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High mobility group box 1 (HMGB1), a nonhistone DNA-binding protein, is released into the extracellular space and promotes
inflammation. HMGB1 binds to related cell signaling transduction receptors, including receptor for advanced glycation end
products (RAGE), which actively participate in vascular and inflammatory diseases. The aim of this study was to examine whether
RAGE and HMGB1 are involved in the pathogenesis of pulpitis and investigate the effect of Prevotella intermedia (P. intermedia)
lipopolysaccharide (LPS) on RAGE andHMGB1 expression in odontoblast-like cells (OLC-1). RAGE andHMGB1 expression levels
in clinically inflamed dental pulp were higher than those in healthy dental pulp. Upregulated expression of RAGE was observed in
odontoblasts, stromal pulp fibroblasts-like cells, and endothelial-like cell lining human pulpitis tissue. Strong cytoplasmic HMGB1
immunoreactivity was noted in odontoblasts, whereas nuclear HMGB1 immunoreactivity was seen in stromal pulp fibroblasts-like
cells in human pulpitis tissue. LPS stimulated OLC-1 cells produced HMGB1 in a dose-dependent manner through RAGE. HMGB1
translocation towards the cytoplasm and secretion fromOLC-1 in response to LPS was inhibited by TPCA-1, an inhibitor of NF-𝜅B
activation. These findings suggest that RAGE and HMGB1 play an important role in the pulpal immune response to oral bacterial
infection.

1. Introduction

Dental caries and subsequent tooth pulp inflammation (pul-
pitis) are major oral health issues caused by oral bacterial
infection. Pulpitis accompanies the host’s innate and adaptive
immune responses to these bacteria [1]. Apart from a rich
neurovascular supply, the pulp cavity is home to odontoblasts
(the cells that form dentin in the tooth) which are involved
in innate immunity against dentin-invading pathogens and

are the first to encounter the caries bacterial antigens.
Odontoblasts are also suspected of being involved in tooth
development andmineralization [2], maintenance of the pulp
immune, and inflammatory responses to dentin-invading
pathogens [3] as well as undergoing apoptosis [4].

Anaerobic gram-negative bacteria, including Prevotella
intermedia (P. intermedia), have been implicated in human
dental pulp inflammation and periapical diseases, which
are associated with rapid pulp degeneration, necrosis, and
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destruction of periapical tissue. P. intermedia has been shown
previously to play a key role in periapical tooth disease and
in the maxillofacial abscess formation via the expression of
inflammatory cytokines [5]. LPS has the ability to trigger
a number of host cells, especially mononuclear phagocytes,
to produce and release a wide variety of pharmacologically
active mediators, including tumor necrosis factor (TNF)-𝛼,
interleukin (IL)-1𝛽, IL-6, and IL-8 [6]. In addition, it can
induce dental pulp fibroblasts to release IL-6 [7] and IL-8
[8] in vitro. These cytokines have previously been implicated
in the pathogenesis of pulpitis [9–11]. While monocytes or
fibroblasts in dental pulp tissues have been found to express
proinflammatory cytokines, it is not clear whether odon-
toblasts are involved in the host response and/or produce
inflammatory mediators upon stimulation with LPS from P.
intermedia.

Receptor for advanced glycation end products (RAGE)
is a member of the immunoglobulin superfamily and is
expressed on mononuclear phagocytes, vascular smooth
muscle cells, and neurons [12, 13]. RAGE interacts with a
range of ligands, including advanced glycation end prod-
ucts (AGEs), high-mobility group box 1 (HMGB1), and
S100/calgranulins [14–16]. Ligand binding results in RAGE-
dependent sustained NF-𝜅B activation, which perpetuates
the inflammatory response [17]. RAGE is expressed at low
levels in normal tissues and in the vasculature and is upreg-
ulated in the diabetic vasculature or at other sites where its
ligands accumulate [18].

HMGB-1 is a ubiquitous 25 kDa nuclear DNA-binding
protein that, under normal conditions, is located in the cell
nucleus, where it organizes the chromatin structure, DNA
replication, and transcription. However, HMGB1 also acts in
the extracellular environment as a primary proinflammatory
signal. Upon HMGB1 stimulation, human microvascular
endothelial cells respond by upregulating adhesionmolecules
and producing of proinflammatory cytokines [19]. Thus
HMGB1 is not only released in response to proinflammatory
stimuli, but also induces the production of inflammatory
mediators [20] and expression of adhesion molecules [19].
This suggests that HMGB1 can propagate an inflammatory
response during infection or injury. In addition, HMGB1 is
known to contribute to the pathogenesis of various inflam-
matory diseases [21–23], including periodontal disease [24].
Furthermore, the blockade of HMGB1 release using an anti-
HMGB1 monoclonal antibody, competitive antagonist, or
short hairpin RNA has already been shown to be effective
in various animal models of disease including traumatic
brain injury [25], stroke [26], rheumatoid arthritis [27], acute
pancreatitis [28], and cancer [29].

