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Resveratrol suppresses TGF-f-induced VEGF synthesis in
osteoblasts: Inhibition of the p44/p42 MAPK
and SAPK/JNK pathways
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Abstract. Resveratrol, which is found in grape and berry skins
and red wine, is generally known to be beneficial for human
health due to its anti-inflammation and antioxidant effects.
We have recently reported that transforming growth factor-3
(TGF-p) stimulates vascular endothelial growth factor (VEGF)
synthesis through Smad-independent pathways, such as the
p38 mitogen-activated protein (MAP) kinase, p44/p42 MAP
kinase and stress-activated protein kinase/c-Jun N-terminal
kinase (SAPK/JNK) pathways, in osteoblast-like MC3T3-El
cells. The aim of the present study was to investigate the
effect of resveratrol on the TGF-f-induced VEGF synthesis
and the mechanism in osteoblast-like MC3T3-E1 cells.
Resveratrol significantly suppressed the TGF-f3-stimulated
release of VEGF and the VEGF mRNA expression levels.
SRT1720, a synthetic sirtuin 1 (SIRT1) activator, also reduced
the VEGF release and the mRNA levels. With regard to
the intracellular signaling in the TGF--stimulated VEGF
synthesis, resveratrol and SRT1720 significantly attenuated
the phosphorylation of p44/p42 MAP kinase and SAPK/INK
stimulated by TGF-f3; however, the TGF-p-induced phosphor-
ylation of Smad2 and p38 MAP kinase was hardly affected
by resveratrol or SRT1720. These results strongly suggest
that the TGF-B-stimulated VEGF synthesis is suppressed by
resveratrol through the inhibition of p44/p42 MAP kinase and
SAPK/INK in osteoblasts, and that the suppressive effect is
mediated, at least in part, via SIRT1 activation.
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Introduction

Skeletal strength and bone mineral homeostasis are strictly
regulated by bone remodeling (1). The process of bone remod-
eling consists primarily of two functional events: Osteoblastic
bone formation and osteoclastic bone resorption (2). The
disruption of the bone remodeling process is considered to
cause metabolic bone diseases, such as osteoporosis. Numerous
humoral factors, such as cytokines and prostaglandins, have
been shown to participate in the bone remodeling process (3).

Transforming growth factor-f3 (TGF-f3), which is a member
of the TGF-f superfamily that consists of >40 members, such
as bone morphogenetic proteins (BMPs) and activin, is well
recognized as a stimulator of osteoblastic bone formation (4,5).
TGF-f stimulates the deposit of bone matrix and the prolifera-
tion of osteoblasts (5). TGF-f, which is produced by osteoblasts
and subsequently embedded into the bone matrix, is released
and activated via osteoclastic bone resorption, the first stage
of bone remodeling (5,6). Thus, TGF-f is fundamental for
the regulation of bone remodeling, acting as a coupling factor
between bone resorption and bone formation (7).

Vascular endothelial growth factor (VEGF) plays an essen-
tial role in angiogenesis (8). The osteoblast lineage is currently
considered to be an important source of VEGF among bone
cells (8). It has been demonstrated that VEGF receptors are
expressed by osteoblasts and osteoclasts (8). A variety of
physiological stimuli, including hormonal, mechanical and
environmental factors, reportedly modulate the production of
VEGEF by osteoblasts, suggesting that osteoblast-synthesized
VEGF is important for the autocoid-mediated control of
angiogenesis in bone (8). We have previously demonstrated
that VEGF synthesis in osteoblast-like MC3T3-El cells
is stimulated by TGF-f and positively regulated by p38
mitogen-activated protein (MAP) kinase, p44/p42 MAP
kinase and stress-activated protein kinase/c-Jun N-terminal
kinase (SAPK/INK) (9,10); however, the details underlying
VEGF synthesis in osteoblasts are yet to be clarified.

