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Abstract Mesenchymal stem cells (MSCs) were

treated with bone morphogenetic protein-2 (BMP-2),

vascular endothelial growth factor (VEGF) and basic

fibroblast growth factor (bFGF) dose-dependently and

time-dependently. Together they caused a strong syner-

gistic effect on the osteogenic differentiation of MSCs,

with lower concentrations of each factor being enough to

show the synergistic promotion (50 ng BMP-2/ml, 1 ng

VEGF/ml and 10 ng bFGF/ml). When both VEGF and

bFGF were added in the early proliferating stage (the

first 7 days) and BMP-2 was added in the late differen-

tiation stage (the last 7 days), osteogenic differentiation

of MSCs could be enhanced more effectively.
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Introduction

Mesenchymal stem cells (MSCs) differentiate into a

variety of cell types, such as osteoblasts, chondrocytes

and adipocytes (Pittenger et al. 1999). Because of their

good osteogenic differentiation capability and easy

isolation, one of the best candidates for bone tissue

engineering (Petite et al. 2000).

Differentiation of MSCs depends on culture condi-

tions including supplementation of agents, hormones

and growth factors (Bianco and Robey 2001). Bone

morphogenetic proteins (BMPs) are the most potent

inducers of osteoblastic differentiation (Chen et al.

2004). Although there are a large number of distinct

forms of BMPs, BMP-2 is the most widely studied.

BMP-2 induces osteogenic differentiation of multi-

potential mesenchymal cells and osteoblasts. (Kim

et al. 2012; Song et al. 2011). VEGF, an angiogenic

factor, is also involved in osteogenesis and bone repair

by stimulating survival, recruitment and migration of

major bone forming cells (Orlandini et al. 2006;

Kempen et al. 2009). bFGF, a mitogen for various

cells, regulates proliferation, differentiation and min-

eralization of bone cells (Huang et al. 2010; Fei et al.

2011).

Although many studies have used BMP-2, VEGF

and bFGF to enhance the osteogenic differentiation of

MSCs, the dose-dependent and time-dependent effects

of these factors on osteogenic differentiation of MSCs

have been little investigated. The differentiation of

MSCs requires the synergistic action of several growth

factors at distinct stages. Therefore, temporal rela-

tionships of growth factors supplied are very impor-

tant, which could potentially hasten bone formation. In

this study, we investigated the optimal dose and timing
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for ternary combination of BMP-2, VEGF and bFGF

for the osteogenic differentiation of rat MSCs.

Materials and methods

Reagents

BMP-2, VEGF and bFGF were purchased from Pepro-

Tech Inc. Fetal bovine serum (FBS) and Dulbecco’s

modified Eagle’s medium containing low glucose

(DMEM-LG) were purchased from Gibco BRL. Fisher

344 rats were purchased from Experimental Animal

Center of Sichuan University. All other chemicals and

reagents were supplied by Sigma-Aldrich.

MSCs isolation and culture

MSCs were obtained from the bone marrow of femurs

and tibias of 6 week-old rats. Briefly, adherent soft

tissues and epiphyses were removed. The marrow

were harvested by inserting a syringe needle into one

end of the bone and flushing with complete medium

(DMEM-LG supplemented with 1 % w/v antibiotics

and 10 % v/v FBS) into a 60 mm culture dish. The

cells were then centrifuged, counted, seeded at

5 9 107 per 100 mm culture dish and cultured at

37 �C in 95 % humidified air and 5 % CO2. The third

passage cells were used in all the experiments.

Induction of osteogenesis

For osteogenic induction, cells were plated and

cultured in the osteogenic media (OM: DMEM media

containing 1 % antibiotics, 10 % FBS, 0.28 mM

ascorbic acid 2-phosphate, 100 nM dexamethasone

and 10 mM b-glycerophosphate). To examine the

dose-dependent effects of combined treatments,

MSCs were treated with three conditions: (1) a fixed

dose of VEGF/bFGF (10/10 ng/ml) and three doses of

BMP-2 (10, 50 and 100 ng/ml); (2) a fixed dose of

BMP-2/bFGF (50/10 ng/ml) and three doses of VEGF

(1, 10 and 25 ng/ml); (3) a fixed dose of BMP-2/VEGF

(50/25 ng/ml) and three doses of bFGF (1, 10 and

20 ng/ml). In addition, to assess the time-dependent

effects of combined treatments, MSCs were treated

continuously with any two factors of BMP-2, VEGF

and bFGF (50 ng BMP-2/ml, 10 ng VEGF/ml and

10 ng bFGF/ml) for 14 days and the former factor was

added under three conditions: (1) treated from days 1

to 7; (2) treated from days 8 to 14; and (3) treated from

days 1 to 14.

