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Abstract. The present study aims to identify key genes 
and elucidate the molecular mechanisms underlying osteo‑
necrosis of the femoral head (ONFH), with the goal of 
discovering effective diagnostic and therapeutic targets. 
Microarray data were sourced from the Gene Expression 
Omnibus database. Differentially expressed genes (DEGs) 
were identified using the Limma method. Feature genes were 
selected through Support Vector Machine, Random Forest 
and Least Absolute Shrinkage and Selection Operator algo‑
rithms. Diagnostic performance was assessed using receiver 
operating characteristic (ROC) analysis. Functional enrich‑
ment and immune infiltration analyses were performed. 
Experimental validation included RT‑qPCR, western blotting 
and immunofluorescence in ONFH bone tissue. Additionally, 
a competing endogenous RNA (ceRNA) network was 
constructed using Cytoscape (v3.10.1). A total of 51 DEGs 
were identified, comprising 33 downregulated and 18 upreg‑
ulated genes. Aldehyde dehydrogenase 5 family member A1 
(ALDH5A1) consistently emerged as a key gene across all 
machine learning models, demonstrating high diagnostic 
value according to ROC analysis. Enrichment analysis 
indicated that ALDH5A1‑related DEGs were predominantly 
involved in ‘Toll‑like receptor signaling’, ‘RIG‑like receptor 
signaling’, ‘Leishmania infection’ and ‘Cytosolic DNA 
sensing’. Immune analysis revealed associations between 
ONFH and HLA/MHC‑I molecules, neutrophils and regula‑
tory T cells, with ALDH5A1 showing a negative correlation 
with activated CD4+ memory T cells. Experimental valida‑
tion confirmed significant downregulation of ALDH5A1 in 

ONFH samples. Overall, ALDH5A1 represents a promising 
prognostic biomarker and potential therapeutic target for 
ONFH. The interaction between immune cells and the 
ceRNA network may play a critical role in the pathogenesis 
of ONFH, providing valuable insights for molecular 
mechanisms and clinical intervention strategies.

Introduction

Osteonecrosis of the Femoral Head (ONFH) is a prevalent 
clinical condition characterized by the degeneration of 
subchondral bone, leading to severe hip pain and substantial 
functional impairment  (1,2). The disease is multifactorial, 
with the primary cause being disruption of blood supply to the 
femoral head, resulting in the death of bone cells, subsequent 
collapse of the femoral head, and degenerative changes in the 
hip joint. While corticosteroid use, alcohol consumption, sickle 
cell disease, and trauma are well‑established risk factors for 
ONFH, the precise mechanisms underlying its pathogenesis 
remain unclear (3,4). Treatment options for early‑stage ONFH 
range from surgical procedures aimed at preserving hip func‑
tion to pharmacological therapies (5,6). However, most patients 
ultimately require total hip arthroplasty, which remains 
the most effective treatment  (7,8). Moreover, many young 
patients face the need for revision surgeries, exacerbating the 
socioeconomic burden. Consequently, there is an urgent need 
to identify novel biomarkers and therapeutic targets, which 
are crucial for early diagnosis and the development of new 
treatment strategies for ONFH.

Recent research has increasingly focused on the role of 
biomolecules in ONFH pathogenesis. For instance, Yu et al 
demonstrated the significant influence of immune cell infil‑
tration on ONFH onset and progression, highlighting a close 
correlation with specific immune cell subpopulations  (9). 
Fang et al identified that immune and m6A regulatory factors 
play pivotal roles in mediating the inflammatory response 
in ONFH, particularly involving Th2‑dominated immune 
cells and inflammatory mediators (10). However, the detailed 
pathological processes remain incompletely understood. 
Additionally, gene chips and high‑throughput sequencing 
technologies have proven valuable for identifying pathogenic 
genes, providing reliable and actionable insights (11). Thus, 
investigating novel molecular markers and immune cell 
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infiltration in ONFH is critical for elucidating its underlying 
pathogenic mechanisms.

This study integrated microarray datasets from the Gene 
Expression Omnibus (GEO) database with cartilage samples 
from patients with ONFH and supplemented these with our 
own microarray data derived from subchondral bone samples 
of ONFH individuals. Using machine learning techniques, 
this study identified key genes, validated them via ROC 
analysis, and compared immune cell infiltration across 22 
immune cell subtypes in ONFH and healthy controls using 
the CIBERSORT algorithm. This study further identified key 
molecular pathways and functional networks within ONFH 
tissues, employing bioinformatics analysis to elucidate the 
roles of differentially expressed mRNAs. Ultimately, critical 
feature genes were identified as molecular markers for both 
ONFH diagnosis and immune infiltration.

