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MC3T3-E1 cells, we examined the effect of resveratrol on the
BMP-4-induced phosphorylation of p70 S6 kinase. Resveratrol
significantly attenuated the phosphorylation of p70 S6 kinase
induced by BMP-4 in a dose-dependent manner between 10 and
50 uM (Fig. 5A). Furthermore, SRT1720, which alone barely
affected the phosphorylation of p70 S6 kinase, also suppressed
the p70 S6 kinase phosphorylation in these cells (Fig. 5B).

Discussion

In the present study, we demonstrated that resveratrol, a
polyphenolic flavonoid enriched in the skins of red grapes or
red wine (12,13), significantly suppressed BMP-4-stimulated
VEGEF release in osteoblast-like MC3T3-E1 cells. Resveratrol
reportedly functions at least in part via activation of SIRT1,
which is known as one of the longevity genes (21). We also
found that SRT1720 suppressed BMP-4-stimulated VEGF
release in these cells. Therefore, the suppressive effect of
resveratrol on BMP-4-induced VEGF synthesis in osteoblasts
appears to be a SIRT1-dependent event. In addition, we demon-
strated that both resveratrol and SRT1720 markedly decreased
the BMP-4-induced expression levels of VEGF mRNA.
Based on our findings, it is probable that the inhibitory effect
of resveratrol on BMP-4-induced VEGF release is mediated
through transcriptional events. To the best of our knowledge,
this is the first report to demonstrate the suppression of VEGF
synthesis by resveratrol in osteoblasts.

It is well known that Smad proteins are central media-
tors of the intracellular signaling system of the TGF-f
superfamily such as TGF-f§ and BMPs (23). Regarding BMP
signaling, BMPs employ the activation of Smadl/5/8 as
receptor-regulated Smads (23). Thus, we investigated whether
Smad1/5/8 are involved in the inhibitory effects of resvera-
trol or SRT1720 on BMP-4-stimulated VEGF synthesis in
osteoblast-like MC3T3-E1 cells. However, neither resveratrol
nor SRT1720 affected the BMP-4-induced phosphorylation
levels of Smad1/5/8. Therefore, it seems unlikely that the
suppressive effect of resveratrol on VEGF synthesis stimulated
by BMP-4 is due to the modulation of Smad1/5/8-mediating
signaling. Moreover, accumulating evidence indicates that
the TGF-§ superfamily exerts their effects on a variety of
biological functions via Smad-independent signaling (24). We
previously reported that activation of p70 S6 kinase positively
regulates BMP-4-stimulated VEGF synthesis in osteoblast-
like MC3T3-E1 cells (8). Thus, we next investigated whether
resveratrol or SRT1720 affects the activation of p70 S6 kinase
upregulated by BMP-4 in MC3T3-El cells. We found that the
phosphorylation levels of p70 S6 kinase induced by BMP-4
were significantly attenuated by both resveratrol and SRT1720.
Based on our findings, it is likely that the suppression of
BMP-4-stimulated VEGF synthesis by resveratrol through
SIRT-1 activation is mediated by the modulation of p70 S6
kinase in osteoblast-like MC3T3-E1 cells.

Resveratrol is a natural polyphenol abundantly found in
grape skins and red wine and shows numerous favorable effects
on the health of humans through antioxidation, anti-aging and
anti-stress (12,13). It has been reported that resveratrol prevents
various types of cancers such as colon carcinoma, and attenu-
ates the progression of Alzheimer's disease, in addition to
protection against obesity and its associated diseases (25-27).

1017

Recent studies have also linked resveratrol to a prolonged
lifespan in humans and other species (28,29). It has been
shown that BMP signaling is required for both bone develop-
ment and angiogenesis (30). During bone development and
fracture healing, BMPs not only increase bone formation, but
also enhance angiogenesis through regulation of the expres-
sion of VEGF. Moreover, modifications of VEGF expression
were reportedly observed in osteoporosis in vivo (7). Both the
reduction in VEGF expression in the tibial metaphysis and the
contrasting increases in VEGF expression related to vascular-
ization in the periosteum have been recognized in osteoporotic
rat models (7), suggesting the complicated mechanism of
the pathogenesis. Thus, our present findings, clearly demon-
strating the reduction of BMP-4-induced VEGF synthesis by
resveratrol in osteoblasts-like MC3T3-El cells, provides novel
insight underlying the favorable effects of polyphenols on the
health of humans particularly on elder individuals. Further
investigation is necessary to clarify the detailed mechanisms
of resveratrol underlying the VEGF synthesis in osteoblasts.

In conclusion, our findings strongly suggest that resvera-
trol attenuates BMP-4-stimulated VEGF synthesis through
suppression of the activation of p70 S6 kinase in osteoblasts,
and that the inhibitory effect is at least in part mediated by
SIRT1 activation.
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Resveratrol, a natural polyphenol with health-related properties mainly existing in grape skins and red
wine, possesses beneficial effects on human being. We have previously reported that prostaglandin D,
(PGDs) stimulates heat shock protein 27 (HSP27) induction via activation of p44/p42 mitogen-activated
protein (MAP) kinase, p38 MAP kinase and stress-activated protein kinase/c-Jun N-terminal kinase
(SAPKJJNK) in ostcoblast-like MC3T3-E1 cells. In the present study, we investigated the mechanism
behind the effect of PGD, on osteoprotegerin (OPG) synthesis and the effect of resveratrol on the OPG
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Resveratrol levels of OPG mRNA. Resveratrol and SRT1720, an activator of SIRT1, markedly suppressed the PGD,-
Ot protegerin induced OPG release and the mRNA levels of OPG. PDI80S9, a specific MEK inhibitor, SB203580, a
O;ccnblast specific p38 MAP kinase inhibitor, and SP600125, a specific SAPK/JNK inhibitor suppressed the PGD.-

stimulated OPG release. PGD»-induced phosphorylation of p38 MAP kinase and SAPK/INK was
attenuated by resveratrol or SRT1720. However, resveratrol or SRT1720 failed to affect the phosphoryla-
tion of myosin phosphatase-targeting subunit-1 (MYPT-1), a downstream substrate of Rho-kinase and
p44/p42 MAP kinase. These results strongly suggest that resveratrol suppresses PGDz-stimulated OPG
synthesis through inhibiting p38 MAP kinase and SAPK[JNK in osteoblasts, and that the suppressive
effect is exerted at the point downstream of Rho-kinase but upstream of p38 MAP kinase or SAPK/INK.

@ 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Bone metabolism is regulated mainly by two functional cells,
osteoblasts and osteoclasts responsible for bone formation and
bone resorption, respectively | 1]. The formation of bone structures
and bone remodeling result from the coupling process of osteo-
blasts and osteoclasts. The disorder of bone remodeling causes
metabolic bone diseases such as osteoporosis. In proceeding
of bone remodeling, it is generally recognized that numerous
humoral factors including prostaglandins and cytokines play
pivotal roles [2].

Osteoprotegerin (OPG), a glycoprotein belonging to the tumor
niecrosis factor receptor superfamily. has been well recognized to
possess inhibitory effects on osteoclast activation along with
receptor activator of nuclear factor xB (RANK). In response to
numerous hormones, cytokines and prostaglandins, osteoblastic
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Geriatrics and Gerontology, Obu, Aichi 474-8511, Japan. Tel.: +81 56246 2311;
fax: +81 562 46 8396,
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cells are well known to generate RANK ligand (RANKL) and OPG
[3]. OPG binds to RANKL as a decoy receptor and inhibits the
binding of RANK to RANKL, an essential step of osteoclastogenesis
for osteoclast-precursor cells derived from macrophages [4]. It has
been reported that RANKL-knock out mice are suffered from
severe osteopetrosis, suggesting that RANKL is a central regulator
of osteoclastogenesis [5]. It is currently recognized that the RANK/
RANKL/OPG axis is an important regulatory system for osteoclasts,

It is firmly established that prostaglandins act as local factors,
autacoids, in osteoblasts. Among them, prostaglandin D, (PGD,) is
recognized to be implicated in the control of osteoclast function
and bone anabolism [G]. it has been shown that PGD, stimulates
collagen synthesis during calcification of osteoblasts [7]. In addi-
tion, PGD; produced by osteoblasts reportedly modulates expres-
sion of OPG and RANKL in osteoblasts [8]. In our previous study
[9], we have shown that PGD> stimulates interleukin-6 (IL-6)
synthesis via Ca®* mobilization in osteoblast-like MC3T3-E1 cells.
We also reported the involvement of Rho-kinase in PGD>-induced
1L-6 synthesis in these cells [10]. In addition, we have demon-
strated that PGD; stimulates the induction of heat shock protein
27 (HSP27) via three major mitogen-activated protein (MAP)
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kinases, p44/p42 MAP kinase, p38 MAP kinase and stress-activated
protein kinase/c-Jun N-terminal kinase (SAPK/JNK) and that Rho-
kinase functions at a point upstream of both p38 MAP kinase and
SAPK/JNK in osteoblast-like MC3T3-E1 cells [11,12].

It is generally known that polyphenolic compounds in foods
such as vegetables and fruits have beneficial properties for human
beings. Among them, flavonoids show antioxidative, antiinflam-
matory and antitumor effects [13.14]. Resveratrol, a natural poly-
phenolic flavonoid enriched in the skins of red grapes and red
wine, has been shown to increase life span in lower organisms by
activating the nicotinamide adenine dinucleotide (NAD* )-depen-
dent histone deacetylase SIRT1 [15]. NAD* is biosynthesized in
our body as a precursor of nicotinamide, and has an important role
for energy acquisition as a coenzyme of oxidoreductase. SIRT1 is
identified as a transcriptional silencer in yeast and modulates a
number of transcriptional regulators in mammals [16]. It has been
shown that there is low mortality from coronary heart disease in
France as wine consumption contains high amount of abundant
resveratrol [17]. It has been reported that post-menopausal
women who preferentially consume wine have a lower risk of
hip fracture compared to non-drinkers, past drinkers and those
with other alcohol preferences [18]. However, the exact mechan-
ism underlying resveratrol-effects on bone metabolism remains to
be elucidated.

