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Aim. To analyze the effect of three mitogen-activated protein kinase (MAPK) inhibitors, namely, SB202190 (p38 inhibitor), SP600125
(JNK inhibitor), and PD98059 (ERK inhibitor) in Dex-stimulated MDPC-23 cell differentiation and mineralization. Methods.
Experiment was divided into five groups, control (cells without Dex and inhibitors treatment), Dex (cells with Dex treatment
but without inhibitors), Dex + SB202190, Dex + SP600125, and Dex + PD98059. Cell differentiation was assessed by alkaline
phosphatase (ALP) activity assay and real time RT-PCR. Cell mineralization was investigated by alizarin red staining. Results.
Exposure to SB202190 (20 uM) significantly decreased the mineral deposition in Dex-treated cells as demonstrated by alizarin red
staining. Treatment of SP600125 (20 M) attenuated the mineralization as well, albeit at a lower degree as compared to SB202190
(20 uM). Similarly, SB202190 (20 uM) completely abrogated the ALP activity stimulated by Dex at six days in culture, while no
changes were observed with regard to ALP activity in SP600125 (20 uM) and PD98059 (20 M) treated cells. The upregulation of
bone sialoprotein (BSP), ALP, and osteopontin (OPN) in Dex challenged cells was completely inhibited by SB202190. Conclusion.
Blockade of p38-MAPK signaling pathway resulted in significant inhibition of ALP activity, mineralization, and downregulation
of osteogenic markers. The data implicated that p38 signaling pathway plays a critical role in the regulation of MDPC-23 cells

differentiation and mineralization.

1. Introduction

Both bone and dentine are mineralized tissues, meaning
their formation is defined by mineral crystal deposition
onto organic matrix (mostly type I collagen) produced by
osteoblasts or odontoblasts. Disorders that interrupt the
normal mineralization process of the two tissues lead to
abnormal phenotype, which seriously impair the life quality
of people. For instance, osteogenesis imperfecta (OI) is a typ-
ical bone disease caused by the mutations in type I collagen;
the patients tend to suffer bone fractures when subjected to
only minor trauma. Another example is rickets, a defective
mineralization of bone due to the lack of phosphates at the
epiphyseal growth plate and mineralizing bone surfaces [1].
On the other hand, unlike bone, dentine becomes accessible

to external environment with increase of time, which put it
at higher risk of bacterial infection or injury. As the sensory
center-dental pulp is just beneath dentine, loss of dentine not
only destroys the integrity of a tooth but also deprived the
pulp of a complete and healthy structural support. Therefore,
elucidation on the underlying mechanism during the process
of dentine mineralization is of profound importance for the
development of novel dentin regeneration reagents.
Mitogen-activated protein kinases (MAPKs) are a family
of conserved serine/threonine protein kinases, which con-
tribute to a variety of cellular activities, such as proliferation
[2], differentiation, migration, apoptosis, senescence [3],
and stress response [4]. Typical MAPKs members include
extracellular signal regulated kinase (ERK1/2 or p44/42),
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c-Jun N-terminal kinases 1-3 (JNKI-3), and p38 isoforms
(p38a, f3, y, and 9). Since its discovery nearly three decades
ago [5], MAPKs have been revealed as key players in
osteoblast and odontoblast commitment and differentia-
tion [6-9]. Based on the findings, it is thus proposed by
researchers that targeting the MAPKs may offer a novel
therapeutic approach for regeneration of hard tissue [10, 11].
Under the in vitro condition, osteoblast or odontoblast-
like cells do not spontaneously undergo mineralization in the
absence of any extra induction factors. When grown in the
presence of synthetic glucocorticoid dexamethasone (Dex),
ascorbic acid (AA), and f-glycerophosphate (f-GP), cells
differentiate and produce mineralizing nodules over time
[12]. Specifically, AA increases the production of collagen
matrix [13]; B-GP acts as a source of inorganic phosphate
ions [14]; Dex, a synthetic glucocorticoid, exhibits potent
osteogenic and mitogenic effect [15]. In the preliminary study
using the three reagents, we observed that Dex (10 nM,
100 nM) accelerated mineralization of MDPC-23 cell in the
presence of 3-GP (10 mM). The potent influence of Dex in
the mineralization of MDPC-23 cell prompted us to study
the potential signaling pathways that might be involved. To
elucidate the effect of the three MAPKs in the differentiation
and mineralization process stimulated by Dex, we used
commercially available pharmacological inhibitors specific
to p38 (SB202190), JNK (SP600125), and ERK (PD98059) to
treat the cells prior to the addition of Dex stimulant. Cell
differentiation and mineralization were analyzed.

