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Abstract

Background
Intrauterine adhesion (IUA) is characterized by the formation of �brosis, which prevents the regeneration
of functional endometrial tissue. Tissue engineering that uses suitable biochemical and stem cells to
assemble functional constructs that restore or improve damaged tissues, has been very promising in the
treatment of IUA.

Aim
The objective of this study is to investigate the effect of acellularized amniotic membrane (AAM) loaded
with adipose-derived mesenchymal stem cells (ADSCs) on reducing IUA, promoting the regeneration of
injured endometrium as well.

Methods
A total of 96 female Spargue-Dawley (SD) rats were randomly divided into four groups: sham operation
group, IUA model group, experimental group treated with AAM, and experimental group treated with AAM
loaded with ADSCs (ADSCs/AAM). At 3, 7, and 14 days after surgery, histological and
immunohistochemical analysis were performed to evaluate the �brosis rate of intrauterine cavity and the
regeneration of injured endometrium. RNA sequancing and real-time polymerase chain reaction (RT-PCR)
was used to detect the difference of biological functions and the expression of in�ammatory cytokines,
such as bFGF, IL-1β, IL-6, and TNF-α among various groups, respectively.

Results
Our �ndings indicated that ADSCs/AAM was associated with thicker endometria, increased gland
numbers and lower �brotic rate when compared with those in AAM group, and was similar with those in
sham group. In addition, the transplantation of ADSCs signi�cantly decreased the in�ammatory response
and mRNA levels of pro-in�ammatory cytokines (TNF-α and IL-1β), and increased anti-in�ammatory
cytokines (bFGF, and IL-6), compared with those in AAM group.

Conclusion
Our results demonstrated that AAM loaded with ADSCs transplantation could promote injured
endometrium regeneration and reduce the formation of �brosis.

Introduction
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Intrauterine adhesion (IUA) is characterized by the formation of �brosis. Adhesions tissues partially or
completely obliterates the uterine cavity because of various damages to the basal endometrial layer [1, 2].
As a matter of fact, it usually leads to menstrual abnormalities, secondary infertilities and recurrent
abortion, such serious reproductive health problems[3]. Although, with the development of hysteroscopic
adhesiolysis, hormonal treatment or the placement of barriers (e.g. barrier gels, intrauterine device) these
clinical methods are uses to reconstruct the anatomical structure of the uterine cavity, the high risk of re-
adhesion after resection and the regeneration of functional endometrial tissue are still the major
challenges[4]. Nowadays, further research on regenerative medicine has been developed to prevent
adhesion recurrence of IUA[5]. Acellularized amniotic membrane (AAM) is a thin �lm composed of
epithelial layer, basement membrane, and mesenchyme [6]. Recently, as one of the most popular natural
biological materials, AAM has the outstanding advantages of low immunogenicity and high absorbability,
is widely used in repairing epithelial defects such as skin, eye, abdominal wall and peritoneum, etc. [7, 8].
Other studies have also reported the value of AAM on decreasing adhesion recurrence and promoting
endometrium regeneration [7].

For patients with severe IUA, when the basal layer is badly damaged, even the uterine cavity could recover
by adhesiolysis, the prognosis is still poor due to the failure of functional endometrial layer
regeneration[9]. Endometrial stem cells (ESCs) are considered as the source of progenitor cells that could
differentiate into endometrium, and play a key role in the rapid replacement of functional layer as well
[10]. According to previous reports, ESCs can differentiate into endometrial glandular epithelial cells,
stromal cells and endothelial cells in vitro [10, 11]. However, ECSs are relatively hard to acquire because
the sterility of cell products must meet high requirements. Therefore, it is very important to develop other
replaceable, available, abundant and immune-privileged cell sources. Adipose-derived mesenchymal stem
cells (ADSCs) are precursor cells that have been proved to secrete various bioactive molecules (e.g.
growth factors, cytokines and chemokines) [11]. Some studies have also con�rmed that ADSCs may be
recruited into the uterus, where they differentiate into endometrial cells and muscle cells and
angiogenesis, resulting in achieving a better pregnancy outcome [12, 13]. Besides, Shao et al con�rmed
this phenomenon in mouse IUA model. These reports suggest that ADSCs could migrate to the damaged
endometrium and cure uterine defects [14].

