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Abstract: The purpose of this study was to determine whether protein kinase C-epsilon (PKCε) and extracellular sig-
nal-regulated kinase (ERK) 1/2 were involved in morphine postconditioning (MpostC) in isolated rat hearts. The iso-
lated rat hearts were randomly assigned into one of the following groups. Hearts in the time control (TC) group were 
constantly perfused with K-H buffer for 105 min. Hearts in the ischemia-reperfusion (I/R) group were subjected to 
45 min of ischemia followed by 1 h of reperfusion. MpostC was induced by 10 min of morphine administration at 
the onset of reperfusion. In the other four groups, εV1-2 and PD98059 were administered with or without morphine 
during the first 10 min of reperfusion following the 45 min of ischemia. I/R injury was assessed by functional param-
eters, creatine kinase-MB (CK-MB) release and infarct size (IS/AAR). Additional hearts were excised at 20 min fol-
lowing reperfusion in all groups to detect PKCε activation and ERK1/2 phosphorylation.  MpostC markedly reduced 
CK-MB release and IS/AAR, and improved cardiac functional recovery. However, these protective effects were partly 
abolished in the presence of either εV1-2 or PD98059. The membrane translocation of PKCε and the phosphoryla-
tion of ERK1/2 were increased in the I/R hearts, and further enhanced by MpostC. εV1-2, whether used alone or 
together with morphine, eliminated translocation of PKCε. The phosphorylation ERK1/2 was also abolished in the 
presence of εV1-2 or PD98059, which was also administered either individually or together with morphine. These 
findings suggested that morphine postconditioning protected isolated rat hearts against ischemia-reperfusion injury 
via the recruitment of the PKCε-ERK1/2 signaling pathway.
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Introduction

In a previously study, we demonstrated that 
administration of morphine immediately at the 
onset of reperfusion, namely morphine post-
conditioning (MpostC), reduced the infarct size 
to an extent similar to morphine precondition-
ing (MPC) via activating κ-opioid receptor (OR) 
in isolated rat hearts [1]. However, the post-
receptor signaling mechanisms involved in 
MpostC remained poorly defined.

One family of signaling proteins commonly 
linked to the modulation of ischemia-reperfu-
sion injury is protein kinase C (PKC), particularly 
the PKC isozyme PKCε [2]. Previous research 
demonstrated that membrane translocation of 

PKCε was critical to triggering cardioprotective 
effects in both ischemic preconditioning (preC) 
[3] and ischemic postconditioning (postC) [4, 
5]. Furthermore, activation of PKCε is also in- 
volved in the cardioprotective effect produced 
by opioid receptor agonist induced PC [6, 7]. 
Conversely, few studies have yet to verify 
whether or not PKCε is also involved in opioid 
receptor agonist induced posC, or identify the 
potential downstream targets of PKCε acti- 
vation.

Extracellular signal-regulated kinase (ERK) 1/2 
is one important component of reperfusion 
injury survival kinases (RISK), which are acti-
vated at the time of reperfusion and afforded 
opportunity for protecting the heart against 
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lethal reperfusion-induced injury [8]. Evidence 
shows that the activation of ERK1/2 was impli-
cated in both preC [9] and postC [10], indicat-
ing that preC and postC possibly recruit a com-
mon signal pathway during myocardial reper- 
fusion. Furthermore, recent studies suggested 
that the phosphorylation of ERK1/2 was in- 
volved in opioid receptor agonist induced postC 
[11, 12], though the exact mechanism through 
which ERK1/2 was activated remains unclear.

The activation of ERK1/2 is regulated by phos-
phorylation, and this process was shown to be 
PKC-dependent [13]. Additionally, the PKCε-
ERK1/2 signaling pathway was involved in the 
protective effects of ischemic PC [9]. However, 
whether MpostC also shares the same RISK 
pathway is still unclear. Therefore, the objective 
of the present study was to determine (1) 
whether the membrane translocation of PKCε 
and ERK1/2 phosphorylation is involved in 
MpostC, and (2) whether the two events are 
linked.    

