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Summary 
Several studies have shown that diabetes mellitus modulates 
heart resistance to ischemia and abrogates effectivity of 
cardioprotective interventions, such as ischemic preconditioning 
(IP). The aim of this study was to evaluate whether the effect of 
hyperglycemic conditions on the severity of ischemia-reperfusion 
(I/R) injury in preconditioned and non-preconditioned hearts 
(controls, C) is related to changes in osmotic activity of glucose. 
Experiments were performed in isolated rat hearts perfused 
according to Langendorff exposed to 30-min coronary occlusion/ 
120-min reperfusion. IP was induced by two cycles of 5-min 
coronary occlusion/5-min reperfusion, prior to the long-term I/R. 
Hyperosmotic (HO) state induced by an addition of mannitol 
(11 mmol/l) to a standard Krebs-Henseleit perfusion medium 
significantly decreased the size of infarction and also suppressed 
a release of heart fatty acid binding protein (h-FABP – biomarker 
of cell injury) from the non-IP hearts nearly to 50 %, in 
comparison with normoosmotic (NO) mannitol-free perfusion. 
However, IP in HO conditions significantly increased the size of 
infarction and tended to elevate the release of h-FABP to the 
effluent from the heart. The results indicate that HO environment 
plays a cardioprotective role in the ischemic myocardium. On the 
other hand, increased osmolarity, similar to that in the 
hyperglycemic conditions, may play a pivotal role in a failure of 
IP to induce cardioprotection in the diabetic myocardium.  
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Several experimental and clinical studies have 
shown that some pathological conditions, such as acute 
diabetes mellitus (DM), hyperglycemia, and/or angina 
pectoris (AP, considered as a clinical analogue of 
ischemic preconditioning, IP) modulate heart resistance 
against ischemia-reperfusion (I/R) injury. The resulting 
effect depends on the duration of pathological conditions 
and their combination (Ferdinandy et al. 2007, 
Ravingerová et al. 2012). Diabetes mellitus induced by 
streptozotocin (STZ-DM) in its early phase activates 
cytoplasmatic protein kinases also involved in 
physiological processes likewise cell growth or IP 
(PI3 kinase, protein kinase B, C, MAP kinases, such as 
extracelular signal-regulated kinases 1/2, endothelial 
NO-syntase). Duration of diabetic state markedly 
determines myocardial response to I/R. It has been 
proposed that acute phase of STZ-DM improves heart 
resistance against I/R injury (Ravingerová et al. 2003a, 
Ravingerová et al. 2000). However, longer period of DM 
alters cardiac tolerance to ischemia (Ravingerová et al. 
2003b, Tosaki et al. 1996). Chronic phase of the disease 
leads to alterations of DM-induced intracellular signaling 
which results in impaired maintenance of physiological 
regulations and subsequent development of pathological 
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processes (Ravingerová et al. 2010, Balakumar 2014). 
Moreover, hyperglycemia may completely blunt 
cardioprotection induced by IP applied in the in vivo 
conditions (Kernsten et al. 1998, Vladic et al. 2011). It 
was also observed that prognosis of infarction in patients 
with short-term episodes of pre-infarction AP is worse in 
those with DM (Behar et al. 1992, Ishihara et al. 2001). 
Similarly, hyperglycemia in the in vitro conditions 
simulated by an enhanced concentration of glucose in the 
perfusion medium reversed beneficial effect of IP and 
increased susceptibility of preconditioned isolated hearts 
to I/R injury (Zálešák et al. 2014). The mechanism of IP 
implies releasing of mediators from stressed myocytes 
and paracrine stimulation of appropriate receptors 
coupled with G-proteins. Releasing of specific mediators 
is facilitated by cell swelling during brief I/R stress 
related to impaired sodium homeostasis, decreased ATP 
content (Li and He 1995) and accumulation of products 
of anaerobic glycolysis (Štrbák 2011). It was observed 
that hypotonic environment also facilitates releasing of 
these mediators from the cells (Phillips and O´Regan 
2002). It suggests that the hypertonic environment due to 
hyperglycemia may cause the failure of IP-induced 
cardioprotection.  

