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2012). Therefore, it is widely recognized that TGF-B plays impor-
tant roles in the regulation of bone remodeling by connecting bone
resorption and bone formation (Tang et al., 2009). Regarding the
intracellular signaling of TGF-B, these effects are exerted mainly
through the canonical pathway dependent upon Smads such as
Smad2 and Smad3 (ten Dijke and Hill, 2004). On the other hand,
TGF-B reportedly functions via Smad-independent, non-canonical
pathways such as mitogen-activated protein (MAP) kinases
(Moustakas and Heldin, 2005). In our previous studies (Kanno et al.,
2005; Tokuda et al., 2003), we have demonstrated that TGF-§ stimu-
lates VEGF synthesis in osteoblast-like MC3T3-E1 cells and that this
synthesis is positively regulated via p44/p42 MAP kinase, p38 MAP
kinase and stress-activated protein kinase/c-Jun N-terminal kinase
(SAPK/]NK). Therefore, the TGF-f signaling involved in VEGF syn-
thesis in osteoblasts is complicated, and the exact mechanism
remains to be clarified.

Rac is a member of the Rho family of small GTPases (Takai et al.,
2001). Rac is generally known to be inactive when bound to GDP
and subsequently activated upon the exchange of GDP to GTP, leading
to downstream signaling. Rac is also well recognized to be ubiqui-
tously expressed in numerous types of cells and functions to regulate
actin cytoskeletal reorganization. As for osteoblasts, it has re-
cently been reported that Rac is essential for cell adhesion, spreading
and proliferation (Jung et al., 2011). However, the precise mecha-
nism underlying the effects of Rac on osteoblasts has not yet been
clarified.

In the present study, we investigated the role of Rac in the TGF-
B-stimulated VEGF synthesis in osteoblast-like MC3T3-E1 cells. We
herein show that Rac negatively regulates the TGF-B-stimulated VEGF
synthesis via the inhibition of p38 MAP kinase in these cells.

2. Materials and methods
2.1. Materials

TGF-$ and the mouse VEGF enzyme-linked immunosorbent assay
(ELISA) kit were obtained from R&D Systems, Inc. (Minneapolis, MN).
A Rac1 Activation Assay kit was obtained from EMD Millipore Corp.
(Temecula, CA). NSC23766 was obtained from Tocris Bioscience
(Bristol, UK). SIS3 was obtained from Calbiochem-Novabiochem Co.
(La Jolla, CA). Phospho-specific Smad2 antibodies, phospho-
specific Smad3 antibodies, Smad2/3 antibodies, phospho-specific
p44/p42 MAP kinase antibodies, p44/p42 MAP kinase antibodies,
phospho-specific SAPK/JNK antibodies, SAPK/JNK antibodies,
phospho-specific p38 MAP kinase antibodies and p38 MAP kinase
antibodies were obtained from Cell Signaling Technology, Inc.
(Beverly, MA). An ECL Western blotting detection system was ob-
tained from GE Healthcare UK Ltd. (Buckinghamshire, UK). Control
siRNA (Silencer Negative Control no.1 siRNA) was obtained from
Ambion (Austin, TX). Rac-siRNA (3_RNAI) was obtained from
Invitrogen Corp. (Carlsbad, CA). Other materials and chemicals were
obtained from commercial sources.

2.2. Cell culture

Cloned osteoblast-like MC3T3-E1 cells derived from newborn
mouse calvaria (Sudo et al., 1983) were maintained as previously
described (Kozawa et al., 1992). Briefly, the cells were cultured in
o-minimum essential medium (o-MEM) containing 10% fetal bovine
serum (FBS) at 37 °C in a humidified atmosphere of 5% C0O,/95% air.
The cells were seeded into 35-mm diameter dishes (5 x 104 cells/
dish) or 90-mm diameter dishes (2 x 10° cells/dish) in a-MEM
containing 10% FBS. After 5 days, the medium was exchanged for
o~-MEM containing 0.3% FBS. The cells were used for the experi-
ments after 48 h.

2.3. Assay for VEGF

The cultured cells were pretreated with various doses of
NSC23766, 7 uM of SIS3 or vehicle for 60 min, and then stimu-
lated by TGF-p or vehicle in 1 m! of o~-MEM containing 0.3% FBS for
48 h. The conditioned medium was collected at the end of incuba-
tion, and the VEGF concentration was then measured using the VEGF
ELISA kit according to the manufacturer’s protocol.

2.4. Real-time RT-PCR

The cultured cells were pretreated with various doses of
NSC23766 for 60 min, and then stimulated by TGF-B or vehicle in
o-MEM containing 0.3% FBS for 12 h. Total RNA was isolated and
transcribed into complementary DNA using TRIzol reagent
(Invitrogen Corp.) and the Omniscript Reverse Transcriptase kit
(QIAGEN, Inc., Valencia, CA), respectively. Real-time RT-PCR was per-
formed using a Light Cycler system in capillaries and the Fast Start
DNA Master SYBR Green 1 provided with the kit (Roche Diagnos-
tics, Basel, Switzerland). Sense and antisense primers for mouse VEGF
mRNA and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA were purchased from Takara Bio, Inc. (Tokyo, Japan) (primer
set ID: MA039013). The amplified products were determined using
a melting curve analysis and agarose electrophoresis. The VEGF
mRNA levels were normalized to those of GAPDH mRNA.

2.5. siRNA transfection

In order to knockdown Rac in MC3T3-E1 cells, the cells were
transfected with negative control siRNA or Rac-siRNA utilizing
siLentFect according to the manufacturer’s protocol. In brief, the cells
were seeded into 35-mm diameter dishes (1 x 10° cells/dish) in
o-MEM containing 10% FBS and subcultured for 48 h. The cells were
then incubated at 37 °C with 50 or 70 nM siRNA-siLentFect com-
plexes. After 24 h, the medium was exchanged to a-MEM containing
0.3% FBS. Then, the cells were stimulated by TGF-B in o-MEM con-
taining 0.3% FBS for the indicated periods.

2.6. Western blot analysis

The cultured cells were pretreated with various doses of
NSC23766 for 60 min, and then stimulated by TGF-§ or vehicle in
o-MEM containing 0.3% FBS for the indicated periods. The cells were
washed twice with phosphate-buffered saline and then lysed, ho-
mogenized and sonicated in a lysis buffer containing 62.5 mM Tris/
HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 50 mM dithiothreitol
and 10% glycerol. SDS-polyacrylamide gel electrophoresis (PAGE) was
performed by the method of Laemmli (Laemmli, 1970) in 10% poly-
acrylamide gels. The proteins were fractionated and transferred onto
Immun-Blot polyvinyl difluoride (PVDF) Membranes (Bio-Rad, Her-
cules, CA). The membranes were blocked with 5% fat-free dry milk
in Tris-buffered saline-Tween (TBS-T; 20 mM Tris/HCl, pH 7.6,
137 mM Nadl, 0.1% Tween-20) for 2 h before incubation with the
primary antibodies. A Western blot analysis was performed as pre-
viously described (Kato et al., 1996) using phospho-specific Smad2
antibodies, phospho-specific Smad3 antibodies, Smad2/3 antibod-
ies, phospho-specific p44/p42 MAP kinase antibodies, p44/p42 MAP
kinase antibodies, phospho-specific SAPK/JNK antibodies, SAPK/
JNK antibodies, phospho-specific p38 MAP kinase antibodies or p38
MAP kinase antibodies as primary antibodies, with peroxidase-
labeled antibodies raised in goat against rabbit IgG 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 an X-ray film by means of the
ECL Western blotting detection system.
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2.7. Measurement of Rac activity

The Rac activity was determined using the Rac1 Activation Assay
kit according to the manufacturer’s protocol. In brief, the cultured
cells were stimulated by TGF- for the indicated periods and washed
twice with TBS. The cells were then detached from the plates by
scraping and centrifuged at 2000 x g at 4 °C for 1 min. The super-
natant was discarded, and the cells were dissolved in the lysis buffer
provided with the assay kit. GTP-bound Rac was immunoprecipi-
tated as described in the manufacturer’s protocol. The
immunoprecipitated GTP-bound Rac and pre-immunoprecipitated
lysates (Rac) were subjected to SDS-PAGE with a subsequent Western
blot analysis using the corresponding antibodies provided with the
assay kit.

2.8. Determination

The absorbance of the enzyme immunoassay samples was mea-
sured at 450 nm with the EL 340 Bio Kinetic Reader (Bio-Tek
Instruments, Inc., Winooski, VT). A densitometric analysis was per-
formed using a scanner and image analysis software package (image
J version 1.45). The phosphorylated protein levels were calculated
as follows: the background-subtracted signal intensity of each phos-
phorylation signal was respectively normalized to the total protein
signal and plotted as the fold increase in comparison with that of
the control cells treated without stimulation.

2.9. Statistical analysis

The data were analyzed using an ANOVA followed by the
Bonferroni method for multiple comparisons between pairs, and a
P value of <0.05 was considered to be statistically significant. All
data are presented as the mean + standard error of the mean (SEM)
of triplicate determinations from three independent cell preparations.

