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Abstract
Background Studies have shown that chemotherapy and radiotherapy can cause premature ovarian failure and 
loss of fertility in female cancer patients. Ovarian cortex cryopreservation is a good choice to preserve female fertility 
before cancer treatment. Following the remission of the disease, the thawed ovarian tissue can be transplanted back 
and restore fertility of the patient. However, there is a risk to reintroduce cancer cells in the body and leads to the 
recurrence of cancer. Given the low success rate of current in vitro culture techniques for obtaining mature oocytes 
from primordial follicles, an artificial ovary with primordial follicles may be a good way to solve this problem.

Methods In the study, we established an artificial ovary model based on the participation of mesenchymal stem 
cells (MSCs) to evaluate the effect of MSCs on follicular development and oocyte maturation. P2.5 mouse ovaries 
were digested into single cell suspensions and mixed with bone marrow derived mesenchymal stem cells (BM-MSCs) 
at a 1:1 ratio. The reconstituted ovarian model was then generated by using phytohemagglutinin. The phenotype 
and mechanism studies were explored by follicle counting, immunohistochemistry, immunofluorescence, in vitro 
maturation (IVM), in vitro fertilization (IVF), real-time quantitative polymerase chain reaction (RT-PCR), and Terminal-
deoxynucleotidyl transferase mediated nick end labeling(TUNEL) assay.

Results Our study found that the addition of BM-MSCs to the reconstituted ovary can enhance the survival of 
oocytes and promote the growth and development of follicles. After transplanting the reconstituted ovaries under 
kidney capsules of the recipient mice, we observed normal folliculogenesis and oocyte maturation. Interestingly, we 
found that BM-MSCs did not contribute to the formation of follicles in ovarian aggregation, nor did they undergo 
proliferation during follicle growth. Instead, the cells were found to be located around growing follicles in the 
reconstituted ovary. When theca cells were labeled with CYP17a1, we found some overlapped staining with green 
fluorescent protein(GFP)-labeled BM-MSCs. The results suggest that BM-MSCs may participate in directing the 
differentiation of theca layer in the reconstituted ovary.

Conclusions The presence of BM-MSCs in the artificial ovary was found to promote the survival of ovarian cells, as 
well as facilitate follicle formation and development. Since the cells didn’t proliferate in the reconstituted ovary, this 
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Background
With rapid advancements in cancer therapy, children 
and reproductive-age women are benefitting from over-
all improved survival rates [1]. It is well-documented that 
treatment of girls and women for cancer with radiation, 
chemotherapeutic drugs, or a combination of the two 
therapies can result in significant, and often irrevers-
ible, side-effect damage to the reproductive system [2, 3]. 
Anti-cancer therapy is often a cause of premature ovarian 
insufficiency (POI) due to the high sensitivity of the ovar-
ian follicle reserve to chemotherapy and radiotherapy [4, 
5]. Thus, there is an increased number of patients who 
received a gonadotoxic treatment and who later face fer-
tility issues [6]. Overall, compared to the general popula-
tion, women who undergo cancer treatment are 38% less 
likely to become pregnant. This reduction in the likeli-
hood of subsequent pregnancies has been observed in 
nearly all types of cancer [7]. Consequently, the preser-
vation of the ovarian reserve and prevention of infertil-
ity have become the primary quality of life concerns for 
patients and their physicians.

Fertility preservation refers to the use of surgical, phar-
macologic, or laboratory techniques to provide assistance 
to women or men at risk of infertility in protecting and 
preserving their ability to have genetically derived off-
spring [8]. For women, common fertility preservation 
methods currently used include egg, embryo, and ovar-
ian tissue freezing, whereas for unmarried or prepubertal 
women, freezing of the ovarian cortex is more appropri-
ate [9–11]. After the patient’s condition has improved 
or resolved, the preserved ovarian cortex can be thawed 
and transplanted back to the patient. However, to mini-
mize the risk of reintroducing cancer cells, an alterna-
tive approach involves culturing and developing the 
primordial follicles within the frozen cortex in vitro. 
This process can also incorporate biomaterials to con-
struct an artificial ovary which can be transplanted into 
the patient’s body with the capability to produce mature 
eggs [6, 12]. Scientists have been trying to fully realize the 
in vitro culture and maturation of human follicles [13]. 
Telfer et al. applied a two-step culture method: ovarian 
tissue culture followed by follicle culture, and success-
fully obtained meiotic-capable eggs within a short period 
of time. However, further confirmation is still needed to 
determine whether these eggs have the ability to fertilize 
and support embryonic development [14].

Ovary, as a female reproductive organ, has a non-
renewable nature. In order to delay ovarian aging or pro-
vide fertility preservation services for people with POI, 

artificial ovary has always been a difficult and hot spot 
of research in the field of reproduction and regenera-
tive medicine [15, 16]. 3D-printed hydrogel scaffolds are 
being widely explored for the development of artificial 
ovaries that can support the growth and development of 
primordial, primary, and secondary follicles [17]. How-
ever, this approach does not address the fertility losses 
caused by issues such as gamete deficiency, impaired fol-
licle formation, and development. To completely solve 
these problems, it is necessary to reconstruct the ovarian 
tissue at the single-cell level. The development and matu-
ration of the oocyte is highly dependent on the follicular 
structure, which is therefore crucial in the process of arti-
ficial ovary construction [18]. Folliculogenesis is a long 
and complex process that involves a series of changes in 
the oocyte and its surrounding somatic cells [19]. Under 
physiological conditions, the primordial follicle is formed 
and enters a resting phase, providing an egg reserve for 
the entire reproductive cycle. Activation of this resting 
follicle and its entry into the growth and development 
phase is dependent on local signals originating from 
the ovary [20, 21]. It has been shown that only ovarian 
somatic cells at a specific developmental period have 
the ability to form follicles. However, when these cells 
are reconstituted with germ cells to create a recombi-
nant ovary, a significant proportion of oocytes undergo 
apoptosis. Moreover, due to the disruption of the internal 
regulatory mechanisms, the resulting follicles experience 
accelerated activation and development which ultimately 
results in the loss of the ovary’s function very soon after 
the reorganization [22]. In order to achieve the complete 
three-dimensional reconstruction of ovarian tissue, how 
to form follicular structures with high efficiency and 
ensure the normal development of follicles becomes the 
primary problem to be solved.

