
ORIGINAL ARTICLE

Tanshinone IIA enhances BMP-2-stimulated commitment
of C2C12 cells into osteoblasts via p38 activation

Hye Joo Kim • Seong Hwan Kim

Received: 1 February 2010 / Accepted: 4 March 2010 / Published online: 19 March 2010

� Springer-Verlag 2010

Abstract In this study, we demonstrate a stimulatory

effect of tanshinone IIA isolated from the root of Salvia

miltiorrhiza on the commitment of bi-potential mesen-

chymal precursor C2C12 cells into osteoblasts in the

presence of bone morphogenetic protein (BMP)-2. At low

concentrations, tanshinone IIA enhanced BMP-2-stimu-

lated induction of alkaline phosphatase (ALP), an early

phase biomarker of osteoblast differentiation, and mRNA

expression of BMPs. ALP induction was inhibited by

the BMP antagonist noggin, suggesting that tanshinone

IIA enhances the osteogenic activity of BMP signaling.

Furthermore, considering the tanshinone IIA-mediated

enhancement of BMP-2-stimulated Smad-Runx2 activities,

tanshinone IIA could enhance the osteogenic activity of

BMP-2 via acceleration of Smad-Runx2 activation. Addi-

tionally, pharmacologic inhibition studies suggest the

possible involvement of p38 in the action of tanshinone

IIA. The p38 inhibitor SB202190 strongly and dose-

dependently inhibited tanshinone IIA-enhanced ALP

induction. SB202190 also dose-dependently inhibited the

tanshinone IIA-induced p38 activation and combined tan-

shinone IIA-BMP-2-induced Smad activation. In conclu-

sion, tanshinone IIA enhances the commitment of C2C12

cells into osteoblasts and their differentiation through

synergistic cross talk between tanshinone IIA-induced p38

activation and BMP-2-induced Smad activation. These

activations could subsequently induce the activation of

Runx2, which induces osteogenesis via regulation of the

osteogenic factors BMP and ALP expression.

Keywords Tanshinone IIA � Osteoblast differentiation �
BMP � p38 � Smad � Runx2

Introduction

Bone homeostasis is maintained by the ongoing dynamic

process of bone remodeling, a coordinated balance between

osteoblast-mediated bone formation (or deposition) and

osteoclast-mediated bone resorption (Harada and Rodan

2003). An imbalance in bone remodeling due to increased

bone resorption over bone formation leads to reduced bone

mass and consequent skeletal diseases such as osteoporo-

sis. Reduced bone mass increases the risk of fractures and

resultant skeletal deformity, pain, functional limitations,

increased mortality, and severe economic burden (van der

Klift et al. 2005); the prevention and treatment of reduced

bone mass is an important means of improving quality of

life.

Most agents used to treat osteoporosis are anti-resorptive

agents that inhibit the activity of osteoclasts (Rodan and

Martin 2000); however, these agents have only modest

effects on increasing bone mass (Christiansen and Lindsay

1990; Riggs and Hartmann 2003). Thus, the development of

anabolic agents that stimulate or accelerate bone formation

and improve bone architecture is an area of interest. How-

ever, the FDA-approved anabolic agent parathyroid hor-

mone has limited use because it is comparatively expensive

and difficult to administer. Identification of new, effective

anabolic agents that are less expensive and simple to use is

greatly needed (Garrett 2007).
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Osteoblast-mediated bone formation is a highly

regulated, sequential process. Mesenchymal stem cells

(MSCs) initially commit to preosteoblasts, which mature

into osteoblasts, the essential for bone mineralization

(Katagiri et al. 1994). Interestingly, bone morphogenetic

proteins (BMPs), members of the transforming growth

factor (TGF)-b superfamily, strongly induce osteogenesis

(Phimphilai et al. 2006). Since natural compounds have

historically yielded a variety of therapeutic agents, there

have been recent efforts to identify bioactive small mole-

cules from natural sources that could prevent and treat

bone-related diseases while minimizing adverse side

effects. Using the BMP-2 reporter assay, lovastatin has

been identified as a natural product that stimulates osteo-

blast differentiation. This discovery suggests the possibility

of other natural products functioning as anabolic agents

(Mundy et al. 1999).

