Am J Transl Res 2015;7(1):66-78
www.ajtr.org /ISSN:1943-8141/AJTRO002956

Original Article
Melatonin attenuates inflammation of acute pulpitis
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Abstract: Acute pulpitis (AP), one of the most common diseases in the endodontics, usually causes severe pain
to the patients, which makes the search for therapeutic target of AP essential in clinic. Toll-like receptor 4 (TLR4)
signaling is widely involved in the mechanism of pulp inflammation, while melatonin has been reported to have an
inhibition for a various kinds of inflammation. We hereby studied whether melatonin can regulate the expression
of TLR4/NF-kB signaling in the pulp tissue of AP and in human dental pulp cells (HDPCs). Two left dental pulps of
the adult rat were drilled open to establish the AP model, and the serum levels of melatonin and pro-inflammatory
cytokines, including interleukin 1B (IL-1B), interleukin 18 (IL.-18) and tumor necrosis factor o (TNF-a), were assessed
at 1, 3 and 5 d post injury. At the same time points, the expression of TLR4 signaling in the pulp was explored by
quantitative real-time PCR and immunohistochemistry. The AP rats were administered an abdominal injection of
melatonin to assess whether melatonin rescued AP and TLR4/NF-kB signaling. Dental pulp injury led to an approxi-
mately five-day period acute pulp inflammation and necrosis in the pulp and a significant up-regulation of IL-13, IL-18
and TNF-a in the serum. ELISA results showed that the level of melatonin in the serum decreased due to AP, while an
abdominal injection of melatonin suppressed the increase in serum cytokines and the percentage of necrosis at the
5 d of the injured pulp. Consistent with the inflammation in AP rats, TLR4, NF-kB, TNF-oat and IL-1f3 in the pulp were
increased post AP compared with the baseline expression. And melatonin showed an inhibition on TLR4/NF-kB sig-
naling as well as IL-13 and TNF-a production in the pulp of AP rats. Furthermore, melatonin could also regulate the
expression of TLR4/NF-kB signaling in LPS-stimulated HDPCs. These data suggested that dental pulp injury induced
AP and reduced the serum level of melatonin and that supplementation with melatonin may have a protective effect
on AP by modulating TLR4/NF-kB signaling in the pulp and in pulp cells.
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Introduction canal treatment. Therefore, the identification of
a new therapeutic target is of significantly
Various causes may lead to pulp exposure and important for the treating pulpitis.
injury, but dental decalcification and mechani-
cal injury is perceived as the most common

one. Pulp exposure and injury leads to pulpitis

TLR4 is an important transmembrane pattern-
recognition receptor of the innate immune sys-

and induces severe inflammation, which fre-
quently leads to persistent pain and referred
pain [1-3]. The mechanism of acute pulpitis is
complex and involved with repetitive trauma,
inflammation, bacterial invasion, stimulation of
the afferent nerve, secondary hyperalgesia,
and in rare cases periodontitis. Without any
effective treatment, the outcome is always root

tem, which is widely expressed in dental pulp
cells to sense exogenous pathogen-associated
molecular patterns (PAMPs) and endogenous
danger-associated molecular patterns (DAMPS)
that are released after tissue injury or cellular
stress [4, 5]. TLR4 has been extensively docu-
mented in a variety of inflammatory conditions
such as pneumonia, hepatitis, sepsis and so
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Table 1. Primers for real-time RT-PCR

Therefore, we hypothesized that melato-

nin might also inhibit the oral inflamma-

Name Sequences Size

TLR4  Forward: 5’-GGCATCATCTTCATTGTCCTTG-3’ 180
Reverse: 5’-AGCATTGTCCTCCCACTCG-3’

NF-«xB Forward: 5’-CTG AAC CAG GGC ATA CCT GT-3' 197
Reverse: 5’-GAG AAG TCC ATG TCC GCA AT-3’

IL-1p  Forward: 5-GCCTCGTGCTGTCGGACCCATAT-3’ 143
Reverse: 5’-TCCTTTGAGGCCCAAGGCCACA-3’

TNF-a Forward: 5’-CCCTCCTGGCCAACGGCATG-3’ 109
Reverse: 5’-TCGGGGCAGCCTTGTCCCTT-3’

B-actin Forward: 5’-GGAGATTACTGCCCTGGCTCCTA-3" 629

Reverse: 5’-GACTCATCGTACTCCTGCTTGCTG-3’

tory progression of acute pulpitis.
However, Mi-Zhen Xia et al reported that
pretreatment RAW264.7 cells with mela-
tonin increased TLR4 gene expression
compared with the control [20]. Thus, the
specific roles of melatonin in the regula-
tion of TLR4/NF-kB signaling and the anti-
inflammatory activity of melatonin in the
AP require further investigation.

