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Abstract
Background  Intrauterine adhesions (IUA) result from endometrial basal layer injury, leading to fibrous tissue 
formation and impaired fertility. Current treatments fail to fully reverse the fibrotic microenvironment. This study 
aimed to elucidate molecular mechanisms underlying IUA-associated fibrosis through integrated metabolomics and 
proteomics.

Methods  Fibrotic tissues from 35 moderate-to-severe IUA patients and normal endometrial samples from 20 controls 
were collected during hysteroscopy. Metabolomic profiling was performed using UPLC-MS, and proteomic analysis 
using label-free quantitative mass spectrometry. Differential metabolites (DEMs) and proteins (DEPs) were identified 
via OPLS-DA and statistical criteria (VIP > 1, P < 0.05 for DEMs; FDR-adjusted P < 0.05, FC ≥ 2 or ≤ 0.5 for DEPs). KEGG 
enrichment and integrated correlation analyses were conducted to explore pathway alterations and metabolite-
protein interactions.

Results  A total of 565 DEMs were identified, primarily lipids, organic acids, and organooxygen compounds. 
KEGG enrichment revealed significant alterations in carbohydrate and amino acid metabolism pathways, with 
downregulation of TCA cycle intermediates and upregulation of glucose-6-phosphate, arginine, and methionine 
sulfoxide. Proteomics identified 2763 DEPs, with up-regulated proteins enriched in focal adhesion and ECM-receptor 
interaction pathways, and down-regulated proteins in DNA replication and complement cascades. Integrative analysis 
showed that carbohydrate and amino acid metabolism-related DEMs correlated negatively with fibrosis-related 
DEPs (e.g., collagens, TGF-β-related proteins), while focal adhesion-related DEPs correlated positively with fibrosis 
markers. Notably, fumarate showed strong negative correlations with COL18A1 (r=-0.71) and positive correlation with 
E-cadherin (r = 0.61).

Conclusions  This multi-omics study reveals that metabolic reprogramming, particularly involving glycolysis and 
amino acid metabolism, is closely associated with activation of the integrin-focal adhesion signaling pathway in IUA 
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Introduction
Intrauterine Adhesions (IUA), also known as Asher-
man’s Syndrome, encompasses a range of fibrotic gyne-
cological conditions caused by injury to the endometrial 
basal layer [1]. Such injuries commonly result from 
pregnancy-related procedures like induced abortion or 
curettage, postpartum hemorrhage, or from non-gravid 
factors including intrauterine infection and endometrial 
tuberculosis [1, 2]. IUA is a significant cause of infertil-
ity and, even when pregnancy is achieved, carries sub-
stantial risks for serious obstetric complications such 
as missed abortion, placental adhesion, and placenta 
accreta, thereby posing a significant challenge to women’s 
reproductive health [3]. Epidemiological studies that the 
prevalence of IUA among individuals with impaired fer-
tility ranges from 2.8% to 45.5% [4]. The incidence of IUA 
is reported at 37.6% following post-abortion curettage 
and 40.0% after repeat curettage for incomplete abortion 
[5]. With the comprehensive implementation of China’s 
“three-child” policy, the demand for protecting the repro-
ductive health of women pursuing additional children 
has increased, making the elucidation of IUA pathogen-
esis and the development of effective therapeutic strate-
gies critically important.

Transcervical Resection of Adhesions (TCRA) is the 
established gold standard for treating IUA, designed to 
resect or separate intrauterine fibrous adhesions under 
direct vision to restore normal uterine anatomy and 
volume [6]. However, TCRA only addresses anatomi-
cal obstruction without fundamentally reversing the 
underlying profibrotic microenvironment and the asso-
ciated failure of endometrial regeneration in the dam-
aged area [7]. This leads to high postoperative recurrence 
rates, reported as > 1/3 for mild-to-moderate IUA and 
exceeding 2/3 for severe cases [8]. To address this chal-
lenge, various adjuvant therapies have emerged, includ-
ing physical barriers (e.g., Foley balloon catheter [9], 
intrauterine device [10], sodium hyaluronate gel [11]), 
biomaterials (e.g., fresh amniotic membrane grafts [12]), 
hormonal support (estrogen-progesterone sequential 
therapy [13]), and even advanced regenerative medicine 
approaches (e.g., stem cell transplantation [14]). While 
these methods demonstrate some efficacy in prevent-
ing short-term re-adhesion and partially encouraging 
endometrial coverage, they largely constitute passive or 
supportive measures that do not directly target the core 
molecular drivers of fibrosis, leading to limited and often 
unpredictable outcomes. This highlights the urgent need 

to understand IUA pathogenesis at its molecular and cel-
lular origins.

