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Abstract. Necrosis of the femoral head (NFH) is an ortho‑
pedic disease characterized by a severe lack of blood supply 
to the femoral head and a marked increase in intraosseous 
pressure. NFH is associated with numerous factors, such 
as alcohol consumption and hormone levels. The present 
study focused on the expression levels of osteoprotegerin 
(OPG) in NFH and the effect of OPG overexpression on 
chondrocyte apoptosis. The results demonstrated that OPG 
expression was markedly decreased in the femoral head of 
patients with NFH compared with normal femoral heads. 
Lentivirus‑mediated overexpression of OPG in human 
chondrocytes reversed the decrease in cell viability and the 
increase in reactive oxygen species production induced by 
an oxidative stress‑inducing factor, tert‑butyl hydroperoxide. 
Flow cytometry and TUNEL assays revealed that OPG 
overexpression inhibited the apoptosis of chondrocytes. In 
addition, it was revealed that OPG exerted its anti‑apoptotic 
effect mainly by promoting Bcl‑2 expression and Akt 
phosphorylation and inhibiting caspase‑3 cleavage and Bax 
expression. The present study revealed that OPG may be an 
important regulator of NFH. 

Introduction

Necrosis of the femoral head (NFH) is an orthopedic disease 
that results in a decrease in blood supply to the femoral head 
under the joint action of numerous factors. This leads to the 
apoptosis or death of cartilage cells and a decrease in the 
number of osteocytes, which reduces the mechanical strength 
of the femoral head (1,2). Finally, the femoral head collapses, 
resulting in functional disorders of the hip joint (3). Although 
a number of studies have investigated the etiology, pathology 
and pathogenesis of NFH, the exact pathogenesis and related 
risk genes remain unclear (4‑7). Therefore, it is important to 
identify regulatory genes and targets to improve the under‑
standing of the molecular pathological mechanism of this 
disorder.

Osteoprotegerin (OPG) belongs to the tumor necrosis 
factor receptor superfamily, members of which are impli‑
cated in multiple functions, including blocking osteoclast 
maturation, controlling vascular calcification, and promoting 
tumor growth and metastasis (8). A large number of studies 
have suggested that the competitive binding between OPG 
and its ligand, OPGL, is the most important regulatory 
mechanism in the process of osteoclast differentiation, prolif‑
eration, apoptosis and physiological function (9‑11). There 
is increasing evidence that OPG not only protects bone but 
also inhibits apoptotic factors and possibly vasoprotective 
and cytoprotective factors (4,12‑15). The expression of OPG 
has been detected in xenogeneic antigen‑extracted cancellous 
bone/lentiviral basic fibroblast growth factor/mesenchymal 
stem cell transplantation for the repair of rabbit femoral head 
defect necrosis (16). Chondrocytes have been demonstrated 
to be an ideal material for studying the biological role of 
OPG in NFH (2). Small molecules can diffuse from the bone 
marrow through the subchondral bone and deep layers of 
cartilage to the synovial fluid (17). OPG expressed by chon‑
drocytes is capable of binding to certain receptors to prevent 
the resorption of subchondral bone and protect cartilage from 
degradation (2). However, the expression of OPG during NFH 
and its potential anti‑apoptotic effect on human chondrocytes 
are unclear. The present study explored the expression levels 
of OPG in a large number of tissue samples from patients with 
NFH and investigated the potential anti‑apoptotic effect of 
OPG in human chondrocytes. 
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Materials and methods