Materials and methods

Obtaining and handling data. The GEO database 
(http://www.ncbi.nlm.nih.gov/geo/) was utilized to download 
experimental group files for GSE74089 and GSE123568. 
The dataset, consisting of 14 normal synovial tissue samples 
(labeled as ‘normal’) and 34 ONFH synovial tissue samples 
(labeled as ‘ONFH’), was processed using the limma 
package in R software (version 3.58.1) for data correction and 
normalization. The samples were divided into two groups: 
the ONFH group (designated as ‘Treatment’) and the normal 
group (designated as ‘Control’). Additionally, GSE178557, 
which included four samples each of ONFH and normal 
synovial tissue, was used as an independent validation 
dataset for external verification.

Identification of DEGs and characteristic genes. To identify 
differentially expressed genes (DEGs), a multi‑step approach 
was employed. The limma package in R (version 3.58.1) was 
used to filter DEGs from all datasets, applying the criteria 
of logFC >1 and an adjusted P‑value <0.05. Following DEG 
screening, feature genes were selected using Lasso regression, 
with the glmnet (version 4.1‑7) and e1071 (version 1.7‑14) 
packages. Additionally, the Support Vector Machine (SVM) 
algorithm, implemented via the e1071 package (version 
1.7‑14), was applied to DEGs to identify another set of feature 
genes. Finally, Random Forest (RF) analysis was conducted 
on the DEGs using ggplot2 software, and genes with a gene 
importance score greater than 2 (rfGenes >2) were selected. 
By intersecting the characteristic genes identified by these 
three methods, a final subset of significant genes was obtained. 
One of these genes was chosen for further investigation as a 
potential marker gene.

Evaluate the accuracy of characteristic genes. A violin plot 
was generated using the ggpubr package (version 0.6.0) to 
visualize the expression differences of the selected feature 
genes between the ONFH (treatment) and normal (control) 
groups.

Statistical significance was determined with P<0.05. The 
discriminative ability of the identified feature genes in distin‑
guishing normal from ONFH samples was assessed through 
Receiver Operating Characteristic (ROC) curve analysis 

using the pROC package. The accuracy of the ROC curve 
was measured by calculating the area under the curve (AUC), 
with an AUC value greater than 0.7 considered indicative of 
satisfactory performance. Finally, ROC curve analysis and 
differential expression analysis were performed on the valida‑
tion group samples to confirm the validity of the experimental 
group findings.

Analysis of the correlation of signature genes. After 
identifying the disease‑related signature gene through the 
established screening criteria, samples were classified into 
high and low expression groups based on the signature gene 
expression levels using the limma package (version: 3.58.1) 
in R. The filtering criteria were set as logFC >1 and adj.P.Val 
<0.05. DEGs associated with the signature gene were identi‑
fied through correlation analysis, with genes exhibiting a 
strong correlation selected for further analysis. Data visualiza‑
tion was performed using heatmaps and volcano plots, while 
gene correlations were illustrated through correlation bubbles 
generated using the corrplot package.

Functional enrichment analysis. Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis 
was performed to identify significantly enriched pathways 
(https://www.kegg.jp/). To explore the functional enrichment 
of DEGs linked to the signature gene, Gene Ontology (GO) 
enrichment analyses were performed, focusing on biological 
processes (BPs), cellular components (CCs), and molecular 
functions (MFs). Gene Set Enrichment Analysis (GSEA) 
was performed to assess the enrichment and scoring values 
for the high and low expression groups of the signature gene, 
providing insights into their significance in relevant biological 
processes and functions.

Immune cell infiltration and correlation analysis. R software 
was employed to analyze immune molecular functions in 
ONFH and normal group samples, identifying significant 
differences between the two groups. Immune cell infiltration 
was assessed using the CIBERSORT tool, which applied an 
inverse convolution technique to estimate the proportions of 
22 lymphocyte subpopulations across tissue samples  (12). 
Following immune cell infiltration analysis, the relationship 
between immune infiltrating cells and gene expression was 
investigated using the Spearman correlation algorithm with 
a significance threshold of P<0.05. This correlation analysis 
aimed to determine the associations between characteristic 
genes and immune cell infiltration, with the results presented 
in graphical format.

