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Background. This study is aimed at investigating the repairing effect of mesenchymal stem cells and their exosomes from different
sources on ovarian granulosa cells damaged by chemotherapy drugs—phosphoramide mustard (PM). Methods. In this study, we
choose bone marrow mesenchymal stem cells (BMSCs) and human placental mesenchymal stem cells (HPMSCs) for research.
Then, they were cocultured with human ovarian granulosa cells (SVOG) injured by phosphoramide mustard (PM), respectively.
B-Galactosidase staining, flow cytometry, and Western blot were used to detect the changes in the senescence and apoptosis of
SVOG cells before and after their coculture with the above two types of MSCs. Subsequently, exosomes from these two types of
MSCs were extracted and added to the culture medium of SVOG cells after PM injury to test whether these two types of
exosomes played a role similar to that of MSCs in repairing damaged SVOG cells. Results. PM treatment-induced apoptotic
SVOG cells were significantly decreased after HPMSCs and BMSCs as compared with control group. After coculturing with
these two types of MSCs, PM-treated SVOG cells showed significantly reduced senescence and apoptosis proportions as well as
cleaved-Caspase 3 expression, and HPMSCs played a slightly stronger role than BMSCs in repairing SVOG cells in terms of the
above three indicators. In addition, the ratios of senescent and apoptotic SVOG cells were also significantly reduced by the two
types of exosomes, which played a role similar to that of MSCs in repairing cell damages. Conclusions. The results indicated that
BMSCs, HPMSCs, and their exosomes all exerted a certain repair effect on SVOG cells damaged by PM, and consistent repair
effect was observed between exosomes and MSCs. The repair effect of exosomes secreted from BMSCs and HPMSCs on the
SVOG cells was studied for the first time, and the results fully demonstrated that exosomes are the key carriers for MSCs to play
their role.

1. Introduction

The pool of primordial follicles formed in the ovary during
the fetal period is the basis of female ovarian reserves. Start-
ing from adolescence, only a few follicles survive and mature,
and most of them will undergo degeneration and atresia at
different stages of development [1-4]. The quality of ovarian
reserves determines the reproductive lifespan [5, 6]. The
follicle pool is typically depleted in a slow manner. However,
certain external factors, especially chemotherapy drugs, may

greatly accelerate the follicle pool depletion. The high
gonadal toxicity of chemotherapy drugs can cause follicular
failure, amenorrhea, infertility, and an eventual progression
to premature ovarian failure (POF), leading to complete loss
of fertility in women of childbearing age.

The growing cancer incidence across the globe with an
increasingly younger onset age in recent years [7], combined
with the massive use of chemotherapy and radiotherapy, has
largely led to the ever-increasing POF cases, which has
become a top focus of research [8]. However, the mechanism
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underlying the POF caused by chemotherapeutic drugs is still
unclear [9]. There are two mainstream views: (1) POF is the
result of follicular atresia caused by excessive senescence,
apoptosis, and loss of granulosa cells (GCs) [10, 11]; and
(2) POF is the result of excessive activation of dormant
primordial follicles [12, 13]. In order to study the mechanism
of chemotherapeutic drugs damaging ovarian function, this
study chooses phosphoramide mustard (PM) to conduct
in vitro cell experiments. PM as the in vitro metabolic activity
product of cyclophosphamide is an important substance for
cyclophosphamide to exert cytotoxicity, and it is more
suitable for in vitro cell experiments than other chemothera-
peutics. Current clinical treatment of POF mainly aims to
improve the low estrogen symptoms in patients [14, 15],
which cannot solve their infertility issues. Therefore, the
treatment with mesenchymal stem cells (MSCs) that aims
to restore ovarian fertility has attracted many researchers
worldwide.

As a type of adult stem cells derived from mesoderm,
MSCs are capable of self-renewal, multidirectional differenti-
ation, and tissue reconstruction [16-19]. Past studies have
confirmed that MSCs can play an effective role in treating
POF [20-27]. However, many scholars are currently worried
that the application of MSCs may entail risks such as tumor-
igenicity, posttransplantation infection, secondary injury,
and progeny safety [28-30], which greatly limit the clinical
application of MSCs. Exosomes are a type of substance
carrier secreted extracellularly after the fusion of intracellular
multilayer vesicles with cell membranes. Exosomes have a
lipid bilayer structure and contain various cell-specific active
substances such as nucleic acids, proteins, and lipids [31-34].
Exosomes are key participants in intercellular and even
interorgan communication [35] and play an important role
in numerous pathophysiological processes [36-42]. In the
field of reproduction research, Nesrine et al. discovered in
2018 that the use of estrogen in conjunction with exosomes
secreted by human umbilical cord MSCs can effectively
reduce endometrial inflammation and fibrosis indicators
(TNF-a, TNF-f, IL-1, IL-6, RUNX2, and collagen-1) and
can regenerate damaged endometrium and reverse endome-
trial fibrosis [43]. However, at present, research on the
application of exosomes in repairing germ cell damage and
reconstructing reproductive functions is still in its early stage
with little literature available and limited understanding
regarding the role of exosomes. Therefore, it is important to
explore the reproductive repair functions of exosomes
derived from MSCs and search for a substance carrier with
a variety of active factors and ovarian repair functions, thus
paving the way for further study and application of safe
cell-free therapy.

