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Abstract

Background: Currently, 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 various diseases, including POF; however, their underlying mechanism and dosage
for POF treatment remain unclear. This study aimed to compare the effect of single and multiple injections of hUC-
MSCs on ovarian function repair in chemotherapy-induced POF.

Methods: Female mice were intraperitoneally injected with 30 mg/kg busulfan and 120 mg/kg cyclophosphamide
(CTX) to induce POF. In the single hUC-MSC injection group, hUC-MSCs were transplanted into mice D7 after CTX

and busulfan administration, while in the multiple injection group, hUC-MSCs were transplanted on D7, D14, and D21
after CTX and busulfan administration. We evaluated the ovarian morphology, fertility, follicle-stimulating hormone
and estradiol concentrations, follicle count, POF model, and cell transplantation results. In addition, real-time polymer-
ase chain reaction, immunohistochemistry, and miRNA and mRNA chips were used to evaluate the effect of the cell
therapy.

Results: Ovary size, number of follicle at all developmental stages, and fertility were significantly reduced in the

POF group compared with the control. Under hUC-MSC treatment, the ovarian morphology and follicle count were
significantly restored, and fertility was significantly increased. By comparing the single and multiple hUC-MSC injec-
tion groups, we found that the anti-Mullerian hormone and Ki-67 levels were significantly increased in the multiple
hUC-MSC group on D60 after chemotherapy. The expression of stimulating hormone receptors, inhibin @, and inhibin
L B3 was significantly restored, and the therapeutic effect was superior to that of the single hUC-MSC injection group.
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Conclusion: These results indicate that hUC-MSCs can restore the structure of injured ovarian tissue and its function
in chemotherapy-induced POF mice and ameliorate fertility. Multiple hUC-MSC transplantations have a better effect
on the recovery of ovarian function than single hUC-MSC transplantation in POF.

Keywords: Premature ovarian failure, h(UC-MSCs, Transplantation, Ovarian function

Background

Premature ovarian failure (POF) usually manifests as
amenorrhea and infertility; the serum follicle-stimulat-
ing hormone (FSH) level is increased, and the levels of
anti-Miillerian hormone (AMH) and serum estrogen
are reduced [1]. Anticancer therapeutics, such as cyclo-
phosphamide (CTX) and busulfan, have been shown to
be highly damaging to ovarian follicles [2]. Therefore, the
preservation of fertility and ovarian function should be
the main considerations for chemotherapy in women of
childbearing age. Recently, stem cells have been used to
restore the normal functions of injured tissues or organs
[3-5] and are also considered a novel option for treating
female infertility [6-9].

Many studies on POF animal models have confirmed
that the administration of MSCs obtained from various
cell types can protect and possibly restore ovarian func-
tion and structure [10-12]. Among the various MSCs,
human umbilical cord blood-derived MSCs (hUC-MSCs)
have attracted much attention because of their low
immunogenicity and potential use in allogeneic ther-
apy [13]. Moreover, hUC-MSCs do not require invasive
methods to obtain sufficient cells for use in regenerative
therapy. Studies have shown that MSCs promote ovar-
ian cell growth and improve ovarian function through
paracrine effects [14]. Therefore, the use of secretins,
cytokines, and exosomes derived from MSCs to develop
cell-free therapies that can circumvent cellular immu-
nogenicity [15, 16] has become the focus of an increas-
ing number of studies. Gupta et al. used the secretome
of human uterine cervical stem cells to treat menopau-
sal women and restore their reproductive function [17],
and Ahmadian et al. used platelet-rich plasma to restore
fertility in a POF mouse model [18]. Although cell-free
therapy has a positive therapeutic effect on POF, the par-
acrine effect of MSCs is not the main reason MSC ther-
apy plays a role in POF treatment. Ling et al. found that
the therapeutic effect of MSC medium on POF is not as
good as that of MSCs [19]; therefore, exploring the qual-
ity and dosage of MSCs and their mechanism of action
is still the focus for determining the therapeutic effect of
MSCs [20].

However, the dose for hUC-MSC transplantation
and its therapeutic effect on POF remains unclear.
The purpose of this study was to investigate the thera-
peutic effect of hUC-MSCs on the ovarian function in

chemotherapy-induced POF mice and to evaluate the
effect of single and multiple injections of hUC-MSCs on
ovarian function recovery.

Materials and methods

Isolation and culture of hUC-MSCs

Human umbilical cord samples were obtained from full-
term babies delivered by cesarean section at the Haid-
ian Maternal Child Health Hospital. The umbilical cords
were washed with PBS to remove blood. The arteries
and veins were removed from the umbilical cords, after
which they were cut into small pieces of 0.5-1 mm? and
placed at the bottom of a tissue culture dish. The Petri
dish was then placed in an incubator at 37 °C with 5%
CO,. Cells were cultured in MEMa complete medium
(10% fetal bovine serum (FBS), 100 U/mL penicillin G,
and 0.1 mg/mL streptomycin). When the cells reached
approximately 90% confluence, they were digested using
0.25% trypsin, and the 1:2 separation and passage was
continued for the cells to reach the logarithmic growth
phase [21, 22].

Establishment of the POF mouse model and grouping

Six-week-old female Institute of Cancer Research
mice were purchased from Huayikang Biotechnol-
ogy Co., Ltd, Beijing, China. All animals had free
access to food and water. Vaginal smears were used to
monitor the estrus cycle. As exhibited in Fig. 1a, the
experiment consisted of two groups: single transplan-
tation group (named 1 x MSC treatment) and thrice
transplantation group (named 3 x MSC treatment).
Overall, 200 mice were randomly divided into four
sub-groups: sham, POF, and MSC treatment groups.
The mice in the sham group were injected with saline
only. The mice in the POF group were intraperito-
neally injected with chemotherapeutic drugs (a mix-
ture of 120 mg/kg CTX and 30 mg/kg busulfan) to
establish a POF model. The day of chemotherapeutic
drug administration was recorded as day 0 (D0). The
mice in the MSC treatment group were given chemo-
therapeutic drugs, and then injected with 100 pL of
2 x 10° hUC-MSC suspensions per transplantation
by the tail vein [23]. In the 1 x MSC treatment group,
hUC-MSCs were injected into the tail vein on D7
after chemotherapy; then 5 mice in each group were
removed from the ovaries at D14, D21, D28 and D60
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after chemotherapy, while 5 mice in each group were
subjected to mating experiments for fertility testing.
In the 3 x MSC treatment group, hUC-MSCs were
injected into the tail vein on D7, D14, and D21 after
chemotherapy, then the ovaries of 5 mice in each
group were removed on D28 and D60 after chemo-
therapy, while 5 mice in each group were subjected to
mating experiments for fertility testing. In the fertil-
ity testing experiment, the mice were caged at a 2:1
male to female ratio. All procedures were approved
by the Animal Protection and Use Committee of
the National Family Planning Society of China. This
study was conducted in strict accordance with the
recommendations in the “Guidelines for the Care and
Use of Laboratory Animals of the National Institutes
of Health”

Organ coefficient and pregnancy rate

The mice were injected with 10 IU of PMSG 2 d before
euthanasia to ensure that the mice in each group were
in the same estrus cycle. The mice were weighed before
being euthanized, and the ovaries were quickly removed
and weighed after euthanasia to calculate the organ
coefficient as follows, using at least five mice per group:

. ovarianweight
Organcoefficient(%) = | ———— —— | x 100

mouseweight

One ovary from each mouse was retrieved for tissue
analysis and the other for molecular biology testing. An
effective pregnancy was considered when the mice gave
birth. The fertility rate was determined using the follow-
ing formula, using at least five mice per group:

numberofpregnantmiceineachgroup
P te(%) = % 100
regnancyrate(%) < numberofmiceineachgroup

Immunophenotypic analysis

A Human MSC Analysis Kit (BD Biosciences, Franklin
Lakes, NJ, USA) was used to identify the MSCs. Cells
were resuspended ina 1 x 107 cells/mL buffer, and 100 uL
of prepared cell suspension was added to nine tubes and
incubated with various fluorescent dye-conjugated spe-
cific antibodies, including 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), h(MSC posi-
tive isotype control cocktail and PE hMSC negative iso-
type control cocktail (tubes 6 and 8, respectively), and
hMSC positive and PE hMSC negative cocktails (tubes 7
and 9, respectively), in the dark for 30 min at 20 °C. The
results were analyzed by flow cytometry, and the experi-
mental results were verified thrice.
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Osteogenic differentiation

To promote osteogenic differentiation, the cells were
seeded into 12-chamber slides and cultured in Dulbecco’s
modified Eagle’s medium (HyClone Laboratories Inc.,
Logan, Utah, USA) containing 10% FBS. When the cells
reached 70-80% confluence, the medium was replaced
with osteogenic differentiation medium (HyClone Labo-
ratories Inc.), which was changed every 3 d [24]. Two
weeks later, the calcified extracellular matrix was stained
with 2% Alizarin red to confirm osteogenic differentia-
tion. The experiment was repeated thrice.

