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Stem cell–based therapy plays a pivotal role in the regeneration of damaged endometrium.
Previous studies have demonstrated the therapeutic potential of bone marrow
mesenchymal stem cells (BMSCs) through diverse administration ways. However, the
homing, survival, and differentiation potential of these differently administered BMSCs are
poorly defined, and the best route of administration is not well-defined. Herein, we aim to
compare the engraftment, retaining time, and therapeutic efficiency of differently
administered BMSCs. To achieve this, GFP/Luc-labeled BMSCs administered in two
modes were assessed in a thin endometrium rat model: either into the damaged horns
directly or through the ipsilateral iliac artery. The retaining time and hemi-quantitative
distribution were evaluated by in vivo bioluminescence imaging and immunohistological
analysis. Locally administered BMSCs were strongly detected in the abdomen at the first
4 days post treatment but underwent a rapid decrease in luminescent signal afterward and
were rarely found 28 days after treatment. In contrast, the retaining time of BMSCs injected
through the iliac artery was longer, reflected by more GFP-positive cells detected in the
uterine section 28 days post treatment. Differentiation toward endometrial stromal cells
was observed. Both routes of administration contributed to the restoration of the damaged
endometrium, showing a comparable increase in the endometrial thickness and a
decrease in fibrosis. However, more importantly, higher expression of LIF and VEGF,
better recruitment, and longer retainment were found in the intra-arterial administration,
contributing to the establishment of the optimal administration mode in clinical practice.
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INTRODUCTION

The optimal endometrial thickness for embryo implantation is still an open issue. Thin endometrium,
defined as the thickness less than 7mm on the day of human chorionic gonadotropin (hCG)
administration, is identified to be related to low implantation rates and early abortion rates (Zhang
et al., 2019; Shalom-Paz et al., 2021). Various treatments have been applied to increase endometrial
thickness, including hormone replacement therapy, cytokine therapy, and hysteroscopic surgery, all of
which show limited efficacy on the restoration of a functional endometrium (Kamath et al., 2020). Most of
the thin endometrium is caused by repeated uterine curettage–led injury and chronic inflammation of the
endometrium. The functional impairment or mechanical damage is responsible for decreased endometrial
regenerative activities and increased implantation failure. The loss or senescence of uterine basal layer cells
might impede endometrial reconstruction (Santamaria et al., 2018; Patterson et al., 2018).
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Currently, cell-based therapy has emerged as a promising
strategy in regenerative medicine. Owing to the easy isolation
from various tissues and the properties of self-renewal,
multipotency, and immunomodulation, MSC-based therapy
has become a promising method for the thin endometrium.
Mesenchymal stem cells (MSCs) have been used to treat the
thin endometrium of patients with Asherman syndrome and
improve reproductive outcomes (Azizi et al., 2018; Gao et al.,
2019; Keyhanvar et al., 2021). Varied delivery ways were used in
MSC perfusion. Cao et al. (2018) reported that the delivery of
MSCs to the uterine cavity improved the endometrial thickness
and reproductive outcomes. To better compensate for the
insufficient intrinsic regeneration ability, collagen scaffolds
were also used in the treatment. Santamaria et al. (2016)
transplanted CD133+ BMSCs by the uterine artery to induce
endometrial proliferation by engrafting around endometrial
vessels of the traumatized endometrium. However, there is still
no study focusing on comparing the effects of local perfusion or
intra-arterially administered BMSCs on the regeneration of the
thin endometrium. Therefore, we labeled BMSCs with both GFP
and luciferin to track administered cells in vitro and in vivo by
immunofluorescent analysis and bioluminescence imaging
aiming to compare the distribution, survival, differentiation,
and therapeutic efficacy of BMSCs administered either locally
or intra-arterially.

MATERIALS AND METHODS

Isolation and Culture of Primary Rat BMSCs
The isolation and culture of BMSCs were performed as
previously described with some modifications. Briefly, the
female Sprague–Dawley (SD) rats (3–4 weeks old, 80–100 g)
were euthanized by CO2 asphyxiation. The marrow was
flushed out from tibias and femora, and the isolated cells
were cultured in low glucose Dulbecco’s modified Eagle’s
medium (L-DMEM) supplemented with 10% fetal bovine
serum, penicillin/streptomycin, and 4 ng/ml bFGF. The
round cells began to adhere within 24 h after incubation,
and the nonadherent cells were removed by changing the
medium 48 h after incubation. The cells were then
trypsinized and sub-cultured when reaching 80–90% of
confluence. The cells between passages 3 and 6 were used in
the following experiments.

