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Abstract

Background Drug-free in vitro activation (IVA) is a new protocol to activate residual dormant follicles for fertility
restoration in patients with premature ovarian insufficiency (POI). However, several deficiencies have reduced its clini-
cal efficacy rate. Our previous studies have confirmed that the combination of adipose-derived stem cells (ADSCs)
and drug-free IVA can improve the effectiveness of drug-free IVA and restore ovarian function of rats with POI. Increas-
ing evidence has demonstrated that mesenchymal stem cell-derived exosomes have similar therapeutic effects

as their source cells. Here, we performed a preclinical study to evaluate the therapeutic effects of ADSCs-derived
exosomes (ADSCs-Exos) combined with drug-free IVA in the POl rats and the mechanism in restoring ovarian function.

Results In vivo, the effects of ADSCs-Exos were comparable to those of ADSCs, and the ADSCs-Exos combined

with drug-free IVA was better than ADSCs-Exos alone therapy in promoting follicular development. Moreover,
transplantation of ADSCs/ADSCs-Exos lead to up-regulation of BCL-2 expression and down-regulation of the expres-
sion of Bax and Cleaved Caspase-3, thus reducing the apoptosis of chemotherapy-induced follicle cells, and further
promoting the development of the follicles and rescuing ovarian function in POI-damaged ovary. In vitro, ovarian
fragmentation could activate follicular growth and development, and in combination with ADSCs-Exos could prevent
the loss of follicles, promote follicular proliferation and inhibit apoptosis.

Conclusions ADSCs-Exos combined drug-free IVA had remarkable therapeutic effects in restoring ovarian function
of POl rats, and markedly promoted follicular development and inhibited apoptosis of ovarian cells in vitro. Our study
confirmed that the combination therapy might be a promising and effective treatment for POI.

Keywords Drug-free in vitro activation, Adipose-derived stem cells, Exosomes, Premature ovarian insufficiency, In
vitro ovarian culture, Apoptosis
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Background

POI refers to the menstrual disorders in women younger
than 40 years, which is characterized by follicle dysfunc-
tion, decline in ovarian function and hormone imbalance
[1]. Although residual follicles can be detected in several
patients, they are dormant and cannot be activated by
traditional methods. Therefore, egg donation is the only
option for women with fertility needs [2]. IVA is a new
protocol to activate residual dormant follicles by ovarian
fragmentation disrupting Hippo signaling, followed by
phosphatase and tensin homolog (PTEN) enzyme inhibi-
tor or phosphatidylinositol-3-kinase (PI3K) activator,
which enable patients to have their own biological chil-
dren. Since the first clinical application in 2013, several
live births have been reported [3, 4]. However, the effec-
tiveness of traditional IVA is significantly reduced due to
the secondary surgical trauma in a short period of time,
follicle loss and pharmacological toxicity during ovarian
culture in vitro. Therefore, a simplified drug-free IVA
was proposed in 2018 [5], which only requires one opera-
tion to transplant fragmented ovaries in situ, without the
need for pharmacological methods for in vitro culture,
resulting in less invasive and higher efficiency [6]. How-
ever, the clinical effectiveness is reduced by the massive
loss of primordial follicles and failure to improve age-
related oocyte quality [4, 6], so further research is needed
to ameliorate these deficits.

One of the effective treatment strategy for ovarian fail-
ure is the application of ADSCs, which possess the basic
characteristic of mesenchymal stem cell (MSCs) and have
a wide range of sources and multipotent characteristics
[7-12]. Our previous studies confirmed that the combi-
nation of ADSCs and drug-free IVA could promote early
graft angiogenesis and reduce ischemic injury of follicles,
thus restoring ovarian function and improving the effec-
tiveness of drug-free IVA to a certain extent [13]. Increas-
ing evidence in recent years has demonstrated that
the therapeutic effect of MSCs is mainly derived from
their paracrine function and mediated by their derived
exosomes (Exos) [14—17]. Exos are a class of tiny bilayer
extracellular vesicles with a diameter of 30-150 nm,
which can play a key role in promoting tissue and organ
repair and immune metabolism regulation by delivering
various important substances such as RNA, proteins and
lipids [18, 19]. Exos derived from MSCs (MSCs-Exos)
have similar therapeutic effects as their source cells [20],
and are expected to become a new therapeutic strategy
due to their more stable properties, amenable to stand-
ardization of preparation, convenient preservation and
transportation, and no risk of tumorization and emboli-
zation [21-23].