3. Results
3.1. Effect of TGF-3 on the Rac activation in MC3T3-E] cells

We first investigated whether TGF-f3 induces the activation of
Rac in osteoblast-like MC3T3-E1 cells. Rac is known to be a com-
ponent of the Rho family of small GTPase and exists in two
conformational states, a GTP-bound active form and a GDP-bound
inactive form (Etienne-Manneville and Hall, 2002). Guanine nucleo-
tide exchange factors (GEFs) promote the exchange of GDP for GTP
to generate the activation of Rac (Takai et al.,, 2001). Therefore, we
examined the effect of TGF-B on the levels of GTP-bound Rac in
MC3T3-E1 cells. TGF-B time-dependently increased the GTP-
bound Rac levels in these cells (Fig. 1). The maximum increase in
GTP-bound Rac was observed from 20 to 30 min after TGF-f3-
stimulation, and the levels decreased thereafter.

3.2. Effect of NSC23766 on the TGF--stimulated VEGF release in
MC3T3-E1 cells

In order to investigate whether Rac is involved in the VEGF syn-
thesis induced by TGF-B in osteoblast-like MC3T3-E1 cells, we
examined the effect of NSC23766, a selective inhibitor of Rac-GEF
interaction (Gao et al,, 2004), on the TGF-B-stimulated VEGF release
in MC3T3-E1 cells. NSC23766, which alone hardly affected the release
of VEGF, significantly amplified the TGF-B-stimulated VEGF release
(Fig. 2). The maximum effect of NSC23766 on the VEGF release was
observed at 200 pM, thus resulting in an approximately 90% en-
hancement in the TGF-B-effect.

GTP-Rac

Rac

Lane 1 2 3 4 5 6

Time (min) 0 10 20 30 45 60

TGF-B - + + + + +

Fig. 1. Effect of TGF-P on the Rac activation in MC3T3-E1 cells. The cultured cells
were stimulated by 5 ng/ml of TGF-f for the indicated periods. Samples were pre-
pared as described in Section 2, and GTP-bound Rac was immunoprecipitated using
the Racl Activation Assay kit. The immunoprecipitated GTP-bound Rac and pre-
immunoprecipitated lysates (Rac) were subjected to SDS-PAGE with a subsequent
Western blot analysis using antibodies against Rac.

3.3. Effect of NSC23766 on the TGF-f-stimulated VEGF release in the
Rac-knock down MC3T3-E1 cells

Additionally, in order to elucidate the involvement of Rac in the
TGF-B-stimulated VEGF synthesis, we established Rac-knock down
MC3T3-E1 cells transfected with Rac-siRNA and examined the TGF-
B-effect on VEGF release in comparison with that seen in negative
control siRNA-transfected cells. TGF-B-stimulated VEGF release was
significantly enhanced in the Rac-knock down cells (Table 1).

3.4. Effect of NSC23766 on the TGF-f-induced expression of VEGF
mRNA in MC3T3-E1 cells

In order to elucidate whether the enhancement of TGF-B-
stimulated VEGF release induced by NSC23766 is mediated via

VEGF (x 103 pg/ml)

0 ¢

0 100 200 300
NSC23766 (uM)

Fig. 2. Effect of NSC23766 on the TGF-B-stimulated VEGF release in MC3T3-E1 cells.
The cultured cells were pretreated with various doses of NSC23766 for 60 min, and
then stimulated by 3 ng/ml of TGF-} (@) or vehicle (O) for 48 h. The VEGF concen-
trations in the culture medium were determined using ELISA. Each value represents
the mean + SEM of triplicate determinations from three independent cell prepara-
tions. *P < 0.05, compared with the value of the control. **P < 0.05, compared with
the value of TGF-J alone.
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Table 1 Table 2

Effect of TGF-B on VEGF release in the Rac-knocked down MC3T3-E1 cells. Effect of SIS3 on the TGF-B-stimulated VEGF release in MC3T3-E1 cells.
SiRNA TGF-B VEGF (pg/ml) SIS3 (7 uM) TGF-B VEGF (pg/ml)
Neg - 57+7 - - 21+1
Neg + 2806 £ 35* - + 7175 +396*
Rac - 434+18 + - 516+2
Rac + 3533+£105* + + 1804 + 60**

The cultured cells were transfected with 70 nM negative control siRNA (Neg) or 70 nM
Rac-siRNA (Rac) using the silentFect. After transfection, the cells were stimulated
by 3 ng/ml of TGF-B or vehicle for 48 h. The VEGF concentrations of the medium
were determined using ELISA. Each value represents the mean + SEM of triplicate
independent determinations. The VEGF level was corrected for the total protein level.
* P<0.05, compared with the value of vehicle with negative control siRNA
transfection.
** P<0.05, compared with the value of TGF-§ with negative control siRNA
transfection.

transcriptional events, we examined the effect of NSC23766 on the
TGF-B-induced VEGF mRNA expression using real-time RT-PCR.
NSC23766 markedly increased the TGF-B-induced VEGF mRNA ex-
pression levels in a dose-dependent manner (Fig. 3).

3.5. Effect of SIS3 on the TGF-f-stimulated VEGF release in MC3T3-
E1 cells

As for the intracellular signaling of TGF-p, the effects of TGF-§
are mediated mainly through the Smad-dependent pathway
(Miyazawa et al., 2002). Hence, in order to investigate whether the
Smad-dependent pathway is implicated in the TGF-B-stimulated
VEGF synthesis, we examined the effect of SIS3, a specific inhibi-
tor of TGF-f-dependent Smad3 phosphorylation (Jinnin et al,, 2006),
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Fig. 3. Effect of NSC23766 on the TGF-B-induced expression of VEGF mRNA in MC3T3-
E1 cells. The cultured cells were pretreated with various doses of NSC23766 for 60 min,
and then stimulated by 3 ng/ml of TGF-B or vehicle for 12 h. The respective total
RNA was then isolated and quantified using real-time RT-PCR. Each value repre-
sents the mean + SEM of triplicate determinations from three independent cell
preparations. *P < 0.05, compared with the value of the control. **P<0.05, com-
pared with the value of TGF-§ alone.

The cultured cells were pretreated with 7 uM of SIS3 or vehicle for 60 min, and then
stimulated 5 ng/ml of TGF-§ or vehicle for 48 h. The VEGF concentrations of the
medium were determined using ELISA. Each value represents the mean + SEM of trip-
licate independent determinations.
* P<0.05, compared with the value of the control.
** P<0.05, compared with the value of TGF-B alone.

on the VEGF release stimulated by TGF-f. SIS3 significantly reduced
the TGF-B-stimulated VEGF release in these cells (Table 2).

3.6. Effect of NSC23766 on the TGF-f-induced phosphorylation of
Smad2 and Smad3 in MC3T3-E1 cells

In order to further investigate whether the effect of Rac on the
TGF-B-stimulated VEGF synthesis is related to Smad2 and/or Smad3
activation, we examined the effects of NSC23766 on the TGF-3-
induced phosphorylation of Smad2 or Smad3 in MC3T3-E1 cells.
However, NSC23766 failed to affect the phosphorylation of Smad2
or Smad3 induced by TGF-f in these cells (Fig. 4).

3.7. Effects of NSC23766 on the TGF-B-induced phosphorylation
of p44/p42 MAP kinase, p38 MAP kinase and SAPK/JNK in
MC3T3-E1 cells

It is firmly established that TGF-3 exerts its effects on a variety
of biological cell functions via the Smad-independent pathway in
addition to the Smad-dependent pathway (Moustakas and Heldin,
2005). We have previously reported that TGF- stimulates VEGF syn-
thesis via p44/p42 MAP kinase, p38 MAP kinase and SAPK/JNK in
osteoblast-like MC3T3-E1 cells (Kanno et al., 2005; Tokuda et al.,
2003). Therefore, we next examined the effects of NSC23766 on the
TGF-B-induced phosphorylation of p44/p42 MAP kinase, p38 MAP
kinase and SAPK/JNK in MC3T3-E1 cells. NSC23766, hardly affect-
ed the TGF-B-induced phosphorylation of p44/p42 MAP kinase
(Fig. 5) or SAPK/JNK (data not shown). In contrast, NSC23766
(300 puM) significantly strengthened the TGF-B-induced phosphory-
lation of p38 MAP kinase (Fig. 6).

3.8. Effect of TGF-f3 on the phosphorylation of p38 MAP kinase in the
Rac-knock down MC3T3-E1 cells

In order to further clarify the relationship between Rac and p38
MAP kinase in the process of TGF-B-induced intracellular signal-
ing in osteoblast-like MC3T3-E1 cells, we examined the effect of
TGF-B on the phosphorylation of p38 MAP kinase in the Rac-
knock down MC3T3-E1 cells with Rac-siRNA. Consequently, the TGF-
B-induced phosphorylation of p38 MAP kinase was markedly
enhanced in the Rac-knock down cells compared with that seen in
the negative control siRNA-transfected cells (Fig. 7).

