Proliferation

Cell Prolif., 2014, 47, 241-248

doi: 10.1111/cpr.12099

Mineral trioxide aggregate upregulates odonto/osteogenic capacity of bone

marrow stromal cells from craniofacial bones via JNK and ERK MAPK

signalling pathways
Y. Wang*$?, J. Lit®, W. Song* and J. Yut'{

*Endodontic Department, The Affiliated Stomatological Hospital of Soochow University, Suzhou, Jiangsu, 215005, China, TInstitute of
Stomatology, Nanjing Medical University, Nanjing, Jiangsu, 210029, China and }Endodontic Department, School of Stomatology, Nanjing Medical

University, Nanjing, Jiangsu, 210029, China

Received 19 October 2013; revision accepted 21 December 2013

Abstract

Objectives: The aim of this study was to investigate
effects of mineral trioxide aggregate (MTA) on
odonto/osteogenic differentiation of bone marrow
stromal cells (BMSCs) from craniofacial bones.
Materials and methods: Craniofacial BMSCs were
isolated from rat mandible and effects of MTA on
their proliferation, differentiation and MAPK path-
way involvement were subsequently investigated,
in vitro. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2,5-tetrazoliumbromide) assay was per-
formed to evaluate proliferation of the MTA-treated
cells. Alkaline phosphatase (ALP) activity, alizarin
red staining, real-time reverse transcription poly-
merase chain reaction and western blot assays were
used to assess differentiation capacity as well as
MAPK pathway involvement.

Results: 0.02 mg/ml MTA-treated BMSCs had
significantly higher ALP activity and formed more
mineralized nodules than the wuntreated group.
Odonto/osteoblastic marker genes/proteins (Alp,
Runx2/RUNX2, Osx/OSX, Ocn/OCN and Dspp/
DSP respectively) in MTA-treated cells were
remarkably upregulated compared to untreated
ones. Mechanistically, phosphorylated Jun N-termi-
nal kinase (P-JNK) and phosphorylated extracellu-
lar regulated protein kinases (P-ERK) in
MTA-treated BMSCs increased significantly in a
time-dependent manner, while inhibition of JNK
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and ERK MAPK pathways dramatically blocked
MTA-induced odonto/osteoblastic differentiation, as
indicated by reduced ALP levels, weakened miner-
alization capacity and downregulated levels of
odonto/osteoblastic marker genes (Alp, Runx2, Osx,
Ocn and Dspp).

Conclusion: Mineral trioxide aggregate promoted
odonto/osteogenic capacity of craniofacial BMSCs
via JNK and ERK MAPK signalling pathways.

Introduction

In clinical practice, endodontists often face young peo-
ple with permanent teeth suffering from periapical
inflammation, which can be treated either by apexifica-
tion or pulp revascularization (1,2) (instead of more tra-
ditional root canal therapy) due to their incompletely
developed and open mouth-shaped apical foramina. The
biomaterial and its interaction with apical cells are two
major factors behind the success of apexification or
revascularization, which play paramount roles during
continuous formation of calcified tissues in the root
canal system. Potential cell candidates residing in the
apical tissue of young permanent teeth, which are
responsible for hard-tissue regeneration, may include at
least three types of stem/progenitor cell, stem cells from
the apical papilla, periodontal ligament stem cells and
bone marrow stromal cells (BMSCs) from jaw bones
(3-5). Some studies have reported that bone marrow-
derived cells may communicate with dental tissues and
ultimately become tissue-specific mesenchymal progeni-
tor/stem cells, to maintain pulp homeostasis (5). Thus, it
is believed that BMSCs from apical alveolar bone mar-
row may also play an important role in repair of root
apical foramina due to their capacity for multipotential
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differentiation, and easy attachment to biomaterials via
blood flow in root canals during pulp revascularization.
However, up to now interactions between biomaterials
and BMSCs in the root canal system have remained
unexplored.

