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Abstract 

 Ischemic heart disease is the leading cause of morbi-mortality in developed 

countries. Both ischemia/reperfusion injury and mechanisms of cardioprotection have been 

studied for more than 50 years. It is known that the physiopathological mechanism of 

myocardial ischemia involves several factors that are closely related to its development, 

hypercholesterolemia which is one of the main ones. Therefore, the objective of this 

revision was to elucidate the effects of a high-cholesterol diet on normal ventricular 

function and ischemia/reperfusion injury-associated phenomenon such as post-ischemic 

ventricular dysfunction (stunned myocardium). Although there exist many studies 

considering several aspects of this physiopathological entity, the majority was carried out 

on normal animals. 

 Thus, experiments carried out on hypercholesterolemic models are controversial, in 

particular those evaluating different mechanisms of cardioprotection such as ischemic 

preconditioning and postconditioning, and cardioprotection granted by drugs such as 

statins which apart from exerting a lipid-lowering effect, they exert pleiotropic effects 

providing cardioprotection against ischemia/reperfusion injury. These controversial results 

regarding mechanisms of cardioprotection, vary according to: quality, composition and 

high-cholesterol diet time of administration as well as the different species used in each 

experiment. 

 Thus, in order to compare the results, it is necessary to take all these variables into 

account since they can change the obtained results. 
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Overview 

 Ischemic heart disease is the leading cause of morbi-mortality in the Western world 

and by 2020 it will be the leading cause of death worldwide (Roger V et al. 2011). 

Reperfusion therapy is the most effective treatment for ischemic disease as it has 

successfully reduced mortality caused by acute myocardial infarction. However, despite 

the fact that reperfusion therapy is nowadays considered the best therapeutic strategy to 

avert necrosis in the myocardium, it paradoxically produces another type of cell injury 

under special circumstances known as “reperfusion injury” (Jennings R et al. 1995). 

 It is known that the ischemic disease development is largely attributed to risk 

factors that can be modified such as hypercholesterolemia, which is one of the main ones. 

Epidemiological studies arose in the 1950s and the pioneer was the Framingham heart 

study (Dawber TR et al. 1951), this study showed that besides age, sex and smoking, 

diabetes and hypercholesterolemia constitute the major risk factors for developing CHD 

(coronary heart disease).  

 After Framingham, several studies arose and evaluated various cardiovascular risk 

factors, in particular hypercholesterolemia (Kannel W et al. 1966; Keys A et al. 1966; 

Ciruzzi M et al. 1997). Thus, the Seven Countries study showed the association between 

the incidence of coronary heart disease and hypercholesterolemia (Keys A et al. 1966) 

stating that 35.4 % of patients with acute myocardial infarction had a medical history of 

hypercholesterolemia while 15.5% of patients with no evidence of previous CHD events, 

had elevated serum cholesterol. 

 Although epidemiological studies have contributed enormously to determine risk 

factors associated with CHD, the effects of dietary cholesterol regarding the development 

of atherosclerosis were already known. Thus, Anitschkow and Chalatow, in 1913, for the 
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first time showed that high-cholesterol-fed rabbits developed a marked 

hypercholesterolemia and that this elevation of serum cholesterol favors the development 

of atherosclerosis (Anitschokow and Chalatow, 1913). Examining the importance of this 

risk factor, it is interesting to analyze ischemia/reperfusion injury behavior and myocardial 

cardioprotection mechanisms when a comorbidity is present such as 

hypercholesterolemia. Regarding the development of hypercholesterolemia, there are 

several ways in which plasma cholesterol homeostasis is regulated:  a) Acetate is 

converted into 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG CoA) which is reduced by 

3-hidroxy-3-methyl-glutaryl-coenzyme A reductase to produce mevalonic acid b) an 

increased expression of liver LDL receptors lowers plasma cholesterol and LDL levels; c) 

Dietary cholesterol; d) conversion of cholesterol into bile acid through a catabolic pathway 

(regulated by the enzyme cholesterol 7 alpha-hydroxylase) to excrete cholesterol. Thus, 

cholesterol can be endogenous and exogenous (dietary cholesterol). In clinical practice, 

exogenous cholesterol is interesting since modifying eating habits can help lower 

cholesterol leveles. Some research was carried out on laboratory animals to evaluate 

hypercholesterolemia as follows: a) on genetically modified animals (endogenous) (Song 

G. et al. 2011, Dworschak M et al. 2005); b) on high-cholesterol-fed animals (exogenous) 

(Bulgarelli A et al. 2011; Hadi NR et al. 2012); c) combining both (endogenous and 

exogenous) (Ishibashi S et al. 2011, Scalia R et al. 2001).Thus, hypercholesterolemia can 

be produced by endogenous or exogenous pathways. 