Resveratrol is a polyphenolic compound found in grape
and berry skins and red wine. It is currently believed that
the various biological abilities of resveratrol mainly stem
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from its antioxidant and anti-inflammatory effects, which
are mediated via the activation of sirtuin 1 (SIRTI) (11,12).
Low mortality rates from coronary heart disease have been
reported in France, where there is frequent consumption of red
wine (13). Since red wine is an abundant source of resveratrol,
the so-called French paradox is considered to be associated
with the uptake of resveratrol (13). In the matter of bone
health, it has recently been reported that the risk of hip frac-
ture in women who have a preference for wine consumption
is lower than that in female former drinkers, non-drinkers or
drinkers with different alcoholic beverage preferences (14). It
has also recently been observed that resveratrol inhibits the
BMP-4-induced VEGF synthesis via the suppression of the
p70 S6 kinase in osteoblast-like MC3T3-El1 cells (15). In addi-
tion, we previously demonstrated that resveratrol attenuates
the osteoprotegerin synthesis stimulated by prostaglandin F,,
(PGF,,) or PGD, in MC3T3-El cells (16,17); however, the
exact mechanism by which bone metabolism is affected by
resveratrol remains to be elucidated. The aim of the present
study, therefore, was to investigate the effect of resveratrol on
the TGF-f-induced VEGF synthesis and the mechanism in
osteoblast-like MC3T3-El cells.

Materials and methods

Materials. Resveratrol and SRT1720 were obtained from
Calbiochem-Novabiochem Corp. (La Jolla, CA, USA).
TGF-p and mouse VEGF enzyme-linked immunosorbent
assay (ELISA) kits were obtained from R&D Systems, Inc.
(Minneapolis, MN, USA). Rabbit polyclonal phospho-specific
Smad2 (#3101), Smad2/3 (#3102), p38 MAP kinase (#9212),
phospho-specific p44/p42 MAP kinase (#9101), p44/p42 MAP
kinase (#9102), SAPK/INK (#9252), and rabbit monoclonal
phospho-specific p38 MAPkinase (#4511) and phospho-specific
SAPK/INK (#4671) antibodies were obtained from Cell
Signaling Technology, Inc. (Beverly, MA, USA). An enhanced
chemiluminescence (ECL) western blotting detection system
was obtained from GE Healthcare (Little Chalfont, UK).
The rest of the chemicals and materials were purchased from
commercial sources. Resveratrol and SRT1720 were dissolved
in dimethyl sulfoxide, the maximum concentration of which
did not exceed 0.1% and affected neither the assay for VEGF
nor the detection of the protein level using western blotting.

Cell culture. The cloned osteoblast-like MC3T3-E1 cells
were derived from a newborn mouse calvaria (18) and were
maintained as previously described (19). Briefly, the cell
culture was performed using a-minimum essential medium
(a-MEM), which contained 10% fetal bovine serum (FBS),
at 37°C in a humidified atmosphere of 5% CO,/95% air. The
cells were seeded into 35- or 90-mm diameter dishes (5x10*
and 2x10° cells/dish, respectively) in a-MEM containing 10%
FBS. Five days later, the medium was exchanged for a-MEM
containing 0.3% FBS. Experiments with the cells were
performed after 48 h.

Assay for VEGF. The cultured cells were pretreated with
a variety of resveratrol doses (0-50 xM) or SRT1720 for
60 min and then stimulated by 5 ng/ml TGF-f or vehicle in
1 ml a-MEM containing 0.3% FBS for the indicated periods.
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Following incubation, the conditioned medium was collected
and the VEGF concentration was measured using the VEGF
ELISA kit, according to the manufacturer's instructions (R&D
Systems, Inc.).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). The cultured cells were pretreated with
50 uM resveratrol, 10 uM SRT1720 or vehicle for 60 min, and
were subsequently stimulated by 5 ng/ml TGF-f or vehicle
in a-MEM containing 0.3% FBS for 12 h. TRIzol® reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA) and the
Omniscript® RT kit (Qiagen Inc., Valencia, CA, USA) were
used for the isolation of the total RNA and its transcription
into complementary DNA, respectively. The RT-qPCR was
performed in capillaries using a LightCycler® system and the
FastStart DNA Master SYBR Green I provided with the kit
(Roche Diagnostics, Basel, Switzerland). The mouse VEGF
and GAPDH mRNA sense and antisense primers were
synthesized based on the method described in the study by
Simpson et al (20). A melting curve analysis and agarose
electrophoresis were used to evaluate the amplified products.
GAPDH mRNA levels were used to normalize the levels of
VEGF mRNA.

