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Quercetin, a flavonoid, inhibits the proliferation, differentiation,
and mineralization of osteoblasts in vitro
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Abstract

It is possible that the flavonoids that are found in many foods might have a protective effect against osteoclastic activity. However, little
information is available about the effects of flavonoids on osteoblastogenesis. Therefore, we investigated the effects of quercetin, a flavonoid,
on the metabolism of rat calvarial osteoblast-like cells (ROB cells) in culture. The proliferation of cells was markedly inhibited upon
exposure of cells to quercetin at 5 x 10~ ®to 1 X 10~ ° M. Quercetin at 1 x 10~ > M did not induce apoptosis in ROB cells but arrested cells at
the G1 phase of the cell cycle. In addition, quercetin stimulated the expression of mRNA for p21%¥*™/¢P! 'which inhibits the activity of cyclin-
dependent kinases, and inhibited the phosphorylation of histone H1. Furthermore, after cells had ceased to proliferate, quercetin reduced the
activity of alkaline phosphatase, the level of expression of mRNA for osteocalcin, the rate of deposition of Ca®*, and the formation of
mineralized nodules, all of which are markers of osteoblast differentiation. These findings indicate that quercetin inhibits the proliferation,

differentiation, and mineralization of osteoblastic cells.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Osteoblasts are bone-forming cells. The formation of
bone involves a complex series of events that include the
proliferation and differentiation of osteoprogenitor cells and
result eventually in the formation of a mineralized extracel-
lular matrix. Numerous cytokines, hormones, and growth
factors control the formation of bone by regulating both the
proliferation and the differentiation of osteoblasts. Bone
metabolic diseases develop when there is an imbalance
between the formation and resorption of bone, which, in
turn, depend on the interactions between osteoblasts and
osteoclasts (Riggs, 1987). In our efforts to identify factors
that might cause, prevent, or treat bone metabolic diseases,
such as osteoporosis and osteopetrosis, we screened various
compounds for the ability to regulate the proliferation,
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differentiation, and function of cultured osteoblasts and
osteoclasts (Hagiwara et al., 1999; Yuhara et al., 1999;
Yamagishi et al., 2001).

Quercetin is one of the major flavonoids in certain
species of plants (for example, 200—600 mg quercetin/kg
onion), in which it is present mainly as glycosides (rutin;
Price and Rhodes, 1997). Dietary glycosides are converted
to aglycones (such as quercetin) in the large intestine in
reactions catalyzed by the glycosidases of intestinal bacteria
(Tamura et al., 1999). Rutin inhibits the ovariectomy-stim-
ulated resorption of bone in rats (Horcajada-Molteni et al.,
2000), and quercetin has been reported to inhibit the
osteoclastic resorption of bone in vitro (Wattel et al.,
2003). We also found that quercetin inhibits the formation
of osteoclast-like cells that is induced by treatment with the
receptor activator of nuclear factor-<B ligand of mouse
marrow-derived monocytes whose growth in vitro is depen-
dent on macrophage-colony stimulating factor and the
mouse monocyte cell line RAW264.7 (unpublished data).
These observations suggest that quercetin might inhibit
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osteoclastogenesis by affecting osteoclasts. However, the
effects of quercetin on the metabolism of osteoblasts remain
to be clarified. Therefore, we examined the effects of this
flavonoid on osteoblasts, and we found that it decreased the
proliferation, differentiation, and mineralization of rat cal-
varial osteoblast-like cells (ROB cells; Hagiwara et al.,
1996; Partridge et al., 1981) in a well-characterized model
system that has been used for studies of the proliferation and
differentiation of bone-forming cells and of the molecular
biology of the mineralization process.

2. Materials and methods
2.1. Materials

Quercetin [2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-
4H-1-benzopyran-4-one dihydrate] was purchased from
Sigma (St. Louis, MO, USA). It was dissolved in dimethyl
sulfoxide (DMSO), which was used in control experiments
at 0.1%. a-Modified Eagle’s Medium (a-MEM), penicillin/
streptomycin antibiotic mixture, and fetal bovine serum
were obtained from Life Technologies (Grand Island, NY,
USA). 2’-(4-Ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-
2,5’-bi-1H-benzimidazole, trihydrochloride (Hoechst 33342)
was purchased from Hoechst (Tokyo, Japan).

