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Abstract
Our previous research revealed a close association between the acetylation of peroxisome proliferator-activated 
receptor γ (PPARγ) histone H3K27 and the adipogenic differentiation of bone marrow mesenchymal stem cells 
(BMSCs). We preliminarily explored the epigenetic mechanism of steroid-induced avascular necrosis of the femoral 
head (SANFH) development, but the specific histone deacetylase (HDAC) involved in this regulatory process 
remains unknown. In this study, we combined cell, animal, and clinical specimen experiments to screen for specific 
HDAC genes that could regulate BMSC adipogenic differentiation and to explore their roles. The results showed 
that dexamethasone (DEX) significantly exacerbated the imbalance between the adipogenic and osteogenic 
differentiation of BMSCs, and there were differences in HDAC expression in the adipogenic differentiation cell 
models, with histone deacetylase 10 (HDAC10) showing the most significant decrease in expression. Subsequent 
use of a chromatin immunoprecipitation assay kit and quantitative polymerase chain reaction (ChIP‒qPCR) revealed 
a decrease in HDAC10 expression at predicted potential sites within the PPARγ promoter, indicating a significant 
decrease in HDAC10 enrichment in the PPARγ promoter region of BMSCs, thereby promoting sustained PPARγ 
expression. Additionally, immunohistochemistry of samples collected from mice and humans with SANFH and 
normal femoral heads revealed an imbalance between adipogenic and osteogenic differentiation in the necrotic 
area of femoral heads, with a significant decrease in the relative expression of HDAC10 in the necrotic area of 
femoral heads with SANFH. In summary, we speculate that HDAC10 affects the progression of SANFH by regulating 
BMSC adipogenic differentiation, a process possibly related to PPARγ histone acetylation. These findings provide a 
promising direction for the treatment of SANFH.
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Introduction
Steroid-induced avascular necrosis of the femoral head 
(SANFH) is a common orthopaedic disease [1], with a 
highly complex pathogenesis involving hypotheses such 
as disordered fat metabolism, intravascular coagula-
tion, and cell apoptosis [2, 3]. Current treatment options 
are limited, with advanced stages of the disease typi-
cally managed through surgery [4], such as intramedul-
lary decompression [5] or osteotomy [6]. Cell therapy is 
also used [7], but the overall prognosis remains poor [8]. 
Research has shown that excessive use of glucocorticoids 
enhances the adipogenic differentiation of bone mar-
row mesenchymal stem cells (BMSCs), exacerbating the 
accumulation of intraosseous fat tissue, blocking blood 
circulation in vessels, and hindering bone cell repair and 
reconstruction, ultimately leading to ischaemic necrosis 
of the femoral head [9]. During the adipogenic differenti-
ation of BMSCs, peroxisome proliferator-activated recep-
tor-gamma (PPARγ) and the CCAAT/enhancer-binding 

family of proteins (C/EBPs) are key transcriptional reg-
ulatory factors [10]. Increased expression of PPARγ in 
BMSCs promotes the formation of adipocytes, leading 
to avascular necrosis of the femoral head [11]. Hormones 
promote adipogenesis by activating C/EBPα, a crucial 
transcriptional regulator of fat production, through bind-
ing with glucocorticoid receptors.

Our previous research on the continuous regulation of 
BMSC adipogenic differentiation through C/EBPα con-
trol of PPARγ revealed that C/EBPα can participate in the 
adipogenic differentiation of BMSCs and inhibit osteo-
genic differentiation by upregulating PPARγ [12]. ChIP 
experiments have demonstrated that histone H3K27 
acetylation in the PPARγ promoter region plays a crucial 
role in the epigenetic mechanism of SANFH. By inhibit-
ing histone deacetylases (HDACs), C/EBPα increases the 
level of histone H3K27 acetylation in the PPARγ pro-
moter region, thereby promoting the sustained expres-
sion of PPARγ. These findings suggest that histone 
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acetylation of PPARγ plays a significant role in glucocor-
ticoid-induced BMSC adipogenic differentiation.

