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ONFH, glucocorticoids (GCs)-induced ONFH (GONFH) 
frequently occurs in patients treated with systemic GCs [1]. 
The World Health Organization has recommended systemic 
GCs as adjunctive therapy for coronavirus disease 2019 [2]. 
However, regarding the prevalence of GONFH (24%) in 
patients treated with GCs for severe acute respiratory syn-
drome (SARS) in 2003, [3] it is therefore predictable that 
the number of GONFH patients is expected to considerably 
increase in the near future owing to the widespread preva-
lence of COVID-19 and the extensive usage of GCs.

The precise pathological mechanism of GONFH has yet 
to be wholly proven. Nevertheless, apoptosis and imbalance 
in osteogenic/lipogenic differentiation of mesenchymal 
stem cells (MSCs) are the predominant pathological char-
acteristics, ultimately resulting in structural alterations of 
the femoral head and severe damage to the hip joint [4–6]. 
It has been demonstrated that high doses of GCs not only 
lead to apoptosis of MSCs [7,8] but also shift the lineage 
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Abstract
Background: This study aimed to investigate the pathogenic factors of glucocorticoids (GCs)-induced osteonecrosis of the 
femoral head (GONFH) and its underlying pathogenesis in vivo and in vitro. Methods: Radiographical (µCT) scanning, 
histopathological, immunohistochemical, reactive oxygen species (ROS) and tunel staining were conducted on GONFH 
patients and rats. ROS, tunel, flow cytometry, alkaline phosphatase, Oil red O staining, reverse transcription‑quantitative 
PCR and western blotting were applied to elucidate the exact pathogenesis mechanism. Results: Clinical and animal 
studies demonstrated increased levels of ROS, aggravated oxidative stress (OS) microenvironment, augmented apoptosis 
and imbalance in osteogenic/lipogenic in the GONFH group compared to the control group. The fate of mesenchymal 
stem cells (MSCs) directed by GCs is a crucial factor in determining GONFH. In vitro studies further revealed that GCs 
promote excessive ROS production through the expression of NOX family proteins, leading to a deterioration of the 
OS microenvironment in MSCs, ultimately resulting in apoptosis and imbalance in osteogenic/lipogenic differentiation. 
Furthermore, our results confirmed that the NOX inhibitor‑diphenyleneiodonium chloride and the NF‑κB inhibitor‑BAY 
11‑7082 ameliorated apoptosis and osteogenic/lipogenic differentiation imbalance of MSCs induced by an excess of GCs. 
Conclusion: We demonstrated for the first time that the aggravation of the OS microenvironment in MSCs caused by 
high doses of GCs leading to apoptosis and differentiation imbalance is a crucial factor in the pathogenesis of GONFH, 
mediated through activating the NOX/ROS/NF‑κB signaling pathway.
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commitment of MSCs from the osteoblastic lineage to 
the adipocyte lineage, [7,9] which eventually results in an 
imbalance in osteogenic/lipogenic homeostasis. Hence, 
inhibiting apoptosis and maintaining the balance of osteo-
genic/lipogenic differentiation of MSCs may contribute to 
the prevention of GONFH at an early stage.

Numerous studies suggested that pharmacological doses 
of GCs triggered an exacerbation of the intracellular oxida-
tive stress (OS) microenvironment [10–12]. The intracellular 
accumulation of excessive reactive oxygen species (ROS) 
induces elevated endoplasmic reticulum stress upon expo-
sure to the severe OS microenvironment, eventually trigger-
ing apoptosis [13–15]. In addition, it has been demonstrated 
that exacerbation of the OS microenvironment alters the dif-
ferentiation commitment of MSCs [16]. The above evidence 
provides novel insights into preventing GC-induced apop-
tosis and osteogenic/lipogenic differentiation destabiliza-
tion in MSCs. Hence, decreasing ROS production and, thus, 
improving the OS microenvironment in MSCs could benefit 
the treatment of GONFH. In addition, several studies have 
shown that an excess of ROS exacerbates the OS micro-
environment and activates nuclear factor‑kappa B (NF‑κB), 
which is widely involved in inflammation, stress response, 
cell apoptosis and differentiation [17–19]. However, the 
implication of NOX/ROS/NF‑κB signaling on MSCs and 
bone homeostasis has not been elucidated. Whether NOX/
ROS/NF‑κB signaling is altered during the pathogenesis of 
GONFH is unclear, and the mechanism of its action remains 
elusive.

