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Abstract: Bone Morphogenetic Protein 2 (BMP-2) plays a key role in skeletal development, repair and regeneration. 
Our previous studies indicate that recombinant human BMP-2 (rhBMP-2) can stimulate osteogenic differentiation 
and promote angiogenesis through the up-regulation of Vascular Endothelial Growth Factor (VEGF), while the un-
derlying mechanism of the BMP-2 effect on human cells is not well understood. To gain a better understanding 
of BMP-2-induced angiogenesis, we further characterized the effect of rhBMP-2 on VEGF expression in human 
adipose-derived stromal cells (hASCs) by RT-PCR and ELISA. VEGF expression was induced by rhBMP-2 in a dose- 
and time-dependent manner, with the highest induction observed using 100 ng/ml of rhBMP-2 at 18-24 h post 
stimulation. In addition, Western blot analyses revealed that the phosphorylation of p38 was closely related to the 
expression of VEGF, and blocking the p38MAPK pathway with the specific inhibitor sb203580 resulted in the de-
creased VEGF expression. Our data suggest that p38 activation may be required for rhBMP-2-induced VEGF expres-
sion and angiogenesis. Information derived from this study may shed light on understanding the effect of rhBMP-2 
in the angiogenesis of hASCs, which is important for designing new strategies to increase the angiogenesis of tissue 
engineering bone.
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Introduction 

Reconstruction of bone defects is an extremely 
challenging medical task. Bone tissue usually 
has the ability to repair itself, but when a defect 
reaches to a critical size, the repair attempt 
fails in most cases, resulting in the formation of 
pseudarthrosis, also called “non-union” of the 
fracture, and loss of function. Autograft is the 
most effective method for bone restoration, 
because it provides three essential elements: 
osteoconduction, osteoinduction and osteo-
genic cells. However, its source is limited and 
may cause complications at the donor sites, 
thus restricting its clinical applications [17, 24]. 
Allograft is believed to be osteoconductive; but 
it confers the risk of disease transmission and 
immune rejection [8]. Synthetic bone substi-
tutes are commonly used to treat large bone 
defects; however, these therapies are associ-
ated with high rates of failure as a result of 
incomplete vascularization and bone remodel-

ing [15]. The technology of bone tissue engi-
neering provides an advanced and promising 
therapeutic strategy for the repair of bone 
defects, especially the critical-sized bone 
defects resulting from trauma, surgical resec-
tion and congenital deformity corrections [4,  
19]. Vascularization is the key challenge in tis-
sue engineering [5]. The success of transplan-
tation is dependent on adequate vasculariza-
tion at the initial stage. In the absence of blood 
vessels, engineered tissue cannot be perfused 
with oxygen, nutrients and cells involved in the 
regenerative process. Current strategies for 
vascularization in tissue engineering are relat-
ed to growth factor signaling, cell transplanta-
tion, bioactive smart matrix materials and 
directed fabrication [3, 20, 21, 29]. 

Bone Morphogenetic Proteins (BMPs) belong 
tothe Transforming Growth Factor-beta (TGF-β) 
superfamily and play key roles in the develop-
ment of bone and cartilage across all species. 
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BMP-2 is involved in several processes during 
bone morphogenesis, ncluding bone remodel-
ing, bone formation, chondrogenesis and mes-
enchymal cell infiltration and proliferation [23,  
25]. Our previous studies showed that rhBMP-2 
not only stimulated osteogenic differentiation, 
but also promoted angiogenesis through up-
regulation of Vascular Endothelial Growth 
Factor (VEGF). Similar results were reported by 
others [13]. BMP-2 has promising prospect in 
bone repair because of these effects, while 
unbeneficial applications of rhBMP-2 may 
cause catastrophic complications [22]. There- 
fore, detailed biological characteristics of the 
BMP-2 effect on VEGF induction in human cells 
need to be documented. 

