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Snoeckx, Luc H. E. H., Richard N. Cornelussen, Frans A. Van Nieuwenhoven, Robert S. Reneman, and Ger

J. Van Der Vusse. Heat Shock Proteins and Cardiovascular Pathophysiology. Physiol Rev 81: 1461–1497, 2001.—In
the eukaryotic cell an intrinsic mechanism is present providing the ability to defend itself against external stressors
from various sources. This defense mechanism probably evolved from the presence of a group of chaperones,
playing a crucial role in governing proper protein assembly, folding, and transport. Upregulation of the synthesis of
a number of these proteins upon environmental stress establishes a unique defense system to maintain cellular
protein homeostasis and to ensure survival of the cell. In the cardiovascular system this enhanced protein synthesis
leads to a transient but powerful increase in tolerance to such endangering situations as ischemia, hypoxia, oxidative
injury, and endotoxemia. These so-called heat shock proteins interfere with several physiological processes within
several cell organelles and, for proper functioning, are translocated to different compartments following stress-
induced synthesis. In this review we describe the physiological role of heat shock proteins and discuss their
protective potential against various stress agents in the cardiovascular system.

I. INTRODUCTION

Since the first report (338) on the heat-induced ap-
pearance of chromosomal puffings in salivary gland tissue
of Drosophila busckii in 1962, a new research domain has
been intensively explored. This research resulted in the
discovery of a large number of related proteins and their

physiological role in many prokaryotic and eukaryotic
organisms, tissues, and individual cells and at the level of
subcellular structures. These proteins were originally
called “heat shock proteins” (356), because they were
discovered in salivary glands and other tissues of Dro-

sophila melanogaster recovering from a so-called tran-
sient sublethal heat shock, during which body tempera-
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ture was increased ;5°C above normal body core
temperature (400). Such a mild heat shock elicited a heat
shock response, characterized by the synthesis of new
heat shock proteins normally almost absent in tissues of
adult animals and by an increased synthesis of constitu-
tively present or cognate heat shock proteins. This event
was followed by a transient increased tolerance to high,
normally lethal temperatures (thermotolerance). Later it
was found that not only the tolerance to enhanced tem-
perature increases, but also the resistance toward other
events like hypoxia, ischemia, inflammation, and expo-
sure to such cellular toxins as heavy metals, endotoxins,
and reactive oxygen species (cross-tolerance), all impos-
ing serious stress upon tissues and their composing cells.

The increased resistance toward stressful events has
been described in a great variety of organisms, organs,
and tissues, including the heart. During the last years,
more and more information has become available on the
specific role of individual heat shock proteins and on the
mechanisms of transient activation of gene transcription,
leading to the enhanced cardiac synthesis of these pro-
teins. A better insight has also been acquired in such
subcellular targets as molecules or organelles that can be
protected by heat shock proteins. Now the phase is
reached that upregulation of heat shock protein synthesis
is considered as a powerful physiological, endogenous
route for protecting crucial cellular homeostatic mecha-
nisms against disturbing external factors. Therefore, it is
propagated that they provide a new therapeutic tool to
protect the human heart during and after transient isch-
emic attacks.

Over the last 5 years comprehensive reviews have
been published on the chaperone activity of heat shock
proteins (34, 150, 248, 283, 430) and on their role in
specific tissues and pathological processes (34, 94, 104,
200, 281, 340, 445). The role of such individual heat shock
proteins as the 70-kDa heat shock protein, small heat
shock proteins and the heat shock factors has also been
highlighted (293, 334, 360, 395, 439).

This survey concentrates on the transient protection
of the cardiovascular system in various mammalian spe-
cies when heat shock protein synthesis is upregulated.
The present state of the art regarding the stimuli, leading
to the heat shock response, the transduction pathways
involved in the activation transcription of the various heat
shock genes, and the cellular structures protected by heat
shock proteins is presented. Such new experimental tools
as transgenic animals and transfection techniques to en-
hance or inhibit the transcription of heat shock genes are
discussed. Although the physiological role of heat shock
proteins and their protective potential under pathophysi-
ological circumstances have been studied in detail in
animal models, knowledge of the role and effects of these
proteins in humans is still limited. Where possible the

relevance of the observations for the human situation is
discussed.

II. NOMENCLATURE AND FAMILIES OF HEAT

SHOCK PROTEINS

The applied nomenclature is primarily derived from
the trigger leading to the synthesis of these proteins.
Because heat shock was the first discovered trigger of the
heat shock response leading to enhanced transcription of
certain genes, the related products of this transcriptional
activity have been called heat shock proteins. On the
basis of the adopted nomenclature after the Cold Spring
Harbor Meeting of 1996, throughout this survey heat
shock genes will conventionally be designated as hsp-
genes, while the related proteins are called Hsps (150).
Accordingly, proteins the synthesis of which was in-
creased upon glucose starvation are called glucose-regu-
lated proteins (Grps). For the majority of these genes and
proteins the name is associated with a molecular mass
indication like for instance hsp27 and Hsp27, respectively.
Some proteins that were first discovered in a nonrelated
domain carry a particular name like the major structural
ocular lens protein aB-crystallin or those proteins target-
ing abnormal proteins for degradation, i.e., the ubiquitins.
The name of some Hsps is often preceded by an indication
of the compartment in which they reside, like mitochon-
drial mt-Hsp75. Furthermore, distinction has been made
between the proteins almost absent under nonstressed
conditions but synthesized immediately after cellular
stress, and the proteins that are constitutively synthesized
in the tissue. The first are called inducible proteins, while
the second class is known as cognate proteins, like for
instance Hsc70. This distinction may be arbitrary because
in various cell types low but measurable concentrations
have been found of so-called inducible Hsps, while on the
other hand the synthesis of some cognate proteins is also
increased upon stress.

Classification of various Hsps in families is based on
their related function and size, which can vary from 10 to
170 kDa. Family names are conventionally written in cap-
itals (150). The HSP70 family can stand for a typical
example. The proteins of this family range in weight
between 70 and 78 kDa (194). All HSP70 family members
bind ATP (284). Constitutive or cognate members are
Hsc70, Hsp75, and Grp75 (see below), while the inducible
member is Hsp72, commonly called Hsp70.

The nomenclature and classification for related Hsps
in prokaryotic and eukaryotic organisms is different, al-
though the sequence of nucleic acids in genes and amino
acids in proteins is often highly identical. Various hsp-
genes are well conserved during evolution. For instance,
among eukaryotic organisms the identity of the nucleo-
tide sequence of the hsp70-gene varies from 60 to 78%
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(194). Compared with the human hsp70-gene, the Dro-

sophila hsp70-gene and the prokaryotic Escherichia coli

dnaK-gene reach a 72 and 50% identity, respectively (168).
In the spectrum of Hsps, the so-called Grps form a

special group. As mentioned earlier, the synthesis of these
proteins increases when extracellular glucose concentra-
tions are low. Other triggers, however, can also lead to

enhanced Grp synthesis, like depletion of intracellular
calcium stores or inhibition of protein glycosylation. Grps
reside in various HSP families and comprise Grp58,
Grp78, Grp94, and Grp170. They are all localized in the
endoplasmic reticulum.

In Table 1, only the representative eukaryotic Hsps
are presented. The functional characterization of the

TABLE 1. Eukaryotic members of the various heat shock protein families

Family
Members

Name Alternative Name Intracellular Location Characteristics

Ubiquitins Ubiquitin Cytoplasm/nucleus Constitutive; targets abnormal proteins for
degradation by the 26S protease (42)

HSP10 Hsp10 Mitochondria Constitutive; promotes substrate release in
conjunction with Hsp60

Small
HSPs

aA-crystallin
aB-crystallin

Cytoplasm/nucleus Constitutive; chaperone (55, 91, 387)

Hsp27 Hsp25 (murine)
Hsp27 [human, canine (219)

and rat (408)]
Hsp28 (hamster)

Cytoplasm/perinucleus
Stress: nuclear translocation

Constitutive; phosphorylated upon stress;
overexpression protects against heat
shock; forms large aggregates

Hsp32 HO-1 Cytoplasm Inducible upon hypoxia (113)
HSP40 Hsp40 Hdj-1 Cytoplasm/nucleus

Stress: nuclear translocation
Constitutive; guides protein folding in

conjunction with Hsp70 and Hsc70
Hsp47 (161) ER Constitutive; binding and transport of

collagen from ER to Golgi (301)
HSP60 Grp58 ER Constitutive

Hsp60 Hsp58
Hsp65 (100, 259)

Mitochondria Constitutive; guides mitochondrial protein
import in conjunction with Hsp70; ATP
hydrolysis and substrate release
stimulated by Hsp10

TRiC TCP1 (145) Cytosol (28) Protein folding (chaperonin)
HSP70 Hsc70 Hsp73; hsc70 (371); ly-hsc73

(3)
Cytoplasm/peroxisome/nucleus
Upon stress and mitosis:

nuclear translocation

Constitutive; slightly inducible; guides
protein synthesis and import for
proteins degradation

Hsp70 Hsp72; Hsx70; Hsp70l;
Hsp70-1; 72K; Hsp71;
sp71; Hsp68

Cytoplasm/nucleus
Upon stress and mitosis:

nuclear translocation

Highly inducible; normally almost absent;
guides protein synthesis and binds
proteins upon stress

Hsp70-7 ? Inducible; part of Hsp70? (421)
Hsp70-6 ? Inducible, only inducible at high

temperature; more basic than Hsp70
(225)

Stch “ATPase core” of Hsp70 (115)
Hsp75 Grp75; mt-hsp75; PBP74 Mitochondria (40) Constitutive; guides and folds proteins in

mitochondria
Grp78 (399) BiP; p78; Grp80

Hsp78
ER (451) High constitutive expression in gland

cells; inducible upon low [glucose];
glycosylation inhibitor; folds proteins

Mortalin Cytoplasm/nuclear membrane
(118)

HSP90 Hsp90-a
Hsp90-b

(431)

Cytoplasm/nucleus
Stress: nuclear translocation

(67, 105)

Constitutive but upregulated and
phosphorylated upon stress; binds
cytoplasmic hormone receptors; guides
certain protein kinases (pp60src) to cell
membranes

Grp94 Grp90; Grp100; Erp99;
ERP100; endoplasmin
(420)

ER (28) Inducible in growing satellite skeletal
muscle cells; binds calcium

HSP110 Hsp94 Renal medulla Inducible by heat and osmotic stress
Hsp104 Hsp105 (139) Cytoplasm Constitutive; only in yeast (?); conveys

thermotolerance
Hsp110 Hsp110 (human)

Apg-1 (murine)
Cytoplasm/nucleolus
Stress: nuclear translocation

Constitutive; increased synthesis upon
stress; protein refolding

Grp170 ER Constitutive expression

Hsp, heat shock protein; Hsc, heat shock cognate; HO-1, heme-oxygenase-1; Grp, glucose-regulated protein; prp, peptide recognition protein;
TriC, T-ring complex; TCP, T-complex protein; ER, endoplasmic reticulum; ly, lysosomal; mt, mitochondrial; BiP, binding protein.
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members in each family is indicated in the last column.
Members of the various families do have a specific local-
ization within the unstressed cell, which is indicated in
the fourth column. Upon cell stress, however, they can be
translocated to other cellular compartments. Inducible
Hsps are rapidly synthesized after the onset of the stress
and can have a time-dependent, and thus dynamic, spe-
cific intracellular localization.

According to the animal species in which they have
been discovered, Hsps may have different names, al-
though their nucleotide and amino acid sequence can be
highly identical. As an example, in Table 2, the various
genes of the HSP70 family for mouse, rat, and human
tissues as well as the chromosomal locus symbol in hu-
mans are presented. The nature of their expression is also
indicated (after Refs. 97, 395). The same accounts for
Hsp27. Throughout this survey only the terms Hsp27 and
Hsp70 will be used to represent the family member.

III. TRANSCRIPTION OF HEAT SHOCK

PROTEIN GENES

A variety of physical and chemical factors evoking
environmental stress enhance the synthesis of Hsps in
cells of various tissues, including those in the vascular
wall and the heart. Such a process is initiated by the
stimulation of membrane-bound receptors, changes in
physical properties of the cell membrane, or in such
intracellular changes as temperature and partial oxygen
pressure. At present, numerous stimuli are know that lead
to enhanced expression or activation of Hsps in cells
belonging to the cardiovascular system. These triggers are
summarized in Table 3.

Not all stimuli are evenly potent in the induction of
expression of heat shock genes. For instance, heat shock
is a more potent activator of hsp70-gene transcription
than hypoxia (279). Otherwise, some of these stimuli have
an additional effect when applied in combination. For
instance, in intact rats in various tissues heat shock com-
bined with intraperitoneally administered aspirin results
in a significantly higher synthesis of such inducible Hsps
as Hsp70 (117).

A. Signal Transduction Pathways for

hsp-Gene Transcription

Figure 1 shows the presently known triggers leading
to the activation of the transcription of hsp-genes in the
eukaryotic cell. Despite the fact that the transduction
pathways involved in the activation of the transcription of
hsp-genes have been investigated intensively, for some
distinct members of the various families the mechanisms
underlying these pathways are still matter of debate.

In many organisms the temperature at which they
live and the rate of change of this temperature determine
the set point and the intensity of the heat shock response,
respectively. For instance, it is obvious that the tempera-
ture set point for the heat shock response in arctic fishes
is totally different from that in bacteria living in hot
springs. Furthermore, slow increases in temperature ac-
tivate hsp-gene transcription less than abrupt hyperther-
mia.

Although for such stimuli as angiotensin II and phen-
ylephrine membrane receptors have been identified, no
conclusions have been reached regarding the nature of
the “primary sensor” for abnormal high temperatures in
the cell membrane or within the cell. In yeast it has been
suggested that the physiological response to changes in
environmental temperature is dependent on the lipid
composition of the plasmalemma. In yeast cells with dif-
ferent membrane fatty acid composition, more specifi-
cally with different ratios of saturated to unsaturated fatty
acids, the threshold temperature of transcription of the
hsp70-gene was found to be significantly different (54).

In contrast to the lack of understanding of the nature
of the primary sensor at the level of the cell membrane,
more information is available on the intracellular signal-
ing cascade ultimately leading to the activation of hsp-
gene transcription and subsequent protein synthesis. In
eukaryotic cells this transcription is effectuated via a
transcription factor known as the heat shock factor (HSF;
see below). Because the HSF is inactive under non-
stressed conditions, binding to DNA occurs only upon
stress, implying that the HSF is negatively regulated (290).

Several factors can lead to HSF activation (see Fig.
1). The central process in HSF activation is the equilib-
rium between the binding of such free Hsp molecules as

TABLE 2. The Hsp70 family in mammals

Family
Member Mouse Genes Rat Homologs Human Homologs

Human Locus
Symbol Expression

Hsp70 hsp70-1 (167, 169, 370) hsp70-1 (234) hsp70-2 (353) HspA 1B (285) Inducible
hsp70-3 (169, 321, 370) hsp70ib (279) hsp70-1 (168, 370) HspA 2A (344)

HspA 2B (44)
Inducible

Hsc70 hsc70 (126) hsc70 (371) hsc70 (102) HspA 8 (394) Constitutive
Hsp75 grp75 (98) grp75 (98) HspA 9 (40, 98) Constitutive
Grp78 grp78 (209) grp78 (399) HspA 5 (144, 399) Constitutive
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Hsp70 to the HSF and to stress-mediated unfolding pro-
teins. Any increase in the presence of unfolding proteins
shifts this equilibrium to the Hsp-unfolded proteins side,
thereby releasing free HSF monomers, which can be ac-
tivated subsequently. This hypothesis has been forwarded
by several authors (2, 291), but contested by others (332).
More recently it was found that not only Hsp70 binds to
the HSF, but also Hsp90. Hsp90 also acts as a repressor
protein of HSF (see below) (6, 455).

Second, HSF can be activated indirectly by some
stressors that activate phospholipase C, thereby enhanc-
ing intracellular concentrations of inositol 1,4,5-trisphos-
phate (IP3) and diacylglycerol, associated with subse-
quent activation of protein kinase C (PKC) (111). The fact
that PKC-activating drugs like phorbol 12-myristate 13-
acetate (PMA) provoke Hsp70 synthesis (111) and that the
PKC inhibitor chelerythrine chloride reduces the heat
shock-elicited Hsp70 synthesis (446) underlines the cen-

tral role of PKC in the activation of hsp70-gene transcrip-
tion.

On the basis of results obtained in cultured neonatal
cardiomyocytes, it has been argued that tyrosine kinases
are also involved in the signaling pathway of hsp-gene
transcription. In these cultures, herbimycin-A, a benzoqui-
noid ansamycin antibiotic and reputed tyrosine kinase
inhibitor, provokes Hsp70 synthesis and increased resis-
tance against a subsequent lethal heat stress (292). This
drug, however, does not activate the transcription of such
other genes as hsp90, hsp60, hsp27, and grp78. Moreover,
another tyrosine kinase inhibitor, genistein, had no effect
on hsp70-gene transcription at all. Thus herbimycin-A
induces Hsp70 transcription via a tyrosine kinase-inde-
pendent mechanism, because an even more specific ty-
rosine kinase inhibitor, tyrphostin 23, also does not affect
hsp70-gene transcription (111).

Whether changes in intracellular calcium concentra-

TABLE 3. Stimuli enhancing cardiovascular hsp-gene transcription or hsp synthesis

Stress Stressor Species Reference Nos.

