)-induced stress. Therefore, natural products, such as
Aloe vera extract, with anti-inflammatory and antioxidant properties can protect ovaries against
toxicity caused by DOX (Lopez et al. 2019).

This study showed that co-treatment with both DOX and 10% Aloe vera increased the
expression of NRF2. The NRF2 is considered the key regulator of the cellular antioxidant
response. Upon activation, NRF?2 is translocated to the nucleus and stimulates the expression
of many genes encoding antioxidant, metabolic, and detoxification proteins, and orchestrates
an important cellular defense mechanism. In addition, NRF2 can reduce the expression of pro-
inflammatory cytokines, such as TNF-a, interleukin (IL)-6 and IL-1p (Rojo et al. 2018). Stern
et al. (2022) showed that tissue-selective modulation of NRF2 activity by CNO06 confers

cardioprotection without desensitizing the antitumor effect of DOX in triple-negative breast
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cells. The presence of both DOX and 10% Aloe vera increased the expression of SOD and CAT.
The DOX increases oxidative stress and reduces total antioxidant capacity, while the
overproduction of ROS plays a vital role in the toxicity observed in different tissues (Zargba et
al. 2022; Spears et al. 2019). Antioxidant enzymes, such as SOD, CAT and glutathione
peroxidase (GPx), detoxify oxygen free radicals and efficiently eliminate ROS under normal
physiological conditions (Ahmed et al. 2022). In human corneal epithelial cells pre-incubated
with Aloe vera extract, a significant reduction of oxidative stress markers and increased
expression of NRF2, SOD and CAT were observed when compared to cells cultured with H>O»
alone (Ceravolo et al. 2021). These findings show that Aloe vera is associated with a reduction
in DOX-induced damage in cultured ovaries by attenuating damage caused by oxidative stress.

In conclusion, the presence of Aloe vera (10% and 25%) in culture medium is
associated with a protective effect in ovaries of mice against the in vitro toxic effects caused by
DOX and has been associated with a positive effect on follicle survival, cell proliferation, and

the expression of antioxidant enzymes.
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Table 1. Primers pairs used for real-time PCR.
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Target Forward (F) GenBank
Primer sequence (5’ — 3’)
gene Reverse (R) accession no.
GAPDH GAACGGATTTGGCCGTATTG F
GU214026.1
GTGAGTGGAGTCATACTGGAAC R
SOD CTCGTCTTGCTCTCTCTGGTC F
NM 011434.2
CTTGCCTTCTGCTCGAAGTG R
CAT CCAATGGCAATTACCCGTCC F NM 009804.2
CCTTGTGAGGCCAAACCTTG R
CAGAAAGCATGATCCGCGAC F D84199.2
TNF-a
CCGCCTGGAGTTCTGGAAG R
TTGCCCTAGCCTTTTCTCCG F
NRF2 NM 010902.4
CTAGGAGATAGCCTGCTCGC R

Table 2. Relative intensity of immunohistochemistry staining for 7NF-a in ovaries of mice.

TNF-a
Uncultured
Structure ovaries DMEM* DOX AV10%+DOX AV25%+DOX
Primordial
Follicle
Oocyte - - + - -
Granulosa cells - - - - -
Primary Follicle
Oocyte + + + + +
Granulosa cells - - + - -
Secondary Follicle
Oocyte ++ + + + +
Granulosa cells + + ++ + ++ +
Stromal cells - + ++ + -

(—) absent; (+) weak; (++) moderate; (+++) strong immunoreaction.
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Figures
Figure 1. Percentage of normal follicles in uncultured ovaries (D0) and in ovaries cultured in

control medium (DMEM™) alone or supplemented with DOX (0.3 pg/ml), Aloe vera (AV) 5%
+ DOX, AV 10% + DOX, AV 25% + DOX, and AV 50% + DOX. Statistically significant

differences (P < 0.05).

% NORMAL FOLLICLES

DO DMEM-™ DOX AV5% + AV10%+ AV25%+ AV50%+
DOX DOX DOX DOX

Figure 2. Representative images of ovarian sections from female mice cultured in vitro for 6
days showing morphologically normal (A-C) and degenerated (D-F) follicles of different
developmental stages stained with hematoxylin and eosin. (A) Normal and (D) degenerated
primordial follicle; (B) Normal and (E) degenerated primary follicle; (C) Normal and (F)
degenerated secondary follicle. Granulosa cells (GC); Oocyte (O); Oocyte nucleus (N). (400x

- Scale bar: 100 um).
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Figure 3. Percentage of primordial (a) and developing (b) follicles in uncultured (D0) and

cultured ovaries in control medium (DMEM™) alone or supplemented with DOX (0.3 pg/ml),