Adipogenic differentiation

To induce adipogenic differentiation, cells were cul-
tured in an MSC medium until they reached 90% con-
fluence. The cells were then induced in an adipogenic
induction medium (MEMa modification, HyClone
Laboratories Inc.) for 3 d. Afterward, the adipogenic
induction medium was replaced with a maintenance
medium containing 10 pM insulin and MSC medium
and changed every 3 d. For the negative control, cells
were cultured in an MSC medium [25]. After 1 week,
the intracellular lipid droplets formed were stained
using Oil red O staining. The experiment was repeated
thrice.

ELISA detection of mice estradiol (E2)

and follicle-stimulating hormone

Blood samples were collected on D14, D21, D28, and
D60 after POF induction. The samples were incubated
overnight at 4 °C and centrifuged at 4,000 rpm for 5 min,
and the supernatant was collected. The levels of E, and
FSH were measured using the Mouse E, ELISA Kit (Bio-
Swamp, Wuhan, China) and Mouse FSH ELISA Kit (Bio-
Swamp), respectively. Each experiment was repeated five
times.

Histologic staining and follicle counting

The ovaries were fixed overnight in 4% paraformalde-
hyde, embedded in paraffin by dehydration, and serial
sectioning was performed. The thickness of each slice
was 5 pum, with each one obtained every 20 um. Three
slices per mouse were used for hematoxylin and eosin
(H&E) staining. The ovarian primordial, primary, sec-
ondary, and mature follicles were observed and counted
under a TE2000-u reverse-phase microscope (Nikon,
Tokyo, Japan). The number of follicles were counted at
different points of the section, and the classification and
characteristics of all stages of follicle development were
determined as follows: primitive follicles were close to
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the white membrane, and the oocyte was surrounded by
a single layer of flat granular cells; primary growth fol-
licles were surrounded by one or more layers of cubic
granular cells, and red staining appeared between the
two zona pellucida; the follicular membrane of the con-
nective tissue appeared on the periphery of the follicle,
a follicular cavity appeared in secondary growth folli-
cles, and the follicular membrane could be separated into
inner and outer membranes; mature follicles had an obvi-
ous cumulus, large follicular cavity, and many capillaries
between the cells; and atresia follicles had a collapsed fol-
licle wall, unclear or sometimes absent egg cell structure,
and a shrunken zona pellucida. At least five mice in each
group were selected for statistical analysis.

Immunohistochemical analysis

The paraffin sections were deparaffinized, rehydrated,
and pressurized (high pressure) in a citrate buffer (pH
6.0) for 2 min to determine antigenicity. The samples
were then incubated with 3% hydrogen peroxide for
10 min to quench endogenous peroxidase activity. Sec-
tions were blocked with non-specific antigens using 10%
goat serum. Sections were then incubated with Anti-
Ki67 antibody (1:100; Abcam, Cambridge, UK) or mouse
anti-human AMH (1:30; Bio-Rad AbD Serotec Limited,
Oxford, UK) in a humidified chamber at 4 °C overnight.
Negative controls were incubated with 10% goat serum at
4 °C overnight. After incubation with the primary anti-
body, peroxidase-conjugated AffiniPure goat anti-rabbit
IgG (1:200; ZSBIO, Beijing, China) or peroxidase-con-
jugated AffiniPure goat anti-mouse IgG (1:200; ZSBIO)
was added for 1 h at room temperature. Subsequently,
the sections were stained using 3, 3-diaminobenzidine
(ZSBIO) at room temperature without light for 10 min
and counterstained with hematoxylin for 10 s. After seal-
ing the slides, the samples were photographed using a
microscope (Nikon).

The number of Ki67-labeled proliferating cells and the
total number of cells were counted in at least three high-
power fields randomly selected for each slice, and at least
100 cells were counted. The proportion of proliferating
cells was expressed as the ratio of the number of Ki67-
positive cells to the total number of cells. At least three
sections were observed for each sample. The positive sig-
nal intensity of AMH was analyzed using Image]J software
(NIH, Bethesda, Maryland) to measure the average opti-
cal density (MOD) [26]. In short, a 24-bit RGB image was
first converted to an 8-bit grayscale image. The MOD per-
centage of the AMH signal was expressed as the ratio of
the AMH positive staining area to the entire field of view
area. Three fields of view were randomly selected for each
slice, and three different slices were selected for the same
sample. There were at least five samples in each group.
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Immunofluorescence staining

Ovary samples were collected and fixed in 4% paraform-
aldehyde at 4 °C overnight, and then dehydrated with
30% sucrose for 1 week. MSCs were fixed with 4% para-
formaldehyde for 15 min. Samples were then fixed using
the Tissue-Tek OCT Compound (Sakura Finetek Middle
East, Dubai, UAE) at —80 °C and sliced into 7 pum-thick
sections at—25 °C. Slides were blocked with 10% goat
serum for 1 h at room temperature and then incubated
with mouse anti-human nuclei monoclonal antibody
(1:100; Millipore Sigma, Burlington, MA, USA) at 4 °C
overnight. Goat serum (10%), the primary antibody, was
used as a negative control. Sections were probed with
TRITC-labeled IgG (1:200; ZSBIO) and counterstained
using 4/ 6-diamidino-2-phenylindole. Fluorescence
images were obtained using a fluorescence microscope
(DMI3000; Leica, Heidelberg, Germany). The experiment
was repeated thrice. To evaluate the antibody specificity,
negative control staining was performed by replacing the
primary antibody with normal goat serum. hUC-MSCs
were used as the positive control for staining against
human nuclear antigen (Fig. 1i).

Microarray hybridization and data analysis

According to the manufacturer’s instructions, the
miRNA easy Mini Kit (Qiagen GmbH, Hilden, Ger-
many) was used to isolate total RNA from the ovaries of
three mice each from the control, POF, and hUC-MSC
groups (7 days after the first injection of hUC-MSCs).
The miRNA microarray, including probe labeling,
hybridization, hybridization image scanning, and initial
data analysis, was performed by LC Sciences (LC Sci-
ences, Houston, TX, USA) using the LC-miRHuman-
MouseRat_11.0_080411 array. The mRNA chip used was
the OneArray chip (Tecenet, Chengdu, China). The cyclic
local weighted regression method was used for normali-
zation. A ¢-test was performed between the control and
POF groups, POF and hUC-MSC groups, and the hUC-
MSC and control groups. Afterwards, statistical analysis
of the microarray data was performed.

Quantitative reverse-transcription polymerase chain
reaction (QRT-PCR)

The TRIzol (Invitrogen, Carlsbad, CA, USA) method
was used to extract RNA from ovarian tissue. The RNA
was extracted using a reverse transcription kit (TaKaRa
Biomedical Technology Co., Ltd., Beijing, China),
which reverse-transcribed cDNA for qRT-RNA detec-
tion. The ovarian samples of mice in each group at D14,
D21, D28, and D60 after chemotherapy were selected
for RNA extraction. For real-time PCR detection, three
parallel replicate holes were set for each mouse, and
five mouse samples were selected for each group. Three
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independent experiments were repeated. Statistical
significance was set at P<0.05. The primer sequences
used are as follows: mRNA-FSHR-Forward, 5-GAG
GTGCAAGCCCAGATTTA-3; mRNA-FSHR-Reverse,
5-GAGGGACAAGCACGTAACTATT-3’; mRNA-
INHIBINa-Forward, 5-TCTGAACCAGAGGAGGAA
GAT-3’; mRNA-INHIBINa-Reverse, 5-GGGATGGCC
GGAATACATAAG-3’; mRNA-INHIBINp-Forward,
5-AAGAAAGAGGTGGATGGAGATG-3’; mRNA-
INHIBINB-Reverse, 5-CAGCATGAGGAAAGGTCT
ATGT-3; mRNA-GAPDH-Forward, 5-GGTGAA
GGTCGGTGTGAACG-3; mRNA-GAPDH-Reverse,
5-CTCGCTCCTGGAAGATGGTG-3.