Recent metabolomic studies have sought to identify 
mechanisms and therapeutic targets for IUA. Liu et al. 
pioneered the use of untargeted metabolomics compar-
ing endometrial tissue from IUA patients and healthy 
women, identifying significant alterations in metabolites 
including diacylcarnitine, flusilazole, and lysyl-hydroxy-
proline [15]. Furthermore, a GC-TOF-MS-based serum 
metabolomics study found that Prunella vulgaris oil 
(PVO) significantly ameliorated intrauterine inflamma-
tion and fibrosis in a rat IUA model, primarily by modu-
lating amino acid and derivative metabolism to rebalance 
related pathologies and control energy metabolism [16]. 
Concurrently, Halofuginone, an inhibitor of prolyl-tRNA 
synthetase, has demonstrated significant efficacy in mul-
tiple organ fibrosis models by specifically interfering with 
TGF-β/Smad pathway activation [17]. These findings 
strongly suggest that IUA progression involves profound 
metabolic reprogramming, intricately linked with protein 
signaling networks.

This study aims to systematically analyze clinically col-
lected endometrial tissues from IUA patients and con-
trols using label-free quantitative proteomics combined 
with UPLC-MS metabolomics. We will comprehensively 
identify differentially expressed proteins (DEPs) and dif-
ferentially expressed metabolites (DEMs) in IUA endo-
metrium. Integrated correlation analysis of the proteomic 
and metabolomic datasets will be performed to construct 
a protein-metabolite interaction network, thereby reveal-
ing significantly altered biological processes and path-
ways at both the protein and metabolite levels in IUA.

Method
Study subjects
The study protocol was developed and implemented with 
the support of the Third Xiangya Hospital of Central 
South University., while sample collection was addition-
ally supported by the hospital’s Department of Gynecol-
ogy. From January 2022 to October 2023, a total of 55 
intraoperative fibrotic tissue and normal endometrial 
samples were collected from IUA and non-IUA patients. 
The study protocol was approved by the Ethics Commit-
tee of the Third Xiangya Hospital of Central South Uni-
versity (Approval No. Kua 24558).

Inclusion criteria for the IUA group were: (1) diag-
nosed with moderate-to-severe IUA (American Fer-
tility Society score (AFS) ≥ 5); (2) age 20–45 years; (3) 
presented with reduced menstrual volume and had 

fibrosis. These findings provide new insights into potential therapeutic targets for endometrial repair and fertility 
preservation.
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fertility requirements; (4) samples collected during the 
early proliferative phase (3–7 days after menstruation) 
whenever identifiable menstrual cycles permitted. For 
patients with irregular cycles, phase was estimated based 
on menstrual history and confirmed by endometrial 
dating when feasible. Inclusion criteria for the Control 
group were: patients aged 20–45 years (with tubal fac-
tor infertility or uterine cesarean scar diverticulum) who 
underwent hysteroscopy or combined hysteroscopy-lap-
aroscopy during the same period (3–7 days after men-
struation) and were pathologically confirmed to have no 
endometrial lesions.

Exclusion criteria for both groups were: (1) cervical or 
endometrial pathologies; (2) congenital uterine malfor-
mations; (3) pelvic tuberculosis; (4) co-existing uterine 
fibroids, adenomyosis, or endometrial polyps; (5) endo-
crine abnormalities; (6) severe systemic diseases.

All 55 tissue samples collected (35 from the IUA group 
and 20 from the control group) were subjected to both 
metabolomics and proteomics analyses. Immediately 
after hysteroscopic collection, each tissue specimen was 
divided into two aliquots under sterile conditions: one 
aliquot was promptly processed for metabolomic extrac-
tion to minimize metabolite degradation, and the other 
was snap-frozen in liquid nitrogen and stored at − 80 °C 
until proteomic analysis. Thus, identical tissue samples 
from each participant were used across both omics’ plat-
forms, ensuring direct comparability between the metab-
olomic and proteomic datasets.

Tissue sample collection and processing
During hysteroscopy, fibrotic tissue samples were selec-
tively obtained from the central core of the intrauterine 
adhesions under direct visualization, carefully avoiding 
the marginal transitional zones to ensure predominant 
representation of the fibrotic core. For the control group, 
normal endometrial tissue was collected from a standard-
ized location on the posterior wall of the uterine corpus, 
approximately 1–2 cm above the internal os, during the 
proliferative phase (days 7–10 of the menstrual cycle). 
Immediately after collection, each tissue specimen was 
divided into two equal aliquots under sterile conditions. 
One aliquot was promptly transferred to pre-cooled 
extraction solvent for metabolomic analysis to minimize 
metabolite degradation. The other aliquot was snap-fro-
zen in liquid nitrogen within 2 min and stored at − 80 °C 
until proteomic analysis. Importantly, both aliquots origi-
nated from the exact same tissue fragment obtained from 
each participant, ensuring direct comparability between 
the metabolomic and proteomic datasets.