Mineral trioxide aggregate (MTA) has been widely
used in clinical apexification/pulp revascularization and
MTA-treated cases have presented excellent outcomes in
endodontic practice due to MTA low cytotoxicity, good
biocompatibility and competent inducibility over more
traditional materials such as Ca(OH), (6). Some studies
have revealed that patients with apical inflammation suc-
cessfully achieved complete new root development with
the help of MTA, and blood flow introduction in the root
canal system (1,5). Recently, investigators have indicated
that MTA promoted proliferation and differentiation of
dental pulp stem cells (7), and induced differentiation of
human periodontal ligament fibroblasts (1,4,5,8). More-
over, MTA can assist cell adhesion, expansion and
migration of bone marrow-derived mesenchymal stem
cells (8). However, little is known concerning effects of
MTA on craniofacial BMSCs, which certainly participate
in MTA-based pulp revascularization within the root
canal system via influx of blood flow.

In this study, we explored whether MTA could exert
inductive influence on craniofacial BMSCs via MAPK
pathways. To test this hypothesis, BMSCs were isolated
from rat mandibles and treated with MTA-conditioned
media. Their odonto/osteogenic capacity and intracellu-
lar MAPK pathways were evaluated in vitro. Our find-
ings revealed for the first time that MTA can enhance
odonto/osteogenic differentiation of craniofacial BMSCs
using Jun N-terminal kinase (JNK) and extracellular reg-
ulated protein kinases (ERK) MAPK pathways.

Materials and methods

Cell isolation and culture

For preparation of BMSCs, 6 (4-week old) female Spra-
gue-Dawley rats from the Experimental Animal Centre
of Nanjing Medical University were euthanased by over-
dose of pentobarbital. Animals were treated according to
the animal experimental guidelines approved by the Ani-
mal Experiment Committee of Nanjing Medical Univer-
sity. BMSCs from mandibles were isolated and
identified as previously described (9) and isolated ones
were then cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM, Gibco, Life Technologies, Grand Island,
NY, USA) supplemented with 10% foetal bovine serum
(Hyclone, Logan, UT, USA), 100 U/ml penicillin and
100 pg/ml streptomycin at 37 °C in 5% CO,. Culture
media were changed every 3 days and cells were
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routinely observed using phase-contrast microscopy
(Olympus, Shanghai, China). Their mesenchymal nature
was confirmed by immunostaining with anti-Stro-1 anti-
body (1:100, Millipore, Bedford, MA, USA, Catalog
number: mab4315). BMSCs at passages 2—4 were used
in the following experiments.

CD marker analysis

For surface epitope expression analysis, 10° cells/well
were first Fc-blocked by treatment with 1 mg normal IgG
for 20 min at room temperature, and subsequently stained
with the following fluorochrome-conjugated rabbit anti-
rat antibodies: CD29-APC, CD34-FITC, CD45-PE and
CD105-FITC (all from BD Biosciences, San Jose, CA,
USA). Cells were incubated with various combinations
of antibodies for 20 min at room temperature in the dark,
before washing twice in PBS (0.01 mol/l) and analysis
using BD FACSCalibur (BD Biosciences).

Preparation of MTA-conditioned media

ProRoot MTA (Dentsply, Tulsa, OK, USA) was mixed
with sterile water according to the manufacturer’s
instructions, dried for 24 h and ground to fine powder.
The powder was filtered through a 45 um strainer,
mixed with DMEM at a concentration of 200 mg/ml
(200 mg MTA:1 ml DMEM), vortexed until completely
suspended and incubated for 1 week at 37 °C to obtain
the bioactive ingredients in MTA. Then, MTA superna-
tant collected from 200 mg MTA powder was filtered
through a 2.5-um strainer and mixed with fresh routine
culture media to obtain MTA-conditioned media at dif-
ferent concentrations (0.002, 0.02, 0.2, 2 and 20 mg/ml)
according to the powder/media (W/V) ratios. Cells were
treated every other day with freshly prepared MTA-con-
ditioned media.