Tanshinone IIA (Fig. 1a) is one of the major active

phytochemicals isolated from the root of Salvia miltiorrh-

iza (or ‘Danshen’), a well-known traditional Oriental

medicine used in the treatment of diseases including

postmenopausal syndrome. Tanshinone IIA reportedly has

a broad range of biological activity, including anti-cancer

and anti-inflammatory effects (Wang et al. 2005; Jang et al.

2003). Interestingly, the effect of tanshinone IIA on bone

metabolism has been reported in several studies; tanshinone

IIA inhibited the formation of multinucleated osteoclasts

(Lee et al. 2005) and total tanshinone containing 17% tan-

shinone IIA and 8% cryptotanshinone prevented ovariec-

tomy-induced cancellous bone loss in rats through

inhibition of bone resorption (Cui et al. 2004). The inhibi-

tory effect of tanshinone IIA on osteoclast differentiation

has been explained by its potential to suppress the expres-

sion levels of c-Fos and NFATc1, transcription factors

required for osteoclast differentiation (Kwak et al. 2008). In

a study evaluating the effect of Salvia miltiorrhiza extracts

and its components on osteoporosis, the methanol and

ethanol-isolated fractions had a low concentration of tan-

shinone IIA and completely inhibited osteoclastogenesis,

but failed to effect osteoblast differentiation (Kim et al.

2008). Furthermore, tanshinone IIA suppresses inflamma-

tory bone loss by inhibiting the synthesis of prostaglandin

E2 in osteoblasts. The effects of tanshinone IIA on osteo-

blastogenesis have not been studied. We evaluated the

effect of tanshinone IIA on the commitment of bi-potential

mesenchymal precursor C2C12 cells into osteoblasts and

investigated potential mechanisms explaining its osteogenic

activity.

Materials and methods

Materials

Tanshinone IIA was purchased from Sigma (MO, USA). In

this study, 10 mM of tanshinone IIA in DMSO was used as

a stock solution and diluted with culture medium. There-

fore, 0.2% DMSO was used as a vehicle control in all

experiments. Recombinant human BMP-2 (rhBMP-2) and

noggin were purchased from PeproTech (Seoul, Korea).

PI3K inhibitor (LY294002; Cat. No. 440202), Akt inhibitor

(Cat. No. 124005), MEK inhibitor (PD98059; Cat. No.

513000) and p38 inhibitor (SB202190; Cat. No. 559389)

were purchased from Calbiochem (EMD Biosciences, Inc.,

La Jolla, CA, USA).

Cell culture

C2C12 cells were maintained in Dulbecco’s Modified

Eagle’s Medium (DMEM, Hyclone) containing 10% FBS,

100 U/ml of penicillin, and 100 lg/ml streptomycin. Cells

were seeded and after 1 day, cells were differentiated by
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Fig. 1 Tanshinone IIA enhanced BMP-2-induced osteoblast differ-

entiation in C2C12 cells. a Structure of tanshinone IIA. b Effect of

tanshinone IIA on the cell viability. Cells (4 9 103 cells/well) were

cultured in a 96-well plate for 1 day and then the medium was

replaced with DMEM containing 5% FBS and rhBMP-2 (100 ng/ml)

in the presence or absence of tanshinone IIA (differentiation day 0).

Medium was changed every 3 days. Cell viability assay was then

performed on the differentiation day 6. c Effect of tanshinone IIA on

BMP-2-stimulated ALP induction. On the differentiation day 6, ALP

staining and its activity assay were performed as described in

‘‘Materials and methods’’
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replacing the differentiation medium (DM; DMEM

containing 5% FBS and rhBMP-2 50-100 ng/ml). The

medium was changed every 3 days.

Cell viability assay

Cells were seeded in a 96-well plate at 4 9 103 cells/well.

After 24 h, cells were cultured in DM with serially diluted

tanshinone IIA for 6 days. Cell growth was evaluated in

triplicate using Cell Counting Kit-8 (Dojindo Molecular

Technologies, ML, USA) according to the manufacturer’s

protocol; absorbance was measured at 450 nm using the

Wallac EnVision microplate reader (PerkinElmer, Finland).