In the present study, we first used clinical samples and 
both in vitro and in vivo experiments to induce a GONFH 
model to determine whether apoptosis and differentiation 
unbalance of MSCs due to exacerbated OS microenviron-
ment is a crucial factor in the pathogenesis of GONFH. Sec-
ondly, we investigated the precise mechanism underlying 
the exacerbation of the OS microenvironment by excessive 
GCs in GONFH that ultimately lead to apoptosis and dif-
ferentiation imbalance in MSCs.

Materials and methods

Patients

The study was approved by the Ethics Committee of the 
First Affiliated Hospital of Zhejiang Chinese Medical Uni-
versity (No. 2018‑KL‑005‑02). Patients with advanced 
GONFH (ARCO stage III or IV) [20] and femoral neck 
fracture (FNF) were recruited at the First Affiliated Hospi-
tal of Zhejiang Chinese Medicine University from Decem-
ber 2018 to February 2022 and determined for total hip 

replacement. Totally 20 GONFH and 15 FNF femoral head 
samples were collected in this study.

Cell culture and treatment

C3H10T1/2 mouse MSC lines (ATCC Manassas, VA, USA) 
were cultured in DMEM complemented with 10% FBS and 
1% penicillin/streptomycin in a humidified incubator with 
5% CO2 at 37 °C. In specific experiments, MSCs were incu-
bated with the NOX inhibitor (diphenyleneiodonium chlo-
ride [DPI], 10 µM 21) (Selleck, Shanghai, China), NF‑κB 
inhibitor (BAY 11‑7082, 2 µM 22) (MedChemExpress, 
New Jersey, USA) before DEX administration.

CCK-8 assay

Dexamethasone (DEX; 0.01, 0.1, 1, 10 µM; Selleck, Shang-
hai, China) was dosed based on a prior study [23]. In brief, 
MSCs (8 × 103 cells/well, 96-well plates) were cultured in a 
100 µL medium containing various concentrations of DEX. 
To investigate the proliferation activity of MSCs, wells cul-
tured at different concentrations of DEX were added with 
10 µL of CCK‑8 solution (Beyotime, Shanghai, China) and 
cultured for 2 h. OD values were acquired by recording 
absorbance at 450 nm using a microplate reader (Synergy 
H1, Vermont, USA).

Osteogenic differentiation assay

MSCs were cultured at 4 × 104 cells/well in 24-well plates. 
When the MSCs reached 70–80% confluence, they were 
induced in the osteoblast induction medium (DMEM com-
plemented with 10% FBS, 50 µg/ml ascorbic acid and 10 
mM β‑glycerophosphate) for 14 days.

Adipogenic differentiation assay

MSCs were cultured in 12-well plates at 1 × 105 cells/
well. When MSCs reached 70–80% confluence, they were 
induced in the adipocyte-inducing medium (DMEM com-
plemented with 10% FBS, 1 M DEX, 100 M indomethacin, 
10 g/ml insulin and 0.5 mM methyl isobutyl xanthine) for 
2 days. MSCs were then cultured in the adipocyte mainte-
nance medium (DMEM complemented with 10% FBS and 
10 µg/ml insulin) for 12 days.

Intracellular ROS assay

The fluorescent dye 2’,7’‑dichlorofluorescein diacetate 
(DCFH‑DA; BB‑470,516; BestBio, Shanghai, China) was 
employed to evaluate ROS levels. Briefly, after drug inter-
vention, MSCs cultured on glass coverslips were cultured in 
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the serum-free medium with 10 µM DCFH-DA for 40 min 
at room temperature without light.

Tunel and annexin V-FITC/PI assays

The level of apoptosis of MSCs was assessed with the 
Tunel Assay Kit (C1088, Beyotime, Shanghai, China) and 
the Annexin V‑FITC/PI kit (FXP018, 4 A Biotech Co., Ltd, 
Beijing, China). In brief, after drug intervention, MSCs cul-
tured on 6‑well plates were fixed in 4% paraformaldehyde 
for 45 min and subsequently cultured for 20 min with 0.3% 
Triton X. The MSCs were then cultured in tunel assay solu-
tion at 37 °C for 45 min, following incubation with DAPI for 
5 min. As for Annexin V‑FITC/PI, after drug intervention, 
MSCs cultured in 6-well plates were harvested and resus-
pended in 100 µL of 1× binding buffer with 5 µL Annexin 
V‑FITC and 5 µL PI and cultured for 5 min.