Western blot analysis. The cultured cells were pretreated with a
variety of doses of resveratrol or 20 M SRT1720 for 60 min, and
were then stimulated by 5 ng/ml TGF-f in a-MEM containing
0.3% FBS for the indicated periods. The cells were washed
twice with phosphate-buffered saline and then lysed, homog-
enized and sonicated in a lysis buffer that contained 2% sodium
dodecyl sulfate (SDS), 50 mM dithiothreitol, 62.5 mM Tris/HCI
(pH 6.8) and 10% glycerol. SDS-polyacrylamide gel electro-
phoresis was performed using the method of Laemmli (21) in
10% polyacrylamide gels. The protein was separated and trans-
ferred onto an Immun-Blot® polyvinylidene difluoride (PVDF)
membrane (Bio-Rad, Hercules, CA, USA). The membrane
was blocked using 5% skimmed, dried milk in Tris-buffered
saline-Tween 20 [TBS-T; 20 mM Tris-HCI (pH 7.6), 137 mM
NaCl and 0.1% Tween 20] for 1 h prior to incubation with
the primary antibody. Western blotting was performed as
previously described (22), using primary antibodies against
phospho-specific Smad2, Smad2/3, phospho-specific p38 MAP
kinase, p38 MAP kinase, phospho-specific p44/p42 MAP
kinase, p44/p42 MAP kinase, phospho-specific SAPK/JNK or
SAPK/INK, with peroxidase-labeled goat-anti rabbit immu-
noglobulin G secondary antibodies (Kirkegaard & Perry
Laboratories, Inc., Gaithersburg, MD, USA). The primary
and secondary antibodies were diluted at 1:1,000 with 5%
skimmed, dried milk in TBS-T. Visualization of the peroxidase
activity on the membrane was performed using X-ray film and
the ECL western blotting detection system.

Densitometric analysis. A scanner and image analysis software
(Imagel version 1.47; National Institutes of Health, Bethesda,
MD, USA) were used to perform densitometric analysis.
The phosphorylated protein levels were presented as the fold
increase relative to the unstimulated control cell values and
calculated by normalizing the background-subtracted signal
intensity of each phosphorylation signal to the respective total
protein signal.
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Statistical analysis. Data analysis was performed using
analysis of variance, followed by the Bonferroni method for
multiple comparisons between pairs. P<0.05 was considered
to indicate a statistically significant difference. All data are
presented as the mean + standard error of the mean of tripli-
cate determinations from three independent cell preparations.

Results

Effect of resveratrol on the TGF-f-stimulated VEGF
release in MC3T3-EI cells. The effect of resveratrol on the
TGF-p-stimulated VEGF release in osteoblast-like MC3T3-El
cells was firstly examined. Resveratrol, which alone had
little effect on the VEGF release, significantly reduced the
TGF-p-stimulated VEGF release in a time-dependent manner
up to 48 h (Fig. 1). The suppressive effect of resveratrol on the
TGF-B-stimulated VEGF release was dose-dependent in the
range between 10 and 50 xM (Fig. 2). The maximum inhibi-
tory effect of resveratrol was observed at 50 yM, which caused
an ~70% decrease in the TGF-f-effect.

Effect of SRT1720 on the TGF-f-stimulated VEGF release
in MC3T3-EI cells. It has been demonstrated that resve-
ratrol activates SIRTI, resulting in the exertion of the
biological effects (11,12). Thus, the effect of SRT1720, which
is a synthetic SIRT1 activator (23), was then examined on
the TGF-B-stimulated VEGF release in MC3T3-El cells.
SRT1720 reduced the TGF-f3-stimulated VEGF release in
a time-dependent manner (Fig. 3A). In addition, SRT1720
decreased the TGF-B-induced VEGF release in a dose-depen-
dent manner (Fig. 3B). The inhibitory effect of SRT1720 that
was observed at 3 yM on the VEGF release caused an ~60%
decrease in the TGF-[3-effect.

