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Rapamycin maintains the primordial follicle pool and protects ovarian
reserve against cyclophosphamide-induced damage
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Abstract. Any abnormal activation of primordial follicles and subsequent depletion can irreversibly diminish the
ovarian reserve, which is one of the major chemotherapy-induced adverse effects in young patients with cancer.
Herein, we investigated the effects of rapamycin on the activation and development of ovarian follicles to evaluate
its fertility-sparing therapeutic value in a cyclophosphamide (CTX)-treated mouse model. Based on ovarian
histomorphological changes and follicle counting in 50 SPF female C57BL/6 mice, daily administration of 5 mg/kg
rapamycin for 30 days was deemed an ideal dosage and duration for administration in subsequent experiments.
Compared with the control group, rapamycin treatment inhibited the activation of quiescent primordial follicles, with
no obvious side effects observed. Finally, 48 mice were randomly divided into four groups: control, rapamycin-
treated, cyclophosphamide-treated, and rapamycin intervention. Body weight, ovarian histomorphological changes,
number of primordial follicles, DDX4/MVH expression, apoptosis of follicular cells, and expression of apoptosis
protease-activating factor (APAF)-1, cleaved caspase 3, and caspase 3 were monitored. Co-administration of
rapamycin reduced primordial follicle loss and the development of follicular cell apoptosis, thereby rescuing the
ovarian reserve after CTX treatment. On analyzing the mTOR signaling pathway, we observed that rapamycin
significantly decreased CTX-mediated overactivation of mTOR and its downstream molecules. These findings
suggest that rapamycin exhibits potential as an ovarian-protective agent that could maintain the ovarian primordial

he primordial follicle pool is approximately assembled at birth
and represents the female reproductive capacity. Abnormal
activation and depletion of primordial follicles within this fixed
pool can irreversibly diminish ovarian reserve and premature ovarian
insufficiency (POI) [1]. Given that survival rates are gradually increas-
ing in patients with cancer with advances in available treatments,
decreasing long-term side effects and improving the quality of life
among cancer survivors have drawn increasing attention. POI is a
major side effect of chemotherapy in young cancer survivors. The
degree of gonadal toxicity and damage to ovarian function depends on
the type, dose, drug regimen of the chemotherapeutic agent, patient
age, and initial ovarian reserve prior to treatment [2]. Depletion of
the residual primordial follicle pool, damage to ovarian stromal
components, and compromised ovarian vascularity are considered
to be pathological mechanisms of chemotherapy-induced POI [3].
Although embryo or oocyte cryopreservation has proven to be an
effective method for fertility preservation, widespread application of
this procedure remains limited owing to its time consumption and cost
[4]. Ovarian tissue cryopreservation requires surgical intervention to
remove ovarian tissue, followed by subsequent auto-transplantation;
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therefore, transplantation of ovarian tissue for fertility preservation
is yet to be performed [5]. More importantly, it may reintroduce
abnormal cells into malignant ovarian tumors. To some extent, it
highlights the benefits of using gonadotropin-releasing hormone
analogs (GnRHa) for suppressing follicle growth and reduction of
ovarian blood flow before and during chemotherapy in patients with
cancer [6]. However, most assessments have only been performed in
female patients with breast cancer and lymphoma, and inconsistencies
have been reported in different randomized controlled trials (RCTs)
[7]. Folliculogenesis is initiated from the primordial follicle stage to
the primary follicle, secondary follicle, and ultimately, the Graafian
follicle, also called the preovulatory antral follicle. As primordial
follicle activation is gonadotropin-independent [8], suppression of
the hypothalamic—pituitary—ovarian (HPO) axis by GnRHa may only
protect a fraction of follicles. The benefits of GnRHa intervention
benefits remain controversial.

