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1. List of abbreviations 

AAR: area at risk 

Akt: protein kinase B 

ANOVA: analysis of variance 

BSA: bovine serum albumin 

cGMP: cyclic guanosine monophosphate 
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ECG: electrocardiogram 
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KATP: adenosine triphosphate (ATP)-sensitive potassium channel 

LDH: lactate dehydrogenase 
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LPS: lipopolysaccharide 

LVDP: left ventricular developed pressure 

LVEDP: left ventricular end-diastolic pressure 

MGD: N-methyl-D-glucamine-dithiocarbamate 

MMP: matrix metalloproteinase 

mPTP: mitochondrial permeability transition pore 

NO
•
: nitric oxide 

NOS: nitric oxide synthase 

NOX: nicotinamide adenine dinucleotide phosphate oxidase 

O2
•-
: superoxide 

ONOO
-
: peroxynitrite 

P70S6K: ribosomal protein S6 kinase 

PI3K: phosphatidylinositol-3-kinase 

PKC-PKG: protein kinase C and G 

PMSF: phenylmethylsulfonyl fluoride  

RIPA: radioimmunoprecipitation assay 

RISK: reperfusion injury salvage kinase 

ROI: reactive oxygen intermediates 

RTK: receptor tyrosine kinase 

RVP: rapid ventricular pacing 

S. typhimurium: Salmonella enterica serotype typhimurium 

S.E.M.: standard error of the mean 

SAFE: survivor activating factor enhancement 

SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gelelectrophoresis 

SERCA: sarcoendoplasmic reticulum calcium transport ATPase 

STAT3: signal transducer and activator of transcription 3 

TNF: tumor necrosis factor 

TTC: 2,3,4-triphenyl-tetrazolium-chloride 

VF: ventricular fibrillation 

VT: ventricular tachycardia 

XOR: xanthine oxidoreductase   
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2. Summary 

Background and purpose: Ischemic heart diseases including acute myocardial infarction are 

the leading cause of death. Reperfusion therapy for infarction decreases mortality; however, 

early reperfusion itself is accompanied by additional cell death known as reperfusion injury. 

Ischemic pre- and postconditioning are classic strategies to attenuate ischemia/reperfusion 

injury, and peroxynitrite, RISK (ERK1/2, Akt) as well as SAFE (STAT3) pathways have been 

already implicated in their cardioprotective mechanism. Many limitations and confounding 

factors exist regarding classic ischemic conditionings, which indicate the necessity of 

alternative methods. In this thesis we focused on two distinct alternative conditioning 

methods, i.e. endotoxin-induced late preconditioning and rapid ventricular pacing (RVP)-

induced postconditioning. Administration of low-dose endotoxin (lipopolysaccharide, LPS) 

24 h before a lethal ischemia improves post-ischemic cardiac recovery. The exact mechanism 

of this phenomenon is not clear. Here we aimed to test whether low-dose LPS exerts late 

effects on peroxynitrite formation and activation of ERK1/2, Akt and STAT3 in the heart. 

RVP applied before an index ischemia has anti-ischemic effects; nevertheless, the potential 

cardioprotective effect of rapid heart rate during the reperfusion is not known. In this work we 

investigated whether ventricular tachyarrhythmias (like ventricular tachycardia (VT) and/or 

ventricular fibrillation (VF)), developed spontaneously in response to the reperfusion, can 

influence infarct size, and whether RVP applied after an index ischemia, as a possible novel 

alternative postconditioning strategy, attenuates reperfusion injury. Peroxynitrite, RISK and 

SAFE pathways were also examined in the mechanism of RVP-induced postconditioning. 

Experimental approaches: Male Wistar rats were used in our studies. In the first study, rats 

were injected with LPS (S. typhimurium; 0.5 mg/kg ip.) or saline. Twenty-four hours later, 

isolated working hearts were subjected to 30 min global ischemia and 20 min reperfusion, or 

hearts were isolated, washed out and then used for biochemical analyses. In the second study, 

Langendorff perfused rat hearts were subjected to 30 min regional ischemia and 120 min 

reperfusion with or without ischemic postconditioning (6x10/10-s reperfusion/ischemia; 

IPost) or RVP (6x10/10-s non-pacing/rapid pacing at 600 bpm) applied at the onset of 

reperfusion, and the extent of infarction was determined by lactate dehydrogenase (LDH) 

release and standard triphenyl-tetrazolium-chloride staining. In a separate experiment, hearts 



4 

were harvested for biochemical analyses at the 7
th

 min of reperfusion. In both studies, 

myocardial samples from ventricles were used freshly or were rapidly freeze-clamped, 

powdered with a pestle and mortar in liquid nitrogen for further analyses. Peroxynitrite 

formation was determined indirectly by measuring 3-nitrotyrosine based on an enzyme-linked 

immunosorbent assay. The activation of ERK1/2, Akt and STAT3 was assessed by 

determining the phosphorylation rate of these proteins using Western blot analyses. 

Key results: LPS-pretreatment significantly improved ischemia/reperfusion-induced 

deterioration of cardiac function and enhanced cardiac formation of the peroxynitrite marker 

3-nitrotyrosine. Low-dose LPS also increased cardiac levels of the peroxynitrite precursor 

nitric oxide (NO
•
) and superoxide. The activities of Ca

2+
-independent NO

•
 synthase and 

xanthine oxidoreductase were increased in LPS-pretreated hearts. LPS-pretreatment resulted 

in significantly enhanced phosphorylation of STAT3 and non-significantly increased 

phosphorylation of Akt without affecting the activation of ERK1/2. Meta-analysis of our 

previous studies revealed an association between longer reperfusion-induced ventricular 

tachycardia/fibrillation with decreased infarct size. In the present experiments testing whether 

RVP at the onset of reperfusion is cardioprotective, we found that both IPost and RVP 

significantly decreased infarct size; however, only RVP attenuated the LDH release and the 

incidence of reperfusion-induced ventricular tachycardia. Both postconditioning methods 

increased formation of cardiac 3-nitrotyrosine and superoxide, and non-significantly enhanced 

Akt phosphorylation at the beginning of reperfusion without affecting ERK1/2 and STAT3. 

Application of brief ischemia/reperfusion cycles or RVP without preceding index ischemia 

also facilitated peroxynitrite formation; nevertheless, only brief RVP increased STAT3 

phosphorylation. 

Conclusions: LPS-pretreatment 24 h later enhances cardiac peroxynitrite formation and 

activates STAT3, which may contribute to LPS-induced late preconditioning. Application of 

short periods of RVP at the onset of reperfusion is cardioprotective similarly to IPost, and 

thus may serve as an alternative postconditioning method. RVP increases peroxynitrite 

formation without activating RISK or SAFE. Taken together, peroxynitrite may be somehow 

involved in both alternative cardioprotective approaches; nevertheless, the role of RISK and 

SAFE pathways seems to be not clear and partly different in these alternative conditionings.  
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3. Introduction 

3.1. Ischemic heart disease: an epidemiological burden 

Ischemic heart disease is a group of entities characterized by restriction in blood supply 

to the heart, leading to functional and/or structural cardiac alterations. The clinical 

presentations of the disease are asymptomatic silent ischemia, stable angina, unstable angina, 

myocardial infarction and sudden cardiac death. Ischemic heart diseases were the leading 

cause of mortality in 2015 with an estimated 8.9 million deaths worldwide (Wang et al., 

2016), indicating an epidemiological burden [Table 1]. 

 

Table 1. All-cause mortality worldwide in 2015, both sexes, all-ages 

 
Adapted from Wang et al., 2016. 

 

Although the mortality of ischemic heart diseases has declined in developed societies 

over the last years, they are still a major cause of death and disability (Mozaffarian et al., 

2016; Townsend et al., 2016). The Hungarian Central Statistical Office has shown that 32,825 

people died from ischemic heart diseases in Hungary in 2015 (HCSO, 2015). Regarding the 

number of disease-specific mortality, acute myocardial infarction is one of the major 

emergency manifestation of ischemic heart diseases, when the heart muscle is irreversibly 

damaged secondary to a prolonged ischemia resulting in myocardial necrosis. 

 

3.2. Ischemia/reperfusion injury: concept of the phenomenon 

Prolonged myocardial ischemia usually occurs when a coronary artery is suddenly 

occluded as a consequence of atherosclerotic plaque rupture with thrombus formation, thereby 

restricting blood supply to the myocardium. As a result of hypoxia and deprivation of 

nutrients, ischemia leads to time-dependent cell death (i.e. ischemic injury) (Reimer et al., 

1977) [Figure 1]. Thus it is clinically important to restore blood supply as early as possible in 

order to prevent progressive damage to the myocardium. The procedure that allows rapid 
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return of blood flow to the ischemic myocardium is termed reperfusion therapy, which 

decreases infarct development and mortality of acute myocardial infarction (Ibanez et al., 

2017). However, early reperfusion period itself is accompanied by deleterious events such as 

life-threatening arrhythmias, no-reflow phenomenon, myocardial stunning and additional cell 

death as well, which is called reperfusion injury (Yellon et al., 2007) [Figure 1]. Therapeutic 

strategies attenuating ischemia/reperfusion injury has a potential to improve clinical 

outcomes. 

 

 

Figure 1. Phenomenon of ischemia/reperfusion injury 

Adapted from Thibault et al., 2007. 

 

3.3. Classic cardioprotective methods: ischemic conditionings 

Ischemic conditionings are strategies for protecting the heart against the detrimental 

effects of ischemia/reperfusion injury, by means of application of brief non-harmful 

ischemia/reperfusion cycles to elicit endogenous cardioprotective mechanisms [Figure 2] 

(Hausenloy et al., 2016).  

 

Figure 2. Ischemic conditioning strategies 
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When the conditioning method is applied before the prolonged lethal ischemia, it is called 

ischemic preconditioning [Figure 2]. The strategy used after the sustained ischemia is known 

as ischemic postconditioning [Figure 2]. These approaches represent the classic 

cardioprotective conditionings. 

 

3.3.1. Ischemic preconditioning 

In 1986, Murry and colleagues described first the phenomenon of ischemic 

preconditioning (Murry et al., 1986). In an open-chest canine model, dogs were subjected to 

four periods of 5 min coronary artery occlusion, each separated by 5 min reperfusion, 

followed by 40-min prolonged ischemia. The preconditioned group had a remarkably smaller 

adenosine triphosphate depletion and infarct size compared to the control group, indicating 

that brief episodes of ischemia/reperfusion somehow protect the heart against a subsequent 

lethal ischemia. Since then the beneficial effect of ischemic preconditioning was also 

confirmed in many other laboratory species without collateral arteries e.g. in pigs (Schott et 

al., 1990), rats (Liu et al., 1992), rabbits (Goto et al., 1995) and mice (Miller et al., 1999) as 

well, proving that the phenomenon is independent of species and presence of coronary 

collaterals. Beside the effectiveness of infarct size reduction, ischemic preconditioning 

reduces reperfusion-induced arrhythmias (Shiki et al., 1987) and results in better post-

ischemic functional recovery (Cave et al., 1992). The cardioprotective effect of 

preconditioning is biphasic with an early phase (lasts for hours) and a late phase (starts 12 h 

after preconditioning stimuli and lasts for ~72 h) (Yellon et al., 2003). The latter lasts longer 

and protects against myocardial stunning as well, which makes the late phase of 

preconditioning clinically more relevant (Stein et al., 2004). 

Although clinical application of ischemic preconditioning is limited in the setting of acute 

myocardial infarction, this cardioprotective strategy can be applied in scheduled medical 

procedures accompanied by ischemia/reperfusion injury to the heart. In 1993, a group of 

investigators conducted a study on patients undergoing coronary artery bypass graft surgery 

(Yellon et al., 1993). They performed a series of aortic clamping and declamping before the 

surgery to induce intermittent ischemia and reperfusion, respectively. As the end-point of the 

study, they found preserved myocardial adenosine triphosphate levels in biopsy specimens, 

indicating cardioprotection. The beneficial impact of ischemic preconditioning on myocardial 
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damage was then confirmed in subsequent clinical studies (Jenkins et al., 1997; Laurikka et 

al., 2002; Ji et al., 2007) 

 

3.3.2. Ischemic postconditioning 

A research group reported in 2003, that the heart could be protected against 

ischemia/reperfusion injury by interrupting reperfusion with several brief periods of ischemia 

(Zhao et al., 2003). They found that after a prolonged ischemia three cycles of 30-s ischemia 

and 30-s reperfusion at the onset of reperfusion can reduce infarct size in anesthetized open-

chest dogs. On the analogy of ischemic preconditioning, this phenomenon was termed 

ischemic postconditioning and was described in various ex vivo and in vivo animal models 

(Iliodromitis et al., 2006; Philipp et al., 2006; Xi et al., 2008; Penna et al., 2009). Other 

studies showed that ischemic postconditioning effectively decreases reperfusion-induced 

ventricular arrhythmias (Kloner et al., 2006) and post-infarct myocardial function (Pinheiro et 

al., 2009). There is consensus that postconditioning should be applied within the first minute 

of reperfusion to elicit cardioprotection, later the beneficial effect will disappear (Ovize et al., 

2010). 

Compared to ischemic preconditioning, postconditioning may be clinically more 

applicable in the treatment of acute myocardial infarction during the coronary intervention. 

The experimental procedure was translated into clinical practice in 2005 (Staat et al., 2005). 

Patients with ST-segment elevation myocardial infarction underwent revascularization by 

direct stenting. Ischemic postconditioning was performed by inflating and deflating the 

angioplasty balloon in four cycles after stent implantation. The approach significantly reduced 

the creatine kinase release which correlates with the extent of myocardial infarction and 

investigators confirmed the decreased infarct size by single-photon emission computed 

tomography imaging method. After 1 year, as a result of smaller infarct size, the contractile 

function of the heart was improved by ischemic postconditioning. Over the last years, several 

clinical trials have reported the beneficial effect of ischemic postconditioning on infarct size 

(Darling et al., 2007; Yang et al., 2007; Laskey et al., 2008; Thibault et al., 2008), although 

the largest study showed inefficiency on patients with ST-segment elevation myocardial 

infarction (Hahn et al., 2013). 
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3.4. Mechanism of ischemic conditionings 

3.4.1. From triggers to end-effector 

Both ischemic conditioning approaches may partly share common mechanisms: promote 

formation of trigger molecules which act on receptor dependent or independent pathways to 

activate a final end-effector, thereby exerting cardioprotection (Hausenloy et al., 2016) 

[Figure 3]. Although the exact mechanism is not entirely elucidated, some participating 

molecules have been identified. 

 

 
 

Figure 3. Mechanism of cardioprotection: from triggers to end-effector  

Akt: protein kinase B, cGMP: cyclic guanosine monophosphate, eNOS: endothelial nitric oxide synthase, ERK1/2: extra-

cellular signal-regulated kinase 1 and 2, GP130: glycoprotein 130, GPCR: G protein–coupled receptor, GSK3ß: glycogen 

synthase kinase-3 beta, IGF: insulin-like growth factor, IL: interleukin, JAK: Janus kinase, mPTP: mitochondrial 

permeability transition pore, NO•: nitric oxide, ONOO-: peroxynitrite, P70S6K: ribosomal protein S6 kinase, 

PI3K: phosphatidylinositol-3-kinase, PKG: cGMP-dependent protein kinase, RISK: reperfusion injury salvage kinase, 

ROI: reactive oxygen intermediates, RTK: receptor tyrosine kinase, SAFE: survivor activating factor enhancement, 

STAT3: signal transducer and activator of transcription 3, TNFα: tumor necrosis factor alpha, TNF-R: TNF receptor 
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Adenosine, opioid peptides and bradykinin are thought to be the conventional triggers of 

ischemic conditionings (Gross et al., 2006). The level of these metabolites increases in 

response to ischemia, so it is plausible that their release is enhanced during the brief 

ischemia/reperfusion cycles of preconditioning and leads to cardioprotection. On the other 

hand, postconditioning delays the wash out of these cardioprotective metabolites accumulated 

in sustained ischemia, thereby protecting myocardium. The conventional triggers act on 

corresponding cell-surface receptors (e.g. adenosine 1, delta opioid or bradykinin 2) and their 

inhibition interfere with the efficacy of conditioning strategies. Over the last decade, reactive 

oxygen intermediates (Tsutsumi et al., 2007) and peroxynitrite (Altug et al., 2000; Li et al., 

2013) have emerged as non-conventional triggers of ischemic conditionings and along with 

conventional trigger factors recruit pro-survival signaling pathways. 

Several protein kinases are implicated in the mediation of cardioprotective effect. The 

following cascades have already been identified: (1) reperfusion injury salvage kinase- 

(RISK), (2) survivor activating factor enhancement- (SAFE) and (3) cyclic guanosine 

monophosphate (cGMP)-protein kinase G-protein kinase C (cGMP-PKG-PKC) pathways 

(Perrelli et al., 2011). These pathways basically are activated during reperfusion in order to 

promote cell survival. Ischemic conditionings facilitate the activation of these pathways in a 

receptor dependent (e.g. adenosine) or independent way (e.g. peroxynitrite). 

The different types of trigger molecules via signaling pathways are suggested to converge 

on a final end-effector of cardioprotection (Hausenloy et al., 2016). Mitochondria are the 

proposed end-effectors. These organelles play an important role in energy- and calcium 

homeostasis, which are undoubtedly the corner-stones of cell survival (Perrelli et al., 2011). 

Mitochondrial permeability transition pore (mPTP) is a molecule complex which opens 

during reperfusion. The opening of the pore disrupts the mitochondrial membrane potential, 

electron transport chain and oxidative phosphorylation, which eventually lead to severe 

energy disturbance. These deleterious molecular events contribute to reperfusion injury. 

Ischemic conditionings inhibit the opening of mPTP (Hausenloy et al., 2009), prevent the 

harmful molecular events and preserve energy homeostasis. 
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3.4.2. Peroxynitrite 

Peroxynitrite (ONOO
-
) arises from the non-enzymatic reaction of superoxide (O2

•-
) with 

nitric oxide (NO
•
) and the production of peroxynitrite is depending on the concentration of 

precursors [Figure 4]. Xanthine oxidoreductase (XOR), nicotinamide adenine dinucleotide 

phosphate oxidases and nitric oxide synthases (NOS) are the primary sources of O2
•-.

and NO
•
, 

respectively. It is widely accepted that enhanced peroxynitrite formation contributes to the 

pathophysiology of several cardiovascular diseases (Pacher et al., 2007). Yasmin et al. 

reported in 1997 that the level of peroxynitrite increases during reperfusion after a long 

ischemia, which contributes to reperfusion injury in isolated rat hearts (Yasmin et al., 1997). 

Further studies also confirmed that enhanced peroxynitrite generation plays a role in the 

pathophysiology of numerous cardiovascular diseases by inducing oxidative- and nitrosative 

stress (Pacher et al., 2007). However, evidence suggests that low level of peroxynitrite has an 

important role in physiological regulation of certain processes such as relaxation of coronary 

arteries (Liu et al., 1994) or inhibition of platelet aggregation (Ku et al., 1995). In 1997, Lefer 

demonstrated that peroxynitrite inhibits leukocyte-endothelial cell interaction, which 

improves the function of post-ischemic myocardium (Lefer et al., 1997). However, increasing 

evidence suggests that peroxynitrite may be involved in preconditioning (Altug et al., 2000) 

and postconditioning (Kupai et al., 2009; Li et al., 2013) as well.  

