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The incidence of premature ovarian failure (POF), also known as ovarian insufficiency, has been increasing in
recent years. Although some treatments are currently available, improved treatment strategies are urgently
required. Many researchers have reported that human endometrial stem cells (HuMenSCs), which exhibit stem/
progenitor cell properties in vitro repaired damaged cells in vivo. Thus, we aimed to determine whether
HuMenSCs can serve as cell therapy tools and be used for the treatment of POF. After treating with cyclo-
phosphamide, on the first estrus period (we predicted mouse estrus cycle was generally 5 days), HuMenSCs
were injected into a cyclophosphamide-induced mouse model of POF. The results revealed that the HuMenSCs
could survive within POF mouse ovaries for at least 14 days in vivo; further, ovaries of the HuMenSCs-transplanted
group expressed higher levels of ovarian markers [AMH, inhibin a/b, and follicle-stimulating hormone receptor
(FSHR)], and the proliferative marker Ki67. In addition, the ovarian weight, plasma E2 level, and the number of
normal follicles increased over time in the HuMenSC group compared with the control group. Further, mi-
croarray analysis of cDNA expression patterns revealed that, after HuMenSC transplantation, the gene mRNA
expression patterns in the ovarian cells following stimulation of the host ovarian niche became increasingly
similar to those observed in human ovarian tissue compared with the pretransplantation mRNA expression
pattern in HuMenSCs. Hence, we can safely conclude that the mesenchymal stem cell properties and in vivo
survival of HuMenSCs make them ideal seed cells for stem cell transplantation in the treatment of POF.

Introduction

Premature ovarian failure (POF) is a condition that
causes amenorrhea and hypergonadotropic hypoestro-

genism before the age of 40, and it affects 1% of women in
the general population [1–5]. Patients with POF exhibit
several typical characteristics [2,6–8]: (i) primary or sec-
ondary amenorrhea; (ii) at least intermittent hypoestrogen-
ism; (iii) hypergonadotropinism; and (iv) age at the time of
onset is below 40 years. In some patients with POF, lapa-
roscopy reveals a lack of developing follicles and ovarian
biopsy shows a network of connective tissue interspersed
with fibroblasts. Previous studies have reported that the
uterus and vaginal mucosa in patients with POF undergo
atrophy due to lack of estrogen stimulation from inactive
ovaries [4,9]. The incidence of POF has increased in recent
years. Currently, POF cannot be reversed and although
treatments are available, there is an urgent need for improved
treatment strategies. Regenerative medicine research sug-
gests that due to the self-renewal capacity and multiplex

differentiation potential of stem cells, they could be used to
treat various human diseases. Currently, Lee et al. have re-
ported the impact of bone marrow transplantation on the
generation of immature oocytes and were able to rescue long-
term fertility in a preclinical mouse model of chemotherapy-
induced POF [10]. At the same time, Ghadami et al. treated
POF by using intraovarian injection of an adenoviral vec-
tor expressing human follicle-stimulating hormone recep-
tor (FSHR) to restore folliculogenesis in FSHR( - / - ) FSHR
knockout (FORKO) mice [11]. Moreover, our previous study
showed that after the CD44 + /CD105 + human amniotic fluid
cells (HuAFCs) were transplanted into the ovarian tissue of
POF mice, these stem cells exhibited natural cell cycles and
self-renewal in the ovarian tissues in the long term. There-
fore, due to the mesenchymal stem cell properties and long-
term survival conferred by CD44 + /CD105 + HuAFCs, we
found a novel way of treating POF by using CD44 + /CD105 +

HuAFCs as seed cells in vivo [12]. Furthermore, our results
indicated that it is possible to use stem cells for the treatment
of POF.
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Human endometrial stem cells (HuMenSCs), which were
isolated from menstrual blood, possess the adult stem cell-
like characteristics of self-renewal, high proliferative po-
tential in vitro, and the ability to differentiate toward diverse
cell lineages in induction media [13]. These cells were di-
rectly harvested from the endometrium and first described
by Gargett [14]. Thereafter, several research groups have
expanded on the knowledge of HuMenSCs, which exhibit
stem/progenitor cell properties in vitro and can also repair
several types of damaged cells in vivo [13,15–18]. Studies
by Meng et al. and Patel et al. revealed that HuMenSCs had
high expression levels of mesenchymal stem cell surface
markers, including CD29, CD44, CD49f, CD90, CD105,
and CD117, and embryonic stem cell markers (Oct4 and
SSEA3/4) [13,17]. On the other hand, other researchers have
confirmed that HuMenSCs can be induced to differentiate
into a variety of somatic cell types under special conditions,
including adipocytes, osteoblasts, chondrocytes, neurons,
endotheliocytes, pulmonary epithelial cells, hepatocytes,
islet cells, cardiac myocytes, and insulin-producing cells
[13,16–20]. Thus, a large body of evidence indicates the
strong pluripotent characteristic of HuMenSCs [13,17,18].
HuMenSCs are more easily accessible than other adult
stem cells, making them a potential donor source for stem
cell therapy. Therefore, in this study we aimed to determine
whether HuMenSCs can survive and proliferate in vivo,
and investigated whether these cells can differentiate into
ovarian-like cells (particularly ovarian granulosa cells) by
microenvironment stimulation in POF mouse ovaries, and
represent potential seed cells for stem cell transplantation to
treat POF.