It has been demonstrated that the Mitogen 
Activated Protein Kinase (MAPK) signal path-
way plays important roles in cellular responses 
to hormones, cytokines, physical stress and 
other environmental stimuli [11]. MAPK family 
includes at least three distinctly regulated 
groups: extracellular signal-related kinases 
(ERK) 1/2, Jun amino-terminal kinases 
(JNK1/2/3), and p38 mitogen-activated protein 
kinase (p38 MAPK) [11]. Recent studies dem-
onstrated that the p38MAPK pathway can be 
activated by BMP-2, which plays critical roles 
during BMP-2-induced cell migration, differen-
tiation and mineralization [7, 27]. It has been 
shown that p38 is also involved in the regula-
tion of VEGF expression. It has been demon-
strated that the p38 MAPK pathway is essen-
tial for skeletogenesis and bone homeostasis 
in mice [10]. The p38 MAPK pathway has also 
been shown to be important for shear stress-
induced angiogenesis and VEGF expression [9]. 
Based on these results, we speculate that the 
p38MAPK pathway may play a predominant 
role in rhBMP-2-induced VEGF expression and 
angiogenesis. In the present study, we studied 
the biological characteristics of BMP-2-induced 
VEGF expression inhuman adipose-derived 
stromal cells (hASCs) at both RNA and protein 
levels. In addition, the role of p38MAPK path-
way in the regulation of VEGF expression was 
investigated. 

Materials and methods

Isolation and culture of hASCs

Fresh human adipose tissues were obtained 
from three healthy patients (at an average age 
of 28 years) with informed consent, who re- 

ceived operations at the First Affiliated Hospital 
of Xinjiang Medical University. The research 
protocols were approved by the Research Eth- 
ical Committee of the Hospital. The cell isola-
tion and culture were performed as previously 
described [2, 30]. Briefly, adipose tissues were 
washed extensively with sterile phosphate-
buffered saline (PBS) for three times, and blood 
vessels and fibrous tissues were carefully 
removed. Subsequently, adipose tissues were 
digested with 0.075% collagenase type I 
(Sigma, USA) at 37°C  for 60 min. Enzymatic 
activity was neutralized with low glucose 
Dulbecco’s modified Eagle’s medium (LG-DM- 
EM, Gibco, USA) containing 10% fetal bovine 
serum (FBS, Gibco, USA), and the digested tis-
sues were centrifuged at 1200 g for 10 min to 
obtain a high-density stromal vascular fraction 
(SVF). The tissue pellet was then treated with 
red blood cell lysing buffer (0.3 g/L ammonium 
chloride in 0.01 MT rise HCl buffer, pH 7.5, 
Sigma) for 5 min, centrifuged at 600 g for 10 
min, and then filtered through a 100-mm nylon 
mesh to remove the undigested tissue. Cells 
were suspended in LG-DMEM medium contain-
ing 10% FBS, 100 mg/mL streptomycin and 
100 U/mL penicillin, and plated at 4×104 cells/
cm2 in 100 mm culture dishes. After 48 hours, 
cells were washed with PBS to remove dead 
cells, and continued to culture in the same 
medium as above, which was renewed every 
three days. When reached 70-80% confluence, 
cells were passaged and hASCs at passage 3 
were used in the current study. 

Characterization of hASCs

hASCs were characterized by Fluorescence 
Activated Cell Sorter analysis(FACS) to detect 
cell surface antigens. For FACS, cells were incu-
bated in Dulbecco’s modified eagle’s medium 
solutions containing antibodies at 4°C for 30 
min and washed with PBS containing 2% (v/v) 
serum. The labeled cells were analyzed using a 
BD FACS Calibur system. To test the multi-dif-
ferentiation capacity of hASCs, cells were got 
from patients who received liposuction and 
were cultured with either osteogenic- or adipo-
genic- inducing media for 14 days. Alkaline 
phosphatase (ALP) stains were used to visual-
ize osteogenesis according to the staining step 
on the instruction and Oil red O stains were 
used to visualize adipogenesis according to the 
staining step on the instruction [14]. 
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Treatment of hASCs

hASCs were treated with rhBMP-2 (Peprotech, 
USA) at different concentrations at passage 3 
when reached 70-80% confluence. Culture 
medium was removed and cells were washed 
twice with PBS. rhBMP-2 was added at 0 ng/ml, 
50 ng/ml, 100 ng/ml, and 200 ng/ml to the 
fresh LG-DMEM containing 10% FBS, 100 mg/
ml streptomycin and 100 U/ml penicillin. Cells 
were treated for various time points, and then 
collected for subsequent assays. 

