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Abstract. It was established that adaptation to chronic continuous normobaric hypoxia (CCNH) 
increases cardiac tolerance to ischemia and reperfusion. Coronary artery occlusion (20 min) and 
reperfusion (3 h) was performed in Wistar rats. CCNH promoted a decrease in the infarct size/
area at risk ratio in 2-fold. CCNH promoted an increase in the nitrite/nitrate levels in blood serum 
and myocardium. Pretreatment with protein kinase C (PKC) inhibitor chelerythrine, NO-synthase 
(NOS) inhibitor L-NAME, iNOS inhibitor S-methylisothiourea, KATP channel blocker glibenclamide, 
mitoKATP channel blocker 5-hydroxydecanoic acid abolished the infarct-reducing effect of CCNH. 
The non-selective tyrosine kinase inhibitor genistein attenuated but not eliminated infarct-sparing 
effect of CCNH. The nNOS inhibitor 7-nitroindazole, sarcKATP channel blocker HMR 1098, MPT 
pore inhibitor atractyloside, PI3 kinase inhibitor wortmannin did not reverse infarct-limiting effect 
of CCNH. It was concluded that infarct-reducing effect of CCNH is mediated via PKC, iNOS activa-
tion and mitoKATP channel opening. While nNOS, PI3 kinase, sarcKATP channel, MPT pore are not 
involved in the development of CCNH-induced cardiac tolerance to impact of ischemia-reperfusion. 
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In Denmark, during 30 days after hospitalization 7.9% pa-
tients with acute myocardial infarction died (Pedersen et 
al. 2014). In Germany, patients with AMI with ST segment 
elevation had a 30-day mortality rate of 5.6% (Zimmermann 
et al. 2013). However, in patients with cardiac arrest in the 
prehospital phase, the mortality rate was 26.6% (Zimmer-
mann et al. 2013). Most of these patient lives could have 
been saved if they had been treated in advance with drugs 
which would increase cardiac resistance to ischemia/reperfu-

Introduction

In-hospital mortality from acute myocardial infarction 
(AMI) in Israel was 1–4% (according to Buber et al. 2015). 
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sion which occurs during acute coronary syndrome. In our 
opinion, the study of cardioprotective effect of adaptation to 
chronic hypoxia could provide invaluable assistance in the 
creation of such drugs.

Fitzpatrick et al. (2005) demonstrated that the cardiopro-
tective effect of adaptation to chronic hypoxia in newborn 
rabbits can be maintained for 30 days after the last treatment 
of hypoxia. In another study, Ostadal et al. (1995) showed 
that the protective effect of adaptation to chronic hypoxia 
may persist for as long as 4 months. No pharmacological 
agent has ever been shown to induce such a  prolonged 
increase in tolerance of the heart to the action of ischemia/
reperfusion. Understanding the molecular mechanism(s) of 
adaptive increase of cardiac resistance to ischemia/reperfu-
sion may have pharmacological implications and opens up 
the prospect for the creation of fundamentally new drugs 
that mimic the cardioprotective effect of adaptation to 
chronic hypoxia.

Our studies and those of others indicate that an adap-
tation to intermittent hypoxia (AIH) provides increased 
cardiac tolerance to ischemia and reperfusion (Neckar et 
al. 2002; Kolar et al. 2005; Naryzhnaya et al. 2009; Estrada 
et al. 2016; Míčová et al. 2017). The number of publications 
devoted to the cardioprotective effect of continuous chronic 
normobaric hypoxia is also large (Tajima et al. 1994; Maslov 
et al. 2013, 2015; Alanova et al. 2015, 2017; Holzerova et al. 
2015; Kasparova et al. 2015; Naryzhnaya et al. 2015; Kolar 
et al. 2017; Neckář et al. 2017). Some studies suggest that 
the adaptation of rats to chronic continuous normobaric 
hypoxia (CCNH) reduces tolerance of heart to the action 
of hypoxia/reoxygenation and allows for increasing cardiac 
resistance to ischemia and reperfusion and represents only 
adaptation to AIH (Milano et al. 2002, 2004, 2010, 2011). 
However, we and others have found that adaptation of the 
rats to CCNH has the infarct-limiting effect during coronary 
artery occlusion and reperfusion in vivo reducing myocar-
dial infarct size by 1.5–2-fold (Maslov et al. 2013; Alanova 
et al. 2015, 2017; Kasparova et al. 2015; Neckář et al. 2017). 
CCNH increases an isolated heart resistance to global 
ischemia-reperfusion injury (Tajima et al. 1994; Maslov et 
al. 2015), and enhances tolerance isolated cardiomyocytes 
to the action of hypoxia/reoxygenation (Naryzhnaya et al. 
2015). However, despite the large number of publications, 
the signal mechanism of cardioprotective action of CCNH 
remains poorly studied.

