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Heat stress pretreatment decreases
lipopolysaccharide-induced apoptosis via the p38 signaling
pathway in human umbilical vein endothelial cells
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Abstract. The present study aimed to investigate vascular
endothelial apoptosis, and the regulatory molecules involved
in the condition of heatstroke caused by direct hyperthermia
due to high core temperature and gut-derived endotoxemia.
Human umbilical vascular endothelial cells (HUVECs) were
isolated and treated with heat stress (43°C for 1 h), lipopoly-
saccharide (LPS; 1 pg/ml), or a combination of heat stress
pretreatment followed by LPS. Caspase-3 activity, DNA
fragmentation, and cell viability, determined using a 3-(4,
5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
assay, were measured to examine cellular apoptosis. Changes
in the expression levels of heat shock protein (HSP) 27, HSP90
and B-cell lymphoma 2 (Bcl-2), and the phosphorylation of p38
were detected using Western blot assays. The specific inhibitor
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of p38, SB203580, was also used. LPS induced endothelial
apoptosis, as indicated by increased caspase-3 activity, a high
level of DNA fragmentation and low cell viability. LPS also
increased p38 phosphorylation and decreased the expression
levels of HSP27, HSP90 and Bcl-2. Heat stress pretreatment
inhibited LPS-induced cellular apoptosis, increased the
phosphorylation of p38, and increased the expression levels of
HSP27, HSP90 and Bcl-2. Pretreatment with SB203580 had
effects similar to those of heat stress in the amelioration of
LPS-induced effects. These findings demonstrated that heat
stress pretreatment decreased LPS-induced Bcl-2-associated
apoptosis in HUVECs by attenuating p38 activation, thereby
increasing the expression levels of HSP27 and HSP90.

Introduction

Heatstroke is an illness, which frequently occurs during the
summer. Although substantial progress has been made in
the prevention and treatment of heatstroke, its mortality rate
remains between 20 and 70%. The possible reason for the
high mortality rate of heatstroke is the poor understanding of
the underlying molecular mechanisms, which has resulted in
a lack of targeted and effective treatments (1). Studies have
suggested that heatstroke and its progression to multiple organ
dysfunction syndromes are due to a complex interplay between
the acute physiological alterations associated with direct heat
injuries, the inflammatory and coagulative responses of the
host, and systemic inflammatory response syndrome (SIRS)
secondary to immediate heat injury as the leading cause (2-5).
It is currently hypothesized that intestinal dysfunction is the
initiating and stimulating factor leading to SIRS, and infec-
tions caused by intestinal bacteria and endotoxin translocation
have been clinically implicated (2). Studies investigating heat-
stroke have also revealed that intestinal lesions are common,
and intestinal-derived endotoxemia has been observed in
cases of heatstroke (6,7). Thus, during heatstroke, tissues and
cells are stimulated by direct heat and subsequent gut-derived
endotoxemia.
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Vascular endothelial cells line the entire circulatory system
from the heart to the smallest capillaries. These cells have
distinct and unique functions, and are also considered to be
involved in SIRS (8,9). Typically, the heat involved in heatstroke
is considered to be directly cytotoxic, and endothelial cell inju-
ries and diffuse microvascular thrombosis are also prominent
features of heatstroke (2,10,11). However, as a physical stress,
heat stress can also induce cellular heat shock responses,
which are characterized by anti-inflammatory medium and the
expression of protective heat shock proteins (HSPs), and these
protect cells from delayed injury stimulation, including isch-
emia/reperfusion and oxidative injury (12-14). Therefore, the
present study aimed to examine the types of injuries induced
in endothelial cells in the complex condition in which endo-
thelial cells are stimulated by hyperthermia and gut-derived
endotoxemia.