Histone acetylation is regulated by two enzyme fami-
lies, histone acetyltransferases (HATs) and HDACs, with 
opposite effects [13]. HDACs have been shown to be 
involved in osteogenesis and adipogenesis [14]. Some 
HDACs can modulate chromatin structure and alter 
the transcriptional activity of osteoblast-related genes 
[15]. Studies indicate that DNA methylation and histone 
acetylation are associated with PPARγ in the regulation 
of MSC differentiation, suggesting that the status of DNA 
methylation and histone acetylation has potential for 
adipogenesis [16, 17]. Histone acetylation directly regu-
lates the expression of PPARγ, as a significant increase in 
histone H3K9 acetylation levels in the PPARγ enhancer 
region leads to increased PPARγ expression [18, 19].

Our research team previously demonstrated that C/
EBPα inhibits the expression of HDACs, leading to his-
tone acetylation modification of PPARγ, but specific 
HDAC validation is lacking. Currently, research on the 
corresponding mechanisms and pathways of HDACs in 
SANFH is limited, with a focus mostly on cellular vali-
dation and a lack of integration with animal and clini-
cal studies. This study aims to combine cell, animal, and 
clinical specimen experiments with molecular biology 
techniques to screen for specific differentially expressed 
HDAC genes in BMSC adipogenic differentiation cell 
models. Moreover, we collected femoral heads from 
patients with SANFH and femoral neck fractures and val-
idated the corresponding differentially expressed HDAC 
genes through H&E staining and immunohistochemistry. 
The aim of this research was to provide scientific evi-
dence and key molecular targets for establishing molecu-
lar-level prevention and treatment strategies for SANFH.

Materials and methods
Clinical sample collection
In this study, SANFH patients composed the experi-
mental group, and patients with femoral neck frac-
tures composed the control group. A total of 16 femoral 
head samples were collected, including samples from 
6 patients with SANFH (3 males and 3 females) and 10 
patients with femoral neck fractures (5 males and 5 
females). All enrolled patients were selected from those 
who underwent hip arthroplasty at the Department of 
Joint and Sports Medicine of Wuhan University Zhong-
nan Hospital between September 2021 and September 
2022. Patients and their families were fully informed 
before the operation of all femoral head samples, with the 
consent of patients and their families, and the informed 
consent of biological specimens was signed. The study 
protocol was approved by the Medical Ethics Committee 
of Zhongnan Hospital of Wuhan University (Approval 

No: 2024044 K), and all experiments were performed in 
accordance with relevant guidelines and regulations.

Animals
Wuhan Wanqian Jiaxing Biotechnology Co., Ltd. 
(Wuhan, China) provided sixteen adult female C57BL/6 
mice (6–8 weeks old, weighing 25–30  g). Animal care 
experts at the Wuhan University Animal Experimental 
Center maintained all the animals under normal condi-
tions with regular feeding. The facility is equipped with 
an air filtration system, allowing the animals to move 
freely within their cages. All the animal experimental 
procedures were approved by the Experimental Ani-
mal Welfare Ethics Committee of Zhongnan Hospital of 
Wuhan University (Approval No. ZN2023062), and all 
the experiments were performed in accordance with rel-
evant guidelines and regulations.

Model building of SANFH
Female C57BL/6 mice aged 8 weeks (n = 5 per group) 
were intraperitoneally injected with lipopolysaccharide 
(LPS; Sigma‒Aldrich, America; 20  mg/kg/d) for 2 days, 
followed by intramuscular injections of methylpredniso-
lone (MPS; Pfizer, China; 40 mg/kg) five times per week 
for 4 weeks to induce glucocorticoid-associated osteo-
necrosis of the femoral head (GA-ONFH). The control 
group received an equal volume of saline solution.

Cell culture
Rat bone marrow mesenchymal stem cells (R-BMSCs) 
(Procell, Wuhan) were cultured in α-MEM (α-minimum 
essential medium) supplemented with 10% FBS (BI foetal 
bovine serum, US origin, 04-001-1ACS), 1% penicillin‒
streptomycin solution, and 100× (Biosharp, BL505A) and 
then cultured at 37 °C in a 5% CO2 cell culture incubator.

Cell grouping
The 3rd to 5th passages of R-BMSC cells (P3 − P5) were 
used for the cell experiments. When the cell density 
reached over 80% confluence during culture, the cells 
were grouped on the basis of whether dexamethasone 
(DEX) was added to the culture medium and the dura-
tion of DEX-induced BMSC adipogenic differentia-
tion (OriCell, RAXMX-90031). The cells were divided 
into the following groups: control group, supplemented 
with complete culture medium; 4-day or 8-day hormone 
groups, containing complete culture medium supple-
mented with 10–6 mmol/L dexamethasone for 4 days or 
8 days. Analyses of the control group and 4-day group are 
described in Sect. 2.10.