MTT assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2,5-tet-
razoliumbromide) assay was performed to investigate
capacity for cell proliferation. Third passage cells were
seeded into 96-well plates (Nunc, Thermo Fisher Scien-
tific Inc., South Logan, UT, USA) 2 x 10° cells/well,
for 24 h. They were starved in serum-free media for a
further 24 h, then treated with MTA-conditioned media
at different concentrations. After 0, 1, 3, 5 and 7 days
co-culture, 20 pl fresh MTT solution (5 mg/ml; Sigma-
Aldrich, St. Louis, MO, USA) was added into the wells
of each group and incubated for four more hours at
37 °C. Culture medium was removed and formazan
crystals were solubilized using 150 pl/well dimethyl
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sulphoxide (DMSO; Sigma-Aldrich). Optical density
(OD) values were measured at 490 nm using a microtit-
er plate reader (Titertek, Helsinki, Finland). Data were
described as mean £ SD; this experiment was repeated
SiX times.

Alkaline phosphatase (ALP) activity and alizarin red
staining

To screen the optimal and effective concentration of
MTA-conditioned medium, BMSCs were seeded into the
96-well plates (Nunc) at 2 x 10* cells/well and cultured
in DMEM containing 10% foetal bovine serum or MTA-
conditioned medium at concentrations of 0.002, 0.02, 0.2,
2 and 20 mg/ml respectively. On day 3 and day 5, ALP
activity of each group was measured using an ALP kit
(Biosino Bio-technology & Science Inc., Beijing, China)
and normalized on the basis of equivalent protein concen-
trations. According to the ALP results, 0.02 mg/ml MTA
solution was considered and selected to be the optimal
inductive medium for subsequent experiments. Then,
cells were respectively cultured in DMEM and 0.02 mg/
ml MTA-conditioned medium for 14 days and alizarin
red staining was performed to evaluate mineralization
capacity of MTA-treated BMSCs as previously described
(10,11).

To further determine roles of JNK and ERK MAPK
pathways in MTA-mediated differentiation of BMSCs,
U0126 (specific ERK inhibitor; Sigma) and SP600125
(identified JNK inhibitor; Sigma) were respectively used
30 min prior to MTA treatment to block cellular ERK
and JNK pathways. Cells were respectively cultured in
0.02 mg/ml MTA, 0.02 mg/ml MTA + 10 pm U0126,
0.02 mg/ml MTA + 10 pm SP600125 and 0.02 mg/ml
MTA + 10 pm UO0126 + 10 pm SP600125. ALP assay
and alizarin red staining were then performed as men-
tioned earlier, respectively at day 5 and day 14. Results
are presented as mean + SD; this experiment was
repeated three times.

Real-time reverse transcription polymerase chain
reaction (Real-time RT-PCR)

To assess odonto/osteogenic effects of MTA on treated
and untreated BMSCs, by MTA for 3 and 7 days, cells
respectively were collected. Furthermore, to evaluate
JNK and ERK pathways during differentiation of the
cells, those treated with 0.02 mg/ml MTA, 0.02 mg/
ml MTA + 10 um UO0126, 0.02 mg/ml MTA + 10 um
SP600125 and 0.02 mg/ml MTA + 10 pm UO0126 +
10 pm SP600125 were collected. Total RNA of each
sample was extracted by adding TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) following the manufacturer’s
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Table 1. Sense and antisense primers for the real-time reverse tran-
scription-polymerase chain reaction

Genes Primers Sequences (5'-3")