Mesenchymal stem cells (MSCs) are a class of mul-
tipotential adult stem cells with the ability to differenti-
ate directionally into adipose, bone, cartilage, and other 
cell types [23]. It has been the most widely studied cell 
type in the field of regenerative medicine because of its 
easy accessibility, self-replication, directed differentia-
tion, and low immunogenicity [24, 25]. The results from 
animal models have been successfully applied in clini-
cal practice. One example is the transplantation of bone 
marrow mesenchymal stem cells (MSCs) from patients 
to repair damaged endometrium, which can restore nor-
mal uterine function during conception [26]. Studies 
investigated the use of MSCs to enhance ovarian func-
tion in mice with premature ovarian failure, showing a 

discovery suggests a potential new and safe method for the application of MSCs in clinical fertility preservation by 
enhancing the success rate of cryo-thawed ovarian tissues after transplantation.
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significant improvement in the internal environment of 
the ovaries [27–31]. While these studies have highlighted 
the potential of MSCs in restoring and protecting ovarian 
function, most researchers believe that this is achieved 
through the regulation of factors secreted by MSCs. The 
differentiation of MSCs into intra ovarian cells has not 
been extensively explored and it requires further investi-
gation to better understand the mechanisms involved in 
the reconstruction of ovarian function. In this study, we 
established an artificial ovary model by mixing newborn 
ovarian single cells with MSCs at a 1:1 ratio. This artifi-
cial ovary model improved the survival rate of oocytes to 
form primordial follicles and then the following follicular 
development and oocyte maturation. Mesenchymal stem 
cells may be a potential cell resource in remodeling fol-
licular structure for fertility preservation in future.

Materials and methods
Experimental animals
Mice were obtained from Vital River Laboratories (Bei-
jing, China) and housed in the animal facility at Nan-
jing Medical University. Mice were maintained under 
a 12/12-h dark-light cycle at 22  °C with free access to 
food and water. All animal protocols were approved by 
the Committee on the Ethics of Animal Experiments at 
Nanjing Medical University. Ovaries of P2.5 ICR females 
were used for reconstituted ovaries and transplanted 
into kidney capsules of the same strain of female mice 
at 8–10 weeks of age. Control oocytes for IVF were col-
lected from P23 ICR female mice by superovulation and 
adult male B6D2F1 mice (10–14 weeks old) were chosen 
as sperm donors. Female ICR mice at 2- to 3-week-old 
were used for isolation of MSCs. All efforts were made to 
minimize the number and suffering of the animals used 
in the study. A total of 250 mice were used. The number 
of mice that contributed data for analysis in each experi-
ment was indicated in figure legends. All animal experi-
ments adhere to the ARRIVE guidelines.

Isolation and culture of MSCs from mouse compact bone
MSCs were isolated as previously described [32]. Briefly, 
2- to 3-week-old female mice were sacrificed by cervi-
cal dislocation. Rinse the animal liberally in a beaker 
with 100 ml of 70%(vol/vol) ethanol for 3 min. Place the 
mouse in a 100-mm sterile glass dish and incise the skin, 
disassociate the muscles, sever the femurs below the 
femoral head, and disconnect hindlimbs from the trunk. 
Dissect the humeri by excising the forelimb at the axillar-
ies. Pull the skin down. Clean the muscles and tendons 
from the humeri, tibiae, and femurs. Place the bones 
on sterile gauze and then carefully rub them to remove 
the attached soft tissue from the bone. Before further 
processing, store the bones in a 35-mm sterile glass 
dish with 5  ml minimum essential medium α (α-MEM)

supplemented with 0.1% (vol/vol) penicillin/strepto-
mycin and FBS 2% (vol/vol). Insert a 0.45-mm syringe 
needle into the bone cavity and flush marrow out with 
3  ml of α-MEM. Wash the bone cavities thoroughly at 
least three times using a syringe until the bones become 
pale. For MSCs GFP labeling, the virus was stored and 
used in strict accordance with the instructions(GPLVX-
CMV-ZsGreen1). Viral transfection for labeling GFP was 
performed on ICR mouse MSCs cultured to P4 genera-
tion. The virus was added when the cells were cultured 
to 50% fusion, and after 48  h of infection, the medium 
was changed to normal cell culture medium. After 48 h of 
culture, the expression of green fluorescent protein in the 
cells was observed by fluorescence microscopy.

