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Abstract Both protein kinase C (PKC) activation and
Hsp70 expression have been shown to be key components
for exercise-mediated myocardial protection during ische-
mia–reperfusion injury. Given that Hsp70 has been shown
to undergo inducible phosphorylation in striated muscle and
liver, we hypothesized that PKC may regulate myocardial
Hsp70 function and subsequent exercise-conferred cardio-
protection through this phosphorylation. Hence, acute
exercise of male Sprague–Dawley rats (30 m/min for
60 min at 2% grade) was employed to assess the role of
PKC and its selected isoforms in phosphorylation of Hsp70
and protection of the myocardium during ischemia–reper-
fusion injury. It was observed that administration of the
PKC inhibitor chelerythrine chloride (5 mg/kg) suppressed
the activation of three exercise-induced PKC isoforms
(PKCα, PKCδ, and PKCɛ) and attenuated the exercise-
mediated reduction of myocardial infarct size during
ischemia–reperfusion injury. While this study also demon-
strated that exercise led to an alteration in the phosphory-
lation status of Hsp70, this posttranslational modification
appeared to be dissociated from PKC activation, as
exercise-induced phosphorylation of Hsp70 was unchanged
following inhibition of PKC. Taken together, these results
indicate that selected isoforms of PKC play an important
role in exercise-mediated protection of the myocardium

during ischemia–reperfusion injury. However, exercise-
induced phosphorylation of Hsp70 does not appear to be
a mechanism by which PKC induces this cardioprotective
effect.
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Introduction

Acute physical exercise has been shown to improve
functional recovery, enhance contractility, and preserve
metabolic function of the myocardium during ischemia–
reperfusion injury (I/R-injury) (Brown et al. 2005b; Locke
et al. 1995; Paroo et al. 2002; Yamashita et al. 1999). While
the intracellular mechanism(s) involved in this exercise-
conferred cardioprotection remain unclear, several studies
have indicated an important role for the Ca2+-dependent
intracellular protein kinase, protein kinase C (PKC)
(Yamashita et al. 2001). It has been demonstrated that prior
administration of the PKC inhibitor chelerythrine chloride
(CHEL), attenuates the exercise-mediated reduction of
infarct size within the myocardium during I/R-injury
(Carson and Korzick 2003; Yamashita et al. 2001).

In myocardial cells, PKC is a ubiquitously expressed
serine-threonine kinase that is divided into a family of
isozymes consisting of three major subgroups: the conven-
tional, calcium-dependent (α, βI, βII, and γ); the novel,
calcium-independent (δ, ɛ, η, θ, and possibly μ); and the
atypical PKCs (ζ and τ/λ) (for review, see Newton 1995).
Selected PKC isoforms have been suggested to play
important roles in both the early (2–3 h) and late (24–48 h)
phases of cardioprotection following sublethal cardiac
perturbations, including preischemia preconditioning
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(Carroll and Yellon 1999; Pagliaro et al. 2001). Carson
and Korzick (2003) demonstrated that acute exercise
mediates the activation of several of these cardioprotective
PKC isoforms immediately and 24 h postexercise in a
biphasic manner reminiscent of these windows of protec-
tion. PKC has been implicated in the posttranslational
phosphorylation and regulation of several key cardiopro-
tective cytosolic proteins (Ping et al. 1999) and one
potential target is the inducible member of the 70-kDa
heat-shock family, Hsp70, which has been demonstrated
to be at least partially responsible for exercise-induced
myocardial protection during I/R-injury (Paroo et al.
2002). It has been reported that activation of PKC is not
responsible for the exercise-induced, transcriptional ex-
pression of Hsp70 (Melling et al. 2004); however, it may
play a role in the posttranslational modification of cardiac
Hsp70 and its subsequent function (Joyeux et al. 1997). In
other tissues, including the liver (Gonzalez and Manso
2004), and extensor digitorum longus and soleus muscles
(Hernando and Manso 1997), it has been shown that Hsp70
undergoes posttranslational modification through phosphor-
ylation following exercise. Further, the time course of Hsp70
phosphorylation (Gonzalez and Manso 2004) is similar to
that of the transient activation of PKC following exercise
(Carson and Korzick 2003). Hence, this may represent a
mechanism by which PKC could regulate the functional
capacity of myocardial Hsp70 following exercise. Indeed,
posttranslational modifications have been reported to regu-
late other heat-shock proteins. For instance, phosphorylation
of myocardial Hsp27 is an important regulatory step for its
function in the protection of actin fragmentation during I/R-
injury (Loktionova and Kabakov 1998).