Case information. The present study was approved 
by the Ethics Committee of Dezhou People's Hospital 
(approval no. EC‑20210120‑1006; Dezhou, China) and was 
conducted in compliance with the Declaration of Helsinki 
for medical research involving human subjects. A total of 50 
femoral head tissue samples were collected from hospitalized 
patients in Dezhou People's Hospital (Dezhou, China) who 
were admitted between October 2012 and October 2015 and 
diagnosed with steroid‑ or alcohol‑induced NFH by clinical 
diagnosis and histopathological examination (Table SI). The 
inclusion criteria were as follows: i) Volunteered to participate 
in the study and agreed to take femoral head tissues; ii) met the 
diagnostic criteria of NFH; iii) aged ≥18 years old; iv) subjects 
were conscious and could communicate correctly; and v) no 
tumor or other serious physical diseases. Exclusion criteria: 
i) Aged <18 years old; and ii) suffering from metabolic disease 
and neuropsychiatric diseases. The age and sex distribution of 
patients in each group are presented in Table SI. A total of 
30 patients without joint or bone disease who underwent treat‑
ment for femoral neck fractures at Dezhou People's Hospital 
(Dezhou, China) volunteered to donate femoral head tissues 
for the control group between March 2013 and December 2018. 
All samples were obtained from a tissue bank at the hospital. 

Hematoxylin‑eosin staining. Hematoxylin‑eosin (HE) staining 
is a technical method widely used in pathology research. The 
femoral head tissues obtained during the operation were fixed in 
4% formalin for 48 h at room temperature and then embedded 
in paraffin. The specific steps of HE staining were as follows: 
ⅰ) Dewaxing: Dried 4‑µm‑thick slices were immediately placed 
in xylene for dewaxing for 5‑10 min at room temperature, then 
placed into gradient alcohol (100, 90, 80, 70 and 0%) for 2 min 
for each step, and then moved into water for ~2 min; ⅱ) staining: 
Slices were successively transferred into hematoxylin for 
8‑15 min at room temperature, followed by 1‑2 min in water 
at room temperature. They were transferred into differentia‑
tion solution (1 ml hydrochloric acid with 99 ml 70% alcohol) 
and differentiation was allowed to occur for 1‑30 sec at room 
temperature. The slices were moved into water and washed for 
30‑60 min at room temperature to make the tissues appear dark 
blue in a light microscope. The slices were transferred into eosin 
solution and soaked for 2‑5 min at room temperature. The eosin 
floating solution was removed with water and the excess dye 
on the glass slide was wiped away with gauze; ⅲ) dehydration: 
Samples were sliced 4‑µm thick and placed in 80% alcohol 
(1‑2 min), 90% alcohol (2‑4 min) and 100% ethanol (4‑8 min); 
ⅳ) permeabilization: The slices were transferred into xylene for 
permeabilization for 3‑5 min. Then, the xylene was replaced and 
permeabilized the aforementioned slices again for 5‑10 min; and 
ⅴ) Sealing: First, the slices were removed from the xylene, the 
xylene around the tissue slice was quickly wiped off, and then 
a drop of neutral gum was dropped on the tissue slice. A clean 
cover glass was taken, carefully aligned, added to the sealing 
agent and flattened slowly, and the sample was dried at room 
temperature. 

Cell culture and lentiviral infection of chondrocytes. Small 
pieces of cartilage tissue were taken from the joint surface 

during surgery, washed with PBS three times, cut into 1‑mm3 
pieces and transferred to a small conical bottle. To digest 
the tissue samples, these were incubated with 0.5  ml 2% 
type II collagenase and digested at 37˚C for 45 min. Free 
chondrocytes in the enzyme solution were filtered through a 
120‑mesh nylon filter using a pipette (18). The obtained filtrate 
was transferred to a sterile centrifuge tube and centrifuged 
at 1,200 x g for 8 min at room temperature. The resulting 
supernatant was discarded and, to terminate the digestion 
reaction, 5 ml DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) 
was added and the samples were mixed. The chondrocyte 
suspension was then diluted to 3x105 cells/ml and inoculated 
into a culture dish containing DMEM/F12 (Gibco; Thermo 
Fisher Scientific, Inc.) with 10% FBS (Gibco; Thermo Fisher 
Scientific, Inc.) and supplementary antibiotics (50 U/ml peni‑
cillin and 50 µg/ml streptomycin) at 37˚C with 5% CO2 in a 
humidified atmosphere (18).

