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Abstract 

Background  Intrauterine adhesions (IUAs) is a gynecological condition with a poor therapeutic prognosis, 
that severely threatens the fertility and the reproductive physiology and psychological health of women. Our previ-
ous research on the use of umbilical cord mesenchymal stem cells (HUCMSCs) for treating IUAs revealed that CM-Dil-
labelled HUCMSCs were barely distributed in the endometrial epithelium. Instead, these cells were predominantly 
found in the myometrium, with no statistically significant difference in distribution compared to the endometrial 
stromal cells. Therefore, we aimed to explore the associations between the myometrium and IUAs.

Methods  Eight patients with moderate and 5 severe lesional IUAs were included in the experimental group. The con-
trol group included 7 patients whose inner and outer myometrium were normal. We used H&E, Masson’s trichrome 
and immunohistochemical staining to obtain the pathological features of the tissues. Transcriptomic and proteomic 
analyses were conducted to identify differentially expressed genes, proteins and enrichment pathways.

Results  Both IUAs lesion tissues expressed the smooth muscle markers α-SMA and H-caldesmon, and there 
was no significant difference between severe IUAs tissue and normal myometrium (p > 0.05). Transcriptomic and pro-
teomic data revealed that genes and proteins involved in cell mitosis, such as KIF14, KIF4A, and CIT, were downregu-
lated in both IUAs lesion tissues compared with the inner myometrium (p < 0.05). Additionally, some genes or proteins 
that participate in activating the complement-coagulation cascade system and extracellular matrix (ECM) degrada-
tion also significantly differed (p < 0.05).

Conclusions  Transcriptomic and proteomic data revealed a correlation between endometrial injury and the myome-
trium. These findings preliminarily revealed that the myometrium possibly contributes to the aetiology and progression 
of IUAs through dual mechanisms. On the one hand, the myometrium inhibits endometrial regeneration by suppress-
ing the cell mitogenic pathway. On the other hand, it promotes fibrosis by activating the complement-coagulation 
cascade system and inhibiting the ECM degradation pathway. These new findings increase our understanding 
of the pathogenesis of IUAs and potentially contribute to the application of precision clinical treatment for IUAs.
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Introduction
Intrauterine adhesions (IUAs), also known as Asherman’s 
syndrome, is a common gynecological condition with a 
poor therapeutic prognosis, that threatens fertility and 
severely affects the reproductive physiology and psycho-
logical health of women. IUAs occurs due to the adhe-
sion between the uterine muscle walls following damage 
to the basal layer of the endometrium. The repair process 
involves three brief and overlapping phases: the inflam-
matory phase, the tissue formation phase, and the tissue 
remodelling phase [1]. The regeneration of the endome-
trium is mostly incomplete and its function is compro-
mised, resulting in the formation of scars. The aetiology 
and pathogenesis of IUAs are not fully understood. The 
active fibroblast proliferation theory and the neural 
reflex theory are currently the most accepted [2].The 
incidence of IUAs remains high and is increasing annu-
ally with increasing surgeries in the uterus. According to 
the literature, the incidence of IUAs following abortion, 
postpartum intrauterine procedures and submucosal 
myomectomy is as high as 19% to 45.5%, making this 
condition a major cause of reduced menstrual flow and 
secondary infertility [3, 4]. Additionally, in the context of 
IUAs, pregnancies are associated with an increased risk 
of adverse obstetric outcomes, such as ectopic pregnan-
cies, recurrent miscarriages, preterm labour, and placen-
tal abnormalities [5].Transcervical resection of adhesions 
(TCRA) is acknowledged as the primary therapy for 
IUAs, but the readhesion rate after TCRA can reach 60% 
[6]. Hyaluronic acid (HA) gel was identified as a Level A 
evidence-based mechanical barrier strategy for prevent-
ing IUAs recurrence post-TCRA by the European Soci-
ety of Gynecologic Endoscopy (ESGE) and the American 
Society of Gynecologic Laparoscopists (AAGL) [7, 8]. 
Some subsequent randomized controlled trials revealed 
that HA gel did not significantly reduce IUAs recurrence 
rates after surgery. Additionally, no significant differences 
were observed in the American Fertility Society scores 
during the second hysteroscopy or in menstrual pattern 
improvements at the 3-month follow-up between the 
two groups [9, 10]. Thus, exploring the pathogenesis of 
IUAs and adopting the concept of precision medicine to 
achieve individualized treatment, while avoiding blind 
treatment, overtreatment, and ineffective treatment has 
important clinical and research value.

Our research group explored whether human umbili-
cal cord mesenchymal stem cells (HUCMSCs) could 
serve as "shortcuts" for endometrial regeneration and 
repair in patients with IUAs, and we found that the CM-
Dil-labelled HUCMSCs were barely distributed in the 
endometrial epithelium, regardless of whether they were 
injected via the tail vein or intraperitoneally. Instead, 
these cells were predominantly found in the myometrial 

layer, with no statistically significant difference in dis-
tribution compared with endometrial stromal cells [11]. 
Some scholars have analysed the pathological charac-
teristics of scar tissue from IUAs patients and normal 
myometrial tissue and found no significant difference 
in histological morphology between the two groups, 
suggesting that scar tissue may originate from the myo-
metrium [12]. However, the interface of the myome-
trium-endometrium is a special zone called the uterine 
junction zone (JZ), which is the inner one-third of the 
myometrium and has a low signal intensity on MRI [13].
The physiological role of the JZ differs from that of the 
outer myometrium, as it is influenced by ovarian sex hor-
mones. The JZ exhibits a cyclic pattern of oestrogen and 
progesterone receptor expression similar to that of the 
endometrium, whereas the outer myometrium does not 
display such a pattern [14]. The literature also shows that 
abnormalities in the of JZ can cause a series of diseases, 
such as endometrial cancer, adenomyosis and infertility 
[15, 16]. Notably, a study revealed that the JZ is impor-
tant in diagnosing IUAs, especially in predicting postop-
erative recovery and pregnancy outcomes [17]. On the 
basis of the above findings, it can be speculated that the 
myometrium, especially the inner myometrium possibly 
participates in the occurrence and progression of endo-
metrial injury. Therefore, this study focused on the inner 
and outer myometrium separately.