Materials and Methods

Cells cultured

The HuMenSCs and human fibroblasts (HuFBs) were kindly
provided by Prof. Charlie Xiang (S-Evans Biosciences).
Briefly, the HuMenSCs were isolated from five women’s
menstrual blood samples. All human materials were ob-
tained according to consent regulation and approved by the
Ethical Review Committee of the World Health Organiza-
tion of Collaborating Center of Research in Human Pro-
duction authorized by Hangzhou Municipal Government.
The menstrual blood samples were layered over Ficoll
solution (GE Healthcare Life Sciences) and centrifuged at
400 g for 15 min to pellet erythrocytes. The interface cells
were harvested, washed thrice and finally resuspended at a
concentration of 1 · 106 cells/mL in culture medium com-
prising DMEM: F12 (1:1) medium supplemented with 10%
KnockOut� Serum Replacement, 1 mM sodium pyruvate,
2 mM l-glutamine, 0.1 mM nonessential amino acids, pen-
icillin (25 U/mL)-streptomycin (925 mg/mL), and mixtured
when the culture dishes were coated with 10mg/mL fibro-
nectin (Sigma-Aldrich). These cells were incubated in a
humidified tissue culture incubator containing 5% CO2 at
37�C. When all cells were cultured on passage 10th, the
ulterior experiments were made.

Flow cytometry analysis

All cells were suspended (1 · 104 cells/mL) and stained
with the primary antibody (CD146, PDGFRb, CD29, CD44,

CD105, CD34, and CD45 FITC conjugate, BD Biosciences)
on ice in Dulbecco’s phosphate-buffered saline containing
10% BSA. Staining was compared with an isotype control
antibody (mouse IgG1-FITC; BD Biosciences) to correct for
nonspecific binding. Evaluation of antibody staining by flow
cytometry (FCM) was performed using a FACS Aria
(Quanta SC; Beckman Coulter, Inc.).

Western blotting analysis

Cells were lysed using a 2 · loading lysis buffer (50 mM
Tris–HCl, pH 6.8, 2% sodium dodecyl sulfate, 10% b-
mercaptoethanol, 10% glycerol, and 0.002% bromophenol
blue). The total amount of proteins from the cultured cells
was subjected to 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto Hy-
brid-polyvinylidene difluoride (PVDF) membranes (Milli-
pore). After blocking with 5% (w/v) nonfat dried milk in
Tris-buffered saline containing Tween-20 (TBST; 25 mM
Tris/HCl, pH 8.0, 125 mM NaCl, and 0.05% Tween-20), the
PVDF membranes were washed four times (15 min each)
with TBST at room temperature and incubated with primary
antibody (Table 1). Following extensive washing, mem-
branes were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG secondary antibody (1:1,000;
Santa Cruz Technology) for 1 h. After washing four times
(15 min each) with TBST at room temperature, the immu-
noreactivity was visualized by enhanced chemiluminescence
using ECL kit from Perkin-Elmer Life Science.

Immunofluorescence staining

Briefly, the cultured cells or tissue sections were washed
thrice with PBS and fixed with 4% paraformaldehyde (Sigma-
Aldrich) for 30 min. All ovary tissues were prepared and em-
bedded in optimal cutting temperature compound (Sakura
Finetek), and serial 10mm sections were cut by cryostat.
Moreover, the cells were incubated first with primary antibodies
(Table 1) overnight at 4�C, and then with Cy3-conjugated
goat anti-rabbit IgG antibody (1:200; Sigma-Aldrich) and
5 mg/mL DAPI (Sigma-Aldrich) at room temperature for
30 min after blocking. Then, the cells were thoroughly washed
with TBST and viewed through a fluorescence microscope
(DMI3000; Leica).