Investigation of the signature gene's RNA network. To predict 
the regulatory relationships between miRNAs and the signa‑
ture gene, TargetScan (https://www.targetscan.org/)  (13), 
miRanda (http://mirtoolsgallery.tech/mirtoolsgallery/) (14), 
and miRDB (https://mirdb.org/) (15) were used. In TargetScan, 
a Context score percentile cutoff of ≥90 was applied, and in 
miRDB, the Target Score cutoff was set at ≥90. The Director 
package (version: 3.1.9) was downloaded from the miRanda 
database to obtain the top 1% ranked genes. These results 
were consolidated for further analysis. Additionally, the 
spongeScan database was utilized to identify long non‑coding 
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RNAs (lncRNAs) that may compete with miRNAs for binding 
via microRNA response elements (MREs). Finally, the ceRNA 
regulatory network, consisting of the signature gene, miRNAs, 
and lncRNAs, was visualized using Cytoscape v3.10.1.

Isolation and cultivation of chondrocytes. Synovial cartilage 
samples were collected from patients diagnosed with traumatic 
femoral neck fractures and severe femoral head necrosis who 
underwent joint replacement surgery at the First Affiliated 
Hospital of Guangxi Medical University between January 
2021 and December 2023. The study included a control 
group of 6  patients with femoral neck fractures (5  males 
and 1 female) and an experimental group of 6 patients with 
severe femoral head necrosis (4 males and 2 females). All 
procedures were approved by the Medical Ethics Committee 
of the First Affiliated Hospital of Guangxi Medical University 
(Ethical approval no. 2021‑E67‑01).

Immediately after surgery, femoral head cartilage samples 
were stored at ‑80˚C for subsequent processing. Approximately 
100 g of femoral head cartilage was excised from each patient, 
cut into small pieces, and subjected to enzymatic digestion 
using trypsin and type I collagenase. The released chondro‑
cytes were harvested and cultured in high‑glucose Dulbecco's 
Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum and antibiotics. The cells were maintained 
at 37˚C in a humidified incubator with 5% CO2. Chondrocytes 
from passage 3 were used for all subsequent experiments.

RNA extraction, cDNA synthesis, and quantitative PCR. 
Synovial cartilage samples were obtained from patients with 
ONFH and normal femoral head cartilage. Total RNA was 
extracted from approximately 50 g of cartilage tissue using 
the RNAeasy™ Plus Animal RNA Isolation Kit (Beyotime 
Biotechnology), following the manufacturer's instructions. A 
total of 1 µg of RNA was reverse‑transcribed into complemen‑
tary DNA (cDNA) using the PrimeScript™ RT Reagent Kit 
with gDNA Eraser (Takara).

Quantitative real‑time PCR (qRT‑PCR) was performed 
to assess ALDH5A1 mRNA expression levels in both 
ONFH and normal femoral head cartilage. Gene‑specific 
primers were designed based on GenBank sequences. The 
qRT‑PCR reaction consisted of 0.5 µl of each primer, 1.5 µl 
of distilled water, 2.5 µl of cDNA, and 5 µl of SYBR Premix 
Ex Taq mix (Thermo Fisher Scientific, Inc.), making up a 
final volume of 10 µl. GAPDH was used as the internal 
control, and relative expression levels of ALDH5A1 were 
calculated using the 2‑ΔΔCt method. All experiments were 
conducted in triplicate.

Primer sequences were as follows: ALDH5A1, forward, 
5'‑ATC​ACC​CCG​TGG​AAT​TTC​CC‑3'; reverse, 5'‑TTC​ACC​
ACG​ACA​GTA​CAG​CC‑3'. GAPDH, forward, 5'‑CAC​CCA​
CTC​CTC​CAC​CTT​TGA​C‑3'; reverse, 5'‑GTC​CAC​CAC​CCT​
GTT​GCT​GTA​G‑3'.

Protein extraction and western blotting. Total protein was 
extracted from femoral head cartilage using RIPA buffer 
containing PMSF (BOSTER), phosphatase inhibitors 
(CWBIO), and protease inhibitors (MCE). Protein concen‑
tration was determined using the BCA assay (Beyotime 
Biotechnology) following the manufacturer's instructions.

Protein samples were mixed with loading buffer and 
heated at 100˚C for 10  min. Proteins were separated by 
SDS‑PAGE (10% polyacrylamide gel) and transferred to PVDF 
membranes. Membranes were blocked with 5% skim milk for 
2 h at room temperature, followed by overnight incubation at 
‑4˚C with primary antibodies against ALDH5A1 and GAPDH 
(Proteintech) at a 1:5,000 dilution. After washing with PBST, 
membranes were incubated for 1 h at room temperature with 
a rabbit anti‑rat IgG secondary antibody. Protein signals were 
detected using an Odyssey infrared imaging system, and 
chemiluminescence was visualized using enhanced chemilu‑
minescence (Beyotime Biotechnology).

