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Abstract. Steroids are known to inhibit osteogenic differen-
tiation and decrease bone formation in mesenchymal stem 
cells (MSCs), while concomitantly inducing steroid-induced 
avascular necrosis of the femoral head (SANFH). The aim 
of the present study was to evaluate the function of MSCs on 
differentiation in SANFH and investigate the pathobiological 
mechanisms underlying SANFH in a rabbit model. MSCs in 
the control, trauma-induced ANFH (TANFH) and SANFH 
groups were incubated with low-glucose complete Dulbecco's 
modified Eagle's medium containing 10% fetal bovine serum. 
A number of adipocytes in the MSCs were stained with 
Sudan III and counted using a light microscope. The mRNA 
and protein expression levels of the adipose-specific 422 
(AP2), peroxisome proliferator-activated receptor-γ (PPARγ), 
RUNX2, collagen type I (Col I) and miR-103 in the MSCs were 
determined using quantitative polymerase chain reaction and 
western blot analysis, respectively. In addition, the activities of 
osteocalcin (OC), alkaline phosphatase (ALP) and triglyceride 
(TG) in MSCs were analyzed using radioimmunoassay and 
determination kits. In the MSCs of the SANFH group, the 
mRNA and protein expression levels of AP2 and PPARγ were 
increased, while those of RUNX2 and Col I were reduced. 
Furthermore, the levels of OC and ALP activity in the MSCs 
of the SANFH group were decreased, and the activity of TG in 
the MSCs of the SANFH group was increased. In addition, the 
expression of miR-103 in the MSCs of the SANFH group was 
elevated. Following routine culture of the MSCs for 3 weeks, 
the number of adipocytes among the MSC population of the 
SANFH group was increased. Therefore, the results of the 
present study suggest that the osteogenic differentiation of 
MSCs in the SANFH was mitigated, while fat differentiation 
was promoted, which provides a novel explanation for the 
pathological changes associated with SANFH.

Introduction

Avascular necrosis of the femoral head (ANFH) is among the 
most common osteoarthritic diseases worldwide. Currently, 
~30 million people suffer from ANFH globally, including 
~4 million individuals in China (1). Particularly since the 
advent of hormone drugs and their wide application, ANFH 
incidence has gradually increased (2,3). Incomplete statistics 
from a recent survey demonstrated no significant gender or age 
differences in the incidence of ANFH; however, the incidence 
of ANFH in individuals with a history of hormone application, 
hip trauma, alcohol abuse or an associated disease was signifi-
cantly increased (4,5). Steroid-induced ANFH (SANFH) is a 
type of ANFH caused by prolonged use of glucocorticoid (6).

Stem cells are undifferentiated or poorly-differentiated 
cells with self-replicative capacity and multi-differentiation 
potential (7). Under certain conditions, stem cells may be 
differentiated into various types of functional cells. Stem cells 
are immature cells and not fully differentiated, possessing 
the potential regenerative functions of multiple tissue types, 
and are known as ‘universal cells’ in the medical field (8). 
Mesenchymal stem cells (MSCs) are key members of the stem 
cell family, located in the mesoderm and ectoderm during 
the early development of cell differentiation (9). MSCs were 
originally identified in bone marrow and attracted increasing 
attention due to a number of features, including their 
multi-differentiation potential, hematopoietic support and 
promotion of stem cell implantation, immune regulation and 
self-replication (10). For instance, MSCs may be differentiated 
into the cells of various tissue types, including fat, bone, carti-
lage, muscle, tendon, ligament, nerve, liver, cardiac muscle and 
endothelial tissues, under specific induction conditions in vivo 
or in vitro. Following successive subculture and cryopreser-
vation, stem cells continue to exhibit multi-differentiation 
potential and, thus, may function as ideal seed cells for the 
repair of the tissue and organ damage caused by aging and 
disease (11). Due to their wide range of sources, easy isolation 
and culture, strong differentiation potential and autologous 
transplantation, MSCs have gained increasing attention from 
researchers and are considered to be promising stem cell 
candidates for translation into clinical treatment (12). 