In the present investigation, we examined the possible
role of PKC in the phosphorylation of Hsp70 and the
significance of this potential posttranslational modification
on the exercise-mediated reduction of myocardial infarct
size during I/R-injury. To do so, we examined the activation
of specific PKC isoforms at both early (immediately
postexercise) and late (24 h postexercise) time points of
PKC activation to assess their influence on the posttrans-
lational modification of Hsp70 and their role in the delayed
cardioprotective effects of exercise. We hypothesized that
PKC-mediated phosphorylation of Hsp70 would represent a
mechanism by which PKC would confer cardioprotection
following exercise.

Methods and materials

Animal characteristics This study was approved by the
University of Western Ontario Council on Animals Care
and was performed in accordance with the Guidelines of the
Canadian Council on Animal Care. Adult (12-week-old)

male Sprague–Dawley (400–450 g) rats obtained from
Charles River (St. Constant, Quebec) were housed in
standard rat cages maintained at constant temperature and
humidity with a 12:12 h light–dark cycle. Rats were fed and
watered ad libitum.

Experimental protocol Forty animals were randomly
assigned to one of three experimental groups (groups 1, 2,
and 3). Group 1 (n = 15) and group 2 (n = 15) underwent
60 min of continuous running (30 m/min; 2% grade) on a
motor-driven treadmill (Melling et al. 2004), while group 3
(n = 10) consisted of control (CON) animals, which were
handled similarly to the exercised groups (Ex) but did not
undergo the exercise protocol. All animals underwent a
light exercise familiarization on the treadmill 5 and 3 days
prior to the exercise protocol. Group 1 and group 2 animals
were either treated with a PKC inhibitor (PKC−) CHEL [5
mg/kg body weight in 5% dimethyl sulphoxide (DMSO)]
or a vehicle treatment (SHAM; 5% DMSO), respectively.
Drug treatments were administered 10 min prior to the
initiation of the exercise protocol as per previously reported
data (Melling et al. 2004; Nadruz et al. 2004). Animals in
groups 1 and 2 were killed either immediately (5–10 min
postexercise; n = 5/group) or 24 h (n = 5/group) following
the completion of the exercise protocol to examine the
activation of specific PKC isoforms and Hsp70 content and
phosphorylation. The remaining five animals in groups 1
and 2 were killed 24 h postexercise and underwent the I/R-
injury protocol (see below) to assess the effect of exercise
on infarct size. At the time of death, animals were
anesthetized via an intraperitoneal injection of sodium
pentobarbital (Somnotol; 65 mg/kg) and the hearts were
extirpated. Colonic temperatures were taken prior to and
immediately following the exercise protocol.

Ischemia–reperfusion protocol Animals killed 24 h follow-
ing the exercise were euthanized and hearts were isolated,
placed in cold Krebs–Henseleit buffer, and mounted on a
cannula by the aorta for retrograde perfusion with the use of
a modified Langendorff procedure (Paroo et al. 2002).
Perfusion was maintained at 10 mL/min with 95% O2/5%
CO2-gassed Krebs–Henseleit buffer at 37°C. Hearts were
paced at 300 bpm throughout the experiment and were
equilibrated for 30 min prior to global ischemia, which was
induced by terminating flow for 30 min. Hearts were
subsequently reperfused for 30 min.

