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Abstract Heat shock proteins (HSPs) are chaperones that
are known to have important roles in facilitating protein
synthesis, protein assembly and cellular protection. While
HSPs are known to be induced by damaging exercise, little
is known about how HSPs actually mediate skeletal muscle
adaption to exercise. The purpose of this study was to
determine the effects of a heat shock pretreatment and the
ensuing increase in HSP expression on early remodeling and
signaling (2 and 48 h) events of the soleus (Sol) muscle
following a bout of downhill running. Male Wistar rats
(10 weeks old) were randomly assigned to control, eccentric
exercise (EE; downhill running) or heat shock + eccentric
exercise (HS; 41°C for 20 min, 48 h prior to exercise)
groups. Markers of muscle damage, muscle regeneration
and intracellular signaling were assessed. The phosphoryla-
tion (p) of HSP25, Akt, p70s6k, ERK1/2 and JNK proteins
was also performed. As expected, following exercise the EE

group had increased creatine kinase (CK; 2 h) and mononu-
clear cell infiltration (48 h) compared to controls. The EE
group had an increase in p-HSP25, but there was no change
in HSP72 expression, total protein concentration, or neona-
tal MHC content. Additionally, the EE group had increased
p-p70s6k, p-ERK1/2, and p-JNK (2 h) compared to con-
trols; however no changes in p-Akt were seen. In contrast,
the HS group had reduced CK (2 h) and mononuclear cell
infiltration (48 h) compared to EE. Moreover, the HS group
had increased HSP72 content (2 and 48 h), total protein
concentration (48 h), neonatal MHC content (2 and 48 h),
p-HSP25 and p-p70s6k (2 h). Lastly, the HS group had
reduced p-Akt (48 h) and p-ERK1/2 (2 h). These data
suggest that heat shock pretreatment and/or the ensuing
HSP72 response may protect against muscle damage, and
enhance increases in total protein and neonatal MHC con-
tent following exercise. These changes appear to be inde-
pendent of Akt and MAPK signaling pathways.

Keywords Heat shock . Heat shock proteins . Skeletal
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Introduction

Eccentric exercise is well known to cause cell membrane
disruptions, damaged myofibrillar structures and increased
intracellular calcium (Zhang et al. 2008; Hather et al. 1991;
Tesch 1988; Butterfield and Best 2009; Spangenburg and
McBride 2006) ultimately resulting inmuscle damage. In order
to recover from these stressors and eventually regenerate new
muscle proteins, skeletal muscle cells undergo a host of bio-
chemical and molecular changes intended to reduce muscle
damage and trigger subsequent remodeling of the skeletal
muscle fibers. As part of this stress response, muscle cells
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produce heat shock proteins (HSPs). HSPs are molecular
chaperones that function to maintain homeostasis, facilitate
protein synthesis and provide protection from future insults.
Not surprisingly, it has been shown that HSPs are increased in
rat skeletal muscle during functional overload (Huey 2006;
Locke 2008; O’Neill et al. 2006; Oishi et al. 2005; Ogata et
al. 2005) and in human skeletal muscle following eccentric
contractions (Gjovaag et al. 2006; Paulsen et al. 2007b;
Thompson et al. 2001, 2003). While functional overload and
eccentric muscle actions have been shown to be a substantial
inducer of HSPs, little progress has been made in understand-
ing what role HSPs play in the adaptation of skeletal muscle.

Recent studies in rat have shown that heat shock can
increase skeletal muscle: protein synthesis (Kojima et al.
2007), protein content (Ohno et al. 2010; Goto et al.
2003), and muscle weight (Ohno et al. 2010; Kobayashi et
al. 2005). In addition, studies in the rat soleus (Sol) demon-
strate that heat stress may aid in maintaining fiber size
(Oishi et al. 2009) and enhancing the re-growth of muscle
(Selsby et al. 2007). It is thought that these muscle adapta-
tions are mediated in party by HSPs, which chaperone
nascent peptides during translation (Beckmann et al. 1990;
Locke 1997; Beck and De Maio 1994) and therefore facil-
itate muscle protein synthesis. In addition to these findings,
it has been shown that HSPs can provide protection against
muscle damage in cell culture (Maglara et al. 2003) and
enhance the recovery force following lengthening contrac-
tions in mice (McArdle et al. 2004a). These data suggest that
HSPs may play an important role in regulating the rate and
efficiency of muscle adaptation, particularly following dam-
aging contractions.

