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Abstract

Background Steroid-induced osteonecrosis of femoral head (SONFH) is a severe health risk, and this study aims to
identify immune-related biomarkers and pathways associated with the disease through bioinformatics analysis and
animal experiments.

Method Using SONFH-related datasets obtained from the GEO database, we performed differential expression
analysis and weighted gene co-expression network analysis (WGCNA) to extract SONFH-related genes. A protein-
protein interaction (PPI) network was then constructed, and core sub-network genes were identified. Immune

cell infiltration and clustering analysis of SONFH samples were performed to assess differences in immune cell
populations. WGCNA analysis was used to identify module genes associated with immune cells, and hub genes were
identified using machine learning. Internal and external validation along with animal experiments were conducted to
confirm the differential expression of hub genes and infiltration of immune cells in SONFH.

Results Differential expression analysis revealed 502 DEGs. WGCNA analysis identified a blue module closely related
to SONFH, containing 1928 module genes. Intersection analysis between DEGs and blue module genes resulted in
453 intersecting genes. The PPl network and MCODE module identified 15 key targets enriched in various signaling
pathways. Analysis of immune cell infiltration showed statistically significant differences in CD8+t cells, monocytes,
macrophages M2 and neutrophils between SONFH and control samples. Unsupervised clustering classified SONFH
samples into two clusters (C1 and C2), which also exhibited significant differences in immune cell infiltration. The hub
genes (ICAM1, NR3C1, and IKBKB) were further identified using WGCNA and machine learning analysis. Based on these
hub genes, a clinical prediction model was constructed and validated internally and externally. Animal experiments
confirmed the upregulation of hub genes in SONFH, with an associated increase in immune cell infiltration.

Conclusion This study identified ICAM1, NR3C1, and IKBKB as potential immune-related biomarkers involved in
immune cell infiltration of CD8 +1 cells, monocytes, macrophages M2, neutrophils and other immune cells in the
pathogenesis of SONFH. These biomarkers act through modulation of the chemokine signaling pathway, Toll-like
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receptor signaling pathway, and other pathways. These findings provide valuable insights into the disease mechanism

of SONFH and may aid in future drug development efforts.

Keywords Steroid-induced, Osteonecrosis, Femoral head, Immunization, Animal experiments

Introduction
Glucocorticoids are frequently employed in the therapeu-
tic management of inflammatory and connective tissue
diseases, including systemic lupus erythematosus, Sjo-
gren’s syndrome, rheumatoid arthritis, and severe acute
respiratory syndrome [1, 2]. A prevalent complication
arising from glucocorticoid treatment is steroid-induced
osteonecrosis of the femoral head (SONFH). Studies
from China and Japan underscore glucocorticoids as a
significant risk factor for nontraumatic SONFH (3, 4].
Without intervention, SONFH typically progresses, lead-
ing to hip joint degeneration and compromised function,
significantly reducing patients’ quality of life. Annually,
an estimated 20,000 to 30,000 new cases of SONFH are
recorded worldwide, not taking into account transmis-
sion [5], and this figure is expected to rise due to the
COVID-19 pandemic [6]. Over 50% of affected individu-
als ultimately require joint replacement surgery. Despite
this, the pathogenesis of SONFH still needs to be fully
elucidated. The detection of SONFH in its early stages
remains elusive, owing to the absence of adequate diag-
nostic methods, even with traditional imaging techniques
[7]. Moreover, the accessibility and economic demands
of these imaging methods pose additional challenges,
particularly in regions like China [8, 9]. While total hip
arthroplasty substantially enhances patients’ quality of
life, the associated financial and psychological impacts
are considerable for many [10]. Hence, there is a critical
need to understand the molecular and biological under-
pinnings of SONFH and to identify new biomarkers to
facilitate early diagnosis and tailor treatment strategies.
Steroid medications significantly modulate the immune
microenvironment. Orally administered steroids exert
anti-inflammatory effects by hindering transcription
factor activation, diminishing neutrophil adherence to
endothelial cells, and inhibiting the production of inflam-
matory cytokines. Prolonged administration of oral ste-
roids is associated with a notable reduction in CD4 cells
and frequently a decrease in serum immunoglobulin G
(IgG) levels [11]. The link between SONFH and immune
system dysregulation is apparent. Bioinformatics, a
cross-disciplinary domain that merges information sci-
ence with molecular biology, is increasingly employed
in gene expression analysis and biomarker identification.
Researchers often utilize microarray or high-throughput
sequencing to generate extensive data sets accessible
through public databases such as ArrayExpress and the
Gene Expression Omnibus (GEO). Recently, machine
learning and weighted gene co-expression network

analysis (WGCNA) have emerged as powerful tools for
pinpointing biomarkers intricately associated with dis-
eases [12, 13]. These methodological advances offer
promising avenues for enhancing our comprehension of
disease-immune system interactions. Consequently, this
study is designed to elucidate the mechanistic pathways
of SONFH by leveraging WGCNA, machine-learning
techniques, Immune infiltration analysis,, and further
experiments, as depicted in the accompanying flow chart
(Fig. 1).