Statistical analysis

The unpaired Student’s ¢-test was used to determine
the significance between two groups. One-way analy-
sis of variance was used to determine significant differ-
ences among the groups. Prism6.0 software was used for
illustrations.

Results

hUC-MSCs express specific surface antigens and have

the potential for multilineage differentiation

hUC-MSCs have multilineage differentiation potential
and can induce differentiation in adipocytes (Fig. 1b—d)
and osteoblasts (Fig. 1e—g). The expression rates of hUC-
MSC surface antigens CD29, CD73, CD90, and CD105
were higher than 95%, and those of CD11b, CD19, CD34,
CD45, and HLA-DR were lower than 5% (Fig. 1h). Frozen
mouse ovary sections were used to detect the migration
of hUC-MSCs in the body. As shown in Fig. 1i, hUC-
MSC:s injected through the tail vein of the mice survived
in the body and migrated to the injured site after 7 d. The
hUC-MSCs displayed by red fluorescence were mainly
distributed in the follicular granulosa cells in the hUC-
MSC treatment group, indicating that hUC-MSCs can
survive in mice and migrate to damaged parts to play a
repair role.

Effects of hUC-MSC transplantation on the organ
coefficient and fertility of ovaries in POF mice

The therapeutic effect of hUC-MSCs on POF was eval-
uated using the ovarian organ coefficient. On D28 and
D60, the POF group showed a significant decrease in
the organ coefficient ratio compared to the sham group
(P<0.05, Fig. 2). The organ coefficient ratio of the ova-
ries of the mice in the single hUC-MSC injection group
was significantly increased on D14 compared with the
POF group (P<0.01, Fig. 2a—e). The organ coefficient
of the mouse ovaries increased significantly on D28
and D60 in the multiple hUC-MSC injection group
(P<0.05, Fig. 2f-h) compared with the POF group. The
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results showed that the ovary organ coefficient was
restored considerably after multiple hUC-MSC injec-
tions, which was superior to that after single hUC-
MSC injection in treating POF. The mouse fertility test
showed that both single and multiple hUC-MSC injec-
tions restored POF mouse pregnancy rate in the short-
and long-term significantly (Fig. 2i). Figure 2j and k
show the number of litters per litter of mice. Among
them, the conception rate of mice in the 3 x MSC treat-
ment group recovered more significantly at D60, and
the number of litters per litter increased significantly
compared with the POF group. The results showed
that hUC-MSCs could significantly restore the ovarian
function in POF mice.

Transplantation of hUC-MSCs upregulates the ovarian
reserve in POF mice

AMH was used to determine the mouse ovarian reserve.
AMH is a member of the transforming growth factor p
family and is expressed by granulosa cells. The level of
AMH is significantly related to the reserve capacity of
the ovaries. We performed immunohistochemical stain-
ing of the ovaries to determine AMH expression in the
granulosa cells of antral follicles. The results are shown
in Fig. 3. The POF group had significantly downregulated
AMH expression compared with the sham group. On
D14 and D21, AMH expression in the ovaries of the sin-
gle hUC-MSC injection group was significantly upregu-
lated compared with that of the POF group (Fig. 3a and
¢). On D28 and D60, AMH expression in the ovaries
of the multiple hUC-MSC injection group was signifi-
cantly upregulated compared with that of the POF group
(Fig. 3b and d). The results showed that on D28 and D60,
the recovery of ovarian reserve capacity after multiple
hUC-MSC transplantation was superior to that of single
hUC-MSC transplantation.

Ki67 is a DNA-binding protein expressed in all active
cell cycle stages and can be used as a marker for cell
proliferation. The results of immunohistochemistry
tests are shown in Fig. 4. The follicles of the POF mice
were primarily negative, and the proliferation period
was minimal compared with the sham group. In the sin-
gle hUC-MSC injection group, the mouse follicles were
slightly stained on D14, and the cell proliferation poten-
tial was restored (Fig. 4a and c). Deep mouse follicle
staining was observed on D28 and D60 in the multiple
hUC-MSC injection group relative to the POF group
(Fig. 4b and d), indicating that the cell proliferation rate
was significantly restored. The results showed that the
multiple hUC-MSC transplantation group had a more
significant recovery of the ovarian cell proliferation rate
on D28 and D60 than the single hUC-MSC transplanta-
tion group.
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Fig. 3 The ovarian reserve capacity analysis. Immunohistochemistry for AMH in once intravenous group (a, ¢) and the multiple intravenous
group (b, d). 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 magnification: 400 x . n=5. 1xMSC: Single transplantation of hUC-MSC; 3xMSC: Multiple
transplantation of hUC-MSC
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hUC-MSC transplantation restores follicular development
We observed the number and development of follicles
at all stages in the ovaries by H&E staining (Fig. 5a and
f). In the sham group, well-developed primordial, pri-
mary, secondary, and mature follicles were observed. In
the POF mouse model, the ovaries were atrophied, the
number of follicles at each stage decreased, and the num-
ber of atretic follicles was high. In the single hUC-MSC
injection group, the number of mature follicles increased
significantly compared with the POF group. The number
of follicles at various developmental stages also recovered
significantly (P<0.05, Fig. 5b—e). In the multiple hUC-
MSC injection group, the number of primordial and
primary follicles increased significantly (P<0.05, Fig. 5g
and h). The results showed that hUC-MSCs had a good
therapeutic effect on follicle recovery. At D28, the num-
ber of primordial, primary, and secondary follicles in the
hUC-MSC multiple transplantation group was signifi-
cantly increased compared with that in the POF group;
however, this phenomenon was not observed in the sin-
gle hUC-MSC transplantation group. This suggested that
multiple hUC-MSC transplantations have a better thera-
peutic effect on POF.

hUC-MSC transplantation restored hormone levels

To further study the therapeutic effect of hUC-MSCs
on mouse POF, we used ELISA to determine the expres-
sion of E, and FSH in mouse serum. As shown in Fig. 6,
E, expression in the POF group was significantly down-
regulated, and FSH expression was significantly upregu-
lated compared with the sham group. Mouse serum
E, expression was upregulated in the single hUC-MSC
transplantation group than in the POF group, and it was
significantly upregulated on D21, D28, and D60 (P <0.05,
Fig. 6a). FSH expression decreased significantly on D60
(P<0.05, Fig. 6¢). Mice treated with multiple hUC-MSC
transplantation showed a significant increase in serum E,
and FSH levels on D28 and D60 (both P<0.05, Fig. 6b and
d) relative to mice in the POF group. The results showed
that the multiple hUC-MSC transplantation group per-
formed better than the POF group, and FSH recovery in
serum was more evident at D28, superior to the single
hUC-MSC transplantation group. Multiple hUC-MSC
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transplantations may have a better therapeutic effect on
POE

hUC-MSCs upregulate the expression of related molecules
in ovarian granulosa cells

We selected the genes FSHR, INHIBINw, and INHIBINS,
which mainly exist in the granulosa cells of follicles, and
detected the changes in gene expression using qRT-
PCR. The therapeutic effect of hUC-MSCs on POF was
tested, and the results are shown in Fig. 7. The results
showed that the expression of FSHR, INHIBINa, and
INHIBINg in the POF group was significantly downreg-
ulated compared with that in the sham group (P<0.01).
FSHR expression was more upregulated in the single
hUC-MSC transplantation group than in the POF group
(Fig. 7a); INHIBINa and INHIBINf expression was sig-
nificantly upregulated on D28, and D28 and D60, respec-
tively (Fig. 7c, P<0.01 and Fig. 7e, P<0.05, respectively).
FSHR expression was significantly upregulated in the
multiple hUC-MSC injection group compared with the
POF group (Fig. 7b); INHIBIN«a and INHIBINS expres-
sion was significantly upregulated on D60 (Fig. 7d and
f, respectively, both P<0.05). hUC-MSC transplanta-
tion increased the expression of FSHR, INHIBINa, and
INHIBINp in ovarian tissues compared with the POF
group. Multiple hUC-MSC injections had a more signifi-
cant upregulation effect on INHIBINa and INHIBINfS on
D60 (P<0.05), showing a better therapeutic effect.