Acute hypertension Intravenous injection of angiotensin II,
dopamine, phenylephrine,
vasopressin, endothelin 1

Rat 276, 288, 406, 443

Acute load change Artificial stretch ventricular wall Rabbit 204
Exercise Rat 240, 347

Alcohols Ethyl alcohol Rat 380
Amino acids analogs Exposure to canavanine Rat 151
Anesthetics Intraperitoneal methoxital sodium Rat 365
Cardiac hypertrophy Aortic stenosis Rat, ovine 92, 135, 365, 378

Intravenous injection of monocrotalin Rat 68
Chemotherapy Exposure to adriamycin Mouse 164
Development Cardiac embryogenesis Mouse 35
Heat Exposure to hyperthermia (heat

shock)
Rat, rabbit, mouse, chicken

embryo
71, 72, 77, 79, 82–85, 99, 135, 173, 190,

257, 267, 268, 279, 423, 446
Intravenous injection of amphetamine Pig, rat 265

Heavy metals Exposure to CdCl2 Mouse 244
Hypoxia Hypoxic environment Mouse, bovine, rat 162, 177, 191, 271, 279
Immunogen

response
Infection with picornavirus Mouse 164

Ischemia/reperfusion Regional myocardial ischemia Rabbit, pig, rat, dog, rabbit 15, 88, 93, 203, 255, 258, 260, 279, 361
Global myocardial ischemia Rat 79
Postischemic reperfusion Rat 80, 309
Cellular ischemia Rat 315

Metabolic stress Exposure to rotenone Mouse 32
(ATP depletion) Exposure to 2-DOG/lactate Rat 77

Exposure to 2-DOG/Na-cyanide Rat 177
Anaerobic metabolism Rat 298

Oxidative stress Exposure to hydrogen peroxide Rat, human, mouse 185, 212, 244, 443
Exposure to ebselen (antioxidant) Rat 159
Exposure to irradiated rose bengal Rat 212
Exposure to X/XO Rat 212
Exposure to XO/HX Bovine 19
Exposure to endotoxin Rat, rabbit 358, 420
Exposure to monophosphoryl lipid A Rat 306
Exposure to TNF-a Cat 304

Physical stress Physical restraint Rat 271, 272, 404
Sodium arsenite Exposure to sodium arsenite Rat 140
Transplantation Allografting Rat 90
Tyrosine kinase

inhibition
Herbimycin-A Rat 292

2-DOG, 2-deoxyglucose; X/XO, xanthine/xanthine oxidase; XO/HX, xanthine oxidase/hypoxanthine; TNF-a, tumor necrosis factor-a.
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tion are involved in the activation of hsp-gene transcrip-
tion is incompletely understood. In cardiac tissue a tran-
sient increase of diastolic intracellular free calcium was
found after heat shock (52, 249, 417), increased wall
stretch, and a-adrenoreceptor stimulation. All three
stresses led to enhanced hsp-gene transcription. Detailed
observations during heat shock revealed that the initial
rise of the intracellular calcium concentration is due to
ion release from intracellular stores, presumably from the
endoplasmic reticulum. The rise in calcium concentration
is preceded by a rapid release of IP3, occurring within the
first minute after imposition of the heat shock (52). Sub-
sequently, the ion concentration is further increased by a
secondary calcium influx from the extracellular space. An
interesting observation was made by Löw-Friedrich and

Schoeppe (244), who found that a CdCl2-elicited en-
hanced synthesis of Hsp70 in isolated cardiomyocytes
was reduced when the cells were preincubated with cal-
cium antagonists, like nifedipine, diltiazem, or verapamil.
The interpretation of these results, however, is complex.
Calcium antagonists could interfere directly with the
toxic effects of CdCl2, such as blocking its entry into the
cell or reducing the CdCl2-elicited calcium release from
mitochondria. On the other hand, it cannot be excluded
that a long-term incubation with high doses of calcium
antagonists has a direct blocking effect on Hsp70 synthe-
sis through its inhibitory effect on protein synthesis.

The mechanism of activation of such small Hsps
(sHsps) as Hsp27 and aB-crystallin is likely different from
that of the inducible hsp70-gene (16, 360). Because they

FIG. 1. Extracellular and intracellular stresses that can lead to the activation of the heat shock factor (HSF) and
subsequent heat shock protein (hsp)-gene transcription. ROS, reactive oxygen species; DAG, diacylglycerol; IP3, inositol
1,4,5-trisphosphate; PKC, protein kinase C; Hsp;HSF, binding between Hsp molecules and the HSF. Dotted lines indicate
that the transduction pathway is not completely known.
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are constitutively present in cardiac tissue in appreciable
amounts (174), activation occurs mainly through phos-
phorylation. This process takes place very rapidly in re-
sponse to heat shock, growth factors, phorbol esters,
calcium ionophores, interleukin-1 (IL-1), and tumor ne-
crosis factor-a (TNF-a) (16, 428). With regard to TNF-a-
elicited activation of Hsp27, it has been shown that the
mitogen-activated protein kinase (MAPK) pathway is in-
volved via the p38 MAP kinase cascade and the MAPKAP
kinases 2 and 3 (110, 170). PKC is likely not involved
in the activation of sHsps, because TNF-a-elicited phos-
phorylation of Hsp27 is not inhibited by such kinase
inhibitors as staurosporine, 1-(5-isoquinolinylsulfonyl)-2-
methylpiperazine (H-7), N-(2-[methylamino]ethyl)-5-iso-
quinolinesulfonamide (H-8), N-(2-guanidinoethyl)-5-iso-
quinolinesulfonamide (HA-1004), or chelerythrine chloride
(418).

B. Heat Shock Factors

Ultimately, the transcription of several hsp-genes is
governed by the so-called HSFs, which are constitutively
synthesized cellular transcription factors. At present, four
different HSFs have been identified, i.e., HSF1 (330),
HSF2 (357), HSF3 (300), and HSF4 (302). HSFs are prod-
ucts of the transcription of four different genes. HSF1,
HSF2, and HSF4 have been identified in human tissues. At
present, HSF3 has only been described in the chicken, in
which it is involved in the development of various tissues
(300, 388).

All four factors are thought to be activated differently
by various forms of cellular stress (300, 330). HSF1 acti-
vation is extremely sensitive to temperature changes,
whereas HSF2 is not (74, 95). HSF1 is primarily involved
in the stress response, while HSF2 and HSF3 regulate the
transcription of hsp-genes in specific tissues, undergoing
processes of differentiation and development. HSF2 (72
kDa) is present in two isoforms, i.e., HSF2-a and HSF2-b.
The two isoforms are products of alternative splicing of
HSF2 pre-mRNA. HSF2-a is predominantly found in the
testis (352), whereas HSF2-b is synthesized in heart and
brain. The HSF2-a form is transcriptionally more active
than the HSF2-b form (128). Interestingly, HSF2 operates
additionally to HSF1. When both heat shock factors are
activated by hemin treatment and heat shock, respec-
tively, transcription of the hsp70-gene is more potent than
after activation of HSF1 alone (363).

Evidence is accumulating that the latest discovered
HSF, i.e., HSF4, is structurally related to the other three
HSFs (302). This particular protein, however, is function-
ally distinct from the three others since it does not re-
spond to stresses like heat. The precise role of HSF4 is
still unknown, aside from its repressing effect of hsp-gene
activation. Indeed, the transcription of the hsp70-, hsp90-,

and hsp27-genes is reduced when HSF4 is overexpressed.
Nakai et al. (302) suggested that HSF4 is not a transcrip-
tion factor because it lacks the carboxy-terminal repeat
shared by HSF1, HSF2, and HSF3 (302).

C. Activation and Deactivation of HSF1

HSF1 is the major stress responsive HSF mediating
the heat shock response in mammalian cells (330). The
mechanism of action and its regulation and activation
have been extensively reviewed by Wu (439). HSF1 is a
75-kDa protein that is constitutively synthesized and lo-
calized in the cellular cytosol and nucleus and often as-
sociated as a group of inactive monomers in a complex of
;200 kDa (21). In addition, in the resting state, the HSF1
monomers seem to be bound by Hsp70 and Hsp90, the
latter being only liberated upon activation by kinases (6,
455).

Upon activation, HSF1 shifts from the cytosolic to
the nuclear compartment and becomes organized in an
active, DNA-binding homotrimer of ;700 kDa (129, 439).
Trimerization is established by arrays of a-helical resi-
dues (leucine zippers) in the amino-terminal domain of
the protein and is negatively regulated by another leucine
zipper domain at the carboxy-terminal site (331, 439).
Crystal structure analysis has revealed that the DNA-
binding domain of HSF1 contains a bundle of three heli-
ces capped by a four-strand antiparallel b-sheet, forming
a globular domain of ;90 residues (136). HSF1-DNA bind-
ing also depends on the presence of the so-called heat
shock elements (HSEs) in the upstream promoter site of
the hsp-genes. These HSEs are multiple and have variable
numbers of alternating oriented arrays of 59-nGAAn-39 (n
stands for less conserved nucleotides) (33, 166, 211, 233,
236). The binding of the HSF homotrimers to HSE re-
quires at least two nGAAn units, arranged head-to-head or
tail-to-tail (441). Upon binding, the synthesis of new
mRNA molecules encoded by related hsp-gene can be
initiated.

The HSF1 activity is controlled by multiple regula-
tory mechanisms, including suppression by Hsp70 and
Hsp90 and activation by different cellular signaling cas-
cades (199). Interestingly, HSF1 can be activated into an
intermediate state in which it binds to HSE sequences
without stimulating gene transcription. For this ultimate
process, HSF1 hyperphosphorylation seems to be indis-
pensable (351, 440). Furthermore, trimerization and phos-
phorylation seem to be far more important for activation
of hsp-gene transcription than the absolute cellular con-
tent of HSF1 (96).

Many stresses aside from heat activate HSF1. In cul-
tured cells it was found that hypoxia, ethanol, and sodium
arsenite increase HSF1-DNA binding and Hsp70 levels
(33, 287). The prostaglandins A1 and A2 (PGA1 and PGA2,
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respectively) also enhance HSF1-mediated transcription
of hsp70- and hsp90-genes (8, 9). PGA1 inhibits nuclear
factor-kB (NF-kB) by blocking phosphorylation and sub-
sequent degradation of the NF-kB inhibitor protein IkB-a.
This inhibition of NF-kB is associated with HSF1 activa-
tion (342). The hsp70-gene transcription through PGA2

only occurs in proliferating but not in confluent cell layers
in culture (156, 350) and seems to be cell type dependent.
Our group found that hsp70-gene transcription is also
stimulated by PGA1 and PGA2 in cultured myogenic cells
and adult cardiomyocytes, although this expression does
not lead to protection against a severe stress (unpub-
lished data). Hyposmotic stress also elicits HSF1-DNA
binding, which, however, does not result in hsp70-gene
transcription (163). Because salicylates and arachidonic
acid also activate HSF1 (178, 186–188), it is tempting to
speculate that inflammation and degradation of cellular
membranes, resulting in the release of arachidonic acid
from membrane phospholipids, lead to enhanced Hsp
concentrations in the cell. However, to the best of our
knowledge, no enhanced Hsp levels have been found
upon treatment with these compounds.

The role of the precise intracellular concentration of
individual Hsps on the stress-mediated activation of HSF1
has been investigated by artificially reducing the levels of
such Hsps as Hsp70 and Hsp90. Only Hsp90 reduction
resulted in HSF1 activation pointing to its negative regu-
lation by this particular Hsp. Heating leads to the disso-
ciation of the constitutive heterocomplexes between
HSF1 and Hsp90, because stress-denatured proteins com-
pete for Hsp90 (6, 455). Inversely, by artificially reducing
concentrations of nascent polypeptides, the HSF1-elicited
hsp70-gene transcription was inhibited, indicating that
cells are capable of registration of concentrations of not
yet folded nascent proteins or stress-denatured proteins
(22).

More recently, investigations have been performed to
elucidate the mechanism of HSF1 deactivation, which
seems to be regulated by multiple factors. First of all,
increasing levels of inducible Hsps repress HSF1 activa-
tion in an inverse way, pointing to an autoregulatory
mechanism for HSF1 activity (138, 236, 295). Further-
more, phosphorylation has both positive and negative
effects on the activity of HSF1 (64, 199, 295). Administra-
tion of okadaic acid, a specific and potent inhibitor of
serine/threonine phosphatases 2A and 1 to cultured cells,
leads to inhibition of HSF1 dissociation and to prolonged
activation of hsp70-gene transcription (57, 440). Inversely,
blocking the serine/threonine kinase activity inhibits
HSF1 phosphorylation and hsp70-gene transcription
(440). Second, it was found that HSF1 activity can also be
inhibited through phosphorylation of HSF1 serine resi-
dues (155), evoked by MAPKs (64). Third, it has been
shown that the nuclear heat shock factor binding protein
1 (HSBP1) interacts with the active homotrimeric state of

HSF1 during heat shock. More specifically, HSBP1 nega-
tively affects the HSF1-DNA coupling by binding to the
HSF1 heptad repeat. Overexpression of HSBP1 blocks the
HSF1 activation (354).

Only recently, the HSE in the promoter of hsp-genes
was found to be part of a so-called “composite response
element” (CRE), consisting of various elements and inte-
grating multiple regulatory signals. For instance, HSEs
form CREs with promoter binding elements for two tran-
scription factors, i.e., nuclear factor IL-6 (NF-IL-6) and the
signal transducer and activator of transcription-3 (STAT-
3). Activation of the STAT-3 transcription factor through
the IL-6 receptor attenuates HSF1 activity, while NF-IL-6
consolidates its activity (375). Recently it has been found
that interferon-g (IFN-g)-mediated activation of another
transcription factor, i.e., STAT-1, also synergistically acti-
vates HSF1 (376).

IV. FUNCTIONS OF HEAT SHOCK PROTEINS

A. Function of Chaperones and Chaperonins Under

Nonstressed Conditions

Most likely, the primary physiological function of
Hsps is to fulfill chaperoning activity (28). Molecular
chaperones have been defined as a nonrelated class of
proteins that mediate the correct folding of other pro-
teins, but do not take part in the final assembly of new
structures (109). Although every newly synthesized pro-
tein contains within its amino acid sequence the neces-
sary information for ultimate correct folding, this process
can be hampered by several factors. For instance, during
their synthesis, incomplete amino acid sequences may
already associate with other unfinished parts of peptide
chains or with totally completed peptides. For correct
association and/or folding the amino acid chains need to
be entirely synthesized and therefore have to be kept in
the unfolded monomer state (348). Second, proteins that
need to be translocated to other cellular compartments
should also be kept in an unfolded or semi-folded state to
pass intracellular membranes. Such physical state can be
achieved through binding to chaperone proteins.

Excellent reviews have been written on the chaper-
one function of Hsps in general (109, 123–125, 137, 145,
343, 379) and on Hsp70 in particular (194). The chaperone
role of Hsps in the cardiovascular system has recently
been reviewed by Benjamin and McMillan (34).

Chaperonins consist of a class of Hsps that assist in
correct protein assembly at a later stage than the chaper-
ones. This process occurs when completed protein chains
are released from the ribosomes or are transported to
such cell organelles as mitochondria. In eukaryotic cells,
a distinction is made between two groups of chaperonins.
Group I consists of Hsp60 and Hsp10, both residing in the
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mitochondria. Group II comprises the TCP1 T-complex
polypeptide (TCP1) subfamily, the members of which can
be found in the cytosol (107, 108). TCP1 is, among others,
involved in the folding of actin and tubulin and thus indis-
pensible for proper functioning of the cytoskeleton (341).

1. In the cytosol

Hsp70 and Hsc70 act as single entities to exert their
chaperone function. A peptide-binding site and enzymatic
catalytic site characterize both protein chains. The pep-
tide-binding domain resides in the vicinity of the evolu-
tionary less-conserved carboxy-terminal domain (231),
while the catalytic site is situated near the highly con-
served amino-terminal domain of the protein (size 44
kDa). The latter site carries the ATPase activity (58, 227,
229), necessary for binding to and release from other
protein chains (346). Furthermore, both proteins carry
nuclear localization signals (NLS). In the human Hsp70
gene sequence, originally described by Hunt and Mori-
moto (168), a NLS sequence was presumed to be located
in the 246–262 amino acid (AA) region. Coupling of pro-
tein kinase to this region indeed led to protein kinase
transfer into nucleus and nucleolus (87). However, vari-
ous sites in the Hsp70 protein can probably affect its
nuclear targeting. Milarski and Morimoto (284) showed
that an extensive deletion of another region (AA 351–414)
inhibits nuclear Hsp70 localization. This result is difficult
to interpret because the synthesized protein also lost
other physiological properties, like binding of proteins
and ATP. In contrast, site-directed mutations in the 246–
251 AA sequence confirmed that this region is necessary
for nuclear import, but not for viability of the cell after
severe stress (201). Furthermore, by transfection of cells
with mutants for the tyrosine-524 location, it was found
that phosphorylation of this particular amino acid is nec-
essary for both nuclear import and increased resistance
against severe stress (205).

Hsc70 also carries a prototype basic NLS in the 246–
262 AA region. Partial deletion of this region, however, does
not affect Hsc70-mediated nuclear protein import, sug-
gesting that another nonclassical NLS is present in the
protein sequence. Lamian et al. (217) found that such an
alternative signal is located in the amino terminus of Hsc70.

Under normal, nonstressed conditions Hsp70 chaper-
ones a variety of processes in the cytosol. The protein
stabilizes unfolded nascent precursor peptides (30, 137)
and keeps them unfolded until they reach the final cellular
compartment (18). More specifically, Hsp70 has been
found to associate with cytoskeletal proteins (208, 348,
402), cell surface glycoproteins (165), calmodulin (66,
377), and saturated long-chain fatty acids, like palmitate,
stearate, and myristate. Several functional explanations
have been proposed to explain the interaction with fatty
acids. Although Hsp70 could act as intracellular fatty acid

transport carrier, it cannot be excluded that fatty acids
are required for the proper protein folding by Hsp70 (131).
The chaperone also assists in the translocation process
across the membranes of the endoplasmic reticulum and
mitochondrion (18, 75, 127, 158, 189, 407). Furthermore,
Hsp70 guides misfolded proteins to lysosomes (3, 61) or
the outer membrane of peroxisomes (424).

Figure 2 presents a model for the cellular chaperone
function of Hsc70. Aside from Hsc70, Hsp40 can bind
unfolded proteins and couple them to Hsc70 or binds
directly to the already formed Hsc70-unfolded protein
complex (119). In an ATP hydrolysis-dependent process,
Hsc70 folds and releases the newly formed protein. Ac-
cording to the type of the folding process, the complex
can have a different fate. Hsp40 is replaced by other
proteins such as Hsc70-interacting protein (Hip), the
Hsc70-organizing protein (Hop), or the Hsc70-accessory
protein (Hap), leading to different interactions of the
Hsc70-unfolded protein complex. Coupling to Hip con-
ducts transport of the complex throughout the cell, to
Hop the linkage to Hsp90, while binding to Hap stimulates
the dissociation of Hsc70 and the unfolded protein (59,
154, 326). The dissociation of Hsc70 from newly folded or
refolded proteins occurs after the conversion of ADP to
ATP at the surface of the Hsc70 protein. This implies that
the Hsc70 protein binding becomes more stable in isch-
emic/hypoxic periods when cellular ATP concentrations
are relatively low (see Fig. 1) (29, 30).

Hsp90, one of the most abundant cytosolic Hsps,
binds steroid receptors, protein kinases, intermediate fil-
aments, microtubules, and actin microfilaments in a very
specific manner (208). Hsp90 is an essential component of
the glucocorticoid receptor, assembled in a complex of
several proteins (14, 327). Without the association to Hsp90,
intracellular hormone receptors were found to be inac-
tive. Via its interaction with filamentous actin in the cytosol,
Hsp90 is thought to target steroid receptors to the nucleus
and various kinases to their site of action (86, 327).

It is generally accepted that Hsp90 possesses ATPase
activity and can be autophosphorylated on serine and
threonine residues (299). It has been found that immobi-
lized Hsp90 molecules can be dissociated from actin by
ATP (193).

