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ABSTRACT
Green tea catechin, (–)-epigallocatechin-3-gallate [(–)-EGCG], was found to increase osteogenic functioning in
mesenchymal stem cells. This study qualified EGCG, the strongest inhibitory efficiency for receptor activator of
nuclear factor-κB (NF-κB) ligand (RANKL)-activated osteoclastogenesis among other green tea catechins for
RAW264, a murine preosteoclast cell line. Moreover, EGCG inhibited tartrate-resistant acid phosphatase
(TRAP)-positive multinucleated cell formation dose dependently in both single culture and co-culture systems,
the expression of transcription factor, nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) and some osteoclastic genes. Especially, EGCG exhibited a strong inhibitory effect on the expression levels of RANK, the
receptor of RANKL, and OSCAR, a key co-stimulator of the RANKL/RANK signal. Simultaneously, apoptotic
genes expression and Hoechst staining revealed that EGCG induced apoptosis in RAW264. Taken together, these
data suggest that the inhibitory effect of EGCG to osteoclastogenesis is associated with a down regulation of
RANKL/RANK signal, and increased apoptosis of preosteoclasts.
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1. Introduction
Skeletal degenerative diseases such as osteoporosis have
become increasingly prevalent with the increase in the
lifespan of human [1]. Regardless of the cause, osteoporosis reflects a relative preponderance of osteoclast activity. Osteoclastogenesis is a complicated process involving many stages such as commitment, differentiation,
multinucleation, and activation of immature osteoclasts.
A variety of both systemic hormones and cytokines locally produced in the bone microenvironment regulates
the differentiation and function of osteoclasts [2,3].
Receptor activator of nuclear factor-κB ligand (RANKL),
physiologically, expressed by stromal cells in the bone
marrow and osteoblasts in the periosteum, is a protein
*
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present on the membranes of osteoblasts and their precursors, which activates the receptor RANK, on osteoclast precursors [4]. Targeted disruption of RANK also
results in severe osteopetrosis, which suggests that the
RANKL/RANK interaction plays an essential role in
osteoclast formation in vivo [5]. Nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1) has been reported
to be the transcription factor most strongly induced by
RANKL, which activates NF-κB and AP-1 [6]. NFATc1
regulates many osteoclast-specific genes such as Cathepsin K, tartrate-resistant acid phosphatase (TRAP), and
calcitonin receptor (CtR) [7,8]. Immunoglobulin-like costimulatory molecules associated with FcRγ and DAP12
such as osteoclast-associated receptor (OSCAR) are involved in the activation of calcium signals leading to the
induction of NFATc1 [9-11].
FNS
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In mammalian cells, SIRT1 has a dual effect on
FOXO3a function: SIRT1 increases the ability of FOXO3 to induce cell cycle arrest and resistance to oxidative
stress but inhibits its ability to induce cell death [12].
Cell death is also regulated by complex interactions between the members of the Bcl-2 family [13]. Among the
members of the BCL-2 homology domain 3 (BH3) family, proapoptotic member Bim has been classified as an
“activator” in view of its purported ability to directly
engage and activate Bax and Bak. Bax and Bak, when
engaged, trigger mitochondrial outer membrane permeabilization (MOMP), which results in the release of proapoptoticproteins (e.g., cytochrome c) from the mitochondria to the cytosol, thereby initiating the caspase cascade
[14]. In addition, Caspase-3-Bim axis has been reported
to play an important role in regulating the apoptosis of
osteoclasts [15].
Among the constituents contained in tea leaves, polyphenoliccatechins are thought to contribute to the biological effects of tea. The main polyphenols found in
green tea extracts are (–)-epicatechin [(–)-EC], (–)-epigallocatechin [(–)-EGC], (–)-epicatechin-3-gallate [(–)ECG], and (–)-epigallocatechin-3-gallate [(–)-EGCG].
The latter, (–)-EGCG, the most abundant catechin, was
found to be the strongest chemopreventive and anticancer
agent among the green tea catechins [16].
Although EGCG has been reported to effectively suppress bone resorption by suppressing the osteoclast formation of RAW264 cells in the presence of RANKL [17],
the mechanism is not fully understood. This report aims
to elucidate whether EGCG inhibits osteoclastogenesis
via the inhibition of RANKL signaling and induces the
apoptosis of preosteoclasts.

