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As part of the search for biologically active anti-osteoporotic 
agents that enhance differentiation and mineralization of osteo-
blastic MC3T3-E1 cells, we identified the ginsenoside Rh2(S), 
which is an active component in ginseng. Rh2(S) stimulates os-
teoblastic differentiation and mineralization, as manifested by 
the up-regulation of differentiation markers (alkaline phospha-
tase and osteogenic genes) and Alizarin Red staining, respec-
tively. Rh2(S) activates p38 mitogen-activated protein kinase 
(MAPK) in time- and concentration-dependent manners, and 
Rh2(S)-induced differentiation and mineralization of osteoblastic 
cells were totally inhibited in the presence of the p38 MAPK in-
hibitor, SB203580. In addition, pretreatment with Go6976, a 
protein kinase D (PKD) inhibitor, significantly reversed the 
Rh2(S)-induced p38 MAPK activation, indicating that PKD might 
be an upstream kinase for p38 MAPK in MC3T3-E1 cells. Taken 
together, these results suggest that Rh2(S) induces the differ-
entiation and mineralization of MC3T3-E1 cells through activa-
tion of PKD/p38 MAPK signaling pathways, and these findings 
provide a molecular basis for the osteogenic effect of Rh2(S). 
[BMB reports 2011; 44(10): 659-664]

INTRODUCTION

Osteoporosis is a common disorder that is characterized by 
low bone mineral density and compromised bone strength, 
and predisposes the patient to increased risk of fracture (1). In 
normal bone remodeling or bone turnover, osteoblastic bone 
formation and osteoclastic bone resorption are coupled in a 
precise and orchestrated manner. The management of osteo-

porosis is among the greatest challenges faced by modern 
medicine. Traditional therapeutic agents for osteoporosis have 
been estrogen, calcitonin, and bisphosphonates, which inhibit 
bone resorption. These drugs seem to be the most effective 
method to reduce the rate of postmenopausal bone loss, but 
may be accompanied by severe side-effects such as breast can-
cer, venous thromboembolism, rhinitis, or esophageal ulcer (2, 
3). Recently, attempts have been made to use a combination 
of anti-resorptive agents and bone formation-stimulating agents 
(4). However, the available bone-forming agents have serious 
adverse effects, may not improve bone quality, or may not re-
duce the susceptibility to fracture. Therefore, there is an in-
creasing need for safer therapeutic agents with efficacy com-
parable to commercially available drugs for treating disorders 
of bone remodeling. 
　Ginseng, the root of Panax ginseng C.A. Meyer (Araliaceae), 
has been used as a traditional Chinese medicine for ＞2,000 
years in Asia. In humans and animals, ginseng and its active 
ingredients show widely beneficial effects including improving 
immune function, preventing cancer, enhancing sexual func-
tion, and inhibiting adipocyte differentiation (5-8). However, 
few studies have been conducted to examine the anti-osteopo-
rosis effect of ginseng (9, 10). Liu et al. speculated whether 
ginsenosides affect the differentiation of osteoclasts, and they 
found that ginsenosides Rh2(R) and Rh2(S) significantly de-
press osteoclast formation, and Rh2(R) shows a stronger in-
hibitory effect on osteoclast formation than Rh2(S) (10).
　As part of the search for biologically active anti-osteoporotic 
agents which enhance differentiation and mineralization of os-
teoblastic MC3T3-E1 cells, we found ginsenoside Rh2(S) to be 
one of the most active ginsenosides. This effect was mediated 
by PKD and p38 mitogen-MAPK signaling pathways.

