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Regenerative dentistry is an innovative ﬁeld of medicine
that is growing involving both dental and maxillofacial
sciences [1, 2].
Clinical healing occurs when new regenerated tissue is
well integrated into the previously damaged host tissue: in
this context, the reparative and regenerative actions of
resident and recruited mesenchymal stem cells (MSCs) have
been thoroughly performed.
In the most recent literature, the MSC-produced
secretome has been widely studied and it has been even
more considered as the strategic promoter of the vast
majority of the biological eﬀects derived from stem cell
transplantation [3–5].
Dental-derived mesenchymal stem cells (D-dMSCs) are
today considered as an intriguing milestone of the regenerative medicine as such cells have been reported to have a
strong ability to diﬀerentiate into osteogenic, adipogenic,
and chondrogenic lineages, with a peculiar ability to improve
the bone mineralization [6–9].
Complete healing might be achieved by establishing
novel strategies, by using scaﬀolds in combination with
oral-derived MSCs in the presence of secretome and
growth [3].

The interaction between stem cells and biomaterials is
a crucial topic; recent research trends were focused and
developed on the interaction both at superﬁcial macroscopic level and at structural microscopic level. About
the ﬁrst ones, involving the researches on scaﬀold-related
macroscopic features, there are evidences that geometrical
and mechanical properties of scaﬀolds are able to inﬂuence the cell behavior and their response to diﬀerentiating
stimulations [10].
Among the manufacturing processes that can be used
to fabricate biomimetic scaﬀolds, the strategy based on
the combination of additive manufacturing and computeraided design (CAD) modelling seems to be one of the
most promising [11]. The possibility to design and create
any shape for the newly produced scaﬀolds, and the
scientiﬁcally conﬁrmed evidence that scaﬀold geometry
plays a crucial role in inﬂuencing the MSC response, led
researchers towards an increasing attention to scaﬀold
design; more in details, bioengineers designed complex
morphologies able to be reproduced on the surfaces of
porous biomaterials [12–15].
Other types of research studies were related to microscopic features of scaﬀolds, demonstrating that many changes
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in scaﬀold microarchitecture modiﬁed, for example, the
adhesion of stem cells to the scaﬀold surfaces [16]. The
adhesion of stem cells to scaﬀold is a biologically guided
result of complex cellular, physical, and chemical processes, and it is an essential requirement to guarantee a
proper and eﬀective tissue engineering aimed to healing
and regenerative applications. Diﬀerently from the huge
number of studies focused on biochemical reactions that
trigger stem cell diﬀerentiation, very few studies are reported
in the scientiﬁc literature about how the mechanical environment aﬀects the adhesion of stem cells on biomaterials’
surfaces [17, 18].
We believe that extensive studies will be carried out on
this topic in the next few years. However, much still needs
to be elucidated in order to be able to create eﬃcient and safe
bioartiﬁcial substitutes for clinical use.
This special issue has reported articles on D-dMSCs used
as therapeutic aid in clinical and surgical applications. The
human dental pulp stem cells (hDPSCs) seem to be still the
most used cell model by the SI authors.
The most reported translational use of D-dMSC
therapy is related to tissue regeneration: in fact, authors
have investigated about cytotoxicity, genotoxicity, and
biocompatibility of endodontic materials for hDPSCs (A.
Victoria-Escandell et al.) or compared using this cell line
the eﬃciencies of osteogenic diﬀerentiation and in vivo
bone formation of hydroxyapatite-tricalcium phosphates
(HA-TCPs) and demineralized dentin matrix (DDM) (K.-J.
Kang et al.).
An interesting general view has been also given on
topics related to issues of general interest, as the potential
eﬀect of heavy ethanol consumption can inhibit odontogenic diﬀerentiation, a factor that needs to be considered
in clinical practice during pulp therapy (W. Qin et al.).
Moreover, other authors have focused their researches
to consider that nuclear receptor related 1 (NURR1) plays
a key role in switching hDPSC diﬀerentiation towards
osteoblast rather than neuronal or even other cell lines
(A. Di Benedetto et al.).
Finally, some authors have also reported interesting
aspects about the role of nephronectin (Npnt) to recruit
and conducive to mineralization in hDPSCs, oﬀering a
promising approach for hard tissue regeneration (J. Tang
and T. Saito).
In this special issue, the editors together with the involved
authors have well described the D-dMSCs in their diﬀerent
but fundamental roles of promoters, enhancers, and playmakers of the translational regenerative medicine.
Starting from the contents of our issue, the scientiﬁc
community will be stimulated to experiment new ideas, to
improve the knowledge of D-dMSCs, and to speed up their
clinical application, so to improve regenerative medicine
approaches.
Andrea Ballini
Antonio Boccaccio
Rajiv Saini
Phuc Van Pham
Marco Tatullo
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Aim. The purpose of the current study was to investigate the eﬀects of nephronectin (Npnt) in human dental pulp stem cells
(hDPSCs). Methodology. Npnt was coated to nontissue culture-treated polystyrene (non-PS) plates. The presence of
immobilized protein on the surface was detected by polyclonal rabbit primary anti-Npnt antibody. Then the cell number
was counted and compared with PBS-, bovine serum albumin- (BSA-), ﬁsh scale type I collagen- (FCOL1-), and human
ﬁbronectin- (Fn-) coated wells. Cell proliferation was assessed using CCK-8 assay. Cell morphology was observed under
light microscopy and ﬂuorescence microscopy. Lastly, the mRNA expression proﬁles of integrins, dentin sialophosphoprotein
(DSPP), bone sialoprotein (BSP), and mineralization capacity of hDPSCs were investigated by real time RT-PCR and
alizarin red staining, respectively. Results. Npnt mediates hDPSC adhesion and spreading partially via the Arg-Gly-Asp
(RGD) motif. Npnt enhanced the mRNA expression of ITGA1, ITGA4, ITGA7, and ITGB1 on day ﬁve. Npnt downregulated
DSPP but signiﬁcantly upregulated BSP mRNA expression at day 28. Further, Npnt and FCOL1 accelerated the matrix
mineralization in hDPSCs. Conclusions. The current ﬁndings implicate that Npnt would be favorable to recruit hDPSCs
and conducive to mineralization in hDPSCs. The combination of Npnt with hDPSCs may oﬀer a promising approach for
hard tissue regeneration.

1. Introduction
A healthy dental pulp is of paramount importance to the
structural and functional integrity of the tooth. The implications caused by tooth devitalization such as discoloration
have driven signiﬁcant interest in the development of bioactive materials that facilitate the regeneration of damaged
dentine tissues by harnessing the capacity of dental pulp
for self-repair.
As the regeneration capacities of dental tissue are limited,
exposure of pulp, whether caused by injury or caries, requires
immediate operative intervention to restore its vitality. The
fundamental point of a successful regeneration of dentin is
a combination of growth factors, stem cells, and scaﬀold.

The human dental pulp stem cells (hDPSCs) were discovered
in 2000 and characterized by their ability to form dentine-like
structure when transplanted into immunocompromised
mice [1]. On the other hand, hDPSCs were also able to diﬀerentiate into adipocyte and neural-like cells [2], highlighting
their potentiality to be used in the treatment of neurodegenerative diseases. Recently, it was reported that hDPSC
secretome reduces cytotoxicity and apoptosis caused by
amyloid beta (Aβ) peptide, a main component of amyloid
plaques in Alzheimer’s disease (AD), and could possibly
be utilized in the treatment of AD [3], a chronic neurodegenerative disease that aﬄicts 46 million people worldwide
nowadays [4]. More importantly, although DPSC shares
similar immune-phenotype with the bone marrow stromal
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cell (BMSC) in vitro, DPSC displayed strikingly higher odontogenic potentiality than BMSC using the same induction
factors [5].
Generally, because of the existence of stem cells, tissues
or organs retain an innate ability to repair their damaged
portions, to a certain degree. Nevertheless, this endogenous capacity is compromised by aging or severe inﬂammation. Tissue engineering in the dental ﬁeld is therefore
gaining an increasing interest. The past several decades
witness a paradigm shift in the conception of the scaﬀold,
which has changed from passive carrier to bioactive signal
initiator. Especially, relentless eﬀorts have been ongoing in
exploring natural polymers such as extracellular matrix
(ECM) scaﬀold containing cell interactive motifs. To name
a few, collagen [6], chitosan [7], hydroxyapatite [8], etc.
have all been reported to be appropriate candidates for
tissue engineering. Npnt, an Arg-Gly-Asp- (RGD-) containing ECM protein originally identiﬁed in embryonic
kidney, is intensively expressed in developing tooth and
assumes important function in regulating the sox2 expression, a dental epithelial stem cell marker. Importantly,
loss of Npnt results in reduced tooth germ size [9],
underscoring an indispensable role of Npnt in the process
of tooth development. Furthermore, an earlier work from
our lab demonstrated that the mRNA expression of Npnt
increased with the diﬀerentiation of the MDPC-23 cell
and Npnt protein itself was eﬀective in promoting the
proliferation and diﬀerentiation of this speciﬁc odontoblastlike cell line [10]. Nevertheless, the precommitted nature
of MDPC-23 cell necessitates study using a multipotent
type of cell to further conﬁrm the adhesive and inducing
capacities of Npnt.
The current experiment was hence designed to clarify the
following issues: ﬁrst, is Npnt a hDPSC adhesive? Second, if
yes, is RGD in its sequence involved in the regulation of cell
adhesion? Third, is Npnt eﬀective in promoting the diﬀerentiation of hDPSCs into odontoblast or at least hard tissueforming cells? Finally, can the mineralization of hDPSCs be
enhanced by Npnt? To answer those questions, we coated
Npnt protein to nontreated tissue-cultured polystyrene plates
(non-PS) and assessed a number of biochemical parameters
such as RGD peptide inhibition assay, CCK-8 assay, realtime RT-PCR, and alizarin red staining to characterize the
cellular behavior.

2. Materials and Methods
2.1. Cell Culture. Human dental pulp stem cells (hDPSCs)
(catalog number PT-5025; Lot number 0000361427) were
purchased from LONZA (Walkersville, MD, USA). Use of
hDPSCs was approved and under the guidelines set by
the ethical committee of the Health Sciences University
of Hokkaido. The characterization of its stem cell phenotypes was carried out using ﬂow cytometry including tests
of surface antigens (CD105+, CD166+, CD29+, CD90+,
CD73+, CD133−, CD34−, and CD45−) by the manufacturer
(see the certiﬁcate of analysis in Supplementary ﬁle 1
available online at https://doi.org/10.1155/2017/2546261).
Cells were maintained in Dulbecco’s Modiﬁed Eagle’s
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Medium (DMEM) (D5796, Sigma) supplemented with 10%
fetal bovine serum (FBS) (10270-106, Gibco). All media were
supplemented with 50 units/mL penicillin and 50 μg/mL
streptomycin (catalog number 15070063, Gibco). Cells were
cultivated at 37°C under humidiﬁed 5% CO2 and 95% air
atmospheric conditions. Mineralization reagent including
β-glycerophosphate (β-GP, 10 mM) (191-02042, Wako) and
ascorbic acid (AA, 50 μg/mL) (013-19641, Wako) was incorporated upon conﬂuence.
2.2. ECM Proteins and Coating Procedure. Non-PS plates
(24-well plate: 1820-024, Iwaki; 12-well plate: 351143,
Falcon) were coated with nephronectin (Npnt, 10 μg/mL,
1 μg/cm2, 4298-NP-050, R&D systems), ﬁbronectin (Fn,
human plasma, 10 μg/mL, 1 μg/cm2, 33016015, Gibco), and
ﬁsh scale type I collagen (FCOL1, 10 μg/mL, 1 μg/cm2,
Cellcampus AQ-3LE, Taki Chemical) diluted in phosphatebuﬀered saline (PBS) (REF 10010-023, Gibco), water
(pH 7.4), or sterile acidic water (pH 3.0), respectively. PBSand bovine serum albumin (BSA, 1%) (A9418, Sigma)coated substrate(s) were served as controls. Surfaces were
coated with ECM proteins solution for 48 hours at room
temperature inside clean bench, washed twice with PBS
before cell inoculation.
2.3. Conﬁrmation of the Presence of Coated Npnt by
Immunoﬂuorescence Staining. Primary polyclonal rabbit
anti-Npnt (1 μg/mL, ab110230, Abcam) was added to
Npnt- or PBS-coated polystyrene at room temperature for
2 h. PBS was used to wash the ﬁrst antibody-treated surfaces twice. Afterwards, the surfaces were incubated for
1 h in PBS with Alex Flour 488 goat anti-rabbit IgG (2 μg/
mL, A11034, Invitrogen). Surfaces were rinsed twice by
PBS and imaged using ﬂuorescence microscopy (EVOS®
FL Cell Imaging System, catalog number AMF4300, Thermo
Fisher Scientiﬁc).
2.4. Fluorescence Staining of Actin Cytoskeleton. hDPSCs
were seeded into 24-well plates (surface area: 2 cm2, nonPS) at the concentration of 4 × 103/well in DMEM containing
10% FBS. At day ﬁve, culture media were aspirated and cell
monolayer was rinsed by PBS (Gibco) twice preceding ﬁxation. Fixation of cells was performed using methanol-free
formaldehyde (16%, w/v, catalog number 28906, Thermo
Fisher Scientiﬁc) diluted to a concentration of 4% (v/v) in
PBS (200 μL/well) for 15 min at room temperature. Cells
were rinsed brieﬂy by PBS three times before addition of
permeabilisation reagent Triton X-100 (0.1%, v/v, in PBS)
(400 μL/well). Five minutes following the permeabilisation
treatment, BSA at the concentration of 1% (w/v, in PBS)
was poured into each well (400 μL/well) to block any nonspeciﬁc binding for 30 min at room temperature. Phalloidin
(catalog number A12380, Invitrogen) (working concentration: 2 U/200 μL, 200 μL/well), a highly toxic and speciﬁc
cytoskeleton probe conjugated to red-orange ﬂuorescent
Alexa Fluor® (AF) 568 dye, was used to localize F-actin.
Nucleus was counterstained using 4,6-diamidino-2-phenylindole (DAPI, D9542, Sigma) (working concentration:
300 nM, 200 μL/well) for 5 min. Finally, cells were immersed
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Table 1: Primer sequence, fragment size, and annealing temperature.

Gene name

Forward

hDSPP (NM_014208.3)
hBSP (NM_004967.3)
hITGA1 (NM_181501.1)
hITGA2 (NM_002203.3)
hITGA3 (NM_002204.3)

CACTAGGCGCTCACTGTTC
TCT
TGCTGGCCTGGATAATTCCG
AAGGGCACCTCGAAGACAAC
CTCACTGTTGTTCTACGCTGC
GTGGCTTTCCTGAGAACCGA
ATGGCAAGTGGCTGCTGTAT

hITGA4 (NM_000885.5)

AATCCCGGGGCGATTTACAG

hITGA5 (NM_002205.4)
hITGA6 (NM_000210.3)
hITGA7 (NM_002206.2)
hITGA8 (NM_003638.2)
hITGB1 (NM_002211.3)
hITGB3 (NM_000212.2)

CCCTCATCTCCGGGACACTA
CTCGCTGGGATCTTGATGCT
GGAAGACCGACAGCAGTTCA
GCCTATGCCGAGTTCTCTCC
GCCGCGCGGAAAAGATGAAT
GAAGCAGAGTGTGTCACGGA

hGAPDH (NM_001289746.1)

in PBS to avoid drying up and photographed using EVOS FL
Cell Imaging Station System. Four diﬀerent ﬁelds were
selected under ﬂuorescence microscopy to count the number
of DAPI-stained nucleus. The average number was calculated
and compared between each group.
2.5. Cell Proliferation Assay. For the cell viability test, ﬁfty
microliters of recombinant Npnt (10 μg/mL) solution was
coated onto a 96-well plate (351172, Falcon) for two days at
room temperature. The wells were dried up and rinsed twice
with PBS. hDPSCs were rinsed once with PBS, harvested
using trypsin for eight minutes at 37°C, collected by centrifugation (500g, 5 min, 2800, Kubota), and then resuspended in
serum-free DMEM. Cells were seeded into non-, BSA-,
Npnt-, Fn- and FCOL1-coated wells at the concentration of
8 × 103/well. At 18 h, 41 h, and 64 h, CCK-8 reagent was
added to each well (10 μL/well) and incubated for 1 h and
20 min in the incubator. Absorbance was read at the wavelength of 450 nm (iMark™, Bio-Rad).
2.6. Inhibition Test Using Npnt-Derived Soluble RGD Peptide.
The RGD-containing hexapeptide, KPRGDV, was designed
based on the amino acid sequence of mouse Npnt (NCBI reference sequence NP_001025007.1). KPRGDV and its aberrant counterpart KPRGEV with ﬁnal purity over 97% were
generated from Sigma-Aldrich, Japan. The peptides were dissolved in PBS to a ﬁnal concentration of 10 mM and stored at
4°C until use. Npnt (10 μg/mL) solution was poured into a
24-well plate (200 μL/well), and the plate was dried up with
a cover open in the clean bench for two days. Prior to cell
inoculation, the coated plate was rinsed brieﬂy with PBS
twice (400 μL/well each time). hDPSCs were preincubated
with KPRGDV (1 mM) or KPRGEV (1 mM) or PBS vehicle
for 10 min at 37°C in the incubator. After incubation, the
cells were seeded into Npnt-coated wells at the concentration
of 2 × 104/well in serum-depleted DMEM. The cell photos

Backward

Fragment
Annealing
size (bp) temperature (°C)

CGTTCTCAGCCTTGACGGT

250

66

CTCCTGGCCCTTGCTGTTAT
CCCTCGTATTCAACGGTGGT
ACGACTTGAAATGTGGGGCT
GAAGCTGGCTGAGAGCTGAA
GCACTCTAGCCACACACAGT
TCCAGCTTGACATGATGCA
AAA
ATCCAACTCCAGGCCCTTTG
TCAGATGGCTGAGCATGGAT
ATCTTGATGCGACACCAGCA
CCCAGTAAACTCCCCAGCAG
TGCTGTTCCTTTGCTACGGT
ACATGACACTGCCCGTCATT

136
119
419
278
272

66
62.8
59.9
62.8
59.9

354

59.9

397
128
264
297
323
201

56.3
59.9
59.9
59.9
59.9
59.9

were taken after 19 h incubation; afterwards, the media were
changed into DMEM containing 10% FBS. Cells were photographed at 43 h and 67 h as well.
2.7. Quantitative Reverse Transcriptase Polymerase Chain
Reaction (qRT-PCR). hDPSCs were seeded into 12-well plates
coated by either Npnt or the other proteins (BSA, Fn, and
COL-1) at the concentration of 2 × 104/well and incubated
at 37°C in 5% CO2. After ﬁve and 28 days in culture, cells
were lysed by TRIzol (Invitrogen) and total RNA extracted
from each sample using the acid guanidinium thiocyanatephenol-chloroform method. After the precipitation step,
RNA was washed with 75% ethanol and reconstituted in
RNase-free water. Quantiﬁcation of RNA was measured by
absorbance using Nanodrop 1000 (Thermo Fisher Scientiﬁc).
Total RNA was reverse transcribed into complementary
DNA (cDNA) and ampliﬁed in a 20 μL reaction system.
Real-time RT-PCR was carried out in LightCycler® Nano
(Roche) using FastStart Essential DNA Probes Master (2x)
(Roche). Housekeeping gene GAPDH was taken to be the
internal control. The primers used are shown in Table 1.
The SYBR green ampliﬁcation consisted in an initial denaturation of 10 min at 95°C and followed by 50 cycles of 15 s
at 95°C (denaturation), 30 s at annealing temperature (refer
to Table 1 for each set of primer) and 40s at 72°C (extension).
2.8. Alizarin Red Staining (ARS). ARS is a method of detecting calcium-rich deposits in cell cultures. The media were
aspirated before the staining procedure, cells were rinsed
brieﬂy with PBS twice and ﬁxed by adding 10% neutral buﬀered formalin (200 μL/well in a 24-well plate; 400 μL/well in a
12-well plate) (060-01667, Wako) at room temperature for
20 min. Fixative residues were removed by washing with distilled water. ARS solution (1%, pH 4.0) (011-01192, Wako)
was added, at the same volume of ﬁxative poured, and incubated at 37°C for 5–10 min. ARS solution was discarded
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Figure 1: Fluorescence visualization of coated Npnt. Npnt-coated polystyrene was positive for anti-Npnt (b). No ﬂuorescence was observed
in the noncoated control (a) (scale bar: 50 μm).

afterwards; the cells were washed using distilled water for
another 1 hour and photographed. To quantify the staining
intensity, cetylpyridinium chloride (CPC) (10%, w/v, in distilled water) (C0732-100G, Sigma) was added to each well
(700 μL/well) to extract the stain. After 1 h incubation under
37°C, the CPC solution was transferred to a new 96-well plate
(200 μL/well) for absorbance reading at 570 nm.
2.9. Statistical Analysis. Statistical analyses were performed
by post hoc Tukey’s HSD test. The results were considered
statistically signiﬁcant for p < 0 05.

3. Results
3.1. Conﬁrmation of the Presence of Npnt on Polystyrene
Surface. The Npnt-coated polystyrene was positive for antiNpnt-generating green ﬂuorescence light, while no ﬂuorescence was observed in the PBS-coated control (Figure 1).
3.2. Cell Morphology Observation and Cell Number on
Diﬀerent ECMs. The light microscopy photos of cells seeded
on ﬁve diﬀerent substrate(s) are shown in Figure 2(a).
Until 116 h, it was observed that cells in noncoated and
BSA-coated groups remain to be round in shape, no cells
were found to be spread in the two groups. Cells in
Npnt-, Fn-, and FCOL1-modiﬁed surfaces were successfully
attached, spread, and adopted-ﬂattened or spindle-shaped;
the cells continued to grow during the ﬁve-time points of
observation in the three groups. A signiﬁcant diﬀerence in
cell number was observed in Npnt- (1.95 ± 0.13 × 104), Fn(3.00 ± 0.27 × 104), and FCOL1- (3.25 ± 0.41 × 104) coated
substrate(s) as compared to PBS- (0.10 ± 0.04 × 104) and
BSA- (0.38 ± 0.20 × 104) coated control groups at day ﬁve.
The cell number in the Npnt-coated group was slightly lower
than that in Fn- and FCOL1-coated groups (p < 0 01), while
no diﬀerence was detected between Fn- and FCOL1-coated
surfaces (Figure 2(b)).
3.3. Cytoskeleton Visualization. Well-developed actin stress
ﬁbers were formed and clearly observed in Npnt-, Fn-, and
FCOL1-coated non-PS wells (Figure 3).