ALP activity and Alizarin red S staining

To quantify alkaline phosphatase (ALP) enzymatic

activity, MSCs were cultured for 7 days, washed twice

with PBS and lysed with a lysis buffer. Their enzymatic

activities were evaluated at 520 nm using ALP activity

kits. For ALP activity staining, MSCs layers were

washed twice and fixed with 4 % paraformaldehyde,

then rinsed and stained with nitro blue tetrazolium and

5-bromo-4-chloro-3-indolyl phosphate. For Alizarin

red S staining, MSCs were washed twice with PBS and

fixed with 4 % paraformaldehyde, then rinsed and

stained with Alizarin red S for 10 min. They were

extracted using 10 % (w/v) cetylpyridinium chloride in

10 mM sodium phosphate (pH 7.0) for quantification.

The concentration was evaluated at 450 nm. All values

are expressed as the-fold changes over the control.

RNA extraction and real-time PCR

Type-1 collagen and osteocalcin gene expression were

examined by real-time quantitative PCR. Total RNA

was extracted from MSCs with Trizol. Then, total

RNA was reverse transcribed into cDNA and used for

the PCR template. The special primer sequences and

product sizes were listed in Supplementary Table 1.

To account for differences in the efficiency of reverse

transcription between samples, GAPDH was used as

an internal control.

Statistical analysis

All results were expressed as mean values ± standard

deviation. Statistical differences were analyzed by

two-way ANOVA. A value of P \ 0.05 was consid-

ered statistically significant.

Results

Dose-dependent effects of BMP-2, VEGF

and bFGF combination on the osteogenic

differentiation of MSCs

When different doses of BMP-2 (10, 50 and 100 ng/ml)

were used along with a fixed dose of VEGF/bFGF
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(10/10 ng/ml), 100 ng BMP-2/ml significantly enh-

anced ALP activity compared with the control (treat-

ment with VEGF/bFGF only, Fig. 1a, c). BMP-2/ml at

50 ng significantly enhanced mineralization (Fig. 1a,

d) and expression of type-1 collagen and osteocalcin

(Fig. 1e, f). Although BMP-2 had no significant

effect on MSCs proliferation (Supplementary Fig. 1a),

synergistic effects of BMP-2 and VEGF/bFGF on

the osteogenic differentiation of MSCs were clearly

demonstrated.

When different doses of VEGF (1, 10 and 25 ng/ml)

were treated along with a fixed dose of BMP-2/bFGF

(50/10 ng/ml), 25 ng VEGF/ml significantly increased

ALP activity compared with the control (treatment

with BMP-2/bFGF only, Fig. 2a, c). VEGF at 1 ng/ml

significantly improved mineralization, type-1 collagen

and osteocalcin expression (Fig. 2a–f). All three doses

of VEGF significantly enhanced MSCs proliferation

(Supplementary Fig. 1b).

When different doses of bFGF (1, 10 and 20 ng/ml)

were treated along with a fixed dose of BMP-2/VEGF

(50/10 ng/ml), 10 ng bFGF/ml significantly increased

ALP activity and osteocalcin expression compared

with the control (treatment with BMP-2/VEGF only,

Fig. 3a, c, f). bFGF significantly enhanced minerali-

zation (Fig. 3a, d) and proliferation (Supplementary

Fig. 2c) of MSCs.