Flow cytometric analysis and multilineage differentiation
Cells cultured to P5 generation were harvested for flow 
characterization of MSC-specific markers. Trypsin-
digested cells were washed twice with phosphate buffer 
saline (PBS) (4-8 °C) and then suspended in cold PBS at 
a concentration of 100 µl of 1×106 cells per EP tube and 
incubated with PE-conjugated anti-mouse CD29, CD31, 
CD34, CD44, Sca-1 antibodies and incubate the cells at 
4  °C for 30 min, protected from light. To identify cellu-
lar activity, PI was added and the cells were incubated 
for 15 min at 4  °C, protected from light. After the anti-
body incubation, the cells were washed twice with cold 
PBS and resuspended with fresh PBS, and the sample 
and preparation were completed. The prepared samples 
were analyzed by analytical flow cytometry to detect the 
expression of each antibody in the cells and mouse MSCs 
differentiation analysis was performed with Passage 5 
mouse MSCs in osteogenic (MUXUC-90021, Caygen, 
USA), adipogenic (MUXUC-90031, Caygen, USA) or 
chondrogenic differentiation medium (MUXUC-9004, 
Caygen, USA) and differentiated cells were identified by 
Alizarin Red, Oil O Red, and Alcian Blue.

Aggregation of ovaries with mouse bone marrow 
mesenchymal stem cells
P2.5 newborn ovaries were harvested by carefully remov-
ing oviducts and ovarian bursa in L-15 medium contain-
ing 3 mg/mL bovine serum albumin ( BSA)/PBS (0.01 M, 
pH 7.4, Hyclone, USA). The ovaries were further digested 
in 1mL PBS supplemented with 0.25% trypsin, 1 mM eth-
ylenediaminetetracetic acid (EDTA), and incubated at 
37 °C for 6 min with gentle agitation every two minutes. 
Then centrifuge at 3000  g and stop at maximum speed. 
Aspirate the trypsin from the EP tube and add 1mL col-
lagenase type IV,0.01% DNase I and incubated at 37  °C 
for 9  min with gentle agitation every three minutes. To 
stop the digestion, 10% fetal bovine serum (FBS) was 
added and the cell suspensions were centrifuged at 3000g 
and stopped at maximum speed at 4  °C. The digestion 
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solution was removed, and cells were suspended by add-
ing α-MEM with 50  µg/ml phytohemagglutinin (L1668, 
Sigma-Aldric) and incubated at 37 °C for 10 min followed 
by centrifugation at 3000gfor 10 s to aggregate the cells. 
The tubes were then rotated 180° and centrifuged again 
for approximately 30s. This double centrifugation proto-
col we used was modified from a previous study [22].

In vitro culture and grafting of reconstituted ovaries
Reconstituted ovaries (rOvaries) were gently removed 
from the tubes and cultured on inserts (PICM03050, 
Millipore, USA) with 1.5 ml culture media added in the 
bottom of each well. The culture medium was α-MEM 
supplemented with 0.23 mM pyruvic acid, 50 mg/l strep-
tomycin sulfate, 75  mg/l penicillin G, 0.03U/ml FSH 
and 3  mg/ml BSA. Ovarian cells were reconstituted as 
controls, and MSCs were added to reconstitute them as 
treatments, and grouped for culture. Reconstructed ova-
ries were cultured overnight in a 37 °C incubator at 100% 
humidity and 5% CO2 awaiting transplantation. The sam-
ples were collected after 24, 48 and 96 h of culture and 
fixed in neutral formalin and paraformaldehyde (PFA) 
to detect apoptosis and other conditions. For long-term 
culture, the culture medium was changed every other day 
and a half. For tissue transplantation, the aggregated arti-
ficial ovaries were surgically implanted beneath the renal 
capsules of bilaterally ovariectomized host females, and 
the same receptor mice with the left side as the treatment 
group and the right side as the control group. Some ani-
mals were sacrificed at 14 days after transplantation to 
assess follicular development, some animals were sac-
rificed at 18 days to collect GV oocytes for IVM, and 
some animals were injected with 5 IU human chorionic 
gonadotrophin(hCG), (Sansheng Bio Tech, China) at 24 
days to collect MII mature oocytes 12  h later for IVF 
randomly.

IVM and IVF
In IVM studies, germinal vesicle (GV) oocytes were 
obtained from grafted MSC-rOvaries and cultured in 
M2 medium (Sigma, USA) at 37  °C and 5% CO2 under 
mineral oil (Sigma, USA) conditions. Following 16  h 
of culture, the ratio of MII mature oocytes/GV oocytes 
was assessed and MII oocytes were collected for mor-
phological and immunofluorescence examination. For in 
vivo studies, recipient mice transplanted for 24 days were 
given a single injection of 5 IU hCG to induced ovula-
tion, and the transplanted MSC-rOvaries were collected 
into M2 medium containing 0.1% hyaluronidase (H3506, 
Sigma, USA) 14  h later. MII oocytes were harvested 
directly by mechanical puncture with a fine needle. The 
control GV and MII oocytes were collected from P25 ICR 
mice after injection of pregnant mare serum gonadotro-
pin (PMSG) and hCG for superovulation. At the time of 

the IVF study, donor sperm was collected from B6D2F1 
male mice, which were capacitated by incubation in 
human tubal fluid medium (HTF) (MR-070-D, Millipore, 
USA) in oil for 1  h at 37  °C, 5% CO2. The MII oocytes 
were then incubated in 250  µl of medium containing 
spermatozoa (2-3 ×105/ml) for 6-8  h. Upon fertilization, 
zygotic cells with clear pronuclei were transferred into 
fresh HTF medium overnight until the 2-cell embryonic 
stage. Then 2-cell embryos were cultured in small drop-
let KSOM medium (MR-020P-5 F, Millipore, USA) until 
blastocyst stage. Embryo development was assessed as 
the ratio of 2-cell embryos to zygotes and the ratio of 
blastocysts to zygotes.