As a result of the wide application of glucocorticoid in 
clinical treatment, glucocorticoid-induced ischemic ANFH 
has emerged as a primary cause of non-invasive ANFH 
in Chinese populations (13). Although there are numerous 
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theories, the precise mechanism underlying the association 
between glucocorticoids and ANFH is not clear. According 
to a previous study (13), SANFH may be a disease associ-
ated with MSCs. Glucocorticoid serves a crucial regulatory 
function in the proliferation and differentiation of MSCs (13). 
Under certain conditions, hormones are able to induce MSC 
proliferation, differentiation and differentiation direction 
changes, potentially causing bone necrosis (14). The limited 
self-repair capacity associated with SANFH may be associated 
with the limited number and the weak proliferative activity of 
MSCs in femoral neck and femoral metaphyseal bone marrow 
of these patients (15). Detecting the number and the prolifera-
tive activity of MSCs in such patients is to seek evidence for 
the rationality of treating ANFH by autologous transplanta-
tion of bone MSCs (15). The aims of the present study were 
to observe the role of bone marrow stromal stem cells on cell 
differentiation in a rabbit model of SANFH and investigate the 
pathobiological mechanisms underlying the MSCs.

Materials and methods

Animals. A total of 30 adult Japanese white rabbits (weight, 
3.0±0.5 kg) were provided by the Experimental Animal Center 
of China University of Technology (Taipei, China). This study 
was approved by the Ethics Committee of 463 Hospital of 
PLA (Liaoning, China). Experimental animals were allo-
cated at random into three groups (n=10 per group): Control, 
trauma-induced ANFH (TANFH) and SANFH groups. All 
experimental animals received a standard diet. The SANFH 
group rabbits were injected with 10 µg/kg lipopolysaccharide 
(Sigma-Aldrich, St. Louis, MO, USA) per day by intravenous 
injection for 2 days. Subsequently, 25 mg/kg dexamethasone 
(Sigma-Aldrich) was injected into the right gluteus medius 
muscle per day for 3 days. The control group rabbits were 
injected with an equal volume of normal saline by intravenous 
injection. Conventional dressing, and normal movement. All 
the experimental animals were administered 8x104 units 
gentamicin (Sigma-Aldrich) by gavage once a day for 4 weeks.

Cultivation and grouping of MSCs. Autologous primary 
MSCs were collected from 15-20 µl bone marrow extracted 
from each experimental animal using 5 ml α-minimum 
essential medium (Invitrogen Life Technologies, Carlsbad, 
CA, USA) with a 25-gauge needle by gradient centrifugation. 
Second-generation MSCs were plated into a 6-well plate and 
incubated with low-glucose complete Dulbecco's modified 
Eagle's medium (DMEM; Invitrogen Life Technologies) 
containing 10% fetal bovine serum (FBS) with 100 U/ml 
penicillin/streptomycin (Invitrogen Life Technologies) in a 
humidified atmosphere at 37˚C with 5% CO2. Cells were split 
when they reached 80% confluence and the third passage was 
used for the subsequent experiments.

Differentiation of MSCs into adipocytes at 3 weeks. All 
second-generation MSCs were placed into 6-well plate and 
incubated with low-glucose complete DMEM containing 10% 
FBS and 100 U/ml penicillin/streptomycin in a humidified 
atmosphere at 37˚C with 5% CO2, for 3 weeks. The presence 
of adipocytes of MSCs was determined by Sudan III staining 
(Sangon Biotech Shanghai Co., Ltd., Shanghai, China), and 

positive cells were observed using inverted phase microscopy 
(1200-EX; JEOL Ltd., Tokyo, Japan).

