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Summary 

Risk factors (RF) of cardiovascular diseases associated with 

modern lifestyle, such as stress, chronically increased blood 

pressure, hyperglycemia and dyslipidemia have a negative impact 

on the heart exposed to ischemia: their may facilitate its lethal 

injury (myocardial infarction) and occurrence of sudden death 

due to ventricular arrhythmias. On the other hand, some stressful 

stimuli related to RF including reactive oxygen species, transient 

episodes of ischemia (hypoxia), high glucose and other may play 

a dual role in the pathogenesis of ischemia/reperfusion (I/R) 

injury (IRI). Besides their deleterious effects, these factors may 

trigger adaptive processes in the heart resulting in greater 

resistance against IRI, which is also a characteristic feature of 

the female myocardium. However, sensitivity to ischemia is 

increasing with age in both genders. Current research indicates 

that comorbidity related to lifestyle may impair the cardiac 

response to acute ischemia not only by interference with 

pathophysiological mechanisms of IRI per se, but via suppression 

of intrinsic protective mechanisms in the heart and its ability to 

tolerate the ischemic challenges, although the role of RF has not 

been unequivocally proven. Moreover, even pathologically altered 

myocardium need not completely lose its adaptive potential. In 

addition, increased ischemic tolerance can be induced by the 

pleiotropic (independent of the primary) effects of some 

hypolipidemic and antidiabetic drugs, even in the diseased 

myocardium. This review addresses the issue of the impact of RF 

on cellular cardioprotective mechanisms and the possibilities to 

restore adaptive potential in subjects challenged with several RF. 

Reactivation of adaptive processes in the myocardium taking into 

consideration gender and age can contribute to optimalization of 

antiischemic therapy. 
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Introduction 

Ischemic heart disease (IHD) and its most 
serious manifestations, such as myocardial infarction and 
sudden death due to malignant ventricular arrhythmias is 
a major cause of cardiovascular mortality in modern 
society. Early restoration of blood supply is essential for 
the salvage of ischemic myocardium. However, 
inadequate (delayed) revascularization may lead to 
ischemia-reperfusion injury (IRI), which is a clinically 
relevant problem associated with thrombolysis, 
percutaneous coronary intervention and coronary artery 
bypass graft surgery (Roberto and Prado 2002, Rodrígez-
Sinovas et al. 2007). IRI is manifested by ventricular 
arrhythmias, reversible contractile dysfunction 
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(myocardial stunning) and by the propagation of lethal 
injury due to the death of cadiomyocytes that were still 
viable before reperfusion (Matsumura et al. 1998, Hearse 
2001). On the cell level, IRI represents a complex 
cascade of events, where oxidative stress and 
inflammatory response play the pivotal role 
(Frangogiannis et al. 2002, Turer and Hill 2010) that 
besides other factors involves activation of transcription 
factor NF-κB as one of the central processes (Li et al. 
1999, Hall et al. 2006). The "burst" of reactive oxygen or 
nitrogen species (ROS or RNS) generation (Ferdinandy et 
al. 2007) leads to deterioration of cell membrane‘s 
integrity, ion transport systems and cation homeostasis 
(Kaplán et al. 2003, Babušíková et al. 2008), 
mitochondrial dysfunction (Makazan et al. 2007), 
activation of apoptotic processes (Halestrap et al. 2007) 
and subcellular remodeling as a consequence of 
alterations in cardiac gene expression (Dhalla et al. 
2009). Moreover, cardiac function and survival may be 
dramatically affected by disorders in the metabolism due 
to perturbations in the dynamic balance between fatty 
acids (FA) β-oxidation (FAO) and glucose oxidation as 
sources of energy in the ischemic heart (Jaswal et al. 
2011). Down-regulation of transcription factors PPAR 
(peroxisome proliferator-activated receptors), nuclear 
receptors that are considered as key transcriptional 
regulators of lipid metabolism and energy production 
(Huss and Kelly 2004) may contribute to deleterious 
effects of IRI (Yue et al. 2003). 
 
