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Abstract It has been shown that diabetes modifies the myo-
cardial responses to ischemia/reperfusion (I/R) and to
cardioprotective agents. In this study, we aimed to investigate
the effects of combined treatment with ischemic
postconditioning (IPostC) and cyclosporine A (CsA) on in-
flammation and apoptosis of the diabetic myocardium injured
by I/R. Eight weeks after induction of diabetes in Wistar rats,
hearts were mounted on a Langendorff apparatus and were
subsequently subjected to a 30-min regional ischemia follow-
ed by 45-min reperfusion. IPostC was induced at the onset of
reperfusion, by 3 cycles of 30-s reperfusion/ischemia (R/I).
The concentration of creatine kinase (CK), tumor necrosis
factor (TNF)-α, interleukin (IL)-1β, and IL-6 were deter-
mined; the levels of total and phosphorylated glycogen syn-
thase kinase 3 beta (p-GSK3β) and B-cell lymphoma 2 (Bcl-
2) were quantified by western blotting, and the rate of apopto-
sis was assessed by terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL) staining.
Administration of either IPostC or CsA alone in nondiabetic
animals significantly reduced CK, TNF-α, IL-1β, and IL-6

concentrations, increased the p-GSK3β and Bcl-2, and de-
creased the level of apoptosis (P < 0.05) but had no effect
on diabetic hearts. However, in diabetic animals, after admin-
istration of CsA, the cardioprotective effects of IPostC in in-
creasing the p-GSK3β and Bcl-2 and decreasing apoptosis
and inflammation were restored in comparison with
nonpostconditioned diabetic hearts. IPostC or CsA failed to
affect apoptosis and inflammation and failed to protect the
diabetic myocardium against I/R injury. However, combined
administration of IPostC and CsA at reperfusion can protect
the diabetic myocardium by decreasing the inflammatory re-
sponse and apoptosis.
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Introduction

Ischemic postconditioning (IPostC) is an effective
cardioprotective strategy that works by rapid, short-lived, and
intermittent interruptions of blood flow in the early phase of
reperfusion [2]. IPostC stimulates the endogenous mechanisms
that attenuate the multiple manifestations of reperfusion injury.
This may activate pro-survival signaling pathways, including
the extracellular signal-regulated kinase 1/2 (ERK1/2),
phosphoinositide-3-kinase/protein kinase B (PI3K/Akt), and
protein kinase C (PKC) pathways [20, 29]. In addition, IPostC
has been shown to alter the activity of mitochondrial ATP-
sensitive K+ channel and mitochondrial permeability transition
pore (mPTP) [4, 27]. mPTP is highly integrated in apoptotic
pathways; the opening of this pore during the onset of reperfu-
sion or in other circumstances including diabetes results in cy-
tochrome C release from the mitochondria into the cytosole, and
this, in turn, induces the next phases of cell apoptosis [15, 19].
There is strong evidence that blocking the apoptotic process can
reduce the incidence of heart failure by preventing the loss of
contractile cells and minimizing cardiac ischemia/reperfusion
(I/R) injury [1]. Moreover, IPostC-induced cardioprotection is
linked to the inhibition of mPTP via upregulation of the
PI3K/Akt survival signaling pathway and thereby inactivation
of glycogen synthase kinase-3 beta (GSK3β ) in cardiac cells [6,
7]. Activation of PI3K/Akt/GSK3β pathway effectively reduces
cardiomyocyte apoptosis and I/R injury [5, 28]. On the other
hand, cyclosporine A (CsA) is an immunosuppressive agent that
selectively inhibits mPTP opening [14]. As such, CsA exerts
significant cardioprotective effects which have been proven in
several previous studies onmyocardial I/R injury in subjects and
animal models yet without any comorbidities [17]. In addition,
several studies have shown that IPostC-provided
cardioprotection is offset by diabetes, although the effects of
IPostC on diabetic heart have not been thoroughly investigated
[21]. Diabetic patients face an increased risk of ischemic events
and organ damage from myocardial infarction, and they may
mount an inordinate response to I/R.

On the other hand, the inflammatory response has a crucial
role in I/R injury [25]. The exaggerated inflammatory re-
sponse to I/R which is induced by diabetes is concomitant
with the accumulation of adherent leukocytes and high ex-
pression of adhesion molecules. Inflammatory signaling cas-
cades triggered during reperfusion injury activate NF-κB and
result in the overexpression of a range of important pro-
inflammatory cytokine and chemokine genes, such as tumor
necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, IL-12, and
IL-8, and this plays a pivotal role in myocardial inflammatory
response [23, 31].