Oil red O staining
At 0, 4, and 8 days of dexamethasone-induced differen-
tiation of the R-BMSCs, the cells from each group were 
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removed, the dexamethasone adipogenic induction cul-
ture medium was removed, and the 4% PFA fixative 
(Biosharp, BL539A) was applied for 20–30  min. After 
removing the fixative, 60% isopropanol was added for 
5 min. The ORO staining working solution was prepared 
by mixing Oil Red O storage solution (OriCell, OILR-
10001) with distilled water at a 3:2 ratio. After mixing, 
the mixture was centrifuged at 250×g for 4 min, and the 
supernatant was collected. After removing the isopropa-
nol, freshly prepared working solution was added, and 
the mixture was incubated for 20  min. After 1  min of 
treatment with ORO buffer, the solution was discarded. 
The stained images of each group were observed under 
an optical microscope and recorded.

Protein extraction and Western blot analysis
At 0, 4, and 8 days of dexamethasone-induced BMSC 
adipogenic differentiation, proteins were extracted from 
the cells in each group. The cells were then placed in 
RIPA buffer (Beyotime, P0013B) supplemented with 
phenylmethylsulphonyl fluoride (PMSF, Beyotime, 
ST506) and lysed on ice for 30 min. The protein sample 
concentration (Absin, abs9232) was determined using 
the BCA method. Finally, an appropriate amount of 
SDS–PAGE protein loading buffer (Biosharp, BL511B) 
was added, and the mixture was boiled for 5–10 min. The 
detailed steps for protein blotting and extraction have 
been described elsewhere [20]. The primary antibodies 
used included rabbit anti-β-actin (Proteintech, 20536-1-
AP, 1:1000), rabbit anti-PPARγ (Proteintech, 16643-1-AP, 
1:1000), rabbit anti-C/EBPα (Abcam, ab40764, 1:1000), 
rabbit anti-FABP4 (Proteintech, 12802-1-AP, 1:1000), 
rabbit anti-COL1A1 (Proteintech, 67288-1-Ig, 1:1000), 
rabbit anti-RUNX2 (Proteintech, 20700-1-AP, 1:1000), 
and rabbit anti-OCN (Abcam, ab93876, 1:1000) antibod-
ies. β-actin was used as a loading control. Visualization 
of the protein bands was accomplished with an enhanced 
chemiluminescence (ECL) reagent (Biosharp, BL523A). 
ImageJ software was used for quantitative analysis of the 
target protein bands, which were normalized to the load-
ing control.

Real-time fluorescent quantitative PCR (RT‒qPCR)
Total RNA was extracted using the PureLinkTM RNA 
Mini Kit (Invitrogen, 12183018  A). Genomic DNA 
was extracted using a specific DNase (Thermo Scien-
tific, K2981), and cDNA was obtained using the Revert 
Aid RT Kit (Thermo Scientific, K1691). The mRNA 
was subsequently quantified in real-time using a Bio-
Rad CFX96Touch real-time fluorescent quantitative 
PCR instrument and SYBR Colour qPCR combina-
tion (Vazyme, Jiangsu, China). The primers are listed in 
Supplementary Data 1 Table  1. The relative mRNA lev-
els were determined using the comparative 2 − ΔΔCt 

method. After PCR, Bio-Rad CFX Maestro software was 
used to calculate the relative expression levels of various 
genes using the 2-ΔΔCt method, with β-actin serving as 
the internal reference standard.

Chromatin immunoprecipitation assay (ChIP)
The detailed methods have been previously described 
[21]. We performed crosslinking and cell lysis, DNA son-
ication, immunoprecipitation, elution of protein-DNA 
complexes, de-crosslinking, and column-purifying DNA 
to obtain purified DNA, followed by the same experi-
mental procedures described in 2.6. The primers are 
listed in Supplementary Data 1 Table 2.