2. Materials and Methods
2.1. Cell Culture
RAW264 cells (RIKEN Institute of Physical and Chemical Research Cell Bank, Tsukuba, Ibaraki, Japan) were
cultured at 37˚C in 100-mm dishes in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% FBS (Sanko
Junyaku, Chiyoda, Tokyo, Japan) and 1% MEM nonessential amino acid solution (NEAA) (Invitrogen,
Carlsbad, CA, USA). To induce osteoclast development,
RAW264 cells were plated on a 96-well plate at 2 × 103
cells/well and cultured in minimum essential medium
alpha (α-MEM) (Invitrogen) (10% fetal bovine serum
(FBS), 1% NEAA) containing catechin (EGCG, EGC,
ECG or EC) (Mitsui Nourin) and 100 ng/ml RANKL for
5 days.
MC3T3-E1 cells (RIKEN) were spread at 3.2 × 104
cells/cm2 in 100-mm dishes, and were cultured in αOPEN ACCESS

MEM containing 50 mg/l ascorbic acid, supplemented
with 10% FBS (Sanko Junyaku) at 37˚C for 10 days.
We obtained bone marrow cells from femurs and tibiae of 6-week-old male mouse and osteoblasts from
mouse newborn calvaria (Saitama Experimental Animal
Supply, Katsushika, Saitama, Japan). Bone marrow cells
and osteoblasts were spread in the same plate with
α-MEM (10% FBS) at a density of 2 × 105 and 2 × 104
cells/well respectively (co-culture). To stimulate the differentiation of osteoclasts, these cells were cultured simultaneously on the same plate for 6 days under the stimulation of 10−8 M 1, 25(OH)2D3 (Wako, Chuo, Osaka,
Japan) [18].

2.2. TRAP (Tartrate-Resistant Acid
Phsphatase) Staining
Wells were washed with PBS, and cells were fixed by
incubation with 100 μl of 4% paraformaldehyde (Wako)
at 4˚C for 1 h. Each well was washed with distilled water,
and then 100 μl of tartrate-resistant acid phosphatase
(TRAP) solution (50 mM sodium tartrate (KANTO-Kagaku, Tokyo, Japan), 45 mM sodium acetate [pH 5.0],
0.01% naphthol AS-MX phosphate (Sigma-Aldrich),
0.03% fast red violet LB salt (Sigma-Aldrich)) was added to each well and incubated for 10 min [19]. Cells were
washed with water and observed through an optical microscope.

2.3. ALP (Alkaline Phosphatase) Staining
After the culture, cells were incubated with 100 μl of 4%
paraformaldehyde at 4˚C for 1 h. Each well was washed
with distilled water, and then 100 μl of ALP stain solution (100 mM Tris-HCl [pH 8.4], 0.01% naphthol ASMX phosphate (Sigma-Aldrich), 0.06% fast blue BB salt
(Sigma-Aldrich)) [20]. Cells were washed with distilled
water and observed under an optical microscope.

2.4. ALP Activity
After the culture, cells were washed with PBS. The enzyme activity of ALP was measured by directly adding
100 μl/well of ALP assay buffer (0.6 M diethanolamine
(Sigma-Aldrich), 0.6 mM MgCl2, 0.1% Triton X-100
(Sigma-Aldrich), and 30 mM p-nitrophenylphosphate
(Sigma-Aldrich)) to each well. After the incubation for
15 min at room temperature, the reaction was terminated
by adding 50 μl/well of 3 M NaOH, and the absorbance
was measured at 405 nm using microplate reader
(SPECTRA MAX190, Molecular Devices, USA) [21].
The ALP activity was normalized to its protein concentration and represented as units per microgram of protein,
with each unit of activity being defined as the amount of
FNS
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enzyme that produces 1 nmol p-nitrophenol/min.

2.5. Real-Time Quantitative PCR

Cells were cultured with EGCG (0 - 100) μM in the
presence of RANKL 100 ng/ml for 24 h, 48 h, or 72 h.
After 3 h culturing with MTT solution, reaction was terminated, and reaction product was dissolved in 0.04
MHCl in propan-2-ol. Absorbance was measured by microplate reader.