3.4. Cell Growth in the Absence of Serum. The proliferation
rates of hDPSCs were analyzed in response to various substrate(s) using the CCK-8 assay. The three matrix proteins
(Npnt, Fn, and FCOL1) signiﬁcantly promoted the proliferation of cells in the absence of serum at 18 h, and this eﬀect
persisted to 64 h (Figure 4). At 18 h, the viability of hDPSCs
in Npnt (0.33 ± 0.01) was slightly lower than that of FCOL1
(0.36 ± 0.00). Forty-one hours postinoculation, the viability
of the cell in Npnt (0.50 ± 0.03) was at the same level as
the FCOL1 group (0.51 ± 0.02). At 64 h, cell viability of
Npnt (0.70 ± 0.06) achieved the highest among the ﬁve
groups, while the viability of cells in Fn was only slightly
augmented; in the FCOL1 group, cell growth entered a
static stage since the value at 64 h was almost unchanged
as compared to that at 41 h (41 h: 0.51 ± 0.02 versus 64 h:
0.50 ± 0.02). Cells in the two negative control groups stopped
to grow as illustrated by the viability number. Notably, at
64 h, viability of cells in noncoated (0.23 ± 0.01) and BSAcoated (0.15 ± 0.01) decreased as compared to their earlier
time points data (noncoated: 0.29 ± 0.00 at 18 h, 0.33 ± 0.00
at 41 h; BSA-coated: 0.17 ± 0.01 at 18 h, 0.18 ± 0.01 at 41 h).
3.5. Peptide Inhibition Test. Figure 5 shows that adhesion
and spreading of hDPSCs was inhibited by KPRGDV
(Figure 5(a), middle photo of the upper panel, and 5(b));
cells were successfully attached and spread on Npnt-coated
surfaces in KPRGEV- or PBS-treated groups. The counting
of DAPI-stained nucleus further conﬁrmed a signiﬁcant
reduction of attached cell number in Npnt-RGD preincubated group, indicating adhesion of cells to the Npntcoated substrate(s) was partly mediated by the RGD domain
within Npnt (Figure 5(b)). Moreover, addition of KPRGDV
hampered the spreading of hDPSCs as well (Figure 5(d)). A
change of aspartic acid (D) into glutamic acid (E) completely
abrogated the inhibition: cells in control peptide-KPRGEV
group had no adverse eﬀect on the parameter measured
(Figures 5(a), 19 h FBS-, 5(b), and 5(e)). To test whether the
inhibitory eﬀect of RGD peptide is reversible, after 19 h of
adhesion, the serum-free DMEM was replaced by the
serum-containing complete medium. As shown in
Figure 5(a) (middle and lower panel) that, at 43 h and 67 h,
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Figure 2: Microscopic observation and cell number counting. (a) hDPSCs were seeded into PBS-, BSA-, Npnt-, Fn-, or FCOL1-coated 24-well
plates (non-PS) at the concentration of 4 × 103/well in DMEM supplemented with 10% FBS, penicillin/streptomycin (50 U/mL; 50 μg/mL)
(scale bar: 200 μm). Cell morphology was observed at 1 h and 30 m, 18 h, 43 h, 67 h, 92 h, and 116 h. (b) hDPSCs were seeded into 24-well
plates (non-PS) at the concentration of 4 × 103/well in the same culture media as illustrated in (a), cell number was counted at day ﬁve.
Diﬀerent symbols represent signiﬁcant diﬀerences, p < 0 01 by post hoc Tukey’s HSD test.

the cell adhesion and spreading in the Npnt-RGD group was
recovered after incorporation of FBS, implicating this inhibitory activity of cell adhesion was reversible.
3.6. Real-Time RT-PCR. The gene expression proﬁle of integrin(s) at an early stage (day ﬁve) was characterized. It is
shown in Figure 6 that ITGA1 and ITGB1 were simultaneously upregulated to 1.31 ± 0.04-fold (p < 0 01) and

1.87 ± 0.09-fold (p < 0 01) by Npnt, respectively. Interestingly, expression of ITGA8, the reported potent receptor
for Npnt, was found to be unaltered in Npnt-coated well.
ITGA2 was downregulated in the Npnt-coated group
(0.86 ± 0.01-fold, p < 0 01). There was no change in the
expression of ITGA5 in the Npnt-coated group, while in
the Fn-coated group, its expression was moderately attenuated as compared to control. On day 28, the expression of
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FCOL1-coated

Fn-coated

Npnt-coated

BSA-coated

Noncoated

F-Actin

Figure 3: Organization of actin stress ﬁbers. Fluorescence microscopy photographs of hDPSCs that adhered and spread on polystyrene
presenting Npnt. As positive controls, cells attached to substrate(s) having adsorbed layers of Fn and FCOL1. Actin stress ﬁbers were
visualized with Alexa Fluor 568-conjugated phalloidin (red-orange), and nuclei were visualized with DAPI (blue). The scale bar in merge
photo of noncoated group applies to all panels (scale bar: 200 μm).

hard tissue-forming markers including DSPP, BSP, and four
integrins that were upregulated by Npnt on day ﬁve was
assessed (Figure 7). Fn and FCOL1 signiﬁcantly promoted
the expression of DSPP to 2.02 ± 0.06-fold and 1.39 ± 0.11-

fold, respectively, while Npnt downregulated the expression
(0.77 ± 0.07). On the other hand, BSP was found to be augmented by all the three matrix proteins to a diﬀerent extent
(Npnt: 2.31 ± 0.14-fold; Fn: 1.60 ± 0.03-fold; and FCOL1:
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Figure 4: Cell proliferation in the absence of serum. hDPSCs
(passage number 5) were seeded into 96-well plates (non-PS) at
the concentration of 8 × 103/well in FBS-free DMEM. Cell
proliferation was recorded using CCK-8 reagent at 18 h, 41 h, and
64 h postinoculation. Diﬀerent symbols represent signiﬁcant
diﬀerences in each separate time point, p < 0 01 by post hoc
Tukey’s HSD test.

1.81 ± 0.09-fold). As for the four subtypes of integrin, it was
found that ITGA7 was the one that has been signiﬁcantly promoted by Npnt (3.31 ± 0.10-fold); on the contrary, FCOL1
repressed its expression by 53% compared to noncoated control. Slight upregulation of ITGA1 and ITGA4 was detected in
the Npnt group, while ITGB1 was moderately suppressed.
3.7. Alizarin Red Staining. Figure 8(a) shows hDPSCs underwent mineralization when cultured on tissue culture polystyrene plates in osteogenic media for 19 days (total 23 days in
culture), denoting that hDPSCs were able to diﬀerentiate into
mineralized tissue-forming cells in vitro. Subsequently, it was
found that mineralization occurred in cells (high seeding
number 6 × 103/well) cultured on Npnt- and FCOL1-coated
substrate(s) (non-PS), albeit at a longer culture period (total
30 culture days and 25 days in osteogenic media). The cells
grown on negative controls and Fn failed to facilitate appreciable mineralization nodules even in the presence of osteogenic media (Figures 8(b) and 8(c)).

4. Discussion
We used nontissue culture-treated polystyrene (non-PS), a
highly hydrophobic substrate to study the roles of three
matrix proteins in hDPSCs. For the surface modiﬁcation
of polystyrene, a variety of methods are available: physical
adsorption (PA), chemical crosslinking, plasma modiﬁcation,
photochemical immobilization, and layer-by-layer selfassembly [11]. Among the methods listed, PA, also called
physisorption, is the simplest and fastest way of achieving
immobilization of a target polymer. The primary mechanism of PA lies in intermolecular interaction—the van der
Waals force [12]. We hence selected the PA method because
of its convenience and safety. The proteins were all prepared
in solution form and immobilized by applying to non-PS at
the same concentration of 10 μg/mL. The coated surfaces
were left dried up at room temperature. Primary antibody

speciﬁc to Npnt was used to verify that the protein had
undergone eﬃcient immobilization (Figure 1). The cells
were allowed to adhere to 24-well plates (non-PS) presenting
Npnt, Fn, and FCOL1, simultaneously; those grown on PBS
and BSA-coated wells were taken to be negative controls.
Notably, a considerable number of cells started to adhere
and spread as early as 1 h 30 m in the FCOL1 group: cells
in FCOL1 formed membrane protrusions to adhere and
attach to the underlying substratum, while those in the negative controls and Fn group remained round in shape. In the
Npnt-coated group, although less in number than the FCOL1
group, cell membrane protrusions could still be observed.
Early observation of cell protrusions formed by actin
polymerization in the FCOL1 and Npnt groups indicated
potential positive eﬀects adopted by these two proteins in
directing diﬀerentiation of cells, which were echoed by the
later ARS staining data. Eighteen hours post inoculation, all
the three matrix protein ligands mediated eﬃcient adhesion
of cells and spreading to result in a ﬂattened morphology.
Therefore, for non-PS presenting the proteins at this speciﬁc
concentration (10 μg/mL), each protein could eﬃciently
facilitate cell adhesion and spreading. As negative controls,
PBS and BSA failed to assist eﬃcient cell adhesion and
spreading throughout the time points observed, suggesting
that neither PBS nor BSA possessed cell adhesive motifs
and hence did not impart cell adhesion activities. Cell number of the ﬁve groups further revealed that signiﬁcant higher
numbers of cells were attached in Npnt, Fn, and FCOL1
groups as compared to PBS and BSA controls (Figure 2(b)).
Next, cells were allowed to attach to substrata presenting
the three types of protein and ﬁxed to permit imaging of the
cytoskeletal structures. We used phalloidin AF 568 (red ﬂuorescence) to visualize actin stress ﬁbers. hDPSCs had wellspread shape, with actin ﬁbers that spanned the dimensions
of cells in Npnt, Fn, and FCOL1-coated surfaces (Figure 3).
However, cells cultured in PBS- or BSA-coated wells failed
to generate similar cytoskeletal structure as shown in the
matrix protein-coated groups. It is well-documented that
the driving force for the formation of membrane protrusion
is polymerization of actin ﬁlaments [13]. Remodeling of actin
cytoskeleton plays a central role in a number of biological
activities, especially, the importance of actin polymerization
is underscored in the osteogenic commitment of stem cells,
for example, osteogenic diﬀerentiation of mesenchymal stem
cells was interrupted by the inhibition of actin polymerization using Cytochalasin D (an actin polymerization blocking
reagent) [14, 15], while induction of actin polymerization in
MC3T3-E1 cell by Jasplakinolide contributes to an enhanced
mRNA expression of alkaline phosphatase (ALP) and osteocalcin (OCN) [16]. Moreover, inhibition of actin depolymerization promoted the diﬀerentiation [17]. The current
results highlighted that Npnt could mediate similar cytoskeletal phenotypes as did the Fn and FCOL1, while PBS
and BSA could not. Furthermore, we characterize the cell
proliferation proﬁle in the absence of serum in 96-well
plates (non-PS) (Figure 4). It was shown that growth of
cells seeded in PBS and BSA groups stagnated, as the absorbance reading for the three-time points in the two groups
remained almost the same. In contrast, cells in the Npnt
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Figure 5: RGD was the key peptide that allowed hDPSCs to bind with Npnt. (a) hDPSCs (passage number 5) were treated with KPRGDV
(1 mM in PBS) (a, middle), KPRGEV (1 mM in PBS) (a, right), or equal volume of PBS (Control) (a, left) for 10 min and were then seeded
onto Npnt (10 μg/mL)-coated substrate(s) (24-well plate) in serum-free DMEM, and media were changed into FBS (10%) containing
DMEM after 19 h. Scrambled peptide (KPRGEV) did not inhibit cell adhesion (a, 19 h right). KPRGDV abrogated cell adhesion and
spreading (a, 19 h middle). The abrogation was reversible when serum-free DMEM was replaced with 10% FBS containing DMEM (a, 43 h
and 67 h) (scale bar: 400 μm). (b) Nucleus number determination in four separate ﬁelds under microscopy for each group. ∗ p < 0 01 by
post hoc Tukey’ HSD test. (c) hDPSCs were ﬁrst treated with PBS (c), KPRGDV (d), and KPRGEV (e) and subsequently seeded into
Npnt-coated substrate(s) in serum-free DMEM for 24 h. Fluorescence staining was conducted to visualize actin stress ﬁbers and nucleus.
Well-development actin stress ﬁbers were observed in (c) and (e), whereas cells remain round in (d) (scale bar: 100 μm).

group continued to grow and reached the highest viability
at 64 h as compared to the other groups. The above data
shed novel light on the capacity of Npnt to support the
growth of hDPSCs in the presence or even absence of
serum, featuring its potential to facilitate cell attachment
and growth in the exposed pulp, where the blood supply
is usually compromised by aging or inﬂammation.
To further elucidate the speciﬁc cell adhesive motif
within Npnt, we investigated whether synthetic hexapeptide
KPRGDV derived from mouse Npnt (Npnt-RGD) and its
mutant counterpart KPRGEV (Npnt-RGE) in soluble form
could block the adhesion of hDPSCs to surface-presenting
Npnt (Figure 5). We found that the Npnt-RGD could block
cell adhesion and spreading to a surface presenting Npnt
(Figures 5(a), 19 h FBS-, 5(b), and 5(d)), while the mutant
Npnt-RGE did not (Figures 5(a), 19 h FBS-, 5(b), and 5(e)).

Further, although Npnt-RGD inhibited the adhesion of
cells in short-term (19 h), the presence of this peptide
did not prevent cells from adhering and thriving in longterm culture (43 h and 67 h), when the media was replaced
from serum-free DMEM to DMEM containing 10% FBS
(Figure 5(a), 43 h and 67 h). With the advancing of technology such as chemical microchip array [18], more cell
adhesion and functional peptides are being identiﬁed.
Nevertheless, proteins harboring the RGD motif constitute
a major recognition system for cell adhesion. The RGD
motif is present in a large number of adhesive extracellular
matrix proteins and recognized by over 20 known integrins
[19]. The RGD-integrin binding-activity can be reproduced
by short synthetic peptides containing RGD sequence, under
the condition that it is stably immobilized to a substrate
instead of simple addition to culture media [20]. Hence,
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Figure 6: Real-time RT-PCR of integrins on day ﬁve. hDPSCs (passage number 2) were inoculated at the concentration of 1 × 104/mL in
12-well plates (nontissue culture-treated polystyrene, Falcon) in DMEM supplemented with 10% FBS and penicillin/streptomycin (pen:
50 U/mL; strep: 50 μg/mL) and cultured for ﬁve days. RNA was isolated at day ﬁve and reverse transcribed into cDNA. The quantitative
mRNA expression of integrin α1 (ITGA1, (a)), α2 (ITGA2, (b)), α3 (ITGA3, (c)), α4 (ITGA4, (d)), α5 (ITGA5, (e)), α6 (ITGA6, (f)),
α7 (ITGA7, (g)), α8 (ITGA8, (h)), β1 (ITGB1, (i)), and β3 (ITGB3, (j)) was determined by real-time RT-PCR. Results are shown as fold
increase in relation to the noncoated control and represent the mean ± STD of three independent experiments. Diﬀerent symbols mean
signiﬁcant diﬀerences in each separate panel, p < 0 01 (except for p < 0 05 between BSA-coated and Npnt-coated in (b); noncoated
and Fn-coated and BSA-coated and FCOL1-coated in (d); Noncoated and Fn-coated and Npnt-coated and Fn-coated in (e); BSAcoated and FCOL1-coated in (f); BSA-coated and Fn-coated in (h); and BSA-coated and Fn-coated in (j)) by post hoc Tukey’s HSD test.
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Figure 7: Real-time RT-PCR of DSPP, BSP, and integrins on day 28. hDPSCs (passage number 4) were cultured in diﬀerent substrate(s) in
DMEM supplemented with 10% FBS for ﬁve days. Mineralization reagent including β-GP and AA was incorporated on day ﬁve.
Dexamethasone (100 nM) (D2915, Sigma) was started to be added on day nine. The total culture time was 28 days. DSPP (a), BSP (b) and
ITGA1 (c), ITGA4 (d), ITGA7 (e), and ITGB1 (f) mRNA expression was investigated. Diﬀerent symbols represent signiﬁcant diﬀerences,
p < 0 01 (except for p < 0 05 between noncoated and Npnt-coated in (a); noncoated and BSA-coated and BSA-coated and FCOL1-coated
in (b); noncoated and Fn-coated and noncoated and FCOL1-coated in (c); BSA-coated and FCOL1-coated in (d); noncoated and
Fn-coated in (e); and noncoated and Npnt-coated in (f)) by post hoc Tukey’s HSD test.

small synthetic RGD sequence is usually utilized to test
whether the adhesion of a speciﬁc type of cell to certain
matrix protein is RGD-dependent. A previous work by Kulkarni et al. using soluble peptide (GRGDNP versus GRGESP)
revealed that dentin matrix protein 1 (DMP1) promotes the
cell attachment in MC3T3-E1 via the RGD domain [21].
Here, our results demonstrated for the ﬁrst time that upon

treatment by a soluble RGD peptide derived from Npnt,
the adhesion and spreading of hDPSCs to Npnt was
remarkably abrogated, denoting a cell adhesion activity
mediated by RGD motif. Additionally, considering the
inhibition of adhesion and spreading by RGD was partial,
involvement of active sequences other than RGD is suggested therein. Indeed, aside from RGD, new evidence
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Figure 8: Evaluation of mineralization capacity in hDPSCs. (a) The mineralization capacity of hDPSCs was conﬁrmed. hDPSCs (passage
number 1) were seeded in 6-well plates (tissue culture-treated polystyrene, Iwaki) at the concentration of 3 × 104/well in DMEM
supplemented with 10% FBS and penicillin/streptomycin (50 U/mL penicillin; 50 μg/mL streptomycin). Media were changed into DMEM
supplemented with 5% FBS, penicillin/streptomycin and mineralization reagent (10 mM β-GP and 50 μg/mL AA) (IM), or PBS vehicle
(CM) at day four. The photo shows the alizarin red staining of cells at 23 days. (b) Alizarin red staining of hDPSCs (passage number 4)
cultured on various protein-coated nontissue culture-treated polystyrene at day 30. hDPSCs were seeded to modiﬁed surfaces at the
concentration of 4 × 103/well (upper) or 6 × 103/well (lower) in a 24-well plate (nontissue culture-treated polystyrene, Iwaki). Cells were
cultured in DMEM supplemented with 10% FBS and penicillin/streptomycin. Mineralization reagent (β-GP and AA) was added at day 4
with 5% FBS containing DMEM. (c) Quantiﬁcation of alizarin red staining for the lower panel in (b). Signiﬁcant higher level of
mineralization of hDPSCs was detected in Npnt-coated and FCOL1-coated substrate(s). Diﬀerent symbols represent signiﬁcant
diﬀerences, p < 0 01 by post hoc Tukey’s HSD test.

uncovered that the Phe-Glu-IIe (FEI) domain at the
downstream of RGD acts synergistically with RGD to support the adhesion of the human brain neuroglioma cell
(H4 cell) [22] to the Npnt-coated substratum. However,
whether the FEI plays a similar role in hDPSCs awaits further scrutinization.
An ideal scaﬀold should be able to promote attachment and proliferation of a speciﬁc cell population needed
for structural and functional restoration of the damaged
tissue. The non-PS is highly hydrophobic, which is usually
used for mammalian cells that grow in suspension and
bacterial cell culture where attachment is not required.
The above results conclude that Npnt is a hDPSC adhesive
and supports hDPSC growth in either serum-containing or
serum-free conditions. This potential of Npnt to initiate cell

growth may yield novel approaches to recruit stem cells
in situ.
Integrin, comprising α and β transmembrane glycoprotein subunits, is a complex family of cell adhesion receptors
regulating a diverse array of functions. The cytoplasmic
domains of integrin connect to the actin cytoskeleton. Accumulating evidences have shown that the cross talk between
integrin and environmental clues such as extracellular matrix
protein is important in mediating cell proliferation and differentiation [23]. In an eﬀort to clarify gene expression proﬁle of ten types of integrin (eight alpha integrins and two
beta integrins), real-time RT-PCR was carried out at an early
stage (day ﬁve) after cell inoculation. The results highlighted
that Npnt triggered the upregulation of ITGA1 (1.31 ± 0.04fold), ITGA4 (1.40 ± 0.05-fold), ITGA7 (1.33 ± 0.07-fold),
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and ITGB1 (1.87 ± 0.09-fold). As a ubiquitously expressed
integrin and common partner to almost all the alpha integrins, β1 integrin (ITGB1 or CD29) is the primary plasma
membrane receptor transmitting cues from the extracellular
matrix to intracellular signaling pathways; here, the upregulation of ITGB1 correlates well with our previous data using
MDPC-23 cell line [10]. Ozeki et al. reported enhanced
ITGA1 expression leads to the diﬀerentiation of human
skeletal muscle stem cells (hSMSCs) into odontoblasts
evidenced by upregulation of dentin sialophosphoprotein
(DSPP), dentin sialoprotein (DSP), and alkaline phosphatase (ALP) [24]. In addition, dentin phosphoprotein(DPP-) coated polystyrene can augment the expression of
ITGA4 in rat preodontoblast cell line (T4-4) [25]. Another
study showed that ITGA7 positive hSMSCs have the
potential of diﬀerentiation into odontoblasts under appropriate inductive conditions (retinoic acid and bone morphogenetic protein-4 (BMP4)) [26]. The ﬁndings in the
present experiment suggest that α1β1, α4β1, and α7β1
might be involved during early stages of Npnt-mediated
adhesion and intracellular signaling. In contrast, there
was no elevation in the expression of ITGA8 as measured
by quantitative RT-PCR in the Npnt-coated group. The
unaﬀected expression of ITGA8 in the Npnt group
suggests either a compensatory eﬀect from other alpha
integrins, such as ITGA1, ITGA4, and ITGA7 forming
heterodimers with integrin β1 or/and an earlier role of
ITGA8 that was not detected because of its late downregulation. Additionally, mild attenuation of ITGA2 and
ITGA6 expression was observed in the Npnt-treated
group. Except for the elevation of ITGA3 and ITGA7,
FCOL1 downregulates the rest alpha integrins (ITGA1,
ITGA2, ITGA4, and ITGA8) without impacting ITGA5
and ITGA6. Notably, the expression ITGA8 (0.46 ± 0.05fold, p < 0 01) was found to be remarkably reduced under
the inﬂuence of FCOL1. Fn (1.55 ± 0.01-fold, p < 0 01) and
FCOL1 (1.63 ± 0.08-fold, p < 0 01) both enhanced the
expression of ITGB1 at a level of statistical signiﬁcance,
while there was no diﬀerence between the two groups.
With regard to ITGB3, it was found that its mRNA
expression remains constant in noncoated, BSA-coated,
and Npnt-coated groups and was inhibited by both Fn
and FCOL1. The data demonstrated Npnt selectively
upregulated mRNA expression of ITGA1, ITGA4, and
ITGA7. However, it remains to be clariﬁed which speciﬁc
integrin receptor (α1β1, α4β1, or α7β1) plays a predominant role in mediating the adhesion and diﬀerentiation
of hDPSCs. To answer this question, inhibition experiment
is necessary using antibodies against α1β1, α4β1, and
α7β1 in the future study.
Further, the late-stage gene expression analysis in
Figure 7 revealed that Npnt tended to direct the hDPSCs’
diﬀerentiation toward osteoblastic lineage instead of odontoblastic lineage, as the DSPP, a well-established odontoblast
diﬀerentiation marker [27], was moderately suppressed by
Npnt, but BSP, a widely recognized osteoblast marker, [28]
was markedly enhanced by Npnt compared to the other
groups. The result correlates well with a previous work
from Kahai et al. [29], indicating that Npnt induces the
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diﬀerentiation of hDPSCs into osteoblast rather than odontoblast. Nevertheless, Npnt still holds sound potential for its
application in the pulp capping treatment, as a coating of
Npnt signiﬁcantly augments the matrix mineralization of
hDPSCs. In addition, ITGA7 was found to be remarkably
increased by Npnt as much as threefold more than the noncoated control, denoting that the ITGA7 may be required
in the interaction between Npnt and hDPSCs at the late
stage of osteoblastic diﬀerentiation.
To examine whether a coating of polystyrene by the
matrix proteins might cause an enhanced mineralization,
the in vitro mineralization capabilities of hDPSCs in various
substrate(s) were monitored. As expected, the induction of
diﬀerentiation of cells in Npnt and FCOL1 resulted in the
appearance of mineralized nodules revealed by alizarin red
staining at day 30. Moreover, we observed that a low initial
seeding number fail to initiate the mineralization after culturing for the same period of time, be it noncoated or proteincoated surfaces, denoting a suﬃcient number of cells (in the
present work: 6 × 103/mL in 24-well plates) are required to
ensure the onset of appreciable late-stage calciﬁc deposition.
In terms of mineralization activity, a comparison of Npnt,
Fn, and FCOL1 revealed that both Npnt and FCOL1 were
promising in eliciting intensive calciﬁc deposition. The ﬁnding suggested Npnt assumes a comparable mineralizationinducing capacity with FCOL1, which is a well-documented
tissue engineering material [30, 31]. Interestingly, although
the RGD-containing Fn supported hDPSC proliferation, cells
grown on it did not undergo an appreciable mineralization as
did Npnt and FCOL1. An earlier work demonstrated that Fn
promotes the mineralization, albeit to a lesser extent than
COL1, in bovine vascular cells [32]. A possible explanation
for the observed phenomena might be attributable to a diﬀerent type of cell used. Moreover, except RGD, there are other
cell adhesive motifs in the protein, namely, PHSRN. The
interaction of Fn with cells was not merely via RGD but from
a synergistic action of RGD, PHSRN, and other potential
motifs. Further, there are various adhesive proteins in FBS
and those secreted by cells; the coated proteins did not exert
their inﬂuence in isolation: cells exposed to the immobilized
proteins were interacting against a background of various
native integrin-binding proteins. The alizarin red staining
data revealed that an accelerated cell adhesion and proliferation does not necessarily leads to the ﬁnal enhancement
of mineralization.
Based on the ﬁndings, it is suggested that Npnt possesses
comparable capacity to FCOL1 in promoting proliferation
and eliciting intensive mineralization in hDPSCs. However,
with regard to the cost-eﬀectiveness, FCOL1 stands a better
chance of future application, as the price for FCOL1 is much
cheaper than Npnt. Despite this limitation, the present
experiment has clariﬁed a novel role for Npnt in modulating
hDPSC integrin expression and altering their interaction
with the microenvironment, leading to mineralization.