With the emergence of high-throughput biotechnol-
ogies, the new era of "omics" big data has thoroughly 
propelled the study of the molecular mechanisms 
underlying complex phenotypes. The concept of tran-
scriptomics, which refers to the study of gene expres-
sion and the regulation of gene transcription at the 
RNA level by transcribing complete gene transcripts or 
RNA species that are transcribed in specific cell types, 
tissues or organisms for specific conditions, was first 
proposed in 1991. The related research methods include 
gene chip technology, which is based on hybridization 
methods, and expressed sequence tag (EST) analysis 
and RNA sequencing (RNA-seq), which are based on 
high-throughput sequencing technology [18]. Prot-
eomics, first proposed in 1994, involves comprehensive 
analysis of cellular proteins by mass spectrometry, two-
dimensional gel electrophoresis, and bioinformatics. 
This approach can supplement genomic and transcrip-
tomic methods. Proteomics is an important tool for 
exploring biomarkers for disease diagnosis and progno-
sis, new therapeutic targets, and genetic analysis [19]. 
The relationship between transcription products and 
translation products is not necessarily one-to-one, thus 
relying solely on transcriptomic data is insufficient to 
infer the expression of genes at the protein level after 
translation, nor can it explain the final occurrence of 
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biological events. Compared with single omic data 
analysis, multiomic analysis can compensate for miss-
ing data and confounding factors, and multiomics data 
can be mutually verified to reduce false positives. More 
importantly, multiomic joint analysis can explore bio-
logical activities at multiple levels, which is more con-
ducive to studying the complete mechanisms of disease 
occurrence and therapeutic targets.

Currently, there is still a gap in the comprehensive 
study of the molecular regulatory mechanisms between 
the injured endometrium of IUAs and myometrium at 
both the transcriptomic and proteomic levels. Therefore, 
we conducted comparative analyses of the lesional tissue 
of IUAs (moderate and severe) and myometrium (inner 
and outer layers) via transcriptomics and data-independ-
ent acquisition (DIA) proteomic methods combined with 
bioinformatic analysis to further explore the changes in 
signal transduction pathways and interactions between 
genes and reveal potential correlations and important 
target pathways of differentially expressed genes and pro-
teins in the myometrium and IUAs lesional tissue.

Materials and methods
Study subjects and grouping
The IUAs patients who underwent TCRA at our hospital 
from July 2023 to December 2023 were researched. The 
proliferative phase endometrium of these patients was 
classified into moderate (5–8 points) and severe (9–12 
points) grades according to the American Fertility Society 
(AFS) scoring criteria. Additionally, the inner and outer 
myometrial tissues of patients who underwent hysterec-
tomy for cervical intraepithelial neoplasia grade III (CIN 
III) or benign ovarian tumors were selected. The inclu-
sion criteria of myometrium was: 1) Preoperative MRI 
revealed a normal uterine structure, a finding that was 
subsequently confirmed by postoperative pathological 
examination; 2) age between 20 and 35 years; 3) no other 
endocrine, breast, immune, or metabolic diseases; 4) and 
no hormone therapy within 3  months prior to surgery. 
The exclusion criteria of myometrium included diag-
nosed with hysteromyoma, adenomyosis, endometriosis, 
endometrial cancer, and other myometrial or endometrial 
lesions. In summary, the research groups were divided 
as followed: 1) 13 IUAs lesional tissues were identified as 
Group B, then 5 cases of them were divided into severe (S) 
Group and 8 cases in moderate (M) Group; 2) 7 normal 
myometrium were identified as Group J and they were 
further divided into inner (I) Group and outer (O) Group.

Sample collection
The handling and sectioning of tissue samples were car-
ried out as quickly as possible on ice to prevent RNA 

degradation. Tissue samples for histological analysis 
were fixed in formaldehyde immediately after sampling. 
The sampling criteria is detailed in Sects. " Sampling of 
group S and M" and " Sampling of group I and O".

Sampling of group S and M
Lesional tissue from IUAs patient was collected during 
the proliferative phase (3–7  days after the menstrual 
period), without sexual intercourse and vaginitis. The 
sample was about 0.5 cm × 0.5 cm × 0.1 cm in size and 
being placed into pre-chilled RNase-free sterile cryo-
vials with screw caps, immediately frozen in liquid 
nitrogen for at least 15 min, then transferred to −80 °C 
freezer waiting for testing.

Sampling of group I and O
Given the absence of endometrial tissue beneath the JZ, 
the basal layer of the endometrium is directly adjacent 
to the myometrium, and there are no distinct histologi-
cal characteristics to distinguish the JZ from the outer 
myometrium under the microscope to date. In line with 
the research methods of Mehassed et al. [16], sampling 
was performed by fixing the middle part of the ante-
rior uterine wall. Firstly, the endometrium was gently 
scraped off. Then, the tissue 5–8  mm below the basal 
layer of the endometrium was identified as inner myo-
metrium, and the inner half of the inner myometrium 
was collected as Group I. Similarly, the outer one-third 
of the myometrium was identified as outer myome-
trium, and the outer half of the outer myometrium was 
selected as Group O, avoiding the influence of the tran-
sitional zone on the selection of the field of view. The 
preservation of sample was similar to Sect.  " Sampling 
of group S and M".

Histological staining
Hematoxylin and eosin (H&E) staining was used to 
observe tissue morphology. Masson’s trichrome staining 
was used to assess the fibrosis within groups. α-Smooth 
muscle actin (α-SMA) and H-caldesmon as markers for 
smooth muscle cells, were subjected to immunohisto-
chemistry (IHC) staining to preliminarily explore the 
relationship between IUAs and myometrium. For the 
results of Masson’s staining, five independent sections 
with a magnification of × 100 were randomly selected, 
and the fibrotic area was calculated using ImageJ soft-
ware. For the IHC staining results of α-SMA and H-calde-
smon, five independent sections with a magnification 
of × 100 were randomly selected, and the average optical 
density (AOD) was calculated with ImageJ software.
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Transcriptomics analysis
RNA sequencing
Firstly, using TRIzol Reagent extractED total RNA from 
samples. The concentration and purity of the extracted 
RNA were assessed with the Agilent 2100 Bioanalyzer 
and RNA-specific agarose gel electrophoresis. Next, 
PolyA-structured mRNA was enriched from the total 
RNA using oligo (dT) magnetic beads, RNA was frag-
mented by ionization to fragments of approximately 300 
base pairs (bp) in length, then cDNA was synthesized 
using RNA as a template. After the construction of the 
library, PCR amplification was used to enrich the library 
fragments, followed by selecting fragments with 450 bp. 
Then the quality and the total concentration and effective 
concentration of the library were measured by the Agi-
lent 2100 Bioanalyzer. After RNA extraction, purification, 
and library construction, the second-generation sequenc-
ing technology (NGS) was used to perform paired-end 
(PE) sequencing of these libraries, based on the Illumina 
sequencing platform.

Analysis of differentially expressed genes
First, check the correlation of gene expression levels 
between samples, represented by the Pearson correlation 
coefficient. Generally, a correlation coefficient between 
0.6 and 1 is considered strong. Principal component 
analysis (PCA) was performed on the samples based on 
expression levels, and differential gene expression analy-
sis was conducted using the R language DESeq pack-
age. The R language ggplot2 package was used to draw 
a volcano plot of differentially expressed genes (DEGs) 
to display the gene distribution, the fold change in gene 
expression, and the significance of the results. Based on 
the results of the differential analysis, the number of dif-
ferential genes between each comparison group was 
counted. The R language Pheatmap package was used for 
two-way hierarchical clustering analysis of the union of 
DEGs from all comparison groups, clustering based on 
the expression levels of the same gene in different sam-
ples and the expression patterns of different genes in the 
same sample, using the Euclidean method to calculate 
distances, and hierarchical clustering with the longest 
distance (Complete Linkage) for clustering.