A growing number of studies have focused on the signaling path-
ways in primordial follicles during chemotherapeutic drug exposure.
Cyclophosphamide (CTX), an alkylating agent, has been used as a
chemotherapeutic drug for a wide range of cancers, simultaneously
inducing ovarian dysfunction, including accelerated loss of ovarian
reserve, dysregulated folliculogenesis, and steroid disorder [9]. CTX
can cause depletion of primordial follicles, as well as apoptosis
and atresia of growing follicles [9]. A study has reported that CTX
could activate the growth of the quiescent primordial follicle and
subsequently result in a “burnout” effect and follicle depletion by
activating the AKT/mTOR pathway in oocytes and granulosa cells
[10]. Elevated mTOR activity in oocytes has been shown to activate
primordial follicles [11]. In addition, our previous study has shown
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that CTX induces primordial follicle loss and the development of
follicle apoptosis via upregulation of the mTOR signaling pathway
[12]. Given the detrimental effects of CTX on ovarian follicles, there
is an urgent need to identify protective agents against CTX without
obvious side effects. Therefore, the present study supplements our
previous findings. Rapamycin is an immunosuppressive drug that
is considered a specific inhibitor of the mTOR pathway. Rapamycin
could be a potential ovarian-protective agent based on the critical
role of the mTOR signaling pathway in primordial follicle activation
and growing follicle development. Rapamycin was shown to the
follicle pool reserve [13] and protect against Pten-deficiency- or
CTX-induced POI [14, 15]. In the present study, we verified the
effectiveness of rapamycin in protecting the follicle pool with or
without CTX damage, as well as examined different doses and
durations of rapamycin treatment along with potential side effects on
other organs; this could promote the potential application of rapamycin
for ovarian follicle preservation. We aimed to pharmacologically
suppress primordial follicle activation to protect the entire follicle
pool at the earliest stage, thereby expanding pharmacological fertility
preservation. We hope that this mTOR inhibitor can block primordial
follicle loss and be employed as an effective and safe intervention
against CTX-induced POI.

Materials and Methods

Antibodies and other reagents

Rabbit monoclonal antibodies against mTOR (2983), p-mTOR
(S2448) (5536), p70S6K (2708), p-p70S6K (T389) (9234), rpS6
(2217), p-rpS6 (S240/244) (5364), elF4B (3592), p-elF4B (S422)
(3591), APAF-1 (8969), cleaved caspase 3 (9664), caspase 3 (9662),
and B-tubulin (2128) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Antibodies against DDX4/MVH (ab13840)
and Ki-67 (ab66155) were purchased from Abcam (Cambridge,
UK). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG (7074) was purchased from Cell Signaling Technology. The
in situ cell death detection kit was obtained from Roche (Basel,
Switzerland). CTX (C7068) was purchased from Sigma-Aldrich
(St. Louis, MO, USA), and rapamycin (IPA1021) was purchased
from Gene Operation (Ann Arbor, MI, USA).

Animals

Five-week-old SPF C57BL/6 female mice were obtained from
Shanghai Slack Laboratory Animal Co., Ltd. (Shanghai, China)
and housed under standard laboratory conditions. Rapamycin was
dissolved in dimethyl sulfoxide (DMSO) and diluted with normal
saline. After acclimatization for 5 days, 50 mice were randomly
divided into 4 groups: control group (equal volume saline containing
equivalent DMSO), low-dose rapamycin (5 mg/kg), middle-dose
rapamycin (10 mg/kg), and high-dose rapamycin (20 mg/kg). All
mice were intraperitoneally injected once daily and sacrificed after
15 or 30 days. Detailed comparisons were conducted between the
control group and the low-dose rapamycin group after 30 days. A
single dose of 120 mg/kg CTX was commonly used to establish
a mouse model of ovarian dysfunction[16, 17]. To determine the
underlying mechanism of rapamycin against CTX-mediated ovarian
dysfunction, 48 mice were randomly divided into four groups: control
group (CC: equal volume saline containing equivalent DMSO),
rapamycin treatment group (RC: 5 mg/kg rapamycin for 30 days),
CTX-treated group (MC: a single dose of 120 mg/kg CTX at day 24),
and rapamycin intervention group (RM: 5 mg/kg rapamycin for 30
days with a single dose of 120 mg/kg CTX at day 24). Retroorbital

sinus punctures were performed to collect blood samples, and serum
was obtained by centrifugation, which was subsequently cryopreserved
at —80°C for serum marker detection. Tissues were harvested from
mice and immediately placed in 4% paraformaldehyde for histological
assessment or stored at —80°C for western blotting. All animal
experiments were approved by the Experimental Animal Ethical
Committee of Fudan University.

