
Journal of Dental Sciences 19 (2024) 1190e1199
Taiw
an  Association for Denta

l S
ci

en
ce

s

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.e-jds.com
Original Article
Inducing cyclooxygenase-2 expression,
prostaglandin E2 and prostaglandin F2a
production of human dental pulp cells by
activation of toll-like receptor-3, mitogen-
activated protein kinase kinase/extracellular
signal-regulated kinase and p38 signaling

Mei-Chi Chang a,b,1, Ju-Hui Wu c,d,1, Shyuan-Yow Chen e,
Yung-Ting Hsu f, Sin-Yuet Yeung b, Yu-Hwa Pan b**,
Jiiang-Huei Jeng d,g,h,i*
a Biomedical Science Team, Chang Gung University of Science and Technology, Kwei-Shan, Taoyuan
City, Taiwan

b Department of Dentistry, Chang Gung Memorial Hospital, Taipei, Taiwan
c Department of Oral Hygiene, College of Dental Medicine, Kaohsiung Medical University, Kaohsiung,
Taiwan

d Department of Dentistry, Kaohsiung Medical University Hospital, Kaohsiung, Taiwan
e Department of Dentistry, Cathay General Hospital, Taipei, Taiwan
f Department of Periodontics, School of Dentistry, University of Washington, Seattle, WA, USA
g School of Dentistry, College of Dental Medicine, Kaohsiung Medical University, Kaohsiung, Taiwan
h School of Dentistry, National Taiwan University Medical College, Taipei, Taiwan
i Department of Dentistry, National Taiwan University Hospital, Taipei, Taiwan
Received 30 October 2023; Final revision received 17 November 2023; accepted 17 November 2023
Available online 25 November 2023
KEYWORDS
Cyclooxygenase;
Dental pulp;
Infection/
* Corresponding author. School of De
University Hospital, No. 1, Chang Te S
** Corresponding author. Departmen
E-mail addresses: shalom.dc@msa.

1 These two authors contribute equ

https://doi.org/10.1016/j.jds.2023.11.
1991-7902/ª 2024 Association for Denta
the CC BY-NC-ND license (http://creati
Abstract Background/purpose: Bacterial infection was the major etiology for pulpal/root
canal infection. This study aimed to investigate the activation of toll-like receptor-3 (TLR)
on cyclooxygenase-2 (COX-2) expression and prostaglandin E2 (PGE2) and PGF2a production
of human dental pulp cells (HDPCs) and associated signaling.
ntistry and Department of Dentistry, National Taiwan University Medical College & National Taiwan
treet, Taipei, 100229, Taiwan.
t of Dentistry, Chang Gung Memorial Hospital, 199, Tung-Hua North Road, Taipei, 105406, Taiwan.
hinet.net (Y.-H. Pan), jhjeng@ntu.edu.tw, jhjeng@kmu.edu.tw (J.-H. Jeng).
ally to this manuscript.

009
l Sciences of the Republic of China. Publishing services by Elsevier B.V. This is an open access article under
vecommons.org/licenses/by-nc-nd/4.0/).

mailto:shalom.dc@msa.hinet.net
mailto:jhjeng@ntu.edu.tw
mailto:jhjeng@kmu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jds.2023.11.009&domain=pdf
https://doi.org/10.1016/j.jds.2023.11.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/19917902
http://www.e-jds.com
https://doi.org/10.1016/j.jds.2023.11.009
https://doi.org/10.1016/j.jds.2023.11.009


