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1 | INTRODUCTION

Premature ovarian failure (POF) is an infertility disorder character-
ized by amenorrhea and hypergonadotropic hypoestrogenism in

women before the age of 40. The estimated prevalence of POF is

almost 1% among women in

Abstract

Many studies have reported that human endometrial mesenchymal stem cells (HuMenSCs) are
capable of repairing damaged tissues. The aim of the present study was to investigate the
effects of HuMenSCs transplantation as a treatment modality in premature ovarian failure (POF)
associated with chemotherapy-induced ovarian damage. HuMenSCs were isolated from men-
strual blood samples of five women. After the in vitro culture of HuMenSCs, purity of the cells
was assessed by cytometry using CD44, CD90, CD34, and CD45 FITC conjugate antibody.
Twenty-four female Wistar rats were randomly divided into four groups: negative control,
positive control, sham, and treatment groups. The rat models of POF used in our study were
established by injecting busulfan intraperitoneally into the rats during the first estrus cycle.
HuMenSCs were transplanted by injection via the tail vein into the POF-induced rats. Four
weeks after POF induction, ovaries were collected and the levels of Amh, Fst, and Fshr expres-
sion in the granulosa cell (GC) layer, as well as plasma estradiol (E2) and progesterone
(P4) levels were evaluated. Moreover, migration and localization of Dil-labeled HuMenSCs
were detected, and the labeled cells were found to be localized in GCs layer of immature folli-
cles. In addition to Dil-labelled HuMenSCs tracking, increased levels of expression of Amh and
Fshr and Fst, and the high plasma levels of E2 and P4 confirmed that HuMenSC transplanta-
tion had a significant effect on follicle formation and ovulation in the treatment group com-
pared with the negative control (POF) group.
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Alkylating agents such as cyclophosphamide (CTX) and busulfan are
known to affect female reproduction through the induction of ovarian
cytotoxicity (Generoso, Stout, & Huff, 1971; Kalich-Philosoph et al.,
2013; Sakurada et al., 2009). POF is a secondary infertility disorder
characterized by high levels of gonadotropins (luteinizing hormone
general

population and follicle stimulating hormone) and low levels of gonadal hor-

(Bandyopadhyay et al., 2003; Beck-Peccoz & Persani, 2006; Liu
et al.,, 2014; McGuire et al., 2011; Persani, Rossetti, & Cacciatore,
2010), however, little is known about this devastating disorder.
Treatment of cancer with chemotherapy and radiation is one of the

major causes of POF due to toxicity-induced DNA damage in the ovary.

mones (Anasti, 1998). Previous studies have indicated that lack of
estrogen in the inactive ovaries of these patients leads to impeded
follicular growth and vaginal and uterine mucosa atrophy (Duncan,
Cummings, & Chada, 1993; McGuire et al., 2011). In recent years,

much attention has been paid to stem cell therapy as a treatment
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modality in POF. Many researchers have investigated the use of
stem cell transplant, including human menstrual blood stem cells,
Adipose-derived stem cells, Human endometrial mesenchymal stem
cells (HuMenSCs), and human amniotic fluid cells (HUAFCs), as a cell
therapy for chemotherapy-induced ovarian damaged (Lai et al,
2015; Liu et al., 2010; Liu et al., 2014; Sun et al., 2013).

HuMenSCs are stem cell-like population that exist in menstrual
blood, which express the surface markers CD9, CD29, CD41a,
CD44, CD59, CD73, CD90, and CD105. These mononuclear cells
can be isolated from human menstrual blood via culture expansion
(Meng et al., 2007). These cells were first identified by Gargett
(2004). HuMenSCs have the ability to differentiate into all the three
germ layers, a strong pluripotent characteristic that has been
highlighted by a number of studies (Hida et al., 2008; Meng et al.,
2007; Patel et al., 2005).

Moreover, these cells are more easily extracted than other adult
stem cells. Therefore, they can be an appropriate and safe source for
cell therapy, with a higher ability to survive and proliferate in vitro
(Borlongan et al., 2010; Mou et al., 2013).