Methods and materials

Data acquisition and preparation

The dataset GSE123568 was sourced from the GEO
database (https://www.ncbi.nlm.nih.gov/geo/) using the
search term “Steroid-induced Osteonecrosis of the Fem-
oral Head” and is based on the Affymetrix Human Gene
Expression Array platform (GPL15207). This dataset
contains 40 samples, of which 30 are SONFH samples,
and 10 are control samples. For purposes of validation,
the GSE74089 dataset, based on the Agilent-026652
Whole Human Genome Microarray 4x44 K v2 platform
(GPL13497), was also obtained, comprising 8 samples —
4 samples with necrosis of the femoral head and 4 control
samples. Following the acquisition of the datasets above,
normalization and binarization of the gene expression
matrix were performed using the GEOquery [14] pack-
age, categorizing the sample disease status into two
groups: the diseased group (1) and the control group (0).

Differential expression analysis

The GSE123568 dataset underwent differential expres-
sion analysis via the limma [15] package to identify dif-
ferentially expressed genes (DEGs). DEGs were screened
with |logFC|>1, p<0.05. And the DEGs were classified
according to their expression patterns to the SONFH
group and control group, with those showing increased
expression in the SONFH group designated as up-
regulated and those with decreased expression set as
down-regulated.

Weighted gene co-expression network analysis(WGCNA)

The GSE123568 dataset was analyzed employing the
WGCNA package [16] to compute gene correlations.
Subsequently, these correlation coefficients were trans-
formed using a weighting function to construct an Adja-
cency Matrix. A one-step method was applied to select
a soft threshold B for assembling a scale-free network.
The dynamic hybrid cutting method was then used to
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Fig. 1 Flow chart

detect modules exhibiting significant correlations among
their genes. The correlation coefficients between each
identified module and the phenotypic traits were calcu-
lated. For this study, the disease status of the samples was
used as the phenotypic trait, leading to the identification
of module genes associated with the disease status. By
employing a Venn diagram, we were able to pinpoint the
intersection of DEGs with the genes in the most relevant
module, thereby identifying the genes associated with
SONFH as disease-related genes.

Protein-protein interaction (PPI) network construction

Disease genes associated with SONFH were extracted
and imported into the STRING database [17] (https://
cn.string-db.org/). The species was set to “Homo sapiens’,
and the minimum required interaction score was set to
medium confidence (0.400) to create a protein-protein
interaction (PPI) network. Following this, the PPI net-
work was imported into the Cytoscape 3.7.1 software for
network topology analysis. To identify the core subnet-
work of the network, the MCODE module was used to
determine critical subnetworks and targets as key targets.

Enrichment Analysis

Key genes implicated in SONFH were identified, and
enrichment analysis was carried out using the “cluster-
Profiler” [18] package to assess Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. The significance of the enrichment

results was determined by applying a threshold for the
adjusted p-value, with a cutoff of P<0.05.

Differences in immune cell infiltration between SONFH and
the control group

The xCell algorithm [19] was employed to examine
immune cell infiltration within each sample included in
the GSE123568 dataset. The Wilcoxon test was used to
evaluate differences in immune cell infiltration between
the SONFH and control groups. xCell is a methodology
predicated on gene signatures refined by analysing thou-
sands of pure cell types from diverse origins. It incor-
porates an innovative approach to reduce confounding
effects due to correlations among closely related cell
types. xCell signatures have been validated through rig-
orous in-silico simulations and cytometry-based immu-
nophenotyping, affirming their enhanced performance
compared to previous methodologies.

Unsupervised Clusterin

Unsupervised clustering analysis was conducted on
SONEFH sample data from GSE123568 using the Con-
sensusClusterPlus [20] package based on key genes, cat-
egorizing SONFH samples into clusters. Simultaneously,
the xCell algorithm was used to compare differences in
immune cell infiltration among the different clusters.

WGCNA based on immuno-infiltration results
Only the gene expression matrix and immune cell infil-
tration results for the SONFH group in GSE123568
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were extracted. We employed the WGCNA package
once more to construct a scale-free network, using the
samples’ immune cell infiltration analysis results as phe-
notypic traits in this study to further screen for modular
genes associated with immune cell infiltration.

Hub gene screening and prediction model construction
With disease status as a binary outcome variable
(SONFH=1, Control=0), Lasso regression paired with
ten-fold cross-validation was used to identify hub genes
from the GSE123568 dataset. Following selecting these
hub genes, a two-step validation approach was executed.
Internal validation within the GSE123568 dataset was
initially conducted to assess the model’s robustness. This
was followed by external validation on the GSE74089
dataset to evaluate the model’s generalizability. The mod-
el’s predictive performance was determined by generat-
ing a Receiver Operating Characteristic (ROC) curve and
computing the Area Under the Curve (AUC).

Animals

Twelve 10-week-old male SD rats were purchased from
the Animal Experiment Center of Guangzhou University
of Chinese Medicine. All experiments involved in this
study were approved by the Animal Ethics Committee of
Guangzhou University of Chinese Medicine. The experi-
ments were conducted in accordance with the regula-
tions of animal experiments of Guangzhou University of
Traditional Chinese Medicine and ARRIVE guidelines.
Rats were randomly divided into 2 groups: control group
(n=6) and SONFH group (n=6). Rats in the SONFH
group were injected with methylprednisolone (60 mg/kg)
intramuscularly in the buttocks 7 times/day, and the rats
were weighed before each injection. Meanwhile, the con-
trol group was injected with an equal amount of saline.
All rats were placed in rat cages with free access to water
and food. A 12-hour light/dark cycle was provided. At
week 6, rat femoral head tissues were obtained for further
experiments. The rats were euthanized by intraperitoneal
injection of 130 mg/kg pentobarbital.