2. Materials and Methods

2.1. Culture and Characterization of BMSCs and HPMSCs.
Bone marrow mesenchymal stem cells (BMSCs, Institute of
Hematology, Peking University People’s Hospital, Beijing,
China) and human placental mesenchymal stem cells
(HPMSCs, Boya Stem Cell Bank, Beijing, China) were placed
in a complete medium of DMEM/F-12 (GIBCO, USA)
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containing 10% of fetal bovine serum (Hyclone, USA) and
1% penicillin-streptomycin (GIBCO, USA), before being
transferred to a cell culture incubator. All cells were cultured
at 37°C in a humidified atmosphere containing 5% CO2. The
medium was changed once every two days (2d). The cell
growth status was observed under a microscope. When the
confluence density of the cells reached 80-90%, they were
passaged using routine subculture techniques, and some cells
were cryopreserved at the same time. The cells were passaged
continuously, and subsequent experiments were performed
using P6-P9 generations of the cells. The content of MSC
characterization included induction of adipogenic differenti-
ation, induction of osteogenic differentiation, and the pres-
ence of surface markers of MSCs including CD105, CD73,
CD34, CD11b, CD19, CD45, and HLA-DR (Abcam, USA)
(Figure 1(a)).

2.2. Separation and Extraction of BMSC-EXO and HPMSC-
EXO. BMSCs and HPMSCs (P6-P9 generations) were
cultured at 37°C in a humidified atmosphere containing 5%
CO2. When the cells reached 80-90% confluence, they were
washed three times with PBS (Solarbio, Beijing, China) and
then further cultured for 48 h in an exosome-free (EXO-free)
serum-containing medium. Subsequently, the supernatant of
the cell culture medium was collected, and the exosomes
were extracted by ultrahigh speed gradient centrifugation.
The specific steps for exosome extraction are as follows: first,
an ultrahigh speed centrifuge was used to centrifuge the
collected supernatant at 10,000 x g and 4°C for 30 min, and
the supernatant was retained after centrifugation and filtered
through a 0.22 ym filter membrane to remove residual cells
and cell debris. Second, the filtered supernatant was centri-
fuged again at 120,000 x g and 4°C for 1.5 h, and the superna-
tant was discarded after centrifugation while the precipitate
was collected and resuspended in 15mL of PBS by blowing.
Finally, the suspension was centrifuged at 100,000 x g and
4°C for 1h, and the resulting precipitates were exosomes.
The exosomes were aliquoted and cryopreserved for future
downstream experiments.

2.3. Characterization of BMSC-EXO and HPMSC-EXO. The
characterization methods of exosomes included: assay of
protein concentration using the BCA method; observation
of the morphological characteristics of exosomes using trans-
mission electron microscopy (TEM); assay of the expression
of exosomal marker proteins CD81, TSG101, ALIX, and
Calreticulin using Western blot; and assay of exosome diam-
eter using nanoparticle tracking analysis (NTA).

2.4. Assay of BCA Protein Concentration. A standard curve
was plotted according to the BCA assay kit (Solarbio, Beijing,
China) to calculate the concentrations of BMSC-EXO and
HPMSC-EXO.

2.5. Observation of Morphological Characteristics of Exosomes
by TEM. A small amount of BMSC-EXO and HPMSC-EXO
suspensions was pipetted onto the surface of a copper grid
with an ultrathin carbon support film. After 1 min of adsorp-
tion, the excess suspension on the edge of the copper grid was
removed with a piece of clean filter paper, and the copper
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FIGURE 1: Schematic design of this experiment. (a) The characterization of BMSCs and HPMSCs. The separation and characterization of
BMSC-EXO and HPMSC-EXO. (b) Senescence and apoptosis associated with PM-treated SVOG cells. (¢) BMSCs or HPMSCs
coincubation with PM-treated SVOG cells. (d) BMSCs-EXO or HPMSCs-EXO alone coincubation with PM-treated SVOG cells.

grid was washed by immersing in the filtered PBS for 5-10s;
then, the copper grid was negatively stained three times with
a 2% uranjium acetate staining solution. After the excess
staining solution on the edge of the copper grid was removed,
the copper grid was left at room temperature and dried in the
horizontal position. A 200kV transmission electron micro-
scope was used to observe and photograph the copper grid.