4. Discussion

In the present study, we investigated the involvement of Rac, a
member of the Rho family of small GTPases, in the TGF-B-stimulated
VEGF synthesis in osteoblast-like MC3T3-E1 cells and the under-
lying mechanism. We demonstrated that TGF-f increased the GTP-
bound Rac levels, suggesting that Rac activation was induced by
TGF-B in these cells. In addition, NSC23766, a specific inhibitor of
the activation of Rac (Gao et al., 2004), markedly upregulated the
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Fig. 4. Effects of NSC23766 on the TGF-B-induced phosphorylation of Smad2 and
Smad3 in MC3T3-E1 cells. The cultured cells were pretreated with various doses of
NS(C23766 for 60 min, and then stimulated by 5 ng/ml of TGF-} or vehicle for 120 min.
The cell extracts were then subjected to SDS-PAGE with a subsequent Western blot
analysis with antibodies against phospho-specific Smad2, phospho-specific Smad3
or Smad2/3. The histogram shows a quantitative representation of the levels of TGF-
B-induced phosphorylation obtained from a laser densitometric analysis of three
independent experiments. Each value represents the mean + SEM of triplicate de-
terminations. *P < 0.05, compared with the value of the control. N.S. designates no
significant differences between the indicated pairs.

TGF-B-stimulated VEGF release in these cells. Indeed, Fig. 2 showed
a bell-shaped curve, indicating that the effect of NSC23766 at 300 uM
was less than that at 200 uM. Regarding the effect of NSC23766 as
a selective inhibitor of Rac-GEF interaction, the ICso of NC23766 is
reportedly under 50 M (Gao et al., 2004). It is likely that higher
concentrations of NSC23766 exert non-specific effects that deteri-
orate the specific amplifying effect on the TGF-B-stimulated VEGF
synthesis in addition to the specific effect of NSC23766 as a Rac in-
hibitor in osteoblast-like MC3T3-E1 cells. Additionally, the VEGF
release stimulated by TGF-B was amplified in the Rac-knock down
MC3T3-E1 cells. These findings suggest that the Rac activated by
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Fig. 5. Effect of NSC23766 on the TGF-B-induced phosphorylation of p44/p42 MAP
kinase in MC3T3-E1 cells. The cultured cells were pretreated with various doses of
NSC23766 for 60 min, and then stimulated by 5 ng/ml of TGF-f or vehicle for 120 min.
The cell extracts were then subjected to SDS-PAGE with a subsequent Western blot
analysis with antibodies against phospho-specific p44/p42 MAP kinase or p44/p42
MAP kinase. The histogram shows a quantitative representation of the levels of TGF-
B-induced phosphorylation obtained from a laser densitometric analysis of three
independent experiments. Each value represents the mean + SEM of triplicate de-
terminations. *P < 0.05, compared with the value of the control. N.S. designates no
significant differences between the indicated pairs.
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Fig. 6. Effect of NSC23766 on the TGF-B-induced phosphorylation of p38 MAP kinase
in MC3T3-E1 cells. The cultured cells were pretreated with various doses of NSC23766
for 60 min, and then stimulated by 5 ng/ml of TGF-B or vehicle for 120 min. The cell
extracts were then subjected to SDS-PAGE with a subsequent Western blot analy-
sis with antibodies against phospho-specific p38 MAP kinase or p38 MAP kinase.
The histogram shows a quantitative representation of the levels of TGF-B-induced
phosphorylation obtained from a laser densitometric analysis of three indepen-
dent experiments. Each value represents the mean + SEM of triplicate determinations.
*P < 0.05, compared with the value of the control. **P < 0.05, compared with the value
of TGF-8 alone. N.S. designates no significant differences between the indicated pairs.
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Fig. 7. Effect of TGF-B on the phosphorylation of p38 MAP kinase in the Rac-knock
down MC3T3-E1 cells. The cultured cells were transfected with 50 nM of negative
control siRNA (Neg) or 50 nM of Rac-siRNA (Rac) utilizing siLentFect as described
in Section 2. The cells were then stimulated by 5 ng/ml of TGF-f or vehicle for 120 min.
The cell extracts were subjected to SDS-PAGE with a subsequent Western blot anal-
ysis with antibodies against phospho-specific p38 MAP kinase or p38 MAP kinase.
The histogram shows a quantitative representation of the levels of TGF-B-induced
phosphorylation obtained from a laser densitometric analysis of three indepen-
dent experiments. Each value represents the mean+ SEM of triplicate determinations.
*P < 0.05, compared with the value of vehicle with negative control siRNA transfec-
tion. **P < 0.05, compared with the value of TGF-B with negative control siRNA
transfection.

TGF-B acts as a negative regulator of the TGF-B-induced VEGF release
in osteoblast-like MC3T3-E1 cells. We further demonstrated that the
expression levels of VEGF mRNA induced by TGF-§ were en-
hanced by NSC23766 in MC3T3-E1 cells. Therefore, it is probable
that the negative regulation of the TGF-B-stimulated VEGF release
by Rac is mediated through the transcriptional levels in these cells.
As for osteoblasts, it has been shown that the inhibition of Rac
reduces cell adhesion, spreading and proliferation in osteoblast-
like MC3T3-E1 cells (Jung et al., 2011). In addition, it has been
reported that the activation of Rac suppresses the bone morpho-
genetic protein-2-induced alkaline phosphatase activity in myoblastic
C2C12 cells, suggesting the inhibitory role of Rac in osteoblastic dif-
ferentiation (Onishi et al., 2013). To the best of our knowledge, the
present report is probably the first report to clearly indicate the in-
volvement of Rac in the TGF-B-stimulated VEGF synthesis in
osteoblasts.

We next investigated the detailed mechanisms underlying the
suppressive effect of Rac on the TGF-f-stimulated VEGF synthesis
in osteoblast-like MC3T3-E1 cells. Important intracellular media-
tors of TGF-P signaling are Smad proteins, such as Smad2 and Smad3
(Miyazawa et al., 2002). We herein showed that SIS3, which selec-
tively inhibits TGF-B-dependent Smad3 phosphorylation and Smad3-
mediated cellular signaling (Jinnin et al., 2006), significantly
decreased the TGF-B-stimulated VEGF release in MC3T3-E1 cells.
Therefore, it is likely that the Smad-dependent pathway is in-
volved in the TGF-B-stimulated VEGF release in these cells. However,
NSC23766 had little effect on the TGF-B-induced phosphorylation
of Smad2 and Smad3. Based on these findings, it is unlikely that
the negative regulation of the TGF-B-induced VEGF synthesis by Rac
is exerted through the Smad-dependent pathway in osteoblast-
like MC3T3-E1 cells.

It is currently recognized that TGF-B exerts its effects on a variety
of biological functions via the Smad-independent pathway, includ-
ing the MAP kinase superfamily, in addition to the Smad-dependent
pathway (Moustakas and Heldin, 2005). As for TGF-B intracellular
signaling in osteoblasts, we have previously demonstrated that the
TGF-f stimulated VEGF synthesis is positively regulated by p44/

TGFB

Recepior

VEGF

synthesis

Fig. 8. Schematic illustration of the regulatory mechanism of Rac in the TGF-B-induced VEGF synthesis in MC3T3-E1 cells. TGF-B-activated Rac negatively regulates the
TGF-B-stimulated VEGF synthesis via the suppression of p38 MAP kinase in osteoblast-like MC3T3-E1 cells.
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p42 MAP kinase, p38 MAP kinase and SAPK/JNK in osteoblast-like
MC3T3-E1 cells (Kanno et al,, 2005; Tokuda et al., 2003). There-
fore, we investigated whether Rac downregulates the synthesis of
VEGF stimulated by TGF-f via the signaling of p44/p42 MAP kinase,
p38 MAP kinase and/or SAPK/JNK in osteoblast-like MC3T3-E1 cells.
We showed that NSC23766 markedly amplified the phosphoryla-
tion of p38 MAP kinase without affecting the phosphorylation of
p44/p42 MAP kinase or SAPK/JNK in these cells. These findings
suggest that the suppressive effect of Rac on the TGF-f-stimulated
VEGF synthesis is mediated through the suppression of p38 MAP
kinase, but not p44/p42 MAP kinase or SAPK/JNK in osteoblast-
like MC3T3-E1 cells. Furthermore, we demonstrated that the
phosphorylation of p38 MAP kinase induced by TGF-f was signifi-
cantly strengthened in the Rac-knock down MC3T3-E1 cells with
Rac-siRNA compared with that observed in the control cells. Taking
our findings into account as a whole, it is most likely that Rac is
activated by TGF-f3 and functions as a negative regulator in the TGF-
B-stimulated VEGF synthesis and that the suppressive effect of Rac
is exerted at a point upstream of p38 MAP kinase in osteoblast-
like MC3T3-E1 cells. The possible regulatory mechanism of Rac in
TGF-B-stimulated VEGF synthesis in osteoblasts is summarized in
Fig. 8.

It is generally recognized that TGF-B promotes bone remodel-
ing, a process initiated by osteoclastic bone resorption and
subsequent osteoblastic bone formation (Janssens et al., 2005). TGF-
B, which is embedded in the bone matrix and released during bone
resorption, stimulates the synthesis of VEGF, a potent mitogen and
angiogenic factor for vascular endothelial cells, in osteoblasts. This
process is thought to play an important role in proper bone remod-
eling, which is essential for maintaining bone quality and bone mass.
Our present results suggest that the predominant pathway in TGF-
B-stimulated VEGF synthesis is the Smad3 pathway in osteoblasts
and that the inhibition of Rac enhances VEGF synthesis via p38 MAP
kinase independently of the Smad pathway. Taking these findings
into account, it seems that Rac may play a role, at least in part, in
regulating bone remodeling as a modulator of VEGF synthesis in
osteoblasts. It is therefore possible that regulating the Rac activity
in osteoblasts may provide a novel therapeutic strategy for treat-
ing metabolic bone diseases, such as osteoporosis. Further
investigation is necessary to clarify the detailed mechanisms by
which Rac regulates VEGF synthesis in osteoblasts.