Table 1. Primary Antibodies List

Antibodies Companies Applications

Rabbit anti-human
Ki67

Santa Cruz Technology IF (1:200)
WB (1:1,000)

Rabbit anti-human
AMH

Santa Cruz Technology IF (1:200)
WB (1:1,000)

Rabbit anti-human
FSHR

Santa Cruz Technology IF (1:200)
WB (1:1,000)

Rabbit anti-human
Inhibina

Santa Cruz Technology IF (1:200)
WB (1:1,000)

Rabbit anti-human
Inhibinb

Santa Cruz Technology WB (1:1,000)

Rabbit anti-
GAPDH

Cell Signaling
Technology

WB (1:1,000)

FSHR, follicle-stimulating hormone receptor; IF, immunofluo-
rescence.
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Hematoxylin-eosin staining

Briefly, all fresh ovary tissues were washed thrice with
PBS and fixed with 4% paraformaldehyde (Sigma-Aldrich)
for 30 min, dehydrated through a graded series of ethanol,
vitrified in xylene, and embedded in paraffin. Next, se-
rial 6 mm sections were cut and stained with hematoxylin-
eosin.

ELISA assay

The mouse estradiol (E2) and follicle stimulating hor-
mone (FSH) ELISA kit (Westang Bio) was used according
to the protocol description to determine the level of E2 or
FSH in mouse plasma. Briefly, 100mL of mouse E2 or FSH
at concentrations of 8,000, 4,000, 2,000, 1,000, 500, 250,
and 125 pg/mL or 10, 5, 2.5, 1.25, 0.625, 0.312, and
0.156 ng/mL or diluted mouse plasma were added to anti-E2
or FSH antibody precoated microtest wells and incubated
for 60 min. After 3 times of washing, the HRP-conjugated
detection antibodies were added followed by substrate so-
lution. The absorbance was determined at a wavelength of
450 nm.

The mouse model of POF and in vivo xenograft
experiments

Hebetic femal C57BL/6 mice (n = 80), between 4 and 5
weeks of age, were obtained from the Shanghai Tongji Uni-
versity with Institutional Animal Care and Use Committee
approval in accordance with institutional guidelines. All mice
were maintained for 14 days, three to four per cage, in a
temperature-controlled colony room under standard light–dark
cycle with free access to food and water. The study protocol
was in accordance with the article [21]. To build the POF
model, mice had single intraperitoneal injection of 70 mg/kg
cyclophosphamide (Sigma-Aldrich) at 7 weeks of age. The
animals were divided into four groups: a blank control group
[20 animals of healthy wild-type (WT) mouse] nontreated
cyclophosphamide and nongrafted with any cells in both
ovaries, a negative control group (20 animals of POF model)
grafted with HuFBs in both ovaries, an experimental group
(20 animals of POF model) grafted with HuMenSCs in the
both ovaries, a vehicle group (20 animals of POF model) did
not graft any cells. One week after POF models were built,
each experimental model received an injection of *10mL of
single-cell suspension, containing *1 · 104 cell spheres, which
was harbored with a green fluorescence dye (DiOC18(3), 3,
3¢-dioctadecyloxacarbocyanine perchlorate), or PBS. The
above steps were in accordance with the previously described
method [21]. The experiments of the animal models in both
groups were conducted 21 days after the transplantation.

Isolation cells from the mouse POF ovaries
by DiOC18(3)-positive cell sorting and cDNA
microarray analysis

After mouse ovaries were collected and dissociated with
0.125% trypsin–EDTA solution, they were incubated at 10�C in
PBS for 15 min and then washed twice. The DiOC18(3)-positive
cells were isolated by FACS (FACSAria; BD Bioscience). Total
RNAs of DiOC18(3)+ cells, HuMenSCs, and primary cells from
human normal ovarian tissue (hOvary) were labeled using

Agilent’s Low RNA Input Fluorescent Linear Amplification kit.
Cy3-dCTP or Cy5-dCTP was incorporated during reverse
transcription of 5mg total RNAs into cDNA. Different fluores-
cently labeled cDNA probes were mixed in 30mL hybridization
buffer (3 · saline-sodium citrate (SSC), 0.2% SDS, 5 · Den-
hardt’s solution, and 25% formamide) and applied to the
microarray (CapitalBio human mRNA microarray V2.0; Capi-
talBio) following incubation at 42�C for 16 h. After hybridiza-
tion, the slide was washed with 0.2% SDS/2 · SSC at 42�C for
5 min, and then washed with 0.2 · SSC at room temperature for
5 min. The fluorescent images of the hybridized microarray
were scanned with an Agilent Whole Human Genome 4 · 44
microarray scanner system. Images and quantitative data of the
gene-expression levels were analyzed by Agilent’s Feature
Extraction software, version 9.5.