Real-time PCR
The total RNA of the rOvaries was isolated using Trizol 
Reagent (Invitrogen, USA) according to the method pro-
vided by the manufacturer. rOvaries were measured for 
RNA concentration using a spectrophotometer (Nano-
Drop 2000c, Thermo Scientific, USA). 500 ng of RNA/
reaction from each sample was reverse transcribed using 
the FastQuant RT Kit (Tianyuan Biotechnology, China) 
to produce cDNA. cDNA was then analyzed on an ABI 
Step One Plus platform (Thermo Scientific, USA) using a 
SYBR-Green mix (Applied Biological Materials, Canada) 
on the ABI Step One Plus platform (Thermo Scientific, 
USA) for real-time PCR analysis, using the actin ampli-
fication signal as an internal control. The specificity of 
the PCR products was assessed by melting curve analysis 
and the amplicon size was determined by 2% agarose gel 
electrophoresis.

Immunohistochemistry
Reconstituted ovaries were collected and fixed in 4% 
buffered formalin for paraffin embedding and sectioning. 
To detect the expression of AMH and PCNA, 5 μm sec-
tions were deparaffinized and rehydrated, and endoge-
nous peroxidase activity was blocked by incubation in 3% 
hydrogen peroxide in methanol for 15 min. The sections 
were then boiled in 0.01 M citrate buffer to retrieve the 
antigen. After blocking by goat serum (ZSGB-Bio, China) 
for 1 h, primary antibodies were incubated overnight at 
4 °C, and 3,3’-Diaminobenzidine (DAB) reagent was used 
for coloration on the second day. Non-immune IgGs were 
applied as negative controls.

Follicle counting
The reconstituted ovaries from operated mice were col-
lected and fixed in 10% buffered formalin overnight for 
serial sectionst(5  μm) and hematoxylin and eosin stain-
ing. To evaluate follicular development in operated 
mice, all follicles were counted at every fifth section 
using the fractionator and nucleator principles [33]. All 
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sections were counted by two independent individuals 
for comparison.

Immunofluorescence
MII Oocytes from IVM and superovulated mice were 
collected and the cumulus cells were removed by M2 
medium containing 0.1% hyaluronidase. Oocytes were 
fixed in 4% paraformaldehyde for 30  min and then per-
meabilized with 0.5% Triton X-100 (Sigma-Aldrich, 
USA) for 20  min at room temperature. After block-
ing in 1% BSA/PBS solution for 1 h, oocytes were incu-
bated with anti-β-tubulin antibody overnight at 4℃. 
After washing in 1% BSA/PBS, oocytes were incubated 
with Alexa Fluor 488 goat anti-rabbit secondary anti-
body (Invitrogen, Carlsbad, USA) for 40  min at room 
temperature. The nuclei were then counterstained with 
0.01 mg/ml Hoechst 33342 (Invitrogen, USA) for 15 min. 
All the oocytes were put on the slides and observed by 
Confocal (Zeiss, LSM700, Germany). For rOvaries, 
immunofluorescence was performed with antibodies 
for VASA (Abcam Ab13840, 1: 400), PCNA (CST, cata-
log no.13110,1: 16,000), After incubation overnight at 
4  °C, the primary antibodies were washed out and sec-
tions were incubated with relative secondary antibodies 
at RT for 1  h. The secondary antibodies include Alexa 
Fluor 488 donkey anti-rabbit (Invitrogen, USA, catalog 
no. A21206; 1: 500), Alexa Fluor 594 donkey anti-mouse 
(Invitrogen, catalog no. A21203, 1: 500), Alexa Fluor 488 
goat anti-mouse secondary antibodies(Invitrogen, cata-
log no. A21202, 1: 500). Then the nuclei were stained 
with 0.01  mg/ml Hoechst 33342 (Invitrogen, catalog 
no. H1339) for 20  min and sections were viewed under 
a laser scanning confocal microscope(Zeiss, LSM700, 
Germany).

TUNEL assays
TUNEL assays were performed on 5  μm sections with 
the TUNEL Apoptosis Detection Kit (Alexa Fluor 640)( 
Yeasen, catalog. no 40308) according to the manufactur-
er’s instructions.

Immunoblotting analysis
Proteins were extracted by RIPA lysis buffer (P0013B, 
Beyotime Institute of Biotechnology) containing pro-
tease inhibitor cocktails (M221, Amresco). A total of 
10-30 µg proteins in each sample were loaded and sepa-
rated by electrophoresis (165-8000, Bio-Rad, USA). After 
electronic transfer (170-3930, Bio-Rad, USA), the PVDF 
membranes (88250, Thermo Fisher, USA) were blocked 
in 5% skimmed milk-TBST (TBS containing 0.1% Tween 
20) for 30 min and incubated overnight at 4 °C with pri-
mary antibodies. After washing with TBST (5 ml) for 
three times, the HRP-conjugated relative secondary 
antibodies were then used to detect proteins through 

enhanced chemiluminescence (RPN2232, GE Healthcare, 
Washington, NY) on the Tanon 5200 analysis system.

Statistical analysis
The software of GraphPad Prism 5.0 and SPSS 20.0 were 
used to do the chi-square test, or one-way ANOVA and 
Mann-Whitney U-test to evaluate differences between 
groups. Data are showed as mean ± SEM. P < 0.05 was 
considered to be statistically significant.

