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Abstract
Background

At present, there is no effective treatment for premature ovarian failure (POF), and stem cell therapy is
considered the most promising treatment. Human umbilical cord blood mesenchymal stem cells (hUC-
MSCs) have shown good regenerative ability in a variety of diseases including POI, but the method and
dosage of hUC-MSCs to treat POI are not clear. This study aims to explore the treatment options of hUC-
MSCs for POF by comparing single injection and multiple injections of hUC-MSCs on the ovarian function
repair of POF caused by chemotherapy drugs.

Methods

Female mice were injected intraperitoneally with 30 mg/kg of busulfan and 120 mg/kg of
cyclophosphamide to induce POF. In the single hUC-MSCs injection group, 7 days after the mice were
injected with cyclophosphamide and busulfan, hUC-MSCs were transplanted into these mice. In the
multiple injection group, hUC-MSCs were transplanted 7 days, 14 days and 21 days after the mice were
injected with cyclophosphamide and busulfan. We evaluated ovarian morphology, fertility, follicle
stimulating hormone and estradiol concentration, and follicle count, evaluated POF model and cell
transplantation. In addition, real-time PCR, immunohistochemistry, miRNA chip and mRNA chip are used
to evaluate the effect of cell therapy.

Results

Compared with the POF group, the ovarian size and primordial follicle count in the hUC-MSC group were
signi�cantly improved, and the fertility was also signi�cantly improved. Immunohistochemistry showed
that compared with the POF group, the anti-Mullerian hormone and Ki-67 in the ovary of the hUC-MSC
group increased signi�cantly, and ovulation was signi�cantly restored. Real-time PCR showed that the
expression of follicle stimulating hormone receptor, inhibin and inhibin in the hUC-MSCs group was
signi�cantly restored compared with the POF group. The results of mRNA and miRNA chips also showed
that hUC-MSC restored ovarian function at the gene level. long-term treatment effect shows that the
multiple transplantation hUC-MSCs group is better than the single transplantation hUC-MSCs group. 60
days after the mice were injected with cyclophosphamide and busulfan, the organ coe�cient of multiple
transplantation of hUC-MSCs increased compared with the POF group, the number of primary follicles
increased, and hormone secretion increased.

Conclusion

The results show that multiple trasplantation of hUC-MSCs can promote the recovery of ovarian function
in POF mice more than a single transplantation. This study provides a basis for the therapeutic dose and
therapeutic effect of hUC-MSCs on POF.
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Background
Premature ovarian failure (POF) after chemotherapy is the loss of ovarian function induced by treatment
with anticancer drugs. It usually manifests as amenorrhea and infertility, the level of follicle stimulating
hormone (FSH) in the serum is increased, and the level of anti-Müllerian hormone (AMH) and serum
estrogen is reduced [1]. Anti-cancer therapeutics (such as cyclophosphamide and busulfan) have been
shown to be highly damaging to ovarian follicles [2]. Therefore, preservation of fertility and ovarian
function should be the main considerations for chemotherapy in women of childbearing age. Recently,
stem cells are often used to repair and restore the normal function of injured tissues or organs [3–5], and
are also considered as a new option for the treatment of female infertility [6–9].

Although many studies conducted in POF animal models have con�rmed that the administration of
MSCs obtained from various cell types can protect ovarian function and prove the possibility of restoring
ovarian function and structure [10–12]. Among many types of MSCs, umbilical cord-derived MSCs (hUC-
MSCs) have attracted much attention because of their low immunogenicity and can be used for
allogeneic therapy [13]. Moreover, hUC-MSC does not require invasive methods to obtain a su�cient
number of cells to make it suitable for regenerative therapy. However, the dose of hUC-MSCs
transplantation and the therapeutic effect on POF are still unclear. The purpose of this experiment is to
study the therapeutic effect of hUC-MSCs on the ovarian function of POF mice induced by chemotherapy,
and to evaluate the repair effect of single and multiple injections of hUC-MSCs on the recovery of ovarian
function.

