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Syringetin, a flavonoid derivative in grape and wine,
induces human osteoblast differentiation through bone
morphogenetic protein-2/extracellular signal-regulated
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Syringetin (3,5,7,4'-tetrahydroxy-3',5'dimethoxyflavone), a flavonoid derivative, is present in grape
and wine. By means of alkaline phosphatase (ALP) activity, osteocalcin, and type I collagen ELISA,
we have shown that syringetin exhibits a significant induction of differentiation in MC3T3-E1
mouse calvaria osteoblasts and human fetal osteoblastic 1.19 cell line human osteoblasts. ALP and
osteocalcin are phenotypic markers for early-stage differentiated osteoblasts and terminally
differentiated osteoblasts, respectively. Our results indicate that syringetin stimulates osteoblast
differentiation at various stages, from maturation to terminally differentiated osteoblasts. Induction
of differentiation by syringetin is associated with increased bone morphogenetic protein-2 (BMP-2)
production. The BMP-2 antagonist noggin blocked syringetin-mediated ALP activity and osteo-
calcin secretion enhancement, indicating that BMP-2 production is required in syringetin-medi-
ated osteoblast maturation and differentiation. Induction of differentiation by syringetin is
associated with increased activation of SMAD1/5/8 and extracellular signal-regulated kinase 1/2
(ERK1/2). Cotreatment of ERK1/2 inhibitor 2'-amino-3'-methoxyflavone inhibited syringetin-
mediated ALP upregulation and osteocalcin production. In conclusion, syringetin increased BMP-2
synthesis, and subsequently activated SMAD1/5/8 and ERK1/2, and this effect may contribute to
its action on the induction of osteoblast maturation and differentiation, followed by an increase of
bone mass.
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which could inhibit the activities of osteoclasts, including

Osteoporosis is a reduction in skeletal mass due to an
imbalance between bone resorption and bone formation,
whereas bone homeostasis requires balanced interactions
between osteoblasts and osteoclasts [1-3]. Current drugs
used to treat osteoporosis are the bone resorption inhibitors
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bisphosphonates, calcitonin, estrogen, vitamin D analogues,
and ipriflavone [4, 5]. However, the effect of these drugs in
recovering bone mass is relatively small, certainly no more
than 2% per year [4]. It is desirable, therefore, to have
satisfactory bone-building (anabolic) agents, such as teri-
paratide. By increasing the osteoblastic lineage proliferation

Abbreviations: ALP, alkaline phosphatase; BMP, bone morpho-
genetic protein; ERK, extracellular signal-regulated kinase;
hFOB, human fetal osteoblastic 1.19 cell line; MAPK, mitogen-
activated protein kinase; MEK, mitogen-activated protein kinase
kinase; PD98059, 2’-amino-3’-methoxyflavone
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or inducing the differentiation of the osteoblasts, these
agents stimulate new bone formation and correct the
imbalanced trabecular microarchitecture characteristic of
established osteoporosis [1, 6, 7].

Bone morphogenetic proteins (BMPs) form a unique
group of proteins within the transforming growth factor 8
superfamily. Fifteen BMPs have presently been identified
and divided into subfamilies according to their amino acid
sequences [8-11]. BMPs could induce osteoblast differ-
entiation of various types of cells, including undifferentiated
mesenchymal cells, bone marrow stromal cells, and preos-
teoblasts, which have pivotal roles in the regulation of bone
induction, maintenance, and repair [12-14]. BMPs are also
important in the determinants of mammalian embry-
ological development. The BMP-2 was detected in conden-
sing prechondrocytic mesenchyme of developing limb buds,
and has demonstrated a strong osteo-inductive capacity
in vivo and in vitro [11, 15]. Signaling by BMP proteins is
mediated through heterodimerization of types I and II
serine/theronine kinase receptors. Various downstream
factors, such as SMADs, appear to be activated by the
binding of BMPs and their receptors. After the stimulation
and activation of BMP type I receptor, the SMAD1, SMADS,
and SMADS accumulated in the nucleus and controlled the
transcription of a large number of target genes [8, 9].