On the other hand, hypertonicity may induce  
an adaptive response to hyperosmotic stress. The 
hyperosmotic response stress pathway has been well 
characterized by activation of osmotic sensor proteins Sl1 
and Sho2 which upregulates multiple protein kinases 
involved in IP-mechanisms (Alfieri and Petronini 2007). 
In addition, hyperosmotic conditions induced by 
abundant glucose or presence of metabolically inactive 
mannitol in perfusion medium increased expression of 
heat shock protein 90 (Chen et al. 2006). This study also 
showed that acute STZ-induced DM reduced releasing of 
creatinkinase from hearts during reperfusion in 
Langendorff mode. However, it was not elucidated if and 
how the hypertonicity itself regardless elevated glucose, 
influences myocardial resistance against ischemia.  

This study aimed to elucidate the efficacy of 
hypertonicity induced in vitro on resistance of 
preconditioned and non-preconditioned hearts to I/R 
injury without elevated energy availability. Adult male 
Wistar rats (250-300 g) handled in accordance with the 
Guide for the care and Use of laboratory Animals 
published by US National Institutes of Health (NIH 
publication No 85-23 revised 1996) and approved by the 
Animal Health and Food Administration of the Slovak 
Republic were used in the study. Rats were randomly 

divided into four groups, and further experiments were 
performed in Langendorff-perfused hearts.  

After rapid excision, the hearts were placed into 
ice-cold physiologic buffer, cannulated via aorta and 
perfused in the Langendorff mode with Krebs-Henseleit 
buffer (KHB) gassed with 95 % O2 and 5 % CO2 
(pH=7.4) at a constant perfusion pressure of 73 mm Hg 
and 37 ºC. Standard (normoosmotic, NO) KHB contained 
(in mmol/l): NaCl 118.0, KCl 3.2, MgSO4 1.2, NaHCO3 
25.0, KH2PO4 1.18, CaCl2 2.5, glucose 11.1 and 
hyperosmotic (HO) KHB buffer was enriched with 
mannitol 11.1. Osmolarity of both buffers was 290 and 
325 mOsm/l, respectively, evaluated by the cryoscopic 
osmometer (OSMOMAT 030, Gonotec, Germany). Left 
ventricular (LV) pressure was measured by a water-filled 
balloon (inflated to obtain end-diastolic pressure of  
5-7 mm Hg inserted into LV) and connected to a pressure 
transducer (MLP physiological pressure transducer, 
ADinstruments, Germany). LV systolic and diastolic 
pressure, LV developed pressure (LVDP, systolic minus 
diastolic pressure), maximal rates of pressure 
development and fall, +dP/dtmax, -dP/dtmin, as indexes of 
contractions and relaxation, heart rate (HR, derived from 
electrogram) and coronary flow were used to assess heart 
function using Power-Lab/8S5P Chart 7 software 
(ADinstruments Germany). The hearts were allowed to 
stabilise (normal perfusion) 20 min before further 
interventions. No significant differences in the values of 
heart rate, LVDP, +dP/dtmax, -dP/dtmax and coronary flow 
between all groups were observed (Table 1). After 
stabilization period, hearts were exposed to 30-min 
occlusion of left anterior descending (LAD) coronary 
artery followed by a release of clamping and 120-min 
reperfusion for to provide I/R injury. Groups of hearts 
perfused during whole I/R protocol with mannitol-free 
KHB served as a normoosmosis (NO) and with mannitol 
rich-KHB as a hyperosmosis (HO). IP was induced in 
both conditions (NO, HO) by two cycles of 5-min 
coronary artery occlusion and 5-min reperfusion prior to 
sustained I/R performed like in both NO and HO non-
preconditioned groups served as a controls. 

The severity of I/R injury or heart resistance 
were determined based on the evaluation of infarct size at 
the end of I/R protocol and release of heart type fatty acid 
binding protein (h-FABP), considered as a rapid 
biomarker of cell injury (Alhadi and Fox 2004), from the 
hearts to perfusion medium during the whole experiment. 
Infarct size (IS) and area at risk (AR) were delineated by 
double-staining with KMnO4 and triphenyltetrasolium 
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Table 1. Preischemic values of parameters of myocardial function. 
 