However, the matter is, with the absence of supporting scaffold, stem cells usually migrate to other places
after uterine implantation. Therefore, in order to avoid losing ADSCs while treating IUA, AAM should be
used as a scaffold to provide support. We hypothesize that AAM loaded with ADSCs may bene�t normal
uterine cavity regeneration by its material biocompatibility. After 14 days’ follow-up, our results proved
that AAM loaded with ADSCs could prolong the contact time with injured endometrium, reduce �brosis
formation and promote endometrium regeneration.

Result
ADSCs characteristics, AM acellularization and ADSCs/AAM compound
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The ADSCs obtained from rat inguinal subcutaneous fat were cultured to the third generation. FACS
analysis showed that the expression of surface markers CD29, CD44 and CD90 of ADSCs was 96.19%,
99.86% and 99.73%, respectively, whereas the expression of hematopoietic stem cell marker CD11b was
0.31%, and CD45 was 0.24% (Fig. 1A). Osteogenesis was inducted, and the calcium was brown-red with
Alizarin-Red staining. Adipogenic induction of ADSCs was performed and adipocytes were identi�ed by
Oil Red O staining. Chondrogenic induction of ADSCs was performed and identi�ed by toluidine blue
staining (Fig. 1B). The ADSCs with �broblast-like morphology were showed in Fig.2A. The �uorescence
microscope showed the shape of ADSCs pre-labeled with �uorescent dye Dil (Fig. 2B). AAM presented a
thin-�lm structure (Fig. 2C), which could be easily tailored in various shapes to �ll the defect. Live/dead
staining showed that ADSCs could continue to proliferate without apoptosis (Fig. 2D1 and D2). SEM
showed only collagen �bers on the AAM (Fig.2E1 and E2), while the abundant ECM deposition was found
in ADSCs/AAM compounds (Fig. 2F1 and F2). 

The regeneration of injured endometrium 

To demonstrate the speci�c function of ADSCs and AAM in IUA, we applied it to rat IUA models. In the
sham operation group, the endometrial surface was covered with high columnar epithelial cells. In
ADSCs/AAM group, at day 14 after operation, HE staining results showed intact structure of the
endometrial layer as normal epithelial cells, similar with that in sham operation group. The endometrial
thickness and the number of glands were higher than those in simple AAM group. However, in IUA group,
the uterine cavity was completely destroyed in both the endometrium layer and myometrium layer (Fig. 3
and 4).  

   To evaluate the extent of endometrial �brosis in injured endometrium in IUA rat models, we performed
Masson staining of collagen �bers. In the sham group, there was almost no collagen deposition in the
endometrial stroma. In the IUA group, there was a signi�cant increase in the collagen �ber deposition
compared with sham group. However, the endometrial �brosis rate in the ADSCs/AAM group was a
signi�cant reduce compared with the IUA group at day 14 after operation (Fig. 3 and 4).    

To further evaluate the regeneration of injured endometrium and the extent of �brosis, we performed
CD31, VEGF, vimentin and E-cadherin immunoexpression in all groups at day 14 after surgery (Fig.5).
CD31, an endothelial cell marker presented in stroma, could be performed for measuring the
microvascular density. The results showed that the microvascular density in the ADSCs/AAM group was
signi�cantly higher compared with that in the AAM group, similar with that in the sham group. VEGF, a
well-known angiogenic factor presented in cytoplasm, is essential for neovascularization. The results
showed that VEGF was signi�cantly decreased in the IUA group compared with that in AAM group. After
the administration of ADSCs, the level of VEGF was slightly higher, similar with the expression of VEGF in
the sham group. Vimentin, a marker protein for stromal cells presented in stroma, was mainly expressed
in the cytoplasm of endometrial stromal cells. The results showed that vimentin in the ADSCs/AAM group
was signi�cantly higher compared to AAM group and was similar with that in the sham group. E-cadherin
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is a transmembrane protein expressed in epithelial cells, and plays an important role in maintaining the
stability of epithelial cells. 

At last, we performed pregnancy test in 12 rats with 24 IUA models at 4 weeks after grafting with
ADSCs/AAM or not (Fig.6A). In the Sham group, 4 uteri conceived (66.7%), while none of the uteri in the
IUA group. In the ADSCs/AAM group, although 3 uterine conceived (50%), the average number of embryos
was 1-2 embryos in each uterus, compared to 3-4 embryos in the Sham group (Fig.6B). By
contrast, ADSCs/AAM led to an improved trend in fertility restoration, with a 50% pregnancy rate and 1 ±
2 gestational embryos.