Journal of Dental Sciences 19 (2024) 1190e1199
inflammation;
Prostaglandin;
Signal transduction;
Toll-like receptor 3
Materials and methods: HDPCs were exposed to different concentrations of Poly (I:C) (a TLR3
activator). Cell viability was determined by 3- (4,5-Dimethylthiazol-2-yl)-2,5- diphenyltetrazo-
lium bromide (MTT) assay and alkaline phosphatase (ALP) activity was evaluated by ALP stain-
ing. Activation of extracellular signal-regulated kinase (ERK) and p38 by Poly (I:C) was
determined by immunofluorescent staining. The COX-2 protein expression was analyzed by
Western blot. PGE2 and PGF2a production was measured by enzyme-linked immunosorbent
assay. The mRNA expression was studied by real-time polymerase-chain reaction. Moreover,
HDPCs were exposed to Poly(I:C) with/without U0126 or SB203580 treatment and analysis of
COX-2 expression and prostanoid production were conducted.
Results: Poly (I:C) showed little effect on ALP activity, but decreased viability of HDPCs. It
stimulated COX-2 mRNA and protein expression. Poly (I:C) induced PGE2 and PGF2a production
of HDPCs. Poly (I:C) activated p-ERK, and p-p38 protein expression. Treatment by U0126 (a
mitogen-activated protein kinase kinase (MEK)/ERK inhibitor) and SB203580 (a p38 inhibitor)
attenuated Poly (I:C)-induced COX-2 mRNA and protein expression as well as PGE2 and PGF2a
production.
Conclusion: TLR3 activation is involved in the infection and inflammatory responses of pulp tis-
sues, via MEK/ERK, and p38 signaling to mediate COX-2 expression as well as PGE2 and PGF2a
production, contributing to the pathogenesis and progression of pulpal/periapical diseases.
ª 2024 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Pulpitis and apical periodontitis are generally infectious
diseases involving a number of gram-negative and anaer-
obic microorganisms. The pathogenic microorganisms may
generate various toxic products such as lipopolysaccharide
(LPS), metabolic products (propionic acid and butyric acid).
These toxic products may induce pulpal/root canal and
periapical infection via activation of various cell surface
receptors (toll-like receptors [TLRs] and nucleotide binding
oligomerization domain [NOD] receptors), leading to
pulpal/periapical inflammation, connective tissue break-
down, pulp necrosis, and apical/periodontal bone loss.
Accordingly, human dental pulp has been shown to express
various TLRs and NOD receptors, including TLR3.1 TLRs over
the odontoblasts may sense the pathogenic microorganisms
to induce cytokine/chemokine production, and inflamma-
tory cell infiltration to kill the invading microorganisms2

Microorganism are suggested to be the major etiologic
factors of pulpal/periapical and periodontal diseases.
Dental plaque and biofilm on the root surface or in the root
canals contain a number of microorganisms.3,4 Root canal
debridement and enlargement as well as removal of dental
plaque and calculus over root surface are important for
treatment of periapical and periodontal diseases. Presence
of microorganisms in the root canal and periodontal pocket
is the reason for treatment failure or disease recurrence.
Among these micro-organism, P. gingivalis is widely iden-
tified in periodontal pocket and infected root canals.5,6 It
contains several toxic factors, including fimbria, LPS, and
short chain fatty acid. These factors may lead to tissue
destruction and resorption via inducing cytokine, eliciting
inflammation, and compromising the cell viability of pulpal
or periodontal cells in the adjacent tissue.7e12 Interaction
of pathogenic microorganisms with pulpal/periapical and
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periodontal tissues may stimulate the release of inflam-
matory mediators such as interleukin-1b (IL-1b), IL-6,
prostaglandin E2 (PGE2), tumor necrosis factor-a (TNFa),
as well as IL-8 and leukotrienes that may induce chemotaxis
of inflammatory cells.13e16 IL-1b and TNF-a are two mo-
lecular markers relating to bone destruction in periodonti-
tis and apical periodontitis, possibly via stimulation of IL-8,
intercellular adhesion molecule-1 (ICAM-1),
cyclooxygenase-2 (COX-2), lipoxygenase, with downstream
PGE2 and leukotrienes production.

An increased COX-2 expression, PGE2 and PGF2a pro-
duction in experimental pulpitis tissues has been
reported.17e19 COX-2 and its metabolic product PGE2 are
shown to increase the vascular permeability, and mediate
localized inflammatory cell infiltration especially in the
dental pulp.17 PGF2a is shown to be involved in the diseased
processes of acute and chronic inflammation, atheroscle-
rosis, cardiovascular diseases, rheumatoid arthritis etc.20

