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Abstract

Successful implantation and pregnancy is dependent on sufficient endometrial growth during
each reproductive cycle. Here, we report the therapeutic effect of either bone marrow-derived cells
(BMDCs) or the stem cell chemo-attractant C-X-C motif chemokine 12 (CXCL12) on endometrial
receptivity in a murine ethanol induced thin endometrium model. Endometrial epithelial area
was significantly increased in mice treated with BMDCs, CXCL12, or by co-treatment with both
compared with PBS-treated controls. Ki-67 and CD31 immunoreactivity was significantly higher
in mice treated with either BMDCs, CXCL12, or both. The mRNA expression levels of endometrial
receptivity markers leukemia inhibitory factor, interleukin-1β, and integrin beta-3 were increased in
mice treated with either BMDCs, CXCL12, or both. The mRNA levels of matrix metalloproteinase-2
and -9 were significantly decreased by BMDCs but not by CXCL12. Pregnancy rates and litter size
were increased after either treatment. Both BMDCs and CXCL12 displayed a comparable efficacy
on endometrial regeneration in mice with thin endometrium. Our findings indicate the potential
therapeutic effects of BMDCs and CXCL12 on infertility related to thin endometrium. Bone marrow-
derived cells and CXCL12 displayed a comparable efficacy on endometrial regeneration in mice
with thin endometrium.

Summary Sentence

Bone marrow-derived cells and CXCL12 displayed a comparable efficacy on endometrial regener-
ation in mice with thin endometrium.
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Introduction

Adequate endometrial growth during the reproductive cycle is an
essential factor to achieve successful implantation and pregnancy.
This physiology is further regulated by various complex molecules

such as endogenous sex steroid hormones, growth factors, and cy-
tokines. Human endometrial development is frequently monitored
using transvaginal ultrasound in assisted reproductive technology
(ART) cycles. Endometrial thickness is a well-established marker
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Figure 1. (A) Images from treatment modeling of thin EM. (B) Gross and micrograph images (H&E ×100) of the uterine horns 2 weeks after injection of PBS (left)
or 95% ethanol (right) into the uterine cavity from pilot experiments.

of uterine receptivity. Although there is no standardized value of
endometrial thickness for diagnosis of a thin endometrium (EM),
7 mm has been suggested as the minimal cutoff for embryo trans-
fer, with an endometrial thickness greater than 9 mm predicting
higher implantation rates and more favorable outcomes [1–3]. In-
deed, many have consistently reported that persistently thin EM dur-
ing a monitored reproductive cycle is associated with lower implanta-
tion rates or increased miscarriage rates [4–6]. Therefore, many have
sought to identify the therapeutic modalities that could improve en-
dometrial growth and receptivity in women with a thin EM. Several
clinical treatment approaches, including low-dose aspirin, sildenafil,
or granulocyte colony-stimulating factor have been tried; however,
the results have been inconclusive [7–10].

Recent evidence has implicated bone marrow-derived stem cells
(BMDSCs) in the physiological regeneration of the EM in each repro-
ductive cycle, and has further highlighted the potential roles of BMD-
SCs in repairing a spectrum of endometrial pathologies [11–13]. Our
previous studies demonstrated that BMDSCs contribute to endome-
trial regeneration and repair in response to mechanical or ischemic
reperfusion injuries to the uterine EM in murine models [11, 14, 15].

C-X-C motif chemokine 12 (CXCL12, also known as stromal-
derived factor-1) is a potent chemotactic factor that is predominantly
produced by BM stromal cells and endothelial cells across many
organs [16, 17]. CXCL12 functions in the modulation of the immune
system via lymphocyte migration, development, or survival [18–20],
and mediates the mobilization and homing of BM stem/progenitor
cells to injured microenvironments [20, 21]. We previously described
that the in vitro treatment of human endometrial stromal cells with
CXCL12 significantly enhances the migration of BMDSCs towards
uterine stromal cells [22]. In addition, the augmentation of CXCL12
following uterine injury increased BMDSC engraftment to the uterus
in a mouse model [13].

