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STUDY QUESTION: Can rapamycin improve the developmental competence of human oocytes during the IVM process?

SUMMARY ANSWER: Rapamycin at 10 nM could markedly improve the developmental competence of human oocytes undergoing IVM.

WHAT IS KNOWN ALREADY: Embryos derived from oocytes that mature in vitro have lower developmental competence than sibling
embryos derived from oocytes matured in vivo. Rapamycin was shown to effectively improve IVM outcomes in mammalian oocytes; how-
ever, its effects on IVM of human oocytes have not been investigated.

STUDY DESIGN, SIZE, DURATION: In 2021, donated immature oocytes (n¼ 202) from 80 infertile couples receiving ICSI were in-
cluded in a control group, and 156 oocytes from 72 couples were included in a rapamycin group. The oocytes underwent IVM with 10 nM
rapamycin or without (control) rapamycin, followed by insemination by ICSI and embryo culture.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The germinal vesicle breakdown (GVBD), maturation, normal fertilization,
high-quality embryo (HQE) and blastocyst formation rates were calculated to evaluate the developmental competence of IVM oocytes,
and fluorescence staining was used to assess DNA damage levels of oocytes in both groups. Whole-genome amplification and DNA se-
quencing were performed to analyze chromosome euploidy in embryos derived from the rapamycin group.

MAIN RESULTS AND THE ROLE OF CHANCE: The baseline characteristics of patients who donated oocytes for the two experi-
mental groups were similar. In the control group, GVBD happened in 135 (66.8%) oocytes, and the maturation rate reached 52.5% at 24 h
and 63.4% at 48 h. In the rapamycin group, 143 (91.7%) oocytes underwent GVBD, and the maturation rate reached 60.3% at 24 h and
82.7% at 48 h. Following ICSI, more HQEs were obtained in the rapamycin group versus control (34.2% versus 22.1%, respectively,
P¼ 0.040), although with comparable fertilization rates in the two groups. In addition, the levels of histone cH2AX in oocytes cultured
with 10 nM rapamycin were markedly decreased, compared with those in the control group (0.3§ 0.0 versus 0.6§ 0.1, respectively,
P¼ 0.048). Embryos with normal karyotype could be obtained from oocytes cultured with rapamycin.

LIMITATIONS, REASONS FOR CAUTION: Our preliminary results indicated that the addition of rapamycin during human oocyte
IVM did not cause extra aneuploidy. However, this safety evaluation of rapamycin treatment was based on limited samples and more data
are needed before possible application in the clinic.

WIDER IMPLICATIONS OF THE FINDINGS: In the current study, 10 nM rapamycin was applied in the IVM process of human
oocytes for the first time and showed positive effects, providing new insights for potentially improving IVM outcomes in the clinic. There
were subtle differences between the results presented here on human oocytes and our previous studies on mouse oocytes, indicating the
necessity of more research on human samples.
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Introduction
Human oocyte IVM technology has a long history. The earliest
reported human IVF technology was based on IVM oocytes (Rock and
Menkin, 1944; Menkin and Rock, 1948). Although in 1965 Edwards et
al, established a culture system supporting the in vitro nuclear matura-
tion of human oocytes within 36 h (Edwards, 1965a,b), it was not until
1991 that the first human birth from IVM oocytes was obtained (Cha
et al., 1991). Since then, the research on IVM technology and its clini-
cal application have gradually increased. IVM technology was applied
to avoid ovarian hyperstimulation syndrome in patients with PCOS
and was also used as a tool to explore the specific mechanism of oo-
cyte nucleocytoplasmic maturation (Delvigne and Rozenberg, 2002).
The diversity of research around IVM technology has led to various
definitions of ‘IVM’. Traditional IVM refers to obtaining immature cu-
mulus–oocyte complexes (COCs) from antral follicles in the natural
state and their culture to metaphase II phase, while rescue IVM refers
to culturing oocytes that failed to mature in vivo during conventional
controlled ovarian hyperstimulation (COH) cycles (De Vos et al.,
2016; Lee et al., 2016; Escrich et al., 2018b).