2.6. Assay of the Expression of Exosome-Specific Proteins
Using Western Blot. BMSC-EXO, HPMSC-EXO, and cellular
proteins in the control group were collected. The cellular
proteins in the control group were obtained by using a con-
ventional method and used as a positive control of exosomes.
30 ug of the test sample was pipetted into a 12% SDS-PAGE
gel (Solarbio, Beijing, China) by a pipette, and the electro-
phoresis was carried out at constant voltages of 80V and
120V successively for 0.5h and 1h, respectively, using an
electrophoresis instrument; then, the samples were electro-
transferred onto PVDF membranes at a constant current of
200mA for 1.5h (the time of electrophoresis and transfer
was adjusted appropriately according to the molecular

weight of the proteins); in the next step, the PVDF mem-
branes were placed into a blocking solution containing 5%
skimmed milk powder for 1h of blocking at room tempera-
ture; after the PVDF membranes were washed using a
1 x TBST buffer (Solarbio, Beijing, China), antibodies against
CD81, TSG101, ALIX, and Calreticulin (Proteintech, USA)
were added, and the PVDF membranes were incubated over-
night at 4°C on a shaker; after the PVDF membranes were
washed using the 1 x TBST buffer, they were incubated with
horseradish peroxidase-labeled anti-IgG antibodies for 1h
at room temperature under gentle shaking. Finally, after the
PVDF membranes were washed using the 1 x TBST bufter,
an ECL chemiluminescence reagent was added for color
development, and the absorbance of each band was measured
for quantitative analysis.

2.7. Assay of Exosome Diameter Using NTA. A laser light
source was used to illuminate nanoparticle suspension, and
the light scattered by the nanoparticles was detected to count
the number of scattering nanoparticles and calculate the
nanoparticle concentration. In this way, a particle matrix



Zeta View PMX 110 was used to determine the concentration
of exosomes obtained by separation at an emission wave-
length of 405nm, and the exosomes were diluted with PBS
to 1x 107 -1 x 10° particles/mL. In addition, the size and
mass of the exosomes were measured. At the same time, the
trajectory of exosomal movement was analyzed.

2.8. Treatment of Ovarian Granulosa-Lutein (SVOG) Cells
Using PM. SVOG cells (Shenzhen Huatuo Biotechnology
Co., Ltd., Shenzhen, China) were seeded at a density of 1 x
10° cells per well in six-well plates and were cultured in a com-
plete medium of DMEM (GIBCO, USA) containing 10% of
fetal bovine serum (Hyclone, USA) and 1% penicillin-
streptomycin (GIBCO, USA). All cells were cultured at 37°C
in a humidified atmosphere containing 5% CO2. Following
incubation, PM (Shenzhen Lijing Biochemical Technology
Co., Ltd., Shenzhen, China) was added to the medium to a
final concentration of 30 ymol/L, and the cells were cultured
for 24 h for subsequent experiments (Figure 1(b)).

2.9. Coculture of PM-Treated SVOG Cells with MSCs and
Exosomes. Transwell culture plates (0.4 ym) were used in this
experiment. The semipermeable membrane of each Trans-
well could separate the upper and lower layers of the cells
so that the cells could not migrate between the upper and
lower chambers of the Transwell at random. Nevertheless,
the cytokines secreted by the cells in the upper and lower
chambers of the Transwell could pass through the semiper-
meable membrane, thus achieving the coculture of SVOG
cells with BMSCs and HPMSCs. The experiment was divided
into 6 groups: (1) untreated group of SVOG cells (blank con-
trol group), (2) group of SVOG cells treated with PM, (3)
coculture group of PM — treated SVOG cells + BMSCs, (4)
coculture group of PM — treated SVOG cells + HPMSCs, (5)
coculture group of PM — treated SVOG cells + BMSC-EXO,
and (6) coculture group of PM — treated SVOG cells +
HPMSC-EXO. Three parallel wells were set to each group,
and the subsequent experiments were performed after the
cells in each group were further cultured for 48h in a
DMEM/F-12 complete medium (Figures 1(c) and 1(d)).