Group I/R/NO IP/NO I/R/HO IP/HO 

HR (beats/min) 254±16 238±16 228±16 202±18 
CF (ml/min) 8.7±1.0 10±1.0 8.3±0.8 6.7±0.5 
LVDP (mm Hg) 74.7±9.9 76.8±9.6 75.2±6.5 64.4±5.6 
+dP/dtmax (mm Hg) 1959±290 1995±349 2334±204 1326±110 
-dP/dtmax (mm Hg) 1138±206 1164±213 1819±738 1027±93 

 
I/R – non-preconditioned controls, IP – ischemic preconditioning, HO – hyperosmosis, NO – normoosmotic conditions, HR – heart rate, 
CF – coronary flow, LVDP – left ventricular developed pressure, +(dp/dt)max – maximal rate of pressure development, -(dP/dt)max – 
maximal rate of pressure fall. Data are expressed as a means ± SEM, n=6-8 hearts per group. 
 

 
 
Fig. 1. Effect of hyperosmotic conditions (HO) and ischemic preconditioning (IP) to heart sensitivity to I/R injury in comparision with 
normoosmotic (NO) conditions. A. Infarct size (IS) of area at risk (AR) in %. B. AR of left ventricle (LV) in %. C. Cummolative curves of 
total amount of h-FABP substance released from hearts to perfusing medium in respective stages of experiments in normoosmotic (NO) 
and hyperosmotic (HO) conditions. I/R – non-preconditioned controls, IP – ischemic preconditioning. Results are expressed as a means 
± SEM, n=6-8 hearts per group, * p˂0.05, IP/NO vs. I/R/NO, + p˂0.05, I/R/NO vs. I/R/HO, # p˂0.05, IP/HO vs. I/R/HO. 
 
 
chloride (TTC), as described elsewhere (Neckář et al. 
2007). IS and AR were measured in 4-5 left ventricle 
slices per heart (1 mm thick) and determined by non-
commercial planimetric software. IS was expressed in 
% of AR. No significant differences in AR in LV slices 

(AR/LV) were observed between the groups (Fig. 1B).  
H-FABP was analyzed in the effluent from the hearts 
using sandwich ELISA test kit according to a datasheet of 
manufacturer to determine h-FABP concentrations. 
Effluent from the hearts was collected during 
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stabilization, long-term occlusion and reperfusion period. 
Collecting during reperfusion was divided into series of 
six 20 min separated collectings. Samples (2 ml) of 
collected effluent in each experimental stage were 
dialyzed overnight against redistilled water at 4 ºC using 
dialysis tubing cellulose membrane, 1-ml samples 
obtained from dialyzed samples were frozen at -20 ºC, 
completely lyophilized and subsequently diluted with 
110 µl sample diluent. In diluted samples (100 µl)  
h-FABP concentrations were determined using ELISA. 
Concentrations values were multiplied by appropriate 
volumes of collected effluents to determine the amount of 
h-FABP substance (in pmol) released in every 
experimental stage. With respect to the sample 
processing, amounts of substances were multiplied 
by 0.09. This constant represents a simplified numeric 
expression of 100/1000 x 100/110. Gradual summations of  
h-FABP amount are expressed in cumulative curves 
(Fig. 1C) and show the total amount of h-FABP released 
in each phase of experiment. The h-FABP release was 
observed also during coronary occlusion in all groups. Its 
potential cause is a basal h-FABP release from normal 
non-risk myocardium or coronary collateral development 
in AR, which become functional between 15 to 30 min of 
coronary occlusion according to morphological study in 
rats (Jia and Sato 1997). 

In our experiments, HO in non-preconditioned 
controls significantly reduced IS/AR (Fig. 1A) and total 
amount of h-FABP substance released at the end of 
reperfusion was suppressed nearly to 50 % as compared 
to the standard NO conditions (Fig. 1C). It confirms that 
HO conditions exert cardioprotective effects. Beneficial 
effect of hypertonicity and related prevention of release 
of molecular substances (creatine phosphokinase) from 
the myocytes is also supported by experimental study of 
Cao et al. (2013). Similarly, in vivo experiments in pigs 
confirmed the favorable effects of hyperosmotic 
environment induced by intracoronary application of 
mannitol. In that study, hyperosmosis mitigated 
irreversible reperfusion injury, infarct size and cell 
swelling in the risk myocardium (Garcia-Dorado et al. 
1992). However, cardioprotection induced by 
hyperosmotic environment is not obvious. Thus, other 
studies in porcine (Klein et al. 1985) or dog myocardium 
(Carlson et al. 1992) did not show an improved heart 
resistance by intracoronary administration of mannitol in 
the in vivo models. The probable cause of this ambivalent 
effect of hyperosmotic treatment may be related to 
parallel activation of both Ca2+-induced cell death and 

