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Abstract. Chlorogenic acid (CGA) is a primary phenolic 
component of coffee and (-)-epigallocatechin gallate 
(EGCG) is a primary flavonoid component of green tea, 
both of which have been documented to possess beneficial 
health properties. A previous study by the present authors 
demonstrated that p38 mitogen-activated protein kinase 
(MAPK) may be associated with osteoprotegerin synthesis 
stimulated by bone morphogenetic protein-4 (BMP-4) in 
osteoblast-like MC3T3-E1 cells. In the present study, the 
effects of CGA and EGCG on BMP-4-stimulated osteoprote-
gerin synthesis in MC3T3-E1 cells were investigated. It was 
observed that CGA had no effect on osteoprotegerin release 
stimulated by BMP‑4, whereas EGCG significantly enhanced 
BMP-4-stimulated osteoprotegerin release (P=0.003). Levels 
of osteoprotegerin mRNA expression induced by BMP-4 
were also significantly increased by EGCG (P=0.03). By 
contrast, EGCG had no significant effect on phosphorylation 
of Smad1 or p38 MAPK induced by BMP-4. In addition, 
EGCG had little effect on BMP-induced phosphorylation 
of p70 S6 kinase; however rapamycin, as an inhibitor of p70 
S6 kinase, significantly suppressed osteoprotegerin release 
(P=0.007). These data suggest that EGCG but not CGA 
may upregulate the synthesis of osteoprotegerin induced by 
BMP-4 in osteoblasts.

Introduction

Osteoprotegerin is secreted from osteoblasts and has an 
inhibitory effect on the differentiation and activation of 
osteoclasts (1). Bone metabolism is principally regulated by 
osteoblasts and osteoclasts, which are responsible for the 
formation and resorption of bone, respectively (2). Through 
the bone remodeling activities of osteoblasts and osteoclasts, 
bone tissue in the skeleton is continuously regenerated and 
renewed (3). Bone remodeling begins with the resorption of 
bone by osteoclasts, followed by osteoblastic bone forma-
tion (4). It has been established that a decrease in bone mineral 
density results from an imbalance in the bone remodeling 
process (3).

Dysfunction in bone remodeling leads to metabolic bone 
disease associated with an increased risk of fracture, including 
osteoporosis (5). Paget's disease of bone is a common disorder 
characterized by focal areas of increased and disorganized 
bone remodeling (6).

Osteoprotegerin and its cognate ligand receptor activator 
of nuclear factor-κB (RANK) belong to the tumor necrosis 
factor receptor family. Osteoprotegerin binds to RANK ligand 
as a decoy receptor and prevents RANK ligand from binding 
to RANK, resulting in the suppression of bone resorption 
through the inhibition of osteoclast differentiation (1). Through 
this mechanism, the RANK/RANK ligand/osteoprotegerin 
axis is considered to be an essential regulatory system in the 
formation of osteoclasts (7).

Chlorogenic acid (CGA), which is a phenolic compound 
and a main component of coffee, and (-)-epigallocatechin 
gallate (EGCG), which is a polyphenolic compound and a 
primary constituent of green tea, are considered to have bene-
ficial properties for human health, including anti‑oxidative, 
anti‑inflammatory and anti‑cancer properties (8-10). CGA has 
been documented to increase mineralization in rat tibia and 
improve mechanical properties of the femoral diaphysis (11). 
In addition, CGA may suppress osteoclastic bone resorption 
by downregulating the effects of RANK ligand (12). Similarly, 
EGCG may inhibit osteoclastic bone resorption and supports 

(-)-Epigallocatechin gallate but not chlorogenic acid 
upregulates osteoprotegerin synthesis through regulation 

of bone morphogenetic protein-4 in osteoblasts
KAZUHIKO FUJITA1,2,  TAKANOBU OTSUKA1,  NAOHIRO YAMAMOTO1,2,   

SHINGO KAINUMA1,2,  REOU OHGUCHI1,2,  TETSU KAWABATA1,2,  GO SAKAI1,2,  GEN KUROYANAGI1,2,  
RIE MATSUSHIMA-NISHIWAKI2,  OSAMU KOZAWA2  and  HARUHIKO TOKUDA2,3

1Department of Orthopedic Surgery, Nagoya City University Graduate School of Medical Sciences, Nagoya, 
Aichi 467-8601; 2Department of Pharmacology, Gifu University Graduate School of Medicine, Gifu 501-1194; 

