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Abstract

Acrolein is a highly electrophilic a,B-unsaturated aldehydes to which humans are exposed in a variety of environment
situations and is also a product of lipid peroxidation. Increased levels of unsaturated aldehydes play an important role in the
pathogenesis of a number of human diseases such as Alzheimer’s disease, atherosclerosis and diabetes. A number of studies
have reported that acrolein evokes downstream signaling via an elevation in cellular oxidative stress. Here, we report that low
concentrations of acrolein induce Hsp72 in human umbilical vein endothelial cells (HUVEC) and that both the PKC&/JNK
pathway and calcium pathway were involved in the induction. The findings confirm that the production of reactive oxygen
species (ROS) is not directly involved in the pathway. The induction of Hsp72 was not observed in other cells such as smooth
muscle cells (SMC) or COS-1 cells. The results suggest that HUVEC have a unique defense system against cell damage by
acrolein in which Hsp72 is induced via activation of both the PKC®8/JNK and the calcium pathway.
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Introduction

Acrolein produced by the thermal degradation of certain
organic compounds, such as glycerol, fuels, wood, food
and tobacco, occurs as a ubiquitous pollutant in the
environment, especially as an incomplete combustion
product of cigarette smoking [1,2]. It is also produced
from cellular lipid peroxidation [3]. Among all, «,
B-unsaturated aldehydes including 4-hydroxy-2-none-
nal, acrolein is one of the strongest electrophiles and,
therefore, shows the highest reactivity with nucleophiles
such as the sulthydryl groups of cysteine, imidazole
groups of histidine and amino groups of lysine [4,5].
A number of studies indicate that acrolein exerts
downstream signaling via cellular oxidative stress [6,7].
It has been reported that the treatment of cells with

acrolein decreases glutathione (GSH) levels and
subsequently, induces the production of reactive oxygen
species (ROS) [8,9]. We recently found that acrolein
also inactivates thioredoxin reductase, a major antiox-
idative enzyme, both i vizro and in human umbilical
vein endothelial cells (HUVEC) and causes an increase
in cellular hydrogen peroxide levels [10].

Heat shock protein 72 (Hsp72) is a major inducible
heat shock protein [11,12]. It contains two conserved
domains; an ATP-binding domain (ABD) and a
peptide-binding domain (PBD), which are important
for its chaperon function [13-15]. Hsp72 plays a role
in a variety of cellular activities including protein
synthesis, protein folding and protein translocation
into organelles as well as the assembly of multiprotein
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complexes [11,16,17]. It also prevents cell death
initiated by various apoptotic stresses, including heat
shock, ceramide, ionizing irradiation, TNF-a and
ischemia [18—-22].

In the present study, we report that acrolein induces
Hsp72 expression in HUVEC and that both the
activation of the PKC&/JNK pathway and the upregul-
ation of calcium levels are involved in the pathway.

Materials and methods
Materials

Acrolein was obtained from Tokyo Kasei Kogyo
(Japan). Methylglyoxal (MG) and anti-B-actin anti-
body were purchased from Sigma (St. Louis, MO,
USA). 3-Deoxyglucosone (3-DG) was custom syn-
thesized by the Peptide Institute (Japan). PD98059,
SB203580, BAPTA-AM, rottlerin and Ro-32-0432
were obtained from Calbiochem (San Diego, CA,
USA). SP600125 was purchased from Biomol (Ply-
mouth Meeting, PA, USA). Anti-phosphorylated
JNK, ERK1/2, p38 MAPK, PKCa/BIl, PKC?3
antibodies and anti-JNK, ERK, p38 and PKC (pan)
antibodies were obtained from Cell Signaling
(Beverly, MA, USA), and the anti-Hsp72 antibody
was purchased from StressGen (Canada).

Cell culture

HUVEC, smooth muscle cells (SMC) and COS-1
cells were purchased from the American Type Culture
Collection (Manassas, VA, USA). The cells were
grown at 37°C in 100-mm Petri dishes in MCDB131
medium (Nikken Bio Med Lab, Japan) containing
10% fetal calf serum, 10 ng/ml recombinant human
basic fibroblast growth factor, 1 mg/ml hydrocorti-
sone, 100 U/ml penicillin G, 100 mg/ml streptomycin
sulfate and 0.25mg/ml amphotericin B, under a
humid atmosphere containing 5% CO,. The cells
were passaged every 3—-4 days. Throughout the
experiments, the cells were used within passages 6—9.