Histomorphology

The ovary, lung, liver, heart, kidney, spleen, and thymus were fixed
in 4% paraformaldehyde for 48 h and then dehydrated and embedded
in paraffin. Paraffin-embedded tissues were serially sectioned to a
thickness of 4 mm. For histomorphological observation, the largest
organ sections were then rehydrated and stained with hematoxylin
and eosin (HE).

Quantification of ovarian follicles

The ovaries were serially sectioned, and follicles in five random
sections of each ovary were counted. Data are presented as the average
number of follicles in each section. Primordial and developing follicles
were classified as previously described [18]. Briefly, primordial
follicles contain an oocyte surrounded by a single layer of squamous
granulosa cells. Follicles ranging from secondary to antral follicles
are called developing follicles. Secondary follicles contain more than
one layer of granulosa cells. Early antral follicles generally possess
only one or two small areas of follicular fluid (antrum), whereas antral
follicles exhibit a single large antral space. Preovulatory follicles
have a rim of cumulus cells surrounding the oocyte.

Immunohistochemical analysis

Briefly, sections were routinely dewaxed, hydrated, incubated in
0.01 M citrate buffer (pH 6.0), and heated in a microwave for 30
min. Endogenous peroxidase activity was inhibited using 3% H,0O,
for 10 min. Non-specific binding was blocked with 10% normal
goat serum for 60 min. All sections were incubated with primary
antibodies against DDX4/MVH (1:200) or Ki-67 (1:100) for 24 h at
4°C. The samples were then incubated for 45 min at room temperature.
Antigens were visualized by diaminobenzidine (DAB) staining after
incubation with HRP-conjugated secondary antibodies for 30 min.
The slides were counterstained with hematoxylin, dehydrated, and
mounted. Meanwhile, the negative control was treated by substituting
phosphate-buffered saline (PBS) for primary antibodies.

Detection of serum markers

To evaluate the potential toxicity of rapamycin on the liver and
kidney, the levels of serum alanine transaminase (ALT), aspartate
transaminase (AST), and creatinine (Cr) were measured using
corresponding detection kits (Biovision, USA) according to the
manufacturer’s instructions.

TUNEL assay

This in situ cell death detection kit was used to detect follicle
apoptosis. After deparaffinization and rehydration, the slides were
incubated in a freshly prepared 0.1% Triton X-100 permeabilization
solution supplemented with 0.1% citrate buffer for 8§ min. Next,
the slides were immersed in Tris-HCl, 0.1 M (pH 7.5), containing
3% bovine serum albumin and 20% normal bovine serum, for 30
min at room temperature. Then, slides were incubated in 50 pl of
TUNEL reaction mixture for 1 h at 37°C. Finally, sections were
rinsed for evaluation.
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Western blotting

Total protein was extracted from mouse ovaries using RIPA
lysis buffer containing the protease inhibitor phenylmethylsulfonyl
fluoride (PMSF). Protein content was determined using a BCA Protein
Assay Kit. Proteins were then separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS—-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes. The membranes were
subsequently incubated in 5% skimmed milk-PBST (PBS containing
0.1% Tween 20) for 1 h and incubated overnight at 4°C with specific
antibodies against different proteins. HRP-conjugated goat anti-rabbit
IgG was used to detect proteins using enhanced chemiluminescence.
B-Tubulin expression was measured as an internal control.

Statistical analysis

Data are presented as the mean + standard error of the mean (SEM).
P-values were determined by performing independent samples t-test
between two groups, and one-way analysis of variance (ANOVA)
followed by the Bonferroni post-hoc test was used to compare
parametric variables among three or more study groups. Statistical
significance was set at P < 0.05.