Quantitative polymerase chain reaction (qPCR). After routine 
culture for 1 week, total RNA was extracted using TRIzol 
according to the manufacturer's instructions (Invitrogen 
Life Technologies). In accordance with the manufacturer's 
instructions, the extracted RNA was reverse transcribed into 
cDNA using SuperScript III Reverse Transcriptase (Invitrogen 
Life Technologies). The mRNA expression levels of 
adipose‑specific 422 (AP2), peroxisome proliferator-activated 
receptor-γ (PPARγ), RUNX2, collagen type I (Col I) and 
microRNA-103 (miR-103) were determined using qPCR. The 
qPCR cycling conditions were as follows: 95˚C for 1 min, 
followed by 40 cycles of 95˚C for 30 sec, 60˚C for 45 sec 
and 72˚C for 45 sec. The primer sequences used are listed in 
Table I. 

Western blot analysis for determination of AP2, PPARγ, 
RUNX2 and Col I protein expression levels. After routine 
culture for 1 week, total protein was extracted using a cell 
protein extraction kit (Beyotime Institute of Biotechnology, 
Nanjing, China). Bicinchoninic acid method was used to 
determine the total protein content, using a commercial 
kit according to the manufacturer's instructions (Beyotime 
Institute of Biotechnology). Subsequently, 50-µg protein 
samples were separated by 12% SDS-polyacrylamide gel 
electrophoresis and transferred into nitrocellulose membranes. 
The membranes were then blocked and incubated with 5% 
defatted milk for 2 h at room temperature. Subsequently, 
the membranes were probed respectively with the following 
primary antibodies: Anti‑AP2 (1:500; sc‑184), anti‑PPARγ 
(1:500; sc‑6285), anti‑RUNX2 (1:300; sc‑10758), anti‑Col I 
(1:500; sc‑8566) and anti‑β‑actin (1:1,000; sc‑7210) at 4˚C 
overnight. All antibodies were purchased from Santa Cruz 
Biotechnology, Inc. (La Jolla, CA, USA). The membranes 
were washed with Tris-buffered saline with Tween 20, and 
incubated for 2 h with peroxidase-labeled goat anti-rabbit IgG 
(1:5,000; Santa Cruz Biotechnology, Inc.). Immunodetection 
was conducted using an enhanced chemiluminescence kit 
(Applygen Technologies, Inc., Beijing, China) and exposed on 
an X‑ray film using an X‑ray diffraction system (X'Pert Pro; 
Philips, Amsterdam, Netherlands).

Determination of osteocalcin (OC), alkaline phosphatase (ALP) 
and triglyceride (TG) content. After routine culture for 2 weeks, 
the content of OC in the media was determined by radioim-
munoassay (Wuhan Elabscience Co., Ltd., Wuhan, China), as 
previously described (19). The contents of TG and ALP in the 
MSCs were detected using a TG and ALP determination kits, 
respectively (Beyotime Institute of Biotechnology, Haimen, 
China). The optical density was measured at 405 nm using an 
absorbance reader (BD Biosciences, San Jose, CA, USA).

Statistical analysis. Data are expressed as the mean ± stan-
dard deviation. The statistical significance of the differences 
between groups was analyzed using two-way analysis of vari-
ance. Statistical analysis was performed using SPSS software, 
version 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.
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Results

Adipogenic differentiation of the MSCs. After routine culture 
of MSCs for 3 weeks, there was no marked adipocyte differ-
entiation in the MSCs of the control and TANFH groups 
(Fig. 1A and B). However, adipocyte differentiation was 
evident in the MSCs of the SANFH group (Fig. 1C).

mRNA expression levels of AP2, PPARγ, RUNX2 and Col I in 
MSCs. After routine culture of MSCs for 1 week, the mRNA 
expression levels of AP2 and PPARγ in the TANFH group 
were significantly reduced (P<0.05; n=6) compared with 
the control group. In addition, the mRNA expression levels 
of AP2 and PPARγ in the SANFH group were significantly 
increased (P<0.05; n=6) compared with the TANFH group 
(Fig. 2A and B). However, the mRNA expression levels of 
RUNX2 and Col I were significantly increased (P<0.05; n=6), 
compared with control group. In addition, the mRNA expres-
sion levels of RUNX2 and Col I in the SANFH group were 
markedly reduced (P<0.05; n=6), compared with the TANFH 
group (Fig. 2C and D).

