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ABSTRACT
Heat shock proteins (HSPs) represent a family of highly conserved stress proteins found in all organisms from bacteria 

to humans. There is also substantial evidence that induction of HSPs synthesis occurs in vivo in response to a variety of 
physiologically relevant stressors, such as exercise, hyperthermia, oxidative stress, and other metabolic insults. The main 
aim of this review was to discuss the family of 70kDa heat shock proteins (HSP70), their structure and functions as well as 
the regulation of their expression in human skeletal muscle and leukocytes in response to exercise. 
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Introduction
Exposure of body tissues and cells to diverse envi-

ronmental stresses may lead to a serious disturbance 
of cellular homeostasis, which mainly results from 
deleterious modification of proteins such as unfolding, 
misfolding or aggregation. In response to an acute or 
chronic stress, cells produce a set of proteins known 
as heat shock proteins (HSP) or stress proteins (SP) 
(1), that efficiently protect cells against stress-induced 
damage by preventing protein misfolding, assisting 
in their refolding to the native state or targeting them 

to proteolysis (2, 3). Another mechanism of cellular 
protein management is through the chaperone function 
in the assembly, folding and translocation of preex-
isting proteins across organellular membranes, this 
is why they are also termed “molecular chaperones” 
(4). While heat was the first stressor found to induce 
HSP synthesis (5), several other metabolic insults, 
such as excessive formation of reactive oxygen and 
nitrogen species (ROS, RNS), hypoxia, ischemia, 
reduced glucose availability, increased intracellular 
Ca2+, microbial infections, exposure to heavy met-

Name of heat shock 
proteins

Localization Major cellular function

Small HSPs (8-32 
kDa)
(ubiquitin, aB-
crystallin, HSP20, 
HSP27, heme oxy-
genase HO-1)

 cytosol, nucleus play a role in chromatin structure, removal of denatured proteins, stabili-
zation of microfilaments, cytokine signal transduction, suppresses aggre-
gation of denatured proteins, facilitate protein refolding, HO-1 provides 
protection through elimination of heme with concomitant production of 
the antioxidants bilirubin and biliverdin

60 kDa HSP  
(chaperonin)

mitochondria chaperone activity, facilitates the folding and assembly of proteins as 
they enter to mitochondria and stabilizes proteins under stress

70 kDa HSPs
(HSC73, HSP72, 
GRP78, GRP75)

cytosol, nucleus, 
sarcoplasmic 
reticulum, mito-
chondria

translocation of precursor proteins across mitochondrial membranes, 
protein stabilization and folding within the mitochondria, binding to de-
naturing or unfolding pre-ribosomes to facilitate their renaturation,  role 
in signal transduction, protein folding, assembly of secretory proteins

90 kDa HSPs
(HSP90a, HSP90a, 
GRP94)

cytosol,  nucleus, 
endoplasmic 
reticulum

binding steroid hormone receptors, regulating the activity of hormone 
receptors, protein folding ATP dependent

110 –100 kDa HSPs cytosol, nucleus, 
nucleolus 

role in stress tolerance, protein folding

Table1. Nomenclature, cellular localization and major functions of heat shock proteins in skeletal muscle
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als, ethanol, UV radiation or antibiotics, can induce 
HSP response (6, 7, 8). It has been demonstrated in 
numerous reports that expression of stress proteins is 
up-regulated in response to physical exercise. It seems 
that HSPs can protect cells from some kind of noxious 
stimuli, which can cause necrosis or apoptosis (9). The 
HSPs expressed in skeletal muscle contain several 
inducible and constitutively expressed intracellular 
proteins with molecular mass from 8 to 110 kD (10) 
that are classified into families according to their size 
and function. The most important HSPs in skeletal 
muscle are: small HSPs, HSP of 70 kDa (HSP70), 
HSP of 60 and 90 kDa (HSP60, HSP90) and heme 
oxygenase-1 (HO-1). Their cellular localization and 
major functions are presented in Table 1 (10-14). The 
most abundant are studies on the 70 kDa family, which 
revealed that HSP synthesis is enhanced in skeletal 
muscle of rodents in response to an acute treadmill 
running (15-18) and endurance training (19). Less 
numerous are data from human studies, however en-
hanced expression of HSPs in human skeletal muscle 
and blood after an acute bout of exercise or training 
has been reported by a growing number of researchers 
(10, 11, 14, 19). As indicators of stress, HSPs proteins 
may provide information about the cellular changes 
induced by exercise, therefore they may be of interest 
for monitoring overtraining (20).