Assessments of the Immunophenotype and
in vitro Differentiation Capability of BMSCs
The BMSCs of the third passage were used to detect the surface
antigen markers. Adherent cells were harvested and resuspended
in PBS and then incubated with FITC-labeled anti-CD90
(0.06 µg/test, Invitrogen, 11-0900-81) and PE-labeled anti-
CD45 antibodies (0.25 µg/test, Invitrogen, 12-0461-82) in the
dark at 4°C for 30 min. Unstained cells and isotype controls
(0.06 µg/test, Invitrogen, 11-4724-81) served as a negative
control. After staining, the expression of cell surface markers
was analyzed by flow cytometry (Beckman).

To confirm the differentiation capability of isolated BMSCs,
the third passage of cells was induced to differentiate into
adipocytes, osteoblasts, and chondrocytes using specific
induction media (RASMX-90031, RASMX-9004, RASMX-
90021, Cyagen Biosciences Inc.). The BMSCs were seeded onto
six-well culture plates at a density of 2×104 cells/cm2 and cultured
to 100% confluence. The culture medium was changed to
adipocytic and osteogenic induction medium. After 21–28 days
of induction, Oil Red O staining was carried out to detect lipid
droplets, and Alizarin Red S staining was performed to detect the
calcifying nodules.

Transduction of BMSCs
BMSCs were transduced with a lentiviral vector expressing both
GFP and firefly luciferase (Fluc) purchased from Jikai Co.
(Shanghai, China). Then, 72 h after transduction, the
transduction efficiency was evaluated by analyzing the GFP-
positive cells under fluorescence microscopy, and the infected
cells were sorted by flow cytometry sorting.

Establishment of a Thin Endometrium
Model and Administration of BMSCs
The animal study was reviewed and approved by the Animal
Ethics Committee of the Sixth Affiliated Hospital, Sun Yat-
sen University (No.20190307-002). The female SD rats were
purchased from Beijing Vital River Laboratory Animal
Technology Co. and bred at a temperature of 23–25°C with
a 12 h light/dark cycle. After 1-week adaptive feeding, vaginal
smears of the rats were performed to determine the estrous
cycle, and only those with normal estrous cycles were chosen
for subsequent experiments. A total of 48 rats were randomly
assigned to four groups: normal, injured, intra-arterial, and
intrauterine. The surgical procedure was performed under
isoflurane anesthesia. For all rats, except for those in the
normal group, the abdomen was open, and both sides of the
uterus were carefully picked out to inject 500 μl of 95%
ethanol in a sterile condition. The ethanol was aspirated
out after 5 min; then, the uterine cavity was rinsed with
physiological saline twice. For the intra-arterial and
intrauterine groups, 1×106 GFP/Luc-labeled BMSCs
resuspended in 100 and 20 μl of PBS, respectively, were
transplanted unilaterally after modeling. The injured group
did not undergo any therapy. For each group and each time
point of examination, a size corresponding to three animals
was used (Figure 1).

In Vivo Tracking of BMSCs
To detect the distribution of BMSCs comprehensively, the rats
were imaged continuously by PerkinElmer IVIS Spectrum at 1, 2,
4, and 8 days after BMSC treatment. Briefly, the rats received a
single intraperitoneal injection of 150 mg/kg firefly D-luciferin
potassium salt (MB1834, Meilun Biotechnology Co. LTD.). The
photographic and luminescent images were recorded by the
camera 15 min after injection. For further comparison, the
luminescent signal was recorded as total flux (average photos
per second, p/s), and the region of interest (ROI) of constant size
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and position among different individuals was manually selected
to quantify the luminescent intensity.

In VitroAssessment of GFP-Positive BMSCs
To further determine the precise location, quantity, and
differentiation of administered BMSCs, immunofluorescence
analysis was performed. The paraffin-embedded uteri slides
were dewaxed in xylene and rehydrated through graded
ethanol concentrations; then, antigen retrieval was performed
by the microwave method in citrate solution. The uteri sections
were incubated with anti-GFP mouse monoclonal antibody
overnight at 4°C, followed by cy3-conjugated goat anti-mouse
IgG secondary antibody (1:500, E031610-01, EarthOx) for 1 h in
the dark, and stained with DAPI (meilunbio) at 10 μg/ml for
5 min. After that, the sections were examined under a laser
scanning confocal microscope (Leica SP8). For differentiation
detection, double staining was carried out. The sections were
incubated with anti-GFP mouse antibody and anti-vimentin
rabbit antibody (1:200, ABCAM, ab52942).

Histological Assessment of the
Endometrium Treated With Differently
Administered BMSCs
Hematoxylin–eosin staining (H&E) was used to analyze the tissue
structure. The uteri were fixed in 4% paraformaldehyde (PFA)
solution overnight and embedded in paraffin, cut into 5-μm
sections, and then stained with H&E.

To examine the collagen deposition in the injured
endometrium, Masson’s trichrome staining was carried out.
The extent of fibrosis among different groups, defined as the
areas occupied by collagen fiber relative in proportion to the
entire endometrium, was quantified by the software Image Pro
Plus 6.0.

