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Abstract. The aim of the present study was to investigate the 
potential of bone mesenchymal stem cells (BMSCs) treated with 
a combination of vascular endothelial growth factor (VEGF) 
and bone morphogenetic protein-6 (BMP-6) genes for the 
treatment of avascular necrosis of the femoral head (ANFH). 
Rat BMSCs were isolated and purified using a density gradient 
centrifugation method. The purity and characteristics of the 
BMSCs were detected by cell surface antigens identification 
using flow cytometry. The experimental groups were adminis-
tered with one of the following adeno-associated virus (AAV) 
vector constructs: AAV‑green fluorescent protein (AAV‑GFP), 
AAV-BMP-6, AAV-VEGF or AAV-VEGF-BMP-6. The 
expression of VEGF and BMP‑6 was detected by reverse 
transcription-quantitative polymerase chain reaction, western 
blotting and ELISA assays. The effects of VEGF and BMP-6 
on BMSCs were evaluated by angiogenic and osteogenic 
assays. The transfected BMSCs were combined with a biomi-
metic synthetic scaffold poly lactide-co-glycolide (PLAGA) 
and they were then subcutaneously implanted into nude mice. 
After four weeks, the implants were analyzed with histology 
and subsequent immunostaining to evaluate the effects of 
BMSCs on blood vessel and bone formation in vivo. In the 
AAV‑VEGF‑BMP‑6 group, the expression levels of VEGF and 
BMP‑6 were significantly increased and human umbilical vein 

endothelial cells tube formation was significantly enhanced 
compared with other groups. Capillaries and bone formation 
in the AAV-VEGF-BMP-6 group was significantly higher 
compared with the other groups. The results of the present 
study suggest that BMSCs expressing both VEGF and BMP‑6 
induce an increase in blood vessels and bone formation, which 
provides theoretical support for ANFH gene therapy.

Introduction

In China, the number of patients with avascular necrosis of the 
femoral head (ANFH) is estimated to be between 5 and 7 million 
and there are 100,000-150,000 new cases each year (1). At 
present, gene therapy is a large area of ANFH research (2). Basic 
fibroblast growth factor (bFGF), transforming growth factor‑β 
(TGF-β), bone morphogenetic proteins (BMPs), and vascular 
endothelial growth factor (VEGF) all serve important roles 
in the development of applicable gene therapies, in particular 
BMPs and VEGF (3-5). Bone morphogenetic proteins (BMPs) 
are signal molecules that promote bone regeneration (6-8). As 
important members of the TGF-β superfamily, BMPs have 
effects on the stimulation of osteoblast differentiation (9,10) 
and this process involves the differentiation of progenitor cells 
into chondrocytes and osteoblasts, endochondral ossifica-
tion and new bone formation (11). Studies have revealed that 
BMP-2, BMP-4, BMP-6, BMP-7 and BMP-9 are crucial for 
bone formation (12-15). Furthermore, a number of studies have 
suggested that BMP-6 is the most potent osteoinductive BMP 
and has greater potential for bone regeneration than BMP-2 
and BMP-4 (16-18). Angiogenesis is the most basic physi-
ological process in bone repair (19); furthermore, VEGF, which 
is expressed by endothelial cells, is one of the most important 
cytokines in angiogenesis (20) and is associated with all steps of 
bone formation, including mesenchymal condensation, cartilage 
formation, cartilage resorption and blood vessel invasion (21,22). 
It has been indicated that BMPs stimulate angiogenesis via 
the osteoblast production of VEGF-A, which plays an impor-
tant role in bone formation and angiogenesis by acting as a 
chemoattractant (23). A number of studies have attempted to 
determine the effects of combining VEGF with BMP in order 
to encourage bone formation. One such study reported that 
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the combination of VEGF and BMP-4 enhances bone forma-
tion (24,25). Another revealed that, when combined, VEGF and 
BMP-2 are effective in stimulating bone regeneration (26). In 
addition, the co-administration of VEGF and BMP-4 has been 
reported to induce osteogenesis more effectively than VEGF 
and BMP-2 (27). These studies have focused on the delivery of 
BMP-2 and BMP-4 in conjunction with VEGF. However, to the 
best of our knowledge, few studies have focused on the effects of 
the combination of VEGF and BMP-6 on bone repair.