Results
Reconstruction of ovarian function with mouse BM-MSCs 
and ovarian cells
To see the effects of MSCs on the reconstruction of ovar-
ian tissue, mouse BM-MSCs were isolated and passaged 
from mouse compact bone (Figure S1A). They were posi-
tive for the mesenchymal stem cell markers CD29, CD44, 
and the progenitor cell marker Sca-1 but were negative 
for the hematopoietic marker CD45 and the endothelial 
cell marker CD31 (Figure S1B). Moreover, these cells 
could differentiate into adipocytes, chondrocytes, and 
osteoblasts after in vitro induction (Figure S1D-F). In 
mouse ovaries, follicle assembly starts at E17.5 (embry-
onic day 17.5), and primordial follicle formation is nearly 
completed by P2.5 (postnatal day 2.5) [34, 35]. Next, we 
collected P2.5 ovaries and dissociated them into single 
cells. The aggregation of ovaries were obtained from 
ovarian cells with phytohemagglutinin. After transplant-
ing beneath the renal capsules of bilaterally ovariecto-
mized host female mouse, follicular structure formed 
and continued to develop in these aggregations. Based 
on this, we introduced different concentrations of BM-
MSCs into the aggregated system (Fig.  1A). We divided 
the MSC-reconstituted ovaries into a low concentra-
tion group, a medium concentration group, and a high 
concentration group according to the amount of MSCs 
added, and the ratios of MSCs to ovarian cells were 1 to 
2, 1 to 1, and 2 to 1, respectively. We found that by add-
ing different concentrations of MSCs in the reconstituted 
ovaries, follicular development was significantly differ-
ent after transplanting these reconstituted ovaries to the 
recipient mouse kidney capsule for 14 days. The results 
of H&E staining (Fig. 1B) and oocyte counting (Fig. 1C) 
showed that the addition of mouse MSCs at medium 
concentrations could promote follicle formation and fol-
licular development. However, in reconstituted ovaries 
with high concentrations of mouse MSCs, exogenous 
cells hinder the formation and development of follicles in 
the aggregates. The reason may be that too many exog-
enous cells dispersed ovarian cells so that broke up the 
communications and interactions of ovarian cells which 
are essential for ovarian follicle assembly.
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Fig. 1 Reconstruction of ovarian function with mouse mesenchymal stem cells and ovarian cells. (A) Scheme for reconstitution procedure. (B)HE staining 
of different density of MSCs in reaggregated ovaries after transplanted 14 days. (C)Numbers of oocyte in reaggregated ovaries with different densities 
of MSCs. n = 5/per group. (D) Long-term observation of intra-tissue morphology in reconstituted ovaries with MSCs. HE staining of reaggregated ovaries 
with MSCs after transplantation 4 weeks and 6 weeks. Data are shown as mean ± SEM. *p<0.05. **p<0.01 ***p < 0.001. Scale bars,200 μm.
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Safety evaluation after BM-MSCs being incorporated in the 
reconstituted ovary
As we know, the medical application of stem cells refuses 
safety risks. In order to evaluate the safety of BM-MSCs 
participated in ovarian reconstruction, we transplanted 
reconstructed ovaries for long-term tracking and 
obtained samples at 4 weeks, 6 weeks, and 8 weeks after 
transplantation to observe whether there were tumors 
in reconstituted ovaries. After completing histological 
analysis of ovarian samples from all transplant recipi-
ent mice, we found no tumors or other adverse condi-
tions. The transplanted tissue was absorbed and formed a 
small white spot-like shape under the renal capsule after 
8 weeks of transplantation. Moreover, H&E staining of 
ovarian tissue after 4 weeks and 6 weeks of transplanta-
tion showed lots of corpus luteum on the ovarian section, 
suggesting normal ovulation occurred during follicular 
development (Fig. 1D). The results indicate the safety for 
the application of MSCs in ovarian reconstruction.

Mouse BM-MSCs benefit ovarian development in 
reconstituted ovaries.

To further evaluate the effects of MSCs on follicular 
growth and development in reconstituted ovaries, we 
used the best ratio of ovarian cells and BM-MSCs as 1:1 
to reconstruct ovaries. After 24 h of in vitro culture, the 
reconstructed ovaries with or without BM-MSCs were 
transplanted under the renal capsule of the same ovariec-
tomized adult recipient mouse in pairs, and the samples 
were collected after 14 days of transplantation. The col-
lected ovaries were shown as Fig. 2A and the volume of 
MSC-ovaries was greater than that of control-ovaries. 
Histological analysis further revealed accelerated fol-
licular development with more large antral follicles being 
observed in the MSC-ovaries (Fig.  2B). After counting 
follicles by means of serial sections, the results showed 
that the proportion of secondary and antral follicles in 
total follicles of MSC-ovaries was higher than that in 
the control group (Fig.  2C). RT-PCR results demon-
strated the increased expression of oocyte development 
genes, Bmp15, Gdf9 and Kit and follicle growth-related 
genes Amhr2, Fshr, Star, Lhr, Cyp17a1 and Cyp19a1 
(Fig. 2D). Proliferating cell nuclear antigen (PCNA) stain-
ing showed the stronger signals in the BM-MSCs recon-
stituted ovaries (Fig.  2E). Immunohistochemistry with 
AMH also revealed more secondary follicles and antral 
follicles (Fig.  2F). These results show that mesenchymal 
stem cells can promote the survival and development of 
follicles.