We used mRNA and miRNA chips to screen differen-
tially expressed genes in ovarian tissue 7 d after hUC-
MSC transplantation. Volcano mapping is a common
method for observing differentially expressed genes
between two groups. It can visually illustrate the fold-
change and significance of the difference in the relation-
ship between genes. Figure 8a shows the miRNA chip
volcano graph analysis of the POF and 1 x MSC treat-
ment groups, the sham operation and 1 x MSC treatment
groups, and the POF and sham operation groups. Fig-
ure 8b shows a volcano map analysis of the mRNA chip
where green indicates downregulated genes and red indi-
cates upregulated genes. We observed that the miRNA
chip showed fewer differential genes between the sham
and 1 x MSC treatment groups, indicating that 1 x MSC

(See figure on next page.)

Fig. 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 magnification:

100 x . b Follicle counts at all stages on the 14th day. n=>5. ¢ Follicle counts at all stages 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
magnification: 100 x . 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. 1xMSC: Single transplantation

of hUC-MSC; 3xMSC: Multiple transplantation of hUC-MSC
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Fig. 6 The effect of hUC-MSCs on the endocrine function of POF mice. a The hormone levels of E, from the once intravenous group and the
multiple intravenous group. Comparing the POF and MSCs group, the level of E, had a significant 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 D60. n=>5. ¢ In the multiple
group, the levels of E, were significant differences at 28, 60 days post-induction. n=5. d In the multiple group, the levels of FSH were significant
differences at 28, 60 days post-induction. n=5, *P < 0.05. 1xMSC: Single transplantation of hUC-MSC; 3xMSC: Multiple transplantation of hUC-MSC
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Fig. 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. ¢ Expression of INHIBINa in mouse ovary
in single injection of hUC-MSCs group. n=>5. d Expression of INHIBINa in mouse ovary in the hUC-MSCs group injected multiple times.n=5. e
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Fig. 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. The ovarian tissue in hUC-MSC group was got from mice 7 days after first injection
hUC-MSCs by tail vein

repaired chemotherapy-induced POF damage at the gene
level. We screened 18 miRNAs and 55 mRNAs that were
upregulated after POF and downregulated after 1 x MSC
treatment (Table 1); 38 miRNAs and 21 mRNAs were
downregulated after POF and upregulated after 1 x MSC
treatment (Table 2).

Discussion

The incidence of POF in women is 1% [27], and CTX
treatment is among the causes of POF [28]. Therefore,
treating degenerative ovarian changes and restoring
ovarian function is key to ensuring female reproductive
health [29]. Current methods of ovarian function resto-
ration include ovarian transplantation [30—32], autolo-
gous mitochondrial microinjection [33], and dormant
follicle activation [34], among others. However, prob-
lems, such as rejection reaction, oocyte quality decline,
and surgical violations remain to be resolved. We chose
MSCs to treat POF owing to their low immunogenic-
ity [35] and excellent performance against degenerative
diseases. MSCs can treat injured sites through homing

and exocrine effects and reduce damage to the body
caused by surgery. Nevertheless, because of the limited
survival time of MSCs in the body, the number of MSCs
required for each treatment and the number of treat-
ments remain controversial [36].

The umbilical cord is considered waste after child-
birth, but there is evidence that, compared to MSCs
derived from classic cell sources, such as bone marrow
or adipose tissue, UC-MSC shows special advantages,
such as increased pluripotency and prolonged prolifer-
ation capacity [37]. Therefore, UC-MSC may be more
suitable for cell therapy. hUC-MSCs have been shown
to exhibit high differentiation potential and prolifera-
tive activity. Moreover, hUC-MSCs express the stem
cell markers CD44, CD73, CD90, and CD105 [38-40]
and have the potential to differentiate into cells of
all three embryonic tissue layers [41-43]. MSCs are
multipotent cells defined in part by their ability to
generate adipose, osteogenic, and chondrogenic cell
in vitro [44, 45]. We conducted experiments on the
induction of osteogenic and adipogenic differentiation
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Table 1 The expression of premature ovarian failure is up-regulated, and the expression of differentially expressed genes is down-
regulated after hUC-MSCs treatment

Name POF/SHAM UP MSCs/POF DOWN MSCs/SHAM
Fold change Pvalue Fold change Pvalue Fold change P value
values values values

mmu-miR-101c 1.93 0.024 -2.11 0.040 -0.19 0.349
mmu-miR-1892 1.99 0.030 -1.36 0.049 0.64 0.057
mmu-miR-1894-3p 152 0.045 -1.03 0.020 049 0.141
mmu-miR-3070-2-3p 5.03 0.023 -5.62 0018 -0.59 0.162
mmu-miR-3072-5p 297 0.020 -1.99 0.039 0.98 0.101
mmu-miR-3102-5p.2-5p 335 0.029 -2.39 0.032 0.96 0.119
mmu-miR-328-5p 1.56 0.042 -1.58 0.042 -0.01 0.904
mmu-miR-3547-5p 1.53 0.028 -1.05 0.049 048 0.138
mmu-miR-363-5p 2.56 0.044 -6.65 0.016 -4.09 0.023
mmu-miR-374b-5p 0.32 0.024 -0.60 0.007 -0.28 0.027
mmu-miR-374c-5p 040 0.042 -0.86 0018 -046 0016
mmu-miR-5122 1.05 0.033 -0.99 0.044 0.06 0.545
mmu-miR-652-5p 1.01 0.015 -0.99 0.020 0.03 0.610
mmu-miR-6965-5p 440 0.010 -2.80 0.017 1.60 0.021
mmu-miR-7088-5p 1.28 0.040 -0.61 0.033 0.67 0.076
mmu-miR-7235-5p 0.85 0.041 -0.66 0.042 0.19 0.192
mmu-miR-7648-5p 4.73 0.023 -2.80 0.041 1.94 0.079
mmu-miR-8110 151 0.017 -0.86 0.033 0.65 0.020
apoptosis-associated tyrosine kinase (Aatk) 1.10 0.022 -1.66 0.002 -0.55 0.248
apolipoprotein F (ApoF) 091 0.051 -2.27 0.002 -1.38 0.011
beta-1,3-N-acetylgalactosaminyltransferase 1 (B3galnt1) 0.73 0.099 -0.82 0.071 -0.04 0914
apoptosis repeat containing 5 (Birc5) 0.74 0.090 -0.86 0.051 -0.13 0.740
calmodulin binding transcription activator 1 (Camtal) 0.93 0.040 -0.96 0.036 -0.01 0.997
coiled-coil domain containing 144B (Ccdc144b) 0.89 0.080 -1.05 0.044 -0.16 0.748
cytidine/uridine monophosphate kinase 2 (Cmpk2) 142 0.004 -1.53 0.002 -0.08 0.848
cytochrome C oxidase Subunit 7A1 (Cox7a1) 0.80 0.083 -0.89 0.057 -0.07 0.865
cathepsin K (Ctsk) 1.68 0.003 -1.06 0.038 0.64 0.239
c-x-c motif chemokine ligand 9 (Cxcl9) 1.50 0.036 -0.73 0.252 0.85 0.281
DEXD/H-Box helicase 60 (Ddx60) 1.86 0.001 -1.09 0.026 0.81 0.116
DExD/H-Box helicase 58 (Dhx58) 1.49 0.008 -1.14 0.031 0.37 0.502
Eukaryotic translation initiation factor 2 alpha kinase 2 (Eif2ak2) 1.14 0018 -0.92 0.049 0.24 0.590
family with sequence similarity 78 member A (Fam?78a) 0.79 0.076 -1.03 0.025 -0.21 0618
Fc fragment of IgG receptor la (Fcgr1) 232 0.032 -1.80 0.074 0.68 0.667
guanylate binding protein 3 (Gbp3) 1.66 0.001 -1.21 0.010 045 0.297
predicted gene 12250 (Gm12250) 1.87 0.006 -1.05 0.072 0.90 0.207
predicted gene 4951 (Gm4951) 1.81 0013 -1.16 0.075 0.74 0.365
H2A clustered histone 6 (Hist1Th2ao) 1.06 0.021 -0.73 0.096 033 0432
integrin binding sialoprotein (Ibsp) 350 0.000 -1.46 0.009 2.19 0.008
interferon alpha inducible protein 27 (Ifi2712a) 2.03 0.000 -1.75 0.000 0.26 0.525
interferon induced protein 44 (Ifi44) 263 0.000 -2.02 0.001 0.68 0329
interferon induced protein 47 (Ifi47) 143 0.005 -0.83 0.072 0.62 0.187
interferon induced with helicase C domain 1 (Ifih1) 143 0.049 -1.31 0.069 0.16 0.848
interferon induced protein with tetratricopeptide repeats 1 (Ifit1) 2.70 0.000 -2.05 0.000 0.69 0.282
interferon induced protein with tetratricopeptide repeats 2 (Ifit2) 0.87 0.068 -1.01 0.038 -0.13 0.776
immunity related GTPase (Igtp) 146 0.004 -0.94 0.042 0.53 0.251