Determination of infarct size Following the ischemia–
reperfusion protocol, hearts were immediately frozen and
stored overnight at −70°C. To determine infarct size, hearts
were serially sliced into ∼2-mm sections and incubated in
1% triphenyltetrazolium chloride for 15 min. Tissue slices
were then fixed in 10% formalin solution. Tissue staining
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brick red (noninfarcted tissue) and white (infarcted tissue)
were scanned and then quantified using Scion Image
Software. Infarct area ratio was defined as [infarct area]/
[total left ventricular area] (Nakajima et al. 2001).

Cellular fractionation and protein quantification Mem-
brane/cytosolic and whole cell extracts were prepared
according to Carson and Korzick (2003) and Locke et al.
(1995), respectively. Total protein concentrations were
determined using the Bradford protein method (Bradford
1976).

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and Western blotting Fractionated cellular samples were
mixed with equal volumes of sample buffer [0.5 M Tris
Base, 13% glycerol, 0.5% sodium dodecyl sulfate (SDS),
13% β-mercaptoethanol, Bromophenol Blue] and separated
according to their molecular weight on gels consisting of
12% acrylamide separating gel overlaid by 4% acrylamide
stacking gel. A molecular weight standard (BIO-RAD
precision marker standard) and a recombinant control of
each protein being detected were run concurrently on each
gel for accurate quantification of the protein, as well as
proper determination of its molecular weight. After elec-
trophoresis, the proteins were transferred to nitrocellulose
membranes and blocked in 3% milk blotto in Tris-buffered
saline (TBS) for 2 h and then washed twice in Tris-Tween
buffered saline (TTBS) (0.01% Tween-20 in TBS) for
5 min each wash. Membranes were then incubated in
primary antibody specific to either Hsp70 [Anti-Hsp70
(1:5,000) polyclonal antibody, Stressgen SPA-901],
PKCɛ, PKCα, PKCβ, PKCγ, PKCδ, PKCη, PKCθ,
PKCι, PKCλ [Anti-PKCɛ (1:1,000), -PKCα (1:1,000),
-PKCβ (1:250), -PKCγ (1:1,000), -PKCδ (1:500), -PKCη
(1:250), -PKCθ (1:250), -PKCι (1:250), -PKCλ (1:250)
polyclonal antibodies, Tranduction 611–421], overnight in
TTBS (2% blotto). Following incubation, membranes
were washed in TTBS and treated with secondary
antibody according to the manufacturers’ instructions.
For all isoforms of PKC, antibody detection was
performed using the enhanced chemiluminescence meth-
od (ECL, Amersham), while Hsp70 antibody detection
was performed colorimetrically (BIORAD). To ensure
equal protein loading, the Ponceau staining method was
performed as described by Ping et al. (1997). Briefly,
membranes were incubated in Ponceau S solution (Sigma)
for 5 min immediately following antibody detection. The
largest nonspecific band was subjected to densitometric
analysis and the average density was determined across the
lanes. Antibody detection was then normalized to the ratio
of Ponceau stain density in that lane and the average
density of the Ponceau stain and represented as a
percentage of the recombinant standard of that protein.

Two-dimensional electrophoresis and detection of Hsp70
phosphorylation Two-dimensional (2D) electrophoresis
and immunoblotting procedures were performed according
to Gonzalez and Manso (2004). Briefly, approximately
80 μg of protein, from heart homogenates prepared in lysis
buffer (10 mM KCl, 10 mM Tris/HCl, pH 7.6, 180 mM 2-
mercaptoethanol, 50% glycerol and 1 mM phenylmethyl-
sulfonyflouride), were separated electrophoretically through
isoelectric focusing (IEF) gels using a pH range of 4–6.5.
IEF gels were run with a maximum current of 0.33 mA/gel
for the duration of 18 h at 800 V, followed by 30 min at
900 V. At the completion of the run, each gel was equili-
brated for 10 min in 60 mM Tris/HCl pH 6.8, 2% SDS,
100 mM dithiothreitol, and 10% glycerol prior to being
loaded onto a SDS-polyacrylamide gel electrophoresis
(PAGE) for the second dimension electrophoresis. SDS-
PAGE was performed using 12% acrylamide gels polymer-
ized in the presence of 15% glycerol. After electrophoresis,
the proteins were transferred to nitrocellulose membranes
and Hsp70 detection was performed as described above.