In this study, we further evaluated whether ADSCs-
Exos combined with drug-free IVA could restore ovarian

Page 2 of 15

function of POI rats and compared whether combined
therapy was more effective than ADSCs/ADSCs-Exos
alone. To test this hypothesis, we conducted in vivo as
well as in vitro experiments to investigate the feasibility
of ADSCs-Exos as a cell-free alternative to ADSCs for the
treatment of POL

Methods

Isolation and identification of ADSCs-Exos

The primary ADSCs were isolated, cultured, and char-
acterized as reported in our previous study [13]. Exos
were obtained from the supernatant of ADSCs at the
third to fifth passages by ultracentrifugation method
[24]. In brief, ADSCs at 70-80% confluence were cul-
tured with DMEM/F12 (Sigma, USA) deprived of fetal
bovine serum (FBS) for 72 h and the supernatant was
collected. Subsequently, the centrifu- gation of the col-
lected medium was performed at 2000xg for 15 min
and 10,000 g for 30 min at 4°C to remove cells, cellu-
lar debris and apoptotic bodies. The supernatant was
then filtered through 0.22 um needle filter (Millipore,
USA) followed by ultracentrifugation at 120,000 x g for
90 min at 4°C, the precipitates were resuspended in PBS
and the above ultracentrifugation process was repeated
for another time. The ADSCs-Exos enriched pellets were
dissolved in 160 pl PBS (Servicebio, China) and stored at
-80°C for the subsequent experiments. The morphology
and size distribution of the ADSCs-Exos were identified
by transmission electron microscopy (TEM, HITACHI
H-7650, Japan) and nanoparticle tracking analysis (NTA,
Nanosight NS300, Malvern Instruments). The exosomal
protein concentration and specific biochemical mark-
ers (CD63, CD9, TSG101 and GM130) were measured
by bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher, USA) and Western blot analysis.

Establishment of POl rat model and experimental animals
Female specific pathogen-free (SPF) Sprague—Dawley
(SD) rats (15 days and 8-10 weeks old) were obtained
from HFK Bioscience Co. (Beijing, China), and all experi-
mental protocols were conducted in accordance with the
Ethics Committee of the Affiliated Hospital of Chengde
Medical University (CYCYLL2023713).

Our purpose of dividing the study into seven groups
was to investigate whether ADSCs-Exos treatment pro-
duced the same therapeutic effect as ADSCs treatment,
and to further compare whether combined therapy
might have better treatment outcomes than ovarian frag-
ments/ADSCs/ADSCs-Exos therapy alone group. The
establishment of POI model (cyclophosphamide, Sigma,
USA; the first dose was 50 mg/kg/ intraperitoneal injec-
tion and 8 mg/kg/day for the following 14 consecutive
days) was carried out following our previously reported
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protocol [13]. By contrast, in the control group, the same
amount of saline (Servicebio, China) was administered
via an intraperitoneal injection. One day after the final
administration, sixty rats were randomized into five dif-
ferent treatment groups (n=12, each group, schematic
representation is shown in Fig. 1): (1) control group; (2)
POI group (intra-bursa injection with 100 pl PBS for
each rat, 50 pl on each side); (3) fragment-alone group
[intraovarian cystic orthotopic transplantation of ovarian
fragments (1x1x1 mm?)]; (4) fragment-ADSCs group
[intraovarian cystic orthotopic transplantation of ovarian
fragments combined with ADSCs (6x 10° ADSCs in 100
ul PBS for each rat, 50 pl per side)]; (5) ADSCs-treated
group (intra-bursa injection with 100 ul PBS containing
6x10° ADSCs for each rat, 50 pl per side). To further
explore whether the underlying mechanism of action
involves paracrine secretion, we investigate the effects
of ADSCs-Exos on the chemotherapy-induced ovarian
damage. Twenty-four female POI rats were randomly
divided into two different treatment groups: (6) ADSCs-
Exos-treated group (intra-bursa injection with 100 pl
PBS containing 300 ug ADSCs-Exos for each rat, 50 pl
per side, repeated tail vein dosing after 48 h); (7) frag-
ment-ADSCs-Exos group [intraovarian cystic orthotopic
transplantation of ovarian fragments combined with
ADSCs-Exos (300 pg ADSCs-Exos in 100 ul PBS for each
rat, 50 pl per side, repeated tail vein dosing after 48 h)].
The rats in each of experimental treatment groups,
bilateral 1-cm longitudinal microincisions were made to
expose the bilateral ovaries (Fig. S1A). The ovaries were
ligated with 6—0 dissolving suture (Shanghai Pudong Jin-
huan Medical Products Co., LTD) and removed, and the
avoidance of fallopian tube injury must be cared during
the process. After removing the unwanted surrounding
tissues, ovarian cortices were fragmented into tiny strips
(1x1x1 mm?). The fragment-alone/fragment-ADSCs
/fragment-ADSCs-Exos groups were established by
immediately transplanting the ovarian fragments (with
or without ADSCs/ADSCs-Exos) back to the tunnel
beneath the ovarian bursa after an incision of the ovary.
The ADSCs-treated/ADSCs -Exos-treated groups were
constructed by intra-bursa injecting ADSCs/ADSCs-
Exos in 50 pl PBS in each ovary using an insulin syringe
(BD, USA). At 2, and 4 weeks after transplantation, six
rats from each group were euthanized and the bilateral
ovaries were collected for subsequent experimentation.