In the present study, adeno-associated viruses (AAV) 
co‑expressing VEGF and BMP‑6 were constructed to inves-
tigate the potential of bone mesenchymal stem cells (BMSCs) 
treated with a combination of VEGF and BMP-6 genes for the 
treatment of ANFH.

Materials and methods

Ethics statement. The animal study was approved by the First 
Affiliated Hospital of Sun Yat‑sen University (Guangzhou, 
China).

Isolation, culture, and verification of rat BMSCs. A total of 
20 healthy 3‑4 weeks specific pathogen free grade Sprague 
Dawley rats (weighing 100-120 g, 10 males and 10 females) were 
purchased from the Animal Center of Sun Yat‑Sen University 
(Guangzhou, China). The rats were housed in an environment 
of 25±5˚C with 35±5% humidity and a standard 12 h light/dark 
cycle and ad libitum access to food and water. After three 
days, the rats were sacrificed by intraperitoneal injection of 
300 mg/kg pentobarbital, soaked in 75% ethanol for 10 min and 
then the tibiae and femora were isolated under sterile condi-
tion. BMSCs were obtained from the tibiae and femora of the 
rats following sacrifice. Density gradient centrifugation and 
adherent screening were used to isolate BMSCs as previously 
described (28). In short, tibiae and femora were flushed with 
low glucose Dulbecco's modified Eagle's medium (L‑DMEM, 
GE Healthcare Life Sciences, Logan, UT, USA) to harvest the 
BMSCs, which were cultured in L-DMEM supplemented with 
10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and 20 mg/ml penicillin-strep-
tomycin (Gibco; Thermo Fisher Scientific, Inc.). Cells were 
subsequently incubated with 5% CO2 at 37˚C for 7 days and 
split, following which cells at the fourth passage were used 
for the following experiments. The obtained cells were added 
into Percoll separation solution (Sigma Aldrich: Merck KGaA, 
Darmstadt, Germany) with a density of 1.073 g/ml and centri-
fuged at 4,000 x g for 25 min at 20˚C. The cells were further 
resuspended in complete medium containing 90% L‑DMEM, 
10% FBS, 100 µl/ml penicillin and 100 µl/ml streptomycin 
(Gibco; Thermo Fisher Scientific, Inc.) and incubated at 37˚C in 
a 5% CO2 supplemented incubator (Thermo Fisher Scientific. 
Company, USA). Cell surface antigens were used to identify 
BMSC characteristics via flow cytometry. Briefly, cells were 
collected and washed twice with PBS (Gibco; Thermo Fisher 
Scientific, Inc.) and then incubated with 0.5% BSA blocking 
buffer in 1x PBS (Thermo Fisher Scientific, Inc.) for 30 min 
at 4˚C. Following washing with PBS, cells were immuno-
fluorescently stained with fluorochrome‑conjugated antibodies 
specific to the cell surface antigens cluster of differentiation 
CD90 (cat no. ab225; 1:200, Abcam, Cambridge, UK), CD29 

(cat no. bs-20631R; 1:200; Bioss, Beijing, China), CD44 (cat 
no. bs-0521R; 1:200, Bioss), CD11 (cat no. bs-2508R; 1:200; 
Bioss), CD45 (cat no. bs-0522R; 1:200; Bioss) and CD34 (cat 
no. ab81289; 1:200, Abcam) at 4˚C for 30 min. Flow cytom-
etry was performed on a FACSCanto II flow cytometer (BD 
Biosciences, Franklin Lakes, NJ, USA) using FACSDiva soft-
ware (BD Biosciences) and the data was analyzed by FlowJo 
software version 10.06 (Tree Star, Inc., Ashland, OR, USA). 
Each surface antigen assay was performed in triplicate.

