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Heat shock treatment protects
against angiotensin II–induced
hypertension and inflammation in
aorta
Yu Chen, Brenda M. Ross, and R. William Currie

Department of Anatomy & Neurobiology, Dalhousie University, 5850 College Street, Halifax, Nova Scotia, Canada B3H 1X5

Abstract Angiotensin II (Ang II) is a potent vasoconstrictor and induces inflammation and end-organ injury through its
activation of the proinflammatory transcription factor, nuclear factor–kB (NF-kB). Heat shock (HS) treatment with sub-
sequent expression of heat shock proteins (Hsps) is an effective strategy for tissue protection against oxidative injuries.
Recently, HS and Hsps have been shown to interact with NF-kB in tissue injury. In this study, we investigated whether
HS could protect against Ang II–induced hypertension and inflammation by inhibiting NF-kB. Sprague-Dawley rats were
divided into control and HS groups. Control and 24-hour post–heat shocked rats were treated with Ang II. At days 1,
3, 5, 7, 11, and 14 after Ang II administration, systolic blood pressures were measured by tail-cuff plethysmography,
and aorta tissues were collected. Aorta NF-kB deoxyribonucleic acid–binding activity was measured by electrophoretic
mobility shift assay, and NF-kB p65 subunit, Hsp70, Hsp27, and interleukin-6 (IL-6) expressions were measured by
Western analysis. HS treatment significantly decreased Ang II–induced hypertension. The activation of NF-kB in aorta
by Ang II was suppressed by HS treatment. The elevated expression of IL-6 induced by Ang II treatment was also
decreased by HS treatment. Although Ang II treatment induced an increase in Hsp70 and Hsp27, HS treatment induced
a greater elevation of Hsp70 and Hsp27 expression. HS treatment protects against Ang II–induced hypertension and
inflammation. This protection may relate to the interaction of Hsps and the NF-kB pathway.