Lentiviral transduction was performed in 293T cells 
(Shanghai Institute of Biochemistry and Cell Biology) by 
transient co‑transfection of a three‑plasmid expression system 
involving an OPG plasmid (pLVX‑TRE3G‑OPG) or a control 
plasmid (pLVX‑TRE3G) (Shanghai Zeye, Inc.) and the proce‑
dure was performed according to the previous reports (19,20). 
The primary chondrocytes for lentiviral infection were obtained 
from individuals without joint or bone disease. Primary chon‑
drocytes were cultured in a Petri dish to 80‑90% confluence 
and then trypsinized into a cell suspension (21). The number of 
cells was adjusted to 1x105 cells per well using culture medium, 
and the cells were inoculated into 24‑well plates and cultured at 
37˚C with 5% CO2 for 24 h. After the cells adhered to the wall 
of the well, they were ready for transfection. Lentivirus vectors 
were added to each well at a MOI of 25, 50, 100 or 200. After 
72 h of culture, fluorescent protein expression was observed in 
the cells under an inverted fluorescence microscope, and the 
virus infection efficiency was calculated. Cells with a transfec‑
tion efficiency of 80% (MOI=100) were selected for follow‑up 
experiments (data not shown).

RT‑qPCR assay. Total RNA was extracted from the primary 
chondrocytes and cartilage tissues using TRIzol® reagent 
(Thermo Fisher Scientific, Inc.) and then reverse transcribed 
into cDNA using a PrimeScript™ RT reagents kit (Takara Bio, 
Inc.) according to the manufacturer's instructions. qPCR reac‑
tions were performed using a KAPA SYBR® FAST qPCR Kit 
(Kapa Biosystems; Roche Diagnostics) and a CFX96 real‑time 
PCR system (Bio‑Rad Laboratories, Inc.). The OPG‑specific 
primers used were: 5'‑CAT​TCT​TCA​GGT​TTG​CTG​TTC​CT‑3' 
(forward) and 5'‑TTG​CCG​TTT​TAT​CCT​CTC​TAC​ACT​C‑3' 
(reverse). GAPDH was used as an internal reference gene for 
the RT‑qPCR experiments, and the primers used were: 5'‑CAA​
TGA​CCC​CTT​CAT​TGA​CC‑3' (forward) and 5'‑TTG​ATT​TTG​
GAG​GGA​TCT​CG‑3' (reverse). The RT‑qPCR conditions were 
as follows: Pre‑denaturation at 95˚C for 10 min, then at 95˚C for 
10 sec and at 60˚C for 60 sec, repeating for 40 cycles (22,23). 
OPG expression was normalized to GAPDH and was presented 
as a relative expression ratio (2‑ΔΔCq; ΔCq=CqOPG‑CqGAPDH) (24).

MTT assay of cell viability. After infection with lentivirus for 
72 h, 200 µl cell suspension was transferred into 96‑well plates 
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at a density of 4,000‑5,000 cells per well. Preliminary experi‑
ments revealed that tert‑butyl hydroperoxide (tBHP) exerted 
a significant biological effect on cell viability at a minimum 
concentration of 100 µM and at a minimum time of 1 day 
(Figs. S1 and S2). Under these conditions, the interference of 
other factors on the experimental results can be eliminated to 
the greatest extent. After 12 h of cell culture, the cells were 
treated with a final concentration of 100 µM tBHP for 24 h. The 
cells were then treated with 10 µl 5 mg/ml MTT at 37˚C for an 
additional 4 h. After removing the culture medium, dimethyl 
sulfoxide (150 µl) was added to dissolve the formazan crystals. 
The optical density values of the samples were determined 
using a microplate spectrophotometer (BioTek Instruments, 
Inc.) at 490 nm wavelength. 

Flow cytometric analysis of apoptosis. Human chondrocytes 
infected with virus particles containing the OPG plasmid or 
control plasmid were treated with 100 µM tBHP or vehicle 
for 24 h at 37˚C. Human chondrocytes were harvested with 
ethylenediaminetetraacetic acid‑free trypsin, washed with 
PBS and then incubated in 100 µl binding buffer containing 
20 µg PI and 5 µl Annexin V‑FITC (R&D Systems, Inc.) at 4˚C 
in the dark for 15 min. Binding buffer (900 µl) was then added 
and the fluorescence of Annexin V‑FITC and PI was detected 
using a Gallios Flow Cytometer (Beckman Coulter, Inc.). Data 
were analyzed using FlowJo software v7.6.1 (FlowJo LLC). 

