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Abstract. Mesenchymal stem cells have been widely studied 
to promote local bone regeneration of osteonecrosis of 
the femoral head (ONFH). Previous studies observed that 
dimethyloxaloylglycine (DMOG) enhanced the angiogenic and 
osteogenic activity of mesenchymal stem cells by activating 
the expression of hypoxia inducible factor-1α (HIF-1α), thereby 
improving the bone repair capacity of mesenchymal stem 
cells. In the present study, it was investigated whether DMOG 
could increase the bone repair capacity of adipose-derived 
stem cells (ASCs) in the treatment of ONFH. Western blot 
analysis was performed to detect HIF-1α protein expression 
in ASCs treated with different concentrations of DMOG. The 
results showed DMOG enhanced HIF-1α expression in ASCs 
in a dose-dependent manner at least for 7 days. Furthermore, 
DMOG-treated ASCs were transplanted into the necrotic area 
of a rabbit model of ONFH to treat the disease. Four weeks 
later, micro-computed tomography (CT) quantitative analysis 
showed that 58.8±7.4% of the necrotic area was regenerated 
in the DMOG-treated ASCs transplantation group, 45.5±3.4% 
in normal ASCs transplantation group, 25.2±2.8% in only 
core decompression group and 10.6±2.6% in the untreated 
group. Histological analysis showed that transplantation of 
DMOG-treated ASCs clearly improved the bone regeneration 
of the necrotic area compared with the other three groups. 
Micro-CT and immunohistochemical analysis demonstrated 

the revasculation of the necrotic area were also increased 
significantly in the DMOG‑treated ASC group compared with 
the control groups. Thus, it is hypothesized that DMOG could 
increase the bone repair capacity of ASCs through enhancing 
HIF-1α expression in the treatment of ONFH.

Introduction

Osteonecrosis of the femoral head (ONFH) is a pathological 
process primarily caused by interrupted local blood circulation, 
which can cause apoptosis of osteocytes and osseous tissue 
necrosis (1,2). The lack of effective therapy for ONFH is 
a difficulty that needs to be overcome in clinical practice. 
Several methods have been used to treat early-stage ONFH, 
such as drug therapy, core decompression, vascularized bone 
grafting and rotational osteotomy. However, the clinical results 
of these methods are not satisfactory (3,4).

Previous studies have described the use of mesen-
chymal stem cells (MSCs) to promote local bone repair and 
healing (5,6). MSCs are pluripotent and can differentiate into 
several lineages of cells, which have shown potency in the 
treatment of numerous ischemic diseases, such as myocardial 
infarction (7,8), nerve injury (9) and bone defect (10). Prior 
studies have found that the implantation of MSCs into the 
necrotic area of the femoral head was able to improve local 
bone regeneration (11,12). MSCs are able to differentiate into 
osteoblasts to promote local bone healing directly (13,14). 
Furthermore, MSCs are able to secrete growth factors such 
as vascular endothelial growth factor (VEGF), angiopoietin 1, 
stromal cell‑derived factor 1 and basic fibroblast growth factor, 
which have angiogenic potency and can promote local revascu-
larization, thereby improving bone healing indirectly (15,16).

Hypoxia inducible factor-1α (HIF-1α) is a key mediator 
of the adaptive cell response to hypoxia, which controls the 
expression of numerous genes and modulates cell proliferation, 
differentiation and pluripotency (17). Previous experiments 
have suggested that HIF-1α could enhance the osteogenic 
differentiation of MSCs and the expression of angiogenic 
factors, thus promoting their bone healing capacity (18). In a 
prior study, we implanted HIF-1α transgenic MSCs into the 
necrotic area of the femoral head, and found that this treat-
ment resulted in improved osteogenic and angiogenic capacity 

Dimethyloxaloylglycine increases bone repair capacity  
of adipose-derived stem cells in the treatment 

of osteonecrosis of the femoral head
ZHEN-HONG ZHU,  WEN-QI SONG,  CHANG-QING ZHANG  and  JI-MIN YIN

Department of Orthopedic Surgery, Sixth People's Hospital Affiliated to Shanghai Jiao Tong University, 
Shanghai 200233, P.R. China

