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Endometrial mesenchymal stem cells
isolated from menstrual blood repaired
epirubicin-induced damage to human
ovarian granulosa cells by inhibiting the
expression of Gadd45b in cell cycle
pathway
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Abstract

Background: To explore the effect of mesenchymal stem cells isolated from menstrual blood (MB-MSCs) on
epirubicin-induced damage to human ovarian granulosa cells (GCs) and its potential mechanisms.

Methods: The estradiol, progesterone, anti-Müllerian hormone, inhibin A, and inhibin B levels were determined using
enzyme-linked immunosorbent assay. The proliferation of GCs was detected by Cell Counting Kit-8 assays. The cell
cycle distribution was detected by propidiumiodide single staining. The apoptosis of GCs was determined
using Annexin V and 7-AAD double staining. The differentially expressed genes of GCs were analyzed with
Affymetrix Human Transcriptome Array 2.0 gene chip and verified with Western blot analysis.

Results: Epirubicin inhibited the secretion of estradiol, progesterone, anti-Müllerian hormone, inhibin A, and
inhibin B and the proliferation of GCs; arrested these GCs in G2/M phase; and promoted the apoptosis of
GCs. However, MB-MSCs repaired epirubicin-induced damage to GCs. Differentially expressed genes of GCs,
Gadd45b, CyclinB1, and CDC2, were found by microarray and bioinformatics analysis. Western blot showed
that epirubicin upregulated Gadd45b protein expression and downregulated CyclinB1 and CDC2 protein
expression, while MB-MSCs downregulated Gadd45b protein expression and upregulated CyclinB1 and CDC2
protein expression.

Conclusions: MB-MSCs repaired epirubicin-induced damage to GCs, which might be related to the inhibition of
Gadd45b protein expression.
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Background
Epirubicin has become the first-line treatment for a var-
iety of cancers, such as breast cancer, leukemia, and
lymphoma, due to its broad-spectrum anticancer activ-
ity, high specificity, and low cardiac toxicity. Long-term
administration of high-dose chemotherapy may cause
ovarian damage in patients of fertile age, resulting in a
reduction in ovarian function, amenorrhea, and finally
premature ovarian failure (POF). It was reported that ap-
proximately 68% of breast cancer survivors who received
chemotherapy complained of more physical and meno-
pausal symptoms than their healthy counterparts, and
some patients even had reduced ovarian reserve and re-
productive potential [1]. Chemotherapy-induced POF
not only has a detrimental effect on female gonadal
function, but it also increases the risk of a variety of dis-
eases such as cardiovascular diseases, osteoporosis, and
cognitive disorders [2–5]. Recent studies have shown
that anthracycline such as epirubicin can cause ovarian
granulosa cell (GC) apoptosis and follicle damage, result-
ing in a reduction in ovarian function and finally the de-
velopment of POF [6, 7]. Thus, attempts should be
made to prevent or ameliorate chemotherapy-induced
ovary damage.
Stem cell therapy has emerged as a promising treat-

ment for repairing damaged tissues and functions [8, 9].
It has been reported that transplantation of mesenchy-
mal stem cells (MSCs) isolated from bone marrow, fat,
or umbilical cord blood can inhibit GC apoptosis, im-
prove ovarian function, and repair ovary structure dam-
age in mice through paracrine pathways [10–12]. Meng
et al. [13] isolated a population of MSC-like cells from
the menstrual blood (MB) of a healthy female. These
MB-MSCs have high proliferative potential, self-renewal
potential, and multiple differentiation potential, and they
also have many advantages over stem cells derived from
other sources, such as ease of collection, safe and nonin-
vasive, no ethical concerns, and no autoimmune rejec-
tion [14]. In this study, MB-MSCs were isolated from
three healthy female volunteers using the adherent
method, and their effects on epirubicin-induced damage
to human ovarian GCs as well as its potential mecha-
nisms were investigated.

Methods
Isolation, culture, and identification of MB-MSCs
This study was approved by the ethics committee of Tian-
jin Medical University, and written informed consent was
obtained from each donor. MB-MSCs were isolated and
identified by adherence as previously described. Briefly,
MB was collected from three healthy females aged 25–35
years, all of whom had normal menstrual cycles with no
transmitted diseases such as hepatitis B, hepatitis C, syph-
ilis, and acquired immune deficiency syndrome. Flow

cytometry showed that cells isolated from MB were
positive for MSC markers (CD44, CD29, CD73, and
CD105), but negative for the endothelial marker CD31
and the pan-leukocyte marker CD45, respectively, indi-
cating that these cells were MSCs rather than endothe-
lial or hematopoietic cells, and MB-MSCs could
differentiate into lipoblasts, osteoblasts, and chondro-
blasts [15].