2.2. Culture of osteoblastic cells

ROB cells were isolated enzymatically from calvariae
of newborn Wistar rats as described previously (Hagiwara
et al., 1996). Cells were maintained in 75-cm” flasks in o-
MEM, supplemented with 10% fetal bovine serum, 50 U/
ml penicillin and 50 pg/ml streptomycin, in a humidified
atmosphere of 5% CO, in air at 37 °C. After reaching
70% confluence, cells were detached by treatment with
0.05% trypsin, replated in either 55-cm® dishes or 12-well
plates (area of each well, 3.8 cm?) at a density of 1 x 10*
cells/em® and grown in «-MEM supplemented with 10%
fetal bovine serum, 50 U/ml penicillin, 50 pg/ml strepto-
mycin, 5 mM B-glycerophosphate, and 50 pg/ml ascorbic
acid. Fresh medium was supplied to cells at 3-day inter-
vals. The animal protocols and procedures were approved
by the Institutional Animal Care and Use Committee of
Tokyo Institute of Technology.

2.3. Quantitation of cell proliferation

ROB cells were replated in 12-well plates (area of each
well, 3.8 cm?) at the low density of 0.25 x 10* cells/cm? and
grown in a-MEM supplemented with 10% fetal bovine
serum, 50 U/ml penicillin, 50 pg/ml streptomycin, and
quercetin at various concentrations. Cells were detached
by treatment with 0.05% trypsin at the times indicated and
were counted under a light microscope (IX70; Olympus,
Tokyo, Japan).

2.4. Flow-cytometric analysis

Cells were plated in 55-cm?® dishes at a density of
0.2 x 10* cells/cm? and treated with 1 x 10~ M quercetin
for 48 h. After the exposure of cells to quercetin, cells were
harvested in 0.05% trypsin and resuspended in 1 ml of
phosphate-buffered saline (pH 7.4; 20 mM sodium phos-
phate and 130 mM NaCl; PBS) that contained 125 U/ml
RNase A (Nacalai tesque, Kyoto, Japan) and 50 pg/ml
propidium iodide (Wako, Osaka, Japan). The fluorescence
of cells was measured with a FACS Vantage system (Becton
Dickinson, San Jose, CA, USA). Data were analyzed with
CelIFIT software (Becton Dickinson).

2.5. Reverse transcription—polymerase chain reaction

We detected mRNAs for mouse p21¥*/¢iP! and p27%ie!
in ROB cells by reverse transcription—polymerase chain
reaction (RT-PCR). We extracted RNA from ROB cells
using ISOGEN™ (Wako) according to the manufacturer’s
protocol, and then we reverse transcribed the total RNA (2
ug) using Moloney murine leukemia virus reverse tran-
scriptase, Superscript™ (200 U; Promega, Tokyo, Japan),
random primers (50 ng) and a 25-pl reaction mixture. The
resultant cDNA was amplified in 20 pl of Taq DNA
polymerase mixture (Takara, Tokyo, Japan) that contained
1 X 10~ ° M sense primer, 5’-ACGTGGCCTTGTCGCTG-
TCTT-3’, and 1 x 10~ ® M antisense primer, 5’-TAAGG-
CAGAAGATGGGGAAGAG-3’, for mouse p21%afl/cip!
(accession number V09507; 523—747, 225 bp); 1 x 10~ °
M sense primer, 5~ AGGAGAGCTTGGATGTCAG-3’, and
1 X 10~ ° M antisense primer, 5’-TTTCTTCTGTTCTGTT-
GGCC-3’, for mouse p27"P! (accession number V10440;
528-734, 207 bp); or 1x10°° M sense primer, 5°-
ACTTTGTCAAGCTCATTTCC-3’, and 1 X 10~ ° M anti-
sense primer, 5’-TGCAGCGAACTTTATTGATG-3’, for
mouse glyceraldehyde-3-phosphate dehydrogenase (GA-
PDH; accession number M32599; 957-1223, 267 bp).
Each amplification cycle, repeated a total of 35, 40, and
30 times for p21™*/eiP!  po7%P!l - and GAPDH, respec-
tively, consisted of incubation at 94 °C for 30 s, at 60°C
for 30 s, and 72 °C for 45 s. Products of PCR were
subjected to electrophoresis on a 2% agarose gel and
visualized by staining with ethidium bromide. DNA mark-
er fragments (Molecular weight marker V; Boehringer
Mannheim, Mannheim, Germany) were used as size
markers.