 

Lifestyle-related risk factors and myocardial 
response to ischemia 
 

Myocardial response to ischemia may be 
markedly impaired by risk factors (RF) of cardiovascular 
diseases (CVD) associated with modern lifestyle. Human 
studies clearly indicate that besides chronic stress 
(Fleming et al. 1987), diabetes and hyperglycemia 
(Andersson et al. 2010), uncontrolled elevated blood 
pressure (Perreault et al. 2010) and hyperlipidemia 
(Deedwania et al. 2009) may lead to a significant 
aggravation of myocardial IRI. Chronically hypertensive 
rats (spontaneously hypertensive rats, SHR) or animals 
exposed to chronic social stress appear to be also more 
sensitive to ischemia (Chen et al. 2000, Ravingerová et 
al. 2011a). 
 The risk of ischemic injury is increasing with 
age (Babušíková et al. 2008, Turcato et al. 2006) and a 
common feature of all RF is pro/oxidative dysbalance in 
the organism and an increased production of ROS or 
RNS (Haidara et al. 2007, Ferdinandy et al. 2007, 
Babušíková et al. 2008, Kedziora-Kornatowska et al. 
2009). The latter results in endothelial dysfunction, 
release of vasoactive substances coupled with impaired 
vascular relaxation and inflammatory response that 
altogether or separately can exert a negative impact on 
the heart function under conditions of acute ischemic 
challenge and subsequently lead to development of heart 
failure. Figure 1 summarizes the pathways involved in the 
impact of the above RF on the myocardial sensitivity to 
ischemia and its major consequences.  
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Fig. 1. Lifestyle-related risk factors 
augment the sensitivity of the 
myocardium to ischemia. Lifestyle-
related risk factors can increase the 
myocardial sensitivity to ischemia 
resulting in electrical instability, 
conctractile dysfunction and cell death 
leading to the development of heart 
failure. 
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Fig. 2. Effect of gender and age on the ailments related to heart. 
Outcome of the cardiac morbidities such as heart failure, 
myocardial infarction and arrhthymias differ with age and gender. 
(A) The risk of heart failure – dependence on gender and age. 
(Adapted from SUSSMAN MA: Gender differences in heart failure. 
In: Cardiac Drug Development Guide. 1st ed. PUGSLEY MK (ed), 
Humana Press Inc., Totowa, 2003) (B) Effects of gender on the 
size of infarction and ischemia-induced ventricular arrhythmias in 
the rat heart. VT – ventricular tachycardia during 30-min LAD 
occlusion. M – adult males, F – adult females. Infarct size (IS) 
expressed in % of area at risk (AR) size. * P<0.05 females vs. 
males 
 
 
 
 Gender differences also represent a certain risk, 
since it has been shown as a „handicap“ of being a male 
in the same age as premenopausal females (Booth and 
Lucchesi 2008), whereas after menopause, the risk of 
CVD is increasing in females, partially because of the 
insufficiency of ovarian hormones that contributes to 
development of hypertension, diabetes and 
hyperlipidemia (Duvall 2003). Molecular mechanisms of 
a distinct response to ischemia in female myocardium 
remain less investigated. Figure 2A shows that the risk of 
heart failure is 2-fold higher in males than in females in 
the age between 55 and 64, while over 65, the risk of 
heart failing becomes equalized. Fig. 2B demonstrates 
significantly larger size of infarction and longer duration 
of ventricular tachycardia (VT) in male rats of the same 
age as adult females (Ledvényiová et al. 2011). 
 

Endogenous cardioprotection 
 

On the other hand, some stressful stimuli related 
to RF play a dual role in the pathogenesis of IRI and 
besides deleterious effects, these factors may trigger 
adaptive processes in the heart resulting in its greater 
ischemic tolerance. The concept of heart´s own protection 
is based on the principle that short-term cardiac 
adaptation to various forms of moderate stress including 
transient ischemia (ischemic preconditioning, I-PC) 
(Hearse 2001, Matejíková et al. 2009a), hypoxia (Béguin 
et al. 2005) or hyperglycemia (Chen et al. 2006, 
Ravingerová et al. 2010a), as well as pharmacological PC 
(Matejíková et al. 2009b) increases resistance of the heart 
against subsequent sustained ischemia. I-PC manifested 
as a delay/attenuation of processes of necrosis and 
apoptosis in myocardial cells, improved functional 
recovery and reduction of life-threatening arrhythmias is 
a particularly powerful phenomenon observed in all 
species including humans (Loubani et al. 2004, Vohra 
and Galinanes 2006). Figure 3 schematically represents 
triggering endogenous resistance to ischemic injury in the 
heart. 
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Fig. 3. Beneficial effects of lifestyle-related stressful stimuli. 
Lifestyle-related risk factors can induce adaptive processes in the 
heart leading to the cardiac endogenous resistance to ischemic 
injury, which can result in the reduction of the severity of 
arrhythmias, contractile dysfunction and cell death. 

