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Abstract

Many plant-derived substances have estrogenic activities. Due to their ability to bind the estrogen receptor (ER), these compounds
have the potential to counteract the deleterious effects of estrogen deficiency on bone. In this study, we investigated the in vitro
effect of two widespread flavonols, quercetin and kaempferol, on alkaline phosphatase (ALP) activity in MG-63 cultured human
osteoblasts. We found that both flavonols significantly increased ALP activity. This effect was markedly reduced by PD 98059, an
inhibitor of the extracellular regulated kinase (ERK) pathway, and by ICI 182780, an antagonist of ERs. Western blot studies
confirmed that ERK is rapidly activated in cells treated by both flavonols. Finally, ICI 182780 markedly inhibits the flavonol-induced
ERK activation. The data presented in this study support the conclusion that, in MG-63 osteoblasts (i) the increase in ALP activity by
flavonols involves a rapid stimulation of ERK activation but also involves the ER, and that (ii) the activation of ERK by flavonols
occurs most likely downstream of the ERs activation. Taken together, these results suggest that flavonols derivatives as quercetin and
kaempferol can stimulate osteoblastic activity. Such compounds may represent new pharmacological tools for the treatment of

0steoporosis.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Osteoporosis, is a disease characterized by a reduced
bone mass resulting in increased bone fragility and fracture
risk [1]. Due to the increase in the lifespan of the popula-
tion, osteoporosis became a major and growing health
problem in developed countries. Estrogen deficiency which
occurs at menopause plays a major role in the development
of osteoporosis in post-menopausal women [2,3]. In this
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pathological situation, there is an abnormally high bone
turnover due to both an increase in osteoclastic bone
resorption and a decrease in osteoblastic bone formation.
In order to prevent adverse effects of estrogen deficiency
on bone [4], estrogen replacement therapy has been pro-
posed. A more recently developed pharmacological
approach consisted on the use of selective estrogen recep-
tor modulator (SERM) a class of compounds which can
reproduce the estrogen effects on bone [5]. Many inves-
tigators have shown that a class of plant-derived substances
had estrogenic activities, they are so-called ‘‘phytoestro-
gen”. These include the flavonoids family comprising
isoflavones and flavonols derivatives. Due to their ability
to bind ER, these naturally compounds could have positive
effect against bone loss. Indeed, isoflavones such as daid-
zein and genistein, which are found in abundance in
soybeans and their derivative foods, have been shown to
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reduce the occurrence of osteoporosis in various experi-
mental models [6,7] and in a recent clinical study [8].
Moreover, the low incidence of osteoporosis in Asian
women has been attributed to a diet rich in isoflavones
[9,10]. The hypothesis that flavonols could be also bioac-
tive molecules able to counteract the deleterious effect of
estrogen deficiency which occurs at menopause, has been
recently addressed by Horcajada-Molteni et al. [11], who
demonstrated that rutin, a glycoside derivative of querce-
tin, one of the main flavonol, inhibits ovariectomy-induced
osteopenia in female rats. While in vitro isoflavones effects
have been extensively investigated, at the present time very
few studies have been concerned with the effect of flavo-
nols on cultured bone cells. Recently, we demonstrated that
flavonols as quercetin and kaempferol decrease osteoclas-
tic bone resorption in vitro by targeting directly the mature
osteoclast by a mechanism involving, at least in part, the
ER [12]. Miyake et al. reported the promoting effect of
kaempferol on the differentiation and mineralization of
murine pre-osteoblatic cell line [13]. Herein, we extend
these results by investigating the effect of quercetin and
kaempferol, two of the most widespread flavonols, on the
ALP activity of MG-63 human osteoblastic cells and we
attempted to clarify the mechanism involved. We show that
the studied flavonols increase the ALP activity, and that
this effect is dependent upon both the ERK pathway and
the ER activation.

2. Materials and methods
2.1. Chemicals

Quercetin, kaempferol, EGF, 17- estradiol, BSA, para-
nitrophenyl phosphate and Triton X-100 were obtained
from SIGMA. The MEK inhibitor PD 98059 was obtained
from Calbiochem, and ICI 182780 from Tocris Cookson
Ltd. PBS (pH 7.4) was from Life Technologies. The anti-
phospho ERK and anti-ERK antibodies were supplied by
Cell Signaling.

