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Lactone form 3-hydroxy-
3-methylglutaryl-coenzyme A
reductase inhibitors (statins)
stimulate the osteoblastic
differentiation of mouse
periodontal ligament cells
via the ERK pathway

Kim IS, Jeong BC, Kim OS, Kim YJ, Lee SE, Lee KN, Koh JT, Chung HJ. Lactone
Jform 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors (statins)
stimulate the osteoblastic differentiation of mouse periodontal ligament cells

via the ERK pathway. J Periodont Res 2011; 46: 204-213. © 2010 John Wiley &
Sons A|S

Background and Objective: Recent studies reported that the lactone forms of
3-hydroxy- 3-methylglutaryl-coenzyme A reductase inhibitors, which are also
known as statins, have a bone stimulatory effect. However, there are few reports
on the effect of statins on periodontal ligament cells. This study examined the
statin-induced osteoblastic differentiation of mouse periodontal ligament cells as
well as its mechanism.

Material and Methods: Mouse periodontal ligament cells were cultured with
lovastatin or simvastatin, and their viability was measured. The levels of alkaline
phosphatase (ALP), osteocalcin, bone sialoprotein and bone morphogenetic
protein-2 mRNA expression were evaluated by RT-PCR. The osteoblastic dif-
ferentiation was characterized by the ALP activity and Alizarin Red-S staining for
calcium deposition. The activity of the osteocalcin gene (OG2) and synthetic
osteoblast-specific elements (6x OSE) promoter with statins was also measured
using a luciferase assay. For the signal mechanism of statins, the ERK1/2 MAPK
activity was determined by western blot analysis.

Results: A statin treatment at concentrations < 1 um did not affect the cell via-
bility. Lovastatin or simvastatin at 0.1 pum increased the levels of ALP, osteocalcin,
bone sialoprotein and bone morphogenetic protein-2 mRNA in mouse periodontal
ligament cells. In addition, the ALP activity, mineralized nodule formation and
0G2 and OSE promoter activity were higher in the lovastatin- or simvastatin-
treated cells than the control cells. Western blot analysis confirmed that the statins
stimulated the phosphorylation of ERK1/2.

Conclusion: Lovastatin and simvastatin may stimulate the osteoblastic differenti-
ation of periodontal ligament cells via the ERK1/2 pathway. This suggests that the
statins may be useful for regenerating periodontal hard tissue.

© 2010 John Wiley & Sons A|S
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The ultimate goal of periodontal
regeneration therapy is to regenerate
lost periodontal tissues. The peri-
odontium is a highly specialized organ,
consisting of cementum, periodontal
ligament, gingiva and alveolar bone.
Periodontal ligament fibroblasts and
gingival fibroblasts are the major cells
in the periodontal ligament and gin-
giva, respectively, whereas osteoblasts
are the primary cells responsible for
alveolar bone formation (1).

The periodontal ligament is a highly
vascularized and cellularized connec-
tive tissue that attaches the root of the
tooth to the surrounding alveolar bone
(2,3). The cells of the periodontal lig-
ament exhibit some of the characteris-
tics of osteoblasts, in that they support
new bone formation in vivo. Moreover,
periodontal ligament cells cultured
with lo,25-dihydroxyvitamin D3 pro-
duces RANKL (4). These findings
suggest that the periodontal ligament is
involved in regulating the alveolar
bone metabolism.

Statins inhibit 3-hydroxy-3-meth-
ylglutaryl-coenzyme A (HMG-CoA)
reductase, which is the rate-limiting
enzyme for cholesterol biosynthesis,
and are used widely as cholesterol-
lowering drugs. Mundy ez al. (5)
reported that statins enhance the
expression of bone morphogenetic
protein-2 mRNA in osteogenic cells in
vitro and stimulate bone formation
when injected subcutaneously over
murine calvaria. Some in vitro studies
also suggested that statins promote the
differentiation of osteoblastic cells
(6-8). In addition, the topical applica-
tion of statins in the bone microenvi-
ronment has been shown to stimulate
new bone formation (9,10). Sugiyama
et al. attempted a subcutaneous injec-
tion of statins to avoid the accumula-
tion of statins in the liver and to deliver
them to the peripheral tissue. They
suggested that the
administration of simvastatin stimulate
ectopic osteoinduction by recombinant
human bone morphogenetic protein-2
by reducing the level of bone turnover
(11). Lipophilic statins, namely lova-
statin, fluvastatin, simvastatin and
mevastatin, specifically activate the
bone morphogenetic protein-2 gene
promoter (5). The transient exposure

subcutaneous
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of bone cell cultures to lipophilic sta-
tins is sufficient to initiate the cascade
resulting in osteoblast differentiation,
most probably due to the local pro-
duction of bone morphogenetic pro-
tein-2.

