
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​​​​t​p​:​/​/​c​r​e​​a​​​t​i​
v​e​​c​​o​​m​​m​​o​n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​​

Elsherbiny et al. Journal of Ovarian Research          (2024) 17:222 
https://doi.org/10.1186/s13048-024-01545-7

Journal of Ovarian Research

*Correspondence:
Nehal M. Elsherbiny
nelsherbiny@ut.edu.sa
Nesrine Ebrahim
Nesrien.salem@fmed.bu.edu.eg

Full list of author information is available at the end of the article

Abstract
Chemotherapy detrimentally impacts fertility via depletion of follicular reserves in the ovaries leading to ovarian 
failure (OF) and development of estrogen deficiency-related complications. The currently proposed options to 
preserve fertility such as Oocyte or ovarian cortex cryopreservation are faced with many technical obstacles that 
limit their effective implementation. Therefore, developing new modalities to protect ovarian function remains 
a pending target. Exosomes are nano-sized cell-derived extracellular vesicles (EVs) with documented efficacy 
in the field of regenerative medicine. The current study sought to determine the potential beneficial effects of 
mesenchymal stem cells (MSCs)-derived EVs in experimentally induced OF. Female albino rats were randomly 
allocated to four groups: control, OF group, OF + MSCs-EVs group, OF + Rapamycin (mTOR inhibitor) group, 
and OF + Quercetin (PI3K/AKT inhibitor) group. Follicular development was assessed via histopathological and 
immunohistochemical examination, and ovarian function was evaluated by hormonal assay. PI3K/Akt/mTOR 
signaling pathway as a key modulator of ovarian follicular activation was also assessed. MSCs-EVs administration to 
OF rats resulted in restored serum hormonal levels, preserved primordial follicles and oocytes, suppressed ovarian 
PI3K/AKT axis and downstream effectors (mTOR and FOXO3), modulated miRNA that target this axis, decreased 
expression of ovarian apoptotic markers (BAX, BCl2) and increased expression of proliferation marker Ki67. The 
present study validated the effectiveness of MSCs-EVs therapy in preventing ovarian insufficiency induced by 
chemotherapy. Concomitant MSCs-EVs treatment during chemotherapy could significantly preserve ovarian 
function and fertility by suppressing the PI3K/Akt axis, preventing follicular overactivation, maintaining normal 
ovarian cellular proliferation, and inhibiting granulosa cell apoptosis.
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MSCs–derived EVs protect against chemotherapy-
induced ovarian toxicity: role of PI3K/AKT/mTOR axis.

Introduction
Annually, cancer affects more than 6.6  million women 
worldwide, with 10% of those affected being under 40 
[1]. The significant advancements in cancer diagnosis 
and treatment result in increased survival rates of can-
cer patients. Unfortunately, these remarkable results 
achieved through treatments are accompanied by delete-
rious impacts on reproductive function. In this context, 
women’s chances of getting pregnant drop by approxi-
mately 38% following a cancer diagnosis and course of 
treatment [2]. Chemotherapy induces direct toxicity 
to ovaries. Indeed, chemotherapy triggers apoptosis of 
growing follicles and depletion of the primordial fol-
licular reserve. Also, it can cause damage to the ovar-
ian vasculature, inflammation, direct loss, or accelerated 
activation of primordial follicles. All these events lead 
to primary ovarian insufficiency (POI), an established 
long-term side effect in female cancer survivors in which 
both endocrine and reproductive ovarian function are 
disrupted [3]. The primary factors that determine the 
extent of ovarian damage are the class of chemotherapeu-
tic agent, its dosage, and the course of treatment [4]. In 
addition to infertility, estrogen deficiency associated with 
ovarian dysfunction leads to compromised quality of life, 
deteriorated bone function, neurological and cardiovas-
cular diseases [5].

Several fertility preservation (FP) techniques, including 
cryopreservation of the ovarian cortex or cryopreserva-
tion of oocyte or embryo with or without stimulation of 
the ovary, are proposed to protect the gametes from the 
toxic consequences of chemotherapy. Nonetheless, age 
and health conditions may limit the use of these meth-
ods. Furthermore, these procedures are technically chal-
lenged, invasive, expensive, and unaffordable for many 
patients [6]. Moreover, the concept of FP is limited by 
ethical, and/or religious concerns in many countries [7]. 
Thus, preventing chemotherapy-induced POI may be a 
worthwhile option for young cancer survivors to main-
tain their best chances of conceiving naturally or with 
medical assistance [8].

The mammalian follicular reserve in the ovary is com-
posed of primordial follicles. This reserve develops early 
in life and gradually diminishes over the course of the 
reproductive period [9]. Predominantly quiescent pri-
mordial follicles must be preserved, and their activation 
into early-growing follicles must be consistently sup-
pressed to preserve female reproductive function. Pri-
mordial follicles’ activation begins during fetal life and 
is meticulously regulated by balancing stimulatory and 
inhibitory factors. These factors are released by oocytes 
and/or granulosa cells and include cytokines, growth 

hormones, and transcription factors which work in an 
endocrine, auto-, or paracrine manner to modulate fol-
licular activation [10]. When the primordial follicle pool 
is depleted, ovarian senescence or menopause occurs, 
which in turn results in infertility [11].

Numerous studies have emphasized the essential role 
of the phosphatidyl-inositol-3-kinase (PI3K)–Akt–mam-
malian target of rapamycin (mTOR) signaling pathway in 
regulating primordial follicles activation, survival, atre-
sia, and loss in oocytes [12, 13]. The activity of mTOR is 
increased in oocytes, underscoring the pivotal role of this 
protein in the activation of primordial follicles. However, 
accelerated mTOR activity by deletion of its negative reg-
ulators PTEN or TSC1 in mice resulted in the activation 
of primordial follicles entire pool with subsequent POI 
[14]. Additionally, inhibition of PI3K/Akt/mTOR signal-
ing preserved the follicle pool and prevented chemother-
apy-induced ovarian insufficiency [15]. These studies 
highlight the importance of maintaining balanced PI3K/
Akt/mTOR signaling for normal ovarian functioning. 
The PI3K/Akt/mTOR pathway is implied to be a critical 
regulator of typical follicular activation. However, under 
pathological conditions, this axis is dysregulated leading 
to exacerbation of follicular activation, and exhaustion of 
the entire follicle pool, leading to premature ovarian fail-
ure (POF) phenotype.