Material and methods

All experimental procedures and protocols 
used in this investigation were reviewed and 

grade perfusion at 100 cm H2O with Krebs-
Ringer’s solution (115 Mm NaCl, 5 mM KCl, 1.2 
mM MgSO4, 1.2 mM KH2PO4, 1.25 mM CaCl2, 
25 mM NaHCO3, and 11 mM glucose) gassed 
with 95% O2-5% CO2 (pH 7.4, temperature 
37°C). An incision was made in the left atrium, 
and a fluid-filled latex balloon was passed 
through the mitral orifice and placed in the left 
ventricle. The balloon was connected to a pres-
sure transducer for continuous monitoring of 
left ventricular developed pressure (LVDP),  
left ventricular end-diastolic pressure (LVEDP) 
and heart rate (HR) via PowerLab Systems 
(PowerLab/8sp, AD Instruments, Australia). In 
the first 15 min of perfusion, the heart was 
allowed to stabilize, and any heart showing 
intractable arrhythmia or low left ventricular 
systolic pressure (LVSP) < 50 mmHg was ex- 
cluded from the study.

Experimental protocols

The study consisted of 2 experimental proto-
cols (Figure 1). All hearts were subjected to 45 
min global ischemia and 60 min (protocol 1) or 
20 min (protocol 2) of reperfusion after a 
15-min stabilization period. MpostC was pro-
duced by a 10-min perfusion of morphine 
immediately at the onset of reperfusion.

Figure 1. Scheme of treatment protocols. Hearts in the time control (TC) 
group were constantly perfused with K-H buffer for 105 min. Hearts in other 
groups were subjected to 45 min of ischemia and 60 min of reperfusion. 
Morphine postconditioning (MpostC) was performed by a 10-min perfusion 
of morphine (3×10-6 M) immediately at the onset of reperfusion. εV1-2 (1×10-6 
M), PD (PD98059, 1×10-5 M), and DMSO (dimethyl sulfoxide, < 0.1%) were 
administered alone or together with morphine. Left ventricular tissue sam-
ples were collected for western blotting 20 min after reperfusion, and infarct 
size and CK-MB releases were measured at the end of reperfusion.

approved by the Institutional 
Animal Care and Use Commi- 
ttee of the Affiliated Hospital 
of Qingdao University and 
were performed in accor-
dance with the Guide for the 
Care and Use of Laboratory 
Animals from the Institute of 
Laboratory Animals Resour- 
ces. All reagents, unless spe- 
cified, were obtained from 
Sigma Chemicals (St. Louis, 
MO).

Isolated heart preparation

These methods were similar 
to those used in previous 
experiments [1]. Briefly, male 
Sprague-Dawley rats weighing 
180-200 g were anesthetized 
with an intraperitoneal injec-
tion of 40 mg/kg sodium pen-
tobarbital and decapitated. 
The hearts were removed rap-
idly and mounted on a non-
circulating Langendorff appa-
ratus and underwent retro-
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Protocol 1: Survival kinases in MpostC-induced 
cardioprotection: To assess the potential roles 
of PKCε and ERK1/2 in MpostC-induced cardio-
protection, hearts were randomly assigned to 1 
of 8 groups (n = 8, respectively): (1) TC group 
(time control); (2) I/R group (ischemic control); 
(3) MpostC group (morphine, 3.0×10-6 mM); (4) 
I/R + εV1-2 group (PKCε inhibitor, 1×10 -6 mM); 
(5)εV1-2 + MpostC group; (6) I/R + PD98059 
group (ERK1/2 inhibitor, 1×10-5 mM); (7) 
PD98059 + MpostC group; (8) I/R + DMSO 
group (dimethyl sulfoxide, < 0.1%).

Protocol 2: Assessment of survival kinases: To 
assess the membrane translocation of PKCε 
and ERK1/2 phosphorylation in MpostC by 
standard Western blotting, additional hearts 
were used 20 min after reperfusion of the 
above 8 groups (n = 5, respectively). Left ven-
tricular tissue samples were immediately col-
lected, frozen in liquid nitrogen, and stored at 
-80°C until processing. Preliminary experi-
ments in our model showed that PKCε mem-
brane translocation and ERK1/2 phosphoryla-
tion consistently increased after 20 min of 
reperfusion and that differences between ex- 
perimental groups were most pronounced at 
this time point.

The chemicals were perfused with or without 
morphine for a period of 10 min at the onset  
of reperfusion. Morphine, εV1-2, PD98059 and 
DMSO were all purchased from Sigma-Aldrich 
(Sigma-Aldrich, CA, USA), and the concentra-
tions used in this study were based on previous 
studies [1, 10, 14]. 

Myocardial infarct size and myocardial injury

Myocardial infarct size and myocardial injury 
were measured in accordance to previous 
research [1]. In short, infarct size was deter-
mined by 2,3,5-triphenyltetrazolium chloride 
(TTC) staining, and then determined by dividing 
the total necrotic area of the left ventricle by 
the total left ventricular slice area (IS/AAR). 
Additionally, the release of creatine kinase-MB 
(CK-MB) was measured by collecting total coro-
nary effluent over the 60 min reperfusion peri-
od, and expressed as U/h/g. 