This osteogenic effect of statins might
be of interest in regenerating periodon-
tal defects, particularly hard tissue
regeneration. Most studies have exam-
ined the effects of statins on osteoblast
differentiation using animal or human
immortalized cell lines and with
primary human osteoblasts. The main
concern of ours was whether statins
have an additional effect on osteo-
genesis by periodontal ligament cells.

This study examined the effects of
lovastatin or simvastatin (lactone form
of statins) on osteoblastic differentia-
tion and mineralization as well as the
molecular mechanism for the statin-
induced osteoblastic differentiation of
mouse periodontal ligament cells.

Material and methods

Cell cultures

Immortalized mouse periodontal liga-
ment cells (12) were a generous gift
from Dr M. J. Somerman (University
of Washington, Seattle, WA, USA)
and K. Kirkwood (Medical University
of South Carolina, Charleston, SC,
USA). The cells were cultured in
Dulbecco’s modified Eagle’s medium
(DMEM; Gibco BRL, Grand Island,
NY, USA) containing 10% fetal
bovine serum (FBS; Gibco BRL) and
antibiotics (100 U/mL of penicillin and
100 pg/mL of streptomycin) at 37°C in
a humidified atmosphere containing
5% CO, and 95% air. To induce
osteoblastic differentiation, the cells
were incubated in a differentiation
medium supplemented with 2% FBS,
antibiotics, ascorbic acid (50 pg/mL)
and B-glycerophosphate (10 mm; Sig-
ma Chemical Co. St Louis, MO, USA)
for up to 21 d in the presence or
absence of lovastatin and simvastatin
(Wako Pure Chemical Inc., Osaka,
Japan). Lovastatin and simvastatin
were dissolved separately in 75% eth-
anol at concentrations ranging from
0.1 to 1 mm. The ethanol vehicle was
used as a control. The statins were

205

added to the cell culture containing the
differentiation medium, and the med-
ium was changed every other day.
U0126 (10 mm; Cell Signaling, Dan-
vers, MA, USA), which is inhibitor of
both MEK1 (mitogen-activated ERK
kinase 1) and MEK?2, was stored in
ethanol at —80°C at a concentration of
10 mm until needed.

Cytotoxicity evaluation

The mouse periodontal ligament cells
were seeded in 96-well culture plates at
a density of 1.5 x 10* cells per well and
pre-incubated for 24 h in a growth
medium, DMEM containing 10% FBS
and antibiotics (100 U/mL of penicillin
and 100 pg/mL of streptomycin). The
cultures were exposed to either lova-
statin or simvastatin at concentrations
ranging from 0.01 to 1 um for up to
72 h in a differentiation medium. The
cell viability was examined using an
XTT assay (Cell Proliferation kit II;
Roche Applied Science, Indianapolis,
IN, USA) according to the manufac-
turer’s protocol.

RT-PCR analysis

The mouse periodontal ligament cells
were seeded in six-well culture plates at
a density of 2 x 10° cells per well and
pre-incubated in a growth medium for
24 h. The culture medium was changed
to a differentiation medium, and the
cells were exposed to either 0.1 pm
lovastatin or 0.1 um simvastatin for
12-72 h. The untreated mouse peri-
odontal ligament cells were used as a
control. The total RNA was isolated
from the culture using a TRIzol®
reagent (Invitrogen Life Technology,
Carlsbad, CA, USA) according to
the manufacturer’s instructions. The
cDNA was synthesized using the ran-
dom primer and reverse transcriptase
(Invitrogen Life Technology) from the
extracted total RNA. Subsequent
amplification was performed as fol-
lows: initial denaturation at 95°C for
30 s followed by 27-30 cycles at 95°C
for 15 s, annealing at a temperature
optimized for each primer pair for 30 s,
and 72°C for 30 s, and extension at
72°C for 7 min. Table 1 lists the primer
sequences used for PCR amplification
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Table 1. Sequences of the primers used for RT-PCR

Annealing Product

Gene Primer sequences (5—3") temperature (°C) size (bp) References

Alkaline phosphatase Forward: GATCATTCCCACGTTTTCAC 58 290 NM 201007
Reverse: TGCGGGCTTGTGGGACCTGC

Osteocalcin Forward: CTCCTGAGTCTGACAAAGCCTT 58 380 NM 207225
Reverse: GCTGTGACATCCATTACTTGC

Bone sialoprotein Forward: GAGGGCAGAGGAAATACTCAAT 55 441 NW 002198
Reverse: ATTCAAAGCCAAGTTCAGAGATGTAAA