5. Conclusion
Taken together, the results demonstrated that Npnt facilitates hDPSC adhesion and spreading to hydrophobic
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nontissue culture-treated polystyrene. The adhesion and
spreading of hDPSCs to Npnt was partially mediated by
RGD motif. Moreover, Npnt acts as a bioactive signal to
initiate the upregulation of ITGA1, ITGA4, ITGA7, and
ITGB1 as early as day ﬁve. Further, the mRNA expression
of DSPP was slightly downregulated by Npnt, while BSP
was signiﬁcantly enhanced. Finally, late-stage mineralization
was signiﬁcantly enhanced in cells cultured in Npnt-coated
and FCOL1-coated wells as compared to negative controls.
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Long-term heavy alcohol consumption could result in a range of health, social, and behavioral problems. People who abuse alcohol
are at high risks of seriously having osteopenia, periodontal disease, and compromised oral health. However, the role of ethanol
(EtOH) in the biological functions of human dental pulp cells (DPCs) is unknown. Whether EtOH aﬀects the odontoblastic
diﬀerentiation of DPCs through the mechanistic target of rapamycin (mTOR) remains unexplored. The objective of this study
was to investigate the eﬀects of EtOH on DPC diﬀerentiation and mineralization. DPCs were isolated and puriﬁed from human
dental pulps. The proliferation and odontoblastic diﬀerentiation of DPCs treated with EtOH were subsequently investigated.
Diﬀerent doses of EtOH were shown to be cytocompatible with DPCs. EtOH signiﬁcantly activated the mTOR pathway in a
dose-dependent manner. In addition, EtOH downregulated the alkaline phosphatase activity, attenuated the mineralized nodule
formation, and suppressed the expression of odontoblastic markers including ALP, DSPP, DMP-1, Runx2, and OCN. Moreover,
the pretreatment with rapamycin, a speciﬁc mTOR inhibitor, markedly reversed the EtOH-induced odontoblastic diﬀerentiation
and cell mineralization. Our ﬁndings show for the ﬁrst time that EtOH can suppress DPC diﬀerentiation and mineralization in
a mTOR-dependent manner, indicating that EtOH may be involved in negatively regulating the dental pulp repair.

1. Introduction
Alcohol is widely consumed throughout the world and has
attracted human concernment for thousands of years. Alcohol abuse can place the health of an individual at risk for a
series of diseases. According to the World Health Organization, heavy alcohol consumptions are associated with many
chronic diseases, including low bone mass, hepatitis, and cardiovascular diseases [1]. Chronic and heavy alcohol consumption is known to result in bone loss, decreased bone
formation, increased risks for bone fracture, and delayed

fracture healing [2–4]. Moderate alcohol consumption may
actually have a modest favorable eﬀect on bone density, particularly in postmenopausal women, although not all studies
agree [5–8]. However, alcohol intake of three or more drinks
per day is detrimental to bone health [9]. Recent experimental evidences indicated that the mammalian target of rapamycin (mTOR) signal may contribute to the maintenance
of bone homeostasis and the diﬀerentiation of mesenchymal
stem cells [10, 11].
DPCs possess multipotent diﬀerentiation potential and
the ability to form dentin-pulp-like complexes throughout
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life. When the dental pulp is confronted with trauma,
microbes, or chemicals, a host of inﬂammatory cytokines
are released [12]. These insults can stimulate the underlying
progenitor pulp cells to diﬀerentiate into odontoblasts [13],
which are capable of secreting dentin matrix proteins as part
of the reparative dentinogenesis [14]. Odontoblasts secrete
several collagenous and noncollagenous proteins, such as
type I collagen, osteopontin, dentin matrix protein 1
(DMP1), and dentin sialophosphoprotein (DSPP), which
are special biological markers for the odontoblast/osteoblast-like diﬀerentiation of DPCs [15, 16]. Studies have
shown that a variety of signal pathways participate in the regulation of dental pulp cell diﬀerentiation, such as BMP, Wnt,
and Notch signaling [17–19]. However, the impact of alcohol
on odontoblastic diﬀerentiation of human dental pulp cells
(DPCs) remains unclear.
Therefore, the objective of the present study was to
investigate the eﬀects of ethanol (EtOH) on the proliferation and odontoblastic diﬀerentiation of DPCs. The role
of mTOR signaling in EtOH-mediated odontoblastic diﬀerentiation was also investigated. The results of this study will
shed light on the role of alcohol consumption on the health
of human dental pulp cells and their ability in tissue repair
and regeneration.

2. Materials and Methods
2.1. Cell Cultures. DPCs were isolated and characterized as
described previously [20, 21]. Dental pulp tissues were
obtained from explants of clinically healthy dental pulps
from human adult third molars that were removed from
individuals undergoing tooth extraction for orthodontic
treatment. The procedure was approved by the Institutional
Review Board of the University of Maryland Baltimore. The
pulp tissue was digested in a solution of 3 mg/mL collagenase type I (Worthington Biochem, Freehold, NJ, USA)
and 4 mg/mL dispase (Boehringer Mannheim, Indianapolis, IN, USA) for 1 h at 37°C. In the present study, DPCs
were cultured in alpha modiﬁed Eagle’s medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% foetal calf
serum (FCS; Invitrogen), 10 mM L-ascorbic acid 2phosphate (AA), 2 mM L-glutamate, 100 units/mL penicillin,
and 100 μg/mL streptomycin at 37°C in a humidiﬁed atmosphere of 5% CO2 and 95% air. When the cells reached 80%
conﬂuence, they were harvested using trypsin/ethylene
diamine tetraacetic acid (EDTA) (Gibco, Carlsbad, CA,
USA) and subcultured at a ratio of 1 : 3. The 4th passage
DPCs were used in the following experiments.
2.2. Cell Viability. DPCs were seeded in 24-well plates at a
density of 3 × 104 cells/well. Cells were stained by live/dead
viability assay kit (Life Technologies) after culture for 1, 7,
and 14 d as described previously [22]. Cells were washed with
PBS, followed by incubation with the dye. Live cells were
stained green with 2 mM calcein AM and dead cells were
marked red with 4 mM ethidium homodimer-1, and they
were examined using epiﬂuorescence microscopy (Eclipse
TE2000-S, Nikon, Melville, NY). The percentage of live cells
and the live cell density were calculated as previously
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described [21]. Three random sections were analyzed for
each sample.
2.3. Cell Proliferation Assays. A cell counting kit (CCK-8,
Dojindo, Tokyo, Japan) was used to evaluate cell proliferation at 1, 3, 5, and 7 d. Four replicates in each group were
used for this assay. CCK-8 is based on the WST-8 reaction
that produces an orange formazan dye in an amount that is
directly related with the number of viable cells. The cell
proliferative rate was determined via the absorbance at an
optical density of 450 nm (OD450nm) using a microplate
reader (SpectraMax M5, Molecular Devices, Sunnyvale,
CA) according to the manufacturer’s protocol.
2.4. Western Blot Analysis. Cells were harvested and lysed in
lysis buﬀer: 20 mmol/L Na2PO4 at pH 7.4, 150 mmol/L NaCl,
1% Triton X-100, 1% aprotinin, 1 mmol/L phenymethysulfonyl ﬂuoride, 10 mg/mL leupeptin, 100 mmol/L NaF, and
2 mmol/L Na3VO4. Lysates were centrifuged at 12,000 rpm
for 15 min. The supernatant was collected, and the protein
content was determined using the Bio-Rad protein assay.
SDS-PAGE sample buﬀer (10 mM Tris-HCl, pH 6.8, 2%
SDS, 10% glycerol, and 0.2 M DTT) was added to the lysates.
Lysates were heated to 100°C for 8 min, and 20 μg of the total
protein was loaded in each well of a 10% SDS-PAGE gel.
Western blot analysis was performed as reported previously
[23, 24]. The following primary antibodies were used:
phospho-mTOR (p-mTOR), and total mTOR antibody (Cell
Signaling Technology, Beverly, MA, USA).
2.5. Alkaline Phosphatase Activity. DPCs were preincubated
with 50 mM rapamycin 1 hour and then exposed to 50 mM
EtOH; this procedure was repeated at day 3. After the treatment, the cells were scraped into cold PBS and then sonicated
in an ice bath and centrifuged at 1500 ×g for 5 min. Then, the
ALP activity was measured in the supernatant using ALP
assay mixtures containing 0.1 M diethanolamine, 1 mM
MgCl2, and 10 mg/mL p-nitrophenyl phosphate. After incubation at 37°C for 30 min, the reaction was stopped by the
addition of NaOH, and the absorbance was measured at
410 nm using the microplate reader (SpectraMax M5).
2.6. Reverse Transcriptase PCR (RT-PCR) and Real-Time
Quantitative PCR (qPCR). The expression levels of ALP,
DSPP, DMP-1, Runx2, and OCN mRNA were determined
by SYBR green real-time reverse transcription-PCR (RTPCR) as described previously [25]. Total RNA were extracted
using TRIzol reagent. Quantitative determination of RNA
levels were performed in triplicate in three independent
experiments. Real-time PCR and data collection were performed with an ABI PRISM 7500 sequence detection system.
The housekeeping gene GAPDH was used as an internal control to normalize the expression levels of diﬀerent genes. For
each primer set, the melting curves were performed to ensure
that a single peak was produced. The data for gene expression
were analyzed with the △△Ct method. The primers used for
the ampliﬁcation of the indicated genes are listed in Table 1.
2.7. Von Kossa Staining. Speciﬁc calciﬁcations were detected
by von Kossa staining [26, 27]. Brieﬂy, DPCs were plated in
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Table 1: List of reverse transcriptase polymerase chain reaction primers.

Gene
ALP
DSPP
DMP-1
Runx2
OCN
GAPDH

Forward
CTATCCTGGCTCCGTGCTC
TGGAGCCACAAACAGAAGCAA
GTGAGTGAGTCCAGGGGAGATAA
GACTGTGGTTACCGTCATGGC
CTCACACTCCTCGCCCTATT
TCAACGACCCCTTCATTGAC

400

Reverse
GCTGGCAGTGGTCAGATGTT
TCCAGCTACTTGAGGTCCATC
TTTTGAGTGGGAGAGTGTGTGC
ACTTGGTTTTTCATAACAGCGGA
TTGGACACAAAGGCTGCAC
ATGCAGGGATGATGTTCTGG

400
99.2%

99.6%
300

Counts

Counts

300

200

100

200

100

0

0
101

102

103

104

105
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Figure 1: DPCs phenotype via ﬂow cytometry. The expression of a series of cell surface markers associated with the mesenchymal stem cell
(MSC) phenotype was investigated using ﬂow cytometry. Analysis of molecular surface antigen markers in DPCs by ﬂow cytometry indicated
that the cells were negative for CD34, whereas they were positive for CD73, CD90, and CD105.

six-well plates at a density of 1 × 105 cells per well and cultured in DMEM supplemented with 10% FBS, 50 mg/mL
ascorbic acid, 10 mmol/L sodium β-glycerophosphate, and
10 nmol/L dexamethasone. DPCs were then pretreated with
50 mM rapamycin for 1 hour prior to the addition of
50 mM EtOH. This treatment was repeated every 3 d. After
14 d of treatment, the cells were treated with a 5% silver
nitrate solution and exposed to ultraviolet light for 30 min.

This solution was then neutralized with 5% sodium thiosulfate for 2 min, and the cells were rinsed with distilled
water for 5 min. Finally, the cells were stained with nuclear
fast red (Sigma, Deisenhofen, Germany) for 1 min. To
quantify the mineralization, the calcium content was measured by a quantitative colorimetric method using a calcium assay kit following the manufacturer’s instructions.
The calcium content of the cell layer was determined at
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Figure 2: Eﬀect of EtOH on cell viability and proliferation of DPCs. (a) Representative live/dead images of EtOH-treated DPCs after days 1, 7,
and 14 of culture. Live cells were stained in green and dead cells were stained in red. In all four groups, live cells were abundant, and dead cells
were few (scale bar = 50 μm). (b) Percentage of live cells of DPCs was around 90%. Data represent mean ± SD of 3 experiments with triplicates.
(c) EtOH increased the cell proliferation. Data represent mean ± SD of 3 experiments with triplicates. ∗ p < 0 05 versus control group.

day 14 of odontogenic culture. The absorbance of the
solutions was read at 570 nm using a UV-visible light
spectrophotometer.
2.8. Statistical Analysis. All experiments were repeated at
least three times. Data are expressed as mean ± standard deviation (SD). Results of at least three independent experiments
(always performed with cells isolated from diﬀerent donors)
were compared by one-way ANOVA. Diﬀerences between
groups were evaluated with Tukey’s posttest. p values < 0.05
were considered signiﬁcant.

3. Results
3.1. Identiﬁcation of Stem Cell Phenotypic Markers in Primary
DPCs. The surface markers of DPCs were analyzed using
ﬂow cytometry. Consistent with other mesenchymal stem cell
populations (Figure 1), the majority of DPCs exhibited intense
expression of mesenchymal surface molecular markers
(CD73—99.2%, CD90—99.6%, and CD105—99.3%). On the
other hand, DPCs exhibited weak expression of surface
markers (CD34—0.2%), indicating that the DPCs contained
mesenchymal progenitors.
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Figure 3: EtOH upregulates mTOR phosphorylation in DPCs in a dose-dependent manner. (a) DPCs were treated with diﬀerent
concentrations of EtOH for 24 hours. Lower panels show the ratios of band densities of phosphor-mTOR to mTOR. (b) Conﬂuent DPCs
cells were preincubated with the mTOR inhibitor rapamycin (50 mM) for 1 hour before treatment with EtOH. Rapamycin decreases
EtOH-induced mTOR phosphorylation. Data represent mean ± SD of 3 experiments with triplicates. ∗ p < 0 05 versus control group.
∗∗
p < 0 05 versus EtOH group.

3.2. DPC Viability and Cell Proliferation. In order to evaluate
the eﬀects of EtOH treatment on DPC cytocompatibility,
cellular viability was assessed using live/dead staining after
24 hours of culture. Representative live/dead staining images
are shown in Figure 2(a). There were numerous live cells
(stained green) and a few dead cells (stained red). In
Figure 2(b), the percentages of live cells in all four groups
were approximately 90% and were not signiﬁcantly diﬀerent
among the three doses of EtOH (p > 0 1). Cell number significantly increased from day 1 to day 14, most likely due to cell
proliferation (Figure 2(c)). The concentrations of EtOH of up
to 50 mM enhanced cell proliferation compared to the
untreated DPCs (Figure 2(d)). Overall, these results demonstrate that 50 mM EtOH, used in the other experiments of
the present study, was not cytotoxic to DPCs.
3.3. mTOR Activation in Response to EtOH in DPCs. To
determine whether the mTOR signaling pathway is involved
in the EtOH-mediated diﬀerentiation of DPCs, DPCs were

treated with EtOH for 24 hours. EtOH treatment elevated
the expression levels of phospho-mTOR signaling with
increasing doses, compared to the control group, as shown
in Figure 3(a). The small molecule rapamycin has been
widely used as a selective mTOR inhibitor [28]. We used
rapamycin to prevent mTOR phosphorylation in response
to EtOH. As depicted in Figure 3(b), EtOH-induced
phospho-mTOR was downregulated following pretreatment
with 50 mM rapamycin. These results conﬁrmed that in
DPCs EtOH triggers the activation of the mTOR pathway
as conﬁrmed by the inhibitory action of rapamycin.
3.4. EtOH-Induced mTOR Activation Increases Alkaline
Phosphatase Activity, Alkaline Phosphatase mRNA
Expression, and Mineralization. To understand whether EtOH
aﬀects the odontogenic diﬀerentiation of DPCs, an ALP activity assay was performed. To this end, ALP activity signiﬁcantly
decreased in the EtOH-treated group until day 14, compared
to the control group (Figure 4(a)). The decreased ALP activity
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Figure 4: Eﬀect of EtOH-induced ALP activity and mineralized nodule formation in DPCs. (a, b) DPCs were treated with EtOH (50 mM) in
the absence or presence of rapamycin (50 mM, pretreatment for 1 h). Cells were retreated every 3 days. ALP activity (a) and ALP mRNA
expression (b) were measured at each time point. (c) DPCs were cultured in osteogenic induction medium for 14 days, and the
mineralized nodule formation was assessed by von Kossa staining (scale bar = 100 μm). (d) On 14 days, the calcium content was
determined. Data represent mean ± SD of 3 experiments with triplicates. ∗ p < 0 05 versus control group. ∗∗ p < 0 05 versus EtOH group.

was signiﬁcantly enhanced following pretreatment with
rapamycin. The results of the ALP mRNA expression were
consistent with ALP assay (Figure 4(b)). Next, we investigated
the mineralized nodule formation, an index of terminal odontoblastic diﬀerentiation, in DPCs after 14 d of incubation with
EtOH in the absence or presence of rapamycin. Treatment of
DPCs with EtOH decreased the mineralized nodule formation
and calcium content. Conversely, an increase in calciﬁed nodule formation (Figure 4(c)) and calcium content (Figure 4(d))
was observed in cells treated with EtOH in the presence of
rapamycin. These results suggest that the downstream eﬀects
of EtOH on the odontoblastic maturation of DPCs were mediated through the activation of the mTOR signaling pathway.
3.5. EtOH Triggers DPC Odontoblastic Diﬀerentiation in an
mTOR-Dependent Manner. To further investigate the eﬀects
of EtOH on odontoblastic diﬀerentiation of DPCs, cells were

exposed to EtOH for 1, 7, and 14 d. EtOH markedly downregulated the mRNA expression of critical odontoblastic
genes including DSPP, DMP-1, Runx2, and OCN mRNA.
In contrast, expression of these genes was signiﬁcantly elevated by the addition of rapamycin prior to EtOH treatment
(Figure 5). These results further indicate that mTOR is a key
mediating factor controlling EtOH-induced odontoblastic
diﬀerentiation of DPCs.

4. Discussion
The long-term detrimental eﬀects of alcoholism on bone
mass have been relatively well established [29]. Previous
studies showed that heavy chronic alcohol consumption is
associated with a variety of risk factors that may contribute
to the pathogenesis of bone disease, including malabsorption,
hypogonadism, poor nutrition, vitamin D deﬁciency, liver
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Figure 5: Eﬀects of EtOH treatment on the odontoblastic diﬀerentiation of DPCs. DPCs cells were pre-incubated with rapamycin (50 mM)
for 1 hour before treatment with EtOH. The mRNA expression of DSPP, DMP-1, Runx2, and OCN was analyzed using real-time RT-PCR.
Data represent mean ± SD of 3 experiments with triplicates. ∗ p < 0 05 versus control group. ∗∗ p < 0 05 versus EtOH group.

disease, and parathyroid dysfunction [30]. The eﬀect of
alcohol on cell proliferation has been reported for various
types of cells [31–33]. Our observations in the present
study indicate that alcohol treatment was able to increase
the proliferation rate of DPCs. Furthermore, The concentrations of EtOH of up to 50 mM was found to not alter
the viability of DPCs. Liu et al. reported that treatment
of marrow mesenchymal stem cells with alcohol led to
an increase in cell proliferation as determined by the
methylthiazolyldiphenyl-tetrazolium bromide assay [34].
The eﬀect of EtOH on the proliferation of DPCs is also
consistent with that reported for mouse bone marrow
mesenchymal stem cells.
Alcohol has been reported to activate mTOR in bone
marrow mesenchymal cells [34]. Interestingly, this study
showed that the addition of rapamycin, a widely used mTOR
inhibitor [35], attenuated the alcohol-induced responses.
These results suggested that alcohol decreased the diﬀerentiation and mineralization of osteoblast-like cells via the
activation of mTOR signaling. To investigate whether

mTOR signaling pathway is involved in EtOH-induced
odontogenic diﬀerentiation of DPCs, we assessed the activation of mTOR signaling in EtOH-treated DPCs under
conditions designed to induce odontoblastic diﬀerentiation
and its role in odontoblastic diﬀerentiation with the use of
mTOR inhibitors. Among the concentration gradients in
our experiment, we found that 50 mM EtOH signiﬁcantly
upregulated phospho-mTOR activity in DPCs. Thus, this
concentration was selected for subsequent experiments in
the present study. Rapamycin was also used to test the eﬀect
of alcohol on mTOR phosphorylation. The phosphorylation
of mTOR was partially inhibited by rapamycin. The mechanism of how EtOH regulates the odontoblast diﬀerentiation
of DPCs is complicated and has not yet been elucidated
completely. In addition, whether mTOR signaling participates in odontoblast diﬀerentiation of DPCs has not yet been
elucidated completely.
DPCs from dental pulp tissues represent a population of
mesenchymal stem/progenitor cells. The high proliferative
potential of DPCs makes this population of cells suitable
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for cell-based regeneration and especially for dentin repair.
DPCs could form the dentin-like tissues and bone-like tissues
in vivo [36]. Several studies have showed that dentin-like tissue formation is associated with DPCs [37–39]. ALP activity is most often used as an early marker of odontoblastic
diﬀerentiation and plays an important role in dentin-like
tissue formation. In the present study, greater ALP activity
and ALP mRNA were achieved when the mTOR signaling
pathway was inhibited by rapamycin. Consistent with this
ﬁnding, more mineralized nodules were also observed in
DPCs treated with rapamycin at the late stage of odontoblastic diﬀerentiation. These results indicate that the mTOR signaling pathway is partly controlling the eﬀects of EtOH on
the odontoblastic diﬀerentiation of DPCs.
Furthermore, the gene expression levels of the related
odontoblastic markers such as DSPP, DMP-1, Runx2, and
OCN were measured to investigate the eﬀects of mTOR signaling on the diﬀerentiation ability of odontoblasts in vitro.
Runx2, of the runt domain gene family, is an essential
transcription factor that controls bone and tooth development by regulating osteoblast and odontoblast diﬀerentiation [40, 41]. DSPP and DMP-1 are members of the small
integrin-binding ligand N-linked glycoprotein (SIBLING)
family. DSPP was originally considered to be dentinspeciﬁc. Although several studies have recently shown its
expression in bone [42–44], DSPP remains a major marker
of odontoblastic diﬀerentiation. In addition, DMP-1 is essential for the mineralization of bone and dentin [45, 46]. Furthermore, OCN can be expressed by odontoblasts and is
present in the dentin matrix, and it is also thought to be a
reparative molecule within the dental pulp [47]. In the
present study, DSPP, DMP-1, Runx2, and OCN mRNA
levels were downregulated in the EtOH-treated DPCs.
However, rapamycin signiﬁcantly reversed the EtOHinduced downregulation of DSPP, DMP-1, Runx2, and
OCN mRNAs. This provided further evidence that the
mTOR signaling pathway plays an important role in EtOHmediated DPC odontoblastic diﬀerentiation. Our study provides a basis that high doses of alcohol may be detrimental
to DPCs’ repair and regenerative capability.
However, the level of odontogenic diﬀerentiation of
DPCs can be regulated also by other important factors.
Paduano et al. demonstrated that hydrogel scaﬀolds
derived from bone extracellular matrix (bECM) promoted
odontogenic diﬀerentiation of dental pulp stem cells in
the absence of external inducers, and these scaﬀolds could
be combined with osteo/odontogenic medium or growth
factors [48]. Qu and Liu demonstrated that gelatin/bioactive
glass hybrid scaﬀolds provided an excellent environment for
dental pulp stem cells for odontogenic diﬀerentiation [49].
Moreover, dental-derived mesenchymal stem cells exhibited
a predisposition toward other phenotypes when cultured
in the appropriate media [50–53]. Interestingly, the poliphenolic fractions isolated from the beer brewing process
enhanced the antioxidant and antitumor activity. Further
study is needed to determine whether the positive bioactive compounds of beer and other agents could regulate
the odontogenic diﬀerentiation of DPCs and their underlying mechanisms.
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In conclusion, the present study demonstrated for the
ﬁrst time that EtOH can downregulate the odontoblastic
diﬀerentiation of DPCs through activation of the mTOR signaling pathway, suggesting that EtOH plays an important
role during the odontoblastic diﬀerentiation. Regenerating
dentin is an important target for the treatment of dental pulp
exposure [54]. The primary objective of vital pulp therapy is
to maintain the health of pulp tissues and to stimulate the
remaining pulp to regenerate the dentin-pulp complex [55].
Therefore, the aim of the present study was to investigate
the potential eﬀect of heavy EtOH consumption on pulp
therapy as a factor that needs to be considered in clinical
practice. Further research is needed to fully understand and
support the clinical indications suggesting that heavy alcoholic consumption should be discouraged during vital pulp
therapy in adults.