For immunohistochemistry staining (IHC), the slides were
dewaxed in xylene and rehydrated through graded ethanol
concentrations. Antigen retrieval was performed in citrate
solution, and endogenous peroxidase activity was blocked in
3% H202 for another 15 min. The sections were incubated with
anti-cytokeratin (1:200, Abcam, ab7763), anti-vimentin (1:200,
Abcam, ab52942), anti-VEGF (1:200, Abcam, ab1316), and anti-
ki67 (1:200, Abcam, ab16667) antibodies overnight at 4°C,
followed by goat anti-mouse IgG or goat anti-rabbit IgG
secondary antibody for 60 min, and then stained with DAB
substrate kit (ZSGB-BIO, China) and hematoxylin in
accordance with the manufacturer’s protocol.

Western Blotting
The expression of cytokeratin, vimentin, VEGF, LIF, and integrin
β3 was analyzed by Western blotting. Briefly, equal amounts of
proteins extracted from different groups were separated by 10%
SDS-PAGE electrophoresis and transferred to PVDFmembranes.
The membranes were incubated with anti-cytokeratin (1:1,000
Abcam, ab7763), anti-vimentin (1:1,000, Abcam, ab52942), anti-
VEGF (1:1,000, Abcam, ab1316), anti-TGF-β1 (1:1,000, Abcam,
ab215715), and anti-ki67 (1:1,000, Abcam, ab16667) antibodies
overnight at 4°C after blocking in 5% BSA and then incubated

with HRP-conjugated goat anti-mouse or anti-rabbit secondary
antibody at room temperature for 1 h on the second day. β-actin
was used as a loading control.

Statistical Analysis
All data were expressed as mean ± SD, and statistical analysis was
performed by SPSS version 24.0. Student’s t-test or one-way
ANOVA were applied to analyze the data. The differences
were considered statistically significant when p < 0.05.
GraphPad Prism 8.0 software was used to draw scientific graphs.

RESULTS

BMSCs Possess Specific
Immunophenotype and Multilineage
Differentiation Capacity
The isolated BMSCs displayed typical fibroblast morphology after
purification (Figures 2A,B). Flow cytometry analysis was carried
out to confirm the immunophenotype of BMSCs at passage 3.
The expression of CD90 and CD45 was 99.7 and 0.56%,
respectively (Figure 2C), showing specific immunophenotypes
of BMSCs. In addition, BMSCs exhibited the capacity to
differentiate into adipocytes and osteoblasts after induction
(Figure 2D). Taken together, the BMSCs used in the following
experiments match the MSC criteria.

The distribution of differently administered BMSCs by
bioluminescence imaging and immunofluorescence analysis
showed that the survival and retention time of BMSCs were
longer in the intrauterine group.

The BMSC recruitment was monitored at different time
intervals (immediately following transplantation, 2, 4, and
8 days post transplantation) by an in vivo imaging system
(Figures 3A,B). When BMSCs were infused into the lumen of
the right horn directly, the luminescent signal remained distinct in
the abdomen with no signals in other organs such as lungs in the
first 4 days post treatment, indicating the precise and concentrated
distribution of BMSCs when administered locally. However, in the
subsequent 4 days, the signal underwent a rapid decrease and could
barely be detected by bioluminescence imaging.

While infusing BMSCs through the ipsilateral iliac artery, the
results were comparable. There were no significant differences in
the uterine cavity between two different treating groups, and the
signal was strong in the first 4 days and disappeared when tested
at 8 days post treatment. However, the total fluorescence intensity
was stronger following local administration (7.98×105 and
6.02×105 at day 2 and 5.83×105 and 2.74×105 at day 4.
Figure 3C). It was assumed that a small number of cells
entered the peripheral circulation when administered via the
artery. Furthermore, we found that two individuals in the intra-
artery group had signals in their right feet, and there were no
signals detected in the abdomen (Supplementary Figure S3). We
supposed that it was probably due to the anatomical differences in
the diameter ratio of the internal iliac artery and external iliac
artery, the major feeding artery of the lower limb. These
individuals were excluded from subsequent analysis.
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Since the signals were barely detected in either group after
8 days post treatment, the immunofluorescence analysis was then
performed to further assess the survival and retention time of
BMSCs in the two groups. As expected, the proportion of GFP-
positive cells in the injured horns showed an overall similar
declining trend from 8 to 28 days after therapy (Figure 3D).
However, there was a significant decrease of rate in the
intrauterine group, with an average of 5.67 and 4/HPF GFP-
positive cells located in the injured endometrium at day 8 in the
intrauterine and intra-arterial groups, respectively. At the 28th
day post treatment, GFP staining remained low in the basalis
layer of the endometrium in the intra-arterial group, and there
were no GFP fluorescence signals that could be detected in the
intrauterine group (Figures 3E,F).