Materials And Methods
POF mice model

Six-week-old female Institute of Cancer Research (ICR) mice were purchased from Huayikang
Biotechnology Co., Ltd. All animals have free access to food and water. Vaginal smears were used to
monitor the estrus cycle. These animals were randomly divided into sham, POI, single transplantation
hUC-MSC group and multiple transplantation hUC-MSC group (n=30 in each group). In order to establish
a POI model, mice from the POI, single injection of hUC-MSCs and multiple injections of hUC-MSCs were
intraperitoneally injected with a mixture of 120 mg/kg cyclophosphamide and 30 mg/kg busulfan. The
sham group was injected with saline only. The day of receiving chemotherapy drugs was recorded as the
�rst day. Vaginal smear test to observe the estrus cycle. On the 7th day after chemotherapy, mice in the
single injection of hUC-MSCs and multiple injections of hUC-MSC were injected with 100 μl of 2×106 hUC-
MSCs cell suspension into the tail vein [14]. And on the 14th and 21st days after chemotherapy, mice in
the hUC-MSCs group injected multiple times were injected with 100 μl of 2×106 hUC-MSCs cell
suspension. In the fertility testing experiment, we used mice in the sham group, POI, single injection of
hUC-MSCs and multiple injections of hUC-MSCs 14 days and 60 days after chemotherapy (n=5 in each
group), and caged according to the ratio of male to female 2:1. All procedures have been approved by the
Animal Protection and Use Committee of the National Family Planning Society of China. This study was
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conducted in strict accordance with the recommendations in the "Guidelines for the Care and Use of
Laboratory Animals of the National Institutes of Health".

Isolation and culture of hUC-MSCs

Human umbilical cord samples were obtained from full-term babies delivered by caesarean section in
Haidian Maternal and Child Health Hospital, and the umbilical cord was washed with PBS to remove
contaminated blood. Remove the umbilical cord to remove the arteries and veins, cut them into small
pieces of 0.5-1 mm3, and place them in the bottom of the tissue culture dish. Place the petri dish in a
37°C, 5% CO2 incubator. Cells are cultured in MEM-Alpha complete medium (10% fetal bovine serum, 1%
diabody). When the cells reach about 90% con�uence, they are digested with 0.25% trypsin, and the 1:2
separation and passage are continued. And make the cells grow to the logarithmic growth phase [15, 16].

Immunophenotypic analysis

Human MSC Analysis Kit (BD, NJ, USA) is used to identify MSC. Cells are resuspended in 1×107 cells/ml
buffer, 100 µl of prepared cell suspension was added to 9 tubes and incubated with various �uorescent
dye-conjugated speci�c antibodies (FITC Mouse Anti-Human CD90 (tube 1); PE Mouse Anti-Human CD44
(tube 2); PerCP-Cy™5.5 Mouse Anti-Human CD105 (tube 3); APC Mouse Anti-Human CD73 (tube 4);
Nothing (tube 5); hMSC Positive Isotype Control Cocktail and PE hMSC Negative Isotype Control Cocktail
(tube 6,8); hMSC Positive Cocktail and PE hMSC Negative Cocktail (tube 7,9) in the dark for 30 min at
room temperature. The results were analyzed by �ow cytometry, and the experimental results were
veri�ed three times.

Osteogenic Differentiation

To promote osteogenic differentiation, the cells were seeded into twelve-chamber-slides and cultured in
Dulbecco’s modi�ed Eagle’s medium (DMEM; HyClone, Utah, USA) containing 10% fetal bovine serum
(FBS). When the cells reached 70%–80% con�uence, replaced osteogenic differentiation medium
(HyClone, Utah, USA) and changed every 3 days [17]. Two weeks later, the calci�ed extracellular matrix
was stained with 2% Alizarin Red to con�rm osteogenic differentiation. The experiment was repeated
three times.

Adipogenic Differentiation

To induce adipogenic differentiation, cells were cultured in MSCs medium until reaching 90% con�uence.
Then, the cells were induced in adipogenic induction medium (MEM Alpha Modi�cation (HyClone, Utah,
USA) for 3 days. After 3 days, adipogenic induction mediumwas replaced by maintenance medium
containing sorely of 10 µM insulin and MSCs medium and changed every 3 days. For the negative
control, the cells were cultured in MSCs medium [18]. After 1 week, formation of intracellular lipid droplets
was stained by Oil Red O staining. The experiment was repeated three times.

