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Abstract The objective of this study was to investigate
the late cardioprotective effect of exercise preconditioning
(EP) on isoproterenol (ISO)-induced myocardial injury in
rats and the role of protein kinase C (PKC) in EP. Rats
were injected with ISO 24 h after running on a treadmill
for four periods of 10 min each at 28-30 m/min with
intervening periods of rest of 10 min. Nonselective PKC
inhibitor chelerythrine (CHE) was injected before EP. The
myocardial injury was evaluated quantitatively in terms of
the serum cardiac troponin I (cTnl) levels, the myocardial
ischemia/hypoxia area, and the integral optical density
(I0D) of haematoxylin—basic fuchsin—picric acid (HBFP)
staining, and qualitatively in terms of the myocardial
ultrastructure. EP markedly attenuated the ISO-induced
myocardial ischemia/hypoxia and ultrastructural damage
with lower serum cTnl levels. CHE injection before EP did
not block the protective effect of EP, displaying a mild
myocardial ischemia/hypoxia and well-preserved ultra-
structure with even lower serum cTnl levels. The results
indicate that EP can exert a late cardioprotection against
ISO-induced myocardial injury, and that an injection of the
nonselective PKC inhibitor CHE before EP may have a
different effect on ISO-induced myocardial injury. Further
investigation needs to be conducted to define the role of
different PKC isozymes in EP by using isozyme-selective
inhibitors.
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Introduction

Ischemic preconditioning (IPC), a brief episode of repeti-
tive cardiac ischemia/reperfusion (I/R), exerts a cardio-
protective effect against subsequent lethal periods of
ischemia and is a powerful endogenous form of cardio-
protection against ischemic injury [1]. Similar to IPC, a
single bout of exercise has been associated with improved
functional recovery, enhanced contractility, and reduced
myocardial infarction during subsequent lethal ischemic
injury in a biphasic manner [2-6], with the early phase
occurring immediately after the exercise [5] and the late
phase developing 24 h post-exercise [2—4, 6]. These pro-
tective effects, known as exercise preconditioning (EP),
cannot be explained by changes in hemodynamic variables,
collateral flow, and ischemia [2]. One possible mechanism
may be related to the cellular and molecular adaptation
induced by exercise, which shares common cellular trans-
duction pathways with IPC [2, 3].

As a cellular mediator, protein kinase C (PKC) has been
proposed to play a vital role in IPC by translocating to the
particulate fraction, whereby protein phosphorylation is
likely to be achieved [7, 8]. Evidence in rat hearts has also
shown that PKC inhibitor chelerythrine (CHE) attenuated
the late cardioprotection of EP against I/R injury [4, 6].
However, because the experimental models for the induc-
tion of acute myocardial injury used in previous EP studies
were based on mechanical occlusion of the coronary artery
in vivo or in the isolated Langendorff system in vitro,
and they require open chest surgery and complicated
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instrumentation, it seems to be important to validate the
results with experimental models that mimic the ischemic
situation more closely. Isoproterenol (ISO) has been used
as a model compound in various animal species to induce
ischemia and infarct-like lesions comparable to those tak-
ing place in human myocardial infarction [9, 10]. The
haematoxylin-basic fuchsin—picric acid (HBFP) staining
technique has proved useful in histopathological investi-
gations of myocardial ischemia [11, 12] and provides a
clear and striking demonstration of early myocardial
ischemia with the ischemic fibers staining a vivid crimson
color in contrast to the light brown color of nonischemic
tissue.

In the present work, we investigated the late cardio-
protective effect of EP on ISO-induced myocardial injury
in rats for the first time as well as the role of PKC as a
mediator of signal transduction in the molecular mecha-
nisms of EP. We hypothesized that a single bout of interval
exercise would attenuate the ISO-induced myocardial
injury at 24 h post-exercise, and PKC inhibitor CHE may
abolish the cardioprotective effect of EP. To test this
hypothesis, we measured the serum cTnl levels, and the
area and integral optical density (IOD) of myocardial
ischemia/hypoxia with HBFP staining as quantitative
evaluation of the injury, and observed the alteration of the
myocardial ultrastructure qualitatively in ISO-injected rats
pretreated by EP or EP with CHE.