In the present study, we investigated the mechanism of OPG
synthesis induced by PGD, and the effect of resveratrol on the OPG
synthesis in osteoblast-like MC3T3-E1 cells. We herein demon-
strate that resveratrol suppresses PGD,-stimulated OPG synthesis
through inhibiting p38 MAP kinase and SAPK/JNK in osteoblasts,
and that the suppressing effect is exerted at the point downstream
of Rho-kinase but upstream of p38 MAP kinase or SAPK/JNK.

2. Materials and methods
2.1. Materials

Resveratrol, SRT1720, PD98059, SB203580 and SP600125 were
obtained from Calbiochem-Novabiochem Co. (La Jolla, CA). PGD>
was obtained from Sigma Chemical Co. (St. Louis, MO). A mouse
OPG enzyme-linked immunosorbent assay (ELISA) kit was
obtained from R&D Systems, Inc. (Minneapolis, MN). Phospho-
specific p44/p42 MAP kinase antibodies, p44/p42 MAP kinase
antibodies, phospho-specific p38 MAP kinase antibodies, p38
MAP kinase antibodies, phospho-specific SAPK/JNK antibodies,
SAPK/INK antibodies, phospho-specific myosin phosphatase
targeting subunit-1 (MYPT-1) antibodies and MYPT-1 antibodies
were obtained from Cell Signaling, Inc. (Beverly, MA). An ECL
Western blotting detection system was obtained from GE Health-
care (Buckinghamshire, UK). Other materials and chemicals were
obtained from commercial sources. PGD; was dissolved in ethanol.
Resveratrol, SRT1720, PD98059, SB203580 and SP600125 were
dissolved in dimethy] sulfoxide. The maximum concentration of
ethanol or dimethyl sulfoxide was 0.1%, which did not affect either
the assay for OPG or the detection of the protein level using
Western blot analysis.

2.2. Cell culture

Cloned osteoblast-like MC3T3-E1 cells derived from newborn
mouse calvaria [19} were maintained as described previously [20].
Briefly, the cells were cultured in a~minimum essential medium
(«-MEM) containing 10% fetal bovine serum (FBS) at 37 'C in a
humidified atmosphere of 5% C0,/95% air. The cells were seeded
into 35-mm diameter dishes (5 x 10* cells/dish) or 90-mm dia-
meter dishes (2 x 10° cells{dish) in «-MEM containing 10% FBS.

After 5 days, the medium was exchanged for o~-MEM containing
0.3% FBS. The cells were used for experiments after 48 h.

2.3. Assay for OPG

The cultured cells were pretreated with various doses of
resveratrol, SRT1720, PD98058, SB203580 or SP600125 for
G0 min, and then stimulated by 10 yM of PGD- or vehicle in 1 ml
of o-MEM containing 0.3% FBS for the indicated periods. The
conditioned medium was collected at the end of incubation, and
the OPG concentration was then measured using the OPG ELISA kit
according to the manufacturer's protocol.

2.4. Real-time RT-PCR

The cultured cells were pretreated with 50 pM of resveratrol or
vehicle for 60 min, and then stimulated by 10 pM of PGD, or
vehicle in «-MEM containing 0.3% FBS for 3 h. Total RNA was
isolated and ftranscribed into complementary DNA using Trizol
regand (Invitrogen Corp., Carlsbad, CA) and Omniscript Reverse
Transcriptase kit (QIAGEN Inc., Valencia, CA), respectively. Real-
time RT-PCR was performed using a Light Cycler system in
capillaries and Fast Start DNA Master SYBR Green I provided with
the kit (Roche Diagnostics, Basel, Switzerland). Sense and anti-
sense primers for mouse OPG mRNA or GAPDH mRNA were
purchased from Takara Bio Inc. (Tokyo, Japan) (primer set ID:
MA026526). The amptified products were determined using a
melting curve analysis and agarose electrophoresis. The OPG
mRNA levels were normalized to those of GAPDH mRNA.

2.5. Western blot analysis

The cultured cells were pretreated with various doses of
resveratrol or SRT1720 for 60 min, and then stimulated by PGD,
in «-MEM containing 0.3% FBS for the indicated periods. The cells
were washed twice with phosphate-buffered saline and then
lysed, homogenized and sonicated in a lysis buffer containing
62.5 mM TrisfHCL, pH 6.8, 2% sodium dodecyl sulfate (SDS), 50 mM
dithiothreitol and 10% glycerol, SDS-polyacrylamide gel electro-
phoresis (PAGE) was performed by the method of Laemmli [21] in
10% polyacrylamide gels. The protein was fractionated and trans-
ferred onto an Immun-Blot PVDF Membrane (Bio-Rad, Hercules,
CA). The membranes were blocked with 5% fat-free dry milk in
Tris-buffered saline-Tween (TBS-T; 20 mM Tris-HCI, pH 76,
137 mM NaCl, 0.1% Tween 20) for 2 h before incubation with
primary antibodies. A Western blot analysis was performed as
previously described [22] using phospho-specific p44/p42 MAP
kinase antibodies, p44/p42 MAP kinase antibodies, phospho-
specific p38 MAP kinase antibodies, p38 MAP kinase antibodies,
phospho-specific SAPK/JNK antibodies, SAPK/INK antibodies,
phospho-specific MYPT-1 antibodies or MYPT-1 antibodies as
primary antibodies with peroxidase-labeled antibodies raised in
goat against rabbit IgG being used as secondary antibodies, The
primary and secondary antibodies were diluted at 1:1000 with 5%
fat-free dry milk in TBS-T. The peroxidase activity on the PVDF
sheet was visualized on X-ray film by means of the ECL Western
blotting detection system.

2.6. Determination of densitometric analysis

Densitometric analysis was performed using scanner and
image analysis software (image | version 1.32). The phosphory-
lated protein levels were calculated as follows: the back ground-
subtracted signal intensity of each phosphorylation signal was
normalized to the respective total protein signal and plotted as the
fold increase in comparison to control cells without stimulation.
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2.7. Statistical analysis

The data were analyzed by ANOVA followed by the Bonferroni
method for multiple comparisons between pairs, and p < 0.05 was
considered to be statistically significant. All data are presented as
the mean +S.E.M. of triplicate determinations from three inde-
pendent cell preparations.

3. Results

3.1. Effect of resveratrol on the PGDy-stimulated OPG release in
MC3T3-E1 cells

We first investigated whether PGD, stimulates OPG synthesis
or not in osteoblast-like MC3T3-E1 cells. PGD, significantly sti-
mulated the release of OPG in a time-dependent manner up to
12 h (Fig. 1). We next examined the effect of resveratrol on the
PGD»-stimulated OPG release in these cells. Resveratrol, which
alone had a little effect on the OPG levels, significantly suppressed
the PGD»-stimulated OPG release in a dose-dependent manner in
the range between 1 and 50 uM (Fig. 2). The maximum effect of
resveratrol was observed at 50 M, which caused an approximate
50% decrease in the PGDy-effect.

3.2. Effect of SRT1720 on the PGD,-stimulated OPG release
in MC3T3-E1 cells

SRT1720 is known to be an activator of SIRT1 as well as
resveratrol [23]. Thus, we examined the effect of SRT1720 on the
PGD,-stimulated OPG release in MC3T3-E1 cells. SRT1720 signifi-
cantly reduced the PGD,-stimulated OPG release (Table 1). The
effect of SRT1720 at 10 pM caused an approximate 40% decrease in
the PGD,-effect.

16 T T T T
A, vehicle

A , PGD,alone

O, resveratro! alone

@, PGD, with resveratrol

12

Osteoprotegerin (x 10° pg/mi)
«©

0

(4] 3 8 ] 12
Time (h)

Fig. 1. Effect of resveratrol on the PGD-stimulated OPG release in MC3T3-E1 cells.
The cultured cells were pretreated with 50 pM of resveratrol or vehicle for 60 min,
and then stimulated by 10 gM of PGD; or vehicle for the indicated periods. OPG
concentrations of the culture mediums were determined by ELISA. Each value
represents the mean + SEM. of triplicate determinations from three independent
cell preparations. s, vehicle; s, PGD, alone; o, resveratrol alone; o, PGD, with
resveratrol., °p < 0,05, compared to the value of control. **p < 0.05, campared to the
value of PGD; alone.

2_—'=l 1 rreynd i 1

Osteoprotegerin (x 104 pg/mi)

0 : 1 1 [N T OO 0 N 4 ] I SO
0 1 3 10 30 50
Resveratrol (uM)

Fig. 2. Effect of resveratrol on the PGD,-stimulated OPG release in MC3T3-E1 cells.
The cultured cells were pretreated with various doses of resveratrol for 60 min, and
then stimulated by 10 pM of PGD,, () or vehicle (O) for 12 h. QPG concentrations of
the culture mediums were determined by ELISA. Each value represents the
mean + SEM. of triplicate determinations from three independent cell prepara-
tfions. *p < 0.05, compared to the value of PGD, alone.

3.3. Effect of resveratrol or SRT1720 on the PGD,-induced expression
levels of OPG mRNA in MC3T3-E1 cells

In order to investigate whether the suppressing effects of
resveratrol or SRT1720 on PGD,-stimulated OPG release are
meditated through transcriptional events or not, we further
examined the effect of resveratrol or SRT1720 on the PGD,-
induced OPG mRNA expression by real-time RT-PCR. Resveratrol,
which alone had a litile effect on the mRNA levels of OPG,
significantly suppressed the PGD,-induced OPG mRNA expression
(Fig. 3A). In addition, SRT1720 significantly reduced OPG mRNA
expression levels induced by PGD,, (Fig. 3B).

