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Combined effects of simvastatin and fibroblast growth factor-2
on the proliferation and differentiation of preosteoblasts
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Abstract. Simvastatin reportedly promotes osteoblastic and
inhibits osteoclastic activity. It increases bone formation
when injected subcutaneously over the calvaria in mice. It
also increases cancellous bone volume in rats following oral
administration. Fibroblast growth factor-2 (FGF-2), a member
of the FGF family, is expressed by cells of the osteoblastic
lineage. FGF-2 promotes osteoblast proliferation and it is
secreted during the healing process of fractures or at bone
surgery sites. FGF-2 reportedly regulates bone formation and
osteoblast differentiation. In this study, the combined effects
of simvastatin and FGF-2 on the proliferation and differen-
tiation of preosteoblasts were investigated and an alkaline
phosphatase (ALP) activity test was performed to assess the
differentiation. Moreover, the expression of proteins associ-
ated with bone formation were measured using western blot
analysis. The results demonstrated that the protein content
of the cultures grown in osteogenic differentiation media in
the presence of FGF-2 at a concentration of 20 ng/ml was
higher compared to that of the untreated control cultures. ALP
activity was decreased when cells were treated with FGF-2
(2 and 20 ng/ml) and increased when cells were treated with
simvastatin. The cultures grown in the presence of 1 yuM of
simvastatin and 2 ng/ml of FGF-2 exhibited increased ALP
activity when compared to that in the 2 ng/ml FGF-2-only
group. The combination of 1.0 xM simvastatin and 2 ng/ml
FGF-2 achieved a higher estrogen receptor-o expression
compared to the 2 ng/ml FGF-2-only group. Within the limits
of this study, simvastatin enhanced osteoblast differentiation.
However, the combined treatment with simvastatin and FGF-2
did not exert synergistic effects on osteoblast differentiation
under the current experimental conditions. Future studies are
required to evaluate divergent conditions and determine the
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selective timing and optimal dosage for the delivery of the
agents.

Introduction

Simvastatin reportedly promotes osteoblastic activity and
inhibits osteoclastic activity (1). It was shown to increase bone
formation when injected subcutaneously over the calvaria in
mice and has been demonstrated to increase cancellous bone
volume in rats following oral administration (2). The successful
use of simvastatin to promote bone formation in vivo report-
edly depends upon the local concentration. There have been
continuous efforts to determine an appropriate treatment
protocol (1).

Fibroblast growth factor-2 (FGF-2), a member of the FGF
family, is expressed by cells of the osteoblastic lineage. FGF-2
promotes osteoblast proliferation and is secreted during the
healing process of fractures or at bone surgery sites (3). It was
previously demonstrated that FGF-2 stimulates bone forma-
tion and osteoblast differentiation (4). However, the results
of a previous study demonstrated that cultures grown in the
presence of FGF-2 show an increased value for 3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay and a
decreased value for alkaline phosphatase (ALP) activity (5).
Similarly, FGF-2 was shown to inhibit bone morphogenetic
protein-9 (BMP-9)-induced osteogenic differentiation by
blocking BMP-9-induced Smads signaling (6).

In this study, the combined effects of simvastatin and
FGF-2 on the proliferation and differentiation of preosteo-
blasts were investigated. The dose-dependent effect of
simvastatin and FGF-2 on the proliferation of preosteoblasts
was also evaluated. An ALP test was performed to assess
differentiation and the expression of proteins associated with
bone formation. Specifically, estrogen receptor-a. (ER-a) and
estrogen receptor-f§ (ER-f3) were measured using western blot
analysis to evaluate the underlying mechanism. To the best of
the author's knowledge, this study is the first to elucidate the
combined effects of simvastatin and FGF-2 on the expression
of ER-a in preosteoblasts.