Considering the biological properties of CXCL12 related to the
modulation of the immune system and stem cell biology, we hy-
pothesized that CXCL12 plays a beneficial role for endometrial re-
generation in impaired endometrial growth and in the improvement
of endometrial receptivity related to thin EM. This study aimed to
determine the therapeutic effects of both CXCL12 and bone marrow-
derived cells (BMDCs) individually or in combination in a murine
model, following induction of thin EM.

Materials and methods

Animals
C57 BL/6 female mice and ubiquitin-green fluorescent protein (GFP)
male mice were purchased from the Charles River Laboratories
(Wilmington, MA) and Jackson Laboratory (Bar Harbor, ME), re-
spectively. All mice were housed with free access to food and water,
and were maintained in a room (21 ± 1◦C) with a regular 12 h
light/dark cycle (7:00 a.m. to 7:00 p.m.) in the Yale Animal Re-
sources Center (YARC) at Yale University School of Medicine. All
animal experiments were carried out with the protocol approved by
the YARC and approved by the Institutional Animal Care and Use
Committee at Yale University.

Induction of thin EM and treatment with BMDCs and
CXCL12
Thin EM was induced in female mice (8 to 10 weeks old) using 95%
ethanol as described previously [23–25]. The mice were anesthetized
by isoflurane inhalation and the uterus was gently exposed through
an abdominal incision. Atraumatic vascular clips were applied at
the proximal and distal ends of the bilateral uterine horns and then
50 μL of 95% anhydrous ethanol or phosphate-buffered saline (PBS)
as a control was instilled into the uterine cavity using a 1 mL tuber-
culin syringe equipped with a 30G needle (Figure 1A). Five minutes
later, the clips were removed and the uterine cavity was flushed with
sterile PBS to eliminate any remaining ethanol.

To determine the effects of agents that were designed to improve
endometrial regeneration, five treatment groups were generated. One
group received sham surgery without ethanol administration as a
control for the effects of the procedure. Mice with ethanol-induced
thin EM were randomly divided into four treatment groups (n = 5
for each group): (i) PBS (200 μL/mouse, local injection), (ii) recom-
binant CXCL12 (Sigma-Aldrich, St. Louis, MO, USA; 2 μg/mouse,
local injection), (iii) systemic administration of BMDCs, and (iv) co-
treatment with CXCL12 and BMDCs. CXCL12 or PBS was admin-
istered through local injection to the uterine muscle layer in at least
three different sites. BMDCs were harvested from 6 to 8-week-old
GFP male mice by flushing the marrow cavity of the femur and tibia
with cold sterile Dulbecco modified Eagle medium F-12, (Thermo
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Fisher Scientific, Waltham, MA) and filtering through a sterile
70 μm nylon mesh (Thermo Fisher Scientific). The yield and via-
bility of BMDCs were determined by Trypan blue staining. BMDCs
in 100 μL PBS (30 × 106 cells/mouse) were administered through a
retro-orbital injection 4 to 6 h following the surgery.

Three to four estrous cycles (14 ± 2 days) after surgery and
treatments, the mice were sacrificed at their estrous phase, and the
uterine tissues were obtained. In order to examine the functional
improvement in fertility, female mice from all experimental groups
(n = 5 in each group) were mated with wild-type C57 BL/6 proven
male mice after two estrous cycles after modeling and treatment with
BMDCs or CXCL12.