The 70 kDa heat shock proteins family and function
Molecular chaperones, such as members of the 70 

kDa family in humans represent a highly conserved 
group of proteins, which is evidenced by an approxi-
mately 50 % sequence identity with bacterial stress 
proteins found in Escherichia coli (12). The 70kDa 
family contains the constitutive HSP70 (HSP70c/
HSC73) and the inducible HSP70 (HSP70i/HSP72) 
(6,12) forms that exhibit an extremely high sequence 
homology (~95%) and similar biochemical properties 
(2). However, in contrast to constitutively expressed 
HSC73, HSP72 is present only in small quantities in 
the unstressed cells but it can be rapidly synthesized in 
the cytoplasm in response to different kinds of meta-
bolic stress, the exercise included. There are two other 
forms of HSP70 referred as the glucose-regulated 
78-kDa (GRP-78) and 75 kDa (GRP-75) proteins, as 
they are specifically induced by glucose deprivation. 
GRP-78, the form constitutively expressed in the lu-
men of the endoplasmic/sarcoplasmic reticulum is 
involved in the assembly of secretory proteins (21), 
whereas mitochondrial GRP-75 assist in the trans-
location of the precursor proteins into mitochondria 
(22). Glucose regulated proteins (GRP), induced by 
metabolic stressors, provide less or no protection 
against thermal stress.

Synthesis of HSP70 is controlled by the heat-shock 
factor (HSF) (6, 23, 24) that binds to the heat shock 

promoter element (HSE) located upstream from the 
coding region of HSP70 gene (25). Multiple HSF 
factors have been identified thus far, among them 
three (HSF-1, HSF-2 and HSF-4) have been identi-
fied in humans (26). It is noteworthy that the exer-
cise –induced regulation of stress proteins is mainly 
mediated via HSF-1 binding to HSE. Activation of 
HSF-1 in response to stressors such as heat, hypoxia, 
ischemia/reperfusion, oxidative/nitrosative stress, 
energy depletion or exercise occurs within minutes 
(10, 14, 27) and causes migration of HSF trimer 
complex from the cytoplasm into the nucleus, where 
is binds to the promoter region of the Hsp70 gene. As 
Hsp mRNA is transcribed, it leaves the nucleus for 
the cytosol where new HSP70 protein is synthesized 
(23, 28). It was demonstrated that the maximal rate 
of HSP70 production occurs 3 to 5 hours after heat 
shock and ceases after 8 hour (12), whereas during 
training in humans there is a time lag of several days 
until stress protein levels increase substantially (29). 
Interestingly, it appears from the studies with cell 
cultures that transcriptional activation of the HSP70 
gene is independent on stress protein synthesis (30), 
which suggests that HSP promoter activity and protein 
synthesis may be uncoupled (31) and that translation 
process may be under distinct regulatory mechanism. 
Due to obvious difficulties in sample acquisition most 
human studies evaluating HSP70 response to exercise 
have focused primarily on expression of HSPs in either 
skeletal muscle or circulating leukocytes.

Exercise and HSP70 expression in skeletal muscle
One of the first uncovered physiological functions 