Received June 21, 2015;  Accepted August 11, 2016

DOI: 10.3892/etm.2016.3698

Correspondence to: Dr Ji-Min Yin, Department of Orthopedic 
Surgery, Sixth People's Hospital Affiliated to Shanghai Jiao Tong 
University, 600 Yishan Road, Shanghai 200233, P.R. China
E-mail: yinjimin123@163.com

Abbreviations: MSCs, mesenchymal stem cells; HIF-1α, hypoxia 
inducible factor-1α; DMOG, dimethyloxalylglycine; ASCs, 
adipose-derived stem cells; ONFH, osteonecrosis of the femoral head

Key words: adipose-derived stem cells, bone repair, 
dimethyloxaloylglycine, hypoxia inducible factor-1α, osteonecrosis 
of the femoral head



ZHU et al:  DMOG INCREASES BONE REPAIR CAPACITY OF ADIPOSE-DERIVED STEM CELLS2844

in vitro and in vivo, leading to better results for early-stage 
ONFH (19). However, the risks of lentivirus vectors, such as 
tumorigenesis (20), should be seriously considered before 
clinical application.

Dimethyloxalylglycine (DMOG) is a cell permeable 
prolyl-4-hydroxylase inhibitor, which is able to stabilize 
expression of HIF-1α in cells at normal oxygen tension (21). 
Therefore, DMOG is hypothesized to be an alternative 
strategy for enhancing HIF-1α expression in MSCs. In a 
previous study, we demonstrated that DMOG could increase 
HIF-1α expression in MSCs, accordingly enhancing their bone 
healing capacity (22). In the present study, we investigated 
whether DMOG was able to enhance the bone repair capacity 
of adipose-derived stem cells (ASCs) in treating early-stage 
ONFH.

Materials and methods

Animals. Healthy New Zealand rabbits weighing 2.5-3 kg and 
aged 2-3 months were provided by the Experimental Animal 
Centre of Shanghai Jiao Tong University affiliated Sixth 
People's Hospital (Shanghai, China). Animals were maintained 
in single cages at a controlled temperature (15-25˚C)under a 
12-h light/dark cycle and fed with a standard diet. Animals 
received humane care in compliance with the Guide of the 
US Department of Health for the care and use of laboratory 
animals (23). The experiment protocol was approved by the 
Animal Ethics Committee of Shanghai Jiao Tong University.

Isolation and culture of ASCs. Primary ASCs were harvested 
from the adipose tissue of New Zealand rabbits. Briefly, 
the animals were anesthetized with pentobarbital sodium 
(3 mg/100 g; Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany). Adipose tissues were harvested and digested with 
0.1% collagenase I (Sigma-Aldrich) for 1 h. The complex was 
filtered with a 100‑µm nylon mesh (Shanghai Bolting Cloth 
Manufacturing Co., Ltd., Shanghai, China) and centrifuged 
at room temperature for 30 min at 363 x g The cells were 
then resuspended with Dulbecco's modified Eagle's medium 
(Gibco; Thermo Fisher Scientific, Inc., Grand Island, NY, 
USA) supplemented with 10% fetal bovine serum (Invitrogen; 
Thermo Fisher Scientific, Inc., Carlsbad, CA, USA), and were 
plated on culture flask (Corning Life Sciences, Tewksbury, 
MA, USA). The cells were cultured at 37˚C in a humidified 5% 
CO2 incubator. The culture medium was replaced every 3 days, 
and non-adherent cells were removed. The cells were passaged 
approximately at a 1:3 split at subconfluence. The cells of four 
to six passages were used for the following experiments.

Western blot analysis. To evaluate the influence of DMOG 
(Sigma-Aldrich) on the expression of HIF-1α protein in ASCs, 
the cells were seeded on six-well plates at 3x105 cells/well and 
regular medium (Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum) was added with different 
concentrations of DMOG (0, 200, 500 and 1,000 µM). After 
1, 3 and 7 days, total protein was harvested from the cultured 
cells according to standard protocols (24). Briefly, cells were 
washed three times with (PBS; Sinopharm Chemical Reagent 
Co., Ltd., Shanghai, China), and then solubilized in lysis buffer 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 4˚C for 

