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Abstract 

Background A significant research gap exists regarding the role of tissue exosomes in intrauterine adhesions (IUAs). 
This study aims to investigate the involvement of miR‑195‑5p and its regulatory network in IUAs through the analysis 
of tissue exosomes.

Methods Exosomes from rat uterine tissue with intrauterine adhesions were analyzed via transcriptomics to identify 
downstream target genes of miR‑195‑5p, cross‑referencing with the human endometrial transcriptomics database 
GSE224093. Dual luciferase labeling confirmed miRNA‑target gene interactions. The therapeutic efficacy of a miR‑
195‑5p agonist was assessed in vivo through HE staining, Masson staining, and mating tests. The mechanisms 
underlying extracellular matrix (ECM) deposition and myofibroblast transdifferentiation in endometrial fibrosis were 
investigated both in vitro and in vivo using RT‑PCR, Western Blot, immunofluorescence, and immunohistochemistry. 
Migration ability of endometrial stromal cells was evaluated using CCK8, scratch tests, and Transwell assays. Finally, 
the clinical potential of miR‑195‑5p was compared with autologous adipose‑derived mesenchymal stem cells.

Results The expression of miR‑195‑5p in uterine tissue exosomes from intrauterine adhesions was found to be 
decreased. Treatment with a miR‑195‑5p agonist resulted in improved endometrial health, reduced fibrosis, increased 
glandular density, and enhanced birth rates in rats. Both in vivo and in vitro experiments confirmed that miR‑195‑5p 
decreased ECM deposition, reduced myofibroblast transdifferentiation, and inhibited the migration of endometrial 
stromal cells. This was achieved through the downregulation of YAP expression in the Hippo pathway and the upreg‑
ulation of Smad7. Notably, the therapeutic efficacy of miR‑195‑5p agonists was comparable to that of stem cell 
therapy, offering promising avenues for clinical application.

Conclusions Differential expression of miR‑195‑5p in tissue exosomes can reduce ECM deposition and myofibroblast 
transdifferentiation, improving endometrial fibrosis by regulating the YAP‑Smad7 pathway in the Hippo signaling 
cascade.
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Background
Intrauterine adhesions (IUAs) are complications aris-
ing from damage to the basal layer of the endometrium, 
often caused by mechanical trauma, infection, or other 
factors [1]. Common symptoms include irregular men-
struation, and more severe consequences can lead to 
infertility. In some instances, extensive uterine wall 
adhesions can prevent embryo implantation and fetal 
development, even if the fallopian tubes are unob-
structed [2]. Various strategies have been developed 
to prevent and treat, such as transcervical resection of 
adhesions [3], intrauterine balloon [4], and intrauterine 
stents [5–7].

Our previous studies have demonstrated the effi-
cacy of autologous adipose-derived mesenchymal stem 
cells in treating IUAs [8]. Meta-analyses have shown 
that both autologous and allogeneic stem cell treat-
ments increase endometrial thickness, with autolo-
gous stem cell therapy yielding a higher pregnancy rate 
[9]. However, challenges such as difficulty and cost of 
autologous stem cell extraction and potential immune 
rejection with allogeneic stem cells have shifted inter-
est towards exosomes [10].Exosomes are nanoscale 
structures containing proteins, genetic molecules, and 
metabolites, gaining attention as therapeutic and bio-
marker candidates, especially in cancer diagnosis [11, 
12]. Exosomes regulate microRNAs (miRNAs) and 
downstream target genes; abnormal miRNA expression 
or function is a crucial step in the pathogenesis of many 
fibrotic diseases [13].

Research on the role of miRNAs in IUAs is limited. 
Recent studies have shown significant differences in 
the expression of 56 miRNAs between IUA patients 
and those with normal endometrium. Among these, 
miRNA-326 and miRNA-29b have been reported to 
reduce endometrial fibrosis in IUAs by inhibiting the 
Sp1-TGF-β1/Smad-CTGF axis [13, 14], while upregu-
lation of miRNA-214 may be applicable in treating 
endometrial fibrosis [15]. Conversely, miRNA-1291 
promotes endometrial fibrosis via the RhoA/ROCK1 
signaling pathway, attenuated by its antagonist [16]. 
Thus, regulating relevant miRNAs can potentially treat 
endometrial fibrosis.

The cellular and molecular mechanisms underly-
ing IUAs remain unclear. Research indicates that two 
key pathophysiological changes contribute to uterine 
adhesion fibrosis: the epithelial-mesenchymal transi-
tion (EMT) of endometrial epithelial cells [17, 18] the 

transdifferentiation of endometrial stromal cells into 
myofibroblasts. [19, 20]. Activated myofibroblasts pro-
duce extracellular matrix (ECM), leading to irreversible 
structural changes in the endometrial matrix. Besides 
epithelial cells and fibroblasts, immune system cells like 
macrophages and endothelial cells [21, 22], as well as 
smooth muscle cells involved in blood vessel formation, 
play roles in this process.

Myofibroblast transdifferentiation is linked to vari-
ous fibrotic diseases, including renal fibrosis [23], age-
related tissue fibrosis [24] and hypertrophic scars [25]. 
After endometrial injury, connective tissue growth 
factor (CTGF) activates fibroblasts via TGF-β, result-
ing in excessive collagen deposition and inhibiting nor-
mal regeneration of endometrial stromal cells [26, 27]. 
Additionally, studies have highlighted elevated NF-κB 
expression in IUA endometrium, promoting endometrial 
inflammation [28]. and damaged endometrial cells stimu-
lating the Th2 immune response, further fostering fibro-
sis [29]. These pathways provide insights into potential 
new therapies for IUAs aimed at promoting endometrial 
regeneration.

Recent studies emphasize the significant role of the 
Hippo pathway and its transcriptional effectors, TAZ 
and YAP, in tissue fibrosis and myofibroblast activa-
tion [30]. The Hippo/TAZ signaling pathway regulates 
myofibroblast differentiation by promoting the expres-
sion of α-smooth muscle actin (α-SMA) and CTGF, 
and influences stem cell growth and differentiation [31, 
32]. Brewer et al. found that scar repair is closely linked 
to Hippo-YAP signaling, suggesting potential for scar-
free healing by modulating Hippo pathway activity and 
inhibiting myofibroblast differentiation [33]. Shen et  al. 
indicated that Hippo downstream effectors YAP and 
TAZ enhance SMAD2 stability, promoting the fibrotic 
response. Inhibiting YAP/TAZ activity in obese mice sig-
nificantly alleviates adipose tissue fibrosis and improves 
metabolic homeostasis [34].

The Hippo/TAZ pathway, known for its role in contact 
inhibition and organ size control, is activated during cell 
differentiation and regulates cell proliferation and fibro-
sis. TAZ, a crucial sensor of the Hippo pathway, translo-
cates from the cytoplasm to the nucleus upon activation, 
binding to transcription factors like TEAD and Smads 
to regulate α-SMA and CTGF expression [31, 32, 35]. 
Previous research has indicated that the Hippo pathway 
promotes mesenchymal-epithelial transition (MET) and 
reverses EMT, alleviating liver fibrosis [36]. Addition-
ally, the Hippo signaling pathway influences endometrial 
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stromal cell activity by regulating CTGF transcription, 
impacting the occurrence and progression of endome-
triosis [37]. Zhang et  al. found that platelets combined 
with menstrual blood-derived stem cells could alleviate 
endometrial fibrosis through the CTGF pathway within 
the Hippo pathway, suggesting its relevance to IUAs and 
fibrosis [38]. Exploring the Hippo pathway’s role in endo-
metrial fibrosis aids in understanding the mechanisms 
underlying IUAs and identifies potential therapeutic 
targets.

