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Cells from virtually all organisms respond to a variety of stresses by the
rapid synthesis of a highly conserved set of polypeptides termed heat
shock proteins (HSPs). The precise functions of HSPs are unknown, but
there is considerable evidence that these stress proteins are essential for
survival at both normal and elevated temperatures. HSPs also appear to
play a critical role in the development of thermotolerance and protection
from cellular damage associated with stresses such as ischemia, cyto-
kines, and energy depletion. These observations suggest that HSPs play
an important role in both normal cellular homeostasis and the stress
response. This mini-review examines recent evidence and hypotheses
suggesting that the HSPs may be important modifying factors in cellular
responses to a variety of physiologically relevant conditions such as
hyperthermia, exercise, oxidative stress, metabolic challenge, and aging.

stress protein; HSP70; heat stress; exercise; aging; gene expression;
molecular chaperone

THERE IS WIDESPREAD INTEREST in the cellular mecha-
nisms utilized by an organism to cope with a disruption
in homeostasis. Current research is focused at several
levels, ranging from basic molecular biology ap-
proaches to therapeutic applications. One reason for
this interest, and the complexity associated with the
topic, is evidence demonstrating that mammalian spe-
cies have developed many different ways to deal with
stress. Examples at the cellular level include tempo-
rary modifications in gene expression to survive chang-
ing environments, as well as altering cellular structure
and function to deal with more permanent adverse
conditions.

One of the “hottest” areas of current research in-
volves a family of highly conserved stress proteins

known as heat shock proteins (HSPs). These proteins
are ubiquitous, occurring in all organisms from bacte-
ria and yeast to humans. HSPs come in various forms
and are categorized into families on the basis of their
molecular weights (Table 1). There is substantial evi-
dence that HSPs play important physiological roles in
normal conditions and situations involving both sys-
temic and cellular stress. HSPs were first discovered in
1962 (82) and described as a set of proteins whose
expression was induced by heat shock and a variety of
other stresses. Researchers have subsequently demon-
strated that most HSPs have strong cytoprotective
effects, are involved in many regulatory pathways, and
behave as molecular chaperones for other cellular pro-
teins (41, 63, 73, 106, 107).

Many functional roles for HSPs are known, but the
mechanisms for these multiple functions are not en-
tirely understood. It has been postulated that the de-
termination of these mechanisms would permit the
design of more precise ways to combat cellular stress in
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a variety of clinically relevant settings (e.g., immuno-
logic diseases, cancer, cardiovascular diseases, aging)
(6, 29, 37, 47, 72, 96). HSPs also offer the potential to
be used as markers of cellular injury and for diagnostic
and therapeutic purposes.

The intent of this mini-review is to summarize what
is known about the various physiological factors that
modulate HSP responses to stressors at cellular and
systemic levels as well as to highlight studies suggest-
ing that HSPs play a critical role in the development of
thermotolerance and protection from stress-induced
cellular damage. Because of space constraints, this
mini-review will focus on recent evidence that HSPs
may be important modifying factors in an organism’s
response to a variety of physiologically relevant condi-
tions, such as exercise, hyperthermia, oxidative stress,
metabolic challenge, and aging. Although a substantial
amount of our understanding regarding the role of
HSPs has come from in vitro studies, there is also
sufficient evidence that induction of HSPs occurs in
vivo in response to a wide variety of stresses.

HEAT SHOCK PROTEIN FAMILIES

Introduction. The HSPs have been extensively stud-
ied, especially with regard to their cellular localization,
regulation, and functions (6, 41, 63, 71, 106). 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” (82), and
subsequent studies (97, 98, 105) identified several sub-
sets 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” (Table 1).

The principal HSPs range in molecular mass from
�15 to 110 kDa and are divided into groups based on
both size and function (42, 87, 106). 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 un-
derstood 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 (Table 1).

Small-molecular-mass proteins, also termed small
HSPs, exhibit tissue-specific expression and include
heme oxygenase, Hsp32, Hsp27, �B-crystallin, and
Hsp20 chaperone.

The HSP70 family. The primary focus of this mini-
review will be on the ubiquitous HSP70 family of pro-
teins, which are the most temperature sensitive and
highly conserved of the HSPs. The HSP70s are ATP-
binding proteins and demonstrate a 60–80% base iden-
tity among eukaryotic cells (5, 18, 62). There are at
least four distinct proteins in the HSP70 group
(HSP72, HSP73, HSP75, and HSP78), and all of these
proteins have several acronyms that can be redundant
and confusing.