The 60-kDa chaperonin TCP1 can be seen as the
cytosolic counterpart of the mitochondrial Hsp60 chap-
eronin. It forms a large (970 kDa) hetero-oligomeric pro-
tein complex called TriC (TCP1 ring complex), containing
TCP1 and several other proteins, among which Hsp70
(122, 145, 228).

Hsp27 is very active in assisting the assembly of
macroglobular protein complexes, such as F-actin poly-
merization. This function, however, is highly dependent
on the phosphorylation state and monomeric or multi-
meric state of Hsp27. In the nonphosphorylated, mono-
meric state, Hsp27 inhibits F-actin polymerization via spe-
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cific binding to the plus-end of the filaments. In the
phosphorylated, multimeric state it does not and thus
promotes the polymerization process (37). The other
sHsp, aB-crystallin, is more involved in protecting actin
and desmin filaments under acidic conditions (36). By
binding to the Z-line in the sarcomeres of cardiomyocytes,
the protein prevents aggregation of the actin filaments
(36, 242, 243).

2. In cellular organelles

Protein chaperoning also occurs within the intracel-
lular compartments. To reach or to remain in these com-
partments, Hsps are equipped with organelle-targeting
sequences. For instance, both Grp78 and Hsp75 possess
an amino-terminal extension to reach the endoplasmic
reticulum and mitochondrion, respectively (379). In addi-
tion, Grp78 contains a carboxy-terminal sequence for re-
tention in the endoplasmic reticulum (132).

In mitochondria, mt-Hsp75 keeps mitochondrially en-
coded proteins in an assembly competent state (146).
Cytosolic Hsc70 ensures efficient presentation of proteins
to be transported across the mitochondrial membranes
(396). Furthermore, in this organelle the chaperonin
Hsp60 prevents aggregation of misfolded proteins and

together with Hsp10 aids in the refolding of mitochondrial
proteins (252). This process occurs in the so-called An-
finsen or folding cage. This cage consists of two stacked
rings, each of them containing seven Hsp60 molecules. A
protein chain can be bound inside these stacks, which is
then closed on the upper side by one stack of Hsp60
molecules. When ATP is bound to the cage, the protein
chain is released within the cage and allowed to fold. The
folded chain is released after unbinding of the Hsp10
complex from the cage. The whole process is finished in
the seconds time order (107).

In lysosomes, Hsc70 assists in protein degradation by
transferring them into this organelle (3, 397). Further-
more, Hsc70 is associated with the cellular centrosome
and is required for repair of this organelle after damage
(48), probably in collaboration with accessory proteins
like p16, a member of the Nm23/nucleoside diphosphate
(NDP) kinase family (224).

B. Function of Chaperones and Chaperonins

Upon Stress

Compared with the nonstressed situation, much less
is known about the various Hsps that exert their chaper-

FIG. 2. Scheme of interactions between the chaperones Hsc70 and native peptide chains or unfolding proteins.
Binding to the chaperone protein and other associated proteins (not shown, see text) determines the fate of the folded
protein. Grp78, glucose-regulated protein 78; mt-Hsp75, mitochondrial 75-kDa heat shock protein.
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one function during and after stress. This lack of insight is
in part due to the fact that under these circumstances
general protein synthesis is completely disturbed and new
Hsps appear in various cellular compartments. In addi-
tion, many constitutive members redistribute within the
cell as newly synthesized inducible Hsps translocate to
other cell compartments immediately upon synthesis at
the ribosomal site. The role of stress-mediated transloca-
tion of Hsps is poorly understood but seems to be pivotal
in the protection by these proteins (201, 284). Probably
best studied is the stress-mediated translocation of both
Hsc70 and Hsp70 into the cellular nucleus, in particular to
the nucleolus (403, 432). Upon heat shock, translocation
occurs within 60 min and terminates ;3 h later, the time
at which the highest content of these proteins is reached
(308).

The cellular stress response, especially as a conse-
quence of heating, has been extensively studied in the
past 20 years, and excellently reviewed in 1992 by Welch
(429). It is well known that heat shock negatively affects
the organization of several functional structures in the
cell. The Golgi apparatus is disrupted and fragmented.
Mitochondria swell and cristae packing changes. Striking
alterations occur in the cytoskeleton, more specifically in
intermediate filaments. The microtubular network is not
affected, but intermediate filaments aggregate to form a
tight perinuclear network. This phenomenon, however, is
reversible since normal distribution is gradually reappear-
ing after the stress is relieved (435). Within the nucleus,
rod-shaped bodies occur consisting of actin filaments.
Nucleoli look less condensed, the number and size of the
granular ribonucleoprotein components are changed, and
the nuclear fibrillar reticulum is reorganized (433). Upon
stress the most prominent Hsps present in the nucleolus
are the inducible Hsp70 and Hsp110 (433).

The fact that some Hsps translocate to the nucleolus
suggests a specific and unique role in the repair and
protection of these cellular structures (67). The immedi-
ate translocation of newly synthesized Hsp70 into the cell
nucleus and nucleolus occurs in various cell types and
tissues, including the heart (49, 65, 313, 365, 383, 415, 432).
Nuclear Hsp70 accumulation occurs in close vicinity of
the preribosomal-containing granular region (434). Nor-
mally soluble proteins such as topoisomerases I and II
and DNA polymerases a and b become more tightly
bound after heat shock and coisolate with the nuclear
matrix (45). In such precipitates large amounts of Hsp70
can be found, suggesting binding to matrix-precipitated
proteins (65, 412, 427). Recently, the consequence of in-
hibition of translocation of Hsp70 to the nucleolus has
been investigated in more detail. Knowlton (201) mutated
the Hsp70 nuclear targeting sequence and investigated
nucleolar translocation and cellular viability after heat
shock. A relatively small mutation of only six amino acids
mitigated nuclear Hsp70 accumulation, but surprisingly

did not affect the protection of cellular viability following
a severe heat shock. Only when a second mutation was
induced, leading to loss of Hsp70 ATPase activity, protec-
tion of viability was completely lost. Unfortunately, no
definite conclusions can be drawn concerning interac-
tions of both protein regions, because viability was not
tested in cells transfected with only mutation of the ATP-
binding region. These results suggest that nuclear Hsp70
translocation is not the sole factor responsible for proper
cellular protection. Hsps, like Hsc70 (436) and the sHsps
(see below), that redistribute to the nucleus have also
been considered to play a role in the protection of nucle-
olar protein structures (65, 412, 427). Hsc70 was found to
associate with topoisomerase I and refolded this nuclear
protein upon cessation of heat stress. For proper refold-
ing, however, Hsc70 was likely assisted by other proteins,
because in vitro refolding with purified Hsc70 alone were
not successful (65, 224).

Upon recovery after heat shock, both Hsp70 and
Hsc70 exit the nucleolus to accumulate back in the cyto-
plasm, more specifically in the perinuclear region, along
the perimeter of the cell, and in association with large
cytosolic phase-dense structures (432, 434). Perinuclear
condensation of Hsp70 seems to coincide with reassem-
bly of the centrosome and microtubuli, and also with the
cytoplasmic distribution of ribosomes. This suggests that
Hsp70 plays a crucial role in the function of these or-
ganelles immediately after heat shock and during the
subsequent recovery phase (48, 434).

A particular role in the protection of cells against
various stresses is played by the constitutively present
sHsps, i.e., Hsp27 and aB-crystallin. Both proteins are
phosphorylated upon heat stress and associate with struc-
tural proteins in sarcomeres, cytoskeleton, and nucleus
(17, 196, 410). In sarcomeres, Hsp27 colocalizes with actin
in the I band as shown in isolated hyperthermically per-
fused rat hearts and cultured cardiomyocytes (153). It has
been suggested that association with Hsp27 increases the
resistance against oxidative stress-induced actin fragmen-
tation and cell death (171). In rat hearts after ischemia,
Barbato et al. (24) found that the other sHsp, i.e., aB-
crystallin, bound to the cytosolic proteins troponin T and
troponin I. The trigger for this binding seems to be the
evolving acidosis in the ischemic heart. This interaction
may affect postischemic myocardial contractility (24). It
cannot be excluded that aB-crystallin also binds to the
actin and desmin filaments and prevents their aggregation
during and after an ischemic insult (36). These two sHsps
can also govern refolding of other proteins. Under in vitro
circumstances heat shock- or urea-mediated denaturation
of citrate synthase and a-glucosidase could be completely
prevented by adding Hsp27 or aB-crystallin (179).

As pointed out above, proteins that lose their normal
three-dimensional conformation provoke Hsp synthesis
through the activation of HSF1 (13). During and after heat
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shock, cytosolic proteins normally aggregate and have a
reduced solubility (101, 416). Transient binding to unfold-
ing proteins is caused by the high affinity of Hsps for
hydrophobic sites, which are normally covered inside the
protein core (101, 317, 319). For the dissociation of Hsp70
from unfolded proteins, ATP is indispensable, whereas
high concentrations of ADP or inorganic phosphate slow
down the rate of dissocation and increase the rate of
Hsp70-protein complex formation and stability of this
complex (318).

Although under nonstressed conditions Hsp90 al-
ready comprises 1–2% of the total protein content, its
synthesis is further stimulated upon heat shock (215).
Normally Hsp90 is diffusely distributed in both cytoplasm
and nucleus. After heat shock a transient translocation of
Hsp90 to the nucleus occurs, reaching a plateau after 15 h
(5). In this case, Hsp90 binds to and stabilizes unfolding
proteins (180). There are indications that Hsp90 is also
involved in thermotolerance, because artificial reduction
of the cellular Hsp90 content is associated with lower
survival at high temperatures (23).

In samples of mouse liver and brain and in cultured
cells it has been shown that Hsp110 is closely associated
with the nucleolus under control circumstances. Interest-
ingly, treatment of the cells with ribonuclease results in
the loss of the Hsp110 from the nucleus, indicating bind-
ing of Hsp110 to RNA, either directly or indirectly via
another protein or protein complex (382).

In conclusion, Hsp chaperoning is a permanent cel-
lular event during both nonstressed and stressed condi-
tions. The role of Hsc70, Hsp90, Hsp40, and the sHsps is
relatively well understood during nonstressed conditions.
However, upon heat shock or other stresses, upregulation
of the synthesis and translocation of the various Hsps to
other cellular compartments suggest that during evolu-
tion tissues developed intrinsic defense mechanisms for
rescuing unfolding proteins in various cellular compart-
ments. Further investigations are needed to elucidate the
precise role of each of the involved Hsps during and after
stress in the various cell organelles.

V. HEAT SHOCK PROTEINS IN THE

CARDIOVASCULAR SYSTEM

To date, acute and chronic ischemic heart disease is
one of the major causes of death among people in the
Western world, despite numerous exogenous pharmaco-
logical protective measures like calcium antagonists, cor-
onary vasodilators, and blocking agents of the angiotensin
converting enzyme and b-adrenoreceptors. Especially
during ischemic disease, the heart could benefit from
protective measures from an endogenous source. Upregu-
lation of the synthesis of Hsps is one such phenomenon
leading to improved tolerance to ischemia in experimen-

tal models. In humans, however, investigations regarding
the protective potential are in their infancy.

A. Constitutive and Inducible Cardiac Synthesis

of Hsps

In both the vascular and cardiac compartment, heat
shock proteins are present and can be induced by specific
stressors. The type of proteins expressed in the vascular
compartment is somewhat different from that expressed
in the heart. In nonstressed, adult mice such Hsps as
Hsp27, Hsc70, Hsp70, and Hsp84 are constitutively ex-
pressed in a variety of tissues, including the heart (392). In
the heart of this species these four Hsps are clearly
present, but at low levels compared with other tissues. In
contrast, in the adult rabbit, cardiac Hsp70 levels are
similar to those in other tissues (253; see Table 4). In
unstressed rats the heart contains relatively high aB-
crystallin levels, whereas intermediate levels are found
for Hsp27 (Table 5). In both rat and human heart, Hsp27
can be found in endothelial cells, smooth muscle cells,
and cardiomyocytes, whereas aB-crystallin is only
present in cardiomyocytes (247). Although specific inves-
tigations of the various HSFs in the heart are scarce, it has
been shown that HSF1, HSF2, and HSF4 are present in
cardiac tissue (128, 302).

In rabbits after whole body heat shock, cardiac
Hsp70 concentrations are much higher than in neural
tissues, but still lower than in other, nonneural tissues as
liver and kidney (253). As shown in Table 4, in heat-

TABLE 4. Analysis of Hsc70 and Hsp70 levels in

various tissues of rabbit and rat

Enhanced Content

Animal Tissue

Constitutive Content (Rabbit) Rabbit
(Hsp70 5 h
after HS)

Rat
(Hsp70 24 h

after HS)Hsc70 Hsp70

Retina 281 27 32 ND
Cerebral

hemisphere 325 5 6 ND
Brain core 345 10 1 0.6–1
Cerebellum 322 20 32 ND
Brain stem 313 10 6 ND
Kidney 119 17 140 31–39
Liver 100 1 100 100
Lung ND ND ND 11–35
Heart 58 7 90 3–5
Skeletal muscle 103 3 55 37–49
Colon ND ND ND 81–132
Spleen 123 2 74 46–53

Values found in control and heat-shocked tissues were recalcu-
lated to the reference value in the liver. For calculation of the rabbit
basal Hsp70 levels, the liver values were set at 1. Data of the rabbit are
presented as mean values, whereas those of the rat are shown as
percentage range. Data were recalculated from densitometric analysis of
Western blots for the rabbit (253) and for the rat (27). ND, not deter-
mined.
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shocked rats the Hsp70 content is significantly lower in
heart and brain than in colon, liver, kidney, and spleen
(27). In these tissues, stress-induced synthesis of new
Hsps occurs very rapidly. Within minutes Hsp70 mRNA
transcripts are present (84), whereas protein accumula-
tion reaches its maximum at ;12 h after stress induction
(70, 329). In the later time domain, the cardiac Hsp70
content slowly decreases but remains detectable up to
192 h after the initial stimulus (190). Immunohistologi-
cally, Hsp70 was found to be present in the nucleus of
cardiomyocytes, in fibroblasts, and in endothelial cells in
the coronary vessel wall within 3 h after stress induction
(365). HSF1 was found to be activated upon an ischemic
insult, leading to prominent mRNA signals coding for
Hsp70 and Hsp90. Under these circumstances, however,
HSF2 is not activated (309).

In the adult nonstressed heart, aB-crystallin is con-
stitutively abundant (198, 278) and comprises 1–3% of
total soluble protein (192). The protein can be found in
high concentrations in the conduction system (222). In-
aguma et al. (174) compared the levels of aB-crystallin
and Hsp27 in various rat tissues, including the heart dur-
ing the first 16 h after heat shock (Table 5). The striking
finding was the great variability of the tissue Hsp concen-
trations and the differences between the aB-crystallin and
Hsp27 concentrations within the same tissue. In the heart,

Hsp27 concentrations double during the first 16 h after
heat shock, whereas aB-crystallin increases by 20%.

Although constitutive expression of the various Hsps
has been well documented in the adult heart, only limited
information is available on the regulation of the constitu-
tive expression and concentrations of Hsps in the embry-
onic, newborn, and developing heart. Only recently have
expression patterns of Hsp70 and Hsc70 in the immature
ovine myocardium during the perinatal transition phase
and the juvenile phase been described. In the heart, the
Hsp70 synthesis seems to be developmentally regulated in
both left and right ventricles. In the fetal heart very low
Hsp70 levels are found. These levels, however, increase
upon development and peak after the first 2 wk after
birth. In contrast, the Hsc70 protein contents remain un-
changed during left ventricular development, whereas
they decrease with age in the right ventricle (378).

aB-Crystallin plays an exceptional role in normal
cardiac development, activating genetic programs respon-
sible for cardiac morphogenesis. As early as 8.5 days
postconception, aB-crystallin can be detected in the
mouse heart and is uniformly distributed in atria and
ventricles. In the endothelial cushion, pulmonary trunk,
aorta, and endothelium, however, the protein seems to be
absent (35).

B. Protection in the Vascular Compartment

by Hsps

Upon exposure to environmental stress, all cell types
in the blood vessel wall respond with the synthesis of
Hsps (11, 152, 364). Aside from heat (207), vascular Hsp
synthesis is induced by such triggers as circulating hor-
mones (288, 443), reactive oxygen species (ROS) (245),
and sodium arsenite (426). Nitric oxide (NO) is probably
involved in heat shock-mediated Hsp70 synthesis in blood
vessels, because the NO synthase (NOS) inhibitor Nv-
nitro-L-arginine (L-NNA) also inhibits Hsp70-gene tran-
scription. The signal transduction pathway for the activa-
tion of Hsp70-gene expression through NO is still unclear,
because either increased calcium influx or heat shock-
mediated production of ROS could be involved, respec-
tively activating the constitutive NOS and the inducible
NOS pathway (251).

In the aorta, as in cardiomyocytes, two isozymes of
Hsp32, i.e., heme-oxygenase-1 (HO-1) and HO-2 are con-
stitutively synthesized (1, 114, 314). HO-1 is involved in
the degradation of heme to biliverdin, iron, and carbon
monoxide. In the aorta, aside from hypoxia and heat,
HO-1-gene transcription can be activated rapidly by se-
vere physical stress (112), hemin, hydrogen peroxide
(H2O2), heavy metals (76, 113, 266), and postischemic
myocardial reperfusion (263). Interestingly, enhanced
HO-1 synthesis is associated with significant elevation of

TABLE 5. Hsp27 and aB-crystallin concentrations

in various rat organs at various time points

after heat stress

Tissue
Hours After

Heating
Hsp27, ng/mg

protein
aB-Crystallin,
ng/mg protein

Cerebral
cortex Control 86 6 2 14 6 1

0 75 6 7 12 6 2
8 186 6 19 21 6 2

16 187 6 12 14 6 2
Liver Control 146 6 3 0.8 6 0.4

0 95 6 6 0.5 6 0.1
8 969 6 240 3.8 6 1.3

16 3,090 6 180 15 6 1.6
Kidney Control 123 6 8 190 6 16

0 119 6 4 253 6 59
8 274 6 39 240 6 24

16 190 6 22 137 6 24
Lung Control 2,140 6 160 70 6 10

0 1,250 6 220 35 6 10
8 2,590 6 360 66 6 10

16 3,140 6 430 101 6 21
Heart Control 693 6 42 3,610 6 240

0 614 6 71 2,820 6 670
8 1,160 6 86 3,600 6 630

16 1,710 6 90 4,390 6 120
Adrenal Control 1,310 6 40 2.5 6 0.4

0 1,180 6 140 2.4 6 0.6
8 3,980 6 380 40.7 6 12.6

16 6,000 6 410 109 6 18

Values are means 6 SE.
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intracellular cGMP levels so that smooth muscle cell re-
laxation and concomitant vasodilation occur (63, 114).
Postischemic HO-1 synthesis can be blocked by the addi-
tion of such scavenging enzymes as superoxide dismutase
and catalase to the perfusate. Inversely, when enhanced
concentrations of HO-1 are present in the vascular wall,
free radical formation upon severe stress is reduced,
pointing to its protective role against oxidative stress-
mediated vascular cell damage.