This event is tightly associated with infectious and inflam-
matory diseases of the dental pulp. However, limited in-
formation is known about the involvement of TLR3
activation in the inflammation and repair of dental pulp.
Poly (I:C) binds and activates the TLR3 receptors, and
stimulate downstream signals. A number of signal trans-
duction molecules, such as focal adhesion kinase (FAK),
mitogen-activated protein kinase kinase (MEK)/extracel-
lular signal-regulated kinase (ERK), p38, and nuclear factor-
kappa B (NF-kB), are shown to be responsible for the TLRs
activation-mediated expression and production of various
inflammatory and effector molecules.16,21e23 We hypothe-
sized that TLR3 activation by Poly (I:C) may induce in-
flammatory responses in pulp tissue and downstream
signaling molecules (MEK/ERK and p38) to mediate COX-2
expression and prostaglandins’ production. These results
can facilitate our understanding the pathogenesis of
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pulpal/periapical diseases, and further benefit their pre-
vention and treatment.

Materials and methods

Materials

Dimethyl-sulfoxide (DMSO), fast blue 20,50-diethox-
ybenzanilide (BB) salt, naphthol-AS-phosphate, and 3-(4,5-
dimethyl- thiazol-2-yl)-2,5-diphenyl- tetrazolium bromide
(MTT) were purchased from Sigma (Sigma Chemical Com-
pany, St Louis, MO, USA). Cell culture medium and reagents
are fromLife Technologies (Life Technologies, ThermoFisher
Scientific Inc., New York, NY, USA). Poly (I:C) was obtained
from InvivoGen (San Diego, CA, USA). SuperscriptTM III First
Strand Synthesis System was from Invitrogen (Thermo Fisher
Scientific Inc.). SYBR green real-time polymerase chain re-
action (PCR) kits were from PCR Biosystems LTD (London,
UK). By the approval of Ethics Committee, National Taiwan
University Hospital, human dental pulp cells (HDPCs) were
cultured by explant technique as described previously.24,25

They were cultured in Modified Eagle’s Medium alpha
(aMEM) with 10 % fetal bovine serum (FBS), penicillin/
streptomycin and passaged when growth of cells near
confluence. The passage number of 3e8 were used for this
study. Enzyme-linked immunosorbent assay (ELISA) kits for
PGE2 and PGF2a were obtained from Cayman Chemical
Company (Ann Arbor, Michigan, USA).

Effect of Poly (I:C) on the viability and alkaline
phosphatase (ALP) activity of HDPCs

In brief, 1 x 104 HDPCs were inoculated into 24-well culture
plate. After 24 h, medium was replaced by fresh medium
containing various concentration of Poly (I:C) for 3 days.
Photographs of HDPCs were taken for record of morpho-
logical changes. Cell viability was estimated by MTT assay
as before.26,27

For ALP activity assay, 1 � 105 HDPCs were inoculated
into 24-well culture plate. After 24 h, medium was changed
and cells were exposed to Poly (I:C) for further 5 days. The
ALP activity of HDPCs was determined by ALP staining as
described previously.25 In short, after draw off the medium,
cells were rinsed with phosphate-buffered saline (PBS), and
then stained with 200 ml of the freshly-prepared stock
substrate solution (10 mg fast blue 20,50-diethox-
ybenzanilide (BB) salt/50 ml ddH2O, 3.94 g Tris-base con-
taining 0.015 g naphthol AS phosphate and 250 ml of N,N-
dimethylformamide) for 30e60 min in the dark. The pic-
tures of ALP staining results were examined under the
Olympus microscope IX71 (Olympus Corporation, Tokyo,
Japan) and photographed by a camera.

Effect of Poly (I:C) on COX-2 mRNA expression of
HDPCs as analyzed by real-time PCR