Adeno‑associated virus type 2 (AAV) vector production and 
infection in vitro. The recombinant vector was packaged by the 
adeno-associated virus (AAV) Helper-Free System (Hanbio 
Biotechnology Co., Ltd, Shanghai, China). The internal ribosome 
entry site (IRES) fragment was incorporated into the plasmid 
AAV multiple cloning site (pAAV MCS) (Hanbio Biotechnology 
Co., Ltd) and sub-cloned into two multiple cloning sites (Hanbio 
Biotechnology Co., Ltd). Next, VEGF and BMP‑6 primers 
were designed by Primer Premier 5 software (Premier Biosoft 
Inc., Palo Alto, CA, USA) and synthesized by Sangon Biotech 
Company (Shanghai, China), then VEGF and BMP-6 were 
inserted into the upstream and downstream MCS, respectively. 
The bicistronic frame was 2.5 kb in length, which is within the 
vector capacity. The recombinant (r)AAV-VEGF-IRES-BMP-6 
(AAV‑VEGF‑BMP‑6), rAAV‑VEGF‑green fluorescent protein 
(GFP) (AAV-VEGF), rAAV-BMP-6-GFP (AAV-BMP-6), and 
rAAV-IRES-GFP (AAV-GFP) vectors were co-transfected into 
AAV-293 cells (Forevergen, Guangzhou, China) with the plasmid 
(p)AAV-helper and pAAV-RC (carrying AAV-2 replication and 
capsid genes) using the calcium phosphate method by adding 
CaCl2, according to the manufacturer's instructions (Invitrogen; 
Thermo Fisher Scientific, Inc.). A primary virus stock was 
collected 72 h following transfection and chloroform/PEG8000 
protocols as previously described (29) were used to concentrate 
and purify the primary virus stock. In order to achieve the greatest 
cytopathogenic effect, infection efficiency and cost of the r virus, 
it was determined that 5x104 viral particle/cell was the best 
multiplication of infection (MOI) for infecting rat BMSCs (30). 
The BMSCs (2x105/ml) were seeded onto 96-well plates and 
incubated for 30 min at 37˚C in an atmosphere containing 5% 
CO2. BMSCs were subsequently transfected with AAV-GFP, 
AAV-VEGF, AAV-BMP-6, or AAV-VEGF-BMP-6 vectors at the 
optimum MOI using lipofectamine 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.). After 48 h, samples were collected for 
subsequent experimentation.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA from BMSCs infected with the 
AAV-GFP, AAV-VEGF, AAV-BMP-6 or AAV-VEGF-BMP-6 
viruses was extracted using TRIzol Reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol and reverse transcribed to cDNA with Super Script 
TM III Reverse Transcriptase (Invitrogen; Thermo Fisher 
Scientific, Inc.). The target genes were analyzed using a Takara 
SYBR® Green I qPCR kit (Takara Bio, Inc. Otsu, Japan) 
performed on the ABI 7500 system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) using the following thermocy-
cling conditions: 94˚C for 3 min, 35 cycles at 94˚C for 30 sec, 
55˚C for 30 sec, and 72˚C for 45 sec. The primers used were 
as follows: GAPDH, forward 5'-CCT CGT CTC ATA GAC AAG 
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ATG GT-3' and reverse 5'-GGG TAG AGT CAT ACT GGA ACA 
TG-3'; BMP6, forward 5'-ACA GCA TAA CAT GGG GCT TC-3' 
and reverse 5'-CTC GGG GTT CAT AAG GTG AA-3'; VEGF, 
forward 5'-TTG CTG CTC TAC CTC CAC-3' and reverse 5'-AAT 
GCT TTC TCC GCT CTG-3'; osteocalcin (OCN), forward 
5'-CTC TGT CTC TCT GAC CTC ACA G-3' and reverse 5'-GGA 
GCT GCT GTG ACA TCC ATA C-3'; runt-related transcription 
factor 2 (RUNX2), forward 5'-GAA ACT CTT GCC TCG TCC 
GCT-3' and reverse 5'-GAT GAT GAC ACT GCC ACC TCT G-3'; 
alkaline phosphatase (AKP), forward 5'-CTG GTG GAA GGA 
GGC AGA ATT-3' and reverse 5'-ATG TGA AGA CGT GGG 
AAT GGT‑3'. The relative mRNA expression was calculated 
using the 2-∆∆Cq method (31).

ELISA. A total of 500 µl from each culture supernatant was 
harvested from the AAV-GFP, AAV-VEGF, AAV-BMP-6 
and AAV-VEGF-BMP-6 transfection groups. VEGF and 
BMP‑6 levels in the culture medium were examined using 
ELISA kits (Rat VEGF ELISA kit, cat no. RRV00, R&D 
Systems, Minneapolis, MN, USA; and Rat BMP-6 ELISA 
kit, cat no. MBS704699, MyBiosource, San Diego, CA, USA) 
following manufacturer's protocol. The absorbance was deter-
mined at 450 nm using a microplate reader (Multiskan Go; 
Thermo Fisher Scientific, Inc.). The concentrations of VEGF 
and BMP-6 were determined by comparing the absorbance 
with those of the standards.