To determine the role of melatonin in

on. In addition, stimulation of TLR4 initiates a
series of signaling cascades that result in the
activation of NF-kB and mitogen-activated pro-
tein kinases (MAPKs) to induce the release of
pro-inflammatory cytokines such as TNF-a and
IL-1B [6-8]. The most recent in vitro investiga-
tions of pulp cell showed that activation of TLR4
by LPS enhances Wntba, TGF-B1 and pro-
inflammatory cytokines expression [4, 9, 10].
Furthermore, TLR4 signaling also contributes to
tongue-referred pain associated with tooth
pulp inflammation [11]. Therefore, TLR4 signal-
ing is integral to the process of pulp inflamma-
tion, and inhibition of TLR4 may have a thera-
peutic effect.

Recent research has found that melatonin is
closely associated with the expression of TLR4
and TLR4-mediated inflammation. Melatonin
(N-acetyl-5-methoxytryptamine) is a neuro-en-
docrine hormone that is predominantly pro-
duced by the pineal gland at night as well as by
many other organs, including the cerebellum,
ovary and so on, independent of the light/dark
cycle [12-14]. It is involved in numerous physi-
ological functions such as sleep improvement,
antioxidant properties, and endothelial func-
tion, among others [15-19]. Moreover, melato-
nin modulates the TLR4 signaling pathway dur-
ing inflammation and possesses anti-in-
flammatory properties in the early and late
stages of responses through the MyD88- and
TRIF-dependent signaling pathway [20]. Nu-
merous studies have shown that this modula-
tion results in the inhibition of TLR4 expression
and decrease of the expression of pro-inflam-
matory cytokines, including IL-1, IL-6, IL-12,
C-reactive protein, and TNF-a, in neuro-inflam-
mation, sleep-deprivation-related diseases and
vascular endothelial dysfunction [21-23].
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acute pulpitis, the present studies (1)
established an AP model in the rat and
tracked the progression of AP by hematoxylin-
eosin staining (HE staining) and enzyme-linked
immunosorbent assay (ELISA); (2) determined
the serum level of melatonin in AP; (3) explored
the expression of TLR4/NF-kB signaling in the
pulp of the AP models; (4) evaluated the rescue
effect of melatonin in AP and activation of
TLR4/NF-kB signaling; (5) established human
dental pulp stem cells; and (6) evaluated the
rescue effect of melatonin for TLR4/NF-kB sig-
naling in LPS-stimulated HDPCs.

Materials and methods

Animals and groups

Adult male Sprague Dawley rats weighing 250
to 350 g used in the present study were pro-
vided by the experimental animal center of the
Fourth Military Medical University. The animals
were maintained in a temperature-controlled
room (23°C) with a 12-hours light/dark cycle.
Food and water were freely available. All the
experimental procedures were approved by the
Fourth Military Medical University Committee
on Animal Care and Use.