Alkaline phosphatase staining and activity assay

C2C12 cells were seeded at 4 9 103 cells/well in a 96-well

plate and incubated for 24 h. Then, the medium was

replaced with DMEM containing 5% FBS and 100 ng/ml

rhBMP-2. The medium was changed every 3 days. After

6 days, the cells were washed twice with PBS, fixed with

10% formalin in PBS for 30 s, rinsed with deionized water,

and stained using the Alkaline Phosphatase (ALP) Kit

(Sigma) under protection from direct light. Images of

stained plates and cells were scanned with UMAX Power-

Look1100 (UMAX, Taiwan) and captured under a micro-

scope equipped with a DP70 digital camera (Olympus

Optical, Japan), respectively. To measure ALP activity,

cells were washed twice with PBS and sonicated in lysis

buffer (10 mM of Tris–HCl, pH 7.5, 0.5 mM of MgCl2,

and 0.1% Triton X-100). After centrifugation at 10,0009g

for 20 min at 4�C, ALP activity in the supernatant was

measured in triplicate using the LabAssay ALP Kit (Wako

Pure Chemicals Industries). Protein concentration was

measured using the BCA Protein Assay kit (Pierce).

Evaluation of mRNA expression level

Primers were designed using an on-line primer design

program (Rozen and Skaletsky 2000) (Table 1). Total

RNA was isolated using TRIzol reagent (Life Technolo-

gies, MD, USA) according to manufacturer’s protocol. The

concentration and purity of total RNA were calculated by

measuring absorbance at 260 and 280 nm. First strand

cDNA was synthesized using 2 lg of total RNA and 1 lM

of oligo-dT18 primer and Omniscript Reverse Transcriptase

(Qiagen, CA, USA). SYBR green-based quantitative PCR

was performed using the Stratagene Mx3000P Real-Time

PCR system and Brilliant SYBR Green Master Mix

(Stratagene, CA, USA) with 3 ll of first-strand cDNA

diluted 1:50 and 20 pmol of primers, according to the

manufacturer’s protocols. The PCR reaction consisted of

three segments. The first segment (95�C for 10 min) acti-

vated the polymerase; the second segment included 3-step

cycling (40 cycles) at 94�C for 40 s (denaturation), 60�C

for 40 s (annealing), and 72�C for 1 min (extension); the

third segment was performed to generate PCR product

temperature dissociation curves (‘melting curves’) at 95�C

for 1 min, 55�C for 30 s, 95�C for 30 s. All reactions were

run in triplicate, and data were analyzed by the 2-DDCT

method (Livak and Schmittgen 2001). GAPDH was used

as the control gene. Significance was determined with

GAPDH-normalized 2-DDCT values.

Western blot analysis

For western analysis, cells were homogenized in buffer

consisting of 10 mM Tris–HCl (pH 7.5), 150 mM NaCl,

0.05% (v/v) Tween 20, 1 mM PMSF, and one protease

inhibitor cocktail tablet (Roche, Germany) at 4�C and then

centrifuged at 10,0009g for 15 min. The supernatant was

used as the cytoplasmic protein fraction and nuclear pro-

teins were extracted using NucBuster Protein Extraction kit

(Novagen, Germany). Protein concentrations were deter-

mined using the BCA protein assay kit (Pierce, IL, USA).

Samples (20 lg) were mixed with sample buffer (100 mM

Tris–HCl, 2% sodium dodecyl sulfate, 1% 2-mercap-

toethanol, 2% glycerol, 0.01% bromophenol blue, pH 7.6),

incubated at 95�C for 15 min, and loaded onto 10%

polyacrylamide gels. Electrophoresis was performed using

Table 1 Primer sequences used

in this study
Target gene Forward (50–30) Reverse (50–30)