Mitogen-activated protein kinases (MAPKs), another family
of serine/threonine kinases, are mediators of intracellular
signals in response to various stimuli and showed the involve-
ment in the regulation of many cellular physiological functions,
incduding proliferation, differentiation, inflammation, and
apoptosis [16]. The activation of MAPK requires the phosphor-
ylation of both the threonine and the tyrosine residues of a
conserved T-X-Y motif within the activation loop by a dual-
specificity MAPK kinase (MKK or mitogen-activated protein
kinase kinase (MEK)) [17]. Previous research showed that acti-
vation of MEK is necessary and sufficient for the differentiation
of mesenchymal stem cells and blocked by the chemical inhi-
bitor 2'-amino-3'-methoxyflavone (PD98059) [18, 19]. The
downstream factors of MEKs, extracellular signal-regulated
kinase 1/2 (ERK1/2), show the dependence of mammalian cell
differentiation on the ERK pathway [20, 21].

Flavonoids represent a large class of phenolic compounds
present in fruit and vegetables [22]. Several flavonoids have
been shown to influence osteoblastic differentiation, including
daidzein, genistein, quercetin, kaempferol, naringin, myrice-
tin, and diosmetin [23-28]. Syringetin (3,5,7,4'-tetrahydroxy-
3',5'dimethoxyflavone), a flavonoid derivative, is present in
grape and wine [29-31]. The syringetin content in red grapes is
3.22% [30]. Syringetin-3-O-glycoside is the major form
presented in red grapes, but syringetin-3-glycosides coexist
with corresponding free aglycones released by hydrolysis in
wine [32]. In this study, we first report on the effects and
molecular mechanisms of action of syringetin in MC3T3-E1
mouse calvaria osteoblasts and human fetal osteoblastic 1.19
cell line (hFOB) human osteoblasts that are mediated through
BMP/ERK1/2 pathway.
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2 Materials and methods
2.1 Chemicals and reagents

Fetal bovine serum, o-minimal essential medium, penicillin
G, and streptomycin were purchased from GIBCO-BRL
(Gaithersburg, MD, USA). BMP-2 ELISA kit and noggin
were purchased from R&D Systems (Minneapolis, MN,
USA). Sodium 3/-[1-(phenylamino-carbonyl) -3,4-tetra-
zolium]-bis(4-methoxy-6-nitro) benzenesulfoic acid hydrate
(XTT) kit was purchased from Roche Diagnostics GmbH
(Mannheim, Germany). The osteocalcin ELISA kit was
supplied by Biosource Technology (Nivelles, Belgium).
PD98059 (2'-amino-3’-methoxyflavone) was purchased from
Calbiochem (Cambridge, MA, USA). The antibodies to
ERK1/2, SMDA1/5/8, phosphorylated ERK1/2, and phos-
pho-SMAD1/5/8 were obtained from Cell Signaling
Technology (Beverly, MA, USA). Syringetin (3,5,7,4'-tetra-
hydroxy-3’,5’dimethoxyflavone) was purchased from Extra-
synthese (Genay, France). DMSO was obtained from Sigma
Chemical (St. Louis, MO, USA). The stock solution of
syringetin was prepared at a concentration of 8000 pM of
DMSO. It was then stored at —20°C until use. For all
experiments, the final concentrations of the test compound
were prepared by diluting the stock with medium. Control
cultures received the carrier solvent (0.05% DMSO).