Exosomes are lipid membrane-surrounded nanoparti-
cles that have a diameter of less than one micrometer and 
carry the cytoplasmic components of the cells producing 
them. Through surface-expressed ligands and receptors, 
exosomes can deliver their cargo which includes nucleic 
acids, proteins, and bioactive lipids to target cells, chang-
ing their function and phenotype [16, 17]. In vitro and 
in vivo studies have shown the reparative and protec-
tive effects of mesenchymal stem cells (MSCs)-derived 
exosomes on various tissues. Transplanting exosomes is 
thought to be a novel cell-free therapeutic approach for 
treating a variety of degenerative disorders [18]. Interest-
ingly, MSCs-EVs have demonstrated considerable poten-
tial for regulating diverse cellular pathways, including 
the PI3K/mTOR/AKT pathway. This inhibition may offer 
therapeutic benefits, especially in disorders where the 
mTOR/AKT pathway is frequently dysregulated such as 
ulcer colitis [19], sepsis [20], keloids [21], and Alzheim-
er’s disease [22]. Consequently, the goal of this study is 
to determine how beneficial bone marrow MSCs-EVs are 
for protecting rats’ ovaries against dysfunction caused by 
chemotherapy and to unravel the impact of MSCs-EVs 
on PI3K/AKT/mTOR axis signaling, a key pathway in 
modulating ovarian follicular survival and activation. The 
effect of MSCs-EVs was tested in comparison to rapamy-
cin as mTOR inhibitor [15], and quercetin as PI3K/AKT 
inhibitor [23] on OF induced experimentally using Busul-
fan and cyclophosphamide chemotherapy.
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Materials and methods

Experimental animals
Six-week-old, sexually mature female albino rats weigh-
ing 180–200  g and in the diestrus (DE) phase were 
obtained from the Experimental Animal Unit of the Fac-
ulty of Veterinary Medicine, Benha University, Egypt, and 
were acclimatized for 2 weeks under standard laboratory 
conditions. Every day, vaginal smears were used to exam-
ine the various stages of the estrus cycle. Sterile cotton 
swabs dipped in phosphate buffer saline (PBS) were used 
to prepare the vaginal swabs, which were subsequently 
fixed in absolute methanol. Following fixation, the smears 
of swabs were stained with Giemsa, and assessed under 
a microscope (Nikon, Japan). Animals were bred and 
raised in pathogen-free cages and were exposed to room 
temperature (23 ± 3  °C) and a standard 12-hour light/
dark cycle beginning at 8:00 AM. They were also allowed 
unrestricted access to clean water and food.

Source and localization of lyophilized MSCs-derived 
extracellular vesicles (MSCs-EVs)
Lyophilized MSCs-EVs powder (Bioluga ® Canada) was 
reconstituted in distilled water, and each 1  ml of the 
MSCs-EVs was derived from 0.5 × 106 MSCs. Immuno-
histochemistry staining for CD105 was performed to 
localize administrated MSCs-EVs in ovarian tissues.

Ovarian failure (OF) induction
Busulfan (Sigma-Aldrich, Missouri, B2635, 10  mg/
kg) was administrated to rats every day for 4 days, and 
for the first 2 days, they were given daily 100  mg/kg 

cyclophosphamide (Baxter, India) [24]. Histological and 
hormonal assessments were used to confirm OF after 4 
weeks of induction. Dimethyl sulfoxide (DMSO, Sigma-
Aldrich) was diluted (1:1) with sterile water and used 
to dissolve busulfan to be administered intraperitone-
ally (i.p.). One to two hours after the busulfan injection, 
cyclophosphamide dissolved in sterile injection-grade 
water was i.p. administered.

Experimental design
The timeline of treatments is indicated in Fig. 1. Fifty ani-
mals were randomly grouped into five groups as follows 
(n = 10):

Control group
Animals received sterile injection grade water i.p. and 
DMSO diluted with water (1:1) for the first 2 days. Then, 
the diluted DMSO was continued for a further 2 days. 
Animals were left untreated for 4 weeks. After that, PBS 
was i.p. administrated for 6 weeks.

OF group
After 4 weeks of OF induction, rats were intraperitone-
ally injected with PBS for 6 weeks.

OF + MSCs-EVs group
MSCs-EVs were intraperitoneally injected (as a single 
dose) 1 week before induction of OF and then after 4 
weeks of induction; 2 doses of MSCs-EVs, were intraperi-
toneally injected 2 weeks apart, then the experiment was 
ended 4 weeks after the second MSCs-EVs injection. For 
every animal, 0.5 ml of MSCs-EVs at a concentration of 

Fig. 1  Schematic presentation of the timeline of treatments
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100  µg protein/ml was administered [24]. The number 
and times of injections were selected based on previous 
studies [25] and preliminary experiments.

OF + rapamycin group
Rapamycin (8  mg/kg) was administrated daily 1 week 
before OF induction. Then, 4 weeks after OF induction, 
rats were intraperitoneally injected daily for 6 weeks with 
rapamycin [15].

OF + quercetin group
Rats were injected with daily Quercetin (40  mg/kg) 1 
week before OF induction. Then, 4 weeks after OF induc-
tion, rats were intraperitoneally injected daily for 6 weeks 
with Quercetin [26].

It should be noted that the current study is limited by 
the lack of an MSCs-EVs-only treatment group to test the 
safety of MSCs-EVs and rule out any tumorigenic effects.

Sample collection
Rats were fasted for 12 h at the end of the experimental 
period before receiving 10 mg/kg xylazine and 100 mg/kg 
ketamine by intramuscular injection to induce anesthe-
sia. The blood was then withdrawn from the retro-orbital 
sinus using a capillary tube. Blood samples were used to 

prepare serum which was further used to assess gonadal 
hormones. Ovarian tissue samples were dissected and 
divided into three parts. The first part was fixed in form-
aldehyde 10% to be processed as paraffin blocks for his-
topathological and immunohistochemical studies. The 
second and third parts were processed to be used for bio-
chemical and molecular analyses.