HE staining

The femoral head tissue was fixed in paraformaldehyde
solution (pH=7.4) for 48 h and then decalcified in 10%
EDTA for one month. The EDTA solution was changed
daily. After the bone tissue was softened, it was embed-
ded in paraffin and cut into 5-pm-thick sections for
hematoxylin-eosin (HE) staining. Afterward, we observed
and evaluated the microstructure of the bone.

Immunofluorescence

After dewaxing the paraffin sections to water, place the
sections in a container filled with EDTA antigen retrieval
buffer (PH=8.0) and heat to perform antigen retrieval.
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After cooling, place the sections in PBS (PH=7.4) and
shake on a decolorizing shaker for 5 min. Add autofluo-
rescence quencher agent to the sections for 5 min, fol-
lowed by a rinse under running water for 10 min, and
then incubate with BSA (bovine serum albumin) for
30 min. After removing the blocking solution with filter
paper, place the sections in a wet box and incubate over-
night at 4 °C. After washing and discarding the primary
antibody, add the secondary antibody and incubate in
the dark at room temperature for 1 h. After washing and
discarding the secondary antibody, add 10 pg/mL DAPI
staining solution to the sections and incubate in the dark
at room temperature for 10 min. After washing again,
seal the slides with an anti-fading mounting medium
and store in the dark at 4 °C. Observe and collect images
using a fluorescence microscope. The DAPI stained
nuclei emit blue light under UV excitation.

The antibodies used in the experiment include:
Anti-CD8 (abcam company, ab237709), Anti-CD68
(ab283654), Anti-Myeloperoxidase (abcam company,
ab45977).

Real-time qPCR

Total RNA was extracted from femoral tissue using Trizol
(Invitrogen) solution and RNA extraction kit (TaKaRa).
Reverse transcription was performed using M-MLV
reverse transcriptase solution. The reaction conditions
were: pre-denaturation at 95 °C for 120 s; denaturation
at 95 °C for 15 s; annealing at 60 °C for 30 s; and exten-
sion at 72 °C for 40 cycles. B-actin was used as an internal
reference.

Western blot

Femoral tissues were placed in liquid nitrogen and then
ground until pulverized. After adding RIPA lysis buf-
fer to extract the total protein from the tissue. Protein
concentration was detected using a dicinchoninic acid
(BCA) kit. We transferred the protein samples onto
polyvinylidene difluoride (PVDF) membranes by SDS-
polyacrylamide (SDS-PAGE) gel electrophoresis and
sealed them with 5% skim milk for 2 h. Primary antibod-
ies were added and incubated overnight at 4 °C. The next
day, after using TBST washing film twice, the secondary
antibody was added and incubated at room temperature
for 2 h. B-actin was used as the internal reference protein.
Finally, use Image] to analyze protein bands. The anti-
bodies used in the experiments included Anti-ICAM1
antibody (abcam company, ab282575), Anti-NR3C1
(mlBio company, Ab-226), CHUK/IKBKB Rabbit Poly-
clonal Antibody (abclonal company, A20203), Anti-beta
Actin antibody (abcam company, ab8227).
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Results

DEGs screening and WGCNA

Utilizing the limma package, 502 differentially expressed
genes (DEGs) were discerned from the GSE123568 data-
set. Of these, 197 genes were found to be up-regulated,
while 305 were down-regulated (Fig. 2A). Subsequent
clustering of the 40 samples in the GSE123568 dataset
revealed outlier samples GSM 3507251 and GSM3507256
(Fig. 2B), which were subsequently excluded from fur-
ther analysis. A scale-free network was successfully con-
structed (Fig. 2C) with the selection of a p value of 18,
resulting in a network comprising 8 modules. Notably,
the blue module demonstrated the most significant cor-
relation with SONFH (cor=0.74, P=1e-7) (Fig. 2D and
E). From this blue module, 1928 genes were extracted. A
Venn diagram was constructed, revealing an intersection
of 453 genes between the DEGs and those within the blue
module (Fig. 2F).
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Screening SONFH key genes through PPI network and
MCODE module

A protein-protein interaction (PPI) network was estab-
lished by uploading 453 genes that intersect into the
STRING database, facilitating the creation of the PPI
network visual (Fig. 3A). This network was subsequently
analyzed in the Cytoscape software. Through the applica-
tion of the MCODE algorithm in Cytoscape, the network
was segmented into 10 significant clusters. Cluster 1,
achieving the highest score, was recognized as the prin-
cipal cluster within the network (Fig. 3B). It comprises 15
nodes and 92 edges, highlighting key genes implicated in
SONFH, such as CD80, CD86, ICAM1, IKBKB, C5ARI,
CD163, CXCL8, CCR1, CXCR1, CD1D, PTGS2, CCR2,
CTSS, TLR2, and NR3Cl1, suggesting a genomic inter-
play associated with SONFH pathogenesis. The analysis
of the chromosomal positions for these critical genes
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Fig. 3 Acquisition of key targets in SONFH. (A) Visualization of the protein-protein interaction (PPI) network. (B) Identifying the core subnetwork. (C) map
depicting chromosomal localization of key genes. (D) Chord diagram illustrating correlations among key genes

uncovered a positive correlation among all genes, with
the sole exception of CD80 (Fig. 3C and D).