Metabolomics analysis
Tissue samples were precisely weighed, and 
metabolites were extracted with a pre-cooled 

methanol-acetonitrile-water solution (2:2:1, v/v). The 
samples were then vortex-mixed, sonicated in an ice 
bath, incubated at -20 °C, and centrifuged at high speed, 
after which the supernatant was collected and vacuum-
dried before instrumental analysis. To monitor analyti-
cal stability and reproducibility, a quality control sample 
was prepared by combining equal aliquots from all test 
samples.

Chromatographic separation was performed on an 
ACQUITY UPLC® HSS T3 column using 0.1% formic 
acid in water (A) and 100% acetonitrile (B) as mobile 
phases under a gradient elution program at a total flow 
rate of 0.3 mL/min. Mass spectrometric detection was 
conducted on a Q-Exactive Plus mass spectrometer 
equipped with an electrospray ionization source, acquir-
ing data in both positive and negative ion modes. The full 
scan resolution was set to 70,000, covering a mass range 
of m/z 70-1050.

Raw data were processed using R software (version 
4.0.3). Data were first Pareto-scaled, followed by Princi-
pal Component Analysis to observe overall distribution. 
Orthogonal Partial Least Squares-Discriminant Analy-
sis was employed to maximize group separation. Model 
reliability and predictive ability were assessed via a 200-
time permutation test to prevent overfitting. Differential 
metabolites were screened based on a variable impor-
tance in projection value > 1.0 in the OPLS-DA model 
and a P-value < 0.05 from a two-tailed Student’s t-test. 
Significantly altered pathways were identified using the 
Kyoto Encyclopedia of Genes and Genomes database via 
Fisher’s exact test, with P < 0.05 considered statistically 
significant.

Proteomics analysis
Tissue samples were ground in liquid nitrogen, and total 
protein was extracted using SDT lysis buffer and quanti-
fied via the BCA assay. After reduction with dithiothreitol 
and alkylation with iodoacetamide, equal protein aliquots 
were digested with trypsin using the Filter-Aided Sample 
Preparation method on 10 kD ultrafiltration devices for 
16–18 h. The resulting peptides were desalted using C18 
Cartridges, lyophilized, reconstituted in 0.1% formic acid, 
and quantified.

Peptide separation was performed using a nano-liq-
uid chromatography system with a linear gradient elu-
tion over 80  min, employing 0.1% formic acid in water 
and 80% acetonitrile containing 0.1% formic acid as 
mobile phases. The separated peptides were analyzed 
using an Orbitrap Astral mass spectrometer operating 
in data-independent acquisition mode. Full MS resolu-
tion was set to 240,000 and MS/MS resolution to 80,000. 
The acquired DIA data were processed and quantified 
using DIA-NN software against the UniProt human 
proteome database (downloaded July 2023, containing 
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207,981 entries) for protein identification and relative 
quantification.

Statistical analysis
For baseline clinical data, continuous variables conform-
ing to a normal distribution were compared using the 
t-test and are presented as mean ± standard deviation; 
categorical data were analyzed using the Chi-square 
test. All statistical analyses were performed using SPSS 
26.0 software, with P < 0.05 considered statistically sig-
nificant. In omics data analysis, in addition to the specific 
multivariate statistical methods mentioned above, dif-
ferential proteins were screened using a combination of 
fold change (FC) analysis and statistical testing. Specifi-
cally, proteins with FC ≥ 2.0 or ≤ 0.5 and a false discovery 
rate (FDR)-adjusted P-value < 0.05 (calculated using the 
Benjamini-Hochberg method) were considered signifi-
cantly differentially expressed. For metabolomics data, 
differential metabolites were initially identified based 
on VIP > 1 and Student’s t-test P < 0.05. For the subse-
quent integrated correlation analysis between DEMs and 
DEPs, Pearson correlation P-values were adjusted using 
the Benjamini-Hochberg method to control for multiple 
testing. Adjusted P < 0.05 was considered statistically sig-
nificant in the correlation analysis. Pearson correlation 
analysis between significantly differential metabolites 
and proteins was performed using the psych package in 
R (version 4.3.3), with P-values adjusted using the Ben-
jamini-Hochberg method. Results were visualized using 
the corrplot package.

Result
Characteristics of the study subjects
The IUA group consisted of 35 participants, with a mean 
(± SD) age of 32.72 ± 4.41 years, a BMI of 22.20 ± 3.53 kg/
m², and an IUA AFS score of 9.92 ± 1.57. The con-
trol group comprised 20 participants, with a mean age 
of 30.90 ± 4.11 years and a BMI of 21.76 ± 3.45  kg/m². 
No statistically significant differences were observed 
between the two groups in terms of age, parity, height, 
weight, or BMI (P > 0.05). However, the IUA group had 
significantly higher gravidity (3.31 ± 1.55 vs. 1.55 ± 1.36, 
P < 0.05) and a greater number of prior intrauterine pro-
cedures (2.47 ± 1.25 vs. 0.40 ± 0.60, P < 0.05) compared to 
the control group (Table 1).