This study aimed to explore the role of differential miR-
195-5p and its regulatory network in uterine adherent 
tissue exosomes in IUAs. We designed animal experi-
ments to assess miR-195-5p expression differences by 
exosome sequencing in normal and IUA groups, identify-
ing YAP-Smad7 in the Hippo pathway as a downstream 
target gene of miR-195-5p.

Methods
Experimental animals
Six-week-old female Sprague–Dawley (SD) rats were 
purchased from the Experimental Animal Center of the 
Second Affiliated Hospital of Fujian Medical University. 
All animal experiments were approved by the Animal 
Care Committee of the Second Affiliated Hospital of 
Fujian Medical University and were conducted in accord-
ance with the “Guidelines for Experimental Animal Care 
and Use of the National Institutes of Health” (No. 2023-
179). SD rats were housed in standard cages at 22 °C on 
a light–dark cycle for 12 h and had unrestricted access to 
food and water.

Separation of exosomes from tissue
Differential ultracentrifugation was used to isolate the 
exosomes. Briefly, tissues were rinsed twice with phos-
phate buffered saline (PBS) (Sangon Biotech, E607008). 
Tissue specimens were cut into approximately 1  mm3 tis-
sue fragments with ophthalmic scissors, placed in 50 ml 
centrifuge tubes, and an equal volume of 0.2% type I col-
lagenase (Sigma, C9407) solution was added and then 
placed in a thermostatic incubator (ESCO, CCL-170B-8). 
Digestion was carried out at 37  °C for 1 h until the cell 
suspension was milky white and was terminated with 
DMEM culture medium containing 10% exosome-free 
serum (SBI, EXO-FBS-50A-1). The supernatant was col-
lected by centrifugation at 2000×g for 15 min, transferred 
to a new centrifuge tube, and centrifuged at 2000×g at 
4  °C for 30  min. Afterward, the supernatant was trans-
ferred to a new centrifuge tube and centrifuged again at 
10,000×g for 45 min 4  °C to remove larger vesicles. The 
supernatant was filtered through a 0.45  μm filter mem-
brane, and the filtrate was transferred to a new centrifuge 
tube and centrifuged at 100,000×g for 70 min at 4 °C with 

the ultra-high-speed rotor selected. The supernatant was 
removed and re-suspended with 10  mL of pre-cooled 
1 × PBS. The filtrate was then centrifuged by selecting 
the high-speed rotor at 100,000×g for 70 min 4  °C. The 
supernatant was then removed and resuspended with 
100 μL of pre-cooled 1 × PBS.

Transmission electron microscopy
The exosomes were diluted in ratio 1:2 to a volume of 
10 μL. The sample was precipitated by adding 10 μL to 
a copper grid for 1 min and floating liquid was absorbed 
with filter paper. Uranium acetate (10 μL) was added 
dropwise to the copper mesh to precipitate for 1  min 
and the floating liquid was removed with filter paper. The 
samples were allowed to dry at room temperature. Elec-
tron microscope imaging was performed using 100  kV, 
and imaging results (Hitachi, HT-7700) were obtained.

Particle size analysis
A nano flow cytometer (NanoFCM, N30E) was used to 
determine the size distribution and concentration of 
the exosomes. The exosomes were diluted ratio 1:6 to a 
total volume of 30 μL. After passing the standard instru-
ment performance test, the exosome sample was loaded. 
Attention was paid to the necessity of gradient dilution to 
avoid the sample blocking the injection needle. When the 
sample is complete, information on the particle size and 
concentration of exosomes detected by the instrument 
can be obtained.

Fluorescent labelling and nanofluid detection
Exosomes were diluted in a ratio of 1:4.5 to a total vol-
ume of 90 μL, and 30 μL of diluted exosomes were added 
to 20 μL of fluorescent-labeled antibodies (CD9, CD81, 
IgG) (BD), mixed, and incubated at 37  °C for 30  min. 
One milliliter of pre-cooled PBS was added followed by 
ultracentrifugation for 70  min at 4  °C, 110,000×g with 
the ultra-rotator selected. The supernatant was care-
fully removed and 1  mL of pre-cooled PBS was added, 
followed by ultracentrifugation at 4  °C, 110,000×g for 
70  min with the ultra-rotator selected. The supernatant 
was carefully removed and resuspension with 50 μL of 
pre-cooled 1 × PBS was performed. After the instrument 
performance test with the standard was passed, the exo-
some sample was loaded. It should be noted that a gradi-
ent dilution is required to avoid sample blocking of the 
injection needle. After the sample was tested, the instru-
ment’s protein index results became available.

High‑throughput sequencing and bioinformatics analysis
According to exosomal RNA concentration, the appro-
priate amount of RNA stock solution was diluted with 
NR1 clip matching diluent, diluted, and tested on the 
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machine. Data results were screened by the data con-
trol software Fast p (https:// github. com/ OpenG ene/ 
fastp) and low-quality data were filtered. The filtering 
criteria were as follows: (1) removal of reads containing 
the adapter; (2) removal of reads with n ratios > 10%; (3) 
removal of all A-base reads; (4) removal of low-quality 
reads (quality value Q’ 20); and (5) removal of sequences 
with an effective length < 20 nt. Clean reads were finally 
obtained after exclusion. Comparative analyses were then 
performed using STAR software based on the reference 
genome (NCBI assembly mRatBN7.2), and the protein 
coding genes were quantified and annotated by feature 
counts. DESeq2 was used for miRNA differential expres-
sion analysis. The screening criteria for differential genes 
were corrected for the threshold for significant screening: 
p-value < 0·05 and |log FC|≥ 1.

To predict the potential miRNAs binding with mRNA, 
the miRDB (http:// www. mirdb. org/) and miRWalk 
(http:// mirwa lk. umm. uni- heide lberg. de/) databases 
were used to search for miR-195-5p target genes. The 
target genes were analyzed by the string database and 
Cytoscape screening for target genes; functional enrich-
ment analysis was performed using the cluster Profiler 
software package in R language.

Quantitative reverse transcription polymerase chain 
reaction (qRT‑PCR)
Total RNA from uterine tissues was extracted with Tri-
zol reagent (BioSharp, Shanghai, China), and the purity 
and concentration of RNA were determined spectropho-
tometrically. Reverse transcription and cDNA synthesis 
were performed using a PrimeScript™ RT reagent Kit 

with gDNA Eraser (Perfect Real Time; Takara, Japan), 
according to the manufacturer’s protocol. Afterward, 
qRT-PCR was performed in triplicate using specific 
primers to detect mRNA expression levels in uterine tis-
sues. U6 (Rnu6-1) was used as an endogenous control for 
miRNAs, and β-actin was used as the internal control for 
mRNA. The expression was quantified by StepOne Plus 
real-time PCR system (Applied Biosystems, CA, USA). 
Real-time PCR was performed using the qPCR SYBR 
Green Mix (Takara, Japan). The relative expression lev-
els of mRNA and miRNA were calculated by the  2–ΔΔCt 
method. The primer sequences are shown in Table 1.

