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Summary 

Although statins exert non-lipid cardioprotective effects, their 

influence on cell death is not fully elucidated. For this purpose, 

we investigated whether simvastatin treatment (S, 10 mg/kg, 

5 days) is capable of mitigating ischemia/reperfusion-induced 

(IR) apoptosis in the isolated rat hearts, which was examined 

using immunoblotting analysis. In addition, the content of signal 

transducer and activator of transcription 3 (STAT3) and its active 

form, phosphorylated STAT3 (pSTAT3-Thr705), was analyzed. 

Simvastatin induced neither variations in the plasma lipid levels 

nor alterations in the baseline content of analysed proteins with 

the exception of upregulation of cytochrome C. Furthermore, 

simvastatin significantly increased the baseline levels of pSTAT3 

in contrast to the control group. In the IR hearts, simvastatin 

reduced the expression of Bax and non-cleaved caspase-3. In 

these hearts, phosphorylation of STAT3 did not differ in 

comparison to the non-treated IR group, however total STAT3 

content was slightly increased. The improved recovery of left 

ventricular developed pressure co-existed with the increased Bcl-

2/Bax ratio. In conclusion, pleiotropic action of statins may 

ameliorate viability of cardiomyocytes by favouring the 

expression of anti-apoptotic Bcl-2 and downregulating the pro-

apoptotic markers; however STAT3 does not seem to be a 

dominant regulator of this anti-apoptotic action of simvastatin. 
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Introduction 
 
 It has become increasingly apparent that 
lipoprotein metabolism modification alone cannot explain 
all benefits associated with statin treatment. Non-lipid, 
so-called pleiotropic effects of statins determined by the 
inhibition of post-translational modification of small 
G proteins of the Ras/Rho family, have been suggested to 
reduce cardiovascular disease risk (Wright and Flapan 
1994), progression of nephropathy, development of 
diabetes (Tonolo et al. 2000, Freeman et al. 2001) and 
fracture rates (Meier et al. 2000). In addition, statin-
mediated cardioprotection against ischemia/reperfusion 
injury (IRI), a phenomenon observed following 
thrombolytic therapy of acute myocardial infarction, 
angioplasty and cardiac surgery, has also been reported. 
Different statins have exerted beneficial effects when 
given before ischemia (Adameova et al. 2009, 
Ravingerova et al. 2010, Ikeda et al. 2003), or even early 
upon the onset of reperfusion (Vilahur et al. 2009, Bell 
and Yellon 2003).  
 Although IRI refers to early restoration of blood 
to previously ischemic heart, which is required to salvage 
viable tissue, it can paradoxically cause cardiomyocyte 
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death (Braunwald and Kloner 1985). Both apoptosis and 
necrosis are implicated into the pathophysiology of IRI; 
however contribution of each to cardiomyocyte death is 
controversial. Some studies have suggested that apoptosis 
is induced by ischemia in the absence of reperfusion 
(Fliss and Gattinger 1996, Kajstura et al. 1996), while 
other studies have demonstrated that it is triggered during 
reperfusion and does not manifest during ischemia (Zhao 
et al. 2000) or that reperfusion accelerates apoptosis 
initiated during ischemia (Fliss and Gattinger 1996, 
Freude et al. 2000). The two types of IRI-induced cell 
death are distinct. Necrotic cell death is characterized by 
membrane disruption, cell swelling, lysis and 
inflammatory response, while apoptosis results in DNA 
fragmentation, prevents inflammation and preserves 
membrane integrity (Fiers et al. 1999). In response to an 
apoptotic stimulus, cytochrome C and other pro-apoptotic 
factors are released through mitochondrial permeability 
transition pore (mPTP) into the cytoplasm to form 
apoptosome that in turn activates caspase 3 to drive the 
execution phase of apoptosis (Danial and Korsmeyer 
2004). mPTP forming and opening is regulated by Bcl-2 
family proteins; indeed predominance of anti-apoptotic 
factors (Bcl-2, Bcl-xL) over the apoptotic ones (Bax, 
Bad) preserves mPTP opening. It has been shown that the 
genes encoding proteins of Bcl-2 family are modified by 
a transcription factor signal transducer and activator of 
transcription 3 (STAT3), activation of which is in turn 
directly/indirectly regulated by the small GTP-binding 
Rho family (Simon et al. 2000, Faruqi et al. 2001). In 
settings of IRI, activation of STAT3 has been suggested 
to reduce cell death, attenuate adverse cardiac 
remodelling (Boengler et al. 2008, Obana et al. 2010) and 
participate in preconditioning-mediated cardioprotection 
(Hattori et al. 2001).  
 Based on this, we have hypothesized that 
inhibition of HMG-CoA reductase, and thereby its 
downstream changes in prenylation of the Rho/Ras 
family, may limit the intrinsic IRI-induced apoptotic 
pathway through STAT3 responsive anti-apoptotic genes. 
Furthermore, as loss of cells has impact on cardiac 
performance, a link between Bcl-2/Bax ratio and the post-
ischemic recovery of left ventricle developed pressure 
upon IRI has been investigated. 
 