interferon regulatory factor 7 (Irf7) 242 0.000 -2.00 0.000 043 0.344
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Table 1 (continued)
Name POF/SHAM UP MSCs/POF DOWN MSCs/SHAM

Fold change Pvalue

Fold change P value Fold change P value

values values values
interferon regulatory factor 9 Irf9 0.83 0.069 -0.81 0.076 0.04 0.925
immunity related GTPase 1 (Irgm1) 141 0.008 -0.93 0.059 0.51 0.320
immunity related GTPase 2 (Irgm2) 1.22 0014 -0.78 0.091 0.45 0.329
ISG15 ubiquitin like modifier (Isg15) 242 0.000 -1.89 0.003 0.61 0.401
inositol 1,4,5-trisphosphate receptor type 2 (Itpr2) 0.72 0.098 -0.82 0.064 -0.10 0.810
LEOT Homolog (Leo) 1.09 0.026 -1.08 0.028 0.03 0.946
galectin 3 binding protein (Lgals3bp) 1.63 0.001 -1.04 0.021 0.58 0.176
galectin 9 (Lgals9) 0.90 0.049 -0.78 0.083 0.15 0.727
ligand of numb-protein X 1 (Lnx1) 138 0.011 -0.85 0.087 0.55 0.300
LY6/PLAUR domain containing 2 (Lypd?2) 6.64 0.000 -6.64 0.000 -0.03 0.950
MX dynamin like GTPase 2 (Mx2) 2.16 0.001 -1.85 0.002 0.35 0.575
out at first homolog (Oaf) 1.01 0.030 -0.93 0.043 0.10 0.808
2-5-oligoadenylate synthetase 2 (Oas2) 2.24 0.000 -2.00 0.000 0.25 0.641
2'-5-oligoadenylate synthetase 1 (Oasl1) 1.65 0014 -1.10 0.074 0.63 0.385
2-5-oligoadenylate synthetase 2 (Oasl2) 1.59 0.001 -1.23 0.009 0.37 0.387
poly (ADP-ribose) polymerase family member 14 (Parp14) 1.20 0.013 -0.92 0.044 0.30 0.501
poly(ADP-ribose) polymerase family member 9 (Parp9) 1.18 0.014 -0.92 0.045 0.28 0.526
placenta associated 8 (Plac8) 1.68 0.001 -1.11 0.016 0.57 0.184
RNA binding motif protein 22 (Rbom22) 091 0.046 -0.74 0.097 0.19 0.647
regulator of G protein Signaling 13 (Rgs13) 1.14 0.032 -1.85 0.002 -0.70 0.237
radical S-adenosyl methionine domain containing 2 (Rsad2) 220 0.000 -1.37 0.013 0.87 0.151
receptor transporter protein 4 (Rtp4) 236 0.000 -1.86 0.000 0.51 0.249
Schlafen Family Member 5 (SIfn5) 145 0.005 -1.09 0.024 038 0421
Sarcalumenin (Srl) 424 0.007 -4.36 0.007 -0.12 0.803
tripartite motif containing 34A (Trim34a) 1.79 0.001 -1.51 0.004 0.29 0.567
ubiquitin specific peptidase 18 (Usp18) 2.23 0.000 -1.82 0.001 042 0419
zinc finger protein 385B (Zfp385b) 0.86 0.054 -1.02 0.026 -0.15 0.711

of stem cells to further verify that the isolated cells are
hUC-MSCs.

In order to test whether hUC-MSCs play a role in the
treatment of POF, we took samples of mouse ovaries
7 days after injection of hUC-MSCs to detect these with
anti-human nuclear antibody. Anti-human nuclear pri-
mary antibody is specific because the positive staining
of the human nuclei antigen was completely colocalized
with the nuclei of hUC-MSCs. The human nuclei anti-
gen was detected in the nucleus of the follicles of MSC-
treated animals, and was also found in the non-nuclear
ovarian tissue of MSC-treated animals. We speculated
that they might be the lysed MSCs because allogeneic
MSCs were susceptible to lysis by cytotoxic CD8(+)
T and NK cells [46]. hUC-MSCs detected near the fol-
licles suggest that hUC-MSCs can survive in mice and
play a therapeutic role [47]. The homing of stem cells
means that they can migrate directly to damaged tis-
sues on impulse and survive there under the stimulation

of multiple factors, which helps the ovaries to recover.
Liu et al. demonstrated that MSCs return to the ovaries
through blood circulation to restore the ovarian struc-
ture and function of POF model rats [48]. Gabr et al.
showed that MSCs can locate and survive in the damaged
ovary, thereby promoting the restoration of the histologi-
cal structure and endocrine function of the ovary [49].
This result is consistent with the experimental results
of Mohamed et al. [36] and Song et al. [50] found that
hUC-MSCs can survive in vivo for 4 weeks. Therefore, we
selected 60 days as the longest study time to test the ther-
apeutic effect of hUC-MSCs. These results are consistent
with those of Xiao [51] and Jaalie [52] et al. who found
that MSCs may support the survival of ovarian follicles
through paracrine.

Improvement in female sex hormone levels is an impor-
tant indicator of ovarian function restoration. Hormonal
imbalance with a low concentration of E2 and a high con-
centration of FSH in serum is a typical symptom of POF
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Table 2 The expression of premature ovarian failure is down-regulated, and the differentially expressed genes are up-regulated after
hUC-MSCs treatment

Name POF/Sham DOWN MSCs/POF UP MSCs/SHAM
Fold Pvalue Fold Pvalue Fold P value
change change change
values values values