2. Materials and Methods

2.1. Cell Culture. Rat odontoblast-like cell line (MDPC-23
cell) [16] was generously provided by Professor Jacques E.
Nor (University of Michigan). The cells are cultured in
Dulbecco’s modified eagle’s medium (DMEM, D5796, Sigma)
supplemented with 5% heat-inactivated fetal bovine serum
(FBS, 10270-106, Gibco) at 37°C in a humidified atmosphere
and 5% CO,. Cells were plated at the density of 1 x 10*/mL and
1.25 x 10*/mL in 24-well (Tissue culture treated polystyrene,
Iwaki) and 12-well plates (Tissue culture treated polystyrene,
Falcon), respectively. Mineralization reagent including f-
GP (10 mM) (191-02042, Wako), AA (50 ug/mL) (013-19641,
Wako), and Dex (100 nM) (D2915, Sigma) in DMEM (5%
FBS) was added on day five, when cells reached confluence.

2.2. Mineralization Assay. To investigate the calcific depo-
sition in response to three MAP kinase inhibitors, MDPC-
23 cell were inoculated in 24-well plate at the density of 1 x
10*/mL and cultured for five days in DMEM supplemented
with 5% FBS (n = 3). On day five, cells were challenged
with the three inhibitors (§B202190, SP600125, and PD98059)
(Cell Signaling Technology) for 2h in serum free DMEM.
Inhibitors containing media were replaced with mineraliza-
tion inducing media including 5-GP, AA, and Dex. Control
wells represent cells treated by both B-GP and AA, but
without Dex. On day eight, the mineralization was observed
by alizarin red staining and quantified using cetylpyri-
dinium chloride (CPC) (C0732-100G, Sigma-Aldrich) extrac-
tion method. Briefly, cell monolayer was gently washed by
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phosphate-buffered saline (PBS) (10010049, Gibco) and fixed
in 10% formalin neutral buffer solution (060-01667, Wako)
at room temperature for 20 min. Afterwards, the monolayer
was rinsed by distilled water once prior to staining by 200 uL
alizarin red s (1%, w/v, pH 4.1 in water) (011-01192, Wako) per
well. The cells were incubated with alizarin red s solution at
room temperature for about 5 min. Extra dye was discarded,
and the wells were washed quickly with distilled water for four
to five times and after that washed with distilled water for 2h
with gentle shaking until the water became transparent. The
mineralization nodules were visualized by an inverted camera
(Canon) in a digital photograph system (Funakoshi). For
quantification of staining, 800 uL CPC (10%, w/v, in water)
was poured to each well, and the plates were incubated at
37°C for 2 h. After incubation, the transparent CPC solution
turned into purple and was transferred into 96-well plate
(200 puL/well) for absorbance reading at 570 nm.

2.3. ALP Activity. The cells were maintained in 12-well
plate at the initial seeding concentration of 1.25 x 10*/mL
(2mL media/well) for five days. On day five, the three
inhibitors were added to cells for 2h. After incubation
with the inhibitors, media were aspirated and replaced by
mineralization inducing media (3-GP, AA, and Dex). Cells
were cultured for another day and lysed by 0.1% Triton-X-
100 (T8787, Sigma) and sonicated on ice for 10 min at day
six. The cell lysates were centrifuged and supernatant was
collected for ALP activity assay and protein quantification.
Specifically, before conducting the ALP assay (LabAssay™
ALP, Code number 291-58601, Wako), the collected super-
natant was diluted by 100 times in ultrapure water. In
parallel, standard solution was prepared by series dilution
of 0.5mmol/L p-nitrophenol (0, 0.0625, 0.125, 0.25, and
0.5 mmol/L). The reaction mixture was constituted by 20 uL
of the diluted samples or standard solution and 100 L of
the p-nitrophenylphosphate substrate. Prior to incubation,
the mixture was thoroughly mixed using plate mixer for
1 min. After incubation under 37°C for 15 min, the reaction
was terminated by addition of 0.2 mol/L sodium hydroxide.
Absorbance was read at 405 nm. The calculated ALP activity
was divided by protein concentration, which was quantified
using Pierce BCA assay Kkit, to avoid the influence of protein
amount variation.

2.4. Real Time RT-PCR. Cells were seeded into 12-well
plate at the initial density of 1.25 x 10*/mL. On day five,
cells were exposed to the three inhibitors (20 uM) for 2h;
mineralization reagent was added after inhibition treatment
on the same day. On day seven, total RNA was purified
from cells in 12-well plate (n = 3) using Trizol® reagent
(Invitrogen, Carlsbad, CA, USA) according to manufacturer’s
instruction. The concentration of RNA was determined
using a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA). One microgram puri-
fied RNA was treated with RNase inhibitor and reverse
transcribed into complementary DNA (cDNA) in a 20 uL
reaction system by the Moloney Murine Leukemia Virus (M-
MLV) reverse transcriptase (1 yg RNA; DNase and RNase free
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FIGURE 1: Effects of blockade of p38, JNK, or ERK activation on mineralizing nodules formation. Cells were cultured in control medium (3-GP
and AA) or mineralization medium (3-GP, AA, and Dex) or mineralization medium supplemented with SB202190, SP600125, or PD98059.
Alizarin red staining was performed on day eight as described under Materials and Methods Section 2.2. Addition of Dex significantly
accelerated mineralization, as staining was hardly observable in control containing only 3-GP and AA (a). SB202190 inhibits mineralization
in a concentration-dependent manner ((a) and (b)). SP600125 slightly attenuates the mineralization at the concentration of 20 yuM. PD98059
(1 M) marginally decreased the mineralization, while PD98059 in the other concentration groups did not impact it (*p < 0.05; ** P < 0.01;

differences were given out as compared to Dex group).

