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Summary 
The aim of the study was to examine the potential role of 
mitochondrial permeability transition pore (mPTP) in the 
cardioprotective effect of chronic continuous hypoxia (CH) 
against acute myocardial ischemia/reperfusion (I/R) injury. Adult 
male Wistar rats were adapted to CH for 3 weeks, while their 
controls were kept under normoxic conditions. Subsequently, 
they were subjected to I/R insult while being administered with 
mPTP inhibitor, cyclosporin A (CsA). Infarct size and incidence of 
ischemic and reperfusion arrhythmias were determined. Our 
results showed that adaptation to CH as well as 
CsA administration reduced myocardial infarct size in comparison 
to the corresponding control groups. However, administration of 
CsA did not amplify the beneficial effect of CH, suggesting that 
inhibition of mPTP opening contributes to the protective 
character of CH. 
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According to the World Health Organization, 
ischemic heart disease is the leading cause of death  
and disability worldwide. During ischemia, severely 

reduced or interrupted blood flow to the heart causes 
disproportion between oxygen demand and supply, 
resulting in damage to the cardiac tissue. Early and  
fast restoration of blood supply is essential for the salvage 
of ischemic myocardium. However, it is well established  
that reperfusion itself causes further cardiomyocyte  
death [1]. 

Mitochondria play a fundamental role in cardiac 
physiology and metabolism to meet the high energy 
demand of the beating heart [2,3]. Mitochondrial 
dysfunction, particularly opening of the mitochondrial 
permeability transition pore (mPTP), is responsible for 
cardiomyocyte damage and necrotic cell death under 
many conditions such as ischemia/reperfusion (I/R) 
injury [4]. mPTP is a voltage- and Ca2+-dependent, 
nonselective channel of the inner mitochondrial 
membrane [5]. During acute myocardial ischemia, the 
absence of oxygen switches cellular metabolism to 
anaerobic glycolysis, resulting in the accumulation of 
lactate and reduction in intracellular pH. The acidic 
conditions during ischemia prevent mPTP opening. 
During reperfusion, the washout of lactate and rapid 
restoration of physiological pH releases the inhibitory 
effect on mPTP. This event, together with an increased 
matrix Ca2+ and ROS, results in mPTP opening followed 
by mitochondrial swelling, rupture and induction of cell 
death [6]. Despite the fact that the molecular identity of 
the mPTP is still a matter of debate, longstanding data 
show that pore opening is facilitated by binding of 
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a soluble matrix protein cyclophilin D (CypD) to the 
inner mitochondrial membrane [7]. The mPTP inhibition 
was shown to afford a significant cardioprotection [4], so 
experimental studies challenge the clinical use of drugs 
interacting with CypD such as CsA and emphasize the 
importance of further studies to clarify whether CypD is 
a feasible target for inhibition that can protect the heart 
from I/R injury. 

Adaptation to chronic hypoxia (CH) is a natural 
stimulus conferring cardioprotection [8]. In line with the 
human epidemiological surveys [9], we have 
demonstrated that CH activates the protective phenotype 
[10,11]. Despite the fact that CH-induced cardio-
protection has been known for many decades, the 
underlying mechanism is still unclear. We have 
previously observed that mitochondrial channels located 
also on the inner mitochondrial membrane contribute to 
the cardioprotective effect of CH [12,13]. The purpose of 
the present study was; therefore, to explore the role of 
mitochondria, and mPTP in particular, in the 
cardioprotection induced by CH. 

Adult male Wistar rats were adapted to CH 
(continuous normobaric hypoxia, inspired O2 fraction 
0.1) in a hypoxic chamber for 3 weeks without any 
reoxygenation [14]. At the end of adaptation, all rats 
underwent surgery according to the open-chest model of 
I/R  injury as described previously [15] with minor 
modifications. Briefly, in anesthetized rats 20-min 
regional ischemia was performed via left anterior 
descending coronary artery ligation. CsA (Merck, 30024; 
2.5 mg/kg body weight, i.p.) or corresponding volume of 
saline was administered 5 min before the onset of 
reperfusion. At the end of 3-h reperfusion, the heart was 
excised, and infarct size (IS) and area at risk were 
histochemically determined and analyzed. A single-lead 
electrocardiogram (ECG) was registered during ischemia 
and the first 3 min of reperfusion. The incidence and 
severity of ischemic and reperfusion ventricular 
arrhythmias were evaluated from ECG records according 
to Lambeth Conventions [16]. 