Isolation, culture, and identification of ovarian GCs
Human ovarian GCs were obtained from patients who re-
ceived in vitro fertilization-embryo transfer (IVF-ET) and
follicle puncture in the Reproductive Center of Tianjin
Medical University General Hospital from May 2017 to
February 2018. Those patients with oviduct obstruction or
infertility due to male factors but normal menstrual cycles
and ovulation and endocrine functions were eligible for
this study. Systemic diseases were excluded. They were
injected intramuscularly with 5000–10,000U human
chorionic gonadotropin (hCG), followed by transvaginal
follicular aspiration 34–36 h later. Eggs were removed
under the microscope, and follicular fluid was collected
and centrifuged at 1500 r/min for 5min. After that, the
supernatant was removed, and cells were resuspended in
PBS, transferred to the same volume of Ficoll lymphocyte
separating medium (Sigma, St. Louis, MO, USA), and cen-
trifuged at 2000 r/min for 30min. The middle tunica albu-
ginea layer was carefully sucked. Cells were resuspended
in PBS, and the number of cells was counted using a
hemocytometer. Cells were inoculated at a density of 1 ×
106/mL in a six-well plate at 37 °C in an atmosphere of 5%
CO2-95% air. The culture medium was changed on the
next day, and immunohistochemical (IHC) staining was
performed using the streptavidin peroxidase (S-P) method
48 h later to determine the expression of follicle-stimulat-
ing hormone receptors (FSHR), which was the specific
marker of GCs. The primary FSHR antibody was pur-
chased from Bioworld Technology (St. Louis Park, MN,
USA), and PV-6001 rabbit two-step IHC kits and DAB
kits were purchased from ZSGB-BIO (Beijing, China),
respectively.

Effects of epirubicin on GCs in vitro
GCs were inoculated in a 96-well plate at a density of
1 × 104 cells/well with the presence of 100 μl of DMEM/
F12 medium containing 10% FBS, and the culture
medium was replaced on the next day with 100 μl of
serum-free DMEM/F12 medium containing 0, 3.125,
6.25, 12.5, 25, or 100 μg/L of epirubicin (Hisun, Zhe-
Jiang, China). Three parallel wells were set for each
group and treated for 0, 6, 12, 24, 48, and 72 h, respect-
ively, followed by culture with 10 μl of CCK8 (Beyotime,
Shanghai, China) at 37 °C in an atmosphere of 5% CO2–
95% air for 4 h. OD was measured at 450 nm using an
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ELISA reader (Lab system Multiskan, Finland), and the
dose-effect curves were plotted and the half-inhibitory
concentration was calculated.

Effects of MB-MSCs on GCs
GCs were cultured alone (control group) or co-cultured
with 25 μg/L of epirubicin (G+E group) or MB-MSCs
after treatment with epirubicin (G+E+M group). Three
parallel wells were set for each group. GCs were seeded
at a density of 5 × 105 cells/well in a six-well plate and
incubated with 3mL of DMEM/F12 medium containing
10% FBS at 37 °C in an atmosphere of 5% CO2-95% air.
After 24 h, the supernatant was removed, and the cul-
ture medium was replaced with 3 mL of serum-free
DMEM/F12 medium in the control group and 3mL of
serum-free DMEM/F12 medium containing 25 μg/L of
epirubicin in the G+E and G+E+M groups, respectively.
On the next day, all culture media were replaced with 3
mL of serum-free DMEM/F12 medium, and a cell cul-
ture insert (Corning, NY, USA) was added in the G+E
+M group, where MB-MSCs were seeded at a density of
2 × 105 cells/well in order to allow the pass of cytokines
but impede the pass of MB-MSCs, and then GCs and
MSCs were co-cultured in the same culture medium.
After 24 h, 3 mL of supernatant and GCs was collected,
respectively.

Enzyme-linked immunosorbent assay
The E2, progesterone, AMH, inhibin A, and inhibin
B levels in the supernatant were determined using
an ELISA kit (Cloud-Clone Corp, TX, USA) to
evaluate the functions of GCs according to the man-
ufacturer’s protocol.

CCK8
GCs were collected from all groups after 24, 48, and 72
h of culture, respectively. GCs were seeded at a density
of 1 × 104 cells/well in a 96-well plate and detected using
a CCK8 kit according to the manufacturer’s protocol.

Propidiumiodide (PI) single staining
GCs were collected from all groups after culture, washed
with PBS, fixed with 70% ethanol at 4 °C overnight, and
then washed again. Cells were incubated with 1 mg/mL
RNase A (Solarbio, Beijing, China) at 37 °C for 30 min,
and then with 50 μg/mL PI (Solarbio, Beijing, China) at
37 °C for 30–40 min. After that, cells were filtered by silk
cloth and cell cycle distribution was analyzed by flow cy-
tometry (FACSCalibur, BD, USA).

Annexin V and 7-AAD double staining
The apoptosis rate of GCs was examined with an
Annexin V and 7-AAD apoptosis kit (Damao, Tianjin,
China) according to the manufacturer’s protocol.

Microarray analysis and bioinformatics analysis
For Affymetrix® microarray profiling, the total RNA was
isolated from GCs of the three groups using TRIzol re-
agent (Invitrogen, Carlsbad, Canada) and purified using
a RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. The quality and amount
of RNA were determined using a UV-Vis Spectropho-
tometer (Thermo, NanoDrop 2000, USA) at an absorb-
ance of 260 nm. The mRNA expression profiling was
detected by Affymetrix HTA2.0 (Affymetrix GeneChip®,
USA) which included 67,528 gene-level probe sets. The
microarray analysis was performed using Affymetrix® Ex-
pression Console Software (version 1.2.1). Raw data
(CEL files) were normalized at the transcript level using
the robust multi-array average method. The median
summarization of transcript expressions was calculated.
The gene-level data were filtered with the probe sets in
the “core” meta-probe list that represented RefSeq genes.
Significant pathways of differentially expressed genes
were obtained on the basis of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database and Biocarta and
Reactome databases. The threshold of a significant path-
way was defined as P < 0.05 by Fisher’s exact test.