3Department of Clinical Laboratory, National Center for Geriatrics and Gerontology, Obu, Aichi 474-8511, Japan

Received April 25, 2016;  Accepted March 3, 2017

DOI: 10.3892/etm.2017.4491

Correspondence to: Dr Haruhiko Tokuda, Department of Clinical 
Laboratory, National Center for Geriatrics and Gerontology,  
7-430 Morioka-cho, Obu, Aichi 474-8511, Japan
E-mail: tokuda@ncgg.go.jp

Key words: (-)-epigallocatechin gallate, chlorogenic acid, bone 
morphogenic protein-4, osteoprotegerin, osteoblast



FUJITA et al:  EGCG AMPLIFIES THE EFFECT OF BMP-4 ON OSTEOBLASTS418

osteoblastic bone formation (13,14), and green tea consump-
tion may be associated with reduced age-related bone loss and 
fractures in the elderly (13). However, the underlying molecular 
mechanisms regarding the effects of CGA and EGCG on bone 
metabolism are currently unknown.

Bone morphogenetic proteins (BMPs), which belong to the 
transforming growth factor (TGF)-β superfamily, including 
TGF-β and activin, promote bone formation by stimulating 
the proliferation and differentiation of osteoblasts (15,16). 
Intracellular signaling activities of BMPs generally occur 
through a Smad (Smad1/5/8)-dependent pathway (15), 
although previous evidence suggests that BMP signaling may 
also occur through a Smad-independent pathway involving 
the mitogen-activated protein kinase (MAPK) family (17,18). 
A previous study by the present authors demonstrated that 
BMP-4 may stimulate the synthesis of osteoprotegerin in 
osteoblast-like MC3T3-E1 cells, and that p38 MAPK may 
act as a positive regulator in osteoprotegerin synthesis (19). In 
the present study, the effects of CGA and EGCG on osteo-
protegerin synthesis mediated by BMP-4 in osteoblast-like 
MC3T3-E1 cells were investigated. It was observed that EGCG 
but not CGA enhanced osteoprotegerin synthesis stimulated 
by BMP-4 in osteoblasts.

Materials and methods

Materials. CGA and EGCG were purchased from 
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). 
BMP-4 and a mouse osteoprotegerin enzyme-linked 
immunosorbent assay (ELISA) kit (cat. no. MOP00) were 
obtained from R&D Systems, Inc. (Minneapolis, MN, USA). 
Rapamycin was obtained from Merck KGaA. Antibodies 
against phosphorylated Smad1 (cat. no. 13820), p38 MAPK 
(cat. no. 9212), phosphorylated (phospho)-p38 MAPK (cat. 
no. 4511), p70 S6 kinase (cat. no. 9202) and phospho-p70 S6 
kinase (cat. no. 9205S) were obtained from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). Antibodies against 
GAPDH (cat. no. sc-25778) were purchased from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA). Secondary antibodies, 
peroxidase-labeled goat anti-rabbit immunoglobulin G (cat. 
no. 074-1506) were purchased from Seracare (Milford, MA, 
USA). An enhanced chemiluminescence (ECL) western 
blotting detection system was obtained from GE Healthcare 
Life Sciences (Chalfont, UK). EGCG and rapamycin were 
individually diluted in dimethyl sulfoxide (100 mM) and CGA 
was diluted in ethanol (100 mM). Both DMSO and ethanol 
were used at a maximum concentration of 0.1%, which did not 
affect the assay for osteoprotegerin or western blot analysis.

Cell culture. Cloned osteoblast-like MC3T3-E1 cells derived 
from newborn mouse calvaria (20) were maintained as 
described previously (21). Briefly, cells were seeded into 35 mm 
diameter dishes (5x104 cells/dish) for ELISA and reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR) 
experiments or 90 mm diameter dishes (2x105 cells/dish) for 
Western blotting and cultured in α-minimum essential medium 
(α-MEM; cat. no. M8042, Sigma-Aldrich; Merck KGaA) 
containing 10% fetal bovine serum (FBS; cat. no. 12483-020; 
Gibco; Thermo Fisher Scientific Inc. Waltham, MA, USA) at 
37˚C in a humidified atmosphere of 5% CO2/95% air. After 

5 days, the medium was replenished with α-MEM containing 
0.3% FBS at 37˚C for 48 h. Cells were then used in the 
following experiments.