ELISA detection of mice estradiol (E2) and follicle-stimulating hormone (FSH)
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In order to ensure that each group of mice estrus were in the same period, mice were administered by
intraperitoneal injection of Pregnant Mare Serum Gonadotropin (PMSG) 2 days before euthanasia. Blood
samples were collected on the 14, 21, 28, and 60 days after the POF mold. The samples were incubated
overnight at 4°C, then were centrifuged for 5 min at 4000 rpm. The resulting supernatant sera were
collected. The levels of E2 and FSH were respectively measured by Mouse E2 ELISA Kit (Bio-Swamp,
Wuhan, China) and Mouse FSH ELISA Kit (Bio-Swamp, Wuhan, China). The experiment was repeated
three times.

Histologic staining and follicle counting

The ovaries were �xed overnight in 4% paraformaldehyde, embedded in para�n by dehydration, and
serial sectioning was adopted. The thickness of the serial sections was 5μm, and every ten sections were
counted. 20 sections were taken and stained with hematoxylin and eosin (H&E). The ovarian primordial
follicles, primary follicles, secondary follicles and mature follicles were counted under TE2000-u reverse
phase microscope (Nikon, Tokyo, Japan). The classi�cation and characteristics of all levels of follicles
are determined as follows: primitive follicle is close to the white membrane, and the oocyte is surrounded
by a single layer of �at granular cells; primary growth follicle is surrounded by one or more layers of cubic
granular cells, and red staining appears between the two zona pellucida, the follicular membrane of
connective tissue appears on the periphery of the follicle; follicular cavity appears in the secondary
growth follicle, and the follicular membrane can be separated into the inner and outer membranes;
mature follicle has obvious cumulus, large follicular cavity, and many capillaries between the cells;
Atresia follicle follicle wall collapses, egg cell structure is not clear, or even disappear, zona pellucida
shrinks.

Immunohistochemical analysis

 The para�n sections were depara�nized, rehydrated and high pressured in a citrate buffer (pH 6.0) for
2min to retrieve antigenicity. Then, the samples were incubated with 3% hydrogen peroxide 10min to
quench endogenous peroxidase activity. Sections were blocked non-speci�c antigen with 10% goat
serum. After that, sections were incubated with Anti-Ki67 antibody (1:100; Abcam, Cambridge, UK) or
mouse anti-human anti-Müllerian hormone (AMH, 1:30; AbD Serotec, Oxford, UK) in a humidi�ed chamber
overnight at 4°C. Negative control were conducted with 10% goat serum overnight at 4°C alone. After
incubating with primary antibody, peroxidase-conjugated a�nipure goat-anti-rabbit IgG (1:200; ZSBIO,
Beijing, China) or peroxidase-conjugated a�nipure goat-anti-mouse IgG (1:200; ZSBIO, Beijing, China)
were added for 1 hour at room temperature. Then, colourated with 3, 3-diaminobenzidin (DAB; ZSBIO,
China) at room temperature without light for 10min and counterstained with hematoxylin for 10s. After
sealing slides, the samples were photographed with microscope (Nikon, Tokyo, Japan). The experiment
was repeated three times.

Immuno�uorescence staining
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 Ovary samples were collected and �xed in 4% paraformaldehyde overnight at 4°C, then, dehydrated with
30% sucrose 1 week. After that, samples were �xed with the Tissue-Tek OCT Compound (Sakura Finetek
Middle East, Dubai, United Arab Emirates) at -80°C and sliced in 7 um thick sections at -25°C. Slides were
blocked with 10% goat serum for 1 hour at room temperature. Slides were then incubated with mouse
anti-human nuclei monoclonal antibody (1:100; Millipore, USA) at 4°C overnight. 10% goat serum as the
primary antibody were used as negative controls. Sections were probed with TRITC–labeled IgG (1:200;
ZSBIO, Beijing, China) and counterstained with 4', 6-diamidino-2-phenylindol (DAPI). Fluorescence images
were taken through a �uorescence microscope (DMI3000; Leica, Heidelberg, Germany). The experiment
was repeated three times.