The rats were randomly assigned to one of the
following four groups: (1) SHAM group: rats
were anesthetized without any treatment; (2)
Acute Pulpitis (AP) group: rats were anesthe-
tized and the left upper molars tooth pulps (M1
and M2) were exposed under anesthetization
as previously described [24]; (3) AP+M group:
melatonin (Sigma, St. Louis, MO) was dissolved
in a 5% ethanol solution in saline (vehicle) and
administered intraperitoneally (10 mg/kg) once
daily for five successive days post AP model
establishment; (4) AP+E group: 5% ethanol
solution in saline was administered in the abdo-
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Figure 1. Melatonin inhibited inflammation of acute pulpitis and pro-inflammatory cytokine levels in the serum.
A, E. HE-staining of pulp from the SHAM group, AP group and 5 d of AP+M and AP+E groups. Dental pulp injury
induced a 5 day period of inflammation. Compared with HE-staining of the pulp at 5 d of AP group or AP+E group,
AP+M displayed a relatively low percentage of necrosis at 5 d (bar=50 um; n=8). B, C. Increased pro-inflammatory
cytokine levels and decreased melatonin in the serum were observed at different time points of the AP group. D.
Abdominal injection of melatonin ameliorated the increased level of IL-13, IL-18 and TNF-« in the serum of AP rats.
SHAM: results in the SHAM group; AP-1: results in the AP group at 1 d; AP-3: results in the AP group at 3 d; AP-5:
results in the AP group at 5 d; AP+M-5: results in the AP+M group at 5 d; AP+E-5: results in the AP+M group at 5 d.

**P<0.01 vs. SHAM; n=8.

men after dental pulp injury once daily for five
successive days post AP model establishment.

Establishment of the acute pulpitis model

Rats were lightly anesthetized with 2% isoflu-
rane in oxygen and then deeply anesthetized
with an intraperitoneal application of 7% chlo-
ral hydrate (30 ml/100 g body weight). Next,
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the rats were placed on a warm mat (37°C) in
the supine position for surgery. The mouths of
the rats was gently opened with metal twee-
zers, and the left maxillary first and second
molars were drilled with a high-speed hand-
piece and 1/4 round bar under water cooling
[24]. The exposed pulp cavity was kept open,
and the rats are conveyed back.

Am J Transl Res 2015;7(1):66-78
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Figure 2. Melatonin inhibited TLR4/NF-kB signaling in the pulp of AP. A. AP induced the up-regulation of TLR4 and
NF-kB expression at the different time points of the AP group. B. Abdominal injection of melatonin inhibited the
increased level of TLR4 and NF-kB expression at 1 d of AP rats. C. DAB staining of TLR4 and NF-kB of AP and AP+M
group at 1 d (bar=50 um; n=8). SHAM: results in the SHAM group; AP-1: results in the AP group at 1 d; AP-3: results
in the AP group at 3 d; AP-5: results in the AP group at 5 d. ""P<0.01 vs. SHAM; n=8.

Hematoxylin-eosin (HE) staining for acute
pulpitis

At 1d, 3dand 5 d after AP establishment, the
rats were decapitated, and the molar tooth
specimens were rapidly removed and cut into
fragmentsthat were subjected to decalcification
in ethylenediaminetetraacetic acid (EDTA; 41.3
g disodium EDTA, 4.4 g NaOH in 1000 ml dis-
tilled water) for 30 days. Next, the specimens
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were embedded in paraffin and frozen at 2-8°C.
The frozen specimens were sliced with a rotary
microtome to yield slices with a thickness of 4
pum. The slices were mounted onto microscopic
glass slides and treated with 50-60°C water.
After being tempered overnight in an oven
maintained at 37°C, the slices were stained
with hematoxylin and eosin, sealed with fat-
soluble gel, and examined microscopically.

Am J Transl Res 2015;7(1):66-78
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Figure 3. Melatonin inhibited the levels of pro-inflammatory cytokines in the pulp of AP rats. A. Pro-inflammatory
cytokines in the pulp at different time points of AP group. B. Melatonin inhibited the levels of pro-inflammatory cyto-
kines at 1 d of the pulp. SHAM: results in the SHAM group; AP: results in the AP group at 1 d; AP+M: results in the
AP+M group at 1 d; AP+E: results in the AP+M group at 1 d. ““P<0.01 vs. SHAM; #¥P<0.01 vs. AP; n=8.