Proteins in the HSP70 group share common protein
sequences but are synthesized in response to different
stimuli (Fig. 1). For example, the 73-kDa protein
(HSP73 or Hsc70) is constantly produced (hence, the
term “constitutive”), whereas the 72-kDa protein
(HSP72 or Hsp70) is highly inducible and its synthesis
is increased in response to multiple stressors. The
molecular structure of the HSP70 group of proteins
and descriptions of HSP70 gene regulation will only be
briefly covered in this mini-review, as there are several
detailed reviews available on these topics (18, 42, 47,
63, 71, 72, 87, 106).

The gene for Hsp70 is a 2,440-base pair gene con-
taining a 212-base pair leader sequence and a 242-base
pair downstream or 3�-untranslated region (109).
There are at least two regulatory elements in the
5�-region that interact with heat shock transcription
factors (HSFs). These HSFs bind to the promoter ele-
ment during stress and are sufficient to induce Hsp70
transcription. In addition to hyperthermia, a number
of stimuli are known to induce Hsp70 transcription,
including energy depletion, hypoxia, acidosis, ische-
mia-reperfusion, reactive oxygen species (ROS), reac-
tive nitrogen species such as nitric oxide, and viral
infection (Fig. 1).

An important consideration regarding Hsp70 regu-
lation involves the apparent discordance between tran-
scription of message and Hsp70 translation. There is
evidence suggesting that transcriptional activation of
the Hsp70 gene is independent of protein synthesis.
For instance, in cell culture experiments, Hsp70
mRNA can increase in response to a challenge, al-
though there is little Hsp70 protein produced (11, 40).

Table 1. Cellular locations and proposed functions of mammalian heat shock protein families

HSP Family Cellular Location Proposed Function

HSP27 (sHSP) Cytosol, nucleus Microfilament stabilization, antiapoptotic
HSP60 Mitochondria Refolds proteins and prevents aggregation of denatured proteins, proapoptotic
HSP70 family: Antiapoptotic

HSP72 (Hsp70) Cytosol, nucleus Protein folding, cytoprotection
HSP73 (Hsc70) Cytosol, nucleus Molecular chaperones
HSP75 (mHSP70) Mitochondria Molecular chaperones
HSP78 (GRP78) ER Cytoprotection, molecular chaperones

HSP90 Cytosol, ER, nucleus Regulation of steroid hormone receptors, protein translocation
HSP110/104 Cytosol Protein folding

HSP, heat shock protein; sHSP, small HSP; ER, endoplasmic reticulum.
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There are also data demonstrating that both transcrip-
tional and posttranscriptional regulatory steps are re-
quired for HSP production (70, 79, 109). Studies of
oxidant stress suggest that HSP promoter activity and
protein accumulation may be uncoupled (109). More-
over, Bruce et al. (11) demonstrated increased heat
shock promoter activation through HSF binding but no
Hsp70 message or protein accumulation after exposure
of cells to hydrogen peroxide. Mosely et al. (74) inves-
tigated the role of posttranscriptional regulation of the
human HSP70 gene through its 3�-untranslated region
and noted that this region itself is heat responsive.
Taken together, these data argue that differences in
Hsp70 protein production following cellular changes
such as heat or oxidative stress are related to events
distal to promoter activation and may include impor-
tant posttranscriptional regulatory mechanisms that
will need to be addressed in future studies.

FUNCTIONAL ROLES OF HSPs

The precise functions of proteins in the HSP70 fam-
ily 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 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 re-
sponses after a stress-related induction.

Thermotolerance. One of the first physiological func-
tions 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 (54, 55, 60, 61, 70, 73). Data from sub-

sequent studies demonstrated that the induction of
Hsp70 was associated with the development of toler-
ance to a variety of stresses, including hypoxia (30, 31),
ischemia (69), acidosis (104), energy depletion (88),
cytokines such as tumor necrosis factor-� (TNF-�) (45),
and ultraviolet radiation (4). The phenomenon of ac-
quired thermotolerance is transient in nature and de-
pends primarily on the severity of the initial heat
stress. In general, the greater the initial heat dose, the
greater the magnitude and duration of thermotoler-
ance. The expression of thermotolerance following
heating will occur within several hours and last 3–5
days in duration. Additional supporting evidence in-
cludes observations that have linked the kinetics of
thermotolerance induction and decay with parallel
changes in HSP70 induction and degradation (54, 59).
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 demon-
strated 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 (35, 37, 73, 100, 108). 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 in-
stance, the small intestine is capable of generating
thermotolerance (43) and is also reported to be the
tissue most sensitive to heat damage (38). 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 af-
ter whole body heating (42°C for 120 min) (101) and
during heat stroke (90) in humans. In support of this