Western blotting
The uteri of the animals were lysed with radioimmu-
noprecipitation assay buffer (Meron Bio, China) sup-
plemented with 1 μL/100 μL protease inhibitor and 
phosphatase inhibitor (Meron Bio, China) for 30  min. 
The supernatant was collected by centrifugation at 4  °C 
for 10  min at 13,000×g. The total protein concentra-
tion was determined by BCA kit (Meillunbio, China). 
Equal masses of proteins were resolved by dodecyl sul-
fate–polyacrylamide gel electrophoresis and blotted onto 
polyvinylidene fluoride membranes (Meillunbio, China). 
Afterward, they were blocked with the following primary 
antibodies in 5% skimmed dry milk: rabbit monoclonal 
anti-α-SMA (1:2000, Hua Bio, China), rabbit polyclonal 
anti-collagen I (1:1000, Proteintch, China), rabbit poly-
clonal anti-vimentin (1:1000, Proteintech, China), rab-
bit polyclonal anti-Smad7 (1:1000, Proteintech, China), 
and mouse monoclonal anti-YAP1 (1:5000, Protein-
tech, China). Rabbit anti-GAPDH polyclonal antibody 

Table 1 qRT‑PCR primers sequences

Gene name Forward (5′–3′) Reverse (5′–3′) RT primer

miR‑195‑5p CGC CTA GCA GCA CAG AAA T ATC CAG TGC AGG GTC CGA GG GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACG 
CCA AT

miR‑196a‑5p CGC GCG TAG GTA GTT TCA TGTT ATC CAG TGC AGG GTC CGA GG GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACC 
CCA AC

miR‑378a‑5p ACG AGA TCC TCC TGA CTC CAGG ATC CAG TGC AGG GTC CGA GG GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA 
CAC AG

miR‑30b‑5p GCG CGT GTA AAC ATC CTA CAC ATC CAG TGC AGG GTC CGA GG GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA 
GCT GA

miR‑30e‑5p GCG CGT GTA AAC ATC CTT GAC ATC CAG TGC AGG GTC CGA GG GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACC 
TTC CA

U6 CTC GCT TCG GCA GCAC AAC GCT TCA CGA ATT TGC GT –

α‑SMA GGC TCT GGG CTC TGT AAG G CTC TTG CTC TGG GCT TCA TC –

Collagen I TCA GCT GCA TAC ACA ATG GC TCT TTG CAT AGC ACG CCA TC –

Vimentin GAC CGC TTC GCC AAC TAC ATCG CGC AAC TCC CTC ATC TCC TCCTC –

YAP ACA GGA GAC ACC ATC AGC CAGAG CTT CCA GTG TGC CAA GGT CCAC –

Smad7 CAA GAG GCT GTG TTG CTG TGA ATC TCG GGT ATC TGG AGT AAG GAG GAG –

β‑actin GCT GTG CTA TGT TGC CCT AGA CTT C GGA ACC GCT CAT TGC CGA TAGTG –

https://github.com/OpenGene/fastp
https://github.com/OpenGene/fastp
http://www.mirdb.org/
http://mirwalk.umm.uni-heidelberg.de/
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(1:10,000, Affinity, China) was used as a control to quan-
tify the protein expression level.

Vector construction and plasmid extraction
The 3’-UTR sequences of the rat Smad7 and YAP genes 
were retrieved from the NCBI database. Wild-type (WT) 
and mutant fragments, measuring 224  bp and 300  bp, 
respectively, were designed near the potential action 
site of the rno-miR-195-5p gene. Appropriate restric-
tion enzyme sites and protective bases were added at 
both ends, and gene synthesis was performed by Beijing 
Genco Biotechnology. The successfully synthesized plas-
mid was cultured, and plasmid extraction was carried out 
using an endotoxin-free kit for cell transfection. The fol-
lowing are the primer sequences and sizes of the ampli-
fication products, with the action site indicated by a red 
marker (Supplementary file 1).

Luciferase reporter gene experiment
The interaction between miR-195-5p and SMAD7/YAP 
was confirmed using a luciferase reporter gene assay. The 
3’UTR sequences of SMAD7 and YAP containing the 
predicted miR-195-5p binding site were cloned into the 
pmir-GLO vector to generate the wild-type (wt) vectors 
pmir-GLO-SMAD7/YAP-wt and mutant-type (mut) vec-
tors pmir-GLO-SMAD7/YAP-mut (provided by Beijing 
Genco Biotechnology). The wt/mut SMAD7/YAP vectors 
were co-transfected into 293 cells with either miR-195-5p 
mimic or mimic NC using Reebok transfection reagent 
(Addison Biological, China). Transfected 293 cells were 
cultured in DMEM supplemented with 10% FBS and 1% 
penicillin/streptomycin at 37  °C with 5%  CO2 for 48  h. 
Subsequently, luciferase activity was measured using the 
dual luciferase assay kit (Biyuntian, China) on the lucif-
erase assay system (MD, USA).

Establishment of animal models
First, the SD rats were found to have a normal estrous 
cycle; thus, 24 SD rats were randomly divided into four 
groups. All animals were anesthetized with 2% pento-
barbital sodium at 0.2 mL/100 g. A double-blind method 
was used in the experiment. No grouping was known 
between the experimenter and the animal. Only the 
statistician knew the grouping at the end of the experi-
ment, which reduced the partial blindness. (1) control 
group (n = 10): no treatment, only open laparotomy. (2) 
IUA group (n = 10): the middle and lower one-third of the 
Y-shaped uterus on both sides of the rats were scraped 
repeatedly with a curette spoon. After 7  days of mod-
eling, 10 μL PBS was injected locally on both sides of 
the uterus. (3) nc agomir group (n = 10): after 7  days of 
modeling in SD rats, 5  nmol of nc mimics dissolved in 
10 μL PBS was injected locally in the middle and lower 

one-third of the damaged uterus on both sides. (4) miR-
195-5p group (n = 10): after 7  days of modeling in SD 
rats, 5 nmol of miR-195-5p was injected locally into the 
middle and lower one-third of the damaged uterus on 
both sides. After 7  days of treatment in all groups, 20 
rats (n = 5, each group) were sacrificed and their uteruses 
were preserved for subsequent experiments. The remain-
ing 20 were mated at a male-to-female ratio of 1:2, and 
their pregnancy and birth outcomes were observed.

Hematoxylin and eosin staining
Uteri were fixed in 4% paraformaldehyde for 24  h and 
then paraffin embedded. Slides were first deparaffinized 
and rehydrated and then stained with hematoxylin and 
eosin (H&E) (Solarbio, China). Panoramic images of the 
diseased uterus were observed, and the number of glands 
was counted to predict IUA. The number of glands and 
endometrial thickness were obtained using Image-Pro 
Plus 6.0 software, and the mean number of glands and 
mean endometrial thickness were calculated from three 
randomly selected fields of view from each slide.

Masson’s trichrome staining
Masson’s trichrome staining was used to detect the 
degree of endometrial fibrosis. The deparaffinized and 
rehydrated slides were incubated with Masson’s tri-
chrome staining mixture (Solarbio, China) for 5 min and 
then stained with phosphomolybdic acid-aniline blue 
solution (Solarbio, China) for 5 min. The ratio of the area 
of collagen fibers stained in blue to the total view was 
calculated.