2.10. Detection of Cell Senescence by 3-Galactosidase Staining.
The cell culture medium in the 6-well culture plates was
aspirated, and the cells were washed once with PBS, before
1 mL of B-galactosidase staining and fixation solution (Beyo-
time, Shanghai, China) was added to each well to fix the cells
at room temperature for 15min. The cell fixation solution
was aspirated, and the cells were washed 3 times with PBS
for 3min each time. The PBS in the wells was aspirated
before 1 mL of staining working solution was added to each
well. The cells were incubated in a 37°C incubator (with no
carbon dioxide) overnight, and the 6-well plates were sealed
with parafilm to prevent evaporation. The amount of dark
blue particles generated in the culture plates was observed
under an ordinary light microscope, and images were taken
for analysis.

2.11. Detection of Apoptosis by Flow Cytometry. Cells were
prepared using a FITC Annexin V assay kit (BD, USA) as
recommended by the manufacturer. The cells were washed
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twice with cold PBS and then resuspended in a 1x binding
buffer to a concentration of 1 x 10° cells/mL; 100 pL of the cell
suspension (containing 1 x 10° cells) was transferred toa 5mL
culture tube, and 5 uL of FITC Annexin V and 5 uL of PI were
added to the tube. After gentle rotation of the cells in the tube,
the cells were incubated for 15min at room temperature
(25°C) in a dark environment; then, 400 L of the 1x binding
buffer was added to each tube, and the cells were loaded onto a
flow cytometer within 1h for detection. The source data were
analyzed using the FlowJ010.0.7 software.

2.12. Detection of Protein Expression of Apoptosis-Associated
Caspase 3 by Western Blot. For cell protein extraction from
each group, after the cell culture medium was discarded,
the cells were washed 2-3 times with prechilled PBS, and
150 uL/well of a RIPA lysis buffer was added to the 6-well
plates and mixed well. The cells were placed on a shaker on
ice and lysed for 30 min at 150 x g, followed by 30 min of
centrifugation at 12,000 x g and 4°C, and the supernatant
was the fraction of cellular proteins. The protein concentra-
tion was determined by the BCA method for quantitative
analysis, and the protein samples were stored at -80°C for
future use. 30 ug of each protein sample was added into a
12% SDS-PAGE gel, and the electrophoresis was carried out
at constant voltages of 80 V and 120V successively for 0.5h
and 1h, respectively; then, the samples were electro-
transferred onto PVDF membranes at a constant current of
200mA for 1.5h (the time of electrophoresis and transfer
was adjusted appropriately according to the molecular
weight of the proteins); in the next step, the PVDF
membranes were placed into a blocking solution containing
5% skimmed milk powder for 1h of blocking at room after
the PVDF membranes were washed using a 1 x TBST bufter,
antibodies against Caspase 3 and f-tublin (Proteintech,
USA) were added, and the PVDF membranes were incubated
overnight at 4°C on a shaker; after the PVDF membranes
were washed using the 1 x TBST buffer, they were incubated
with horseradish peroxidase-labeled anti-IgG antibodies for
1 h at room temperature under gentle shaking. Finally, after
the PVDF membranes were washed using the 1xTBST
buffer, an ECL chemiluminescence reagent was added for
color development, and the absorbance of each band was
measured for quantitative analysis.

2.13. Statistical Analysis. All statistical analyses were per-
formed with the SPSS software. The data are expressed as
the mean + SD of at least three independent experiments
in vitro. Comparisons were performed using a two-tailed ¢
-test or one-way ANOVA for experiments with more than
two subgroups. The error bars indicate the standard devia-
tion from the mean of triplicate measurements. Asterisks
indicate significant differences (%P < 0.05; % %P < 0.01; s
P <0.001) compared with the corresponding control.

3. Results

3.1. Culture and Characterization of BMSCs and HPMSCs.
The P6 generation of the two types of MSCs was placed
under a 100x optical microscope and photographed using
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FI1GURE 2: (a) The morphological characteristics of two types of MSCs observed under a microscope (100x): a fibroblast-like long-spindle
shape, adherent and vortex-shaped growth, and orderly arrangement. (b) Staining for the induction of adipogenic and osteogenic
differentiation of two types of MSCs.
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FiGUure 3: The surface markers of two types of MSCs characterized by flow cytometry: strong expression of CD105 and CD73 and no
expression of CD34, CD11b, CD19, CD45, and HLA-DR. (a) BMSC; (b) HPMSC.

the software. It was found that the two types of
MSCs—BMSCs and HPMSCs—showed uniform morphology
and good adherent growth, and both cells showed a fibroblast-
like long spindle-shape with vortex-like growth and orderly
arrangement (Figure 2(a)). 14 d after induction of adipogenic
differentiation of the cells, the oil red O staining showed the
formation of standard lipid droplets; 14 d after the induction
of osteogenic differentiation, the alizarin red staining showed
dark red nodules (Figure 2(b)). The surface markers of two
types of MSCs were characterized by flow cytometry. The
results indicated that the surface of these cells showed strong
expression of CD105 and CD73, with undetectable the expres-
sion of CD34, CD11b, CD19, CD45, and HLA-DR (Figure 3).