ALP ATGGGCGTCTCCACAGTAAC TCACCCGAGTGGTAGTCACA

OC TATGTGTCCTCCGGGTTCAT GCCCTCTGCAGGTCATAGAG

Runx2 GCCGGGAATGATGAGAACTA GGACCGTCCACTGTCACTTT

BMP-2 GCTCCACAAACGAGAAAAGC AGCAAGGGGAAAAGGACACT

BMP-4 CCTGGTAACCGAATGCTGAT AGCCGGTAAAGATCCCTCAT

BMP-6 TTCTTCAAGGTGAGCGAGGT TAGTTGGCAGCGTAGCCTTT

BMP-7 CGATACCACCATCGGGAGTTC AAGGTCTCGTTGTCAAATCGC

BMP-9 CAGAACTGGGAACAAGCATCC GCCGCTGAGGTTTAGGCTG

GAPDH AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
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the Mini Protean 3 Cell (Bio-Rad, CA, USA). The resolved

proteins were transferred to a nitrocellulose membrane

(Scheicher & Schnell BioScience, Germany). To ascertain

the amount of protein loaded and the transfer efficiency,

the membranes were stained with Ponceau S staining

solution. For immunoanalysis, the membranes were

washed and incubated in blocking buffer (10 mM

Tris–HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20, 3%

nonfat dry milk) and then incubated with diluted primary

antibodies (1:1,000) for 2 h at room temperature. Anti-

bodies used in this study were purchased from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA, USA) with the

exception of antibody against p-Smad1 (Ser463/465)/

Smad5 (Ser463/465)/Smad 8 (Ser 426/428) (Cell Signal-

ing, MA, USA). Following the primary antibody reactions,

the membranes were washed with blocking buffer three

times (15 min each) and then probed with diluted sec-

ondary antibodies (1:2,000) for 1 h. The membranes were

washed three times (15 min each) and developed with

SuperSignal West Femto Maximum Sensitivity Substrate

(Pierce Biotechnology) using the LAS-3000 luminescent

image analyzer (Fuji Photo Film Co., Ltd., Japan).

Runx2 luciferase reporter assay

To measure Runx2 activity, the p6 9 osteoblast-specific

cis-acting element (OSE) 2-luc reporter vector was tran-

siently transfected into C2C12 cells that were seeded in a

96-well plate at 5 9 103 cells/well, as described previously

with modifications (Kim et al. 2004). After 24 h, medium

was replaced with DMEM containing 5% FBS with or

without tanshinone IIA and/or BMP-2. After 24 h, the

transfected cells were lysed and luciferase activity was

measured using the luciferase reporter assay system (Pro-

mega) and the Wallac EnVision microplate reader.

Statistical analysis

Significance was determined by Student’s t test and dif-

ferences were considered significant when P \ 0.05.

Results

The effect of tanshinone IIA on the commitment of MSCs

(C2C12 cells) into pre-osteoblasts was evaluated by visu-

alization of ALP and measuring expression levels of genes

involved in osteoblast differentiation. At non-cytotoxic

concentrations (B10 lM; Fig. 1b), tanshinone IIA signifi-

cantly enhanced BMP-2-stimulated ALP induction

(Fig. 1c). Interestingly, ALP induction by tanshinone IIA

was strongly observed at 5 lM; consistent with this result,

tanshinone IIA enhanced the BMP-2-stimulated expression

of ALP and osteocalcin (OC), as shown in Table 2. ALP

and OC are molecular markers for the early and late stage

of osteoblastic differentiation, respectively. Since the

osteogenic activity of tanshinone IIA in the presence of

BMP-2 was strongly exhibited at low concentrations,

concentrations of tanshinone IIA up to 5 lM were used in

the following experiments.

In the absence of BMP-2, the stimulatory effect of

tanshinone IIA on ALP induction was not observed (data

not shown) suggesting that the osteogenic activity of tan-

shinone IIA could be dependent on the presence of BMP-2.

This suggestion was confirmed by the co-treatment of

noggin with BMP-2 and tanshinone IIA (Fig. 2a); the

co-treatment of noggin completely inhibited BMP-2-stim-

ulated ALP induction and the tanshinone IIA-mediated

enhancement of BMP-2-stimulated ALP induction.

Furthermore, the possibility that the osteogenic activity of

tanshinone IIA might result in the induction of endogenous

BMP expression was examined by evaluating the post-

treated effect of noggin on tanshinone IIA-enhanced ALP

induction. When the commitment of C2C12 cells into oste-

oblasts was induced by treatment with BMP-2 combined

with tanshinone IIA for 4 days and cells were then incubated

with noggin for 2 days, noggin significantly inhibited tan-

shinone IIA-enhanced ALP induction (Fig. 2b).