Fig. 1. A summary of some of the major physiolog-
ical signals that activate the inducible form of the
72-kDa heat shock protein (Hsp70) synthesis (top)
and a proposed mechanism for increased Hsp70
expression within a cell. Heat shock factors (HSFs),
present in the cytosol, are bound by heat shock
proteins (HSPs) and maintained in an inactive
state. A broad array of physiological stimuli (“stres-
sors”) are thought to activate HSFs, causing them to
separate from HSPs. HSFs are phosphorylated (P)
by protein kinases and form trimers in the cytosol.
These HSF trimer complexes enter the nucleus and
bind to heat shock elements (HSE) in the promoter
region of the Hsp70 gene. Hsp70 mRNA is then
transcribed and leaves the nucleus for the cytosol,
where new Hsp70 is synthesized. Proposed mecha-
nisms of cellular protection for HSPs include their
functioning as molecular chaperones to assist in the
assembly and translocation of newly synthesized
proteins within the cell and the repair and refolding
of damaged (e.g., stress-denatured) proteins. I/R,
ischemia-reperfusion; ROS, reactive oxygen species;
RNS, reactive nitrogen species.
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concept, Flanagan et al. (28) demonstrated that the gut
and liver are the first organs to accumulate HSP70
following whole body hyperthermia.

Advances in molecular biology techniques have pro-
vided researchers with tools to address the issue of a
causal link between HSP induction and thermotoler-
ance more directly. Cellular manipulations that either
block HSP70 accumulation or overexpress certain
HSPs have been shown to either increase or decrease
heat sensitivity (46, 56, 58, 81). For example, transfec-
tion 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 (58).
Elevations in cellular HSP27 levels via plasmid trans-
fection have also yielded a state of thermotolerance
without the need for a conditioning thermal stress (56).
Conversely, microinjections of monoclonal antibodies spe-
cific for HSP70 inhibited the synthesis of these proteins,
resulting in a reduction in thermotolerance (81).

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 (4) and ischemia-
reperfusion injury to the heart (19, 23, 44), liver (7,
12–14), and kidney (102). In addition, studies of car-
diac shock followed by resuscitation have revealed that
hepatocytes synthesize members of the HSP70 family
early in the course of recovery (7, 12–14). 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 (70, 79). 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 bio-
marker of cellular injury (35). 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 improve-
ment 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 frag-
ments that are produced by stressors such as hyper-
thermia. Supporting evidence for this scenario comes
from a set of in vitro experiments by Mizzen and Welch
(70), 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 trans-
lation resulted in HSP mRNA being translated into
HSPs before the synthesis of other proteins took place
within the cell. Interestingly, the period of transla-
tional arrest in response to heat stress could be short-
ened 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 sec-
ond challenge compared with previously unheated
cells, suggesting there is a regulation of HSP synthesis
that is dependent on the levels of these proteins exist-
ing 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 (84) generated data supportive of this con-
cept. 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 leuko-
cytes 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 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 pro-
teins can induce HSP activity (1, 38).

Although these different sets of data clearly demon-
strate a broad range of physiological processes that
involve the HSPs, the evidence that the HSPs are
responsible for cellular thermotolerance is circumstan-
tial rather than conclusive. The variety of stressors
used to condition cells will likely induce other impor-
tant cellular defense proteins in addition to HSPs, such
as antioxidant enzymes (34, 35). It should also be noted
that thermotolerance can be generated in the absence
of HSPs. In these studies, thermotolerance was mani-
fested under conditions of protein synthesis inhibition
(i.e., no HSP accumulation) as well as a chronic expo-
sure to a lower temperature than is required for HSP
accumulation (57). Other studies have demonstrated
that inhibition of transcription during the conditioning
heat stress also allows the maintenance of thermotol-
erance (2). In addition, oxidative stresses, which can
confer thermotolerance, may not increase the levels of
HSPs (11, 103). In other stresses, such as ischemia,
where HSPs are thought to play a role, HSP overex-
pression has also not been found to confer tolerance
(91). 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 (49).