Proteomics analysis
DIA proteomics analysis
Peptide sequences of tissues from each group were iden-
tified using liquid chromatography-tandem mass spec-
trometry (LC–MS/MS) to proteomics analysis. Some 
protein sample from each case was used to construct a 
Spectral Library. The consistency between samples was 
assessed by SDS-PAGE electrophoresis for each group. 
All samples were digested with Trypsin using the FASP 

method. Peptide concentration was determined by 
OD280 measurement, and fractions were collected using 
the HPRP method. 2  μg peptides mixed with appro-
priate iRT standard peptides were detected by DDA 
mass spectrometry. Chromatographic separation was 
performed using a nanoflow HPLC system nanoElute 
(Bruker Daltonics). Samples separated by liquid chroma-
tography were subjected to timsTOF Pro (Bruker) mass 
spectrometry. Maxquant software was used to process 
the acquired mass spectrometry data, with the database 
being the Mus musculus_uniprot downloaded database. 
Parameters were set as followed: enzyme was trypsin, 
max misse cleavage site was 2, fixed modification was 
Carbamidomethyl (C), and dynamic modifications were 
set to Oxidation (M) and Acetyl (Protein N-term), with 
protein identification from the database search using the 
filter parameters FDR < 1%. The original raw files and 
search results were imported into the Maxquant soft-
ware to build a Spectral Library. Each sample underwent 
DIA mass spectrometry detection, with chromatographic 
separation performed using a nanoflow HPLC system 
nanoElute, with the same liquid chromatography gradient 
and DDA test as before. Samples separated by nanoscale 
high-performance liquid chromatography were subjected 
to DIA mass spectrometry analysis using the timsTOF 
Pro mass spectrometer, with MS2 adopting the DIA data 
acquisition mode. Maxquant software was used for data 
processing, with the database being the same as that used 
for library construction.

Analysis of differentially expressed proteins
Firstly, using R language ggplots2 package drew a vol-
cano plot of differentially expressed proteins (DEPs) to 
display the protein distribution, the fold change in pro-
tein expression, and the significance of the results. Based 
on the results of the differential analysis, the number of 
DEPs within each comparison group was counted. The R 
language pheatmap package was used for two-way hier-
archical clustering analysis of the union of DEPs from all 
comparison groups, clustering based on the expression 
levels of the same protein in different samples and the 
expression patterns of different proteins in the same sam-
ple, using the Euclidean method to calculate distances, 
and hierarchical clustering with the longest distance 
(Complete Linkage) for clustering.

Correlation analysis of transcriptomics and proteomics
Integrate the overall data from transcriptomics and pro-
teomics for a correlation analysis to identify DEGs and 
DEPs and either upregulated or downregulated in both 
sequencings. By combining the sets of genes and proteins 
that upregulated or downregulated, the intersection of 
co-expressed genes and proteins can be determined and 
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presented using a Venn diagram. A correlation coefficient 
analysis was conducted to assess the relationship between 
the DEGs and DEPs. The DEGs and DEPs were then ana-
lyzed for Gene Ontology (GO) functional enrichment 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment. Utilizing the STRING database, the 
direct and indirect interactions between the DEGs and 
DEPs were explored to construct Protein–Protein Inter-
action Networks (PPI), with a focus on identifying pro-
teins that had a higher degree of connectivity.

Statistical analysis
GraphPad Prism 8.0 statistical analysis software was used 
to perform the statistical processing of the data. Continu-
ous variables that conform to the normal distribution 
were expressed as the mean ± standard deviation ( X±S), 
while non-normally distributed data were represented 
using the median (M(P25, P75)). In the analysis of sig-
nificant differences in gene and protein expression, the 
default method was combining the Student’s t-test with 
the fold change (FC, the ratio of the average expression 
of two groups) to identify significantly DEGs and DEPs ( 
p < 0.05, and FC > 2 or < 0.5). The GO and KEGG database 
analyses were based on the algorithm of Fisher’s exact 
test for functional and pathway enrichment analysis of 
the annotation results, p < 0.05 was considered significant 
enrichment, with a smaller value indicating more signifi-
cant enrichment.

Results
Basic clinical characteristics of patients
In this study, a total of 20 patients were included. The 
patients in Group J, Group I and Group O were same. 
The average age of Group B was 33.46 ± 3.62 years, Group 
J was 37 (33.5, 37) years. The average number of gravid-
ity in Group B was 3.23 ± 1.69, Group J was 3.43 ± 1.27. 
The average number of abortion in Group B was 2.00 
(1.00, 2.00), Group J was 1.14 ± 1.21. The comparison 
between Group B and Group J showed no significant dif-
ference in age, gravidity and abortion (P > 0.05) (Table 1). 
Group B was further diveded into Group S (5 cases) 
and Group M (8 cases). Group S had an average age of 
33.80 ± 1.92 years, average number of gravidity 3.00 ± 1.00 

and abortion 2.00 (1.00, 2.00). The comparison between 
Group S and Group J showed no significant difference in 
age, gravidity and abortion (P > 0.05) (Table 2). Group M 
had an average age of 33.25 ± 4.50  years, average num-
ber of gravidity 3.38 ± 2.07 and abortion 2.38 ± 1.51. The 
comparison between Group M and Group J also showed 
no significant difference in age, gravidity and abortion 
(P > 0.05) (Table 3).

Histologic features
H&E staining was used to observe the morphologi-
cal characteristics of tissues in each group.The uterine 
muscle cells in Group I and O were neatly arranged with 
dense intercellular structures (Fig.  1A). Group M and S 
showed sparsely arranged smooth muscle fibers, Group S 
displayed morphological characteristics of smooth mus-
cle tissue, while Group M showed little residual endo-
metrial tissue. Masson’s trichrome staining was used to 
observe the degree of fibrosis in each group. The blue 
staining corresponds to collagen fibers, and the areas of 
fibrosis in Group M and S were similar to that of Group 
I and significantly increased compared to Group O 
(Fig.  1A). Statistical analysis revealed that there was no 
statistically significant difference in fibrosis area between 
Group M and S compared to Group I (P > 0.05), but the 
fibrosis area in Group M and S was significantly higher 
than that in Group O, with a statistically significant dif-
ference (P < 0.05) (Fig.  1B). α-SMA and H-caldesmon 
are markers of smooth muscle tissue, brown cytoplasm 
indicates positive staining (Fig.  1A). Statistical analysis 
showed that the expression of α-SMA in Group M were 
significantly lower than in Group I and Group O, with a 

Table 1  Comparison of baseline clinical data between B and J 
group

B Group (n = 13) J Group (n = 7) t/Z P

X±S / M(P25, P75) X±S / M(P25, P75)