Microarray hybridization and data analysis

According to the manufacturer's instructions, the miRNAeasy Mini Kit (Qiagen GmbH, Hilden, Germany)
was used to isolate total RNA from the ovaries of three mice in the control, POF and hUC-MSCS groups,
respectively. The miRNA microarray including probe labeling, hybridization, hybridization image scanning
and initial data analysis was performed by LC Sciences (LC Sciences, Houston, Texas, USA). Use LC-
miRHumanMouseRat_11.0_080411 array. The mRNA chip uses the OneArray chip (Tecenet, Chengdu,
China). Use cyclic local weighted regression (LOWESS) method for normalization. t test was performed
between the control group and the POF group, the POF group and the hUC-MSCs group, and the hUC-
MSCs group and the control group, and the statistical analysis of the microarray data has been
performed.

Quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR)

The Trizol (Invitrogen, CA, USA) method is used to extract RNA from ovarian tissue. The RNA was
extracted with reverse transcription kit (TakaRa Biotechnology, Shanghai, China) reverse transcribed
cDNA for qRT-RNA detection. The experiment was repeated at least 3 times less, and P<0.05 was
considered statistically signi�cant. Primer sequence: mRNA-FSHR-Forward, 5'-
GAGGTGCAAGCCCAGATTTA-3'; mRNA-FSHR-Reverse, 5'-GAGGGACAAGCACGTAACTATT-3'; mRNA-
INHIBINα-Forward, 5'-TCTGAACCAGAGGAGGAAGAT-3'; mRNA-INHIBINα-Reverse, 5'-
GGGATGGCCGGAATACATAAG-3'; mRNA-INHIBINβ-Forward, 5'-AAGAAAGAGGTGGATGGAGATG-3'; mRNA-
INHIBINβ-Reverse, 5'-CAGCATGAGGAAAGGTCTATGT-3'; mRNA-GAPDH-Forward, 5'-
GGTGAAGGTCGGTGTGAACG-3'; mRNA-GAPDH- Reverse, 5'-CTCGCTCCTGGAAGATGGTG-3'

Statistical analysis

To determine signi�cance between two groups, the unpaired Student’s t test was used. One-way ANOVA
was used to calculate the signi�cant differences among the groups. Prism6.0 software was used to
paint. P value less than 0.05 was considered to be signi�cant.

Results
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Identi�cation and characterization of hUC-MSCs

hUC-MSCs have a spindle-shaped morphology and successfully differentiated into bone (Fig. 1a and b)
and adipogenic (Fig. 1c and d). Flow cytometry is used to identify the expression pro�le of surface
markers. hUC-MSC is negative for CD11b, CD19, CD34, CD45 and HLA-DR, while CD29, CD73, CD90 and
CD105 are positively expressed as surface markers of MSC (Fig.1e).

To detect the graft and differentiation of the hUC-MSCs in vivo, the expression of human nuclei antigen
was evaluated by Immuno�uorescence staining. As shown in Fig. 1f, the human umbilical cord
mesenchymal stem cells injected through the tail vein of mice were injected 7 days later. It still survives in
the body and migrates to the injured site. It can be seen that the hUC-MSCs displayed by red �uorescence
are mainly distributed in the follicular granulosa cells of the hUC-MSCs treatment group, which shows
that hUC-MSCs can survive in mice and migrate to the injured site to play a repair role.

Effects of hUC-MSCs transplantation on the appearance and fertility of ovaries in POF mice

The therapeutic effect of hUC-MSCs on POF was evaluated by ovarian organ coe�cient. Compared with
the POF group, the ovaries of mice in the single injection of hUC-MSCs treatment group had a signi�cant
increase in organ coe�cient on the 14th day (P<0.01, Figure 2a-e). In the multiple injections of hUC-MSCs
group, compared with POF group, the organ coe�cient of mouse ovary increased signi�cantly on the
28th and 60th day (P<0.05, Fig. 2f-h). It showed that the appearance of the ovaries after repeated
injections of hUC-MSCs was signi�cantly restored and the treatment effect was maintained for a long
time. The fertility test of mice showed that both single injection and multiple injection groups of hUC-
MSCs can signi�cantly restore the fertility of POF mice in the short-term (Fig 2i) and long-term (Fig 2j)
(P<0.05). The results show that hUC-MSCs can signi�cantly restore the ovarian function of POF mice.