3.4. Effects of PD98059, SB203580 and SP600125 on the PGD,-
stimulated OPG release in MC3T3-E1 cells

It is firmly established that major MAP kinases such as p44/p42
MAP kinase, p38 MAP kinase and SAPK/I[NK among the MAP
kinase superfamily are central elements used by mammalian cells
to transduce the various messages of extracellular stimuli {24], As
for PGD, signaling in ostecblasts, we have previously reported that
these three MAP kinases are involved in the HSP27 induction by
PGD; in osteoblast-like MC3T3-E1 cells [11]. In order to elucidate
whether p44/p42 MAP kinase, p38 MAP kinase or SAPK/JNK in
MC3T3-E1 cells are involved in the PGD,-stimulated OPG synth-
esis, we examined the effects of PD98059, a specific inhibitor of
the upstream kinase that activates p44/p42 MAP kinase [25],
SB203580, a specific inhibitor of p38 MAP kinase [26] or
SP6001235, a specific inhibitor of SAPK/JNK [27], on the OFG releage
stimulated by PGD,. PD98059, SB203580 and SP600125, which by
themselves had a little effect on the OPG release, significantly
reduced the PGD,-stimulated OPG release (Table 2).



76 G. Kuroyanogi et ol. / Prostaglondins, Leukotrienes and Essential Falty Acids 91 (2014) 73-80

Table 1
Effect of SRT1720 on the PGDz-stimulated OPG release in MC3T3-E1 cells.

SRT1720 PGD; oPG (pg/ml)
- - 849 416

- 16,765 4+ 1125
+ - 741633

+ + 9336+ 314"

The cultured cells were pretreated with 10 pM of SRT1720 or vehicle for 60 min,
and then stimulated by 10 pM of PGD, or vehicle for 12 h. OPG concentrations of
the culture mediums were determined by ELISA. Each value represents the
mean + S.EM. of triplicate determinations from three independent cell prepara-
tions. *p < 0.05, compared to the value of control. **p < 0.05, compared to the value
of PGDa alone. .

3.5. Effect of resveratrol on the PGDs-induced phosphorylation
of p44/p42 MAP kinase in MC3T3-E1 cells

In order to clarify whether the suppressive effect of resveratrol
on the PGDy-stimulated OPG synthesis is mediated by the mod-
ulation of p44/p42 MAP kinase activation in MC3T3-E1 cells, we
examined the effect of resveratrol on the PGD,-induced phosphor-
ylation of p44/p42 MAP kinase. However, resveratrol did not affect
the PGDz-induced phosphorylation of p44/p42 MAP kinase in the
range between 10 and 50 uM (Fig. 4),

3.6. Effects of resveratrol on the PGDy~induced phosphorylation
of p38 MAP kinase and SAPK/INK in MC3T3-E1 cells

To investigate whether the resveratrol-effect on the PGD--
stimulated OPG synthesis is mediated through p38 MAP kinase
and/or SAPK/JNK activation in MC3T3-E1 cells, we next examined
the effects of resveratrol on the PGD,-induced plhiosphorylation of
p38 MAP kinase or SAPK/JNK. Resveratrol markedly suppressed
the PGD;-induced phosphorylation of both p38 MAP kinase and
SAPK/INK in a dose-dependent manner in the range between 10
and 50 uM (Fig. 5).

3.7. Effect of resveratrol on the PGD,-induced phosphorylation
of MYPT-1 in MC3T3-E1 cells

We have previously reported that Rho-kinase positively reg-
ulates PGD,-stimulated HSP27 induction at a point upstream from
both p38 MAP kinase and SAPK/JNK in osteoblast-like MC3T3-E1
cells [12]. Tt is well recognized that MYPT-1, a component of
myosin phosphatase, is a downstream substrate of Rho-kinase
[28.29]. In order to eclucidate whether Rho-kinase activation is
involved in the inhibitory effect of resveratrol on the PGD,~
stimulated OPG synthesis in MC3T3-E1 cells, we examined the
effect of resveratrol on the phosphorylation of MYPT-1 induced by
PGD,. However, we found that resveratrol failed to affect the
PGDs-induced phosphorylation of MYPT-1 (Fig. G).

3.8. Effects of SRT1720 on the PGD,-stimulated phosphorylation of
p44/p42 MAP kinase, p38 MAP kinase, SAPK/JNK or MYPT-1 in
MC3T3-EI cells

To furthermore clarify whether the inhibitory effect of resver-
atrol on the PGDy-stimulated OPG synthesis is mediated through
SIRT1 activation in MC3T3-E1 cells, we examined the effects of
SRT1720 on the PGDy-induced phosphorylation of p44/p42 MAP
kinase, p38 MAP kinase, SAPK/INK or MYPT-1. SRT1720 signifi-
cantly suppressed the PGD-induced phosphorylation of p38
MAP kinase and SAPK[INK (Fig. 7). On the contrary, SRT1720
hardly affected the PGDs-induced phosphorylation of p44/p42
MAP kinase or MYPT-1 (Fig. 7). Thus, our findings suggest that

A

OPG mRNA/GAPDH mRNA

0
Resveratrol - - + +
PGD, . + - +

B

12

10

OPG mRNA/GAPDH mRNA
o

0
SRT1720 - ] + +
PGD, - + ; +

Fig. 3. Effects of resveratrol (A) or SRT1720 (B) on the PGDy-induced OPG mRNA
expression in MC3T3-E1 cells. The cultured cells were pretreated with 50 pM of
resveratrol, 10 uM of SRT1720 or vehicle for 60 min, and then stimulated by 10 uM
of PGD» or vehicle for 3 h. The respective total RNA were then isolated and
transcribed into cDNA. The expressions of OPG mRNA and GAPDH mRNA were
quantified by real-time RT-PCR. The OPG mRNA levels were normalized to those of
GAPDH mRNA. Each value represents the mean+ SEM. of triplicate determina-
tions from three independent cell preparations. *p < 0.05 compared to the value of
control. **p < 0.05 compared to the value of PGD; alone.

SRT1720 mimics the effects of resveratrol on the PGD,-induced
phosphorylation of three MAP kinases and MYPT-1.

4. Discussion

In the present study, we demonstrated that resveratrol sig-
nificantly suppressed the PGDy-stimulated OPG release in
osteoblast-like MC3T3-E1 cells. In addition. we showed that
PGD; increased the levels of OPG mRNA, and resveratrol reduced
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Table 2 :
Effects of PD98059, SB203580 or SP660125 on the PGDa-stirnulated OPG release in
MC3T3-E1 cells.
Inhibitors PGD; - OPG (pg/ml)
- - 791 +13
- + 4382 + 160*
PDY8059 - 756 + 62
PD98059 + 2695 x 120
SB203580 - 468 + 34
SB203580 + 800 + 27
SP600125 - 989+ 38
SP600125 + 3471 £92%

The cultured cells were pretreated with 50 uM of PD38059, 30 pM of SB203580,
and 10 M of SP600125 or vehicle for 60 min, and then stimulated by 10 uM of
PGD, or vehicle for 12h. OPG concentrations of the culture mediumns were
determined by EUISA. Each value represents the meanSEM. of triplicate
determinations from three independent cell preparations. *p < 0.05, compared to
the value of control. **p < 0.05, compared to the value of PGD; alone.
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Fig. 4. Effect of resveratrol on the PGDy-induced phosphorylation of p44/p42 MAP
kinase in MC3T3-E1 cells. The cultured cells were pretreated with various doses of
resveratro! for 60 min, and then stimulated by 10 uM of PGD;, or vehicle for 20 min.
The cell extracts were then subjected to SDS-PAGE with subsequent Western blot
analysis with antibodies against phospho-specific p44/p42 MAP kinase or p44/p42
MAP kinase. The histogram shows quantitative representation of the levels of
PGD,-induced phosphorylation obtained from a laser densitometric analysis of
three independent experiments. Each value represents the mean+SEM. of
triplicate determinations. *p < 0.05, compared to the value of control.

the expression levels of OPG mRNA up-regulated by PGD; in these
cells. Therefore, our findings suggest that the suppressing effect of
resveratrol on PGD,-stimulated OPG release was exerted at a point
upstream of transcriptional level on osteoblast-like MC3T3-E1
cells. This is probably the first report which clearly shows the
suppression by resveratrol of PGD,-stimulated OPG synthesis in
osteoblasts. In addition, we found that SRT1720, known as an
activator of SIRT1 with potencies 1000-fold greater than resvera-
trol [23], inhibited the PGD,-stimulated OPG release and the OPG
mRNA expression levels. Based on our findings, it is most likely
that the inhibitory effect of resveratrol on the PGDy-induced OPG
synthesis is mediated at least in part by the activation of SIRT1 in
osteoblast-like MC3T3-E1 cells.

We next investigated the mechanism underlying PGD,~induced
OPG synthesis and the suppressive effect of resveratrol in osteo-
blasts. We have previously reported that PGD, stimulates the
induction of HSP27 via three major MAP kinases, p44/p42 MAP
kinase, p38 MAP kinase and SAPK/JNK in osteoblast-like MC3T3-
Elcells, and that Rho-kinase positively regulates PGD,-stimulated
HSP27 induction via activation of both p38 MAP kinase and SAPK/
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Fig. 5. Effects of resveratrol on the PGD,-induced phosphorylation of p38 MAP
kinase (A) or SAPK/INK (B) in MC3T3-E1 cells. The cultured cells were pretreated
with various doses of resveratrol for 60 min, and then stimulated by 10 sM of PGD>
or vehicle for 10 min. The cell extracts were then subjected to SDS-PAGE with
subsequent Western blot analysis with antibodies against phospho-specific p38
MAP kinase, p38 MAP kinase, phospho-specific SAPK/JNK or SAPK/JNK. The
histogram shows quantitative representation of the levels of PGDy-induced
phosphorylation obtained from a laser densitometric analysis of three independent
experiments. Each value represents the mean 3 S.EM. of triplicate determinations.
*p < 0.05, compared to the value of control. *p < 0.05, compared to the value of
PGD; alone.

