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Summary 
A 2×2 factorial design was used to evaluate possible preservation 
of mitochondrial functions in two cardioprotective experimental 
models, remote ischemic preconditioning and streptozotocin-
induced diabetes mellitus, and their interaction during 
ischemia/reperfusion injury (I/R) of the heart. Male Wistar rats 
were randomly allocated into four groups: control (C), 
streptozotocin-induced diabetic (DM), preconditioned (RPC) and 
preconditioned streptozotocin-induced diabetic (DM+RPC). 
RPC was conducted by 3 cycles of 5-min hind-limb ischemia and 5-
min reperfusion. DM was induced by a single dose of 65 mg/kg 
streptozotocin. Isolated hearts were exposed to ischemia/ 
reperfusion test according to Langendorff. Thereafter mitochondria 
were isolated and the mitochondrial respiration was measured. 
Additionally, the ATP synthase activity measurements on the same 
preparations were done. Animals of all groups subjected to I/R 
exhibited a decreased state 3 respiration with the least change 
noted in DM+RPC group associated with no significant changes in 
state 2 respiration. In RPC, DM and DM+RPC group, no significant 
changes in the activity of ATP synthase were observed after I/R 
injury. These results suggest that the endogenous protective 
mechanisms of RPC and DM do preserve the mitochondrial function 
in heart when they act in combination. 
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Introduction 
 

In the last decade the importance of 
cardioprotection has consistently risen in view of the 
increasing cardiovascular disease and coronary heart 
disease mortality in the countries of Europe (Nichols et 
al. 2014). Therefore, the investigation of all mechanisms 
that could contribute to preventing myocardial damage 
caused by ischemia/reperfusion (I/R) injury becomes  
an area of scientist interest. Especially, studying of 
mitochondrial function has become crucial in the basic 
research of cardiovascular I/R injury (Andreas et al. 
2011, Di Lisa and Bernardi 2006). Considering the 
capacity for aerobic energy production, the mitochondrial 
respiratory function is more indicative of heart viability 
than ATP levels (Wiedemann et al. 2013). 

Several experimental models characterized by 
infarct size reduction following an experimental 
intervention have been observed (Neckář et al. 2002, 
Ravingerová et al. 2009, Riess et al. 2004). It has been 
documented that hearts from streptozotocin-induced 
diabetic (DM) rats in the acute phase of disease are more 
resistant to ischemia (Tani and Neely 1988). Mechanism 
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that may be involved in the cardioprotection is considered 
to be related with a greater resistance of diabetic heart to 
Ca2+ overload (Ziegelhöffer et al. 1997) and to the 
augmented calcium transients denoucing Ca2+ signaling 
(Ziegelhöffer et al. 2002). Further, ischemic 
preconditioning and its clinically more applicable form 
remote ischemic preconditioning (RPC), exerted by brief 
ischemic insults on an organ distant from the 
myocardium described by Przyklenk et al. (1993) 
manifests a similar protective effect. However, it is 
widely accepted that mitochondria contribute to 
mediation of cardioprotection against I/R injury as 
signaling pathway end-effectors of both RPC and the 
experimental model of DM. This view is based on the 
fact that mitochondrial permeability transition pore is 
linked to the cardioprotection elicited by endogenous 
phenomenon of DM and RPC (Hausenloy and Yellon 
2008, Ziegelhöffer et al. 2009). 

Since the potential site of the cardioprotection 
in this scheme of experimental models is associated 
with changes in the mitochondrial membrane, it is likely 
that these processes linked to streptozotocin-induced 
DM and RPC could affect the mitochondrial function 
either. Moreover, considering that the mitochondrial 
function is required for optimal cardiac function 
including proper contractile activity, maintenance of 
energy substrates conserved in high-energy bonds of 
ATP and pH control, the maintaining adequate 
mitochondrial respiratory function is also fundamental 
for limiting the extent of damage caused by myocardial 
I/R injury (Halestrap et al. 2007). Up to now, the 
preservation of mitochondrial respiration by RPC has 
been observed in rat skeletal muscle (Mansour et al. 
2012), in neonatal rabbit hearts (Wang et al. 2008), and 
in patients undergoing coronary artery bypass graft 
surgery (Slagsvold et al. 2014). However, despite these 
positive findings, the actual role of mitochondrial 
bioenergetics in the myocardial protection conveyed by 
RPC and DM is still elusive. There is some evidence 
that the immediate protection by RPC might involve  
a preservation of mitochondrial state 3 respiration 
(Ferko et al. 2014) and, at the combined intervention of 
RPC and DM, the preservation of mitochondrial 
function is associated with an increase in the 
mitochondrial membrane fluidity (Ferko et al. 2015). 
Perhaps, the most prompting experimental task is to 
elucidate the nature of the model interaction that would 
result in the protective effect on the myocardium – 
whether it is additive, synergistic or antagonistic.  