Tracking of transplanted ADSCs-Exos in the ovaries

For in vivo tracking in the ovaries, the Exos were labeled
with EVLINK 555 (illuTINGO, cat.EL012100210) fol-
lowing the instruction. Briefly, the detection liquid was
added to the concentrated exocrine original liquid in
the ratio of 1:30, the mixture was incubated for 30 min
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at room temperature protected from light, followed by
using CORE400 (Millipore, USA) column chromatogra-
phy at 2000 g for 3 min, and the purified samples were
collected and injected into the ovarian lumen of POI rats.
At one week after transplantation, the paired ovaries
were removed and processed for Exos localization. The
ovaries were embedded in optimal cutting temperature
(OCT) and serially sectioned into 6 um in thickness, the
nuclear was stained blue with DAPI (SouthernBiotech,
USA), and red fluorescence signals were detected to trace
the location of EVLINK 555-marked ADSC-Exos using a
fluorescence microscope (Olympus, Japan).

In vitroovarian culture and analysis

Ovaries from 15-day-old SD rats were removed and
cultured in 24-well transwell insert (Millipore, USA)
to investigate the effect of in vitro activation combined
with Exos on follicular development. The dissected ova-
ries were washed in Leibovitz’s-15 medium (Gibco, USA)
containing 10% FBS (Gibco, USA) and cultured on 0.4 pm
transwell inserts with 0.3 ml culture medium in the lower
chamber at 37°C humidified atmosphere with 5% car-
bon dioxide for 2 and 4 days. A drop of culture medium
was added to the surface of the ovary to prevent dryness
and the culture solution was replaced every 2 days. The
culture medium was DMEM/F12 (Gibco, USA) supple-
mented with 50 pg/ml ascorbic acid (Sigma, USA), 1%
insulin-transferrin-sele- nium (Invitrogen, USA), 1 mg/
ml BSA (Gibco, USA), 1 mg/ml AlbuMaxlII (Invitro- gen,
USA) as well as 1% penicillin/streptomycin (Gibco, USA).
The ovaries were randomly distributed to different treat-
ment groups (n=>5): (1) control group (in-vitro -culture
of the whole ovary); (2) fragment-alone group (in-vitro-
cultured ovary was cleaved in half); (3) fragment-low-
Exos group (ovary fragments co-incubated with 2 pg/ml
Exos); (4) fragment-high-Exos group (ovary fragments
co-incubated with 20 pg/ml Exos). After culture for 2 and
4 days, the ovaries were harvested and paraffin- embed-
ded for subsequent analysis. Ovarian morphology and
follicle counts were observed and photographed by an
optical microscope (Zeiss, Germany). Expression of
proliferating cells was detected by immunofluorescence
staining of Ki67 using specific antibodies (1:1000, ser-
vicebio, China). Apoptosis cells were then examined by
Cleaved Caspase-3 immunofluorescence staining (1:2000,
CST, USA).

Analysis of ovarian morphology and follicle counts

The ovaries from the in vivo orthotopic transplantation
and in vitro culture experi- ments were collected and
fixed in 4% paraformaldehyde (Servicebio, China). The
tissues were embedded in paraffin, sectioned into 5 um in
thickness, and then stained with Hematoxylin and Eosin
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(HE; Servicebio, China). Ovarian morphology and fol-
licle phenotype were observed and photographed using
an optical microscope, and the counting of the follicles
number at different stages (primordial, primary, sec-
ondary and antral follicles) were described as previously
reported [25]. Follicles were calculated only if the oocyte
had a round visible nucleus to avoid recounting.

Immunohistochemistry staining and apoptosis assay

The expression of BCL-2 and Bax proteins was inves-
tigated by immunohistochemis- try staining as previ-
ously described [13]. Briefly, the ovarian tissue sections
were dewaxed to water, followed by microwave antigen
retrieval, blockage for 1 h with 10% goat serum, and then
incubation with primary antibody [anti-BCL-2 (1:100,
Zen- bioscience, China); anti-Bax (1:100, Zen-bioscience,
China)] overnight at 4°C. After washing, the sections were
incubated with the corresponding secondary antibody
(ZSGB-Bio, China) in 37°C water bath for 1 h followed by
staining with DAB stain- ing solution (ZSGB-Bio, China).
Hematoxylin was used for nuclear counterstaining. The
number of BCL-2-positive and Bax-positive areas was
evaluated by counting five randomly selected fields of
three nonconsecutive sections from per sample.