Materials and methods
Animals

Adult (12-week-old) male Sprague Dawley (220-300 g)
rats obtained from Chinese Academy of Sciences (Shanghai,
China) were housed in standard rat cages maintained at
constant temperature and humidity with a 12:12 h light—
dark cycle and were fed and watered ad libitum. All animal
care and experimental procedures were conducted in
accordance with the Guiding Principles for the Care and
Use of Animals in the Field of Physiological Sciences and
approved by the Ethics Committee for Science Research of
the Shanghai University of Sport.

Experimental protocol

All animals underwent a light exercise familiarization on
the treadmill for 6 consecutive days. The velocity on the
treadmill was 15 m/min, and the exercise duration was
10-20 min/day. Two days later, animals were randomly
assigned to five experimental groups: Group C was placed
on the treadmill without belt movement. Group ISO was
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injected with ISO (4 mg/kg, intraperitoneally). Group EP
was subjected to a single bout of interval exercise. Group
EP + ISO was injected with ISO (4 mg/kg, intraperitone-
ally) 24 h after a single bout of interval exercise. Group
CHE + EP + ISO was treated similarly to group
EP 4 ISO, but CHE (5 mg/kg, Sigma, USA) was injected
intraperitoneally 10 min before exercise.

The EP protocol was designed with minor modifications
of the protocol described by Domenech et al. [2] and
Lennon et al. [3]. Rats were allowed to run on a treadmill
for four periods of 10 min each at 28-30 m/min with
intervening periods of rest of 10 min at 0% grade. Exercise
began and ended with 5 min “warm up” and “cool down”
periods at 15 m/min and 0% grade. The work rate running
at 28-30 m/min represents an estimated 75% of maximum
oxygen consumption [13].

Rats in groups C and EP were sacrificed 24 h after the
last exercise session. At the same time, rats in groups ISO,
EP + ISO, and CHE + EP + ISO were injected with ISO
and sacrificed 2 h later. Animals were anesthetized with
trichloroacetaldehyde monohydrate (400 mg/kg, intraperi-
toneally), the blood was drawn from the inferior caval vein,
and the heart was prepared for HBFP staining and trans-
mission electron microscopy analysis.

Immunoassay for ¢Tnl

Blood samples were centrifuged immediately after collec-
tion, and the sera were frozen at —80°C until assayed.
Serum cTnl levels were measured by automated immuno-
chemiluminescence on Access 2 immunoassay system
(Beckman Coulter, USA). This assay is based on a single-
step sandwich principle with paramagnetic particles coated
as the solid phase and two monoclonal anti-human cTnl
antibodies, which are effective at detecting cardiac
injury in rats [14]. The sensitivity threshold for ¢Tnl was
0.01 pg/L.

HBFP staining and image analysis

After rats were anesthetized, the blood was drawn from the
inferior caval vein, and the heart was exposed for perfusion
fixation as described previously [15], then the heart was post-
fixed, dehydrated, hyalinized, macerated, and embed-
ded in paraffin, sectioned, and mounted. Sections were
stained by the HBFP technique [11, 16]. The result was
observed with a microscope (Olympus, Tokyo, Japan). Five
visual fields from each section, with five sections per group,
totaling 25 visual fields, were randomly taken for morpho-
metric analysis using the Image-Pro Plus software (Media
Cybernetics, Silver Spring, MD, USA) [15]. The positive
area (crimson red) and the IOD of HBFP staining were
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calculated. The contrast and magnification of all the images
were identical.

