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ABSTRACT
Despite decades of intensive investigation, important questions
remain regarding the functional, ecological, and evolutionary roles of heat
shock proteins. In this paper, we review the relevant studies of heat shock
protein genes and the functional use in fish health. Although molecular
studies of the heat shock proteins in fish are still in their early descriptive
phase, data are rapidly being collected. More is known about the biotic
and abiotic factors regulating heat shock proteins. We briefly review these
studies and focus on the role of heat shock proteins in development and
their importance in fish in nature. Functional genomic approaches will
provide the tools necessary to gain a comprehensive understanding of the
significance of heat shock proteins in the cellular stress response, in the
physiological processes at higher levels of organization, and in the whole
animal in its natural environment.
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INTRODUCTION
Heat shock proteins are a family of highly conserved cellular proteins present in all organisms that have been examined
, including fish. Extensive studies on model species have revealed three major families of heat shock proteins: Hsp90 (85–90
kDa), Hsp70 (68–73 kDa), and low molecular weight heat shock proteins (16–47 kDa). In the unstressed cell, these proteins
have constitutive functions that are essential in various aspects of protein metabolism [1]. Hsp90 is active in supporting various
components of the cytoskeleton and steroid hormone receptors [2]. Hsp70 is known to assist the folding of nascent polypeptide
chains, act as a molecular chaperone, and mediate the repair and degradation of altered or denatured proteins [3]. The low
molecular weight heat shock proteins have diverse functions that are species-specific. Unlike other heat shock proteins, these
proteins have no known constitutive function and are only induced during stress [4].
[1]

Classical studies of stress in fish have focused on the organism stress response. The characteristic feature of this organism
stress response is the rapid release of stress hormones, including cortisol and catecholamines, resulting in the mobilization of
energy reserves in an attempt to re-establish homeostasis [5]. In addition to this stress response, a generalized stress response
system exists at the cellular level, which includes the actions and functions of various heat shock proteins [6]. While the term
‘heat shock protein’ arose from early observations on Drosophila exposed to a severe heat stress, heat shock proteins can be upregulated in cells that are exposed to a wide variety of stressors, particularly those that denature proteins [7]. In fish, the induction
of heat shock protein families, a component of the cellular stress response, has been reported in cell lines, primary cultures of
cells, as well as in various tissues from whole animals [6]. Most of these studies demonstrated a correlation between increased
levels of heat shock proteins and exposure to stressors within relevant ecological range. These observations suggest that the
cellular stress response is likely to be playing some role in enhancing the survival and health of the stressed fish.
The mechanisms underlying the sensing of a stressor and the induction of heat shock proteins are far from clear. Studies on
Hsp70 have demonstrated that the regulation of hsp70 gene expression occurs mainly at the transcriptional level [1]. Analysis of
heat shock protein genes and a comparison of their promoter sequences from a variety of organisms led to the identification of a
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palindromic heat shock element (HSE), CNNGAANNTTCNNG [8]. It has been demonstrated that heat shock protein induction results
primarily from the binding of an activated heat shock transcription factor (HSF) to HSEs upstream of heat shock protein genes [1].
Since most of the inducible heat shock protein genes do not contain introns, the mRNA is rapidly translated into nascent protein
within minutes following exposure to a stressor.
While most of our knowledge regarding the biology of heat shock proteins has been derived from work on a limited number of
model systems, fish represent an ideal organism in which to resolve the regulation and functional significance of heat shock proteins.
In particular, fish offer an alternate and excellent model system in which to investigate the functional, ecological, and evolutionary
genomics of heat shock proteins. Fish are ectothermic vertebrates that inhabit an aquatic environment with high temperature
conductivity. As a result, temperature is an important factor influencing their biogeographic distribution over evolutionary time. In
addition, daily and seasonal temperature fluctuations have an important impact during the lifetime of individual fish. Therefore,
fish are a convenient model to study the effects of thermal stress in the intact organism on both short and long time scales. Fish
have also emerged as an important developmental model [9], since many species have external fertilization, and large manipulable
eggs and embryos. Thus, heat shock protein expression and regulation can be studied at all life-history stages in fish. In this paper
we review what is known regarding the sequence and genomic structure of the major heat shock protein gene families in fish.
We then address the physiological roles of heat shock proteins in fish and their importance as part of the integrated response to
environmental change. Studies into the functional genomics of heat shock proteins in fish will provide substantial insight into the
physiological and ecological roles of these highly conserved proteins.

HEAT SHOCK PROTEIN FAMILY
The HSPs have been extensively studied, especially with regard to their cellular localization, regulation, and functions [10].
