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1. ABBREVIATIONS 

 

 
3-AB   3-aminobenzamide 

3-ABA  3-aminobenzoic acid 

4-HQ   4-hydroxyquinazoline 

AST   aspartate aminotransferase 

ATP   adenosine triphosphate 

β-ATP  β-phosphoryl group of ATP 

BGP-15  O-(3-piperidino-2-hydroxy-1-propyl)nicotinic amidoxime  

CABG  coronary artery bypass graft 

CK   creatine kinase 

DHR123  dihydrorhodamine123 

DNA   dezoxyribonucleic acid 

dP/dt   the rate of pressure development 

DTE   dithioerythritol 

EDTA  ethylenediamine tetraacetate 

FID   free induction decay 

GSH   reduced form of glutathione 

GSSG  oxidized form of glutathione 

H2O2   hydrogen peroxide 

H-2545  N-3-(2,2,5,5-tetramethyl-3-pyrroline-3-carboxamido) 

propylphthalimide 

H-2954  N-hydroxyl metabolite of H-2545 

HO-2434  1-(2,6-dimethylphenoxy)-[2-N-(2,5-dihydro-3-methyl-2,2,5,5- 

   tetramethyl-1H-pyrrol)]aminopropane 

HO-2433  N-hydroxyl metabolite of HO-2434 

HR   heart rate 

IC50   half-maximal inhibitory concentration  

LDH   lactate dehydrogenase 

LDL   low density lipoprotein 

LVDP  left ventricle developed pressure 

MDA   malondialdehyde 
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MOPS  3-[N-morpholino]propanesulfonic acid 

MPT pore  mitochondrial permeability transition pore 

NA   nicotinamide 

NAD+  nicotinamide adenine dinucleotide 

NMR   nuclear magnetic resonance 

NO•   nitric oxide 

O2
•-   superoxide anion 

PARG  poly(ADP-ribose) glycohydrolase 

PARP  poly(ADP-ribose) polymerase 

Pi   inorganic phosphate 

PCr   creatine phosphate 

PTCA  percutaneous transluminal coronary angioplasty 

δ   chemical shift between Pi and PCr in ppm 

ROS   reactive oxygen species 

RPP   rate-pressure product 

TBA   thiobarbituric acid 

TBARS  thiobarbituric acid reactive substances 

TCA   trichloroacetic acid 

TEMPOL  4-hydroxy-[2,2,6,6-tetramethylpiperidine-1-oxyl]  

Trolox  water-soluble vitamin E analogue 
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2. INTRODUCTION 

 

 

 Cardiovascular diseases and especially ischemic heart disease are the major cause 

of death in adults and among elderly patients in the developed and in many developing 

countries [1]. The availability of invasive diagnostic and therapeutic procedures 

(coronary angiography, PTCA, stent implantation, CABG) is limited, mostly because of 

their excessive cost, thus the development of new agents for the treatment of ischemic 

heart disease is in the limelight of scientists.  

 The past decade has seen an explosion of knowledge regarding the role of 

oxidative stress in the pathogenesis of a wide variety of diseases, such as 

atherosclerosis, ischemia-reperfusion injury, cancer, chronic inflammation, autoimmune 

diseases and aging [2-8]. 

 

 

2.1. Sources of free radicals in the cell 

 

 Sources of reactive oxygen species (ROS) in living cells are represented by 

physiological enzymatic mechanisms. They are generated from aerobic metabolism that 

utilizes life-sustaining oxygen to oxidize fuels [9]. Besides ROS such as the superoxide 

anion, hydrogen peroxide and hydroxyl radicals, there are also other sources of 

oxidative stress like singlet oxygen [10], peroxides [11], reactive aldehydes [12], nitric 

oxide [13], and other reactive species [14]. Mitochondria are well documented as a 

major source of O2
.- and H2O2. It is calculated that 1-4% of oxygen reacting with the 

respiratory chain is incompletely reduced to ROS [9]. Being major producers of ROS, 

mitochondrial structures are exposed to high concentrations of ROS and, therefore, are 

particularly susceptible to their attack [15]. 

 Assessment of overall oxidative stress must also include other sources of free 

radicals existing in the cytosolic compartment. Various cytosolic and membrane bound 

oxidases and dehydrogenases (e.g. xanthine oxidase, lipoxygenase and NADH oxidase) 

are known to produce free radicals. The constitutive and inducible forms of nitric oxide 

synthase, which produces NO• are also important sources of free radicals [16]. A major 
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consequence of oxidative stress is lipid peroxidation and its by-products, the reactive 

aldehydes that show unusual and diverse reactions. They are known to react with 

proteins by attacking histidine residues and other amino acids, and also to modify DNA. 

Considering their relatively longer half-life, high affinity, high diffusivity to both 

hydrophilic and hydrophobic regions, and their proximity to targets within the 

membrane, these aldehydes could play a major contributory role in oxidative stress [12, 

15-16].  

 

 

2.2. Protection against oxidative stress 

 

 Free radicals are generating continuously in the living aerob organism. 

Nevertheless, cells have developed various enzymatic and nonenzymatic systems to 

protect themselves from oxidative damages. Superoxide anions can be scavenged by 

superoxide dismutase, an enzyme, which is present in all aerobic organisms, which 

catalyzes the conversion of two of these radicals into hydrogen peroxide and molecular 

oxygen: 

O2
-. + O2

-.  ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ →⎯ +− 2 H+dismutasesuperoxide   H2O2 + O2

 Hydrogen peroxide formed by superoxide dismutase and by the uncatalysed 

reaction of hydroperoxy radicals are scavenged by catalase, an ubiquitous heme protein 

that catalyzes the conversion of hydrogen peroxide into water and molecular oxygen: 

H2O2 + H2O2    2 Hcatalase⎯⎯ ⎯ ⎯⎯→

→

2O + O2 

 Peroxidases are also heme enzymes and catalyze an analogous reaction in which 

hydrogen peroxide is reduced to water by a reductant (AH2): 

H2O2 + AH2    2 Hperoxidase⎯⎯⎯⎯⎯⎯ 2O + A 

 Glutathione has a key role in detoxification by reacting with hydrogen peroxide 

and organic peroxides. Glutathione, which is present in high concentrations (5 mM) in 

animal cells, serves as a sulfhydryl buffer [17-18]. Glutathione cycles between a 

reduced thiol form (GSH) and an oxidized form (GSSG), in which two tripeptides are 

linked by a disulphide bond. GSSG is reduced to GSH by glutathione reductase, a 

flavoprotein utilizing NADPH as the electron source. The ratio of GSH to GSSG is in 

most cells greater than 500 [19]. Furthermore, other biological thiols could also 
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potentially be of importance in specific cellular locations. 

 Other important physiological antioxidants are vitamin E and reduced coenzyme 

Q (CoQ). Vitamin E is regarded as the most important lipid-soluble antioxidant. In 

vitamin E-deficient microsomal fractions, the protection against lipid peroxidation was 

diminished. Ascorbate and reduced glutathione are water-soluble antioxidants, which 

regenerate alfa-tocopherol. However, the protective effect of ascorbate and GSH against 

oxidative attack can attenuate or even reverse in the absence of vitamin E within the 

membranes [20]. 

 In addition to its function as an electron and proton carrier in mitochondrial and 

bacterial electron transport coupled to ATP synthesis, ubiquinone (coenzyme Q) acts in 

the reduced form (ubiquinol) as an antioxidant, inhibiting lipid peroxidation in 

biological membranes and in serum low-density lipoprotein (LDL). According to recent 

evidence it can also protect mitochondrial inner-membrane proteins and DNA against 

oxidative damage [21]. 

 Physiological compounds, such as urate, bilirubin, and ceruloplasmin, can also 

protect against oxidative attack [22-24]. 

 

 

2.3. The mechanism of myocardial reperfusion injury 

 

 Despite of the complexity of the above mentioned antioxidant system, free 

radicals generated excessively in certain circumstances can break this barrier and cause 

an oxidative stress to the cell. In various forms of oxidative stress there are different 

sources of ROS. During ischemia-reperfusion, mitochondrial respiratory complexes, 

especially complex I, are the main sources of toxic oxygen intermediers [25]. Hydrogen 

peroxide- or doxorubicine-induced oxidative injury in turn has at least two components. 

They can cause an enhanced mitochondrial ROS production, but their reaction with 

transition metals (e.g. Fe2+) inducing a site-specific oxyradical formation is also very 

important in the mediaton of oxidative cell injury [26-27]. 

 Among the above-mentioned pathological states ischemia-reperfusion has the 

most pronounced importance. It has been clearly established that myocardial cells 

cannot survive under severe prolonged ischemia. Coronary reperfusion, therefore, 

appears to be the only appropriate therapeutic strategy [28]. Early reperfusion may 
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prevent or lessen the development of necrosis, but experimental studies have 

demonstrated that, in the meantime, it is accompanied by various characteristic 

disturbances, generally referred to as reperfusion injury [29]. Although the generation 

of free radicals is slightly elevated also during ischemia, in the third-fourth minutes of 

reperfusion cells break into the formation of a huge amount of ROS, which 

phenomenon is called respiratory burst [14].  

 The excessive amount of ROS, such as H2O2, superoxide radicals and hydroxyl 

radicals are predominantly derived from the mitochondrial respiratory chain. 

Nevertheless, NADH oxidase of the neutrophil granulocytes and xanthine oxidase are 

also important sources of ROS [14, 16]. 

 Reactive oxygen species injure a wide variety of biomolecules and cell 

compartments. ROS initiate lipid peroxidation [30], protein oxidation [31] and the 

formation of single-stranded DNA breaks [32-33]. The major product of lipid 

peroxidation is 4-hydroxy-2-nonenal, which is highly cytotoxic and can readily react 

with and damage proteins [15]. Intracellular sodium and calcium accumulation is the 

consequence of the injury of ion channels and the decrease of myocardial high-energy 

phosphate levels. The high level of intracellular Ca2+ activates the proteolytic enzymes 

and it causes the conversion of xanthine dehydrogenase to xanthine oxidase [34]. High 

intracellular Ca2+ level together with high intracellular inorganic phosphate 

concentration induces the opening of mitochondrial permeability transition pores (MPT 

pore). As a consequence of opening of the MPT pores, the mitochondrial membrane 

potential will collapse and the mitochondrial energy production will be ceased [35]. 

