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Exosomes derived from hypoxic
mesenchymal stem cell ameliorate
premature ovarian insufficiency by
reducing mitochondrial oxidative
stress

Shanshan Zhang'*, Xinfeng Zou?*, Xiaona Feng?, Shuai Shi?, Yanyun Zheng?, Qun Li* &
Yanqun Wul**

Cyclophosphamide (CTX) exposure causes premature ovarian insufficiency (POI). The therapeutic
potential of exosomes derived from human umbilical cord mesenchymal stem cells (hucMSCs) is not
fully understood, especially regarding whether hypoxic preconditioning enhances their efficacy in POI.
In this study, exosomes were isolated and identified from hucMSCs (hucMSCs-Exos) under hypoxic
(HExos) and normoxic (NExos) conditions. Cyclophosphamide (CTX) was used to develop the POl rat
model, and NExos or HExos was injected into the tail vein to investigate its therapeutic effect on POI.
In addition, CTX-treated KGN cell lines were used to investigate the effects of NExos and HExos on cell
proliferation, apoptosis, oxidative stress and mitochondrial membrane potential.The results indicated
that hucMSCs-Exos transplantation substantially improved body weight, ovarian weight coefficient,
estrous cycles, ovarian morphology, ovulation count, and sex hormone levels in POl rats. Further,
HExos showed a higher level of therapeutic efficiency than NExos. In vitro experiments demonstrated
that NExos and HExos may be phagocytosed by KGN cell line, decrease cell apoptosis, and enhance
cell growth. After NExos or HExos transplantation, the reactive oxygen species level was reduced,
mitochondrial membrane potential enhanced, and the levels of mitochondrial oxidative stress-
associated factors returned to their basal level. Notably, the improvement of oxidative stress by NExos
or HExos was blocked by the SIRT3 selective inhibitor 3-TYP. In conclusion, hypoxia-induced hucMSCs-
Exos protected the ovarian reserve against CXT-induced ovarian damage by rectifying mitochondrial
malfunction via the SIRT3/PGC1-a pathway, establishing a solid basis for developing specific ovarian
protection therapies.
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Abbreviations

CTX Cyclophosphamide

POI Premature ovarian insufficiency
hucMSCs ~ Human umbilical cord mesenchymal stem cells
NExos HucMSCs under normoxia

HExos HucMSCs under hypoxia

GCs Granulosa cells

FSH Follicle-stimulating hormone

E, Estradiol

(6N Oxidative stress

TEM Transmission electron microscopy
NTA Nanoparticle tracking analysis
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BW Body weight

IVF In vitro fertilization

ROS Reactive oxygen species

MMP Mitochondrial membrane potential

Premature ovarian insufficiency (POI) is a gynecological and endocrine condition characterized by impaired
ovarian function in women under the age of 40 years!. The primary symptoms are amenorrhea, increased follicle-
stimulating hormone (FSH), and lowered estradiol (E,) levels. The known etiology of POI involves genetics,
autoimmune, iatrogenic, metabolic abnormalities, and environmental pollutantsz. Research indicates that more
than 40% of women might suffer POI after chemotherapy, raising significant concerns about the possibility
of ovarian damage due to chemotherapeutic agents®?. Therefore, it is necessary to investigate chemotherapy-
mediated POI and to formulate safer and more potent approaches for its management.

Mesenchymal stem cells (MSCs) can reduce ovarian senescence and failure. Human umbilical cord MSCs
(hucMSCs) are widely used due to their easy isolation process, low or negligible immunogenic response, and
high proliferation potential®®. The primary function of hucMSCs is the secretion of various bioactive molecules,
and exosomes are an essential component of these paracrine secretions’. Exosomes are a subtype of extracellular
vesicles, typically between 30 and 200 nm, known to transport a range of biological compounds such as cytokines,
mRNA, miRNA, and proteins®®. Through the binding of surface ligands to target cells and the delivery of their
internal contents, exosomes regulate a variety of biological processes, often reflecting the functional properties
of their source cells'®!!. Several studies have revealed that hucMSCs-Exos can enhance the ovarian reserves'!,
hormone levels’, oxidative stress (OS) responses’, and immunological reactions'? of POI rats by delivering
bioactive factors and functional RNAs.