Immunohistochemistry
After deaffinity, dehydration, and antigen extraction, 
the sections were immersed in 3% hydrogen perox-
ide to block endogenous peroxidase activity followed 
by blocking with goat serum for 1  h. Thereafter, the 
sections were incubated with rabbit monoclonal anti-
α-SMA (1:200, Hua Bio, China), rabbit polyclonal 
anti-collagen I (1:500, Proteintch, China), rabbit poly-
clonal anti-vimentin (1:2500, Proteintech, China), rab-
bit polyclonal anti-Smad7 (1:200, Proteintech, China), 
and mouse monoclonal anti-YAP1 (1:200, Proteintech, 
China) at 4  °C overnight. The sections were incubated 
with the appropriate secondary antibody for 60  min at 
room temperature. Afterward, the sections were stained 
with 3,3-diaminobenzidine (DAB) at room temperature. 
Hematoxylin was slightly counterstained, dehydrated, 
and covered with glass slides. Immunoreactivity was 
quantified using Image-Pro Plus 6.0 software, and the 
mean optical density (MOD) was determined in 3–5 ran-
domly selected fields of view per section.
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Isolation, purification, and culture of primary endometrial 
stromal cells
The method of isolating stromal cells was similar to 
that described in previous studies. Whole endometrial 
tissue specimens were collected under aseptic condi-
tions and immediately placed in PBS (Melenbio, China) 
containing streptomycin (100  mg/mL; Solario, China). 
The samples were sent to the laboratory within 30 min. 
Tissue specimens were washed several times with PBS, 
cut into 0.5–1  mm3 sections, incubated in DMEM/
F12 (Merenbio, China) supplemented with 0.2% colla-
genase I (Sigma-Aldrich China, Inc., Shanghai, China), 
and stirred at 37  °C for 60  min. Subsequently, the 
resulting suspension was successively filtered through 
sterile 100  μm and 40  μm nylon filters (NEST, China) 
to remove undigested substances and epithelial cells. 
After centrifugation at 150×g for 5  min at room tem-
perature, the supernatant was discarded and the endo-
metrial stromal cells were resuspended in the presence 
of 10% fetal bovine serum (Gibco, USA), plated in a 25 
 cm2 flask, and incubated at 37 °C with 5% carbon diox-
ide. After 24 h, the medium was replaced to remove the 
unattached cells. The remaining adherent stromal cells 
were supplemented with fresh culture medium every 
3 days until fusion. The third to sixth generations were 
used for subsequent experiments.

Treatment with TGF‑β1
To investigate the function of TGF-β in primary embry-
onic stem cells (ESCs), we inoculated embryonic stem 
cells in 96-well plates at a density of 2 ×  105 cells/well. 
The cells were initially incubated with TGF-β (0, 1, 5, 10, 
20 ng/mL) for 24, 48, and 72 h, and then collected for cell 
viability assays.

Transfection
Cultured ESCs were inoculated in 96-well plates (3 ×  103 
cells/well) for cell proliferation analysis, inoculated in 
6-well plates (2 ×  105 cells/well) for qRT-PCR and West-
ern blotting, and inoculated in 24-well plates for immu-
nofluorescence staining. To prevent treatment, cells were 
incubated at a density of 30–50% overnight and then in 
serum-free culture medium for 24 h to synchronize the 
cell cycle. Subsequently, miR-195-5p was mimicked 
to RiboBio-designed miR-195-5p and miRNA control 
according to the manufacturer’s protocol and transfected 
with transfection agents provided by RiboBio. Cell viabil-
ity, RT-qPCR, Western blotting, and immunofluores-
cence analyses were performed at 24 h post-transfection 
and 48 h post-treatment with TGF-β (10 ng/mL) [Pepro-
tech, New Jersey, US], respectively.

Cell viability assay
The effects of different concentrations of TGF-β on the 
activity of ESCs were detected using the CCK-8 method 
(Merenbio, China). ESCs were inoculated in 96-well 
plates. After 24 h, the intervention was performed with 0, 
5, 10, and 20 ng/mL TGF-β for 24, 48, and 72 h, respec-
tively. At the end of each time point, the viability of the 
ESCs was assessed by the CCK-8 method according to 
the manufacturer’s plan; absorbance was measured at 
450 nm using a microplate reader.

Immunofluorescence staining
The transfected ESCs were inoculated on 24-well plates 
with 8 × 8 mm slides, formaldehyde-fixed for 20 min, and 
then 0.5% Triton X-100-fixed and infiltrated. After incu-
bation with 5% goat serum (Sorabio, China) for 30 min, 
the cells were incubated with specific primary antibody 
anti-α-SMA (1:200, Huabio, China), rabbit polyclonal 
anti-collagen I (1:200, Proteintch, China), rabbit poly-
clonal anti-vimentin (1:200, Proteintech, China), rab-
bit polyclonal anti-Smad7 (1:100, Proteintech, China), 
and mouse monoclonal anti-YAP1 (1:100, Proteintech, 
China). The cells were incubated at 4  °C for 14  h, and 
then incubated with the goat polyclonal alexa  Fluor® 594 
conjugated secondary antibodies and goat polyclonal 
alexa  Fluor® 488 conjugated secondary antibodies (1:500, 
Huabio, China) for 30 min in the dark. Finally, the cells 
were incubated with anti-fluorescence quenchers con-
taining DAPI for 15 min. Photographs were taken with an 
inverted fluorescence microscope (Nikon, Japan).

Wound healing assay
ESC migration was detected using wound healing assay. 
The transfected cells were inoculated in 6-well plates at a 
density of 1 ×  105 cells/well. Thereafter, the center of the 
plate was scraped with the tip of a sterile plastic micro-
tube. Cell movement was recorded using Image-Pro Plus 
6.0 software. Each biological sample was performed in 
triplicate and the experiment was repeated three times 
independently.

Transwell assay
The transwell assay was used to detect the migra-
tory ability of ESCs. After treatment with TGF-β for 
2  days, endothelial cells were digested with trypsin and 
washed with PBS. Serum-free medium cultured ESCs 
from all groups were digested with trypsin and cul-
tured in the upper chamber medium at a concentration 
of 2 ×  104/100 μL. DMEM/F12 (600 μL) containing 10% 
FBS was injected into the lower chamber. After 24 h, the 
cells were fixed with 4% paraformaldehyde, stained with 
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0.1% crystal violet for 10  min, and washed three times 
with PBS. Each biological sample was performed in 
triplicate and the experiment was repeated three times 
independently.

Statistical analysis
Data were expressed as means ± standard deviation of 
three independent biological experiments, and graphs 
were generated by GraphPad Prism 9.4.0. Compari-
sons between two groups were made using the Student’s 
t-test, and comparisons between multiple groups were 
made using one-way ANOVA, with statistically signifi-
cant differences denoted as follows: *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001.

Results
Extracellular matrix deposition and myofibroblast 
transdifferentiation occurs in the pathogenesis of IUA
To monitor the estrous cycle of SD rats, examinations 
of the following were performed: complete proestrus, 
estrus, metestrus, and diestrus (Supplementary Fig. 1A). 
H&E staining showed that the surface of the uterine 
cavity in the control group was covered with columnar 
epithelium, and endometrial glands were abundant and 
arranged in a round or oval shape. In the model group, 
tissue adhesion was observed, the intima became thin-
ner, and the number of glands decreased significantly 
(Supplement Fig. 1B, C). The area of fibrosis throughout 
the endometrium was calculated by Masson’s trichrome 
staining 7 days after injury. The results showed a signifi-
cant increase in the area of fibrosis after injury (Supple-
ment Fig. 1E, F).

Western blot analysis showed increased protein levels 
of collagen I, α-SMA, and vimentin after injury in the test 
animals compared with controls (Supplement Fig.  1G, 
H). Furthermore, qRT-PCR analysis revealed increased 
mRNA expression of collagen I, α-SMA, and vimentin 
after injury (Supplementary Fig.  1I). This suggests the 
presence of ECM deposition and myofibroblast trans-
differentiation in IUAs. (ns = not significant, *P < 0.05, 
**P < 0.01, ****P < 0.001).

Decreased expression of exosomal miR‑195‑5p and Smad7 
mRNA in the IUA group
Extraction and identification of exosomes from uterine tissue
To investigate the potential role of myofibroblast trans-
differentiation in IUA, we performed high-throughput 
sequencing of tissue exosomes from three IUA samples 
and four normal samples. First, uterine tissue exosomes 
were extracted by ultracentrifugation. Purified uterine 
tissue exosomes were identified using dynamic light scat-
tering (DLS) analysis, transmission electron microscopy 
(TEM), and flow cytometry. DLS measurements showed 
that the diameters of these particles were predominantly 
30–100  nm, which agrees with the previously reported 
size distribution of exosomes (Supplement Fig. 2A). TEM 
showed that uterine tissue exosomes were cup or spheri-
cal in shape similar to previously described exosomes 
(Supplementary Fig. 2B). Flow cytometry analysis further 
confirmed that these particles were exosomes, showing 
that exosome surface markers included CD63 and CD9 
(Supplement Fig.  2C). All these data suggest that these 
nanoparticles are in fact exosomes. (ns = not significant, 
*P < 0.05, **P < 0.01, ****P < 0.001).