HSPs are present in both prokaryotic and eukaryotic cells, and their high level of conservation suggests that they play an important
role in fundamental cell processes. HSPs were initially discovered in Drosophila melanogaster larvae that were exposed to “heat
shock” [11], and subsequent studies identified several subsets of these proteins in the 70 kDa range. Over the past 30 years, a
large number of additional proteins have been discovered within this family, and these are collectively referred to as “HSPs”.
The principal HSPs range in molecular mass from ~ 15 to 110 kDa and are divided into groups based on both size and
function [12]. They are present in the cytosol, mitochondria, endoplasmic reticulum, and nucleus, although these locations vary
depending on the particular protein. The most well-studied and understood HSPs in mammals are those with molecular masses
of ~ 60, 70, 90, and 110 kDa. These HSPs are expressed at euthermic body temperatures (~ 37°C) and in conditions of stress
(e.g., heat shock) and have distinct locations and functional properties. Small-molecular-mass proteins also termed small HSPs,
exhibit tissue-specific expression and include heme oxygenase, Hsp32, Hsp27, αB-crystallin, and Hsp20 chaperone.

HEAT SHOCK PROTEIN GENES IN FISH
In order for functional genomics to be successfully applied in fish, a substantial amount of basic molecular information
must first be collected. Most studies of heat shock proteins in fish have been performed exclusively at the protein level, and thus
relatively little is known about the sequence, genomic structure, or organization of the genes encoding heat shock proteins in
fish. Indeed, heat shock protein genes have only been cloned from a modest number of different fish species. Hsp70 has been
cloned from rainbow trout [13], zebrafish [14], tilapia Oreochromis mossambicus; [15], and pufferfish Fugu rubripes; [16], and heat
stress-related increases in mRNA levels have been documented for many of these genes. As is the case for hsp70 genes in other
organisms, the hsp70 genes of fish are highly conserved at the amino acid level. Zafarullah et al. [17] isolated and characterized
another member of the rainbow trout hsp70 multigene family, the constitutively expressed heat-shock cognate, hsc71. Santacruz
et al. [18] cloned and characterized a zebrafish hsc70. Recently, a heat shock cognate (hsc71m) has also been isolated from the
hermaphroditic teleost Rivulus marmoratus [19]. This gene is not induced by stress, but is enriched in Rivulus muscle, suggesting
that there may be multiple isoforms of the heat-shock cognate, with differing tissue-specific distributions. A fragment of an hsc70
gene has also been sequenced in carp – Cyprinus carpio; [20].
Currie and Tufts [21] detected a band corresponding to Hsp90 while profiling the Hsp70 response in rainbow trout red blood
cells. Mammalian genomes encode two closely related hsp90 genes (alpha and beta). Both have been sequenced in zebrafish
and both have been shown to be differentially regulated in developing embryos. A complete sequence of an hsp90α has also
been obtained from the chinook salmon (Oncorhynchus tshawytscha; [22]). The expression of this gene was studied in a chinook
salmon embryonic cell line and it was shown to be heat inducible. A fragment of hsp90α has been cloned from the Japanese
flounder (Paralichtys olivaceus; Nam, Hirono, and Aoki, unpublished data; accession number AU090921). An hsp90 sequence
from Atlantic salmon (Salmo salar) was characterized by Pottinger [23] that corresponded to the hsp90β of zebrafish with a 92%
amino acid identity. Atlantic salmon hsp90β expression, in vitro and in vivo, was shown to be upregulated in gill and kidney tissues,
but the magnitude of induction was not as great as for the inducible hsp70 gene.
Several members of the low molecular weight heat shock protein family have been cloned in fish. An hsp30 has been cloned
from the chinook salmon (Hargis, Goff, Hickey and Weber, unpublished data; accession number U19370). Pearson et al. [24]
cloned and characterized an hsp47 in zebrafish. Pearl and Prodromou [25] cloned two low molecular weight heat shock proteins,
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hsp27 and hsp30, in the desert pupfish, Poeciliopsis lucida. Sequence analysis indicated that these genes are members of the
α-crystallin / small heat shock protein superfamily. The hsp30 genes appear to have diverged more rapidly than hsp27 and were
most similar to homologs in Xenopus, while hsp27 was highly similar to mammalian and avian homologs [25].