Enrichment analysis

Applying an adjusted p-value cutoff of P<0.05, GO
enrichment analysis indicated that the key genes associ-
ated with SONFH predominantly participate in various
biological processes, notably the positive regulation of
responses to external stimuli, reactions to bacterial mole-
cules, and the positive regulation of leukocyte migration.
These SONFH-related key genes are chiefly enriched in
cell components such as the external side of the plasma
membrane, membrane microdomains, and membrane
rafts. In terms of molecular function, there is a significant
enrichment in activities related to G protein-coupled
chemoattractant receptors, C-C chemokine binding, and
C-C chemokine receptor activity (Fig. 4A). The KEGG
pathway analysis revealed a primary enrichment of these
key SONFH genes in pathways including Chemokine
signalling, Toll-like receptor signalling, Lipid and ath-
erosclerosis, NF-kappa B signalling, TNF signalling, and
IL-17 signalling (Fig. 4B).

The difference between the SONFH group and the control
group’s immune cell infiltration

The Wilcoxon rank-sum test revealed that the expres-
sion levels of key genes in the SONFH group were signifi-
cantly elevated compared to those in the control group,
with the exceptions of CD80 and NR3C1, which did not
follow this pattern (P<0.05) (Fig. 5A). Furthermore, an
analysis of immune cell infiltration demonstrated notable
differences between the SONFH group and the control
group, for example, in the level of infiltration of CD8+t
cells, monocytes, macrophages M2 and neutrophils
(Fig. 5B).

Unsupervised clustering and immune cell infiltration
analysis

To delve deeper into the influence of key genes on
immune infiltration in SONFH, we isolated the SONFH
sample data for focused examination. Using the Con-
sensusClusterPlus package, unsupervised clustering
analysis of these key genes was conducted. This analysis
segregated the SONFH samples into two distinct clus-
ters, labeled C1 and C2 (Fig. 6A and B). Notably, with the
exception of CD80, the expression levels of the other key
genes were generally higher in the SONFH samples com-
pared to the controls (P<0.05) (Fig. 6C).
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Additionally, an analysis of immune cell infiltration
within the SONFH samples was performed utilizing the
xCell algorithm. The results revealed significant dispari-
ties in the infiltration of immune cells, such as CD8+T
cells, monocytes, and neutrophils, between the SONFH
samples and the control group (Fig. 6D). Moreover, when
comparing clusters C1 and C2, differences in the infiltra-
tion of CD8+t cells, monocytes, macrophages M2 and
neutrophils were also observed relative to the control

group.

WGCNA based on immune cell infiltration

To delve deeper into the association between key genes
and specific immune cells, including CD8+T cells,
monocytes, macrophages M2, and neutrophils, we lever-
aged the results from the prior immune cell infiltration
analysis as phenotypic data for a Weighted Gene Co-
expression Network Analysis (WGCNA). A scale-free
network was established with a p value of 18 (Fig. 7A).
This analysis uncovered a significant correlation (|cor| >
0.3 and P<0.05) between the genes in the brown module
and the infiltration levels of the aforementioned immune
cell types (Fig. 7B). From the brown module, genes that
intersected with the previously identified key genes were
extracted, revealing five genes specifically associated with
these immune cells: CD86, ICAM1, NR3C1, IKBKB, and
CD163.

Hub genes screening and prediction model construction

Using LASSO regression and ten-fold cross-validation,
three hub genes, ICAM1, NR3C1, and IKBKB, were iden-
tified (Fig. 8A). A predictive model was constructed based
on these hub genes. To assess the model’s predictive

performance, internal validation was performed on
the GSE123568 dataset. The calculated area under the
ROC curve (AUC) was 0.890 (95% CI: 0.730-0.993)
(Fig. 8B). Subsequently, the predictive model was exter-
nally validated using the GSE74089 dataset to evaluate
its generalizability, resulting in an AUC of 1.000 (95% CI:
1.000-1.000) (Fig. 8C), indicating that these hub genes
possess excellent predictive power in both internal and
external validation.

Results of HE staining

The results (Fig. 9A) in SONFH group showed irregular
arrangements, thinning, and narrowing of trabeculae
(red arrows), accompanied by an increased incidence of
microcracks (green arrows), and fractured and missing
(blue arrows). Additionally, there is an increased number
of vacated osteocytic lacunae on the trabeculae (small
brown arrows). In the bone marrow cavity, there is an
increase in both the number and size of adipocytes (black
arrows), accompanied by a reduction in bone marrow
cellular content (yellow arrows).In contrast, in the con-
trol group, the bone trabeculae were structurally intact
and densely arranged, with a small number of empty
bone trabeculae (small brown arrowheads), and a small
number of adipocytes (black arrowheads) were seen in
the bone marrow cavity, with no obvious abnormality.
The results showed necrosis of the femoral head in rats in
the SONFH group.

Results ofimmunofluorescence

CD8, MPO (Myeloperoxidase), and CD68 are commonly
recognized as markers for CD8+T cells, neutrophils,
and monocytes/macrophages. Employing the respective
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antibodies for immunofluorescence staining of these
cells (Fig. 9B), the results indicated a significantly higher
infiltration ratio of CD8+T cells, neutrophils, and mono-
cytes/macrophages in the SONFH group compared to
the control group (p<0.05).

Results of real-time qPCR

We obtained rats femoral head tissue for qPCR. The
results(Fig. 10A) showed that ICAMI1, NR3C1 and
IKBKB were significantly upregulated at the transcrip-
tional level in the SONFH group, which may lead to fem-
oral head destruction.

Results of Western blot

We analyzed the western blot results using imagej, and
the results(Fig. 10B) showed that the expression of all
three hub genes in the SONFH group was differentially
elevated compared to the control group, and the results
were consistent with qPCR. Note that Fig. 10B is a
cropped image of the westernblot of the original gel pre-
sented in Supplementary Material.