The aim of this study was to evaluate the effect of 
cardioprotective RPC and DM model on mitochondrial 
respiratory function after I/R injury of the heart. Key 
parameters of mitochondrial bioenergetics (mitochondrial 
basal and ADP-stimulated respiration), as well as the 
activity of ATP synthase were evaluated. 
 
Materials and Methods 
 

A factorial design was used to learn whether 
there is a response to the RPC and whether it is the same 
in control and diabetic condition (i.e. whether the factors 
RPC and DM interact with or potentiate/antagonise each 
other). 

 
Animals 

Animal experiments were conducted in 
accordance with Guide for the Care and Use of 
Laboratory Animals published by the US National 
Institutes of Health (NIH Publication No. 85-23, revised 
1996) and were approved by the Animal Health and 
Animal Welfare Division of the State Veterinary and 
Food Administration of the Slovak Republic. 

Male Wistar rats 12 weeks old (weight, 250 to 
270 g) were housed at 22±2 °C on a 12:12 h photoperiod 
and were provided by food and water ad libitum. Animals 
were randomly allocated into four groups: 1) healthy 
control group, 2) diabetic group (DM), 3) healthy 
preconditioned group (RPC) and 4) diabetic 
preconditioned group (DM+RPC) (n=7 for each group). 
Diabetes was induced by intraperitoneal injection of 
a single dose of 65 mg/kg body weight streptozotocin in 
0.1 M citrate buffer. Eight days after streptozotocin 
injection, acute stage of DM had been fully developed. 
RPC was achieved with three cycles of 5 min ischemia 
and reperfusion using a pressure-cuff placing on the right 
hind limb of anesthetized rats. Diabetic stage of rats was 
monitored daily during eight days by measuring of 
glycosuria using Gluko PHAN strips (Erba-Lachema, 
Brno, Czech Republic) and by estimation of glucose 
(MultiCare, Biochemical system international, Florence, 
Italy), cholesterol and triacylglycerols (MultiCare, 
Biochemical system international, Florence, Italy) in the 
serum after excision of heart. Serum insulin was 
determined by the commercial RIA kit (Linco Research 
USA). Subsequently, the isolated hearts of all groups 
were subjected to ischemic-reperfusion test according to 
Langendorff. 
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Myocardial ischemia/reperfusion 
All animals were anesthetized by intraperitoneal 

injection of thiopenthal (50 mg/kg) given with heparine 
(500 IU). The hearts were excised rapidly and 
retrogradely perfused according to Langendorff at 
a constant perfusion pressure of 70 mm Hg with Krebs-
Henseleit buffer consisting of 118 mmol/l NaCl, 
3.2 mmol/l KCl, 1.2 mmol/l MgSO4, 25 mmol/l NaHCO3, 
1.18 mmol/l NaH2PO4, 2.5 mmol/l CaCl2, 11.1 mmol/l 
glucose (pH 7.4). The oxygenation of buffer was 
performed with 95 % oxygen and 5 % carbon dioxide at 
37 °C. Langendorff-perfused hearts were subjected to 
30 min of ischemia followed by 40 min of post-ischemic 
reperfusion. 