We then compared the precise distribution and differentiation
of the BMSCs delivered in two strategies by immunofluorescence
analysis to explore the causes of difference in the BMSC retention
time. The murine uterus tissue consists of endometrial (glandular
and luminal) epithelium, stroma, and myometrium. We observed
nearly all the GFP-positive cells localized in the stroma but not in
the epithelium or myometrium. In addition, in terms of specific
localization patterns, there was significantly more positive
staining in the basal layer of the endometrium close to the
glands and vessels than in the outer layer of the endometrium
in the intra-arterial group (Figure 4A). Furthermore, in the intra-
arterial infusion group, some GFP-positive cells were located
around the vessels in the surrounding ligaments of the uterus
(Figure 4B), confirming the feasible targeted delivery of BMSCs
by our method.

To further explore the fate of transplanted cells, uterine
sections from two groups at 12 days after therapy were
double-stained by anti-GFP antibody and anti-vimentin or
anti-VEGF antibody and examined under fluorescence
microscopy, considering their specific distribution in the basal
layer of the endometrium. Some of the stromal cells were both
EGFP- and vimentin-positive, suggesting that MSCs were not
only recruited but also began to differentiate into other cell types

to restore the endometrium (Figures 4C,D). However, the
proportion of recruited BMSCs was quite small. It is hard to
capture GFP signals in the uterine sections at the 28th day post
treatment, indicating that MSCs most likely do not exert their
therapeutic effects through cellular replacement of the injured
endometrium.

BMSCs administered differently were equally effective in
reducing collagen deposition in different BMSC administered
groups; VEGF and integrin β3 were higher expressed when
transplanted through the artery.

As shown in Figure 5, the modeling rats had a relatively
thinner endometrium, and the intact structure was damaged with
a remarkably decreased number of vessels and glands and
increased interstitial edema. Some of the epithelial cell layers
even became discontinuous, confirming the successful modeling
as previously reported.

The H&E staining showed significantly increased endometrial
thickness in both intra-arterial and intrauterine infusion groups
compared to the model group, and the density of blood vessels
and glands was also increased. However, in some individuals, the
morphology of luminal epithelial cells remained flattened even at
the 28th day after BMSC transplantation as compared with
columnar epithelial cells in the normal control group,
reflecting the incomplete endometrial repair by BMSCs. We
then compared the morphological discrepancies of different
groups at a consecutive time after BMSC treatment by H&E
staining, Masson’s trichrome staining, immunohistological
analysis, and Western blotting.

The results showed increased fibrosis after modeling and no
obvious change in the collagen deposition in the 12 days post
therapy in both groups, despite the mitigation of other injury
indicators. At the 28th day post treatment, a comparable reduction
in tissue fibrosis was observed in the two groups (Figure 5B). These
histological results were consistent with the results of the Western
blot, in which the expression of TGF-β1 only showed a slight
change on the 28th day after therapy (Figure 6B). No obvious
differences were observed when comparing these protein

FIGURE 1 | Study design and experimental schematic. BMSCs were isolated from the femora of rats and were labeled with EGFP and luciferase. BMSCs were
injected into thin endometrium models either through the damaged horns directly or through the ipsilateral iliac artery when the external iliac artery was clamped by
nontraumatic artery clips for less than 15 min. The rats were imaged by in vivo imaging systems immediately after closing the abdomen to confirm ideal infusion. At 2, 4,
and 8 days post treatment, BMSC recruitment was evaluated by IVIS. The uteri were excised 8, 12, and 28 days after therapy and subjected to H and E, Masson’s
trichrome, IHC staining, and Western blotting. For each group and each time point of examination, a size of three animals was used.
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expressions in these two groups at consecutive time after therapy.
Thus, we concluded that BMSCs administered differently were
equally effective in reducing collagen deposition by regulating the
TGF-β signaling pathway.

To further compare the therapeutic effects of differently
administered BMSCs, we evaluated the expression of
cytokeratin, vimentin, PCNA, LIF, integrin β3, and VEGF
by immunohistochemical analysis and Western blotting.
Cytokeratin and vimentin, the markers of epithelial and
stromal cells, showed an increase in the two BMSC-
infused groups (Figure 6A), and the protein expression of

PCNA, the cell proliferation marker, increased significantly
after BMSC infusion, which indicates the regeneration of
both epithelial and stromal cells after BMSC therapy
(Figure 6A).