Although RAGE and HMGB1 have been located in
multiple inflamed human tissues, their presence in inflamed
dental pulp tissue has not been elucidated. To the best of our
knowledge, there have been no reports of how RAGE and
HMGB1 contribute to the pathogenesis of human pulpitis.
Thus, the purpose of this study was to investigate the expres-
sion of RAGE and HMGB1 in human dental pulpitis and to
examine RAGE and HMGB1 production, mediated through
NF-𝜅B activation, in odontoblast-like cells stimulated with
LPS from P. intermedia.

2. Materials and Methods

2.1. Reagents. HMGB1 antibody (Ab) was obtained from
SHINO-TEST (Tokyo, Japan). RAGEAb was purchased from
Abcam (Cambridge, MA, USA). A potent inhibitor of IKK-𝛽
(IKK-2), TCPA-1 (IKK-2 inhibitor IV), was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Unless
otherwise stated, all other reagents were supplied by Sigma-
Aldrich Inc. (St. Louis, MO, USA).

2.2. Preparation of LPS from Prevotella Intermedia (P. inter-
media). P. intermedia (ATCC 25611) was cultured in GAM
broth (Nissui Seiyaku Co., Tokyo, Japan) at 37∘C for 18 h
in a N

2
: H
2
: CO
2
(85 : 10 : 5) atmosphere in an anaero-

bic culture system (MIP-1025; Sanyo, Tokyo, Japan). LPS
was then prepared by the hot phenol-water extraction
method [8, 30]. The chemical analysis of the LPS obtained
was similar to that reported previously by Hamada et al.
[31].

2.3. Preparation of Human Dental Pulp Tissues. This study
was conducted with the approval of the Committee on
Human Rights Related to Human Experimentation, Mahidol
University. Participants were informed of risks and benefits
and signed an approved informed consent document prior
to enrollment. Written informed consent was obtained from
each patient. Dental pulp tissues were obtained from 22
patients of both sexes, who did not take antibiotics for
3 weeks previously and did not have systemic diseases,
no periapical lesions, and no loss of periodontal attach-
ment. Healthy human dental pulp samples were collected
from teeth extracted for orthodontic reasons or from third
molars having a clinical diagnosis of nonoccluded teeth
(𝑛 = 15). Human dental pulpitis tissues were collected
from teeth having a clinical diagnosis of irreversible pulpitis
(𝑛 = 15). These patients were suffering from spontaneous
pain of approximately 24 h duration. Extracted teeth were
immediately submerged in the RNA stabilizing solution,
RNA Later (Sigma, UK). Teeth were subsequently longi-
tudinally sliced, using a segmented, diamond-edged rotary
saw (TAAB Laboratories, Berkshire, UK) and cooled with
PBS, and the pulpal tissue was carefully removed intact
using a sterile dental probe and forceps. This technique
has previously been shown to provide core pulpal tissue
with the odontoblast layer left intact on the dentin surface
[32, 33].

2.4. Odontoblast-Like Cell Culture and LPS Stimulation.
Odontoblast-like cells, OLC-1, obtained from mouse tooth
germs were provided by Dr. Toshihiro Sugiyama (Depart-
ment of Biochemistry, School of Medicine, Akita University,
Akita, Japan) and were maintained in minimum essen-
tial medium alpha modification (𝛼-MEM) (Sigma, USA)
supplemented with 15% (v/v) heat-inactivated fetal bovine
serum (Sigma. USA) and fibroblast growth factor (FGF)-
2 (2 ng/mL) and were grown on type-I collagen coated
culture plates at 37∘C in a humidified chamber with 5%
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(v/v) CO
2
in air as described previously by Arany et al.

[34].
For RNA and protein extractions, cells were cultured in

60mm dishes (1 × 106 cells/mL) and serum-starved with
serum-free Opti-MEM-I medium (Gibco, Grand Island,
NY, USA) for 24 hours. Cells were then stimulated with
LPS as indicated in a time-and dose-dependent assay. The
supernatant was collected and stored at −80∘C until use and
then, after washing with sterile PBS, the cells were harvested
for either RNA or for protein extraction.

2.5. Silencing of RAGE Gene Expression and Reverse
Transcriptase-PolymeraseChainReaction (RT-PCR)Detection
for RAGE mRNA and HMGB1 Release. RNA silencing was
performed with small interfering RNA (siRNA) targeting
mouse RAGE mRNA or negative control siRNA (Santa
Cruz, catalog: sc-36375). Cells were transfected with siRNA
duplexes suspended in lipofectamine reagent (Life Tech-
nologies) following the manufacturer’s protocol. Briefly,
cells were cultured in 6-well plates until 60% confluence.
Cells were washed with serum-free Opti-MEM I Reduced
Serum Medium (Gibco, Grand Island, NY). RAGE siRNA
and negative control siRNA were gently premixed with lipo-
fectamine reagent in Opti-MEM medium for 20min at RT.
The siRNA (final concentration 100–200 nM)/lipofectamine
reagent complex was overlaid onto the washed cells for an
additional 48 hours at 37∘C in 5% CO

2
. The efficacy of gene

silencing was evaluated using RT-PCR. For extracellular
HMGB1 release measurement, cells were transfected with
siRNA as indicated and stimulated with LPS for 24 h, and the
supernatant was collected and stored at −80∘C until use.

