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Abstract:

The aim of this study was to assess how cerivastatin influences contractility and degree of myocardial damage in papillary muscle

subjected to hypoxia-reoxygenation in hypercholesterolemic guinea pigs.

Study group consisted of guinea pigs, fed standard, hypercholesterolemic or hypercholesterolemic diets with low dose of

cerivastatin. During experimental hypoxia-reoxygenation, the contractility was measured. Apoptosis of cardiomioctes was assessed

with the use of TUNEL technique.

Total cholesterol in standard, hypercholesterolemic and cerivastatin-treated group was 35 ± 8 mg/dl, 131.6 ± 30.4 mg/dl and 121.2

± 26.2 mg/dl, respectively, and was significantly higher in rats fed hypercholesterolemic and hypercholesterolemic + cerivastatin

diets than in control group (p < 0.01). There were no significant differences between all analyzed groups in the post-ischemic cardiac

function. Percentage of apoptotic cells after hypoxia-reoxygenation injury in groups fed standard, hypercholesterolemic and

hypercholesterolemic + cerivastatin diets was 30 ± 8%, 20 ± 4% and 5 ± 7%, respectively, and was significantly lower in groups that

received hypercholesterolmic (p < 0.01) and hypercholesterolemic + cerivastatin (p < 0.001) diets in comparison with standard

diet-fed group. In the group treated with cerivastatin, the percentage of apoptotic cells was additionally lower in comparison with

hypercholesterolemic group (p < 0.01). Negative correlation between percentage of apoptotic cells and HDL level was found when

all groups were considered jointly (r = –0.41, p < 0.05).

Our study clearly shows that cerivastatin in hypercholesterolemic animals and hypercholesterolemia itself limit cardiomiocyte

damage after hypoxia-reoxygenation.
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Abbreviations:

EHR – experimental hypoxia-reoxygenation, HD – hypercho-

lesterolemic diet-fed group, HD + CE – hypercholesterolemic

diet-fed group treated with cerivastatin, HDL – high density

lipoproteins, KHs – Krebs-Henseleit solution, LDL – low den-

sity lipoproteins, StD – normocholesterolemic group on stan-

dard diet, TC – total cholesterol, TUNEL – terminal deoxynu-

cleotidyl transferase (TdT)-mediated dUTP nick end labeling

Introduction

Elevated cholesterol level is a known risk factor for

the development of cardiovascular disease. Experi-

mental studies have shown that a short-term choles-

terol feeding renders the myocardium more suscepti-
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ble to ischemia-reperfusion injury, whereas a long-

term hypercholesterolemia may confer cardioprotec-

tion [6, 24]. Myocytes undergo cell death during

ischemia and reperfusion by two mechanisms includ-

ing apoptosis and necrosis. Apoptosis plays a key role

in the process of tissue damage after myocardial in-

farction and may contribute to irreversible myocyte

injury [7, 8], whereas necrosis remains a major form

of pathological cell death that rapidly leads to destruc-

tion of myocytes after myocardial ischemia [23]. Both

forms of death are responsible for the myocardial dys-

function after ischemia-reperfusion.

Inhibitors of the 3-hydroxy-3-methylglutaryl coen-

zyme A reductase are powerful lipid-lowering drugs

that have been proven effective in primary and secon-

dary prevention of coronary artery disease [15]. It is

still questionable whether statins exert clinically rele-

vant protection from cardiovascular disease independ-

ent of their lipid-lowering action [4, 17]. In animal

studies, statins given before ischemia or just before

reperfusion have been shown to reduce infarct size

and preserve myocardial function [1, 11]. Previous

experimental studies in ischemia/reperfusion injury

have clearly demonstrated cardioprotective effects of

statins despite unaltered serum cholesterol levels. The

beneficial mechanism potentiated by statins in these

studies appeared to be dependent on NO from coro-

nary endothelium [16, 18].