The subsequent recovery of damaged skeletal muscle is
also mediated in part by the involvement of signal transduc-
tion pathways. Following contractile activity the Akt pathway
and the MAPK family of proteins function to regulate protein
translation, proliferation, differentiation, and cell survival
(Kolch 2000; Sasai et al. 2010). The activation of Akt and
its downstream target p70s6k have been shown to be critical
mechanisms in regulating protein synthesis (Bodine et al.
2001; Baar and Esser 1999). In addition, MAPK signaling
has recently been shown to be a critical regulator in the
maintenance of skeletal muscle mass (Shi et al. 2009). While
exercise has been clearly shown to activate these signaling
pathways, the molecular mechanisms that govern adaptation
to eccentric actions have not been fully elucidated. Moreover,
it has recently been recognized that HSPs can directly interact
with multiple key components of signaling pathways that
regulate growth and development (Nollen and Morimoto
2002), including Akt (Sato et al. 2000) and MAPKs
(Song et al. 2001). Therefore, the induction of HSPs
prior to damage may alter exercise induced signaling
responses and enhance the recovery of damaged skeletal
muscle.

While data demonstrate that heat shock alone can in-
crease protein synthesis and enhance the re-growth of mus-
cle, limited information is available on the combined effect
of heat stress and damaging exercise on skeletal muscle
adaptation and signal transduction. Therefore, the purpose
of this study was to determine the effects of a heat shock
pretreatment and the ensuing increase in HSP expression on
early remodeling and signaling (2 and 48 h) events of the
Sol muscle following a bout of downhill running. We hy-
pothesized that a single heat stress pretreatment 48 h prior to
downhill running would increase markers of regeneration,
increase activation of the Akt/MAPK, and reduce the sever-
ity of muscle injury.

Methods

Materials

Antibodies against p-Thr202/Tyr204 and total ERK1/2
(#9101 and #9102), p-Thr183/Tyr185 and total Jun NH2-
terminal kinase (JNK; #9251 and #9252), p-Ser473 and total
Akt (#9271 and #9272), p-Thr421/Ser424 and total p70s6k
kinase (#9204 and #9202) and Β-Tubulin (#2146) were
purchased from Cell Signaling (Beverly, MA). Anti-
HSP72 (SPA-810), p-Ser82 and total HSP25 (SPA-524 and
SPA-800) were purchased from Enzo Life Sciences (Victo-
ria, BC, Canada). Anti-Myosin-neonatal (sc-53097) was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The creatine kinase kit (C7522) was purchased from
Pointe Scientific (Canton, MI, USA). Remaining reagents
were purchased from Fisher Scientific (Pittsburgh, PA).

Animals

Ten-week-old maleWistar rats (~300–350 g) were used in this
investigation. Rats were housed in pairs in a temperature-
controlled facility (24±1°C) with a 12:12 h light–dark cycle.
All animals were given free access to chow and water ad
libitum. Rats were randomly assigned into three groups: (1)
a control group (n06), which did not exercise or receive a heat
shock treatment (CON); (2) eccentric exercise only group (n0
9) (EE); (3) heat shock group (n09), whose members were
heat-shocked 48 h prior to performing a bout of eccentric
exercise (HS). The rats were fasted for 12 h overnight before
receiving heat shock or sham treatments, and again before
completing the bout of eccentric exercise. Before heat shock
treatments and muscle dissection of skeletal muscles, the rats
were anesthetized with an intraperitoneal injection of pento-
barbital sodium (5 mg/100 g bodyweight). All protocols were
approved by the Animal Care and Use Committee of the
University Kansas Medical Center.
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In vivo heat shock

Wistar rats were randomized into CON, EE or HS groups. The
CON and EE groups had their core temperature maintained at
37°C, while the HS group had their core temperature elevated
to 41°C. Preliminary experiments in our laboratory estab-
lished that one heat treatment per week maintains an increase
in HSP72 expression in skeletal muscles and avoids potential
HSP inhibition by repeated heat treatment (Lee et al. 2005).
The heat shock treatment was performed as previously de-
scribed (Gupte et al. 2009). Briefly, HS rats were supported in
a hot water bath in 43°C water, while animals had their core
temperature elevated and maintained between 41 and 41.5°C
for 20 min. Core temperature was monitored with a thermom-
eter (ThermoWorks: TH-5A; Braintree Scientific, Braintree,
MA, USA) and animal probe (ThermoWorks: RET-2; Brain-
tree Scientific) to ensure a heat shock effect. The thermome-
ters calibration conforms to National Bureau of Standards
tables, and has an accuracy of 0.1°C±1 digit. Controls under-
went sham treatment andmaintained core temperature at 37°C.
After treatment, 5 ml of 0.9 % saline was administered to
prevent dehydration. Preliminary experiments in our laborato-
ry established that this heat shock treatment increased HSP72
expression that peaked at 48 h in the Sol (Fig. 1). After 48 h,
both the EE and HS animals performed a bout of downhill
treadmill running.