Results

Rapamycin reduced primordial follicle activation and follicular
development

To establish the effects of rapamycin on folliculogenesis, we
conducted a pilot study to examine different doses and durations
of rapamycin exposure. Mice received intraperitoneal injections of
vehicle or different doses of rapamycin (5, 10, or 20 mg/kg) daily
for 15 or 30 days. Mice were then sacrificed after administration of
the final dose. The ovaries of mice administered different rapamycin
doses over 15 days exhibited numerous follicles at different stages,
without obvious differences from the control group (Figs. 1a and 1c¢).
Notably, a greater reserve of primordial follicles and a reduction in
developing follicles were detected in the ovaries of mice treated with
different rapamycin doses for 30 days (Figs. 1b and 1d). Nevertheless,
no significant differences were observed among the different rapamycin
doses administered for 30 days. Based on our initial observations,
5 mg/kg rapamycin exposure for 30 days demonstrated notable
effects on folliculogenesis. Comparing the ovaries of mice treated
with the vehicle and 5 mg/kg rapamycin for 30 days, we found that
primordial follicles were aggregated, with less reduction noted in
the rapamycin group (Fig. 2a). To determine the effect of rapamycin
on developing follicles, Ki-67 expression, a marker of growth and
proliferation, was assayed and showed an obvious decrease in the
number of developing follicles in the rapamycin group (Fig. 2b).
Accordingly, 5 mg/kg rapamycin once daily for 30 days was selected
as the ideal dosage and duration in the follow-up study.

Rapamycin treatment at 5 mg/kg for 30 days induced no
obvious side effects

After treatment with 5 mg/kg rapamycin for 30 days, no obvious
abnormalities were observed at necropsy. Markers of toxicity were
compared between control and rapamycin-treated mice, including
body weights, serum levels of ALT, AST, and Cr, and pathohistological
examination of primary organs. No statistical difference in serum
ALT, AST, and Cr levels was detected between the rapamycin-treated
and control groups (Fig. 3a). Histomorphological examination of
the main organs showed no gross differences (Fig. 3c). Weight loss
occurred due to rapamycin administration; however, body weight
increased at similar rates to the control group after withdrawing

rapamycin (Fig. 3b).

Rapamycin prevented CTX-induced primordial follicle loss
and apoptosis of developing follicles

We next examined the impact of rapamycin intervention on CTX-
induced primordial follicle loss using female mice pretreated with
rapamycin (5 mg/kg) for 30 days. The number of primordial follicles
was significantly higher in mice treated with rapamycin alone than
in the control group (P < 0.05); these results were in accordance
with the ovarian expression of DDX4/MVH (Figs. 4a, b, and d).
Compared with the control group, the ovaries of the CTX-treated
group showed marked cortical fibrosis, along with a significant
reduction in the number of primordial follicles (P < 0.05). Rapamycin
administration to CTX-treated mice enhanced DDX4/MVH expression
and increased the number of primordial follicles when compared
with the CTX-treated group (P < 0.05) (Figs. 4a, b, and d). These
results indicated that rapamycin pretreatment significantly rescued
primordial follicle loss induced by CTX exposure.

As shown in Fig. 4c, TUNEL staining of ovarian sections from
the rapamycin intervention group contained a reduced number of
apoptotic developing follicles, especially granulosa cells, compared
with ovaries from mice that received CTX alone, which showed
widespread TUNEL-positive cells in large developing follicles. Few
TUNEL-positive follicle cells were detected in sections from control
or rapamycin-treated groups, where no gross apoptotic death was
observed in pre-granulosa cells or oocytes of primordial follicles
in any ovary. The same positive trend was observed considering
the expression of apoptotic markers, such as APAF-1 and cleaved
caspase-3 (Fig. 4e). Following CTX exposure, APAF-1 and cleaved
caspase-3 levels were elevated without changes in total caspase-3
levels (Fig. 4e); however, rapamycin pretreatment significantly
reversed this increase in apoptotic markers. Collectively, these results
demonstrated that CTX treatment could induce hyperactivation of
the developing follicle apoptosis, and rapamycin pretreatment could
neutralize these changes to some extent.

