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Background: Posttraumatic elbow stiffness is a complex complication with two characteristics of capsular contracture and hetero-
topic ossification. Currently, genomic mechanisms and pathogenesis of posttraumatic elbow stiffness remain inadequately understood. 
This study aims to identify differentially expressed genes (DEGs) and elucidate molecular networks of posttraumatic elbow stiffness, 
providing novel insights into disease mechanisms at transcriptome level.
Methods: Global transcriptome sequencing was conducted on six capsular samples from individuals with posttraumatic elbow 
stiffness and three control capsular samples from individuals with elbow fractures. Differentially expressed genes (DEGs), 
microRNAs, and long non-coding RNAs (LncRNAs) were identified and analyzed. Functional enrichment analysis was performed, 
and the associated protein–protein interaction (PPI) network was constructed. MicroRNAs targeting these DEGs were identified, and 
transcription factors (TFs) targeting DEGs were predicted using the ENCODE database. Finally, key DEGs were validated by 
quantitative real-time polymerase chain reaction (qRT-PCR).
Results: A total of 4909 DEGs associated with protein-coding, LncRNA and microRNA were detected, including 2124 upregulated 
and 2785 downregulated. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis revealed that the DEGs were 
significantly enriched in 36 signaling pathways, notably involving inflammatory responses and extracellular matrix (ECM) receptor 
interactions. The protein–protein interaction (PPI) network analysis highlighted genes such as SPP1, IBSP, MMP13 and MYO1A as 
having higher degrees of connectivity. Key microRNAs (hsa-miR-186-5p, hsa-miR-515-5p, and hsa-miR-590-3p) and transcription 
factors (TFDP1 and STAT3) were predicted to be implicated in the pathogenesis of posttraumatic elbow stiffness through the 
microRNA-transcription factor regulatory network analysis.
Conclusion: The study provided insights into the molecular mechanisms underlying the changes in the contracted capsules associated 
with posttraumatic elbow stiffness. Hub genes including SPP1, IBSP, MMP13, and MYO1A, key microRNAs (has-miR-186-5p, has- 
miR-515-5p, hsa-miR-590-3p) and TFs (TFDP1 and STAT3) may serve as prognostic and therapeutic targets of posttraumatic elbow 
stiffness, and provide a new idea for the future research direction of clinical treatment.
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Introduction
Posttraumatic elbow stiffness is a formidable complication in orthopedic practice,1,2 posing significant challenges to the 
functional mobility of the elbow joint, with the major causes of capsular contracture and heterotopic ossification,3–5 

severely impairing the quality of life.6,7 Consequently, substantial efforts have been devoted to unraveling the underlying 
mechanisms of this pathological condition.
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Prolonged joint immobilization is widely recognized as a fundamental risk factor for posttraumatic motor disability, 
leading to various physical and biochemical disturbances in and around the joint.8 These include articular cartilage 
erosion, reduced proteoglycan content in articular surfaces, and soft tissue contracture, particularly affecting the joint 
capsule.9–11

Immobilization induces alterations in the composition and structure of the joint capsule, including the proliferation of 
connective tissues within the joint space and the formation of adhesions in the capsule and synovial membrane.12,13 Joint 
capsular fibrosis serves as a foundational aspect of posttraumatic elbow stiffness pathogenesis.14 Joint capsular fibrosis 
serves as a foundational aspect of posttraumatic elbow stiffness pathogenesis.15 Fibroblasts, the predominant cell type in 
the joint capsule, play a pivotal role in ECM synthesis and remodeling, as well as in inflammation and immune 
regulation.16,17

Arthrofibrosis involves a complex interplay of inflammatory cytokine release, endothelial-mesenchymal transition, 
and growth factor signaling.18 The inflammatory response initiated after trauma can lead to contraction and adhesion of 
the elbow capsule due to the formation of myofibroblasts.19,20 Hildebrand et al reported a significant increase in the 
number of myofibroblasts and elevated expression of inflammatory cytokines in contracted elbow capsules.21 Disruption 
of these processes directly affects the homeostasis and organization of the joint capsule, leading to unchecked 
mesenchymal cell proliferation and myofibroblast formation.22,23