Cellular apoptosis is typically considered to be the predom-
inant reason for organ dysfunction, and studies have suggested
that endothelial cell apoptosis appears to be a mechanism of
heatstroke (2,11,15). However, the detailed molecular changes
in endothelial cell apoptosis, which are induced by heat stress
remain to be fully elucidated. To examine apoptosis in the
vascular endothelium during heatstroke, an in vitro model
of human umbilical vascular endothelial cells (HUVECS)
stimulated with heat stress and lipopolysaccharide (LPS) was
used to mimic the in vivo micro-environment of a direct heat
attack and subsequent gut-derived endotoxemia. Furthermore,
heat stress can induce increases in the expression levels of
various HSPs, including HSP27, HSP90 and small molecular
mass HSPs, which may be responsible for protection against
cellular injury and apoptosis (15-18). B-cell lymphoma 2
(Bcl-2) is considered to be an important apoptosis-associated
protein (19), and p38 mitogen-activated protein kinase
(MAPK) has been found to affect a multitude of cellular
events, including cell growth and death, differentiation and
inflammation, in response to oxidative stress and LPS (20,21).
Therefore, the HSP27, HSP90, Bcl-2 and p38 MAPK proteins
were selected in the present study as candidates for further
investigation of the possible molecular mechanisms of endo-
thelial apoptosis in the above-mentioned complex condition of
heatstroke, so as to provide a potential therapeutic method for
the prevention of sepsis-induced endothelial injury.

Materials and methods

Endothelial cells. The HUVECs were harvested from
umbilical cords by collagenase treatment, as previously
described (22,23). Briefly, umbilical cords (length, 20-30 cm)
were obtained from patients at the Victoria Hospital (London,
ON, Canada) between October 2013 and June 2014, with ~1-2
patients per week. All procedures relevant to HUVEC isola-
tion were approved by the Human Ethics Committee of the
University of Western Ontario (London, ON, Canada). The
umbilical vein was washed and digested with 0.2% collage-
nase solution (Roche Applied Science, Mannheim, Germany).
The detached endothelial cells were plated in Medium 199
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% heat-inactivated fetal calf serum
(GE Healthcare Life Sciences, Logan, TX, USA), thymidine
(2.4 mg/l; Sigma-Aldrich, St. Louis, MO, USA), glutamine
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(230 mg/l; JRH Biosciences, Lenexa, KS, USA), heparin
sodium (10 U/ml; Sigma-Aldrich), antibiotics (100 IU/ml
penicillin, 100 pg/ml streptomycin and 0.125 pgg/ml ampho-
tericin B) and endothelial cell growth factor (80 ug/ml;
Biomedical Technologies Inc., Stoughton, MA, USA). The cell
cultures were incubated at 37°C in a humidified atmosphere
with 5% CO, and expanded by brief trypsinization using
0.25% trypsin in phosphate-buffered saline (PBS), containing
0.02% EDTA (Gibco; Thermo Fisher Scientific, Inc.). The first
to third passage HUVECs were used in the experiments. The
study was approved by the ethics committee of the University
of Western Ontario.

Drugs and treatment. LPS and SB203580, a specific inhibitor
of p38 MAPK, were purchased from Sigma-Aldrich and Enzo
Life Sciences (Farmingdale, NY, USA), respectively. The
cells (1x10°) were plated and incubated for 24 h at 37°C, then
treated with LPS (1 pg/ml) for 24 h at 37°C. Heat stress was
induced at 43°C for 1 h on aluminum plates within a tissue
culture incubator to ensure temperature uniformity. Following
the heat stress, the cultures were transferred to the standard
37°C incubator for another 23 h. The combination of heat
stress and LPS treatment was administered by applying heat
stress at 43°C for 1 h, followed by exposure to 1 pg/ml LPS for
another 23 h. SB203580 was applied for 1 h prior to the other
treatments.

