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Abstract: Objective: Mesenchymal stem cell (MSC)-derived exosomes (MSC-exo) can treat reproductive disorders. 
However, the action of microRNAs (miRNAs) in this mechanism has yet to be systematically investigated. This study 
aimed to explore the effect of MSC-exo on TGF-β1-induced endometrial fibrosis in intrauterine adhesions and eluci-
date the regulatory mechanisms involved in key genes by comparing miRNA expression profiles. Methods: MSC-exo 
were isolated and identified based on particle size and protein marker detection. Cell counting kit-8, flow cytom-
etry, and western blotting were used to determine the effects of MSC-exo on cell function and fibrosis in human 
endometrial epithelial cells (hEECs). Subsequently, we sequenced and annotated the small RNA in MSC-exo and 
TGF-β1-induced MSC-exo to screen for differentially expressed (DE) miRNAs. After the prediction and functional 
enrichment of target genes of DE miRNAs, key genes were selected for functional experiments. Results: TGF-β1 
inhibited the proliferation of hEECs and promoted apoptosis and fibrosis. However, these effects were significantly 
reversed by the addition of MSC and MSC-exo. Fifteen DE miRNAs were identified by comparing the miRNA profiles 
of MSC-exo and TGF-β1-induced MSC-exo. Among these, miR-145-5p was found to be significantly upregulated in 
TGF-β1-induced MSC-exo. Furthermore, the addition of miR-145-5p mimic was found to reverse fibrosis in hEECs 
while promoting the expression of key autophagy protein P62. Conclusion: MSC-exo ameliorated TGF-β1-induced 
endometrial fibrosis. RNA sequencing, bioinformatic analysis, and functional experiments revealed that miR-145-5p 
may exert its action through the P62-dependent autophagy pathway.
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Introduction

Intrauterine adhesion (IUA), also known as 
Asherman syndrome, is a uterine disorder char-
acterized by scarring and adhesions in the pel-
vic or uterine cavities. Its clinical manifesta-
tions include abnormal menstruation, recurrent 
abortion, and secondary infertility accompa-
nied by placental abnormalities, intrauterine 
growth restriction, and other pregnancy compli-
cations [1, 2]. The histologic appearance of  
IUA is endometrial fibrosis, in which most inter-
stitial cells are replaced by avascular fibrous 
tissue and spindle myofibroblasts [3]. Possible 
mechanisms for triggering IUA include hypoxic 
injury, inflammatory response, decreased an- 

giogenesis, disturbance of immune mechanis- 
ms, unregulated epithelial-mesenchymal tran-
sition (EMT), abnormal myofibroblast differenti-
ation, abnormal stem cell regeneration, and 
disrupted proliferation of normal endometrial 
cells [4]. With the development and populariza-
tion of ultrasound and hysteroscopy, the num-
ber of diagnosed IUAs is increasing worldwide, 
wherein the estimated incidence varies from 
2.2% to 40% depending on the type of intra-
uterine surgery patients have previously under-
gone [5]. In addition to these iatrogenic predis-
posing factors, different genetic profiles have 
been observed between IUA and non-IUA pati- 
ents, indicating that genetic susceptibility is 
also a risk factor for IUA [6]. Therefore, under-
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standing endometrial fibrosis from the perspec-
tive of the patient genetic background is impor-
tant for interpreting the pathogenesis of IUA. 