Therefore, we were interested in investigating the

influence of cerivastatin at the dose not significantly

affecting lipid profile on myocardial function and

damage after ischemia/reperfusion injury in hyper-

cholesterolemic guinea pigs papillary muscle model.

Additionally, we evaluated the effect of hypercholes-

terolemia itself on contractility performance and myo-

cardial damage.

Materials and Methods

Animals

Thirty male guinea pigs (four weeks old, weight

180–220 g) were randomly assigned to three groups.

First group (n = 10) was fed a standard diet (StD). The

second and third group were fed a hypercholestero-

lemic diet (HD) (n = 10), in the third group with the

addition of cerivastatin (HD + CE) (n = 10) (a kind

gift of Bayer AG). Both hypercholesterolemic diets

were prepared by Research Diets Inc. (New Bruns-

wick, NJ, USA) according to McNamara formula [3].

The cerivastatin concentration in HD + CE diet was

chosen not to influence the cholesterol level and

equaled 0.0005% (0.1 mg/kg). Murigran chow pellets

(Bacutil, Motycz, Poland) were used as the standard

diet. The guinea pigs were housed in mesh-wire bot-

tom cages and kept under standard laboratory condi-

tions (12 h light-dark cycle, 21–24°C, humidity

50–55%). Ethics Committee of Medical University of

Gdañsk, Poland approved the animal study protocol.

The investigation conformed to the “European Con-

vention for the Protection of Vertebrate Animals used

for Experimental and other Scientific Purposes”

(Council of Europe No. 123, Strasbourg 1985).

Experimental procedures

After 4 weeks of feeding with one of the above diets,

the animals were sacrificed by cervical dislocation.

The thorax was immediately opened and blood sam-

ples were taken from the aorta. In all animals, serum

total cholesterol (TC), low (LDL) and high (HDL)

density lipoprotein cholesterol and triglyceride (TG)

concentrations were assessed with the use of a stan-

dard laboratory procedure. Immediately after blood

collection, the heart was removed and placed in

a preparation dish with a modified, ice-cold Krebs-

Henseleit solution (KHs). Then right ventricle papil-

lary muscle was prepared (length > 3 mm, diameter

< 1 mm), mounted in a 2-ml organ bath (Steiert Organ

bath, type 813 with DC temperature controller type

319, HSE, Germany) and attached to an isometric

force transducer (F-30, HSE, Germany). The isolated

tissue was superfused with KHs containing (mM):

NaCl 120.4, CaCl2 2.5, KCl 4.9, MgCl2 × 6H2O 0.6,

NaH2PO4 × H2O 1.0, NaHCO3 15.3, glucose 11.5.

The solution was aerated with 95% O2 and 5% CO2 at

37°C ± 0.5°C. The isolated papillary muscle was elec-

trically paced by two silver electrodes at 0.5 Hz with

stimulus duration of 3 ms and 20% over the threshold

voltage, generated by electronic stimulator (ST-02,

Experimetria, Hungary). During the experimental

procedure, the following parameters were continu-

ously measured: force of contraction (Fc), velocity of

contraction (+dF/dt) and relaxation (–dF/dt), ratio of

time to peak of contraction (ttp) and relaxation time at

10% of total amplitude (tt10), with the use of an isomet-

ric force-displacement transducer F-30, bridge amplifier
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with differentiator type 336 – HSE (Germany) and

digital storage oscilloscope VC-6525 – Hitachi (Ja-

pan).

Experimental protocol

All papillary muscles were equilibrated for 60 min in

oxygenated KHs. Simulated hypoxia was achieved by

superfusion of tissue with no-substrate solution

gassed with 95% N2 and 5% CO2, where glucose was

substituted by 7.0 mM choline chloride for 60 min.

Reoxygenation was achieved by switching from no-

substrate solution to oxygenated KHs for 60 min.

Tissue preparation and detection of apoptosis

The myocardium which was not subjected to experi-

mental procedure and papillary muscles directly after

the end of experimental hypoxia-reoxygenation

(HER) procedure were fixed with formalin and em-

bedded in paraffin. Serial sections were prepared from

each sample of myocardium and used for

hematoxylin-eosin (HE) staining to exclude necrosis.