mmu-let-7c-1-3p -1541 0.005 16.37 0.016 0.96 0.284

mmu-miR-125b-2-3p -2.12 0.019 217 0.037 0.05 0.779

mmu-miR-148b-5p -16.18 0.005 16.95 0010 077 0.254

mmu-miR-152-5p -15.20 0.013 16.27 0.002 1.08 0.177

mmu-miR-1946b -15.44 0.004 15.68 0023 024 0.855

mmu-miR-200a-3p -0.77 0049 204 0019 1.27 0.010

mmu-miR-200b-3p -0.77 0.036 191 0.015 1.14 0.016

mmu-miR-221-5p -16.11 0.001 16.75 0006 064 0.168

mmu-miR-224-5p -16.88 0.004 16.81 0.010 -0.07 0.815

mmu-miR-26a-2-3p -15.77 0.003 15.57 0024  -0.20 0.691

mmu-miR-26b-3p -15.36 0.012 1544 0.036 0.09 0915

mmu-miR-27b-5p -1591 0.004 16.42 0.018 0.51 0.521

mmu-miR-3084-5p -2.16 0.033 1.89 0.041 -0.26 0.153

mmu-miR-342-5p -15.38 0.009 16.08 0.022 0.70 0.493

mmu-miR-34c-5p -0.25 0044 051 0019 026 0.031

mmu-miR-3535 -0.77 0.047 091 0.007 0.14 0.247

mmu-miR-378a-5p -8.08 0.017 893 0.017 0.85 0.119

mmu-miR-381-5p -16.72 0.018 15.09 0036  -163 0313

mmu-miR-410-3p -1.99 0.023 1.35 0.040 -0.64 0.080

mmu-miR-433-3p -4.57 0029 425 0010  -0.31 0.391

mmu-miR-466f-3p -1.12 0.042 1.01 0.028 -0.10 0439

mmu-miR-487b-3p -3.29 0.439 2.85 0.013 -045 0.000

mmu-miR-495-3p -4.18 0029 375 0.021 -043 0.248

mmu-miR-505-3p -1543 0.011 15.27 0.022 -0.16 0.767

mmu-miR-5107-3p -14.88 0.017 16.05 0014 117 0.269

mmu-miR-6540-3p -15.16 0.008 15.80 0.021 0.63 0.491

mmu-miR-669a-3-3p -2.28 0.023 1.98 0.020 -0.30 0.133

mmu-miR-669b-3p -14.72 0.019 1545 0.023 0.73 0.505

mmu-miR-669e-3p -4.61 0.027 483 0.034 0.21 0.429

mmu-miR-669 h-3p -15.38 0.024 16.08 0010 071 0428

mmu-miR-677-5p -16.12 0.011 16.05 0.007 -0.08 0.886

mmu-miR-7047-3p -14.62 0.010 16.68 0.008 2.05 0.096

mmu-miR-7056-5p -2.89 0.021 2.08 0046  -0.81 0.130

mmu-miR-706 -5.53 0.023 455 0.025 -0.98 0.084

mmu-miR-7064-3p -15.00 0.005 1642 0.033 143 0.396

mmu-miR-7661-3p -15.63 0.002 16.98 0.007 135 0.084

mmu-miR-7669-5p -1548 0.003 15.75 0.006 0.28 0.336

mmu-miR-9-3p -15.30 0.007 16.07 0018 077 0.383

abhydrolase domain containing 1 (Abhd1) -1.81 0.002 091 0.099 -0.89 0.074

cortexin 3 (Ctxn3) -1.44 0028 205 0.003 0.64 0.227

duffy antigen receptor for chemokines (Darc) -1.69 0.010 1.46 0.026 -0.23 0.663

family with sequence similarity 83 member C (Fam83c) -1.78 0.014 1.69 0023  -007 0.891

FGGY carbohydrate kinase domain containing (Fggy) -1.29 0.008 1.16 0015  -0.12 0.765

glucosaminyl (N-acetyl) transferase 3 (Gent3) -1.18 0.037 1.93 0.002 0.79 0.117

glycerophosphodiester phosphodiesterase domain containing 3 (Gdpd3) -3.69 0.000 429 0.000 0.60 0.158

interleukin 4 receptor A(ll4ra) -3.15 0.000 262 0.001 -0.50 0.278
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Table 2 (continued)
Name POF/Sham DOWN MSCs/POF UP MSCs/SHAM

Fold Pvalue Fold Pvalue Fold P value

change change change

values values values
myo-inositol oxygenase (Miox) -0.77 0.086 0.78 0.086 0.02 0.958
P21 (RACT) activated kinase 1 (Pak1) -147 0.007 1.21 0.024 -0.24 0.600
phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 gamma (Pik3c2g) -1.09 0.016 1.06 0.019 -0.05 0.901
protein tyrosine phosphatase receptor type A (Ptpra) -0.84 0.084 0.88 0.072 0.07 0.864
regulator of G protein signaling 9 (Rgs9) -3.78 0000 288 0.001 -0.93 0.067
45S pre-ribosomal RNA (Rn45s) -1.48 0.038 1.26 0.088 -0.20 0.734
secreted and transmembrane 1A (Sectm1a) -3.99 0.000 252 0.001 -144 0.005
secreted and transmembrane 1B (Sectm1b) -6.05 0.000 1.99 0.003 -408 0.000
stress associated endoplasmic reticulum protein family member 2 (Serp2) -1.65 0.065 1.77 0.059 0.13 0.850
solute carrier family 15 member 2 (Slc15a2) -147 0.010 1.65 0.005 0.20 0.665
transcobalamin 2 (Tcn2) -0.93 0.040 1.10 0.019 0.17 0678

[53]. In the present study, 60 days after POF model induc-
tion, the E2 and FSH levels of mice injected multiple times
with hUC-MSCs were restored, indicating that multiple
transplantation of hUC-MSCs can improve the ovarian
endocrine function damaged by chemotherapy drugs. In
the fertility test, we found that the fertility of POF mice
treated with hUC-MSCs was significantly restored on
D14 and D60. The results showed that hUC-MSCs have
a long-term treatment effect on the ovaries of POF mice
and can significantly restore ovary fertility. To confirm
hUC-MSC ovarian function improvement, we evaluated
the ovary organ coefficient and the number of follicles.
The ovary organ coefficient significantly increased in the
multiple transplantation group compared with the POF
group. After hUC-MSC transplantation, all follicle stages
in the MSC group were more enhanced than those in the
POF group. In the ovaries of chemotherapy-induced POF
mice, there remained some primordial and primary fol-
licles. Fourteen days after POF induction, the numbers
of primitive and mature follicles increased significantly
in the single hUC-MSC treatment group compared with
the POF group. It is possible that hUC-MSCs temporarily
prevent follicular atresia and maintain follicular develop-
ment in the ovaries of POF mice [54]. AMH, secreted by
follicular granulosa cells, is one of the best indicators of
ovarian reserve [55]. We used immunohistochemistry to
analyze the AMH that was specifically stained on antral
follicles. The number of follicles at all stages in POF mice
was lower than that in the sham operation group, but a
small number of follicles were still produced. The results
of AMH immunohistochemistry showed that the granu-
losa cells of antral follicles in the POF group had little
AMH staining, suggesting that even if a small number
of antral follicles were produced in the POF group, the

ovarian function was still difficult to recover. Ki67 is a key
factor in ribosome synthesis during cell division, which is
necessary for cell proliferation [56]. The results of immu-
nohistochemistry showed that the expression of AMH
and Ki67 in the ovarian tissue of mice in the multiple
hUC-MSC treatment group was significantly upregulated
compared with the POF group at 28 and 60 days after
POF induction. There was also an upregulation trend in
the single hUC-MSC injection group, but there was no
significant difference. It is possible that multiple trans-
plantation of hUC-MSCs has a better recovery effect on
the POF ovarian reserve.

To further verify the effect of hUC-MSCs on the resto-
ration of ovarian function at the gene level, we used qRT-
PCR to evaluate the expression of FSHR, INHIBIN«, and
INHIBINp. The results showed that the expression in the
hUC-MSC group was higher than that in the POF group.
Under hUC-MSC treatment, ovarian granulosa cell and
FSH secretion increased, restoring ovarian function. As
the hUC-MSC treatment group promoted the expres-
sion of ovarian development-related factors compared
with the POF group and significantly restored the num-
ber of follicles and organ coefficients, this suggests that
hUC-MSCs has a therapeutic effect on POF. In order to
further explore the molecular mechanism of hUC-MSCs
repairing POF mice, we used miRNA and mRNA chips
for screening. In miRNA chips, 18 miRNAs were found
to be upregulated in POF, and their expression was
restored after hUC-MSC treatment. At the same time, 38
downregulated miRNAs in POF were screened out, and
their expression was restored after hUC-MSC treatment.
In the mRNA chip, 55 mRNAs were upregulated in POF
and recovered after hUC-MSC treatment. Overall, 21
mRNAs were downregulated in POF and recovered after
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hUC-MSC treatment. In summary, hUC-MSC transplan-
tation can treat chemotherapy-induced POF. The organ
coefficient and hormone level recovery effect in multi-
ple transplantation mice were superior to those in single
transplantation mice. However, further investigations are
needed to confirm the mechanism involved in ovarian
function recovery.

Acknowledgements
The authors thank Dr. ShiTian for experimental technical support.

Authors’ contributions

Xiaodan Lv and Lu Zhang performed animal experiments and data processing,
Chunyi Guan wrote the manuscript, Ying Li performed histological analysis,
Xuegin Wang and Xing Su performed molecular experiments, and Xu Ma and
Hongfei Xia provided funding and experimental guidance. The author(s) read
and approved the final manuscript.