RNA extraction and quantitative real-time polymerase
chain reaction
Uterine tissue (50–100 mg) was homogenized using 1 mL TRIzol
reagent (Life Technologies, Carlsbad, CA), and total RNA was
extracted according to the manufacturer’s protocol. The total RNA
was purified using the RNeasy MinElute Cleanup Kit (Qiagen,
Valencia, CA), and RNA concentration was determined by Nan-
odrop ND-2000 spectrophotometer (Thermo Fisher Scientific).
The first strand cDNA was synthesized from purified RNA by
reverse transcription using an iScript cDNA synthesis kit (Bio-Rad
Laboratories, Hercules, CA) in T100 thermal cycler (Bio-Rad).
Quantitative real-time polymerase chain reaction (qRT-PCR)
was performed using SYBR Green (Bio-Rad Laboratories) and
optimized in the CFX Connect real-time PCR detection system
(Bio-Rad Laboratories). The specificity of the amplified transcript
and the absence of primer dimers were confirmed by a melt-
ing curve analysis. All products yielded the predicted melting
temperature. The primer sequences used in this study: leukemia in-
hibitory factor (LIF): forward, 5′-CCCATCACCCCTGTAAAT-3′,
and reverse, 5′-GTTAGGCGCACATAGCTT-3′; integrin alpha-v
(ITGαv): forward, 5′-GGCACAAAGACCGTTGAGTA-3′, and
reverse, 5′-GCCACTTGGTCCGAAATGAG-3′; integrin beta-3
(ITGβ3): forward, 5′-TGCTCCAGAGTCTATTGAGTTCC-3′, and
reverse, 5′-GAGAAAGACAGGTCCATCAAGTAG-3′; interleukin-
6 (IL-6): forward, 5′-TAGTCCTTCCTACCCCAATTTCC-3′,
and reverse, 5′-TTGGTCCTTAGCCACTCCTTC-3′; interleukin-
1β (IL-1β): forward, 5′-TGCCACCTTTTGACAGTGATG-
3′, and reverse, 5′-AAGGTCCACGGGAAAGACAC-
3′; matrix metalloproteinase-2 (MMP-2): forward, 5′-
CCCTCAAGAAGATGCAGAAGTTC-3′, and reverse, 5′-
TCTTGGCTTCCGCATGGT-3′; matrix metalloproteinase-9
(MMP-9): forward, 5′-CGTCATTCGCGTGGATAAGG-3′

and reverse, 5′-TTTGGAAACTCACACGCCAG-3′; and β-
actin: forward, 5′-AGTGTGACGTTGACATCCGTA-3′, and
5′-GCCAGAGCAGTAATCTCCTTCT-3′.

qPCR was carried out for 39 cycles of denaturation at 95◦C
for 10 s following activation at 95◦C for 3 min, and annealing at
60◦C for 30 s. The specificity of the amplified transcript and absence
of primer-dimers was confirmed by a melting curve analysis. Gene
expression was normalized to that of β-actin as an internal control.
Relative mRNA expression was calculated using the comparative
cycle threshold method (2−�Ct) [26, 27].

Immunohistochemistry and immunofluorescence
Tissue was fixed in 4% paraformaldehyde and embedded in paraf-
fin. Uterine tissue sections were deparaffinized followed by dehy-
dration/hydration with xylene and ethanol. Antigen retrieval was

performed in 0.01 mol/L sodium citrate buffer (pH 6) for 15 min.
Endogenous peroxidase activity was blocked using 3% hydrogen
peroxide in methanol for 10 min, and then nonspecific binding
was blocked with 5% normal goat or rabbit serum. The sections
were incubated overnight at 4◦C with different primary antibod-
ies anti-Ki-67, (#ab15580, 1:500), anti-CD45 (#ab25286; 1:300);
anti-CD31 (#ab28364, 1:200), anti-LIF (#ab138002, 1:200), anti-
GFP (#ab6556, 1:1000) purchased from Abcam, Cambridge, MA,
USA. The dilution of each primary antibody was made according
to the guidelines from the manufacturer. After three washes with
PBS, the sections were incubated at room temperature with ap-
propriate biotinylated secondary antibody (1:200; Vector Labora-
tories) for 1 h, and the signal was detected using ABC Vectastain Elit
reagents with DAB plus H2O2 (#SK-4105; Vector Laboratories). Tis-
sue sections were counterstained with hematoxylin (Sigma-Aldrich,
St. Louis, MO, USA). Images of stained sections were captured
using Olympus BX-51 microscope (Olympus). For colocalization
of GFP-positive BMDCs by immunofluorescence, sections were in-
cubated with anti-GFP (#ab6556, 1:1000), anti-CD45 (#ab25286;
1:300), and anti-F4/80 (#ab111101, 1:160) antibodies. Secondary
antibodies used for immunofluorescence (IF) were Alexa Fluor 647-
conjugated donkey anti-goat (catalog #A11057) and Alexa Fluor
568-conjugated donkey anti-rabbit (catalog #A21206) or Alexa
Fluor 488-conjugated donkey anti-rat (catalog #A21208), all in
1:200 dilution (Life Technologies, Guilford, CT, USA). Sections were
mounted under coverslips using Vectashield fluorescent mounting
media with 46-diamidino-2-phenylindole (DAPI; catalog #H-1200;
Vector Laboratories.) All the visualizations of the slides were done
with a laser scanning confocal microscope (LSM 710; Zeiss) and the
ZEN software (Carl Zeiss).