Western blotting analysis

HUVEC (60-80% confluent) were rinsed with
phosphate-buffered saline (PBS), harvested in lysis
buffer 20mM Tris—HCIl, pH7.4, 150mM NacCl,
5mM EDTA, 1% (w/v) Nonidet P-40, 10% (w/v)
glycerol, 5mM sodium pyrophosphate and 10 mM
NaF, 1 mM sodium orthovanadate, 10 mM B-glycero-
phosphate and 1mM dithiothreitol) with protease
inhibitors. A measured quantity of 2—20 ug of protein
was separated on a 10% SDS-PAGE and transferred to
nitrocellulose membranes (Schleicher & Schuell). After
protein transfer, the membranes were blocked with 5%
BSA in TBST (20mM Tris—HCI, pH 7.5, 150mM
NaCland 0.05% Tween 20) for 1 h atroom temperature
and then incubated with the primary antibody diluted
1:1000 with TBST at 4°C overnight. The membranes

were incubated for 1h with the secondary antibody
diluted 1:1000 with TBST. Detection was performed
using an ECL kit (Amersham Pharmacia Biotech)
according to the manufacturer’s instructions.

Isolation of RNA and northern blot analysis

Total RNA was extracted with acid guanidium
thiocyanate—phenol—chloroform, as reported pre-
viously [23]. Twenty micrograms of total RNA were
run on a 1% agarose gel containing 2.2 mol/l formal-
dehyde. The size-fractionated RNAs were transferred to
Zeta-Probe membranes (Bio-Rad) overnight by capillary
action. Human Hsp72 cDNA was labeled with [o->2P]
dCTP (Amersham Pharmacia Biotech) using random
hexanucleotide primers (Multiprime DNA labeling
system; Amersham Pharmacia Biotech). After hybridiz-
ation with the labeled probes at 42°C in the presence of
50% formamide, the membrane was washed twice with
2 X sodium chloride—sodium citrate (§SC; 1 X SSC,
15mM sodium citrate, 150 mM NaCl, pH 7.5) with
0.1% sodium dodecyl sulfate (SDS) at 50°C for 30 min,
and then washed with 0.2 X SSC with 0.1% SDS at
50°C for 10 min. The Fuji X-lay films were exposed for
1-2 days to an intensifying screen at —80°C. The
intensities of the bands on X-ray films were quantified
with a CS-9000 gel scanner (Shimadzu, Japan).

Measurement of intracellular production of reactive oxygen
species (ROS)

After treating the cells were with FCS-free medium for
1 h, the culture medium was exchanged to phosphate-
buffered saline (PBS), followed by incubation with
5 M CM-H,DCF-AM, a cell membrane-permeable
ROS sensitive fluorescence dye, for 30 min at room
temperature. After washing the cells twice with PBS,
various concentrations of acrolein or other reagents were
added to the PBS. The relative 530 nm fluorescent
intensity was recorded by means of a ratio-imaging
system, Aquacosmos/Ratio (Hamamatsu Photonics).

Measurement of intracellular calcium levels

Intracellular calcium concentrations were determined
using a cell membrane-permeable calcium sensitive
fluorescence dye, Fura-2-AM. After treating the cells
with FCS-free medium for 1 h, the culture medium was
exchanged with HEPES-tyrode buffer. The cells were
loaded with 5puM Fura-2-AM for 30 min at room
temperature and then washed three times with HEPES-
tyrode buffer. Various concentrations of acrolein or
other reagents were then added to the HEPES-tyrode
buffer with 1mM CaCl, and changes in Ca®"
concentration were measured by recording the ratio of
the fluorescence intensities between the excitation
wavelengths of 340 and 380 nm by Aquacosmos/Ratio
(Hamamatus Photonics). The data were analyzed using
the Aquacosmos V.2.5 software program.
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Results
Induction of Hsp72 by acrolein in HUVEC

HUVEC were incubated with various levels (1-
25 uM) of acrolein for 24 h and Hsp72 protein levels
were determined by Western blot analyses. Hsp72
protein levels were increased in a dose-dependent
manner (Figure 1A). It was also found that Hsp72 is
induced in a time-dependent manner, reaching a
maximum level after 12 h as a result of treatment with
25 uM acrolein (Figure 1B, upper panel). A North-
ern blot analysis revealed that the mRNA levels of
Hsp72 reached a maximum level after 6h as the
result of treatment with 25 wM acrolein (Figure 1B,
lower panels).