The concentration of oxygen has been recognized to be vitally important in the process of proliferation,
differentiation and self-renewal of MSCs'3. However, during in vitro culture conditions, MSCs are usually
exposed to normoxia (21% O,) which is very different to the oxygen concentrations found in the body under
natural physiological conditions. In fact, a large proportion of MSCs exist in a hypoxic environment (2-8% O,
or even lower) in the body'*!'. Hypoxic conditions may enhance the stemness and paracrine secretion of MSCs,
accelerate the synthesis of exosomes'>!%, and increase their biological roles and activities, thereby increasing
their therapeutic efficiency against diseases'>!”.

However, whether hypoxia improves the therapeutic efficacy of hucMSC-Exos in POI remains unclear. Thus,
this study explored the biological effects of huceMSC-Exos under hypoxia on POI. This study also investigated
the impact of hucMSCs under normoxia (NExos) and hypoxia (HExos) on CTX-induced granulosa cells
(GCs) propagation and apoptosis. It was depicted that HExos may inhibit CTX-induced POI by modulating
mitochondrial OS.

Results

hucMSCs and hucMSC-Exos characterization

Surface markers of hucMSCs were examined to confirm that they are a type of MSCs. Their morphological features
(4th passage) were observed under a phase-contrast microscope. There was no difference in the morphology
of hucMSCs cultured under 1% hypoxic and 21% normoxic conditions (Fig. 1A). Both showed swirling and
fibroblast-like morphology. Cell count and CCKS8 results showed that hucMSCs cultured under normoxia or
hypoxia had no difference in cell number and cell viability (Fig. 1B-C). Similarly, mesenchymal markers such
as CD90, CD73, and CD105 showed positive expression for hucMSCs, while hematopoietic markers like CD45,
CD34, and HLA- DR displayed negative expression in both conditions (Fig. 1D).

After incubating hucMSCs under normoxia and hypoxia for 48 h, supernatant media were collected to
extract exosomes. Hypoxia-Exos and Normoxia-Exos showed similar round vesicles as examined through
transmission electron microscopy (TEM) (Fig. 2A). Exosome surface markers, including CD81 and synthenin,
were observed using WB analysis (Fig. 2B). Nanoparticle tracking analysis (NTA) revealed that Hypoxia-Exos
and Normoxia-Exos had similar size distributions (40 to 150 nm in diameter, Fig. 2C-D). In contrast, Hypoxia-
Exos had a considerably higher concentration (Fig. 2E), indicating remarkable exosome secretion by hucMSCs
under hypoxic conditions. We examined HIF-1a expression and showed that upregulated HIF-1a expression
was detected in HExos compared to NExos (Fig. 2F).

HExos improved the function of the ovary more forcefully than NExos in POI rats

The rats were weighed after a week of CTX administration. The body weight (BW) of POI rats decreased
substantially after 2 weeks (Fig. 3A). Relative to the POI group, the NExos group had substantially higher BW,
which increased this favorable effect in the HExos group. In contrast to the POI group, the weight of the ovary
and the organ coeflicient ratio of the ovaries in the NExos and HExos groups remarkably increased, and it was
more significant in the HExos group (Fig. 3B-D).

The estrous cycle of POI rats remained irregular throughout the experiment, while HExos and NExos rats
recovered gradually after hucMSC-Exos transplantation (Fig. 3E -F). In contrast to the control group, FSH
levels were considerably increased, and E, levels substantially lowered in the POI group, which normalized after
treatment with NExos and Hexos (Fig. 3G-I). These findings indicated that NExos and HExos therapy improved
ovarian function in POI rats and that HExos was more effective than NExos.

The number and development of follicles in the ovaries were examined at all stages via H&E staining
(Fig. 4A-B). The control group showed mature primordial, primary, secondary, and antral follicles. In contrast,
the POI rat model showed atrophied ovaries with decreasing follicles at each stage. The number of follicles was
substantially lower in the POI group than in the NExos group, while the number of primary, secondary, and

Scientific Reports |

(2025) 15:8235 | https://doi.org/10.1038/s41598-025-90879-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

Normoxic

Hypoxic

88C-A

8SC-A

100K =]

o

100K =

o

i i 8x106 ns 25—
Normoxic Hypoxic fis
2.0~
6x106—
€
3 E 154
6] Q
2 4x10 ng
°© 1.0
3 o
2x106
0.5
0- 0.0-