Immunofluorescence staining. Chondrocytes were cultured 
overnight on sterile glass coverslips at 37˚C with 5% CO2. 
Cells were fixed with 4% paraformaldehyde for 15  min, 
permeabilized with permeabilization solution (Beyotime 
Biotechnology) for 10 min, and blocked with immunofluores‑
cence blocking buffer (Beyotime Biotechnology) for 1 h at room 
temperature. After washing, cells were incubated overnight 
at 4˚C with anti‑ALDH5A1 primary antibody (Proteintech, 
China), followed by 2‑h incubation with FITC‑conjugated 
goat anti‑rabbit IgG secondary antibody (Epizyme Biotech, 
China) in the dark. Nuclei were stained with DAPI (1 µg/ml) 
for 10 min. Images were captured using a Revolve2 inverted 
fluorescence microscope (Echo), and fluorescence intensity 
was quantified using ImageJ software.

Statistical analyses. Bioinformatics analysis was performed 
using R (x64 4.3.1). For the in vitro experiment, data were 
analyzed with GraphPad Prism 8.0.2 and ImageJ and are 
presented as mean ± standard error. Statistical differences 
between groups were evaluated using an unpaired Student's 
t‑test, with P<0.05 considered statistically significant.

Statement. This study was approved by the Medical Ethics 
Committee of the First Affiliated Hospital of Guangxi Medical 
University (approval number: 2021‑E67‑01) in Guangxi, China. 
The handling of clinical tissue samples adhered to the ethical 
standards outlined in the Declaration of Helsinki.

Results

Identification of DEGs and signature genes. The limma 
package (version 3.58.1, Department of Mathematics and 
Statistics, University of Melbourne, Australia) in R software 
was employed to apply adjusted P‑values across all datasets. 
Using filtering criteria of adjusted P‑value <0.05 and logFC 
>1, 51 significant DEGs were identified, including 33 down‑
regulated and 18 upregulated genes. The heatmap (Fig. 1A) 
visualizes the expression patterns of these DEGs, while the 
volcano plot (Fig. 1B) illustrates their differential expression 
levels. Furthermore, 51 DEGs were cross‑validated using 
Lasso regression, SVM, and RF algorithms in R (Fig. 2A‑C), 
yielding a Venn diagram (Fig. 2D) that identified three key 
characteristic genes: ALDH5A1, TBCEL, and KAT2B 
(Table  I). Based on prior research, ALDH5A1 has been 
linked to mitochondrial dysfunction and anti‑inflammatory 
effects  (16) and was selected as a marker gene for further 
investigation. Basic information for ALDH5A1 was retrieved 

https://www.spandidos-publications.com/10.3892/br.2026.2136
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from the GeneCards database (https://www.genecards.org/): 
Protein ID: ALDH5A1 (UniProtKB/SwissProt: P51649); 
Primary intracellular localization: mitochondria; Protein size: 
535 amino acids; Molecular weight: 57,215 daltons.

Accuracy analysis of characteristic genes. To evaluate the 
discriminative ability of the three identified feature genes, ROC 
analysis was performed for ALDH5A1, TBCEL, and KAT2B 
(Fig. S1). The results indicated that all three genes possessed 

Figure 1. Identification of DEGs. (A) Heatmap of DEGs. (B) Volcano plot of DEGs. DEGs, differentially expressed genes.
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robust diagnostic potential; however, ALDH5A1 exhibited the 
superior diagnostic accuracy with an AUC of 0.968, compared 
to 0.931 for TBCEL and 0.899 for KAT2B. Consequently, 
ALDH5A1 was selected as the optimal biomarker for further 
analysis. The violin plot generated using the ggpubr software 

(Fig. 3A) indicated that the expression level of ALDH5A1 in 
the ONFH group was significantly lower than in the normal 
group (P<0.05). Validation of these findings in the validation 
group was confirmed through the violin plot (Fig. 3B) and 
corresponding ROC curve, further supporting the reliability 

Table I. Algorithms for genetic screening results.

Algorithm	 Genes

LASSO	 ALDH5A1, TSTA3, TMCC2, TBCEL, ARG2, KAT2B, HIST1H1C, TREM1, LTF
SVM	 ALDH5A1, KAT2B, ARG2, TBCEL, YPEL4, FHDC1
RF	 ALDH5A1, TBCEL, KLC3, ZNRF1, CISD2, KAT2B, USP12

LASSO, Least Absolute Shrinkage and Selection Operator; SVM, Support Vector Machine; FR, Random Forest.