 

Figure 4. Peroxynitrite: the double-edged sword 

DNA: deoxyribonucleic acid, e/i/nNOS: endothelial-, inducible- and neural nitric oxide synthase, KATP: adenosine 

triphosphate (ATP)-sensitive potassium channel, MMP: matrix metalloproteinase, NO•: nitric oxide, NOX: nicotinamide 

adenine dinucleotide phosphate (NADPH)-oxidase, O2
•-: superoxide, ONOO-: peroxynitrite, RISK: reperfusion injury salvage 

kinase, SERCA: sarcoendoplasmic reticulum calcium transport ATPase, SH: sulfhydryl, XOR: xanthine oxidoreductase 
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3.4.3. RISK and SAFE pathways: pro-survival signaling cascades 

RISK and SAFE pathways represent pro-survival kinase cascades [Figure 3] activated at 

the time of reperfusion in response to ischemia/reperfusion, and elicited by ischemic 

conditioning strategies for cell survival. 

In 2002, Yellon and colleagues have concluded that p44/p42 mitogen-activated protein 

kinases also known as extra-cellular signal-regulated kinase 1 and 2 (ERK1/2) may play a role 

in urocortin-induced protection against reperfusion injury, and the heart may possess 

reperfusion injury salvage kinases (Schulman et al., 2002). Later, they termed ERK1/2 and 

phosphatidylinositol-3-kinase (PI3K)–protein kinase B (Akt) as the RISK pathway 

(Hausenloy et al., 2004) [Figure 3]. These kinases are activated by a wide variety of 

molecules (e.g. adenosine, bradykinin, insulin like growth factors) through the activation of 

G-protein-coupled receptors and receptor tyrosine kinase. RISK pathway has been implicated 

in various pro-survival cellular processes by phosphorylating diverse downstream targets (e.g. 

caspase 3, BAX, endothelial NOS, glycogen synthase kinase-3, p53), resulting in inhibition of 

apoptosis, preventing the opening of mPTP and enhancing expression of genes associated 

with cellular survival (Hausenloy et al., 2004).  

A RISK-independent alternative cardioprotective pathway was postulated by Lecour and 

coworkers (Lecour et al., 2005) and they have called it as the SAFE pathway, which involves 

the Janus kinase (JAK) and signal transducer and activator of transcription 3 (STAT3) 

[Figure 3]. JAK is associated with membrane receptors and activated when ligands (like 

tumor necrosis factor alpha (TNFα) or interleukin 6) bind to the membrane receptor (Lecour, 

2009b). Subsequently, STAT3 is phosphorylated and translocated to the nucleus, resulting in 

alteration of stress-responsive gene expression involved in cardioprotection (Lecour, 2009a). 

 

3.5. Alternative approaches: other ways to confer cardioprotection 

3.5.1. Importance of alternative methods 

Ischemic pre- and postconditioning seems to be effective cardioprotective approaches; 

nevertheless, there are many limitations and confounding factors which indicated and indicate 

nowadays the necessity of developing alternative methods of classic ischemic conditionings. 

First of all, ischemia/reperfusion maneuvers can be solely applied in the heart by invasive 

procedures, resulting in direct mechanical stress to tissues. Moreover it is not predictable 
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when the acute myocardial infarction happens, which limits the usefulness of ischemic 

preconditioning in setting of acute ischemia/reperfusion injury. 

Second, although ischemic postconditioning has a great potential in clinical application, it 

seems to be less robust and ambiguous in cardioprotection compared to ischemic 

preconditioning. A large number of controversial results are available in the literature about 

the efficacy of ischemic postconditioning (Skyschally et al., 2009b). There are many possible 

explanations for these controversial results. The beneficial outcome of postconditioning 

depends on several factors: (1) species, strain, gender, age of research animal; 

(2) experimental model and set up; (3) the duration of index ischemia before reperfusion; 

(4) number and duration of brief ischemia/reperfusion cycles; (5) temperature (Skyschally et 

al., 2009b). Beneficial effect of ischemic postconditioning is primarily based on the 

intermittent coronary flow which vastly depends on the postconditioning maneuver (that is the 

application of brief ischemia/reperfusion cycles). In small animal models, it is technically 

difficult to carry out the maneuver in a standard way.  

Third, many clinical trials failed to prove the efficacy of ischemic conditioning 

approaches. Numerous explanations exist why the translation of experimental conditionings 

into clinical setting is limited. According to a widely accepted concept in the literature 

(Ferdinandy et al., 2007), the main cause of limited translation is that the preclinical 

experiments are carried out using healthy, young and male animals. In the clinical practice, 

ischemic heart diseases occur typically in patients of both genders who are aged and have 

several comorbidities like hyperlipidemia, diabetes mellitus or hypertension. A number of 

evidence suggests that these comorbidities interfere with endogenous myocardial adaptation 

elicited by ischemic conditionings. Therefore, it is currently a new research field that focuses 

on the revealing of underlying mechanisms of interference between comorbidities and 

ischemic conditionings. These studies may identify potential target molecules to restore the 

endogenous adaptive mechanisms of the heart. 

The above detailed factors contributed to develop alternative approaches of ischemic 

conditionings. For instance, both conditioning methods can be elicited by a wide variety of 

pharmacological (e.g. antioxidants, cyclosporine, endotoxin) and non-pharmacological (e.g. 

heat stress, exercise, rapid ventricular pacing) stimuli as well (Bolli, 2000; Baxter et al., 2001) 

to confer cardioprotection.  
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3.5.2. Pharmacological conditioning 

The intensive research into the revealing of underlying molecular mechanisms of 

ischemia/reperfusion injury and cardioprotection results in investigating pharmacological 

agents which mimic the cardioprotective effect of ischemic conditionings. These pharmacons 

inhibit the cellular events that lead to ischemia/reperfusion injury and/or can activate 

mechanisms playing a role in ischemic conditionings. 

Numerous agents (e.g. antioxidants, Na
+
-H

+
 exchanger inhibitors, anti-inflammatory 

drugs) have been tested to reduce reperfusion injury by targeting harmful cellular events 

(Yellon et al., 2007). In addition, many naturally occurring ligands (for instance adenosine, 

bradykinin, opioids) display cardioprotective properties when administered exogenously in 

the setting of ischemia/reperfusion (Gross et al., 2006). Among these agents, atrial natriuretic 

peptide and cyclosporine have yielded promising results in both animal and clinical studies 

(Ovize et al., 2010). Cyclosporine seems to be the most effective drug, which inhibits the 

opening of mitochondrial permeability transition pore (a proposed essential step in 

reperfusion injury) and ameliorate energy disturbance during reperfusion by improving 

mitochondrial respiration function (Piot et al., 2008). 

Another well-documented cardioprotective drug is the gram-negative bacterial 

lipopolysaccharide (LPS) endotoxin. Specifically, administration of low-dose endotoxin 24 h 

before a test ischemia/reperfusion has been shown to improve post-ischemic cardiac 

functional recovery and creatine kinase leak as well (Brown et al., 1989; Meldrum et al., 

1996). LPS seems to increase endogenous antioxidant capacity of the heart, thereby blunting 

harmful oxidative stress during ischemia/reperfusion (Bensard et al., 1990).  

 

3.5.3. Non-pharmacological conditioning 

It is well established that beside the pharmacological approaches many other ways 

(e.g. exercise, heat, rapid ventricular pacing, etc.) exit to recruit endogenous adaptive 

mechanisms of the myocardium and improve tolerance to ischemia/reperfusion.  

Exercise-induced cardioprotection is an old and extensively studied phenomenon in 

animals: repeated bouts of exercise before myocardial ischemia elicit reduction in infarct size, 

and the protection seems to be biphasic similarly to ischemic preconditioning (Frasier et al., 

2011). In accordance with animal studies, human epidemiologic data shows that regular 
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exercise protects against ischemia and its consequences in coronary heart diseases (Morris et 

al., 1980). 

Sublethal whole-body thermal stress (hyperthermia) can attenuate myocardial 

ischemia/reperfusion injury and deterioration of ventricular function (Currie et al., 1988). 

Later it was reported that local heating of the heart also confers myocardial salvage (Gowda et 

al., 1998). Heat shock proteins have been implicated as mediators of the protection (Marber et 

al., 1993; Kingma, 1999).  

Heart rate is known to play a role in the development of ischemia/reperfusion injury 

(Bernier et al., 1989), and it was shown that induction of either slow- or rapid heart rate 

before ischemia limits myocardial injury (Tosaki et al., 1988; Hearse et al., 1999). Moreover, 

we have shown previously that short periods of rapid ventricular pacing applied before an 

index ischemia has anti-ischemic effects (pacing-induced preconditioning) (Ferdinandy et al., 

1997a; Ferdinandy et al., 1997b; Ferdinandy et al., 1998).  
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4. Gaps in current knowledge: goals of the thesis 

Developing and testing alternative conditioning approaches is indispensable to elucidate 

and understand cardioprotection. In order to improve our knowledge, in this thesis we focused 

on two distinct alternative methods of ischemic pre- and postconditioning, i.e. LPS-induced 

late preconditioning and rapid ventricular pacing-induced postconditioning. Regarding these 

approaches many knowledge gaps exist in the literature, what we aimed to address. 

 

4.1. LPS-induced late preconditioning 

The exact mechanism of endotoxin-induced late preconditioning is not entirely clear. NO
•
 

has been implicated as a mediator, and inducible NO
•
 synthase (iNOS) has been identified as 

a major source of NO
•
 in endotoxin-induced late preconditioning in the heart (Wang et al., 

2002; Portnychenko et al., 2005; Wang et al., 2011). Beside NO
•
, indirect evidence suggests 

that O2
•-
 may also be involved in endotoxin-induced late cardioprotection (Brown et al., 1989; 

Maulik et al., 1995). Increasing evidence suggests that enhanced formation of cardiac 

peroxynitrite plays a role in early (Altug et al., 2000; Csonka et al., 2001) and late phase of 

ischemia-induced delayed preconditioning as well (Tang et al., 2002). However, data is still 

lacking regarding the delayed effect of cardioprotective low-dose LPS on peroxynitrite 

formation in the heart. 

Cardioprotective signaling pathways are barely investigated in late preconditioning 

elicited by LPS. The well-known RISK and SAFE pathways have been implicated in the 

mechanism of ischemic and certain types of pharmacological late preconditioning (Bolli, 

2000; Das et al., 2008). In LPS-induced late preconditioning the activation of Akt, a protein 

kinase of RISK pathway was shown to play a role (Ha et al., 2008); nevertheless, potential 

implication of ERK1/2, another RISK kinases, and STAT3, the key member of SAFE, has not 

yet been tested. 

 

4.2. Rapid ventricular pacing-induced postconditioning 

As we described above, the cardioprotective outcome of ischemic postconditioning 

depends on several factors (for instance, failure to achieve complete reperfusion during 

application of brief ischemia/reperfusion cycles, the algorithm of postconditioning maneuver 

or presence of comorbidities), which indicates the necessity to develop new alternative 
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approaches (Skyschally et al., 2009b). Heart rate is suggested to influence the extent of 

ischemia/reperfusion injury (Bernier et al., 1989), and our group has introduced the 

preconditioning effect of short periods of rapid ventricular pacing applied before a sustained 

ischemia (Ferdinandy et al., 1997a). Nevertheless, it is not known whether the ventricular 

tachyarrhythmias (like ventricular tachycardia (VT) and/or ventricular fibrillation (VF)), 

developed spontaneously in response to the reperfusion, can influence the final infarct size. 

Furthermore, the potential cardioprotective effect of short periods of rapid ventricular pacing 

performed at the early phase of reperfusion has not been investigated so far as a possible 

novel alternative postconditioning strategy. 

The exact molecular mechanism of myocardial postconditioning is not entirely clear. 

Increasing evidence suggests that enhanced formation of cardiac peroxynitrite (Kupai et al., 

2009; Li et al., 2013), RISK and SAFE pathways (Perrelli et al., 2011) may be involved in 

cardioprotection afforded by ischemic postconditioning. The effects of short periods of rapid 

ventricular pacing on myocardial peroxynitrite, and possible downstream signaling targets are 

not known. 

 

4.3. Specific aims of the present work 

In order to fulfil the above mentioned gaps in the current knowledge, the two proposed 

alternative methods were tested and the following specific questions were addressed: 

1. Has the low-dose cardioprotective LPS any delayed effect on myocardial peroxynitrite 

formation in endotoxin-induced late preconditioning? 

2. How does the low-dose LPS treatment affect the cardiac RISK and SAFE pathways in 

the late phase of endotoxin-induced preconditioning? 

3. Is there an association between the duration of reperfusion-induced ventricular 

tachyarrhythmias (VT, VF, or VT+VF) and infarct size? 

4. Could the short periods of rapid ventricular pacing performed at the early phase of 

reperfusion attenuate reperfusion injury and induce postconditioning? 

5. Is peroxynitrite potentially involved in the rapid ventricular pacing-induced 

postconditioning? 

6. What is the effect of rapid ventricular pacing-induced postconditioning on the possible 

myocardial downstream targets, RISK and SAFE pathways?  
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5. Materials and methods 

5.1. Experimental designs 

In this work different experimental designs were set-up to address our aims. Technical 

details of the methods are indicated in later subsections. 

 

5.1.1. Verifying the late cardioprotective effect of low-dose endotoxin  

Male Wistar rats were treated intraperitoneally with saline or low-dose (0.5 mg/kg) LPS 

from Salmonella enterica serotype typhimurium (n = 6–7 in both groups). Twenty four hours 

after LPS treatment, hearts were isolated and perfused according to Langendorff for 5 min 

[Figure 5]. Then the perfusion system was switched to working mode according to Neely with 

recirculating buffer (Csont et al., 2002; Csont et al., 2003). Hearts were subjected to 10 min 

equilibration period followed by 30 min normothermic global ischemia and 20 min reperfusion. 

Before ischemia and at the end of reperfusion cardiac functional parameters including heart 

rate, coronary flow, aortic flow, left ventricular end-diastolic pressure were measured, left 

ventricular developed pressure and the maximum and minimum of its first derivatives 

(±dp/dtmax). To estimate the severity of cellular damage in the heart, the activity of lactate 

dehydrogenase was measured from coronary effluents. 

 

 

Figure 5. Protocol for verifying the late cardioprotective effect of low-dose endotoxin 

After intraperitoneal (ip.) saline injection or lipopolysaccharide (LPS) treatment, isolated working rat hearts were subjected 

to ischemia/reperfusion (n = 6–7 in both groups). Lactate dehydrogenase (LDH) activity from coronary effluent, and cardiac 

function were assessed. Langendorff or Neely perfusion represents non-working or working mode, respectively.  
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5.1.2. Investigating the delayed effects of low-dose endotoxin on myocardial peroxynitrite, 

RISK and SAFE pathways 

In separate experiments [Figure 6], 24 h after the intraperitoneal injection of saline or 

0.5 mg/kg LPS, hearts were subjected to 5 min Langendorff perfusion to wash out blood (n = 7–

12 in both groups). Then the hearts were harvested. After removing of atria, ventricles were used 

freshly or were rapidly freeze-clamped, powdered with a pestle and mortar in liquid nitrogen, 

and stored in cryovials at −80 °C until further analysis. 

To assess the delayed effect of cardioprotective LPS on peroxynitrite formation, the level 

of cardiac 3-nitrotyrosine, a well-known maker of peroxynitrite was measured by enzyme-

linked immunosorbent assay (ELISA). The precursors of peroxynitrite,
 
O2

•-
 and NO

•
 were also 

evaluated by lucigenin-enhanced chemiluminescence (ECL) assay and spin trapping followed 

by electron paramagnetic resonance (EPR) spectroscopy, respectively. To reveal the possible 

source of cardiac O2
•-
 and NO

•
 induced by low-dose LPS, activity of XOR and NOS were 

measured. The activation of ERK1/2, Akt and STAT3 was assessed by determining the 

phosphorylation rate of these proteins on Western blot analyses.  

 

 

Figure 6. Experimental design for investigating the delayed effects of low-dose endotoxin on 

myocardial peroxynitrite, RISK and SAFE pathways 

After intraperitoneal (ip.) lipopolysaccharide (LPS) treatment, isolated rat hearts were harvested for biochemical analyses 

(n = 7–12 in both groups). Akt: protein kinase B, ECL: enhanced chemiluminescence, ELISA: enzyme-linked 

immunosorbent assay, EPR: electron paramagnetic resonance, ERKs: extra-cellular signal-regulated kinases, NO•: nitric 

oxide, NOS: nitric oxide synthases, O2
•-: superoxide, ONOO-: peroxynitrite, RISK: reperfusion injury salvage kinase, 

SAFE: survivor activating factor enhancement, STAT3: signal transducer and activator of transcription 3, XOR: xanthine 

oxidoreductase 
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5.1.3. Meta-analysis focusing on the relationship of the duration of reperfusion-induced 

ventricular tachyarrhythmias and infarct size 

In order to address the question whether there is an association between the duration of 

reperfusion-induced ventricular tachyarrhythmias and infarct size, a meta-analysis was 

performed. Electrocardiograms (ECG) and infarct size data were analyzed from our six 

previous studies done in our laboratory on isolated rat hearts subjected to 30 min regional 

ischemia and 120 min reperfusion [Figure 7]. Reperfusion-induced arrhythmias were 

analyzed in the first 10 min of reperfusion. Hearts presenting sustained (>10 min) 

tachyarrhythmia were excluded (n = 14). Three separate evaluations were done based on total 

duration of VT, VF, or VT+VF, respectively. Infarct size data were presented on the basis of 

duration (shorter or longer than 60 s) of VT, VF, or VT+VF. Infarct size data exceeding 

mean ± two standard deviations were excluded from the analysis (n = 6). 

 

 

Figure 7. The algorithm of meta-analysis focusing on the relationship of the duration of reperfusion-

induced ventricular tachyarrhythmias and infarct size 

Flow chart of the meta-analysis indicates that reperfusion-induced tachyarrhythmias and infarct size data from our previous 

studies (on isolated rat hearts subjected to 30 min regional ischemia and 120 min reperfusion) were analyzed in three separate 

ways considering the duration of either ventricular tachycardia (VT), ventricular fibrillation (VF) or both in the first 10 min 

of reperfusion.  
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5.1.4. Testing the cardioprotective effect of rapid ventricular pacing  

To examine whether rapid ventricular pacing applied at the onset of reperfusion induces 

cardioprotection, isolated hearts were perfused as shown on Figure 8. Three experimental 

groups were designed: (1) ischemia/reperfusion control, (2) ischemic postconditioning, (3) 

and rapid ventricular pacing groups. The ischemia/reperfusion control group was subjected to 

15 min equilibration period, followed by 30 min regional index ischemia and 120 min 

reperfusion. Ischemic postconditioning was induced by six consecutive cycles of 10 s 

reperfusion and 10 s no-flow global ischemia at the onset of reperfusion. In the rapid 

ventricular pacing group the spontaneous rhythm of hearts was replaced by 10-s pacing period 

(600 bpm; 10 Hz) in 6 alternating cycles during the first 2 min of reperfusion. The extent of 

myocardial injury was assessed by post-ishemic LDH release (n = 5 in each group), and 

infarct size was determined by standard 2,3,4-triphenyl-tetrazolium-chloride (TTC) staining at 

the end of reperfusion (n = 12 in each group). To assess reperfusion-induced tachyarrhythmias 

(VT and VF), ECG was recorded during entire perfsuion protocol (n = 11–14 in each group). 