Age (years) 33.46 ± 3.62 37(33.5, 37) −1.517 0.129

Gravidity 3.23 ± 1.69 3.43 ± 1.27 −0.270 0.790

Abortion 2.00(1.00, 2.00) 1.14 ± 1.21 −1.440 0.150

Table 2  Comparison of baseline clinical data between S and J 
Group

S Group (n = 5) J Group (n = 7) t/Z P

X±S / M(P25, P75) X±S / M(P25, P75)

Age (years) 33.80 ± 1.92 37(33.5, 37) −1.320 0.187

Gravidity 3.00 ± 1.00 3.43 ± 1.27 −0.625 0.546

Abortion 2.00(1.00, 2.00) 1.14 ± 1.21 −0.769 0.442

Table 3  Comparison of baseline clinical data between M and J 
group

M Group (n = 8) J Group (n = 7) t/Z P

X±S / M(P25, P75) X±S / M(P25, P75)

Age (years) 33.25 ± 4.50 37(33.5, 37) −1.283 0.199

Gravidity 3.38 ± 2.07 3.43 ± 1.27 −0.059 0.954

Abortion 2.38 ± 1.51 1.14 ± 1.21 1.726 0.108
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Fig. 1  Morphological characteristics. A HE staining, Masson’s trichrome staining and immunohistochemical staining of α-SMA, and H-caldesmon 
in each group. Scale bar 100 μm. B Quantification of the fibrosis area percentage. C-D Quantification of expression of α-SMA and H-caldesmon. Data 
were shown as mean ± SD, n = 5, ns P > 0.05, ** P < 0.01, ***P < 0.001, **** P < 0.0001
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statistically significant difference (P < 0.05), while there 
was no statistically significant difference between Group 
S and both Group I and O (P > 0.05) (Fig.  1C). And the 
expression of H-caldesmon in both Groups M and S was 
not statistically significantly different with Group I and O 
(P > 0.05) (Fig. 1D).

Transcriptome results
DEGs in IUAs tissues
To understand the pathogenesis of IUAs and its relation-
ship with myometrium, we conducted transcriptome 
analysis on Groups B, S, M, J, I, and O. The correlation 
of gene expression levels between samples is an impor-
tant indicator to test the reliability of the experiment and 
the rationality of sample selection. The sample correla-
tion test results showed that the correlation coefficients 
within each sample of Group B vs. J (Fig.  2A), Group B 
vs. I vs. O (Fig. 2B) and Group S vs. M vs. I vs. O (Fig. 2C) 
were all beyond 0.65, indicating a strong correlation, 
which suggests good reliability of the test. Additionally, 
PCA analysis can cluster similar samples together, with 
closer distances indicating higher similarity among sam-
ples: Group B vs. J (Fig. 2D), Group B vs. I vs. O (Fig. 2E) 
and Group S vs. M vs. I vs. O (Fig. 2F).

DEGs were screened to investigate the potential func-
tions and targeted pathways related to myometrium 
and IUAs lesional tissue. Among all annotated genes, 
compared to Group J, Group B’s transcriptome analy-
sis identified a total of 3,619 DEGs, with 1,315 up-reg-
ulated genes and 2,304 down-regulated genes (Fig.  3A, 

3B). Compared to Group I, Group B identified a total 
of 2,948 DEGs, with 931 up-regulated genes and 2,017 
down-regulated genes (Fig. 3A, 3C). Compared to Group 
O, Group B identified a total of 4,010 DEGs, with 1,581 
up-regulated genes and 2,429 down-regulated genes 
(Fig. 3A, 3D). Compared to Group I, Group S identified 
a total of 2,771 DEGs, with 1,713 up-regulated genes and 
1,058 down-regulated genes (Fig. 3A, 3E). Compared to 
Group I, Group M identified a total of 2,791 DEGs, with 
1,894 up-regulated genes and 897 down-regulated genes 
(Fig. 3A, 3F).

Proteomics results
DEPs in IUAs tissues
DEPs were also screened to investigate the potential 
functions and targeted pathways related to myometrium 
and IUAs lesional tissue. Among all annotated proteins, 
compared to Group J, Group B’s proteomic analysis iden-
tified a total of 901 DEPs, with 126 up-regulated and 593 
down-regulated (Fig.  4A, 4B). Compared to Group I, 
Group B identified 795 DEPs, with 93 up-regulated and 
472 down-regulated (Fig.  4A, 4C). Compared to Group 
O, Group B identified 1216 DEPs, with 230 up-regulated 
and 682 down-regulated (Fig.  4A, 4D). Compared to 
Group I, Group S identified 902 DEPs, with 62 up-reg-
ulated and 398 down-regulated (Fig. 4A, 4E). Compared 
to Group I, Group M identified 942 DEPs, with 173 up-
regulated and 513 down-regulated (Fig. 4A, 4F).

Fig. 2  Analysis of gene expression in each group. A-C Sample correlation test. Group B vs. J (A), Group B vs. I vs. O (B) and Group S vs. M vs. I vs. O 
(C).The squares of different colors represent the high or low correlation between the groups. D-F PCA analysis. Group B vs. J (D), Group B vs. I vs. O 
(E) and Group S vs. M vs. I vs. O (F). Different shapes in the figure indicate different samples, and different colors indicate different groups
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Fig. 3  Analysis of DEGs. A Bar graph of the results of differential expression analysis. B-F Volcano plot of DEGs in the comparison groups of BvsJ (B), 
BvsI (C), BvsO (D), SvsI (E), and MvsI (F). The abscissa is log2FoldChange, and the ordinate is -log10 (p-value). Up-regulated genes are shown in red 
and down-regulated genes in blue

Fig. 4  Analysis of DEPs. A Bar graph of the results of differential expression analysis. B-F Volcano plot of DEPs in the five comparison groups of BvsJ 
(B), BvsI (C), BvsO (D), SvsI (E), and MvsI (F). The abscissa is log2FoldChange, and the ordinate is -log10 (p-value). Up-regulated genes are shown 
in red and down-regulated genes in blue
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Integrated analysis of transcriptomic and proteomic results
The integrated transcriptomic and proteomic analysis 
as depicted in the Venn diagrams (Fig. 5A, 5B). The cor-
relation analysis reveals distinct patterns of mRNA and 
protein regulation across various groups. Group J and B 
exhibited 4 up-regulated and 22 down-regulated mRNA 
or protein enriched into the same pathway. The number 
in Group I and B were respectively 3 up-regulated and 
20 down-regulated, in Group O and B were respectively 
4 up-regulated and 24 dow-nregulated, in Group I and 
S were respectively 13 up-regulated and 14 down-regu-
lated, and in Group I and M were respectively 41 up-reg-
ulated and 59 down-regulated (Fig. 5A, 5B). The heatmap 
of the correlation analysis revealed that the DEGs and 
DEPs identified exhibit a significant correlation, which 
were statistically significant (Fig. 5C).