Time-dependent effects of BMP-2, VEGF

and bFGF combination on the osteogenic

differentiation of MSCs

When VEGF and bFGF were constantly added, BMP-

2 added for the last 7 days was more effective than

added for the first 7 days and whole 14 days, showing

a strong synergistic effect (Fig. 1b, g–j). Conversely,

when BMP-2 and bFGF were constantly added,

application of VEGF in the first 7 days had a

significant effect on MSCs osteogenic differentiation

(Fig. 2b, g–j). When BMP-2 and VEGF were con-

stantly treated, bFGF supplied in the first 7 days

significantly enhanced the osteogenic differentiation

of MSCs (Fig. 3b, g–j).

Discussion

The results of single application of BMP-2, VEGF or

bFGF suggested that the osteogenic differentiation of

MSCs could be promoted by BMP-2, VEGF or bFGF,

respectively (Supplementary Fig. 2). The ternary

combination of BMP-2, VEGF and bFGF exhibited a

strong synergistic effect on the osteogenic differenti-

ation of MSCs, with the low concentration of each

factor (50 ng BMP-2/ml, 1 ng VEGF/ml and 10 ng

bFGF/ml) being enough to show the synergistic

promotion. These results indicated that the osteogenic

differentiation of MSCs may be stimulated by the

concerted actions of these growth factors and the

positive interactions between these factors. Biological

effects of VEGF, bFGF and BMP-2 were modulated

by each other and the complex inter-relationships

among these growth factors undoubtedly altered cell

gene expression and cell function.

As shown in Fig. 4, the VEGF–VEGFRs interac-

tion activated the MAPK/ERK pathway, which ulti-

mately affected cells proliferation and gene expression

of bFGF and BMP-2 in nucleus (Ball et al. 2007; Peng

et al. 2005). bFGF–FGFRs interaction also activated

the MAPK/ERK pathway and finally promoted cells

proliferation and gene expression of VEGF, BMP/R

and the bone-related transcription factor Runx2

(Deschaseaux et al. 2009; Dudley et al. 1999).

BMP–BMPRs interaction activated and phosphory-

lated Smad 1, 5 and 8. The activated R-Smads could be

assembled into a heteromeric complex with Smad4 in

the cytoplasm. The heteromeric complex was translo-

cated into nucleus and participated in the modulation

of target gene expression, including bFGF, VEGF,

Runx2/Cbfa 1 (Miyazono et al. 2005; Ryoo et al.

2006). Therefore, the coordination of BMP, VEGF

and FGF might be accomplished by the regulation of

each other’s signaling pathways. All these complex

interactions of different factors ultimately resulted in

the synergistic promotion of MSCs differentiation.

When both VEGF and bFGF were added in the

early proliferating stage and BMP-2 was added in the

late differentiation stage, osteogenic differentiation of

MSCs could be enhanced effectively. Interestingly,

continuous supplementation of BMP-2, which is

known as the most potent osteoblastic inducer during

the entire culture period, did not show significant

stimulating effects on the osteogenic differentiation of

the MSCs. These results demonstrated the importance

of VEGF and bFGF addition in the proliferating phase

of MSCs culture, which might result from the positive

effects of VEGF and bFGF on MSCs proliferation and

some osteogenic genes expression. On one hand,
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effects of VEGF and bFGF on proliferation in the early

stage increased the total number of cells, which were

competent for osteogenic differentiation and matura-

tion. On the other hand, VEGF and bFGF may also

increase the expression of BMP-2 receptors on cell

surfaces, which have higher binding capacity to

subsequent addition of BMP-2 (Maegawa et al.

2007; Fakhry et al. 2005). Therefore, VEGF and

bFGF had dual functions in early osteogenic differen-

tiation of MSCs and they were augmented by BMP-2

in the late phase of MSCs culture.