Phosphorylated Hsp70 was assessed by examining the
transition of Hsp70 variants towards less acidic isoelectric
points (Hernando and Manso 1997). Briefly, heart tissue
homogenates were incubated at 35°C for 2 h with or
without alkaline phosphatase (AP) from calf intestine
(Sigma-Aldrich) at a concentration of 50 mU/μg protein.
Following incubation, heart homogenates were separated
through IEF and then subjected to SDS-PAGE and
transferred to nitrocellulose membranes for Hsp70 detec-
tion, as described above.

Statistical analyses All blots were quantified using Scion
Image Analysis software. Results are reported as mean ±
SE and values were compared using a one-way analysis of
variance. Upon confirmation of a significant main effect,
individual differences were determined with the use of least
squares difference post hoc test. A value of p < 0.05 was
considered significant.

Results

Animal characteristics All Ex animals completed the 60-
min moderate-intensity exercise protocol and demonstrated
a significant elevation in colonic temperature immediately
postexercise (Table 1; p < 0.05). This increase in colonic
temperature was not different between the Ex groups,
indicating that administration of CHEL prior to exercise did
not influence their ability to perform the exercise protocol.

Translocation of PKC isoforms following exercise Immu-
noblots probed with antibodies specific to different PKC
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isoforms were used to examine their subcellular localization
following exercise. Following the exercise protocol, PKCɛ
(Fig. 1B) and PKCα (Fig. 1D) demonstrated a significant
increase in the membrane fraction at 24 h postexercise only,
while membrane levels of PKCδ were significantly elevated
both immediately and 24 h postexercise (Fig. 1C). Total
amounts of individual PKC isoforms (cytosolic plus
membrane fractions) did not change following acute
exercise, nor did the subcellular localization of PKCγ,
PKCη, PKCθ, PKCι, and PKCλ (data not shown).
Administration of the PKC inhibitor CHEL suppressed the
exercise-induced translocations of PKCδ, PKCɛ, and
PKCα (Fig. 1), indicating the efficacy of the PKC inhibitor.

Infarct size Infarct size (percent of total ventricular area)
was significantly reduced from 50% in the CON group to
20% in the Ex group (Fig. 2). Prior administration of the
PKC inhibitor CHEL increased infarct size in the exercise-
treated animals to 75%, a significant elevation compared to
CON and SHAM-treated animals.

Hsp70 content and phosphorylation Immunoblots probed
with an antibody specific to Hsp70 were used to examine
the myocardial content and phosphorylation status of
Hsp70 following 1D- (Fig. 3) and 2D-electrophoresis
(Fig. 4), respectively. Following exercise, total myocardial

Hsp70 content was significantly elevated at 24 h, but not
immediately postexercise. Prior administration of CHEL
did not alter the postexercise elevation in Hsp70 content
within the myocardium (Fig. 3), suggesting that PKC is not
involved in the exercise-mediated expression of Hsp70
content.

Table 1 Animal weight and colonic temperatures postexercise

Group Body mass (g) Temperature (°C)