Collection and Processing of clinical specimens
All clinical specimens were obtained from the femoral 
heads removed during hip arthroplasty at the Depart-
ment of Joint and Sports Medicine of Wuhan Uni-
versity Zhongnan Hospital. After removal, the bone 
surfaces were rinsed with saline. A multifunctional cut-
ting machine was used to cut the femoral head along 
the mid-coronal plane, with continuous saline irrigation 
during cutting to minimize heat generation affecting the 
bone.

Immunohistochemistry and H&E staining
The tissue samples were processed according to the 
methods described in reference [22]. Observations and 
analyses were performed via a Leica Aperio VERSA 8 
system for microscopic scanning photographs and image 
acquisition.

RNA extraction, library preparation, sequencing, and data 
analysis
The RNA-seq experiments, high-throughput sequencing, 
and data analysis were conducted by SeqHealth Technol-
ogy Co., Ltd. (Wuhan, China). Total RNA was extracted 
as described in Sect.  2.3 using TRIzol Reagent (Invitro-
gen, cat. NO 15596026) following previously described 
methods [23].

Statistical analysis
Data obtained from the experiments were statistically 
analysed using SPSS 26.0 software. The data are pre-
sented as the means ± standard deviations (x ± s). Graph-
Pad Prism 9 software was used for statistical plotting. A P 
value < 0.05 was considered statistically significant.

Results
Bioinformatics analysis of RNA-seq data from DEX-
stimulated BMSCs and the control group
Biological information analysis was performed using 
the RNA-seq data from DEX-stimulated BMSCs and 
the control group, resulting in the identification of 2133 
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upregulated and 1552 downregulated genes. Figure  1A 
shows the intragroup repeatability and intergroup differ-
ences of the sequencing samples, Fig. 1B shows a volcano 
plot, and Fig.  1C displays a heatmap of the DEGs. The 
GO enrichment analysis of the upregulated and down-
regulated DEGs revealed that DEX stimulation respec-
tively promoted adipocyte differentiation (Fig.  1D) and 
inhibited osteoblast differentiation (Fig.  1E). A heatmap 
was generated for genes enriched in fat cell differentia-
tion among the upregulated DEGs and genes enriched 
in osteoblast differentiation among the downregulated 
DEGs (Fig. 1F).

Gene expression changes during dexamethasone-induced 
adipogenic differentiation of BMSCs
P5 rat BMSCs were induced to undergo adipogenic differ-
entiation with dexamethasone, simulating the hormonal 
effects on human BMSCs in vivo. The cells cultured for 
different durations were divided into 0-, 4-, and 8-day 
groups for subsequent experiments. The results from Oil 
Red O staining revealed that the cells in the 0-day group 
presented very few lipid droplets, whereas those in the 
4-day group presented relatively small and lightly stained 
lipid droplets, and those in the 8-day group presented 
numerous lipid droplets, some of which were moderately 
fused and had larger volumes (Fig. 2A).

RNA from the three groups of cells was extracted 
for RT‒qPCR experiments to validate the effect of 

Fig. 1  Bioinformatics analysis of RNA-seq data from DEX-stimulated BMSCs and control BMSCs. A. PCA sample distribution of 4 control group samples 
and 4 hormone group samples. B. Volcano plot using the criteria |logFC| > 1 and adjusted p value < 0.05 (red dots represent upregulated genes, green 
dots represent downregulated genes). C. Heatmap showing the clustering relationship of DEGs between the control group and the DEX treatment group. 
D. GO enrichment analysis of upregulated DEGs. E. GO enrichment analysis of downregulated DEGs. F. Heatmap of genes enriched in fat cell differentia-
tion among the upregulated DEGs and genes enriched in osteoblast differentiation among the downregulated DEGs
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dexamethasone on the expression of adipogenic and 
osteogenic genes in rat BMSCs (Fig. 2B, C). The relative 
mRNA expression levels of adipogenic genes (PPARγ 
and C/EBPα) gradually increased in the 0-, 4-, and 8-day 
groups (P < 0.05), whereas the relative mRNA expression 
levels of osteogenic genes (RUNX2 and COL1A1) gradu-
ally decreased (P < 0.05).

Western blot analysis revealed that the expression 
levels of the adipogenic proteins PPARγ, C/EBPα, and 

FABP4 gradually increased (P < 0.05) in the 0-, 4-, and 
8-day groups, whereas the expression levels of the osteo-
genic proteins RUNX2, COL1A1, and OCN gradually 
decreased (P < 0.05) (Fig. 2D, E, F, G).