AV 5% + DOX, AV 10% + DOX, AV 25% + DOX and AV 50% + DOX. Statistically significant

differences (P < 0.05).
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Figure 4. Collagen levels (mean + SD) in the ovaries of mice before or after culture in DMEM*

alone or supplemented with DOX (0.3 pg/ml), AV 5% + DOX, AV 10% + DOX, AV 25% +

DOX and AV 50% + DOX. Statistically significant differences (P < 0.05).
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Figure 5. Representative images of collagen fibers labeled by Picrosirius red. (A) DO; (B)

DMEM"; (C) DOX; (D) AV5% + DOX; (E) AV10% + DOX; (F) AV25% + DOX; (G) AV50%

+ DOX. (Magnification: 400x).

Figure 6. Stromal cell density of ovarian tissue after culture in DMEM* alone or supplemented

with DOX (0.3 pg/ml), AV 5% + DOX, AV 10% + DOX, AV 25% + DOX and AV 50% + DOX.

Statistically significant differences (P < 0.05).
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Figure 7. Representative images of ovarian stromal density after 6 days of culture. (A) Non
cultured control; (B) DMEM™; (C) DOX; (D) AV 5% + DOX; (E) AV 10% + DOX; (F) AV 25%

+ DOX; (G) AV 50% + DOX. (Magnification: 400x).

Figure 8. Immunohistochemical staining for 7TNF-o in mice ovaries cultured in vitro for 6 days
in the presence or absence of AV or DOX: (A) negative control; (B) fresh control; (¢) DMEM*
alone or supplemented with (d) DOX (0.3 pg/ml), () AV10% + DOX and (f) AV25% + DOX.

(Magnification:400x).
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Figure 9. mRNA levels for TNF-a (A), NRF2 (B), SOD (C) and CAT (D) in ovaries after 6 days
culture in the control medium (DMEM™) alone or supplemented with DOX (0.3 ug/ml), AV10%

+ DOX and AV25% + DOX. Statistically significant differences (P < 0.05).
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Abstract

The present study aimed to evaluate the protective effects of A/oe vera on doxorubicin (DOX)-
induced degeneration in ovarian follicles and stromal cells in mice. Mice (n=48) were randomly
divided into six groups. The positive control group mice received pretreatment of N-
acetylcysteine orally (p.o.), followed by a single intraperitoneal (i.p.) dose of DOX after 1 h
(NAC+DOX). The negative control group mice were pre-treated with saline (p.o.) and
administered a single DOX dose (i.p.) after 1 h (SAL+DOX). The other groups of mice were
pre-treated with different concentrations (0.1, 1.0, or 10.0 mg/kg; p.o.) of Aloe vera and then
received a single dose of DOX (i.p.) after 1 h (AV0.1+DOX, AV1.0+DOX, and AV10.0+DOX).
The control group received saline p.o. and i.p. (SAL+SAL). Aloe vera was administered once
daily for 3 consecutive days. On the fourth day, the ovaries were processed for histological
analysis, immunohistochemistry, and real-time PCR (mRNA for superoxide dismutase (SOD),
catalase (CAT), nuclear factor erythroid 2-related factor 2 (NRF2), and tumor necrosis factor-a
(TNF-0). Results showed that 0.1 and 1.0 mg/kg Aloe vera protected ovarian follicles and

stromal density against DOX-induced degeneration. Furthermore, 0.1 and 1.0 mg/kg Aloe vera
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reduced TNF-a protein expression and increased NRF2, SOD, and CAT mRNA levels. In
conclusion, 0.1 and 1.0 mg/kg Aloe vera had protective effects against DOX-induced

degeneration in ovarian follicles and stromal cells in mice.

Key words: Aloe vera; Doxorubicin; Chemotherapy; Mice; Fertility
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Running title: Aloe vera protects ovaries from doxorubicin damage

Introduction

Cancer is a public health problem worldwide and it is expected that by 2030 there will
be over 25 million new cases (1). Advances in chemotherapy have improved the prognosis of
cancer patients, and the survival rate has increased for most cancers, including those affecting
young women (2). Doxorubicin (DOX), a broad-spectrum antineoplastic drug, is effective in a
variety of tumors, including sarcomas (3), but has deleterious effects on female fertility, even
at low doses (4). DOX exerts anticancer activities by mainly inhibiting DNA replication and
RNA transcription, inhibiting topoisomerase II activity, and inducing free radical production
and peroxidation (5). The toxic effects of DOX in the ovary have been associated with reduced
antioxidant capacity, increased production of reactive oxygen species (ROS), mitochondrial
damage, and inflammatory response, leading to cell apoptosis (6).