DAB staining analysis of TLR4 and NF-kB
expression in the pulp

The maxillary molars were excised and harvest-
edat1d,3dand5d post AP establishment for
histological examination. The rats were lightly
anesthetized with 2% isoflurane in oxygen and
then deeply anesthetized with an intraperito-
neal injection of 7% chloral hydrate (30 ml/100
g body weight). The chest cavity of each rat was
opened to expose the cardiac left ventricle into
which a lavage needle was inserted after mak-
ing a small incision; a second incision was
made on the right atrial appendage to allow
outflow. PBS containing heparin was delivered
through the needle at a low flow rate for approx-
imately 3 minutes to clear the blood, and then
perfusion was performed with 4% paraformal-
dehyde in PBS (pH 7.4) as a fixative for 10 min-
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utes. The specimens were quickly removed and
post-fixed overnight at 4°C in a 50-ml tube con-
taining fresh fixative. The dental tissues were
then demineralized in EDTA for 6 weeks at 4°C.
After demineralization, the dental tissues were
dehydrated in a graded ethanol series and
embedded in paraffin wax. Sections with a
thickness of 3-4 um were cut according to rou-
tine procedures, mounted on silane-coated
slides, and finally air-dried.

Prior to the immunohistochemical examination,
3 um slices from pretreated tissue were placed
in a bathing solution of 3% H,0, and 60% meth-
anol PBS (pH 7.4) for 30 min and then treated
with 0.01 mol/L sodium citrate buffer at 95°C
in a microwave oven for 13 min (antigen retriev-
al). The specimens were then treated with 5%
normal goat serum and 5% bovine serum albu-

Am J Transl Res 2015;7(1):66-78
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Figure 4. Melatonin inhibited pro-inflammatory cytokine levels in HDPCs. A. Melatonin inhibited the gene expression
of pro-inflammatory cytokines at 1 h and 6 h post-LPS stimulation. B. ELISA results of pro-inflammatory cytokines at
6 h of LPS-stimulated HDPCs. SHAM: results in the SHAM group; LPS: results in the LPS group; LPS+M: results in the
AP+M group; LPS+E: results in the LPS+E group. "*P<0.01 vs. SHAM; #P<0.01 vs. LPS; n=8.

min in PBS. Before each step, the sections
were rinsed three times in PBS buffer. The sam-
ples were incubated with anti-TLR4 (1:50;
Abcam, Cambridge, MA) or anti-NF-kB p65
(1:50; Abcam) primary antibodies in a PBS-
based solution of 1% bovine serum albumin for
12 h at 4°C at the recommended dilutions.
After rinsing with PBS, the sections were incu-
bated with the corresponding biotinylated goat
anti-rabbit secondary antibodies for 1 h at
room temperature (1:100; Abcam). A streptavi-
din/horseradish peroxidase complex was then
applied as a detection system for 1 h (1:100;
Abcam). Finally, the staining was developed
with 3,3’diaminobenzidine tetra-hydrochloride
in 0.05 mol/L Tris-HCI buffer and 0.1% H,O,.
Negative control sections were incubated with-
out the primary antibody. All of the data were
analyzed using “Image Pro Plus” software
(Media Cybernetics, Bethesda, MD).

Enzyme-linked immunosorbent assay to evalu-
ate cytokine levels

To detect the cytokine levels, blood samples
were collected from rats in sterilized test tubes
without anticoagulant. Serum was separated
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by centrifugation at 1500 r/min for 10 min. The
samples were divided in small aliquots and
stored at -80°C for future assessment of cyto-
kine levels. Next, the rats were decapitated,
and the dental pulp was rapidly removed and
quickly frozen on dry ice. The samples were
homogenized in PBS buffer via a mechanical
trituration method and centrifuged at 20000 r/
min for 30 min at 4°C. The protein concentra-
tion was determined in the supernatants using
the BCA protein assay according to the manu-
facturer’s instructions (Sigma, Missouri, USA).
The concentrations of IL-1B, IL-18, and TNF-a
were determined using commercially available
ELISA kits according to the manufacturer’s pro-
tocol (Sigma, Missouri, USA). Each cytokine
sample was assessed in duplicate, and the
mean cytokine concentration was calculated.
In the cell assays, the cytokine levels in the cul-
ture medium were measured directly by ELISA
Kits.

Dental pulp cell culture and treatments

Cells were prepared from the dental pulp tis-
sues of healthy patients (aged 18-22 years)

Am J Transl Res 2015;7(1):66-78
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Figure 5. The effects of melatonin on LPS-induced NF-kB activation. A. Representative immunoblots of I-kB, nuclear
NF-kB p65 and NF-kB p50 in HDPCs subjected to different treatments using B-actin or lamin A/C as an internal
standard. B. Quantitative densitometric analysis of I-kB, NF-kB p65 and NF-kB p50 blots. SHAM: results in the
SHAM group; LPS: results in the LPS group; LPS+M: results in the AP+M group; LPS+E: results in the LPS+E group.