Methods 
 
Animals 
 Male Wistar rats (250-300 g body weight) were 

housed under standard conditions with a constant 12:12 h 
light/dark cycle (lights on at 06.00 h) and temperature 
(22 °C ± 2 °C), and fed a standard diet and tap water ad 
libitum. The protocol of the research project has been 
approved by the Ethics Committee of the Faculty of 
Pharmacy, Comenius University. All studies were 
performed in accordance with the Guide for the Care and 
Use of Laboratory Animals published by US National 
Institutes of Health (NIH publication No 85-23, revised 
1996) and approved by the Animal Care and Animal 
Welfare Division of the State Veterinary and Food 
Administration of the Slovak Republic.  
 
Drug used in the studies 
 Simvastatin (S) was given at a single daily dose 
of 10 mg/kg during 5 days per os. The rationale for the 
used dosage was based on the previous evidence that this 
treatment exerts cardioprotection associated with 
pleiotropic non-hypolipidemic activity of the drug 
(Adameova et al. 2009, Ravingerova et al. 2009). 
 After 5-day treatment, rats were divided into the 
following groups: the simvastatin-treated non-ischemic 
group (CS) and the simvastatin-treated group subjected to 
the protocol of ischemia and reperfusion (CS+IR) as 
described below. The same IRI protocol was applied for a 
separate group of nontreated animals (C+IR) which were 
compared with the non-ischemic control group (C). 
 
Perfusion technique and protocol of ischemia/reperfusion 
injury 
 The hearts of anaesthetized (sodium 
pentobarbitone, 60 mg/kg, i.p) animals were rapidly 
excised and perfused at 37 ºC in the Langendorff mode at 
a constant perfusion pressure of 70 mmHg for 
30 minutes. The perfusion solution was a modified 
Krebs-Henseleit buffer (KHB) gassed with 95 % O2 and 
5 % CO2 (pH 7.4) containing (in mM): NaCl 118.0; KCl 
3.2; MgSO4 1.2; NaHCO3 25.0; KH2PO4 1.18; CaCl2 2.5; 
glucose 5.5. After stabilization period, global ischemia 
was induced by clamping of the aortic inflow for 30 min 
followed by 40 min of reperfusion. Hearts of both non-
ischemic groups were subjected to the same procedure 
except of induction of ischemia and reperfusion.  
 Left ventricular (LV) pressure was measured by 
means of a non-elastic water-filled balloon inserted into 
the LV cavity (adjusted to obtain end-diastolic pressure 
of 5-7 mmHg) and connected to a pressure transducer 
(MLP844, ADInstruments, Germany). LV developed 
pressure (LVDP; systolic minus diastolic pressure) was 
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measured during stabilization, preischaemic period and 
continuously recorded until the end of experiment using 
PowerLab/8SP Chart 7 software (ADInstruments, 
Germany). LVDP recovery at 40 min of reperfusion was 
expressed as percentage of pre-ischemic baseline values 
and was used to evaluate the link between the post-
ischemic functional recovery and apoptotic cell death. 
 