Western blotting. For protein extraction, cells were lysed in cell 
lysis buffer containing 140 mM NaCl, 10 mM Tris‑HCl, 1% Triton 
X-100, 1 mM ECTA and 1X protease inhibitor cocktail (Gibco; 
Thermo Fisher Scientific, Inc.). The protein concentration was 
determined using the BCA assay. A total of 20 µg protein was 
loaded per lane and separated on 12% SDS‑PAGE gels. Proteins 
were subsequently transferred to polyvinylidene difluoride 
membranes, which were blocked with 5% non‑fat dry milk for 
1 h at room temperature and incubated overnight at 4˚C with the 
following primary antibodies: Anti-GAPDH (cat no. sc-25778; 
1:2,000) anti-BMP6 (cat no. sc-7406; 1:100; both Santa Cruz 
Biotechnology, Inc.) and anti-VEGF (cat no. ab105219; 1:1,000; 
Abcam). They were subsequently incubated with an anti-goat 
horseradish peroxidase (HRP)‑conjugated secondary antibody 
(cat no. sc‑2004, 1:1,000, Santa Cruz Biotechnology, Inc.) at 4˚C 
for overnight, and detected with an enhanced chemilumines-
cence detection kit (EMD Millipore, Billerica, MA, USA).

Angiogenic assay in vitro. The basement membrane Matrigel 
matrix (BD Biosciences,) was incubated at 37˚C for 30 min in 
a 24-well plate following dilution with serum-free medium. 
When solidification occurred, human umbilical vein epithelial 
cells (HUVECs; 5x104 cells/well; (Forevergen) were seeded 
with fresh L‑DMEM medium supplemented with 10% FBS. 
Tube formation of HUVECs was observed by co-culture with 
BMSCs. At 14 days following after infection, 1 ml of each 
culture supernatant obtained from AAV-GFP, AAV-VEGF, 
AAV-BMP-6 and AAV-VEGF-BMP-6 cells was added to the 
24‑well plate and incubated at 37˚C for 12 h in an atmosphere 
containing 5% CO2. Images of tube formation were acquired 
from three random fields under a light microscope (magnifi-
cation, x200) and analyzed with Image Pro Plus 6.0 (Media 
Cybernetics, Inc., Rockville, MD, USA)

Osteogenic assay in vitro. Following transfection with 
AAV-GFP, AAV-VEGF, AAV-BMP-6 or AAV-VEGF-BMP-6, 
BMSCs were cultured in L‑DMEM supplemented with 10% 
FBS containing 20 mg/ml penicillin-streptomycin in an 
atmosphere containing 5% CO2 at 37˚C for 30 min. During 
the second week, the mineralization effects were detected by 
Von Kossa staining, alizarin red staining (ARS), and AKP 
staining. For AKP staining, cells were washed with PBS, 
fixed with 4% paraformaldehyde at 4˚C overnight and stained 
with AKP solution at room temperature for 10 min (Beyotime 
Institute of Biotechnology). Images of mineral nodules were 
captured from three random fields under a light microscope 
(magnification, x200) and subsequently analyzed with Image 
Pro Plus 6.0 (Media Cybernetics, Inc.). For ARS staining, ARS 
was prepared in double distilled H2O and the pH was adjusted 
to 4.1 using 10% (v/v) ammonium hydroxide. Sections were 
fixed in 70% ethanol at room temperature for 10 min and then 
stained with 40 mM ARS for 5 min at room temperature. 
Calcium deposition was assessed by eluting ARS staining with 
distilled water including 10% acetic acid and 20% methanol. 
The absorbance of supernatants was measured at 405 nm.