Transmission electron microscopy analysis

Hearts were excised rapidly after the blood was drawn. The
samples for the transmission electron microscopy analysis
were taken from the tissue beneath the endocardial surface
of the left ventricular anterior free wall at the level of the
near apex. The tissue was quickly cut into 1 mm? pieces on
a dry ice-cooled sample plate, then transferred to vials
containing 3% glutaraldehyde, fixed for at least 4 h, and
then postosmicated in 1% osmium tetroxide. After osmium
fixation, the tissue was dehydrated in a graded ethanol
series, rinsed in propylene oxide, embedded in Poly/Bed
812, and stained with 0.5% methylene blue. Ultrathin
sections were cut with a Reichert-Jung (Vienna, Austria)
ultrathin microtome into 50-60 nm thickness and stained
with uranium acetate—lead citrate. Samples were examined
with a transmission electron microscope (model H-7000,
Hitachi, Tokyo, Japan), and representative areas were
photographed.

Statistical analysis

Results are expressed as mean £ SD, and values were
compared using a one-way analysis of variance (SPSS
10.0; SPSS, Chicago, IL). Upon confirmation of a signifi-
cant main effect, individual differences were determined
with post-hoc analysis. A value of P < 0.05 was consid-
ered significant.

Results
Serum levels of ¢cTnl

Serum cTnl levels measured by immunochemilumines-
cence are shown in Fig 1. Serum cTnl levels were found to
be close to the lowest limit of quantitation in group C
(n = 14) and EP (n = 15) rats (0.04 £ 0.02 and 0.05 +
0.03 pg/L, respectively), while they were significantly
elevated in group ISO (n = 14) and EP + ISO (n = 15;
P < 0.05). EP attenuated the myocardial injury, resulting
in significantly decreased serum cTnl levels in group
EP + ISO when compared with that in group ISO
(23.38 £ 17.77 vs. 35.75 £ 26.50 pg/L, P < 0.05). How-
ever, in contradiction with our initial hypothesis, serum
cTnl levels in group CHE + EP + ISO (n = 12) were
significantly lower than those in group ISO (8.37 £ 4.11
vs. 35.75 4+ 26.50 pg/L, P < 0.05), and even significantly
lower than those in group EP + ISO (8.37 & 4.11 vs.
23.38 £ 17.77 pg/L, P < 0.05).
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Fig. 1 Serum cTnl levels among different groups. Significant
differences (P < 0.05) are indicated as follows: from group C (¥),
from group ISO (#), from group EP + ISO (&)

HBFP staining of cardiomyocytes

HBFP staining of cardiomyocytes of the left ventricular
free wall at the level of the near apex and image analysis
are shown in Fig. 2. The ischemic cardiomyocytes stain a
vivid crimson red color in contrast to the light brown color
of nonischemic tissue. Cardiomyocytes in group C
(Fig. 2a) and group EP (Fig. 2b) displayed a light brown
color; no positive case was found. In group ISO (Fig. 2c¢),
crimson red stain was seen in the majority of cases. In
group EP + ISO (Fig. 2d), the red patchy stain was scat-
tered across the cardiomyocytes, some of which were
partly or not stained. In group CHE + EP + ISO (Fig. 2e),
the red spot stain was only seen in a small fraction of
cardiomyocytes.

Figure 2f shows that the positive area of HBFP staining
in group EP 4 ISO was significantly lower than that in
group ISO (1,528 + 203 vs. 2,430 & 215 pm?, P < 0.05;
25 visual fields per group), and the positive area in group
CHE + EP + ISO was significantly lower than that in
group EP 4 ISO (508 &+ 104 vs. 1,528 + 203 pm?,
P < 0.05; 25 visual fields per group). Figure 2g shows that
the value of IOD, representing the intensity of the positive
staining, was in good agreement with the positive area. I[OD
in group EP 4 ISO was significantly lower than that in
group ISO (389.7 #+ 51.8 x 10° vs. 619.7 & 54.7 x 10°,
P < 0.05; 25 visual fields per group), and IOD in group
CHE + EP + ISO was significantly lower than that in
group EP + ISO (129.6 & 26.4 x 10’ vs. 389.7 & 51.8 x
10%, P < 0.05; 25 visual fields per group).