Assay for osteoprotegerin. Cultured MC3T3-E1 cells were 
pretreated with 1, 3, 10, 30 or 50 µM of CGA or 1, 3 or 
10 µM of EGCG at 37˚C for 60 min, then stimulated with 
30 ng/ml BMP-4 or PBS supplemented with 0.01% bovine 
serum albumin (Sigma-Aldrich; Merck KGaA) containing 
0.1% ethanol (as a vehicle) in 1 ml α-MEM containing 
0.3% FBS at 37˚C for 0, 12, 24, 36 or 48 h. The conditioned 
medium was collected following the incubation periods and 
the concentration of osteoprotegerin was measured using the 
mouse osteoprotegerin ELISA kit, according to the manufac-
turer's protocol.

RT‑qPCR. Cultured MC3T3-E1 cells were pretreated with 
10 µM EGCG or vehicle at 37˚C for 60 min, then stimulated 
with 70 ng/ml BMP-4 or vehicle in 1 ml of α-MEM containing 
0.3% FBS at 37˚C for 6 h. Total RNA was isolated by TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) and was reverse transcribed into complementary 
DNA using an Omniscript Reverse Transcriptase kit (Qiagen 
Inc., Valencia, CA, USA) according to the manufacturer's 
protocol. qPCR was performed using a LightCycler Capillary 
system and Fast Start DNA Master SYBR-Green I kit (Roche 
Diagnostics, Basel, Switzerland). The forward and reverse 
primers for mouse osteoprotegerin mRNA were purchased 
from Takara Biotechnology Co., Ltd. (Dalian, China). The 
sequences were as follows: Forward 5'-CAA TGG CTG GCT 
TGG TTT CAT AG-3' and reverse 5'-CTG AAC CAG ACA TGA 
CAG CTG GA-3'. The forward and reverse primers for mouse 
GAPDH mRNA were synthesized based on the report of 
Simpson et al (22) and obtained from Sigma-Aldrich (Merck 
KGaA). The sequences were as follows: Forward 5'-AAC GAC 
CCC TTC ATT GAC-3' and reverse 5'-TCC ACG ACA TAC TCA 
GCA C‑3'. The reaction mixtures were incubated at 95˚C for 
10 min, followed by 40 cycles at 60˚C for 5 sec and 72˚C for 
7 sec. The amplified products were determined by a melting 
curve analysis (23) according to the system protocol. The 
data were analyzed by second derivative maximum method 
using LyghtCycler3 Data Analysis (Version 3.5.28; Roche 
Diagnostics). Levels of osteoprotegerin mRNA were normal-
ized to those of GAPDH mRNA.

Western blot analysis. Cultured MC3T3-E1 cells were 
pretreated with 10, 20 or 30 µM of EGCG at 37˚C for 60 min, then 
stimulated with 30 ng/ml BMP-4 or vehicle, PBS supplemented 
with 0.01% bovine serum albumin containing 0.1% ethanol, in 
1 ml of α‑MEM containing 0.3% FBS at 37˚C for 45, 90 or 
120 min according to our previous reports (19,24-26). Cells 
were then washed twice with phosphate-buffered saline and 
lysed, homogenized and sonicated with 20 short 1 sec bursts 
using a TOMY Ultrasonic Disruptor UD-211 (TOMY Digital 
Biology, Co., Ltd., Tokyo, Japan) in a lysis buffer containing 
62.5 mM Tris/HCl (pH 6.8) 2% sodium dodecyl sulfate 
(SDS), 50 mM dithiothreitol and 10% glycerol. SDS-PAGE 
was performed according to the Laemmli method (27) on 
10% polyacrylamide gels. The proteins were fractionated and 
transferred onto Immuno‑Blot polyvinyl difluoride (PVDF) 
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membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 
The membranes were blocked with 5% fat-free dry milk in 
Tris-buffered saline-Tween-20 [TBS-T; 20 mM Tris-HCl (pH 
7.6) 137 mM NaCl and 0.1% Tween-20) at room temperature 
for 2 h prior to incubation with primary antibodies. Western 
blot analysis was performed as described previously (28) using 
antibodies against phospho-Smad1, GAPDH, phospho-p70 S6 
kinase, p70 S6 kinase, phospho-p38 MAPK and p38 MAPK 
as primary antibodies and peroxidase-labeled goat anti-rabbit 
immunoglobulin G as secondary antibodies. The primary 
and secondary antibodies were diluted to 1:1,000 with 5% 
fat-free dry milk in TBS-T. Peroxidase activity on the PVDF 
membranes was detected on an X-ray film using the ECL 
western blotting detection system.