Mitochondrial respiratory complexes have a central role in the development of 

postischemic myocardial damage. They are the main sources of ROS during 

reoxygenation, but themselves are also injured by ROS and by reactive aldehydes, such 

as 4-hydroxy-2-nonenal, and they exhibit a reduced activity during oxidative stress [15]. 

The consequences are a decreased energy generation, an increased ROS production and 

eventually cell death. 

 ROS and NO-induced single-strand DNA break formation, on the other hand, 

activate the nuclear poly(ADP-ribose) polymerase (PARP) [36, 37]. Upon activation, 

PARP cleaves NAD+ to nicotinamide and ADP-ribose which is coupled to different 

proteins and protein-bound ADP-ribose residues. Excessive PARP activation leads to 

cellular NAD+ and ATP depletion which causes necrosis [38]. The possible roles of 
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PARP under physiological and pathophysiological circumstances will be discussed in 

Chapter 2.4. 

 Under the clinical manifestations of the above-mentioned reperfusion injury is the 

cardiac stunning, which may persist for several days after reperfusion. Reperfusion of 

ischemic myocardium is also frequently associated with the development of 

arrhythmias, especially ventricular tachycardias or ventricular fibrillation [39].  

 

 

2.4. Physiological and pathophysiological role of the poly(ADP-ribose) polymerase 

enzyme. Protection against reperfusion injury using PARP inhibitors. 

 

 If ROS concentrations are permanently high, they cause significant amount of 

single-strand DNA breaks, which activate the poly(ADP-ribose) polymerase (PARP). 

There is a direct correlation between the activity of this enzyme and the extent and 

number of DNA strand breaks in most tissues [40]. PARP is a chromatin-bound, 

monomeric 113 kDa Zn2+-finger protein present abundantly in the nucleus in an inactive 

form [41-42].  

 The exact range of functions of PARP has not yet been established, although the 

enzyme is thought to play an essential role in different DNA related processes, such as 

replication, gene expression, and repair and maintenance of genomic stability [43-45]. 

PARP utilizes NAD as a substrate to modify proteins. Although this modification is 

transient, it is very extensive in vivo, since polymer chains reach more than 200 ADP-

ribose units on protein acceptors. More than 30 nuclear substrates of PARPs have been 

identified. Most of them are nuclear proteins involved in the metabolism of nucleic 

acid, DNA repair, regulation of cell cycle and modulation of chromatin structure (e.g. 

histones, DNA ligases, polymerases and topoisomerases) as well as PARP itself. 

Normal function of proteins is restored after catabolism of the poly(ADP-ribose) 

polymer. 

 The efficient degradation of the polymer requires two additional nuclear enzymes, 

poly(ADP-ribose) glycohydrolase (PARG) and ADP-ribosyl protein lyase. PARG is 

responsible for the hydrolysis of glycosidic bonds between ADPr units located at the 

extremity and within the polymer. ADP-ribosyl protein lyase hydrolyses the most 

proximal unit of ADPr from the acceptor protein [45].  
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 In case DNA damage is extensive, the net effect of this metabolism is the rapid 

depletion of cellular NAD+ pool. NAD+ is an essential cofactor in energy metabolism. 

Synthesis of ATP and the balance of redox potential directly depend on NAD+ level in 

cells. In addition, in efforts to resynthetize NAD+, ATP may also be depleted leading to 

cell death due to energy depletion [38, 46]. Therefore, inhibition of PARP can partially 

prevent ROS toxicity and ischemia-reperfusion-induced cell death [47-48]. As a 

consequence, PARP inhibitors are widely used experimentally to protect cells from 

oxidative damages [49-50] and the disruption of PARP gene increases the tolerance 

against oxidative damages [44, 51].  
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NH2 NH2OH

NH2

N

NH2

OH
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1                                           2                                       3

4                                                            5  
 
Fig. 2.1. Chemical structure of the studied PARP inhibitors and 3-aminobenzoic acid. 
1., 3-aminobenzamide; 2., 3-aminobenzoic acid; 3., nicotinamide; 4., BGP-15; 5., 4-hydroxyquinazoline.  
 

 

2.5. Protection against reperfusion injury using scavenger molecules. 

 

 Oxygen free radical damage has been implicated in a wide range of diseases. 

Therefore, scavenging these radicals should be considered as a basically important 

therapeutic approach. Antioxidant molecules and enzymes can potentially limit the 

oxidative injury but they are not readily internalized within myocardial cells, or they 

can not reach the right cell compartment to exert their protective effect [52-53]. 
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Consequently, there is a long-standing effort to design small, non-toxic molecules 

which can reach the right cell compartments and exhibit marked antioxidant properties 

against various types of oxidative injury [54].  

Small molecular weight, stable nitroxides have been shown to have potential 

therapeutic values in a variety of diseases, including myocardial reperfusion injury and 

doxorubicine-induced cardiotoxicity. Protective effect of sterically hindered nitroxides 

have been attributed to antioxidative processes including: 1) superoxide dismutase-

mimicking activity, 2) induction of catalase-like activity in hemeproteins, 3) oxidation 

of reduced transition metal ions, and 4) radical scavenging [55-58]. In addition, 

nitroxides are cell permeable, making it possible to provide both intracellular and 

extracellular protection against oxidative stress. It is important because ROS are highly 

reactive compounds with very short half-life time, so antioxidants must be at the right 

place at the time of the radical formation. In biological tissues, nitroxides are reduced to 

hydroxylamine form, and these two forms of nitroxide coexist [59].  

Class I antiarrhythmic drugs are accumulating in the membrane of 

cardiomyocytes providing an ideal transport molecule for sterically hindered nitroxides 

and can improve their protective effect against myocardial oxidative stress. This group 

of drugs accumulates in heart membranes and can be characterized by the presence of 

three structural units: (a) an aromatic ring capable of intercalating between the alkyl 

chains of phospholipids, (b) an amino group undergoing ionization in the biological 

system at pH 8-9, and (c) an interconnecting chain (between the aromatic ring and the 

amino group) [60].  

A group of pyrroline-based compounds has been shown to have a class I 

antiarrhythmic activity [61]. The amino compound N-3-(2,2,5,5-tetramethyl-3-

pyrroline-3-carboxamido)propylphthalimide (H-2545) is oxidized to the hydroxylamine 

and nitroxide form in mice [62]. Figure 2.2 shows the metabolism of H-2545 caused by 

mixed function amine oxidases or ROS. H-2545, an amine compound can be oxidized 

to form a stable nitroxide radical. This radical can be reduced by ascorbic acid to the N-

hydroxyl form, which undergoes reversible one-electron oxidation to an N-oxyl 

compound. The N-oxyl molecule is sufficiently reactive to scavenge another ROS by 

transferring its hydrogen atom [62]. 

 H-2545 has low toxicity, its therapeutical index is 8.8 in animals [61]. Previous 

data showed that H-2545 could suppress the coronary-ligation-, digitalis- and 
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adrenaline-induced arrhythmias due to its effect on ion channels: H-2545 is a strong 

sodium channel blocker compound with a weak potassium and calcium channel 

blocking effect [63].  

 Furthermore, in 50-μM concentration - which is approximately 10 times higher 

than its maximal therapeutic serum concentration - H-2545 improved efficiently the 

functional recovery of Langendorff perfused rat hearts [64].  
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Fig. 2.2. Structure of 2,2,5,5-tetramethylpyrrolin-3-yl drugs. In biological systems sterically hindered 
amine compounds are oxidized to nitroxides, which undergo reversible one-electron reduction to N-
hydroxyl compounds. These metabolites behave as antioxidants reducing toxic ROS. 
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3. OBJECTIVES OF THE STUDY 

 

 

3.1. Antioxidant compounds 

 

 In our work we aimed to clarify what the lowest concentration is at which H-2545 

can offer a significant protection against oxidative myocardial injury. Previous data 

were obtained from experiments using H-2545 in high (50 μM) concentration in 

animals. 

 

 We have supposed that H-2545 is a superior scavenger molecule in myocardium 

compared to natural antioxidants because it accumulates in heart membranes and during 

its metabolism yields other molecules with marked antioxidant property. In addition, 

nitroxides, such as H-2545, have multiple action against oxidative stress. Therefore, we 

compared the cardioprotective effect of H-2545 to the well-known antioxidant Trolox. 

 

 In various forms of oxidative stress the source of ROS is different. During 

ischemia-reperfusion ROS are dominantly derived from the mitochondrial respiratory 

chain. In the case of hydrogen peroxide or other externally administered oxidants there 

are at least two components. They also enhance the mitochondrial ROS formation but 

their damaging effect is mainly due to their reaction with transition metals (e.g. Fe2+) 

initiating a site-specific oxyradical formation. The effectiveness of H-2545 and its 

metabolite was examined both in ischemia-reperfusion and in hydrogen peroxide-

induced oxidative stress. 

 

 We also strived for clarifying whether the cardioprotective effect of H-2545 can 

be transferred to another drug accumulating in membranes (mexiletine), substituting it 

with a sterically hindered amine compound. 
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3.2. PARP inhibitors 

 

It was reported previously that BGP-15, a new PARP inhibitor decreased the 

myocardial oxidative stress during ischemia-reperfusion. We wanted to test whether it 

was the specific effect of BGP-15 or it was a common feature of PARP inhibitors. 

 

The diminution of oxidative stress using BGP-15 was not due to a free radical 

scavenging effect. These data raise the possibility that PARP inhibitors may interfere 

with endogenous mitochondrial ROS formation by a different mechanism than 

antioxidants. We have compared the protective effect of PARP inhibitors on ischemia-

reperfusion and on hydrogen peroxide-induced lipid peroxidation. During reperfusion 

mitochondrium is the main source of ROS, however, in the case of hydrogen peroxide 

ROS are produced predominantly in site-specific reactions and just a small proportion 

of them are derived from the mitochondria.  