10 min. Lysates were centrifuged at 14,000 x g for 15 min. The 
supernatants were collected and stored at -80°C. The protein 
concentration was measured using a bicinchoninic protein 
assay kit (Thermo Fisher Scientific, Inc.). Proteins (10 µg) 
from each sample were then separated using 12% SDS-PAGE 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and trans-
ferred to nitrocellulose membranes. They were then blocked 
in 5% non-fat milk at room temperature for 1 h. Primary 
antibodies against HIF-1α (1:800; ab1; Abcam, Cambridge, 
MA, USA) were added to incubate with the membranes at 4˚C 
overnight. Then, infrared-conjugated secondary antibodies 
(1:10,000; ab97040; Abcam) were added to incubate with 
the membranes for 1 h at room temperature. The resulting 
membranes were scanned in an Odyssey Scanner (Li-COR 
Biosciences, Lincoln, NE, USA), and quantified using Odyssey 
software version 3.0. The protein levels were normalized 
against those of β-actin (1:500; ab6276; Abcam).

Preparation of transplanted composite. A self-assembling 
peptide gel (BeaverNanoTM hydrogel; Cyagen Biosciences, Inc., 
Guangzhou, China) was used as the scaffold for loading ASCs. 
The transplanted composite was prepared by mixing cells with 
the hydrogels according to the manufacturer's protocol. In 
brief, 1x107 ASCs were suspended in 1 ml 10% sucrose solution 
(Sinopharm Chemical Reagent Co., Ltd.), and the cell suspen-
sion was mixed with the hydrogels in an equal volume. Then, 
PBS was slowly added to the mixed hydrogel composites in an 
equal volume and incubated for 30 min at room temperature to 
allow cross-linking. For the DMOG-treated ASCs, cells were 
cultured in regular medium with 1,000 µM DMOG for 24 h 
prior to being mixed with the hydrogel. To ensure ASCs were 
continuously exposed to DMOG after implantation into the 
femoral head, 1,000 µM DMOG was added to PBS during the 
composite mixing procedure.

Animal ONFH model and treatment protocol. A total of 
50 New Zealand rabbits (age, 2-3 months) were used to 
established ONFH models according to previously reported 
protocols (25). In brief, one injection of lipopolysaccharide 
(LPS; 10 µg/kg; Sigma-Aldrich) was administered intrave-
nously at day 1, then three injections of methylprednisolone 
(MPS; 20 mg/kg; Pfizer, Inc., New York, NY, USA) were 
administered intramuscularly at days 2, 3 and 4. Six rabbits 
died of the inductive protocol after the injection. ONFH was 
confirmed using magnetic resonance imaging (MRI; GE 
Healthcare, Chicago, IL, USA) at 6 weeks after the last injec-
tion of MPS. The stage of ONFH was evaluated respectively 
by two experienced radiologists in a blinded fashion. Then 
the rabbits with early-stage ONFH were randomly divided 
into four groups: i) Group I (n=11) did not receive any therapy 
and served as controls; ii) Group II (n=11) only received core 
decompression of the femoral head; iii) Group III (n=11) 
received core decompression and normal ASC transplanta-
tion; and iv) Group IV (n=11) received core decompression and 
DMOG-treated ASC transplantation.

Surgical procedure and perfusion. The surgical procedure 
was performed as previously reported (26). In brief, the 
animals were anesthetized with intravenous pentobarbital, and 
a lateral approach was made to expose the greater trochanter 
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under aseptic conditions. A drill with an diameter of 1 mm 
was inserted at the flare of the greater trochanter and into the 
necrotic area of the femoral head, assisted by a C-arm X-ray 
machine. The necrotic tissue was then removed completely, 
and the cell-hydrogel composites were transplanted into 
the necrotic area through the bone tunnel made by drill 
for Groups III and IV. The bone tunnel was sealed with an 
absorbable collagen sponge plug, and the wound was closed in 
layers. Following the operation, animals received gentamicin 
(80 MU/day; Shanghai No.1 Biochemical & Pharmaceutical 
Co., Ltd., Shanghai, China) intramuscularly as prophylaxis for 
3 days, and all animals were free to move.