Bone morphogenetic Forward: CTCCTGAGTCTGACAAAGCCTT 66 1200 NM 001020

protein -2 Reverse: GCTGTGACATCCATTACTTGC
B-Actin Forward: TCATGAAGTGTGACGTTGACATCCGT 55 310 NM 007393

Reverse: CCTAGAAGCATTTGCGGTGCACGATG

based on the published nucleotide
sequence. All the primers were syn-
thesized by Bioneer Co. (Taejeon,
Korea). Although the results obtained
by RT-PCR are not quantitative by
definition, PCR analysis was per-
formed within 30 cycles with relatively
high linearity using the primer for the
housekeeping gene B-actin. Each PCR
product was loaded in 1.5% agarose
gels by electrophoresis, and visualized
by ethidium bromide staining. The
band intensity was quantified by image
analysis of the gel images using image
software (Scion Image, Beta 4.0.3;
Scion Corp., Frederick, MD, USA;
http://www.scioncorp.com).

Measurement of alkaline
phosphatase (ALP) activity

The mouse periodontal ligament cells
were cultured in 24-well plates at a
density of 4 x 10* cells per well with
0.01, 0.1 or 1 pum lovastatin or sim-
vastatin in the differentiation medium
for 6d. For measurement of
ALP activity, the cells were lysed and
sonicated in 10 mm Tris—=HCl (pH
7.5) containing 0.2% NP40 and 2 mm
phenylmethylsulphonyl fluoride (Sig-
ma Chemical Co.) and then centri-
fuged at 4500g at 4°C for 10 min.
The supernatants were reacted with
the ALP assay mixtures containing
0.1 M 2-amino-2-methyl-1-propanol,
I mm MgCl,, 8§ mMm p-nitrophenyl
phosphate disodium (Sigma Chemical
Co.) for 5 min at 37°C. The reaction
was quenched by adding 0.1 N
NaOH, and the absorbance of the
resulting color measured at 405 nm
using p-nitrophenol as a standard.
The amount of double-stranded DNA

in the cell lysate was measured using
a Picogreen® dsDNA quantitation
kit (Molecular Probes, Inc., Eugene,
OR, USA) with a spectrofluorometer
(PerkinElmer LS55; Norwalk, CT,
USA excitation 480 nm, emission
520 nm) according to the manufac-
turer’s protocol. The ALP activity was
normalized to the total DNA content.

Alizarin Red staining for mineralized
extracellular matrix

The mouse periodontal ligament cells
were cultured in 24-well plates at a
density of 4 x 10* cells per well with
either 0.1 pm lovastatin or 0.1 pum
simvastatin in the differentiation med-
ium for 21 d. The culture plates were
then rinsed with phosphate-buffered
saline, and fixed with 70% ethanol for
1 h. After washing, the fixed cells were
treated with a 40 mm Alizarin Red-S
stain (Sigma Chemical Co.) solution
for 10 min at pH 4.2 to stain the cal-
cium deposits. The plates were washed
five times with sterile distilled water,
and then rinsed with phosphate-buf-
fered saline. The stained culture plates
were photographed, which was fol-
lowed by a quantitative eluting proce-
dure using 10% (w/v) cetylpyridinium
chloride in 10 mm sodium phosphate,
pH 7.0, for 15 min at room tempera-
ture. Aliquots of these Alizarin Red-S
extracts were diluted in a 10% cet-
ylpyridinium chloride solution, and the
Alizarin Red-S concentration was
determined by measuring the absor-
bance at 540 nm on a multiplate reader
spectrophotometer (Bio-Tek Instru-
ments Inc., Winooski, VT, USA) using
an Alizarin Red-S standard curve in
the same solution.

Transfection and luciferase assay

The reporter constructs, 1.3 kb osteo-
calcin gene (OG2)-Luc and six-copy
osteoblast specific element (6x OSE)-
Luc, were kindly provided by Dr Renny
Franceschi (University of Michigan
School of Dentistry, Ann Arbor, MI,
USA). The mouse periodontal ligament
cells were transfected with the indicated
report plasmids and the Cytomegalo-
virus B-galactosidase (B-Gal) expression
vector as an internal control plasmid
using FuGENE 6 (Roche Applied
Science). The total amount of DNA in
each transfection was adjusted by
adding the appropriate amounts of
pcDNA3 control vector. Approxi-
mately 24 h after transfection, the cul-
ture medium was changed to serum-free
medium, and the cells were exposed to
0.01 or 0.1 pMm lovastatin or simvastatin
for 24 h. The cells were then lysed and
assayed using the Dual Luciferase
Reporter Assay System (Promega,
Madison, WI, USA). The luciferase
activity was normalized to the B-Gal
activity.