HuMenSCs possess characteristics of both mesenchymal stem
cells (high expression of the surface markers CD29, CD44, CD49f,
CD90, CD105, and CD117 (and embryonic stem cells (high expres-
sion levels of Oct4 and SSEA3/4). In many studies, the ability of
these cells to differentiate into other cell types such as adipocytes,
osteoblasts, chondrocytes, neurons, endotheliocytes, pulmonary
epithelial cells, hepatocytes, cardiac myocytes, and insulin-
producing cells has been proven (Hida et al., 2008; Li et al., 2010;
Lin, Xiang, Zhang, Allickson, & Xiang, 2011; Meng et al., 2007; Patel
et al.,, 2005; Patel, Park, Kuzman, & Benetti, 2008).

In addition to the above-mentioned characteristics of HuMenSCs,
we hypothesize that these cells are able to differentiate into ovarian-
like cells (particularly, ovarian granulosa cells [GCs]), making them ideal
for the treatment of POF. In this study, POF was induced in Rat by
busulfan treatment, and HuMenSCs were injected intravenously into
the rats via the tail vein. Our findings suggest that HuMenSCs have
improved restorative effects on ovarian function. ELISA and real time
PCR techniques were used to evaluate the various parameters in our

study.

2 | MATERIALS AND METHODS

2.1 | Animal model and experimental grouping

Eight-week old female Wistar rats, weighing 200-250 g, were used
for all experiments performed in this study. All procedures in this
study were performed according to the guidelines of the Ethical Com-
mittee of Tehran University of Medical Sciences.

The rat models of chemotherapy-induced POF were established
by intraperitoneal injection of the cytotoxic agent busulfan (Sigma,
St. Louis, MO) at a dose of 36 mg/kg (Tan et al., 2010). Busulfan was
injected during the first estrus cycle. The predicted period of estrus
cycle of the rats was 5 days (Hubscher, Brooks, & Johnson, 2005).
Rats were sacrificed 4 weeks after chemotherapy-induced ovarian

damage for histologic examination and POF modeling confirmation.

The rats were randomly divided into four equal groups: The positive
control group (normal control rats) received no treatment. In the
negative control group, rats were administered busulfan only. In the
treatment group, POF rats were injected intravenously with
HuMenSCs (10° cells per 200 uL), which had been labeled with Dil
(Invitrogen, Carlsbad, CA) 1 ml of phosphate-buffered saline (PBS;
Sigma, Steinheim, Germany). In the sham group, 1 ml PBS was
injected intravenously to the rat models of POF using a micro injec-
tor (Sun et al., 2013).

2.2 | Isolation and culture of HuMenSCs

Mesenchymal cells were collected from ~10 ml of menstrual blood of
five women (20-30 years old) on the second day of menstruation
after obtaining an informed consent. This study was approved by the
Ethical Committee of Tehran University of Medical Sciences (ref.
no. 25110, approved April 28, 2014), and the experiments were per-
formed according to national and international guidelines. Informed
consent was obtained from all participants.

Menstrual blood samples containing the cells were carefully
layered over Ficoll-Paque Plus (GE Healthcare, Amersham, UK)
and centrifuged at 400g for 15 min to pellet erythrocytes. The
supernatant was removed and the plate was added to the medium
and was subsequently centrifuged at 1500g for 5 min. Finally, the
supernatant was discarded and the harvested cell plate was resus-
pended in a culture medium. The cell suspension (1 x 10° cells/ml)
was cultured in DMEM: F12 (1,1) medium containing 10% fetal
bovine serum (Sigma), 100 U/ml penicillin and 100 pg/ml strepto-
mycin (both from Sigma). The culture medium was replaced every
3 days. The cells were cultured for 2 weeks (Liu et al., 2014). Cul-
ture dishes were subsequently incubated in a humidified tissue
culture incubator containing 5% CO, at 37°C. At the end of the
third passage, cultured cells were injected intravenously into the
rat models of POF. To determine the identity of HuMenSCs, flow
cytometry was performed using a primary antibody conjugated
with CD44, CD90 CD34, and CD45 (Wang, Wang, Yang, Li, &
Yang, 2017).