Four weeks after the surgery, animals were anesthetized 
with intravenous pentobarbital. The abdominal cavity of the 
rabbits was opened. A syringe needle was inserted in the 
abdominal aorta distal to the heart, and the abdominal aorta 
proximal to the heart was ligated. Then the abdominal vein 
was cut open, and heparinized normal saline (Shanghai No.1 
Biochemical & Pharmaceutical Co., Ltd.) was injected in the 
vasculature through the needle at a flow speed of ~20 mm/min. 
When the outflow was limpid, a silicone injection compound 
(MICROFIL MV-122; Flow Tech, Inc., Carver, MA, USA) 
was pumped into the vasculature of the femoral head. The 
animals were then stored at 4˚C to ensure polymerization of 
the contrast agent. After 1 h, the proximal parts of the femurs 
were harvested and fixed in 4% paraformaldehyde.

Micro‑computed tomography (CT) scanning. To evaluate 
bone regeneration in the necrotic area of the femoral head, 
the samples were scanned with micro-CT. The scan was 
performed using a micro-CT scanner (SkyScan 1076; Bruker 
micro‑CT, Kontich, Belgium) at a resolution of 25 µm and 
with the following settings: Anode current, 450 µA; X‑ray 
voltage, 80 KVp; and exposure time, 400 msec. Bone tissue 
was defined at the threshold of 800 Hounsfield units (HU). The 
necrotic area of the femoral head was selected as the region of 
interest (ROI) with the aid of preoperative MRI. The param-
eters of bone volume/total volume (BV/TV) and bone mineral 
density (BMD) of ROI were calculated, which indicated the 
bone regeneration of the necrotic area.

These samples were then decalcified with 10% ethylenedi-
aminetetraacetic acid (Sinopharm Chemical Reagent Co., Ltd., 
Shanghai, China) at 37˚C for 3 weeks. Following decalcifica-
tion, the samples underwent micro-CT examination again at a 
resolution of 18 µm per voxel to evaluate the vascularization 
of the necrotic area. For segmentation of vessels from 
background, noise was removed with a low pass Gaussian 
filter and vessels were defined at the threshold of 85 HU. 
To reconstruct the three-dimensional architecture of blood 
vessels in the necrotic area, the vessels were included at each 
two-dimensional section by built-in ‘Contouring Program’ 
for automatic reconstruction of three-dimensional images. 
The axial slices through the samples were visualized, and the 
volume of the vessels in the necrotic area was calculated.

Histology and immunohistochemistry. After micro-CT 
scanning, samples were dehydrated and made transparent 
using dimethylbenzene (Sinopharm Chemical Reagent Co., 
Ltd.). They were then embedded in wax and sectioned into 
6 µm coronal planes. Sections were stained with hematoxylin 

and eosin (H&E) and observed under a light microscope (Leica 
Microsystems GmbH, Wetzlar, Germany). Image-Pro Plus 6.0 
software (Media Cybernetics, Inc., Rockville,MD, USA) was 
used to evaluate new bone formation at x100 magnification 
in six randomly selected fields per section. Bone density was 
defined as the ratio of new bone area to total area. The border 
of the new bone and osteoid tissue was difficult to define, so 
osteoid tissue was not included in new bone calculations.

Immunohistochemistry was performed using antibodies 
specific for CD31 (1:200; ab24590; Abcam) and HIF‑1α (1:100; 
ab8366; Abcam). In brief, these sections were rehydrated and 
incubated with primary antibodies at 4˚C overnight, then 
incubated with biotinylated secondary IgGs (1:500; BA1001; 
Wuhan Boster Biological Technology, Ltd., Wuhan, China). 
Sections were treated with ABC complex and developed 
with 3,3'-diaminobenzidine (both Wuhan Boster Biological 
Technology, Ltd.), then stained with hematoxylin. All sections 
were consistently maintained in liquid, and sections incubated 
without primary antibodies were used as a control.

Statistical analysis. Data are expressed as the mean ± standard 
deviation. One-way analysis of variance with an Student-
Newman-Keuls post hoc analysis was applied to determine 
statistical significance. P<0.05 was considered to indicate a 
statistically significant difference. Statistical analysis was 
performed using SPSS software, version 12.0 (SPSS, Inc., 
Chicago, IL, USA).