Alp Forward CGAGCAGGAACAGAAGTTTGC
Reverse GAATCCGACCCACGGAGG

Runx2 Forward AATGCCTCCGCTGTTATG
Reverse TTCTGTCTGTGCCTTCTTG

Osx Forward GCCTACTTACCGTGACTTT
Reverse GCCCACTATTGCCAACTGC

Ocn Forward AAGCCCAGCGACTCTGAGTCT
Reverse CCGGAGTCTATTCACCACCTTACT

Dspp Forward TGACAGCAAGGACAGCAC
Reverse GGGGTTCTCTGCTCTAATC

Gapdh Forward GAAGGCAGCCCTGGTAACC
Reverse ATGGTGGTGAAGACGCCAGTA

instructions, and concentration was measured using a
Protein/RNA calculator. mRNA was reverse transcribed
into cDNA using PrimeScript RT Master Mix Kit
(TaKaRa Biotech., Dalian, China). Real-time RT-PCR
was performed using SYBR Premix Ex Taq™ kit
(TaKaRa Biotech.) and ABI 7300 real-time PCR system.
Primers used in this experiment are listed in Table 1.
Gapdh was used as an internal control and expression of
odonto/osteoblastic genes was calculated using the p—AAC
method as previously reported (12). Data are expressed
as mean + SD of three independent experiments.

Western blotting

To investigate odonto/osteogenic differentiation of
BMSCs after stimulation by MTA, MTA-treated cells at
day 3 or day 7 were collected. To measure expression
of MAPK pathway proteins, cells were collected after
MTA treatment for 0, 30, 60 and 90 min. Samples were
lysed in RIPA lysis buffer (Beyotime, Nanjing, China)
containing 1 mMm  phenylmethylsulphonyl  fluoride
(PMSF; Beyotime) according to the manufacturer’s
instructions. Protein concentrations were measured using
the Bradford protein assay. Thirty microgram protein
per lane was loaded on 10% SDS-PAGE gel for electro-
phoresis, then transferred to 0.22 um PVDF membranes
(Millipore) at 300 mA for 1 h, in blotting apparatus
(Bio-Rad, Hercules, CA, USA). Membranes were
blocked in blocking solution (5% w/v skimmed milk,
0.01 M PBS, 0.1% Tween-20) at room temperature for
2 h, and incubated with primary antibodies [DSP, 1:500,
Santa Cruz, Dallas, TX, USA (catalog number:
sc-33587); RUNX2, 1:1000, Abcam, Hong Kong, China
(catalog number: ab76956); OSX, 1:1000, Abcam (cata-
log number: ab22552); OCN, 1:1000, Abcam (catalog
number: ab13418); P38, 1:1000, Bioworld, Minneapolis,
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MN, USA (catalog number: BS3566); P-P38, 1:1000,
Bioworld (catalog number: BS4766); JNK, 1:1000,
Bioworld (catalog number: BS3630); P-JNK, 1:1000,
Bioworld (catalog number: BS4322); ERK, 1:1000,
Bioworld (catalog number: BS3627); P-ERK, 1:1000,
Bioworld (catalog number: BS6377); B-ACTIN, 1:1000,
Bioworld (catalog number: BS1002)] overnight at 4 °C.
Finally, membranes were washed three times in PBST
for 10 min followed by incubation in secondary anti-
body (1:10 000; Boster, Wuhan, China) at 37 °C for
1 h, visualized by SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo, Rockford, IL, USA) and
exposed to Kodak X-ray films. B-actin served as internal
control in this experiment, which was repeated three
times.

Statistical analysis

The two-sample 7-test was performed to compare means
of two independent samples. For multiple comparisons
between experimental groups and control group, Dunnett’s
test was used to check significant differences. Two-tailed
P < 0.05 were considered statistically significant. All sta-
tistical analysis was performed using spss 13.0 software
(SPSS Inc., Chicago, IL, USA).
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Figure 1. Proliferation features of mineral
trioxide aggregate (MTA)-treated bone
marrow stromal cells (BMSCs). (a) Spindle-
like BMSCs at passage 2. (b) BMSCs were
immunopositive for Stro-1. (¢) PBS served as
a negative control. (d) Flow cytometry dia-
grams demonstrate the positive expression of
mesenchymal markers (CD105, CD29) and
negative expression of hematopoietic markers
(CD45, CD34). (e) MTT results at day 3 and
day 5. (f) Growth curve of BMSCs after
MTA treatment at the concentration of
0.02 mg/ml. Values are mean + SD, n = 6,
**pP < 0.01. Scale bars = 100 pum.