Western blot analysis
GCs were washed with pre-cooled PBS and scraped into
RIPA lysis buffer (Beyotime, Shanghai, China). The total
protein concentration of GCs was analyzed using the
bicinchoninic acid assay (BCA; Solarbio, Beijing, China)
according to the manufacturer’s instructions. Proteins
collected from different groups were electrophoresed on
a sodium dodecyl sulfate (SDS)–10% polyacrylamide gel
and then transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad, CA, USA). Then, the
membranes were blocked in 5% skim milk solution at
room temperature for 2 h. Anti-CycinB1 antibody (Cell
Signaling Technology, MA, USA), anti-CDC2 antibody
(Cell Signaling Technology, MA, USA), and anti-
Gadd45b antibody (Santa Cruz Biotechnology, CA,
USA) were diluted in 1× PBST containing 5% skim milk
and then incubated with PBST-washed membranes at 4 °
C overnight. Then, the membranes were incubated with
HRP-labeled secondary antibody (Beyotime, Shanghai,
China) at room temperature for 2 h. After that, the
membranes were visualized using Western Lightning®
Plus-ECL (PerkinElmer, MA, USA) and exposed by Ima-
geQuant LAS 4010 Control Software (GE, Boston, USA).

Statistical analyses
All statistical analyses were performed using SPSS 20.0
software (SPSS Inc., Chicago, IL, USA). The results were
expressed as mean ± SD. The differences between groups
were assessed by two-tailed student t test or ANOVA,
and regression analysis was also performed. A two-tailed
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P value of less than 0.05 was considered to be statisti-
cally significant (indicated by an asterisk in figures).

Results
Characterization of GCs
Ovarian GCs obtained from human follicular fluid were
cultured for 48 h and then observed under an inverted
microscope. These cells were dendritic or spindle
shaped and connected by elongated pseudopodia, and
they had a large and round nucleus with conspicuous
nucleolus and abundant cytoplasmic particles (Fig. 1a).
After the passage of GCs, cells showed a fibroblast
morphology (Fig. 1b). IHC staining showed the expres-
sion of FSHR, a GC marker required for normal ovar-
ian development and follicular maturation, in the
membrane and cytoplasm. Over 90% of membranes
and cytoplasm were stained brown (Fig. 1c), indicating
the high purity of GCs.

Cytotoxicity of epirubicin on GCs
CCK-8 assay was performed to determine the cytotox-
icity of epirubicin on human ovarian GCs. The adminis-
tration of 6.25, 25, and 100 μg/L epirubicin significantly
inhibited GC proliferation compared with that in the
control group (P < 0.05), whereas that of 3.125 μg/L epir-
ubicin showed no significant inhibitory effect on GC
proliferation (P > 0.05). The inhibitory effect was posi-
tively correlated with the concentration and duration of
epirubicin (Fig. 2a). Thus, the duration was set to 24 h,
and the corresponding half-inhibitory concentration
(IC50) was 25 μg/L (Fig. 2b).

MB-MSCs restored epirubicin-induced hormone reduction
of GCs
The ELISA analysis showed that epirubicin reduced the
secretion of hormones (E2, progesterone, AMH, inhibin
A, and inhibin B) by human ovarian GCs (P < 0.05),
which however could be restored to a certain extent by
MB-MSCs (P < 0.05) (Fig. 3a).

The effect of MB-MSCs on epirubicin-induced inhibition of
GC proliferation
CCK8 assays were performed to examine GC prolifera-
tion. Compared with the control group, epirubicin inhib-
ited GC proliferation in the G+E group (P < 0.05), which
however was reversed by MB-MSCs in the G+E+M
group (P < 0.05) (Fig. 3b).

The effect of MB-MSCs on epirubicin-induced cell cycle
arrest of GCs
FACS was performed to examine the effect of MB-MSCs
on epirubicin-induced cell cycle of GCs (Fig. 3c). Com-
pared with the control group, the ratio of G2/M phase
was increased, while that of G1 phase was decreased in
the G+E group (P < 0.05). However, compared with the
G+E group, the ratio of G2/M phase was decreased,
while that of G1 phase was increased in the G+E+M
group (P < 0.05).

MB-MSCs recovered epirubicin-induced apoptosis of GCs
The annexin V and 7-AAD double staining showed
that the apoptosis of GCs cultured alone was signifi-
cantly lower than that co-cultured with 25 μg/L of
epirubicin for 24 h (4.58% vs 36.14%, respectively; P <
0.05). The early and late apoptotic percentages were
28.7% and 9.44% in the G+E group, which were sig-
nificantly higher than those in the control group
(4.06% and 0.51%, respectively, P < 0.05), but lower
than those in the G+E+M group (19.54% and 9.99%,
respectively, P < 0.05), indicating that MB-MSCs re-
covered epirubicin-induced apoptosis of human ovar-
ian GCs (Fig. 3d).