The transplantation of hUC-MSCs restored the ovarian reserve and cell proliferation of POF mice

AMH is a member of the transforming growth factor-β (TGFβ) family and expressed by granulosa cells.
AMH levels are signi�cantly correlated with the reserve capacity of ovary. The results are shown in �gure
3. Compared with the control group, the POF group hardly expressed AMH, while in the single injection of
hUC-MSCs group and multiple injections of hUC-MSCs group, we observed an increase in AMH
expression (Fig 3a and b). Ki67 is a DNA binding protein that is expressed in all active cell cycle stages
and can be used as a marker antigen for cell proliferation. The immunohistochemical test results are
shown in �gure 4. Compared with the control group, the follicles of POF mice are almost negative and the
proliferative phase is rare. In the single injection of hUC-MSCs group, the mouse follicles are lightly
stained, indicating that the cell proliferation potential is restored (Fig 4a). In the group of multiple
injections of hUC-MSCs, deep staining of mouse follicles was observed on day 60 (Fig 4b), showing a
good therapeutic effect.

Restoration of ovarian structure and follicular development through hUC-MSCs transplantation



Page 8/21

Observe the structure of the ovary by H&E staining (Fig. 5a and f). In the sham group, well-developed
primordial follicles, primary follicles, secondary follicles and mature follicles can be observed. In the POF
mouse model, the ovaries of mice are atrophy, the number of follicles at each stage decreases, and the
atretic follicles increase. In the single injection of hUC-MSCs group, the number of mature follicles
increased signi�cantly compared with the POF group, and the number of follicles at various levels also
recovered signi�cantly (P<0.05, Fig.5b-e). In the group of multiple injections of hUC-MSCs, the number of
primordial follicles and the number of primary follicles increased signi�cantly (P<0.05, Fig.5g and h). The
results show that hUC-MSCs have a good therapeutic effect on follicle recovery.

hUC-MSCs transplantation restored hormone levels

The levels of E2 and FSH in mouse serum were detected by ELISA, and the results are shown in �gure 6.
Compared with mice in the POF group, the E2 content in the serum of mice in the single hUC-MSCs
treatment group increased signi�cantly on the 21st, 28th, and 60th day (P<0.05, Fig.6a), and the FSH
content was signi�cantly reduced on the 60th day (P<0.05, Fig.6b). Compared with mice in the POF
group, mice in the multiple hUC-MSCs treatment group had a signi�cant increase in serum E2 content on
the 28th and 60th day (P<0.05, Fig.6c), and the FSH content on the 28th and 60th day The daily average
decreased signi�cantly (P<0.05, Fig.6d). The results showed that the therapeutic effect of multiple
injections of hUC-MSCs was signi�cantly better than single injection.

Changes of gene expression in the ovaries of POF mice treated with hUC-MSCs

We selected the genes FSHR, INHIBINα, and INHIBINβ that mainly exist in the granulosa cells of follicles,
and detected the changes in gene expression by qRT-PCR. The results are shown in �gure 7. Compared
with the POF group, the expression of FSHR in the single injection of hUC-MSCs group and multiple
injections of hUC-MSCs group recovered on 14 days, 21 days, 28 days and 60 days (Fig.7 a and b). The
expression level of INHIBINα in the single injection hUC-MSCs group at 28 days and the multiple injection
hUC-MSCs group at 60 days was signi�cantly higher than that in the POF group (Fig7.c and d). The
expression level of INHIBINβ in the single injection hUC-MSCs group at 28 days and 60 days, and the
multiple injection hUC-MSCs group at 60 days was signi�cantly higher than that in the POF group (Fig7. e
and f). The results showed that the granulosa cell-related genes in the follicles of POF mice treated with
hUC-MSCs were restored.Volcano map is a common method to observe differentially expressed genes
between two groups. It can visually see the relationship between genes change multiples and difference
signi�cance. Figure 8a shows the miRNA chip volcanograph analysis of POF and hUC-MSCs treatment
group, sham group and hUC-MSCs and POF and sham group. Figure 8b shows the volcano map analysis
of the mRNA chip. Among them, green is a down-regulated gene, and red is an up-regulated gene. We can
observe that the miRNA chip shows that there are fewer differential genes between the normal group and
the hUC-MSCs treatment group. This indicates that hUC-MSCs repaired POF damage induced by
chemotherapy drugs at the gene level.