 

We aimed to investigate whether the influence of PARP inhibitors on the 

endogenous mitochondrial ROS formation can be attributed to a direct mitochondrial 

effect of these compounds, or it is an indirect effect due to altered NAD catabolism and 

high-energy metabolism. Therefore, protective effect of PARP inhibitors against 

hydrogen peroxide-induced oxidative injury were studied in isolated mitochondria. 

 

Finally, we intended to examine whether the PARP inhibiting moiety of the 

compounds, or another common chemical structure is essential for the direct 

mitochondrial protective effect. 
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4. MATERIALS AND METHODS  

 

4.1. Chemicals 

The synthesis of H-2545 and H-2954 has already been published [61]. These 

compounds were synthetized at the University of Pecs, Institute of Organic and Medicinal 

Chemistry. Mexiletine, Trolox, 3-aminobenzamide, 3-aminobenzoic acid, 4-

hydroxyquinazoline, nicotinamide, H2O2, NAD+ and dihydrorhodamine123 (DHR) were 

purchased from Sigma - Aldrich Chemical Co. (Budapest, Hungary). Malondialdehyde-bis 

(diethylacetal) was obtained from Merck (Darmstadt, Germany). BGP-15 was a gift 

from N-Gene Research Laboratories, Inc. (Budapest, Hungary). All other reagents were 

of the highest purity commercially available. 

 

4.2. Animals 

 The hearts of adult male Wistar rats weighing 300-350 g were used for the 

Langendorff heart perfusion experiments. The investigation 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 approved by the Animal Research 

Review Committee of the University of Pecs Medical School. 

 

4.3. Heart perfusion  

 Rats were anesthetized with ketamine, 200 mg/kg intraperitoneally and heparinized 

with sodium heparin (100 IU/rat i.p.). Hearts were perfused via the aorta according to the 

Langendorff method at a constant pressure of 70 mmHg, at 37oC. The perfusion medium 

was a modified phosphate-free Krebs-Henseleit buffer consisting of 118 mM NaCl, 5 mM 

KCl, 1.25 mM CaCl2, 1.2 mM MgSO4, 25 mM NaHCO3, 11 mM glucose and 0.6 mM 

octanoic acid. In treated groups, perfusion medium additionally contained antioxidants (H-

2545, H-2954, mexiletine, HO-2434 or HO-2433) in 10 µM concentration or PARP 

inhibitors (3 mM nicotinamide, 3 mM 3-aminobenzamide, 100 μM 4-

hydroxyquinazoline or 40 mg/l = 113,9 μM BGP-15) or 3-aminobenzoic acid (3 mM). 

The perfusate was adjusted to pH 7.40 and bubbled with 95% O2/ 5% CO2 through a glass 

oxygenator. 
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4.3.1. Ischemia-reperfusion  

 After a washout, non-recirculating period of 15 minutes, hearts were either perfused 

under normoxic conditions for the given time, or were subjected to a global ischemia of 45 

or 25 minutes by closing the aortic influx and reperfused for 15 or 30 minutes. During 

ischemia hearts were submerged into perfusion buffer at 37oC. At the end of perfusion 

hearts were freeze clamped. 

4.3.2. Perfusion with hydrogen peroxide 

 Hearts were perfused after the washout period with or without 0.5 mM hydrogen 

peroxide and, in treated groups, in the presence of a scavenger or a PARP inhibitor 

compounds for 30 min.  

 

4.4. Determination of heart function 

 A latex balloon was inserted into the left ventricle through the mitral valve and 

filled to achieve an end-diastolic pressure of 8-12 mmHg. All measurements were 

performed at the same balloon volume. Hearts were selected on the basis of the stability of 

high-energy phosphates (assessed by NMR) during a control period of 15 min before the 

experiment. The length of normoxia, ischemia and reperfusion were 15, 25, 45 min, 

respectively. Experimental drugs were added to the perfusion medium after the 15 min of 

control period. Functional data of rat hearts (LVDP - left ventricle developed pressure, RPP 

- rate-pressure product, HR – heart rate, and dP/dt) were monitored during the perfusion 

[65]. 

 

4.5. Assessment of cell membrane integrity 

 Release of lactate dehydrogenase EC 1.1.1.27 (LDH), creatine kinase EC 2.7.3.2 

(CK) and aspartate aminotransferase EC 2.6.1.1 (AST) enzymes were measured in the 

perfusate of Langendorff perfused hearts under normoxic and postischemic conditions. 

Enzyme activities were measured by standard methods as described in [66] for LDH, 

[67] for AST and [68] for CK. 

 

4.6. Lipid peroxidation  

 Lipid peroxidation was estimated from the formation of thiobarbituric acid reactive 

substances (TBARS). TBARS were determined using a modification of a described method 

[69]. Cardiac tissue was homogenized in 6.5 % trichloroacetic acid (TCA) and a reagent 
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containing 15% TCA, 0.375 % thiobarbituric acid (TBA) and 0.25 % HCl was added, 

mixed thoroughly, heated for 15 min in a boiling water bath, cooled, centrifuged and the 

absorbency of the supernatant was measured at 535 nm against a blank that contained all 

the reagents except the tissue homogenate. Using MDA standard TBARS were calculated 

as nmoles/g wet tissue. 

 

4.7. Determination of protein carbonyl content  

 Fifty mg of freeze-clamped perfused heart tissue were homogenized with 1 ml 4% 

perchloric acid and the protein content was collected by centrifugation. The protein 

carbonyl content was determined by the 2,4-dinitrophenylhydrazine-method [70]. 

 

4.8. Determination of DNA single-strand breaks 

 Single-strand DNA breaks were determined by the alkaline fluorescence analysis of 

DNA unwinding as described before [71]. DNA samples were prepared from normoxic and 

from reperfused hearts. To estimate the quantity of undamaged double stranded DNA, 

samples were divided into 3 sets of tubes. DNA fluorescence was determined under 

different conditions. To determine F value, DNA was kept at pH 12.4 to permit partial 

unwinding of DNA. To determine Fmin, DNA was kept at pH 12.4, but at the beginning of 

the incubation period DNA sample was sonicated for 60 sec. To determine Fmax, DNA 

sample was kept at pH 11.0, which is below the pH needed to induce unwinding. Solutions 

were incubated for 30 minutes at 0oC followed by 15 minutes of incubation at 15oC. 

Unwinding was stopped by adjusting the pH to 11.0. Fluorescence was measured after the 

addition of the dye ethidium bromide 0.67 µg/ml with an excitation wavelength of 520 nm 

and an emission wavelength of 590 nm on a Perkin Elmer luminescence spectrometer. 

Results are expressed as D (percent of double stranded DNA) = (F-Fmin)/(Fmax-Fmin) X 100. 

 

4.9. Assay of NAD+

 The concentration of NAD+ in the neutralized perchloric acid extract of the 

cardiac muscle was measured by using alcohol dehydrogenase reaction [72]. The 

freshly prepared reaction buffer contained 0.1M Tris, pH 8.40, 1 mM EDTA, 4 mM L-

cysteine chloride, 2% ethanol. Each cuvette contained 300 μl of the tissue extract, 650 

μl of the reaction buffer and 4 units enzyme. The reaction was initiated by the addition 

of the enzyme and the exact tissue NAD+ concentrations were determined from a 
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calibration curve. 

 

4.10. Direct scavenger effect of antioxidant compounds 

 Reactive oxygen species formation was detected using the oxidation-sensitive non-

fluorescent probe dihydrorhodamine 123 which can be oxidized by ROS to fluorescent 

rhodamine 123 [73]. Rhodamine 123 content was determined in the suspension of 

mitochondrial inner membrane by a Perkin Elmer fluorescence spectroscope at an 

excitation wavelength of 496 nm and an emission wavelength of 536 nm. Mitochondrial 

inner membrane was suspended in 2 ml 20 mM Tris buffer pH 7.40 containing 150 mM 

KCl, 2 mM succinate, 8 μM antimycine A, 1 μM dihydrorhodamine 123 and, in some 

experiment, 1 mM sodium nitroprusside. H-2545 and H-2954 were added to this system in 

the concentrations indicated in Table 4. 

 Antioxidant effect of H-2545 and H-2954 were also studied in an another system 

where hydroxyl radicals were generated in Fenton reaction and the hydroxylation of 

benzoic acid was used to follow the hydroxyl radical reaction fluorimetrically. The reaction 

took place in 20 mM sodium phosphate, pH 6.8, containing 100 μM benzoic acid, 100 

μM H2O2, 10 μM Fe2+-EDTA. Fluorescence was detected at an excitation wavelength 

of 305 nm and an emission wavelength of 407 nm. 

 

4.11. Determination of mitochondrial ROS production 

 Mitochondria were incubated in a buffer containing 150 mM KCl, 1 mM EDTA, 

5 mM MOPS, 1 mM succinate at pH 7.4 and in the presence of PARP inhibitors and 3-

amino-benzoic acid (0.2, 1, 3 mM). Mitochondrial suspension was stirred and after the 

addition of hydrogen peroxide (final concentration 1 mM), ROS production was 

continuously monitored by following the oxidation of DHR to rhodamine123 in a 

Perkin Elmer fluorescence spectroscope at an excitation wavelength of 496 nm and an 

emission wavelength of 536 nm [74]. 

 

4.12. Isolation of mitochondria and mitochondrial inner membrane 

 Mitochondria and inner mitochondrial membrane vesicles were isolated from 

sacrificed or perfused rat hearts as described before [75] and were stored in 5 mM 

MOPS pH 7.4, 150 mM KCl and 1 mM EDTA. 
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4.13. Measurement of mitochondrial enzyme activity 

 Citrate synthase [76], NADH: cytochrome c oxidoreductase and cytochrome 

oxidase [77] activities were measured as described previously. 