Gene expression profile
To extract total RNA from ovarian tissues, TRIzol 
(Invitrogen) was used according to the manufacturer’s 
instructions. For extraction and purification of miRNA, 
mirPremier microRNA isolation Kit (Sigma Aldrich, 
USA) was used. Using a Nano-Drop 2000 C spectropho-
tometer (Thermo Scientific, USA), the extracted RNA 
was tested for concentration and purity. A high level of 
RNA purity was considered at an A260/A280 absor-
bance ratio exceeding 1.9. The SensiFast cDNA synthe-
sis kits (Sigma Bioline, UK) for RNA and the NCode 
VILO miRNA cDNA Synthesis Kit (Invitrogen, USA) for 
miRNA were used to synthesize complementary DNA 
(cDNA), following the manufacturer’s protocol. Next, 
quantitative PCR (qPCR) was performed using Maxima 
SYBR Green/ROX qPCR master mix (2x) (Thermo Sci-
entific, USA). Table 1 indicates the sequence of primers 
used in this study. GAPDH and U6 were used for normal-
ization. For the calculation of the relative gene expression 
ratios, the formula: RQ = 2−∆∆Ct was used [27].

Western blot
Ovarian tissue protein was extracted from different 
experimental groups. Laemmli buffer was added to 
protein samples followed by heating for 5 min at 95  °C. 
Then, 50 mg of protein samples were loaded onto sodium 
dodecyl sulfate (SDS, 10%) polyacrylamide gels followed 
by electrophoretic resolution. For blotting, the pro-
tein was then transferred to a polyvinylidene difluoride 
(PVDF) membrane (Millipore, Merk, Germany). The 
blots were blocked by 1-hour incubation in 5% nonfat 
dry milk in 0.1% TBS/Tween 20. Next, the blots were 
incubated with the appropriate primary antibodies for 
an entire night at 4 °C, PTEN (E-AB-63495, Elabscience, 
USA), FOXO3 (NBP2-16521, Novus Biologicals USA), 
mTOR (sc-517464, Santa Cruz Biotechnology, USA), 
Phospho-mTOR (sc-293133, Santa Cruz Biotechnology, 
USA), PI3K (E-AB-64202, Elabscience, USA), Phospho-
PI3K (E-AB-20966, Elabscience, USA), AKT (E-AB-
15441, Elabscience, USA), Phospho-AKT (E-AB-20804, 
Elabscience, USA), β-actin (E-AB-20031, Elabscience, 
USA). The blots were then washed before incubation 
with appropriate alkaline phosphatase (ALP) conjugated 
secondary antibody at room temperature for 1  h. For 
visualization of the protein bands, a BCIP/NPT detec-
tion kit (BWR1067, Biospes, China) was used, and for 

Table 1  Sequences of primers for target genes and miRNA used
Gene/miRNA Sequence Accession 

number
PTEN Forward ​A​G​A​C​C​A​T​A​A​C​C​C​A​C​

C​A​C​A​G​C
NM_031606.2

Reverse ​T​C​A​C​C​T​T​T​A​G​C​T​G​G​
C​A​G​A​C​C

FOXO3 Forward ​G​C​C​T​C​A​T​C​T​C​A​A​A​G​
C​T​G​G​G​T

NM_001106395.1

Reverse ​A​G​T​T​C​T​G​C​T​C​C​A​C​G​
G​G​A​A​A​G

GAPDH Forward ​T​G​C​T​G​G​T​G​C​T​G​A​G​T​
A​T​G​T​C​G

NM_017008.4

Reverse ​T​T​G​A​G​A​G​C​A​A​T​G​C​
C​A​G​C​C

miR-200c Forward GTTTG ​C​G​T​C​T​T​A​C​C​
C​A​G​C​A

MIMAT0017150

Reverse ​G​T​G​C​A​G​G​G​T​C​C​G​
A​G​G​T

miR-122 Forward ​G​T​G​T​G​G​A​G​T​G​T​G​A​C​
A​A​T​G​G

MIMAT0000827

Reverse ​G​T​G​C​A​G​G​G​T​C​C​G​
A​G​G​T

miR-99 Forward ​G​T​G​A​A​C​C​C​G​T​A​G​A​T​
C​C​G​A​T

MIMAT0000820

Reverse ​G​T​G​C​A​G​G​G​T​C​C​G​
A​G​G​T

U6 Forward ​C​T​C​G​C​T​T​C​G​G​C​A​G​
C​A​C​A

XR_004936894

Reverse ​A​A​C​G​C​T​T​C​A​C​G​A​A​T​
T​T​G​C​G​T
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densitometric analysis, ImageJ® software was applied. To 
ensure normality, β-actin was employed as a housekeep-
ing protein.

Enzyme-linked immunosorbent assay (ELISA) for AMH, 
FSH, LH, and E2
Estradiol (E2, CSB-E05110r, Cusabio Biotech, USA), Fol-
licle-Stimulating Hormone (FSH, CSB-E06869r, Cusabio 
Biotech, USA), Luteinizing Hormone (LH, CSB-E12654r, 
Cusabio Biotech, USA), and anti-Müllerian hormone 
(AMH, CSB-E11162r, Cusabio Biotech, USA) were mea-
sured in serum using commercially available ELISA kits 
in line with the guidelines provided by the manufacturer.

Analysis of molecular interaction network and targeted 
pathways
The analysis of the PTEN and FOXO3 genes was con-
ducted through integrated transformation and correla-
tion assessments using FunRich software (version 3.3; 
http://www.funrich.org/). This analysis aimed to elu-
cidate molecular interaction networks and biological 
pathways, applying a statistical significance threshold of 
P < 0.05. Additionally, to evaluate the implication of spe-
cific exosomal miRNAs, including miR-200c, miR-122, 
and miR-99, FunRich was employed for molecular path-
way enrichment analysis, again using the same P < 0.05 
threshold. This comprehensive approach allowed for a 
detailed exploration of the functional roles of the studied 
genes and miRNAs in the context of ovarian toxicity and 
their potential therapeutic implications.