2.6. In vitro histone HI kinase assay

ROB cells were plated in 55-cm? dishes at a density of
0.2 x 10* cells/cm? and treated with 1 x 10~ > M quercetin
for 48 h. Histone H1 kinase activity was assayed in cyclin-
cdk complexes isolated from cells treated with quercetin or
DMSO for 48 h. Cells were mixed with four volume of ice-
cold extraction buffer [160 mM sodium-pB-glycerophos-
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Fig. 1. Effects of quercetin on the proliferation of osteoblasts. ROB cells
were plated in 12-well plates (3.8 cm?/well) at the low density of 0.25 x 10*
cells/cm?® and grown in a-MEM supplemented with 10% fetal bovine serum
and quercetin at various concentrations as indicated. Fresh medium with
quercetin was supplied at 3-day intervals. At the times indicated, cells were
removed from plates with a 0.05% solution of trypsin and counted under a
light microscope. *P <0.002 vs. vehicle; **P<0.01 vs. vehicle.

phate, 40 mM EGTA, 30 mM MgCl,, 200 mM KCI, 200
mM sucrose, 2 mM dithiothreitol, 1 mM sodium orthova-
nadate, 0.1% Nonidet P-40 (polyoxyethylene(9)octylphenyl
ether), 50 mM benzamidine, 50 mM phenylmethanesulfonyl
fluoride, 50 mg/ml leupeptin, and 50 mg/ml soybean trypsin
inhibitor, pH 7.3], followed by immediate freezing in liquid
nitrogen. After thawing, the cell suspension was vortexed
five times for 10 s on ice. After centrifugation at 12,000 X g
for 10 min at 4 °C, the supernatant was recovered to a fresh
tube as cell extract.

To isolate cyclin-cdk complexes, 10 pl of cell extracts
were added to 5 ul Sucl-beads and incubated for 1 h at 4
°C. The complexes were washed five times with 1 ml of
kinase buffer (80 mM sodium-p-glycerophosphate, 20 mM
EGTA, 15 mM MgCl,, and 1 mM dithiothreitol, pH 7.3),
resuspended in 5 pl of histone H1-ATP mixture (1.3 mg/ml
histone H1, 0.65 mM cold ATP, and 0.22 mCi/ml
[y->*P]ATP), and then incubated for 30 min at 25 °C. The
reactions were stopped by the addition of 10 ul of sample
buffer. Samples were run on sodium dodecyl sulfate (SDS)—
15% polyacrylamide gel electrophoresis, and the gel was
exposed to an imaging plate for 10 min. The signals on the
plate were analyzed with a Bioimage Analyzer (BAS 2000;
Fuji Film, Tokyo, Japan). The radioactivity of the excised
histone H1 bands was quantified by using a liquid scintil-
lation counter.

2.7. Measurement of alkaline phosphatase activity

ROB cells were subcultured in 12-well plates (3.8 cm?/
well) in «-MEM that contained 10% fetal bovine serum, 5
mM pB-glycerophosphate, and 50 ng/ml ascorbic acid. After
cells had reached confluence (day 3), quercetin was added at
various concentrations to the culture medium. Fresh medi-
um containing quercetin was supplied at 3-day intervals. At
indicated times, cells were washed with 10 mM Tris—HCI,

pH 7.2, and sonicated for 15 s in 1 ml of 50 mM Tris—HCI,
pH 7.2, that contained 0.1% Triton X-100 and 2 mM MgCl,
in a sonicator (Ultrasonic Disruptor UD-201; Tomy Tokyo,
Japan). The alkaline phosphatase activity of each sonicate
was determined by an established technique with p-nitro-
phenyl phosphate as the substrate. Concentrations of protein
were determined with bicinchoninic acid (BCA) protein
assay reagent (Pierce Chemical, Rockford, IL, USA) with
bovine serum albumin as the standard.

