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Cardioprotective effect of postconditioning against ischemia-reperfusion 
injury is lost in heart of 8-week diabetic rat 
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Abstract. Although ischemic preconditioning (IPC) and ischemic postconditioning (IPost) result in 
protection against ischemia-reperfusion (I/R) injury in healthy hearts, pathological conditions such 
as diabetes can modify the protective effects of IPC and IPost. There are a few studies concerning the 
effect of IPost only in diabetic hearts which have similar or decreased tolerance to I/R injury. In the 
present study we investigated the effects of IPost in diabetic hearts which had increased tolerance to 
I/R injury. Isolated hearts from control and diabetic rats were subjected to global ischemia (40 min) 
followed by reperfusion (40 min). IPost was induced by six cycles (10 s) of reperfusion and ischemia 
after the global ischemia. After I/R, cardiac recovery in diabetic hearts was better than that in control 
hearts. IPost did not produce any further protection in the diabetic hearts whereas it resulted in 
a significant recovery in the control hearts. Similarly, the decreased troponin I (TnI) levels of diabetic 
hearts did not change after IPost. However, IPost significantly lowered the increase in TnI levels of 
control hearts. In conclusion, these results show that IPost can not produce a further protection in 
the hearts of 8-week diabetic rats which have increased tolerance to I/R injury. 
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Introduction

Cardiac and vascular complications of diabetes (i.e. cardio-
myopathy, micro- and macro-angiopathy) can contribute 
to ischemic heart disease (Hayat et al. 2004) which is also 
closely linked with myocardial ischemia-reperfusion (I/R) 
injury (Dubrey et al. 1994). Therefore, a great deal of clini-
cal studies has demonstrated that diabetic hearts are more 
susceptible to I/R injury (Zuanetti et al. 1993; Abbud et al. 
1995). However, experimental findings about the tolerance 
of  diabetic hearts to I/R injury are controversial. In this 
regard, some data showing that I/R injury in diabetic heart 
was increased, decreased or unchanged has been discussed in 
a few reviews (Feuvray and Lopaschuk 1997; Paulson 1997; 
Whittington et al. 2012). 

Myocardial reperfusion is essential for viability 
of  ischemic myocardium. However, the effects of  reper-

fusion are complex and can increase ischemic injury of the 
heart with own detrimental effects, resulting in functional 
impairment, increased arrythmia and infact size (Piper 
et al. 2004; Buja 2005; Yadav et al. 2010). Both ischemic 
preconditioning (IPC) and ischemic postconditioning 
(IPost) are cardioprotective interventions described for 
the first time in dogs by Murry et al. (1986) and Zhao et 
al. (2003), respectively. IPC is multiple brief I/R episodes 
applied before sustained ischemia (Murry et al. 1986; 
Yadav et al. 2010). IPost can be induced by both repeti-
tive short periods of reperfusion and non-lethal ischemia 
applied just before the prolonged reperfusion at the end 
of the sustained ischemia (Sasaki et al. 2007; Pinheiro et 
al. 2009; Buchholz et al. 2014). A large number of studies 
have shown that these classic pre- and post-conditioning 
salvage myocardium from I/R injury thereby resulting in 
decreased infact size and arrhythmia, and better recovery 
in cardiac contractile functions (Murry et al. 1986; Zhao 
et al. 2003; Sasaki et al. 2007; Pinheiro et al. 2009; Yin et 
al. 2012; Buchholz et al. 2014). 