Statistical analysis

Each experiment was performed as least thrice, and data
were shown as the mean – standard error where applicable;
differences were evaluated with Student’s t-test. A P value
less than 0.05 was considered statistically significant.

Results

HuMenSCs express high levels of mesenchymal
stem cell biomarkers

Microscopic analysis revealed no difference in the morphol-
ogy between HuMenSCs and HuFBs. Then, to evaluate the de-
gree of mesenchymal stem cell ‘‘stemness,’’ we analyzed the
expression levels of mesenchymal stem cell biomarkers using
FCM (Fig. 1). Expression levels of the ‘‘stemness’’ markers
CD29, CD44, CD90, and CD105 were *30-fold higher in the
HuMenSCs than in the HuFBs. Furthermore, the HuMenSCs
showed high expression levels of the endometrial cell markers
CD146 and PDGFRb. In addition, immunofluorescence (IF)
staining revealed similar results as the FCM, suggesting that
HuMenSCs possess more ‘‘stemness’’ than HuFBs.

Characteristics of a mouse model
of chemotherapy-induced POF

We first established a mouse model of POF. Seven days after
the injection of chemotherapy drugs, the ovaries of the POF mice
and the normal healthy mice were collected for pathological
analysis. Mouse plasma samples were collected to test the E2 and
FSH levels in different groups. Pathological results revealed that
the ovaries of normal healthy mice contained a large number of
follicles in all stages ranging from immature to mature (Fig. 2). In
contrast, the atrophied ovaries of the POF model mice primarily
consisted of interstitial cells in a fibrous matrix, with a reduced
number of follicles of each stage. Additionally, ovaries of the
POF mice contained an increased number of collapsed oocytes,
and the size of their ovaries was smaller than those of normal
healthy mice (Fig. 2). Furthermore, The weight of the ovaries in
the POF model mice (1 week: 4.157 – 0.643 mg; 2 week:
2.923 – 0.401 mg; 3 week: 3.417 – 0.834 mg) was significantly
lower than that in normal healthy mice (1 week: 5.093 –
0.799 mg; 2 week: 5.433 – 0.571 mg; 3 week: 5.587 – 0.287 mg;
P < 0.05). (Fig. 2). The plasma E2 and FSH levels and ovarian
pathology were investigated. After injection with cyclophos-
phamide, the plasma E2 levels decreased over time in the POF
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group (1 week: 86.3967 – 13.323 pg/mL; 2 week: 82.4967 –
20.362 pg/mL; 3 week: 99.7668 – 23.653 pg/mL) but not in
the control group (1 week: 280.603 – 25.983 pg/mL; 2 week:
279.287 – 10.234 pg/mL; 3 week: 285.940 – 14.025 pg/mL).
Meanwhile, the plasma FSH levels increased over time in the
POF group (1 week: 86.397 – 13.323 pg/mL; 2 week: 1264.557 –
260.913 pg/mL; 3 week: 1264.557 – 260.913 pg/mL) but not in
the control group (1 week: 304.840 – 47.981 pg/mL; 2 week:
265.657 – 44.305 pg/mL; 3 week: 260.500 – 51.046 pg/mL).
Results of the ELISA assays revealed that mice in the POF
group lacked hormonal maintenance from the ovaries (Fig. 2).
We counted the number of follicles at every stage (atretic or
normal follicles) in each group. The results showed a signif-
icantly higher number of atretic follicles in the ovaries of the
POF group than in the WT group. There were fewer normal
follicles in the POF group than in the WT group.

HuMenSCs survive and expressed ovarian
granulosa cell-specific proteins in the ovaries
of POF mice

To investigate the effect of transplanting HuMenSCs,
DiO (green fluorescence)-labeled HuMenSCs or HuFBs

(negative control) were injected into the ovaries of POF
model mice (Fig. 3). The mice were then examined after 14
days to confirm the presence of transplanted cells. First,
hematoxylin and eosin-stained ovarian tissues showed that
the number of atretic follicles in the HuMenSC transplan-
tation group was significantly reduced but the number of
mature follicles was increased (Fig. 3). In contrast, in the
HuFBs transplanted group, ovarian tissues were found to
contain a larger number of atretic follicles. We then deter-
mined the survival of transplanted cells in the ovaries of
POF mice. The IF assay revealed that the DiO-positive cells
were elevated in the ovaries of mice transplanted with Hu-
MenSCs, whereas the HuFB transplant group had very few
DiO-positive cells (Fig. 4). As anticipated, DiO- (green
fluorescence)-positive HuMenSCs were observed along the
injection tract after 14 days in the ovaries of POF mice,
indicating that HuMenSCs could survive transplantation
within the POF mouse ovaries for at least 14 days in vivo,
and morphological changes in the ovaries could be seen
thereafter. However, DiO-positive HuFB cells could not be
detected along the injection tract in the ovaries of POF mice,
confirming that only grafted HuMenSCs were capable of
in vivo survival after implantation.