Pretreatment with p38 inhibitor sb203580

hASCs at passage 3 with 70-80% confluence 
were washed twice with PBS, and pre-treated 
with 0, 5, 15 μM of sb203580 (Invitrogen, USA) 
in LG-DMEM containing 10% FBS, 100 mg/ml 
streptomycin and 100 U/mL penicillin for 30 
min. Cells were then treated with 100 ng/ml of 
rhBMP-2 for 24 h and harvested for subse-
quent analyses. 

Reverse transcription PCR (RT-PCR) analyses 

Total RNA was extracted from cells using a 
Trizol reagent (Invitrogen, USA) according to the 
single step acid-phenol guanidinium extraction 
method. 1 g of RNA was reversely transcribed 
for first strand cDNA synthesis using PrimeScript 
1st Strand cDNA synthesis kit (Fermentas, 
Canada). The PCR amplification was performed 
in a Thermal Cyclerat 94°C for 5 min, 94°C for 
30 s, 55oC for 30 s, 72°C  for 30 s for 35 cycles, 
and then extended at 72°C for 7 min. The am- 
plified products were subjected to electropho-
resis and the results were analyzed by gel imag-
ing and analysis system (Bio-Rad, USA). The 
GAPDH housekeeping gene was served as a 
control. The primers used are listed below. 

VEGF-forward 5’-TTGACTGCTGTGGACTTG-3’; VE- 
GF-reverse 5’-GCTGGGTTTGTCGGTGTT-3’; GAP- 
DH-forward 5’-CAAGGTCATCCTGACAAC-3’; GAP- 
DH-reverse 5’-GTCCACCACCCTGTTGCTGTAG-3’.

Quantification of VEGF expression by ELISA 
analyses 

The human VEGF ELISA Kit (R&D, USA) was 
used to quantify the secreted VEGF in the cell 
supernatant, following the manufacturer’s in- 
structions.

Western blot analysis 

Cells were washed three times with cold PBS 
and then lysed in RIPA buffer containing 50 mM 
Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium 
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 
mM PMSF supplemented with 10% protease 
inhibitor cocktail (Sigma, USA), 1 mM sodium 
orthovanadate, and 1 mM sodium fluoride on 
ice for 30 min. Protein extracts were centri-
fuged at 12,000 g at 4°C for 10 min, and pro-
tein concentration was determined by micro 
bicinchonic acid assay (Thermo, USA) as direct-
ed by the manufacturer. Protein samples were 
subjected to 10% SDS-PAGE (50 g/lane) and 
then transferred onto PVDF membranes in Tris-
glycine buffer containing 20% methanol. After 
blocking with PBS containing 5% bovine serum 
albumin for 2 h at room temperature, the mem-
branes were incubated with anti-phospho-p38 
antibody (1:1,000 dilution, Cell Signaling Te- 
chnology, USA), anti-p38 antibody (1:1,000 
dilution, Abgent, USA) or anti--Actin antibody 
(Sigma, USA) at 4°C overnight. After washes, 
membranes were then incubated with rabbit 
IgG HRP-linked secondary antibody (CST, USA) 
at 1:10,000 dilution for 1 h at room tempera-
ture, followed by a chemiluminescent reaction 
(Millipore, USA) and exposure to films. The 
intensity of the bands was quantified by densi-
tometry (Wealtec, USA). 

Statistical analysis 

All experiments were repeated 3 times, and 
data were expressed as mean values plus or 
minus the standard error of the mean. An 
unpaired Student’s t test was used for single 
comparisons. Statistical significance between 
experimental groups was determined using 
one-way ANOVA. P-value less than 0.05 was 
considered statistically significant. Data analy-
sis was performed using SPSS 18.0 software. 