Hsp72 is not induced by methylglyoxal and 3-DG
in HUVEC

The effect of other carbonyl compounds on Hsp72
levels in HUVEC was also examined. HUVEC were
incubated with 0.5mM methylglyoxal or 0.5mM
3-DG for 24 h, and subjected to the Western blotting
by using anti-Hsp72 antibody. The expression levels
of Hsp72 were not increased by treatment with either
of these compounds (Figure 2A). We have also
observed that at those concentrations, the mor-
phology and the survival of the HUVEC were not
affected.
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Figure 1. Dose and time dependent induction of Hsp72 by acrolein
in HUVEC. (A) HUVEC were treated with the indicated
concentrations of acrolein for 24 h. Whole cell lysates were prepared
and 2 p.g samples of proteins were subjected to Western blotting using
anti-Hsp72 antibody and anti-B-actin antibody. (B, upper panel)
HUVEC were treated with 25 wM acrolein for the indicated periods.
Whole cell lysates were prepared and subjected to Western blotting, the
same as in (A). (B, lower panels) HUVEC were treated with 25 pM
acrolein for the indicated periods. Twenty micrograms of RNA were
subjected to Northern blotting using Hsp72 as a probe.
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Figure 2. (A) Effect of MG and 3-DG on the induction of Hsp72
in HUVEC. HUVEC were stimulated with 25 wM acrolein, 0.5 mM
MG or 0.5mM 3-DG for 24h. Lysates were prepared and 2 pg
samples of proteins were analyzed by Western blotting using an anti-
Hsp72 antibody and anti-B-actin antibody. (B) Effect of acrolein on
the induction of Hsp72 in SMC and COS-1. SMC and COS-1 cells
were treated with 25 wM acrolein for 24 h. Lysates were prepared
and 2 g samples of proteins were analyzed by Western blotting
using anti-Hsp72 antibody and anti-B-actin antibody.

Hsp72 is not induced by acrolein in SMC and COS-1 cells

We tested the effect of acrolein on the expression
level of Hsp72 in other cell types, such as SMC and
COS-1 cells. In these experiments, the cells were
incubated with 25puM acrolein for 24h, and
subjected to the Western blotting for Hsp72.
Induction of Hsp72 was not found in any of the
other cells examined (Figure 2B).

Activation of FNK, ERK and p38 MAPK by acrolein and
1ts relevance to Hsp72 induction

In order to understand the mechanism of how
acrolein induces Hsp72, we examined MAPKSs
activation in HUVEC, since various members of
the MAPK family have been implicated in the
response to carbonyl stress. MAPKs activation in
HUVEQC, as a result of acrolein treatment is shown
in Figure 3A. We used specific antibodies to
phosphorylated JNK, ERK and p38 MAPK. The
results indicate that acrolein stimulated JNK
phosphorylation at 30min, ERK phosphorylation
at 5min and p38 MAPK phosphorylation at
10 min. HUVEC were next preincubated with the
JNK inhibitor SP600125, the MEK inhibitor
PD98059, and the p38 MAPK inhibitor
SB203580 for 30 min. The cells were then treated
with 25 uM acrolein for 24h and then subjected to
Western blotting for Hsp72. Figure 3B shows that
Hsp72 induction by acrolein was suppressed by
pretreatment of the HUVEC with SP600125,
indicating that JNK is involved in the pathway.
On the other hand, no effect was found in the case
of treatment with PD93059 or SB203580.
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Figure 3. Activation of JNK, ERK and p38 MAPK in HUVEC by
acrolein and the effect of MAPKSs inhibitor on Hsp72 induction in
HUVEC. (A) HUVEC were stimulated with 25 wM acrolein for the
indicated periods. Lysates were prepared and 20 pg samples of
proteins were analyzed by Western blotting using anti-phospho-
JNK, ERK1/2 or p38 MAPK antibodies and anti-]NK, ERK, p38
MAPK antibodies as indicated. (B) HUVEC were preincubated
with the JNK inhibitor SP600125 (20 uM), the MEK inhibitor
PD98059 (20 M), and the p38 MAPK inhibitor SB203580
(10 wM) for 30 min. The cells were then treated with 25 wM acrolein
for 24 h and 2 pg samples of whole cell lysates were subjected to the
Western blotting using anti-Hsp72 antibody and anti-B-actin
antibody.