Conflicts of Interest
The authors declare that they have no competing interests.

Authors’ Contributions
Wei Qin and Qi-Ting Huang contributed equally as co-ﬁrst
authors to this study.

Acknowledgments
This study was in part supported by NIH R01 DE14190
(Hockin H. K. Xu), the University of Maryland School of
Dentistry bridge fund (Hockin H. K. Xu), the Guandong
Natural Science Foundation (2015A030310079) (Wei Qin),
and the Young Teacher Training Program of Sun Yat-sen
University (15ykpy40) (Wei Qin).

References
[1] P. E. Molina, J. D. Gardner, F. M. Souza-Smith, and A. M.
Whitaker, “Alcohol abuse: critical pathophysiological processes and contribution to disease burden,” Physiology
(Bethesda), vol. 29, no. 3, pp. 203–215, 2014.
[2] J. M. Barragry, R. G. Long, M. W. France, M. R. Wills, B. J.
Boucher, and S. Sherlock, “Intestinal absorption of cholecalciferol in alcoholic liver disease and primary biliary cirrhosis,”
Gut, vol. 20, no. 7, pp. 559–564, 1979.
[3] D. D. Bikle, H. K. Genant, C. Cann, R. R. Recker, B. P. Halloran,
and G. J. Strewler, “Bone disease in alcohol abuse,” Annals of
Internal Medicine, vol. 103, no. 1, pp. 42–48, 1985.
[4] R. T. Turner, “Skeletal response to alcohol,” Alcoholism, Clinical
and Experimental Research, vol. 24, no. 11, pp. 1693–1701, 2000.
[5] J. D. Pedrera-Zamorano, J. M. Lavado-Garcia, R. RonceroMartin, J. F. Calderon-Garcia, T. Rodriguez-Dominguez, and
M. L. Canal-Macias, “Eﬀect of beer drinking on ultrasound
bone mass in women,” Nutrition, vol. 25, no. 10, pp. 1057–
1063, 2009.
[6] K. L. Tucker, R. Jugdaohsingh, J. J. Powell et al., “Eﬀects of
beer, wine, and liquor intakes on bone mineral density in older
men and women,” The American Journal of Clinical Nutrition,
vol. 89, no. 4, pp. 1188–1196, 2009.

Stem Cells International
[7] R. Jugdaohsingh, M. A. O'Connell, S. Sripanyakorn, and
J. J. Powell, “Moderate alcohol consumption and increased
bone mineral density: potential ethanol and non-ethanol
mechanisms,” The Proceedings of the Nutrition Society,
vol. 65, no. 3, pp. 291–310, 2006.
[8] J. Alvisa-Negrin, E. Gonzalez-Reimers, F. Santolaria-Fernandez
et al., “Osteopenia in alcoholics: eﬀect of alcohol abstinence,”
Alcohol and Alcoholism, vol. 44, no. 5, pp. 468–475, 2009.
[9] L. J. Dominguez, R. Scalisi, and M. Barbagallo, “Therapeutic
options in osteoporosis,” Acta Biomed, vol. 81, no. 1, pp. 55–
65, 2010.
[10] P. Hadji, R. Coleman, and M. Gnant, “Bone eﬀects of mammalian target of rapamycin (mTOR) inhibition with everolimus,”
Critical Reviews in Oncology/Hematology, vol. 87, no. 2,
pp. 101–111, 2013.
[11] C. Chen, K. Akiyama, D. Wang et al., “mTOR inhibition rescues osteopenia in mice with systemic sclerosis,” The Journal
of Experimental Medicine, vol. 212, no. 1, pp. 73–91, 2015.
[12] J. J. Chidiac, B. Al-Asmar, K. Rifai, S. J. Jabbur, and N. E. Saadé,
“Inﬂammatory mediators released following application of
irritants on the rat injured incisors. The eﬀect of treatment
with anti-inﬂammatory drugs,” Cytokine, vol. 46, no. 2,
pp. 194–200, 2009.
[13] A. J. Sloan and A. J. Smith, “Stem cells and the dental pulp:
potential roles in dentine regeneration and repair,” Oral
Diseases, vol. 13, no. 2, pp. 151–157, 2007.
[14] A. J. Smith, “Vitality of the dentin-pulp complex in health and
disease: growth factors as key mediators,” Journal of Dental
Education, vol. 67, no. 6, pp. 678–689, 2003.
[15] Y. C. Hwang, I. N. Hwang, W. M. Oh, J. C. Park, D. S. Lee, and
H. H. Son, “Inﬂuence of TGF-beta1 on the expression of
BSP, DSP, TGF-beta1 receptor I and Smad proteins during
reparative dentinogenesis,” Journal of Molecular Histology,
vol. 39, no. 2, pp. 153–160, 2008.
[16] P. Papagerakis, A. Berdal, M. Mesbah et al., “Investigation
of osteocalcin, osteonectin, and dentin sialophosphoprotein
in developing human teeth,” Bone, vol. 30, no. 2, pp. 377–
385, 2002.
[17] J. Yang, L. Ye, T. Q. Hui et al., “Bone morphogenetic protein
2-induced human dental pulp cell diﬀerentiation involves
p38 mitogen-activated protein kinase-activated canonical
WNT pathway,” International Journal of Oral Science, vol. 7,
no. 2, pp. 95–102, 2015.
[18] F. He, Z. Yang, Y. Tan et al., “Eﬀects of Notch ligand
Delta1 on the proliferation and diﬀerentiation of human
dental pulp stem cells in vitro,” Archives of Oral Biology,
vol. 54, no. 3, pp. 216–222, 2009.
[19] W. Qin, F. Yang, R. Deng et al., “Smad 1/5 is involved in bone
morphogenetic protein-2-induced odontoblastic diﬀerentiation in human dental pulp cells,” Journal of Endodontia,
vol. 38, no. 1, pp. 66–71, 2012.
[20] Y. Y. Chen, S. T. He, F. H. Yan et al., “Dental pulp stem cells
express tendon markers under mechanical loading and are
a potential cell source for tissue engineering of tendon-like
tissue,” International Journal of Oral Science, vol. 8, no. 4,
pp. 213–222, 2016.
[21] L. Wang, C. Zhang, C. Li et al., “Injectable calcium phosphate
with hydrogel ﬁbers encapsulating induced pluripotent, dental
pulp and bone marrow stem cells for bone repair,” Materials
Science & Engineering. C, Materials for Biological Applications,
vol. 69, pp. 1125–1136, 2016.

9
[22] P. Wang, X. Liu, L. Zhao et al., “Bone tissue engineering via
human induced pluripotent, umbilical cord and bone marrow
mesenchymal stem cells in rat cranium,” Acta Biomaterialia,
vol. 18, pp. 236–248, 2015.
[23] J. Guo, W. Qin, Q. Xing et al., “TRIM33 is essential for
osteoblast proliferation and diﬀerentiation via BMP pathway,”
Journal of Cellular Physiology, vol. 232, pp. 3158–3169, 2017.
[24] C. G. Pfeifer, A. Karl, A. Berner et al., “Expression of BMP and
actin membrane bound inhibitor is increased during terminal
diﬀerentiation of MSCs,” Stem Cells International, vol. 2016,
Article ID 2685147, 9 pages, 2016.
[25] T. Nakamura, Y. Chiba, M. Naruse, K. Saito, H. Harada,
and S. Fukumoto, “Globoside accelerates the diﬀerentiation
of dental epithelial cells into ameloblasts,” International
Journal of Oral Science, vol. 8, no. 4, pp. 205–212, 2016.
[26] W. Qin, P. Liu, R. Zhang et al., “JNK 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.
[27] 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.
[28] A. R. Martin, R. A. Pollack, A. Capoferri, R. F. Ambinder, C.
M. Durand, and R. F. Siliciano, “Rapamycin-mediated mTOR
inhibition uncouples HIV-1 latency reversal from cytokineassociated toxicity,” The Journal of Clinical Investigation,
vol. 127, no. 2, pp. 651–656, 2017.
[29] D. Feskanich, S. A. Korrick, S. L. Greenspan, H. N. Rosen, and
G. A. Colditz, “Moderate alcohol consumption and bone density among postmenopausal women,” Journal of Women's
Health, vol. 8, no. 1, pp. 65–73, 1999.
[30] M. J. Kim, M. S. Shim, M. K. Kim et al., “Eﬀect of chronic
alcohol ingestion on bone mineral density in males without
liver cirrhosis,” The Korean Journal of Internal Medicine,
vol. 18, no. 3, pp. 174–180, 2003.
[31] J. Lee, M. S. Shin, M. O. Kim et al., “Apple ethanol extract promotes proliferation of human adult stem cells, which involves
the regenerative potential of stem cells,” Nutrition Research,
vol. 36, no. 9, pp. 925–936, 2016.
[32] P. D. Narayanan, S. K. Nandabalan, and L. S. Baddireddi, “Role
of STAT3 phosphorylation in ethanol-mediated proliferation
of breast cancer cells,” Journal of Breast Cancer, vol. 19,
no. 2, pp. 122–132, 2016.
[33] H. S. Kim, S. J. Kim, J. Bae et al., “The p90rsk-mediated signaling of ethanol-induced cell proliferation in HepG2 cell line,”
The Korean Journal of Physiology and Pharmacology, vol. 20,
no. 6, pp. 595–603, 2016.
[34] Y. Liu, X. Kou, C. Chen et al., “Chronic high dose alcohol
induces osteopenia via activation of mTOR signaling in bone
marrow mesenchymal stem cells,” Stem Cells, vol. 34, no. 8,
pp. 2157–2168, 2016.
[35] K. J. Kinghorn, S. Gronke, J. I. Castillo-Quan et al., “A drosophila model of neuronopathic gaucher disease demonstrates
lysosomal-autophagic defects and altered mTOR signalling
and is functionally rescued by rapamycin,” Journal of Neuroscience, vol. 36, no. 46, pp. 11654–11670, 2016.
[36] G. T. Huang, S. Gronthos, and S. Shi, “Mesenchymal stem cells
derived from dental tissues vs. those from other sources: their
biology and role in regenerative medicine,” Journal of Dental
Research, vol. 88, no. 9, pp. 792–806, 2009.

10
[37] J. Caton, N. Bostanci, E. Remboutsika, C. De Bari, and T. A.
Mitsiadis, “Future dentistry: cell therapy meets tooth and
periodontal repair and regeneration,” Journal of Cellular and
Molecular Medicine, vol. 15, no. 5, pp. 1054–1065, 2011.
[38] A. A. Volponi, Y. Pang, and P. T. Sharpe, “Stem cell-based biological tooth repair and regeneration,” Trends in Cell Biology,
vol. 20, no. 12, pp. 715–722, 2010.
[39] N. E. Abou, W. Chrzanowski, V. M. Salih, H. W. Kim, and
J. C. Knowles, “Tissue engineering in dentistry,” Journal of
Dentistry, vol. 42, no. 8, pp. 915–928, 2014.
[40] B. Jin and P. H. Choung, “Recombinant human plasminogen
activator inhibitor-1 accelerates odontoblastic diﬀerentiation
of human stem cells from apical papilla,” Tissue Engineering
Part A, vol. 22, no. 9-10, pp. 721–732, 2016.
[41] F. Posa, A. Benedetto, and G. Colaianni, “Vitamin D eﬀects
on osteoblastic diﬀerentiation of mesenchymal stem cells
from dental tissues,” Stem Cells International, vol. 2016,
Article ID 9150819, 9 pages, 2016.
[42] O. Baba, C. Qin, J. C. Brunn et al., “Detection of dentin
sialoprotein in rat periodontium,” European Journal of Oral
Sciences, vol. 112, no. 2, pp. 163–170, 2004.
[43] J. K. Kim, R. Shukla, L. Casagrande et al., “Diﬀerentiating
dental pulp cells via RGD-dendrimer conjugates,” Journal of
Dental Research, vol. 89, no. 12, pp. 1433–1438, 2010.
[44] I. S. Kim, Y. M. Song, and S. J. Hwang, “Osteogenic responses
of human mesenchymal stromal cells to static stretch,” Journal
of Dental Research, vol. 89, no. 10, pp. 1129–1134, 2010.
[45] L. W. Fisher, “DMP1 and DSPP: evidence for duplication and
convergent evolution of two SIBLING proteins,” Cells, Tissues,
Organs, vol. 194, no. 2–4, pp. 113–118, 2011.
[46] A. Balic and M. Mina, “Identiﬁcation of secretory odontoblasts
using DMP1-GFP transgenic mice,” Bone, vol. 48, no. 4,
pp. 927–937, 2011.
[47] N. Goto, K. Fujimoto, and S. Fujii, “Role of MSX1 in osteogenic diﬀerentiation of human dental pulp stem cells,”
Stem Cells International, vol. 2016, Article ID 8035759,
13 pages, 2016.
[48] F. Paduano, M. Marrelli, L. J. White, K. M. Shakesheﬀ, and
M. Tatullo, “Odontogenic diﬀerentiation of human dental
pulp stem cells on hydrogel scaﬀolds derived from decellularized bone extracellular matrix and collagen type I,” PLoS
One, vol. 11, no. 2, article e148225, 2016.
[49] T. Qu and X. Liu, “Nano-structured gelatin/bioactive glass
hybrid scaﬀolds for the enhancement of odontogenic diﬀerentiation of human dental pulp stem cells,” Journal of Materials
Chemistry. B, Materials for Biology and Medicine, vol. 1,
no. 37, pp. 4764–4772, 2013.
[50] M. Marrelli, F. Paduano, and M. Tatullo, “Human periapical
cyst-mesenchymal stem cells diﬀerentiate into neuronal
cells,” Journal of Dental Research, vol. 94, no. 6, pp. 843–
852, 2015.
[51] M. Tatullo, M. Marrelli, K. M. Shakesheﬀ, and L. J. White,
“Dental pulp stem cells: function, isolation and applications
in regenerative medicine,” Journal of Tissue Engineering and
Regenerative Medicine, vol. 9, no. 11, pp. 1205–1216, 2015.
[52] C. Gandia, A. Arminan, J. M. Garcia-Verdugo et al.,
“Human dental pulp stem cells improve left ventricular
function, induce angiogenesis, and reduce infarct size in rats
with acute myocardial infarction,” Stem Cells, vol. 26, no. 3,
pp. 638–645, 2008.

Stem Cells International
[53] G. Carnevale, M. Riccio, A. Pisciotta et al., “In vitro diﬀerentiation into insulin-producing beta-cells of stem cells isolated
from human amniotic ﬂuid and dental pulp,” Digestive and
Liver Disease, vol. 45, no. 8, pp. 669–676, 2013.
[54] A. Nowicka, M. Lipski, M. Paraﬁniuk et al., “Response of
human dental pulp capped with biodentine and mineral
trioxide aggregate,” Journal of Endodontia, vol. 39, no. 6,
pp. 743–747, 2013.
[55] F. Schwendicke, F. Brouwer, and M. Stolpe, “Calcium hydroxide versus mineral trioxide aggregate for direct pulp capping: a
cost-eﬀectiveness analysis,” Journal of Endodontia, vol. 41,
no. 12, pp. 1969–1974, 2015.

Hindawi
Stem Cells International
Volume 2017, Article ID 7617048, 10 pages
https://doi.org/10.1155/2017/7617048

Research Article
NURR1 Downregulation Favors Osteoblastic
Differentiation of MSCs
Adriana Di Benedetto,1 Francesca Posa,1,2 Claudia Carbone,3 Stefania Cantore,3
Giacomina Brunetti,3 Matteo Centonze,4 Maria Grano,5 Lorenzo Lo Muzio,1
Elisabetta A. Cavalcanti-Adam,2 and Giorgio Mori1
1

Department of Clinical and Experimental Medicine, Medical School, University of Foggia, Foggia, Italy
Institute of Physical Chemistry, Department of Biophysical Chemistry, University of Heidelberg and Max Planck Institute for
Intelligent Systems, Stuttgart, Germany
3
Department of Basic and Medical Sciences, Neurosciences and Sense Organs, University of Bari, Bari, Italy
4
IRCCS Istituto Tumori Giovannoi Paolo II, Bari, Italy
5
Department of Emergency and Organ Transplantation, University of Bari, Bari, Italy
2

Correspondence should be addressed to Giorgio Mori; giorgio.mori@unifg.it
Received 30 April 2017; Accepted 12 June 2017; Published 9 July 2017
Academic Editor: Rajiv Saini
Copyright © 2017 Adriana Di Benedetto et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.
Mesenchymal stem cells (MSCs) have been identiﬁed in human dental tissues. Dental pulp stem cells (DPSCs) were classiﬁed
within MSC family, are multipotent, can be isolated from adult teeth, and have been shown to diﬀerentiate, under particular
conditions, into various cell types including osteoblasts. In this work, we investigated how the diﬀerentiation process of DPSCs
toward osteoblasts is controlled. Recent literature data attributed to the nuclear receptor related 1 (NURR1), a still unclariﬁed
role in osteoblast diﬀerentiation, while NURR1 is primarily involved in dopaminergic neuron diﬀerentiation and activity. Thus,
in order to verify if NURR1 had a role in DPSC osteoblastic diﬀerentiation, we silenced it during all the processes and compared
the expression of the main osteoblastic markers with control cultures. Our results showed that the inhibition of NURR1
signiﬁcantly increased the expression of osteoblast markers collagen I and alkaline phosphatase. Further, in long time cultures,
the mineral matrix deposition was strongly enhanced in NURR1-silenced cultures. These results suggest that NURR1 plays a
key role in switching DPSC diﬀerentiation toward osteoblasts rather than neuronal or even other cell lines. In conclusion,
DPSCs represent a source of osteoblast-like cells and downregulation of NURR1 strongly prompted their diﬀerentiation toward
the osteoblastogenesis process.

1. Introduction
The regenerative medicine is increasing its interest in using
adult stem cells for the regeneration of mineralized tissues.
Speciﬁcally, wide variety of postnatal MSCs have been identiﬁed in the dental tissues in the past decade. In particular,
DPSCs can be isolated from the dental pulp of adults, a tissue
containing the progenitors of the dentinogenic lineage and
thus physiologically involved in the reparative processes
of dentin [1–3]. Although the regenerative process of the
dentin/pulp complex is not well understood, it is known that

the reparative dentin is deposed as a protective barrier for the
pulp as a consequence of trauma or cavity [4, 5]. DPSCs are
normally quiescent, but, following injuries that cause odontoblast death, they can resume their biological activity. Thus,
in response to stimuli located on pulp-dentin interface,
DPSCs are recruited at the site of the lesion and diﬀerentiate
into odontoblasts synthesizing reparative dentin and preserving tooth vitality. Previous works showed that DPSCs
can be considered odontoblast/osteoblast precursors because
they express osteogenic markers and are responsive to many
growth factors for osteo/odontogenic diﬀerentiation [6–8].
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In addition, dental pulp cells are capable of forming mineral
matrix nodules [2, 9–11]. Actually, it has been demonstrated
that DPSCs can diﬀerentiate toward multiple cell lineages;
hence, when stimulated with the appropriate culture media,
they showed the capacity to diﬀerentiate into chondrocytelike, adipocyte-like, and osteoblast-like cells [12–17]. Consistently, more studies showed that DPSCs, when properly
stimulated, can be induced to diﬀerentiate into neuronallike and glial cells expressing the typical markers nestin and
glial ﬁbrillary acidic protein (GFAP) [18–21]. In addition,
DPSCs showed to diﬀerentiate into osteoblast-like cells,
express the main bone matrix protein collagen I (Col1), the
typical osteoblast enzyme alkaline phosphatase (ALP), and
form nodules of mineralized matrix [2, 15, 22–24]. This suggests the presence of diﬀerent niches of progenitors/stem
cells in the pulp with a multipotency of diﬀerentiation that
can be intercepted and altered by the appropriate stimuli.
Morphological characteristics of DPSCs were compared to
those of mesenchymal stem cells (MSCs) from bone marrow;
the comparison showed many similarities [2, 13]; it is also
relevant that gene expression proﬁles of the two cell
populations were very similar [25–27]. The ﬁnding of the
diﬀerentiation potential of DPSCs led the scientists to consider them as an alternative source of postnatal stem cells.
In particular, the ability to diﬀerentiate into osteoblast-like
cells, which are able to deposit a mineralized matrix, has
revolutionized the dental research and opened new perspectives for reconstructive surgery and calciﬁed tissue
bioengineering. The literature data on dental stem cells
are so promising that American companies, with the
approval by the Food and Drug Administration (FDA),
provide a service of isolation and preservation of these
cells where the onset of disease would make their use
beneﬁcial in therapy. Although the plasticity of DPSCs
and their ability to generate many diﬀerent cell lines are
already known, what genes are involved in the multilineage
diﬀerentiation ability of these cells and in their osteoblastic
diﬀerentiation process remains unclear and needs to be
deeply investigated, since osteoblastogenesis is inﬂuenced
by many cytokines and genes [28, 29]. We have reported in
a previous work that DPSCs express the nuclear receptor
NURR1 in basal and in osteogenic conditions [23], a surprising ﬁnding, considering that NURR1 is a member of the
nuclear steroid/thyroid receptor superfamily, expressed primarily in the central nervous system, essential for the survival
and development function of dopaminergic neurons of the
ventral nuclei of the brain [30]. Indeed, the expression of
NURR1 was already described in DPSCs and SHEDs, but a
role for the receptor was mostly attributed during the diﬀerentiation toward a neuronal phenotype [19, 31–33]. Actually,
a couple of works reported, in mice calvarial osteoblast and
MC3T3-E1, that NURR1 increased the expression of osteoblastic markers [34, 35]. Conversely, a more recent work
described a cross talk between NURR1 and β-catenin where
NURR1 inhibited β-catenin-mediated expression and βcatenin was capable of inhibiting the transcriptional activity
of NURR1 [36]. So far, NURR1 is expressed in DPSCs, but
its role in the osteogenic diﬀerentiation is still controversial
and needs more investigations. Thus, having established that
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DPSCs are an excellent model for studying the osteoblast
diﬀerentiation [2, 15, 22–24], in this work, we knock
down NURR1 in DPSCs, by using the gene silencing technology, and elucidated the eﬀect and the role of Nurr1 in
osteoblast diﬀerentiation.