Decreased expression of miR‑195‑5p in IUA uteruses
Eleven differentially expressed candidate miRNAs were 
screened using p < 0.05 and |fold change|≥ 2 as the cri-
teria; all 12 miRNAs were downregulated in IUA tissues 
compared to normal uterine tissues, which are shown 
in a cluster heat map and volcano map (Fig.  1A, B). In 
addition, stem-loop and tailed qRT-PCR further demon-
strated that the expression of miR-195-5p, miR-378a-5p, 
miR-30a-5p, and miR-30b-5p was downregulated in IUA 
compared to normal uterus tissues (Fig. 1C). We selected 
miR-195-5p for further clinical study because it was veri-
fied on SD rats to be the most statistically significant and 
exhibited the largest difference. In clinical practice, 13 
human endometrium and 13 endometrium of intrauter-
ine adhesions were collected. The results of stem-loop 
qRT-PCR showed that the expression of miR-195-5p 
in endometrium of intrauterine adhesions decreased 
(p < 0.05, Fig.  1D) (ns = not significant, *P < 0.05, 
**P < 0.01, ****P < 0.001).

Fig. 1 MiR‑195‑5p and its downstream target gene Smad7 are decreased in IUA. A, B Heat map and volcano plot showing differential miRNAs 
in exosomes from normal and IUA groups. C Stem‑loop RT‑PCR results show significant decreases in miR‑195‑5p, miR‑378a‑5p, miR‑30b‑5p, 
and miR‑30a‑5p in SD rats with IUAs. D Differential expression of miR‑195‑5p in the endometrium of IUA patients. E Venn diagram of downstream 
target genes of human and rat miR‑195‑5p from miRDB and miRWalk databases. F Venn diagram showing the intersection of differential genes 
in the IUA transcriptome and miR‑195‑5p target genes. G Cytoscape shows the core genes of intersection genes. H Dual luciferase assays verify 
the targeting relationship between miR‑195‑5p and YAP, Smad7. I–K Western blot analysis of YAP and Smad7 expression in uterine adhesion tissues. 
(ns = not significant, *P < 0.05, **P < 0.01, ****P < 0.001)

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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The expression of miR‑195‑5p target gene Smad7 in IUA 
was decreased, and the expression of YAP was increased
Using miRDB and miWalk, we screened for miR-195-5p 
target genes in SD rats and intersected them with human 
miR-195-5p target genes, resulting in a total of 139 inter-
secting target genes (Fig.  1E). GO and KEGG enrich-
ment analysis revealed enrichment in pathways such as 
p53, Hippo, and Wnt (Supplement Fig. 3A, B). To further 
investigate the relationship between miR-195-5p and its 
downstream target genes with intrauterine adhesions, 
we analyzed differential genes in intrauterine adhesions 
from the GSE224093 transcriptomic dataset. Heatmap 
and volcano plot analysis identified 3757 differential genes 
between intrauterine adhesions and normal groups (Sup-
plement Fig.  3C, D). Intersecting the differential genes 
from the transcriptome with the miR-195-5p intersect-
ing target genes yielded 24 genes (Fig.  1F). A protein–
protein interaction (PPI) network was constructed using 
STRING for these 24 genes (Supplement Fig.  3E), and 
the top ten hub genes were identified using the MCODE 
plugin in Cytoscape, with Smad7 ranking high (Fig.  1G). 
Furthermore, Smad7 was found to coexist with YAP in 
the Hippo pathway in the KEGG pathway analysis (Sup-
plement Fig.  3F). (ns = not significant, *P < 0.05, **P < 0.01, 
****P < 0.001).

To further investigate the targeting relationship between 
YAP, Smad7, and miR-195-5p, we conducted dual lucif-
erase reporter assays for each of these components. The 
results demonstrated that the miR-195-5p mimic sig-
nificantly inhibited the luciferase activity of YAP-WT and 
Smad7-WT, but had no significant effect on YAP-MUT 
and Smad7-MUT (Fig.  1H). Additionally, Western Blot 
analysis verified the expression of YAP and Smad7 in intra-
uterine adhesions. The results revealed increased YAP lev-
els and decreased Smad7 levels in the intrauterine adhesion 
group (Fig. 1I–K) (ns = not significant, *P < 0.05, **P < 0.01, 
****P < 0.001).

Based on the above findings, we observed a decrease in 
miR-195-5p expression in exosomes from uterine tissue of 
intrauterine adhesions with YAP and Smad7 identified as 
its downstream target genes. Furthermore, ECM deposi-
tion and myofibroblast transdifferentiation were noted 
during fibrosis. Hence, we proceeded to investigate the 
impact and mechanism of miR-195-5p agonists on ECM 
deposition and myofibroblast transdifferentiation in endo-
metrial fibrosis associated with intrauterine adhesions.

Agomir‑195‑5p prevented endometrial fibrosis 
by inhibiting ECM deposition and myofibroblast 
transdifferentiation
Agomir‑195‑5p improved endometrial fibrosis
To determine the relationship between miR-195-5p 
and myofibroblast transdifferentiation in IUA, we 

overexpressed miR-195-5p in the uterus of rats by 
transfecting agomir-195-5p. We first determined the 
effect of agomir-195-5p on the expression of miR-
195-5p in the uterus by qRT-PCR analysis. The expres-
sion of miR-195-5p was significantly decreased in the 
PBS and negative control (NC) simulated groups. In 
contrast, compared with the NC group, the expression 
of miR-195-5p in IUA rats treated with agomir-195-5p 
was enhanced (Fig. 2A). (ns = not significant, *P < 0.05, 
**P < 0.01, ****P < 0.001).

H&E staining revealed thinning of the endometrium 
and a decrease in the number of glands in the PBS and 
NC simulated treatment groups compared to the con-
trol group, while thickening of the endometrium and an 
increase in the number of glands in the agomir-195-5p 
treatment group (Fig.  2B–D). In addition, Masson tri-
color staining showed an increase in fibrosis in the PBS 
and NC simulated treatment groups compared with 
the control group, and a decrease in the area of fibro-
sis in the agomir-195-5p treatment group (Fig.  2E, F). 
Additionally, mating experiments revealed that, com-
pared to the agomir-195-5p treatment group, the PBS 
treatment group had a significantly reduced litter size 
and pregnancy rate, with an increased number of still-
births. In contrast, the agomir-miR-195-5p treatment 
group exhibited improved fertility, and the pups were 
more robust in appearance than those in the PBS treat-
ment group. However, a comprehensive assessment of 
the pups’ health status was not conducted. (Fig.  2G, 
H). These results suggest that agomir-195-5p has a cer-
tain efficacy in the treatment of IUA, and the decrease 
of miR-195-5p may be a pathogenic factor for IUA 
(ns = not significant, *P < 0.05, **P < 0.01, ****P < 0.001).