Changes in HDAC expression in the adipogenic 
differentiation model of BMSCs
After the successful establishment of an in vitro adipo-
genic differentiation model of BMSCs, RNA from the 

Fig. 2  Changes in gene expression during dexamethasone-induced adipogenic differentiation of BMSCs. A. Different time points of dexamethasone-
induced adipogenic differentiation of BMSCs: 0 days, 4 days, and 8 days (100x). Scale bar: 100 μm. B: qPCR detection of adipogenic gene mRNA expression 
in BMSCs. C: qPCR detection of osteogenic gene mRNA expression in BMSCs. D, E: Protein expression of adipogenic genes in BMSCs; F, G: protein expres-
sion of osteogenic genes in BMSCs. (ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, compared with the 0-day group)
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three groups of cells was extracted for RT‒qPCR analy-
sis (Fig.  3A). The results revealed a significant increase 
in the relative expression levels of HDAC 2, HDAC 3, 
and HDAC 8 mRNAs (P < 0.05), whereas the relative 

expression levels of HDAC6 and HDAC10 decreased, 
with HDAC10 showing a significant decrease (P < 0.05).

On the basis of the above experimental results, we 
selected HDAC10 as the target gene for this study. 

Fig. 3  Changes in HDAC expression in the adipogenic differentiation model of BMSCs. A. Changes in the expression of HDACs during dexamethasone-
induced adipogenic differentiation of BMSCs. B, C: Changes in the protein expression of HDAC10 during dexamethasone-induced adipogenic differentia-
tion of BMSCs. D. ChIP‒qPCR results showing the reduced enrichment of HDAC10 at sites S1-S7. (ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, compared 
with the 0-day group)
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Western blot analysis revealed that under dexametha-
sone induction, the expression level of HDAC10 gradu-
ally decreased (P < 0.05) (Fig. 3B, C).

Next, we investigated the potential mechanism by 
which the transcription factor HDAC10 regulated PPARγ 
expression. Seven potential binding sites of HDAC10 
were predicted within 2  kb upstream of the PPARγ 
transcription start site. ChIP experiments in BMSCs 
revealed DNA fragments bound to the transcription fac-
tor HDAC10, and RT‒qPCR experiments were used to 
detect whether the obtained DNA fragments contained 
the promoter region of the PPARγ gene. Compared with 
that in the 0-day group, enrichment of HDAC10 in the 
potential binding sites S1-S7 of the PPARγ promoter 
region was significantly reduced at 8 days (Fig. 3D).

Imaging findings and general view of clinical specimens
In this study, imaging data and femoral head samples 
were collected from patients with steroid-associated 
necrosis of the femoral head (SANFH) and femoral neck 
fractures.

In terms of imaging, X-rays of SANFH patients 
(Fig.  4A) revealed significant local patchy sclerosis and 
cystic changes, whereas CT scans (Fig. 4B) revealed col-
lapse and flattening of the femoral head. MRI images 
(Fig.  4D, E) revealed the double-line sign and localized 
signal intensity elevation within the femoral head. For 
femoral neck fractures, X-rays and CT scans (Fig. 4F, G) 
revealed obvious cortical fractures and displacement of 
the fracture ends.

The femoral heads of the SANFH group exhibited slight 
flattening, uneven surfaces, and black folds near the junc-
tion of the head and neck (Fig.  4C). The femoral heads 
of the femoral neck fractures appeared spherical with a 

Fig. 4  Radiographic and gross appearances of the clinical samples. A, B, C represent the radiographic and specimen appearances of SANFH patients. D, 
E show the MRI findings of SANFH patients. F, G, H depict the radiographic and specimen appearances of femoral neck fractures
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smooth surface, and blood infiltration was observed in 
the fracture area (Fig. 4H).

Histopathological findings in the animal specimens
To validate the differences in adipogenic and osteogenic 
gene expression in steroid-associated necrosis of the fem-
oral head (SANFH) compared with normal femoral head 
specimens, we collected femoral heads from two groups 
of mice for IHC staining.