 

 

Figure 8. Experimental protocol for testing the cardioprotective effect of rapid ventricular pacing 

Langendorff perfused rat hearts were subjected to 30 min regional ischemia and 120 min reperfusion with or without 

ischemic postconditioning (6x10/10-s reperfusion/ischemia) or rapid ventricular pacing (6x10/10-s non-pacing/rapid pacing 

at 600 bpm) during the first 2 min of reperfusion. Lactate dehydrogenase (LDH) activity from coronary effluent (n = 5 in 

each group), and infarct size were assessed (n = 12 in each group).  
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5.1.5. Assessing the myocardial peroxynitrite, RISK and SAFE pathways in rapid 

ventricular pacing-induced postconditioning 

Hearts were subjected to 15 min equilibration period, followed by 30 min regional 

ischemia and 7 min reperfusion with or without ischemic postconditioning or rapid ventricular 

pacing [Figure 9]. At the end of reperfusion myocardial samples were taken from the 

ischemic zone of the left ventricle. Sampling was done by an oblique cut from the origin of 

the left anterior descending coronary artery toward the right side of the apical area that 

involves the majority of the anterior wall of the left ventricle as well as the apex of the heart. 

Samples were rapidly freeze-clamped, powdered with a pestle and mortar in liquid nitrogen, 

and stored in cryovials at −80 °C until further biochemical analyses. Tissue sections were 

sampled for in situ detection of O2
•-
 anion in separate experiments (n = 3 in each group) using 

the same perfusion protocol [Figure 9]. 

 

Figure 9. Experimental design for assessing the myocardial peroxynitrite, RISK and SAFE pathways 

in rapid ventricular pacing-induced postconditioning 

Isolated rat hearts subjected to ischemia/reperfusion with or without postconditioning were harvested for biochemical 

analyses. The peroxynitrite (ONOO-) marker, 3-nitrotyrosine was quantified by enzyme-linked immunosorbent assay 

(ELISA; n = 5 in each group). Superoxide (O2
•-) was detected by dihydroethidium (DHE) staining (n = 3 in each group). 

Activation of reperfusion injury salvage kinase- (RISK) and survivor activating factor enhancement- (SAFE) pathway was 

assessed by western blot (n = 5 in each group). Akt: protein kinase B, ERKs: extra-cellular signal-regulated kinases, 

STAT3: signal transducer and activator of transcription 3 
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The peroxynitrite marker, cardiac 3-nitrotyrosine was determined by ELISA (n = 5 in 

each group) [Figure 9]. Myocardial O2
•-
, a precursor of peroxynitrite, was also measured by in 

situ detection based on dihydroethidium staining. Furthermore, activation of RISK and SAFE 

pathways as possible downstream targets of rapid ventricular pacing-induced 

postconditioning were also investigated on Western blots (n = 5 in each group). 

To further investigate the possible effect of both ischemic postconditioning and rapid 

ventricular pacing protocols (i.e. application of brief ischemia/reperfusion or rapid ventricular 

pacing) on myocardial peroxynitrite, RISK and SAFE pathways, the cardioprotective 

protocols were examined in the absence of preceding index ischemia. In this set of 

experiments, the time course of perfusion protocol was adjusted to the previous setup without 

index ischemia [Figure 10].  

 

 

Figure 10. Protocol for assessing the myocardial peroxynitrite, RISK and SAFE pathways in rapid 

ventricular pacing-induced postconditioning in the absence of preceding index ischemia 

Isolated rat hearts subjected to normoxic perfusion with or without postconditioning maneuver - brief cycles of 

ischemia/reperfusion (I/R) or rapid ventricular pacing (RVP) - were harvested for biochemical analyses (n = 7–8 in each 

group). The peroxynitrite (ONOO-) marker 3-nitrotyrosine was quantified by enzyme-linked immunosorbent assay (ELISA). 

Activation of reperfusion injury salvage kinase- (RISK) and survivor activating factor enhancement- (SAFE) pathway was 

assessed by western blot (n = 5 in each group). Akt: protein kinase B, ERKs: extra-cellular signal-regulated kinases, 

STAT3: signal transducer and activator of transcription 3 
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In the normoxic perfusion group (n = 8) hearts were perfused for 52 min. In the repeated 

brief ischemia/reperfusion group (n = 7) hearts were subjected to 45 min perfusion followed 

by 6 x 10/10-s cycles of no-flow global ischemia/reperfusion and 5 min reperfusion. In the 

repeated brief rapid ventricular pacing group (n = 8), the spontaneous rhythm of the hearts 

was replaced by 10-s pacing period (600 bpm; 10 Hz) in 6 alternating cycles after 45 min 

perfusion. At the end of perfusion, cardiac free 3-nitrotyrosine level (n = 7–8 in each group) 

and the activation of RISK as well as SAFE pathway was determined (n = 5 in each group). 

 

5.2. Animals 

Male Wistar rats (250 – 400 g) were used in our experiments. The studies conformed to 

the ‘Guide for the care and use of laboratory animals’ published by the US National Institutes 

of Health (NIH publication No. 85–23, revised 1996) and was approved by local ethics 

committees. The animals were kept at 12/12-hour light/dark cycle and had free access to 

standard laboratory chow and drinking water. 

 

5.3. Materials 

Bovine serum albumin (BSA), LPS from Salmonella enterica serotype typhimurium (#L-

7261), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), dithiothreitol, trypsin 

inhibitor, leupeptin, aprotinin, phenylmethylsulfonyl fluoride (PMSF), lucigenin, L-

[
14

C]arginine, egtazic acid (EGTA), N 
G
-monomethyl-L-arginine, L-citrulline, pterin, 

dihydroethidium and methylene blue, protease inhibitor cocktail (#8340) were purchased 

from Sigma Aldrich (Saint Louis, MO, USA). Sucrose, disodium ethylenediaminetetraacetic 

dihydrate (Na2EDTA) and FeSO4x7H2O were from Reanal (Budapest, Hungary). N-methyl-

D-glucamine-dithiocarbamate (MGD) was synthetized by Fülöp F (Department of 

Pharmaceutical Chemistry, Faculty of Pharmacy, Szeged, Hungary). BCA Protein Assay Kit 

was from Pierce (Rockford, IL, USA). Tissue-Tek O.C.T. compound was from Sakura 

Finetek (Zoeterwoude, Netherlands). Saline was from TEVA (Petah Tikva, Israel). LDH-P kit 

was purchased from Diagnosticum (Budapest, Hungary). Peroxynitrite marker 3-nitrotyrosine 

ELISA was from Cayman Chemical (Ann Arbor, MI, USA). Western blotting reagents for 

sodium dodecyl sulfate-polyacrylamide gelelectrophoresis (SDS-PAGE) were from Bio-Rad 

(Hercules, California, USA). Radioimmunoprecipitation assay (RIPA) buffer and primary 

antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA): anti-
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phospho(Tyr705)-STAT3 (#9145), anti-phospho(Ser473)-Akt (#9271), anti-

phospho(Thr202/204)-ERK1/2 (#9101), anti-total STAT3 (#4904), anti-total Akt (#9272), 

anti-total ERK (#9102), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH, #2118). 

Horseradish peroxidase (HRP)-conjugated secondary antibody was from Dako Corporation 

(Santa Barbara, CA, USA). Western blotting Detection Reagent was from Pierce (Rockford, 

IL, USA). 

 

5.4. Isolated heart preparation 

Isolated heart preparation was carried out as described in our previous studies with slight 

modifications (Ferdinandy et al., 1997a; Kocsis et al., 2012; Varga et al., 2014). Rats were 

anesthetized with diethyl ether, an anesthetic not known to interfere with cardioprotection. 

Inhalation anesthesia was induced in a glass desiccator containing cellulose wadding soaked 

in diethyl ether. During isolation of the heart, rats were removed from the chamber and a 

beaker containing wadding soaked in ether was held near the muzzle of rats in order to 

maintain anesthesia. Rats were given 500 U/kg heparin intravenously. Hearts were then 

isolated and perfused according to Langendorff at 37 ºC with Krebs-Henseleit buffer 

containing NaCl 118 mM, NaHCO3 25 mM, KCl 4.3 mM, CaCl2 2.4 or 1.4 mM, KH2PO4 

1.2 mM, MgSO4 1.2 mM, glucose 11 mM, gassed with 95% O2 and 5% CO2. Hydrostatic 

perfusion pressure was kept constant at 100 cmH2O (9.8 kPa) throughout the experiments. In 

recirculating working mode according to Neely, preload and afterload were kept constant at 

1.7 kPa and 9.8 kPa, respectively throughout the experiments. Coronary flow was measured 

by collecting coronary effluent for a period of time and was expressed as mL/min. 

No-flow global ischemia was performed by turning off the perfusion cannula. To induce 

regional index ischemia, a 3-0 silk suture was placed around the left anterior descending 

coronary artery close to its origin and the snare was tightened by applying a 100 g hanging 

weight. The presence of ischemia was verified by monitoring coronary flow. 

Rapid ventricular pacing (600 bpm; 10 Hz) was performed by an electric stimulator 

(Experimetria, Budapest, Hungary) with double threshold square, 1 V, 1 mA and 5-ms 

impulses conducted by electrodes attached directly to the surface of the right ventricle close to 

the apex and to the aortic cannula as described previously (Ferdinandy et al., 1997a; 

Ferdinandy et al., 1997b; Ferdinandy et al., 1998). 
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Heart rates were monitored (Isosys, Experimetria Inc., Budapest, Hungary) by recording 

epicardial ECG throughout the whole duration of perfusion. 

 

5.5. Lactate dehydrogenase assay 

To assess the severity of cellular damage in the myocardium, the activity of LDH enzyme 

from coronary effluents (collected for 5 min) was measured using a LDH-P kit. The enzyme 

activity (U/mL) measured in an effluent was multiplied with the corresponding coronary flow 

(mL/min) to give LDH release expressed as U/min. 

 

5.6. Infarct size measurement 

In order to determine infarct size in ischemic postconditioning and rapid ventricular 

pacing groups, the left anterior descending coronary artery was reoccluded at the end of 

reperfusion and hearts were stained with 0.1% Evans-blue to determine area at risk (Csonka et 

al., 2010). Hearts were then frozen at −20
 
°C and cut into approximately 2-mm thick slices. 

Each slice was incubated at 37 °C for 10 min in 1% TTC solution dissolved in phosphate 

buffer (pH 7.4). TTC differentiated red, viable heart tissues from non-viable, white tissues 

within the area at risk. Slices were then fixed in 10% formaldehyde and scanned. Finally, 

infarct size was determined by planimetry (InfarctSize™ 2.4.b, Pharmahungary Group, 

Szeged, Hungary) and normalized to area at risk. 

 

5.7. Evaluation of reperfusion-induced arrhythmias 

To assess reperfusion-induced arrhythmias, epicardial ECGs were recorded (Isosys, 

Experimetria Inc., Budapest, Hungary) and analysis was carried out according to the original 

Lambeth conventions (Walker et al., 1988), focusing on the duration or incidence of 

ventricular tachyarrhythmias (VT and VF). 

 

5.8. Myocardial 3-nitrotyrosine assessment by ELISA 

To estimate cardiac peroxynitrite formation, free 3-nitrotyrosine, a well-known marker of 

peroxynitrite was measured by ELISA as described (Csont et al., 2002). 

Heart samples were homogenized in a buffer containing HEPES (10 mM), sucrose 

(0.32 M), Na2EDTA (0.1 mM), dithiothreitol (1.0 mM), trypsin inhibitor (10 mg/mL), 



27 

leupeptin (10 mg/mL), aprotinin (2 mg/mL), and PMSF (125 µg/mL) at pH 7.4. The crude 

homogenates were centrifuged at 10,000 × g for 10 min at 4 °C, and supernatants were then 

used for 3-nitrotyrosine quantification.  

According to the manufacturer’s instructions, supernatants from the heart homogenates 

were incubated overnight at 4 °C with nitrotyrosine acetylcholinesterase tracer and anti-

nitrotyrosine rabbit IgG in microplates precoated with mouse anti-rabbit IgG. Ellman’s 

reagent was then used for development. Free nitrotyrosine content was normalized to protein 

content of cardiac homogenates and expressed as ng/mg protein. 

 

5.9. Measurement of cardiac O2
•-
 and NO

•
 levels 

Since peroxynitrite is formed as a result of the reaction of O2
•-
 and NO

•
, the cardiac level 

of these intermediates were also measured. 

Cardiac O2
•-
 production was assessed either by lucigenin-ECL or by in situ detection. For 

chemiluminescence determination the apex of the heart was cut into small pieces, placed in 

Krebs-Henseleit buffer containing 10 μmol/L lucigenin and 10 mmol/L HEPES-NaOH (1 mL, 

pH 7.4), then luminescence was measured using a liquid scintillation counter (Tri-Carb 

2100TR, Packard Instrument Company, Meriden, CT, USA) with in the presence or absence 

of the superoxide scavenger nitro blue tetrazolium (200 μmol/L) (Csont et al., 2002; Csont et 

al., 2007). Cardiac O2
•-
 production was expressed as counts per min/mg wet tissue weight. 

The fluorescent dihydroethidium staining was performed to evaluate in situ intracellular 

production of O2
•-
 (Varga et al., 2013). Approximately 3-mm thick transverse slices were cut 

from the middle of the ventricles, embedded in Tissue-Tek O.C.T. compound, carefully 

frozen in isopentane precooled in liquid nitrogen, and stored at −80 °C until sectioning with a 

microtome. Unfixed frozen heart sections (30 μm) were placed on glass slides and incubated 

in 10
-6

 mol/L dihydroethidium in phosphate-buffered saline (pH 7.4) at 37 °C for 30 min in a 

dark humidified container. Fluorescence was then detected by a fluorescent microscope 

(Nikon, Japan) with a 590 nm long-pass filter. Images of the hearts were collected digitally 

(n = 20 in each heart), integrated density were evaluated by ImageJ 1.44p software and 

expressed in arbitrary unit. 

The level of NO
•
 in ventricular tissue was measured by spin trapping followed by EPR 

spectroscopy as described (Csonka et al., 1999; Csont et al., 1999). Hearts were loaded with the 
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freshly prepared NO
•
-specific spin trap Fe

2+
(MGD)2. The spin trap (175 mg MGD and 50 mg 

FeSO4 dissolved in 6 mL distilled water and pH set to 7.4) was infused for 5 min into the aorta 

during Langendorff perfusion at a rate of 1 mL/min. At the end of the infusion of Fe
2+

(MGD)2, 

myocardial tissue samples were collected, minced, and pushed into the bottom of quartz EPR 

tubes and frozen carefully in liquid nitrogen. EPR spectra of NO
•
-Fe

2+
-(MGD)2 adducts were 

recorded with an EPR spectrometer (model ECS106, Bruker; Rheinstetten, Germany) and 

analyzed for NO
•
 signal intensity as described (Csont et al., 1998; Csonka et al., 2015). 

 

5.10. Assessment of myocardial XOR and NO synthases activities 

Powdered frozen ventricular tissue was homogenized in 4 volumes of ice-cold 

homogenization buffer (composition is same as described above for peroxynitrite 

measurement) with an Ultra-Turrex disperser using three 20-s strokes. The homogenate was 

centrifuged (1000 × g for 10 min) at 4 °C and the supernatant was kept on ice for immediate 

assays of enzyme activities. 

Since XOR is a major source of O2
•-
 in the rat heart (Downey et al., 1988), the activity of 

XOR was determined in supernatants. A fluorometric kinetic assay was performed by 

measuring the conversion of pterine to isoxanthopterine in the presence as well as in the 

absence of the electron acceptor methylene blue (Beckman et al., 1989; Csont et al., 2002). 

To determine enzymatic NO
•
 production in the hearts, Ca

2+
-dependent and -independent 

NOS activities were assessed. The conversion of L-[
14

C]arginine to L-[
14

C]citrulline was 

measured in supernatants with or without EGTA (1 mM) or EGTA plus N
G
-monomethyl-L-

arginine (1 mM) to estimate Ca
2+

-dependent and -independent NOS activities, respectively 

(Csont et al., 2002; Csont et al., 2007). NOS activities were expressed in pmol/min/mg 

protein. 

 

5.11. Investigation of myocardial RISK and SAFE pathways by Western Blot analysis 

In order to assess the activation of RISK and SAFE pathways, the phosphorylation rate of 

ERK1/2, Akt and STAT3 proteins was determined by standard Western blot techniques 

(Kocsis et al., 2008; Fekete et al., 2013). Tissue samples were homogenized with an 

ultrasonicator (UP100H Hielscher, Teltow, Germany) in RIPA buffer (50 mM Tris-HCl 

pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 5 mM EDTA, 0.1% SDS, 1% NP-40) 
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supplemented with protease inhibitor cocktail, PMSF, NaF and Na3VO4. The crude 

homogenates were centrifuged at 10,000 x  g or 15,000 x g for 10 or 30 min at 4 °C. After 

quantification of protein concentrations of the supernatants using BCA Protein Assay Kit, 20 

or 25 μg reduced and denatured protein was loaded on polyacrylamide gels and SDS-PAGE 

(10% gel, 90 V, 1.5 h) was performed followed by transfer of proteins onto nitrocellulose 

membrane (20% methanol, 35 V, 2 h). Membranes were blocked for 1 h in 5% w/v BSA at 

room temperature and then incubated with primary antibodies against 

phospho(Thr202/Tyr204)-ERK1/ERK2 1:2,000, ERK1/ERK2 1:1,000, phospho(Ser473)-Akt 

1:500, Akt 1:2,000, phospho(Tyr705)-STAT3 1:1,000-2,000, STAT3 1:2,000 (overnight, 

4 °C, 5% BSA) or GAPDH 1:10,000 (1 h, room temperature, 1% milk). After incubation with 

HRP-conjugated secondary antibody 1:5,000 (1:20,000 for GAPDH) (1 h, room temperature, 

1% milk), membranes were developed using enhanced chemiluminescence kit. 

 

5.12. Statistical analysis 

Data were expressed as mean ± standard error of the mean (S.E.M.) and analyzed by use 

of Student’s unpaired t-test, one-way analysis of variance (ANOVA), two-way ANOVA or 

Fisher’s exact test as appropriate. If a difference was established in ANOVA, Fisher's Least 

Significant Difference post hoc test was applied. Differences were considered significant at 

p < 0.05. 
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6. Results 

6.1. Low-dose endotoxin pretreatment improves post-ischemic cardiac function and 

LDH release: the late cardioprotective effect is verified 

Cardiac performance was measured in isolated hearts subjected to global ischemia 24 h 

after in vivo LPS (S. typhimurium; 0.5 mg/kg ip.) or saline injection, in order to verify the late 

cardioprotective effect of low-dose endotoxin. There was no difference in animal weight (307 

± 5 g vs. 301 ± 5 g) and heart wet weight (928 ± 25 vs. 927 ± 28 mg) between the control and 

LPS-pretreated groups. Cardiac function was deteriorated in both experimental groups during 

reperfusion after global ischemia [Figure 11].  

 

 

Figure 11. LPS-pretreatment improves post-ischemic cardiac function 

Isolated rat hearts were subjected to 10 min equilibration period, 30 min normothermic global ischemia followed by 20 min 

reperfusion, 24 h after in vivo 0.5 mg/kg lipopolysaccharide (LPS) treatment. Values are expressed as mean ± S.E.M (n = 6–7 

in both groups). *p < 0.05 vs. Before ischemia, #p < 0.05 vs. Control, two-way ANOVA. LVDP: left ventricular developed 

pressure, ±dp/dtmax: maximum of first derivatives of LVDP, LVEDP: left ventricular end-diastolic pressure.  
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The post-ischemic aortic flow, coronary flow, cardiac output, left ventricular developed 

pressure, ±dp/dtmax and heart rate were decreased [Figure 11A-F, H], while left ventricular 

end-diastolic pressure was increased [Figure 11G] compared to the pre-ischemic values. 