 
Isolation of heart mitochondria  

Mitochondria were isolated by differential 
centrifugation from Langendorff-perfused hearts exposed 
to stabilization perfusion and post-ischemic reperfusion. 
Ice-cold isolation solution containing 180 mmol.l-1 KCl, 
4 mmol.l-1 EDTA and 1 % bovine serum albumin, pH 7.4 
was used. Briefly, after homogenization of the minced 
blood-free heart tissue digested with protease (Sigma  
P-6141, 2.5 mg.g-1 of tissue), the homogenate was 
centrifuged at 1000 g for 10 min at 4 °C. The resulting 
supernatant was spun at 6200 g for 10 min at 4 °C to 
pellet mitochondria, which were resuspended in  
an albumin free isolation solution and spun again at 
6200 g for 10 min. Protein content was determined by 
Lowry et al. (1951). 

 
Mitochondrial respiration 

Oxygen consumption by isolated heart 
mitochondria was quantified by a high-resolution 
respirometry using Oxygraph-2k (Oroboros Instruments, 
Austria). Mitochondria were suspended in respiration 
medium MiRO6 (Fasching et al. 2014) in a 2 ml chamber 
at 37 °C and energised by adding glutamate (10 mmol.l−1) 
plus malate (0.2 mmol.l−1) for determination of CI-linked 
respiration and by adding the combination of malate 
(0.2 mmol.l−1) plus octanoyl carnitine (0.2 mmol.l−1) for 
evaluation of fatty acids oxidation. State 2 respiration 
with both combinations of substrates were determined. 
State 3 respiration was induced by adding saturating 
concentration of ADP (2 mmol.l−1). Oxygen consumption 
was normalized to citrate synthase activity that was 
determined spectrophotometrically according to Eigentler 
et al. (2012). 

 

ATP synthase activity 
ATP synthase (F0F1ATPase) activity was 

evaluated spectrophotometrically at 700 nm, in 
association with ATP hydrolysis according to method 
of Taussky and Shorr (1953). The reaction was carried 
out at 37 °C, in 1 ml reaction medium (40 mmol.l−1 
MgCl2, 250 mmol.l−1 imidazole buffer, 0.1 mmol.l−1  
2,4-dinitrophenol, pH 7.4), supplemented with 50 μl 
mitochondrial protein with the concentration of 1 μg.μl-1. 
The reaction was initiated by adding 40 mmol.l−1 ATP 
and after 20 min stopped by ice cold 12 % trichloroacetic 
acid. The released inorganic phosphate Pi from ATP was 
quantified by reaction with ammonium molybdate. 
Results are reported as micromoles of ATP hydrolyzed 
per g of mitochondrial protein per hour (μmol.Pi/g/h). 

 
Statistical analysis 

All the values are expressed as mean ± standard 
error of the mean (SEM). The experimental groups  
DM0-RPC0, DM1-RPC0, DM0-RPC1 and DM1-RPC1 
represented each combination of factor levels as 
treatments (a factorial design). The hypotheses that were 
tested using two-way of variance with repeated measures 
tested concerned of whether the different levels of factor 
RPC, or factor DM, make a difference in the response 
(the testing of so-called main effects), and whether the 
RPC and DM interaction term is significant (testing the 
degree of effect modification). The post-hoc pairwise 
comparisons were made with the Tukey-Kramer test. In 
the case of significant interaction one-way ANOVA 
approach was used to assess the main effects separately, 
in order not to disregard a main effect that occurs in the 
data analysis if there would be a biologically relevant 
interaction. When the assumptions of ANOVA were not 
met in the sample data, common nonparametric 
alternatives were used instead. Significance of both main 
effects was tested at the alpha level of 0.05. 

  
Results 
 
Metabolic state of experimental rats 

Rats with acute phase (8 days) streptozotocin-
induced diabetes mellitus displayed a significantly 
increased plasma glucose, triacylglycerols, cholesterol as 
well as decreased insulin levels in the blood compared 
with age-matched control rats (all P≤0.05, Table 1). 
Plasma glucose and cholesterol in controls was routinely 
5.23±0.19 mmol.l-1 and 1.37±0.25 g.l-1 respectively. Both 
body weight and heart weight in the diabetic rats were 
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significantly lower by 25 % and 17 % than the weights in 
the control rats (not shown). 

 
 

Table 1. Metabolic state of control and streptozotocin-induced 
diabetic experimental rats. 
 