The administration of natural substances before or during antineoplastic chemotherapy
has emerged as a strategy to prevent ovarian damage and preserve fertility in cancer patients
(7). Recently, Silva et al. (6) showed that gallic acid protects the mouse ovary against DOX-
induced damage by improving glutathione reductase (GSH) concentrations, mitochondrial
activity, and cell proliferation, inhibiting inflammation and apoptosis. Furthermore, it has been
observed that rutin has the potential to protect ovarian follicles against cisplatin-induced
toxicity through its antioxidant effects via PTEN/FOXO3a (8). Oxidative stress and
inflammation induced by antineoplastic drugs have been associated to ovarian injury, and the
use of natural compounds with antioxidant and anti-inflammatory properties have been
highlighted (6,8).

Aloe vera is a drought-resistant stemless succulent plant of the lily family native to warm
climates and has been used medicinally by different cultures. Recently, Atiba et al. (9) reported

that Aloe vera extract has anti-inflammatory and antioxidant effects. Aloe vera extract contains
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a large amount of antioxidant substances (Table 1; 10—15) that are very efficient in modulating
or inactivating ROS (16). Although many positive effects are attributed to polysaccharides, it is
believed that biological activities result from the synergistic action of various compounds,
rather than a single chemical substance. Aloe vera extract effectively inhibits inflammatory
reactions by inhibiting interleukin (IL)-6 and IL-8, reducing leukocyte adhesion, increasing IL-
10 levels, and decreasing tumor necrosis factor (TNF)-a levels (9). In vitro studies show that
Aloe vera extract improves extracellular matrix distribution and increases mRNA expression
for peroxiredoxin 6 (PRDX6) in bovine ovarian tissue cultured in vitro (17). Moreover, catalase
(CAT) is an important enzyme that scavenges H>O; and indirectly inhibits lipid peroxidation
and membrane damage. The expression of antioxidant enzymes is positively regulated by
transcription factor nuclear factor erythroid 2-related factor 2 (NRF-2) (18). Recently, the
therapeutic benefits of Aloe vera as adjunctive therapy have been observed in the treatment of
polycystic ovary syndrome (PCOS) in female mice (19). Thus, it is hypothesized that the
bioactive compounds present in Aloe vera exert antioxidant and anti-inflammatory effects,
which may protect the ovaries from the harmful effects of DOX, contributing to the preservation
of ovarian health and mitigating the adverse side effects of chemotherapy.

The present study aimed to evaluate whether Aloe vera extract helps preserve follicular
morphology and development, ovarian stromal cell density, and collagen fiber in the
extracellular matrix by regulating mRNA expression of SOD, CAT, TNF-a, and NRF2, as well

as the expression of TNF-a protein in mice treated with DOX.

Material and Methods

Aloe vera extract

The Aloe vera extract was obtained from the leaves of the plant at an intermediate stage
of maturity. For this, the plant was cultivated in a region with temperatures ranging from 24°C
to 36°C, a semi-arid tropical climate. Leaves were collected using properly sanitized slides and
transported to the laboratory. In the laboratory, the leaves were washed with distilled water and
their surface was removed to expose the liquid and clear gel (17). For lyophilization, the gel
was homogenized and transferred to a sterile 15-mL falcon tube and stored for 24 h at —80°C,
then the tubes were kept in the ScanVac CoolSafe Touch Superior lyophilizer (LaboGene A/S,
Denmark) for 4 days (20). The lyophilized extract obtained was then diluted in saline solution

for administration to the animals.
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Chemicals
DOX (2 mg/mL injectable solution) was purchased from Libbs Fauldoxo® (Brazil),

while the other chemicals used in this study were from Sigma Chemical Co. (USA).

Animals and estrous cycle evaluation

This study was performed in accordance with the guidelines from the Ethics Committee
on the Use of Animals (CEUA) of the Federal University of Ceara (approved under protocol
No. 08/20). Adult Swiss female mice (Mus musculus, 18 g and/or 2 months old) were kept in
boxes, at an average temperature of 22+2°C, with free access to filtered water and food in 12-
h light-dark cycles. During a period of 15 days, the estrous cycle was evaluated once a day,
between 9:00 and 10:00 a.m., as established by Marcondes et al. (21). According to the cell
type, the estrus cycle stage was classified as proestrus, estrus, metestrus, or diestrus. Only mice

with a regular cycle were used in the experiments.