Various signaling pathways contribute to the development of joint stiffness by regulating intracellular matrix changes, 
the progression of fibrosis, and a series of inflammatory reactions.19,24,25 The PI3K-Akt signaling pathway is pivotal in 
numerous cellular processes, including cell growth, migration, and differentiation. Abnormal activation of the PI3K/Akt 
pathway is associated with enhanced cell proliferation.26 It is reported that curcumin suppressed the proliferation and 
migration of myofibroblasts by blocking PI3K/Akt/mTOR signaling, and thus inhibiting joint contracture.27 Another 
study revealed that macrophage migration inhibitory factor and TGF-β1 are other key regulators of inflammation and 
fibrosis of joint capsule.28

Interventions targeting potential biological mechanisms underlying the disease process of arthrofibrosis have yielded 
limited success. Therefore, it is essential to explore the molecular mechanisms of arthrofibrosis to identify novel 
pharmacological therapies that could prevent, mitigate, or reverse this condition.14,20 Although extensive research has 
focused on the pathogenesis of elbow stiffness, investigations into the genomic mechanisms underlying its etiology 
remain limited. To date, most investigations of elbow stiffness have focused on expression of single gene or a limited 
number of genes.29 Research on joint contracture has primarily investigated histological and molecular changes using 
traumatic flexion joint contracture animal models.30,31 Recent study characterized the gene expression profile at the early 
stages of the healing process of post-traumatic joint contracture using rat models.32

In the current study, we conducted the first global transcriptomic sequencing of capsules in human undergoing 
surgical treatment with histologically demonstrated elbow stiffness, compared to controls without stiffness. Through 
global gene expression profiling, we sought to identify pathways and candidate genes implicated in the pathogenesis of 
this complex, clinically significant, but poorly understood disorder.

Materials and Methods
Human Tissue Collection and Processing
This study was approved by the Ethics Committee of Shandong Provincial Hospital affiliated to Shandong First Medical 
University. Informed consent was obtained from all patients prior to enrollment in accordance with the Declaration of 
Helsinki. Patients with post-traumatic elbow stiffness were continuously enrolled in the study period from August 2023 
to December 2023. The control group was patients with elbow fractures during the study period. Anterior capsules were 
collected intraoperatively from 9 patients. At the time of surgery, the tissues were carefully excised by the operative 
surgeons using a scalpel to remove approximately a 2 cm x 2 cm specimen from the capsule, rinsed with phosphate 
buffered saline (PBS) and then immediately frozen using liquid nitrogen. After harvesting, the samples were used for 
whole transcriptome sequencing and qRT-PCR.
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Next-Generation High-Throughput Sequencing
The quality of RNA was determined using NanoPhotometer ® (IMPLEN, CA, USA). An mRNA library was constructed 
by VAHTS Universal V6 RNA-seq Library Prep Kit for Illumina ® (NR604-01/02). Equalbit 1×dsDNA HS Assay Kit 
(Vazyme #EQ121), Agilent DNA 1000 Kit (Agilent, United States), and KAPA Library Quant kit (illumine, United 
States) universal qPCR Mix were used to assess the quality and yield of the constructed library. Finally, the mRNA was 
sequenced by NovaSeq 6000 (Illumina, United States).

Identification of DEGs
Based on the annotation information within the platform, probe sets were converted into their corresponding gene 
symbols. For genes associated with multiple probe sets, the mean expression value was calculated. The data were then 
normalized using quantile normalization with Illumina16 in R software (Version 3.6.2), and differentially expressed 
genes (DEGs) were discerned using the limma package (Version 3.42.2) within R software. Individual p-values were 
computed and adjusted p-values were obtained for comparative analyses using the Benjamini-Hochberg false discovery 
rate (FDR) correction. DEGs were selected based on criteria of |log2fold change (FC)| > 2 and p-value < 0.05. Heatmaps 
and volcano plots depicting the DEGs were generated utilizing the ggplot2 package in R software.33

Functional and Pathway Enrichment Analyses of DEGs
The up- and downregulated DEGs were uploaded to the Database for Annotation, Visualization, and Integrated 
Discovery (DAVID) version 6.8 Beta (https://david-d.ncifcrf.gov/),34 and further analyzed using gene ontology (GO) 
and Kyoto Encyclopedia of Gene and Genome (KEGG) analysis in the R ggplot2 package. The significance criterion was 
set at p-value < 0.05.