 
 

 Besides short-term protective processes, 
susceptibility to acute ischemia may be reduced by 
adaptation of the heart to long-lasting stimuli, e.g., chronic 
hypoxia (Kolář et al. 2007) or some pathological 
processes, such as hyperglycemia (Chen et al. 2006, Ricci 
et al. 2008) or experimental diabetes mellitus, in particular, 
in its early period (Ravingerová et al. 2003, Chen et al. 
2006). It is suggested that this form of cardioprotection 
may share some cell signaling mechanisms with those  
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activated during classical I-PC (Ravingerová et al. 2007, 
2010a, Balakumar and Sharma 2012). Enzyme systems of 
protein kinase (PK), such as PKC (Ooie et al. 2003, 
Hlaváčková et al. 2010) and cascade of 
phosphatidylinositol-3 kinase (PI3K)/Akt (Ravingerová et 
al. 2007, 2010a, Ricci et al. 2008), as well as activation of 
mitochondrial KATP (mKATP) channels and ROS production 
play an important role in modulation of IRI in rats adapted 
to chronic hypoxia and in the diabetic myocardium in the 
acute phase of the disease (Kolář et al. 2007, Ravingerová 
et al. 2010a, Balakumar and Sharma 2012). PI3K/Akt is 
involved in hypertrophic, antiapoptotic, antioxidative 
processes and in metabolic regulations and acts as an 
upstream regulator of the enzymes such as PKC, 
endothelial isoform of NO synthase (eNOS) with 
subsequently enhanced production of NO and also 
activates NF-κB and glucose transporter (Murphy and 
Steenbergen 2007). Some of these „survival“ mechanisms 
have been identified in the acutely diabetic myocardium as 
well (Ravingerová et al. 2010a, Balakumar and Sharma 
2012) coupled with up-regulation of all three isoforms of 
PPAR not only at baseline conditions, but with 
preservation of their gene expression after I/R, in contrast 
to down-regulation of PPAR in the non-diabetic hearts 
(Ravingerová et al. 2010a). 
 
Lifestyle risk factors and myocardial 
adaptation 
 

Molecular mechanisms of IRI and endogenous 
protective processes have been studied in details on 
experimental models, however, mostly in the intact 
myocardium of healthy male animals. Thus, the impact of 
various RF on myocardial IRI still remains not 
completely elucidated, in particular, in the female 
myocardium. On the other hand, IHD is a complex 
disease associated with the influence of numerous 
lifestyle-related RF, and is age- and gender-dependent. 
Under these conditions, pathological processes related to 
basic alterations on the molecular level may potentially 
interfere with both, the development of ischemic injury 
itself and with the adaptive mechanisms in the 
myocardium. As shown in Figure 4, lifestyle-related RF 
may disrupt the balance between the mechanisms of 
myocardial sensitivity to ischemia and myocardial 
ischemic tolerance, which efficiency can be suppressed 
by various components of comorbidity (Loubani et al. 
2004, Ferdinandy et al. 2007). However, the impact of 
RF on myocardial IRI has not been unequivocally proven. 

Moreover, blunting of intrinsic cardioprotective 
mechanisms has not been considered previously. 
 
 

 
 
Fig. 4. Interruption of balance between myocardial ischemic 
tolerance and sensitivity. Modern lifestyle risk factors such as 
chronic hypertension, metabolic imbalance and stress, in 
conjunction with age and gender, can disturb the balance 
between the mechanisms leading to myocardial ischemic 
tolerance and to myocardial sensitivity to ischemia favouring the 
processes of cell injury. 
 

 

Hypercholesterolemia and interference with endogenous 
cardioprotection 

It is not exactly clear why in some animal 
models of diet-induced hyperlipidemia, the outcome of 
myocardial IRI is not affected. However, in rabbits fed 
chow supplemented with 10 % cholesterol (8 weeks), 
despite elevated expression of anti-apoptotic Bcl-2 
protein, lower pro-apoptotic Bax levels and increased 
Bcl-2/Bax ratio at baseline, myocardial IRI resulted not 
only in an increased infarct size, but also in an increased 
extent of cardiomyocyte apoptosis (decreased Bcl-2/Bax 
ratio and increased activation of caspase-3) in the 
ischemic myocardium of hypercholesterolemic animals as 
compared to the controls (Wang et al. 2002). On the other 
hand, hypercholesterolemia has been suggested to 
interfere with the intrinsic mechanisms of 
cardioprotection. However, the mechanisms by which 
chronic hyperlipidemia abrogates cardioprotective effects 
of I-PC are not completely understood. The impaired 
opening of mKATP channels, eNOS uncoupling and 
excessive generation of superoxide in the hyperlipidemic 
myocardium could play a role in attenuating I-PC-
mediated protection against myocardial IRI (Balakumar 
and Babbar 2012). Moreover, hypercholesterolemia has 
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been shown to abrogate the cardioprotective effect of I-
PC in mice (Kocsis et al. 2010), to attenuate the anti-
ischemic effect of I-PC associated with limitation of ST 
segment elevation in humans undergoing PCI (Ungi et al. 
2005), and to deteriorate enhanced ischemic tolerance in 
the diabetic heart (Adameová et al. 2007). In this model 
of 1-week streptozotocin-induced diabetes, concurrent 
high fat-cholesterol diet-induced hypercholesterolemia 
abolished all manifestations of greater resistance to 
ischemia (reduction in the size of infarction, attenuation 
of myocardial stunning and severity of arrhythmias) 
including increased fluidization of cardiac mitochondrial 
membranes implicated in the mechanisms of adaptive 
responses aimed at the preservation of myocardial 
energetics under conditions of increased oxygen demand 
in the diabetic heart (Ferko et al. 2008). Furthermore, 
decreased myocardial gene expression of PPAR caused 
by hypercholesterolemia in the diabetic myocardium 
(Ravingerová et al. 2010a) indicates that promotion of 
pro-inflammatory and pro-oxidant processes due to 
reduced levels of PPAR (Smeets et al. 2007) may 
represent one of the potential mechanisms responsible for 
the loss of adaptive potential in the diabetic myocardium.  
 