It has been argued that chronic diabetes sensitizes the heart
to I/R injury [18]. In addition, the protective IPostC could not
protect the diabetic myocardium from reperfusion injury. In
our previous works, we showed that the IPostC or CsA could

restore the hemodynamic function of I/R hearts in healthy but
not diabetic rats [3]. Here, we have designed the same protocol
with different animals to identify whether it is possible to
protect the diabetic myocardium from I/R injury through com-
bined postconditioning with ischemia and CsA and to explore
the role of cardiomyocyte apoptosis and inflammation medi-
ators in this context.

Materials and methods

Materials

Streptozotocin (STZ) was supplied by Tocris Company
(London, UK). TNF-α, IL-6, and IL-1β detection kits were
provided by eBioscience System (Austria) and Sigma-Aldrich
(St. Louis, MO, USA). All constituents of Krebs–Henseleit
solution were obtained from Merck company (Germany).

Animals

Male adult Wistar rats (250–350 g) were obtained from the
animal house of Tabriz University of Medical Sciences
(TUMS, Iran). All animals received humane treatment in ac-
cordance with the regulation of the Care and Use of
Laboratory Animals (National Institute of Health, publication
no. 85–23, revised 1996). The experimental procedures were
approved by the animal ethics committee of the Tabriz
University of Medical Sciences (ethics approval number:
A473/1–11-2013). At the beginning of the experiment, the
animals were randomly divided into two main categories of
diabetic and nondiabetic (control) groups. The animals were
housed under standard laboratory conditions at 24 ± 2 °C, rel-
ative humidity of 55 ± 5 %, and 12 h:12 h dark/light cycle. All
animals were allowed free access to food and water.

Induction of diabetes

Diabetes was induced by a single 50 mg/kg body weight in-
traperitoneal injection of STZ. STZ was dissolved in a 0.1-M
citrate buffer with pH 4.5. STZ disrupts the functioning of
pancreatic islet cells and reduces the secretion of insulin, even-
tuating in the development of type-I diabetes. To confirm the
development of diabetes, 72 h post injection of STZ, blood
glucose levels were measured by a glucometer device by the
blood samples acquired from scratching tails of rats. The an-
imals with blood glucose levels higher than 300 mg/dl were
considered diabetic [3]. Blood glucose measurements were
performed again at fourth and eighth weeks after STZ injec-
tion. After 8 weeks post STZ administration (chronic diabe-
tes), the diabetic as well as the control animals were sacrificed
and all experiments were performed on isolated perfused beat-
ing hearts in a Langendorff setup.
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Induction of regional I/R and IPostC

The isolated hearts were retrogradely perfused through the
aorta with a Krebs–Henseleit solution as described previously
[10]. The perfusion pressure of solution was adjusted to a
constant 75mmHg and the solution was gassed with a mixture
of 95 % O2 and 5 % CO2 at 37 °C and pH 7.4. After a 15-min
stabilization period, all isolated hearts were subjected to a 30-
min regional ischemia followed by a 45-min reperfusion peri-
od. Regional I/R process was performed by blocking and re-
opening of the left anterior descending (LAD) coronary artery,
using a 5-0 silk ligature placed around the LAD close to its
origin. An instantaneous drop (down to 30–40 % of its base-
line value) in coronary flow at the onset of index ischemia and
the subsequent recovery of the coronary flow in the reperfu-
sion period indicated success in inducing the I/R cycle. IPostC
was carried out by three intermittent cycles of 30-s
reperfusion/ischemia (R/I) (3 cycles of 30-s R/I), respectively,
applied immediately at the onset of reperfusion.

I/R experimental protocol

For I/R experiments, the control and diabetic animals were
divided into eight subgroups (n = 8) as (1) control (C), (2)
control with IPostC (C+IPostC), (3) control with CsA (C+
CsA), (4) control with IPostC plus CsA (C+IPostC+CsA),
(5) diabetic (D), (6) diabetic with IPostC (D+IPostC), (7) di-
abetic with CsA (D+CsA), and (8) diabetic with IPostC and
CsA (D+IPostC+CsA). The isolated hearts in all groups were
perfused with the Krebs–Henseleit solution and underwent
30 min of regional ischemia followed by 45 min of reperfu-
sion. In IPostC-receiving groups, the hearts received 3 cycles
of 30-s R/I at the onset of reperfusion according to the IPostC
protocol. Furthermore, in CsA-receiving groups, 5 min before
the onset of reperfusion up to 10 min after reperfusion, the
hearts were perfused with a Krebs–Henseleit solution contain-
ing 0.01 mM CsA as an inhibitor of mPTP. The experimental
groups which did not receive CsAwere perfused with a pure
Krebs–Henseleit solution for the designated period.