Although detailed knowledge about beneficial effects 
of IPC and IPost against I/R injury has been well documented 
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in healthy animal and human studies (Murry et al. 1986; 
Yellon et al. 1993; Zhao et al. 2003; Staat et al. 2005; Sasaki 
et al. 2007; Pinheiro et al. 2009; Yin et al. 2012; Buchholz et 
al. 2014), there is only limited information as to whether IPC 
and IPost can produce same cardioprotection in pathological 
conditions such as diabetes (Miki et al. 2012; Yin et al. 2012). 
The results of those studies indicate that diabetes generally 
inhibits IPC- and IPost-mediated cardioprotection against 
I/R injury (Miki et al. 2012; Yin et al. 2012). The majority 
of experiments relating to IPC have been carried out in the 
diabetic hearts which have increased sensitivity to I/R in-
jury (Kersten et al. 2000; Kristiansen et al. 2004; Gross et al. 
2007; Hotta et al. 2010). However, Ravingerova et al. (2000) 
indicated that susceptibility to ischemia-induced arrhyth-
mias was lower in 1-week diabetics but higher in 9-week 
diabetics. Interestingly, they also showed that the IPC elicited 
a reduction in incidence of arrhythmias only in the 9-week 
diabetic hearts. On the other hand, it has been found that 
IPC could further protect type 2 diabetic rat hearts which 
had significantly smaller infarcts after I/R injury (Liu et al. 
1993; Tsang et al. 2005). 

As to IPost, the beneficial effect of  this intervention 
has also been found to be blunted in streptozotocin (STZ) 
diabetic hearts which had decreased tolerance to I/R injury 
(Ren et al. 2011). Moreover, the loss of cardioprotective effect 
of IPost was also reported in hearts from type-1 or type-2 
diabetic rodents which had similar infact size after I/R injury 
(Przylenk et al. 2011; Badalzadeh et al. 2012). To the best 
of our knowledge, there is no study to evaluate the effect 
of IPost in diabetic rat hearts which have increased tolerance 
to I/R injury. In our previous study, we found that the hearts 
of 8-week diabetic rat had better recovery after I/R injury 
(Altunkaynak et al. 2009). This study, therefore, was aimed 
to investigate the cardioprotective effect of IPost in diabetic 
hearts which had increased tolerance to I/R injury.

Materials and Methods

Animals

Animal procedures of the present study were approved by 
Ankara University Animal Care and Use Committee (Deci-
sion no: 2010-54-271). 8-week-old male Sprague Dawley rats 
weighing 300–350 g were housed in a room (23 ± 2°C and 
12-h light: 12-h darkness cycle), and the rats had free access 
to food and tap water. 

Induction of experimental diabetes

Diabetes was induced by a single tail vein injection of STZ 
(45 mg/kg, Sigma) in citrate buffer (0.1 M, pH: 4.5). Age-
matched control rats received an injection of citrate buffer 

alone. After 72 hours of injection of STZ or citrate buffer, tail 
vein blood glucose levels were measured using glucometer 
(Accu-ChekGo, Roche) with test strips (Accu-ChekGo, 
Roche). Rats with blood glucose above 300 mg/dl were con-
sidered as diabetic. We also measured body weights, blood 
glucose levels, food and water consumptions of both groups 
at the end of 8 weeks. 

Perfusion technique of isolated rat heart 

Hearts were isolated from control and diabetic rats 8 weeks 
after the induction of diabetes. Under the ether anesthesia, 
hearts were isolated and rapidly mounted on the Langen-
dorff apparatus. Each heart was perfused retrogradely 
with Krebs-Henseleit (K-H) buffer composed of (in mM): 
120 NaCl, 4.8 KCl, 1.25 CaCl2, 1.25 MgSO4, 1.2 KH2PO4, 
25 NaHCO3, and 10 glucose (37°C, pH = 7.4). The per-
fusion buffer was gassed continuously with a 95% O2 and 
5% CO2 mixture. After excision of atriums, the hearts were 
stimulated at 300 beats/min with using Grass S44 stimula-
tor (Grass Instrument. Inc., Quincy, MA, USA). A water-
filled latex balloon connected to a pressure transducer was 
inserted into the left ventricle and the left ventricular end-
diastolic pressure (LVEDP) was adjusted at 5–10 mmHg at 
the beginning of each experiment. The hearts were firstly 
perfused at constant pressure (60–65 mmHg) and coro-
nary flow rates were detected with a flowmeter (Transonic 
Systems Inc., Quincy, MA, USA). Then, the detected flow 
rate for each heart was set through a  pump (Masterflex 
Model:77200-12, Cole-Parmer, USA), and the hearts were 
perfused with their own flow rates. During the preischemic 
period, the coronary flow rates (ml/min/g) which were 
corrected by heart weights were not significantly different 
between control (10.3 ± 0.5 ml/min/g) and diabetic (9.2 
± 0.5 ml/min/g, p > 0.05) hearts. The left ventricle function 
was assessed by recording the left ventricular developed 
pressure (LVDP), and the rates of  pressure development 
(+dP/dt) and pressure decay (–dP/dt) with on-line through 
an analog–digital interface (MP100 Biopac Systems Inc., 
Santa Barbara CA). The LVDP was calculated from the 
difference between the left ventricular peak pressure and 
LVEDP. The measurements were made at the end of  the 
stabilization period for baseline values and also at the end 
of the 40 min reperfusion period. 