In vitro cell seeding on poly lactide‑co‑glycolide (PLAGA) 
scaffolds. The biomimetic synthetic PLAGA scaffolds were 
sterilized using 70% ethanol for 1 h and rinsed three times in 
PBS. PLAGA scaffolds were then exposed to ultraviolet light 
for 24 h and treated with PC-2000 plasma cleaner (South Bay 
Technology, Inc., San Clemente, CA, USA) to enhance cell 
attachment. Finally, the cells (1.67x105/ml) were seeded on each 
PLAGA scaffold. A total of 12 6 weeks old nude mice (weighing 
22-25 g; 6 males and 6 females) were purchased from the Animal 
Center of Sun Yat‑sen University (Guangzhou, China). The rats 
were housed in an environment of 25±5˚C with 35±5% humidity 
and a standard 12 h light/dark cycle and ad libitum access to food 
and water. After one day, the PLAGA scaffolds were implanted 
subcutaneously into the nude mice (n=3 per group). Implants 
were retrieved following 2 or 3 weeks, embedded in paraffin, 
sectioned into 5 mm slices and mounted onto glass slides.

Histological analysis of in vivo bone formation. Slides were 
washed in xylene twice for 10 min each in order to remove 
the paraffin. A graded series of ethanol solutions, including 
100, 95, and 70% ethanol were used for rehydration. The 
sections were washed twice in deionized water for 5 min 
each. Tissues were fixed in 4% paraformaldehyde at 4˚C for 
overnight, embedded in paraffin, sliced into sections 4 mm 
thick and stained with hematoxylin and eosin (H&E) at room 
temperature for 15 min. For Von Kossa staining, sections 
were stained with von Kossa stain at room temperature for 
20 min to examine calcium deposition. In addition, immuno-
histochemistry was used to examine the expression of VEGF 
and BMP‑6 in implants. Fixed tissues were deparaffinized, 
incubated in citrate buffer at room temperature for 10 min and 
subsequently incubated with the primary antibodies, including 
anti-BMP6 antibody (cat no. ab155963; 1:200; Abcam) and 
anti-VEGF antibody (cat no. ab81289; 1:200; Abcam) overnight 
at 4˚C, followed by biotinylated goat anti‑mouse immuno-
globulin G secondary antibodies (cat no. BA1300; 1:500, 
BD Biosciences) and treated with streptavidin-horseradish 
peroxidase (BD Biosciences). Tissues were then treated with 
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3,3'‑diaminobenzidine substrate and hematoxylin for 15 min 
at room temperature. The data was detected using ImageJ soft-
ware 4.8 (National Institutes of Health, Bethesda, MA, USA).

Analysis of blood vessel formation. Formalin‑fixed 
paraffin‑embedded tissue sections were immunostained for 
smooth muscle α-actin in order to detect blood vessel formation. 
Following washing in PBS containing 0.1% (wt/vol) saponin 
and 2% (wt/vol) bovine serum albumin (Gibco; Thermo Fisher 
Scientific, Inc.), CD34 was quantified by immunohistochem-
istry in order to detect the number of capillaries. The sections 
were labeled for CD34 with CY3‑conjugated monoclonal 
anti-CD34 antibody (cat no ab81289; 1:200; Abcam) and 
incubated overnight at 4˚C. Images of tissue sections were 
subsequently acquired under a light microscope (magnifica-
tion, x200) and captured using an Olympus MicroFire color 
digital camera and PictureFrame image acquisition soft-
ware 2.0 (Optronics, Goleta, CA, USA). Histological sections 
were then examined to quantify the blood vessel density on 
the scaffolds (four sections per sample). Blood vessels were 
manually counted on the total scaffold and a circular luminal 
structure was taken to indicate a blood vessel.

Statistical analysis. Data were analyzed with the Student's 
t-test and one way analysis of variance followed by a Tukey's 
post hoc test using SPSS 19.0 software (IBM Corp., Armonk, 
NY, USA). Each experiment was repeated at least three 
times. All results were summarized and are presented as 
means ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Cell verification. The expression of cell surface antigens CD29, 
CD90, CD44, CD45, CD11 and CD34 were 97.7, 99.2, 99.0, 

2.26, 8.53 and 2.3% positive, respectively (Fig. 1). The cells were 
demonstrated to high‑express CD29, CD90 and CD44, whereas 
CD45, CD11 and CD34 were low‑expressed, indicating that the 
cells were BMSCs rather than hematopoietic cells.