Results 

Characteristic of hASCs

hASCs were isolated from adipose tissue by 
collagenase digestion. The isolated cells exhib-
ited a fibroblast-like morphology in primary cul-
ture. After a few days, hASCs expanded and the 
cells showed an elongated or oval/round shape 
with smooth borders (Figure 1A). To directly 
validate the multi-potency of the isolated cells, 
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Figure 1. A. hASCs expanded and the cells showed an elongated or oval/round shape with smooth borders. B. 
Osteogenic differentiation by ALP staining. C. Adipogenic differentiation by Oil red O staining. D. Flow cytometry 
histograms of hASCs at passage 3 show the expression (shaded) of selected surface markers. CD29, 85.5%; CD45, 
99.0%; CD105, 99.9%; CD31, 0.0%; CD45, 0.0%; CD34, 17.5%. 

hASCs were cultured in osteogenic or adipogen-
ic media for two weeks, and the differentiation 
into these lineages was confirmed by ALP stain-
ing and Oil red O, respectively (Figure 1B and 
1C), indicating that the isolated hASCs retain 
the multi-potency. More than 85% of the cells 
expressed CD29, and more than 99% 
expressed CD44 and CD105. In contrast, cells 

were negative for CD31 and CD45, and only 
17.5% expressed CD34 (Figure 1D). This is con-
sistent with the previous reports that human 
mesenchymal stem cells express CD29, CD44 
and CD105 surface markers, while lack CD31, 
CD45 and CD34 expression, suggesting that 
the isolated hASCs possess the properties of 
mesenchymal stem cells.

Figure 2. RT-PCR analysis of VEGF expression with different concentrations of rhBMP-2 treatments for 24 h. Total 
RNA was prepared and subjected to RT-PCR. GAPDH was used as a control. The intensities of the bands were ana-
lyzed by gel imaging and analysis system. P values were determined by unpaired Student’s t test.
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rhBMP-2 induced VEGF expression inhASCs in 
a dose-dependent manner 

To further characterize rhBMP-2-induced VEGF 
expression, hASCs were cultured in different 
concentrations of rhBMP-2for 24 h. The expres-
sion of VEGF was significantly elevated by 
RT-PCR analyses, with the highest induction 
observed at 100 ng/ml of rhBMP-2 (Figure 2). 
Consistently, the secreted VEGF protein in 
response to 100 ng/ml of rhBMP-2 treatment 
was significantly higher than the control group 
by ELISA analysis (Table 1). Interestingly, VEGF 
induction in response to 200 ng/ml of rhBMP-2 
was lower than that of the 100 ng/ml dose, 
suggesting that 100 ng/ml of rhBMP-2 might 
be the most effective concentration to induce 
angiogenesis of hASCs.

rhBMP-2 stimulated VEGF expression inhASCs 
in a time-dependent manner 

To further analyze the biological characteristics 
of rhBMP-2 effect on VEGF induction inhASCs, 
we studied the kinetics of VEGF expression in 
response to rhBMP-2. Since the 100 ng/ml of 
rhBMP-2 was shown to be most effective in 
inducing VEGF in these cells, the following 
experiments were fixed with this concentration. 
Interestingly, initial rhBMP-2 treatment between 
3 h and 6 h resulted in a decrease in VEGF 
expression by RT-PCR (Figure 3). At 12 h, the 
expression of VEGF returned to the untreated 
level. The induction of VEGF was observed at 
18 h and 24 h of treatments, while it returned 
to the basal levels at 36 h post rhBMP-2 chal-
lenge (Figure 3). A similar profile of secreted 
VEGF protein in response to rhBMP-2 was 

obtained with ELISA assays (Table 2). These 
results suggest that rhBMP-2 may have bipha-
sic effect on VEGF expression, and it may sup-
press the initial VEGF levels, resulting in oppo-
site biological functions. 

The role of p38MAPK pathway in rhBMP-2  
induced VEGF expression 

To explore the regulatory mechanisms of 
rhBMP-2 induced VEGF expression, we investi-
gated the phosphorylation of p38 (p-p38) at 
different concentrations and time points follow-
ing rhBMP-2induction by Western blot analysis. 
The phosphorylation of p38 was observed with 
50 ng/ml and 100 ng/ml of rhBMP-2 treatment 
(Figure 4). Further quantification revealed that 
the phosphorylated p38 in response to 50 ng/
ml and 100 ng/ml of rhBMP-2 were 1.43× and 
1.57× fold of that in the control group, respec-
tively. Interestingly, 200 ng/ml of rhBMP-2 did 
not effectively induced p38 phosphorylation, 
consistent with the previous data that rhBMP-2 
did not induce significant VEGF expression 
under this condition (Figure 2 and Table 1). 