Total RNA was extracted with a standard acid-GTCphenol extraction method [22]. The cDNA from RAW264
cells was synthesized using M-MLV Reverse Transcripsample ( OD570 − OD630 )
tase (Takara Bio, Otsu, Shiga, Japan). PCR was perViability ( % )
=
× 100 ,
formed on a Gene Amp 5700 Sequence Detector (Apcontrol ( OD570 − OD630 )
plied Biosystems, Foster City, CA, USA) according to
n = 6.
the manufacturer’s instructions. All reactions were run in
triplicate. After data collection, the mRNA copy number
2.9. Apoptosis Detection by Hoechst Staining
of a specific gene in total RNA was calculated with a
standard curve generated with serially diluted plasmids
The morphology of the nuclei for apoptotic changes of
containing PCR amplicon sequences, and normalized to
cells treated EGCG for 72 h was observed by Hoechst
the rodent total RNA with mouse GAPDH (glyceraldestaining using an inverting fluorescence microscope
hyde 3-phosphate dehydrogenase) as an internal control.
(BZ-8000, KEYENCE, Osaka, Japan). Hoechst staining
PCR was performed using the following primers:
was conducted to observe the cells undergoing apoptosis.
GAPDH, 5’-TGG TGA AGG TCG GTG TGA ACG G-3’
RAW264 cells were treated with (1 - 50) μM EGCG for
(forward) and 5’-TGC CGT TGA ATT TGC CGT GAG
72
h and apoptotic cells were stained by Hoechst method.
T-3’ (reverse); RANK, 5’-CAG TGT GCC TAC AGC
Cells
were collected by 0.25% trypsin, then fixed in 4%
ATG GGC T-3’ (forward) and 5’-TCC AGT CAC GTT
paraformaldehyde,
washed twice with phosphate bufCCC AGA GGC A-3’ (reverse); OSCAR, 5’-GCC TTC
fered
saline
(PBS)
and permeabilized in Hoechst33258
TGC CCC CTA TGT GCT A-3’ (forward) and 5’-GCA
(Sigma-Aldrich),
and
then directly observed under a fluGAG CTC CTG CTG TGC CAA T-3’ (reverse).
orescence microscope.

2.6. PCR Analysis

2.10. Statistical Analyses

PCR was performed using the specific primers under the
following conditions: for GAPDH primers (95˚C for 5
min; 25 - 27 cycles of 95˚C for 30 s, 55˚C for 1 min,
72˚C for 1 min; 72˚C for 7 min); for other primers (95˚C
for 5 min; 20 - 40 cycles of 95˚C for 30 s, 55˚C for 1 min,
72˚C for 1 min; 72˚C for 7 min).

Results are expressed as mean ± standard deviation.
Comparisons between groups were made by analysis of
variance and, when significant, were examined by Tukey’s all-pairwise comparison test. Differences were
considered significant when P < 0.05.

2.7. Western Blotting

3. Results

Cells were dissolved in a sample buffer (50 mM Tris/HCl
[pH 6.8], 2% SDS, 6% β-mercaptoethanol, 1 mM PMSF,
1 mM EDTA) with a supersonicator (Handy Sonic UR20P, TOMY SEIKO, Tokyo, Japan). SDS-PAGE was
performed with 10 μg of protein, and the separated proteins were transferred to a nitrocellulose membrane. The
blotted membrane was soaked in 5% BSA and incubated
with primary antibody for phosphorylated Caspase-3,
RANK and GAPDH (Cell Signaling Technology, Tokyo,
Japan), and with a secondary antibody for HRP-conjugated anti-rabbit IgG (Cell Signaling Technology). Finally, each protein band was detected by chemiluminescence (Las1000, Fuji FILM, Minato, Tokyo, Japan).

3.1. EGCG Shows the Strongest Efficiency
among Green Tea Catechins in Inhibiting
Osteoclast-Like Development of
RAW264 Cells

2.8. Cell Viability Detection by MTT Assay
The viability of RAW264 cells for EGCG treatment was
examined by MTT[3-(4,5-dimethyl thiazol-2-yl)-2,5dephenyl tetrazolium bromide]assay (Sigma-Aldrich).
OPEN ACCESS