 

4.14. NMR spectroscopy 

 NMR spectra were recorded with a Varian UNITYINOVA 400 WB instrument 

(Varian Inc., Palo Alto, CA, USA). 
 31P measurements (161.90 MHz) of perfused hearts were run at 37°C in a 

Z•SPEC® 20 mm broadband probe (Nalorac Co., Martinez, CA, USA), applying 

GARP-1 proton decoupling (γB2=1.2 kHz) during acquisition. Field homogeneity was 

adjusted by following the 1H signal (w1/2=10-15 Hz). Spectra were collected with a 

time resolution of 3 min by accumulating 120 transients in each FID. 45° flip angle 

pulses were employed after a 1.25 s recycle delay, and transients were acquired over a 

10 kHz spectral width in 0.25 s, and the acquired data points (5000) were zero-filled to 

16K.  

 Under the above circumstances, the relative concentrations of the species can be 

taken proportional to the peak areas, since interpulse delays exceeded 4-5×T1 values of 

the metabolites to be analyzed in 31P experiments [78]. 

 

4.15. Statistical analysis 

 Statistical analysis was performed by ANOVA and all of the data were expressed 

as the mean ± S.E.M. Significant differences were evaluated by use of unpaired 

Student`s t test and P values below 0.05 were considered to be significant. 
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5. 2,2,5,5-TETRAMETHYLPYRROLINE-BASED ANTIARRHYTHMIC 

COMPOUNDS IN THE PREVENTION OF OXYRADICAL-INDUCED 

MYOCARDIAL DAMAGE 

 

 

 

5.1. RESULTS 

 

5.1.1. Assessment of cell membrane integrity 

 Membrane damage resulting from ischemia-reperfusion causes enzyme release 

from cardiomyocytes. The activity of CK in the coronary effluent is extremely low 

during the normoxic perfusion of rat hearts, indicating that cell membranes are 

undamaged under these conditions (Fig. 5.1.). Ischemia-reoxygenation caused a 

significant release of this enzyme into the perfusate. 
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Fig. 5.1. Time-dependence of CK release from myocytes during ischemia-reperfusion. The activity 
of CK in the coronary effluent was measured as described under „Materials and Methods” at the end of 
the normoxic perfusion and during 30 min reperfusion. Ischemia-reperfusion (♦); ischemia-reperfusion 
in the presence of 10 μM H-2545 (◊); ischemia-reperfusion in the presence of 10 μM H-2954 (∆). Values 
are mean ± SEM for five experiments. 
 

When the hearts were perfused with 10 µM H-2545 or H-2954 15 minutes prior to 

ischemia, during the 30 min of reperfusion a significantly reduced (p<0.001) release of 

CK was seen in the perfusate of postischemic rat hearts. Our results showed that H-
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2545 provided a significantly better (p<0.01) protection against ischemia-reperfusion-

induced damage of plasma membranes compared to the metabolite (H-2954) (Fig. 5.1.). 

A similar effect could be detected measuring the activity of AST and LDH in the 

coronary effluent (Table 5.1.). 
 

Table 5.1. Effect of H-2545 and H-2954 on intracellular enzyme release during ischemia-
reoxygenation in Langendorff perfused rat hearts. 
Membrane integrity was followed by enzyme release from cardiomyocytes into the perfusate during heart 
perfusion. Normoxic values were measured at the end of the normoxic perfusion and postischemic values 
after 45 minutes ischemia and 15 minutes reperfusion. For details see Materials and Methods. Values are 
means±SEM for five heart preparations. 
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
          CK          AST        LDH 
     ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
              IU/ml 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Normoxic      2.4±1.1*       2.7±1.3*       9.7±2.6* 
Ischemia-     52.6±7.3   118.2±7.1   463.5±25.4 
reoxygenation (IR)  
IR + 10 μM H-2545     7.6±3.2*     29.3±4.6*     99.6±21.9* 
IR + 10 μM H-2954   21.8±4.2*‡     73.8±4.4*‡   187.3±19.6*‡ 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
*  Values are different from the respective ischemia-reoxygenation values at the significance of p<0.01. 
‡  Values are different from the respective IR + H-2545 values at the significance of p<0.01. 
 

 

5.1.2. Ischemia-reperfusion-induced lipid peroxidation and protein oxidation  

 Lipid peroxidation induced by ischemia-reperfusion in Langendorff perfused heart 

was characterized by the formation of TBA reactive substances. Under our experimental 

conditions, ischemia-reperfusion increased the amount of TBARS compared to the 

normoxic hearts (p<0.01) (Table 5.2.). When ischemia-reperfusion occurred in the presence 

of 10 µM H-2545 or H-2954, the formation of TBARS was significantly decreased 

(p<0.01) compared to the ischemia-reperfusion hearts (Table 5.2.), indicating that both 

drugs prevented the ischemia-reperfusion-induced lipid peroxidation. 

 ROS formation in ischemia-reperfusion cycle can also induce the oxidation of 

proteins in the cardiomyocytes, which can be characterized by the quantity of protein 

bound aldehyde groups. Table 5.2. shows that ischemia-reperfusion increased significantly 

the quantity of protein bound aldehyde groups (p<0.01). However, the presence of H-2545 

or H-2954 during ischemia-reperfusion cycle attenuated significantly (p<0.01) the increase 

of the quantity of protein bound aldehyde groups. 
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Table 5.2. Effect of H-2545 and H-2954 on the lipid peroxidation, protein oxidation and single-
strand DNA break formation during ischemia-reperfusion cycle in Langendorff perfused rat 
hearts. 
Lipid peroxidation was estimated by the formation of TBARS. Protein oxidation was measured as the 
protein carbonyl content as described in "Materials and Methods". DNA single strand breaks were 
determined by the alkali unwinding assay. Values are means±SEM for five heart preparations. 
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
       TBARS   Protein oxidation  Non-damaged DNA 
             ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
     nmol/g wt.        μmol/g wt.      % 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Normoxic   39.78±1.59*        1.47±0.08*          87.2±3.3* 
Ischemia-   70.69±2.86        2.47±0.14           29.6±3.7 
reperfusion (IR) 
IR + 10 μM H-2545  46.21±3.31*        1.69±0.05*          83.5±1.9* 
IR + 10 μM H-2545  49.53±2.01*        1.85±0.08*‡          74.1±3.8* 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
*  Values are different from the respective ischemia-reperfusion values at the significance of p<0.01. 
‡  Value different from the respective IR + H-2545 value at the significance of p<0.05. 
 

 

5.1.3. Determination of single-strand DNA break formation and NAD+ catabolism in 

the postischemic myocardium 

 Ischemia-reperfusion increased ROS formation in perfused hearts, which can 

contribute to the formation of single-strand DNA breaks. Under normoxic conditions, 

most of the DNA was undamaged but ischemia-reperfusion-induced large amounts of 

single-strand DNA breaks and the quantity of undamaged DNA decreased to under 30% 

(Table 5.2.). In the presence of H-2545 or H-2954, ischemia-reperfusion increased only 

slightly the amount of ssDNA breaks and the amount of undamaged DNA were 

significantly (p<0.01) higher than in postischemic hearts and not significantly different 

from the normoxic values (Table 5.2.).  

 It is well known that ssDNA breaks activate PARP, which stimulates intracellular 

NAD+ catabolism, therefore, it is expectable that ischemia-reperfusion cycle decreased 

NAD+ content of perfused hearts. Figure 5.2. shows that ischemia-reperfusion 

significantly (p<0.01) decreased the NAD+ content of the hearts. The presence of H-

2545 or H-2954 (10 µM) in the perfusate during ischemia-reperfusion cycle 

significantly (p<0.01) protected the loss of NAD+ in postischemic hearts. H-2545 

prevented more effectively the NAD+ loss in the postischemic myocardium than its 

metabolite (p<0.05) (Fig. 5.2.). 
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Fig. 5.2. Ischemia-reperfusion-induced NAD+ loss in Langendorff perfused rat hearts. The NAD+ 
content using an alcohol dehydrogenase method was measured as detailed under „Materials and 
Methods” after 15 min of reperfusion. N, normoxic; IR, ischemia-reperfusion; IR + H-2545, ischemia-
reperfusion in the presence of 10 μM H-2545, IR + H-2954, ischemia-reperfusion in the presence of 10 
μM H-2954. Values are mean ± SEM for five experiments.  
Difference from ischemia-reperfusion: † p<0.01. Difference from IR + H-2545: * p<0.05. 
 

 

5.1.4. Effect of H-2545 and H-2954 on the energy metabolism of perfused rat hearts 

during ischemia-reperfusion 

 Energy metabolism of Langendorff perfused hearts were monitored in the magnet of 

NMR spectroscope making possible to detect changes in high-energy phosphorous 

intermediates (Fig. 5.3.). Ischemia induced a rapid decrease in ATP and creatine phosphate 

levels and a fast evolution of inorganic phosphate. Under our experimental conditions, 

high-energy phosphate intermediates recovered only partially in 15 minutes reperfusion 

phase and H-2545 facilitated the recovery of ATP and creatine phosphate (Fig. 5.3.). 

 In Figure 5.4, the time dependence of ATP, creatine phosphate and inorganic 

phosphate levels is shown during ischemia-reperfusion cycle using H-2545 or H-2954 (10 

µM). These data showed that both compounds improved significantly (p<0.01) the final 

recovery of high-energy phosphate intermediates and the rate of recovery was increased in 

the presence of them (Fig. 5.4A and 5.4B). However, H-2545 caused a significantly 

(p<0.01) better recovery than its metabolite. In accord with the high-energy phosphate data, 

inorganic phosphate levels are decreased in the reperfusion phase (Fig. 5.4C) and 
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Fig. 5.3. Effect of H-2545 on the recovery of myocardial energy production after ischemia-

reperfusion in Langendorff perfused heart. Conditions for heart perfusion and NMR measurements 

were described under "Materials and Methods". N, normoxic; I, ischemic; IR, ischemia-reperfusion; IR + 

H-2545, ischemia-reperfusion in the presence of 10 μM H-2545. 

 

 

both compounds increased the rate of inorganic phosphate utilization.  