2. Results
2.1. Osteogenic Trigger Inhibits Neuronal Markers Expression
in DPSCs. To conﬁrm that DPSCs, following the osteogenic
diﬀerentiation treatment, commit to osteoblastic lineage
and lose their multipotency, we analyzed the expression of
the neuronal protein nestin and the astrocytes marker GFAP.
The cells were cultured in presence of osteogenic media, and
the total cell lysates were collected at diﬀerent time points
(T0, 4, 8, and 12 days) to be analyzed by Western blotting.
Figure 1 shows that both nestin and GFAP are expressed
during the ﬁrst phases of osteogenic diﬀerentiation, but their
expression became dramatically reduced after 8 days of
culture. These results demonstrated that, during the ﬁrst days
(4–8) of osteogenic diﬀerentiation, DPSCs continue to
maintain neural potentials, or perhaps not all the cells are
already committed while, after 8 days of culture in osteogenic
medium, the neuronal potential of DPSCs appeared
completely suppressed.
2.2. NURR1 Expression Was Knocked Down in DPSCs. Our
previous work, showing that NURR1 was expressed in
DPSCs in basal conditions and still present when the cells
diﬀerentiated into osteoblast-like cells [23], prompted us
to deeper investigate the role of NURR1 in DPSCs during
the diﬀerentiation toward osteoblastic lineage. To this purpose, we used siRNA to knock down NURR1 expression in
DPSCs from time zero (T0) during the whole diﬀerentiation process. The cells were seeded in osteogenic medium
and the silencing sequences NURR1 (SIL) or scramble
(CTR) were added every 48 hrs in order to keep NURR1
downregulated. All cell lysates were collected and subjected
to qPCR showing a dramatic reduction of Nurr1 mRNA in
silenced samples relative to CTR at the all analyzed time
points (2, 4, 6, and 8 days) (Figure 2(a)). Detection of
NURR1 protein levels was performed by Western blotting,
conﬁrming the decrease of the protein in NURR1 silenced
cells (Figure 2(b)).
2.3. NURR1 Downregulation Favors the Osteogenic
Diﬀerentiation of DPSCs. Once veriﬁed that NURR1expression was silenced during the osteoblastic diﬀerentiation of DPSCs, we analyzed how NURR1 knockdown
could inﬂuence the osteogenic diﬀerentiation of DPSCs.
Osteoblastic markers such as ALP, Col1, Runx-2, osteoprotegerin (OPG), osteopontin (OPN), and osteocalcin
(OCN) were studied by qPCR: a schematic panel of the
results is shown in Table 1.
However, the osteogenic markers that were signiﬁcantly
inﬂuenced by NURR1 downregulation have been described
in details below. The expression of the typical osteoblast early
markers Col1 and ALP was determined by qPCR (Figure 3).
Col1 mRNA level increased in the CTR cells, along the
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Figure 1: Expression of GFAP and nestin during osteogenic diﬀerentiation of DPSCs. Immunoblots show the protein expression trend
of GFAP and nestin in DPSCs cultivated in osteogenic conditions for 4, 8, and 12 days. Both proteins were expressed during the ﬁrst
phases of osteogenic diﬀerentiation (4–8 days), but their expression dramatically dropped after 8 days of culture. Data are presented as
means ± SE of 3 independent donors. ∗ P < 0 01 compared to T0. Statistics: unpaired Student’s t-test.

analyzed diﬀerentiation steps (Figure 3(a)), as well as ALP
(Figure 3(b)), conﬁrming that DPSCs cultivated in osteogenic medium acquired the typical osteoblastic features.
Intriguingly, the expression of Col1 signiﬁcantly increased
in NURR1 silenced cells compared to CTR cells with a signiﬁcant trend at 6 and 8 days, as did ALP at 8 days, suggesting that NURR1 downregulation favors the osteogenic
diﬀerentiation of DPSCs. The expression trend of Col1
was further conﬁrmed, in NURR1 silenced and CTR cells,
by Western blot analysis. As shown in Figure 3(c), Col1
protein level increased in NURR1 silenced cells if compared
with CTR cells at 2–6 days, thus conﬁrming the mRNA
data. The molecular result of ALP trend was further supported by the histochemical evaluation of ALP expression.
The histochemical assay was performed on DPSCs CTR
and siNURR1 after 8 days of osteogenic diﬀerentiation
(Figure 4(a)). As revealed by the purple staining, ALP
expression was signiﬁcantly more abundant in siNURR1
cells compared to CTR cells (~150%) corroborating the idea
that NURR1 expression must be downregulated to prompt
the cells to osteogenic lineage.
2.4. Downregulation of NURR1 in DPSCs Favors the Mineral
Matrix Deposition Ability. To further investigate the role of
NURR1 in osteoblast diﬀerentiation of DPSCs, we cultured
CTR and NURR1 silenced cells in mineralizing conditions.
The silencing sequences (siNURR1) or scramble (CTR)
were added every 48 hrs in order to keep NURR1 downregulated. A histochemical assay was used to analyze how

NURR1 knockdown could inﬂuence the ability of DPSCs
to mineralize. As showed in Figure 4(b), the capacity of
DPSCs to mineralize was highly enhanced in NURR1
silenced cells compared to CTR cells (200%). These results
are in agreement with the increased expression of osteoblast markers Col1 and ALP and conﬁrmed the ﬁnding
that NURR1 is expressed in undiﬀerentiated DPSCs, but
down levels of the receptor prompt the diﬀerentiation of
the cells toward the osteoblastic lineage and mineral
matrix deposition.

3. Discussion
So far, NURR1 has been considered primarily involved in
dopaminergic neurons diﬀerentiation and activity. Interestingly, a key role for the receptor was attributed during
the diﬀerentiation of DPSCs toward a neuronal phenotype
[19, 31–33]. Indeed, NURR1 is crucial for dopaminergic
neuron function [37] and its malfunction has been correlated
with neurological and inﬂammatory disease [38, 39]. By contrast, literature data about NURR1 role in osteoblasts are
controversial: studies in mice highlighted an eﬀect in increasing the osteoblastic phenotype of primary culture and osteoblastic cell lines [34, 35], while a more recent work indicated
that NURR1 downregulated the main osteoblastic diﬀerentiation pathway, involving β-catenin, in a human osteoblastic
cell line [36]. In addition, we found that MSCs such as DPSCs
express NURR1 in basal and osteogenic conditions [23].
Thus, NURR1 is expressed in DPSCs, with a prominent role
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Figure 2: Eﬀect of NURR1 short-interfering knockdown. (a) qPCR of DPSCs diﬀerentiated in osteogenic conditions and transfected with
NURR1-speciﬁc siRNA (black bars) or scrambled sequences as control (white bars) showed the eﬀective knockdown of NURR1 mRNA. A
time course demonstrated that NURR1 expression remained downregulated along the culture. Expression was normalized to GAPDH.
∗
P < 0 01 compared to CTR. (b) NURR1 mRNA downregulation was conﬁrmed and validated by Western blotting indicating that
NURR1 protein was knocked down. Each graph represents means ± SE of 3 independent donors. ∗ P < 0 01 compared to CTR.
Student’s t-test was used for single comparison.

in neuronal diﬀerentiation, but its role in the osteogenic differentiation needs more investigations. Consistent with the
essential role played by NURR1 in nervous tissue, we speculated if the molecule could, in some way, inﬂuence the DPSC

diﬀerentiation toward the osteoblastic phenotype and, more
precisely, if NURR1 inhibition could interfere with DPSC
osteoblastogenesis. Primarily, we studied the neuronal
marker nestin and the neuroglia marker G-Fap during DPSC
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Table 1: Osteogenic markers in DPSC cultures: NURR1 silenced
versus CTRs.

ALP
Col1
Runx-2
OPG
OPN
OCN

2 days
UN
UN
+
UN
+
NF

4 days
+
++
UN
−
−
NF

6 days
++
++
+
−
−
+

8 days
++
++
−
++
UN
+

The table reports the osteogenic markers analyzed at 2, 4, 6, and 8 days
of diﬀerentiation in NURR1 silenced and CTR cultures. The symbols
indicate the ratio of NURR1 SIL compared to CTR cultures (expressed as
%). + corresponds to an increase 10–50%; ++ corresponds to an increase
higher than 50%; − corresponds to a decrease 10–50%; UN indicates a not
signiﬁcant variation; NF indicates a not relevant detection of the marker.

osteogenic process. Both markers were expressed in DPSCs
during the ﬁrst phases of osteogenic diﬀerentiation, perhaps
the cells still retaining a neuronal potency, but dramatically
decreased after 8 days of culture, indicating the expected
result that osteoblast diﬀerentiation triggers decreased DPSC
neuronal potential. Tissue regeneration, based on adult stem
cells approach, is still facing with strategies directed to
control and increase their diﬀerentiation capacity; thus, the
discovery of target molecules to modulate, in order to address
the desired commitment, is still an open challenge [40].
Mainly, MSC multipotency has the problem in regeneration
therapy to drive cell diﬀerentiation to the correct lineage,
reconstructing the expected mature tissue. The role of
NURR1 in osteoblast diﬀerentiation is not yet clearly established and is intriguing, since it is expressed in MSCs during
osteoblastogenesis [23, 34, 36], but it is also involved in
neuronal diﬀerentiation [19, 41]. To unambiguously establish the role of this receptor in osteogenic diﬀerentiation of
MSCs, we inhibited NURR1 during all the processes submitting DPSCs to a repeated multistep silencing treatment.
Primarily, we checked the successful of NURR1 silencing
treatment at each time of the experiment. Hence, the main
osteogenic markers were studied. Col1 expression indicated
that DPSCs acquired the capacity to secrete the main bone
matrix protein and we found that NURR1 silencing increased
both mRNA and protein expression. ALP mRNA levels dramatically increased in silenced cells and the histochemical
assay conﬁrmed the diﬀerent enzyme quantities, indicating
that NURR1 downregulation had a strong eﬀect on the
expression of the molecule crucial for osteoblast during the
matrix deposition. The ﬁnal crucial step in the bone regenerative process is the inorganic matrix formation [42]. Thus,
mature osteoblasts, after the secretion of organic matrix
components, begin the mineralization phase. MSCs from
dental tissues have been demonstrated to correctly undergo
to mineralization process [43]: some substances such as
vitamin D could increase the mineral matrix deposition
[44]; we found that inhibiting NURR1 enhanced DPSC mineralization. In summary, NURR1 is expressed in DPSCs, but
to pursuit the cells toward a greater matrix deposition, proper
of mature osteoblast, the receptor can be downregulated.
MSC diﬀerentiation fate can be artiﬁcially modulated,

in vitro, by the appropriate culture conditions and compounds. Apparently, the epigenetic science indicates that
diﬀerent stimuli can interfere with gene expression; in vivo,
this issue regards also cell diﬀerentiation. In conclusion,
our results showed the expression of nestin and GFAP in
DPSCs conﬁrming their neural potential. In addition, we
demonstrated that such neural and glial markers are still
present during the ﬁrst steps of osteogenic diﬀerentiation,
suggesting that DPSCs still maintain quite a multipotency
or perhaps not all the cells in the culture are yet committed
to osteogenic lineage. After 8 days, the expression of these
markers dramatically decreased, suggesting that the cells lose
their neural potential. In the same way, we found that
NURR1 is expressed in DPSCs, but keeping down its expression during the osteogenic diﬀerentiation, the expression of
typical osteoblastic markers is increased, culminating in
higher production of mineralized matrix. We demonstrated
that one of the mechanisms regulating MSC plasticity,
inﬂuencing their phenotype, is NURR1 expression; in
particular, its inhibition promotes osteoblastogenesis and
enhances mineral matrix deposition. Discovering an appropriate in vivo method for inhibiting NURR1 during MSC
osteogenic diﬀerentiation could improve an adult stem cell
based tissue engineering, enhancing bone tissue regeneration.

4. Patients, Materials, and Methods
4.1. Cell Cultures. Human pulp tissues were collected from
the third molars of twenty healthy young adults aged between
eighteen and twenty-six years. The study was approved by
the Institutional Review Board of the Department of Dental
Science and Surgery—Unit of Periodontology, University of
Bari; the patients gave written informed consent. Once the
teeth were extracted, the pulp tissues were dissected, enzymatically digested, and ﬁltered to obtain single-cell suspensions. DPSCs harvested were seeded and expanded as
previously described [2, 23, 45, 46]. For diﬀerentiation
toward osteogenic lineage, cell culture medium was supplemented with 10−8 M dexamethasone and 50 μg/ml ascorbic
acid (Sigma Aldrich, Milan, Italy). For induction of matrix
mineralization, we supplemented the cell culture medium
with 10−8 M dexamethasone, 50 μg/ml ascorbic acid, and
10 mM β-glycerophosphate.
4.2. Short-Interfering RNA Knockdown. DPSCs were transfected with NURR1-speciﬁc siRNA or scrambled sequences
as control (50 nM) (Life Technologies) using RNAi Max
Lipofectamine (Life Technologies). Both speciﬁc and control
sequences were added on each medium change every 2 days,
until the end of the culture, in order to keep the protein
downregulated, reaching an optimal knockdown of NURR1
mRNA and protein (Figures 2(a) and 2(b)).
4.3. Real-Time RT-PCR. Total RNA was isolated using spin
columns (RNasy, Qiagen, Hilden, Germany) according to
the manufacturer’s instructions and reverse transcribed
(2 μg) using the Superscript First-Strand Synthesis System
kit (Invitrogen Life Technologies, Carlsbad, CA, USA); the
resulting cDNA (20 ng) was subjected to quantitative PCR
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Figure 3: Eﬀect of NURR1 downregulation on osteoblast markers. (a)-(b) qPCR performed on si-NURR1 or CTR cells showed that NURR1
downregulation signiﬁcantly increased the expression of the two osteoblast markers ALP (8 days) (a) and Col1 (6–8 days) (b). Expression was
normalized to GAPDH. ∗ P < 0 01 compared to CTR. (c) Immunoblotting conﬁrmed that the expression of Col1 protein increased in NURR1
silenced cells relative to CTR cells (∗ P < 0 01). Each graph represents means ± SE of 3 independent donors. Statistics: unpaired Student’s t-test.
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Figure 4: Eﬀect of NURR1 downregulation on ALP and mineralization. (a) ALP histochemical assay (purple staining) performed on DPSCs
transfected with NURR1-speciﬁc siRNA or scrambled sequences and maintained in osteogenic conditions for 7 days. The graph represents
the quantiﬁcation of positive staining as percentage compared to CTR (∗ P < 0 01) and is representative for 3 independent donors.
Data are presented as mean ± SEM. Student’s t-test was used for single comparisons. (b) Mineral matrix deposition assayed by ARS
(red staining) in siNURR1 and CTR cells after 21 days in osteogenic conditions. The graph shows the OD quantiﬁcation of
extracted dye from stained cell layers as percentage compared to CTR (∗ P < 0 001) and is representative for 3 independent donors.
Data are presented as mean ± SEM. Student’s t-test was used for single comparisons.
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as described. Real-time PCR analysis of mRNA was performed using a BioRad CFX96 Real Time System using the
SYBR green PCR method according to the manufacturer’s
instruction (BioRad iScript Reverse Transcription Supermix
cat. 170-8841). The mean cycle threshold value (Ct) from
triplicate samples was used to calculate gene expression,
and PCR products were normalized to GAPDH levels for
each reaction.
4.4. Immunoblotting. Total cell lysates were obtained as
previously described [44, 45]. Total protein concentration
was measured using the Bio-Rad Protein Assay kit, and cell
lysates were separated by SDS-PAGE before transfer onto
nitrocellulose membranes (Invitrogen, Carlsbad, CA). After
immunoblotting with the appropriate antibodies, immune
complexes were visualized by incubation with IRDye-labeled
secondary antibodies (680/800CW) (LI-COR Biosciences,
NE). For immunoblotting, the Odyssey infrared imaging
system was used (LI-COR Corp., Lincoln, NE).
4.5. Alkaline Phosphatase (ALP). The levels of the biochemical marker for the osteoblast activity, ALP, was tested in
DPSC cultures diﬀerentiated with osteogenic factors, using
the Leukocyte Alkaline Phosphatase Kit (Sigma Aldrich).
Cells were ﬁxed, gently washed with deionized water, and
stained with ALP solution according to the manufacturer’s
instructions for 15′. After incubation, the cells were rinsed
with water, air-dried, and then analyzed under the microscope. ALP-positive cells show a purple color. ALP quantiﬁcation was performed by ImageJ, analyzing the number of
colored pixels corresponding to the positive stained cells.
4.6. Alizarin Red Staining (ARS). The capacity of diﬀerentiated DPSCs to produce calcium-rich deposits was analyzed
by using alizarin red staining. The cells were gently rinsed
with PBS, ﬁxed with 10% formalin at room temperature for
10 minutes, and then rinsed again with deionized water.
The staining was performed by adding 1% of ARS solution
at room temperature for 10 minutes. After discarding the
ARS solution, the wells were rinsed twice with deionized
water and air-dried. Calcium-rich deposits appeared red
stained. As previously described, the dye was extracted from
the stained cell layer and assayed for quantiﬁcation at 405 nm
[46, 47]. Brieﬂy, 10% acetic acid was added for 30 min at
room temperature with shaking, the solution incubated
10 min at 85°C and then kept on wet ice for 5 min. Before
reading the optical density at 405 nm, 10% ammonium
hydroxide was added to neutralize the acid. The results were
evaluated for statistical analysis.
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Human dental pulp cells have been known to have the stem cell features such as self-renewal and multipotency. These cells
are diﬀerentiated into hard tissue by addition of proper cytokines and biomaterials. Hydroxyapatite-tricalcium phosphates
(HA-TCPs) are essential components of hard tissue and generally used as a biocompatible material in tissue engineering of
bone. Demineralized dentin matrix (DDM) has been reported to increase eﬃciency of bone induction. We compared the
eﬃciencies of osteogenic diﬀerentiation and in vivo bone formation of HA-TCP and DDM on human dental pulp stem
cells (hDPSCs). DDM contains inorganic components as with HA-TCP, and organic components such as collagen type-1.
Due to these components, osteoinduction potential of DDM on hDPSCs was remarkably higher than that of HA-TCP.
However, the eﬃciencies of in vivo bone formation are similar in HA-TCP and DDM. Although osteogenic gene
expression and bone formation in immunocompromised nude mice were similar levels in both cases, dentinogenic gene
expression level was slightly higher in DDM transplantation than in HA-TCP. All these results suggested that in vivo
osteogenic potentials in hDPSCs are induced with both HA-TCP and DDM by osteoconduction and osteoinduction,
respectively. In addition, transplantation of hDPSCs/DDM might be more eﬀective for diﬀerentiation into dentin.

1. Introduction
Periodontal disease and dental caries cause periodontal bone
defects, which will lead to tooth loss. The best way to treat
periodontal bone defects is the induction of osteogenesis
through reconstructive surgery. Recently, bone tissue engineering technology is known to be a promising clinical
application for replacing wounded dental tissues [1–5].
Bone regeneration requires three components: stem cells,
biological factors that can undergo and enhance osteogenic
diﬀerentiation, and scaﬀolding materials that should be biocompatible and biodegradable [3]. Mesenchymal stem cells
(MSCs) are regarded as a promising source for scaﬀold-

based bone tissue engineering due to their self-renewal
and osteogenic diﬀerentiation potentials [6–8]. Various
dental tissues contain the populations of MSCs, and dental
stem cells are identiﬁed from dental pulp tissue, periodontal ligament, apical papilla, and dental follicles [9–12].
Unlike other MSCs, dental stem cells including human
dental pulp stem cells (hDPSCs) have the advantages of
nonsurgical tissue collection and easy culture, which are
essential for adult stem cell-based ampliﬁcation. Of these,
hDPSCs contain abilities of proliferation and multiple differentiations, and they have been applied for regeneration
of dentin, periodontal ligament, and bone tissue in the oral
maxillofacial regions [13–16]. At early stage of osteogenic
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diﬀerentiation, DPSCs have shown higher alkaline phosphatase activity compared to bone marrow-derived MSCs in
osteogenic medium [17]. DPSCs can be diﬀerentiated by
osteoinductive bone factors such as bone morphogenetic
proteins in both in vitro and in vivo studies [18–22].
However, using stem cell-based techniques for mature
bone formation in large defect without additional cytokine
or growth factor is still controversial, although they have
potential for osteogenic diﬀerentiation. Possible reasons for
conﬂict in stem cell therapy and tissue engineering might
be a desertion of stem cells from the transplantation
post and their heterogeneous diﬀerentiation properties.
Inorganic-based scaﬀolds or carrier materials such as demineralized bone matrix, calcium phosphate scaﬀold, and
hydroxyapatite-tricalcium phosphates (HA-TCP) have been
used as platforms for cell delivery due to their osteoconductivity. In addition, they can serve as reservoirs for bioactive
molecules. HA-TCP has excellent biocompatibility because
their chemical and structural compositions are similar to
those of inorganic-based components of natural bone tissue.
These inorganic-based scaﬀolds have osteoconductivity
and bone-bonding aﬃnity site to enhance osteoblast diﬀerentiation and host bone cell recruitment. Nevertheless,
inorganic-based scaﬀolds have limitations in that they have
low mechanical process and that they lack bioactive molecules for osteogenic diﬀerentiation from intact host tissue
[23–29]. There has been increasing interest in the development of demineralized or decellularized natural materials
simultaneously having bioactive function as a solution to
these problems. Many studies have been undertaken to investigate whether biological bone or dentin matrix with excellent
biocompatibility and osteoconductivity could be used as biomaterial for stem cell attachment, proliferation, and osteogenic diﬀerentiation. Previous studies have shown that
demineralized dentin matrix (DDM) is composed of approximately 55% inorganic minerals and 45% organic materials
such as growth factors and cytokines. Based on the biochemical composition, DDM originated from animal induces bone
formation potential in subcutaneous and intramuscular
chambers in rodents [30] and has been used to treat bone
defects by enhanced bone formation [31, 32]. DDM of
enamel matrix derivative has been successfully used in clinics
as bone graft and repair materials for several decades [33–
36]. Biocompatible and bioactive materials for the purpose
of bone tissue regeneration have been studied. Here, we show
a method to isolate and culture human DPSCs and use them
for in situ diﬀerentiation using inorganic scaﬀolds for ectopic
bone regeneration without requiring additional stimuli. The
ﬁrst purpose of this investigation is to evaluate the osteoconductive activity of HA-TCP or osteoinductive human DDM
in vitro with hDPSCs. The second purpose is to determine
the abilities of hDPSCs with HA-TCP or human DDM to
induce ectopic bone formation after transplanting them subcutaneously into athymic mice in vivo.