The effect of MB-MSCs on epirubicin-induced gene
expressions of GCs
We found that MB-MSCs could repair epirubicin-induced
GC damage, which might be related to cell proliferation,
cell cycle, and cell apoptosis. A genome-wide transcrip-
tional analysis using the Affymetrix GeneChip® identified

Fig. 1 The morphology of GCs: a primary ovarian GCs cultured for 4 days (× 200), bar 100 μm; b ovarian GCs cultured for 15 days at passage 1 (×
100), bar 100 μm. c IHC staining of primary ovarian GCs for FSHR: both membrane and cytoplasm were brown stained (× 20), bar 100 μm
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3599 significantly differentially expressed genes between
G+E and control groups, including 1962 upregulated
genes and 1607 downregulated genes, and 2814 signifi-
cantly differentially expressed genes between G+E+M and
G+E groups, including 1130 upregulated genes and 1684
downregulated genes (Fig. 4a). The pathway analysis using

the KEGG database showed that the cell cycle pathway
was involved in 18 differentially expressed genes between
G+E and control groups and 7 differentially expressed
genes between G+E+M and G+E groups (Fig. 4b), in-
cluding CyclinB1 (fold change> 1.5, P < 0.05), CDC2
(fold change> 1.5, P < 0.05), and Gadd45b (fold change> 1.5,

Fig. 2 CCK8 assays of epirubicin-treated GCs. a The relationship between the inhibitory effect of epirubicin on GC proliferation and the concentration
and duration of epirubicin. b The half-inhibitory concentration (IC50) 24 h after treatment was 25 μg/L. *P < 0.05

Fig. 3 The effect of MB-MSCs on epirubicin-induced GC damage. a Hormone changes of GCs with different treatments. b The effect of MB-MSCs
on epirubicin-induced inhibition of GC proliferation was detected with CCK8 arrays. c The effect of MB-MSCs on epirubicin-induced cell cycle
arrest of GCs was analyzed with FACS. d Apoptosis of GCs with different treatments by flow cytometry analysis. *P < 0.05
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P < 0.05) (Fig. 4c). The microarray analysis results showed
that of the three subtypes (Gadd45a, Gadd45b, and
Gadd45g) of Gadd45, Gadd45b was identified as a signifi-
cantly differentially expressed gene.

The effect of MB-MSCs on epirubicin-induced protein
expressions of GCs
Western blot analysis showed that compared with the
control group, CyclinB1 and CDC2 were downregulated
(P < 0.05) and Gadd45b was upregulated (P < 0.05) in the
G+E group. However, compared with the G+E group,
CyclinB1 and CDC2 were upregulated (P < 0.05) and

Gadd45b was downregulated (P < 0.05) in the G+E+M
group (Fig. 5a, b).

Discussion
Long-term administration of high-dose anthracycline
can have a detrimental effect on the ovarian functions of
young patients, resulting in amenorrhea, infertility, and
even POF [16]. Bar-Joseph et al. [17] found that follicu-
lar germinal vesicle oocytes were more vulnerable to the
toxic effect of doxorubicin than ovulated MII oocytes in
mice. Ben et al. [18] found that in vivo administration of
doxorubicin resulted in a significant reduction in the

Fig. 4 The effect of MB-MSCs on epirubicin-induced gene expressions of GCs. a The hierarchical cluster analysis of the mRNA level of GCs in
different groups. b Enrichment analysis of differentially expressed gene pathways in GCs in different groups. c Differential gene mapping graph in
cell cycle pathway of GCs in different groups

Yan et al. Stem Cell Research & Therapy            (2019) 10:4 Page 6 of 10



population of secondary follicles and a nearly significant
reduction in the population of primordial and primary
follicles in female mice. There is also accumulating evi-
dence that adriamycin can induce GC apoptosis and fol-
licle damage [6, 7]. GCs can provide essential nutrients
for oocyte development and follicle maturation, and they
are also implicated in mediating the regulation of go-
nadotropin on oocyte maturation and help to maintain a
supportive microenvironment for oocyte maturation by
autocrine and paracrine [19]. Thus, the apoptosis of GCs
can directly affect follicle development, resulting in a re-
duction in ovulation rates and hormone levels and even
the occurrence of POF. In this study, we investigated
whether MB-MSCs could repair epirubicin-induced
cytotoxicity in human ovarian GCs, and the results may
contribute to developing more effective treatment strat-
egies for chemotherapy-induced POF.

In this study, ovarian GCs were obtained from human
follicular fluid using density gradient centrifugation, and
these GCs were dendritic or spindle shaped with uni-
form and abundant cytoplasmic particles. IHC staining
showed that FSHR, the specific marker of GCs, was
expressed in both cell membrane and cytoplasm. In
order to investigate whether MB-MSCs could repair
epirubicin-induced damage to ovarian GCs, we isolated
and characterized MB-MSCs as previously described [15],
and co-cultured GCs treated by epirubicin with MB-MSCs.
Ovarian reserve is established during fetal life and de-

pends critically on the number of primordial follicles in
the ovarian cortex. However, the initial stock of primordial
follicles decreases with chronological age until menopause,
the final step of ovarian aging [20]. It is very important to
evaluate the ovarian reserve as it is a good indicator of the
reproductive potential and lifespan. However, it cannot be