Cells positive for Annexin V‑FITC and negative for PI were 
considered to be early apoptotic, and cells positive for both 
Annexin V‑FITC and PI were considered to be late apoptotic, 
whereas those positive for PI and negative for Annexin V‑FITC 
were considered to be necrotic. 

TUNEL assay. A terminal deoxynucleotidyl transferase (TdT) 
‑mediated dUTP nick‑end labeling (TUNEL) kit (Beyotime 
Institute of Biotechnology) was used to detect DNA fragmen‑
tation resulting from apoptosis according to the manufacturer's 
instructions. Briefly, terminal deoxynucleotidyl transferase 
was used to incorporate residues of digoxigenin nucleotide 
into the 3' OH ends of DNA fragments. The DNA breaking 
points (nicks) expose the 3' OH‑end of DNA, which were 
labelled, thus allowing the identification of apoptotic cells. 
Human chondrocytes infected with virus particles were 
seeded on coverslips and incubated in culture medium 
containing tBHP (100 µM) for 24 h. After incubation in PBS 
with 0.2% Triton X‑100 for 5 min, the cells were fixed with 4% 
paraformaldehyde at room temperature for 20 min. The cells 
were then treated with a mixture of terminal deoxynucleotidyl 
transferase enzyme, terminal deoxynucleotidyl transferase 
reaction buffer and fluorescent labeling buffer (1:24:25) for 
60 min at 37˚C. DAPI staining (100 ng/ml, 25˚C, 20 min) was 
used to count the total number of cells, and apoptotic cells 
were identified as those with green nuclei. Apoptotic cells were 

Figure 1. Hematoxylin and eosin staining of femoral head tissue. (A) Normal cartilage. (B) Full anomaly layer. (C) Abnormal metaplasia. (D) Abnormal 
multinucleated giant cells. (E) Abnormal cystic lesions. (F) Abnormal cartilage hyperplasia. Scale bar, 60 µm. 
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quantitated by counting the number of TUNEL‑positive cells 
in four random microscopic fields of a DM2500 fluorescence 
microscope (Leica Microsystems GmbH).

Flow cytometric detection of intracellular reactive oxygen 
species (ROS). To measure ROS production, human chondro‑
cytes infected with virus particles containing the OPG plasmid 
or control virus particles were cultured in the presence or 
absence of 100 µM tBHP. After treatment, the cells were incu‑
bated with 10 µM 2'‑7'‑dichlorofluorescin diacetate for 30 min 
at 37˚C and intracellular ROS levels were determined using a 
Gallios Flow Cytometer with Kaluza analysis software v2.1.1 
(Beckman Coulter, Inc.).

Western blotting. Membrane protein levels were determined by 
western blotting as described previously (15). Briefly, cells or 
tissue fragments were lysed with modified RIPA buffer (Beyotime 
Institute of Biotechnology) for 30 min at 4˚C, and the lysates 
were then centrifuged at 12,000 x g for 30 min at 4˚C. After 
transferring the supernatant to a fresh ice‑cold tube, the protein 
concentration was determined using a bicinchoninic acid protein 
assay kit (Beyotime Institute of Biotechnology). Equal concentra‑
tions of proteins were mixed with SDS sample buffer, denatured 
at 95˚C for 5 min and a total of 40 µg protein was loaded per 
lane and resolved on 8% SDS‑polyacrylamide gel. The separated 

proteins were then transferred onto nitrocellulose membranes, 
which were blocked with 5% non‑fat dried milk in TBS with 0.1% 
Tween‑20 (TBST) at room temperature for 1 h. After blocking, 
the blots were incubated overnight at 4˚C with the primary anti‑
bodies (dilution, 1:1,000). The membranes were then washed with 
TBST and incubated with horseradish peroxidase‑conjugated 
secondary antibodies (1:5,000; ProteinTech Group, Inc.) for 1 h 
at room temperature. The membranes were washed again with 
TBST and then processed using an enhanced chemiluminescence 
detection system (Beyotime Institute of Biotechnology). Relative 
band intensities were measured using Gel‑Pro Analyzer image 
analysis software v4.5 (Media Cybernetics, Inc.). The antibody 
details are presented in Table SII. 