Experimental groups

Animals (n=48) were randomly divided into six groups (8 animals per group): Positive
control (N-acetylcysteine: 150 mg/kg, p.o.; Sigma Aldrich Chemical Co.) (NAC+DOX);
Negative control, DOX (10 mg/kg) and saline (SAL+DOX); 0.1 mg/kg Aloe vera and DOX
(AV0.1+DOX); 1.0 mg/kg Aloe vera and DOX (AV1.0+DOX); 10.0 mg/kg Aloe vera and DOX
(AV10.0+DOX); and Control (0.15 M NaCl vehicle, 0.03 mL) (SAL+SAL). The animals in the
positive control group were pre-treated with N-acetylcysteine orally (p.o.) and, after 1 h, DOX
was administered intraperitoneally (i.p.) in a single dose. In the negative control, the mice were
pre-treated with saline (0.15 M NaCl, 0.3 mL; p.o.) and after 1 h, DOX (i.p.) was administered
in a single dose. The other groups of mice were pre-treated with different concentrations (0.1,
1.0, or 10.0 mg/kg; p.o.) of Aloe vera and then received a single dose of DOX (i.p.) after 1 h.
In the control group, the animals were pre-treated with saline (0.15 M NaCl, 0.3 mL; p.o.) and
after 1 h, with saline (0.15 M NacCl, 0.15 mL; i.p.) in a single dose. Then, Aloe vera was
administered once a day for 3 days. On the fourth day, i.e., 24 h after the last administration of

Aloe vera at different concentrations, the ovaries were collected.

Analysis of ovarian follicles and stromal cell density
The ovaries were fixed in 10% buffered formalin for 24 h, dehydrated in ethanol,
clarified with xylene and embedded in paraffin wax. Then, 5-um sections were mounted on

slides and stained with hematoxylin-eosin (HE). The follicles were classified as primordial or
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growing follicles (primary, secondary, and antral follicles) and as morphologically normal when
an intact oocyte was surrounded by well-organized granulosa cells, without pycnotic nucleus.
Follicles with retracted oocytes, pycnotic nucleus, and/or surrounded by disorganized granulosa
cells were classified as degenerated (8).

To evaluate stromal cell density, the number of cells in 100 um? was counted and the

average number of stromal cells per field was calculated as previously described (22).

Analysis of collagen fiber in extracellular matrix

To evaluate collagen fibers, ovarian sections were stained with Picrosirius red (Abcam
Kit, ab246832, USA) according to Rittié (23). The percent area occupied by collagen fibers in
ten different fields in ovaries from each treatment group was measured using a camera attached
to a microscope (Nikon, Eclipse, TS 100, Japan). The images were analyzed by ImagelJ software
(version 1.51p, 2017, NIH, USA) at 400x magnification. The collagen fibers were marked in
red, while the follicles remained colorless. The software automatically excludes the
circumference of unstained follicles from the total area marked in red. The percent area of
collagen fibers in tissues and the staining intensity were determined by measuring the average

pixel intensity of the total area after background subtraction (ImageJ Software).

Immunohistochemistry assay

Ovaries were fixed in 10% buffered formalin, dehydrated with ethanol, clarified in
xylene, and embedded in paraffin. Sections (5-pum thick) from each ovary were mounted on
Starfrost glass slides (Knittel, Germany) and used for immunohistochemical reaction according
to Barberino et al. (24). The slides were incubated in citrate buffer at 95°C in a decloaking
chamber (Biocare, USA) for 40 min to retrieve antigenicity, and endogenous peroxidase activity
was prevented by incubation with peroxidase blocker (H20O>) for 10 min. Nonspecific binding
sites were blocked using 10% normal goat serum for 10 min. Then, the sections were incubated
in a humidified chamber at room temperature with anti-7NF-a antibody for 50 min.
Subsequently, the sections were incubated for 20 min with EasyLink One (EasyPath, Brazil)
polymer, stained with DAB, and counterstained with hematoxylin for 1 min. For negative
control, the tissues were incubated with blocking buffer, without the primary antibody. TNF-a

immunostaining in the ovarian tissue was classified as absent, weak, moderate, or strong (6).

Quantification of SOD, CAT, TNF-a, and NRF2 mRNA levels
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The ovaries were stored at —80°C until total RNA extraction. TRIzol® purification kit
(Invitrogen, Brazil) was used to perform total RNA extraction, according to the manufacturer's
instructions. The qPCR reactions were composed of 1 pL ¢cDNA as a template in 9.4 pL of
SYBR Green Master Mix (PE Applied Biosystems, USA), 9.4 uL of ultra-pure water, and 0.5
UM of each primer. The primers were designed to specifically amplify SOD, CAT, TNF-o, NRF2
mRNAs and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was used as
reference gene (Table 2). Melting curve analysis of PCR products was used to confirm the
specificity of each primer pair. The thermal cycling profile for the first round of qPCR was
initial denaturation and polymerase activation for 10 min at 95°C, followed by 40 cycles of 15
s at 95°C, 30 s at 58°C, and 30 s at 72°C (Step One Plus instrument, Applied Biosystems). The

2AACt

final extension was performed at 72°C for 10 min. The method was used to transform Ct

values into normalized values for relative expression levels (25).