Downhill running

Downhill running is a common injurious exercise model and
was chosen as it stimulates muscle remodeling and myogenic
processes (Smith et al. 1999, 2001; Armand et al. 2003; Parise
et al. 2008). Previous research has shown downhill running to
induce upregulation ofMAPK signaling such as the phosphor-
ylation (p) of JNK, and ERK1/2 (Boppart et al. 2006). Recent-
ly, a similar protocol was used to examine the effect of heat
shock preconditiong in Sol muscle (Shima et al. 2008). Overall
there is sufficient data showing that downhill running induces
muscle damage and subsequent regulation of myogenesis and
hypertrophic signaling. Downhill treadmill running was per-
formed as outlined by Armstrong et al. (1983). The exercise
bout consisted of running 18m/min down a −16 % grade. Rats
ran for 5 min, and then were allowed a 2-min recovery. All
animals were able to complete the prescribed bout of exercise.

Muscle dissection and storage

Muscles were removed 2 and 48 h post-exercise. These time
points were chosen to investigate the signaling responses and
were based on data from previous literature (Carlson et al.
2001; Lee et al. 2002). Muscles were rapidly clamp frozen in
liquid nitrogen and stored at −80°C until further analysis. The
Sol muscle is a postural muscle that is recruited during

standing, locomotion and exercise (Roy et al. 1991; Tsivitse
et al. 2003; Bombardier et al. 2009), and it has been used in
previous studies involving heat stress (Milne and Noble 2002;
Naito et al. 2000; Oishi et al. 2002; Selsby et al. 2007; Smolka
et al. 2000; Uehara et al. 2004).

Protein extraction, protein quantification, and Western
immunoblotting

50 mg pieces of clamp-frozen muscles were homogenized in a
12:1 (volume/weight) ratio of ice-cold cell extraction buffer
(Invitrogen) with protease inhibitor cocktail (Invitrogen), sodi-
um fluoride (200 mM), sodium orthovanodate (200 mM) and
phenylmethanesulphonylfluoride (200 mM) added. Homoge-
nized samples were transferred to 1.7 ml tubes and mixed on a
laboratory rotator for 30 min at 4°C and then centrifuged for
2 min at 3,000×g at 4°C. Samples were diluted (1:1800), and
the total protein concentration of the samples was determined
using themicro bicinchoninic acid protein assay (Pierce, Rock-
ford, IL). Samples were prepared in 5× Laemmli buffer con-
taining 100 mM dithiothreitol and heated at 85°C for 15 min.
Then, 90 μg of protein was subjected to SDS-PAGE (8 %,
10 %, or 12 % gel) followed by a wet transfer to a PVDF
membrane for 90 min (200 mA/tank). Membranes were
blocked for 1 h at room temperature in Tris-buffered saline,
0.1 % Tween 20 (TBST)–5 % nonfat dry milk followed by an
overnight incubation with the appropriate primary antibodies
at a concentration of 1:1,000, in TBST–5 % BSA. Blots were
incubated in appropriate HRP-conjugated secondary antibody
at a concentration of 1:10,000, in TBST 1 %–nonfat dry milk
for 1 h at room temperature. Bands were visualized by en-
hanced chemiluminescence and quantified using densitometry.
Visualization and quantification of the protein bands were
performed using densitometry (Alpha Innotech, San Leandro,
CA, USA). Densitometry was performed on each protein of
interest five times and then averaged. To limit blot to blot
variability, all Western blots were normalized to each other
by adjusting the signal strength to a standard (eccentric exer-
cised triceps muscle) run on every blot. Samples were normal-
ized within each blot to time-matched controls.

Blood collection and creatine kinase analysis

Blood samples were obtained by cardiac puncture and the
plasma was analyzed for creatine kinase (CK) following manu-
facturer’s instructions. Duplicate samples were averaged (IU/l).

Histopathological analysis of muscles

Frozen Sol muscles from each group at the 48 h time point
were sectioned (10 μm) from the midbelly and fixed in
1.5 % formalin. Sections were then stained with hematoxy-
lin and eosin (H&E). Images were visualized using an
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inverted microscope (Olympus). Digital images were cap-
tured (originally at 200× magnification) and analyzed (>100
fibers/group) for cross-sectional area using slidebook soft-
ware (Intelligent Imaging Innovations). The number of
mononucleated immune cells that infiltrated the muscles
was averaged in three random fields in each section by an
observer blinded to the treatment group.