Fig. 5 The effect of MB-MSCs on epirubicin-induced GC protein expressions: a Gadd45b, CyclinB1, and CDC2 protein expressions were analyzed
with Western blot analysis. GAPDH was used as an endogenous control. b The quantitative graph of Gadd45b, CyclinB1, and CDC2 protein
expressions. *P < 0.05
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quantified directly in vivo or indirectly by menstrual status,
and thus, hormonal and ultrasonographic assays have been
developed for the detection of indirect markers, including
E2, inhibin B, and AMH [21]. Among these markers, serum
AMH has been shown to be the most accurate marker in
estimating the pool of antral follicles, which can indirectly
reflect the remaining ovarian reserve and the reproductive
lifespan [22, 23].
In this study, the E2, progesterone, AMH, inhibin A,

and inhibin B levels were determined to evaluate the func-
tions of GCs. The ELISA results showed that epirubicin
could inhibit the secretion of E2, progesterone, AMH, in-
hibin A, and inhibin B by GCs, indicating that the func-
tions of GCs could be affected by epirubicin. However,
compared with the G+E group, the E2, progesterone,
AMH, inhibin A, and inhibin B levels were increased in
the G+E+M group, indicating that MB-MSCs had the po-
tential to recover epirubicin-induced cell damage.
CCK8 assays were performed to examine GC prolifer-

ation, and FACS was performed to determine the effect
of MB-MSCs on epirubicin-induced cell cycle distribu-
tion of GCs. It was found that epirubicin inhibited GC
proliferation and arrested them in G2/M phase, while
MB-MSCs promoted GC proliferation and repaired
epirubicin-induced G2/M phase arrest of GCs. Cell
growth can be restrained by controlling the cell cycle,
and the cell division cycle is regulated by the Cdk family
of serine/threonine kinases and cyclins. G2/M transition
is regulated by CyclinB1/CDC2 complex in mammalian
cells [24, 25], whose activity is in turn regulated by
CDC25C [26], p53 [27, 28], p21 [29], 14-3-3 s [30], and
Gadd45 (growth arrest and DNA damage inducible
gene) [31, 32]. To further investigate whether CyclinB1,
CDC2, and their upstream regulatory factors were in-
volved in the repair effect of MB-MSCs, we performed a
genome-wide transcriptional analysis using the Affyme-
trix GeneChip®. It was found that 18 differentially
expressed genes between G+E and control groups and 7
differentially expressed genes between G+E+M and G+E
groups were involved in cell cycle pathway (Fig. 4c), in-
cluding CyclinB1 (fold change> 1.5, P < 0.05), CDC2
(fold change> 1.5, P < 0.05), and Gadd45b (fold change>
1.5, P < 0.05). Thus, Gadd45b may play a vital role for
MB-MSCs in repairing epirubicin-induced cell cycle ar-
rest and promoting cell proliferation, and it can also act
on the CyclinB1/CDC2 complex and thus affect GC
cycle and proliferation.
The Gadd45 family includes Gadd45a, Gadd45b, and

Gadd45g. Gadd45 genes encode small (18 kDa) evolu-
tionarily conserved proteins that are highly homologous
to each other (55–57% overall identity at the amino acid
level), and they are highly acidic and localized in both
cell cytoplasm and nucleus [33–35]. Gadd45 proteins
have been implicated in stress signaling in response to

physiological and environmental stressors, including
oncogenic stressors, which can result in cell cycle arrest,
DNA repair, cell survival, senescence, and apoptosis. The
function of Gadd45 as a stress sensor is mediated via
physical interactions with other cellular proteins impli-
cated in cell cycle regulation and the response of cells to
stress, notably PCNA, p21, CDC2/CyclinB1, p38, and
JNK stress response kinases [36]. The inhibition of the
endogenous expression of Gadd45a, Gadd45b, or
Gadd45g in human cells by antisense Gadd45 constructs
was found to impair the G2/M checkpoint following ex-
posure to UV radiation or MMS [35, 37, 38]. Microin-
jecting a Gadd45a expression vector into primary
human fibroblasts arrested cells at the G2/M boundary
of the cell cycle [38], which could be attributed to their
ability to inhibit the kinase activity of the CDC2/
CyclinB1 complex [35, 39]. The association of Gadd45a/
Gadd45b proteins with CDC2/CyclinB1 results in the
dissociation of the CDC2/CyclinB1 complex, which in
turn can inhibit CDC2 kinase activity [35]. Western blot
analysis showed that epirubicin induced the expression
of Gadd45b proteins and inhibited the expression of
CyclinB1 and CDC2 proteins in GCs, while MB-MSCs
inhibited the expression of Gadd45b proteins and in-
duced the expression of CyclinB1 and CDC2 proteins in
epirubicin-treated GCs. It could be inferred that epirubi-
cin inhibited the activity of CyclinB1/CDC2 complex by
inducing the expression of Gadd45b, resulting in G2/M
phase arrest of GCs and inhibition of GC proliferation,
while MB-MSCs promoted the transformation of GCs
from G2 to M phase and GC proliferation by inhibiting
the expression of Gadd45b in epirubicin-treated GCs.
Gadd45 proteins have a pro-apoptotic function. For ex-

ample, blocking Gadd45b by antisense expression in M1
myeloblastic leukemia cells impaired TGFb-induced cell
death, and thus, Gadd45b may be a positive modulator of
TGFb-induced apoptosis [40]. In this study, we observed
an increase in the apoptosis of GCs after epirubicin treat-
ment and the expression of Gadd45b, which however could
be inhibited by MB-MSCs. Therefore, the inhibitory effect
of MB-MSCs on epirubicin-induced GC apoptosis might
be related to the decreased expression of Gadd45b.
It was found that epirubicin might inhibit the activity

