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Effects of Sequential Exposure to Lipopolysaccharide
and Heat Stress on Dental Pulp Cells
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Abstract In the present study, we examined the effects of sequential exposure to bacterial lipopolysaccharide (LPS)
and heat stress on dental pulp cells. LPS induced the proliferation of pulp cells through the activation of p38MAPK.HSP27
was expressed in cellswithorwithout LPSduring the entire periodof heat stress,while transiently phosphorylatedby short-
term heat stress. In LPS-treated cells, short-term heat stress also induced the phosphorylation of HSF1. The immediate
phosphorylation ofHSF1 andHSP27 in LPS-treated cells by short-term heat stress occurred dependent on the activation of
p38MAPK. However, with long-term heat stress, the activation of HSF1 and induction of HSP27 occurred independent of
p38MAPK. Further, full activation of Akt in LPS-treated cellswas immediately induced by short-termheat stress and lasted
during the entire period of heat stress. IkBawas induced and phosphorylated throughout sequential exposure to LPS and
heat stress. These results suggest that LPShas theunique effects on the cytoprotection and the cell death of pulp cells during
heat stress through the modification and the activation of heat stress responsive molecules, HSF1 and HSP27, and cell
survival molecules, Akt and NF-kB/IkBa. J. Cell. Biochem. 99: 797–806, 2006. � 2006 Wiley-Liss, Inc.
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In both physiological and pathological condi-
tions, cells are exposed to several types of stress,
including that associated with heat. Heat stress
results in a rapid production of heat shock
proteins (HSPs), and the expression and phos-
phorylation of HSPs contribute to the repair of
damaged proteins and cell survival. HSP27 is
known tobeananti-apoptoticmolecule [Garrido
et al., 1999], andmainly regulated byheat shock
transcription factors (HSFs), especially HSF1
[Frohli et al., 1993], and also by post-transla-

tional modification such as phosphorylation.
Phosphorylated HSP27 interacts with proapop-
totic molecules to prevent apoptosis, though it
is not well known how the phosphorylation of
HSP27 influences such cellular responses in
thermoresistance [Landry et al., 1992; Knauf
et al., 1994; Lavoie et al., 1995]. It has also been
indicated that HSP27 forms a signaling module
with p38 mitogen-activated protein kinase
(MAPK), MAPK-activated protein kinase-2
(MAPKAPK-2), and Akt (protein kinase B)
[Rane et al., 2003].

Lipopolysaccharide (LPS) is a component of
the outer membrane of gram-negative bacteria
that activates a number of cellular responses
[Ulevitch and Tobias, 1995; Itoh et al., 2003].
LPS interacts with the LPS-sensing cluster
consisting of the core molecular complex
(CD14, Toll-like receptor 4, and MD2) and
other receptor molecules such as CD11/CD18
[Triantafilou and Triantafilou, 2005], and the
activation of LPS-sensing clusters results in the
activation of a variety of signaling pathways,
including MyD88-dependent [Muzio et al.,
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1997; Medzhitov et al., 1998], TIR domain
adaptor inducing interferon-b (TRIF)-depen-
dent [Hoebe et al., 2003; Yamamoto et al.,
2003], MAPKs [Nick et al., 1996; Hull et al.,
2002], and phosphoinositide 3 kinase (PI3-
kinase)-Akt [Li et al., 2003; Vivarelli et al.,
2004] pathways.

Dental pulp cells are exposed by the bacteria
following caries infection of teeth, and insults by
bacterial LPS occur directly or indirectly
through dentinal tubules [Nakane et al., 1995;
Matsushita et al., 1999]. Pathological changes
of dental pulp caused by LPS give rise to painful
tooth symptoms, and can adversely affect the
response of pulp cells to restorative procedures.
In the process of restoration on carious infected
teeth, heat stress is produced during cavity
preparation, and is believed to be one of major
causes of damage to dental pulp cells [Mjör,
2002]. Our previous studies found that apopto-
sis is induced in dental pulp cells during wound
healing and regeneration, and that HSPs,
c-Jun, and c-Jun N-terminal kinase may play
roles during pulp apoptosis and regeneration
[Kitamura et al., 2001, 2003]. Further, we also
demonstrated that pulp cells show the reduc-
tion of viability with apoptosis induction by
long-term heat stress and the recovery of the
viability after the removal of heat stress
[Kitamura et al., 2005]. However in the clinical
and physiological contexts, pulp cells are gen-
erally pre-exposed to bacterial LPS before the
exposure to heat stress produced by cavity
preparation, and little is known about the
responses of pulp cells during sequential expo-
sure to LPS and heat stress.

It is generally known that the phenotypic
responses of cells to heat stress is critically
linked to the state of the cells. Several studies
have reported that exposure to LPS, followed by
heat stress, accelerated cell death by apoptosis,
whereas heat stress followed by exposure to
LPS, induced cytoprotection in cells [Buchman
et al., 1993; Xu et al., 1996]. The paradoxical
ability of heat stress to induce the cytoprotec-
tion and the cytotoxicity is called the heat shock
paradox, which is closely related with cytopro-
tective and cytotoxic functions of NF-kB/IkBa
(called the NFkB paradox) [DeMeester et al.,
2001]. However, the molecular mechanisms
in the heat shock paradox during the cell
responses against the combination of heat
stress and other stresses such as LPS are poorly
understood.