However, it is known that embryos derived from IVM oocytes
show lower developmental competence than sibling embryos derived
from oocytes matured in vivo, regardless of IVM type (Shu et al., 2007;
Escrich et al., 2018a). A recent review summarized two main ways to
improve the developmental competence of IVM oocytes, by: mimick-
ing the in vivo environment of oocyte maturation, including keeping the
structural integrity of COCs; maintaining meiotic arrest by increasing
the concentration of cAMP in oocytes to ensure the synchronization
of cytoplasm and nuclear development; and adding growth factors that
are present in the follicular environment in vivo, such as epidermal
growth factor peptide, to the IVM culture medium, so as to improve

the quality of IVM oocytes (De Vos et al., 2021). Nevertheless, as well
as losing follicular support, oocytes cultured in vitro also suffered from
metabolic disorders, oxidative stress and increased DNA double-
strand breaks (DSBs) or chromosome segregation (Zhao et al., 2019).
Minimizing the damage to oocytes caused by the in vitro environment
is also an important method of improving IVM outcomes.

Rapamycin is a macrolide metabolite produced by Streptomyces
hygroscopicus, which was first identified in 1975, with antifungal and im-
munosuppressive effects (Sehgal et al., 1975; Collier, 1989). The mam-
malian target of rapamycin (mTOR) is sensitive to various
environmental factors, such as nutrients and growth factors, and regu-
lates important processes, such as cell growth, metabolism, differentia-
tion, aging and autophagy (Long et al., 2004). Some previous studies
have reported positive effects of rapamycin on the IVM process for
oocytes from pigs and bovines, and the mechanism was claimed to be
the autophagy-activation function of rapamycin: following the activation
of autophagy in oocytes of the rapamycin group, mRNA transcription
level of the apoptosis-promoting gene BAX was reduced, while that of
the anti-apoptosis gene BCL-XL was increased. Moreover, addition of
the autophagy inhibitor 3-methyladenine (3-MA) significantly reduced
the oocyte maturation rate, also indicating the importance of autopha-
gic activity for oocyte maturation in vitro (Song et al., 2014; Lee et al.,
2015; Kohata-Ono et al., 2019; Kordowitzki et al., 2020). In our recent
study of mouse oocyte IVM, 10 nM rapamycin was confirmed to re-
duce reactive oxygen species levels by promoting the expression of
Nrf2 (a master transcription factor for many antioxidant genes and
phase II detoxifying enzymes) and improve DNA damage repair
(DDR) ability by enhancing the activity of several DDR-associated
genes, including ataxia telangiectasia mutated (Atm), ataxia telangiecta-
sia and Rad3 related (Atr) and DNA protein kinase (DNA-PK,
encoded by Prkdc), thereby improving the quality and developmental

WHAT DOES THIS MEAN FOR PATIENTS?
During assisted reproduction cycles, for in vitro fertilization of eggs (oocytes), we need to collect mature oocytes from the ovaries after
hormone stimulation. However, some of the oocytes obtained in this way are immature and cannot be fertilized without further develop-
ment outside the body (in vitro). By using IVM technology, these oocytes that would otherwise be discarded can be maintained in culture
dishes until they reach maturity, providing patients with more available oocytes and embryos.

Studies have shown that the embryos derived from IVM oocytes do not develop as well as embryos derived from oocytes that have ma-
tured within the ovary itself (in vivo), and therefore, we need to improve the IVM outcomes by optimizing the culture conditions.

In this study, we added rapamycin (a drug already used in clinical practice: for example, to help avoid transplant rejection) to the IVM
culture medium surrounding the oocytes and observed its effects. The results suggested that rapamycin could increase the oocyte matura-
tion rate, improve the developmental potential of oocytes and reduce the accumulation of DNA damage during the IVM process. Our en-
couraging findings suggest that the addition of rapamycin during egg maturation outside the body could eventually result in more healthy
embryos available for transfer. More studies must now be carried out to confirm this.

2 Yang et al.
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potential of mouse oocytes (Yang et al., 2022). However, the effects
of rapamycin on IVM of human oocytes have not been investigated.

Therefore, the purpose of the current study is to explore the im-
pact of rapamycin on the maturity and developmental competence of
human oocytes after IVM, assess its protective effect on DNA integrity
and undertake a preliminary evaluation of its safety by analyzing em-
bryo karyotype.