In brief, 5 � 105 HDPCs were inoculated into 6-well culture
plate. After 24 h, medium was changed and Poly (I:C) with/
without various inhibitors (U0126, or SB203580) was added
for 30 min before the addition of Poly (I:C) (test) or solvent
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(control) and incubated for 24 h. RNA was isolated and
subjected to reverse transcription with Invitrogen Super-
scriptTM III First Strand Synthesis System. The generated
cDNA was applied for real-Time PCR analysis of mRNA
expression by using SYBR green real-time PCR kit.28,29 The
reaction mixture contained SYBR master mix, primers,
cDNA and diethyl pyrocarbonate (DEPC)-treated water. The
condition of PCR reaction was arranged at stage 1: 95 �C for
2 min, 1 cycle; then stage 2: 95 �C 5 s, 60 �C for 30 s for
40 cycles. The sequence of primers for COX-2 and beta-
actin (b-actin, BAC) was described previously.30,31 For
quantitative assessment of the PCR results, the Delta/Delta
Cyclic threshold values (DDCt Z mean DCt [treated] -
mean delta (D) Ct [control]) was employed to quantify the
changes of gene expression. The fold of alterations in the
study groups relative to the solvent control group were
analyzed by using 2-DDCt method. The level of BAC gene
expression was utilized as the internal control throughout
the PCR tests.

Effect of Poly (I:C) on COX-2 protein expression,
PGE2 and PGF2a production of HDPCs

HDPCs cells (5 � 105 cells/well) were inoculated into 6-well
culture plates in 2 ml fresh medium containing various
concentrations of Poly (I:C) (1e40 mg/ml) with/without
inhibitors. Cells were incubated for 24 h. Culture medium
was collected for analysis of PGE2 and PGF2a levels by
ELISA.

Proteins in cell lysate were isolated and used to western
blotting analysis as described previously.32,33 Briefly cells
were rinsed with PBS, and cells were disrupted by lysis
buffer containing 10 mm TriseHCl, pH 7; 140 mm sodium
chloride; 3 mm magnesium chloride; 0.5 % NP-40; 2 mm
phenylmethylsulfonyl fluoride; 1 % aprotinin; and 5 mm
dithiothreitol. Protein concentrations were determined
Bio-Rad protein assay kits. Same amounts of proteins of cell
lysates were loaded for 12.5 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene fluoride (PVDF) membranes. The
membranes were then blotted with mouse (or rabbit) anti-
human COX-2 and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) antibodies for 2 h. This was followed by in-
cubation in respective secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) for
1 h. After washing of the membrane by tris-buffered saline
with Tween 20 (TBST buffer), Immobilon enhanced chem-
iluminescence (ECL) Ultra Western HRP substrate (EMD
Millipore Corp., Burlington, MA, USA) was added and the
chemiluminescence was detected by an imaging system
(Image Quant LAS4000 multipurpose CCD camera system,
Fujifilm, Tokyo, Japan). Multiple exposures of the mem-
branes were done for 10 s to 5 min. The intensity of
developed bands was normalized by the expression of
GAPDH.

Immunofluorescent staining

Briefly 1 � 105 HDPCs were inoculated into 24-well culture
plate with coverslips. After 24 h, HDPCs were exposed to
Poly (I:C) for 0 (control), 5, 10, 30, 60, and 120 min.



Fig. 1 Effect of Poly (I:C) on morphology and alkaline phosphatase (ALP) activity of human dental pulp cells (HDPCs). HDPCs were
exposed to various concentrations of Poly (I:C) for indicated time points. (A) Morphology of HDPCs treated by solvent control (0 mg/
ml) and HDPCs after exposed to Poly (I:C) (40 mg/ml) for 3 days. One representative morphology picture was shown. (B) Effect of
Poly (I:C) on the viability of HDPCs. Results were expressed as percentage (%) of control (as 100 %). *denotes statistically significant
difference when compared with control (0) group. (C) HDPCs were exposed to Poly(I:C) (1e50 mg/ml) for 5 days. ALP staining was
performed. One representative ALP staining result was shown.
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Immunofluorescent staining of p-ERK1/2 and p-p38 protein
expression in HDPCs was performed as described
before.29,33

Effect of U0126 and SB203580 on Poly (I:C)-induced COX-
2 mRNA and protein expression as well as PGE2 and PGF2a
production in HDPCs.

HDPCs were plated as above. Cells were then pretreated
with U0126, SB203580 or solvent control (control group, 0)
for 30 min and then Poly(I:C) (final 20 mg/ml) was added and
further incubated for 24 h. Culture medium was collected
for PGE2 and PGF2a ELISA. Cellular RNA and protein were
isolated and analyzed by real-time PCR and western blot-
ting analysis as described above.

