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Abstract

Magnesium-based biomaterials provide an innovative therapeutic potential to
substantially enhance regeneration of dental tissues. However, to date, magnesium
oxide (MgO) and its effect on odontogenic differentiation of human dental pulp cells
(HDPCs) has not been investigated and the underlying regulatory mechanisms of MgO
remain undefined. This study was designed to evaluate the stimulatory effect of different
concentrations of MgO on odontogenic differentiation with the expression of
extracellular matrix-related proteins (dentin sialoprotein (DSP), dentin matrix protein 1
(DMP-1), dentin sialophosphoprotein (DSPP), and collagen-Type | (COL-I). An aqueous
MgO suspension was prepared. HDPCs were cultured with 0.5 mM, 1 mM, 2 mM, 4 mM,
8 mM concentrations of supplemental MgO, 0mM as the negative control group, lignin
sulfonic acid sodium salt and xanthan gum as the vehicle control groups. Odontoblastic
differentiation was assessed by evaluating expression of odontogenic-related proteins:
DSP, DMP-1, DSPP, and COL-I. Statistical analysis was done using Multi-Way Analysis of
Variance (MANOVA) with Wilks" lambda test. 0.5 mM MgO elicited the highest
stimulatory effect on odontogenic differentiation with significant upregulation of
expression of odontogenic-related proteins (DSP, DMP-1, DSPP, COL-l) compared to
the negative control (P<0.0001). This is the first report revealing that MgO-enriched
micro-environment promoted odontogenic differentiation in HDPCs. Magnesium oxide
containing biomaterials could be used as a new strategy for dental pulp regeneration in
regenerative endodontics.

Keywords: Magnesium oxide; Odontogenic differentiation; Extracellular matrix proteins;
Dentinogenesis

1. Introduction

Dental caries, one of the most common oral diseases globally, is the main reason for
dental hard tissues destruction and pulp exposure [1-3]. In this situation, direct pulp
capping is the only treatment option that enables preservation of pulp vitality and
activation of dentin regeneration. Pulp capping involves the placement of a protective
dressing over the exposed pulp area to stimulate tertiary dentin formation. Calcium
hydroxide [Ca(OH),] has long been considered the gold standard of pulp capping
materials; more recently, mineral trioxide aggregate (MTA) has found wide clinical use
for this application [4,5,6]. However, neither material was originally developed to induce
cellular repair of the dentin-pulp complex, such treatment should be based on the key
biological events associated with tissue repair. The understanding of tertiary
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dentinogenesis, as well as the ability to modify this process
within the clinical setting, remain incomplete. This constrains
the development of optimal pulp capping materials that are
compatible with the biological events occurring during
dentin-pulp repair and regeneration [7-9]. Therefore, a novel
approach understanding the molecular and cellular bases for
pulp regeneration and dental tissue repair for successful
clinical treatment of pulp injuries is urgently needed.

Regenerative endodontic therapy has been assayed with
multiple mesenchymal stem cells (MSCs), growth factors, and
biological materials [10-12]. Magnesium-containing scaffolds
are considered to be potential biomaterials for such treatment,
with the properties of releasing Mg?* to enhance the dentin
regeneration in MSCs [13]. Mg?* acts as an intracellular second
messenger connecting cell-surface receptor induction and
cytosolic effectors [14]. Mg?* is the fourth most abundant
cation in the human body and is critical for ATP- dependent
phosphorylation of DNA, RNA, and enzymes, and the average
Mg?* concentration in dentin is about 1% (wt/wt) [15-17].
Mg?®* plays pivotal roles in regulating osteogenesis, which
exhibits concentration-dependent behaviors. Numerous
reports have demonstrated that MgO-doped bioceramics,
either used directly or as fillers for polymeric biomaterials, are
able to enhance osteogenic differentiation and stimulate
osteogenesis [18-21]. MgO containing materials has also
been reported to enhance expression of collagen |, ALP, and
osteocalcin, improved ALP activity in human fetal osteoblastic
(hFOB) cells and human bone-derived cells [18-25].

In our previous study, it was reported that MgO has
proven biocompatibility, upregulated HDPCs attachment,
enhanced proliferation, and induced upregulation of ALP
activity with involvement in dentin mineralization [26]. These
findings open opportunities to use MgO in vital pulp therapies
as a promising choice for dentin repair [27,28]. However, the
underlying mechanisms of MgO effects on odontogenic
differentiation in HDPCs remain undefined. This is the first
research further investigating the effects of MgO on
odontoblastic maturation and differentiation in terms of
dentin sialoprotein (DSP), dentin matrix protein -1 (DMP-1),
dentin sialophosphoprotein (DSPP) and collagen-Type |
(COL-l) in HDPCs in vitro.

The hypothesis of the present study was that MgO will
induce the odontoblastic differentiation of HDPCs. Therefore,
the main target of the present contribution was to determine
the biological effect of MgO in terms of 1- To evaluate the
effect of different concentrations of MgO in terms of the
odontogenic differentiation of HDPCs in vitro 2- To assess the
expression levels of extracellular matrix-related proteins of
dentin sialoprotein (DSP), dentin matrix protein-1 (DMP-1),
dentin sialophosphoprotein (DSPP) and collagen-Type |
(COL-I) mediating the odontogenic activity and differentiation
potential of HDPCs into a mineralizing lineage. In this context,
clarifying  the  potential role of MgO-enriched
microenvironment to support the development of a new
generation of biologically-based pulp capping materials and
their clinical benefits for regenerative endodontic treatment.