Discussion
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The incidence of POF in women accounts for 1% [19], and CXT treatment is one of the causes of POF
[20]. Therefore, treating ovarian degenerative changes and restoring ovarian function is the key to
ensuring female reproductive health [21]. Although based on a large amount of data on the feasibility of
stem cells to treat various degenerative diseases, however, due to the differences between animal models
and the physical differences between model animals and humans, the therapeutic effects of stem cells
are still controversial [22].

Umbilical cord mesenchymal stem cells were considered to be more effective for cellular therapy [23]. The
hUC-MSCs have been shown to exhibit high differentiation potential and high proliferative activity.
Moreover, hUC-MSCs express the stem cell marker CD44, CD73, CD90 and CD105 [24–26] and have the
potential to differentiate into cells of all three embryonic tissue layers [27–29]. In our present study, hUC-
MSCs had differentiated into adipocytes and bone cells. Hormonal imbalance with a low concentration of
E2 and a high concentration of FSH in serum is a typical symptom of POF [30]. Therefore, the
improvement of the female sex hormonal levels is an important indicator of the restoration of ovarian
function. In our study, the hormone levels of the POF mice were restored, which indicate the hUC-MSCs
improved ovarian endocrine function of the chemotherapy drug damage.

In the fertility test, we found that the fertility of POF mice treated with hUC-MSCs was signi�cantly
restored on the 14th and 60th days. The results show that hUC-MSCs has long-term treatment for the
ovaries of POF mice and can signi�cantly restore the fertility of the ovaries. To con�rm the hUC-MSCs
could improve the ovarian function, we also studied the organ coe�cient of ovary and the number of
follicles. In the multiple intravenous group, the organ coe�cient of ovary signi�cantly rosein the treat
group compared with that in the POF group. After the hUC-MSCs transplantation, all stages of follicles in
MSCs group rose compared with that in the POF group. Secreted by the follicular granulosa cells, AMH is
one of the best indicators re�ecting the ovarian reserve [31]. Immunohistochemical results showed that
AMH expressed in the treatment group mouse ovarian tissue, and most of AMH expression is in
granulosa cells of the mature follicles. The results showed that hUC-MSCs restored the follicular storage
function of the ovaries of POF mice.

To con�rm the hUC-MSCs could promote the ovarian granulosa cells regeneration to improve ovarian
function in mice. Ki67 is the key factor of the ribosome synthesis in cell division, which is necessary for
cell proliferation [32]. Ki67 positive expression indicated the hUC-MSCs could restore granulosa cell
proliferation to maintain the normal function of the ovarian follicles. Mesenchymal stem cells were
detected in follicular granulosa cells with tracing the ovarian tissue freezing slice, which show the hUC-
MSCs could selectively migrate and stay in damaged tissues. This result may be associated with
in�ammatory effect [33].

To further verify the effect of hUC-MSCs on the restoration of ovarian function at the gene level, we used
qRT-PCR to detect the expression of FSHR, INHIBINα and INHIBINβ. The results showed that the
expression of hUC-MSCs treatment group was higher than that of POF group, which showed that under
hUC-MSCs treatment, ovarian granulosa cell secretion and FSH secretion increased, and ovarian function
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was restored. In the miRNA chip analysis, we found that compared with the control group, most miRNAs
recovered after hU-MSCs treatment, indicating that hU-MSCs has a better therapeutic effect.To sum up,
hUC-MSCs transplantation can treat chemotherapy drugs cause POF, organ coe�cient and hormone
levels recovery effect in multiple transplantation mice were superior to single transplantation mice.
However, more investigations are needed to con�rm the mechanism involved in recovery of ovarian
function.
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Figure 1

The characterization and differentiation of hUC-MSCs. (a, b) The hUC-MSCs differentiate into osteoblasts,
scale bar = 50 μm. n=3. (c, d) adipocytes, scale bar = 100 μm. n=3. (e) Flow cytometric analysis of hUC-
MSCs. CD44, CD73, CD90, and CD105 were positive and CD34, CD11b, CD19, CD45 and HLA-DR were
negative. n=3. (f) Human nuclei antigen was negative in POF murine ovarian section, the recipient ovaries
after hUC-MSCs transplantation were expressed human nuclei antigen. n=5.
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Figure 2