The isolated rat hearts were divided into four groups: 
Control ischemia-reperfusion group (Control I/R, n = 6), 
Diabetic ischemia-reperfusion group (Diabetic I/R, n = 6), 
Control postconditioning group (Control IPost, n = 6) and 
Diabetic postconditioning group (Diabetic IPost, n = 8). In 
the ischemia-reperfusion groups, after stabilization period 
for 20 min, the hearts from diabetic and control rats were 
subjected to 40 min of global ischemia followed by 40 min 
of  reperfusion. In the postconditioning groups, the post-
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conditioning was induced by six cycles of reperfusion and 
ischemia, both with equal length of 10 s immediately after 
the prolonged ischemia and before the sustained reperfusion 
period. 

Coronary effluent was also collected at the end of  the 
reperfusion and rapidly stored at −80°C. Troponin I (TnI) 
levels were determined using the the Access AccuTnI assay 
(Beckman Coulter Inc.) described previously (Venge et al. 
2001; Zhang et al. 2012).

Statistical analysis

The results of tests were expressed as the number of observa-
tions (n), mean ± standard error of mean. The results of the 
homogenity (Levene’s Test) and normality tests (Shapiro 
Wilk) were used to decide which statistical methods to 
apply in the comparison of the study groups. According to 
those tests results, the Student’s t-test for parametric test and 
Mann-Whitney U test for non-parametric test were used to 
compare two groups. To compare three or more groups, the 
two-factor factorial design analysis of variance was applied. 
In order to detect multiple comparisons “adds syntax” func-
tion through “Bonferroni-Dunn test” was used. All statistical 
analyses were performed with the SPSS software (SPSS Ver. 
17.0; SPSS Inc., Chicago IL, USA). p < 0.05 was considered 
statistically significant. 

Results

General characteristics of  control and diabetic rats at the 
end of the 8 weeks are shown in Table 1. As expected, the 
blood glucose levels were significantly increased and body 
weights were decreased in diabetic rats compared to control 
rats (p < 0.05). A marked polyphagia and polydipsia also 
occurred in diabetic rats (Table 1).

Although preischemic LVEDP values of hearts from control 
and diabetic rats were not different, preischemic LVDP, +dP/dt 
and –dP/dt values of the hearts were found to be significantly 
lower in diabetic rats compared to control rats, indicating the 
development of diabetes-induced cardiac failure (Figure 1). 

Table 1. The blood glucose level, body weight, food and water 
consumption of control (n = 12) and diabetic (n = 14) rats at the 
end of the 8 week

Parameter
Group

Control Diabetic
Body weight (g) 413 ± 8 250 ± 14*
Blood glucose level (mg/dl) 98 ± 4 358 ± 18*
Food consumption (g/day) 20 ± 1 36 ± 2*
Water consumption (ml/day) 46 ± 4 177 ± 15*

* p < 0.05 vs. Control group.

Figure 1. Preischemic cardiac function parameters: LVEDP (A), LVDP (B), +dP/dt (C), –dP/dt (D) of isolated hearts from Control I/R 
(n = 6), Control IPost (n = 6), Diabetic I/R (n = 6) and Diabetic IPost (n = 8) groups. * p < 0.05 vs. Control I/R; # p < 0.05 vs. Control 
IPost. LVEDP, left ventricular end-diastolic pressure; LVDP, left ventricular developed pressure; +dP/dt, the rate of pressure development; 
–dP/dt, the rate of pressure decay; I/R, ischemia/reperfusion; IPost, postconditioning.
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Figure 2 indicates the alterations in measured parameters 
relating to cardiac functions of hearts from control and dia-
betic rats at the end of reperfusion. In the Control I/R group, 
a minor recovery of LVDP, +dP/dt and –dP/dt in conjunction 
with markedly elevated LVEDP occured. However, diabetic 
hearts showed a better recovery in the cardiac parameters 
after I/R injury (Figure 2). To put it another way, hearts 
of 8-week diabetic rats had increased tolerance to I/R injury 
than controls. IPost produced a significant improvement in 
the cardiac function parameters of control hearts but not 
diabetic hearts (p < 0.05, Figure 2).