Pre-exercise Postexercise

CON 408.6±4.52 37.8±.1 –
Ex SHAM 406.1±4.51 37.6±0.1 40.0±0.9a

Ex PKC(−) 397.9±4.46 37.2±0.1 40.5±1.1a

Values are means ± SE.
CON control, Ex SHAM vehicle-treated animals exercised for 60 min
at 30 m/min at 2% grade, EX PKC(−) exercised in the presence of the
PKC inhibitor CHEL; see text for details
a Significantly different from pre-exercise temperatures (p<0.05)
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Fig. 1 Translocation of myocardial PKCɛ, PKCδ, and PKCα
following acute exercise. A Representative blots of PKC isoforms of
cytosol (C) and membrane (M) fractions in control (CON) and
exercised (Ex) animals are shown. PKCɛ (B), PKCδ (C), and PKCα
(D) translocation in vehicle-treated (SHAM) and PKC-inhibited (PKC
(−)) animals was examined immediately and 24 h following the
completion of the exercise protocol (Ex; 30 m/min, 60 min at 2%
grade) using commercially available antibodies on cytosol (C) and
membrane (M) fractions. Quantitative analysis of PKCɛ, PKCδ, and
PKCα are represented as a percentage of a recombinant PKCɛ, PKCδ,
and PKCα standards, respectively. Data are means ± SE of five
animals per group. Asterisks, significantly different from control
(CON) membrane fraction, p<0.05

b
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Following 2D-electrophoresis, three different isoelectric
point variants of the Hsp70 protein were detected within
the myocardium (Fig. 4A). In CON animals, Hsp70
expression was low and consisted for the most part of the
dominant neutral variant. However, following exercise, in
addition to the neutral variant, more acidic and basic
variants were detected. The increase in the acidic variant
was significantly greater at 24 h compared to immediately
postexercise, while no significant differences in the basic
variant were observed between these time points. This
increase in the acidic variant at 24 h corresponded with a
significantly lower expression of neutral variant compared
to immediately postexercise (Fig. 4).

To determine if these variants were phosphorylated
forms of Hsp70, samples were incubated with AP prior to
2D-electrophoresis. Immediately and 24 h postexercise, AP
treatment led to an increase in the expression of the
dominant neutral variant and a reduction in the expression
of the acidic Hsp70 variant. Inhibition of PKC prior to

exercise did not alter the phosphorylation status of Hsp70,
suggesting that PKC did not mediate the phosphorylation of
Hsp70 following exercise.

Discussion

Consistent with previous literature, the current investigation
supports a role for acute exercise in the enhanced protection
of the myocardium following cardiovascular stress (Brown
et al. 2005b; Locke et al. 1995; Paroo et al. 2002). In this
instance, the protection is demonstrated by a significant
reduction in myocardial infarct size during I/R-injury
compared to sedentary subjects at 24 h postexercise.
Interestingly, protection against global ischemia 24 h fol-
lowing an acute bout of exercise was comparable to that
observed previously following several weeks of exercise
training (Brown et al. 2003; Chaves et al. 2006), suggesting
that, in males at least, this may be an acute rather than
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Fig. 1 (continued)
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accumulating effect of repeated bouts of exercise. As noted
by others (Carson and Korzick 2003; Yamashita et al.
2001), this exercise-induced cardioprotective effect appears
to be directly associated with the activation of PKC, as
exercise-conferred cardioprotection was attenuated follow-
ing the prior administration of the PKC inhibitor, CHEL.

Myocardial Hsp70 phosphorylation postexercise

PKC plays an essential role in the phosphorylation and
modification of several important cellular cytosolic proteins
(Ping et al. 1999). Posttranslational mechanisms have been
shown to be important processes in the expression and
function of Hsp70 (Theodorakis and Morimoto 1987). In
the liver, EDL, and soleus, Hsp70 undergoes inducible
phosphorylation following acute exercise (Gonzalez and
Manso 2004; Hernando and Manso 1997), which may
impact the functional characteristics of Hsp70 within the
cell (Lakshmikuttyamma et al. 2004). However, it is not
presently clear as to the significance of this modification
of Hsp70 in the myocardium. As demonstrated in Figs. 3
and 4, immediately postexercise, there was a significant
increase in the amount of acidic and basic Hsp70 variants
(represented as a percentage of total Hsp70), while total

expression of Hsp70 was not altered (Figs. 3 and 4). The
rapid increase in these variants without a concomitant
increase in total Hsp70 suggests posttranslational modifi-
cation rather than an elevation in transcriptional expression.
Further, it is likely that the increase in acidic and basic
Hsp70 variants was the result of posttranslational modifi-
cations of the neutral Hsp70 variant, as a significant
decrease in the amount of the dominant neutral variant
was observed. In contrast, the continued increase in the
acidic variant, coupled with the elevation in total Hsp70
expression and an absence of changes in the amount of both
neutral and basic Hsp70 variants at 24 h postexercise,
suggests a selective increase in expression of the acidic
Hsp70 variant at this time point. Discrepancies do exist,
however, in the expression of individual Hsp70 variants at
the two time periods postexercise, which may suggest that
the role of Hsp70 undergoes subtle changes over time. Such
a possibility remains to be investigated.