The regulating function of stem cell on in�ammatory response and uterine �brosis 

To further explore the regulating funtion of ADSCs during the endometrial repair, we performed the RNA
sequancing of uterine tissue at 3 days and 14 days after operation. These outcomes exhibited high
expression level of COL4A1, MSN and HMOX1 in IUA group compared with sham group with high
expression level of C3, EEF2 and MMP7 at 3 days after surgery (Fig.7A). GO analysis showed high
enrichment of endothelium development, lymphangiogenesis and leukocyte migration, which were
association with the repair of injuired endothelium (Fig.7C). At 14 days, these genes including EEFLA1,
IGFBP5 and RPLP0,which represented the normal endothelial funciton in sham group, exhibited high
expression level compared with COL3A1, COL1A1 and ACTG2 in IUA group (Fig.7A). GO analysis
exhibited high enrichment of extracellular matrix organization, cell-substrate adhesion, endoderm
development and leukocyte migration, which com�rmed an endothelial adhesion (Fig.7C). Then, we
compared the functional enrichment difference between AAM and ADSCs/AAM group. The outcomes
exhibited high expression level of SPP1, LYZ2, APOE and CTSB in ADSCs/AAM compared with high
expression level EEF1A1, COL6A1, and TAGLN in AAM group at 3 days and 14 days after surgery (Fig.7B).
GO analysis con�rmed the enrichment of antigen processing, leukocyte chemotaxis, phagocytosis,
neutrophil activation and endocytosis in ADSCs/AAM group at 3 days after surgery. Meanwhile, at 14
days after surgery, GO analysis exhibited normal functional enrichment, including ribosome, protein
targeting and RNA catabolic process in  in ADSCs/AAM group (Fig.7D).

    Then, we evaluated the expression of in�ammatory cytokine (bFGF, IL-1β, IL-6, and TNF-α1) (Fig.8). The
outcomes showed that the mRNA levels of anti-in�ammatory cytokine, such as bFGF and IL-6, were
signi�cantly increased in the ADSCs/AAM group at day 3 and 7 after surgery compared to the AAM
group. Meanwhile, expressions of pro-in�ammatory cytokine such as TNF-α and IL-1β were signi�cantly
decreased in the ADSCs/AAM group at day 3 and 7 after surgery compared to the AAM group. However,
for both anti-in�ammatory cytokine and pro-in�ammatory cytokine at day 14 after surgery, the expression
level between ADSCs/AAM and AAM showed no signi�cant difference. 

The tracing of stem cell in vivo 

ADSCs were marked with Dil, which is a �ourochrome used for tracing live cells in vivo. At day 3, 7, and
14 after surgery, �uorescent microscope found that Dil-labeled ADSCs distributed close to the damaged
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endometrium and have incorporated into the endometrium tissue. The signal attenuated but still present
at 14 days (Fig.9). 

Discussion
IUA often occurred under the circumstance that endometrium fails to regenerate and �brotic tissue
developed after damage or surgery [15]. Therefore, an ideal therapeutic treatment must take both
preventing �brotic formation and promoting endometrium regeneration into consideration. In this study,
we investigated the potential role of AAM loaded with ADSCs to prevent IUA after endometrial injury. Our
results indicated that ADSCs/AAM could promote endometrium regeneration by measuring endometrial
thickness, numbers of glands and blood vessel area. As a matter of fact, merely use AAM could help IUA
recover to the normal uterine cavity, and our results suggest that the additional application of ADSCs
could acheive better endometrium regeneration and reduce endometrial �brosis.

The key of IUA treatment is to regenerate the functional endometrium, which is always achieved by the
following methods: �rst hysteroscopic adhesiolysis to reform the cavity, then insert an intrauterine device
(IUD) to prevent recurrence of �brosis. However, due to its low biocompatibility, IUD may prevent normal
endometrium regeneration but cause infection [16]. In this study, we used human AAM to regenerate
endometrium. As one of the most popular biomaterials, after removing the cellular component, AAM
could be used as a natural component to eliminate immunological rejections and enhance better cell
adhesion, proliferation, and differentiation, making it an ideal material for regenerative medicine [17]. As
we all know, intrauterine curettage at 2–4 weeks after delivery is most likely to cause scars and
irreversible uterine wall damage. From our observations, AAM would gradually degrade and disappear
within 7 to 14 days after implantation, which exactly happened to exert its preventive effect on the
formation of IUA. Although AAM could effectively prevent �brosis tissue caused by endometrial damage,
it is still a big challenge to promote tissue regeneration, including neovascularization, cell proliferation
and endometrial repair. The plus application of stem cells could help deal with the situation.