In planning this study, we assumed that the signaling 
mechanism of the infarct-limiting effect of adaptation to 
hypoxia is similar to the molecular mechanism of delayed 
ischemic preconditioning that it is involved protein kinase C, 
PI3 kinase, tyrosine kinases, NO-synthase isoforms, KATP 
channels, MPT pore (Kis et al. 2003; Rajesh et al. 2003; Yellon 
et al. 2003). However, it is not possible to assert a priori that 
the signaling pathways of the infarct-limiting effect of adap-

tation to chronic hypoxia and preconditioning are identical. 
This is because the adaptive increase in cardiac tolerance to 
ischemia persists 1–4 months (Ostadal et al. 1995; Fitzpatrick 
et al. 2005) while that of delayed preconditioning lasts for 
only 72 hours (Baxter et al. 1997).

The main goal of the study is to evaluate the significance of 
protein kinase C, PI3 kinase, tyrosine kinases, NO-synthase, 
KATP channels and MPT pore in the signal mechanism of 
the infarct reducing effect of chronic continuous normobaric 
hypoxia.

Material and Methods

Animals 

The experimental protocol was approved by the Ethical 
Committee of the Research Institute of Cardiology and it 
conformed to the EU Direction 2010/63/EU. Male Wistar 
rats weighing 250–300 g were housed at 23 ± 1°C with a rela-
tive humidity of 60–70% and a light/dark cycle of 12 h with 
free access to water and standard rat chow. Further process-
ing was performed as described previously (Maslov et al. 
2013). Briefly, rats were exposed to continuous normobaric 
hypoxia for three weeks in a chamber (1.5 m3) equipped with 
a  hypoxia generator Bio-Nova-204G4R1 (NTO Bio-Nova 
Company, Moscow, Russia). Concentrations of O2 and CO2 
in the chamber were continuously measured by TCOD-IR 
and ОLC 20 sensors, and maintained at 11.75–12.25% and 
0.03%, respectively, by a MX32 controller (Oldham, France). 
Normoxic rats were used as a  control group. It has been 
shown early that chronic hypoxia led to the right ventricle 
hypertrophied as a  consequence of hypoxic pulmonary 
hypertension. While the relative right ventricle weight 
increased by 64% in these animals, the relative left ventri-
cle weight did not differ from controls. CCNH resulted in 
a marked polycythemia as documented by increases in the 
number of red blood cells, hematocrit and the concentration 
of hemoglobin (Kolar et al. 2005)

Myocardial ischemia/reperfusion

The rats were anesthetized with pentobarbital sodium 
(60  mg/kg) 1  h  after completion of the adaptation. After 
tracheotomy lungs were ventilated by SAR-830 Series device 
(Central Wisconsin Engineers Inc., Schofield, USA) with 
room air. Atelectasis was prevented by maintaining a posi-
tive end-expiratory pressure of 5–10 mm H2O. Arterial pH, 
PCO2, and PO2 were monitored throughout the experiment 
by a blood gas analyzer (Stat Profile M, Nova Biomedical 
Corporation, Waltham, MA, USA) and maintained within 
a normal physiological range by adjusting the respiratory rate 
and/or tidal volume. Body temperature was maintained at 
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37°C by a heating pad PhysioSuite (non-invasive monitor-
ing system for mice and rats, Kent Scientific Corporation, 
Torrington, USA). 