Expression of VEGF and BMP‑6. The relative mRNA expres-
sion of BMP‑6, VEGF, OCN, RUNX2 and AKP was quantified 
in the BMSCs 6 weeks post‑transfection. VEGF mRNA expres-
sion in the AAV-VEGF-BMP-6 and AAV-VEGF groups 
was significantly higher compared with the AAV‑GFP group 
(P<0.05, Fig. 2A). In addition, BMP‑6 mRNA expression in 
the AAV-VEGF-BMP-6 (P<0.01) and AAV-BMP-6 (P<0.05) 
groups were significantly higher compared with the AAV‑GFP 
group (Fig. 2A). The expression levels of OCN, RUNX2 and 
AKP mRNA were all upregulated in the AAV-BMP-6 and 
AAV-VEGF-BMP-6 groups compared with the AAV-GFP 
group (*P<0.05, **P<0.01, Fig. 2A); Western blotting revealed a 
similar pattern for VEGF and BMP‑6 protein expression levels, 
The expression of BMP6 protein was significantly increased 
in the AAV-VEGF-BMP-6 group (P<0.01) and AAV-BMP-6 
group (P<0.05) when compared with the AAV-GFP group 
Fig. 2B and C). In addition, VEGF expression was signifi-
cantly higher in the AAV-VEGF-BMP-6 and AAV-VEGF 
groups compared with the AAV-GFP group (both P<0.05, 
Fig. 2B and C). ELISA was performed to confirm VEGF and 
BMP‑6 expression. The results revealed that VEGF and BMP‑6 
were expressed in all groups. And BMP6 production increased 
in the AAV-BMP6 and AAV-VEGF-BMP-6 groups compared 
with the AAV-GFP group (P<0.05, P<0.01, Fig. 2D); however, 
BMP6 production in the AAV-VEGF-BMP6 group was marked 
greater than that in AAV-BMP-6 group (P<0.05, Fig. 2D), which 
suggests that VEGF‑BMP6 co‑expression promotes the secre-
tion of BMP6. Similarly, VEGF production in the AAV-VEGF 
and AAV-VEGF-BMP6 groups was significantly increased 
compared with the AAV-GFP group (Fig. 2E).

Figure 1. Representative expression of BMSC surface markers CD29, CD90, CD44, CD45, CD11 and CD34 as analyzed by flow cytometry. BMSCs were 
observed to hyperexpress CD29 (97.7%), CD90 (99.2%) and CD44 (99.0%), whereas CD45 (2.26%), CD11 (8.53%) and CD34 (2.30%) were hypoexpressed. 
BMSC, bone mesenchymal stem cell; CD, cluster of differentiation; FL‑1, fluorescence‑1.
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Biological activity of VEGF and BMP6 in vitro. VEGF secreted 
from BMSCs in the AAV-VEGF-BMP-6 group enhanced 
HUVEC proliferation and tube formation in comparison with 
the other groups (Fig. 3A). Tube formation was significantly 
increased in the AAV-VEGF-BMP-6 and AAV-VEGF groups 
compared with the AAV-GFP group (P<0.05, P<0.01, Fig. 3B). 
The mineralization effects of BMP-6 were detected using 
alizarin red, AKP and Von Kossa staining (Fig. 4). The intensity 
of staining was markedly increased in the AAV-VEGF-BMP-6 
group compared with all other groups, these results indicated that 
co‑expressing the VEGF and BMP‑6 in BMSCs could enhanced 
HUVEC tube formation and increased osteogenic ability.

Histological assessment. Histological analysis with H&E 
and Von Kossa staining was used to detect bone vessel and 
bone formation in vivo. H&E staining analysis revealed that 
maximum bone formation was achieved in PLAGA implants 
with BMSCs transfected with VEGF and BMP-6. The 
greatest number of tubes and strongest capillary integrity 
were observed in BMSCs transfected with VEGF and BMP-6, 
with a significant increase in capillaries compared with the 

AAV‑GFP group (P<0.05; Fig. 5). The expression of VEGF 
and BMP‑6 in PLAGA implants was examined and it was 
observed that VEGF and BMP‑6 expression was markedly 
increased in the implants that carried BMSC cells expressing 
VEGF and BMP-6 compared with the other groups (Fig. 6). 
Histological analysis with Von Kossa staining was consistent 
with the H&E staining results. Furthermore, cellularity and 
mineral deposition in the AAV-VEGF-BMP-6 implants was 
markedly increased compared with all other groups (Fig. 6). 
In order to further assess the effect of VEGF delivery on 
angiogenesis, immunostaining for CD34 was used to detect 
the number of capillaries. The results were consistent in 
indicating that scaffolds containing BMSCs transfected with 
VEGF and BMP-6 generated the largest number of blood 
vessels.