However, post-ischemic decline of aortic flow, cardiac output, left ventricular developed 

pressure, and +dp/dtmax was significantly improved by LPS-pretreatment [Figure 11A, C, 

D, E]. Coronary flow, −dp/dtmax, left ventricular end-diastolic pressure and heart rate were not 

affected significantly by low-dose LPS-pretreatment after the ischemia [Figure 11B, F, G, H]. 

At the beginning of reperfusion after a global ischemia LDH release was markedly 

increased in the control group [Figure 12]. In contrast, low-dose LPS pretreatment prevented 

the post-ischemic LDH release [Figure 12]. 

 

 

Figure 12. LPS-pretreatment attenuates post-ischemic LDH release 

Figure shows lactate dehydrogenase (LDH) activity in coronary effluents. Isolated rat hearts were subjected to 10 min 

equilibration period, 30 min normothermic global ischemia followed by 20 min reperfusion, 24 h after in vivo 0.5 mg/kg 

lipopolysaccharide (LPS) treatment. Values are expressed as mean ± S.E.M (n = 3–4 in both groups). *p < 0.05 vs. Before 

ischemia, #p < 0.05 vs. Control, two-way ANOVA, NS: not significant 

 

6.2. LPS pretreatment enhances myocardial 3-nitrotyrosine formation, O2
•−

 and NO
•
 

production, XOR and NOS activity 

To assess the delayed effect of cardioprotective LPS on myocardial peroxynitrite 

formation, the level of cardiac free 3-nitrotyrosine, a marker of peroxynitrite was measured. 

Low dose of LPS significantly enhanced the formation of myocardial 3-nitrotyrosine 24 h 

after the in vivo administration [Figure 13]. 
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Figure 13. LPS-pretreatment enhances cardiac 3-nitrotyrosine formation 

Figure shows the level of a peroxynitrite marker. Analysis was performed 24 h after in vivo 0.5 mg/kg lipopolysaccharide 

(LPS) treatment. Values are expressed as mean ± S.E.M (n = 7–9 in both groups). #p < 0.05 vs. Control, unpaired t-test. 

 

In order to elucidate the source of enhanced cardiac peroxynitrite formation induced by 

low-dose LPS, O2
•-
 and NO

•
 the precursors of peroxynitrite were measured. The cardiac levels 

of both O2
•-
 (measured by lucigenin-ECL) [Figure 14A] and NO

•
 (detected by EPR) 

[Figure 14B] were significantly increased in LPS-pretreated hearts. 

 

 

Figure 14. LPS-pretreatment increases the level of cardiac superoxide (O2
•-
) and nitric oxide (NO

•
) 

Assays were performed 24 h after in vivo 0.5 mg/kg lipopolysaccharide (LPS) treatment. Values are expressed as 

mean ± S.E.M (n = 7–12 in both groups). #p < 0.05 vs. Control, unpaired t-test. AU: arbitrary unit 

 

To reveal the possible source of increased O2
•-
 and NO

•
 levels induced by low-dose LPS, 

activity of XOR and NOS enzymes were measured. The activity of XOR [Figure 15A] and 

Ca
2+

-independent-NOS was significantly enhanced in LPS-pretreated hearts without affecting 

the Ca
2+

-dependent-NOS activity [Figure 15B]. 
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Figure 15. Cardiac xanthine oxidoreductase (XOR) and NO
•
 synthases (NOS) enzymes may 

contribute to elevated O2
•-
 and NO

•
 production induced by LPS 

Assays were performed 24 h after in vivo 0.5 mg/kg low-dose lipopolysaccharide (LPS) treatment. Values are expressed as 

mean ± S.E.M (n = 7–12 in both groups). #p < 0.05 vs. Control, unpaired t-test. 

 

6.3. LPS-pretreatment results in enhanced phosphorylation of STAT3, indicating 

activation of SAFE pathway 

In order to elucidate the possible downstream targets of low-dose LPS, the activations of 

ERK1/2, Akt and STAT3 (members of RISK and SAFE pathways) were investigated 24 h 

after LPS-pretreatment. Low-dose LPS significantly enhanced cardiac STAT3 

phosphorylation and non-significantly increased Akt phosphorylation without affecting 

phosphorylation of ERK1/2 [Figure 16]. Total STAT3 (both phosphorylated and non-

phosphorylated forms) was increased by approximately 20% due to LPS-pretreatment (p = 

0.044) [Figure 16]. 

 

Figure 16. LPS-pretreatment results in enhanced phosphorylation of STAT3 

Figure shows representative images (A) and quantification (B) of western blots. Analysis was performed from hearts, 24 h 

after in vivo 0.5 mg/kg lipopolysaccharide (LPS) treatment. Values are expressed as mean ± S.E.M (n = 7 in both groups). 

#p < 0.05 vs. Control, unpaired t-test. Akt: protein kinase B, ERK1/2: extra-cellular signal-regulated kinase 1 and 2, 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase, STAT3: signal transducer and activator of transcription 3 
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6.4. The duration of reperfusion-induced ventricular tachycardia and/or fibrillation is 

associated with decreased infarct size 

To address the question whether there is an association between the duration of 

reperfusion-induced ventricular tachyarrhythmias and infarct size, a meta-analysis was done. 

Meta-analysis of six separate studies previously performed in our laboratory using the same 

experimental protocol (i.e. isolated rat hearts subjected to ischemia/reperfusion) showed that 

the presence of VT, VF, or VT+VF with a total duration of longer than 60 s in the first 10 min 

of reperfusion was associated with a markedly decreased infarct size [Figure 17A], 

respectively. Interestingly, in this analysis a larger area at risk was associated with longer than 

60 s total duration of VT+VF [Figure 17B].  

 

Figure 17. Duration of reperfusion-induced VT and/or VF is associated with decreased infarct size 

Results of the meta-analysis (isolated rat hearts subjected to 30 min regional ischemia and 120 min reperfusion) shows infarct 

size normalized to area at risk (A) and area at risk (B) in the presence of shorter (<60 s) or longer (>60 s) total durations of 

VT, VF, or VT+VF, respectively. Values are expressed as mean ± S.E.M. *p < 0.05 vs. corresponding <60 s groups, 

unpaired t-test. AAR: area at risk, VT: ventricular tachycardia, VF: ventricular fibrillation 

 

6.5. Rapid ventricular pacing exerts a cardioprotective effect: limits the infarction and 

reperfusion-induced arrhythmias 

In order to assess the possible cardioprotective effect of rapid ventricular pacing, the 

extent of myocardial infarction (infarct size and LDH release) was measured and reperfusion-

induced arrhythmias were analyzed. 
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Infarct size normalized to area at risk was significantly decreased by short periods of 

rapid ventricular pacing [Figure 18A], similarly to ischemic postconditioning. There was no 

difference in the area at risk between experimental groups [Figure 18B]. 

 

 

Figure 18. Rapid ventricular pacing attenuates infarct size 

Hearts were subjected to 15 min equilibration period, followed by 30 min regional ischemia and 120 min reperfusion with or 

without ischemic postconditioning (IPost) or rapid ventricular pacing (RVP). Values are expressed as mean ± S.E.M (n = 12 

in each group). *p < 0.05 vs. ischemia/reperfusion (I/R), one-way ANOVA. AAR: area at risk 

 

The post-ischemic LDH release was significantly reduced by rapid ventricular pacing 

[Figure 19]. Ischemic postconditioning also reduced LDH release; however, the difference did 

not reach the level of statistical significance [Figure 19].  

 

 

Figure 19. Rapid ventricular pacing decreases post-ischemic LDH release 

Hearts were subjected to 15 min equilibration period, followed by 30 min regional ischemia and 120 min reperfusion with or 

without ischemic postconditioning (IPost) or rapid ventricular pacing (RVP). Values are expressed as mean ± S.E.M (n = 5 in 

each group). *p < 0.05 vs. ischemia/reperfusion (I/R), one-way ANOVA. 

 

Short periods of rapid ventricular pacing decreased the incidence of reperfusion-induced 

VT without having a significant effect on VF [Figure 20A, B]. In contrast, the incidence of 
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VT and VF was not affected significantly by ischemic postconditioning in our present study 

[Figure 20A, B].  

 

 

Figure 20. Rapid ventricular pacing attenuates reperfusion-induced arrhythmias 

Hearts were subjected to 15 min equilibration period, followed by 30 min regional ischemia and 120 min reperfusion with or 

without ischemic postconditioning (IPost) or rapid ventricular pacing (RVP). *p < 0.05 vs. ischemia/reperfusion (I/R), 

Fisher's exact test (n = 11–14 in each group). VT: ventricular tachycardia, VF: ventricular fibrillation 

 

There was no difference in animal weight, heart wet weight, baseline heart rate, and 

coronary flow (baseline, beginning of ischemia, end of reperfusion) between the experimental 

groups [Table 2]. In contrast to ischemic postconditioning, coronary flow at the onset of 

reperfusion was not changed by short periods of rapid ventricular pacing compared to 

ischemia/reperfusion control [Table 2]. 

 
Table 2. Morphological and ex vivo hemodynamic parameters 

 
a regional ischemia,b 6 x 10 s global ischemia was applied to induce ischemic postconditioning (IPost) in the first 2 min of 

reperfusion. Coronary flow was measured by collecting coronary effluent for 2 min and then was expressed as mL/min. 

Hearts were subjected to 15 min equilibration period, followed by 30 min regional ischemia and 120 min reperfusion with or 

without IPost or rapid ventricular pacing (RVP). Results are expressed as mean ± S.E.M (n = 12 in each group). *p < 0.05 vs. 

ischemia/reperfusion (I/R) and RVP, one-way ANOVA.  
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6.6. Peroxynitrite is likely involved in rapid ventricular pacing induced-postconditioning 

To obtain some mechanistic insight into the beneficial effect of rapid ventricular pacing, 

cardiac 3-nitrotyrosine and O2
•-
 were measured at the 7

th
 min of reperfusion following the 

30 min index ischemia. 

Postconditioning induced by rapid ventricular pacing significantly increased cardiac 3-

nitrotyrosine level (a marker of peroxynitrite formation) [Figure 21A], similarly to ischemic 

postconditioning. Moreover, the peroxynitrite precursor O2
•-
 was mildly, but significantly 

elevated in both postconditioning groups [Figure 21B, C].  

 

 

Figure 21. Postconditioning induced by rapid ventricular pacing enhances 

formation of 3-nitrotyrosine and superoxide (O2
•-
) 

Figure shows the cardiac level of a peroxynitrite marker (A), in situ O2
•- (B) and representative images of in situ O2

•- 

detection (C). Analyses were performed after the hearts were subjected to 15 min equilibration period, followed by 30 min 

regional ischemia and 7 min reperfusion with or without ischemic postconditioning (IPost) or rapid ventricular pacing (RVP). 

Values are expressed as mean ± S.E.M (n = 5 for 3-nitrotyrosine and n = 3 for O2
•- in each group). *p < 0.05 vs. 

ischemia/reperfusion (I/R), one-way ANOVA.  

 

To further prove that the postconditioning maneuvers induce nitrative stress, cardiac 3-

nitrotyrosine was measured after the postconditioning stimuli applied following normoxic 

perfusion without index ischemia. The application of brief ischemia/reperfusion cycles or 

periodic rapid ventricular pacing increased the cardiac formation of 3-nitrotyrosine in the 

absence of index ischemia [Figure 22]. 
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Figure 22. Short periods of rapid ventricular pacing without a preceding index ischemia enhances 

cardiac 3-nitrotyrosine formation 

Figure shows the level of a peroxynitrite marker. Analysis was performed after hearts were subjected to 45 min normoxic 

perfusion, repeated (6 x 10/10-s) brief cycles of no-flow global ischemia/reperfusion (I/R) or rapid ventricular pacing (RVP) 

at 600 bpm/spontaneous rhythm of the hearts followed by 5 min perfusion. Values are expressed as mean ± S.E.M (n = 7-8 in 

each group). *p < 0.05 vs. normoxic perfusion, one-way ANOVA. 

 

6.7. Phosphorylation rate of ERK1/2, Akt, and STAT3 proteins were not changed in 

rapid ventricular pacing-induced cardioprotection 

To elucidate the possible downstream targets of postconditioning induced by rapid 

ventricular pacing, RISK and SAFE pathways were investigated. 

 

Figure 23. Rapid ventricular pacing has no effect on the phosphorylation of ERK1/2, Akt, and STAT3 

Figure shows representative images (A) and quantification (B) of western blots. Analysis was performed after the hearts were 

subjected to 15 min equilibration, 30 min regional ischemia nad 7 min reperfusion with or without ischemic postconditioning 

(IPost) or rapid ventricular pacing (RVP). Values are expressed as mean ± S.E.M (n = 5 in each group). *p < 0.05 vs. 

ischemia/reperfusion (IR), one-way ANOVA. Akt: protein kinase B, ERK1/2: extra-cellular signal-regulated kinase 1 and 2, 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase, STAT3: signal transducer and activator of transcription 3 
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Rapid ventricular pacing non-significantly enhanced Akt phosphorylation after the index 

ischemia at the beginning of reperfusion without affecting phosphorylation of ERK1/2 and 

STAT3 [Figure 23A, B], similarly to ischemic postconditioning. 

 

6.8. Repeated brief periods of rapid ventricular pacing increased STAT3 

phosphorylation in the absence of index ischemia 

The possible effect of both ischemic postconditioning and rapid ventricular pacing 

protocols (i.e. application of brief ischemia/reperfusion or rapid ventricular pacing) on 

myocardial RISK and SAFE pathways was also examined in the absence of preceding index 

ischemia. 

Applying short periods of rapid ventricular pacing protocol increased STAT3 

phosphorylation in normoxic perfusion without index ischemia, in contrast to brief cycles of 

ischemia/reperfusion [Figure 24A, B]. Phosphorylation of Akt and ERK1/2 was not affected 

significantly by any of the interventions in the absence of index ischemia [Figure 24A, B]. 

 

Figure 24. Short periods of rapid ventricular pacing without a preceding index ischemia enhances 

STAT3 phosphorylation 

Figure shows representative images (A) and quantification (B) of western blots. Analysis was performed after hearts were 

subjected to 45 min normoxic perfusion, repeated (6 x 10/10-s) brief cycles of no-flow global ischemia/reperfusion (I/R) or 

rapid ventricular pacing (RVP) at 600 bpm/spontaneous rhythm of the hearts followed by 5 min perfusion. Values are 

expressed as mean ± S.E.M (n = 5 in each group). *P < 0.05 vs. normoxic perfusion, one-way ANOVA. Akt: protein 

kinase B, ERK1/2: extra-cellular signal-regulated kinase 1 and 2, GAPDH: glyceraldehyde 3-phosphate dehydrogenase, 

STAT3: signal transducer and activator of transcription 3  
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7. Discussion 

In our present work, we examined LPS-induced late preconditioning and rapid-

ventricular pacing-induced postconditioning, two distinct alternative cardioprotective 

approaches of ischemic pre- and postconditioning, focusing on their effects on myocardial 

peroxynitrite, RISK and SAFE pathways. 

 

7.1. New findings 

 low-dose LPS-pretreatment enhances the myocardial peroxynitrite marker, 3-

nitrotyrosine formation 

 low-dose LPS-pretreatment results in increased phosphorylation of STAT3, indicating 

activation of SAFE pathway 

 rapid endogenous ventricular arrhythmias in the early phase of reperfusion are 

associated with decreased infarct size 

 short periods of rapid ventricular pacing performed at the early phase of reperfusion 

attenuate reperfusion injury and induces postconditioning 

 peroxynitrite may be involved in the rapid ventricular pacing-induced 

postconditioning 

 RISK and SAFE pathways are not activated in mechanism of rapid ventricular pacing-

induced cardioprotection 

 

7.2. Alternative cardioprotective approaches 

7.2.1. LPS-induced late preconditioning 

Ischemic preconditioning is a widely used method to protect the heart against 

ischemia/reperfusion injury (Eisen et al., 2004; Das et al., 2008); however, the approach is 

invasive so it is limited to use as a preventive intervention in daily life. Instead, 

pharmacological preconditioning is a non-invasive way to confer protection, thereby having a 

great preventive and therapeutic potential in the field of cardiovascular diseases. We 

demonstrated that in vivo administration of low-dose LPS ameliorated post-ischemic cardiac 

function and LDH release in isolated rat hearts subjected to ischemia/reperfusion 24 h after 

the treatment. Our results are in accordance with literature data showing that endotoxin exerts 



41 

late preconditioning by improving post-ischemic cardiac recovery (Brown et al., 1989; 

Maulik et al., 1995; Wang et al., 2011). 

Although LPS as an endotoxin may induce systemic and cellular toxicity, which limits its 

clinical application, preclinical experiments still provide valuable data to gain mechanistic 

insights in field of cardioprotection. To overcome unfeasible property of LPS, intensive 

research has focused on developing nontoxic metabolites of endotoxin. Monophosphoryl 

lipid A, one of the proposed derivatives, has been shown to induce a similar delayed 

cardioprotection in animal studies (Nelson et al., 1991; Baxter et al., 1996; Yamashita et al., 

1999) and seems to be safe in humans as a vaccine adjuvant (Casella et al., 2008).  

 

7.2.2. Rapid ventricular pacing-induced postconditioning 

The cardioprotective outcome of ischemic postconditioning depends on several factors 

which indicate the necessity to develop new alternative methods and models to induce 

ischemic postconditioning. 

In a meta-analysis of our previous studies on isolated hearts subjected 

ischemia/reperfusion we analyzed if there is an association between the duration of 

reperfusion-induced ventricular tachyarrhythmias (VT, VF, or VT+VF) and infarct size. It is 

well accepted in the literature that ischemia/reperfusion induces cellular damage that makes 

the myocardium more susceptible to arrhythmogenesis, and thus reperfusion-induced 

arrhythmias are considered as indicators of ischemia/reperfusion injury (Engelen et al., 2003; 

Majidi et al., 2009). For instance, Majidi et al. have reported that presence of reperfusion 

arrhythmia bursts in patients with ST-segment elevation myocardial infarction are associated 

with worse outcome (larger infarct size and decreased ejection fraction) (Majidi et al., 2009). 

However, here we found surprisingly that longer than 60 s reperfusion-induced VT/VF was 

associated with decreased infarct size. In this analysis, a larger area at risk was associated 

with longer total duration of VT+VF in accordance with literature data (Curtis et al., 1989). 

Interpretation of these results is difficult since causality was not examined in these studies. A 

possible explanation for the results of our meta-analysis is that the size of infarction affects 

the occurrence of sustained VT and/or VF, while another possibility is that longer 

tachyarrhythmias at the beginning of reperfusion somehow attenuate infarct development. To 

the best of our knowledge, this latter approach has not been investigated in the literature, and 
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therefore these findings served as a basis for our current experimental study to investigate 

whether exogenous application of controlled tachycardia induced by rapid ventricular pacing 

at the onset of reperfusion can elicit cardioprotection. 