Western blotting

MSCs lysates were acquired using a modified radioim-
munoprecipitation assay (RIPA) lysis buffer containing 1 
mM phenylmethylsulfonyl fluoride and protease inhibi-
tor cocktail (Cell Signaling Technology, Boston, USA). 
And then, proteins were quantitated by BCA Protein Assay 
Kit (Thermo Scientific, Waltham, USA), fractionated via 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
gel and transferred to polyvinylidene difluoride membranes. 
After incubation with a solution consisting of 5% skimmed 
milk for 1 h at 4 °C, the polyvinylidene fluoride membrane 
was then incubated overnight at 4 °C with primary antibod-
ies against nicotinamide adenine dinucleotide phosphate 
oxidase-2 (NOX2; dilution 1:1 000, 19013-1-AP; Protein-
tech, Chicago, USA), nicotinamide adenine dinucleotide 
phosphate oxidase-4 (NOX4; dilution 1. 1,000, ET1607-4; 
Huabio, Hangzhou, Zhejiang, China), caspase‑3 (CASP3; 
dilution 1: 1,000, 9665; Cell Signaling Technology, Boston, 
USA), osterix (OSX; dilution 1. 1,000, ER1914-47; Hua-
bio, Hangzhou, Zhejiang, China), peroxisome activated 
receptor γ (PPARγ; dilution 1: 1 000, AB19481; Abcam, 

Cambridge, UK), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; dilution 1: 5 000, ARG10112; Arigo, 
Taiwan, China). The membranes were then incubated with 
the corresponding secondary antibodies for 2 h at 4 °C. 
Protein expression was then determined using an LI-COR 
Odyssey® scanner (LI‑COR Biosciences, Nebraska, USA).

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was harvested utilising TRIzol® reagents (Invi-
trogen, Carlsbad, California, USA) and cDNA was synthe-
sized by PrimeScript™ RT kits (Takara, Beijing, China). 
Following the manufacturer’s instructions, RT‑qPCR was 
conducted by SYBR Premix EX Taq™ kits (Takara, Bei-
jing, China). Primer sequences for NOX2, NOX4, CASP3, 
OSX, PPARγ and β‑actin are presented in Table 1.

Animal studies

All animal experiments in the present study were permit-
ted by the Ethics Committee of Zhejiang Chinese Medical 
University (No. 20190401-10) and conducted according 
to the NIH Guide for the Care and Use of Laboratory Ani-
mals. Twelve 12‑week‑old male Sprague‑Dawley (SD) 
rats (weight: 450 ± 50 g) were obtained from SLAC Lab-
oratory Animals, Shanghai, China Ltd (No. SCXK (Hu) 
2017‑ 0005). The GONFH model was performed using lipo-
polysaccharide (LPS; Sigma-Aldrich, St. Louis, USA) com-
bined with methylprednisolone (MPS; Pfizer, NY, USA), as 
described previously [24,25]. Rats were randomised into 
control and GONFH groups, 6 rats per group, and placed in 
a room at 22 ± 3˚C and 55–60% humidity and supplied with 
pure water and a standard diet.

Biomechanical assay

Fresh specimens of rat femoral heads were taken and stati-
cally loaded at 0.5 mm/min with an axial compression test-
ing machine (EnduraTec TestBenchTM system, Bose Corp., 
Minnetonka, MN, USA). The occurrence of the first turning 
point of the machinery will be defined as the load‑bearing 
ability.

Micro-CT (µCT) assay

Femoral head specimens were acquired for µCT (Skyscan 
1176, Bruker µCT, Kontich, Belgium) analysis with a reso-
lution of 11 μm to examine the bone microstructure of the 
femoral head. Bone mineral density (BMD), trabecular 
number (Tb. N), trabecular volume fraction (BV/TV) and 
trabecular separation (Tb. Sp) were also measured.

