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Abstract: Objective: The present study aimed to investigate the effect of simvastatin on the mineralization of murine
odontoblast-lineage cells (OLC) and the role of Wnt signaling pathway. Methods: Cell proliferation was examined
after treatment with simvastatin at different concentrations (107, 10 and 10° mol/L). Alkaline phosphatase (ALP)
and alizarin red S (ARS) staining were carried out after the application of 10° mol/L simvastatin at 7 and 28 days.
The mRNA and protein expressions of odontoblastic markers including dentin matrix phosphoprotein-1 (DMP-1),
dentin sialophosphoprotein (DSPP), runt-related gene-2 (Runx2) and dentin sialoprotein (DSP) were examined by
g-RT PCR and western blot assay. The Wnt signaling pathway associated factors including typical transcription
factor of canonical Wnt/B-catenin signaling (Lef-1), Wnt10a and Wnt11 were also investigated. Results: The cell
growth was significantly suppressed after 10° mol/L simvastatin treatment while no effects at 107 and 10° mol/L.
OLCs showed enhanced ALP production, increased mineralization and elevated odontoblastic capability after 10°
mol/L simvastatin exposure. Furthermore, the expressions of typical transcription factor of canonical Wnt/[-catenin
(Lef-1), Wnt10a and Wnt11 significantly increased after 10° mol/L simvastatin treatment. Conclusion: These find-
ings suggest that simvastatin could promote the mineralization of OLCs, which might mediate by the Wnt signaling
pathway.
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Introduction

Odontoblast is the neural crest-derived cell lin-
age, which is essential for dentinogenesis. Ho-
wever, the isolation and primary culture of
odontoblasts in vitro are technically difficult
due to their anatomical structure, although the
culture of odontoblasts is crucial for the investi-
gation of mechanisms underlying the dentino-
genesis and tooth development. In 2006, sp-
ontaneously immortalized odontoblast-lineage
cell was reported by Arany et al. [1]. These
odontoblast-lineage cells have already been
chosen for various experiments in that they dis-
play many phenotypic properties similar to
those of immature odontoblasts, which have
been proven to possess the ability to differenti-
ate into functional odontoblasts in tooth regen-
eration [2, 3].

Statin is a potent lipid-lowering drug that has
been widely used for more than 20 years as a
first-line drug against dyslipidemia with favor-
able safety. It has pleiotropic effects including
anti-inflammation [4], angiogenesis induction
[5] and osteogenesis induction [6-9]. Additio-
nally, statin may also affect the dentinogenesis
[10]. A recent retrospective and case-control
study reported that the systematic statin could
induce dental pulp chamber calcification [11].
Thus, dentists should be aware of the pati-
ent history of systematic medication with sta-
tin before the endodontic treatment (root can-
al therapy). Furthermore, several studies have
shown that simvastatin could induce the odon-
togenic differentiation of human dental pulp
stem cells in vitro and in vivo by up-regulating
dentin sialophoprotein (DSPP) mRNA expres-
sion and accelerating mineralized nodule for-
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Table 1. Primers used in real-time PCR

Materials and methods

Genes Forward Reverse

Cells and cell culture

GAPDH CGGCAAGTTCAACGGCACAG CGCCAGTAGACTCCACGACAT

DSPP  TCGGTTACCGGTTGACATGG GCAGG CCCTGTTTCCTCAT
Runx2  GCCCTGGTGTTTAAATGGTT TGCTTGCAGCCTTAAATGAC
DMP1  ACAGCCTGAACACATTCTCC ATGTTCTTGG GACGGATGTC
Lef-1 TCACTGTCAGGCGACACTTC TGAGGCTTCACGTGCATTAG
Wnt1l TTCCGATGCTCCTATGAAGG CCCCATGGCATTTACACTTC
Wnt10a GCGCTCCTGTTCTTCCTACT GTCAGGCACACTGTGTTGG

Murine OLCs were kindly provided by
Prof S. Arany (Department of Bioche-
mistry, Akita University School of Me-
dicine, Akita, Japan). OLCs were cul-
tured in a-modified minimum essential
medium (a-MEM, Gibco, USA) contain-

mation [10]. However, the mechanism of si-
mvastatin-induced odontogenic differentiation
has remained unclear.