3.2. Extraction and Characterization of BMSC-EXO and
HPMSC-EXO. The exosomes of MSCs were extracted by
ultrahigh speed gradient centrifugation and observed by
TEM. The results showed that the exosomes of two types of
MSCs were different in size, with a round or oval shape and a
diameter of about 100 nm. Showing an obvious double-layer
vesicular membrane structure, the exosomes were distributed
in single form or in clusters, with a clear background and only
a few contaminants (Figure 4(a)). The exosome-specific marker
proteins were detected by Western blot. The results showed

that both types of exosomes had strong expression of positive
protein markers CD81, TSG101, and ALIX, and there was no
expression of the negative protein marker Calreticulin
(Figure 4(b)). The diameters of exosomes were assayed by
NTA. The concentration of exosomes secreted by the BMSCs
was 2.8 x 10" (particles/mL), indicating that a large number
of particles were extracted. The average particle size of these
exosomes was 118.8nm, the main peak of particle size was
99.7 nm, and the proportion of the main peak was 98.2%, indi-
cating that the particle sizes of these exosomes were consistent
with the theoretical size of exosomes and the sizes were distrib-
uted in a narrow range. The concentration of exosomes
secreted by the HPMSCs was 3.4 x 10" (particles/mL),
indicating that a large number of particles were extracted.
The average particle size of these exosomes was 115.9 nm, the
main peak of particle size was 94.5 nm, and the proportion of
the main peak was 94.9%, indicating that the particle sizes of
these exosomes were consistent with the theoretical size of
exosomes and the sizes were distributed in a narrow range
(Figure 4(c), Table 1).

3.3. Changes in Senescence and Apoptosis of PM-Treated
SVOG Cells. After SVOG cells were treated with PM, f3-galac-
tosidase staining was used to detect the changes in the
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FIGURE 4: (a) Morphological characteristics of exosomes observed by TEM. (b) Marker protein expression of exosomes secreted from two
types of MSCs detected by Western blot. (c) Exosomes characterized by NTA.

senescence of the cells before and after the treatment. The  the difference was statistically significant (P <0.001)
results showed that the number of dark blue particles in the (Figures 5(a) and 5(c)).

PM-treated SVOG cells increased significantly. The semi- After SVOG cells were treated with PM, flow cytometry
quantitative analysis showed that the proportion of senescent ~ was used to detect the changes in the apoptosis of the cells.
cells in the PM treatment group significantly increased, and ~ The results showed that the proportion of apoptotic SVOG
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TaBLE 1: Exosomes characterized by NTA.

Concentration (particles/mL x 10'%) Particle size (nm) The proportion of the main peak

Average The main peak
BMSCs 2.8 118.8 99.7 98.2%
HPMSCs 34 115.9 94.5 94.9%,
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FIGURE 5: (a, ¢) The number of dark blue particles in the PM-injured SVOG cells significantly increased (shown by the red arrows), the
proportion of senescent cells in the PM treatment group significantly increased, and the difference was statistically significant. ***P <
0.001. (b, d) The proportion of apoptotic SVOG cells (the total apoptosis calculated as (Q2 + Q3)) significantly increased after PM injury,
and the difference was statistically significant. ***P < 0.001.
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cells significantly increased after the PM treatment, and the dif-
ference was statistically significant (P < 0.001) (Figures 5(b)
and 5(d)).

3.4. Effects of BMSCs and HPMSCs on Senescence and
Apoptosis of PM-Treated SVOG Cells. After PM-treated
SVOG cells were cocultured with BMSCs and HPMSCs, f3-
galactosidase staining was used to detect the number of dark
blue particles in the SVOG cells to show the changes in the
senescence of these cells. The results showed that the propor-
tion of cell senescence in the BMSC group significantly
decreased compared with that in the PM treatment group,
and the difference was statistically significant (P <0.01);
similarly, the proportion of cell senescence in the HPMSC
group significantly decreased compared with that in the PM
treatment group, and the difference was statistically signifi-
cant (P <0.001) (Figures 6(a) and 6(c)). In addition, the
effect of senescence repair in the HPMSC group was slightly
stronger than that in the BMSC group, but the difference was
not statistically significant (P > 0.05).