Total RNAwas extracted usingTRIzol-Reagent according
to the manufacturer’s instruction (Invitrogen, Carlsbad,
CA). First-strand cDNA was synthesized by reverse
transcriptase using a commercial kit (Takara Biomedicals,
Tokyo, Japan), and the reaction was performed following
the manufacturer’s instructions. The resulting cDNA
mixture was amplified with Taq polymerase. The primer
sequence for mouse RAGE mRNA detection was 5-CCT-
GGGTGCTGGTTCTTGCTCT-3 and 5-GATCTGGGT-
GCTCTTACGGTCC-3 (nucleotides 31–52 and 1209–1230
in GenBank L33412) and GAPDH mRNA was 5-GTC-
TTCCTGGGCAAGCAGTA-3 and 5-CTGGACAGAAAC-
CCCACTTC-3. The numbers for amplification cycles were
30 cycles. The amplification products were electrophoresed
through 2% agarose gel containing ethidium bromide.
Cell viability was monitored after incubation for 24, 36,
and 48 hours by 3-[4,5]-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, cells were incubated with MTT
(0.5mg/mL; final concentration) for 3 h. Formazan product
was solubilized by the addition of dimethyl sulfoxide for
16 h. Dehydrogenase activity was expressed as absorbance at
a test wavelength of 570 nm and at a reference wavelength of
630 nm.

2.6. Quantitative Real-Time PCR Analysis. The expression
of selected genes in dental pulp tissues and LPS-stimulated
OLC-1 cell cultures was measured by quantitative real-time

reverse transcription (RT) PCR as previously described [23].
Total RNA was extracted from a pool of three dental pulp
tissues from pulpitis or healthy samples using TRIzol Reagent
(Invitrogen, Carlsbad, CA,USA). Samples (2𝜇g) of total RNA
were reverse transcribed using a First Strand complementary
DNA synthesis kit for RT-PCR (Roche, Indianapolis, IN,
USA). cDNA was amplified by real-time RT-PCR (Ct value
20–30 s cycles) using a 7300 Real-Time PCR System (Applied
Biosystems, Foster City, CA,USA)with gene-specific primers
(assay IDs: receptor for advanced glycation end products
(RAGE), Hs00542584 g1 for human and Mm00545815m1
for mouse; glyceraldehyde-3-phosphate dehydrogenase
[GAPDH], Hs99999905 m1 for human and Mm99999915-g1
for mouse). As “minus RT” controls, samples containing
total RNA instead of the cDNA were examined. The TaqMan
technique was used for signal detection [35]. All analyses
were carried out in triplicate, and nontemplate controls and
dissociation curves were used to ensure the specificity of
template amplification. For each primer pair, serial dilutions
of a control cDNA were used to construct standard curves,
and those with𝑅2 > 0.97were then used to determinemRNA
levels in individual samples. The mRNA levels for each gene
of interest were normalized to the GAPDH mRNA levels in
the same cDNA sample. For OLC-1 cell culture, the real-time
RT-PCR assays were repeated as above, with the exception
of a different RAGE primer (assay ID, Mm00545815 m1)
[36].

2.7. Immunohistochemistry. After tissues were fixed with
formalin buffer, paraffin-embedded sections were de-par-
affinized in xylene and rehydrated through a series of
decreasing concentrations of ethanol. Staining was carried
out using the indirect immunoperoxidase diaminobenzidine
(DAB)method. Endogenous peroxidase was blocked by 0.3%
H
2
O
2
for 5min. Sections were incubated for 1 h at room

temperature (RT) with polyclonal anti-RAGE Ab (2 𝜇g/mL)
in Ab diluent with background reducing components (Dako-
Cytomation, Carpinteria, CA, USA). As a negative control,
isotype-matched control IgG was used at the same con-
centration. After rinsing with PBS, sections were finally
developed with a DAKO LSAB+ System, HRP (DakoCy-
tomation; KO679), and immunostaining was visualized with
substrate solution (DAB). Counterstaining was performed
with Mayer’s hematoxylin.