INTRODUCTION

The heat shock (HS) response is highly conserved and is
associated with the expression of a spectrum of inducible
proteins called heat shock proteins (Hsps). There are sev-
eral Hsp families that are classified according to their mo-
lecular weight: Hsp110, Hsp90, Hsp70, Hsp60, and small
Hsps such as Hsp27 and ubiquitin (Welch 1992). Among
these families of Hsps, 2 proteins, Hsp70 and Hsp27, are
highly inducible and have repeatedly been associated
with a protective role in tissue injury and cell death (Cur-
rie and Plumier 1998; Mosser et al 2000; Krueger-Naug et
al 2002). Hsps function as molecular chaperones and fa-
cilitate the refolding, assembling, and stabilization of de-
natured proteins (Hartl 1996; Rogalla et al 1999). In ad-
dition, Hsps play antiapoptotic roles by regulating the
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activation of caspase, C-jun NH2-terminal kinase, and nu-
clear factor–kB (NF-kB) pathways (Beere 2001). We have
shown that HS induces the expression of Hsp70 and en-
hances postischemic ventricular recovery (Currie et al
1988; Karmazyn et al 1990). Similarly, overexpression of
Hsp70 in transgenic mice provides improved postische-
mic myocardial function and suppresses neuronal cell
death (Plumier et al 1995, 1997). Angiotensin II (Ang II),
the effector peptide of the rennin-angiotensin system
formed as a result of sequential proteolysis of the angio-
tensinogen precursor, plays an important role in the de-
velopment of hypertension and regulation of body fluid
homeostasis. Interestingly, Ang II induces expression of
Hsps in smooth muscle cell culture, aorta, and kidney (Xu
et al 1995; Aizawa et al 2000; Meier et al 2001; Ishizaka
et al 2002), and all suggest a protective role of Hsps
against Ang II–induced end-organ injury. However, there
is no direct evidence for HS treatment having an effect
on Ang II–induced hypertension and inflammation. Sev-
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eral signaling pathways are activated in Ang II–induced
tissue injury. NF-kB, a proinflammatory transcription fac-
tor, is required for maximal transcription of many cyto-
kines, including interleukin (IL)-6, IL-8, tumor necrosis
factor–a (TNF-a), and intercellular adhesion molecule–1,
and all are thought to be important in the generation of
inflammation responses (Blackwell and Christman 1997).
Recently, Ang II–induced cell and tissue injury has been
related to the activation of NF-kB (Han et al 1999; Kran-
zhofer et al 1999; Ruiz-Ortega et al 2001). We hypothe-
sized that HS-induced protection on Ang II–induced hy-
pertension and inflammation might be mediated, at least
in part, by the suppression of NF-kB activation. IL-6, an
NF-kB downstream target gene, is a multifunctional cy-
tokine that mediates the acute-phase response and lym-
phocyte activation (Le and Vilcek 1989; Han et al 1999)
and was used as a marker of the proinflammatory re-
sponse in this study.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (Charles River Laboratories,
Quebec, Canada) weighing 280–310 g were cared for in
accordance with the Guide to the Care and Use of Ex-
perimental Animals of the Canadian Council on Animal
Care and were housed in a climate-controlled room with
a 12:12 hour light-dark cycle and had free access to water
and food. Rats were randomly assigned to either Ang II
treatment group (Ang group, n 5 36) or HS and Ang II
treatment group (HS 1 Ang group, n 5 36). For HS treat-
ment, animals were anesthetized with ketamine (80 mg/
kg intraperitoneally [ip]) and xylazine (10 mg/kg ip) and
then placed on a heating pad (508C) until their rectal tem-
perature reached 428C. Core body temperature was main-
tained between 42 and 42.58C for 15 minutes. Animals in
the Ang group were anesthetized with the same drug but
not heated. Twenty-four hours after HS or sham-HS treat-
ment, an osmotic minipump (Alzet model 2002; Durect
Corporation, Cupertino, CA, USA) containing Ang II dis-
solved in 0.9% NaCl was implanted subcutaneously be-
tween scapulae. The Ang II infusion rate was 0.7 mg/kg/
d. Some sham animals underwent an identical surgical
procedure with an empty osmotic pump implanted for 7
days. Systolic blood pressures were measured in con-
scious rats by tail-cuff plethysmography (model 29; IITC
Inc, Woodland Hills, CA, USA). In some experiments, the
selective type-1 angiotensin (AT1) receptor antagonist
eprosartan (Solvay Pharmaceuticals, Weesp, The Nether-
lands) was administrated (60 mg/kg/d) to rats through
intraperitoneal implantation of an osmotic minipump
(Alzet model 2ML2) or the nonspecific vasodilator hy-
dralazine (Ishizaka et al 1997) was given (15 mg/kg/d)

in drinking water, beginning 2 days before implantation
and during the Ang II infusion. The dosage of eprosartan
was on the basis of previous research demonstrating its
renoprotective effects in rat (Wong et al 2000). We also
examined the norepinephrine (NE) model of hyperten-
sion by infusing NE at a rate of 2.8 mg/kg/d with an
osmotic minipump (Alzet model 2001) through polyeth-
ylene tubing that was placed in the superior vena cava
via the right external jugular vein (Ishizaka et al 1997).
Rats were killed with an overdose of sodium pentobar-
bital, 1, 3, 5, 7, 11, or 14 days after Ang II infusion or
after sham surgery. The aorta was taken for analysis and
frozen in liquid nitrogen and then stored at 2708C until
analyzed.