CK release measurement

Myocardial cellular damage was evaluated by measuring the
creatine kinase (CK) release in coronary effluent collected
10 min after beginning of reperfusion. CK activity was mea-
sured spectrophotometrically with a commercially available
kit (Roche Diagnostics, Germany). The absorbance CK solu-
tion was read at 340 nm. The results were reported in U/l.

Preparation of tissue homogenates

At the end of experiments, the heart samples (isolated from the
ischemic zone of the left ventricle) were immediately frozen in

liquid nitrogen and stored at −80 °C. Samples were prepared
according to a modified protocol for tissue homogenization.
Approximately 0.5 g of ventricular tissue was weighed and cut
into pieces in about 5 ml of ice-cold lysis buffer containing
1 mM KH2PO4, 1 mM KCL, 50 mM Tris-HCl pH 7.4, 1 mM
EDTA, 1 mMNaF, 1 mM Na3VO4, triton X100, and protease
inhibitor cocktail and was then homogenized with a Polytron
PT-10/ST homogenizer. The homogenate was centrifuged at
10,000g for 10 min at 4 °C. The supernatants were removed
from the homogenates and quickly frozen at −80 °C until
determination of protein levels and cytokine activity.
Bradford method was used to determine protein concentration
in samples.

Determination of cardiac TNF-α, IL-1β, and IL-6
concentrations

Cardiac TNF-α, IL-1β, and IL-6 concentrations were mea-
sured using an ELISA and rat specific ELISA kits according
to the kit instructions. A coating plate was then placed in the
ELISA reader to read the absorbance of each sample at
450 nm. All optical density values were converted to the final
concentration based on mg protein of each samples and
expressed as picograms per milligram of total protein.

Determination of myocardial apoptosis

Myocardial apoptosis was monitored by terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling (TUNEL) staining, as previously described in refer-
ence [20]. TUNEL staining was performed with fluorescein
UTP according to manufacturer instructions (In Situ Cell
Death Detection Kit, Roche Diagnostics) for apoptotic cell
nuclei and 49 6-diamidino-2-henylindole (DAPI) (Sigma)
stained all cell nuclei. Apoptotic index (AI) was calculated
as the number of TUNEL-positive myocytes/total number of
myocytes stained with DAPI from ten fields per heart. All of
these assays were performed in a blinded manner.

Western blotting

Fifty microgram protein of each sample was separated on
12.5 % SDS-PAGE and electrotransferred to PVDF mem-
branes (Millipore, Bedford, MA). The membranes were
blocked with 5 % nonfat milk in PBS/T for 60 min at room
temperature, then incubated overnight at 4 °C with monoclo-
nal antibodies against GSK3β (1:2000, Cell Signaling
Technology, USA), phospho(Ser9)GSK3β (1:2000, Cell
Signaling Technology), B-cell lymphoma 2 (Bcl-2) (1:2000,
Cell Signaling Technology), and β-actin (1:5000, Cell
Signaling Technology) for overnight. After four 5-min washes
with PBS/T, membranes were incubated with horseradish
peroxidase-linked goat anti-mouse secondary antibody
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(1:2500, Cell Signaling) for 120 min at room temperature.
After rinsing, the protein bands were visualized using the
ECL chemiluminescence system (GE Healthcare). Protein
band intensity were measured by ImageJ 1.6 software
(National Institutes of Health, MD, USA) and normalized to
its β-actin. To determine the amount of GSK3β phosphoryla-
tion in each sample, the ratio of the intensity of
phospho(Ser9)GSK3β to total GSK3β was calculated.

Statistical analysis

All values were expressed as means ± SEM. Two-way analy-
sis of variance (ANOVA) was used for comparison of param-
eters within groups. One-way ANOVA and post hoc Tukey’s
test were used for multiple comparisons of parameters be-
tween different groups. Independent t test was used for com-
parison between two groups. Differences were considered sta-
tistically significant when p < 0.05.

