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Claire Arnaud, Marie Joyeux-Faure, Serge Bottari, Diane Godin-Ribuot and Christophe Ribuot
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1. Heat stress (HS) is known to induce delayed preconditioning against myocardial infarction 24 h
later, but the exact signaling pathway of this response remains to be elucidated. In previous
studies, we have shown an implication of protein kinase C (PKC) and mitogen activated protein
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kinase (p38 MAPK) in the HS-induced reduction in infarct size. Furthermore, in their
phosphorylated state, small heat shock proteins (Hsp27) seem to confer cytoskeletal protection.
In the present study, we sought to determine the influence of HS on the subcellular distribution of
PKC isoforms and on Hsp27 phosphorylation.
2. Rats were subjected to either HS (42°C for 15 min, HS group) or sham anaesthesia (Sham
group) before their hearts were excised. Myocardial tissue extracts obtained 20 min or 24 h after
HS were processed for Western blot analysis.
3. In the HS group, PKC-ε translocated from the cytosolic to the particulate fraction (4426±128 vs
6258±316 arbitrary units, P=0.002). Chelerythrine (5 mg kg-1, ip), a PKC inhibitor, abolished this
translocation. Western blot analysis of Hsp27, 24 h after HS, showed a marked increase in protein
expression and phosphorylation in the particulate fraction.
4. In the present study, we have shown that HS induces the translocation of PKCε from the
cytosolic to the particulate fraction. Along with our previous observation that PKC is a trigger of
the HS-induced myocardial preconditioning, the results of the present study suggest an important
role of the epsilon isoform of PKC in this cardioprotective mechanism. Furthermore, we have also
demonstrated that the cytoprotective protein Hsp27 is phosphorylated following HS. We therefore
can conclude that PKC and MAPK/Hsp27 are involved in the signaling pathway of the HSinduced cardioprotection.
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Introduction
Prior heat stress (HS) is known to induce delayed cardiac preconditioning, improving postischaemic mechanical function in both rat [1] and rabbit [2] myocardium. This cardioprotection is
HAL author manuscript

initiated by the liberation of different triggers following HS, such as catecholamines [3], reactive
oxygen species [4] and nitric oxide (NO) [5], leading to the activation of different protein kinases.
We have previously shown that the early activation of one or more PKC subtypes triggers HSinduced cardioprotection [6]. Similar results were obtained in vivo in the rat [7]. Furthermore,
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specific PKC isoforms are translocated from soluble to particulate fractions in response to multiple
stresses. Indeed, PKC alpha, delta and epsilon are activated in rat myocardium after ischaemic
preconditioning [8, 9] and numerous studies have shown the obligatory role of the epsilon isoform
in various late cardioprotective mechanisms, such as ischaemic [10, 11], NO-induced [12] and
hypoxic [13] preconditionings. On the other hand, it seems that mitogen-activated protein kinase
(MAPK) cascade, and in particular the p38 MAPK [14], is also involved in the signaling pathway
of the HS preconditioning. Moreover, MAPKAP-kinase 2, one of the substrates of p38 MAPK,
can in turn phosphorylate small heat stress proteins (Hsp) Hsp27 [15], which is one potential
mediator of the HS-induced cardioprotection.
The aim of the present study was two-fold. First, we thought to investigate whether PKC alpha,
delta and epsilon isoform are involved in the HS-induced cardioprotective phenomenon, by
measuring their translocations after HS. Secondly, we tested the hypothesis that HS also induces
Hsp27 expression and phosphorylation, in the rat heart.

5
Methods

Experimental treatment groups
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In accordance with French law and local ethical committee guidelines for animal research, male
Wistar rats (280-300 g IFFA CREDO, Lyon, France) were housed in climate controlled conditions
and provided with standard rat chow.
Rats were submitted to either heat stress (HS groups) or anesthesia without hyperthermia (Sham
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groups). Prior to this procedure, animals were treated or not with chelerythrine (Sigma) as
previously described [6]. Subsequently, all animals were allowed to recover for 20 min (for PKC
analysis) or 24 h (for Hsp27 analysis) before their hearts were rapidly excised and stored in liquid
nitrogen.
In these two major groups (sacrificed 20 min or 24 h after HS), six experimental groups (n = 4 in
each) were studied:
Sham group - rats received saline 10 min prior to anesthesia;
Sham+VC group – animals received the vehicle of chelerythrine (water containing 7% ethanol, 2
ml kg-1, ip) 10 min prior to anesthesia;
Sham+Chele group - animals were treated with cheleryhtrine (5 mg kg-1 in a volume of 2 ml kg-1,
ip) 10 min prior to anesthesia;
In HS, HS+VC and HS+Chele groups, rats were similarly treated prior to heat stress. The
experimental protocol is summarized in Figure 1.