In the present study, we examined the effects
of sequential exposure toLPSandheat stress on
pulp cells, as well as the roles of HSF1, HSP27,
p38 MAPK, Akt, and NF-kB/IkBa with the
thermoresistance and the survival of pulp cells.

MATERIALS AND METHODS

Cell Cultures

Rat clonal dental pulp cells (RPC-C2A)
[Kasugai et al., 1988] were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen Corp., Carlsbad, CA) containing
10% heat-inactivated fetal calf serum (FCS),
100 mg/ml of streptomycin, and 100 U/ml of
penicillin, and then incubated in a humidified
atmosphere of 5% CO2 at 378C. First, the cells
were subcultured for 24 h in DMEM containing
5% heat-inactivated FCS, 100 mg/ml of strepto-
mycin, and 100 U/ml of penicillin, then treated
with LPS from Actinobacillus actinomycetem-
comitans Y4 dissolved in DMEM containing 1%
heat-inactivated FCS, 100 mg/ml of streptomy-
cin, and 100 U/ml of penicillin for 48 h, after
which they were sequentially exposed to heat
stress at 438C for 5 and 10min (short-term), and
45 min (long-term).

Cell Proliferation Assay

The proliferation of RPC-C2A cells after the
exposure to LPS and heat stress was examin-
ed by determining 5-bromo-20-deoxyuridine
(BrdU) incorporation during DNA synthesis
using Cell Proliferation Biotrak ELISA System,
version 2 (AmershamBiosciences Corp., Piscat-
away, NJ) according to the manufacturer’s
instructions. RPC-C2A cells (3� 103/well) were
cultured in 96-well dishes in a humidified
atmosphere of 5% CO2 at 378C for 24 h, then
treatedwith several concentrations of LPS (0, 1,
10, and 50 mg/ml) for 48 h, after which BrdU
(10 mM/well) was added to each well. RPC-C2A
cells (3� 103/well) were also cultured in 96-well
dishes in a humidified atmosphere of 5% CO2 at
378C for 24 h, followed by treatment with LPS
(50 mg/ml) for 48 h, and then sequentially
exposed to heat stress at 438C for 5, 10, and
45min. At each heat stress time point, BrdU
(10 mM/well) was added to each well. After the
incorporation of BrdU by incubation of RPC-
C2A cells in a humidified atmosphere of 5%CO2

at 378C for 4 h, the cells were fixedwith ethanol,
and blocked with blocking buffer, then incu-
bated with the peroxidase-labeled anti-BrdU
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antibody for 90 min at room temperature.
After washing with 1� phosphate buffered
saline (PBS), 3,30,5,50-tetramethylbenzidine
was added to each well as a substrate. The
reactionwas stoppedwith1Msulfuric acid after
5 min, and BrdU incorporation during DNA
synthesis was analyzed. All experiments were
performed in triplicate.

Cell Viability Assay

Inhibition of cell viability after the exposure
to LPS and long-term heat stress (45 min) was
measuredby the 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay.
RPC-C2A cells (1� 104/well) were cultured in
96-well dishes in ahumidified atmosphere of 5%
CO2 at 378C for 24 h, treated with LPS (0 and
50 mg/ml) for 48 h, and then exposed to heat
stress at 438C for 45 min. In each time point
following long-term heat stress, MTT (Sigma-
Aldrich Co., St. Louis,MO) (20 mg/well) added to
each well, and the dishes were incubated at
378C for 4 h. After acid-isopropanol (100 ml/well)
was added and mixed thoroughly, the cell
viability in each time point was analyzed. The
viability of RPC-C2A cells exposed to long-term
heat stress followed by LPS-treatment was also
analyzed by MTT assay. All experiments were
performed in triplicate.

Western Blot Analysis

Following exposure to LPS and heat stress,
RPC-C2A cells were lysed in buffer containing
3% sodium dodecyl sulfate (SDS) in 50mMTris/
HCl, pH 6.8. Western blot analysis was per-
formed using whole-cell lysates. Proteins from
each lysate were separated by SDS-polyacryla-
mide gel electrophoresis, and blotted onto an
Immobilon-P Transfer membrane (Millipore
Corp., Bedford, MA). Blotted membranes were
blocked in PBS containing 5% nonfat milk
powder and incubated with the following pri-
mary antibodies: rabbit anti-HSF1, goat anti-
HSP27, goat anti-HSP27 phosphorylated at
serine 82 (Ser-82), goat anti-Akt1, rabbit anti-
Akt phosphorylated at threonine 308 (Thr-308),
rabbit anti-IkBa (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), and rabbit anti-Akt
phosphorylated at serine 473 (Ser-473), rabbit
anti-IkBa phosphorylated at serine 32 (Ser-32)
(Cell Signaling Technology, Inc., Beverly,
MA). Subsequently, the membranes were incu-
bated with the following secondary antibodies:
donkey anti-goat IgG, horseradish peroxidase-

conjugated secondary antibody (Chemicon
International, Temecula, CA), and donkey
anti-rabbit IgG, peroxidase-linked secondary
antibody (AmershamBiosciencesCorp.). Immu-
noreactive bands were then visualized with
ECL or ECL plus Western blotting detection
system (Amersham Biosciences Corp.) accord-
ing to the manufacturer’s instructions. After
exposure to film, the membranes were stained
with Coomassie Brilliant Blue G-250 to confirm
equal loading of proteins.