In consistent with the cardiac functions, TnI levels 
of diabetic hearts were lower than those of control hearts. 
IPost lowered cardiac TnI levels only in the control hearts. 
However, IPost did not cause any significant change in the 
TnI level of the diabetic hearts (Figure 3).

Discussion

A large body of evidence shows that IPost results in cardio-
protection against I/R injury in healthy condition. However, 
in limited experimental studies, this protection was found 
to be lost in pathological conditions such as diabetes. These 
studies have been carried out in diabetic hearts which had 
similar (Badalzadeh et al. 2012) or decreased (Ren et al. 2011) 
tolerance to I/R injury. In the present study we found, for the 
first time to our knowledge, that IPost was not able to elicite 
a further protection although the isolated perfused hearts 
from diabetic rats had increased tolerance to I/R injury. 

In contrast to clinical studies suggesting that the diabetic 
heart may have decreased tolerance to I/R injury (Zuanetti 
et al. 1993; Abbud et al. 1995), experimental findings indi-
cate that the tolerance of diabetic hearts may not only be 
decreased but also similar and even increased (Feuvray and 
Lopaschuk 1997; Paulson 1997; Ravingerova et al. 2010, 

Figure 2. Cardiac function parameters: LVEDP (A), LVDP (B), +dP/dt (C), –dP/dt (D) of isolated hearts from Control I/R (n = 6), 
Control IPost (n = 6), Diabetic I/R (n = 6), Diabetic IPost (n = 8) groups. * p < 0.05 vs. Control I/R; # p < 0.05 vs. Control IPost. LVEDP, 
left ventricular end-diastolic pressure; LVDP, left ventricular developed pressure; +dP/dt, the rate of pressure development; –dP/dt, the 
rate of pressure decay; I/R, ischemia/reperfusion; IPost, postconditioning.

Figure 3. Troponin I (TnI) levels of isolated hearts from Control 
I/R (n = 6), Control IPost (n = 6), Diabetic I/R (n = 6), Diabetic 
IPost (n = 8) groups. * p < 0.05 vs. Control I/R; # p < 0.05 vs. Control 
IPost. I/R, ischemia/reperfusion; IPost, postconditioning.
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Whittington et al. 2012). The reason for the discrepancy 
in the effects of  diabetes on myocardial I/R injury is still 
ambiguous. Duration, severity and type of  diabetes, kind 
of  ischemia (i.e. no-flow or low-flow ischemia) and study 
protocols (in vivo or in vitro) are some of the proposed fac-
tors to explain the discrepancies in the sensitivity of diabetic 
hearts to I/R injury (Feuvray and Lopaschuk 1997; Paulson 
1997; Whittington et al. 2012). It is suggested that hearts from 
STZ-diabetic rats have increased tolerance to I/R injury in 
the experimental conditions generally used acute diabetes 
(<4–6 weeks), a no-flow I/R protocol or glucose as the only 
substrate (Tosaki et al. 1996; Whittington et al. 2012). In the 
present work, we studied in the similar experimental condi-
tions except the duration of diabetes and found that hearts 
isolated from 8-week diabetic rats had increased tolerance 
to ischemic injury as attested by an improvement in pos-
tischemic function and a significant decrease in TnI release. 
In consistent with our results, in vivo and ex vivo studies 
showed that hearts from rats or rabbits had increased toler-
ance to I/R injury in the chronic condition of type 1 diabetes 
(6–12 weeks) (Hadour et al. 1998; Ebel et al. 2003; Ooie et 
al. 2003; Ravingerova et al. 2003; Whittington et al. 2012). 
The decreased Ca2+ accumulation in the diabetic hearts by 
depressed activities of Na+/H+ and Na+/Ca2+ exchangers, 
the alterations in intracellular pH, a decreased rate of glyco-
lysis, increased activation of protein kinase C and increased 
antioxidant capacity have been proposed as the possible 
mechanisms account for the increased tolerance of the dia-
betic hearts against I/R injury (Feuvray and Lopaschuk 1997; 
Paulson 1997; Moon et al. 1999; Chen et al. 2006).

