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Abstract
Introduction—Mineral Trioxide aggregate (MTA) is routinely used for pulp capping procedures.
However, little is known about its direct interaction with the cells or whether MTA is capable of
releasing soluble factors that could help in differentiating cells. There have been no previous
studies demonstrating this aspect of MTA. Hence the aim of this study was to determine whether
direct contact of the cells with MTA was necessary to help differentiate the pulp cells into
odontoblast like cells.

Methods—Human dental pulp cells (DPCs) were cultured on Grey MTA, either in direct contact
or away from the cells on a cell culture insert, and the levels of gene expression, secretion of
Vascular Endothelial Growth Factor (VEGF) and the rates of cell proliferation were analyzed.

Results—MTA when placed in direct contact with the cells promoted upregulated the expression
of important odontoblastic genes like Osteocalcin (OCN) and Dentin Sialoprotein (DSP), thereby
demonstrating that direct contact of the cells with the MTA is necessary to promote differentiation
of the pulp cells into odontoblast like cells which in turn are responsible for dentin bridge
formation. MTA also induced an increase in secretion of VEGF when placed in direct contact with
the cells.

Conclusion—Overall our studies support the fact that direct contact of the cells with the MTA is
necessary to help differentiate them into odontoblast like cells which in turn will lead to a
successful treatment outcome.
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Introduction
The field of endodontics has evolved tremendously over the past decade. Advances in
techniques and materials have lead to increased success rates of many procedures including
pulp capping. Pulp capping is indicated for teeth that have had a pulp exposure following
trauma or injury, which could include the process of caries excavation in developing or
mature teeth. It can offer an alternative to root canal therapy when pulp is exposed with
reversible injury or without signs of inflammation thereby offering a more conservative
approach. Ultimately, the goal of treating the exposed pulp with an appropriate pulp capping
material is to promote the dentinogenic potential of the pulpal cells (1). Historically, many
different materials have been used for pulp capping which include resin-modified glass
ionomer cements, tri-calcium phosphates, hydrophilic resins and calcium hydroxide. The
success of different pulp capping materials have been measured by the thickness of the
dentinal bridge, the morphology of the dentinal bridge, the intensity of pulpal inflammation,
presence of odontoblasts cells, and biocompatibility. Calcium hydroxide has been
considered the gold standard for pulp capping however previous research has shown that it
is not ideally suited for this procedure (2). One of the more recent materials developed,
Mineral Trioxide Aggregate (MTA), has drawn much interest due to its numerous
applications. MTA has demonstrated significantly greater frequency of dentin bridge
formation, thicker and less porous dentin, and less pulp inflammation compared to calcium
hydroxide (2-5). MTA has also been shown to induce the recruitment and proliferation of
undifferentiated cells to form a dentinal bridge, while reducing inflammation compared to
calcium hydroxide (2). Other research has shown that MTA when placed in direct contact
with the human dental pulp cells (DPCs) differentiated them into odontoblast like cells (6).
However, little is known about the importance of this direct interaction with the cells. There
have been no previous studies demonstrating whether MTA needs to be in direct contact
with the pulp cells or whether it is capable of secreting any soluble substances that could
exert the same effects on the pulp. We believe this is an important aspect during the process
of direct pulp capping. Hence, the aim of this study was to compare the effectiveness of
MTA when placed in direct contact with the DPCs versus the effectiveness of MTA when
placed over a membrane (cell culture insert) that is in contact with the DPCs. This will help
to determine if direct contact of the cells with MTA is necessary or if MTA is capable of
releasing soluble factors which in turn would help in differentiating the DPCs.

Materials and Methods
Cell Culture

Human DPCs were obtained from the Somerman lab and maintained as previously described
(6). The cells were originally derived from extracted human 3rd molars and those obtained
from the lab for this study were from passage 2. The cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS)
and penicillin, streptomycin, and L-glutamine (100 units/mL, 100 μg/mL, and 2 mM,
respectively). Cells were incubated at 37°C in an atmosphere of 5% CO2.