Funding

This work was funded by grants from the National Natural Science Foundation
of China (N0.81771590), the National Research Institute for Family Planning
(No.2020GJZ02), and Special Funds for Fundamental Research Expenses of
Central Universities (3332020111).

Availability of data and materials
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The animal-related experiments, including the isolation of human umbili-

cal cord mesenchymal stem cells and the mouse premature ovarian failure
modeling, were approved by the China National Research Institute for Family
Planning (ethics number 2015-16). All applicable institutional and national
guidelines for the care and use of animals were followed.

Consent for publication
All authors gave consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details

'Reproductive and Genetic Center of the National Research Institute for Family
Planning, Beijing 100081, China. *Graduate School, Peking Union Medical Col-
lege, Beijing 100730, China.

Received: 12 January 2021 Accepted: 23 August 2021
Published online: 15 September 2021

References

1. Rudnicka E, Kruszewska J, Klicka K, et al. Premature ovarian insufficiency -
aetiopathology, epidemiology, and diagnostic evaluation. Prz Menopau-
zalny. 2018;17(3):105-8.

2. Jankowska K. Premature ovarian failure. Prz Menopauzalny.
2017;16(2):51-6.

3. Jin MC, Medress ZA, Azad TD, Doulames VM, Veeravagu A. Stem cell
therapies for acute spinal cord injury in humans: a review. Neurosurg
Focus. 2019;46(3):E10.

4. Casiraghi F, Remuzzi G. Mesenchymal stromal cells in kidney transplanta-
tion. Curr Opin Nephrol Hypertens. 2019;28(1):40-6.

5. Bartczak A, McGilvray |, Keating A. Mesenchymal stromal cell therapy to
promote cardiac tissue regeneration and repair. Curr Opin Organ Trans-
plant. 2017,22(1):86-96.

19.

20.

AR

22.

23.

24.

Page 19 of 20

Esfandyari S, Chugh RM, Park HS, Hobeika E, Ulin M, Al-Hendy A. Mesen-
chymal stem cells as a bio organ for treatment of female infertility. Cells.
2020,9(10):2253.

Wang J, Ju B, Pan C, Gu Y, Zhang Y, Sun L, Zhang B, Zhang Y. Appli-
cation of bone marrow-derived mesenchymal stem cells in the
treatment of intrauterine adhesions in rats. Cell Physiol Biochem.
2016;39(4):1553-60.

Abomaray F, Gidlof S, Bezubik B, Engman M, Gotherstrom C. Mesenchy-
mal stromal cells support endometriotic stromal cells in vivo. Stem Cells
Int. 2018;2018:7318513.

Xie Q, Xiong X, Xiao N, He K, Chen M, Peng J, Su X, Mei H, Dai Y, Wei D, Lin
G, Cheng L. Mesenchymal stem cells alleviate DHEA-Induced Polycystic
Ovary Syndrome (PCOS) by inhibiting inflammation in mice. Stem Cells
Int. 2019;2019:9782373.

. Manshadi MD, Navid S, Hoshino Y, Daneshi E, Noory P, Abbasi M. The

effects of human menstrual blood stem cells-derived granulosa cells
on ovarian follicle formation in a rat model of premature ovarian failure.
Microsc Res Tech. 2019:82(6):635-42.

. Terraciano P, Garcez T, Ayres L, Durli |, Baggio M, Kuhl CP, Laurino C, Pas-

sos E, Paz AH, Cirne-Lima E. Cell therapy for chemically induced ovarian
failure in mice. Stem Cells Int. 2014;2014:720753.

. Yang M, LinL, Sha G, LiT, Zhao D, Wei H, Chen Q, Liu Y, Chen X, Xu W, Li

Y, Zhu X. Bone marrow mesenchymal stem cell-derived exosomal miR-
144-5p improves rat ovarian function after chemotherapy-induced ovarian
failure by targeting PTEN. Lab Invest. 2020;100(3):342-52.

. Nagamura-Inoue T, He H. Umbilical cord-derived mesenchymal stem

cells: Their advantages and potential clinical utility. World J Stem Cells.
2014;6(2):195-202.

. Ahmadian S, Mahdipour M, Pazhang M, et al. Effectiveness of stem cell

therapy in the treatment of ovarian disorders and female infertility: A
systematic review. Curr Stem Cell Res Ther. 2020;2(14):173-86.

. Huhtaniemi |, Hovatta O, La Marca A, et al. Advances in the molecular

pathophysiology, genetics, and treatment of primary ovarian insuffi-
ciency. Trends Endocrinol Metabol. 2018;29(6):400-19.

. Zhang S, Zhu D, Mei X, et al. Advances in biomaterials and regenera-

tive medicine for primary ovarian insufficiency therapy. Bioact Mater.
2020;6(7):1957-72.

. Gupta S, Lodha P, Karthick MS, Tandulwadkar SR. Role of autologous bone

marrow-derived stem cell therapy for follicular recruitment in premature
ovarian insufficiency: Review of literature and a case report of world'’s
first baby with ovarian autologous stem cell therapy in a perimenopausal
woman of age 45 year. J Hum Reprod Sci. 2018;11(2):125-30.

. Ahmadian S, Sheshpari S, Pazhang M et al. Intra-ovarian injection of

platelet-rich plasma into ovarian tissue promoted rejuvenation in the rat
model of premature ovarian insufficiency and restored ovulation rate via
angiogenesis modulation. Reprod Biol Endocrinol. 2020;78. https://doi.
0rg/10.1186/512958-020-00638-4.

Ling L, Feng X, Wei T, Wang Y, Wang Y, Wang Z, Tang D, Luo Y, Xiong Z.
Human amnion-derived mesenchymal stem cell (hnAD-MSC) transplanta-
tion improves ovarian function in rats with premature ovarian insuffi-
ciency (POI) at least partly through a paracrine mechanism. Stem Cell Res
Ther.2019;10(1):46.

Na J, Kim GJ. Recent trends in stem cell therapy for premature ovarian
insufficiency and its therapeutic potential: a review. J Ovarian Res.
2020;13(1):74.

Yang H, Yang H, Xie Z, Wei L, Bi J. Systemic transplantation of human
umbilical cord derived mesenchymal stem cells-educated T regulatory
cells improved the impaired cognition in ABPPswe/PSTdE9 transgenic
mice. PLoS One. 2013;8(7):e69129.

Yang H, Sun J, Li Y, Duan WM, Bi J, Qu T. Human umbilical cord-derived
mesenchymal stem cells suppress proliferation of PHA-activated
lymphocytes in vivo by inducing CD4+CD25"9"CD45RA™ regulatory

T cell production and modulating cytokine secretion. Cell Immunol.
2016;302:26-31.

Lai D, Wang F, Chen Y, Wang L, Wang Y, Cheng W. Human amniotic fluid
stem cells have a potential to recover ovarian function in mice with
chemotherapy-induced sterility. BMC Dev Biol. 2013;13(1):1-13.

Kern S, Eichler H, Stoeve J, Kltter H, Bieback K. Comparative analysis of
mesenchymal stem cells from bone marrow, umbilical cord blood, or
adipose tissue. Stem Cells. 2006;24(5):1294-301.


https://doi.org/10.1186/s12958-020-00638-4
https://doi.org/10.1186/s12958-020-00638-4

Lv et al. J Ovarian Res

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

(2021) 14:119

Savickiene J, Treigyte G, Baronaite S, Valiuliene G, Kaupinis A, Valius M,

et al. Human amniotic fluid mesenchymal stem cells from second- and
third-trimester amniocentesis: Differentiation potential, molecular signa-
ture, and proteome analysis. Stem Cells Int. 2015:319238. https://doi.org/
10.1155/2015/319238.

Cizkova K, Foltynkova T, Gachechiladze M, Tauber Z. Comparative analysis
of immunohistochemical staining intensity determined by light micros-
copy, ImageJ and QuPath in placental hofbauer cells. Acta Histochem
Cytochem. 2021;54(1):21-9.

Meczekalski B, Maciejewska-Jeske M, Podfigurna A. Reproduction in pre-
mature ovarian insufficiency patients - from latest studies to therapeutic
approach. Prz Menopauzalny. 2018;17(3):117-9.