Cytosolic and particulate fraction preparation

To analyze cytosolic protein contents and par-
ticulate fraction of the myocardium, frozen 
samples were homogenized with a pestle motor 

at 0°C-4°C in buffer A consisting of 50 mM  
Tris-Cl, pH 7.5, 2 mM EDTA, 2 mM EGTA, 1 mM 
dithiothreitol, and inhibitors for protease and 
phosphatase (5 mg/mL each of leupeptin, 
aprotinin, pepstatin A, chymostatin, 50 mM KF, 
50 mM okadaic acid, 5 mM sodium pyrophos-
phate) (Kontes; Sigma). These homogenates 
were centrifuged at 300,000 g for 30 minutes 
at 4°C in an Optima TLX Ultracentrifuge 
(Beckman Coulter CO.) to yield the cytosolic 
fraction. Resuspended in buffer B (buffer A + 
0.5% Nonidet P-40), the crude membrane frac-
tion pellet was sonicated and then centrifuged 
at 300,000 g for 30 minutes at 4°C. The final 
supernatant was the particulate fraction. To 
analyze protein expression in whole tissue 
homogenate, myocardium was homogenized 
and sonicated in buffer C (buffer A + 2% sodi-
um dodecyl sulfate). The protein concentra-
tions were measured using a BCA protein assay 
kit (Pierce, Rockford, IL) and bovine serum 
albumin as standards.

SDS polyacrylamide gel electrophoresis and 
western blot

To determine changes in cytosolic PKCε con-
tents, the particulate fraction, and whole tissue 
homogenate, 40 μg of protein from each sam-
ple was loaded per lane in 10% SDS polyacryl-
amide gel electrophoresis (PAGE) gels. After 
being electrotransferred and blocked, the 
membrane was incubated overnight at 4°C 
with the primary antibody anti-PKCε (1:1000) 
and a secondary antibody conjugated with 
horseradish peroxidase (1:1000; Santa Cruz 
Biotechnology Inc., CA, USA) at room tempera-
ture. After washing three times, bands were 
detected using ECL-plus reagents (Pharmacia 
Biotech, Piscataway, NJ). To check the slight 
variation in protein loading between samples, 
western blot for β-actin was performed as an 
internal control. The relative optical density of 
bands from each sample was normalized ag- 
ainst that of β-actin, and results were expressed 
as a percentage of total PKCε, which were then 
translated into a percentage of TC. 

To determine the changes of ERK1/2 phos-
phorylation, 80 μg of protein from the whole tis-
sue homogenate was loaded per lane in 8% 
SDS-PAGE gel. The primary antibodies specific 
toERK1/2 and phosphorylated ER K1/2Thr-202/ 

Tyro-204 were purchased from Santa Cruz (Santa 
Cruz Biotechnology Inc., CA, USA). The phos-
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phorylation levels of ERK1/2 were expressed 
as a percentage of ERK1/2.

Statistical analysis

Statistical analysis of infarct size and PKCε or 
ERK1/2 measurements was performed by 
Student’s t test with Bonferroni’s correction  
for multiple comparisons. Hemodynamics was 
analyzed using two-way repeated measures 
analysis of variance for time and treatment 
effects. If an overall significance was found, 
comparisons between groups were done for 
each time point using one-way analysis of vari-
ance, followed by Tukey post hoc testing. Time 
effects within each group were analyzed using 
repeated measures analysis of variance, fol-
lowed by Dunnett post hoc testing, with the 
baseline value as the reference time point. 

MpostC group than in the I/R group (P < 0.05). 
However, the functional improvements elicited 
by MpostC were partly reversed by co-adminis-
tration of εV1-2 and PD98059, each of which did 
not influence cardiac recovery when used alone 
(P > 0.05) (Table 1).

Membrane translocation of PKCε

Compared with TC hearts, the membrane trans-
location of PKCε from the cytosolic fraction to 
the particulate increased (P < 0.05) (Figure 3). 
However, MpostC further enhanced membrane 
translocation of PKCε when compared to the 
I/R hearts (P < 0.05) (Figure 3). εV1-2, adminis-
tered alone or together with morphine signifi-
cantly inhibited membrane translocation of 
PKCε (P < 0.05) (Figure 3), suggesting that the 
activation of PKCε might be involved in MpostC. 