Effect of intracellular calcium levels and PKC on the
induction of Hsp72 by acrolein

We investigated the issue of whether protein kinase C
(PKC) and calcium are involved in the induction of
Hsp72 by acrolein, since PKC and intracellular
calcium levels have been reported to be involved in
JNK activation by various cellular stress conditions
[24,25]. The cells were preincubated with a mem-
brane-permeable calcium chelator BAPTA-AM, the
PKC3 inhibitor rottlerin and the PKCa,[3 inhibitor
Ro0-32-0432 for 30 min and then treated with 25 pM
acrolein. As shown in Figure 4A, Hsp72 induction by
acrolein was decreased by the addition of BAPTA-AM
and rottlerin. No effect was found in the case of
treatment with Ro-32-0432. When PKCs’ activation
was examined using specific antibodies to phosphory-
lated PKCao,f and -3, it was observed that acrolein
stimulated PKCS8 phosphorylation at 5min but not
PKCa,B3 phosphorylation (Figure 4B). We also
measured intracellular calcium levels using
the membrane-permeable calcium sensitive dye,
Fura-2-AM and found that calcium levels were
increased immediately after acrolein treatment
(Figure 4C).
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Figure 4. Effect of Ca®>" and PKC on the induction of Hsp72 by
acrolein. (A) HUVEC were preincubated with calcium chelator,
BAPTA-AM (10 nM), PKC3 inhibitor, rottlerin (30 .M) or
PKCa,B inhibitor, Ro-32-0432 (1 wM) for 30 min. The cells were
then treated with 25 uM acrolein for 24h and subjected to the
Western blotting for Hsp72. (B) HUVEC were stimulated by
treatment with 25 wM acrolein for the indicated periods. Lysates
were prepared and analyzed by Western blotting using anti-
phospho-PKCa,f3, PKC? antibodies and anti-PKC (pan) antibody
as indicated. (C) HUVEC were loaded with 5 uM Fura-2-AM for
30min at room temperature. After washing with HEPES-tyrode
buffer, 25 uM acrolein were added to the HEPES-tyrode buffer with
1 mM CaCl, and changes in Ca®" concentration were measured by
recording the ratio of the fluorescence intensities between the
excitation wavelengths of 340 and 380 nm by Aquacosmos/Ratio
(Hamamatus Photonics).

Hsp72 induction by acrolein is not inhibited by N-acetyl
cysteine (NAC) or curcumin

Since acrolein has been considered to exert
intracellular signaling via oxidative stress [6,7], we
measured the time course for intracellular ROS
levels after acrolein treatment using CM-H,DCF-
AM, a cell membrane-permeable ROS sensitive
fluorescence dye. In our previous studies, major
ROS produced in these conditions are found to be
peroxides [26]. Intracellular peroxide levels were
increased immediately after acrolein treatment
(Figure 5A). This increase was reversed by
preincubation with NAC. We also investigated
whether ROS are involved in the induction of
acrolein-induced Hsp72. The cells were preincu-
bated with NAC or curcumin for 30 min, treated
with 25 uM acrolein for 24h and then subjected to
Western blotting for Hsp72. As shown in Figure 5B,
NAC or curcumin treatment had no effect,
suggesting that ROS are not directly implicated in
the induction of Hsp72 by acrolein.
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Figure 5. (A) Generation of ROS in HUVEC treated with acrolein
and the effect of antioxidants. After treating the cells in FCS-free
medium for 1h, the culture medium was exchanged to PBS and
5uM of CM-H,DCF-AM was loaded for 30min at room
temperature. After washing the cells twice with PBS, they were
preincubated with or without 1mM NAC for 30 min and then
treated with 25 uM acrolein. Relative 530 nm fluorescent intensity
was recorded by ratio-imaging system, Aquacosmos/Ratio
(Hamamatsu Photonics). (B) The effect of antioxidants on Hsp72
induction by acrolein in HUVEC. Cells were preincubated with
1 mM NAC or with 20 wM curcumin for 30 min and/or treated with
25 wM acrolein for 24 h. Samples of 2 pg of lysates were separated
by SDS-PAGE and analyzed by Western blotting using anti-Hsp72
antibody. The lower panels indicate the densitometric analysis of
upper panels.