Protein expression levels of AP2, PPARγ, RUNX2 and Col I. 
The results of western blot analysis were consistent with those 
of the mRNA expression, showing a significant increase in the 

expression levels of AP2 and PPARγ protein in the SANFH 
group (P<0.05; n=6) compared with the TANFH group 
(Fig. 3A and B). In addition, the AP2 and PPARγ protein 
expression levels in the TANFH group were significantly 
reduced (P<0.05; n=6) compared with the control group 
(Fig. 3A and B). The protein expression level of RUNX2 in the 
SANFH group was reduced (P<0.05; n=6) compared with the 
TANFH group (Fig. 3C). Furthermore, the expression levels of 
RUNX2 protein in the TANFH group were promoted (P<0.05; 
n=6) compared with control group (Fig. 3C). In addition, the 
protein expression levels of Col I in the SANFH group were 
increased (P<0.05; n=6) compared with the TANFH group 
(Fig. 3D). The protein expression levels of Col I in the TANFH 
group were reduced (P<0.05; n=6) compared with the control 
group (Fig. 3D).

Content of OC in the media, TG content and ALP activity in 
the cells. Following routine culture of the MSCs for 2 weeks, 
the OC content and ALP activity values in the TANFH 
group were significantly increased (P<0.05; n=6) compared 
with the control group. By contrast, the OC content and 
ALP activity values in the SANFH group were significantly 
reduced (P<0.05; n=6), compared with the TANFH group 
(Fig. 4A and B). In addition, the quantity of TG in the TANFH 
group was significantly reduced (P<0.05; n=6) compared with 

Figure 1. Adipogenic differentiation of mesenchymal stem cells in the (A) control, (B) trauma-induced avascular necrosis of the femoral head (ANFH) and 
(C) steroid‑induced ANFH groups (magnification, x200).

Table I. Polymerase chain reaction primers for AP2, PPARγ, RUNX2, Col I and miR‑103.

Primer                                             Sequence

AP2 F, 5'-TTACCCTGCTCACATCACTAG-3'
 R, 5'-TCTTGTCACTTGCTCATTGGG-3'
PPARγ F, 5'-GATAGGTGTGATCTTAACTGTCGGAT-3
 R, 5'-CGCTAACAGCTTCTCCTTCTCG-3'
RUNX2 F, 5'-GGCTGTGGAGTTTGGTGTCTA-3'
 R, 5'-TCTGCTAAATTCTGCTTGGGT-3'
Col I F, 5'-GAGAGAGCATGACCGATGGA-3'
 R, 5'-CGTGCTGTAGGTGAATCGAC-3'
miR-103 F, 5'-TTCCCCTGTTTGGTGCTATGTTT-3'
 R, 5'-AGGTAAATTAAGAGGTATTATAGTTACAGTGCAAAAA-3'
β-actin F, 5'-GTTGACATCCGTAAAGACC-3'
 R, 5'-GGAGCCAGGGCAGTAA-3'

F, forward; R, reverse; AP2, adipose‑specific 422; PPARγ, peroxisome proliferator-activated receptor-γ; Col I, collagen type I; miR-103, 
microRNA-103.
 

  A   B   C
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the control group. However, the amount of TG in the SANFH 
group was significantly increased (P<0.05, n=6) compared 
with the TANFH group (Fig. 4C). 

Expression levels of miR‑103. Following routine culture 
of MSCs for 1 week, the miR-103 expression levels of the 
MSCs were evaluated using qPCR analysis. The miR-103 

Figure 3. Relative protein expression levels of (A) AP2, (B) PPARγ, (C) RUNX2 and (D) Col I in mesenchymal stem cells in the different groups. (E) Western 
blot analysis demonstrating the expression levels of the various proteins, with β‑actin used as a loading control. ##P<0.05 vs. control group; **P<0.05 vs. 
TANFH group. AP2, adipose‑specific 422; TANFH, trauma‑induced avascular necrosis of the femoral head; SANFH, steroid‑induced avascular necrosis of 
the femoral head; PPARγ, peroxisome proliferator‑activated receptor‑γ; Col I, collagen type I.