Screening of DEMs
An OPLS-DA model was constructed to explore metab-
olite expression differences between the IUA and con-
trol groups. The score plot showed clear separation 
between the two groups (Fig. 1A). Permutation tests con-
firmed model validity (positive ion mode: RY2 = 0.906, 
Q2 = 0.604; negative ion mode: RY2 = 0.997, Q2 = 0.667)
(Fig. 1B). Using VIP > 1 and P < 0.05 as criteria, a total of 
565 DEMs were identified, including 345 in positive ion 
mode and 220 in negative ion mode. Among these, 212 
DEMs were up-regulated and 353 were down-regulated 
in the IUA group (Fig.  1C). The DEMs were predomi-
nantly lipids and lipid-like molecules, followed by organic 
acids and derivatives, and organooxygen compounds 
(Fig. 1D).

KEGG pathway enrichment analysis of DEMs
KEGG pathway enrichment analysis revealed that the 
DEMs were primarily enriched in pathways related to 
carbohydrate metabolism and amino acid metabolism 
(Fig. 2A and B). Given this enrichment, we further inves-
tigated the DEMs associated with these metabolic pro-
cesses. The analysis revealed an overall down-regulation 
trend for carbohydrate metabolism-related DEMs in 
the IUA group (Fig.  2C). Similarly, amino acid metabo-
lism-related DEMs were mostly down-regulated in the 
IUA group (Fig.  2D). In contrast, specific amino acids 
and derivatives, including arginine, lysine, tyrosine, and 
methionine sulfoxide, were significantly up-regulated.

Proteomics multivariate statistical analysis and screening 
of DEPs
An OPLS-DA model was employed to construct a rela-
tionship model between protein expression and sample 
categories and to predict sample classification. The model 
results showed tight clustering of samples within groups 
and clear separation between groups, verifying the mod-
el’s reliability (Fig. 3A). A permutation test (RY2 = 0.991, 
Q2 = 0.921) indicated good model fit and predictive abil-
ity (Fig. 3B).

For identifying significant DEPs, a student’s t-test 
combined with FC analysis was used, followed by FDR 
correction using the Benjamini-Hochberg method. Pro-
teins with an FDR-adjusted P-value < 0.05 and FC ≥ 2.0 
or ≤ 0.5 were considered statistically significant. Using 
these stringent criteria, a total of 2763 DEPs were iden-
tified between the IUA and control groups, of which 
801 were up-regulated and 1962 were down-regulated 

Table 1  Characteristics of the study subjects
Age Gravidity Parity Procedures Counts Height (m) Weight (kg) BMI AFS score

IUA group 32.72 ± 4.41 3.31 ± 1.55 0.86 ± 0.87 2.47 ± 1.25 1.58 ± 0.06 55.61 ± 9.66 22.20 ± 3.53 9.92 ± 1.57

Control group 30.90 ± 4.11 1.55 ± 1.36 1.00 ± 0.92 0.40 ± 0.60 1.59 ± 0.05 55.10 ± 7.92 21.76 ± 3.45 /

P-value 0.90 <0.05 0.56 <0.05 0.72 0.677 0.78 /
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in the IUA group. A volcano plot visually displays these 
DEPs between the two groups (Fig. 3C). A volcano plot 
visually displays these DEPs between the two groups 
(Fig.  3C). To compare fibrotic expression differences, a 
subset of fibrosis-related proteins was selected from the 
DEPs, including collagens (COL5A1, COL4A5, COL4A6, 
COL18A1, COL4A1, COL1A1, COL4A2, COL1A2, 
COL5A2), TGF-β-related proteins (TGF-βig-h3, TGF-β1, 
TGF-β1|1), matrix metalloproteinases (MMP2, MMP19), 
laminins (LAMC1, LAMA2, LAMB2, LAMA4, LAMA3), 
and E-cadherin (CDH1). The results showed an over-
all up-regulation of these fibrosis-related DEPs in the 
IUA group and down-regulation in the control group 
(Fig. 3D).

KEGG pathway enrichment analysis of DEPs
GO enrichment analysis showed that DEPs were signifi-
cantly enriched in Biological Processes related to cellular 
component organization, cytoskeleton organization, and 
cell adhesion; in Cellular Components including extracel-
lular matrix and collagen-containing extracellular matrix; 

and in Molecular Functions including structural mol-
ecule activity and cytoskeletal protein binding (Fig.  4A 
and C). KEGG pathway enrichment results indicated 
that up-regulated DEPs were primarily enriched in Focal 
adhesion, ECM-receptor interaction, Dilated cardiomy-
opathy, Hypertrophic cardiomyopathy, and Arrhyth-
mogenic right ventricular cardiomyopathy pathways. 
Down-regulated DEPs were mainly enriched in DNA 
replication, Complement and coagulation cascades, Cell 
cycle, and other glycosylation-related pathways (Fig. 4D). 
Proteins involved in focal adhesion including focal adhe-
sion complex proteins (TLN1, TLN2, PTK2, VCL, PXN) 
and integrins (ITGB1, ITGA1, ITGB6, ITGA5, ITGA3, 
ITGA7, ITGA11, ITGA9, ITGA8, ITGB4, ITGB1BP2, 
etc.), were predominantly up-regulated in the IUA group 
(Fig. 4E).