JNK [11,12]. We also demonstrated that PGD, activates Rho-kinase
in MC3T3-E1 cells, resulting in the regulation of IL-6 synthesis via
activation of p38 MAP kinase but not p44/p42 MAP kinase [10]. In
the present study, we examined the effects of three MAP kinases
inhibitors, PD98059 (25}, SB203580 [26] and SP600125 [27], on
the PGD,-stimulated OPG synthesis in MC3T3-E1 cells, and
showed that these inhibitors significantly reduced the PGD,-
stimulated OPG release. These results suggest that p44/p42 MAP
kinase, p38 MAP kinase and SAPK/INK function as positive
regulators in the PGD,-stimulated OPG synthesis in ostecblast-
like MC3T3-E1 cells. In addition, resveratrol attenuated the PGD,-
induced phosphorylation of p38 MAP kinase and SAPK/JNK with-
out affecting the phosphorylation of p44/p42 MAP kinase. Based
on our findings, it is probable that the suppressing effect of
resveratrol on the PGD,-stimulated OPG synthesis is mediated
through inhibiting p38 MAP kinase and SAPK/JNK in osteoblast~ .
like MC3T3-E1 cells. Furthermore, we demonstrated that resvera-
trol hardly affected the PGD,~induced phosphorylation of MYPT-1,
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Fig. 6. Effect of resveratrol on the PGDz~induced phosphorylation of MYPT-1 in MCG3T3-
E1 cells. The cultured cells were pretreated with various doses of resveratrol for 60 min,
and then stimulated by 10 pM of PGD; or vehicle for 2 min. The cell extracts were then
subjected to SDS-PAGE with subsequent Western blot analysis with antibodies against
phospho-specific MYPT-1 or MYPT-1. The histogram shows quantitative representation
of the levels of PGDy-induced phosphorylation obtained from a laser densitometric
analysis of three independent experiments. Each value represents the mean + SEM. of
triplicate determinations. *p < 0.05, compared to the value of control.

A ot et e s e 1

suggesting that resveratrol could not affect PGDo-induced activa-
tion of Rho-kinase, an upstream regulator of p38 MAP kinase and
SAPK/JNK in the PGD; signaling in these cells. Taking our findings
into account, it is most likely that resveratrol functions at a point
downstream of Rho-kinase but upstream of p38 MAP kinase or
SAPK/JNK in osteoblast-like MC3T3-E1 cells. We additionally
showed that SRT1720 mimicked the suppressive effects of resver-
atrol on the PGD;-induced phosphorylation of p38 MAP kinase
and SAPK/JNK without affecting the MYPT-1 phosphorylation.
Therefore, our results suggest that the effect of resveratrol on
the PGD,-stimulated OPG synthesis is mediated at least in part

. through activation of SIRT1 in osteoblast-like MC3T3-E1 cells. The

possible mechanism of resveratrol in PGD,-stimulated OPG synth-
esis in osteoblasts is shown in Fig. 8.

It has been reported that PGD, has a stimulatory effect on
osteoblast calcification [30]. In human ostecblasts, PGD, report~
edly functions as an autacoid, and decreases OPG production,
showing inconsistency with our findings [8). The discrepancy may
be due to the differences of species. Although OPG plays a role in
suppression of osteoclastogenesis as a decoy receptor of RANKL
[3], it is possible that the suppression of OPG synthesis promotes
proper bone remodeling required for maintaining the quality of
bone. Adequate regulation of bone remodeling is important to
maintain the quantity of bone and the quality, and proper
osteoclastic bone resorption is essential to remove old fragile
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Fig. 7. Effects of SRT1720 on the PGD,-induced phosphorylation of p44/p42 MAP kinase (A), p38 MAP kinase (B). SAPK/JNK (C) or MYPT-1 (D) in MC3T3-E1 cells. The
cultured cells were pretreated with various doses of resveratrol for 60 min, and then stimulated by 10 uM of PGD. or vehicle for 20 min (A), 10 min (B, C) or 2 min (D). The
cell extracts were then subjected to SDS-PAGE with subsequent Western blet analysis with antibedies against phospho-specific p44/p42 MAP kinase, p44/p42 MAP kinase,
phospho-specific p38 MAP kinase, p38 MAP kinase, phospho-specific SAPK/JNK, SAPK/INK, phospho-specific MYPT-1 or MYPT-1. The histogram shows quantitative
representation of the levels of PGDz-induced phospherylation obtained from a laser densitometric analysis of three independent experiments. Each value represents the
mean + S.EM. of triplicate determinations. *p < 0.05, compared to the value of contrel, *p < 0.05, compared to the value of PGD; alone,
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Fig. 8. Schematic illustration of the regulatory mechanism of PGD,-induced OPG
synthesis and the inhibitory effect of resveratro! in osteoblast-like MC3T3-E1 cells.
PGD;, prostaglandin Dy: MAP kinase, mitogen-activated protein kinase; SAPK/INK,
stress-activated protein kinase/c-Jun N-terminal kinase; OPG, osteoprotegerin.

skeleton and its renewal. Based on our findings, it is probable that
resveratrol could affect the bone remodeling as an activator
through the suppression of OPG production in osteoblasts. It has
been reported that the plasma concentration of resveratrol
reached the peak about 2 pM at 1 h after an oral dose of 25 mg
of resveratrol in human subjects [31]. It has also been reported
that the concentration of PGD, measured in cerebrospinal fluid
collected from cisterna magna of conscious rats is about 2 nM to
5 nM [32]. The tissue levels of resveratrol or plasma levels of PGD,
have not yet been reported as far as we know. We herein showed
that the inhibitory effect of resveratrol on the PGD, (10 uM)-
stimulated OPG release was significantly observed over the range
30-50 uM. The concentrations of resveratrol and PGD, that we
used in this study exceed in vivo values. Therefore, it is likely that
the need for high concentrations of resveratrol and PGD; in vitro is
due to its condition as compared with in vivo conditions. Further
investigation would be necessary to clarify the detailed mechan-
ism of resveratrol underlying the OPG synthesis in osteoblasts.

Taken together, our results strongly suggest that resveratrol
suppresses PGD;-stimulated OPG synthesis through inhibiting p38
MAP kinase and SAPK/JNK in osteoblasts, and that the suppressing
effect of resveratrol is exerted at the point downstream of Rho-
kinase but upstream of p38 MAP kinase or SAPK/INK.
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Abstract. Resveratrol is a natural polyphenol found in red
grape skins, berries and red wine. Accumulating evidence
suggests that resveratrol has various beneficial effects on the
human body. In the present study, we investigated the effects
of prostaglandin E, (PGE,) on osteoprotegerin (OPG) synthesis
and the effects of resveratrol on OPG synthesis in osteoblast-
like MC3T3-E1 cells. PGE, significantly stimulated both the
release of OPG and the mRNA expression levels of OPG, as
shown by OPG assay and real-time RT-PCR, respectively.
Resveratrol markedly suppressed the release and the mRNA
levels of OPG induced by PGE,. On the contrary, SRT1720, an
activator of sirtuin 1 (SIRT1), hardly affected the PGE,-induced
release of OPG. PD98059 [a specific inhibitor of the upstream
kinase that activates p44/p42 mitogen-activated protein (MAP)
kinase], SB203580 (a specific inhibitor of p38 MAP kinase)
and SP600125 [a specific inhibitor of stress-activated protein
kinase/c-Jun N-terminal kinase (SAPK/INK)], reduced the
PGE,-induced release of OPG. Resveratrol attenuated the
PGE,-induced phosphorylation of p44/p42 MAP kinase,
p38 MAP kinase and SAPK/JINK. However, SRT1720 failed to
affect the phosphorylation of p44/p42 MAP kinase, p38 MAP
kinase and SAPK/INK induced by PGE,. These results
strongly suggest that resveratrol reduces PGE,-stimulated
OPG synthesis through the inhibition of p44/p42 MAP kinase,
p38 MAP kinase and SAPK/INK in osteoblasts, and that these
suppressive effects are independent of the activation of SIRT1.

Introduction
Osteoblasts and osteoclasts are functional cells, which are

responsible for bone formation and bone resorption, respec-
tively (1). These two types of cells are major regulators of bone
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metabolism. Bone remodeling is essential for maintaining the
structure and strength of skeletal tissue and is caused by the
coupling processes of osteoclastic bone resorption and osteo-
blastic bone formation. It is generally recognized that numerous
humoral factors, including prostaglandins (PGs) and cytokines
play important roles in the process of bone remodeling (2).
Osteoblasts possess the receptors of a number of bone resorp-
tive factors, such as parathyroid hormone, which promotes the
formation of functional osteoclasts through the upregulation
of receptor activator of nuclear factor-xB (RANK) ligand
(RANKL) (1,2). Therefore, osteoblasts are considered to play
pivotal roles in the regulation of not only bone formation, but
also bone resorption. Osteoprotegerin (OPG) is a glycoprotein,
belonging to the tumor necrosis factor receptor superfamily (3).
OPG, which is produced and secreted from osteoblasts, binds
to RANKL as a decoy receptor and inhibits the binding of
RANKL to RANK, an essential step of osteoclastogenesis
(development of osteoclast-precursor cells into mature osteo-
clasts) (3,4). Thus, it is currently recognized that the RANK/
RANKL/OPG axis is an important regulatory system for
functional osteoclast formation (5).