GO enrichment analysis of DEGs and DEPs
The GO enrichment analysis showed the molecular func-
tion, biological processes and cellular components of 
DEGs and DEPs enriched into the same pathway in each 
comparison group (Fig.  5D). Compared to Group J, the 
DEGs and DEPs in Group B mainly enriched in regulating 
immune response, cell proliferation and differentiation,as 
well as integrin activation. For example, the molecular 
functions (MF) of DEGs and DEPs in Group B mainly 
enriched in microtubule motor activity, type I transform-
ing growth factor beta (TGF-β1) receptor binding, type II 
transforming growth factor beta receptor (TGF-β2) bind-
ing, plus-end-directed microtubule motor activity, pro-
tein transmembrane transporter activity, peptide antigen 
binding, microtubule binding, scaffold protein binding, 
hyaluronic acid binding, and tubulin binding. They were 
involved in biological processes (BP) such as positive 
regulation of interleukin-1 production, immunoglobulin 
production, immune response, epithelial cell prolifera-
tion involved in wound healing and stem cell differentia-
tion. They also regulated integrin activation, complement 
activation, immune system process, wound healing, stem 
cell division, spreading of epidermal cells and stem cell 
proliferation.These DEGs and DEPs were mainly located 
in cellular components (CC) such as extracellular exo-
some, extracellular region, collagen-containing extra-
cellular matrix (ECM), platelet alpha granule lumen, 
microtubule associated complex, spindle microtubule, 
and kinesin complex.

When control Group J was further divided into Group 
I and O, we found that the DEGs and DEPs in Group B 
also primarily enriched in immune response, cell pro-
liferation and differentiation,as well as integrin activa-
tion. As followed, compared to Group I, the MF of DEGs 
and DEPs in Group B were most similar to compared to 
Group J. It mainly enriched in TGF-β1 receptor binding, 

TGF-β2 receptor binding, plus-end-directed microtubule 
motor activity, MHC class I protein binding, and tubu-
lin binding. The BP involved except for that in compared 
with Group J, also included positive regulation of TGF-β 
receptor signalling pathway and morphogenesis of an 
epithelium. The location in CC of these DEGs and DEPs 
was same as comparison Group B and J. Compared to 
Group O, while the MF invovled was different, it mainly 
enriched in hyaluronic acid binding, mechanosensitive 
ion channel activity, protein transmembrane transporter 
activity, phosphoprotein binding, and scaffold protein 
binding. BP added hyaluronan metabolic process. CC 
involved was same.

Then, Group I served as the control group, Group B 
was further divided into Group S and Group M to detect 
the potential relationship between the severity of IUAs 
and myometrium. The results showed that the DEGs and 
DEPs in Group S primarily enriched in regulation of cell 
proliferation, differentiation, and migration, the coagula-
tion cascade system, immune response, and reorganiza-
tion of the actin filament cytoskeleton. For instance, the 
MF in Group S mainly enriched in actin filament bind-
ing, calcium ion binding, heparin binding, microtubule 
binding, myosin light chain binding, heparan sulfate 
proteoglycan binding, protein-containing complex bind-
ing, TGF-β binding, microfilament motor activity, struc-
tural constituent of muscle, and hyaluronic acid binding. 
The BP involved included blood coagulation, comple-
ment activation, actin filament organization, myoblast 
migration, muscle filament sliding, tissue remodelling, 
and production of molecular mediators involved in the 
inflammatory response, as well as positive regulation 
of T cell proliferation, endothelial cell proliferation, cell 
migration, and actin filament depolymerization. The 
location in CC contained extracellular exosome, extra-
cellular region, cortical actin cytoskeleton, platelet alpha 
granule lumen, collagen-containing ECM, protein-con-
taining complex, ECM, platelet dense granule lumen, 
muscle myosin complex, platelet alpha granule mem-
brane, myosin II complex, myosin filament, microtubule-
associated complex, spindle microtubule, sarcoplasmic 
reticulum, sarcomere, cell periphery, and microtubule. 
Additionally, in Group M,the enrichment pathway was 
related to the regulation of cell proliferation and migra-
tion, immune response, and reorganization of the actin 
filament cytoskeleton. The MF enriched in myosin heavy 
chain binding, MHC-II receptor activity, efflux trans-
membrane transporter activity, myosin light chain bind-
ing, Wnt-protein binding, Wnt receptor activity, filamin 
binding, structural constituent of muscle, ECM structural 
constituent conferring compression resistance, microfila-
ment motor activity, and GTP-dependent protein bind-
ing. The BP of them was involved in positive regulation 
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of epithelial cell proliferation involved in wound healing, 
actin filament depolymerization and CD4 + T cell-medi-
ated immunity, negative regulation of calcium ion trans-
port, as well as regulation of somatic stem cell division, 
myoblast migration, Wnt signalling pathway, planar cell 

polarity pathway, ryanodine-sensitive calcium-release 
channel activity, muscle filament sliding, T cell migra-
tion, and tissue remodelling. These DEGs and DEPs 
were primarily located in CC such as muscle myosin 
complex, junctional sarcoplasmic reticulum membrane, 

Fig. 5  Combined analysis of transcriptome and metabolome data. A Number of up-regulated DEGs and DEPs enriched into the same pathway. 
B Number of down-regulated DEGs and DEPs enriched into the same pathway. C Heatmap of correlation between DEGs and DEPs in each 
comparison group. D GO function enrichment analyses of DEGs and DEPs enriched into the same pathway in each comparison group. E KEGG 
pathway enrichment analysis of coexpression DEGs and DEPs in each comparison group. D and E showed the data with P < 0.05 and the top 50 
values of the rich-factor
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sarcoplasmic reticulum, myosin II complex, platelet 
alpha granule membrane, cell–cell contact zone, myo-
sin filament, cortical actin cytoskeleton, myofibril, stress 
fiber, and microtubule-associated complex.

KEGG enrichment analysis of DEGs and DEPs
The KEGG analysis showed the same enrichment 
pathway of the DEGs and DEPs in each comparison 
group(Fig.  5E). Compared to Group J, the DEGs and 
DEPs in Group B mainly enriched in the pathway of 
Complement and coagulation cascades, and Motor pro-
teins.The detailed DEGs or DEPs in Complement and 
coagulation cascades were as followed, Complement 
component C4A, C6, and Complement factor I (CFI) 
covalent binding to immunoglobulins and immune com-
plexes, playing a key role in regulating innate and adap-
tive immune responses. Alpha-1-antitrypsin irreversibly 
inhibited trypsin, chymotrypsin, and plasminogen acti-
vator to shorten the coagulation time. In addition, the 
Motor proteins were Kinesin-like protein KIF14, Chro-
mosome-associated kinesin KIF4A, mainly involved in 
regulating cell cycle progression and cell division to regu-
late cell growth.