We used RAW264 cells, a mouse macrophage-derived
cell line that differentiates into osteoclast-like, multinucleated cells (MNCs) in the presence of RANKL [23].
Cells were treated with the following green tea polyphenoliccatechins applied at concentrations of either 10 µM
or 100 µM: (–)-epigallocatechin-3-gallate (EGCG), (–)epigallocatechin (EGC), (–)-epicatechin-3-gallate (ECG),
and (–)-epicatechin (EC), in the presence of 100 ng/ml
RANKL. After culturing for 5 d, the cells were stained
by the TRAP method and the TRAP-positive MNCs
were enumerated. The results shown in Figure 1 demonstrate that, at both 10 µM and 100 µM concentrations,
EGCG had the most obvious effect in reducing the number of TRAP positive osteoclasts, by 19% and 96%, reFNS
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Figure 1. The efficiency of green tea catechins in osteoclastlike development of RAW264 cells. Cells were treated with
EGCG, EGC, ECG and EC at both 10 μM and 100 μM in
the presence of RANKL (100 ng/ml) for 5 days. TRAP positive MNCs were scored. Error bar shows S.E.M., based on
three independent experiments (n = 6). Against a value of
Cont, *P < 0.05, **P < 0.01.

spectively (n = 6, P < 0.01).

3.2. EGCG Inhibits the Differentiation of
RAW264 Cell Dose-Dependently
RANKL-induced osteoclast differentiation in RAW264
cells was reduced in the presence of EGCG in a dosedependent manner. After EGCG (10, 25, 50, or 100 µM)
treatment of RAW264 cells in the presence of 100 ng/ml
RANKL, the ratio of MNCs were reduced to 79%, 68%,
22%, and 8% of MNCs in the control group (n = 6, P <
0.01) (Figures 2(a) and (b)).
To determine the stage of osteoclastogenesis which
was affected by EGCG, we treated RANKL-induced
RAW264 cells with EGCG (10 µM) on different days,
from day 0 to day 4. On day 5, all treated cells were
stained using the TRAP protocol. We found that EGCG
initially reduced RANKL-induced TRAP-positive osteoclast numbers by 25% from day 0 to day 5. After 1
day of stimulation, the number of TRAP-positive cells
was reduced by 23% and after 2 days, it was reduced by
17%. However, it did not significantly reduce the number
of MNCs on day 3 (5%) or on day 4 (4%) after stimulation (Figure 2(c)).

Figure 2. EGCG inhibits osteoclast differentiation of murine RAW264 cells dose-dependently. (a) RAW264 cells
were cultured in α-MEM with RANKL (100 ng/ml) for 5
days in the presence of EGCG, and stained by TRAP method; (b) The TRAP positive MNCs were scored. Error bar
shows S.E.M., three experiments performed independently
(n = 6). Against a value of 0 M, *P < 0.05, **P < 0.01; (c)
RAW264 cells were treated with RANKL, and EGCG (10
μM) was added at the different time (day 0 - 4). The TRAP
positive MNCs were scored. Error bar shows S.E.M., three
experiments performed independently (n = 6). Against a
value of Cont, *P < 0.05, **P < 0.01.

(a)

3.3. Effect of EGCG on the Differentiation of
MC3T3-E1 Cell
MC3T3-E1 cells, originally derived from mouse calvaria,
were used to investigate the physiological role of EGCG
on the differentiation of osteoblasts [24]. MC3T3-E1
cells were cultured in medium containing 10 µM EGCG
for 10 d. The number of ALP-positive cells was decreased by stimulation with EGCG (Figure 3(a)). After
treatment of cells with 10 µM EGCG, ALP activity was
reduced to about 61% of the control (Figure 3(b)), verifying that EGCG suppressed the differentiation of
MC3T3-E1 cells.
OPEN ACCESS

(b)

Figure 3. Effect of EGCG in osteoblast differentiation.
MC3T3-E1 cells were used as a model for osteoblastic precursor cells. MC3T3-E1 cells were cultured with 10 μM
EGCG for 10 d. (a) After the culture, cells were fixed by 4%
paraformaldyhede and stained by ALP method; (b) Cells
were incubated with ALP assay buffer and ALP enzyme
activity was measured. Error bar shows S.E.M., three experiments were performed independently (n = 6).
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3.4. EGCG Inhibits Osteoclast Formation in
Co-Culture Cells
It is well known that osteoblasts induce the differentiation of osteoclasts through the production of RANKL
and CSF-1 [25]. As shown by our previous data, EGCG
has a suppressive effect on differentiation of precursor
cells of osteoblasts but has little effect on differentiated
osteoblasts [17]; therefore, the influence of EGCG on the
differentiation of osteoclasts was analyzed by using a
co-culture of differentiated osteoblasts and the precursor
of osteoclasts. Osteoblasts collected from the calvaria of
newborn mice and bone marrow cells collected from
mouse tibiae and femurs were co-cultured on the same
plate in the presence of 1, 25(OH)2D3 to stimulate the
differentiation of osteoclasts. Since the expression of
TRAP is specific to osteoclasts, TRAP staining enabled
definitive identification of osteoclasts in mixed cultures.
The number of differentiated osteoclasts was decreased
dose-dependently by different concentrations of EGCG
treatment (Figure 4). These results confirmed that
EGCG has a direct suppressive effect on osteoclast precursor cells.
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real-time PCR show that after 3 d and 5 d of treatment
with EGCG in the presence of RANKL, the expression
level of RANK were reduced to 29% and 55% of control
groups, respectively (Figures 5(A) and (B)).
Simultaneously, the mRNA level of osteoclast-associated receptor (OSCAR), a co-stimulator of RANK, was
strongly reduced by EGCG treatment (n = 3, P < 0.01).
Moreover, western blotting shows that EGCG visibly
decreased the extent of RANK induction (Figure 5(C)).
These results indicate that EGCG may directly influence
the RANKL/RANK signal pathway by suppressing
RANK expression.