2.2. Cell culture

The human osteoblastic cell strain MG-63 was pur-
chased from ATCC. Cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM), and 1% penicillin/
streptomycin supplemented with 10% fetal calf serum
(Biowhittakker). For experiments, DMEM devoid of Phe-
nol Red was used, because of the previously reported
estrogen-like activity of the later compound. Twenty four
hours after seeding in this medium supplemented with 10%
FCS and antibiotics, the cells were shifted to DMEM
devoid of Phenol Red and fetal calf serum, but supple-
mented with 0.1% BSA and antibiotics, in the absence or in
the presence of the studied effectors. Depending on the
parameter studied (ALP activity or ERK activation), the

cells were seeded either in six-well plates (Corning B.V.) or
in 60 mm Petri dishes (Nunc), respectively.

2.3. Measurement of alkaline phosphatase activity

After incubation with effectors, the cells were washed
twice with PBS (Life Technologies), harvested with
rubber policemen, and resuspended in PBS supplemented
with PBS 1%, Triton X-100. The cell lysate was then
sonicated for 1 min. ALP activity was assayed by a
spectrophotometric method wusing para-nitrophenyl
phosphate as substrate [14]. The OD was measured at
405 nm with a Bio-Rad microplate reader Model 550.
The results, normalized on a protein basis, were
expressed as percentages of control. Protein determina-
tion was carried out with the Bio-Rad protein assay dye
kit (Bio-Rad Laboratories).

2.4. MTT proliferation assay

Cells were cultured in absence or in presence of both
flavonols (50 M) during a period of 24 or 48 hr. After
incubation with flavonols, the cells were washed twice with
PBS. Then, cells were treated with MTT solution (5 mg/
mL in PBS diluted 1/10 in DMEM devoid of Phenol Red)
for 1 hr. Cells were then lysed by SDS 10% (w/v) and
optical density was measured at 560 nm [15].

2.5. Immunoblot analysis

After treatment, cells were harvested in PBS by scrap-
ping and then centrifuged. The pellet was lysed in Tris
20 mM pH 7.9, NaCl 400 mM, EDTA 1 mM, Glycerol
20%, dithiothreitol 1 mM, PMSF 1 mM, leupeptin and
aprotinin 5 pg/mL, and NazVO,4 0.1 mM, Triton X-100
1% then clarified by centrifugation. Fifty microgram of
supernatant was boiled 95° for 2 min in Laemli buffer
(bromophenol blue 0.1%, B mercapto-ethanol 5%, SDS
2.3%, glycerol 10%, Tris base 62.5 mM) and then sub-
mitted to 8% SDS—PAGE. After transfer of proteins onto
a nitrocellulose membrane (Hybond ECL, Amersham
Pharmacia Biotech), equal loading was checked by visua-
lization with the Ponceau Red dye (Sebia). After incuba-
tion with the appropriated antibody the blots were
revealed with the enhanced chemiluminescence ECL
kit from Amersham Pharmacia Biotech and analyzed
by densitometry (Personal Laser Densitometer, Molecu-
lar Dynamics).

2.6. Statistical analysis

All experiments were performed at least three times in
duplicate. A one-way ANOVA for multiple comparison
was used for statistical analysis. A difference between
experimental groups was considered to be significant when
the probability value was less than 5%.
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3. Results