The mechanisms contributing to thermal injury vs.
thermotolerance are even less clear in the intact organ-
ism. One obvious explanation for thermal injury at the
cellular level is direct heat damage (53). However, this
cellular damage is likely due in part to functional
impairment of a tissue or organ (e.g., reductions in
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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 re-
sponse to heat has focused on heat acclimatization
processes (73). 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 stres-
sors is compelling, the mechanisms by which HSPs
confer stress tolerance are not well understood. Atten-
tion 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 al-
terations 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 mainte-
nance of structural proteins, 3) the refolding of mis-
folded proteins, 4) translocation of proteins across
membranes and into various cellular compartments, 5)
the prevention of protein aggregation, and 6) the deg-
radation of unstable proteins (3, 17, 21, 70, 78). Inter-
estingly, 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 (29).

Although there are numerous studies available dem-
onstrating the broad range of physiological processes
that involve HSPs, including protein translocation, re-
ceptor regulation, cytoskeleton stabilization, and man-
agement of protein folding and repair, evidence di-
rectly demonstrating that the HSPs are responsible for
stress tolerance is not conclusive. In addition, the com-
plexity 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 exer-
cise bout of moderate intensity and duration, addi-
tional signals besides an elevation in core temperature
(Tc) are present that could potentially activate HSP
expression, including acidosis, energy depletion, reduc-
tions in blood flow to visceral organs and an associated
tissue hypoxia, and generation of ROS (20, 32, 33, 52,
94). Furthermore, in addition to HSPs, cells will ex-
press other important stress proteins such as antioxi-
dant 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 accumu-
lation. 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.

Immune surveillance and antigen presentation. Al-
though the primary focus of research on HSPs has been
directed toward their functions and accumulation in-
side the cell in response to a physiological stress, there
is emerging recognition that HSPs serve as modulating
signals for immune and inflammatory responses. This
concept was recently detailed in a concise review by
Moseley (72). One area of investigation pertinent to the
topic of stress tolerance has dealt with the potential
role of HSPs in cytokine production. Elevations in
intracellular HSP levels have been shown to improve
cell tolerance to inflammatory cytokines such as TNF-�
and interleukin-1 (45, 75). HSP accumulation within a
cell produces both transcriptional inhibition and a de-
crease in TNF-� and interleukin-1 secretion (24, 93).
Kluger et al. (48) demonstrated that heat conditioning
and the resultant increase in intracellular Hsp70 lev-
els protected animals from an endotoxin dose that was
lethal in unconditioned rats. Moreover, this paradigm
was associated with a decrease in serum TNF-� levels
after administration of endotoxin in the heat-condi-
tioned animals (48). These results suggest that intra-
cellular HSP accumulation may contribute to a reduc-
tion in inflammatory cytokine production with cellular
challenge.

Conversely, when HSPs are present on the surface of
cells or released into the local extracellular environ-
ment during conditions such as necrotic cell death or
viral infection, these proteins have an immune-stimu-
lating response. The situation involving cell necrosis is
quite relevant to conditions of physiological challenge,
such as heat stress, where widespread cellular injury
and necrotic cell death have been noted (37).

Hsp70 is also known to facilitate antigen presenta-
tion in cells such as macrophages and dendrites (94,
99). When Hsp70 is applied to the environment exter-
nal to cells, macrophages and lymphocytes produce
inflammatory cytokines. Finally, studies have demon-
strated the presence of Hsp70 on the surface of tumor
cells (76, 83), potentially functioning as recognition
molecules for natural killer (NK) cells. Together, these
observations demonstrate that HSPs are important
modulators of antigen presentation, T-lymphocyte ac-
tivation, cytokine production, and NK cell killing, plac-
ing them in a unique position of contributing to both
intracellular and extracellular responses to a physio-
logical stress.

FACTORS AND CONDITIONS THAT MODULATE
HSP70 EXPRESSION

Some stimuli and conditions that modulate HSP70
expression. It is well documented that multiple stimuli
can induce the in vivo accumulation of HSP70 proteins.
As pointed out in Fig. 1, these stimuli include hyper-
thermia (28, 50, 51, 92), ischemia-reperfusion (15, 69),
hypoxia (22, 30, 44), energy depletion (88), acidosis
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(104), and ROS formation (103). Because these stimuli
are similar to the integrated metabolic changes asso-
ciated with exercise, it is not surprising that exercise
has been demonstrated to induce HSPs.