Normoxia Hypoxia Normoxia Hypoxia
a1 Q2 05 6 09 10 013 a4
0 [} 0 0 0 0 0 0

200K = 200k 200 <
< < <
100K =] 100K ] 100K
o4 08 a7 012 016 6 Q15
160 0248 975 0 112 989 01998 o
T . v - - - e ey
0 0 0’ 10 w0’ a0 o 0’ w0 w©° ) 0’ 10° 10° 0 o 10’ 10° 10°
Comp-FITC-A ::CD90 Comp-PerCP-Cy5-5-A :: CD105 Comp-APC-A ::CD73  Comp-PE-A :: CD34+45+HLA-DR
o1 a2 05 o6 09 Q10 Q13 o4
0 0 0 0 0 0 0 0
200k < 200K < 200 <
< <
100K = 100 100k
ot ) «W a3 08 R P o7 a12 ’-'<‘~°’Mﬂ Q16 3 a5
156 984 04231 ' a7 o068 993 0998 015
L Lo N v T ™~ Al .y —y v ™ v &l T ™~ g 5 . i

3
10

Comp-FITC-A ::-€D90

0

5 3 3
10 10 0 10 0 10

Comp-PE-A :: CD34+45+HLA-DR

3 4 s 3 3 4
10 10 0 P ! o r 10 ° 10 0

Comp-PerCP-Cy5-5-A..:.CD105 Comp-APC-A :: €D73

Fig. 1. Characterizations of hucMSCs under normoxic/hypoxic culture conditions. (A) Representative images
of morphological features of hucMSCs under the light microscope (Scale bar =100 um). (B) The number of
hucMSCs cultured under normoxic and hypoxic conditions. (C) Cell viability was determined by CCK-8 assay.
(D) Flow cytometric analysis of hucMSCs.

antral follicles was considerably higher in the HExos group. These results suggest that HExos revealed a better
therapeutic effect on follicle recovery.

Superovulation results demonstrated a significant decline in the follicle number in the POI group, which
could be restored by transplantation of hucMSC-Exos (Fig. 4C-D). The number of eggs in the HExos group was
more elevated than in the NExos group. After that, the In vitro fertilization (IVF) ability of oocytes from each
group was evaluated. The rates of fertilized eggs and blastocysts in the POI group were reduced after IVF with
the donor sperm, which was later restored by NExos or HExos transplantation, where HExos depicted better
recovery than NExos (Fig. 4E-F). Altogether, these results suggest that HExos possesses better protective and
regenerative effects for follicle damage and development in vivo relative to the NExos group.

NExos and HExos enhanced KGN cell proliferation and reduced CTX-induced apoptosis in
KGN cells

The dysfunction of ovarian GCs directly affects the POI. Studies showed that CTX substantially induced
mouse ovarian atrophy and inhibition of GCs proliferation'®°. To examine the effect of HExos and NExos on
internalized GCs, the exosomes were labeled with Dio fluorescent dye and co-cultured with KGN cells. The green
fluorescence in exosomes was detected in the perinuclear region of GCs, indicating that Dio-labeled NExos
and HExos can penetrate the cytoplasm of GCs (Fig. 5A). This phenomenon of phagocytosis well supports the
potential functional impact of NExos and HExos on GCs.

To further observe the protective role of NExos and HExos on GCs, a POI cell model was developed based
on the co-culture of KGN cells with 1 mg/mL CTX to trigger apoptosis and evaluated the effects of NExos and
HExos on GCs survival and apoptosis. It was also observed that NExos and HExos considerably promoted GCs
proliferation and reduced the ratio of early apoptotic GCs induced by CTX (Fig. 5B-C). Cell apoptosis was
controlled by the significant activators caspase-3 and 9. The study also measured caspase-3 and 9 expression in
the ovaries of rats. The findings showed that the fold expression of caspase-3 and 9 was intensely elevated in the
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Fig. 2. Characterizations of hucMSC-NExos and hucMSC-HExos. (A) TEM image of NExos and HExos (Scale
bar =100 nm). (B) Detection of the protein levels of hucMSC-Exos markers in NExos and HExos (negative for
Calnexin and positive for CD81 and Syntenin) via WB analysis. (C-E) Evaluation of size and concentration of
NExos and HExos via NTA. (F) The mRNA level of HIF1a in NExos and HExos was detected by qPCR. Data
was statistically examined via Student’s t-test and illustrated as mean + SEM (**p <0.01).