Rapamycin alleviated the CTX-induced overactivation of the
mTOR signaling pathway

To examine the molecular evidence of increased primordial follicle
loss and apoptosis of developing follicle apoptosis after CTX and
rapamycin treatment, we analyzed the effects of treatments on the
mTOR signaling pathway. Protein analysis of whole ovaries was
conducted to assess changes in mTOR phosphorylation and its
downstream molecules. CTX treatment significantly stimulated
mTOR pathway activity, as shown by the phosphorylation of mTOR,
p70S6K, rpS6, and elF4B, compared with the untreated control group.
Pretreatment with rapamycin effectively attenuated the phosphoryla-
tion of mTOR and its downstream molecules (Fig. 4f). These results
revealed that rapamycin could alleviate CTX-induced activation of
the mTOR pathway, indicating the protective effect of rapamycin
against CTX via the mTOR pathway.

Discussion

It is well-established that chemotherapy improves the survival
rates of patients with malignant tumors; however, gonadal injury
remains a major side effect. Several techniques, such as embryo
and oocyte cryopreservation, ovarian tissue cryopreservation, and
ovarian transposition, have been reported for fertility preserva-
tion. Although these techniques could help adult females and girls
undergo chemotherapy, risks and limitations are known to persist
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Fig. 1. Rapamycin treatment for 30 days inhibits primordial follicle activation and follicle growth. (a) Ovaries from mice treated with different rapamycin
doses (0, 5, 10 and 20 mg/kg) for 15 days show no obvious differences from the control group. (b) Ovaries from mice treated with different
rapamycin doses (0, 5, 10 and 20 mg/kg) for 30 days present a substantial change in the number of primordial and developing follicles. (c) Based on
follicle quantification, no obvious difference can be observed in primordial follicles and developing follicles when treated with different rapamycin
doses for 15 days when compared with the control group. (d) An increased primordial follicle reserve and significantly decreased developing
follicles can be observed in ovaries treated with different rapamycin doses for 30 days when compared with the control group. Data are presented as
mean + standard error of the mean (SEM). * P < 0.05, ** P <0.01, *** P <0.001. Scale bar =200 um. 100 x, magnified 100 times; 400 %, magnified

400 times.

[19]. The total number of primordial follicles is determined before
birth, and primordial follicles remain dormant for years or decades.
The activation of primordial follicles and follicle development
consist of multiple stages. To develop new pharmaceutical agents
for preserving the ovarian reserve, it is necessary to understand the
mechanisms mediating chemotherapy-induced follicle loss. In the
present study, we observed that rapamycin could reduce primordial

follicle activation and growth of developing follicles without obvi-
ous side effects. Moreover, rapamycin could protect the ovarian
reserve against CTX-induced primordial follicle loss and apoptosis
of developing follicles. Additionally, our findings suggested that the
mTOR signaling pathway participates in the regulation of primordial
follicle activation. The balance of the mTOR signaling pathway is
important for maintaining the primordial follicle pool, which has also



RAPAMYCIN PROTECTS OVARIAN RESERVE

control

rapamycin treated

291

control

rapamycin treated

Fig. 2. Representative images for HE staining and Ki-67 expression in mouse ovaries treated with rapamycin at 5 mg/kg for 30 days. (a) HE staining shows
that primordial follicles are aggregated and reserved more in the rapamycin-treated group. Red arrows indicate primordial follicles. Scale bar =
50 pm. (b) Immunohistochemical analysis of Ki-67 shows a decrease in the number of developing follicles in the rapamycin group. Red arrows
indicate Ki-67 positive cells. Scale bar = 100 um. HE, hematoxylin and eosin.
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Rapamycin administration at 5 mg/kg for 30 days did not induce obvious side effects. (a) No statistically significant differences in serum ALT, AST,

and Cr levels can be observed between the rapamycin-treated and control groups. (b) Body weight curve of mice in rapamycin-treated and control
groups: weight loss occurs following rapamycin administration, with weight gain occurring at similar rates to the control group after rapamycin
withdrawal at day 30. (c) Histomorphology of the main organs shows no gross differences between the rapamycin-treated and control groups. Scale
bar = 100 um. Data are presented as mean + SEM. * P < 0.05. ALT, alanine transaminase; AST, aspartate transaminase; Cr, creatinine.

been extensively studied using genetic models [20, 21]. Accordingly,
we demonstrated that the mTOR inhibitor rapamycin played an
important role in primordial follicle activation and apoptosis of
developing follicles, and pretreatment with rapamycin could rescue
CTX-induced primordial follicle loss and apoptosis of developing
follicles (Fig. 5).