The Wnt family of secreted proteins in mam-
mals consists of 19 members that can trigger
various cellular responses through several dis-
tinct pathways [12]. The expressions of various
Wnt family members and Wnt-related mole-
cules in the tooth germ have previously been
reported to play an essential role in the activa-
tion of the odontogenic mesenchyme during
early tooth development [13-15]. Wnt10a and
Wntl11 have been reported to promote the dif-
ferentiation of odontoblast. Moreover, Wnt11 is
detectable in rat dental pulp, and particularly
higher expression in the odontoblast layer [16-
19]. Although Wnt signaling pathway is known
as a pivotal regulator of tooth development, the
relationship between simvastatin and Wnt sig-
naling pathway activation has not been fully
understood. Previous studies demonstrate that
the expression of Wnt signal-related genes sig-
nificantly increase after simvastatin treatme-
nt during the osteogenic differentiation of rat
bone marrow-derived mesenchymal stem cell
(BMSC) and mouse embryonic stem cell (ESC)
[20, 21]. However, the involvement of Wnt-
related molecules in simvastatin-induced odon-
togenic differentiation has not been evaluated.

We hypothesize that Simvastatin could promo-
te the odontogenic differentiation of OLCs, and
Wnt signaling pathway might exert an essential
role in this process. To verify our hypothesis,
simvastatin was used in the odontogenic diff-
erentiation of OLCs, the odontogenic markers
and Wnt related molecules were examined by
gRT-PCR and western blot. The results showed
that simvastatin could enhance mineralization
of OLCs and up-regulate the Wnt associated
factors. We speculated that the Wnt signaling
pathway might involve in this process.
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ing 2 mmol/L GlutaMAX (Gibco), 10%
(v/v) fetal bovine serum (FBS, Gibco,
USA) and antibiotics (100 U/ml penicillin and
100 U/ml streptomycin; Gibco, USA). OLCs were
maintained at 37°C in a humidified chamber
with 5% CO, in air, and the medium were
refreshed every 2 days. When the cell conflu-
ence reached 60%, the medium was refreshed
with mineralized medium containing 90% (v/v)
of a-MEM, 50 mg/ml phosphate ester of ascor-
bic acid (Sigma, USA), 10 mmol/L B-glycero-
phosphate (Sigma, USA), 10 nmol/L dexameth-
asone (Sigma, USA) and 10% (v/v) FBS, and
then cells were maintained for 1-28 days, and
the medium was refreshed every 2 days. Su-
bsequently, cells were exposed to simvastatin
(10°®* mol/L; Merck, USA) for the periods indi-
cated. Simvastatin was dissolved in ethyl alco-
hol immediately before use, and the final con-
centration of ethyl alcohol was not higher than
0.1% (v/v).

Evaluation of cell proliferation

OLCs were seeded onto 96-well plates at 2.0x
103 cells/well and grown in growth medium for
24 h. The medium was refreshed with growth
medium supplemented with simvastatin (107,
10® and 10° mol/L). At 1, 3, 5 and 7 days, the
MTT assay was carried out to detect the viab-
le cells using the MTT Cell Proliferation and
Cytotoxicity Assay Kit (Beyotime Institute of
Biotechnology, Beijing, PR China). Absorbance
was measured with a microplate reader (Bio
Rad, Hercules, CA) at 490 nm. Detection was
done at 5 well/group, and average was ob-
tained.

Alizarin red S (ARS) and alkaline phosphatase
(ALP) staining

To investigate the effect of simvastatin on the
mineralization of OLCs, three groups of OLCs
were cultured for 28 days cells were divided
into blank group (cells were cultured in growth
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Figure 1. Effect of simvastatin at different concentrations on the proliferation of OLCs. A. Morphology of OLCs. B.
Phase contrast microscopic image of OLC cells at 3 days (Scale bar, 100 uym). C. The cell proliferation in different
concentration of 107 mol/L, 10° mol/L and 10° mol/L simvastatin was tested by MTT assay at day 1, 3, 5 and 7.

(n =5, ttest; *P<0.05).

medium), positive control group (cells were cul-
tured in odontogenic medium), simvastatin gr-
oup (cells were cultured in odontogenic medi-
um supplemented with 10 mol/L simvastatin).
Cells were maintained for 28 days, harvested,
washed twice with phosphate-buffered saline
(PBS, Hyclone, USA) and then fixed in 4% para-
formaldehyde for 15 min at room temperature.
Cells were stained with 0.1% alizarin red S
(Sigma, USA) in distilled water (pH = 4.13) for
30 min at 37°C in dark. Several washes in
deionized water were done to remove unbound
dye. For ALP staining, cells were harvested on
day 7 and stained using a BCIP/NBT Alkaline
Phosphatase Color Development Kit (Beyotime
Institute of Biotechnology, Beijing, PR China) for
30 minat37°Cindark. Then, cells were washed
3 times with distilled water (1 min for each) and
observed under a phase contrast microscope.
For quantification, ALP positive staining area
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and mineralized nodules were analyzed with
software of image J (2.0).