Measurements. The absorbance of enzyme immunosorbent 
assay samples was measured at 450 nm with an EL 340 Bio 
Kinetic Reader (BioTek Instruments, Inc., Winooski, VT, USA). 
Densitometric analysis of western blotting was performed 
using a scanner and Image J 1.47 software (National Institutes 
of Health, Bethesda, MD, USA). Levels of phosphorylated 
protein were calculated as the background-subtracted signal 
intensity of each phosphorylation signal normalized to the 
respective total protein signal, and plotted as a fold increase 
relative to that of control cells treated with vehicle reagent.

Statistical analysis. Data were analyzed using one-way anal-
ysis of variance followed by a Bonferroni method for multiple 
comparisons between pairs, using Microsoft Office Excel 2013 
for Windows (Microsoft Corporation, Redmond, WA, USA) 
and P<0.05 was considered to indicate a statistically signifi-
cant difference. All data are presented as the mean ± standard 
error of the mean of three replicate experiments from three 
independent cell preparations.

Results

Differential effects of CGA or EGCG on BMP‑4‑stimulated 
osteoprotegerin release in MC3T3‑E1 cells. In a previous 
study by the present authors (19), it was demonstrated 
that BMP-4 stimulates osteoprotegerin synthesis in 
osteoblast-like MC3T3-E1 cells. The present study initially 
investigated the effect of CGA on BMP-4-stimulated osteo-
protegerin release in MC3T3-E1 cells. It was observed 
that CGA (≤50 nM) + BMP‑4 had no significant effect on 
BMP-4-stimulated osteoprotegerin release in comparison to 
the value of vehicle + BMP‑4 (Fig. 1).

The effect of EGCG on BMP-4-stimulated osteoprotegerin 
release was also investigated in MC3T3-E1 cells. In contrast 
to CGA, it was observed that 30 µM of EGCG + BMP‑4 
(Fig. 2A) significantly enhanced BMP‑4‑stimulated osteopro-
tegerin release in a time-dependent manner compared with 
the value of vehicle + BMP‑4 (P<0.005; Fig. 2A). In addition, 
the stimulatory effects of EGCG + BMP‑4 (Fig. 2B) on osteo-
protegerin release were dose-dependent between 1 and 10 µM 
in comparison to the value of vehicle + BMP‑4 (P<0.003; 
Fig. 2B).

EGCG stimulates BMP‑4‑induced osteoprotegerin mRNA 
expression in MC3T3‑E1 cells. To determine whether the 

stimulatory effects of EGCG on BMP-4-stimulated osteo-
protegerin release was mediated by transcriptional events 
in osteoblast-like MC3T3-E1 cells, the effect of EGCG 
on BMP-4-induced expression of osteoprotegerin mRNA 
was subsequently evaluated. It was observed that EGCG 
(10 µM) + BMP-4 significantly enhanced BMP-4-induced 
osteoprotegerin mRNA expression in comparison to the value 
of vehicle + BMP-4 (P=0.03; Fig. 3).

EGCG has no effect on BMP‑4‑induced phosphorylation 
of Smad1. The Smad1/5/8 pathway is an intracellular signal 
transduction system that principally mediates the effects of 
BMPs (15). To determine whether the stimulatory effects 
of EGCG on osteoprotegerin synthesis were dependent on 
the activation of Smad1/5/8 in MC3T3-E1 cells, the present 
study evaluated the effect of EGCG on BMP-4-induced 
phosphorylation of Smad1. It was observed that vehicle alone 
or EGCG + vehicle did not stimulate the phosphorylation of 
Smad1, whereas vehicle + BMP‑4 did. It was observed that 
EGCG (10‑30 µM) + BMP‑4 had no effect on BMP‑4‑induced 
phosphorylation of Smad1 in comparison to the value of 
vehicle + BMP‑4 (Fig. 4).