In one of the initial animal experiments to address
the issue of HSP induction with exercise, Locke et al.
(67) observed that a single bout of exhaustive treadmill
running in rats could increase Hsp70 synthesis in
skeletal muscle, lymphocytes, and spleen. Subsequent
studies by numerous investigators have confirmed that
acute exercise produces increased Hsp70 levels in con-
tracting skeletal muscle as well as critical organs such
as the heart, kidney, and liver (50, 66, 68, 85, 86, 92).
It is difficult to delineate which of the many stimuli
generated during acute exercise are contributing, and
to what degree, to the observed increases in cellular
Hsp70 accumulation, in part because exercise produces
elevations in both Tc and tissue (e.g., contracting skel-
etal muscle) temperature concurrent with other phys-
iological stimuli.

To investigate whether exercise could increase
HSP70 expression independent of changes in Tc, Skid-
more et al. (92) designed experiments in which rats
were exercised in a cool environment to prevent Tc
from increasing above resting levels. HSP70 accumu-
lation was increased in hindlimb locomotor muscles
and cardiac tissue after an exercise bout, suggesting
that factors other than heat stress may contribute to
the accumulation of HSP70 during acute exercise. Al-
though it is likely that the local temperatures of loco-
motor muscles such as the gastrocnemius and soleus
were elevated during treadmill running, data from
previous studies indicate that the temperature of con-
tracting skeletal muscles in rats is comparable to Tc at
the termination of moderate intensity treadmill exer-
cise (10). Therefore, it is reasonable to assume that
stimuli other than increased temperature also contrib-
ute to the augmented skeletal and cardiac muscle
HSP70 levels that accompany exercise.

Human studies evaluating Hsp70 responses to ex-
ercise are more infrequent and less insightful, likely
due in part to the difficulties in sample acquisition
and the challenging conditions for most experimen-
tal designs. These studies have focused primarily on
stress protein expression in either skeletal muscle or
circulating leukocytes. Two separate studies have
demonstrated that a single bout of exercise in un-
trained subjects can elicit increased Hsp70 mRNA
concentrations in vastus lateralis muscle (26, 80).
Interestingly, Hsp70 protein levels were assessed 3 h
after exercise in one of these studies and remained
unchanged from control levels (80). In contrast, Liu
et al. (65) found that expression of Hsp70 was in-
creased in human vastus lateralis muscle after 1–4
wk of rowing training.

There are a few additional studies that have evalu-
ated the Hsp70 response to exercise in peripheral blood
leukocytes. Ryan et al. (84) found only small increases
in Hsp70 expression in blood obtained from young men
who performed 2 h of treadmill exercise in warm con-
ditions, whereas Fehrenbach et al. (27) determined

that heavy-intensity endurance exercise was associ-
ated with an increase in Hsp70 expression in leuko-
cytes. A unique aspect of this study was the observa-
tion that the exercise-induced Hsp70 response was
blunted in subjects who were aerobically trained com-
pared with untrained controls. In a study with con-
trasting results (16), exercise and estrogen replace-
ment in young women was found to have no effect on
leukocyte Hsp70 levels several hours after a moderate-
intensity exercise bout.

Overall, the limited number of studies available in
humans does not permit a definitive conclusion to be
drawn concerning the impact of exercise on Hsp70
responses. The differences in intensity and type of
exercise protocol utilized, along with issues ranging
from gender to training status, have likely contributed
to the disparate findings in this area. Further research
is necessary to address issues related to Hsp70 regu-
lation in humans and to determine whether this regu-
lation is consistent with results obtained in animals
and in vitro cell systems.

Aging and altered Hsp70 expression. As noted above,
cells, tissues, and whole organisms have the ability to
become resistant to stressors such as hyperthermia
after a prior sublethal heat exposure (i.e., acquired
thermotolerance), and HSPs appear to play a critical
role in this process. One important and clinically rele-
vant scenario in which tolerance to thermal stress is
reduced is old age. In humans, the aging process is
associated with elevated morbidity and mortality rates
due to stressors such as heat exposure. For instance,
age-related decrements in the stress response are
thought to be linked to the increased incidence of death
that has been reported for older individuals subjected
to prolonged heat waves (39, 89). In our laboratory, we
have noted that older animals are less thermotolerant
and have higher mortality rates than their younger
counterparts when presented with repeated heat chal-
lenges (37).