To further explore the effect of several treatment
approaches on apoptosis of ovarian tissue, immuno-
fluorescence staining of Cleaved Caspase-3 and TUNEL
staining were carried out in all groups at 4 weeks after
transplantation. For immunofluorescence staining, the
paraffin-embedded tissue sections were blocked with
mixed liquor (0.2% TritonX-100 and 3% goat serum in 0.1
M PBS) for 1.5 h in 37°C water bath, and then incubated
with anti-Cleaved Caspase-3 antibody (1:1000, CST,
USA) and anti-Ki67 antibody (1:800, Zen-bioscience,
China) overnight at 4°C. After rinsing, sections were
incubated with corresponding fluorescent-conjugated
secondary antibody (1:500, Abbkine, USA) at 37°C for 1.5
h followed by DAPI counterstaining the nuclei. Pictures
were captured using fluorescence microscope (Olym-
pus, Japan) for analysis by Image ] software. The TUNEL
staining was conducted with the use of One Step TUNEL
Apoptosis Assay Kit (Beyotime, C1088, China) accord-
ing to the instruction. Briefly, the slices were incubated
with proteinase K (20 ug/ml) for 30 min at 37°C prior to
staining with TUNEL detection liquid for 60 min at 37°C,
protected from light. The nucleus was labeled blue with
DAPI and apoptotic cells were imaged with fluorescence
microscope.

Hormone assay

Blood samples from each experimental rats were har-
vested from orbital veins of the rats in the diestrus and
the serum was frozen at -80°C for subsequent analysis
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after centrifugation (4000xg, 10 min, 4°C) using the
ultracentrifuge (Hitachi Ultracentri- fuge, Japan). The
concentration of serum estradiol (E,), anti-Millerian
hormone (AMH), as well as follicle-stimulating hor-
mone (FSH), were detected by ELISA kit (Cloud-Clone,
China) according to the standard instructions. Finally,
the absorbance of the sample was determined at 450 nm
with the use of a microplate reader (Bio-Rad, USA).

Western blot analysis

The ovaries from the in vivo orthotopic transplantation
were lysed with RIPA lysis buffer (servicebio, China)
containing protease and phosphatase inhibitor mix-
ture (servicebio, China). BCA Protein Assay (Thermo,
USA) was performed to measure protein concentration.
The denatured proteins were resolved by 10% or 12.5%
SDS-PAGE (Biotides, China) and transferred to PVDF
membranes (Millipore, USA). Following blocking for 1
h with 5% skim milk (solarbio, China), the membranes
were then incubated overnight at 4°C with correspond-
ing primary antibody in antibody dilutions, namely,
anti-BCL-2 (1:1000, Zen-bioscience, China), anti-Bax
(1:1000, Zen-bioscience, China), anti-Caspase-3 (1:1000,
Zenbioscience, China), anti-Cleaved Caspase-3 (1:1000,
CST, USA), anti-Caspase-9 (1:1000, Zen-bioscience,
China), anti-Cleaved-Caspase-9 (1:1000, Zen-bioscience,
China), and anti-GADPH (1:4000, Servicebio, China).
Subsequently, the membranes were incubated with cor-
responding secondary antibodies (anti-mouse IgG-HRP
1:10,000, anti-rabbit IgG-HRP 1:15,000, Mei5bio, China)
for 1 h at room temperature. Lastly, blot signals were
detected by ChemiDoc MP Imaging System (Bio-Rad,
USA) for analysis using Image J software.

Statistical analysis

All statistical data were analyzed by GraphPad Prism 6.0
and numerical values with normal distribution are pre-
sented as the mean + SD. A Student t-test, one-way analy-
sis of variance (ANOVA) and Mann—Whitney U-test
were employed for comparison of intergroup differences.
P<0.05 was considered as statistically significant.

Results

Identification and in vivo tracking of ADSCs-Exos

Our previous studies had described the identifica-
tion of ADSCs [13]. In the present study, we successful
extracted Exos from serum-free ADSCs culture super-
natants by using gradient ultracentrifugation method.
The representative TEM images of Exos exhibited a typi-
cal spherical-cup-like shape that was around 100 nm in
diameter (Fig. S1B). The NTA analysis indicated that the
average size of the particles was 121.2 nm, which was in
the expected size range of Exos (Fig. S1C). The findings



Li et al. Journal of Ovarian Research (2024) 17:158

of Western blot analysis revealed that the isolated Exos
were positively expressed with CD9, CD63, TSG101, but
did not express the negative marker GM130 (Fig. S1D).
All these results indicated the successful isolation of
Exos.

In our previous study, we had demonstrated distribu-
tion of the transplanted ADSCs in the interstitium of the
ovaries rather than in the follicles [13]. The purpose of
the present study was to trace the distribution of Exos in
the ovary. The ADSCs-Exos were labeled with the fluo-
rescent tracer dyes which were injected into the ovarian
lumen. At one week after transplantation, the strong red
signal was detected in the somatic cells of ovarian cortex,
as shown in Fig. S1E. All these results suggested that both
ADSCs and ADSCs-Exos showed specific enrichment in
ovarian cortex of the damaged ovary.