In 1993, Amrani et al. (12) discovered that some
essential functions in rat coronary artery endothelial cells
are protected against ischemia and reperfusion after pre-
ceding whole body heat shock, associated with enhanced
Hsp70 levels. In these hearts, endothelial cell-mediated
vasodilation elicited through 5-hydroxytryptamine infu-
sion is completely preserved during and after a 4-h lasting
ischemic insult combined with intracoronary cardiople-
gia. The same authors found that protection of the endo-
thelial cell-mediated vasodilation is completely abolished
by blocking catalase activity through 3-amino-1,2,4-tria-
zole (3-AT). Later these investigators proposed that the
improved postischemic recovery of cardiac mechanical
function depends exclusively on the protection by Hsp70
of the coronary endothelium because protection of post-
ischemic cardiac function could be abolished by remov-
ing endothelial cells by saponin (11). It can be argued as
to whether this hypothesis is valid, because saponin may
be so damaging to the coronary vessels that this in itself
alters the response to ischemia.

In the endothelium, heat shock-mediated Hsp27
phosphorylation is probably also involved in the protec-
tion of specific intracellular structures against environ-
mental stresses. In these cells, metabolic inhibition
through a combination of glucose depletion and rotenone
addition leads to early breakdown of such cytoskeletal
structures as F-actin. A preceding heat shock-mediated
increased Hsp27 phosphorylation leads to an improved
stability of cytoskeletal F-actin and a better preserved
ATP concentration. When dephosphorylation of Hsp27 is
prevented through addition of such phosphatase inhibi-
tors as okadaic acid, cantharidin, or sodium orthovana-
date, the metabolic block-associated degradation of cy-
toskeletal F-actin is also prevented, pointing to the
stabilizing effect of this particular heat shock protein on
cytoskeletal structures (241).

C. Protection of the Heart by Hsps

1. Protection of cultured cardiomyocytes

and fibroblasts

To demonstrate the unique protective characteristics
of Hsps on the cardiac tissue, numerous studies have
been performed on its composing cells in culture. Several
cell types have been investigated, from freshly isolated

neonatal or adult cardiomyocytes to such cell lines as
myogenic C2C12 (33) and H9c2 cells (197) and fibroblasts
(432, 434). Studies performed on isolated cells should be
interpreted with caution, because factors like the unnat-
ural cell environment, the number of cell passages, the
degree of culture confluency, and the chemical composi-
tion of the bathing medium may influence the outcome of
the studies. It is known for instance that extracellular
matrix proteins, like collagen, attenuate both the consti-
tutive and heat-induced expression of several Hsps in
cultured cardiomyocytes (372).

With these shortcomings taken into account, cell cul-
ture models have been very helpful in unraveling the
expression patterns and mechanism(s) of protection of
Hsps. Several reports describe the existence of protection
in cultured adult or neonatal cardiomyocytes against a
severe, lethal stress challenge after previous activation of
hsp-gene transcription. Activation of hsp70- and hsp90-
gene transcription can be achieved by heat or metabolic
stress (307) and of the hsp70- and HO-1-gene after expo-
sure to the antioxidant compound ebselen (159). That
hypoxia and heat stress pretreatment can lead to unex-
pected and opposite effects has been shown in primary
cultures of neonatal cardiomyocytes (297). Hypoxia in-
duced the synthesis of such Hsps as Hsp70, associated
with a subsequent improved tolerance to lethal heat
stress. In contrast, hyperthermic pretreatment leading to
comparable increased Hsp70 levels is not protective
against lethal heat stress. From such experiments it could
be concluded that enhanced Hsp70 contents are not the
sole factor explaining improved stress tolerance (315).
This finding could be associated with the cell type used,
because Benjamin et al. (33) showed that hypoxia and
heat shock offer equipotential protection in myogenic
C2C12 cells. These investigators also showed that ATP
depletion alone is sufficient to induce HSF1-DNA binding
when oxidative metabolism is impaired by hypoxia (32).

Hsp-mediated protection against the bacteria-derived
lipopolysaccharide (LPS) endotoxin has been investi-
gated, among others, in the H9c2 cell. This cell line was
isolated from embryonic cardiac tissue, and certain fea-
tures of cardiac specificity were retained (147, 197). Ex-
perimental H9c2 results have been criticized, because of
the strong H9c2 homology to skeletal muscle. However,
because the potential to upregulate Hsp synthesis is re-
tained (141, 280), they have been explored intensively for
characterizing Hsp-mediated protection. Survival of H9c2
cells transfected with the Hsp70-gene is significantly bet-
ter upon exposure to endotoxin. Endotoxin toxicity is
mediated through NO synthesis and cytokines like TNF-a,
IL-1b, and IL-6. Therefore, it is very well possible that
Hsp70 blocks, in part, the deleterious effects of one of
these compounds or their production (60). However, at
present no conclusive evidence has been presented that
this is indeed the case. Su et al. (380) used H9c2 cells to
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investigate the resistance against H2O2 after heat pretreat-
ment. Resistance to mild H2O2 toxicity already appeared
in an early phase, i.e., between 10 and 14 h after heating.
Full protection against moderate H2O2 concentrations,
however, occurred only after 20–24 h (380).

The protective role of Hsps has also been investi-
gated in cultured cells of other origin. In cultured fibro-
blasts, heat-induced redistribution of Hsp70 and Hsc70
from the cytosol to the cell nucleus has been described in
detail by Welch and co-workers and, more recently, by
Knowlton and colleagues (201, 205, 432, 434). The above-
described increased tolerance toward H2O2 challenge de-
pends on the heat shock-elicited Hsp70 and Hsc70 redis-
tribution to the nucleus. Homogeneous distribution of
both Hsps throughout nucleus and cytoplasm is required
to obtain full protection against moderate H2O2 concen-
trations, occurring only 20–24 h after the challenge (380).
This observation could imply that the antioxidant effect of
the uniformly distributed Hsps is based on protection of
both nuclear and cytoplasmic structures. Otherwise, it
could also mean that deleterious effects of the preceding
heat shock per se on cellular protein structures mask the
improved defense mechanism evoked by Hsps in the early
time domain.

2. Protection of the intact heart

A) TRANSIENT CARDIAC ISCHEMIA. In 1988, Currie et al. (82)
for the first time reported that whole body heat shock in
rats is associated with improvement of cardiac functional
recovery after a global ischemic insult, applied 24 h later.
A number of remarkable findings were reported: the early
postischemic recovery of left ventricular contractility is
significantly improved while the postischemic creatine
kinase loss is significantly reduced compared with non-
pretreated control hearts. Ultrastructural investigation of
the heart revealed that mitochondrial morphology is bet-
ter preserved. In addition, the postischemic activity of the
scavenging enzyme catalase was found to be higher than
in control hearts. As an indicator of the stress response,
the cardiac Hsp70 concentration was significantly in-
creased before the ischemic insult. The authors con-
cluded that the beneficial effects of heat shock pretreat-
ment are likely to be related to both increased radical
scavenging activity and the presence of Hsp70 within the
cardiac tissue. In the same model, it was shown that
physical exercise 3 days before isolated heart perfusion
leads to enhanced intracardiac Hsp70 levels and is asso-
ciated with significantly improved functional recovery af-
ter a global ischemic insult. Moreover, the percentage
recovery correlated with the degree of training intensity
(240). Furthermore, it was found that the transient decay
of the cardiac content of Hsp70 during the period follow-
ing its heat-induced maximal accumulation coincides
with the decay of ischemia tolerance (190, 446). This

finding is in agreement with the disappearance of induc-
ible Hsps and the loss of thermotolerance in whole ani-
mals (381). These and other observations led to the as-
sumption that the degree of postischemic functional
recovery correlates with the absolute cardiac Hsp70 tis-
sue contents. Aside from later findings in transgenic ani-
mals, in isolated rat hearts it was confirmed that the
degree of protection against ischemia is related to the
absolute Hsp70 tissue content, that increased stepwise
with heat pretreatment at 40, 41, and 42°C (173). Further
support was found in isolated papillary muscles, in which
the degree of postischemic mechanical recovery corre-
lates with the Hsp70 content in the twin papillary muscle
(259).

Hsp-mediated cardioprotection was also established
in other mammal species. In isolated rabbit hearts, tran-
sient coronary flow reduction (60 min) is better tolerated
when the animals are heat-pretreated 24 h earlier (450).
The beneficial effect is demonstrated by a better recovery
of diastolic and developed left ventricular pressure than
in nonpretreated control hearts. Creatine kinase loss is
significantly lower, and accumulation of oxidized gluta-
thione, a marker for oxidative stress, is significantly re-
duced. Cardiac ATP and phosphocreatine levels were
found to be better preserved. Furthermore, in intact pigs
1-h coronary artery ligation was significantly better toler-
ated after the injection of the body temperature-enhanc-
ing drug amphetamine 24 h earlier. Postischemic recovery
of myocardial segment shortening, developed pressure,
and global contractility in the left ventricle occurred sig-
nificantly faster than in nonpretreated hearts. These phe-
nomena were associated with a less prominent loss of
creatine kinase and a higher activity of catalase and su-
peroxide dismutase (262, 265).

Other stress stimuli resulting in enhanced Hsp syn-
thesis without an increase in body temperature, but which
enhance Hsp synthesis, are also associated with subse-
quent transient cardioprotection. An ischemic insult was
better tolerated 24 h after the intraperitoneal injection of
norepinephrine than in control hearts, as evidenced by a
significantly improved postischemic functional recovery
of left ventricular developed pressure. Both the hsp70-
gene transcription and improvement of postischemic
functional recovery could be blocked by the a1-adreno-
ceptor blocker prazosin, but not by the b-receptor blocker
propranolol. Because a1-adrenoceptor stimulation acti-
vates PKC, it is conceivable that this protein kinase cas-
cade may regulate the transcription of the hsp-genes, as
pointed out earlier (276). This notion is further supported
by the finding that the PKC inhibitor chelerythrine also
blocks the beneficial effect of the delayed norepineph-
rine-mediated cardioprotection (286).

The report of Knowlton et al. (204) on the induction
of Hsp70 synthesis by a short, nonpathological ischemic
stress prompted other investigators to perform detailed
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studies on ischemia tolerance after a preceding ischemic
episode. In an elaborated study on isolated hearts Myrmel
et al. (298) showed that the Hsp70 mRNA synthesis in-
creased when coronary flow is gradually reduced from
normal to zero flow levels. Hsp70 synthesis could be
correlated with the onset of anaerobic metabolism, but
not with enzyme leakage from the tissue. The authors
hypothesized that anaerobic metabolism is a strong stim-
ulus for hsp70-gene transcription, since the cessation of
anaerobic metabolism is associated with complete shut-
down of Hsp70 mRNA synthesis. As pointed out by other
investigators, a likely candidate for stimulating HSF1-
DNA binding is ATP depletion during anaerobic metabo-
lism, which results in enhanced hsp-gene transcription
(32).

Investigations of the relationship between expres-
sion patterns of Hsp70 and ischemia tolerance within the
first 24 h after heat shock led to the conclusion that no
significant correlation exists between both parameters in
the early phase after hyperthermia. Although Hsp70 was
found to accumulate to maximal tissue levels within 6 h
after heat shock, improvement of postischemic functional
recovery (267) as well as worsening (70) or no effect at all
(329) have been reported. It should be emphasized that
heat shock itself has transient but profound negative ef-
fects on such cellular structures as intermediate filaments
(435) and, hence, could mask the early beneficial effects
of hsp-gene expression. Furthermore, it cannot be ex-
cluded that yet unknown circulating factors produced in
the vascular compartment negatively affect cardiac func-
tion during the first hours after heat pretreatment (422).

In conclusion, studies on the protective potential of
Hsps on the tolerance to transient ischemia reveal that
postischemic function can be significantly improved in
various mammal species in the time domain beyond 24 h
after the induction of Hsp synthesis. Protection has been
documented in both isolated hearts and intact animals. It
is possible that the presence or absence of protection in
the early time domain depends on a number of unknown
factors, related to the trigger applied to elicit Hsp synthe-
sis.

B) MYOCARDIAL INFARCTION. Aside from transgenic mice
(see below), rats as well as rabbits have been used to
investigate the potential of Hsps to limit myocardial in-
farct size (99, 255). Protection against myocardial infarc-
tion as mediated by enhanced Hsp synthesis following
whole body heat shock or a short ischemic episode was
found to be present but transient (449). For instance, in
rabbits, myocardial infarct size significantly declines
when infarction is induced 24 h, but not 40 h after heat
pretreatment. In addition, infarct size is only reduced
when coronary occlusion is kept relatively short. Whereas
a 30-min period is well tolerated, a 45-min occlusion in
heat-pretreated animals results in infarct sizes compara-
ble to those in control animals. By using a brief ischemic

episode as trigger to elicit Hsp70 and Hsp60 synthesis,
increased resistance against myocardial infarction was
found 24 h later (255). These experiments also shed some
light on the mechanism of induction of Hsp synthesis
during and/or after the brief ischemic episode. It is known
that infusing such ROS-generating complexes as xan-
thine/xanthine oxidase, irradiated rose bengal, or H2O2

can mimic reperfusion-associated events. Such infusions
lead to enhanced Hsp70 synthesis that can be blocked
only by concomitant administration of superoxide dis-
mutase (212). It is therefore conceivable that Hsp synthe-
sis is evoked by reperfusion rather than the brief ischemic
episode itself.

It has also been questioned whether or not Hsps are
synthesized in the myocardium during and after myocar-
dial infarction. In situ hibridization on left ventricular
tissue revealed accumulation of hsp70 and hsc70 mRNA
signals within the ischemic zone. Upon reperfusion, both
messenger signals further increased in the ischemic zone
but disappeared in the central necrotic region (322). His-
tological investigation of rat hearts within the first week
after myocardial infarction revealed normal Hsp70 but
increased Hsp75 and Grp78 levels in the borderzone
around the infarcted area. In the infarct center no changes
were found in the contents of either of these Hsps. In
contrast, in the noninfarcted septum, concentrations of
all three Hsps were significantly increased, suggesting
that the increased load in this region served as a stress
trigger. After 2–3 wk, Hsp concentrations completely nor-
malized in all zones (195). The consequences of these
findings are that Hsps may confer some protection to
nonlethally injured zones in the heart, such as the zone
immediately adjacent to the area completely devoid of
perfusion, but also to remote areas performing more com-
pensatory work.

Heat shock pretreatment also has beneficial effects
on myocardial stunning occurring after a short ischemic
insult. Because stunning is characterized by mild lysis of
contractile proteins in combination with a transient de-
crease of calcium sensitivity of the sarcomeres, stunned
hearts show reduced contractility despite a completely
normal coronary perfusion (254). In nonpretreated dogs,
3 h of reperfusion following 15 min of coronary circum-
flex artery occlusion is associated with a significantly
reduced preload-recruitable work area and myocardial
segment length change in the former ischemic region.
Under identical experimental conditions, heat pretreat-
ment 24 h earlier completely prevents these phenomena
(339). In mice hearts with genetically induced high Hsp70
levels, the recovery of regional epicardial strain after a
short global ischemic insult is faster and better than in
Hsp70-negative mice hearts. The maximal strain recovery
measured amounted to 88% of the preischemic values and
to 58% in wild-type control hearts (401). Because stunning
has been described to result, among others, from intra-
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cellular ROS, it is conceivable that Hsps attenuate specif-
ically these hazardous molecules through activation of
scavenging enzymes (see below) (82, 289).

C) CARDIOPLEGIA. In a number of animal species, using
different experimental approaches, the effects of stress
pretreatment on the functional recovery following car-
dioplegic arrest have been investigated. In isolated rat
hearts, arrested at 4°C with a cardioplegic solution during
4 h, a preceding whole body heat stress improves function
upon return to normal temperatures. This beneficial effect
is characterized by improved recovery of cardiac output
and peak aortic pressure as well as by a better preserved
response of the coronary endothelium to the vasodilatory
agent 5-hydroxytryptamine (10). Pig hearts perfused with
a warm (42°C) cardioplegic solution during 15 min before
a 2-h hypothermic cardioplegic arrest showed signifi-
cantly better recovery of developed left ventricular pres-
sure, contractility, and segmental shortening upon reper-
fusion than nonpreheated control hearts. In addition, the
pretreated hearts lost less creatine kinase, while the ac-
tivity of superoxide dismutase (SOD) was significantly
higher than in the control hearts (238). This study is one
of the rare examples in which the beneficial effects of
heat pretreatment can already be observed in a very short
time frame after pretreatment.

D) ENDOTOXIN TOLERANCE. Hsp-mediated increased resis-
tance toward unfavorable conditions also extends to the
deleterious effects of endotoxins. Doses of intravenously
administered endotoxin normally leading to death of 75%
of the animals are well tolerated by heat-pretreated ani-
mals (345). Inversely, pretreatment with sublethal doses
of endotoxin also improves resistance to lethal endotoxin
doses, probably through enhanced Hsp synthesis (50, 60,
264, 277). The similarity between heating and endotox-
emia in eliciting the heat shock response is also reflected
in the inflammatory agents they liberate in the body. Both
heat stroke and endotoxin shock are characterized by
elevated plasma TNF-a and IL-1 concentrations (39, 46,
312). Furthermore, endotoxin also increases the activity
of the scavenging enzymes copper-zinc-SOD (CuZn-SOD),
manganese-SOD (Mn-SOD), glutathione peroxidase, and
catalase (264). Probably Hsps mediate an increased resis-
tance against the deleterious effects of inflammatory
agents and ROS. In endotoxin-pretreated hearts, postisch-
emic levels of malondialdehyde, a final cellular membrane
degradation product, are lower than in nonpretreated
hearts (264).

D. Effects on Intracellular Processes

1. Energy metabolism

One of the striking observations in heat-pretreated
hearts is the better preservation of postischemic mito-
chondrial ultrastructure (82), suggesting that the mito-

chondrial oxidative phosphorylation capacity and thus its
potential to synthesize high-energy phosphates is better
preserved. Heat pretreatment itself has no significant ef-
fects on mitochondrial function, since tissue levels of
ATP, ADP, AMP, and their degradation products are not
affected after whole body heat shock (82). During post-
ischemic reperfusion, however, significantly higher ATP
and creatine phosphate tissue levels can be detected in
heat-pretreated than control rabbit hearts (450). Compa-
rably, in heat-pretreated rat neonatal cardiomyocytes dur-
ing metabolic inhibition, the rate of ATP depletion and
lactate accumulation occurs significantly slower than in
nonpretreated cells (425). These findings, however, could
not be confirmed in the intact postischemic heat-pre-
treated rat hearts (81). The reason for this discrepancy
remains to be elucidated.