Effects of resveratrol or SRT1720 on the TGF-S-induced
expression levels of VEGF mRNA in MC3T3-EI cells. In order
to investigate whether or not the suppressive effect of resve-
ratrol or SRT1720 on the TGF--stimulated VEGF release
was mediated through transcriptional events, the effect of
resveratrol or SRT1720 on the TGF-f-induced VEGF mRNA
expression levels was further examined using RT-qPCR.
Although resveratrol by itself had little effect on the mRNA
levels of VEGF, it significantly suppressed the mRNA expres-
sion levels induced by TGF-f3 (Fig. 4A). Additionally, SRT1720
markedly reduced the VEGF mRNA expression levels stimu-
lated by TGF-f in a similar manner to resveratrol (Fig. 4B).

Effect of resveratrol on the TGF-f-induced phosphoryla-
tion of Smad in MC3T3-El cells. It is generally recognized
that the effect of TGF-f is mainly mediated through the
Smad-dependent pathway (24). It was found that Smad is
involved in the TGF-p-stimulated VEGF synthesis in osteo-
blasts. In order to clarify whether the suppressive effect of
resveratrol on the TGF-fB-stimulated VEGF synthesis was
mediated by the modulation of Smad activation in MC3T3-E1
cells, the effect of resveratrol on the TGF-3-induced phosphor-
ylation of Smad2 was examined; however, it was demonstrated
that resveratrol had little effect on the TGF-pB-induced
phosphorylation of Smad2 in the range between 10 and
50 uM (Fig. 5).
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Figure 1. Effect of resveratrol on the TGF-f3-stimulated VEGF release in
MC3T3-El cells. The cultured cells were pretreated with 50 uM resve-
ratrol (@,0) or vehicle (A,A) for 60 min, and then stimulated by 5 ng/ml
TGF-p} (@,A) or vehicle (O,A) for the indicated periods. The VEGF con-
centrations of the conditioned media were determined by enzyme-linked
immunosorbent assay. Each value represents the mean =+ standard error of the
mean of triplicate determinations from three independent cell preparations.
“P<0.05, compared with the value of the control. “P<0.05, compared with the
value of TGF-f alone. TGF-f, transforming growth factor-f3; VEGF, vascular
endothelial growth factor.
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Figure 2. Effect of resveratrol on the TGF-f-stimulated VEGF release in
MC3T3-El cells. The cultured cells were pretreated with various doses
of resveratrol for 60 min, and then stimulated by 5 ng/ml TGF-f3 (@) or
vehicle (O) for 48 h. VEGF concentrations of the conditioned media were
determined by enzyme-linked immunosorbent assay. Each value represents
the mean + standard error of the mean of triplicate determinations from
three independent cell preparations. "P<0.05, compared with the value of
TGF-f alone. TGF-f, transforming growth factor-f3; VEGF, vascular endo-
thelial growth factor.

Effect of resveratrol on the phosphorylation of p38 MAP
kinase induced by TGF-f in MC3T3-El cells. In our
previous study it was reported that the TGF-f-induced
VEGF synthesis in osteoblast-like MC3T3-El cells was
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Figure 3. Effect of SRT1720 on the TGF-3-stimulated VEGF release in MC3T3-El1 cells. (A) The cultured cells were pretreated with 10 M SRT1720 (@,0)
or vehicle (A,A) for 60 min, and then stimulated by 5 ng/ml TGF-3 (@,4) or vehicle (O,A) for the indicated periods. (B) The cultured cells were pretreated
with various doses of SRT1720 for 60 min, and then stimulated by 5 ng/ml TGF-f3 or vehicle for 48 h. VEGF concentrations of the conditioned media were
determined by enzyme-linked immunosorbent assay. Each value represents the mean + standard error of the mean of triplicate determinations from three
independent cell preparations. "P<0.05, compared with the value of the control. “P<0.05, compared with the value of TGF-f alone. TGF-f, transforming
growth factor-f3; VEGF, vascular endothelial growth factor.
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Figure 4. Effects of (A) resveratrol or (B) SRT1720 on the TGF-B-induced expression levels of VEGF mRNA in MC3T3-El cells. The cultured cells were
pretreated with 50 uM resveratrol, 10 uM SRT1720 or vehicle for 60 min, and then stimulated by 5 ng/ml TGF-f3 or vehicle for 12 h. The respective total
RNA was then isolated and transcribed into cDNA. The expression of VEGF and GAPDH mRNA was quantified by the reverse transcription-quantitative
polymerase chain reaction. The VEGF mRNA levels were normalized to those of GAPDH mRNA. Each value represents the mean + standard error of the
mean of triplicate determinations from three independent cell preparations. “P<0.05 compared with the value of the control. “P<0.05 compared with the value
of TGF-f alone. TGF-f, transforming growth factor-f; VEGF, vascular endothelial growth factor.