In the immunohistochemical sections, both groups 
presented varying degrees of positive expression of 
PPARγ, COL1A1, and OCN (Fig.  5A, E, C). Osteogen-
esis-related genes such as COL1A1 and OCN were 
expressed in the osteocytes between trabeculae in both 
groups, with significantly lower expression in the experi-
mental group than in the control group (Fig. 5A, C). The 
adipogenesis-related gene PPARγ was expressed mainly 
in adipocyte-containing lipid droplets between trabecu-
lae in the necrotic area of the experimental group and 
appeared brownish yellow (Fig.  5E). Statistical analy-
sis revealed that the protein expression of PPARγ was 
significantly greater in the experimental group than in 
the control group (P < 0.05) (Fig.  5F), whereas the pro-
tein expression of COL1A1 and OCN was lower in the 
experimental group than in the control group (P < 0.05) 
(Fig. 5B, D).

We subsequently performed immunohistochemistry on 
mouse femoral head samples to analyse the expression of 
HDAC10 (Fig. 5G). HDAC10 was expressed in osteocytes 

and interstitial cells in both the control and experimen-
tal groups, with statistical analysis revealing a decrease 
in HDAC10 expression in the experimental group com-
pared with the control group (P < 0.05) (Fig.  5H). The 
experimental results were consistent with the results of 
the in vitro cell experiments.

Histopathological findings of the clinical specimens
To further verify the differences in adipogenic and osteo-
genic gene expression between SANFH specimens com-
pared with normal femoral head specimens, we collected 
femoral heads from the two groups of patients for H&E 
and IHC staining.

H&E staining revealed that in the control group, the 
trabecular bone structure was intact, with abundant 
osteoblasts and few empty lacunae, and the adipocytes in 
the interstitium had a normal morphology. In the experi-
mental group, the necrotic area presented abundant lacu-
nar cells, destruction of adipocytes in the interstitium, 
and a large amount of uniformly stained necrotic tissue 
(Fig. 6A).

In the immunohistochemistry sections, positive 
expression of PPARγ, C/EBPα, COL1A1, OCN, and 
RUNX2 was observed to varying degrees in both groups 
(Fig. 6B, D, F, H, J). Osteogenic genes such as COL1A1, 
OCN, and RUNX2 were expressed in the trabecular bone 
and osteoblasts to a greater extent in the experimen-
tal than in the control group (Fig. 6B, D, F). Adipogenic 
genes such as PPARγ and C/EBPα were highly expressed 

Fig. 5  A, B, C, D: IOD analysis comparing the expression of the osteogenic genes COL1A1 and OCN in specimens from both groups. E, F: IOD analysis 
comparing the expression of the adipogenic gene PPARγ in specimens from both groups. G, H: Differential expression of HDAC10 via immunohistochem-
istry between the control and experimental groups. (*p < 0.05, **p < 0.01, ***p < 0.001 compared with the control group.) (30x)
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mainly in adipocyte vacuoles in the necrotic area of the 
trabecular bone in the experimental group and appeared 
brownish yellow (Fig. 6H, J). Statistical analysis revealed 
that the protein expression of PPARγ and C/EBPα was 
significantly greater in the experimental group than in 
the control group (P < 0.05), whereas the protein expres-
sion of COL1A1, OCN, and RUNX2 was lower in the 
experimental group than in the control group (P < 0.05) 
(Fig. 6C, E, G, I, K).

We subsequently conducted immunohistochemistry on 
human femoral head samples to analyse the expression 
of HDAC10 (Fig. 6L). Compared with that in the control 
group, the expression of HDAC10 in the trabecular bone 
and interstitial cells was significantly lower in the experi-
mental group compared with the control group (P < 0.05) 

(Fig. 6M). The experimental results were consistent with 
those of the cell and animal experiments.

Discussion
The exact pathological process of steroid-induced avascu-
lar necrosis of the femoral head (SANFH) is not yet clear, 
but the theory of lipid metabolism disorder is currently 
recognized as the most likely core pathogenic mechanism 
[21]. Bone marrow mesenchymal stem cells (BMSCs) are 
present mainly in the bone marrow of cancellous bone, 
and under different induction conditions in vitro, BMSCs 
can differentiate into osteoblasts and adipocytes, among 
others [24]. Abnormal differentiation of BMSCs into adi-
pocytes or osteoblasts is important in the pathogenesis of 
intraosseous fat accumulation [25].