Caspase-3 activity. Cellular caspase-3 activity was measured
using a caspase-3 fluorescent assay kit, according to manu-
facturer's protocol (cat. no. C002A20; Thomas Scientific,
Swedesboro, NJ, USA). The cells were harvested and washed
with cold Dulbecco's PBS. The cell pellet was resuspended in
ice-cold lysis buffer (50 mM HEPES, pH 7.4, 0.1% CHAPS,
5 mM DTT, 0.1 mM EDTA,; all chemical reagents were
purchased from Sigma-Aldrich). Following incubation on ice,
the lysate was centrifuged at 10,000 x g at 4°C for 10 min.
The resulting supernatant was used for the measurement of
caspase-3 activity, and the protein concentrations were quan-
tified using a micro BCA protein assay kit (cat. no. 23227;
Pierce Biotechnology, Inc., Rockford, IL, USA). The
samples (50 ug protein) were incubated in duplicate with the
caspase-3 substrate, Ac-DEVD-AMC, or Ac-DEVD-AMC
and the inhibitor, Ac-DEVD-CHO, at 37°C for 2 h prior to
measurements of caspase-3 activity, which were obtained
with a fluorescent spectrophotometer (Wallac Victor 3 1420
Multi-Label Counter; PerkinElmer, Inc., Waltham, MA,
USA), with excitation at 380 nm and emission at 405 nm.
The signals from the inhibitor-treated samples served as the
background.

DNA fragmentation. The HUVECs were pre-labeled with
BrdU (Roche Applied Science) for 24 h at 37°C prior to the
other treatments. DNA fragmentation was measured using a
Cellular DNA Fragmentation ELISA kit (cat. no. 11585045001;
Roche Applied Science), according to the manufacturer's
protocol.

Cellviability.Cellviabilitywasevaluatedusinga3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay
kit (cat. no. 11465007001; Roche Applied Science), according



; DIDOS
EJ PUBLICATIONS

to the manufacturer's protocol. Briefly, 1x10* cells were plated
in 96-well microplates at a final volume of 100 yl culture
medium (serum-free Medium 199) per well in a humidified
atmosphere (37°C; 5% CO,). After the incubation period (24 h)
and treatment with LPS and heat stress, 10 ul MTT labeling
reagent (final concentration, 0.5 mg/ml) was added to each well.
The microplate was incubated for 4 h in a humidified atmo-
sphere (37°C; 5% CO,). Solubilization solution (100 ul) was
added to each well. The plate was allowed to stand overnight
in the humidified atmosphere of the incubator. Upon complete
solubilization of purple formazan crystals, the spectrophoto-
metrical absorbance of the samples was measured using a
microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) at a wavelength of 550 nm.

Western blot analysis. Protein samples were extracted from
the cultured HUVECs in extraction buffer [20 mM Tris,
pH 0.5, 150 mM NaCl, 1.0 mM EDTA, 1.0 mM EGTA, 0.1%
Triton X-100, 2.5 mM sodium pyrophosphate (Sigma-Aldrich),
1.0 mM B-pyrophosphate glycerol (Sigma-Aldrich)], which
was supplemented with 1.0 mM Na;Vo, (Sigma-Aldrich), 1.0
mM phenylmethanesulfonyl fluoride (Sigma-Aldrich) and
a protease inhibitor cocktail. Following centrifugation at
10,000 x g for 15 min at 4°C, the supernatant was collected
and the protein concentrations were quantified using the micro
BCA protein assay kit. Equal quantities of protein (50 pg) were
subjected to SDS-PAGE (10 or 12%). After separation with
SDS-PAGE, the upper side of the sample wells was removed
with a razor blade. The bottom right-hand corner of the gel was
notched for orientation purposes, and the gel was placed in
1X transfer buffer (Sigma-Aldrich). PVDF membranes (EMD
Millipore, Billerica, MA, USA) were sliced, according to the
size of the gel, and incubated in 95% methanol for ~1 min on
a rocker at room temperature. The methanol was removed
and the membrane was equilibrated in 1X transfer buffer
(Sigma-Aldrich; 400 ml methanol, 200 ml 10X transfer buffer
and 1,400 ml water). The membrane was subjected to 100 V
(constant voltage) for 1 h at 4°C. The membrane was washed
with 10 ml Tris-buffered saline (TBS) buffer [Sigma-Aldrich;
1.22 g Tris (10 mM) and 8.78 g NaCl (150 mM) to 1 liter
distilled water and pH was adjusted to 7.5 with HCI] and 5%
blocking buffer (Sigma-Aldrich; 0.5 g bovine serum albumin
in TBS and Tween 20 buffer to a final volume of 10 ml); the
membrane was gently agitated for =1 h. The 5% blocking
buffer was removed and the membrane was rinsed three times,
with TBST (5 min per wash).

