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The synergistic effect of electroacupuncture ®

and bone mesenchymal stem cell
transplantation on repairing thin

endometrial injury in rats
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Abstract

Background: Tissue regeneration disorder after endometrial injury is an important cause of intrauterine adhesions,
amenorrhea, and infertility in women. Both bone marrow mesenchymal stem cell (BMSC) transplantation and
electroacupuncture (EA) are promising therapeutic applications for endometrial injury. This study examined their
combined effects on thin endometrium in rats and the possible mechanisms underlying these effects.

Methods: A thin endometrial model was established in Sprague-Dawley (SD) rats by perfusing 95% ethanol into
the right side of the uterus. The wounds were randomly treated with PBS (model group), BMSCs only (BMSC
group), EA only (EA group), and BMSCs combined with EA (BMSC + EA group). Endometrial morphological
alterations were observed by hematoxylin and eosin (H&E) staining. Changes in markers of epithelial and stromal
endometrium cells, endometrial receptivity-related chemokines, and paracrine factors were detected using
immunohistochemistry, western blotting, and quantitative reverse-transcription polymerase chain reaction (qRT-
PCR). Finally, the functional recovery of the uterus was evaluated by determining the rate of embryo implantation.

Results: As shown by endometrial morphology, the damaged uteri in all the treatment groups recovered to some
extent, with the best effects observed in the BMSC + EA group. Further studies showed that EA promoted the
migration of transplanted BMSCs to damaged uteri by activating the stromal cell-derived factor-1/C-X-C chemokine
receptor type 4 (SDF-1/CXCR4) axis. As compared with the other groups, upregulated expression of endometrial
cytokeratin and vimentin, increased secretion of vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) in endometrial lesions, and improved embryo implantation rates on the 8th day of pregnancy
were found in the BMSC + EA group.

Conclusions: EA plays an important role in supporting BMSCs in the repair of thin endometrium, most likely by
promoting the migration of BMSCs and enhancing the paracrine effect of BMSCs.
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Background

A thin endometrium refers to an intimal thickness of
<7 mm before ovulation or on the day of human chori-
onic gonadotropin administration [1]. Excessive uterine
curettage, endocrine disorders, endometrial tuberculosis,
and other factors can lead to endometrial thinning and
growth restriction [2, 3]. A thin endometrium may also re-
sult from endometrial basal vascular dysplasia [4]. A thin
endometrium has implications for a woman’s fertility, as it
is related to lower implantation and pregnancy rates. In
terms of prevalence, a thin endometrium affects about
one in three to two in three women undergoing in-vitro
fertilization and embryo transfer (IVF-ET) [5].

A number of treatments have been tried to increase
endometrial development. These include intra-uterine
granulocyte colony-stimulating factor, extended estrogen
support, human chorionic gonadotropin priming in the
follicular phase, and drugs that increase endometrial
blood flow (e.g., pentoxyfilline, tocopherol, sildenafil,
and L-arginine) [6]. To date, none of these treatments
have been validated. Thus, finding a successful treatment
for a thin endometrium remains a challenge.

Mesenchymal stem cells (MSCs) have various qualities
that make them the ideal choice for cell/gene therapy
and regenerative medicine, including therapies targeting
the uterus [7, 8]. These qualities include ease of separ-
ation from various tissues; plentiful proliferation capacity
in vitro, without any change in their biological features;
tropism to damaged tissue; weakly immunogenicity; and
secretion of anti-inflammatory molecules. Furthermore,
they pose no risk to normal cells/tissues. Following an
injection of bone mesenchymal stem cells (BMSCs) into
the body, these cells secrete various growth factors in
the endometrium, thereby effectively promoting the pro-
liferation, migration, and differentiation of microvascular
endothelial cells [9, 10]. Previous research has reported
the upregulation of endometrial receptivity markers in a
murine thin endometrium model, in which mice treated
with BMSCs showed moderate improvements in fertility
[11]. Clinical studies have confirmed that BMSCs iso-
lated from autologous peripheral blood aided endomet-
rial reconstruction and restored normal menstruation in
patients with endometrial injury and that some patients
became pregnant without any medical intervention after
treatment [12]. Although stem cells can repair endomet-
rial damage to a certain extent, due to the influence of
the intrauterine environment, there are individual differ-
ences in the role of stem cells in the uterine cavity.
Thus, their efficacy is unstable.

