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Ischemic heart disease and its most severe manifestations – acute myo-
cardial infarction and sudden death due to lethal dysrhythmias – is 

one of the major causes of morbidity due to cardiovascular diseases in 
modern society. Myocardial response to ischemia may be markedly 
augmented by risk factors associated with lifestyle, including chroni-
cally elevated blood pressure, which leads to left ventricular hyper-
trophy (LVH) (1,2). In adults, LVH has been identified as one of the 
most important contributors to cardiovascular morbidity and mortal-
ity (3). This is particularly important in cardiac surgery because LVH 
is frequently associated with postischemic contractile dysfunction 
(4). Chronic hypertension and the development of LVH impairs 
heart function under normal conditions, and may have a negative 
impact on the outcome of ischemia/reperfusion (I/R) injury (1,5) due 
to impaired regulation of energy metabolism and homeostasis of ions, 
in particular, calcium handling (6). Moreover, it has been suggested 
that pathological conditions, such as hypertension, not only interfere 
with the pathophysiological mechanisms of I/R per se, but may also 
suppress intrinsic mechanisms of cardioprotection known as isch-
emic preconditioning (I-PC) (7). Acute adaptation induced by PC 
with brief episodes of ischemia or hypoxia and its various modifica-
tions is a particularly effective method of increasing cardiac ischemic 
tolerance (8) in all species including humans (9), and is applicable to 
bypass surgery and angioplasty (10). Although some studies have 
indicated that repeated, brief, stressful stimuli could evoke a short-
term adaptative response that modulate cardiac susceptibility to 
acute oxygen deprivation (11) – even in the remodelled myocar-
dium of hypertensive rats – it is still a matter of debate as to 
whether PC is a phenomenon of the ‘healthy heart’, or whether the 
potential of intrinsic cardioprotection also exists in diseased hearts 
(6,12,13).

Similar to the short-term cardioprotection induced by I-PC, 
enhanced resistance to ischemia develops as the result of long-term 
adaptation to some physiological stimuli (eg, physical exercise) or to 
pathological processes associated with myocardial hypoxia and hyper-
trophy such as long-term exposure to chronic hypoxia (14,15).

Limitation of living space represents a special form of chronic stress 
with a strong emotional component. Humans exposed to an acute chal-
lenging task, such as living in a crowded neighbourhood, demonstrate 
greater cardiovascular reactivity (ie, a higher increase in arterial blood 
pressure and heart rate) (16). Although psychosocial stress induced by 
crowding is a relatively mild form of stress, in animal models, it has been 
shown to impair vascular regulation that increases the risk of develop-
ment of hypertension (17,18). However, little evidence is available with 
respect to the modulation of cardiac ischemic tolerance by chronic 
psychosocial stress, in particular, in hypertensive models.

Both chronic social stress and acute stress induced by a brief 
ischemic episode are associated with modulation of sympathetic activ-
ity (18-21). Under certain conditions, sympathetic activation can 
trigger a protective response in the myocardium (22). Moreover, pro-
tection against different end points of I/R injury (eg, arrhythmias, 
stunning and infarction) conferred by I-PC has been shown to involve 
stimulation of beta- or alpha-1 adrenergic receptors (20,21,23,24). 
However, most previous studies have been performed in the hearts of 
healthy animals. Therefore, the present study was designed to reveal 
potential differences in the effects of long-term adaptation to crowding 
stress (CS) and short-term adaptation to ischemic stress, on ischemic 
tolerance in pathologically altered hearts of hypertensive rats. An 
additional goal was to compare the effects of both forms of stress on 
myocardial response to I/R in hypertensive rats versus their normoten-
sive counterparts.
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Chronic hypertension may have a negative impact on the myocardial 
response to ischemia. On the other hand, intrinsic ischemic tolerance may 
persist even in the pathologically altered hearts of hypertensive animals, 
and may be modified by short- or long-term adaptation to different stressful 
conditions. The effects of long-term limitation of living space (ie, crowd-
ing stress [CS]) and brief ischemia-induced stress on cardiac response to 
ischemia/reperfusion (I/R) injury are not yet fully characterized in hyper-
tensive subjects. The present study was designed to test the influence of 
chronic and acute stress on the myocardial response to I/R in spontaneously 
hypertensive rats (SHR) compared with their effects in normotensive 
counterparts. In both groups, chronic, eight-week CS was induced by caging 
five rats per cage in cages designed for two rats (200 cm2/rat), while controls 
(C) were housed four to a cage in cages designed for six animals (480 cm2/rat). 
Acute stress was evoked by one cycle of I/R (5 min each, ischemic precon-
ditioning) before sustained I/R in isolated Langendorff-perfused hearts of 

