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Abstract
Introduction—Human dental pulp stem/progenitor cells (hDPSC) can differentiate into
odontoblast-like cells and express dentin sialophosphoprotein (DSPP) and osteocalcin (OCN);
thus, they may be used to regenerate dentin. However, residual bacterial components in the root
canal may suppress this activity.

Purpose—This study investigated the effect of a Porphyromonas gingivalis component on the
expression of DSPP and OCN by stimulated hDPSCs and the influence of blockade of TLR2-
mediated P. gingivalis host recognition.

Methods—Stimulated hDPSCs were exposed to varying concentrations of P. gingivalis
lipopolysaccharide (LPS), and the expression of DSPP and OCN was measured. Similar groups of
stimulated hDPSCs were exposed to TLR2 blocking agents before exposure to LPS.

Results—hDPSCs exposed to 5, 10, and 20 µg/mL LPS exhibited a dose-dependent reduction in
the expression of DSPP (3.19 ± 0.18, 2.60 ± 0.49, and 1.15 ± 0.29, respectively) and OCN (3.51 ±
1.18, 2.60 ± 0.67 and 1.66 ± 0.89, respectively). The expression of DSPP and OCN after exposure
to 20 µg/mL of LPS was significantly lower than measured for unexposed stimulated cells
(analysis of variance and post hoc Tukey test, P < .05). The blockade of TLR2 using an extra- and
intracellular agent affected DSPP (4.67 ± 0.97 and 5.29 ± 1.66, respectively) and OCN (5.25 ±
1.69 and 5.82 ± 2.38, respectively) expression at levels comparable to stimulated cells unexposed
to 20 µg/mL LPS (6.32 ± 2.47 and 4.70 ± 1.60 for DSPP and OCN, respectively).

Conclusions—The suppressing effect of P. gingivalis on mineralized matrix formation by
hDPSCs is confirmed, and this suppression can be moderated by TLR2 blockade.
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In recent years, there has been a concerted effort to develop therapeutic methods that can
regenerate a tissue with odontogenic potential in the root canals of immature permanent
teeth that succumbed to pulp necrosis and infection. This development has been driven by
the recognized susceptibility of immature roots to fracture when treated with conventional
methods (1). To regenerate tissues with odontogenic potential, researchers have described
the use of stem cells derived from the pulps of exfoliated deciduous teeth, stem cells from
the pulps of human permanent teeth (hDPSCs), and stem cells from the apical papilla of
human developing permanent teeth (SCAP) (2). In essence, these sources provide a mixed
population of pulp cells including stem cells and odontoblast progenitor cells (OPCs), which
may differentiate to form a dentin-like mineralized matrix when properly stimulated (3).
This differentiation is marked by a high gene expression of hard-tissue–forming proteins
such as dentin sialophosphoprotein (DSPP) (4, 5) and osteocalcin (OCN) (6). These proteins
play an essential role in dentinogenesis and are present in the dentin extracellular matrix that
is formed (7).

A recent in vivo demonstration of the de novo synthesis of pulp-like tissue and the formation
of a continuous layer of dentin-like tissue on the existing dentin in the canal space using
SCAP and DPSCs further highlights the potential of these stem/progenitor cells in dental
tissue regeneration (8). This potential, however, may be impaired by the presence of
microorganisms and their components that persist after disinfection of the root canal. A
particular concern is lipopolysaccharide (LPS), a toxic and immunostimulatory surface
molecule of gram-negative microorganisms that persists in dentin and resists elimination (9,
10). LPS derived from Porphyromonas gingivalis, a gram-negative obligate anaerobe
prevalent (48%) in primary endodontic infections (11), has been shown to adversely affect
DNA production in hDPSCs in a dose-dependent manner (12). Also, LPS derived from
another putative endodontic pathogen, Porphyromonas endodontalis, has been shown to up-
regulate the production of the proinflammatory cytokine interleukin 1β (13) as well as
impede the survival of several mammalian cell lines (14, 15). Hence, for successful
regeneration of a pulp-like tissue in a disinfected root canal, there is a need to neutralize the
adverse effect of residual LPS.

