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Mesenchymal stem cells with irreversibly arrested
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Abstract. Stem cell transplantation, which is based on the
application of mesenchymal stem/stromal cells (MSCs), is a
rapidly developing approach to the regenerative therapy of
various degenerative disorders characterized by brain and
heart failure, as well as skin lesions. In comparison, the use of
stem cell transplantations to treat infertility has received less
attention. One of the causes of miscarriages and fetal growth
delay is the loss of the decidual reaction of endometrial cells.
The present study modeled decidualization processes in pseu-
dopregnant rats. For cell transplantation experiments, the rats
were transplanted with MSCs established from endometrial
fragments in menstrual blood (eMSCs). These cells express
common MSC markers, are multipotent and are able to differ-
entiate into various tissue lineages. Cell therapy frequently
requires substantial cell biomass, and cultivation of MSCs
may be accompanied by significant changes to their proper-
ties, including malignant transformation. In order to minimize
the potential for malignant transformation, the proliferation of
eMSCs was irreversibly suppressed by irradiation and mito-
mycin C treatment. Transplantation of the rats with viable,
non-proliferating eMSCs stimulated the development of all
elements of decidual tissue. Conversely, transplantation of
the rats with cells killed using 95% ethanol did not result in
the development of decidual tissue. The present study demon-
strated the potential for applying eMSCs to the cellular therapy
of infertility associated with endometrial disorders character-
ized by decidualization insufficiency and implantation failure.
In addition, the transplantation of viable but non-proliferating
cells ensured that their oncogenic potential was limited.
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Introduction

The application of mesenchymal stem cells (MSCs) as a cell
therapy for various diseases has been extensively investigated.
MSCs possess high proliferative activity and are able to
differentiate into various cell types (1,2). The main advantage
of MSCs for clinical application is the potential for using a
patient's own cells (autologic MSCs) for transplantation (1,2).
This reduces the risks of rejection and undesirable immuno-
logical reactions. For a long time, bone marrow has been the
main source of MSCs. To date, MSCs have been established
from adipose tissue (3), umbilical cord blood (4), amniotic
fluid (5) and endometrium (6,7). However, the methods used to
harvest cellular material from bone marrow and adipose tissue
are painful and can be dangerous for donors. In addition, cells
from the umbilical cord can only be obtained from newborns.

Human endometrium, which is composed of endome-
trial glands lined with stromal cells, is a dynamic tissue
that undergoes ~400 cycles of regeneration, differentiation
and shedding (8). It has previously been demonstrated that
endometrium fragments in menstrual blood are a source of
endometrial MSCs (eMSC); thus menstrual blood represents
a noninvasive and readily available source of MSCs (9,10).
Their high proliferative ability during long-term cultivation,
genetic stability (11), lack of tumorigenicity and low immu-
nogenicity (12) makes the eMSCs from menstrual blood a
promising source of stem cells for future clinical applications.

During pregnancy, specific morphological and biochemical
changes, known as decidual reactions, occur in the endome-
trium. Decidualization of the endometrium is an essential
process for embryo implantation, placenta formation and
maintenance of pregnancy. Therefore, during all terms of preg-
nancy, loss of the decidual reactions of endometrial cells may
cause miscarriages and fetal growth delay (13,14). Insufficient
decidualization of the endometrium may lead to infertility and
pathologies such as Asherman's syndrome and endometrium
atrophy (15,16). Currently, Asherman's syndrome is treated
by surgery, followed by cyclic hormonal therapies over the
subsequent 3-6 months. Previous studies have investigated the
possibility of using stem cell therapy to correct endometrium
failure (17,18). In these efforts, stem cells derived from bone
marrow were used. In our previous study, it was demonstrated
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that eMSCs transplanted into pseudopregnant rats facilitated
the development of all elements of decidual tissue (19).

Cell therapy typically requires substantial cell biomass.
The initial content of MSCs in tissues is usually very low;
thus, in order to obtain sufficient biomass, MSCs must be
expanded in culture. However, cultivation of somatic cells may
be accompanied by significant changes to their properties,
including malignant transformation. Therefore, the cells used
in clinical applications should be carefully evaluated for their
safety (1).