3.1. Quercetin and kaempferol increase ALP activity
via protein synthesis

Data in Fig. 1 show that treatment of MG-63 cells with
quercetin or kaempferol increased ALP activity in a dose
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Fig. 1. Quercetin and kaempferol increase ALP activity in MG-63 human
osteoblasts and do not affect cell viability. (a) Cells were treated with
flavonols 50 uM for 24 or 48 hr in DMEM medium devoid of Phenol Red
and supplemented with 0.1% BSA. ALP activity was then measured as
described in Section 2. (b) Cells were treated for 48 hr with flavonols 1, 10
or 50 uM in the same medium. Results are expressed as percentage of
controls (100% = untreated cells; ALP activity = 20 + 4.8 nmol/mg
protein/min). (c) Cells were treated with flavonols 50 uM for 24 or 48 hr
in DMEM medium devoid of Phenol Red and supplemented with 0.1%
BSA and MTT proliferation assay was processed as described in Section 2.
Each point is the mean of nine experimental values =SEM. “P < 0.001
compared with control values (ANOVA test).
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Fig. 2. Inhibitory effect of cycloheximide on quercetin and kaempferol-
induced increase in ALP activity in MG-63 human osteoblasts. Cells were
pretreated for 24 hr with cycloheximide 10 pg/mL. After this time period,
cell culture medium was changed and cells were then further incubated for
48 hr with 50 uM of quercetin or kaempferol. ALP activity was then
measured as described in Section 2. Q: quercetin; K: kaempferol; cyc:
cycloheximide. Results are expressed as percentage of controls (each point
is the mean of six experimental values +SEM; 100% = untreated cells).
*P < 0.001 compared with control values (ANOVA test); $P < 0.001
compared with flavonols treatment alone (ANOVA test).

and time-dependent manner (Fig. 1a and b). At 50 pM, an
about 1.5- and 1.7-fold increase in activity was observed
after 48 hr of treatment with quercetin and kaempferol,
respectively, as compared to controls. Figure 1c shows the
effects of both flavonols on MG-63 cell proliferation
assessed by MTT assay. Neither kaempferol nor quercetin
did show any significant cytotoxic effect at the concentra-
tion used (50 uM) after 24 or 48 hr of treatment.

The flavonol-induced increase in ALP is almost com-
pletely prevented by a 24 hr pre-treatment of MG-63 cells
with the protein synthesis inhibitor cycloheximide (Fig. 2).

3.2. The increase in ALP activity by quercetin or
kaempferol involves ERK activation and the ER

Since the mitogen activated protein kinase (MAPK)
pathway has recently been suggested to be involved in
the regulation of ALP activity in other osteoblastic cells
[16], we checked the effect of PD 98059, an inhibitor of
the ERK pathway, on the flavonol-induced increase in
ALP activity in MG-63 cells. As can be shown in Fig. 3a,
when cells were incubated with flavonols in the presence
of PD 98059, the stimulatory effect of quercetin or
kaempferol on ALP activity was markedly reduced.
We also investigated the effect of ICI 182780, a “pure”
anti-estrogen [17], on the quercetin and kaempferol-
induced increase in ALP activity. Figure 3b demonstrates
that, under the same conditions, ICI 182780 also mark-
edly reduces the stimulatory action of the studied flavo-
nols on ALP activity. Taken together, these results
suggest that ERK and the ER(s) are both required for
the observed effect.
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Fig. 3. (a) PD 98059 (PD) and (b) ICI 182780 (ICI) inhibit the flavonol-
induced increase in ALP activity. MG-63 cells were pretreated for 2 hr
with 10 pM PD 98059 or 1 pM ICI 182780 and then further incubated for
48 hr with 50 uM of flavonols. ALP activity was then measured as
described in Section 2. Q: quercetin; K: kaempferol. Results are expressed
as percentage of controls (each point is the mean of six experimental
values +SEM; 100% = untreated cells). “P < 0.001 compared with
control values (ANOVA test); $p < 0.001 compared with flavonols
treatment alone (ANOVA test).

3.3. Direct evidence for a rapid activation of
ERK by flavonols

Involvement of the ERK pathway in the increase in ALP
activity by flavonols was suggested by the marked inhibi-
tory effect of PD 98059. So, we assessed the effect of
flavonols on ERK phosphorylation by Western blotting.
MG-63 cells were treated with both compounds for 2, 5,
15, 30, and 60 min. The stimulation of ERK phosphoryla-
tion was increased within 2 min after flavonols treatment,
reached maximum within 5 min incubation and was
decreased toward the basal level after 60 min (Fig. 4a
and b). This result suggests that the stimulatory effect of
flavonols on ERK phosphorylation is an early event in the
cellular action of these molecules.