In conclusion, our results strongly suggest that Rac limits the TGF-
B-stimulated VEGF synthesis via the inhibition of p38 MAP kinase
in osteoblasts.
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Abstracl

i Rasveratrol, a natural polyphenol mainly existing in red grapes and berries, possesses beneficial effects
ool on human being. We have previcusly reporied that prostaglandin E, (PGE,) stimulates vascular
s endothelial growth factor synthesis via activalicn of p38 mitogen-activated protein (MAP) kinase and
C siress-aclivated protein kinase/c-Jun N-terminal kinase {SAPK/JNK) butl not pdd/pd2 MAP kinase in
II“ ) osteoblast-like MC3T3-E1 celis. In the present sludy, we investigated the PGE-effect on osteoprotegerin
2

|

i (OPG) synthesis and the effect of resveratrol on the synthesis in MC3T3-E1 cells. PGE, induced the
expression levels of OPG mRNA and stimufated the OPG release. Resveralrol significantly reduced the
el L I PGE,-induced OPG release and the mRNA expression. SRT1720, an activator of SIRT1, suppressed the
o release of OPG. The protein levels of SIRT1 were not up-regulated by resveratrol with or without PGE,.
Wbl ' Both SB203580 and SP600125. a spocific p38 MAP kinase inhibitor and a specific SAPKLINK inhibitor.
R, respectively, but not PD98059, a specific MEK inhibitor, reduced the PGE-stimulaled OPG release.
e Resveratral or SRT1720 failed to affect the phosphorylation of p38 MAP kinase. On the contrary, PGE;-
(RN induced phosphorylalion of SAPK/JNK was significanlly attenuated by both resveratro! and SRT1720. Our
resulls strongly suggest that resveratrol inhibits PGE,-stimulated OPG synthesis via suppressing

SAPK/INK but not p38 MAP kinase in ostecblasts.

Keywords
Resveratrof, PGE,; SAPK/INK: Osteoprotegerin, Osteoblast

1. Introduction

Osteoprotegerin {OPG), a glycoprotein that belongs to the tumor necrosis factor receptor superfamily, is
well recognized to possess inhibilory ellecls on osteoclast activation along with receptor activator of
nuclear factor kB (RANK) [1]. Bone metabolism is regulated mainly by two functional cells, osteoblasts and
osteoclasts responsible for bone formation and bone resorplion, respectively {2]. The formation of bone
structures and bone remodeling result from the sophisticated coupling process of osteoblasts and
osteqaclasts. The disorder of bone remadeling causes metabelic bane disorders such as osteoporosis and
fracture healing distress. In proceeding of bane remodeling, it is generally recognized thal numerous
humoral factors including prostaglandins and cylokines play pivotal roles [3]. In response lo numerous
hormones, cylokines and prostaglandins, osleoblasts produce RANK ligand (RANKL) and OPG (3i. OPG
binds to RANKL as a decoy receptor and inhibits the binding of RANKL 1o RANK, an essential step of
osteoclaslogenesis for asteoclast-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 the function of osteoclasts.

Itis lirmly established that prostaglandins act as local factors, autacoids, in bone metabolism, and play an
important role in bone cell function. Among them, prostaglandin E, (PGE,) is recognized as a potent bone-
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resorptive agent in the conlrot of bone anabolism [6]. In our previous studies [7] and [8], we have shown
that PGE, slimulates the synihesis of vascular endothelial growih factor via p38 mitogen-activated protein
{MAP) kinase and stress-aclivated protein kinasel/c-Jun N-lerminal kinase {SAPK/INK) but not p44/p42
MAP kinase in osteoblast-like MC3T3-E1 cells. However, the exact role of PGE, in oslecblasls remains lo
be elucidated.

Polyphenclic compounds In foods such as vegolables and fruits have beneficial properties for human
boing, Among lhem, flavonolds show anlioxidalive, antinflammatory and anticarcinogenic effects
{9} and [10}]. The consumption of resvoratrol, a nalural polyphenolic flavonoid enriched in red grapes and
berrigs, repertedly improves health and prolongs life [11]. Itis well known that there is low mortality from
coronary heant disease in France with many amount of wine consumption conlaining abundant resveratrol
[12]. It has been shown that resveratrol increasos life span in lower organisms by activaling the
nicotinamide adenine dinucleolide (NAD’}-dependent hislone deacetylase SIRT1 [13]. NAD® is
biosynthesized in the body as a precursor of nicotinamide, and has an important role for energy acquisilion
as a coenzyme of oxidoreduclase. SIRT1 has been identified as a transcriplional silencer in yeast and
modulates the pathways downstream of caloric restriclion that produces beneficial effects for mammals
{11]. However, the detalls of resveratrol actions on bone metabcelism have notyet been clarified.

In the present study, we investigated the mechanism of OPG synthesis induced by PGE, and the elfect of
resveratrol on the OPG synthesis in osteoblast-like MC3T3-E1 cells, We herein demonstrate that
rosveratrol suppresses PGE-stimulated OPG synthsesis lhrough inhibiling activation of SAPKANK in
ostooblasls.

2. Malerials and methods

2.1. Malerials

Rosveratrol, SRT1720. PD98059, SB203580 and SP600125 were obtained from Calbiochem-
Novabiochem Co. {La Jolla, CA}. PGE, was oblained from Sigma Chemical Co. (St. Louis, MO}. A mouse
OPG enzyme-linked immunosorbent assay (ELISA)} kit was oblained from R&D Systems, Inc.
{Minneapolis, MN). Phospho-specific p38 MAP kinase anlibodies, p38 MAP kinase anlibodies, phospho-
specific SAPK/INK anlibodies, SAPK/JINK anlibodies and SIRT1 antibodies were obtained from Cel}
Signaling, Inc. (Beverly, MA). Glyceraldehyde-3-phosphale dehydrogenase {GAPDH) anlibodies were
abtained from Santa Cruz Biotechnalogy {Santa Cruz, CA). An ECL Weslern blotting delection system was.
abtained from GE Healthcare {Buckinghamshiro, UK). Other malerials 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 othanol or dimethy!
sulfoxide was 0.1%, which did not affect either the assay for OPG or the detection of the protein lovel using
Woastern blot analysis.

2.2, Cell culture

Cloned ostecblast-like MC3T3-E1 cells thal have been derived from newborn mouse calvaria [14} were
maintained as previously described [15], Briefty, the cells were cullured in a-minimum essential medium (a-
MEM) conlaining 10% fetal bovine serum (FBS) at 37 °C in a humidified atmosphere of §% CO,/85% air.
The cells were seeded into 35-mm diamoler dishes (5 x 10% cellsdish) or 90-mm diameter dishes
{2 x 105 collstdish) in a-MEM containing 10% FBS. After 5 days, the medium was exchanged for a-MEM
conlaining 0.3% FBS. The celis were used for oxperimonts after 48 h.

2.3. Assay for OPG

The cultured cells were pretreated with various doses of resveratrol, SRT1720, PD98059, SB203580 or
SP600125 for 60 min, and then stimulaled by 10 pM of PGE, or vehicle in 1 mi of a-MEM containing 0.3%
FBS for the indicated periods. The condilioned medium was collected at the end of incubalion. and the
OPG concentralion was then measured using the OPG ELISA kit according lo the manufaclurer's protocol.
The viability of cells stimulaled by 10 pM of PGE, for 48 h with 1 h-pretreaiment of 50 yM of resveratrol.
10 uM of SRT1720, 30 pM of SB203580 or 10 pM of SP600125 was above 97% compared lo that without
pretrealment by trypan blue dye exclusion test.

2.4. Real-time RT-PCR

The cultured cells were pretreated with 50 pM of resveralrol, 10 pM of SRT1720 or vehicle for 60 min, and
then stimulated by 10 pM of PGE, or vehiclo in a-MEM containing 0.3% FBS for 3 h, Tolal RNA was
isolatod and transcribed inlo complomentary DNA using Trizol reagent (Invitrogen Corp., Carlsbad, CA)
and Omniscript Reverse Transcriptase kit {QIAGEN Inc., Valencia, CA), respeclively. Real-time RT-PCR
was performed using a Light Cyclor system in capillaries and Fast Slart DNA Master SYBR Green |
provided with the kit {(Roche Diagnostics, Basel, Switzerland). Sense and antisense primers {or mouse
OPG mRNA or GAPDH mRNA were purchased from Takara Bio Inc. (Tokyo, Japan) {primer set 1D:
MAQ26526). The amplified products were delermined using a melting curve analysis and agarose
electrophoresis. The OPG mRNA levels were normalized to those of GAPDH mRNA.