The primary antibodies used were as follows: Rabbit
monoclonal anti-human Bcl-2 (cat. no. 2780), rabbit mono-
clonal anti-human HSP90 (cat. no. 4874), rabbit anti-human
phosphorylated-p38 (cat. no. 9211), and rabbit anti-human total
p38 (cat. no. 9212; all 1:1,000 dilution), and all were obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Mouse monoclonal anti-human HSP27 (cat. no. 12215; 1:1,000
dilution) was obtained from Cayman Chemistry Company (Ann
Arbor, MI, USA) and rabbit anti-GAPDH (cat. no. sc-25778;
1:1,000 dilution) served as an internal control, and was obtained
from Santa Cruz Biotechnology, Inc. (Dallas, Tx, USA). These
primary antibodies were added at the appropriate dilution to
10 ml 5% blocking buffer and agitated gently for =1 h. The first
antibody solution was discarded and the membrane was washed
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twice for 10 min with TBST buffer. The horseradish peroxidase
(HRP)-conjugated secondary antibodies [goat anti-rabbit (cat.
no. 172-1019) or goat anti-mouse (cat. no. 170-6515) IgG-HRP
(all 1:1,000 dilution; Bio-Rad Laboratories, Inc.)] were added
at the appropriate dilution to 5 ml 5% blocking buffer and
agitated gently for =1 h. The secondary antibody solution was
discarded and the membrane was washed twice for 10 min with
TBST buffer. The PVDF membranes were subsequently devel-
oped using a chemiluminescence kit [West-zol® (plus); Intron
Biotechnology, Inc., Seoul, South Korea]. The bands were quan-
tified using densitometry and GelQuant Pro software version 1.0
(MicroChemi; FroggaBio Inc., Toronto, ON, Canada).

Statistical analysis. All data are presented as the mean =+ stan-
dard deviation and were analyzed using SPSS 15.0 (SPSS Inc.,
Chicago, IL, USA). For multi-group comparisons, analysis of
variance followed by Newman-Keuls tests were performed.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Effects of heat stress and LPS on caspase-3 activity, DNA
fragmentation and the MTT assay. The cells were treated with
heat stress, LPS or the combination of heat stress pretreatment
followed by LPS. Caspase-3 activity, DNA fragmentation and
cell viability were detected as indicators of cellular apoptosis.
The results revealed that LPS increased caspase-3 activity, DNA
fragmentation and cell viability; and these effects were rescued
by heat stress pretreatment (Fig. 1). These findings indicated
that heat stress pretreatment inhibited LPS-induced apoptosis
in the HUVECs.

Effects of heat stress and LPS on the expression levels of
HSP27, HSP90 and Bcl-2. The treatments described above were
performed, and the expression levels of HSP27, HSP90 and
Bcl-2 were determined using Western blot analysis. As shown
in Fig. 2, LPS decreased the expression levels of HSP27, HSP90
and Bcl-2, and heat stress significantly increased the expres-
sion levels of these proteins under normal and LPS-stimulated
conditions (Fig. 2A and B). As protective proteins, the changes
in the expression levels of these three proteins suggested that
they may be involved in the protective role of heat stress against
LPS-induced HUVEC apoptosis.