 Control group Diabetic group 

Plasma glucose 
(mmol.l-1) 

5.23 ± 0.19 17.86 ± 0.64* 

Triglycerols 
(mmol.l-1) 

1.11 ± 0.27 5.14 ± 0.54* 

Cholesterol  
(g.l-1) 

1.37 ± 0.25 2.86 ± 0.21* 

Insulin  
(ng.·ml-1) 

1.18 ± 0.08 0.54 ± 0.05* 

 
All values are expressed as mean ± SEM. n=7 per group. 
* P<0.05, compared with the control group. 
 
 
Mitochondrial respiration 

Parameters of oxidative phosphorylation of heart 
mitochondria were investigated by evaluating 
mitochondrial oxygen consumption in relation to either 
glutamate plus malate or malate plus octanoyl carnitine 
oxidation. Although mitochondrial ADP-stimulated 
respiration (state 3 respiration) was significantly decreased 
in all groups after I/R injury compared to stabilization 
perfusion, no differences were observed in mitochondrial 
basal level respiration (state 2 respiration), irrespective of 
the substrate used (Figs 1A and 2A). However, in using 
substrates malate plus octanoyl carnitine, DM and 
DM+RPC group did not exhibit significant differences in 

the mitochondrial state 3 respiration after postischemic I/R 
injury compared with those respiration after stabilization 
perfusion (Figs 1B and 2B). In comparison with the control 
group at the end of 40 min postischemic reperfusion, the 
effect for streptozotocin-induced DM was directed towards 
tendency improvement of mitochondrial state 3 respiration, 
coupled with ATP synthesis (Fig. 2B). However, the 
observed increase did not reach statistical significance 
(P=0.07). RPC did not prevent the decrease in state 3 
respiration observed in the control group subjected to I/R 
injury. On the contrary, streptozotocin-induced DM with 
simultaneous effect of RPC was associated with  
a significant increase in this parameter up to almost 
a preischemic value of the control group. Such a less 
severe response to I/R injury of DM+RPC rats compared 
to nonpreconditioned DM rats indicated in fact  
an interaction between DM and RPC.  

 
Mitochondrial ATP synthase activity 

ATP synthase activity was evaluated in terms of 
its catalytic activity reflected by the F1F0-ATPase rates of 
ATP hydrolysis. Mean mitochondrial ATP synthase 
activities during the stabilization perfusion and 
postischemic reperfusion protocol are depicted in Figure 3. 
In the initial preischemic activity of ATP synthase, no 
statistically significant differences were observed among 
groups. ATP synthase activity associated with the 
mitochondrial performace of phoshorylation was 
significantly decreased only in mitochondria from heart of 
control group subjected to I/R injury. Streptozotocin-
induced DM in like manner to RPC and DM+RPC 
preserved the activity of mitochondrial ATP synthase after 
I/R injury at the level of value after the stabilization phase. 

 
 

  
Fig. 1. A. Basal (State 2) respiration and B. ADP-stimulated (State 3) respiration activity in mitochondria isolated from control (C), 
streptozotocin-induced diabetic (DM), preconditioned (RPC) and preconditioned streptozotocin-induced diabetic (DM+RPC) heart 
subjected to ischemia/reperfusion. Energization was achieved with glutamate plus malate. * P<0.05, compared with the stabilization 
perfusion, # P<0.05, compared with control group after I/R injury (n=7). 
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Fig. 2. A. Basal (State 2) respiration and B. ADP-stimulated (State 3) respiration activity in mitochondria isolated from control (C), 
streptozotocin-induced diabetic (DM), preconditioned (RPC) and preconditioned streptozotocin-induced diabetic (DM+RPC) heart 
subjected to ischemia/reperfusion. Energization was achieved with malate plus octanoylcarnitine. * P<0.05, compared with the 
stabilization perfusion (n=7). 
 
 

 
 
Fig. 3. ATP synthase activity in mitochondria isolated from 
control (C), streptozotocin-induced diabetic (DM), preconditioned 
(RPC) and preconditioned streptozotocin-induced diabetic 
(DM+RPC) heart subjected to ischemia/reperfusion. * P<0.05, 
compared with the stabilization perfusion (n=7). 