Statistical analysis

All experiments were repeated more than three times and
the means were used as the results. Difference between
control and experimental groups was evaluated by paired
student’s t-test. A P value < 0.05 was regarded to indicate
the presence of a statistically significant difference be-
tween groups.

Results

Effect of Poly (I:C) on morphology, viability and ALP
activity of HDPCs

HDPCs were generally spindle shaped in appearance
(Fig. 1A, left). Poly(I:C) showed no remarkable effect on
cell morphology of HDPCs even at a concentration of 40 mg/
ml (Fig. 1A, right). Unexpectedly, Poly (I:C) decreased the
viability of HDPCs at concentrations higher than 1 mg/ml, as
analyzed by MTT assay (Fig. 1B). The exposure to Poly (I:C)
(<50 mg/ml) for 5 days showed no obvious effect on the ALP
of HDPCs (Fig. 1C).

Effect of Poly (I:C) on COX-2 expression, PGE2 and
PGF2a production of HDPCs

Poly (I:C) (a TLR3 agonist) was shown to stimulate COX-2
mRNA expression of HDPCs at concentrations ranging from 1
to 40 mg/ml of Poly(I:C) (Fig. 2A). In addition, Poly(I:C) also
induced the COX-2 protein expression of HDPCs as analyzed
by western blotting (Fig. 2B). Therefore, Poly (I:C)
(1e40 mg/ml) also markedly stimulated PGE2 and PGF2a
Fig. 2 (A) Effect of Poly(I:C) on cyclooxygenase-2 (COX-2)
mRNA expression as analyzed by real-time polymerase chain
reaction (PCR). Results were expressed as fold of control
(Mean � SE). (B) Effect of Poly (I:C) on COX-2 protein expres-
sion human dental pulp cells (HDPCs). One representative
western blotting result was shown. (C) Effect of Poly (I:C) on
prostaglandin E2 (PGE2) production of HDPCs. (D) Effect of Poly
(I:C) on PGF2a production of HDPCs. Results were expressed as
pg/ml (Mean � SE). *denotes statistically significant difference
when compared with control group (0, solvent treated group).
#

indicates statistically significant difference when compared
with Poly (I:C)-treated group.
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production of HDPCs as measured by ELISA (Fig. 2C and D),
suggesting the activation of TLR3 may mediate COX-2
expression and prostaglandins’ production in HDPCs.
Effect of Poly(I:C) on p-ERK and p-p38 expression of
HDPCs

To examine the expression of p-ERK and p-p38 expression of
HDPCs after exposure to Poly (I:C), immunofluorescent (IF)
staining was performed. As shown in Fig. 3, Exposure to
Poly (I:C) for 30e120 min stimulated the p-ERK1/2 and p-
p38 protein expression, as indicated by increased red
Fig. 3 Expression of phospho-extracellular signal-regulated kina
exposure of HDPCs to Poly (I:C) for 0 (control), 30 min, 60 min and 1
was shown with other similar results. Increased red fluorescence (p
was noted. Nuclei were stained by 40,6-diamidino-2-phenylindole (D
interpretation of the references to colour in this figure legend, th
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fluorescence of HDPCs in immunofluorescent staining re-
sults (Fig. 3). These results reveal that Poly (I:C) may
potentially activate TLR3, and their downstream cellular
signaling molecules, to regulate cell behavior and inflam-
matory/repair responses.
Role of MEK/ERK, and p38 in the poly (I:C)-induced
COX-2 mRNA and protein expression of HDPCs

Intriguingly, Poly (I:C)-induced COX-2 mRNA expression of
HDPCs was prevented by U0126 (10 & 20 mM), and SB203580
(10 and 20 mM) as shown by real-time PCR results (Fig. 4A
se (p-ERK) (left) and phospho-p38 (p-p38) (right) protein after
20 min. One representative immunofluorescent staining picture
-ERK, p-p38) after exposure to Poly(I:C) for 30, 60, and 120 min
API) (as Blue fluorescence). 400x of original magnification. (For
e reader is referred to the Web version of this article.)
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and B). U0126 and SB203580 also prevented the Poly (I:C)-
induced COX-2 protein expression as shown by decreased
COX-2 protein bands’ density of western blotting pictures
(Fig. 4C and D).