RESULTS 

Effects of Rh2(S) on the differentiation and mineralization of 
MC3T3-E1 cells
To examine the effect of Rh2(S) on the differentiation and min-
eralization of osteoblasts, MC3T3-E1 osteoblast cells were in-
cubated with Rh2(S) as indicated during osteoblast differen-
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Fig. 1. Effect of Rh2(S) on the differentiation and mineralization in MC3T3-E1 cells. Cells were cultured in osteogenic medium with or 
without Rh2(S) as indicated for 14 days. Differentiation and mineralization were evaluated by ALP activity and Alizarin Red/von Kossa 
staining, respectively (A-C). In panel A, vehicle denotes dimethyl sulfoxide in which Rh2(S) was dissolved. Quantification of Alizarin Red 
staining was performed by extraction with ethylpyridium chloride. The levels of gene expression were analyzed by real-time RT-PCR (D 
and E). Total RNA was collected on days 3, 7, and 14. Each value represents the mean ± SEM of the fold increase over the control. *P 
＜ 0.05, **P ＜ 0.01, and ***P ＜ 0.001 compared to the control group.

tiation. The ALP activity, an early-stage osteoblast differ-
entiation marker, reached a maximum level at day 7 and then 
declined (Fig. 1A), and the activity increased in a concen-
tration-dependent manner (Fig. 1B). Alizarin Red and von 
Kossa stainings showed that mineralized matrix in MC3T3-E1 
cells was formed in a concentration-dependent manner by 
Rh2(S) on day 14 (Fig. 1C). Rh2(S) (40 μM) markedly increased 
ALP activity and mineralization by 4.8-fold and 2.5-fold, re-
spectively, when compared to those activities in the control 
group. To examine the molecular mechanism underlying the 
promotion of mineralization, gene expression profiles of osteo-
genic markers, such as ALP, OCN, Osx, and Col-I were inves-
tigated after 3, 7 and 14 days of treatment with 40 μM of 
Rh2(S). As shown in Fig. 1D and 1E, Rh2(S) significantly in-
creased the mRNA expression levels of ALP, OCN, Osx, and 
Col-I mRNA in time-dependent manners. The highest level of 
ALP mRNA expression was observed on day 3, and then the 
expression level abated, whereas OCN, Osx, and Col-I mRNA 
were gradually up-regulated until day 14. On day 7, Rh2(S) 

significantly increased the gene expression of OCN, Osx, and 
Col-I in concentration-dependent manners (Fig. 1E). 

Rh2(S) induces differentiation and mineralization of 
MC3T3-E1 cells via p38 MAPK activation
We investigated whether p38 MAPK is associated with Rh2(S)- 
induced differentiation and mineralization of MC3T3-E1 cells. 
As shown in Fig. 2A and 2B, Rh2(S) markedly stimulated the 
phosphorylation of p38 MAPK in time- and concentration-de-
pendent manners. Next, to confirm that Rh2(S)-induced differ-
entiation and mineralization resulted from activation of p38 
MAPK, a pharmacological approach using a p38 MAPK in-
hibitor (SB203580) was explored. As shown in Fig. 2C, phos-
phorylation of activating transcription factor 2 (ATF2), a specif-
ic target protein for p38 MAPK, was markedly decreased when 
MC3T3-E1 cells were pretreated with SB203580. In addition, 
Rh2(S)-induced stimulation of osteogenic gene expression, 
ALP activity, and mineralization were all attenuated in the 
presence of SB203580 (Fig. 2D, E and F). These results suggest 
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Fig. 2. Role of p38 MAPK in Rh2(S)-induced osteoblast differentiation. Cells were starved in serum-free medium for 2 h and treated with 
40 μM Rh2(S) for up to 60 min or with 10 to 40 μM Rh2(S) for 60 min (A, B). Cells were pretreated with the indicated concentrations 
of SB203580 for 2 h, exposed to 40 μM Rh2(S) for 1 h, and then the phosphorylated form of ATF2 was determined (C). Cells were in-
cubated in osteogenic medium containing Rh2(S) in the absence or presence of SB203580 for 14 days. ALP activity and gene expression 
levels were analyzed on day 7, and the mineralized nodules were stained by Alizarin Red/von Kossa on day 14 (D, E, and F). 
Quantification of Alizarin Red staining was performed by extraction with ethylpyridium chloride. Each value represents the mean ± SEM 
of the fold increase over the control. *P ＜ 0.05 and **P ＜ 0.01 compared to the Rh2(S) treatment group.

that stress-activated protein kinase p38 is a mediator for 
Rh2(S)-induced differentiation and mineralization of osteo-
blastic MC3T3-E1 cells.