The ultrastructure of cardiomyocytes

The ultrastructure of cardiomyocytes from the left ven-
tricular anterior free wall at the level of the near apex is
shown in Fig. 3. Normal cardiomyocytes in group C
(Fig. 3a) were mainly characterized by finely dispersed
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Fig. 2 HBFP staining of cardiomyocytes of the left ventricular free
wall at the level of the near apex and image analysis. a Group C
showed all cardiomyocytes with a light brown color. b Group EP
showed results similar to group C. ¢ Group ISO showed crimson red
stain in the majority of the cases. d Group EP + ISO showed the
crimson red patchy stain scattered across the cardiomyocytes, some of
which were partly or not stained. e For group CHE + EP + ISO, the
red spot stain was only seen in a small fraction of cardiomyocytes.
Original magnification, x400. f Cardiomyocytes in group C and
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group EP had no positive area. The positive area in group EP + ISO
was significantly lower than that in group ISO, and the positive area in
group CHE + EP + ISO was significantly lower than that in group
EP + ISO. g Cardiomyocytes in group C and group EP had no IOD
value. IOD value in group EP + ISO was significantly lower than that
in group ISO, and IOD value in group CHE + EP + ISO was
significantly lower than that in group EP + ISO. Significant differ-
ences (P < 0.05) are indicated as follows: from group ISO (*), from
group EP + ISO (#)
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nuclear chromatin in the nucleus and slightly contracted
myofibrils. Cristae in mitochondria were tightly packed.
The sarcolemma was attached to the underlying myofibrils
at each Z disk. All myofibrils and mitochondria were well
arranged. The ultrastructures of cardiomyocytes in group
EP (Fig. 3b) were similar to those described in group C.
The ultrastructural changes that occurred in group ISO
(Fig. 3c) were the most severe observed in this experiment.
The chromatin of the nucleus was markedly aggregated
peripherally. Mitochondria were severely swollen with
obvious amorphous matrix densities and disorganized

Fig. 3 The ultrastructure of cardiomyocytes from the left ventricular
anterior free wall at the level of the near apex. a Group C showed
finely dispersed nuclear chromatin, slightly contracted myofibrils (F),
well arranged Z disk (Z), mitochondria (M) with tightly packed
cristae, and an intact sarcolemma. b Group EP showed results similar
to those described in group C. ¢ Group ISO showed aggregated
chromatin of the nucleus (N), disarrayed myofibrils, swollen
mitochondria with obvious amorphous matrix densities (arrows)
and disorganized cristae, ruptured sarcolemma, and edema of

cristae. Myofibrils were in disarray and accompanied by a
ruptured sarcolemma. The edema of cardiomyocytes
resulted in clearing of the sarcoplasm.

The cardiomyocytes in group EP 4 ISO demonstrated
injury of a lesser extent (Fig. 3d). Myofibrils were stret-
ched with prominent I-bands on either side of the Z-line.
The chromatin in the nucleus was dispersed evenly,
sometimes aggregated peripherally. Mitochondria were
slightly swollen with visible cristae but not packed, and
amorphous matrix densities were not common. The mem-
brane damage was occasionally displayed, characterized by

sarcoplasm (asterisk). d Group EP + ISO showed some aggregated
chromatin, stretched myofibrils with prominent I-bands (/), slightly
swollen mitochondria with cristae visible but not packed, and well
preserved sarcolemma with only occasional subsarcolemmal blebs
(arrows). e Group CHE + EP + ISO showed finely dispersed nuclear
chromatin, well organized myofibrils, slightly swollen mitochodria
with disarrayed cristae, and increased dilation of sarcoplasmic
reticulum (D). Original magnification, x 10,000
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the appearance of subsarcolemmal blebs, and the edema
was clearly alleviated.

In contradiction with our initial hypothesis, PKC
inhibitor CHE did not abolish the cardioprotective effect of
EP, with group CHE + EP + ISO presenting a slight
myocardial injury (Fig. 3e). The cardiomyocytes were
mainly characterized by finely dispersed nuclear chromatin
in the nucleus, well organized myofibrils, and intact
sarcolemma. The signs of injury were just the slightly
swollen mitochondria with disarrayed cristae and the
increased dilation of sarcoplasmic reticulum. Generally,
the cardiomyocytes in group CHE + EP + ISO demon-
strated a well-preserved ultrastructure when compared to
group EP + ISO.