Protein-Protein Interaction Network Construction and Module Analysis
The protein-protein interaction (PPI) network of DEGs was predicted using the multiple protein online tool within the 
STRING database (version 11.0, http://string-db.org), a widely recognized platform for retrieving interacting genes,35 and 
visualized in Cytoscape software (Version 3.6.2).36–38 The most significant modules within the PPI network were 
identified and illustrated using Molecular Complex Detection (MCODE), an analytical tool in Cytoscape designed for 
detecting densely interconnected regions in complex networks. Selection criteria encompassed MCODE scores > 5, node 
score cutoff = 0.2, degree cutoff = 2, max depth = 100, and k-score = 2. Following the identification of key modules, 
a biological process analysis of the top 20 genes was conducted and visualized using the Biological Networks Gene 
Ontology (BiNGO) plugin (version 3.0.3) in Cytoscape.39

Hub Gene Selection
The top 10 hub genes within the PPI network were identified using Maximal Clique Centrality (MCC), Degree, and 
Maximum Neighborhood Component (MNC) algorithms, as implemented in the cytoHubba plugin in Cytoscape.40,41

TF-DEG Network and miRNA-DEG
Network construction involved predicting transcription factors (TFs) targeting DEGs using the ENCODE database within 
Network Analyst (https://www.networkanalyst.ca/faces/home.xhtml), a widely recognized visual analytics platform for 
comprehensive gene expression profiling and meta-analysis. Concurrently, microRNA-DEG interactions were identified 
through the TarBase, miRTarBase, and miRecords databases. The resulting TF-DEGs and miRNA-DEGs interaction 
pairs were retained for subsequent analysis.

TF-miRNA Integrated Network Construction
The integrated network of TF-miRNA was constructed according to the TF-DEG and miRNA-DEG networks. The 
coregulated DEGs targeted by miRNAs and TFs were identified and prioritized. Following this selection, the associated 
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miRNAs and TFs were extracted. Eventually, the integrated regulatory network was constructed and visualized in 
Cytoscape software (Version 3.6.2).33

Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT–PCR)
Key DEGs including MMP13, IBSP, LBS, RRM2, CHI3L1, GRIA1, ECRG4, MYO1A, SPP1 and TNXB were chosen 
for qRT-PCR assay on the RNA of stiff capsule and control group. Purified DNA-free RNA samples were extracted from 
capsule tissues using the RNeasy Mini Kit, reverse transcribed using a One Step PrimeScript® miRNA cDNA Synthesis 
Kit (Takara, Japan, D350A) and amplificated using SYBR® Premix Ex TaqTM II kit (Takara, Japan, DRR820A) 
according to the manufacturer’s instructions. Gene expression of each target was calculated using the ΔΔCT method 
after normalization to the expression of GAPDH housekeeping genes.

Statistical Analysis
GraphPad Prism Software version 8.1.0 (GraphPad Software Inc., USA) was performed to statistical analyses and creates 
graphs. One-way analysis of variance (ANOVA) was used to compare the gene expression and levels of inflammatory 
factors. The results are presented as the means ± standard errors (SEM), and a p-value < 0.05 was considered statistically 
significant.

Results
Clinical Characteristics of Patients
Capsules of human stiff elbows were obtained from 6 patients, two males and four females, with a mean age of 42 years ± 12 
years (range, 31–61 years) at the time of contracture release and an average 7.7 ± 3.8 months (range, 2–13 months) after injury. 
The original injuries all were intraarticular fractures: two patients had elbow fractures, one patient had a radial head fracture, one 
patient had an olecranon fracture, one patient had an ulnar styloid fracture, one patient had proximal radius and ulna fractures. 
Control capsules were obtained from three patients with elbow fractures (47 ± 16 years old; one male and two females) that were 
free of contractures. There were no significant differences comparing the average age and the gender distribution of the patient 
and control groups. The basic information of the included patients was presented in Table 1.

Data Normalization
To assess data normalization and cross-comparability, box plots and principal component analysis (PCA) were used to 
confirm biological variability among samples. Figure S1 shows that after normalization, the black lines are nearly 
aligned, indicating strong standardization, which enhances the reliability of further analyses. Additionally, Figure S2 
illustrates the distinct clustering of control patients and those with stiff elbows, reflecting their unique gene expression 
profiles and supporting the validity of our research.