Preparation of nuclear protein extracts

For the isolation of nuclear protein extracts, a modified
method (Pritts et al 2000) was used. Briefly, aorta tissue
was rinsed with ice-cold phosphate-buffered saline (PBS)
and homogenized on ice in 1 mL of ice-cold buffer A
(10 mM N-2-hydroxythylpiperazine-N9-2-ethane-sulfonic
acid [HEPES] [pH 7.9], 1.5 mM MgCl2, 10 mM KCl, 1 mM
1,4-dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl
fluoride [PMSF], 10 mg/mL leupeptin, 10 mg/mL apro-
tinin). After a 10-minute incubation on ice, the homoge-
nates were centrifuged at 850 3 g for 10 minutes at 48C.
The supernatants were discarded, and the pellets were
suspended in 90 mL of ice-cold buffer A with 0.1% Triton
X-100, incubated on ice for 10 minutes, and then centri-
fuged as above. The supernatants were stored as cyto-
plasmic extracts at 2708C. The pellets were resuspended
in 750 mL buffer A and then centrifuged at 850 3 g for
10 minutes. The supernatants were removed, and the pu-
rified nuclear pellets were resuspended in 50 mL buffer
B (20 mM HEPES [pH 7.9], 25% glycerol, 420 mM NaCl,
1.5 mM MgCl2, 0.2 mM ethylenediamine-tetraacetic acid
[EDTA], 1 mM DTT, 0.5 mM PMSF, 10 mg/mL leupeptin,
10 mg/mL aprotinin). The suspension was incubated for
30 minutes on ice. After centrifuging at 16 000 3 g for 15
minutes at 48C, the supernatants were transferred in ali-
quots to new tubes and stored at 2708C until analyzed.
Protein concentrations were determined by the method of
Lowry et al (1951).

Electrophoretic mobility shift assay

NF-kB consensus oligonucleotide sequence (59-AGTGA-
GGGACTTTCCCAGGC-39) (Promega, Madison, WI,
USA) was end-labeled with [g-32P] adenosine triphos-
phate (Amersham Pharmacia, Piscataway, NJ, USA) using
T4 polynucleotide kinase (Promega) and purified in G-25
Sephadex columns (Amersham Pharmacia). Nuclear ex-
tracts (20 mg) were incubated with 2 mL binding buffer



Cell Stress & Chaperones (2004) 9 (1), 99–107

Heat shock suppresses angiotensin II–induced hypertension 101

Fig 1. Effect of heat shock (HS) treatment on angiotensin II (Ang
II)–induced hypertension in rats. HS was administered 24 hours be-
fore initiation of Ang II infusion. Systolic blood pressure was mea-
sured at days 0, 1, 3, 5, 7, 11, and 14 of Ang II infusion. Data points
represent mean 6 SEM (n 5 6). *P , 0.01, d0 vs d1 to d14 Ang;
P , 0.05, d0 vs d1 HS 1 Ang; P , 0.01, d0 vs d3 to d14 HS 1
Ang; #P , 0.01, d3 to d14, Ang vs HS 1 Ang.

(20% glycerol, 5 mM MgCl2, 2.5 mM EDTA, 2.5 mM DTT,
250 mM NaCl, 50 mM Tris-HCl [pH 7.5], 0.25 mg/mL
poly(dI-dC)·poly(dI-dC)), then the labeled probe 1 mL
(0.035 pmol) was added and incubated for 20 minutes at
room temperature. Negative controls contained no nucle-
ar extracts, and HeLa cell nuclear extracts were used as
the positive control. To establish the specificity of the re-
action, competition assays with 50 times excess of unla-
beled NF-kB and SP-1 oligonucleotides (59-ATTCGA-
TCGGGGCGGGGCGAGC-39) (Promega) were performed
by adding unlabeled probes 10 minutes before the addi-
tion of the labeled probe. For supershift assays, 2 mg of
anti-p65 and anti-p50 antibodies (Santa Cruz Biotechnol-
ogy Inc, Santa Cruz, CA) was added to nuclear protein
extracts and incubated for 1 hour after the addition of the
labeled probe. The reaction was stopped by adding gel-
loading buffer (250 mM Tris-HCl [pH 7.5], 0.2% bromo-
phenol blue, 40% glycerol). The protein–deoxyribonucleic
acid (DNA) complexes were separated on a nondenatur-
ing 4% acrylamide gel in Tris-borate. Gels were dried
onto Whatman 3MM paper and exposed to X-ray film
with an intensifying screen at 2708C overnight.