To further analyze the role of p38MAPK path-
way in rhBMP-2 induced VEGF expression, we 
studied the phosphorylation of p38 at various 
time points. The highest level of p38 phosphor-
ylation was observed at 24 h post rhBMP-2 
treatment (Figure 5), which correlated with the 
peak of VEGF expression (Figure 3). Inter- 
estingly, the level of p38 protein was also 
increased at 24 h time point with or without 
rhBMP-2 treatment (Figure 5). In contrast, p38 
phosphorylation was decreased at 6 h post 
rhBMP-2 stimulation, consistent with the 
reduced VEGF expression at this time point 
(Figure 3). These results suggest a close corre-
lation between p38 activation and VEGF 
induction.

Pretreatment with p38 inhibitor sb203580 

To address whether the activation of p38 MAPK 
pathway is required for the stimulation of VEGF 
expression in hASCs, we blocked the p38 MAPK 
pathway using a specific inhibitor sb2035- 
80[26]. Pretreatment of hASCs with various 
doses of sb203580 significantly inhibited 
rhBMP-2 induced VEGF expression (Figure 6). 
VEGF levels were suppressed by 22.0% and 
100% with sb203580 at concentrations of 5 M 
and 15 M, respectively. Consistently, ELISA 

Table 1. ELISA analysis of VEGF expression 
at different concentrations of rhBMP-2. F 
value is ratio of mean square (effect term/
error term). F value is associated with differ-
ence between interventions. P value is the 
result of comparison between groups
rhBMP-2 VEGF (ng/L)
0 ng/ml 1325.87±81.25
50 ng/ml 1384.70±199.01
100 ng/ml 1739.88±130.44
200 ng/ml 1541.85±143.13
F value 4.92
p value 0.03
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2 induces VEGF expression in a dose- and time-
dependent manner. The optimal VEGF induc-
tion was observed at 24 h with 100 ng/ml of 
rhBMP-2 treatment, while a reduced VEGF 
induction was observed with a higher level of 
rhBMP-2 at 200 ng/ml (Figure 2 and Table 1). It 
has been suggested that high doses of BMP-2 
correlated with increased postoperative edema 
and swallowing complications after cervical 
fusion [6]. Our results support this notion, sug-
gesting that high concentrations of rhBMP-2 
may have adverse effect on the angiogenesis. 
In addition, rhBMP-2-induced VEGF expression 
appears to be biphasic. During 3-6 h, VEGF 
expression was reduced by BMP-2, while the 
induction of VEGF was observed at 18-24 h 
post BMP-2 stimulation. This observation may 
indicate that early application of rhBMP-2 to 
promote the angiogenesis of tissue engineered 
bone may not be beneficial, and 18-24 h might 
be the optimal time of utilizing rhBMP-2 to 
induce angiogenesis. 

The p38 signaling pathway can profoundly 
modulate cell proliferation, differentiation, and 

showed that the secreted VEGF levels were 
also suppressed by 15.0% and 100%, respec-
tively, under these conditions (Table 3). These 
results suggest that the p38MAPK pathway is 
required for BMP-2-induced VEGF expression 
and angiogenesis. 

Discussion 

Recently, various methods have been explored 
to promote the angiogenesis of engineered 
bone tissue. One of these methods is to utilize 
growth factors. Among these growth factors, 
BMP-2 seems to hold the most promising pros-
pect. BMP-2 has been widely utilized as a 
strong osteo-inducing factor for bone tissue 
repair and regeneration in both experimental 
studies and clinical applications. It has been 
shown that local BMP-2 application can rescue 
the delayed osteotomy healing in a rat model, 
and the mechanical stability of BMP-treated 
tibiae showed a significant increase as com-
pared to that of the control group [28]. In clinic, 
BMP has been used in adult and pediatric spine 
surgeries with promising results [1, 16]. Our 
previous studies documented that rhBMP-2 