Rh2(S) activates p38 MAPK via PKD pathway in MC3T3-E1 
cells
Next, we examined whether PKD is associated with Rh2(S)-in-
duced differentiation and mineralization of MC3T3-E1 cells.  
Fig. 3A and B show that Rh2(S) markedly phosphorylated PKD 
in time- and concentration-dependent manners, and this phos-
phorylation was blunted in the presence of Go6976, a 
PKCμ/PKD inhibitor (Fig. 3C). Pretreatment of cells with Go-
6976 significantly attenuated the phosphorylation of p38 
MAPK, ALP activity, and mineralization (measured by Alizarin 
Red staining) in a concentration-dependent manner (Fig. 3D), 
suggesting that Rh2(S) could induce differentiation and miner-
alization of osteoblastic MC3T3-E1 cells via activating PKD 
and p38 signaling pathways.

DISCUSSION

Ginsenoside Rh2(S) is a steroidal saponin belonging to the pro-
topanaxadiol type found in Korean red ginseng. Although gin-
seng generally shows various nutritional effects (11), Rh2(S) 

mostly exhibits beneficial impacts on cancer prevention (12, 
13). Recently, Liu et al. reported that Rh2(R) and Rh2(S) both 
significantly depressed osteoclast formation and that Rh2(R) 
showed a stronger inhibitory effect on osteoclast formation 
than Rh2(S) (10). Recently, we found that Rh2(S) induces the 
differentiation and mineralization of MC3T3-E1 osteoblastic 
cells. However, the molecular mechanism of Rh2(S) induced- 
differentiation and mineralization of osteoblast cells has been 
unclear. Here, we demonstrate that Rh2(S) induces the differ-
entiation and mineralization of MC3T3-E1 osteoblastic cells 
via PKD and stress-activated protein kinase p38 MAPK path-
ways.  
　Osteogenic differentiation is a complicated process and 
regulated by a large number of regulators such as ALP, OPN, 
OCN, Osx, and Col-I. ALP is the most widely recognized bio-
chemical marker for osteoblastic activity. Although its precise 
mechanism of action has been poorly understood, this enzyme 
is believed to play a pivotal role in bone differentiation and 
mineralization. As shown in Fig. 1, Rh2(S) increases ALP en-
zyme activity and mRNA gene expression as well as ex-
pression of osteogenic genes such as OCN, Osx, and Col-I. 
Recently, statins have been shown to induce osteoblast differ-
entiation by stimulating the expression of bone morphogenetic 
protein-2 (BMP-2) in MC3T3-E1 cells, leading to positive ef-



Rh2(S) induces the differentiation and mineralization of osteoblastic MC3T3-E1 cells
Do Yeon Kim, et al.

662 BMB reports http://bmbreports.org

Fig. 3. PKD is an upstream kinase for
p38 MAPK activated by Rh2(S) in 
MC3T3-E1 cells. Cells were starved 
in serum-free medium for 2 h and then 
stimulated with 40 μM Rh2(S) for up
to 60 min or with 10 to 40 μM Rh2(S)
for 60 min (A and B). Cells were pre-
treated with the Go6976 for 2 h as 
indicated, exposed to 40 μM Rh2(S)
for 1 h, and then phosphorylated forms
of PKD and p38 were determined (C).
Cells were incubated in osteogenic 
medium containing Rh2(S) in the ab-
sence or presence of Go6976 for 14
days. ALP activity was analyzed on 
day 7, and the mineralized nodules 
were stained by Alizarin Red on day
14 (D). Quantification of Alizarin Red
staining was performed by extraction 
with ethylpyridium chloride. Each val-
ue represents the mean ± SEM of the 
fold increase over the control. **P 
＜ 0.01 compared to the control 
group.