Discussion

With the rapid development of gene therapy, it is being increas-
ingly recognized as a potential novel therapeutic option for 
the treatment of ANFH (2). Neovascularization and bone 

Figure 2. Levels of VEGF and BMP‑6 in the AAV‑GFP, AAV‑BMP‑6, AAV‑VEGF and AAV‑VEGF‑BMP groups. (A) Relative mRNA expressions of BMP‑6, 
VEGF, OCN, RUNX2 and AKP analyzed by reverse transcription-quantitative polymerase chain reaction. Levels of VEGF and BMP-6 protein in transfected 
BMSCs were (B) assessed using western blotting and (C) quantified using densitometry analysis. GAPDH was used as an internal control. ELISA kits 
were used to measure (D) BMP‑6 and (E) VEGF protein expression. *P<0.05 vs. AAV-GFP group, **P<0.01 vs. AAV-GFP group, #P<0.05 vs. AAV-BMP-6 
group. VEGF, vascular endothelial growth factor; BMP, bone morphogenetic protein; AAV, adeno‑associated virus; GFP, green fluorescent protein; OCN, 
osteocalcin; RUNX2, runt-related transcription factor 2; AKP, alkaline phosphatase; BMSCs, bone mesenchymal stem cells.
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formation through the functions of VEGF and BMP have 
been extensively studied (32). The AAV vector is an attractive 
non-pathogenic human viral vector with low immunoge-
nicity (33). It is efficient for gene transduction in vitro and for 
local injection in vivo in the presence of a helper virus, for 

example adenovirus or herpes virus (34,35). In the present 
study, therefore, AAV was used to transfer and correctly 
express the target gene.

Angiogenesis and osteogenesis are critical for bone renova-
tion and are associated with a number of cytokines, including 

Figure 4. The mineralization effects of VEGF and BMP-6 on BMSCs. Representative images of ARS staining, AKP staining, and Von Kossa staining in the 
four groups. The mineralization of ARS staining is seen as mineralized nodules. The mineralization of BMSCs stained using the AKP and Von Kossa methods 
is represented by black dots. Scale bar, 100 µm. ARS, alizarin red staining; AKP, alkaline phosphatase; AAV, adeno‑associated virus; GFP, green fluorescent 
protein; VEGF, vascular endothelial growth factor; BMP, bone morphogenetic protein; BMSCs, bone mesenchymal stem cells.

Figure 3. VEGF/BMP-6 stimulated angiogenesis as determined by tube formation of HUVECs in vitro. (A) Representative images (magnification, x200; 
Scale bar, 100 µm) and (B) quantification of tube formation. Scale bar, 100 µm. *P<0.05 vs. AAV-GFP group and **P<0.01 vs. AAV-GFP group. AAV, 
adeno‑associated virus; GFP, green fluorescent protein; VEGF, vascular endothelial growth factor; BMP, bone morphogenetic protein.
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bFGF, TGF-β, BMPs, and VEGF (4,36). The effects of VEGF 
and BMPs on the process of bone formation have already been 
extensively studied (37,38). VEGF is important in angiogenesis 

and is able to induce angiopoiesis by promoting the division 
and growth of vascular endothelial cells (7,39). In addition 
to its effects in angiogenesis, several studies have reported 

Figure 5. H&E staining of BMSCs implanted into PLAGA. (A) H&E staining of AAV-GFP, AAV-BMP-6, AAV-VEGF and AAV-VEGF-BMP-6 groups was 
performed to detect in vivo blood vessel formation. Blood vessels were identified by the presence of a luminal structure, and the arrows point to the blood 
vessels. Scale bar, 100 µm. (B) The number of capillaries in the four groups was quantified. *P<0.05 vs. AAV-GFP group. PLAGA, poly lactide-co-glycolide; 
H&E, hematoxylin and eosin; AAV, adeno‑associated virus; GFP, green fluorescent protein; VEGF, vascular endothelial growth factor; BMP, bone morpho-
genetic protein.