 According to the abovementioned experimental models (exogenous and 

endogenous), developing a hypercholesterolemic model (associated or not to an 

atherosclerotic disease) through a high-cholesterol diet allows us to apply conclusions in 

clinical practice since it represents a problem to the great majority of hypercholesterolemic 
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patients. Thus, this revision is focused on the study of hypercholesterolemic models to 

understand and compare different results.  

 

High cholesterol diet effects on normal ventricular function  

 Several studies have evaluated high-cholesterol diet effects on ventricular function 

in normal hearts. Alterations in ventricular function were shown for the first time by 

Peterson et al (Peterson DW et al. 1980), these authors showed a decreased myocardial 

contractility in papillary muscles from rabbits which were subjected to an atherosclerotic 

diet (5% lard, 5% peanut oil, 0.5% cholesterol, and 89.5% rabbit pellets) for a period of 

time (116-184 days). They concluded that this diet produces changes in the lipid 

composition of the sarcoplasmic reticulum or sarcolemma or both, probably causing 

mechanical alterations. On the other hand, Shkliar et al (Shkliar TF et al. 1991), 

demonstrated that several myocardial contractility parameters decreased in a papillary 

muscle from atherosclerotic rats, and that these changes were probably related to a 

hypertrophy in the papillary muscle induced by a high-cholesterol diet. Shah et al (Shah 

KR et al. 1990) showed that cholesterol intake produces a decrease in contractile force, 

and that this alteration was independent of a vascular disease, making clear that a high-

cholesterol diet may lead to a cardiac dysfunction independently of the development of 

atherosclerosis. These data were corroborated by Rubinstein et al (Rubinstein J et al 

2009) who described myocardial alterations in high-cholesterol-fed rabbits (cholesterol 1% 

during 6 months), assessed by echocardiogram. These authors suggested that cholesterol 

deposits in the myocardium may cause a cardiomyopathy, in a similar way in which other 

infiltrating diseases do. Hence, myocardial metabolism may shift ATP production from 

glucose to free fatty acids. Thus, Krebs cycle increases free radicals leading to a 
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myocardial injury. In agreement with these findings, we have detected in a previous study 

a negative inotropic effect of hypercholesterolemia on ventricular function in high-

cholesterol-fed rabbits (cholesterol 1% during 4 weeks) (D´Annunzio V et al. 2005). In this 

study we have shown a decreased of 22.2±3.9% in left ventricular developed pressure on 

high-cholesterol-fed animals (figure 1, panel A). In contrast to other studies, we have 

detected these changes on isolated rabbit hearts which were then perfused according to 

Langendorff technique allowing us to keep the variables that modulate the ventricular 

function constant and under control. Regarding diastolic function, in contrast to other 

authors, we did not detect the diastolic relaxation altered but an increase in myocardial 

stiffness (D´Annunzio V et al. 2005) (figure 1, panel C and D). However, contrasting our 

study, Huang et al. (Huang Y et al. 2004) found in a model of isolated myocytes, that a 

high-cholesterol diet during 10 weeks produced an early decrease in SERCA's ARNm 

levels (at the 8-day diet period), however, alterations in relaxation and contractility were 

produced at the end of the 10-week diet period. Thus, they concluded that a high-

cholesterol diet induces a kind of cardiomyopathy, characterized by systolic and diastolic 

ventricular dysfunction. In agreement, Zhai et al. (Zhai Y et al. 2008) showed that high-

cholesterol-fed pigs (cholesterol 2% during 12 weeks) evidenced an increased myocardial 

fibrosis, through the activation of TGF-β and that this activation produced diastolic 

ventricular dysfunction. All these changes were reversed when antioxidants (vitamin E y C) 

were supplemented to the high-cholesterol diet. In this way, they concluded that the high-

cholesterol diet produces early changes in diastolic ventricular function, due to a TGF-β 

rise which causes an increase of the oxidative stress. In contrast, our study suggests that 

differences of the diastolic component could be related to differences in time of 

administration and concentration of the diet. In other studies, where basal diastolic 

parameters were altered through a high-cholesterol diet, functional changes were evident 
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in animals subjected to a diet for longer periods of time (6 months, 10 and 12 weeks). Our 

results were different as we have only administered the diet for 4 weeks. Thus, it is clear 

that diastolic changes are detected later than systolic ones that are detected earlier. Talini 

et al (Talini E et al. 2008) demonstrated similar findings in hypercholesterolemic patients 

with no evidence of coronary artery disease, although, they presented subclinical 

myocardial abnormalities regarding global systolic and diastolic function that were 

detected by tissue doppler and myocardial performance index. These alterations were 

reversed after 6 months of treatment with rosuvastatin.  