p38 MAPK Inhibition Assay

A p38 MAPK inhibitor, SB203580 (Calbio-
chem-Novabiochem Corp., San Diego, CA), was
dissolved in dimethyl sulfoxide at a maximum
concentration of 0.1%, which did not have an
effect on the RPC-C2A cells in the present
experiments (data not shown). RPC-C2A cells
cultured in 96-well dishes were treated with
LPS (50 mg/ml in each well) for 48 h in the
presence of SB203580 (0, 5, 10, 20, and 30 mM/
well), after which cell proliferation was ana-
lyzed for measurement of BrdU incorporation
by the cells. The expression and phosphoryla-
tion of HSF1 and HSP27 in RPC-C2A cells
exposed to LPS and heat stress, with or without
the p38 inhibitor, were also analyzed by Wes-
tern blotting.

Statistical Analysis

Statistical differenceswere determined using
Student’s t-test. All data are expressed as the
mean�SD.

RESULTS

Proliferation of Pulp Cells After the Exposure
to LPS and Long-Term Heat Stress

To determine whether LPS influences the
proliferation of pulp cells, RPC-C2A cells were
exposed to several concentrations (0, 1, 10, and
50 mg/ml) of LPS for 48 h. The incorporation of
BrdU into the cells was increased by LPS in a
dose-dependentmanner (Fig. 1A). The effects of
long-termheat stress (45min) on the survival of
LPS-treated cells were shown in Figure 1B.
When we compared the viability between cells
before exposure to LPS and cells treated with or
without LPS, the viability of cells without LPS
decreased, whereas the viability of LPS-treated
cells maintained but not increase. After expo-
sure to heat stress, the viability of cells decreas-
ed at 12 h after long-termheat stress, thereafter
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the cell viability increased at 24 and 48 h, both
in cells with or without pre-exposure to LPS.
The viability of RPC-C2A cells exposed to long-
termheat stress followed byLPS treatmentwas
also analyzed.The changeof the viability of cells
exposed to heat stress followed by LPS treat-
ment was almost same with that of cells pre-
exposed to LPS followed by heat stress. After
pre-exposure to heat stress, the viability of cells

with or without LPS decreased at 12 h, there-
after the cell viability increased (data not
shown).

Proliferation of LPS-Treated Pulp
Cells During Heat Stress

The effects of short-term heat stress (5 and
10 min) on RPC-C2A cells were examined
(Fig. 2A). The incorporation of BrdU into the

Fig. 1. A: Incorporation of BrdU into RPC-C2A cells after
exposure to LPS (0, 1, 10, 50 mg/ml). Data are expressed as the
mean� SD of triplicate cultures. The experiment was performed
three times, with similar results obtained in each experiment.
Statistical differences were determined between 0 mg/ml of LPS
and other concentrations of LPS. *, P<0.01 (Student’s t-test).
B: The viability of LPS-treatedRPC-C2A cells after long-termheat
stress. Data are expressed as themean� SDof triplicate cultures.

Each experiment was performed three times, with similar results
obtained in each experiment. Statistical differences were
determined between cells without heat stress (LPS-T/NonH)
and cells with heat stress in each LPS-treatment set (0 and 50 mg/
ml of LPS). *, P<0.01 (Student’s t-test). NonT, non-treated; LPS-
T, LPS-treated; NonH, non-heated; PostH, post heat stress time
point.

Fig. 2. A: BrdU incorporation into LPS-treated RPC-C2A cells
during heat stress for short-term (5, 10 min) and long-term (45
min). Data are expressed as the mean� SD of triplicate cultures.
Each experiment was performed three times, with similar results
obtained in each experiment. Statistical differences were
determined between cells without heat stress (LPS-T/NonH)
and cells with heat stress in each LPS-treatment set (0 and 50 mg/

ml of LPS). *, P<0.01 (Student’s t-test). NonT, non-treated; LPS-
T, LPS-treated; NonH, non-heated; PostH, post heat stress time
point. B: Western blot analysis of HSF1, HSP27, and phosphory-
latedHSP27 at Ser-82 extracted fromRPC-C2Acells sequentially
exposed to LPSandheat stress. Themembraneswere stainedwith
Coomassie Brilliant Blue G-250, and we confirmed equal
loading of proteins (data not shown).
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cells was increased by LPS, whichwas shown in
Figure 1A.During short-termheat stress, BrdU
incorporation was maintained and slightly
increased, whereas it was significantly decreas-
ed by long-term heat stress, in cells with or
without pre-exposure to LPS.