water; 1 uL Oligo (dT) (18418-012, Invitrogen); 4 uL dNTP
mixture (2.5mM each, 4030, TaKaRa); 1 uL RNase inhibitors
(40 U/uL) (Cat#2313A, TaKaRa); 4 yL 5x first strand buffer
(Invitrogen, Carlsbad, CA, USA); 2uL 0.1 M dithiothreitol
(DTT, Invitrogen); 1uL Moloney Murine Leukemia Virus
(M-MLV) enzyme (200 U/uL) (REF 28025-013, Invitrogen)).
Following the synthesis of cDNA, real time PCR was carried
out in a LightCycler Nano® (Roche) system using FastStart
Essential DNA Probes Master (2x) (Roche). Target gene
expression was normalized by housekeeping gene fS-actin.
The mean value for the control group was taken to be
100% of mRNA expression and served as a reference. The
detailed information for primers and real time PCR reaction
conditions are listed in Table 1. The SYBR green amplification
reaction consisted in an initial denaturation of 10 min at 95°C,
followed by 50 cycles of 15s at 95°C (denaturation), 30s at
annealing temperature (see Table 1 for each set of primer),
and 30 s at 72°C (extension). The 2722 method was used to
calculate relative gene expression.

2.5. Statistical Analysis. Data are presented as average +
standard deviation (SD). The statistical analysis of differences
among the groups was analyzed by post hoc Tukey HSD test
at a 5% level of significance.

3. Results

3.1. Mineralization Assay. The potential effect of the three
inhibitors on calcific deposition in MDPC-23 cell was
explored using alizarin red staining. The staining photograph
(Figure 1(a)) showed that 2h exposure to SB202190, the
p38 inhibitor, leads to a significant reduction of mineral
deposition stimulated by Dex; the mineralization of cells
treated by SB202190 decreased in a concentration-dependent
manner (Figure 1(b)). Particularly, a concentration of 20 yM
almost completely blocked the mineral deposition of cells
(optical density 0.14 + 0.01 versus 0.09 + 0.00 of control, p <
0.01). On the other hand, although SP600125 exhibited min-
eralization inhibition activity, the influence was much weaker
as compared to SB202190: SP600125 (20 uM) (optical density:
0.49 + 0.02) only inhibits 35% of the mineralization induced
by Dex (0.76 + 0.12). With regard to the cells treated by
PD98059, slight decrease of mineralization was observed in
the group of 1 uM (0.58 £0.02 versus 0.76£0.12 in Dex group,
p < 0.01). No statistical differences were found between
Dex group and the other PD98059 (0.1, 10, and 20 uM)
groups.

3.2. ALP Activity. The ALP activity was markedly aug-
mented by Dex at the concentration of 100nM (1.52 +
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FIGURE 2: Inhibition of ALP activity by SB202190 in MDPC-23 cell. ALP activity on day six was determined as described under Materials and
Methods. The results represent average + SD of cultures (n = 4). ALP activity in cultured treated with SP600125 (20 uM) or PD98059 (20 M)
alone was similar to those of Dex group. On the contrary, treatment of cells using SB202190 completely inhibited the ALP activity stimulated
by Dex (a-b indicate significant differences between different characters, p < 0.01).

0.11 units/ug protein versus 0.85 + 0.03 units/ug protein of
control, p < 0.01) (Figure 2). This upregulation of was com-
pletely hindered by the addition of SB202190 (20 #M) (0.80 £
0.01 units/ug protein). The addition of SP600125 (1.40 +
0.03 units/ug protein) or PD98059 (1.58 + 0.07 units/ug
protein) did not impact the ALP activity stimulated by Dex.