3.4. EGF and 17-f estradiol also increase ALP activity
and rapidly activate ERK phosphorylation

The fact that the flavonol-induced increase in ALP
activity was prevented by either PD 98059 or ICI

(@)

Ratio
ERK-P/ERK 1 1.5 2.0 1.3 0.9 0.8

FE N - S - -

ERK B T T
0 2 5’ 15’ 30’ 60’
Kaempferol 50 uM
(b)
Ratio

ERK-P/ERK 1 1.77 229 115

ERIoR S s W o —— ==

ERK W ——— - — T -

0 2’ 5’ 15° 30’ 60’
Quercetin 50 pM
Fig. 4. Western blot analysis of ERK phosphorylation in MG-63 cells
treated with 50 pM kaempferol (a) or quercetin (b) in time ranged from 2

to 60 min. ERK-P: phosphorylated ERK; ERK: unphosphorylated ERK.
Results of a typical experiment.
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Fig. 5. Effect of EGF and 17-f estradiol on ALP activity (a) and ERK
phosphorylation (b) in MG-63 human osteoblasts. (a) Cells were treated
for 48 hr with EGF 30 ng/mL or 17-p estradiol 10~ M, then ALP activity
was measured as described in Section 2. Results are expressed as
percentage of controls (means of four experimental values £SEM).
*P < 0.001 compared with control values (ANOVA test). (b) MG-63 cells
were treated for 5 min with EGF 30 ng/mL or 17-8 estradiol 1078 M, then
ERK phosphorylation was assessed by Western blot analysis. Results are
of a typical experiment. P < 0.001 compared with control values
(ANOVA test).
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Fig. 6. ICI 182780 prevents the flavonol- and the 17-f estradiol-induced
activation of ERK. Cells were treated for 5 min with quercetin or
kaempferol 50 pM, or with 17-B estradiol 10~® M. ICI 182780 1 uM was
added 15 min before cell treatment with flavonols or 17-f estradiol. Q:
quercetin; K: kaempferol; Est: 17-f estradiol. Results are of a typical
experiment.

182780 suggests that other activators of the ERK pathway
or of the ER could also influence the ALP activity in MG-
63 osteoblasts. Indeed, as shown in Fig. 5a, either EGF or
17-B estradiol induced a significant increase in ALP activ-
ity, close to that observed with quercetin, and slightly less
marked than that of kaempferol. Both compounds also
rapidly (within 5 min) activate ERK phosphorylation
(Fig. 5b), which is in favor of tight cross talks between
ERK pathway and the ER in the control of ALP activity in
osteoblasts.

3.5. ERK activation by flavonols occurs mainly
downstream of the ER activation

Crosstalks between the ER(s) and the MAPK signaling
pathways have been described in various experimental
models [18]. In order to investigate whether the flavo-
nol-induced ERK activation occurs (i) downstream of the
ER activation, or (ii) upstream of the ER activation, or (iii)
if the two pathways are independently stimulated by the
flavonols, we studied the effect of the pure ER antagonist
ICI 182780 on ERK phosphorylation in MG-63 cells
treated with quercetin or kaempferol. Results in Fig. 6
show that ICI 182780 markedly inhibits the ERK activation
induced by the two flavonols as well as by 17-f estradiol.
This suggests that ERK activation mainly takes place
downstream of the ER(s) activation.

4. Discussion

In this study we clearly show that the two studied
flavonols, quercetin and kaempferol, investigated in the
range of 1-50 uM, increase the activity of ALP in MG-63
human osteoblasts without any significant cytotoxic effect
on the cells. The maximal stimulatory effect on ALP was
observed after 48 hr of treatment with 50 uM flavonols. We
therefore used this condition for further studies. We have
demonstrated that cycloheximide, a well known protein
synthesis inhibitor, prevented the flavonol-induced ALP
activation, indicating that de novo protein synthesis is
essential for this response. Moreover, an activation of
the ERK pathway is required for the observed phenom-