Statistical analysis

The GraphPad Prism (8.0, USA) software was used to perform the statistical analyses.
Chi-squared test was used to compare the rate of normal follicles, as well as those of primordial
and developing follicles. Data of collagen fiber distribution and stromal cell density were found
to be normally distributed and analyzed by analysis of variance (ANOVA) and Tukey test. SOD,
CAT, TNF-a, and NRF2 mRNA levels were compared by Kruskal-Wallis test, followed by
Dunn's multiple comparison test. The results are reported as meanstSEM. Differences were

considered significant when P<0.05.

Results

Evaluation of follicular morphology

Mice treated with saline solution and DOX had lower percentage of normal follicles
compared to those treated only with saline solution. However, animals treated with NAC and
DOX or Aloe vera (0.1, 1.0 mg/kg) and DOX had normal percentages of follicles similar to
those that received saline solution, indicating a protective effects of the substance. No
significant differences were found among mice treated with NAC and DOX, Aloe vera (0.1, 1.0,
or 10.0 mg/kg) and DOX, or saline solution alone (Figure 1). Figure 2A—H shows the
morphology of normal or degenerated follicles.

Ovaries of mice from all treatment groups had similar percentages of normal primary

follicles compared to the saline group. However, animals treated with both 1.0 mg/kg Aloe vera
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and DOX showed a higher percentage of primary follicles than the animals treated with saline
solution and DOX. Furthermore, mice treated with NAC and DOX, and 0.1, 1.0, or 10.0 mg/kg
Aloe vera and DOX showed a similar percentage of normal secondary follicles compared to the
animals that received only saline solution. Similarly, mice treated with saline solution and DOX
or 10.0 mg/kg Aloe vera and DOX showed a similar percentage of normal secondary follicles.

The percentages of primordial and antral follicles did not differ among treatment groups (Figure

3).

Analysis of collagen fibers in the ovaries

Mice treated with 0.1 or 1.0 mg/kg Aloe vera and DOX showed a higher percentage of
collagen fibers per area than those treated with saline solution and DOX or 10.0 mg/kg Aloe
vera and DOX. Mice treated with NAC and DOX, saline solution and DOX, or 10.0 mg/kg
Aloe vera and DOX showed a similar percentage of collagen fibers per area to the animals

treated only with saline solution (Figure 4A). Figure 4B shows collagen fibers in mice ovaries.

Stromal cell density

As shown in Figure 5A, animals treated with 1.0 mg/kg of Aloe vera and DOX and those
treated with saline alone exhibited a higher density of stromal cells compared to the other
treatments. Furthermore, animals treated with NAC and DOX or 0.1 mg/kg Aloe vera and DOX
showed similar stromal cell densities. Animals treated with 0.1 or 10.0 mg/kg Aloe vera together
with DOX showed comparable stromal cell densities. On the other hand, the ovaries of animals
treated with DOX and saline demonstrated a lower density of stromal cells. Figure 5B illustrates

the ovarian stroma of all groups.

TNF-0 immunostaining

The immunohistochemistry results (Figure 6) show that mice treated with saline solution
and DOX showed weak labeling for 7NF-o in the oocyte of primordial follicles, while granulosa
cells and oocytes of secondary and antral follicles had strong staining. Moderate staining was
seen in the ovarian stroma. Furthermore, animals treated with Aloe vera (0.1 and 1.0 mg/kg)
and DOX or only saline solution showed absent staining in primordial follicles, weak or
moderate staining in primary, secondary, and antral follicles, and absent staining in ovarian

stroma. The reaction control showed no staining.

TNF-a, NRF2, CAT, and SOD mRNA Levels
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Ovaries from mice treated with saline solution and DOX had a higher expression of
TNF-a than those treated with saline solution only. In addition, animals treated with NAC and
DOX or Aloe vera (0.1 and 1.0 mg/kg) and DOX showed a similar expression for TNF-a to
mice treated only with saline solution (Figure 7A). However, mice treated with NAC and DOX,
saline solution and DOX, or Aloe vera (0.1 and 1.0 mg/kg) and DOX showed no difference in
TNF-o. mRNA levels. Furthermore, the animals treated with 1.0 mg/kg Aloe vera and DOX
showed a higher expression for NRF2, CAT, and SOD than those treated only with saline
solution. However, the mice treated with NAC and DOX, saline solution and DOX or 0.1 mg/kg
Aloe vera and DOX, and only saline solution showed no difference in NRF2, CAT, and SOD
levels (Figure 7B-D).