2. Materials and Methods

2.1. Preparation of concentrated magnesium oxide suspension

Magnesium oxide (Mag Chem 10, Martin Marietta
Magnesia Specialties, MD, USA) powder milled size ranging
from 44 to 297 micron was used for an aqueous magnesium
oxide suspension with water, lignin sulfonic acid sodium salt
(anti-hydration agent) and xanthan gum (suspension aid),
resulting in a highly stable concentrated suspension
(according to the patent developed by [29]. Five stock
solutions were prepared at concentrations of 5 mM, 10 mM,
20 mM, 40 mM and 80 mM respectively.

2.2.Lignosulfonic acid sodium salt and xanthan gum solvent
preparation

Lignosulfonic acid sodium salt and xanthan gum (Sigma
Aldrich, MA, USA) dissolved in deionized water were
subsequently filtered under sterile condition in the biological
hood, kept in a labeled container and stored at room
temperature, utilized as vehicle controls to be compared to
the negative control.

2.3.Human dental pulp cell (HDPC) culture

Under an Institutional Review Boards (IRB) approval
H-33173, dental pulp explants were isolated from freshly
extracted third molars provided from 15 to 18-year-old
female patients undergoing routine third molar extraction at
the oral surgery clinic at Boston University. The HDPCs were
cultured according to the protocol published by [30]. Teeth
were split open with a #7 chandler bi-bevel bone chisel and
hammer. The exposed dental pulp explants were transferred
immediately into a 25 cm? culture flask (Thermo Fisher
Scientific, Cambridge, MA, USA), containing Basal Medium
Eagle’s (BME) culture medium supplemented with 10% fetal
bovine serum (R&D Systems, MN, USA), 100 U/mL of Penicillin
(Gibco, MA, USA), 100 mg/mL streptomycin (Gibco, MA, USA),
and 0.25 ug/mL amphotericin-B (Gibco, MA, USA). The HDPCs
were incubated in humidified atmosphere at 37°C, with 5%
CO2 and cultured up to the second passage. The culture
medium was replaced every 3 days until the cells reached
80% confluence. The cells were detached after reaching 80%
confluence using 0.05% Trypsin-EDTA (Thermo Fisher
Scientific, MA, USA), centrifuged (TJ-6 Beckman Centrifuge)
for 5 min at 1000 rpm, counted using hemocytometer and
then were utilized for the experiments.

2.4.0dontogenic differentiation induction of HDPCs

Three thousand normal HDPC cells were seeded in 24-well
plates containing 1 mL of growth medium supplemented with
various MgO concentrations 0.5 mM, 1 mM, 2 mM, 4 mM,
8 mM and 0 mM as a control group, lignin sulfonic acid
sodium salt and xanthan gum as vehicle controls. Each
condition was repeated in five replicas. The culture plates
were incubated under 37°C, 5% CO2 and growth media were
changed every 3 days. Cell differentiation was monitored at
the predetermined time points: 7 days, 10 days, and 14 days.
Growth media were replaced with pre-inductive dentinogenic
media at the following time intervals: 4, 7, and 11 days.
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Dentinogenic media consisted of the following: 10% charcoal
stripped fetal bovine serum (FBS) (Life Technologies, MA,
USA), 100 U/ml Penicillin (Gibco, MA, USA), 100 ug/mL
streptomycin (Gibco, MA, USA), 10® M Menadione (Sigma
Aldrich, MA, USA), 10 mM B-Glycerophosphate (Sigma
Aldrich, MA, USA), 0.05 mg/mL L-ascorbic acid (Sigma Aldrich,
MA, USA), 2 mM L-glutamine (Gibco, MA, USA). The next day,
cells were cultured in pre-inductive dentinogenic media with
the addition of 10 nM Vitamin D, (172g/mol) (Sigma Aldrich,
MA, USA). Cell numbers at each time points under different
concentrations of supplemental MgO and control groups
were determined by 0.2% crystal violet staining (Sigma-
Aldrich, MA, USA). The density of stained cells was measured
by the spectrophotometer (TECAN, Infinite 200 Pro) at
wavelength 590 nm. Characterization of dentinogenic
phenotype of the cells was then confirmed by expression of
dentinogenic markers induced by vitamin D, stimulation.
Supernatant fluid was collected on 7, 10, and 14 days. DSP, 1
DMP-1, DSPP and COL-lI were measured in the collected
supernatant. The remaining fixed cells on the culture plates
were used to perform the differentiation assay. At each
predetermined time point, 0.2% crystal violate dye was used
to stain the attached cells in the 24-well plates. Absorbance of
crystal violet was measured using the spectrophotometer at
590 nm wavelength.

2.5. Assessment of HDPCs dentin sialoprotein (DSP) expression

Supernatant samples were tested at 7, 10, and 14 days.
DSP Xpress Bio ™ELISA Kit (Frederick, MD, USA) was used to
measure DSP expression according to the manufacturer's
instructions. 100 pL (2x diluted) culture supernatants were
incubated with 100uL of biotin conjugated detection antibody
in a 96 well black plate with clear bottom (Thermo Scientific,
Cambridge, MA, USA). The plates were incubated for 60
minutes at 37°C. Then, 100 pL horse radish peroxidase (HRP-
Streptavidin) conjugate was added into each well and
incubated for 30 minutes. The culture plates were decanted
and washed four times. 90 uL TMB substrate was then added
into each well. TMB was catalyzed by HRP Streptavid in
producing a light blue color. The mixture was then incubated
and protected from light for 10-20 minutes at 37°C. Finally,
the reaction was terminated by adding 50 pL stop solution to
each well, followed by gentle shaking of the plate. The
intensity of the solution color was then measured
spectrophotometrically at 450 nm in a micro-plate reader
(TECAN, Infinite 1000 Pro). Five measurements were
performed for averaging. DSP expression was calculated by a
standard curve and normalized to DSP expression on a per
million cell base formula.