 
 

Discussion 
 

In some conditions, a number of changes related 
to endogenous protective mechanisms at the level of 
sarcolemmal and the mitochondrial membrane were 
recognized as the cause of the increased tolerance of the 
myocardium to a subsequent ischemic insult. This has 
been observed both, in the preconditioned myocardium 
by RPC and in streptozotocin-induced diabetic 
myocardium. However, it is not clear whether RPC and 
streptozotocin-induced DM act through similar 
mechanisms or synergise to enhance cardioprotection. 

In this study we focused on investigation the 
effect of RPC on the mitochondrial respiratory chain and 
on the activity of mitochondrial ATP synthase complex in 

streptozotocin-induced diabetic myocardium. The 
information gained from these studies will help the 
investigators uncover mitochondrial respiratory function 
alterations that may be associated with protection of 
hearts during postischemic reperfusion. 

Analyses conducted in this study yielded the 
following five key findings: 1) myocardial I/R injury 
impaired mitochondrial respiratory function, considering 
mitochondrial state 3 respiration and ATP synthase 
activity, 2) the protection bestowed by RPC to 
myocardium subsequently subjected to I/R injury did not 
include the preservation of mitochondrial respiratory 
function, 3) mitochondria in streptozotocin-induced 
diabetic myocardium exhibited tendency to improved 
postischemic mitochondrial function only in state 3 
respiration, 4) RPC in streptozotocin-induced diabetic 
myocardium attenuated the decline the rate of  
ADP-stimulated oxygen consumption (state 3) caused by 
I/R injury, 5) RPC, DM as well as DM+RPC rendered the 
preservation of mitochondrial ATP synthase activity after 
I/R injury at the preischemic values. 

Clearly, myocardial bioenergetics plays  
an essential role in the pathogenesis of I/R injury. 
Previously in multiple studies, the impaired function of 
mitochondrial electron-transport chain associated with 
decrease in complex I-linked respiration has been 
reported as a consequence of myocardial I/R injury 
(Paradies et al. 2004, Lucas and Szweda 1999, Brookes et 
al. 2002). In addition, reactive oxygen species (ROS), 
produced by mitochondria during the sustained ischemia 
and reperfusion, are considered to be involved in the 
mechanism of myocardial damage caused by 
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postischemic reperfusion (Khanna et al. 2008). Observed 
findings are consistent with our work demonstrating that 
the mitochondrial function was impaired as a results of 
significant reduction in oxygen consumption by 
mitochondria after addition of ATP (state 3 respiration) 
and the activity of complex V of mitochondrial 
respiratory chain (ATP synthase activity). 

To date, little is known about the effect of 
ischemic preconditioning on mitochondrial respiratory 
function. Moreover, the observations are inconsistent. 
Several studies have investigated various effect of IPC in 
the context of the inhibition of mitochondrial respiratory 
chain in the presence of NADH-linked substrates (da Silva 
et al. 2003), the increase of basal state of mitochondrial 
respiration (Liem et al. 2008) and the improving of 
mitochondrial state 3 respiration during reperfusion 
(Crestanello et al. 2002). Although the most of 
physiological parameters, including myocardial infarct 
size, were reported to be ameliorated after application of 
RPC (Ferko et al. 2015, Zhu et al. 2013), we did not 
observe improvement in mitochondrial respiratory function 
corresponding to the earlier study (Ferko et al. 2014). 
However, data from absorption spectrophotometry suggest 
that RPC prevented the decrease of ATP synthase activity 
after ischemia-reperfusion and that this contributed to 
the preservation of mitochondrial function following  
I/R injury. This is consistent with previous analysis of 
Kobara et al. (1996) who reported the preservation of ATP 
synthase activity after sustained I/R injury in the 
preconditioned hearts of rats. There is some evidence that 
RPC might improve respiratory efficiency by preventing 
uncoupling of oxidative phosphorylation. It has been 
proposed that the conformation and activity of 
mitochondrial membrane-bound enzymes such as ATP 
synthase can be affected by the changes in membrane 
properties, especially in membrane fluidity (Mazzanti et al. 
1992, Waczulikova et al. 2007). Mitochondrial membrane 
fluidity is an important biophysical characteristic which 
refers to the extent of molecular disorder and molecular 
motion within a lipid bilayer. Fluidity is inversely related 
to mebrane microviscosity. The physical state of 
membrane phospholipids acts directly to regulate the 
activity of membrane-bound proteins, such as the ion 
channels, receptors, and other membrane proteins. Likely 
an increase in membrane fluidity can actually help ease the 
rotary-catalysis movement and thus increase the ATP 
synthase activity, which is supported by finding a positive 
association between both characteristics (Patel and Katyare 
2006). A similar effect has been observed in our previous 