Materials and methods

Study population
Couples undergoing ICSI owing to male-factor infertility from June to
December 2021 in our center were registered. The ICSI cycles in
which immature germinal vesicle (GV) oocytes were available after de-
nudation were included. Patients with morphologically abnormal
oocytes, normal sperm morphology rate <2%, normal fertilization rate
(presence of two pronuclei) of in vivo matured oocytes <25%, patients
undergoing testicular sperm aspiration or percutaneous/microsurgical
epididymal sperm aspiration and patients in preimplantation genetic
testing cycles were excluded. The included patients were randomly di-
vided into a control group and a rapamycin group.

The original study was approved by the Ethical Committee of Tongji
Hospital, Tongji Medicine College, Huazhong University of Science and
Technology (TJ-IRB20201209). Each of the couples had given written
informed consent before the cycle start for the donation of their im-
mature oocytes and sperm for research use.

Oocyte collection and in vitro culture
COH was undertaken as previously described (Xu et al., 2018; Geng
et al., 2019). Briefly, pituitary suppression was achieved by injection
of a GnRH agonist starting in the mid-luteal phase of the previous cy-
cle or GnRH antagonist starting with the appearance of follicles mea-
suring 13–14 mm in diameter. The dosage and duration of
recombinant FSH were adjusted based on individual ovarian
responses. When two to three leading follicles reached a mean di-
ameter of 18 mm, recombinant hCG was injected (i.m.) and COCs
were retrieved by guided transvaginal ultrasound 36–38 h after the
hCG trigger. The COCs were cultured for 2–3 h in IVF medium
(Vitrolife, Stegomore, Sweden) under standard culture conditions
(37�C and 6% CO2 in air), after which cumulus cells were removed
by mechanical stripping in 80 IU hyaluronidase (Vitrolife, Stegomore,
Sweden) to assess the maturity of oocytes.

After denudation, the oocytes with a GV structure were collected
and cultured for up to 48 h in G1-plus medium (Vitrolife, Stegomore,
Sweden) with or without 10 nM rapamycin (MedChemExpress, New
Jersey, USA) in an Embryo Scope (Vitrolife, Stegomore, Sweden) incu-
bator (37�C, 6% CO2 and 5% O2) equipped with a time-lapse moni-
toring system. All the screened GV oocytes were put into the time-
lapse system to set a starting time point at around 12 noon, and the
dynamic parameters of oocyte nuclear maturation were recorded, in-
cluding the time of germinal vesicle breakdown (GVBD) and first polar
body (PB1) extrusion. ICSI was subsequently performed on the in vitro
matured oocytes using sperm from the patient’s husband.

Embryo culture and evaluation following
ICSI
After ICSI, oocytes from both groups were continuously cultured in
G1-plus medium under time-lapse monitoring. A fertilization check was
performed 16–18 h after insemination and the presence of two pronu-
clei was regarded as normal fertilization. The fertilized zygotes were cul-
tured to the cleavage stage until Day 3, followed by 2 or 3 days of
culture in the G2-plus medium (Vitrolife, Stegomore, Sweden) to the
blastocyst (BC) stage. Embryo development was assessed on Day 2
and Day 3 based on the number of blastomeres, the degree of frag-
mentation and the blastomere symmetry. High-quality embryos (HQE)
were defined as normally fertilized oocytes with no less than six blasto-
meres, fragmentation <20% and symmetrical blastomeres on Day 3.

Immunofluorescence analyses
For the assessment of DNA damage levels, we additionally collected
21 in vitro matured oocytes for fluorescence staining (12 from the con-
trol group and 9 from the rapamycin group). The oocytes matured
with or without rapamycin were: fixed in 4% paraformaldehyde
(Servicebio, G1101) for 1 h; permeabilized and blocked for 1 h in 3%
bovine serum albumin (BSA) containing 0.1% Triton X-100 (Solarbio,
T8200); washed three times in 1% BSA and incubated overnight at
4 �C with primary antibodies (1:200 diluted anti-rabbit phospho-his-
tone H2AX antibody, CST, 9718S); and washed three times in 1%
BSA then incubated for 1 h in goat anti-rabbit IgG labeled with cyanine
3 (1:200, Servicebio, GB21303). Then, the oocytes were incubated for
10 min with 4 lg/ml Hoechst 33258 (Servicebio, G1011). The stained
oocytes were mounted onto glass slides and examined under a fluo-
rescence microscope (Carl Zeiss, Oberkochen, Germany).

For the measurement of immunofluorescence intensity of cH2AX,
all images of the two groups were taken using the digital microscope
software Zen (Carl Zeiss, Oberkochen, Germany), using fixed micro-
scopic parameters. The images were analyzed with ImageJ software
(NIH, Bethesda, MD, USA).