Results

HIF‑1α overexpression in rabbit ASCs. Western blot analysis 
was performed to detect the protein expression of HIF-1α in 
rabbit ASCs treated with different concentrations of DMOG. 
The data showed the expression of HIF-1α protein was 
increased in response to DMOG treatment in a dose-depen-
dent manner (Fig. 1). After treatment for 1 day, the HIF-1α 
expression in cells respectively increased by ~2‑, 4‑ and 5‑fold 
for 200, 500 and 1,000 µM DMOG, respectively, compared 
with the untreated ASCs. After treatment for 7 days, the 
levels of HIF-1α protein in ASCs had no significant difference 
compared with ASCs treated with DMOG for 1 days, which 
indicated DMOG could enhance HIF-1α expression at least 
for 7 days.

Assessment of bone regeneration in the necrotic area. Bone 
regeneration in the necrotic area of each group was initially 
analyzed using micro-CT scanning. Bone microarchitecture 
of each group was reconstructed in three dimensions for 
presentation (Fig. 2A). The samples of Group I, which received 
no treatment, showed few destroyed trabeculae in the necrotic 
area of the femoral head. In Group II, which received core 
decompression, the trabeculae in the necrotic area was thin 
and sparse. In Group III, which received core decompression 
and transplantation of normal ASCs, the trabeculae in the 
necrotic area was more intact. In Group IV, which received 
core decompression and transplantation of DMOG treated 
ASCs, the trabeculae in the necrotic area appeared intact and 
well distributed. Quantitative analysis indicated nearly no new 
bone formation in the necrotic area of Group I (Fig. 2B). By 
contrast, ~25.2±2.8% of the necrotic area was regenerated in 
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Group II, 45.5±3.4% in Group III and 58.8±7.4% in Group IV. 
The BMD of the new bone in the necrotic area of Group IV 
was also significantly higher than that of other three groups 
(P<0.05).

Bone regeneration in the necrotic area of each group was 
also evaluated using H&E staining. In Group I, there were 
numerous fat cells and rare trabecular tissue in the necrotic 
area, and numerous empty lacunae distributed along the 
trabeculae (Fig. 3A). In Group II, there was less granulation 

tissue and fewer fat cells in the necrotic area, and some empty 
lacunae were observed (Fig. 3B). In Group III, there was some 
disordered trabecular tissue in the necrotic area, which was 
obviously more than in Group II (Fig. 3C). In Group IV, there 
was substantial trabecular tissue, and large osteocytes were 
distributed along the trabeculae (Fig. 3D). Histomorphometric 
analysis confirmed that new bone in Group IV was more 
than that of other three groups, which was consistent with the 
micro‑CT data (P<0.05; Fig. 3E).

Figure 2. Micro-CT analysis of bone regeneration in the necrotic area of the femoral head. (A) Micro-CT images of the femoral head taken 4 weeks after cell 
implantation. (B) Morphometric analysis showed that BMD and BV/TV of the necrotic area in Group IV was significantly higher than in the other three groups 
(*P<0.05). CT, computed tomography; BV, bone volume; TV, total volume; BMD, bone mineral density.

  A   B

Figure 1. Effect of DMOG on the protein expression of HIF-1α in ASCs. (A) Western blot analysis showed that DMOG increased the (B) protein levels of HIF-1α 
in ASCs in a dose-dependent manner at least for 7 days. DMOG, dimethyloxalylglycine; ASCs, adipose-derived stem cells; HIF-1α, hypoxia inducible factor-1α.

  A   B
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Assessment of neovascularization in the necrotic area. 
The vascularization in the necrotic area of each group at 
four weeks after surgery was evaluated by perfusing the 
blood vessels with a silicone injection compound and imaging 
with micro-CT. The reconstructed three dimensional images 
showed the morphology of regenerated vessels in the necrotic 
area. In Group I, there was nearly no vascular architecture 
in the necrotic area (Fig. 4A). In Group II, only some blood 
vessels were observed (Fig. 4B). In Group III, the density of the 
vessels was significantly higher than that of Group II (Fig. 4C). 
In Group IV, there were large vessels, which were obviously 
increased compared to the other three groups (Fig. 4D). 
Quantitative analysis also showed that the average number 
and volume of blood vessels penetrating in the necrotic area of 
Group IV were significantly more than the other three groups 
(P<0.05; Fig. 4E). In addition, immunohistochemistry for 
CD31 was performed to evaluate newly formed vessels in the 
necrotic area. Blood vessels were defined with positive CD31 
stain and their typical round or oval structure. The results 
showed more vessels in Group IV than the other three groups, 
which supported the micro-CT results (Fig. 5).