2.8. Immunofluorescence. Immunofluorescence analyses
were carried out as described previously [37]. After tissues
were embedded in paraffin, 6-micron thick sections were cut,
deparaffinized, and rehydrated. The slides were blocked with
1% BSA in PBS containing 0.1% Triton X-100. After washing,
the slides were incubated with anti-HMGB1 rabbit polyclonal
Ab at room temperature for 1 h. After further washing, the
slides were incubated with Alexa Fluor 488-labeled goat
anti-rabbit IgG (1 : 200), washed again, and stained with
DAPI. Cells were visualized under an Axioskop fluorescence
microscope (Carl Zeiss, Oberkochen, Germany).
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2.9. Preparation of Tissue and Cells for Western Blot Analysis

2.9.1. Preparation of Tissue and Whole-Cell Lysates. Tis-
sues and whole-cell lysates were prepared for RAGE pro-
tein expression as per the standard protocol. Briefly, tis-
sues were homogenized with a Polytron homogenizer
using ice-cold lysis RIPA buffer (1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS in PBS) containing pro-
tease inhibitors (Complete, Roche). Homogenates were cen-
trifuged at 10,000 g for 10min at 4∘C, and supernatants were
collected for immunoblots. For the preparation of whole-cell
lysates, cells were washed with PBS and centrifuged (2000 g ×
10min). The resulting cell pellet was subsequently processed
for immunoblots.

2.9.2. Preparation ofNuclear andCytosolic Fractions. HMGB1
protein expression in the nucleus and cytoplasm was deter-
minedusing a compartmental protein extraction kit (Chemi-
con) following the manufacturer’s instruction. Tissues were
weighed and homogenized with buffer C at moderate speed
for 20 sec. Samples were then stood on ice for a few seconds
and homogenization was repeated two more times. The
mixture was then rotated at 4∘C for 20min. Then, the
samples were centrifuged at 18,000 g at 4∘C for 20min. The
cytoplasmic proteins are contained in the supernatant. The
pellets were then resuspended in bufferW and spun a second
time at 18,000 g for 20minutes at 4∘C.The pellets were placed
in buffer N, rotated, and spun again as described above.
Aliquots of the supernatant containing nuclear and cytosol
proteins were kept for further investigation.

2.9.3. Western Blot Analysis. Protein concentrations were
determined by Bradford protein assay using bovine serum
albumin as standard (Bio-Rad, Hercules, CA, USA). Samples
were mixed with 2× electrophoresis sample buffer solution
with bromophenol blue (Santa Cruz Biotechnology) before
being subjected to 12% SDS-polyacrylamide gel electrophore-
sis (PAGE) and transferred onto nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany). Samples contain-
ing 10 or 15𝜇g of total protein were used. To prevent
nonspecific binding, the membrane was blocked with a
solution containing 5% (w/v) nonfat dry milk with 1% (v/v)
Tween 20 in PBS for 1 hour at RT. Rabbit anti-HMGB-1
or RAGE primary antibodies were incubated for 3 h at RT
and overnight at 4∘C, respectively. Then the membranes
were washed and incubated with horseradish peroxidase-
conjugated anti-rabbit polyclonal IgG (MP Biomedicals Inc.,
Solon, OH, USA) at RT for 1 h. Labeled bands were visu-
alized using an enhanced chemiluminescence system (GE
Healthcare Bio-Science, Pittsburgh, PA, USA) and exposed to
high-performance chemiluminescence film (GEHealthcare).
The intensity of the protein bands in western blotting was
quantified using National Institutes of Health Image 1.63
software.

2.10. Flow Cytometric Analysis. OLC-1 monolayers were gen-
tly dispersed and resuspended at a final concentration of
3 × 10

6 cells/mL and FACS was performed as described

previously [38] with slight modifications. After washing
with PBS, cells were fixed with OptilyseC (Becton Dick-
inson, Franklin Lakes, NJ, USA). Next, cells were washed
with PBS and incubated with the RAGE Ab or isotype-
matched control (2𝜇g/mL), at 4∘C for 1 h, followed by the
fluorescein isothiocyanate (FITC-) conjugated secondary Ab
(ICN Pharmaceuticals, Aurora, OH, USA) for 30min in the
dark. Fluorescence was analyzed with a FACScan analyzer
(Beckman Coulter, Fullerton, CA, USA).

2.11. Proinflammatory Cytokines Measurement by Enzyme-
Linked Immunosorbent Assay (ELISA). HMGB1 levels in the
cytosol fraction of the tissue and cell culture supernatant were
quantified using a commercial kit (Shino-test, Sagamihara,
Kanagawa, Japan). The presence of interleukin (IL)-1𝛽 and
IL-8 in the cell culture supernatant was determined by ELISA
using a commercial kit (BioSource, Camarillo, CA, USA).

2.12. Statistical Analysis. Experimental values are given as the
mean ± S.D. Statistical significances between different groups
were assessed by one-way analysis of variance (ANOVA)
test or Student’s paired 𝑡-test using Sigma Stat for Win-
dows, version 3.5 (Systat Software, Inc., Chicago, IL, USA).
𝑃 values < 0.05 were considered statistically significant.