2.6.Assessment of HDPCs dentin matrix protein (DMP-1)
expression

Supernatant samples at days 7, 10, and 14 were tested
using DMP -1Xpress Bio ™ (Frederick, MD, USA) ELISA Kit
(Human) following the manufacturer’s instructions. This kit
was based on sandwich enzyme-linked immune-sorbent
assay technology utilizing anti- DMP1 antibody and the biotin
anti- DMP1 conjugate. 100uL (2x diluted) supernatant samples

were added to all 96 microstrip-well plates for 90 min with
shaking on a horizontal orbital microplate shaker (0.12" orbit)
set at 500 + 50 rpm. The culture plates were decanted and
washed two times. The wells were then incubated with 100uL
of biotin conjugated detection antibody. The plate was then
covered with a plate sealer and incubated for 60 minutes at
37°C. After decanting and washing as described earlier, 100
ML HRP-Streptavidin conjugate was added into each well and
incubated for 30 minutes. TMB was catalyzed by HRP
producing a light blue color. The reaction was terminated by
adding 50 pL stop solution, resulting in a yellow color. The
intensity of the solution color was then measured
spectrophotometrically at 450 nm in a micro-plate reader.
Five measurements were performed for averaging. DMP-1
concentration was calculated by a standard curve and
normalized to DMP-1 expression measured per million of
cells.

2.7. Assessment of HDPCs dentin sialophosphoprotein (DSPP)
expression

DSPP Cusabio™ (Houston, TX, USA) ELISA Kit (Human)
was used to evaluate the expression levels of secreted DSPP.
This assay employs the quantitative sandwich enzyme
immunoassay technique. In a 96-well microplate, supernatants
were collected at days 7, 10, and 14, and the assay was carried
out following the manufacturer’'s recommendations. 100 u L
of standards, test samples and controls (blanks) were added
into each well. Plates were covered with adhesive strips and
incubated for 2 hours at 37°C. 100pL (1x) of biotin- conjugated
antibody was added to the appropriate wells. Plates were
then incubated for 60 minutes at 37°C. The culture plates
were decanted and washed two times. Thereafter, 100 pL of
avidin conjugated Horseradish Peroxidase (HRP-avidin) (1x)
was added into each well. Incubation of the plates was
performed for 60 minutes. After decanting and washing as
described earlier, 90 uL TMB substrate was added for 15-30
min at 37°C. 20 pL stop solution was then added, turning the
solution color from blue to yellow. The microplate reader
(TECAN, Infinite 1000 Pro) was set at a wavelength of 450 nm
to identify the intensity of color (O.D) versus the respective
DSPP concentration. Five measurements were performed.
DSPP expression was calculated by a standard curve to obtain
the concentration measured per million of cells.

2.8. Assessment of HDPCs collagen-type | (COL-1) expression

To assess the expression level of secreted COL-I, Xpress
Bio ™ (Frederick, MD, USA) ELISA Kit (Human) was used based
on sandwich enzyme-linked immune-sorbent assay
technology. Capture antibody and a biotin conjugate
detection antibody were utilized. Following the manufacturer’s
instructions, supernatants at days 7, 10, and 14 were diluted
(2x). 100 pL of the diluted test samples, standards and controls
were added into a 96 well black plate with clear bottom
(Thermo Scientific, Cambridge, MA, USA). Test samples were
incubated at 37°C for 90 minutes. 100uL of the biotin
conjugated detection antibody was added to the wells. The
plates were covered and incubated for 60 minutes at 37°C.
The plates were decanted and washed three times. Afterwards,
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100 pL HRP-Streptavidin was added into each well and
incubated for 30 minutes at 37°C. The plates were decanted
and washed five times. 90 uL TMB substrate was placed into
each well and incubated in the dark for 10-20 minutes. The
reaction was terminated by adding 50 pL stop solution
resulting in a yellow color immediately. Following the
completion of the assay, the intensity of the solution color
was measured spectrophotometrically at 450 nm in a micro-
plate reader (TECAN, Infinite 1000 Pro). Five measurements
were performed. COL-I concentration was calculated by a
standard curve and normalized to COL-| expression to on a
per million cell base formula.

2.9.Statistical analysis

Descriptive statistics is presented in Tables 1-10. The
means and standard deviations (SD) of HDPCs differentiation
data and the levels of dentinogenic differentiation markers
(DSP, DMP-1, DSPP, and COL-I) were calculated at 7, 10, and
14 days. The data were normalized on a per million cells basis
at the same time points. Statistical analysis was performed
using software JMP Pro 13 (ver. 13.1.0). Multi-Way
Analysis of Variance (Multi-Way ANOVA) with Wilks' lambda
test was used for statistical analysis between the groups.
Differences at P<0.05 were considered statistically significant.

