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Transplantation of Human Adipose Stem
Cells Using Acellular Human Amniotic
Membrane Improves Angiogenesis in
Injured Endometrial Tissue in a Rat
Intrauterine Adhesion Model

Xiao Han1,*, Yuejiao Ma2,*, Xin Lu2, Weihong Li2, Enlan Xia1,
Tin-Chiu Li1,3, Haiyan Zhang2, and Xiaowu Huang1

Abstract
Endometrial injury resulting in intrauterine adhesion is associated with extensive damage to the regenerative basal layer of the
endometrium and represents a major therapeutic challenge. Human adipose stem cells (hASCs) hold promise for future
clinical use in the individualized therapy of injured endometrial tissue. Here, we observed that the use of the acellular human
amniotic membrane (AHAM) significantly increased the expression of angiogenic factors, including angiogenin (ANG) and
vascular endothelial growth factor (VEGF), in hASCs in vitro. The three-dimensional engineered hASC-AHAM grafts signifi-
cantly increased the endometrial receptivity, as increased endometrial thickness, greater numbers of endometrial glands, and
higher protein levels of leukemia inhibitory factor were observed in injured endometrial tissue that was treated with these
grafts compared to those detected in injured endometrial tissue that was treated with AHAM alone. In addition, the hASC-
AHAM grafts significantly increased the vascular density in the injured endometrial tissue in rats, when transplanted into an
injured uterine cavity. Using the EGFPþ-hASC-AHAM grafts for transplantation, we confirmed that the hASCs maintained
higher protein levels of ANG and VEGF in the injured uterine cavity in vivo. The results of this study suggest that the ability of
the engineered hASC-AHAM grafts to repair injured endometrial tissue may be associated with their ability to promote
angiogenesis through the upregulated expression of angiogenic factors in hASCs. These findings may support individualized
stem cell–based therapy for endometrial disease using bioartificial grafts.
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Introduction

Intrauterine adhesion (IUA), often known as Asherman’s

syndrome, is characterized by the aberrant adhesions within

the uterus and/or cervix and is a major gynecological dis-

ease1. Patients with IUA may present with menstrual

abnormalities, infertility, recurrent miscarriage, and some-

times pelvic pain. Despite evidences showing that approxi-

mately 90% of IUA cases are caused by curettage or

infection, especially after pregnancy, the pathogenesis of

IUAs has not been fully elucidated2. Currently, the treatment

for IUAs is primarily based on the hysteroscopic lysis of

adhesions, hormonal therapy to promote endometrial regen-

eration, and use of a physical barrier to prevent the
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recurrence of adhesion3. Endometrial stem cells, which have

been shown to promote the regeneration of damaged endo-

metrium, appear to do not hold promise for use in refractory

cases4–6.

Recent studies have shown that transplantation of human

embryonic stem cells7, bone marrow mesenchymal stem

cells8,9, human umbilical cord mesenchymal stem cells10,

menstrual blood-derived stromal cells11, human endometrial

mesenchymal stem cells12, and human adipose stem cells

(hASCs)13,14 has beneficial effects on endometrial repair and

regeneration. Among these various types of stem cells,

hASCs have been considered particularly suitable for clin-

ical individualized regenerative therapies because they are

more readily available and exhibit substantial plasticity15.

At present, the treatment of endometrial injury by stem

cells is mainly performed through the intravenous or intrau-

terine routes. However, increasing evidence has shown that

treatment with healthy stem cells through these routes may

hinder engraftment because most diseased endometria have

altered architectures due to fibrosis and cirrhosis. New

developments in engineering technology have introduced

functional grafts that combine stem cells with biomaterials,

such as hydrogels, hyaluronic acid, and nanostructured lipid

carriers16. Another ideal scaffold with the appropriate micro-

architecture, extracellular matrix components, and lower

immunogenicity is acellular human amniotic membrane

(AHAM), which has been used as a scaffold for

hepatocyte-like cells derived from hASCs17. Functional

AHAM-hepatocytes grafts integrated in the livers of mice

have been shown to decrease acute liver injury, suggesting

that AHAMs may be more suitable for stem cell transplanta-

tion in endometrial regeneration.

In this study, we aimed to determine the morphology and

function of hASCs with AHAMs and to investigate the abil-

ity and the underlying mechanism of the hASC-AHAM

grafts in the repair of injured endometrial tissue in a rat

model.