Proinflammatory cytokines are produced in response to the recognition of pathogen-related
molecular patterns such as an LPS fragment by a class of transmembrane receptors known
as toll-like receptors (TLRs) located in the cell wall of specific host cells (16). Odontoblasts
and OPCs express TLRs; as a result, they retain an ability to participate in the innate
immune response (17). An in vivo study suggested that TLR2 was specifically required for
the host response to P. gingivalis challenge (18), even though the activation of TLR2 may
have been caused by heterogeneity and contamination of the isolated P. gingivalis LPS by
lipoprotein (LP) (19). Blockade of TLR4s by anti-TLR4 antibodies has been shown to
inhibit proinflammatory cytokine production in response to Escherichia coli derived LPS in
rabbit whole blood cell culture (20). This suggests the possibility that a blockade of TLR2s
may have a similar effect on OPCs exposed to a P. gingivalis component, thereby mitigating
the deleterious effects associated with its presence.

The current study was designed to confirm the affect of a P. gingivalis component on the
expression of genes involved in mineralized matrix formation by a population of hDPSCs
and to investigate the effects of intra- and extracellular TLR2 blockade on gene expression
of DSPP and OCN by hDPSCs exposed to this component. This study was undertaken to
advance the understanding of the challenges facing therapeutic methods aimed at the
regeneration of tissues with odontogenic potential in the infected root canals of immature
permanent teeth.
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Materials and Methods
Cell Culture

Human DPSCs were isolated based on our previous reports (8, 21). Briefly, teeth and/or
pulp tissue was collected from the teeth of healthy patients at the University of Maryland
Dental Clinics and stored in serum-free culture medium for transportation to the laboratory
for processing. Sample collection conformed to the approved protocols by the Medical
Institutional Review Boards at the University of Maryland (GH’s previous work location).
Pulps were minced into 2 × 2 × 1 mm fragments and digested in a solution of 3 mg/mL type
I collagenase and 4 mg/mL dispase for 30 to 60 minutes at 37°C (Sigma, St Louis, MO).
Cell suspensions were obtained by passing the digested tissues through a 70-µm cell strainer
(Becton/Dickinson, Franklin Lakes, NJ). Single-cell suspensions were seeded in 60- or 100-
mm culture dishes and maintained in growth media consisting of α-minimum essential
medium (α-MEM; Invitrogen, Carlsbad, CA) supplemented with 15% fetal bovine serum,
100 units/ml penicillin-G and 100 µg/mL streptomycin (Invitrogen), in a humidified
atmosphere of 5% CO2 at 37°C. Colony-forming units of cells were normally observed
within 1 to 2 weeks after cell seeding and were passaged at 1:3 ratio when they reached
~80% confluence. Heterogeneous populations of these hDPSCs were frozen and stored in
liquid nitrogen at passages 0 to 2.

Stimulation and Exposure to LPS
Cells were thawed and expanded for experimentation at passage 3. Cells were seeded onto
12-wells plates at a density of 5,000 cells/mL. At 90% confluence, groups of cells were
transferred to a dentinogenic stimulation medium consisting of original growth media
supplemented with 2 mmol/L KH2PO4, 20 mmol/L HEPES (Sigma, St Louis, MO), 100
nmol/L dexamethasone prepared in α-MEM, and 5 × 10−8 mol/L 1,25-dihydroxyvitamin D3
prepared in ethanol (all from Sigma) for 7 weeks. They were exposed to 5, 10, or 20 µg/mL
of P. gingivalis LPS (#05H23-SV) (InvivoGen, San Diego, CA) for 48 hours before
initiating the extraction of their RNA. The negative control was comprised of unstimulated
cells maintained in growth media throughout the experiment without exposure to LPS.