Expression and Phosphorylation of HSF1
and HSP27 in LPS-Treated Pulp Cells

During Heat Stress

Next, we investigated the expression and
phosphorylation of HSF1 and HSP27 to deter-
mine whether LPS has an effect on those
molecules in RPC-C2A cells (Fig. 2B). Unpho-
sphorylated HSF1, which was seen as a single
band, was expressed in the cells with or without
LPS before heat stress. Following the exposure
of LPS-treated cells to heat stress, the phos-
phorylation of HSF1, detected as a slower
migrating band, was immediately induced and
lasted throughout the entire heat stress expo-
sure period. However, in cells not exposed to
LPS, HSF1 was phosphorylated only by long-
term heat stress, not by short-term heat stress.
HSP27 was expressed in RPC-C2A cells with

or without LPS before heat stress, which was
independent of the phosphorylation of HSF1.
Throughout the entire period of heat stress,
HSP27 was stably expressed in the cells with or
without pre-exposure to LPS. The phosphoryla-
tion of HSP27 at Ser-82 was slightly induced

without heat stress, while strongly induced
after 5 min of exposure to heat stress in both
LPS-treated cells and cells without LPS.
Thereafter, the level of phosphorylation was
gradually decreased at 10 min, and markedly
suppressed after 45 min of heat stress.

Effects of p38 MAPK Inhibitor on Proliferation of
LPS-Treated Pulp Cells, and Expression and

Phosphorylation of HSF1 and HSP27

We also examined the association of p38
MAPK with the proliferation of RPC-C2A cells
induced by LPS (Fig. 3A). When the p38 MAPK
inhibitor, SB203580,was added to the cells with
LPS, cell proliferation was suppressed in a
dose-dependent manner. Lower concentrations
(5 and 10 mM) of SB203580 did not have an effect
on the level of incorporated BrdU in the cells,
however, when higher concentrations (20 and
30 mM) of SB203580 were added to the cells
with LPS, BrdU incorporation was significantly
suppressed.

The roles of p38 MAPK with the expression
and phosphorylation of HSF1 and HSP27 in
LPS-treated cells during heat stress were also
examined (Fig. 3B). SB203580 did not have an
effect on the expression of unphosphorylated
HSF1 in LPS-treated cells before heat stress.
The short-term heat stress induced phosphor-
ylation of HSF1 in LPS-treated cells was
completely suppressed by the addition of the

Fig. 3. Effects of p38MAPK inhibitor on responses of pulp cells
exposed to LPS andheat stress.A: Different concentrations (5, 10,
20, 30 mM) of SB203580 (SB) were added to RPC-C2A cells with
LPS, and the incorporation of BrdU into cellswasmeasured.Data
are expressed as the mean� SD of triplicate cultures. The
experiment was performed three times, with similar results
obtained in each experiment. Statistical differences were

determined between 50 mg/ml of LPS without SB and 50 mg/ml
of LPS with SB. *, P< 0.01 (Student’s t-test). B. Western blot
analyses of HSF1, HSP27, and phosphorylated HSP27 at Ser-82
extracted from RPC-C2A cells sequentially exposed to LPS and
heat stress in the absence and presence of SB203580. The
membranes were stained with Coomassie Brilliant Blue G-250,
and we confirmed equal loading of proteins (data not shown).

Effects of LPS and Heat Stress on Pulp Cells 801



p38MAPK inhibitor, however, HSF1 was phos-
phorylated by long-term heat stress in the
presence of SB203580. Expression of HSP27 in
the cells exposed to LPS and short-term heat
stress was also suppressed by the addition of
SB203580, whereas the expression level of
HSP27 was increased with long-term heat
stress in the presence of the inhibitor. In
addition, the phosphorylation of HSP27 at Ser-
82 in LPS-treated cells during heat stress was
markedly suppressed by SB203580.

Expression and Phosphorylation of
Akt and IkBa in Pulp Cells Exposed to

LPS Following Heat Stress

Figure 4 shows the expression and phosphor-
ylation of Akt and IkBa in RPC-C2A cells after
sequential exposure to LPS and heat stress.

Akt1 was slightly expressed in the cells with
or without LPS before heat stress, and expres-
sion gradually increased during heat stress.
The phosphorylation of Akt at Thr-308 was
induced by LPS and observed throughout the
entire period of heat stress. In the cells without
pre-exposure toLPS, thephosphorylation ofAkt
at Thr-308 was detected faintly under both non-
heat and short-term heat stress conditions,
while intensely detected after long-term heat
stress. In contrast, phosphorylation at Ser-473

wasnotdetected in the cellswithorwithoutLPS
before heat stress. In LPS-treated cells, Ser-473
was immediately phosphorylated by short-term
heat stress (5min),which continued throughout
the entire period of heat stress. On the other
hand, without pre-exposure to LPS, the phos-
phorylation of Akt at Ser-473 was not detected
before heat stress, and then faintly detected
following short-term heat stress. With long-
term heat stress, Ser-473 was strongly phos-
phorylated in cells without pre-exposure to
LPS.