3.6. Effect of EGCG to the Expression of
Osteoclastic Genes
We examined the effects of EGCG on the expression of

3.5. EGCG Affects the Expression of RANK in
RAW264 Cells
It is well known that the RANKL/RANK interaction
plays an essential role in osteoclast formation in vivo [26]
and targeted disruption of either RANKL or RANK results in severe osteopetrosis due to impaired formation of
osteoclasts [5,27]. In addition, the mRNA expression
level of RANKL is not changed in EGCG treated osteoblasts [17]. Therefore, we studied the direct influence
of EGCG on the RANKL/RANK signal pathway by investigating the mRNA expression level of RANK, the
receptor for RANKL. The results from RT-PCR and
0

5

25

50 (μM)

10

Figure 4. EGCG inhibits osteoclast formation in co-culture
cells. Osteoblasts collected from the calvaria of mouse newborn and bone marrow cells collected from mouse tibia and
femur were simultaneously cultured on the same plate for
five days in the absence or presence of EGCG at various
concentrations (0 μM, 5 μM, 10 μM, 25 μM, and 50 μM)
under the stimulation of 10−8 μM 1, 25(OH)2D3. At the day 6,
cells were fixed and stained by TRAP method.
OPEN ACCESS

Figure 5. EGCG affects the expression of RANK in
RAW264 cells. (A) RAW264 cells were treated with 10 μM
EGCG in the presence of RANKL and RNA was extracted
at day 3 and day 5. The mRNA expression of RANK and
OSCAR were determined by RT-PCR; (B) Real-time PCR
was applied to obtain quantitative data of the mRNA expression of RANK and Oscar. Error bar shows S.E.M.,
three experiments performed independently (n = 3); (C)
Cells were cultured with EGCG (0 μM, 10 μM) in the presence of RANKL for 3 d and subjected to western blot analysis (a), and the histogram represents the level of relative
expression (%) compared with that of control (b).
FNS
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mRNAs for osteoclast-specific genes by RT-PCR. RNA
was extracted from RAW264 cells treated with or without 10 µM EGCG and 100 ng/ml RANKL, at day 3 and
day 5 of culture. As shown in Figure 6, EGCG did not
influence mRNA levels of TRAP [28] or Cathepsin K [3],
while the mRNA levels of other osteoclast specific genes
such as calcitonin receptor (CtR) [7] and matrix metalloproteinase 9 (MMP9) [29] were decreased. In addition,
the nuclear factor of activated T cell c1 (NFATc1), a key
transcription factor induced by RANKL was reduced by
EGCG treatment. These results indicated that EGCG has
an inhibitory effect to osteoclastogenesis by specifically
regulating some osteoclastic genes in RAW264 cells.

(A)

5d

3d
0

10

0

10

(μM)
GAPDH
FOXO3a
SIRT1
Bim

(B)
(a)

10

0

25

(μM)
Caspase-3

FOXO3a is well known for inducing cell apoptosis [30],
and apoptosis of osteoclasts is regulated by the Caspase3-Bim axis [15]. Therefore, using RT-PCR, we investigated the effect of EGCG treatment on the mRNA level
of gene expression of FOXO3a, Bim, andSIRT1, which
regulates the ability of FOXO3a in inducing apoptosis.
As shown in Figure 7(A), both FOXO3a and Bim were
increased, while SIRT1 was decreased by EGCG. In addition, western blotting represented that Caspase-3 protein level increased by EGCG treatment (Figure 7(B)).
These results indicate that EGCG induced cell apoptosis
in osteoclast differentiation.
An MTT assay was performed to investigate the cell
viability after EGCG treatment. RAW264 cells were
treated with different concentrations of EGCG in the
presence of 100 ng/ml RANKL for 24 h, 48 h, or 72 h.
No obvious reduction in cell viability was apparent in
cells cultured with up to 50 µM EGCG, although treat5d