Agomir‑195‑5p prevented endometrial fibrosis by inhibiting 
ECM deposition and myofibroblast transdifferentiation
We found that these histological changes were related 
to ECM deposition and myofibroblast transdifferentia-
tion. As shown in Fig. 3A–C, qRT-PCR analysis showed 
that α-SMA, Collagen I, and vimentin-related indexes 
of myofibroblasts increased after injury in the PBS 
treatment group. Western blot and immunohistochem-
ical analysis showed that compared with the control 
group, the levels of type I collagen, α-SMA and vimen-
tin were increased after injury. In contrast, mRNA and 
protein levels after treatment with miR-195-5p agonist 
showed improvements in ECM deposition and related 
indexes of myoblast transdifferentiation (Fig.  3D–F). 
Thus, agomir-195-5p prevents excessive ECM deposi-
tion and myofibroblast transdifferentiation after endo-
metrial injury (ns = not significant, *P < 0.05, **P < 0.01, 
****P < 0.001).
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Fig. 2 Agomir‑195‑5p improves endometrial fibrosis and fertility. A RT‑PCR results showing increased miR‑195‑5p expression in uterine tissue 
after agomir‑195‑5p treatment. B–D H&E staining of uterine morphology, with statistical analysis of endometrial thickness and gland number. E, F 
Assessment of fibrotic area in the endometrium using Image Pro Plus 6.0 and Masson staining. G, H Fertility experiment results. (ns = not significant, 
*P < 0.05, **P < 0.01, ****P < 0.001)
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Agomir‑195‑5p regulated endometrial fibrosis by inhibiting 
the YAP–Smad7 pathway
Bioinformatics analysis showed that Smad7 and YAP 

were potential targets of miR-195-5p. By qRT-PCR, 
immunohistochemistry, and Western blot analysis, the 
decrease of miR-195-5p in fibrotic endothelial tissues 

Fig. 3 Agomir‑195‑5p improves ECM deposition and myofibroblast transdifferentiation. A–C RT‑PCR results showing changes in ECM deposition 
and myofibroblast transdifferentiation markers after miR‑195‑5p treatment. D Immunohistochemistry results for ECM deposition and myofibroblast 
transdifferentiation markers after miR‑195‑5p treatment. E, F Western blot results for ECM deposition and myofibroblast transdifferentiation markers 
after miR‑195‑5p treatment. (ns = not significant, *P < 0.05, **P < 0.01, ****P < 0.001)
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was associated with the activation of YAP-Smad7 sign-
aling. This was confirmed by increased expression of 
YAP mRNA and protein in fibrotic endothelium and 
significantly down-regulated expression of Smad7. 
In contrast, transfection of agomir-195-5p signifi-
cantly inhibited the expression of YAP and increased 
the expression of Smad7 in uterine tissue after the 
establishment of IUA models. Thus, agomir-195-5p 
may inhibit endometrial fibrosis by blocking the YAP-
Smad7 pathway (Fig.  4A–H) (ns = not significant, 
*P < 0.05, **P < 0.01, ****P < 0.001).

MiR‑195‑5p mimics inhibited TGF‑β‑induced 
endometrial stromal cell migration and myofibroblast 
transdifferentiation
Morphological observation and identification of ESCs
To further explore the reasons for the differential expres-
sion of tissue exosomal miR-195-5p and the mechanism 
of myofibroblast transdifferentiation, we extracted pri-
mary endometrial stromal cells from SD rats. ESCs could 
grow adherently at 24 h after sowing. Subsequently, 1–3 
generations were observed under the microscope. The 
cells were fibrillar and most of the ESCs formed tightly 
parallel arrays (Supplement Fig.  4A). Immunofluores-
cence staining showed that ESCs were positive for the 

Fig. 4 Agomir‑195‑5p regulates endometrial fibrosis by inhibiting the YAP‑Smad7 pathway. A–E RT‑PCR and Western blot analysis of YAP 
and Smad7 expression in uterine tissue. F–H Immunohistochemical analysis of YAP and Smad7 expression in uterine tissue. (ns = not significant, 
*P < 0.05, **P < 0.01, ****P < 0.001)
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mesenchymal marker vimentin and negative for the epi-
thelial marker CK18 (Supplement Fig. 4B).

Decreased expression of miR‑195‑5p in ESCs after TGF‑β 
treatment
ESCs were treated with different concentrations of 
TGF-β (0  ng/mL, 5  ng/mL, 10  ng/mL, and 20  ng/mL) 
and at different times (12 h, 24 h, and 48 h) as shown in 
Supplement Fig.  4C. The CCK8 assay showed a gradual 
reduction in ESC activity with an increase in TGF-β 
concentration and time. Finally, the intervention effect 
of 10  ng/mL TGF-β was determined. We observed that 
miR-195-5p expression was downregulated in TGF-
β-treated ESCs compared to that in controls (Fig.  5A). 
Next, we found that miR-195-5p was significantly overex-
pressed by transfecting miR-195-5p mimics into TGF-β-
treated ESCs (Supplement Fig. 4D). (ns = not significant, 
*P < 0.05, **P < 0.01, ****P < 0.001).

Overexpression of miR‑195‑5p improves TGF‑β‑induced 
myofibroblast transdifferentiation and migration
qRT-PCR results revealed that TGF-β stimulation led to a 
notable upregulation in the expression of mRNA markers 
associated with ECM production and myoblast transdif-
ferentiation including collagen I, α-SMA, and Vimentin 
(Fig. 5B–D). Conversely, the introduction of miR-195-5p 
resulted in a significant reduction in their expression lev-
els. This contrast was evident in Western blot and immu-
nofluorescence analyses, where TGF-β treatment notably 
enhanced ECM deposition and the expression of proteins 
linked to myoblast transdifferentiation, while miR-195-5p 
overexpression led to a decrease in these protein levels 
(Fig.  5E–H, Supplement Fig.  3E–J) (ns = not significant, 
*P < 0.05, **P < 0.01, ****P < 0.001).

Furthermore, scratch and transwell experiments dem-
onstrated that TGF-β treatment effectively promoted the 
migration of embryonic stem cells (ESCs). Conversely, 
miR-195-5p overexpression attenuated the migratory 
capacity of TGF-β-treated ESCs (Fig. 5I–L) (ns = not sig-
nificant, *P < 0.05, **P < 0.01, ****P < 0.001).

MiR‑195‑5p regulated TGF‑β‑induced ECM expression 
and myofibroblast transdifferentiation in ESCs via the YAP–
Smad7 signaling pathway
Firstly, it was confirmed that there exists an interaction 
between YAP and Smad7, as evidenced by the Co-IP 
results (Fig.  6A). Subsequent qRT-PCR and Western 
blot analyses demonstrated that following TGF-β inter-
vention, YAP expression increased while Smad7 mRNA 
and protein levels decreased. Conversely, overexpres-
sion of miR-195-5p led to a reduction in YAP expres-
sion and an increase in Smad7 expression (Fig.  6B–F). 
Furthermore, immunofluorescence staining for YAP and 

Smad7 co-localization revealed distinct cellular distri-
butions: YAP predominantly localized in the nucleus, 
whereas Smad7 primarily resided in the cytoplasm. Nota-
bly, these localization patterns were consistent with their 
mRNA and protein expression levels (ns = not significant, 
*P < 0.05, **P < 0.01, ****P < 0.001).

Further comparison of indicators related to ECM 
and myofibroblast transdifferentiation among different 
experimental groups—Smad7 + miR-195-5p overexpres-
sion, miR-195-5p overexpression alone, embryonic stem 
cell (ESC), and TGF-β-treated groups—was conducted. 
Western blot results illustrated that miR-195-5p over-
expression led to a decrease in the expression of related 
indicators such as α-SMA, type I collagen, and Vimen-
tin (Fig.  6G–I). Conversely, upon blocking the Smad7 
pathway, the expressions of α-SMA, type I collagen, and 
Vimentin in ECM and myofibroblast transdifferentiation 
indices were increased (Fig. 6J–M). Similarly, we verified 
these findings on human endometrial stromal cells and 
obtained consistent results (Supplement Fig. 5) (ns = not 
significant, *P < 0.05, **P < 0.01, ****P < 0.001).