The immunoreactivity of Abs was semi-quantitatively evaluated
using the H-score. The score value was derived by summing the
percentage of cells that stained at each intensity category and multi-
plying that value by the weighted intensity of the staining [28]. For
quantification of CD31 (a specific marker for vessels), we used the
microvessel density (MVD) method [29]. The area with the greatest
density of CD31 positive endothelial cells was designated as a spot,
and then stained lesions were counted on at least five separate spots
in high-power fields (×400). All stained endothelial cells or cell clus-
ters were counted as one microvessel, and the MVD was defined as
the sum of vessels found at all spot lesions.

Statistical analysis
Independent t-test or one-way analysis of variance with the post-hoc
Dunnett or Tukey was used as appropriate to assess the difference in
continuous variables among the groups. These data are presented as
the mean ± standard error of the mean (SEM). Statistical computa-
tion was performed using the Statistical Package for Social Science,
version 12.0 software (SPSS, Chicago, IL), and P-value < 0.05 were
considered statistically significant.

Results

Treatment restores endometrial histology
In pilot experiments to assess whether thinning of the EM is effec-
tively induced by ethanol, we instilled either 95% ethanol or PBS
(50 μL) into the uterine cavity. After 2 weeks, the endometrial ep-
ithelium was confirmed to have thinned EM with reduced number of
glands in the stroma of the uterus in mice that received 95% ethanol
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(Figure 1B, right). In contrast, the uterine structure was intact in
mice that received PBS (Figure 1B, left).

The histologic images for the uterine horns from all groups are
shown in Figure 2A and B (hematoxylin and eosinophil (H&E) stain-
ing). The endometrial epithelium was thick and extensively branched
in the CXCL12, BMDCs, and the CXCL12 + BMDC treatment
groups, whereas it was thin and dilated in PBS-treated mice.

To further evaluate the regeneration of the uterine structures, we
assessed histologic parameters including the number of glands, mean
values of total section area, stroma area, and luminal epithelial area
(LEA) measured from each section by optical microscopy (eclipse
80i instrument; Nikon, Tokyo, Japan). The three treatment groups
displayed significantly larger LEA, stroma area, and increased glan-
dular numbers in the stroma, compared to the PBS group (Table 1).
When these parameters were compared to sham control mice with
normal EM, no significant difference was found between each treat-
ment group versus the sham mice.

Recruitment of BMDCs, cell proliferation, and
vascularization
The number of GFP BMDCs recruited into different groups (PBS,
BMDCs, and CXCL12 + BMDCs) was determined by counting
the GFP-positive cells. As shown in Figure 3A, GFP cells were re-
cruited into the uterus of groups treated with BMDCs (middle), and
CXCL12 + BMDCs (right), while no GFP cells were identified in
the PBS-treated group. The mice group that was treated with both
CXCL12 and BMDCs together showed a trend towards a higher
number of GFP cells (10.8 ± 2.8) than the BMDC group (5.3 ± 0.9);
however, the difference was not statistically significant. Further, we
also tracked the migration of bone marrow-derived immune and
nonimmune cells into the thin EM. We detected nonimmune cells
in thin EM of mice treated with BMDCs expressing GFP compared
to thin EM of mice received PBS treatment. These nonimmune mes-
enchymal cells were GFP positive, CD45 negative, and F4/80 nega-
tive (Figure 3B). Endogenous immune cells were positive for CD45
and/or F4/80 (macrophages) and also negative for GFP as shown in
Figure 3B. We also found the majority of bone marrow-derived im-
mune cells in thin EM of mice treated with BMDCs that were GFP+;
these cells were could be positive for CD45 but negative for F4/80.
While CD45+ cells and F4/80 positive cells were also detected as
shown in Supplemental Figure S1. Both nonimmune mesenchymal
cells and immune cells contribute to the population of cells engrafting
the uterus after BMDC treatment.