ADSCs combined with drug-free IVA efficiently rescued

the ovarian function through paracrine mechanism in POI
rats

To access the therapeutic effects of ADSCs or ADSCs-
Exos combined with drug-free IVA on ovarian function
of POI rats, we established a POI rat model following our
previously established method [13] and the treatment
was performed as described in the flowchart (Fig. 1).
HE staining indicated that markedly reduced number of
follicles at each stage were observed in the POI group,
as compared with the control group (Fig. 2A). In the
fragment-alone group, there was an obviously increased
number of growing follicles, but no changes in the num-
ber of primordial follicles. However, the number of pri-
mordial and growing follicles markedly increased in the
other four treatment groups. In particular, there was the
most marked increase in the number of secondary and
antral follicles, in the fragment-ADSCs group and frag-
ment-ADSCs-Exos group. The statistical analysis of fol-
licle count also obtained the same result (Fig. 2B). At 2
weeks after treatment, although the number of primary,
secondary and antral follicles in the fragment-alone
group was higher than that in the POI group (P<0.001),
there was no significant increase in the number of pri-
mordial follicles (P>0.05). At 4 weeks after treatment,
the number of follicles at all developmental stages in
the fragment-alone group increased compared with the
POI group (P<0.001), but this increase was more pro-
nounced in the other four treatment groups (P<0.01).
Compared with the POI group, the ADSCs-containing-
treated (P<0.001) and ADSCs-Exos-containing-treated
groups (P<0.001) observed a significant increase in the
number of follicles at each stage from 2 weeks after trans-
plantation and reached normal levels by 4 weeks. From
the statistical results, it could be seen that fragment-
ADSCs/fragment-ADSCs-Exos-treated groups promoted
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secondary and antral follicular development more than
ADSCs-treated/ADSCs-Exos-treated group (P<0.05),
but no statistical difference was found between the two
groups (P>0.05). Taken together, these results demon-
strated that either the ADSCs-containing-treated groups
or the ADSCs-Exos-containing-treated groups could
promote follicular development and increase ovarian
reserve, and that ADSCs-Exos treatment could achieve
similar therapeutic effects as ADSCs treatment. Moreo-
ver, ovarian fragments combined with ADSCs/ADSCs-
Exos treatment was more effective than the ADSCs/
ADSCs-Exos treatment alone in promoting follicular
development.

Subsequently, body weight, estrous cycle and body
condition were monitored daily after treatment and
compared with the POI group. Starting from 2 weeks
after transplantation, the weights of rats in each treat-
ment group were significantly increased than those of
rats in the POI group (P<0.001), especially in the frag-
ment-ADSCs group and fragment-ADSCs-Exos group,
which showed more significant weight gain compared
with the other three treatment groups (Fig. 2E, P <0.001).
The monitoring results of estrous cycle showed that the
irregular estrous cycles began to resume starting from 2
weeks after treatment, which was most pronounced at 4
weeks after treatment (Fig. 2D). The results of hormones
detection indicated that at 2 weeks post-transplantation,
except no changes in E, within the fragment-alone group
(Fig. 2C, P >0.05), the levels of E,, AMH and FSH gradu-
ally recovered in each treatment group, especially in the
four treatment groups containing ADSCs/ADSCs-Exos
(P<0.001). At 4 weeks after treatment, although the lev-
els of E, (P<0.001) and AMH (P<0.001) were remarkably
increased and the level of FSH (P<0.001) was remark-
ably decreased in the fragment-alone group, as compared
with the POI group, its hormone recovery levels were
still lower than those of the other four treatment groups
(P<0.05). The aforementioned results demonstrated that
all treatment groups were able to restore serum hormone
and ovarian function, especially in the groups contain-
ing ADSCs/ADSCs-Exos, but there was no significant
difference among the four treatment groups except body
weight (P> 0.05).

ADSCs combined with drug-free IVA efficiently reduced
apoptosis of ovarian granulosa cells (GCs) in POl rats

To further explore the therapeutic mechanisms of
ADSCs combined with drug-free IVA on the recovery of
ovarian function, we measured the expression of apopto-
sis- associated molecules by immunochemistry, immu-
nofluorescence, and Western blot. Compared with the
POI group, the result of immunochemistry demonstrated
that Bax-positive cells were remarkably down-regulated
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in fragment-ADSCs group and ADSCs-treated group,
particularly the former, whilst there was no apparent
change in the fragment-alone group (Fig. S2B). Likewise,
the expression of BCL-2-positive cells was notably up-
regulated in fragment-ADSCs group and ADSCs-treated
group, while no significant difference was found between
the fragment-alone group and POI group (Fig. S2A).
Just as evaluated by immunofluorescence, the Cleaved
Caspase-3-positive signals in fragment-ADSCs group
and ADSCs-treated group were obviously attenuated, as
compared with those in POI group and fragment-alone
group, especially in the fragment-ADSCs group (Fig. 3A).
Although ADSCs-containing treatment decreased apop-
tosis, the lowest apoptosis signals of TUNEL were still
detected in the fragment-ADSCs group (Fig. 3B). West-
ern blot assay of pro-apoptotic proteins Cleaved Cas-
pase-3, Cleaved Caspase-9, Bax and anti-apoptotic
protein BCL-2 demonstrated the relatively lower apopto-
sis in ADSCs-treated group, which further confirmed the
anti-apoptotic roles of ADSCs (Fig. 4A).