From clinical point of  view, our results showing the 
increased tolerance to I/R injury in diabetic hearts are in-
consistent with data in clinical setting. As mentioned in the 
review of Ravingerova et al. (2010), possible factors lead to 
the differences between clinical and experimental studies 
may be the existence of other diseases including hyperten-
sion and hypercholesterolemia as well as antidiabetic drugs 
used in clinical conditions. 

As a cardioprotective strategy against I/R injury, IPC or 
IPost have been shown to reduce infact size and arrhythmia 
and to elicite better recovery in cardiac contractile func-
tions (Murry et al. 1986; Zhao et al. 2003; Sasaki et al. 2007; 
Pinheiro et al. 2009; Yin et al 2012; Buchholz et al. 2014). 
However, the presence of co-morbidities such as heart failure, 
hypertension, obesity and aging can significantly modify 
cardioprotective interventions (Snoeckx et al. 1993; Abete 
et al. 1996; Kristiansen et al. 2004). Diabetes is another 
co-morbidity which impairs the cardioprotection induced 
by IPost. Ren et al. (2011) found that the beneficial effect 
of this intervention has been found to be blunted in isolated 
perfused hearts from STZ-diabetic rats which had decreased 
tolerance to I/R injury. In addition, the loss of cardioprotec-
tive effect of IPost was also reported in hearts from type-1 

or type-2 diabetic rodents which had similar tolerance to 
I/R injury (Przylenk et al. 2011; Badalzadeh et al. 2012). In 
agreement with these results, we found that IPost could not 
produce a protection even though hearts from STZ-diabetic 
rats had increased tolerance to I/R injury. Taken together 
it can be suggested that IPost seems to be a ‘healthy heart 
phenomen’.

Conflict of interest. There is no conflict of interest.

References

Abbud Z. A., Shindler D. M., Wilson A. C., Kostis J. B. (1995): Effect 
of diabetes mellitus on short- and long-term mortality rates of 
patients with acute myocardial infarction: a state wide study: 
Myocardial Infarction Data Acquisition System Study Group. 
Am. Heart J. 130, 51–58

	 http://dx.doi.org/10.1016/0002-8703(95)90235-X
Abete P., Ferrara N., Cioppa A., Ferrara P., Bianco S., Calabrese C., 

Cacciatore F., Longobardi G., Rengo F. (1996): Preconditioning 
does not prevent postischemic dysfunction in aging heart. J. 
Am. Coll. Cardiol. 27, 1777–1786

	 http://dx.doi.org/10.1016/0735-1097(96)00070-8
Altunkaynak H. Ö., Arıoğlu E., Özakça I., Kaykı G., Özçelikay A. T. 

(2009): Increased tolerance against ischemia/reperfusion injury 
in diabetic rat heart is independent from heart rate. Journal of 
Faculty of Pharmacy of Ankara University 38, 305–315

Badalzadeh R., Mohammadi M., Najafi M., Ahmadiasl N., Fara-
jnia S., Ebrahimi H. (2012): The additive effects of ischemic 
postconditioning and cyclosporine-A on nitric oxide activity 
and functions of diabetic myocardium injured by ischemia/
reperfusion. J. Cardiovasc. Pharmacol. Ther. 17, 181–189

	 http://dx.doi.org/10.1177/1074248411416118
Buchholz B., D Annunzio V., Giani J. F., Siachoque N., Dominici F. 

P., Turyn D., Perez V., Donato M., Gelpi R. J. (2014): Ischemic 
postconditioning reduces infarct size through the α1-adrenergic 
receptor pathway. J. Cardiovasc. Pharmacol. 63, 504–511

	 http://dx.doi.org/10.1097/FJC.0000000000000074
Buja L. M. (2005): Myocardial ischemia and reperfusion injury. 