Histopathological analysis
Haematoxylin and eosin (H&E) staining
Ovarian sections of 4-6-µm-thickness were prepared 
from fixed ovarian tissue specimens. For the dehydration 
of fixed sections, ascending concentrations of ethanol 
were used. After two rounds of distilled water washing, 
the dehydrated sections were stained with H&E. Using a 
light microscope (Leica DMR 3000; Leica Microsystem), 
Ovarian tissue sections were inspected and analyzed, and 
images were captured by two experienced investigators 
who were blinded to the process [28].

Immunohistochemistry analysis
Deparaffinized sections were hydrated, and then H2O2 
(10%) was used to block endogenous peroxidase activ-
ity. The sections were then incubated with primary anti-
bodies after being blocked for nonspecific reactions. 
The primary antibodies used were Anti-Ki67 antibody 
[SP6], (ab16667), Rabbit monoclonal [SP6] to Ki67, 
1/200, Abcam), Anti-Bax antibody [E63] (ab32503), Rab-
bit monoclonal [E63] to Bax, 1/250, abcam, Anti-Bcl2-
L-13 antibody [EP10625] (ab203516), Rabbit monoclonal 
[EP10625] to Bcl2-L-13, 1/500, Anti-CD105 antibody 
(Anti-CD105 antibody [8A1], ab230925) to CD105. 
Before incubating with the biotinylated secondary anti-
body, the slides were washed with PBS. After that, the 
slides were incubated with labeled avidin-biotin peroxi-
dase, employing diaminobenzidine as a chromogen to 
visualize the antigen-antibody reaction.

Morphometric study
Scoring of immunoreactivity was performed with the 
Allred score, which provides a 0–8 scale representing 
Allred index (0–1 = negative, 2–3 = mild, 4–6 = moderate, 
and 7–8 = strongly positive) [29]. Using the QuPath pro-
gram (0.1.2), the percentage of positive cells and staining 
intensity grades (0–3) are added to determine the score 
[30]. Also, the number of primordial follicles (healthy and 
atretic) was assessed.

Statistical analysis
GraphPad Prism, version 8 (GraphPad Software) was 
used for data analyses and presentation. Results were 
presented as mean ± standard error of mean (SEM). Sta-
tistical analysis was performed by applying one-way 
ANOVA test. Post-hoc analysis was then performed 
using Tukey’s test. The significance was considered at a P 
value less than 0.05.

Results
CD105 immunostaining
CD105 is a marker of MSCs. MSCs-EVs express spe-
cific surface markers of MSCs on their surface [31]. The 
positive immunoexpression for CD105 in the MSCs-EVs 
treated group indicated that the MSCs-derived EVs were 

Fig. 2  Representative photomicrographs of CD105 (MSCs marker) immuno-stained sections. The positive immunoexpression for CD105 was observed 
in MSCs-EVs treated group
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localized in the ovarian tissues, Fig. 2. The use of CD105 
as sole marker for localization is one of the study’s limi-
tations. While CD105 is a widely accepted marker for 
MSCs, it may not fully capture the complexity of exo-
some localization within tissues. Studying additional 
markers or applying advanced imaging techniques could 
provide a more comprehensive assessment.

Preservation of ovarian structure and hormonal balance by 
MSCs-derived EVs
Histopathological examination revealed the impact of 
chemotherapy on follicular development and ovarian 
structure and how MSCs-EVs reverse this effect. The 
examination of H&E-stained sections of the control 
group revealed normal ovarian histoarchitecture. Ovar-
ian follicles in various stages of development, in addi-
tion to corpus luteum and blood vessels were seen Fig. 3a 
&b. While, following the chemotherapeutic treatment in 
the OF group, marked alterations, most notably exten-
sive atresia of the follicles and degenerated follicles were 
observed. Furthermore, numerous areas of hemorrhage 
were found throughout the ovarian tissue, Fig. 3c&d. In 
the OF + MSCs-EVs group, the administration of EVs 
led to a marked improvement in ovarian alterations. 
The ovarian follicles and the overall histoarchitecture 
neared that of the control group, Fig. 3e &f. Concerning 
OF + rapamycin and OF + quercetin groups, fewer atretic 
follicles were observed in both groups, however, develop-
ing follicles were more numerous in group IV, Fig.  3g& 
h. Dilated congested blood vessels and persisted in both 
groups, Fig. 3g&h and i&j. So, the OF group exhibited a 
significant decrease in the number of primordial follicles 
and oocytes, indicating chemotherapy-induced damage 
to the ovarian reserve. In contrast, the MSCs-EVs treated 
group showed preservation of primordial follicles and 
oocytes, suggesting a protective effect of MSCs-EVs on 
follicular reserve and development.

Simultaneously, a hormonal assay was conducted to 
assess the effect of MSCs-derived EVs on ovarian func-
tion. As shown in Fig.  4, the OF group demonstrated a 
significant decrease in E2, and AMH (P < 0.0001) but a 
marked increase in FSH (P < 0.001) and LH (P < 0.0001) 
compared to the control group, indicating ovarian dys-
function. Conversely, MSCs-EVs administration mark-
edly restored serum E2, AMH (P < 0.0001) and decreased 
serum FSH (P < 0.001) and LH (P < 0.0001) compared to 
the OF group. The effect of MSCs-EVs was more favor-
able when compared to either rapamycin or quercetin 
treatment. These results suggest a protective effect of 
MSCs-derived EVs on hormone production and ovarian 
function.

Effect of MSCs-EVs on modulation of PI3K/AKT/mTOR axis
As shown in Fig. 5A, ovarian gene expression of PTEN, 
an inhibitor of PI3K/AKT, in the OF group is significantly 
decreased (P < 0.01) compared to the control group. In 
contrast, MSCs-EVs treatment markedly restored gene 
expression of PTEN level in ovarian tissue (P < 0.001) 
compared to the OF group. Meanwhile, rapamycin treat-
ment significantly increased ovarian PTEN expression 
(P < 0.01), however, the quercetin-treated group dem-
onstrated a non-significant increase in ovarian PTEN 
expression compared to the OF group. Similarly, west-
ern blot analyses demonstrated a marked decrease in the 
ovarian PTEN in the OF group (P < 0.0001) compared to 
the normal control group. Treatment with MSCs-EVs 
and rapamycin markedly restored PTEN levels com-
pared to the OF group (P < 0.0001, P < 0.001), Fig.  5C, 
D, respectively. Moreover, gene expression of FOXO3, a 
downstream effector of PI3K/AKT pathway was mark-
edly increased in the OF group compared to the nor-
mal control group (P < 0.001). MSCs-EVs and rapamycin 
treatment markedly reduced the gene expression of 
FOXO3 in ovarian tissue compared to the OF group 