Table 1 The Basic Information of the Included Patients

Group No. Sex Age 
(years)

Time from 
stiffness to 

surgery 
(months)

Initial fracture type Side Ulnar nerve 
symptoms

BMI Past Medical 
History

Elbow stiffness T_1 female 58 11 elbow fracture right yes 20.5 no

T_2 male 33 4 elbow fracture left no 17.7 no

T_3 female 33 13 olecranon fracture left no 35.8 no

T_4 male 35 2 ulnar styloid fracture right no 26.8 no

T_5 female 31 7 radial head fracture right yes 18.6 no

T_6 male 61 9 proximal radius and ulna fractures right yes 22.9 no

No-elbow stiffness C_1 female 69 N/A distal humeral fracture right no 21.1 uterine fibroids

C_2 male 44 N/A terrible triad left no 26.1 no

C_3 female 29 N/A radial head fracture left no 25.4 no

Note: N/A, no available.
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Identification of DEGs
The high-throughput sequencing data from the capsule tissues were subsequently analyzed to identify DEGs based on 
predefined criteria. In total, 4909 DEGs were detected between the stiff elbow group and the control group, including 
3492 associated with protein-coding, 1343 associated with LncRNA and 74 associated with microRNA (Figure 1A). 
According to the adjusted p-value<0.05, there were 2124 upregulated (1483 Protein-coding, 603 LncRNA and 38 
MicroRNA) and 2785 downregulated (2009 Protein-coding, 740 LncRNA and 36MicroRNA) DEGs (Figure 1B). The 
top ten up- and down-regulated protein-coding DEGs, LncRNAs, and MicroRNAs were presented in Figure 1D–F. The 
top five upregulated protein-coding DEGs were SLN, HLF, IGLL5, SCNN1B and ALKAL2, and the top five down-
regulated were MMP13, IBSP, LBP, AMTN and CHI3L1. The top five upregulated LncRNAs were ENSG00000255021, 
ENSG00000286289, ENSG00000269124, LINC01819 and ENSG00000229969, and the top five downregulated 
LncRNAs were ENSG00000230699, ENSG00000285846, LINC01614, MGC27382 and APOBEC3B-AS1. The top 
five upregulated MicroRNAs were has-miR-6717, has-miR-7152, has-miR-3650, has-miR-143 and has-miR-4697, and 
the top five downregulated MicroRNAs were has-hsa-miR-4497, hsa-miR-3917, hsa-miR-147B, hsa-miR-621 and hsa- 
miR-635. In addition, a volcano plot of all DEGs was generated using the R ggplot2 package (Figure 2A–C). Expression 
profiles of top 50 significant DEGs in each sample were identified and shown as heatmap (Figure 2D–F).

Functional Enrichment Analysis of DEGs
GO and KEGG pathway enrichment analysis of DEGs was performed to identify the most relevant biological 
processes (BPs), molecular functions (MFs), cellular components (CCs), and pathways. The top 5 enriched terms in 
BP, CC, MF of capsules in stiff elbows were presented in Figure 3A. KEGG pathway enrichment analysis revealed that 
the DEGs of the stiff elbow group were enriched in the inflammatory response, extracellular matrix, ECM-receptor 
interaction, PI3K-AKT signaling pathway, cell proliferation, apoptotic process, angiogenesis, wound healing. Some 

Figure 1 Differentially expressed genes (DEGs) within the posttraumatic contracted capsules. (A) The values represent the number of DEGs (according to the adjusted 
p-value < 0.05) of protein-coding genes, and lncRNA-coding genes and microRNA-coding genes; (B) The number of DEGs according to the adjusted p-value<0.05 and 
different criteria of logFC; (C-E) The top ten up- and down-regulated protein-coding DEGs (C), LncRNAs (D), and MicroRNAs (E). Red indicates relatively up-regulated, 
and blue indicates relatively down-regulated.
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Figure 2 DEGs associated with Protein-coding (A), lncRNAs (B), and microRNAs (C) were shown with DEGs. The heatmap showed the expression profiles of top 50 
significant DEGs of Protein-coding (D), lncRNA-coding genes (E), microRNA-coding genes (F). A Red indicates relatively up-regulated, and blue indicates relatively down- 
regulated. DEGs were identified by the criteria of|log2fold change (FC)|> 2 and adj. p. val < 0.05. Abbreviations: DEGs, differentially expressed genes.
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DEGs associated with fibrosis and osteogenesis were enriched in PI3K-AKT signaling pathway, such as IBSP, SPP1 
and TNXB (Figure 3B).