It has been firmly established that PGs act as autocrine
and paracrine regulators for osteoblasts and play essential
roles in the regulation of bone metabolism (6,7). Among these,
prostaglandin E, (PGE,) is a potent stimulator of bone resorp-
tion as it enhances osteoclast formation (8). As regards the
intracellular signaling of PGE, in osteoblasts, we have previ-
ously demonstrated that PGE, stimulates interleukin-6 (IL-6)
synthesis through Ca** mobilization and cAMP production
in osteoblast-like MC3T3-E1 cells (9). In addition, we have
previously demonstrated that PGE, stimulates the induction
of heat shock protein 27 (HSP27) through Ca* mobilization
and protein kinase C (PKC)-dependent activation of both p44/
p42 mitogen-activated protein (MAP) kinase and p38 MAP
kinase in MC3T3-E1 cells (10). However, the effects of PGE,
on the synthesis of OPG in osteoblasts and the mechanisms
involved have not yet been elucidated.

Resveratrol, which is a natural polyphenol abundantly found
in red grapes and berries, is recognized as possessing antioxi-
dant properties that exert various beneficial effects on human
health (11). It has been reported that resveratrol increases the
life span of lower organisms by activating sirtuin 1 (SIRT1), a
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nicotinamide adenine dinucleotide (NAD")-dependent class 111
deacetylase (12). The various beneficial effects of resveratrol
are considered to be mediated through the activation of SIRT1
in mammalians as well (13). As regards bone cells, we have
recently reported that resveratrol suppresses the synthesis of
vascular endothelial growth factor (VEGF) stimulated by
bone morphogenetic protein-4 (BMP-4) in a SIRT1 activation-
dependent manner in osteoblast-like MC3T3-El cells (14).
However, the mechanisms underlying the effects of resveratrol
on bone metabolism remain to be elucidated.

In the present study, we investigated the mechanisms of
PGE,-induced OPG synthesis and the effects of resveratrol on
OPG synthesis by PGE, in osteoblast-like MC3T3-El cells. We
demonstrate that resveratrol suppresses the PGE,-stimulated
OPG synthesis by inhibiting p44/p42 MAP kinase, p38 MAP
kinase and stress-activated protein kinase/c-Jun N-terminal
kinase (SAPK/JNK) in osteoblasts and that the inhibitory effects
are independent of the activation of SIRTI.

Materials and methods

Materials. Resveratrol, SRT1720, PD98059, SB203580 and
SP600125 were obtained from Calbiochem-Novabiochem Co.
(LalJolla,CA,USA).PGE, was obtained from Sigma Chemical Co.
(St. Louis, MO, USA). A mouse OPG enzyme-linked immuno-
sorbent assay (ELISA) kit was obtained from R&D Systems, Inc.
(Minneapolis, MN, USA). Phospho-specific p44/p42 MAP
kinase antibodies, p44/p42 MAP kinase antibodies, phospho-
specific p38 MAP kinase antibodies, p38 MAP kinase
antibodies, phospho-specific SAPK/INK antibodies and SAPK/
JNK antibodies were obtained from Cell Signaling Technology
(Beverly, MA, USA). An ECL Western Blotting Detection system
was obtained from GE Healthcare (Buckinghamshire, UK).
Other materials and chemicals were obtained from commercial
sources. PGE, was dissolved in ethanol. Resveratrol, SRT1720,
PD98059, SB203580 and SP600125 were dissolved in dimethyl
sulfoxide. The maximum concentration of ethanol or dimethyl
sulfoxide was 0.1%, which did not affect either the assay for OPG
or the detection of the protein level using western blot analysis.

Cell culture. Cloned osteoblast-like MC3T3-E1 cells derived
from newborn mouse calvaria (15) were generously provided by
Dr M. Kumegawa (Meikai University, Sakado, Japan) and were
maintained as previously described (16). Briefly, the cells were
cultured in o-minimum essential medium (a-MEM) containing
10% fetal bovine serum (FBS) at 37°C in a humidified atmo-
sphere of 5% CO,/95% air. The cells were seeded into 35-mm
diameter dishes (5x10* cells/dish) or 90-mm diameter dishes
(2x10° cells/dish) in a-MEM containing 10% FBS. After 5 days,
the medium was exchanged for a-MEM containing 0.3% FBS.
The cells were used for experiments after 48 h.

Assay for OPG. The cultured cells were pre-treated with various
concentrations of resveratrol, SRT1720, PD98059, SB203580 or
SP600125 for 60 min, and then stimulated by 10 uM of PGE, or
the vehicle [mast cell medium (MCM); pH 7.4, 150 mM NaCl,
5 mM KCl, 5.5 mM glucose, 0.8 mM MgS0O4, 1 mM CaCl2,
5 mM HEPES, 0.1% bovine serum albumin] in 1 ml of o-MEM
containing 0.3% FBS for the indicated periods of time. The
conditioned medium was collected at the end of the incubation
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period, and the OPG concentration was then measured using the
OPG ELISA kit according to the manufacturer's instructions.

Real-time RT-PCR. The cultured cells were pre-treated with
50 uM of resveratrol or the vehicle for 60 min and were then stim-
ulated with 10 M of PGE, or the vehicle in a-MEM containing
0.3% FBS for 3 h. Total RNA was isolated and reverse tran-
scribed into complementary DNA (cDNA) using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) and the Omniscript Reverse
Transcriptase kit (Qiagen Inc., Valencia, CA, USA). Real-time
RT-PCR was performed using LightCycler® Capillaries and
FastStart DNA Master SYBR-Green I provided with the kit
(Roche Diagnostics, Basel, Switzerland). Sense and antisense
primers for mouse OPG mRNA or GAPDH mRNA were
purchased from Takara Bio Inc. (Tokyo, Japan) (primer set ID:
MA026526). The amplified products were determined using a
melting curve analysis and agarose electrophoresis. The OPG
mRNA levels were normalized to those of GAPDH mRNA.

Western blot analysis. The cultured cells were pre-treated with
various concentrations of resveratrol or SRT1720 for 60 min
and were then stimulated with PGE, or the vehicle in o-MEM
containing 0.3% FBS for the indicated periods of time. The cells
were washed twice with phosphate-buffered saline and then
lysed, homogenized and sonicated in lysis buffer containing
62.5 mM Tris/HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS),
50 mM dithiothreitol and 10% glycerol. SDS-polyacrylamide
gel electrophoresis (PAGE) was performed according to the
method of Laemmli (17) in 10% polyacrylamide gels. The
protein was fractionated and transferred onto Immun-Blot®
polyvinylidene difluoride (PVDF) membranes (Bio-Rad
Laboratories, Hercules, CA, USA). The membranes were
blocked with 5% fat-free dry milk in Tris-buffered saline
with Tween-20 (TBST; 20 mM Tris-HCl, pH 7.6, 137 mM
NaCl, 0.1% Tween-20) for 2 h prior to incubation with primary
antibodies. Western blot analysis was performed as previously
described (18) using phospho-specific p44/p42 MAP kinase
antibodies, p44/p42 MAP kinase antibodies, phospho-specific
p38 MAP kinase antibodies, p38 MAP kinase antibodies,
phospho-specific SAPK/INK antibodies or SAPK/INK
antibodies as primary antibodies, with peroxidase-labeled
antibodies raised in goat against rabbit IgG being used as
secondary antibodies. The primary and secondary antibodies
were diluted at 1:1,000 with 5% fat-free dry milk in TBST. The
peroxidase activity on the PVDF membranes was visualized on
X-ray film using the ECL Western Blotting Detection system.

Densitometric analysis. Densitometric analysis was performed
using a scanner and image analysis software (ImageJ software
version 1.47). The phosphorylated protein levels were calcu-
lated as follows: the background-subtracted signal intensity of
each phosphorylation signal was respectively normalized to
the total protein signal and plotted as an absolute value.

Statistical analysis. All the data were analyzed by ANOVA
followed by the Bonferroni method for multiple comparisons
between pairs, and a value of P<0.05 was considered to indi-
cate a statistically significant difference. All data are presented
as the means + standard error of the mean (SEM) of triplicate
determinations obtained from 3 independent cell preparations.
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Figure 1. Effects of resveratrol on the prostaglandin E, (PGE,)-stimulated
release of osteoprotegerin (OPG) in MC3T3-El cells. The cultured cells were
pre-treated with 50 M of resveratrol (@ and O) or the vehicle (a and ») for
60 min, and then stimulated with 10 zM of PGE, (@ and a) or the vehicle (O
and a) for the indicated periods of time. OPG concentrations in the culture
medium were determined by ELISA. Each value represents the mean + SEM
of triplicate determinations from 3 independent cell preparations. “P<0.03,
compared to the value of the control (vehicle). “"P<0.05, compared to the value
of stimulation with PGE, alone.

Results

Effects of resveratrol on the PGE,-stimulated release of OPG
in MC3T3-EI cells. First we examined whether PGE, stimu-
lates the release of OPG in osteoblast-like MC3T3-E1 cells.
PGE, significantly promoted the release of OPG in a time-
dependent manner up to 48 h (Fig. 1). We then investigated the
effects of resveratrol on the PGE,-stimulated release of OPG
in these cells. Resveratrol, which alone did not affect the OPG
levels compared with the vehicle, significantly suppressed
the PGE,-stimulated release of OPG (Fig. 1). The inhibitory
effects of resveratrol were dose-dependent in the dose range
between 1 and 50 uM (Fig. 2). The most prominent effects of
resveratrol were observed at the dose of 50 M, which inhib-
ited the effects of PGE, by approximately 50%.

Effects of SRT1720 on the PGE,-stimulated release of OPG
in MC3T3-El cells. SRT1720 is known as an activator of
SIRT1 with a potency 1,000-fold greater than that of resve-
ratrol (19). To investigate whether the effects of resveratrol
on the PGE,-stimulated release of OPG are mediated by the
activation of SIRT1, we examined the effects of SRT1720 on
the PGE,-stimulated release of OPG in the osteoblast-like
MC3T3-El cells. SRT1720 failed to affect the PGE,-stimulated
release of OPG from these cells (Fig. 3).