The mechanisms regulating the expression of heat shock protein genes in fish have not yet been extensively studied,
although some work has been initiated on hsp70 genes. Currie and Tufts [21] first suggested that Hsp70 in rainbow trout is
regulated primarily at the level of transcription. Subsequently Airaksinen et al. [26] reported that an HSF1-like factor was involved
in the induction of hsp70 mRNA in rainbow trout. Recently, this transcription factor has been cloned in zebrafish. These same
authors also cloned a fragment of HSF from bluegill sunfish (Lepomis macrochirus). Interestingly, the HSF from bluegill sunfish
was more similar to human, mouse and chicken HSF than that of the zebrafish gene. This suggests that either the HSF genes of
fishes are surprisingly divergent, or that fish genomes encode multiple genes for HSF. Two forms of HSF1 transcript were detected
using reverse transcription–polymerase chain reaction (RT–PCR) in zebrafish. Expression of both transcripts was confirmed by
RT–PCR analysis of control and heat shocked hepatic, gonad, and gill tissue. There were differences in the amounts of these
two transcripts among tissues, and in their responses to heat stress. The two transcripts were highly similar, except for a 78
bp insertion / deletion, and thus appear to be splice variants. However, there was a single nucleotide change that caused a
substitution of lysine to asparagine adjacent to the alternative splice site, which opens the possibility that these two transcripts
represent distinct isoforms of HSF1. However, the high degree of similarity between these two zebrafish HSF variants cannot
account for the surprising degree of divergence between the zebrafish and bluegill sunfish genes.

GENOMIC STRUCTURE OF FISH HEAT SHOCK PROTEIN GENES
At present remarkably little is known about the genomic organization of any of the genes encoding heat shock proteins in
fish. For most species, there is little or no information regarding even the total number of heat shock family members encoded
in the genome, or their linkage relationships. Lim and Brenner [16] found five intronless hsp70 genes in a region of approximately
42 kb in the pufferfish (Fugu rubripes). However, the linkage relationships of the Fuguhsp70 genes bore no similarity to those in
other organisms. Complete sequences were obtained only for hsp70-2 and hsp70-4, while the partial sequences were obtained
for hsp70-1, hsp70-3, and hsp70-5. The Fuguhsp70-4 was most similar to the hsp70-1 of mammals, the sequence linked to the
major histocompatibility complex (MHC), but there was no evidence of this linkage relationship in Fugu.
The five Fuguhsp70 genes were found to be arranged in a head to head, tail to tail, and head to tail orientation. The genes
were fairly similar to each other (94% similarity at the amino acid level) and amino acid differences were distributed broadly
across the molecules, with no obvious regions of lower similarity. The primary exception was the hsp70-2 gene, which contained
a substantial deletion at the 3′ end relative to the other copies. The significance of this deletion is not known. Putative HSEs
were identified in the 5′ regions adjacent to each of the Fuguhsp70 genes, suggesting the possibility that all of these genes are
heat-inducible. There were multiple stretches of sequence similarity within the upstream regions of the genes, suggesting some
additional similarity in their regulation. However, there were also substantial differences between genes in the promoter regions,
suggesting the possibility of tissue or stressor-specific regulation. A functional genomics analysis has not yet been attempted for
these genes, so the question of their relative roles and regulation remains to be addressed.
Little is known regarding the total number of hsp70 genes in other fish species. Lele et al. [14] used degenerate PCR from
genomic DNA in an attempt to identify variants of hsp70 in zebrafish (Danio rerio). Only two genes were identified: hsp70-4 and
hsp70-15. Hsp70-4 was most similar to the hsp70 of rainbow trout (Oncorhynchus mykiss; [27]), and was strongly heat inducible
during embryonic development, suggesting that this gene represents the inducible hsp70 gene in zebrafish. Hsp70-15 was similar
to the heat shock cognate (hsc71) of rainbow trout [14] were not able to find any evidence that this gene was actually expressed
in zebrafish, at least in the developing embryo. Santacruz et al. [18] studied the expression of an hsc70 gene in the developing
zebrafish embryo, indicating that this gene was expressed. Although the evidence presented by [14] is not conclusive, it does
suggest that either there is only one copy of hsp70 in the zebrafish genome, or that the sequences of these gene copies have
been homogenized through gene conversion. This process has occurred in other species. For example, in the rat, the hsp70-1 and
hsp70-2 gene products, although encoded by different genes, are identical at the amino acid level [28] .
Genomic sequence information is available for a few other fish heat shock protein genes. The complete gene encoding an
hsp70 has been cloned in tilapia (Oreochromis mossambicus; [15]). Typical of the inducible hsp70 genes in other species, this
gene does not contain introns. Three copies of the HSE consensus sequence were present in the promoter of the gene, and
transfection experiments were used to show that these elements could confer heat-induction on a reporter gene. The promoter
of an hsp70 gene from zebrafish has also been cloned [18]. These authors made stable transgenic lines of zebrafish expressing
green fluorescent protein (GFP) under the control of the zebrafish heat shock promoter. At normal temperatures GFP activity was
not detectable in developing embryos (except in the eye lens), but was expressed in all tissues following heat shock.