Heat stress protocol
Heat stress was achieved by placing anesthetized (with 25 mg kg-1 ip sodium pentobarbitone) rats
in an environmental chamber under an infrared light. Their body temperature, recorded with a
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rectal probe, was increased to 42 ± 0.2°C for 15 min. Sham control animals were anesthetized
only. All rats were allowed to recover for 20 min or 24h.
HAL author manuscript

Tissue sample preparation
Frozen myocardial tissue samples were minced and homogenized in a lysis buffer pH 7.4
containing 50 mM Tris-HCl, 5 mM EDTA, 1 mM NaF, 1 mM Na3VO4, 1‰ microcystine and 5µl
ml-1 protease inhibitors. The total cellular proteins in the homogenates were subjected to
ultracentrifugation at 100,000 g for 60 min. The supernatants were collected (cytosolic fractions)
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and the pellets were resuspended in the above sample buffer (particulate fractions). Protein
concentrations in homogenized samples were determined using BCA protein assay kit (Pierce).

Western immunoblotting analysis
The fractions were subjected to SDS-polyacrylamide gel electrophoresis on 8% polyacrylamide
gels according to the method of Laemmli [16]. Proteins were then transferred to a PVDF
membrane (Hybond-C, Amersham) incubated with antibodies towards alpha, delta or epsilon PKC
isoforms (Transduction Laboratories) and Hsp27 (total and phosphorylated) (Upstate
Biotechnology). The second antibody was horseradish peroxidase-conjugated anti-mouse IgG
(Jackson ImmunoResearch Laboratories). The membrane was developed using an enhanced
chemiluminescence system (Pierce) to obtain an autoradiogram. After scanning, the blots were
analyzed for optical density (NIH Image for Windows) expressed in arbitrary units (a.u.). Each
signal was normalized to the corresponding Ponceau signal.

Statistical analysis
All data are reported as mean±s.e.mean. Differences in optical density were analyzed using
Student’s t-tests. P values <0.05 were considered significant.
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Results

Effect of heat stress on subcellular distribution of myocardial PKC isoforms
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Figure 2 shows representative data of Western blots indicating the subcellular distribution of PKC
α, δ and ε isoforms. HS had no effect on the distribution of PKC α and δ, since these proteins were
present to the same extent in the cytosolic and in the particulate fractions of both Sham and HS
hearts (Figures 2B and 2D). In contrast, as shown in Figures 2E and 2F, PKCε, which was
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predominantly present in the cytosolic fraction of Sham hearts (5404±324 a.u. in cytosolic vs
3076±333 a.u. in particulate fraction, p=0.002), exhibited a significant translocation from the
cytosolic to the particulate fraction 20 min after HS (4426±128 a.u. in cytosolic vs 6258±316 a.u.
in particulate fraction, p=0.002). Pretreatment with chelerythrine, a PKC inhibitor, abolished this
HS-induced translocation of PKCε (Figure 3).

Effect of heat stress on myocardial Hsp27 content, distribution and phosphorylation
Western blot analysis of this protein 24 h after HS showed a marked increase in Hsp27 expression,
both in the cytosolic and in the particulate fractions (Figure 4). In addition, we observed a
significant phosphorylation of Hsp27 in the particulate fraction of the HS hearts compared to that
of Sham hearts (Figure 5).

8
Discussion
The present study provides new insight into the cellular signaling pathways of the HS response.
We report a significant modification in the subcellular distribution of myocardial PKC epsilon,
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since this protein is translocated from the cytosol to the particulate fraction, 20 min after HS. We
also observed a significant increase in the expression and phosphorylation of the cytoprotective
protein Hsp27, 24 h after HS. These data suggest that PKCε may act as a trigger of HS-induced
preconditioning and that Hsp27 could be an end-effector of this response.
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Protein kinase C and myocardial protection
We can conclude from these results that HS induces PKCε activation, since translocation from the
cytosolic to the particulate fraction is known to be an important event for the activation of this
isozyme [17]. Chelerythrine, a selective PKC inhibitor [18], used at a dose known to abolish the
HS-induced cardioprotection against infarction in the rat myocardium [6], abolished myocardial
PKCε translocation confirming that this isoform is involved in HS preconditioning and that
translocation is mandatory for cardioprotection to occur. PKCε activation has also been shown to
occur in other myocardial preconditionings, such as NO donor administration [19], rapid pacing
[20] and ischemic preconditioning [10].