Discussion

Acrolein is one of the strongest known electrophiles and
exerts a variety of intracellular signaling [27—29]. The
findings herein show that acrolein induces Hsp72 in
HUVEC in a dose- and time-dependent manner. Since
the intensity of upregulation of Hsp72 transcript does
not necessarily correspond to that of protein level, it is
possible that acrolein also stabilizes the Hsp72 protein.
We examined other cells such as SMC and COS-1 cells,
but Hsp72 induction was only observed in HUVEC
among the cell lines we have tested. The findings also
indicate that PKC8/JNK activation and the upregula-
tion of calcium levels are involved in the pathway.
Finally, we confirmed that ROS is not directly involved
in the pathway. Consistent with this observation, 3-DG
and MG did not induce Hsp72 although they induced
intracellular ROS production. We conclude that
acrolein increases the cellular levels of calcium, and
activates the PKC3/JNK pathway, and that both
pathways are involved in Hsp72 induction. The
requirement of both pathways was confirmed by the
observation that Hsp72 induction was suppressed by
individually treating HUVEC with a calcium chelator,

and a PKCS specific inhibitor or JNK inhibitor. The
relation between JNK activation and Hsp72 induction
has not been reported so far. We assume that
phosphorylation of one of JNK substrates is involved
in the activation of heat shock factors. Since is has been
reported that the total aldehydes including acrolein
generated by smoking one cigarette, if completely
dissolved in the lung lining fluid, would be present at
2—-3 mM [30], the concentration of acrolein in this study
is considered to be physiological level.

Acrolein has been considered to exert intracellular
signaling via oxidative stress or by modifying cellular
molecules [5,6,28,31]. It has been reported that the
treatment of cells with acrolein decreases GSH levels
and subsequently induces intracellular ROS pro-
duction [8,9]. We recently found that acrolein
inactivates TR and induces an increase in cellular
hydrogen peroxide levels [10]. Therefore, we exam-
ined the issue of whether ROS are involved in the
induction of Hsp72, but the findings show that there is
no direct implication of oxidative stress in the
pathway, since NAC or curcumin, which suppress
intracellular ROS levels were ineffective in inhibiting
the induction of Hsp72 by acrolein.

A pathway in which acrolein increases intracellular
calcium levels in HUVEC was found. The upregulation
of calcium levels were not observed in other cells such as
SMC and COS-1. Although the precise mechanisms by
which acrolein causes this increase is not known, we
assume that the pathway is specific for HUVEC, and
thus the induction of Hsp72 is only seen in HUVEC.
Since endothelial cell injury is involved in AIDS,
Alzheimer’s disease, and some kind of neurodegenera-
tive diseases, HUVEC might play a role in defending
against various stresses in the blood [32,33]. Other
carbonyl compounds, such as MG and 3-DG, did not
induce Hsp72 expression in HUVEC. This might be
due to the lack of the upregulation of calcium levels by
these compounds in HUVEC.

As shown in “Materials and Methods”, HEPES-
tyrode buffer/1 mM CaCl, was used to measure
intracellular calcium levels. To test the effect of
extracellular calcium, HEPES-tyrode buffer, without
CaCl, was also used. The result showed that the removal
of extracellular calcium had no effect on the Ca®*"
increase (data not shown). Thus, the elevation in Ca*"
levels by acrolein appears to be mediated by calcium
mobilization from intracellular stores rather than by
calcium influx.

In conclusion, we report that acrolein induces
Hsp72 in HUVEC via both the PKC&3/JNK and
calcium signaling pathways. The expression of Hsp72
is considered to play an important role in cytoprotec-
tion against various cellular stresses, and therefore, the
upregulation of Hsp72 is considered to be a unique
defense system of HUVEC, which is more likely to be
exposed to exogenous reactive chemical compounds.
In this study, the upstream signaling causing the
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activation of PKC3 and the upregulation of calcium
was not identified, but the receptor tyrosine kinase
represents a potential candidate, since the phospho-
rylation of EGFR by acrolein has been reported in
keratinocytes [29]. Further investigation should be
done for the elucidating of the upstream of this
signaling pathway.