DPCs for the experiments were cultured in 12-well plates in various conditions and analyzed
at day 1, 4 and 7. Group 1 = control (DPCs were grown on a culture dish); Group 2= DPCs
were grown on the set MTA (so the cells will be in direct contact with the MTA). Group 3=
MTA was placed in a cell culture insert (BD Falcon, Franklin Lakes, NJ) and placed over
the DPCs (so that they were not in direct contact with each other) as shown in figure 1.
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Preparation of MTA
ProRoot Grey MTA (Tulsa Dental, Tulsa, Oklahoma) was mixed according to
manufacturer’s instructions and plated in 12 well plates (Fisher Scientific, Pittsburg, PA) or
in tissue culture dish inserts with a pore diameter of 0.4μm (BD Falcon, Franklin Lakes, NJ)
as shown in figure 1. MTA was left to set for 48 hours at 37°C in a humidified 5% CO2,
95% air atmosphere after which the dental pulp cells were cultured as mentioned above.

Cell Proliferation
DPCs were cultured under the various conditions as stated previously in 12 well plates at a
concentration of 2 × 104 cells/well in 1 mL of media. The proliferation rates were analyzed
at days 1, 4 and 7 using the WST-1 Cell Proliferation Assay Kit from Millipore (Billerica,
MA) according to the manufacturer’s recommendations. Samples were run in triplicates. In
a separate set of experiments the number of cells was determined using a Cell Counting
hemocytometer under a 50X magnification at the same time points.

RNA extraction
Human DPCs were plated in 12 well plates at a concentration of 1 × 105 cells/well and
maintained in DMEM (Invitrogen; Carlsbad, CA) with 10% Fetal Bovine Serum (FBS).
Cells were cultured under the above mentioned conditions for 1, 4 and 7 days. Total RNA
was extracted using RNAease Micro Kit from Qiagen (Valencia, CA) at the various time
points. The RNA was treated with DNase I (Qiagen, Valencia, CA) to ensure removal of the
genomic DNA. The quality of RNA was measured using a Eppendorf biophotometer (A260/
A280 ratio) (Fischer Scientific Inc., Pittsburg PA).

Real-time Reverse-Transcriptase Polymerase Chain Reaction (Real time PCR)
RNA was DNase-treated as mentioned above and cDNA was synthesized from 1.0 μg total
RNA with a cDNA synthesis kit for RT-PCR (Roche Diagnostic, Indianapolis, IN). 2 μL of
the resulting cDNA product were used per 20 μL reaction in the Lightcycler system (Roche
Diagnostics, Mannheim, Germany). PCRs were carried out with the DNA Master SYBR
Green I kit (Roche Diagnostic, Indianapolis, IN), with a total volume of 20 μL. Expression
was analyzed for genes including Dentin Sialoprotein (DSP) and Ostecalcin (OCN) with
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) serving as a housekeeping/reference
gene for normalization. Primer sequences have been stated previously (7). Relative
quantification of PCR products was achieved by using LightCycler Relative Quantification
Software, version 1.0 (Roche Diagnostics, Germany) to compare amplification of the target
gene of interest to that of GAPDH, the reference gene (7).

ELISA
Cell supernatants were analyzed for the presence of Vascular Endothelial Growth Factor
(VEGF). Human Quantikine ELISA kit for measuring VEGF was purchased from R&D
Systems (Minneapolis, MN, USA). 200 μl of each sample was analyzed and the kit was used
according to the manufacturer’s recommendations.