The aggregated ovaries with mouse BM-MSCs achieved 
normal oocytes maturation
To evaluate the developmental potential of follicles and 
oocytes after BM-MSCs being incorporated into the 
aggregated ovary, germinal vesicle oocytes were collected 

from reconstituted ovaries for IVM after transplantation 
for 18 days. Since it was difficult to develop the aggre-
gated ovaries without BM-MSCs at the same stage, GV 
oocytes from normal female ICR mice were used as nega-
tive controls. The morphology of MII oocytes was shown 
by β-tubulin staining (Fig. 3A) and no difference on the 
oocyte maturation rate was observed between negative 
control and reconstituted ovary groups (Fig. 3B). We also 
collected mature oocytes from BM-MSCs reconstituted 
ovaries after transplantation for 24 days with a single 
injection of hCG. Mature oocytes from normal 24-day 
ICR mice after superovulation were served as normal 
controls. As shown in Fig.  3C, MII oocytes obtained 
from reconstituted ovaries have normal morphology 
and immunofluorescence of β-tubulin revealed normal 
spindle distributions in mature oocytes. After in vitro 
fertilization using donor sperm, mature oocytes from 
reconstituted ovaries developed from 2-cell embryos to 
blastocysts after 96 h of culture, but the 2-cell rate (63% 
vs. 78%) and the blastocyst rate (49% vs. 60%) obtained 
from oocytes in reconstituted group were lower than 
those from normal ICR mice (Fig. 3D and E). The above 
results show that BM-MSCs reconstituted ovary can 
achieve the entire process of follicular development and 
produce normal functional oocytes.

Mouse mesenchymal stem cells reduced apoptosis in 
reconstituted ovaries
Next, we used the TUNEL assay to assess apoptosis in 
reconstituted ovaries with or without BM-MSCs and the 
aggregated ovaries were collected after 24, 48, and 96 h 
of culture. As shown in Fig.  4A and B, the reconstitu-
tion of ovary induced a lot of apoptosis in both somatic 
cells and oocytes (TUNEL+, VASA+). The highest cellular 
apoptosis (∼12%) was observed after 24 h of aggregation 
and then the apoptosis rate decreased gradually with less 
than 5% apoptotic cells in aggregated ovaries after 96  h 
of culture (Fig. 4C). However, nearly no apoptotic signals 
were found in BM-MSCs reconstituted ovary even at the 
24-hour time point when a lot of apoptosis was observed 
in the control group. Thus, adding BM-MSCs promoted 
the survival of ovarian cells and avoided a large loss of 
oocytes shortly after reconstitution.

Dynamic tracking of mouse MSCs during the growth of 
reconstituted ovaries
Mesenchymal stem cells have a strong ability to self-rep-
licate in the process of in vitro culture, but this uncon-
trolled intensity of proliferation is risky for in vivo 
applications [25]. We reconstituted ovaries with green 
fluorescent protein (GFP)-labeled BM-MSCs (Figure S1B, 
83% of GFP positive cells) and followed them to observe 
the proliferation and location of these cells involved in 
reconstituted ovaries. There was a clear downward trend 
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in the density of green fluorescent cells from the first 24 h 
to 96 h after reconstitution (Fig. 4D). Statistical analysis 
of green fluorescence intensity further verified the result 
(Fig. 4E). We then labeled proliferating cells with PCNA 
staining and we found the PCNA signals did not coincide 
with green fluorescence labeled MSCs. This means that 
MSCs didn’t proliferate in the aggregated ovary, but the 
numbers of oocytes and ovarian somatic cells exhibited a 
gradual increase within the reconstituted ovary. (Fig. 4F). 
BM-MSCs function to maintain oocyte survival and 

accelerate the proliferation of ovarian somatic cells dur-
ing the assembly of follicles. Western blot then revealed 
the increased phosphorylation of Akt, mTOR and RPS6 
in BM-MSCs reconstitute ovaries after 96 h of culture. It 
suggests BM-MSCs may promote follicle formation and 
follicle activation through the activation of PI3K/mTOR 
signaling pathway (Fig. 4G).

To further explore how MSCs behaved and contributed 
in reconstituted ovaries, GFP labeled BM-MSCs were 
tracked in the reconstitution of the ovary and oocytes 

Fig. 2 Mouse MSCs benefit ovarian development in reconstituted ovaries. Reconstituted ovaries were obtained after 14 days of in vivo development. 
(A) Morphology of control-rOvaries and MSC-rOvaries at 14 days after transplantation. Scale bars, 1 mm. (B) HE staining was performed to observe the 
internal growth of the reconstituted ovaries, and it was seen that the follicular development in the MSC-rOvaries group was better than that of the control 
group. Scale bar,50 μm. (C) Distribution of follicles in r-Ovaries without and with MSCs. n = 3/per group. Primo, primordial follicle; Prima, primary follicle; 
Sec, secondary follicle; Ant, antral follicle. Scale bar, 50 μm. (D) Relative expression of follicular growth and development related gene in the rOvaries were 
assessed by real-time PCR. n = 3/per group. Data are presented as means ± SEM.*P < 0.05 and ***p < 0.001. (E) Immunohistochemistry analyses the expres-
sion of PCNA in reaggregated ovaries after transplanted 14 days. Scale bar, 50 μm. (F) Immunohistochemistry analyses expression of AMH in aggregated 
ovaries after transplanted 14 days. Scale bar, 50 μm.
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were labeled with VASA staining. In the first 96  h of 
ovarian reconstruction, the MSCs distributed evenly with 
ovarian cells, however, they didn’t involve in the reas-
sembly of follicles. After aggregated ovaries being trans-
planted into recipient mice, follicular development was 
observed and we found MSCs mainly distributed in the 
stroma of reconstituted ovaries around growing follicles. 
Together, we also noticed a significant decrease of MSC 

cell numbers and fluorescence in the reconstituted ovary 
(Fig. 5). To see if the MSCs participate in the differentia-
tion of theca cells, we first stained the reconstituted ovary 
with the MSC cell marker CD44 after transplantation for 
two weeks. While the majority of CD44-positive cells 
also exhibited GFP fluorescence, we observed a subset of 
cells that exclusively expressed GFP (Fig. 6A). Theca cells 
were then labeled with CYP17a1 and we found although 