Materials and Methods

Cell Isolation and Culture

hASCs from four different donors were developed, accord-

ing to our previous report18. Cells from passage six were

used in this study. Briefly, hASCs were isolated from

subcutaneous adipose tissue from nondiabetic donors aged

39–53 years with informed patient consent and under the

approval of the Ethics Committee of Capital Medical Uni-

versity (Beijing, China). The adipose tissue was minced into

pieces, washed twice in phosphate-buffered saline (PBS, pH

7.2) with 5% penicillin–streptomycin, and then digested with

0.075% type I collagenase (Invitrogen, Grand Island, NY,

USA) for 180 min at 37�C with gentle shaking. The digests

were then centrifuged at 1,500 rpm for 5 min at 4�C. The

pellets were washed twice with PBS, filtered using a cell

strainer (BD Biosciences, San Jose, CA, USA), and

resuspended in Dulbecco’s Modified Eagle Medium/Nutri-

ent Mixture F-12 (DMEM/F-12; Invitrogen) supplemented

with 10% fetal bovine serum mesenchyme stem cell

screened (Hyclone, Logan, UT, USA). The cells were incu-

bated in a humidified incubator at 37�C with 5% CO2. Once

90% confluence was achieved, the cells were harvested

using 0.05% trypsin–0.02% ethylenediaminetetraacetic acid

(EDTA; Sigma-Aldrich, St. Louis, MO, USA) solution and

resuspended at a density of 3 � 105/ml.

Lentiviral-stable Transfection of hASCs

When the cells reached 80%–90% confluence, the medium

was replaced with fresh complete medium supplemented

with concentrated lentiviral vectors harboring pLV (Exp)-

EGFP: T2A: Puro-Null (Cyagen Biosciences, Guangzhou,

China) with 5 mg/ml polybrene (Solarbio, Beijing, China)

for 24 h. Then, the cells were seeded into a new plate for

selection using 1.0 mg/ml puromycin (Solarbio). After 7 days

of screening, the medium was replaced with complete

medium without puromycin, and cultivation was continued.

The transduction results were evaluated using an inverted

fluorescence microscope (Olympus, Tokyo, Japan).

Development of a Rat IUA Model

Sprague–Dawley female rats (6–8 weeks, 200–220 g)

received care according to the Capital Medical University

guidelines. The rats were injected with a single intraperito-

neal dose of pregnant mare serum gonadotropin (ShuSheng,

Ningbo, China) 48 h prior to the experiments.

The IUAs were developed according to our previous

report14,19,20. Briefly, the uterine horns of the rats (n ¼ 3)

were clipped with vascular clips and injured with 0.3–0.5 ml

of 95% ethanol (vol/vol, each rat). The clips were removed

after 5 min, and the horns were flushed with saline to dilute

and remove any residual ethanol. Normal uterine horns (n ¼
3) were used as controls. Histological analysis of endome-

trial tissues was conducted by serial tissue sectioning and

staining with hematoxylin and eosin (H&E), the endometrial

thickness was measured, and the number of endometrial

glands was counted.

Preparation of AHAM

AHAM was prepared as previously described17,21. The HAM

was obtained from a cesarean section operation at 37–40

weeks of pregnancy with informed patient consent and under

the approval of the Ethics Committee of Capital Medical

University. The ethics approval number is “2015SY72.” The

donors age ranges from 25 to 35, with no history of membrane

rupture, endometritis, meconium obstruction, HIV-1/2, hepa-

titis B, hepatitis C, human T-cell lymphovirus, syphilis, cyto-

megalovirus, and tuberculosis.

To prepare the AHAM, the HAM was peeled from the

placenta, rinsed extensively in sterile PBS containing 200 U/
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ml penicillin, 200 mg/ml streptomycin, and cut into approx-

imately 5 cm � 5 cm pieces, which were placed in dishes

with the amniotic epithelial layer face up. The HAM pieces

were incubated in 0.25% trypsin–0.38% EDTA for 30 min

twice at 37�C, followed by rinsing in sterile PBS and dehy-

dration in glycerol for 48 h; the glycerol was changed every

day. Next, the fresh AHAM pieces were placed in dishes

with a 1:1 mixture of glycerol and 0.5% chondroitin sulfate

(Sigma–Aldrich) in MEM-NEAA (Gibco, Carlsbad, CA,

USA) and stored at �80�C for several months. The AMAM

tissue from three donors was used in this experiment.