2.3 | Flow cytometry for the identification of
HuMenSCs

To characterize HuMenSCs, flow cytometry was performed using a
conjugated primary antibody. The cell suspension (1 x 10° cells/ml)
was stained with the primary antibody labeled with CD90, CD44,
CD34, and CD45 FITC conjugate (all from BD Biosciences, San Jose,
CA) for 1 hr at room temperature. An isotype antibody (mouse
IgG1-FITC; BD Biosciences) was used as a negative control to correct
for nonspecific binding. Flow cytometry analysis was carried out using
a FC500 flow cytometer. All data were analyzed and presented using
Flow Jo software (Liu et al., 2014).

2.4 | Histological assessment

Briefly, ovaries of all rats in the experimental groups were excised

and embedded in paraffin (Merck, Darmstadt, Germany). Serial
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TABLE1 The primers sequence Amh, Fst, Fshr, and GAPDH of genes

Gene name Sequence
Amh For: 5-TAACCCATCAACCAAGCA-3
Rev: 5'-TAGGAAGGAGTCAGCACT-3’
Fst For: 5'-GCTCTCTCCCAGGTCACATT-3'
Rev: 5’-GACTCATCCAGTAGACCACA-3'
Fshr For: 5-TGGCTGAGTAAGAATGGGA-3’
Rev: 5'-TGGTTTGGTAAGGAATGGA-3
GAPDH For: 5-AAGTTCAACGGCACAGTCAAGG-3’

Rev: 5'-CATACTCAGCACCAGCATCACC-3'

sections (5 pum) were cut and stained with hematoxylin-eosin
(H&E) for microscopic assessment of the ovarian tissues. Hoechst
nuclear staining was also performed for highlighting the nuclei
(Sun et al., 2013)

2.5 | ELISA assay

The plasma levels of estradiol (E2) and progesterone (P4) in the rats
were evaluated by ELISA kit (Invitrogen Life Technologies, Carlsbad,
CA). According to the manufacturer's protocol, 100 pl of diluted rat
plasma was added to anti-E2 or anti-P4 antibody precoated Well
microtest plate and incubated for 60 min. After washing twice with
PBS, the HRP-conjugated detection antibodies were added followed
by a substrate solution. The absorbance of the plate was read at
450 nm with the ELISA reader (BIO-RAD Model 550 Microplate
reader; Liu et al., 2014).

2.6 | Real-time PCR

The expression of specific ovarian granulosa cell genes such as Amh
(Anti-Mullerian hormone), Fst (Follistatin), and Fshr (follicle-stimulating
hormone receptor) were examined by real-time PCR. Total RNA was
extracted by Trizol reagent (Ready Mini Kit, Qiagen, Valencia, CA),
according to the manufacturer's protocol.

Real-time PCR was performed by cDNA synthesis kit (Thermo
Scientific RevertAid First Strand cDNA Synthesis Kit, Pittsburgh,
PA) using 1 pg of total RNA, according to the manufacturer's
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Product size (bp) Annealing temp
233 629
72 589
182 596
121 220

protocol. The step one real time PCR system (Applied Biosystems,
Waltham, MA) was employed in our study. All samples were
normalized against the housekeeping gene, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), using the comparative CT
method (AACT). Primers were designed by the allele ID software.
The sequences of primers are shown in Table 1 (Navid, Abbasi, &
Hoshino, 2017).

2.7 | Statistical analysis

All data were expressed as mean + SD. Statistical analysis of the
results of all data were performed using one-way analysis of variance
(ANOVA), followed by Tukey's post hoc test. p < .05 was considered

statistically significant.

3 | RESULTS

3.1 | Characteristics of a rat model of
chemotherapy-induced POF

In the present study, we examined the impact of busulfan on the ova-
ries by H&E staining, in order to confirm and validate the rat model of
POF. In the normal ovaries, follicles of numerous stages were present
and the layers of the surrounding GCs were intact (Figure 1a); how-
ever, 1 week after busulfan injection, the ovaries of the rat model of