POI group relative to the control; their expressions were returned to the normal state in the NExos and HExos
groups (Fig. 5D-E). We also assessed the protein expression levels of key pro-apoptotic factors in the ovaries of
rats in each group. As shown in Fig. 5F-G, the expression levels of pro-apoptotic proteins (including cleaved
caspase3, bax, and p53) in the NExos and HExos groups were significantly lower than those in the POI group,
and the expression levels of various pro-apoptotic proteins in the HExos group were lower than those in the
NExos group.

HExos inhibited CTX-induced mitochondrial reactive oxygen species (ROS) than NExos via
SIRT3/PGC-1a signaling pathway

CTX has been reported to induce high levels of oxidative stress and apoptosis in human GCs®. The level of
cellular ROS was measured quantitatively using a DCFH-DA fluorescent probe. The levels of ROS in CTX-
damaged KGN were remarkably decreased after the treatment of NExos and HExos (Fig. 6A). However, the
levels of ROS produced by the HExos treatment were substantially lower than those generated by the NExos
treatment.

Mitochondria are the primary source of ROS synthesis and are more susceptible to OS. The effect of NExos
and HExos on CTX-induced mitochondrial membrane potential (MMP) in KGN cells was determined using the
JC-1 probe. JC-1 penetrates mitochondria in the presence of depolarized MMP and reversibly changes color as
the MMP changes. As shown in Fig. 6B, CTX-exposed cells emitted a significant green fluorescence, indicating a
depolarized mitochondrial membrane. Simultaneously, pretreatment with NExos and HExos had an inhibitory
effect on CTX-induced alterations of MMP, marked by a decrease in green fluorescence along with restoring
red fluorescence. This indicates that NExos and HExos protect against the collapse of mitochondrial membrane
potential in GCs by CTX.

RT-qPCR results depicted that the levels of SOD2, SIRT3, PGCI-a, and TFAM, the major regulators
of mitochondrial function and ROS stress response, were substantially lowered in the ovaries of POI rats.
Simultaneously, NExos or HExos treatment considerably increased their expressions. These positive effects were
more pronounced after HExos treatment (Fig. 6C-F).

To further prove that NExos and HExos regulate mitochondrial function and oxidative stress through the
SIRT3/PGC-1a signaling pathway, we used SIRT3 inhibitors (3-TYP) to knock down SIRT3/PGC-1la under
NExos and HExos treatment. RT-qPCR results showed that 3-TYP could significantly inhibit the expression of
SIRT3, SOD2, PGCla and TFAM (Fig. 7A). DCFH-DA and JC-1 fluorescent probes were used to quantitatively
evaluate intracellular ROS and MMP levels, respectively, to demonstrate the relationship of SIRT3/PGC-1a
signaling pathway in the regulation of mitochondrial function and oxidative stress by NExos and HExos. The
results showed that NExos and HExos could reduce the ROS fluorescence intensity of KGN cells induced by
CTX. After addition of SIRT3 inhibitor 3-TYP, the peak of cell population shifted to the right and the average
fluorescence intensity increased significantly (Fig. 7B). At the same time, the green fluorescence of JC-1 probe
was significantly decreased in NExos and HExos treated cells, while the green fluorescence intensity of cells
was significantly increased after the addition of 3-TYP, indicating mitochondrial depolarization (Fig. 7C).These
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Fig. 3. HExos improves body weight and ovarian function more effectively than NExos in POI rats. (A)
Treatment procedure of POI using hucMSCs. (B) Changes in the weight of all groups of rats. (C) Ovary size
of rats in different groups. (D) Ovary weight changes in all groups of rats. (E) Ovary weight coeflicient of all
groups of rats. (F) Clear cycle curves of rats in different groups. (G) Each group of rats contained complete
clearance cycles. Serum FSH (H) and E, (I) levels of rats in different groups. Three distinct experiments were
evaluated via Student’s t-test, with error bars illustrated as means + SEM (*p <0.05, **p <0.01, ***p < 0.001).
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Fig. 4. HExos improved ovarian morphology and follicular development than NExos in POI rats. (A)
Histopathological images of ovarian tissue sections via H&E staining (Scale bar =1 mm). (B) Quantification of
the ovarian follicle at different stages of development. (C) Bright-field images of in vitro embryo development.
From top to bottom and left to right: cumulus-oocyte complexes, fertilized eggs with the second polar body,
normally developing embryo. (D) Number of oocytes per group after superovulation. After IVE, the percentage
of fertilization with two cells (E) and a normal developing embryo (F). Three distinct experiments were
evaluated via Student’s t-test, with error bars illustrated as means + SEM (*p <0.05, **p <0.01, ***p<0.001).
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Fig. 5. NExos and HExos accelerated KGN cell propagation and attenuated CTX-induced KGN cell apoptosis.
(A) Uptake of the green fluorescence dye Dio labeled NExso and HExos into KGN cells (Scale bar =50 um).
(B) Detection of cell apoptosis of different groups by flow cytometry. (C) Detection of cell proliferation curves
by CCK-8 assay. (D) Detection of mRNA levels of caspase 3 in the ovary of different rat groups. (E) Detection
of mRNA levels of caspase 9 in the ovary of different rat groups. (F) Apoptosis protein expression analysis in
the ovary of different rat groups. (G) The histogram summarizes the protein expression levels. Three distinct
experiments were evaluated via Student’s t-test, with error bars illustrated as means+SEM (*p <0.05, **p <0.01,
4 <0.001).
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Fig. 6. HExos inhibited CTX-induced oxidative stress than NExos in KGN cells. (A) Detection of ROS levels
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results suggest that NExos and HExos regulate mitochondrial function and oxidative stress via the SIRT3/PGC-
la signaling pathway.