Effects of heat stress and LPS on the phosphorylation of p38.
To investigate the protective mechanisms underlying the effect
of heat stress pretreatment against LPS-induced endothelial
apoptosis in more detail, the expression levels of total and phos-
phorylated p38 were determined using Western blot analysis.
Similar to the observed changes in cellular apoptosis, LPS
increased the phosphorylation of p38, and heat stress decreased
the baseline level and LPS-induced high phosphorylation level
of p38 (Fig. 2C and D).

Roles of p38 in heat stress and LPS-stimulation of apoptosis in
HUVEC:s. The specific inhibitor of p38, SB203580, was used to
further determine the role of p38 in heat stress and the subse-
quent LPS-induced apoptosis of HUVECs. The results revealed
that SB203580 decreased LPS-induced caspase-3 activation. In
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Figure 1. Changes in caspase-3 activity, DNA fragmentation and the cell viability in human umbilical vein endothelial cells stimulated by heat stress followed
by LPS. The cells were treated with either heat stress (43°C for 1 h, followed by 37°C for 23 h), LPS (1 pg/ml for 24 h) or the combination of heat stress (43°C
for 1 h), followed by LPS (1 ug/ml for 23 h). (A) Caspase-3 activities, (B) DNA fragmentation and (C) cell viability, determined using an MTT assay, were
measured. The results indicated that cellular apoptosis was increased, as indicated by high levels of caspase-3 activity and DNA fragmentation, and low
OD values in the MTT assay. The data are presented as the mean + standard deviation from five independent experiments. “P<0.05, vs. sham vehicle group;
4P<0.05, vs. sham LPS group. LPS, lipopolysaccharide; MTT, 3-(4, 5-dimethyl thiazol-2-y1)-2,5-diphenyl tetrazolium bromide; OD, optical density.

addition, SB203580 reduced the LPS-induced elevation in DNA
fragmentation (Fig. 3). No changes in DNA fragmentation were
found following the SB203580 and heat stress treatment (data
not shown). Based on these data, it was concluded that heat
stress pretreatment inhibited LPS-induced apoptosis by attenu-
ating the activation of p38 MAPK.

Role of p38 MAPK in the expression levels of HSP27, HSP90
and Bcl-2. The results described above demonstrated that heat
stress pretreatment inhibited LPS-induced apoptosis by attenu-
ating the activation of p38 MAPK, and that heat stress also
increased the expression levels of HSP27, HSP90 and Bcl-2. To
further determine the role of p38 activation on the expression
levels of HSP27, HSP90 and Bcl-2 in the HUVEC:S, the cells
were pretreated with SB203580 for 1 h, and then stimulated with
LPS. The expression levels of HSP27, HSP90 and Bcl-2 were
determined using Western blot analysis. The results revealed
that SB203580 had a similar effect as heat stress by directly
increasing the expression levels of these proteins and inhibiting
the LPS-induced downregulation of these proteins (Fig. 4).

Discussion

In the present study, the in vivo micro-environment of
direct heat attack followed by stimulation with gut-derived

endotoxemia during heatstroke was investigated using an
in vitro model of HUVECs, which were stimulated with
heat stress and LPS. This was performed to investigate the
possible changes in the vascular endothelium and the asso-
ciated signaling pathways. The present study demonstrated
that LPS activated p38 MAPK, which then increased endo-
thelial apoptosis, as indicated by the observed high level of
caspase-3 activity, increased levels of DNA fragmentation
and decreased cellular viabilities. Heat stress pretreatment
inhibited LPS-induced apoptosis by attenuating p38 MAPK,
and further increasing the expression levels of Bcl-2, HSP27
and HSP90.