Fig. 3  Representative photomicrographs of H&E-stained sections: a, b) Group I: Ovarian follicles (F) in various stages of development, and blood vessels 
(bv). c, d) Group II: extensive atresia of the follicles, with shrunken darkly stained nuclei (A), dilated congested blood vessels (bv), areas of hemorrhage (H), 
and degenerated follicles (D). e, f) Group III: Normal ovarian architecture, with developing follicles (F), blood vessels (bv), and corpus luteum (CL), g, h and 
i, j) Group IV and V: Fewer atretic follicles (A) in both groups with more numerous developing follicles (F) in Group IV. Persistent dilated congested blood 
vessels (bv) are noticed in both groups. k) Histogram demonstrating ovarian follicle count
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(P < 0.01), Fig.  5B. At the protein level, ovarian FOXO3 
level was markedly increased compared to the control 
group (P < 0.0001). MSCs-EVs and rapamycin treatment 
markedly reduced ovarian FOXO3 levels compared to 
the OF group (P < 0.0001, P < 0.001), respectively, Fig. 5C, 
E. Further, chemotherapy was associated with increased 
phosphorylation of PI3K/AKT/mTOR axis in ovarian tis-
sue as indicated by a significant increase in p-PI3K/PI3K 
(P < 0.0001), p-AKT/AKT (P < 0.0001), and p-mTOR/
mTOR (P < 0.01) when compared to the control group. 
MSCs-EVs, rapamycin, or quercetin significantly reduced 
p-PI3K/PI3K and p-AKT/AKT (P < 0.0001) compared to 
the OF group. Regarding mTOR, MSCs-EVs, quercetin 
(P < 0.05), and rapamycin (P < 0.001) significantly reduced 
p-mTOR/mTOR compared to the OF group. However, no 
significant difference was observed between MSCs-EVs 
and the other treatment groups, Fig. 6.

Effect of MSCs-EVs on Micro-RNA modulating PI3K/AKT/
mTOR axis
The expression levels of miRNA-200c (P < 0.01), miRNA-
122 (P < 0.05), and miRNA-99a (P < 0.0001) were sig-
nificantly decreased in the OF group compared to the 
control group. MSCs-EVs administration resulted in a 
marked increase in expression levels of miRNA-200c, 
miRNA-122, and miRNA-99a (P < 0.0001) compared 

to the OF group. Rapamycin and quercetin treatment 
showed no significant effect on miRNA-200c and 
miRNA-122 expression levels compared to the OF 
group. However, both treatments significantly increased 
miRNA-99a (P < 0.0001) expression level compared to the 
OF group, Fig. 7.

Network analysis of biological pathways
The analysis of biological pathways affected by the PTEN 
and FOXO3 genes using FunRich software (Fig.  8A) 
revealed their significant involvement in several criti-
cal signaling networks. Most notably, the genes dem-
onstrated complete (100%) participation in the mTOR 
signaling pathway and the class I PI3K signaling events, 
including those mediated by the Akt kinase. This high-
lights the central role of PTEN and FOXO3 in regulating 
these pivotal cascades. Furthermore, the genes exhibited 
50% involvement in the PI3K/AKT activation pathway, 
the FOXO family signaling network, the p53 pathway, 
PI3 kinase-mediated AKT activation, and the PI-3 kinase 
cascade. All of these pathway alterations were statistically 
significant, with a P-value less than 0.05, underscoring 
the critical regulatory functions of PTEN and FOXO3 in 
cellular processes relevant to ovarian toxicity.

The molecular interaction network analysis (Fig.  8B) 
revealed the pivotal roles of the PTEN and FOXO3 genes 

Fig. 4  Effect of MSCs-EVs, rapamycin, and quercetin on (A) serum Estradiol (E2), (B) serum anti-mullerian hormone (AMH), (C), serum follicle stimulating 
hormone (FSH), (D) serum luteinizing hormone (LH). Results are expressed as mean ± SEM. *** significant Vs control group at p<0.001, **** at p<0.0001, 
# significant vs. OF group at p<0.05, ## at p<0.01, ### at p<0.001, #### at p<0.0001, & significant vs. OF + Rapamycin group at p<0.05, &&&& at p<0.0001, 
$$$$ significant vs. OF + quercetin group at p<0.0001
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in regulating key signaling pathways associated with che-
motherapy-induced ovarian toxicity. A prominent feature 
of the network was the centrality of PTEN and FOXO3 
in modulating the mTOR signaling pathway. The statis-
tically significant (P < 0.05) interactions between these 
genes suggest that PTEN and FOXO3 are critical medi-
ators of the apoptotic response to chemotherapeutic 
agents in ovarian cells.

The analysis of biological pathways affected by the 
miRNA-200c, miRNA-122, and miRNA-99 using Fun-
Rich software revealed several key findings (Fig. 8C). The 
Class I PI3K signaling events mediated by Akt, which 
play a crucial role in ovarian function, were found to 
contribute 33.3% to the overall pathway landscape. This 
emphasizes the significant impact these miRNAs have on 
this critical signaling axis. The mTOR signaling pathway 
was found to account for 33.3% of the affected biologi-
cal pathways. The Class I PI3K signaling events, which 
are closely linked to the PI3K/AKT pathway, also showed 
a 33.3% contribution, further reinforcing the miRNAs’ 
influence on key signaling cascades that are known to be 
dysregulated in chemotherapy-induced ovarian toxicity. 
Additionally, the analysis revealed the involvement of the 
FOXO family signaling (2.9%) and the PI3K/AKT activa-
tion (1.8%) pathways, both of which are closely associated 
with cellular stress response and apoptosis regulation. 

The statistical significance threshold of P < 0.05 applied in 
this analysis underscores the robust nature of these find-
ings, indicating that the observed pathway alterations are 
unlikely to have occurred by chance.