The majority of researchers consider that MSCs do not
undergo spontaneous transformation during cultivation (1,11).
However, the results of previous studies have been controver-
sial. Mouse MSCs were easily immortalized and transformed
during long-term cultivation (20,21), whereas the long-term
growth of human bone marrow MSCs was not accompanied
by transformation (22). Previous reports on the spontaneous
transformation of human stem cells from adipose tissue (23),
bone marrow (24) and neuronal stem cells (25) are question-
able. The first two papers were retracted as, in both cases, stem
cell cultures had been cross contaminated with cells derived
from immortal cell lines (26). Therefore, it was more likely
that cross-contamination with HeLa cells, and not spontaneous
transformation, had taken place. Although the spontaneous
transformation of human stem cells has not been verified,
these papers continue to be cited (1).

The use of MSCs with irreversibly arrested proliferation
may reduce the oncogenic risks of transplanted cells. The
present study aimed to investigate the effect of human eMSCs
with arrested proliferation on the decidual differentiation of
the endometrium in a rat model of pseudopregnancy. The
proliferation of eMSCs was blocked using mitomycin C expo-
sure or ionizing radiation (IR), both of which are well known
inhibitors of the cell cycle (27-30).

Materials and methods

eMSC derivation and cultivation. eMSCs were isolated, as
described previously (31). Briefly, menstrual blood containing
endometrium fragments was obtained from three female
volunteers aged 27 years. Written informed consent was
obtained from all donors. A total of 2 ml menstrual blood
was collected on the second day of the menstrual cycle and
centrifuged at 400 x g for 5 min at room temperature. The
resulting pellet containing the endometrium fragments was
resuspended in phosphate-buffered saline (PBS) supple-
mented with 10% antibiotic-antimycotic mixture, incubated
for 1 h at 37°C and centrifuged at 400 x g for 5 min at room
temperature. Subsequently, the cell pellet was resuspended in
Dulbecco's modified Eagle's medium/F12 medium (DMEM)
supplemented with 10% fetal calf serum (FCS; GE Healthcare
Life Sciences, Logan, UT, USA), 1% antibiotic-antimycotic
mixture and 1% glutamax, and seeded into 6-cm Petri dishes
(Corning Incorporated, Corning, NY, USA) at a cell density
of 2x10* cells/cm?. Cells were cultivated for 3-7 days at 37°C,
during which the medium was exchanged several times to
ensure that only adhesive cells formed the culture.

Immunophenotyping. Immunophenotyping of eMSCs [cluster
of differentiation (CD) marker expression] was performed
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using an Epics XL flow cytometer (Beckman Coulter, Inc.,
Brea, CA, USA). A single cell suspension was obtained using
0.05% trypsin/EDTA. Cells (1x10%) were suspended in 1 ml
PBS containing 5% FCS. Subsequently, according to the
manufacturer’s instructions, the cells were incubated at room
temperature for 30 min with the following mouse anti-human
fluorescein isothiocyanate-conjugated monoclonal antibodies:
anti-CD34 (555821; 1:250), CD45 (555482; 1:250) and CD90
(555595; 1:250), and phycoerythrin-conjugated monoclonal
antibodies: Anti-CD19 (557835; 1:250), CD73 (561014,
1:200), CD105 (560839; 1:250), CD146 (561013; 1:200) and
human leukocyte antigen (HLA)-DR (555812; 1:200; all
BD Pharmingen, San Diego, CA, USA). All antibodies were
pre-diluted for use according to the recommended volume per
test. For each test, 1x10° cells in 100 xl PBS were used. For
CD73, CD146 and (HLA)-DR the volume per test was 20 pul.
Cells were analyzed by flow cytometry.

Immunocytochemistry. Immunofluorescent staining for nestin
was performed according to a standard protocol (31). Briefly,
the cells were incubated with rabbit anti-nestin polyclonal
antibody (1:100; AB5922; EMD Millipore, Billerica, MA,
USA), followed by incubation with cyanine 2-conjugated goat
anti-rabbit (1:300; 111-225-144) or DyLight 488-conjugated
goat anti-rabbit (1:400; 111-545-003) antibodies (both Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA).
Cells were then observed under a fluorescent microscope.