2.8. Northern blotting analysis

Total RNA was isolated from ROB cells that had been
treated with quercetin or vehicle for indicated times. Then,
total RNA (10 ng) was subjected to electrophoresis on a 1%
agarose gel that contained 2.2 M formaldehyde and the
bands of RNA were transferred to a nylon membrane
(Hybond-N+; Amersham Bioscience, Uppsala, Sweden).
After the membrane had been baked at 80 °C for 2 h, the
RNA on the membrane was allowed to hybridize overnight
with ¢cDNAs for rat osteocalcin and GAPDH at 42 °C in
PerfectHyb® Hybridization Solution (TOYOBO, Tokyo,
Japan). Each cDNA probe was radiolabeled with a Ready-
to-Go™ kit (Amersham Bioscience). The membrane was
washed twice for 5 min each in 1 X sodium chloride/
sodium citrate (SSC; 0.15 M NaCl, 15 mM sodium citrate,
pH 7.0) that contained 0.1% SDS at room temperature and
twice for 1 h each in 1 X SSC that contained 0.1% SDS at
55 °C, and then, it was exposed to an imaging plate
overnight. The signals on the plate were analyzed with a
Bioimage Analyzer.

2.9. Quantitation of the deposition of Ca’"

ROB cells were subcultured in a«-MEM that contained
10% fetal bovine serum, 5 mM B glycerophosphate, and 50
ng/ml ascorbic acid. After cells had reached confluence (day
3), quercetin was added at various concentrations to the
culture medium. The amount of Ca>" deposited in the cell
layer was measured as follows. The layers of cells in 12-
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Fig. 2. The apoptotic effects of quercetin on ROB cells. ROB cells were
stained with Hoechst 33342 for examination of nuclei. The cells were
incubated with and without 1 x 10~ > M quercetin for 3 days and, as a
positive control, with 1 X 10~ > M staurosporine for 2 h, and then they were
treated with 0.2 pg/ml Hoechst 33342 for 15 min at 37 °C. Photographs
show stained cells that had been treated as follows: (A) with vehicle (0.1%
DMSO) for 3 days; (B) with 1 X 10~ 3 M quercetin for 3 days; and (C) with
1 x 10> M staurosporine for 2 h. Bar=10 pm.
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Fig. 3. Flow-cytometric analysis of proliferating cultures of ROB cells that
had been cultured in the absence (A) and in the presence (B) of 1 X 10™° M
quercetin for 48 h. The fluorescence of the cells was monitored with a
FACS Vantage system, and data were analyzed with CellFIT software as
described in the text. The cell cycle was analyzed by RFIT model analysis,
and the results are shown as a histogram, *P<0.05 versus vehicle,
**P<0.01 versus vehicle.

well plates (3.8 cm?®/well) were washed with PBS and
incubated overnight with 1 ml of 2N HCI with gentle
shaking. The Ca®” ions in the samples were quantitated
by the o-cresolphthalein complexone method with a Calci-
um C kit (Wako). This kit is specific for Ca® * ions and has a
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Fig. 4. Expression of mRNA for p21%*f/¢P! i ROB cells in the presence
and absence of 1 X 10~ ° M quercetin. Total RNA was isolated from ROB
cells and levels of mRNAs for mouse p21%*eP! (p21; 225 bp), p27<P!
(p27; 207 bp), and mouse GAPDH (267 bp) were examined by RT-PCR
with specific primers (see text for details).

limit of detection of 1 ug/ml. We used the solution of Ca®*
ions (20 mg/dl) in the kit as the standard solution.

2.10. von Kossa staining

ROB cells that had been cultured with and without
1 x107° M quercetin for 12 days in 12-well plates (3.8
cm*/well) were fixed in 10% formaldehyde for 30 min at
room temperature and then washed three times with 10 mM
Tris—HCI, pH 7.2. The fixed cells were incubated with 5%
silver nitrate for 5 min in sunlight, washed twice with H,O,
and then treated with 5% sodium thiosulfate.