2.2 Cell cultures

Two osteoblastic cell lines were used: (1) the conditionally
immortalized fetal osteoblastic cell line hFOB and (2) the
mouse calvaria osteoblastic cell line MC3T3-E1. The condi-
tionally immortalized hFOB (CRL-11372), was maintained
in a 1:1 mixture of phenol-free DMEM/Ham’s F12 medium
(GIBCO-BRL) containing 10% fetal bovine serum supple-
mented with geneticin (300pug/mL) and antibiotics at
33.5°C, the permissive temperature for the expression of the
large T antigen. hFOB cells proliferate at 33.5°C, (the
permissive temperature at which the temperature-sensitive
mutant SV 40 large T antigen is active), and differentiate at
39.5°C (the restrictive temperature, when the SV 40 large
T antigen is inactive). All experiments on hFOB cells were
carried out at the permissive temperature of 33.5°C. MC3T3-
E1l mouse calvaria osteoblasts were kindly provided by
Dr. Renny T Franceschi (University of Michigan, Ann
Arbor, MI, USA), and grown in o-minimal essential
medium and antibiotics.

2.3 Cell proliferation assay (XTT)
Inhibition of cell proliferation by syringetin was measured
by XTT assay (Roche Diagnostics). Briefly, cells were plated

in 96-well culture plates (8 x 10° cells/well). After 24h
incubation, the cells were treated with vehicle (0.05%
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DMSO) or syringetin (1, 5, 10, and 20 pM) for 48 and 72h.
In total, 50 uL of XTT test solution, which was prepared by
mixing 5 mL of XTT-labeling reagent with 100 pL of electron
coupling reagent, was then added to each well. After 4h of
incubation, absorbance was measured on an ELISA reader
(Multiskan EX, Labsystems) at a test wavelength of 492 nm
and a reference wavelength of 690 nm.

2.4 ALP activity

Cells were seeded into 96-well plates at a density of 5 x 10°
cells/well and cultured for 24 h. The agent to be tested was
added to the wells, and incubation continued for 2 and 3
days. The cells were then washed three times with physio-
logical saline, and cellular protein concentration was deter-
mined by incubation in BCA (bicinchoninic acid) protein
assay reagent containing 0.1% Triton X-100 for 1h at 37°C.
The reaction was stopped by adding 1M NaOH, and
absorbance measured at 560 nm.

Alkaline phosphatase (ALP) activity in the cells was
assayed after appropriate treatment periods by washing the
cells three times with physiological saline, then measuring
cellular activity by incubation for 1h at 37°C in 0.1M
NaHCO3-Na,CO; buffer, pH 10, containing 0.1% Triton X-
100, 2mM MgSO,, and 6 mM p-nitrophenyl phosphate. The
reaction was stopped by adding 1 M NaOH. Absorbance was
measured at 405nm and compared with p-nitrophenol
standards.

2.5 Analysis of mineralization

The degree of mineralization was determined in the 12-well
plates using Alizarin Red S staining (Sigma Chemical) after
72 and 96 h treatment. Briefly, cells were fixed with ice-cold
70%v/v ethanol for 1h and then stained with 40 mM
Alizarin Red S in deionized water (pH = 4.2) for 10 min at
room temperature. After removing Alizarin Red S solution
by aspiration, cells were incubated in PBS for 15min at
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room temperature on an orbital rotator, and then rinsed
once with fresh PBS. The cells were subsequently destained
for 15 min with 10% w/v cetylpyridinium chloride in 10 mM
sodium phosphate (pH = 7.0). The extracted stain was then
transferred to a 96-well plate, and the absorbance at 562 nm
was measured using an ELISA reader (Multiskan EX,
Labsystems). The concentration of Alizarin Red S staining
in the samples was determined by comparing the absor-
bance values with those obtained from Alizarin Red S
standards. The mineralization values were normalized to
the relative number of viable cells, as determined directly in
the 96-well plates using the XTT assay [33].

2.6 Assaying the levels of type | procollagen

Cells were treated with various concentrations of syringetin
for 72 and 96h. The type I procollagen assay, which
measures the propeptide portion of the molecule and
reflects the synthesis of the mature form of the protein, was
carried out using Prolagen-C kit by following the manu-
facturer’s protocol (Metra Biosystems, Mountainview, CA,
USA). The type I procollagen levels obtained were normal-
ized to total protein concentrations, as determined by BCA
protein assay.