Results

Effects of MTA on proliferation of BMSCs

Bone marrow stromal cells at passage 2 were fibroblast-
or spindle-like (Fig. la) with positive expression of
Stro-1 (Fig. 1b), CD29 and CD105 (Fig. 1d), while not
expressing CD34 and CD45 (Fig. 1d). MTT results
(Fig. le) showed that there was no significant difference
in OD values bewteen the control group and MTA
groups at different concentrations, whereas OD values in
the 20 mg/ml group were significantly lower compared
to the control group (P < 0.01). Growth curves (Fig. 1f)
indicated no statistical difference between control and
the 0.02 mg/ml MTA group between day O and day 11.

Effect of MTA on odonto/osteogenic differentiation of
BMSCs

Odonto/osteogenic potential was measured respectively
by ALP activity, alizarin red staining, real-time RT-PCR
and western blot assay. On day 3 and day 5, ALP levels
in 0.02 mg/ml MTA group were highest among all
groups and were significantly higher than those of the
control group (P <0.01 or P < 0.05), whereas ALP
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Figure 2. Odonto/osteogenic differentiation
of mineral trioxide aggregate (MTA)-trea-
ted bone marrow stromal cells (BMSCs).
(a) Alkaline phosphatase activities of BMSCs
after MTA treatment (0.02 mg/ml) at day 3
and day 5. Values are mean + SD, n = 6,
*P < 0.05, **P < 0.01. (b) Alizarin red stain-
ing in BMSCs after 14 days of treatment by
0.02 mg/ml  MTA-conditioned media. (c)
Real-time RT-PCR for the odonto/osteogenic
genes (Alp, Runx2, Osx, Ocn and Dspp) in
MTA-treated BMSCs at day 3 and day 7.
Gapdh was used as an internal control. Val-
ues are mean + SD. *#¥27AACt > 2 p <001,
*] <27 <2 P <0.01 (n = 3). (d) Wes-
tern blot analyses for the odonto/osteogenic
proteins (RUNX2, OSX, OCN and DSP) in
MTA-treated BMSCs at day 3 and day 7.
ACTIN served as an internal control.

(a) 0 min 30 min 60 min

Figure 3. Activation of Jun N-terminal
kinase (JNK) and extracellular regulated
protein kinases (ERK) MAPK pathways in
mineral trioxide aggregate (MTA)-treated
bone marrow stromal cells. (a) The expres-
sion of MAPK pathway proteins at different
time points. (b) The ratio of phosphorylated
to unphosphorylated form of P38 (P-P38/
P38). (c) The ratio of phosphorylated-JNK
(P-JNK) to unphosphorylated JNK. (d) The
ratio of phosphorylated-ERK (P-ERK) to
ERK. Values are mean £ SD, n =3,
**p < 0.01.

activities in 20 mg/ml MTA group were significantly
lower (P <0.01) compared to the control group
(Fig. 2a). Thus, 0.02 mg/ml was selected to be the opti-
mal concentration of MTA for the following experiments,
according to ALP activity and proliferative features of
the BMSCs. Alizarin red staining revealed that in the
0.02 mg/ml MTA group, cells formed more calcified
nodules than those in the control group (Fig. 2b).

Real-time RT-PCR assay showed that odonto/osteo-
genic genes (Alp, Runx2, Osx, Ocn and Dspp) in the
BMSCs were significantly upregulated (P < 0.01) after
MTA treatment (Fig. 2c). Western blotting results dem-
onstrated that odonto/osteogenic proteins (RUNX2,
OSX, OCN and DSP) were also enhanced in MTA-trea-
ted cells on day 3 and day 7, in comparison to the con-
trol group (Fig. 2d).
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MTA enhanced odonto/osteogenic capacity of BMSCs by
activating JNK and ERK MAPK pathways