Integrin β3 and LIF are the markers of endometrial receptivity
and essential for successful embryo implantation. Our results
demonstrated an increased expression of integrin β3, suggesting
that BMSCs not only promoted endometrial renewal but also
improved endometrial receptivity. Another interesting finding
was the differential expression of VEGF and integrin β3 in the two
groups at the same time point (Figures 6C,D). VEGF and

FIGURE 2 |Characterization of rat BMSCs. (A) Bright field image showed the typical fibroblast morphology of purified BMSCs. (B) EGFP expression of transfected
BMSCsmeasured by a fluorescencemicroscope. (C) Immunophenotype of BMSCs was examined by flow cytometry; CD90 was the positive marker and CD45 was the
negative marker. (D) Oil Red O and Alizarin Red S staining were carried out to determine the differentiating abilities of BMSCs.
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FIGURE 3 | In vivo and in vitro tracking of transplanted BMSCs. The recruitment and retention of BMSCs at the injured horn in two groups ((A): intra-artery, IA; (B):
(Continued )
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integrin β3 were much higher in the intra-arterial infusion group
at day 12 post treatment, implying that BMSCs promoted
angiogenesis by upregulating related cytokines when
transplanted through the ipsilateral iliac artery.

DISCUSSION

In this study, we compared the engraftment, retaining time, and
therapeutic efficiency between locally or intra-arterially
administered BMSCs. Intra-arterial and local administrations
of BMSCs both contributed to the restoration of the damaged
endometrium, showing a comparable increase in the endometrial
thickness. However, trans-arterial BMSC therapy is more
effective for patients with a severely thin endometrium.

Plenty of studies have shown the therapeutic potential of MSCs
in the thin endometrium and Asherman’s syndromemodels (Kilic,
et al., 2014; Liu et al., 2019; Fan et al., 2021). One of the major
obstacles in MSC therapy is the limited engrafted transplanted cell
numbers and short retaining time. The therapeutic effects of MSCs
from different sources or administration methods have been
revealed by previous studies, whereas few studies compared the
efficacies of different transplantation routes. Meanwhile, the
current results are in controversy. Ouyang reported an equal
therapeutic efficacy of MSCs in rat models of intrauterine
adhesions, irrespective of transplantation routes (Monsef et al.,
2020). Nevertheless, in the study by Liu et al. (2018), the proportion
of GFP-positive BMSCs administered intravenously or locally
engrafted to injured horns is 0.261 versus 0.045% at 2 weeks
and 0.22 versus 0.058% at 3 weeks. Based on previous studies, it
was conservatively concluded that MSCs administered
intravenously were slightly superior or almost similar to those
administered locally, despite a large part of cells being filtered out
in the lungs (Santamaria, et al., 2018; Kallmeyer, et al., 2020). The
intravenous administration might play roles in the endometrial
tissue repair in an indirect manner, and we speculated that a
smaller number of MSCs could possibly achieve the same
regenerative effect when transplanted via vascular systems.
Santamaria et al. (2016)found that CD133+ BMSCs transplanted
via the uterine artery engrafted around endometrial vessels of the
traumatized endometrium and induced endometrial proliferation.
However, whether transplantation via artery results in better
recruitment and longer retainment and finally enhances the
therapeutic efficacy of transplanted cells is still unknown.

In our study, we compared the fate and regenerative effects of
GFP/Luc-labeled BMSCs administered either through the
ipsilateral iliac artery or locally using a thin endometrium rat
model. The histological results showed that both the
administration routes promote endometrial regeneration, with

increased density of vessels and glands and decreased level of
collagen deposition. We revealed that BMSCs administered either
systematically or locally increased the expression of cytokeratin,
vimentin, LIF, integrin β3, andVEGF and decreased the expression
of TGF-β1. BMSCs promoted the reconstruction of the injured
endometrium as previously reported. To further unravel the
differences in therapeutic efficacy, several indicators such as
cytokeratin, vimentin, VEGF, LIF, integrin β3, and PCNA were
compared. Integrin β3 and VEGF showed a more obvious
improvement in the intra-arterial infusion group, while other
markers were comparable. VEGF is one of the most important
factors facilitating angiogenesis; thus, we could preliminarily infer
that BMSCs possess a higher pro-angiogenesis capacity when
administered through intra-arterial infusion than intrauterine
infusion. Although the underlying reasons could not yet be
readily explained in our study, we believed that this pro-
angiogenesis advantage of our approach over traditional
methods is crucial since the vascularization deficiency is the
major cause of the thin endometrium and appears to be the key
obstacle in endometrial regeneration, leading to implantation
failure (Alfer, et al., 2017; Han et al., 2020).

We found that a higher proportion of BMSCs recruited to the
injured lumenwas found in the intrauterine infusion group than in the
intra-arterial infusion group in the first 4 days post transplantation.
The number of GFP-positive cells retained in the injured
endometrium in the intra-arterial infusion group was not less than
that in the intrauterine infusion group at day 28 post treatment, and
the ultimate therapeutic effects were comparable. Most of the cells
disappeared soon after transplantation, and a rather low proportion of
BMSCs were recruited and retained in the injured horns in both the
groups, which was consistent with the previous reports that MSCs
accounted for only 0.6% of the total uterine cells (Cervelló et al., 2015).