Cardiovasc. Pathol. 14, 170–175
	 http://dx.doi.org/10.1016/j.carpath.2005.03.006
Chen H., Shen W. L., Wang X. H., Chen H. Z., Gu J. Z., Fu J., Ni 

Y. F., Gao P. J., Zhu D. L., Higashino H. (2006): Paradoxically 
enhanced heart tolerance to ischaemia in type 1 diabetes and 
role of increased osmolarity. Clin. Exp. Pharmacol. Physiol. 
33, 910–916

	 http://dx.doi.org/10.1111/j.1440-1681.2006.04463.x
Dubrey S. W., Reaveley D. R., Seed M., Lane D. A., Ireland H., 

O‘Donnell M., O‘Connor B., Noble M. I., Leslie R. D. (1994): 
Risk factors for cardiovascular disease in IDDM. A study of 
identical twins. Diabetes 43, 831–835

	 http://dx.doi.org/10.2337/diab.43.6.831
Ebel D., Müllenheim J., Frässdorf J., Heinen A., Huhn R., Bohlen 

T., Ferrari J., Südkamp H., Preckel B., Schlack W., Thämer V. 
(2003): Effect of acute hyperglycaemia and diabetes mellitus 
with and without short-term insulin treatment on myocardial 



68 Altunkaynak and Ozcelikay

ischaemic late preconditioning in the rabbit heart in vivo. 
Pflügers Arch. 446, 175–182

Feuvray D., Lopaschuk G. D. (1997): Controversies on the sensitiv-
ity of the diabetic heart to ischemic injury: the sensitivity of 
the diabetic heart to ischemic injury is decreased. Cardiovasc. 
Res. 34, 113–120

	 http://dx.doi.org/10.1016/S0008-6363(97)00037-0
Gross E. R., Hsu A. K., Gross G. J. (2007): Diabetes abolishes 

morphine-induced cardioprotection via multiple pathways 
upstream of glycogen synthase kinase-3β. Diabetes 56, 
127–136

	 http://dx.doi.org/10.2337/db06-0907
Hadour G., Ferrera R., Sebbag L., Forrat R., Delaye J., de Lorgeril 

M. (1998): Improved myocardial tolerance to ischaemia in the 
diabetic rabbit. J. Mol. Cell Cardiol. 30, 1869–1875

	 http://dx.doi.org/10.1006/jmcc.1998.0751
Hayat S. A., Patel B., Khattar R. S., Malik R. A. (2004): Diabetic 

cardiomyopathy: mechanisms, diagnosis and treatment. Clin. 
Sci. 107, 539–557

	 http://dx.doi.org/10.1042/CS20040057
Hotta H., Miura T., Miki T., Togashi N., Maeda T., Kim S.J., Tanno 

M., Yano T., Kuno A., Itoh T., Satoh T., Terashima Y., Ishikawa S., 
Shimamoto K. (2010): Angiotensin II type 1 receptor-mediated 
upregulation of calcineurin activity underlies impairment of 
cardioprotective signaling in diabetic hearts. Circ. Res. 106, 
129–132

	 http://dx.doi.org/10.1161/CIRCRESAHA.109.205385
Kersten J. R., Toller W. G., Gross E. R., Pagel P. S., Warltier D. C. 

(2000): Diabetes abolishes ischemic preconditioning: role of 
glucose, insulin and osmolality. Am. J. Physiol. Heart Circ. 
Physiol. 278, H1218–1224

Kristiansen S. B., Løfgren B., Støttrup N. B., Khatir D., Nielsen-
Kudsk J. E., Nielsen T. T., Bøtker H. E., Flyvbjerg A. (2004): 
Ischaemic preconditioning does not protect the heart in obese 
and lean animal models of type 2 diabetes. Diabetologia 47, 
1716–1721

	 http://dx.doi.org/10.1007/s00125-004-1514-4
Liu Y., Thornton J. D., Cohen M. V., Downey J. M., Schaffer S. 