Table 1 Primer sequences for RT-qPCR.
Primer name Sequence
NOX2 forward
NOX2 reverse
NOX4 forward
NOX4 reverse
CASP3 forward
CASP3 reverse
OSX forward
OSX reverse
RRARγ forward
RRARγ reverse
β‑actin forward
β‑actin reverse

5’‑TGTGGTTGGGGCTGAATGTC‑3’
5’‑CTGAGAAAGGAGAGCAGATTTCG‑3’
5’‑GAAGGGGTTAAACACCTCTGC‑3’
5’‑ATGCTCTGCTTAAACACAATCCT‑3’
5’‑GTGGAGGCCGACTTCTTGTATGC‑3’
5’‑TGGCACAAAGCGACTGGATGAAC‑3’
5’‑CCCTTCTCAAGCACCAATGG‑3’
5’‑AAGGGTGGGTAGTCATTTGCATA‑3’
5’‑CTTGACAGGAAAGACAACGG‑3’
5’‑GCTTCTACGGATCGAAACTG‑3’
5’‑GGAGATTACTGCCCTGGCTCCTA‑3’
5’‑GACTCATCGTACTCCTGCTTGCTG‑3’
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**P < 0.01, and **P < 0.001. All experiments included at 
least three replicates.

Results

Increased apoptosis and osteogenic/lipogenic 
formation imbalance in the femoral head of GONFH 
patients

Figure 1B displayed the characteristic features of GONFH, 
particularly the presence of cystic alterations and large 
areas of collapse and necrosis of the subchondral bone in 
comparison with FNF (Fig. 1A). µCT images revealed the 
destruction of the femoral head and partial fracture of the 
trabeculae of the subchondral bone in GONFH compared 
to FNF, with a significantly reduced number of trabeculae 
(Fig. 1C-F). Morphological analysis of the µCT indicated 
that Tb.N was enhanced in GONFH than in FNF, while 
Tb.Sp was conversely lower (Fig. 2G). Further histopatho-
logical features were observed using ABH/OG staining, 
which demonstrated significantly fewer trabeculae in the 
subchondral bone and numerous fat vacuoles in GONFH 
compared to FNF (Fig. 1H). Moreover, the results of tunel 
staining displayed markedly higher levels of apoptosis in 
the subchondral bone of GONFH than in FNF (Fig. 1I). 
Furthermore, the IHC staining results indicated a marked 
decrease in the expression of osteogenic-associated proteins 
(RUNX2 and OSX) and a marked increase in the expres-
sion of lipogenic‑associated proteins (PPARγ and FABP4) 
in GONFH compared with FNF (Fig. 1J). These findings 
suggested that GONFH patients had reduced bone mass, 
enhanced apoptosis and imbalance in osteogenic/lipogenic 
formation in the femoral head.

Elevated apoptosis levels and accompanying 
imbalance in osteogenic/lipogenic homeostasis in 
the femoral head of GONFH rats

We sought to validate further the phenotype observed on 
clinical samples by simulating the early stages of GONFH 
through in vivo experiments. The procedure for animal 
experiments is shown in Fig. 2A. The femoral head in the 
control group was smooth, transparent and white, whereas 
the femoral head was unsmooth and had a dark red appear-
ance in the GONFH group (Fig. 2B). Biomechanical tests 
showed a significant reduction in the load‑bearing capacity 
in the GONFH group in comparison with the control group 
(Fig. 2C). Moreover, µCT images showed sparse and thin-
ning trabeculae in the subchondral bone of the GONFH 
group in comparison with the control group (Fig. 2D). 
µCT analysis further confirmed the alterations in the bone 

Histology and histomorphometry

Femoral head samples were decalcified, embedded in par-
affin and sectioned to 3 μm, then stained with Algae Blue 
Hematoxylin/Orange G (ABH/OG) and histologically anal-
ysed. The area of adipocytes and trabeculae, and the ratio of 
empty bone lacunae in the subchondral bone of the femoral 
head were evaluated.

ROS assay

Freshly isolated femoral head tissue was rapidly frozen and 
sectioned at an optimized cutting temperature at a thickness 
of 8 μm. ROS levels were determined using the DHE‑ROS 
Assay Kit (BB‑470,516; BestBio, Shanghai, China). In 
brief, slices were incubated in darkness with dihydroethid-
ium for 40 min, followed by DAPI for 5 min.