Statistical analyses were performed using 
GraphPad Prism 8 software (Graph Pad Inc., CA, USA). 
Normally distributed variables are expressed as 
mean ± SD. Two-way analysis of variance (ANOVA; 
with phenotype and treatment as categories) were carried 
out to determine significant interactions, followed by 
Bonferroni´s test for multiple comparisons. Not normally 
distributed data (arrhythmias) are expressed as 
median ± interquartile range. 

To assess whether mPTP inhibition affects the 
increased ischemic tolerance induced by adaptation to 
CH, we subjected the normoxic and chronically hypoxic 
rats administered with CsA to acute I/R injury. The mean 
area at risk normalized to left ventricle did not 
significantly differ among the groups, which allowed us 
to compare the average values of the IS (Fig. 1A, C). Our 
results confirmed the cardioprotective effect of CH, as 
chronically hypoxic rats demonstrated reduced IS 
compared to their normoxic counterparts. Acute 
CsA administration reduced IS in normoxic rats; 
however, it did not provide any additive protection to 
increased ischemic tolerance induced by adaptation to CH 
(Fig. 1B, C). The total number of ischemic (Fig. 1D) and 
reperfusion (Fig. 1E) ventricular arrhythmias did not 
differ among the experimental groups. However, animals 
adapted to CH demonstrated a tendency to decrease the 
number of arrhythmias occurring during reperfusion. 

Adaptation to CH serves as a useful tool for 
studying molecular identity underlying cardioprotective 
pathways. The most important feature of this 
cardioprotective phenomenon is than the changes induced 
by CH persist much longer that any form of conditioning 
[17]. The present study confirmed the IS-limiting effect 
elicited by adaptation to CH. The novelty lies in the fact 
that not only adaptation to CH, but also administration of 
CsA significantly reduced the IS; the combination of 
adaptation to CH and mPTP inhibition by CsA had no 
additive effect as it led to the same degree of protection 
as CH alone. This result suggests that CypD-dependent 
inhibition of the mPTP is likely involved in the signaling 
pathway activated by adaptation to CH. The IS reduction 
induced by CH is significantly higher than by CsA in 
normoxic group suggesting that additional mechanism 
also plays a role in protection by CH. Other 
cardioprotective strategies such as ischemic 
preconditioning and postconditioning were also showed 
to inhibit mPTP opening [18,19], the mechanism is, 
however, currently unresolved. Experimental evidence 
suggests that both pharmacological and genetic 
treatments designed to prevent mPTP opening at the 
onset of myocardial reperfusion are able to reduce 
myocardial IS [20]. It is necessary to mention that a large 
multicenter clinical trial (CIRCUS) revealed no 
protective effect of CsA on clinical outcome in patients 
with myocardial infarction [21]. Several factors, such as 
the severity of infarction, a quite narrow window of 
protection, route of application, timing of administration 
as well as comorbidities may be responsible for the lack 
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Fig. 1. Myocardial infarction induced by ischemia/reperfusion injury in normoxic (N) and chronically hypoxic (H) rats administered either 
with saline or CsA. (A) The size of area at risk expressed as the percentage of the left ventricle, and (B) infarct size expressed as the 
percentage of the area at risk. Values are mean ± SD; n=5-9 rats per group; * P≤0.05, *** P≤0.001, **** P≤0.0001, two-way ANOVA 
with Bonferroni´s multiple comparisons test. (C) Representative image of heart cross sections used for the infarct size analysis. Brown 
color represents normally perfused tissue stained by potassium permanganate. Red area, tetrazolium positive, represents surviving 
tissue, and white area, tetrazolium negative, is infarcted tissue. Total number of premature ventricular complexes (PVCs) during 
(D) ischemia and (E) reperfusion. Values are expressed as median ± interquartile range; n=5-10 rats per group. 
 
 
of cardioprotection in the CIRCUS trial. Clinical data 
remain equivocal, also due to lack of suitable 
mPTP inhibitors without side effects. This limitation might 
contribute to controversial findings in clinical studies. In 
conclusion, experimental evidence pinpoints a central role 
of mPTP opening in the I/R injury, so targeting 
mPTP holds a promise for the new treatment strategies. 
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