There are several potential mechanisms that likely
contribute to reduced stress tolerance with aging,
including alterations in HSP70 accumulation and
function. Investigators have been examining the
stress protein response in aged organisms to deter-
mine whether a deficit in HSP70 is a potential ex-
planation for the reduced thermotolerance in older
populations (9, 25, 36, 64). In vitro studies have
demonstrated that aged human (64) and rat (25)
fibroblasts respond to heating with lower HSP70
mRNA and total protein levels. In vivo data, primar-
ily from tissues extracted from intact animals (8, 37,
51, 77), suggest that the expression of HSP70 and its
potential protective role in cellular stress may de-
cline with advancing age. Moreover, studies taking
advantage of cDNA expression array technology de-
termined that aging results in altered gene expres-
sion in response to heat stress that is indicative of
decreased stress protein expression (110).

A recent study by Hall et al. (37) addressed this issue
in more detail by investigating whether a reduction in
cellular ability to mount an appropriate stress protein
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response in senescent animals following consecutive
heating trials is associated with a decline in thermo-
tolerance. Young and old Fischer 344 rats were heat
stressed (Tc of 41°C) twice, separated by 24 h. Liver
samples were obtained at several time points in the
subsequent 48-h recovery period, and representative
samples were then evaluated for Hsp70 expression.
Several pieces of evidence from these studies suggested
that there is a functional link between age-related
decrements in Hsp70 expression and pathophysiologi-
cal responses to heat stress. First, immunoblot and
immunohistochemistry results demonstrated that the
magnitude of the Hsp70 response was markedly re-
duced with age. In young animals, a robust Hsp70
response was present in the vicinity of the central vein,
which is functionally associated with reduced blood
flow and lower oxygen tensions. In contrast, senescent
animals had relatively low Hsp70 expression in this
region (Fig. 2). Second, older animals showed extensive
liver injury in the central vein region that corre-
sponded to the diminished Hsp70 response in these
regions and a reduced ability to survive consecutive
heat stresses. Conversely, liver injury was markedly
lower in the young cohort. Finally, a comparison of the
stress-induced patterns of Hsp70 expression showed
distinct differences in the two age groups. Young rats
responded to heat stress with a strong pattern of nu-
clear and cytoplasmic Hsp70 expression that was
maintained for 48 h in hepatocytes located in central
vein regions (Fig. 2). In aged animals, nuclear and
cytoplasmic Hsp70 expression was both delayed
and reduced, although there was a transient in-
crease in Hsp70 expression at 2 h of recovery that
subsequently diminished at later time points. These
results suggest that the blunted stress protein re-
sponse in older animals may have functional conse-
quences that correlate with the increased cellular
injury and reduced stress tolerance that is associ-
ated with advancing age.

SUMMARY AND FUTURE DIRECTIONS

In this mini-review, an attempt was made to sum-
marize 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 im-
proving cell survival to otherwise lethal challenges.

Despite the significant amount of progress that has
been made regarding biochemical and structural fea-
tures of HSP70, the mechanisms by which these pro-
teins provide protection against cellular stress are
still not thoroughly understood. Delineation of these
mechanisms will have significant implications both
clinically and at a basic science level. Furthermore,
technological advances will enhance the ability of re-
searchers to greatly extend experiments addressing
HSP functions and mechanisms from cell culture into
animals and humans. On the basis of research per-
formed over the past decade, we have learned that the
induction of HSP70 is not confined to heat shock par-
adigms involving extreme conditions in culture sys-
tems and lower species. Instead, HSPs are synthesized
in animals and humans in response to many relevant
physiological (e.g., heat stress, exercise, energy deple-
tion) 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 ther-
apy programs have made impressive advances in re-
cent years, the overexpression of HSP70 has proven to
be problematic. Thus the answers to many of these
questions await further study.

Fig. 2. Cellular localization and zonal distribution of immunoreactive Hsp70 protein in the liver of young and old
rats after heat stress (Ref. 37). Liver biopsies were collected from young (left) and old (right) Fischer 334 rats 12 h
after a heat stress protocol, and sections were stained with a monoclonal antibody specific for Hsp70. There was
no evidence of immunoreactive Hsp70 in hepatocytes from young or old euthermic control animals (not shown).
However, at 12 h of recovery from heat stress, strong cytoplasmic (solid arrows) and nuclear (open arrows) staining
for anti-Hsp70 was observed in hepatocytes surrounding the central vein region in young rats (A). Conversely, in
old rats (B), only weak cytoplasmic expression (solid arrows) was observed in hepatocytes in proximity to the
central vein. Magnification � �40.
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