Discussion

This study found that co-administration of Aloe vera extract reduces DOX-induced
damage in mice ovaries. This protective effect was characterized by a higher proportion of
normal follicles, preservation of the ovarian stroma, and an increase in mRNA levels of
antioxidant enzymes. These findings strongly suggest that A/oe vera extract protects the ovaries
by enhancing the antioxidant response, thereby mitigating the severe damage inflicted by DOX.
The identification of protective agents capable of preventing ovarian damage during antitumor
treatment represents a fundamental advance in the preservation of fertility in cancer patients
(26). The Aloe vera extract (0.1, 1.0, or 10.0 mg/kg) maintained the percentage of normal
follicles similar to the control group and protected the ovarian stroma against DOX toxic effects.

DOX treatment reduced stromal density and consequently affected the supply of
nutrients required for follicular development (26). Previous studies also showed that DOX
damaged ovarian microvasculature and increased ROS production, which triggers apoptosis in
stromal cells (2). It has been reported that Aloe vera can induce angiogenesis (27). Thus, we
believe the antioxidant and angiogenic activities of Aloe vera extract reduced ROS production
and protected the ovarian vascular network, protecting stromal cells and follicles against DOX
toxicity (28). It is important to highlight that DOX administration results in vascular damage
evidenced by reduced ovarian blood flow and decreased ovarian size (29). Primordial and early-
preantral follicles do not have their own individual vascular supply and depend on blood vessels
in the surrounding stroma (30).

In our study, ovaries of mice treated with Aloe vera extract (1.0 mg/kg) showed a higher

percentage of collagen fibers. The maintenance of collagen and ovarian stromal cells observed
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in the Aloe vera-treated mice may have contributed to the maintenance of the percentage of
morphologically normal follicles, since the extracellular matrix (ECM) is composed of a protein
network rich in collagen, polysaccharides and water. The stabilization of the ECM structure
also allows a specialized microenvironment to regulate cell activity and development, including
cell proliferation and survival, steroidogenesis, regulation of cell aggregation, and morphology
(17). During inflammatory conditions or tissue damage, the expression of matrix
metalloproteinases (MMP) is increased by the action of pro-inflammatory cytokines, such as
TNF-a and transforming growth factor beta (TGF-B) (31). MMPs have the function of
degrading ECM macromolecules, including collagen, fibronectin, laminin, and proteoglycans
(32). Sanchez et al. (33) showed that Aloe vera gel had a protective effect in mice with alcohol-
induced gastritis by increasing the inhibitory activity of MMP-9. Furthermore, Yagi (34)
showed the ability of aloe emodin, a compound from Aloe vera, to reduce the cytotoxicity of
TNF-a.

In the present study, DOX increased TNF-a protein expression in secondary and antral
follicles, as well as in ovarian stroma. In contrast, animals treated with both 4loe vera (0.1 and
1.0 mg/kg) and DOX showed no immunostaining in primordial follicles and ovarian stroma,
whereas primary, secondary, and antral follicles showed weak or moderate immunostaining.
The cyclooxygenase (prostaglandin catalyst) inhibition may contribute to the anti-inflammatory
and antioxidant properties of Aloe vera (35). The phytosterols (campesterol, B-sitosterol, lupeol,
and cholesterol) present in Aloe vera have been shown to potentiate the anti-inflammatory
actions (36). Nguyen et al. (37), using molecular docking, showed that many components of
Aloe vera can directly interact with TNF-a, suggesting that binding to active compounds can
destabilize TNF-a, shorten its half-life, or suppress its production since TNF-a can trigger
apoptosis through activation of caspase-8. In this study, we observed that animals treated with
DOX exhibited elevated TNF-o expression levels. However, when Aloe vera was administered
at doses of 0.1 and 1.0 mg/kg, TNF-o expression levels resembled those of the animals in the
control group. In a previous study, it was observed that Aloe vera can elevate the level of
interleukin-10 (IL-10), an anti-inflammatory cytokine produced by various cells, including
monocytes/macrophages and T lymphocytes (28). Therefore, Aloe vera showed beneficial
effects in reducing inflammation, being able to neutralize the TNF-a present in the tissue and
reduce its expression.