Western analysis

Aorta tissue was thawed and rinsed with PBS and then
homogenized on ice in 1 mL of buffer containing 50 mM
HEPES (pH 7.5), 5 mM EDTA, 50 mM NaCl, 1 mM PMSF,
10 mg/mL leupetin, and 10 mg/mL aprotinin. The ho-
mogenates were stored at 2708C as whole-cell extracts.
Protein samples (20 mg) were boiled for 10 minutes in
sample buffer (250 mM Tris-HCl [pH 6.8], 4% sodium
dodecyl sulfate, 10% glycerol, 2% b-mercaptoethanol, and
0.003% bromophenol blue) at 1008C, then they were sep-
arated on denaturing 10% sodium dodecyl sulfate–poly-
acrylamide gels and transferred onto a polyvinylidene
fluoride membrane (Millipore, Bedford, MA, USA). After
blocking with 5% dry nonfat milk in Tris-buffered saline
with 0.1% Tween 20 (TBS/T) for 1 hour at room temper-
ature, membranes were washed 3 times for 5 minutes in
TBS/T and then incubated overnight at 48C with rabbit
polyclonal anti–NF-kB p65 (1:1000, Santa Cruz Biotech-
nology Inc), goat polyclonal anti–IL-6 (1:1000, R&D Sys-
tems, Minneapolis, MN, USA), rabbit polyclonal anti-
Hsp27 antibody (1:5000, StressGen, Victoria, Canada, cat-
alog no. SPA 801), or mouse monoclonal anti-Hsp70 (1:
1000, StressGen, catalog no. SPA 810), each in TBS/T
containing 5% bovine serum albumin. Membranes were
washed 3 times in TBS/T for 5 minutes and incubated
with appropriate peroxidase-conjugated secondary anti-
bodies in TBS. After another 3 washes with TBS/T for 5
minutes, membranes were reacted with the enhanced
chemiluminescence system (Amersham Pharmacia) ac-
cording to the manufacturer’s protocol and then exposed

to films. Protein levels were quantified by scanning den-
sitometry using image-analysis systems (Bio-Rad, Her-
cules, CA, USA). The membranes were stained with ami-
do black to ensure that equal amounts of protein were
loaded on each lane.

Statistical analysis

Data are expressed as mean 6 SEM. The significance of
differences was determined by analysis of variance and
post hoc multiple comparison test by using SPSS 10.0
software (SPSS, IL, USA). P , 0.05 was considered to be
statistically significant.

RESULTS

HS treatment protected against Ang II–induced
hypertension

Blood pressure was significantly increased by the infu-
sion of Ang II (0.7 mg/kg/d) (Fig 1). HS treatment sup-
pressed the Ang II–induced elevation of blood pressure.
This apparent protective role of HS treatment was sig-
nificant from day 3 to day 14 of Ang II infusion (P ,
0.01).

HS suppressed Ang II–induced activation of NF-kB in
aorta

Ang II significantly increased the activation of the tran-
scription factor NF-kB by 24 hours after infusion (Fig
2A,B). Specificity of NF-kB complexes was examined by
using 50 times concentration of unlabeled NF-kB or SP-1
oligonucleotides (Fig 2C). Specific competitor NF-kB in-
hibited the formation of NF-kB–DNA complexes, whereas
the same excess of unrelated SP-1 had no effect. Super-
shift assay using p65 and p50 antibodies shifted the mi-
gration characteristics of the complexes and showed that
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Fig 2. Effect of heat shock (HS) treatment on angiotensin II (Ang II)–induced nuclear factor–kB (NF-kB) activation in rat aorta. (A) Electro-
phoretic mobility shift assay (EMSA) of NF-kB deoxyribonucleic acid–binding activity. (B) Semiquantitative densitometry of NF-kB activity.
(C) Specific NF-kB–binding activity and supershift assay showing identification of p50 and p65 subunits in the NF-kB complex. (D) HS
suppressed NF-kB p65 subunit expression and its nuclear translocation, particularly at day 3. **P , 0.01 vs sham; #P , 0.05, ##P , 0.01
Ang vs HS 1 Ang. Cytoplasmic and nuclear fractions are indicated by c and n, respectively. Data are representative of 3 separate experiments.