Statistical analysis
All experiments were performed in triplicates. Each value represents the mean ± standard
deviation (SD). SigmaPlot 11.0 (Systat Software, Inc. San Jose, CA) was used for all the
statistical testing. Data from proliferation, ELISA and RT-PCR experiments were analyzed
by one-way analysis of variance (ANOVA) to determine differences among treatments, with
further pairwise multiple comparisons made with the Holm Sidak test. Differences with p
values (*) < 0.05 were considered significant.
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Results
MTA when in contact with the DPCs did not induce significant proliferation over the other
groups

Proliferation rates were measured at days 1, 4 and 7 as described in Materials and Methods.
MTA did not induce any significant increase in proliferation of DPCs between groups 1, 2
and 3 (Figure 2A). These results were verified using WST-1 proliferation assay kit. The
results obtained using the WST-1 proliferation assay for groups 2 and 3 are presented as
percentages of the control group (group 1) for each time point (Figure 2B).

MTA increased VEGF secretion in human DPCs when in direct contact
Cells were grown under the different conditions as stated in the Materials and Methods
section. The supernatants were analyzed at 24 hours for VEGF secretion. As can be seen
from Figure 3 the DPCs in direct contact with MTA (Group 2) secreted significantly more
VEGF that was about 60% higher that of DPCs separated from MTA by the membrane
(Group 3) and about 30% higher that of the baseline control group (Group 1) at day 1. The
differences between groups 2 and 3 and groups 1 and 2 were statistically significant.

MTA only when in direct contact with the DPCs induced osteo/dentinogenic gene
expression in human pulp cells

Figures 4A and 4B demonstrate that the gene expression levels of DSP and OCN
respectively, were significantly higher for group 2 when the cells were in contact with the
MTA as compared to those of group 3, where the cells were not in direct contact with the
MTA. There were no statistical differences between groups 1 and 3. The differences
between groups 2 and 3 at day 7 for both genes were statistical significant. Results were
normalized to GAPDH. It is interesting to note that the levels of DSP for Group 3 were
lower than group 1 at days 1 and 4 and lower at all three time points for OCN as compared
to group 1.

Discussion
MTA has been shown to be extremely effective in a number of different procedures which
include pulp capping (8-10), perforation repair (2, 11), apexification (12), root-end filling
(13, 14) and revascularization (15). In-vitro experiments have demonstrated that MTA
upregulated the expression of type I collagen and OCN in osteoblasts after 24 hours (16).
Other research studies have shown that MTA stimulates the proliferation of cementoblasts,
fibroblasts, and osteoblasts (17). MTA has also been shown to permit cementoblast
attachment and growth as well as the production of mineralized matrix gene and protein
expression (18). Furthermore moisture or blood contamination does not affect the setting of
MTA (19).

There have been numerous publications demonstrating the effectiveness of MTA as a pulp
capping agent (20, 21). However, no previous studies have looked at the effects of direct
contact of MTA versus placing it away from the cells. Hence, the primary goal of this study
was to demonstrate how MTA works optimally and whether it was capable of releasing
factors that could potentially pass through a membrane and in turn activate the DPCs or
whether the MTA needed to be in direct contact with the cells for this purpose. Hence, we
decided to use the tissue culture inserts with pore sizes of 0.4 μm which is about 100 times
larger than those of a collagen membrane. By using a larger pore size we wanted to establish
our results under the best case scenario.
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There have been previous studies that have shown the differences between grey and white
MTA (22, 23). Hence based on previous evidence, research studies (6) and taking into
consideration that GMTA is used more often clinically we decided to use GMTA in our
experiments.

After culturing the cells under the various conditions the rates of cellular proliferation and
the levels of VEGF secretion were analyzed. Human DPCs secrete VEGF (24, 25). VEGF is
a potent inducer of angiogenesis, vascular permeability, and edema and has been implicated
in the regulation of dentin and dental pulp repair (24) and disruptions in the regulation of
this angiogenic response have been correlated with delayed healing of wounds (26).
Furthermore, the secreted levels of VEGF are closely correlated with the viability and
functional competency of DPCs (24) which is why we chose to analyze this angiogenic
factor. As can be seen in figure 3, the levels of VEGF were significantly increased when the
DPCs that were in direct contact with the MTA (group 2) even though the proliferation rates
were not significantly affected at day 1 (Fig 2A and 2B). Thus these results demonstrated
that MTA when in contact activates the cells towards pulpal repair.