TUNEL assay

The Tunel Assay Kit (C1088, Beyotime, Shanghai, China) 
was applied to assess apoptosis in femoral head samples. 
Briefly, sections were dewaxed, rehydrated, and incubated 
in tunel assay solution at 37 °C for 30 min, then incubated 
with DAPI for 5 min.

Immunohistochemistry (IHC)

Sections were dewaxed and rehydrated, then incubated in 
citrate buffer for 4 h at 60 °C for antigen retrieval. Sub-
sequently, sections were incubated with anti-RUNX2 (dilu-
tion 1:200, AB236639; Abcam, Cambridge, UK), anti‑OSX 
(dilution 1:200, ER1914‑47; Huabio, Hangzhou, Zhejiang, 
China), anti‑PPARγ (dilution 1:300, AB19481; Abcam, 
Cambridge, UK), anti‑fatty acid binding protein‑4 (FABP4, 
dilution 1:300, AB92501; Abcam, Cambridge, UK), anti‑
NOX2 (dilution 1:500, 19013‑1‑AP; Proteintech, Chicago, 
USA), anti-NOX4 (dilution 1. 100, ET1607-4; Huabio, 
Hangzhou, Zhejiang, China), phosphorylated‑p65 (p‑p65; 
dilution 1:300, Arigo, ARG51518; Taiwan, China) primary 
antibodies, and incubated for 8 h at 4 °C in the absence of 
light. On day 2, sections were stained in diaminobenzidine 
solution in reaction with a secondary antibody (dilution 1:1 
000, 31,234; Invitrogen, Carlsbad, California, USA) for 
30 min while counterstained with hematoxylin.

Statistical analysis

Data are shown as mean ± SD. One-way ANOVA followed 
by Dunnett’s test was conducted using SPSS 24.0 soft-
ware. P < 0.05 was statistically significant, with *P < 0.05, 
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results demonstrated that the apoptosis level was markedly 
elevated and accompanied by an imbalance in osteogenic/
lipogenic homeostasis in the femoral head of GONFH rats.

Enhanced apoptosis and imbalance in osteogenic/
lipogenic differentiation of MSCs caused by DEX

Regarding in vitro experiments, we subjected MSCs to 
DMEM containing different concentrations of DEX to ver-
ify whether DEX could inhibit the survival ability of MSCs. 
It was found that high doses of DEX (≥ 1 µM) were toxic to 
MSCs (Fig. 3A). We then mimicked GONFH with a 1 µM 

microstructure of the subchondral bone of the GONFH 
group, as evidenced by markedly reduced BMD, BV/TV 
and Tb.N, and notably elevated Tb.Sp (Fig. 2D). In addi-
tion, ABH/OG staining revealed a distinct reduction in bone 
volume in the subchondral bone of the GONFH group, with 
extensive empty bone lacunae and abundant fat in the med-
ullary cavity (Fig. 2E). In addition, tunel and IHC staining 
results revealed that similar to the results of clinical sam-
ples, the GONFH group showed distinctly increased levels 
of apoptosis and lipogenesis-related protein expressions and 
remarkably diminished levels of osteogenesis‑related pro-
tein expressions in the subchondral bone (Fig. 2F, G). These 

Fig. 1 Decreased bone mass, 
enhanced apoptosis and imbal-
ance in osteogenic/lipogenic 
homeostasis in the femoral 
head of GONFH patients. (A, 
B) Gross morphology of the 
femoral head. (C-F) 2D and 3D 
µCT images and quantitative 
analysis of the femoral head. (G) 
ABH/OG staining images and 
histomorphometric analysis of 
the femoral head. The adipocytes 
are indicated by yellow triangles. 
(H) Tunel staining and quan-
titative analysis of the femoral 
head. (I) Immunohistochemistry 
staining and quantitative analysis 
of RUNX2, OSX, PPARγ and 
FABP4 in the femoral head. The 
RUNX2 and OSX positive cells 
are indicated by blue arrows. 
***P < 0.001 (vs. GONFH).
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an osteogenic/lipogenic differentiation imbalance in MSCs 
(Fig. 3E). The above evidence demonstrated that DEX con-
tributed to increased apoptosis and osteogenic/lipogenic dif-
ferentiation imbalance in MSCs.