FIG. 1. Morphology and biomarkers determined of HuMenSCs. (A) Primary HuMenSCs and HuFBs have similar phe-
notypes. Original magnification, 200 · . (B) Results of the immunofluorescence staining show that HuMenSCs but not
HuFBs expressed CD146 and PDGFb-R. Original magnification, 200 · . (C) Flow cytometric analysis of human mesen-
chymal stem cell marker expression in HuMenSCs and HuFBs in vitro. Expression of the ‘‘stemness’’ markers was higher in
HuMenSCs than in HuFBs. **P < 0.01 versus HuFBs; #P > 0.05 versus HuFBs; n = 3. HuFBs, human fibroblasts; Hu-
MenSCs, human endometrial stem cells. Color images available online at www.liebertpub.com/scd
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On other hand, western blotting and IF staining were used
to investigate the levels of ovarian granulosa cell-specific
proteins (inhibin a, inhibin b, AMH, and FSHR) and the
cellular proliferation marker Ki67 between the two trans-
plant groups after 14 days of transplantation. IF staining
revealed that the inhibin a, inhibin b, AMH, FSHR, and
Ki67 expression levels were elevated in the ovarian tissues
of the HuMenSC group compared with those of the HuFB
group (Fig. 4). Similarly, western blotting revealed that in-
hibin a, Inhibin b, AMH, FSHR, and Ki67 were signifi-
cantly higher in the HuMenSC transplant group than in the
HuFB group (5). These results indicated that HuMenSCs
differentiated into ovarian granulosa-like cells in the ovaries
of POF mice following stimulation of the ovarian niche.

Transplanted HuMenSCs improve ovarian weight
and hormone secretion in POF mice

At 14 days after transplantation, the weight of ovaries in each
group was determined. There was almost no statistically sig-

nificant difference of the ovarian weight between HuMenSC-
transplanted mice (5.968 – 0.419 mg) and in the WT group
(5.507 – 0.394 mg; P > 0.05) at 14 days after transplantation.
Then, the ovarian weight in the HuFBs group (4.088 – 0.328)
was obviously decreased compared with that in the WT group
(P > 0.05) (Fig. 5). Meanwhile, the ELISA revealed there was no
statistically significant difference in the plasma E2 and
FSH levels between the POF mice transplanted with HuMenSCs
(E2: 322.904 – 33.895 pg/mL; FSH: 732.051 – 145.482 pg/mL)
and the WT group (E2: 333.435 – 27.729 pg/mL; FSH:
621.836 – 108.427 pg/mL; P > 0.05). However, the plasma
E2 level decreased with time in the HuFBs groups (135.666 –
24.974 pg/mL) compared with the WT groups (P > 0.01)
(Fig. 5), whereas the plasma FSH level increased with time in
the HuFBs group (1544.813 – 242.789 pg/mL) compared
with the WT group (P > 0.05) (Fig. 5). We counted the
number of follicles in each groups; there was almost no
statistically significant difference in both normal follicles
and atretic follicles between the HuMenSC-transplanted
POF mice and the WT group (Table 2). But, the HuFBs group

FIG. 2. Establishment of a
mouse model of premature
ovarian failure (POF). (A)
Ovarian pathology of the wild-
type (WT) group and POF
group at 2 weeks after injec-
tion of cyclophosphamide. The
ovaries of the WT group con-
tained a large number of fol-
licles at all developmental
stages; whereas the atrophied
ovaries of the POF mice were
predominantly composed of
interstitial cells in a fibrous
matrix with a reduced num-
ber of follicles at each stage
and an increased number of
collapsed oocytes. Original
magnification, 100 · . (B) The
weight of the ovaries in the
POF model mice was signifi-
cantly lower than that in nor-
mal healthy mice. *P < 0.05
versus WT; #P > 0.05 versus
WT; n = 3. (C) Plasma E2

and FSH levels as deter-
mined by ELISA at various
time points after the injection
of cyclophosphamide; **P <
0.01 versus WT; #P > 0.05
versus WT; n = 3. (D) Follicle
count revealed that there were
significantly more atretic fol-
licles in ovaries of the POF
mice than in ovaries of the
WT mice, but fewer normal
follicles in the POF mice than
in the WT mice. **P < 0.01
versus WT; *P < 0.05 versus
WT; #P > 0.05 versus WT;
n = 3. FSH, follicle stimulat-
ing hormone. Color images
available online at www
.liebertpub.com/scd
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had a higher number of atretic follicles than the HuFBs group
(P > 0.05) (Fig. 5).