Some researchers presented evidence of human-derived MSCs
differentiating into endometrial stromal cells in murine models
(Zheng et al., 2020); we raised a question whether the
immunogenicity of differentiated cells would increase. A
similar differentiation of allogeneic BMSCs was observed in
our study. Immunofluorescence analysis showed a fraction of
GFP + cells co-localized with vimentin, which prompts us to
consider the differentiation occurred during the therapy.
However, even if the differentiation capability is proven to
have occurred, these differentiated cells play a minor effect in
the tissue repair due to their small percentage (Cervelló et al.,
2015). In addition, due to the fact that the BMSCs leaking into
peripheral circulation was inevitable, the initial BMSC
engraftment in damaged horns was probably unequal in the
two treating groups. Thus, it was speculated that a small
number of BMSCs could achieve the same regenerative effects
as the traditional delivering method.

FIGURE 3 | intrauterine, IU) were monitored by IVIS at different time intervals (immediately following transplantation, 2, 4, and 8 days post transplantation); (C)
Luminescence signals were quantified and recorded as total flux (p/s). Uteri were collected at 8, 12, and 28 days post treatment; a confocal microscope was used to
track transplanted BMSCs in IU (E) and IA (F) groups after staining with anti-EGFP antibody and DAPI. (D)GFP-positive cells were counted under a confocal microscope
by taking the mean value of three randomly selected high-power fields (hpf).
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The endometrium is a highly regenerative tissue. In a woman’s
whole reproductive age, the endometrium undergoes over 400
cycles of proliferation and shedding. It was stated that

endometrial stem cells and their microenvironment (niche) are
responsible for the monthly endometrial renewal. It was reported
that BMSCs were predominantly localized around blood vessels

FIGURE 4 | Precise distribution and differentiation of GFP + BMSCs. The murine uterus tissue consists of endometrial (glandular and luminal) epithelium, stroma,
and myometrium. (A) Nearly all the GFP-positive cells were localized in the stroma, but not in the epithelium or myometrium. The distribution of GFP-positive cells is
concentrated around the vessels and glands, indicated by the white arrow. g: glands, V: vessels. (B) Some GFP-positive cells were located around the vessels in the
surrounding ligaments of uterus in the intra-arterial infusion group. Myo: myometrium; E: endometrium; L: surrounding ligaments. The uterine sections were stained
with anti-GFP and anti-vimentin (C) or anti-VEGF (D) GFP+ BMSCs co-localized with vimentin marker but not VEGF.
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FIGURE 5 |Morphological evaluation of the regenerative effect of BMSCs administered differently on the thin endometrium. The endometriummorphologies in the
four groups (normal, model, BMSC IU-injection, and BMSC IA-injection) were examined by H&E staining (A) and Masson’s trichrome staining (B). H&E indicates
hematoxylin and eosin. Immunohistochemical analysis of the cytokeratin (C) and vimentin (D) expression in the four groups.
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when transplanted through the tail vein. We, therefore, assumed
that the transplanted BMSCs exerted therapeutic effects mostly
via paracrine mechanisms by stimulating and improving the
repair capacity of endometrial stem cells. However, due to the
lack of reliable and specific markers for isolating or examining
(Tempest et al., 2018), it is hard to track the changes of
endometrial stem cells throughout the treatment. We found
that more GFP-positive cells presented a perivascular location
when infused through the ipsilateral iliac artery, and the
percentage of GFP-positive cells located around the vessels
increased with the extension of time, which indicated that the
specific perivascular location could promote BMSC survival and
probably their regenerative effects at the same time.

CONCLUSION

In this study, we found that intra-arterial and local
administrations of BMSCs both contributed to the restoration
of the damaged endometrium, showing a comparable increase in
the endometrial thickness. However, as the low viability and

persistence of MSCs are the major obstacles of therapeutic
efficacy, we suggest intra-arterial administration as a superior
alternative to other delivering methods since it results in better
recruitment and longer retention; meanwhile, it avoids
pulmonary embolism. We also observed a higher pro-
angiogenesis capacity in BMSCs administered arterially.
Overall, trans-arterial BMSC therapy is more effective for
patients with a severely thin endometrium.
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IA, BMSC IA-injection).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 73546510

Guo et al. Effects of Differently Administered BMSCs

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


(No.20190307-002). Animal experiments were conducted in strict
accordance with the Guide to the Management and Use of
Laboratory Animals issued by the National Institutes of Health.
The protocol of animal experiments was approved by the
Institutional Animal Care and Use Committee of the Sixth
Affiliated Hospital, Sun Yat-sen University.

AUTHOR CONTRIBUTIONS

XL and GL: conception and design. QG, YC, and JL: animal
experiment and collection of data. CZ and RH: data
analysis and interpretation. XY: provision of study
material. QG, YC, JL, and GL: contributed to drafting
the manuscript. QG and YC contributed equally to the
article. Both authors have read and approved the final
submitted manuscript.

FUNDING

This work was supported by the National Key Research and
Development Program of China (2017YFC1001600) and the
Guangdong Basic and Applied Basic Research Foundation
(2020A1515010138).