Statistical analysis

All statistical procedures and graphs were performed with
GraphPad Prism 5 (La Jolla, CA, USA). Data are presented
as means±SEM. Significance was set at the p≤0.05 level,
unless otherwise noted by appropriate post hoc testing when
necessary. Our sample size was selected prior to beginning
this study using a statistical power analysis. Based on pre-
vious data from our laboratory involving the analysis of
signaling proteins via Western blot, five animals per group
were required to detect significant difference (95 %
confidence intervals) among the treatment groups. Our

preliminary data on the effectiveness of heat shock on
HSP72 expression was analyzed with a one-way analysis
of variance (ANOVA). A two-way ANOVA was employed
to detect differences in the two factors: time (2 and 48 h) or
treatment (CON, EE, HS). When the one-way or the two-
way ANOVA was statistically significant, Bonferroni postt-
ests were conducted.

Results

Animal mass

The mass of the animals used for the 2-h time point were as
follows: control (322.3±6.6 g), EE (318.3±7.3 g) and HS
(321.6±6.3 g). The masses at 2 h were not statistically
different between groups (p00.91). The mass of the animals
at 48 h between control (323.8±3.0 g), EE (321.6±5.1 g)
and HS (327.9±5.1 g) groups at 2 h and were not statisti-
cally different (p00.62).
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Fig. 1 HSP72 expression in Sol muscle following heat treatment and
downhill running induced muscle damage. a Average increases in
HSP72 expression 48 h following the heat stress treatments in the
Sol muscle. Overnight-fasted rats underwent a control bath (sham) of
37°C or a heat shock bath (Heat) of 43°C. Average colonic temperature
gradually increased, reaching a peak temperature of 41.4±0.3°C upon
competition of the heating period. Muscles were dissected and frozen
and homogenates were separated with SDS-PAGE. Western blots were
analyzed for HSP72, then stripped and probed for Tubulin (n03). b
Plasma CK (IU/L) response to downhill running in Control, eccentric

exercised (EE) and heat-shock+eccentric exercised (HS) rats 2 and
48 h after exercise (n06–9 animals/group). c Quantified mononuclear
cell infiltration counted from Control, EE and HS rats 48 h after
exercise (n06–9 animals/group). Mononuclear cells were counted in
H&E-stained Sol muscle cross-sections from control (d), EE (e) and
HS (f) groups 48 h post-exercise. Note that the control group (d) had
normal morphology. Both EE (f) and HS (f) show muscle damage
(fiber swelling and edema); however, HS (f) had less immune cell
infiltration. Bar, 25 μm. Data are presented as means±SE. *Statistical-
ly greater than control. †Statistically less than EE
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Heat shock

The average colonic temperature of the HS group started at
36.1±0.15°C gradually increased, reaching a mean peak
temperature of 41.4±0.06°C upon competition of the heat-
ing period (p<0.01). The HS preconditioning protocol
caused an elevation in HSP72 expression (Fig. 1a) from
control (p<0.01) in the Sol muscle 48 h following hyper-
thermia. These results show that our HS protocol increased
HSP72 levels, demonstrating the effectiveness of our heat
shock therapy.

Eccentric damage

Figure 1b shows the average CK responses between the
groups at 2 and 48 h post-eccentric exercise. EE increased
(p<0.01) CK content as compared to control 2 h following
exercise. In addition, at the 2-h time point the HS group was
not significantly elevated from control, and had reduced (p<
0.01) CK when compared to EE. CK values of both the EE
and HS had returned to baseline by the 48-h time point.
Quantitative analysis of mononucleated immune infiltration
48 h following exercise obtained via H&E staining is pre-
sented in Fig. 1c. Downhill running increased (p<0.01) the
number of immune cells infiltrating the muscle cross-section
in both the EE and HS groups when compared to controls;
however, the number of immune cells in the HS group was
reduced (p<0.05) when compared to the EE group. Quali-
tative analysis of muscle injury via H&E staining of muscle
cross-sections demonstrated evidence of gross injury 48 h
following downhill running. When compared to controls
(Fig. 1d) the EE group demonstrated cell swelling
(+28.4 %) and the infiltration of many mononucleated cells
to the muscle cross-section (Fig. 1e). The HS group (Fig. 1f)
also presented with cell swelling (+35.6 %) when compared
to controls; however, the fibers were not statistically larger
than those seen in the EE group.

Heat shock protein responses to eccentric exercise

Figure 2 summarizes the data from Western blots of the Sol
homogenates for both HSP72 and p-HSP25. Two hours
following exercise, HSP72 content was increased in the
HS group when compared to controls (p<0.01) and
EE (p<0.05) groups. Forty-eight hours following exer-
cise, HSP72 content remained elevated in the HS group
when compared to the EE group (p<0.05), but not
control. No increases above control were seen as a
result of EE at either time point. Two hours following
exercise, p-HSP25 (Ser82) increased in both the EE (p<
0.05) and HS (p<0.05) groups, as compared to control.
This elevated p-HSP25 returned to base line in both the
EE and HS groups by 48 h post-exercise.