normotensive and SHR rats. At baseline conditions, the effects of CS were 
manifested only as a further increase in blood pressure in SHR, and by 
marked limitation of coronary perfusion in normotensive animals, while no 
changes in heart mechanical function were observed in any of the groups. 
Postischemic recovery of contractile function, severity of ventricular 
arrhythmias and lethal injury (infarction size) were worsened in the hyper-
trophied hearts of C-SHR compared with normotensive C. However, myo-
cardial stunning and reperfusion-induced ventricular arrhythmias were 
attenuated by CS in SHR, which was different from deterioration of I/R 
injury in the hearts of normotensive animals. In contrast, ischemic precondi-
tioning conferred an effective protection against I/R in both groups, although 
the extent of anti-infarct and anti-arrhythmic effects was lower in SHR. 
Both forms of stress may improve the altered response to ischemia in hyper-
tensive subjects. In contrast to short-term preconditioning stress, chronic 
psychosocial stress was associated with a higher risk of lethal arrhythmias 
and contractile failure in normotensive animals exposed to an acute isch-
emic challenge.
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METhods
Animals
Adult male spontaneously hypertensive rats (SHR) and their normo-
tensive control counterparts (Wistar Kyoto rats) were fed a standard 
diet and tap water ad libitum, and were housed under standard condi-
tions with a constant 12 h light/12 h dark cycle (lights on at 06:00 h), 
a mean (± SD) temperature of 22°±2°C. All studies were performed 
in accordance with the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of Health (publica-
tion 85-23, revised 1996), and approved by the Animal Health and 
Welfare Division of the State Veterinary and Food Administration of 
the Slovak Republic.

In the protocol of chronic CS, each group of animals was randomly 
divided into two subgroups: control group, in which groups of four rats 
were housed in cages designed for six (ie, living space 480 cm2/rat); and 
a stressed group, in which five rats were housed in cages designed for 
two (ie, living space 200 cm2/rat). After baseline measurement of arter-
ial blood pressure (BP) by noninvasive tail-cuff plethysmography 
(ADInstruments, Germany), data regarding parameters of heart 
weight and body weight, as well as nitric oxide (NO) synthase (NOS) 
activity were recorded. The animals were subsequently entered into 
the CS protocol. After eight weeks, the animals were sacrificed and all 
measurements were repeated. In addition, transmission electron 
microscopy examination of heart tissue was performed in all groups of 
animals. Additional experiments were performed in isolated perfused 
hearts.

Perfusion technique
The hearts of anesthetized (sodium pentobarbitone 60 mg/kg, intrap-
eritoneally) animals were rapidly excised and perfused at 37°C in the 
Langendorff mode at a constant perfusion pressure of 73 mmHg. In the 
hearts of hypertensive animals, perfusion pressure was proportionally 
adjusted to the higher blood pressure in SHR in vivo (Table 1). The 
perfusion solution was a modified Krebs-Henseleit buffer infused with 
95% O2 and 5% CO2 (pH 7.4) containing the following: 118 mM 
NaCl, 3.2 mM KCl, 1.2 mM MgSO4, 25 mM NaHCO3, 1.18 mM 
KH2PO4, 2.5 mM CaCl2 and 5.5 mM glucose. An epicardial electro-
gram was registered by means of two electrodes attached to the apex of 
the heart and the aortic cannula. Left ventricular (LV) pressure was 
measured by means of a nonelastic balloon inserted into the LV cavity 
(water-filled to obtain end-diastolic pressure of 5 mmHg) and con-
nected to a pressure transducer (MLP844 [ADInstruments, Germany]). 
LV developed pressure (LVDP [systolic minus diastolic pressure]), LV 
end-diastolic pressure (LVEDP), maximal rates of pressure develop-
ment and fall (+[dP/dt]max and −[dP/dt]max, respectively) as the 
indexes of contraction and relaxation, heart rate and coronary flow 
were measured during a preischemic stabilization period , and were 
continuously recorded until the end of the experiment using 
PowerLab/8SP Chart 7 software (ADInstruments, Germany).