Statistical analysis. Preliminary experiments revealed no 
significant difference in results between a blank control and 
the negative control (pLVX‑TRE3G) (Figs. S3 and S4). All 
experiments were performed in triplicate. Data are presented 
as the mean ±  standard error of the mean, and statistical 
differences among groups were further evaluated by one‑way 
ANOVA followed by Bonferroni's post hoc test for multiple 
groups. An unpaired Student's t‑test was used to compare 
two groups. The categorical data were analyzed using 
chi‑squared test (χ2 test). A receiver operating characteristic 
(ROC) curve was constructed by calculating the sensitivity 

Figure 2. Expression levels of OPG in patients with NFH. (A) Reverse transcription‑quantitative PCR detection of OPG in femoral head tissues of normal 
subjects and patients with NFH (control vs. patients with NFH). (B) Receiver operating characteristic analysis of OPG expression in patients with NFH. 
(C) Representative western blots of OPG in tissues from controls and patients with NFH, and semi‑quantitative analysis of OPG expression (n=30 for control; 
n=28 for alcohol type; n=22 for steroid type). *P<0.05, **P<0.01. AUC, area under the curve; NFH, necrosis of the femoral head; OPG, osteoprotegerin. 
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and specificity of OPG expression in a logistic regression 
model at different cut‑off points to differentiate patients with 
NFH from controls (25‑27). The area under the curve (AUC) 
can be statistically interpreted as the probability of correctly 
distinguishing patients with NFH from controls (25‑27). All 
statistical analyses were calculated using SPSS software 17.0 
(SPSS Inc.). P<0.05 was considered to indicate a statistically 
significant difference. 

Results

Expression levels of OPG in patients with NFH and their 
association with NFH. Fig. 1 shows the results of hematoxylin 
and eosin staining of normal bone, dead bone, infiltrating 
inflammatory cells and femoral head tissues in patients with 
steroid‑induced NFH and alcoholic NFH. The normal bone 
color was uniform and smooth (Fig. 1A), whereas the dead 
bone and steroid‑induced femoral head necrotic lesions had 
blood cells with inflammatory cell infiltration. 

RT‑qPCR was used to examine OPG gene expression in 
specimens from patients with NFH and those with a normal 
femoral head. The OPG levels were lower in patients with 
steroid‑(0.31±0.02) or alcohol‑induced (0.49±0.06) NFH than 
in patients with normal femoral heads (1.01±0.12; P<0.05; 

Fig. 2A). A sensitivity correlation analysis of the ROC curve 
was performed on OPG mRNA expression levels in 50 
femoral head samples with necrosis and 30 normal femoral 
head samples. The AUC for OPG expression was 0.832 (95% 
confidence interval, 0.723‑0.881). The cut‑off value was 
0.452 with sensitivity and specificity values of 85 and 72%, 
respectively (Fig.  2B). OPG protein expression was also 
significantly decreased in both alcoholic NFH specimens 
and steroid‑induced NFH specimens compared with normal 
femoral head specimens (Fig. 2C).

Effect of OPG overexpression on tBHP‑induced apoptosis of 
human chondrocytes. To determine whether OPG has a protec‑
tive effect on chondrocytes, an MTT assay was performed to 
examine the viability of tBHP‑treated human chondrocytes 
transfected with OPG or control plasmids. There was a signifi‑
cantly increased mRNA level of OPG in the cells transfected 
with the OPG plasmid compared with cells transfected with 
the control plasmid (Fig. 3A). The cells transfected with the 
OPG plasmid showed higher OPG protein level compared with 
that in cells transfected with the control plasmid (Fig. 3B). 
As shown in Fig. 3C, the viability of human chondrocytes 
transfected with the control plasmid (pLVX‑TRE3G) was 
significantly reduced by ~20% after treatment with 100 µM 