Role of MEK/ERK, and p38 in the poly (I:C)-induced
PGE2 and PGF2a production of HDPCs

To know whether inhibition of COX-2 by MEK/ERK and p38
may lead to decreased production of prostaglandins, we
analyzed and found that Poly (I:C)-induced PGE2 production
of HDPCs was effectively prevented by both U0126 and
SB203580 (Fig. 5A and B). Similarly, the Poly(I:C)-stimulated
PGF2a production of HDPCs was also attenuated by U0126
and SB203580 (Fig. 5C and D), suggesting the involvement
of MEK/ERK and p38 signaling.
Discussion

During infection of periodontal, pulpal and periapical tis-
sues, various bacterial products may affect the neighboring
oral cells via the activation of TLRs and NODs receptors.
The expression of TLRs and NODs receptors in periodontal
tissues and dental pulp tissues have been reported.1,34

Activation of TLRs has been shown to affect the osteo-
clast differentiation and bone loss.35 In stromal osteoblasts,
activation of TLR3 leads to PGE2-mediated periodontal
bony destruction.36 TLRs on the surface of odontoblasts
may detect the invaded pathogenic microorganisms and
stimulate inflammatory cytokine/chemokine releases, as
Fig. 4 (A) Effect of U0126, on Poly (I:C)-induced cyclooxygenase-
(B) Effect of SB203580 on Poly (I:C)-induced COX-2 mRNA expressio
(PCR). Results were expressed as fold of control (as 1) (Mean � SE
with control group.

#

indicates statistically significant difference wh
on Poly (I:C)-induced COX-2 protein expression of HDPCs. (D) Effec
HDPCs as analyzed by western blotting. One representative weste
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well as inflammatory cell infiltration to kill the pathogenic
bacteria.2 However, limited is known about the activation
of TLR3 on the dental pulp inflammation and repair. Using
Poly (I:C) (a specific TLR3 agonist) may clarify the effects of
TLR3 activation on downstream signaling molecules and
effective cellular responses. This is especially important
because periodontal/pulpal infection and TLRs receptors’
activation has been linked to several systemic diseases
(Rheumatoid arthritis, cardiovascular diseases, etc.), and
even cancer.37e40 In this study, Poly(I:C), a TLR3 agonist,
decreased the cell viability of HDPCs, but showed little
effect on the ALP activity of confluent HDPCs, suggesting
that Poly (I:C) may potentially affect the repair of human
dental pulp. The inhibitory effect of 8 mg/ml Poly(I:C) on
the proliferation of HDPCs at non-confluent status was re-
ported.41 Activation of TLR3 also stimulated ALP activity in
aortic valve interstitial cells.42 Corresponding well our
current results, poly(I:C)-conditioned medium of peripheral
blood mononuclear cells showed little effect on ALP activ-
ity of mesenchymal stem cells.43 More studies are needed
to clarify these events in different experimental conditions
and cell types.

P. gingivalis LPS and other bacterial toxins were found
to differentially stimulate the mRNA and protein expres-
sion as well as protein production/secretion of COX-2/
PGE2, IL-6, TNF-a, IL-1b, vascular cell adhesion
molecule-1 (VCAM-1), and ICAM-1 of HDPCs and peri-
odontal cells.15,44e46 PGE2, PGF2a and the above mediators
may be involved in tissue inflammatory responses (e.g.,
inflammatory cell infiltration, increase vascular perme-
ability, chemotaxis of inflammatory cells etc.) of the
2 (COX-2) mRNA expression of human dental pulp cells (HDPCs).
n of HDPCs as measured by real-time polymerase chain reaction
). *denotes statistically significant difference when compared
en compared with Poly (I:C)-treated group. (C) Effect of U0126,
t of SB203580 on Poly (I:C)-induced COX-2 protein expression of
rn blotting picture was shown.



Fig. 5 (A) Effect of U0126, on Poly (I:C)-induced prostaglandin E2 (PGE2) production of human dental pulp cells (HDPCs). (B)
Effect of SB203580 on Poly (I:C)-induced PGE2 production of HDPCs as measured by enzyme-linked immunosorbent assay. (C) Effect
of U0126, on Poly (I:C)-induced PGF2a production of HDPCs. (D) Effect of SB203580 on Poly (I:C)-induced PGF2a production of
HDPCs. Results were expressed as pg/ml (Mean � SE). *denotes statistically significant difference when compared with control
group.