Twenty-four hours before cell seeding, the cryopreserved

AHAM was cut into approximately 0.5 cm � 0.5 cm pieces,

rehydrated with sterile PBS twice for 30 min at 37�C, and

then spread into 48-well cell culture plates with the basement

membrane face up and cultured with DMEM/F-12 (Invitro-

gen) medium for at least 12 h.

Transplantation of the AHAM and hASC-AHAM Grafts

For examination or transplantation, EGFPþ-hASC were

seeded on the AHAM graft at a density of 1 � 105/cm2.

After 3 days of culture, EGFPþ-hASC-AHAM could be used

for experiments. hASCs were seeded on collagen type I

(COLL I; Invitrogen) coated 48-well cell culture plates at

the same density of 1 � 105/cm2 as a control group for the in

vitro experiment.

After 10 days of endometrial injury generation, the nor-

mal rats (four uterine horns) were used as a control group,

and the rats with IUAs were randomly assigned to three

groups (Supplemental Fig. S1), including an IUA group (six

uterine horns), an IUA treated with AHAM group (IUA-

AHAM, six uterine horns were transplanted, and each uter-

ine horn included two pieces of AHAM tissue), and an IUA

treated with hASC-AHAM group (IUA-hASC-AHAM, six

uterine horns were transplanted, and each uterine horn

included two pieces of AHAM containing 1 � 105 cells).

The AHAM or hASC-AHAM was transplanted into the uter-

ine cavity of rats without suture. The rats were injected with

cyclosporine A (Solarbio) at 0.1 ml/day 24 h prior to experi-

ments until they were sacrificed. The rats were injected with

160,000 units/day of penicillin for 3 days after transplanta-

tion of AMAM or hASC-AHAM and were sacrificed at day

15 after implantation.

Real-time Reverse Transcription Polymerase Chain
Reaction

The hASCs were detached from the AHAM graft using

0.25% trypsin–0.02% EDTA solution for 3 min at 37%, or

from the COLL I using 0.05% trypsin–0.02% EDTA solu-

tion for 3 min at 37%. And then the total cellular RNA was

extracted from 2 � 105 cells with the RNeasy Mini Kit

(QIAGEN, Hilden, Germany) according to the manufactur-

er’s instructions. For polymerase chain reaction (PCR) anal-

ysis, 300 ng RNA was reverse transcribed to cDNA using

Superscript III reverse transcriptase and random hexamer

primers (Invitrogen). Real-time PCR analysis was performed

on an ABI Prism 7300 Sequence Detection System using the

SYBR Green PCR Master Mix (Applied Biosystems, Foster

City, CA, USA). The reaction consisted of 10 ml SYBR Green

PCR Master Mix, 1 ml of a 5 mM mix of forward and reverse

primers, 8 ml water, and 1 ml template cDNA in a total volume

of 20ml. Cycling was performed using the default conditions of

the ABI 7300 SDS Software 1.3.1 (Applied Biosystems). The

relative expression of each gene was normalized against 18 S

rRNA. Data are presented as the mean + standard deviation

(SD). The primers are as follows: vascular endothelial growth

factor (VEGF), forward: CTTGCCTTGCTGCTCTACCT and

reverse: TTCGTGATGATTCTGCCCTC; ANG, forward:

TGTTGTTGGTCTTCGTGCTG and reverse: TGATGTC

TTTGCAGGGTGAG; and 18 S, forward: GTAACCCGTT-

GAACCCCATT and reverse: CCATCCAATCGGTAG

TAGCG.

Histochemistry and Immunohistochemistry

For histological preparation, parts of the uteri were fixed

with 10% formalin for 24 h, dehydrated with graded alco-

hols, and embedded in paraffin. The embedded tissues were

then consecutively sliced into 5 mm thick sections and rou-

tinely stained with H&E. After H&E staining, the number of

glands and the endometrial thickness were recorded in detail.

The microscope magnifies the field of view by 200 times, at

least five fields in each image and three images for each

sample were randomly selected for counting, then calculated

the average value.

Parts of the uterine horns were embedded in optimal

cutting temperature compound (Sakura Finetek USA, Inc.,

Torrance, CA, USA) for 15 min at �20�C and then sliced

using a frozen section preparation instrument Cryostat

(Leica Microsystems, Inc., Buffalo Grove, IL, USA) to gen-

erate frozen sections (10 mm).