 Although there is enough experimental evidence demonstrating that cholesterol 

modulates ventricular function, Toleikis et al. (Toleikis PM and Tomlinson CW 1987) did 

not detect a ventricular dysfunction when applying a high-cholesterol diet ( cholesterol 2% 

during 8 weeks), which doubles concentration and diet time of administration applied in our 

study. Thus, these authors have probably performed the abovementioned study in 

presence of atherosclerotic injuries. In agreement, Tilton et al (Tilton RG et al. 1987) has 

neither detected basal functional changes in high-cholesterol- fed rabbits (cholesterol 2%) 

during 2-3 weeks, but it has in the sixteenth week, thus 2-3 weeks were probably not 

enough to develop ventricular diastolic alteration. In a similar way, Bauersachs et al. 

(Bauersachs J et al. 2006), showed that hypercholesterolemia itself did not affect LV 

function in sham-operated animals but in high-cholesterol-fed rabbits (0.25% cholesterol 

during 4 weeks) with myocardial infarction, the impaired left ventricular systolic and 

diastolic function got worse comparing it to normocholesterolmic animals.  

 Thus, based on experimental evidence, we can suggest that a low-cholesterol diet 

(0.25%, in Bauersachs J et al. 2006) or a short-term diet (2/3 weeks, Tilton RG et al. 1987) 

could not be enough to develop functional alterations and, that at least 4 weeks and  ≥ 1% 
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concentrations, could be necessary to detect ventricular function alterations. Therefore, it 

is clear that a high-cholesterol diet causes changes in the ventricular function behavior, 

however, after detailed analysis of the different functional parameters (contractility, 

relaxation and myocardial stiffness), not all behave in the same way, and the presence or 

absence of changes in functional parameters could depend on several variables. Thus, it 

is possible to speculate that systolic alterations occur in earlier phases of 

hypercholesterolemia, while alterations in the diastolic function occur in models which 

have been subjected to a diet for a longer period of time (≥ 10 weeks).  

 In summary, alterations in functional parameters principally depend on time and 

diet concentration applied to the different experimental models. These may be caused by 

an alteration in the myocardial metabolism and/or by changes in the composition of the 

sarcolemmal and sarcoplasmic reticulum membranes (figure 2).  

 

High- cholesterol diet effects on myocardial stunning 

 To the best of our knowledge, only a few studies have evaluated ventricular 

function independently of the study of the infarct area in hypercholesterolemic animals, in 

particular the stunned myocardium phenomenon. Regarding these, Le Grand et al. (Le 

Grand B et al. 1995) demonstrated that high-cholesterol-fed rabbits paradoxically had a 

major resistance against injury produced by a 30 min of ischemia. On the other hand, Van 

de Velde et al. (Van de Velde M et al. 2000) demonstrated that a triglyceride emulsion 

administered during reperfusion enhances the recovery of the function and the metabolic 

state of the stunned myocardium in isolated rabbits' hearts. Satoh et al (Satoh K et al. 

2008), showed in a dog model with stunned myocardium and normal diet, that pitavastatin 

reduced plasma cholesterol levels (25%) and post-ischemic contractile dysfunction, in the 
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absence of a high-cholesterol diet. In agreement with several authors, we have published 

that high-cholesterol fed animals' hearts (1% cholesterol during 4 weeks) subjected to an 

ischemia protocol (15 min) and reperfusion (30 min), evidenced a significant recovery of 

the contractile state, as well as a reduced myocardial stiffness compared to the 

normocholesterolemic animals, with no changes in the isovolumic relaxation (figure 1) 

(D´Annunzio V et al. 2005). It is important to highlight that when isoproterenol was 

administered to match the preischemic inotropic state in normocholesterolemic animals' 

hearts, the protective effect on post-ischemic ventricular dysfunction was abolished. Our 

findings suggest that low inotropic state of hypercholesterolemic rabbits' hearts could 

reduce myocardial oxygen consumption to protect the myocardium. It is noteworthy that 

our results reflect a beneficial effect of the high-cholesterol diet on ventricular function 

since infarct size was not highly significant during 15 min of ischemia, thus, this variable   

was no longer necessary (D´Annunzio V et al. 2005). It is important to highlight, as it was 

previously mentioned, that several authors have detected a lower contractile state on 

hypercholesterolemic models since cholesterol interferes in the membranes' permeability 

and channels (Huang Y et al 2004, Peterson DW. et al 1980). In agreement with this 

statement, Luo et al (Luo TY et al. 2004), demonstrated that high-cholesterol-fed rabbits 

(cholesterol 0.5% and coconut oil during 12 weeks) evidenced a decrease in the 

contractility produced by a minor expression in the SERCA channel and an increase in the 

Na+/Ca++ exchanger expression. These changes detected in the channels, which are 

involved in contractility, could explain a lower inotropism in hypercholesterolemic animals. 