The left femoral artery was cannulated for blood pressure, 
heart rate, and blood gases measurements. Blood pressure 
and standard peripheral lead electrocardiogram (ECG) 
recordings were performed with a MP35 apparatus (Biopac 
Systems, Inc., Goleta, CA) and a computer using the BSL 
PRO 3.7.3 software (Biopac Systems Inc., Goleta, CA). The 
right femoral vein was cannulated for the administration of 
pharmacological agents or vehicles. 

Regional myocardial I/R was induced as described by 
Neckar et al. (2005). Left thoracotomy was performed and 
after 10-min stabilization, regional myocardial ischemia 
was induced by tightening a ligature (6-0 Prolene) placed 
around the left anterior descending coronary artery near to 

its origin. Characteristic changes in the configuration of the 
ECG and a transient decrease in blood pressure verified the 
coronary artery occlusion. After a 20-min occlusion period, 
the ligature was released and reperfusion of previously is-
chemic tissue continued.

Infarct size determination

At the end of 3-h reperfusion, the hearts were excised and 
perfused with saline through the cannulated aorta. The area 
at risk and the infarct size were delineated by staining with 
5% potassium permanganate and 1% 2,3,5-triphenyltetra-
zolium chloride, respectively (Neckar et al. 2005). The right 
ventricle was separated and the left ventricle was cut perpen-
dicularly to its long axis into slices 1 mm thick and stored 
overnight in 10% neutral formaldehyde solution. The infarct 

Figure 1. Representative pictures of 
cardiac tissue after damage induced by 
infarct for each tested inhibitor. CCNH, 
chronic continuous normobaric hypoxia.
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Figure 2. Protocol of experimental research. CCNH, chronic continuous normobaric hypoxia.

size (IS), the size of the area at risk (AAR) and the size of the 
left ventricle were determined by a planimetric method using 
Scanjet G4050 scanner (Hewlett-Packard, Palo Alto, USA). 
The IS was normalized to the AAR (IS/AAR) and the size 
of the AAR was normalized to the left ventricle (AAR/LV).

Incidence of arrhythmias

Ventricular arrhythmias were recorded from the ECG signal 
during 20-min coronary artery occlusion. The incidences of 
single premature ventricular complexes including salvos, 
ventricular tachycardia and ventricular fibrillation were 
evaluated separately. 

Protocol

All compounds were administered intravenously 25 min 
before coronary artery occlusion with the exception of 
glibenclamide, hydroxydecanoic acid sodium salt (5-HD), 
atractyloside and S-methylisothiourea (Figs. 1, 2). Gliben-
clamide was given 45 min before ischemia as recommended 
by Schultz et al. (1997). 5-Hydroxydecanoate was injected 5 
min before ischemia as recommended by Fryer et al. (2000). 
Atractyloside also was administered 5 min before ischemia 
(Rajesh et al. 2003). S-methylisothiourea was administered 
intraperitoneally 25 min before coronary artery occlusion 
(Jiang et al. 2004). The inhibitor protein kinase  C  (PKC) 
chelerythrine was administered at a dose 5 mg/kg (Maslov et 
al. 2009). The KATP channel blocker glibenclamide was used 
at a dose 0.3 mg/kg (Schultz et al. 1997). The mitochondrial 
KATP channel (mitoKATP channel) blocker 5-HD was applied 
at a dose of 5 mg/kg and sarcolemmal KATP channel (sarcK-
ATP channel) HMR 1098 was used at a dose of 3 mg/kg (Fryer 
et al. 2000). An inhibitor of all isoenzymes of NO-synthase 
(NOS) L-NAME was given at a dose of 10 mg/kg (Maslov 
et al. 2009). The specific inducible NOS (iNOS) inhibitor 
S-methylisothiourea was administered at a dose of 3 mg/
kg (Jiang et al. 2004). The neuronal NOS (nNOS) blocker 
7-nitroindazole was used at a dose 30 mg/kg (MacKenzie et 
al. 1994). The tyrosine kinase inhibitor genistein was given 
at a dose of 5 mg/kg (Maslov et al. 2009). The PI3 kinase 

blocker wortmannin was injected at a  dose of 0.015 mg/
kg (Gross et al. 2004; Tong et al. 2011). The mitochondrial 
permeability transition (MPT) pore opener atractyloside 
was administered at a dose of 5 mg/kg (Rajesh et al. 2003).