Effects of resveratrol on the PGE-induced mRNA expression
of OPG in MC3T3-EI cells. In order to elucidate whether
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Figure 2. Effects of resveratrol on the prostaglandin E, (PGE,)-stimulated
release of osteoprotegerin (OPG) in MC3T3-El cells. The cultured cells were
pre-treated with various concentrations of resveratrol for 60 min and then stim-
ulated with 10 uM of PGE, (e) or the vehicle (0) for 48 h. OPG concentrations
in the culture medium were determined by ELISA. Each value represents the
mean = SEM of triplicate determinations from 3 independent cell preparations.
"P<0.05, compared to the value of stimulation with PGE, alone.
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Figure 3. Effects of SRT1720 on the prostaglandin E, (PGE,)-stimulated
release of osteoprotegerin (OPG) in MC3T3-El cells. The cultured cells were
pre-treated with various concentrations of SRT1720 for 60 min and then stimu-
lated with 10 pM of PGE, (e) or the vehicle (0) for 48 h. OPG concentrations
in the culture medium were determined by ELISA. Each value represents the
mean = SEM of triplicate determinations from 3 independent cell preparations.

the suppressive effects of resveratrol on the PGE,-stimulated
release of OPG are mediated through transcriptional events,
we further examined the effects of resveratrol on the PGE,-
induced mRNA expression of OPG by real-time RT-PCR.
Resveratrol, which on its own exerted minimal effects on the
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Figure 4. Effects of resveratrol on the prostaglandin E, (PGE,)-induced mRNA
expression of osteoprotegerin (OPG) in MC3T3-El cells. The cultured cells
were pre-treated with 50 uM of resveratrol or the vehicle for 60 min and then
stimulated with 10 uM of PGE, or the vehicle for 3 h. The respective total
RNA was then isolated and quantified by real-time RT-PCR. Each value rep-
resents the mean + SEM of triplicate determinations from 3 independent cell
preparations. "P<0.05 compared to the value of the control (vehicle). "P<0.05
compared to the value of stimulation with PGE, alone.
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Figure 5. Effects of resveratrol on the prostaglandin E, (PGE,)-induced phos-
phorylation of p44/p42 mitogen-activated protein (MAP) kinase in MC3T3-E1
cells. The cultured cells were pre-treated with various concentrations of resve-
ratrol for 60 min and then stimulated with 10 uM of PGE, or the vehicle for
10 min. The cell extracts were then subjected to SDS-PAGE with subsequent
western blot analysis with antibodies against phospho-specific p44/p42 MAP
kinase or p44/p42 MAP kinase. The histogram shows the quantitative repre-
sentation of the levels of PGE,-induced phosphorylation obtained from a laser
densitometric analysis of 3 independent experiments. Each value represents
the mean + SEM of triplicate determinations. "P<0.05, compared to the value
of the control (vehicle). “P<0.05 compared to the value of stimulation with
PGE, alone.

mRNA levels of OPG, markedly decreased the PGE,-induced
mRNA expression levels of OPG (Fig. 4).
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Table 1. Effects of PD98059, SB203580 or SP600125 on the
PGE,-stimulated release of OPG in MC3T3-E1 cells.

Inhibitors PGE, OPG (pg/ml)
- - 1,128+28

- + 11,424+857*
PD98059 - 1,310+£106
PD98059 + 7,018+510P
SB203580 - 982+1
SB203580 + 5,809+65°
SP600125 - 1,176£97
SP600125 + 6,508+827°

The cultured cells were pre-treated with 50 uM of PD98059, 3 uM
of SB203580, 10 uM of SP600125 or the vehicle for 60 min, and
then stimulated with 10 M of PGE, or the vehicle for 48 h, followed
by the measurement of OPG levels in the respective medium. Each
value represents the mean + SEM of triplicate determinations from
3 independent cell preparations. *P<0.05, compared to the value of the
control (vehicle). °P<0.05, compared to the value of stimulation with
PGE, alone. PGE,, prostaglandin E,; OPG, osteoprotegerin.

Effects of PD98059, SB203580 or SP600125 on the PGE,-
stimulated release of OPG in MC3T3-El cells. It is firmly
established that the major MAP kinase superfamily, including
p44/p42 MAP kinase, p38 MAP kinase and SAPK/INK, is a
central element used by mammalian cells to transduce various
messages of extracellular stimuli (20). As regards PGE, intra-
cellular signaling in osteoblasts, we have previously reported
that p44/p42 MAP kinase and p38 MAP kinase are involved
in the HSP27 induction by PGE, in osteoblast-like MC3T3-E1l
cells (10). In order to clarify whether p44/p42 MAP kinase,
p38 MAP kinase or SAPK/INK are involved in the PGE,-
stimulated OPG synthesis in osteoblast-like MC3T3-E1 cells,
we examined the effects of PD98059, a specific inhibitor of
the upstream kinase activating p44/p42 MAP kinase (21),
SB203580, a specific inhibitor of p38 MAP kinase (22) or
SP600125, a specific inhibitor of SAPK/INK (23), on the
release of OPG stimulated by PGE,. PD98059, SB203580 and
SP600125, which alone had little effect on the release of OPG,
markedly reduced the PGE,-stimulated release of OPG in these
cells (Table I).

Effects of resveratrol or SRT1720 on the PGE,-induced
phosphorylation of p44/p42 MAP kinase, p38 MAP kinase
or SAPK/INK in MC3T3-EI cells. To investigate whether
resveratrol affects the PGE,-stimulated OPG synthesis through
the activation of p44/p42 MAP kinase, p38 MAP kinase or
SAPK/INK in osteoblast-like MC3T3-El cells, we examined
the effects of resveratrol on the PGE,-induced phosphorylation
of p44/p42 MAP kinase, p38 MAP kinase or SAPK/JINK.
Resveratrol suppressed the PGE,-induced phosphorylation of
p44/p42 MAP kinase (Fig. 5), p38 MAP kinase (Fig. 6) and
SAPK/INK (Fig. 7) in a dose-dependent manner at the dose
range between 10 and 50 yM. We further examined the effects
of SRT1720 on the PGE,-induced phosphorylation of p44/
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Figure 6. Effects of resveratrol on the prostaglandin E, (PGE,)-induced phos-
phorylation of p38 mitogen-activated protein (MAP) kinase in MC3T3-E1
cells. The cultured cells were pre-treated with various concentrations of res-
veratrol for 60 min and then stimulated with 10 #M of PGE, or the vehicle for
3 min. The cell extracts were then subjected to SDS-PAGE with subsequent
western blot analysis with antibodies against phospho-specific p38 MAP
kinase or p38 MAP kinase. The histogram shows the quantitative represen-
tation of the levels of PGE,-induced phosphorylation obtained from a laser
densitometric analysis of 3 independent experiments. Each value represents
the mean = SEM of triplicate determinations. “P<0.05, compared to the value
of the control (vehicle). “P<0.05, compared to the value of stimulation with
PGE, alone.

p42 MAP kinase, p38 MAP kinase or SAPK/JNK. However,
SRT1720 hardly affected the PGE,-induced phosphorylation of
p44/p42 MAP kinase, p38 MAP kinase or SAPK/JNK (Fig. 8).

Discussion

In the present study, we demonstrated that PGE, significantly
stimulated the release of OPG in osteoblast-like MC3T3-E1
cells and that resveratrol markedly suppressed the PGE,-
stimulated release of OPG. Additionally, we demonstrated that
PGE, upregulated the mRNA expression levels of OPG, and
that resveratrol reduced the mRNA expression of OPG induced
by PGE, in these cells. Therefore, these findings suggest that
the suppressive effects of resveratrol on the PGE,-stimulated
release of OPG are mediated through transcriptional events
in MC3T3-El cells. Thus, we further investigated the exact
mechanisms behind the inhibitory effects of resveratrol on the
PGE,-stimulated OPG synthesis in osteoblasts.

The three major MAP kinases, p44/p42 MAP kinase,
p38 MAP kinase and SAPK/JNK are recognized as central
elements used by mammalian cells to transduce diverse
messages (24) and play central roles in a variety of cellular func-
tions, including proliferation, differentiation and survival (20).
As regards the intracellular signaling of PGE, in osteoblasts,
we have previously demonstrated that PGE, induces the
activation of p44/p42 MAP kinase and p38 MAP kinase in
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Figure 7. Effects of resveratrol on the prostaglandin E, (PGE,)-induced phos-
phorylation of stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/
JNK) in MC3T3-El1 cells. The cultured cells were pre-treated with various con-
centrations of resveratrol for 60 min and then stimulated with 10 #M of PGE,
or the vehicle for 20 min. The cell extracts were then subjected to SDS-PAGE
with subsequent western blot analysis with antibodies against phospho-specific
SAPK/INK or SAPK/JNK. The histogram shows the quantitative represen-
tation of the levels of PGE,-induced phosphorylation obtained from a laser
densitometric analysis of 3 independent experiments. Each value represents
the mean + SEM of triplicate determinations. “P<0.03, compared to the value
of the control (vehicle). “P<0.05, compared to the value of stimulation with
PGE, alone.

osteoblast-like MC3T3-E1 cells, and that PGE, stimulates the
induction of HSP27 through the PKC-dependent activation of
both p44/p42 MAP kinase and p38 MAP kinase in MC3T3-El
cells (10). In the present study, we found that PGE, stimulated
the phosphorylation of SAPK/INK in the MC3T3-E1 cells in
a time-dependent manner and the most prominent effects of
PGE, were observed at 20 min following stimulation (data not
shown). It is generally established that MAP kinases are acti-
vated by the phosphorylation of threonine and tyrosine residues
by dual-specificity MAP kinase kinase (24). Therefore, our
findings suggest that PGE, stimulates the activation of SAPK/
JNK in addition to that of p44/p42 MAP kinase and p38 MAP
kinase in osteoblast-like MC3T?3-E1 cells. Furthermore, we
demonstrated that PD98059, a specific inhibitor of the upstream
kinase activating p44/p42 MAP kinase (21), SB203580, a
specific inhibitor of p38 MAP kinase (22) and SP600125, a
specific inhibitor of SAPK/INK (23) markedly reduced the
PGE,-stimulated release of OPG, suggesting that three major
MAP kinases, namely the p44/p42 MAP kinase, p38 MAP
kinase and SAPK/JNK function as positive regulators in the
PGE,-stimulated OPG synthesis in these cells. In addition,
we demonstrated that resveratrol markedly suppressed the
phosphorylation of p44/p42 MAP kinase, p38 MAP kinase and
SAPK/INK induced by PGE, in the MC3T3-E1 cells. Taking
our findings into account, it is likely that resveratrol inhibits
the PGE,-induced OPG synthesis in osteoblast-like cells, and
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that the suppressive effects of resveratrol are exerted at a point
upstream of three MAP kinases.