3. Results

3.1. Overexpression of RAGE in Human Pulpitis Tissue. The
expression of RAGE in inflamed human pulp tissue from
teeth with a clinical diagnosis of irreversible pulpitis and
healthy tissue was examined by quantitative real-time PCR,
western blot analysis, and immunochemical staining. The
relative RAGE mRNA expression was 2.13 ± 0.048 (2.09–
2.18) versus 0.12 ± 0.10 (0.04–0.24) in pulpitis versus healthy
tissues, respectively (𝑃 < 0.001, Figure 1(a)). Western blot
analysis of 4 samples pooled from 15 different pulpitis patients
or 3 samples pooled from 15 healthy tissueswere probed using
a specific anti-RAGE Ab (Figure 1(b)). Extracted proteins
from both tissues resulted in the detection of a band of
approximately 47 kDa. A strong RAGE signal was found in
the pulpitis tissues (lanes 1–4), whereas weak protein signal
was seen in the healthy tissue extracts (lanes 5–7). RAGE
protein quantity, normalized to 𝛽-actin, showed significant
differences in RAGE expression in pulpitis compared with
healthy tissues (𝑃 < 0.001).

To confirmRAGE localization in these tissues, we stained
tissue sections with the same RAGE Ab as was used for
western blotting. Immunohistochemistry studies revealed
RAGE expression was present in both healthy and pulpitis
tissue. Figure 1(c) showed abundant RAGE labeling observed
in both odontoblastic and subodontoblastic cell layers (A
and B), as well as in odontoblast processes in tubules of
the predentin (A and B, arrow), stromal pulp fibroblasts-like
cells (C, arrowhead), and endothelial-like cell lining in the
pulpitis tissues (A and B). RAGE expression in infiltrating
inflammatory cells in the interstitial connective tissues was
intensely stained (∗). In healthy pulp tissues, RAGE signal
was low in both the odontoblastic and the subodontoblastic
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Figure 1: Upregulated expression of RAGE in human pulp tissue from teethwith a clinical diagnosis of irreversible pulpitis. (a)The expression
of RAGE in inflamed human and healthy tissue was examined by quantitative real-time PCR. Total RNA was extracted from a pool of three
dental pulp tissues from either pulpitis or healthy samples. RAGEmRNA levels were quantified relative to levels of GAPDH. (b) RAGEprotein
in inflamed and healthy pulp tissues was examined by western blot analysis. Representative blots using antibodies against RAGE and 𝛽-actin
from four pulpitis and three healthy pulp tissues are shown. RAGE expression was quantified by densitometry and normalized to 𝛽-actin.
Results are expressed as the means ± SD from three independent experiments. ∗𝑃 < 0.001. (c) Immunochemical staining of RAGE in pulp
tissue sections. Black arrows indicate odontoblast processes in tubules of predentin. Higher magnification of stromal pulp fibroblasts-like
cells is indicated by arrowhead. RAGE expression in infiltrating inflammatory cells (∗). The IgG isotype control was employed at the same
time and concentration (D and I) as the test antibody. Counterstaining was performed with Mayer’s hematoxylin (E and J).

cell layers (F, arrow), stromal pulp fibroblasts-like cells (G
and H, arrowhead), and endothelial-like cell lining (F). No
immunoreactive cells were stained with the IgG isotype con-
trol (D and I). These results led us to consider that increased
RAGE expression might have a role in the regulation of
pathologies of tooth pulp disease.

3.2. Abundant HMGB1 Expression in the Cytoplasmic Extracts
of Human Pulpitis Tissues. The expression of HMGB1 in the
nuclear and cytoplasmic extracts of pulp tissue samples from
3 separate patients with pulpitis (Figure 2(a), patients 1–3)
and 3 healthy control subjects (Figure 2(b), patients 4–6) was

determined by western blot analysis. Our findings demon-
strated a distinct translocation of nuclear HMGB1 (upper
panel) to the cytoplasm (lower panel) in tissues from the
pulpitis patients (Figure 2(a)), whereas HMGB1 was present
only in the nuclei of healthy tissues (Figure 2(b)). Accord-
ingly, the cytosolic HMGB1 level in inflamed pulp tissues was
significantly higher than that in healthy tissues (𝑃 < 0.001)
as measured by ELISA (Figure 2(c)). To confirm the findings
of HMGB1 translocalization described above, we examined
whether increased expression of HMGB1 in the cytosol was
visible in pulpitis tissues in situ. In immunofluorescence
studies, pulpitis tissues revealed capillaries forming a coarse
vascular network under the continuous layer of odontoblasts
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Figure 2: HMGB1 protein expression in the cytoplasmic extracts of human pulpitis tissues. Nuclear and cytoplasmic extracts from (a) pulpitis
and (b) healthy tissues were determined by western blot analysis (𝑛 = 3). Histone and 𝛽-actin were used as loading controls for nuclear and
cytoplasmic extracts. Note thatHMGB1 translocates to the cytoplasmic fraction in the inflamed pulp tissues. (c)HMGB1 levels in the cytosolic
fraction from both tissues were determined by ELISA. Results are expressed as the means ± SD from duplicate experiments. ∗𝑃 < 0.001.
(d) Immunofluorescence microscopy showing the localization of cytoplasmic HMGB1 in the odontoblasts (white arrow) of pulpitis tissues.
HMGB1 immunoreactivity was also seen in stromal pulp fibroblasts-like cells and endothelial-like cell lining (∗) in pulpitis tissues. HMGB1
was located in the nuclei of the odontoblasts (arrowhead) in healthy tissues. Blue depicts the nucleus stained with DAPI and green depicts
the localization of HMGB1. Counterstaining was performed in Mayer’s hematoxylin (D and H). Scale bar: 100 𝜇m.