**P<0.01 vs. SHAM; #P<0.01 vs. LPS; n=8.

after obtaining informed consent. The crowns
of human molars were dissected, and the pulp
was gently removed using a sterile spoon exca-
vator and a dental probe. Confluent cells were
detached by incubation with 0.25% trypsin and
0.05% EDTA for 5 minutes, and aliquots of sep-
arated cells were subcultured in Minimum
Essential Medium Alpha (Gibco, Grand Island,
NY) supplemented with 10% heat-inactivated
fetal bovine serum (Sigma), 50 U/mL penicillin,
and 50 mg/mL streptomycin (Sigma). Pulp cell
cultures at passage 4 and HDPCs isolated as
for subsequent experiments. The HDPCs were
grouped to receive the following four treat-
ments separately: (1) incubation with saline; (2)
incubation with LPS (2.0 yg/mL); (3) incubation
with LPS (2.0 yg/mL) in the presence of melato-
nin (1.0 mM, dissolved in 0.25% ethanol:
saline); and (4) incubation with LPS (2.0 pg/mL)
in the presence of 0.25% ethanol solution in
saline.

Quantitative real-time PCR to evaluate the
TLR4 signaling

Quantitative real-time PCR (gRT-PCR) analyses
of mMRNA expression were performed using RNA
isolated from the pulp tissue of rats and from
HDPCs. The RNA was purified by TRIzol reagent
according to the manufacturer’s instructions
(Takara, Kyoto, Japan). RNA was transcribed to
cDNA using the PrimeScript RT reagent Kit
(Takara). Next, gRT-PCR was performed using
the CFX96TM real-time system (Bio-Rad,
Hercules, CA), and the relative gene expression
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was normalized to the internal control B-actin.
Analysis of the melting curves for each amplified
PCR product and visualization of the PCR ampli-
cons in 1.5% agarose gels permitted control of
the specificity of the amplification. Primer
sequences for SYBR Green probes of target
genes are listed in Table 1.

Western blot analysis of the TLR4 signaling

After pretreatment, the cells were washed with
ice-cold PBS/phosphatase inhibitors, and the
cell pellet was resuspended in hypotonic buffer
and maintained on ice for 15 min. The pellet
was then collected with a cell scraper and har-
vested by centrifugation. For nuclear protein
extraction, the suspension was mixed with
detergent and centrifuged for 30 s at 14,000 g.
The nuclear pellet was resuspended in com-
plete lysis buffer in the presence of protease
inhibitor cocktail. For the total protein extrac-
tion, the cell suspension from different groups
was directly lysed by incubation for 30 min with
lysis buffer and protease inhibitors on ice
(Sigma). Both the nuclear protein lysates and
total protein lysates were centrifuged at 12,000
r/min for 10 min to remove insoluble material.
The protein concentration was determined
using a bicinchoninic acid kit (Sigma). The same
amount of protein (80 ug) was used for western
blot analysis. The samples were resolved in
10% SDS-PAGE gels and transferred to polyvi-
nylidene fluoride membranes. The immunob-
lots were probed with anti-TLR4, anti-I-kB, anti-
NF-kB (p65), anti-NF-kB (p50) antibodies

Am J Transl Res 2015;7(1):66-78
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Figure 6. Effects of melatonin on the expression of TLR4 in HDPCs. A and B. The expression of TLR4 mRNA was
measured by real-time PCR at 1 h or 6 h after LPS treatment. C and D. The expression of TLR4 protein was mea-
sured by western blot analysis at 1 h or 6 h after LPS treatment. SHAM: results in the SHAM group; LPS: results in
the LPS group; LPS+M: results in the AP+M group; LPS+E: results in the LPS+E group. "*P<0.01 vs. SHAM; ##P<0.01

vs. LPS; n=8.