Our results also demonstrated that Aloe vera extract (1.0 mg/kg) can elevate the
expression of NRF2 and antioxidant enzymes such as SOD and CAT, thereby contributing to

the preservation of the antioxidant environment and safeguarding against damage induced by
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DOX. Oxidative stress is one of the primary mechanisms responsible for DOX toxicity (6). The
structure of DOX has quinone and hydroquinone portions that form semiquinone radical
intermediates, leading to increased oxidative stress and depletion of antioxidant defenses (38).
Enzymes of the antioxidant system are actively involved in the maintenance of
oxidant/antioxidant homeostasis and in the detoxification of xenobiotics in the biological
system (36). Previous studies show that Aloe vera extract could increase the activity of
important antioxidant enzymes such as CAT and SOD and increase GSH in plasma and tissues
(39). In addition, glucomannan from Aloe vera extract activated NRF2, decreased ROS levels,
and maintained the integrity of the intestinal barrier in mice (40).

In conclusion, co-administration of Aloe vera extract in DOX-treated mice helped
preserve ovarian follicles and stromal cells. The Aloe vera extract reduced ROS through
antioxidant enzymes and inhibited 7NF-a expression. These findings suggest that Aloe vera
extract may have potential as an adjuvant therapy in clinical settings, offering a protective
strategy for patients undergoing chemotherapy, particularly in preserving ovarian function and

fertility. Further clinical studies are needed to explore its efficacy and safety in humans.
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Figure 1. Percentage of normal follicles in ovaries of mice treated with doxorubicin (DOX),
saline (SAL), N-acetylcysteine (NAC), and Aloe vera (AV) (0.1, 1.0, or 10.0 mg/kg). Different
letters indicate significant differences between treatments (P<0.05; ANOVA).

Figure 2. Morphologically normal and degenerated primordial (A, E), primary (B, F),
secondary (C, G), and tertiary follicles (D, H), respectively. GC: granulosa cells; O: oocyte; N:

oocyte nucleus. Arrows indicate follicles. Scale bar: 100 pm.
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Figure 3. Percentage of normal follicles per category in ovaries of mice treated with
doxorubicin (DOX), saline (SAL), N-acetylcysteine (NAC), and Aloe vera (AV) (0.1, 1.0, or
10.0 mg/kg). Different letters indicate significant differences between treatments (P<0.05;
ANOVA).
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Figure 4. A, Collagen levels (meanstSEM) in the ovaries of mice treated with doxorubicin
(DOX), saline (SAL), N-acetylcysteine (NAC), and Aloe vera (AV) (0.1, 1.0, or 10.0 mg/kg).
Different letters indicate significant differences between treatments (P<0.05; ANOVA). B,
Collagen fibers (arrows) labeled by Picrossirius red. a, NAC+DOX; b, SAL+DOX; ¢, Aloe vera
0.1+DOX; d, Aloe vera 1.0+DOX; e, Aloe vera 10.0+DOX; f, SAL+SAL. Scale bar: 100 um.
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Figure 5. A, Stromal cell density (means=SEM) in ovaries of mice treated with doxorubicin
(DOX), saline (SAL), N-acetylcysteine (NAC), and Aloe vera (AV) (0.1, 1.0, or 10.0 mg/kg).
Different letters indicate significant differences between treatments (P<0.05; ANOVA). B,
Representative images of ovarian stromal cell density in ovaries of mice. a, NAC+DOX; b,
SAL+DOX; ¢, Aloe vera 0.1+DOX; d, Aloe vera 1.0+DOX; e, Aloe vera 10.0+DOX; f,
SAL+SAL. Arrows indicate areas with affected stroma. Scale bar: 100 um.
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Figure 6. Inmunohistochemical staining for TNF-a in ovaries of mice treated with doxorubicin
(DOX), saline (SAL), N-acetylcysteine (NAC), Aloe vera (AV) (0.1, 1.0, or 10.0 mg/kg), and
control groups. A, Negative control; B, NAC+DOX; C, SAL+DOX; D, Aloe vera 0.1+DOX;
E, Aloe vera 1.0+DOX; F, Aloe vera 10.0+DOX; G, SAL+SAL. Triangles indicate absent
coloration; arrows indicate weak coloration, stars indicate moderate coloration; asterisks

indicate strong coloration. Scale bar: 100 um.
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Figure 7. mRNA levels (meanstSEM) for (A) tumor necrosis factor (TNF)-a, (B) nuclear
factor erythroid 2-related factor 2 (NRF2), (C) superoxide dismutase (SOD), and (D) catalase
(CAT) in mice treated with doxorubicin (DOX), saline (SAL), N-acetylcysteine (NAC), and
Aloe vera (0.1, 1.0, or 10.0 mg/kg). Different letters indicate significant differences between

treatments (P<0.05; ANOVA).