3. Results

3.1.Effect of MgO on numbers of HDPCs at various
concentrations (after addition of preinductive-
dentinogenic media)

Initially, HDPCs at day 7 grew to a statistically significant
higher number with the 0.5 mM supplemental MgO
concentration compared to the negative control and the
vehicle control groups (P<0.001) (Figure 1) (Table 1). However,
the supplemental MgO concentration groups higher than 0.5
mM did not grow to high levels as the 0.5 mM group, also
showed significantly lower levels compared to the negative
and vehicle controls (P<0.001). Wilks' Lambda interaction
P-value for supplemental MgO concentrations demonstrated
a statistically significant value at this time point (p<0.001).
Meanwhile, at day 10, the 0.5 mM supplemental MgO
concentration group displayed even higher significant results
than the control groups (P<0.001). The supplemental MgO
concentration groups higher than 0.5 mM behaved similarly
to the day 7 time point (P<0.001). Wilks' Lambda interaction
P-value for supplemental MgO concentrations pointed out a
statistically significant value (p<0.001) (Table 2). At day 14, the
0.5 mM supplemental concentations still showing an
enhanced differentiation (P<0.001). Meanwhile, the vehicle
control groups showed a gradual increase throughout the
experiment, reaching a statistically significant value (P<0.001).
Supplemental MgO concentration groups higher than 0.5
mM, showed significantly decreased growth compared to the
negative control and the vehicle control groups respectively

(p<0.001). Wilks' Lambda interaction P-value for supplemental
MgO concentrations showed a statistically significant value
(p<0.001).
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Figure 1. Bar graph showing numbers of normal human dental pulp cells
in media with tested supplemental magnesium oxide (MgO)
concentrations: 0.5 mM, 1 mM, 2 mM, 4 mM, 8 mM and 0 mM as the
control group, lignin sulfonic acid sodium salt and xanthan gum vehicle
controls groups after addition of pre-inductive odontogenic media for
time periods of 7, 10 and 14 days. Different letters indicate a significant
difference between groups (P<0.001) compared to the control in each
condition at the specified time point. Error bars indicate the standard
deviations of five replicates

Table 1. P-values of cell differentiation within groups for Multi-Way ANOVA
(MANOVA) of magnesium oxide (MgO) concentrations

Num DF |Den DF

Test Value Exact F Prob>F

F Test 6.8676877 |32.0492 6 28 <.001*

Table 2. Wilks' Lambda Interaction P-Values for Magnesium Oxide Cell
Differentiation at Different Time Intervals (P<0.001)

Test Value Approx. F  |[Num DF |Den DF |Prob>F

Wilks' Lambda 0.1962769 |5.6573 12 54 <.001*

3.2.Effect of MgO on dentin sialoprotein (DSP) expression
of HDPCs at various concentrations

DSP expression of HDPCs was analyzed at 7, 10, and 14
days. At day 7, the 0.5 mM supplemental MgO concentration
group showed an increase in DSP expression compared to the
negative control and the other groups with a statistically
significant difference (P<0.001) (Figure 2) (Table 3). Wilks'
Lambda interaction P-value for MgO concentrations and their
DSP expression demonstrated a statistically significant value
(p<0.001) (Table 4). At day 10, as for the 0.5 MM supplemented
MgO concentration group, DSP reached an even higher value.
Wilks' Lambda interaction P-value for MgO concentrations
and DSP expression showed a significant value (p<0.001).
Additionally, at day 14 the highest effect on DSP expression
was noted by the 0.5 mM MgO concentration group (P<0.001).
Data showed that the vehicle control groups showed an
increase in DSP expression reaching the highest value by 14
days (P<0.001). Wilks' Lambda interaction P- value for MgO
concentrations and DSP expression showed a marked
significant value (p<0.001). The trend of the results during the
whole assay as seen in Figure 2 showed that the 0.5 mM MgO
concentration upregulated DSP expression significantly at all
the tested time intervals of 7, 10, and 14 days.
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Figure 2. Bar graph showing dentin sialoprotein (DSP) expression of
normal human pulp cells in media supplemented with magnesium oxide
(Mg O) concentrations 0.5 mM,T mM, 2 mM, 4 mM, 8 mM and 0 mM as

control group, lignin sulfonic acid sodium salt and xanthan gum as vehicle
controls for time periods of 7, 10, and 14 days. Dentin sialoprotein (DSP)
expression in supernatants was normalized per million cells at each time
interval. The control cells were treated without supplemental magnesium
oxide. Different letters indicate a significant difference between groups
(P<0.001) compared to the control in each condition at the specified time
point. Error bars indicate the standard deviations of five replicates

Table 3. P-values within Groups for Multi-way ANOVA (MANOVA) for
Dentin Sialoprotein (DSP) Expression of Magnesium Oxide (MgO)
Concentrations (<0.001)

Num DF

Test Value Exact F Den DF |Prob>F

F Test 59.697413 |1074.5534 |1 18 <.001*

Table 4. Wilks' Lambda for the interaction P-values of Magnesium Oxide
Dentin Sialoprotein (DSP) Expression at Different Time Intervals (P<0.001)

Num DF |Den DF |Prob>F

Test Value Approx. F

Wilks' Lambda |0.0131025 |31.8044 18 74 <.001*

3.3.Effect of MgO on dentin matrix protein-1 (DMP-1)
expression of HDPCs at various concentrations

Analysis of DMP-1 expression of HDPCs demonstrated a
significant increase in the 0.5 mM supplemental MgO
concentration group (P<0.001) compared to all other
experimental groups, the negative and vehicle control groups
(P<0.001) at day 7 (Figure 3) (Table 5). In the 0.5 mM MgO
concentration group, there were also significant time-
dependent increase of DMP-1 expression (P <0.001) from 7
to 14 days. Wilks' Lambda interaction P- value for magnesium
oxide concentrations and their DMP-1 expression
demonstrated a statistically significant value (P<0.001) (Table
6). In comparison to the 0.5 mM MgO concentration group,
other higher MgO concentration groups showed significantly
lower DMP-1 expression (P<0.001). MgO concentration
groups higher than 0.5 mM showed slightly lower DMP-1
expression at days 10 and 14 comparable to the negative
control and vehicle control. Comparing different time intervals
for the whole assay clearly demonstrated a noticeable effect
evident by the 0.5 mM supplemental MgO concentration on
DMP-1 expression of HDPCs.