IkBa was expressed in the cells with or
without LPS before heat stress, and the intense
signal of IkBa was observed in LPS-treated
cells. In LPS-treated cells, IkBa slightly de-
creased by short-term heat stress, while mark-
edly increased by long-term heat stress. In the
cells without pre-exposure to LPS, IkBa was
faintly detected during short-term heat stress
and induced by long-term heat stress. The
phosphorylation of IkBa at Ser-32was intensely
induced by LPS. In LPS-treated cells, the
phosphorylation of IkBa at Ser-32 was sup-
pressed by short-term heat stress, though the
phosphorylation level was still higher than
those of cells without LPS. By long-term heat
stress, phosphorylated IkBa was markedly
induced. In contrast, the phosphorylation of
IkBa at Ser-32 in the cells without LPS was
faintly detected under non-heat and short-term
heat stress condition. Long-term heat stress
induced the phosphorylation of IkBa at Ser-32
in the cells without the pre-exposure to LPS.

DISCUSSION

Dental pulp cells insulted by bacterial LPS
are exposed to heat stress during the clinical
procedures.We recently reported that pulp cells
showed the reduction and the recovery of the
viability in the post-period after long-term heat
stress, indicating that pulp cells have the
thermotolerance [Kitamura et al., 2005]. In
the present study, we focused on the cytopro-
tective and cytotoxic effects of LPS on pulp cells
during heat stress. We first examined the effect
of LPS on the survival of pulp cells before heat
stress, and found that LPS induces the prolif-
eration of pulp cells. The viability reduction of
cells without LPS may be the effect of low
concentration of FCS. LPS-treated pulp cells
showed the reduction and the recovery of the
viability during the post period after long-term

Fig. 4. Western blot analyses of Akt1, phosphorylated Akt at
Thr-308, phosphorylated Akt at Ser-473, IkBa, and phosphory-
lated IkBa at Ser-32, extracted from RPC-C2A cells sequentially
exposed to LPSandheat stress. Themembraneswere stainedwith
Coomassie Brilliant Blue G-250, and we confirmed equal
loading of proteins (data not shown).
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heat stress. Pulp cells also show the thermo-
tolerance when the cells were pre-exposed to
long-term heat stress followed by LPS treat-
ment. We next examined the effect of LPS on
the thermoresistance of pulp cells during
heat stress, and found that, regardless of pre-
exposure to LPS, the survival of pulp cells
maintained during short-term heat stress, while
reduced by long-term heat stress. However,
when we analyzed expression of heat stress
related molecules (HSF1 and HSP27) and cell
survivalmolecules (AktandNF-kB/IkBa) inpulp
cells by Western blotting, we found the specific
effects of LPS on these molecules.
HSF1 was expressed in pulp cells with or

without LPS before heat stress, while the
immediate activation of HSF1 by heat stress
was found only in LPS-treated pulp cells. These
results suggest that LPS does not phosphor-
ylate HSF1, but may have an ability to modify
HSF1 to be easily phosphorylated by heat
stress, and that immediately activated HSF1
plays cytoprotective role during heat stress.
HSP27 was expressed in pulp cells with or
without LPS, which was independent of the
activation of HSF1. It has been reported that
signal transducer and activator of transcription
(STAT) 1 and 3 can regulate the expression of
HSP27 [Yokota et al., 2003; Song et al., 2004].
Thus, the induction of HSP27 before heat stress
may be regulated by transcriptional factors
such as STAT1/3. HSP27 was expressed during
the entire period of heat stress, while the
phosphorylation of HSP27 at Ser-82 was tran-
siently induced by short-term heat stress. It is
known that the phosphorylation of HSP27
modulates several events such as anti-apoptotic
events and thermoresistance [Lavoie et al.,
1995; Charette et al., 2000], and that the Ser-
82 residue is the major site of in vivo phosphor-
ylation of HSP27 [Landry et al., 1992]. Our
results suggest that phosphorylated HSP27 at
Ser-82 may play a cytoprotective role during
short-term heat stress. Also, HSP27 expressed
by long-term heat stress may play a role in the
survival of pulp cells in the post long-term heat
stress period.
We focused on the regulation mechanism of

HSF1andHSP27during sequential exposure to
LPS and heat stress. It has been suggested that
p38 MAPK can regulate expression and activa-
tion of HSP27 [Rouse et al., 1994; Huot et al.,
1995; Geum et al., 2002]. SB203580, a p38
MAPK inhibitor, suppressed the expression of

HSP27 in LPS-treated pulp cells, suggesting
that HSP27 expression before heat stress may
be regulated through p38 MAPK signaling
pathway. LPS-induced proliferation of pulp
cells also occurred through the activation
of p38 MAPK, suggesting the association of
HSP27 with the proliferation of LPS-treated
pulp cells through p38 MAPK. It is also known
that p38 MAPK is activated by cytotoxic and
severe stress. In the present study, pulp cells
were exposed to LPS in the medium with 1%
FCS tominimize the effects of the serum. In this
severe condition, LPS induced the proliferation
of pulp cells through p38 MAPK activation,
suggesting that p38 MAPK may play as a
cytoprotective factor in the LPS-induced pulp
cell survival. When LPS-treated pulp cells were
exposed to short-term heat stress, the phos-
phorylation of HSF1 and HSP27, as well as the
expression of HSP27, were suppressed by
SB203580, suggesting that the activation of
p38 MAPK is essential for the induction and
activation of HSF1 and HSP27 during short-
term heat stress. In contrast, with long-term
heat stress, the phosphorylation of HSF1 and
expression of HSP27 were induced even in the
presence of the p38 MAPK inhibitor. These
results suggest that HSF1 and HSP27 may
associate with the pulp cell survival through
LPS- and p38 MAPK-independent signaling
pathway after long-term heat stress.