(Figure 2(d)). Strong cytoplasmic HMGB1 signal was noted
in both odontoblastic and subodontoblastic cell layers (A and
C, arrow), as well as in odontoblast processes in tubules of
the predentin. HMGB1 signal was seen in the stromal pulp
fibroblast-like and endothelial-like cell lining (A, C andD, ∗).
HMGB1 was localized to the nuclei of both odontoblastic
and subodontoblastic cell layers in healthy tissue (E and
G, arrowhead). No HMGB1 signal was seen in odontoblast
processes (E and G). Simultaneous incubation with anti-
rabbit IgG had no cumulative inhibitory effect (data not
shown). Our results demonstrated that HMGB1 translocated

from the nuclei to the cytoplasm and was then secreted out
from pulpitis tissue.

3.3. Effect of P. intermedia LPS on RAGE Production and
Proinflammatory Cytokines Release in Odontoblast-Like Cells.
The odontoblast-like cell line OLC-1 was incubated with var-
ious concentrations of LPS. We observed that RAGE mRNA
production increased in OLC-1 following LPS treatment
(Figure 3(a)). RAGE expression was first seen when LPS
was added at 0.01𝜇g/mL (𝑃 = 0.015 versus untreated
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Figure 3: Continued.
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Figure 3: LPS upregulated RAGE expression and proinflammatory cytokines release in OLC-1 culture. (a) Cells were stimulated with LPS
as indicated for 6 h. The expression of RAGE was examined by quantitative real-time PCR. (b) Cells were stimulated with LPS for 24 h, and
RAGE protein was examined by western blot analysis. A representative blot using antibodies against RAGE and 𝛽-actin is shown. RAGE
expression was quantified by densitometry and normalized to 𝛽-actin. (c) Increased RAGE surface expression by OLC-1 cells following LPS
stimulation for 12 h was analyzed by flow cytometry. A representative histogram is shown. (d) Active release of HMGB1 in a time-dependent
manner upon stimulation with 100 ng/mL LPS. (e) HMGB1 release in a dose-dependent manner after LPS stimulation for 24 h. IL-1𝛽 (f) and
IL-8 (g) release in a time-dependent fashion following LPS stimulation. Results are expressed as the means ± SD from triplicate experiments.
∗

𝑃< 0.05, ∗∗𝑃< 0.001.

cells) and gradually increased at higher doses (𝑃 < 0.001
versus untreated cells). Increased RAGE expression was
also observed by western blot analysis and flow cytometry
(FACS) analysis. As shown in Figure 3(b), LPS significantly
enhanced RAGE protein production in a dose-dependent
fashion compared with the untreated cells (𝑃 < 0.05).
Accordingly, FACs analysis also demonstrated that addi-
tion of LPS induced an increase of RAGE protein expres-
sion (Figure 3(c)). The addition of LPS for 3–24 h also
induced an increase in HMGB1 released into the cell culture
supernatant in a time-dependent fashion as determined by
ELISA (Figure 3(d)). LPS (100 ng/mL) stimulation for 3 h
significantly induced HMGB1 release (10.15 ± 0.94 ng/mL)
compared with the untreated cells (𝑃 = 0.002) and
gradually increased following 24 h stimulation to 48.24 ±
4.57 ng/mL (𝑃 < 0.001 versus untreated cells). Further-
more, LPS stimulation for 12 h induced HMGB1 release into
the cell culture supernatant in a dose-dependent manner
(Figure 3(e)). The addition of 0.01 𝜇g/mL LPS significantly
induced HMGB1 release (22.8 ± 5.3 ng/mL) which was
increased gradually to 48.94 ± 5.8 ng/mL upon 10 𝜇g/mL
LPS stimulation (𝑃 < 0.001 versus untreated cells).
In addition, LPS induced IL-1𝛽 (Figure 3(f)) and IL-8
(Figure 3(g)) release from OLC-1 in a time-dependent man-
ner. LPS significantly induced IL-1𝛽 (24.9 ± 9.6 pg/mL)
and IL-8 (135.3 ± 23.3 pg/mL) release upon 12 h and 24 h
stimulation, respectively, (𝑃 < 0.05 versus untreated cells).

3.4. Reduction of HMGB1 Release following P. intermedia
LPS Stimulation in RAGE Knockdown OLC-1. The silencing
of RAGE gene expression was carried out following the
transfection of RAGE-specific siRNA in the presence of LPS
in OLC-1 (Figure 4(a)). RT-PCR showed that RAGE siRNA

markedly decreased the expression of RAGE mRNA without
affecting house-keeping gene (GAPDH) expression or any
toxicities after transfection (MTT assay; data not shown).
Transfection of OLC-1 with 200 nM siRNA against RAGE
suppressed LPS-induced HMGB1 release in the supernatant
by ∼57% compared with control siRNA (Figure 4(b)). These
results thus suggested that knockdown of RAGE prevents the
effect of LPS-induced HMGB1 release in OLC-1.