The papillary muscles were cut crosswise into pieces

4 µm thick and mounted on silane-coated slides. To

localize and assess apoptotic cells, terminal deoxynu-

cleotidyl transferase (TdT)-mediated dUTP nick end

labeling (TUNEL) was used (ApopTag®Plus Peroxi-

dase In Situ Apoptosis Detection Kit, Introgen Com-

pany). The TUNEL assay was performed according to

the protocol supplied by the manufacture. Two inde-

pendent observers (DD, TW) unaware of a protocol to

which the papillary muscle in question had been sub-

jected to, assessed percentage of apoptotic cells in

cross-section of papillary muscle at a high magnifica-

tion, counting positive cells per high power field

(× 400). At least 3000 cells were assessed per one cross

section and two cross sections cut at 400 µm intervals

per myocardium were analyzed. The studied region

was standardized between papillary muscle slices.

Statistical analysis

Data were shown as the mean and standard deviation

(X ± SD). Differences between control values and

mean values at different times during hypoxia and re-

oxygenation in StD, HD and HD + CE groups were

evaluated using two-way analysis of variance

(ANOVA) followed by a Newman-Keuls test. The

STATISTICA 6.0 Software (StatSoft, USA) was used,

p < 0.05 was considered to be statistically significant.

Results

The total cholesterol, HDL cholesterol and tri-

glyceride levels

After 4 weeks of appropriate diet, TC, LDL choles-

terol, HDL cholesterol and TG concentrations were

significantly higher in HD and HD + CE group then in

the group of animals fed StD. There was no difference

in TC, TG, LDL and HDL cholesterol plasma levels

between HD and HD + CE groups (Tab. 1).

The heart muscle and coronary vessel morphology

Morphology of myocardium and coronary vessels ob-

tained from every guinea pigs fed on StD, HD and

HD + CE was assessed using HE staining (200 ×). No

atherogenic changes were present in coronary arteries

and no evident pathology was detected in myocar-

dium of animals fed experimental diets (Fig. 1).

The changes in contractility

The changes in force of contraction (Fc) are shown in

Figure 1. There were no significant differences be-

tween experimental groups considering the changes in

Fc, and +dF/dt values observed during EHR proce-
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Experimental group TC (mg/dl) LDL cholesterol (mg/dl) TG (mg/dl) HDL cholesterol (mg/dl)

StD 35 ± 8 21.3 ± 5.5 52.2 ± 14 2.1 ± 0.4

HD 131.6 ± 30.4** 78.3 ± 41** 136.6 ± 115.3* 8.8 ± 2.3**

HD+CE 121.2 ± 26.2** 69.5 ± 28** 98 ± 30.5* 10.5 ± 7.8**
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dure. Both measured parameters were significantly

lower during hypoxia-reoxygenation in comparison

with the baseline values in all experimental groups

(Fc: 35, 25 and 43% of the control value for HD, HD

+ CE and StD group, respectively; +dF/dt: 41, 51 and

40% of the control value in HD, HD + CE and StD

group, respectively). There were no significant differ-

ences observed in –dF/dt between all groups after re-

oxygenation. The ttp/tt10 ratio was similar in all

groups at the baseline, decreased during hypoxia, and

recovered at the end of reoxygenation to the same ex-

tent in all groups (Tab. 2).

Apoptosis

In HE staining of the papillary muscle after HER, no

histological features of necrosis and inflammation

were found. Nuclei of apoptotic myocardial cells were

clearly localized with the TUNEL assay. In the tissue

that had not been subjected to HER, there were no

TUNEL-positive nuclei. The mean percentages of the

apoptotic cells after EHR injury in StD, HD and HD

+ CE groups are shown in Figure 3. The percentage of

apoptotic cells after EHR was significantly lower in

HD (p < 0.01) and HD + CE (p < 0.001) group in

comparison to StD group. In addition, there was a sig-

nificant difference in the percentage of apoptotic cells

between HD group and HD + CE group (p < 0.05).