To assess cellular proliferation and vascularization, we per-
formed immunohistochemistry (IHC) for Ki-67 and CD31, respec-
tively, in uterine tissues. Ki-67 was present in the nuclei of endome-
trial epithelial cells and stromal cells in all the groups (Figure 4A).
In endometrial epithelium, the Ki-67 immunoreactivity was signif-
icantly higher in the CXCL12 (P = 0.001), BMDC (P = 0.012),
and co-treatment (P < 0.001) groups when compared to the PBS
control group as shown in Figure 4C by H-score evaluation of
immunostained sections. In addition, the Ki-67 staining in the
stroma was increased in the CXCL12 group (P = 0.003) and the
CXCL12 + BMDC group (P = 0.003) compared to the PBS group,
but there was no significant difference between the BMDC and PBS
treatment groups. IHC for CD31 revealed more vascularization in
the stroma in all treatment groups (Figure 4B), and the MVD scores
were significantly higher across all treatment groups compared to
the PBS group (Figure 4D).

Differential expression of cytokines and biochemical
markers of uterine receptivity
We evaluated the expression of several cytokines and adhesion
molecules that have been described to be involved in implantation.
LIF mRNA levels were significantly upregulated in the CXCL12
(P = 0.028), BMDC (P = 0.049), and CXCL12 + BMDC (P = 0.003)
groups compared with the PBS-treated group (Figure 5A). IHC
showed that LIF was localized in the cytoplasm of the luminal and
glandular epithelia (Figure 5B), and its immunoreactivity was sta-
tistically higher in all three treatment groups compared to the PBS
group as determined by evaluation of percent of staining area (Fig-
ure 5C).

The qRT-PCR results for pro- and anti-inflammatory cytokines,
integrins (ITGs), and MMPs are shown in Figure 6. The mRNA ex-
pression of the IL-1β proinflammatory cytokine was significantly
decreased in mice treated with CXCL12 (P = 0.029), BMDCs
(P = 0.021), or both (P = 0.032). However, IL-6 mRNA was upregu-
lated only in the co-treatment group (P = 0.018). ITGβ3 mRNA ex-
pression was significantly upregulated in all three treatment groups
(P < 0.05) compared to the PBS-treated group while no signifi-
cant changes observed for ITGαv. The mRNA levels of MMP-2 and
MMP-9 were significantly downregulated (P < 0.05) by BMDCs or
CXCL12 + BMDC treatments compared to PBS treatment, while
CXCL12 treatment alone did not have an effect.

Bone marrow or CXCL12 treatment improved fertility
All of the five sham mice became pregnant (for sham mice—
laparotomy and hemostatic clips were applied on the bilateral uterine
horns for 5 min as performed in other experimental groups; however,
no ethanol was instilled). None of the mice with ethanol-induced
thin EM that were subsequently treated with control became preg-
nant during 60 days of mating. Two of the five mice in the CXCL12
and the BMDC-treated groups became pregnant, while three of the
five mice in the co-treatment group conceived (Table 2). The time
to pregnancy and mean pup weight did not differ among any of the
groups. However, the mean litter size was lower in the CXCL12 or
BMDC-treated group versus sham group (P = 0.04 and P = 0.04),
respectively.