Results

General characteristics of control and diabetic rats

Table 1 indicates the general characteristics and basic data of
control and diabetic rats. Independent t test showed that
8 weeks of type-I diabetes led to significant hyperglycemia
(F(1,58) = 43.88, P < 0.001) as well as reduced body weight
(F(1,58) = 9.18, P < 0.001) and increased the ratio of heart
weight to body weight (F(1,58) = 5.73, P < 0.001), in compar-
ison with those of control animals.

Myocardial CK release

The alterations of CK levels can serve as an index for tissue
injury. Myocardial CK release (in U/l) in experimental I/R
hearts has been shown in Fig. 1. The two-way ANOVA indi-
cated a significant effect of the treatment on myocardial CK
levels (F(4,70) = 8.13, P < 0.001). The main effect of diabetes
on CK levels was not significant (F(1,78) = 1.11, P = 0.29), but
the interaction effect of treatment × diabetes was highly sig-
nificant (F(4,70) = 3.75, P = 0.015). There was no significant
difference in CK levels between control and diabetic sham
groups, as indicated by one-way ANOVA and Tukey post
hoc. Application of IPostC at the beginning of reperfusion in

control hearts significantly reduced myocardial CK release (in
U/l) as compared with those of the control I/R group
(11.8 ± 2.1 vs. 17.5 ± 2.8, P = 0.04). Administration of CsA
at the end of ischemia had an effect similar to IPostC effect
(9.6 ± 1.2, P = 0.01). In addition, when both CsA and IPostC
were administered simultaneously in control hearts, CK re-
duction was increased even to a greater extent (9.4 ± 0.9 vs.
17.5 ± 2.8, P = 0.007). In diabetic hearts, however, only the
effect of combination therapy (IPostC+CsA) was statistically
significant in comparison with the diabetic I/R group
(8.6 ± 1.4 vs. 15.6 ± 2.7, P = 0.01).

Myocardial cytokines

The main effects of diabetes for IL-6 and IL-1β were signif-
icant (two-way ANOVA, F(1,62) = 29.07, P < 0.001; and
F(1,62) = 19.38, P < 0.001, respectively). The significant main
effects were found for treatments for IL-6 and IL-1β (two-way
ANOVA, F(3,56) = 26.11, P < 0.001; and F(3,56) = 8.83,
P = 0.021, respectively). In addition, results showed a signif-
icant interaction between treatment and diabetes for IL-6
(F(3,56) = 4.35, P = 0.04). One-way ANOVA showed that
administration of IPostC or CsA in healthy (or control) I/R
hearts significantly reduced the levels of IL-6, picograms per
milligram of sample protein (42.802 ± 5.03 by IPostC and
42.625 ± 5.1 by CsA vs. 60.748 ± 6.3 in control I/R hearts,
P < 0.001), and also significantly reduced the levels of IL-1β,
picograms per milligram (30.49 ± 3.68, P = 0.032 by IPostC
and 28.45 ± 6.49, P = 0.028 by CsA vs. 46.08 ± 2.76), in
comparison with untreated control I/R hearts. However, in
diabetic hearts, the positive effects of IPostC (P = 0.49) or
CsA (P = 0.082) were not observed (Fig. 2a, b, respectively).
Furthermore, the combination of IPostC and CsA, both in
healthy and diabetic hearts, significantly decreased IL-6 and
IL-1β levels in treated hearts compared to untreated I/R hearts
and this effect was stronger than each single treatment along in
both control and diabetic hearts. The mean ± SEM values of
combination therapy vs. untreated I/R hearts and significance
levels of multiple comparison by Tukey’s test for IL-6 levels
were 33.72 ± 3.6 vs. 60.748 ± 6.3 pg/mg in control I/R hearts,
P < 0.001 and 44.71 ± 3.18 vs. 73.78 ± 2.23 pg/mg in diabetic
I/R hearts, P = 0.002 and for IL-1β levels were 25.03 ± 2.95
vs. 46.08 ± 2.76 pg/mg in control I/R hearts, P = 0.014 and
39.02 ± 3.56 vs. 58.43 ± 3.41 pg/mg in diabetic I/R hearts,
P = 0.040.