2,3,5-Triphenyltetrazolium, potassium permanganate, 
HMR 1098, pentobarbital, L-NAME, 5-HD, S-methylisothi-
ourea, atractyloside were dissolved in isotonic saline. Other 
compounds were preliminary dissolved in 0.1 ml DMSO 
then dissolved in 0.9 ml 20% hydroxypropyl-β-cyclodextrin 
solution that was used for intravenous administration. This 
20% hydroxypropyl-β-cyclodextrin solution was adminis-
tered to control animals. Our previous investigation showed 
that this solution had no effect of the cardiac tolerance to 
impact of ischemia and reperfusion (Maslov et al. 2009).

Determination of NO metabolites

In order to estimate nitric oxide concentration in the blood 
and myocardial tissue, we had to determine its stable me-
tabolites, the nitrites and nitrates (Bryan and Grisham 2007). 
Blood and myocardial tissue were taken 5 minutes after the 
end of ischemia (i.e. during reperfusion) for measurement 
of nitrite and nitrate concentrations. The resulting blood 
samples were centrifuged 10 minutes at 1100 × g. Serum 
samples were deproteinized by centrifugation in tubes Ami-
con Ultra-10k Merck Millipore (Billerica, USA) for 30 min 
at 14000 × g. Deproteinized serum were frozen and stored 
at -70°C (Bryan and Grisham 2007).

The heart was removed from the chest and was rinsed 
through the aorta with 5 ml of phosphate buffer containing 
0.01 M KH2PO4, 0.01 M K2HPO4, 2.7 mM KCl, 137 mM 
NaCl, 2.5 mM EDTA, pH 7.4. 100-150 mg. Dissected tissue 
of the left ventricle from the area at risk was immediately 
frozen and stored in liquid nitrogen. Frozen myocardial tissue 
samples were homogenized in 1.5 ml of the same buffer and 
centrifuged for 15 minutes at 12000 × g. The supernatant was 
deproteinized and stored in the same way as described above 
for the serum (Bryan et al. 2007).

To determine the total content of nitrates and nitrites 
in deproteinized blood and tissue extracts, we used a col-
orimetric Nitrite/Nitrate Assay Kit, 23479-1KT-F from 
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Sigma-Aldrich (USA). Absorbance measurement was per-
formed with a spectrophotometer INFINITE 200M Tecan 
(Salzburg, Austria).

Chemicals used

Pentobarbital sodium was purchased from Sanofi-Aventis 
(France). 2,3,5-Triphenyltetrazolium chloride, Nω-nitro-L-
arginine methyl ester hydrochloride (L-NAME), atractylo-
side sodium salt, 5-5-HD, glibenclamide, genistein, wort-
mannin, S-methylisothiourea hemisulfate salt, 7-nitroinda-
zole were purchased from Sigma-Aldrich (USA). HMR 1098 
was a gift of Sanofi-Aventis Deutschland GmbH (Frankfurt 
am Main, Germany). Hydroxypropyl-β-cyclodextrin was 
purchased from Tocris Bioscience (Bristol, UK). Cheleryth-
rine chloride was purchased from LC Laboratories (USA).

Statistical analysis

Results were expressed as means ± SEM from indicated number 
of experiments. One-way analysis of variance with Newman-
Keuls post hoc test was used to detect differences in parametric 

variables among groups. The Chi squared test was used to detect 
differences in the incidence of arrhythmias among groups. Dif-
ferences were considered significant at p < 0.05. 