2.11. Statistical analysis
Numerical data were expressed as means = S.D. of
results from three or four cultures, and the significance of

differences was analyzed by Student’s #-test. Statistical
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Fig. 5. Effects of quercetin on the histone H1 kinase activity in ROB cells.
(A) In vitro histone H1 kinase activity of ROB cells treated with 1 x 10~ >
M quercetin for 48 h. (B) The radioactivity of the histone H1 band of panel
(A).
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Fig. 6. Effects of quercetin on the alkaline phosphatase activity of ROB
cells. ROB cells in 12-well plates (3.8 cm*/well) were cultured with o-
MEM that contained 10% fetal bovine serum, 5 mM R-glycerophosphate,
and 50 pg/ml ascorbic acid. After cells had reached confluence (day 3),
quercetin was added at various concentrations to the culture medium as
indicated. Fresh medium with quercetin was supplied at 3-day intervals. At
the times indicated, alkaline phosphatase activity was measured as described
in the text. *P<0.05 vs. vehicle.

significance was recognized at P<0.05. Experiments were
repeated independently in triplicate and the results were
qualitatively identical in every case. Results from represen-
tative experiments are shown.

3. Results
3.1. Effects of quercetin on cell proliferation

The exposure of ROB cells to 5x 10~ ® M quercetin
decreased the number of cells by approximately 70% in
8 days, as compared with control cultures that were treated
with vehicle alone and the effects of quercetin were dose
dependent (Fig. 1). Phase contrast microscopy revealed that
ROB cells became slightly hypertrophic during exposure to
1 x 10~ > M quercetin. We confirmed, using Hoechst 33342,
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that the effects of quercetin were not attributable to the
induction of apoptosis in ROB cells under our cell-culture
conditions. As shown in Fig. 2, the nuclei of ROB cells that
had been treated with 1 x 10~ > M quercetin for 72 h were
similar to those of control cells. By contrast, cells treated
with 1 x 107> M staurosporine for 2 h had condensed
nuclei (positive control).

We examined the effects of quercetin on progression of
the cell cycle and found that incubation of ROB cells with
1 x 10~ > M quercetin increased the number of ROB cells in
the G1 phase of the cell cycle (Fig. 3). The percentages of
ROB cells that had been treated with 1 X 10~ > M quercetin
for 48 h in the G1, S, and G2/M phases were 93.7%, 2.5%,
and 3.8%, respectively. By contrast, the values for control
cells were 75.7%, 15.4%, and 9.0%, respectively. Next, to
determine the mechanism responsible for the arrest of the
cell cycle by quercetin, we examined the levels of expres-
sion of mRNAs for the inhibitors of cyclin-dependent
kinases (cdks) p21™*¢Pl and p275P! in quercetin-treated
ROB cells. As shown in Fig. 4, quercetin stimulated the
expression of mRNA for p21V*/“P! We were unable to
detect the expression of the mRNA for p275"P! in ROB cells.
Furthermore, 1 x 10> M quercetin markedly inhibited the
phosphorylation of histone H1 (Fig. 5).