Materials and methods

Cell culture. Mouse calvarial preosteoblasts (MC3T3-El)
were plated and maintained in an a-Minimum Essential
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Medium (aMEM; Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (Invitrogen), antibiotics
(penicillin 100 U/ml and streptomycin 100 pg/ml; Invitrogen),
10 mM B-glycerophosphate (Sigma, St. Louis, MO, USA) and
50 pg/ml ascorbic acid (Sigma). The cells were stimulated with
simvastatin and FGF-2 at final concentrations of 0.1 M (SI)
to 1 uM (S2) for simvastatin and 2 ng/ml (F1) to 20 ng/ml
(F2) for FGF-2. The cultures were maintained in a humidified
atmosphere with 5% CO, and 95% air at 37°C.

Protein measurement. Mouse cells were incubated in cMEM
in the presence of ascorbic acid and [-glycerophosphate for
2 days. The protein content was determined based on the
Bradford method, using the Coomassie protein assay reagent
with a series of bovine serum albumins used as internal stan-
dards (7). The absorbance was measured at 595 nm using a
microplate spectrophotometer (BioTek, Winooski, VT, USA).
The results are presented as the percentage of control values.

ALP activity assay. An ALP assay for osteoblast differentiation
was performed after 2 days. The mouse preosteoblasts were
lysed with a buffer containing 10 mM Tris-HCI (pH 7.4) and
0.2% Triton X-100. The samples were then sonicated for 20 sec
at 4°C and incubated with 10 mM p-nitrophenylphosphate as
a substrate in 100 mM glycine buffer (pH 10.5) containing
1 mM MgCl, in a water bath at 37°C. The absorbance was
measured at 405 nm using a microplate reader (BioTek). In
addition, ALP activity was normalized with respect to the total
protein content (8,9).

Western blot analysis. The preosteoblasts were washed twice
with ice-cold phosphate-buffered saline (PBS) and solubilized
with a lysis buffer. The lysates were centrifuged at 16,000 x g
for 20 min at 4°C to remove the nuclear pellet. The superna-
tants were boiled in a sodium dodecyl sulfate sample buffer
containing [-mercaptoethanol. Equal amounts of cell extracts
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto polyvinylidene
fluoride microporous membranes (Immobilon-P; Millipore
Corporation, Billerica, MA, USA). The membranes were
then blocked for at least 1 h in 0.1% (v/v) PBS and Tween-20
containing 5% (w/v) powdered milk. Each membrane was
probed with the desired antibodies, which were diluted in
the same buffer at the recommended concentrations. Each
membrane was incubated with horseradish peroxidase-conju-
gated secondary antibody. Subsequently, the washed blot
was developed with enhanced chemiluminescence detection
kits (5,10). The mouse anti-ER-a and anti-ER-[} antibodies and
the secondary antibodies conjugated with horseradish peroxi-
dase were purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA), Abcam (Cambridge, MA, USA), and
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Results

Protein measurement. The protein content in each culture
plate was evaluated (Fig. 1). The results demonstrated that
the protein content of the cultures grown in the osteogenic
differentiation media in the presence of FGF-2 at 20 ng/ml
was higher compared to that of the control cultures. However,
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Figure 1. Determination of protein content. S1,0.1 xM simvastatin; S2, 1 M sim-
vastatin; F1, 2 ng/ml FGF-2; F2, 20 ng/ml FGF-2. FGF, fibroblast growth factor.
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Figure 2. Relative value of alkaline phosphatase (ALP) activity. S1,0.1 uM
simvastatin; S2, 1 M simvastatin; F1, 2 ng/ml FGF-2; F2, 20 ng/ml FGF-2.
FGF, fibroblast growth factor.

the addition of 1.0 uM simvastatin to the cultures uniformly
led to a decrease in protein content compared to the simvas-
tatin-unloaded group.