2. Materials and Methods
2.1. Culture of Human Dental Pulp Stem Cells and
Transplantation Preparation. For primary culture of human
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dental pulp stem cells (hDPSCs), human third molars were
collected from patients who were 15 to 27 years old under
guidelines approved by the Institutional Review Board
(IRB) of Dankook Dental Hospital (DKUDH IRB 2016-12005). Human dental pulp tissue was obtained from the internal part of the tooth, chopped into small fragments, and
enzymatically digested with 3 mg/mL collagenase type I
(Millipore) and 4 mg/mL dispase (Sigma) at 37°C for 1 h. Cell
suspension was incubated in α-MEM (HyClone) containing
20% fetal bovine serum (FBS, HyClone) and 1% antibiotics
(Lonza) at 37°C in humidiﬁed atmosphere supplemented
with 5% CO2. To observe osteoinduction eﬃciency in vitro,
40,000 cells per well were cultured with 0.8 g of HA-TCP
(0.5–1 mm, Q-Oss+, OSSTEM Implant) or DDM (0.5–
1 mm, Korea Tooth Bank, Korea) in a hanging insert cell culture dish (SPL Life Sciences). For transplantation, 1 × 106
cells were resuspended in 100 μL of thrombin, and 40 mg of
HA-TCP or DDM granules was added. Then, 100 μL of
ﬁbrinogen (TISSEEL, Baxter AG) was added and mixed
immediately to allow polymerization at room temperature.
Fibrin blocks of hDPSCs/HA-TCP or DDM were incubated
in culture at 37°C in humidiﬁed atmosphere supplemented
with 5% CO2 till transplantation.
2.2. Characterization of HA-TCP and DDM. The crystallographic properties of HA-TCP and DDM were investigated
to use X-ray diﬀraction (XRD, UltimaIV, Rigaku, Tokyo,
Japan) measurement. The XRD was activated at 40 kV and
40 mA with Cu Kα1 radiation (λ = 1 5405 Å). The patterns
of XRD were measured for step-scan of 0.02° and rate of 3°
per minute over a 2θ range from 20 to 80°. Surface morphologies of HA-TCP and DDM were examined by scanning
electronic microscopy (SEM, JSM-6510, JEOL Co., Tokyo,
Japan). The HA-TCP and DDM were sputter-coated (Sputter
Coater 108 Auto, Cressington, Watford, UK) with platinum
and sliced to a thickness of 5 nm prior to SEM measurement.
The pore size of DDM in SEM images was evaluated to use
ImageJ software (NIH, Bethesda, MD, USA).
2.3. Preparation of DDM Extract and Western Analysis. Each
HA-TCP (0.7 g) and DDM (0.7 g) granule was incubated
with α-MEM (HyClone) without FBS at 37°C for 3 days to
extract their components. Extracts were then concentrated.
To detect cytokines and growth factors released from each
inorganic granule, proteins in extracts were separated by
SDS-PAGE, transferred to PVDF membrane, and probed
with anti-collagen type-1 antibody (Santa Cruz Biotechnology) followed by incubation with horseradish peroxidase(HRP-) conjugated secondary antibody. Protein signals were
visualized by using ECL™ reagent (GE Healthcare).
2.4. Live/Dead Cell Survival Assay. Cell viability was determined using calcein-AM staining solution (Thermo Scientiﬁc). The ﬁbrin blocks of hDPSCs/HA-TCP and hDPSCs/
DDM were incubated in culture media for 4 days, washed
with PBS, and incubated with 4 μM EthD-1 and 2 μM
calcein-AM in PBS at room temperature for 45 min in the
dark. The ﬂuorescent signals were detected by using confocal
microscope (LSM700, Carl Zeiss).
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Table 1: Primers used for the quantitative real-time-PCR (qPCR).

Target gene
Alkaline phosphatase (ALP)
Bone sialophosphoprotein (BSP)
Osteopontin (OPN)
Osteonectin (ONT)
Osteocalcin (OCN)
Dentin matrix protein 1 (DMP1)
Dentin sialophosphoprotein (DSPP)
GAPDH

2.5. Subcutaneous Implantation of Fibrin Constructs in
Immunocompromised Nude Mice for Ectopic Mineralized
Tissue Formation. Twenty immunocompromised nude mice
(female, 4 weeks old, Orient Bio, Korea) were used in this
study. Animal study protocol was approved by the Institutional Animal Care and Use Committee of Dankook University. Two experimental groups were used in this study. Each
group had 10 animals. Group 1 was used for ﬁbrin gel with
HA-TCP granule with or without hDPSCs. Group 2 was used
for ﬁbrin gel with DDM granule with or without hDPSCs.
For transplantation, mice were anesthetized by intraperitoneal
injection of a mixture of tiletamine/zolazepam (30 mg/kg,
Zoletil 50®, Virbac) and xylazine (10 mg/kg, Rompun®, Bayer
Korea Ltd.). Two subcutaneous 1 cm incisions were made in
each ﬂank pocket from the dorsal midline of mice. Prepared
ﬁbrin gels with granule with or without hDPSCs were placed
into each pocket. After 1 week and 8 weeks, animals were sacriﬁced and implants were retrieved for further studies.
2.6. Microcomputer Tomography Examination (Micro-CT).
Mineralization and bone formation were evaluated by
micro-CT. Micro-CT images were obtained using a microCT scanner (SkyScan-1176, Skyscan) at a resolution of
15 μm pixel with a 0.5 mm aluminum ﬁlter and a rotation
step of 0.4. Three readings were obtained for each sample.
Bone volume was determined using a CT analyzer program
(CT-An, Skyscan). 3D images were obtained using a 3Dvisualization program. Statistical analyses for three readings
were carried out using Student’s t-test. Statistical signiﬁcance
was considered when p value was less than 0.05. Data are
expressed as means with error bars representing standard
error of the mean (SEM). Student’s t-test was performed
using GraphPad Prism 6 program.
2.7.
Quantitative
Real-Time
Reverse-Transcription
Polymerase Chain Reaction (qRT-PCR). Total RNAs of
hDPSCs and frozen tissue were extracted by using Easyspin™ Total RNA Extraction kit (Intron, Korea) and RNA

Primer sequences
For-5′-CTTGACCTCCTCGGAAGACACTC-3′
Rev-5′-CGCCCACCACCTTGTAGCC-3′
For-5′-TACCGAGCCTATGAAGATGA-3′
Rev-5′-CTTCCTGAGTTGAACTTCGA-3′
For-5′-GTGGGAAGGACAGTTATGAA-3′
Rev-5′-CTGACTTTGGAAAGTTCCTG-3′
For-5′-CTGTTGCCTGTCTCTAAACC-3′
Rev-5′-CACCATCATCAA ATTCTCCT-3′
For-5′-TGAGTCCTGAGCAGCAG-3′
Rev-5′-TCTCTTCACTACCTCGCT-3′
For-5′-GACTCTCAAGAAGACAGCAA-3′
Rev-5′-GACTCACTCACCACCTCT-3′
For-5′-CAGTACAGGATGAGTTAAATGCCAGTG-3′
Rev-5′-CCATTCCCTTCTCCCTTGTGACC-3’
For-5′-GTATGACAACAGCCTCAAGAT-3′
Rev-5′-CCTTCCACGATACCAAAGTT-3′

Easy Mini Extraction kit (Qiagen), respectively. cDNA was
synthesized from total RNA by using the ReverTra Ace™
qPCR RT kit (Toyobo Corporation), and the qRT-PCR was
performed by using iTaq™ Universal SYBR™ Green Supermix (Bio-Rad) system. Used primers are listed in Table 1.
The cycling parameters of qPCR were followed; 1 cycle for
30 sec at 95°C, 40 cycles for 15 sec at 95°C, and 1 minute at
55°C–64°C. During PCR, a dissociation curve was constructed in the range of 65°C to 95°C.
GAPDH was used as an internal control to normalize the
variability in target gene expression. Statistical analyses on
three readings were carried out using Student’s t-test and
p values of less than 0.05 were considered statistically significant. Data are expressed as means (n = 3) with error bars
representing standard error of the mean (SEM). Student’s ttest was performed using GraphPad Prism 6 program.
2.8. Histological Analysis. After 8 weeks, the retrieved samples from dorsal midline of athymic nude mice were ﬁxed
in 4% paraformaldehyde (PFA) overnight. The ﬁxed samples
were rinsed with PBS for removing residual PFA and dehydrated using 70% ethyl alcohol. And then, the dehydrated
samples were decalciﬁed using decalcifying solution-Lite
(Sigma-Aldrich, St. Louis, MO, USA) for 16 hrs and
embedded in paraﬃn wax. The embedded samples were
transversely cut to obtain diﬀerent cross-sectional images.
The samples were sectioned with thickness of 6 μm by a
microtome (RM2255, Leica, Bensheim, Germany). Sectioned
samples were deparaﬃnized in xylene, hydrated with a series
of graded ethanol, and stained with hematoxylin/eosin
and Golder’s trichrome staining. An optical microscope
(CKX41, Olympus, Tokyo, Japan) was used to obtain images
of the stained samples for conﬁrming newly the deposition of
mineralization by HA-TCP and DDM.
2.9. Immunohistochemical Analysis. Sectioned samples were
selected randomly (n = 6 per group) and immersed in
xylene and preceded a preconditioning process for double
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Figure 1: Characteristics of HA-TCP and human DDM scaﬀolds. (a) Surface structures of HA-TCP (upper panel) and DDM (lower panel)
were examined by SEMs. Scale bars: 10 μm. (b) X-ray diﬀraction patterns of HA-TCP (upper graph) and DDM (lower graph). (c) Analysis of
protein components in materials by immunoblot. The extracts of HA-TCP and DDM granules were concentrated, separated on SDS-PAGE,
and immunoblotted with anti-type-1 collagen antibody. 1, α-MEM only; 2, α-MEM with 10% FBS; 3, HA-TCP extract in α-MEM; 4, DDM
extract in α-MEM.

immunoﬂuorescence staining of osteogenic and dentinogenic
markers with human nuclear antigen (HNA). The samples
were incubated in blocking buﬀer for 1 hr at room temperature. After blocking, samples were stained for 16 hrs with
primary human speciﬁc antibodies; a 1 : 100 dilution of
antibone sialoprotein antibody (Abcam), 1 : 200 dilutions of
antihuman nuclear antigen (Abcam) and antiosteocalcin
antibody (Abcam), a 1 : 500 dilution of antiosteopontin antibody (Abcam), a 1 : 1000 dilution of antiosteonectin antibody
(Millipore), and 1 : 100 dilution of antidentin sialophosphoprotein antibody (Abcam). Fluorescein-isothiocyanate conjugated secondary antibodies (Jackson Immuno Research
Laboratories, PA, USA) and 4′,6′-diamidino-2-phenylindole
(DAPI, Vector Laboratories, Burlingame, CA, USA) were

used to visualize the signals of the primary antibodies and
nuclei, respectively. Samples were measured by using confocal microscope (LSM700, Carl Zeiss, Jena, Germany).

3. Results
3.1. Surface Analysis of HA-TCP and DDM Scaﬀolds. Demineralized dentin matrix (DDM) used in this study was a
congeneric biomaterial produced from human dentin for this
research. It was prepared by grinding, degreasing, and decalciﬁcation (performed by Korea Tooth Bank, Seoul, Korea).
Two diﬀerent specimens were randomly selected to determine their pore size and surface morphologies by SEM
analysis. Results of SEM analysis are shown in Figure 1.
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Figure 2: Osteoinduction potentials of HA-TCP and DDM on hDPSCs in vitro. (a) Morphology of hDPSCs cultured in the extracts of HATCP and DDM for 3 and 10 days. 1 and 4, hDPSCs cultured in α-MEM with 10% FBS, indicated as Con; 2 and 5, hPDSCs cultured in HA-TCP
extract; 3 and 6, hDPSCs cultured in DDM extract. Scale bars: 100 μm. (b) Gene expression of osteogenic and dentinogenic markers in
hDPSCs cultured in the extracts of HA-TCP and DDM. Gene expressions of ALP (A), BSP (B), OPN (C), DMP-1 (D), and DSPP (E) were
analyzed by the qRT-PCR. 1, actively growing hDPSCs; 2, hDPSCs in the prolonged culture for 10 days; 3, hPDSCs cultured in HA-TCP
extract for 10 days; 4, hDPSCs cultured in DDM extract for 10 days. Statistical analyses were carried out using Student’s t-test. ∗ p < 0 05;
∗∗
p < 0 01; ∗∗∗ p < 0 001.
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Figure 3: Cell viability of hDPSCs cultured in ﬁbrin gel block. Cells were encapsulated with HA-TCP and DDM in ﬁbrin and cultured in
media for 4 days. Fibrin gen blocks were built at a certain size (upper panels). Scale bars: 1 cm. Cell viability was analyzed by using the
live-dead viability assay kit. Live and dead cells were stained as green and red, respectively. Cells were detected on the surface of the block
(middle panels) and in the interior of the blocks as a cross-sectional view of the block (lower panels). (a) Fibrin gel with hDPSCs. (b) HATCP/ﬁbrin gel with hDPSCs. (c) DDM/ﬁbrin gel with hDPSCs. Scale bar: 200 μm.

HA-TCP substrate was observed to have hydroxyapatite
particles completely covering the surface of HA-TCP without pore or microtube structure (Figure 1(a), upper panel),
while the surface of DDM exhibited a smear layer of
enamel with continuous uniformly micro pores at diameter of 2.08 ± 0.37 μm (Figure 1(a), lower panel). XRD
analysis revealed several diﬀraction peaks produced by
hydroxyapatite of HA-TCP (Figure 1(b), upper graph).
Diﬀraction peaks at 2⊖ = 25.8 (Ca), 31.9 (P), 37.2 (Ca),
45.5 (Ca), and 47.7 (P) corresponded well to expected
spectra of the hydroxyapatite. Generally, the enamel layer
on the tooth consists of pure hydroxyapatite composite.
Because enamel was not completely removed from the
sample tooth during demineralization, hydroxyapatite
components such as phosphate and calcium were detected
in the DDM used in this study. Peaks of the DDM showed
a typical XRD pattern of synthesized hydroxyapatite, similar to the HA-TCP sample. XRD analysis for the DDM
revealed numerous peaks of Ca and P, indicating the presence of enamel on the DDM surface (Figure 1(b), lower
panel). In addition to inorganic components, dentin contains organic biomolecules. To detect protein component
in materials, western blot analysis was performed using
DDM and HA-TCP extracts. Indeed, collagen type-1 was
detected in DDM extract (Figure 1(c), lanes 4). However,
they were not detected in HA-TCP extract (Figure 1(c),
lanes 3). Although very weak signals of these proteins were
also detected in normal culture media containing 10% FBS

(Figure 1(c), lanes 2), much higher amounts of collagen
were released from the DDM.
3.2. In Vitro Osteoinduction Potentials of HA-TCP and DDM
on hDPSCs. To determine the osteoinduction potential of
HA-TCP or DDM, hDPSCs were cultured under the inserts
with 800 mg of HA-TCP or DDM. Actively growing hDPSCs
are generally detected as well-spreading and ﬂat shapes
(Figure 2(a), panel 1). Cell morphology was changed to a spinous and elongated phenotype, which aligned tightly and
paralleled in conﬂuent culture after 10 days (Figure 2(a),
panel 4). Cells cultured with extracts of HA-TCP and DDM
for 10 days also showed a similar phenotype as those under
conﬂuent culture condition (Figure 2(a), panels 5 and 6).
The mRNA expression of osteogenic markers in these cells
was then examined. The expression levels of alkaline phosphatase (ALP), bone sialophosphoprotein (BSP), osteopontin
(OPN), dentin sialophosphoprotein (DSPP), and dentin
matrix protein (DMP-1) were signiﬁcantly increased in cells
cultured after 10 days without addition of materials in comparison to those in actively growing cells after 3 days of culture (Figure 2(b), bars 1 and 2 in A–E), suggesting that
hDPSCs could be diﬀerentiated into osteo/odontoblasts by
themselves under the prolonged culture condition. Because
the synthetic materials such as HA-TCP do not have osteoinduction potential, the osteo/dentinogenic markers in
hDPSCs incubated with HA-TCP were not much increased
in comparison to those in cells cultured for 10 days
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Figure 4: Ectopic bone-forming eﬃcacy of hDPSCs transplanted with HA-TCP or DDM in athymic nude mice. Bone formations in the
transplantation of HA-TCP (a) and DDM (b) were analyzed by micro-CT. The results were shown as X-ray images (A) and 3Dvisualization image (B). (c) Quantiﬁcation of mineral volume change over 1 week and 8 weeks. 1, transplantation of HA-TCP only; 2,
transplantation of HA-TCP with hDPSCs; 3, transplantation of DDM only; 4, transplantation of DDM with hDPSCs. Statistical analyses
were carried out using Student’s t test. ∗ p < 0 05; ∗∗∗ p < 0 001; #, signiﬁcant diﬀerence not be detected.

(Figure 2(b), bars 2 and 3 in A–E). Unlike HA-TCP,
mRNA expression levels of osteogenic markers such as
ALP, BSP, and OPN in hDPSCs with DDM extract were
2.4, 27.3, and 1.6 times higher, respectively, than those
without the addition of DDM material (Figure 2(b), bars
2 and 4 in A–C). Regarding osteogenic markers, mRNA
expression levels of two odontogenic markers DMP-1
and DSPP in hDPSCs cultured with DDM were 2.0 and
1.9 times higher, respectively, than those without the addition of DDM (Figure 2(b), bars 2 and 4 in D and E).
These results indicate that DDM has better potential for
osteoinduction in hDPSCs in vitro in comparison to
synthetic hydroxyapatite materials such as HA-TCP.
3.3. Cell Viability of hDPSCs Cultured in Fibrin Gel Block with
HA-TCP or DDM. For transplantation, hDPSCs were mixed
with HA-TCP or DDM granules. To keep cells gathering
in transplantation area and promote cell survival, it is necessary to encapsulate cells and biomaterial granules within
ﬁbrin gel. Culturing cells in a three-dimensional matrix is
an important technique for tissue engineering as well as
for studying cellular responses under culture conditions
with biomaterials in vitro. hDPSCs were encapsulated with
HA-TCP and DDM-ﬁbrin gel, which had a similar size of
1 cm in width and 0.4 cm in height (Figures 3(a), 3(b), and
3(c), upper panels), and all samples were incubated in culture media. Cell viability of hDPSCs was analyzed by live
and dead assay after 4 days of culture. These hDPSCs were
viable inside the ﬁbrin gel (Figures 3(a), 3(b), and 3(c)).
Regardless whether HA-TCP or DDM was added, high
cell viabilities were observed on the surface (Figure 3, middle panels) and in the interior of these gel constructs
(Figure 3, lower panels).

3.4. Ectopic Bone-Forming Eﬃcacy of hDPSCs Transplanted
with HA-TCP or DDM in Subcutaneous of Athymic Mice.
To determine the eﬀect of HA-TCP or DDM on ectopic bone
formation of hDPSCs, cells and materials encapsulated in
ﬁbrin blocks were implanted subcutaneously into athymic
nude mice. After 1 week and 8 weeks of transplantation, samples implanted on the dorsal part were analyzed directly
using micro-CT. The mice were under anesthesia during
the analytic process. All sample groups of HA-TCP,
hDPSC/HA-TCP, DDM, and hDPSC/DDM could be apparently seen subcutaneously on the dorsal area. They all kept
their initial shapes, and hard tissue formations by mineralization were detected. Micro-CT images for retrieved transplants are shown in Figures 4(a) and 4(b). The diﬀerences
of bone formation between 1 week and 8 weeks were evaluated as mineral volume change. In the samples without cells,
bone volumes were not increased from 1 week to 8 weeks
(Figure 4(c), bars 1 and 3). When hDPSCs were encapsulated, bone volumes of the HA-TCP group and the DDM
group were increased as much as 1.24 mm3 and 2.91 mm3,
respectively, at 8 weeks compared to those at 1 week
(Figure 4(c), bars 2 and 4). Regarding materials transplanted,
gene expression of BSP and OPN were enhanced in the transplant of hDPSC/HA-TCP, which were 3.5 and 1.3 times
higher, respectively, compared to those in the transplant of
hDPSC/DDM (Figure 5, bars 2 in A and B). Reversely,
expression of ONT and OCN were slightly enhanced in
hDPSCs/DDM transplant, compared to those in hDPSC/
HA-TCP transplant (Figure 5, bars 2 in C and D). Only
BSP expression level was signiﬁcantly increased in HA-TCP
transplant (∗ p < 0 001), but the expression of other genes
was not signiﬁcantly diﬀerent in between HA-TCP and
DDM. Although DDM had higher osteoinduction potential
than HA-TCP, osteoconduction ability of HA-TCP could
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Figure 5: Analyses of gene expression of osteoblast markers in transplants. Fibrin blocks of HA-TCP/hDPSCs or DDM/hDPSCs were
transplanted in athymic nude mice, and total RNA was isolated from transplant tissues after 8 weeks. Gene expressions of BSP (a), OPN
(b), ONT (c), and OCN (d) were detected by qRT-PCR. 1, transplants with HA-TCP with or without hDPSCs; 2, transplants with DDM
with or without hDPSCs. Transplantations with and without hDPSCs indicated as –cell and +cell, respectively. Statistical analyses were
carried out using Student’s t-test. ∗ p < 0 05; ∗∗ p < 0 01; ∗∗∗ p < 0 001; ∗∗∗∗ p < 0 0001; #, signiﬁcant diﬀerence not be detected.

also be induced after in vivo transplantation experiment for 8
weeks. Goldner’s trichrome staining results showed nearly no
bone formation in implantation of HA-TCP or DDM without hDPSCs after 8 weeks of subcutaneous transplantation
in mice. Implantation of HA-TCP or DDM resulted in
regeneration of ﬁbrous-like tissue (Figures 6(a) and 6(c)).
However, osteoid formation around HA-TCP was observed
in the transplantation group of HA-TCP with hDPSCs
(Figure 6(b)). In newly formed bone (green color indicating mineralized bone), osteocytes in lacuna shape were
observed in the group of HA-TCP and DDM with
hDPSCs (Figures 6(b) and 6(d)). Ectopic bone formations
were further supported by double immunoﬂuorescent
staining for bone-related markers and human nuclear antigen (HNA) as a marker for the detection of hDPSCs transplanted (Figure 7). A number of transplanted hDPSCs were
found on the lining of the surface of coencapsulated HATCP and DDM granules at mineralized sites. Osteogenic

marker proteins OPN, OCN, ONT, and BSP were expressed
on the coincident area lined with cells (Figures 7(a), 7(b),
7(c), and 7(d)). Interestingly, DSPP, one of the dentin
markers, was strongly detected in hDPSCs lined on the surface of DDM (Figure 7(e)) than those on the surface of
HA-TCP transplanted. These results suggest that both HATCP and DDM induced in vitro osteogenic diﬀerentiation
potential of hDPSCs transplanted, and they enhanced ectopic
bone tissue formation. Inﬂammation was not observed in any
histological section at the implanted site.