EGCG has little effect on BMP‑4‑induced phosphoryla‑
tion of p38 MAPK. In previous studies by our group (19,24), 
BMP-4 induced the activation of p38 MAPK in osteoblast-like 
MC3T3-E1 cells, and p38 MAPK was associated with the 
BMP-4-stimulated osteoprotegerin synthesis in these cells. 
Therefore, to determine whether the effect of EGCG on 
BMP-4-stimulated osteoprotegerin synthesis was associated 
with activation of p38 MAPK in MC3T3-E1 cells, the present 
study evaluated the effect of EGCG on BMP-4-induced 

Figure 1. Effect of CGA on BMP-4-stimulated OPG release in MC3T3-E1 
cells. The cultured cells were pretreated with the indicated doses of CGA for 
60 min, then stimulated with 30 ng/ml BMP-4 or vehicle (●) or vehicle (○) 
for 48 h. Levels of OPG in the culture medium were determined by ELISA. 
Data are presented as the mean ± standard error of the mean of three replicate 
experiments from three independent cell preparations. CGA, chlorogenic 
acid, BMP-4, bone morphogenic protein-4; OPG, osteoprotegrin; N.S., no 
significant difference.
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phosphorylation of p38 MAPK. It was observed that 
EGCG (10‑30 µM) + BMP‑4 had no significant effect on 
BMP-4-induced phosphorylation of p38 MAPK in comparison 
to the value of vehicle + BMP‑4 (Fig. 5).

Rapamycin suppresses BMP‑4‑stimulated osteoprotegerin 
release in MC3T3‑E1 cells. BMP-4 has been demonstrated 
to induce the synthesis of vascular endothelial growth factor 
through p70 S6 kinase in osteoblast-like MC3T3-E1 cells (25). 
Therefore, the present study also evaluated whether p70 S6 
kinase serves a role in BMP-4-stimulated osteoprotegerin 
synthesis in MC3T3-E1 cells. It was observed that rapamycin, 

as an inhibitor of mammalian target of rapamycin (mTOR) 
that activates p70 S6 kinase (29), significantly suppressed 
BMP-4-stimulated osteoprotegerin release in a dose-dependent 

Figure 3. Effect of EGCG on BMP-4-induced expression of OPG mRNA 
in MC3T3-E1 cells. Cultured cells were pretreated with 10 µM EGCG or 
vehicle for 60 min, then stimulated with 30 ng/ml BMP-4 or vehicle for 6 h. 
Total RNA was isolated and quantified using reverse transcription‑quantita-
tive polymerase chain reaction. Data are presented as the mean ± standard 
error of the mean of three replicate experiments from three independent 
cell preparations *P<0.05 vs. control cells and **P<0.05 vs. cells stimulated 
by BMP-4 and pretreated with vehicle. EGCG, (-)-epigallocatechin gallate; 
BMP-4, bone morphogenic protein-4; OPG, osteoprotegrin.

Figure 4. Effect of EGCG on BMP-4-induced phosphorylation of Smad1 in 
MC3T3-E1 cells. Cultured cells were pretreated with the indicated doses 
of EGCG for 60 min, then stimulated with 30 ng/ml BMP-4 or vehicle for 
45 min. Cell extracts were then subjected to SDS-PAGE and subsequent 
western blot analysis using primary antibodies against phospho-Smad1 and 
GAPDH. The bar chart shows the levels of BMP-4-induced phosphorylation 
determined by laser-based densitometric analysis. Data are presented as the 
mean ± standard error of the mean of three replicate experiments from three 
independent cell preparations. *P<0.05 vs. control cells. N.S., no significant 
difference; EGCG, (-)-epigallocatechin gallate; BMP-4, bone morphogenic 
protein-4; phospho, phosphorylated. 

Figure 2. Effect of EGCG on BMP-4-stimulated OPG release in MC3T3-E1 
cells. (A) Cultured cells were pretreated with 30 µM EGCG (●, ○) or vehicle 
(▲, ∆) for 60 min, then stimulated with 30 ng/ml BMP-4 (●, ▲) or vehicle  
(○, ∆) for the indicated time periods. (B) Cultured cells were pretreated 
with the indicated doses of EGCG for 60 min, then stimulated with 
30 ng/ml BMP-4 (●) or vehicle (○) for 48 h. Levels of osteoprotegerin in 
the culture medium were determined by ELISA. Data are presented as the 
mean ± standard error of the mean of three replicate experiments from three 
independent cell preparations. *P<0.05 vs. control cells and **P<0.05 vs. cells 
stimulated by BMP-4 and pretreated with vehicle. EGCG, (-)-epigallocat-
echin gallate; BMP-4, bone morphogenic protein-4; OPG, osteoprotegrin.
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manner between 1 and 50 ng/ml in comparison to the value of 
vehicle + BMP‑4 (P<0.007; Fig. 6).