Fig. 3 Evaluation of oocyte quality by IVM, IVF and early embryonic development. Aggregated ovaries with mouse MSCs were transplanted into the 
kidney capsules of recipient mice for 18 days. GV oocytes for IVM were collected by directly puncturing fully grown follicles under the microscope and 
mature MII oocytes were retrieved after a single injection of hCG into recipient mice after transplanted 24 days (IVO). (A) Morphology of MII oocytes 
after IVM. Oocytes from superovulated ovaries of 3-week-old mice were used as negative controls (Negative ctrl). And Immunofluorescence of β-tubulin 
on spindle of MII oocytes. Green, β-tubulin; Blue, Nuclear staining with Hoechst 33342. (B) Percentages of MII oocytes with aberrant spindles after IVM 
treatment. (C) Morphology of MII oocytes obtained from MSC-rOvaries after a single injection of hCG into recipient mice after transplanted 24 days (IVO). 
And Immunofluorescence of β-tubulin on spindle of MII oocytes. Green, β-tubulin; Blue, Nuclear staining with Hoechst 33342. (D)Representative 2-cell 
embryos and blastocysts after IVO oocytes being fertilized in vitro (IVF). (E) Efficiency of early embryonic development. Percentage of IVO mature oocytes 
in negative controls and MSC-rOvaries group capable of developing into 2-cell embryos and blastocysts. All experiments were performed with at least 
three replicates. Data were shown as mean ± SEM. *p < 0.05. Scale bar, 50 μm.
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in most cases, GFP and CYP17a1 positive cells were not 
colocalized with each other, double positive cells were 
still observed in the theca layer (Fig.  6B). Together, our 
result revealed the pivotal role of BM-MSCs in the resto-
ration of the ovarian function. These cells aid in the sur-
vival of aggregated ovarian tissues during the first several 
days of reconstruction. Although they don’t proliferate 
or contribute to the formation of follicle structure, their 

presence around growing follicles indicates their involve-
ment in the differentiation of the theca layer.

Discussion
In this study, we incorporated BM-MSCs into ovarian 
cells to reconstitute the ovarian structure by using phy-
tohemagglutinin. Although previous studies have dem-
onstrated promising results regarding the ability of MSCs 
to facilitate the regeneration of bone, blood vessels, skin, 

Fig. 4 Mouse mesenchymal stem cells reduce apoptosis in reconstituted ovaries. (A) TUNEL assay of reaggregated ovaries after in vitro culture. (B) The 
Control group of rOvaries cultured in vitro for 24 h, TUNEL co-stained with immunofluorescence of germ cell marker VASA antibody. The apoptotic signal 
was present in VASA-positive oocytes. (Scale bar: 50 μm.). (C) The statistical analysis of TUNEL was performed to detect apoptosis within the tissues of 
rOvaries at various time points in the early post-recombinational period. ***p < 0.001. n = 4/each group. GFP-labeled MSCs were used to track the growth 
of reaggregated ovaries. (D) GFP-MSCs in reaggregated ovaries after recombination. (E) Analysis of scanning intensity statistics of green fluorescent sig-
nals carried by mesenchymal stem cells in MSC-rOvaries. n = 5/each group. *p<0.05. (F) Immunofluorescence labeling of proliferation by PCNA antibody, 
PCNA red fluorescent signal did not co-localize with GFP. (G) Western blot showed the increased phosphorylation of Akt, mTOR and RPS6 in BM-MSCs 
reconstituted ovaries after 96 h of culture.Scale bar, 50 μm.
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peripheral nerves, and alleviate symptoms of local isch-
emia in various organs like the heart, kidneys, and brain, 
it is important to note that MSCs have been sometimes 
viewed as a panacea within the field of tissue repair and 
regenerative medicine [24, 36]. Studies also showed that 
co-cultured of MSCs with follicles could promote follicle 
survival and development [30, 31, 37]. In the study, when 
we tried to reconstitute the ovarian structure with differ-
ent concentrations of BM-MSCs, we found overloading 
BM-MSCs hindered the interaction between oocytes and 

ovarian somatic cells and inhibited follicle formation and 
development. Therefore, only when BM-MSCs and ovar-
ian cells were mixed at a ratio 1:1, the most promoting 
effect was found in the reconstituted ovary.