Adipogenic differentiation. Cells (2x10*/cm?) were seeded into
Petri dishes coated with 0.1% gelatin (Sigma-Aldrich, St. Louis,
MO, USA). When the cells reached ~80% confluence, 1 mM
dexamethasone (Sigma-Aldrich), 0.5 mM isobutylmethylxan-
thine (Sigma-Aldrich), 10 zg/ml human recombinant insulin
(Sigma-Aldrich) and 100 mM indometacin were added to
the cells. Cells were cultivated at 37°C in the differentiation
medium for 5 days, with half of the medium replaced every
other day. Under these conditions, the cells had been differ-
entiated for 3-5 weeks. Lipid drops were visualized with Oil
Red staining (Sigma-Aldrich), according to the manufacturer's
protocol.

Osteogenic differentiation. Cells (2x10* cells/cm?) were
seeded into Petri dishes coated with 0.1% gelatin. After the
cells had reached 100% confluence, 100 nM dexamethasone,
10 mM B-glycerol phosphate and 0.2 mM ascorbate 2-phos-
phate were added to the cells. In this medium, the cells were
differentiated at 37°C for 3-5 weeks, with half of the medium
changed every 2-3 days. Subsequently, the cells were fixed with
70% cold ethanol for 1 h, stained with Alizarin Red (pH 4.1;
Sigma-Aldrich) and observed under a light microscope.

Mitomycin C treatment of eMSCs. eMSCs between the third
and fourth passages were treated with 10 yg/ml mitomycin C
(Sigma-Aldrich) for 1.5 h. Treated cells were then washed
with PBS three times, resuspended in DMEM supplemented
with 10% FCS, 1% antibiotic antimycotic mixture and 1%
glutamax, and seeded (1x10° cells) into 35-mm Petri dishes.

Irradiation of eMSCs. eMSCs (10°) between the third and
fourth passages were seeded into 35-mm Petri dishes.
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Subsequently, the cells were exposed to 3, 6 and 10 Gy doses
of IR using a stationary X-ray device (0,49 Gy/min).

Cell growth kinetics. Cell growth properties were assessed
by generating growth curves. eMSCs (10°) were seeded into
35-mm Petri dishes, and the number of cells were counted
daily using a Goryaev's chamber for 4 days. Two plates were
used for each measurement and assays were performed in
triplicate.

Cell cycle distribution analysis. Adherent cells were rinsed
with PBS, harvested using trypsin-EDTA solution and resus-
pended in PBS at 1x10® cells/ml. Subsequently, 200 pg/ml
saponin, 250 yg/ml RNase A and 50 pg/ml propidium iodide
(PI; all Sigma-Aldrich) were added to each sample tube.
Following incubation for 60 min at room temperature, the
samples were analyzed using an Epics XL flow cytom-
eter. Cell cycle distribution analysis was performed using
WinMDI 2.8 (http:/winmdi.software.informer.com/2.8/)
and ModFit LT 4.1 software (http://www.vsh.com/prod-
ucts/mflt/index.asp).

Assessment of cell viability. Cell viability was evaluated
by flow cytometry using PI staining. Briefly, 50 pxg/ml PI
was added to each sample and mixed gently. Samples were
analyzed using the Epics XL flow cytometer.

Animal model. A total of 48 adult female albino rats weighing
200-250 g were purchased from Rappolovo Animal Farm
(St. Petersburg, Russia) and maintained at the Institute of
Cytology (Russian Academy of Sciences, St. Petersburg,
Russia) animal care facility at 24°C with free access to food
and water and a 14/10-h dark/light cycle, according to the
institutional guidelines for the care and use of laboratory
animals. Vaginal cytological analyses were performed to
assess the estrous cycle. Briefly, a sterile swab was moistened
with saline and rotated against the vaginal wall to obtain rat
vaginal cells. Vaginal smears were visualized under a light
microscope. Pseudopregnancy and an artificial decidual
response was induced by electrical stimulation of the cervix
during estrus. On the fifth day following stimulation, the rats
were anesthetized via an intramuscular injection of Zoletil 100
(5 mg/kg body weight; Virbac, Carros, France) and surgical
procedures were performed under aseptic conditions. Briefly,
the rats were placed in the dorsal position and double 1.5-cm
incisions into the skin and muscles, lateral to the vertebrae,
were made. Subsequently, the uterine horns were carefully
removed to avoid any trauma.