Western blotting

The mouse periodontal ligament cells
were serum-deprived for 24 h and pla-
ted at 2x 10*cells/cm® in 35 mm
dishes with a serum-free differentiation
medium containing 0.1 pm of lova-
statin or simvastatin for 5-60 min,
with or without a pretreatment with
U0126 for 2 h in serum-free differenti-
ation medium. U0126 (MEK1/2
inhibitor) in ethanol was added to the
incubation buffer at the onset of stim-
ulated reperfusion, at the final con-
centration of 10 pum in the incubation



buffer. The total cells were harvested in
a lysis buffer (Cell Signaling Technol-
ogy, Beverly, MA, USA), centrifuged
at 12,000g for 15 min at 4°C, and the
supernatants stored at —80°C. Quanti-
fication of the total protein was deter-
mined using a BCA protein assay
reagent (Bio-Rad Laboratories, Her-
cules, CA, USA). Equal amounts
(30 pg) of the protein from each cell
lysate were separated on a 10% sodium
lauryl sulfate—polyacrylamide gel elec-
trophoresis gel and transferred to a
Polyvinylidene fluoride (PVDF) mem-
brane (Millipore Corp., MA, Bedford,
USA). Afterblockingin 5% skimmilkin
Tris-buffered saline (TBS) with 0.1%
Tween-20 (TBS-T), the membrane was
incubated with the specific primary anti-
bodies to phospho-extracellular-signal-
regulated kinases (ERK), ERK or B-ac-
tin (Cell Signaling), diluted 1:1000 in
TBS-T containing 5% skim milk over-
night at 4°C. The membranes were
washed with TBS-T andincubated witha
1:3000 dilution of horseradish peroxi-
dase-conjugated goat anti-rabbit immu-
noglobulin G in TBS-T for 2 h at room
temperature. After three washes with
TBS-T, the signals were determined by
enhanced chemiluminescence according
to the manufacturer’s instructions
(Amersham Biosciences, Piscataway,
NJ, USA). The signal was quantified by
image analysis using ScioN IMAGE soft-
ware.

Statistical analysis

Each experiment was repeated at least
twice. Unless indicated otherwise, the
experimental data are expressed as the
means + SD of triplicate independent
samples. Student’s unpaired 7-test and
ANOVA with a Duncan grouping was
used to evaluate the statistical differ-
ences between the groups. A p-value
< 0.05 was considered significant.

Results

Statin cytotoxicity of mouse
periodontal ligament cells

The cytotoxicity of the statins was
assessed using an XTT assay to exam-
ine the sensitivity of the mouse peri-
odontal ligament cells to different
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Fig. 1. Cytotoxic effects of lovastatin and simvastatin on mouse periodontal ligament cells.
The mouse periodontal ligament cells were seeded in 96-well culture plates at a density of
1.5 x 10* cells per well and pre-incubated in growth medium, DMEM containing 10% FBS
and antibiotics, for 24 h. The culture medium was changed to a differentiation medium
containing ascorbic acid (50 pg/mL) and B-glycerophosphate (10 mm), and the cells were
exposed to lovastatin and simvastatin at concentrations of 0.01-1 pm for 24-72 h. The cell

viability was measured using an XTT assay.

concentrations of lovastatin and sim-
vastatin (ranging from 0.01 to 1 um)
applied for 24-72 h. Lovastatin and
simvastatin had a slightly cytotoxic
effect at a concentration of 1 um
(Fig. 1). Therefore, a statin concentra-
tion of 0.1 pm was used for further
experiments.

Lovastatin and simvastatin
stimulated the osteoblast-related
gene expression in mouse
periodontal ligament cells

The level of osteoblast-specific mRNA
expression in mouse periodontal liga-
ment cells was evaluated by RT-PCR to
determine whether lovastatin and sim-
vastatin affect osteoblast differentiation
and bone formation. In the control
mouse periodontal ligament cells incu-
bated in differentiation medium, the

levels of ALP, osteocalcin and bone
sialoprotein mRNA were very low and
increased slightly in a time-dependent
manner, except for bone morphogenetic
protein-2 mRNA, which was at an
almost undetectable level for up to 72 h.
When the mouse periodontal ligament
cell cultures were treated with 0.1 um
lovastatin or simvastatin, the levels of
ALP, osteocalcin, bone sialoprotein and
bone morphogenetic protein-2 mRNA
significantly increased after 24 h in
a time-dependent manner (Fig. 2A).
Compared with the lovastatin treat-
ment, the simvastatin treatment resulted
in faster and higher bone sialoprotein
and bone morphogenetic protein-2
expression, but no increase in bone
morphogenetic protein-2 expression was
observed before 12 h exposure.
Compared with the control cultures,