PPI Network Construction and Module Analysis
The interactions between the proteins expressed from DEGs, which consisted of 140 nodes and 2209 edges (Figure 4), were 
constructed from the STRING database and visualized using Cytoscape. Two significant modules (Figure 5B) were 
obtained by module analysis in the PPI network using MCODE from Cytoscape based on the aforementioned criteria. In 
addition, 5 of the top genes with relatively high connectivity degrees (≥20) were BUB1, TOP2A, BUB1B, MKI67, KIF11, 
and AURKB. The crucial nodes with a high MCODE score in this module were ALPL, MMP13, SPP1 and IBSP, which are 
associated with arthritis and osteophyte formation, and have potential role in the occurrence of elbow stiff. The biological 
process analysis of the top 20 genes was performed and visualized using BiNGO in Cytoscape, which is shown in Figure S3.

Hub Gene Selection
Hub genes were selected by CytoHubba. The top 20 hub genes, which were selected based on the 3 most commonly used 
classification methods in CytoHubba, are presented in Table 2. By overlapping the first 20 genes, 16 central genes 
(KIF20A, BUB1B, KIF11, MKI67, BUB1, CEP55, AURKB, PBK, TOP2A, CENPF, TTK, MELK, CDCA8, KIF2C, 
BIRC5, and ASPM) were consequently identified as presented in Figure 5A.

Construction of the TF-DEG Network Analysis
According to TF binding site data and genetic coordinate position information provided in ENCODE, a potential 
regulatory network between DEGs and TFs was constructed to analyze the functional roles of selected DEGs. A total 
of 40 associations between 16 TFs and 14 DEGs were predicted. As shown, the upregulated gene HLF might be 
associated with 4 TFs (FOXA3, TFDP1, BCL6 and EZH2), and downregulated gene RRM2 might have interaction with 
10 TFs (TFDP1, BCL6, KLF9, NRF1, ZNF644, ZNF324, SIN3A, CTCF and PML) (Figure 6A).

Figure 3 (A) GO enrichment in relevant biological processes, molecular functions, cellular components. (B) KEGG pathways of targets of the DEGs. Abbreviations: DEGs, 
differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Construction of miRNA-DEG Network Analysis
The microRNA-DEG pairs were identified through network analysis of 20 DEGs using the TarBase, miRTarBase and 
miRecords databases. Ultimately, a total of 26 associations between 11 microRNAs and 8 DEGs were identified, and then 
the network was visualized in Cytoscape. The downregulated gene RRM2 regulated 5 interacting microRNAs, including 

Figure 4 Protein-protein interaction (PPI) network analysis of DEGs visualized in Cytoscape. Red indicates upregulated genes, and blue indicates the downregulated genes.

Figure 5 (A) Hub gene network identified and ranked based on MNC, MCC, and Degree methods in cytohubba. (B) Most significant module in the PPI network. 
Abbreviations: MCC, maximal clique centrality; MNC, maximum neighborhood component.
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hsa-mir-186-5p, hsa-let-7a-5p, hsa-mir-17-5p, hsa-mir −2276-5p, hsa-mir-4672. A hub microRNA, hsa-mir-186-5p, was 
predicted to interact with 3 DEGs, including RRM2, DLGAP5, and DEPDC1 (Figure 6B).