EGCG has little effect on BMP‑4‑induced phosphoryla‑
tion of p70 S6 kinase. To determine whether the effect of 
EGCG on BMP-4-stimulated osteoprotegerin synthesis 
was due to the activation of p70 S6 kinase in MC3T3-E1 
cells, the present study evaluated the effect of EGCG on 
BMP-4-induced phosphorylation of p70 S6 kinase. However, 
it was observed that EGCG (10‑30 µM) + BMP‑4 had no 
significant effect on BMP‑4‑induced phosphorylation of p70 
S6 kinase in comparison to the value of vehicle + BMP‑4 
(Fig. 7).

Discussion

In the present study, it was observed that EGCG, which is a 
primary polyphenolic component of green tea, significantly 
enhanced BMP-4-stimulated osteoprotegerin release in 
osteoblast-like MC3T3-E1 cells. By contrast, CGA, a primary 
polyphenolic component of coffee, had no significant effect on 
the release of osteoprotegerin. It was also demonstrated that 
BMP-4-induced expression of osteoprotegerin mRNA was 
significantly enhanced by EGCG (10 µM) in MC3T3‑E1 cells. 
These results suggest that the stimulatory effects of EGCG 
on BMP-4-induced osteoprotegerin release may be mediated 
at a transcriptional level. Notably EGCG, but not CGA, may 

Figure 5. Effect of EGCG on BMP-4-induced phosphorylation of p38 MAPK 
in MC3T3-E1 cells. Cultured cells were pretreated with various doses of 
EGCG for 60 min, then stimulated with 30 ng/ml BMP-4 or vehicle for 
90 min. Cell extracts were then subjected to SDS-PAGE and subsequent 
western blot analysis using antibodies against phospho-p38 MAPK and p38 
MAPK. The bar chart shows the levels of BMP-4-induced phosphorylation 
determined by laser-based densitometric analysis. Data are presented as the 
mean ± standard error of the mean of three replicate experiments from three 
independent cell preparations. *P<0.05 vs. control cells treated with vehicle 
alone. N.S., no significant difference; EGCG, (‑)‑epigallocatechin gallate; 
BMP-4, bone morphogenic protein-4; p38 MAPK, p38 mitogen-activated 
protein kinase; phospho, phosphorylated. 

Figure 7. Effect of EGCG on BMP-4-induced phosphorylation of p70 S6 
kinase in MC3T3-E1 cells. Cultured cells were pretreated with the indicated 
doses of EGCG for 60 min, then stimulated with 30 ng/ml BMP-4 or vehicle 
for 120 min. Cell extracts were then subjected to SDS-PAGE and subsequent 
western blot analysis using antibodies against phospho-p70 S6 kinase and p70 
S6 kinase. The bar chart shows the levels of BMP-4-induced phosphorylation 
determined by laser-based densitometric analysis. Data are presented as the 
mean ± standard error of the mean of three replicate experiments from three 
independent cell preparations. *P<0.05 vs. control cells treated with vehicle 
alone. N.S., no significant difference; EGCG, (‑)‑epigallocatechin gallate; 
BMP-4, bone morphogenic protein-4; phospho, phosphorylated.

Figure 6. Effect of rapamycin on BMP-4-stimulated OPG release in 
MC3T3-E1 cells. Cultured cells were pretreated with the indicated doses of 
rapamycin for 60 min, then stimulated with 30 ng/ml BMP-4 (●) or vehicle 
(○) for 48 h. Levels of OPG in the culture medium were determined by 
ELISA. Data are presented as the mean ± standard error of the mean of three 
replicate experiments from three independent cell preparations. *P<0.05 vs. 
BMP-4 alone. BMP-4, bone morphogenic protein-4; OPG, osteoprotegrin. 
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upregulate BMP-4-stimulated synthesis of osteoprotegerin in 
osteoblast-like MC3T3-E1 cells.