We also examined the roles of cell survival
factors, Akt and NF-kB/IkBa in the thermo-
resistance of pulp cells. It is known that the
phosphorylation of Thr-308 is essential for the
activation of Akt, and the full activation of Akt
requires phosphorylation of Ser-473 [Alessi
et al., 1996]. In LPS-treated pulp cells, the
phosphorylation of Akt at Thr-308 was induced
by LPS and Ser-473 of Akt was immediately
phosphorylated by short-term heat stress, sug-
gesting that LPS modifies Akt by the phosphor-
ylation of Thr-308 to accelerate the immediate
activation of Akt by the phosphorylation of Ser-
473, resulting in pulp cell thermoresistance
against short-term heat stress. Our findings
also indicated that Akt was fully activated at
the same time as the phosphorylation of HSP27
in LPS-treated pulp cells. It has been indicated
that Akt activation is important for the activa-
tion of HSP27 [Rane et al., 2003]. LPS may
promote the activation of HSP27 through
the activation of Akt during short-term heat
stress. In long-term heat stress, expression and
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activation of Aktwere induced independently of
pre-exposure to LPS, suggesting that LPS may
not affect on the pulp cells survival in post-
period after long-term heat stress.

The phosphorylation of IkBa at Ser-32 and
expression of IkBa were induced by LPS and
heat stress. It is known that NF-kB/IkBa plays
cytoprotective and cytotoxic roles in the inter-
action between heat stress and inflammatory
responses, and that the phosphorylation of IkBa
at Ser-32 is essential for the release of the active
NF-kB [Finco et al., 1994: DeMeester et al.,
1997]. Our results suggest that LPS simulta-
neously induces cytoprotective and cytotoxic
roles of NF-kB/IkBa, and the phosphorylation
level of IkBamay regulate the function ofNF-kB
in LPS-treated pulp cells during heat stress.
The transient decrease of IkBa by short-term
heat stress may suggest the inhibitory effect of
heat stress on LPS signaling to NF-kB/IkBa.
Also, phosphorylation and expression of IkBa in
the cells with or without LPS during long-term
heat stress suggest that LPS-independent sig-
naling may play a role in the cell fate decision
after long-term heat stress.

Taken together, our results demonstrate
unique effects of LPS on the thermoresistance
of dental pulp cells through the modification
and the activation of HSF1, HSP27, Akt,
and NF-kB/IkBa (Fig. 5). The cytoprotective
mechanism for the thermoresistance of LPS-
treated pulp cells depends on the term of heat
stress. LPS appears to mainly have effects on
the cytoprotection of pulp cells against short-
term heat stress. In long-term heat stress,
major cytoprotective signaling may be switched

from LPS- to heat stress-dependent pathway.
Also, the pulp cell fate after sequential exposure
to LPS and heat stress may depend on the
balance of the induction and activation ofHSF1,
HSP27, Akt, and NF-kB/IkBa. It has been
reported that Akt and HSP27 contribute to the
phosphorylation and the degradation of IkBa

Fig. 5. Mechanistic scheme about the effects of sequential
exposure to LPS and heat stress. 1. LPS modifies Akt and HSF1,
and activatesNF-kB/IkBa signalingpathways (cytoprotective), as
well as induces IkBa (cytotoxic). LPS also induces pulp cell
proliferation through p38 MAPK. 2. In LPS-treated cells, short-
term heat stress immediately induces the activation of HSF1 and
HSP27 through p38 MAPK, as well as the full activation of Akt
(cytoprotective). Full-activated Akt may associate with the
phosphorylation of HSP27 during short-term heat stress. NF-
kB/IkBa signaling pathway of LPS-treated cells is also activated
by short-term heat stress. 3. Long-term heat stress induces the
activation of HSF1 and expression of HSP27 through p38 MAPK
independent signaling pathway (cytoprotective). NF-kB/IkBa
signaling pathway is intensely activated by long-term heat stress
(cytoprotective), as well as the induction of IkBa (cytotoxic).
Induced HSP27 and active Akt may associate with the
phosphorylation and degradation of IkBa, and the pulp cell fate
may depend on the balance of thesemolecules induced by long-
term heat stress.
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[Das et al., 2003; Parcellier et al., 2003].
Activated Akt increases the activity of IkBa
kinase, resulting in the phosphorylation of
IkBa, and HSP27 maintains NF-kB activity by
promoting the proteasome-dependent degrada-
tion of IkBa. It is also known that heat shock
responsive element is found in the promoter of
IkBa, and induced IkBa by heat stress sup-
presses NF-kB DNA binding activity, resulting
in the cytotoxic effect [Wong et al., 1997].
The interaction of these molecules may modify
the paradoxical ability of NF-kB/IkBa, which
may leads to the heat shock paradox, and result
in the pulp cell fate to survival or cell death
during sequential exposure to LPS and heat
stress.