Protocols of test ischemia
The hearts of all experimental groups were randomly assigned to the 
following protocols (n=8 to 10 hearts per group).
1. After a 20 min stabilization period, the hearts were subjected to 25 min 

of global ischemia followed by 40 min of reperfusion by clamping 
and unclamping of aortic inflow for the evaluation of postischemic 
contractile dysfunction (myocardial stunning) and reperfusion-
induced tachyarrhythmias. Recovery of LVDP at the end of reper-
fusion (percentage of pre-ischemic values) and ventricular 
arrhythmias occurring during the first 10 min of reperfusion served 
as the end points of injury. Arrhythmias were quantified in accord-
ance with The Lamberth Conventions (25). Data collection was 
focused on the incidence of the most severe arrhythmias, sustained 
ventricular fibrillation (SVF, duration >2 min) and duration of 
ventricular tachycardia (VT).

2. After a 20 min stabilization period, the hearts were subjected to 30 min 
of global ischemia followed by 2 h of reperfusion for the determina-
tion of infarct size (IS) as the primary end point of injury.

I-PC protocol
In an acute ischemic stress setting, after a 20 min stabilization period, 
the hearts of normotensive and hypertensive animals were subjected to 
one 5 min cycle of ischemia and 5 min of reperfusion before 30 min of 
global ischemia, followed by 2 h reperfusion for the evaluation of 
LVDP recovery and IS.

Is determination
The size of the infarcted area and the area at risk size were delineated 
by staining with 2,3,5-triphenyltetrazolium chloride and determined 
by a computerized planimetric method as previously described (26). 
Because the area at risk represents the entire area of the LV in the 
global ischemia protocol, IS was expressed as a percentage of LV size.

Transmission electron microscopy examination of qualitative 
structural alterations
In parallel subsets of experiments, perfusion fixation of the hearts with 
4% buffered paraformaldehyde was performed by retrograde perfusion 
via the ascending aorta at a constant pressure of 80 mmHg for 3 min. 
Small (1 mm3) LV heart tissue samples (n=5 per group) were postfixed 
in buffered glutaraldehyde and OsO4, dehydrated in a series of ethanol 
and propylene oxide infiltration, and finally embedded in Epon 812 
(Electron Microscopy Sciences, USA) and routinely processed for 
transmission electron microscopy as described elsewhere (27).

Nos activity
NOS activity was measured in the crude heart tissue homogenates by 
determination of 3HL-citrulline formation from 3HL-arginine 
(Amersham, United Kingdom), as described previously (28), and 
expressed as pmol/min/mg of protein.

statistical evaluation
The data were expressed as mean ± SEM. One-way ANOVA and 
subsequent Student-Newman-Keuls test were used for comparing dif-
ferences in normally distributed variables between the groups. Variables 
with nonparametric distribution were compared using Fisher’s exact 
test or Mann-Whitney test using GraphPad Prism version 5.00 
(GraphPad Software, USA) for Windows (Microsoft Corporation, 
USA). Differences were considered to be statistically significant at 
P<0.05.

REsulTs
Effect of hypertension and crowding on weight parameters and 
baseline myocardial function
In both hypertensive groups, lower body weight, increased heart 
weight, LVH and enhanced BP were observed compared with normo-
tensive groups. There were no differences in spontaneous heart rate 
between the groups. On the other hand, parameters of contractile 
function (LVDP, dP/dtmax) were increased in the hearts of SHR. 
Furthermore, coronary perfusion of the myocardium (specific coronary 
flow) was markedly decreased in these hearts (Table 1).