enon, because of the markedly reduction of the enhancing
action of flavonols by MEK inhibitor PD 98059. The fact
that ICI 182780, an antagonist of the ER, also prevents the
flavonol-induced increase in ALP activity, indicates that
this receptor is directly involved in the effect of flavonols.
Therefore, it can be hypothesized that ERK activation and
ER binding are both required for the induction of ALP
activity by flavonols in MG-63 cells. Estrogen receptors
exist as two subtypes ERa and ER} and osteoblasts express
both receptors [19]. The interaction between flavonols and
flavonoids with ERa and ER is well documented [20,21].
Kuiper et al. [20], who studied the estrogenic potency of
several phytoestrogens, showed that kaempferol, and to a
lesser extent quercetin, have the capacity to bind both ER
subtypes. It has also been demonstrated [21] that kaemp-
ferol has a greater binding affinity for ER than daidzein, a
compound well known to reproduce some effects of estro-
gen on osteoblastic cells [22]. Flavonols can be thus
considered to have the so-called ‘“‘phytoestrogenic proper-
ties” and one of the mechanisms involved in the increase in
ALP activity by flavonols in our experimental model could
therefore be the activation of the ER. Indeed, as discussed
above, the inhibitory effect of ICI 182780 on the flavonol-
induced increase in ALP activity, strongly suggests that
quercetin and kaempferol stimulate ALP activity by an ER-
dependent pathway. On the other hand, the increase in ALP
activity by flavonols is almost completely prevented by the
MEK inhibitor PD 98059, which demonstrates an involve-
ment of the ERK pathway in the stimulatory effect of
quercetin or kaempferol on ALP activity. This result is in
accordance with a recent report of Lai et al. [16] who
showed that the expression of a ERK1 dominant negative
protein markedly inhibits ALP activity in human osteo-
blastic cells. It is of note that Migliaccio et al. [23] studying
the mitogenic effect of estradiol, observed in an other
experimental system (MCF-7 human cancer cells), that
estradiol rapidly (within minutes) activates the MAPK
pathway, an effect which is prevented by the anti-estrogen
ICT 182780. These authors also pointed at a rapid inter-
action of the estradiol-receptor complex with the tyrosine
kinase Src. Src can phosphorylate Shc, an adaptor protein
which in turn can associate with the Grb2/Sos complex,
leading to p21™ activation [23], and therefore to a stimu-
lation of the ERK pathway. A similar mechanism has also
been reported in osteoblasts [24,25] as well as in osteo-
clasts [26]. According to this point of view, the two studied
flavonols, by their ability to bind the ERs, could secon-
darily activate the ERK pathway, an event required for the
induction of ALP activity as suggested by the effect of PD
98059. Because of the rapidity with which MAPkinase
activation occurs, a pending question is that of the “iden-
tity”’ of the concerned ER(s). Are they the ““classical”’ ERs,
or the “membrane” ERs, the existence of which being
supported by growing lines of evidence [27-30]? Indeed,
several studies have suggested that ERs located in the
plasma membrane could be involved in the activation of
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the ERK pathway. In this regard, it could be conceived that
flavonols, as estradiol, could rapidly activate the ERK
pathway via their interaction with a subtype of ERs located
in the plasma membrane. The mechanism whereby a rapid
effect on ERK pathway, which takes place within minutes,
induces a stimulatory effect on ALP remains to be speci-
fied. MAP kinase activation via a non genomic action of
ER can lead to downstream modulation of several tran-
scription factor such as ELK1 [31], AP-1 [32], CREB and
C/EBP B [33] and it has been recently suggested that the
promoter of human ALP gene contain an AP-1 binding site
[34]. It is thus possible to assume that flavonol-induced
activation of some transcription factor such as AP-1 could
be an important downstream target of ERK-activation
mediated by ER in osteoblast cells, providing a rational
and a possible link between a rapid ERK activation and an
increase in ALP activity. Interestingly, recent works of
Kousteni et al. have shown that non genomic action of sex
steroids is essential for their bone protective effect [35]. In
this regard, the fact that natural flavonols can reproduce the
non genomic effects of estradiol may have some impor-
tance in the regulation of bone metabolism.

In conclusion, this study demonstrates that flavonols
have a stimulatory effect on ALP activity and can rapidly
activate ERK in osteoblasts by an ER dependent pathway.
These results with those previously reported by us [12] and
by others [13] suggest that flavonols are substances which
can both decrease osteoclastic activity and stimulate osteo-
blastic activity. Such compounds may represent new phar-
macological tools for the treatment of osteoporosis.
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