HIF‑1α expression in ASCs in vivo. Immunohistochemistry for 
HIF-1α was performed to evaluate HIF-1α expression in ASCs 
in vivo (Fig. 5). In Groups I, II and III, there were no obvious 
HIF-1α-positive cells observed in the necrotic area. However, 
positive cells were apparent in Group IV, which indicated that 

sustained release of DMOG could enhance the expression of 
HIF-1α in ASCs in vivo.

Discussion

Corticosteroid-induced ONFH is a major type of ONFH, 
which is a serious complication of corticosteroid treatment for 
autoimmune diseases, such as systemic lupus erythematosus, 
nephrotic syndrome and rheumatoid arthritis (27). The diag-
nostic or therapeutic strategy for ONFH is best introduced 
at the early stage before the disease becomes irreversible. 
Currently, the treatment methods of early-stage ONFH are 
highly controversial (28). Core decompression is reported to 
be effective for early-stage ONFH, and acts to reverse the 
natural process of ONFH by providing a conduit for angiogen-
esis to revascularize subchondral bone and reducing elevated 
intraosseous pressures (29,30). However, the majority of 
studies about the effectiveness of core decompression suggest 
that the results of this approach are not satisfactory (31,32).

The aseptic necrotic bone in the femoral head retains its 
normal strength until the natural process of revascularization 
starts to remove the dead bone in preparation for the formation 
of new bone. As repair advances, the speed of angiogenesis and 
osteogenesis becomes slower than absorption of the dead bone, 
which may cause a weakening of mechanical structure (3). 
Jones hypothesized that new capillaries could only penetrate 
10-15 mm of necrotic bone, and subchondral bone tissue 

Figure 4. Assessment of neovascularization in the necrotic area of various 
groups. Representative images of micro-CT reconstructed three-dimensional 
microangiography of the necrotic area in groups (A) I, (B) II, (C) III and 
(D) IV. (E) Quantitative analysis of micro-CT data showing the newly formed 
vessel volume in the necrotic area of Group IV was significantly increased 
compared with the other three groups (*P<0.05). CT, computed tomography.

Figure 3. Histological evaluation of bone regeneration in the necrotic area of 
various groups. Representative histological photomicrographs of the necrotic 
area in groups (A) I, (B) II, (C) III and (D) IV. (E) Histomorphometric 
analysis showed that the bone regeneration in the necrotic area of Group 
IV was significantly increased compared with that in the other three groups 
(P<0.05).

  A   B

  C   D

  E

  A   B

  C   D

  E
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usually can not be repaired (33). Furthermore, microfractures 
of the subchondral bone may retard capillary penetration, and 
then the loaded areas would collapse (33). Thus, it is important 
for ONFH treatment to increase local vascularization and new 
bone formation.

It has been reported that the MSCs pool of the femoral head 
could not provide enough osteoblasts to meet the need of local 
bone regeneration (34). Researchers have also suggested that 
MSCs in the proximal femur have a decreased proliferative 
and differentiation capacity at the early stage of ONFH (35,36). 
Therefore, MSCs have been employed to aid core decompres-
sion to treat early-stage ONFH (11,12,37). Hypoxia inducible 
factor-1a (HIF-1α) is an important functional subunit of the 
HIF family, which are crucial mediators of the adaptive cells 
response to hypoxia (17). HIF-1α arose early in evolution, and 
is widely expressed in most human tissues (17). A previous 
study found that HIF-1α controls the expression of numerous 
genes in cells, cell proliferation and differentiation (38). Our 
previous study showed that, compared with normal MSCs, 
HIF-1α transgenic MSCs had improved osteogenic and angio-
genic capacity in vitro and better potential to promote bone 
regeneration in the necrotic area of the femoral head (19).