Acknowledgements

The authors wish to thank Dr. Milton Feather for
careful editing. This study was supported, in part, by
a grant from the 21 Century Center of Excellence
program by the Ministry of Education, Science,

(1]

(2]
(3]

(4]

(5]

For personal use only.

[6

—_

7

—

(8]

[9]

Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/29/11

[10]

(11]

[12]

[13]

[14]

Culture, Sports and Technology, Japan.

References

Esterbauer H, Schaur R]J, Zollner H. Chemistry and
biochemistry of 4-hydroxynonenal, malonaldehyde and
related aldehydes. Free Radic Biol Med 1991;11:81-128.
Uchida K. Current status of acrolein as a lipid peroxidation
product. Trends Cardiovasc Med 1999;9:109-113.

Uchida K, Kanematsu M, Morimitsu Y, Osawa T, Noguchi N,
Niki E. Acrolein is a product of lipid peroxidation reaction.
Formation of free acrolein and its conjugate with lysine
residues in oxidized low density lipoproteins. J Biol Chem
1998;273:16058—-16066.

Marnett L], Riggins JN, West JD. Endogenous generation of
reactive oxidants and electrophiles and their reactions with
DNA and protein. J Clin Investig 2003;111:583-593.
Uchida K, Kanematsu M, Sakai K, Matsuda T, Hattori N,
Mizuno Y, Suzuki D, Miyata T, Noguchi N, Niki E, Osawa T.
Protein-bound acrolein: Potential markers for oxidative stress.
Proc Natl Acad Sci USA 1998;95:4882-4887.

Calingasan NY, Uchida K, Gibson GE. Protein-bound
acrolein: A novel marker of oxidative stress in Alzheimer’s
disease. ] Neurochem 1999;72:751-756.

Luo J, Shi R. Acrolein induces axolemmal disruption,
oxidative stress, and mitochondrial impairment in spinal cord
tissue. Neurochem Int 2004;44:475-486.

Cao Z, Hardej D, Trombetta LD, Trush MA, Li Y. Induction
of cellular glutathione and glutathione S-transferase by 3H-
1,2-dithiole-3-thione in rat aortic smooth muscle A10 cells:
Protection against acrolein-induced toxicity. Atherosclerosis
2003;166:291-301.

Furuhata A, Nakamura M, Osawa T, Uchida K. Thiolation of
protein-bound carcinogenic aldehyde. An electrophilic acro-
lein-lysine adduct that covalently binds to thiols. ] Biol Chem
2002;277:27919-27926.

Park YS, Misonou Y, Fujiwara N, Takahashi M, Miyamoto Y,
Koh YH, Suzuki K, Taniguchi N. Induction of thioredoxin
reductase as an adaptive response to acrolein in human
umbilical vein endothelial cells. Biochem Biophys Res
Commun 2005;327:1058—-1065.

Bukau B, Horwich AL. The Hsp70 and Hsp60 chaperone
machines. Cell 1998;92:351-366.

Nollen EA, Brunsting JF, Roelofsen H, Weber LA, Kampinga
HH. In vivo chaperone activity of heat shock protein 70 and
thermotolerance. Mol Cell Biol 1999;19:2069-2079.
Flaherty KM, McKay DB, Kabsch W, Holmes KC. Similarity
of the three-dimensional structures of actin and the ATPase
fragment of a 70-kDa heat shock cognate protein. Proc Natl
Acad Sci USA 1991;88:5041-5045.

Rudiger S, Germeroth L, Schneider-Mergener J, Bukau B.
Substrate specificity of the DnaK chaperone determined by

[15]

[16]

(17]

(18]

(19]

[20]

[21]

(22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

screening cellulose-bound peptide libraries. EMBO ]
1997;16:1501-1507.

Zhu X, Zhao X, Burkholder WF, Gragerov A, Ogata CM,
Gottesman ME, Hendrickson WA. Structural analysis of
substrate binding by the molecular chaperone DnaK. Science
1996;272:1606—-1614.