 The intracellular pH fell rapidly during ischemia from 7.41±0.04 to 5.82±0.07. In the 

control group during reperfusion just a slight, but statistically significant (p<0.05) increase 

could be observed to 5.95±0.07. In the presence of H-2545, pH value in the myocardium 

increased markedly (p<0.01) up to 6.67±0.06. H-2954 caused a significantly less (p<0.01) 

increase in myocardial pH value than H-2545, up to 6.19±0.06. (Fig. 5.4D) 
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Fig. 5.4A and 5.4B  
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Fig. 5.4C and 5.4D 
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Fig. 5.4. Effect of H-2545 and its metabolite on the recovery of ATP (A), creatine phosphate (B), 

inorganic phosphate (C) and myocardial pH value (D) in Langendorff perfused hearts. Conditions 

for heart perfusion and NMR measurements were described under "Materials and Methods". Ischemia-

reperfusion (♦); ischemia-reperfusion in the presence of 10 μM H-2545 (◊); ischemia-reperfusion in the 

presence of 10 μM H-2954 (∆). Values are given as mean ± SEM for five experiments. 
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5.1.5. Functional recovery of postischemic rat hearts during reperfusion 

 To evaluate the effect of H-2545 and its oxidation metabolite on the postischemic 

functional recovery of the myocardium, isolated hearts were perfused with 10 μM 

concentration of both compounds. At the end of the equilibration period, left ventricle 

developed pressure (LVDP) was 149 ± 22 mmHg, rate-pressure product (RPP) was 3.4 

± 0.1 x 104 mmHg/min, dP/dt was 1258 ± 213 mmHg/s and the average heart rate was 

227 ± 12 beats/min. Figure 6 shows the recovery of LVDP, RPP and dP/dt during 

reperfusion. Percentage recovery of LVDP in hearts treated with H-2545 and H-2954 

was significantly higher (p<0.01) than that of controls. At the end of the 45-min 

reperfusion, LVDP of hearts perfused with H-2954 showed a 43.9 ± 2.4 % recovery, 

compared to 26.5 % of controls. The recovery of H-2545 treated hearts was even higher 

(58.5 ± 3.3 %; p<0.01) than that of its oxidative metabolite. Similar recoveries were 

seen with respect to RPP values. The RPP values at the end of reperfusion were for 

controls, H-2545 and H-2954 treated hearts: 12.4 ± 3.2, 44.8 ± 3.1, 22.4 ± 2.1 %, 

respectively. Recovery of dP/dt, expressed as a percentage of the corresponding 

preischemic value were 14.7 ± 2.9, 53.5 ± 3.4, and 35.4 ± 3.1 % for controls, H-2545 

and H-2954, respectively (Fig. 5.5). 
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 Fig. 5.5B and 5.5C 
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Fig. 5.5. Functional recovery of Langendorff perfused rat hearts during reperfusion. Perfused rat 
hearts were subjected to 25 min of global no-flow ischemia, followed by a 45-min reperfusion. Treated 
hearts were perfused with 10 μM H-2545, H-2954 prior to ischemia. During reperfusion LVDP (Panel 
A), dP/dt (Panel B) and RPP (Panel C) were monitored and expressed as a percentage of the 
corresponding baseline values. Ischemia-reperfusion (♦); ischemia-reperfusion in the presence of 10 μM 
H-2545 (◊); ischemia-reperfusion in the presence of 10 μM H-2954 (∆). Values are mean ± SEM for five 
experiments. 
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 Fig. 5.6A and 5.6B 
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Fig. 5.6. Effect of H-2545 and H-2954 on the ischemia-reperfusion-induced inactivation of 
respiratory complexes. Conditions for heart perfusion and the measurement of mitochondrial enzyme 
activities were described under "Materials and Methods". N, normoxic; IR, ischemia-reperfusion; IR + H-
2545, ischemia-reperfusion in the presence of 10 μM H-2545, IR + H-2954, ischemia-reperfusion in the 
presence of 10 μM H-2954. Panel A: activity of cytochrome oxidase. Panel B: activity of 
NADH:cytochrome c oxidoreductase. Values are given as mean ± SEM for five experiments. Difference 
from ischemia-reperfusion: † p<0.01. 
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5.1.6. Protecting effect of H-2545 and H-2954 against the ischemia-reperfusion-

induced damage of respiratory complexes 

Under our experimental conditions, ischemia-reperfusion caused a partial 

inactivation of respiratory complexes (p<0.01) (Fig. 5.6.) which could be the 

consequence of mitochondrial ROS formation during reperfusion [20]. Our previous 

data (Fig. 5.1-5.5. and Table 5.1-5.2.) indicated that both H-2545 and its metabolite 

decreased the oxidative damage for different components of heart during ischemia-

reperfusion cycle, therefore, it is reasonable to assume that these drugs may moderate 

the inactivation of respiratory complexes. We found that cytochrome oxidase activity 

was almost completely protected (p<0.01) from the ischemia-reperfusion-induced 

partial inactivation using H-2545 and H-2954 (Fig. 5.6A). Due to ischemia-reperfusion 

the NADH:cytochrome c oxidoreductase activity (Complex I-III) was also partially 

inactivated (from the normoxic value of 100±5.2 to 53.47±.7.5 %) and both H-2545 and 

its metabolite could partially protect (p<0.01) NADH:cytochrome c oxidoreductase 

activity in postischemic heart mitochondria (Fig. 5.6B). 

 

5.1.7. Dose response of H-2545, H-2954 and Trolox on the high-energy phosphate 

levels in the postischemic myocardium 

 To compare the protective effect of H-2545 against postischemic myocardial 

oxidative injury to that of Trolox – a water-soluble vitamin E analogue, dose response 

of H-2545, H-2954 and Trolox was determined on the high energy phosphate recovery 

in Langendorff perfused rat hearts (Fig. 8) at the end of the reperfusion period (after 15 

minutes). These data showed that both drugs promoted the recovery of creatine 

phosphate in perfused hearts in a concentration dependent way. The IC50 values were 

4.5, 38 and 29 μM for H-2545, H-2954 and Trolox, respectively. Recovery of the ATP 

concentration during reperfusion showed a similar dose response as creatine phosphate 

(data not shown), and IC50 values were 6, 41 and 28 μM for H-2545, H-2954 and 

Trolox, respectively. Our results indicated that comparing to Trolox, a significantly 

(p<0.01) better high-energy phosphate recovery could be observed in hearts perfused 

with H-2545. H-2954 and Trolox, in turn, have a similar effectivity in promoting 

recovery of myocardial energy metabolism in postischemic rat hearts (Fig. 5.7.). 
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Fig. 5.7. Dose response of H-2545, H-2954 and Trolox on the postischemic creatine phosphate 
recovery in Langendorff perfused rat hearts. 
Conditions for heart perfusion and NMR measurements were described under "Materials and Methods". 
Hearts treated with H-2545 (□), with H-2954 (∆) or with Trolox (○). The cardioprotective effect of drugs 
was tested at 2, 5, 10, 25, 50 μM concentrations. Values are mean ± SEM for five experiments. A 
significant increase was seen in creatine phosphate level: H-2954 and Trolox, at 2 μM p<0.05 and at 
higher concentration p<0.01; H-2545, in all examined concentrations p<0.01.  
 

 

5.1.8. Hydrogen peroxide-induced myocardial lipid peroxidation, protein oxidation 

and impaired myocardial energy metabolism 

 The perfusion of rat hearts with a buffer containing 0.5 mM H2O2 for 30 min caused 

a pronounced myocardial injury, characterized by a significant increase in the extent of 

lipid peroxidation (TBARS) and protein oxidation (p<0.01) compared to the control 

samples (Table 5.3.). The co-administration of H-2954 with H2O2 in isolated rat hearts 

caused a markedly decreased (p<0.01) myocardial TBARS formation and a reduced 

amount of protein bound aldehyde groups (p<0.01). Protective effect of H-2545 against 

hydroperoxide-induced myocardial oxidative injury was even more significant (p<0.05) 

than that of its oxidative metabolites (Table 5.3.). Energy metabolism of hearts perfused 

with hydrogen peroxide was monitored during a 30-min long perfusion. Creatine 
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phosphate and ATP content of control hearts did not change significantly by the end of 

the perfusion compared to the initial values. Under our experimental conditions, 

concentration of high-energy phosphate intermediates decreased markedly in hearts 

perfused with hydrogen peroxide (p<0.01) (Table 5.3.). 

 
Table 5.3. Effect of H-2545 and its metabolite on the lipid peroxidation, protein oxidation and 
myocardial high-energy phosphate levels in rat hearts perfused with hydrogen peroxide. 
Lipid peroxidation was estimated by the formation of TBARS and protein oxidation was measured as the 
protein carbonyl content after 30 min of perfusion. Measurements were performed from the freeze-
clamped heart samples. 31P-NMR measurements were performed as described in “Materials and 
Methods”. Values were measured before and after the 30 min perfusion with hydrogen peroxide and 
results were expressed as the percent of the two values. Values are means±SEM for five heart 
preparations. 
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
         PCr      ATP   TBARS     Protein oxidation 
       ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
            % of control value   nmol/g wt.   μM/g wt 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Control    100±4.6*   100±6.8*  39.7±0.7*  1.47±0.12* 
Hydrogen peroxide  23.2±3.7  16.3±5.6  66.5±2.6  3.14±0.11 
0.5 mM (H2O2) 
H2O2 + 10 μM H-2545 67.2±5.9*  48.4±6.1*  44.8±1.7*  1.89±0.08* 
H2O2 + 10 μM H-2954 42.6±5.7*‡  33.2±4.2*‡  46.3±2.4*  2.02±0.09*‡ 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
* Values are different from the respective hydrogen peroxide values at the significance of p<0.01. 
‡ Values are different from the respective H-2545 values at the significance of p<0.05. 
 

H-2545 and in a significantly (p<0.05) less manner H-2954 markedly reduced the 

hydroperoxide-induced fall in the myocardial PCr and ATP content (Table 5.3.). 

 

5.1.9. Direct antioxidant effect of H-2545 and H-2954 

 Superoxide radicals were produced by the mitochondrial respiratory complexes at 

Complex III by antimycine A and the oxidation of dihydrorhodamine to fluorescent 

rhodamine123 by superoxide were studied fluorimetrically. Table 5.4. shows that H-2954 

directly react with superoxide radical, even better than H-2545, having IC50 = 80 μM. 