Results

Hemodynamics and ventricular arrhythmias

Mean blood pressure and heart rate did not differ between 
normoxic and CCNH groups. The blood pressure and heart 
rate values during ischemia and reperfusion were relatively 
stable (Tables 1, 2). None of the inhibitors used in this study 
had any significant effect on these variables (data not show).

All normoxic control rats exhibited premature ventricular 
complexes (PVCs) during 20-min coronary artery occlusion. 
Ventricular tachycardia was registered in 95% of rats, ventricu-
lar fibrillation was detected in 76% of rats. These heart rhythm 
disturbances were reversible and ended with the restoration of 
normal sinus rhythm. The incidence and severity of ischemic 
arrhythmias were significantly affected neither by CCNH, nor 
by the administration of inhibitors (data not shown).

Table 1. Mean blood pressure of rats after chronic continuous normobaric hypoxia course 

Mean BP

Before ischemia After ischemia After reperfusion

10 min 0 min 5 min 10 min 20 min 5 min 45 min
Control 129 ± 2 127 ± 2 124 ± 3 125 ± 2 123 ± 2 124 ± 1 125 ± 3
CCNH 126 ± 1 124 ± 2 126 ± 2 123 ± 3 124 ± 3 126 ± 2 123 ± 2

Values are means ± SEM; n = 15 (in each group). CCNH, chronic continuous normobaric hypoxia; BP, blood pressure.

Table 2. Heart rate of rats after chronic continuous normobaric hypoxia course 

Heart rate

Before ischemia After ischemia After reperfusion

10 min 0 min 5 min 10 min 20 min 5 min 45 min
Control 371 ± 22 370 ± 18 382 ± 22 368 ± 17 369 ± 24 373 ± 18 366 ± 26
CCNH 374 ± 15 379 ± 14 380 ± 24 371 ± 21 369 ± 20 369 ± 21 364 ± 23

Values are means ± SEM; n = 15 (in each group). CCNH, chronic continuous normobaric hypoxia.

Table 3. The content of nitrates and nitrites in blood serum and myocardium of rats after chronic continuous normobaric hypoxia course

Groups
Before ischemia After ischemia

Serum (mM /l) Myocardium (mM/mg) Serum (mM/l) Myocardium AAR (mM/mg)
Normoxia (n = 12) 3.75 ± 0.49 0.20 ± 0.058 3.68 ± 0.376 0.17 ± 0.044
CCNH (n =10) 5.53 ± 0.65

(p = 0.045)
0.43 ± 0.068
(p = 0.021)

6.10 ± 1.34
(p = 0.027)

0.367 ± 0.07
(p = 0.03)

Values are means ± SEM. Blood and myocardial tissue were taken before and 5 minutes after the beginning of reperfusion. CCNH, chronic 
continuous normobaric hypoxia; AAR, area at risk zone; р is significance of differences with respect to normoxia rats.
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Figure 3. Effects of inhibitor protein kinase C chelerythrine on 
myocardial infarct size in normoxic (Control) and chronically 
hypoxic (CCNH reox) rats. Values are means ± SEM; n = 10 (in 
each group). CCNH, chronic continuous normobaric hypoxia; 
AAR, area at risk; reox, reoxygenation. * p < 0.05 vs. correspond-
ing normoxic group; # p < 0.05 vs. corresponding hypoxic group.

The content of nitrates and nitrites in blood serum and 
myocardium

Chronic hypoxia resulted in a 1.5-fold increase in nitrite/
nitrate in blood and in 2-fold increase in myocardial tissue 
(Table 3). Our data indicate that 5 min after start of reperfu-
sion nitrite/nitrate content was approximately 2-fold higher 

Figure 4. Effects of inhibitor of all isoenzymes of NO-synthase L-
NAME, the specific inducible NOS inhibitor S-methylisothiourea 
and the neuronal NOS blocker 7-nitroindazole on myocardial 
infarct size in normoxic and chronically hypoxic rats. Values are 
means ± SEM; n = 10–12 (in each group). CCNH, chronic continu-
ous normobaric hypoxia; AAR, area at risk; reox, reoxygenation. 
* p < 0.05 vs. corresponding normoxic group; # p < 0.05 vs. cor-
responding hypoxic group.