In recent years, a number of studies have demon-
strated the effectiveness of electroacupuncture (EA) in
the field of assisted reproduction [13-15]. Some studies
have reported that EA regulated the uterine microcircu-
lation [16], upregulated the expression of the estrogen
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receptor (ER) and progesterone receptor (PR) in the
endometrial surface, increased serum estrogen levels,
promoted endometrial regeneration [17], improved clin-
ical pregnancy and/or live birth rates [18], and relieved
pain and anxiety during embryo transfer [19]. Other
studies have shown that EA stimulated the proliferation
and activation of stem cells and further promoted the
stem cell migration to injured areas following tissue
damage [20, 21]. Based on previous studies on the ef-
fects of EA on endometrial and stem cells, we aimed to
explore the potential beneficial role of EA on BMSCs in
the uterus. With this aim in mind, we investigated the
combined effects of BMSC transplantation and EA on
thin endometrium of rats and the possible mechanisms
underlying these effects.

Materials and methods

Animals

Mature male and female Sprague-Dawley (SD) rats aged
8-12 weeks (weight 200-240 g) and male SD rats aged 3
weeks (weight 50 g) were obtained from a specific patho-
gen-free (SPF)-level facility (Beijing Vital River Experi-
mental Animal Technology, China). They were kept
under a controlled 12:12-h light-dark cycle, with a
standard diet and free access to water in the Animal Ex-
perimental Center of Nanjing University of Traditional
Chinese Medicine. The study protocol was approved by
the Animal Care and Use Committee of Nanjing Univer-
sity of Chinese Medicine on 27 April 2018 (reference
number: 201804A021).

Groups and treatments

The study comprised of 100 rats, which were randomly
assigned to the following treatment groups (n =20 for
each group): control, phosphate-buffered saline (PBS;
model group), BMSCs only (BMSC group), EA only (EA
group), and BMSCs combined with EA (BMSC + EA
group). In accordance with Gao et al’s protocol, the
right uterus in the model, BMSC, EA, or BMSC + EA
group was injected with 95% ethanol to establish a thin
endometrial model (left uterus maintained as a control)
[22]. On the 1st, 3rd, and 7th days of the study, the rats
in the model group were injected with 1mL PBS
through the tail vein; the rats in the BMSC group were
injected with 1 mL of 1 x 10° cells/mL BMSC suspension
through the tail vein; in the EA group, EA was adminis-
tered for 15min each day (beginning at 10:00 am) after
the establishment of the thin endometrial model and con-
tinued for three estrous cycles; in the EA + BMSC group,
on the 1st, 3rd, and 7th days of the study, BMSCs were
injected through the tail vein before receiving the EA
treatment. On the day of the third estrus, the rats in each
group were sacrificed and the uteruses were harvested.
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EA stimulation

All the animals were anesthetized with ketamine. In the
EA and BMSC + EA groups, EA stimulation was applied
to the acupuncture points of unilateral Sanyinjiao (SP6),
Guanyuan (CV4), and Zigong (EX-CAl) using an EA
stimulator instrument (Model SDZ-II; Suzhou Medical
Appliance Factory, Suzhou, China). In the control,
model, and BMSC groups, the rats were not treated with
EA. The depth and location of the EA, atlas of the skel-
eton, acupoints of the animals, and anatomical locations
were as described in the Handbook of Practical Animal
Acupuncture [23]. SP6 was situated about 10 mm above
the top of the medial malleolus and on the posterior
border of the tibia. CV4 was located at a point of 3/5
down the ventral midline, connecting the umbilicus to
the pubic tubercle. EX-CA1 was located about 20 mm
below the umbilical cord and 10 mm beside the midline
of the abdomen. Two 0.3-mm stainless steel acupunc-
ture needles (Wuxi Jiagjian Medical Devices Co., Ltd.,
Wuxi, China) connected to an output terminal were
inserted at a depth of 2mm into the abovementioned
acupuncture points. Stimulation by disperse-dense waves
with 2/15Hz frequencies was generated at an intensity
of muscle twitch threshold and administered for 15 min
per day continued three estrous cycles.

BMSCs culture in vitro

BMSCs were isolated from the bone marrow of 3-week-
old male SD rats. Briefly, femurs and tibiae were collected
from immature rats sacrificed by cervical dislocation.
Bone marrow cells were harvested by flushing the marrow
cavity with low glucose Dulbecco’s modified Eagle’s
medium (L-DMEM) (Gibco). The suspended cells were
then collected by centrifugation at 1500 rpm for 5 min.
The cells were resuspended and cultured in L-DMEM
media with 10% fetal bovine serum (FBS) and 1% penicil-
lin-gentamicin at 37 °C in a humidified incubator with 5%
carbon dioxide. Nonadherent hematopoietic cells were re-
moved after 24 h. The culture medium was changed every
2-3 days. Adherent BMSCs were harvested by 0.25% tryp-
sin-ethylenediaminetetraacetic =~ acid  (trypsin/EDTA)
(Gibco) when reaching 80-90% confluence. BMSCs cul-
tured in the third passage were used for transplantation.
The cells were harvested with trypsin/EDTA, washed
twice with PBS, and resuspended at a concentration of
1 x 10° cells/mL in 1 mL of PBS.