Total protein concentration and MHCneo Content

To begin to assess the effects of EE and HS on muscle
regeneration, we looked at two common markers: total
protein and MHCneo. Figure 3 summarizes the data from
total protein expression and Western blots of the Sol homo-
genates for MHCneo. Two hours following exercise there
were no differences in total protein content among the
treatment groups; however, 48 h protein content was elevat-
ed in the HS group when compared to controls (p<0.001)
and the EE group (p<0.01). We also measured an additional
maker of regeneration using a MHCneo antibody. Two
hours following exercise, there was an increase in MHCneo
content in the HS group when compared to controls (p<
0.05) and the EE only group (p<0.05). Forty-eight hours
following exercise, there was an increase in the MHCneo
content in the HS group when compared to control (p<
0.05).

Intracellular signaling

Because of the enhanced total protein and MHCneo content
in the HS group, we investigated two signaling pathways
strongly associated with regulating skeletal muscle mass and
the initiation of protein synthesis following mechanical
stimuli: Akt/p70s6k and MAPK’s (ERK1/2/JNK). Figure 4
summarizes the data from Western blots of the Sol homo-
genates for both p-Akt and p-p70s6k. These results indicate
that exercise performed by either group (EE or HS) did not
increase p-Akt at the 2- or 48-h time point in the Sol muscle.
However, HS treatment did significantly reduce (p<0.05) p-
Akt compared to control 48 h following exercise. Because
p70s6k has been shown to be critical regulator of protein
synthesis we also measured its phosphorylation. Figure 4
also shows the average results of the p70s6k densitometry.
Two hours following exercise, p-p70s6k increased in the EE
group (p<0.01) and HS group (p<0.01) when compared to
control. There were no statistical differences in p-p70s6k
from control at the 48-h time point.

Next, we explored the effect of HS on MAPK phosphory-
lation following EE exercise. Figure 5 summarizes the data
fromWestern blots of the Sol homogenates for both p-ERK1/2
and p-JNK. These results indicate that exercise performed in
the EE group (p<0.01) increased p-ERK1/2 at the 2-h time
point, when compared to control. This increase returned to
baseline levels by 48 h. A Pearson correlation was performed
between the increased p-ERK1/2 at the 2-h time point and the
expression of HSP72. We found a large negative correlation
between increased pERK1/2 and HSP72/Tubulin ratios (r20
−0.61; p<0.05). The HS group had significantly lower
p-ERK1/2 than the EE group (p<0.05), and was not statisti-
cally different from controls 2 h following exercise. In addi-
tion, no changes in p-ERK1/2 were noted in the HS group at
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48 h. Figure 5 also shows the average results of the JNK
densitometry. At the 2-h time point only the EE group had an
increase (p<0.05) in p-JNK when compared to control. In the
HS group, JNK phosphorylation was not statistically greater
than control, less than the EE group, and was not correlated
with HSP72 expression. At the 48 h post-exercise time point
p-JNK had returned to control levels and there were no differ-
ences among the groups.

Discussion

Eccentric damage can be a potent stimulus to induce
protein synthesis, HSP expression and stimulate muscle

regeneration. Over time, these responses ultimately cul-
minate in increased skeletal muscle hypertrophy. Because
HSPs are known to provide protection from damaging
stressors, facilitate protein synthesis and regulate intracel-
lular signaling, we determined if heat shock pretreatment
and the ensuing increase in HSP expression could improve
early remodeling and signaling (2 and 48 h) events follow-
ing a bout of damaging exercise. The novel finding of this
study is that heat stress 48 h prior to damaging exercise may
reduce markers of muscle damage, increase total protein
concentration and MHCneo protein content. Interestingly,
these enhanced protein responses in the HS group do not
appear to be accompanied by increased Akt/p70s6k or
MAPK signaling.
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Heat shock treatment

Hyperthermic treatment in this investigation was applied to
the whole body using methods that we have previously shown
to be effective in inducing HSPs (Gupte et al. 2009). As
previously reported, we were able to gradually increase and
maintain body temperature between 41.0 and 41.5°C for
20 min. We have established that this heat treatment induces
HSP72 expression 48 h following heat stress in the Sol muscle.