of CyclinB1/CDC2 complex by inducing the expression
of Gadd45b, resulting in the inhibition of GC prolifera-
tion and G2/M phase arrest of GCs, while MB-MSCs
promoted GC proliferation, which might be related to
the inhibition of the expression of Gadd45b, resulting in
the inhibition of CyclinB1/CDC2 complex activity and
the transformation of GCs from G2 to M phase. It was
also observed that epirubicin might induce the apoptosis
of GCs by inducing the expression of Gadd45b, while
MB-MSCs might inhibit the apoptosis of GCs by inhibit-
ing the expression of Gadd45b.
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Conclusions
MB-MSCs improved the secretion of E2, progesterone,
AMH, inhibin A, and inhibin B; inhibited epirubicin-in-
duced G2/M phase arrest of GCs; promoted GC prolifera-
tion; and inhibited GC apoptosis. The repair effect of
MB-MSCs might be related to the inhibition of Gadd45b
protein expression. These results indicate the possibility of
MB-MSCs as a potential therapeutic strategy for the treat-
ment of epirubicin-induced POF. This study also provides
an experimental basis for the pathological mechanism and
hormone replacement therapy for POF.

Abbreviations
AMH: Anti-Müllerian hormone; CCK8: Cell Counting Kit-8 assays; DMEM/
F12: Dulbecco’s modified Eagle’s medium; E2: Estradiol; ELISA: Enzyme-linked
immunosorbent assay; FSHR: Follicle-stimulating hormone receptors;
Gadd45: Growth arrest and DNA damage inducible gene; GCs: Granulosa
cells; GnRH: Gonadotropin-releasing hormones; HCG: Human chorionic
gonadotropin; HRT: Hormone replacement therapy; IHC: Immunohistochemical;
IVF-ET: In vitro fertilization-embryo transfer; KEGG: Kyoto Encyclopedia of Genes
and Genomes; MB-MSCs: Mesenchymal stem cells isolated from menstrual
blood; MSCs: Mesenchymal stem cells; PBS: Phosphate-buffered saline;
POF: Premature ovarian failure

Acknowledgements
This work was supported by grants (81303108 to Xue Du) from the National
Natural Science Foundation of China.
We appreciate the help of Dr. Rui Lv and Xiaohong Bai from Tianjin Medical
University General Hospital for the collection of follicular fluid.

Funding
This work was supported by grants (81303108 to Xue Du) from the National
Natural Science Foundation of China.

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

Authors’ contributions
ZY was responsible for the cell experiments on the effects of mesenchymal
stem cells on GCs and writing the manuscript. FG was responsible for the
Western blot analysis and ELISA analysis. QY was responsible for the
differentially expressed gene analysis of GCs. YS and YZ cultured and
identified the mesenchymal stem cells and GCs and were responsible
for the cell experiments of GCs treated with epirubicin. HW and SH
collected and analyzed the data and revised the manuscript. XD designed the
experiment, revised the manuscript, supervised the study, and provided
financial support. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Written informed consent was obtained from each donor, and this study
was approved by the ethics committee of Tianjin Medical University
(IRB2018-YX-089).

Consent for publication
Not applicable.

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

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Department of Obstetrics & Gynecology, General Hospital, Tianjin Medical
University, NO.154, Anshan Road, Heping District, Tianjin 300052, China.

2Maternal and Child Health Care Hospital of Shandong Province, NO.238,
Jingshi Road, Jinanlixia District, Jinan 250014, China. 3Maternal and Child
Health Hospital of Guiyang City, NO.63, Ruijin south Road, Nanming District,
Guiyang City 550003, Guizhou Province, China. 4Reproductive Medical
Center, Tianjin Central Hospital of Gynecology Obstetrics, NO.156, Nankai
Sanma Road, Nankai District, Tianjin 300010, China.

Received: 31 October 2018 Revised: 29 November 2018
Accepted: 5 December 2018

References
1. Ganz PA, Rowland JH, Desmond K, Meyerowitz BE, Wyatt GE. Life after

breast cancer: understanding women’s health-related quality of life and
sexual functioning. J Clin Oncol. 1998;16:501–14.

2. de Vos FY, Nuver J, Willemse PH, van der Zee AG, Messerschmidt J,
Burgerhof JG, de Vries EG, Gietema JA. Long-term survivors of ovarian
malignancies aftercis platin-based chemotherapy; cardiovascular risk factors
and signs of vascular damage. Eur J Cancer. 2004;40:696–700.

3. Lana MB, Straminsky V, Onetto C, Amuchastegui JM, Blanco G, Galluzzo L,
Provenzano S, Nolting M. What is really responsible for bone loss in
spontaneous premature ovarian failure? A new enigma. Gynecol Endocrinol.
2010;26:755–9.

4. Maclaran K, Panay N. Premature ovarian failure. J Fam Plann Reprod Health
Care. 2011;37:35–42.

5. Tannock IF, Ahles TA, Ganz PA, Van Dam FS. Cognitive impairment
associated with chemotherapy for cancer: report of a workshop. J Clin
Oncol 2004; 22:2233–2239

6. Morgan S, Lopes F, Gourley C, Anderson RA, Spears N. Cisplatin and
doxorubicin induce distinct mechanisms of ovarian follicle loss; imatinib
provides selective protection only against cisplatin. PLoS One. 2013. https://
doi.org/10.1371/journal.pone.0070117.