Evidence is accumulating that the beneficial effects of
resveratrol are mediated through SIRT1 activation (13). On the
other hand, we demonstrated that SRT1720, a potent activator
of SIRT1 (19), exerted minimal effects on the PGE,-stimulated
release of OPG and on the phosphorylation of the three MAP
kinases induced by PGE, in osteoblast-like MC3T3-E1 cells.
Therefore, it seems unlikely that the inhibitory effects of
resveratrol on the PGE,-induced events shown in our study
are SIRT1-dependent in these cells. In a previous study of
ours (14), we demonstrated that resveratrol significantly
suppressed the BMP-4-induced VEGF synthesis, and that the
effects were mediated at least in part by the activation of SIRT1
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Figure 8. Effects of SRT1720 on the prostaglandin E, (PGE,)-induced phos-
phorylation of (A) p44/p42 mitogen-activated protein (MAP) kinase, (B) p38
MAP kinase or (C) stress-activated protein kinase/c-Jun N-terminal kinase
(SAPK/INK) in MC3T3-El cells. The cultured cells were pre-treated with
10 #M of SRT1720 or the vehicle for 60 min and then stimulated with 10 xM
of PGE, or the vehicle for (A) 10 min, (B) 3 min or (C) 20 min. The cell
extracts were then subjected to SDS-PAGE with subsequent western blot
analysis with antibodies against phospho-specific p44/p42 MAP kinase,
p44/p42 MAP kinase, phospho-specific p38 MAP kinase, p38 MAP kinase,
phospho-specific SAPK/JNK or SAPK/JNK. The histogram shows the quan-
titative representation of the levels of PGE,-induced phosphorylation obtained
from a laser densitometric analysis of 3 independent experiments. Each value
represents the mean + SEM of triplicate determinations. "P<0.05, compared to
the value of the control (vehicle).

in MC3T3-E1 cells. Based on our findings, it is possible that
the intracellular signaling mechanisms underlying the effects
of resveratrol in osteoblasts are characterized according to each
agonist or product. It has been reported that resveratrol affects
the cellular function of adipocytes and regulates the number
of fat cells in a SIRT1-independent manner (25,26). Since
both osteoblasts and adipocytes originate from undifferenti-
ated mesenchymal stem cells, the SIRT-independent effects of
resveratrol observed in osteoblasts may be due to these same
stem cells.

It is recognized that the upregulation of RANKL is an
essential step for the action of bone resorptive agents, including
PGE, and promoting osteoclast formation (8). Although OPG
plays a suppressive role in osteoclastogenesis as a decoy receptor
of RANKL, it seems that the OPG suppression of the accelera-
tion of bone resorption may be the initial signal to promote the
bone remodeling required for maintaining the quality of bone.
The sophisticated regulation of bone remodeling is important
to maintain the quantity and quality of bone, and proper
osteoclastic bone resorption is essential to bone turnover that
involves the removal of old fragile bone and its replacement.
Therefore, the effects of resveratrol shown in our study may
provide a new aspect of the regulatory mechanisms of bone
metabolism. Further studies are required to clarify the exact
mechanisms behind the effects of resveratrol on osteoblasts.
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In conclusion, our results strongly suggest that resveratrol

reduces the PGE,-stimulated OPG synthesis through the inhi-
bition of p44/p42 MAP kinase, p38 MAP kinase and SAPK/
JNK in osteoblasts, and that these suppressive effects are not
mediated through the activation of SIRT1.

Acknowledgements

We are very grateful to Yumiko Kurokawa for her skillful
technical assistance. This investigation was supported in part
by Grants-in-Aid for Scientific Research (19591042) from the
Ministry of Education, Science, Sports and Culture of Japan,
the Foundation for Growth Science, the Research Funding for
Longevity Sciences (23-9, 25-4) and the National Center for
Geriatrics and Gerontology (NCGG), Japan.

References

1.

10.

Karsenty G and Wagner EF: Reaching a genetic and molecular
understanding of skeletal development. Dev Cell 2: 389-406,
2002.

. Parfitt AM: Targeted and nontargeted bone remodeling: rela-

tionship to basic multicellular unit origination and progression.
Bone 30: 5-7,2002.

. Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS,

Lithy R, Nguyen HQ, Wooden S, Bennett L, Boone T,
Shimamoto G, DeRose M, Elliott R, Colombero A, Tan HL,
Trail G, Sullivan J, Davy E, Bucay N, Renshaw-Gegg L,
Hughes TM, Hill D, Pattison W, Campbell P, Sander S, Van G,
Tarpley J, Derby P,Lee R and Boyle WJ: Osteoprotegerin: a novel
secreted protein involved in the regulation of bone density.
Cell 89: 309-319, 1997.

. Udagawa N, Takahashi N, Yasuda H, Mizuno A, Itoh K, Ueno Y,

Shinki T, Gillespie MT, Martin TJ, Higashio K and Suda T:
Osteoprotegerin produced by osteoblasts is an important regulator
in osteoclast development and function. Endocrinology 141:
3478-3484,2000.

. Kwan TS, Padrines M, Théoleyre S, Heymann D and Fortun Y:

IL-6, RANKL, TNF-a/IL-1: interrelations in bone resorption
pathophysiology. Cytokine Growth Factor Rev 15: 49-60, 2004.

. Nijiweide PJ, Burger EH and Feyen JH: Cells of bone: prolifera-

tion, differentiation, and hormonal regulation. Physiol Rev 66:
855-886, 1986.

. Smith WL: The eicosanoids and their biochemical mechanisms

of action. Biochem J 259: 315-324, 1989.

. Blackwell KA, Raisz LG and Pilbeam CC: Prostaglandins in

bone: bad cop, good cop? Trends Endocrinol Metab 21: 294-301,
2010.

. Kozawa O, Suzuki A, Tokuda H, Kaida T and Uematsu T:

Interleukin-6 synthesis induced by prostaglandin E,: cross-talk
regulation by protein kinase C. Bone 22: 355-360, 1998.
Tokuda H, Kozawa O, Niwa M, Matsuno H, Kato K and
Uematsu T: Mechanism of prostaglandin E,-stimulated heat
shock protein 27 induction in osteoblasts-like MC3T3-E1 cells.
J Endocrinol 172: 271-281, 2002.

11.
12.

13.
14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

1445

Frémont L: Biological effects of resveratrol. Life Sci 66: 663-673,
2000.

Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A,
Prabhu VV, Allard JS, Lopez-Lluch G, Lewis K, Pistell PJ,
Poosala S, Becker KG,Boss O, Gwinn D, Wang M, Ramaswamy S,
Fishbein KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw RJ,
Navas P, Puigserver P, Ingram DK, de Cabo R and Sinclair DA:
Resveratrol improves health and survival of mice on a high-calorie
diet. Nature 444: 337-342, 2006.

Timmers S, Auwerx J and Schrauwen P: The journey of resvera-
trol from yeast to human. Aging 4: 146-158,2012.

Kondo A, Otsuka T, Kuroyanagi G, Yamamoto N,
Matsushima-Nishiwaki R, Mizutani J, Kozawa O and Tokuda H:
Resveratrol inhibits BMP-4-stimulated VEGF synthesis in osteo-
blasts: Suppression of S6 kinase. Int J Mol Med 33: 1013-1018,
2014.

Sudo H, Kodama H, Amagai Y, Yamamoto S and Kasai S:
In vivo differentiation and calcification in a new clonal osteo-
genic cell line derived from newborn mouse calvaria. J Cell Biol
96: 191-198, 1983.

Kozawa O, Tokuda H, Miwa M, Kotoyori J and Oiso Y: Cross-talk
regulation between cyclic AMP production and phosphoinositide
hydrolysis induced by prostaglandin E, in osteoblast-like cells.
Exp Cell Res 198: 130-134, 1992.

Laemmli UK: Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227: 680-685, 1970.
Kato K, Ito H, Hasegawa K, Inaguma Y, Kozawa O and Asano T:
Modulation of the stress-induced synthesis of hsp27 and
oB-crystallin by cyclic AMP in C6 glioma cells. J Neurochem 66:
946-950, 1996.

Milne JC, Lambert PD, Schenk S, Carney DP, Smith JJ and
Gagne DJ: Small molecule activators of SIRT1 as therapeutics
for the treatment of type 2 diabetes. Nature 450: 712-716, 2007.
Kyriakis JM and Avruch J: Mammalian mitogen-activated
protein kinase signal transduction pathways activated by stress
and inflammation. Physiol Rev 81: 807-869, 2001.

Alessi DR: PD98059 is a specific inhibitor of the activation of
mitogen-activated protein kinase in vitro and in vivo. J Biol
Chem 270: 27489-27494, 1995.

Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher TF,
Young PR and Lee JC: SB203580 is a specific inhibitor of a MAP
kinase homologue which is stimulated by cellular stresses and
interleukin-1. FEBS Lett 364: 229-233, 1995.

Bennett BL, Sasaki DT, Murray BW, O'Leary EC, Sakata ST,
Xu W, Leisten JC, Motiwala L, Peierce S, Satoh Y, Bhagwat SS,
Manning SM and Anderson DW: SP600125, an anthrapyrazolone
inhibitor of Jun N-terminal Kinase. Proc Natl Acad Sci USA 98:
13681-13686, 2001.