Figure 6. Immunohistochemical staining analysis was used to detect the expression of VEGF, BMP‑6 mineral deposition and angiogenesis in PLAGA implants. 
CD34 was quantified, in order to detect the number of capillaries. Scale bar, 100 µm. PLAGA, poly lactide‑co‑glycolide; aav, adeno‑associated virus; GFP, 
green fluorescent protein; VEGF, vascular endothelial growth factor; BMP, bone morphogenetic protein; CD34, cluster of differentiation 34. 
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that VEGF also serves an important role in osteogenesis by 
interacting with BMPs (40,41). It was therefore hypothesized 
that VEGF may exhibit distinct effects when combined 
with different BMPs. Several studies have shown that the 
VEGF and BMP‑7 proteins expressed by the rAAV‑human 
(h)VEGF-IRES-hBMP-7 vector enhanced angiogenesis and 
bone regeneration both in vitro and in vivo (30,42). In addition, 
recent studies have reported that BMP‑6 and BMP‑9 exhibited 
the most potent osteogenic activity (43,44), and that BMP-6 
encourages the differentiation of human stromal cells to osteo-
blasts (45). Consequently, the combined effects of VEGF and 
BMP-6 were assessed in the present study. Angiogenic and 
osteogenic assays were used to identify the biological effects 
of VEGF and BMP-6 in vitro and in vivo.

The present study demonstrated that the expression of 
VEGF and BMP-6 was increased in the AAV-VEGF-BMP-6 
group in vitro compared with all other groups. VEGF secreted 
by BMSCs in the AAV-VEGF-BMP-6 group enhanced 
HUVEC tube formation. Similarly, the osteogenic ability of 
BMP‑6 in the AAV‑VEGF‑BMP‑6 group was significantly 
higher compared with the other three groups, as demonstrated 
by alizarin red, AKP and von Kossa staining. These results 
indicate that the vector co‑expressing VEGF and BMP‑6 
enhanced bone repair and regeneration in vitro. The results in 
this study are in accord with those of a previous study (46).

BMSCs are a type of multipotent mesenchymal stem 
cell found in bone marrow (47). They have a high capacity 
for self-renewal and the potential to differentiate into several 
cell types, and so have long been considered a source of cells 
for bone tissue engineering (47). Surface antigen detection 
using flow cytometry is the gold standard for cell verification; 
in the present study, CD29, CD90, CD44, CD45, CD11 and 
CD34 were selected as target cell surface antigens based on 
previous literature (48,49). The results revealed the hyperex-
pression of CD29, CD90 and CD44, as well as hypoexpression 
of CD45, CD11 and CD34, suggesting a high BMSC purity. 
PLAGA is a biomedical polymer that has been safely used 
as an implant material for several decades, including in bone 
tissue development (50). Prior to transplantation, PLAGA 
was fabricated into a highly porous 3D scaffold upon which 
BMSCs could be seeded with high efficiency (51). According 
to Roedersheimer et al (36) and Cui et al (46), VEGF and 
BMP-6 interact directly at the molecular level or act via their 
signaling pathways in order to promote osteogenesis.

In the present study, it was hypothesized that VEGF and 
BMP-6 would act in an additive manner to promote the osteo-
blastic differentiation of BMSCs in vitro and bone formation 
in vivo. A composite bone graft substitute containing BMSCs 
transfected with VEGF, BMP-6 or VEGF/BMP-6 loaded on a 
PLAGA scaffold was used. The results revealed that there was a 
significant increase in the bone volume of implants that carried 
BMSCs expressing both VEGF and BMP‑6 compared to those 
expressing either of the growth factors alone at 2 and 3 weeks 
following implantation. A greater number of blood vessels were 
also observed in the AAV-VEGF-BMP-6 group compared with 
other BMSC groups expressing either growth factor alone. 
Studies have revealed that VEGF serves as a chemoattractant for 
mesenchymal stem cells to increase the efficiency of bone forma-
tion in the presence of BMP-6 (52,53). As demonstrated in the 
present study, VEGF and BMP-6 interact directly at the molecular 

level or via their signaling pathways to indirectly enhance bone 
formation by increasing vascular formation. The increased bone 
growth and angiogenesis in subcutaneously implanted PLAGA 
scaffolds was in accordance with the in vitro results.

In conclusion, co‑expression of VEGF and BMP‑6 in 
BMSCs enhanced angiogenesis and bone regeneration in vitro 
and in vivo. This demonstrates that BMSCs expressing both 
VEGF and BMP-6 are responsible for increased numbers of 
blood vessels and increased bone formation, which provides 
theoretical support for their use in ANFH gene therapy.
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