Figure 3. Effects of OPG on chondrocyte viability and ROS production. (A) Increased mRNA level of OPG in the cells transfected with the OPG plasmid 
compared with cells transfected with the control plasmid (pLVX‑TRE3G). (B) The cells transfected with the OPG plasmid showed higher OPG protein level 
compared with that in cells transfected with the pLVX‑TRE3G. (C) Cell viability was determined using an MTT assay in human chondrocytes transfected 
with OPG or the pLVX‑TRE3G only. (D) ROS levels were determined via flow cytometry in human chondrocytes transfected with OPG or pLVX‑TRE3G only. 
*P<0.05, **P<0.01. OPG, osteoprotegerin; ROS, reactive oxygen species; tBHP, tert‑butyl hydroperoxide. 
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tBHP, whereas there was little change in the viability of 
OPG‑transfected chondrocytes (pLVX‑TRE3G‑OPG). This 
result indicated that overexpression of OPG in human chon‑
drocytes protects them from tBHP‑induced cell death. 

Overexpression of OPG suppresses tBHP‑induced ROS 
production in human chondrocytes. ROS are important regu‑
lators of cell death and mitochondrial‑related apoptosis (28). 
ROS production in human chondrocytes was detected using 

Figure 4. Effects of OPG on tBHP‑induced apoptosis of chondrocytes transfected with the OPG plasmid or pLVX‑TRE3G. (A) Flow cytometric analysis of 
cells transfected with OPG plasmid or pLVX‑TRE3G only and stained with PI and Annexin V‑FITC after incubation with tBHP for 24 h. (B) Percentage of 
dead cells (E1), those in late apoptosis (E2) and viable cells (E3), and early apoptosis (E4), as analyzed by flow cytometry. **P<0.01. OPG, osteoprotegerin; 
tBHP, tert‑butyl hydroperoxide. 
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flow cytometry. As shown in Fig. 3D, the ROS levels signifi‑
cantly increased after tBHP treatment of human chondrocytes 
transfected with the pLVX‑TRE3G (P<0.01). The representative 

flow cytometry plots of ROS are shown in Figs. S4 (blank 
control and negative control: pLVX‑TRE3G) and  S5 
(pLVX‑TRE3G, pLVX‑TRE3G + tBHP, pLVX‑TRE3G‑OPG 

Figure 5. TUNEL assay showing the effects of tBHP on chondrocytes transfected with the OPG plasmid or vector only. (A) Representative microphotographs 
of TUNEL staining in human chondrocytes transfected with the OPG plasmid or pLVX‑TRE3G only. TUNEL‑positive cells are green and nuclei labeled 
with DAPI are blue. (B) Percentage of TUNEL‑positive cells. DAPI‑stained cells were counted in four random regions. Scale bar, 50 µm. **P<0.01. OPG, 
osteoprotegerin; tBHP, tert‑butyl hydroperoxide. 

Figure 6. Western blot analysis of apoptosis‑related proteins in OPG plasmid‑transfected chondrocytes. (A) Western blots of Bax, Bcl‑2, caspase‑3 and β‑actin 
in human chondrocytes transfected with the OPG plasmid or pLVX‑TRE3G only and treated with tBHP or vehicle. (B) Relative levels of p‑Akt, Akt and β‑actin 
in human chondrocytes transfected with OPG or vector only, and then treated with vehicle or tBHP for 24 h. (C) Relative levels of Bax, Bcl‑2, caspase‑3 and 
p‑Akt in human chondrocytes. **P<0.01. OPG, osteoprotegerin; tBHP, tert‑butyl hydroperoxide; p‑, phosphorylated. 
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and pLVX‑TRE3G‑OPG + tBHP). However, no difference in 
ROS production was observed between cells overexpressing 
OPG and tBHP‑treated OPG overexpression cells (Fig. 3D).