Figure 2. Identification of signature gene. (A) LASSO regression screening to obtain 9 DEGs. (B) SVM algorithm screening yielded 6 DEGs. (C) RF algorithm 
screening yielded 7 DEGs. (D) Venn diagram showing cross‑validation yields 3 DEGs. RF, Random Forest; SVM, Support Vector Machine; LASSO, Least 
Absolute Shrinkage and Selection Operator; DEGs, differentially expressed genes.

https://www.spandidos-publications.com/10.3892/br.2026.2136
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and accuracy of the ALDH5A1 marker identified in the 
experimental group samples.

Correlation analysis of characteristic genes. In the correla‑
tion study of ALDH5A1, as shown in the volcano map and 
differential heatmap (Fig. 4A and B), a correlation analysis 
filter identified 39 DEGs associated with ALDH5A1. Among 
them, 20 were upregulated and 19 were downregulated. The 
correlation and expression pattern of these ALDH5A1‑related 
DEGs are depicted in the bubble plot (Fig. 4C).

Functional enrichment analysis. The results of the GO 
enrichment analysis are detailed in Fig.  5. The bar plot 
(Fig. 5A) highlights the top significant terms, showing that 
ALDH5A1‑related DEGs are primarily enriched in biological 
processes such as anion transmembrane transport and regu‑
lation of autophagy. The bubble plot (Fig. 5B) complements 
this, displaying GeneRatio, adjusted P‑values, and gene 
counts for these significant terms. In terms of CC, DEGs 
are predominantly localized in lysosomes and azurophilic 

granules. Regarding MF, DEGs are strongly associated with 
transmembrane transporter activity. These results suggest 
that ALDH5A1 may influence ONFH pathophysiology by 
participating in signal transduction pathways that regulate 
autophagy. According to Gene Set Variation Analysis 
(GSVA), upregulated genes among the DEGs related to 
ALDH5A1 are primarily enriched in pathways such as nitric 
oxide receptor signaling, Leishmania infection, TOLL‑like 
receptor signaling, cytosolic DNA sensing, RIG‑like receptor 
signaling, and vesicle transport. Conversely, downregulated 
genes are enriched in pathways associated with proximal 
tubular bicarbonate reclamation, nitrogen metabolism, 
ECM‑receptor interactions, basal cell carcinoma, porphyrin 
and chlorophyll metabolism, and the mammalian circadian 
rhythm (Fig. 5C).

Gene set enrichment analysis. By classifying the experi‑
mental samples into high and low expression groups of 
ALDH5A1, this study further explored its biological 
significance in ONFH through GSEA. The high expression 

Figure 3. Accuracy analysis of signature gene. (A) Differential violin plots and ROC curves for ALDH5A1 in experimental groups. (B) Differential violin plots 
and ROC curves for ALDH5A1 in validation groups. *P<0.05 and ***P<0.001. ROC, receiver operating characteristic; ALDH5A1, Aldehyde dehydrogenase 
5 family member A1; AUC, area under curve.
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group was significantly enriched in five activities and path‑
ways related to lysosomal function and receptor signaling 
pathways (Fig. 6A). In contrast, the low expression group 
exhibited enrichment in five biological signaling pathways, 
including primary immune cell efficiency, ribosome activity, 
hematopoietic cell function, asthma, and autoimmune 
thyroid disease (Fig.  6B). These findings highlight the 
potential role of ALDH5A1 in regulating signal transduction 
and autophagy, highlighting its critical involvement in the 
pathogenesis of ONFH.

Correlation and immune cell infiltration analysis. Immune-
related functional analysis revealed significant differences 
between the two ALDH5A1 expression groups in terms of 
HLA and MHC class I molecular functions, neutrophil and 
T cell co‑inhibition, and regulatory T cell functions (Fig. 7). 
These functions were particularly active in the low ALDH5A1 
expression group. Immune cell infiltration analysis, depicted 
in the bubble plot (Fig.  8A), shows the distribution of 22 
immune cell types across the normal and ONFH groups. The 
volcano plot (Fig. 8B) illustrates a strong negative correlation 

Figure 4. Signature gene correlation analysis. (A) Heatmap of ALDH5A1‑related DEGs. (B) Volcano plot of ALDH5A1‑related DEGs. (C) Bubble plot of 
ALDH5A1‑related DEGs. ALDH5A1, Aldehyde dehydrogenase 5 family member A1; DEGs, differentially expressed genes.