Immunoblotting 
 Left ventricular samples from S-treated and 
non-treated non-ischemic hearts as well as hearts 
subjected to global ischemia and reperfusion were 
frozen in liquid nitrogen and stored at –80 °C until 
further processing. Proteins were separated by SDS-
PAGE on 10-14 % polyacrylamide gels and transferred 
electrophoretically onto polyvinylidene fluoride 
membrane (PVDF, Immobilon-P, Millipore Corp., 
Billerica, MA, USA). Nonspecific binding sites were 
blocked with either 5 % (w/v) nonfat milk powder or 
2 % (w/v) bovine serum albumin (BSA) in TBST buffer. 
Membranes were incubated with different primary 
antibodies diluted in 1 % milk and 2 % BSA for analysis 
of non-phosphorylated and phosphorylated proteins, 
respectively. β-actin (antibody purchased from Sigma-
Aldrich, USA) was used for a loading control. Primary 
antibody for both pro- and anti-apoptotic proteins (Bax, 
Bcl-2, CytC, caspase 3, STAT3 and pSTAT3-Thr705) 
were IgG antibodies raised in rabbit or mice (Sigma 
Aldrich, USA). Secondary antibodies were anti-rabbit 
and anti-mouse conjugated with horseradish peroxidase 
(Jackson ImmunoResearch, United Kingdom, and Santa 
Cruz Biotechnology, USA). Bands were detected by 
enhanced chemiluminescence (Pierce ECL Western 
Blotting Substrate, USA) and blots were quantified by 
scanning densitometry. 
 
Statistical analysis 
 Data were expressed as means ± S.E.M. for the 
number (n) of animals in the group. ANOVA and two-
tailed unpaired Student's t-test were applied for 
comparison of differences in variables with normal 
distribution between the groups using GraphPad Prism 
version 5.00 for Windows (GraphPad Software, San 
Diego CA, USA). Correlation between recovery of LVDP 
and Bcl-2/Bax ratio was made by Pearson`s test. 
Differences between the groups were considered as 
significant at P<0.05. 
 
 

Results 
 
Plasma lipid, glucose levels and weight parameters 
 As shown in Table 1, simvastatin treatment at 
given dose had no influence on the main weight 
parameters. In addition, no variations in the plasma lipid 
levels were found between the S-treated and non-treated 
normocholesterolemic rats, confirming that observed S-
mediated effects are due to its pleiotropic activity. 
Likewise, the plasma glucose levels were not changed 
upon S treatment.  
 
 
Table 1. The effects of simvastatin treatment on basic weight 
parameters, plasma lipid and glucose levels in rats fed with a 
standard diet. 
 

 C CS 

BW (g) 247.50±12.63 233.33±9.20 
HW (g)   0.82±0.02     0.83±0.02 
LVW (g)   0.38±0.03     0.35±0.02 

TCHOL (mmol/l)      1.27±0.06    1.34±0.12 
VLDL (mmol/l)      0.21±0.05    0.20±0.01 
LDL (mmol/l)      0.28±0.01    0.26±0.04 
HDL (mmol/l)      0.69±0.11    0.80±0.06 
TAG (mmol/l)      0.59±0.12    0.44±0.03 
GLU (mmol/l)      8.79±2.69 7.37±1.29 

 
BW – body weight; HW – heart weight; LVW – left ventricle 
weight; TCHOL – total cholesterol; LDL – low density 
lipoproteins; HDL – high density lipoproteins; VLDL – very low 
density lipoproteins. Values are means ± S.E.M. from 12 animals 
per group. 
 
 
Influence of simvastatin treatment on apoptotic cell death 
 To find out whether S treatment may modulate 
apoptotic cell death, we used immunoblotting analysis of 
selected pro- and anti-apoptotic proteins (Fig. 1). Semi-
quantitative data of protein expression in the non-treated 
and treated hearts as well as in the hearts subjected to IRI 
are shown in Figure 2. In the non-ischemic left ventricle 
of the S-treated rats, expression of cyt C was increased; 
however, in the ischemic hearts simvastatin treatment 
reduced cyt C levels (P<0.05). Under baseline conditions 
protein levels of non-cleaved caspase-3 were not changed 
by S treatment. In contrast, S induced a decrease in the 
non-cleaved protein content in the hearts subjected to IRI 
(P<0.05). These protein levels were lower than the levels 
in the non-treated IR hearts (P<0.05). 
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Fig. 1. The effects of simvastatin treatment on protein content of 
some markers of the intrinsic apoptotic death and signal 
transducer and activator of transcription (STAT3) in the left 
ventricle of the non-ischemic hearts (CS) and of the hearts 
subjected to ischemia/reperfusion injury (CS+IR). Representative 
imunoblots of the transcription factor STAT3, cytochrome C (Cyt 
C), non-cleaved caspase-3, Bcl-2, and Bax. 
 