Whole-genome amplification and DNA
sequencing
A preliminary analysis of the safety of rapamycin was carried out by
determining BC karyotype, to assess the feasibility of future clinical
application of rapamycin. The detailed protocol has been described
previously (Zhu et al., 2021). Three BC samples were chosen from
the rapamycin IVM group and analyzed by whole-embryo aneu-
ploidy analysis. Whole-genome amplification of the embryos was
achieved using the multiple annealing- and looping-based amplifica-
tion cycles method, and this was followed by next-generation
sequencing.

Statistical analyses
Data were analyzed and presented using SPSS software 22.0 (IBM,
Amunk, New York, USA) and Graphpad Prism 8.0 (GraphPad
Software, San Diego, CA, USA). Continuous data were analyzed with
Student’s t-test and expressed as mean § SEM if normally distributed,
or with Kruskal–Wallis nonparametric method and expressed as me-
dian (interquartile range [IQR]) if not normally distributed. Categorical
data were presented as the number of cases and frequency
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(percentage), with a Chi-square test to assess between-group differen-
ces. Wald P-values were two-sided; P< 0.05 was considered to be
statistically significant.

Results

Rapamycin improved the maturation rate
of human IVM oocytes
Donated GV oocytes (n¼ 202) from 80 infertile couples receiving ICSI
were included in the control group, and 156 GV oocytes from 72 cou-
ples were included in the rapamycin group. The baseline clinical char-
acteristics of the females, including age, BMI, infertility type and
duration, basal FSH level, antral follicle count, COH protocol and
numbers of oocytes obtained and matured, were generally consistent
between the two groups, as shown in Table I.

During IVM, the developmental processes of every oocyte were
recorded by the time-lapse system (Fig. 1A). At each time point, the
GVBD rate of oocytes in the rapamycin group was always higher than
that in the control group (Fig. 1B) and finally, 135 (66.8%) oocytes in
the control group and 143 (91.7%) oocytes in the rapamycin group
underwent GVBD (Fig. 1C). The GVBD rate in the rapamycin group
was significantly higher than in the control group (P< 0.001). Overall,
the 24 h maturation rate of 202 GV oocytes in the control group was
52.5%, while that of 156 GV oocytes in the rapamycin group was
60.3%, with no significant difference between the two groups
(P¼ 0.142). However, after further culture, the maturation rate of
oocytes in the rapamycin group significantly exceeded that in the con-
trol group, and the 48 h maturation rate reached 82.7% and 63.4%
(P< 0.001), respectively (Fig. 1D and E).

Rapamycin enhanced the developmental
competence of human IVM oocytes
To assess the developmental competence of the IVM oocytes, oocytes
matured in vitro were collected for insemination and continued culture.

There were no significant differences in the normal fertilization rate
and BC formation rate of IVM oocytes between the rapamycin group
and the control group (normal fertilization rate: 52.3% versus 44.3%,
P¼ 0.223; BC formation rate: 9.0% versus 10.7%, P¼ 0.674), but the
HQE rate in the rapamycin group was significantly increased (34.2%
versus 22.1%, P¼ 0.040). In addition, oocytes that matured within
24 h and within 24–48 h were assessed separately, and the results sug-
gested that rapamycin could significantly increase the HQE rate of IVM
oocytes matured within 24 h (37.2% versus 23.6%, P¼ 0.036). For
oocytes that matured at 24–48 h, no statistically significant differences
between groups were observed, as shown in Table II.

Rapamycin rescued DNA damage in
human oocytes during IVM
Considering our previous experimental results in mice: that 10 nM
rapamycin could decrease DNA damage levels in IVM oocytes (Yang
et al., 2022), we collected some human oocytes after IVM from the
two groups for measurement of the histone cH2AX, which in re-
sponse to DSBs provides a basis for the sensitive detection of DNA
damage (Mah et al., 2010). By counting the number of cH2AX foci af-
ter fluorescence staining or measuring its fluorescence intensity, the
level of DNA damage in oocytes could be detected and compared.
The results suggested that the cH2AX fluorescence intensity of
oocytes was 0.6§ 0.1 in the control group (n¼ 12) and 0.3§ 0.0 in
the rapamycin group (n¼ 9), and the difference was statistically signifi-
cant (P¼ 0.048) (Fig. 2).