2.5. Weslern blot analysis

The cultured colls were pretreated with various doses of resveralro!l or SRT1720 for 60 min, and then
stimulaled by PGE, in a-MEM containing 0.3% FBS for lhe indicated periods. The cells were washed twice
with phosphate-buffered saline and then lysed, homogenized and sonicaled in a lysis buffer containing
62.5 mM Tris/HCH, pH 6.8, 2% sodium dodecyl sulfate (SDS), 50 mM dithiotnreitol and 10% glycerol. SDS-
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polyacrylamide gel electrophoresis (PAGE) was performed by the method of Laemmii [16] in 10%
polyacrylamide gels. The protsin was fractionated and transferred 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 7.6, 137 mM NaCl, 0.1% Tween 20) for 2 h before incubation with
primary anlibodies. A Western bilot analysis was performed as described proviousiy {17} using phospho-
specific p38 MAP kinase antibodies, p38 MAP kinase antibodies, phospho-specific SAPK/JNK antibodies.
SAPK/INK anlibodies, SIRT1 antibodies or GAPDH antibodies as primary anlibodies with peroxidase-
labeled antibodies raised in goat agains! 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 parformed using scanner and image analysis software (image J version 1.45).
The phosphorylated protein levels were calculated as foltows: the background-subtracted signal intensity
of each phosphorylation signal was ncrmalized to the respective total protein signal and plotted as the fald
increase in comparison to controf cells without stimulation.

2.7. Siatistical analysis

The dala were analyzed by ANOVA followed by Bonferroni method for multiple comparisons between
pairs, and p < 0.05 was considered lo be statistically significant. All dala are presenled as the
mean t S.E.M. of triplicate determinations from three independent cell preparations.

3. Results

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

In order to investigate whether PGE; stimulates OPG synthesis or nol in osteoblast-like MC3T3-E1 cells,
we examined tha effect of PGE, on the OPG release. PGE  significantly increased the release of OPGina
time-dependent manner up to 48 h (Fig. 1). In addition, we examined the effect of resveratrol on the PGE,-
slimulated OPG release in these cells. Resveratrol, which alone had liftle effect on the basal levels of OPG,
significantly reduced lhe PGE-stimulated OPG release in a dose-dependent manner in the range between
10 and 70 M (Fig. 2). The maximum effect of resveratrol on the release was observed at 70 pM, which
caused an approximate 45% decrease in the PGE ;-effecl.

T Y T T
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Osteoprotegerin (x 10° pgimi)

Time (h)

Fig. 1
Etfect of rosvoratrol on the PGE-sumulaled OPG release in MCATI-E1 calis. The caltured cells were pretroated with 50 pit ot

resveratrol (0, Sjorvehicle (<. - }lor 60 mun. and then stmulatec by 10 Mot FGE(®. *}orvehxcle {5 -} for tha ndheated perocs.

The CPG ¢ tions of the conddicned modiums were deterned by ELISA. Each value ropresents the mean + SEM. of
tipticate detemunations from three ndependent cell preparabons. ‘s < (.65 compared 19 he value of conrol  p < 605,

campared 1o the value of PGE § alene.
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Fig. 2,
Dose-depandant offect of rasveratrol on the PGE y-stmulatod OPG releass In MCITI-E1 eolls. Tho cullired Colis wete gratroated
with varlous doses of esvaratrol for 60 min, and then stimulated by 10 s of PGEy {*; of vohicle () lor 48 h. The CPG

conzentratons of the conghisned medisms were dotermined by ELISA. Each valuo rezresents the moan = S.E.M, of tnpticote
pated totho value of PGE  alone.

d 13 from thre independent cell prepacations. 'p< 0.05. ¢
Figuro oplicns 3

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

ilis generally known that SRT1720 is an activator of SIRT1 as well as resveralrol [18]. Therefore, we next
examined the effacl of SRT1720 on the PGE-slimulalod OPG release in MC3T3-E1 cells. SRT1720
significantly suppressed the PGE;-stimulated OPG release (Tablo 1). The inhibitory effect of SRT1720 at
10 pM caused a 35% decrease in the PGE -effect.,

Table 1.
Effect ol SRT1720 on tho PSE -stmutated OPG refeass in MC3T3-E Y coils.

SRT1720 PGE,; OPG {pg'mh

- - B8 = 16
- ¢ 4660 £ 106"
B - 741233
. . 2657 £ 79

The cultuted cels wore pretreatsd with 10 1M of SRT1720 or vehisto for 60 1in, and thea staslated By 10 uM oI PGE ¢ ot velitle
for 48 . The OPG ¢ trabons in the icired hums were dat

i by ELISA. Each value reprusents the
mearn 2 S.EM. chiripteate determinations Yo threo independent celt preparations,

P <0 G5, compared o tha valus of cantral

P

< 0.05, comparag 1o the value 6t PGE 4 aono,

(_Tovio opons_ ]
3.3. Effects of resveratrol or SRT1720 on the PGE,-induced expression levels of OPG mRNA
in MC3T3-E1 cells

{n order to explore whether the suppressing effects of resveratrol or SRT1720 on PGE 1-stimulated OPG
release are meditated through transcriptional events or not, we further examined the offects of resveratrol
or SRT1720 on the PGE-Induced OPG mRNA expression by real-time RT-PCR. As well as the PGE,-
stimulated OPG release, rasveralrol markedly reduced the expression levels of OPG mRNA induced by
PGE, (Fig. 3A}. In addition, the PGE,-elicited OPG mRNA expression levels were significanlly suppressed
by 10 Mol SRT1720 (Fig. 3B).
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Fig. 3

Effects of rosveratrol {A) ar SRT1720 (B} on the PGE prinduced OPG mRNA oxpression in MCITA-E1 eeils, The culiuted celfs
were pretreated with S0 M of resvatatrol, 10 M of SRT1720 or vehicle for G0 min. and then stimulated by 10 pdt of PGE,y of
vehicle for 3 h The respective intal RMA was then isulated and transcribed wnto cDHA. The expressions of GPG mRIA and
GAPDH mRNA were quantihed by reak-time RT-PCR. Thy OFG mRHA favels were nonmnatized to those of GAPDH mRNA Each
value represents the mean £ S.E M of tnphcate determinations from three independent cell preparations p < 0 05, compared to

the value of contiol. "p « 0.05. compared to the vatue of PGE alona.

:{- .F-gure oplrong

3.4. Effects of resveratrol and/or PGE on the levels of SIRT1 protein in MC3T3-E1 cells

To elucidate whether resveratrol andfor PGE, affect the SIRT1 expression in osteoblast-like MC3T3-E1
cells, we examined the effects of resveratrol and/or PGE, on the SIRT1 protein levels. We found that the
expression of SIRT1 protein was observed in the unstimulated MC3T3-E1 cells, and the levels were not
up-reguiated by resveratrol wilh or without PGE, up to 48 h, in addition, the expression levels of SIRT1
protein were significantly decreased by resveratrol alone at 36 h and 48 h after the treatment (Fig. 4),

SRTI £ &8 @ om b m o= o=
GAPOH . i i aiv a2p ap > i o T
Lane 1 2 3 4 6 6 7 8 9
Time(h} 0 12 12 24 24 ¥ 36 48 4a8
Resveratrol .- + + + + + ¢+ + +
PGE, - - + - + - ¢ . s

14 ¥ 0 1

12
1.0
0.8
0.6

Fold increase

04

0.2

Lane
Fig 4
Etfects of resveralcland or PGEy on the levets of SIRTI prateinin MC3IT3-E1 cells The culured cols were pretreated wih 50 ubt
of resveravct or vehicle fur 60 mo, and then simufated by 10 1M of PGE 4 or vehicle for the ingicated periods. The cell eatracts
were then subjected to SDS-PAGE with subsequent Western blot analysis with antbedwes against SIRT1 or GAPOH. Tre
rsiojram shows quanitative regtesentaton of the levets of SIRT1 protenn obtaned from a lascr denssometne analysis of three
indapendent expeiments. The protain lavels of SIRT  ware conented by the GAPDH tovels The protoin tevels wora exprassed as
th fold increase 1o the hasal levels presented as lane 1 Cash value: represents the mean = S E M of tiplcate delerminatians.
'p < 0 05, comparea 1o the value of contral. N 8. designates no significant differeni.e between the ndicaled paws.

—

| Figure options

3.5. Effects of PD98059, SB203580 and SP600125 on the PGE;-stimulated OPG release in
MC3T3-E1 cells

It is generally established that major MAP kinases such as p44/p42 MAP kinase, p38 MAP kinase and
SAPK/INK among the MAP kinase superfamily are intracellular signaling molecules used by mammalian
celfs to transduce a variety types of extracellular stimuli [19]. As for PGE-induced intracellular signaling in
osteoblasts, we have previously shown that these three MAP kinases are aclivated by PGE; in osteoblast-
like MC3T3-E1 cells {7} and [8]. In order to clarify whether p44/p42 MAP kinase, p38 MAP kinase or
SAPKAINK in MC3T3-E1 cells is involved in the PGE i-stimulaled OPG synthesis, we examined the effects
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of PD98059, a specific inhibitor of the upstream kinase that aclivates pd4/pa2 MAP kinase [20], SB203580,
a specific Inhibitor of p38 MAP kinase [21], or §P600125. 2 spacific inhibitor of SAPK/INK [22], on the OPG
release stimulated by PGE,. SB203580 and SP600125 but nol PD98059 significantly suppressed the
PGE;-stimulated OPG release (Table 2).