3.2. Effects of quercetin on the differentiation of osteoblastic
cells

We examined the effects of quercetin on the osteoblastic
differentiation of ROB cells after they had proliferated by
exposing confluent ROB cells to quercetin at various con-
centrations. Fig. 6 showed that quercetin decreased the
alkaline phosphatase activity of ROB cells in a dose-
dependent manner. The alkaline phosphatase activity of
ROB cells that had been exposed to 1 x 10~ ® M quercetin
for 7 and 9 days was significantly lower than that in control
cells (treated with DMSO). On day 12, we were unable to
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Fig. 7. Northern blotting analysis of mRNA for osteocalcin (OC) in ROB cells. ROB cells in 55-cm? dishes were cultured with «-MEM that contained 10%
fetal bovine serum, 5 mM B-glycerophosphate, and 50 pug/ml ascorbic acid. After cells had reached confluence (day 3), quercetin was added to the culture
medium as indicated. On days 9, 12, and 15, total RNA was isolated from cells, and 20 pg of total RNA was fractionated by electrophoresis on a 1% agarose
gel. Then, bands of RNA were allowed to hybridize with **P-labeled cDNAs for rat osteocalcin and GAPDH (V, results for cells treated with 0.1% DMSO).
The relative level of osteocalcin mRNA was determined with a Bioimage Analyzer, with normalization by reference to the level of the mRNA for GAPDH. The
ratio of the level of osteocalcin mRNA to the level of GAPDH mRNA on day 15 for cells treated with vehicle was defined as 100%.
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Fig. 8. Effects of quercetin on the mineralization of osteoblastic cells. ROB
cells in 12-well plates (3.8 cm?/well) were cultured with a-MEM that
contained 10% fetal bovine serum, 5 mM p-glycerophosphate, and 50 pg/
ml ascorbic acid. After cells had reached confluence (day 3), quercetin was
added at various concentrations to the culture medium as indicated. Fresh
medium with quercetin was supplied at 3-day intervals. (A) The deposition
of Ca®" jons was measured on day 12. Quantitative analysis of Ca’" ions
was performed as described in Materials and methods. *P <0.05 vs. vehicle
(V); ¥*P<0.01 vs. vehicle (V). (B) Phase-contrast photomicrographs. ROB
cells were cultured with and without 1 X 10~ > M quercetin for 12 days and
subjected to von Kossa staining for visualization of mineralized nodules.

detect any significant inhibitory effect of quercetin on
alkaline phosphatase activity in ROB cells. Northern blot-
ting analysis revealed that quercetin inhibited the expression
of the mRNA for osteocalcin, which is a marker of osteo-
blastic differentiation (Fig. 7). On day 12, we detected
osteocalcin mRNA in control cells, and the level of expres-
sion of this mRNA continued to increase with time. How-
ever, the level of expression of the mRNA for osteocalcin in
ROB cells that had been treated with 5x 10~ ¢ and
1 x10"° M quercetin was clearly lower than it was in
control cells after 15 days. Fig. 8A demonstrates that
quercetin decreased the deposition of Ca>" by ROB cells
when deposition was examined on day 12. Fig. 8B shows
mineralized nodules, after staining with von Kossa’s
reagents, in cultures of ROB cells on day 12. The number
of mineralized nodules was clearly lower in ROB cells that
had been treated for 12 days with 5 x 10~ ® M quercetin.

4. Discussion

The aim of this study was to clarify the effects of
quercetin on the metabolism of osteoblasts. Using rat
calvarial primary osteoblast-like cells, ROB cells, that had
previously been well characterized, we found that quercetin
inhibited not only the proliferation but also the differentia-
tion and mineralization of osteoblasts.

Our results show that quercetin inhibits the proliferation
of ROB cells. Quercetin induces apoptosis in a variety of
tumor cells, such as Burkitt’s lymphoma and human ovarian
cancer cells (MCAS; Wei et al., 1994), colorectal tumor

cells (Richter et al., 1999), human breast cancer cells (Choi
et al., 2001), and murine melanoma B16-BL6 cells (Zhang
et al., 2000). However, we failed to detect the induction of
apoptosis by quercetin in ROB cells under our culture
conditions. By contrast, we found that quercetin caused
the accumulation of ROB cells at the G1 phase of the cell
cycle specifically, and we detected an increase in the
expression of p21VAFVCIPl MRNA, an inhibitor of cdks. It
has been reported that quercetin causes the arrest of the cell
cycle (Choi et al., 2001; Zhang et al., 2000) and induces the
enhanced expression of p21WAFVCIPL (Choi et al., 2001;
Zhang et al., 2000; Iwao and Tsukamoto, 1999). It has also
been reported that p21™AF“"P! mediates G1 arrest (Deng et
al., 1995). Furthermore, we found that quercetin treatment
decreased the phosphorylation of histone H1 in ROB cells.
Thus, the inhibitory effect of quercetin on the proliferation
of ROB cells might be due, in part, to the arrest of the cell
cycle via expression of p21WVAFVCIPL (5o WAFVCIPL hag
recently been reported to act as a brake in osteoblast
differentiation (Bellosta et al., 2003).