Figure 3. Bar graph showing dentin matrix protein 1 (DMP-1) expression of
normal human pulp cells in media supplemented with magnesium oxide
(MgO) concentrations 0.5 mM, 1 mM, 2 mM, 4 mM, 8 mM and 0 mM as

control group, lignin sulfonic acid sodium salt and xanthan gum as vehicle

controls for time periods of 7,10, and 14 days. Dentin matrix protein-1

(DMP-1) expression in supernatants was normalized per million cells at each

time interval. The control cells were treated without supplemental
magnesium oxide. Different letters indicate a significant difference between
groups (P<0.001) compared to the control in each condition at the specified
time point. Error bars indicate the standard deviations of five replicates

Table 5. P-values within Groups for Multi-way ANOVA (MANOVA) for
Dentin Matrix Protein 1(DMP-1) Expression of Magnesium Oxide (MgO)
Concentrations (<0.001)

Test Value Exact F Num DF Den DF |Prob>F

F Test 70051793  |161.1191 |1 23 <.001*

Table 6. Wilks’ Lambda for the interaction P-values of Magnesium Oxide Dentin
Matrix Protein -1 (DMP-1) Expression at Different Time Intervals (P<0.001)

Num DF |Den DF |Prob>F

Test Value Approx. F

Wilks' Lambda  [0.199263 |3.8978 14 44 0.001*

3.4.Effect of MgO on dentin sialophosphoprotein (DSPP)

expression of HDPCs at various concentrations

Data evaluation showed a significant increase of DSPP
expression in the 0.5 mm supplemental MgO concentration
group (P<0.001) at 7, 10, and 14 days compared to the
negative control and vehicle control groups (p<0.001) (Figure
4) (Table 7). Meanwhile, for MgO concentration groups higher
than 0.5 mM DSPP, DSPP expression decreased significantly
comparable to the negative control and vehicle control
groups (p<0.001). Regarding the lignin sulfonic acid sodium
salt and xanthan gum vehicle control groups, there were
some differences in their DSPP expression compared to the
negative control (Figure 4). Wilks' Lambda interaction P- value
for MgO concentrations and their DSPP expression at these
time intervals (7 and 10 days) showed a statistically significant
value (p<0.001) (Table 8). The comparison of different time
intervals for the whole assay could be depicted, clearly
showing the effect of the 0.5 mM supplemental MgO
concentration group on DSPP expression of HDPCs.
Interestingly, the vehicle control groups lignin sulfonic acid
sodium salt and xanthan gum may have a direct stimulating
effect on HDPCs as evidenced by various levels of increase in
DSPP expression.
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Figure 4. Bar graph showing dentin sialophospho protein (DSPP)
expression of normal human pulp cells in media supplemented with
magnesium oxide (Mg O) concentrations 0.5 mM, T mM, 2 mM, 4 mM, 8
mM and 0 mM as control group, lignin sulfonic acid sodium salt and
xanthan gum as vehicle controls for time periods of 7,10, and 14 days.
Dentin sialophospho protein (DSPP) expression in supernatants was
normalized per million cells at each time interval. The control cells were
treated without supplemental magnesium oxide. Different letters indicate
a significant difference between groups (P<0.001) compared to the control
in each condition at the specified time point. Error bars indicate the
standard deviations of five replicates

Table 7. P-values within Groups for Multi-way ANOVA (MANOVA) for
Dentin Sialophospho Protein (DSPP) Expression of Magnesium Oxide (MgO)
Concentrations (<0.001)

Test Value Exact F Num DF |Den DF |Prob>F

F Test 40.060579 1961.4539 1 24 <.001*

Table 8. Wilks' Lambda for the interaction P-values of Magnesium Oxide
Dentin Sialophospho Protein (DSPP) Expression at Different Time Intervals

(P<0.001)
Test Value Approx.F  |NumDF DenDF |Prob>F
Wilks Lambda {0.0213249 |19.2145 14 46 <.001*

3.5.Effect of MgO on collagen-type | (COL-I) expression
of HDPCs at various concentrations

COL-I expression of HDPCs was analyzed at 7, 10, and 14
days. A significant increase was noted in the 0.5 mM
supplemental MgO concentration group (P<0.001) at all time
intervals compared to the negative control and vehicle control
groups (Figure 5). In the 0.5 mM MgO concentration group,
there were also significant time-dependent increase of COL-I
expression from day 7 to day 14 (P<0.001). (Figure 5) (Table
9). Wilks' Lambda interaction P- value for MgO concentrations
and their collagen alpha-1 (I) chain expression presented a
statistically significant value (p<0.001) (Table 10). For other
MgO concentration groups higher than 0.5 mM, results of
COL-I expression were comparable to the negative control
with a statistically significant difference (P<0.001). Wilks'
Lambda interaction P-value for supplemental MgO
concentrations and their COL-| expression demonstrated a
statistically significant value (p<0.001). A noticeable effect
was denoted by the 0.5 mM supplemental on MgO
concentration group causing an enhanced effect on COL-|
expression. The vehicle control groups ligninsulfonic acid
sodium salt and xanthan gum may have an enhancing effect
on HDPCs as noticed by increase in COL-| expression.