For immunohistochemistry, the transverse paraffin sec-

tions were deparaffinized and rehydrated. Then, the tissue

sections were boiled at 110–120% for 2 min for heat-induced

antigen retrieval. After that the sections were incubated in

3%H2O2 for 10 min at room temperature. Subsequently, the

samples were incubated with the primary antibodies, includ-

ing leukemia inhibitory factor (LIF) (1:175; Biorbyt, Cam-

bridge, UK) and CD34 (1:7,000; Abcam, Cambridge, UK) at

4�C overnight. The sections were then incubated with a

tagged goat anti-mouse secondary antibody (Zhongshan,

Beijing, China) for 20 min at room temperature. The DAB

color reagent kit (Zhongshan) was used for color develop-

ment, and the positive cells showed a brown color. The

sections were imaged under a Leica microscope, and LIF

expression was semi-quantitatively analyzed using the

immunohistochemical score method (H-score). For the

CD34-stained sections, we used 100 mm as the unit length.

Measure the endometrial area of the submucosa of the uter-

ine cross-section of a unit length of thickness, and count the
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number of blood vessels in this range. Subsequently, the

blood vessel density was calculated. The counting work was

completed by two experimenters, each sample calculated

three slices, and the average value was calculated.

Frozen tissue sections were incubated in 3% H2O2 for 5

min in a light-protected chamber at room temperature.

Subsequently, the samples were incubated with primary

antibodies, including VEGF (1:100; Proteintech, Chicago,

IL, USA) and angiogenin (ANG; 1:75; Proteintech) at 4�C
overnight. Following three 5-min washes in PBS with gentle

agitation, the samples were incubated with an Alexa Fluor–

conjugated secondary antibody (1:500; Invitrogen) for 1 h at

37�C in a light-protected chamber. The nuclei were counter-

stained with 40,6-diamidino-2-phenylindole (DAPI; Sigma-

Aldrich). The relative the optical density ANG and VEGF

were calculated using ImageJ software. ImageJ was used to

set positive area as the threshold and remove the influence of

background signals. Pictures were converted into bitmap as a

binary color (color ¼ 1, no color ¼ 0). The value of the

calibration or scale was adjusted. The threshold was adjusted

to separate the red in the picture from the background. Then,

the area and cumulative absorbance of the selected area are

obtained, and the optical density of the selected area is

calculated.

Scanning Electron Microscopy

For scanning electron microscopy (SEM) analysis, the sam-

ples were fixed in 2.5% glutaraldehyde for 24 h at 4�C. Then

the specimens were rinsed several times in 0.1 M phosphate

buffer, fixed in 4% osmium phosphate-buffered solution,

dehydrated in an acetone solution in distilled water at

increasing concentrations, and kept in 100% acetone. Then

the samples were dried in a critical point drier with carbon

dioxide, mounted and coated with gold, and examined by

SEM (Hitachi Limited, Tokyo, Japan).

Statistical Analysis

The statistical analyses were performed using the Statistical

Package of Social Science 20.0 (IBM Corporation, New

York, NY, USA). The data were expressed as mean +
SD. The Student’s t-test was used to compare groups. A P

value of <0.05 was considered to be statistically significant.

Results

AHAM Promotes the Expression of Angiogenic Factors
in hASCs

According to our previous report, the homogenous popula-

tion of hASCs characterized by a high level of CD73, CD90,

and CD105 express the pluripotent transcription factors

OCT4, SOX2, NANOG, and SALL418. And after decellular-

ization and cryopreservation, AHAM retains the natural

structure and composition of the HAM matrix, including the

smooth and dense collagen substrate surface and the network

structure of collagen fibers and matrix. Collagen type I and

fibronectin staining were observed in the basement mem-

brane and in the compact layer of the AHAM, and the dis-

tribution of collagen type IV and laminin was primarily in

the surface of the basement membrane and appeared to be

intact in a linear pattern17.

To determine the morphology and function of hASCs

with AHAM, the hASCs were seeded on COLL I–coated

cell culture plates and on AHAM. The morphology of the

hASCs was then observed via phase-contrast microscopy.

By 72 h, the cells cultured on COLL I exhibited a typical

hASCs morphology with a fibroblast-like shape, whereas

those cultured on the AHAM aggregated into clusters, and

curling of the amniotic membrane was observed. In addition,

the histochemical results showed that the cells cultured on

the AHAM appeared markedly long and thin, with observa-

ble edges and protrusions (Fig. 1A).