The endometrium shades and regenerates during every menstrual cycle [18]. ESCs in the basal layer are
considered as the source of endometrium regeneration [19–20]. Recently, ESCs have been found in the
basal layer of the human endometria, which is similar to adult mesenchymal stem cells (MSCs) [19]. As
we all know, MSCs may play an important role in endometrium regeneration. Several other sources of
MSCs have also been put forward for endometrium regeneration, such as bone marrow mesenchymal
stromal cells (BMSCs), menstrual blood–derived mesenchymal stromal cells (mbMSCs) and amniotic
tissue-derived mesenchymal stromal cells (AmMSCs) [13, 21, 22]. They all possess a strong ability in
reducing tissue damage after endometrial injury. In this study, we selected ADSCs as the source. We
acknowledge the main advantage of using ADSCs for its easy acquisition and quick ampli�cation.
Considering these advantages and conveniences, we �nally chose ADSCs/AAM for IUA treatment in this
study. One of the most important advantages of implanting ADSCs/AAM is the material could be used as
a carrier to provide a feasible support for cells delivery and storage. Compared with simple AAM
transplantation, ADSCs/AAM could produce thicker endometrium, more endometrial glands, and lower
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�brotic area rate. Meanwhile, the research �ndings demonstrated that some histological changes, for
instance, the high immune expression of CD31, vimentin, VEGF and E-cadherin in ADSCs/AAM group,
indicating their ability to form the normal histological endometrium in IUA rat model.

It is believed that the pathogen of �brosis is excessive ECM deposition, caused by early in�ammatory
activities and uncontrolled �broblast proliferation [23]. Our RNA sequancing exhibited that the
development process of IUA was association with immune activation, endothelium development and
epithelial cell development in early phase, while it presented high enrichment of cell-matrix adhesion and
extracelular matrix organization in later phase. When the implantation of ADSCs/AAM was used to repair
endothelial injury, RNA sequancing indicated that ADSCs could regulate the immune effetor process and
neutrophil activation and endocytosis, which is bene�cial to reduce the immune response. According to
previous reports, ADSCs could reduce the expression level of pro-in�ammatory cytokines, such as IL-1β,
TNF-α and IL-8, and increase the expression of anti-in�ammatory cytokines, such as IL-6 and IL-10 [24–
25]. ADSCs may inhibit the overproduction of collagen by regulating in�ammatory cytokines [26]. This
study showed that the up-regulation of anti-in�ammatory cytokines (IL-6, bFGF) and down-regulation of
pro-in�ammatory cytokines (IL-1 β, TNFα) at 3 and 7 days after ADSCs/AAM transplantation providing
the best results when comparing with IUA or simple AAM transplantation group. However, at 14 days after
surgery, there were no signi�cant differences in all in�ammatory factors between ADSCs/AAM and AAM
group, indicating that ADSCs exerted its suppression of in�ammatory response at an earlier stage. These
phenomena partially suggest the mechanism of ADSCs on promoting endometrium regeneration in IUA
model.

By the way, the particular strength of this study was the high-precision curettage procedure to the depth
of the muscular layer, which was critical to evaluate the regenerative ability of ADSCs in IUA model.
However, the potential long-term complication was still high abortion rate according to our pregnancy
test. Although our study indicated better regenerated endometrium associated with ADSCs, it remained
uncertain whether it would recover to normal endometrium. On the other hand, pregnancy test with larger
amounts should be performed.

In conclusion, our outcomes demonstrated that AAM loaded with ADSCs could effectively prevent the
formation of �brosis and promote endometrium regeneration in rat IUA models. Although the exact
mechanism of ADSCs in treating IUA remained unclear, our study suggests ADSCs regulated the
in�ammatory response by providing an anti-in�ammatory environment and enhancing the regeneration
of endometrium.

Method
Animals 

    96 female Sprague-Dawley (SD) rats weighted 220-240 g were purchased from Silaike Corporation
(Shanghai, China). The protocol was approved by the Institutional Review Board and the Ethics
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Committee of our hospital. All animal experiments were approved by the Institutional Animal Care and
Use Committee of Fudan University, Shanghai, China. 