Figure 2. A. Effects of various treatments on infarct size, expressed as a 
percentage of the area at risk (IS/AAR). The time control (TC) group was not 
included because no obvious necrotic area was measured. Values are pre-
sented as mean ± SD. *P < 0.05 versus  I/R, †P < 0.05 versus MpostC. B. 
Effects of various treatments on CK-MB release. Values are presented as 
mean ± SD. *P < 0.05 versus baseline, †P < 0.05 versus  time control (TC), 
§P < 0.05 versus I/R. I/R, ischemia reperfusion; MpostC, morphine post-
condtioning (3×10-6 M); εV1-2, PKCε inhibitor (1×10-6 M); PD, ERK1/2 inhibitor 
(1×10-5 M); DMSO, dimethyl sulfoxide.

Statistical differences were 
considered significant when P 
< 0.05. Data was expressed 
as means ± SD.

Results

PKCε and ERK1/2 in MpostC

Compared to the I/R group, 
MpostC markedly reduced IS/
AAR (P < 0.05) (Figure 2A) 
and CK-MB (P < 0.05) (Figure 
2B). However, the protective 
effects offered by morphine 
were partly reversed by co-
administration of either εV1-2 
or PD98059 (P < 0.05), which, 
when given alone, showed no 
influence (P > 0.05) (Figure 2). 

The baseline hemodynamics 
was similar in all experimental 
groups (P > 0.05), and all vari-
ables remained constant in 
the TC group during the exper-
iment (Table 1). Compared to 
baseline, the cardiac function 
in the other seven groups de- 
teriorated, showing an obvi-
ous reduction in CF, HR, and 
LVDP, and a significant incr- 
ease in LVEDP at 10, 30, and 
60 min of reperfusion (P < 
0.05). All hemodynamic va- 
riables were better in the 
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ERK1/2 phosphorylation 

Compared to the TC group, the results from 
western blotting showed increased ERK1/2 

Considering most ischemic events are unpre-
dictable in clinical practice, ischemic postC is 
of great clinical interest because it is performed 
during the onset of the reperfusion period. 

Table 1. Hemodynamic parameter

Baseline
Reperfusion

10 min 30 min 60 min 
CF, ml/min
    TC 11.0 ± 1.3 10.8 ± 1.1 10.5 ± 1.2 10.2 ± 1.3
    I/R 10.7 ± 1.5 4.5 ± 0.5*,† 4.6 ± 0.4*,† 4.5 ± 0.8*,†

    MpostC 11.2 ± 1.2 9.3 ± 1.4*,†,§ 9.2 ± 1.0*,†,§ 9.0 ± 0.9*,†,§

    MpostC + εV1-2 10.8 ± 0.6 6.5 ± 0.5*,†,§ 6.8 ± 0.8*,†,§ 6.5 ± 0.6*,†,§

    εV1-2 10.8 ± 1.2 4.8 ± 0.5*,† 4.9 ± 0.5*,† 4.8 ± 0.8*,†

    MpostC + PD 10.6 ± 0.6 6.8 ± 0.5*,†,§ 6.8 ± 0.8*,†,§ 6.6 ± 0.6*,†,§

    PD 10.9 ± 1.0 4.6 ± 0.5*,† 4.5 ± 0.6*,† 4.6 ± 0.2*,†

    DMSO 10.8 ± 1.0 4.8 ± 0.5*,† 4.8 ± 0.7*,† 4.5 ± 0.4*,†

HR, beats/min
    TC 295 ± 12 290 ± 18 292 ± 15 288 ± 13
    I/R 298 ± 15 165 ± 15*,† 168 ± 18*,† 160 ± 12*,†

    MpostC 298 ± 11 238 ± 16*†§ 236 ± 18*†§ 230 ± 13*†§

    MpostC + εV1-2 300 ± 14 185 ± 20*,†,§ 188 ± 20*,†,§ 182 ± 12*,†,§

    εV1-2 296 ± 15 169 ± 17*,† 165 ± 16*,† 162 ± 13*,†

    MpostC + PD 300 ± 14 187 ± 18*,†,§ 190 ± 20*,†,§ 185 ± 15*,†,§

    PD 301 ± 15 166 ± 16*,† 165 ± 12*,† 166 ± 15*,†

    DMSO 295 ± 16 170 ± 18*,† 160 ± 14*,† 162 ± 13*,†

LVDP, mmHg
    TC 120 ± 10 118 ± 15 116 ± 12 115 ± 10
    I/R 118 ± 12 54 ± 10*,† 60 ±10*† 58 ± 8*,†