To suggest the functional activity of the hASC-AHAM

graft, the differences in the expression of angiogenic factors,

including ANG and VEGF, were assessed between the cells

cultured on COLL I–coated substrate and the AHAM graft.

Real-time reverse transcription polymerase chain reaction

analyses showed that the mRNA levels of ANG and VEGF

in the cells cultured on the AHAM were significantly

higher than those observed in the cells cultured on COLL

I (Fig. 1B). Furthermore, the immunohistochemical stain-

ing results showed that the cells cultured on the AHAM

exhibited significant staining for ANG (Fig. 1C) and VEGF

(Fig. 1D) compared with the cells on COLL I–coated plates

(left panel is 2D-culture versus right panel is 3D-culture,

and the cells cultured under 3D conditions are in a natural

state rather than a flat state, so the cross-section looks

smaller than cells under 2D-culture). The mean optical

density results showed that the protein levels of ANG and

VEGF in the cells cultured on the AHAM were signifi-

cantly higher than those observed in the cells cultured on

COLL I (Fig. 1E). These results were consistent with the

morphological observations, indicating that AHAM has

good compatibility with hASCs and promotes the expres-

sion of angiogenic factors in these cells.

Rat IUA Model with Ethanol Injury

To construct an animal model of IUA, the endometrium of

rats was injured with ethanol. Ten days after the initiation

injury, the properties of the rat endometria were determined

via H&E staining. Compared with the normal group, the uter-

ine cavities of rats in the ethanol-injured group appeared

closed with the presence of IUAs (Supplemental Fig. S2). The

endometrial thickness in the injury group (122.7 + 9.6 mm)

was significantly thinner than that observed in the normal

group (516.0 + 11.6 mm), and the number of endometrial

glands per section in the injury group (2.5 + 1.9) was signif-

icantly fewer than that observed in the normal group (15.3 +
1.3) (Supplemental Fig. S2C). The results showed that the

IUA model was successfully established with ethanol injury.

4 Cell Transplantation



hASC-AHAM Grafts Promote Functional Repair of the
Injured Endometrium

To evaluate the ability of the hASC-AHAM grafts to repair

injured endometrial tissue, the AHAM and hASC-AHAM

grafts were transplanted into the injured endometria of rats.

Uninjured (control) and IUA without transplantation were

regarded as the positive and negative controls, respectively.

SEM, histological, and immunohistochemical analyses were

performed 15 days after transplantation to assess the engraft-

ment of the transplanted AHAM or hASC-AHAM grafts. As

shown in Fig. 2, a large amount of fibrous tissue appeared in

the IUA group compared with that observed in the control

group. In the IUA-AHAM group, small amounts of fibrous

tissue were observed, while the IUA-hASC-AHAM group

had no obvious fibrous tissue, and was similar to the appear-

ance of endometria in the control group.

The results of histological analyses showed that the mean

endometrial thickness was 528.3 + 12.2 mm in the control

group, 138.1 + 12.2 mm in the IUA group, 265.8 + 46.8 mm

in the IUA-AHAM group, and 462.5 + 27.0 mm in the IUA-

hASC-AHAM group. The endometrial thickness in the IUA-

hASC-AHAM group was significantly greater than that

observed in the IUA and IUA-AHAM groups, whereas that

observed in the IUA-hASC-AHAM group was significantly

thinner than in the control group (Fig. 3A, B). Furthermore,

analyses of the numbers of glands showed that the mean

number of endometrial glands per section was 15.3 + 1.3

Figure 1. The morphology and expression of angiogenic factors in hASC-COLL and hASC-AHAM grafts. (A) The hASCs cultured on the
COLL I–coated cell culture plates and the hASC-AHAM grafts were determined by H&E staining and observed by microscopy. The general
appearance of the hASC-AHAM grafts cultured for 72 h is also shown. (B) Relative mRNA levels of ANG and VEGF in the hASC-COLL and
hASC-AHAM grafts were determined by real-time RT-PCR. Relative protein levels of ANG (C) and VEGF (D) in the hASC-COLL and
hASC-AHAM grafts were determined by immunohistochemical staining. (E) Protein levels of ANG and VEGF in the hASC-COLL and hASC-
AHAM grafts were measured by determining the mean optical density. Significance compared to the hASC-COLL group. Blue arrows
indicate the hASCs. AHAM: acellular human amniotic membrane; ANG: angiogenin; hASC: human adipose stem cell; hASC-AHAM: hASCs
cultured in AHAM; hASC-COLL: hASCs cultured in COLL I–coated plates; H&E: hematoxylin and eosin; RT-PCR: reverse transcription
polymerase chain reaction; VEGF: vascular endothelial growth factor.
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in the control group, 2.5 + 1.9 in the IUA group, 5.5 + 3.1