ADSCs reduced apoptosis of ovarian GCs

through a paracrine mechanism

Accumulating studies suggested the key mechanism of
action of ADSCs on POI through the paracrine effects;
therefore, we further investigated the effects of ADSCs-
Exos on ameliorating chemotherapy-induced ovar-
ian damage. Similarly, we examined the expression of
apoptosis-related indicators in in vivo animal models
with different therapeutic modalities. Immunodetec-
tion techniques revealed that the expression of Bax and
Cleaved Caspase-3 in fragment-ADSCs-Exos group and
ADSCs-Exos-treated group was reduced as compared
with POI group and fragment- alone group, especially
in fragment-ADSCs-Exos group (Fig. S2B, 3A), which
was consistent with results of the TUNEL staining
(Fig. 3B). However, the expression of BCL-2 after immu-
nohistochemical staining was increased in ADSCs-Exos-
containing treatment groups (Fig. S2A). Western blot
analysis was also conducted to investigate the alterations
in expression levels of apoptosis-related proteins, and the
ADSCs- treated group and ADSCs-Exos-treated group
had increased BCL-2 protein level and reduced ratio of
Cleaved Caspase-3 to Caspase-3, Bax, and Cleaved Cas-
pase-9 to Caspase-9, while there was no marked differ-
ence between groups (Fig. 4A, B). This confirmed that
ADSCs-Exos also exerted the same anti-apoptotic effect
as ADSCs via the BCL-2 family. For further analysis, we
compared the effects of ADSCs-containing treatment
group and ADSCs-Exos-containing treatment group on
apoptosis. Compared with the POI and fragment-alone
groups, there was significantly reduced expression lev-
els of Bax, Cleaved Caspase-3/Caspase-3 and Cleaved
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Caspase-9 /Caspase-9 protein and increased expression
level of BCL-2 in ADSCs-Exos group, fragment-ADSCs
group, and fragment-ADSCs-Exos group, but there was
no significant difference between these three groups
(Fig. 4C, D, P >0.05), which further confirmed that com-
bined treatment had better anti-apoptotic effect than the
drug-free IVA alone. The above results suggested that
there was considerable improvement in damaged ovar-
ian function after chemotherapy-induced or mechanical
damage-induced (ovarian fragmentation) apoptosis in
both ADSCs-treated groups and ADSCs-Exos-treated
groups. Although the expression of pro-apoptotic pro-
teins was significantly reduced and anti-apoptotic pro-
teins was significantly increased in the combination
treatment groups compared with the groups treated with
ADSCs or ADSCs-Exos alone, the difference was not sta-
tistically significant.

ADSCs-Exos-containing treatment contributed to follicular
development and suppressed apoptosis in vitro
Our in vivo animal experiments have confirmed that par-
acrine mechanism plays a key role in stem cell-mediated
therapy. Therefore, we further established in vitro cul-
tured experiments to explore the effect of ADSCs-Exos
on ovarian follicular development. The ovaries of 15-day-
old rats contain primarily pre-antral follicles and thus it
may be best suited to evaluate the follicular development
[26]. Ovarian follicles were grouped as previously defined
[26, 27]: primordial follicles; primary and secondary fol-
licles were categorized as pre-antral follicles; antral and
preovulatory follicles were classified as large growing fol-
licles. As shown in Fig. 5A, the number of pre-antral fol-
licles (P<0.001) and large growing follicles (P <0.05) were
significantly facilitated in fragment-alone group; how-
ever, the number of primordial follicles (P<0.001) were
obviously decreased in the control group. Interestingly,
the number of pre-antral follicles (P<0.05) and large
growing follicles (P<0.001) in the fragment-low-Exos
group and fragment-high-Exos group was greater than
that in the control group, while the number of primor-
dial follicles (P<0.001) was greater than that in fragment-
alone group, suggesting that fragment-ADSCs-Exos
treatment not only promoted follicular development
but also prevented the excessive loss of primordial folli-
cles. With extended periods of culture time, the number
of primordial follicles was significantly decreased in all
groups, especially in the fragment-alone group (Fig. 5B).
In the meantime, the number of large growing follicles in
fragment-alone group (P<0.01) and ADSCs-Exos-treated
groups (P<0.05) was obviously increased in the control
group (Fig. 5B).