POF were predominantly composed of a high number of collapsed

FIGURE 1

Hematoxylin-eosin (H&E) staining for the evaluation of the effect of busulfan on rat ovarian morphology. (a) Various follicles at

different stages in the ovaries of a normal rat. (b) Destruction of the ovarian structure and a significant decrease in the premature ovarian failure

model rat [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Morphology and identification of human endometrial mesenchymal stem cells (HuMenSCs). (a) HuMenSCs exhibited a spindle shape similar
to fibroblast-like cells at passage O. (b) Morphology of passage cells: Passage 3. (c) Flow cytometry analysis of HuMenSCs. The cells were positive for
surface markers of CD44, CD90 and negative for surface markers of CD34, CD45 [Color figure can be viewed at wileyonlinelibrary.com]

oocytes with interstitial cells in fibrous matrix. Furthermore, a signifi- 3.2 | Cultivation and characterization of HuMenSCs
cant decrease in follicle numbers at all stages were clearly seen
(Figure 1b). Thus, we confirmed that busulfan induced ovarian failure

in the rat models of POF model.

HuMenSCs were harvested from menstrual blood of five women

(20-30 years old). The cells grew rapidly in vitro such that cells

FIGURE 3 Microscopic morphology of ovarian tissue in the different groups. (a) The negative control group. (b) Positive control group. (c) Sham
group. (d) Treatment group. (a and c) The number of follicles decreased significantly after injection with busulfan, with most of the follicles in
primary and secondary stages. (b) This group had no treatment. (d) The population of follicles recovered after the human endometrial
mesenchymal stem cells. (light microscope, scale bar = 200 pm) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Cell labeling of human endometrial mesenchymal stem cells (HuMenSCs) and transplantation. (a) Ovarian sections stained with
Hoechst for highlighting nuclei (blue). (b) Cell of HuMenSCs labeled with Dil (red). (c) Merged. A single HuMenSC cell (arrow) distinguished among
granulosa cells. (fluorescence microscope, scale bar = 200 pm) [Color figure can be viewed at wileyonlinelibrary.com]

exhibiting spindle shape similar to fibroblast-like cells (Figure 2a) were
observed 4 days after culture. After approximately three passages
(Figure 2b), flow cytometry was used to assess the expression of sur-
face markers such as CD44 and CD90 (specific mesenchymal stem cell
markers), and CD34 and CD45 (specific hematopoietic stem cell
markers). The levels of expression of these genes were as follows:
CD44 (91.3% + 3%), CD90 (88.8% + 2%), CD34 (6.54% + 4%), and
CD45 (7.15% + 6%; Figure 2c).

The specific mesenchymal stem cell markers were expressed by
more than 85% of the population.

3.3 | Histopathological evaluation of ovarian damage

Morphological alterations in the ovaries were analyzed by histological
examination using H&E staining. High number of follicles with col-
lapsed oocytes, and many follicles predominantly in primary and sec-
ondary stages were observed in the negative control and sham
groups. Moreover, the ovaries were atrophic and composed of inter-
stitial cells in fibrous matrix in these groups. However, in the treat-
ment group, we observed high number of healthy follicles especially
secondary and antral follicles, and microscopic structure of the ovary
was somewhat improved. Unlike the negative control and sham
groups, in the positive control group, follicles at all stages of develop-
ment were observed (Figure 3a,c).

Thus, HuMenSCs transplantation improved the structure and
function of the ovaries in the rat models of POF.

e
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FIGURE5 Comparison of hormone levels between the different
groups. Data are expressed as means + SD. *#¥p < .01, ***¥p < 0001.
Ns, not significant

3.4 | Tracking Dil-labeled transplanted HuMenSCs

We examined the ability of these stem cells to differentiate into GCs
in the busulfan-treated ovaries. Dil-labeled HuMenSCs were trans-
planted into the rat models of POF. The labeled cells were localized
particularly to the GCs of follicles of the recipient ovaries. One month
after HuMenSCs transplantation, stem cell homing and engraftment
of the transplanted cells were observed (Figure 4). We observed that
the labeled HuMenSCs were able to differentiate into GCs with hor-
mone secretion function after the transplantation. We also examined
the oocytes of recipient ovaries for fluorescence expression, but we
did not observe any red fluorescence. These results show that
HuMenSCs transplantation played a positive role in improving the

structure and function of ovaries in the rat.