Genomic sequences have been obtained for a heat shock cognate (hsc71) from Rivulus marmoratus [19] and rainbow trout
. Like the homologous mammalian genes, the fish hsc71 gene contained eight introns. Exon sizes were identical between these
two fish species, although their intron sizes differed. The most striking difference was in the size of intron 4, which was 1580 bp in
Rivulus, but only 225 bp in the rainbow trout. The first intron was larger in both the fish species than in the homologous genes in

[29]
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mammals (1.6–1.8 kb in the fish vs. 0.56–0.73 kb in mammals). The functional or evolutionary significance of these differences
is not known.
Much remains to be studied regarding the functional genomics of heat shock proteins in fish, but sufficient sequence
information is now available that these experiments can be productively attempted. Important questions to be addressed include:
(a) what is the functional significance of the multiple somewhat divergent copies of heat shock protein family members in fish
genomes; (b) does the regulation of, for example, multiple similar copies of hsp70, differ in response to heat stress or among
tissues; and (c) what is the relationship between the thermal habitat of fish species and the structure, number, or regulation of
heat shock protein genes?
Previous studies on the roles of heat shock proteins in fish provide important insights that can guide functional genomic
investigation. In the remainder of this review we summarize this work on heat shock proteins in fish in the context of factors
regulating heat shock proteins, the roles of heat shock proteins in development, the effects of hormones on heat shock proteins,
and the importance of these proteins for environmental adaptation in fish. Taken together, these studies indicate that the regulation
and roles of heat shock proteins in fish are complex. This complexity makes fish an ideal model for studying the significance of
heat shock proteins in the cellular stress response using functional genomics.

FACTORS REGULATING HEAT SHOCK PROTEINS IN FISH
Understanding the factors that regulate heat shock proteins in fish is providing researchers with substantial insight into
their functional significance and roles within the cellular and organismal stress responses. Heat shock proteins expression is
influenced by a wide variety of abiotic and biotic factors, and in this section we discuss some of the factors that influence them.
Abiotic factors and their effects on heat shock proteins
The majority of studies on heat shock proteins in fish have been limited to in vitro examinations conducted in laboratory
environments. Furthermore, most of these studies reported the induction of heat shock protein families following exposure to
stress, without elucidating the functional significance underlying their observations [6]. Studies in fish have demonstrated that
heat stress can induce various heat shock proteins in cell lines [30], primary cell culture [31], and in tissues from whole animals [31]
.Osmotic stress has recently been demonstrated to induce hsp90 mRNA in chinook salmon (Oncorhynchus tshawytscha; [32]) and
Atlantic salmon (Salmo salar; [33]), and Hsp54 and Hsp70 in Atlantic salmon [34]. Elevated levels of various heat shock proteins
have been measured in tissues of fish exposed to environmental contaminants, such as heavy metals [34], industrial effluents
[35]
, pesticides [36], and polycyclic aromatic hydrocarbons [36]. It is noteworthy that while many indicators of fish stress (e.g. plasma
cortisol concentrations) are altered by handling and sampling procedures, [36] demonstrated that handling stress does not alter
levels of hepatic hsp70 in rainbow trout (Oncorhynchus mykiss). The effects of abiotic factors on heat shock protein expression in
fish have been extensively reviewed [36].
Biotic factors and their effects on heat shock proteins
Less is known regarding the effects of biotic factors on heat shock proteins in fish. It is reported that levels of Hsp70 were
significantly raised in the brains of goldfish (Carassius auratus) that were reared in the presence of a predator, the bluegill
sunfish (Lepomis macrochirus). More is known about the effects of pathogenic exposure on heat shock proteins. Pathogens
are common in natural environments and can have detrimental impacts on the health of fish populations. Heat shock proteins
are known to be involved in the immune response following pathogenic exposures in mammals. Cho et al. [37] were the first to
observe a cellular stress response (Hsp90) in fish cells, following exposure of cells to infectious haematopoietic necrosis virus
(IHNV). Forsyth et al. [38] observed increased Hsp70 in hepatic and head kidney tissues of coho salmon (Oncorhynchus kisutch)
infected with Renibacterium salmoninarum, the causative agent of a slowly developing, chronic disease (bacterial kidney disease)
of salmonids. Subsequent experiments demonstrated that juvenile rainbow trout (Oncorhynchus mykiss) infected with Vibrio
anguillarum, the causative agent of the acute disease vibriosis, had elevated levels of Hsp70 in hepatic and head kidney tissues
prior to clinical signs of disease. Collectively, these data provide early evidence that a relationship exists between heat shock
proteins and disease in fish.