Table 1 Blood glucose, body
weight, heart weight, and ratio of
heart weight to body weight in
control and diabetic rats

Groups Blood glucose (mmol/l) Body weight (g) Heart weight (g) Heart weight/body weight (%)

Controls 5.43 ± 0.39 282 ± 11 1.17 ± 0.05 0.41 ± 0.01

Diabetics 28.31 ± 3.60* 206 ± 9* 1.04 ± 0.04 0.50 ± 0.02*

Values are mean ± SEM, n = 30/each group. Independent t test was used for comparison between two groups

*P < 0.001 as compared with the control group
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Moreover, the main effects of diabetes and treatments for
TNF-α were significant (two-way ANOVA, F(1,62) = 12.67,
P = 0.01 and F(3,56) = 3.18, P = 0.05, respectively). Also, two-
way ANOVA results indicated a significant interaction be-
tween treatment and diabetes for TNF-α (F(3,56) = 5.03,
P = 0.006). One-way ANOVA showed that in nondiabetic
hearts, similar to the effects of combination treatment
(P = 0.04), administration of single IPostC (P = 0.03) or
CsA (P = 0.04) could significantly reduce the myocardial
TNF-α levels compared with those of the control I/R group.
In diabetic rats, administration of CsA alone (27.8 ± 2.54 pg/
mg of sample protein,P = 0.04) or in combination with IPostC

(25.1 ± 1.61 pg/mg of sample protein, P = 0.01) decreased
TNF-α levels in comparison to untreated diabetic I/R hearts
(40.5 ± 3.72 pg/mg) and the combination treatment had a
potent effect on reduction of TNF-α levels (Fig. 2c).

Myocardial apoptosis

I/R hearts showed a higher rate of apoptosis than the other
groups. There was a moderate number of apoptotic cells in
I/R+IPostC and I/R+CsA groups of control hearts (Fig. 3).
IPostC or CsA could not reduce the apoptotic cells in diabetic
hearts (Fig. 4). On the other hand, a few apoptotic cells were seen

Fig. 1 Myocardial CK release (in
U/l) in experimental I/R hearts.
*P < 0.05 as compared with the
control I/R group; #P = 0.01 as
compared with the diabetic I/R
group. Mean ± SEM. n = 8. I/R
ischemic/reperfused, CsA
cyclosporine A, IPostC ischemic
postconditioning

Fig. 2 Myocardial IL-6 (a), IL-1β (b), and TNF-α (c) levels (in pg/mg of
sample protein) in experimental I/R hearts. *P < 0.05 as compared with
the control I/R group; **P < 0.01 as compared with the control I/R group;
#P < 0.05 as compared with the diabetic I/R group; ##P < 0.01

as compared with the diabetic I/R group. Mean ± SEM. n = 8. I/R
ischemic/reperfused, CsA cyclosporine A, IPostC ischemic
postconditioning
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in I/R+IPostC+CsA subgroups both in control and diabetic hearts
(Figs. 3 and 4). In addition, AI was significantly higher in the

diabetic sham group in comparison with the control sham
(P = 0.04), according to the results of one-way ANOVA and

Fig. 3 Micrographs of myocytes
indicating the process of
apoptosis in experimental I/R
hearts in control hearts.
Myocardial apoptosis was
detected by TUNEL staining. I/R
ischemia/reperfusion, CsA
cyclosporine A, IPostC ischemic
postconditioning

Fig. 4 Micrographs of myocytes
indicating the process of
apoptosis in experimental I/R
diabetic hearts. Myocardial
apoptosis was detected by
TUNEL staining. I/R ischemia/
reperfusion, CsA cyclosporine A,
IPostC ischemic postconditioning
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Tukey post hoc analysis. Furthermore, IPostC or CsA alone
(P = 0.01) or in combination (P < 0.001) significantly reduced
the AI in control hearts compared with the corresponding I/R
group (Fig. 5a). The effect of combination treatment was greater
than those of single treatments, and only the combination treat-
ment with CsA and IPostC reduced AI in diabetic hearts as
compared with diabetic I/R hearts (P = 0.01).