Widmann C, Gibson S, Jarpe MB and Johnson GL:
Mitogen-activated protein kinase: conservation of a three-kinase
module from yeast to human. Physiol Rev 79: 143-180, 1999.
Mader I, Wabitsch M, Debatin KM, Fischer-Posovsky P and
Fulda S: Identification of a novel proapoptotic function of
resveratrol in fat cells: SIRT1-independent sensitization to
TRAIL-induced apoptosis. FASEB J 24: 1997-2009, 2010.
Wang A, Liu M, Liu X, Dong LQ, Glickman RD, Slaga TJ,
Zhou Z and Liu F: Up-regulation of adiponectin by resveratrol:
the essential roles of the Akt/FOXO1 and AMP-activated protein
kinase signaling pathways and DsbA-L. J Biol Chem 286: 60-66,
2011.



Int. J. Mol. Sci. 2014, 15, 17886-17900; doi:10.3390/ijms151017886

International Journal of

Molecular Sciences

ISSN 1422-0067
www.mdpi.com/journal/ijms

Article

Down-Regulation by Resveratrol of Basic Fibroblast Growth
Factor-Stimulated Osteoprotegerin Synthesis through
Suppression of Akt in Osteoblasts

Gen Kuroyanagi 2, Takanobu Otsuka !, Naohiro Yamamoto ', Rie Matsushima-Nishiwaki 2,
Akira Nakakami %, Jun Mizutani !, Osamu Kozawa ? and Haruhiko Tokuda %3*

' Department of Orthopedic Surgery, Nagoya City University Graduate School of Medical Sciences,

Nagoya 467-8601, Japan; E-Mails: kokuryugen@yahoo.co.jp (G.K.);

pharma2@gifu-u.ac.jp (T.O.); artemicion2000@gmail.com (N.Y.); yakuri@gifu-u.ac.jp (J.M.)
2 Department of Pharmacology, Gifu University Graduate School of Medicine, Gifu 501-1194,
Japan; E-Malils: riemn@gifu-u.ac.jp (R.M.-N.); pharmal @gifu-u.ac.jp (A.N.);
okozawa@gifu-u.ac.jp (0.K.)
Department of Clinical Laboratory, National Center for Geriatrics and Gerontology, Obu,
Aichi 474-8511, Japan

* Author to whom correspondence should be addressed; E-Mail: tokuda@ncgg.go.jp;
Tel./Fax: +81-562-462-311.

External Editor: Xiaofeng Jia

Received: 21 August 2014, in revised form: 18 September 2014 / Accepted: 26 September 2014 /
Published: 6 October 2014

Abstract: It is firmly established that resveratrol, a natural food compound abundantly
found in grape skins and red wine, has beneficial properties for human health. In the
present study, we investigated the effect of basic fibroblast growth factor (FGF-2)
on osteoprotegerin (OPG) synthesis in osteoblast-like MC3T3-E1 cells and whether
resveratrol affects the OPG synthesis. FGF-2 stimulated both the OPG release and the
expression of OPG mRNA. Resveratrol significantly suppressed the FGF-2-stimulated
OPG release and the mRNA levels of OPG. SRT1720, an activator of SIRT1, reduced the
FGF-2-induced OPG release and the OPG mRNA expression. PD98059, an inhibitor of
upstream kinase activating p44/p42 mitogen-activated protein (MAP) kinase, had little
effect on the FGF-2-stimulated OPG release. On the other hand, SB203580, an inhibitor
of p38 MAP kinase, SP600125, an inhibitor of stress-activated protein kinase/c-Jun
N-terminal kinase (SAPK/JNK), and Akt inhibitor suppressed the OPG release induced by
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FGF-2. Resveratrol failed to affect the FGF-2-induced phosphorylation of p44/p42 MAP
kinase, p38 MAP kinase or SAPK/JNK. The phosphorylation of Akt induced by FGF-2
was significantly suppressed by resveratrol or SRT1720. These findings strongly suggest
that resveratrol down-regulates FGF-2-stimulated OPG synthesis through the suppression
of the Akt pathway in osteoblasts and that the inhibitory effect of resveratrol is mediated at
least in part by SIRT1 activation.

Keywords: resveratrol; fibroblast growth factor (FGF-2); osteoprotegerin; osteoblast

1. Introduction

Bone metabolism is a sophisticated process composed of osteoblastic bone formation and osteoclastic
bone resorption [1]. The resorption of preexisting bone by osteoclasts and the formation of new bone by
osteoblasts are strictly coordinated to maintain adequate bone mass and strength. Disordered bone
remodeling causes metabolic bone diseases, including osteoporosis and fracture healing distress. In the
process of bone remodeling, it is generally recognized that a variety of humoral factors, such as
prostaglandins and cytokines, play important roles [2]. Osteoprotegerin, an essential secreted protein in
bone turnover, which has inhibitory effects on osteoclast activation, is a member of the tumor necrosis
factor receptor family, along with receptor activator of nuclear factor-kB (RANK) [3]. Osteoprotegerin
is known to be synthesized in osteoblasts and secreted, bind to RANK ligand (RANKL) as a decoy
receptor and prevent RANKL from binding to RANK, resulting in suppression of bone resorption [3].
It has been shown that osteoprotegerin-knock out mice suffer from severe osteoporosis, suggesting that
osteoprotegerin is a key regulator of osteoclastogenesis and bone metabolism [4]. It is currently
recognized that the RANK/RANKUL/osteoprotegerin axis is a major regulatory system for osteoclast
formation and action [5].

Basic fibroblast growth factor (FGF-2), one of heparin-binding growth factors, is synthesized by
osteoblasts and embedded in bone matrix [6,7]. It has been reported that FGF-2 has a potent
stimulatory effect on bone formation [8]. During fracture repair, up-regulation of FGF-2 expression in
osteoblasts is detected [9]. Therefore, it is currently recognized that FGF-2 plays a crucial role in
fracture healing, bone remodeling and osteogenesis [10]. Regarding the intracellular signaling
mechanism of FGF-2 in osteoblasts, we have previously demonstrated that FGF-2 stimulates the
synthesis of vascular endothelial growth factor (VEGF), a specific growth factor for endothelial
proliferation, through p44/p42 mitogen-activated protein (MAP) kinase and stress-activated protein
kinase/c-Jun N-terminal kinase (SAPK/JNK) in osteoblast-like MC3T3-E1 cells [11,12]. We have also
shown that FGF-2 stimulates interleukin-6 (IL-6) synthesis through p38 MAP kinase in these
cells [13]. On the other hand, Akt, also called protein kinase B, has been identified as a downstream
target of phosphatidylinositol 3-kinase in a variety of cells, including osteoblasts [14-17]. We have
previously reported that Akt activated by FGF-2 negatively regulates the FGF-2-induced VEGF
release in MC3T3-E1 cells [18]. Thus, three MAP kinases and Akt are considered to play important
roles cooperatively in the FGF-2-intracellular signaling in osteoblast functions.
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Polyphenolic compounds in foods, including vegetables and fruits, have beneficial properties
for human beings. It is generally known that the natural food compounds possess antioxidative,
anti-inflammatory and antitumor effects on various tissues and cells [19,20]. Among them, resveratrol,
a polyphenol found abundantly in red grape and berries, can delay the aging process, extend lifespan
and reduce the risk of numerous degenerative diseases [21,22]. The French population reportedly tends
to smoke and to take saturated fatty acid in meals, but yet maintain relatively low levels of
cardiovascular events, which is due to the many amounts of consumption of wine containing abundant
resveratrol [23]. Regarding the health of bone, it has recently been reported that women, who
preferentially consume wine, have a lower risk of hip fracture compared to non-drinkers, past drinkers
and those with other alcohol preferences [24]. As for the molecular mechanism behind the effect of
resveratrol, it has been demonstrated that resveratrol exerts its effects through SIRT1, which is
consistent with improved cellular function and organismal health by binding to and enhancing the
activity of the nicotinamide adenine dinucleotide (NAD")-dependent deacetylase [25]. NAD" is
biosynthesized in the human body as a precursor in nicotinamide and has a role important for energy
acquisition as a coenzyme of oxidoreductase. However, the detailed actions of resveratrol in bone
metabolism and the exact mechanism have not yet been clarified.

In the present study, we investigated the effect of FGF-2 on osteoprotegerin synthesis and whether
resveratrol affects the osteoprotegerin synthesis in osteoblast-like MC3T3-E1 cells. We herein
demonstrate that resveratrol suppresses FGF-2-stimulated osteoprotegerin synthesis through the
down-regulation of the Akt pathway in MC3T3-E1 cells and that the effect of resveratrol is mediated
at least in part via SIRT1 activation.

2. Results and Discussion
2.1. Results

2.1.1. Effect of Resveratrol on the Fibroblast Growth Factor (FGF-2)-Stimulated Osteoprotegerin
Release in MC3T3-E1 Cells

We have previously demonstrated that FGF-2 stimulates the synthesis of IL-6 and VEGF in
osteoblast-like MC3T3-E1 cells [11-13]. In the present study, we first investigated whether FGF-2
could stimulate osteoprotegerin synthesis or not in these cells. FGF-2 significantly stimulated the
osteoprotegerin release in a time-dependent manner up to 36 h (Figure 1). The maximum effect of
FGF-2 on osteoprotegerin release was observed at 36 h and decreased thereafter. We next examined
the effect of resveratrol on the FGF-2-stimulated osteoprotegerin release. Resveratrol significantly
suppressed the FGF-2-stimulated osteoprotegerin release (Figure 1). The maximum inhibitory effect of
resveratrol on the FGF-2-induced osteoprotegerin release was observed at 48 h. The inhibitory effect
of resveratrol was dose-dependent within a range between 1 and 50 pM (Figure 2). The effect of
resveratrol at 50 pM caused an approximately 75% decrease compared to the osteoprotegerin levels
with FGF-2 alone.