Fig. 6  A: Normal osteoblast morphology and intact interstitial adipocytes in the control group. Abundant lacunar cells and destruction of interstitial 
adipose tissue were observed in the experimental group. B, C, D, E, F, G: Analysis of the IOD of the osteogenic genes COL1A1, OCN, and RUNX2 in the 
two groups of specimens. H, I, J, K: Analysis of the IOD of the adipogenic genes PPARγ and C/EBPα in the two groups of specimens. L, M: Differential 
expression of HDAC10 according to immunohistochemistry in the control group and the experimental group. (*p < 0.05, **p < 0.01, compared with the 
control group) (100x)
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Studies have shown that hormones significantly inhibit 
the osteogenic differentiation of BMSCs while promot-
ing their adipogenic differentiation. A marked increase 
in intraosseous fat content leads to irreversible necro-
sis of the femoral head [26–28]. Under the influence of 
hormones, BMSCs inhibit osteogenic differentiation by 
suppressing the Wnt/β-catenin pathway while activat-
ing Wnt/β inhibitors such as DKK1 (dickkopf-1) and 
SFRPs. Additionally, hormone induction increases the 
expression of C/EBPβ and C/EBPδ, which bind to the 
promoter region of PPARγ and induce its expression. 
PPARγ activates many adipogenic-related genes, such as 
fatty acid binding protein 4 (FABP4), and the expression 
of C/EBPα. Subsequently, C/EBPα further promotes the 
expression of PPARγ, forming a positive feedback loop 
that promotes the adipogenic differentiation of BMSCs 
[29, 30].

In our preliminary research [20], we extracted pri-
mary rat BMSCs and induced adipogenesis to verify that 
adipogenic gene expression increased while osteogenic 
gene expression decreased under adipogenic conditions. 
Further experiments involving the overexpression and 
knockout of the C/EBPα and PPARγ genes confirmed 
that C/EBPα promoted BMSC adipogenic differentiation 
by targeting the PPARγ signalling pathway. Additionally, 
overexpression of C/EBPα impaired BMSC osteogenic 
differentiation. ChIP and dual-luciferase assays subse-
quently confirmed that C/EBPα directly regulated the 
activity of the PPARγ promoter, thus coregulating the 
process of adipogenesis.

In subsequent in vivo and in vitro experiments, we 
observed significant enrichment of H3K27ac at the 
PPARγ promoter region during adipogenic induction of 
BMSCs. Compared with the empty vector group, over-
expression of C/EBPα also resulted in significant enrich-
ment of H3K27ac, indicating that C/EBPα promoted 
acetylation of histone H3K27 at the PPARγ promoter 
region, mediating activation and sustained expression 
of the PPARγ gene and thus BMSCs towards adipogenic 
differentiation.

Further inhibition experiments using the natural com-
pound curcumin, a histone acetyltransferase inhibitor, 
revealed a marked reduction in both PPARγ expression 
and adipogenic differentiation in BMSCs. Subsequent 
use of the classic HDAC inhibitor valproic acid (VPA) 
significantly increased PPARγ levels in BMSCs. Addi-
tionally, knocking out C/EBPα led to increased expres-
sion of HDAC1, suggesting that C/EBPα might promote 
sustained PPARγ expression by inhibiting HDAC and 
enhancing PPARγ acetylation. Preliminary studies 
have only begun to verify possible changes in HDAC1 
expression. Broad-spectrum screening or multidirec-
tional validation has not yet been conducted to confirm 
that specific HDAC gene alterations lead to persistent 

changes in the acetylation of H3K27 at the PPARγ pro-
moter region, thereby contributing to the ongoing pro-
gression of femoral head necrosis.

In the field of epigenetics, histone modifications, such 
as those involving histone deacetylases (HDACs), can 
influence gene transcription by enhancing the interaction 
between DNA and histones, thereby affecting chromatin 
structure and consequently affecting the characteristics 
of mesenchymal stem cells, such as potency and differ-
entiation [31]. Histone acetylation is associated with gene 
activation, whereas deacetylation is associated with gene 
silencing. Currently, 18 enzymes with deacetylase activ-
ity are known to exist in mammals. These 18 HDACs are 
typically classified into two categories: classical (Classes 
I, II, and IV) and sirtuins (Class III). The activity of clas-
sical HDACs depends on zinc ions (Zn2+), whereas sir-
tuins utilize nicotinamide adenine dinucleotide (NAD+) 
to function, exhibiting completely different mechanisms 
of action [32]. HDACs provide a link between signalling 
pathways for cell differentiation and transcription fac-
tors, playing a role in the regulation of various transcrip-
tion factors and signalling pathways [33].