(1:200, 1:200, 1:100, respectively; Abcam)
overnight at 4°C followed by incubation with
goat anti-rabbit IgG (1:200; Invitrogen) at room
temperature for 1 h. The blots were visualized
using ECL-Plus reagent (Millipore, Billerica, MA).
For nuclear protein, lamin A/C was used as a
loading control. For total protein, B-actin was
used as a loading control.

Statistical analysis

Data were expressed as the mean + SEM.
Statistical analyses were performed using
Student’s t-test, one-way ANOVA or two-way
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repeated-measures ANOVA followed by Bon-
ferroni’s multiple comparison test where appro-
priate. A value of P<0.05 was considered
significant.

Results

Melatonin supplementation modulates the
serum level of pro-inflammatory cytokines and
tissue necrosis in AP subjected to dental pulp
injury

The histological features suggested that dental
pulp injury caused a severe 5-day period of

Am J Transl Res 2015;7(1):66-78



Melatonin attenuates inflammation of acute pulpitis

pulp inflammation in the AP group (Figure 1).
Pulp exposed to inflammation displayed a strik-
ing increase of inflammatory cells and broad
hemorrhagic necrosis, especiallyat 1 d and 3 d
(Figure 1A). And 5 d later, almost all of the tis-
sue was necrotic tissue and few cells could be
found. The pulp inflammation led to a change in
the expression of serum cytokines. The serum
ELISA results indicated that the levels of inflam-
matory cytokines IL-1(3, IL-18 and TNF-o were
much higher in the AP group than in the SHAM
group, and the content of these inflammatory
cytokines were found reaching the peak at 1 d
post AP establishment (Figure 1B). In contrast,
the serum levels of melatonin were lower in the
AP group than in the SHAM group, with the low-
est levels detected at 1 d post AP establish-
ment (Figure 1C). When the rats were treated
by an abdominal injection of melatonin in the
AP+M group, the high levels of inflammatory
cytokines (IL-1B, IL-18 and TNF-a) were signifi-
cantly decreased (mean + SEM of 22.5430 +
1.1343, 20.4140 + 1.0432 and 21.4321 +
2.3410, respectively) compared to the AP group
(Figure 1D). Furthermore, the histological dam-
age was ameliorated by melatonin. The per-
centage of necrosis at 5 d in the AP+M group
decreased to 74.800% = 2.869% compared
with the AP or AP+E group (Figure 1E).

Melatonin inhibits activation of TLR4/NF-«kB
signaling in the AP

The expression of TLR4 and NF-kB in the pulp
occurred simultaneously with the pulp inflam-
mation. The g-RT PCR results demonstrated
that the expression of TLR4 and NF-kB were
remarkably up-regulated in the pulp during AP,
especially at 1 d after AP establishment (Figure
2A). Administration of melatonin prevented the
up-regulation of TLR4 and NF-kB in AP. However,
the gene expression levels of TLR4 and NF-kB
were significantly lower in the AP+M group than
in the AP group or the AP+E group at 1 d post
AP establishment (Figure 2B). Immunohis-
tochemistry analysis provided similar results
(Figure 2C). There was no TLR4 expression in
the central zone of the pulp; however, positive
expression was detected in and around blood
vessels in the SHAM group. In addition, NF-kB
expression was diffuse and low in fibroblasts
and odontoblasts. However, DAB staining
revealed that TLR4 and NF-«kB were markedly
up-regulated in the pulp of AP group compared
with the SHAM group. After melatonin treat-
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ment, expression levels of TLR4 and NF-kB
were significantly reduced in the pulp of the
AP+M group compared with the AP group.

Melatonin decreases the release of pro-inflam-
matory cytokines in AP

The levels of pro-inflammatory cytokines down-
stream of TLR4/NF-kB, IL-1B and TNF-a were
also determined in the pulp. The expression lev-
els of IL-1 and TNF-a were up-regulated in the
AP group compared with the baseline expres-
sion in the SHAM group, with cytokines hitting
the peaked at 1 d post AP establishment
(Figure 3A). When AP rats were treated with
melatonin at 1 d of the AP+M group, the levels
of TNF-a and IL-13 were significantly decreased
compared to the AP or AP+E group (Figure 3B).