Discussion
The prevalence of POF in females is 1%2!, and CTX treatment is one of the main reasons for this condition??.
Therefore, the restoration of ovarian function and the treatment of degenerative ovarian changes are crucial
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Fig. 7. NExos and HExos regulate mitochondrial function and oxidative stress through the SIRT3/PGC-1a
signaling pathway. (A) The expression of SIRT3, SOD2, PGCla and TFAM in KGN cells was detected by RT-
gPCR. (B) The ROS levels were detected by flow cytometry. (C) Flow cytometry analysis quantified changes
in MMP across experimental groups. Three distinct experiments were evaluated via Student’s t-test, with error
bars illustrated as means+SEM (*p <0.05, **p <0.01, **p <0.001).
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for maintaining female fertility health??. Cell therapy, such as human MSCs, is a novel approach to preserving
ovarian function and addressing female infertility?*. After childbirth, the umbilical cord is regarded as a
waste bioproduct; however, huc-MSC shows distinct benefits over MSCs isolated from other sources, such as
bone marrow or adipose tissue. They show high proliferation potential and enhanced pluripotency?, thereby
being more appropriately used for cell therapy. However, their application is restricted by challenges such as
immunogenicity, malignant transformation, embolism, inadequate cell engraftment, and post-transplantation
survival?®. Importantly, exosomes are distinguished by their lack of expression of major histocompatibility
complex I or II, which addresses all cell therapy’s drawbacks?’.

Exosomes responded more efficiently to various stimuli, including inflammation and hypoxic
environments®>?°. Recent research has revealed that exosomes are crucial in protecting ovarian function,
providing a new direction for preventing and treating ovarian diseases!!*%3!. Conversely, it is not well known
whether hypoxia-pretreated hucMSCs-Exos show enhanced biological effects on POI. To investigate this effect,
hucMSCs were cultured under 21% normoxic and 1% hypoxic environments, and their exosomes were extracted
and characterized. In the findings, no morphological differences in size and shape were detected between the
HExos and NExos. However, studies have also shown that hypoxic conditions can promote exosome secretion
from hucMSCs.

In line with previous studies, exosomes obtained from hucMSCs (hucMSC-Exos) under normoxic conditions
showed therapeutic efficacy in the in vivo treatment of POI This study identified the role of hucMSC-Exos
in hypoxic conditions, revealing that HExos had enhanced therapeutic efficacy in POI relative to normoxic
conditions, and its mechanism of action may be related to the induction of hypoxia. The findings represent that
hypoxia priming may be an effective alternative for improving the therapeutic efficacy of hueMSC-Exos in POIL