Figure 2. Relative mRNA expression levels of (A) AP2, (B) PPARγ, (C) RUNX2 and (D) Col I in mesenchymal stem cells in the different groups (control group, 
TANFH group and SANFH group). ##P<0.05 vs. control group; **P<0.05 vs. TANFH group. AP2, adipose‑specific 422; TANFH, trauma‑induced avascular 
necrosis of the femoral head; SANFH, steroid-induced avascular necrosis of the femoral head; PPARγ, peroxisome proliferator‑activated receptor‑γ; Col I, 
collagen type I. 

  A   B

  C   D

  A   B

  C   D

  E
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expression levels of the MSCs in the SANFH group were 
increased compared with the TANFH group (P<0.05; n=6), 
and the difference was statistically significant. Furthermore, 
the miR-103 expression levels of MSCs in the TANFH group 
were comparable to the control group (P>0.05; n=6), with no 
statistically significant differences observed (Fig. 5). 

Discussion

ANFH, also known as aseptic necrosis of the femoral head and 
avascular necrosis, involves the blockage of the blood supply to 
the femoral head, and is among the most common and intractable 
chronic diseases encountered in clinical orthopedics (16). ANFH 
has increased in incidence from being a rare disease into a 
common one (17,18). Risk factors, including hip injury, long‑term 
use of hormone drugs and alcoholism, may lead to blockage of 
the femoral head blood supply, which prevents the femoral bone 
tissue from receiving normal nutrition. As a result, necrosis of the 
bone tissue cells, bone marrow cells and fat cells in the femoral 
head may occur, which directly causes ANFH (19). 

Stem cell self-replication and differentiation is primarily 
determined by the state of the cell itself and a range of 

micro-environmental factors, including cyclins adjusting the 
cell cycle and cyclin-dependent kinase, gene transcription 
factors and the cytoplasm factor that impact the asymmetric 
cell division (8). Micro‑environmental factors include the 
interactions between stem cells and surrounding cells, extra-
cellular matrix and a variety of soluble factors. MSCs are 
pluripotent stem cells, which are able to differentiate into 
osteoblasts, adipocytes, fibroblasts and chondrocytes (20). 
With the increasing development of stem cell technology, 
researchers have attempted to utilize the osteogenesis and 
vascularization of MSCs, which function directly at the lesion 
site of ANFH, to aid in the treatment of early ANFH (7).

In China, glucocorticoid administration is the primary 
cause of non-traumatic ANFH and, according to statistics, 
accounts for ~50% of cases (21). At present, the exact patho-
logical mechanism underlying SANFH is not fully known; 
however, numerous studies have indicated that a reduced 
number and the weakened activity of MSCs in the femoral 
neck and proximal femur may be among the underlying causes 
of SANFH (22-24). Due to the reduction in the number or the 
activity level of MSCs, their osteogenetic capacity decreases, 
and the lesion of necrotic bone cannot be effectively repaired, 
leading to the collapse of the femoral head (25). In the present 
study, following the routine culture of MSCs for 3 weeks, the 
number of adipocytes was found to be clearly detectable in 
the MSCs of the SANFH group compared with control and 
TANFH groups.

AP2 is a specific indicator in the late stages of adipocyte 
differentiation and is expressed only during the differentiation 
process of fat cells (26). PPARγ is an adipogenic transcription 
factor involved in the induction of adipocyte differentiation. 
The development of ANFH is closely associated with the 
elevated expression of PPARγ. Furthermore, the downregu-
lation or suppression of PPARγ in MSCs is able to inhibit 
steroid-induced adipogenic differentiation, and thus may be 
effective in the prevention of ANFH. PPARγ is a key tran-
scription factor in mammalian adipogenesis (27). By contrast, 
RUNX2 and Col I are studied most extensively as crucial 
factors in the osteogenic process; the expression of RUNX2 
and Col I promotes the osteogenic differentiation of MSCs. 
The appearance of Col I is a key feature of osteoblast differ-
entiation, representing the differentiation degree of stromal 
stem cells into osteoblasts (28). It has been observed that mice 
with the homozygous deletion of these genes lack functional 
osteoblasts. In the present study, we identified a significant 