Muscle damage

The downhill running model we used in this investigation is
well established and results in damage to the muscles of the

high limb, including the Sol muscle (Tsivitse et al. 2003;
Bombardier et al. 2009; Komulainen et al. 1994). Not sur-
prisingly, we show that downhill running increased plasma
levels of CK immediately (2 h) following exercise. Impor-
tantly, the HS group had significantly reduced CK (2 h)
when compared to the EE group. Our results agree with
previous literature in cell culture (Maglara et al. 2003) and
human skeletal muscle (Skurvydas et al. 2008) that demon-
strated heat shock prior to injury reduces CK release from
damaged muscle fibers. In contrast to our findings, a previ-
ous study in mice found (McArdle et al. 2004b) that dam-
aging contractions performed after heat shock (4 and 12 h)
did not reduce CK release and argued against a role for
HSPs as a protective countermeasure. Our results may differ
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from McArdle et al (2004b), as we allowed greater time for
HSP accumulation prior to the exercise stressor. We also
noted an increase in muscle damage via H&E staining in the
EE and HS groups. Our quantitative data show significant
increases in cell swelling in both the EE and HS groups.
However, the HS group had a reduction in the number of
mononuclear cells infiltrating the muscle cross-sections. Our
histopathological findings are in agreement with previous
literature demonstrating reduced immune-cell infiltration
when heat shock was used prior to damaging exercise
(Shima et al. 2008). The mechanism by which heat shock
protects skeletal muscle from damage is currently unknown.
The involvement of HSPs as a mechanism for protection
against eccentric exercise has been previously suggested
(Koh 2002; McHugh 2003). It is thought that HSP25 phos-
phorylation triggers HSP25 to translocate to damaged sac-
romeric proteins and stabilize or repair the cytoskeletal
elements (Koh 2002; Koh and Escobedo 2004). While we
observed increase p-HSP25 in both the EE and HS groups
following exercise, we did not see a difference in p-HSP25
between the EE and HS groups. In addition, skeletal muscle
protection has been reported in mice overexpressing HSP70
(McArdle et al. 2004a; Miyabara et al. 2006). In contrast to
our p-HSP25 data, HSP72 was elevated in the HS group 2
and 48 h following exercise. This increase in HSP72 was
not observed in the EE group. Collectively these data sug-
gests that HSP72 or another heat sensitive protein (i.e.,
alphaB-crystallin) may play a role in mediating cytoprotec-
tion of skeletal muscle cells.

HSP expression

HSP72 has been shown to increase following eccentric
damage in mouse EDL (Koh and Brooks 2001; Koh and
Escobedo 2004) and human skeletal muscle (Gjovaag et al.
2006; Thompson et al. 2001). Our data show that total
HSP72 expression in the EE group did not change from
controls (2 and 48 h) in the Sol muscle. It is currently
unclear why there were no increases in HSP72 following
damaging exercise in the EE group; however, it may be
related to our exercise selection. Downhill running has
previously been shown to not change HSP70 protein levels
in human skeletal muscle (Thompson et al. 2003). This
effect may be linked to the exercise intensity (Liu et al.
2000, 2004), muscle recruitment and treadmill speed (Milne
and Noble 2002) used during downhill running. The re-
duced HSP72 response in the EE group may also be related
to an increase in p-ERK1/2 (2 h). Several studies have
shown that p-ERK1/2 mediates the transcriptional suppres-
sion of HSP70 via the phosphorylation of Heat shock factor
1 (Chu et al. 1996; Knauf et al. 1996). Our data show a
significant increase in p-ERK1/2 in the EE group was cor-
related to the decrease in HSP72 (2 h). As expected, the HS

group did have increased HSP72 expression (2 and 48 h)
following exercise. Given that the EE group showed no
changes in HSP72 protein expression, we conclude that
HSP72 induction in the HS group is principally from the
heat shock treatment 48 h prior to exercise.

In addition, both the EE and HS groups increased p-HSP25
2 h after exercise. These findings are in agreement with
previous data that has shown that both overload (Huey
2006) and heat stress increase p-HSP25 (van Ginneken et al.
2006). Increased p-HSP25 is seen in the soluble (cytoplasmic)
fraction of muscle during muscle remodeling (Huey 2006;
Vissing et al. 2009; Paulsen et al. 2009); however what role
p-HSP25 plays in muscle remodeling is currently unknown.
While we did not distinguish between soluble and insoluble
fractions, our data further supports a role for HSP25 in muscle
adaptation during loading. Because we did not see a difference
in p-HSP25 between the EE and HS groups, we are unable to
elucidate a role for HSP25 in regulating muscle remodeling
when exercise is used in combination with heat shock. Thus, it
remains possible that the roles of HSP25 and HSP72 in
mediating muscle repair and regrowth are independent of each
other. Finally, we did not investigate whether these changes in
p-HSP25 were mediated by exercise itself or the damaging
nature of the downhill running. Future studies should consider
the inclusion of a level running control in an effort to address
this question.