Table 2
Efterts of PDI6059 SBZ03580 or SPGU0125 on tho PGE -stimulates OPG rolnase in MCIT3-E1 crfls.

Inhiniters PGEy OPG (pg/ml)

- - 1056 2 22

- ’ 4709 2 190"
PDOBOSH - 1347 1+ 58
PDIBOSY 5332 2 176
58201560 - 582 2 56
SB203580 » 1307 £ 437
SP800125 - 930 2 64
SPAO0I2S + 3219+ 1507

The aitured celis wero pretraated vith 50 i of PDOB05Y, 30 1:M of 58203580, 10 M of SPE00125 of vehicke tor 60 min, and then
stmulited by 10t of PGE .+ of veheel: for 45 1, Tho OPG concantrstions of the conditoned mefiums were datemmined by ELISA.

Each valugreprascals tho mean £ S.E.M. of tnplicate determinations from threa independont cell preparations.

B <005, comparent 1o the vakue of Contres.

P <045 compared o the valuo ol PGE  alony

3.6. Effects of resveratrol or SRT1720 on the PGE-induced phosphorylation of p38 MAP
kinase in MC3T3-E1 cells

In order to elucidate whether the supprassive effect of resveratrol on the PGE-stimulated OPG synlhesis
is mediated by the modulation of p38 MAP kinase activation in ostecblast-like MC3T3-E1 cells, we
examined the effect of resveratrol on the PGE-induced phosphorylation of p38 MAP kinase. We
previously reported that PGE; stimulates the phosphorylation of p38 MAP kinase in a time-dependent
manner, and the maximum stimulatory effect is observed at 10 min [7]. Therefore, in lhe present study, we
examined the effects of resveratrol or SRT1720 on the phosphorylation of p38 MAP kinase induced by
PGE, for 10 min. Resveralrol failed lo affect the PGE,-induced phosphorylation of p38 MAP kinase in the
range between 10 and 50 pM (Fig. 5A). In addition, SRT1720 had litlle effect on the p38 MAP kinase
phosphorylation by PGE, as well as resveratrol (Fig. 58).
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3.7. Effects of resveratrol or SRT1720 on the PGE,-induced phospharylation of SAPK/JNK in
MC3T3-E1 cells

To investigate whether lhe resveratrol-effect on the PGE,-stimulated OPG synthesis is mediated through
SAPK/INK activation in MC3T3-E1 cells, we next examined the effect of resveratrol on the PGE ;-induced
phosphorylation of SAPK/INK. We previously demonstrated that PGE, stimulates the phosphorylation of
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SAPK/INK in a time-dependent manner, and the effect reaches a plateau at 20 min [8]. Thus, we examined
the effects of resveratrol or SRT1720 on the phosphorylation of SAPK/INK induced by PGE; for 20 min.
Resveratro! significantly reduced the PGE-induced phospharylation of SAPK/JNK in a dose-dependent
manner in the range between 10 and 50 pM (Fig. 6A).
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in order to clarify whether the inhibitory effect of resveratrol on the PGE-slimulated OPG synthesis is
mediated throcugh SIRT1 activationin MC3T3-E1 cells, we furthermore examined the effect of SRT1720 on
the PGE-induced phosphorylation of SAPK/INK. SRT1720 significantly attenuated the PGE ;-induced
phosphorylation of SAPK/ANK in a dose-dependent manner in the range between 1 and 10 uM (Fig. 6B).
Therefore, our findings suggest that SRT1720 mimics lhe effect of resveratrol on the PGE;-induced
phosphorylation of SAPK/INK.

4, Discussion

in the present study, we showed that resveratrol significanlly decreased the PGE-slimulated OPG release
in osteoblast-like MC3T3-E1 cells. In addition, we demonstrated that PGE, up-regulated the expression
levels of OPG mRNA, and resveralrol reduced the OPG mRNA levels in these cells. Therefore, our findings
suggest that the inhibitory effect of resveratrol on PGE-stimulated OPG release is exerted at a point
upstream of transcriptional levels on osteoblast-fike MC3T3-E1 cells. It has been reported that several
effects of resveratrol are dependent on SIRT1 activation [23]. We next showed that SRT 1720 inhibiled the
PGE,-stimulated OPG release and the OPG mRNA expression levels as well as resveralrol. SRT1720is a
synthetic compound Lhat activates SIRT1 with potencies 1000-fold grealer than resveratrol {18]. Thus, we
speculate that resveratrol and SRT 1720 share common pathway. Taking our findings into account, it is
most likely that the suppressing effect of resveratrol on the PGE-induced OPG synthesis is mediated at
least in part by the activation of SIRT1 in osteoblast-like MC3T3-E1 cells. On the other hand, we found that
the protein levels of SIRT1 were not up-regulated by resveratrol with or without PGE,, and that resveratral
alone significantly decreased the levels. It seems unlikely that the effect of resveratrol on PGE-induced
OPG synthesis is caused by the up-regulation of SIRT1 protein expression. It is recognized thal sirtuins
including SIRT1 are NAD'-dependent hislone deacsetylases, and that SIRT1 exerts its action by
deacetylation on the target proteins in various lissues [24). Therefore, it is possible that resveratrol might
increase the deacelylation activity but not the expression of SIRT1 in osteoblast-like MC3T3-E1 cells,
resulting in the suppression of PGE ;-stimulated OPG synthesis.

We next investigated the mechanism underlying PGE,-induced OPG synthesis and the inhibitory effect of
resveratrol in oslecoblast-like MC3T3-E1 cells. Regarding the PGE-induced intracellular signaling in
osteoblasts, we have previously reported that PGE, stimulates the activation of three major MAP kinases,
p4dipa2 MAP kinase, p38 MAP kinase and SAPK/INK in ostecblast-like MC3T3-E1 cells, and lhat p38
MAP kinase and SAPK/INK but not p44/p42 MAP kinase act as posilive regulators in the PGE,-stimulated
synlhesis of vascular endothelial growth (actor {7} and [8]. Thus, in the present study, in order to investigate
the involvement of three MAP kinases in the OPG synthesis in MC3T3-E1 cells, we examined the effects of
three MAP kinase inhibitors, PD98059 {20], SB203580 [21] and SP600125 {22], on the PGE,-stimulated
OPG release. We demonstrated that SB203580 and SP600125 significantly reduced the PGE-stimulated
OPG release whereas PD98059 failed to affect the release. Therefore, our results suggest that not
p44/p42 MAP kinase but p38 MAP kinase and SAPK/NK function as positive regulators in the PGE,-
stimulated OPG synthesis in osteoblast-like MC3T3-E1 cells.

in addition, In order to explore the exact mechanism how resveratrol inhibits the PGE -stimulated OPG
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synthesis in osteoblast-like MC3T3-E1 cells, we examined the effects of resveratrol on the PGE y-induced
phosphorylation of p38 MAP kinase and SAPK/UNK. We here showed thal resveratrol markedly
suppressed the PGE¢-induced phosphorylation of SAPK/NK without affecling the p38 MAP kinase
phosphorylation. Based on our findings, it is probable that the suppressing effect of resveratrol on the
PGE,-stimulated OPG synthesis is mediated through inhibiting activation of SAPK/INK in osteoblast-like
MC3T3-E1 cells. In these MC3T3-E1 cells, we have recently shown that resveratrol down-regulales
prostaglandin D,-stimulated OPG synthesls through inhibiting p38 MAP kinase and SAPK/UNK [25), and
that the OPG synthesis induced by prostaglandin F, is altenuated by resveratrol through the suppression
of p44/p42 MAP kinase, p38 MAP kinase and SAPK/INK (26]. It is recognized thal signaling of PGE,,
PGD, and PGF,, is mediated through the distinct G-protein-coupled receptor, EP, DP and FP,
respectively, and that the signal transduction mechanisms are quile different from each other {27]. It is
probable thal the discrepancies belween the present findings and these previous sludies are due to the
difference in ligand binding profiles among these specific receptors and the following signaling mechanism
in osteablasts. Furthermore, SRT1720 mimicked the inhibitory effect of resveratrol on the PGE-induced
phosphorylation of SAPK/JNK without affecting p38 MAP kinase phosphorylation in these celis, Taking our
findings into account, it is most likely that the effect of resveratrol on the PGE,-stimulated OPG synthesis is
mediated al least in part through activation of SIRT1 without up-regulating the expression in osteoblast-fike
MC3T3-E1 celis. The polential mechanism of resveratrol in PGE -stimulated OPG synthesis in osteoblasts
shown hereis summarized in Fig. 7.

Resveratra] ~——{

Fig. 7.
Schematic dlustraticn of the rogulatory mechanism of PGE (-induced OPG synthiosis and the inhibiary effect of resveratrol m
osteoblast-hke MC3TI-EN cells. PGE,, prosiaglandin 4. SAPKIINK, stress-actvated proten knase'c-hun N-terminal kinase,

MAP kinase, mitegen-activated protein kinase; OPG, osteoprotegerin.