Figure 5. Effects of the tyrosine kinase inhibitor genistein, the PI3 
kinase blocker wortmannin and the mitochondrial permeability 
transition pore opener atractyloside on myocardial infarct size in 
normoxic and chronically hypoxic rats. Values are means ± SEM; n = 
10 (in each group). CCNH, chronic continuous normobaric hypoxia; 
AAR, area at risk; reox, reoxygenation. * p < 0.05 vs. corresponding 
normoxic group; # p < 0.05 vs. corresponding hypoxic group.

Figure 6. Effects of the KATP channel blocker glibenclamide, the 
mitochondrial KATP channel blocker 5-HD and sarcolemmal KATP 
channel HMR 1098 on myocardial infarct size in normoxic and 
chronically hypoxic rats. Values are means ± SEM; n =10 (in each 
group). CCNH, chronic continuous normobaric hypoxia; AAR, 
area at risk; reox, reoxygenation. * p < 0.05 vs. corresponding nor-
moxic group; # p < 0.05 vs. corresponding hypoxic group.

in blood and myocardium (area at risk) of adapted rats as 
compared with non-adapted animals (Table 3).

Infarct size

Mean values of the normalized AAR ranged from 37.3% 
to 45.4% of left ventricle and did not differ significantly 
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among the groups. Mean values of infarct size normal-
ized to AAR were similar in normoxic controls from 
three series of experiments, and the adaptation to CCNH 
resulted in a marked infarct-limiting effect as showed in 
Figs. 1, 3–6. 

Our studies indicate that CCNH decreases the IS/AAR 
ratio approximately by 2-fold (Figs. 1 and  3). Pretreat-
ment with chelerythrine completely abolished the infarct-
reducing effect of CCNH (Figs. 1 and  3). The inhibition 
of NO synthesis with L-NAME completely eliminated the 
infarct-sparing effect of CCNH (Figs. 1 and 4). As shown in 
Figure 4, the selective iNOS inhibitor S-methylisothiourea 
also blocked the infarct-limiting effect of CCNH. In con-
trast the selective nNOS inhibitor 7-nitroindazole did not 
reverse adaptation-induced enhancement of cardiac toler-
ance to ischemia and reperfusion (Figs. 1 and 4). As shown 
in Figure 5, the selective tyrosine kinase inhibitor partially 
eliminated the infarct-reducing effect of chronic hypoxia. 
In contrast the selective PI3 inhibitor, wortmannin, did 
not alter the effect on the IS/AAR ratio in both adapted 
and non-adapted rats (Figure 5). Pretreatment with MPT 
pore opener, atractyloside, had no effect on the CCNH-
induced enhancement of cardiac tolerance to ischemia and 
reperfusion (Figure  5). Pretreatment with non-selective 
KATP channel inhibitor, glibenclamide, completely reversed 
infarct-sparing effect of chronic hypoxia (Figs. 1 and 6). As 
shown in Figure 6 the selective mitoKATP channel blocker, 
5-HD, exhibited the same effect. Pretreatment with the 
selective sarcKATP channel blocker, HMR 1098, did not 
abolish infarct reducing effect of CCNH (Figs. 1 and 6).

Disscussion

We have previously shown that chronic continuous normo-
baric hypoxia causes adaptation to hypoxia and enhances 
cardiac tolerance to impact of ischemia/reperfusion due to 
activation of opioid receptors (ORs) by endogenous opioid 
peptides (Maslov et al. 2013). Our current studies demon-
strate that PKC plays an important role in cardioprotective 
effect of CCNH. This result is consistent with our previously 
published data indicating that PKC is involved in the infarct-
limiting effect of adaptation to chronic hypoxia (Hlavackova 
et al. 2010; Holzerova et al. 2015). PKC plays an important 
role in cardioprotective effect of ischemic preconditioning 
(Yellon and Downey 2003). It has also been shown that this 
kinase is involved in the infarct-sparing effect of opioids 
(Fryer et al. 2001; Zhang et al. 2005; Maslov et al. 2009). 
Therefore, the participation of PKC in the cardioprotective 
effect of adaptation to hypoxia is not surprising. Previous 
studies have shown that the PI3 kinase is involved in the 
cardioprotective effect of “second window” of precondi-
tioning (Kis et al. 2003). The same enzyme mediates the 

infarct-limiting effect of exogenous opioids (Peart et al. 2008, 
2011). However, our studies indicate that the PI3 kinase is 
not involved in the infarct-reducing effect of adaptation to 
hypoxia. 