Contrary to our original hypothesis, our results do not
demonstrate a role for PKC in the posttranslational
modification of Hsp70 following exercise. While phosphor-
ylation of the Hsp70 molecule does correspond to the
windows reported for PKC activation (Carson and Korzick
2003), CHEL did not alter the exercise-mediated increase in
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Fig. 2 Effect of PKC inhibition
on myocardial infarct size
following acute exercise.
Determination of infarct ratio
in vehicle-treated (SHAM) and
PKC-inhibited (PKC(−)) exer-
cised (Ex) animals (30 m/min for
60 min; 2% grade) was per-
formed using triphenyltetrazo-
lium chloride staining following
I/R-injury. Tissue-stained brick
red (noninfarcted tissue) and
white (infarcted tissue) were
scanned and were quantified
using Scion Image Software.
Infarct area ratio was defined as
[infarct area]/[total left ventricu-
lar area]. Data are means ± SE
of five animals per group. α
Significantly different from con-
trol (CON), p<0.05; asterisks,
significantly different from Ex
alone, p<0.05
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the expression of either of the phosphorylated variants
(Fig. 4), nor did it alter the expression of Hsp70
postexercise (Fig. 3) despite PKC inactivation (Fig. 1).
Given prior observations on the protection of left ventric-
ular function by Hsp70 (Marber et al. 1995; Paroo et al.
2002), these results indicate that both Hsp70 and PKC
mediate the protection of the myocardium during I/R-
injury though independent mechanisms.

Myocardial PKC activation following exercise

Several PKC isoforms have been implicated in key cellular
functions that are believed to be beneficial to the myocar-
dium during cardiovascular stress. For example, PKC
isoforms δ, ɛ, α, and β have been implicated in the
regulation of such processes as Ca2+-handing (Venema and
Kuo 1993), contraction (Meldrum et al. 1996), and
intracellular signaling (Ping et al. 1999). In the current
study, our results demonstrate that three of these isoforms,
PKCδ, PKCɛ, and PKCα, undergo activation immediately
and 24 h postexercise, as indicated by an increase in their
membrane translocation (Fig. 1). The first, PKCɛ, has
received the most attention as a potential cardioprotective
agent (Ping et al. 1997) due to its downstream function in
the NO-mediated signaling pathway (Ping et al. 1999).

Following ischemic preconditioning, there is a late phase of
enhanced tolerance of the heart to I/R-injury whereby NO
exerts a number of beneficial actions, including inhibition
of calcium influx through L-type channels, decreased
myocardial contractility, antagonistic effects on the β-
adrenergic receptor, opening of ATP-sensitive potassium
(KATP) channels, and antioxidant properties (Hoffman et al.
2003). Interestingly, NO has also been shown to play a role
in the late phase of exercise-mediated cardioprotection
(Bolli 2001). Moreover, selective inhibition of exercise-
mediated production of NO through the suppression of
NOS attenuates exercise-induced protection of the myocar-
dium during I/R-injury. Consistent with these data, our
results demonstrate a delayed activation of PKCɛ postex-
ercise (Fig. 1B).