Heart rate is known to play a role in the development of ischemia/reperfusion injury 

(Bernier et al., 1989) and its controlled modification may elicit cardioprotection. For instance, 

pharmacologically-induced bradycardia (Tosaki et al., 1987), slow- (Tosaki et al., 1988) or 

rapid (Ferdinandy et al., 1998; Hearse et al., 1999) pacing before ischemia was reported to 

limit myocardial injury. Since the presence of longer reperfusion-induced tachyarrhythmias 

was associated with lower infarct size in our meta-analysis, we wanted to test whether 

exogenous rapid pacing exerts protection. We demonstrated for the first time in the literature 

that the application of short periods of rapid (600 bpm) ventricular pacing at the beginning of 

reperfusion reduces infarct size and reperfusion-induced arrhythmias.  

Infarct size is a key determinant of major clinical outcomes (mortality and morbidity of 

consequent heart failure) (Gibbons et al., 2004); therefore, development of procedures which 

effectively decrease infarct size along with reperfusion therapy is in the focus of preclinical 

and clinical studies (Ovize et al., 2010). In the present study, both rapid ventricular pacing 

and classic ischemic postconditioning decreased infarct size. The beneficial effect of rapid 

ventricular pacing on infarct size was further confirmed by a reduction of LDH release into 

coronary effluent. We also suggest that rapid ventricular pacing-induced postconditioning is a 

simple method that eliminates technical problems associated with induction of ischemic 

postconditioning. 

Besides infarct size reduction, rapid ventricular pacing-induced postconditioning 

decreased reperfusion-induced ventricular arrhythmias as well. Reperfusion therapy is 

accompanied by occurrence of arrhythmias (Krumholz et al., 1991). Some of them are benign 

(e.g. accelerated idioventricular rhythm, the most common type) but other ones are potentially 

life-threatening malignant arrhythmias such as VT or VF that need to be managed in the 

clinical practice to avoid fatal consequences. Based on literature data (Kloner et al., 2006), 

ischemic postconditioning effectively decreases ventricular arrhythmias. However, in our 

present study, solely rapid ventricular pacing-induced postconditioning reduced the incidence 

of reperfusion-induced VT with no significant effect on VF. The reason for the inability of 

rapid ventricular pacing to improve post-ischemic VF is not clear. However, one may 
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speculate that some interacting triggers of reperfusion-induced VF (e.g. reactive oxygen 

intermediates and calcium) may interfere with the possible anti-VF effect of rapid ventricular 

pacing (Hearse et al., 1988). 

 

7.3. Peroxynitrite 

To our current knowledge, peroxynitrite seems to be a double-edged sword, as it has 

potential deleterious and cardioprotective effects as well (Ferdinandy et al., 2003). We 

showed in this thesis that both alternative approaches, low-dose LPS-pretreatment and rapid 

ventricular pacing enhances formation of myocardial 3-nitrotyrosine, a marker of 

peroxynitrite. 

Although in LPS-induced late preconditioning of the brain, peroxynitrite has emerged as 

an early mediator (Kawano et al., 2007), peroxynitrite was not examined in the LPS-induced 

late cardioprotection. We showed that low-dose LPS-pretreatment enhances cardiac 3-

nitrotyrosine,
 
thereby indicating a possible role for peroxynitrite in endotoxin-induced late 

preconditioning. Peroxynitrite arises from the non-enzymatic reaction of O2
•-
 with NO

•
. In 

order to elucidate the source of enhanced cardiac peroxynitrite formation induced by LPS, 

here we measured both precursors and found that cardiac levels of both O2
•-
 and NO

•
 were 

increased in low-dose LPS-pretreated hearts. Previous findings have suggested that O2
•-
 may 

be involved in endotoxin-induced late cardioprotection (Brown et al., 1989; Maulik et al., 

1995); however, our study provided first direct data that cardiac level of O2
•-
 is increased after 

a low-dose LPS-pretreatment. O2
•-
 is produced by enzymatic and non-enzymatic processes. 

XOR is a prominent enzymatic source for O2
•-
 (Afanas'ev, 2011), and in addition, XOR has 

been reported to contribute to post-ischemic preservation of left ventricular developed 

pressure in early ischemic preconditioning (Gelpi et al., 2002). The potential role of XOR in 

endotoxin-induced delayed preconditioning is not known. It was reported in endotoxemic 

animal models that high-dose LPS induces XOR in the heart (Khadour et al., 2002) and in the 

lung (Faggioni et al., 1994) 6 h or 24 h after the treatment, respectively. However, our study 

has revealed that cardioprotective low-dose LPS-pretreatment 24 h later increases the activity 

of XOR enzyme in the heart. This finding suggests that XOR contributes to LPS-induced 

delayed preconditioning by producing O2
•-
. Beside the O2

•-
, NO

•
 has already been implicated 

as a mediator of the endotoxin-induced cardiac late preconditioning (Bolli et al., 1997a; Qiu 
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et al., 1997; Wang et al., 2002; Portnychenko et al., 2005; Wang et al., 2011) and our finding 

is consistent with these studies. NO
•
 can be produced by three isoforms of NO

•
 synthases: the 

Ca
2+

-independent iNOS and the Ca
2+

-dependent endothelial and neuronal NOS. Several 

studies have demonstrated the role of iNOS in delayed ischemic preconditioning (Wang et al., 

2002; Bencsik et al., 2010; Wang et al., 2011). It has been also reported that iNOS mediates 

endotoxin-induced late preconditioning as well (Bolli et al., 1997b; Imagawa et al., 1999; 

Wang et al., 2002; Portnychenko et al., 2005; Wang et al., 2011). Our findings support these 

data since low-dose LPS-pretreatment increased the activity of Ca
2+

-independent-NOS 

without affecting the Ca
2+

-dependent isoforms in our present study.  

Our research group has previously reported for the first time that peroxynitrite is a trigger 

of ischemic postconditioning, since the peroxynitrite scavenger, FeTPPS interfered with the 

cardioprotective effect of ischemic postconditioning (Kupai et al., 2009). Our results were 

confirmed by Li et al. showing that peroxynitrite is a key mediator of ischemic 

postconditioning in vivo (Li et al., 2013). Here we demonstrated that ischemic 

postconditioning and rapid ventricular pacing-induced postconditioning enhanced 

peroxynitrite formation at the onset of reperfusion after an index ischemia. In addition, 

postconditioning maneuvers themselves (i.e. brief ischemia/reperfusion and rapid ventricular 

pacing) increased peroxynitrite formation without a preceding index ischemia. Since 

peroxynitrite is reported as a possible trigger of ischemic postconditioning (Kupai et al., 

2009), based on our current results, we propose that the enhanced peroxynitrite formation also 

plays a role in triggering rapid ventricular pacing-induced postconditioning. Nevertheless, the 

possible mechanisms lying downstream of peroxynitrite formation in postconditioning have 

not been elucidated. 

 

7.4. RISK and SAFE pathways 

We also investigated the activation of RISK and SAFE pathways in our present study to 

further explore possible downstream mechanisms of alternative cardioprotective approaches. 

These pro-survival signaling pathways are barely investigated in endotoxin-induced late 

preconditioning. Non-LPS induced activation of Akt (member of RISK) and STAT3 (member 

of SAFE) before a lethal injury was shown to confer cardioprotection (Matsui et al., 2001; 

Nduhirabandi et al., 2016). Ischemic preconditioning stimulus itself (i.e. brief 
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ischemia/reperfusion cycles) increases cardiac Akt phosphorylation before a test ischemia 

(Yang et al., 2013) and in the present study, we showed that LPS-pretreatment also non-

significantly increased Akt phosphorylation before the test ischemia. Post-ischemic activation 

of Akt in response to LPS-pretreatment was demonstrated by Ha et al. (Ha et al., 2008); 

however, data on pre-ischemic Akt activation is lacking in that study. In our present work the 

phosphorylation of ERK1/2 (members of RISK) was not changed significantly; nevertheless, 

a slight tendency of decrease can be noted, which is congruent with a study demonstrating 

that super-low-dose LPS preconditioning lowers the phosphorylation of ERKs in neutrophils 

(Chen et al., 2015). Although the transcription factor STAT3 has been implicated in late 

ischemic preconditioning (Xuan et al., 2001; Xuan et al., 2003), its role in endotoxin-induced 

delayed preconditioning has not yet been investigated. This is the first demonstration that 

low-dose LPS enhances the phosphorylation of cardiac STAT3 24 h after the treatment 

thereby suggesting that activation of STAT3 before the ischemia may play a role in 

endotoxin-induced late preconditioning. Our hypothesis is supported by a finding that 

hydrogen peroxide-induced preconditioning stimulus itself activates STAT3 in PC12 cells 

before a lethal injury, which contributes to protection (Yu et al., 2006). We also showed 

increased total STAT3 level in response to LPS-pretreatment, which is consistent with 

literature data (Huang et al., 2009; Chaves de Souza et al., 2013), and may indicate protein-

level changes. 

Here we also looked at possible targets of endogenous peroxynitrite formation induced by 

ischemic postconditioning or by rapid ventricular pacing. Several studies have reported that 

the activation of RISK and SAFE pathways at the onset of reperfusion might play a role in the 

cardioprotective effect of ischemic postconditioning (Hausenloy, 2009; Lecour, 2009a). In 

our present study, both ischemic- and rapid ventricular pacing-induced postconditioning non-

significantly enhanced Akt phosphorylation without affecting ERK1/2 and STAT3 at the 

beginning of reperfusion. Although several studies showed increased phosphorylation of Akt 

and/or ERK1/2 due to ischemic postconditioning (Tsang et al., 2004; Yang et al., 2004), some 

recent papers suggested that postconditioning did not activate RISK pathway in the early 

phase of reperfusion (Skyschally et al., 2009a; Musiolik et al., 2010; Fekete et al., 2013). We 

also examined the effect of postconditioning maneuvers (i.e. repeated brief cycles of 

ischemia/reperfusion or rapid ventricular pacing) in the absence of a preceding index ischemia 
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and found no activation of the RISK pathway. In these experiments, STAT3 phosphorylation 

was increased only by short periods of rapid ventricular pacing protocol. Taken together, our 

present results indicate that the precise role of the RISK and SAFE pathways remains to be 

elucidated in future studies. Involvement of alternative molecular pathways in the protective 

effect of rapid ventricular pacing-induced postconditioning is likely, and may include for 

instance activation of NO
•
-cGMP-PKG, sphingosine-, PKC-, or calcitonin gene-related 

peptide-mediated pathways (Heusch et al., 2008; Bice et al., 2014). Since endogenous NO
•
-

cGMP play a role in protection against reperfusion injury by attenuating infarct size (Penna et 

al., 2006) and reperfusion-induced VF (Pabla et al., 1995; Pabla et al., 1996), investigation of 

the exact role of NO
•
 in rapid ventricular pacing would be interesting. 

 

7.5. Limitations of our studies and future perspectives 

Although specific clinical translational goals were beyond the scope of the present work, 

our findings may contribute to progress the state of current science on several fields. First, the 

role of peroxynitrite in cardioprotection, and the interplay between moderate oxidative stress 

and cardioprotective pathways are still unclear. Our results indicate that enhanced 

peroxynitrite formation and STAT3 phosphorylation (together or separately) may play a role 

in LPS-induced cardioprotection. Based on literature data it is feasible to suggest that 

peroxynitrite itself leads to STAT3 phosphorylation (Platt et al., 2005). This finding may 

facilitate further proof-of-concept studies to elucidate the exact interplay between 

peroxynitrite and STAT3 in cardiomyocytes during adaptive processes. Second, our results 

may strengthen the concept that activation of STAT3 transcription factor seems to be a 

significant step in cardioprotection (Heusch et al., 2011), which may support the importance 

of developing novel STAT3 activators or modulators that can be tested for their potential 

cardioprotective effects. Third, as we also showed that LPS-pretreatment has a great 

preventive potential, our findings may promote new research to find clinically applicable 

analogue molecules of LPS to induce pharmacological preconditioning. 

Although we clearly demonstrated that rapid ventricular pacing induces cardioprotection 

when applied at the onset of reperfusion, some further limitations of our study may be 

considered. First, ventricular pacing was reported to have direct pro-arrhythmic effects caused 

by the stimulus itself independently from the heart rate (Nakata et al., 1990). Although in our 
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study ventricular pacing last only for short periods (6 x 10 s), and the incidence of 

reperfusion-induced VF was not increased in the rapid ventricular pacing group when 

compared to ischemia/reperfusion controls, consideration of pacing as an ectopic focus cannot 

be excluded. Second, in rapid ventricular pacing-induced postconditioning ventricles were 

activated in a non-physiological way in the present ex vivo study. Although the atrio-

ventricular conduction system of rats was reported to be suitable for reaching 600 bpm heart 

rate by atrial pacing in an in vivo model (Gonzalez et al., 1998), further in vivo studies are 

needed to investigate the infarct size limiting effect of postconditioning induced by rapid 

atrial or ventricular pacing at different rates. Third, our study suggests that rapid heart rate at 

the early phase of reperfusion may contribute to initiation of adaptive molecular mechanisms 

to prevent ischemia/reperfusion-induced cellular damage. However, further studies are needed 

to analyze (1) the precise molecular nature of these mechanisms and (2) if reperfusion-

induced spontaneous arrhythmias also trigger adaptive mechanisms in the myocardium. Our 

findings may also suggest that reperfusion-induced tachyarrhythmias require attention in 

future studies focusing on cardioprotection assessed by infarct size. 
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8. Conclusions 

We can conclude that peroxynitrite may be somehow involved in both alternative 

cardioprotective approaches, i.e. in LPS-induced late preconditioning and rapid ventricular 

pacing-induced postconditioning. The role of RISK and SAFE pathways seems to be not clear 

and partly different in these alternative conditionings. 

Low-dose LPS-pretreatment induces pharmacological late preconditioning and enhances 

cardiac peroxynitrite formation 24 h after the treatment by stimulating cardiac O2
•-
 and NO

•
 

production through XOR and Ca
2+

-independent NOS enzymes. Activation of STAT3 before a 

lethal ischemia may play a role in the beneficial effect of endotoxin-induced delayed 

preconditioning. 

Application of short periods of rapid ventricular pacing at the onset of reperfusion 

beneficially affects essential components of reperfusion injury: the infarct size and 

reperfusion-induced ventricular arrhythmias. In addition, rapid ventricular pacing increases 

peroxynitrite formation, which likely plays a role in triggering cardioprotection similarly to 

ischemic postconditioning. Nevertheless, rapid ventricular pacing-induced postconditioning 

seems to be independent of RISK and SAFE pathways, and further research is needed to 

elucidate downstream mechanisms. Since rapid ventricular pacing exerted a similar 

cardioprotective effect to ischemic postconditioning, we feel that rapid ventricular pacing-

induced postconditioning may serve as an alternative experimental model of ischemic 

postconditioning. Moreover, rapid ventricular pacing could be performed in more controlled 

manner than applying brief ischemia/reperfusion cycles in ischemic postconditioning, which 

is an important technical advantage compared to the classic method.  
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Abstract: Administration of low-dose endotoxin (lipopolysaccharide, LPS) 24 h before a lethal
ischemia induces pharmacological late preconditioning. The exact mechanism of this phenomenon
is not clear. Here we aimed to investigate whether low-dose LPS exerts late effects on peroxynitrite
formation and activation of Akt, Erk, and STAT3 in the heart. Male Wistar rats were injected with LPS
(S. typhimurium; 0.5 mg/kg i.p.) or saline. Twenty-four hours later, hearts were isolated, perfused
for 10 min, and then used for biochemical analyses. LPS pretreatment enhanced cardiac formation
of the peroxynitrite marker 3-nitrotyrosine. LPS pretreatment also increased cardiac levels of the
peroxynitrite precursor nitric oxide (NO) and superoxide. The activities of Ca2+-independent NO
synthase and xanthine oxidoreductase increased in LPS-pretreated hearts. LPS pretreatment resulted
in significantly enhanced phosphorylation of STAT3 and non-significantly increased phosphorylation
of Akt without affecting the activation of Erk. In separate experiments, isolated working hearts were
subjected to 30 min global ischemia and 20 min reperfusion. LPS pretreatment significantly improved
ischemia-reperfusion-induced deterioration of cardiac function. We conclude that LPS pretreatment
enhances cardiac peroxynitrite formation and activates STAT3 24 h later, which may contribute to
LPS-induced late preconditioning.

Keywords: oxidative stress; ONOO−; iNOS; XOR; SAFE pathway; cardioprotection

1. Introduction

Cardiovascular diseases including myocardial infarction are the leading cause of death in western
societies. Cardiac injury associated with myocardial infarction and subsequent reperfusion due
to therapeutic restoration of blood supply (i.e., ischemia-reperfusion injury) includes cell death,
life-threatening arrhythmias, and myocardial contractile dysfunction [1]. Preconditioning (PreC) is
a well-known phenomenon applied before a lethal ischemia to protect the heart [2]. The protection
is biphasic with an early phase (lasts for hours) and a late phase (starts 12 h after PreC stimuli
and lasts for ~72 h) [3]. The latter lasts longer and protects against myocardial stunning as well,
which makes the late phase of PreC clinically more relevant [4]. Late PreC can be elicited by a wide
variety of non-pharmacological (e.g., ischemia-reperfusion, heat stress, rapid ventricular pacing,
exercise) and pharmacological (e.g., endotoxin, cytokines, nitric oxide donors, opioids) stimuli [5,6].
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Pharmacological PreC is a non-invasive way to confer cardioprotection, therefore it has a great
preventive and therapeutic potential.

Administration of a low-dose endotoxin, lipopolysaccharide (LPS), 24 h before a test
ischemia-reperfusion has been shown to improve post-ischemic cardiac functional recovery thereby
exerting pharmacological PreC [7]. The exact mechanism of endotoxin-induced late PreC is not entirely
clear. Nitric oxide (NO) has been implicated as a mediator, and inducible NO synthase (iNOS) has
been identified as a major source of NO in endotoxin-induced late PreC in the heart [8–10]. Besides
NO, indirect evidence suggests that superoxide (O2

•−) may also be involved in endotoxin-induced
late cardioprotection [7,11]; however, the cardiac level of O2

•− after low-dose LPS pretreatment has
not been determined yet.

Furthermore, increasing evidence suggests that enhanced formation of cardiac peroxynitrite
(ONOO−), the reaction product of NO and O2

•−, plays a role in early [12,13] and late phase of
ischemia-induced delayed PreC as well [14]. However, data is still lacking regarding the delayed effect
of cardioprotective low-dose LPS on ONOO− formation in the heart.

Cardioprotective signalling pathways are barely investigated in late PreC elicited by LPS.
Reperfusion injury salvage kinase (RISK) and survival activating factor enhancement (SAFE) signalling
are well-known cardioprotective pathways [15,16] and have been implicated in the mechanism of
ischemic and certain-types of pharmacological late PreC [5,17]. In LPS-induced late PreC the activation
of Akt, a protein kinase of RISK pathway was shown to play a role [18]; however, the potential
implication of transcription factor STAT3—the key member of SAFE—has not yet been tested.

Therefore, here we investigated whether low-dose cardioprotective LPS has any delayed effect on
ONOO− formation in the heart. Furthermore, we tested the late effect of low-dose LPS treatment on
the activation of cardiac RISK (Akt, Erk) and SAFE (STAT3) pathways.