MSCs- EVs modulated cellular proliferation and apoptosis 
to mitigate OF
Examination of the immuno-stained sections for Ki67, 
BAX, and BCL2 provided insights into cellular prolif-
eration and apoptosis, and their link to ovarian failure. 
Ki67 is a proliferation marker that indicates the pres-
ence of actively dividing cells. Examination of Ki67 
immuno-stained sections of the control group revealed 
an intense nuclear immunoreaction in the granulosa 
cells of the developing follicles, Fig. 9a &b. Contrarily, a 
weak nuclear reaction was observed in the granulosa cells 
of the atretic follicles of the OF group following chemo-
therapy, Fig.  9c&d. In OF + MSCs-EVs group, adminis-
tration of MSCs-EVs led to restoration of a moderate 
immunoreaction in the granulosa cells of the develop-
ing follicles, Fig.  9e&f. A mild and weak immunoreac-
tion was observed in the granulosa cells of the follicles of 
OF groups receiving Rapamycin and quercetin respec-
tively, Fig. 9h & j. Statistically, the Allred score for Ki67 
immunoreactivity demonstrated a significant decrease 
(P < 0.0001) in the OF group compared to the control 

Fig. 5  Effect of MSCs-EVs, rapamycin, and quercetin on (A) relative gene expression of PTEN, (B) FOXO3, (C) Ovarian levels of PTEN and FOXO3 as detected 
by western blot analysis, (D, E) Intensity of immunoreactivity of selected proteins as quantified by densitometry. Results are expressed as mean ± SEM. 
*significant vs. Control group at p<0.05, ** at p<0.01, **** at p<0.0001, # significant vs. OF group at p<0.05, ## at p<0.01, ### at p<0.001, #### at p<0.0001. 
& significant vs. OF + Rapamycin group at p<0.05, $ significant vs. OF + quercetin group at p<0.05, $$ at p<0.01, $$$$ at p<0.0001
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Fig. 7  Effect of MSCs-EVs, rapamycin, and quercetin on (A) miRNA-200c (B) miRNA-122 (C) miRNA-99a relative expression in ovarian tissues. Results are 
expressed as mean ± SEM. *significant vs. Control group at p<0.05, ** at p<0.01, **** at p<0.0001, #### significant vs. OF group at p<0.0001. &&&& signifi-
cant vs. OF + Rapamycin group at p<0.0001, $$$$ significant vs. OF + quercetin group at p<0.0001

 

Fig. 6  Effect of MSCs-EVs, rapamycin, and quercetin on (A) phosphorylation of mTOR, PI3K, and AKT as detected by western blot analysis, (B-D) Intensity 
of immunoreactivity of selected proteins as quantified by densitometry. Results are expressed as mean ± SEM. **significant vs. Control group at p<0.01, 
**** at p<0.0001, # significant vs. OF group at p<0.05, ## at p<0.01, ### at p<0.001, #### at p<0.0001, & significant vs. OF + Rapamycin group at p<0.05
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group. MSCs-EVs and Rapamycin treatment significantly 
increased Ki67 Allred score when compared to the OF 
group (P < 0.0001). A less significant increase in Ki67 
Allred score was observed in the quercetin-treated group 
compared to the OF group (P < 0.01), Fig. 9l.

BAX is an apoptosis marker that indicates the presence 
of apoptotic cells. In the control group, a weak immu-
noreaction was observed in a few granulosa cells of the 
follicles, suggesting a low level of apoptosis, Fig. 10a &b. 
Following chemotherapy in the OF group, an intense 
immunoreaction was observed in many granulosa cells 
of atretic follicles, indicating increased apoptotic activ-
ity, Fig.  10c&d. However, in the OF + MSCs-EVs group, 

the immunoreactivity was similar to the control group, 
suggesting inhibition of apoptosis, Fig.  10e&f. In the 
OF + rapamycin group, a moderate immunoreaction 
was detected in a few cells, indicating a partial reduc-
tion in apoptotic activity, Fig.  10g&h. In the OF + quer-
cetin group, an intense immunoreaction was observed 
in numerous granulosa cells, suggesting an increase in 
apoptotic activity, Fig. 10i&j. Statistically, the Allred score 
for BAX immunoreactivity demonstrated a significant 
increase in BAX Allred score in the OF group compared 
to the control group (P < 0.0001). Treatment with MSCs-
EVs, Rapamycin (P < 0.0001), and quercetin (P < 0.01) 

Fig. 9  Representative photomicrographs of Ki67 immuno-stained sections. a, b) Group I: intense, c, d) Group II: weak, e, f) Group III: moderate, g, h) 
Group IV: mild, i, j) Group V: weak, nuclear immunoreaction in the granulosa cells of the follicles. k): Histogram demonstrating healthy and atretic follicles. 
l) Allred score for Ki67 immuno reactivity, * significant vs. Control group at p<0.05, *** at p<0.001, ## significant vs. OF group at p<0.01, #### at p<0.0001. 
$$ significant vs. OF + Quercetin group at p<0.01

 

Fig. 8  A) Analysis of the biological pathways affected by PTEN, FOXO3 genes using FunRich software. P < 0.05 indicates a statistically significant differ-
ence. B) Molecular interaction network of PTEN, FOXO3 genes determined using FunRich software. P < 0.05 was considered to indicate a statistically 
significant difference. C) Biological pathways affected by miR-200c, miR-122, and miR-99 according to FunRich software. P < 0.05 indicates a statistically 
significant difference
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markedly reduced Allred score compared to the OF 
group, Fig. 10l.

BCL2 is an anti-apoptotic marker that indicates the 
presence of cells protected against apoptosis. In the con-
trol group, an intense immunoreaction was observed in 
the granulosa cells of the follicles, indicating high levels 
of anti-apoptotic activity, Fig. 11a &b. However, following 
chemotherapy in the OF group, a weak immunoreaction 
was observed in the granulosa cells of atretic follicles, 
suggesting reduced anti-apoptotic activity, Fig.  11c&d. 
In the OF + MSCs-EVs group, the immunoreactivity was 
similar to the control group, indicating restoration of 
anti-apoptotic activity, Fig.  11e&f. In the OF + rapamy-
cin group, a moderate immunoreaction was detected in 
numerous granulosa cells, suggesting partial restoration 
of anti-apoptotic activity, Fig. 11g&h. In the OF + querce-
tin group, a weak immunoreaction was observed in fewer 
granulosa cells, indicating a partial increase in anti-apop-
totic activity, Fig.  11i&j. Statistical analysis of the BCL2 
Allred score revealed a significant decrease (P < 0.0001) in 
BCL2 Allred score in the OF group compared to the con-
trol group. Treatment with MSCs-EVs and Rapamycin 
markedly restored Allred score (P < 0.0001) compared to 

the OF group. Non-significant difference in BCL2 Allred 
score was observed in the quercetin-treated group when 
compared to the OF group, Fig. 11.