concentration of DEX. We found that consistent with the 
results from human and rat samples, a 1 µM concentration 
of DEX remarkably increased the gene and protein expres-
sion levels of CASP3 and PPARγ and diminished the expres-
sion level of OSX (Fig. 3B, C). Moreover, tunel staining and 
flow cytometry results revealed that the apoptosis level was 
considerably lower in the DEX-treated MSCs in comparison 
with the control group (Fig. 3D). Additionally, ALP and Oil 
Red O staining results indicated that DEX treatment caused 

Fig. 2 Gross morphology, 
radiographs and histopathologi-
cal images of rat femoral head 
samples. (A) The Schematic dia-
gram of the in vivo modeling pro-
cedure. (B) Gross morphology of 
the femoral head. (C) The load-
bearing capacity of the femoral 
head. (D) 2D and 3D µCT images 
and quantitative analysis of the 
femoral head. (E) ABH/OG stain-
ing images and histomorphomet-
ric analysis of the femoral head. 
The adipocytes are indicated by 
black triangles and the empty 
lacunae are indicated by green 
arrows. (F) TUNEL staining 
images and quantitative analysis 
of the femoral head. (G) Immu-
nohistochemistry staining and 
quantitative analysis of RUNX2, 
OSX, PPARγ and FABP4 in the 
femoral head. ***P < 0.001 (vs. 
GONFH).
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cellular assays all demonstrated dramatically elevated lev-
els of NOX2 and NOX4 gene and protein expressions in 
comparison with the control group. The above data revealed 
that NOX protein expression and ROS levels in the necrotic 
zone of GONFH were increased, causing an aggravation of 
the OS microenvironment.

DPI reversed apoptosis and imbalance in 
osteogenic/lipogenic differentiation of MSCs caused 
by NOX/ROS signaling activation

Given the above experimental results, we hypothesized that 
NOX/ROS signaling activation leading to apoptosis and 
imbalance of osteogenic/lipogenic differentiation of MSCs 
might be the potential pathogenesis of GONFH. Accord-
ingly, we employed a NOX inhibitor‑DPI and identified 
that DPI markedly inhibited the elevated levels of ROS and 
the gene and protein levels of NOX2 and NOX4 in MSCs 
caused by excessive DEX (Fig. 5A-C). Subsequently, we 
evaluated the efficacy of DPI on DEX‑induced apoptosis and 

Elevated NOX protein expressions and ROS levels in 
the necrotic zone of GONFH lead to the exacerbation 
of the OS microenvironment

Worsening of the OS microenvironment caused by elevated 
ROS levels has been suggested as a possible factor in the 
pathogenesis of GONFH, [26,27] but the exact mechanism 
remains to be elucidated. We then conducted validation in 
human and rat samples as well as in MSCs. ROS staining 
of human samples revealed markedly higher levels of ROS 
in the subchondral bone of GONFH patients compared to 
FNF patients (Fig. 4A). As expected, ROS levels were con-
siderably increased in the subchondral bone of GONFH rats 
(Fig. 4B). Moreover, cellular experiments obtained similar 
results, as evidenced by remarkably enhanced ROS levels 
in MSCs after DEX treatment (Fig. 4C). The NOX family is 
essential to ROS in bone and cells, with NOX2 and NOX4 
proteins being the most prominent [28–30]. Therefore, we 
validated the results in GONFH samples and, surprisingly, 
the results of clinical samples, animal samples and in vitro 