these complexes were specific to NF-kB. Peak activation
occurred at day 3, and then decreased gradually but was
still elevated at day 11 (Fig 2A,B). At day 14, although
there was an apparent increase in the activation of NF-kB
after Ang II treatment, this change was not statistical dif-
ferent between Ang II–treated and sham-treated rats. HS
treatment significantly suppressed the activation of NF-
kB induced by Ang II. Interestingly, by days 11 and 14,
the HS treatment no longer suppressed the activation of
NF-kB, ie, the activation of NF-kB appeared to be similar,
and there was no statistical difference between Ang and
HS 1 Ang groups, suggesting that the protective role of
HS was declining by this time. Sham animals showed
low-level expression of NF-kB p65 subunit in the cyto-
plasm (Fig 2D). After Ang II infusion, the p65 subunit

was detected at increased levels in both the cytoplasmic
and nuclear fractions. HS treatment suppressed the Ang
II–induced expression of p65 in the cytoplasmic fraction
and appeared to block its translocation to the nuclear
fraction.

Comparison of HS, vasodilators, and NE on NF-kB
activity in aorta

To examine whether NF-kB activation induced by Ang II
was mediated through the activation of the AT1 receptor
or was dependent of the elevation of blood pressure, we
examined the effects of the specific AT1 receptor inhibitor
eprosartan and the nonspecific vasodilator hydralazine
on NF-kB activation on day 7 of Ang II infusion (Fig 3).
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Fig 3. Comparison of blood pressure and nuclear factor–kB (NF-
kB) activity after 7 days treatment with angiotensin II (Ang II) (day
7 Ang), heat shock (HS) and 7 days treatment with Ang II (HS 1 d7
Ang), vasodilator eprosartan and 7 days treatment with Ang II (Epro
1 d7 Ang), vasodilator hydralazine and 7 days treatment with Ang
II (Hydra 1 d7 Ang), and 7 days treatment with norepinephrine (d7
NE). (A) Systolic blood pressure. **P , 0.01 vs d7 Ang II infused.
Each bar represents the data from 6 rats. (B) NF-kB activity in aorta.
(C) Semiquantitative densitometry of NF-kB activity in aorta. **P ,
0.01 vs d7 Ang II infused. There are also significant differences (P
, 0.01) between HS 1 d7 Ang vs Epro 1 d7 Ang and d7 NE and
between Hydra 1 d7 Ang vs Epro 1 d7 Ang and d7 NE. Data are
representative of 3 separate experiments.

Fig 4. Effect of heat shock (HS) and norepinephrine (NE) on blood
pressure in rats. HS was administered 24 hours before implantation
of a minipump containing either NE or vehicle (saline). Some rats
were anesthetized but not heat shocked before implantation of a
minipump containing NE. Systolic blood pressure was measured at
days 0, 1, 3, 5, 7, 11, and 14 after minipump implantation. Data
points represent mean 6 SEM (for HS, n 5 6; NE, n 5 5; HS 1
NE, n 5 5). *P , 0.01, d1 to d14, NE vs HS; d5 to d14, HS 1 NE
vs HS. #P , 0.05, d1; P , 0.01, d3 to d14, HS 1 NE vs NE.