2.7 Assaying the levels of osteocalcin and BMIP-2

Osteocalcin and BMP-2 ELISA kits were used to detect
osteocalcin and BMP-2 levels, respectively. Briefly, cells were
treated with various concentrations of syringetin for the
indicated times. The culture medium was then collected and
measured for osteocalcin and BMP-2. These samples were
placed in 96-well microtiter plates coated with monoclonal
detective antibodies and incubated for 2h at room
temperature. After removing unbound material with wash-
ing buffer (50 mM Tris, 200 mM NaCl, and 0.2% Tween 20),
horseradish peroxidase-conjugated streptavidin was added to
bind to the antibodies. Horseradish peroxidase catalyzed

Figure 1. The effect of syringetin on
the cell proliferation of MC3T3-E1 (A)
048h  and hFOB (B) cells. Adherent cells that
m72h  proliferated in 96-well plates (8 x 10°
cells/well) were incubated with differ-
ent concentrations (uM) of syringetin
for various time intervals. Cell prolif-
eration was determined by XTT assay.
Each value is the mean+SD of three
independent experiments. Standard
deviations were less than 10%.
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the conversion of a chromogenic substrate (tetra-
methylbenzidine) to a colored solution, with color intensity
proportional to the amount of protein present in the sample.
The absorbance of each well was measured at 450 nm.
Results are presented as the percentage of change of the
activity compared with the untreated control [34].
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Figure 2. Syringetin increased the
O72h osteoblastic activity in MC3T3-E1 and
W96 h hFOB cells. Syringetin increased
ALP activity (A), osteocalcin produc-
tion (B), type | collagen synthesis (C),
and mineralization (D). ALP activity
was assessed by the conversion of
p-nitrophenyl phosphate in 0.1M
NaHCO3;-Na,CO3; buffer, pH 10,
containing 2mM MgSO,, and 0.1%
Triton. The amount of osteocalcin in
culture medium was assessed by
osteocalcin ELISA kit. The production
of type | collagen was assayed by
Prolagen-C immunoassay. The degree
of mineralization was assayed by
Alizarin Red S staining. Each value is
the mean+SD of three independent
experiments. The asterisk indicates a
significant difference between control
and syringetin-treated groups, as
analyzed by Dunnett’s test (p<0.05).

O72h
W9%h

2.8 Analysis for immunoblot

Cells treated with syringetin for the indicated times
were lysed and the protein concentrations determined by
Bio-Rad Protein Assay (Bio-Rad Laboratories, Richmond,
CA, USA). For immunoblot, 50pug of total cell lysates
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were subjected to SDS-polyacrylamide gel electrophoresis.
The protein was transferred to polyvinylidene difluoride
membranes using transfer buffer (50mM Tris, 190 mM
glycin, and 10% methanol) at 100V for 2h. The membranes
were incubated with blocking buffer (50 mM Tris, 200 mM
NaCl, 0.2% Tween 20, and 3% bovine serum albumin)
overnight at 4°C. After washing three times with
washing buffer (blocking buffer without 3% bovine serum
albumin) for 10min each, the blot was incubated with
primary antibody (SMAD1/5/8, ERK1/2, phosphorylated
ERK, and phospho-SMAD1/5/8) for 2-15h, followed by
horseradish peroxidase-labeled secondary antibody for 1h.
The membranes were washed again, and detection was
performed using the enhanced chemiluminescence
Western blotting detection system (Amersham, Piscataway,
NI, USA).

2.9 Statistical analysis

Data were expressed as means + SD. Statistical comparisons
of the results were made using analysis of variance
(ANOVA). Significant differences (p<0.05) between the
means of the control and test groups were analyzed by
Dunnett’s test.