Phenotypic identification of BMSCs

Before in vivo experiments, the mesenchymal phenotype
of the cells was assessed by fluorescence-activated cell
sorting (FACS). The cells in the third passage were har-
vested with 0.25% trypsin/EDTA, resuspended at a con-
centration of 1 x 10° cells/mL in PBS, and separated in a
microcentrifuge tube. According to the instructions of
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the manufacturer, corresponding doses of CD45, CD29,
and CD90 monoclonal antibodies were added to each
tube in turn. Meanwhile, the same type of negative con-
trol was established. Then, it was mixed well and incu-
bated at 4 °C for 1 h and detected by flow cytometry.

Cell labeling with CM-Dil

To track the transplanted cells in vivo, the BMSCs were
labeled with CM-Dil (C7000, Invitrogen, USA). Briefly,
BMSCs were made into a single cell suspension in L-
DMEM medium containing 10% FBS. Then, 1 mL of
CM-Dil reagent was added, mixed using a pipette, and
incubated for 5 min at room temperature. Subsequently,
2 mL of FBS was added to stop the staining. After centri-
fugation, the supernatant was discarded and cells were
resuspended in fresh medium. The above staining pro-
cedure was repeated three times. The cells were then re-
suspended in PBS and transplanted into the rat through
the tail vein.

Hematoxylin-eosin(H&E) staining

H&E staining was performed as previously described
[24]. After fixation in 4% paraformaldehyde, the uterine
horns were embedded in paraffin, and 4-um serial sec-
tions were produced. The sections were mounted on
slides and immersed in xylene (10 min, twice), and rehy-
drated in a decreasing ethanol series diluted in distilled
water (100%, 100%, 95%, 90%, 80%, and 70%, 1 min
each). The sections were then rinsed in deionized water,
stained in hematoxylin for 80s, rinsed in deionized
water, and finally stained in eosin for 3 s. After the color
reaction, the sections were dehydrated through an etha-
nol series in xylene and mounted using Permount TM
Mounting Medium (Thermo Fisher Scientific). Sections
were taken using an IX73 microscope (Olympus Corpor-
ation, Shinjuku, Tokyo, Japan). Image J (Image in Java,
National Institute of Health, Bethesda, MD, USA) soft-
ware was used to determine the thickness of the endo-
metrium (the vertical distance from the endometrial
junction to the myometrium to the uterine cavity) and
calculate the number of blood vessels and glands in four
different fields of view, with their averages recorded.

Immunohistochemistry (IHC)

The sections were deparaffinized in xylene, rehydrated
through a series of ethanol washes, and rinsed in PBS.
Endogenous peroxidase activity was blocked by incubat-
ing the sections in 0.3% hydrogen peroxide (H,O,) in
methanol for 10 min at room temperature. Sections with
1x sodium citrate antigen repair solution were boiled in
a microwave at high heat for 1 min, medium heat for 2
min, and low heat for 7 min, and then allowed to cool at
room temperature. They were then washed in PBS and
punched with solution (0.5% (v/v) Tween-20 and 0.5%
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(v/v) Triton-100 in PBS) for 15 min at room temperature.
Nonspecific binding sites were blocked with 1% bovine
serum albumin in PBS for 1h at room temperature and
subsequently incubated with the rabbit polyclonal antibody
against cytokeratin (1:200, sc-398871, Santa Cruz Biotech-
nology, USA) and mouse monoclonal antibody against
vimentin (1:200, sc-73259, Santa Cruz Biotechnology, USA)
overnight at 4°C. After incubation with the primary anti-
body, the sections were washed with phosphate-buffered
saline Tween-20 (PBST) and treated with anti-rabbit and
anti-mouse immunoglobulin G (IgG) secondary antibodies.
Protein expression was visualized with diaminobenzidine
(Dako Cytomation, Carpinteria, CA, USA) staining. The re-
action was stopped with distilled water, stained with
hematoxylin, and dehydrated before mounting. The images
were digitized by fluorescence microscopy on an IX73
microscope (Olympus Corporation). Finally, each tissue
section was photographed under a high-power microscope,
and the images were saved in TIFF format. Four fields of
view were randomly selected from each uterine slice. The
mean optical density (MOD) value of each slice was mea-
sured by image analysis software Image-Pro Plus 6.0 (Image
Processing and Analysis in Java, National Institute of
Health, Bethesda, MD, USA), and the expression intensity
of the protein was semi-quantitatively compared using the
average optical density method.