However, the risks of gene transduction, such as tumori-
genesis and permanent overexpression of the transduced 
gene, limited its clinical application (20). To overcome these 
deficiencies, in the present study dimethyloxaloylglycine 
(DMOG), a cell permeable prolyl-4-hydroxylase inhibitor, was 
employed to enhance HIF-1α expression in MSCs in place of 
the HIF-1α gene transduction.

DMOG is a small molecular drug, which is able to 
stabilize the expression of HIF-1α in cells (21). At normal 
oxygen tension, HIF-1α is modified by oxygen dependent 
prolyl hydroxylases, resulting in rapid degradation through 
the ubiquitin-proteasome pathway (22). Under hypoxic condi-
tions, prolyl hydroxylase activity decreases and HIF-1α is 
stabilized (39). DMOG is able to inhibit prolyl hydroxylase 
activity at normal oxygen tension, thus leading to HIF-1α 
overexpression in cells. DMOG has been used to treat isch-
emic skeletal muscles, middle cerebral artery occlusion and 
ischemic myocardial injury, and all resulted in good outcomes 

in previous experiments (40-42). Our previous study showed 
that DMOG could significantly enhance VEGF production in 
ASCs and improved the osteogenic differentiation potential of 
ASCs in vitro by stabilizing the expression of HIF-1α in ASCs, 
and DMOG-treated ASCs had an increased bone healing 
capacity and promoted local revascularization in critical 
defects (22). In the present study, we investigated the effi-
cacy of implanting DMOG-treated ASCs to treat early-stage 
corticosteroid-induced ONFH.

This study used a rabbit model with steroid-induced 
early-stage ONFH. An animal model of ONFH is important for 
evaluation of the effects of various methods of treating ONFH. 
In the present model, osteonecrosis was induced by a combina-
tion of LPS and MPS to mimic the pathological mechanism of 
steroid-induced ONFH. It has been reported that this inductive 
protocol has a high incidence of ONFH, and resulted in nearly 
no death, and suggested that numerous histopathological and 
pathogenetic features of steroid-induced ONFH in rabbits are 
similar to those observed in human early-stage ONFH (25). 
Therefore, the steroid-induced rabbit ONFH model may be 
effective for testing the efficacy of the method developed for 
treatment of steroid-associated ONFH for clinical application 
and confirmation of their long‑term effects in prevention of 
subchondral bone collapse of the hips.

In the present study, DMOG-treated ASCs were implanted 
into the necrotic area of the femoral head to aid core decom-
pression in improving bone healing. Micro-CT and histological 
results indicated there was increased bone regeneration in the 
normal ASCs group than in the group that underwent core 
decompression only, which suggests that ASCs could improve 
bone healing on their own. Increased newly formed bone was 
observed in the DMOG-treated ASCs group than in the normal 
ASCs group, which indicated DMOG could enhance the bone 
healing capacity of ASCs in the necrotic area. Micro-CT and 
immunohistochemistry detection of CD31 showed that vessels 
formation was also increased in the DMOG-treated ASCs 
group than in the other three groups. This may be because 
DMOG could increase the expression and secretion of certain 
angiogenic factors in ASCs in vivo by stabilizing the HIF-1α 
expression in cells, which has been demonstrated by previous 

Figure 5. Immunohistochemistry for CD31 and HIF-1α. There were nearly no CD31-positive vessels observed in Groups I and II, few CD31-positive vessels 
observed in Group III, and obviously increased CD31-positive vessels in Group IV. Red arrowheads indicate CD31-positive vessels. There were numerous 
HIF-1α-positive cells present in Group IV, while nearly no HIF-1α-positive cells in groups I, II and III. HIF-1α, hypoxia inducible factor-1α.
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experiments (43). It is hypothesized that angiogenesis is 
closely associated with osteogenesis, and that neovasculariza-
tion is an favorable element in bone regeneration. Therefore, 
the improved local blood supply may also contribute to bone 
healing in the necrotic area.

In summary, the results of the present study showed  that 
DMOG-treated ASCs markedly increased vascularization 
and bone regeneration in necrotic area of the femoral head 
in ONFH rabbits. These findings suggest that DMOG could 
enhance the osteogenic activity of ASCs in vivo, and may 
therefore provide a novel and effective therapeutic option for 
early-stage corticosteroid-induced ONFH.
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