ACKNOWLEDGMENTS

We would like to extend our sincere appreciation to the reviewers
for their helpful comments on this article.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2022.735465/
full#supplementary-material

REFERENCES

Alfer, J., Happel, L., Dittrich, R., Beckmann,M.,Hartmann,A., Gaumann,A., et al. (2017).
Insufficient Angiogenesis: Cause of Abnormally Thin Endometrium in Subfertile
Patients? Geburtshilfe Frauenheilkd 77, 756–764. doi:10.1055/s-0043-111899

Azizi, R., Aghebati-Maleki, L., Nouri, M., Marofi, F., Negargar, S., and Yousefi, M.
(2018). Stem Cell Therapy in Asherman Syndrome and Thin Endometrium:
Stem Cell- Based Therapy. Biomed. Pharmacother. 102, 333–343. doi:10.1016/j.
biopha.2018.03.091

Cao, Y., Sun, H., Zhu, H., Zhu, X., Tang, X., Yan, G., et al. (2018). Allogeneic Cell
Therapy Using Umbilical Cord MSCs on Collagen Scaffolds for Patients with
Recurrent Uterine Adhesion: a Phase I Clinical Trial. Stem Cel Res Ther 9, 192.
doi:10.1186/s13287-018-0904-3

Cervelló, I., Gil-Sanchis, C., Santamaría, X., Cabanillas, S., Díaz, A., Faus, A., et al.
(2015). Human CD133+ Bone Marrow-Derived Stem Cells Promote
Endometrial Proliferation in a Murine Model of Asherman Syndrome.
Fertil. Sterility 104, 1552–1560. doi:10.1016/j.fertnstert.2015.08.032

Fan, Y., Sun, J., Zhang, Q., and Lai, D. (2021). Transplantation of Human Amniotic
Epithelial Cells Promotes Morphological and Functional Regeneration in a Rat
Uterine Scar Model. Stem Cel Res Ther 12, 207. doi:10.1186/s13287-021-
02260-6

Han, X., Ma, Y., Lu, X., Li, W., Xia, E., Li, T. C., et al. (2020). Transplantation of
Human Adipose Stem Cells Using Acellular Human Amniotic Membrane
Improves Angiogenesis in Injured Endometrial Tissue in a Rat Intrauterine
Adhesion Model. Cel Transpl. 29, 963689720952055. doi:10.1177/
0963689720952055

Kallmeyer, K., André-Lévigne, D., Baquié, M., Krause, K.-H., Pepper, M. S., Pittet-
Cuénod, B., et al. (2020). Fate of Systemically and Locally Administered
Adipose-Derived Mesenchymal Stromal Cells and Their Effect on Wound
Healing. Stem Cell Translational Med. 9, 131–144. doi:10.1002/sctm.19-0091

Kamath, M. S., Kirubakaran, R., and Sunkara, S. K. (2020). Granulocyte-colony
Stimulating Factor Administration for Subfertile Women Undergoing Assisted
Reproduction. Cochrane Database Syst. Rev. 1, CD013226. doi:10.1002/
14651858.CD013226.pub2

Keyhanvar, N., Zarghami, N., Bleisinger, N., Hajipour, H., Fattahi, A., Nouri, M.,
et al. (2021). Cell-based Endometrial Regeneration: Current Status and Future
Perspectives. Cell Tissue Res 384, 241–254. doi:10.1007/s00441-021-03419-6

Kilic, S., Yuksel, B., Pinarli, F., Albayrak, A., Boztok, B., and Delibasi, T. (2014).
Effect of Stem Cell Application on Asherman Syndrome, an Experimental Rat
Model. J. Assist. Reprod. Genet. 31, 975–982. doi:10.1007/s10815-014-0268-2

Liu, F., Hu, S., Yang, H., Li, Z., Huang, K., Su, T., et al. (2019). Hyaluronic Acid
Hydrogel Integrated with Mesenchymal Stem Cell-Secretome to Treat
Endometrial Injury in a Rat Model of Asherman’s Syndrome. Adv. Healthc.
Mater. 8, 1900411. doi:10.1002/adhm.201900411

Liu, Y., Tal, R., Pluchino, N., Mamillapalli, R., and Taylor, H. S. (2018). Systemic
Administration of Bone Marrow-Derived Cells Leads to Better Uterine
Engraftment Than Use of Uterine-Derived Cells or Local Injection. J. Cel.
Mol. Med. 22, 67–76. doi:10.1111/jcmm.13294

Monsef, F., Artimani, T., Alizadeh, Z., Ramazani, M., Solgi, G., Yavangi, M., et al.
(2020). Comparison of the Regenerative Effects of BoneMarrow/adipose-Derived
Stem Cells in the Asherman Model Following Local or Systemic Administration.
J. Assist. Reprod. Genet. 37, 1861–1868. doi:10.1007/s10815-020-01856-w