The effect of CS was observed only in hypertensive animals, in which 
CS further increased BP compared with unstressed SHR. The mechan-
ical function of the heart was not affected by CS in any of the groups. In 
contrast, coronary perfusion of the myocardium was reduced in both 
stressed groups – normotensive and hypertensive – compared with their 
respective controls. Moreover, this effect of CS was significantly more 
pronounced in the hearts of normotensive animals (Table 1).

Effect of hypertension and Cs on myocardial ultrastructure
Examination of subcellular structures revealed all of the characteristics 
of normal ultrastructure in the hearts of normotensive, unstressed 
control animals. The ultrastructure of myocardial muscle of hyperten-
sive animals showed signs of hypertrophy (Figure 1A). Mitochondria 
were more numerous, smaller and darker, with fusions of mitochondria 
also present. In addition, signs of neofibrilogenesis (the creation of 
new myofilaments) and an increased number of ribosomes were fre-
quently viewed (Figure 1B).
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In the myocardium of normotensive animals exposed to stress, foci 
of hypercontractions and mostly reversibly altered mitochondria 
representing the manifestations of ischemia-like changes were observed 
(Figure 1C). Myocardial ultrastructure in the stressed animals of the 
SHR group did not appreciably differ from the ultrastructure of the 
unstressed SHR group (Figure 1D).

Effect of hypertension and Cs on Nos activity
The activity of NOS was markedly elevated in the myocardium of 
SHR compared with normotensive controls (P<0.05). In contrast, in 
the stressed hypertensive group, NOS activity was significantly lower 
than in the respective control group, while no effect of CS on NOS 
activity was observed in the normotensive animals (Figure 2).

Effect of hypertension on myocardial ischemic tolerance
In both experimental protocols, testing of myocardial ischemic toler-
ance demonstrated significantly lower recovery of systolic and diastolic 
function in the hearts of the SHR group (LVDP 15±6% of pre-
ischemic value; LVEDP 26±6 mmHg versus 60±6% and 12±3 mmHg, 
respectively, in normotensive animals [P<0.05]) (Figures 3A and 3B). 
In a second protocol of more severe I/R focused on lethal injury, in 
which myocardial stunning was more pronounced, deterioration of 
LVDP recovery in hypertensive rats compared with the normotensive  
rats was also obvious (Figure 4A).

In addition, the hearts of the hypertensive group exhibited longer 
duration of VT (84±22 s versus 30±12 s in the normotensive group 
[P<0.05]), and while lethal SVF did not occur in the hearts of the 
normotensive group, it was observed in 25% of the SHR hearts 
(Figure 3C). Similarly, myocardial IS was significantly larger in the 
SHR group (IS/LV 39±3.0% versus 30±1.2% in the normotensive 
group [P<0.05] (Figure 3D).

Effect of Cs on ischemic tolerance in hypertensive and 
normotensive rat hearts
In the hearts of SHR, CS led to a better restoration of heart function 
after I/R challenge than in the unstressed SHR controls. This was 
manifested as a mitigation of contractile dysfunction (LVDP recovery 
37±11% versus C-SHR [P<0.05]) and by a total suppression of SVF 
(Figures 5A and 5C). Moreover, susceptibility to VT was also reduced 
in the stressed SHR group (Figure 5B), and its total duration was 
shorter than in C-SHR.

In contrast, CS impaired the postischemic restoration of mechan-
ical function and exacerbated reperfusion-induced arrhythmias in the 
hearts of normotensive rats (Figure 5). Thus, LVDP in the stressed 
normotensive group reached 33±6% of its preischemic value, duration 
of VT was prolonged to 70±20 s (both P<0.05 versus unstressed con-
trols [Figures 5A and 5B]), with SVF occurring in 40% of these hearts 
(Figure 5C).