Figure 5. Bar graph showing Type | collagen (COL-I) expression of normal
human pulp cells in media supplemented with magnesium oxide (Mg O)
concentrations 0.5 mM, TmM, 2 mM, 4 mM, 8 mM and OmM as control
group, lignin sulfonic acid sodium salt and xanthan gum as vehicle
controls for time periods of 7,10, and 14 days. Type | collagen (COL-I)
expression in supernatants was normalized per million cells at each time
interval. The control cells were treated without supplemental magnesium
oxide. Error bars indicate the standard deviations of five replicates

Table 9. P-values within Groups for Multi-way ANOVA (MANOVA) for
Collagen-Type | (COLI) Expression of Magnesium Oxide (MgO)
Concentrations (<0.001)

Test Value Exact F Num DF |Den DF Prob>F

F Test 0.3200202 |7.6805 1 24 <0.001*

Table 10. Wilks' Lambda for the interaction P-values of Magnesium Oxide
Collagen -Type | (COLI) Expression at Different Time Intervals (P<0.001)

Test Value Approx. F |Num DF  |Den DF |Prob>F
Wilks' Lambda |0.3973566 |1.9267 14 46 <0.001*
Discussion

Regenerative endodontic therapy involves biological
procedures for replacing damaged dental structures such as
dentin, and cells of the dentin/pulp complex [31]. Human
dental pulp stem cells (hDPSCs) can proliferate and
differentiate into odontoblasts and subsequently deposit
reparative dentin as a stress reaction when the pulp tissue is
subjected to certain stimulation [32]. When exposed pulp is
capped by biocompatible materials, hDPSCs migrate to the
injured site, proliferate, and differentiate into odontoblast-
like cells, which subsequently deposit reparative dentin
[33,34]. Meanwhile, the identification and development of
appropriate biomaterials are necessary to optimize clinical
approaches to dentinogenesis. Therapeutic ions might have
roles as cofactors in cellular metabolism, signaling pathways,
ionic channels, and other biologic procedures [35]. Therapeutic
ions might induce cellular signaling, triggering resident pulp
cells to differentiate in to odontoblast-like cells, stimulation
of dentin matrix secretion, and formation of tertiary dentin
[36]. It has been shown in the literature that therapeutic ions
such as lithium, magnesium, strontium and zinc enhance
osteogenic differentiation of mesenchymal stem cells, and
regulate osteoblast mediated bone formation [37]. In this
study, it was hypothesized that MgO can trigger the
odontoblastic differentiation of HDPCs, in terms of the
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expression of dentin sialoprotein (DSP), dentin matrix protein
(DMP-1), dentin sialophosphoprotein (DSPP) and Type |
collagen (COL-I), leading to a better understanding of the
molecular and cellular bases for pulp regeneration and dental
tissue repair in an effort to develop biologically based
strategies for successful endodontic treatment.

Studies revealed the favorable behavior and the improved
biological outcomes of MgO-maodified silicate glasses, where
MgO was preferred to other oxides on account of their
documented benefits to bone regeneration [38,39] studied
the stimulatory effects of MgO on early bone cell
differentiation, reported that osteoblasts cultured on bioactive
Si0,-Ca0-P,0.-MgO glass exhibited high ALP activity.
Similarly, [40] demonstrated that MgO enhanced the temporal
expression of bone related genes and proteins (type | collagen
(Col 1), osteocalcin (OC), osteopontin (OP), osteonectin (ON),
alkaline phosphatase (ALP) and bone sialoprotein (BSP) by
bioactive MgO-glass ceramic in human bone-derived cells
(HBDC). Therefore, chemistry modification with MgO had the
utmost effect on osteoblastic differentiation promoting
optimal osteogenesis [41]. Studied MC3T3-E1 osteoblast like
cells cultured on composite scaffolds consisting of poly
(I-lactide) matrix and grafted MgO (gMgO) whiskers, showing
asignificantincrease in ALP expression and calcium deposition
nodules [42]. Reported that poly(lactide-co-glycolide) (PLGA)
co-embedded with 1 wt% MgO upregulated osteogenic
differentiation and high ALP activity levels of bone marrow
mesenchymal stromal cells (BMMSCs) [43]. Studied osteogenic
differentiation of MC3T3-E1 cells cultured on magnesium
hydroxyapatite whiskers/poly (D, L-lactide) (Mg- HAp-Ws/
PDLLA), led to an up-regulation of ALP expression in
MC3T3-E1 cells. From the above forementioned studies, it is
evident that MgO has an influence on cell differentiation and
bone formation of osteoblasts by stimulating expression of
growth factors and osteogenic proteins.

In the present study, normal human pulp cells were
isolated from the pulp tissue of extracted teeth and were able
to differentiate and produce extracellular matrix (ECM)
proteins, which are the substrate for mineralization during
dentin formation. To induce differentiation of isolated HPDCs,
differentiation medium containing ascorbic acid, vitamin D3
and dexamethasone was used. It was noticed that the
proliferation and viability of HDPCs first increased and then
gradually stopped, starting from day 14 of culture [26], when
the cells began to differentiate. The differentiation from
dental pulp cells into odontoblasts was evaluated for the
expression of extracellular dentin matrix proteins associated
with odontoblastic differentiation, such as DSP, DMP-1, DSPP,
and COLI.