First, we showed that daily administration of rapamycin promoted

follicular quiescence and maintained the ovarian primordial follicle
pool. Mouse ovaries contain only primordial follicles at birth, and the
entire process from the primordial to the large antral follicle stage,
containing fully grown oocytes, requires 18-24 days [22]. Herein,
the ovaries of mice treated with rapamycin for 30 days exhibited
no obvious change in the number of primordial and developing
follicles. However, the number of primordial follicles was significantly
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Fig. 4. Rapamycin prevents CTX-induced primordial follicle loss and apoptosis of developing follicles via the mTOR signaling pathway. (a, b and d) The
ovaries of the CTX-treated group show a significant reduction in the number of primordial follicles when compared with the control group. In mice
treated with rapamycin alone, the number of primordial follicles is significantly increased when compared with the control group. Compared with
the CTX-treated group, rapamycin treatment increases the number of primordial follicles. These results are in line with the ovarian expression of
DDX4/MVH. Red arrows mark the primordial follicles. (c) TUNEL-positive cells appear widespread in large developing follicles in the CTX-
treated group. Few TUNEL-positive follicle cells can be observed in sections from the control, rapamycin-treated and rapamycin intervention
groups. (¢) APAF-1 and cleaved caspase-3 levels are notably elevated after CTX treatment, with no change in the total caspase-3 levels. Rapamycin
pretreatment could neutralize changes in APAF-1 and cleaved caspase-3. (f) CTX treatment significantly increases mTOR pathway activation,
as determined by phosphorylation of mTOR, p70S6K, rpS6, and elF4B, compared with the untreated control group. Rapamycin pretreatment
attenuates the increased phosphorylation of mTOR and its downstream molecules. Data are presented as mean =+ standard error of the mean (SEM).
*P<0.05, ** P<0.01, *** P<0.001. Scale bar = 50 pum. CC, control group; RC, rapamycin-treated group, 5 mg/kg rapamycin for 30 days; MC,
CTX-treated group, a single dose of 120 mg/kg CTX at day 24; RM, rapamycin intervention group, 5 mg/kg rapamycin for 30 days with a single
dose of 120 mg/kg CTX at day 24. CTX, cyclophosphamide.
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Fig. 5. Illustrative diagram showing the protective function of rapamycin on CTX-induced ovarian reserve injury. CTX exposure causes loss of
primordial follicles and apoptosis in developing follicles via activation of the mTOR signaling pathway. Rapamycin intervention alleviates the
overactivation of the mTOR signaling pathway, thereby protecting the primordial follicle pool and reducing apoptosis of developing follicles. CTX,

cyclophosphamide.

increased in the ovaries of rapamycin-treated mice for 30 days, while
the number of developing follicles was decreased. Furthermore,
Ki-67 staining results revealed that the growth of some developing
follicles was arrested following rapamycin treatment. Dou ef al. have
reported that 2 weeks of rapamycin administration could preserve
primordial follicles, increase oocyte quality, and improve the ovarian
inflammatory microenvironment, expanding ovarian lifespan [23].
Accumulated data suggest that rapamycin inhibits primordial follicle
activation and subsequent follicle growth, and rapamycin 5 mg/kg
once daily for 30 days might confer a preventive effect against the
rapid burnout of primordial follicles, thereby protecting the ovarian
reserve.