Discussion

While corticosteroids deliver substantial therapeutic
advantages, their use is tempered by adverse effects such
as obesity, hyperglycemia, hyperlipidemia, and osteopo-
rosis, particularly with high-dose or long-term admin-
istration, thus constraining their clinical application
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[21]. Corticosteroid therapy has recently emerged as a
significant risk factor for SONFH, but the pathogenic
mechanisms remain elusive [22], and effective preventa-
tive treatments are lacking. This study utilized differen-
tial expression and network analyses, including WGCNA
and PPI networks, to identify genes that play a pivotal
role in SONFH. Enrichment analyses revealed that these
key genes are predominantly involved in pathways such
as Toll-like receptor signalling, lipid and atherosclero-
sis, and NF-kappa B signalling. Moreover, unsupervised
clustering of SONFH samples underscored distinct dif-
ferences in immune cell infiltration, particularly CD8+T
cells, monocytes, and neutrophils, between the control
group and SONFH subgroups C1 and C2. Additional
WGCNA was conducted based on immune cell infiltra-
tion to delve deeper into the immune response, pinpoint-
ing brown module genes strongly correlated with the
infiltration of the aforementioned immune cells and iden-
tifying three key genes. Leveraging machine learning, the
hub genes ICAM1, NR3C1, and IKBKB were ascertained
and subsequently validated internally and externally,
demonstrating their robust predictive capabilities. These
hub genes hold potential as biomarkers for assessing
immune status and facilitating early detection of SONFH.

TIAN et al. [23]. developed rat models to study
the effects of methylprednisolone, establishing
groups for intervention, model, and control. Through

immunohistochemistry, real-time fluorescence quantita-
tive PCR, and western blotting, they assessed the expres-
sion of TLR4, MyD88, NF-«B p65, and MCP-1 signalling
molecules. The study found significant upregulation of
both mRNA and protein levels of TLR4 signalling mol-
ecules in the intervention group compared to the con-
trol group. These results indicate that corticosteroids
may disrupt the immune response via the TLR4 signal-
ling pathway and contribute to the onset of femoral head
osteonecrosis. This aligns with findings by S. Okazaki [24]
and Shunichiro Okazaki [25], who underscored the rele-
vance of the TLR4 signalling pathway in the pathogenesis
of femoral head osteonecrosis and its augmentation by
corticosteroids. Additionally, the IL-17, TNF, and NF-«xB
signalling pathways have been implicated in the progres-
sion of SONFH. Ren [26] reported that Th17 cells secrete
IL-17 and TNEF, activating signalling pathways involv-
ing TRAF, RIP1, FADD, and TAK1. RIP1 directly trig-
gers NF-«B, while TAK1 activates p38, JNK, and NF-«B.
Moreover, IL-17 interacts with IL-17R to mediate NF-xB
and MAPK signalling. These downstream effectors con-
trol the transcriptional expression of AP-1, c-Fos, c-Jun,
and PTGS2, elevating osteoblast activity and negatively
impacting osteoclasts and endothelial cells. The dis-
ease group demonstrated increased TNF-a expression,
which influences the early stages of avascular necrosis of
the femoral head by driving autophagy and apoptosis of
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osteoblasts through the p38 MAPK/NF-kB pathway [27].
Pei et al. [28] identified that excessive activation of TLR4/
NF-«B suppresses the Wnt/[-catenin pathway, leading to
SONFH. However, pyrrolidine dithiocarbamate (PDTC)
treatment substantially lowered NF-«B levels, reduced
inflammation, and mitigated bone resorption processes
such as osteolysis, adipogenesis, and apoptosis. PDTC
also restored the Wnt/B-catenin pathway, promoting

bone formation activities like osteogenesis and angiogen-
esis, thereby decreasing the incidence of SONFH. Hence,
targeting the NF-kB pathway could represent a novel
therapeutic approach for SONFH.

SONFH is intimately linked to the immune response.
Our examination of immune cell infiltration displayed
pronounced variances in the prevalence of different
immune cell types, including CD8+T cells, monocytes,
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macrophages M2, and neutrophils, between patients with
SONFH and those in the control group. Existing research
has exposed a robust association between an increase in
macrophage count, the usage of glucocorticoids in indi-
viduals with SONFH, and the onset of SONFH, hint-
ing that macrophage infiltration might play a role in
the disease’s pathogenesis [29]. Tianbo et al. have sug-
gested that polymorphisms in the interleukin-4 (IL-4)
gene could relate to a predisposition to SONFH, lead-
ing to a decrease in M1 macrophages while sustaining
M2 macrophage activation [30]. Furthermore, patients
with SONFH have shown inflammatory infiltration of
macrophages M2 and CD4+naive T cells. Our research
concurs with the observation of differential immune
infiltration between the SONFH and control cohorts.
Nevertheless, the precise implications of CD8+T cell
infiltration in SONFH remain to be further elucidated.
Our findings also indicated elevated monocyte levels in
the SONFH group compared to the control group, sug-
gesting a possible collaborative effect of macrophages M2
and monocytes in the aetiology of SONFH, consistent
with the conclusions of earlier studies. Mayu and col-
leagues identified the presence of neutrophil extracellular
traps (NETs) within the microvasculature surrounding
the femoral head in patients affected by osteonecrosis,
indicating the potential involvement of neutrophils in
developing SONFH [31]. A substantial body of evidence
suggests that macrophages and monocytes act as progen-
itors to osteoclasts. Osteoclast-mediated bone resorption
has been identified as a critical mechanism leading to
the collapse of the femoral head [32, 33]. Consequently,
administering high-dose glucocorticoids can activate and
infiltrate neutrophils, monocytes, and macrophages into

femoral head tissue. This infiltration likely facilitates local
osteoclast differentiation, thereby disturbing the equilib-
rium between bone formation and resorption and con-
tributing to the progression of SONFH.