Na J, Kim GJ. Recent trends in stem cell therapy for premature ovarian
insufficiency and its therapeutic potential: A review. J Ovarian Res.
2020;13(1):74.

Ghahremani-Nasab M, Ghanbari E, Jahanbani Y, Mehdizadeh A, Yousefi
M. Premature ovarian failure and tissue engineering. J Cell Physiol.
2020;235(5):4217-26.

Takae S, Suzuki N. Current state and future possibilities of ovarian tissue
transplantation. Reprod Med Biol. 2019;18(3):217-24.

Sheshpari S, Shahnazi M, Mobarak H, Ahmadian S, Bedate AM, Nariman-
Saleh-Fam Z, Nouri M, Rahbarghazi R, Mahdipour M. Ovarian function
and reproductive outcome after ovarian tissue transplantation: A system-
atic review. J Transl Med. 2019;17(1):396.

Sauerbrun-Cutler MT, Brown EC, Huber WJ, Has P, Frishman GN. Society
for assisted reproductive technology advertising guidelines: How are
member clinics doing? Fertil Steril. 2021;115(1):104-9.

Mobarak H, Heidarpour M, Tsai PJ, Rezabakhsh A, Rahbarghazi R, Nouri
M, Mahdipour M. Autologous mitochondrial microinjection; A strategy
to improve the oocyte quality and subsequent reproductive outcome
during aging. Cell Biosci. 2019;9:95.

Kawamura K, Kawamura N, Hsueh AJ. Activation of dormant follicles: A
new treatment for premature ovarian failure? Curr Opin Obstet Gynecol.
2016;28(3):217-22.

Vizoso FJ, Eiro N, Cid S, Schneider J, Perez-Fernandez R. Mesenchymal
stem cell secretome: Toward cell-free therapeutic strategies in regenera-
tive medicine. Int J Mol Sci. 2017;18(9):1852.

Mohamed SA, Shalaby SM, Abdelaziz M, et al. Human mesenchymal stem
cells partially reverse infertility in chemotherapy-induced ovarian failure.
Reprod Sci. 2018;25(1):51-63.

Rahyussalim AJ, Saleh |, Kurniawati T, Lutfi APWY. Improvement of renal
function after human umbilical cord mesenchymal stem cell treatment
on chronic renal failure and thoracic spinal cord entrapment: a case
report. J Med Case Reports. 2017;11(1):334.

Muniz C, Teodosio C, Mayado A. Ex vivo identification and characteriza-
tion of a population of CD13"9" CD105% CD45” mesenchymal stem cells
in human bone marrow. Stem Cell Res Ther. 2015;6(1):169.

Ramos TL, Sdnchez-Abarca LI, Muntién S. MSC surface markers (CD44,
CD73, and CD90) can identify human MSC-derived extracellular vesicles
by conventional flow cytometry. Cell Commun Signal. 2016;14:2.
Ghaneialvar H, Soltani L, Rahmani HR. Characterization and classification
of mesenchymal stem cells in several species using surface markers for
cell therapy purposes. Ind J Clin Biochem. 2018;33(1):46-52.

Kim J, Lee Y, Kim H, Hwang KJ, Kwon HC, Kim SK, et al. Human amniotic
fluid-derived stem cells have characteristics of multipotent stem cells.
Cell Prolif. 2007;40:75-90.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 20 of 20

Rentsch C, Hess R, Rentsch B, Hofmann A, Manthey S, Scharnweber

D, et al. Ovine bone marrow mesenchymal stem cells: isolation and
characterization of the cells and their osteogenic differentiation potential
on embroidered and surface-modified polycaprolactone-co-lactide scaf-
folds. Vivo Cell Dev Biol-Animal. 2010;46:624-34.

Tsai MS, Hwang SM, Tsai YL, Cheng FC, Lee JL, Chang YJ. Clonal amniotic
fluid-derived stem cells express characteristics of both mesenchymal and
neural stem cells. Biol Reprod. 2006;74:545-51.

Brown C, McKee C, Bakshi S, et al. Mesenchymal stem cells: Cell therapy
and regeneration potential. J Tissue Eng Regen Med. 2019;13(9):1738-55.
Jiang Y, Jahagirdar BN, Reinhardt RL, et al. Pluripotency of mesenchymal
stem cells derived from adult marrow. Nature. 2002;418(6893):41-9.

Crop MJ, Korevaar SS, de Kuiper R, IJzermans JN, van Besouw NM,

Baan CC, Weimar W, Hoogduijn MJ. Human mesenchymal stem cells

are susceptible to lysis by CD8(+) T cells and NK cells. Cell Transplant.
2011,20(10):1547-59.

Ley K, Laudanna C, Cybulsky MI. Getting to the site of inflammation: The
leukocyte adhesion cascade updated. Nat Rev Immunol. 2007;7:678-89.
Liu J, Zhang H, Zhang Y, Li N, Wen Y, Cao F, Ai H, Xue X. Homing and
restorative effects of bone marrow-derived mesenchymal stem cells on
cisplatin injured ovaries in rats. Mol Cells. 2014,37(12):865-72.

Gabr H, Rateb MA, El Sissy MH, Ahmed Seddiek H, Ali Abdelhameed
Gouda S. The effect of bone marrow-derived mesenchymal stem cells on
chemotherapy induced ovarian failure in albino rats. Microsc Res Tech.
2016;79(10):938-47.

Song D, Zhong Y, Qian C, et al. Human umbilical cord mesenchymal stem
cells therapy in cyclophosphamide-induced premature ovarian failure rat
model. Biomed Res Int. 2016;2016:2517514.

51. Xiao GY, Liu IH, Cheng CC, et al. Amniotic fluid stem cells prevent follicle
atresia and rescue fertility of mice with premature ovarian failure induced
by chemotherapy. PLoS One. 2014;9(9):e106538.

52. Jalalie L, Rezaie MJ, Jalili A, et al. Distribution of the CM-Dil-labeled
human umbilical cord vein mesenchymal stem cells migrated to the
cyclophosphamide-injured ovaries in C57BL/6 mice. Iran Biomed J.
2019;23(3):200-8.

53. Torrealday S, Pal L. Premature menopause. Endocrinol Metab Clin North
Am. 2015;44:543-57.

54. Xiao GY, Liu IH, Cheng CC, et al. Amniotic fluid stem cells prevent follicle
atresia and rescue fertility of mice with premature ovarian failure induced
by chemotherapy. PLoS One. 2014;9(9):e106538.

55. Seifer DB, MacLaughlin DT, Christian BP. Early follicular serum mdllerian-
inhibiting substance levels are associated with ovarian response during
assisted reproductive technology cycles. Fertil Steril. 2002;77(3):468-71.

56. MacCallum DE, Hall PA. The location of pKi67 in the outer dense fibrillary
compartment of the nucleolus points to a role in ribosome biogenesis
during the cell division cycle. J Pathol. 2000;190(5):537-44.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1155/2015/319238
https://doi.org/10.1155/2015/319238

	Effects of single and multiple transplantations of human umbilical cord mesenchymal stem cells on the recovery of ovarian function in the treatment of premature ovarian failure in mice
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Isolation and culture of hUC-MSCs
	Establishment of the POF mouse model and grouping
	Organ coefficient and pregnancy rate
	Immunophenotypic analysis
	Osteogenic differentiation
	Adipogenic differentiation
	ELISA detection of mice estradiol (E2) and follicle-stimulating hormone
	Histologic staining and follicle counting
	Immunohistochemical analysis
	Immunofluorescence staining
	Microarray hybridization and data analysis
	Quantitative reverse-transcription polymerase chain reaction (qRT-PCR)
	Statistical analysis

	Results
	hUC-MSCs express specific surface antigens and have the potential for multilineage differentiation
	Effects of hUC-MSC transplantation on the organ coefficient and fertility of ovaries in POF mice
	Transplantation of hUC-MSCs upregulates the ovarian reserve in POF mice
	hUC-MSC transplantation restores follicular development
	hUC-MSC transplantation restored hormone levels
	hUC-MSCs upregulate the expression of related molecules in ovarian granulosa cells

	Discussion
	Acknowledgements
	References