The inhibition of tanshinone IIA-enhanced ALP induc-

tion by post-treatment of noggin suggested that tanshinone

IIA could enhance the BMP-2-stimulated expression of

endogenous BMPs. Therefore, the effect of tanshinone IIA

on the expression of BMPs was evaluated. Real-time PCR

revealed that tanshinone IIA could enhance the BMP-2-

stimulated expression of endogenous BMPs (Table 2); the

expressions of BMP-2, 4, 6, 7, and 9 were significantly

induced by the combination of rhBMP-2 and low concen-

trations (2.5–5 lM) of tanshinone IIA as well as rhBMP-2

alone with the exception of BMP-7.

Since the osteogenic activity of BMP is known to acti-

vate Smad-Runx2 (Lian et al. 2003; Gersbach et al. 2004;

Phimphilai et al. 2006), the enhancement of the BMP-2-

stimulated Smad-Runx2 activities by tanshinone IIA was

evaluated. While 100 ng/ml rhBMP-2 did not significantly

induce mRNA expression of Runx2, its combination with

tanshinone IIA significantly induced Runx2 mRNA

expression (Table 2). The strong activity of tanshinone IIA

in the induction of Runx2 mRNA expression was also

observed at 5 lM. Consistent with this result, tanshinone

IIA significantly enhanced BMP-2-stimulated Runx2

activity (Fig. 3a). We further evaluated the effect of tan-

shinone IIA on Smad activation and found that tanshinone

IIA also enhanced the nuclear level of p-Smad1/5/8

(Fig. 3b). Additionally, tanshinone IIA enhancement of

p-Smad1/5/8 was inhibited by the co-treatment of noggin

with tanshinone IIA and rhBMP-2 (data not shown).
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Recent studies demonstrated that Akt and mitogen-

activated protein (MAP) kinase signaling pathways, both of

which are downstream signaling molecules of phosphati-

dylinositol 3-kinase (PI3K), play key roles in the activation

of BMP-2 gene expression (Ghosh-Choudhury et al. 2007).

Therefore, in order to identify the signaling pathway

required for tanshinone IIA-enhanced ALP induction, the

effects of pharmacological inhibitors on tanshinone IIA-

enhanced ALP induction were evaluated. As shown in

Fig. 4a, tanshinone IIA-enhanced ALP induction was

shown to be strongly and weakly inhibited by p38 inhibitor

and MEK inhibitor, respectively, but not inhibitors for

PI3K or AKT. ALP activity assay revealed the dose-

dependent inhibition of ALP induction by p38 inhibitor,

but MEK inhibitor did not exhibit dose-dependent inhibi-

tory activity on ALP induction (Fig. 4b). The involvement

of p38 and MEK signaling pathways in tanshinone IIA-

enhanced ALP induction was confirmed by Western blot

analysis (Fig. 4c). Treatment with rhBMP-2 increased

phosphorylated levels of p-38 and ERK but not JNK, and

these inductions were enhanced by the addition of tanshi-

none IIA. These results suggested that p38 and ERK could

be the downstream signaling molecules of BMP. In sub-

sequent studies, we focused our investigation on the

functional involvement of p38 in the process of tanshinone

IIA-enhanced osteogenic action of BMP-2 using the p38

inhibitor SB202190.

The hypothesis that p38 could be involved in the

downstream of BMP signaling led us to evaluate whether

BMP-2 and/or tanshinone IIA per se could induce activa-

tion of p38 and Smad. Interestingly, even in the absence of

rhBMP-2, tanshinone induced p38 phosphorylation

(Fig. 5a). Additionally, tanshinone IIA enhanced BMP-2-

induced activations of p38 as well as Smad1/5/8, but the

p38 inhibitor SB202190 dose-dependently inhibited

enhancement of p38 activation by tanshinone IIA and

inhibited activation of Smad activation by BMP-2 alone or

in combination with tanshinone IIA.