Mesenchymal stem cells (MSCs) have become 
the focus of IUA research due to their ability to 
regulate cell differentiation and proliferation, 
as well as inflammatory processes, oxidative 
stress, and angiogenesis [7]. However, their 
possible tumorigenicity, low infusion, and low 
retention limit their clinical application. In con-
trast, MSC-derived exosomes (MSC-exo) exhibit 
similar functions as their parental cells and  
are promising substitutes [8]. Exosomes are 
MSC-derived nanoscale extracellular vesicles 
(30-200 nm) that can release contents into  
the extracellular environment after fusion with 
the plasma membrane and play biological roles 
in the paracrine and endocrine pathways [9, 
10]. Furthermore, evidence also indicates that 
the therapeutic effect of MSCs is mainly deriv- 
ed from paracrine factors secreted by MSC- 
exo [11]. Functional mediators of exosomes 
include cytokines, chemokines, mRNAs, and 
microRNAs (miRNAs) that mediate intercellular 
communication, immune regulation, and cell 
signal transduction [12, 13]. The miRNA ex- 
pression profile of exosomes differs from that 
of parental cells, thus playing a role in regulat-
ing cell growth and metabolism [14, 15]. 
Therefore, MSC-exo may affect the develop-
ment of IUA and endometrial fibrosis through 
miRNAs. For instance, miR-29a in bone marrow 
MSC-exo can resist fibrosis during endometrial 
repair in IUA [16]. Moreover, miR-214-3p in exo-
somes can inhibit endometriosis fibrosis by  
targeting CCN2 [17]. Currently, systematic stud-
ies on the expression profile of miRNAs in MSC-
exo are lacking, and the effect of key miRNAs 
on endometrial fibrosis and their regulatory 
mechanisms have yet to be fully elucidated. 

In this study, we isolated and identified MSC-
exo and investigated their effects on prolifera-
tion, apoptosis, and fibrosis in human endome-
trial epithelial cells (hEECs). Considering the 
promoting role of TGF-β1 in fibrotic diseases, 
we performed small RNA sequencing in MSC-
exo and TGF-β1-induced MSC-exo, followed by 
miRNA identification and screening for differen-
tially expressed (DE) miRNAs. Lastly, we select-
ed key miRNAs and conducted functional 
experiments to further reveal the molecular 
mechanisms underlying the pathogenesis of 
IUA and endometrial fibrosis.

Methods

Cell culture

MSCs and hEECs were purchased from BeNa 
Culture Collection (BNCC) Biotechnology Co. 
Ltd. MSCs were cultured in 90% MEM basic 
medium (C11095500BT; Gibco, USA), 10% 
fetal bovine serum (FBS) (10099141; Gibco, 
USA), and 1% penicillin-streptomycin (15140-
122; Gibco, USA). hEECs were maintained in 
DMEM-H complete medium (BNCC338068; 
BNCC, China) containing 10% FBS. The cell cul-
ture conditions were maintained at 37°C with 
5% CO2.

Preparation and isolation of exosomes

MSC were routinely grown and mass-expanded 
in an incubator at 37°C with 5% CO2, whereas 
cells were cultured in MEM complete medium 
prepared with exosome-depleted FBS (EXO-
FBS-50A-1; Systembio, USA). Once the density 
of adherent cells reached 80%, the cells were 
treated with 10 ng/ml TGF-β1 (ab50038; Ab- 
cam, Cambridge, UK) for 48 h, followed by the 
collection of the culture supernatant was col-
lected. TGF-β1 was not added to the superna-
tant of the control group. MSC-exo were then 
collected by cryogenic hypervelocity centrifuga-
tion. To further identify the isolated MSC-exo, 
we first extracted their proteins for concentra-
tion determination and then detected the ex- 
pression of exosome marker proteins (CD63 
and HP70) using western blotting. Furthermore, 
the diluted MSC-exo were added to a Malvern 
NanoSight (NS300; Malvern, UK), and nanopar-
ticle tracking analysis (NTA) was used to deter-
mine the particle size and concentration of 
MSC-exo.

Co-culture of MSCs and hEECs

To investigate the effect of MSC-exo on hEECs, 
MSCs and hEECs were co-cultured in a 6-well 
plate with a pore size of 0.4 μM at a ratio of 1:5. 
The group settings are presented in Table 1. 
hEECs were harvested after 24 and 48 h of co-
culture for subsequent in vitro experiments.

CCK-8 assay

Fresh serum-free medium (500 μL) containing 
10% 5 mg/mL CCK-8 solution (C0039; Beyo- 
time Biotechnology, China) was added to the 
plate. After incubation in the dark for 1 h, the 
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liquid in each well was aspirated and added to 
a 96-well plate at 100 μL/well, with five-well 
repeats. The absorbance of each well was mea-
sured at 450 nm using a microplate reader, and 
the cell survival rate was calculated. 