Relationship between Glucose/Amino Acid Metabolism 
and IUA Fibrosis
Pearson correlation analysis was performed to exam-
ine the relationship between metabolism-related DEMs 

Fig. 1  Identification of differentially expressed metabolites (DEMs) in IUA vs. control groups. A OPLS-DA score plot showing separation between IUA (red) 
and control (blue) groups. B Permutation test (200 iterations) confirming model validity (positive mode: R²Y = 0.906, Q²=0.604; negative mode: R²Y = 0.997, 
Q²=0.667). C Volcano plot of DEMs. Red: up-regulated (n = 212); blue: down-regulated (n = 353); gray: not significant. D Classification of identified DEMs 
by chemical category
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and fibrosis-related DEPs. The results showed an overall 
negative correlation between carbohydrate and amino 
acid metabolism-related DEMs and fibrosis-related DEPs 
(Fig.  5A and B). Analysis of carbohydrate metabolism-
related DEMs versus fibrosis-related DEPs showed that 
TCA cycle intermediates, such as fumarate, correlated 
negatively with fibrillar collagens (COL5A1, COL4A5, 
COL4A6, COL18A1, COL4A1, COL1A1, COL4A2, 
COL1A2, COL5A2), TGF-β-related DEPs, matrix metal-
loproteinases (MMP2, MMP19), and laminins (LAMA2, 
LAMB2, LAMA4, LAMA3), but positively with CDH1. 
Notably, fumarate showed a strong negative correlation 
with COL18A1 (r = -0.70701) and a strong positive corre-
lation with E-cadherin (CDH1; r = 0.606022). Conversely, 
glucose-6-phosphate showed positive correlations with 
the fibrillar collagens, TGF-β-related DEPs, and matrix 
metalloproteinases, and a negative correlation with 
CDH1, although these correlations were relatively weak.

Relationship between focal adhesion signaling pathway 
and glucose/amino acid metabolism
Correlation analysis revealed an overall positive cor-
relation between focal adhesion-related DEPs and 
fibrosis-related DEPs (Fig.  5C). For instance, Vincu-
lin (VCL) correlated positively with fibrillar collagens 
(COL5A1, COL4A5, COL4A6, COL18A1, COL4A1, 

COL1A1, COL4A2, COL1A2, COL5A2), TGF-β-related 
DEPs, matrix metalloproteinases (MMP2, MMP19), 
and laminins (LAMA2, LAMB2, LAMA4, LAMA3), 
but negatively with CDH1. VCL showed a strong posi-
tive correlation with LAMC1 (r = 0.854745) and a mod-
erate negative correlation with E-cadherin (CDH1; r = 
-0.59963).

Further analysis showed that the majority of glucose 
and amino acid metabolism-related DEMs correlated 
negatively with focal adhesion-related DEPs (Fig. 5D and 
E). Notably, fumarate correlated negatively with VCL (r 
= -0.65), putrescine correlated negatively with VCL (r = 
-0.66), while arginine showed a weak positive correlation 
with VCL (r = 0.36).

Discussion
IUA, which cause infertility, missed abortion, and 
other adverse pregnancy outcomes, represent a signifi-
cant challenge in the field of female fertility preserva-
tion. Although clinical strategies such as hysteroscopic 
adhesiolysis, physical barrier isolation, and sequential 
estrogen-progesterone therapy have partially controlled 
adhesion recurrence and promoted endometrial repair, 
the long-term prognosis of IUA remains unsatisfactory. 
The fundamental reason lies in the incomplete under-
standing of the molecular mechanisms driving fibrosis. 

Fig. 2  KEGG pathway enrichment and expression patterns of metabolism-related DEMs. A Level 1 and (B) Level 2 KEGG pathway classifications of DEMs. 
Heatmaps showing expression levels of (C) carbohydrate metabolism-related and (D) amino acid metabolism-related DEMs in IUA vs. control groups. 
Color scale represents normalized abundance
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Recent evidence indicates metabolic reprogramming par-
ticipates broadly in diverse tissue fibrotic processes [18], 
offering a new perspective for addressing IUA. This study 
integrated metabolomics and proteomics analyses to sys-
tematically investigate the associations between meta-
bolic alterations, focal adhesion signaling, and fibrosis in 
IUA, providing a foundation for hypothesis generation 
regarding potential mechanistic interactions.