Phosphorylation of myocardial GSK3β

Total and Ser9-phosphorylated forms of GSK3β, Bcl-2, and
β-actin were measured in this study using an immunoblotting
method (Fig. 5b, c). The total forms of GSK3β in diabetic or
nondiabetic groups were similar and there was no significant
differences between groups. Two-way ANOVA found signif-
icant effects of diabetes (F(1,62) = 9.48, P = 0.013), treatments
(F(3,56) = 16.01, P < 0.001), and a diabetes × treatments

interaction (F(3,56) = 3.63, P = 0.05) on the levels of phosphor-
ylated to total form of GSK3β. In nondiabetic hearts, applica-
tion of IPostC (1.05 ± 0.08, P = 0.03) and CsA (1.02 ± 0.09,
P = 0.023) or their combination (1.2 ± 0.10, P = 0.002) sig-
nificantly increased the levels of phosphorylated to total form
of GSK3β (in arbitrary unit) as compared with the corre-
sponding I/R group (0.60 ± 0.08). In diabetic hearts, however,
the significant increase in the GSK3β phosphorylation was
observed only under combination therapy (1.08 ± 0.09 vs.
0.67 ± 0.08, P = 0.018); the individual effects of IPostC or
CsA in diabetic hearts were not significant as compared with
those of diabetic I/R hearts (Fig. 5b).

Myocardial Bcl-2 protein expression levels

The levels of myocardial Bcl-2, normalized by β-actin bands,
in diabetic and nondiabetic control hearts are shown in Fig. 5c.

Fig. 5 Apoptotic index, AI (a), phosphorylation of myocardial GSK3β
(b), and activation of myocardial Bcl-2 (c) in experimental I/R hearts.
¥P < 0.05 as compared with the control sham group; *P < 0.05 as
compared with the control I/R group; **P < 0.01 as compared with the

control I/R group; #P < 0.05 as compared with the diabetic I/R group.
Mean ± SEM. n = 8. I/R ischemic/reperfused, CsA cyclosporine A,
IPostC ischemic postconditioning
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The results of two-way ANOVA analysis showed a significant
main effect of treatment (F(3,56) = 9.88, P < 0.001) and a
significant interaction effect between treatment and diabetes
on Bcl-2 protein expression levels (F(3,56) = 4.69, P = 0.03).
The main effect of diabetes on Bcl-2 levels was not significant
(F(1,62) = 1.94). Moreover, in control healthy hearts,
postconditioning protocols in both forms, alone (P < 0.04)
or in combination (P = 0.003), significantly increased the
relative expression of Bcl-2 protein as compared with those
of the control I/R group. On the other hand, the only signifi-
cant increase in the Bcl-2 protein level was achieved follow-
ing combining both protocols IPostC and CsA as compared
with the diabetic I/R group (P = 0.02). Treatment of diabetic
hearts with IPostC (P = 0.99) or CsA (P = 0.90) could not
significantly alter the expression levels of Bcl-2 (Fig. 5c).

Discussion

The results of the current study indicate that both IPostC and
CsA could protect myocardium against reperfusion injury in
normal nondiabetic animals by significantly increasing
GSK3β phosphorylation and Bcl-2 activation and thereby de-
creasing apoptosis and inflammatory responses. However,
IPostC or CsA fails to protect type-1 diabetic hearts.
Nevertheless, the combination of IPostC and CsA in the dia-
betic animals reduced apoptosis and inflammatory response
significantly and had more potent cardioprotective effects.

mPTP is a key event in cell death after I/R. Previous studies
on rat hearts have demonstrated that the mPTP remains closed
throughout ischemia but opens up during reperfusion [8, 16].
The opening of mPTP in the inner mitochondrial membrane
disrupts the membrane potential and results in the uncoupling
of the mitochondrial respiratory chain. Subsequently, the re-
lease of cytochrome C and other pro-apoptotic factors from
the mitochondria can lead to apoptosis or necrosis [15]. In this
regard, many studies have showed that inhibition of mPTP
opening at reperfusion can provide significant protection
against experimental I/R injury. Argaud et al. demonstrated
that IPostC altered the threshold for mPTP opening, such that
a greater Ca2+ load (as a stimulator of mPTP opening) will be
required for opening mPTPs in rabbit hearts 1. Bopassa et al.
have also demonstrated that keeping mPTP closed in isolated
perfused rat hearts is somehow linked with PI3K activation,
leading to the activation of survival kinase pathways [8].