3 Results

3.1 Syringetin had no effect on the proliferation of
MC3T3-E1 and hFOB cells

We first determined the effect of syringetin on the cell
proliferation of MC3T3-E1 and hFOB by XTT assay. Our
results showed that syringetin did not exhibit significant
effects on cell proliferation at the concentrations used

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Inhibition of cycloheximide
on syringetin-induced increase of ALP
activity and osteocalcin production.
(A) The effect of cycloheximide on
syringetin-induced ALP activity. (B)
The effect of cycloheximide on syrin-
getin-mediated osteocalcin produc-
tion. Cells were pretreated with or
without 10pg/mL cycloheximide for
24h, and then 20uM syringetin was
added for 48 h (for ALP) and 72h (for
osteocalcin). ALP activity and osteo-
calcin levels were determined as
described in Section 2. Each value is
the mean+SD of three independent
experiments. The asterisk indicates a
& significant difference between control
o and test groups, as analyzed by
Dunnett’s test (p<0.05).

(1-20 uM) after 48 and 72h of treatment in MC3T3-E1 and
hFOB cells (Figs. 1A and B).

3.2 Effect of syringetin on maturation and
differentiation markers, ALP activity, osteocalcin
expression, type | collagen synthesis, and
mineralization in MC3T3-E1 and hFOB cells

The effect of syringetin on the maturation of osteoblasts was
studied by determining ALP activity in MC3T3-E1 and
hFOB cells. The results showed that syringetin increased
ALP activity in MC3T3-E1 and hFOB cells in a dose-
dependent manner after 48 and 72 h of treatment (Fig. 2A).
The effect of syringetin on the terminal differentiation of
osteoblasts was also assessed by determining the production
of osteocalcin, type I collagen protein, and the degree of
mineralization. As shown in Fig. 2B, treatment of MC3T3-
E1l and hFOB cells with syringetin increased the levels of
osteocalcin protein in a dose-dependent manner after 72 and
96 h of treatment. In addition, type I collagen protein levels
were also enhanced in syringetin-treated MC3T3-E1 and
hFOB cells after 72 and 96h of treatment (Fig. 2C). Treat-
ment with syringetin for 72 and 96h also increased the
amount of osteoblasts mineralization in a dose-dependent
manner (Fig. 2D).

3.3 Syringetin increases ALP activity and
osteocalcin through de novo protein synthesis

ALP activity is a phenotypic marker for the early and mature
differentiations of osteoblasts, whereas osteocalcin secretion
is another biologic marker for terminal differentiation. Next,
we assessed whether the effect of syringetin on the increase
of ALP activity and osteocalcin production was due to the
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Figure 4. The role of BMP-2 in upre-
gulation of osteoblastic activity by
syringetin in MC3T3-E1 and hFOB
cells. Syringetin increased the
production of BMP-2 in a time-
dependent (A) and dose-dependent
manner (B). Noggin inhibited the
induction of syringetin on ALP upre-
gulation (C) and osteocalcin stimula-
tion (D). For (A) and (B), cells were
treated with 20 uM syringetin for the
indicated times (0, 3, 6, and 12h) at
various concentrations (1, 5, 10, and
20uM) of syringetin for 12h. The
production of BMP-2 in culture
medium was assessed by BMP-2
ELISA kit. For (C) and (D), cells were
pretreated with or without noggin for
T1h, and then 20puM syringetin was
added for the indicated times. ALP
activity (48h treatment) and osteo-
calcin levels (72h treatment) were
determined as described above. Each
value is the mean+SD of three inde-
pendent experiments. The asterisk

5uM 10pM  20uM

indicates a significant difference
between the control and test groups,
& as test

enhancement of protein synthesis. The results showed that
the syringetin-mediated increase of ALP activity and osteo-
calcin production is almost completely inhibited by a 24h
pretreatment of MC3T3-E1 and hFOB cells with protein
synthesis inhibitor cycloheximide (10ug/mL) (Figs. 3A
and B).

3.4 BMP-2 mediates syringetin-induced maturation
and differentiation in MC3T3-E1and hFOB cells

To confirm whether either transcriptional or translational

levels of BMP-2 expression were influenced by the presence
of syringetin, we examined the expression of the BMP-2

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

analyzed by Dunnett's
(p<0.05).

in the presence and absence of syringetin using BMPs
ELISA kits. The results indicated that syringetin caused a
significant increase in BMP-2 protein levels in MC3T3-E1
and hFOB. The upregulation of BMP-2 protein by
20pM syringetin started to increase 3h after treatment
with syringetin, and maximum expression was observed
at 12h (Fig. 4A). After 12h of treatment, syringetin
increased production of BMP-2 in a dose-dependent manner
(Fig. 4B).