Rats were divided into four groups (n=12). In the first
group, a normal eMSC (5x10°) single cell suspension in
20 pl PBS and 20 ul PBS without cells was injected into the
experimental uterine horn and the contralateral control horn,
respectively. In the second group, eMSCs were fixed with
95% ethanol at -20°C for 20 min and washed three times with
PBS solution. Subsequently, 5x10° single cell suspensions of
ethanol-fixed eMSCs in 20 ul PBS and 20 ul PBS without
cells were injected into the experimental uterine horn and the
contralateral control horn, respectively. In the second and third
groups, a single cell suspension of eMSC (5x10°) previously
treated with mitomycin C (group 3) and 6 Gy irradiated (group
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4) in 20 pl1 PBS and 20 pl PBS without cells were injected into
the experimental uterine horn and the contralateral control
horn, respectively.

Rats were sacrificed via cervical dislocation following
administration of diethyl ether (80 mg/kg body weight; Ural
Profchem Co., Nizhniy Tagil, Russia) on day 11 of pseudopreg-
nancy. To estimate deciduas development in the experimental
and control uterine horns, decidual tissue was collected and
weighed.

Histological analysis.Frozen 10-um sections of formed deciduas
were generated and mounted onto slides. Slides were fixed in
an ethanol/methanol mixture for 2 min at -20°C, followed by
staining with hematoxylin and eosin. The differentiation extent
of the decidua, structural alterations in the decidual tissue, and
the presence of inflammation and necrosis were assessed by
light microscopy.

Statistical analysis. All experiments were repeated at least
three times. Data are presented as the mean + standard devia-
tion, when indicated. Statistical significance was evaluated by
Student's t-test. P<0.05 was considered to indicate a statistically
significant difference.

Results and Discussion

eMSC properties. In our previous study, endometrial MSCs
were established from desquamated endometrium in menstrual
blood (31). The present study established a novel MSC line
from endometrium fragments in menstrual blood, and inves-
tigated its potential application for the treatment of infertility.

eMSCs obtained from menstrual blood in the present study
met the criteria for human multipotent stromal MSCs suggested
by the International Society for Cellular Therapy. eMSCs were
adhesive to plastic under standard culture conditions, had a
fibroblast-like shape and formed a monolayer with a typical
round swirling pattern (Fig. 1A). In addition, the eMSCs were
positive for CD146, CD105, CD73 and CD90 expression,
but negative for CD19, CD34, CD45 and HLA-DR (class II)
expression (Fig. 1B). Furthermore, the cells were multipotent
and able to differentiate into mesoderm lineages, including
osteoblasts and adipocytes (Figs. 1C and D). Immunostaining
for nestin, a neural cell marker, was positive (Fig. 1E).

eMSCs have a high level of proliferation activity, with
a doubling time of 22-23 h. Cells undergo >45 population
doublings during culture before this phase is terminated in
favor of dividing and entering into replicative senescence.
Replicative senescence is a common feature of normal human
MSC:s cultivated in vitro. As a noninvasive, easily accessible
cell source with a high proliferation activity (higher than bone
marrow and umbilical cord blood MSCs), multipotency and
ability to undergo long-term cultivation without developing
karyotypic abnormalities, MSCs derived from endometrium
may be considered to be a promising stem cell source for cell
therapy.