Discussion

The uterine EM is a dynamic tissue that undergoes cyclic prolif-
eration, differentiation, tissue breakdown, and regeneration dur-
ing reproductive periods. The main objective of these physiological
processes is the successful implantation of the embryo and mainte-
nance of the resulting pregnancy [30]. Accordingly, a persistent thin
EM during the menstrual cycle in women who are planning a preg-
nancy or in ART cycles is not desirable and can result in a lower
implantation rate or recurrent implantation failure (RIF).

In this study, we demonstrate that administration of CXCL12 or
BMDCs significantly improved the endometrial growth/expansion in
mice with thin EM, and increased the amount of stroma and num-
ber of glands. The underlying pathogenesis of persistent thin EM
remains to be defined; however, angiogenesis is thought to be funda-
mental in supporting endometrial growth, which provides vascular-
ized receptivity during implantation [31, 32]. The observed increased
immunoreactivity of CD31 and Ki-67 in mice treated with CXCL12
or BMDCs indicates that both molecules contribute to restoration
of the uterine structures by promoting vascularization and cellular
proliferation in mice with thin EM. Transplantation of BMDSCs
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Figure 2. CXCL12/BMDCs treatments stimulate endometrial cell proliferation. (A and B) Representative micrographs of H&E staining showing increased thickness
of endometrial epithelium after treatment with CXCL12, BMDCs, or both, compared to PBS treatment. (A: ×100 and B: ×400).

Table 1. Comparison of histological parameters.

Groups
Sham (no
ethanol) PBS CXCL12 BMDCs CXCL12 + BMDCs P-value

Glands # 40.5 ± 5.8 8.4 ± 2.5 31.6 ± 4.5∗∗ 24.8 ± 6.0∗ 36.0 ± 6.6∗∗ 0.005
Diameter (mm) 1.83 ± 0.09 1.05 ± 0.06 1.64 ± 0.10∗∗ 1.45 ± 0.13∗ 1.45 ± 0.07∗ 0.002
Total area (mm2) 2.45 ± 0.22 0.83 ± 0.09 2.05 ± 0.28∗∗ 1.82 ± 0.33∗ 1.96 ± 0.28∗ 0.010
Stroma (mm2) 1.09 ± 0.15 0.30 ± 0.05 0.94 ± 0.12∗∗ 0.81 ± 0.09∗ 1.08 ± 0.12∗∗ <0.001
LEA (mm2) 0.191 ± 0.022 0.027 ± 0.005 0.177 ± 0.037∗∗ 0.182 ± 0.037∗∗ 0.191 ± 0.016∗∗ 0.001

LEA: luminal epithelial area, data are expressed as the mean ± SEM.
∗P < 0.05.
∗∗P < 0.01; each group vs. PBS group by post-hoc Dunnett test.

has been shown to be beneficial in endometrial regeneration in pre-
vious rodent models of thin EM [23, 24]. Our findings agree with
the prior findings; the expression of LIF and ITG was upregulated,
while proinflammatory cytokine, such as IL-β, was decreased in mice
treated with BMDCs. With regard to the biological functions of stem
cells in the repair of damaged tissue, several mechanisms mediated
by stem cells have been suggested, including activation of endoge-
nous stem/progenitor cells, release of trophic factors that enhance
neovascularization, and modulation of immune responses [33, 34].

A novel finding in the present study is that administration of
CXCL12 also improved endometrial regeneration in mice with thin
EM; effects of CXCL12 were comparable with those of BMDCs
in analyses of histologic and biochemical markers. CXCL12 is rec-
ognized as the most potent chemoattractant of BMDSCs and also
displays a broad range of immunomodulatory actions and stimula-
tory effects for angiogenesis [35, 36]. The endogenous expression
of CXCL12 is increased in response to various injuries and recruits
mesenchymal stem cells to the damaged sites enabling tissue repair
[37–40]. With the increased understanding of stem cell biology, re-
cent studies have focused on the potential therapeutic capacities of
this chemokine in a variety of conditions using experimental models
of locally induced inflammation, nerve damage, or traumatic wounds
[16, 41, 42]. We previously described a murine Asherman syndrome
model where CXCL12 augmentation after uterine injury markedly
reduced the formation of endometrial fibrosis, suggesting a role for

CXCL12 in preventing progressive uterine fibrosis and adhesions
[13].