Protection of oxidative metabolism by Hsps has also
been demonstrated by the finding that depolarization of
the mitochondrial membrane, as elicited by H2O2 chal-
lenge, was completely inhibited after heat pretreatment,
while the mitochondrial ultrastructure remained pre-
served. Interestingly, these beneficial effects correlated
better with the cellular Hsp70 than the mitochondrial
Hsp60 content (324). From the fact that perfusion with
pyruvate and not glucose leads to a better postischemic
functional outcome of heat-pretreated, isolated hearts,
cannot be concluded that mitochondrial oxidation is bet-
ter protected than glycolysis (259), because pyruvate it-
self has beneficial effects on the postischemic recovery
(409).

2. Calcium homeostasis

Several investigators have addressed the question as
to whether Hsp upregulation has beneficial effects on
calcium homeostasis during an ischemic challenge. Al-
ready in 1988 Currie et al. (82) proposed that the post-
ischemic mitochondrial calcium accumulation is lower in
heat-pretreated hearts, which was confirmed in a later
study (450). Challenging heat-pretreated rabbit hearts
with a submaximal calcium paradox resulted in a better
functional recovery compared with nonpretreated hearts
(257). Also in papillary muscles isolated from rabbits 24 h
after heat pretreatment, calcium handling is completely
normal during reoxygenation after a period of hypoxia
(259). Further detailed investigation of cardiomyocytes,
isolated from rat hearts 24 h after heat shock, revealed
that the intracellular calcium homeostasis is not disturbed
at normal extracellular calcium concentrations. Diastolic
intracellular free calcium concentrations were completely
comparable in heat-pretreated and control cardiomyo-
cytes. Calcium sensitivity of the myofilaments was normal
at physiological extracellular calcium concentrations.
Also challenging these cells with high extracellular cal-
cium levels did not affect contractile function. However,
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upon recovery to normal calcium levels, diastolic cell
length recovered earlier and better in the heat-pretreated
cardiomyocytes (73).

3. Electrical stability

In a number of studies, it has been shown that heat
stress pretreatment or the selective induction of such
Hsps as Hsp70 before an ischemic insult has beneficial
effects on the occurrence of postischemic arrhythmias. In
intact rats subjected to a temporary coronary occlusion as
well as in isolated rat hearts subjected to transient isch-
emia, the incidence of postischemic arrhythmias and of
ventricular fibrillation is significantly reduced after heat
pretreatment (72, 373). In a more recent study, in which
heat-pretreated rats were subjected to myocardial infarc-
tion at various time points after heat pretreatment, a
biphasic reduction of ventricular fibrillation was found
reaching peak reductions at 30 min and 72 h after pre-
treatment. In the same time domains, myocardial infarct
size was significantly reduced compared with nonpre-
treated controls (447). The beneficial effect on rhythm
disturbances is likely to be a secondary effect, resulting
from smaller infarcts, and is associated with a better and
more homogeneous perfusion of the remaining healthy
tissue.

4. Lipid metabolism

The role of Hsps in reducing the ischemia-associated
degradation of membrane lipids has as yet not been in-
vestigated in detail, although many observations point to
increased membrane stability after stress pretreatment. In
the isolated heat-pretreated rat heart during postischemic
reperfusion, the release of arachidonic acid, being a sen-
sitive marker of membrane phospholipid degradation, has
been found to be significantly attenuated (411). Further-
more, the reduction of arachidonic acid accumulation in
the heat-pretreated heart is a phenomenon occurring only
during postischemic reperfusion and not during the isch-
emic episode, suggesting that membrane stabilization dur-
ing reperfusion is a key process in heat shock-mediated
cardioprotection (72a).

A major part of evidence for an Hsp-associated im-
proved membrane stability comes from experiments per-
formed on noncardiac cell types. For instance, in Hsp70-
overexpressing murine fibrosarcoma cells, it has been
reported that phospholipase A2 (PLA2) is less activated
upon exposure to TNF-a, resulting in a decreased accu-
mulation of arachidonic acid, the major product of cellu-
lar membrane degradation (178). Interestingly, the gen-
eral activating inflammatory responses to tissue injury
through the action of arachidonic acid and its metabolites
also leads to accumulation of Hsp70 mRNA molecules
(188). Because local temperatures increase in inflamma-
tion, it is difficult to determine the precise role of the

degradation products of membrane breakdown. There-
fore, attempts have been made to treat cells with arachi-
donic acid only. Exposure to arachidonic acid induces
hsp-gene transcription in a dose-dependent manner (188).
Even more interestingly, the combination of inactive low
doses of arachidonic acid and slightly increased temper-
atures, which do not activate the heat shock response
themselves, synergistically activate HSF1-DNA binding.
This suggests that combining a temperature rise in the
physiological range with a component involved in local
inflammatory processes can provoke the heat shock re-
sponse. However, to date, no experimental evidence has
been presented that supports the existence of such a
mechanism in the heart.

5. Apoptosis

Apoptosis is a consequence of a cascade of biochem-
ical events, is encountered in all tissues and, character-
ized by blebbing of the plasmalemma, volume loss, con-
densation of the nucleus and lytic DNA degradation,
ultimately leads to the programmed death of the cell. A
key role in this process is played by the caspases, en-
zymes that cleave substrates once activated.

Enhanced tissue levels of Hsps have been reported to
inhibit intentionally induced apoptosis. For instance, in
Hsp70-overexpressing pulmonary endothelial cells, endo-
toxin-induced apoptosis is attenuated (437). In cardio-
myocytes, isolated from Hsp70-overexpressing hearts,
less apoptosis was found after hypoxia-reoxygenation
than in control cells (384). When high cellular Hsp70
levels have been induced beforehand, the deleterious ef-
fects of Fas-mediated activation of the apoptotic signaling
pathway can be inhibited (355). A preceding heat shock-
elicited synthesis of Hsp70 and Hsp27 protects against
apoptosis (274). This is probably due to an interaction of
Hsp70 at the level of the SAPK/JNK signaling pathway
(120) and to the blocking of the conversion of pro-
caspase-3 to active caspase 3 (294).

Obviously, competition between signaling pathways
occurs when both the apoptotic signaling pathway and
the hsp-gene transcription pathway are activated. Pro-
apoptotic signals, like activation of the membrane-bound
protein Fas, reduce HSF1-DNA binding upon heat shock
as a result of absent HSF1 hyperphosphorylation. Further-
more, caspase-1 inhibitors block the inhibitory effect of
activated Fas on the activation of hsp-gene transcription.
This indicates that Hsp synthesis and induction of apo-
ptosis are mutually inhibitory events within the same cell.
More evidence for this hypothesis is provided by the
observation that prevention of hsp-gene activation
through antioxidant drugs is associated with increased
thermal sensitivity and caspase activity, indicating that
these cells are apoptotic (130).
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6. Scavenging activity

Many studies point to increased scavenging enzyme
activity after activation of hsp-gene expression, involving
such intracellular enzymes as catalase, SOD, and glutathi-
one peroxidase (31, 82, 264). Enhanced Hsp synthesis
modifies the activity of scavenging enzymes more likely
via posttranslational modifications rather than by stimu-
lating the synthesis of those scavenging enzymes (80,
373).

Slight differences in the identity of the enzymes ac-
tivated upon stimulation of hsp-gene transcription have
been reported. In hearts isolated from rats pretreated
with endotoxin 24 h earlier, a significantly improved post-
ischemic functional recovery has been established, which
is associated with increased activity of catalase, but not
SOD, glutathione peroxidase, and glutathione reductase
(50). In contrast, SOD activity increases in hearts of anes-
thetized pigs, pretreated during 2 h of warm cardioplegic
perfusion. This increase is associated with enhanced
Hsp70 tissue levels (238).

In a number of studies investigators attempted to
block selectively the activity of the scavenging enzymes to
elucidate their specific role in heat shock-mediated car-
dioprotection. Administration of 3-AT before hyperther-
mic pretreatment blocks catalase activity and inhibits
cardioprotection during a subsequent ischemic insult
(12). These observations strongly suggest that the in-
creased catalase activity upon heat shock is responsible
for cardioprotection (82, 423). This hypothesis, however,
has been contested, because in several studies 3-AT ad-
ministration to heat-pretreated hearts did not nullify im-
provement of postischemic functional recovery (289, 373)
or the reduction of postischemic infarct size (20). One has
to realize, however, that 3-AT seems not to be a specific
inhibitor of catalase activity. Administration of this drug
to nonheated hearts reduces lipid radical release (289)
and suppresses ventricular fibrillation during postisch-
emic reperfusion of the isolated rat heart (373). Moreover,
not in all cases, enhanced catalase activity after heat
shock is associated with cardioprotection. Isolated heat-
pretreated rat hearts challenged with an infusion of H2O2

do not recover better than control hearts, despite a sig-
nificantly increased catalase activity (374). These contro-
versial findings could be explained by different compart-
mentalization of radicals and scavenging enzymes in the
tissue. Within the cardiomyocyte catalase is probably
compartmentalized in the mitochondrion (398) and there-
fore unable to prevent damage to the sarcolemma caused
by exogenously administered H2O2.

In a recent study, heat-pretreated rats subjected to
myocardial infarction showed a significantly reduced in-
farct size in conjunction with increased Mn-SOD activity.
In this case the enhanced activity was paralleled by an
elevated Mn-SOD content. Administration of the antioxi-

dant N-2-mercaptopropionyl glycine before heat pretreat-
ment completely abolished both the cardioprotective ef-
fect and the rise in Mn-SOD activity (447). This
observation again points to the difficulties of interpreting
results of exogenous antioxidant treatment. It is feasible
that administered antioxidants are restricted to the inter-
stitial compartment and thus do not reach the intracellu-
lar space to protect intracellular proteins against ROS.

From all these studies it may be concluded that the
results obtained regarding the pivotal role of catalase and
SOD in cardioprotection after heat shock are conflicting
and that the precise role of these and other scavenging
enzymes in heat shock-mediated cardioprotection re-
mains to be elucidated.

E. Hsps and Ischemic Preconditioning

A completely different route for activating endoge-
nous cardiac protective mechanisms not related to Hsps
is the so-called ischemic (“classic”) preconditioning. Sev-
eral authors have reviewed this phenomenon and its pu-
tative mechanisms (26, 296, 320, 335). Essentially differ-
ent from the protection observed in hearts with enhanced
Hsps synthesis is the early time domain in which protec-
tion occurs. Whereas in general Hsp-mediated cardiopro-
tection does not occur before 24 h after pretreatment, the
ischemic preconditioning-associated protection occurs
within the first hours after the ischemic trigger. Although
it has been reported that ischemic preconditioning rapidly
increases the synthesis of new Hsps and leads to nuclear
redistribution of already present Hsps (203, 359), involve-
ment of Hsps in early protection by ischemic precondi-
tioning is as yet unclear. Experiments in which nuclear
localization of Hsps is influenced by mutating their NLS
could shed more light on the role of Hsps in early protec-
tion after ischemic preconditioning. However, recently it
has been shown that the sHsps aB-crystallin and Hsp27
translocate to the myofilament/cytoskeletal compartment
during ischemic preconditioning. Additional phosphoryla-
tion of aB-crystallin on Ser-59 seems to be indispensible
for the early protection after ischemic preconditioning
(103).

Another key observation linking both endogenous
protective mechanisms to each other is the appearance of
a so-called “second window of protection,” occurring at a
typical time lag of 24 h after the ischemic stimuli (391).
Typical for this event is the lack of cardioprotection in the
period between the first protective period and the appear-
ance of the second one. The molecular changes during the
first 24 h after classical ischemic preconditioning are
complex and involve changes in protein activity and tran-
scriptional activity, among which the enhanced transcrip-
tion of such genes as the Hsp70-gene (89, 142, 255). Hsp70
is synthesized within 3 h after the ischemic stimulus,
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predominantly in cardiac muscle cells (390). Using gel-
mobility shift assay, it was shown that repetitive ischemic
stimuli lead to concomitant HSF1 activation. ROS proba-
bly play a key role in this activation, because exogenous
allopurinol or catalase block HSF1 activation (310). This
hypothesis is further supported by the finding that the
activity of Mn-SOD changes in a biphasic pattern com-
pletely parallel to the cardioprotection profile (160). In
addition to Mn-SOD increased activities of endogenous
catalase, glutathione peroxidase and glutathione reduc-
tase have been documented upon ischemic precondition-
ing (89).

The prolonged duration of protection makes the sec-
ond window of protection particularly relevant for its
application under clinical conditions. Delayed cardiopro-
tection after ischemic preconditioning was first reported
in 1993 (214, 255). In both open-chest rabbit and dog
models 24 h after ischemic preconditioning a severe isch-
emic insult was better tolerated than in control hearts.
These findings were confirmed in closed-chest models
(448). The improved ischemia tolerance is characterized
by increased Hsp70 tissue levels and a decrease in the
occurrence of arrhythmias (414) and ventricular fibrilla-
tion (448). Furthermore, the accelerated recovery of con-
tractile force is indicative of less stunning (383). Tanaka
et al. (389) could not confirm these results in an open-
chest rabbit heart 24 h after ischemic preconditioning and
ascribed the conflicting outcome of both studies to differ-
ences in the experimental protocols and the type of an-
esthesia applied. Another, more recent study on rat hearts
confirmed the negative results (328). It was concluded
that ischemic preconditioning does not induce late pro-
tection in the rat heart despite enhanced Hsp70 levels
and, therefore, should be considered a mechanism dis-
tinct from heat shock-mediated cardioprotection.

F. Hsps and Cardiac Aging

An important factor in considering the potential of
Hsps to improve cardiac function during and after isch-
emia is the age of the tissues under investigation. Espe-
cially in the Western world, the average life span of the
human population is advancing due to major efforts to
improve health, extending life expectation. It cannot be
denied that tissue aging changes the vulnerability to ex-
ternal stresses. In aged animals and aged humans, a
higher vulnerability to cardiac ischemia has been docu-
mented (368, 393). It is known that overall gene transcrip-
tion, mRNA translation, and protein degradation are de-
creased in senescent animals, whereas the number of
malfunctioning proteins is increased (216). Because Hsp-
mediated stress protection could be of special interest in
aged individuals, several studies have been initiated to
evaluate their potential in this population group. Over-

views have been written by Heydari et al. (148) and Rich-
ardson and Holbrook (337) about the constitutive and
stress-mediated expression of hsp-genes.

In almost all aged tissues investigated, the potential
for stimulating the synthesis of Hsps upon stress is de-
creased. The major source of information is not cardiac
tissue, but liver (149, 362), brain (41), lymphoid (316),
vascular (62, 404, 405) lung, and skin tissue (115) of aged
but healthy animals. Lower Hsp synthesis is also found in
cultured hepatocytes, isolated from livers of aged animals
(438) or in long-lasting cultures of human fibroblasts,
reaching the end of their replicative life span (the so-
called “cell senescence”) (53, 246). Detailed investigation
of the reduced heat shock-mediated Hsp70 synthesis in
aged human fibroblasts and rat spleen lymphocytes
shows a significant decline in HSF1 binding to the HSEs in
the Hsp70-gene promoter, associated with markedly de-
creased Hsp70 synthesis (106, 316). The reduced HSF1-
DNA binding is probably not caused by a lower HSF1
content (116) but to a lesser trigger sensitivity, because at
higher temperatures or longer periods of heating HSF1 is
equally activated and optimal HSF1-HSE binding is
achieved (148, 235). Interestingly in the liver, the age-
related decline in the induction of hsp70-gene transcrip-
tion can completely be reversed by caloric restriction
(149). Such data suggest that regulation of stress-medi-
ated Hsp synthesis in aged animals is complex and does
not depend exclusively on the attenuation of the HSF1-
HSE binding in the promoter region of hsp-genes.

Similar to other tissues, the stress-induced synthesis
of Hsps is also reduced in the aging cardiovascular sys-
tem. In the blood vessel wall of aged animals, significantly
less Hsp70 is synthesized upon acute hypertension than in
young animals (404). Cardiac Hsp70 synthesis upon heat
shock is substantially lower in healthy 18-mo-old Wistar-
Kyoto rats than in young adult animals of the same strain
(43, 121), a finding also observed in other rat strains (239).
In our laboratory, we compared the Hsp70 synthesis in 3-
and 17-mo-old Lewis rat hearts 24 h after whole body heat
stress. Whereas the basal cardiac Hsp70 levels were com-
parable in nonstressed young and aged rats, after heat
stress they were doubled in aged rats, but a fivefold
increase was found in young rats. These findings are
comparable to those found in heat-stressed male Fisher
344 rats of 12 and 24 mo of age (210). In a comparative
study on 2- and 18-mo-old rats, a short transient ischemia-
induced stimulation of hsp70-gene transcription resulted
in 30% higher Hsp70 levels in the young rat hearts. By
extending the ischemic period to 20 min, however, Hsp70
mRNA and protein rose to the same levels in young and
aged hearts. This finding confirms that the ability to syn-
thesize Hsps remains intact in aged hearts, although the
ischemia-sensing mechanism is less sensitive (311).

In summary, it may be concluded that the heat shock
response is reduced in aged animals but that full activa-
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tion of the hsp-genes remains possible under certain cir-
cumstances. Probably the various HSF1 activation path-
ways are differentially operational in adult and aged
tissues. Due to the limited Hsp70 synthesis upon mild
stresses in aged hearts, the protective effects of this par-
ticular Hsp on ischemia tolerance are also reduced.

G. Hsps and Cardiac Hypertrophy

Pathological myocardial hypertrophy is acknowl-
edged to be a major risk factor for sudden death, myo-
cardial infarction, and heart failure (226). The pathologi-
cally hypertrophied heart is more vulnerable to ischemic
damage. Sustained poor cardiac output, permanent ar-
rhythmias, and increased loss of intracellular enzymes are
commonly observed during postischemic reperfusion of
hypertrophied hearts. This poor function is often associ-
ated with myocardial contracture and a substantial under-
perfusion of subendocardial layers of the left ventricular
wall (51, 69, 366, 367). In experimental models of patho-
logical hypertrophy, these phenomena have been ob-
served in hearts of spontaneously hypertensive rats (SHR)
as well as of thoracically or abdominally aorta-banded
animals. In addition, in adult hearts with fully compen-
sated cardiac hypertrophy, ischemia is better tolerated
than in aged hypertrophied hearts, which eventually reach
the phase of decompensation (368).

Understanding the potential of hypertrophied cardiac
tissue to upregulate Hsp synthesis would be highly valu-
able, since these proteins could attenuate the poor isch-
emia tolerance in this type of heart. In animals, cardiac
hypertrophy, once established and compensated, has no
major effects on the constitutive Hsp tissue levels. Al-
though in cardiomyocytes isolated from rat hearts 2–4
days after thoracic aortic banding Hsps like Hsp70 and
Hsp60 are transiently overexpressed (92), completely nor-
mal basal Hsp levels are found when cardiac hypertrophy
is fully compensated (176). In the adult SHR as well as in
the adult aorta-banded rat, basal cardiac Hsp70 concen-
trations are comparable to those in the age-matched nor-
motensive control (43, 71, 72, 134).