Immunofluorescence staining

Uterine tissues were fixed in 4% paraformaldehyde for
24 h and then placed in a 15%, 30% sucrose solution to
dehydrate at 4°C. The dehydrated tissues were embed-
ded in optimal cutting temperature (OCT) compound,
rapidly frozen, and cut into 6-um slices. The distribution
of BMSCs stained with CM-Dil in rat uteri was observed
by fluorescence microscopy on an IX73 microscope
(Olympus Corporation). Four fields of view were ran-
domly selected from each uterine section. The number
of cells positive for fluorescence in each field was
counted, and the average value was compared. The scale
of the picture magnified x 200 represents 100 pm.

Western blotting

The rat endometrium was scraped on ice, and the tissue
was lysed in radio-immunoprecipitation assay (RIPA)
buffer, supplemented with the protease inhibitors aproti-
nin (1 pg/mL) and phenylmethylsulphonyl fluoride (1
mM) and then homogenized using an ultrasonic crusher.
After standing on ice for 1h, the lysate was centrifuged
at 4°C for 15 min at 12,000¢, and the supernatant was
collected. The protein concentration was determined
using a bicinchoninic acid (BCA). After boiling the
uterus lysates for 10 min, 50 pug of protein from each
sample was loaded onto a sodium dodecyl sulfate (SDS)
polyacrylamide gel, and electrophoresis was performed
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at 90V for 2 h. The separated proteins were then trans-
ferred onto polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA) in transfer buffer (20%
(v/v) methanol; 0.19 M glycine; 0.025 M Tris-Base, pH =
8.3) for an additional 80 min at 275 mA in ice water.
Consequently, the blots were blocked with 5% bovine
serum albumin in tris-buffered saline Tween-20 (TBST)
for 1 h at room temperature. The following primary anti-
bodies were used: rabbit polyclonal anti-C-X-C chemo-
kine receptor type 4 (CXCR4) (YM3546; Immunoway,
USA) diluted at 1:1000; rabbit polyclonal anti-stromal
cell-derived factor-1 (SDF-1) (3530s; CST, USA) diluted
at 1:1000; rabbit polyclonal anti-basic fibroblast growth
factor (anti-bFGF) (YT5549; Immunoway, USA) diluted
at 1:1000; rabbit polyclonal anti-vascular endothelial
growth factor (anti-VEGF) (ab11939; Abcam, UK) di-
luted at 1:1000; rabbit polyclonal anti-leukemia inhibi-
tory factor (anti-LIF) (ab113262; Abcam, UK) diluted at
1:1000; and mouse monoclonal anti-homeobox A10
(anti-HoxA10) (sc-271428; Santa Cruz Biotechnology,
USA) diluted at 1:1000. Mouse monoclonal anti-glyceral-
dehyde 3-phosphate dehydrogenase (anti-GAPDH)
(51332S; CST, USA) was diluted at 1:3000 and incubated
as the internal control. The membranes were finally rinsed
with TBST and incubated with anti-rabbit and anti-mouse
secondary antibodies (1:4000) for 1h at room
temperature, and the bands were visualized by using the
Tanon-5200 gel imaging system (Shanghai, CHN). The ex-
pression levels of the protein bands were qualitatively de-
termined using Image ] software (National Institutes of
Health, Bethesda, MD, USA), and the value was expressed
as a ratio of the target protein to GAPDH.

Table 1 Primers for real-time PCR

Gene name
Rat-SDF-1-qPCR-F
Rat-SDF-1-qPCR-R
Rat-CXCR4-qPCR-F
Rat-CXCR4-qPCR-R

Primer sequence
GCATCAGTGACGGTAAGCCAG
ATCTGAAGGGCACAGTTTGGAG
AGCATTGCCATGGAAATATACACT
AAATAGATGGTGGGCAGGAAGA

Rat-LIF- gPCR-F CCTTCCCATCACCCCTGTAA

Rat-LIF- gPCR-R CTGTGTAATAGGAAATAAAGAGGGC
Rat-HoxA-10- qPCR-F TGGAAGCGTGGACATTCAGGT
Rat-HoxA-10- gPCR-R GACCTTGGGCAAACGGGAA

Rat-VEGF- gPCR-F ACAGTGAACGCTCCAGGATTTA
Rat-VEGF- gPCR-R GCAGACCAAAGAAAGATAGAACAAAG
Rat-bFGF- gPCR-F AGCGACCCACACGTCAAACTA
Rat-bFGF- gPCR-R GGACTCCAGGCGTTCAAAGA
Rat-Actin- gPCR-F GCGAGTACAACCTTCTTGCAGC

Rat-Actin- gPCR-R ACCCATACCCACCATCACACC
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Quantitative reverse-transcription polymerase chain
reaction (qRT-PCR)

Total RNA was extracted from the harvested uteri using
the Trizol reagent (Gibco), and 1 pg of total RNA was
subjected to reverse transcription of mRNA using oligo
dT as a primer and a reverse transcription kit (Transgen
Biotech, Beijing, China) to generate total cDNA. A quan-
titative PCR was then carried using the primers shown
in Table 1 and FastStart Universal SYBR Green Master
(Toyobo, Osaka, Japan) with a 7500 Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA, USA). R-actin
was used for normalization. The quantitative expression
level was analyzed using the 274" method.