Microarray analysis of cDNA expression patterns
in HuMenSCs before transplantation in POF mouse
ovaries versus normal human ovarian tissue

To determine whether HuMenSCs were induced to differen-
tiate into human ovarian cells following stimulation in the
ovarian tissue of POF mice after transplantation, we prepared a
CapitalBio human mRNA microarray V2.0 containing 35,000
oligonucleotide probes complementary to known mammalian
gene cDNAs. A FCM sorting system was used to isolate and
enrich a specific subpopulation (DiO+ ) of the HuMenSCs af-
ter transplantation (tHuMenSCs) in the host ovaries of POF
mice in 14 days, namely, the tHuMenSCs. Next, the gene mRNA
expression pattern of tHuMenSCs, HuMenSCs before trans-
plantation (bHuMenSCs), and human normal ovarian tissue
(hOvary) were compared. Significance analysis of microarray
data and a fold change criterion (tHuMenSCs/hOvary ratio and
bHuMenSCs/hOvary ratio) of > 5.0 or < 0.5 and a Q value of
< 0.01 were used to identify significant differences. On the basis
of these criteria, we identified 1,343 gene mRNAs that were
differentially expressed in the bHuMenSCs and hOvary and
1,093 gene mRNAs that were differentially expressed in the
tHuMenSCs and hOvary (Fig. 6). The Venn diagram (Fig. 6C)

depicts the correlation between the mRNA microarray results
of tHuMenSCs:hOvary and bHuMenSCs:hOvary. The differ-
ential expression of 710 gene mRNAs in bHuMenSCs and 460
gene mRNAs in tHuMenSCs were confirmed (indicated by
overlaps in Fig. 6C). The two groups (tHuMenSCs: hOvary and
bHuMenSCs:hOvary) shared 633 differentially expressed genes
(Fig. 6). Interestingly, the scatter plot of microarray results re-
vealed a certain number of mRNA expressions that differed
between the tHuMenSCs and hOvary and bHuMenSCs and
hOvary groups, and the number of differentially expressed
mRNAs was significantly lower in tHuMenSCs and hOvary
group than in the bHuMenSCs and hOvary group (Fig. 6). These
results indicate that the gene mRNA expression patterns in
the tHuMenSCs showed increasing similarities to the expres-
sion patterns in human ovarian tissues compared with the
bHuMenSCs.

Discussion

The ability to isolate human embryonic stem cells
(HuESCs) has facilitated the treatment of human genetic and
degenerative diseases through the application of pluripotent
cell-based tissue engineering and regenerative medicine.
However, there are insurmountable difficulties in terms of
the ethics and safety of the use of HuESCs, which has
rendered its clinical applications limited. To date, human

FIG. 3. Fluorescent dye of labeled cells
transplanted into ovaries of POF mice. (A)
Each group of cells was labeled with the
green fluorescent dye DiO in vitro. (B) He-
matoxylin and eosin staining of ovaries in
each transplant group in POF mice at 2
weeks after injection of HuMenSCs or
HuFBs. Follicular atresia and ovarian fibro-
sis were significantly improved in the Hu-
MenSC group but not in the HuFB group. (a)
Original magnification, 100 · . (b) Area en-
circled in blue is depicted at high magnifi-
cation. Original magnification, 200 · . Color
images available online at www.liebertpub
.com/scd

TREATMENT OF POF IN MICE BY USING HUMAN MENSTRUAL STEM CELLS 1553



mesenchymal stem cell (HuMSC) transplantation for the
treatment of irreversible genetic defects and diseases is
widely used in transferred and regenerative medicine.
Moreover, HuMSC transplantation into specific tissues and
organs has been reported to produce a significant efficacy in
the treatment of certain genetic diseases and acute injuries
such as muscular dystrophies, diabetes, heart failure, and
spinal cord injury. HuMSCs can overcome the ethical
problems associated with the use of HuESCs and reduce the
possibility of immune rejection; therefore, if solutions be-
come available for the source limitations HuMSCs may
become an attractive source for cell therapy. Many studies
have indicated that when stem cells were transplanted into a
specific microenvironment they are stimulated by the niche,
and while the release of cell growth factors stimulate the
surrounding tissue regeneration, the cells may also be in-
duced to differentiate into specific tissue or organ-like cells.