Figure 5. Expression of miR-103. **P<0.05 vs. TANFH group. miR-103, 
microRNA-103; TANFH, trauma-induced avascular necrosis of the femoral 
head; SANFH, steroid-induced avascular necrosis of the femoral head.

Figure 4. (A) Content of OC in the media, (B) TG content, and (C) ALP 
activity values in mesenchymal stem cells in the different groups (control 
group, TANFH group and SANFH group). ##P<0.05 vs. control group; 
**P<0.05 vs. TANFH group. OC, osteocalcin; TANFH, trauma-induced 
avascular necrosis of the femoral head; SANFH, steroid-induced avascular 
necrosis of the femoral head; ALP, alkaline phosphatase; TG, triglyceride.

  A

  B

  C
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increase in the mRNA and protein expression levels of AP2 
and PPARγ in the SANFH group. By contrast, the mRNA and 
protein expression levels of RUNX2 and Col I in the SANFH 
group were reduced significantly. These differences in expres-
sion were consistent with those observed in the in control and 
TANFH cells.

OC is a K-dependent calcium-binding protein synthe-
sized and secreted by osteoblasts, and a type of non-collagen 
acidic glycoprotein. The osteoblasts expressing OC can be 
completely induced and converted to fat cells (29). In addi-
tion, ALP is able to hydrolyze organic phosphate to release 
inorganic phosphate, thus forming hydroxyapatite, which is a 
necessary enzyme in the osteogenesis process. ALP expres-
sion indicates a state of osteogenesis, which is the beginning 
of the osteoblast differentiation, and positively correlates with 
osteoblast differentiation and maturation (30). In the present 
study, the OC content and ALP activity values in SANFH 
cells were significantly reduced, and the quantity of TG in the 
SANFH cells was significantly increased, compared with the 
control and TANFH cells. 

MicroRNA-103 (miR-103) is a class of non-coding RNA 
nucleotide with small molecules that are able to regulate the 
expression of the target gene transcription, and serves a crucial 
function in physiological processes, including body growth, 
cell reproduction, metabolism and apoptosis (31). Certain 
studies have observed that miR-103 is highly upregulated in 
senescent MSCs (32,33). Preadipocytes are able to increase 
the expression levels of the adipocyte marker genes, PPARγ 
and AP2, by upregulating miR-103. In the current study, the 
miR-103 expression levels of the MSCs in the SANFH group 
were higher comparable with those in the control and TANFH 
groups, with statistically significant differences observed. 
These results indicate that miR-103 may activate the differen-
tiation of the MSCs into adipocytes in the SANFH group via 
the upregulation of PPARγ and AP2. The expression levels of 
miR-103 in MSCs may, therefore, require further investigation 
in future studies.

In conclusion, the results of the present study indicated 
that the number of adipocytes in the MSCs of the SANFH 
group was increased compared with the control and TANFH 
cells. These results further confirm that the contents of AP2, 
PPARγ, RUNX2 and Col I are different under different patho-
genic factors associated with ANFH. In the MSCs of the 
SANFH group, the mRNA and protein expression levels of 
AP2 and PPARγ were increased, while those of RUNX2 and 
Col I were reduced. The levels of OC and ALP activity in the 
MSCs of the SANFH group were decreased, and the activity 
of TG in the MSCs of the SANFH group was increased. 
Furthermore, the expression of miR-103 in the MSCs of the 
SANFH group was promoted. The study suggests that the 
MSCs in the SANFH group exhibited reduced osteogenic 
differentiation and promoted fat differentiation, which 
provides a novel explanation for the pathological changes 
associated with SANFH.
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