When sodium nitroprusside - an NO donor - was added to the reaction mixture resulting in 

peroxinitrite formation from NO and superoxide radicals, the oxidation of DHR was 

increased. In this system H-2954 inhibited the DHR oxidation even better indicating an 

effective direct reaction (IC50 = 17μM) between peroxinitrite and H-2954 (Table 5.4.). 

Reaction of H-2545 and H-2954 with hydroxyl radicals generated in the Fenton reaction 

were studied by the benzoic acid hydroxylation assay, showing, that both H-2545 and 
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H-2954 react effectively with hydroxyl radicals (Table 5.5.). In this system, both H-

2545 and H-2954 show similar effectivity to scavenge hydroxyl radicals. 
 
 
Table 5.4. Effect of H-2545 and H-2954 on the mitochondrial antimycine A-induced ROS 
production, determined from the oxidation of DHR123 to rhodamine123. 
Isolation of mitochondrial inner membrane and measurement of dihydrorhodamine oxidation were 
performed as described in “Materials and Methods”. Values are means±SEM for five experiments. 
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
              Oxidation rate of DHR123 (in % of control) 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

  In the absence of nitroprusside   In the presence of nitroprusside  
   ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯  ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
     H-2954    H-2545    H-2954    H-2545 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
None    100±2.7   100±3.1   100±4.3   100±2.7 
10 μM   84.1±3.2‡  98.2±4.1  61.2±2.8*  96.3±2.9 
20 μM     72.1±3.0*  97.7±3.8  57.5±3.1*  97.6±4.2 
50 μM   66.8±3.7*  97.4±4.4  29.3±2.6*  95.4±1.9 
100 μM  42.2±2.8*  96.9±3.4  16.7±2.9*  96.2±4.5 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
‡  Values are different from the respective untreated values at the significance of p<0.05. 
*  Values are different from the respective untreated values at the significance of p<0.01. 
 
 
 
Table 5.5. Effect of H-2545 and H-2954 on the Fenton reaction induced hydroxylation of benzoic 
acid. 
Hydroxylation of benzoic acid occurred in 20 mM sodium phosphate, pH= 6.8 containing 100 μM 
benzoic acid, 100 μM H2O2, 10 μM Fe2+-EDTA.  Formation of hydroxy-benzoates was determined 
fluorimetrically using an excitation wavelength of 305 nm and an emission wavelength of 407 nm. 
Values are mean ± SEM for five experiments. 
 

⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
      Oxidation rate of benzoic acid (in % of control) 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

    H-2545    H-2954 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
None      100±2.1*    100±2.3* 
10 µM     93.6±1.9   96.1±2.1 
20 µM     84.8±1.8*   85.2±1.8* 
50 µM     49.6±2.9*   50.4±2.7* 
100 µM    36.4±2.5*   39.2±2.4* 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
*  Values are different from the respective untreated values at the significance of p<0.01. 

 

 

5.1.10.  2,2,5,5-Tetramethyl-3-pyrroline substituted mexiletines 

 We have proposed according to previous data that the 2,2,5,5-tetramethyl-3-

pyrroline group is responsible for the antioxidant and partially for the cardioprotective 

effect of H-2545. To test this hypothesis, mexiletine, which is a well-known class Ib 
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antiarrhythmic drug with a moderate antioxidant effect [79], was substituted with this 

pyrroline ring (HO-2434) [80].  

 Table 5.6. shows, that mexiletine decreased significantly (p<0.05) the ischemia-

reperfusion-induced lipid peroxidation, protein oxidation and improved the myocardial 

energy metabolism in Langendorff perfused rat hearts. HO-2434 in turn caused a 

significantly better (p<0.05) protection against the ischemia-reperfusion-induced 

oxidative myocardial damage than mexiletine (Table 5.6.). The substitution of 

mexiletine with a pyrroline ring yielded a similarly efficacious excellent antioxidant and 

cardioprotective agent that H-2545. Similarly to H-2545, the reaction of HO-2434 with 

ROS results in the formation of an N-hydroxyl metabolite (HO-2433) which has a 

significantly (p<0.05) lower antioxidant and cardioprotective effect than HO-2434. 

 
Table 5.6. The effect of the substitution of mexiletine with a pyrroline ring on its antioxidant and 
cardioprotective effect 
Lipid peroxidation was estimated by the formation of TBARS and protein oxidation was measured as the 
myocardial protein carbonyl content. Measurements were performed from the freeze-clamped heart 
samples. 31P-NMR measurements were performed as described in “Materials and Methods”. Values were 
measured before and after the 25 min ischemia and results were expressed as the percent of the two 
values. Values are means±SEM for five heart preparations. 
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
         PCr     ATP    TBARS     Protein oxidation 
         ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
     % of control value   nmol/g wt.   μM/g wt 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Normoxic    100±2.1†   100±3.6†  39.7±0.7†  1.32±0.11† 
Ischemia-    29.3±3.6  14.7±3.3  70.7±0.6  2.59±0.05 
reoxygenation (IR) 
IR + 10 μM mexiletine 41.9±5.7*‡  22.9±4.3*‡  61.8±2.1*‡  2.23±0.10*‡ 
IR + 10 μM HO-2434 82.1±6.6†  54.4±3.2†  48.4±2.5†  1.49±0.08†  
IR + 10 μM HO-2433 67.8±5.2†‡  43.2±4.1†‡  54.8±3.7†‡  1.85±0.09†‡  
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
* Values are different from the respective ischemia-reoxygenation values at the significance of p<0.05. 
† Values are different from the respective ischemia-reoxygenation values at the significance of p<0.01. 
‡ Values are different from the respective IR + HO-2434 values at the significance of p<0.05 
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5.2. DISCUSSION 
 

Oxygen free radical damage has been implicated in a wide range of diseases 

such as atherosclerosis and ischemia-reperfusion injury [16, 73, 81]. Therefore 

scavenging these radicals should be considered as a basically important therapeutic 

opportunity. There has been a need for using small antioxidant compounds for 

preventing oxidative cell damage instead of antioxidant enzymes, because they can not 

penetrate to all areas susceptible to oxidative damage due to their molecular property 

[54, 61, 82]. In addition, in various forms of oxidative cell damage there are different 

sources of ROS. During ischemia-reperfusion mitochondrial respiratory complexes, 

especially Complex I, are the main sources of toxic oxygen intermediers [25]. Hydrogen 

peroxide-induced oxidative injury has at least two components. H2O2 is a direct 

cytotoxic agent and its reaction with transition metals (e.g. Fe2+) induces a site-specific 

oxyradical formation. Hydrogen peroxide can also enhance the mitochondrial ROS 

production [26].  

In the present work, we have investigated the effect of H-2545 and its metabolite 

on the ischemia-reperfusion- and hydrogen peroxide-induced injury of cardiac muscle 

in Langendorff heart perfusion system. Ischemia-reperfusion caused a large increase in 

the release of intracellular myocardial enzymes (CK, AST, LDH) into the coronary 

effluent. Perfusion of rat hearts with H-2545 nearly totally prevented the release of 

intracellular enzymes from cardiomyocytes, indicating a significant protection against 

cell membrane damages. Similarly, the extent of lipid peroxidation in postischemic 

myocardium could also be diminished by H-2545. We have found that the examined 

drug, besides the protection of membranes against oxidative damage, could protect 

other important biomolecules in various cell compartments. The permanently high level 

of predominantly mitochondrially formed ROS can also affect other regions in the cell 

(like nucleus and endoplasmic reticulum) and can cause protein oxidation and DNA 

damages in several forms, including single-strand DNA breaks. During reperfusion the 

amount of protein carbonyl content and ssDNA breaks indeed increased markedly 

compared to the normoxic values. However, adding H-2545 to the medium prior to 

ischemia, the two-fold rise in the extent of protein oxidation could be significantly 

reduced. Similarly, the amount of undamaged DNA was comparable to that of normoxic 

rat hearts. Despite its accumulation in biological membranes, H-2545 could also 

 37



efficiently protect other cell components against oxidative injury. In postischemic hearts 

in accord with formation of ssDNA breaks, an increased NAD+ catabolism could be 

observed because the DNA-injury caused PARP activation. PARP activation is 

considered as the consequence of oxidative cell damage mediated by single-strand DNA 

break formation. Upon activation, PARP cleaves NAD+ to nicotinamide and ADP-

ribose which is coupled to different proteins and protein-bound ADP-ribose residues. 

Thus, the excessive PARP activation leads to cellular NAD+ and ATP depletion, which 

eventually causes necrosis [36-38, 83]. H-2545 decreased the postischemic myocardial 

NAD+-loss that is likely to be the consequence of decreased PARP activation. H-2545, 

through the decrease of ROS levels, could decrease oxidative stress-induced single 

strand DNA break formation and so indirectly moderated the activation of PARP. This 

is in concordance with our previous observations that antioxidant lipoamide was able to 

decrease the ROS induced DNA breaks and PARP activation [73]. Thus, their 

favourable effect on NAD+ catabolism is due to the antioxidant effect.  

 Mitochondrial respiratory complexes have a central role in the development of 

postischemic myocardial damage. They are the main source of ROS during 

reoxygenation but themselves are also injured by ROS and, in addition, they exhibit a 

declined activity during oxidative stress [15]. Cytochrome c oxidase and 

NADH:cytochrome c oxidoreductase were partially inactivated during reoxygenation in 

mitochondria isolated from perfused rat hearts but the inactivation of the respiratory 

complexes were significantly attenuated in hearts treated with H-2545. Due to the 

decreased NAD+ catabolism and improved mitochondrial function H-2545 increased the 

recovery of high-energy phosphates in postischemic hearts in comparison with 

untreated hearts. The recoveries of PCr and ATP during reperfusion were two - or 

threefold higher in hearts treated with H-2545 than in untreated hearts. In accord with 

these data, recovery of myocardial pH was also much more pronounced in treated 

hearts. Consumption rate of Pi was increased and was quite complete in postischemic 

hearts treated with H-2545, compared to 50% reutilization measured in untreated hearts. 