7. Sanchez AM, Giorgione V, Viganò P, Papaleo E, Candiani M, Mangili G,
Panina-Bordignon P. Treatment with anticancer agents induces
dysregulation of specific Wnt signaling pathways in human ovarian
luteinized granulosa cells in vitro. Toxicol Sci. 2013;136(1):183–92.

8. Agung M, Ochi M, Yanada S, Adachi N, Izuta Y, Yamasaki T, Toda K.
Mobilization of bone marrow-derived mesenchymal stem cells into the
injured tissues after intraarticular injection and their contribution to tissue
regeneration. Knee Surg Sports Traumatol Arthrosc. 2006;14:1307–14.

9. Muscari C, Bonafè F, Martin-Suarez S, Valgimigli S, Valente S, Fiumana E,
Fiorelli F, Rubini G, Guarnieri C, Caldarera CM, Capitani O, Arpesella G, et al.
Restored perfusion and reduced inflammation in the infarcted heart after
grafting stem cells with a hyaluronan-based scaffold. J Cell Mol Med. 2013;
17:518–30.

10. Li J, Mao Q, He J, She H, Zhang Z, Yin C. Human umbilical cord
mesenchymal stem cells improve the reserve function of perimenopausal
ovary via a paracrine mechanism. Stem Cell Res Ther. 2017. https://doi.org/
10.1186/s13287-017-0514-5.

11. Fu X, He Y, Xie C, Liu W. Bone marrow mesenchymal stem cell
transplantationimproves ovarian function and structure in rats with
chemotherapy-induced ovarian damage. Cytotherapy. 2008;10:353–63.

12. Takehara Y, Yabuuchi A, Ezoe K, Kuroda T, Yamadera R, Sano C, Murata N,
Aida T, Nakama K, Aono F, Aoyama N, Kato K, et al. The restorative effects of
adipose-derived mesenchymal stem cells on damaged ovarian function. Lab
Investig. 2013;93:181–93.

13. Meng X, Ichim TE, Zhong J, Rogers A, Yin Z, Jackson J, Wang H, Ge W,
Bogin V, Chan KW, Thébaud B, Riordan NH. Endometrial regenerative cells: a
novel stem cell population. J Transl Med. 2007;5:57.

14. Zhong Z, Patel AN, Ichim TE, Riordan NH, Wang H, Min WP, Woods EJ, Reid M,
Mansilla E, Marin GH, Drago H, Murphy MP, Minev B. Feasibility investigation of
allogeneic endometrial regenerative cells. J Transl Med. 2009;7:15.

15. Du X, Yuan Q, Qu Y, Zhou Y, Bei J. Endometrial mesenchymal stem cells
isolated from menstrual blood by adherence. Stem Cells Int. 2016. https://
doi.org/10.1155/2016/3573846.

16. Tan C, Tasaka H, Yu KP, Murphy ML, Karnofsky DA. Daunomycin, an antitumor
antibiotic, in the treatment of neoplastic disease. Clinical evaluation with
special reference to childhood leukemia. Cancer. 1967;20(3):333–53.

17. Bar-Joseph H, Ben-Aharon I, Rizel S, Stemmer SM, Tzabari M, Shalgi R.
Doxorubicin-induced apoptosis in germinal vesicle (GV) oocytes. Reprod
Toxicol 2010; 30:566–72.

Yan et al. Stem Cell Research & Therapy            (2019) 10:4 Page 9 of 10

https://doi.org/10.1371/journal.pone.0070117
https://doi.org/10.1371/journal.pone.0070117
https://doi.org/10.1186/s13287-017-0514-5
https://doi.org/10.1186/s13287-017-0514-5
https://doi.org/10.1155/2016/3573846
https://doi.org/10.1155/2016/3573846


18. Ben-Aharon I, Bar-Joseph H, Tzarfaty G, Kuchinsky L, Rizel S, Stemmer SM, Shalgi
R. Doxorubicin-induced ovarian toxicity. Reprod Biol Endocrinol. 2010;8:20.

19. Jancar N, Kopitar AN, Ihan A, Virant Klun I, Bokal EV. Effect of apoptosis and
reactive oxygen species production in human granulosa cells on oocyte
fertilization and blastocyst development. J Assist Reprod Genet. 2007;24:91–7.

20. Broekmans FJ, Soules MR, Fauser BC. Ovarian aging: mechanisms and
clinical consequences. Endocr Rev. 2009;30(5):465–93.

21. Domingues TS, Rocha AM, Serafini PC. Tests for ovarian reserve: reliability
and utility. Curr Opin Obstet Gynecol. 2010;22(4):271–6.

22. Broer SL, Broekmans FJ, Laven JS, Fauser BC. Anti-Mullerian hormone:
ovarian reserve testing and its potential clinical implications. Hum Reprod
Update. 2014;20(5):688–701.

23. Dewailly D, Andersen CY, Balen A, Broekmans F, Dilaver N, Fanchin R, et al.
The physiology and clinical utility of anti-Mullerian hormone in women.
Hum Reprod Update. 2014;20(3):370–85.

24. Hyka-Nouspikel N, Desmarais J, Gokhale PJ, Jones M, Meuth M, Andrews
PW, et al. Deficient DNA damage response and cell cycle checkpoints lead
to accumulation of point mutations in human embryonic stem cells. Stem
Cells. 2012;30:1901–10.

25. Zhao Y, Lou IC, Conolly RB. Computational modeling of signaling pathways
mediating cell cycle checkpoint control and apoptotic responses to ionizing
radiation-induced DNA damage. Dose Response. 2012;10:251–73.