 
 Furthermore, we analyzed the expression of 
proteins of Bcl-2 family (Figure 1,2). Simvastatin 
treatment did not change the expression of anti-apoptotic 
Bcl-2. However, in the ischemic hearts, it upregulated the 
Bcl-2 content in comparison to the levels in the non-
treated ischemic hearts (P<0.05). In contrast, expression 
of pro-apoptotic Bax showed a reversed trend. The 
increased Bax levels in the IR hearts were down-
regulated by S (P<0.05). Statistical analysis of Bcl-2/Bax 
ratio revealed that the non-treated hearts subjected to IR 
are likely to be more sensitive to apoptosis (evidenced by 
a lower ratio), while S-treated hearts may be more 
resistant against this type of cell death. Simvastatin did 
not completely reverse this ratio to the baseline levels; 
however it was increased in comparison to ratio in the 
non-treated I/R hearts (P<0.05), implicating anti-
apoptotic effects of simvastatin.  
 The levels of total STAT3 were changed by 
neither ischemia/reperfusion nor by statin treatment 
(Figure 1,2). Simvastatin treatment significantly 
increased the baseline content of pSTAT3 in comparison 
to the control group (P<0.05). However, there was no 
significant difference with respect to the content of 
pSTAT3 between the treated and the non-treated IR 
group. 

Link between Bcl-2/Bax ratio and recovery of left 
ventricle developed pressure upon simvastatin treatment 
 Contractile function of the heart subjected to IRI 
was improved in the S-treated hearts (P<0.05). 
Correlation between Bcl-2/Bax ratio and LVDP recovery 
was not significant; however, it is evident that in the S-
treated group that higher Bcl-2/Bax ratio co-existed with 
improved contractile function of the heart (Fig. 3). 
 
Discussion 
 
 In the present study, we showed that HMG-CoA 
reductase inhibition by simvastatin given orally for 
5 days before induction of IRI is associated with 
abolishment of apoptotic cell death. Namely, in the hearts 
subjected to IRI, simvastatin decreased the expression of 
the pro-apoptotic Bax, increased the levels of the anti-
apoptotic marker Bcl-2. In addition, Bcl-2/Bax ratio, 
which was higher in the S-treated IR hearts, co-existed 
with the improved contractile function evidenced by the 
higher post-ischemic recovery of LVDP. Under basal 
conditions, S treatment increased expression of cyt C, but 
had no effect on the content of Bax, Bcl-2, and pro-
caspase-3. Although the total non-phosphorylated STAT3 
did not differ among the groups, simvastatin treatment 
up-regulated the content of pSTAT3, suggesting its 
ability to modulate expression of the proteins, including 
the apoptotic proteins, through this transcription factor. 
On the other hand, such an increase in pSTAT3 induced 
by simvastatin was not observed in the treated IR group.  
 The extent of cell death upon IRI is a major 
determinant of mortality and post-ischemic remodelling. 
Hence, strategies for the amelioration/preservation of 
myocardial cell viability are a matter of interest of many 
cardiologists. Statins, besides a wide spectrum of 
potential substances, have been suggested to be 
promising agents with the ability to reduce cell death due 
to IRI (Webster 2007). Using experimental animal model 
of acute IRI, it is possible to investigate the effects of 
statins at different time-points, and thus it can provide 
valuable information for clinical application. In fact, pre-
ischemic statin treatment is limited to the clinical settings 
of planned cardiac surgery or elective percutaneous 
coronary intervention, while statin administration upon 
reperfusion may be limited to thrombolytic therapy after 
myocardial infarction. In our previous studies, we used 5-
day simvastatin-treated rats that are less sensitive to 
reperfusion-induced arrhythmias and cardiac stunning 
(Adameova et al. 2009, Ravingerova et al. 2010).  
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Fig. 2. The effects of simvastatin treatment on protein content of some markers of the intrinsic apoptotic death and signal transducer 
and activator of transcription (STAT3) in the left ventricle of the non-ischemic hearts (CS) and of the hearts subjected to 
ischemia/reperfusion injury (CS+IR). Quantification of imunoblotting analysis, Bcl-2/Bax ratio and pSTAT3/STAT3 ratio. Values are 
means ± S.E.M. from 5-7 hearts per group. * P<0.05 vs. non-ischemic controls (C), # P<0.05 vs. S-treated hearts, & P<0.05 vs. non-
treated ischemic/reperfused hearts. 
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Fig. 3. Recovery of left ventricle developed pressure (LVDP) 
dependent on the distribution of Bcl-2/Bax ratio in the 
simvastatin-treated and non-treated hearts subjected to 
ischemia/reperfusion. 
 