IR and mitomycin C treatment induce the irreversible cell
cycle arrest of eMSCs. Mitomycin C belongs to a class of
compounds that cause Gl and G2 cell cycle arrest by acti-
vating a DNA-damage checkpoint in the cell cycle, resulting
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Figure 1. Endometrial mesenchymal stem cell (eMSC) properties. (A) Cell morphology. (B) Flow cytometry analysis of CD marker expression. All plots show
relative expression of the surface markers (%). eMSCs differentiated into (C) adipocytes and (D) osteoblasts (magnification, x400). Adipocytes and osteoblasts
are characterized by accumulation of lipid droplets and calcium deposits, respectively. Lipid drops stained with Oil Red are located in the perinuclear area
of the differentiated adipocytes. Calcium deposits were stained with Alizarin Red. The frequency of adipogenic and osteogenic differentiation was 70-80
and 30%, respectively. (E) Nestin expression in native eMSCs (scale bar=25 ym). FITC, fluorescein isothiocyanate; PE, phycoerythrin; CD, cluster of dif-

ferentiation; HLA-DR, human leukocyte antigen-DR.

in the inhibition of cell-cycle progression and activation of
DNA-repair machinery (29,30). In the present study, the
proliferation of eMSCs was inhibited by treatment with
10 ug/ml mitomycin C for 1.5 h (Fig. 2). Mitomycin C-treated
eMSCs maintained a normal adherent cell morphology (data
not shown). The cell viability of mitomycin C-treated eMSCs,
as assessed by flow cytometry using PI-staining (Fig. 2A),
was only slightly altered, as compared with the untreated
cells. However, the growth of eMSCs was entirely suppressed
following treatment with mitomycin C. Fig. 2B shows growth
curves for normal and mitomycin C-treated cells. The number
of eMSCs following treatment with mitomycin C slightly
declined over time. Irreversible cell cycle arrest was confirmed
by cell cycle distribution analyses via flow cytometry. Fig. 2C
shows that mytomycin C-treated cells, unlike normal eMSCs,
accumulated in the S and G2/M phases of the cell cycle, and

that cell cycle arrest was not overcome following subculturing
of the cells.

IR was also used to induce cell cycle arrest. The present
study aimed to identify the minimal IR dose that was able to
induce eMSC proliferation arrest without altering the viability
of the cells. Previous studies have demonstrated that MSCs
from different tissue sources are relatively resistant to IR
exposure (27,28,32,33). In addition, no significant apoptosis
induction was observed in MSCs exposed to IR doses up to
10 Gy (27).

On the basis of existing literature, the present study selected
three IR doses (3, 6 and 10 Gy) to assay the cell cycle distribu-
tion and cell viability at 24 and 72 h following irradiation, and
24 h after subculture of the MSCs. Fig. 3 shows the viability
and proliferation status of eMSCs exposed to 3, 6 and 10 Gy
IR for various durations. The viability of eMSCs irradiated
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Figure 2. Endometrial mesenchymal stem cells were exposed to 10 pg/ml
Mit C for 1.5 h. (A) Cell viability was analyzed by flow cytometry with prop-
idium iodide staining. (B) Proliferation was assessed by constructing growth
curves, and (C) the cell cycle distribution was measured by flow cytometry at
24 and 72 h following treatment with Mit C, and 24 h after subculturing. Data
are presented as the mean + standard deviation (n=3). “P<0.05 vs. control.
Mit C, mitomycin C.

with 3 and 6 Gy doses was not significantly different, as
compared with normal eMSCs. Conversely, irradiation with
10 Gy markedly reduced the number of viable cells (Fig. 3A).

Cell growth curves (Fig. 3B) show that the eMSCs irradi-
ated with 3 and 6 Gy exhibited cell division arrest, and the
number of eMSCs gradually reduced following treatment
with 10 Gy. The growth properties of irradiated eMSCs were
also assessed by cell cycle distribution analyses via flow
cytometry. In all groups, >50% of cells were in the peak
corresponding to the G1/GO phases at 24 h following IR expo-
sure. Percentage of irradiated eMSCs located in the S phase
varied from 1.06 to 7.75%, which was markedly lower than
in normal eMSCs (21.15%). The main difference between the
groups was the number of cells in the G2/M phase. At 24 h
following eMSC exposure to 3 Gy, the percentage of cells in
the G2/M phase was not significantly different, as compared
with the normal eMSCs. Conversely, the cells irradiated
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with 6 and 10 Gy were preferentially accumulated in the
G2/M phase (45.2 and 55.4%, respectively).