However, whether CTX-induced primordial follicle loss could
be attributed to a burnout effect following activation or direct rapid
apoptosis remains controversial. Some studies have suggested that
CTX causes apoptosis of primordial follicles directly by damaging
the double-strand DNA of primordial follicles [3, 24]. Studies have
also indicated that the ‘burnout’ effect could induce a reduction in
primordial follicles following the activation and growth initiation
of primordial follicles, as determined by the changing pattern of
follicle numbers and TUNEL-negative primordial follicles even
at 4 h/12 h/24 h and 3/7 days post-CTX exposure [10, 14, 25].
Despite the lack of direct evidence, numerous researchers have
admitted the rationality of both theories and proposed a mechanism
by which oocytes abandon their follicular quiescence to initiate
DNA damage signaling pathways resulting in oocyte apoptosis
[10, 25-27]. Consistent with previous studies [10, 14], we did not
observe primordial follicle apoptosis on day 7 after CTX exposure.
Nonetheless, the reduced number of TUNEL-positive cells and
decreased levels of APAF-1 and cleaved caspase-3 in the rapamycin
intervention group indicated that the addition of rapamycin reduced
the CTX-induced apoptosis of developing follicles, which contributed
to the protection of ovarian function. Since CTX has been proven
to damage growing follicles, the negative regulation from growing
follicles controlling dormant follicle activation could be disturbed. It
is possible that the primordial follicles were no longer in a dormant
state but actually in a ‘ready’ state to activate, leaving them relatively
vulnerable to apoptosis. As rapamycin can preserve the follicle pool
reserve by inhibiting follicle activation, future studies are warranted

to determine whether it maintains the primordial follicle pool against
CTX damage in this general manner.

We further elucidated the critical role of the mTOR signaling
pathway in fertility preservation. In addition to its well-known role in
cell growth, proliferation, mRNA translation, autophagy, and nutrient
signaling, the mTOR signaling pathway is a key regulator of follicle
activation and growth [28]. Follicular activation may be initiated by
upregulation of the mTOR signaling pathway in pre-granulosa cells
[29]. In addition, the balanced activity of mMTORCI, a major molecule
of the mTOR signaling pathway, in mouse oocytes, is indispensable
for the physiological process of primordial follicle activation via
upregulation of cyclin A expression and subsequent activation of
certain cyclin-dependent kinases in oocytes [30]. Our study also found
progressive activation of primordial follicles in CTX-treated ovaries,
with overactivation of mTOR, p70S6K, rpS6, and elF4B. Rapamycin,
a specific mTOR inhibitor, effectively blocks the phosphorylation
of mTOR and its downstream molecules. However, the mechanism
through which upstream mTOR signaling governs the activation of
primordial follicles remains elusive. Zhang ef al. have suggested that
KITL functions downstream of mTOR in somatic cells to regulate
their communication with oocytes during follicle formation [31].

Rapamycin was first produced from several actinomycete species
and used as an immunosuppressive compound [32]. With progres-
sive research, rapamycin and its analogs were shown to exhibit
antitumor potential [33, 34]. In addition to their fertility-protective
activity, patients with cancer may benefit from their simultaneous
antitumor effects. Furthermore, rapamycin administration did not
induce notable side effects on other organs based on preliminary
evaluations, as determined by assessing serum ALT, AST and Cr
levels and pathohistological examination. However, weight loss
was observed during the rapamycin administration, although body
weight increased again at a rate similar to normal mice. Another
study in mice has shown that 4 mg/kg of rapamycin biweekly for
93 days slightly reduces body weight, although this finding was
not statistically significant [35]. The rapamycin-mediated reduc-
tion in food intake and induction of caloric restriction conditions
could explain this finding [13]. Interestingly, caloric restriction can
significantly enhance the follicle pool reserve by suppressing the
activation of primordial follicles and the development of follicles at
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different stages [35, 36]. It is worth investigating whether rapamycin
protects the ovarian reserve under caloric restriction conditions. In
general, there is no obvious restriction on the use of rapamycin for
ovarian reserve preservation, which could save time for patients
with cancer when compared with techniques such as embryo and
oocyte cryopreservation.

In conclusion, this study identified the role of rapamycin in terms
of affording protection against CTX-induced ovarian damage by sup-
pressing phosphorylation of the mTOR signaling pathway. Moreover,
studies have found that solely freezing and thawing ovarian tissue
can significantly increase the expression of the mTOR signaling
pathway in primordial follicles. Conversely, rapamycin-mediated
suppression of the mTORC1 pathway could preserve the primordial
follicle pool [37]. This finding indicates that altered expression of
activator proteins regulating the primordial follicle reserve and growth
may lead to primordial follicle loss and that rapamycin treatment
can protect the ovarian reserve after chemotherapy and ovarian
tissue cryopreservation and transplantation. Although the underlying
mechanisms require further investigation, this study provides novel
insights into fertility preservation by regulating primordial follicle
activation in females.
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