However, stem cell transplantation in the treatment of
preconditions must be safe and effective. Stem cells trans-
planted into the host could not only induce immune rejec-
tion by the host but also result in cancerous tissue or
distortions in the host body. Thus far, little research has
investigated stem cell transplantation for the repair of
damaged ovaries to treat POF. In this study, we transplanted
a novel and special source of HuMSCs, HuMenSCs derived
from the endometrium, into the ovaries of a POF mice
model to evaluate their effect on ovarian repair.

The method described in this study has a number of ad-
vantages over current approaches.

First, the method of isolation and enrichment of Hu-
MenSCs is very convenient. Previous studies have demon-
strated that female menstrual blood contains a large number
of MenSCs [13,16] and that HuMenSCs are excreted in each
menstrual cycle along with blood cells [13,16]. Xiang and

FIG. 4. Expression of ovarian granulosa cell-specific biomarkers after cell transplantation. (A) Survival of HuMenSCs in the
ovary of a POF mouse model and changes in expression of specific ovarian granulosa cell biomarkers. Immunofluorescence
staining analysis demonstrated that DiO (green fluorescence), which was used as a marker of transplanted cells, was expressed
at a higher level in HuMenSCs transplanted into the mouse ovaries. Ki67 (red fluorescence), a cell proliferation factor, was also
expressed at a higher level in the transplanted HuMenSCs. The transplanted cells survived for at least 2 weeks in vivo.
However, DiO and Ki67 signals were not found in the HuFB group. Thus, only HuMenSCs could be detected along the
injection tract in POF mouse ovaries. In addition, AMH, FSHR, inhibin a, and inhibin b protein levels were elevated in the
ovarian tissues of mice transplanted with HuMenSCs compared with those in the ovarian tissues of mice transplanted with
HuFBs. Original magnification, 100 · . (B) Area encircled in yellow is depicted at a high magnification. Original magnification,
200 · . FSHR, follicle-stimulating hormone receptor. Color images available online at www.liebertpub.com/scd
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colleagues and Meng et al. established a method to suc-
cessfully isolate and enrich a large number of active Hu-
MenSCs from the menstrual blood [13,16]. Furthermore, our
findings indicate that HuMenSCs derived from the endo-
metrium express high levels of mesenchymal stem cell
biomarkers, suggesting that these cells possess the ‘‘stem-
ness’’ of mesenchymal stem cells (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/scd). The source and the method of enrichment and
isolation of these cells are very simple, and we were able to
isolate and enrich a large number of living HuMenSCs with
stem cell characteristics by using a simple method. This
solves the problem of insufficient seed cells and collection
difficulties.

Table 2. Detection of Follicle Numbers

After Cell Transplantation

WT group
HuMenSCs
transplant

HuFBs
transplant

(n = 15) (n = 15) (n = 15)

Atretic follicles 5 – 2 7 – 1 12 – 1
Normal follicles 10 – 1 10 – 2 6 – 2

HuFBs, human fibroblasts; HuMenSCs, human endometrial stem
cells; WT, wild-type.

FIG. 5. Detection of specific biomarkers and hormone levels as well as ovarian weight change after cell transplantation. (A)
Western blotting showed that the Ki67, AMH, FSHR, inhibin a, and inhibin b protein expression levels in the ovarian tissue of the
HuMenSCs group were significantly higher than the corresponding levels in the HuFBs group. **P < 0.01 versus HuFBs group;
*P < 0.05 versus HuFBs group; #P > 0.05 versus HuFBs group; n = 15). (B) Detection of ovarian weight after cell transplantation.
There was no statistically significant difference in ovarian weight between the HuMenSCs-transplanted mice and the WT group at
14 days after transplantation. But, the ovarian weight in HuFBs-transplanted mice significantly decreased compared with that in
the WT group at 14 days after transplantation. *P < 0.05 versus WT; #P > 0.05 versus WT group; n = 15. (C) Detection of hormone
levels after cell transplantation. There was no statistically significant difference in the plasma E2 and FSH levels between the POF
mice transplanted with HuMenSCs and the WT group. Then, the plasma E2 level decreased and FSH level increased over time in
the POF mice transplanted with HuMenSCs compared with the HuFBs group. **P < 0.01 versus WT; *P < 0.05 versus WT;
#P > 0.05 versus WT group; n = 15. (D) Detection of follicle numbers after cell transplantation. There was no statistically
significant difference in both normal follicles and atretic follicles between the HuMenSCs-transplanted POF mice and the WT
group. *P < 0.05 versus WT; #P > 0.05 versus WT group; n = 15. Color images available online at www.liebertpub.com/scd
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Second, HuMenSCs are similar to HuMSCs derived from
the other sources. They possess the basic characteristics of
mesenchymal stem cells, which have the ability to differ-
entiate into a variety of somatic cells and possess prolifer-
ation capabilities. The only difference is that HuMenSCs are
derived from menstrual blood of premenopausal women.
This source determines that the transplantation characteris-
tics of these cells are superior to those of other HuMSCs.
Although POF patients exhibit loss of ovarian dysfunction
and mature oocytes and the ability to conceive, HuMenSCs
derived from the endometrium are potentially suitable seed
cells of transplantation in the treatment of POF. Many types
of stem cells such as HuESCs, iPS cells, and HuMSCs exist
and can serve as seed cells for cell transplantation for the
treatment of nonreversible disease. However, because of the
source of HuESCs, there are potential obstacles such as
ethical limitations and tumorigenicity in vivo. Furthermore,
as iPS cells contain some factors involved in transgenic
mutations and random integration of lentiviruses, many
concerns have arisen regarding their safety and therefore,
these cells are not currently suitable for use as seed cells in
therapy. In addition, although other sources of HuMSCs are
relatively safe, they have been shown to exhibit immuno-
genicity after long-term culture in vitro; therefore, they are
associated with potential autoimmune rejection following
transplantation. HuMenSCs derived from menstruation are
safe and practical for use as transplantation seed cells to
treat POF, and they are considerably advantageous com-
pared with other stem cells. On the other hand, it would be