Discussion
Cardioprotective effect of exercise preconditioning

In previous EP research, the animal models of myocardial
injury mostly consisted of mechanical occlusion of the
coronary artery under anesthetic in vivo or of isolated
buffer-perfused hearts in vitro, using infarct size as an
injury marker. In the present work, we prepared an ISO-
induced myocardial injury model in vivo. ISO induced a
severe myocardial injury including significantly increased
cTnl levels in serum, large myocardial ischemia/hypoxia
area, and high IOD value under HBFP staining, indicating
a high concentration of damaged protein. These indications
of substantial injury were confirmed by the disturbed
myocardial ultrastructure. Bertinchant et al. [14] and York
et al. [17] also found serum cTnl levels increased signifi-
cantly 2 h after ISO injection. Consistent with the high
serum cTnl levels, mitochondrial amorphous matrix den-
sities, and broken sarcolemma, signs of the irreversible
ischemic injury were found in cardiomyocytes treated with
ISO. Similarly, using H&E staining, Zhang et al. [18]
observed hypercontraction bands, edema, degeneration,
and necrosis in the ISO-injured hearts of rats. A compari-
son of H&E- and HBFP-stained myocardial sections
showed a rather constant correlation between eosinophilia
and uptake of basic fuchsin when myocardial ischemia
occurred [19]. With EP, we found that the injury was
markedly attenuated, resulting in lower serum cTnl levels,
decreased myocardial ischemia/hypoxia area and IOD
values, and lesser extent of ultrastructural damage. The
cTnl levels were consistent with the alteration of myocar-
dial ultrastructure during injury [14, 17]. The occurrence of
the protective effect at 24 h post-exercise also agreed with
the observations of other researchers [2, 3].

According to the results gleaned from the myocardial
ultrastructure, in group EP + ISO, the edema was clearly
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alleviated and mitochondria—believed to be involved in
the altered ion channel permeability—were slightly swollen.
Brown et al. [20] demonstrated that increased sarcolemmal
ATP-sensitive K™ (KATP) channel subunit protein
expression (SUR2A and/or Kir6.2) in rat heart correlated
closely with exercise-acquired protection against myocar-
dial infarction. Chicco et al. [21] found that sarcolemmal
KATP channel antagonist HMR-1098 abolished the late
cardioprotection of EP in rats. Most recently, Parra et al.
[22] also noted that the mitochondrial KATP channel
antagonist 5-hydroxydecanoate blocked the late cardio-
protection of EP in dogs. Sarcolemmal and mitochondrial
KATP channel opening are believed to limit intracellular
Ca*" accumulation, enabling ionic homeostasis to be pre-
served [23], which may prevent cardiomyocytes and mito-
chondria from swelling. Moreover, less amorphous matrix
densities in mitochondria and lower IOD values following
HBFP staining in group EP + ISO suggest less damaged
protein in cardiomyocytes, which may be related to
enhanced antioxidant ability or increased heat shock protein
(HSP) generation. Demirel et al. [24] confirmed that EP
improved myocardial contractile performance of rats during
in vivo I/R in the late phase and that this exercise-induced
myocardial protection was associated with an increase in
myocardial HSP72, glutathione levels, and manganese
superoxide dismutase (MnSOD) activity. Further investi-
gation by French et al. [25] found that MnSOD provided
exercise-induced cardioprotection by attenuating I/R-
induced oxidation and calpain-mediated degradation of
myocardial Ca®-handling proteins (L-type Ca®" channels,
phospholamban, and sarcoplasmic/endoplasmic reticulum
calcium ATPase), thereby preventing myocardial apoptosis
and necrosis. Importantly, activation of these end-protective
effectors including ion channels, antioxidant enzymes, and
HSP in EP are supposed to be carried by a series of signal
transduction pathways. Several metabolites are known to be
released during exercise, such as the adrenergic agonists,
bradykinin, opioids, nitric oxide, and reactive oxygen spe-
cies (ROS). Among them, opioids [26] and nitric oxide [27]
have been shown to serve as triggers inducing the cardio-
protection of EP. These triggers are proposed to exert their
effects on membrane ion channels and receptors, which
activate mediators such as protein kinase A (PKA), PKC [4,
6, 28], and mitogen-activated protein kinases (MAPK) [29]
in the cytoplasm and terminate the signal at the above-
mentioned end effectors, finally rendering cardiomyocytes
very resistant to injury.