2. Results

2.1. LPS Pretreatment Improves Post-Ischemic Cardiac Function and LDH Release: Evidence for
Delayed Cardioprotection

Cardiac performance was measured in isolated hearts subjected to global ischemia 24 h after
in vivo low-dose LPS (S. typhimurium; 0.5 mg/kg i.p.) or saline injection. Cardiac function of both
the control and LPS-pretreated groups was deteriorated during reperfusion after global ischemia
(Figure 1).
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Figure 1. LPS pretreatment improves post-ischemic cardiac function. The figure shows cardiac
functional parameters (A–H). Isolated rat hearts were subjected to 10 min equilibration period and
30 min normothermic global ischemia, followed by 20 min reperfusion, 24 h after in vivo 0.5 mg/kg
low-dose lipopolysaccharide (LPS) treatment. Values are expressed as mean ± S.E.M (n = 6–7). * p < 0.05
vs. before ischemia, # p < 0.05 vs. control, two-way ANOVA. LVDP: left ventricular developed pressure,
±dp/dtmax: first derivatives of LVDP, LVEDP: left ventricular end-diastolic pressure.
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The post-ischemic aortic flow, coronary flow, cardiac output, heart rate, left ventricular developed
pressure, and its first derivatives (±dp/dtmax) were decreased (Figure 1A–G), while left ventricular
end-diastolic pressure was increased (Figure 1H) compared to the pre-ischemic values. However,
post-ischemic decline of aortic flow, cardiac output, left ventricular developed pressure, and +dp/dtmax

was significantly improved by LPS pretreatment (Figure 1A,C,E,F). Coronary flow, heart rate,
−dp/dtmax, and left ventricular end-diastolic pressure were not affected significantly by low-dose LPS
pretreatment after the ischemia (Figure 1B,D,G,H). There was no difference in cardiac performance
before the ischemia between control and LPS-pretreated animals (Figure 1). Post-ischemic LDH release
was significantly reduced by low-dose LPS treatment (Table 1). There was no difference in animal
weight, heart wet weight, and basal heart rate between the experimental groups (Table 1).

Table 1. Morphological parameters and LDH release.

Control LPS

Animal weight (g) 307 ± 5 301 ± 5
Heart wet weight (mg) 928 ± 25 927 ± 28
Basal heart rate (bpm) 299 ± 7 295 ± 11
LDH release (U/min)

Before ischemia 1.1 ± 0.2 1.5 ± 0.3
After ischemia 5.8 ± 0.7 * 2.3 ± 0.4 #

Values are expressed as mean ± S.E.M (n = 3–7 in each groups). * p < 0.05 vs before ischemia, # p < 0.05 vs control,
two-way ANOVA.

2.2. LPS Pretreatment Enhances Cardiac 3-Nitrotyrosine Formation

To assess the delayed effect of cardioprotective LPS on ONOO− formation, the level of cardiac and
serum 3-nitrotyrosine, a maker of ONOO− was measured. A low dose of LPS significantly enhanced
both the formation of cardiac (Figure 2A) and serum (Figure 2B) 3-nitrotyrosine 24 h after the in vivo
administration of LPS.
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(XOR) (B), and superoxide dismutase (SOD) (C) activities 24 h after in vivo 0.5 mg/kg LPS treatment.
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2.5. LPS Pretreatment Results in Enhanced Phosphorylation of STAT3

In order to elucidate the possible downstream targets of low-dose LPS, the activations of Akt,
Erk, and STAT3 were investigated 24 h after LPS pretreatment. Low-dose LPS significantly enhanced
cardiac STAT3 phosphorylation and non-significantly increased Akt phosphorylation without affecting
phosphorylation of Erk1/2 (Figure 5). Total STAT3 (both phosphorylated and non-phosphorylated
forms) was increased by approximately 20% due to LPS pretreatment (p = 0.044) (Figure 5A).
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(LPS) treatment. Values are expressed as mean ± S.E.M. (n = 7 in each groups). # p < 0.05 vs.
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3. Discussion

In our present study, we showed that low-dose LPS pretreatment induces late PreC by improving
post-ischemic cardiac function and LDH release in isolated rat hearts. Moreover, we demonstrated
for the first time in the literature that low-dose LPS pretreatment enhanced cardiac and serum
3-nitrotyrosine, a marker of ONOO− formation. The precursors of ONOO−, NO and O2

•−, were
also increased in the heart as a result of LPS pretreatment. Our work revealed that enhanced
Ca2+-independent NOS and XOR activities contribute to elevated levels of cardiac NO and O2

•−.
In addition, we also demonstrated an enhanced delayed phosphorylation of STAT3 after low-dose
LPS pretreatment.

Ischemic PreC is a widely used method to protect the heart against ischemia-reperfusion
injury [17,19]; however, the approach is invasive so it is limited to use as a preventive intervention in
daily life. Pharmacological preconditioning may confer significant benefits thereby having a great
potential in the clinical field including prevention of cardiovascular diseases. We demonstrated that
in vivo low-dose LPS injection ameliorated post-ischemic cardiac function and LDH release in isolated
rat hearts subjected to ischemia-reperfusion 24 h after the treatment. Our results are in accordance
with literature data showing that endotoxin exerts late PreC by improving post-ischemic cardiac
recovery [7,9,11]. Nevertheless, the molecular mechanism of endotoxin-induced delayed PreC is barely
investigated. Since peroxynitrite has emerged as a potential mediator of cardioprotection [13,20,21],
we focused on LPS-induced delayed cardiac ONOO− formation in our present study.

Although enhanced peroxynitrite formation contributes to the pathophysiology of cardiovascular
diseases by inducing oxidative- and nitrative stress [22], Lefer et al. has demonstrated that peroxynitrite
inhibits leukocyte-endothelial cell interaction, which improves post-ischemic myocardial function [23].
Moreover, several further studies have shown that enhanced formation of cardiac ONOO− plays a
role in the early phase [12,13] as well as the late phase of ischemia-induced delayed PreC [14]. In the
LPS-induced late PreC of the brain, ONOO− has emerged as an early mediator [24]. We showed that
low-dose LPS pretreatment enhances cardiac 3-nitrotyrosine, a marker of ONOO−, thereby indicating
a possible role for ONOO− in endotoxin-induced late PreC.

Peroxynitrite arises from the non-enzymatic reaction of NO with O2
•−. In order to elucidate the

source of enhanced cardiac ONOO− formation induced by LPS, here we measured both precursors and
found that cardiac levels of both NO and O2

•− were increased in low-dose LPS-pretreated hearts. NO
has been already implicated as a mediator of the endotoxin-induced cardiac late PreC [8–10,25,26] and
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our finding is consistent with these studies. NO can be produced by three isoforms of NO syntheses:
the Ca2+-independent inducible NOS (iNOS) and the Ca2+-dependent endothelial and neuronal NOS.
Several studies have demonstrated the role of iNOS in delayed ischemic PreC [8,9,27]. It has been also
reported that iNOS mediates endotoxin-induced late PreC as well [8–10,28,29]. Our findings support
these data since low-dose LPS pretreatment increased the activity of Ca2+-independent NOS without
affecting the Ca2+-dependent isoforms in our present study.

Besides the role of NO, indirect evidence suggested that O2
•− may also be involved in

endotoxin-induced late cardioprotection [7,11]; however, our study provided direct data that cardiac
level of O2

•− is increased after a low-dose LPS pretreatment. O2
•− is produced by enzymatic and

non-enzymatic processes. XOR is a prominent enzymatic source for O2
•− [30], and in addition, XOR

has been reported to contribute to post-ischemic preservation of left ventricular developed pressure in
early ischemic PreC [31]. The potential role of XOR in endotoxin-induced delayed PreC is not known.
It was reported in endotoxemic animal models that high-dose LPS induces XOR in the heart [32] and
in the lung [33] 6 h or 24 h after the treatment, respectively. However, our study has revealed that
cardioprotective low-dose LPS pretreatment 24 h later increases the activity of XOR enzyme in the
heart. This finding suggests that XOR contributes to LPS-induced delayed PreC by producing O2

•−.
We also investigated the activation of RISK and SAFE pathways in our present study to further

explore possible downstream mechanisms of LPS-induced late PreC. These cardioprotective signalling
pathways are barely investigated in endotoxin-induced late PreC. Non-LPS induced activation of
Akt (member of RISK) and STAT3 (member of SAFE) before a lethal injury was shown to confer
cardioprotection [34,35]. Ischemic PreC stimulus itself (i.e., brief ischemia-reperfusion cycles) increases
cardiac Akt phosphorylation before a test ischemia [36] and in the present study, we showed that
LPS pretreatment also non-significantly increased Akt phosphorylation before the test ischemia.
Post-ischemic activation of Akt in response to LPS pretreatment was demonstrated by Ha et al. [18];
however, data on pre-ischemic Akt activation is lacking in that study. Although the transcription
factor STAT3 has been implicated in late ischemic PreC [37,38], its role in endotoxin-induced delayed
PreC has not yet been investigated. This is the first demonstration that low-dose LPS enhances the
phosphorylation of cardiac STAT3 24 h after the treatment, thereby suggesting that activation of STAT3
before the ischemia may play a role in endotoxin-induced late PreC. Our hypothesis is supported by
a finding that hydrogen peroxide-induced PreC stimulus itself activates STAT3 in PC12 cells before
a lethal injury, which contributes to protection [39]. We also showed increased total STAT3 level
in response to LPS pretreatment, which is consistent with literature data [40,41] and may indicate
protein-level changes.

Although specific clinical translational goals were beyond the scope of the present experimental
work, our findings may contribute to progress the current science on several fields. First, the
role of peroxynitrite in cardioprotection and the interplay between moderate oxidative stress
and cardioprotective pathways are still unclear. Our results indicate that enhanced peroxynitrite
formation and STAT3 phosphorylation (together or separately) may play a role in LPS-induced
cardioprotection. Based on literature data, it is feasible to suggest that peroxynitrite itself leads to STAT3
phosphorylation [42]. This finding may facilitate further proof-of-concept studies to elucidate the exact
interplay between peroxynitrite and STAT3 in cardiomyocytes during adaptive processes. Second,
our results may strengthen the concept that activation of STAT3 transcription factor seems to be a
significant step in cardioprotection [43], which may support the importance of developing novel STAT3
activators or modulators that can be tested for their potential cardioprotective effects. Third, as we also
showed that LPS pretreatment has a great preventive potential, our findings may promote new research
to find clinically applicable analog molecules of LPS to induce pharmacological preconditioning.

In conclusion, low-dose LPS pretreatment induces pharmacological late PreC and enhances
cardiac ONOO− formation 24 h after the treatment by stimulating cardiac NO and O2

•− production
through Ca2+-independent NOS and XOR enzymes. Activation of STAT3 before a lethal ischemia may
play a role in the beneficial effect of endotoxin-induced delayed PreC.
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4. Materials and Methods

Male Wistar rats (250–350 g) were used in the present study. The study conforms to the ‘Guide
for the care and use of laboratory animals’ published by the US National Institutes of Health
(NIH publication No. 85–23, revised 1996) and was approved by local ethics committees. The animals
were kept at 12/12-hour light/dark cycle and had free access to standard laboratory chow and
drinking water.

4.1. Materials

Bovine serum albumin (BSA), lipopolysaccharid from Salmonella enterica serotype typhimurium
(#L-7261), HEPES, dithiothreitol, trypsin inhibitor, leupeptin, aprotinin, phenylmethylsulfonyl
fluoride (PMSF), lucigenin, L-[14C]arginine, EGTA, NG-monomethyl-L-arginine, L-citrulline, pterin
and methylene blue, protease inhibitor cocktail (#8340) were purchased from Sigma Aldrich
(Saint Louis, MO, USA). Sucrose, Na2EDTA, and FeSO4·7H2O were from Reanal (Budapest,
Hungary). N-methyl-D-glucamine-dithiocarbamate (MGD) was synthetized by Fülöp F (Department
of Pharmaceutical Chemistry, Faculty of Pharmacy, Szeged, Hungary). BCA Protein Assay Kit
was from Pierce (Rockford, IL, USA). Saline was from TEVA (Petah Tikva, Israel). Lactate
dehydrogenase (LDH)-P kit was purchased from Diagnosticum (Budapest, Hungary). Peroxynitrite
marker 3-nitrotyrosine enzyme-linked immunosorbent assay (ELISA) was from Cayman Chemical
(Ann Arbor, MI, USA). Superoxide dismutase (SOD) assay was from Randox Laboratories (Crumlin,
UK). Western blotting reagents were from Bio-Rad (Hercules, CA, USA). Radioimmunoprecipitation
assay (RIPA) buffer and primary antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA): anti-phospho(Tyr705)-STAT3 (#9145), anti-phospho(Ser473)-Akt (#9271),
anti-phospho(Thr202/204)-Erk1/2 (#9101), anti-total STAT3 (#4904), anti-total Akt (#9272), anti-total
ERK (#9102), anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH, #2118). HRP-conjugated
secondary antibody was from Dako Corporation (Santa Barbara, CA, USA). Price Western blotting
Detection Reagent was from Amersham (Buckinghamshire, UK).

4.2. Experimental Design and Isolated Heart Perfusion

Rats were treated intraperitoneally (i.p.) with saline or low-dose 0.5 mg/kg LPS from
Salmonella enterica serotype typhimurium. Twenty four hours after LPS treatment, rats were anesthetized
with diethyl ether and were given 500 U·kg−1 heparin intravenously. Hearts were then isolated and
perfused according to Langendorff for 5 min at 37 ◦C with Krebs-Henseleit buffer containing NaCl
118 mM, NaHCO3 25 mM, KCl 4.3 mM, CaCl2 2.4 mM, KH2PO4, 1.2 mM, MgSO4 1.2 mM, glucose
11 mM, gassed with 95% O2 and 5% CO2 [44,45]. Then the perfusion system was switched to working
mode according to Neely with recirculating buffer [44,46]. Hydrostatic preload and afterload were kept
constant at 1.7 kPa and 9.8 kPa, respectively throughout the experiments. Hearts were subjected to
10 min equilibration period followed by 30 min normothermic global ischemia and 20 min reperfusion
(n = 6–7). Before ischemia and during reperfusion cardiac functional parameters including heart rate,
coronary flow, aortic flow, left ventricular developed pressure and its first derivatives (±dp/dtmax),
and left ventricular end-diastolic pressure were measured. To estimate the severity of cellular damage
in the heart, the activity of LDH was measured from coronary effluents (collected during the first 5 min
of reperfusion) using a LDH-P kit (n = 3–4). The enzyme activity (U/mL) measured in an effluent was
multiplied with the corresponding coronary flow (mL/min) to give LDH release expressed as U/min.

In separate experiments, hearts were harvested at the end of a 5-min Langendorff perfusion
for biochemical analyses. After removing atria, ventricles were used freshly or were rapidly
freeze-clamped, powdered with a pestle and mortar in liquid nitrogen, and stored in cryovials at
−80 ◦C until further analysis.
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4.3. Assessment of Cardiac and Serum ONOO− Formation

To estimate cardiac and serum ONOO− formation, free 3-nitrotyrosine, a marker of peroxynitrite
was measured by ELISA (n = 7–9) as described [20,44].

Heart samples were homogenized in a buffer containing HEPES (10 mM), sucrose (0.32 M),
Na2EDTA (0.1 mM), dithiothreitol (1.0 mM), trypsin inhibitor (10 mg/mL), leupeptin (10 mg/mL),
aprotinin (2 mg/mL), and PMSF (125 µg/mL) at pH 7.4. The crude homogenates were centrifuged
at 10,000× g for 10 min at 4 ◦C, and supernatants were then used for 3-nitrotyrosine quantification.
Serum samples (210 µL) were mixed with four volumes 4 ◦C ethanol, and centrifuged at 3000× g for
10 min at 4 ◦C. Supernatants were evaporated under a flow of nitrogen and redissolved in 105 µL
ultra-pure water.

According to the manufacturer’s instructions, supernatants from the heart homogenates and
redissolved supernatants from the serum samples were incubated overnight at 4 ◦C with nitrotyrosine
acetylcholinesterase tracer and anti-nitrotyrosine rabbit IgG in microplates precoated with mouse
anti-rabbit IgG. Ellman’s reagent was then used for development. Free nitrotyrosine content was
normalized to protein content of cardiac homogenates and expressed as ng/mg protein. Serum
nitrotyrosine concentration was expressed as nmol/L.

4.4. Measurement of Cardiac NO and O2
•− Levels

Since ONOO− is formed as a result of the reaction of NO and O2
•−, the cardiac level of these

intermediates were also measured in the present study.
The level of NO in ventricular tissue was measured by electron paramagnetic resonance (EPR)

spectroscopy as described [47,48]. Hearts were loaded with the freshly prepared NO-specific spin
trap Fe2+(MGD)2. The spin trap (175 mg MGD and 50 mg FeSO4 dissolved in 6 mL distilled water
and pH set to 7.4) was infused for 5 min into the aorta during Langendorff perfusion at a rate of
1 mL/min. At the end of the infusion of Fe2+(MGD)2, myocardial tissue samples were collected,
minced, and pushed into the bottom of quartz EPR tubes and frozen carefully in liquid nitrogen. EPR
spectra of NO-Fe2+-(MGD)2 adducts were recorded with an EPR spectrometer (model ECS106, Bruker;
Rheinstetten, Germany) and analyzed for NO signal intensity as described [49,50].

Cardiac O2
•− production was assessed by lucigenin-enhanced chemiluminescence as described

earlier [44,51]. The apex of the heart was cut into small pieces and placed in Krebs-Henseleit buffer
containing 10 µmol/L lucigenin and 10 mmol/L HEPES-NaOH (1 mL, pH 7.4). Luminescence was
measured using a liquid scintillation counter (Tri-Carb 2100TR, Packard Instrument Company, Meriden,
CT, USA) as described [21,30].

4.5. Measurement of Cardiac NO Synthases (NOS), Xanthine Oxidoreductase (XOR), and SOD Activities

Powdered frozen ventricular tissue was homogenized in 4 volumes (NOS, XOR) or 10 volumes
(SOD) of ice-cold homogenization buffer (composition is same as described above for ONOO−

measurement) with an Ultra-Turrex disperser using three 20-s strokes. The homogenate was
centrifuged (1000× g for 10 min) at 4 ◦C and the supernatant was kept on ice for immediate assays of
enzyme activities.

To determine enzymatic NO production in the hearts, Ca2+-dependent and -independent NOS
activities were assessed as described [44,51]. The conversion of L-[14C]arginine to L-[14C]citrulline was
measured in supernatants with or without EGTA (1 mM) or EGTA plus NG-monomethyl-L-arginine
(1 mM) to estimate Ca2+-dependent and -independent NOS activities, respectively. NOS activities
were expressed in pmol/min/mg protein.

Since XOR is a major source of superoxide in the rat heart [52], the activity of XOR was determined
in supernatants. A fluorometric kinetic assay was performed as described previously [44,53], by
measuring the conversion of pterine to isoxanthopterine in the presence as well as in the absence of
methylene blue.
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SOD activity was measured by a spectrophotometric assay based on the inhibition of
superoxide-induced formazan dye formation [51].