Thus, a decreased inotropic state before ischemia could be the reason why the heart 

tolerates ischemia in a better way. 

 On the other hand, both Van de Velde (Van de Velde M et al.2000) and Calabresi 

et al. (Calabresi L et al. 2002), who administered an HDL cholesterol infusion on isolated 
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and perfused rat hearts, found cardioprotection in a stunned-heart model as we did. 

However, they acutely administered emulsions during the experiment, which differs from 

our model where ventricular function behavior was evaluated in a 4-week-high-cholesterol 

diet. Regarding our findings, Kalaivanisailaja et al. (Kalaivanisailaja J et al.2003) 

demonstrated that a high-cholesterol diet produces an increase of free fatty acids, and, as 

it has been shown by Van de Velde et al. (Van de Velde M et al.2000) fatty acids have a 

protective effect against ischemic/reperfusion injury. Thus, in our experimental model, this 

mechanism could also be part of the cardioprotection. 

 In summary, experimental evidence suggest that hypercholesterolemia in an early 

phase, could produce a decrease in the contractile state, which is an oxygen consumption 

determinant, and, in this way, a reduction of inotropism induced by hypercholesterolemia 

could at least explain the possible protective mechanism (figure 2). These changes occur 

by alterations in the permeability of the membranes and channels involved in contraction. 

Another possible explanation is that a plasma cholesterol increase can produce a rise of 

free fatty acids and these could produce a direct protective effect against post-ischemic 

ventricular dysfunction (stunned myocardium). It is important to highlight that 

hypercholesterolemia could involve in this way the mechanisms abovementioned, and 

thus, the ventricular dysfunction is recovered after a brief episode of ischemia. However, 

more studies will be needed to clarify physiopathological mechanisms involved in the 

cardioprotection against stunned myocardium. 

High-cholesterol diet effects on infarct size  

 Regarding variations in infarct size and high-cholesterol diet, in 1987 Golino et al. 

(Golino P et al.1987), showed for the first time that hypercholesterolemia per se produced 

a significant increase of infarct size compared to normal fed animals. They showed that a 
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high-cholesterol diet (cholesterol 2%) during 3 days was sufficient time to induce moderate 

hypercholesterolemia (about 330 mg/dl as compared to a control value of 67 mg/dl), but 

was not sufficient to produce any detectable atherosclerotic vascular changes. The most 

relevant results of this study showed that infarct size was doubled after coronary artery 

occlusion-reperfusion in hypercholesterolemic rabbits. In the same way, Wang et al. 

(Wang TD et al.2002) showed that cholesterol administration produced an increase in both 

infarct size and quantity of apoptotic cells in the ischemic area, and that this larger infarct 

size was related to the capase 1 activity. In a similar way, Sakamoto et al. (Sakamoto S et 

al.1991) observed in awake dogs that infarct size was larger in high-cholesterol-fed dogs. 

Recently, Szucs et al (Szucs G et al. 2011) have shown that a high-cholesterol diet (2% 

cholesterol during 9 weeks) increases infarct size after 30 min of global ischemia and 120 

min of reperfusion. This infarct size increase could be related to a rise of the 

metalloproteinase type 2 (MMP-2) activity during reperfusion regarding normal fed 

animals, reflecting on an indirect way an oxidative stress rise on hypercholesterolemic 

animals since it has already been shown that an increase of the oxidative stress, through 

the peroxynitrite formation, activates MMP-2 (Wang TD et al. 2002). Thus, this enzyme 

could participate in the reperfusion/ischemia injury (Szucs G et al. 2011). Osipov et al 

(Osipov RM et al. 2009) subjected pigs to a high-fat/high-cholesterol diet (Sinclair 

Research Center, Inc) during 20 weeks to demonstrate that hypercholesterolemia is 

associated with myocardial oxidative stress increase, inflammation, reduction of cell 

survival pathways and induction of apoptosis in the ischemic territory, which together may 

account for the expansion of myocardial necrosis in the setting of acute 

ischemia/reperfusion. These findings are in agreement with our previously published 

results, since we have also showed that infarct size on high-cholesterol-fed rabbits 

(cholesterol 1% during 4 weeks) increased significantly after 30 min of global ischemia and 
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120 min of reperfusion (figure 3, panel A). Although in our experimental model we did not 

detect atheromatous plaques neither in coronary arteries nor in intramyocardial vessels, 

we found that by increasing the dose of acetylcholine infusion, a vasoconstrictor effect was 

produced, interpreting it as an alteration in the vasodilation response handled by the 

endothelium (Donato M et al.2007).  