After ROB cells had reached confluence, quercetin
inhibited both differentiation and mineralization, as indicat-
ed by markers that are characteristic of the osteoblast
phenotype, such as alkaline phosphatase activity, the syn-
thesis of osteocalcin, and the deposition of Ca®". The
mechanism of the quercetin-induced effects on the differ-
entiation of osteoblasts is unknown. Quercetin has been
reported to reduce the basal levels of receptors for insulin-
like growth factor-I (IGF-I) and of phosphatidylinositol 3-
kinase in keloid fibroblasts (Phan et al., 2003). Quercetin is
also an inhibitor of phosphatidylinositol 3-kinase (Brown et
al., 1995). IGF-I and its signaling pathways play important
roles in osteoblastic differentiation (Thomas et al., 1999;
Zhao et al., 2000). Therefore, quercetin might influence
osteoblastic differentiation via suppression of the signaling
pathway(s) of IGF-I in ROB cells. Alternatively, quercetin
might act by inhibiting the activity of activator protein-1
(AP-1). AP-1 is a dimeric transcription factor that consists
of a Fos-related protein (c-Fos, FosB, Fra-1, Fra-2, or
AFosB) and a Jun-related protein (JunB, c-Jun, or JunD).
Increased formation of bone has been observed in mice that
overexpress the transcription factors Fra-1 (Jochum et al.,
2000) and AFosB (Sabatakos et al., 2000). However,
quercetin has also been reported to limit the extent of
activation of AP-1 (Ishikawa et al., 1999, 2000).

Quercetin had significant effects on the metabolism of
cultured osteoblasts in the present study. The concentrations
(1X 10 °to 1 x 10~ M) of quercetin that we used in this
study were in the range of those (1 X 10 ®to 1 x 10~ % M)
used in studies of the inhibition of the formation and activity
of osteoclasts (Wattel et al., 2003). Furthermore, similar
concentrations of quercetin have been used in studies of
apoptosis (Richter et al., 1999; Ishikawa et al., 1999).
Quercetin is one of the most abundant flavonoids in the
human diet. Measured concentrations of quercetin glycoside
in human plasma ranged from 5x 10" to 1.6 x 10~ ° M



M. Notoya et al. / European Journal of Pharmacology 485 (2004) 89-96 95

(Paganga and Rice-Evans, 1997), and they correspond
closely to concentrations that inhibited the proliferation
and differentiation of osteoblasts in this study. Thus, our
study revealed the similarity in terms of effective inhibitory
doses of quercetin between osteoblast and osteoclast me-
tabolism and the effects of high but physiological concen-
trations of quercetin on cultured osteoblasts.

We have screened isoflavones for the ability to regulate
the proliferation, differentiation, and function of cultured
osteoblasts and osteoclasts. To date, we reported that syn-
thetic flavonoid ipriflavone increased the deposition of Ca® "
by ROB cells (Hagiwara et al., 1999). Furthermore, iso-
flavone genistein decreased the level of receptor activator of
nuclear factor-<B ligand mRNA and increased the level of
osteoprotegerin mRNA in osteogenic/stromal cells (Yama-
gishi et al., 2001). Recently, genistein has been reported to
increase the expression levels of osteoprotegerin by osteo-
blastic MC3T3-El cells via an estrogen-receptor-dependent
pathway (Chen et al., 2003). Quercetin also acts on osteo-
clasts to inhibit osteoclastogenesis (Wattel et al., 2003). Our
present results show that quercetin inhibits osteoblast me-
tabolism. These observations together suggest that quercetin
might be an inhibitor of the metabolism of both cultured
osteoblasts and osteoclasts. Rutin has been reported to
inhibit the ovariectomy-stimulated resorption of bone in
rats (Horcajada-Molteni et al., 2000). However, it is unclear
whether quercetin increases or decreases bone mass in vivo.
Further research is needed to elucidate the contribution of
quercetin to bone metabolism in vivo.
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