To explore MAPK pathway involvement in MTA-trea-
ted BMSCs, MAPK signalling proteins were measured
after MTA treatment. Levels of p38 and P-p38 had
almost no change during treatment, while expression of
P-JNK gradually increased from O to 60 min then
reduced by 90 min. Expression of P-ERK increased by
30 min and gradually decreased again by 60 and
90 min (Fig. 3a). Ratio of phosphorylated to unphos-
phorylated forms of proteins confirmed that expression
of P-p38 was not affected by MTA treatment (Fig. 3b),
whereas expressions of P-JNK (Fig. 3c) and P-ERK
(Fig. 3d) were significantly enhanced (P < 0.01) after
MTA treatment.
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Figure 4. Effects of inhibitors of Jun N-terminal kinase (JNK) and extracellular regulated protein kinases (ERK) MAPK pathway on min-
eral trioxide aggregate (MTA)-induced differentiation of bone marrow stromal cells (BMSCs). (a) The expression of P-ERK in BMSCs treated
by 10 um U0126 at different time points. (b) The levels of P-JNK in BMSCs treated by 10 pm SP600125 at different time points. (¢c) The odonto/
osteogenic genes (Alp, Runx2, Osx, Ocn and Dspp) respectively in different groups (Control, MTA, 10 pm U0126 + MTA, 10 pm
SP600125 + MTA and U0126 + SP600125 + MTA). Values are mean £+ SD. #x)~AACLS 9 p < 0.01 (n = 3). (d) Alkaline phosphatase levels of
BMSCs after 5 days of culture in different groups (0.02 mg/ml MTA, 10 pm U0126 + 0.02 mg/ml MTA, 10um SP600125 + 0.02 mg/ml MTA
and 10 pv UO0126 + 10 pv SP600125 + 0.02 mg/ml MTA). Values are mean £+ SD, n = 6, *P < 0.05, **P < 0.01. (e) Alizarin red staining in
BMSCs after 14 days of treatment respectively by 0.02 mg/ml MTA, 10 um U0126 + 0.02 mg/ml MTA,10 pm SP600125 + 0.02 mg/ml MTA and

10 v U0126 + 10 v SP600125 + 0.02 mg/ml MTA.

To further confirm the role of JNK and ERK MAPK
pathways during MTA-induced differentiation of
BMSCs, U0126 (specific ERK inhibitor) and SP600125
(specific JNK inhibitor) were respectively used to block
ERK and JNK pathways. As shown in Fig. 4a and 4b,
both P-ERK and P-JNK were downregulated after
30 min treatment with the inhibitors. Real-time RT-PCR
results demonstrated that odonto/osteogenic genes (Alp,
Runx2, Osx, Ocn and Dspp) in UO0126 + MTA,
SP600125 + MTA and UO0126 + SP600125 + MTA
groups were significantly downregulated compared to
MTA-treated counterparts (Fig. 4c; P < 0.01). Similarly,
ALP levels in U0126 + MTA, SP600125 + MTA and
U0126 + SP600125 + MTA groups were clearly down-
regulated (Fig. 4d; P < 0.01) in comparison to the MTA
group. Alizarin red staining revealed that mineralized
nodules in UO0126 + MTA, SP600125 + MTA and
U0126 + SP600125 + MTA groups were also remark-
ably lower compared to the MTA group (Fig. 4e).

Discussion

Mineral trioxide aggregate is a type of bioactive material
that has previously been involved in diverse endodontic
procedures including pulpotomy, root-end filling, root
perforation repair, apexification and apexogenesis
(13,14). Inductive effects of MTA on target cells are of
great importance during MTA-based apexification or
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pulp revascularization. To date, little knowledge has
been available concerning effects of MTA on craniofa-
cial BMSCs. These have the potential to differentiate
into odonto/osteoblasts and to participate in root devel-
opment as well as in regeneration of periapical tissues
(alveolar bone, periodontium and cementum) (5,15-17).