    MpostC 120 ± 8 90 ± 10*,†,§ 88 ± 8*,†,§ 86 ± 5*,†,§

    MpostC + εV1-2 119 ± 13 68 ± 10*,†,§ 67 ± 8*,†,§ 62 ± 5*,†,§

    εV1-2 121 ± 11  55 ± 9*,† 60 ± 8*,† 60 ± 8*,†

    MpostC + PD 116 ± 12 68 ± 8*,†,§ 69 ± 10*,†,§ 65 ± 5*,†,§

    PD 117 ± 10 54 ± 10*,† 61 ± 11*,† 56 ± 6*,†

    DMSO 118 ± 7 59 ± 11*,† 60 ± 7*,† 58 ± 7*,†

LVDEP, mmHg
    TC 4.1 ± 0.5 4.5 ± 0.5 4.2 ± 0.6 4.6 ± 0.3
    I/R 4.2 ± 0.6 42.8 ± 7.0*,† 45.1 ± 6.8*,† 45.5 ± 6.5*,†

    MpostC 4.1 ± 0.5 18.6 ± 5.0*,†,§ 18.5 ± 6.5*,†,§ 19.0 ± 5.8*,†,§

    MpostC + εV1-2 4.5 ± 0.6 31.4 ± 6.0*,†,§ 32.0 ± 5.0*,†,§ 32.2 ± 7.2*,†,§

    εV1-2 4.0 ± 0.2 42.3 ± 6.0*,† 44.7 ± 5.8*,† 45.0 ± 6.1*,†

    MpostC + PD 4.6 ± 0.6 32.0.4 ± 6.5*,†,§ 32.0 ± 5.0*,†,§ 33.2 ±4.7*,†,§

    PD 4.4 ± 0.5 41.3 ± 5.8*,† 42.4 ± 5.0*,† 43.0 ± 4.9*,†

    DMSO 4.3 ± 0.4 42.5 ± 5.5*,† 42.7 ± 5.7*,† 43.0 ± 6.0*,†

Baseline = 15 min after stabilization; CF = coronary flow; εV1-2 = PKCε inhibitor; I/R = 
control; DMSO = dimethyl sulfoxide (vehicle; < 0.1%); HR = heart rate; LVDP = left ven-
tricular developed pressure; LVEDP = left ventricular end-diastolic pressure; MpostC = 
morphine postconditioning; PD = PD98059. Data are presented as mean ± SD (n = 8/
group). *P < 0.05 versus  baseline (intragroup comparison), †P < 0.05 versus respec-
tive value in the TC group (intergroup comparison), §P < 0.05 versus respective value 
in the I/R group (intergroup comparison).

phosphorylation in I/R he- 
arts (P < 0.05) (Figure 4). 
However, MpostC further 
enhanced ERK1/2 phos-
phorylation when compar- 
ed to the I/R hearts (P < 
0.05) (Figure 4). Both εV1-2 
and PD98059, administe- 
red alone or together with 
morphine, reduced ERK1/2 
phosphorylation (P < 0.05) 
(Figure 4), suggesting that 
PKCε might play a critical 
role in stimulating ERK1/2 
activation. Lastly, DMSO 
did not influence ERK1/2 
phosphorylation (P > 0.05) 
(Figure 4), and the total 
ERK1/2 did not differ am- 
ong groups.

Discussion

In the present study, we 
investigated the role of 
PKCε and ERK1/2 in mor-
phine-induced postC in the 
rat heart in vitro. Findings 
were summarized as fol-
lows: (1) Both PKCε and 
ERK1/2 were involved in 
MpostC; (2) Subsequent 
western blot analysis sh- 
owed that MpostC signifi-
cantly enhanced PKCε me- 
mbrane translocation and 
ERK1/2 phosphorylation, 
and these effects were 
completely blocked by εV1-2, 
a selective PKCε inhibitor, 
demonstrating that PKCε 
might be an upstream re- 
gulator of ERK1/2. Taken 
together, the present study 
illustrated that the PKCε-
ERK1/2 signaling pathway 
was involved in MpostC, 
and provided new insight 
into opioid receptor ago-
nist-induced postC in myo- 
cardium. 
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However, it is difficult to routinely apply inter-
mittent episodes of myocardial ischemia-reper-
fusion during the first moments of reperfusion 
in clinical practice. Using a pharmacological 
postC strategy, we previously showed that mor-
phine-induced postC significantly reduced myo-
cardial reperfusion injury [1]. 