Figure 3. RT-PCR analyses of VEGF expression at different time points. hASCs 
were either left untreated or treated with 100 ng/ml of rhBMP-2 for indicated 
time points. Total RNA was prepared and subjected to RT-PCR. GAPDH was 
used as a control. The intensities of the bands were analyzed by gel imaging 
and analysis system. P values were determined by unpaired Student’s t test 
(Treatment group vs Control group, *p < 0.05, **p < 0.01).

could stimulate the expres-
sion of VEGF to enhance 
the angiogenesis of tissue 
engineered bone. It was 
also shown that the angio-
genesis of human adipose-
derived stromal cells (hA- 
SCs) was enhanced through 
knockdown of a BMP-2 
Inhibitor [13]. Despite the 
positive effect of rhBMP-2 
on vascularization, the 
detailed characteristics 
and the underlying mecha-
nisms of BMP-2 mediated 
effect are not clear. A bet-
ter understanding of BMP-2 
effect can facilitate the 
development of effective 
strategies to promote the 
angiogenesis of engineered 
bone tissues utilizing rh- 
BMP-2.

Our studies provided fur-
ther characterization of 
rhBMP-2-stimulated VEGF 
expression in hASCs, and 
demonstrated that rhBMP-
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survival by influencing gene transcription in the 
nucleus in response to changes in the extracel-
lular environment [12, 18]. Our results revealed 
that p38 is activated in response to BMP-2 in 
hASCs, and that there is a close correlation 

Table 2. ELISA analysis of VEGF expression at different time points of rhBMP-2 treatments. T value is 
the result of significant test to the mean of samples
Group 3 h 6 h 12 h 18 h 24 h 36 h 48 h
Treatment 1352.77±73.16 1384.70±99.01 1099.25±176.63 1735.69±105.00 1739.88±130.42 566.46±154.38 581.94±177.89

Control 1676.69±169.45 1606.55±140.67 1099.25±247.43 1484.70±66.86 1325.87±81.25 516.70±129.84 505.33±149.95

T value -3.04 -1.58 0.00 3.49 4.67 0.43 0.57

p value 0.04 0.19 1.00 0.03 0.01 0.69 0.60

Figure 4. Western blot analysis of p38 activation in response to different concentrations 
of rhBMP-2 at 24 h post treatment. Whole protein extracts (50 μg/lane) were subjected 
to SDS-PAGE, followed by Western blot with an antibody specific for phosphorylated p38 
(P-P38; top panel), an antibody recognizing total p38 (middle panel), or β-actin (bottom 
panel) as loading controls. The intensities of the bands were quantified by densitometry. 
P values were determined by unpaired Student’s t test.

Figure 5. Western blot analysis of p38 activation at various time points in response to 
rhBMP-2 treatment at 100 ng/ml. Whole protein extracts (50 μg/lane) were subjected 
to SDS-PAGE, followed by Western blot with an antibody specific for phosphorylated p38 
(P-P38; top panel), an antibody recognizing total p38 (middle panel), or β-actin (bottom 
panel) as loading controls. The intensities of the bands were quantified by densitometry. 
P values were determined by unpaired Student’s t test.

between p38 pho- 
sphorylation and 
VEGF induction. 
Our data support 
the hypothesis th- 
at p38 MAPK path-
way is involved in 
rhBMP-2 induced 
angiogenesis. Pre- 
treatment of hA- 
SCs with the p38 
inhibitor sb2035- 
80 abolished rh- 
BMP-2 induced VE- 
GF expression, fur-
ther supports this 
hypothesis.

Conclusion

Our results indi-
cate that rhBMP-2 
stimulated VEGF 
expression of hA- 
SCs in a dose- and 
t ime - dependent 
manner. 100 ng/
ml of rhBMP-2 
might be the opti-
mal dose of induc-
ing angiogenesis, 
and 3-6 h and 
18-24 h are two 
important time po- 
ints. In addition, 
we revealed that 
rhBMP-2 could en- 
hance the phos-
phorylation of p38 
to promote VEGF 
expression. Infor- 

mation derived from this study may shed light 
on understanding the effect of rhBMP-2 in the 
angiogenesis of hASCs, which is important for 
designing new strategies to increase the angio-
genesis of tissue engineering bone. The mech-
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anism of rhBMP-2-mediated inhibition of VEGF 
expression at early time points (3-6 h) needs to 
be further explored.
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