Similarly, the control Group J was further divided into 
Group I and Group O in KEGG analysis. Compared to 
Group I, the DEGs and DEPs in Group B also enriched 
in the pathway of Complement and coagulation cascades, 
and Motor proteins. Apart from above genes or proteins, 
Tubulin beta-4B chain was also included, which primar-
ily involved in the composition of microtubules. While 
compared to Group O, the enrichment pathway were 
Complement and coagulation cascades and Estrogen sig-
nalling pathway. Among the DEGs and DEPs, Keratin, 
type I cytoskeletal 17, which involved in promoting the 
proliferation of epithelial cells deserved attention.

Next, Group I served as the control group, Group B 
was further divided into Group S and Group M. Com-
pared to Group I, the DEGs and DEPs in Group S mainly 
enriched in the pathway of Complement and coagulation 
cascades, and ECM-receptor interaction. The detailed 
DEGs or DEPs mainly included Complement compo-
nent C7, which involved in complement activation.
Vitamin K-dependent protein S and Heparin cofactor 2 
(HCII), which primarily involved in preventing coagu-
lation and stimulating fibrinolysis. Platelet glycopro-
tein 4 and Thrombospondin-4 (TSP-4) were involved in 
intercellular and cell–matrix interactions, including cell 
proliferation, migration, adhesion, and attachment. In 
Group M, the enrichment pathway was the most, besides 
of Complement and coagulation cascades, and ECM-
receptor interaction, there were also the Motor proteins, 
Cell adhesion molecule, and Leukocyte transendothelial 
migration. So apart from Complement component C7 

and TSP-4, the DEGs and DEPS also contained Integrin 
alpha-IIb,which triggered platelet/platelet interactions 
by binding to soluble fibrinogen, leading to rapid platelet 
aggregation. Bbasement membrane-specific heparan sul-
fate proteoglycan core protein, which served as an attach-
ment matrix for cells and is involved in angiogenesis. The 
Motor proteins contained Dynein axonemal heavy chain 
6 exerting force towards the minus end of microtubules., 
as well as Tubulin beta-3 chain (a major component of 
microtubules), Myosin-8, and Myosin regulatory light 
polypeptide 9 involved in muscle contraction.Moreo-
ver, Neuronal growth regulator 1 involved in cell adhe-
sion.HLA class II histocompatibility antigen, DQ alpha 1 
chain, and Integrin alpha-L involved in various immune 
response. Unconventional myosin-Ig detects rare anti-
gen-presenting cells by regulating T cell migration. Inte-
grin alpha-X (ITGAX) mediates intercellular interactions 
during inflammatory responses and regulates the adhe-
sion and chemotaxis of monocytes.

PPI network analysis
The DEPs identified through correlation analysis were 
visualized on a PPI network to analyze their interac-
tions and identify key proteins co-expressed in both 
transcriptomic and proteomic analysis. The key proteins 
for the five comparison groups were 16, 11, 15, 14, and 
100 respectively. For the B-J groups, 16 proteins cor-
responding to genes such as APOB, APOC1, AZGP1, 
C6, CFI, CIT, CP, HPX, ITIH2, KIF14, KIF4A, LRG1, 
ORM1, SERPINA1, SERPINA3, and ORM2 were found 
to be in central positions of the network (Fig. 6A). They 
primarily involved in complement activation, cell divi-
sion and proliferation, regulation of hyaluronic acid 
synthesis and degradation, immune system activity, 
coagulation cascade, and transport of blood proteins. 
For the B-I groups, C4A, CA2, CFI, CP, HPX, LRG1, 
ORM1, ORM2, PAEP, PIGR, and SLPI were in central 
positions of the network (Fig. 6B). They mainly involved 
in the activation of the classical complement pathway, 
regulation of immune system,and transport of blood 
proteins. In the B-O groups, ACAN, APOB, APOC1, 
AZGP1, C4A, CFI, CFP, CP, HPX, ITIH2, ORM1, 
ORM2, SERPINA1, SERPINA4, and SHBG were central 
in the network (Fig. 6C). Their functions were similar to 
B-J groups, added to regulation of plasma metabolism 
of steroid hormones. For the S-I groups, ALPL, CAPN6, 
CD36, DCX, ADH1B, C7, CLU, ITIH3, LYVE1, MGP, 
PON3, PROS1, THBS4, and TNFAIP8L3 were central in 
the network (Fig. 6D). They mainly involved in regulat-
ing microtubule dynamics and microtubule stabilization 
in cell skeleton organization, cell–cell and cell–matrix 
interactions, immune responses through the classi-
cal complement pathway, regulation of hyaluronic acid 
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positioning, synthesis and degradation, lipid metabo-
lism regulation, prevention of coagulation and stimula-
tion of fibrinolysis, mediating cell–cell and cell–matrix 
interactions. For the M-I groups, ALB, PTPRC, VTN, 
AGT, JUN, CD34, AMBP, C3, ESR1, HP, CXCL12, A2M, 
FLNA, ITGA2B, NCAM1, TIMP1, ITGA4, APCS, TTR, 
ITGAL, GJA1, CTSS, APOA2, HPX, ITGAX, TIMP3, 
CD48, PLEK, CD38, and BTK were the top 30 genes 
central in the network (Fig. 6E). They primarily involved 
in the classical and alternative complement pathways, 
regulating cell proliferation, differentiation, migration, 
adhesion and death, participating in steroid hormones 
and their receptors cell, promoting platelet aggrega-
tion, regulation of T-cell activation, and involvement in 
various immune phenomena, like leukocyte-endothe-
lial cell interactions, cytotoxic T-cell-mediated killing, 
antibody-dependent killing of granulocytes and mono-
cytes, leukocyte adhesion and transport. Integrating 
the results of transcriptomics and proteomics, and by 
searching for the functions of the corresponding genes 
or proteins in UniProt, we have identified the key genes 
or proteins and the pathways in each group comparison 
(Table 4).

Discussion
In patients with moderate to severe IUAs, the repair 
of the functional endometrium poses a major chal-
lenge. Elucidating the pathogenesis of IUAs is crucial 
for advancing targeted treatments.Some studies have 
shown that endometrial fibrosis is caused by endothe-
lial cells promoting the appearance of fibroblasts dur-
ing IUAs through the endometrial-to-mesenchymal 
transition [20]. Another research team reported that 
decreased CXCL5 expression in IUAs patients leads 
to the downregulation of MMP9, which plays a key 
role in the degradation of the ECM and fibrous tissue, 
and its low expression may lead to excessive deposi-
tion of the ECM, thereby promoting endometrial fibro-
sis and adhesion formation [21]. Additionally, a study 
revealed that IL-33 is involved in the pathogenesis 
of IUAs by stimulating the phosphorylation of c-Jun 
N-terminal kinase (JNK), extracellular signal-regulated 
kinase (ERK) and p38, which are components of the 
MAPK signalling pathway. Anti-IL-33 treatment can 
inhibit the activation/phosphorylation of JNK, ERK and 
p38, reduce the production of inflammatory factors, 
and promote the fertility of IUAs model mice, which 

Fig. 6  Mapping of protein partners for five comprsion groups, (A-D) The protein interaction map showed direct as well as predicted protein 
partners of DEPs in comparison groups of BvsJ, BvsI, BvsO and SvsI. E The protein interaction map showed direct as well as predicted protein 
partners of top 30 DEPs in comparison group of MvsI
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provides a new strategy for the prevention and clini-
cal treatment of IUAs [22]. The pathogenesis of IUAs is 
complex and diverse. In this study, through combined 
transcriptomic and proteomic analysis, we determined 
that the inhibition of mitosis in endometrial cells may 
be an important mechanism leading to the occurrence 
of IUAs. In addition, imbalances in the immune coagu-
lation cascade and extracellular matrix remodelling are 
related to the development of IUAs.