Metabolomics results indicated significant amino 
acid metabolic disturbances in IUA patients. This study 
found a significant upregulation of methionine sulfoxide 
in the IUA group, alongside downregulated expression 
of ornithine and its metabolite glutamine. Studies have 
shown that methionine can be oxidized by reactive oxy-
gen species to form methionine sulfoxide [18], while the 
ornithine cycle participates in ammonia clearance and 
can contribute to antioxidant defense through the gen-
eration of glutamine [19]. These findings imply localized 
oxidative stress and reduced antioxidant capacity in the 
endometrial cells of IUA patients, potentially aggravating 

endometrial injury and fibrosis. Concurrently, this study 
observed a significant upregulation of arginine and a 
significant downregulation of one of its metabolites, 
spermidine, in the IUA group. Although arginine supple-
mentation has been shown to improve thin endometrium 
[20], it plays a dual role in the context of fibrosis: arginine 
is converted to proline and hydroxyproline, directly sup-
porting collagen synthesis and stabilization [21]; while 
a decline in its metabolite spermidine may compromise 
autophagy induction, favoring abnormal extracellular 
matrix deposition [22]. Li et al. demonstrated that lung 
fibroblast proliferation was significantly suppressed 
under arginine-free culture, indicating that arginine is 
associated with fibroblast activation in vitro [23].

Simultaneously, the glucose metabolic pathway in IUA 
exhibited significant alterations, characterized by upreg-
ulated glucose-6-phosphate expression and significant 
decreases in key TCA cycle intermediates such as succi-
nate, fumarate, and citrate. These changes are consistent 
with a shift in cellular energy metabolism from oxidative 

Fig. 3  Identification of differentially expressed proteins (DEPs) in IUA vs. control groups. A OPLS-DA score plot and (B) permutation test (R²Y = 0.991, 
Q²=0.921) confirming model validity. C Volcano plot of DEPs. Red: up-regulated (n = 801); blue: down-regulated (n = 1962); gray: not significant. D Expres-
sion levels of selected fibrosis-related DEPs in IUA vs. control groups
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Fig. 5  Correlation heatmaps between metabolites and proteins (A) Glucose metabolism-related DEMs vs. fibrosis-related DEPs. B Amino acid metabo-
lism-related DEMs vs. fibrosis-related DEPs. C Focal adhesion-related DEPs vs. fibrosis-related DEPs. D Focal adhesion-related DEPs vs. glucose metabolism-
related DEMs. E Focal adhesion-related DEPs vs. amino acid metabolism-related DEMs. Red: positive correlation; blue: negative correlation. Asterisks 
indicate correlation significance (*P < 0.05, **P < 0.01, ***P < 0.001)

 

Fig. 4  GO and KEGG enrichment analysis of DEPs. GO enrichment in (A) Biological Process, B Cellular Component, and (C) Molecular Function. Dot size 
represents gene count; color indicates P-value. D Butterfly plot of KEGG pathways enriched by up-regulated (red) and down-regulated (blue) DEPs. E 
Expression levels of focal adhesion-related DEPs in IUA vs. control groups
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phosphorylation towards glycolysis, a pattern observed 
in various fibrotic diseases. This phenomenon aligns 
with the “Warburg effect” observed in various fibrotic 
diseases. For instance, ceria nanoparticles can allevi-
ate fibrosis by inhibiting the key glycolytic enzyme HK2 
[24]; while in myocardial fibrosis, inhibiting PFKFB3-
mediated glycolysis effectively blocks Endothelial-Mes-
enchymal Transition (EndMT) and collagen deposition 
[25]. Although this study did not detect lactate, previ-
ous reports note that lactate enhances collagen stability 
and activates TGF-β1 signaling to promote fibroblast-
to-myofibroblast transition, thus playing an important 
role in fibrosis [26]. Interestingly, although lipids and 
lipid-like molecules constituted the largest chemical 
category of DEMs, KEGG pathway enrichment analysis 
revealed that these lipid metabolites were predominantly 
enriched in pathways related to carbohydrate metabo-
lism and amino acid metabolism, rather than in classical 
lipid metabolism pathways such as glycerophospholipid 
metabolism or fatty acid degradation. This pattern sug-
gests that lipid alterations in IUA may primarily reflect 
their roles as signaling molecules or metabolic intermedi-
ates interfacing with central carbon and nitrogen metab-
olism, rather than representing primary disturbances in 
lipid biosynthetic or degradative pathways. For instance, 
glycerophospholipids can generate diacylglycerol and 
phosphatidic acid, which modulate insulin signaling and 
glucose uptake; sphingolipids such as ceramide influence 
glycolysis and insulin resistance; and fatty acid oxidation 
directly supplies acetyl-CoA to the TCA cycle. Therefore, 
while lipid molecules are numerically abundant among 
DEMs, their functional impact in IUA pathogenesis may 
be mediated through interactions with carbohydrate and 
amino acid metabolic networks.