When ovarian reconstitution was performed with the 
optimal number of MSCs, we found that the involvement 
of MSCs promoted the development of the reconstituted 
ovaries. First, at the initial stage of ovarian reconstitu-
tion, the incorporation of MSCs reduced or even avoided 
a large loss of ovarian cells including both oocytes and 

Fig. 5 Dynamic tracking of green fluorescent protein-labeled MSCs in recombinant ovaries from 24 h to 3weeks after aggregation. Scale bar, 50 μm.
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ovarian somatic cells caused by the preparation of ovar-
ian aggregates. Existing studies have shown that MSCs 
have a significant role in repairing damage and inhibit-
ing apoptosis. They create a repair microenvironment 

by releasing transforming growth factor-beta 1(TGF-β1) 
after tissue injury and reduce apoptosis, inflammatory 
response, and immune response at the site of injury [24, 
38, 39]. Therefore, MSCs have a reparative effect in the 

Fig. 6 Immunofluorescence staining of MSC cell marker CD44 (A) and follicular theca cell marker Cyp17a1(B) in green fluorescent protein-labeled MSC-
rOvaries. Scale bar: 50 μm.
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reconstituted ovary. Secondly, by utilizing kidney capsule 
transplantation of recombinant ovaries, we observed that 
the presence of MSCs resulted in enhanced follicle for-
mation and development compared to ovaries without 
MSCs. This enhancement was evident through various 
evaluations, including morphological analysis of follicu-
lar growth, follicle counting, PCNA staining, as well as 
labeling of secondary and antral follicles with AMH. The 
activation of the PI3K/mTOR signaling pathway and the 
results of the expression of oocyte development-related 
genes, such as Bmp15, Gdf9 and Kit, and the expression 
of hormone production-related genes in the recombinant 
ovaries further verified the above conclusions. It has been 
shown that MSCs can increase the expression of trans-
forming growth factor-beta (TGF-β) family members in 
follicles during co-culture with MSCs [37]. We know that 
the TGF-β family including Gdf9 and Bmp15 plays an 
important role in the development of preantral follicles 
[20, 40, 41]. This confirms the experimental results we 
obtained that follicle development in MSCs reconstituted 
ovaries was better than in the control group.

To evaluate whether the artificial recombinant ovary, 
which was constructed with the participation of BM-
MSCs, has normal folliculogenesis and oocyte matu-
ration. Oocytes at GV stage were removed from the 
recombinant ovary and matured in vitro (IVM), and 
mature MII oocytes were also collected for IVF to evalu-
ate embryonic development from two-cell embryos to 
blastocysts. These results showed that the recombinant 
ovary with BM-MSCs could complete normal follicular 
development and oocyte maturation. In other words, 
this recombinant ovary model with MSCs we estab-
lished is a new method to constructing artificial ovaries 
for rebuilding normal ovarian function. It is well known 
that the expansion and improvement of fertility preser-
vation methods for female cancer patients have consis-
tently posed challenges and remained as prominent areas 
of research in the field of reproduction. Artificial ovaries 
and various follicle culture methods have particularly 
garnered significant attention in this context [6, 16, 42].. 
Among them, 3D-printed artificial ovaries consisted of 
primordial, primary, secondary follicles and 3D-printed 
hydrogel scaffolds have gained wide attention [17]. How-
ever, such artificial ovary based on follicle units cannot 
solve the problem of fertility loss due to folliculogen-
esis disorders or gamete deficiency. The regeneration of 
reproductive organs by inducing pluripotent stem cells 
and embryonic stem cells to generate gametes in female 
mice have been reported [43]. And with this cell-based 
artificial ovary model, our study demonstrated adult stem 
cells can also be used for constructing artificial ovary 
with stem cell-induced artificial eggs.

Through dynamic tracking of BM-MSCs in reconsti-
tuted ovaries by GFP labeled MSCs, we found that MSCs 

didn’t proliferate in the reconstituted ovary and they 
didn’t participate in the formation of follicles after recon-
stitution. In the recombinant ovary, BM-MSCs accompa-
nied the growth and development of the follicle, and their 
distribution gradually gathered around the periphery of 
the growing follicle. Previous studies have demonstrated 
that the follicular theca layer consists of theca endocrine 
cells located internally, and an outer layer of fibrous con-
nective tissue derived from fibroblast-like cells. The theca 
exterior also contains vascular tissue, immune cells, and 
stroma [44].

Therefore, the follicular theca layer serves crucial roles 
in maintaining the structural integrity of the follicle, as 
well as providing nutrients to the granulosa cell layer 
and oocytes. Furthermore, the theca cells are responsible 
for producing important endocrine regulators such as 
androgens (testosterone and dihydrotestosterone), as well 
as growth regulators like morphogenetic proteins (BMPs) 
and TGF-β. These regulatory molecules are essential for 
facilitating follicular growth and development [45–47]. In 
the study, although most GFP positive cells are expressed 
MSC marker CD44, we still found some theca cells 
showed GFP and CYP17a1 double positive signals. This 
means the potential that BM-MSCS can differentiate into 
theca cells, however, more experiments are needed to 
explore this conjecture. In the study, we also concerned 
about the safety of MSCs in ovarian recombination, and 
we did not find the proliferation of MSCs and no tumors 
and other undesirable conditions was observed after a 
long-term tracking. Therefore, we conclude that MSCs 
have a good application prospect for constructing artifi-
cial ovaries.

Conclusions
In summary, we established a reconstituted ovary model 
by using newborn ovarian cells including oocytes and 
somatic cells with BM-MSCs. We found the addition of 
BM-MSCs increased the survival rate of oocytes in the 
recombinant ovary and promoted follicular growth and 
development. The MSC recombinant ovary has normal 
folliculogenesis and oocyte development and maturation. 
During the growth and development of the recombinant 
ovary, BM-MSCs gradually spread around the growing 
follicles. After immunostaining with theca cell marker 
CYP17a1, some theca cells showed double positive sig-
nals with GFP fluorescence of BM-MSCs. Whether they 
can differentiate into theca cells remain to be studied fur-
ther. Our results reveal MSCs may be a good resource to 
reconstruct ovarian tissue in female fertility preservation.
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