Recent research has focused on identifying biomarkers
pertinent to SONFH, among which the type I collagen
cross-linked C-terminal peptide and the amino-termi-
nal peptide of type I procollagen have been examined
[34]. However, these biomarkers are also implicated in
the pathogenesis of osteoporosis, which may limit their
specificity and utility as diagnostic tools for SONFH [35].
This overlap underlines the necessity for new biomarkers
that can more accurately aid in the prediction, diagnosis,
and therapeutic management of SONFH. Our research is
directed toward discovering key genes that substantially
influence the immune response in SONFH, with par-
ticular emphasis on ICAM1, NR3C1, and IKBKB, which
could serve as promising biomarkers for the condition.

Inhibitor of Nuclear Factor Kappa B Kinase Subunit
Beta (IKBKB) is a key enzyme in the canonical IKK/
NF-«xB signalling pathway. This pathway’s activation
involves the phosphorylation of IkB proteins by IKK,
which leads to their degradation and subsequently to
the release and nuclear translocation of NF-kB tran-
scription factors. NF-«B is central to regulating various
immune response genes and plays a vital role in T cells’
development, differentiation, and function. Disruption of
IKBKB function can result in diminished T cell popula-
tions, developmental abnormalities, and dysfunctional
immune responses. IKBKB also has a critical function
in B cell maturation, immune response, survival, and
the production of antigen-specific antibodies. Addition-
ally, its involvement extends to antigen presentation and
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immune responses in dendritic cells and macrophages,
underscoring its extensive impact on the immune system.
The importance of IKBKB in these processes is becom-
ing increasingly recognized [36]. Liu [37] found that
patients with SONFH have reduced levels of the inhibitor
of nuclear factor kappa-B kinase epsilon (IKKe), which
interacts with IKBKB in the NF-kB signalling pathway.
IKKe can suppress IKBKB by inhibiting its transcription,
leading to decreased osteoblast activity. The knockdown
of IKKe enhances osteoclastogenesis in mice and damp-
ens the pro-inflammatory response in a SONFH mouse
model, suggesting a complex interplay in bone homeo-
stasis. Nuclear Receptor Subfamily 3 Group C Mem-
ber 1 (NR3C1) is essential for mediating inflammatory
responses, cell proliferation, and differentiation in target
tissues. Mutations in NR3C1 can lead to glucocorticoid
resistance. In mice with osteoblast-specific NR3C1 dele-
tion, there is a significant decrease in trabecular bone
mass in the vertebrae, along with suppressed expression
of osteogenic genes in osteoblasts [38]. ICAMI, on the
other hand, is an integral component of bone metabo-
lism, especially in osteoclastogenesis. It is expressed
on osteoblasts in response to various stimuli, includ-
ing stress, and enhances adhesion, which is crucial for
osteoclast formation and function. While ICAM1 has
been associated with tumour-induced bone metastasis,
its potential involvement in the pathogenesis of SONFH
warrants further exploration [39].

In this study, a combination of differential gene expres-
sion analysis, WGCNA, and PPI networks were utilized
to identify a set of 15 key genes associated with SONFH.
Enrichment analyses were conducted on these genes to

gain a deeper understanding of the molecular mecha-
nisms involved in SONFH. Additionally, from an immu-
nological standpoint, 5 key immune-related targets were
identified, and 3 hub genes were pinpointed by applying
machine learning techniques. A predictive model con-
structed from these hub genes demonstrated exceptional
predictive accuracy, verified by internal and external vali-
dation. Animal experiments further confirmed the dif-
ferences in the infiltration of hub genes and associated
immune cells in SONFH and control groups. Collectively,
the results of this research provide new insights into the
pathogenesis of SONFH and may aid in identifying thera-
peutic targets for this condition.

Abbreviations

SONFH Steroid-induced osteonecrosis of femoral head
WGCNA Weighted gene co-expression network analysis
PPI Protein-protein interaction

COVID-19  The novel coronavirus pandemic

I9G Immunoglobulin G

GEO Gene Expression Omnibus database

HE Hematoxylin-eosin

EDTA Ethylenediamine tetraacetic acid

PVDF Polyvinylidene difluoride

SDS-PAGE  SDS-polyacrylamide

DEGs Differentially expressed genes

PDTC Pyrrolidine methiocarb carbamate

IL-4 Interleukin-4

IKBKB Kappa B Kinase Subunit Beta
IKKe Kappa-B kinase epsilon
NR3C1 Nuclear Receptor Subfamily 3 Group C Member 1

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512891-024-07707-4.


https://doi.org/10.1186/s12891-024-07707-4
https://doi.org/10.1186/s12891-024-07707-4

Luo et al. BMC Musculoskeletal Disorders (2024) 25:596

[ Supplementary Material 1 ]

Acknowledgements
We are grateful to the Guangzhou University of Chinese Medicine for any
assistance with our experiments.

Author contributions

Donggiang Luo and Xiaolu Gao contributed to the idea and design of the
study. Xiangiong Zhu and Ying Xu were responsible for data analysis. Jiayu Wu,
Qingyi Yang and Yuxuan Huang wrote the first draft. Donggiang Luo, Xiaolin
He and Pengfei Gao revised the manuscript. Xiaolu Gao and Yan Li performed
the experiments.