TF-miRNA Interaction Network
The TF-microRNA interaction network was constructed through network analysis of top 20 DEGs (10 up, 10 down) in 
Cytoscape including 12 DEGs, 15 TFs, and 14 microRNAs, with 34 associations between the TFs and DEGs and 35 
associations between the miRNAs and DEGs. We separately analyzed the degree of 12 DEGs in the TF-DEG network 
and the microRNA-DEG network (Table 3). We found that the upregulated gene HLF might be regulated by 6 TFs (SP1, 
RORA, FOSL1, MYC, NFYA and ZEB1) and associated with 4 microRNAs (has-miR-96, hsa-miR-103, hsa-miR-590- 
3p and hsa-miR-137). The downregulated gene CHI3L1 might be regulated by 5 TFs (SP1, FOSL1, ATF2, JUN, USF1 
and SPI1), and had interaction with 2 microRNAs (hsa-miR-296-3p and hsa-miR-623) (Figure 7).

Gene Expressions Validation by qRT-PCR Analysis
To validate the gene expressions, qRT-PCR analysis was performed. The results confirmed a significant increase in the 
relative mRNA expression levels of MMP13, IBSP, LBS, RRM2, CHI3L1, GRIA1, ECRG4, MYO1A, SPP1 and TNXB 
in the stiff elbow capsule compared to the control group (Figure 8). Notably, the results of the gene expression examined 
by qRT-PCR and high-throughput sequencing were highly correlated.

Discussion
Elbow stiffness is a common complication of elbow trauma that causes movement disorders and functional loss, 
significantly affecting the quality of life.42 The primary cause of elbow stiffness is the contraction of soft tissues 

Table 2 List of the Top 20 hub 
Genes Selected by MCC, MNC 
and Degree Methods in cytoHubb

Degree MCC MNC

BUB1 BUB1 KIF20A

TOP2A TOP2A CEP55
BUB1B BUB1B BUB1

MKI67 KIF11 ASPM

KIF11 AURKB NUF2
AURKB CENPF TOP2A

CENPF BIRC5 AURKB
BIRC5 CDC20 CENPF

CDC20 KIF20A MELK

KIF20A CEP55 KIF2C
CEP55 ASPM PBK

ASPM KIF2C BUB1B

KIF2C CDCA8 CDCA8
CDCA8 MKI67 NEK2

TTK TTK RRM2

CCNB1 DLGAP5 BIRC5
DLGAP5 TPX2 MKI67

TPX2 MELK TTK

MELK PBK CDC45
PBK NEK2 KIF11

Abbreviations: MCC, maximal clique 
centrality; MNC, maximum neighbor-
hood component.
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Figure 6 (A) The network of TF-DEG was obtained from the ENCODE database. (B) The network of DEG-miRNA was obtained from the tarbase, miRTarBase, and 
miRecords databases. The circles indicates DEGs (red indicates upregulated genes, and blue indicates the downregulated genes), the diamonds indicates TFs, and the squares 
indicates miRNAs. 
Abbreviations: ENCODE, Encyclopedia of DNA Elements; TF, transcription factor; DEG, differentially expressed gene; miRNA, microRNA.
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following the initial injury, which is exacerbated by prolonged immobilization.43 Despite extensive efforts to understand 
and prevent elbow joint contracture, its exact etiology remains unclear.44,45

Our team identified global transcriptomic differences between normal and pathological tissues in patients with elbow 
stiffness by using RNA sequencing. This method allowed us to screen for DEGs, revealing specific genes and biological 
pathways involved in the development of elbow stiffness. Understanding these mechanisms will enable more accurate 
diagnosis and classification of posttraumatic elbow stiffness and assist in developing targeted prevention strategies.

The informatics analysis of gene profiles in stiff and control elbow capsules identified 4909 DEGs, including 3492 
associated with protein-coding, 1343 associated with LncRNA and 74 associated with microRNA. This discovery 
enhances our understanding of the regulatory factors contributing to elbow stiffness.

The most significantly downregulated gene was MMP13, which encodes a key enzyme responsible for the degrada-
tion of ECM components.46 Polymorphisms in MMP genes have been linked to various orthopedic conditions, including 
posterior tibial tendinopathy, rotator cuff tears, post-repair stiffness, and Dupuytren’s disease.47 MMPs primarily degrade 
ECM components, including collagen, laminin, fibronectin, and proteoglycans. ECM homeostasis is maintained by 
balancing collagen deposition and removal. An imbalance in this process can lead to pathology: excessive collagen 
removal may result in tendinous ruptures, such as posterior tibial tendon and rotator cuff tears, while excessive deposition 
can lead to fibrotic conditions like Dupuytren’s disease and adhesive capsulitis.47,48 MMP13 is the main enzyme 