There are several plausible links between heat shock proteins and the immune system in organisms that are faced with
bacterial challenges, including fish. Perhaps the simplest connection is that virulent pathogens may damage components within
a cell through the release of cytolytic substances, thus altering cellular homeostasis and inducing heat shock proteins. In fish,
the inflammatory pathology caused by pathogenic exposure may alter physiological processes at the cellular level, such as ion
regulation and acid-base balance. Host immunocytes (phagocytes and granulocytes) release extracellular substances such as
reactive oxygen species, cationic peptides, lysozyme, and cytokines that are known inducers of various heat shock proteins.
The exogenous administration of heat shock proteins can also upregulate two major macrophage / monocyte differentiation
markers, and studies have demonstrated that host cells can recognize small tumour-related peptides when complexed with
Hsp70. Therefore, heat shock proteins may be an integral part of the MHC-class II peptide complex assembly lending support
to the hypothesis that heat shock proteins are involved in antigen presentation. Heat shock proteins may also be important in
providing maintenance [39] and protection to phagocytic cells by repairing damage or protecting against auto-lysis or apoptosis
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due to auto-oxidation brought about by the cells own internal defence systems. Further studies are necessary to elucidate the
relationship between the immune system and heat shock proteins, and to resolve how their production assists fish in responding
at the immunological level to an infectious challenge. Such studies can not only help us to understand disease states more clearly,
but can assist in the formulation of strategies to protect against them.

HEAT SHOCK PROTEINS: AN ALTERNATIVE TO CONTROL DISEASE IN AQUATIC ORGANISM
Hsp70 is the most widely studied stress protein in aquatic organisms and it is thought to function in induced thermo
tolerance and cross tolerance [40,41]. It is now becoming clear that stress-induced Hsp70 enhances tolerance of aquatic organisms
to disease, and work with several pathogenic Vibrio challenge models has raised many issues related to the role of Hsps in fish
and shrimp pathology. In this context, anon-lethal heat shock (NLHS) of 37°C for 30 min followed by 6 hr recovery maximally
induced endogenous Hsp70 and optimally enhanced the resistance of Artemia larvae against V. campbellii and V. proteolyticus
[42]
Vibrio species known to infect brine shrimp. The two-fold increase in larval survival, in concert with stress protein synthesis,
suggests a protective role for Hsp70. In a separate experiment, exposure of Artemia larvae to a combined hypo- and hyperthermic
shock enhanced the amount of a 70 kDa polypeptide which reacted with antibody to Hsp70. Protection against infection by V.
campbellii was significantly enhanced in these larvae, with the result again supporting a causal link between Hsp70 accumulation
induced by heat stress and enhanced resistance to infection [43]. Similar observations were made in shrimp other than Artemia
where Hsp70 build-up after a 24 hr hyperthermic stress from 29°C to 37°C correlates with attenuation of gill-associated virus
(GAV) replication in the black tiger prawn. The most frequently used protocol to stimulate Hsp expression in these experiments
entails a short NLHS followed by incubation for several hours under non-stress conditions [44].
Other methods that enhance Hsp70 synthesis and prime aquatic organisms against disease include exposure to chemical
inducers of Hsp70. Pro-Tex®, a soluble variant of Tex-OE®, a patented extract from the skin of the prickly pear cactus Opuntia
ficus-indica, is a non-stressful inducer of high levels of endogenous or host-derived Hsps which has become available for use in
fish and shellfish. Stimulation of salmon and gilthead sea bream Sparus aurata L. with Pro-Tex® in the laboratory before exposure
to Vibrio anguillarum infection reduces loss of fish to half of what occurs in fish not exposed to Pro-Tex®. When Pro-Tex® was used
to stimulate fish before exposure to infection, circulating Hsp levels were detectable after incubation with little or no delay [45].
Treatment of Artemia with Tex-OE® (152 ppb) for 1 hr promoted accumulation of Hsp70 and enhanced survival when subjected
to V. campbellii challenge. Protection is perhaps due to enhanced prophenoloxidase (proPO) and nitric oxide (NO) production,
important components of the innate immune system [46].