Roles of heat stress and LPS in apoptosis. The apoptosis of
vascular endothelial cells has been associated with impairments
of endothelial function and organ injury during sepsis, and
LPS-induced caspase-3 activation and apoptosis in the endothe-
lium have previously been reported, including in our previous
investigations (24,25). In the present study, similar results were
found, and revealed that LPS increased apoptosis, as indicated
by the elevated caspase-3 activity, DNA fragmentation and
decreased cell viability in the HUVECs. However, heat stress
pretreatment exerted effects, which were opposite to those of
LPS. The heat, which induces heatstroke is known to be directly
cytotoxic, and studies in cell lines and animal models have
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Figure 2. Changes in the expression levels of HSP27, Bcl-2 and HSP90, and p-p38 phosphorylation in human umbilical vein endothelial cells stimulated
with heat stress and LPS. The cells were treated with heat stress (43°C for 1 h, followed by 37°C for 23 h), LPS (1 ug/ml for 24 h) or the combination of heat
stress (43°C for 1 h), followed by LPS (1 pg/ml for 23 h). (A) Expression levels of HSP27, HSP90 and Bcl-2 were determined using Western blot analysis.
(B) Corresponding bands were quantified using densitometry (protein/GAPDH) and are presented as fold changes relative to the sham group. (C) Expression
levels of total and phosphorylated p38 were determined using Western blot analysis. (D) Corresponding bands were quantified using densitometry (phos-
phorylated/total protein) and are presented as fold changes relative to the sham group. The data are presented as the mean + standard deviation from three
independent experiments. ‘P<0.05, between the indicated groups; “P<0.05, vs. sham vehicle group; *P<0.05, vs. sham LPS group. HSP, heat shock protein;
Bcl-2, B-cell lymphoma 2; p-p38, phosphorylated p38; LPS, lipopolysaccharide; HS, heat stress.
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Figure 3. Changes in caspase-3 activity and DNA fragmentation in the human umbilical vein endothelial cells pretreated with SB203580 and then stimulated
with heat stress and LPS. The cells were treated with 10 mmol/l SB203580 (pecific inhibitor of p38) for 1 h, followed by heat stress (43°C for 1 h, followed by
37°C for 23 h), LPS (1 pug/ml for 24 h) or a combination of heat stress (43°C for 1 h) followed by LPS (1 ug/ml for 23 h). (A) Caspase-3 activity and (B) DNA
fragmentation were measured. No changes in DNA fragmentation due to heat stress treatment were observed; data not shown). The data are presented as the
mean = standard deviation from five independent experiments. ‘P<0.05 between the indicated groups. LPS, lipopolysaccharide; SB, SB203580.

suggested that heat can directly induce tissue injury (2,26).  well reviewed (27). In addition, it has been observed that heat
However, as a physical stress, the protective role of heat stress  stress preconditioning can prevent the endothelial coronary
has also been reported, which is similar to the protective effect ~ dysfunction that is induced by ischemia and reperfusion (28,29).
of hypoxia in ischemia/reperfusion-induced apoptosis. For = The varied nature of the findings described above may be due
example, the protective role of heat shock on cardiomyocytes, to the severity and timing of heat stress, and the heat tolerances
following injury of the cells by ischemia/reperfusion has been  of different cell lines. (30-32). In conclusion, the evidence from
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Figure 4. Changes in the expression levels of Bcl-2, HSP90 and HSP27 in human umbilical vein endothelial cells pretreated with SB203580 and then stimulated
with LPS. The cells were treated with 10 mmol/l SB203580 for 1 h followed by LPS (1 pg/ml for 24 h). (A) Expression levels of Bcl-2, HSP90 and HSP27
following SB203580 pretreatment and LPS stimulation were determined using Western blot analysis. (B) Corresponding bands were quantified using densi-
tometry (protein/GAPDH) and are presented as fold changes relative to the sham group. The data are presented as the mean + standard deviation from three
independent experiments. “P<0.05 between the indicated groups. HSP, heat shock protein; Bel-2, B-cell lymphoma 2; LPS, lipopolysaccharide; SB, SB203580.

the present study regarding caspase-3 activation and high levels
of DNA fragmentation demonstrated that heat stress pretreat-
ment decreased LPS-induced apoptosis in the HUVECs via the
caspase-3 pathway.