Overexpression of OPG reduces tBHP‑induced human 
chondrocyte apoptosis. OPG has been demonstrated to have a 
protective effect against apoptosis (28); however, to the best of 
our knowledge, there are no reports on the anti‑apoptotic effect 
of OPG in human chondrocytes. In the human chondrocytes 
with pLVX‑TRE3G transfection, tBHP treatment increased 
the percentage of late apoptotic cells from 5.98±0.36 to 
20.78±0.72% and the percentage of early apoptotic cells from 
3.09±0.42 to 8.37±0.74% compared with that of the negative 
control group (pLVX‑TRE3G) (Fig. 4A). However, in human 
chondrocytes transfected with OPG, no significant increase 
in the number of apoptotic cells was observed after treatment 
with 100 µM tBHP. Thus, overexpression of OPG significantly 
inhibited the tBHP‑induced apoptosis of human chondrocytes 
(Fig. 4B, P<0.01).

A TUNEL assay was also employed to confirm the 
tBHP‑induced apoptosis of human chondrocytes. As shown 
in Fig. 5, only ~5% of vehicle‑treated human chondrocytes 
transfected with the pLVX‑TRE3G control plasmid were 
TUNEL‑positive, whereas 16% were TUNEL‑positive after 
tBHP treatment. However, only 6% of chondrocytes trans‑
fected with OPG were TUNEL‑positive after tBHP treatment 
(Fig. 5A and B).

Molecular mechanism of tBHP‑induced apoptosis in 
OPG‑overexpressing human chondrocytes. Western blotting 
was used to explore the expression levels of tBHP‑induced 
apoptosis‑related proteins in human chondrocytes overex‑
pressing OPG. As shown in Fig. 6, tBHP increased the levels of 
the pro‑apoptotic proteins Bax (310%) and cleaved caspase‑3 
(250%), and decreased the levels of the anti‑apoptotic proteins 
Bcl‑2 (0.45) and phosphorylated (p‑) Akt (0.41), in the vector 
control group. In human chondrocytes overexpressing OPG, 
tBHP treatment had no effect on the levels of Bax, cleaved 
caspase‑3, Bcl‑2 and p‑Akt. This result indicated that over‑
expression of OPG in human chondrocytes inhibited Bax 
expression and caspase‑3 cleavage and promoted Bcl‑2 expres‑
sion and Akt phosphorylation. 

Discussion

OPG, also known as osteoclastogenesis inhibitory factor, is a 
cytokine receptor of the TNF receptor superfamily encoded 
by the TNF receptor superfamily member 11B gene (2). In 
the present study, OPG gene expression in the femoral head 
tissue of patients with steroid‑induced NFH and alcoholic 
NFH was determined by RT‑qPCR. The results demonstrated 
that OPG expression was markedly decreased in patients with 
steroid‑induced and alcoholic NFH compared with normal 
controls without NFH. Apoptosis can be divided into early 
apoptosis, characterized by changes in cell membrane structure 
and phosphatidylserine eversion, early‑to‑middle apoptosis, 
characterized by an increase in cytoplasmic density, disap‑
pearance of mitochondrial membrane potential, changes in 
permeability and a release of cytochrome C into the cytoplasm, 
middle‑to‑late apoptosis, characterized by apoptosis‑related 

signal transduction, and late apoptosis, characterized by DNA 
degradation into 180‑200 bp fragments (29,30). Recent studies 
have suggested that the downregulation of OPG expression in 
patients with NFH may interfere with the differentiation of 
osteoclasts and their secretory function in the transversing axis 
of bone remodeling and the inhibition of bone resorption, thus 
weakening their protective effect on cartilage and causing osteo‑
sclerosis and orthopedic diseases, such as osteoporosis (31‑36).