Next we looked at gene expression levels of the DPCs cultured under the various conditions.
The expressions of OCN and DSP (6) were analyzed since previous research has shown that
odontoblasts express specific proteins such as DSP and OCN (24, 27). Furthermore, DSP is
a tooth specific protein expressed by odontoblasts cells (28). The distribution of DSP in the
collagen matrix of forming dentin suggests that it plays an important role in regulation of
mineral deposition (28). It also serves as a marker for reparative dentin (29). Furthermore,
DSP has been shown to be an indication of functioning odontoblasts (30). As can be seen in
figure 4A and 4B, the cells from Group 2 upregulated the levels OCN and DSP. These levels
were significantly different from those of Group 3 at day 7. Upregulation of these genes
correlates well with the differentiation of the human DPCs into odontoblast-like cells (24,
31). Furthermore, the differences between groups 1 and 3 were not statistically different. In
fact gene expression of cells from group 3 were lower than those of group 1 at some time
points suggestive that placing a membrane could possibly decrease activation of the DPCs.
However this incidental finding was not investigated since the main aim of this study was to
delineate the effects of MTA in contact and away from the cells. The effects of a membrane
would need to be further investigated.

Based on the results obtained from this study, it is reasonable to suggest that when the DPCs
are placed in direct contact with MTA they demonstrated higher levels of activation which
in turn could translate into more effective pulpal repair and faster and more predictable
formation of reparative dentin. We believe that this aspect of MTA is particularly important
during the process of direct pulp capping. Overall the data presented in this study
underscores the significance of MTA in direct contact with cells and would help
practitioners to use this material in the optimal manner which in turn can lead to more
successful treatment outcomes.
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Figure 1.
DPCs were cultured in 12-well plates under various: Group 1 = control (DPCs grown on a
culture dish); Group 2 = DPCs was grown on the set MTA (so the cells will be in direct
contact with the MTA). Group 3 = MTA was placed in a cell culture insert and placed over
the DPCs (so that they were not in direct contact with each other)
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Figure 2.
A) Cells were counted at the days 1, 4, 7 using a hemocytometer. No statistical differences
(p > 0.05) were seen between the groups. B) Measurement of proliferation of DPCs was
assayed at days 1, 4 and 7 using the WST-1 proliferation assay. The results are presented as
percentage of the control group which was considered at 100% for each time point. There
was no statistical difference (p > 0.05) in DPC proliferation between the groups.
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Figure 3.
Human DPCs (2 × 105/ml) were cultured under the different conditions as seen in the figure
and after an overnight incubation the supernatants were removed and assayed for VEGF
secretion using a sensitive and specific ELISA. As can be seen the level of VEGF secretion
of Group 2 was about 60% higher that of Group 3 and about 30% higher than that of Group
1 at day 1. One of two independent experiments is shown here. Results represent mean ± SD
of triplicates. Statistically significant differences were seen between Groups 2 and 3 (*), and
between Groups 2 and 1 (**) (p < 0.05), while there was no statistical difference between
Groups 3 and 1 (p > 0.05).
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Figure 4.
Human DPCs (5 × 105/ml) were cultured in 1 ml of media. The levels of DSP (Fig 4A) and
OCN (Fig 4B) gene induction were determined by Real time RT-PCR at 3 different time
points (day 1, 4, 7). Results were normalized to GAPDH as a reference gene. Results
represent mean ± SD of quadruplicates. Cells in contact with the MTA (group 2) showed a
significant upregulation of DSP and OCN at day 7 as compared to the cells that were not in
contact with the MTA (group 3). The differences between the Group 2 and 3 for DSP and
OCN at day 7 (*) were statistically significant (p < 0.05). One of three independent
experiments is shown in this figure.
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