Another interesting finding in this study is that the expressions
of MMP-2 and MMP-9 were significantly regulated by treatment
with BMDCs. MMPs are a family of zinc-dependent proteolytic en-
zymes capable of degrading and rebuilding the extracellular matrix,
and also play a role in cell migration [43]. Studies in humans show
that MMP-2 and MMP-9 are present in endometrial stromal cells
and may have an integral role in embryo implantation [44, 45]. Al-
though the biological implication of MMPs in persistently thin EM
is unclear, a prior study reported that overexpression or hyperac-
tivity of MMP-2 or -9 in the uterine cavity is negatively associated
with successful implantation in women with RIF [46]. The authors
suggested that increased expression of MMPs or activity in uterine
cavity is due to chronic and/or mild inflammation in the EM and
likely reflects an unfavorable environment in the endometrial cavity
for the implantation process. Women with RIF who were treated
with antibiotics and a corticosteroid displayed reduced MMP activ-
ity in the uterine cavity, suggesting the improvement of the uterine
environment [44]. Therefore, the finding of decreased MMP levels
after treatment with BMDC and CXCL12 + BMDCs in our study
may be explained by the development of intrauterine inflammation
in thin EM, with the subsequent amelioration of the inflammation
by BMDCs. Administration of CXCL12 alone did not demonstrate
a regulatory effect on MMPs. A prior study identified the expression
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Figure 3. Recruitment of BMDCs. (A) Immunohistostaining of GFP with anti-GFP antibody showing the number of GFP+ cells recruited into different treatment
groups: PBS (left), BMDC (middle), and CXCL12 + BMDC (right) (×200). (B) Representative images of IF of thin EM sections from mice treated with PBS (control)
or BMDCs. Sections were co-stained with anti-GFP antibody (green), anti-CD45 (red), and anti-F4/80 antibody (magenta) to demonstrate the engraftment of
immune and nonimmune cells into the uterus. Nuclei were stained by DAPI and are shown in blue. No GFP + BMDCs are noted in the controls, as expected.
GFP + nonimmune cells (mesenchymal cells) are present in the EM of mice treated with BMDCs; these cells are both CD45 and F4/80 negative. Scale bar: 40 μm.

patterns of CXCL12 in normal human endometrial cells, where in
vitro CXCL12 treatment had no significant effects on MMP produc-
tion from the endometrial and epithelial cells [47]. It is likely that
the CXCL12 effect is due to BMDC recruitment rather than a direct
effect of CXCL12 on thin EM.

The pregnancy outcomes revealed relatively higher pregnancy
rates in mice treated with CXCL12 (2/5), BMDCs (2/5), and
CXCL12 + BMDCs (3/5) compared to PBS-treated mice (0/5). Al-
though the pregnancy rates in these groups were not as high as the
sham mice (5/5), these data suggest that both CXCL12 and BMDCs
increase the success of implantation by facilitating functional and
structural regeneration.

It still remains to be defined whether the concurrent administra-
tion of CXCL12 and BMDCs has a greater effect on endometrial
regeneration than either molecule used alone. We were not able
to observe a difference in histologic and chemical markers among
the three treatment groups, with the exception that IL-6 was sig-
nificantly upregulated and trended toward better pregnancy out-
comes in the combined treatment group. Several reasons can be of-
fered. As we described previously, BM-derived mesenchymal stem
cells are recruited to the EM in response to any injury [15]. In
the present study, ethanol-induced injury could recruit both en-
dogenous BMDSCs of the host and/or administered BMDSCs from
GFP mice to the uterus. The presence of both immune and non-
immune cells in the thin EM of mice revealed that both types of