Research has shown that the levels of histone acetyla-
tion, especially the acetylation of lysine 9 on histone H3 
(H3K9ac) and lysine 14 on histone H3 (H3K14ac), as well 
as the methylation of gene promoter DNA, are crucial for 
regulating osteogenic differentiation [34]. Additionally, 
the HDAC inhibitor valproic acid (VPA) can increase 
the levels of H3K9ac and the expression of osteogenic-
related genes, including RUNX2, osteocalcin (OCN), 
and osteopontin, while regulating RUNX2 activity [15]. 
Knocking out the HDAC3 gene in class I HDACs reduces 
osteoblast levels and increases fat deposition in the bone 
marrow, severely impairing mouse skeletal health [35]. 
HDAC8 can inhibit the expression of osteogenic-related 
genes, and inhibition of HDAC8 with VPA promotes the 
osteogenic differentiation of rat BMSCs [36]. In cartilage 
ossification, class II HDACs also play a role by integrat-
ing the extracellular signals required for osteogenic dif-
ferentiation with transcriptional regulatory factors [32]. 
Mice with HDAC4 deficiency can survive but exhibit 
premature cartilage ossification, leading to many skel-
etal defects, including vertebral fusion, reduced long 
bone length, and premature cranial ossification [37]. 
Conversely, transgenic expression of HDAC4 from the 
COL2A1 promoter inhibits chondrocyte maturation by 
blocking RUNX2 activity [38]. In the regulation of adip-
ogenic differentiation, the level of histone acetylation is 
positively correlated with adipogenic differentiation. 
Multiple studies have shown that HDACs inhibit adipo-
genic differentiation by downregulating the level of his-
tone acetylation [40]. HDAC1 and HDAC3 inhibit the 
expression of PPARγ and adipogenic differentiation [41]. 
ChIP-seq results indicate an enrichment of H3K27ac 
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in the PPARγ promoter region after 48  h of adipogenic 
induction, suggesting that H3K27ac likely participates in 
the process of adipogenic differentiation [42]. This con-
clusion is consistent with previous studies in this project 
showing decreased expression of H3K27ac after knock-
ing out C/EBPα.

HDAC10 consists of 20 exons, comprising two alter-
natively spliced transcripts, along with N-terminal cata-
lytic domains and C-terminal leucine-rich domains [43]. 
In addition to its deacetylase activity in the nucleus, 
HDAC10 may also inhibit transcriptional functions. 
It plays significant roles in cell proliferation, apopto-
sis, invasion, migration, metastasis, and angiogenesis in 
tumour cells. With respect to lipid metabolism, studies 
have reported reduced expression of HDAC10 in obese 
individuals and other animals, including mice and mon-
keys [44]. The phthalate ester butyl benzyl phthalate 
(BBP) can decrease HDACs, including HDAC10, and 
further promote H3K9ac modification, thereby driving 
adipogenesis in BMSCs [45]. However, research on the 
involvement of HDAC10 in BMSC adipogenic differen-
tiation is currently limited and insufficient. This study 
revealed that HDAC10 expression continues to decrease 
during BMSC adipogenic differentiation, thereby pro-
moting the sustained expression of PPARγ.

Conclusion
Here, we demonstrate the significant epigenetic role 
of HDAC10 in steroid-induced avascular necrosis 
of the femoral head (SANFH) using cell, animal and 
human experiments. Within the classical HDAC family, 
HDAC10 is significantly correlated with sustained adipo-
genic differentiation of BMSCs and a marked decrease in 
enrichment at the PPARγ promoter region. These find-
ings suggest that HDAC10 may be involved in the occur-
rence of SANFH by regulating the histone acetylation of 
PPARγ. Taken together, these results provide a meaning-
ful direction for future research on the epigenetic mecha-
nisms and therapeutic approaches for this disease.
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