fects on bone formation (14). We tested whether Rh2(S) stim-
ulates BMP-2 gene expression in MC3T3-E1 osteoblastic cells. 
Rh2(S) had no effect on the expression of BMP-2 and this ob-
servation was confirmed by using a noggin (extracellular 
BMP-2 antagonist), suggesting that Rh2(S) induces the differ-
entiation of MC3T3-E1 osteoblastic cells by a mechanism oth-
er than the BMP pathway (data not shown). 
　Erk1/2 (also known as p44/p42 MAPK) and p38 MAPK are 
members of MAPK and known to be involved in osteoblast dif-
ferentiation (15, 16). To investigate the involvement of MAPKs 
in the Rh2(S)-induced osteoblast differentiation, PD98059, a 
specific inhibitor of upstream kinase that activates Erk1/2 
MAPK (17), was employed. However, it did not affect the ALP 
activity and mineralization (data not shown). Therefore, we 
tried to determine whether p38 MAPK is associated with 
Rh2(S)-induced osteoblast differentiation. Western blot analy-
ses revealed that Rh2(S) was able to phosphorylate p38 MAPK 
in MC3T3-E1 cells in time- and concentration-dependent man-
ners (Fig. 2A and B). In addition, Rh2(S)-induced differentia-
tion and mineralization of MC3T3-E1 cells was reversed in the 
presence of SB203580, a specific p38 MAPK inhibitor. These 
results suggest that p38 MAPK is responsible for Rh2(S)- in-
duced osteoblastic differentiation, mineralization, and osteo-
genic gene expression (Fig. 2D, E and F). Lemonnier et al. re-
ported that PKD is involved in BMP-2-induced activation of 
stress MAPK p38 and osteoblastic cell differentiation (18). We 
also observed that Rh2(S) stimulates PKD phosphorylation in 
time- and concentration-dependent manners (Fig. 3A and B). 
Furthermore, when the cells were treated with G06976, a 
PKCμ/PKD inhibitor, the phosphorylated forms of PKD and 

p38 were decreased in a concentration-dependent manner 
(Fig. 3C). Rh2(S)-induced ALP activation and mineralization 
were also suppressed in the presence of G06976, suggesting 
that PKD might be an upstream kinase for p38 MAPK. 
　In summary, we found that ginsenoside Rh2(S) induces the 
differentiation and mineralization of ostaoblastic MC3T3-E1 
cells via activation of PKD and p38 MAPK pathways. Ginseno-
side Rh2(S) may possess a therapeutic potential for osteopo-
rosis by promoting bone formation.  

MATERIALS AND METHODS

Chemicals
The ginsenoside Rh2(S) was obtained from the EMBO Institute 
(Seoul, Korea), and dissolved in 0.1% DMSO. Antibodies 
against p38 MAPK, phospho-p38 MAPK, PKCμ/PKD, and 
phospho-PKCμ/PKD were purchased from Cell signaling 
Technology (Beverly, MA, USA) and anti-actin was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 
p38 MAPK and PKD inhibitors (SB203580, Go6976) were pur-
chased from Calbiochem (San Diego, CA, USA). The Bradford 
protein assay, RNA and protein extraction, cDNA synthesis 
and ECL kits were supplied from Intron Biotechnology Inc. 
(Beverly, MA, USA). The alkaline phosphatase (ALP) assay buf-
fer and Alizarin Red were from Sigma-Aldrich (St. Louis, MO, 
USA), and the von Kossa staining kit was from Polyscience Inc. 
(Warrington, PA, USA). The QuantiTech SYBR PCR kit was 
purchased from Qiagen (Valencia, CA, USA). All other re-
agents and chemical were of analytical grade. 
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Cell culture and differentiation
MC3T3-E1 cells, a clonal osteoblastic cell line isolated from 
the calvariae of a late-stage mouse embryo (19), were obtained 
from the Riken Cell Bank (Ibaragi, Japan). Cells were cultured 
in an alpha modification of Eagle Medium (α-MEM without as-
corbic acid, Gibco BL, Gland island, NY, USA), with 10% fetal 
bovine serum (FBS), and 1% penicillin-streptomycin at 37°C. 
To induce differentiation, cells were seeded onto a 6- or 
12-well culture dish and allowed to reach confluence. At con-
fluence (day 0), cells were transferred to α-MEM containing 
10% FBS, 1% penicillin-streptomycin, 10 mM β-glycerophos-
phate, and 100 μg/ml ascorbic acid, and cultured for an addi-
tional 7 to 14 days.