https://www.spandidos-publications.com/10.3892/br.2026.2136
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Figure 5. GO and GSVA enrichment analysis. (A) Bar plot of GO function enrichment analysis. (B) Bubble plot of GO enrichment analysis (C) GSVA analysis 
based on ALDH5A1 expression levels. GO, Gene Ontology; GSVA, Gene Set Variation Analysis; DEGs, differentially expressed genes; ALDH5A1, Aldehyde 
dehydrogenase 5 family member A1; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 6. Gene set enrichment analysis. (A) Functional enrichment analysis of GSEA in the ALDH5A1 high expression group. (B) Functional enrichment 
analysis of GSEA in the ALDH5A1 low expression group. GSEA, Gene Set Enrichment Analysis; ALDH5A1, Aldehyde dehydrogenase 5 family member A1; 
KEGG, Kyoto Encyclopedia of Genes and Genomes.

https://www.spandidos-publications.com/10.3892/br.2026.2136
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between activated CD4+ memory T cells and memory B cells, 
T cells, follicular helper cells, dendritic cells, and activated 
NK cells. Additionally, the lollipop plot (Fig. 9A) demon‑
strates a significant association (P<0.05) between immune 
cells and ALDH5A1, with the most notable finding being a 
negative correlation between ALDH5A1 and activated CD4+ 
memory T cells (Fig. 9B). These results highlight the complex 
interactions between immune cells that contribute to ONFH 
progression and suggest that ALDH5A1 plays a key regulatory 
role in this immune network.

ceRNA network for detecting characteristic genes. LncRNAs 
have gained increasing attention in genetic research due to their 
substantial effects on various biological processes, including 
cellular regulation. Using three databases‑TargetScan, 
miRanda, and miRDB‑this study analyzed the regulatory 
interactions between ALDH5A1 and miRNAs. Our findings 
revealed 18 miRNAs that regulate ALDH5A1. Additionally, 
68 lncRNAs that compete with these miRNAs for binding 
to MREs were identified (Fig. 10). These results suggest that 
ALDH5A1 regulates both its own expression and that of other 
molecular targets through the ceRNA network, which may 
play a pivotal role in the pathogenesis of avascular necrosis of 
the femoral head.

Bioinformatics and experimental analysis of ALDH5A1 
expression. Bioinformatics analysis revealed a significant 
decrease in ALDH5A1 expression in chondrocytes from 
the ONFH group compared to the normal group (P<0.05). 
This was corroborated by qRT‑PCR, which showed a 
marked reduction in ALDH5A1 mRNA levels in the ONFH 
group (Fig. 11A). Western blot analysis further confirmed 
that ALDH5A1 protein expression was significantly lower 
in the ONFH group than in the normal group (P<0.05) 
(Fig. 11B and C). Immunofluorescence staining also demon‑
strated reduced ALDH5A1 fluorescence intensity in the 
ONFH group relative to the normal group (Fig. 11D and E). 
The relative fluorescence intensity of ALDH5A1 in the ONFH 
group was significantly lower (P<0.01), providing additional 
support for the decreased ALDH5A1 expression in ONFH 
chondrocytes. These findings from bioinformatics, qRT‑PCR, 
Western blot, and immunofluorescence analyses collectively 
confirm that ALDH5A1 expression is significantly reduced in 
ONFH samples compared to normal controls.

Discussion

ONFH is a complex, progressive disease primarily char‑
acterized by microcirculatory disorders and necrosis of 

Figure 7. Differences in 29 immune‑related functions across different ALDH5A1 expression levels. *P<0.05. ONFH, osteonecrosis of the femoral head; 
ssGSEA, single‑sample Gene Set Enrichment Analysis; ALDH5A1, aldehyde dehydrogenase 5 family member A1.
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bone marrow mesenchymal stem cells. Despite extensive 
research, the mechanisms underlying ONFH remain unclear, 
and the absence of reliable diagnostic markers often results 

in delayed treatment, eventually necessitating joint replace‑
ment  (17). This study explores mRNA expression profiles 
in the peripheral blood serum of patients with ONFH and 

Figure 8. Immune cell infiltration analysis. (A) Stacked bar plot of immune cell infiltration (CIBERSORT) showing the relative percentage (Y‑axis) of 22 
immune cell types for each sample, grouped by Control (green) and ONFH (treatment, red). (B) Immune cell infiltration analysis volcano plot showing correla‑
tion between immune cells in the ONFH treatment group. ONFH, osteonecrosis of the femoral head.

https://www.spandidos-publications.com/10.3892/br.2026.2136
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healthy controls, incorporating data from hip joint carti‑
lage. Differential analysis and machine learning algorithms 
were employed to identify potential biomarkers, while the 

CIBERSORT algorithm was used to investigate correlations 
between immune cell populations and ONFH. Additionally, 
mRNA‑miRNA‑lncRNA relationships linked to key genes 