In this study, compared with Group I, Group B pre-
sented fewer DEGs and DEPs than compared with Group 
J. These findings support the notion that IUAs lesional 
tissue is more closely related to the inner myometrium 
than to the total myometrium. Immunohistochemical 
analysis revealed that both the IUAs lesional tissue and 
the uterine myometrium expressed smooth muscle cell 
markers. The histopathological staining results indicated 
that Groups M and S have fibrotic manifestations and 
histological characteristics of smooth muscle cells simi-
lar to those of Group I. There was no significant differ-
ence in the expression of α-SMA between Groups S and 
I. This finding was consistent with the findings of Li W. 
et al., who also reported no significant differences in tis-
sue morphology or α-SMA expression between the scar 
tissue of the IUAs and the normal uterine myometrium 
[9]. Therefore, the scar tissue of the IUAs may primarily 
originate from the myometrium rather than the endo-
metrium. This finding also explains our previous results 
that the CM-Dil-labelled HUCMSCs were predominantly 
distributed in the myometrial layer rather than the endo-
metrial epithelium after injection into rats for treatment 
of IUA. Therefore, we need to focus on scar tissue in the 
uterine myometrium in addition to promoting endome-
trial regeneration for IUAs.

CIT, KIF14, KIF4A, and TUBB3 were downregulated in 
Group B compared with Group J. Previous research has 
indicated that all four genes are involved in the process 
of cytokinesis. Cytokinesis is the physical division phase 

of cell division, and involves the replication and spatial 
separation of genetic material. In animal cells, cytoki-
nesis involves the formation of a complex microtubule 
structure known as the central spindle, which forms as 
chromosomes regress to interphase and recruits many 
proteins that are crucial for the process of mitosis [23]. 
The downstream protein of CIT is CITK, a serine/thre-
onine kinase of the AGC family, that plays a catalytic 
role in cytokinesis. CITK is localized and promotes the 
progression of the cleavage furrow, maintains the struc-
ture of the midbody, facilitates the successful abscission 
in the late stages of cytokinesis, and also has important 
functions in the early stages of mitosis and the control of 
DNA damage [24, 25]. KIF14 is a mitosis-related motor 
protein necessary for the proper positioning of the spin-
dle during mitosis. This molecule has an important role 
in cytokinesis, cell division, proliferation and apoptosis. 
During cytokinesis, KIF14 regulates cell cycle progres-
sion and cell division by interacting with PRC1 and CIT, 
thereby regulating cell growth [23]. KIF4A is a motor 
protein localized along the axis of the chromosomes 
functions in the central spindle during mitosis, and is 
essential for the correct segregation of chromosomes 
[26]. TUBB3 plays a key role in the stability of the mid-
body microtubules, and CITK controls the stability of the 
midbody microtubules during cell division by regulating 
the phosphorylation of TUBB3. These proteins are inter-
dependent during cytokinesis to achieve proper posi-
tioning and thus complete mitosis. Mitosis is key to the 
proliferation and repair of tissues or organs, and errors in 
the cell division process can lead to various human dis-
eases [27]. Research has shown that the knockout of the 
CIT gene leads to the accumulation of DNA damage in 
the dorsal and ventral oligodendrocyte progenitor cells 
of the mouse brain, resulting in the death of the dorsal 
cell subpopulation and senescence of the ventral cell 
subpopulation, resulting in delayed growth, a shortened 
lifespan, ataxia, and defects in neurogenesis [25, 28, 29]. 

Table 4  Identified key genes or proteins, and the enrichment pathways in each comparison groups

Genes or Proteins Pathway

B-J group KIF14, KIF4A, CIT, C4-A, C6, CFI,ORM1, ORM2,Alpha-1-antitrypsin, CP, 
HPX

Complement and coagulation cascades, Motor proteins

B-I group KIF14, Tubulin beta-4B chain, C4-A, CFI, ORM1, ORM2, PAEP, PIGR, 
SLPI, CP, HPX

Complement and coagulation cascades, Motor proteins

B-O group C4-A, CFI, CFP, ORM1, ORM2, CP, HPX, SERPINA1, ITIH2 Complement and coagulation cascades, Estrogen signaling pathway

S-I group C7, PROS1, Heparin cofactor 2, CLU, CD36, THBS4, ITIH2 Complement and coagulation cascades, Estrogen signaling pathway

M-I group HLA-DQA1, Unconventional myosin-Ig, ITGAL, ITGAX, PTPRC, CD48, 
CD38, BTK, CXCL12, C7, C3, HP, HPX, AMBP, PLEK, ITGA2B, ITGA4, 
and CD34, THBS4, Neuronal growth regulator 1, VTN, TIMP1, TIMP3, 
ESR1, Basement membrane-specific heparan sulfate proteoglycan 
core protein

ECM-receptor interaction, Cell adhesion molecules, Motor proteins, 
Complement and coagulation cascades, Leukocyte transendothelial 
migration



Page 14 of 17Xu et al. BMC Women’s Health          (2025) 25:170 

In humans, the downregulation of CIT mutations can 
lead to primary microcephaly [30]. CIT regulates the for-
mation of the actin-myosin ring in cardiomyocytes. CIT 
is expressed at low levels in normal adult hearts, and its 
overexpression promotes cardiomyocyte division, leading 
to myocardial hypertrophy [31]. It can be inferred that 
the inner myometrium plays an important role in regen-
eration of the endometrium. After endometrial injury, 
the low expression of KIF14 inhibits the function of CIT, 
affecting the positioning of the spindle during cell divi-
sion, thereby affecting the mitotic activity of endometrial 
cells, inhibiting the repair of the endometrium, and lead-
ing to the occurrence of IUAs.

The complement and coagulation cascade systems are 
key mediators of the inflammatory response following 
trauma, with trauma leading to the early activation of 
both the complement and coagulation cascades. These 
systems have been described as descendants of a com-
mon ancestral pathway, with both proteolytic cascades 
composed of serine proteases that share structural fea-
tures and activate a complex network of inflammation 
upon tissue injury. These reactions are protective in cases 
of mild to moderate tissue damage but can lead to tissue 
injury in cases of severe trauma [32].