Role of the p38-HSP/Bcl-2 pathway in heat stress and
LPS-induced apoptosis. Heat stress alone had a protective
effect against LPS-induced endothelial apoptosis; thus the
present study aimed to determine how this effect was medi-
ated. In the present study, three protective proteins, HSP27,
HSP90 and Bcl-2, were selected as candidates for roles in the
protective effects of heat stress against apoptosis.

The results of the present study revealed that LPS
decreased the expression levels of HSP27, HSP90 and Bcl-2,
and that heat stress pretreatment significantly increased the
expression levels of HSP27, HSP90 and Bcl-2. The possible
protective roles of HSP27 and HSP90 have been observed in
several studies, including those of heat stress-induced intes-
tinal epithelial apoptosis (33) and LPS-induced endothelial
barrier dysfunction (34). In addition, HSP90 inhibits cell
apoptosis by inhibiting the activity of proapoptotic kinase
apoptosis signal-regulating kinase 1 (17). The results of the
present study reinforce the cytoprotective mechanisms of
the chaperoning HSPs. The founding member of the Bcl-2
family of regulator proteins is Bcl-2, and cell death is regu-
lated by either the induction (anti-apoptotic) or inhibition
(pro-apoptotic) of Bcl-2. The Bcl-2 protein is specifically
considered to be an important anti-apoptotic protein, and
represents an important apoptotic pathway (19). In the present
study, the expression levels of Bcl-2 were decreased by LPS
stimulation and increased by heat stress, which indicated that
the heat stress pretreatment-induced decrease in LPS-induced
HUVEC apoptosis was mediated through the anti-apoptotic
Bcl-2 pathway.

MAPKSs include three well-characterized subfamilies
of protein kinases: Extracellular signal-regulated kinases
(ERK1/2), p38 kinases and c-Jun NH2-terminal kinases
(JNK1/2/3). The activations of each of the three subfamilies
have been implicated in gene expression during pathological
and physiological conditions, and p38 MAPK has been found

to affect a multitude of cellular events, including cell growth
and death, differentiation and inflammation, in response
to oxidative stress and LPS (20,21). The present study also
demonstrated that LPS increased p38 activation, and that heat
stress decreased baseline and LPS-induced high phosphoryla-
tion levels of p38. In addition, the specific inhibitor of p38,
SB203580, attenuated LPS-induced apoptosis in the HUVECs.
Similarly, it has been reported that LPS stimulation induces
p38 MAPK phosphorylation in HMVEC-Ls (35).

Following the observation in the present study that HSP27
and HSP90 may have functions in heat stress, the subsequent
step in further investigating the signaling pathway involved
in the protective effects of heat stress against apoptosis was
to determine the association between these proteins and the
activation of p38. To investigate this, SB203580 was used,
and it was found that pretreatment with SB203580 had the
same effects as heat stress on the LPS-induced downregula-
tion of HSP27 and HSP90. In addition, SB203580 was found
to rescue the LPS-induced downregulation of Bcl-2; this
finding suggested that LPS-induced HUVEC apoptosis and
the protective role of heat stress were mediated through the
p38-HSP/Bcl-2 pathway.

In conclusion, the present study demonstrated that heat
stress pretreatment decreased LPS-induced Bcl-2-associated
apoptosis by attenuating the activation of p38, which increased
the expression levels of HSP27 and HSP90 in the HUVECs.
These findings provide novel evidence that, in conditions of
sepsis, heat stress pre-treatment may be useful as a therapeutic
strategy for the prevention of endothelial injury. During this
process, p38 may be a potential therapeutic target for the treat-
ment of endothelial dysfunction and organ injury. However,
further in vivo investigations, particularly those involving
gene-knockout animal models, are warranted to clarify these
roles.
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