positively regulated by p38 MAP kinase, p44/p42 MAP
kinase and SAPK/JNK (9,10). The effect of resveratrol on
the TGF-f3-induced phosphorylation of p38 MAP kinase was
therefore examined in the present study. The results showed
that the phosphorylation of p38 MAP kinase stimulated by
TGF-f was not affected by resveratrol in the range between
10 and 50 M (Fig. 6).

Effect of resveratrol on the TGF-[3-induced phosphorylation
of p44/p42 MAP kinase and SAPK/JNK in MC3T3-EI cells.
To investigate whether the inhibitory effect of resveratrol on

the TGF-p-stimulated VEGF synthesis was mediated through
the modulation of p44/p42 MAP kinase and/or SAPK/INK
activation in MC3T3-E1 cells, the effect of resveratrol on the
TGF-p-induced phosphorylation of p44/p42 MAP kinase or
SAPK/JINK was examined. Resveratrol markedly suppressed
the TGF-B-induced phosphorylation of p44/p42 MAP
kinase in a dose-dependent manner in the range between
10 and 50 gM (Fig. 7). In addition, as shown in Fig. §, the
phosphorylation of SAPK/JNK stimulated by TGF-f§ was
dose-dependently attenuated by resveratrol in the range
between 10 and 50 uM.



EXPERIMENTAL AND THERAPEUTIC MEDICINE 9: 2303-2310, 2015

phospho-Smad2 — —_ - -
SMad2/3 weee e - - - - - -
Lane 1 2 3 4 5 6 7 8
Resveratrol (uM) 0 0O 10 10 30 30 50 50
TGF-p - + - + - + - +
* NS
20 | L} L 1
%
[&]
=
Tz 10
(=]
(I8
0