Blockade of TLR2 Pathway
To study the effect of intra- and extracellular TLR2 blockade on DSPP and OCN gene
expression before LPS exposure, cells stimulated with the dentinogenic stimulation media
were incubated with 25 mg/mL of anti-TLR2 neutralizing antibody, a recognition blocker
(Abcam, Cambridge, MA), or SC514 100 nmol/L prepared in 0.2% dimethyl sulfoxide
(DMSO) (Cayman Chemical, Ann Arbor, MI) (Fig. 1), a pharmacological inhibitor of a
downstream component (IκB kinase [IKK]) of the TLR2 recognition pathway. These groups
of cells were stored in a humidified atmosphere of 5% CO2 at 37°C for 1 hour before the
addition of 20 µg/mL of P. gingivalis LPS to the media in the culture well. Subsequently,
they were maintained in a humidified atmosphere of 5% CO2 at 37°C for 48 hours before
the extraction of RNA to assess DSPP and OCN gene expression. Cells exposed to anti-
TLR2, SC514, or 0.2% DMSO but not to LPS were used as a positive control.

RNA Extraction and Complementary DNA Preparation
Total RNA was extracted using the RNeasy Kit (Qiagen, Valencia, CA) and eluted to a final
volume of 30 µL of sterile water as recommended by the manufacturer. Cells were disrupted
using 1% 2-β-mercaptoenthanol in RNeasy lysis buffer with cell scrapers then vortexed for 3
× 10 seconds. Genomic DNA was eliminated using the RNase-Free DNase treatment
(Qiagen). The concentration and purity of the samples were then verified with a Nanodrop
1000 Spectrophotometer (Thermo Scientific, Rockford, IL) and the samples stored at −80°C
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until used. Ten random samples were analyzed for RNA quality with a 2100 Bioanalyzer
(Agilent Technologies Inc, Santa Clara, CA). A 1-µg aliquot of the extracted RNA was used
for oligo(dT) reverse transcription to obtain complementary DNA with SuperScript II
Reverse Transcriptase (Invitrogen).

Real-time Quantitative Polymerase Chain Reaction
Human primer sets for DSPP, OCN, and the control gene GAPDH were designed using a
Basic Local Alignment Search Tool–assisted Internet search of a nonredundant nucleotide
sequence database (National Library of Medicine, Bethesda, MD). The program MFOLD
(http://mfold.bioinfo.rpi.edu/cgi-bin/dna-form1.cgi) was used to analyze the amplicon for
potential secondary structures that could prevent efficient amplification. Primers were then
synthesized (ACGT Corporation, Toronto, Ontario, Canada), as shown in Table 1.

Each 20 µL of reaction mixture contained 5.0 µL of complementary DNA, 1 µL (10 µmol/
L) of forward and reverse oligonucleotide primers, 10.0 µL of SsoFast EvaGreen Supermix
(Bio-Rad, Mississauga, Ontario, Canada), and 3 µL of RNase-free water. Quantification of
results from the real-time quantitative polymerase chain reaction (PCR) assays were
analyzed with the CFX Manager (Bio-Rad).

To ensure that primers annealed efficiently to their targets, a range of temperatures around
and at the calculated melting temperature was tried, using a Bio-Rad thermal cycler with a
temperature gradient feature. The optimal temperature for annealing was determined to be
63°C. Care was taken to prevent nonspecific annealing and primerdimer formation during
the test procedure. A standard curve was used to determine reaction efficiency with a
twofold dilution of complementary DNA over seven points. A 1:16 complementary DNA
dilution yielded optimal PCR efficiency for all primer pairs. To check reaction specificity,
the PCR product was analyzed by running samples on a 2% agarose gel, which displayed a
single band, and by examining the melt curve of the quantitative PCR report, which
displayed a single peak.