The fast and considerable phosphate utilization during reperfusion is a very important 

step in preventing postischemic myocardial dysfunction and cell death because 

inorganic phosphate can induce mitochondrial permeability transition (MPT) pores 

causing the collapse of the mitochondrial membrane potential and the decoupling of 

mitochondria [35]. Therefore, the faster and more complete utilization of inorganic 
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phosphate can be advantageous for the preservation of metabolically active, coupled 

mitochondria in postischemic heart. 

 Functional recovery of rat hearts in line with the more complete reutilization of 

inorganic phosphate was also improved during reperfusion in H-2545 treated group 

compared to untreated hearts. 

 The metabolite H-2954 decreased also efficiently the ischemia-reoxygenation-

induced myocardial injury but its antioxidant and cardioprotective effect was 

significantly weaker in Langendorff heart perfusion system compared to H-2545. This 

may confirm our previous assumption that H-2545 can scavenge oxyradicals in two 

steps, first it converts to a nitroxide, and then is reduced to hydroxylamine form of H-

2954, which can scavenge another free radical. We have also evaluated the potency of 

both drugs to react with different ROS. H-2545 and H-2954 are equally effective 

scavengers of hydroxyl radicals formed in the Fenton reaction but in isolated 

mitochondria where H-2545 could not transform to the N-hydroxyl form, H-2954 had a 

significantly higher ability to scavenge superoxide anions than H-2545. However,        

H-2545 is significantly more effective in the Langendorff perfusion system than the 

metabolite, a phenomenon that can be explained by the ability of H-2545 to transform to 

H-2954 by means of amine oxidases and oxidizing agents as well as the higher potency 

to reach the right cell compartment scavenging free radicals. The lacking antiarrhythmic 

property (blocking sodium channels) of H-2954 could also explain its lower 

cardioprotective effect compared to H-2545 [84]. 

 The cardioprotective effect of H-2545, its metabolite and Trolox was also 

compared to each other. The metabolite and Trolox have a similar protective effect 

against the impairment of postischemic energy metabolism, but H-2545 exerts 

significantly greater protection against oxidative myocardial injury than the well-known 

antioxidant water-soluble vitamin E analogue Trolox.  

 We have also evaluated the protective effect H-2545 drug and its metabolite on 

the hydrogen peroxide-induced oxidative myocardial injury. It is well known that 

beyond the importance of the mitochondria, transition metals play a central role in the 

mediation of cell damage caused by H2O2. Therefore, one of the most effective 

therapeutic possibilities is the use of iron chelators to diminish the hydroperoxide-

induced oxidative cell damage [85]. H-2545 and H-2954 protected hearts efficiently 

against oxidative cell damage caused by hydrogen peroxide. This protection was 
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remarkable both in decreasing the oxidative damage of cell components and increasing 

the concentration of myocardial high-energy phosphates. It has also been reported that 

nitroxides (e.g. TEMPOL) can oxidize redox active transition metals [86]. Supposedly, 

the effectiveness of H-2545 and H-2954 - both can transform to nitroxide reacting with 

ROS - is at least in part due to the ability of altering the redox state of transition metals. 

 It was supposed that the pyrroline-ring is responsible for the excellent antioxidant 

and cardioprotective effect of H-2545. For that reason mexiletine, a weak antioxidant 

compound was substituted with a 2,2,5,5-tetramethyl-pyrroline group (HO-2434) [79, 

80]. HO-2434 showed in ischemia-reperfusion experiments a significantly better 

cardioprotective effect than mexiletine. The modified mexiletine was as effective as H-

2545 in preventing postischemic myocardial damage. Therefore, these results confirmed 

our assumption that the pyrroline-ring is responsible for the cardioprotective effect of 

H-2545 and substitution of membrane-targeted drugs with a pyrroline ring or with other 

nitroxide precursors can yield effective scavenger molecules. 

 In conclusion, H-2545, also in a relatively low concentration, protects cardiac 

tissue against oxidative cell damage derived from various sources. This type of 

antiarrhythmic-antioxidant therapy can be a conceptionally new, highly effective 

treatment in preventing postischemic or drug-induced oxidative damages. 
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6. EFFECT OF POLY(ADP-RIBOSE) POLYMERASE INHIBITORS ON THE 

ISCHEMIA-REPERFUSION-INDUCED OXIDATIVE CELL DAMAGE AND 

MITOCHONDRIAL METABOLISM IN LANGENDORFF HEART PERFUSION 

SYSTEM 

 

 

6.1. RESULTS 

 

6.1.1. Effect of PARP inhibitors on ischemia-reperfusion and hydrogen peroxide-

induced lipid peroxidation  

 Lipid peroxidation-induced by ischemia-reperfusion in Langendorff perfused 

heart was characterized by the formation of TBA reactive substances. Under our 

experimental conditions, ischemia-reperfusion increased the amount of TBA reactive 

substances compared to the normoxic conditions (p<0.01) (Table 6.1.). In normoxic 

hearts, PARP inhibitors did not have significant effects on TBA reactive substance 

formation (Table 6.1.). When ischemia-reperfusion occurred in the presence of PARP 

inhibitors, the formation of TBA reactive substances were significantly lower than in 

the hearts  

 
Table 6.1. Effect of PARP inhibitors on the ischemia-reperfusion and hydrogen peroxide-induced 
lipid peroxidation in Langendorff perfused rat hearts. Lipid peroxidation (TBA reactive substances) 
was measured as detailed under „Materials and Methods” in Langendorff heart perfusion system either in 
reperfused heart (25 minutes ischemia followed by 15 min of reperfusion) or in normoxic heart perfused 
with 1 mM H2O2 for 30 minutes. Concentrations of the applied chemicals were 3 mM for 3-
aminobenzamide (3-AB), 3-aminobenzoic acid (3-ABA) and nicotinamide, 0.1139 mM for BGP-15, and 
0.1 mM for 4-hydroxyquinazoline (4-HQ).  
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Inhibitors  Normoxic  Ischemia-reperfusion  No addition  H2O2 
added 
           ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
        Thiobarbituric acid reactive substances in nmols/mg wet tissue 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
None   39.78±1.59        70.71±4.66  38.57±2.65  66.53±3.45 
3-AB   38.82±2.03        51.05±2.98†  37.19±1.85  56.23±2.67* 
3-ABA  41.32±3.42        68.84±3.51  39.54±2.49  67.45±2.14 
Nicotinamide  39.25±2.47        42.15±1.76†  38.17±1.71  53.17±1.53* 
BGP-15  39.72±3.41        47.39±2.31†  39.08±2.82  55.59±1.34* 
4-HQ   38.25±2.23        46.54±1.87†  38.09±1.96  56.12±2.12* 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
 
Values are mean ± SEM for five experiments. Difference from ischemia-reperfusion 
* p<0.05, † p<0.01. Difference from H2O2 treated group * p<0.05.  

 41



subjected to ischemia-reperfusion without PARP inhibitors (Table 6.1.), indicating that 

PARP inhibitors prevented the ischemia-reperfusion-induced lipid peroxidation. 

However, 3-aminobenzoic acid, an inactive structural analogue of the PARP inhibitor 3-

aminobenzamide could not prevent the ischemia-reperfusion-induced lipid peroxidation 

(Table 6.1.). 

 Dose response of PARP inhibitors on the ischemia-reperfusion-induced lipid 

peroxidation is showed in Fig. 6.1. indicating that although in different concentration 

range, PARP inhibitors protect the hearts from lipid peroxidation in a concentration 

dependent way. The IC50 values were 226, 513, 29 and 35 μM for 3-aminobenzamide, 

nicotinamide, BGP-15 and 4-hydroxyquinazoline, respectively. 

 

 
Fig. 6.1. Dose response of PARP inhibitors on the ischemia-reperfusion-induced lipid peroxidation 
in Langendorff perfused rat hearts. Lipid peroxidation (TBA reactive substances) was measured in 
Langendorff heart perfusion system in reperfused hearts (25 minutes ischemia followed by 15 min of 
reperfusion) as detailed under „Materials and Methods”.  3-aminobenzamide,  4-hydroxyquinazoline, 

 nicotinamide,  BGP-15. Concentrations of the applied chemicals are as indicated in the Figure. 
Values are mean ± SEM for five experiments. A significant decrease was observed in lipid peroxidation: 
3-aminobenzamide, at 0.25 mM p<0.05 at higher concentration p<0.01; nicotinamide, 1 and 2 mM 
p<0.01; BGP-15 at 0.025 mM p<0.05, at higher concentration p<0.01; 4-hydroxyquinazoline at 0.01 mM 
and higher concentration p<0.01. 
 

 

 Hydrogen peroxide as an externally added oxidant induced lipid peroxidation in 

Langendorff perfused hearts, which was determined from the quantity of TBARS 

formation (Table 6.1.). The presence of PARP inhibitors in the perfusion media could 

significantly decrease the quantity of TBARS formation in perfused hearts (Table 6.1.) 

(p values can be seen in the legend). These effects of PARP inhibitors could not be due 

to their antioxidant property because under our experimental conditions PARP 

inhibitors did not inhibit the H2O2-induced (chemical) oxidation of 
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dihydrorhodamine123 to rhodamine123 (data not shown). 

 

6.1.2. Effect of PARP inhibitors on ischemia-reperfusion and hydrogen peroxide-

induced protein oxidation  

 ROS formation in ischemia-reperfusion cycle can induce the oxidation of proteins 

in the cardiomyocytes which can be characterized by the quantity of protein bound 

aldehyde groups [65]. Table 6.2. shows that ischemia-reperfusion increased 

significantly (p<0.01) the quantity of protein bound aldehyde groups. However, the 

presence of PARP inhibitors during ischemia-reperfusion cycle prevented the increase 

in the quantity of protein bound aldehyde groups (p<0.01) (Table 6.2.). However, 3-

aminobenzoic acid could not prevent the ischemia-reperfusion-induced protein 

oxidation (Table 6.2.). 