Fertility testing

Endometrial receptivity was assessed by testing the
endometrial capacity to receive fertilized ova and retain
embryos for pregnancy. The vaginal smear method was
used to determine the estrous cycles of the rats. The fe-
male rats were mated at 1:1 ratio with sexually mature
male rats on the day of estrus, and the presence or ab-
sence of vaginal plugs on the following morning was ob-
served. Eight days after the appearance of vaginal plugs,
the numbers and locations of embryos in each group
were recorded.
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Statistical analysis

The SPSS statistical program (version 22) was used to
analyze the data. Data were presented as the mean +
standard error (SEM). A one-way analysis of variance
test was used to compare the means of normally distrib-
uted parameters (Levene’s test with 0.1 as the standard
test). When equal variances were assumed, the least sig-
nificant difference test was selected. Otherwise, Dun-
nett’s T3 test was carried out. A value of P<0.05 was
considered significant.

Results

In vitro culture and phenotypic identification of BMSCs
The BMSCs obtained from rat bone marrow aspirates of
3-week-old rats were grown in culture as previously re-
ported [25]. The cells showed small protrusions 48 h
later. After 7 days, the cells became longer, closely at-
tached to each other, and spread around. When the cell
grew to the third generation, the growth rate increased
rapidly, with most of the cells having a long spindle
shape and uniform morphology, forming a cluster of
spiral colony cells (Fig. 1a). As shown by the FACS ana-
lysis, the expression of surface markers CD29 and CD90
of BMSCs was 97.7% and 98.8%, respectively, whereas
the expression of the hematopoietic stem cell marker
CD45 was 1.89% (Fig. 1b).
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Fig. 1 In vitro culture of SD rat BMSCs. a Morphological changes in BMSCs of rats at different culture times. b Staining of CD29, CD45, and CD90
detected by flow cytometry
.
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Morphological changes in the endometrium

As shown in Fig. 2a, after modeling, blood stasis ap-
peared in the uterus of the model group, the lumen be-
came thinner, and the original intact structure was lost.
In the other groups (BMSC, EA, and BMSC + EA), the
symptoms of blood stasis in the uterus were alleviated.
The lumens were also thickened in these groups. In
addition, the endometrial structure in the BMSC + EA
group was most similar to that in the control group.
From the H&E stained images, the endometrium struc-
ture in the control group was intact, the epithelial cells
were closely arranged, and the blood vessels and glands
were clearly visible. In the model group, the endomet-
rium was severely damaged, glands and blood vessels
were scarce, and severe endometrium thinning was appar-
ent. As compared with the model group, the endometrial

thicknesses in the BMSC, EA, and BMSC + EA groups (P <
0.05, P<0.05, P<0.01) increased significantly. The number
of endometrial glands and blood vessels in the three inter-
vention groups also increased. Notably, the endometrial
layer of the BMSC + EA group was relatively intact. As
compared with the other groups, the BMSC + EA group
also contained more endometrial glands and capillaries and
thicker endometrium (Fig. 2b—e; Additional file 1: Table S1).

EA promotes migration of BMSCs to injured endometrial sites
To detect whether the transplanted BMSCs migrate to
damaged endometrial tissue to aid tissue regeneration,
the BMSCs were labeled with CM-Dil fluorescent dye
before transplantation, and fluorescent cells were then
tracked in vivo. After three estrus cycles, the CM-Dil-la-
beled cells were detected in the endometrium of the BMSC
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group and BMSC + EA group. The average number of
fluorescent cells per unit area in the BMSC group and
BMSC + EA group was 35.40 + 7.03 and 56.80 + 15.44, re-
spectively. After stimulation with EA, more BMSCs accu-
mulated in the damaged endometrium (Fig. 3a, b).
Chemokines are cytokines that have a low molecular
weight and promote the migration of different cell types,
including stem cells, through chemotactic mechanisms
[26, 27]. Stem cells generally express the chemokine
CXCR4 on their surface, which interacts with SDF-1
[28-30]. To investigate the role of EA in promoting the
accumulation of BMSCs in the uterus, we examined the ex-
pression of SDF-1/CXCR4 on the endometrial surface. The
expression of SDF-1 was upregulated after endometrial in-
jury, with significantly strengthened expression in the
BMSC + EA group (Fig. 3¢, d). These findings indicate that

the effect of EA on BMSC migration to the site of injury
may be related to elevated expression of SDF-1 in damaged
endometrial tissues. Then, we examined the expression of
CXCR4 in each group. As shown in Fig. 3e and f, the ex-
pression of CXCR4 in the BMSC group or BMSC + EA
group was upregulated compared with the model group,
and upregulation in the combined group was significantly
enhanced. Based on these results, we suggest that the pres-
ence of increased numbers of BMSCs in endometrial tissue
may be associated with enhanced chemotaxis of BMSCs
following EA stimulation.