Flow cytometry

Harvested cells were stored in 1.5-mL EP tubes 
and washed with 1 mL of PBS. After centrifuga-
tion at 1200 rpm for 3 min, the supernatant 
was discarded and the cells were resuspend- 
ed in diluted binding buffer. Sample prepara-
tion was performed using an AnnexinV-PE/7-
AAD Apoptosis Kit (88-8102-74; BD, USA). In 
the experimental group, 5 μL of PE-annexin V 
and 5 μL of 7-AAD (50 μg/mL) were added. 
Control cells were divided into a non-staining 
group, single-stained PE-annexin V group, sin-
gle-stained 7-AAD group, and double-stained 
PE-annexin V + 7-AAD group. The prepared cells 
were then mixed and incubated for 15 min at 
room temperature in the dark. Lastly, the apop-
tosis of cells in each group was detected by 
flow cytometry (FACSCanto II; BD, USA).

Western blotting

Western blot experiments were performed 
according to the standard procedure. The pri-
mary antibodies used in this study, including 
anti-CD63 (ab252919; Abcam), anti-HSP70 
(WL01019; Wanleibio, China), anti-α-SMA (ab- 
32575; Abcam, UK), anti-collagen I (WL0088; 
Wanleibio, China), anti-P62/SQSTM1 (66184-1- 
Ig; Proteintech, USA), and anti-GAPDH (60004-
1-Ig; Proteintech, USA), were diluted at a con-
centration of 1:1000. The dilution concentra-
tions of the secondary antibodies, namely Per- 
oxidase AffiniPure Goat Anti-Rabbit IgG (H + L) 
(111-035-045; Jackson, USA) and Peroxidase 
AffiniPure Goat Anti-Mouse IgG (H + L) (115-
035-003; Jackson, USA), were 1:10000 and 

1:500, respectively. After antibody incubation 
and membrane washing, chemiluminescence 
was performed using a Millipore ECL System 
(Merck, USA). The final strips were collected 
using TanonImage (4600; Tanon, China) for 
data acquisition and gray-value analysis.

RNA-sequencing of small RNAs

MSC-exo and TGF-β1-induced MSC-exo (three 
samples for each group) were used for the high-
throughput sequencing of small RNA using 
Illumina HiSeq. The original FASTQ file data 
were processed by primer and connector se- 
quence removal, followed by quality control  
and length screening of sequencing fragments 
to select sequencing fragments with reliable 
quality. Clean reads obtained were sequentially 
aligned with the Rfam database [18], cDNA 
sequence, and species repetitive sequence 
library [19] to annotate the species of small 
RNA to obtain the sequence information of 
miRNA. 

Bioinformatic analysis

Based on the identified miRNA expression  
levels, DESeq2 (version 1.16.1) [20, 21] was 
used to screen for DE miRNAs between the  
two groups. Then, miRanda [22] was used to 
predict the target genes of these DE miRNAs 
and to construct an miRNA-mRNA regulatory 
network. ClusterProfiler [23] was used to pre-
dict the Gene Ontology (GO) functions and 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways of mRNAs in this network. 
The interactions between proteins encoded by 
the target genes were analyzed using STRING 
(version 11.5) [24]. The protein-protein interac-
tion (PPI) network was constructed with a PPI 
score of 0.7 as threshold and visualized using 
Cytoscape (version 3.6.1) [25].

Table 1. Conditions for co-culture of MSCs and hEECs in each experimental group
Group Reagent Upper layer Under layer
1 Medium / hEECs
2 Medium + 10 ng/mL TGF-β1 / hEECs
3 Medium + 10 ng/mL TGF-β1 MSCs hEECs
4 Medium + 10 ng/mL TGF-β1 + 10 μM GW4869 MSCs hEECs
5 Medium + 10 ng/mL TGF-β1 + 2 × 108/mL TGF-β1-induced MSC-exo / hEECs
MSC, mesenchymal stem cell; hEEC, human endometrial epithelial cell; MSC-exo, MSC-derived exosomes. GW4869 (HY-
19363, MedChemExpress, USA) is the exosome inhibitor.
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Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Based on the miRNA-mRNA regulatory net- 
work, we selected three key miRNAs to verify 
their mRNA expression levels. Total RNA was 
extracted from MSC-exo and TGF-β1-induced 
MSC-exo, followed by reverse transcription  
and amplification. The relative expression lev-
els were calculated using 2-ΔΔCt analysis. The 
primers for candidate miRNAs were as follows: 
hsa-miR-486-3p: CGCGGGGCAGCTCAGTA (for-
ward) and AGTGCAGGGTCCGAGGTATT (rever- 
se); hsa-miR-145-5p: CGGTCCAGTTTTCCCAGGA 
(forward) and AGTGCAGGGTCCGAGGTATT (re- 
verse); hsa-miR-103b: CGCGTCATAGCCCTGTA- 
CAAT (forward) and AGTGCAGGGTCCGAGGTATT 
(reverse). 