in the IUA-AHAM group, and 11.0 + 1.2 in the IUA-hASC-

AHAM group. The number of glands observed in the

IUA-hASC-AHAM group increased after the hASC-

AHAM treatment compared with that observed in the IUA

and IUA-AHAM groups (Fig. 3A, C).

To assess endometrial receptivity, the expression of LIF

was evaluated in each group. The results showed that the

mean H-score of LIF expression was 2.40 + 0.75 in the

control group, 2.04 + 0.12 in the IUA group, 2.13 + 0.10

in the IUA-AHAM group, and 2.32 + 0.72 in the IUA-

hASC-AHAM group. In addition, the IUA-hASC-AHAM

group had significantly higher LIF expression levels than

those observed in the IUA and IUA-AHAM groups (P <

0.01; P < 0.01) (Fig. 3D, E).

hASC-AHAM Grafts Promote Angiogenesis in the
Injured Endometrium

To measure the vascular density in the injured endometrial

tissue, the expression of CD34 was evaluated in each group.

The results showed that the staining density of CD34 was

2.50 + 0.17 in the control group, 0.51 + 0.07 in the IUA

group, 0.84 + 0.02 in the IUA-AHAM group, and 1.69 +
0.25 in the IUA-hASC-AHAM group. A significantly higher

staining density of CD34 was observed in the IUA-hASC-

AHAM group than that in the IUA and IUA-AHAM groups

(Fig. 4A, B). These results suggested that the hASC-AHAM

grafts promoted highly efficient structural and functional

repair of injured endometrial tissue in vivo.

To investigate the mechanism by which hASCs function

to promote endometrial repair, EGFPþ-hASCs were used in

transplantation assays. The results showed that the EGFPþ-

hASCs were presented in the injury uterine cavity at day 15

after transplantation (Supplemental Fig. S3).

The fluorescence microscopy results verified that the

EGFPþ-hASCs present in the injured endometrium were posi-

tively stained with VEGF and ANG (Fig. 4C). These results

indicate that the expression of VEGF and ANG in hASCs may

play a role in repairing damaged endometrial tissue.

Taken together, these results suggested that hASC-

AHAM grafts significantly increased the angiogenic factors

in hASCs than that observed under the monolayer culture

conditions.

Discussion

In this study, we observed that: (i) hASCs function well with

AHAM grafts, which can create a feasible three-dimensional

growth environment and increase the expression of VEGF

Figure 2. Histological analyses via scanning electron microscopy. The morphology and structure of the control, IUA, IUA-AHAM, and IUA-
hASC-AHAM groups were determined using SEM. AHAM: acellular human amniotic membrane; hASC: human adipose stem cell; IUA:
intrauterine adhesion; IUA-AHAM: IUA treated with AHAM; IUA-hASC-AHAM: IUA treated with hASC-AHAM.
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and ANG in hASCs; (ii) transplantation of the hASC-AHAM

grafts can aid in the repair of injured endometrial tissue,

resulting a thicker endometrium, increased gland numbers,

increased receptivity of the endometrium, and higher vascu-

lar density; and (iii) hASCs in the injured endometrium can

express VEGF and ANG, suggesting that hASC-AHAM

grafts can promote endometrial repair through the expression

of angiogenic factors. Thus, the transplantation of hASC-

AHAM grafts offers an alternative approach to repair

damaged endometrial tissue, and these results show the

therapeutic potential of using auto hASCs derived from

patient stem cells for treating IUA.

Asherman’s syndrome is a condition characterized by the

presence of IUA and/or fibrosis due to trauma to the basal

layer of the endometrium. This syndrome may impact repro-

ductive outcomes, causing infertility or recurrent

miscarriage. Hysteroscopy is now the gold standard for the

diagnosis and treatment of IUAs, as this procedure separates

the adhesions and restores the normal anatomy of the uterine

cavity. However, the extent to which endometrial regenera-

tion takes place will determine the surgical outcome and

reproductive function. For moderate and severe IUA, the

stroma of the endometrium is largely replaced by fibrous

tissue, and glands are replaced by inactive cubcolumnar

endometrial epithelium. In addition, the functional layer is

replaced by an epithelial monolayer that is unresponsive to

hormonal stimulation, such that the tissue is typically avas-

cular overall. In such a situation, promoting endometrial

repair remains challenging, primarily because IUA is a lim-

iting step to the success of the surgery1,2.