BMSCs combined with EA promotes endometrial cell
regeneration and growth factor secretion

Cytokeratin and vimentin were expressed in the cyto-
plasm of endometrial epithelial cells and interstitial cells,
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Fig. 4 Effects of BMSC transplantation and EA on endometrial epithelial and interstitial cell proliferation. a Cytokeratin and vimentin protein
expression in each group were detected by immunohistochemistry (x 400), with the arrow indicating the site where brown-yellow particles were
deposited. b The histogram shows the endometrial cytokeratin and vimentin MOD values of the rats in each group. Bars represent the mean +
standard error (SEM); n =10 per group. *P < 0.05, **P < 0.01

respectively. They are involved in cell mitosis and cell
differentiation, contributing to the integrity and continu-
ity of organelles [31]. To observe the regeneration and
distribution of epithelial cells and interstitial cells on
endometrial surfaces, the localization of cytokeratin and
vimentin was observed in an IHC analysis. The results
showed that the MOD values of cytokeratin and vimen-
tin in the model group were much lower than those in
the control group (P<0.01). After BMSC transplant-
ation, EA, or the combination of both treatments, the
brown-yellow particle deposition with positive staining
was observed in endometrial tissue. The MOD values of
each intervention group were higher than those in the
model group. However, there was no significant differ-
ence between the values of the intervention groups
(Fig. 4a, b).

Previous studies have confirmed that BMSCs promoted
angiogenesis, repaired tissue damage, and promoted func-
tional remodeling by secreting cytokines, such as VEGE,
bFGE, and insulin-like growth factors [32, 33]. As shown
by the western blotting and qRT-PCR assay of VEGF and
bFGF endometrial surface expression, the expression of

VEGF and bFGF on the intimal surface of the injured
endometrium was upregulated in both the BMSC-only
and EA-only groups, which did not show a significant dif-
ference compared with the model group. Intriguingly,
VEGF and bFGF expression was significantly upregulated
in the BMSC + EA group (P<0.01 and P < 0.05, respect-
ively; Fig. 5). These results suggest that EA can enhance
the paracrine effect of BMSCs in the injured uterus and
that a combination of BMSCs and EA can effectively pro-
mote the regeneration of endometrial cells.

BMSCs combined with EA improves endometrial
receptivity and increases embryo implantation rate
Endometrial thickness is closely related to the success of
embryonic implantation, with a thin endometrium lead-
ing to embryo implantation failure or a reduced embryo
implantation rate. HoxA10 is a critical regulatory factor
in embryo implantation, affecting endometrial deciduali-
zation and embryo adhesion by regulating downstream
gene expression [34]. LIF is a pleiotropic cytokine se-
creted by glands that directly target endometrial epithe-
lial cells and affect blastocyst implantation by promoting
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endometrial receptor expression [35]. To detect the ef-
fect of BMSCs and EA on endometrium repair, we ex-
amined the expression of marker molecules associated
with endometrial receptivity. The western blotting re-
sults showed that as compared with the model group,
the expression of HoxA10 and LIF were upregulated in
all the intervention groups, with a significant increase in
the BMSC + EA group. However, there was no statisti-
cally significant difference in the HoxA10 and LIF ex-
pression among the three intervention groups (Fig. 6a).
As shown by the results of the qRT-PCR of HoxA10
and LIF expression at the mRNA level, HoxA10 and LIF
mRNA levels were reduced in the model group as com-
pared with those in the control group. In contrast, sig-
nificantly upregulated expression of HoxA10 and LIF
mRNA was detected in the BMSC + EA group (P <0.05
and P < 0.01, respectively). There were no significant dif-
ferences in HoxA10 and LIF mRNA expression levels
between the BMSC-only and EA-only groups (Fig. 6b).
To further investigate the effects of BMSC transplant-
ation and EA on endometrial functional reconstruction,
we examined the embryo implantation rate in each
group. The number of embryo implantations was highest
in the control group (n=5), with 8, 6, 6, 5, and 9 em-
bryos, respectively, with no embryo implantation in the
injured uterus of the model group. As compared with

the model group, the number of embryo implantations
in the BMSC, EA, and BMSC + EA group were in-
creased, which were 0, 4, 3, 4, 2; 0, 5, 2, 3, 3; and 3, 4, 5,
2, 5 (P<0.05, P<0.05, and P<0.01, respectively). The
largest numbers of embryos were found in the BMSC +
EA group (Fig. 6¢).