The changes in the apoptosis of SVOG cells were detected
using flow cytometry. The results showed that the proportion
of cell apoptosis in the BMSC coculture group significantly
decreased compared with that in the PM treatment group,
and the difference was statistically significant (P <0.05).
Similarly, the proportion of cell apoptosis in the HPMSC
coculture group significantly decreased compared with that
in the PM treatment group, and the difference was statisti-
cally significant (P <0.001) (Figures 6(b) and 6(d)). In
addition, the effect of apoptosis repair in the HPMSC group
was slightly stronger than that in the BMSC group, but the
difference was not statistically significant (P > 0.05).

Western blot was used to detect the difference in the
expression of the apoptosis-associated protein Caspase 3.
The results showed that the expression of cleaved-Caspase
3 in SVOG cells in the BMSC coculture group significantly
decreased compared with that in the PM group, indicating
that the apoptotic SVOG cells decreased and the functions
of SVOG cells were restored. The difference in the gray value
analysis of the two groups was statistically significant
(P<0.01). The expression of Caspase 3 zymogen and
cleaved-Caspase 3 in the SVOG cells in the HPMSC cocul-
ture group significantly decreased compared with that in
the PM group, indicating that the apoptotic SVOG cells
decreased and the functions of SVOG cells were restored.
The difference in the gray value analysis of the two groups
was statistically significant (P <0.05) (Figures 7(a) and
7(b)). The results of Western blot could be corroborated with
the above results of flow cytometry.

3.5. Effects of BMSC-EXO and HPMSC-EXO on the
Senescence and Apoptosis of SVOG Cells after PM Injury.
BMSC-EXO and HPMSC-EXO were added to the culture
medium of PM-treated SVOG cells, and a [3-galactosidase
staining was used to detect the number of dark blue particles
in SVOG cells to show the changes in cell senescence. The
results showed that the proportion of cell senescence in the
BMSC-EXO group significantly decreased compared with
that in the PM treatment group, and the difference was statis-

tically significant (P < 0.01); similarly, the proportion of cell
senescence in the HPMSC-EXO group significantly
decreased compared with that in the PM treatment group,
and the difference was statistically significant (P <0.001)
(Figures 8(a) and 8(c)). In addition, the effect of senescence
repair in the HPMSC-EXO group was slightly stronger than
that in the BMSC-EXO group, but the difference was not
statistically significant (P > 0.05).

The changes in the apoptosis of SVOG cells were detected
using flow cytometry. The results showed that the proportion
of cell apoptosis in the BMSC-EXO group significantly
decreased compared with that in the PM treatment group,
and the difference was statistically significant (P <0.05).
Similarly, the proportion of cell apoptosis in the HPMSC-
EXO group significantly decreased compared with that in
the PM treatment group, and the difference was statistically
significant (P <0.01) (Figures 8(b) and 8(d)). In addition,
the effect of apoptosis repair in the HPMSC-EXO group
was slightly stronger than that in the BMSC-EXO group,
but the difference was not statistically significant (P > 0.05).

Western blot was used to detect the difference in the
expression of the apoptosis-associated protein Caspase 3.
The results showed that the expression of cleaved-Caspase 3
in SVOG cells in the BMSC-EXO group significantly
decreased compared with that in the PM group, indicating
that the apoptotic SVOG cells decreased and the functions of
SVOG cells were restored. The difference in the gray value
analysis of the two groups was statistically significant
(P <0.05). The expression of cleaved-Caspase 3 in the SVOG
cells in the HPMSC-EXO group significantly decreased
compared with that in the PM group, indicating that the
apoptotic SVOG cells decreased and the functions of SVOG
cells were restored. The difference in the gray value analysis
of the two groups was statistically significant (P <0.05)
(Figures 9(a) and 9(b)). The results of Western blot could be
corroborated with the above results of flow cytometry.

3.6. Comparison of the Effects of Two Types of MSCs and
Their Secreted Exosomes. The effects of BMSCs, HPMSCs,
and their exosomes on the senescence and apoptosis of
PM-treated SVOG cells were compared. The results showed
consistent repair effects of BMSCs, HPMSCs, and their
exosomes on cell senescence, and their differences were not
statistically significant (P> 0.05). The comparison of the
proportion of apoptotic cells showed that HPMSCs were
associated with better repair effects than their exosomes,
and the difference was statistically significant (P <0.05);
BMSCs and their secreted exosomes had consistent repair
effects on apoptosis, and their differences were not statisti-
cally significant (P > 0.05) (Figures 10(a) and 10(b)).