Furthermore, proteomics analysis identified 2763 
DEPs, with 801 upregulated and 1962 downregulated. 
Bifunctional enrichment analysis revealed that these pro-
teins are primarily involved in processes such as extracel-
lular matrix organization, cell adhesion, and cytoskeleton 
organization. KEGG pathway analysis further indicated 
significant activation of the Focal adhesion pathway in 
IUA, with increased expression of integrin family mem-
bers (e.g., ITGB1, ITGA5, ITGA11) and focal adhesion-
related molecules (e.g., FAK, Paxillin, Vinculin). Focal 
adhesions, as key hubs for cells to perceive mechanical 
and chemical signals from the microenvironment, par-
ticipate in fibrosis regulation through multiple pathways. 
Yang et al. reported that nintedanib alleviates pulmonary 
fibrosis by inhibiting the FAK/ERK/S100A4 pathway 
[27]; Chen et al. further demonstrated that inhibiting the 
NLRP3 inflammasome reduces epithelial-mesenchymal 
transition (EMT) by downregulating FAK, thereby miti-
gating pulmonary fibrosis [28]. Additionally, Zyxin, a 
focal adhesion component, can promote skin fibrosis via 

integrin-mediated FAK/PI3K/AKT and TGF-β signal-
ing pathways [29]. These results collectively suggest that 
focal adhesions have been implicated in various fibrotic 
diseases based on prior functional studies, although 
their role in gynecological conditions, particularly IUA, 
remains understudied. Takashi Nagai et al. found that 
both FAK and MCP-1 expression were upregulated in 
fibrotic tissues of endometriosis, and inhibiting FAK 
reduced TGF-β1 and inflammatory cytokine expression, 
alleviating fibrosis [30], suggesting FAK exerts regulatory 
functions in uterine-related fibrosis.

Integrated metabolite-protein analysis revealed that 
glucose and amino acid metabolism-related DEMs gen-
erally correlated negatively with fibrosis-related DEPs, 
whereas focal adhesion-related DEPs correlated positively 
with fibrosis DEPs. Most importantly, glucose and amino 
acid metabolism-related DEMs also showed significant 
negative correlations with focal adhesion-related DEPs, 
suggesting potential functional interaction between 
metabolic reprogramming and focal adhesion signal-
ing in IUA fibrosis. Studies have shown [31] that specific 
amino acids (e.g., tyrosine, phenylalanine, methionine) 
can inhibit integrin expression and FAK phosphorylation, 
affecting tumor cell attachment and spreading; whereas 
in hepatic stellate cells, integrins regulate their activation 
and fibrosis formation via the Hippo pathway [32]. These 
results support the notion that metabolite changes can 
directly influence focal adhesion function, thereby regu-
lating cell phenotype. Downstream of focal adhesions, 
the PI3K-AKT signaling pathway was also significantly 
activated in IUA tissues. This pathway, a key regulatory 
axis in fibrosis formation, participates in various bio-
logical processes including metabolism, autophagy, and 
EMT. Hu et al. showed that lipopolysaccharide promotes 
glycolysis in lung fibroblasts by activating the PI3K-AKT-
mTOR/PFKFB3 pathway, thereby exacerbating pulmo-
nary fibrosis [33]; Guo et al. found that β-Klotho is highly 
expressed in the basal endometrium of IUA patients and 
promotes fibrosis via the PI3K-AKT pathway [34]; and 
Zhang et al. reported that estrogen-loaded Heparin-
poloxamer microspheres enhance their therapeutic effi-
cacy for IUA by inhibiting the PI3K-AKT pathway [35]. 
These studies consistently indicate the core role of the 
PI3K-AKT pathway in fibrosis across different tissues.

Based on integrated multi-omics correlation analyses 
and literature evidence, we propose the following work-
ing hypothesis to guide future investigations: Following 
endometrial basal layer injury, impaired local micro-
vascular regeneration may lead to inadequate blood 
supply and hypoxia, potentially triggering metabolic 
reprogramming characterized by enhanced glycoly-
sis and disordered amino acid metabolism [36]. Some 
metabolites (e.g., proline, hydroxyproline) directly partic-
ipate in collagen synthesis, altering the composition and 
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mechanical properties of the extracellular matrix (ECM). 
These ECM changes are transmitted intracellularly via 
integrin-focal adhesion signaling, activating the FAK/
PI3K/AKT/mTOR pathway, which in turn suppresses 
autophagy, promotes EMT and collagen deposition, ulti-
mately leading to fibrosis. Furthermore, mTOR, acting 
as a metabolic sensing hub, can respond to intracellular 
energy and metabolite changes: for instance, decreased 
α-ketoglutarate weakens its role in promoting autoph-
agy and antioxidant stress; declining ATP levels inhibit 
AMPK, relieving its suppression of mTOR and further 
activating mTOR signaling; under hypoxic conditions, 
mTORC1 can also enhance HIF-1α protein translation, 
upregulating glycolytic enzymes and glucose transport-
ers, thereby promoting glycolysis. This putative positive 
feedback loop, if functionally validated, could contribute 
to the progression of fibrosis in IUA.