Data Analysis
The experiments were performed in triplicate, and the means and standard error were
calculated. Descriptive data and statistical analyses were performed using the SPSS 16.0
software package (SPPS Inc, Chicago, IL). Results were recorded as a ratio of normalized
fold expression to GAPDH (2Ct[gene of interest]/2Ct [GAPDH]). One-way analysis of variance
and the post hoc Tukey test were performed to explore a statistical difference in gene
expression among groups. All statistical analyses were two tailed and interpreted at a 5%
level of significance.

Results
Characterization of Isolated hDPSCs

hDPSCs isolated from normal dental pulps typically formed colonies as shown in Figure 2A.
After cell expansion, they were stimulated with dentinogenic differentiation medium for 7
weeks. Matrix production and mineralization of the cultures were observed by the presence
of red stain (Fig. 2B), indicating their potency in differentiating into dentinogenic cell
lineages upon stimulation. These hDPSCs were used in our studies to determine the effects
of the P. gingivalis component on their dentinogenic gene expression after differentiation.

Effect of P. gingivalis LPS on DSPP and OCN Gene Expression
To determine whether the P. gingivalis component affects the activity of hDPSCs
differentiated into dentinogenic lineage, cells were first allowed to grow under the
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dentinogenic differentiation condition for 7 weeks. In pilot studies, dentinogenic gene
markers DSPP and OCN were up-regulated significantly after stimulation for this time
period. To observe the effect of P. gingivalis on the expression of DSPP and OCN, the LPS
was added to the cells at 7 weeks after dentinogenic stimulation.

The expression of DSPP (6.32 ± 2.47) and OCN (4.70 ± 1.60) of the stimulated hDPSCs
was significantly higher (P < .05) than that of the nonstimulated cells (Fig. 3). Exposure of
stimulated cells to 5, 10, and 20 µg/mL LPS produced a dose-dependent decrease in DSPP
and OCN gene expression (Fig. 3). When compared with the control gene GAPDH, DSPP
expression decreased to 3.19 ± 0.18, 2.60 ± 0.49, and 1.15 ± 0.29, respectively, and OCN
expression decreased to 3.51 ± 1.18, 2.60 ± 0.67, and 1.66 ± 0.89, respectively, compared
with the stimulated cells normalized against GAPDH. Only after exposure of 20 µg/mL
LPS, the expression of DSPP (1.15 ± 0.29) and of OCN (1.66 ± 0.89) was significantly
lower (P < .05) than that of the unexposed stimulated cells and nonsignificantly different
from that of the nonstimulated cells.

Effect of TLR2 Blockade on the Suppression of DSPP and OCN Gene Expression
DSPP and OCN gene expression of cells exposed to anti-TLR2, SC514, or 02% DMSO
alone (results not shown) did not differ significantly from the levels recorded for the
stimulated cells not exposed to LPS (Figs. 4 and 5). Using the blockade of the TLR2
pathway by anti-TLR2 neutralizing antibodies (Fig. 4) and the pharmacological inhibitor
SC514 (Fig. 5), the gene expression of DSPP (4.67 ± 0.97 and 5.29 ± 1.66, respectively) and
OCN (5.25 ± 1.69 and 5.82 ± 2.38, respectively) after exposure to 20 µg/mL LPS was
significantly (P < .05) higher than that of the stimulated, LPS-exposed cells without the
blockade (1.16 ± 0.26). Both gene expression levels did not differ significantly from those of
the stimulated cells not exposed to the P. gingivalis component.

Discussion
In recent years, interest in “regenerative endodontics” as an approach to the treatment of
infected pulps in partially developed teeth has been rekindled (8, 22). This interest has been
fueled by the limitations of current methods of treatment to provide a favorable long-term
outcome and by encouraging advances reported in stem cell research in related fields.
Research is currently underway to develop a means by which the pulp space can be
successfully repopulated with cells that, when stimulated, proliferate, differentiate, and
reinitiate the dentinogenesis arrested when infection occurred (2, 23, 24).