Fig. 3 DEX leads to increased 
apoptosis and imbalance in 
osteogenic/lipogenic differentia-
tion of MSCs. (A) CCK8 assay 
of the proliferation capacity 
of MSCs treated with different 
concentrations of 1µM DEX. (B) 
CASP3, OSX and PPARγ mRNA 
of MSCs treated with DEX. (C) 
CASP3, OSX and PPARγ protein 
levels of MSCs treated with 1µM 
DEX. (D) Tunel staining and flow 
cytometry of MSCs treated with 
1µM DEX. (E) ALP and Oil red 
O staining of MSCs incubated 
with 1µM DEX for 7 or 14 days. 
NS, no significance, **P < 0.01, 
***P < 0.001 (vs. CTRL or 1µM 
DEX).
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Fig. 4 GCs-induced exacerbation 
of the OS microenvironment in 
the necrotic region of GONFH, 
with enhanced NOX protein 
expressions and ROS levels. (A) 
ROS staining and quantitative 
analysis of human femoral head. 
(B) ROS staining and quantita-
tive analysis of rat femoral head. 
(C) ROS staining and quantita-
tive analysis of MSCs treated 
with 1µM DEX. (D) Immu-
nohistochemistry staining and 
quantitative analysis of NOX2 
and NOX4 of human femoral 
head. (E) Immunohistochem-
istry staining and quantitative 
analysis of NOX2 and NOX4 of 
rat femoral head. (F) NOX2 and 
NOX4 mRNA of MSCs treated 
with 1µM DEX. (G) NOX2 and 
NOX4 protein levels of MSCs 
treated with 1µM DEX. PC, posi-
tive control, ***P < 0.001 (vs. 
GONFH or DEX).
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These results confirmed that DPI reversed apoptosis and 
imbalance of osteogenic/lipogenic differentiation of MSCs 
induced by the activation of NOX/ROS signaling.

Excess GCs caused apoptosis and destabilization 
of osteogenic/lipogenic differentiation in MSCs 
through activation of the NOX/ROS/NF-κB signaling 
pathway

We performed further experiments to clarify the pre-
cise mechanism by which DEX causes apoptosis and 

osteogenic/lipogenic differentiation in MSCs. Surprisingly, 
RT‑qPCR and WB results demonstrated that DEX‑induced 
over‑expression of CASP3 and PPARγ was distinctly 
diminished by DPI treatment. In contrast, the suppression 
of OSX was significantly neutralized by the addition of DPI 
(Fig. 5B, C). Moreover, tunel staining and flow cytometry 
results further confirmed that DPI treatment notably reduced 
the level of apoptosis in MSCs (Fig. 5D). Furthermore, ALP 
and Oil Red O assays also demonstrated that DPI predomi-
nantly reverted the imbalance in osteogenic/lipogenic dif-
ferentiation of MSCs resulting from DEX therapy (Fig. 5E). 

Fig. 5 DPI counteracted the OS-
promoting effects of DEX and 
reversed apoptosis and imbalance 
in osteogenic/lipogenic differen-
tiation of MSCs. (A) ROS stain-
ing and quantitative analysis of 
MSCs treated with DEX and DPI. 
(B) NOX2, NOX4, CASP3, OSX 
and PPARγ mRNA of MSCs 
treated with DEX and DPI. (C) 
NOX2, NOX4, CASP3, OSX and 
PPARγ protein levels of MSCs 
treated with DEX and DPI. (D) 
Tunel staining and flow cytom-
etry of MSCs treated with DEX 
and DPI. (E) ALP and Oil red O 
staining of MSCs treated with 
DEX and DPI for 7 or 14 days. 
PC, positive control, *P < 0.05, 
**P < 0.01, ***P < 0.001 (vs. 
DEX).
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and differentiation [17–19]. Therefore, we first validated the 
levels of p‑p65, a crucial factor in activating NF‑κB signal-
ing, in GONFH rats. Surprisingly, the expression level of 

differentiation imbalance in MSCs. Excess ROS has been 
demonstrated to activate NF‑κB signaling, which is exten-
sively implicated in inflammation, stress responses, apoptosis 

Fig. 6 BAY partially reversed 
DEX-induced apoptosis and 
imbalance of osteogenic/lipo-
genic differentiation of MSCs. 
(A) Immunohistochemistry 
staining and quantitative analysis 
of p‑p65 of rat femoral head. (B) 
NOX2, NOX4, CASP3, OSX and 
PPARγ mRNA of MSCs treated 
with DEX and BAY 11‑7082. (C) 
CASP3, OSX and PPARγ protein 
levels of MSCs treated with DEX 
and BAY 11‑7082. (D) ROS 
staining and quantitative analysis 
of MSCs treated with DEX and 
BAY 11‑7082. (E) Tunel staining 
and flow cytometry of MSCs 
treated with DEX and BAY 
11-7082. (F) ALP and Oil red O 
staining of MSCs treated with 
DEX and BAY 11‑7082 for 7 or 
14 days. PC, positive control, 
NS, no significance, *P < 0.05, 
**P < 0.01, ***P < 0.001 (vs. 
GONFH or DEX).
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the rate of empty bone traps and adipocyte area. Therefore, 
our rat model of GONFH is an optimal preclinical animal 
model to date.