Discussion

This study demonstrated that an injection of absolute
ethanol in the uterus caused significant injury, with
endometrial thinning, decreased numbers of glands and
blood vessels, and interstitial edema. Treatment with
BMSCs, EA, or a combination of both substantially im-
proved endometrial damage. After the treatments, endo-
metrial interstitial cells, epithelial cells, and vascular
density were increased, and cytokine levels were upregu-
lated. These findings demonstrated that CXCR4
expressed by BMSCs specifically bound to SDF-1 re-
leased from the damaged endometrium and that BMSCs
migrated to the site of damage, further affecting cell re-
generation and paracrine function. Moreover, EA effect-
ively mobilized and induced BMSCs to migrate (ie.,
homing) to the injured sites in vivo, enhanced the effi-
cacy of stem cell repair damage, improved endometrial
receptivity, and increased embryo implantation rates.
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Thin or damaged endometrium causes uterine factor-
derived infertility, resulting in failed embryonic implant-
ation. Regeneration of the endometrium is a major issue
in gynecology and reproductive medicine. To increase
the endometrial thickness, various strategies have been
adopted, such as systemic or vaginal estrogen [36, 37],
low-dose aspirin supplements [38], and intravaginal

sildenafil [39], all with limited success. Other methods,
such as the use of aromatase inhibitors [40] and delaying
the administration of human chorionic gonadotropin
[41], have also been suggested. However, these options
to improve endometrial thickness are controversial. Cell-
based therapies currently using endometrial stem/pro-
genitor cells are expected to be used to restore poor
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endometrium. However, it is not enough that the dam-
aged endometrium is repaired by endometrial stem/pro-
genitor cell regeneration.

MSCs are a kind of adult stem cells derived from the
mesoderm. They are mainly found in connective tissue
and organ stroma and are most abundant in the bone
marrow [8]. Previous research has showed that trans-
planted cells can provide morphological and functional
benefits through multiple mechanisms, including trophic
support, cell replacement, regeneration of endogenous
cells, immunosuppression/anti-inflammation, and regu-
latory interactions with endogenous cells [42]. A clinical
investigation has proved that stem cells existing in the
endometrium may originate from the bone marrow [43].
A number of experiments have demonstrated that
BMSCs appeared to play an important role in endomet-
rial rebuilding [10, 44—49].

However, the effects of MSCs on tissue repair in vivo
differ, depending on the affected local microenviron-
ment, especially in the case of endometrial lesions [50].
There are several methods to enhance the effect of
MSCs on injury repair: The first method is to combine
collagen scaffolds or other biological materials and
transplant them directly to the site of injury [51]. The
second method is to utilize growth factors, such as hep-
arin-binding epidermal growth factor and VEGF [44,
52]. The third method is to genetically modify MSCs
[53]. However, these in vitro modification processes add
a number of cumbersome steps, which greatly limit the
use of MSCs in clinical practice. Therefore, it is import-
ant to find a simple and effective way to enhance the ef-
fects of BMSCs.

EA is widely used in traditional Chinese medicine.
Due to its few side effects, convenience, and unique im-
pacts on general well-being, acupuncture has gained sig-
nificant popularity around the world. Acupuncture
points are the locations where the pointer can enter
some of the deeper tissue components and convey im-
pressions primarily along the meridians. Specific acu-
puncture points are associated with unique connective
tissue locations [23]. In this study, the stimulation points
were Sanyinjiao (SP6), Guanyuan (CV4), and Zigong
(EX-CA1). According to the principles of traditional
Chinese medicine and modern acupoint theory, SP6 is
considered a classic acupuncture point for female dis-
eases. It can soften and coordinate liver function and is
beneficial to kidney qi. CV4 and EX-CA1 can nourish
the uterus and regulate shaft function [54]. Some studies
have shown that stimulating these acupuncture points can
regulate uterine myoelectric activity and neuroendocrine
system and increase endometrial blood flow, thereby im-
proving endometrial receptivity and providing conditions
conducive to embryo implantation [17, 55-58]. Based on
the favorable regulation of the uterus by EA, we chose
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SP6, CV4, and EX-CA1 acupoints to explore whether EA
was beneficial for stem cells in repairing damage in the
uterus. To simulate the clinical treatment of patients with
thin endometrium, the EA intervention was administered
to rats for three consecutive estrous cycles. The EA type
selected was disperse-dense waves, which can promote
metabolism and blood circulation, improve tissue nutri-
tion, and eliminate local inflammation and edema [59, 60].