Figure 1) Effect of eight-week crowding stress on the myocardial ultrastruc-
ture of normotensive and hypertensive rats. Transmission electron micros-
copy examination of qualitative structural alterations. A and B Myocardial 
ultrastructure of unstressed hypertensive rats. C Myocardial ultrastructure 
of normotensive stressed rats. d Myocardial ultrastructure of hypertensive 
stressed rats (higher magnification). l Lipid droplet; m Mitochondria; nf 
Neofibrilogenesis; r Ribosome; t T tubule; z Z line. Samples were obtained 
from five different hearts per group

Figure 2) Effect of eight-week crowding stress on myocardial nitric oxide 
synthase (NOS) activity in normotensive and hypertensive rats. Data pre-
sented as mean ± SEM of four to five hearts per group. C Unstressed 
normotensive and hypertensive controls; S Stressed rats. *P<0.05 versus 
normotensive rats; †P<0.05 versus respective unstressed control rats
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Table 1
Weight and heart function characteristics of normotensive 
and hypertensive rats exposed to eight weeks of crowding 
stress

Group parameters
Normotensive Hypertensive

Control Stressed Control Stressed
BW, g 390±11 376±11 339±5* 332±6*
HW, g 1.15±0.07 1.15±0.02 1.47±0.02* 1.37±0.02*
LVW/BW, mg/g 1.5±0.04 1.5±0.03 2.2±0.09* 2.3±0.05*
BP, mmHg 110.7±2.3 112±1.5 189±3.6* 197±3.0*†

HR, beats/min 307±23 292±4 316±24 295±4
LVDP, mmHg 71±6 77±8 86±2* 95±8*
+(dP/dt)max , mmHg/s 2156±293 2112±438 3052±270* 2893±105*
−(dP/dt)max , mmHg/s 1206±125 1096±1118 1614±56* 1460±212*
CF/HW, mL/min/g 11.8±1.2 8.4±0.5† 9.4±0.1* 8.5±0.1†

Data presented as mean ± SEM of eight to 10 animals per group. *P<0.05 
versus normotensive rats; †P<0.05 versus unstressed control rats. +(dP/dt)max 
Maximal rate of pressure development; −(dP/dt)max Maximal rate of pressure 
fall; BP Blood pressure; BW Body weight; CF/HW Specific coronary flow; HR 
Heart rate; HW Heart weight; LVDP Left ventricular developed pressure (LV 
systolic pressure – diastolic pressure); LVW/BW Relative LV weight to BW
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Effect of I-PC on ischemic tolerance in hypertensive and 
normotensive rat hearts
I-PC markedly improved recovery of LVDP in hypertensive and 
normotensive groups (both P<0.05 versus respective nonprecondi-
tioned controls [Figure 4A]). Similarly, the duration of VT and IS were 

significantly lower in the preconditioned hearts of hypertensive and 
normotensive rats compared with their respective nonpreconditioned 
controls (Figures 4B and 4C). However, both the duration of VT and the 
extent of lethal changes in the preconditioned hearts of the SHR group 
were higher than in the preconditioned hearts of normotensive rats.

Figure 3) Myocardial ischemic tolerance in isolated Langendorff-perfused hearts of spontaneously hypertensive (SHR) and normotensive Wistar Kyoto control (C) 
rats subjected to 25 min global ischemia and 40 min reperfusion (A to C) or 30 min ischemia and 2 h reperfusion (d). A, B Timecourse of postischaemic recovery 
of left ventricular developed pressure (LVDP) and left ventricular end-diastolic pressure (LVEDP) expressed as a percentage of preischemic values and mmHg, 
respectively. C Incidence of sustained ventricular fibrillation (VF) expressed as a percentage. d Size of myocardial infarction. Infarct size (IS) area is expressed as 
a percentage of the area at risk (ie, IS area/LV area). Data presented as mean ± SEM of eight to 10 hearts per group. *P<0.05 versus normotensive control 
group