Protein concentration and MHCneo content

To begin to investigate whether the EE and HS groups had
enhanced muscle remodeling, we analyzed the total protein
concentrations of our muscle lysates. We noted no difference
in protein concentration between the treatment groups at the 2-
h time point. At this early time point, we did not expect to see
increases in total protein. Because of the extent of muscle
damage, it was not unreasonable to expect a decline in total
protein content after exercise, as some proteins (i.e., CK) are
thought to be able to diffuse out of the damaged cell. It is
possible that increases in protein synthesis offset the net loss
of proteins out of the cell. It is also possible that we would
have seen large loses in protein content at an intermediate time
point. However, one must also consider that the cytoplasm of
a cell is a hydrogel (Trevors and Pollack 2005). One would not
expect that membrane disruption would result in global diffu-
sivity of proteins from an intracellular gel to an aqueous
extracellular environment. In addition, diffusion of protein is
complicated by steric hindrance, molecular size and weight.
Moreover, it has been shown that “diffusible” proteins are co-
compartmentalized and tethered to scaffolding proteins which
impairs their diffusion (Kellermayer et al. 1986; Cameron et
al. 1996). In addition, the myofilamental lattice has been
shown to strongly impair sarcoplasmic protein diffusion
(Papadopoulos et al. 2000, 2001). Lastly, it has been known
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for quite some time that damaged muscle fibers are able to
quickly seal membrane disruptions via recruitment of dysfer-
lin and several other proteins including Mitsugumin 53,
annexin and calpain (Han 2011). Collectively, with these facts
in mind, we are not surprised that there was not a dramatic
decline in total protein concentrations 2 h following exercise.
As muscle membranes heal and protein synthesis increases
after exercise (Hernandez et al. 2000), we expected to see an
increase in muscle protein concentration in the EE and HS
groups. While there was a trend towards increased total pro-
tein in the EE group following exercise (48 h), it did not reach
statistical significance. Although we were surprised by this
finding, previous studies have shown that increased protein
content can be delayed for up to 7–14 days following damage
(Morioka et al. 2008; Kojima et al. 2007). Interestingly, we
observed increases in total protein in the HS group (48 h).
These data may suggest that heat shock prior to muscle
damage increases protein synthesis, and/or prevents the loss
of intracellular proteins following damage. For example, Goto
et al. (2003) reported cellular protein concentrations were
increased in L6 muscle cells that were preconditioned with
heat stress prior to mechanical stress, suggesting that heat
shock increases protein synthesis. In addition, it has been
shown that HSPs immediately respond to eccentric exercise
by binding to cytoskeletal/myofibrillar proteins, which may
stabilize the sarcomere (Paulsen et al. 2007a, b, 2009) and
ultimately stop the global diffusion of proteins out of damaged
myofibrils.

To further investigate whether the EE and HS groups had
enhanced muscle remodeling, we analyzed MHCneo con-
tent. MHCneo is induced by contractile activity (Cerny and
Bandman 1986) and is a standard marker for regeneration
and muscle hypertrophy (Paul and Rosenthal 2002). We
were unable to observe changes in MHCneo content in the
EE group (2 and 48 h). Previous work has shown that
increases in other myosin isoforms are delayed until 3 to
7 days after muscle loading (Smith et al. 1999; Frier and
Locke 2007). Thus it is possible that we needed to extend
our time course to see these changes in the EE group. In
contrast, we report for the first time that heat stress prior to
eccentric exercise significantly enhances the expression of
MHCneo. We did not study the isolated effect of heat shock
alone on skeletal muscle protein concentration and MHCneo
content. Therefore it remains possible that heat shock treat-
ment itself induced these changes in protein concentration
and MHCneo content, independent of the interaction with
exercise. Future studies would benefit from the inclusion of
a heat shock only treatment group to control for these issues.

It has been shown in cell culture that combing heat stress
with mechanical stress results in greater protein changes
than using either stressor alone (Goto et al. 2003). It is
possible that the Sol muscles in the HS group may have a
more efficient rate of regeneration due to an increased

expression of HSP72. It has been suggested that the upre-
gulation of HSP72 has hypertrophic effects on skeletal
muscle (Goto et al. 2007) and that HSF-1 null mice with
reduced HSP72 expression have impaired regrowth of skel-
etal muscle (Yasuhara et al. 2011). Interestingly, we report
increased markers of regeneration in the HS group that had
elevated HSP72, and see little evidence of regeneration in
the EE group that did not have significant elevations in
HSP72. Collectively, these data support the hypothesis that
heat stress, and/or the ensuing increase in HSP expression
can contribute to muscle remodeling (Kojima et al. 2007). In
contrast these findings, it has shown that heat shock can
reduce protein concentration and Type I MHC content ac-
cumulation 3, 5, and 7 days following functional overload
(Frier and Locke 2007). The different results of these studies
strongly suggest a need for more work specifically directed
at understanding the role of HSP induction in muscle
recovery.