4. Discussion
Generally, human dental pulp stem cells are cultured from
pulp tissues extracted from wisdom and deciduous teeth.
They can be diﬀerentiated into various lineage types such as
odontoblast, osteoblast, chondrocyte, adipocyte, and neural
cells [22, 37–43]. To analyze osteogenesis and odontogenesis
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Figure 6: Histological analysis of bone-like tissue formed in transplants. Bone formation in vivo in athymic nude mice was examined by
Goldner’s trichrome staining of paraﬃn sections of transplants. (a) Transplants of HA-TCP only. (b) Transplants of HA-TCP with
hDPSCs. (c) Transplants of DDM only. (d) Transplants of DDM with hDPSCs. Osteoid and lacuna structures were indicated as arrow
heads (►) and arrows (→), respectively. Scale bar: 100 μm.

of hDPSCs, we compared inorganic based HA-TCP and
human DDM under both in vitro and in vivo conditions. Primary culture of isolated hDPSCs on both biocompatible inorganic materials was performed and used in in vitro studies. For
in vivo ectopic bone regeneration, both inorganic materials
and hDPSCs were transplanted subcutaneously to athymic
mice. Although characterization of osteoconductivity or
osteoinductivity of biomaterials remains a challenge in the
ﬁeld of tissue engineering, osteoinductive DDM has excellent
beneﬁt for reconstructive surgery due to multiple trauma and

craniofacial deformities. It is also beneﬁcial for oncological
surgery and periodontal surgery due to its osteoinductive
properties. SEM analysis was performed in this study to examine surface characteristics of inorganic HA-TCP and DDM.
Highly porous surface of DDM was revealed by SEM analysis,
showing similarity to bony structure. The morphometrically
high porous (pore size: 2.08 ± 0.37 μm) DDM might also be
useful as a promising scaﬀold in bone substitution. Furthermore, microsized pores are expected to be able to eﬃciently
supply nutrients and oxygen in vivo (Figure 1(a), lower panel).
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Figure 7: Immunohistochemical localization of osteogenic and dentinogenic markers. Paraﬃn sections of the transplants were incubated
with anti-OPN antibody (a), anti-OCN antibody (b), anti-ONT antibody (c), anti-BSP antibody (d), and anti-DSPP antibody (e). Signal of
markers was shown as red. Nuclei of human cells and DNA in tissues were stained by anti-HNA antibody (green) and DAPI (blue),
respectively. (A), transplants of HA-TCP only; (B), transplants of HA-TCP with hDPSCs; (C), transplants of DDM only; (D), transplants
of DDM with hDPSCs. Scale bar: 100 μm.

In analysis of minerals by XRD, both HA-TCP and DDM contained large amount of calcium and phosphate (Figure 1(b))
[44]. In general thoughts, DDM should not contain minerals
in its component, because they were prepared by demineralization. However, because dentin tissue used in this study for
preparation of DDM was mixed with the enamel part at a certain amount, calcium and phosphate were detected in DDM
even after demineralization [45]. Expression levels of osteogenic and dentinogenic markers were signiﬁcantly increased
in hDPSCs cultured in the extract of DDM in comparison with
those in hDPSCs cultured in HA-TCP extract, suggesting that
HA-TCP alone might have no eﬀect on osteoinduction in
in vitro cell culture. DDM could induce osteogenic and dentinogenic diﬀerentiation due to its osoteoinduction property
(Figure 2(b)). hDPSCs transplanted with HA-TCP and DDM
showed incomparable ectopic bone formation eﬃcacy
in vivo. After transplantation of HA-TCP and DDM in nude
mice, both biomaterials failed to show apparent ectopic bone
formation on hDPSCs after 8 weeks. Because HA-TCP itself
has time-dependent resorbability without osteoinductivity
[46], bone volume of HA-TCP was even slightly decreased in
comparison with that of DDM. However, mineral volumes in
transplants of HA-TCP/hDPSCs and DDM/hDPSCs were
increased by 15.3% and by 28.7%, respectively, in comparison
with those of control without cells (Figures 4(a), 4(b), and

4(c)). Expression levels of late osteogenic markers such as
ONT and OCN in transplants of DDM/hDPSCs were higher
than those in transplants of HA-TCP/hDPSCs (Figures 5(c)
and 5(d)). Reversely, expression levels of early osteogenic
markers in transplants of HA-TCP/hDPSCs were higher than
those in transplants of DDM/hDPSCs (Figures 5(a) and 5(b)),
demonstrating that inorganic ions released from HA-TCP
could stimulate the adhesion and proliferation of marginal
osteoblasts due to osteoconduction ability [47, 48]. Indeed,
more osteoids were formed in transplant of HA-TCP/hDPSCs
than those in DDM/hDPSCs based on histological analysis
(Figure 6(b)), and lacuna structure and immature bone formed
in both transplants were similar to each other (Figures 6(b) and
6(d)). Finally, the osteoconduction potential of HA-TCP in
in vivo transplantation of this study seemed to be as good as
that of DDM, and there was no signiﬁcant diﬀerence in calcium deposition or osteogenesis after 8 weeks of transplantation between the two groups. Interestingly, the expression
level of dentin-speciﬁc marker DSPP was highly detected in
DDM/hDPSCs transplant, but not in HA-TCP/hDPSCs
transplant (Figure 7(e)), indicating that DDM might have a
better eﬀect on dentin regeneration than HA-TCP. In conclusion, the transplantation with hDPSCs could improve the
osteogenic or/and dentinogenic potential of biomaterials. This
study also showed that HA-TCP and DDM might have similar
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eﬀects on ectopic bone formation in in vivo animal model,
although they showed the diﬀerent eﬃcacy in in vitro cellular
diﬀerentiation. Additional studies are needed to determine
whether hDPSC transplantation combined with osteoconduction and osteoinduction materials, which could be used in dentin regeneration. Human DDM could lead to the development
of cost-eﬀective stem cell therapy for bone tissue regeneration
in clinical trials with minimal surgical operations. In addition,
both biocompatible and inorganic materials might be useful
for in situ osteogenic diﬀerentiation and transplantation by
local delivery of hDPSCs without causing adverse eﬀects.

5. Conclusion
Human dental pulp stem cells have been known to be able to
form hard tissues through osteo/dentinogenesis. In current
studies, HA-TCP and DDM have been used for regeneration
of dentin or bone in tissue engineering. Here, we investigated
the eﬀect of osteo/dentinogenic potential of hDPSCs on
DDM compared to that on HA-TCP in vitro and in vivo.
Osteoinduction eﬀect of DDM was clearly observed
in vitro, but osteogenic potential was similar in both cases
in in vivo transplantation. Interestingly, dentinogenic potential was detected in a higher eﬃcacy in transplantation of
DDM/hDPSCs, suggesting that DDM might be more eﬀective than HA-TCP on dentin regeneration of hDPSCs.
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Human dental pulp stem cells (HDPSCs) are of special relevance in future regenerative dental therapies. Characterizing cytotoxicity
and genotoxicity produced by endodontic materials is required to evaluate the potential for regeneration of injured tissues in future
strategies combining regenerative and root canal therapies. This study explores the cytotoxicity and genotoxicity mediated by
oxidative stress of three endodontic materials that are widely used on HDPSCs: a mineral trioxide aggregate (MTA-Angelus
white), an epoxy resin sealant (AH-Plus cement), and an MTA-based cement sealer (MTA-Fillapex). Cell viability and cell death
rate were assessed by ﬂow cytometry. Oxidative stress was measured by OxyBlot. Levels of antioxidant enzymes were evaluated
by Western blot. Genotoxicity was studied by quantifying the expression levels of DNA damage sensors such as ATM and
RAD53 genes and DNA damage repair sensors such as RAD51 and PARP-1. Results indicate that AH-Plus increased apoptosis,
oxidative stress, and genotoxicity markers in HDPSCs. MTA-Fillapex was the most cytotoxic oxidative stress inductor and
genotoxic material for HDPSCs at longer times in preincubated cell culture medium, and MTA-Angelus was less cytotoxic and
genotoxic than AH-Plus and MTA-Fillapex at all times assayed.

1. Introduction
Progress in dentistry is associated with advancements in dental materials and the design of new regenerative therapies.
Both are relevant in the design of restorative biocompatible
endodontic materials, which should not aﬀect the cells until
the repair of injured tissue has started. Regenerative therapy
using human dental pulp stem cells (HDPSCs) is currently
acquiring interest because of the potential of these cells to differentiate into odontoblasts and osteoblasts [1–3], both of

which have the ability to replace injured bone and dentin
pulp tissues with healthy tissue and thus restore functionality
of the tooth [4]. HDPSCs can migrate to the pulp lesion sites
to replace damaged cells and in turn contribute to the healing
process [5]. Therefore, it is recommended that materials used
during odontological interventions do not interfere in cellular signaling mediated by HDPSCs.
Biocompatibility is one of the most important requirements for endodontic materials. In vitro studies evaluating
biocompatibility by means of cytotoxicity analysis of

2
endodontic materials have been a previous focus for research.
Endodontic materials can produce oxidative stress [6, 7]
contributing to genotoxicity. However, there are few studies
on how these materials can damage DNA and the DNA
damage signaling response mediated by them [8].
Among the materials used for endodontics, root canal
sealers (RCSs) are used as root ﬁlling material in classical
endodontic therapy. However, RCSs can extrude to the periarticular area through the apical foramen or the lateral and
accessory canals. In this way, they can establish direct contact
with periapical tissues where they can stimulate an inﬂammatory reaction [9, 10] and delay the healing process [11].
Even if there is no extrusion, these materials can permit the
release of soluble substances [12] that can be toxic to the periapical tissues and aﬀect the local bone metabolism and the
wound healing process [13].
AH-Plus, an RCS widely used in endodontics, contains
epoxy resins and amines [14, 15] which can mediate cytotoxicity and genotoxicity [16]. MTA-Fillapex is an RCS
containing MTA and a synthetic disalicylate resin. It was
created in an eﬀort to combine a material with excellent biocompatibility and bioactive potential such as MTA with
another material with very good physical properties such
as synthetic resins. However, recent research has provided
contradictory results for this sealer regarding cytotoxicity
and genotoxicity [17–20].
Mineral trioxide aggregate MTA-Angelus is a root repair
material composed of calcium silicate-based hydraulic
cement, which has been described as biocompatible and has
been commonly used in the repair of pulp exposures and root
perforations, among other applications [21]. Previous studies
have demonstrated that MTA-Angelus is not genotoxic over
short periods of time [22]. However, it lacks the appropriate
physical properties to be used as an RCS since it does not
have adequate ﬂuidity and it is diﬃcult to manipulate and
transport inside the conduct [23].
We propose the use of HDPSCs to characterize cytotoxicity and genotoxicity mediated by oxidative stress produced
by endodontic materials, because of their special capability to
regenerate injured tissues and for their relevance in stem cellbased regenerative therapy. Moreover, HDPSCs can be used
in regenerative therapy of pulp tissue by cell transplantation
into the root canal or pulp chamber, reinforcing the necessity
of evaluating the eﬀect of these materials on HDPSCs.
In this study, we examined cytotoxicity, DNA damage
responses (DDR), and oxidative stress produced by three
endodontic materials (MTA-Angelus, AH-Plus, and MTAFillapex) in HDPSCs. Apoptosis and necrosis were evaluated
by ﬂow cytometry, the expression of genes participating in
DDR by qRT-PCR, and oxidative stress and antioxidant
enzyme levels by Western blot.

2. Materials and Methods
2.1. Sample Preparation. Each endodontic sealer (MTA-Angelus, AH-Plus, and MTA-Fillapex) was prepared as indicated in
the manufacturer’s instructions. The composition of each
endodontic material is shown in Supplementary Table S1
available online at https://doi.org/10.1155/2017/8920356
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(Supplementary Materials). Test samples consisting of preconditioned cell culture medium were prepared according to
ISO 10993-12:2007 [24]. Brieﬂy explained, 100 mg of each
freshly mixed RCS (AH-Plus and MTA-Fillapex) and 100 mg
of MTA-Angelus powder were immersed in 1 mL of serumfree low-glucose DMEM (Biowest, ref: L0060-500), supplemented with antibiotics and fungicides. These samples were
incubated for diﬀerent time periods comprising 24 h, 48 h, 7
days, 15 days, and 30 days in an incubator at 37°C and under
hypoxic conditions of 3% O2 and 5% CO2. The obtained
extracts were ﬁltered using 0.40 μm ﬁlters and stored until their
use. The original samples were considered 100% stock
medium. Prior to their use in the experiments, preconditioned
media were supplemented with 10% fetal bovine serum. For
each experiment performed, 1 : 2 dilutions of the stock
medium were used. The pH of each preconditioned medium
was measured using a pH meter (Consort C1010, Cleaver
Scientiﬁc Ltd., Warwickshire, UK). Triplicates of each preconditioned medium were prepared independently in order to
perform three independent replicates for each assay.
2.2. Cell Culture. HDPSCs were provided by Marya El Alami
and Prof. Juan Gambini (Department of Physiology, Medicine
and Dentistry School, University of Valencia). HDPSCs were
obtained from extracted teeth of healthy subjects after signing
an informed consent and getting approval from the ethics
committee of the University of Valencia that the study fulﬁlled
the Declaration of Helsinki principles. HDPSCs were characterized by positive mesenchymal pluripotency markers such
as STRO1, OCT1, CD133, CD34, and nestin and by a negative
signal for CD45, conﬁrming that the cells conserved mesenchymal stem cell properties [25]. HDPSCs were grown in
low-glucose DMEM (Biowest, ref: L0060-500), supplemented
with 10% fetal bovine serum (HyClone, ref: SV30160.03),
100 μg/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/
mL amphotericin in a cell culture incubator at 37°C and under
hypoxia conditions of 3% O2 and 5% CO2. To perform cytotoxicity and genotoxicity experiments, HDPSCs were incubated with mediums prepared with endodontic materials
described in the sample preparation section. The group
deﬁned as the control was exposed only to supplemented
DMEM culture medium.
2.3. Cytotoxicity Assay. The cytotoxicity of each endodontic
material was assessed using the sulforhodamine B (SRB)
assay. The protocol was described previously by Vichai and
Kirtikara [26]. Brieﬂy explained, HDPSCs were cultured for
24 h in a 96-well plate. Afterwards, the cells were exposed
for 24 additional hours to the 1 : 2 dilution of medium preconditioned with endodontic materials as described in the
previous section. Cell viability was calculated based on the
measurement of the basic amino acid content using 0.4%
SRB in 1% acetic acid with the absorbance measurement at
492 nm, subtracting the background measurement at
620 nm. Each condition was tested by triplicate in three independent samples.
2.4. Flow Cytometry. Apoptosis was determined with the
Annexin V kit (Immunostep, Salamanca, Spain) following
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the manufacturer’s speciﬁcations. 106 cells were resuspended
in 100 μL of diluted 1X Annexin V binding buﬀer (Annexin
V Binding Buﬀer, 10X, 0.1 M HEPES NaOH (pH 7.4), 1.4 M
NaCl, and 25 mM CaCl2) and stained with 5 μL Annexin
V-FITC and 5 μL propidium iodide (PI) for 15 minutes at
room temperature in the dark. After the incubation period,
400 μL of 1X Annexin V binding buﬀer was added. For
each sample, 4000 stained cells were analyzed by ﬂow
cytometry using a FACS-Verse cytometer (Becton Dickinson,
San Jose, CA, USA) and Inﬁnicyt software (Cytognos, Santa
Marta de Tormes, Salamanca, Spain). Each condition was
tested in triplicate.
2.5. Oxidized Protein Analysis by OxyBlot Technique. To
determine protein carbonyl groups, we performed the procedure proposed by Shacter et al. [27]. Brieﬂy explained, 10 μg
of proteins was denatured and derivatized using 10 mM
DNPH in acid solution. The reaction mixture was neutralized and separated by SDS/PAGE and transferred onto a
nitrocellulose membrane.
Finally, the membrane reacted to the anti-DNP antibody
as described by the manufacturer of the OxyBlot kit (OxyBlot
Protein Oxidation Detection kit, Millipore Inc., Billerica,
MA. USA). Western blot and OxyBlot experiments were
repeated twice.
2.6. Antioxidant Enzyme Expression by Western Blot.
MnSOD and catalase protein levels were studied by Western
blotting, using 20 μg of total protein extracts obtained after
cell lysis, as previously described by us in previous papers
[28]. The antibodies used were anti-catalase (Sigma, St.
Louis, USA) and anti-MnSOD (Stressgen, Ann Arbor, MI,
USA) at a dilution of 1 : 1000 in 1% (w/v) nonfat dry milk
TBS-Tween overnight at 4°C. β-actin (1 : 1000, Santa Cruz
BioTech, USA) was used as a loading control and secondary
antibody, and anti-rabbit IgG (Calbiochem, San Diego, CA,
USA) was conjugated to horseradish peroxidase at a dilution
of 1 : 2500 in 1% (w/v) nonfat dry milk for 1 h at room
temperature. The detection procedure was performed
using Amersham RPN 2106 ECL Western Blotting Detection Reagent (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). Images were captured using a GE Healthcare
LAS-4000 system.
2.7. Gene Expression Analysis Using the qRT-PCR Method.
Total RNA was isolated from cells using the PARIS™
(Protein and RNA Isolation System) Kit (Ambion, Austin,
TX, USA). For reverse transcription (RT) reactions, 400 ng of
the puriﬁed RNA was reverse-transcribed using random hexamers with the High-Capacity cDNA Reverse Transcription
Kit (P/N 4322171, Applied Biosystems, Foster City, USA).
The mRNA levels were determined by quantitative
real-time PCR analysis using an ABI Prism 7900HT Fast
Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA). The gene-speciﬁc primer pairs and probes of
TaqMan Gene Expression Assays (Thermo Fisher)were
the following: ATM (Hs01112355_g1, Applied Biosystems),
RAD53 or CHEK2 (Hs00200485_m1, Applied Biosystems),
RAD51 (Hs00947967_m1, Applied Biosystems), PARP-1
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(Hs00242302_m1; Applied Biosystems), and GAPDH
(Hs02758991_g1, Applied Biosystems), and were used
together with the TaqMan Universal PCR Master Mix (P/N
4304437) and reverse-transcribed sample RNA in 20 μL reaction volumes. PCR conditions were 10 min at 95°C for enzyme
activation, followed by 40 two-step cycles (15 s at 95°C; 1 min at
60°C). The levels of GAPDH expression were measured in all
samples to normalize diﬀerences in RNA input, RNA quality,
and reverse transcription eﬃciency. Each sample was analyzed
in triplicate, and relative expression was calculated according
to the 2−ΔΔCt method [29].
2.8. Statistics. Data from three independent experiments,
resulting in nine independent samples, are expressed as the
mean ± standard deviation (SD). For experiments with three
or more groups, comparisons were made using the one-way
analysis of variance (ANOVA) to determine the diﬀerence
between groups (ﬂow cytometry and gene expression by
qRT-PCR). When an interaction eﬀect was found, multiple
comparisons using the Student-Newman-Keuls post hoc test
were performed. Diﬀerences were considered statistically signiﬁcant for pvalues < 0 05. GraphPad Software v6.0 was used
for statistical analysis and graphic representations.

3. Results
3.1. HDPSC Apoptosis Is Increased in Presence of AH-Plus
and MTA-Fillapex. Flow cytometry was used to analyze cell
viability and cell death in HDPSCs in the presence of 3 diﬀerent preconditioned mediums and the control group, as
described in the Material and Methods section.
The average of apoptotic cells after incubating samples
with preconditioned mediums for 24 hours was signiﬁcantly
diﬀerent between the 4 groups compared (one-way ANOVA,
p = 0 007) (Figure 1(a)). As shown in Table 1, when multiple
comparisons were performed, the most cytotoxic medium at
24 h was AH-Plus, with signiﬁcantly increased early apoptosis (ea. 19.9 ± 2.1) and late apoptosis (la. 25.5 ± 1.1) observed,
compared to the control group (ea. 2.5 ± 1.2; la. 10.0 ± 1.8),
MTA-Angelus (ea. 6.5 ± 0.7; la. 12.9 ± 0.3), and MTAFillapex (ea. 3.5 ± 0.2; la. 11.6 ± 0.7).
For longer periods of treatment (48 h and 7, 15, and 30
days), cytometry results revealed that MTA-Fillapex became
the most cytotoxic preconditioned medium with higher averages of apoptotic cells (Table 1) and with statistically signiﬁcant diﬀerences in comparison to the other conditions
assessed (Figures 1(b), 1(c), 1(d), and 1(e)).
For all conditions assayed, MTA-Angelus was the least
cytotoxic endodontic material and showed the highest cell
viability values at all times studied (Table 1).
Cell viability and apoptosis of HDPSCs could be related
to changes in the pH of the cell culture medium produced by
the endodontic materials. Therefore, the pH values were
measured at diﬀerent times during sample preparation
(Table 2). Our results indicated that the most basic pH was
obtained for MTA-Angelus (pH 8.6 ± 0.5) and MTAFillapex (pH 8.6 ± 0.4) at 24 h. The pH of AH-Plus remained
near its physiological pH at all times analyzed (pH 7.8 ± 0.3).
Results suggest that cell death was not directly aﬀected by
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Figure 1: Cytotoxicity induced on HDPSCs assessed using ﬂow cytometry by 1 : 2 dilutions of preconditioned cell culture medium with
endodontic materials at 24 hours. Graphs show cell population as viable cells, early apoptotic cells, late apoptotic cells, and necrotic cells at
(a) 24 hours, (b) 48 hours, (c) 7 days, (d) 15 days, and (e) 30 days. Each condition was tested by triplicate in three independent samples.
The statistical test used was ANOVA with a post hoc Newman-Keuls test to analyze changes in viable, apoptotic, and necrotic cells in
each condition. In Table 1, the values of statistical signiﬁcance for each comparison are shown.