Prior studies have shown that PKC and KATP channel play 
an important role in the signaling pathway of the infarct-
limiting effect of preconditioning (Yellon and Downey 2003). 
Our studies indicate that pretreatment with the non-selective 
KATP channel blocker glibenclamide completely abrogated 
the infarct-sparing effect of CCNH. The selective mitoKATP 
channel inhibitor 5-HD exerted the same effect. In contrast, 
the selective sarcKATP channel blocker HMR 1098 did not 
alter CCNH-induced tolerance to ischemia and reperfusion. 
This result is consistent with published data indicating the 
participation of mitoKATP channel in the infarct-limiting ef-
fect of ischemic preconditioning (Yellon and Downey 2003) 
and adaptation to intermittent hypoxia (Kolar et al. 2005; 
Bu et al. 2015) Our studies and those of other investigators 
have documented that mitoKATP channel is involved in the 
signaling pathway of cardioprotective effect of exogenous 
opioids (McPherson and Yao 2001; Peart et al. 2008; Maslov 
et al. 2009; Gross et al. 2012). This result is consistent with 
published data on participation of opioid receptors in the 
infarct reducing effect of CCNH (Maslov et al. 2013) and 
chronic intermittent hypoxia (Estrada et al. 2016). It has also 
been shown that PKCε can activate mitoKATP channel (Costa 
et al. 2005; Jaburek et al. 2006; Budas and Mochly-Rosen 
2007). In turn, mitoKATP channel opening may promote 
an increase in production of reactive oxygen species which 
activates PKC (Costa et al. 2008).

The results of our experiments with atractyloside were 
somewhat unexpected since we had previously demonstrated 
that adaptation to chronic continuous hypoxia blocks the 
opening of MPT pore in response to ischemia/reperfusion of 
the isolated rat heart (Maslov et al. 2015). It has been shown 
that atractyloside abolished infarct reducing effect chronic 
intermittent hypoxia (Bu et al. 2015). Prior studies have 
shown that MPT pore plays an important role in the patho-
genesis of apoptotic cell death (Halestrap 2010). However, 
its involvement in the mechanism of necrotic cell death has 
not been proved. We hypothesize that the MPT pore may be 
involved in the antiapoptotic effect of adaptation to hypoxia. 
To date this is our assumption because the antiapoptotic 
effect of adaptation to hypoxia has yet to be studied. It is 
possible that MPT pore participates in the infarct limiting 
effect of chronic intermittent hypoxia but it are not involved 
in the cardioprotective effect of CCNH. 

Our studies indicate that iNOS is involved in the infarct-
sparing effect of CCNH. This finding is consistent with our 
previously published data on the participation of NO/cGMP 
signaling pathway in the infarct-limiting effect of pre- and 
postconditioning (Costa et al. 2008). In addition, our data 
are consistent with other studies that have shown that the 
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cardioprotective effect of opioids is depend upon an activa-
tion of NOS (Patel et al. 2004; Maslov et al. 2009; Karlsson 
et al. 2011; Gross et al. 2012).