Melatonin decreases the release of pro-inflam-
matory cytokines in LPS-stimulated HDPCs

To validate the effects of melatonin on TLR4
signaling, we analyzed the effects of melatonin
on LPS-induced pro-inflammatory cytokines in
HDPCs. The gene expression of pro-inflam-
matory cytokines, such as IL-13 and TNF-g,
were significantly increased at 1 h post LPS-
treatment in the LPS group in response to LPS.
The expression of these cytokines remained
elevated at 6 h post LPS-treatment (Figure 4A).
Pretreatment with melatonin significantly atten-
uated LPS-evoked upregulation of pro-infla-
mmatory cytokine gene expression in the
LPS+M group compared with the LPS or the
LPS+E group. The results obtained by ELISA
provided similar results (Figure 4B). Melatonin
significantly relieved the up-regulation of IL-13
and TNF-a at 6 h post LPS-stimulation, while
ethanol did not.

Melatonin ameliorates LPS-induced NF-kB
activation in the HDPCs

The effects of melatonin on LPS-induced NF-«kB
activation are presented in Figure 5. As expect-
ed, the level of I-kB was significantly decreased
in LPS-stimulated HDPCs at 1 h post stimula-
tion, whereas the levels of nuclear NF-kB p65
and p50 were dramatically increased in LPS-
stimulated HDPCs (Figure 5). Melatonin signifi-
cantly attenuated LPS-induced I-kB degrada-
tion and inhibited LPS-induced nuclear
translocation of NF-kB p65 and p50 in HDPCs
(Figure 5).
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Melatonin attenuates the expression of TLR4
in LPS-stimulated HDPCs

Finally, the effects of melatonin on the expres-
sion of TLR4 were analyzed in LPS-stimulated
HDPCs. As shown in Figure 6, LPS significantly
upregulated the gene and protein expression
levels of TLR4 at 1 h or more at 6 h post pre-
treatment in the LPS group. This result is con-
sistent with previous research showing that
melatonin significantly attenuated LPS-induced
elevation of TLR4 in HDPCs.

Discussion

Pulp exposure and injury serves as a stable
experimental model for observing the progress
of the natural outcome of pulp inflammation,
namely AP [24]. The results of HE staining
revealed that the pulp, without the protection of
enamel, was vulnerable to repetitive trauma
and bacterial invasion, which led to necrosis of
the pulp. As shown in the experiment, five-day
period of pulpitis in rats resulted in infiltration
of inflammatory cells at the interface between
the necrosis and normal pulp tissue. Addi-
tionally, AP induced the up-regulation of the
inflammatory cytokines IL-1j3, IL-18 and TNF-«
in the serum, with a peak level of cytokines
observed at 1 d post-surgery. These observa-
tions are in accordance with the clinical fea-
tures of AP and indicate that the most serious
inflammation in AP in the rats occurred at 1 d
post-surgery.

Meanwhile, as the rats suffered from serious
AP-associated inflammation, TLR4 expression
was found to peak in the pulp ipsilateral to the
injury. TLR4 is a transmembrane protein that
contains repeated leucine-rich motifs in its
extracellular portions and a cytoplasmic do-
main that is homologous to the signaling
domain of IL-1 receptors [25]. Previous research
has demonstrated the extensive expression of
TLR4 in the pulp and periodontium, as well as
its involvement in many oral pathological pro-
cesses [5, 26]. Activation of TLR4 by LPS treat-
ment of dental pulp fibroblasts activates mito-
gen-activated protein kinase (MAPK) and
up-regulates the expression of cytokines, che-
mokines, adhesion molecules, prostaglandin
E(2) and its key enzyme COX-2 [27-29]. TLR4
also induces the phosphorylation of IkB-«, FAK,
AKT, and ERK signaling in odontoblasts to pro-
mote adhesion and migration [30]. These
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research findings all suggest that the effects of
TLR4 is crucial in the process of pulpitis, while
in our study, direct evidence is proffered to
show that AP induced by dental pulp exposure
and injury can lead to a significant up-regula-
tion of TLR4 expression in the pulp that is
derived from local pulp cells. Moreover, the
intensified expression of TLR4 leads to the acti-
vation of NF-kB, which is a typical downstream
target of TLR4.