Hypertension, gender and age affect innate 
cardioprotection 

While SHR rats are more prone to ischemic 
insults (Chen et al. 2000, Ravingerová et al. 2011a), the 
hearts of female SHR seem to be more resistant to 
ischemia (Bešík et al. 2007). Our recent data point out 
not only to the greater tolerance to ischemia in the 
myocardium of the adult female rats in comparison with 
their male counterparts (Fig. 2B), but also to the distinct 
gender-dependent effects of I-PC (Ledvényiová et al. 
2011). The failure of I-PC to confer an additional infarct 
size limitation in the female myocardium, different from 
its beneficial effect in male hearts, suggests the existence 
of innate protective phenotype of preconditioning in the 
hearts of younger adult females. This is in line with the 
data of Turcato et al. (2006) who reported the 
interference of aging with the inherent resistance to 
ischemic injury in the female heart and age-dependency 
of I-PC in females, but not in males.  
 Although classical I-PC looses its effectiveness 
with age independent of the presence of hypertension 
(Ebrahim et al. 2007), other studies demonstrated the 
persistence of cardioprotective effect of I-PC in the 
pathologically remodelled myocardium and in aged 
normo- and hypertensive animals (Speechly-Dick et al. 

1994, Dai et al. 2009). In concert, our study demonstrated 
that the hypertrophied hearts of SHR rats exhibited not 
only impaired resistance to ischemia, but showed a 
certain level of cardioprotection that was inducible by I-
PC, although its protective effects on some parameters of 
ischemic injury, such as the size of infarction, were 
somewhat lower in comparison with the hearts of 
normotensive animals (Ravingerová et al. 2011a). These 
results indicate that there are still possibilities to restore 
the myocardial ischemic tolerance suppressed by RF, in 
the pathologically altered myocardium by reactivation of 
the adaptive potential of the organism, although a higher 
intensity of the preconditioning stimulus (e.g., increasing 
the number of PC cycles) may be required to reach the 
threshold of protection (Galagudza et al. 2007). 
 
Possibilities to restore myocardial adaptive 
potential in the pathologically altered 
myocardium 
 