To further examine the role of BMP-2 in syringetin-
induced cell differentiation, osteoblasts were pretreated with
a BMP-2 inhibitor, 100 ng/mL noggin protein [35], for 1h,
then cotreated with 20 uM syringetin and the inhibitor for
the indicated times. Addition of purified noggin protein did

www.mnf-journal.com
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not change ALP activity and osteocalcin secretion, but
abrogated syringetin-induced cell differentiation (Figs. 4C
and D). Therefore, syringetin-induced cell differentiation
may operate by a BMP-2-dependent pathway.

3.5 Activations of SMAD1/5/8 and ERK1/2 in
syringetin-treated MC3T3-E1 and hFOB cells

Ligation of BMP-2 to BMP receptor induces receptor
heteromeric complexes and subsequently activates SMADs
or MAPKs by phosphorylation. We first assessed activation
(phosphorylation) of SMAD proteins in syringetin-treated
MC3T3-E1 and hFOB cells. As shown in Fig. 5A, treatment
with syringetin did not affect the expression levels of
unphosphorylated SMAD1/5/8, but did increase the amount
of phospho-SMAD1/5/8 after a 3h exposure of osteoblasts
to syringetin, with a progressive increase for up to 12h. The
activation of SMADs closely matched the appearance of
BMP-2. We also investigated the role of ERK1/2 in syrin-
getin-treated cells. The results showed that syringetin
treatment increased the activation (phosphorylation) of
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Figure 5. The activation of SMADs, ERK1/2 in syringetin-treated
MC3T3-E1 and hFOB cells. Syringetin increased SMAD1/5/8 and
ERK1/2 activation (A). Noggin decreased the effect of syringetin
on the activation of SMAD1/5/8 (B) and ERK1/2 (C). For (A),
unphospho- and phospho-SMAD and ERK1/2, cells were treated
with 20uM syringetin for the indicated times; the levels of
SMAD1/5/8, ERK1/2, and their phosphorylated proteins were
determined by immunoblot analysis. For (B) and (C), cells were
incubated for 1 h in the presence or absence of noggin, and then
20 uM syringetin was added and incubated for 9 h. The levels of
various proteins were determined by immunoblot analysis. Data
shown are representative of three independent experiments.
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ERK1/2 (Fig. 5A). ERK1/2 activation occurred later (6h)
than SMADs (3 h), indicating that ERK1/2 activation may be
a downstream event of SMADs.

To determine the role of BMP-2 on the activation
of SMAD1/5/8 and ERK1/2 in syringetin-treated osteo-
blasts, we tested the effect of noggin on the activation
of SMAD1/5/8 and ERK1/2 Dby syringetin. Results
showed that noggin pretreatment abrogated the activa-
tion of SMAD1/5/8 and ERK1/2 induced by syringetin
(Figs. 5B and C). Thus, BMP-2 signaling is necessary
and sufficient to mediate the activation of SMAD1/5/8
and ERK1/2 in syringetin-treated MC3T3-E1 and hFOB
cells.

3.6 ERK1/2 is necessary for syringetin-mediated
osteoblast maturation and differentiation in
MC3T3-E1 and hFOB cells

As ERK1/2 activation was observed with syringetin-treated
osteoblasts, we next assessed the role of ERK1/2 by using an
inhibitor specific to ERK1/2. MC3T3-E1 and hFOB cells
were pretreated for 1h with a potent, specific inhibitor for
ERK1/2, PD98059. The inhibitor-treated cells were then
exposed to syringetin, and ALP activity and osteocalcin
secretion were determined. As shown in Fig. 6A, the
syringetin-mediated ERK1/2 activation was effectively
inhibited by 20 uM PD98059 (Fig. 6A). PD98059 not only
decreased the ALP activity of syringetin of 48h, but also
inhibited the accumulation of osteocalcin induced by
syringetin at 72h (Figs. 6B and C).