collected HuMenSCs through the biopsy of endometrium for
women.

Third, the results of our research reveal that the ovarian mi-
croenvironment (niche) of POF mice stimulated and induced
differentiation in HuMenSCs. Although studies are increasingly
concerned with the effect of induction of differentiation in stem
cells by niche (in vitro/in vivo), the differentiation of HuMenSCs
induced by POF ovaries has not yet been studied. Previous
studies revealed that HuMenSCs could be induced to differen-
tiate into multiple cell lineages (such as adipocytes, osteoblasts,
chondrocytes, neurons, endotheliocytes, pulmonary epithelial
cells, hepatocytes, islet cells, cardiac myocytes, and insulin-
producing cells) in a particular niche [13,16–20]. Thus, Hu-
MenSCs had a great potential to become a donor cell source for
regenerative medicine. Our study found that even in ovarian
tissue of the POF mouse model, HuMenSCs could be induced to
differentiate into ovarian tissue-like cells, especially into ovarian
granulosa-like cells. The results of the cDNA microarray assay
revealed stark differences in the gene expression pattern between
HuMenSCs before transplantation and human ovarian tissues.
HuMenSCs cells before induction rarely expressed high levels of
the genes found in human ovarian tissue; however, HuMenSCs
after transplantation survived in the POF ovaries for several days
and showed gene expression profiles similar to those observed in
human ovarian tissue. These results strongly illustrated that
niche-stimulated HuMenSCs in POF mouse ovary were induced
to differentiate into ovarian tissue-like cells. Moreover, the study
results confirmed that HuMenSCs could be induced to differ-
entiate into ovarian tissue-like cells in vivo; further, our results

FIG. 6. Microarray analy-
sis of cDNA expression pat-
terns in HuMenSCs before
transplantation in ovaries of
POF mice versus normal hu-
man ovarian tissue. (A) Scat-
ter plot analysis indicated
mRNA expression differed
between HuMenSCs after
transplant (tHuMenSCs) ver-
sus normal human ovarian
cells (hOvary) and the Hu-
MenSCs before transplant
(bHuMenSCs) versus hOvary
groups. There were signifi-
cantly fewer differentially
expressed gene mRNAs in the
tHuMenSCs versus hOvary
group than in the bHuMenSCs
versus hOvary group. (B) A
Venn diagram was used to
depict the correlation be-
tween the different results of
the tHuMenSCs:hOvary and
bHuMenSCs:hOvary groups
tested by gene mRNA micro-
array. (C) Cluster analysis of
differentially expressed gene
mRNAs. Color images avail-
able online at www.liebertpub
.com/scd
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also suggest that HuMenSCs can potentially repair ovarian
failure caused by chemotherapy and delay the progress of POF.

In conclusion, HuMenSCs are advantageous over mes-
enchymal cells as they are derived from menstrual blood,
and we found that they could be stimulated to differentiate
into ovarian tissue-like cells in an ovarian microenviron-
ment in POF ovarian tissue. These stimulated cells dem-
onstrated the ability to achieve further restoration of ovarian
damage in POF. Therefore, HuMenSCs could be used as
seed cells for the treatment of POF.
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