3.3. Real Time RT-PCR. Gene expression of BSP, ALP, OPN,
nephronectin (Npnt), runt-related transcription factor 2
(Runx-2), dentine matrix protein-1 (DMP-1), bone morpho-
genetic protein-4 (BMP-4), collagen I (COL-1), and osteo-
calcin (OCN) were assessed by real time RT-PCR (Figure 3).
Among those, BSP (3.33 + 0.19-fold), ALP (2.47 + 0.15-fold),
and OPN (1.40 + 0.01-fold) were significantly promoted by
Dex; concomitantly, the upregulation of the three genes was
completely impeded by SB202190 (20 uM). On the contrary,
exposure to SP600125 (20 M) further boosted the expression
of BSP (5.36+0.87-fold), while it did not affect ALP and OPN
expression as compared to Dex group. Moreover, PD98059
(20 uM) slightly upregulated ALP (3.06 £0.05-fold) and OPN
(1.82 + 0.13-fold) compared to Dex. There was no change in
relation to the expression of BSP after inclusion of PD98059.
Expression of Npnt (a newly discovered extracellular matrix
protein) was significantly promoted by Dex (1.62+0.03-fold).
$B202190 and SP600125 did not affect the expression of Npnt,
but PD98059 slightly enhanced its expression (1.97 + 0.11-
fold). mRNA expression of Runx-2 was marginally higher
in Dex group (1.09 + 0.01-fold) than control. Similarly,
SB202190 repressed its expression while both SP600125 and
PD98059 upregulated it compared to Dex group. For the
rest of four genes, all were downregulated by Dex treatment,
remarkably, and OCN expression level was inhibited to
nearly 50% in Dex group. The expression profile of the four
genes modulated by the three inhibitors was similar, with

SB202190 downregulating and the other two upregulating the
expression.

To further characterize the mRNA expression of inte-
grins, the well-established cell surface receptors for a number
of extracellular proteins, total six types of integrins (integrin
alpha 1 (ITGALI), integrin alpha 3 (ITGA3), integrin alpha 5
(ITGAD5), integrin alpha v (ITGAV); integrin beta 1 (ITGBI)
and integrin beta 5 (ITGB5)) were evaluated by real time
RT-PCR (Figure 4). Among the four alpha integrins, ITGA3
was markedly enhanced by Dex (1.80 + 0.06 fold); the
upregulation was not altered by incorporation of SB202190
(1.70 + 0.15-fold) but was further strengthened by SP600125
(2.33+0.14-fold) and PD98059 (2.10 +0.04-fold). Expression
of both ITGAL1 (0.75 + 0.00-fold) and ITGAV (0.80 + 0.00-
fold) was marginally retarded by Dex, while that of ITGA5
was unchanged in Dex group compared to control. Two beta
integrins (ITGBI and ITGB5) were slightly promoted by Dex.
In agreement with the above noted trend, SB202190 inhibited
the expression of ITGAL ITGA5, ITGAV, ITGB], and ITGB5
while SP600125 and PD98059 enhanced them.

4. Discussion

Although the activation of MAPKSs has been associated with
osteo/odontoblast differentiation and mineralization, it is
unclear as to which pathway plays a predominant role. In
the present study, to clarify the underlying signal pathways
involved in the differentiation and mineralization stimulated
by Dex, we used three MAPK inhibitors to investigate their
respective effects in a series of cell behavior. SB202190, a
pyridinyl imidazole, is cell permeable and highly selective
inhibitor of p38« and f isoforms. It shares structure similarity
with another p38 inhibitor-SB203580 and is usually used
as an alternative to SB203580. The specificity of SB202190
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FIGURE 3: Gene expression profile of osteogenesis related markers in culture containing SB202190, SP600125, or PD98059. MDPC-23 cells were
cultured as described in Materials and Methods. Total RNA was isolated on day seven and analyzed by reverse-transcription PCR with the
indicated primers illustrated in Table 1. Control means cells cultured in the presence of 3-GP and AA, without Dex or any inhibitors. Dex
group means cells maintained in 3-GP, AA, and Dex, without any inhibitors. The concentration for the three inhibitors was unified to be
20 uM (a-e indicate significant differences between different characters in each panel, p < 0.01).

toward p38 pathway was revealed by its low half maximal
inhibitory concentration (ICs,) and failure to affect other
protein kinases [17]. SP600125 is a novel selective JNK1/2/3
inhibitor, which causes inhibition of phosphorylation of c-
Jun. Its IC5, toward JNK1/2/3 was found to be as low as 1/272
of the value on ERK2 or p383, indicating SP600125 was highly
specific for JNK [18]. PD98059 binds to inactive forms of
MEKI and prevents activation by upstream activators such
as c-Raf [19]. In the comparative study that compares 28
types of commercially available kinases inhibitors, PD98059
stands out by its superior specificity: it did not show any

inhibition activity at a concentration of 50 uM, by which
concentration ERK was inhibited [17]. The concentration of
each inhibitor used in the present experiment was based on
recommendations from the manufacturer. It was suggested
that the working concentration for SB202190, SP600125, and
PD98059 is 5-20 uM, 25-50 uM, and 5-50 uM, respectively.
To avoid causing cytotoxicity, we selected the lowest maximal
working concentration from SB202190 (20 M) for the exper-
iment.