Our previous findings demonstrated that short-
term treatment of rats with hypolipidemic drug 
simvastatin effectively attenuated all manifestations of 
IRI and increased the resistance to ischemia in the hearts 
of diabetic-hypercholesterolemic animals without 
influencing plasma cholesterol levels indicating 
pleiotropic (independent of primary) effects of statins 
(Adameová et al. 2009). Later, we found that these 
cardioprotective non-lipid effects of simvastatin in 
normal rats and restoration of ischemic tolerance in 
diabetic-hypercholesterolemic animals involved up-
regulation of gene (and protein) expression of PPAR-
alpha (Ravingerová et al. 2009, 2010b). Furthermore, we 
have also demonstrated that pretreatment of 
normocholesterolemic rats with a specific PPAR-alpha 
agonist, a hypolipidemic drug WY-14643, resulted in an 
elevated gene expression of PPAR-alpha and its target 
metabolic genes, pyruvate dehydrogenase kinase 4 and 
carnitine palmitoyltransferase I, regulating glucose 
metabolism and FAO, respectively, associated with 
remarkable PI3K/Akt-dependent infarct size-limiting and 
antiarrhythmic effects (Ravingerová et al. 2012).  
 Activation of PPAR-alpha and PPAR-gamma 
isoforms with their synthetic ligands (hypolipidemic drugs 
fibrates and anti-diabetic drugs glitazones) have been 
shown to be cardioprotective as manifested by a reduced 
infarct size and improved postischemic recovery of 
contractile function in different in vivo and ex vivo models 
of I/R (Wayman et al. 2002, Yue et al. 2003) in the normal 
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and diabetic heart (Bulhak et al. 2009), similar to the 
effects of I-PC. In these models, PPAR-alpha agonists 
applied prior to ischemia reversed down-regulation of 
PPAR and its target genes responsible for the metabolic 
fuel shifts (decreased FAO and increased glucose 
oxidation) caused by I/R (Yue et al. 2003). These studies 
indicate that restoration of FAO may be involved in the 
mechanisms of protection against acute I/R. In addition, 
PPAR ligands may modify cell signaling similar to PC, 
e.g., up-regulate eNOS via activation of PI3K/Akt, in 
endothelial cells (Wang et al. 2006), and in the normal and 
diabetic heart (Bulhak et al. 2009). Last but not least, 
besides metabolic effects, up-regulation of PPAR has been 
recognized as an important factor regulating inflammation 
and oxidative stress (Smeets et al. 2007, Ravingerová et al. 
2011b). Figure 5 shows main consequences of up-
regulation of PPAR in the heart exposed to acute I/R that 
could be relevant to cardioprotection. 
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Fig. 5. Proposed beneficial effects of PPAR up-regulation in the 
ischemic heart. Increased stimulation of PPAR can reverse 
metabolic shifts in energy sources in the ischemic/reperfused 
myocardium (from glucose to FA) to maintain an adequate 
production of energy to restore cardiac function under conditions 
when coronary flow in no more rate-limiting, to decrease 
inflammatory response and oxidative stress suggesting its 
beneficial effects under conditions of acute ischemia/reperfusion. 
FA – fatty acids, FAO – FA oxidation. (Adapted from Ravingerova 
et al. 2011b.) 
 
 
 The role of PPAR in the mechanisms of 
endogenous protection against I/R injury is relatively less 
known, although some further forms of PC, such as 
"remote" PC (RPC) or "delayed" PC, in particular, their 
noninvasive modifications (Li et al. 2010, Wu et al. 2011) 
are being already successfully used in clinical conditions in 
patients prior to bypass surgery and PCI (Kharbanda et al. 
2009). In these forms of cardioprotection, cardiac 
resistance to ischemia is enhanced by an adaptive stimulus 
in a distant organ, e.g., by ischemia of renal artery (Lotz et 
al. 2011a) or limb vessels (Zhou et al. 2010), either 
immediately after RPC or in its second delayed phase 

(Lotz et al. 2011b). It is believed that activation of both, 
PPAR-alpha and PPAR-gamma isoforms plays an 
important role in the mechanisms of this form of 
cardioprotection and that the agonists of PPAR isoforms 
PPAR-alpha (hypolipidemic drugs fibrates) and PPAR-
gamma (antidiabetic drugs glitazones) themselves may 
simulate the effect of PC (Lotz et al. 2011a,b). Elucidation 
of the role of PPAR is important with respect to their 
modulatory effects on the expression of genes that are 
responsible for substrate preferences (fatty acids versus 
carbohydrates) as a source of energy that might be 
particularly important in the diseased heart under 
conditions of an acute ischemic insult. 
 
Conclusion 
 

Lifestyle-related RF may impair the myocardial 
response to ischemia not only by affecting 
pathophysiological mechanisms of IRI per se, but also via 
suppression of the mechanisms of innate cardioprotection. 
However, since a certain level of resistance to I/R could be 
observed even in the pathologically altered myocardium, it 
could be assumed that up-regulation of adaptive 
mechanisms would restore endogenous cardioprotection. 
In this respect, we propose that up-regulation of PPAR 
isoforms by their agonists (hypolipidemic and antidiabetic 
drugs) may be considered as a potential target in anti-
ischemic therapy of the pathologically altered myocardium 
by means of reactivation of its own mechanisms of 
resistance against ischemia. Besides these approaches, 
based on the previously published studies it could be 
anticipated that the restoration of the lost adaptive potential 
in the hearts of subjects challenged with several RF might 
be possible by means of an increased intensity of the 
adaptive stimulus, e.g., by employing a higher number of 
preconditioning cycles, increasing concentration of 
substances that induce pharmacological PC in the normal 
myocardium or by means of novel and safer modifications 
of PC including "remote" or "delayed" PC or by their 
combination with pharmacological PC and taking into 
consideration age- and gender-related differences. 
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