It is important to emphasize that the proposed mecha-
nistic model is derived from correlational data and rep-
resents a hypothesis-generating framework rather than 
a validated pathway. The observed associations between 
metabolites and proteins, while statistically significant, 
do not establish causality. Functional experiments—such 
as FAK inhibition, integrin knockdown, or glycolysis 
modulation in endometrial fibroblasts or organoid mod-
els—are essential to test whether the integrin-focal adhe-
sion signaling pathway indeed drives fibrosis through 
interaction with metabolic reprogramming.

Several limitations of this study should be acknowl-
edged. First, while the integrated multi-omics approach 
provides a comprehensive overview of molecular altera-
tions in IUA, the cross-sectional design precludes causal 
inferences. The proposed mechanistic relationships—
including the integrin-focal adhesion-FAK/PI3K/AKT/
mTOR positive feedback loop—are constructed from cor-
relation networks and literature extrapolation rather than 
direct experimental evidence. No in vitro or in vivo func-
tional validation (e.g., FAK inhibition, integrin knock-
down, glycolysis modulation in endometrial fibroblasts 
or organoids) was performed. Therefore, the mechanistic 
model should be interpreted as a hypothesis-generating 
framework requiring rigorous experimental testing. Sec-
ond, although 55 clinical samples represent a reasonable 
cohort for exploratory omics studies, the sample size 
remains relatively modest. Individual variability in meta-
bolic and protein profiles may influence the results, and 
the findings should be validated in larger, multi-center 
cohorts to enhance generalizability. Third, this study 
lacked an independent validation cohort for both metab-
olomic and proteomic discoveries. Independent replica-
tion using additional patient samples would strengthen 
the robustness of the identified differentially expressed 
metabolites and proteins. Fourth, the tissue samples ana-
lyzed in this study were derived from bulk endometrial 

biopsies, which contain heterogeneous cell populations 
including epithelial cells, fibroblasts, immune cells, and 
vascular components. As a result, the observed molecu-
lar signatures represent an average across cell types and 
may obscure cell-type-specific contributions to fibro-
sis. Future studies employing single-cell or spatial omics 
technologies could provide deeper insights into the cellu-
lar heterogeneity of the fibrotic microenvironment. Fifth, 
the control group comprised patients with tubal factor 
infertility or uterine cesarean scar diverticulum rather 
than healthy fertile women, due to ethical constraints in 
obtaining endometrial tissue from asymptomatic indi-
viduals. Although all control samples were pathologically 
confirmed to have no endometrial lesions, we cannot 
completely exclude the possibility that these underly-
ing conditions might subtly influence the endometrial 
metabolome or proteome. Future studies should ideally 
include multiple control groups or validate key findings in 
independent cohorts when ethically permissible. Finally, 
while the integration of metabolomics and proteomics 
revealed significant correlations between metabolic path-
ways and fibrosis-related proteins, the functional con-
sequences of these correlations remain to be elucidated. 
Targeted metabolic interventions or genetic modulation 
of key molecules in experimental models will be neces-
sary to establish causative roles. Despite these limita-
tions, the present study provides a valuable resource for 
understanding the molecular landscape of IUA-associ-
ated fibrosis and offers multiple hypotheses for future 
mechanistic and therapeutic investigations. To address 
this, future studies should include: (1) in vitro experi-
ments using primary endometrial cells treated with key 
metabolites (e.g., fumarate, arginine) or FAK inhibitors 
to assess effects on collagen synthesis and integrin signal-
ing; (2) in vivo validation using IUA animal models with 
targeted interventions such as glycolysis modulators (e.g., 
2-DG) or focal adhesion pathway inhibitors, followed by 
histological assessment of fibrosis severity.

Conclusion
In conclusion, the pathogenesis of IUA fibrosis is asso-
ciated with concurrent alterations in metabolic profiles, 
focal adhesion signaling, and the PI3K-AKT-mTOR 
pathway. These correlational findings provide a rationale 
for future studies to investigate causal relationships and 
therapeutic targeting of these interconnected pathways. 
While the correlational findings from this multi-omics 
study provide a comprehensive molecular map and gen-
erate testable hypotheses, future studies must focus on 
functional validation of key omics-identified molecules 
within this fibrotic network. Such causal evidence is 
essential to lay a theoretical foundation for developing 
novel interventions targeting the metabolic-signaling 
network hubs.
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