At 72 h, the number of normal and 3 Gy-irradiated eMSCs
in the S and G2/M phases were decreased, and those in the
GO/G1 phase were increased. During this period, the normal
eMSCs had reached confluency and had ceased to proliferate.
Conversely, eMSCs irradiated with 6 and 10 Gy exhibited
unaltered phase ratios between 24 and 72 h.

On day 4 following irradiation, normal and irradiated cells
were subcultured to assess their capacity for proliferation.
At 24 h following subculturing, normal and 3 Gy-irradiated
eMSCs exhibited increased numbers of cells in the S and
G2/M phases (Fig. 3C). These results suggested that eMSCs
exposed to 3 Gy had recovered following irradiation-induced
stress. Conversely, no changes in the cell cycle distribution
were observed in cells exposed to 6 and 10 Gy. No prolif-
eration for these cells was observed at 24 h after passaging.
These results suggest that irradiation of eMSCs with 6 Gy
to induce irreversible cell cycle arrest while maintaining
cell viability is the optimum approach for experiments on
transplantation.

Malignant transformation is a potential risk of cell
therapy (34). Although it has been widely accepted that MSCs
cultured in vitro do not undergo malignant transformation, it
cannot be concluded that they will not undergo malignant
transformation within humans (1,34). In vivo conditions may
alter the regulation of proliferation in transplanted cells.
Therefore, the transplantation of MSCs that remain viable
but have lost their ability to divide may significantly reduce
their oncogenic potential.

Various preconditioning (pretreatment) strategies have
been tested on various stem cells and progenitor cells to
enhance transplanted cell viability and function (35). Stem
cells and progenitors preconditioned with growth factors,
including transforming growth factor-a, insulin-like growth
factor-1 and fibroblast growth factor-2, pharmacological
agents or ischemia/hypoxia have exhibited improved survival,
increased neuronal differentiation, enhanced paracrine
effects that lead to increased trophic support, and improved
homing to the lesion site (36). The present study focused on
cell preconditioning that decreased the oncogenic risk of
transplanted cells.

eMSC transplantation into pseudopregnant rats. The present
study investigated the capacity of eMSCs with arrested prolif-
eration to stimulate decidual tissue development in a rat model
of pseudopregnancy. In our previous study, the effect of intact
human eMSCs on decidualization processes was analyzed using
pseudopregnant rats (19). It was demonstrated that inoculation
of human eMSC suspension into the uterus facilitated the devel-
opment of decidual tissue in pseudopregnant rats, as compared
with control PBS injection. Transplantation of rat bone marrow
cells into the same model gave similar results, which suggested
that the effect of transplanted human eMSCs was not xenoge-
neic.

The present study compared the development of decidual
tissue in rats transplanted with normal eMSCs and those
transplanted with eMSCs with irreversibly arrested prolif-
eration. eMSC proliferation was blocked by treatment with
mitomycin C or IR. Decidua development on day 11 of
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Figure 3. Endometrial mesenchymal stem cells (eMSCs) were exposed to
various doses (3, 6 or 10 Gy) of ionizing radiation (IR). (A) Cell viability was
analyzed by flow cytometry with propidium iodide staining. (B) The prolif-
eration of eMSCs irradiated with various doses of IR was assessed by growth
curves, and (C) the cell cycle distribution was measured by flow cytometry
at 24 and 72 h following irradiation, and 24 h after subculturing. Data are
presented as the mean + standard deviation (n=3). "P<0.05 vs. control.