4 Discussion

During differentiation in vitro, osteoblast phenotypic
markers appear in the following order: accumulation of
collagenous matrix, expression of ALP, secretion of osteo-
calcin, and finally, mineralization of bone nodules [11,
36-38)]. Our results indicate that the presence of syringetin
causes a significant increase in ALP activity, osteocalcin
production, type I collagen synthesis, and mineralization.
As the appearance of ALP activity is an early phenotypic
marker for mature osteoblasts, our results suggest that the
presence of syringetin stimulates an early stage of osteoblast
differentiation. The production of osteocalcin and type I
collagen, both phenotypic markers for the later stage of
osteoblast differentiation, was increased by syringetin
treatment. In addition, bone formation, as measured by
mineralization, was also increased in MC3T3-E1 and hFOB
cells treated with syringetin. Furthermore, the inhibitory
protein synthesis effect of cycloheximide on the syringetin-
induced increase in ALP activity and octeocalcin production
strongly suggests that de novo protein synthesis is essential
for this response. In summary, these results indicate that
syringetin-stimulated maturation and differentiation of
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osteoblasts could be affected at various levels, from early to
terminal stages of the cell differentiation process.

BMPs play an important role in the process of bone
formation and remodeling [8]. It has been well documented
that stimulation of osteoblast differentiation is characterized
mainly by increased expression of ALP, type I collagen, and
osteocalcin [39]. The action of BMPs is mediated by
heterotetrameric serine/threonine kinase receptors and the
downstream transcription factors SMAD1/5/8. After these
transcription factors are phosphorylated on serine residues,
they form a complex with a common mediator, SMAD4, and
the complex is translocated into the nucleus to activate the
transcription of a specific gene [8, 9]. Several natural or
chemical compounds have been reported to induce osteo-
blast differentiation by induction of BMP and/or SMAD
signaling, such as daidzein, osthole, and fraxetin [11, 34, 40].
Our study indicates that the production of BMP-2 increases
in syringetin-treated MC3T3-E1 and hFOB cells. Also,
phosphorylations of SMAD1/5/8 are simultaneously
enhanced in syringetin-treated osteoblasts. Indeed, BMPs
antagonist noggin not only blocked syringetin-mediated
SMAD1/5/8 activation, but also exhibited a similar effect
against syringetin-mediated cell differentiation (ALP upre-
gulation and osteocalcin production). These results support
the hypothesis that the BMP-2 signaling system plays an
important role in syringetin-mediated cell maturation and
differentiation in osteoblasts.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

by Dunnett’s test (p<0.05).

ERK1/2 is also important in osteoblast cell proliferation
and differentiation [18, 20]. A number of studies have
reported that ERK is an important mediator of BMP-2-
induced osteoblast differentiation, and that inhibition of
ERK1/2 results in the suppression of differentiation
markers [18, 41]. Our study observed an increase in ERK1/2
activity after BMP-2 production and SMAD1/5/8 phos-
phorylation, and suppression of BMP-2 signaling by
cotreating noggin abrogated ERK1/2 activation in syringe-
tin-treated cells. In addition, inhibition of ERK1/2 activity by
specific inhibitor PD98059 decreased the effects of syringe-
tin on osteoblastic maturation and differentiation. These
data suggest that activation of ERK1/2 plays an important
role on the cell differentiation of syringetin activity in
osteoblasts.

In summary, our study has clearly demonstrated that
syringetin stimulates osteoblast differentiation at various
stages in MC3T3-E1 and hFOB cells. Syringetin’s effect on
cell maturation and differentiation is strongly associated
with BMP-2/SMAD1/5/8/ERK1/2 signaling pathway. This,
therefore, suggests that syringetin may be beneficial in
stimulating the osteoblastic activity resulting in bone
formation.
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