Oocytes cultured with rapamycin formed
embryos with normal karyotype
To detect potential aneuploidies of the resulting embryos as a prelimi-
nary exploration of the safety of rapamycin, three BCs from the rapa-
mycin group were selected for whole-embryo aneuploidy analysis.
Rapamycin seemed to positively affect the qualities of BCs, as the mor-
phological scores of the three selected BCs were 4AA, 4BC and 4BC,

.............................................................................................................................................................................................................................

Table I Baseline characteristics of patients who donated oocytes for IVM.

Patient characteristics Control group Rapamycin group P level

Age,a years 31.3§ 0.5 31.9§ 0.5 0.390

BMI,a kg/m2 21.4§ 0.3 22.1§ 0.4 0.142

Infertility type,b n (%) 0.894

Primary 57 (71.3) 52 (72.2)

Secondary 23 (28.7) 20 (27.8)

Infertility duration,c years 3 (2-5) 2.5 (2-4) 0.569

Basal serum FSH level,c mIU/ml 6.6 (5.8-7.7) 7.0 (6.0-8.3) 0.223

Antral follicle counta 14.7§ 0.8 13.4§ 0.8 0.230

Ovarian stimulation protocol,b n (%) 0.126

GnRH agonist protocol 41 (51.2) 28 (38.9)

GnRH antagonist protocol 39 (48.8) 44 (61.1)

Oocytes obtained,a n 16.2§ 1.0 14.8§ 0.7 0.245

Mature oocytes obtained,a n 11.4§ 0.7 11.0§ 0.6 0.682

aStudent’s t-test.
bChi-square test.
cKruskal–Wallis nonparametric test.

4 Yang et al.
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..based on the Gardner grading system (Gardner and Schoolcraft,
1999). The chromosome euploidy analyses suggested that IVM
oocytes cultured with rapamycin can form normal embryos: the karyo-
types of BC-1, BC-2 and BC-3 were 45, XN, �4(�1); 46, XN,
�7p(�1, mos, �30%); and 46, XN, respectively (Fig. 3).

Discussion
In the current study, we aimed to evaluate the effects of rapamycin on
IVM of human oocytes by comparing the maturation rate, subsequent
development and DNA damage levels of the oocytes cultured with or

Figure 1. IVM outcomes for human oocytes in the control and rapamycin groups. (A) A human oocyte undergoing the IVM pro-
cess (captured by time-lapse monitoring system). GV, germinal vesicle; GVBD, germinal vesicle breakdown; PB1, first polar body. Scale bar, 50 lm.
(B) GVBD rates of oocytes during 12 h of culture for the control group (n ¼ 202) and the 10-nM rapamycin group (n ¼ 156). (C) Comparison of
the proportion of oocytes undergoing GVBD between groups (Chi-square test). (D) Maturation rates of oocytes over 48 h of culture for the control
group (n ¼ 202) and the 10-nM rapamycin group (n ¼ 156). (E) Comparison of the proportion of oocytes that matured within 48 h between groups
(Chi-square test). Con, control; Rapa, rapamycin; MII, metaphase II. ***P < 0.001.
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.. without rapamycin. The results suggested that 10 nM rapamycin could
significantly increase the GVBD rate and 48 h maturation rate, improve
the developmental competence of oocytes and reduce the accumula-
tion of DNA damage during IVM process.

The effects of rapamycin on the developmental competences of
IVM oocytes in different species have been investigated in previous
studies. Yang et al. (2009) added rapamycin at concentrations of
0.5–10 lg/ll (i.e. 0.55–10.94 mM) to the IVM system of mouse
oocytes and found that the GVBD rate and PB1 extrusion rate were
significantly reduced when the concentration reached or exceeded
3.3 lg/ll. Later studies, however, reached opposite conclusions.
Several studies demonstrated that 1 nM rapamycin increased the matu-
ration rate and improved the subsequent development of IVM porcine
oocytes, especially the poor-quality oocytes (Song et al., 2014; Lee
et al., 2015; Kohata-Ono et al., 2019). Kordowitzki et al. (2020) added
0.1, 1, 10 or 100 nM rapamycin to the IVM medium of bovine oocytes
and found that the maturation rate was the highest in the 1 nM group
and the lowest in the 100 nM group, but the maturation, cleavage and
BC formation rates of bovine IVM oocytes were not significantly differ-
ent between the 1 nM rapamycin group and the control group. In an-
other study, bovine COCs were divided into high-quality and low-
quality groups according to morphological evaluation. The results
showed that 100 nM rapamycin in IVM medium significantly increased
the cleavage rate of low-quality bovine COCs after maturation and fer-
tilization, but not the BC formation rate (Li et al. 2020). The inconsis-
tency of the results may be attributed to the different species and
rapamycin concentrations used in each study. Our recent study con-
firmed the ameliorative effect of 10 nM rapamycin on the IVM process
in mice based on concentration gradient experiments (Yang et al.,
2022). In the current study, 10 nM rapamycin was applied during the
IVM process of human oocytes for the first time and showed similar
positive effects.