Quantitative RT-PCR

Total cellular RNA was extracted from OLCs by
using TRIzol Reagent (Invitrogen, USA) accord-
ing to the manufacturer’s instructions. App-
roximately 1 pg total RNA waws reverse tran-
scribed into cDNA using a PrimeScript™ RT
Reagent Kit containing gDNA Eraser (TaKaRa,
Japan). Odontogenesis and Wnt-related mole-
cules were evaluated in the OLCs on the basis
of the expression of specific genes (Dentin
Matrix Phosphoprotein-1; DMP-1, Dentin Sia-
lophosphoprotein; DSPP and Runt-related Ge-
ne-2; Runx2, Lef-1, Wnt10a and Wnt 11). Gly-
ceraldehyde-3-phosphate dehydrogenase (GA-
PDH) was used as an internal reference. Qu-
antitative RT-PCR was performed by using an

Int J Clin Exp Med 2016;9(2):2953-2960
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Figure 2. Effect of simvastatin on the odontogenic differentiation of OLCs. A. ARS and ALP staining of OLCs in differ-
ent groups (blank control: Blank; odontogenic medium [OM]: positive control (+) and odontogenic medium supple-
mented with 10® mol/L simvastatin [OM+SV]: simvastatin group). (Scale Bar = 100 ym). SV, simvastatin. Ba. Nodule
number after ARS (n = 5). Bb. Positive ALP staining area (n = 5). C. mRNA expressions of Runx2, DMP-1 and DSPP in
three groups on days 3 and 7 (RT-PCR) (n = 5, *P<0.05). D. Protein expression of DSP in different groups (Western
blot assay). On day 7, the relative gray value of DSP in +/SV group (0.590+0.045) was significantly higher than that

in + group (0.482+0.026) (P<0.05).

ABI 7500 Real-time PCR System (Applied Bio-
systems, USA) with SYBR® Premix Ex TaqTM |l
(TaKaRa, Japan). The samples were subjected
to 40 cycles of denaturation at 95°C for 15 sec,
annealing at 64°C for 20 sec and extension at
72°C for 25 sec using specific primers (Table
1). The relative gene expression was calculated
with 222¢t method. The mean Ct value of target
gene was normalized to that of GAPDH to obtain
a ACt value, which was then used to normalize
the expression of target gene in control group
to obtain AACt value.

Western blot assay

On days O, 3, and 7, OLCs in different groups
were washed 3 times with ice-cold PBS, and
then lysed using a protein extraction kit (Piece,
USA). Protein concentrations were detected
using a BCA protein assay kit (Pierce, Thermo,
USA). Protein samples (25 ug) were separated

2956

by 10% SDS-PAGE and transferred onto nitro-
cellulose membranes (Millipore Corporation,
USA). The membranes were washed with TBST
(20 mmol/L Tris-HCI [pH 7.6], 150 mmol/L Na-
Cl, and 0.05% Tween-20), blocked with 5% skim
milk for 2 h, and incubated with correspond-
ing primary antibody (rabbit anti-mouse Lef-1;
rabbit anti-mouse Wnt10a; rabbit anti-mouse
Wntl11; Abcam, Burlingame, CA; DSP antibody,
Santa Cruz Biotechnology, USA) at 1:200 and
rabbit anti-mouse B-actin antibody at 1:2000
(Santa Cruz Biotechnology, USA) overnight at
-4°C. The membrane was washed, and the sec-
ondary antibody (goat anti-rabbit immunoglob-
ulin G; LiCor Co., USA) was added at 1:5000,
followed by incubation for 2 h at room tempera-
ture. The membranes were washed, and visual-
ization was done with enhanced chemilumines-
cence (ECL) (Santa Cruz Biotechnology, USA)
and the membranes were exposed to X-ray film
(Eastman Kodak, USA).