Maintenance of a health pulp is a longstanding issue
and of critical importance, as teeth devitalized by root canal
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treatment become more vulnerable and prone to structural
failure over time. Odontoblasts share some common features
with osteoblasts: both of them secrete extracellular matrix
that undergoes mineralization [20, 21]. Nevertheless, the
uniqueness of the former lies in the fact that they are trapped
at the periphery of dental pulp and produce reparative
dentine in case of attrition, deep caries, or injury. The
implications of tooth devitalization have driven significant
interest in research with regard to the development of
bioactive materials that facilitate the regeneration of damaged
pulp tissue by harnessing the capacity of dental pulp for
self-repair. Recently, there are a large number of in vitro
and in vivo studies that investigated the relevant role of
p38, JNK, and ERK throughout the osteoblast/odontoblast
differentiation process, from mesenchymal stem cells to fully
committed anabolic osteoblast/odontoblast-like cell lines.
For example, p38 phosphorylation was increased in an in
vitro caries model established by addition of Streptococcus
mutans in MDPC-23 cell [22]. Importantly, although ERK
was activated in parallel with p38 MAPK in the differentiation
of primary calvarial osteoblast, inhibition of ERK did not
affect osteoblast differentiation in terms of ALP activity
and mineral deposition, while inhibition of p38 significantly

suppressed the ALP activity and mineralization [23]. On the
other hand, JNK signal pathway was noted to be required
for late stage differentiation in both MC3T3-El cells and pri-
mary calvarial osteoblasts, as demonstrated by a significant
inhibition of OCN and BSP expression [24]. Phosphorylation
of p38, INK, and ERK was increased by fucoidan, a type of
polysaccharide, during the differentiation process of human
alveolar bone marrow mesenchymal stem cells, but it was
found that osteogenic differentiation induced by fucoidan
was inhibited by SP600125 and PD98059 but not SB203580
(another type of p38 inhibitor) [25]. More recently, a study
using calcium hydroxide, the commonly used pulp capping
material, in dental pulp stem cells (DPSCs) has revealed p38,
JNK, and ERK are all responsible for enhanced differentiation
in DPSCs [26].

Here, we showed that inhibition of p38 signaling path-
way by SB202190 interfered with the differentiation and
mineralization process of the MDPC-23 cell. ALP activity,
an important parameter for evaluating initiation but not
progression of osteoblast/odontoblast differentiation, was
completely blocked by this p38 inhibitor; in comparison,
the treatment of SP600125 and PD98059 did not alter the
ALP activity as compared to Dex group, reflecting that ALP



activity upregulation stimulated by Dex was predominantly
regulated via p38 signaling pathway, neither JNK nor ERK
pathways.

Next, real time RT-PCR was conducted to assess multiple
hard tissue forming genes. In contradiction to the results
presented by Kim et al. [25], it was found that expression
of BSP, ALP, and OPN, three classical osteogenesis markers,
was completely inhibited in cell treated with SB202190 but
not SP600125 or PD98059. The discrepancy may be caused
by different cell type and stimulant used for osteogenic
induction. Npnt, recently reported to be able to induce the
differentiation of MDPC-23 cell into an odontoblast-like
phenotype [27], was upregulated by Dex at the concentration
of 100nM to 1.6-fold more than control; its expression
was unaffected by the treatment with neither SB202190
nor SP600125, but that PD98059 slightly enhanced it. The
observation denoted that some other signal pathways are
involved in the Dex-mediated upregulation of Npnt. Indeed,
a recent work demonstrated that Wnt/S-catenin signaling
pathway is responsible for the activation of Npnt by Wnt3a
in MC3T3-E1 cell [28]. Whether the same signaling pathway
is required in Dex-induced Npnt expression awaits further
investigation. Marginal upregulation of Runx-2 (or core-
binding factor subunit alpha-1, CBF-al) was detected and
that inhibition of p38 downregulated the expression, while
inhibition of JNK and ERK upregulates it. This correlates
well with a study by Lee et al. [29], who showed that strong
induction of Runx-2 using a p38 activator (anisomycin)
was blocked by the addition of SB203580 (a specific p38
inhibitor). This further demonstrated that p38 signaling
pathway is positively involved in the regulation of Runx-
2 expression. DMP-1, an acidic protein found in mineral
phase of vertebrates and invertebrates, is a key regulatory
protein of odontogenesis [30]. We found that p38 inhibition
led to a significant reduction of DMP-1 expression, while JNK
and ERK inhibition enhanced it. Previously, it was reported
that downregulation of DMP-1 in KN-3 cell (rat incisors
dental papilla derived cell line) initiated by interferon-y
(IFN-y), a proinflammatory cytokine, was achieved through
the phosphorylation of p38 MAPK [31]. BMP-4 is a potent
inducer for odontoblast differentiation [32], it is shown that
there was no change in terms of the gene expression for
DMP-1 and BMP-4 upon treatment by Dex. Since BSP, ALP,
and OPN are well-established osteogenic factors, the data
denoted Dex may induce the transdifferentiation of MDPC-
23 cells into osteoblast. Similarly, the inhibition of BMP-4
and COLI1A1 by SB202190 indicated that gene expression of
both may be partially regulated via the p38 signaling pathway.
Indeed, Tan et al. [33] found that the upregulation of BMP-4
activated by CCN3 was abrogated by p38 and JNK inhibitors.
COLIAL, the gene encoding alpha chain of type I collagen,
was inhibited by exposure to SB202190 and promoted by
PD98059, denoting that this gene is regulated by p38 and ERK
signaling pathway and unaffected by JNK. Finally, the OCN
expression was significantly downregulated by Dex, although
there was slight reduction of expression in SB202190 group,
and the difference was not evident, suggesting that some
other signaling pathways might be involved.
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As cell matrix is regulated to a large extent by sur-
face receptors such as integrin, we further expanded our
investigation to analyze the gene expression of integrin
stimulated by Dex and MAPK inhibitors. Thus far, there
are 24 known integrins. We characterized six subtypes of
integrin (ITGAL, ITGA3, ITGAS, and ITGAV and ITGBI
and ITGB5) by real time RT-PCR. ITGBI, a ubiquitously
expressed integrin, was promoted. Indeed, in vivo ITGBI
knockout mice were found to exhibit delayed eruption of
molars, indicating that it was indispensable for the tooth
development [34]. Among the four alpha integrins, only
ITGA3 was significantly promoted by Dex, and SB202190 did
not impact the expression of ITGA3, denoting that p38 is not
involved in the regulation of ITGA3 expression. There was no
change in terms of ITGA5 expression after exposure to Dex,
but ITGAl and ITGAV were downregulated. Furthermore,
SB202190 markedly downregulates the expression of ITGAI,
ITGAS5, ITGAV, ITGBI, and ITGB5. In contrast, SP600125
and PD98059 significantly enhanced the expression of all the
integrins. It is thus suggested that Dex induced an altered
integrin expression pattern, which were further changed by
the exposure to MAPK inhibitors.