Supplying exogenous Hsps, either by feeding with Hsps encapsulated in bacteria or injecting recombinant Hsp70, represents
another way to limit Vibrio infection in aquatic organisms. As one example, feeding with E. coli YS2 over-producing DnaK, the
prokaryotic equivalent of Hsp70, enhances gnotobiotic Artemia larvae survival approximately two- to three-fold upon challenge
with pathogenic V. campbellii [47]. Similar results were obtained when larvae were fed with heated bacterial strains LVS 2 (Bacillus
sp.), LVS 3 (Aeromonas hydrophila), LVS 8 (Vibrio sp), GR 8 (Cytophaga sp.) and GR 10 (Roseobacter sp.), all of which produce
increased amounts of DnaK when compared to non-heated bacteria. Improvement in larval resistance to V. campbellii infection
correlates with escalating amounts of DnaK, suggesting a protective role for this protein, either via chaperoning or by immune
enhancement [48]. Support for an immunological effect is offered by the observation that feeding DnaK-enriched bacteria stimulates
the Pro PO cascade system of Artemia, a mechanism important for pathogen melanisation by the innate immune system. In a
related study, feeding white leg shrimp Litopenaeus vannamei larvae with E. coli YS2 over-producing DnaK protects against
pathogenic V. harveyi, boosting survival beyond 30% in a standardized challenge assay. As revealed by RT-q PCR, administration
of DnaK enhances crustin mRNA transcript 7-fold more in whole larvae homogenates than those fed with YS2 cells that do not
produce DnaK. Crustins are cationic cysteine-rich antimicrobial peptides and their up-regulation may protect shrimp larvae by
suppressing Vibrio [49] In fish, intra-coelomal injection with DnaK and GroEL, proteins equivalent to mammalian Hsp70 and Hsp60,
combined with a non-lethal heat shock, safeguards Xiphophorus maculates from death caused by Yersinia ruckeri [50]. These
studies indicate that the resistance of aquatic organism to Vibrio infection is enhanced by endogenous DnaK / Hsp70.
To summarize, there are several mechanisms by which Hsp70 guards against bacterial infection. Hsp70 may stabilize
cells against injury due to pathogen proliferation, assist the proper folding of cell proteins synthesized in response to bacterial
pathogens and facilitate the storage and re-folding of partially denatured proteins. Hsps have the potential to improve tolerance
to Vibrio sp. via immune stimulation. Hsps are thought to influence the production of cell surface peptides which are presented to
the immune system, facilitating recognition of diseased cells [51,52] and they are involved with Toll-like receptors, a major element
of the innate immune system. This possibility is currently under investigation, work that promises to yield findings of fundamental
importance with applications in aquaculture, a major method of food production.

FUNCTIONAL ROLES OF HSP’S
The precise functions of proteins in the HSP70 family have not been completely delineated. However, the high degree of
conservation of these proteins across species, coupled with their importance in cell survival in various conditions, suggests that
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these HSPs are critical for both normal cellular function and survival after a stress. Therefore, one of the primary means to gain
insight into HSP70 function in both in vitro and in vivo systems has been to assess their cellular responses after a stress-related
induction.
Thermotolerance
One of the first physiological functions associated with the stress-induced accumulation of the inducible Hsp70 was acquired
thermotolerance, which is defined as the ability of a cell or organism to become resistant to heat stress after a prior sublethal
heat exposure. Data from subsequent studies demonstrated that the induction of Hsp70 was associated with the development
of tolerance to a variety of stresses, including hypoxia, ischemia, acidosis, energy depletion, cytokines such as tumor necrosis
factor-α (TNF-α) [53], and ultraviolet radiation [54]. The phenomenon of acquired thermotolerance is transient in nature and depends
primarily on the severity of the initial heat stress. In general, the greater the initial heat dose, the greater the magnitude and
duration of thermotolerance. The expression of thermotolerance following heating will occur within several hours and last 3–5
days in duration. Additional supporting evidence includes observations that have linked the kinetics of thermotolerance induction
and decay with parallel changes in HSP70 induction and degradation. However, these studies have generally been correlative in
nature, with no causal link established between induction of HSP70 and acquired thermotolerance.
The similar kinetics of thermotolerance demonstrated by cells, tissues, and animals suggest that the morbidity and mortality
associated with whole body heating is due in part to the dysfunction of some critical target tissues. It can be postulated that the
development of thermotolerance results from the improved tolerance of the weakest organ and cell systems. Presumably, these
tissues are both heat sensitive and vital to the animal. For instance, the small intestine is capable of generating thermotolerance
[55]
and is also reported to be the tissue most sensitive to heat damage. Both the small intestine and whole animal are sensitive
to in vivo temperatures ranging from 41°C to 42°C, whereas gastrointestinal disorders are frequently observed after whole body
heating (42°C for 120 min) and during heat stroke in humans.