Int J Clin Exp Med 2016;9(2):2953-2960
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Figure 3. Effect of simvastatin on the Wnt-signaling pathway related molecules during odontogenic differentiation
of OLCs. Blank: blank control; +: positive control; +/SV: 10 mol/L simvastatin group. A. mRNA expressions of Lef-1,
Wnt10a and Wnt11 in three groups on days 3 and 7 (RT-PCR). (n = 5, *P<0.05). B. Protein expressions of Lef-1,
Wnt10a and Wnt 11 in three groups on days 3 and 7. On day 7, the relative gray value of Lef-1, Wnt10a and Wnt11
in +/SV group (1.286+0.090, 0.667+0.086 and 0.724845+0.161) was significantly higher than those in + group
(1.006+0.07, 0.169+0.060 and 0.384214+0.081) (P<0.05). In +/SV group, the relative gray value of Wnt10a on
day 3 (0.432875+0.069) was significantly higher than that on day 7 (0.311732+0.050) (P<0.05).

Statistical analysis

Statistical analysis was performed with SPSS
version 19.0. t-test for comparison between
groups. A value of P<0.05 was considered sta-
tistically significant.

Results

Effect of Simvastatin on cell proliferation of
OLCs

The morphology of OLCs is shown in Figure 1A.
OLCs are uniformly elongated (Figure 1A), and
tend to be swirling-like and wave-like before
reaching 100% confluence (Figure 1B). Simva-
statin at 107 mol/L and 10® mol/L had no ef-
fect on the cell proliferation within 7 days. How-
ever, simvastatin in 10-° mol/L significantly sup-
pressed the cell proliferation on days 3, 5 and
7. Therefore, simvastatin at 10 mol/L was us-
ed in subsequent experiments to examine the
effects of simvastatin, which was in accordan-
ce with previous study [10].

Simvastatin promotes the mineralization of
OLCs

After 7-day and 28-day culture, no obvious ALP
positive staining area and mineralized nodules
were observed in blank control group compared
to the positive control (+). When addition of 10
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mol/L simvastatin into odontogenic medium (+/
SV), larger ALP positive area and more mineral-
ized nodules were found, as compared to posi-
tive control (+). (Figure 2A). Quantification con-
firmed that simvastatin increased the mine-
ralization of OLCs (Figure 2B). Moreover, the
MmRNA expressions of several odontoblastic
markers were significantly increased in the sim-
vastatin group (Figure 2C). The protein expres-
sion of DSP was markedly up-regulated in re-
sponse to simvastatin treatment on day 7 (Fi-
gure 2D).

Involvement of Wnt signaling pathway in
simvastatin-induced mineralization

In order to explore whether Wnt signaling path-
way is involved in the simvastatin-induced min-
eralization, the mRNA and protein expressions
of Wnt-related molecules (Lef-1: typical tran-
scription factor of canonical Wnt/B-catenin sig-
naling; Wnt10a: a protein involved in canonical
Wnt/B-catenin signaling pathway; Wntl1: a
protein associated with both canonical and
non-canonical Wnt signaling pathways) on days
3 and 7. gRT-PCR showed that the mRNA ex-
pressions of Lef-1, Wnt10a and Wnt11l were
significantly higher in simvastatin group (+/SV)
than positive control group (+) after odontogen-
ic differentiation (*P<0.05; Figure 3Aa-c). Wes-
tern blot assay confirmed it.

Int J Clin Exp Med 2016;9(2):2953-2960
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Discussion

Odontoblast is one of the important cell ty-
pes involved in dentinogenesis. OLC is an ideal
model for odontoblast because of their similar
characteristics to the immature odontoblasts.
OLCs could be successfully differentiated into
odontoblast-like cells showing several pheno-
types of mature odontoblasts, such as incre-
ased ALP production, odontogenic gene (DSPP
and DMP-1) mRNA expression, and mineralized
nodule formation [10, 22]. ALP is an early indi-
cator of odontoblast differentiation [5]. ARS
staining was used to identify the mineralized
deposits in the extracellular matrix. DSPP and
DMP-1 are specific markers for mature odonto-
blasts, and Runx2 has been identified as es-
sential for the later stage of tooth formation, is
intimately involved in the development of calci-
fied tooth tissue [23]. In our present study,
OLCs were employed to investigate the mecha-
nism of simvastatin-induced odontogenic dif-
ferentiation and ALP, DSPP, DMP-1 and Runx2
were chosen as differentiation makers of od-
ontoblasts.