Upon tissue damage, the complement system, which 
includes more than 50 proteins, is activated through the 
classical, lectin, and alternative pathways to combat path-
ogens and clear apoptotic cells [33]. Compared with those 
in normal uterine myometrium, the complement com-
ponents CFI, C3, C4A, C6, and C7 were downregulated 
in IUAs lesional tissue. CFI is essential for complement 
regulation [34]. CFI deficiency can result in vasculitis due 
to failed immune complex clearance, triggering inflam-
mation and neutrophil chemotaxis [35–37]. C3, which 
is central to innate immunity, may disrupt iron metabo-
lism and immune function when it is deficient [38]. C4, 
which is crucial for pathogen recognition, generates frag-
ments with anti-inflammatory effects. Its deficiency can 
impair complement activation and phagocytic cell func-
tion [39]. C4A downregulation may affect endothelial 
function [40]. C6, part of the membrane attack complex 
(MAC), contributes to cell lysis and immune clearance 
[41]. C7, which is part of the terminal complement com-
plex, may affect complement activation and interact with 
the coagulation system, contributing to tissue damage 
[42]. This finding offers theoretical evidence that stem 
cells may alleviate IUAs via immune modulation [43]. 
Thus, severe endometrial injury may trigger excessive 
complement system activation and component depletion. 
On the one hand, this effect may lead to impaired clear-
ance of immune complexes and their deposition at the 
site of trauma, causing the accumulation of inflammatory 
cytokines leading to the formation of adhesions, affecting 

the normal repair of the endometrium, and increasing 
the risk of infection. On the other hand, a deficiency in 
complement components may lead to vascular endothe-
lial dysfunction, reducing the blood supply and nutrient 
transport to the site of injury, thereby affecting the repair 
of the endometrium.

The activation of the coagulation cascade is a cru-
cial response to trauma, preventing bleeding. However, 
severe injury can lead to a deficiency in coagulation-
related substances [32]. In this study, the levels of the 
procoagulation substances clusterin (CLU), HCII, and 
vitamin K-dependent protein S were significantly lower 
in the S group than in Group I. CLU is involved in DNA 
repair, protein homeostasis, and cell survival signal-
ling, and is implicated in apoptosis, cell adhesion, tissue 
remodelling, and lipid transport [44]. CLU expression 
is negatively correlated with liver fibrosis and is down-
regulated in paediatric nonalcoholic fatty liver disease 
(NAFLD) patients compared with that in healthy chil-
dren [45, 46]. In biliary atresia (BA), post-Kasai por-
toenterostomy CLU levels are negatively correlated with 
liver damage and fibrosis [5]. CLU gene knockout mice 
show exacerbated liver fibrosis after carbon tetrachloride 
injection, whereas CLU overexpression ameliorates liver 
fibrosis, possibly by inhibiting hepatic stellate cell activa-
tion and Smad3 signalling [47]. CLU expression is weaker 
in fibrotic lung tissue than in normal tissue, and TGF-β1 
decreases CLU expression in fibroblasts, suggesting its 
role in limiting uncontrolled fibroblast proliferation [48]. 
Importantly, CLU is also expressed in normal endome-
trial tissue [49, 50]. Furthermore, HCII, a plasma pro-
tease inhibitor, has potential anti-liver fibrosis effects, 
with activity that is negatively correlated with liver fibro-
sis in NAFLD and T2DM patients [47]. In brief, it is 
hypothesized that endometrial injury and the downregu-
lation of procoagulant substances such as CLU and HCII 
may contribute to endometrial fibrosis in IUAs patients.

The ECM-receptor interaction can regulate cellular 
processes for repair after injury. In this study, KEGG 
analysis identified two key proteins in the ECM-recep-
tor interaction pathway. The first is TSP-4, which is 
downregulated in both Groups S and M, and is crucial 
for angiogenesis under stress [51, 52].The overexpres-
sion of this molecule in bone marrow mesenchymal 
stem cells promotes angiogenesis in ischaemia models 
[53]. Another protein is platelet glycoprotein 4, which is 
upregulated only in Group S, and is a receptor for TSP-1 
and TSP-2, which have contrasting effects on TSP-4 and 
are profibrotic [54–56]. In addition, since the ECM is 
composed of various collagen proteins, excessive depo-
sition of ECM might promote endometrial fibrosis and 
formation. In this study, compared with those in Group I, 
the upregulation of integrins (ITGAL, ITGAX, ITGA2B, 
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and ITGA4), as well as the downregulation of matrix 
metalloproteinases inhibitors (TIMP1 and TIMP3), was 
observed only in Group M and not in Group S. Integ-
rins activate matrix metalloproteinases (MMPs) through 
interactions with the ECM, subsequently participating in 
ECM degradation. Consistently, decreased TIMP1 and 
TIMP3 also promote ECM degradation [57]. This result 
is consistent with the findings of Zi-Ang Fang et. al. [21]. 
Thus, it is hypothesized that in mild to moderate endo-
metrial injury, decreased TSP-4 and increased integrins 
promote repair through angiogenesis and ECM break-
down. In severe injury, increased platelet glycoprotein 4 
and disrupted integrin signalling inhibit these processes, 
resulting in failed repair and adhesion.

Limitations and perspectives
This study has many limitations. First, the sample size was 
small because of the strict inclusion and exclusion criteria, 
as well as the limited study period. Second, the significant 
biomarkers and correlated signalling pathways were iden-
tified mainly through bioinformatic analyses, and they 
were not validated with other technologies to make the 
results more convincing. Additionally, the study lacked 
normal endometrial tissue as a control, which affected the 
exploration of the pathogenesis of IUAs to some extent. 
Therefore, in the future, we plan to expand the sample size 
and study duration, as well as add a normal endometrium 
as a control. For several key biomarkers, such as CIT and 
KIF14, in addition to tissue-level molecular experiments 
such as Western blot and qPCR, we plan to develop a 
uterine organoid gene knockdown model using viral 
transfection. This model will be transplanted into IUAs 
animal models to delve into the reparative mechanisms 
of uterine organoids. Finally, the identified genes will 
undergo gene editing in uterine organoids derived from 
patients, and these organoids will retransplanted into the 
patient’s uterine cavity, thereby achieving precise, individ-
ualized clinical treatment for IUAs.

Conclusions
In summary, through transcriptomic and proteomic 
technology, this study revealed the correlation of endo-
metrial injury with the myometrium. These findings 
preliminarily revealed that the myometrium possibly 
contributes to the aetiology and progression of IUA 
through dual mechanisms. On the one hand, the myo-
metrium inhibits endometrial regeneration by suppress-
ing the cell mitogenic pathway. On the other hand, it 
promotes fibrosis by activating the complement-coagula-
tion cascade system and inhibiting the ECM degradation 
pathway. These new findings increase our understanding 
of the pathogenesis of IUAs and potentially contribute to 
the application of precision clinical treatment for IUAs.
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