Culture, identi�cation and multilineage differentiation of ADSCs

The rat inguinal subcutaneous fat was collected, chopped manually and digested with the same amount
volume of PBS, supplemented with 0.075% type I collagenase (Washington Biochemical Corp, USA) with
gentle shaping at 37 ℃ for 60 minutes. After neutralizing the enzyme, the digested tissue was
centrifuged at 2000 g for 10 minutes and �ltered with double-layer gauze to remove large pieces of
debris. The pellets were resuspended in LG-MEM containing 10% FBS, 100 ug/ml streptomycin and 100
U/ml penicillin solution and plated in 100 mm culture dishes (Falcon, USA). After the fusion rate reached
70-80%, the cells were passaged to next generation for further experiment. ADSCs were identi�ed via the
cell surface antigens CD45, CD90, CD11, CD44, and CD29, using a �ow cytometry assay. The multi-
lineage differentiation potential of ADSCs was checked by adipogenic, osteogenic and chondrogenic
differentiation assays at the fourth passage. Adipogenesis was induced by adipogenic induction medium
(Gibco) for 14 days and con�rmed by Oil red O staining to show intracellular lipid accumulation.
Osteogenesis was induced by osteogenic induction medium (Gibco) for 21 days and calcium deposition
was shown by Alizarin red staining. Chondrogenic differentiation was identi�ed by toluidine blue
staining by chondrogenic induction medium (Gibco) for 28 days. 

Preparation of human AAM

    Fresh human amniotic membrane (AM) was obtained from healthy patients under sterile conditions.
The preparation of AAM was based on the report of Koizumi et al. Brie�y, fresh AM was mechanically
separated from the chorion membrane. After an entire wash with 0.9% sodium chloride solution for three
times, AM was incubated with 0.02% ethylenediaminetetraacetic acid (EDTA) solution at 37 °C for 2 h,
continuously stirring for acellularization. Then, the cellular debris was washed with PBS for three times to
remove the remaining cellular debris. 

The construction of ADSCs/AAM compounds

    Before implantation, the AAM was cut into small pieces of 2 × 0.5 cm and soaked in normal saline for
10 min. ADSCs at passage 3 were resuspended in culture medium at a density of 5× 105/ml. 100 ul cell
suspension were evenly seeded in AAM to in�ltrate the cell surface. After cells were incubated at
37 ℃ for 4 h to allow cells adhere to the membrane, the growth medium was added for further culture.
After 24 h of culture, ADSCs/AAM constructs were transferred to new wells for subsequent culture in
vitro. 

Scanning electron microscopy (SEM)

Deposition of ADSCs on AAM was examined by scanning electron microscopy 1 week after implantation.
Then, the samples were mounted, sputter-coated with gold, and viewed by SEM to observe adhesion and
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extracellular matrix (ECM) deposition under the surface of AAM. 

Live/dead staining

The viability of ADSCs on AAM was evaluated at 3 and 7 days after implantation by a Live/Dead cell
staining kit (Biovision, USA). Brie�y, ADSCs/AAM constructs were washed with PBS and incubated in the
assay reagents (2 uM calcein AM and 4 uM ethidium homodimer-1) for 15 min. Then, the stained living
and dead cells were detected by confocal laser microscopy with a band-pass �lter (FITC and rhodamine).
Live cells emitted green �uoresce, and the nucleus of dead cells were dyed red. 

Surgical procedure 

The rat IUA model was established using the mechanical damage method [27]. Brie�y, rats were
anesthetized with 300 mg/kg 10% chloral hydrate and the abdominal cavity was open after iodophor
disinfection. Then, slowly pick out and cut the uterus 2 cm from the upper one-third of the upper uterus.
The endometrial tissue was then scraped to the depth of the muscular layer. In ADSCs/AAM group, the
constructs were introduced to cover the damage area. In AAM group, single AAM was placed in the lesion
of uterine. In IUA group, the lesion was directly sutured to heal itself. For sham operation group, the uterus
was exposed to air for 20 min after opening the abdomen. At last, 6–0 absorbable suture was used to
suture uterus intermittently. After washing the abdominal cavity with normal saline, the rectus fascia and
skin were sutured with 4–0 silk suture. At day 3, 7, and 14 post-operation (n = 12 with 12 uteri for each
time point), the whole uterus was dissected and sliced transversally for further evaluation. 