ACKNOWLEDGMENTS

Supported by Grants-in-Aid for Scientific
Research (15592025) from Japan Society for
the Promotion of Science, Tokyo, Japan

REFERENCES

Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N,
Cohen P, Hemmings BA. 1996. Mechanism of activation
of protein kinase B by insulin and IGF-1. EMBO J 15:
6541–6551.

Buchman TG, Abello PA, Smith EH, Bulkley GB. 1993.
Induction of heat shock response leads to apoptosis in
endothelial cells previously exposed to endotoxin. Am J
Physiol 265:H165–H170.

Charette SJ, Lavoie JN, Lambert H, Landry J. 2000.
Inhibition of Daxx-mediated apoptosis by heat shock
protein 27. Mol Cell Biol 20:7602–7612.

Das R, Mahabeleshwar GH, Kundu GC. 2003. Osteopontin
stimulates cell motility and nuclear factor kappaB-
mediated secretion of urokinase type plasminogen acti-
vator through phosphatidylinositol 3-kinase/Akt signal-
ing pathways in breast cancer cells. J Biol Chem 278:
28593–28606.

DeMeester SL, Buchman TG, Qiu Y, Jacob AK, Dunningan
K, Hotchkiss RS, Karl I, Cobb JP. 1997. Heat shock
induces IkB–a and prevents stress-induced endothelial
cell apoptosis. Arch Surg 132:1283–1287.

DeMeester SL, Buchman TG, Cobb JP. 2001. The heat
shock paradox: DoesNF-kB determine cell fate? FASEB J
15:270–274.

Finco TS, Beg AA, Baldwin AS, Jr. 1994. Inducible phos-
phorylation of I kappa B alpha is not sufficient for its
dissociation from NF-kappa B and is inhibited by
protease inhibitors. Proc Natl Acad Sci USA 91:11884–
11888.

Frohli E, Aoyama A, Klemenz R. 1993. Cloning of the
mouse hsp25 gene and an extremely conserved hsp25
pseudogene. Gene (Amst.) 128:273–277.

Garrido C, Bruey J-M, Fromentin A, Hammann A, Arrigo
AP, Solary E. 1999. HSP27 inhibits cytochrome c-

dependent activation of procaspase-9. FASEB J 13:
2061–2070.

Geum D, Son GH, Kim K. 2002. Phosphorylation-
dependent cellular localization and thermoprotective
role of heat shock protein 25 in hippocampal progenitor
cells. J Biol Chem 277:19913–19921.

Hoebe K, Du X, Georgel P, Jansen E, Tabeta K, Kim SO,
Goode J, Lin P, Mann N, Mudd S, Crozat K, Sovath S,
Han J, Beutler B. 2003. Identification of Lps2 as a key
transducer of MyD88-independent TIR signaling. Nature
424:743–748.

Hull C, McLean G, Wong F, Duriez PJ, Karsan A. 2002.
Lipopolysaccharide signals an endothelial apoptosis
pathway through TNF receptor-associated factor 6-
mediated activation of c-Jun NH2-terminal kinase.
J Immunol 169:2611–2618.

Huot J, Lambert H, Lavoie JN, Guimond A, Houle F,
Landry J. 1995. Characterization of 45-kDa/54-kDa
HSP27 kinase, a stress-sensitive kinase which may
activate the phosphorylation-dependent protective func-
tion of mammalian 27-kDa heat-shock protein HSP27.
Eur J Biochem 227:416–427.

Itoh K, Udagawa N, Kobayashi K, Suda K, Li X, Takami M,
Okahashi N, Nishihara T, Takahashi N. 2003. Lipopoly-
saccharide promotes the survival of osteoclasts via Toll-
like receptor 4, but cytokine production of osteoclasts in
response to lipopolysaccharide is different from that of
macrophages. J Immunol 170:3688–3695.

Kasugai S, Adachi M, Ogura H. 1988. Establishment and
characterization of a clonal cell line (RPC-C2A) from
dental pulp of the rat incisor. Arch Oral Biol 33:887–891.

Kitamura C, Kimura K, Nakayama T, Toyoshima K,
Terashita M. 2001. Primary and secondary induction of
apoptosis in odontoblasts after cavity preparation of rat
molars. J Dent Res 80:1530–1534.

Kitamura C, Ogawa Y, Nishihara T, Morotomi T, Terashita
M. 2003. Transient co-localization of c-Jun N-terminal
kinase and c-Jun with heat shock protein 70 in pulp cells
during apoptosis. J Dent Res 82:91–95.

Kitamura C, Nishihara T, Ueno Y, Nagayoshi M, Kasugai
S, Terashita M. 2005. Thermotolerance of pulp cells and
phagocytosis of apoptotic pulp cells by surviving pulp
cells following heat stress. J Cell Biochem 94:826–834.

Knauf U, Jakob U, Engel K, Buchner J, Gaestel M. 1994.
Stress- and mitogen-induced phosphorylation of the
small heat shock protein Hsp25 by MAPKAP kinase 2
is not essential for chaperone properties and cellular
thermoresistance. EMBO J 13:54–60.