There is some evidence suggesting that apoptosis is elicited
by reperfusion after transient coronary artery occlusion. In a
study, hypoxic postconditioning of isolated neonatal
cardiomyocytes after a long hypoxic period has been shown
to reduce cardiomyocyte apoptosis. Hypoxic postconditioning
may possibly reduce cardiomyocyte apoptosis by exerting an
overall anti-apoptotic effect through inhibition of caspases-3
and -9 and maintenance of the Bcl-2/Bax ratio [11, 12]. Zhao

et al. have also suggested the inhibition of inflammatory re-
sponse in reperfusion as yet another mechanism by which
IPostC reduced reperfusion injury [30]. Preliminary studies
have demonstrated that the level of pro-inflammatory cyto-
kines such as TNF-α and IL-6 is reduced by IPostC. In the
present study, we showed that the administration of single
IPostC or CsA to nondiabetic hearts reduced the apoptosis
and inflammatory cytokines in isolated I/R hearts; however,
the combined IPostC+CsA treatment had a very potent favor-
able effect on those parameters in normal animals. On the
other hand, in type-1 diabetic hearts, IPostC or CsA alone
failed to provide any protection and, in other words, diabetes
abolished the positive effects of IPostC or CsA on myocardi-
um. However, combination of IPostC or CsA showed full
cardioprotection and significant decrease in apoptosis and re-
duced the levels of inflammatory cytokines.

IPostC can activate many signaling pathways including
PI3K/Akt, mitogen-activated protein kinase-ERK 1/2
(MEK-ERK1/2), PKC, and STAT3. The mentioned pathways
are believed to function in concert to inhibit mPTP opening
upon reperfusion. mPTP closure is achieved by phosphoryla-
tion and inhibition of GSK3β at Ser9. We showed that IPostC
increased the phosphorylation of GSK3β and activation of
Bcl-2 in normal hearts. On the other hand, in type-1 diabetic
hearts, IPostC was not as effective. Interestingly, the diabetes-
mediated pathogenic effects are associated with activation of
GSK3β pathway [13, 24]. The lack of phosphorylation of
GSK3β in diabetic hearts was associated with increased in
cardiac injury and apoptosis in comparison with healthy
hearts. The total amount of GSK-3β was the same in diabetic
and nondiabetic groups of our study and this indicates that the
chronic diabetes diminishes the power of IPostC to phosphor-
ylate GSK-3β, keeping this detrimental protein kinase in its
active form. Therefore, we hypothesized that type-1 diabetes
mellitus might have a negative effect on these crucial path-
ways involved in IPostC. In this case, it has been reported that
the activity of survival protein kinases, e.g., PI3K/Akt path-
way, significantly decreases during diabetes and hyperglyce-
mic conditions [9]. Thus, PI3K/Akt, ERK, and GSK3β, up-
stream of mPTP signal transduction, were not phosphorylated
effectively by IPostC in diabetic animals in comparison with
the healthy controls. These diabetes-induced intracellular
changes along with greater oxidative stress, inflammation,
and hyperglycemia may hinder the effect of IPostC on reduc-
tion of apoptosis and inflammatory responses during I/R in-
sult. Consequently, future investigations can discover the ex-
act contribution of each signaling mediator in interaction of
diabetes with cardioprotection by IPostC.

Nevertheless, after administration of CsA, as an mPTP in-
hibitor, in combination with IPostC, the effect was stronger
and their cardioprotection was enhanced and thus, this com-
bination could overcome the diabetes-induced resistance to
cardioprotection in the case of cardiac reperfusion injury.
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Although as a limitation, we could not evaluate the mitochon-
drial function in the present study; as a possible mechanism,
the prolonged opening of mPTP during diabetes results in
collapse of the mitochondrial membrane potential, matrix
swelling, and uncoupling of the respiratory chain, leading to
the disturbances in mitochondrial physiology and function
[32]. These then facilitate the release of pro-apoptotic media-
tors and exacerbate the cellular integrity which may determine
the consequence of myocardial reperfusion injury. Besides
inhibiting the mPTP opening, CsA may also affect inflamma-
tory responses and cellular signal transduction pathways ter-
minating on mPTP [22, 26]. Therefore, when given together,
CsA may enhance the potency of IPostC on activating the
survival protein kinases and reduction of the mPTP opening,
leading to the full cardioprotection.

In conclusion, the findings of the present study indicate that
administration of IPostC or CsA in normal nondiabetic con-
ditions, either as single or combination treatments, can protect
the heart against I/R injury. However, they fail to decrease the
apoptosis and inflammatory response in type-1 diabetic state
and fail to protect the diabetic myocardium against I/R injury
in comparison with normal animals. This loss of
cardioprotection can be recovered by the concomitant admin-
istration of CsA and IPostC at reperfusion.
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