3d
0

10

0

10

(μM)
GAPDH
NTATc1
CtR
MMP9
TRAP
Cathepsin K

Figure 6. Effect of EGCG to the expression of osteoclastic
genes.RAW264 cells were treated with 10 μM EGCG in the
presence of RANKL, and RNA was extracted at day 3 and
day 5. RT-PCR was performed with specific primers for
each genes.
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GAPDH
(b)
Relative expression (%)

3.7. EGCG Influenced the Apoptosis-Related
Genes Expression in Osteoclast
Differentiation

400
300
200
100
0
0

10

25

(μM)

Figure 7. EGCG influenced the apoptosis-related genes
expression and activation of caspase-3. (A) RAW264 cells
were cultured with EGCG (10 μM) in the presence of
RANKL for 5 d. At the day 3 and day 5, RNA was extracted
and RT-PCR was performed; (B) RAW264 cells were cultured with EGCG (0 μM, 10 μM, 25 μM) in the presence of
RANKL for 3 d and subjected to Western blot analysis (a).
The histogram represents the levels of relative expression
(%) compared with that of control (b).

ment with 100 µM EGCG reduced the cell viability considerably (Figure 8(a)). For further confirmation, cells
were stained with Hoechst33258 to observe the morphological characteristics of apoptotic cells. Hoechst staining
indicated that Hoechst-positive cells were increased in
RAW264 cells in response to EGCG in a dose-dependent
manner as compared to the control group (Figure 8(b)).

4. Discussion
Regular tea drinkers are reported to be at reduced risk of
hip fractures and to have a higher bone mineral density
(BMD) [31,32]. It has been reported that some green tea
polyphenols physiologically regulate bone metabolism
[33].
In this study, first, we compared the efficiency of the
inhibitory effect of EGCG with that of other green tea
catechins, namely EGC, ECG, and EC. The study was
performed with RANKL-induced osteoclastogenesis in
RAW264 cells, a homogeneous clonal population of muFNS
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Figure 8. Confirmation of the apoptosis-inducing effect of
EGCG in RAW264 cells. (a) RAW264 cells were cultured
with EGCG (0 - 100 μM) in the presence of RANKL for 24
h, 48 h, or 72 h. Cells were cultured with MTT solution for
another 3 h. Absorbance was measured by microreader,
and the viability was calculated in the manner: viability (%)
= sample (OD570-OD630)/control (OD570-OD630) × 100.
Error bar shows S.E.M., three experiments performed independently (n = 6). Against a value of 0 M, **P < 0.01; (b)
RAW264 cells were cultured with EGCG (0 - 50 μM) in the
presence of RANKL for 72 h and fixed by 4% paraformaldehyde. Cells were stained by Hoechst33258 solution and
photographed by a fluorescence microscope.

rine monocytic cells. RAW264 cells do not include any
osteoblasts, or bone marrow stromal cells that produce
cytokines such as M-CSF and OPG [34], which allow us
to rule out cell and cytokine factors and focus on
RANKL/RANK signaling in preosteoclastogenesis. As
the result shows, among the polyphenols found in green
tea, EGCG was the most effective catechin in inhibiting
osteoclast differentiation by leading to the lowest number
of MNCs at both low and high concentrations. Osteoclast
differentiation decreased in a dose-dependent manner in
response to treatment with various concentrations of
EGCG for 5 d. However, this inhibition mainly occurred
in the initial stage of osteoclastogenesis when cell fusion
and multinucleated cell formation occurs.
Furthermore, ALP staining and ALP activity showed
that EGCG inhibited the differentiation of murine osteoblastic MC3T3-E1 cells. RT-PCR analysis of RANKL
OPEN ACCESS