Cell transfection

To further explore the role of the key miRNAs in 
exosomes on IUA, TGF-β1 was used to induce 
hEECs to achieve fibrosis characteristics of  
the disease. Subsequently, the TGF-β1-induced 
hEECs were transfected with miR-145-5p mimic 
(5’-rGrUrCrCrArGrUrUrUrUrCrCrCrArGrGrArArUr-
CrCrCrU-3’) to simulate the increased expres-
sion of exogenous miR-145-5p. The functional 
role of the candidate miRNAs was explored by 
testing the expression of fibrotic proteins (α- 
SMA and collagen I) and key autophagy pro-
teins (P62) using western blotting. 

Statistical analysis

All experiments were performed in triplicate, 
and the results are presented as the mean ± 
standard deviation. Statistical data were pro-
cessed and plotted using GraphPad Prism5. 
Comparisons between multiple groups were 
analyzed using two-way ANOVA, while compari-
sons between two groups were performed us- 
ing a t test. DE miRNAs between MSC-exo and 
TGF-β1-induced MSC-exo were screened with 
the threshold of |log2 fold change (FC)| > 1. The 
p-value was adjusted using the Benjamini-
Hochberg (BH) method. In the GO and KEGG 
enrichment analyses, terms with a gene count 
> 2 were considered valid results. Statistical 
significance was set at p or adj. P < 0.05. 

Results

Isolation and identification of MSC-exo

In this study, the protein marker expression  
and particle size of exosomes were first identi-
fied to confirm whether the isolated MSC-exo 

conformed to the basic characteristics. The 
western blotting results indicated that the  
exosome marker proteins CD63 and HSP70 
were expressed in both MSC-exo- and TGF-β1-
induced MSC-exo (Figure 1A). The original blots 
shown in Figure 1A are shown in Supplementary 
Figure 1. The particle sizes of MSC-exo and 
TGF-β1-induced MSC-exo were 179.0 ± 78.8 
nm and 175.4 ± 59.5 nm, respectively (Figure 
1B), which corresponded to the size standard 
of exosomes. These results confirmed the bio-
logic characteristics of the isolated exosomes 
for use in subsequent experiments. 

Effects of TGF-β1-induced MSC-exo on prolif-
eration, apoptosis, and fibrosis of hEECs

TGF-β1 plays a key role in the epithelial-mesen-
chymal transition (EMT) of hEECs. In this study, 
the CCK-8 assay revealed that 24 and 48 h 
after TGF-β1 stimulation, the proliferation of 
hEECs was significantly inhibited. However, this 
inhibition was reversed when MSC and TGF-β1-
induced MSC-exo were further appended, and 
cell proliferation showed significantly increas-
ing trends in groups 3 and 5 compared to group 
2 (Figure 2A). The results of flow cytometry  
suggested that the apoptosis of hEECs induced 
by TGF-β1 (group 2) was significantly higher 
than that of the control (group 1). However, in 
the co-culture of MSC (group 3) and TGF-β1-
induced MSC-exo (group 5), apoptosis was sig-
nificantly reduced compared to that in group 2 
(Figure 2B). To further observe the degree of 
fibrosis in hEECs, the protein expression levels 
of Collagen 1 and α-SMA were detected by 
western blotting (Figure 2C). The expression 
levels of collagen 1 and α-SMA in TGF-β1-
induced hEECs (group 2) were significantly 
higher than those in group 1. After the addition 
of MSC and TGF-β1-induced MSC-exo, the 
abnormally increased protein levels were sig-
nificantly inhibited, and the expression of colla-
gen 1 and α-SMA was significantly decreased in 
groups 3 and 5 compared to group 2. The origi-
nal blots shown in Figure 2C are shown in 
Supplementary Figure 2. These findings indi-
cate that TGF-β1 inhibited cell proliferation and 
promoted apoptosis and fibrosis in hEECs, 
while TGF-β1-induced MSC-exo significantly 
reversed these effects. 