In the present study, we prepared MTA-conditioned
media according to previous studies, with some modifi-
cations (7). A volume of 0.02 mg/ml MTA solution was
decided to be the optimal concentration to trigger differ-
entiation of craniofacial BMSCs, while high concentra-
tion of MTA (20 mg/ml) significantly diminished
proliferative activity of the cells due to higher basic pH
values and overdose of inorganic salts (18).

Mineral trioxide aggregate-treated BMSCs pre-
sented  stronger odonto/osteoblastic  differentiation
capacity than untreated ones, as indicated by increased
ALP activity, enhanced calcification and upregulated
expression of odonto/osteoblastic markers (Alp, Runx2/
RUNX2, Osx/OSX and Ocn/OCN, and Dspp/DSP) in
vitro. Alp/ALP, Runx2/RUNX2, Osx/OSX, and Ocn/
OCN are very important factors involved in either
early stage or later stage osteogenic differentiation and
odontogenesis (19,20). ALP is known to be associated
with bone metabolism and osteoblast differentiation,
and its activity is one of the most frequently used
indicators of osteoblastic differentiation. In addition,
ALP activity in the subodontoblastic layer is highest
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in dental pulp tissue closely related to dentin forma-
tion, and has also been considered to be a suitable
marker of odontogenic differentiation (12,21). Runx2
is an essential factor for bone formation, expressed in
the early stages of bone development continuing to be
present throughout later phases of osteogenesis.
RUNX2 is also expressed in preodontoblasts and
odontoblasts (22). Osx acts downstream of Runx2 and
is required in osteogenic differentiation in early and
later stages of osteogenesis (19,23). OCN is synthe-
sized by osteoblasts and odontoblasts, and is a well-
known marker of osteogenic differentiation and miner-
alization in late stages of bone formation (24). Dspp
and DSP are odontoblast-specific markers that usually
appear in dentin or predentin structures (25,26). They
are involved in nucleation and modulation of the
hydroxyapatite mineral phase during dentin calcifica-
tion (27). Together, the above findings demonstrated
that MTA can trigger odontogenic potential and accel-
erate osteogenic differentiation of BMSCs.

Mechanistically, MTA can cause upregulation of P-
JNK and P-ERK in a time-dependent manner, activate
the MAPK pathway and enhance differentiation of
BMSCs. These inductive actions were dramatically
reduced by specific inhibitors of MAPK (U0126 and
SP600125), indicating that MTA regulates odonto/osteo-
genic differentiation of BMSCs via the MAPK pathway.
The MAPK pathway includes three paralleled mecha-
nisms, p38, ERK1/2 and JNK1/2/3, all of which have
been reported to play an important role in regulating
proliferation, ostogenic and odontogenic differentiation
of various cell types, for example, dental pulp stem
cells, periodontal ligament stem cells, dental papilla
cells, perichondral cells and BMSCs) (28-30).

In addition, many factors can trigger the MAPK
pathway to modify cell phenotypes (31,32). As a mix-
ture of different kinds of inorganic salts (Ca2+, iron and
inorganic phosphate), MTA can affect activity of the
MAPK pathway by different approaches (33,34). Cal-
cium can activate ERK and p38 MAPK pathways
through changes in intracellular calcium signalling
(35,36), while iron supplementation can prevent cytotox-
icity and apoptosis induced by activation of the ERK
MAPK pathway (34). Moreover, inorganic phosphate
can activate the MAPK signalling pathway in different
cell types (33,37,38). Some studies have proven that
ERK in the MAPK pathway can converge with PI3K/
PDK-1/Akt pathway downstream effectors and upregu-
late expression of ALP, RUNX2, OSX and OCN, which
subsequently stimulate odonto/osteoblastic differentiation
at different stages (39-41).

In conclusion, 0.02 mg/ml MTA-conditioned media
can initiate odontogenic potential and promote osteogenic
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differentiation of craniofacial BMSCs by activation of
JNK and ERK MAPK signalling pathways, although
more extensive studies are required to investigate other
pathway mechanisms embedded in MTA-mediated differ-
entiation of BMSCs.
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