.............................................................................................................................................................................................................................

Table II Subsequent development of in vitro matured oocytes from both groups.

Development evaluation Control group Rapamycin group P level

Overall situation

No. of oocytes undergoing ICSI 122 111

Normal fertilization,* n (%) 54 (44.3) 58 (52.3) 0.223

High-quality embryo, n (%) 27 (22.1) 38 (34.2) 0.040

Blastocyst formation, n (%) 13 (10.7) 10 (9.0) 0.674

Oocytes mature within 24 h

No. of oocytes undergoing ICSI 106 94

Normal fertilization, n (%) 52 (49.1) 52 (55.3) 0.376

High-quality embryo, n (%) 25 (23.6) 35 (37.2) 0.036

Blastocyst formation, n (%) 13 (12.3) 9 (9.6) 0.544

Oocytes matured within 24–48 h

No. of oocytes undergoing ICSI 16 17

Normal fertilization, n (%) 2 (12.5) 6 (35.3) 0.225

High-quality embryo, n (%) 2 (12.5) 3 (17.6) 0.685

Blastocyst formation, n (%) 0 (0.0) 1 (5.9) 0.332

*The presence of two pronuclei was regarded as normal fertilization. A Chi-square test was used to compare the difference between groups.

Figure 2. Effects of rapamycin on the DNA damage
levels in human oocytes matured in vitro. (A) The fluores-
cence images of DNA and histone cH2AX in oocytes after IVM
(with or without 10 nM rapamycin). Scale bar, 25 lm. (B)
Comparison of the intensity of cH2AX normalized to the mean
DNA intensity between the control group (n ¼ 12) and the rapamy-
cin group (n ¼ 9) by Student’s t-test. Con, control; Rapa, rapamycin.
*P < 0.05.

6 Yang et al.
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Interestingly, there were still subtle differences between the experi-

mental results of human oocytes and mice oocytes. In this study, we
found that 10 nM rapamycin significantly increased the GVBD rate of
human immature oocytes cultured in vitro, indicating that 10 nM rapa-
mycin may promote meiotic resumption, which was not obvious in

the mouse experiments (Yang et al., 2022). The GV oocytes of most
mammals, including mice, would spontaneously resume meiosis soon
after removal from the inhibitory environment in follicles. Although hu-
man immature oocytes also underwent GVBD, the incidence was sig-
nificantly lower than that of other mammals (Edwards, 1965b).

Figure 3. The morphology and karyotype profile of blastocysts derived from human oocytes cultured with rapamycin.
Three blastocysts (top row) were selected for whole-embryos aneuploidy analysis. The karyotypes of these three embryos were 45, XN, �4(�1);
46, XN, �7p(�1, mos, �30%); and 46, XN, respectively. BC, blastocysts. Scale bar, 50 lm.
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.
Previous studies have shown that rapamycin at high concentrations
inhibited meiotic resumption and reduced the maturation rate of
mouse oocytes (Yang et al., 2009), but there was no direct evidence
that rapamycin affected key factors inducing meiosis in oocytes, includ-
ing cAMP, maturation promoting factor (MPF), and other cyclins.
More studies on human samples are needed to further investigate the
relation between the degree of mTOR inhibition and meiotic resump-
tion of IVM oocytes.