W. (1993): Streptozotocin-induced non-insulin-dependent 
diabetes protects the heart from infarction. Circulation 88, 
1273–1278

	 http://dx.doi.org/10.1161/01.CIR.88.3.1273
Miki T., Itoh T., Sunaga D., Miura T. (2012): Effects of diabetes on 

myocardial infarct size and cardioprotection by precondition-
ing and postconditioning. Cardiovasc. Diabetol. 11, 67

	 http://dx.doi.org/10.1186/1475-2840-11-67
Moon C. H., Jung Y. S., Lee S. H., Baik E. J. (1999): Protein kinase 

C inhibitors abolish the increased resistance of diabetic rat 
heart to ischemia-reperfusion injury. Jpn. J. Physiol. 49, 
409–415

	 http://dx.doi.org/10.2170/jjphysiol.49.409
Murry C. E., Jennings R. B., Reimer K. A. (1986): Preconditioning 

with ischemia: a delay of lethal cell injury in ischemic myocar-
dium. Circulation 74, 1124–1136

	 http://dx.doi.org/10.1161/01.CIR.74.5.1124
Ooie T., Takahashi N., Nawata T., Arikawa M., Yamanaka K., 

Kajimoto M., Shinohara T., Shigematsu S., Hara M., Yoshi-
matsu H., Saikawa T. (2003): Ischemia-induced translocation 

of protein kinase C-epsilon mediates cardioprotection in the 
streptozotocin-induced diabetic rat. Circ. J. 67, 955–961

	 http://dx.doi.org/10.1253/circj.67.955
Paulson D. J. (1997): The diabetic heart is more sensitive to ischemic 

injury. Cardiovasc. Res. 34, 104–112
	 http://dx.doi.org/10.1016/S0008-6363(97)00018-7
Pinheiro B. B., Fiorelli A. I., Gomes O. M. (2009): Effects of ischemic 

postconditioning on left ventricular function of isolated rat 
hearts. Rev. Bras. Cir. Cardiovasc. 24, 31–37

	 http://dx.doi.org/10.1590/S0102-76382009000100007
Piper H. M., Abdallah Y., Schäfer C. (2004): The first minutes of 

reperfusion: a window of opportunity for cardioprotection. 
Cardiovasc. Res. 61, 365–371

	 http://dx.doi.org/10.1016/j.cardiores.2003.12.012
Przyklenk K., Maynard M., Greiner D. L., Whittaker P. (2011): 

Cardioprotection with postconditioning: loss of efficacy in 
murine models of type-2 and type-1 diabetes. Antioxid. Redox 
Signal. 14, 781–790

	 http://dx.doi.org/10.1089/ars.2010.3343
Ravingerova T., Stetka R., Volkovova K., Pancza D., Dzurba A., 

Ziegelhöffer A., Styk J. (2000): Acute diabetes modulates re-
sponse to ischemia in isolated rat heart. Mol. Cell Biochem. 
210, 143–151

	 http://dx.doi.org/10.1023/A:1007129708262
Ravingerová T., Neckár J., Kolár F. (2003): Ischemic tolerance of rat 

hearts in acute and chronic phases of experimental diabetes. 
Mol. Cell Biochem. 249, 167–174

	 http://dx.doi.org/10.1023/A:1024751109196
Ravingerova T., Adameová A., Matejíková J., Kelly T., Nemčeková 

M., Kucharská J., Pecháňová O., Lazou A. (2010): Subcellular 
mechanisms of adaptation in the diabetic myocardium: Rel-
evance to ischemic preconditioning in the nondiseased heart. 
Exp. Clin. Cardiol. 15, 68–76	

Ren J. Y., Song J. X., Lu M. Y., Chen H. (2011): Cardioprotection 
by ischemic postconditioning is lost in isolated perfused heart 
from diabetic rats: Involvement of transient receptor potential 
vanilloid 1, calcitonin gene-related peptide and substance P. 
Regul. Pept. 169, 49–57

	 http://dx.doi.org/10.1016/j.regpep.2011.04.004
Sasaki H., Shimizu M., Ogawa K., Okazaki F., Taniguchi 

M., Taniguchi I., Mochizuki S. (2007): Brief ischemia-
reperfusion performed after prolonged ischemia (ischemic 
postconditioning) can terminate reperfusion arrhythmias 
with no reduction of cardiac function in rats. Int. Heart J. 
48, 205–213

	 http://dx.doi.org/10.1536/ihj.48.205
Snoeckx L. H., van der Vusse G. J, Coumans W. A, Willemsen P. 