3.5. LPS Mediated HMGB1 Expression Involves NF-𝜅B Acti-
vation in OLC-1 Cells. To evaluate the signal transduction
pathways involved in LPS-mediated HMGB1 expression,
cells were pretreated with 0.5 and 1𝜇M TPCA-1, a potent
inhibitor of IKK-𝛽 (IKK-2) [39], and LPS-induced HMGB1
expression was evaluated by western blot analysis and ELISA.
Preincubation with 0.5 and 1 𝜇M TPCA-1 inhibited LPS-
induced cytoplasmic translocation of HMGB1 by 55% and
65%, respectively, (Figure 5(a)). Accordingly, TPCA-1 inhib-
ited LPS-induced HMGB1 release into the supernatant was
shown by ELISA (Figure 5(b)). TPCA-1 treatment alone had
no effect onHMGB1 expression and release (data not shown).

4. Discussion

The present study has shown that RAGE and cytoplasmic
HMGB1 are upregulated in pulpitis tissue. Furthermore, LPS
from P. intermedia induced RAGE expression in odontoblast-
like (OLC)-1 cells and the cytoplasmic translocation of
HMGB1 prior to release into the supernatant, which was
mediated through RAGE and NF-𝜅B activation.

Inflammation is a critical process in pulpitis as evident
by the decayed tooth structure. Pulpitis is mainly caused by
bacteria in dental caries that penetrate through the enamel



Mediators of Inflammation 9

GAPDH

100 200 siRNA (nM)

RAGE

−

(a)

H
M

BG
1 

(n
g/

m
L)

 

− − LPS (100 ng/mL)
0

5

10

15

20

25

30

35

− −

+ + +

+

+

+ − −

∗∗
∗

∗

 Control siRNA (200 nM)  RAGE siRNA (200 nM)

(b)

Figure 4: RAGE mediates the effects of LPS-induced HMGB1 release in OLC-1. Cells were transfected with RAGE siRNA suspended
in lipofectamine reagent for 48 h. (a) By RT-PCR, RAGE siRNA silences RAGE mRNA expression without affecting house-keeping gene
(GAPDH) mRNA expression. A representative experiment is shown, and the RAGE-specific RNA bands are indicated. (b) Cells were
transfected with either RAGE siRNA or negative control siRNA and stimulated with LPS for 24 h, and the HMGB1 release in the supernatant
was measured by ELISA. Results are expressed as the means ± SD from duplicate experiments. ∗𝑃 < 0.05.
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Figure 5: Inhibition of NF-𝜅B activation attenuated LPS-induced HMGB1 translocation from the nucleus to the cytoplasm and release in
OLC-1. Cells were pretreated with the selective inhibitor of human IKK-2 (TPCA-1), 2 h before the cells were stimulated with LPS for 24 h. (a)
The cells were harvested, and the cytoplasmic proteins were isolated for analysis of HMGB1 by western blotting. A representative blot using
antibodies against HMGB1 and 𝛽-actin is shown. HMGB1 expression was quantified by densitometry and normalized to 𝛽-actin. (b) HMGB1
release into the supernatant was analyzed by ELISA. Results are expressed as the means ± SD from triplicate experiments. ∗𝑃 < 0.001.

and dentin to reach the pulp [40]. Among various oral bac-
teria, P. intermedia has gained attention due to a significant
association between the bacterial load in carious dentin and
periapical tooth disease [6]. In addition, P. intermedia LPS
has unique chemical and immunobiological characteristics
considerably different from those of the classical LPSs from
Escherichia coli and Salmonella species [41–43]. Previous
studies have shown that P. intermedia LPS induced several
mediators of inflammation in human dental pulp cells [8,

9], murine macrophages [44], and bone cells [45] and
demonstrated inflammatory responses inmice [46]. Our data
show for the first time that LPS from P. intermedia would be
able to upregulate the danger signals HMGB1 and RAGE in
human dental pulp inflammation.