#

indicates statistically significant difference when compared with Poly (I:C)-treated group.
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infected dental pulp tissues. A recent study showed that
in vivo administration of Poly(I:C) into mice every two days
may induce systemic inflammation with associated
changes in the dental pulp including increased multipotent
progenitor cells, and influx of B cells.47 Activation of TLR3
by Poly(I:C) in vitro was found to stimulate the expression
of various factors such as brain-derived neurotrophic fac-
tor (BDNF), epidermal growth factor (EGF), hepatocyte
growth factor (HGF), leukemia inhibitory factor (LIF),
monocyte chemotactic factor-1 (MCP-1), stroma cells-
derived factor-1 (SDF-1), IL-6, IL-11, metalloproteinase-9
(MMP-9), and tissue inhibitor metalloproteinase-1 (TIMP-
1) in HDPCs.41 Poly(I:C) was also shown to induce IL-8, IL-6,
CeC motif chemokine ligand 2 (CCL2), and C-X-C motif
chemokine ligand 10 (CXCL10) RNA expression in HDPCs.1

In this study, it is interestingly that we found the induc-
tion of COX-2 mRNA and protein expression of HDPCs by
Poly(I:C). Poly(I:C) further stimulated PGE2 and PGF2a
production of HDPCs. In the dental pulp, PGE2 and PGF2a
are found to stimulate IL-8 expression/production via
prostaglandin EP and FP receptors, adenylate cyclase,
phospholipase C, calcium mobilization and MEK/ERK
signaling, but affect the ALP activity of human dental pulp
cells (HDPCs).48e50 PGE2 was also shown to stimulate the
mineralization-related genes’ expression (bone morpho-
genetic protein-2 [BMP-2], Runx-2) in mouse dental pulp
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stem cells,51 and provoke the gene expression of various
angiogenesis and differentiation markers (vascular endo-
thelial growth factor [VEGF], fibroblast growth factor 2
[FGF2], dentin sialophosphoprotein [DSPP], type I
collagen) of HDPCs via EP2/EP4 receptors52 These results
indicate that TLR3 activation may be involved in the
infection, inflammation and repair of dental pulp via
stimulation of PGE2/PGF2a and differential activation of EP
and FP receptors.

Activation of TLR3 and downstream signaling molecules
may possibly mediate the above induced events. TLR3-
mediated activation of NF-kB and mitogen-activated pro-
tein kinases (MAPKs) is reported to associate with TRAF6/
TAK1/TAB2/PKR signaling.21 However, the downstream
signaling after TLR3 activation in the HDPCs is not fully
understood. The induction of IL-8 expression of HDPCs by
Poly(I:C) is correlate to TLR3/MAPKs/NF-kB activation.1 In
this study, Poly (I:C) as a TLR3 agonist was found to activate
ERK and p38 signaling in HDPCs within 60 min of exposure.
Activation of these signaling molecules may potentially
affect the downstream effector molecules, such as in-
flammatory mediators (Prostaglandins, IL-6, IL-8, IL-1b,
TNF-a etc.) to regulate the infection, inflammation, and
wound healing/repair responses. Accordingly, we further
found that Poly(I:C)-induced COX-2 expression, PGE2 and
PGF2a production of HDPCs can be prevented by U0126 and
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SB203580, suggesting the important contribution of TLR3-
MEK/ERK and -p38 signaling in these events.

In conclusion, these results indicate that pulpal patho-
gens may contribute to the pathogenesis of pulpal infec-
tion, inflammation, healing, and repair processes via
activation of TLR3 and downstream MEK/ERK and p38
signaling in HDPCs. TLR3 activation may decrease cell
viability, stimulate COX-2 mRNA and protein expression
with increased production of PGE2 and PGF2a. Further
studies are necessary to clarify the mechanisms of the up-
stream signaling molecules and the down-stream effector
molecules to further identify more diseased markers. The
results may facilitate our future prevention and treatment
of pathogen-associated pulpal/periapical diseases.
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