Odontogenic differentiation can be stimulated
by odontoinductive factors (such as dexameth-
asone, ascorbic acid, and pB-glycerophosphate)
and growth factors (such as bone morphoge-
netic protein-2) [19]. It was reported that simv-
astatin could promote the odontogenic differ-
entiation of tooth-derived cells, such as human
dental stem cells (hDPSCs) [10], human dental
pulp cells (hDPCs) [5, 22, 24]. In our study, the
results showed that the mRNA and protein ex-
pressions of DSPP, DMP-1, Runx2 and DSP
were upregulated, suggesting simvastatin cou-
Id enhance the odontogenic differentiation of
OLCs.

Wnt signaling pathway closely associated with
the tooth initiation and development. The odon-
togenic differentiation could be promoted by
simvastatin. Therefore, we speculate that the
odontogenic differentiation of OLCs promoted
by simvastatin might be mediated by Wnt sig-
naling pathway. Although Wnt signaling path-
way is a critical regulator of tooth development
and dentinogenesis, the effect of simvastatin
on the Wnt signaling pathway activation remain
unclear. Wnt protein initiates intracellular cas-
cades via binding to membrane receptor com-
plexes (including low-density lipoprotein recep-
tor-related protein (LRP) 5/6 and its co-rece-
ptors) and frizzled (Fz) G-protein-coupled recep-

2958

tor [25]. Lef, the downstream transcription fac-
tors of canonical Wnt signaling pathway, trig-
gers the expression of multiple genes. At Em-
bryo 12 (E12), Lef-1 mRNA expression is ob-
served in the dental epithelium and the under-
lying presumptive dental mesenchyme [15,
26], whereas mice lacking Lef-1 exhibit an ar-
rest of tooth development at the bud stage
[27]. Furthermore, Lef-1 induces DSPP expres-
sion by binding to its promoter region [28].
Thus, Lef-1 is important transcription factor in
dentinogenesis. In our study, we found Lef-1
was significantly up-regulated, suggesting that
Lef-1 play an important role in the odontogenic
differentiation of OLCs promoted by simvas-
tatin. We speculated that canonical Wnt signhal-
ing pathway involved in this process enhanced
by simvastatin. Wnt10a, a canonical Wnt family
member, is related to the odontoblast differen-
tiation and cusp morphogenesis through regu-
lating DSPP mRNA expression [16]. In the pres-
ent study, the expression of WntlOa was ex-
amined during this process, which showed
upregulating. Therefore, we infer canonical Wnt
signaling pathway might mediate the simvas-
tatin-induced odontogenic differentiation by
the important transcription factor of Lef-1. It is
well known that Wnt signaling is consist of
canonical and non-canonical. Although in the
present study we found the canonical Wnt sig-
naling was involved, it is necessary to test the
role of non-canonical Wnt signaling in this pro-
cess. Wnt11, a member of Wnt signaling path-
way, is associated with non-canonical signaling
pathways [29] and has been reported to be
involved in BMP2-induced odontoblast differ-
entiation [19]. Our results revealed that the
expression of Wntll was increased, suggest-
ing the non-canonical might also involved. It is
indicated that Simvastatin promotes the osteo-
genic differentiation via canonical Wnt/[-ca-
tenin pathway [20] in mouse embryonic stem
cells (ESCs), while it is via both canonical and
non-canonical Wnt/B-catenin signaling path-
ways [21] in rat bone marrow-derived mesen-
chymal stem cells (rBMSCs). Our results sug-
gest that the Wnt signaling pathway is involved
in the statin-induced odontogenic differentia-
tion of OLCs. However, further studies are nec-
essary to evaluate whether canonical or non-
canonical Wnt/B-catenin signaling pathway pl-
ays a dominant role in this process.

Here, our results revealed that simvastatin pro-
motes odontogenic differentiation. Considering

Int J Clin Exp Med 2016;9(2):2953-2960
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the pleiotropic effects of simvastatin (anti-infla-
mmatory and angiogenic effects) [4, 5], our
findings indicate that simvastatin might be an
ideal pulp-capping material [10].

In summary, our study demonstrates that simv-
astatin at an appropriate concentration could
enhance the odontogenic differentiation of
OLCs which might mediated by either canonical
or non-canonical Wnt/B-catenin signaling path-
ways. These findings might provide new insight
into dental treatment that simvastatin may be
used as a dental capping material.
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