Alkaline phosphatase (ALP) enzyme assay
Following treatment, the cells were washed twice with PBS, 
scraped into 500 μl of 10 mM Tris-HCl (pH 7.6) buffer con-
taining 0.1% Triton-X on ice and sonicated. Protein concen-
trations were determined using the Bradford protein assay. 
ALP activity in the cellular fraction was measured by a fluoro-
metric detection kit (Nanjing Jiancheng Biotechnology Co. 
Ltd., Nanjing, China). A standard curve was created using p-ni-
trophenol as a standard, and each value was normalized to the 
protein concentration. ALP activity of each sample was nor-
malized by protein concentration.

Mineralization analysis
Mineralization of MC3T3-E1 cells was determined in 12-well 
plates using Alizarin red staining. The cells were fixed with 
ice-cold 70% ethanol and stained with Alizarin Red to detect 
calcification. For quantification, cells were destained with eth-
ylpyridium chloride and transferred to a 96-well plate, and the 
absorbance was measured at 550 nm using a microplate read-
er, as previously described (20). To examine the formation of 
mineralized matrix, von Kossa staining was also employed. 
Cells were rinsed with PBS and fixed in 4% formaldehyde in 
PBS for 30 min. After washing with distilled water, cells were 
treated with 3% silver-nitrate solution and kept for 30 min in a 
dark room. The excess silver nitrate solution was then com-
pletely washed away using distilled water, and the culture 
plate was treated with sodium carbonate/formaldehyde sol-
ution for 5 min to develop color. 

Western blot
Cells were rinsed with ice-cold PBS and lysed in Intron 1x cell 
lysis buffer containing a protease inhibitor mixture and cleared 
by centrifugation at 8,000 g for 20 min. Cell extracts (40 μg of 
protein) were loaded onto 8% SDS gels and subjected to 
SDS-PAGE. Gels were blotted onto polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, USA) and probed for 
binding to the anti-phospho-p38 (1 : 1,000), anti-p38 (1 : 
1,000), anti-phospho-PKCμ/PKD (1 : 1,000), anti-PKCμ/PKD (1 
: 1,000), anti-ATF2, anti-phospho-ATF2, and anti-actin (1 : 
20,000) in 5% non-fat dry milk containing 0.1% Tween 

20-Tris-buffered saline. Membranes were washed and in-
cubated with horseradish peroxidase-conjugated anti-rabbit 
IgG (1 : 2,000) for 2 h. Following washing in 0.1% Tween 
20-Tris-buffered saline, the membranes were developed with 
chemiluminescence detection reagents according to manu-
facturer’s instructions and exposed to Biomax Kodak film. 