ALP activity assay. ALP activity decreased when cells were
treated with FGF-2 (2 and 20 ng/ml) (Fig. 2). The cultures
grown in the presence of simvastatin (0.1 and 1.0 xM) exhibited
an increase in ALP activity compared to the control cultures.
Similarly, cultures grown in the presence of 1 M simvastatin
and 2 ng/ml FGF-2 exhibited an increased value of ALP
activity when compared to that of the 2 ng/ml FGF-2-only
group. The addition of 1 xM simvastatin to 20 ng/ml of FGF-2
resulted in an increase in ALP activity compared to that of the
20 ng/ml FGF-2 group.

Western blot analysis. A western blot analysis was performed
to detect the protein expression following treatment with simv-
astatin and FGF-2 (Fig. 3). The results demonstrated that the
addition of simvastatin (0.1 and 1.0 xM) appeared to increase
the expression of ER-a. Similarly, the combination of 1.0 uM
simvastatin and 2 ng/ml FGF-2 led to a higher ER-a expres-
sion compared to that of the 2 ng/ml FGF-2-only group.
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Figure 3. Western blot analysis of the protein expression of estrogen
receptor-a.. A quantitative analysis of the protein expressions of estrogen
receptor-o. was conducted. S1, 0.1 M simvastatin; S2, 1 M simvastatin; F1,
2 ng/ml FGF-2; F2, 20 ng/ml FGF-2. FGF, fibroblast growth factor.

Discussion

In this study, the combined effects of simvastatin and FGF-2
on the protein content, differentiation and protein expression
of preosteoblasts under predetermined concentrations (0.1 and
1.0 uM simvastatin; 2 and 20 ng/ml FGF-2) were investigated.
The mechanism of action of simvastatin and FGF-2 on the
regulation of protein expression in mouse preosteoblasts was
also investigated. In addition, evaluations were performed to
determine whether the combination of simvastatin and FGF-2
produced effects additively, synergistically, or competitively.

An increase in protein content was achieved in the
20 ng/ml FGF-2 group under osteogenic differentiation media.
This finding was consistent with the results of a previous
study demonstrating that FGF-2 affected the proliferation of
osteoblasts (5). The treatment of mouse preosteoblasts with
simvastatin increased the level of ALP activity. Similarly,
previous results demonstrated that cultures grown in the
presence of simvastatin exhibited an increased value of ALP
activity and mineralization (11). However, treatment with
FGF-2 yielded a decreased value of ALP activity. This result
was consistent with that of a previous study demonstrating that
FGF-2 affected the differentiation of the cells under investi-
gation (5). This study has demonstrated that the addition of
1.0 M simvastatin to 20 ng/ml FGF-2 led to an increase in
ALP activity compared to that of the 20 ng/ml FGF-2 group.
However, the value of ALP activity with the combination of
1.0 uM simvastatin and 20 ng/ml FGF-2 did not reach the
value of the untreated control group.

Western blot analysis was performed to detect the protein
expression of ER-a and ER-f to in order to provide information
on potential additional mechanisms. The results demonstrated
that the addition of simvastatin (0.1 and 1.0 xM) appeared to
increase the expression of ER-a. Similarly, the combination of
1.0 uM simvastatin and 2 ng/ml FGF-2 led to a higher ER-a
expression compared to that of the 2 ng/ml FGF-2-only group.

Estrogens reportedly play a key role in bone formation
and bind to estrogen receptors to exert their tissue-specific
effects (7,12). The findings of this study suggest that a combi-
nation of simvastatin and FGF-2 may partially exert effects

on preosteoblasts through the expression of ER-a (11). The
results regarding the effect of the combination of simvastatin
and FGF-2 on osteoblastic proliferation and differentiation
may be controversial due to the different culture conditions,
type of cells, maturation stages of the cells under investigation
and differences among species (13,14).

Within the limits of this study, simvastatin enhanced
osteoblast differentiation. However, the combined treatment
with simvastatin and FGF-2 did not exert synergistic effects
on osteoblast differentiation under the current experimental
conditions. Therefore, future studies are required to evaluate
divergent conditions and determine the selective timing and
the optimal dosage for the delivery of these agents.
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