Both antihypertensive agents suppressed the Ang II–in-
duced increase in blood pressure (Fig 3A) and blocked
the activation of NF-kB in aorta (Fig 3B,C), suggesting
that the Ang II–induced activation of NF-kB is a pressor-
dependent event. However, in another hypertension mod-
el using NE infusion, NF-kB was not activated, although

blood pressure was increased similar to Ang II infusion.
Although both eprosartan and hydralazine suppressed
the elevation of blood pressure caused by Ang II infusion,
there was a significant difference between the suppress-
ing effects of eprosartan and hydralazine on the activa-
tion of NF-kB (P , 0.01). HS treatment decreased hyper-
tension and suppressed the activation of NF-kB induced
by Ang II, similar to the antihypertensive agent hydral-
azine. In another set of experiments, we investigated
whether HS treatment could suppress the NE-induced in-
crease in blood pressure. Although HS treatment alone
had no long-term effect on blood pressure, the HS treat-
ment significantly suppressed the NE-induced hyperten-
sion from day 3 (Fig 4).

HS suppressed Ang II–induced IL-6 expression in aorta

The expression of IL-6 was significantly elevated by Ang
II that peaked at day 3 and remained significantly higher
than the basal level from day 3 to day 7 of Ang II infusion
(Fig 5). HS treatment 24 hours before Ang II infusion sup-
pressed the IL-6 expression level to near normal levels.
Although HS appeared to suppress IL-6 below the basal
level from day 3 to day 11, and returned to the basal level
at 14 days of Ang II infusion, this decrease was not sta-
tistical significant.

Ang II and HS treatment induced expression of Hsp70
and Hsp27

Interestingly, 3 to 5 days of Ang II treatment induced
elevated expression of Hsp70 and Hsp27 (Fig 6). HS treat-
ment induced a more rapid elevation in the expression of
Hsp70 and Hsp27 that was associated with the HS-in-
duced suppression of Ang II–induced hypertension, NF-
kB activation, and IL-6 expression. The HS-induced ex-
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Fig 5. Effect of heat shock (HS) treatment on angiotensin II (Ang
II)–induced interleukin-6 (IL-6) expression in rat aorta. **P , 0.01
vs sham; ##P , 0.01 Ang vs HS 1 Ang. Data are representative of
3 separate experiments.

Fig 6. Expression of heat shock protein (Hsp)70 and Hsp27 in rat
aorta after angiotensin II (Ang II) infusion and heat shock (HS) 1
Ang II infusion. *P , 0.05, **P , 0.01 vs sham; #P , 0.05, ##P ,
0.01 Ang vs HS 1 Ang. Data are representative of 3 separate ex-
periments.

pression of Hsp70 and Hsp27 peaked at 24 hours and
declined slowly till day 14 but was still above basal levels
(Fig 6).

DISCUSSION

In this study, we have shown that HS treatment signifi-
cantly suppresses the increase in blood pressure induced
by chronic Ang II infusion. Although the suppression of
NF-kB and blood pressure by HS, eprosartan, and hy-
dralazine suggested that the NF-kB activation was depen-
dent on hypertension, treatment with norepinephrine in-
dicated that NF-kB activation was independent of hyper-
tension. This suggests that the activation of NF-kB by Ang
II infusion is related to the proinflammatory role of Ang
II, as indicated by the elevated expression of IL-6. Finally,
the suppression of NF-kB activation and its downstream
gene expression, IL-6 by HS treatment, suggests an anti-
inflammatory role for Hsps.