Figure 9. Immune correlation analysis. (A) Lollipop plot of correlations between ALDH5A1 expression and immune cell infiltration. The X‑axis shows the 
Spearman correlation coefficient. The size of the circles corresponds to the absolute correlation coefficient (|Correlation|), and the color indicates statistical 
significance (Red for P<0.05, Grey for P≥0.05). The P‑values are displayed on the right. (B) Distribution of Spearman correlation of activated CD4 memory T 
cells with ALDH5A1 in samples from patients with ONFH. ALDH5A1, Aldehyde dehydrogenase 5 family member A1; ONFH, osteonecrosis of the femoral 
head.
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were predicted. The expression of hub genes was validated 
through qRT‑PCR and Western blot, with results consistent 
with our bioinformatics analysis.

A bioinformatic analysis identified DEGs associated with 
ONFH. A total of 51 relevant genes were screened, including 
18 upregulated and 33 downregulated genes, which may serve 
as significant biomarkers for the pathogenesis and progression 
of ONFH. Through methods such as LASSO regression, the 
SVM algorithm, and RF analysis, ALDH5A1, TBCEL, and 
KAT2B were identified as key genes. ALDH5A1 encodes 
succinate semialdehyde dehydrogenase, an enzyme involved 
in mitochondrial glutamate metabolism, regulating energy 
metabolism and maintaining mitochondrial integrity. Depletion 

of ALDH5A1 can result in mitochondrial dysfunction, 
impaired γ‑aminobutyric acid (GABA) metabolism (18), and 
is associated with reduced ATP production, increased oxida‑
tive stress, and compromised mitochondrial dynamics, leading 
to cell apoptosis and inflammation (19). Following ischemic 
necrosis of the femoral head, an oxidative stress microenviron‑
ment develops in the necrotic bone area, driven by excessive 
reactive oxygen species (ROS) and apoptosis‑inducing factors 
released from damaged mitochondria (20). While low levels 
of ROS participate in essential cellular signaling, excessive 
ROS production induces oxidative stress, disrupting cellular 
homeostasis and impairing function (21‑23). ROS are also crit‑
ical in activating autophagy and osteoblast apoptosis (24,25). 

Figure 10. Plot of the competing endogenous RNA network of ALDH5A1. ALDH5A1, Aldehyde dehydrogenase 5 family member A1.
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Moreover, glucocorticoids, a major cause of non‑traumatic 
ONFH, promote ROS production in osteoblasts, activating the 
JNK/c‑Jun signaling pathway, which triggers autophagy and 
apoptosis (26). ROS inhibitors can reduce ROS levels, inhibit 
the JNK/c‑Jun pathway, and reverse glucocorticoid‑induced 
osteoblast apoptosis and autophagy (27). Furthermore, gluco‑
corticoids impair cell angiogenesis, disrupt mitochondrial 
function, and hinder the blood supply to the femoral head, 
ultimately leading to bone necrosis (28).

Differential analysis of ALDH5A1 gene expression 
between the two groups revealed that its expression was 
significantly lower in the ONFH group compared to the normal 
group, further supporting our hypothesis. This suggests that 
ALDH5A1 may play a pivotal role in ONFH. To explore its 
potential function, the samples were divided into high and 

low ALDH5A1 expression groups, and enrichment analysis 
was performed on the DEGs. The GO results showed that the 
enriched genes were primarily involved in cellular autophagy, 
anion transmembrane transport, and proteasome‑mediated 
ubiquitin‑dependent protein catabolism. GSVA indicated that 
upregulated genes were enriched in pathways such as nitric 
oxide receptor signaling, Leishmania infection, TOLL‑like 
receptor signaling, RIG‑like receptor signaling, and vesicle 
transport‑related interactions. These findings strongly impli‑
cate ALDH5A1‑related DEGs in pathways like autophagy 
and lysosomal function, forming the basis for our mecha‑
nistic hypothesis. Although direct experimental validation of 
ALDH5A1's role in these specific pathways was not conducted 
in this study, the functional parallels with other members of the 
ALDH family provide substantial support for our hypothesis. 