Normal pulp is a soft tissue of ectomesenchymal origin composed of stem cells, immune
cells, ectomesenchymal cells, fibroblasts, preodontoblasts (25), and odontoblasts supported
by a vasculature and a neural network in a gelatinous extracellular matrix (8). The
odontoblast is a highly specialized end cell that forms the dentin. Other pulp cells appear to
have the potential to ultimately differentiate into odontoblast-like cells and secrete hard-
tissue–forming proteins if properly stimulated (2, 23, 24). It has been estimated that
approximately 1% of pulp cells retain this ability (26), and it is these cells that reportedly
compose the cellular pool for de novo dentin formation. Collectively, cells with this
dentinogenic potential have been referred to as OPCs, and although the sites in the pulp
from which OPCs can be recruited have not been identified, it is known that they can, upon
stimulation, express a number of dentinogenesis-associated genes (5). Two of these genes
are OCN and DSPP (27, 28). It was for this reason that the expression of these genes by
hDPSCs was selected in this study as a measure of dentinogenic potential, whereas
suppressed expression was a measure of LPS toxicity. Therefore, variances in the expression
levels of these genes during the different phases of the study would reflect the positive and
negative effects of the procedures undertaken.
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One of the factors identified as an impediment to the successful clinical application of
regenerative pulp procedures is the persistence of microorganisms and their components in
the infected root canal after attempts have been made to clean and disinfect it (9). Although
current root canal disinfection regimens are relatively effective in eliminating
microorganisms (10), they are less effective in eliminating microbial LPS (9). LPS has been
found in the root canal, in apical tissues, and in dentin subsequent to endodontic infection
(29, 30). This molecule is potentially harmful to host cells as a toxin and as an immune
stimulant (9). The P. gingivalis component was used in this study because this
microorganism has been identified as a putative endodontic pathogen prevalent in
endodontic infections (11) and because the impact of its immunostimulatory effects on
hDPSCs has yet to be investigated. Previous studies had shown that P. gingivalis LPS
adversely affected cell function and survival in other cell lines (15). The unique lipid A
component of naturally extracted P. gingivalis LPS is bioactive and had been classified as an
agonist for host cell TLR2 and not TLR4/MD2 (31), as is characteristic of LPS derived from
enteric bacteria. This behavior has been attributed to LP, a bioactive contaminant present in
naturally extracted P. gingivalis lipid A, but not in its synthetic forms (31). Recent studies
have also shown that the purified or synthesized molecule of the lipid A is an agonist for
TLR4/MD2, but it is relatively weak as an immunostimulant (32). It is now apparent that
naturally derived P. gingivalis LPS as used in this study is recognized by both TLR2 and
TLR4/MD2 (33). By blocking the TLR2 recognition of LP, the overall harmful effect of P.
gingivalis could be prevented.

As expected, exposure of hDPSCs to the P. gingivalis component induced a dose-dependent
suppression of DSPP and OCN gene expression. This pattern was similar to the previously
reported one in the suppression of DSPP and Runx2 gene expression in a rat DPSC line
exposed to Aggregatibacter actinomycetemcomitans LPS (5). These findings underline the
potential deleterious effect of microbial products known to remain in the root canal after
disinfection procedures (10) on the regenerative potential of hDPSCs even when properly
stimulated. In the current study, a blockade of TLR2 at its receptor site inhibited the
suppression of DSPP and OCN gene expression by a P. gingivalis component whose
recognition is mediated by TLR2. Blocking IKK, a protein component in the TLR2
downstream recognition pathway, had a similar effect. This appeared to support the premise
that the immune potential of P. gingivalis might be more of an impediment to the function of
hDPSCs than to its survival. Because the blockade was successful, it became apparent that
P. gingivalis LPS at a concentration of 20 µg/mL was not toxic to the cell population. It also
was apparent that the effect could be moderated by a TLR2 blockade.

These study results should not be interpreted as simplifying the obstacles posed by
microorganisms and their byproducts in the development of effective “regenerative
endodontic” strategies. As many other in vitro studies, this study addressed a single isolated
factor of a complex clinical problem. The microbiota of the infected root canal is highly
diverse (34) as are the types and concentrations of bacterial components that may persist in
the disinfected root canal. Because the need to overcome the obstacles posed by
microorganisms and their byproducts when performing regenerative pulp therapy was
highlighted, future studies are warranted that will address additional aspects of this
multifaceted biological challenge.