Landry J, Lambert H, ZhouM, Lavoie JN, Hickey E, Weber
LA, Anderson CW. 1992. Human HSP27 is phosphory-
lated at serines 78 and 82 by heat shock and mitogen-
activated kinases that recognize the same amino acid
motif as S6 kinase II. J Biol Chem 267:794–803.

Lavoie JN, Lambert H, Hickey E, Weber LA, Landry J.
1995. Modulation of cellular thermoresistance and actin
filament stability accompanies phosphorylation-induced
changes in the oligomeric structure of heat shock protein
27. Mol Cell Biol 15:505–516.

Li X, Tupper JC, Bannerman DD, Winn RK, Rhodes CJ,
Harlan JM. 2003. Phosphoinositide 3 kinase mediates
Toll-like receptor 4-induced activation of NF-kappa B in
endothelial cells. Infect Immun 71:4414–4420.

Matsushita K,Motani R, Sakuta T, Nagaoka S,Matsuyama
T, Abeyama K, Maruyama I, Takada H, Torii M. 1999.

Effects of LPS and Heat Stress on Pulp Cells 805



Lipopolysaccharide enhances the production of vascular
endothelial growth factor by human pulp cells in culture.
Infect Immun 67:1633–1639.

Medzhitov R, Preston-Hurlburt P, Kopp E, Stadlen A, Chen
C, Ghosh S, Janeway CA. 1998. MyD88 is an adaptor
protein in the hToll/IL-1 receptor family signaling path-
ways. Mol Cell 2:253–258.

Mjör IA. 2002. Pulp-dentin biology in restorative dentistry.
Chicago: Quintessence Publishing Co, Inc. pp 1–152.

Muzio M, Ni J, Feng P, Dixit VM. 1997. IRAK (Pelle) family
member IRAK-2 and MyD88 as proximal mediators of
IL-1 signaling. Science 278:1612–1615.

Nakane A, Yoshida T, Nakata K, Horiba N, Nakamura H.
1995. Effects of lipopolysaccharides on human dental
pulp cells. J Endod 21:128–130.

Nick JA, Avdi NJ, Gerwins P, Johnson GL, Worthen GS.
1996. Activation of a p38 mitogen-activated protein
kinase in human neutrophils by lipopolysaccharide.
J Immunol 156:4867–4875.

Parcellier A, Schmitt E, Gurbuxani S, Seigneurin-Berny D,
Pance A, Chantome A, Plenchette S, Khochbin S, Solary
E, Garrido C. 2003. HSP27 is a ubiquitin-binding protein
involved in I-kappaBalpha proteasomal degradation. Mol
Cell Biol 23:5790–5802.

Rane MJ, Pan Y, Singh S, Powell DW, Wu R, Cummins T,
Chen Q, McLeish KR, Klein JB. 2003. Heat shock protein
27 controls apoptosis by regulating Akt activation. J Biol
Chem. 278:27828–27835.

Rouse J, Cohen P, Trigon S, Morange M, Alonso-Llama-
zares A, Zamanillo D, Hunt T, Nebreda AR. 1994. A novel
kinase cascade triggered by stress and heat shock that
stimulatesMAPKAP kinase-2 and phosphorylation of the
small heat shock proteins. Cell 78:1027–1037.

Song H, Ethier SP, Dziubinski ML, Lin J. 2004. Stat3
modulates heat shock 27kDa protein expression in breast
epithelial cells. Biochem Biophys Res Commun 314:143–
150.

Triantafilou M, Triantafilou K. 2005. The dynamics of LPS
recognition: Complex orchestration of multiple receptors.
J Endotoxin Res 11:5–11.

Ulevitch RJ, Tobias PS. 1995. Receptor-dependent mechan-
isms of cell stimulation by bacterial endotoxin. Annu Rev
Immunol 13:437–457.

Vivarelli MS,McDonald D,MillerM, CussonN, KelliherM,
Geha RS. 2004. RIP links TLR4 to Akt and is essential for
cell survival in response to LPS stimulation. J Exp Med
200:399–404.

Wong HR, Ryan M, Wispe JR. 1997. Stress response
decreases NF-kappa-B nuclear translation and increases
I-kappa-B-a expression in A549 cells. J Clin Invest 99:
2423–2438.

Xu DZ, Lu Q, Swank GM, Deitch EA. 1996. Effect of heat
shock and endotoxin stress on enterocyte viability
apoptosis and function varies based on whether the cells
are exposed to heat shock or endotoxin first. Arch Sug
131:1222–1228.

Yamamoto M, Sato S, Hemmi H, Hoshino K, Kaisho T,
Sanjo H, Takeuchi O, Sugiyama M, Okabe M, Takeda K,
Akira S. 2003. Role of adaptor TRIF in the MyD88-
independent toll-like receptor signaling pathway.
Science 301:640–643.

Yokota S, Yokosawa N, Kubota T, Okabayashi T, Arata
S, Fujii N. 2003. Suppression of thermotolerance in
mumps virus-infected cells is caused by lack of HSP27
induction contributed by STAT-1. J Biol Chem 278:
41654–41660.

806 Kitamura et al.