work demonstrated the beneficial protective effect of RPC 
on the heart mitochondria causing an elimination of  
I/R-induced massive depression of mitochondrial 
membrane fluidity (Ferko et al. 2014). 

Several studies have been carried out to evaluate 
the alterations in mitochondrial functions of 
streptozotocin-induced diabetic rats (Raza et al. 2011, 
Ferko et al. 2006, Tomita et al. 1996). In the study by 
Tomita et al. (1996), the respiratory activity of 
myocardial mitochondria indicated a significant reduction 
in the rate of oxygen consumption in state 3 using either 
succinate or glutamate-malate as substrates. However, the 
study concerning STZ-treated rats has been performed as 
far as 8 weeks after the induction of diabetes. In contrast 
to this finding, 8-day lasting acute STZ-induced 
diabetes mellitus offer a support to preservation of the 
transmembrane proton gradient as well as the coupling of 
oxidation to phosphorylation demonstrated by preserved 
ADP:O (Ferko et al. 2006). Whether mitochondrial 
respiration is involved in mechanism of cardioprotection 
against I/R injury induced by the 8-day experimental 
model of streptozotocin-induced diabetes mellitus, is still 
unknown. During postischemic reperfusion, in diabetic 
myocardium, we observed a decline in the rate of  
ADP-stimulated oxygen consumption (state 3 respiration) 
with both substrate combination, a finding that is 
consistent with a decrease in the phosphorylation capacity 
of the mitochondria (decreased ATP synthase activity). 
However, there was a trend towards improvement in 
mitochondrial respiratory function after I/R injury 
compared DM with the control group. In basal respiration 
no statistically significant difference was observed after 
I/R injury when either glutamate + malate, or 
malate + octanoyl carnitine was used as a substrate. 

Several published studies were designed to 
elucidate the possible synergistic or additional benefit of 
combination of different phenomena conferring to 
myocardium the increased ischemic tolerance. The study 
of Manintveld et al. (2009) demonstrated that 
postconditioning does not provide additional protection in 
preconditioned hearts irrespective of the preconditioning 
stimulus. The authors explained the lack of additional 
protection by the fact that both of observed phenomena 
mediate the cardioprotection via mechanism including NO 
synthase (Manintveld et al. 2009). In our study, we 
observed the additional protective effect of RPC on 
mitochondrial function when the streptozotocin-induced 
diabetes mellitus was presented. This may either indicate 
that the simultaneous action of two cardioprotective 
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phenomena provides more intense stimulus probably 
inducing cardioprotective pathways converge at the level 
of the mitochondrial respiratory chain. On the basis of 
these new findings, we propose that a larger number of 
brief periods of ischemia and reperfusion applicated in 
hind-limb RPC could provide cardioprotection at a larger 
scale via promoting the mitochondrial respiratory function. 
We suggest that RPC and streptozotocin-induced DM may 
be based on the different mechanisms influencing the 
mitochondrial membrane. Therefore preconditioning may 
confer additional benefit in diabetic rat myocardium. 
 
Conclusion 
 

Our findings indicate that RPC may provide 

additional protection of streptozotocin-induced diabetic 
rat myocardium at the mitochondrial level. Although the 
early cardioprotective effect of RPC synergizes with the 
other cardioprotective stimulus mediated by experimental 
model of streptozotocin-induced diabetes mellitus only in 
improving the state 3 respiration stimulated by glutamate 
and malate, the cardioprotective effect both of them is 
sufficiently preserved.  
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