The main mechanism of CTX-induced POI may involve directly targeting oocytes or indirectly inducing
oocyte apoptosis via damage to GCs*. Moreover, GCs are essential for assessing the fate of follicles. The effects
of HExos on GCs were examined further to investigate the underlying mechanisms. Mitochondria, which serve
as the power source of cells, play a considerable role in various physiological functions. It is suggested that their
dysfunction is one of the leading factors in the development of POI*>%. Growing evidence demonstrates the
significance of ROS in inducing mitochondrial dysfunction. Excess ROS after the progression of POI causes
oxidative damage to nucleic acids, proteins, and lipids, leading to cell death®. ROS production can enhance
ovarian granulosa cell death and follicular atresia, with increased ROS levels serving as a crucial factor in
cyclophosphamide-induced POI*>%*. This study found that HExos markedly reduced cyclophosphamide-
induced oxidative stress, mitochondrial membrane potential impairment, and reduced apoptosis in ovarian
granulosa cells.

This study emphasizes the potential of hypoxic-induced hucMSCs-Exos to impede chemotherapy-mediated
ovarian toxicity, thereby establishing a solid basis for developing targeted ovarian protection strategies. Further
studies may investigate the interaction between exosomes and ovarian cells to clarify their specific regulatory
functions in maintaining ovarian efficiency.

This study also has limitations and potential future directions. Despite the positive indications from the
current findings, additional, comprehensive evaluation and validation are necessary before clinical use. Future
research could examine the biological features and operational mechanisms of exosomes to identify more precise
and effective treatments, thereby expanding the range of options for managing chemotherapy-mediated POL

Further, the ethical implications of using human-derived cells and standardizing exosome purification
procedures require extra consideration. Further research is necessary to comprehend the dosage, route of
administration, and potential effects of exosomes on the human body in clinical settings.

Methods

Animals

In this study, SD female rats (8 weeks) were obtained from Jinan Pengyue Laboratory Animal Breeding Co.
LTD (Jinan, China) and kept in the barrier system of the animal experiment center located at Jining Medical
University. These animals were housed in a nonpathogenic environment with specific conditions: 12 h light/
dark cycle (lights on at 7:00 a.m) and 22 £ 2 °C. All experiments involving animals were conducted in accordance
with protocols approved by the Animal Welfare & Ethics Committee of Jining Medical University (JNMC-2022-
DW-167), mice were euthanized using carbon dioxide (CO,) inhalation before used for tissue collection. All
procedures followed ethical guidelines for animal experiments.

Development of POI rat model and hUMSC-Exos treatment

As depicted in Fig. 3A, the experiment comprised four groups: control (n=8), POI (n=8), POI + Hypoxia-Exos
(HExos, n=8), and POI+ Normoxia-Exos (NExos, n=8) groups. To develop the POI model, rats were injected
CTX (120 mg/kg) intraperitoneally for two weeks (once a week), whereas the control group was administered
with an equal volume of normal saline.

Once the POI model was developed, 200 uL of HExos or NExos (1x 107 cells) was transplanted into each
ovary for two weeks (once a week) in the POI+HExos and the POI + NExos groups. Similarly, rats in the POI
group were administered an equal volume of PBS. Vaginal smears were collected daily at 8 a.m. to assess the
estrous cycle.

Isolation and identification of hucMSCs

Ethical approval (AJYX-2023-XB-01) was obtained from the Augie Medical Ethics Committee of Rizhao City
to collect the umbilical cord tissue, and was conducted in accordance with the principles of the Declaration of
Helsinki. All patients signed written informed consent for study participation. HucMSCs were harvested from
this tissue using the tissue block adhesion method*” and then cultured in Dulbecco’s Modified Eagle’s Medium
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(DMEM) (Gibco, USA) with 10% fetal bovine serum (FBS) (Gibco, USA). Under 1% hypoxic and 21% normoxic
conditions, 80-90% confluent hucMSCs (at 4th passage) were grown without serum for 48 h.

Isolated cells were characterized as described previously®. Their morphology was examined under a light
microscope and confirmed using their specific markers (positive expression for CD34, CD90, CD73, CD105,
negative expression for CD45, and HLA-DR) via flow cytometry (FC). Fluorescence signals were sorted via a
flow cytometer (BD Biosciences, USA) and quantified by FlowJo software (Becton Dickinson).