Lane 1 2 3 4 5 &6 7 8

Figure 5. Effect of resveratrol on the TGF-$-induced phosphorylation of
Smad in MC3T3-EI cells. The cultured cells were pretreated with various
doses of resveratrol for 60 min, and then stimulated by 5 ng/ml TGF-f
or vehicle for 120 min. The cell extracts were subsequently subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western blot
analysis with antibodies against phospho-specific Smad2 or Smad2/3. The
histogram shows a quantitative representation of the levels of TGF-f3-induced
phosphorylation obtained from a laser densitometric analysis of three inde-
pendent experiments. Each value represents the mean + standard error of the
mean of triplicate determinations. "P<0.05, compared with the value of the
control. TGF-f, transforming growth factor-f3; NS, not significant.
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Figure 6. Effect of resveratrol on the TGF-B-induced phosphorylation of p38
MAP kinase in MC3T3-El cells. The cultured cells were pretreated with
various doses of resveratrol for 60 min, and then stimulated by 5 ng/ml
TGF-f or vehicle for 120 min. The cell extracts were subsequently subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western
blot analysis 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 densi-
tometric analysis of three independent experiments. Each value represents
the mean =+ standard error of the mean of triplicate determinations. "P<0.05,
compared with the value of the control. TGF-f, transforming growth factor-f3;
MAP, mitogen-activated protein; NS, not significant.
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Figure 7. Effect of resveratrol on the TGF-f-induced phosphorylation of
p44/p42 MAP kinase in MC3T3-El cells. The cultured cells were pretreated
with various doses of resveratrol for 60 min, and then stimulated by 5 ng/ml
TGEF-p or vehicle for 120 min. The cell extracts were subsequently subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 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-f-induced phosphorylation obtained from a laser den-
sitometric analysis of three independent experiments. Each value represents
the mean + standard error of the mean of triplicate determinations. "P<0.05,
compared with the value of the control. “P<0.05, compared with the value of
TGF-f alone. TGF-f, transforming growth factor-f3; MAP, mitogen-activated
protein.
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Figure 8. Effect of resveratrol on the TGF-f-induced phosphorylation of
SAPK/INK in MC3T3-El1 cells. The cultured cells were pretreated with var-
ious doses of resveratrol for 60 min, and then stimulated by 5 ng/ml TGF-f or
vehicle for 120 min. The cell extracts were subsequently subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and western blot analysis
with antibodies against phospho-specific SAPK/JINK or SAPK/JNK. The
histogram shows a quantitative representation of the levels of TGF-f-induced
phosphorylation obtained from a laser densitometric analysis of three inde-
pendent experiments. Each value represents the mean =+ standard error of the
mean of triplicate determinations. "P<0.05, compared with the value of the
control. “P<0.05, compared with the value of TGF-f alone. TGF-f, trans-
forming growth factor-f3; SAPK/JINK, stress-activated protein kinase/c-Jun
N-terminal kinase.
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Figure 9. Effects of SRT1720 on the TGF-f-induced phosphorylation of (A) Smad, (B) p38 MAP kinase, (C) p44/p42 MAP kinase or (D) SAPK/INK in
MC3T3-El cells. The cultured cells were pretreated with 20 uM SRT1720 for 60 min, and then stimulated by 5 ng/ml TGF-f or vehicle for 120 min. The
cell extracts were subsequently subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western blot analysis with antibodies against
phospho-specific Smad2, Smad2/3, phospho-specific p38 MAP kinase, p38 MAP kinase, phospho-specific p44/p42 MAP kinase, p44/p42 MAP kinase,
phospho-specific SAPK/JINK or SAPK/JNK. The histograms show a quantitative representation of the levels of TGF-f-induced phosphorylation obtained
from a laser densitometric analysis of three independent experiments. Each value represents the mean =+ standard error of the mean of triplicate determina-
tions. “"P<0.05, compared with the value of the control. “P<0.05, compared with the value of TGF-f alone. TGF-f, transforming growth factor-f; SAPK/INK,
stress-activated protein kinase/c-Jun N-terminal kinase; MAP, mitogen-activated protein; NS, not significant.

Effect of SRT1720 on the TGF-f-induced phosphoryla-
tion of Smad, p38 MAP kinase, p44/p42 MAP kinase or
SAPK/JNK in MC3T3-EI cells. The effects of SRT1720 on
the TGF-pB-induced phosphorylation of Smad2, p38 MAP
kinase, p44/p42 MAP kinase or SAPK/JNK in osteoblast-like
MC3T3-El cells were further investigated. SRT1720 hardly
affected the TGF-fB-induced phosphorylation of Smad2
or p38 MAP kinase (Fig. 9A and B); however, SRT1720
significantly suppressed the TGF-f-induced phosphoryla-
tion of p44/p42 MAP kinase or SAPK/JNK (Fig. 9C and D).
Thus, the present findings suggest that SRT1720 mimics the
effects of resveratrol on the TGF-B-induced phosphoryla-

tion of Smad2, p38 MAP kinase, p44/p42 MAP kinase and
SAPK/JNK.

Discussion

In the present study, it was demonstrated that resveratrol, a
polyphenolic compound found in grape and berry skins and
red wine, significantly suppressed the TGF-f-stimulated
release of VEGF in osteoblast-like MC3T3-El cells. It was
additionally found that SRT1720, an activator of SIRT1 with a
potency 1,000 times greater than that of resveratrol (23), mark-
edly reduced the VEGF release induced by TGF-f in these
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cells. Resveratrol has been shown to induce the activation
of SIRT1 and extend the life span of yeast and mammalian
mouse models (25,26); therefore, it is possible that the inhibi-
tory effect of resveratrol on the TGF-3-induced VEGF release
is mediated, at least to a certain extent, by the activation of
SIRTI1 in MC3T3-El cells. In addition, it was observed that
resveratrol and SRT1720 reduced the expression levels of
VEGF mRNA following their upregulated by TGF-f in those
cells. Based on these findings, it is most likely that the suppres-
sive effect of resveratrol on the TGF-f-stimulated VEGF
synthesis is exerted at a point upstream of the transcriptional
level in osteoblast-like MC3T3-El1 cells.