4.6. Investigation of Akt, Erk, and STAT3 Activation with Western Blot

To assess the activation of Akt, Erk and STAT3, the phosphorylation rate of these proteins was
determined by Western blot as described earlier [54,55] with some modifications. Briefly, powdered
ventricular tissue samples were homogenized in RIPA buffer supplemented with protease inhibitors
using an ultrasonicator (UP100H Hielscher, Teltow, Germany). The homogenates were spun at
15,000× g (30 min, 4 ◦C). The protein concentrations in each supernatant were determined by the
BCA assay. Reduced and denaturized samples (25 µg protein) were loaded on 10% polyacrylamide
gel, and proteins were separated by standard SDS-PAGE (90 V, 1.5 h) followed by wet-transfer onto
nitrocellulose membrane (20% methanol, 35 V, 2 h). Membranes blocked in 5% w/v BSA (1 h, room
temperature) were incubated with primary antibodies generated against the following antigens:
phospho(Ser473)-Akt (1:500), total Akt (1:2000); phospho(Thr202/Tyr204)-Erk1/Erk2 (1:2000), total
Erk1/Erk2 1:1000; phospho(Tyr705)-STAT3 (1:1000), total STAT3 (1:2000) (overnight, 4 ◦C, 5% BSA);
or GAPDH (1:10,000; 1 h, room temperature, 1% milk). Then the membranes were incubated with a
HRP-conjugated secondary antibody (1:5000 or 1:20,000 for GAPDH; 1 h, room temperature, 1% milk).
Enhanced chemiluminescence kit was used to develop the membranes.

4.7. Statistical Analysis

Data were expressed as mean ± S.E.M. and analyzed with unpaired t-test or two-way analysis of
variance (ANOVA) as appropriate. If a difference was established in ANOVA, Fisher’s Least Significant
Difference (LSD) post hoc test was applied. Differences were considered significant at p < 0.05.
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BACKGROUND AND PURPOSE
Rapid ventricular pacing (RVP) applied before an index ischaemia has anti-ischaemic effects. Here, we investigated whether
RVP applied after index ischaemia attenuates reperfusion injury and whether peroxynitrite, reperfusion injury salvage kinase
(RISK) and survival activating factor enhancement (SAFE) pathways as well as haem oxygenase 1 (HO1) are involved in the
mechanism of RVP-induced postconditioning.

EXPERIMENTAL APPROACH
Langendorff perfused rat hearts were subjected to 30 min regional ischaemia and 120 min reperfusion with or without
ischaemic postconditioning (6 × 10/10 s reperfusion/ischaemia; IPost) or RVP (6 × 10/10 s non-pacing/rapid pacing at
600 bpm) applied at the onset of reperfusion.

KEY RESULTS
Meta-analysis of our previous studies revealed an association between longer reperfusion-induced ventricular
tachycardia/fibrillation with decreased infarct size. In the present experiments, we tested whether RVP is cardioprotective and
found that both IPost and RVP significantly decreased infarct size; however, only RVP attenuated the incidence of
reperfusion-induced ventricular tachycardia. Both postconditioning methods increased the formation of cardiac 3-nitrotyrosine
and superoxide, and non-significantly enhanced Akt phosphorylation at the beginning of reperfusion without affecting ERK1/2
and STAT3, while IPost alone induced HO1. Application of brief ischaemia/reperfusion cycles or RVP without preceding index
ischaemia also facilitated peroxynitrite formation; nevertheless, only brief RVP increased STAT3 phosphorylation.

CONCLUSIONS AND IMPLICATIONS
Short periods of RVP at the onset of reperfusion are cardioprotective and increase peroxynitrite formation similarly to IPost
and thus may serve as an alternative postconditioning method. However, downstream mechanisms of the protection elicited
by IPost and RVP seem to be partially different.

BJP British Journal of
Pharmacology

DOI:10.1111/bph.13154
www.brjpharmacol.org

3472 British Journal of Pharmacology (2015) 172 3472–3483 © 2015 The British Pharmacological Society

mailto:csont.tamas@med.u-szeged.hu


LINKED ARTICLES
This article is part of a themed section on Conditioning the Heart – Pathways to Translation. To view the other articles in this
section visit http://dx.doi.org/10.1111/bph.2015.172.issue-8

Abbreviations
HO1, haem oxygenase 1; I/R, ischaemia/reperfusion; IPost, ischaemic postconditioning; LAD, left anterior descending
coronary artery; RISK, reperfusion injury salvage kinase; RVP, rapid ventricular pacing; SAFE, survival activating factor
enhancement; VF, ventricular fibrillation; VT, ventricular tachycardia

Introduction

Ischaemic heart diseases, including acute myocardial infarc-
tion, are the leading cause of death in industrialized coun-
tries. Reperfusion therapy for infarction allows rapid return of
blood flow to the ischaemic myocardium and decreases mor-
tality rate. However, early reperfusion itself is accompanied
by deleterious events: the occurrence of life-threatening
arrhythmias, no-reflow phenomenon, myocardial stunning
and additional cell death (Yellon and Hausenloy, 2007). This
paradoxical reperfusion injury caused by the restoration of
blood flow and oxygen supply (Yamada et al., 1990) leads to
increased infarct size, impaired contractile function and elec-
trical vulnerability, largely compromising clinical outcomes.

Ischaemic postconditioning (IPost) has emerged in the
last decade as a potential therapeutic intervention for limit-
ing reperfusion injury (Zhao et al., 2003; Ovize et al., 2010).
The procedure is based upon the application of brief cycles of
ischaemia/reperfusion (I/R) immediately after a prolonged
ischaemia and it has been reported to reduce myocardial
damage both in animal studies and in human clinical trials
(Ovize et al., 2010). Nevertheless, some studies have reported
the ineffectiveness of IPost both in animals and in humans
(Dow and Kloner, 2007; Hahn et al., 2013). A possible expla-
nation for the controversial results could be that the outcome
of postconditioning may depend on several factors, such as
failure to achieve complete reperfusion during application
of brief I/R cycles, the duration of index ischaemia, the
algorithm of postconditioning manoeuvre, gender, age
and temperature (Skyschally et al., 2009b). In addition,
co-morbidities, such as hyperlipidaemia (Kupai et al., 2009)
and diabetes (Miki et al., 2012), may interfere with the infarct
size-limiting effect of postconditioning. These confounding
factors indicate the necessity to develop new alternative
methods and models to induce postconditioning.

Heart rate is known to play a role in the development of
I/R injury (Bernier et al., 1989), and it was shown that either

slowing or increasing heart rate before ischaemia limits myo-
cardial injury (Tosaki et al., 1988; Bernier et al., 1989; Hearse
et al., 1999). Moreover, we have previously shown that
short periods of rapid ventricular pacing (RVP) applied before
an index ischaemia has anti-ischaemic effects (pacing-
induced preconditioning) (Ferdinandy et al., 1997a,b; 1998).
However, the effect of short periods of RVP performed at the
early phase of reperfusion has not been investigated so far.

The exact molecular mechanism of myocardial postcon-
ditioning is not entirely clear. Increasing evidence suggests
that enhanced formation of cardiac peroxynitrite is involved
in cardioprotection afforded by both pre- (Altug et al., 2000;
Altup et al., 2001; Csonka et al., 2001) and postconditioning
(Kupai et al., 2009; Li et al., 2013). Kupai et al. reported first
that IPost failed to decrease infarct size in the presence of a
peroxynitrite decomposition catalyst, thereby suggesting
essential triggering role of peroxynitrite in postconditioning-
induced cardioprotection (Kupai et al., 2009).

Therefore, here we aimed to investigate whether RVP
applied after index ischaemia has any effect on the markers of
reperfusion injury and we studied the role of peroxynitrite
in the mechanisms of postconditioning. Furthermore, we
looked at activation of reperfusion injury salvage kinase
(RISK) and survival activating factor enhancement (SAFE)
pathways and haem oxygenase 1 (HO1) as possible down-
stream targets of RVP-induced postconditioning.

Methods

Male Wistar rats were used in our previous and present (n =
74) studies. The studies conform to the ‘Guide for the care
and use of laboratory animals’ published by the US National
Institutes of Health (NIH Publication No. 85–23, revised
1996) and was approved by local ethics committees. The
animals were kept at 12/12h light/dark cycle and had free
access to standard laboratory chow and drinking water. All
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studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Isolated heart preparation
Isolated heart preparation was carried out as described in our
previous studies with slight modifications (Ferdinandy et al.,
1997a; Kocsis et al., 2012; Varga et al., 2014). Inhalation
anaesthesia of rats was induced in a glass desiccator contain-
ing cellulose wadding soaked in diethyl ether, an anaesthetic
not known to interfere with cardioprotection. During isola-
tion of the heart, rats were removed from the chamber and a
beaker containing wadding soaked in ether was held near the
muzzle of rats in order to maintain anaesthesia. Rats were
given 500 U·kg−1 heparin i.v. Hearts were then isolated and
perfused according to Langendorff at 37°C with Krebs–
Henseleit buffer containing 118 mM NaCl, 25 mM NaHCO3,
4.3 mM KCl, 1.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4,
11 mM glucose, gassed with 95% O2 and 5% CO2. Hydrostatic
perfusion pressure was kept constant at 100 cmH2O (9.8 kPa)
throughout the experiments. Coronary flow was measured by
collecting coronary effluent for a period of time and was
expressed as mL·min−1.

A 3-0 silk suture was placed around the left anterior
descending coronary artery (LAD) close to its origin and the
snare was tightened by applying a 100 g hanging weight to
induce regional index ischaemia. For IPost, brief no-flow
global ischaemia was performed by turning off the perfusion
cannula. The presence of ischaemia was verified by monitor-
ing coronary flow. RVP (600 bpm; 10 Hz) was performed by an
electric stimulator (Experimetria Inc., Budapest, Hungary)
with double threshold square, 1 V, 1 mA and 5 ms impulses
conducted by electrodes attached directly to the surface of the
right ventricle close to the apex and to the aortic cannula as
described previously (Ferdinandy et al., 1997a,b; 1998). Heart
rates were monitored (Isosys; Experimetria Inc.) by recording
epicardial ECG throughout the whole duration of perfusion.

Relationship between the duration of
reperfusion-induced ventricular
tachyarrhythmia and infarct size:
a meta-analysis
Meta-analysis was performed on ECGs and infarct size data
from our six previous studies performed in our laboratory on
isolated rat hearts subjected to 30 min regional ischaemia
and 120 min reperfusion (Figure 1A). Reperfusion-induced
arrhythmias were analysed in the first 10 min of reperfusion.
Hearts presenting sustained (>10 min) tachyarrhythmia were
excluded (n = 14). Three separate evaluations were performed
based on the total duration of ventricular tachycardia (VT),
ventricular fibrillation (VF) or VT + VF respectively. Infarct size
data were presented on the basis of duration (shorter or longer
than 60 s) of VT, VF or VT + VF. Infarct size data exceeding
mean ± 2 SD were excluded from the analysis (n = 6).

Experimental design 1: testing the
cardioprotective effect of RVP
To examine whether RVP applied at the onset of reperfusion
induces cardioprotection, isolated hearts were perfused as
shown in Figure 2A. Three experimental groups were

designed: (i) I/R control; (ii) ischaemic postconditioning; and
(iii) RVP groups (n = 12 in each group). The I/R control group
was subjected to a 15 min equilibration period, followed
by 30 min regional index ischaemia and 120 min reperfu-
sion. IPost was induced by six consecutive cycles of 10 s

Figure 1
Duration of reperfusion-induced VT and/or VF is associated with
decreased infarct size: a meta-analysis. Flow chart of the meta-analysis
(A) indicates that reperfusion-induced tachyarrhythmias and infarct
size data from our previous studies on isolated rat hearts subjected to
30 min regional ischaemia and 120 min reperfusion were analysed in
three separate ways considering the duration of either VT, VF or both
in the first 10 min of reperfusion. The results of the meta-analysis show
infarct size normalized to area at risk (B) and area at risk (C) in the
presence of shorter (<60 s) or longer (>60 s) total durations of VT, VF
or VT + VF respectively. Values are expressed as mean ± SEM. *P < 0.05
versus corresponding <60 s groups, unpaired t-test.
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reperfusion and 10 s no-flow global ischaemia at the onset of
reperfusion. In the RVP group, the spontaneous rhythm of
hearts was replaced by a 10 s pacing period (600 beats min−1;
10 Hz) in six alternating cycles during the first 2 min of
reperfusion.

To assess the severity of cellular damage in the myocar-
dium, the activity of LDH enzyme from coronary effluents
(collected during the first 5 min of reperfusion) was measured
using an LDH-P kit (Diagnosticum, Budapest, Hungary) (n = 5
in each group). The enzyme activity (U·mL−1) measured in an
effluent was multiplied by the corresponding coronary flow
(mL·min−1) to give LDH release expressed as U·min−1.

To determine infarct size, the LAD was re-occluded at the
end of reperfusion and hearts were stained with 0.1% Evans
blue to determine area at risk (Csonka et al., 2010). Hearts
were then frozen at −20°C and cut into approximately 2 mm
thick slices. Each slice was incubated at 37°C for 10 min in
1% 2,3,4-triphenyl-tetrazolium-chloride solution dissolved in
phosphate buffer (pH 7.4). Slices were then fixed in 10%
formaldehyde and scanned. Infarct size was evaluated by
planimetry (InfarctSize™ 2.4.b; Pharmahungary Group,
Szeged, Hungary) and normalized to area at risk.

To assess reperfusion-induced tachyarrhythmias (VT and
VF), ECG was recorded (Isosys; Experimetria Inc.) during the
entire perfusion protocol. Analysis of arrhythmias was carried
out according to the original Lambeth conventions (Walker
et al., 1988).

Experimental design 2: investigating the role
of peroxynitrite and possible downstream
targets in RVP-induced postconditioning
To assess the possible role of peroxynitrite in cardioprotection
induced by ischaemic- or RVP-induced postconditioning, in
separate experiments, cardiac 3-nitrotyrosine, a well-known
peroxynitrite marker, was determined. To confirm increased
peroxynitrite formation, cardiac superoxide anion was also
measured. Furthermore, involvement of molecular mecha-
nisms (i.e. RISK and SAFE pathways, HO1) that have been
implicated in cardioprotection (Hausenloy and Yellon, 2004;
Lecour, 2009; Bak et al., 2010) was also investigated as possi-
ble downstream targets of RVP-induced postconditioning.

Hearts were subjected to 15 min equilibration period, fol-
lowed by 30 min regional ischaemia and 7 min reperfusion
with or without IPost or RVP (Figure 4A). At the end of rep-
erfusion, myocardial samples were taken from the ischaemic
zone of the left ventricle for 3-nitrotyrosine measurement
and Western blot analysis (n = 5 in each group). Sampling was
carried out by an oblique cut from the origin of the LAD
towards the right side of the apical area that involves the
majority of the anterior wall of the left ventricle as well as the
apex of the heart. Samples were rapidly freeze-clamped, pow-
dered with a pestle and mortar in liquid nitrogen and stored
in cryovials at −80°C until further analysis. Sampling for in
situ detection of superoxide anion was carried out in separate

Figure 2
RVP reduces post-ischaemic LDH release and infarct size. Experimental protocol (A), post-ischaemic LDH release (B), infarct size normalized to area
at risk (C) and area at risk (D). Hearts were subjected to a 15 min equilibration period, followed by 30 min regional ischaemia and 120 min
reperfusion. Ischaemic postconditioning was induced by 6 × 10 s/10 s cycles of reperfusion/no-flow global ischaemia. In the RVP group, the
autonomic rhythm of the hearts was replaced by 10 s pacing period (600 beats min-1; 10 Hz) in six alternating cycles at the onset of reperfusion.
Coronary effluent was collected during the first 5 min of reperfusion for LDH activity determination (n = 5 in each group), the measured activities
were multiplied by the corresponding coronary flow to give LDH release. Infarct size was measured at the end of reperfusion (n = 12 in each
group). Values are expressed as mean ± SEM. *P < 0.05 versus I/R, one-way ANOVA.
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experiments (n = 3 in each group) using the same perfusion
protocol (Figure 4A). Approximately 3 mm thick transverse
slices were cut from the middle of the ventricles, embedded
in Tissue-Tek O.C.T. compound (Sakura Finetek, Zoeter-
woude, The Netherlands), carefully frozen in isopentane pre-
cooled in liquid nitrogen and stored at −80°C until sectioning
with a microtome.

Cardiac free 3-nitrotyrosine content, a marker of perox-
ynitrite, was measured by ELISA (Cayman Chemical, Ann
Arbor, MI, USA) according to the manufacturer’s instructions
(Kupai et al., 2009; Kocsis et al., 2012). Briefly, homogenates
were incubated overnight with nitrotyrosine acetylcholinest-
erase tracer and anti-nitrotyrosine rabbit IgG in microplates
pre-coated with mouse anti-rabbit IgG. Ellman’s reagent was
used for development. Free nitrotyrosine content was nor-
malized to protein content of cardiac homogenate and
expressed as ng mg=1 protein.

Superoxide anion (O2
−) is a reactive oxygen radical that

reacts with NO to form peroxynitrite. The in situ fluorescent
dihydroethidium staining was performed to evaluate intrac-
ellular production of superoxide anion (Varga et al., 2013).
Unfixed frozen heart sections (30 μm) were placed on glass
slides and incubated in 10−6 mol·L−1 dihydroethidium (Sigma,
St. Louis, MO, USA) in PBS buffer (pH 7.4) at 37°C for 30 min
in a dark humidified container. Fluorescence was then
detected by a fluorescent microscope (Nikon, Tokyo, Japan)
with a 590 nm long-pass filter. Images of the hearts were
collected digitally (n = 20 in each heart); integrated density
was evaluated by ImageJ 1.44p software and expressed in
arbitrary unit.

The involvement of possible downstream targets in the
mechanism of RVP-induced postconditioning was examined
by standard Western blot techniques (Kocsis et al., 2008;
Fekete et al., 2013). Tissue samples were homogenized with
an ultrasonicator (UP100H Hielscher, Teltow, Germany) in
RIPA buffer [50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 0.5%
sodium deoxycholate, 5 mM EDTA, 0.1% SDS, 1% NP-40]
supplemented with protease inhibitor cocktail (Sigma), PMSF,
NaF and Na3VO4. The crude homogenates were centrifuged at
10 000× g for 10 min at 4°C. After quantification of protein
concentrations of the supernatants using BCA Protein
Assay Kit (Pierce, Rockford, IL, USA), 20 μg (50 μg for HO1)
reduced and denaturated protein was loaded and SDS-PAGE
(10% gel, 90 V, 1.5 h) was performed followed by transfer
of proteins onto nitrocellulose membrane (20% methanol,
35 V, 2 h). Membranes were blocked for 1 h in 5% (w v−1) BSA
at room temperature and then incubated with primary
antibodies against phospho(Ser473)-Akt 1:500, Akt 1:2000,
phospho(Thr202/Tyr204)-ERK1/ERK2 1:2000, ERK1/ERK2
1:1000, phospho(Tyr705)-STAT3 1:2000, STAT3 1:2000 (Cell
Signaling, Beverly, MA, USA; overnight, 4°C, 5% BSA) or HO1
1:2000 (Enzo Life Sciences, Plymouth Meeting, PA, USA; 2 h,
room temperature, 1% milk) or GAPDH 1:10 000 (Cell Sign-
aling, Beverly, MA, USA; 1 h, room temperature, 1% milk).
After incubation with HRP-conjugated secondary antibody
1:5000 (1:20 000 for GAPDH) (Dako Corporation, Santa
Barbara, CA, USA; 1 h, room temperature, 1% milk), mem-
branes were developed using an enhanced chemilumines-
cence kit (Pierce).

To further prove that both IPost and RVP protocols (i.e.
application of brief I/R or RVP) facilitate peroxynitrite forma-

tion, 3-nitrotyrosine was measured in the absence of index
ischaemia. The effect of the protocols on possible down-
stream targets of peroxynitrite (i.e. RISK and SAFE pathways)
was also examined in the absence of preceding index
ischaemia.