26. Tumurbaatar I, Cizmecioglu O, Hoffmann I, Grummt L, Voit R. Human
Cdc14B promotes progression through mitosis by dephosphorylating Cdc25
and regulating Cdk1/cyclin B activity. PLoS One. 2011. https://doi.org/10.
1371/journal.pone.0014711.

27. Tsui MM, Tai WC, Wong WY, Hsiao WL. Selective G2/M arrest in a
p53(Val135)-transformed cell line induced by lithium is mediated through
an intricate network of MAPK and b-catenin signaling pathways. Life Sci.
2012;91:312–21.

28. Hseu YC, Lee MS, Wu CR, Cho HJ, Lin KY, Lai CH, et al. The chalcone
flavokawain B induces G2/M cell-cycle arrest and apoptosis in human oral
carcinoma HSC-3 cells through the intracellular ROS generation and
downregulation of the Akt/ p38 MAPK signaling pathway. J Agric Food
Chem. 2012;60:2385–97.

29. Bunz F, Dutriaux A, Lengauer C, Weldman TS, Zhou JP, Brown J, et al.
Requirement for p53 and p21 to sustain G2 arrest after DNA damage.
Science. 1998;282:1497–501.

30. Shi L, Chen J, Wang YY, Sun G, Lin JN, Zhang JX, et al. Gossypin induces G2/
M arrest in human malignant glioma U251 cells by the activation of Chk1/
Cdc25C pathway. Cell Mol Neurobiol. 2012;32:289–96.

31. Hermekin H, Benzinger A. 14-3-3 proteins in cell cycle regulation. Semin
Cancer Biol. 2006;16:183–92.

32. Takeba Y, Kumai T, Matsumoto N, Nakaya S, Tsuzuki Y, Yanagida Y, et al.
Irinotecan activates p53 with its active metabolite, resulting in human
hepatocellular carcinoma apoptosis. J Pharmacol Sci. 2007;(3):232–42.

33. Abdollahi A, Hoffman-Liebermann B, Liebermann D. Sequence and
expression of a cDNA encoding MyD118: a novel myeloid
differentiation primary response gene induced by multiple cytokines.
Oncogene. 1990;6:165–7.

34. Zhang W, Bae I, Krishnaraju K, Azam N, Fan W, Smith K, Hoffman B, Liebermann
DA. CR6: a third member in the MyD118 & Gadd 45 gene family which
functions in negative growth control. Oncogene. 1999;18:4899–907.

35. Vairapandi M, Balliet AG, Hoffman B, Liebermann DA. GADD45b and
GADD45g are cdc2/cyclinB1 kinase inhibitors with a role in S and G2/M cell
cycle checkpoints induced by genotoxic stress. J Cell Physiol. 2002;192:327–38.

36. Liebermann DA, Tront JS, Sha X, Mukherjee K, Mohamed-Hadley A, Hoffman
B. Gadd45 stress sensors in malignancy and leukemia. Crit Rev Oncog. 2011;
16(1–2):129–40.

37. Liebermann DA, Hoffman B. MyD genes in negative growth control.
Oncogene. 1998;17:3319–30.

38. Wang XW, Zhan Q, Coursen JD, Khan MA, Kontny HU, Yu L, Hollander MC,
O'Connor PM, Fornace AJ Jr, Harris CC. GADD45 induction of a G2/M cell
cycle checkpoint. Proc Natl Acad Sci U S A. 1999;96:3706–11.

39. Zhan Q, Antinore MJ, Wang XW, Carrier F, Smith ML, Harris CC, Fornace AJ
Jr. Association with Cdc2 and inhibition of Cdc2/Cyclin B1 kinase activity by
the p53-regulated protein Gadd45. Oncogene 1999;18:2892–2900.

40. Selvakumaran M, Lin HK, Sjin RT, Reed JC, Liebermann DA, Hoffman B. The
novel primary response gene MyD118 and the proto-oncogenes myb, myc,
and bcl-2 modulate transforming growth factor beta 1-induced apoptosis
of myeloid leukemia cells. Mol Cell Biol. 1994;14(4):2352–60.

Yan et al. Stem Cell Research & Therapy            (2019) 10:4 Page 10 of 10

https://doi.org/10.1371/journal.pone.0014711
https://doi.org/10.1371/journal.pone.0014711

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Isolation, culture, and identification of MB-MSCs
	Isolation, culture, and identification of ovarian GCs
	Effects of epirubicin on GCs in vitro
	Effects of MB-MSCs on GCs
	Enzyme-linked immunosorbent assay
	CCK8
	Propidiumiodide (PI) single staining
	Annexin V and 7-AAD double staining
	Microarray analysis and bioinformatics analysis
	Western blot analysis
	Statistical analyses

	Results
	Characterization of GCs
	Cytotoxicity of epirubicin on GCs
	MB-MSCs restored epirubicin-induced hormone reduction of GCs
	The effect of MB-MSCs on epirubicin-induced inhibition of GC proliferation
	The effect of MB-MSCs on epirubicin-induced cell cycle arrest of GCs
	MB-MSCs recovered epirubicin-induced apoptosis of GCs
	The effect of MB-MSCs on epirubicin-induced gene expressions of GCs
	The effect of MB-MSCs on epirubicin-induced protein expressions of GCs

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