Since the induction of Runx2 activity (as shown in

Fig. 3a) and p38 activation by tanshinone IIA per se

(Fig. 5a) suggested the possibility that tanshinone IIA

alone could activate Runx2 via a p38 pathway, we used the

Runx2 luciferase activity assay to investigate this. As

shown in Fig. 5b, tanshinone IIA-induced Runx2 activity

was inhibited by SB202190 independent of the presence of

BMP-2.

Discussion

The induction of osteogenic marker (such as ALP and OC)

and factor (such as BMPs) expression is important in the

differentiation of MSCs into pre-osteoblasts. In C2C12T
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cells, a mouse bi-potential mesenchymal precursor line, the

early osteogenic marker ALP activity and the late osteo-

genic marker OC expression were strongly induced by

osteogenic factors such as BMP-2, 4, 6, 7, and 9 (Cheng

et al. 2003). Apparently, BMP-2 exhibits potent osteogenic

activity in human clinical trials (Boden et al. 2000;

Valentin-Opran et al. 2002), and BMP-7 has shown osteo-

genic activity in C2C12 cells (Yeh et al. 2002). Interest-

ingly, simultaneous gene transfer of both BMP-2 and

7 induced rapid bone formation and increased expression

of endogenous BMP-4 (Kawai et al. 2006) and BMP-2

enhanced the expression of other BMP genes during bone

cell differentiation (Chen et al. 1997); these results suggest

that the ability to enhance expression of other BMP genes

may play an important role in bone formation. BMP-4, 6,

and 9 are also reported to have osteogenic potential in

C2C12 cells (Ebisawa et al. 1999; Li et al. 2003; Bessa

et al. 2009).

In this study, we found that the BMP-2-stimulated

commitment of bi-potent mesenchymal stem cells, C2C12,

into osteoblasts was enhanced by low concentrations of

tanshinone IIA coincident with induction of BMPs expres-

sion in the transcript level; in the presence of BMP-2,

tanshinone IIA significantly increased the transcription of

osteogenic BMP isoforms BMP-2, 4, 6, 7, and 9 at low

concentrations. Considering that the simultaneous transfer

of BMP-2 and BMP-7 genes induced more rapid bone

formation than that induced by the transfer of either gene

alone (Kawai et al. 2006), it is possible that increased

BMP levels induced by tanshinone IIA act synergistically

to promote osteogenesis. Furthermore, tanshinone IIA-

enhanced ALP induction was prevented by co-treatment or

post-treatment with the BMP antagonist noggin. Since

silencing of noggin enhances osteoblastic differentiation of

BMP-responding cells in vitro and rhBMP-2-induced new

bone formation in vivo (Takayama et al. 2009), these

results suggested that tanshinone IIA could enhance the

osteogenic activity of BMP signaling.

BMP-2 can exhibit its osteogenic activity via activation of

the Smad-Runx2 signaling pathway. The phosphorylation
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ml) and/or tanshinone IIA on

the differentiation day 0 and 3.

b Osteogenesis was induced by

the treatment of BMP-2 and/or
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differentiation day 0 and 2, and

then noggin was treated alone

on the differentiation day 4. On

the differentiation day 6, ALP

staining and its activity assay

were performed
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Fig. 3 Effects of tanshinone IIA on Runx2 and Smad activation.

a Runx2 activation was measured by luciferase reporter assay using

6 9 OSE2-luciferase plasmid-transfected C2C12 cells. Cells

(4 9 103 cells/well) were cultured in a 96-well plate for 1 day and

then cells were incubated with DMEM containing 5% FBS in the

presence or absence of BMP-2 and/or tanshinone IIA for 1 day. b The

effect of tanshinone IIA on the activation of Smad was evaluated by

Western blot analysis. Cells (1 9 105 cells/well) were cultured in a

6-well plate for 1 day and then cells were incubated with DMEM

containing 5% FBS in the presence or absence of BMP-2 (50 ng/ml)

and/or tanshinone IIA for 10 min. After protein fractionation, Smad1/

5/8 and p-Smad1/5/8 were detected in the cytosolic and nuclear

fractions, respectively

1222 H. J. Kim, S. H. Kim

123



A C          

B

+         +        +        +         +        +      BMP-2 (100 ng/ml)  
- +        +        +         +        +      Tanshinone IIA 5 µM
0         0         1       2.5       5        10     Inhibitor (µM)