Dentine undergoes continuous matrix deposition. Odon-
toblasts are cells that line the periphery of the pulp and
responsible for dentine matrix secretion and mineralization.
In the case of injury, certain signaling pathways in odon-
toblasts are activated by inflammatory factors to initiate
wound healing process. Among various pathways inside a
cell, MAPKs are a family of enzymes that are implicated in
a series of processes. Here, we established the mineralization
and differentiation model in MDPC-23 cell by stimulating it
with Dex and identified the signaling pathways of switching
odontoblasts from quiescent state to active secretion state.
We selected three specific MAPKs inhibitors and clarified
their effects when added to cell culture media. The results,
which correlate well with previous literatures, underline
a critical role of p38 in the regulation of differentiation
and mineralization in MDPC-23 cell. Qin et al. examined
differentiation of human dental pulp cells into odontoblasts
using bone morphogenetic protein-2 (BMP-2) and detected
enhanced phosphorylation of p38«; moreover, knock-down
of this pathway inhibited ALP activity and mineralization and
suppression of p38« attenuated odontoblastic differentiation
[35]. Another comparative study of early and late stage
odontoblasts suggested that p38 was intensively expressed
by early stage odontoblasts and disappeared in late stage
odontoblasts, denoting that it was involved in the primary
dentine formation [36]. Interestingly, Yu et al. purified human
dentin matrix proteins cocktail and added them to bone
marrow-derived mesenchymal stem cells to find that both
ERK and p38 were phosphorylated, and inhibition of this
two pathways simultaneously suppressed mineralization and
gene expression of osterix and DSPP [37]. It is hence should
be pointed out that, due to the differences in stimulants, cell
types, and experiment design, the potential effects of p38,
JNK, and ERK reported in literatures are not always the same,
sometimes even contradictory. One should thus be careful to
interpret the data in published literatures.



BioMed Research International

In the present work, we used Dex as a mineralization
inducer to establish an in vitro differentiation model in
MDPC-23 cell and compared the effects of three specific
inhibitors to p38, JNK, and ERK. Despite the limitations of
the current experiment, it is suggested that p38 signaling
pathway emerges to be an important member in the regula-
tion of differentiation and mineralization of MDPC-23 cell.

5. Conclusion

To summarize, analysis of the data presented by the current
study demonstrated that addition of Dex into the mineral-
ization media accelerated differentiation and mineralization
in MDPC-23 cell and that inhibition of the MAPK pathways
(p38, JNK, and ERK) identified SB202190, a specific p38
MAPK inhibitor completely blocked the ALP activity, expres-
sion of osteogenesis markers including BSP, ALP, and OPN,
and mineralization. As shown above, there are several studies
on Dex-induced signaling via MAPKSs regulating osteogenic
differentiation and mineralization in other cell types; how-
ever, none has reported those effects in odontoblast-like cell.
Benefit from the current work provides a possible rationale
for future work to use small-molecule activators toward p38
as a treating modality for induction of hard tissue formation
in dental pulp lesion.

Conflicts of Interest

The authors declare that there are no conflicts of interest in
relation to the publication of the article.

Acknowledgments

The present study was supported by JSPS KAKENHI nos.
JP15H05024 and JP17K17139.

References

[1] C.7J. Elder and N. J. Bishop, “Rickets,” The Lancet, vol. 383, no.
9929, pp. 1665-1676, 2014.