Data on the constitutive Hsp levels in failing hyper-
trophied hearts are scarce. In pigs with decompensating
hypertrophic cardiomyopathy, very low Hsp90 levels have
been found in both ventricles, especially in the intraven-
tricular septum. These low Hsp90 levels are not found in
compensated cardiomyopathic pig hearts (223). In con-
trast, right ventricular heart failure elicited by monocro-
talin treatment of rats coincides with enhanced right ven-
tricular Hsp70 levels (68).

In hearts of SHR, the stress-mediated hsp-gene tran-
scription seems to be conserved, at least during the com-
pensatory phase of the hypertrophic process (43). More-
over, after whole body heat stress in SHR hearts, the

Hsp70 mRNA and protein levels are even higher than in
normotensive controls (43, 134). The levels reached, how-
ever, appear to relate to the age of the animal. Juvenile
heat-pretreated SHRs showed cardiac Hsp70 levels about
3 times higher than age-matched normotensive animals,
and more than 10 times higher than nonheated SHRs.
Applying the same stress in 18-mo-old animals, however,
resulted in comparable increases in Hsp70 levels in SHRs
and control hearts (43). This indicates that throughout life
the ability to synthesize Hsp70 decreases significantly
more in the SHR than in the normotensive control heart.

It is possible that the exaggerated heat shock re-
sponse of young SHRs is merely a consequence of its
disturbed thermoregulation than of an intrinsic higher
Hsp synthesis potential (250). SHR breeding experiments
show that the gene responsible for thermosensitivity seg-
regates with hypertension in the F2 generation. Further-
more, one of the loci segregating with hypertension is
included in the RT1 complex, the major histocompatibil-
ity complex. Because the Hsp70-gene is also located
within this complex, it is tempting to believe that the
Hsp70-gene is linked to the control of the development of
hypertension (133). Also in cells isolated from hyperten-
sive humans, significantly higher Hsp70 mRNA amounts
have been found upon heat stress than in cells from
normotensive controls (213). This confirms that alter-
ations in the expression of a major enviromentally con-
trolled gene, i.e., Hsp70, may be involved in an increased
stress response in hypertensive human individuals.

Cardiac expression of hsp-genes in abdominally
aorta-banded animals seems to be less exaggerated than
in SHRs. In hypertrophied hearts of such animals, heat
shock resulted in a sevenfold increase of Hsp70 mRNA
levels compared with a threefold increase in nonhyper-
trophied controls. Twenty-four hours after heat shock,
however, completely comparable increases in Hsp70 lev-
els were found in hypertrophied and nonhypertrophied
hearts. In aged animals with long-standing cardiac hyper-
trophy due to aortic banding, Isoyama (175) described
depressed cardiac Hsp synthesis. In our laboratory we
investigated compensated hypertrophied hearts of 17-mo-
old Lewis rats, aorta-banded at the age of 2 mo (71).
Twenty-four hours after heat shock, cardiac Hsp70 pro-
tein levels were not increased, contrasting with a dou-
bling of Hsp70 content in the heart of nonhypertensive
controls.

Several studies have addressed the question as to
whether enhanced Hsp synthesis could be cardioprotec-
tive in the hypertrophied heart. This is indeed the case, as
shown in young adult hypertrophied hearts from aorta-
banded animals in which postischemic functional recov-
ery 24 h after heat shock was significantly better than in
nonpretreated controls (72). In this respect it is worth
noting that the reperfusion-associated subendocardial un-
derperfusion as normally found in hypertrophied hearts
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was completely normalized after heat pretreatment. Al-
though cardioprotection has also been demonstrated af-
ter heat pretreatment in aged hypertrophied hearts, up-
regulation of Hsp70 synthesis seems not to be essential
(71).

In conclusion, it seems that the ability of the hyper-
trophied heart to synthesize pivotal Hsps like Hsp70 de-
creases significantly with age and varies with the type of
hypertrophy. Nevertheless, heat pretreatment prevents
the deleterious effects of ischemia and subsequent reper-
fusion in this type of heart, probably effectuated through
the enhanced synthesis of other Hsps than Hsp70.

H. Hsps and Cardiac Transplantation

Induction of Hsps in tissues to be transplanted has
drawn the attention of some investigators, but the infor-
mation available is scarce. To the best of our knowledge,
effects of heat pretreatment on the functional outcome
after a long-lasting hypothermic storage of cardiac tissue
have been investigated only in one study (452). Heat
pretreatment of such hearts resulted in a significantly
improved and accelerated recovery of developed pressure
and coronary flow, while the residual ATP and total en-
ergy-rich phosphates tissue content was significantly
higher than in non-retreated control hearts. The loss of
intracellular enzymes was also significantly reduced.

Hsp70 tissue content has been used as a marker for
the risk of rejection of tissue transplants. In transplanted
rat hearts in which rejection was established, high levels
of Hsp70 and Hsc70 were observed (90, 275). The Hsp70
levels could be reduced by administration of the immu-
nosuppressive agent cyclosporin, being indicative of a
direct correlation between the expression of this partic-
ular Hsp and the evolution of transplant rejection (90).
From such studies it is difficult to determine the precise
role of high Hsp tissue concentrations. In transplanted
tissues, high Hsp levels probably reflect a response to
stressors like inflammation, apoptosis, and/or necrosis.

I. Genetic Manipulation of Hsps in Cardiac Tissue

Several transfection studies have been performed to
address the question regarding the specific role of indi-
vidual Hsps in cell cultures, cell types, and intact animals
and to elucidate their mechanism of protection. To this
end, the transcription of several hsp-genes has been ge-
netically modified to achieve selective transcriptional ac-
tivation or inhibition, allowing the elucidation of the po-
tential of individual Hsps or combinations of these
proteins to modify protection. In addition, these experi-
ments allowed the differentiation between the degrees of
protection afforded by individual Hsps against a particu-
lar stress. Overexpression or knock-out of the HSF1- or

hsp-genes in transgenic animals allows dissection of the
activation pathways and the potential beneficial role of a
particular Hsp in the total body, respectively.

1. Overexpression of Hsps

Due to its putative unique protective role, the hsp70-
gene has been one of the most transfected hsp-genes so
far. As pointed out earlier, hsp70-overexpression in cul-
tured fibroblasts, cardiomyocytes, or H9c2 cells increases
resistance to lethal heat stress (230), hypoxia, or meta-
bolic stress (78, 141, 280, 282, 349). Various indicators of
cellular viability were found to be improved, including
early recovery of the overall protein synthesis after lethal
heat stress (237), which seems to be related to rapid
dephosphorylation of the protein synthesis initiation fac-
tor 2a (56). Investigators in our laboratory have recently
shown that the same phenomenon can be observed in
H9c2 cells, infected with an adenoviral vector containing
the hsp70-gene (369, 413).

Experiments with transfection of other hsp-genes
revealed that Hsp90-gene overexpression in H9c2 cells is
also associated with increased survival after lethal heat
stress, but not after hypoxia or metabolic stress. Overex-
pression of the hsp60-gene does not enhance survival
after one of these stresses (78, 143). Overexpression of
genes, coding for sHsps, also results in improved resis-
tance against specific cellular stresses. Landry and col-
leagues showed that stable overexpression of the human
hsp27-gene in cultured Chinese hamster or murine cells
confers permanent resistance toward lethal heat shock
(218) and is characterized by improved stability of fila-
mentous actin (220). This finding was confirmed by trans-
fecting the Chinese hamster hsp27-gene into mouse NIH/
3T3 cells (220). Overexpression of the human hsp27 and
aB-crystallin-genes in cultured fibroblasts enhanced the
resistance against TNF-a or H2O2-induced stress (273).

With regard to Hsp27, it is important to note that the
higher resistance toward TNF-a or H2O2 is not only re-
lated to a higher Hsp27 concentration but also to its
degree of phosphorylation, since overexpression of a non-
phosphorylatable Hsp27 failed to exert a positive effect
(171, 221). The effects of H2O2 are also dependent on the
cell type involved. For instance, when H2O2 is applied to
endothelial cells in comparable concentrations as in fi-
broblasts, unlike in fibroblasts, in endothelial cells stress
fibers accumulate and vinculin is recruited around focal
adhesion points. In endothelial cells Hsp27 phosphoryla-
tion occurs through activation of the p38 MAPK, leading
to the activation of the MAPK-activated protein kinase-
2/3. This observation points to the critical role of the
phosphorylation of Hsp27 in vascular cells, which are
constantly exposed to ROS. The immediate response of
this specific defense system reduces the toxic effects of
the oxidative stress (170).
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It is known that introduction of foreign genes into
neonatal as well as adult cardiomyocytes is difficult to
achieve with classic transfection techniques. For this pur-
pose, adenoviral infection is the only successful way.

Various adenovirus systems have been used to infect
primary cultures of neonatal and adult rat cardiomyo-
cytes with hsp-genes. Overexpression of Hsp27 signifi-
cantly protects adult but not neonatal cardiomyocytes
against hypoxia, whereas both neonatal and adult cardi-
omyocytes transfected with the aB-crystallin gene better
tolerate hypoxia than control cells (261). In both neonatal
cardiomyocytes and H9c2 cells, overexpression of Hsp70
by adenoviral infection leads to increased tolerance to
ischemia (282). Suzuki et al. (385) successfully infected
intact rat hearts with the hsp70-gene by infusing the hem-
agglutinating virus of Japan (HJV) liposomes containing
the human hsp70-gene into the coronary arteries. Inter-
estingly, whereas the classical adenovirus systems do not
seem to cross the endothelial barrier after infusion into
coronary arteries, this construct leads to infection of
cardiomyocytes throughout the left ventricular wall. The
Hsp70 transfection achieved in this way is associated with
a significantly improved tolerance to global ischemia.

Taken together, adenoviral infection experiments
have been crucial, as transgene animals, to prove that
individual Hsps can confer full protection to cardiac cells
and tissue against various stresses, including ischemia
and hypoxia. Future developments in viral transfection
technology that will enhance transfection efficiency in
tissues of intact animals will be of crucial importance for
determining mechanisms of Hsp-mediated protection in
larger mammals than the mouse.

2. Inhibition of Hsp synthesis

Inhibition of the synthesis of individual Hsps can be
achieved by applying antisense technology, consisting of
introducing specific oligonucleotides into the cell. For
antisense technology, a nucleotide sequence is con-
structed in such a way that it can bind to the complemen-
tary sequence on the mRNA coding for the protein to be
inhibited. Otherwise, the antisense cDNA can also be
introduced so that upon transcription RNA synthesis
moves into an antisense direction. The application of this
technique for controlling the expression levels of various
Hsps in mammalian tissues has been reviewed by Knowl-
ton recently (202).

In cultured cardiomyocytes, Nakano et al. (305)
showed that treatment with Hsp70 antisense molecules
leads to a specific and almost complete inhibition of
Hsp70 synthesis and decreased tolerance to stress com-
pared with control cells, even when the stress is mild. In
a comparable setup, antisense-mediated reduction of
Hsp90 in cultured mouse cells led to reduced cellular
survival upon a hyperthermic challenge (23). However, it

is important to point out that titration of antisense mole-
cules is critical, and different concentrations have to be
tested to determine optimal inhibition. Even in that case,
it is still possible that antisense therapy is not able to
completely inhibit Hsp synthesis upon stress treatment
(303).

A decline of the transcription of the genes coding for
Hsp27 and aB-crystallin resulted in contrasting effects.
With the use of adenoviral vectors to introduce antisense
cDNA of both hsp-genes in cardiomyocytes, it was found
that the loss of intracellular enzymes upon ischemia is
increased. In contrast, reduction of aB-crystallin has no
effect on cell viability upon severe stress (261).

A different approach has been applied by injecting
specific anti-Hsp70 antibodies into fibroblasts, resulting in
enhanced vulnerability to heat shock compared with cells
overexpressing Hsp70 (336).

3. Transgenic animals

Several successful attempts have been made to over-
express one of the Hsps in whole animals. In heterozy-
gous mice hearts with hsp70-gene overexpression under
the b-actin promotor and human cytomegalovirus en-
hancer significant reductions in infarct size are found
(172, 256). In isolated hearts of these mice after a tran-
sient ischemic episode a better functional recovery and
less intracellular enzyme loss are observed than in hearts
of wild-type animals (323). With the use of 31P-NMR spec-
troscopy, it was shown that transgenic mice hearts over-
expressing Hsp70 have a slower ischemia-associated de-
cline of energy-rich phosphate stores than wild-type
hearts. Upon reperfusion, acidosis was restored more
rapidly to normal levels. In addition, it has been demon-
strated that the basal overall protein translation is not
affected by the overexpression of the hsp70-gene (333).

Taken together, in the near future transgene animals,
in which individual or groups of hsp-genes are overex-
pressed or knocked out, need to be investigated in more
detail. Although initially such an approach will only im-
prove our insight into the mouse heart, it will allow us to
develop new strategies in larger mammals, ultimately
leading to the understanding of the protective role of
individual Hsps in cardiac pathophysiology in humans.

VI. HEAT SHOCK PROTEINS AND THE HUMAN

CARDIOVASCULAR SYSTEM

Investigation of the expression levels of Hsps in the
human cardiovascular system, aside from the domain of
atherosclerosis, has started only recently and largely has
been concentrated on the measurement of Hsp tissue
concentrations. The knowledge about the potential of
stress-mediated upregulation of Hsp synthesis in the hu-
man heart is almost nonexistent.
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A. Hsps and Atherosclerosis

In atherosclerotic plaques of human blood vessels
several members of the Hsp families have been detected.
The (patho)physiological significance of the pertinent
presence of Hsps in those plaques is still unclear. The
most plausible explanation is that they reflect the stress-
ful condition of the cells within the developing plaques.
Cell proliferation, inflammation, and chronic ischemia all
are events taking part in the multifactorial process of
atherosclerosis. The current knowledge about Hsps in
atherosclerotic blood vessels has been reviewed by Xu
and Wick (445).

Berberian et al. (38) were the first to describe the
presence of high concentrations of the major inducible
Hsp70 protein in the center of atherosclerotic plaques in
human blood vessels. Interestingly, high concentrations
of this protein are colocalized with infiltrating macro-
phages and are particularly localized at the border of
necrotic zones in the vessel wall. Aside from Hsp70, in-
creased concentrations of Hsp60 (157, 340) and Hsp90
and Hsp27 (183) have been found in these pathological
tissues. A linear relationship between the concentration
of Hsp60 and the number of infiltrating T lymphocytes has
been described (7, 442). Xu et al. (444) also found coex-
pression of Hsp60 and the intercellular adhesion mole-
cule-1 (ICAM-1), vascular cell adhesion molecule, and
E-selectin in endothelial cells exposed to cytokines and
low-density lipoproteins, whereas others found coexpres-
sion of Hsp60 and ICAM-1 after exposure to endotoxin
(358). In a great number of patients with coronary heart
disease, high plasma concentrations of anti-Hsp60 anti-
bodies have been documented (157).

The initial event eliciting enhanced Hsp synthesis in
the atherosclerotic region remains a subject of discus-
sion. One of the etiological factors of atherosclerosis, i.e.,
oxidized low-density lipoproteins (Ox-LDL; a cytotoxic
lipoprotein), induces Hsp70 synthesis in cultured human
endothelial cells (453). Because smooth muscle cells are
among the cell types involved in the formation of ather-
oma, it is obvious to address the question whether Ox-
LDL also induce Hsp70 synthesis in these cells. This is
indeed the case, as has been demonstrated in cultured
human femoral artery smooth muscle cells (454). How-
ever, compared with cultured human endothelial cells
from umbilical veins, the degree of Hsp70 synthesis is
significantly lower. Interestingly, there are indications
that smooth muscle cell necrosis as a consequence of
circulating toxins is inhibited by treatment of exog-
enously administered Hsp70 (182). Protection seems to be
related to the binding of Hsp70 to the external leaflet of
the sarcolemma and not to its internalization in the cell
(184). Smooth muscle cell proliferation following scrape
wound injury is also inhibited by a preceding heat shock
leading to the expression of Hsps in these cells (364).

Another component of atherogenesis is the shear
stress acting on the vascular endothelial cell. Large vari-
ations in shear stress, which is in fact the tangential
component of the hemodynamic force, activate athero-
genesis-related genes in the endothelium at lesion-prone
sites. Among others, multiple protein kinases leading to
protein phosphorylation are activated. The small Hsp27,
which is expressed in endothelial cells of the vascular
wall, is phosphorylated, among others, upon changes in
shear stress, whereas its expression level remains un-
changed (232).

B. Hsps and the Human Heart

To date, the data available on the role of Hsps in
human myocardium are still scarce. In human autopsy
material, incidental findings on Hsp concentrations have
been reported, while occasionally Hsp concentrations
have been measured in cardiac biopsies taken before,
during, and after cardiac surgery. Therefore, reported
findings in human cardiac tissues need to be interpreted
with care. The characteristics of the tissue samples ob-
tained during cardiac surgery, the hemodynamic circum-
stances, and serum hormone levels at the moment of
tissue preservation should be documented in great detail,
since it has been shown in experimental animals that
sudden changes in these parameters can affect the syn-
thesis of Hsps. For instance, increased hemodynamic
loading through aorta banding (25, 92, 204, 365, 443) and
injection of catecholamines, vasopressin, or angiotensin
II (207, 288) were found to stimulate Hsp synthesis. There-
fore, it cannot be excluded that the reported findings in
human tissues are confounded by unknown hemody-
namic, hormonal, or other factors and, therefore, do not
reflect the basal levels of the Hsps studied (181, 269).

McGrath et al. (270) determined Hsp70 levels in atrial
biopsies of patients undergoing cardiopulmonary bypass
surgery. The first biopsy was obtained before any surgical
manipulation of the heart, the second one immediately
following reperfusion after releasing the aortic cross-
clamp, and the last one 15 min after weaning from car-
diopulmonary bypass. Invariably, all tissue samples
showed relatively high Hsp70 concentrations compared
with the average values found in nonstressed nonhuman
mammalian hearts (270). The authors suggested that ei-
ther the levels had been artificially enhanced by such
peri-operative circumstances as anesthesia and/or drug
therapy, or that basal Hsp70 levels are higher in human
than other mammalian hearts. The latter is probably not
the case, since in hearts from brain-dead patients the
Hsp70 mRNA signal in atrial biopsies is significantly lower
than in hypertrophied ventricular tissue of patients with
tetralogy of Fallot (181). More recently, Knowlton et al.
(206) investigated the expression of a number of Hsps in
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both dilated and ischemic cardiomyopathy hearts from
transplant recipients. Compared with nonused control
donor hearts, Hsp27 levels were increased in dilated car-
diomyopathic hearts, while Hsp60 levels were enhanced
in both dilated and ischemic cardiomyopathic hearts. In
contrast, the levels of Hsp70, Hsc70, and Hsp90 were
comparable in all three groups of hearts. Furthermore, in
sera of patients with dilated cardiomyopathy, significantly
enhanced titers of antibodies against Hsp60, Hsp70, and
Hsc70 were found (325).