Small RNA sequencing of exosomes and se-
quence alignment annotation

To further explore the potential regulatory me- 
chanism of exosomes on hEECs, we sequenced 
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Figure 1. Basic characteristics of isolated mesenchymal stem cell-derived exosomes (MSC-exo). A: Expression of the marker proteins CD63 and HSP70 in MSC-exo 
and TGF-β1-induced MSC-exo. B: Particle sizes of isolated MSC-exo and TGF-β1-induced MSC-exo. 
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the small RNA of MSC-exo and TGF-β1-induc- 
ed MSC-exo, and focused on the annotation 
and analysis of miRNAs. Each group contains 
three samples, wherein the distribution of 
clean reads of each sample ranged from 24.26 
M to 28.05 M after data preprocessing. With 
the annotation of these clean reads, it was 
found that the genome alignment ranged from 
24.52% to 56.17%, and the sRNAs in each 
sample mainly contained rRNAs, tRNAs, sn- 
RNAs, and miRNAs (Figure 3A). The miRNA 

alignment rate ranged from 0.02% to 0.05%, 
and the lengths were distributed in the range of 
20-23 nt (Figure 3B). In addition, 427 miRNAs 
were identified in this study, and the number of 
miRNAs in each sample ranged from 176 to 
237 (Figure 3C). Principal component analysis 
(PCA) (Figure 3D) indicated that the expression 
levels of these miRNAs could significantly sepa-
rate MSC-exo and TGF-β1-induced MSC-exo 
samples, indicative of the high reliability of the 
data. 

Figure 2. Effects of TGF-β1-induced mesenchymal stem cell-derived exosomes on proliferation, apoptosis, and fibro-
sis in human endometrial epithelial cells (hEECs). A: Proliferation of hEECs in the five groups at 24 and 48 h after 
TGF-β1 stimulation. B: Apoptosis of hEECs in all five groups was detected by flow cytometry. C: Western blot analysis 
revealed the expression levels of key proteins in fibrosis progression (collagen 1 and α-SMA) in hEECs of each group. 
*compared to group 1: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. #compared with group 2: #P < 0.05, ##P 
< 0.01, ###P < 0.001, ####P < 0.0001.
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Screening of DE miRNAs between MSC-exo 
and TGF-β1-induced MSC-exo

By comparing the expression profiles of miR-
NAs between MSC-exo and TGF-β1-induced 
MSC-exo, a total of 15 DE miRNAs were identi-
fied with the thresholds of BH-adjusted P < 
0.05 and |log2FC| > 1 (Figure 4A, 4B). Of these, 
six miRNAs were upregulated and nine were 
downregulated. Heatmap analysis also con-
firmed that the expression patterns of these 15 
DE miRNAs were significantly different between 
the two groups (Figure 4C).

Target gene prediction of DE miRNAs and en-
richment analysis

To predict the target genes of the 15 DE miR-
NAs, we applied miRanda and constructed an 
miRNA-mRNA network comprising 10 DE miR-
NAs and 450 target genes (Figure 5A). These 

mRNAs were mainly involved in the biological 
processes of autophagy and process utilizing 
autophagic mechanism (Figure 5B), cell com-
ponent of transferase complex, transferring 
phosphorus-containing groups (Figure 5C), and 
molecular function of SH3 domain binding (Fig- 
ure 5D), as well as KEGG pathways of viral car-
cinogenesis, human virus infection, and PI3K-
Akt signaling pathway (Figure 5E). Further- 
more, this study constructed a PPI network, 
and the encoded proteins of 126 mRNAs were 
found to interact with each other (Figure 5F). 
AGRN, SMAD3, EIF4G1, AXIN1, and ERBB2 
may play critical roles in this network, as they 
exhibited a greater degree of connection. 