Currently, some researchers are of the opinion that both
long term training and a single bout of exercise are EP [30].
Our EP model involved a single bout of interval exercise,
mainly based on the concept of IPC (a brief episode of
repetitive cardiac I/R). We speculate that the high-intensity
period of the interval exercise may induce a relative
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ischemic status, and the rest period enables the heart to be
fully perfused with the blood, which can mimic “reperfu-
sion.” It is worth noting that the exercise protocol in our
study induced no alteration in serum cTnl levels, myo-
cardial ischemia/hypoxia area, or ultrastructure, which may
give evidence of the noninjurious nature of the interval
exercise, whereas prolonged strenuous exercise has been
demonstrated to induce subclinical myocardial damage
characterized by biomarker release and impaired myocar-
dial function [31, 32], which can even be sustained for
several days [33]. Although both a single bout of contin-
uous exercise [4, 6, 27] and interval exercise [2, 3, 5, 22]
have been associated with the cardioprotective effects
similar to IPC, more and more evidence shows that aerobic
interval exercise at a relatively high intensity can be used
in experimental and clinical settings and that this type of
training induces more beneficial effects in the heart com-
pared with continuous exercise at moderate or low intensity
[34-36]. The molecular mechanisms involved in this dif-
ference are currently unclear. The optimal intensity, dura-
tion, and number of interval bouts and duration of the
recovery between exercise bouts in interval exercise
deserve further investigations to elicit the greatest cardio-
protective effect induced by EP.

Role of PKC inhibitor CHE in cardioprotection
of exercise preconditioning

In cardiomyocytes, PKC is a family of isozymes consisting
of three major subgroups [37]: the conventional calcium-
dependent (a, SI, SII, and ), the novel calcium-indepen-
dent (0, &, 1, 6, and possibly u), and the atypical PKCs
({ and 7/4). Most studies have focused on isozymes ¢PKC,
OPKC, and «PKC. Carson and Korzick [28] demonstrated
that ePKC, 0PKC, and «PKC activation and translocation
occur in rat heart following a single bout of exercise.
Yamashita et al. [6] and Melling et al. [4] reported that
myocardial infarct size limitation induced by EP at 24 h
post-exercise was abolished by the PKC inhibitor CHE
in the isolated rat heart subjected to I/R injury on the
Langendorff apparatus, and CHE (5 mg/kg) suppressed the
exercise-induced translocations of ¢PKC, 6PKC, and
o«PKC. In contrast, we failed to find that CHE attenuated
the cardioprotective effect of EP against the ISO-induced
myocardial injury at 24 h post-exercise. Unexpectedly,
CHE treatment before EP induced a stronger resistance to
the ISO-induced myocardial injury than EP alone, pre-
senting lower serum cTnl levels, mild myocardial ische-
mia/hypoxia, and well-preserved ultrastructure. This
finding is different from the previous result showing PKC
as a pivotal mediator for the cardioprotective effect of EP.