In the current study, HS treatment 24 hours before the
initiation of Ang II infusion suppressed the Ang II–in-
duced increase in blood pressure between days 3 and 14.
We have previously shown that at 24 to 96 hours after HS
treatment, when hearts were subjected to ischemia and
then reperfusion, coronary artery pressure was signifi-
cantly decreased compared with control hearts or hearts
192 hours after HS treatment (Karmazyn et al 1990). Co-
incidentally, the expression of Hsp70 was associated with

enhanced postischemic myocardial recovery at 24 and 48
hours after HS treatment. In hearts from transgenic mice
overexpressing the human inducible Hsp70, coronary ar-
tery pressure was also significantly lower during postis-
chemic reperfusion compared with the coronary artery
pressure of nontransgenic hearts (Plumier et al 1995). Be-
cause HS treatment induces high-level expression of
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Hsp70 and Hsp27 and because overexpression of Hsp70
in transgenic mice is associated with decreased arterial
pressure, we propose that the effect of HS on hyperten-
sion is related to the role of Hsp70 and possibly Hsp27
acting as molecular chaperones. As molecular chaper-
ones, Hsp70 and Hsp27 regulate refolding and renatur-
ation of damaged proteins, which may occur after Ang II
infusion. In fact, Ang II induces the production and re-
lease of vascular superoxide and oxygen free radicals,
which contribute to the alterations of vasomotor tone (Ra-
jagopalan et al 1996; Landmesser et al 2002). The Hsps
may interact with smooth muscle proteins such as AT1
receptor to regulate the tone of blood vessels. Alternately,
HS may modulate endothelium-dependent vascular re-
laxation by the anti–oxygen free radical role of Hsps (Pit-
tet et al 2002; Suzuki et al 2002). Another possible mech-
anism of HS having an effect on blood pressure regula-
tion is through the role of Hsps in the central nervous
system. After hyperthermic treatment, select neurons of
the hippocampal formation, of the hypothalamus, such as
paraventricular nucleus and dorsomedial hypothalamic
nucleus, and of the circumventricular organs, such as su-
bfornical organ and area postrema, expressed high levels
of Hsp27. This suggests that some Hsp27-positive cells
are involved in physiological responses to body fluid ho-
meostasis (Krueger-Naug et al 2000). In addition, these
regions of the brain are involved in the modulation of
blood pressure by Ang II (Lenkei et al 1997).

Ang II is more than just a regulator of vascular tone, it
is also a mediator affecting the local biology of the arte-
rial wall (Han et al 1999; Kranzhofer et al 1999), the heart
(Dechend et al 2001; Sano et al 2001), and the kidney
(Mervaala et al 2000; Ruiz-Ortega et al 2001) by triggering
inflammatory pathways including NF-kB, AP-1, extracel-
lular regulated kinase, and p38 mitogen-activated protein
kinase. Among them, NF-kB pathway is particularly in-
teresting. NF-kB is a ubiquitous, inducible transcription
factor that is involved in the inflammatory process and
promotes transcription of multiple inflammatory factors
and cytokines. Usually, NF-kB is in its constitutive form
in the cytoplasm and is held in an inactive state by its
inhibitor, I-kB. When NF-kB is stimulated by outside sig-
nals, such as reactive oxygen intermediates, ultraviolet
light, lipopolysaccharide, or TNF-a, it disengages I-kB,
translocates into the nucleus, and binds to DNA (Ghosh
et al 1998). The most common form of activated NF-kB is
the p50/p65 heterodimer. In our study, p50/p65 hetero-
dimer was activated and translocated. Ang II–induced
NF-kB activation may relate to the effect of Ang II on the
release of oxygen free radicals. Recently, several studies
have reported that NF-kB inhibition improves tissue in-
jury induced by Ang II. For example, Muller et al (2001)
found that aspirin inhibits NF-kB and protects Ang II–
induced end-organ damage in heart and kidney, inde-

pendent of blood pressure. Similarly, enalapril, pioglita-
zone, rosiglitazone, 3-hydroxy-3-methylglutaryl coen-
zyme A, and cyclosporine A are all protective against
Ang II–induced inflammation and tissue injury by sup-
pressing NF-kB activity (Mervaala et al 2000; Dechend et
al 2001; Diep et al 2002; Ortiz et al 2002).