Dental pulp inflammation, especially in cases of excessive
dentin damage or caries exposed pulp, does not resolve
completely but becomes chronic with moderate inflamma-
tory infiltrate, collagenous fibrosis, and may lead to pulp
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necrosis and dental abscess development [1, 6]. HMGB1
can be actively secreted into the extracellular space by
activated pituicytes [47] or passively released from the nuclei
of necrotic or damaged cells [48]. The active secretion of
HMGB1 involves translocation from the nucleus to secretory
lysosomes in the cytoplasm and then exocytosis [49]. In
our study, we revealed a link between extracellular HMGB1
and LPS exposure. Specifically, that LPS induces HMGB1
translocation from the nucleus towards the cytoplasm and
then secretion by OLC-1 cells in a dose- and time-dependent
manner. Concentrations of LPS used for HMGB1 stim-
ulation in this study were not cytotoxic to OLC-1 cells
(data not shown). Our results on changes in HMGB1 in
OLC-1 cells are consistent with those of previous studies
in which HMGB1 is actively secreted from LPS-activated
immune and nonimmune cells involved in chronic inflam-
matory diseases [50–52]. Furthermore, HMGB1 was solely
localized in the nucleus of odontoblasts in healthy tissues,
while a significant proportion of HMGB1 translocated to
the cytoplasm in pulpitis tissue, which correlates with an
increase in extracellular HMGB1 in LPS stimulated OLC-1
cells. In addition, our findings demonstrated only a distinct
translocation of nuclear HMGB1 to the cytoplasm of odon-
toblasts but not pulp fibroblast-like cells in tissues from the
pulpitis patients. Our results indicated that HMGB1 may be
involved in the inflammatory response of teeth to bacteria in
dental caries and that odontoblasts act as essential HMGB1-
secretory cells in inflamed dental pulp tissues. In addition,
in response to HMGB1 stimulation, human microvascu-
lar endothelial cells increase expression of RAGE and cell
adhesion molecules, such as intercellular adhesion molecule
(ICAM)-1 and vascular cell adhesion protein (VCAM)-1 and
the secretion of proinflammatory cytokines including TNF𝛼
and IL-8 [19, 53]. Therefore, secreted HMGB1 from odonto-
blasts may contribute to the progression of human pulpitis
pathogenesis.

Recent data have shown that LPS-mediated functions are
conveyed via multiple receptors, such as RAGE [54], and sev-
eral members of the Toll-like receptor (TLR) family including
TLR2 and TLR4 [55]. In our study, upon challenge to P.
intermedia LPS, RAGE mRNA and protein are upregulated
in OLC-1 cells. Specifically, RAGE labeling appeared more
intensely stained in odontoblasts of pulpitis versus healthy
tissue. RAGE expression by odontoblasts appears comparable
to that reported for alveolar epithelial cells [56], synovial
fibroblasts [38], and in the pathogenesis of lung injury inmice
[54, 57] in which RAGE is expressed at low levels in normal
tissues and in the vasculature and becomes upregulated at
other sites where its ligands accumulate [19]. Previous studies
show that odontoblasts express receptors for LPS, TLR-2, and
TLR-4 on the cellmembrane [3, 58].P. intermedia induced IL-
8 production is mediated by TLR-2 in activated monocytic
cells [59] and TLR-2 mediated inflammatory responses to
bacterial components in these cells [58, 60]. Our studies
illustrate that HMGB1 release following P. intermedia LPS
stimulation was suppressed by RAGE knockdown OLC-
1, suggesting that overexpression of RAGE was essentially
required for subsequent HMGB1 release, contributing to the
progression of pulpitis. However, whether overlap exists of

downstream events initiated by the cooperation of both TLR
and RAGE in HMGB1 signaling in odontoblasts is unknown
at present but is a focus of ongoing investigation.

RAGE is thought to be important in a variety of patho-
logical conditions and is implicated in chronic inflammatory
processes present in diabetes [61], rheumatoid arthritis [62],
and Alzheimer’s disease [63]. RAGE regulates inflammation
though NF-𝜅B, AP-1, and Stat3 transcriptional regulation
[64]. Biochemical and genetic studies have found that the
IKK complex plays a critical role in the activation of NF-𝜅B.
The IKK molecule consists mainly of two catalytic domains,
IKK-𝛼 and IKK-𝛽, and a noncatalytic chaperone protein
IKK-𝛾 [65]. The type of LPS used in our study induced stim-
ulation of NF-𝜅B binding activity in previous studies [66].
Therefore, we elucidated the underlying mechanisms of the
same LPS on HMGB1 expression. The pronounced increase
of HMGB1 in the cytoplasmic fraction and supernatant of
LPS stimulated cells was blocked by a potent inhibitor of
IKK-𝛽 (TPCA-1).These results supported our hypothesis that
P. intermedia LPS-mediated HMGB1 translocation involves
NF-𝜅B activation in OLC-1. Our data are consistent with a
previous study which demonstrated that IKK-𝛽 is essential
for mediating the inflammatory response [67]. However, the
present study does not exclude the possibility that other
signaling pathways may be involved in activation of the
RAGE/HMGB1 axis by LPS.

5. Conclusions

The particular cytokines released during chronic pulpal
inflammation are of major importance with regard to the
way in which the inflammation develops and is sustained.
The continued expression of HMGB1 over time following
inflammation can act, at least in part, as an important
amplification signal for progressive pulpal destruction. The
finding that HMGB1 acts as a proinflammatory mediator
in pulpitis may provide new avenues for anti-inflammatory
intervention, such as inhibiting the downregulation of dentin
formation and production of proinflammatory molecules,
thus suppressing dental pulp abscess formation. Therefore,
understanding the mechanisms regulating the proinflamma-
tory mediator HMGB1 and its receptor RAGE may lead to
novel therapeutic approaches in pulpitis.
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