cells might have contributed to the regeneration of normal EM from
thin EM. Some of the nonimmune cells detected in the thin EM of
mice treated with BMDCs likely have role in the regeneration of
EM. These nonimmune cells may be BMDCs stem cells but further
characterization is needed to confirm them as stem cells. However,
we could not track the engraftment of endogenous BMDSCs that
were potentially mediated by CXCL12. Another possible explana-
tion is that administration of CXCL12 has a therapeutic effect on
endometrial regeneration by enhancing trophic effects, such as im-
munomodulation or stimulation of angiogenic factors, in addition
to its recruitment of stem cells. Activation of immune response to
injury is critical for tissue repair and regeneration, and accumulat-
ing evidence supports the comprehensive roles of CXCL12 for var-
ious immune components including macrophages, monocytes, and
chemo/cytokines [18, 20, 48–50].

Conclusion

In summary, we demonstrate a beneficial effect of CXCL12 as well
as BMDCs on the thin EM in a murine model, where they pro-
mote the restoration of endometrial proliferation, modulate bio-
chemical markers related to endometrial receptivity, and improve
the success of conception. Further studies regarding the CXCL12-
mediated molecular mechanisms involved in regeneration of
endometrial growth/physiology will help to better understand the
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Figure 4. Immunostaining analysis of Ki-67 and CD31. Sections from uterine tissues of all treatment groups were stained with anti-Ki-67 (A) and anti-CD31 (B)
antibodies (×400). (C) H-score showing the intensity of Ki-67 staining in epithelium and stroma for each treatment. (D) Showing MVD by CD31 staining. Data
are expressed as the mean ± SEM. ∗P < 0.05 vs. PBS group; ∗∗P < 0.01 vs. PBS group.

Figure 5. LIF mRNA and protein expression. (A) mRNA levels by qRT-PCR. (B) Immunostaining for anti-LIF (× 400). (C) Quantitative analysis for immunostaining
area (%). Data are expressed as the mean (%) ± SEM. ∗P < 0.05 vs. PBS group; ∗∗P < 0.01 vs. PBS group.
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Figure 6. mRNA expression levels of uterine receptivity markers by qRT-PCR. Interleukins: IL-1β (A) and IL-6 (B); ITGs: ITGαv (C) and ITGβ3 (D); and MMPs: MMP-2
(E) and MMP-9 (F). Data are expressed as the mean ± SEM. ∗ denotes statistical significance (P < 0.05) compared to PBS treatment group. Data represent three
individual experiments and each experiment was carried out in duplicate.

Table 2. Pregnancy outcomes for the experimental treatment groups and sham control.

Thin EM treatment groups

Sham PBS CXCL12 BMDCs CXCL12 + BMDCs P-value

Pregnancy case/total 5/5 0/5∗∗ 2/5 2/5 3/5∗∗∗ 0.04
Time to pregnancy, day† 10.0 (1–18) – 21.5 (18–23) 11.0 (6–16) 10.0 (6–14) NS
Litter size 7.8 ± 1.5 – 3.5 ± 0.5∗ 3.5 ± 0.5∗ 5.0 ± 1.5 0.015
Pup weight (g, mean) 1.36 ± 0.01 – 1.40 ± 0.04 1.40 ± 0.03 1.42 ± 0.04 NS

NS: not significant
∗P < 0.05; each group vs. sham group by post-hoc Tukey test.
∗∗P = 0.001 compared to sham control by Chi Square test with Yates correction.
∗∗∗P = 0.04 compared to PBS-treated control.
†Data expressed as the median with range.

roles of CXCL12, and will help determine its value as a therapeutic
target.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Analysis of immune cells after BMDCs
engraftment by Fluorescence confocal microscopy. Representative
IF images of thin endometrial tissue sections from mice treated with
PBS (control) or BMDCs. Sections were co-stained with anti-GFP
antibody (green), anti-CD45 (red), and anti-F4/80 antibody (ma-
genta). Nuclei were stained by DAPI and are shown in blue. White
arrows show the presence of GFP cells expressing CD45 (leukocytes),
while yellow arrows show the presence of macrophages derived from
BMDC treatment. Scale bar: 40 μm.
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