 

 In the present study, using the same protocol, we 
have extended our knowledge about cardioprotection of 
pre-ischemic statin treatment on IRI-induced cell death. 
Beneficial effects of statin treatment on programmed 
death were accompanied by the lower extent of necrosis 
(Adameova et al. 2009). This aspect of S-mediated 
cardioprotection is believed to be due to its pleiotropic 
action, because no changes in the plasma cholesterol and 
lipid levels were observed between the treated and non-
treated group (Table 1). However, it should be mentioned 
that results of clinical studies regarding pleiotropic 
beneficial effects of statins are not clear. In statin-treated 
patients undergoing coronary artery bypass graft surgery, 
the incidence of ventricular arrhythmias, atrial 
fibrillations and cardiovascular mortality were reduced, 
however the  incidence of postoperative MI, stroke or 
renal failure were not significantly changed 
(Liakopoulous et al. 2009, Pan et al. 2004). 
 Mechanisms underlying statin-induced 
cardioprotection on cell death are still a subject of 
investigation and it is apparent that anti-apoptotic 
mechanisms differ from those preventing necrosis, 
nonetheless a cross-link between them cannot be ruled 
out. Besides other potential mechanisms, statin-mediated 
inhibition of the formation of mevalonate and thus 
isoprenoids prenylating Ras/Rho family, which act via 
nuclear factor kappa B, has been suggested to limit 
inflammatory response to IRI and thereby it can limit, in 
particular, the necrotic component of cardiomyocyte 
death (Hernandez-Presa et al. 2003). In addition, nitric 
oxide (NO) is considered to be a critical signalling 
molecule involved in statin-mediated cardioprotection; 
indeed, NO has been shown to activate mitochondrial K-
ATP channels and inhibit mPTP (Jones et al. 2003). In 