The discrepancy is likely due to the different models
of myocardial injury. The Langendorff-perfused heart

preparation in vitro used by other researchers has the
advantage of allowing the intrinsic factors of the heart in
cardioprotection against I/R injury to be studied in the
absence of cardiac innervation, blood-borne inflammatory
cell types, or other extrinsic factors. Unlike in the isolated
Langendorff-perfused heart, ISO mainly stimulates
f-adrenergic receptors on cardiomyocytes in vivo, result-
ing in cardiac tissue anoxia/hypoxia due to elevated oxygen
demand and bringing about a number of complex physio-
logical and pathological changes including tachycardia,
neurohormone production, coronary hypotension, inflam-
mation, and severe oxidative stress [10, 14, 17, 18].
Therefore, under this integrated condition, PKC inhibition
may have a different effect. Moreover, stimulation of
f-adrenergic receptors primarily activates PKA signaling
cascades, which influence cardiomyocyte contraction,
hypertrophy, and apoptosis [38]. Evidence showed that a
cross-talk exists between PKA and PKC [39]. Thus, it is
reasonable to believe that PKC inhibitor may block some
of the PKA signaling, and the effect of ISO will also be
partially attenuated.

In cultured neonatal rat cardiomyocytes, Johnson et al.
[40] demonstrated that pretreatment with éPKC inhibitor
completely prevented ISO-induced cardiomyocyte apop-
tosis, and inhibition of ¢PKC translocation specifically
blocked phorbol ester-mediated or norepinephrine-medi-
ated regulation of contraction. Similarly, Kang et al. [41]
found that ¢éPKC produced a strong positive inotropic
response upon accumulation at the Golgi or other intra-
cellular sites in adult rat ventricular myocytes. Evidence
also supported that PKC functions as a proximal regulator
of Ca®" handling and myocardial contractility in cardio-
myocytes [42-44]. Most recently, a study by Zheng et al.
[45] found that PMA (a PKC activator) increased the Ca’*
transient and accelerated the beating rates of neonatal rat
cardiomyocytes. These studies suggest that PKC inhibition
may attenuate the ISO-induced positive inotropic effect in
rat heart. In fact, CHE abolished ECG-epicatechin-3-gal-
late (the most effective tea catechin)-induced and inter-
medin (adrenomedullin-2)-induced inotropic effects on the
isolated murine cardiomyocytes [46, 47]; the effect may
alleviate the myocardial ischemia/hypoxia and prevent the
heart from experiencing ultrastructural damage induced by
ISO. Furthermore, JPKC is proapoptotic in myocardial I/R
injury and involved in several aspects of mitochondrial
function including cytochrome c release, ATP synthesis,
and ROS generation [7]. Simonis et al. [48] reported CHE
influenced the balance of pro- and anti-apoptotic pathways
in the remote myocardium of rats after infarction, with an
inhibition of proapoptotic and an activation of anti-apop-
totic signals. Inhibition of JPKC protects ischemic myo-
cardium by preventing both oncotic and apoptotic cell
death [7], which is also responsible for our current result.
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Taken together, as a nonselective inhibitor, CHE may
block the activity of PKC isozymes during EP and atten-
uate the ISO-induced myocardial injury by modulating
Ca”* handling and myocardial contractility through éPKC
and oPKC, and reducing the JPKC-mediated apoptosis or
necrosis. Studies on I/R injury also showed that, although
CHE blocked the cardioprotection of IPC, CHE by itself
could directly reduce the infarct size during I/R injury in
situ and in isolated perfused rabbit hearts [49]. A new
specific PKC inhibitor, Go 6983, also showed a cardio-
protective effect against I/R injury [50]. These results
indicate PKC inhibition may also have a beneficial effect
even in I/R injury; thus the role of PKC in preconditioning
is complicated and needs further investigation.

In conclusion, the present work demonstrated that EP
attenuated the ISO-induced myocardial injury at 24 h post-
exercise in rats. Injection of the nonselective PKC inhibitor
CHE before EP failed to attenuate the cardioprotective
effect of EP and in fact resulted in an unexpectedly mild
myocardial injury. These findings suggest that EP can exert
a late cardioprotective effect against ISO-induced myo-
cardial injury, and that injection of the nonselective PKC
inhibitor CHE before EP may have a different effect on
ISO-induced myocardial injury. Further investigation
needs to be conducted to determine the role of different
PKC isozymes in EP by using isozyme-selective inhibitors.
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