Stem cell therapy is a novel approach for treating tissue

damage and promoting tissue regeneration. Compared to

Figure 3. Histological analyses using H&E staining and LIF immunostaining. (A) The control, IUA, IUA-AHAM, and IUA-hASC-AHAM
groups were analyzed by H&E staining. (B) The mean endometrial thickness and endometrial gland numbers in the four groups were
quantitative analyzed. (C) Protein levels of LIF in the four groups were examined by immunohistochemical staining. (D) The LIF expression in
the four groups was quantitative analyzed. NS: not significant, *P < 0.05, **P < 0.01 by unpaired two-tailed Student’s t-test. The data are
presented as the means + SD. Black arrows indicate the glands. AHAM: acellular human amniotic membrane; hASC: human adipose stem
cell; H&E: hematoxylin and eosin; IUA: intrauterine adhesion; IUA-AHAM: IUA treated with AHAM; IUA-hASC-AHAM: IUA treated with
hASC-AHAM; LIF: leukemia inhibitory factor.
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other stem cell types, tissue-derived stem cells have many

practical advantages in tissue engineering because these

cells avoid the ethical issues of acquiring embryonic stem

cells and the safety issues associated with tumor formation in

recipient patients. Compared with other tissues, adipose tis-

sue is rich in source, easy to obtain, and can achieve auto-

logous transplantation. Therefore, hASCs are the most

promising source of stem cells for future use22.

Figure 4. The expressions of CD34, VEGF, and ANG were analyzed via immunohistochemistry. (A) The expression of CD34 was analyzed
via immunohistochemistry. Scale bars: 20 mm. (B) The staining densities of CD34 in the four groups were quantitative analyzed. (C) Protein
levels of EGFP (green), VEGF, and ANG (red) in the hASC-AHAM group were determined by immunofluorescence staining. White boxes
show the magnified areas. Blue circles indicate the vessels. AHAM: acellular human amniotic membrane; ANG: angiogenin; EGFP: enhanced
green fluorescent protein; hASC: human adipose stem cell; IUA: intrauterine adhesion; IUA-AHAM: IUA treated with AHAM; IUA-hASC-
AHAM: IUA treated with hASC-AHAM; VEGF: vascular endothelial growth factor.
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Although studies have shown that stem cells can promote

endometrial regeneration23, the exact mechanism of this pro-

cess remains unclear. It is known that there is vascular clo-

sure in the endometrial tissue in patients with IUA, and that

angiogenesis occurs in the endometrium after treatment.

Angiogenesis in the endometrial tissues is important and

may affect endometrial repair24. Furthermore, it has been

reported that stem cells can change the internal environment

of tissues through exosomes and promote tissue repair25,26.

In this study, hASC-AHAM grafts can promote the repair of

endometrial damage in rats. After transplantation of hASC-

AHAM, the endometrial vascular density of rats increased,

and hASCs in the grafts expressed VEGF and ANG. There-

fore, we believe that the hASC-AHAM graft increases the

endometrial blood flow through expressing angiogenic fac-

tors by hASCs, thereby promoting endometrial repair.

At present, the main adjuvant therapies used to prevent

adhesion recurrence after hysteroscopic adhesiolysis include

using an intrauterine contraceptive device, an intrauterine

balloon, a biodegradable gel, or a HAM, as surgical barriers

to keep adjacent wound surfaces mechanically separated

from one another27. Since the late 1990s, the increasing

potential of HAM as an adjuvant to prevent recurrence of

adhesion reformation has been recognized. HAM is of low

immunogenicity with no or minimal immune responding

during transplantation. In addition, clinical studies have

shown that the use of an amnion graft following intrauterine

adhesiolysis appears to improve menstruation and reduce

adhesion reformation recurrence by facilitating epithelializa-

tion, while reducing inflammation, scarring, and adhesion

formation27–29. However, the transportation and preserva-

tion of fresh amniotic membrane is more difficult, so the

application of fresh amniotic membrane has been restricted.