Prostaglandins act as autacoids in bone metabolism and play a pivotal role in bone cell functions [6).
Amang them, it is generally recognized that PGE, is a potent bone-resorptive agent [6]. Currently,
evidence is accumulaling thal proslaglandin is a mediator of bone remodeling {28]. Although OPG. which is
synthesized and secreted from osteoblasts, plays an important role in suppression of ostecclastagenesis
as a decoy receptor of RANKL [1], it seems likely that the negative regulation of OPG synthesis promotes
proper bone remodeling required fer maintaining the quality of bone, Adequate control of bone remodeling
is necessary lo maintain the bone mass and quality. In addition, proper osteaclastic bone resorption, an
initial step of bone remodeling process, is essential to remove old fragile skeleton and ils renewal. Taking
our findings into account, it is possible that resveratrol as a physiological regulator affects the bene
remodeling through the down-regulation of OPG production in osteoblasts. Further investigation is
required 10 elucidate the detailed mechanism of resveratrol bahind the OPG synthesis in ostecblasls.

In conclusion, our results strongly suggest that resveratrol suppresses PGE -stimulated OPG synthesis
through inhibiting SAPK/JNK but not p38 MAP kinase in osteoblasts, and that the inhibitory effect of
resveratrol Is mediated at least in part through SIRT 1 activation withcut up-regulaling the expression.
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Abstract. Resveratrol is well known as a natural polyphenol
abundantly found in red wine. We previously reported that
bone morphogenetic protein-4 (BMP-4) stimulates vascular
endothelial growth factor (VEGF) synthesis via p70 S6 kinase
in osteoblast-like MC3T3-E1 cells. In the present study, we
investigated the effect of resveratrol on the BMP-4-stimulated
VEGF synthesis in MC3T3-E1 cells. Resveratrol significantly
suppressed BMP-4-stimulated release and expression levels of
VEGF mRNA. SRT1720, an activator of SIRT1 with poten-
cies greater than resveratrol, also reduced VEGF release and
the mRNA levels. Both resveratrol and SRT1720 markedly
attenuated the BMP-4-induced phosphorylation of p70 S6
kinase without affecting the BMP-4-induced phosphorylation
of Smad1/5/8. These 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 mediated at least in part by
SIRT1 activation.

Introduction

Bone metabolism is strictly regulated by osteoblasts and
osteoclasts, which are responsible for bone formation and
bone resorption, respectively (1). These functional cells are
considered to affect one another via humoral factors as well as
by direct cell-to-cell interaction. It has been firmly established
that osteoblasts also play a crucial role in the regulation of
bone resorption through receptor activator of nuclear factor-xB
ligand (RANKL) expression in response to a variety of bone
resorptive stimuli (2). The resorption of preexisting bone by
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osteoclasts and the formation of new bone by osteoblasts,
bone remodeling, is a strictly coordinated process to maintain
adequate bone mass. The disorder of bone remodeling causes
metabolic bone diseases such as osteoporosis and fracture
healing distress. In the process of bone remodeling, it is
generally recognized that numerous humoral factors including
cytokines and growth factors play pivotal roles (3).

Bone morphogenetic proteins (BMPs) are multifunctional
cytokines and belong to the transforming growth factor-f
(TGF-p) superfamily (4). It is well known that BMPs expressed
in bone are essential for skeletal development and bone remod-
eling (5). The effects of BMPs on osteoblasts are exerted
through Smad (Smad1/5/8)-dependent signaling and Smad-
independent signaling such as the mitogen-activated protein
(MAP) kinase family (4,6). Moreover, vascular endothelial
growth factor (VEGF) is currently recognized to play critical
roles in effective coupling of angiogenesis and osteogenesis (7).
Among bone cells, the osteoblast lineage is considered as a
major source of VEGF (7). In addition, the receptors for VEGF
are expressed both on osteoblasts and osteoclasts (7). The
production of VEGF by osteoblasts is reportedly modulated by
a wide range of stimulations including hormonal, mechanical
and environmental influences, suggesting that VEGF synthesis
by osteoblasts plays a crucial role for the control of angiogen-
esis in bone via an autocrine and/or paracrine mechanism (7).
We previously demonstrated that BMP-4 stimulates VEGF
synthesis through activation of p70 S6 kinase in osteoblast-like
MC3T3-E1 cells (8,9).

It has been firmly established that polyphenolic compounds
in foods such as vegetables and fruits confer beneficial effects
on human being. It has been reported that flavonoids, among the
polyphenolic compounds, possess antioxidative, anti-inflam-
matory and anti-tumor effects (10,11). Resveratrol, a natural
polyphenol found abundantly in the skins of red grapes and
red wine, has recently received increased attention as a means
to improve health and prolong life (12,13). In mammalian cells,
the effects of resveratrol are recognized to be dependent upon
SIRT1, known as a longevity gene, improving the function of
cells and organs via activation of the nicotinamide adenine
dinucleotide (NAD*)-dependent deacetylase (14). Regarding
the effects of resveratrol on bone, it has been shown that resve-
ratrol promotes osteoblast differentiation (15,16). However,
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the exact mechanisms underlying the effects of resveratrol on
bone metabolism have not yet been clarified.

In the present study, we investigated the effect of resvera-
trol on BMP-4-stimulated VEGF synthesis in osteoblast-like
MC3T3-El cells and the related mechanisms. We demon-
strated that resveratrol suppresses BMP-4-stimulated VEGEF
synthesis via inhibition of p70 S6 kinase in these cells.

Materials and methods

Materials. Resveratrol and SRT1720 were obtained from
Calbiochem-Novabiochem Co. (La Jolla, CA, USA).
BMP-4 and mouse VEGF enzyme-linked immunosorbent
assay (ELISA) kits were obtained from R&D Systems, Inc.
(Minneapolis, MN, USA). Phospho-specific Smad1/5/8
antibodies, phospho-specific p70 S6 kinase antibodies and
p70 S6 kinase antibodies were obtained from Cell Signaling
Technology, Inc. (Beverly, MA, USA). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibodies were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
An ECL Western blotting detection system was obtained from
GE Healthcare (Buckinghamshire, UK). TRIzol reagent was
purchased from Invitrogen, Co. (Carlsbad, CA, USA). FastStart
DNA Master SYBR-Green I was purchased from Roche
Diagnostics (Mannheim, Germany). Omniscript Reverse
Transcriptase kit was purchased from Qiagen, Inc. (Hilden,
Germany). Other materials and chemicals were obtained
from commercial sources. Resveratrol and SRT1720 were
dissolved in dimethyl sulfoxide. The maximum concentration
of dimethyl sulfoxide was 0.1%, which did not affect either the
assay for VEGF or western blot analysis.

Cell culture. Cloned osteoblast-like MC3T3-E1 cells, which
were derived from newborn mouse calvaria (17), were
maintained as previously described (18). Briefly, the cells
were cultured in a-minimum essential medium (a-MEM)
containing 10% fetal calf serum (FCS) at 37°C in a humidified
atmosphere of 5% CO,/95% air. The cells were seeded into
35-mm (5x10* cells/dish) or 90-mm (2x10° cells/dish) diameter
dishes in o-MEM containing 10% FCS. After 5 days, the
medium was replaced with a-MEM containing 0.3% FCS. The
cells were used for experiments after 48 h.

Assay for VEGF. The cultured cells were pretreated with
various doses of resveratrol, SRT1720 or vehicle for 60 min,
and then stimulated with 70 ng/ml of BMP-4 or vehicle in 1 ml
of o-MEM containing 0.3% FCS for the indicated periods. The
conditioned medium was collected, and VEGF in the medium
was then measured by mouse VEGF ELISA kits according to
the manufacturer's protocol.

Real-time RT-PCR. The cultured cells were pretreated with
50 uM of resveratrol, 10 uM of SRT1720 or vehicle for
60 min, and then stimulated with 70 ng/ml of BMP-4 or
vehicle in o-MEM containing 0.3% FCS for 24 h. Total RNA
was isolated and transcribed into complementary DNA using
TRIzol reagent and the Omniscript Reverse Transcriptase
kit, respectively. Real-time RT-PCR was performed using
a LightCycler system in capillaries and FastStart DNA
Master SYBR-Green I provided with the kit. Sense and
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antisense primers for mouse VEGF or GAPDH mRNA were
purchased from Takara Bio, Inc. (Tokyo, Japan) (primer set
ID: MA039013). The amplified products were determined by
melting curve analysis and agarose electrophoresis. VEGF
mRNA levels were normalized with those of GAPDH mRNA.

Western blot analysis. The cultured cells were stimulated
with BMP-4 for the indicated periods. When indicated,
the cells were pretreated with resveratrol or SRT1720 for
60 min. The cells were washed twice with phosphate-buffered
saline and then lysed, homogenized and sonicated in a lysis
buffer containing 62.5 mM Tris/HCI, pH 6.8, 2% sodium
dodecyl sulfate (SDS), 50 mM dithiothreitol and 10% glyc-
erol. SDS-polyacrylamide gel electrophoresis (PAGE) was
performed by the method described by Laemmli (19) on 10%
polyacrylamide gels. Western blot analysis was performed as
described previously (20) by using phospho-specific Smad1/5/8
antibodies, phospho-specific p70 S6 kinase antibodies, p70 S6
kinase antibodies or GAPDH antibodies, with peroxidase-
labeled antibodies raised in goat against rabbit IgG being used
as secondary antibodies. The peroxidase activity on the PVDF
membrane was visualized on X-ray film by means of the ECL
western blotting detection system.