Figure 4) Effect of acute ischemic preconditioning on postischemic recovery of left ventricular diastolic pressure  (LVDP) (A), duration of ventricular tachy-
cardia (VT) (B) and size of infarction (C) in Langendorff-perfused rat hearts subjected to 30 min of global ischemia and 2 h reperfusion. C Nonpreconditioned 
normotensive and hypertensive controls; PC Preconditioned hearts. Data presented as means ± SEM of eight to 10 hearts per group. *P<0.05 versus normo-
tensive rats; †P<0.05 versus respective nonpreconditioned control rats
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dIsCussIoN
Our results, showing impaired postischemic contractile recovery in the 
hypertrophied hearts of SHR rats (Table 1, Figures 1 and 3), are in 
agreement with the data of Snoeckx et al (29), who, in a model of global 
I/R injury, showed that isolated working hearts from adult SHR, demon-
strated substantially worsened recovery of myocardial function on reper-
fusion than the hearts from normotensive control rats. One of the 
reasons for the compromised functional recovery in the remodelled 
myocardium could be the fact that capillary proliferation in the pressure-
induced LVH heart fails to match the increase in myocyte size, resulting 
in lower capillary density and increased capillary-to-cell O2 diffusion 
distance leading to insufficient O2 supply even under normal conditions 
(1). Moreover, abnormalities of the coronary vasculature, such as nar-
rowed arteriolar lumens and increased minimal coronary vascular resist-
ance, might also contribute to the loss of coronary flow reserve and O2 
limitation in LVH at baseline (30). More specifically, cellular O2 depriva-
tion upon reperfusion has been shown to correlate with depressed pos-
tischemic functional and energetic recovery in SHR (31). Consistent 
with these data, our study demonstrated a reduced coronary perfusion of 
the myocardium of SHR (Table 1) and ultrastructure of the myocardium 
(Figures 1A and 1B), which showed features of hypertrophy (32) already 
present at baseline conditions that could account for the impaired func-
tional recovery of these hearts on reperfusion and acceleration of lethal 
injury (Figures 3A, 3B and 3D).

In another model of hypertension and LVH induced by aortic con-
striction (33), it was also demonstrated that these rats exposed to 
acute myocardial ischemia experienced an increased postoperative 
mortality rate due to more frequent occurrence of lethal arrhythmias. 
The incidence of reperfusion-induced arrhythmias is dependent to a 
major extent on the generation of reactive oxygen species (ROS) (34). 
It is well acknowledged that chronic hypertension is associated with 
changes in oxidative stress and the redox state of the myocardium 
(35,36). In addition, increased formation of NO in the myocardium 
can also exert detrimental effects contributing to the pathophysiology 
of myocardial dysfunction on I/R (37). We observed elevated NOS 
activity in the myocardium of SHR (Figure 2); hence, enhanced gen-
eration of NO and its deleterious effects due to production of toxic 
metabolites (38,39) may also be considered. Thus, increased produc-
tion of ROS (40), along with abnormal intracellular calcium homeo-
stasis due to decreased gene and protein expression of sarcoplasmic 
reticulum Ca2+-ATPase in the myocardium of hypertensive animals 
(41), may have a negative impact on the recovery of heart function 
under conditions of acute ischemic challenge (42) and might underlie 
the enhanced arrhythmogenesis in the SHR hearts shown in the 
present study (Figure 3C).

Effect of Cs on the response to I/R in the myocardium of 
hypertensive rats
Paradoxically, the hearts of hypertensive animals exposed to chronic 
CS did not exhibit any additional deterioration in their response to I/R 
injury. On the contrary, the degree of myocardial stunning, in addition 
to the duration and severity of reperfusion-induced tachyarrhythmias, 
were attenuated in these hearts compared with the unstressed SHR 
controls (Figure 4). In contrast, CS diminished the restoration of mech-
anical function and exacerbated reperfusion-induced arrhythmias in the 
hearts of normotensive animals (Figure 5).

Interestingly, a relatively mild stress (ie, CS) led to more prominent 
changes in the myocardial ultrastructure of the hearts of normotensive 
rats (Figure 1C), whereas in the hypertensive animals, subcellular struc-
tures were minimally affected by CS, and myocardial ultrastructure 
remained practically unchanged compared with that in the already 
remodelled myocardium of unstressed SHR rats (Figures 1B and D). In 
addition, CS caused significantly more pronounced dysregulation of 
coronary microcirculation and altered myocardial perfusion in normo-
tensive rats than in the hearts of hypertensive rats that experienced 
limitation of coronary perfusion before CS (Table 1). Thus, it might be 
assumed that in the adaptive phase of hypertrophy, the myocardium of 
SHR was already adjusted to chronic O2 deprivation and could, there-
fore, better tolerate additional stressful conditions, such as CS, than the 
nonadapted myocardium of normotensive rats.