ALP  expression was increased
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Fig. 2. Effects of lovastatin and simvastatin on osteoblast-related gene expression in mouse periodontal ligament cells. The mouse periodontal
ligament cells were seeded in six-well culture plates at a density of 2 x 10° cells per well and pre-incubated in growth medium. After 24 h, the
culture medium was changed to a differentiation medium, DMEM containing 2% FBS, ascorbic acid (50 pg/mL) and B-glycerophosphate
(10 mm), and the cells were exposed to 0.1 pum lovastatin or simvastatin for 12-72 h. The untreated mouse periodontal ligament cells were used
as a control. The total RNA was isolated and used for RT-PCR analysis with the indicated primers (A). ALP (B), osteocalcin (OCN; C), bone
sialoprotein (BSP; D), and bone morphogenetic protein-2 (BMP-2; E) gene expression levels were plotted as multiples of the B-actin level. The
data are expressed as the means = SD of two independent experiments.

three- and fourfold by the lovastatin
and simvastatin treatment, respec-
tively, after 12h exposure, and
remained relatively constant thereafter
(Fig. 2B). Osteocalcin expression was
increased fourfold after 24 h but only
twofold after 72 h with both statin
treatments (Fig. 2C). Bone sialopro-
tein expression after simvastatin expo-
sure was increased four- and 12-fold
after 24 and 72 h, respectively. In
contrast, bone sialoprotein expression
was increased two- and eightfold after
24 and 72 h of the lovastatin treat-
ment, respectively (Fig. 2D). Lova-
statin exposure resulted in a fivefold
increase in  bone morphogenetic
protein expression compared with the
control cultures after 48 h, which

increased to 20-fold after 72 h, whereas
simvastatin exposure resulted in a
10-fold increase compared with the
control cultures after 12h and a
> 25-fold increase after 72 h (Fig. 2E).

Lovastatin and simvastatin
stimulated osteoblastic
differentiation of mouse periodontal
ligament cells and intercellular
matrix mineralization

The total cellular ALP activity in the
lysate was measured to determine the
effect of statins on the osteoblastic
differentiation of mouse periodontal
ligament cells. After 6 d culture, lova-
statin and simvastatin led to an approx-
imately 2.3- and 2.0-fold increase in

ALP activity, respectively, compared
with the control cultures. The effect
reached a maximum at 0.1 pm, and
decreased significantly at 1 pm sim-
vastatin (Fig. 3A).

The effects of statins on the mineral-
ized nodule formation in vitro were
examined by culturing the mouse peri-
odontal ligament cells in a differentia-
tion medium containing either
lovastatin or simvastatin at 0.1 pum.
After 21 d culture, mineralized nodule
formation was assessed by Alizarin
Red-S staining. As shown in Fig. 3B,
0.1 um  lovastatin  and simvastatin
stimulated mineralization of the
extracellular matrix (the nodule forma-
tion) by equal amounts in the mouse
periodontal ligament cells (Fig. 3B).
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Fig. 3. Effect of lovastatin and simvastatin on osteoblastic differentiation and matrix min-

eralization in mouse periodontal ligament cells. (A) ALP activity. The mouse periodontal
ligament cells were cultured in 24-well plates at a density of 4 x 10* cells per well with 0.01 or
0.1 um lovastatin or simvastatin in a differentitation medium for 6 d. The cellular ALP

activity was measured from the cell lysates. (B) Matrix mineralization. The mouse peri-
odontal ligament cells were cultured with 0.1 pm lovastatin or simvastatin in the diffentiation
medium. After 21 d, the mineral deposits on the cell cultures were stained with Alizarin Red-

S. To quantify the level of mineralization, the stained Alizarin Red-S was eluted from the cell
cultures with 10% cetylpyridinium chloride, and the dye concentration was measured using a
spectrophotometer. The data are expressed as the means & SD of triplicate samples
(*p < 0.01). (Control, cell culture in DMEM supplemented with 2% FBS and antibiotics;
AA + B-GP, cell culture in a differentiation medium of DMEM supplemented with 2% FBS
and antibiotics, AA (ascorbic acid) and B-GP (B-glycerophosphate)

Lovastatin and simvastatin
stimulated the transactivation of 0G2
or OSE promoter

Two reporter constructs fused with
luciferase (OG2-Luc and 6x OSE-Luc)
were used to examine the effects of
lovastatin or simvastatin on the
transcriptional activity of osteocalcin
or osteoblast specific marker genes in
mouse periodontal ligament cells.
Lovastatin or simvastatin at 0.01 and
0.1 um increased the activities of the
O0G2-Luc and 6x OSE-Luc reporter

genes by more than four- and 40-fold,
respectively (Fig. 4).