Incidental findings suggest that Hsps can play a role
in the maintenance of cellular integrity. For instance, in a
child, a systemic mitochondrial disease leading to heart
failure has been characterized by decreased mitochon-
drial enzyme activities and abnormal ultrastructure of the
mitochondria as well as a deficiency of mitochondrial
Hsp60 (4). Although the association between the phenom-
ena could be incidental, this fatal disorder most likely
results from a defective mitochondrial protein import or
enzyme assembly, in which Hsp60 plays a key role (47).

Reports on attempts to induce the expression of Hsps
before surgical interventions or in the course of ischemic
cardiac disease are very limited. Investigation of poten-
tially beneficial effects of inducible Hsps in the human
heart is also hampered by the absence of reliable control
tissues and the technical difficulty to induce the expres-
sion of Hsps, like Hsp70, in the intact human body, espe-
cially in the heart. Under experimental conditions, the
most potent ways to enhance the tissue content of Hsps
have been heating or the use of such toxic stimuli as
endotoxin. These techniques, however, cannot be applied
in humans, certainly not under surgical routine interven-
tions in the clinical setting. Nevertheless, a limited num-
ber of data suggest that the expression level of Hsp70 in
diseased human heart tissue can be modified. For in-
stance, during cardiac surgery the Hsp70 and Hsc70 levels
have been found to increase significantly before and after
the obligatory brief periods of repetitive ischemia. In
contrast, cardiac tissue subjected to one continuous pe-
riod of ischemia does not show increased Hsp levels
(386). Furthermore, studies on various types of cultured
human cells reveal that they all retain the potential to
enhance stress-mediated Hsp synthesis. As such, heat
shock has been found to induce Hsp70 synthesis in cul-
tured adult and aged endothelial cells from the human
umbilical vein (185), in human fibroblasts (53, 246), and in
erythroleukemia cells (8).

To obtain better insight into the physiological behav-
ior of inducible Hsps during surgery, some investigators
have mimicked the conditions of surgical interventions in
humans in experimental animals. Twenty-four hours after
amphetamine pretreatment, pigs were subjected to car-
diopulmonary bypass consisting of 60 min of left coronary
artery occlusion and 60 min of global hypothermic car-
dioplegic arrest followed by 60 of min reperfusion (262).

Cardiac biopsies taken 3 h after pretreatment revealed
significantly enhanced hsp27-, hsp70-, and hsp90-gene ex-
pression. Functional parameters during postischemic
reperfusion were all significantly improved. Although this
study demonstrated a correlation between enhanced car-
diac levels of Hsps and improved cardiac function during
surgical interventions, it remains questionable whether
amphetamine is a suitable drug for preconditioning of the
heart, since body temperatures reached uncontrollable
high levels (.42°C).

In conclusion, studies on the beneficial properties of
inducible Hsps in the diseased human heart are still de-
scriptive, because of the difficulties to make the technique
to express these proteins operational. Furthermore, a
major problem is the rather long time lapse between the
induction of Hsp synthesis and the occurrence of the
beneficial effects on cardiac function during and after an
ischemic insult (70, 190).

VII. CONCLUSIONS AND FUTURE PERSPECTIVES

The present knowledge of the physiological role of
Hsps in healthy tissues points to a crucial role of these
proteins in normal tissue growth and in chaperoning in-
tracellular proteins. Under nonstressed conditions, the
major task of chaperones, i.e., both folding of nascent
proteins and their intracellular transport, is reasonably
well understood. So is the activation of the hsp-gene
transcription through changes in concentrations of nas-
cent or unfolded proteins. The ability of a number of
hsp-genes to upregulate their transcription immediately
following the imposition of different kinds of stresses
provides the cell with a unique endogenous mechanism of
protecting essential proteins and to better withstand a
repeated or continued stress. Specifically for the cardio-
vascular system, detailed understanding of the mastering
of this defense mechanism could be essential to salvage
cardiac tissue during repetitive ischemic periods. Several
pathophysiological situations exist in which cardiac tis-
sue could profit from this defense system, such as chronic
unstable angina or coronary balloon angioplasty. But also
the viability of tissues to be transplanted could profit from
preconditioning by enhancing the synthesis of Hsps.

At present, four problems hamper full exploitation of
the protective potential of Hsps in the human cardiovas-
cular system. First of all, the knowledge of hsp-gene
transcription and Hsp translation mechanisms in blood
vessels and myocardium of human source is still limited,
and Hsp tissue levels after induction are essentially un-
known. Second, the signal transduction pathways leading
to full activation of the various hsp-genes in the human
heart and blood vessels are still incompletely understood.
Knowledge of these pathways could lead to the develop-
ment of well-directed synthetic drugs activating hsp-gene

INTRINSIC CARDIOPROTECTION BY STRESS PROTEINS 1485

Physiol Rev • VOL 81 • OCTOBER 2001 • www.prv.org



transcription. Third, using the presently known Hsp syn-
thesis initiators, protection appears at the earliest 6–12 h
later, implying that such pathophysiological events as
acute myocardial infarction can be excluded as a poten-
tial therapeutical target. Eventually, earlier protection
could be envisaged by using new synthetic drugs that
activate hsp-gene transcription without the negative ef-
fects on structural proteins of initiators like heat. For
instance, promising results have been obtained with the
nontoxic hydroxylamine derivative Bimoclomol that acti-
vates Hsp synthesis and is associated with protection
against ischemia (419). Fourth, we still lack detailed in-
formation on the physiological and time-dependent inter-
actions between cellular proteins and the various newly
synthesized Hsps. If, for instance, scavenging enzymes
play a pivotal role in the Hsp-mediated protection, mea-
sures could be taken to directly stimulate intracellular
scavenging activity by site-directed activation of Hsps.

Observations in experimental animals that increased
Hsp tissue levels limit the deleterious effects of ischemia
and reperfusion in aged and hypertrophied hearts, legiti-
mate optimism for therapeutical applications of Hsps in
the diseased human heart. Studies in hearts of aged
and/or hypertrophied transgenic animals overexpressing
or lacking specific Hsps will be instrumental in under-
standing the mechanism and potential of protection in
these pathophysiological conditions. In the same way,
new developments in the technology of viral transfection,
allowing stable expression of Hsps in well-specified car-
diac cells, could be very helpful to extend the applicability
of Hsp-mediated cardioprotection to larger mammals and
to extrapolate these findings to pathophysiological condi-
tions in human hearts.
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Interactions of p60, a mediator of progesterone assembly, with heat
shock proteins hsp90 and hsp70. Mol Endocrinol 10: 682–693, 1996.

60. CHI S-H AND MESTRIL R. Stable expression of a human HSP70 gene
in a rat myogenic cell line confers protection against endotoxin.
Am J Physiol Cell Physiol 270: C1017–C1021, 1996.

61. CHIANG H-L, TERLECKY SR, PLANT CP, AND DICE JF. A role for a 70
kilodalton heat shock protein in lysosomal degradation of intracel-
lular proteins. Science 246: 382–385, 1989.

62. CHIN JH, OKAZAKI M, HU ZW, MILLER JW, AND HOFFMAN BB. Activa-
tion of heat shock protein (hsp)70 and proto-oncogene expression
by a1 adrenergic agonist in rat aorta with age. J Clin Invest 97:
2316–2323, 1996.

63. CHRISTODOULIDES N, DURANTE W, KROLL MH, AND SCHAFER AI. Vascu-
lar smooth muscle cell heme oxygenases generate guanylyl cycla-
se-stimulatory carbon monoxide. Circulation 91: 589–596, 1995.

64. CHU B, SONCIN F, PRICE BD, STEVENSON MA, AND CALDERWOOD SK.
Sequential phosphorylation by mitogen-activated protein kinase
and glycogen synthase kinase 3 represses transcriptional activation
by heat shock factor-1. J Biol Chem 271: 30847–30857, 1996.

65. CIAVARRA RP, GOLDMAN C, WEN K-K, TEDESHI B, AND CASTORA FJ. Heat
stress induced hsc70/nuclear topoisomerase I complex formation
in vivo: evidence for hsc70-mediated ATP-independent reactivation
in vitro. Proc Natl Acad Sci USA 91: 1751–1755, 1994.

INTRINSIC CARDIOPROTECTION BY STRESS PROTEINS 1487

Physiol Rev • VOL 81 • OCTOBER 2001 • www.prv.org



66. CLARK BD AND BROWN IR. A retinal heat shock protein is associated
with elements of the cytoskeleton and binds to calmodulin. Bio-

chem Biophys Res Commun 139: 974–981, 1986.
67. COLLIER NC AND SCHLESINGER MJ. The dynamic state of heat shock

proteins in chicken embryo fibroblasts. J Cell Biol 103: 1495–1507,
1986.

68. COMINI L, GAIA G, CURELLO S, CECONI C, PASINI E, BENOGNO M,
BACHETTI T, AND FERRARI R. Right heart failure chronically stimu-
lates heat shock protein 72 in heart and liver but not in other
tissues. Cardiovasc Res 31: 882–890, 1996.

69. COOLEY DA, REUL GJ, AND WUKASH DC. Ischemic contracture of the
heart: “stone heart.” Am J Cardiol 29: 575–577, 1972.

70. CORNELUSSEN RN, DE BRUIN LGA, VORK MM, VAN DER VUSSE GJ,
RENEMAN RS, AND SNOECKX LHEH. Biphasic effect of heat stress
pretreatment on ischemic tolerance of isolated rat hearts. J Mol

Cell Cardiol 30: 365–372, 1998.
71. CORNELUSSEN RN, GARNIER AV, VORK MM, GEURTEN P, RENEMAN RS,

VAN DER VUSSE GJ, AND SNOECKX LHEH. Heat stress protects aged
hypertrophied and nonhypertrophied rat hearts against ischemic
damage. Am J Physiol Heart Circ Physiol 273: H1333–H1341, 1997.

72. CORNELUSSEN RN, SPIERING W, WEBERS JHG, DE BRUIN LGA, RENEMAN

RS, VAN DER VUSSE GJ, AND SNOECKX LHEH. Heat shock improves the
ischemic tolerance of the hypertrophied rat heart. Am J Physiol

Heart Circ Physiol 267: H1941–H1947, 1994.
72a.CORNELUSSEN RN, VAN DER VUSSE GJ, ROEMEN THM, AND SNOECKX

LHEH. Heat pretreatment differentially affects cardiac fatty acid
accumulation during ischemia and postischemic reperfusion. Am J

Physiol Heart Circ Physiol 280: H1736–H1743, 2001.
73. CORNELUSSEN RN, VER DONCK L, VERELLEN G, BORGERS M, VAN DER

VUSSE GJ, RENEMAN RS, AND SNOECKX LHEH. Calcium homeostasis in
cardiomyocytes from heat-shocked hearts. Am J Physiol Heart

Circ Physiol 271: H1938–H1946, 1996.
74. COTTO JJ, KLINE M, AND MORIMOTO RI. Activation of heat shock

factor 1 DNA binding precedes stress-induced serine phosphoryla-
tion. J Biol Chem 271: 3355–3358, 1996.

75. CRAIG EA, KANG PJ, AND BOORSTEIN W. A review of the role of 70 kDa
heat shock proteins in protein translocation across membranes.
Antonie van Leeuwenhoek 58: 137–146, 1990.

76. CRUSE I AND MAINES MD. Evidence suggesting that the two isoforms
of heme oxygenase are products of different genes. J Biol Chem

263: 3348–3353, 1988.
77. CUMMING DVE, HEADS RJ, BRAND NJ, YELLON DM, AND LATCHMAN DS.

The ability of heat stress and metabolic preconditioning to protect
primary rat cardiac myocytes. Basic Res Cardiol 91: 79–85, 1996.

78. CUMMING DVE, HEADS RJ, WATSON A, LATCHMAN DS, AND YELLON DM.
Differential protection of primary rat cardiocytes by transfection of
specific heat stress proteins. J Mol Cell Cardiol 28: 2343–2349, 1996.

79. CURRIE RW. Effects of ischemia and reperfusion temperature on the
synthesis of stress-induced (heat shock) proteins in isolated and
perfused rat hearts. J Mol Cell Cardiol 19: 795–808, 1987.

80. CURRIE RW. Protein synthesis in perfused rat hearts after in vivo
hyperthermia and in vitro cold ischemia. Biochem Cell Biol 66:
13–19, 1988.

81. CURRIE RW AND KARMAZYN M. Improved post-ischemic ventricular
recovery in the absence of changes in energy metabolism in work-
ing rat hearts following heat-shock. J Mol Cell Cardiol 22: 631–636,
1990.

82. CURRIE RW, KARMAZYN M, KLOC M, AND MAILER K. Heat-shock re-
sponse is associated with enhanced post-ischemic recovery. Circ

Res 63: 543–549, 1988.
83. CURRIE RW, ROSS BM, AND DAVIS TA. Induction of the heat shock

response in rats modulates heart rate, creatine kinase and protein
synthesis after a subsequent hyperthermic treatment. Cardiovasc

Res 24: 87–93, 1990.
84. CURRIE RW AND TANGUAY RM. Analysis of RNA for transcripts for

catalase and SP71 in rat hearts after in vivo hyperthermia. Biochem

Cell Biol 69: 375–382, 1991.
85. CURRIE RW AND WHITE FP. Characterization of the synthesis and

accumulation of a 71-kilodalton protein induced in rat tissues after
hyperthermia. Can J Biochem Cell Biol 61: 438–446, 1983.

86. CZAR MJ, WELSH MJ, AND PRATT WB. Immunofluorescence localiza-
tion of the 90-kDa heat-shock protein to cytoskeleton. Eur J Cell

Biol 70: 322–330, 1996.

87. DANG CV AND LEE WMF. Nuclear and nucleolar targeting sequences
of c-erb-A, c-myb, N-myc, p53, HSP70, and HIV tat proteins. J Biol

Chem 264: 18019–18023, 1989.
88. DAS DK, ENGELMAN RM, AND KIMURA Y. Molecular adaptation of

cellular defenses following preconditioning of the heart by repeti-
tive ischemia. Cardiovasc Res 27: 578–584, 1993.

89. DAS DK, PRASAD MR, LU D, AND JONES RM. Preconditioning of heart
by repeated stunning. Adaptive modification of antioxidative de-
fense system. Cell Mol Biol 38: 739–749, 1992.

90. DAVIS EA, WANG BH, STAGG CA, BALDWIN WM, BAUMGARTNER W,
SANFILIPPO F, AND UDELSMAN R. Induction of heat shock protein in
cardiac allograft rejection: a cyclosporine-suppressible response.
Transplantation 61: 279–284, 1996.

91. DE JONG WW, LEUNISSEN JA, AND VOORTER CE. Evolution of the
a-crystallin/small heat shock protein family. Mol Biol Evol 10:
103–126, 1993.

92. DELCAYRE C, SAMUEL J-L, MAROTTE F, BEST-BELPOMME M, MERCADIER

JJ, AND RAPPAPORT L. Synthesis of stress proteins in rat cardiac
myocytes 2–4 days after imposition of hemodynamic overload.
J Clin Invest 82: 460–468, 1988.

93. DILLMANN WH, MEHTA HB, BARRIEUX A, GUTH BD, NEELEY WE, AND

ROSS JJ. Ischemia of the dog heart induces the appearance of a
cardiac mRNA coding for a protein with migration characteristics
similar to heat-shock/stress protein 71. Circ Res 59: 110–114, 1986.

94. DILLMANN WH AND MESTRIL R. Heat shock proteins in myocardial
stress. Z Kardiol 84: 87–90, 1995.

95. DING XZ, SMALLRIDGE RC, GALLOWAY RJ, AND KIANG JG. Rapid assay
of HSF1 and HSF2 gene expression by RT-PCR. Mol Cell Biochem

158: 189–192, 1996.
96. DING XZ, TSOKOS GC, SMALLRIDGE RC, AND KIANG JG. Heat shock

gene expression in HSP70 and HSF1 gene-transfected human epi-
dermoid A-431 cells. Mol Cell Biochem 167: 145–152, 1997.

97. DIX DJ. Hsp70 expression and function during gametogenesis. Cell

Stress Chaperon 2: 73–77, 1997.
98. DOMANICO SZ, DENAGEL DC, DAHLSEID JN, GREEN JM, AND PIERCE SK.

Cloning of the gene encoding peptide-binding protein 74 shows that
it is a new member of the heat shock protein 70 family. Mol Cell

Biol 13: 3598–3610, 1993.
99. DONNELLY TJ, SIEVERS RE, VISSERN FL, WELCH WJ, AND WOLFE CL.

Heat-shock protein induction in rat hearts. A role for improved
myocardial salvage after ischemia and reperfusion. Circulation 85:
769–778, 1991.

100. DREHER D, VARGAS JR, HOCHSTRASSER DF, AND JUNOD AF. Effects of
oxidative stress and Ca21 agonists on molecular chaperones in
human umbilical vein endothelial cells. Electrophoresis 16: 1205–
1214, 1995.

101. DUBOIS MF, HOVANESSIAN AG, AND BENSAUDE O. Heat shock-induced
denaturation of proteins. J Biol Chem 266: 9707–9711, 1991.

102. DWORNICZAK B AND MIRAULT ME. Structure and expression of a
human gene coding for a 71 kd heat shock “cognate” protein.
Nucleic Acids Res 15: 5181–5197, 1987.

103. EATON P, AWAD WI, MILLER JIA, HEARSE DJ, AND SHATTOCK MJ.
Ischemic preconditioning: a potential role for constitutive low
molecular weight stress protein translation phosphorylation. J Mol

Cell Cardiol 32: 961–971, 2000.
104. EDGINGTON SM. Therapeutic applications of heat shock proteins.

Biotechnology 13: 1442–1444, 1995.
105. EDINGTON BV, WHELAN SA, AND HIGHTOWER LE. Inhibition of heat

stress protein induction by deuterium oxide and glycerol: addi-
tional support for the abnormal protein hypothesis of induction.
J Cell Physiol 139: 219–228, 1989.

106. EFFROS RB, ZHU X, AND WALFORD RL. Stress response of senescent T
lymphocytes: reduced hsp70 is independent of the proliferative
block. J Gerontol 49: B65–B70, 1994.