4. Discussion

Granular cells (GCs) play important roles in a series of
processes such as the activation, growth and development,
and atresia of follicles. The proliferation and differentiation
of GCs are an important part of follicular development. As
the pregranular cells change from a flat shape to a cubic shape,
the primordial follicles are activated from their dormant state
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[44]. Subsequently, the activated primordial follicles become
growing follicles. However, most of the growing follicles will
undergo atresia, and only very few primordial follicles can
become dominant follicles and continue to grow and mature
until ovulation [45]. At the same time, GCs can secrete a
variety of factors, such as inhibins and activins, to jointly
regulate follicular development [46]. Many studies have con-
firmed that the selection and atresia of follicles are determined
by the apoptosis of GCs [47, 48]. In addition, one of the main-
stream views on the mechanism underlying the onset of POF
caused by chemotherapeutic drugs is that POF is the result of
follicular atresia caused by the excessive senescence, apoptosis,
and loss of GCs [10, 11]. Therefore, it is very important to
improve the ovarian functions and restore the fertility of
patients by inhibiting the apoptosis of GCs. Therefore, in this
study, an ovarian GC line SVOG was used as the model cell for

in vitro experiments. By observing the changes in the senes-
cence and apoptosis of GCs after injury and repair, a possible
mechanism underlying the use of MSCs to treat POF was
explored.

Apoptosis, also called programmed cell death, is an
important cellular process involved in the homeostasis of
multicellular organisms. The strict regulation of apoptosis
has been involved in many human diseases [49]. Apoptosis
is a dynamic process that involves the regulation of the
expression of a series of genes, signal transduction, and a
cascade of reactions involving multiple enzymes. Apoptotic
signaling pathways include the death receptor pathway,
mitochondrial pathway, and endoplasmic reticulum path-
way, all of which eventually converge in the caspase cascade.
As the executors of the apoptotic signaling pathways,
cysteine-aspartic proteases [50] (caspases) are usually present
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in the form of zymogens and can mediate the protease
cascade reactions after being activated. Among various
caspases, Caspase 3 is a key effector molecule of apoptosis
and plays a role in all of the death receptor pathway, mito-
chondrial pathway, and endoplasmic reticulum pathway. In
the early stage of apoptosis, Caspase 3 (32kD) is activated
and cleaved by its upstream signal molecules to form a large
17 kD subunit and a small 12 kD subunit. Therefore, cleaved-
Caspase 3 can be used as a marker of apoptosis.

MSCs have attracted widespread attention due to their
potential of self-renewal and multidirectional differentiation,
as well as good application prospects in the treatment of POF.
The therapeutic effects of MSCs from various sources,
including BMSCs [23] and HPMSCs [24, 25], on the treat-
ment of POF have been validated. BMSCs are the earliest
and most frequently studied MSCs. First discovered in rat
bone marrow by Friedenstein and other researchers in
1966, BMSCs were characterized as fibroblast-like cells with
cloning potential [51]. BMSCs have the characteristics of
low immunogenicity, multidirectional differentiation, and
homing [52], and their migration and high proliferation
abilities ensure that the cells can reach the injured tissue to
play a protective or repairing role. In addition, BMSCs can
also secrete various paracrine cytokines, with the potential
to repair the ovarian structure and improve ovarian endo-
crine functions [53]. However, the use of BMSCs is limited
by the invasiveness in clinical applications. HPMSCs are also
pluripotent nonhematopoietic progenitor cells. Separated

from placental tissues that are usually discarded after
delivery, HPMSC:s have high differentiation and proliferation
potential. HPMSCs are capable of self-renewal and differen-
tiation into mesenchymal lineages, with good immunomod-
ulatory effects [54], as well as the characteristics of easy
separation, low viral infection rates, and low immunogenicity
[55]. However, due to the heterologous source of HPMSCs,
there are concerns about safety, immunogenicity, and
integration of heterologous genes.

At present, the mechanism by which MSCs play a role in
tissue repair has not been fully elucidated, and there is no
evidence indicating that transplanted MSCs can directly
differentiate into GCs or oocytes to replace damaged cells
with necessary functions. Some researchers have suggested
that in the repair of ovarian damage caused by chemothera-
peutic drugs, MSCs play their role by secreting factors condu-
cive to cell survival, such as growth factors VEGF, IGF-1, and
HGF [56], which can improve the ovarian microenviron-
ment, thereby effectively restoring ovarian functions. As
important carriers of intercellular communication, exosomes
may be the key substances for MSCs to play their role.