During dentinogenesis the expression of extracellular
matrix (ECM) proteins by preodontoblasts changes
concomitantly with the stage of differentiation. Of these ECM
proteins, some are present throughout all stages of
dentinogenesis, while others can only be demonstrated at
particular stages of differentiation. Dentin sialoprotein (DSP)
is one of the crucial factors to determine odontoblast

differentiation. Previous studies have suggested that DSP
plays a role in regulating the initiation of dentin mineralization.
It was reported that the expression of DSP is present in the
early stages of odontoblast differentiation, increased in
mature odontoblasts and decreased when pulp cells
differentiate showing temporal and spatial expression
patterns within the developing and mineralizing dentin [44].
DSP is synthesized by odontoblasts and secreted at the
mineralization front via odontoblastic processes, which
suggests a unique role for DSP in the conversion of uncalcified
predentin to calcified dentin [4546]. Moreover, DSP
functioning as an intracellular transducer is able to induce
tooth related protein expression through signaling pathways.
DSP binds to cell membrane proteins as a result of intracellular
protein kinases regulating intracellular activity via focal
adhesion kinase (Fak) which is a non-receptor bound tyrosine
kinase involved in mediating both integrin and occludin
(Ocln) signaling for regulating intracellular transduction with
the ECM [44,47]. Previous studies have also suggested that
DSP plays a role in regulating the initiation of dentin
mineralization. These findings on the importance of DSP in
dentin formation are further supported by similar studies that
identified 36 amino acids of DSP domain bind to integrin 6
and the DSP-integrin 6 complex to stimulate phosphorylation
of SMAD1/5/8 proteins [48]. Comparing DSP expression at
different time intervals throughout the present study clearly
demonstrated the direct stimulating effect of DSP expression
with 0.5 mM MgO concentration group on HDPCs. The data
of the present study revealed that at 7 days optimal MgO
concentration group showed an increase in the DSP
expression. Moreover, at days 10, and 14 the same
concentration group had a significantly higher increase in
DSP expression. These results are in agreement with [49] that
DPSCs cultured in Mg?*- enriched odontogenic medium
showed markedly elevated DSP protein amounts with the
same trend regarding the concentration range and the time
points. Therefore, these findings confirm that both normal
HDPCs and DPSCs cells could exhibit similarities in DSP
expression.

Extracellular DMP-1 plays essential roles as a physiological
regulator of osteoblast/odontoblast-specific genes/protein in
osteogenesis and odontogenesis [50-52]. The primary
localization of DMP-1 is in the nucleus [53]. Ca** was
responsible for the export of DMP-1 into the extracellular
matrix during osteoblast differentiation. DMP-1 plays a role in
dentinogenesis, in addition to its signaling properties. In vitro,
DMP-1 is involved in the regulation of biomineralization
probably due to its calcium binding capacity [54]. Confirmed
great affinity of DMP-1 to collagen fibrils that might regulate
growth of calcium-phosphate crystals. These investigators
proposed that during the maturation of the pre-odontoblast/
odontoblast, nuclear DMP-1 would be phosphorylated by
casein kinase ll, leading to its exportation into the extracellular
matrix where it promotes hydroxyapatite formation. Several
studies postulated that DMP-1 may be used as an effective
stimulator for dental pulp stem/progenitor cell differentiation
targeting undifferentiated cells at the repair site [55,56]. In the
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present study, assessment of DMP-1 expression of HDPCs
was significantly up-regulated during the entire experiment
with 0.5 mM supplemented MgO, compared to the control
groups. These results are in accordance with [57] who studied
the effect of bioactive glass containing 1% wt/wt MgO and
reported the upregulation of DMP-1 expression level on
human dental pulp stem cells (hDPSCs). Moreover, the results
of the present in vitro study confirm with [49], [58,59] whom
stated that low extracellular Mg?* enriched microenvironment
regulated osteogenic and odontogenic differentiation in both
human DPSCs, and bone marrow mesenchymal stem cells
(BMSCs) respectively.

DSPP is a positive regulator for mineralization of highly
organized intrafibrillar collagen [60]. DSPP is produced by
terminally differentiated odontoblasts and is known to
modulate dentin mineralization and tooth development [61].
Mutations of DSPP cause dentinogenesis imperfecta type I,
type lll, and dentin dysplasia type Il [62,63]. DSPP and DMP-1
null mice (11) display a very similar defect in later stages of
dentinogenesis, suggesting a strong connection between
these two proteins. DSPP was reduced in DMP-1null mice at
both the mRNA and protein levels [64]. This finding is in
agreement with an in vitro study by [53], in which over
expression of DMP-1 induced DSPP expression. These authors
reported that DSPP is probably one of the targeted molecules
by DMP-1, and changes in DSPP may explain, in part, some of
the defects observed in DMP-1 null mice. Previous studies
demonstrated that DSPP expression in preodontoblasts and
during odontoblast lineage coincides with BMP2 expression,
which is first expressed in early bell stage mesenchymal cells
[65,66]. Previous studies also demonstrated that exogenous
addition of DSPP is effective for undifferentiated mesenchymal
cells and osteoblastic cells to differentiate into mature
osteoblasts and/or odontoblasts through the recombinant
DSPP binding to cell membrane integrin via its RGD binding
site, triggering intracellular signals for expression of bone/
dentin differentiation proteins [67,68]. The differential
regulation of these signaling pathways suggests the regulatory
role played by DSPP directly or indirectly regulating
transcription/growth factors, matrix molecules, to orchestrate
the process of dentin formation, directing mesenchymal cell
commitment towards the odontoblast differentiation and
maturation process. DSPP expression at different time points
throughout the present study clearly demonstrated the direct
enhancing effect with 0.5 mM supplemental MgO on HDPCs.
These results are in accordance with [69,70] whom similarly
showed an upregulatory effect by incorporating low
extracellular Mg?* ion concentration into calcium phosphate
cement (CPC) which promoted the proliferation and
differentiation of human bone marrow stem cells. Despite the
fact of using human bone marrow stem cells and human pulp
cells, both cell types showed a similar biochemical response
to optimal Mg?* supplement concentration. Incorporated
Mg2+ into nanofibrous gelatin (NF-gelatin) matrices to form
a hybrid scaffold for enhanced dentin regeneration [13].
DSPP expression was significantly higher in the NF-gelatin/
Mg scaffold than in the NF-gelatin scaffold (control).