Isolation and characterization of hucMSCs-Exos

For hucMSCs-Exos isolation, the same method was used as mentioned previously®’. Cells were filtered by
spinning the exhausted medium of treated hucMSCs (at 4th passage) for 10 min at 300 x g and 4 °C. To isolate
exosomes, the supernatant was spun at 4 °C for 10 min at 2,000 g, followed by 30 min at 10,000 g and 70 min
at 100,000 g. The precipitate was rinsed with phosphate-buffered saline (PBS; Servicebio, China) and spun for
70 min at 100,000 g, 4 °C. After that, the precipitate was mixed with chilled PBS and kept at -80 °C.

As previously mentioned®, the same experiment was performed on hucMSC-Exos identification and
characterization. TEM (Talos F200C; Thermo Scientific, US) was used to examine their morphological
characteristics. Nanoparticle tracking analysis (NTA) was conducted to quantify their concentration and size
distribution. Western blotting (WB) was performed to identify their surface markers, including CD81, TSG101,
and syntenin (Biolegend, US).

Western blot analysis

The proteins were extracted with RIPA buffer, separated on polyacrylamide gels using SDS, and then
electrotransferred onto membranes made of polyvinylidene fluoride (PVDF). After incubating the membranes
for 20 min in NcmBlot blocking buffer (NCM Biotech, China), they were probed overnight at 4 ‘C with primary
antibodies specific for the proteins listed below: CD81, TSG101, syntenin, cleaved caspase3, caspase3, Bax, P53,
GAPDH, Beta-tubulin (Biolegend, US). Antibody reactivity was detected using an ECL kit (Biosharp, China)
and visualized using the ChemiDocTM XRS +system (BIO-RAD, USA).

Hematoxylin and eosin (H&E) staining

The same procedure for H&E staining was followed as outlined previously®. Precisely, ovarian tissues were fixed
with 4% paraformaldehyde (Beyotime, China), dehydrated, embedded in paraffin, and sectioned to 4 um. These
sections were stained with H&E stains, and the tissue integrity of each section was analyzed under an inverted
microscope (Leica DMI1, Germany). Different fields of images were captured, and the number of follicles was
quantified.

Hormone analysis
The levels of E, and FSH were detected in the serum sample. These measurements were conducted by RIA at the
Institute of Beijing North Biotechnology.

Rats superovulation

All rats received an intraperitoneal injection of 7.5 IU of pregnant mare serum gonadotropin (PMSG, Ningbo
Second Hormone Factory, China, YMXQ-0001), followed by an intraperitoneal dose of 7.5 IU of human
chorionic gonadotropin (HCG, JS0001) 48 h later. The oocytes were harvested 12 to 16 h post-HCG injection.

IVF

Donor sperm were initially collected from male rats and placed in G-IVF media (Vitrolife, Goteborg, Sweden).
Media was kept in an oil bath at 37 'C with 5% CO, for 1 h to facilitate capacitation. Metaphase II oocytes were
then added into 250 pL of media containing sperm (2 x 10>/mL to 3 x 10%/mL) for fertilization. After 6 h, zygotes
with fine pronuclei were transferred into fresh G-1 media (Vitrolife) and maintained there for 24 h until the two-
cell embryonic stage. G-1 media was used to cultured the fertilized embryos until they reached the blastocyst
stage, which lasted for 5 days.

Human granular tumor cell culturing and treatment

KGN cells (Procell CL-0603) were obtained from Wuhan Procell Life Science & Technology Co., Ltd. and were
maintained in DMEM/F12 medium enriched with 10% FBS and 1% penicillin/streptomycin (Gibco, USA).
These cells were categorized into several distinct groups: (1) control; (2) CTX (1 mg/mL); (3) treatment with
CTX (1 mg/mL) and NExos (50 pg/mL) (CYX +NExos); (4) CTX (1 mg/mL) and HExos (50 pg/mL) (HExos)
groups; (5) treatment with CTX (1 mg/mL), NExos (50 pg/mL) and 3-TYP (10uM) (CYX + NExos + 3-TYP); (6)
treatment with CTX (1 mg/mL), HExos (50 pg/mL) and 3-TYP (10uM) (CYX +HExos+3-TYP).