PI3K inhibitor
(LY294002)

Akt inhibitor

MEK inhibitor
(PD98059)

p38 inhibitor
(SB202190)

p-p38

p38

p-JNK

JNK

p-ERK

ERK

Actin

- +       +      +    BMP-2 (50 ng/ml)  
0       0      2.5     5    Tanshinone IIA (µM)

+   +   +   +   +   + 
- +   +   +   +   + 
0    0   1  2.5  5  10

BMP-2 (100 ng/ml)  
Tanshinone IIA 5 µM
Inhibitor (µM)

A
L

P 
ac

tiv
ity

(%
 o

f 
co

nt
ro

l)

0

200

400

600

800

+   +   +   +   +   + 
- +   +   +   +   + 
0    0   1  2.5  5  10

+   +   +   +   +   + 
- +   +   +   +   + 
0    0   1  2.5  5  10

+   +   +   +   +   + 
- +   +   +   +   + 
0    0   1  2.5  5  10

PI3K inhibitor
(LY294002)

Akt inhibitor MEK inhibitor
(PD98059)

p38 inhibitor
(SB202190)

Fig. 4 Involvement of p38 in the tanshinone IIA-induced enhance-

ment of BMP-2-stimulated ALP induction. Cells (4 9 103 cells/well)

in a 96-well plate were treated with each inhibitor for 2 h and then

BMP-2 and/or tanshinone IIA were added into cells. After 3 days,

cells were treated with each inhibitor for 2 h and then BMP-2 and/or

tanshinone IIA were added into cells. On the differentiation day 6,

ALP staining (a) and its activity assay (b) were preformed as

described in ‘‘Materials and methods’’. c The effect of tanshinone IIA

on the activation of MAP kinases was evaluated by Western blot

analysis. Cells (1 9 105 cells/well) were cultured in a 6-well plate for

1 day and then cells were incubated with DMEM containing 5% FBS

in the presence or absence of BMP-2 and/or tanshinone IIA for

10 min
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Fig. 5 SB202190 inhibits p38-

Runx2 and p38-Smad-Runx2

activations induced by

tanshinone IIA and its

combination with BMP-2,

respectively. a Western blot

analysis was performed in order

to evaluate the effect of

SB202190 on the activation of

p38 and p38-Smad induced by

tanshinone IIA and its

combination with BMP-2,

respectively. Samples were

prepared as described in

‘‘Materials and methods’’. b In

order to evaluate the effect of

SB202190 on the activation of

Runx2 induced by tanshinone

IIA or its combination with

BMP-2, the luciferase activity

assay was performed as

described in ‘‘Materials and

methods’’
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and nuclear translocation of Smad induces transcriptional

activity of Runx2, a key mediator protein of the BMP-2

signaling pathway for osteoblastic precursor cell differenti-

ation via the regulation of osteogenic gene expression (Lian

et al. 2003; Gersbach et al. 2004; Phimphilai et al. 2006;

Bessa et al. 2009). The binding of BMP-2 to its receptor

triggers the association of phosphorylated Smad1/5

with Smad4; this complex then migrates into the nucleus

where it interacts with Runx2 to activate transcription of

OSE2-containing genes required for MSC commitment

and osteoblast differentiation (Ducy and Karsenty 1995;

Merriman et al. 1995). Interestingly, promoters of

osteoblast-specific genes, such as OC and osteopontin,

contain OSE2s (Phimphilai et al. 2006; Hanai et al. 1999;

Guicheux et al. 2003). Here, we demonstrated tanshinone

IIA-mediated enhancement of BMP-2-stimulated Smad-

Runx2 activities; the combination of tanshinone IIA with

rhBMP-2 significantly induced Runx2 mRNA expression

and activity. In addition, tanshinone IIA enhanced BMP-2-

stimulated activation of Smad1/5/8. These results suggested

that the enhanced osteogenic activity of BMP-2 induced by

tanshinone IIA could be a result of accelerating Smad-Runx2

activation.