Changes of ovary weight in the once intravenous group and the multiple intravenous group over 60 days.
(a, b, c, d) In the once intravenous group, ovarian volume of mice were remarkably increased at 7, 14, 21,
28 days post-induction, respectively. n=5. (f, g) The multiple intravenous group showed signi�cantly
increased of ovarian volume at 28, 60 days post-induction, respectively. n=5. (e, h) The histogram
represents the results of statistical analysis of ovarian weight by single and multiple injections,
respectively. Organ coe�cient = organ weight/weight, n=5. (i) Fertility of single hUC-MSCs injection on the
14th day and three hUC-MSCs injection on the 28th day. n=5. (j) Changes in mouse fertility 60 days after
POI modeling. n=5. *P<0.05; **P<0.01.
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Figure 3

The ovarian reserve capacity analysis. Immunohistochemistry for AMH in once intravenous group (a) and
the multiple intravenous group (b). Strong expression of AMH were seen in Sham group at each time
point, granulosa cells were negative in POF group, AMH expression reappeared in ovaries from MSCs
group. Original magni�cation: 100×. n=5.
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Figure 4

The comparison of ovarian proliferation potential in each group. Immunohistochemistry for KI67 in once
intravenous group (a) and the multiple intravenous group (b). Sham mice follicle highly expressed KI67,
POF mice follicle lacked KI67 signal, the expression were observed in MSCs group. Original
magni�cation: 400×. n=5.
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Figure 5

The effects of hUC-MSC transplantation on ovarian morphology and follicular development in the POF
mouse. (a) Representative H&E micrographs of ovary sections from the once intravenous group over 60
days showing all stages of follicles in Sham group, stroma, and atretic primordial or primary follicles in
POF group, primordial as well as primary and large antral follicles in MSCs group. n=5. Original
magni�cation: 100×. (b) Follicle counts at all stages on the 14th day. n=5. (c) Follicle counts at all stages
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on the 21th day. n=5. (d) Follicle counts at all stages on the 28th day. n=5. (e) Follicle counts at all stages
on the 60th day. n=5. (f) Ovarian sections of the multiple intravenous injection group. Original
magni�cation: 100×. n=5. (g) Morphological follicle count of mouse ovaries, the follicle counts at all
stages on the 28th day. n=5. (h) Morphological follicle count of mouse ovaries, the follicle counts at all
stages on the 60th day. n=5. *P<0.05; **P<0.01; ***P<0.001.

Figure 6

The effect of hUC-MSCs on the endocrine function of POF mice. (a) The hormone levels of E2 from the
once intravenous group and the multiple intravenous group. Comparing the POF and MSCs group, the
level of E2 had a signi�cant increase at 21, 28, 60 days post-induction. n=5. (b) The level of FSH from the
once intravenous group and the multiple intravenous group. It had an obvious difference at 60D. n=5. (c)
In the multiple group, the levels of E2 were signi�cant differences at 28, 60 days post-induction. n=5. (d)
In the multiple group, the levels of FSH were signi�cant differences at 28, 60 days post-induction. n=5,
*P<0.05.
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Figure 7

Effect of hUC-MSCs on the ovarian gene expression of POF mice. (a) Expression of FSHR in mouse ovary
in single injection of hUC-MSCs group. n=5. (b) Expression of FSHR in mouse ovary in the hUC-MSCs
group injected multiple times. n=5. (c) Expression of INHIBINα in mouse ovary in single injection of hUC-
MSCs group. n=5. (d) Expression of INHIBINα in mouse ovary in the hUC-MSCs group injected multiple
times. n=5. (e) Expression of INHIBINβ in mouse ovary in single injection of hUC-MSCs group. n=5. (f)
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Expression of INHIBINβ in mouse ovary in the hUC-MSCs group injected multiple times. n=5. *P<0.05;
**P<0.01; ***P<0.001.

Figure 8

miRNA chip and mRNA chip detection of mouse ovaries. (a) Volcano map to detect differentially
expressed miRNAs between different treatment groups. (b) Volcano map analysis of the mRNA chip.
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