Histologic examination and immunohistochemical staining

After the uterine tissue was �xed with 4% paraformaldehyde and embedded in para�n, the samples were
cut into 4-6 μm sections for H&E and Masson’s trichrome staining. The light microscope was used to
obverse the morphological changes. Five �elds in each image were selected to count. Image Pro-Plus 6.0
(IPP 6.0) was applied to analyze endometrial thickness, total number of endometrial glands, and �brosis
area. For immunohistochemistry staining, samples were performed to detect CD31, GB13063, 1:200,
Servicebio, (an indicator of endothelial cells of microvessels), vimentin, ab92547, 1:200, abcam, (a marker
of stromal cells), VEGF, ab32152, 1:200, abcam, (a vascular marker) and E-cadherin, sc-8426 1:50, Santa
Cruz, (a marker of epithelial cell). 

Next-generation RNA sequencing and bioinformaticsanalysis

Total RNA was extracted from the whole uterus in four groups at 3 and 14 days after surgery with TRIzol
according to the manufacturer’s protocol (Invitrogen). The IIlumina standard kit was used according to
the TruSeq RNA SamplePrep Guide (IIlumina). Magnetic beads containing oligo (dT) were used to isolate
poly(A) mRNA from total RNA. Puri�ed mRNA was then fragmented. Using these short fragments as
templates, random hexamer primers and reverse transcriptase (SuperScript II, Invitrogen) were used to
synthesize the �rst-strand complementary DNA (cDNA). The second-strand cDNAwas synthesized by
using buffer, dNTPs, RNase H, and DNA polymerase I. Short double-stranded cDNA fragments were
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puri�ed with QIAquick PCR extraction kit (Qiagen) and eluted with EB buffer for end repair and the
addition of an “A” base. The short fragments were ligated to Illumina sequencing adaptors. DNA
fragments with selected size were gel-puri�ed with QIAquick PCR extraction kit (Qiagen) and ampli�ed by
PCR. The library was then sequenced on Illumina HiSeq™ 2000 sequencing machine. The library size was
400 bp, read length was 116 nt, and the sequencing strategy was paired-end sequencing. The clean reads
were used for subsequent analysis and were mapped to the reference genome by TopHat. The gene
expression was measured by the number of uniquely mapped fragments per kilobase of exon per million
mapped fragments (FPKM). The R package limma was used to create differential expression genes. The
Database for Annotation, Visualization, and Integrated Discovery (DAVID) bioinformatics resource was
used to annotate gene function and pathway.

RNA isolation and polymerase chain reactions 

   In orderto investigate the regulation effect of ADSCs on in�ammatory response, real-time PCR was
performed. According to the manufacturer’s protocol, RNAprep Micro Kit (TianGen Biotech, Beijing, China)
was used to extract total RNA. Total RNA samples were extracted from excised uterine horns with RNAiso
Plus (Takara Bio) and dissolved in water treated with diethyl pyrocarbonate. RNA concentrations were
quanti�ed using NanoDrop 2000 spectrophotometery (NanoDropTechnologies, 1f in of TGF-β and VEGF
in ADsN Thermo Scienti�c). 2 ug total RNA was reverse-transcribed into cDNA in a 20 ul reverse
transcription system with the Primestar extaq cDNA Synthesis Kit (TaKaRa). The reactions were
performed and monitored in a T3 thermocycler (Biometra). Real time PCR was performed using a
quantitative real time ampli�cation system (MxPro-Mx3000P, Stratagene, La Jolla, CA). SybrGreen PCR
MasterMix (Applied Bio-systems, Foster City, CA) was used in each reaction. To compare transcription
levels of target genes in different quantities of sample, the quanti�ed cDNA transcript level (cycle
threshold) to that of GAPDH was used for normalization of real-time PCR results. Each sample was
assayed three times. 

Fertility test

The function of the scarred uterine horns was assessed by testing whether they were capable of receiving
fertilized ova and supporting embryos to the late stage of pregnancy. At day 28 post-transplantation,
another subset of rats (n = 6 with 12 uterine horns) from each group was mated with proven fertile male
Sprague-Dawley rats. The rats were euthanized 14 days after the presence of vaginal plugs, and each
uterine horn was examined for numbers, sizes and weights of fetuses, as well as sites of implantation.