Based on these results, the possible process of

MSCs mineralization could be divided into four stages

(seen in Fig. 5): (A) proliferation stage: VEGF and

bFGF enhanced proliferation, recruitment and migra-

tion of MSCs. (B) Early differentiation stage: the stage

Fig. 1 Dose-dependent and time-dependent effects of BMP-2

combination on VEGF/bFGF. a Dose-dependent effects of

BMP-2 on ALP staining on the 7th day and Alizarin red S

staining on the 21st day. b Time-dependent effects of BMP-2 on

ALP staining and Alizarin red S staining on the 14th day.

c–f Dose-dependent effects of BMP-2 on ALP activity,

mineralization, gene expression of type-1 collagen and osteo-

calcin. g–j Time-dependent effects of BMP-2 on ALP activity,

mineralization, gene expression of type-1 collagen and osteo-

calcin (N = 6; **P \ 0.01; *P \ 0.05)
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was regulated by VEGF, bFGF and BMP-2. VEGF

and bFGF consistently promoted MSCs proliferation

and recruitment. BMP-2 induced Runx2 expression,

which was the switch of MSCs differentiation. In

this stage, ALP was the first expression gene and

followed by collagen expression (Hulliger 2003).

(C) Late differentiation stage: BMP-2 played the most

important role in the stage. It not only promoted

osteocalcin, osteopontin and collagen expression, but

also stimulated growth factors synthesis, including

IGF and VEGF. Calcium was delivered from the

mitochondria into the extracellular matrix (ECM) to

prepare the matrix for calcification and ECM became

mature in the stage. (D) Calcium nodules formation:

Fig. 2 Dose-dependent and time-dependent effects of VEGF

combination on BMP-2/bFGF. a Dose-dependent effects of

VEGF on ALP staining on the 7th day and Alizarin red S

staining on the 21st day. b Time-dependent effects of VEGF on

ALP staining and Alizarin red S staining on the 14th day.

c–f Dose-dependent effects of VEGF on ALP activity,

mineralization, gene expression of type-1 collagen and osteo-

calcin. g–j Time-dependent effects of VEGF on ALP activity,

mineralization, gene expression of type-1 collagen and osteo-

calcin (N = 6; **P \ 0.01; *P \ 0.05)
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the process included deposition of collagen and

mineralization of ECM. The phosphatases provided

phosphate ions to precipitate with the calcium deliv-

ered from the mitochondria and finally formed

calcium nodules (Einhorn 2005). The calcium nodules

consisted of low crystallized carbonate apatite, which

actually existed in natural bone matrix. Thus, the

mineralization process was not only a simple calcifi-

cation process but also an in vitro bone formation

process. Based on these results, the culture of rat

MSCs with the three growth factors in a dose and time

restricted manner could increase the areas or volume

Fig. 3 Dose-dependent and time-dependent effects of bFGF

combination on BMP-2/VEGF. a Dose-dependent effects of

bFGF on ALP staining on the 7th day and Alizarin red S staining

on the 21st day. b Time-dependent effects of bFGF on ALP

staining and Alizarin red S staining on the 14th day. c–f Dose-

dependent effects of bFGF on ALP activity, mineralization,

gene expression of type-1 collagen and osteocalcin. g–j Time-

dependent effects of bFGF on ALP activity, mineralization,

gene expression of type-1 collagen and osteocalcin (N = 6;

**P \ 0.01; *P \ 0.05)
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of the cultured bone on the biomaterials and have great

therapeutic effects in bone tissue engineering.

Besides, our results had an important significance for

the design of sequential delivery devices which release

the best combinations of multiple growth factors at the

right dose and kinetics.

In conclusion, the ternary combination of BMP-2,

VEGF and bFGF could synergistically promote the

osteogenic differentiation of MSCs, with low concen-

trations (50 ng BMP-2/ml, 1 ng VEGF/ml and 10 ng

bFGF/ml) being enough to show the synergistic

promotion. When both VEGF and bFGF were added

Fig. 4 Signaling pathways

of VEGF, bFGF, BMP-2 and

interactions between all

three factors on osteogenic

differentiation. VEGF,

bFGF and BMP-2 regulate

transcription of target gene

via their respective signaling

pathways and the complex

interactions between these

factors

Fig. 5 Process of MSCs

mineralization includes four

stages. a Proliferation stage

of MSCs. b Early stage of

MSCs differentiation.

c Late stage of MSCs

differentiation. d Calcium

nodules formation
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in the early proliferating stage (the first 7 days) and

BMP-2 was added in the late differentiation stage (the

last 7 days), the osteoblastic differentiation of MSCs

could be enhanced significantly. These results might

provide a basis to the development of sequential

delivery systems of multiple growth factors in bone

tissue engineering.
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