Effects of miR-145-5p on IUA

Based on the miRNA-mRNA network construct-
ed above, miR486-3p, miR-145-5p, and miR-
103b, with more connections with target genes, 

Figure 3. Sequencing alignment annotations of mesenchymal stem cell-derived exosomes (MSC-exo) and TGF-β1-
induced MSC-exo samples. A: Clean reads from all samples were annotated and categorized. B: Line diagram of the 
length distribution of the matched microRNAs (miRNAs). C: The number of miRNAs identified in each sample. D: 
Principal component analysis of each sample based on miRNA expression levels. 
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were considered possible hub miRNAs and 
were verified by RT-PCR at the mRNA expres-
sion level. Only miR-145-5p showed signifi- 
cantly increased expression in TGF-β1-induced 
MSC-exo (Figure 6A). To further investigate  
the role of miR-145-5p, miR-145-5p mimics 
were transfected into hEECs. The western blot-
ting results indicated that TGF-β1 induced 
hEECs exhibited more significant fibrosis fea-
tures, including elevated protein expression 
levels of α-SMA and collagen I, as well as de- 
creased expression of autophagy-related pro-
tein P62 (Figure 6B). However, with the addi- 
tion of miR-145-5p mimics in TGF-β1-induced 
hEECs, the increased expression of α-SMA  
and collagen I and the decreased expression of 
P62 were all significantly reversed (Figure 6B). 
The original blots of Figure 6B are shown in 
Supplementary Figure 3. These results sug-
gested that miR-145-5p in exosomes may alle-
viate the fibrotic characteristics of IUA by acti-
vating P62-dependent autophagy. 

Discussion

TGF-β1 functions in the formation of IUA, and 
its expression level is significantly increased in 
patients with IUA, which is consistent with dis-
ease progression [26]. TGF-β1 also plays an 
important role in endometrial fibrosis induc-
tion. Studies have found that TGF-β1 is upregu-
lated and activated in fibrotic diseases, regu-
lates fibroblast phenotype and function, induc-
es myofibroblast transdifferentiation, and pro-
motes matrix preservation [27]. In the present 
study, TGF-β1 was used to stimulate hEECs in 
vitro. The proliferation of hEECs was found to 
be significantly inhibited, whereas the degrees 
of apoptosis and fibrosis were significantly 
increased. However, further addition of MSC 
and TGF-β1-induced MSC-exo improved the 
proliferation inhibition and fibrosis activation  
in hEECs. Liao et al. further confirmed our  
findings and suggested that MSC-exo could 
ameliorate reproductive disorders in women 
and exert therapeutic effects through mecha-
nisms, such as angiogenesis, immune regula-
tion, anti-fibrosis, and anti-oxidative stress 

[28]. Zhao et al. also found that adipose MSC-
exo maintained normal uterine structure and 
promoted endometrial regeneration and fertili-
ty recovery in rats [29]. Furthermore, MSC-exo 
can reverse epithelial EMT and promote the 
repair of damaged endometria in rabbits [30]. 
Therefore, we concluded that MSC and MSC-
exo can reverse endometrial fibrosis induced by 
TGF-β1; however, the regulatory mechanism 
remains to be elucidated.

To further explore the role of miRNAs in MSC-
exo in endometrial fibrosis, we compared the 
miRNA expression profiles of MSC-exo and TGF-
β1-induced MSC-exo and identified 15 DE miR-
NAs. Among these, miR-486-3p, miR-145-5p, 
and miR-103b may play important roles in the 
miRNA-mRNA regulatory network. Subsequent 
experimental verification further confirmed the 
increased expression of miR-145-5p in TGF-β1-
induced MSC-exo. Exosome-derived miR-145-
5p plays a functional role. MSC-exo have been 
reported to rescue skeletal muscle atrophy in 
vivo and in vitro in a miR-145-5p-dependent 
manner [31]. MSC-exo containing miR-145-5p 
attenuates the inflammatory response in spinal 
cord injury by regulating the TLR4/NF-κB sig- 
naling pathway [32]. Human umbilical cord 
MSC-exo transmits exogenous miR-145-5p to 
inhibit pancreatic ductal adenocarcinoma cell 
proliferation and invasion in vitro [33]. There- 
fore, we hypothesized that miR-145-5p in MSC-
exo plays a protective role in ameliorating the 
inflammatory and tumor malignant phenotypes 
and that miR-145-5p expression is significantly 
increased in MSC-exo under TGF-β1 induction. 