The activation of PKC is associated with mem-
brane translocation from the cytosol to the par-
ticulate fraction of the cell [15], and the activa-
tion of PKC, in particular, the PKCε isoform, is 
pivotal in protecting hearts from ischemia 
reperfusion injury in ischemic preC [3]. It was 
suggested that the infarct-sparing effect of 
ischemic postC is also dependent on the acti-
vation of PKCε [4, 5]; moreover, this protective 
effect was associated with endogenous opioid 
peptides [16-18]. The present study provides 
new evidence that the activation of PKCε is also 
involved in exogenous opioid receptor agonist-
induced (morphine)postC in myocardium. 

As an important reperfusion injury salvage 
kinase (RISK), ERK1/2 plays a pivotal role in 
protecting the heart against ischemia reperfu-
sion injury [19]. Evidence indicates that the  
protective effects of ischemic and anesthetic 
postC were conferred by ERK1/2 phosphoryla-
tion [10, 20]. The present study demonstrated 
that MpostC protected the hearts against 
reperfusion injury through the phosphorylation 
of ERK1/2, and our findings were consistent 
with what Ha et al. [11] and Kim et al. [12] sug-
gested using a RpostC (remifentanil, an exoge-
nous opioid receptor agonist) strategy. 

However, the mechanisms through which 
ERK1/2 is activated in postconditioned hearts 
are still unclear. Increasing evidence indicates 
that PC and postC appear to recruit a common 
signaling pathway during myocardial reperfu-
sion [21]. The activation of ERK1/2 is regulated 
by phosphorylation, and this process was 
shown to be PKC-dependent [13]. Furthermo- 
re, the PKCε-ERK1/2 signaling cascade was 
shown to be involved in the protective effects 
of ischemic PC [9, 22]. Using a MpostC strate-
gy, the present study reinforced these findings 
by illustrating that εV1-2 selectively blocked 
PKCε translocation and inhibited the phosphor-
ylation of ERK1/2. This offered new insights 
into the post-receptor signaling pathway in opi-
oid receptor agonist-induced postC. 

On the contrary, there are experimental find-
ings different from ours. It was demonstrated 
that ERK1/2-dependent activation of PKCε was 
involved indesfluranepreC induced protective 
effects in in vivo rat hearts [23]. Furthermore, 
Penna et al. suggested that acid postC rotect- 
ed against myocardial I/R injury by activating 
ERK1/2-PKCε pathways in isolated rat hearts 
[24]. Though the differences of treatments 
(preC versus postC), dugs (morphine versus 
desflurane or acid perfusion), and animal mod-
els (in vitro versus in vivo) might account for the 
inconsistent observations, we cannot exclude 
the presumption that there might be an 
ERK1/2-PKCε positive feedback regulation. 
Namely, that PKCε dependently phosphorylates 
ERK1/2 while the phosphorylated ERK1/2 in 
turn activates PKCε. More evidence is neces-
sary to further verify this presumption. 

The current results must be interpreted within 
the constraints of potential limitations: (1) In 
contrast to an in vivo model, isolated hearts 

Figure 3. Effects of various treatments on mem-
brane translocation of PKCε. The upper panel shows 
the representative membrane and cytosolic PKCε in 
each of the five groups. The densities of PKCε were 
normalized against that of β-actin, and results were 
expressed as a percentage of the time control group, 
as shown in the lower pane. TC, time control; I/R, re-
perfusion injury; MpostC, morphine postcondtioning 
(3×10-6 M); εV1-2, PKCε inhibitor (1×10-6 M). Values 
are presented as mean ± SD (n = 5). *P < 0.05 ver-
sus TC, †P < 0.05 versus  I/R.
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have limited long-term biologic stability and 
may undergo short confounding ischemic peri-
ods during the surgical procedure, which could 
potentially affect observations. Therefore, it is 
inappropriate to directly extrapolate our results 
to in vivo conditions. (2) The chemicals (V1-2, 
and PD98059) were co-administered with  
morphine, and considering their differences in 
pharmacodynamics, it is possible that the 
chemicals may not have completely responsi-
ble for the pharmacological effects on MpostC, 
and this must be considered in the analysis. 

In conclusion, the present study shows that 
morphine postconditioning protects isolated 
rat hearts against ischemia-reperfusion injury 
via the recruitment of the PKCε-ERK1/2 signal-
ing pathway, and provides new insight into the 
post-receptor signal transduction mechanism 
involved in opioid receptor agonist-induced 
postC in myocardium.
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