3.5 | Transplanted HuMenSCs improve hormone
secretion in POF rats

Measurement of hormone (estradiol and progesterone) secretion was
carried out using ELISA kit, and the following results were obtained:
negative control group (E2:1.25 + 15.25 ng/L; P4: 1.35 &+ 0.12 ng/L),
positive control group (E2:41 + 0.005 ng/L; P4: 5.02 + 0.47 ng/L),
sham group (E2: 16 + 1.82 ng/L; P4: 1.39 + 0.38 ng/L), and treatment
group (E2: 26 4+ 0.816 ng/L; P4: 3.4 4+ 0.181 ng/L). The results indicate
that plasma levels of E2 and P4 in the negative control group were sig-
nificantly lower than in the other three groups; E2 (p < .0001 vs. positive
control and treatment group), P4 (p < .0001 vs. positive control), and P4
(p < .01 vs. treatment). However, there was no significant difference in
hormone secretion when the sham group was compared with the nega-
tive control group. These results suggest that transplanted HuMenSCs

improved hormone secretion in POF rats (Figure 5).

3.6 | Real-time PCR findings

Real-time PCR was used to evaluate the levels of expression of the
ovarian granulosa cell-specific genes Amh, Fst, and Fshr. The levels of
Ambh, Fst, and Fshr expression in the treatment group were higher than
in the negative control group. Moreover, levels of Amh and Fshr gene
expression in the treatment group were significantly higher than com-
pared with the negative control group. Based on these results, it
appears that transplantation of HuMenSCs had positive effect on the

expression levels of ovarian granulosa cell-specific genes (Figure 6).
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FIGURE 6 Expression patterns of Amh, Fst, and Fshr genes between the different groups analyzed by real-time PCR. Levels of Amh, Fst, and Fshr
in the treatment group increased compared with the negative control group. Data are expressed as means + SD. *p < .1, ***p < 001,

#kkp < 0001. Ns, not significant
4 | DISCUSSION

In the present study, we transplanted HuMenSCs into POF rats via tail
vein injection. Using the current protocol, HuMenSCs were isolated from
menstrual blood samples of five women. In recent years, much attention
has been paid to the use of these stem cells as possible cell therapy for
POF treatment. Given that these cells are derived from endometrial cells,
they can play an effective role in the restoration of ovaries than other
stem cells. Our results show that HuMenSCs induced the expression of
granulosa cell-specific genes in the ovaries of POF rats.

Although the use of these stem cells for cell therapy has been
criticized and vigorously challenged by some researchers,
HuMenSCs transplantation has been used to treat irreversible
genetic disorders such as muscular dystrophies, diabetes, heart
failure, and spinal cord injury. As a source of mesenchymal stem
cells (MSCs), HuMenSCs have several interesting features, includ-
ing their ability to grow rapidly, and are minimally invasive and
safe for autologous transplantation (Gargett, 2006; Hida et al.,
2008; Lin et al., 2011; Meng et al., 2007; Patel et al., 2008; Rajabi
et al., 2018; Santamaria, Massasa, Feng, Wolff, & Taylor, 2011).
HuMenSCs can also be induced to differentiate into specific tissue
or organ-like cells. These cells, however, do not develop into
oocytes. As shown in Figure 4, HuMenSCs participated directly
in the ovarianfollicle formation. These characteristics make
HuMenSCs viable for cell therapy. Figure 2 shows that these cells
express more than 85% of the specific mesenchymal markers. This
finding, similar to that of Dongmei et al (2015), suggests that
HuMenSCs expressed the markers of MSCs obtained from endo-
metrial tissue (Lai et al., 2015).

In recent years, the use of MSCs as cell therapy for the treat-
ment of POF has been investigated in many studies. MSCs from var-
ious sources have been used for this purpose, and it has been found
that these cells have different abilities in improving ovarian function
(Fu, He, Xie, & Liu, 2008; Song et al., 2016; Sun et al., 2013; Xiao
et al., 2016). In a previous study, a successful treatment of POF mice
using MSC transplantation was reported (Lai et al., 2015; Liu et al.,
2014; Wang et al., 2017).

In the present study, we found that HuMenSCs improved ovarian
follicular structure, however, in some studies, Adipose-derived stem
cells did not have any positive effects on follicular structure or
oocytes development (Sun et al., 2013).