Advances in molecular biology techniques have provided researchers with tools to address the issue of a causal link between
HSP induction and thermotolerance more directly. Cellular manipulations that either block HSP70 accumulation or overexpress
certain HSPs have been shown to either increase or decrease heat sensitivity. For example, transfection of a plasmid containing
the Drosophila HSP70 gene into a monkey fibroblast cell line produced large increases in HSP70 accumulation in these cells and
improved tolerance to a heat shock paradigm. Elevations in cellular HSP27 levels via plasmid transfection have also yielded a
state of thermotolerance without the need for a conditioning thermal stress. Conversely, microinjections of monoclonal antibodies
specific for HSP70 inhibited the synthesis of these proteins, resulting in a reduction in thermotolerance [56].
As noted, HSPs appear to play a role in protecting cells from damage generated by a variety of stressors. Their synthesis is
associated with protection against light-induced damage to the retina [54] and ischemia-reperfusion injury to the heart, liver, and
kidney. In addition, studies of cardiac shock followed by resuscitation have revealed that hepatocytes synthesize members of the
HSP70 family early in the course of recovery. The fact that HSP70 message is preferentially translated by a cell under stress to
the exclusion of other messages may result in the inability of the cell to produce some proteins or respond to additional signals.
In this model, the cell may “choose” self-preservation over tissue preservation to the detriment of the organ. This model may
be particularly relevant in a situation where HSP70 accumulation could be utilized as a biomarker of cellular injury [57]. In this
scenario, cells of tissues most at risk would also be the cells most likely to accumulate HSP70 during stress, and this HSP70
accumulation could mark a tissue for potential failure.
Although the precise mechanisms for the improvement in cellular thermotolerance in association with an increase in HSP
levels have not been delineated, it is tenable to postulate that proteins in the HSP70 family are involved in preventing protein
denaturation and / or processing denatured proteins and protein fragments that are produced by stressors such as hyperthermia.
Supporting evidence for this scenario comes from a set of in vitro experiments by Mizzen and Welch [58], who demonstrated that
heat stress results in translational arrest within a cell, and this arrest is proportional to both the intensity and duration of the
applied heat stress. Subsequent resumption of translation resulted in HSP mRNA being translated into HSPs before the synthesis
of other proteins took place within the cell. Interestingly, the period of translational arrest in response to heat stress could be
shortened in these experiments if cells were first made thermotolerant.
One interpretation of these results is that a primary function of HSPs during cellular stress is to maintain translation and
protein integrity. Cells that were made thermotolerant also produced less HSP during a second challenge compared with previously
unheated cells, suggesting there is a regulation of HSP synthesis that is dependent on the levels of these proteins existing within
the cell. Although a majority of data in this area has been derived from in vitro methodologies, a unique set of experiments in
humans by Moseley and colleagues [59] generated data supportive of this concept. Healthy men performed a challenging exercise
protocol in either hot (46°C) or more moderate (30°C) ambient conditions. Leukocytes obtained from subjects after the protocol
were then incubated at 41°C. The increase in Hsp70 synthesis in heat-stressed leukocytes was inversely proportional to the
length of the initial “conditioning” exercise stress, suggesting that cells regulate the amount of these stress proteins in response
to repeated challenges.
An additional issue related to the development of thermotolerance deals with the possibility that HSPs, through their interaction
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with cellular proteins during translational arrest, play a role in preventing protein denaturation and processing denatured proteins
that are generated in response to stressors such as heat. For example, data suggest that the injection of denatured proteins into
cells or the generation of abnormal proteins can induce HSP activity.
Although these different sets of data clearly demonstrate a broad range of physiological processes that involve the HSPs,
the evidence that the HSPs are responsible for cellular thermotolerance is circumstantial rather than conclusive. The variety
of stressors used to condition cells will likely induce other important cellular defense proteins in addition to HSPs, such as
antioxidant enzymes [57]. It should also be noted that thermotolerance can be generated in the absence of HSPs. In these studies,
thermotolerance was manifested under conditions of protein synthesis inhibition (i.e., no HSP accumulation) as well as a chronic
exposure to a lower temperature than is required for HSP accumulation. Other studies have demonstrated that inhibition of
transcription during the conditioning heat stress also allows the maintenance of thermotolerance [60]. In addition, oxidative
stresses, which can confer thermotolerance, may not increase the levels of HSPs. In other stresses, such as ischemia, where
HSPs are thought to play a role, HSP overexpression has also not been found to confer tolerance. Therefore, generating a scenario
in which the development of stress tolerance in a cellular system is causally linked to an increase in Hsp70 expression is difficult
because organisms and cells respond to stress in a variety of complex ways [61].