Real-time RT-PCR
SYBR green chemistry was used to perform quantitative deter-
minations of the mRNAs for ALP, osteocalcin (OCN), type I 
collagen (Col-I), BMP-2, and a housekeeping gene (36B4) ac-
cording to an optimized protocol. Total RNA was taken from 
cultured MC3T3-E1 cells using EASY BLUE reagent. Total RNA 
(2 μg) was employed for the synthesis of single-stranded cD-
NA. The sense and antisense primers used were as follows: 
mouse ALP sense, 5`-GACTGGTACTCGGATAACGAGA-3`, 
and antisense, 5`-CTCATGATGTCCGTGGTCAATC-3`; mouse 
OCN sense, 5`-GCAGCTTGGTGCACACCTAG-3`, and antise-
nse, 5`-GGAGCTGCTGTGACATCCAT-3`; mouse Col-I sense, 
5`-ACCTCCCAGTGGCGGTTATGAC-3`, and antisense, 5`-A-
GTTCTTCTGAGGCACAGACGG-3`; mouse 36B4 sense, 5`- 
AAGCGCGTCCTGGCATTGTCT-3`, and antisense, 5`-CCGC-
AGGGGCAGCAGTGGT-3`. Real-time PCR was performed us-
ing 1 μl of cDNA in a 25 μl reaction volume with LightCycler 
Real-time PCR System (Roche Applied Science, Indianapolis, 
IN). The double-stranded DNA-specific dye SYBR Green I was 
incorporated into the PCR buffer provided in the SYBR Premix 
Ex TaqTM reagent. The temperature profile of the reaction was 
95°C for 15 min, 40 cycles of denaturation at 95°C for 30 s, 
annealing at 54°C (ALP), or 58°C (OCN, Col-I) for 30 s, and 
extension at 72°C for 1 min. The 36B4 gene was used to cor-
rect for differences in RNA isolation, RNA degradation, and 
the efficiencies of the reverse transcription.

Statistical analysis
The results are representative of at least 3 independent experi-
ments and are expressed as the mean ± SEM. Comparison of 
the control and treatment groups was made by ANOVA var-
iance analysis, and the statistical significance was analyzed by 
Tukey’s test. Differences of P ＜ 0.05 were considered statisti-
cally significant.

Acknowledgements
This work was supported by the Bio R&D program through the 
National Research Foundation of Korea funded by the Ministry 
of Education, Science and Technology (grant No. 2010- 
0028768).

REFERENCES

1. Miao, D., Ge, B., Jianf, Y., Kobayashi, T., Soroceanu, M. 
A., Zhao, J., Su, H., Tong, X., Amizuka, N., Gupta, A., 
Genant, H. K., Kronenberg, H. M., Goltzman, D. and 
Karaplis, A. C. (2005) Osteoblast- derived PTHrP is a po-



Rh2(S) induces the differentiation and mineralization of osteoblastic MC3T3-E1 cells
Do Yeon Kim, et al.

664 BMB reports http://bmbreports.org

tent endogenous bone anabolic agent that modifies the 
therapeutic efficacy of administered PTH 1-34. J. Clin. 
Invest. 15, 2402-2411.

2. Genant, H. K., Baylink, D. J. and Gallagher, J. C. (1989) 
Estrogens in the prevention of osteoporosis in postmeno-
pausal women. Am. J. Obstet. Gynecol. 191, 1842-1846.

3. Reid, I. R. (2002) Pharmacotherapy of osteoporosis in 
postmenopausal women: focus on safety. Expert Opin. 
Drug Saf. 1, 93-107.

4. Turner, C. H. (1991) Homeostatic control of bone struc-
ture: an application of feedback theory. Bone 12, 
203-217.

5. Shin, H. Y., Jeong, H. J., An, H. J., Hong, S. H., Um, J. Y., 
Shin, T. Y., Kwon, S. J., Jee, S. Y., Seo, B. I., Shin, S. S., 
Yang, D. C. and Kim, H. M. (2006) The effect of Panax 
ginseng on forced immobility time & immune function in 
mice. Indian J. Med. Res. 124, 99-206.

6. Wang, W., Zhao, Y., Rayburn, E. R., Hill, D. L., Wang, H. 
and Zhang, R. (2007) In vitro anti-cancer activity and 
structure-activity relationships of natural products isolated 
from fruits of Panax ginseng. Cancer Chemother. 
Pharmacol. 59, 589-601. 

7. Polan, M. L., Hochberg, R. B., Trant, A. S. and Wuh, H. 
C. (2004) Estrogen bioassay of ginseng extract and 
ArginMax, a nutritional supplement for the enhancement 
of female sexual function. J. Womens Health (Larchmt.) 
13, 427-430.