We established a POF rat model using busulfan as a chemo-
therapeutic agent (Tan et al., 2010). It is well established that
busulfan induces apoptosis in GCs of follicles (Fox, 1992). GCs of
follicles which surround oocytes play a vital role in the develop-
ment of follicles through secretion of growth factors and hor-
mones (Chavakis, Urbich, & Dimmeler, 2008; lorio et al., 2014).
Damage to GCs can thus impair growth, development and survival
of oocytes (Wang et al., 2017).

A week after the injection of busulfan, histological analyses
clearly showed that the number of follicles at different stages of
development, especially early antral and preovulatory, were reduced,
and follicles exhibited poor development and maturity. This result is
consistent with that of Wang et al (Wang et al., 2017). Chemotherapy
induced fibrosis formation in ovarian stroma has also been reported,
which is similar to the findings of our study (Sun et al., 2013; Wang
etal., 2017).

Previous mice model studies have shown that busulfan targets
GCs in follicles and spermatogonial stem cells in the testes (Brinster
et al., 2003; Bucci & Meistrich, 1987).

After transplantation, HuMenSCs were tracked and found to be
localized to the granulosa cell layer of follicles. In the HuMenSCs
transplant group, ovarian function significantly improved, and
expression levels of ovarian granulosa cell-specific genes (Amh, Fst,
and Fshr) were increased. Consequently, hormone levels were nor-
malized, as well, the number of follicles at all stages of development
was increased. FSH is secreted by adenohypophysis of the pituitary
gland. FSH receptor is expressed by GCs (Lazaros et al., 2012), which
when bound by TSH, stimulates the secretion of E2. E2, on the
other, has a negative feedback effect on the secretion of FSH in the
hypothalamus-pituitary-gonadal axis. Under the influence of chemo-
therapeutic agent in the POF models, E2 levels decreased, leading to
a sharp risein the level of FSH. This result is consistent with that of a

previous study (Yacobi, Wojtowicz, Tsafriri, & Gross, 2004). Amh is
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also secreted by granulosa cells in primary and early antral follicles,
and its level of secretion is usually constant throughout the men-
strual cycle. This hormone acts as an inhibitory growth factor in the
early stages of folliculogenesis and its secretion is directly related to
the size of the follicular pool (Visser, Schipper, Laven, & Themmen,
2012; Weenen et al., 2004). Therefore, evaluating the levels of ovar-
ian granulosa cell-specific genes (Amh, Fst, and Fshr) and The plasma
levels of (E2 and P4) can be useful in assessing the function of GCs.

These results are in line with the results of other previous stud-
ies (Liu et al.,, 2014; Sheikhansari, Aghebati-Maleki, Nouri, Jadidi-
Niaragh, & Yousefi, 2018; Song et al., 2016; Sun et al., 2013; Woods
etal, 2013; Xiao et al., 2016).

Dil-labeled HuMenSCs were localized to the ovarian stroma and
GCs of follicles in the damaged tissues. Previous studies have shown
that MSCs secrete cytokinins, hence, they have a positive effect on
proliferation, survival and repair of damaged tissues (Cheng et al.,
2013; Ding et al., 2014; Fujita et al., 2004; Wang et al., 2017). Many
other previous studies have reported that MSCs implanted into
damaged tissues can induce the secretion of bioactive molecules
which promote repair of damaged tissues (Lai et al., 2015; Lai, Wang,
Dong, & Zhang, 2014; Ranganath, Levy, Inamdar, & Karp, 2012;
Schiachinger et al., 2006). Likewise, Wang et al. (2017) showed that
MenSC-derived conditioned media has a significant cytoprotective
and anti-apoptotic properties. MenSC-derived conditioned media
contain fibroblast growth factor-2 which is an essential factor for
the proliferation of endometrial cells and regeneration of damaged
tissues (Wang et al., 2017).

Our findings indicate that HuMenSCs can differentiate into ganu-
losa cells in POF. These differentiated cells can improve folliculogen-
esis and hormones secretion in the ovary. In conclusion, HuMenSCs
transplantation can be considered as an appropriate therapy for the
treatment of POF.
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