of HSP70 family proteins was acquired thermotoler-
ance (8), which is defined as the ability of a cell or 
organism to withstand more severe, potentially lethal 
thermal stress, after a brief sublethal exposure to heat 
(28). Thermotolerant cells were found to produce less 
HSPs during a second heat stress than the previously 
unheated cells, which suggests that regulation of HSP 
synthesis depends on the basal level of these proteins 
in the cell. Physical activity is inevitably associated 
with hyperthermia which may be, at least partly, re-
sponsible for exercise-induced HSP response. Core 
body temperature in humans can reach 40-42oC during 
heavy exertion in the heat (32). However, exercise-in-
duced HSP70 accumulation can be independent of the 
changes in body temperature (33), which implies that 
other cellular changes, e.g. enhanced oxidative stress 
induced by exercise, may contribute to HSP induction  
in human muscle (10, 11). It has been evidenced the 
that a single 30 min running bout led to a significant in-
duction of Hsp70 mRNA expression in muscle vastus 
lateralis biopsy samples taken from untrained subjects 
but this challenge was not sufficient to have an effect 
on the already high basal level of HSP70 protein (3). It 
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seems, however, that the Hsp70 mRNA level could be 
a useful marker of exercise induced stress in specific 
muscle. On the other hand, significant increases of 
HSP70 production were evidenced in vastus lateralis 
biopsy samples taken from highly trained rowers dur-
ing a 4 week training programme performed prior to 
the World Championships, with a maximum increase 
observed at the end of the 2nd training week when the 
athletes were subjected to maximum training loads 
(29). The view that HSP production protects the vital 
function and prevents muscle damage was supported 
by observation of plasma CK, that was elevated at 
the beginning of conditioning programme and was 
decreased with training. Interestingly, skeletal muscle 
HSP70 responses depended upon training intensity. It 
appeared that HSP70 in skeletal muscle of well trained 
rowers was increased significantly after 3 weeks high-
intensity strength training, then decreased at the end 
of one week of recovery, but remained unchanged 
both throughout subsequently applied 3 weeks-long 
phase of low-intensity endurance training and at the 
end of one week of recovery (34). In the latter study 
a discrepancy was observed in HSP70 mRNA and 
HSP70 protein level, as Hsp70 mRNA reached a maxi-
mum increase (257 %) immediately after completion 
of a high-intensity phase of training, then gradually 
decreased towards the basal level. This observation 
seems to support the view of different transcriptional 
and translational regulation mechanisms in HSP70 
expression in response to exercise in human skeletal 
muscle (3, 30). 

Important finding derived from a study with un-
trained humans subjected to prolonged cycling test to 
volitional fatigue,  at a workload that corresponded 
to 63% VO

2
 max, was that HSP72 mRNA level in 

vastus lateralis increased progressively during ex-
ercise and that this increase coincided with reduced 
intramuscular glycogen availability (6). Interestingly, 
the rise in muscle temperature form 34 to 37.5oC 
(that did not grow further) and a three-fold increase 
in muscle lactate in the first 10 min of exercise were 
without effect. These data suggest that reduced glucose 
availability can induce a heat shock response. To test 
this hypothesis the same research group compared 
HSP70 gene and protein in vastus lateralis biopsy 
samples taken from both limbs, while one limb was 
reduced by 40 % in resting glycogen content by an 
exercise bout performed 16 h before the experimen-
tal trial (35). While no differences in expression of  
HSP72 mRNA and HSP72 protein in both glycogen 
depleted and control legs were observed pre-exercise, 
a two-fold increase in expression of HSP72 gene 
and protein was recorded only in glycogen depleted 
leg immediately after a 4 to 5 h (until exhaustion) 
exercise on the two-legged knee extensor apparatus 
It should be stressed that since the amount of work, 

and thus the amount of heat generated in both limbs 
were the same, the enhanced HSP72 expression in 
glycogen depleted leg could not be accounted for 
any differences in intramuscular temperature. It is 
noteworthy, that during this non-damaging exercise, 
as evidenced by a lack of any changes in CK activity 
in aterial and venous serum of each limb at any time 
point of the experimental trial, it appeared that HSP72 
protein was not released into the circulation  during or 
after this prolonged concentric exercise. The authors 
speculate that the increased HSP72 expression within 
muscle cells in response to exercise performed at a 
reduced carbohydrate availability may be induced by 
other changes, such as enhanced generation of ROS 
(36) and/or decrease in sarcoplasmic reticulum Ca2+ 
re-uptake (37). Indeed, there are numerous studies, 
mostly from animal models, supporting the view that 
exercise-induced oxidative stress may stimulate the 
formation of HSP (18,38).

A substantial amount of data indicates that in-
creased energy demand during physical exercise re-
quires a multifold rise in oxygen utilization by active 
tissues (39), which is  associated with an enhanced 
generation of reactive oxygen species (ROS), mainly 
in mitochondria. Skeletal muscle also contains nitric 
oxide synthases and a number of other potential 
sources for the formation of reactive nitrogen species 
(RNS) (40). Both ROS and RNS react non-specifi-
cally with cellular components bringing about dam-
ages to proteins, lipids and nucleic acids. Evidence 
from animal studies indicates that muscle cells are 
endowed with enzymatic defense mechanisms, which 
involve superoxide dismutase (SOD), glutathione 
peroxidase (GSH-Px) and catalase (CAT), as well as 
with non-enzymic antioxidants. It has been evidenced 
that exercise-induced hyperthermia, oxidative stress 
and inflammatory reactions following muscular work 
stimulate the synthesis of the protective heat shock 
proteins 70 kDa (72 kDa), in striated muscles and heart 
(3,8,13,16,33,41). The production of HSP70 in cells of 
skeletal muscles is necessary to maintain myofibrillar 
integrity and assist in the assembly of cellular proteins. 
It seems that members of the 70 kDa family, specifi-
cally HSP72, may have a complementary protection 
against oxidative stress. Smolka et al. (16) have 
suggested that HSP72 is part of a secondary defense 
system acting to provide fast additional protection 
when the main antioxidant enzymatic system is com-
promised by attack of the exercise-induced ROS. 