Discussion
Several studies have investigated the link between che-
motherapy and OF and have highlighted chemotherapy’s 
detrimental impact on the ovaries. Chemotherapy not 
only targets tumor cells but also induces apoptosis in nor-
mal tissues, including the ovaries [2]. Ovarian cultures 
and animal models have provided evidence of the dam-
aging effects of chemotherapy on the ovaries [32]. Insuf-
ficient activation of DNA repair mechanisms can lead to 
cellular apoptosis [33], which aligns with the findings of 
the current study. The OF group exhibited a significant 
decrease in serum E2 and AMH levels, accompanied by 
a notable increase in FSH and LH levels. AMH is pro-
duced by ovarian follicles and used as an indicator of 
ovarian reserve [34]. It contributes to the maintenance of 
the ovarian reserve by regulating oocyte maturation and 
preventing follicular development [35]. Decreased AMH 
and E2 levels and increased FSH and LH levels are linked 
with ovarian insufficiency [36]. Chemotherapy has been 

Fig. 11  Representative photomicrographs of BCL2 immuno-stained sections. a, b) Group I: intense, c, d) Group II: weak, e, f) Group III: intense, g, h and i, j) 
Group IV & V: moderate and weak immunoreaction in the numerous and few granulosa cells respectively. k) Histogram demonstrating healthy and atretic 
follicles. l) Allred score for BCL2 immunoreactivity, **** significant vs. Control group at p<0.0001, #### significant vs. OF group at p<0.0001, & significant 
vs. OF + Rapamycin group at p<0.05, $$$$ significant vs. OF + Quercetin group at p<0.0001

 

Fig. 10  Representative photomicrographs of BAX immuno-stained sections. a, b) Group I: weak (curved arrow), c, d) Group II: intense, e, f) Group III: 
weak, g, h) Group IV: moderate, i, j) Group V: intense nuclear immunoreaction in the granulosa cells of the follicles. k) Histogram demonstrating healthy 
and atretic follicles. l) Allred score for BAX immunoreactivity, ****significant vs. Control group at p<0.0001, ## significant vs. OF group at p<0.01, #### at 
p<0.0001. &&&& significant vs. OF + Rapamycin group at p<0.0001, $$$$ significant vs. OF + Quercetin group at p<0.0001
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reported to affect ovarian steroidogenesis, the process 
by which somatic cells in the ovary produce and secrete 
female sex steroidal hormones. This can explain the hor-
monal alterations observed in the OF group [37]. Also, 
chemotherapy causes mature follicles to directly undergo 
apoptosis, which perturbs the negative regulatory feed-
back loop on the recruitment of primordial follicles and 
ultimately results in the recruitment of primordial fol-
licles prematurely. In the present study, histological 
examination of ovarian sections revealed an increase in 
atretic follicles. Immunostaining demonstrated a signifi-
cant increase in BAX-positive apoptotic granulosa cells, 
a reduction in Ki67-positive proliferating granulosa cells, 
and a decrease in antiapoptotic BCL2-positive granulosa 
cells. These results collectively indicate that chemother-
apy induces an OF phenotype.

The specific mechanisms underlying chemotherapy-
induced ovarian damage are still not fully understood. 
According to recent studies, chemotherapy-induced OF 
may be exacerbated by the “burn-out effect” or direct 
DNA damage to the follicle reserve [38]. Chemotherapy 
can interfere with the PI3K/AKT signaling pathway, 
which is responsible for follicle quiescence, leading to 
the overactivation of primordial follicles and depletion 
of the follicle reserve [39]. Furthermore, as follicles grow 
and develop, granulosa cells proliferate extensively and 
become increasingly susceptible to the deleterious effects 
of chemotherapy. This may cause a large number of grow-
ing follicles to undergo apoptosis, which would decrease 
the secretion of inhibitory factors and indirectly recruit 
primordial follicles into the growing pool [40]. More-
over, FOXO3 represents another downstream effector of 
PI3K/AKT pathway. Modulation of PI3K/AKT/FOXO3a 
signaling promoted follicle growth, restored ovarian 
function, and suppressed oxidative stress in chemother-
apy-induced OF [41]. In line, the OF group of the cur-
rent study demonstrated an increase in phosphorylation 
of signaling pathway proteins PI3K, AKT, and mTOR, an 
increase in gene expression and protein of FOXO3 con-
comitant with a decrease in gene expression and protein 
of PTEN, a negative regulator of PI3K/AKT signaling, 
suggesting that chemotherapy-induced overactivation of 
primordial follicles may be mediated by triggering mTOR 
signaling.

The mammalian target of rapamycin (mTOR) signal-
ing, a key downstream element of the PI3K/AKT path-
way, plays an essential role in the regulation of the cell 
cycle [14]. Besides regulating cell survival, growth, pro-
liferation, and migration, mTOR also orchestrates gene 
transcription, protein synthesis, and cell autophagy [42]. 
Interestingly, rapamycin, an mTOR inhibitor, binds to the 
cytosolic protein FKBP12 to form a complex. The com-
plex then binds with the FKBP12-rapamycin-binding 
domain of mTOR, thereby inhibiting mTOR’s activity 

[43]. Notably, lack of PTEN in mouse oocytes, or specific 
deletion of tsc1 and tsc2 resulted in premature activa-
tion of primordial follicles in mouse ovaries leading to 
follicular depletion in early adulthood [44]. This suggests 
that hyperactivation of mTORC1 signaling can accelerate 
primordial follicle activation, and mTORC1’s inhibitor, 
rapamycin, can inhibit primordial follicle development 
and conserve the follicular pool by suppressing this sig-
naling pathway. Indeed, rapamycin has been found to 
partially counter the stimulatory effect of SD208, a trans-
forming growth factor beta receptor I kinase inhibitor, on 
oocyte growth, thereby reducing the number of growing 
follicles [45].