The effects of miR‑195‑5P agonist were similar to those 
of autologous adipose‑derived stem cells (ADSCs)
Stem cells are a relatively new therapy for the treatment 
of IUA. In a previous study, we found autologous ADSCs 
to improve endometrial fibrosis in mice [8]. Autologous 
ADSCs were isolated and cultured from the inguinal 
region of rats and their morphology was mostly polygo-
nal. The adherent cells expanded in  vitro and gradually 
formed spindle-shaped fibroblast-like cells (Fig.  7A). In 
addition, these cells showed the ability to differentiate 
into adipocytes, osteoblasts, and chondrocytes in  vitro 
(Fig.  7B). In the third generation, ADSC surface mark-
ers were detected using flow cytometry; CD90 and CD29 
were positively expressed and CD45 and CD11b/c were 
negatively expressed, thus demonstrating that we had 
extracted ADSCs (Fig. 7C).

The homing of DIR-labeled autologous adipose-
derived mesenchymal stem cells to the injured uterus was 
detected using a small animal in vivo imager. The results 
revealed that within 1 h of in situ injection, fluorescence 
at the injured site was evident. By 6  h post-injury, the 
presence of autologous adipose-derived mesenchymal 
stem cells at the injured site became more pronounced 
with fluorescence intensifying. Subsequently, fluores-
cence gradually diminished over 2  days and was nearly 
absent by day 7 indicating successful homing of autolo-
gous adipose-derived mesenchymal stem cells to the 
injured uterus (Fig. 7D).

Furthermore, ADSCs were administered via local 
injections in the uterus 7  days after injury. H&E stain-
ing showed thickening of the endometrium and 
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enlargement of the glands in the autologous ADSCs 
and agomir-195-5p-treated groups. Masson’s trichrome 
staining showed decreased fibrotic area after treatment 
with ADSCs and agomir-195-5p; however, there was 

no statistical significance between the two treatments, 
suggesting that the efficacy of agomir-195-5p treat-
ment may achieve the efficacy of autologous ADSCs. In 

Fig. 5 MiR‑195‑5p overexpression inhibits migration, ECM deposition, and myofibroblast transdifferentiation of ESCs treated with TGF‑β. A 
Verification of miR‑195‑5p expression in the cell model by RT‑PCR. B–H Expression of ECM‑related and myofibroblast transdifferentiation markers 
(α‑SMA, collagen I, and vimentin) analyzed by Western blot and RT‑PCR. I, J Healing ability after miR‑195‑5p mimic treatment. K, L Migration ability 
after miR‑195‑5p mimic treatment. (ns = not significant, *P < 0.05, **P < 0.01, ****P < 0.001)
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addition, the result suggests that agomir-195-5p can be 
investigated clinical trials.

In addition, Western blotting was used to compare 
the ECM and myofibroblast transdifferentiation-related 

indicators of uterine tissues after treatment. The 
results showed that the indicators, α-SMA, Colla-
gen I and Vimentin decreased after treatment sug-
gesting that the deposition of ECM and myofibroblast 

Fig. 6 MiR‑195‑5p regulates ECM and myofibroblast transdifferentiation of TGF‑β‑treated ESCs by targeting the YAP‑Smad7 signaling 
pathway. A COIP detection of the targeting relationship between YAP and Smad7. B–F RT‑PCR and Western blot analysis of YAP and Smad7 
expression in uterine tissue after miR‑195‑5p mimic treatment. G–I Immunofluorescence analysis of YAP and Smad7 expression in uterine tissue 
after miR‑195‑5p mimic treatment. J–M Western blot analysis of YAP and Smad7 expression in uterine tissue after miR‑195‑5p mimic treatment 
and Smad7 knockdown. (ns = not significant, *P < 0.05, **P < 0.01, ****P < 0.001)
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transdifferentiationmay play a crucial role in the develop-
ment of endometrial fibrosis.

Discussion
The results of this study showed the following: (1) the 
relevant indexes of ECM deposition and myofibroblast 
transdifferentiation changed in the normal and IUA 
groups; (2) the expression of miR-195-5p in the exosomes 
of the normal and IUA groups differed, and Smad7 and 
YAP were downstream target gene of miR-195-5p; (3) 
after treatment with the miR-195-5p agonist, the endo-
metrium thickened, the glands enlarged, the fibrotic area 
decreased, and the fertility increased; (4) miR-195-5p 
regulates ECM deposition and myofibroblast transdiffer-
entiation via the Hippo pathway involving YAP–Smad7 
signaling, thereby improving endometrial fibrosis; and (5) 
autologous stem cell and miR-195-5p agonist treatment 
improved endometrial fibrosis with comparable efficacy 
(Fig. 8).

IUA is fibrosis in the uterine cavity. It is the second 
most common cause of female infertility and seriously 
affects women’s physical and mental health. Current 
therapeutic strategies have failed to provide satisfactory 
treatment outcomes for patients with IUA, leaving a great 
challenge for reproductive science [39]. MiRNAs are 
highly abundant in utero and are involved in fine-tuning 
gene regulation during development. In IUA, the expres-
sion of various miRNAs is abnormal, leading to altera-
tions in gene expression and function. However, there are 
few studies on the dynamic changes of miRNA expres-
sion in uterine adhesion exosomes. In the present study, 
we comprehensively analyzed the sequences of miRNAs 
in uterine tissues of SD rats with IUA and compared 
them with normal uterine tissues. The results showed 
that miR-195-5p expression was significantly reduced in 
the uterine tissues of mice in the IUA group, suggesting 
that miR-195-5p may be a protective factor in uterine tis-
sues. In addition, bioinformatics analysis revealed that 
Smad7 was a downstream target of miR-195-5p. qRT-
PCR and Western blot analysis results showed that YAP 
expression increased and Smad7 expression decreased 
in the injury group; therefore, YAP and Smad7 may be 
important targets in the pathogenesis and treatment of 

IUA and the Hippo pathway may be a key pathway in the 
pathogenesis and treatment of IUA.

In recent years, research has shown that TGF-β over-
expression leads to excessive metabolic disorders and 
dysfunction, which subsequently promotes myofibro-
blast transdifferentiation and excessive deposition of the 
ECM, inducing immune dysfunction, fibrosis, and can-
cer [40]. Studies have shown that myofibroblast transdif-
ferentiation and ECM deposition are closely related to 
various signaling pathways. AMPK signaling can inhibit 
myofibroblast differentiation by targeting pathways such 
as TGF-β, NF-κB, STAT3, and YAP/TAZ. By inhibiting 
myofibroblast differentiation, AMPK signaling appears to 
alleviate age-related tissue fibrosis and degeneration [24]. 
What’s more, Wang et al. [41] found that the interaction 
between JAK1/STAT3 and TGF-β regulates the transdif-
ferentiation and fibrosis of myofibroblasts, and suggested 
the potential of a new method for the treatment of pul-
monary fibrosis. Our studies have also shown that IUA is 
closely associated with myofibroblast transdifferentiation 
and ECM deposition [42]. We found increased expres-
sion of ECM and myofibroblast transdifferentiation-
related indicators, α-SMA, Collagen I, and Vimentin in 
the normal and IUA groups. These results indicate that 
the development of IUA was accompanied by ECM depo-
sition and myofibroblast transdifferentiation.