The data presented by Khassaf et al.(11) have re-
vealed that human skeletal muscle (vastus lateralis) 
responds to a single bout of non-damaging one-legged 
cycling exercise at 70% peak maximum oxygen uptake 
for 45 min by upregulating expression of superoxide 
dismutase (SOD) and heat shock proteins (HSP 70 and 
HSP60). It is noteworthy that a significant increase in 
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HSP70 (3100 % of the pre-exercise value) was reached 
by 6 days post-trial, while SOD activity increased 
to a peak value at 3 days post-exercise and catalase 
activity remained unchanged. These data indicate that 
elevated content of HSP70 in human skeletal muscle 
is maintained for several days post-exercise, which 
may facilitate protection against potential damage 
during next bout of exercise. On the other hand, ex-
ercise-induced muscle injury varies with the type of 
contraction, with more severe damage resulting from 
exercises including high force eccentric contractions. 
(42, 43). The study of Thompson et al. (44) revealed 
a highly significant increases of HSC/HSP70 (prima-
rily in HSP70 with a small contribution of HSC70) 
and HSP27 proteins in response to a single bout of 
eccentric resistance exercise (two sets of 25 repeti-
tions performed by the lowering portion of a biceps 
brachii) as evaluated 48 h post-exercise. The same 
research group (45) demonstrated that the response 
to the second bout of the same damaging eccentric 
exercise, performed 4 weeks after the first bout, was 
attenuated when indirect indicators of damage, such as 
plasma CK activity, were compared,  although a basal 
HSP expression during the 2nd bout was apparently 
lower.  When HSP response to eccentric exercise was 
evaluated in both upper (biceps brachii) and lower 
limbs (vastus lateralis) involved in high-force ec-
centric contractions (BB) and downhill (-10 degrees) 
running (VL) it appeared that the post-exercise HSP70 
expression increased significantly in the BB but not in 
the VL. These data suggest that the exercise-induced 
responses in HSP70 expression are exercise-specific 
and local, not systemic (41). 

Exercise and HSP70 expression in leukocytes
Strenuous physical exercise is known to induce an 

acute response of the immune system, such as leuko-
cytosis, activation of blood neutrophils and increases 
in inflammatory cytokines (IL-1, IL-6, IL-8, TNFa) 
(46, 47). Neutrophils that infiltrate damaged muscle 
fibers have been recognized as containing NADPH 
oxidase, the enzyme that may substantially contribute 
to the generation of ROS, the phenomenon known 
as “respiratory burst” (48). It has been postulated 
by Fehrenbach et al. (7) that protection and toler-
ance against exercise-induced stress may be, at least 
partially, provided by HSPs that play an important 
role in the activation of the immune response. These 
authors revealed that subjection of well-trained male 
athletes to strenuous endurance exercise such as a 
half-marathon resulted in up-regulation of HSP70 
mRNA expression in leukocytes and production of 
proinflammatory plasma cytokines TNFa and IL-8. 
The basal values of HSP70 mRNA expression were 
significantly higher in trained compared with un-
trained subjects. It was also reported that the HSP70 