Funding

This research was funded by Key Projects of Nanfang College Guangzhou
(grant no. 2023XK002) and Doctoral Initiation Projects of Nanfang College
Guangzhou (grant no. 2023BQ005).

Data availability

The datasets generated and/or analysed during the current study are available
in the GEO repository (www.ncbi.nlm.nih.gov/geo/). GSE123568 is available

at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123568.
GSE74089 is available at: https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE74089

Declarations

Ethics approval and consent to participate

All experiments involved in this study were approved by the Animal Ethics
Committee of Guangzhou University of Chinese Medicine. The experiments
were conducted in accordance with the regulations of animal experiments of
Guangzhou University of Traditional Chinese Medicine and ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Nanfang College Guangzhou, Guangzhou 510970, China

2Guangzhou University of Chinese Medicine, Guangzhou 510006, China
3Guangdong Pharmaceutical University, Guangzhou 510006, China
“Clifford Hospital, Guangzhou 511496, China

Received: 28 July 2023 / Accepted: 18 July 2024
Published online: 29 July 2024

References

1. HAOC YANG S, XU W, et al. MiR-708 promotes steroid-induced osteonecrosis
of femoral head, suppresses osteogenic differentiation by targeting SMAD3.
Sci Rep. 2016;6:22599.

2. HUANG Z, CHENG C. CAO B, Icariin protects against glucocorticoid-Induced
osteonecrosis of the femoral head in rats. Cellular physiology and biochem-
istry: international journal of experimental cellular physiology, biochemistry,
and pharmacology, 2018,47(2): 694-706.

3. ZHAOD, YU M, HU K, et al. Prevalence of nontraumatic osteonecrosis of the
femoral head and its Associated Risk factors in the Chinese Population: results
from a nationally Representative Survey. Chin Med J. 2015;128(21):2843-50.

4. KUBOT, UESHIMA K, SAITO M, et al. Clinical and basic research on steroid-
induced osteonecrosis of the femoral head in Japan. J Orthop Science:
Official J Japanese Orthop Association. 2016;21(4):407-13.

5. LIEBERMAN JR, BERRY D J, MONT M A, et al. Osteonecrosis of the hip: man-
agement in the 21st century. Instr Course Lect. 2003;52:337-55.

6. COVID-19 Australia: Epidemiology Report 34: Reporting period ending 31
January 2021. Communicable diseases intelligence. (2018), 2021 ,45.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 14 of 15

MOYA-ANGELER J, GIANAKOS A L, VILLA JC, et al. Current concepts on osteo-
necrosis of the femoral head. World J Orthop. 2015;6(8):590-601.

ISSA K, JAUREGUI J J, MCELROY M, et al. Unnecessary magnetic resonance
imaging of hips: an economic burden to patients and the healthcare system.
J Arthroplast. 2014,29(10):1911-4.

ZHU H, GAO Y, WANG Y, et al. Circulating exosome levels in the diagnosis

of steroid-induced osteonecrosis of the femoral head. Bone Joint Res.
2016,5(6):276-9.

TRIPATHY S K, GOYALT, SEN R K. Management of femoral head osteonecrosis:
current concepts. Indian J Orthop. 2015;49(1):28-45.

MUSTAFA SS. Steroid-induced secondary immune deficiency. Annals of
allergy, Asthma & immunology: official publication of the American College
of Allergy. Asthma Immunol. 2023;130(6):713-7.

CHENY, LIAO R, YAQYY, et al. Machine learning to identify immune-related bio-
markers of rheumatoid arthritis based on WGCNA network. Clin Rheumatol.
2022,41(4):1057-68.

CHAIK, LIANG J, ZHANG X, et al. Application of machine learning and
weighted gene co-expression network algorithm to explore the hub genes
in the aging brain. Front Aging Neurosci. 2021;13:707165.

DAVIS S. GEOquery: a bridge between the Gene expression Omnibus (GEO)
and BioConductor. Bioinformatics. 2007;14:1846—7.

RITCHIE M E PHIPSONB, Di Wu, et al. {limma} powers differential expression
analyses for {RNA}-sequencing and microarray studies. Nucleic Acids Res.
2015;43(7).e47.

LANGFELDER P. Fast {R} functions for robust correlations and hierarchical
Clustering. J Stat Softw. 2012;46(11):1-17.

von MERING C, HUYNEN M. STRING: a database of predicted functional
associations between proteins. Nucleic Acids Res. 2003;31(1):258-61.

YU G, WANG L, HANY, et al. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16(5):284-7.

HU ARAND, BUTTE A J Z xCell: digitally portraying the tissue cellular hetero-
geneity landscape. Genome Biol. 2017;18(1):220.

WILKERSON DM, HAYES, et al. ConsensusClusterPlus: a class discovery

tool with confidence assessments and item tracking. Bioinformatics.
2010;26(12):1572-3.

WHITTIER X, SAAG KG. Glucocorticoid-induced osteoporosis. Rheum Dis Clin
North Am. 2016;42(1):177-89.

MONT M A, JONES L C, HUNGERFORD DS. Nontraumatic osteonecrosis of the
femoral head: ten years later. J Bone Joint Surg Am Vol. 2006;88(5):1117-32.
TIAN L, WEN Q, DANG X, et al. Immune response associated with toll-like
receptor 4 signaling pathway leads to steroid-induced femoral head osteone-
crosis. BMC Musculoskelet Disord. 2014;15:18.