The activation of NF-kB resulting in pro-
inflammatory cytokine release is well verified
[31, 32]. Pro-inflammatory cytokines, such as
IL-1B and TNF-«, play important roles in many
types of inflammation. IL-1B is a potent pro-
inflammatory cytokine that promotes a variety
of innate immune processes that are associat-
ed with infection, inflammation, and autoimmu-
nity [33, 34]. Itis essential for the host response
and resistance to pathogens, and it also exac-
erbates damage during chronic disease and
acute tissue injury [35, 36]. TNF-a is a proto-
type member of the TNF family of ligands that is
generated and expressed by immune cells [37].
It mediates numerous inflammatory and immu-
noregulatory activities that include the follow-
ing underlying mechanisms. (1) TNF-a induces
cell damage and apoptosis caused by the
release of oxygen free radicals, proteolytic
enzymes, and cytotoxic substances. (2) TNF-a
induces the release of other inflammatory
mediators and further causes vascular endo-
thelial cell damage, thus increasing vascular
permeability and edema. (3) TNF-a induces
activation of inflammatory cells and further
increases the inflammatory response. (4) TNF-a
increases the expression of cell adhesion fac-
tor, promoting neutrophil adhesion to endothe-
lial cells and thus amplifying inflammation. (5)
TNF-a promotes neutrophil adhesion to the
vascular endothelium and small blood vessels
occlusion resulting in a no-reflow phenomenon.
Therefore, increased levels of the cytokines
IL-1B, IL-18 and TNF-« validated the presence
of inflammation in the pulp. These cytokines
may be the effector molecules of TLR4/NF-kB
signaling activation that results in necrosis of
the pulp.

In contrast to the up-regulated expression of
TLR4/NF-kB signaling in the pulp and the
increased levels of cytokines in the serum, AP
also induces a significant reduction of melato-
nin at 1 d post AP establishment compared
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with the baseline. Compared with the five day
period of the inflammation in the pulp, the dura-
tion of melatonin reduction was relatively short.
The trough of this decline was accompanied by
the most serious inflammation observed in AP,
which suggests that the decline of melatonin
may be an indicator of the early stage of inflam-
mation in acute pulpitis. An abdominal injection
of melatonin could ameliorate the up-regula-
tion of serum cytokines at 1 d post AP estab-
lishment and the necrosis percentage at 5 d
post AP establishment, which suggested that
melatonin could modulate acute dental pulp
inflammation. Furthermore, melatonin could
decrease the expression of TLR4 and NF-kB at
1 d post AP establishment. The ELISA results
also demonstrated that downstream of TLR4/
NF-kB, the pro-inflammatory cytokines IL-13
and TNF-a were down-regulated after pretreat-
ment with melatonin at 1 d post AP establish-
ment. These results suggested that low serum
levels of melatonin at 1 d of AP might be impor-
tant for the development of AP, and supplemen-
tation with melatonin could inhibit the inflam-
mation and reduce the tissue necrosis by
modulating TLR4/NF-kB signaling.

Our in vitro results showed that melatonin also
modulated TLR4/NF-kB signaling in HDPCs.
Human dental pulp cells (hDPCs) are composed
of ectodermal and mesenchymal components
and can specifically generate reparative dentin
in response to external stimuli [38]. HDPCs and
fibroblasts have a common fibroblast pheno-
type, and it has been reported that fibroblasts
express TLR4 [29]. The pretreatment of HDPCs
with the TLR4 agonist LPS significantly activat-
ed TLR4/NF-kB signaling and up-regulated the
expression of cytokines, and these change
could be inhibited by melatonin. These results
confirm that melatonin can act directly on pulp
cells and may have therapeutic effects in tooth
diseases.

In conclusion, dental pulp exposure and injury
is a suitable model to induce inflammation and
necrosis in dental pulp for the study of AP. This
procedure leads to the release of cytokines
IL-1B, IL-18 and TNF-a and to the down-regula-
tion of melatonin in the serum. TLR4/NF-kB sig-
naling is activated in the pulp to induce pro-
inflammatory cytokine expression. An abdo-
minal injection of melatonin can significantly
inhibit this activation and has a protective
effect in AP, which indicates that melatonin
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may be a promising therapeutic strategy for
oral disease.
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