Role of Hsp27 in HS preconditioning
In the present study, we have also shown 24 h after HS an increased expression and
phosphorylation of myocardial Hsp27, which has been identified as one of the potential endeffectors of HS-induced myocardial cardioprotection. Direct evidence of the cytoprotective
properties of this protein has been demonstrated by the protection against ischemic injury seen in
cardiac myocytes overexpressing Hsp27 [21]. Furthermore, phosphorylation of Hsp27 has been
shown to enhance its cytoprotective activity by stabilizing the actin cytoskeleton [15]. Thus, HS-

9
induced Hsp27 expression as well as phosphorylation could be involved in the cardioprotective
effects of HS.
Hypothetical signaling pathway of the HS response
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Both PKC [6] and p38 MAPK [14] are involved in HS-induced myocardial protection and it is
well known that p38 MAPK, through MAPKAPK-2, induces Hsp27 phosphorylation [15].
Furthermore, a proteomic analysis reveals that PKCε-dependant cardioprotection requires
development of new protein-protein interactions involving PKCε. Thus, molecules, such as MAPK
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or Hsp27, which have been implicated in myocardial preconditioning, are recruited to the PKCε
complexes [22]. It has recently been shown that activation of PKCε enhances mitochondrial colocalisation of PKCε with MAPK, increases phosphorylation of mitochondrial MAPK and
promotes the formation of mitochondrial PKCε-MAPK signalling modules, which are associated
with the genesis of a cardioprotective phenotype [23].
Finally, other proteins have been implicated as potential end-effectors mediating delayed
cardioprotection after HS. For instance, we and others have shown that HS-induced
cardioprotection is dependent on the opening of mitochondrial ATP-sensitive potassium (mito
KATP) channels [24, 25]. Accordingly, the integrity of the actin cytoskeleton has a regulatory
function in gating of cardiac mito KATP channels [26, 27] and it has recently been demonstrated
that ischaemic preconditioning depends on interaction between mito KATP channels and actin
cytoskeleton [28]. Since the mitochondrion is a preferential location where PKCε-MAPK modules
engage in signal transduction [23], we hypothesize that, in response to HS, the formation and
activation of PKCε-MAPK modules in the mitochondrion induce Hsp27 phosphorylation, which
may result in preservation of actin microfilaments. This in turn may maintain the opening of mito
KATP channels, leading to HS-induced cardioprotection.
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In conclusion, we previously reported that PKC has a pivotal role in HS-induced cardioprotection
and, in the present study, we have shown that the epsilon isoform of PKC is translocated from the
cytosolic to the particulate fraction, 20 min after HS. Furthermore, we have demonstrated that
HAL author manuscript

Hsp27 is expressed and phosphorylated following HS. We can thus suggest a role for both PKC
and MAPK/Hsp27 pathways as mediators of the HS-induced cardioprotection. Further
investigations are needed to assess the link between the various mediators of this HS response.
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Figure legends
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Figure 1.

Experimental protocol.

Figure 2.

Heat stress induced translocation of myocardial PKCε from cytosolic to
particulate fraction, but had no effect on PKCα and δ distribution.
Western blots of myocardial PKCα (A.), δ (C.) and ε (E.) distribution between the
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cytosolic (C) and the particulate (P) fractions. (+) positive control of the different
isoforms of PKC. Histograms represent the cellular distribution of PKCα (B.), δ
(D.) and ε (F.), 20 min after HS. Data (mean±s.e.mean, *P<0.05 vs cytosolic
fraction, n=4) are expressed as percentage of cytosolic values. Sham group: hearts
excised 20 min after sham anaesthesia; HS group: hearts excised 20 min after heat
stress.

Figure 3.

Chelerythrine pretreatment abolished the cellular translocation of myocardial
PKCε following heat stress.
Western blots of myocardial PKCε (90 kDa) distribution (A.) between the cytosolic
(C) and the particulate (P) fractions. (+): positive control of PKCε. Histograms
represent the cellular distribution of PKCα (B.), 20 min after HS. Data
(mean±s.e.mean, *P<0.05 vs cytosolic fraction, n=4) are expressed as percentage of
cytosolic values. Sham group: hearts excised 20 min after sham anaesthesia; HS
group: hearts excised 20 min after heat stress; VC: rats were pretreated with the
vehicle of chelerythrine (water containing 7% ethanol, 2 ml kg-1, ip); Chele: rats
were pretreated with chelerythrine (5 mg kg-1, ip).
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Figure 4.

Myocardial Hsp27 content was markedly increased in both the cytosolic and
the particulate fractions, 24 h after heat stress.
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A. Western blot analysis of myocardial Hsp27 expression in the cytosolic and the
particulate fractions of Sham and HS hearts. B. Histograms representing the cellular
distribution and content of Hsp27, 24 h after HS. Data are expressed in arbitrary
units (mean±s.e.mean, *p=0.001 vs Sham group, n=4). Sham group: hearts excised
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24 h after sham anaesthesia; HS group: hearts excised 24 h after heat stress.

Figure 5.

Heat stress induced a phosphorylation of myocardial Hsp27 in the particulate
fraction.
A. Western blot analysis of myocardial Hsp27 phosphorylation in the cytosolic and
the particulate fractions of Sham and HS hearts. B. Histograms representing the
cellular distribution and content of Phospho-Hsp27, 24 h after HS (*P=0.001 vs
Sham group, n=4). Data are expressed in arbitrary units (mean±s.e.mean). Sham
group: hearts excised 24 h after sham anaesthesia; HS group: hearts excised 24 h
after heat stress; P-Hsp27: Phospho-Hsp27.
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