It has been established that Smad proteins, as intracel-
lular signaling molecules, typically mediate the effects of 
the TGF-β superfamily, including BMPs (15). In particular, 
the effects of BMPs are exerted through Smad1/5/8, as a 
receptor-regulated Smad protein (15). However, the present 
study observed that EGCG had no significant effect on 
BMP-4-induced phosphorylation of Smad1 in osteoblast-like 
MC3T3-E1 cells, indicating that the stimulatory effect of 
EGCG on BMP-4-induced osteoprotegrin synthesis does 
not occur through upregulation of the Smad pathway. Recent 
studies have indicated that Smad-independent pathways, 
including the MAPK superfamily, may mediate the effects 
of BMPs in addition to Smad-dependent signaling (11,12). 
In previous studies by the present authors (24,26), it has 
been demonstrated that that BMP-4 promotes the activation 
of p38 MAPK in osteoblast-like MC3T3-E1 cells, resulting 
in enhanced synthesis of osteocalcin and VEGF. Therefore, 
the present study evaluated the potential association between 
p38 MAPK and the effect of EGCG on BMP-4-stimulated 
osteoprotegerin synthesis. However, EGCG had no significant 
effect on BMP-induced phosphorylation of p38 MAPK in 
MC3T3-E1 cells, indicating that the stimulatory effects of 
EGCG on osteoprotegrin synthesis do not occur through p38 
MAPK signaling.

It has also been documented that BMP-4 may induce the 
activation of p70 S6 kinase in osteoblast-like MC3T3-E1 cells, 
and that activated p70 S6 kinase may limit BMP-4-stimulated 
osteocalcin synthesis (30). Based on these findings, the present 
study evaluated the potential association of p70 S6 kinase with 
EGCG-enhanced osteoprotegerin synthesis. Whereas EGCG 
had no significant effect on BMP‑4‑induced phosphorylation 
of p70 S6 kinase, it was observed that BMP-4-induced release 
of osteoprotegerin was suppressed by rapamycin, as an inhib-
itor of mTOR and established activator of p70 S6 kinase (29). 
Collectively, these data suggest that EGCG within osteoblasts 
may act at a point downstream of Smad proteins, p38 MAPK, 
p70 S6 kinase, and/or other signaling targets, where it is 
potentially associated with the stimulation of osteoprotegerin 
synthesis. Future studies are warranted to verify the molecular 
mechanisms underlying the effects of EGCG on osteoprote-
gerin synthesis in osteoblasts.

Polyphenolic compounds present in beverages, including 
green tea and coffee, are considered to have beneficial proper-
ties for human health. In the present study, it was demonstrated 
that EGCG, but not CGA, enhanced BMP-4-stimulated 
osteoprotegerin synthesis in osteoblast-like MC3T3-E1 cells. 
EGCG is a catechin that is predominantly present in green 
tea. Green tea consumption may be associated with increased 
bone mass, improved bone mineral density and a decreased 
risk of fracture (13). In addition, BMP-4 is associated with 
bone formation and serves a key role in the process of fracture 
healing (16). Conversely, osteoprotegerin serves as a decoy 
receptor of the RANK ligand and blocks RANK-RANK 
ligand interactions required for the differentiation and activa-
tion of osteoclasts (1). Therefore, the stimulatory effects of 
EGCG on BMP-4-stimulated osteoprotegerin synthesis may 
lead to attenuation in bone resorption, resulting in an imbal-
ance in bone metabolism towards increased bone formation. In 

the present study, EGCG enhanced BMP-4-stimulated osteo-
protegerin synthesis at ≥3 µM. In human volunteers, it has 
been documented that a single EGCG dosage of 1,600 mg/day 
leads to a maximum plasma concentration of 11.08 µM (31). 
Therefore, the concentration of EGCG used in the present 
in vitro study may be achievable in vivo.

In conclusion, the present results suggest that EGCG, but 
not CGA, may enhance BMP-4-stimulated osteoprotegerin 
synthesis in osteoblasts. The potential modulatory effects 
of EGCG osteoblast function and bone metabolism may be 
useful in the prevention of fractures, particularly amongst the 
elderly. Future studies are now warranted to determine the 
precise molecular effects of EGCG on bone metabolism.
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