Lovastatin and simvastatin enhanced
ERK phosphorylation in mouse
periodontal ligament cells

The level of ERK expression in mouse
periodontal ligament cells was exam-
ined by western blotting to determine
the signaling pathway for how the
statins promote osteoblastic differenti-
ation. The accumulation of phospho-
ERK was evaluated in the lysate of the
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mouse periodontal ligament cells after
being treated with 0.1 pm lovastatin or
simvastatin with and without pre-
treatment with a U0126 (inhibitor of
both MEK1 and MEK2; Fig. 5A,B).
In the untreated control cultures, the
level of ERK phosphorylation was not
pronounced, and increased slightly
after 30 min incubation. A pretreat-
ment with U0126 did not cause any
significant changes. The effect of the
statins on the phosphorylation of
ERK1/2 was rapid; 0.1 um lovastatin
or simvastatin caused the accumula-
tion of phospho-ERK1/2 in mouse
periodontal ligament cells within 5 min
of treatment. In the mouse periodontal
ligament cells treated with 10 um
U0126, the effects of statin-induced
ERK phosphorylation were blocked
completely after lovastatin exposure,
but only partly after simvastatin
exposure (Fig. 5C).

To address whether the ERK path-
way affects osteogenic differentiation
in periodontal ligament cells, we did
ALP staining assay using BCIP/NBT
liquid substrate system (Sigma Chemi-
cal Co.) in the mouse periodontal lig-
ament cells treated with 0.1 um
lovastatin or simvastatin in a differ-
entitation medium with or without
10 um UO0126 (MEK1/2 inhibitor) for
7d. The result showed that the
intensity of positive staining decreased
with U0126 treatment by 40-50% in
cells treated with either statin (Fig. 6).

Discussion

For periodontal tissue reconstruction,
it is essential that multipotent progeni-
tor cells or putative stem cells be present
in the periodontal ligament. Several
studies suggested that periodontal
ligament fibroblastic cells and bone
marrow mesenchymal cells have com-
mon biological characteristics (13,14),
and periodontal ligament cells exhibit
similar in vitro phenotypic characteris-
tics to osteoblast-like cells (15,16).

The HMG-CoA reductase inhibi-
tors, the so-called statins, have been
introduced as the most potent
cholesterol-lowering agents and are
potent stimulators of osteoblast differ-
entiation and bone formation in osteo-
blasts (5,17). This study demonstated
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Fig. 4. Effect of lovastatin and simvastatin on the transcriptional activity of the osteocalcin
gene (OG2) and osteoblast specific element (OSE) promoter genes. The mouse periodontal
ligament cells were transfected with OG2-Luc or 6x OSE-Luc plasmid. Cytomegalovirus
B-galactosidase was also added as an internal control plasmid. After exposing the mouse
periodontal ligament-Luc cells to 0.01 and 0.1 um of lovastatin or simvastatin for 24 h, the
cells were lysed, and the luciferase activity was measured and normalized to the f-galacto-
sidase activity. The data are expressed as the means + SD of triplicate samples (¥*p < 0.01).

that statins, particularly the lactone
forms, also have stimulatory effects on
the osteoblastic differentiation of mouse
periodontal ligament cells via the ERK
pathway. In this study, well-defined
healthy mouse periodontal ligament
cells, which are the immortalized mur-
ine cell population isolated from the
root surface, were used (12) because
human periodontal ligament cells are
sensitive to a range of noxious stimuli.
The osteoblastic transdifferentiation
traits of the mouse periodontal ligament
cells were reconfirmed by the observa-
tion that bone morphogenetic protein-2
(100 ng/mL) increased the ALP activity
in the cells (data not shown).

The process of bone formation
consists of the following three main
developmental stages: proliferation,
development of the extracellular
matrix and mineralization (18). There-

fore, the ideal drug for periodontal
bone regeneration requires minimal
inhibition of periodontal ligament cell
proliferation with the maximal stimu-
lation of osteoblastic differentiation. In
this study, 0.1 or 0.3 pm of simvastatin
or lovastatin induced the osteoblastic
differentiation of mouse periodontal
ligament cells without inhibiting cell
proliferation.