In conclusion, this study confirmed the suppression of genes involved in mineralized matrix
formation by hDPSCs upon exposure to a P. gingivalis component. A dose-dependent
reduction of DSPP and OCN gene expression was observed; however, only at a LPS
concentration of 20 µg/mL were both gene expressions significantly lower than that of
stimulated hDPSCs. In addition, an extra- and intracellular blockade of TLR2 pathway were
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able to inhibit the gene suppression by P. gingivalis. This study highlighted the need to
address the infection of the root canal space as an integral part of regenerative procedures.
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Figure 1.
The molecular structure of the pharmacological inhibitor SC514 used as intracellular
blockade of the TLR2 pathway (MF: C9H8N2OS2). SC514 is a selective and reversible
inhibitor of IKK.
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Figure 2.
hDPSCs grown and analyzed in cultures. (A) Typical clonogenic DPSCs forming a colony in
the culture dish after being isolated from human pulp tissues using enzyme digestion. (B) A
representative image showing cultured hDPSCs that underwent dentinogenic differentiation
after being stimulated by media containing dexamethasone and 1,25-dihydroxyvitamin D3
for 7 to 8 weeks. Mineralized particles were stained red by alizarin red S.
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Figure 3.
The effect of the P. gingivalis component on DSPP and OCN gene expressions. Cells
stimulated with dentinogenic media were exposed to P. gingivalis LPS at final
concentrations of 5, 10, or 20 µg/mL for 48 hours. Quantitative real-time PCR was used to
detect messenger RNA expression levels of (A) DSPP and (B) OCN normalized to GAPDH.
Experiment was performed in triplicate, and error bars represent the standard error of the
mean. Statistical significance is denoted by the same letter designation (ANOVA and the
post hoc Tukey test, P < .05).
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Figure 4.
The effect of anti-TLR2 on P. gingivalis suppression of DSPP and OCN gene expression.
Cells stimulated with dentinogenic media were incubated with anti-TLR2 before exposure to
20 µg/mL of P. gingivalis LPS for 48 hours. Quantitative real-time PCR was used to detect
messenger RNA expression levels of (A) DSPP and (B) OCN normalized to GAPDH.
Experiment was performed in triplicate, and error bars represent standard error of the mean.
Statistical significance is denoted by the same letter designation (ANOVA and the post hoc
Tukey test, P < .05).
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Figure 5.
The effect of pharmacologic inhibitor SC514 on P. gingivalis suppression of DSPP and
OCN gene expression. Cells stimulated with dentinogenic media were incubated with
SC514 before exposure to 20 µg/mL of P. gingivalis LPS for 48 hours. Quantitative real-
time PCR was used to detect messenger RNA expression levels of (A) DSPP and (B) OCN
normalized to GAPDH. The experiment was performed in triplicate, and the error bars
represent the standard error of the mean. Statistical significance is denoted by the same letter
designation (ANOVA and the post hoc Tukey test, P < .05).
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TABLE 1

Primer Sequences for the Genes Analyzed

Gene Sequence Product size (bp)

Human GAPDH (Accension no. M33197) Forward 5′-TTGACGCTGGGGCTGGCATT-3′ 97

Reverse 5′-AGGTCCACCACCCTGTTGCTGT-3′

Human DSPP (Accension no. NM_014208) Forward 5′-GCCAGSGCAAGTCTGGTAACGGT-3′ 277

Reverse 5′-TGTCTCTGCSGGAGTTAGGTCTTGGT-3′

Human OCN (Accension no. X51699.1) Forward 5′-TCCGGACTGTGACGACTTGGCT-3′ 155

Reverse 5′-GCAAGGGCAAGGGGAAGAGGAA-3′
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