We found out the significant negative correlation be-

tween HDL-C level and percentage of apoptotic cells

(r = –0.41, p < 0.05).

Discussion

Our study demonstrates that experimental hypercho-

lesterolemia and cerivastatin, at the dose that failed to

ameliorate hypercholesterolemia, results in car-

diomiocyte protection against hypoxia-reoxygenation

injury in guinea pig papillary muscle. However, there

was no difference in post-injury myocardial function

between experimental groups (HD, HD + CE). As no

differences were observed in total cholesterol and

LDL cholesterol level between HD and HD + CE

groups, we postulate that the additional reduction of
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Experimental group Control I-30 I-40 I-50 I-60 R-30 R-40 R-50 R-60

StD 0.9 ± 0.0 1.0 ± 0.1 1.2 ± 0.2** 1.1 ± 0.1** 1.0 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.8 ± 0.1

HD 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.2 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.1

HD + CE 0.8 ± 0.1 0.8 ± 0.2 0.8 ± 0.1 0.8 ± 0.1 0.7 ± 0.1* 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1
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damage, estimated by percentage of apoptotic cells after

EHR might be related to the cholesterol-independent ef-

fect of cerivastatin. Although, based only on our experi-

ments the exact mechanism cannot be elucidated.

A controversy whether hypelipidemia influences

the severity of experimental myocardial ische-

mia/reperfusion injury exists in the literature. In our

study, we did not observe significant differences in

contractility parameters measured during the experi-

mental procedures between all groups. The majority

of ex vivo studies have shown no effect of hyperlipi-

demia on contractility after ischemia-reperfusion, ei-

ther. Wang et al. [28] described that experimental

hyperlipidemia induced by feeding rabbits for 8

weeks with hyperlipidemic diet, increased infarct size

and the rate of apoptotic cell death. In the study by

Girod et al. [6] it was shown that short-term (2-week)

high cholesterol diet increased infarct size in LDL re-

ceptor deficient (LDL r–/–) mice as compared to

wild-type animals after 30 min of ischemia and 120 min

of reperfusion. On the contrary, hypercholesterolemic

diet continued for 12 weeks resulted in a significant

decrease in infarct size in both wild-type and LDLr–/–

mice. These data suggest that a short-term cholesterol

feeding renders the myocardium more susceptible to

ischemia-reperfusion, whereas a long-term hypercho-

lesterolemia may confer cardioprotection. The reason

why in some ex vivo heart models hyperlipidemic diet

may not significantly deteriorate or may even im-

prove recovery of post-ischemic contractile function

still remains unknown.

The beneficial effects of statins in the treatment of

ischemic heart disease have been well documented by

a number of clinical studies [7, 8, 24]. Initially, these

benefits of statins were thought to be entirely due to

cholesterol lowering in hypercholesterolemia. How-

ever, a number of trials [5, 15] have shown a cardio-

vascular risk reduction in the presence of mildly ele-

vated or even normal cholesterol levels. These results

led to the investigation of the other beneficial effects

of statins, the so-called pleiotropic effects. A wide va-

riety of studies have been performed to investigate

these effects, which include inhibition of smooth mus-

cle proliferation and platelet aggregation, anti-

inflammatory effects, and enhancement of endothelial

function [12–14, 27].

In spite of the lack of impact of cerivastatin at the

dose of 0.1 mg/kg on lipid profile, the significant re-

duction in the number of the apoptotic cells was ob-

served in the animals fed on hypercholesterolemic

diet. We postulate that the pleiotropic effects of ceri-

vastatin could play the key role in this phenomenon.

The protective effect of pravastatin in human ven-

tricular cardiomyocytes independent of endothelial

cells or other cell types was studied by Verma et al.