Cellular uptake assay

NExos and HExos were resuspended and fluorescently labeled with Dio dye (Biotime, China), which was in
line with the provided protocols. KGN cells (4 x 10* cells/well) were cultured on 24-well culture slides and kept
overnight. NExos and HExos were labeled with a Dio green fluorescence labeling kit (Beyotime, China) for
10 min, followed by ultrafiltration at 10,000 x g for 20 min using a 10 kDa cutoff membrane to remove unbound
dye. Next, the Dio-tagged NExos and HExos were kept with KGN cells for 10 h, after which the cells were
counterstained with Hoechst 33,258.
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Primer Sequence

mGAPDH-F | AGGTCGGTGTGAACGGATTTG
mGAPDH-R | TGTAGACCATGTAGTTGAGGTCA
mSP1-F GCCGCCTTTTCTCAGACTC
mSP1-R TTGGGTGACTCAATTCTGCTG
mCaspase3-F | ATGGAGAACAACAAAACCTCAGT
mCaspase3-R | TTGCTCCCATGTATGGTCTTTAC
mCaspase9-F | TCCTGGTACATCGAGACCTTG
mCaspase9-R | AAGTCCCTTTCGCAGAAACAG
mSOD2-F CAGACCTGCCTTACGACTATGG
mSOD2-R CTCGGTGGCGTTGAGATTGTT
mSIRT3-F ATCCCGGACTTCAGATCCCC
mSIRT3-R CAACATGAAAAAGGGCTTGGG
mPGCla-F TATGGAGTGACATAGAGTGTGCT
mPGCla-R | CCACTTCAATCCACCCAGAAAG
mTFAM-F ATTCCGAAGTGTTTTTCCAGCA
mTFAM-R TCTGAAAGTTTTGCATCTGGGT

Table 1. Primer sepuences. F, forward; R, reverse.

Cell viability assay

Approximately 4 x 104 cells were cultured in a 96-well plate. After 24 h incubation, the cells were designated into
four groups, as mentioned above, and cultured for 48 h. CCK-8 working solution (Solarbio, China) was added to
the cell culture medium and kept for 2 h at 37 °C. To evaluate cell viability, the absorbance (OD) was quantified
at 450 nm via a microplate reader (Thermo, USA).

Apoptosis analysis

Cellular apoptosis was monitored via FC analysis using Annexin V-FITC/propidium iodide (PI) dual staining
assay as per the Annexin V-FITC Apoptosis Detection Kits guidelines (Beyotime, China). KGN cells (4x10°
cells/well) were allowed to grow into 6-well plates for overnight attachment. After treatment, cells were collected
and stained with FITC Annexin V and PI for 15 min at 25 °C, using the Annexin V-FITC Apoptosis Detection
Kit. All stained cells were examined via FC (BD, USA).

Detection of ROS

The ROS levels within cells were detected in line with the guidelines of the ROS Assay Kit with DCFH-DA
(Beyotime, China). KGN cells (4 105 cells/well) cultured in 6-well plates or confocal dishes were treated for
48 h. Cells in the confocal plates were stained with DCFH-DA solution for 20 min and then examined via a
confocal laser microscope. Cells in 6-well plates were stained with DCFH-DA and analyzed by FCM.

MMP assay

Based on the manufacturer’s procedure, this assay was performed using a JC-1 MMP kit (Beyotime, China).
KGN cells (4 x 105 cells/well) in 6-well plates or confocal dishes were treated for 48. Cells in the confocal dishes
were stained for 20 min with JC-1 solution and visualized via a confocal laser microscope. However, FC analyzed
cells within the 6-well plates after harvesting and stained with JC-1.

Real-time PCR analysis

The total content of KGN cells or ovarian tissue using the MiniBEST Universal RNA Extraction Kit (Takara,
Japan). Next, cDNA was synthesized via the PrimeScript RT reagent Kit (Takara, Japan). Gene expression was
measured by PCR analysis on a Real-Time PCR system (Bio-Rad, USA) via TB Green Premix Ex TaqlI (Takara,
Japan). Samples were normalized with GAPDH. For the relative quantification of gene expression, the 2-AACt
method was used. Details of primer sequences are depicted in Table 1.

Statistical analysis

Data was statistically examined via GraphPad Prism 8 (USA). The data that adhered to the normal distribution
were presented as mean + SEM. The t-test was employed to analyze the variances between the 2 groups, while the
one-way analysis of variance (ANOVA) was used to evaluate the variations when more than 2 groups. The level
of statistical significance was indicated as * p <0.05, ** p<0.01, and *** p<0.001.

Data availability

All data of this study are available from the corresponding author upon request.
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