Statistical analysis. The data were analyzed by ANOVA
followed by Bonferroni method for multiple comparisons
between pairs, and values of P<0.05 were considered to indi-
cate statistically significant results. All data are presented as
the mean = standard error of the mean (SEM) of triplicate
determinations from three independent cell preparations.

Results

Effect of resveratrol on BMP-4-stimulated VEGF release
in MC3T3-El cells. We previously demonstrated that
BMP-4 stimulates the synthesis of VEGF in osteoblast-like
MC3T3-E1 cells (8). We first examined the effect of resvera-
trol on BMP-4-stimulated VEGF release. Resveratrol, which
alone had little effect on VEGF levels, significantly suppressed
BMP-4-stimulated VEGF release in MC3T3-E1 cells (Fig. 1).
The inhibitory effect of resveratrol on VEGF synthesis was
dose-dependent in the range between 10 and 70 uM (Fig. 2).
Resveratrol (70 uM) caused an ~70% decrease in the BMP-4-
mediated effect.

Effect of resveratrol on BMP-4-induced expression levels of
VEGF mRNA in MC3T3-EI cells. To investigate whether the
suppressive effect of resveratrol on BMP-4-stimulated VEGF
release is mediated through a transcriptional event, we next
examined the effect of resveratrol on BMP-4-induced VEGF
mRNA expression. Resveratrol significantly reduced the
VEGF mRNA expression levels induced by BMP-4 (Fig. 3).

Effects of SRT1720 on the release of VEGF and the mRNA
expression stimulated by BMP-4 in MC3T3-El cells.
SRT1720 is also known as an activator of SIRT1 as well as
resveratrol, and the potencies are estimated to be ~1,000-fold
greater than resveratrol (21,22). Next, we investigated the
effect of SRT1720 on BMP-4-stimulated VEGF synthesis in
MC3T3-El cells. SRT1720, which alone had little effect on
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Figure 1. Effect of resveratrol on bone morphogenetic protein-4 (BMP-4)-
stimulated vascular endothelial growth factor (VEGF) release in MC3T3-El
cells. The cultured cells were pretreated with 50 uM of resveratrol (® and m)
or vehicle (0 and 0) for 60 min, and then stimulated with 70 ng/ml of BMP-4
(® and O) or vehicle (m and O) for the indicated time periods. VEGF con-
centrations in the culture medium were determined by ELISA. Each value
represents the mean = standard error of the mean (SEM) of triplicate deter-
minations from three independent cell preparations. “P<0.05, compared to
the value of the control; ""P<0.05, compared to the value in cells treated with
BMP-4 alone.

#*
i 1
L
E *
22 : ;
b=t
x
L
o
L
= \
#
1 F \.
0 =006 0
0o 10 30 50 70

Resveratrol (uM)

Figure 2. Dose-dependent effect of resveratrol on bone morphogenetic
protein-4 (BMP-4)-stimulated vascular endothelial growth factor (VEGF)
release in MC3T3-El cells. The cultured cells were pretreated with various
doses of resveratrol for 60 min, and then stimulated with 70 ng/ml of
BMP-4 (@) or vehicle (O) for 48 h, followed by measurement of VEGF in
the respective media. VEGF concentrations in the culture medium were
determined by ELISA. Each value represents the mean + standard error of
the mean (SEM) of triplicate determinations from three independent cell
preparations. "P<0.05, compared to the value of the control.
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Figure 3. Effect of resveratrol on bone morphogenetic protein-4 (BMP-4)-
induced expression levels of vascular endothelial growth factor (VEGF)
mRNA in MC3T3-E1 cells. The cultured cells were pretreated with 50 M
of resveratrol or vehicle for 60 min, and then stimulated with 70 ng/ml of
BMP-4 or vehicle for 24 h. The respective total RNA was then isolated and
quantified by real-time RT-PCR. Each value represents the mean =+ standard
error of the mean (SEM) of triplicate determinations from three independent
cell preparations. "P<0.05 compared to the value of the control; “"P<0.05
compared to the value in cells treated with BMP-4 alone.

Table I. Effect of SRT1720 on BMP-4-stimulated VEGF
release in MC3T3-El1 cells.

SRT1720 BMP-4 VEGF (pg/ml)
- - 36.9+1.2

- + 2577.0+202.1°
+ - 324422

+ + 1124 4+46.1°

The cultured cells were pretreated with 10 uM of SRT1720 or vehicle
for 60 min, and then stimulated with 70 ng/ml of BMP-4 or vehicle
for 48 h, followed by measurement of VEGF in the respective media.
Each value represents the mean + SEM of triplicate determinations
from three independent cell preparations. *P<0.05, compared to the
value of the control. °P<0.05, compared to the value in cells treated
with BMP-4 alone. BMP-4, bone morphogenetic protein-4; VEGF,
vascular endothelial growth factor.

VEGEF release, significantly suppressed the BMP-4-stimulated
VEGEF release (Table I). In addition, SRT1720, which alone did
not affect the VEGF mRNA expression levels, significantly
reduced the expression levels of VEGF mRNA induced by
BMP-4 (Table II).

Effects of resveratrol or SRT1720 on the BMP-4-induced
phosphorylation of Smadl/5/8 in MC3T3-EI cells. It has
been previously established that the effects of BMPs are
exerted through the intracellular signaling of Smad proteins
such as Smadl, Smad5 and Smad8 (4). In order to clarify
whether the inhibitory effect of resveratrol on the BMP-4-
stimulated VEGF synthesis is mediated by the modification
of Smad1/5/8 activation in MC3T3-El cells, we examined the
effect of resveratrol on the BMP-4-induced phosphorylation
of Smad1/5/8. Resveratrol, which alone had little effect on the
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Table II. Effect of SRT1720 on BMP-4-induced expression
levels of VEGF mRNA in MC3T3-E1 cells.

SRT1720 BMP-4 VEGF mRNA/GAPDH mRNA
- - 1.49+0.30

- + 8.60+0.71*

+ - 1.51+0.26

+ + 5.94+0.12°

The cultured cells were pretreated with 10 #M of SRT1720 or vehicle
for 60 min, and then stimulated with 70 ng/ml of BMP-4 or vehicle
for 24 h. The respective total RNA was then isolated and quantified
by real-time RT-PCR. Each value represents the mean + SEM of
triplicate determinations from three independent cell preparations.
"P<0.05 compared to the value of the control. “P<0.05 compared to
the value in cells treated with BMP-4 alone. BMP-4, bone morphoge-
netic protein-4; VEGF, vascular endothelial growth factor.
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Figure 4. Effect of resveratrol or SRT1720 on bone morphogenetic pro-
tein-4 (BMP-4)-induced phosphorylation of Smad1/5/8 in MC3T3-El cells.
The cultured cells were pretreated with various doses of resveratrol (A) or
SRT1720 (B) for 60 min, and then stimulated with 30 ng/ml of BMP-4 or
vehicle for 120 min. The cell extracts were then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with subsequent
western blot analysis with antibodies against phospho-specific Smad1/5/8
and GAPDH. The histogram shows the quantitative representation of the
levels of BMP-4-induced phosphorylation obtained from a laser densito-
metric analysis of three independent experiments. Each value represents
the mean = standard error of the mean (SEM) of triplicate determinations.
"P<0.05, compared to the value of the control.
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Figure 5. Effect of resveratrol or SRT1720 on bone morphogenetic protein-4
(BMP-4)-induced phosphorylation of p70 S6 kinase in MC3T3-El cells. The
cultured cells were pretreated with various doses of resveratrol (A) or 10 uM
of SRT1720 (B) for 60 min, and then stimulated with 30 ng/ml of BMP-4 or
vehicle for 90 min. The cell extracts were then subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with subsequent
western blot analysis with antibodies against phospho-specific p70 S6 kinase
and p70 S6 kinase. The histogram shows the quantitative representation of
the levels of BMP-4-induced phosphorylation obtained from a laser densi-
tometric analysis of three independent experiments. Each value represents
the mean = standard error of the mean (SEM) of triplicate determinations.
*P<0.05, compared to the value of the control; "P<0.05, compared to the
value in the cells treated with BMP-4 alone.

phosphorylation levels of Smad1/5/8, failed to affect the levels
induced by BMP-4 at a dose up to 50 uM (Fig. 4A). In addi-
tion, SRT1720 did not affect the Smad1/5/8 phosphorylation
levels at a dose up to 10 uM (Fig. 4B).

Effects of resveratrol or SRT1720 on the BMP-4-induced
phosphorylation of p70 S6 kinase in MC3T3-EI cells. We
previously demonstrated that BMP-4 stimulates VEGF
synthesis through activation of p70 S6 kinase in osteoblast-like
MC3T3-E1 cells (8). In order to elucidate whether the suppres-
sive effect of resveratrol on BMP-4-stimulated VEGF synthesis
is mediated by the modulation of p70 S6 kinase activation in