Our follow-up experiments confirmed the important 
role of NO-synthase in the infarct reducing effect of adapta-
tion to hypoxia. We demonstrated that chronic continuous 
normobaric hypoxia causes a 1.5-fold increase in the total 
content of nitrates and nitrites in the blood, compared to 
intact animals (p < 0.05, Table 3). The content of nitrates 
and nitrites in myocardial tissue after CCNH was twice 
as large as that in unadapted rats (Table 3). We observed 
similar changes following 5 min after exposure to ischemia. 
Nitrate and nitrite levels were elevated 1.65-fold in the blood 
and 2.1-fold in myocardium of rats subjected to CCNH, 
compared to control rats after ischemia (Table  3). These 
data indicate a  significant increase in nitrite and nitrate 
content in rats with chronic hypoxia and can serve as an 
indirect measure of the intensity of nitric oxide synthesis 
with NO-synthase. Our next experiments were designed 
to identify the significance of these changes in the imple-
mentation of the infarct-limiting effect CCNH. We found 
that the selective inhibition of iNOS completely abolished 
infarct sparing effect of CCNH. This result demonstrates 
that this isoenzyme plays an important role in the adapta-
tion increase in cardiac tolerance to the impact of the heart 
ischemia/reperfusion.

Signal transmission from the opioid receptor to PKC 
involves phospholipase C (PLC) (Chen et al. 1991; Jin et al. 
1992; Okajima et al. 1993), phospholipase D (PLD) (Man-
goura and Dawson 1993) and diacylglycerol (DAG) (Man-
goura and Dawson 1993) which activates PKC. While the 
transmission signal from the opioid receptor, NO-synthase, 
involves a transactivation of receptor tyrosine kinase (RT), 
epidermal growth factor receptor and the following signaling 
pathway OR/RT/PI3K/AKT/nNOS/NO/KATP (Cunha et al. 
2010; Cohen and Downey 2011).

It should be noted that Downey and coworkers (Qin et 
al. 2004) showed that cardioprotective signaling from GPCR 
receptors terminates with protein kinase G (PKG) and that 
the signaling pathway contains NOS, to synthesize NO, and 
guanylyl cyclase, to synthesize cGMP, which is necessary 
to activate PKG. In a  later work, this group showed that 
activated PKG opens mitoKATP when added to isolated 
mitochondria (Costa et al. 2005). However, we found that 
the PI3 kinase is not involved in the infarct-limiting effect of 
CCNH. Apparently there is an alternative pathway of adapta-
tion increase in cardiac tolerance to ischemia/reperfusion. 
One of tyrosine kinases is involved in this pathway but this 
pathway plays a minor role in the increase in cardiac toler-
ance to ischemia because genistein reduces the cardioprotec-
tive effect of adaptation but does not eliminate it.

In 2011, Karlsson et al. (2011) reported that infarct-
reducing effect of the opioid Eribis peptide 94 is accom-

panied by phosphorylation of eNOS Ser1177. Based on the 
aforementioned study our hypothesis is that endogenous 
opioid peptides can induce phosphorylation of eNOS by 
activating PKC. Indeed there is evidence that PKC can 
phosphorylate eNOS (Chen et al. 2014; Li et al. 2016). 
There is also evidence that PKC may be involved in the 
upregulation of iNOS (Ahmed et al. 2010; Bhatt et al. 
2010). At the same time we cannot exclude a mechanism 
of action in which iNOS activation occurs utilizing an 
opioid-independent mechanism relying on de novo syn-
thesis of iNOS.

Costa et al. found evidences that the increase in NO 
production can induce the signaling pathway for NO/GC/
cGMP/PKG/ KATP (Costa and Garlid 2008) which may serve 
as the other signaling pathway for OR/PLC, PLD/DAG/PKC/
KATP and also leads to enhancement of cardiac tolerance to 
ischemia/reperfusion. 

Thus, our results indicate that the infarct-reducing ef-
fect of chronic continuous hypoxia may be the result of the 
enhancement in NO production as a  result of the activa-
tion of iNOS. Nitric oxide may promote mitoKATP channel 
opening which in turn can lead to increased tolerance to 
cardiac ischemia and reperfusion. Our data indicate that the 
PKC plays an important role in the infarct-limiting effect 
of continuous adaptation to hypoxia. While the role of the 
tyrosine kinase in the cardioprotective effect of CCNH may 
be of lesser importance. Our experiments indicate that the 
MPT pore and PI3 kinase do not play a significant role in 
the infarct-reducing effect of CCNH.
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