113

in osteoblasts revealed that EGCG did not change the
mRNA expression level of RANKL [17]. Because
RANKL produced by osteoblasts results in the differentiation of osteoclasts, it is possible that apart from the
direct inhibitory effect on osteoclastogenesis, EGCG will
also influence osteoclastogenesis indirectly by affecting
the differentiation of osteoblast precursor cells in vivo.
Therefore, the indirect effect of EGCG by inhibition of
the differentiation of osteoblasts was excluded by applying a co-culture system of calvaria-derived osteoblasts
and bone marrow cells from a 6-week-old male mouse
was used to obtain physiological proof of the ability of
EGCG to induce osteoclastogenesis. The results showed
the effect of EGCG in physiological condition.
Next, we provided an insight into the mode of action
of EGCG on osteoclast differentiation and showed that
EGCG interferes with RANKL signaling. This cytokine
is indispensable for triggering the full osteoclast differentiation program [29]. First, we showed that, in the
presence of EGCG, the mRNA levels of theosteoclastic
genes, CtR and MMP9 were downregulated, but there
was no obvious effect on the expression of TRAP and
Cathepsin K. Secondly, we showed that EGCG prevents
the induction of NFATc1, a downstream transcription
factor induced by RANKL, which was reported to be
indispensable for differentiation of monocytes into osteoclasts [11]. Furthermore, both RANK and OSCAR, a
key osteoclast-specific gene costimulation molecule,
which is involved in the induction of NFATc1 by
RANKL, were found to be downregulated. Because
NFATc1 is a key transcription factor that regulates osteoclast-specific genes, CtR, TRAP, Cathepsin K, and
even OSCAR [7,8], one may speculate that inhibited
induction of NFATc1 contributes to the inhibition of
osteoclastogenesis. However, the reduced expression
levels of RANK and OSCAR drew our attention to the
possibility that downregulated RANKL/RANK signaling
pathway by EGCG results in the impaired NFATc1 stimulation. Of course, additional targets of EGCG cannot
be excluded. In addition to its action on RANKL signaling, EGCG may also affect cellular changes occurring
during the terminal differentiation of osteoclasts. Indeed,
we found that the formation of osteoclasts was also inhibited when EGCG was added 3 days after RANKL stimulation, at a time point where NFATc1 is already activated [35]. Taken together, our findings show that EGCG
can inhibit RANKL-induced osteoclastogenesis at several critical steps, including the RANKL/RANK signaling
pathway itself.
On the other hand, SIRT1 has been known to inhibit
FOXO3a’s ability to induce cell death [12]. Also, Bim
has described as an activator in Caspase-3-Bim axis in
regulating apoptosis has been reported to play an important role in regulating the apoptosis of osteoclasts [14,15].
FNS
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Therefore, we examined the mRNA expression levels of
SIRT1, FOXO3a and Bim on RANKL-induced osteoclast differentiation after EGCG treatment using RT-PCR.
Upregulated FOXO3a, Bim, and reduced SIRT1 indicated that the apoptosis of RAW264 cells might be enhanced by EGCG treatment. EGCG-induced apoptosis
through downstream activation of caspase is well characterized in various cancer cells. However, it is reported
thatcatechin, a component of green tea, causes caspaseindependent necrosis-like cell death in chronic myelogenous leukemia [36]. Whether caspase activation was
involved in the death of murine osteoclasts by EGCG
remains to be clarified. Western blotting results showed
increased Caspase-3 activation. Furthermore, the apoptosis-inducing effect of EGCG on osteoclast precursor cells
was confirmed by Hoechst staining, while the MTT assay
revealed that up to 50 µM, EGCG treatment had no effect on cell viability, which might to be explained as the
result of increased mitochondrial activity in RAW264
cells due to treatment with EGCG. These results suggest
that the pro-apoptotic function of Caspase-3-Bim might
play an important role in EGCG-induced apoptosis in
RAW264 cells.
Thus far, it has been reported that the concentration of
EGCG reaches to approximately 10 µM in blood by oral
administration of high dose of EGCG [37]. Through this
whole study, we mainly used 10 µM EGCG, a concentration that is close to that found in vivo. Therefore, EGCG
should one day be found applicable in the treatment of
bone lesions in nonmalignant diseases such as osteoporosis.

5. Conclusion
This in vitro study revealed that EGCG suppressed osteoclast differentiation at an early stage of osteoclastogenesis in cultured RAW264 cells through the down regulation of RANK and OSCAR. Furthermore, EGCG simultaneously increased FOXO3a-related apoptosis in
EGCG-treated RAW264 cells via a caspase-dependent
pathway. These results suggest that EGCG is potentially
beneficial in the protection and treatment of bone lesions
in the future.
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