As a type of membranous vesicles that can be actively
secreted by almost all types of eukaryotic cells, exosomes
are uniform in size with a regular round shape and a diameter
of 30-150 nm. Exosomes are a type of extracellular vesicles
(EVs) [32]. EVs have been validated to play a role in fertiliza-
tion and mating behaviors [57]. In early embryos, EVs
released by embryonic stem cells in the inner cell mass can
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promote the migration and implantation of embryos [58].
EVs can also affect the mating behavior [59], as well as tail
chasing behavior and tracking behavior among males [60].
At present, exosomes are widely used, with good progress
made in life science and medical studies. Studies have shown
that, by releasing exosomes containing proteins and RNAs,
tumors can change the microenvironment before tumor
metastasis to assist tumor metastasis [61]. In addition, Belov
et al. have confirmed that as a new type of liquid biopsy
markers, exosomes are gradually replacing invasive diagnos-
tic methods such as tissue biopsy [62]. The researchers fixed

antibodies against known tumor surface markers on a chip
and compared tumor cells with exosomes secreted by these
cells. They found that about 40% of the surface markers of
cancer cells were present in their exosomes, indicating that
the detection of exosome surface markers could be used to
replace tissue biopsy of tumor cells to a certain extent.
Exosomes can also play the role of carriers in tumor treat-
ment. Yim et al. used a blue light to control the precise deliv-
ery of protein drugs by exosomes to achieve targeted
treatment of tumor cells [63]. At the same time, the research
team of Qian found that the exosomes secreted from MSCs
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could transfer host molecules among different cells to inhibit
virus replication, thereby achieving antiviral effects [64].
Researchers at the University of Ghent in Belgium have found
[65] that the exosomes released by choroid plexus epithelial
cells were a new mechanism of blood-brain communication,
and the exosomes released from choroid plexus could enter
the brain parenchyma and be uptaken by astrocytes and
microglial cells to suppress miRNA target genes and upregu-
late inflammatory genes, thus causing systemic inflammatory
diseases. Besides, the blockage of exosome secretion can
reduce brain inflammation. This study opened up a new
approach for the treatment of systemic inflammatory diseases.

The results of this study have showed that the exosomes
secreted by BMSCs and HPMSCs also exerted a certain repair
effect on PM-treated SVOG cells, and the BMSCs and
exosomes secreted by such BMSCs showed identical abilities
in reducing cell senescence and apoptosis. However, the
antiapoptosis ability of the exosomes secreted by HPMSCs
was weaker than that of the HPMSCs themselves, but the
antisenescence ability of the exosomes secreted by HPMSCs
was identical with that of such HPMSCs. The results of this
study have fully demonstrated that exosomes are the key
carriers for MSCs to play their role. The use of exosomes to
treat GCs damaged by chemotherapeutic drugs can basically

achieve the same effect achieved by the use of MSCs them-
selves. Using exosomes can successfully avoid many risks of
the MSC therapy, thus providing a theoretical basis for using
exosomes as a new type of “cell-free” therapy to replace the
MSC therapy. The involvement of exosomes represents a
fundamental change in our current understanding of the
paracrine effect of MSCs on tissue and cell repair. This is
because the current mainstream research on paracrine
mechanisms is still limited to the extracellular signaling
mechanisms mediated by cytokines, chemokines, or growth
factors. This study highlights the new role of exosomes as
mediators in tissue repair, providing a novel perspective on
intercellular mediation of tissue damage repair, as well as a
new approach for the development of biologics for tissue
repair. As lipid vesicles, exosomes are ideal carriers for inter-
cellular communication. By rapidly transferring functional
proteins in cells, exosomes can physiologically respond to
repair and complete the repair in real time. Recent studies
have shown that, in addition to proteins, exosomes can also
act as secretory factors to affect the subtype of receptor cells
by transferring their internal RNAs, especially miRNAs
[66], or by binding to the surface receptors of specific cells
to change their protein and gene expression so as to partici-
pate in signal transduction to regulate target cells and play
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FIGURE 10: (a) Comparison of the effects of BMSCs and their secreted exosomes. (b) Comparison of the effects of HPMSCs and their secreted

exosomes.

an important role in tissue repair. If the above hypothesis is
further confirmed by future research, it will provide a new
approach for the development of biological agents in the
future. Nevertheless, this study still has certain limitations.
The most obvious one may be the lack of in vivo studies.
The efficacy and safety of MSCs and their secreted exosomes
in the treatment of animal models with chemotherapy-
induced POF should be determined. In addition, at present,
the extraction of sufficient exosomes from the MSC culture
medium requires considerable human and financial resources.
Therefore, these limitations should be explored so that follow-
up studies will be optimized.

5. Conclusion

As shown in the study results, BMSCs, HPMSCs, and their
exosomes can significantly reduce the proportions of
senescent and apoptotic SVOG cells after PM injury, showing
a certain repair effect. The repair effects of the exosomes and
their MSCs are consistent. This work is the first comparative
study of the repairing effect of exosomes secreted by BMSC
and HPMSC on SVOG cells and shows that exosomes may
be the key carrier for MSC to function. At the same time,
our research on mesenchymal stem cell exosomes can provide
new ideas for the future development of new biological agents.
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