Recently, the activations of Akt and MAP kinases, both

of which lie downstream in the PI3K signaling pathway,

have been shown to enhance osteoblast differentiation and

bone formation by inducing BMP-2 gene expression

(Ghosh-Choudhury et al. 2007). The importance of Akt in

bone formation was demonstrated in Akt-deficient mice, in

which both bone mass and bone formation were decreased

and osteoblast differentiation-related genes were down-

regulated (Kawamura et al. 2007). MAP kinases are also

essential for the induction of osteoblast differentiation-

related genes via the activation of distinct cascades that

target specific transcription factors. The activation of p38

appeared to be critical for the control of ALP expression

during the differentiation of MC3T3-E1 cells (Suzuki

et al. 2002). In primary human osteoblasts, 1,25(OH)2D3-

stimulated ALP activity was shown to be directly related to

the ERK pathway (Chae et al. 2002). As described above,

PI3K may play a role in regulating activation of Akt and

MAP kinases to trigger osteoblast differentiation. Inhibi-

tion of PI3K activity by the specific inhibitor LY294002

has been shown to prevent BMP-2-induced expression of

ALP, an early marker of osteoblast differentiation (Ghosh-

Choudhury et al. 2002).

In this study, tanshinone IIA-enhanced ALP induction

was shown to be strongly and dose-dependently inhibited

by a p38 inhibitor, suggesting the possible involvement of

p38 in the action of tanshinone IIA. The MEK inhibitor

PD98059, which sequentially inhibits ERK activation,

weakly inhibited the tanshinone IIA-enhanced ALP

induction, but did not exhibit dose-dependent inhibitory

activity on ALP induction. We could not exclude the

functional involvement of ERK in the process of tanshi-

none IIA-enhanced osteogenic action of BMP-2, but here

we focused on the role of p38 in that process. Apparently,

BMP-2-induced ALP induction has been reported to be

mediated through Smad-independent activation of

p38 (Nohe et al. 2002). The possible involvement of p38

in the action of tanshinone IIA was experimentally con-

firmed; even in the absence of rhBMP-2, tanshinone

induced p38 phosphorylation. In addition, tanshinone IIA

enhanced BMP-2-induced activations of p38 as well

as Smad1/5/8. Furthermore, the p38 inhibitor SB202190

dose-dependently inhibited tanshinone IIA-induced p38

activation and tanshinone IIA plus BMP-2-induced Smad

activation. These results suggest that p38 signaling could

play a crucial role in the enhancement of tanshinone

IIA-induced p38 activation and BMP-2-induced Smad acti-

vation by the combination of tanshinone IIA and BMP-2.

In conclusion, tanshinone IIA could enhance the com-

mitment of C2C12 cells into osteoblasts and their differ-

entiation through synergistic cross talk between tanshinone

IIA-induced p38 activation and BMP-2-induced Smad

activation. These activations could subsequently induce the

activation of Runx2, an inducer of osteogenesis via the

regulation of several osteogenic factor and marker

expression (Fig. 6). Furthermore, considering that osteo-

genic BMPs such as BMP-2 and BMP-7 have recently been

approved for clinical applications in spinal fusion, fracture

healing, and dental tissue engineering, anabolic agents that

stimulate BMP expression or its signaling pathway could

be used to treat osteoblast-related diseases via bone for-

mation or regeneration (Nakashima and Reddi 2003;

Seeherman and Wozney 2005). From this point of view,

the identification of phytochemicals such as tanshinone IIA

with the potential to enhance the commitment of mesen-

chymal protenitors into osteoblasts and their differentiation

by activating signaling pathways to induce BMP gene

expression might lead to the development of therapeutics

that benefit bone regeneration and fracture healing.

BMP-2       Tanshinone IIA

Smad p-38/MAP kinase

Runx2       ALP induction

Fig. 6 Suggested model for tanshinone IIA-induced enhancement of

BMP-2-stimulated osteogenesis. Tanshinone IIA could enhance the

BMP-2-induced Smad-Runx2 activation via its potential to induce the

p38 activation; tanshinone IIA-induced the p38-Smad activation

could enhance the BMP-2-mediated Smad-Runx2 activation
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