 As a conclusion, it is clear that every model where a hypercholesterolemia is 

developed, in presence or absence of atherosclerosis, brings about an increase of the 

oxidative stress and that this worsens ischemia/reperfusion injury, increasing infarct size 

(Donato M et al. 2007; Sucz G et al 2011; Van Craeyveld E et al. 2011; Iliodromitis EK et 

al. 2010).  

 

High-cholesterol diet effects on myocardial protection mechanisms. 

Ischemic preconditioning and posconditioning 

 Reviewing experiments that have studied ischemic preconditioning and 

posconditioning effects in hypercholesterolemic animals is interesting since results are 

contradictory (Szilvassy Z et al.1997; Ferdinandy P et al.1997; Ueda Y et al.1999). A 

pioneer study by Szilvassy al (Szilvassy Z et al.1997) in which preconditioning effects in 

hypercholesterolemic animals were evaluated, it was demonstrated that preconditioning 

cardioprotection is abolished in hypercholesterolemic and atherosclerotic rabbits (1.5% 

high-cholesterol diet during 8 weeks). When these animals switched from a high-

cholesterol diet to a normal one and serum lipid levels reached similar values to basal 

ones, the preconditioning protective effect was again induced, even in the presence of 

atherosclerosis. These results indicate that hypercholesterolemia, independently of 
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atherosclerosis development, interferes with preconditioning cardioprotection mechanisms. 

In agreement, Ferdinandy et al. (Ferdinandy P et al.1997), showed no reduction of the 

infarct size on preconditioned rats which were fed with a high-cholesterol diet (cholesterol 

2% during 12 weeks), attributing this to an alteration of nitric oxide biodisponibility. The 

same investigation board in a further study, demonstrated in high-cholesterol-fed rats 

(cholesterol 2% during 12 weeks) that preconditioning cardioprotective effect was lost due 

to a superoxide anion and conexine 43 increase on hypercholesterolemic animals (Görbe 

A et al. 2011). In a similar way, Ueda et al. (Ueda Y et al.1999) published similar results; 

and Tang et al (Tang et al. 2004) showed that a larger amount of preconditioning cycles 

could increase infarct size on isolated rabbits' hearts which were subjected to 

ischemia/reperfusion after an 8-week-high-cholesterol diet. Recently, Kocsis et al (Kocsis 

G et al. 2010) concluded that a high-cholesterol diet (cholesterol 2% during 8 weeks) leads 

to alterations in preconditioning-induced gene expression in the mouse heart, which might 

lead to marked changes of oxidative/nitrosative stress signaling and to reducing the 

preconditioning cardioprotective. Loss of cardioprotection was also detected in patients 

(Kyriakides ZS et al.2001; Juhasz B et al.2004). Thus, Kyriakides et al (Kyriakides ZS et 

al.2001), described protective effect loss (evaluated through ST-segment elevation) in 

patients who underwent a coronary angioplasty. There is a positive correlation between 

plasma levels of LDL and preconditioning cardioprotection loss. 

 Although there exist experimental evidence suggesting that preconditioning 

protective effect is lost during hypercholesterolemia, there are several studies contrasting 

those showing that the cardioprotective effect persists even when plasma cholesterol 

levels are high. Thus, we showed that preconditioning significantly decreased infarct size 

with no significant recovery of ventricular function (Figure 3 panel B) in an isolated rabbit 

heart (1% high-cholesterol diet during 4 weeks). The reduction percentage of infarct size 
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was larger on hypercholesterolemic animals if we compare it to normal ones. Regarding to 

our findings, Kremastinos et al. (Kremastinos DT et al.2000), using a high-cholesterol-fed 

rabbit model (cholesterol 2% and maize oil 6% during 8 weeks), showed that 

preconditioning reduces infarct size as in normal animals. Similar findings were described 

by other authors such as Iliodromitis et al. (Iliodromitis EK et al.2006), who applied a high-

cholesterol diet for 6 weeks, and by Jung et al. (Jung O et al.2000) with a 4-week diet. In a 

similar way, Dworakowski et al. (Dworakowski R et al. 2008) in a rat model of papillary 

muscle demonstrated that a high-cholesterol diet did not change preconditioning beneficial 

effects in a guinea pig model subjected to a high-cholesterol diet for 5 weeks.  