OKAZAKI S, NISHITANI'Y, NAGOYA'S, et al. Femoral head osteonecrosis can

be caused by disruption of the systemic immune response via the toll-like
receptor 4 signalling pathway. Rheumatology (Oxford). 2009;48(3):227-32.
OKAZAKI'S, NAGOYA S, MATSUMOTO H, et al. TLR4 stimulation and cortico-
steroid interactively induce osteonecrosis of the femoral head in rat. J Orthop
Research: Official Publication Orthop Res Soc. 2016;34(2):342-5.

REN G, WEN S, HAN J et al. Network-based pharmacology and Bioinformat-
ics Study on the mechanism of action of Gujiansan in the treatment of
Steroid-Induced Avascular necrosis of the femoral head. BioMed research
international, 2022,2022: 8080679.

ZHENG L, WANG W, MAO X, et al. TNF-a regulates the early development of
avascular necrosis of the femoral head by mediating osteoblast autophagy
and apoptosis via the p38 MAPK/NF-kB signaling pathway. Cell Biol Int.
2020;44(9):1881-9.

PEI J,FAN L, NAN K, et al. Excessive activation of TLR4/NF-kB interactively sup-
presses the canonical Wnt/p-catenin pathway and induces SANFH in SD rats.
SciRep. 2017;7(1):11928.

KAMAL D, TRAISTARU R, KAMAL CK, et al. Macrophage response in patients
diagnosed with aseptic necrosis of the femoral head presenting different risk
factors. Romanian J Morphology Embryol = Revue Roumaine de Morpholo-
gie et embryologie. 2015;56(1):163-8.

JINT, ZHANGY, SUNY, et al. IL-4 gene polymorphisms and their relation to
steroid-induced osteonecrosis of the femoral head in Chinese population.
Volume 7. Molecular genetics & genomic medicine; 2019. p. e563. 3.
NONOKAWA M, SHIMIZU T, YOSHINARI M, et al. Association of Neutrophil
Extracellular Traps with the development of idiopathic osteonecrosis of the
femoral head. Am J Pathol. 2020;190(11):2282-9.

PUISSANT E. Monocytes/Macrophages upregulate the hyaluronidase HYAL1
and adapt its subcellular trafficking to promote Extracellular Residency upon
differentiation into osteoclasts. PLoS ONE. 2016;11(10):e165004.


http://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123568
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74089
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74089

Luo et al. BMC Musculoskeletal Disorders

33.

34.

35.

36.

(2024) 25:596

KASONGA A, KRUGER M C COETZEEM. Activation of PPARs Modulates Signal-
ling Pathways and Expression of Regulatory Genes in Osteoclasts Derived
from Human CD14 +Monocytes. International journal of molecular sciences,
2019,20(7).

WANG X, JIANG HUAB. Serum biomarkers related to glucocorticoid-Induced
osteonecrosis of the femoral head: a prospective nested case-control study. J
Orthop Research: Official Publication Orthop Res Soc. 2019;37(11):2348-57.
COSMAN F, ERIKSEN E F, RECKNOR C, et al. Effects of intravenous zoledronic
acid plus subcutaneous teriparatide [rhPTH(1-34)] in postmenopausal
osteoporosis. J bone Mineral Research: Official J Am Soc Bone Mineral Res.
2011;26(3):503-11.

CUVELIER G D E,RUBINT S, JUNKER A et al. Clinical presentation, immuno-
logic features, and hematopoietic stem cell transplant outcomes for IKBKB
immune deficiency. Clinical immunology (Orlando, Fla.), 2019,205: 138-47.

Page 15 of 15

37. LIUY,SHANH, ZONGY, et al. IKKe in osteoclast inhibits the progression of
methylprednisolone-induced osteonecrosis. Int J Biol Sci. 2021;17(5):1353-60.

38. RAUCH A, SEITZ S, BASCHANT U, et al. Glucocorticoids suppress bone forma-
tion by attenuating osteoblast differentiation via the monomeric glucocorti-
coid receptor. Cell Metabol. 2010;11(6):517-31.

39. KONGL, YANG X. Study of intercellular adhesion Molecule-1 (ICAM-1) in bone
homeostasis. Curr Drug Targets. 2020;21(4):328-37.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Identification of steroid-induced osteonecrosis of the femoral head biomarkers based on immunization and animal experiments
	﻿Abstract
	﻿Introduction
	﻿Methods and materials
	﻿Data acquisition and preparation
	﻿Differential expression analysis
	﻿Weighted gene co-expression network analysis(WGCNA)
	﻿Protein-protein interaction (PPI) network construction
	﻿Enrichment Analysis
	﻿Differences in immune cell infiltration between SONFH and the control group
	﻿Unsupervised Clusterin
	﻿WGCNA based on immuno-infiltration results
	﻿Hub gene screening and prediction model construction
	﻿Animals
	﻿HE staining
	﻿Immunofluorescence
	﻿Real-time qPCR
	﻿Western blot

	﻿Results
	﻿DEGs screening and WGCNA
	﻿Screening SONFH key genes through PPI network and MCODE module
	﻿Enrichment analysis
	﻿The difference between the SONFH group and the control group’s immune cell infiltration
	﻿Unsupervised clustering and immune cell infiltration analysis
	﻿WGCNA based on immune cell infiltration
	﻿Hub genes screening and prediction model construction


	﻿Results of HE staining
	﻿Results of immunofluorescence
	﻿Results of real-time qPCR
	﻿Results of Western blot

	﻿Discussion
	﻿References