Mundy et al. (5) first reported that
simvastatin and lovastatin stimulated
in vivo bone formation when injected
subcutaneously over the calvaria of
mice, which resulted from increases
in bone morphogenetic protein-2
expression in osteoblast cells via the
activation of a gene promoter. The
osteogenic effect of statins was inhib-
ited by noggin, an endogenous inhibi-
tor of bone morphogenetic proteins
(19), and the statin-mediated activation

of the bone morphogenetic protein-2
promoter was prevented by the addi-
tion of mevalonate, a downstream
metabolite of HMG-CoA reductase for
cholestereol biosynthesis. Therefore,
the use of statins is considered to be a
good strategy for controlling patients
with hyperlipidemia and osteoporosis
(17). Bone morphogenetic protein-2
production may also play an important
role in periodontal tissue regeneration
and healing (13,14). In the present study,
0.1 um lovastatin and simvastatin in-
duced bone morphogenetic protein-2
mRNA expression in mouse peri-
odontal ligament cells with increases in
ALP, osteocalcin and bone sialoprotein
mRNA expression, as observed in
osteoblast cells. In addition, the statins
enhanced the ALP enzyme activity of
mouse periodontal ligament cells and
mineral deposition in the mouse peri-
odontal ligament cell culture layers,
suggesting that statins may also stimu-
late in vivo bone formation in the peri-
odontal ligament.

The accumulation of extracellular
matrix protein, especially highly cal-
cium-binding osteocalcin and bone
sialoprotein, is essential for bone for-
mation. These RT-PCR results show
that statins stimulated the expression
of osteocalcin and bone sialoprotein
mRNA in mouse periodontal ligament
cells (Fig. 2). In addition, this study
examined the effect of lovastatin and
simvastatin on the transcriptional
activity of the genes in mouse peri-
odontal ligament cells using two
reporter constructs fused with lucifer-
ase: 0G2-Luc, a mouse osteocalcin
promoter; and OSE-Luc, an osteoblast
specific cis-acting element promoter.
As a result, both statins at 0.1 um
increased the activities of the two
reporter genes (Fig. 4). These results
suggest that lovastatin and simvastatin
positively regulate the transcriptional
activity of the osteoblast marker genes
in mouse periodontal ligament cells, as
in osteoblast cells. Considering that
bone morphogenetic protein-2 pro-
motes the transactivation of the matrix
protein genes, such as ALP, bone
sialoprotein and osteocalcin, through
the Smad1/5/8 pathway, the osteogenic
effects of statin in mouse periodontal
ligament cells might be related to the
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Fig. 5. Lovastatin or simvastatin stimulates the phosphorylation of ERK1/2 MAPK in
mouse periodontal ligament cells. (A) Effects of statins on ERK phosphorylation. The mouse
periodontal ligament cells were cultured with 0.1 pm of lovastatin or simvastatin for
5-60 min. After the indicated time, the level of ERK was determined by western blot analysis
using the specific antibodies to phospho-ERK1/2. (B) Effects of U0126 on statin-induced
ERK phosphorylation. The mouse periodontal ligament cells were exposed to 0.1 um of
lovastatin or simvastatin for up to 60 min after a pretreatment with 10 um U0126 (MEK1/2
inhibitor) for 2 h. (C) Phosphorylation levels of ERK1/2 were quantified by densitometry
and the levels are expressed as the p-ERK/ERK ratio.

induction of bone morphogenetic pro-
tein-2. This suggests that the use of
statins can be a good strategy for
controlling patients with hyperlipid-
emia and periodontal bone destruc-
tion.

Recently, the involvement of the
phosphoinositide-3-kinase (PI3K) and
MAPK pathways in osteoblast differ-
entiation and skeletal development has
been suggested. For example, MAPK
stimulation achieved by the selective
expression of constitutively active
MAPK/ERK1 (MEK-SP) in osteo-
blasts accelerated the in vitro differen-
tiation of calvarial osteoblasts as well
as in vivo bone development, whereas
dominant-negative MEK1 (MEK-DN)
was inhibitory (20). In addition, both
the basal and the growth factor-stim-
ulated MAPK activity and cell prolif-
eration were inhibited when human

osteoblastic cells were transduced with
a pseudotyped retrovirus encoding a
mutated ERK1 protein with a domi-
nant-negative action against both
ERK1 and ERK2 (ERKIDN cells;
21). Expression of the ERK1DN pro-
tein suppressed both osteoblast differ-
entiation and matrix mineralization by
decreasing the ALP activity and the
deposition of bone matrix proteins.
Cell adhesion to extracellular matrices
was decreased, and cell spreading and
migration on these matrices were also
inhibited in the ERKIDN cells (21). In
a mesenchymal stem cell model of
osteoblast commitment and differenti-
ation controlled by bone morphoge-
netic protein-2, an inhibitor of PI3K or
a dominant-negative Akt suppressed
osteoblastic differentiation, indicating
that the PI3K—-Akt signaling cascade is
essential for bone morphogenetic pro-
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tein-2-activated osteoblast differentia-
tion and maturation as well as bone
development (22). Lovastatin was also
reported to activate PI3K in the plas-
ma membrane, which in turn regulates
Akt and ERKI1/2 to induce bone
morphogenetic protein-2 expression in
osteoblast progenitor cells for osteo-
blast differentiation (23). In human
periodontal ligament cells, an ERK1/2
inhibitor suppressed ascorbic acid-in-
duced ALP and osteocalcin gene
expression (24).