Using chemotherapy and rapamycin simultaneously in 
this study significantly reduced the ratio of mature fol-
licles to primordial follicles in rat ovaries, implying inhi-
bition of primordial follicle recruitment in the OF and 
rapamycin-treated group. Consistently, rapamycin has 
been previously reported to suppress the recruitment of 
primordial follicles in mice ovaries by blocking mTORC1 
[46]. On the other hand, similar results were observed in 
the OF group with quercetin, a PI3K inhibitor. Quercetin 
treatment reduced the phosphorylation levels of PI3K, 
Akt, and mTOR. These findings suggest quercetin may 
block chemotherapy-induced primordial to primary folli-
cle transformation by inhibiting the PI3K signaling path-
way. These outcomes are in line with earlier research that 
documented quercetin’s protective effectiveness against 
chemotherapy-induced ovarian insufficiency [26, 47].

In the present study, MSCs-EVs administration to 
chemotherapy-treated rats decreased the number of 
atretic follicles. It increased the number of normal fol-
licles while almost normalizing hormonal levels of AMH, 
FSH, and E2. Further, MSCs-EVs restored ovarian PTEN 
expression, suppressed PI3K, AKT, and mTOR phos-
phorylation, and FOXO3 expression, leading to apoptosis 
suppression and triggering granulosa cell proliferation. 
These results were comparable to those obtained from 
the groups treated with rapamycin on quercetin. The 
results from this molecular interaction network analysis 
emphasize the pivotal regulatory functions of PTEN and 
FOXO3 in orchestrating the complex signaling events 
that govern ovarian cell survival and response to che-
motherapeutic agents. These findings provide valuable 
insights into the potential mechanisms by which target-
ing these genes and their associated pathways, such as 
mTOR and PI3K/AKT, could mitigate the detrimental 
effects of chemotherapy on ovarian function.

The ability of MSCs-EVs to attenuate the apoptosis of 
granulosa cells and atresia of follicles was further con-
firmed by assessing the immunoexpression of Ki67 which 
showed increased immunostaining in granulosa cells 
of antral follicles in the MSCs-EVs group. Additionally, 
Bcl-2 immunostaining was significantly increased and 
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BAX immunostaining was significantly reduced, indicat-
ing decreased apoptosis in granulosa cells. By forming a 
dimer with BAX, Bcl-2 exerts an anti-apoptotic effect. 
These effects contribute to the preservation of ovarian 
function and the prevention of ovarian failure. Indeed, 
increased ovarian Bcl-2 expression antagonized the effect 
of Bax, leading to the inhibition of apoptosis of granulosa 
cells [48].

Ovarian stroma plays a crucial part in follicular dynam-
ics by actively participating in paracrine signalling in 
addition to providing structural support [49]. The pres-
ent study findings indicated increased BAX immune-
expression in the stroma of treatment groups, reflecting 
its crucial role in adaptive response to chemotherapy. The 
elevated BAX levels in the treatment groups suggest that 
the stroma engages in a regulatory mechanism balancing 
apoptotic and anti-apoptotic signals. While BAX is typi-
cally associated with pro-apoptotic activity, its increased 
expression in this context may represent an active mod-
ulation of the apoptotic response, facilitating ovarian 
function preservation. Moreover, the overall significant 
decrease in pro-apoptotic signaling and the increase in 
anti-apoptotic Bcl-2 expression compared to OF group 
imply that the stroma effectively counters chemother-
apy effects. By maintaining a favourable environment 
through paracrine signaling, the stroma supports granu-
losa cell survival and enhances overall ovarian recovery. 
This dual role underscores the importance of the stroma 
in ovarian physiology and its potential as a therapeutic 
target in reproductive medicine.

Stem cell-derived EVs present considerable potential as 
a cell-free treatment strategy to improve ovarian function 
and fertility [50]. The use of MSC-Exos to treat infertil-
ity and ovarian aging is being investigated. these treat-
ments provide promising beneficial effects in cases of 
reduced ovarian reserve, or POI, by attempting to repair 
damaged tissues and enhance ovarian function [51]. Spe-
cifically, Recent studies highlight key benefits of MSCs-
EVs in treating chemotherapy-induced POF. Zhang et al. 
reported that MSCs-derived exosomes promote the pro-
liferation of ovarian granulosa cells and preserve fertility 
in chemotherapy-induced POI model [52]. Zhou et al. 
indicated that MSCs-derived exosomes mitigate ferrop-
tosis and protect against POI via the Nrf2/GPX4 signal-
ling pathway [53].

The therapeutic efficacy of EVs derived from MSCs 
can be elucidated through the release of various MSCs-
EVs microRNAs (EVs-miRNAs) [54]. These microRNAs 
exhibit the potential to modulate key signaling path-
ways in ovarian tissues. Herein, results demonstrated an 
increase in the levels of miR-200c, miR-122, and miR-99a 
in MSCs-EVs treated group, suggesting that the cargo 
of released microRNAs from MSC-EVs exerts inhibi-
tory effects on the PI3K/AKT/mTOR signaling pathway 

by targeting PI3K (miR-200c) [55], AKT (miR-122) [56], 
and mTOR (miR-99a) [57]. These findings were futher 
reinforced by results of netwotk analysis, providing valu-
able insights into the molecular mechanisms underlying 
the therapeutic potential of MSC- EVs in ovarian failure. 
However, further investigation is required to determine 
whether this effect is de novo from the ovarian tissues or 
MSCs-EVs.

Conclusion
The present study demonstrated that MSCs-derived EVs 
could be beneficial in halting chemotherapy-induced 
ovarian insufficiency. Co-treatment with EVs preserves 
primordial follicles, enhances proliferation, and reduces 
apoptosis of granulosa cells in ovarian tissues. Targeting 
PI3K/AKT/mTOR by miRNA could be in part a possible 
mechanism. However, further investigations are needed 
to prove that miRNAs in EVs are the major driver of the 
observed effects.
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