Endogenous cellular protection is thought to be medi-
ated by Hsps functioning as molecular chaperones to pre-
vent inappropriate protein aggregation, to mediate trans-
port of immature proteins to the target organelles for fi-
nal packaging, to repair damaged protein, or to target
damaged proteins for degradation. Recently, several stud-
ies report that the heat stress response protects against
tissue injury by increasing the expression of Hsps and
suppressing the activation of NF-kB. Yoo et al (2000)
found that the anti-inflammatory effect of Hsp70 by HS
treatment in respiratory epithelial cells is related to the
stabilization of I-kBa and hence the inhibition of NF-kB.
Pritts et al (2000) first reported the downregulation of NF-
kB activity by stress response in vivo. They induced
Hsp70 expression by hyperthermia (428C) or injection
with sodium arsenite (10 mg/kg). The increase of NF-
kB–DNA-binding activity and the decrease of I-kBa after
endotoxin injection were inhibited by previous HS stress.
Hsps protection by way of the NF-kB pathway has also
been shown in heart and in liver ischemia injury (Shi-
mizu et al 2002; Uchinami et al 2002). In this study, we
report that HS treatment protects against Ang II–induced
tissue inflammation by suppressing the inflammatory
transcription factor NF-kB. This protection is related to
high expression of Hsp70 and Hsp27 induced by HS. The
HS protection against Ang II–induced inflammation ap-
pears to be independent of blood pressure. In this study,
we found that although HS treatment suppressed the hy-
pertension induced by Ang II, the systolic blood pres-
sures were still higher than normal. Although NE in-
creased blood pressure similar to Ang II, it did not acti-
vate NF-kB. Interestingly, NE-induced hypertension was
not associated with an increase in vascular superoxide
production and did not alter endothelial regulation of va-
somotion as Ang II did (Rajagopalan et al 1996). This data
suggest that Ang II may have a unique vascular effect
that is not shared by other forms of hypertension. Our
finding that HS treatment suppressed the NE-induced in-
crease in blood pressure suggests that the cells of the
aorta responsible for the increased blood pressure may
be in a generally unresponsive state, ie, they are not re-
sponding to the signaling stimuli involved in establishing
the hypertensive state of the aorta. In fact, Hsp70 and
Hsp27 are reported to block apoptotic signaling path-
ways (Mosser et al 2000; Gabai et al 2002; Paul et al 2002),
providing precedence for thinking that Hsps may block
other kinds of signaling pathways as well.

There are 3 possible mechanisms for the HS inhibition
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of NF-kB activation. First, HS may increase cytoplasmic
I-kB proteins. HS increases I-kB expression and decreases
NF-kB activation (Wong et al 1997a, 1997b; Pritts et al
2000). Human I-kBa promoter contains a contiguous 20-
bp segment that matches with the heat shock element
(Wong et al 1997b); therefore, I-kBa may be regarded as
a stress protein. Second, Hsps induced by HS may sense
conformational changes of I-kB proteins by their role as
molecular chaperones and interact with modified I-kB to
prevent the subsequent phosphorylation, degradation,
and disassociation from NF-kB complexes. By immuno-
precipitation and double-labeling immunofluorescence,
Shimizu et al (2001) detected Hsp70–I-kBa immunocom-
plexes and suggested that I-kBa stabilization through for-
mation of complexes with Hsp70 attenuates NF-kB acti-
vation. Third, Guzhova et al (1997) have shown that
Hsp70 could chaperone NF-kB and inhibit its activation
directly, as a partial substitute for I-kB. In addition, it is
also possible that Hsps or the Hsp–I-kB complex may
inhibit the I-kB kinase directly or indirectly. Further stud-
ies to differentiate the roles played by Hsp70 and Hsp27
in Ang II–induced inflammation and hypertension are
necessary to reveal the precise mechanism of the inter-
action of HS/Hsps and NF-kB pathway in Ang II–in-
duced tissue injury.
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