Furthermore, the development of cross-adaptation caused by two 
concurrent pathologies (43,44) cannot be excluded. Several stressful 
factors (eg, ROS [45]) and changes in cell volume (46) may play a dual 
role in the mechanism of I/R injury and, aside from the  deleterious 
effects, induce short- or long-term adaptive processes (14,47) that 
enhance the resistance of the heart to subsequent ischemia. These fac-
tors might also account for an improved response to an acute ischemic 
challenge in the hearts of stressed SHR. In addition, CS suppressed 
enhanced cardiac activity of NOS in hypertensive rats (Figure 2). It is, 
therefore, conceivable that apparently lower production of NO and 
limited generation of toxic reactive nitrogen species might be involved 
in the mechanisms of enhanced resistance to I/R in SHR exposed to 
chronic stress.

On the other hand, CS did not modify the activity of NOS, and 
hence the production of NO, in the myocardium of normotensive rats 
in the present study (Figure 2). Moreover, as shown recently, myocar-
dial ROS production was not increased in these hearts (48). Thus, it is 
plausible that the stressed myocardium of normotensive animals might 
be less adapted to the deleterious effects of oxidative stress, and the 
latter might be of particular importance under conditions of acute 
ischemic challenge. However, to the best of our knowledge, no study 

Figure 5) Effect of eight weeks of crowding stress on postischemic recovery of left ventricular diastolic pressure (LVDP) (A), duration of ventricular tachycardia 
(VT) (B) and incidence of sustained ventricular fibrillation (VF) (C) in Langendorff-perfused rat hearts. C Unstressed normotensive and hypertensive control 
rats; S Stressed rats. Data presented as mean ± SEM of eight to 10 hearts per group. *P<0.05 versus normotensive rats; †P<0.05 versus respective unstressed 
control rats
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aimed at exploring the impact of chronic psychosocial stress on myo-
cardial response to I/R in hypertensive versus normotensive subjects 
has been conducted.

Effect of PC in the myocardium of hypertensive rats
Adaptive mechanisms can be blunted by pathologies related to life-
style; some authors consider PC as a ‘healthy heart’ phenomenon, the 
efficiency of which may be abolished by concomitant pathological 
conditions (6,13). However, the effect of risk factors has not been 
unequivocally proven. Although hypertensive rats are generally more 
sensitive to I/R (1), the hearts of SHR rats exposed to osmotic PC (5) 
and the hearts of female SHR rats (49) have been shown to be more 
tolerant to I/R. Moreover, other studies demonstrated the persistance 
of the cardioprotective effect of I-PC in remodelled myocardium (11) 
and even in aged hypertensive animals (50). In concert, the results of 
our study demonstrate that the hearts of hypertensive rats could be 
effectively preconditioned against myocardial stunning, reperfusion-
induced arrhythmias and against irreversible injury (Figure 5), although 
the degree of anti-infarct and anti-arrhythmic protection was lower 
than in the preconditioned hearts of normotensive rats. These results 

suggest that the potential of intrinsic cardioprotection is retained even 
in the pathologically altered myocardium, and that there might be 
possibilities to restore reduced myocardial ischemic tolerance in these 
hearts, albeit using a preconditioning stimulus of higher intensity.

CoNClusIoNs
Cardiac tolerance to ischemia is impaired in hypertensive rats. 
However, the response to I/R is improved in rats exposed to chronic 
CS and to acute ischemic stress evoked by PC. On the other hand, CS 
represents a higher risk of lethal arrhythmias and contractile failure in 
the hearts of normotensive individuals exposed to an acute ischemic 
challenge. Triggering of more complex endogenous adaptive mechan-
isms under the above conditions cannot be ruled out and requires 
additional investigation.
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