After ICSI, regardless of the rapamycin intervention, the normal
fertilization rate, HQE rate and BC formation rate of human oocytes
matured within 24 h were higher than those of oocytes matured
within 24–48 h, which is consistent with the results in our previous
research (Yang et al., 2021). For the human oocytes matured within
24 h, rapamycin treatment could increase the HQE rate, but not the
normal fertilization rate and BC formation rate. This result differed
from the conclusions of previous studies (Song et al., 2014; Lee
et al., 2015; Kohata-Ono et al., 2019; Kordowitzki et al., 2020; Li
et al., 2020), in which the cleavage rate and BC formation rate were
the main evaluating indicators of developmental competence, and
the increased BC formation rate turned out to be the most signifi-
cant positive effect of rapamycin, especially during IVM of porcine
oocytes (Song et al., 2014; Lee et al., 2015; Kohata-Ono et al.,
2019). In addition to species differences, the specificity of samples in
these studies might account for the inconsistency of results: in-
creased BC formation rates were only observed in the morphologi-
cally poor oocytes and oocytes derived from medium follicles (Lee
et al., 2015; Kohata-Ono et al., 2019). Notably, no significant effect
of rapamycin on developmental competence of oocytes matured
within 24–48 h was observed. The reason may be related to the in-
trinsic low level of MPF, the DNA damage, abnormal mitochondrial
function and metabolic disorders caused by extended culture of
oocytes that matured in 24–48 h. Rapamycin (10 nM) has been
shown to alleviate DNA damage to some extent but other changes
were not improved. Considering the limited number of 24–48 h ma-
tured oocytes undergoing ICSI, studies with larger sample sizes are
needed to draw a more reliable conclusion.

The improvement of embryo quality by rapamycin might be at-
tributed to its effect on the DNA damage levels in IVM oocytes.
DNA damage may cause chromatin disarrangement or even frag-
mentation, which leads to oocyte developmental disorders (Bennabi
et al., 2016; Coticchio et al., 2015; Oktay et al., 2015), and increas-
ing evidence showed that the mTORC1 pathway was involved in
the DNA damage response (Ma et al., 2018). ATM, DNA-PK and
ATR are three proteins from the phosphatidylinositol 3-kinase-re-
lated kinase family, which are recruited to the site of DNA damage
and subsequently phosphorylate H2AX, activate cell checkpoints
and coordinate DNA repair through homologous recombination or
non-homologous end joining (NHEJ) (Sancar et al., 2004; Matsuoka
et al., 2007; Toulany et al., 2012). Shen and Houghton (2013) have
demonstrated, in the context of childhood sarcoma, that mTOR sig-
naling suppressed Atm mRNA via the S6K pathway, and inhibition of
mTOR enhanced the expression of Atm. Also, exposure of cancer
cells to rapamycin can increase DNA-PK activity and promote NHEJ
(Li et al., 2013). While most research about the relation between
mTOR and DNA damage has focused on the fields of anti-tumor,
tumor drug resistance and aging, our recent study has confirmed in
oocytes that the inhibition of mTOR by 10 nM rapamycin during

IVM could increase the expression of these DDR-associated genes
(Atm, Atr and Prkdc), improved the DNA repair capacity of the
oocytes and thus prevented the accumulation of DNA damage
(Yang et al., 2022). In the current study, the protective effect of
rapamycin on DNA integrity during IVM was further reinforced in
human oocytes, providing a new insight into possibilities for improv-
ing the IVM outcomes in the clinic.

Importantly, the safety of rapamycin should not be ignored before
its final application in the clinic. The aneuploidy rates of embryos de-
rived from IVM human oocytes varied greatly in previous studies, rang-
ing from 28% to 60% (Requena et al., 2009; Zhang et al., 2010; Li
et al., 2021). In our study, although based on limited samples, the pre-
liminary results indicated that the addition of rapamycin did not cause
extra aneuploidy and could provide embryos with normal karyotype
for clinical practice. In the future, we will further explore the mecha-
nism by which rapamycin intervenes in meiotic progression and evalu-
ate its safety in a larger sample by other methods, such as single-cell
RNA-sequencing, DNA methylation level detection and health assess-
ment of animal offspring, so as to provide additional evidence in sup-
port of possible clinical application.

In conclusion, our study provides preliminary data on the effects of
10 nM rapamycin that support its potential for improving IVM out-
comes in human oocytes, mainly by increasing the GVBD rate, the 48
h maturation rate and the HQE rate after ICSI. The specific mecha-
nism(s) involved might include reducing DNA damage, and simulta-
neously promoting meiotic resumption and progression. However, the
safety of rapamycin on human IVM oocytes needs to be further
investigated.
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