Protein signaling (Atk and MAPK pathways)

The Akt/p70s6k pathway plays an important role in regu-
lating skeletal muscle protein synthesis and thus hypertro-
phy (Bodine et al. 2001). In the present study, p-Akt 2 h was
not increased in the EE group (at 2 or 48 h). These findings
confirm previously published studies showing p-Akt was
unaffected by eccentric exercise (Eliasson et al. 2006; Zou
et al. 2011). Interestingly, while there was no change in p-
Akt at 2 h, by 48 h the HS group had a significant reduction
in p-Akt. Previous studies have shown that acute heat stress
can immediately increase signaling through the Akt path-
way (Wei and Vander Heide 2008; Jurivich et al. 1991;
Oehler-Janne et al. 2008; Lin et al. 1997). Akt is a major
anti-apoptotic/pro-survival kinase, which is known to be
under the regulation of HSP72 (Koren et al. 2010). It is
possible that since the animals in the HS group had reduced
markers of muscle damage, they also had a reduced need to
maintain activation of a pro-survival kinase.

Next, we looked at the downstream effector p70s6k, a
key regulator of translation initiation and protein synthesis.
Two hours following exercise, both the EE and HS groups
had an increase in p-p70s6k, which returned to control
levels by 48 h. Our results agree with previous data showing
that eccentric contractions increase p-p70s6k (Zou et al.
2011; Spangenburg and McBride 2006). It has previously
been shown that heat shock during a bout of resistance
training does increase the phosphorylation of p70s6k any-
more that exercise alone in human skeletal muscle (Kakigi
et al. 2011). Together, these findings suggest that Akt and
p70s6k may not be important regulators of heat shock
induced muscle regrowth following damaging exercise.

We also examined the phosphorylation state of the
MAPK’s, including ERK1/2 and JNK as MAPK signaling
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is critical regulator of skeletal muscle mass (Shi et al. 2009).
The levels of phosphorylated ERK1/2 and JNK have been
shown to increase following exercise (Thompson et al.
2003; Williamson et al. 2003) and these MAPK’s are im-
portant mediators of the heat shock response (Kline and
Morimoto 1997). We noted a strong attenuation of p-
ERK1/2 in the HS group at 2 h. Importantly, ERK1/2 is
known to be a repressor of HSP synthesis via an association
with heat shock transcription factor 1 (HSF1) (Wang et al.
2004). This may help explain the differences in HSP72
expression between EE and HS groups at the 2-h time point.
In this case, an increase in p-ERK1/2 in the EE group
correlated with an impaired HSP72 response in the EE
group (2 h). Conversely, significant attenuation of p-
ERK1/2 in the HS group corresponded with increased
HSP72 expression in the HS group (2 h). Exercise alone
increased p-JNK, but we noted no significant treatment
effect in the HS group. We have previously shown that heat
shock, particularly the induction of HSP72, is able to inhibit
JNK activation (Gupte et al. 2011). It is plausible that
elevated levels of HSP72 in the HS group prevented an
increase in p-JNK similar to those seen in the EE group.
These findings suggest that ERK1/2 phosphorylation may
influence HSP72 expression; however, activation of the
MAPK signaling pathway does not explain our increases
in total protein concentration or MHCneo content in the HS
group.

After analysis of critical portions of signaling pathways
that mediate muscle remodeling and protein synthesis, we
are currently unable to provide a mechanism for these
changes in protein concentration and MHCneo content.
We hypothesize that the recruitment of satellite cells can
help explain our changes. Heat stress has been shown to
trigger activation of satellite cells (Oishi et al. 2009; Halevy
et al. 2001). In fact, it has been suggested that the liberation
of satellite cells could serve as the source of MHCneo
(Singh et al. 1999). Therefore, future studies are needed to
elucidate the role of satellite cells, and other heat shock
sensitive pathways (NF-KappaB and calcineurin) during
hyperthermic treatment of damaged skeletal muscle.

Conclusion

In summary, our conclusions fall in line with the majority of
studies that have demonstrated elevation of HSPs can have a
positive effect on skeletal muscle. Our data lend strength to the
hypothesis that increased HSP expression prior to muscle
damage may protect muscle fibers from injury. In addition,
we suggest that heat shock prior to damaging exercise may
facilitate recovery from exercise by increasing the total protein
concentration and the expression of MHCneo. Interestingly,
these increases in protein content were not associated with
increased signaling through the Akt or MAPK pathways. Our

findings are consistent with the idea that heat stress prior to
damaging exercise may facilitate recovery and/or accelerate
the repair of injured muscle fibers. Although we hypothesize
that heat shock prior to damaging exercise is a useful aid to
improve skeletal muscle recovery, further research is needed
to uncover the mechanisms by which heat shock and HSPs
may contribute to skeletal muscle regrowth and regeneration.
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