PKCδ has also been reported to be an important factor in
the protection of the myocardium during I/R-injury through
the regulation of mitochondrial ATP-sensitive potassium
(mitoKATP) channels (Wang and Ashraf 1999). Activation
of PKCδ is believed to be directly involved in the opening of
mitoKATP channels leading to the phosphorylation of several
key mitochondrial proteins (Wang et al. 1999). It has been
reported that the activation of mitoKATP improves mitochon-
dria energy production after ischemia (Kowaltowski et al.
2001), blunts mitochondria Ca2+ accumulation during
ischemia (Holmuhamedov et al. 1999), and decreases the
production of harmful reactive oxygen species during
reperfusion injury (Ozcan et al. 2002). Indeed, ischemia–
reperfusion studies have demonstrated that cardioprotection
has been lost when mitoKATP are blocked using either a
direct KATP channel inhibitor; 5-hydroxydecanoate; or,
indirectly, the PKC inhibitor CHEL (Loubani et al. 2004).
In the current study, we see an elevation in the membrane
localization of PKCδ both immediately and 24 h following
exercise (Fig. 1C), which supports previous reports indicat-
ing a role for enhanced mitoKATP channel function during
both early and late phases of cardioprotection (Ockaili et al.
1999). Interestingly, exercise-induced alterations in KATP

channels have been reported in cardiomyocytes from trained
rats (Jew and Moore 2002), but sarcolemmal rather than
mitochondrial KATP channels appear to be most important in
this case (Brown et al. 2005a).

While much less information is available regarding the
role of PKCα in protection of the myocardium, PKCα
plays an essential role in control of cardiac contractility
through the regulation of Ca2+-handling (Venema and Kuo
1993). It has been shown that a reduction in intracellular
Ca2+ overload via a PKCα-mediated improvement in Ca2+-
handling is likely to enhance cardioprotection (Zucchi et al.
1995). Indeed, treatment with CHEL abolishes the benefi-
cial effects of ischemic preconditioning on sarcoplasmic
reticulum Ca2+-pump function and the subsequently im-
proved Ca2+ homeostasis (Kawabata et al. 2000). However,
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(CON), p<0.05
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controversy exists as to the beneficial role of long-term
activation of PKCα in myocardial function. It has been
reported that the upregulation of PKCα activation leads to a
diminished baseline ejection fraction, resulting in a subse-
quent terminal cardiomyopathy (D’Angelo et al. 1997).
Further, gene ablation studies have demonstrated that
chronic inhibition of PKCα not only improved myocardial
contractility but inhibited Gq-mediated cardiac hypertrophy
(Hahn et al. 2003). Hence, the increase in PKCα observed
in the present investigation (Fig. 1D) may mark a beneficial
adaptation to a single bout of exercise through increased
Ca2+ handling ability, while many bouts of exercise may
result in decreased activation of this isoform (Carson and
Korzick 2003), thereby avoiding inappropriate functional or
hypertrophic stimuli.

In summary, the current results demonstrate that,
following acute exercise, posttranslational modification of
Hsp70 occurs through phosphorylation, suggesting several
layers of regulation of myocardial Hsp70 function and its
potential involvement in myocardial protection. In addition,
we demonstrate that select PKC isoforms (PKCɛ, PKCδ,
and PKCα) are also active postexercise but are not involved
in this exercise-mediated phosphorylation of Hsp70. While
our results support an important role for PKC in exercise-
conferred cardioprotection (Yamashita et al. 2001), Hsp70
phosphorylation is not the mechanism by which PKC
mediates this protection. Further work is needed to
elucidate the mechanisms associated with the phosphoryla-
tion of Hsp70 and its functional role in the protection of the
myocardium during I/R-injury.
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Fig. 4 Relative amount of myo-
cardial Hsp70 variants immedi-
ately and 24 h following acute
exercise. Analysis of basic (B),
neutral (N), and acidic (A)
Hsp70 variants of vehicle-trea-
ted (SHAM) and PKC inhibited
(PKC(−)) and exercised animals
(Ex: 30 m/min for 60 min; 2%
grade) was performed following
2D electrophoresis using an an-
tibody specific to Hsp70. To
identify phosphorylated variants
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sis (see “Methods and materials”
section). A An illustration of the
2D pattern of Hsp70 variants
with representative blots of
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B Relative amounts (percent of
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group. Asterisks, significantly
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Sharp signs, significantly
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Post Ex, p<0.05
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