The present study also examined
which signal pathway is involved in
statin-induced osteoblast differentia-
tion of mouse periodontal ligament
cells. The main focus was on the
MAPK/ERK pathway because others
reported that the ERK pathway is
involved in the differentiation of peri-
odontal ligament cells and osteoblastic
cells. Western blot analysis showed
that lovastatin and simvastatin en-
hanced the phosphorylation of ERK
within 5 min in mouse periodontal
ligament cells. In addition, pretreat-
ment with U0126 inhibited the phos-
phorylation of ERK in mouse
periodontal ligament cells after statin
exposure. In the untreated control
cultures, ERK phosphorylation was
not pronounced, and increased slightly
only after 30 min incubation, and the
U0126 pretreatment did not cause any
significant changes. Mouse periodontal
ligament cells treated with 10 um
U0126 almost completely blocked the
effects of statin-induced ERK phos-
phorylation. This means that statin
stimulates ERK phosphorylation and
might affect the differentiation of
mouse periodontal ligament cells. To
address whether the ERK pathway
affects osteogenic differentiation in
mouse periodontal ligament cells, we
used ALP to stain the mouse peri-
odontal ligament cells treated with
0.1 pm lovastatin or simvastatin in a
differentitation medium with or with-
out 10 um UO0126 (MEK1/2 inhibitor)
for 7d. The ALP staining showed
that the intensity of positive staining
decreased with U0126 treatment by
40-50% in cells treated with either
statin (Fig. 6). These results suggest
that lovastatin and simvastatin induce
osteoblastic  transdifferentiation  of



212 Kim et al.

Uo0126

Simva

80
> 70-

2]
o
L

S O
o o
! !

N
o
1

ALP staining (relative intensit;
S

Lovastatin

JII[

u0126 +
Lovastatin

u0126 +
Simvastatin

Simvastatin

Fig. 6. Effect of the MEK1/2 inhibitor U0126 on statin-induced ALP activity. Cells were
induced in a differentiation medium containing 0.1 pm lovastatin or simvastatin, with or
without 10 pm U0126 for 7 d, and ALP staining was accomplished and photographed. The
intensity of staining was also analysed using image software. The data are expressed as the

means + SD of duplicate samples.

mouse periodontal ligament cells via
the ERK1/2 pathway, as reported in
osteoblast cells (20,21,23). However,
the involvement of PI3K and p38
MAPK in statin-induced osteoblastic
differentiation of mouse periodontal
ligament cells could not be defined due
to the inconsistent results (data not
shown).

ERK1/2 are also key mediators of a
range of mitogenic signaling pathways,
including cytokine- and mechanical
stress-induced cell proliferation (25).
The present study examined the effects
of statins on the cell viability of mouse
periodontal ligament cells using an
XTT assay. At concentrations of
0.01-0.3 pm, simvastatin and lovastatin
did not affect the proliferation of mouse
periodontal ligament cells after 24—
72 h. However, 1 pm of the statins
resulted in some inhibition of cell pro-
liferation. Previous studies reported
that statins inhibit cell proliferation
of smooth muscle cells (26-28)
and endothelial cells (27,29). However,
they promote the mitotic activity of
fibroblasts (27). In the case of human
periodontal ligament cells, 0.1 or 1 um
of simvastatin promoted cell prolifera-
tion after 24 h, but 1 um of simvastatin
inhibited proliferation after 72 h (30).

These findings indicate that the effect of
simvastain and lovastatin on cell pro-
liferation might vary according to the
cell type, the type of statin and the
concentration.

Periodontal ligament cells and bone
marrow mesenchymal stem cells have
common  biological characteristics
(13,14). One study on bone marrow
stem cells showed that alendronate, a
bisphosphonate used for osteoporosis
treatment, stimulates osteogenic dif-
ferentiation and inhibits adipogenic
differentiation in a dose-dependent
manner. This effect is mediated by
the activation of ERK and JNK(c-Jun
N-terminal kinases) (31). Thus, there
might be a close relationship between
the mevalonate pathway and bone
formation in periodontal ligament
cells, which requires further study.

Conclusion

The lactone form of statins, lovastatin
and simvastatin, at concentrations
<1 pm, stimulate the osteoblastic dif-
ferentiation of mouse periodontal lig-
ament cells via the ERK1/2 pathway.
This suggests that these statins can be
useful for regenerating periodontal
hard tissue by promoting the osteo-

blastic differentiation of mouse peri-
odontal ligament cells.
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