[2] Z. Wei and H. T. Liu, “MAPK signal pathways in the regulation
of cell proliferation in mammalian cells,” Cell Research, vol. 12,
no. 1, pp. 9-18, 2002.

[3] Y. Sun, W. Z. Liu, T. Liu, X. Feng, N. Yang, and H. E
Zhou, “Signaling pathway of MAPK/ERK in cell proliferation,
differentiation, migration, senescence and apoptosis,” Journal of
Receptors and Signal Transduction, vol. 35, pp. 600-604, 2015.

[4] N.J. Darlingand S. J. Cook, “The role of MAPK signalling path-
ways in the response to endoplasmic reticulum stress,” Biochim-
ica et Biophysica Acta (BBA) - Molecular Cell Research, vol. 1843,
no. 10, pp. 2150-2163, 2014.

[5] J. Avruch, “MAP kinase pathways: The first twenty years,”
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research,
vol. 1773, no. 8, pp. 1150-1160, 2007.

[6] T.Zhou,S.Guo, Y. Zhang, Y. Weng, L. Wang, and J. Ma, “GATA4
regulates osteoblastic differentiation and bone remodeling via
p38-mediated signaling,” Journal of Molecular Histology, vol. 48,
no. 3, pp. 187-197, 2017.

[7] J.-H.Son, B.-S. Park, I.-R. Kim et al., “A novel combination treat-
ment to stimulate bone healing and regeneration under hypoxic
conditions: photobiomodulation and melatonin,” Lasers in
Medical Science, vol. 32, no. 3, pp. 533-541, 2017.

[8] S. M. Woo, K. J. Seong, S. J. Oh et al., “17-Estradiol induces
odontoblastic differentiation via activation of the c-Src/MAPK
pathway in human dental pulp cells,” The International Journal
of Biochemistry & Cell Biology, vol. 93, no. 6, pp. 587-595, 2015.

[9] W.Qin, P. Liu, R. Zhang et al., “/NK MAPK is involved in BMP-
2-induced odontoblastic differentiation of human dental pulp
cells,” Connective Tissue Research, vol. 55, no. 3, pp. 217-224,
2014.

[10] Q.Li, M. S. Valerio, and K. L. Kirkwood, “MAPK Usage in Peri-
odontal Disease Progression,” Journal of Signal Transduction,
vol. 2012, Article ID 308943, 17 pages, 2012.

[11] J. A. C. de Souza, C. Rossa Junior, G. P. Garlet, A. V. B. Nogueira,
andJ. A. Cirelli, “Modulation of host cell signaling pathways as a
therapeutic approach in periodontal disease,” Journal of Applied
Oral Science, vol. 20, no. 2, pp. 128-138, 2012.

J. Tang and T. Saito, “Dexamethasone stimulates nephronectin
expression and mediates mineralization in MDPC-23 cell
via Akt/mTOR signaling pathway,” Biology, Engineering and
Medicine, vol. 2, no. 3, pp. 1-6, 2017.

[13] S. Murad, D. Grove, K. A. Lindberg, G. Reynolds, A. Sivarajah,
and S. R. Pinnell, “Regulation of collagen synthesis by ascorbic
acid,” Proceedings of the National Acadamy of Sciences of the
United States of America, vol. 78, no. 5, pp. 2879-2882, 1981.

[14] C.-H. Chung, E. E. Golub, E. Forbes, T. Tokuoka, and I. M.
Shapiro, “Mechanism of action of 3-glycerophosphate on bone
cell mineralization,” Calcified Tissue International, vol. 51, no. 4,
pp. 305-311, 1992.

[15] E Langenbach and J. Handschel, “Effects of dexamethasone,
ascorbic acid and -glycerophosphate on the osteogenic differ-
entiation of stem cells in vitro,” Stem Cell Research & Therapy,
vol. 4, no. 5, article 117, 2013.

[16] C.T. Hanks, D. Fang, Z. Sun, C. A. Edwards, and W. T. Butler,
“Dentin-specific proteins in MDPC-23 cell line,” European
Journal of Oral Sciences, vol. 106, supplement 1, pp. 260-266,

1998.

[17] S. P. Davies, H. Reddy, M. Caivano, and P. Cohen, “Specificity
and mechanism of action of some commonly used protein
kinase inhibitors,” Biochemical Journal, vol. 351, no. 1, pp. 95—
105, 2000.

[18] Z.Han, D. L. Boyle, L. Chang et al., “c-Jun N-terminal kinase is

required for metalloproteinase expression and joint destruction

in inflammatory arthritis,” The Journal of Clinical Investigation,

vol. 108, no. 1, pp. 73-81, 2001.

K. Yeung, P. Janosch, B. McFerran et al., “Mechanism of sup-

pression of the Raf/MEK/extracellular signal-regulated kinase

pathway by the Raf kinase inhibitor protein,” Molecular and

Cellular Biology, vol. 20, no. 9, pp. 3079-3085, 2000.