survival, supported by activation of the transcriptional 
factor cAMP responsive element binding protein (CREB) 
(Chiong et al. 2010). It was determined that CREB is 
a downstream target of the protein kinases activated in 
the signaling pathways of myocardial adaptation, such as 
PI3K/Akt pathway, PKA, PKC, ERK1/2, p38 MAPK 
(Marais et al. 2008). The prosurvival effect of CREB is 
based upon preventing apoptosis by targeting Bcl-2 
protein, DNA damage-inducible protein (GADD34) and 
gene expression of growth factors such as insulin and 
fibroblast growth factor 6 (Ichiki 2006). The CREB 
activation leads also to overexpression of fibronectin, 
myosin heavy chain coupled with impaired heart function 
(Ischiki 2006, Pandya and Smithies 2011). However, the 
overexpression of these structural elements and heart 
failure was described in longer period of hyperglycemia 
due to insulin resistance (Qi et al. 2015, Turner et al. 
2016). This is consistent with the evidence that resulting 
effect of several pathological conditions likewise DM to 
heart resistance against ischemia depends on their 
duration and falls with their transition to chronicity due to 
developing of cardiopathies (Ravingerová et al. 2012). 

Besides the considered protective effect of acute 
HO, it seems that HO switches off the beneficial effect of 
IP on heart resistance against I/R injury. IP in HO 
conditions enlarged the size of infarction and tended to 
elevate release of h-FABP from the hearts at the end of 
reperfusion in comparison with non-preconditioned 
controls (Figs 1A and 1C). Mild cell swelling induced at 
the beginning of brief reperfusion periods in IP-episodes 
supports the release of IP-mediators from the risk 
myocardium and thereby triggering of cell signaling able 
to induce an adaptive response. Therefore, the HO 
conditions may play a pivotal role in a failure of IP to 
induce cardioprotection. Moreover IP and HO induced in 
in vitro are acute stress conditions that despite the 
induction of adaptive mechanisms mediated by Akt, 
PKCε (Downey et al. 2007, Yeshao et al. 2005, Zhuang 
et al. 2000) may play role in activation of PKCδ 
(Simkhovich et al. 2013, Shizukuda et al. 2002), involved 
in apoptotic processes (Zhao et al. 2012). The  
role of PKCδ in IP is not clear; the experimental studies 
demonstrated both activation (Kawamura et al. 1998) or 
inhibition (Churchill et al. 2010) of PKCδ translocation 
to the membrane structures. Therefore, the combinated 
administration of both IP and HO should increase the 
probability of this proapoptotic pathway. The possible 
potentiated activation of PKCδ by simultaneously 
induced IP and HO often related with hyperglycemic 
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conditions could be one of the possible explanations of 
the negative effect of IP on heart resistance against 
I/R injury. It is tempting to speculate that simultaneous 
hyperactivation of PKCδ by IP and hyperglycemia-
related HO may explain the loss of antinecrotic protection 
elicited by IP. We acknowledge as limitation of our study 
the fact that we did not assess PKCδ. Also, we may 
further speculate that increased osmotic pressure in 
plasma may explain the negative effect of angina pectoris 
with respect to prognosis of infarction in patients with 
comorbidities (diabetes mellitus with angina pectoris). 

In conclusion, our results unequivocally confirm 
that hyperosmolarity is cardioprotective against I/R injury 
in isolated rat hearts. However, HO blunted protective 
effect of IP and increased sensitivity to I/R injury in the 
preconditioned hearts. The mechanisms underlying the 

loss of conditioning-related protection in the setting of 
HO are currently under investigation. The probable cause 
of abrogated heart resistance due to combination of more 
stress stimuli (short-term ischemia and hyperosmosis) 
and molecular cell death mechanisms are the subjects of 
further investigation. 
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