addition to this anti-apoptotic mechanism, statin-
mediated inhibition of Rho kinase leading to activation of 
PI3K/Akt pathway also promotes survival of the 
myocardial tissue (Wolfrum et al. 2004, Hamid et al. 
2007). On the other hand, statin-mediated cardio-
protection seen upon the onset of reperfusion phase has 
been suggested to be linked to the activation of RISK 
pathway involving Akt/PKB-Erk2-PKC (Vilahur et al. 
2009). Here, we showed that lipophilic simvastatin up-
regulated the expression of anti-apoptotic Bcl-2 whose 
content was decreased due to IRI. In line, simvastatin 
decreased the up-regulation of pro-apoptotic Bax in the 
ischemic/reperfused hearts. In addition, this S-mediated 
reduction of the pro-apoptotic and up-regulation of the 
anti-apoptotic mediators co-existed with heart function 
restoration (Fig. 3), indicating that abolishment of cardiac 
stunning may be associated with the reduced loss of cells 
due to apoptosis. To investigate which transcription 
factor may govern regulation of expression of genes of 
apoptosis, we analyzed expression of STAT3 known to 
inhibit caspase 3 activity and promote the expression of 
Bcl-2. Cheng et al. (2010) showed, that inhibition of 
RhoA GTPase in hepatocytes enhanced STAT3 
activation, which resulted in reduction of apoptosis as 
evidenced by down-regulation of Bax expression, cyt C 
release and caspase-3 acitivity and up-regulation of anti-
apoptic proteins Bcl-2 and Bcl-XL. Recently, STAT 
proteins have emerged as crucial modulators of the 
outcomes of myocardial IRI. In fact, phosphorylation and 
thus activation of STAT3 has been shown to transmit a 
survival signal to the preconditioned myocardium 
(Hattori et al. 2001) and to attenuate adverse cardiac 
remodelling induced by myocardial infarction (Obana et 
al. 2010). In line, Negoro et al. (2000) have reported that 
inhibition of Janus kinase (JAK), an upstream activator of 
STAT3, resulted in deterioration of myocardial viability 
in acutely infarcted hearts. Furthermore, Thuc et al. 
(2010) have shown that hydrophilic pravastatin 
administered into perfusion solution both prior to global 
ischemia or at the beginning reperfusion suppressed 
apoptotic cell death, preserved mitochondrial membrane 
potential via up-regulation of the phosphorylation of 
Erk1/2, another kinase activating STAT-3. Likewise, 
rosuvastatin, another hydrophilic statin, increased the 
content of pSTAT3 after myocardial infarction due to 
activation of JAK-STAT pathway (Xu et al. 2010). In our 
study, we found out that the levels of total non-
phosphorylated STAT3 upon simvastatin treatment were 
altered neither in the non-ischemic nor 
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ischemic/reperfused hearts. On the other hand, it was 
capable of increasing the levels of pSTAT3 under 
baseline conditions. Since there was no difference in the 
expression of pSTAT3 between the simvastatin-treated 
and non-treated hearts subjected to IRI, it seems that 
activation of STAT3 is not the exclusive pathway leading 
to attenuation of apoptosis mediated by statins. It is 
plausible that statins as effective pharmacological agents 
intercept more than one signal leading to cell death. It 
should be also pointed out that statins have also been 
shown to exert pro-apoptotic action; they were found to 
stimulate apoptosis in cancer cell lines, primary cultured 
vascular muscle, and fibroblasts (Guijarro et al. 1998, 
Yokota et al. 2008). Consistent with these findings, 
replacement therapy with isoprenoids, whose synthesis is 
blocked by HMG-CoA reductase, was capable to 
overcome pro-apoptotic effects of statins, indicating that 
isoprenoid-mediated prenylation of the small GTP-
binding proteins mediates this response (Guijarro et al. 
1998). Although there are unresolved issues surrounding 
the regulation of apoptosis by the inhibition of HMG-
CoA reductase, our results have suggested that statins 
may limit this type of IRI-induced cardiomyocyte cell 
death. In addition, many issues related to statin 
administration (a choice of lipophilic/hydrophilic statin 
for certain pathological states; time of administration; 
dosage, etc.) are also needed to be further clarified. 
 
Conclusion 
 
 5-day simvastatin treatment is likely to salvage 
viability of IR-injured heart by favouring the expression 
of the anti-apoptotic protein and down-regulating the pro-
apoptotic markers. Simvastatin increased Bcl-2/Bax ratio 
which co-existed with the improved post-ischemic 

recovery of cardiac contractile function. Simvastatin did 
not influence the baseline non-ischemic levels of caspase-
3, Bax, Bcl-2, and up-regulated the content of 
cytochrome C. Furthermore, simvastatin-mediated 
inhibition of HMG-CoA reductase did not change the 
expression of the total non-fosforylated transcription 
factor STAT3. Nevertheless, the increased expression of 
pSTAT3-Thr705 in conditions of IRI, both in the treated 
and non-treated group but without significant distinction 
suggests that simvastatin-mediated attenuation of 
apoptosis involving HMG-CoA reductase inhibition is 
not dominantly linked with the up-regulation of pSTAT3. 
However, the significantly increased basaline levels of 
pSTAT3 after simvastatin treatment in contrast to control 
group implies that pleiotropic effects of statins influence 
STAT3 signalling in myocardium. Further experiments 
are needed to explore transcriptional events and target 
genes which regulate apoptotic cell death in statin-treated 
hearts subjected to ischemia/reperfusion injury. 
Irrespective of that, our findings strongly support the idea 
that statins could be used as cell viability increasing 
agents and thus they could be adopted in conditions of 
IRI, e.g. for treatment of subjects undergoing angioplasty 
or coronary artery bypass irrespective of the 
presence/absence of disturbances in lipid metabolism. 
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