Treatment with low Mg?* ion concentration benefitted DPSC
differentiation. Moreover, Ahn et al. [57] reported an increase
in DSPP expression level of hDPSCs cultured on bioactive
glass containing 1 MgO wt/wt% at 7 days. The composites
showed a significantly higher increase in DSPP expression at
both 10 and 14 days. These findings confirm with the results
of the present study denoting a similar trend at the same
concentration and the same time points although in different
cell types.

Type | collagen is a major organic component of dentin
and has been shown to influence functions of osteoblasts
[71]. These effects are mediated by the interaction of collagen
with integrin receptors on cell membrane, and the interruption
of collagen-integrin abolished the effect of collagen on cells
[72]. Several studies have used materials that mimic aspects
of the architecture of natural dental ECM for the regeneration
of damaged dentin/pulp tissues. Gelatin/bioactive glass
hybrid scaffolds provided an excellent environment for the
odontogenic differentiation of DPSCs [73]. Collagen | scaffold
accelerated odontogenic differentiation and mineralization of
stem cells from exfoliated deciduous teeth [74]. Developed an
ECM scaffold composed of collagen I/chitosan that was able
to induce odontogenic differentiation of DPSCs, and to form
dental pulp-like tissue when implanted subcutaneously in
mice [75]. Demonstrated that the DPSCs/NF-gelatin/MgP
construct produced greater ECM deposition, hard tissue
formation, and expression of Col | protein in nude mice.
Specifically, the expression of Col | on the hybrid scaffold
group was more than fourfold higher than on the control
group [13,76] clarified the biological behavior effect of 10 mM
Mg?*/Col. | coating which promoted proliferation, differentiation,
and expression of osteogenic proteins (Runx2, ALP and OCN,
OPN and BMP-2) in MC3T3-E1 cells. To reveal the effect of
surface chemistry modification of bioceramics by Mg?* ions
on protein expression (collagen type I, a5-, B1-integrin), [77]
reported significantly increased bone cell adhesion on
magnesium-enriched alumina. Cells grown on magnesium
substrates expressed a significantly enhanced level of a.B,
integrin receptor, in addition to increased expression of
collagen | extracellular matrix protein. Reported the effect of
low MgO concentration on the upregulated expression of
COL I on human bone derived cells (HDBC) cultured on glass
ceramics [40,78]. Similarly, Banerjee et al. [79], demonstrated
that-TCP implants doped with 1.0 wt.% MgO, cultured on
human fetal osteoblast cells (hFOB), enhanced osteogenic
differentiation and expression of COL-I. In the present study,
data revealed that the 0.5 mM MgO concentration group
presented a statistically significant increase in the expression
of COL-I of human dental pulp cells compared to the negative
control at day 7. COL-l at days 10 and 14 showed a significantly
higher expression among the same group of 0.5 mM MgO.
This is the first report on normal human dental pulp cells
compared to other studies on stem cells and animal cell lines.
The results of the present work are consistent with the above
listed studies that the incorporation of Mg?* ions significantly
enhanced the differentiation and COL | expression of human
DPSCs, human bone derived cells (HDBC), human fetal
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osteoblast cells, and MC3T3-E1 cells [40,76,78,79]. In the
present study, MgO concentrations at or higher than 0.5 mM
showed a significant inhibitory effect on expression of
extracellular matrix proteins. This phenomenon also has been
validated by various in vitro studies [80,81]. Mg?*is considered
to be a physiological antagonist of Ca?*and can compete with
Ca?* for protein and transporter binding. With a high level of
extracellular Mg?*, Mg?* ions penetrate into the cells more
quickly. It was proposed that at the same time, to maintain
ion homeostasis in the body, intracellular Mg?* ions have
negative feedback inhibition on the TRPM7 channel, thus
closing the channel activity and shielding the penetration of
otherions [82]. Meanwhile, Mg?* ion isimportant in controlling
cell cycle progression, especially during the initiation of DNA
synthesis and during mitosis [83]. With higher Mg?* levels,
Mg?*ions may locally distort the double helix due to covalent
bonding with DNA. Therefore, changes in the availability of
Mg?* ions in cells may cause blocked signaling and in turn
affect the proliferation and differentiation. The findings of the
above-forementioned studies confirm with the present data
demonstrating the role of low optimal MgO concentration in
collagen expression.

Conclusion

In the present study, 0.5 mM MgO supplements enhanced
odontogenic differentiation in HDPCs as evidenced by
upregulated expression of extracellular proteins, DSP, DMP-1,
DSPP, and collagen type I. The data in this study demonstrated
for the first time the role of optimal supplemental MgO
concentration in dentinogenesis of HDPCs.
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