The mechanisms contributing to thermal injury vs. thermotolerance are even less clear in the intact organism. One obvious
explanation for thermal injury at the cellular level is direct heat damage [62]. However, this cellular damage is likely due in part
to functional impairment of a tissue or organ (e.g., reductions in blood flow) and the possible impact of systemic factors such
as endotoxin-mediated cytokine production. Moreover, much of the research attempting to gain an understanding of the intact
organism's adaptive response to heat has focused on heat acclimatization processes. Because the factors involved in heat injury
at the whole organism level are complex and the mechanisms contributing to the protective role of HSPs are not well defined,
issues such as these remain a central challenge in this field of research.
HSP70 functions associated with stress tolerance
Although the evidence linking stress-induced HSP70 accumulation with tolerance to heat and other stressors is compelling,
the mechanisms by which HSPs confer stress tolerance are not well understood. Attention has primarily been focused on the role
of HSP70 as a chaperone and its potential ability to contribute to cellular repair processes in response to interventions such as
heat, oxidative stress, activation of proteases, release of lysosomal and proteolytic enzymes, and alterations of the cytoskeleton.
Several important cytoprotective functions have been attributed to HSPs and, in particular, the HSP70 family. These include
1) the folding of proteins in various intracellular compartments, 2) the maintenance of structural proteins, 3) the refolding of
misfolded proteins, 4) translocation of proteins across membranes and into various cellular compartments, 5) the prevention of
protein aggregation, and 6) the degradation of unstable proteins [63]. Interestingly, it has also been noted that HSPs can play a role
in apoptosis. HSP27, HSP70, and HSP90 proteins are predominantly antiapoptotic, whereas HSP60 is proapoptotic. Moreover, it
appears that these HSPs function at multiple points in the apoptotic signaling pathway to elicit this response.
Although there are numerous studies available demonstrating the broad range of physiological processes that involve HSPs,
including protein translocation, receptor regulation, cytoskeleton stabilization, and management of protein folding and repair,
evidence directly demonstrating that the HSPs are responsible for stress tolerance is not conclusive. In addition, the complexity
of the integrated response to a physiological challenge in vivo makes it difficult to ascertain what “stressor” is responsible for
stimulating an increase in HSP synthesis. In a situation such as an aerobic exercise bout of moderate intensity and duration,
additional signals besides an elevation in core temperature (Tc) are present that could potentially activate HSP expression,
including acidosis, energy depletion, reductions in blood flow to visceral organs and an associated tissue hypoxia, and generation
of ROS [64]. Furthermore, in addition to HSPs, cells will express other important stress proteins such as antioxidant enzymes,
providing an organism with multiple cytoprotective options.
It is also important to note that there are numerous studies demonstrating that thermotolerance can be generated in the
absence of intracellular HSP accumulation. Therefore, it is problematic, especially at the whole organism level, to definitively link
an increase in HSP70 expression directly to the acquisition of stress tolerance, partly because mammalian species respond to
stress in a multitude of complex, integrated ways.

SUMMARY AND FUTURE DIRECTIONS
In this mini-review, an attempt was made to summarize the physiological factors that modulate HSP responses to stressors
at cellular and systemic levels. From the literature presented, it should be evident that the HSP70 family of proteins is essential for
cellular survival from heat stress and other types of physiological challenge. It is clear that these proteins are ubiquitously present
in cells under both normal and stressful conditions and that their structure is well conserved among species. In addition, there is
a large body of evidence to support the role of HSPs for improving cell survival to otherwise lethal challenges.
Despite the significant amount of progress that has been made regarding biochemical and structural features of HSP70, the
mechanisms by which these proteins provide protection against cellular stress are still not thoroughly understood. Delineation
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of these mechanisms will have significant implications both clinically and at a basic science level. Furthermore, technological
advances will enhance the ability of researchers to greatly extend experiments addressing HSP functions and mechanisms from
cell culture into animals and humans. On the basis of research performed over the past decade, we have learned that the
induction of HSP70 is not confined to heat shock paradigms involving extreme conditions in culture systems and lower species.
Instead, HSPs are synthesized in animals and humans in response to many relevant physiological (e.g., heat stress, exercise,
energy depletion) and pathological (e.g., viral infections, cytokine release) conditions.
Finally, it is still uncertain whether HSPs can be utilized in a therapeutic setting. Although gene therapy programs have made
impressive advances in recent years, the over expression of HSP70 has proven to be problematic. Thus, the answers to many of
these questions await further study.
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