S. Chen, J. Gluhak-Heinrich, Y. H. Wang et al., “Runx2, osx, and

dspp in tooth development,” Journal of Dental Research, vol. 88,

no. 10, pp. 904-909, 2009.

[21] T. Komori, “Regulation of bone development and extracellular
matrix protein genes by RUNX2,” Cell and Tissue Research, vol.
339, no. 1, pp. 189-195, 2010.

[22] S. Simon, A. J. Smith, A. Berdal, P. J. Lumley, and P. R.
Cooper, “The MAP kinase pathway is involved in odontoblast
stimulation via p38 phosphorylation,” Journal of Endodontics,
vol. 36, no. 2, pp. 256-259, 2010.

(12

[19

[20



10

[23]

(25]

(26]

(27]

(28]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

Y. Hu, E. Chan, S. X. Wang, and B. Li, “Activation of p38
mitogen-activated protein kinase is required for osteoblast
differentiation,” Endocrinology, vol. 144, no. 5, pp. 2068-2074,
2003.

T. Matsuguchi, N. Chiba, K. Bandow, K. Kakimoto, A. Masuda,
and T. Ohnishi, “INK activity is essential for Atf4 expression
and late-stage osteoblast differentiation,” Journal of Bone and
Mineral Research, vol. 24, no. 3, pp. 398-410, 2009.

B. S. Kim, H.-J. Kang, J.-Y. Park, and J. Lee, “Fucoidan promotes
osteoblast differentiation via JNK- and ERK-dependent BMP2-
Smad 1/5/8 signaling in human mesenchymal stem cells,
Experimental ¢ Molecular Medicine, vol. 47, no. 1, article no.
el28, 2015.

L. Chen, L. Zheng, . Jiang et al., “Calcium Hydroxide-induced
Proliferation, Migration, Osteogenic Differentiation, and Min-
eralization via the Mitogen-activated Protein Kinase Pathway in
Human Dental Pulp Stem Cells,” Journal of Endodontics, vol. 42,
no. 9, pp. 1355-1361, 2016.

J. Tang and T. Saito, “Nephronectin Stimulates the Differenti-
ation of MDPC-23 Cells into an Odontoblast-like Phenotype,”
Journal of Endodontics, vol. 43, no. 2, pp. 263-271, 2017.

M. Ikehata, A. Yamada, N. Morimura et al., “Wnt/f3-catenin
signaling activates nephronectin expression in osteoblasts;’
Biochemical and Biophysical Research Communications, vol.
484, no. 2, pp. 231-234, 2017.

K.-S. Lee, S.-H. Hong, and S.-C. Bae, “Both the Smad and p38
MAPK pathways play a crucial role in Runx2 expression
following induction by transforming growth factor-f and bone
morphogenetic protein,” Oncogene, vol. 21, no. 47, pp. 7156—
7163, 2002.

Y. Lu, L. Ye, S. Yu et al., “Rescue of odontogenesis in Dmpl-
deficient mice by targeted re-expression of DMP1 reveals roles
for DMPI in early odontogenesis and dentin apposition in vivo,”
Developmental Biology, vol. 303, no. 1, pp. 191-201, 2007.

A. Nakagawa, T. Okinaga, W. Ariyoshi, T. Morotomi, C. Kita-
mura, and T. Nishihara, “Effects of Interferon-y on odontoblas-
tic differentiation and mineralization of odontoblast-like cells,”
The Inflammation and Regeneration, vol. 35, no. 4, pp. 210-217,
2015.

D. Seki, N. Takeshita, T. Oyanagi et al., “Differentiation of
odontoblast-like cells from mouse induced pluripotent stem
cells by pax9 and bmp4 transfection,” Stem Cells Translational
Medicine, vol. 4, no. 9, pp. 993-997, 2015.

T.-W. Tan, Y.-L. Huang, J.-T. Chang et al., “CCN3 increases
BMP-4 expression and bone mineralization in osteoblasts,”
Journal of Cellular Physiology, vol. 227, no. 6, pp. 2531-2541, 2012.
K. Saito, E. Fukumoto, A. Yamada et al., “Interaction between
fibronectin and f31 integrin is essential for tooth development,”
PLoS ONE, vol. 10, no. 4, Article ID e0121667, 2015.

W. Qin, Z. M. Lin, R. Deng et al., “p38a MAPK is involved in
BMP-2-induced odontoblastic differentiation of human dental
pulp cells,” International Endodontic Journal, vol. 45, no. 3, pp.
224-233, 2012.

S. Simon, A. J. Smith, P. J. Lumley et al., “Molecular characteri-
zation of young and mature odontoblasts,” Bone, vol. 45, no. 4,
pp. 693-703, 2009.

Y. Yu, L. Wang, J. Yu et al., “Dentin matrix proteins (DMPs)
enhance differentiation of BMMSCs via ERK and P38 MAPK
pathways,” Cell and Tissue Research, vol. 356, no. 1, pp. 171-182,
2014.

BioMed Research International