Available evidence supports that viability of the tissue com-

ponents of the amniotic membrane is not essential for its

biological effectiveness. The amniotic membrane matrix

contains various growth factors, proteases, and effective

anti-inflammatory proteins, which makes amniotic mem-

brane an important value in promoting epithelial formation,

tissue healing, and inhibiting inflammation and fibrosis.

Therefore, whether it contains epithelial cells has no signif-

icant difference in the efficacy of amniotic membrane. In

fact, the decellularization process retains cytokines and

maintains the original arrangement of collagen fibers.

AHAM may retain its original function while reducing

immunogenicity30,31.

It appears from the results of our study that the combined

use of stem cells and AHAM produced a synergistic bene-

ficial effect in that the addition of the stem cells helps to

improve endometrial regeneration, and the three-

dimensional scaffolding provided by the AHAM results in

an enhancement of the overall therapeutic potential of cells

by improving the anti-inflammatory and angiogenic proper-

ties, stemness, and survival of stem cells after transplanta-

tion32,33. In the present study, we chose to remove the

maternal epithelial cells from HAM to generate an AHAM,

which may have lower immunogenicity and would be poten-

tially more suitable as a graft.

In a sense, the model described in this study represents a

stem cell sustained release system, using amniotic mem-

brane as stem cells scaffold, and allowing the stem cells to

continuously secrete angiogenesis factors to promote endo-

metrial repair. Such an approach also negates the need to

inject stem cells into the peripheral circulation with the hope

that it will eventually enter the uterine cavity and help to

ensure that the stem cells remain in the uterine cavity.

In this study, we also compared the expression of LIF

between the four groups and showed that the IUA-hASC-

AHAM group expressed more LIF than the injury group,

while IUA-hASC-AHAM group expressed the same level

of LIF as observed in the control group. LIF is a multifunc-

tional biological cytokine that regulates the epithelial cell

adhesive properties of the endometrium and is well recog-

nized as a marker of endometrial receptivity34,35. These find-

ings are consistent with an improved endometrial function in

the IUA-hASC-AHAM group.

Conclusion

In this study, the use of an AHAM as a three-dimensional

scaffold combined with hASCs was shown to increase endo-

metrial repair by promoting blood vessel regeneration. This

finding provides the scientific basis for the potential use of

these grafts in a novel individual therapeutic strategy for

endometrial injury.

Author Contributions

XH, HZ, and EX conceived the study. XH, YM, XL, and WL

performed laboratory analyses. XH wrote the draft. XH, HZ, and

T-CL made a critical revision of the manuscript. All authors read

and approved the final manuscript.

Ethical Approval

The study was approved by the Ethics Committee of Capital Med-

ical University, Beijing, China (2015SY72 and AEEI-2017-105).

Statement of Human and Animal Rights

All experimental procedures involving human and animals were

conducted in accordance with the Committee for Animal Care of

Capital Medical University.

Statement of Informed Consent

We confirm that guidelines on patient consent have been met and

any details of informed consent obtained are indicated within the

text of the submitted manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect

to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support

for the research, authorship, and/or publication of this article: This

Han et al 9



work was supported by the Project of excellent talent funding of

Beijing Xicheng District (2017), the National Natural Science

Foundation of China (grant number 81770616), and the Beijing

Municipal Natural Science Foundation (grant number 5172009).

ORCID iD

Xiaowu Huang https://orcid.org/0000-0003-1611-3088

Supplemental Material

Supplemental material for this article is available online.

References

1. Yu D, Wong YM, Cheong Y, Xia E, Li TC. Asherman syn-

drome–one century later. Fertil Steril. 2008;89(4):759–779.

2. Garcia-Velasco JA, Acevedo B, Alvarez C, Alvarez M, Bellver

J, Fontes J, Landeras J, Manau D, Martinez F, Muñoz E, Robles
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Marquez H, López-Bayghen E. Colony stimulating factor-1

and leukemia inhibitor factor expression from current-cycle

cannula isolated endometrial cells are associated with

increased endometrial receptivity and pregnancy. BMC

Womens Health. 2017;17:63–69.

35. Shuya LL, Menkhorst EM, Yap J, Li P, Lane N, Dimitriadis E.

Leukemia inhibitory factor enhances endometrial stromal cell

decidualization in humans and mice. PLoS One. 2011;6(9):

e25288.

Han et al 11



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