Fink AL. Chaperone-mediated protein folding. Physiol Rev
1999;79:425-449.

Hartl FU. Molecular chaperones in cellular protein folding.
Nature 1996;381:571-579.

Buzzard KA, Giaccia AJ, Killender M, Anderson RL. Heat
shock protein 72 modulates pathways of stress-induced
apoptosis. ] Biol Chem 1998;273:17147-17153.

Kukreja RC, Qian YZ, Okubo S, Flaherty EE. Role of protein
kinase C and 72 kDa heat shock protein in ischemic tolerance
following heat stress in the rat heart. Mol Cell Biochem
1999;195:123-131.

Liang P, MacRae TH. Molecular chaperones and the
cytoskeleton. J Cell Sci 1997;110:1431-1440.

Musch MW, Ciancio M]J, Sarge K, Chang EB. Induction of heat
shock protein 70 protects intestinal epithelial IEC-18 cells from
oxidant and thermal injury. Am J Physiol 1996;270:429-436.
Powers SK, Demirel HA, Vincent HK, Coombes JS, Naito H,
Hamilton KL, Shanely RA, Jessup ]J. Exercise training
improves myocardial tolerance to iz vivo ischemia-reperfusion
in the rat. Am J Physiol 1998;275:1468—-1477.

Chomczynski P, Sacchi N. Single-step method of RNA
isolation by acid guanidinium thiocyanate—phenol-chloro-
form extraction. Anal Biochem 1987;162:156—159.
Kawakami Y, Hartman SE, Holland PM, Cooper JA,
Kawakami T. Multiple signaling pathways for the activation
of JNK in mast cells: Involvement of Bruton’s tyrosine kinase,
protein kinase C, and JNK kinases, SEK1 and MKK?7.
J Immunol 1998;161:1795-1802.

Shibukawa Y, Takahashi M, Laffont I, Honke K, Taniguchi N.
Down-regulation of hydrogen peroxide-induced PKC delta
activation in N-acetylglucosaminyltransferase III-transfected
HeLaS3 cells. ] Biol Chem 2003;278:3197-3203.

Koh YH, Suzuki K, Che W, Park YS, Miyamoto Y, Higashiyama
S, Taniguchi N. Inactivation of glutathione peroxidase by nitric
oxide levels to the accumulation of H202 and the induction of
HB-EGF via c-Jun NH2-terminal kinase in rat aortic smooth
muscle cells. FASEB ] 2001;15:1472—-1474.

Hyvelin JM, Roux E, Prevost MC, Savineau JP, Marthan R.
Cellular mechanisms of acrolein-induced alteration in calcium
signaling in airway smooth muscle. Toxicol Appl Pharmacol
2000;164:176—-183.

Ranganna K, Yousefipour Z, Nasif R, Yatsu FM, Milton SG,
Hayes BE. Acrolein activates mitogen-activated protein kinase
signal transduction pathways in rat vascular smooth muscle
cells. Mol Cell Biochem 2002;240:83-98.

Halliwell B, Gutteridge JMC. Free radicals in biology and
medicine. Oxford: University Press; 1999.

Takeuchi K, Kato M, Suzuki H, Akhand AA, Wu J, Hossain K,
Miyata T, Matsumoto Y, Nimura Y, Nakashima I. Acrolein
induces activation of the epidermal growth factor receptor of
human keratinocytes for cell death. J Cell Biochem
2001;81:679—-688.

Kern JC, Kehrer JP. Acrolein-induced cell death: A caspase-
influenced decision between apoptosis and oncosis/necrosis.
Chem Biol Interact 2002;139:79-95.

Miyamoto Y, Koh YH, Park YS, Fujiwara N, Sakiyama H,
Misonou Y, Ookawara T, Suzuki K, Honke K, Taniguchi N.
Oxidative stress caused by inactivation of glutathione peroxidase
and adaptive responses. Biol Chem 2003;384:567—-574.

Park YS, Fujiwara N, Koh YH, Miyamoto Y, Suzuki K, Honke
K, Taniguchi N. Induction of thioredoxin reductase gene
expression by peroxynitrite in human umbilical vein endo-
thelial cells. Biol Chem 2002;383:683-691.

RIGHTS LI MN Kiy