In this set of experiments, the time course of the perfu-
sion protocol was adjusted to the previous set-up without
index ischaemia (Figure 5A). In the normoxic perfusion
group (n = 8), hearts were perfused for 52 min. In the repeated
brief I/R group (n = 7), hearts were subjected to 45 min per-
fusion followed by 6 × 10/10 s cycles of no-flow global I/R and
5 min reperfusion. In the repeated brief RVP group (n = 8), the
spontaneous rhythm of the hearts was replaced by 10 s
pacing period (600 beats min−1; 10 Hz) in six alternating
cycles after 45 min perfusion. At the end of perfusion, the
cardiac free 3-nitrotyrosine level was determined and RISK as
well as SAFE pathways were examined as described earlier.

Statistical analysis
Data are expressed as mean ± SEM and analysed by use of
Student’s unpaired t-test, one-way ANOVA, or Fisher’s exact test
as appropriate. If a difference was established in ANOVA, Fish-
er’s least significant difference post hoc test was applied. Dif-
ferences were considered significant at P < 0.05.

Results

Duration of reperfusion-induced
VT and/or fibrillation is associated with
decreased infarct size
Meta-analysis of six separate studies previously performed in
our laboratory using the same experimental protocol (i.e.
isolated rat hearts subjected to I/R) showed that the presence
of VT, VF or VT + VF with a total duration of longer than 60 s
in the first 10 min of reperfusion was associated with a mark-
edly decreased infarct size (Figure 1B) respectively. In this
analysis, a larger area at risk was associated with longer than
60 s total duration of VT + VF (Figure 1C).

RVP exerts cardioprotective effect:
limits the infarction and
reperfusion-induced arrhythmias
In order to assess the possible cardioprotective effect of RVP,
the extent of myocardial infarction (LDH release and infarct
size) was measured and reperfusion-induced arrhythmias
were analysed.

The post-ischaemic LDH release was significantly reduced
by RVP (Figure 2B). IPost also reduced LDH release; however,
the difference did not reach the level of statistical significance
(Figure 2B). Infarct size was significantly decreased by both
IPost and RVP (Figure 2C). There was no difference in the area
at risk of either experimental group (Figure 2D).

The incidence of VT and VF was not affected significantly
by IPost in our present study (Figure 3). In contrast, short
periods of RVP decreased the incidence of reperfusion-
induced VT without having a significant effect on VF
(Figure 3).

There was no difference in animal weight, heart wet
weight, baseline heart rate and coronary flow (baseline,
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beginning of ischaemia, end of reperfusion) between the
experimental groups (Table 1). In contrast to IPost, coronary
flow at the onset of reperfusion was not changed by short
periods of RVP compared with I/R control (Table 1).

Peroxynitrite is likely involved in
RVP–induced postconditioning
To obtain some mechanistic insight into the beneficial effect
of RVP, cardiac 3-nitrotyrosine and superoxide were measured
at 7 min of reperfusion following the 30 min index
ischaemia.

Postconditioning induced either by IPost or by RVP sig-
nificantly increased free cardiac 3-nitrotyrosine level (a
marker of peroxynitrite formation) (Figure 4B). Moreover,
the peroxynitrite precursor superoxide anion was mildly,
but significantly elevated in both postconditioning groups
(Figure 4C).

To further prove that the postconditioning manoeuvres
induce nitrative stress, cardiac 3-nitrotyrosine was measured
after the postconditioning stimuli applied following nor-
moxic perfusion without index ischaemia. The application of
brief I/R cycles or periodic RVP increased the cardiac forma-
tion of 3-nitrotyrosine in the absence of index ischaemia
(Figure 5B).

Downstream mechanisms of RVP-induced
cardioprotection differs from that of
ischaemic postconditioning
To elucidate the possible downstream targets of RVP, RISK and
SAFE pathways as well as HO1 were investigated either in the
presence or absence of index ischaemia.

Both postconditioning methods non-significantly
enhanced Akt phosphorylation after index ischaemia at the
beginning of reperfusion without affecting phosphorylation
of ERK1/2 and STAT3 (Figure 4E,F). Protein level of HO1 was
increased by IPost but not RVP (Figure 4E,F). In the absence of
index ischaemia, applying short periods of RVP protocol
increased STAT3 phosphorylation, in contrast to brief cycles
of I/R (Figure 5C,D). Phosphorylation of Akt and ERK1/2 was
not affected significantly by any of the interventions in the
absence of index ischaemia (Figure 5C,D).

Discussion and conclusion

In our present study, using an isolated perfused rat heart
model, we confirmed that IPost beneficially affects I/R injury.
Moreover, we demonstrated for the first time in the literature
that applying short periods of RVP at the onset of reperfusion
also exerts a cardioprotective effect as it attenuates reperfu-
sion injury by decreasing infarct size and reperfusion-induced
arrhythmias. We showed that RVP increased peroxynitrite
formation either in the presence or absence of index ischae-
mia in a way similar to IPost. These findings suggest that the
formation of peroxynitrite in early reperfusion is a key event
in the development of cardioprotection elicited by IPost or
RVP. However, we also demonstrated that the downstream
mechanisms of RVP-induced cardioprotection and IPost seem
to be partially different.

In a meta-analysis of our previous studies on isolated
hearts subjected to I/R, we analysed if there is an association
between the duration of reperfusion-induced ventricular
tachyarrhythmias (VT, VF or VT + VF) and infarct size. It is
well accepted in the literature that I/R induces cellular
damage that makes the myocardium more susceptible to
arrhythmogenesis, and thus reperfusion-induced arrhyth-
mias are considered as indicators of I/R injury (Engelen et al.,
2003; Majidi et al., 2009). For instance, Majidi et al. reported
that the presence of reperfusion arrhythmia bursts in STEMI
patients is associated with a worse outcome (larger infarct size
and decreased ejection fraction) (Majidi et al., 2009).
However, here we found surprisingly that longer than 60 s
reperfusion-induced VT/VF was associated with a decreased
infarct size. In this analysis, a larger area at risk was associated
with longer total duration of VT + VF in accordance with the
literature data (Curtis and Hearse, 1989). The interpretation
of these results is difficult since causality was not examined in
these studies. A possible explanation for the results of our
meta-analysis is that the size of infarction affects the occur-
rence of sustained VT and/or VF, while another possibility is
that longer tachyarrhythmias at the beginning of reperfusion
somehow attenuate infarct development. To the best of our
knowledge, this latter approach has not been investigated in
the literature and, therefore, these findings served as a basis
for our current experimental study to investigate if exog-
enous application of controlled tachycardia induced by RVP
at the onset of reperfusion is able to elicit cardioprotection.

Heart rate is known to play a role in the development
of I/R injury (Bernier et al., 1989) and its controlled
modification may elicit cardioprotection. For instance,
pharmacologically-induced bradycardia (Tosaki et al., 1987),
slow (Tosaki et al., 1988) or rapid (Ferdinandy et al., 1998;

Figure 3
RVP attenuates reperfusion-induced arrhythmias. Incidence of
reperfusion-induced VT (A) and VF (B) are shown. *P < 0.05 versus
I/R, Fisher’s exact test.
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Hearse et al., 1999) pacing before ischaemia was reported to
limit myocardial injury. Since the presence of longer
reperfusion-induced tachyarrhythmias was associated with
lower infarct size in our meta-analysis, we wanted to test
whether exogenous rapid pacing exerts protection. To the
best of our knowledge, we demonstrated for the first time
in the literature that the application of short periods of
rapid (600 beats min-1) ventricular pacing at the beginning of
reperfusion reduces infarct size and reperfusion-induced
arrhythmias.

In the present study, both RVP and classic IPost decreased
infarct size. The beneficial effect of RVP on infarct size was
further confirmed by a reduction in LDH release into the
coronary effluent. Infarct size is a key determinant of major
clinical outcomes (mortality and morbidity of consequent
heart failure) (Gibbons et al., 2004); therefore, development
of procedures that effectively decrease infarct size along with
reperfusion therapy is in the focus of preclinical and clinical
studies (Ovize et al., 2010). IPost is a widely studied approach,
and the infarct size-reducing effect of this procedure was
confirmed in various mice, rat, rabbit, dog and swine animal
models (Skyschally et al., 2009b) as well as in clinical trials
(Ovize et al., 2010). However, some studies reported the inef-
fectiveness of IPost in animal models (Dow and Kloner, 2007;
Skyschally et al., 2009b) and in clinical trials (Hahn et al.,
2013). A possible explanation for the controversial results
could be that the cardioprotective effect of IPost depends
upon several factors such as (i) species, strain, gender and age
of research animal; (ii) experimental model and set-up; (iii)
the duration of index ischaemia before reperfusion; (iv)
number and duration of brief I/R cycles; (v) technical diffi-
culty to achieve complete reperfusion; (vi) temperature; and
(vii) presence of co-morbidities. These confounding factors
indicate the necessity to develop alternative methods of IPost
and we suggest that RVP-induced postconditioning is a
simple method that eliminates technical problems associated
with the induction of IPost.

Besides infarct size reduction, RVP-induced postcondi-
tioning decreased reperfusion-induced ventricular arrhyth-

mias as well. Reperfusion therapy is accompanied by the
occurrence of arrhythmias (Krumholz and Goldberger, 1991).
Some of them are benign (e.g. accelerated idioventricular
rhythm, the most common type) but others are potentially
life-threatening malignant arrhythmias such as VT or VF that
need to be managed in the clinical practice to avoid fatal
consequences. Based on the literature data (Kloner et al.,
2006), IPost effectively decreases ventricular arrhythmias.
However, in our present study, solely RVP-induced postcon-
ditioning reduced the incidence of reperfusion-induced VT
with no significant effect on VF. The reason for the inability
of RVP to improve post-ischaemic VF is not clear. However,
one may speculate that some interacting triggers of
reperfusion-induced VF (e.g. reactive oxygen intermediates
and calcium) may interfere with the possible anti-VF effect of
RVP (Hearse and Tosaki, 1988).

Here, we demonstrated that IPost and RVP-induced post-
conditioning enhanced peroxynitrite formation at the onset
of reperfusion after an index ischaemia. In addition, postcon-
ditioning manoeuvres themselves (i.e. brief I/R and RVP)
increased peroxynitrite formation in the absence of the index
ischaemia. Since peroxynitrite is reported as a possible trigger
of IPost (Kupai et al., 2009), based upon our current results,
we propose that the enhanced peroxynitrite formation also
plays a role in triggering RVP-induced postconditioning. Back
in 1997, Yasmin et al. reported that the level of peroxynitrite
increases during reperfusion, which contributes to reperfu-
sion injury in isolated rat hearts (Yasmin et al., 1997). Further
studies also confirmed that enhanced peroxynitrite forma-
tion plays a central role in numerous cardiovascular diseases
by inducing oxidative, nitrative and nitrosative stress (Pacher
et al., 2007). However, peroxynitrite was demonstrated to
have physiological functions (Lefer et al., 1997) and to play a
role in triggering ischaemic preconditioning (Altug et al.,
2000; Altup et al., 2001; Csonka et al., 2001). We have previ-
ously reported for the first time that peroxynitrite is a trigger
of IPost since the peroxynitrite scavenger, FeTPPS, interfered
with the cardioprotective effect of IPost (Kupai et al., 2009).
Our results were confirmed by Li et al. showing that perox-

Table 1
Morphological and ex vivo haemodynamic parameters

I/R IPost RVP

Animal weight (g) 367 ± 8 358 ± 10 345 ± 10

Heart wet weight (g) 1.28 ± 0.03 1.22 ± 0.04 1.30 ± 0.06

Basal heart rate (beats min-1) 301 ± 11 291 ± 12 304 ± 8

Coronary flow (mL·min−1)

Before ischaemia 18.8 ± 1.5 16.7 ± 1.2 18.7 ± 1.1

Beginning of ischaemiaa 10.7 ± 1.0 9.0 ± 0.8 11.5 ± 1.0

Beginning of reperfusionb 16.5 ± 1.0 8.7 ± 0.6* 17.9 ± 0.7

End of reperfusion 11.5 ± 1.5 9.9 ± 0.9 11.8 ± 1.5

Results are expressed as mean ± SEM. *P < 0.05 versus I/R and RVP, one-way ANOVA.
aRegional ischaemia.
b6 × 10 s global ischaemia was applied to induce IPost in the first 2 min of reperfusion. Coronary flow was measured by collecting coronary
effluent for 2 min and then was expressed as mL·min−1.
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ynitrite is a key mediator of IPost in vivo (Li et al., 2013).
Nevertheless, the possible mechanisms lying downstream of
peroxynitrite formation in postconditioning have not been
elucidated.

Here, we also looked at possible targets of endogenous
peroxynitrite formation induced by IPost or by RVP. Several
studies have reported that the activation of RISK (Akt, ERK1/
ERK2) and SAFE (STAT3) pathways at the onset of reperfusion
might play a role in the cardioprotective effect of IPost

(Hausenloy, 2009; Lecour, 2009). In other studies, overexpres-
sion of HO1 was shown to reduce infarct size in the heart (Bak
et al., 2010) and was implicated in pulmonary and hepatic
IPost (Xia et al., 2009; Zeng et al., 2011). In our present study,
both IPost and RVP-induced postconditioning non-
significantly enhanced Akt phosphorylation without affect-
ing ERK1/2 and STAT3 at the beginning of reperfusion.
Although several studies showed increased phosphorylation
of Akt and/or ERK due to IPost (Tsang et al., 2004; Yang et al.,

Figure 4
Postconditioning by RVP enhances formation of peroxynitrite and superoxide anion, effects on possible downstream targets. Experimental
protocol (A), level of free cardiac 3-nitrotyrosine (B), representative images of in situ superoxide detection (C), quantification of in situ superoxide
anion level (D), representative images (E) and quantification (F) of Western blots of possible downstream targets. Hearts were subjected to a
15 min equilibration period, followed by 30 min of regional ischaemia and 7 min reperfusion with or without ischaemic postconditioning or RVP.
At the end of reperfusion, myocardial samples were taken from the ischaemic zone of the left ventricle for biochemical analysis. The peroxynitrite
marker, 3-nitrotyrosine, was quantified by ELISA (n = 5 in each group). Transverse cardiac sections from three hearts per group were used for in situ
detection of superoxide anion (n = 60 random images in each group). Activation of RISK (Akt, ERK1/2) and SAFE (STAT3) pathways as well as
protein level of HO1 was assessed by Western blot. Values are expressed as mean ± SEM. *P < 0.05 versus I/R, one-way ANOVA. p-Akt,
phospho(Ser473)-Akt; p-ERK1, phospho(Thr202)-ERK1; p-ERK2, phospho(Tyr204)-ERK2; p-STAT3, phospho(Tyr705)-STAT3.
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2004), some recent papers suggested that postconditioning
did not activate the RISK pathway in the early phase of
reperfusion (Skyschally et al., 2009a; Fekete et al., 2013). We
also found here that IPost, but not RVP, increased HO1
protein in the heart. This effect of IPost on HO1 is in agree-
ment with the findings of others in the lung and liver (Xia
et al., 2009; Zeng et al., 2011). We also examined the effect of
postconditioning manoeuvres (i.e. repeated brief cycles of I/R
or RVP) in the absence of a preceding index ischaemia and
found no activation of the RISK pathway. In these experi-
ments, STAT3 phosphorylation was increased only by short
periods of RVP protocol. Taken together, our present results

indicate that (i) the downstream mechanisms of RVP-induced
cardioprotection and IPost are partially different; (ii) HO1 is
probably not involved in the cardioprotective effect of RVP-
induced postconditioning; and (iii) the precise role of the
RISK and SAFE pathways remains to be elucidated in future
studies. The involvement of alternative pathways in the pro-
tective effect of RVP-induced postconditioning is likely and
may include, for instance, activation of NO-cGMP-PKG,
sphingosine-, PKC- or CGRP-mediated pathways (Heusch
et al., 2008; Bice and Baxter, 2014). Since endogenous
NO-cGMP plays a role in protection against reperfusion
injury by attenuating infarct size (Penna et al., 2006) and

Figure 5
Postconditioning manoeuvres without a preceding index ischaemia enhance peroxynitrite formation, effects on possible downstream targets.
Experimental protocol (A), level of free cardiac 3-nitrotyrosine (B), and representative images (C) and quantification (D) of Western blots of
possible downstream targets. After 45 min normoxic perfusion, repeated (6 × 10/10 s) brief cycles of no-flow global I/R (n = 7) or RVP at 600 beats
min-1/spontaneous rhythm of the hearts (n = 8) were applied followed by 5 min perfusion. In the normoxic perfusion control group (n = 8), hearts
were perfused for 52 min. At the end of perfusion, cardiac free 3-nitrotyrosine level was determined by ELISA and activation of RISK and SAFE
pathways were examined by Western blots. Values are expressed as mean ± SEM. *P < 0.05 versus normoxic perfusion control, one-way ANOVA.
p-Akt, phospho(Ser473)-Akt; p-ERK1, phospho(Thr202)-ERK1; p-ERK2, phospho(Tyr204)-ERK2; p-STAT3, phospho(Tyr705)-STAT3.
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reperfusion-induced VF (Pabla et al., 1995; Pabla and Curtis,
1996), investigation of the exact role of NO in RVP would be
interesting.

Although we clearly demonstrated that RVP induces car-
dioprotection when applied at the onset of reperfusion,
some further limitations of our study may be considered.
Firstly, ventricular pacing was reported to have direct pro-
arrhythmic effects caused by the stimulus itself indepen-
dently of the heart rate (Nakata et al., 1990). Although in
our study ventricular pacing lasts only for short periods
(6 × 10 s), and the incidence of reperfusion-induced VF
was not increased in the RVP group when compared to
I/R controls, consideration of pacing as an ectopic focus
cannot be excluded. Secondly, in RVP-induced postcondi-
tioning, ventricles were activated in a non-physiological
way in the present ex vivo study. Although the atrio-
ventricular conduction system of rats was reported to be
suitable for reaching 600 bpm heart rate by atrial pacing in
an in vivo model (Gonzalez et al., 1998), further in vivo
studies are needed to investigate the infarct size-limiting
effect of postconditioning induced by rapid atrial or ven-
tricular pacing at different rates. Thirdly, our study suggests
that rapid heart rate at the early phase of reperfusion may
contribute to initiation of adaptive molecular mechanisms
to prevent I/R-induced cellular damage. However, further
studies are needed to analyse (i) the precise molecular
nature of these mechanisms and (ii) if reperfusion-induced
spontaneous arrhythmias also trigger adaptive mechanisms
in the myocardium. Our findings may also suggest that
reperfusion-induced tachyarrhythmias require attention in
future studies focusing on cardioprotection assessed by
infarct size.

In conclusion, the application of short periods of RVP at
the onset of reperfusion beneficially affects the essential
components of reperfusion injury: the infarct size and
reperfusion-induced ventricular arrhythmias. In addition,
RVP increases peroxynitrite formation, which likely plays a
role in triggering cardioprotection similarly to IPost. Never-
theless, downstream mechanisms in RVP-induced protection
seem to be partially different from that of IPost, and further
research is needed to elucidate them. Since RVP exerted a
cardioprotective effect similar to IPost, we feel that RVP-
induced postconditioning may serve as an alternative experi-
mental model of IPost. Moreover, RVP could be performed in
a more controlled manner than applying brief I/R cycles in
IPost, which is an important technical advantage compared
with IPost.
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