Due to the high recurrence rate of severe intrauterine 
adhesions, researchers have been exploring treatment 
methods to improve the prognosis of this condition in 
recent years. Luo et al. [43]. found through meta-analy-
sis that hyaluronic acid can safely and effectively reduce 
the occurrence of intrauterine adhesions and may 
improve fertility outcomes. In addition, Ding et al. [44]. 
found that inserting a balloon or placing an intrauter-
ine device for one to two months can effectively reduce 
the risk of adhesion recurrence and restore the shape 
of the uterine cavity. Although the therapeutic effect 
of balloon was better than that of intrauterine device, 
no significant difference was observed in the intrauter-
ine device group at 1  month and 2  months. However, 
the current treatment method is still very high for 
the recurrence rate of severe intrauterine adhesions, 
and the targeting is low. Therefore, we explore new 
treatment methods by finding differential miRNAs in 

Fig. 7 Comparison of the efficacy of autologous adipose‑derived mesenchymal stem cells (ADSCs) and miR‑195‑5p. A Microscopy assessment 
of autologous ADSCs morphology from passage 0 (P0) to P3, showing their adhesiveness and fibroblastoid shape. B Osteogenic, adipogenic, 
and chondrogenic differentiation of ADSCs. C Flow cytometry detection of ADSC surface markers CD29, CD90, CD45, and CD11b/c. D In vivo 
imaging of ADSC homing in intrauterine adhesions. E–G H&E staining of uterine morphology with statistical analysis of endometrial thickness 
and gland number. H, I Assessment of fibrotic area in the endometrium using Image Pro Plus 6.0 and Masson staining. J–M Western blot analysis 
of ECM and myofibroblast transdifferentiation markers (α‑SMA, collagen I, and vimentin) in IUA

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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uterine tissue exosomes of intrauterine adhesions and 
further exploring their target genes, hoping to improve 
the poor prognosis of intrauterine adhesions.

To further demonstrate that the decrease in miR-
195-5p observed in our tissue exosomes is a pathogenic 
factor in intrauterine adhesions (IUA), we utilized miR-
195-5p agonists in both animal and cell models, with 
corresponding control groups. The results showed that 
after treatment with miR-195-5p agonists, the endome-
trium thickened, the number of glands increased, the 
fibrotic area reduced, and indicators of ECM deposi-
tion and myofibroblast transdifferentiation improved. 
This suggests that the reduction of miR-195-5p is a 
significant cause of IUA. The miR-195-5p agonists 
ameliorated endometrial fibrosis by regulating ECM 
deposition and myofibroblast transdifferentiation.

To explore how miR-195-5p agonists exert their 
effects, we investigated the downstream target gene 
of miR-195-5p, Smad7. Using dual luciferase labeling, 
we confirmed that Smad7 is indeed a target gene of 
miR-195-5p. Previous studies have identified Smad7 
as a target of miR-195-5p. For example, Ding et al. [45] 
found that downregulation of miR-195-5p inhibited 
endothelial-mesenchymal transition and myocardial 
fibrosis in diabetic cardiomyopathy by targeting Smad7 
and inhibiting the TGF-β1-Smad-Snail pathway. Simi-
larly, Lin et  al. [46] discovered that miR-195-5p pro-
moted the Wnt/β-catenin pathway by targeting Smad7, 
thereby enhancing the osteogenic differentiation of 

VSMCs. These findings support Smad7 as a target gene 
of miR-195-5p.

In order to further explore the role of Smad7 in the 
Hippo pathway in IUA, we further studied the important 
key gene YAP in the Hippo pathway. Our experiments 
revealed that YAP increased and Smad7 decreased after 
injury, whereas YAP decreased and Smad7 increased 
after treatment with miR-195-5p agonists. By inhibiting 
Smad7 expression following miR-195-5p treatment, the 
therapeutic effect through the Hippo pathway was nulli-
fied, indicating that the miR-195-5p agonist operates via 
the YAP–Smad7 axis in the Hippo pathway. This mecha-
nism reduced ECM deposition and reversed myofibro-
blast transdifferentiation, thereby improving endometrial 
fibrosis. The same therapeutic effects were confirmed in 
human cells.

Compared with current treatments for intrauterine 
adhesions, miR-195-5p agonist therapy offers advan-
tages such as no immune rejection and easier obtainabil-
ity. Additionally, miR-195-5p provides a more targeted 
approach, potentially enabling more precise clinical treat-
ment of intrauterine adhesions. However, there remain 
many unknowns regarding the clinical application of 
miR-195-5p agonists, and further research is needed to 
evaluate dosage and patient prognosis during the transla-
tional process.

Stem cell therapy holds great promise for the repair and 
regeneration of injured tissues. In endometrial regen-
eration, stem cell therapy is performed by intravenous or 

Fig. 8 Summary chart. This study begins with models of normal and intrauterine adhesions. To investigate the fibrosis mechanism, we 
identified differential miR‑195‑5p through tissue exosome sequencing and verified our findings across cell, tissue, animal, and human levels. 
Treatment with agomir‑195‑5p increased Smad7 by inhibiting YAP in the Hippo pathway, reducing ECM deposition and reversing myofibroblast 
transdifferentiation. This led to the repair of endometrial fibrosis, resulting in a thicker endometrium and increased gland number
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intrauterine injection [47]. In our previous experiments, 
we verified the efficacy of autologous ADSCs on IUA in 
mice [8]. To further elucidate the therapeutic effect of 
miR-195-5p agonist on IUA, we compared the efficacy 
of the miR-195-5p agonist and autologous ADSCs in the 
treatment of IUA. Experimentally, we found that endo-
metrial thickening, glandular increase, and reduction of 
fibrotic area were observed after treatment. The efficacy 
of treatment with the miR-195-5p agonist was compara-
ble to that of the ADSCs, offering the possibility for the 
clinical translation of miR-195-5p.

Conclusion
In conclusion, to the best of our knowledge, this is the 
first study to identify the differential expression of miR-
195-5p from tissue exosomes and verify the effect of 
miR-195-5p agonists on IUA from tissue and cell mod-
els from animals and humans, as well as the role of the 
miR-195-5p agonist in ECM deposition and myofibro-
blast transdifferentiation. Validation of Smad7, a miR-
195-5p-enriched target gene, ultimately revealed that 
miR-195-5p promotes ECM deposition, reverses myofi-
broblast transdifferentiation, and ameliorates endome-
trial fibrosis via YAP–Smad7.

However, due to the differences in tissue exosomes, we 
did not directly use them for treatment. Normal uterine 
tissue exosomes may contain more IUA therapeutic fac-
tors. Unlike stem cell therapy, the use of exosomes does 
not cause problems such as immune rejection, and can be 
more effectively applied in clinical practice. Besides, the 
application of miR-195-5p agonists in clinical practice 
may also have the possibility of off-target, and the clini-
cal application of exosomes in intrauterine adhesions is 
less, and its safety and prognosis are still unknown. In 
the future, we will continue to study the efficacy of uter-
ine tissue exosomes on IUAs to enhance the therapeutic 
effect, and gradually apply exosomes to clinical treatment 
of intrauterine adhesions. What’s more, due to the chal-
lenges of obtaining uterine tissue exosomes for clinical 
application, we will explore the use of exosomes with 
nanoenzyme bioscaffolds to prolong their retention time 
in vivo.

Additionally, during the animal mating experiments, 
we did not evaluate the health status of the young mice 
due to limited experimental conditions. In subsequent 
experiments, we will further observe the live birth rate 
of offspring and use ultrasound to examine the uteri of 
female SD rats. Furthermore, we will focus on clinical 
translation by comparing the efficacy of miR-195-5p and 
autologous adipose-derived mesenchymal stem cells in 
patients, and evaluating their safety, long-term efficacy, 
and prognosis.

In addition, from the mechanism point of view, YAP is 
the core process in the Hippo pathway. It is a transcrip-
tional co-activator that plays a mechanical transduction 
role in the cell. It can respond to a variety of mechani-
cal signals, such as fluid shear stress, extracellular matrix 
stiffness, etc. Due to the limited experimental conditions, 
the role of YAP in regulating the stiffness of extracellular 
matrix in intrauterine adhesions will be further explored 
in the future.
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