 In summary, and considering several authors studies, we can conclude that 

animals who were fed with cholesterol during short periods of time (4-5 weeks), 

preconditioning was effective, while animals which were fed for longer periods of time (≥8 

weeks), abolished the preconditioning protective effect with the exception of Kremastinos 

et al study (Kremastinos DT et al 2000), in which an 8-week-high-cholesterol diet did not 

abolish the preconditioning protective effect. However, this study was carried out on 

rabbits with severe atherosclerotic lesions. Having all these experimental evidence, we 

can conclude that it is probable that a high-cholesterol diet produces intracellular changes 

which interfere with intracellular mechanisms involved in cardioprotection granted by 

ischemic preconditioning. 

 Regarding ischemic postconditioning, there exist few studies evaluating 

postconditioning effects on hypercholesterolemic animals. Thus, Iliodromitis et al. 

(Iliodromitis EK et al.2006) showed that postconditioning did not reduce infarct size on 

hypercholesterolemic rabbits suffering from an advanced phase of atherosclerosis, since 

there were numerous subintimal lipid deposits in the coronary arteries with a significant 
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reduction of the artery lumen. In agreement, Kupai et al., (Kupai K et al. 2009) using a 

high-cholesterol diet (cholesterol 2% during 12 weeks), could not show postconditioning 

protective effects (6 clycles 10 seconds) on isolated rat hearts. These authors showed that 

an early increase in peroxynitrite-induced nitrosative stress after postconditioning is 

involved in the triggering mechanism of cardioprotection by postconditioning and that, in 

hyperlipidemia, the absence of this mechanism may contribute to the loss of 

postconditioning in hyperlipidemia. Contrasting these studies, we demonstrated that 

postconditioning performed in 2 cycles of reperfusion/ischemia (30 sec each) reduces 

infarct size on high-cholesterol-fed rabbits (cholesterol 1% during 4 weeks) (Donato M et 

al.2007). It is important to highlight that in our model, as it was mentioned, there are no 

atherosclerotic injuries in the coronary arteries but an endothelial dysfunction does exist. 

Differences in results (in presence or absence of the postconditioning protective effect) 

could lie in the fact that when the protective effect was abolished, hypercholesterolemia 

was associated to atherosclerosis, while the model in which the protective effect persisted, 

was in absence of atherosclerotic injuries. On the other hand, differences in findings could 

be attributed to the fact that authors used different variables such as: type of specie, diet 

type and duration, etc. Particularly, in postconditioning there exist another variable to be 

analyzed regarding quantity and postconditioning cycle's length. Illiodromitis et al 

(Iliodromitis EK et al. 2010) used a postconditioning protocol of 6 cycles of 10 sec each 

and 4 cycles of 30 sec each. Differences in cycles and type of diet could be the reason 

why the results are different. In our experimental model we found cardioprotection when 

performing 2 cycles of reperfusion/ischemia. To the best of our knowledge, there are no 

studies using 2 cycles, most of them have performed experiments using 3, 4 or 6 cycles. 

Regarding this, Vinten Johansen’s research group suggested that cycle's quantity is not 

important but cycle's length. On the other hand, Schwartz and colet al (Schwartz L et al. 
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2006) showed that 3 cycles of 30 sec each performed on pigs did not achieve infarct size 

reduction. Based on this, Penna et al. (Penna C et al. 2008) suggested that longer cycles 

of ischemia/reperfusion are required to find cardioprotection, while in smaller animals 

shorter periods of time are sufficient. Thus, in our rabbit model, 2 cycles of 30 sec could be 

enough to activate postconditioning cardioprotection mechanism in both 

normocholesterolemic and hypercholesterolemic animals.  

 As a conclusion, it is clear that cardioprotection granted by cardioprotection 

mechanisms in hypercholesterolemic models involve several factors (type of specie, diet 

type and duration, presence or absence of atherosclerosis and the cardioprotection 

mechanism protocol used), that can support differences between the obtained results. 

Thus, it is necessary to be careful when comparing the obtained results in 

hypercholesterolemic animals.  

 

Statins 

 Statins are HMGCoA reductase inhibitors and are known for their lipid-lowering 

effects (Mosca S et al. 2002; Ginsberg H et al. 1995; Hoeg J et al 1987), however, some 

effects have been attributed to them independently of their lipid-lowering effect called 

pleiotropic effects (Adameova A et al. 2009; Bell RM and Yellon DM 2003). During the last 

years, several studies demonstrated that statins protect myocardium from 

ischemia/reperfusion injury and that can also be beneficial for patients with acute coronary 

syndrome (ACS) (Di Napoli et al.2005; Ikeda et al. 2003; Jones et al. 2001; Tiefenbacher 

C et al. 2003 Bell RM and Yellon DM 2003; Thuc L et al. 2010). Regarding this concept, 