In the present study, we transplanted BMSCs through
the tail vein of rats and observed their tissue repair effect
on thin endometrium, with or without EA stimulation.
Through a histological analysis, we found that both
BMSCs alone and EA stimulation alone promoted endo-
metrial thickening. After the treatment, blood vessels
and glands regenerated in intimal tissue, and the struc-
ture of the uterus was restored to some extent. Further,
a combination strategy comprising BMSCs and EA
yielded the best results. These findings are consistent
with previous research, which found that EA combined
with BMSC transplantation promoted spinal cord and
intestinal damage repair [61, 62]. We conclude that EA
combined with BMSCs appears to be a more effective
means of repairing endometrial damage than BMSCs
alone. It should be noted that the selected acupuncture
points differ, depending on the disease. Besides, the dur-
ation of acupuncture and specific mechanisms of action
are also different in dealing with different diseases.

In our study, the presence of stem cells labeled with a
fluorescent dye was visually detected in both the BMSC
and BMSC + EA groups by immunofluorescence. The
number of stem cells in the BMSC + EA group was
slightly higher than that in the BMSC-only transplant-
ation group. In general, stem cell migration is closely re-
lated to the SDF-1/CXCR4 axis [63]. In the present
study, western blotting and qRT-PCR also revealed high
expression of SDF-1 and CXCR4 after combining
BMSCs with EA. These results suggest that EA enhance
the chemotaxis of BMSCs by activating the SDF-1/
CXCR4 signal axis and promoting the migration of
BMSC:s to the injured site.

It has been reported that BMSCs played an important
role in tissue regeneration through the paracrine pro-
duction of various growth factors [33]. Hence, we exam-
ined the effect of BMSCs and EA on the expression of
multiple cytokines in the injured area. Cytokeratin and
vimentin maintain organelle integrity and continuity by
participating in cell mitosis and cell differentiation [31].
VEGE, an important regulator of vascular morphogen-
esis, is also involved in endothelial cell proliferation and
mobilization, angiogenesis, and remodeling [64]. bFGF is
a member of the fibroblast growth factor family that
stimulates proliferation and differentiation of endothelial
cells, promotes the release of basement membrane-de-
grading enzymes, and induces the growth of new blood
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vessels [65]. These cytokines are closely related to tissue
regeneration and angiogenesis. In the present study,
cytokeratin, vimentin, VEGF, and bFGF expression in-
creased in both the EA and BMSC groups, with a signifi-
cant increase in the levels in the BMSC + EA group.
These findings suggest that EA promotes the paracrine
effect of BMSCs at the site of local injury and that it im-
proves the ability of BMSCs to differentiate into cells re-
quired for tissue regeneration.

Endometrial receptivity refers to the state in which
the endometrium is allowed to locate, adhere, in-
vade, and change the endometrial stroma, which is
key to successful embryo implantation. The present
study investigated the role of HoxAl0 and LIF in
endometrial receptivity. HoxA10 is a transcriptional
regulatory gene found in Drosophila. It plays an im-
portant role in the regulation of embryonic develop-
ment and  cell-directed  differentiation  and
proliferation [66, 67]. LIF is a pleiotropic cytokine
secreted by glands that directly targets endometrial
epithelial cells. It promotes increased expression of
uterine receptor proteins [68] and initiates intimal
decidualization by activating signal transducers and
activators of transcription 3 [69]. We examined the
expression of these two molecules to determine the
effects of BMSCs and EA on endometrial receptivity
functions. As compared with the control group, all
the treatments upregulated endometrial surface ex-
pression of HoxA10 and LIF, with the most signifi-
cant increase observed in the BMSC + EA group.
These findings may be explained by beneficial effects
of BMSCs and EA on glandular tissue regeneration
and restoration of the normal glandular secretion
function of the endometrium.

To further investigate the effects of BMSC transplant-
ation and EA on uterine functional reconstruction, we
examined the implantation of endometrial embryos in
rats. The fertility tests showed that as compared with
the model group, the implantation efficiency was en-
hanced with BMSC transplantation, EA, and a combin-
ation of both treatments, with the most effective
implantation in the combined treatment group. These
results suggest that BMSCs combined with EA improves
fertility in rats. Further studies are needed with larger
numbers of rats to confirm functional regeneration of
the endometrium.

Conclusion

We conducted a preliminary study about the syner-
gistic effect of BMSCs and EA on endometrial in-
jury. The results suggest that EA enhance the
chemotaxis of stem cells, promotes BMSCs trans-
planted through the tail vein into the uterus, en-
hances the paracrine effect of stem cells in the
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damaged uterus, and plays an effective auxiliary role
in stem cell repair. This study points to a new
method for the clinical application of BMSCs in the
treatment of endometrial injury and provides new
insights into use of EA combined with BMSCs as a
treatment for various types of tissue damage.

Additional file

Additional file 1: Table S1. Endometrial morphology of rats in each
group (X=s). (DOCX 19 kb)
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