mRNA expression after heat shock (2h, 42oC) applied 
in vitro to blood samples withdrawn at rest was sig-
nificantly more pronounced  in leukocytes of trained 
than the untrained men. This report on  parallel post-
exercise increases in HSP expression and in levels 
of TNFa, and especially IL-8 as marker of enhanced 
generation of reactive oxygen/nitrogen species, may 
imply that other exercise-associated stress agents, 
such as oxidants and proinflammatory cytokines, 
may be involved in HSP regulation. Supportive to this 
hypothesis are findings that the response of leukocyte 
expression of HSP72 to exhaustive treadmill exer-
cise is attenuated in subjects receiving a-tocopherol 
(49). Previously, the same group of researchers (50) 
reported that endurance exercise completed at higher 
ambient temperature (28oC) provides thermotolerance. 
This was evidenced by a higher HSP72 protein level 
in leukocytes compared with that recorded after run at 
18oC and a blunted HSP expression found after second 
run at 28oC or after a heat shock (42oC, 2 h), applied 
in vitro to leukocytes derived from those individuals 
who completed both runs at higher temperature. These 
findings are consistent with those reported previously 
by Ryan et al. (32) who found that leukocytes obtained 
from humans following 2 h of exercise in a hot envi-
ronment (46oC) and subsequently incubated  in vitro at 
41oC, synthesized less 70K stress proteins compared 
with those obtained from individuals who exercised 
in more moderate (30oC) ambient conditions. Their 
findings suggest that cells such as leukocytes may 
regulate the amount of these stress proteins in response 
to repeated exposures to elevated temperatures. The 
marathon runners represent a special population subset 
able to tolerate core temperatures up to nearly 420C 
without signs of heat illness (51). 

Another interesting aspect of the HSP70 response 
to endurance exercise has been revealed in a study on 
the effect of a half-marathon run on HSP70 expres-
sion on the surface of leukocytes (52). It appeared that 
exercise-induced stress affected mainly monocytes 
and granulocytes while only a few lymphocytes ex-
pressed HSP70 in their cytoplasm. It was found that 
HSP70 protein on the surface was nearly undetectable 
on a majority of white cells withdrawn from blood 
of untrained individuals as well as of the athletes at 
rest. However, after the run an increased HSP expres-
sion on the surface of monocytes and neutrophils 
was observed. A greater increase of cell surface HSP 
positive leukocytes following heavy training was also 
evidenced by Whitham et al. (53) in male endurance 
cyclists. Another important finding of the Fehrenbach 
(52) study was a significantly lower percentage of 
HSP70 positive (expressed in the cytoplasm) mono-
cytes and granulocytes obtained at rest from half-
marathon runners compared to untrained individuals. 
These observations are consistent with those reported 
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later by Shastry et al. (54) who also found that baseline 
HSP70 protein levels in leukocytes of moderately trained 
humans were significantly lower than levels in untrained 
subjects matched for height, weight, sex, per cent body 
fat and age. It is noteworthy that age may be especially 
important because there is an age-related attenuation in 
HSP70 expression, as it was evidenced by a significantly 
lower basal percentages of HSP72-positive monocytes 
and granulocytes in the elderly subjects (sexagenarians 
and physically active octogenarians), compared to young 
(25-y-old) adults (55). 

More recent studies (56, 57) focused on another 
previously unknown function of HSP70 as an ex-
tracellular protein with regulatory effects on human 
monocytes, acting both as chaperone and cytokine. 
Binder et al. (58) shed light on important obligatory 
role for HSP70(72) proteins in chaperoning antigenic 
peptides in the cytosol and their presentation by major 
histocompatibility complex I (MHC I) molecules. 
It was found that HSP72 binding to the cell surface 
of human monocytes activated production of pro-
inflammatpory cytokines (IL-6, IL-1a, TNFa) and 
stimulated inducible  nitric oxide synthase (iNOS), 
NADPH oxidase and phagocytosis (56). It was shown 
that acute exercise led to an increase of HSP72 in the 
blood (19), although it is not clear from which tis-
sue circulating HSP72 originates. As HSP72 release 
into circulation from non damaged muscle has been 
excluded (59), it seems however likely that it may 
originate from damaged muscle, leukocytes, liver 
or heart (7, 32, 59). It was evidenced quite recently 
(14) that both duration as well as intensity of exercise 
have a major influence on the concentration of soluble 
HSP72 (sHSP72) in the blood. The most pronounced 
sHSP72 response was induced by the long lasting 
competitive endurance exercise such as marathon run. 
Exhaustive exercise (about 30 min treadmill running 
at 80 % ¦O

2
max) resulted in a significantly greater 

increase in sHSP72 compared to a moderate exercise 
test of the same duration (about 30 min treadmill run-
ning at 60 % ¦O

2
max). 

In conclusion, multifaceted metabolic changes 
caused by strenuous physical activity are involved in 
stimulation of synthesis of HSPs in human skeletal 
muscle and leukocytes. The observation of the HSP70 
response to exercise seems to be useful for monitoring 
beneficial or unfavorable effects of intensive exercise 
or extensive training.
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