Jones et al. (Jones SP et al.2001) showed that a pre-treatment with simvastatin reduces 

infarct size and ventricular dysfunction after 30 min of regional ischemia and 24 hs of 
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reperfusion in rats. These cardioprotective effects were also detected after chronic 

administration of simvastatin (6 months), showing a long-term effect. However, the 

cardioprotection reached in this model was not detected until the drug was administered at 

least 3 hs before myocardial ischemia (Jones SP et al.2001). On the other hand, 

Tiefenbacher et al. (Tiefenbacher C et al.2003) showed that fluvastatin intravenous 

administration before a regional ischemia episode followed by a constant intravenous 

infusion during ischemia and reperfusion, reduces infarct size and enhances the recovery 

of the ventricular function and myocardial perfusion. However, when L-NAME (nitric oxide 

(NO) synthase inhibitor) was administered, the protective effect of fluvastatin was 

abolished, showing that statin acute administration reduces ischemia/reperfusion injury 

through a mechanism which involves NO. Furthermore, Čarnická et al (Čarnická et al. 

2011) demonstrated that acute treatment with lipophilic simvastatin and hydrophilic 

pravastatin suppressed the severity of reperfusion-induced tachyarrhythmia and reduced 

lethal injury in rat hearts. While infarct size-limiting effect was marked in hearts treated with 

pravastatin, simvastatin only improved post-ischemic recovery of myocardial function 

(figure 4). Considering the physical-chemical and pharmacokinetic properties of statins, 

they may provide a basis for a rational choice of a preferable agent to avert different signs 

of acute myocardial ischemia including arrhythmias, myocardial infarction and contractile 

dysfunction. In 2003, Bell et al. (Bell RM and Yellon DM 2003) showed that atorvastatin 

administration during reperfusion, after 35 min of global ischemia, significantly decreases 

infarct size. These authors showed that in this mechanism of acute cardioprotection, 

phosphoinositide 3 Kinase (PI3K), Akt and NOS system were involved, all these proteins 

that are known for being part of the enzyme system of the RISK pathway. This earlier 

activation of the PI3K/Akt system rises and rapidly increases NO disponibility, molecule 

that is in charge of producing the protective effect. In a previously published study by our 
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research group, we demonstrated that acute administration of rosuvastatin during 

reperfusion, significantly decreased infarct size in normal and hypercholesterolemic 

animals. We have also found a significant improvement of post-ischemic ventricular 

dysfunction in high-cholesterol-fed animals which were treated with rosuvastatin during 

reperfusion. Other interesting finding was that MMP-2 activity was reduced during 

reperfusion in both groups of animals treated with rosuvastatin. This MMP-2 activity was 

significantly correlated with infarct size, strongly suggesting the participation of MMP-2 in 

ischemia/reperfusion myocardial injury (D´Annunzio et al. 2008) (figure 3). As mentioned,  

MMP-2  is essentially activated by the presence of peroxynitrite (Wang et al. 2002). It has 

been widely demonstrated that statins exert their protective effects through an increase of 

NO (Birnbaum et al. 2008; Tiefenbacher C et al.2003; Balakumar et al.2011; Alí et al. 

2009), thus, it could be possible to hypothesize that when rosuvastatin rises 

biodisponibility of NO, it could reduce the peroxynitrite increase which occurs during 

reperfusion, and in this way, it could be capable of decreasing MMP-2 activation and, thus, 

reducing ischemia/reperfusion injury. However, we cannot dismiss that acute 

administration of rosuvastatin during reperfusion involves the activation of IP3K and Akt 

(kinases that participate in cardioprotection mechanisms), Bell et al. (Bell RM and Yellon 

DM 2003). These studies which showed that statins grant cardioprotection against 

ischemia/reperfusion injury, were mainly carried out on animals with normal lipid levels. To 

the best of our knowledge, there are little few studies that have evaluated the role of acute 

administration of statins comparing their effects in normocholesterolemic and 

hypercholesterolemic animals. Thus, in a previously published study, our group showed 

that the acute administration of rosuvastatin, during reperfusion, significantly decreased  

infarct size in normal and hypercholesterolemic animals (Figure 3, panel C).  We also 

showed that there was a significant improvement in the post-ischemic ventricular 
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dysfunction in  high-cholesterol-fed animals which were treated with rosuvastatin during 

reperfusion. Another interesting finding was the reduction of MMP-2 activity during 

reperfusion in both groups of animals treated with rosuvastatin. On the other hand, when 

doxycycline (a nonspecific inhibitor of  MMPs) was administered, infarct size decreased 

(Figure 3 panel D). In a similar way, Adameova et al (Adameova et al. 2009) showed in a 

rat model subjected to ischemia/reperfusion, that simvastatin treatment (5 days before 

sacrificed) improved ventricular function and reduced arrhythmia in normal, 

hypercholesterolemic and diabetic animals (1 % cholesterol, 1 % cocounut oil; 20 g/kg per 

day). The present study demonstrated that the cardioprotection afforded by statins was 

independent of cholesterol lowering, but in this study, treatment was not acute but chronic. 