Figure 11. Verification of ALDH5A1 expression. (A) RT‑qPCR analysis of ALDH5A1 mRNA levels in chondrocytes from the NC and ONFH groups. 
(B) Densitometric quantification of ALDH5A1 protein expression in the NC and ONFH groups. (C) Representative western blot images showing ALDH5A1 
and the loading control GAPDH in the NC and ONFH groups (n=3). (D) Immunofluorescence staining of ALDH5A1 in chondrocytes from the NC and ONFH 
groups. ALDH5A1 is shown in green and nuclei are counterstained with DAPI (blue). (E) Quantification of the relative fluorescence intensity of ALDH5A1 in 
the NC and ONFH groups. *P<0.05 and **P<0.01. ALDH5A1, aldehyde dehydrogenase 5 family member A1; ONFH, osteonecrosis of the femoral head; NC, 
normal control.
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For instance, ALDH2, a well‑characterized member of the 
family, protects against bone loss by regulating mitochondrial 
ROS and mitophagy, and modulates cell death pathways, 
including autophagy and ferroptosis, through detoxification of 
lipid peroxidation products. Additionally, other ALDH family 
members, such as ALDH1a3, sensitize cells to ferroptosis via 
autophagy‑dependent ferritinophagy, while ALDH7A1 and 
ALDH3A1 act as inhibitors of ferroptosis (29,30). Although 
research on ALDH5A1 in these contexts is limited, the 
functional conservation observed across the ALDH family 
strengthens the plausibility of our findings. It is hypothesized 
that the downregulation of ALDH5A1 contributes to ONFH 
pathogenesis through mechanisms akin to its family members, 
such as impaired mitochondrial integrity, failure to detoxify 
ROS, and subsequent dysregulation of protective autophagy 
and ferroptosis pathways (31,32). This positions ALDH5A1 not 
only as a potential biomarker but also as a novel mechanistic 
component in ONFH pathology.

Our analysis also highlighted significant differences in 
immune cell functions, including HLA and T cell co‑inhi‑
bition, between the high and low ALDH5A1 expression 
groups (9). Notably, ALDH5A1 expression was significantly 
negatively correlated with activated CD4+ memory T cells (33), 
suggesting a potential link between ALDH5A1's metabolic 
role and the immune microenvironment in ONFH, which 
warrants further investigation  (34). Finally, a predictive 
mRNA‑miRNA‑lncRNA ceRNA network was constructed, 
revealing complex upstream regulatory mechanisms for 
ALDH5A1 (Fig. 10). While this network is purely predictive, 
it provides a foundation for future studies on the regulation of 
ALDH5A1 in ONFH.

The identification of ALDH5A1 as a robust biomarker 
paves the way for several potential clinical applications. In 
diagnostic settings, ALDH5A1 expression, possibly measured 
in synovial fluid aspirates or synovial biopsies, could serve 
as an objective molecular marker, complementing standard 
imaging techniques. This could be particularly useful for 
diagnosing early‑stage ONFH, even before significant radio‑
graphic changes are evident. Additionally, ALDH5A1 may 
prove valuable as a prognostic tool. It is hypothesized that 
its expression level at diagnosis could correlate with disease 
severity or progression. Specifically, markedly low ALDH5A1 
levels may indicate a higher risk or faster progression to 
femoral head collapse, aiding in patient stratification for 
either joint‑preserving procedures or total hip arthroplasty. 
While our study focused on tissue samples, future research 
should explore whether the ALDH5A1 protein or its down‑
stream metabolites can be detected as a non‑invasive blood 
biomarker, representing a significant advancement in ONFH 
management.

However, this study has several limitations. Firstly, a 
key limitation is the mismatch in tissue types between our 
discovery and validation cohorts. Our bioinformatics analysis 
was based on publicly available synovial tissue datasets, while 
experimental validation was conducted on articular cartilage. 
These tissues are histologically distinct. Our rationale is 
based on the premise that ONFH evolves into a ‘whole‑joint’ 
disease, where secondary synovitis and cartilage degradation 
are linked by a shared microenvironment. While our data 
supports this hypothesis, this constitutes indirect validation. 

Future studies should confirm these findings in matched 
synovial, cartilage, and subchondral bone samples from the 
same patient cohort. Secondly, the sample size for our in vitro 
experimental validation was relatively small (n=6 per group), 
limiting the statistical power and reliability of our conclu‑
sions. Larger patient cohorts will be necessary to confirm our 
findings. Thirdly, the validated molecules have not yet been 
confirmed in vivo. Additional research is needed to validate 
the role of these molecules in ONFH in vivo.

In conclusion, this study used machine learning methods 
to identify ALDH5A1 as a key gene associated with ONFH, 
suggesting its potential as a prognostic marker. This finding 
was validated through ROC curves and in vitro experiments. 
Furthermore, significant correlations between key genes and 
immune cells were observed, and the ceRNA network rela‑
tionships between miRNAs, lncRNAs, and hub genes were 
predicted. Our findings contribute to a deeper understanding of 
ONFH pathogenesis and provide potential molecular markers 
for the prognosis and treatment of the disease.
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