OPG is synthesized by osteoblasts and stromal cells and 
it regulates osteoclast differentiation and activity (37). It can 
directly affect the differentiation and efficacy of osteoclasts 
and regulate bone remodeling (35,36,38). The secretory system 
adjacent to the horizontal axis is involved in bone resorption (39). 
OPG has a regulatory effect on bone and it protects cartilage (40). 
It can also participate in the development of a series of ortho‑
pedic diseases, such as osteoporosis, osteosclerosis and bone 
tumors, in combination with receptor activator of NF‑κB ligand 
(RANKL), and it has been demonstrated to serve an important 
role in bone diseases (41). OPG was first discovered as a novel 
secreted tumor necrosis factor receptor‑related protein that served 
a role in the regulation of bone density, and it was later found 
to be a decoy receptor for RANKL (28,42). OPG also binds to 
TNF‑related apoptosis‑inducing ligand (TRAIL) and inhibits 
the TRAIL‑induced apoptosis of specific cells, including tumor 
cells (43). Other OPG ligands include syndecan‑1, glycosamino‑
glycans, von Willebrand factor and the factor VIII‑von Willebrand 
factor complex  (44). OPG‑knockout (OPG‑KO) mice show 
decreased chondrocyte proliferation and increased chondrocyte 
apoptosis (1,40). The isolated chondrocytes from OPG‑KO mice 
also show impaired survival and increased chondrogenic differ‑
entiation (1,40). Numerous studies have reported that OPG has 
anti‑apoptotic effects (3,45). In addition to severe osteoporosis 
and multiple fractures, OPG‑KO mice also have calcification 
in the middle layers of the aorta and renal arteries (8). In the 
bone marrow mesenchymal stem cells, OPG has been found to 
inhibit TRAIL‑induced apoptosis (46). OPGα or β3 can prevent 
the apoptosis of rat aortic endothelial cells and human capillary 
endothelial cells, and the anti‑apoptotic effect of OPG is further 
achieved by activating NF‑κB to increase OPG expression (42). 
In the osteoclasts, OPG regulates apoptosis via Bcl‑2/Bax and 
caspase‑3 in the classic Fas/Fas ligand apoptosis pathway (47). A 
previous study has demonstrated that OPG inhibits the apoptosis 
of human mammary epithelial cells, in part because it blocks the 
binding of TRAIL to death receptors, and the apoptosis of endo‑
thelial cells, in which high expression levels of OPG and vascular 
endothelial growth factor are more viable (48).

In the absence of OPG, mice show thinned articular carti‑
lage and extensive remodeling of the subchondral bone in the 
femoral head (2). The articular cartilage also shows decreased 
levels of aggrecan, collagen (Col)‑II and Col‑X, but increased 
levels of Col‑I and matrix metalloproteinase‑13 in the femoral 
head of OPG‑KO mice compared with wild‑type mice  (2). 
Furthermore, OPG‑KO mice have increased chondrocyte 
apoptosis and decreased chondrocyte proliferation in the 
femoral head compared with wild‑type mice (2). Additionally, 
the present study demonstrated that overexpression of OPG 
in human chondrocytes by lentivirus‑mediated transfection 
inhibited the decrease in cell viability induced by tBHP. The 
present study revealed that increasing OPG expression could 
inhibit the production of ROS caused by tBHP. Since ROS is a 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  24:  470,  2022 9

key stimulator related to apoptosis (28), this strongly suggested 
that OPG might be involved in the process of apoptosis. Further 
investigation revealed that this effect of OPG occurred by inhib‑
iting late and early apoptosis. Furthermore, the present study 
investigated apoptosis‑related signaling pathways and revealed 
that overexpression of OPG increased Bcl‑2 expression and 
Akt phosphorylation levels and decreased the levels of Bax and 
cleaved caspase‑3. The present results are also consistent with 
those reported by other groups (8,17,49,50). Cheng et al (51) 
found that graphene oxide nanoparticles may be used to protect 
cartilage by modifying the RANKL/OPG axis. This line of 
evidence suggests that OPG is essential for maintaining the 
physiological function of chondrocytes in the femoral head. 

In summary, the present study revealed that the expression 
levels of OPG were lower in femoral heads from patients with 
NFH than those from control patients. Overexpression of OPG 
decreased tBHP‑induced cell death, cellular ROS production 
and late and early apoptosis by inhibiting Bax and cleaved 
caspase‑3 and promoting Bcl2 expression and Akt phosphory‑
lation in human chondrocytes. The present study provides 
novel strategies for the clinical treatment and basic research 
of NFH. 
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