Next, we assessed the proliferation/apoptosis levels of
the follicles in the four groups. As compared with the
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control group and fragment-alone group, the immuno-
fluorescence intensity of Ki67 was significantly increased
in the fragment-low-Exos group (P<0.01) and fragment-
high-Exos group (P<0.01) in the ovaries cultured in vitro
for 2 and 4 days (Fig. 6A). Additionally, mechanical dam-
age (ovarian fragmentation) led to increased apoptosis
level of Cleaved Caspase-3 in the fragment-alone group
(Fig. 6B, P <0.001), and the apoptosis level was increased
with the prolongation of culture time. However, there
was a significant decrease in apoptotic index after treat-
ment in combination with low/high ADSCs-Exos during
the whole culture experiment (P<0.001). There was no
difference in either promoting follicular development or
inhibiting cell apoptosis between the fragment-low-Exos
and fragment-high-Exos groups (P> 0.05). All these find-
ings suggested that ovarian fragmentation could activate
growth and development of the follicles, which in combi-
nation with ADSCs-Exos could control excessive activa-
tion of the follicles, promote follicular proliferation and
inhibit apoptosis.

Discussion

To our knowledge, this is the first preclinical study to
demonstrate that ADSCs-Exos combined with drug-
free IVA offers a protective role against chemotherapy-
induced ovarian damage through inhibiting apoptosis
and that the combination therapy of cell-free bioresource
and drug-free IVA may be a promising effective treat-
ment for POL In the present study, we found that the
effect of ADSCs-Exos was comparable to that of ADSCs,
and further demonstrated that the combination therapy
was superior to ADSCs-Exos alone therapy in promoting
follicular development and restoring damaged ovarian
function. Short-term in vitro cultures of ovarian frag-
ments and ADSCs-Exos could not only promote folli-
cular development, but also prevent the loss of follicles
during the process of ovarian fragmentation and culture,
while promoting ovarian cell proliferation and inhibiting
apoptosis.

Our prior findings have confirmed that ovarian frag-
ments in conjunction with ADSCs could promote early
post-transplantation neovascularization and reduce
ischemic injury, thus increasing the survival rate of fol-
licles [13]. Zhai et al. [28] proposed a shortened IVA

(See figure on next page.)
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procedure that reduces follicular apoptosis during ovar-
ian fragmentation by applying large ovarian cortex strips
and shortening in vitro culture time, thereby improving
the clinical treatment efficiency of IVA. ADSCs-Exos
were demonstrated to restore ovarian function in POI
mice by inhibiting granulosa cell apoptosis [29]. Likewise,
we performed in vivo and in vitro ovarian culture experi-
ments to verify the therapeutic effects of ADSCs-Exos
combined with drug-free IVA in repairing the damaged
ovarian function of POI rats by inhibiting follicular apop-
tosis. Our in vitro culture experiment confirmed that the
percentage of the pre-antral and large growing follicles
increased, accompanied by a decrease in primordial fol-
licles in fragment-alone group, which was consistent with
the results of Kawamura et al. [3]. However, low/high
Exos combined therapy could not only promote follicular
development, but also prevent excessive loss of primor-
dial follicles and improve ovarian reserve. In addition, it
can avoid extensive follicular apoptosis caused by ovarian
fragment preparation and in vitro culture, promote fol-
licle proliferation and protect these cells from apoptosis.

The results from in vivo experiments showed a reduced
ovarian reserve, dysfunctional folliculogenesis, and ster-
oid disorder in POI rat model (Fig. 2). The number of
secondary and antral follicles increased in the fragment-
alone group, while the number of primordial follicles did
not increase, which was attributed to the disruption of
Hippo signaling pathway promoting the development of
dormant follicles. Although hormone levels and estrous
cycles had faster recovery than those in the POI group,
the therapeutic effect was far from ideal. Excitingly, in the
ADSCs-containing or ADSCs-Exos-containing groups,
not only did the number of follicles at all stages of devel-
opment increase, but also hormone levels and estrous
cycle returned to normal, particularly in the fragment-
ADSCs/fragment-ADSCs-Exos-treated  groups.  This
might be related to the protective effect of follicles by
ADSCs/ADSCs-Exos [30] and the promotion of early
graft vascular reconstruction to reduce the ischemic
injury of follicles [13], and the combination with ovarian
fragments could further promote follicular development
and play a better synergistic therapeutic effect.