Patterson, A. L., George, J. W., Chatterjee, A., Carpenter, T., Wolfrum, E., Pru, J. K.,
et al. (2018). Label-Retaining, Putative Mesenchymal Stem Cells Contribute to
Murine Myometrial Repair during Uterine Involution. Stem Cell Development
27, 1715–1728. doi:10.1089/scd.2018.0146

Santamaria, X., Cabanillas, S., Cervelló, I., Arbona, C., Raga, F., Ferro, J., et al.
(2016). Autologous Cell Therapy with CD133+ Bone Marrow-Derived Stem
Cells for Refractory Asherman’s Syndrome and Endometrial Atrophy: a Pilot
Cohort Study. Hum. Reprod. 31, 1087–1096. doi:10.1093/humrep/dew042

Santamaria, X., Mas, A., Cervelló, I., Taylor, H., and Simon, C. (2018). Uterine Stem
Cells: from Basic Research to Advanced Cell Therapies. Hum. Reprod. Update
24, 673–693. doi:10.1093/humupd/dmy028

Shalom-Paz, E., Atia, N., Atzmon, Y., Hallak, M., and Shrim, A. (2021). The Effect
of Endometrial Thickness and Pattern on the success of Frozen Embryo
Transfer Cycles and Gestational Age Accuracy. Gynecol. Endocrinol. 37,
428–432. doi:10.1080/09513590.2020.1821359

Tempest, N., Maclean, A., and Hapangama, D. (2018). Endometrial Stem Cell
Markers: Current Concepts and Unresolved Questions. Ijms 19, 3240. doi:10.
3390/ijms19103240

Zhang, J., Liu, H., Mao, X., Chen, Q., Si, J., Fan, Y., et al. (2019). Effect of Endometrial
Thickness on Birthweight in Frozen Embryo Transfer Cycles: an Analysis Including
6181 SingletonNewborns.Hum.Reprod. 34, 1707–1715. doi:10.1093/humrep/dez103

Zheng, J.-H., Zhang, J.-K., Kong, D.-S., Song, Y.-B., Zhao, S.-D., Qi, W.-B., et al.
(2020). Quantification of the CM-Dil-Labeled Human Umbilical Cord

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 73546511

Guo et al. Effects of Differently Administered BMSCs

https://www.frontiersin.org/articles/10.3389/fbioe.2022.735465/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.735465/full#supplementary-material
https://doi.org/10.1055/s-0043-111899
https://doi.org/10.1016/j.biopha.2018.03.091
https://doi.org/10.1016/j.biopha.2018.03.091
https://doi.org/10.1186/s13287-018-0904-3
https://doi.org/10.1016/j.fertnstert.2015.08.032
https://doi.org/10.1186/s13287-021-02260-6
https://doi.org/10.1186/s13287-021-02260-6
https://doi.org/10.1177/0963689720952055
https://doi.org/10.1177/0963689720952055
https://doi.org/10.1002/sctm.19-0091
https://doi.org/10.1002/14651858.CD013226.pub2
https://doi.org/10.1002/14651858.CD013226.pub2
https://doi.org/10.1007/s00441-021-03419-6
https://doi.org/10.1007/s10815-014-0268-2
https://doi.org/10.1002/adhm.201900411
https://doi.org/10.1111/jcmm.13294
https://doi.org/10.1007/s10815-020-01856-w
https://doi.org/10.1089/scd.2018.0146
https://doi.org/10.1093/humrep/dew042
https://doi.org/10.1093/humupd/dmy028
https://doi.org/10.1080/09513590.2020.1821359
https://doi.org/10.3390/ijms19103240
https://doi.org/10.3390/ijms19103240
https://doi.org/10.1093/humrep/dez103
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Mesenchymal Stem Cells Migrated to the Dual Injured Uterus in SD Rat. Stem
Cel Res Ther 11, 280. doi:10.1186/s13287-020-01806-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Guo, Chang, Li, Zhou, Huang, Yang, Liu and Liang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 73546512

Guo et al. Effects of Differently Administered BMSCs

https://doi.org/10.1186/s13287-020-01806-4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Regenerative Effects of Locally or Intra-Arterially Administered BMSCs on the Thin Endometrium
	Introduction
	Materials and Methods
	Isolation and Culture of Primary Rat BMSCs
	Assessments of the Immunophenotype and in vitro Differentiation Capability of BMSCs
	Transduction of BMSCs
	Establishment of a Thin Endometrium Model and Administration of BMSCs
	In Vivo Tracking of BMSCs
	In Vitro Assessment of GFP-Positive BMSCs
	Histological Assessment of the Endometrium Treated With Differently Administered BMSCs
	Western Blotting
	Statistical Analysis

	Results
	BMSCs Possess Specific Immunophenotype and Multilineage Differentiation Capacity

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