H., Reneman R. S. (1993): Differences in ischaemia tolerance 
between hypertrophied hearts of adult and aged spontaneously 
hypertensive rats. Cardiovasc. Res. 27, 874–881

	 http://dx.doi.org/10.1093/cvr/27.5.874
Staat P., Rioufol G., Piot C., Cottin Y., Cung T. T., L‘Huillier I., 

Aupetit J. F., Bonnefoy E., Finet G., André-Fouët X., Ovize M. 
(2005): Postconditioning the human heart. Circulation 112, 
2143–2148

	 http://dx.doi.org/10.1161/CIRCULATIONAHA.105.558122
Tosaki A., Engelman D. T., Engelman R. M., Das D. K. (1996): The 

evolution of diabetic response to ischemia/reperfusion and 



69Postconditioning in diabetic hearts

preconditioning in isolated working rat hearts. Cardiovasc. 
Res. 31, 526–536

	 http://dx.doi.org/10.1016/0008-6363(95)00217-0
Tsang A., Hausenloy D. J., Mocanu M. M., Carr R. D., Yellon D. M. 

(2005): Preconditioning the diabetic heart: the importance of 
Akt phosphorylation. Diabetes 54, 2360–2364

	 http://dx.doi.org/10.2337/diabetes.54.8.2360
Venge P., Lindahl B., Wallentin L. (2001): New generation cardiac 

troponin I assay for the access immunoassay system. Clin. 
Chem. 47, 959–961

Whittington H. J., Babu G. G., Mocanu M. M., Yellon D. M., 
Hausenloy D. J. (2012): The diabetic heart: too sweet for its 
own good? Cardiol. Res. Pract. 2012, 845698

	 http://dx.doi.org/10.1155/2012/845698
Yadav H. N., Singh M., Sharma P. L. (2010): Involvement of GSK-3β 

in attenuation of the cardioprotective effect of ischemic precon-
ditioning in diabetic rat heart. Mol. Cell Biochem. 343, 75–81

	 http://dx.doi.org/10.1007/s11010-010-0500-z
Yellon D. M., Alkhulaifi A. M., Pugsley W. B. (1993): Precondition-

ing the human myocardium. Lancet 342, 276–277
	 http://dx.doi.org/10.1016/0140-6736(93)91819-8
Yin X., Zheng Y., Zhai X., Zhao X., Cai L. (2012): Diabetic inhibition 

of preconditioning- and postconditioning mediated myocardial 

protection against ischemia/reperfusion injury. Exp. Diabetes 
Res. 2012, 198048

	 http://dx.doi.org/10.1155/2012/198048
Zhao Z. Q., Corvera J. S., Halkos M. E., Kerendi F., Wang N. P., 

Guyton R. A., Vinten-Johansen J. (2003): Inhibition of myocar-
dial injury by ischemic postconditioning during reperfusion: 
comparison with ischemic preconditioning. Am. J. Physiol. 
Heart Circ. Physiol. 285, H579–588

	 http://dx.doi.org/10.1152/ajpheart.01064.2002
Zhang J. Y., Tong W., Wu F., Bi S. H., Xu M., Jin Z. X., Yang Y., 

Jiang X. F., Zhou J. J. (2012): different roles for contracture 
and calpain in calcium paradox-induced heart injury. PLoS 
ONE, 7, e52270

	 http://dx.doi.org/10.1371/journal.pone.0052270
Zuanetti G., Latini R., Maggioni A. P., Santoro L., Franzosi M. G. 

(1993): Influence of diabetes on mortality in acute myocardial 
infarction: data from the GISSI-2 study. J. Am. Coll Cardiol. 
22, 1788–1794

	 http://dx.doi.org/10.1016/0735-1097(93)90758-S	

Received: March 18, 2015
Final version accepted: July 30, 2015
First published online: October 22, 2015