Table 1. Chemical composition of Aloe vera leaf extract.
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Class Components Effects Reference
Polyphenols Benzoic acid, p-toluic acid, p- Antioxidant (10)
coumaric acid, p-salicylic acid,
protocatechuic acid,
hydroxyphenylacetic acid,
ferulic acid, aloe emodin, and
vanillic acid
Polysaccharides Galactans, pectic substances, Antibacterial, anti- (11)
and polysaccharides containing inflammatory, and
glucuronic acid, fucose, antiviral
arabinose, xylose, and rhamnose
Anthraquinone Aloin (A and B), barbaloin, Antibacterial, (12)
isobarbaloin, emodin, aloe- antiviral, anti-
emodin, rhein, and chrysophanol inflammatory,
antifungal, anticancer,
and antioxidant
Polysaccharides Glucose, mannose, galactose, Anti-genotoxic and (13)
and arabinose antitumor
Carbohydrate Acemannan Immunomodulation/ra (14)
dioprotection
Minerals Calcium, chromium, iron, Maintenance of (15)

magnesium, manganese,

potassium, sodium, and zinc

physiological

processes




Table 2. Primer pairs used for real-time PCR.

Target Primer sequence (5°—3')

gene

GenBank

accession No.

GAPDH F: GAACGGATTTGGCCGTATTG
R: GTGAGTGGAGTCATACTGGAAC

SOD F: CTCGTCTTGCTCTCTCTGGTC
R: CTTGCCTTCTGCTCGAAGTG
CAT F: CCAATGGCAATTACCCGTCC
R: CCTTGTGAGGCCAAACCTTG
INF-a F: CAGAAAGCATGATCCGCGAC
R: CCGCCTGGAGTTCTGGAAG
NRF?2 F: TTGCCCTAGCCTTTTCTCCG

R: CTAGGAGATAGCCTGCTCGC

GU214026.1

NM 011434.2

NM_009804.2

D84199.2

NM_010902.4
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9 CONCLUSOES GERAIS

A Aloe vera exerce um efeito protetor sobre os ovarios de camundongos fémeas
submetidos a acdo da doxorrubicina, evidenciado tanto em experimentos in vitro quanto in vivo.
A utilizagdo de Aloe vera em concentracdes de 10% e 25% foi associada a um aumento notavel
na sobrevivéncia dos foliculos ovarianos, na estimulagdo da proliferagdo celular e na elevacao
da expressdo de enzimas antioxidantes, contribuindo para mitigar os efeitos toxicos provocados
pela doxorrubicina. Além disso, a co-administragdo de Aloe vera nas doses de 0,1 e 1,0 mg/kg
em camundongos fémeas submetidas a doxorrubicina preservou de modo significativo a
integridade dos foliculos ovarianos e do estroma, evidenciando o potencial terapéutico do
extrato na atenuacdo dos danos ovarianos induzidos pela quimioterapia. Esse efeito protetor se
deve, em parte, a capacidade do extrato de reduzir os niveis de EROs através da ativagdo de
enzimas antioxidantes, bem como a inibi¢ao da expressao da citocina pro-inflamatéria TNF-a,

que esta intimamente relacionada a cascata de danos celulares induzidos pela quimioterapia.



140

10 PERSPECTIVAS

A co-administra¢do de Aloe vera pode representar uma estratégia promissora para
proteger a funcdo ovariana durante tratamentos quimioterapicos, contribuindo para a
preservacgdo da fertilidade. A integracdo do extrato em novas formulagdes ou meios de cultivo
de foliculos ovarianos pode ndo apenas aprimorar protocolos experimentais, mas também
viabilizar o desenvolvimento de medicamentos inovadores destinados a proteger os ovarios.
Todavia, os estudos realizados até o momento foram conduzidos em modelos experimentais
com animais sauddveis e em sistemas in vifro. Assim, torna-se fundamental expandir as
investigagdes para cenarios que envolvam condi¢des patoldgicas, como organismos acometidos
por neoplasias, a fim de determinar se os beneficios observados persistem em contextos
clinicamente relevantes. Estudos futuros devem abordar, de maneira abrangente, a agcdo do
extrato de Aloe vera em tratamentos prolongados, suas interagcdes com agentes quimioterapicos
e os mecanismos moleculares subjacentes a seus efeitos protetores. Antes de sua eventual
aplicagdo clinica, serdo essenciais ensaios rigorosos que confirmem a eficcia e seguranca dessa
abordagem, estabelecendo as condigdes ideais para sua utilizagdo como terapia adjuvante na

preservacgao da saude reprodutiva.
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