pseudopregnancy was more visible in the uterine horns trans-
planted with the human eMSCs with arrested proliferation, as
compared with the horns injected with PBS control (Fig. 4A).
In order to verify that only viable cells are able to promote
decidualization, eMSCs killed with 95% ethanol were trans-
planted into pseudopregnant rats. Fig. 4B shows that, unlike
viable eMSCs, there was no difference in size between the
decidual tissues derived from the experimental and control
horns of rats transplanted with non-viable eMSCs or injected
with PBS. Visible differences in the sizes of the experimental
and control horns were quantitated by weighing the isolated
decidual tissue (Fig. 4C). The weight of decidual tissue
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from the experimental horns was significantly increased,
as compared with the tissue from the control horns. These
results suggested that transplantation of rats with eMSCs
with arrested proliferation stimulated decidualization to the
same extent as normal cells. Histological analysis of decidua
tissue did not detect any changes in cell differentiation
or tissue structure following transplantation of normal or
treated human eMSCs into the uterus of pseudopregnant rats
(Fig. 4D and E). Rodent decidual tissue is formed by large
decidual cells (LDCs), small decidual cells and endometrial
granulated cells (13). Huge polygonal LDCs of decidua are
shown in Fig. 4D, and Fig. 4E shows part of the decidua
composed of small decidual cells. The percentage of the total
decidua that consisted of LDCs only was 30-40%. Following
transplantation, the LDC zone ratio in the decidua section was
not altered. These results suggested that transplantation does
not modify the tissue structure; the increase in the decidua
size resulted from intensive development of all elements of
decidual tissue. Furthermore, no leukocyte infiltration into
sites of transplanted cells was observed (Fig. 4D and E).

The loss of decidual reactions in endometrial cells is one
of the reasons for miscarriages and fetal growth delay at all
terms of pregnancy (15). The insufficient decidualization of
the endometrium leads to infertility in such pathologies as
Asherman's syndrome and endometrium atrophy. The inci-
dence of Asherman's syndrome in women who have undergone
a hysteroscopy is 1.55%, and 39% in women who have had
recurrent miscarriage (16). At present, Asherman's syndrome
is treated by surgery, followed by cyclic hormonal therapies
during the subsequent 3-6 months. However, it remains a
challenging disease to treat. A few previous studies, including
several animal models of Asherman's syndrome (37-39), have
investigated the application of cell therapy to the treatment
of endometrium-determined infertility. In addition, reports
on the successful application of cell therapy to Asherman's
syndrome treatment have been published (17,18). The authors
described a clinical case of Asherman's syndrome in which
intrauterine injection of autologous bone marrow cells led to
an increase in the thickness of the patient's endometrium (18).
However, to the best of our knowledge, no previous study
has investigated the effect of using endometrial cells for the
recovery of endometrial disorders, either in animal models or
clinical trials.

In conclusion, the present study demonstrated that
transplantation of human eMSCs with arrested proliferation
into pseudopregnant rats facilitated the development of all
elements of decidual tissue. Rats were used to model the
endometrial transformation into decidual tissue during the
normal pregnancy process. In addition, it was demonstrated
that human eMSCs exposed to mitomycin C (10 yg/ml) or IR
(6 Gy) remained viable but irreversibly lost their proliferation
capacity, as assessed by growth curves and flow cytometry.
These results suggested that preconditioning eMSCs with
division blocking agents may diminish their oncogenic
potential in vivo. Transplantation of eMSCs killed by ethanol
treatment did not promote the decidualization process, thus
suggesting that viable MSCs may be required. The results
of the present study supported the application of eMSCs to
the cell therapy of infertility associated with decidualization
insufficiency.
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Figure 4. Transplantation of irreversibly arrested endometrial mesenchymal stem cells (eMSCs) into the uterus of pseudopregnant rats promoted the decidu-
alization process. (A and B) The uterus of pseudopregnant rats following inoculation with human eMSCs. (A) Viable eMSCs with arrested proliferation were
inoculated into the left uterine horn (L), whereas PBS was injected into the right horn (R) (control). (B) eMSCs killed with 95% ethanol were injected into
the left horn, and PBS was injected into the right horn. (C) The weights of decidual tissue in the uterine following injections of normal eMSCs, MitC-treated
eMSCs, irradiated eMSCs (6 Gy), ethanol-fixed eMSCs (fixed cells) or PBS. “P<0.05 vs. PBS. (D and E) Histological sections of a pseudopregnant rat uterus
following eMSC transplantation (hematoxylin and eosin staining; magnification, x100). (D) Mesometrial part of the decidua consisting of large decidual cells.
(E) Antimesometrial part of the decidua consisting of small decidual cells. MitC, mitomycin C; PBS, phosphate-buffered saline.
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