One of the pathological features of decreased ovar-
ian function is apoptosis. The BCL-2 family exerts an

Fig. 4 Western blot used to detect the expression of apoptosis-related protein in each group. Protein expression levels of Cleaved Caspase-3,
Caspase-3, Cleaved Caspase-9, Caspase-9, Bax and BCL-2 were detected in ADSCs-/ADSCs-Exos-containing-treated groups (A) and different
treatment groups (C). Quantitative analysis of protein expression indicated that the expression level of Cleaved Caspase-3, Cleaved Caspase-9

and Bax was reduced, whereas BCL-2 expression was increased in ADSCs-treated group, ADSCs-Exos-treated group (B), fragment-ADSCs group
and fragment-ADSCs-Exos group (D). (* versus the normal group, # versus the POl group, & comparison between two groups; *, #, & P<0.05; **, ##,

&&P<0.01;*** #i##, &&& P<0.001; n=3 per group)
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Fig. 5 Ovarian morphology of rat ovaries after in vitro culture. HE staining of ovaries (middle sections) and quantification of the follicles of different
types for 48 h (A) and 96 h (B) in vitro culture. Scale bar: 500 um and 100 pum. * P<0.05, ** P<0.01, *** P<0.001; n=5 per group

important regulatory effect on ovarian cell apoptosis
[31]. BCL-2 is an anti-apoptotic protein that prolongs
cell survivals [32], while Bax is a pro-apoptotic protein
that plays a pivotal role in the process of apoptosis, and
its overexpression could accelerate cell apoptosis [33] and
potentiate the activation effect of intracellular caspase
protease [34]. Of them, Caspase-9 is the initiation mol-
ecule of apoptosis, and Caspase-3 is the effector molecule
of apoptosis [35], which are important effector molecules
in the process of apoptosis. In our study, in comparison

with POI group and fragment-alone group, the expres-
sion of apoptosis molecules (Bax, Cleaved Caspase-3 and
Cleaved Caspase-9) was significantly decreased, whereas
the expression of anti-apoptosis molecules (BCL-2)
was significantly increased in the ADSCs-containing or
ADSCs-Exos-containing groups. Therefore, we specu-
lated that ADSCs might up-regulate BCL-2 expression
and down-regulate Bax expression due to the secretion
of Exos, thereby reducing the apoptosis of chemother-
apy-induced follicle cells, and further promoting the
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development of the follicles and rescue ovarian function
in POI-damaged ovary.

In this study, we confirmed the effectiveness of drug-
free IVA combined with ADSCs-Exos in restoration of
ovarian function of POI, and conducted a preliminary
exploration of the anti-apoptotic mechanism. Next, we
should further explore the molecular mechanism and
its therapeutic effect at different levels to improve its
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Fig. 6 Follicular proliferation and apoptosis analysis of rat ovaries after in vitro culture. A Immunofluorescence of Ki67 in ovaries (red) and statistical
analysis of fluorescence intensity. Nuclei were counter-stained with DAPI (blue). B Immuno- fluorescence of Cleaved Caspase-3 in ovaries (green)
and statistical analysis of apoptotic index. Nuclei were counter-stained with DAPI (blue). Scale bar: 50 um and 200 um. * P<0.05, ** P<0.01, ***
P<0.001; n=5 per group

therapeutic efficiency and the therapeutic effectiveness
of stem cells from other sources. In addition, we should
further explore the effects of ADSCs-Exos on the recov-
ery of oocytes’ function and on the interactions between
oocytes and granulosa cells. The assessment of fertil-
ity was not applied due to tubal adhesion and edema,
and there was no standard regimen for the administra-
tion of ADSCs and ADSCs-Exos; therefore, we merely
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performed the administration based on the exploration
of previous experiments and pre-experiments. Thus, rel-
evant studies should be conducted in the future to ame-
liorate these deficits.

Conclusion

Overall, we confirmed that ADSCs-Exos combined drug-
free IVA had a remarkably therapeutic effects in restoring
ovarian function of POI rats, and ADSCs-Exos combined
treatment was beneficial in promoting follicular develop-
ment and inhibiting ovarian cell apoptosis in vitro. The
paracrine mechanism mediated by ADSCs for restor-
ing chemotherapy-induced ovarian damage might be
attributed to the secretion of Exos, which reduced the
apoptosis of follicle cells, promoted the development
of follicles and rescued ovarian function by up-regulat-
ing the expression of BCL-2, and down-regulating the
expression of Bax. Taken together, our study has con-
firmed that ADSCs-Exos and drug-free IVA combination
therapy may be a promising treatment for POL
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Supplementary Material 1: Fig. S1 Procedure of ovarian orthotopic
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showed that in this study ADSCs-Exos were highly positive for CD9, CD63
and TSG101, and negative for GM130. (E) Localization of ADSCs-Exos in
rat ovaries. EVLINK555-labeled ADSCs-Exos were primarily distributed in
the interstitium of the ovary. The EVLINK555 labeled outer membrane of
exosomes was red and the DAPI labeled nucleus was blue. Scale bar:100
pm and 50 pum.

Supplementary Material 2: Fig. S2 Representative immunohistochemical
images of BCL-2 (A) and Bax (B) in seven different groups. Scale bar: 50 um
and 200 um. Analysis of the mean optical density (MOD) of BCL-2-positive/
Bax-positive areas were conducted using Image- Pro Plus. (* versus the
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