This study also found that TGF-β1 induced  
fibrosis in hEECs, and the addition of miR-145-
5p mimics not only reversed the increased 
expression of fibrotic proteins but also signi- 
ficantly promoted the expression of the autoph-
agy-related protein P62. Li et al. further con-
firmed our findings and proposed that umbilical 
cord MSC-exo reversed endometrial fibrosis 
through the miR-145-5p/ZEB2 axis in IUA [34]. 
Autophagy contributes to the progression of 
endometrial fibrosis in patients with IUA. 

Figure 4. Screening of differentially expressed (DE) microRNAs (miRNAs) between mesenchymal stem cell-derived 
exosomes (MSC-exo) and TGF-β1-induced MSC-exo samples. A: Histogram showing the number of DE miRNAs in the 
two groups. B: The volcano plot shows DE miRNAs that are upregulated and downregulated under the thresholds of 
adj. P < 0.05 and |log2 fold change| > 1. C: Heatmap showing differences in the expression patterns of these 15 
DE miRNAs between the two groups. 
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Figure 5. Prediction of target genes of differentially expressed (D, E) microRNAs (miRNAs) followed by gene ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. (A) Construction of a miRNA-
mRNA regulatory network containing 10 DE miRNAs and 450 target genes. (B-E) GO function in terms of biological 
processes (B), cell components (C), and molecular functions (D), as well as KEGG pathway (E) enrichment analyses 
of target genes. (F) Generation of a protein-protein interaction network based on the DE miRNA target genes. 
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Endometrial autophagy defects aggravate EMT 
and endometrial fibrosis in patients with IUA 
[35]. Li et al. also observed changes in autoph-
agy in IUA mice, whereas the transplantation of 
human amniotic epithelial cells with stem cell 
properties upregulated autophagy and improv- 
ed angiogenesis and stromal cell proliferation 
[36]. Our findings indicated that miR-145-5p 
may alleviate IUA fibrosis by activating P62-
dependent autophagy. Furthermore, the circ-
SIRT1/miR-145-5p/Akt3 regulatory axis was 
reported to regulate P62-mediated autophagy 
in rats with pulmonary hypertension [37]. In 
addition, the downregulation of miR-145-5p 
can activate autophagy in atherosclerosis by 
the AMPK/mTOR/ULK1 signaling pathway [38]. 
Both AMPK/mTOR and P62 are classical auto- 
phagic pathways, whereas SQSTM1/p62 can 
regulate the AMPK/mTOR pathway to promote 
tumor cell growth and trigger autophagy [39]. 
This study initially proposed associations be- 
tween miR-145-5p and P62-dependent auto- 
phagy in IUA fibrosis; however, their upstream 
and downstream regulatory mechanisms re- 
quire further investigation. 

Despite confirming the role of MSC-exo in 
reversing endometrial fibrosis induced by TGF-
β1, there remains a persistent lack of experi-
mental studies on the regulatory mechanism of 
autophagy involving key miRNAs and target 
genes, which is the main limitation of this  
study. In subsequent studies, we hope to fur-
ther confirm the targeted binding relationship 
between miR-145-5p and its downstream 
genes and refine the upstream and down-
stream regulatory mechanisms of miR-145-5p 
and P62-dependent autophagy through a 
series of in vivo and in vitro experiments. 

Conclusion

In this study, MSC-exo were successfully isolat-
ed and identified, and were confirmed to 
reverse the effect of TGF-β1 on cell prolifera-
tion, apoptosis, and fibrosis in hEECs in vivo. 
After sequencing and comparing the miRNA 
expression profiles of MSC-exo and TGF-β1-
induced MSC-exo, 15 DE miRNAs were identi-
fied. Of these, miR-145-5p was experimentally 

verified to be significantly upregulated in TGF-
β1-induced MSC-exo and may reverse IUA fibro-
sis by activating P62-dependent autophagy. 
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Supplementary Figure 1. Original and full-length blot images for the marker proteins CD63 and HSP70 in MSC-exo.

Supplementary Figure 2. Original and full-length blot images for collagen 1 and α-SMA in hEECs of each group.
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Supplementary Figure 3. Original and full-length blot images for changes in expression of fibrotic and autophagic 
proteins after transfecting miR-145-5p mimics into TGF-β1-induced human endometrial epithelial cells.