Table 3 Co-DEGs Regulated by TF and miRNAs

TF DEGs Gene counts

MAX FAM150B, RRM2, DEPDC1, HIF3A 4

ATF2 FAM150B, CHI3L1 3

JUN RRM2, CHI3L1, PTPRN 3
MYC RRM2, HIF3A, HLF 3

FOSL1 CHI3L1, HLF 2

RORA GRIA1, HLF 2
NFYA DLGAP5, RRM2 2

SREBF2 AMTN, DEPDC1 2

USF1 CHI3L1, DEPDC1, HIF3A 3
ZEB1 SLN, HIF3A 2

SP1 HIF3A, HLF 2

SPI1 PKHD1L1, CHI3L1 2
REST RRM2, PTPRN 2

GATA1 PKHD1L1, SLN 2

miRNA DEGs Gene counts

hsa-miR-608 SCNN1B, GRIA1, HIF3A 3
hsa-miR-590-3p PKHD1L1, DEPDC1, SLN 3

hsa-miR-296 CHI3L1, SLN, HIF3A 3

hsa-miR-623 DLGAP5, CHI3L1 2
hsa-miR-617 DLGAP5, SLN 2

hsa-miR-522 CHI3L1, GRIA1 2

hsa-miR-25 FAM150B, GRIA1 2
hsa-miR-96 DEPDC1, GRIA1 2

hsa-miR-515 DLGAP5, HIF3A 2

hsa-miR-485 PTPRN, HIF3A 2
hsa-miR-137 PKHD1L1, GRIA1 2

hsa-miR-124 FAM150B, DEPDC1 2

hsa-miR-103 AMTN, SLN 2
hsa-let-7a AMTN, HIF3A 2

Abbreviations: DEGs, differentially expressed genes; miRNAs, microRNAs.
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responsible for collagen fiber degradation.46 Its downregulation in contracted elbow capsules indicates a potential role in 
the development of elbow stiffness.

The GO and KEGG pathway enrichment analysis revealed that the DEGs in the stiff elbow group are involved in 
several critical biological processes and pathways. These include the inflammatory response, extracellular matrix 
organization, ECM-receptor interaction, cell proliferation, apoptosis, angiogenesis, and wound healing. Notably, the 
DEGs are predominantly associated with the PI3K-Akt signaling pathway, which plays a key role in the proliferation and 
migration of myofibroblasts, such as TNXB, IBSP, SPP1, COL1A1, COL1A2, COL4A2, COL4A1, PPP2R2B, IL2RA, 
COL6A1, KIT, IL2RB, COL6A3, COL6A5, and IL7R.

Figure 8 qRT-PCR Analysis of the expression levels of 10 important DEGs in contracted capsules of posttraumatic elbow stiffness and control samples. (A) qRT-PCR 
Analysis of the expression levels of up-regulated DEGs. (B) qRT-PCR Analysis of the expression levels of down-regulated DEGs. **P < 0.001, ***P < 0.001, compared with 
control samples.

Figure 7 Integrative regulatory network of TF-DEG-miRNA. The circles indicates DEGs (red indicates upregulated genes, and blue indicates the downregulated genes), the 
diamonds indicates TFs, and the squares indicates miRNAs. 
Abbreviations: TF, transcription factor; DEG, differentially expressed gene; miRNA, microRNA.
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The PI3K/Akt signaling pathway plays an important role in many cellular processes, including cell growth, migration, 
and differentiation. Studies indicated that it is also crucial in the development of joint contracture.49,50 In fibrotic joints, 
activation of the PI3K-Akt pathway promotes the proliferation of myofibroblasts.49 IBSP (integrin-binding sialoprotein), 
also known as bone sialoprotein II, was found to be downregulated in post-traumatic capsules. IBSP is highly expressed 
in osteoblasts, osteoclasts, and hypertrophic chondrocytes and is involved in bone matrix mineralization and turnover, as 
well as in regulating cell adhesion, proliferation, and differentiation.51,52 Downregulation of IBSP can activate the PI3K/ 
Akt pathway, leading to increased transcription of osteoblast-specific target genes.53 SPP1 (osteopontin) is a highly 
phosphorylated glycoprotein that was found to be downregulated in contracted elbow capsules and is associated with the 
PI3K-Akt signaling pathway.54 As a key non-collagenous protein, SPP1 plays crucial roles in regulating bone cell 
adhesion, osteoclast function, and matrix mineralization, and it is closely linked to the development of various bone 
diseases.55 Studies have shown that miR-186-5p inhibits chondrocyte apoptosis in osteoarthritis (OA) by interacting with 
SPP1 and modulating the PI3K-Akt pathway.56 In our research, SPP1 was downregulated and miR-186-5p was predicted 
as a key microRNA in the contracted capsules, suggesting a potential in pathogenesis of posttraumatic elbow stiffness.