 As a conclusion, it is clear that statins exert a protective effect against 

ischemia/reperfusion injury in both normocholesterolemic and hypercholesterolemic 

experimental models. It is important to highlight that the administration of these lipid-

lowering drugs activate mechanisms of cardioprotection such as NO, RISK pathway, 

decrease production of reactive oxygen species and peroxynitrites' reduction, thus, 

reducing MMP-2 activity. Interestingly, all these protective systems are activated after the 

acute administration of statins which is interesting in clinical practice. 

 

Conclusion 

 Finally, we can conclude that a high-cholesterol diet, independently of the presence 

or absence of atherosclerosis, modules the ventricular function under baseline conditions. 

This occurs due to an alteration in the sarcolemmal channels and the sarcoplasmic 

reticulum produced by hypercholesterolemia that triggers a negative inotropism effect. This 

leads to a lower myocardial oxygen consumption, thus, the recovery of post-ischemic 
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ventricular dysfunction is enhanced (stunned myocardium) (figure 2). It is also clear that 

statins, independently of their lipid-lowering effects, have a beneficial effect on 

ischemia/reperfusion injury. On the other hand, results from physiological cardioprotection 

mechanisms (ischemic preconditioning and postconditioning) are controversial as the 

beneficial effects depend on many variables such as: type of specie, type and duration of 

diet and presence or absence of atherosclerosis. Hence, it is necessary to be careful when 

comparing results (regarding the presence or absence of ischemic preconditioning and 

postconditioning beneficial effects) and when applying them in clinical practice. Thus, only 

those studies that were performed using the same variables can be compared.  
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Legends 

 

Figure 1:  Panel A and B showed left ventricular developed pressure in absolute and 

percentage values, respectively. It was observed that the beneficial effect on the stunned 

myocardium obtained with cholesterol was abolished (Panel A), when the preischemic 

inotropic state was matched with isoproterenol (iso) administration (Panel B). Panel C 

showed the attenuation in the diastolic stiffness through left ventricular end diastolic 

pressure (LVEDP) in hypercholesterolemic animals, but when isoproterenol was 

administered, this attenuation of the myocardial stiffness was abolished. Panel D showed τ 

(msec) represents constant time of the left ventricular pressure decay during the relaxation 

phase isovolumic and is an index of isovolumic relaxation behavior.  We did not detected 

any change among the studied groups. *p<0.05 versus normal diet; # p<0.05 versus 

cholesterol+Iso. Stabiliz: Stabilization. Iso: Isoproterenol.  

 

Figure 2: Schematic diagram of the high-cholesterol diet effects on ventricular function 

behavior and myocardial stunning. MVO2: Oxygen Consumption. 

 

Figure 3: Panel A showed the increase of infarct size in hypercholesterolemic size 

compared to normocholesterolemic animals. Panel B showed that ischemic 

preconditioning significantly decreased infarct size in the hearts of normocholesterolemic 

and hypercholesterolemic animals. Panel C showed that rosuvastatin during reperfusión 

significantly reduced infarct size in normocholesterolemic and hypercholesterolemic 

animals. Panel D showed the administration of doxycycline during reperfusión significantly 

reduced infarct size in normocholesterolemic and hypercholesterolemic animals.  : 

represent single experiments;  represent the mean ± standard error. *p<0.05 versus 

normocholesterolemic control, # p<0.05 versus hypercholesterolemic control. Precon: 

preconditioning. Rosu: Rosuvastatin. Doxy: Doxycycline. 
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Figure 4: Panel A showed the effect of acute pretreatment with simvastatin (S) and 

pravastatin (P) on postischemic recovery of left ventricular developed pressure (LVDP), 

left ventricular diastolic pressure (LVDIP; Panel B), size of infarction (IS) expressed as 

percentage of left ventricular area (LV; Panel C) and Panel D showed the severity of 

ventricular arrhythmias in the hearts of normocholesterolemic rats. Empty bars – untreated 

control hearts, filled bars – S-treated hearts, hatched bars – P-treated hearts. Values are 

means ± S.E.M. from 10-12 hearts per group. *p<0.05 vs. untreated control group; # 

p<0.05 vs. simvastatin-pretreated group. (From S. Carnicka et al. 2011, reproduced with 

permission of Physiol. Res., Vol. 60, p. 827, © 2011 Physiological Research.)  
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