The TGF-f super family includes TGF-3, BMPs and
activin (4). TGF-f signaling is a simple linear cascade involving
the TGF-f ligands, the Smad signal transducers and two types
of receptors (type I and II). The Smad complex directly binds
to particular elements of the DNA and regulates the expres-
sion of the target gene (4). The present study showed that the
TGF-B-induced phosphorylation of Smad2 was not affected
by resveratrol in MC3T3-El cells; therefore, it is unlikely that
the effect of resveratrol observed was mediated through the
Smad-dependent pathway in osteoblast-like MC3T3-El cells.
It has been previously recognized, however, that the effects of
TGF-f are also exerted through the Smad-independent path-
ways, such as the MAP kinase pathway (27). We have previously
shown that TGF-f upregulates the synthesis of VEGF through
the activation of p38 MAP kinase, p44/p42 MAP kinase and
SAPK/JNK in osteoblast-like MC3T3-El cells (9,10). Thus, in
the present study it was examined whether resveratrol could
affect the phosphorylation of p38 MAP kinase, p44/p42 MAP
kinase or SAPK/INK induced by TGF-f in these cells. Although
resveratrol failed to affect the TGF-f3-induced phosphorylation
of p38 MAP kinase, the phosphorylation of both p44/p42 MAP
kinase and SAPK/JNK stimulated by TGF-f was significantly
reduced by resveratrol in the MC3T3-El cells. Based on these
findings, it is most likely that the suppressive effect of resvera-
trol on the TGF-f-stimulated VEGF synthesis is mediated by
the inhibition of both p44/p42 MAP kinase and SAPK/JINK in
osteoblast-like MC3T3-E1 cells. In addition, it was observed
that SRT1720 reduced the phosphorylation of p44/p42 MAP
kinase and SAPK/JNK without affecting the phosphorylation of
Smad2 or p38 MAP kinase, suggesting that the described inhibi-
tory effect of resveratrol is mediated via the activation of SIRT1
in osteoblast-like MC3T3-El cells. A potential mechanism
underlying the action of resveratrol on the TGF-f3-stimulated
VEGF synthesis in osteoblasts is summarized in Fig. 10.

TGF-f has a stimulatory effect on osteoblastic bone
formation (5). TGF-f reportedly functions as an autacoid in
osteoblasts, and modulates cellular functions, including VEGF
production (8). VEGF is an essential mediator of angiogenesis,
and plays a pivotal role in the process of bone formation and
fracture healing (8). During bone fracture repair, osteoclasts
produce heparinase, an enzyme promoting the release of
VEGF from heparin in an active form, and contribute to local
angiogenesis, osteoclast formation and callus resorptive activi-
ties (5). Callus resorption is one of the essential steps initiating
the process of bone formation. With regard to the favorable
effect of resveratrol on the human health, particularly bone
health (14), it is possible that the suppressive effect of resveratrol
on the TGF-B-induced VEGF synthesis in osteoblasts provides
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Figure 10. Schematic illustration of the regulatory mechanism underlying the
TGF-B-induced synthesis of VEGF and the inhibitory effect of resveratrol
in osteoblast-like MC3T3-El cells. TGF-f, transforming growth factor-f3;
SAPK/INK, stress-activated protein kinase/c-Jun N-terminal kinase; MAP,
mitogen-activated protein; VEGF, vascular endothelial growth factor.

adequate vascularization for the process of bone remodeling.
Appropriate vascularization is required in the regulation of
bone turnover, and adequate VEGF synthesis is considered to
be essential for maintaining both the quality and the quantity of
bone mass. These findings concerning the inhibitory effect of
resveratrol on the TGF-p-stimulated VEGF synthesis in osteo-
blasts may provide new information about the role of VEGF as
a ‘gate keeper’ of bone tissue quality via the regulation of bone
remodeling. Further investigation is necessary to determine
the exact mechanism through which resveratrol affects VEGF
synthesis in osteoblasts. In conclusion, the present findings
strongly suggest that the TGF-B-stimulated VEGF synthesis
is suppressed by resveratrol through the inhibition of p44/p42
MAP kinase and SAPK/JNK in osteoblasts, and that the inhibi-
tory effect is exerted, at least in part, via SIRT1 activation.
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