8. Hwang, J. T., Kim, S. H., Lee, M. S., Kim, S. H., Yang, H. 
J., Kim, M. J., Kim, H. S., Ha, J., Kim, M. S. and Kwon, D. 
Y. (2007) Anti-obesity effects of ginsenoside Rh2 are asso-
ciated with the activation of AMPK signaling pathway in 
3T3-L1 adipocyte. Biochem. Biophys. Res. Commun. 64, 
1002-1008.

9. Kim, H. R., Cui, Y., Hong, S. Y., Shin, S. J., Kim, D. S., 
Kim, N. M., So, S. H., Lee, S. K., Kim, E. C., Chae, S. W. 
and Chae, H. J. (2008) Effect of ginseng mixture on osteo-
porosis in ovariectomized rats. Immunopharmacol. Immu-
notoxicol. 30, 333-345. 

10. Liu, J., Shiono, J., Shimizu, K., Yu, H., Zhang, C., Jin, F. 
and Kondo, R. (2009) 20(R)-ginsenoside Rh2, not 20(S), is 
a selective osteoclastogenesis inhibitor without any 
cytotoxicity. Bioorg. Med. Chem. Lett. 19, 3320-3323.

11. Attele, A. S., Wu, J. A. and Yuan, C. S. (1999) Ginseng 
pharmacology: multiple constituents and multiple actions. 
Biochem. Pharmacol. 58, 1685-1693.

12. Nakata, H., Kikuchi, Y., Tode, T., Hirata, J., Kita, T., Ishii, K., 
Kudoh, K., Nagata, I. and Shinomiya, N. (1998) Inhibitory ef-
fects of ginsenoside Rh-2 on tumor growth in nude mice bear-
ing human ovarian cancer cells. JPN J. Cancer Res. 89, 
733-740. 

13. Popovich, D. G. and Kitts, D. D. (2004) Mechanistic stud-
ies on protopanaxadiol, Rh2, and ginseng (Panax quinque-
folius) extract induced cytotoxicity in intestinal Caco-2 
cells. J. Biochem. Mol. Toxicol. 18, 143-149.

14. Mund, G., Garrett, R., Harris, S., Chan, J., Chen, D., 
Rossini, G., Boyce, B., Zhao, M. and Gutierrez, G. (1999) 
Stimulation of bone formation in vitro and in rodents by 
statins. Science 1286, 1946-1949.

15. Jeong, H. M., Han, E. F., Jin, Y. H., Hwang ,Y. P., Kim, H. 
G., Park, B. H., Kim, J. Y., Chung, Y. C., Lee, K. Y. and 
Jeong, H. G. (2010) Saponins from the roots of Platycodon 
grandiflorum stimulate osteoblast differentiation via p38 
MAPK- and Erk- dependent RUNX2 activation. Food 
Chem. Toxicol. 48, 3362-3368. 

16. Lin, F. H., Chang, J. B. and Brigman, B. E. (2011) Role of 
mitogen-activated protein kinase in osteoblast. J. Orthop. 
Res. 29, 204-210.

17. Alessi, D., Cuenda, A., Cohen, P., Dudley, D. T. and 
Saltiel, A. R. (1995) PD98059 is a specific inhibitor of the 
activation of mitogen-activated protein kinase in vitro and 
in vivo. J. Biol. Chem. 270, 27489-27494.

18. Lemonnier, J., Ghayor, C., Guicheux, J. and Caverzasio, J. 
(2004) Protein kinase C-independent activation of protein 
kinase D is involved in BMP-2-induced activation of stress 
mitogen-activated protein kinase JNK and p38 and osteo-
blastic cell differentiation. J. Biol. Chem. 279, 259-264.

19. Yang, R. S., Lin, W. L., Chen, Y. Z., Tang, C. H., Huang, 
T. H., Lu, B. Y. and Fu, W. M. (2005) Regulation by ultra-
sound treatment on the integrin expression and differ-
entiation of osteoblasts. Bone 36, 276-283.

20. Ducy, P., Schinke, T. and Karsenty, G. (2000) The osteo-
blast: A sophisticated fibroblast under central surveillance. 
Science 289, 1501-1504.