107. ELLIS RJ. Chaperonins. Curr Biol 9: R352, 1999.
108. ELLIS RJ AND HARTLE F-U. Protein folding in the cell: competing

models of chaperonin function. FASEB J 10: 20–26, 1996.
109. ELLIS RJ AND VAN DER VIES SM. Molecular chaperones. Annu Rev

Biochem 60: 321–347, 1991.
110. ENGEL K, AHLERS A, BRACH MA, HERRMANN F, AND GAESTEL M. MAP-

KAP kinase 2 is activated by heat shock and TNF-alpha: in vitro
phosphorylation of small heat shock protein results from stimula-
tion of the MAP kinase cascade. J Cell Biochem 57: 321–330, 1995.

1488 SNOECKX ET AL.

Physiol Rev • VOL 81 • OCTOBER 2001 • www.prv.org



111. ENGEL M AND CORNELIUS G. Involvement of protein kinase C in
activation of Drosophila fos and hsp70. Cell Physiol Biochem 5:
313–317, 1995.

112. ESSIG DA, BORGER DR, AND JACKSON DA. Induction of heme oxygen-
ase-1 (HSP32) mRNA in skeletal muscle following contractions.
Am J Physiol Cell Physiol 272: C59–C67, 1997.

113. EWING JF AND MAINES MD. Rapid induction of heme oxgenase-1
mRNA and protein by hyperthermia in rat brain: heme oxygenase-2
is not a heat shock protein. Proc Natl Acad Sci USA 88: 5364–5368,
1991.

114. EWING JF, RAJU VS, AND MAINES MD. Induction of heart heme
oxygenase-1 (HSP32) by hyperthermia: possible role in stress-me-
diated elevation of cyclic 39-59-guanosine monophosphate. J Phar-

macol Exp Ther 271: 408–414, 1994.
115. FARGNOLI J, KUNISADA T, FORNACE AJ, SCHNEIDER EL, AND HOLBROOK

NJ. Decreased expression of heat shock protein 70 mRNA and
protein after heat shock treatment in cells of aged rats. Proc Natl

Acad Sci USA 87: 846–850, 1990.
116. FAWCETT TW, SYLVESTER SL, SARGE KD, MORIMOTO RI, AND HOLBROOK

NJ. Effects of neurohormonal stress and aging on the activation of
the mammalian heat shock factor 1. J Biol Chem 269: 32272–32278,
1994.

117. FAWCETT TW, XU Q, AND HOLBROOK NJ. Potentiation of heat stress-
induced hsp70 expression in vivo by aspirin. Cell Stress Chaperon

2: 104–109, 1997.
118. FEIGE U AND POLLA BS. HSP70: a multi-gene, multi-structure, multi-

function family with potential clinical applications. Experientia 50:
979–986, 1994.

119. FREEMAN BC, MYERS MP, SCHUMACHER R, AND MORIMOTO RI. Identifi-
cation of a regulatory motif in Hsp70 that affects ATPase activity,
substrate binding and interaction with HDJ-1. EMBO J 14: 2281–
2292, 1995.

120. GABAI VL, MERIIN AB, MOSSER DD, CARON AW, RITS S, SHIFRIN VI, AND

SHERMAN MY. HSP70 prevents activation of stress kinases. J Biol

Chem 272: 18033–18037, 1997.
121. GAIA G, COMINI L, PASINI E, TORNELLERI G, AGNOLETTI L, AND FERRARI

R. Heat shock protein 72 in cardiac and skeletal muscles during
hypertension. Mol Cell Biochem 146: 1–6, 1995.

122. GAO Y, THOMAS JO, CHOW RL, LEE G-H, AND COWAN NJ. A cytoplasmic
chaperonin that catalyzes b-actin folding. Cell 69: 1043–1050, 1992.

123. GEORGOPOULOS G AND WELCH WJ. Role of the major heat shock
proteins as molecular chaperones. Annu Rev Cell Biol 9: 601–634,
1993.

124. GETHING M-J. Protein folding. The difference with prokaryotes.
Nature 388: 329–330, 1997.

125. GETHING MJ AND SAMBROOK J. Protein folding in the cell. Nature 355:
33–45, 1992.

126. GIEBEL LB, DWORNICZAK BP, AND BAUTZ EKF. Developmental regu-
lation of a constitutively expressed mouse mRNA encoding a 72
kDa heat shock-like protein. Dev Biol 125: 200–207, 1988.

127. GLICK BS. Can Hsp70 proteins act as force-generating motors? Cell

80: 11–14, 1995.
128. GOODSON ML, PARKE-SARGE O-K, AND SARGE KD. Tissue-dependent

expression of heat shock factor 2 isoforms with distinct transcrip-
tional activities. Mol Cell Biol 15: 5288–5293, 1995.

129. GOODSON ML AND SARGE KD. Heat-inducible DNA binding of purified
heat shock transcription factor 1. J Biol Chem 270: 2447–2450,
1995.

130. GORMAN AM, HEAVEY B, CREAGH E, COTTER TG, AND SAMALI A. Anti-
oxidant-mediated inhibition of the heat shock response leads to
apoptosis. FEBS Lett 445: 98–102, 1999.

131. GUIDON PT JR AND HIGHTOWER LE. Purification and initial character-
ization of the 71-kilodalton rat heat shock protein and its cognate
as fatty acid binding proteins. Biochemistry 25: 3231–3239, 1986.

132. HAAS IG. BiP (GRP78), an essential hsp70 resident protein in the
endoplasmic reticulum. Experientia 50: 1012–1020, 1994.

133. HAMET P, MALO D, HASHIMOTO T, AND TREMBLAY J. Heat stress genes
in hypertension. J Hypertens 8: S47–S52, 1990.

134. HAMET P, MALO D, AND TREMBLAY J. Increased transcription of a
major stress gene in spontaneously hypertensive mice. Hyperten-

sion 15: 904–908, 1990.
135. HAMMOND GL, LAI Y-K AND MARKERT CL. Diverse forms of stress lead

to new patterns of gene expression through a common and essen-

tial metabolic pathway. Proc Natl Acad Sci USA 79: 3485–3488,
1982.

136. HARRISON CJ, BOHM AA, AND NELSON HCM. Crystal structure of the
DNA binding domain of the heat shock transcription factor. Sci-

ence 263: 224–227, 1994.
137. HARTL FU AND MARTIN J. Protein folding in the cell. The role of

molecular chaperones HSP70 and HSP60. Annu Rev Biophys Bi-

omol Struct 21: 293–322, 1992.
138. HATAYAMA T, ASAI Y, WAKATSUKI T, KITAMURA T, AND IMAHARA H.

Regulation of hsp70 induction in thermotolerant HeLa cells. Bio-

chim Biophys Acta 1179: 109–116, 1993.
139. HATAYAMA T, NISHIYAMA E, AND YASUDA K. Cellular localization of

high molecular mass heat shock proteins in murine cells. Biochem

Biophys Res Commun 200: 1367–1373, 1994.
140. HAUSER GJ, DAYAO EK, WASSERLOOS K, PITT BR, AND WONG HR. HSP

induction inhibits iNOS mRNA expression and attenuates hypoten-
sion in endotoxin-challenged rats. Am J Physiol Heart Circ Physiol

271: H2529–H2535, 1996.
141. HEADS RJ, LATCHMAN DS, AND YELLON DM. Stable high level expres-

sion of a transfected human HSP70 gene protects a heart-derived
muscle cell line against thermal stress. J Mol Cell Cardiol 26:
695–699, 1994.

142. HEADS RJ, LATCHMAN DS, AND YELLON DM. Differential stress protein
mRNA expression during early ischaemic preconditioning in the
rabbit heart and its relationship to adenosine receptor function. J

Mol Cell Cardiol 27: 2133–2148, 1995.
143. HEADS RJ, YELLON DM, AND LATCHMAN DS. Differential cytoprotec-

tion against heat stress or hypoxia following expression of specific
stress protein genes in myogenic cells. J Mol Cell Cardiol 27:
1669–1678, 1995.

144. HENDERSHOT LM, VALENTINE VA, LEE AS, MORRIS SW, AND SHAPIRO

DN. Localization of the gene encoding human BiP/GRP78, the
endoplasmic reticulum cognate of the HSP70 family, to chromo-
some 9q34. Genomics 20: 281–284, 1994.

145. HENDRICK JP AND HARTL F-U. Molecular chaperone functions of heat
shock proteins. Annu Rev Biochem 62: 349–384, 1993.

146. HERRMANN JM, STUART RA, CRAIG EA, AND NEUPERT W. Mitochondrial
heat shock protein 70, a molecular chaperone for proteins encoded
by mitochondrial DNA. J Cell Biol 127: 893–902, 1994.

147. HESHSCHELER J, MEYER R, PLANT S, KRAUTWURST D, ROSENTHAL W, AND

SCHULTZ G. Morphological, biochemical and electrophysiological
characterization of a clonal cell (H9c2) line from rat heart. Circ Res

69: 1476–1486, 1991.
148. HEYDARI AR, TAKAHASHI R, GUTSMANN A, YOU S, AND RICHARDSON A.

HSP70 and aging. Experientia 50: 1092–1098, 1994.
149. HEYDARI AR, WU B, TAKAHASHI R, STRONG R, AND RICHARDSON A.

Expression of heat shock protein 70 is altered by age and diet at the
level of transcription. Mol Cell Biol 13: 2909–2918, 1993.

150. HIGHTOWER LE AND HENDERSHOT LM. Molecular chaperones and the
heat shock response at Cold Spring Harbor. Cell Stress Chaperon 2:
1–11, 1997.

151. HIGHTOWER LE AND WHITE FP. Cellular responses to stress. Compar-
ison of a family of 71–73 kilodalton proteins rapidly synthesized in
rat tissue slices and canavanine-treated cells in culture. J Cell

Physiol 108: 261–275, 1981.
152. HIGHTOWER LE AND WHITE FP. Preferential synthesis of rat heat-

shock and glucose-regulated proteins in stressed cardiovascular
cells. In: Heat Shock: From Bacteria to Man, edited by Schlesinger
MJ, Ashburner M, and Tissières A. Cold Spring Harbor, NY: Cold
Spring Harbor, 1982, p. 369–377.

153. HOCH B, LUTSCH W-P, SCHLEGEL G, STAHL J, WALLUKAT G, BARTEL E-G,
KRAUSE S, BENNDORF R, AND KARCZEWSKI P. HSP25 in isolated per-
fused rat hearts: localization and response to hyperthermia. Mol

Cell Biochem 160/161: 231–239, 1996.
154. HOHFELD J, MINAMI Y, AND HARTL F. Hip, a novel cochaperone

involved in the eukaryotic Hsc70/Hsp40 reaction cycle. Cell 83:
589–598, 1995.

155. HOJ A AND JACOBSEN BK. A short element required for turning off
heat shock transcription factor: evidence that phosphorylation en-
hances deactivation. EMBO J 13: 2617–2624, 1994.

156. HOLBROOK NJ, CARLSON SG, CHOI AMK, AND FARGNOLI J. Induction of
HSP70 gene expression by the antiproliferative prostaglandin

INTRINSIC CARDIOPROTECTION BY STRESS PROTEINS 1489

Physiol Rev • VOL 81 • OCTOBER 2001 • www.prv.org



PGA2: a growth-dependent response mediated by activation of heat
shock transcription factor. Mol Cell Biochem 12: 1528–1534, 1992.

157. HOPPLICHER F, LECHLEITNER M, TRAWEGER C, SCHETT G, DZIEN A,
STURM W, AND XU Q. Changes of serum antibodies to heat shock
protein 65 in coronary heart disease and acute myocardial infarc-
tion. Atherosclerosis 126: 333–338, 1996.

158. HORST M, OPLIGER W, FEIFEL B, SCHATZ G, AND GLICK BS. The mito-
chondrial protein import motor: dissociation of mitochondrial
hsp70 from its membrane anchor requires ATP binding rather than
ATP hydrolysis. Protein Sci 5: 759–767, 1996.

159. HOSHIDA S, AOKI K, NISHIDA M, YAMASHITA N, IGARASHI J, HORI M,
KUZUYA T, AND TADA M. Effects of preconditioning with ebselen on
glutathione metabolism and stress protein expression. J Pharma-

col Exp Ther 281: 1471–1475, 1997.
160. HOSHIDA S, KUZUJA T, FUJI H, YAMASHITA N, OE H, HORI M, SUZUKI K,

TANIGUSHI N, AND TADA M. Sublethal ischemia alters myocardial
antioxidant activity in canine heart. Am J Physiol Heart Circ

Physiol 264: H33–H39, 1993.
161. HOSOKAWA N, TAKESHI S-I, YOKOTA H, HIRAYOSHI K, AND NAGATA K.

Structure of the gene encoding the mouse 47-kDa heat-shock pro-
tein. Gene 126: 187–193, 1993.

162. HOWARD G AND GEOGHEGAN T. Altered cardiac tissue gene expres-
sion during acute hypoxic expression. Mol Cell Biochem 69: 155–
160, 1986.

163. HUANG LE, CARUCCIO AY-C, LIU L, AND CHEN KY. Rapid activation of
the heat shock transcription factor, HSF1, by hypo-osmotic stress
in mammalian cells. Biochem J 307: 347–352, 1995.

164. HUBER SA. Heat-shock protein induction in adriamycin and picor-
navirus-infected cardiocytes. Lab Invest 67: 218–224, 1992.

165. HUGHES EN AND AUGUST JT. Co-precipitation of heat shock proteins
with a cell surface glycoprotein. Proc Natl Acad Sci USA 79:
2305–2309, 1982.

166. HUNG J-J, CHENG T-J, CHANG MD-T, CHEN K-D, HUANG H-L, AND LAI

Y-K. Involvement of heat shock elements and basal transcription
elements in the differential induction of the 70-kDa heat shock
protein and its cognate by cadmium chloride in 9L rat brain tumor
cells. J Cell Biochem 71: 21–35, 1998.

167. HUNT C AND CALDERWOOD S. Characterization and sequence of a
mouse hsp70 gene and its expression in mouse cell lines. Gene 87:
199–204, 1990.

168. HUNT C AND MORIMOTO RI. Conserved features of eukaryotic hsp70
genes revealed by comparison with the nucleotide sequence of
human hsp70. Proc Natl Acad Sci USA 82: 6455–6459, 1985.

169. HUNT CR, GASSER DL, CHAPLIN DD, PIERCE JC, AND KOZAK CA. Chro-
mosomal localization of five murine HSP70 gene family members:
hsp70–1, hsp70–2, hsp70–3, hsc70t, and grp78. Genomics 16: 193–
198, 1993.

170. HUOT J, HOULE F, MARCEAU F, AND LANDRY J. Oxidative stress-
induced actin reorganization mediated by the p38 mitogen-acti-
vated protein kinase/HSP27 pathway in vascular endothelial cells.
Circ Res 80: 383–392, 1997.

171. HUOT J, HOULE F, SPITZ DR, AND LANDRY J. HSP27 phosphorylation-
mediated resistance against actin fragmentation and cell death
induced by oxidative stress. Cancer Res 56: 273–279, 1996.

172. HUTTER JJ, MESTRIL R, TAM EKW, SIEVERS RE, DILLMANN WH, AND

WOLFE CL. Overexpression of heat shock protein 72 in transgenic
mice decreases infarct size in vivo. Circulation 94: 1408–1411,
1996.

173. HUTTER MM, SIEVERS RE, BARBOSA V, AND WOLFE CL. Heat-shock
protein induction in rat hearts. A direct correlation between the
amount of heat-shock protein induced and the degree of myocar-
dial protection. Circulation 89: 355–360, 1994.

174. INAGUMA Y, HASEGAWA K, GOTO S, ITO H, AND KATO K. Induction of the
synthesis of hsp27 and aB-crystallin in tissues of heat-stressed rats
and its suppression by ethanol or an a-adrenergic antagonist. J Bio-

chem 117: 1238–1243, 1995.
175. ISOYAMA S. Age-related changes before and after imposition of

hemodynamic stress in the mammalian heart. Life Sci 58: 1601–
1614, 1996.

176. IWABUCHI K, TAJIMA M, AND ISOYAMA S. Heat shock protein expression
in hearts hypertrophied by genetic and nongenetic hypertension.
Heart Vessels 13: 30–39, 1998.

177. IWAKI K, CHI S-H, DILLMANN WH, AND MESTRIL R. Induction of HSP70

in cultured rat neonatal cardiomyocytes by hypoxia and metabolic
stress. Circulation 87: 2023–2032, 1993.
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400. TISSIÈRES A, MITCHELL HK, AND TRACY UM. Protein synthesis in
salivary glands of Drosophila melanogaster. Relation to chromo-
somal puffs. J Mol Biol 84: 389–398, 1974.

401. TROST SU, OMENS JH, KARLON WJ, MEYER M, MESTRIL R, COVELL JW,
AND DILLMANN WH. Protection against myocardial dysfunction after
a brief ischemic period in transgenic mice expressing inducible
heat shock protein 70. J Clin Invest 101: 855–862, 1998.

402. TSANG TC. New model for 70 kDa heat-shock proteins’ potential
mechanisms of function. FEBS Lett 323: 1–3, 1993.

403. TUIJL MJM, VAN BERGEN EN HENEGOUWEN PMP, VAN WIJK R, AND

VERKLEY AJ. The isolated neonatal rat-cardiomyocyte used as an in
vitro model for “ischemia.” Induction of the 68 kDa heat shock
protein. Biochim Biophys Acta 1091: 278–284, 1991.

404. UDELSMAN R, BLAKE MJ, STAGG CA, LI DG, PUTNEY DJ, AND HOLBROOK

NJ. Vascular heat shock protein expression in response to stress.
Endocrine and autonomic regulation of this age-dependent re-
sponse. J Clin Invest 91: 465–473, 1993.

INTRINSIC CARDIOPROTECTION BY STRESS PROTEINS 1495

Physiol Rev • VOL 81 • OCTOBER 2001 • www.prv.org



405. UDELSMAN R, LI D, STAGG CA, AND HOLBROOK NJ. Aortic cross-
transplantation between young and old rats: effect upon the heat
shock protein 70 stress response. J Gerontol 50: B187–B192, 1995.

406. UDELSMAN R, LI D-G, STAGG CA, GORDON CB, AND KVETNANSKY R.
Adrenergic regulation of adrenal and aortic heat shock protein.
Surgery 116: 177–182, 1994.

407. UNGERMANN C, NEUPERT W, AND CYR DM. The role of Hsp70 in
conferring unidirectionality on protein translocation into mito-
chondria. Science 266: 1250–1253, 1994.

408. UOSHIMA K, HANDELSMAN B, AND COOPER LF. Isolation and character-
ization of a rat hsp27 gene. Biochem Biophys Res Commun 197:
1388–1395, 1993.

409. VAN BILSEN M, SNOECKX LHEH, ARTS T, VAN DER VUSSE GJ, AND

RENEMAN RS. Performance of the isolated, ejecting heart: effects of
aortic impedance and exogenous substrates. Pflügers Arch 419:
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