[27]. They found that statin therapy might restore

ischemic hearts to full functional integrity during car-

dioplegic arrest through a direct effect on cardiomyo-

cyte survival. In another study with pravastatin, rab-

bits fed a cholesterol-rich diet for 16 weeks received

pravastatin at the dose of 5 mg/kg/day for 8 weeks be-

fore the initiation of 30 min ischemia followed by

reperfusion. The dose of statin used in that experi-

ment had no significant effect on cholesterol levels

similarly as in our study, but it restored the cardiopro-

tection achieved by ischemic preconditioning [26].
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Recently, the study by Mensah et al. [20] clearly dem-

onstrated that atorvastatin at the dose of 20 mg/kg/day

reduced infarct size when given before ische-

mia/reperfusion with no significant changes in lipid

profile. The results of the study performed by Lefer et

al. [16] provided strong evidence that the inhibition of

leukocyte-endothelial cell interactions during the

ischemia-reperfusion injury and cardiac contractile

function preservation by statins were unrelated to

cholesterol lowering.

The limitation of our study consisted in using only

the TUNEL technique to assess myocyte damage. It

has been suggested that the TUNEL assay is prone to

false positive and negative results [22, 30]. However,

the specificity of TUNEL for detecting the DNA frag-

mentation characteristic of apoptotic cells has been

questioned, TUNEL-positive cells were not seen in

control hearts in our study. TUNEL method may lead

to overestimation of apoptosis but because we used

the same technique in all experimental groups, the ob-

served differences should be reliable.

In our study, the reduction of percentage of apop-

totic cells was related to HDL cholesterol level in the

hypercholesterolemic animals (HD and HD + CE).

These are very interesting findings, however, the in-

terpretation of TUNEL data needs to be done care-

fully. At the 60 min after reperfusion, the activation of

apoptosis could be incomplete and the longer period

of observation would be needed but the reperfusion

longer then 1 hour is technically difficult. Cardiopro-

tective effect of HDL in isolated hearts subjected to

hypoxia/reoxygenation, suggested by our study, may

have clinical and therapeutic implications. It is gener-

ally believed that a high plasma HDL cholesterol con-

centration protects against the development of primary

cardiac events by removing lipids from the arterial wall,

thereby preventing the formation of lipid-rich, rupture

prone atherosclerotic plaques in the coronary arteries.

HDL plays a crucial role in preventing LDL oxidation

[4]. Calabresi et al. [2] demonstrated that HDL exerted

direct protective effect on the ischemic myocardium. It

has also been established that HDL itself prevents the

endothelial cells from apoptosis probably by Akt and/or

ERK1/2 activation [21]. Among pleiotropic effects,

statins have the ability to activate the PI3K/Akt pro-

survival pathway, which can protect the cells against

ischemia/reperfusion injury. It has been shown that low

doses of statins can also activate the Akt protein kinase

in endothelial cells [13]. The additive similar mecha-

nism of action of HDL and statins mentioned above may

play the protective role in ischemia and reperfusion

injury observed in our study [9, 10, 25].

A number of studies have investigated the direct ef-

fects of treatment with statins on infarct size and myo-

cardial performance in the setting of ischemia-

reperfusion in the myocardium in the in vivo models

[11, 19, 29]. In these circumstances, the effects related

to inflammation and platelet aggregation would be ex-

pected to play an important part in the protection ob-

served with statins related to endothelium. However,

the beneficial effect of statin treatment has also been

observed in isolated human cardiomyocytes, indicat-

ing that interaction with endothelial cells is not re-

quired [27]. We used experimental ex vivo model of

hypoxia-reoxygenation because this model is sensi-

tive enough to study heart muscle contractility and to

ensured stable, reproducible hypoxia-reperfusion con-

ditions as compared to in vivo conditions.

Our study clearly shows that cerivastatin in hypercho-

lesterolemic animals and hypercholesterolemia itself limit

cardiomyocyte damage after hypoxia-reoxygenation in-

jury. However, the precise mechanism of the observed

phenomenon remains to be determined and further stud-

ies especially on the role of HDL need to be performed.
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