TFs and microRNAs have emerged as key regulatory elements in the pathogenesis of elbow stiffness. To elucidate 
potential interactions among TFs, DEGs, and microRNAs in stiff capsules, we constructed a TF-microRNA interaction 
regulatory network. Within this network, TFDP1 was observed to regulate four DEGs (HLF, IGLL5, RRM2, and 
PTPRN), KLF9 exhibited regulation over four DEGs (HIF3A, HLF, RRM2, and PTPRN), and KLF1 exerted regulatory 
control over four DEGs (SCNN1B, IGLL5, PTPRN, and ASPM). TFDP1 is a crucial transcription factor that facilitates 
the transcription of genes targeted by E2F, thereby modulating cell differentiation and the cell cycle by interacting with 
E2F proteins.57 TFDP1 mRNA levels are differentially expressed in primary chondrocytes depending on osteoarthritis 
(OA) severity.58 TFDP1 also interacts with pRB and p53 to regulate the cell cycle and apoptosis.59 The downregulated 
gene CHI3L1 might be regulated by 5 TFs and had interaction with 2 microRNAs. CHI3L1 plays a crucial role in 
preventing inflammation as well as in tissue repair and remodeling by regulating a variety of fundamental biological 
processes, including apoptosis, inflammasome activation, macrophage differentiation, ECM regulation, and parenchymal 
scar formation,60 which are also associated with fibrosis and joint contracture.

Multiple studies have shown that miRNAs play a key role in maintaining bone homeostasis and the development of bone 
diseases.61–65 Thus, we constructed a DEG-miRNA regulatory network to show the potential interactions among identified 
DEGs and RNAs during capsular contracture. In the networks, hsa-miR-186-5p may play an important role because it 
connects with three key genes, which was also confirmed to be associated with numerous physiological processes, including 
migration, invasion, proliferation and inflammation, as well as the development of OA,62,66 but currently, there is no direct 
evidence to prove the role of this miRNA for the development of posttraumatic elbow stiffness.

For the first time, the global transcriptome of post-traumatic elbow capsules has been systematically detected and analyzed. 
This study provides new directions and molecular targets for further investigation into post-traumatic elbow stiffness through 
high-throughput sequencing and rigorous bioinformatics analysis. We identified several key genes, transcription factors, and 
miRNAs that may play crucial roles in this condition. However, it must be acknowledged that this is foundational research. 
Although multiple hub genes, key miRNAs, and transcription factors were identified, their detailed functions in posttraumatic 
elbow stiffness need to be further elucidated through in vivo and in vitro studies. The small sample size in the study might lead 
to insufficient accuracy of the results, and we will continue to increase histological and cytological validation of clinical 
samples in the future.

Conclusion
This study represents the first comprehensive global transcriptome sequencing of human post-traumatic elbow capsules, 
identifying hub genes, functional terms, and predicted target genes that contribute to understanding the molecular 
mechanisms underlying post-traumatic elbow stiffness. Key hub genes such as SPP1, IBSP, MMP13, and MYO1A 
appear to play significant roles in capsular fibrosis. Additionally, hsa-miR-186-5p has emerged as a potential regulator of 
chondrocyte proliferation and inflammation. Our findings enhance the understanding of capsular contraction mechanisms 
and offer theoretical support for the clinical treatment of post-traumatic elbow stiffness. Understanding the pathogenesis 
of elbow stiffness after trauma has guiding significance for clinical treatment, such as screening drugs for genetic 
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intervention. The regulatory pathways involved in these genes have guiding significance for disease prevention and 
provide future research directions.
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