84.1

2.8

3.8

88.0

Control

3.9

56.5

2.9

3.1

MTA-Fillapex

81.4

MTA-Angelus

1.5

76.1

85.4

Control

1.4

1.6

0.8

0.7

1.1

0.9

1.2

AH-Plus

51.9

81.8

MTA-Angelus

MTA-Fillapex

85.9

Control

74.5

82.2

MTA-Fillapex

AH-Plus

54.0

78.5

Mean SD
86.8 2.8

AH-Plus

MTA-Angelus

Control

Group

Endodontic materials
(50%) 15 d
MTA-Angelus

Endodontic materials
(50%) 7 d

Endodontic materials
(50%) 48 h

Endodontic materials
(50%) 24 h

Condition

Viable cells
p
—
C
AH-Plus
MTA-Fillapex
C
MTA-Angelus
MTA-Fillapex
C
MTA-Angelus
AH-Plus
—
C
AH-Plus
MTA-Fillapex
C
MTA-Angelus
MTA-Fillapex
C
MTA-Angelus
AH-Plus
—
C
AH-Plus
MTA-Fillapex
C
MTA-Angelus
MTA-Fillapex
C
MTA-Angelus
AH-Plus
—
C
AH-Plus
MTA-Fillapex
n.s
n.s
0.009

n.s
n.s
0.005
n.s
n.s
0.013
0.003
0.005
0.013

n.s
0.016
<0.0001
0.03
0.016
<0.0001
<0.0001
<0.0001
<0.0001

0.036
0.001
n.s
<0.0001
0.001
<0.0001
n.s
n.s
<0.0001

Early Apoptosis
Mean SD
p
2.5 1.2
—
C
6.5 0.7
AH-Plus
MTA-Fillapex
C
19.9 2.1 MTA-Angelus
MTA-Fillapex
C
3.5 0.2 MTA-Angelus
AH-Plus
4.4 0.2
—
C
5.5 0.6
AH-Plus
MTA-Fillapex
C
9.6 1.0 MTA-Angelus
MTA-Fillapex
C
22.6 0.1 MTA-Angelus
AH-Plus
1.8 0.3
—
C
4.7 1.1
AH-Plus
MTA-Fillapex
C
8.9 2.6 MTA-Angelus
MTA-Fillapex
C
17.9 3.3 MTA-Angelus
AH-Plus
4.6 2.3
—
C
4.7 0.8
AH-Plus
MTA-Fillapex
n.s
n.s
0.019

n.s
n.s
0.017
n.s
n.s
n.s
0.009
0.017
n.s

n.s
0.012
<0.0001
0.005
0.012
<0.0001
<0.0001
<0.0001
<0.0001

n.s
0.002
n.s
0.001
0.002
0.001
n.s
n.s
0.001

1.9

1.2

6.3

3.5

2.7

1.6

6.2

3.9

1.7

1.5

2.7

0.5

2.0

0.8

0.1

0.6

0.6

0.7

0.3

0.8

0.6

0.6

0.9

0.2

0.1

0.2

Mean SD
0.9 0.1

p
—

C
AH-Plus
MTA-Fillapex
C
MTA-Angelus
MTA-Fillapex
C
MTA-Angelus
AH-Plus
—
C
AH-Plus
MTA-Fillapex
C
MTA-Angelus
MTA-Fillapex
C
MTA-Angelus
AH-Plus
—
C
AH-Plus
MTA-Fillapex
C
MTA-Angelus
MTA-Fillapex
C
MTA-Angelus
AH-Plus
—
C
AH-Plus
MTA-Fillapex

Necrosis

n.s
n.s
0.015

n.s
n.s
0.016
n.s
n.s
0.041
0.006
0.016
0.041

n.s
n.s
0.018
n.s
n.s
n.s
0.015
0.018
n.s

0.09
0.003
n.s
n.s
0.003
0.001
0.002
n.s
0.001

Table 1: Cell viability, apoptosis, and necrosis in HDPSCs at diﬀerent times of treatment with endodontic materials.
Late apoptosis
Mean SD
p
10.0 1.8
—
C
12.9 0.3
AH-Plus
MTA-Fillapex
C
25.5 1.1 MTA-Angelus
MTA-Fillapex
C
11.6 0.7 MTA-Angelus
AH-Plus
8.1 1.4
—
C
10.9 0.8
AH-Plus
MTA-Fillapex
C
11.9 1.2 MTA-Angelus
MTA-Fillapex
C
19.6 0.7 MTA-Angelus
AH-Plus
11.1 1.4
—
C
11.2 1.2
AH-Plus
MTA-Fillapex
C
11.3 0.9 MTA-Angelus
MTA-Fillapex
C
19.2 1.2 MTA-Angelus
AH-Plus
6.1 1.4
—
C
9.2 1.2
AH-Plus
MTA-Fillapex
n.s
n.s
0.027

n.s
n.s
0.012
n.s
n.s
0.013
0.011
0.012
0.013

n.s
n.s
0.006
n.s
n.s
0.01
0.002
0.006
0.01

n.s
0.002
n.s
0.001
0.002
0.001
n.s
n.s
0.001
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Endodontic materials
(50%) 30 d

Condition

63.1

82.4

MTA-Angelus

MTA-Fillapex

88.8

Control

72.9

65.4

MTA-Fillapex

AH-Plus

78.5

1.1

0.8

1.9

7.8

1.6

1.3

Mean SD

AH-Plus

Group

Viable cells
p
C
MTA-Angelus
MTA-Fillapex
C
MTA-Angelus
AH-Plus
—
C
AH-Plus
MTA-Fillapex
C
MTA-Angelus
MTA-Fillapex
C
MTA-Angelus
AH-Plus
n.s
n.s
0.04
0.07
n.s
n.s
0.015
0.04
n.s

n.s
n.s
0.033
0.005
0.009
0.033

Early Apoptosis
Mean SD
p
C
10.6 1.5 MTA-Angelus
MTA-Fillapex
C
13.3 0.1 MTA-Angelus
AH-Plus
3.4 2.7
—
C
8.9 1.6
AH-Plus
MTA-Fillapex
C
10.6 1.1 MTA-Angelus
MTA-Fillapex
C
15.9 0.2 MTA-Angelus
AH-Plus

Table 1: Continued.

n.s
n.s
n.s
0.049
n.s
n.s
0.007
n.s
n.s

n.s
n.s
n.s
0.018
0.019
n.s

5.4

3.8

1.8

1.5

5.7

2.9

Necrosis
p

C
0.5 MTA-Angelus
MTA-Fillapex
C
0.8 MTA-Angelus
AH-Plus
0.7
—
C
0.5
AH-Plus
MTA-Fillapex
C
0.4 MTA-Angelus
MTA-Fillapex
C
0.3 MTA-Angelus
AH-Plus

Mean SD

n.s
n.s
0.009
0.042
n.s
n.s
0.007
0.009
n.s

n.s
n.s
0.044
0.008
0.015
0.044

Late apoptosis
Mean SD
p
C
8.3 1.3 MTA-Angelus
MTA-Fillapex
C
15.6 0.7 MTA-Angelus
AH-Plus
4.7 2.3
—
C
693 1.0
AH-Plus
MTA-Fillapex
C
12.7 0.1 MTA-Angelus
MTA-Fillapex
C
15.6 1.2 MTA-Angelus
AH-Plus

n.s
n.s
0.015
0.02
n.s
n.s
0.007
0.015
n.s

n.s
n.s
0.018
0.007
0.027
0.018
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Table 2: Mean and standard deviations of the pH value for preconditioned medium at the diﬀerent time periods.

Control
MTA-Angelus
AH-Plus
MTA-Fillapex

After DMEM preparation
7.4 ± 0.2
8.7 ± 0.5
7.6 ± 0.4
8.8 ± 0.5

24 h
7.4 ± 0.3
8.6 ± 0.5
7.8 ± 0.3
8.8 ± 0.4

the pH of preconditioned DMEM because AH-Plus had the
most similar physiological pH and the highest apoptosis at
24 h. Furthermore, pH values for MTA-Angelus and MTAFillapex were similar at all times analyzed; however, apoptosis was higher for MTA-Fillapex than for MTA-Angelus,
suggesting that pH was not involved in cell cytotoxicity.
3.2. Endodontic Materials Induce Oxidative Stress in
HDPSCs. Oxidative stress induced by endodontic materials
in HDPSCs was analyzed using the OxyBlot technique. We
chose those experimental conditions in which increased
apoptosis was observed at 24 h for AH-Plus and MTAFillapex. When HDPSCs were incubated in preconditioned
medium with endodontic materials AH-Plus and MTAFillapex for 24 h, oxidized protein levels increased compared
to those in control conditions. Furthermore, a low signal was
observed for oxidized proteins for MTA-Angelus, suggesting
that this material did not produce oxidative stress at 24 h
(Figure 2(a)).
Due to the observed increase in apoptosis in HDPSCs
when cells were incubated with MTA-Angelus for 7 days,
we also decided to explore oxidative stress in these conditions. We found that MTA-Angelus produced oxidative
stress at the same level as AH-Plus and MTA-Fillapex, which
may explain the increase in apoptosis observed in these conditions (Figure 2(b)). Furthermore, the concentration of
MTA-Angelus in the cell culture media was increased to evaluate the eﬀect of higher concentrations of this endodontic
material by observing how oxidized protein levels increased.
All these results suggest that MTA-Angelus was the endodontic material that induced less oxidative stress in HDPSCs.
3.3. Endodontic Materials Alter the Expression of Antioxidant
Enzymes. Afterwards, we wondered if the oxidative stress
induced by endodontic materials in HDPSCs was produced
as a consequence of inhibition of key antioxidant enzymes.
Using Western blot, we proceeded to evaluate the protein
levels of MnSOD and catalase as antioxidant enzymes
involved in the detoxiﬁcation of superoxide radicals and
peroxides, respectively (Figure 2(c)). When HDPSCs were
incubated in preconditioned medium with the endodontic
materials AH-Plus and MTA-Fillapex for 24 h, both catalase
and MnSOD were downregulated compared to those in
control conditions and MTA-Angelus. Furthermore, we did
not observe changes in MnSOD and catalase expression
between MTA-Angelus 50% and MTA-Angelus 100%, therefore indicating that this endodontic material did not alter the
expression of antioxidant enzymes (Figure 2(c)).
All these results suggest that HDPSCs were underprotected against oxidative stress in the presence of AH-

48 h
7.4 ± 0.2
8.1 ± 0.3
7.8 ± 0.4
8.3 ± 0.5

72 h
7.5 ± 0.3
8.0 ± 0.4
7.6 ± 0.2
8.0 ± 0.3

7 days
7.6 ± 0.4
7.8 ± 0.2
7.4 ± 0.3
8.0 ± 0.2

15 days
7.4 ± 0.3
8.0 ± 0.4
7.6 ± 0.3
8.1 ± 0.3

28 days
7.5 ± 0.1
7.9 ± 0.4
7.5 ± 0.3
8.1 ± 0.4

Plus and MTA-Fillapex, while MTA-Angelus did not aﬀect
the antioxidant shield in HDPSCs.
3.4. Endodontic Materials Aﬀect DNA Damage Responses in
HDPSCs. Since the major eﬀects of cytotoxicity analyzed by
ﬂow cytometry were found in cell culture medium preincubated for 24 h for AH-Plus and it was also observed that
MTA-Fillapex at 48 h of incubation also produced apoptosis,
we decided to study the DNA damage responses only at
these times.
Among the diﬀerent types of damage produced in DNA,
double-strand breaks (DSBs) and single-strand breaks (SSBs)
have mutagenic potential because they can seriously aﬀect
the integrity of DNA [30]. DSBs are detected by complex
signal transduction mechanisms in which diﬀerent enzymatic machineries participate, one of the most important
being ATM kinase (Ataxia-telangiectasia-mutated protein
kinase) [31]. Another component of DNA damage response
is the activation of serine/threonine kinase eﬀectors, Rad53
(Saccharomyces cerevisiae) being one of the most relevant
enzymes or Chk2 (which is its counterpart in humans) [32].
SSBs are detected by PARP-1 [33] which signals the process
for repair [34]. In DSB repair, protein Rad51, also known as
FANCR, is involved in the guidance of the DNA strands during
homologous recombination (HR) [35].
At 24 h, the results show that protein kinase RAD53 (1.7
± 0.3) (Figure 3(a)) and the ATM kinase (2.0 ± 0.2)
(Figure 3(b)) were overexpressed when HDPSCs were incubated with AH-Plus medium compared to the control group.
Increased expression of the ATM gene was also observed for
the other biomaterials (MTA-Angelus 1.4 ± 0.1 and MTAFillapex 1.3 ± 0.3) compared to the control group (1.0 ± 0.1)
although the main eﬀect was further increased when the
medium preincubated with AH-Plus was used (2.0 ± 0.2). In
addition, when the genes participating in DNA repair were
analyzed, increased expression of RAD51 was observed when
HDPSCs were incubated with AH-Plus (1.9 ± 0.1) and MTAFillapex (1.3 ± 0.3) compared to control (1.0 ± 0.1) and MTAAngelus (1.3 ± 0.4) (Figure 3(c)) and increased expression for
PARP-1 was seen when HDPSCs were incubated with AHPlus (1.8 ± 0.1) compared to other conditions in which
relative expression of PARP-1 was similar to the control
group (1.0 ± 0.1) (Figure 3(d)) at 24 h. The results suggest
that AH-Plus induced both DSBs and SSBs, while MTAFillapex only produced the activation of DSB repair.
However, at 48 h, when cells were incubated with the
medium preconditioned with endodontic materials, increased
expression of these genes was observed for cells incubated
with MTA-Fillapex (and to a lesser extent for AH-Plus and
MTA-Angelus (Figure 4)).

Marker

MTA-Angelus 100%

MTA-Fillapex 50%

AH-Plus 50%

MTA-Angelus 50%

Control2

Control1

Marker

MTA-Angelus 100%

MTA-Fillapex 50%

AH-Plus 50%

MTA-Angelus 50%

Control2
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Coomassie

Coomassie
75 kDa
50 kDa

50 kDa

37 kDa
25 kDa

25 kDa

20 kDa

MTA-Angelus 100%

MTA-Fillapex 50%

AH-Plus 50%

MTA-Angelus 50%

Control2

(b)

Control1

(a)

훼-actin
Catalase

MnSOD

(c)
Figure 2: Oxidative stress and antioxidant responses in HDPSCs incubated with endodontic materials. Immunoblots are representative
images of two independent analyses in HDPSCs incubated with MTA-Angelus, AH-Plus, and MTA-Fillapex. (a) OxyBlot analysis for the
detection of carbonylated proteins from total extracts of HDPSCs incubated with endodontic materials for 24 h. (b) OxyBlot analysis for
the detection of carbonylated proteins from total extracts of HDPSCs incubated with endodontic materials for 7 days. (c) Western blot
analysis of two antioxidant enzymes, catalase and MnSOD, from total extracts of HDPSCs incubated with endodontic materials for 24 h.
For OxyBlots, Coomassie gel staining was used as a loading control. In immunoassays for detecting the levels of antioxidant enzymes,
β-actin was used as a reference and loading control.

These results indicate that endodontic materials activate
DNA repair mechanisms for both DSBs and SSBs. However,
the highest activation of DNA damage sensors Rad53 (2.1
± 0.7) and ATM (1.9 ± 0.5) was found for MTA-Fillapex
when results were compared to those of control and other
conditions. In line with these results, the highest eﬀector
signaling for DNA repair (mediated by Rad51 and PARP-1)
was also found for MTA-Fillapex (Rad51 3.5 ± 0.5; PARP-1
1.7 ± 0.3). Relative expression found for these genes in other
groups was lower than that found for MTA-Fillapex, control
(Rad51 (1.0 ± 0.2), PARP-1 (1.0 ± 0.2)), MTA-Angelus
(Rad51 (1.2 ± 0.0), PARP-1 (1.4 ± 0.0)), and AH-Plus
(Rad51 (1.5 ± 0.0), PARP-1 (1.4 ± 0.1)). All in all, the results

suggest that MTA-Fillapex was the most genotoxic material
for HDPSCs.

4. Discussion
In our study, we used mesenchymal stem cells from dental pulp
(HDPSCs), which have the advantage over other cell lines of
being able to diﬀerentiate into odontoblasts [1] and osteoblasts
[2]. HDPSC is a cell model with physiological properties which
are homologous to the primary tissue where the endodontic
materials are in contact. Furthermore, HDPSCs have other
advantages such as a large capacity for proliferation, the ability
to maintain their cellular phenotype for a long time period, and
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1.5
1.0
0.5

(c)

MTA-Fillapex

AH-Plus

MTA-Angelus

MTA-Fillapex

AH-Plus

MTA-Angelus

Control

0.0
Control

RAD51 relative expression

⁎

⁎

2.5

MTA-Fillapex

Control

MTA-Fillapex

AH-Plus

MTA-Angelus

Control

(a)

AH-Plus

0.0

0.0

MTA-Angelus

RAD53 relative expression

2.5

(d)

Figure 3: Analysis of expression of DNA damage responses and repair genes in HDPSCs incubated with endodontic materials at 24 hours, by
the technique of real-time polymerase chain reaction (qRT-PCR) for (a) RAD53, (b) ATM, (c) RAD51, and (d) PARP-1. The statistical test
used was ANOVA with a post hoc Newman-Keuls test to analyze changes in the relative expression of DNA damage response and DNA
repair genes. ∗ indicates signiﬁcant diﬀerences between groups compared (p < 0 05). Each sample was analyzed in triplicate.

the sensitivity of response to toxins [36, 37]. Additionally,
HDPSCs are promising cell lines that can be used in regenerative medicine to repair damaged tissue, and they have potential
applicability in dental tissue engineering and regenerative
therapy of dental tissues [38]. For these above-mentioned
reasons, HDPSCs can be considered a relevant cellular model
to evaluate the eﬀect of endodontic materials.
The results obtained by ﬂow cytometry indicated that
MTA-Angelus was the least cytotoxic material over time,
compared to AH-Plus and MTA-Fillapex. Our results are
similar to those obtained by Zhou et al. [39]. These authors
studied the eﬀect of MTA in human gingival ﬁbroblasts using
ﬂow cytometry and observed that MTA in a diluted medium
did not increase apoptosis or necrosis. In contrast, Petrovic
et al. [40] found that MTA-Angelus was cytotoxic using
50% diluted medium in an MRC5 cell line consisting of
human lung ﬁbroblasts. In our experiments, we observed
maximal apoptosis for mediums prepared with AH-Plus at
24 h and MTA-Fillapex at 48 h. Regarding AH-Plus, some

studies have shown that this endodontic material increased
cytotoxicity at 24 h [41, 42], probably due to the presence of
amines in its composition [43]. MTA-Fillapex was the most
cytotoxic endodontic material, in agreement with Zhou
et al. [44] who observed that MTA-Fillapex was cytotoxic
for human gingival ﬁbroblasts using 50% diluted medium
preincubated with this material for periods of 1 to 4 weeks.
Oxidative stress can mediate cytotoxicity and genotoxicity, and distinct endodontic materials have demonstrated
their ability to generate oxidative stress [6, 45]. Therefore,
we were interested in evaluating the oxidative damage and
antioxidant defenses in order to assess the oxidative stress
in our samples.
The results of our study indicated that MTA-Angelus
did not induce oxidative stress in HDPSCs after 24 h of incubation. However, AH-Plus and MTA-Fillapex under these
conditions increased oxidative stress in HDPSCs. Coinciding
with our results, a study by Camargo et al. [46] evaluated the
production of reactive oxygen species (ROS) by white and
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RAD53 relative expression
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Figure 4: Analysis of expression of DNA damage responses and repair genes in HDPSCs incubated with endodontic materials at 48 hours, by
the technique of real-time polymerase chain reaction (qRT-PCR) for (a) RAD53, (b) ATM, (c) RAD51, and (d) PARP-1. The statistical test
used was ANOVA with a post hoc Newman-Keuls test to analyze changes in the relative expression of DNA damage response and DNA
repair genes. ∗ indicates signiﬁcant diﬀerences between groups compared (p < 0 05). Each sample was analyzed in triplicate.

grey MTA on transfected HDPSCs. The results of ROS production by the cells exposed to the 1 : 1 extracts for 1 hour
showed that both white and gray MTA did not cause an
increase in ROS production. However, a study by Chang
et al. [47] on the ability of MTA-Angelus and other
endodontic calcium silicate-based materials to induce the
formation of ROS and activate the endogenous antioxidant
defenses demonstrated that MTA-Angelus induced production of ROS after 3 days of incubation in an immortalized
cell line of human dental pulp. AH-Plus contains bisphenol
A diglycidyl ether (BADGE), and some controversial results
can be found in the literature suggesting that BADGE can
release small amounts of bisphenol A (BPA) [48–51]. However, although no released BPA was the origin of cytotoxicity,
it can be considered that BADGE can mediate cytotoxic eﬀects
on diﬀerent cellular models, such as lymphocytes [52] and
Caco-2 cells [53].

A study by Kim et al. [54] obtained similar results to
those obtained by us, when studying the cytotoxicity of
AH-Plus and its ability to produce ROS in an MC-3T3 E1
mouse osteoblast cell line, which was cultured in a medium
supplemented with AH-Plus at 30% concentration for
24 hours.
In addition, Camargo et al. [55] analyzed the cytotoxic
eﬀect generated by AH-Plus at 50% concentration and mediated by ROS on a ﬁbroblast cell line from human dental pulp.
The mechanisms by which 50% MTA-Fillapex produces
oxidative stress and genotoxicity may be mediated by the
presence of titanium dioxide (TiO2) in its composition,
which has been shown to produce ROS that leads to oxidative
damage in DNA [56]. An in vivo study by Zmener et al. [57]
evaluated the inﬂammatory response induced by MTAFillapex after subcutaneous implantation of this biomaterial
in Wistar rats. The results showed a severe reaction after 10
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days that was maintained at 30 days and 90 days. These
authors speculate that cytotoxicity may be due to the leaching
of toxic elements due to the high solubility of MTA-Fillapex.
Our results showed that in HDPSCs treated with AHPlus and MTA-Fillapex for 24 h, both catalase and MnSOD
were downregulated compared to those in control conditions
and MTA-Angelus. Villeneuve et al. have described the ﬁne
balance between cell viability and death by controlling ROS
levels via Nrf2 and p21 [58]. The authors propose that in
mild oxidative stress conditions (such as may occur for
MTA-Angelus in our study), cells can respond activating
Nrf2 expression and downstream gene targets (such as antioxidant enzymes catalase and MnSOD). However, at high
levels of oxidative stress (such as may occur for AH Plus
and MTA Fillapex) (Figure 2(c)), one may speculate that
the Nrf2 antioxidant response pathway must be suppressed
to induce apoptosis, because apoptosis requires the accumulation of ROS (Figures 2(a) and 2(b)). Other plausible explanation is that the Nrf2 system is activated in any case but
oxidative stress exceeds the capacities of enzymatic antioxidants, when cells are treated with AH-Plus and MTA-Fillapex.
Therefore, since these materials can produce oxidative
stress, it is crucial to evaluate the mechanisms of genotoxicity. In this regard, we studied the expression of diﬀerent
genes mediating cellular response and DNA repair after
DNA damage induction. We analyzed sensors and eﬀectors
of DNA damage response such as ATM, RAD53, RAD51,
and PARP-1.
The cellular medium prepared with AH-Plus for 24 h
was the most genotoxic for HDPSCs and produced the overexpression of ATM and RAD53 (Figure 3). AH-Plus also
induced the overexpression of RAD51 and PARP-1 in the
same conditions. Our results are in agreement with the
results we obtained by ﬂow cytometry, conﬁrming a genotoxic eﬀect for AH-Plus. The results for this endodontic
material are probably related to the release of formaldehyde
during polymerization [59], which is extremely reactive and
can cause crosslinks between biomolecules [60]. Our results
agree with those obtained by Candeiro et al. in a model of
human gingival ﬁbroblasts [61] and also with results
obtained by Camargo et al. [16] for this endodontic material.
Interestingly, Van Landuyt et al. [62] studied the genotoxicity and cytotoxicity eﬀect mediated by AH-Plus in a model
of gingival ﬁbroblasts, in which they did not observe
increased levels of gamma-H2AX (a marker for DNA
double-strand breaks). However, they found increased cytotoxicity for 1 : 3 and 1 : 10 dilutions of medium preconditioned with AH-Plus. In our study, AH-Plus was able to
induce DNA damage and DNA repair activation for both
DSBs and SSBs, which were detected by the overexpression
of RAD51 and PARP-1, respectively.
When we used medium preincubated with endodontic
materials for 48 h, our results demonstrated that MTAFillapex further increased the expression of the DNA damage
signaling pathways mediated by the ATM and RAD53 sensors
and the PARP-1 and RAD51 eﬀectors for DNA repair genes,
suggesting that MTA-Fillapex can produce SSBs and DSBs.
The results also coincide with the results obtained by ﬂow
cytometry and indicate the cytotoxic and genotoxic potential
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of MTA-Fillapex. The genotoxicity of MTA-Fillapex could
be related to the content of TiO2, which has been previously
demonstrated to induce the formation of micronuclei [56]
and the presence of salicylates in its composition, which were
shown to induce DNA damage and apoptosis in vitro in ﬁbrosarcoma cell lines [63]. Bin et al. [64] demonstrated genotoxicity and cytotoxicity for MTA-Fillapex in vitro using V79
ﬁbroblasts and lower concentrations of MTA-Fillapex than
those used in our study.
Our results point out the relevance of using an appropriate cell line to study the cytotoxicity, genotoxicity, and biocompatibility of endodontic materials. Particularly, MTA has
a wide range of possibilities in endodontic treatments [65]
because of its clinical use involving the direct contact of
this biomaterial with periradicular and pulpal tissues,
contributing not only to cytotoxicity, genotoxicity, and
proliferation but also to the diﬀerentiation of odontoblasts
and osteoblasts [66, 67].

5. Conclusions
AH-Plus and MTA-Fillapex were the most cytotoxic and
genotoxic materials for HDPSCs in this study. Genotoxicity
is mediated by an increase in oxidative stress and downregulation of the antioxidant defense shield. On the other hand,
MTA-Angelus was the least cytotoxic and genotoxic material
at all assayed times in which antioxidant enzyme expression
levels were not altered. This is of special relevance in characterizing the biocompatibility and the cytotoxic and genotoxic
eﬀects of the biomaterials on a relevant source of cells for
regenerative therapy.
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