Though the pathogenic factors of GONFH remain 
unclear, exacerbation of the OS microenvironment through 
excessive elevation of ROS may be a potential factor in 
pathogenesis [26,34,35]. Physiological levels of GCs are 
necessary for the proliferation and differentiation of MSCs 
[36].  Nevertheless, excessive GCs increase ROS levels in 
MSCs, osteoblasts, osteocytes, etc., [4,10] thereby exac-
erbating the intracellular OS microenvironment. Evidence 
suggests extensive inflammatory cell infiltration occurs after 
femoral head necrosis, resulting in excessive ROS produc-
tion in MSCs, ultimately exacerbating the GONFH process 
[37].  In agreement with their findings, our data indicated 
that high doses of GCs increased ROS levels in vivo and 
in vitro. Moreover, it was shown that the fate of MSCs is a 
crucial factor in determining the GONFH progression. The 
NOX family plays a pivotal role in oxidant responses and 
is a major source of ROS in bone and cells, with NOX2 
and NOX4 proteins being the most prominent [28–30]. 
Moreover, at high concentrations, GCs induced apoptosis 
[8] and an imbalance in osteogenic/lipogenic differentia-
tion of MSCs [7]. Furthermore, based on the enormous role 
played by the OS microenvironment in cell apoptosis and 
differentiation, it is plausible to hypothesize that exces-
sive GCs lead to apoptosis and an imbalance in osteogenic/
lipogenic differentiation of MSCs by increasing NOX pro-
tein expression and thus elevate intracellular ROS levels. 
Amazingly, the DEX-induced apoptosis and destabilization 
of osteogenic/lipogenic differentiation of MSCs were sig-
nificantly reversed when co‑treated with the NOX inhibitor. 

p‑p65 was considerably higher in GONFH rats (Fig. 6A). 
We then used BAY 11‑7082, an inhibitor of NF‑κB activa-
tion, for further mechanistic studies. Both RT‑qPCR and 
WB results showed that DEX‑induced increases in CASP3 
and PPARγ expression and reduction in OSX expression 
were partially restored by BAY 11‑7082 treatment (Fig. 6B, 
C). Nevertheless, the application of BAY 11‑7082 failed to 
recover the elevated NOX2 and NOX4 expression and ROS 
levels induced by the DEX treatment (Fig. 6B, D). Tunel 
staining, flow cytometry, ALP staining and Oil Red O stain-
ing further confirmed that BAY 11‑7082 reversed apoptosis 
and the balance of osteogenic/lipogenic differentiation of 
MSCs (Fig. 6E, F). Overall, our data suggested that BAY 
could partially reverse the OS-induced apoptosis and the 
imbalance in osteogenic/lipogenic differentiation of MSCs.

Discussion

The pathogenesis of GONFH has yet to be elucidated. 
Therefore, a proper animal model is essential to study the 
molecular and cellular mechanisms of GONFH. The rat 
is considered a cost‑effective animal model to establish 
GONFH; however, no standard induction protocol has been 
well established. Currently, there are three main methods 
used to establish rat GONFH models. MPS alone, [31] MPS 
combined with allogeneic serum, [32] and LPS combined 
with MPS [33]. In the present study, histopathological and 
radiological comparisons revealed that the LPS in combi-
nation with the MPS model was extremely similar to that 
of patients with early GONFH, as demonstrated by reduced 
bone mass in the subchondral bone and a marked increase in 

Fig. 7 Schematic diagram of the 
pathogenesis of GONFH. The 
exacerbation of the OS micro-
environment in MSCs induced 
by high doses of GCs leading 
to apoptosis and differentiation 
imbalance is a pivotal factor in 
the pathogenesis of GONFH, 
mediated by activation of the 
NOX/ROS/NF‑κB signaling 
pathway
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is indeed a pivotal factor in the pathogenesis of GONFH, 
mediated through activating the NOX/ROS/NF‑κB signal-
ing pathway. The current study suggested that inhibition of 
ROS levels and NF‑κB activity may be an emerging strat-
egy to prevent and treat GONFH.
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