Tracing of ADSCs in vivo

Dil is a nontoxic �uorescent marker of cell membranes, used to track for implanted cells. ADSCs were
labeled with Dil (SigmaeAldrich, St Louis, MO). After washing, stained cells were cultured in sterile
phosphate-buffered saline. Then, the Dil-labeled ADSCs were resuspended in the culture medium at a
density of 5× 105/ml and seeded on the AAM scaffold to form the ADSCs/AAM compound, which was
implanted into the injured uterine. At day 3, 7, and 14 after implantation, the rats were sacri�ced and
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uterine tissues were collected and frozen at −80 °C. The frozen tissues were continuously cut into 4-μm
sections, and the nucleus was stained with DAPI. Then, the samples were observed by �uorescence
microscopy (magni�cation × 100, Olympus, Tokyo, Japan). 

Statistical analysis

All data are reported as means± standard deviation (SD) analyzed by SPSS 20.0. Statistical analysis was
performed by Student’s t test for comparisons of different groups. A p value of less than 0.05 was
considered statistically signi�cant.

Abbreviations
IUA: Intrauterine adhesion; AAM: Acellularized amniotic membrane; ADSCs: adipose-derived
mesenchymal stem cells; S-D: Spargue-Dawley; RT-PCR: Real-time polymerase chain reaction; ESCs:
Endometrial stem cells; VEGF: Vascular endothelial growth factor; BMSCs: bone marrow mesenchymal
stromal cells; mbMSCs:Menstrual blood–derived mesenchymal stromal cells; AmMSCs: Amniotic tissue-
derived mesenchymal stromal cells.
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Figures

Figure 1

Characteristics of ADSCs. (A) FACS analysis showed the expression of common surface markers of stem
cells CD11b/c, CD29, CD44, CD45 and CD90. (B) These three classic tests of stem cells were present.
Osteogenic induction, adipogenic induction and chondrogenic induction of ADSCs.
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Figure 2

Implantation of adipose derived stem cells (ADSCs) on decellularized amniotic membrane (AAM). (A)
Representative image of ADSCs. Scale bar = 500μm Scale bar = 100μm; (B) ADSCs labeled using Dil
Scale bar = 200μm; (C) Gross view of AAM; (D1, D2) Live/dead staining of ADSCs on the scaffolds after 3
and 14 days; (E1, E2) Representative images of AAM and (F1, F2) AAM implanted with ADSCs by
scanning electron microscopy. Scale bar = 200μm.



Page 16/22

Figure 3

Histopathological features were tested by H&E staining and Masson trichrome staining at 3, 7, and 14
days after surgery in sham, ADSCs/AAM, AAM and IUA group. Scale bar = 200μm. Scale bar = 50μm.  
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Figure 4

The score of thickness of endometrium, number of glands and �brosis area according to the
histopathological images at 7, and 14 days after surgery in sham, ADSCs/AAM, AAM and IUA group. *p >
0.05 and **p < 0.05. All results are showed as the mean ± SD of three independent experiments. 
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Figure 5

Immunohistochemical staining of CD 31, VEGF, vimentin and E-cadherin at 14 days after surgery. Scale
bar = 50μm.  
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Figure 6

Evaluation of fertility restoration. Representative pictures of uterine horns after 14 days of con�rmed
mating by vaginal plug (A); Pregnancy rate after 14 days of con�rmed mating by vaginal plug (B);
Number of gestational sacs after 14 days of con�rmed mating by vaginal plug (C).
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Figure 7

Heatmap of expression pro�les of top 10 differently genes between IUA and sham group at 3 days (left)
and 14 days (right) after surgery (A); Heatmap of expression pro�les of top 10 differently genes between
ADSCs/AAM and AAM group at 3 days (left) and 14 days (right) after surgery (B); Comparison of
functional enrichment between IUA and sham group at 3 days (left) and 14 days (right) after surgery (C);
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Comparison of functional enrichment between ADSCs/AAM and AAM group at 3 days (left) and 14 days
(right) after surgery (D). 

Figure 8

RT-PCR measurements of bFGF, IL-6, TNF-α and IL-1β at 3, 7, and 14 days after surgery in sham,
ADSCs/AAM, AAM and IUA group. *p > 0.05 and **p < 0.05. All results are showed as the mean ± SD of
three independent experiments. 
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Figure 9

Tracking of ADSCs in vivo. Dil were used to demonstrate the presence of transplanted ADSCs. The green
represents positive Dil staining, whereas the blue color represents DAPI staining for nucleus. The merge
image of the Dil and DAPI indicated the location of ADSCs in the regenerated endometrium. Scale bar =
200μm. 