 
Table 6.2. Effect of PARP inhibitors on the ischemia-reperfusion and hydrogen peroxide-induced 
protein oxidation in Langendorff perfused rat hearts.  Protein oxidation (protein carbonyl content 
with 2,4-dinitrophenylhydrazine) was measured as detailed under „Materials and Methods” in 
Langendorff heart perfusion system either in reperfused heart (25 minutes ischemia followed by 15 min 
of reperfusion) or in normoxic heart perfused with 1 mM H2O2 for 30 minutes. Concentrations of the 
applied chemicals were 3 mM for 3-aminobenzamide (3-AB), 3-aminobenzoic acid (3-ABA) and 
nicotinamide, 0.114 for mM BGP-15, and 0.1 mM for 4-hydroxyquinazoline (4-HQ).  
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Inhibitors   Normoxic Ischemia-reperfusion  No addition  H2O2 
added 
   ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
           Protein carbonyl content (nmol carbonyl/mg protein 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
None    1.22±0.14        2.47±0.07  1.21±0.13  2.67±0.12 
3-AB    1.21±0.07        1.59±0.13*  1.20±0.07  1.75±0.12† 
3-ABA   1.22±0.09        2.43±0.09  1.23±0.08  2.71±0.22 
Nicotinamide   1.20±0.11        1.45±0.15*  1.20±0.11  1.81±0.21† 
BGP-15   1.20±0.12        1.52±0.16*  1.22±0.19  1.82±0.19† 
4-HQ    1.21±0.09        1.49±0.11*  1.21±0.07  1.78±0.13† 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
 
Values are mean ± SEM for five experiments. Difference from ischemia-reperfusion group * p<0.01, and 
difference from H2O2 group † p<0.01. 
 

 Protective effect of PARP inhibitors was also seen when protein oxidation was 

induced by externally added H2O2 but in these cases PARP inhibitors could only 

partially protect heart proteins from oxidative damages (p<0.01) (Table 6.2.). 

Dose response of PARP inhibitors on ischemia-reperfusion-induced protein oxidation is 

shown in Figure 6.2. indicating that PARP inhibitors, in different concentration range, 
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protect heart proteins against oxidation in a concentration dependent way. The IC50 

values were 239, 478, 36 and 22 μM for 3-aminobenzamide, nicotinamide, BGP-15 and 

4-hydroxyquinazoline, respectively. 
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Fig. 6.2. Dose response of PARP inhibitors on the ischemia-reperfusion-induced protein oxidation 
in Langendorff perfused rat hearts. Protein oxidation (protein carbonyl content with 2,4-
dinitrophenylhydrazine) was measured in Langendorff heart perfusion system in reperfused hearts (25 
minutes ischemia followed by 15 min of reperfusion) as detailed under „Materials and Methods”.  3-
aminobenzamide,  4-hydroxyquinazoline,  nicotinamide,  BGP-15. Concentrations of the applied 
chemicals are as indicated in the Figure. Values are mean ± SEM for five experiments. Significant 
decrease was seen in protein oxidation: 3-aminobenzamide, at 0.25 and 0.5 mM p<0.05 at higher 
concentration p<0.01; nicotinamide, at 0.5 mM p<0.05, at higher concentrations p<0.01; BGP-15 at 0.02 
mM p<0.05, at higher concentration p<0.01; 4-hydroxyquinazoline at 0.01 mM and 0.02 mM p<0.05, at 
higher concentration p<0.01. 
 

 

6.1.3. Effect of PARP inhibitors on ischemia-reperfusion-induced single-strand 

DNA break formation and NAD+ catabolism  

 Ischemia-reperfusion increased ROS formation in perfused hearts which can 

contribute to the formation of single-strand DNA breaks (p<0.01). Under normoxic 

conditions, most of the DNA was undamaged but ischemia-reperfusion-induced large 

amounts of single-strand DNA breaks and the quantity of undamaged DNA decreased 

to under 30% (Fig. 6.3.). In the presence of PARP inhibitors, ischemia-reperfusion only 

slightly increased the amount of ssDNA breaks (Fig. 6.3.) and the amount of 

undamaged DNA was significantly higher (p<0.05 or p<0.01) than in postischemic 

hearts and not significantly lower than the normoxic values (Fig. 6.3.). The inactive 

analogue of 3-aminobenzamide, 3-aminobenzoic acid, could not decrease the ischemia-

reperfusion-induced ssDNA break formation (Fig. 6.3.). 
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Fig 6.3.  Effect of PARP inhibitors on the ischemia-reperfusion-induced single-strand DNA breaks 
in Langendorff perfused rat hearts. Single-strand DNA breaks (determined by the alkaline 
fluorescence analysis of DNA unwinding) was measured in Langendorff heart perfusion system in 
normoxic or in reperfused hearts (25 minutes ischemia followed by 15 min of reperfusion) as detailed 
under „Materials and Methods”. (N) Normoxic; (IR) ischemia-reperfusion; (IR + NA) ischemia-
reperfusion in the presence of 3 mM nicotinamide;  (IR + 3-AB) ischemia-reperfusion in the presence of 
3 mM 3-aminobenzamide; (IR + 3-ABA) ischemia-reperfusion in the presence of 3 mM 3-aminobenzoic 
acid; (IR + BGP-15) ischemia-reperfusion in the presence of 0.114 mM BGP-15; (IR + 4HQ) ischemia-
reperfusion in the presence of 0.1 mM 4-hydroxyquinazoline.  
Values are mean ± SEM for five experiments. Difference from ischemia-reperfusion: 
* p<0.05, † p<0.01. 
 

 

 It is well known that ssDNA breaks activate PARP which stimulates intracellular 

NAD+ catabolism, therefore, it is expectable that ischemia-reperfusion cycle decreases 

NAD+ content of perfused hearts. Fig. 6.4. shows that ischemia-reperfusion 

significantly decreased (p<0.01) the NAD+ content of hearts. The presence of PARP 

inhibitors in the perfusate during ischemia-reperfusion cycle partially protected 

(p<0.01) the loss of NAD+ in postischemic hearts (Fig. 6.4.). However, 3-aminobenzoic 

acid could not prevent the ischemia-reperfusion-induced NAD+ loss. 

inhibitors in the perfusate during ischemia-reperfusion cycle partially protected 

(p<0.01) the loss of NAD+ in postischemic hearts (Fig. 6.4.). However, 3-aminobenzoic 

acid could not prevent the ischemia-reperfusion-induced NAD+ loss. 
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Fig. 6.4. Effect of PARP inhibitors on the ischemia-reperfusion-induced NAD+ loss in Langendorff 
perfused rat hearts. The NAD+ content using an alcohol dehydrogenase method was measured as 
detailed under „Materials and Methods” after 15 min of reperfusion. (N) Normoxic; (IR) ischemia-
reperfusion; (IR + NA) ischemia-reperfusion in the presence of 3 mM nicotinamide;  (IR + 3-AB) 
ischemia-reperfusion in the presence of 3 mM 3-aminobenzamide; (IR + 3-ABA) ischemia-reperfusion in 
the presence of 3 mM 3-aminobenzoic acid; (IR + BGP-15) ischemia-reperfusion in the presence of 
0.114 mM BGP-15; (IR + 4HQ) ischemia-reperfusion in the presence of 0.1 mM 4-hydroxyquinazoline.  
Values are mean ± SEM for five experiments. Difference from ischemia-reperfusion: 
† p< 0.01. 
 

6.1.4. Effect of PARP inhibitors on the energy metabolism of perfused hearts 

during ischemia-reperfusion 

 Energy metabolism of Langendorff perfused hearts was monitored in the magnet 

of NMR spectroscope making possible to detect changes in high-energy phosphorous 

intermediates. Ischemia induced a rapid decrease in ATP and creatine phosphate levels 

and a fast evolution of inorganic phosphate. Under our experimental conditions, high-

energy phosphate intermediates recovered only partially in 15-minutes-reperfusion 

phase and 3-aminobenzamide facilitated the recovery of ATP and creatine phosphate. 

However, 3-aminobenzoic acid did not improve the recovery of ischemic heart (data not 

shown) indicating that the inhibition of PARP was responsible for the improved 

recovery. 
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 Fig. 6.5A and 6.5B 
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Fig. 6.5C 
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Fig. 6.5. Effect of PARP inhibitors on the recovery of ATP (A), creatine phosphate (B) and 
inorganic phosphate (C) in Langendorff perfused hearts. Conditions for heart perfusion and NMR 
measurements were described under "Materials and Methods".  (IR) ischemia-reperfusion;  (IR + NA) 
ischemia-reperfusion in the presence of 3 mM nicotinamide;  (IR + 3-AB) ischemia-reperfusion in the 
presence of 3 mM 3-aminobenzamide;  (IR + BGP-15) ischemia-reperfusion in the presence of 40 mg/l 
(0.1139 mM) BGP-15; (IR + 4HQ) ischemia-reperfusion in the presence of 0.1 mM 4-
hydroxyquinazoline.  
Values are given as mean ± SEM for five experiments. Significant changes were seen:  
(A) IR versus IR+ NA, p<0.05 at all time point of reperfusion phase, IR versus IR+ 3-AB p<0.05 at all 
time point of reperfusion phase, IR versus IR+ BGP-15, p<0.05 at all time point of reperfusion phase, IR 
versus IR+ 4HQ p<0.05 at all time point of reperfusion phase; (B) IR versus IR+ NA, p<0.01 at 3, 6, 9, 
15 minutes and p<0.05 at 12 minutes, IR versus IR+ 3-AB p<0.01 at all time point of reperfusion phase, 
IR versus IR+ BGP-15, p<0.01 at all time point of reperfusion phase, IR versus IR+ 4HQ p<0.01 at all 
time point of reperfusion phase; (C) IR versus IR+ NA, p<0.05 at all time point of reperfusion phase, IR 
versus IR+ 3-AB p<0.05 at all time point of reperfusion phase, IR versus IR+ BGP-15, p<0.01 at all time 
point of reperfusion phase, IR versus IR+ 4HQ, p<0.01 at all time point of reperfusion phase. 
 

 In Fig. 6.5., time dependence of ATP, creatine phosphate and inorganic phosphate 

levels are shown during ischemia-reperfusion cycle using four PARP inhibitors. These 

data show that each PARP inhibitor improved significantly the final recovery of high-

energy phosphates (p values can be seen in the legend). 

 Dose response of PARP inhibitors on the recovery of creatine phosphate were 

studied in Langendorff perfused hearts (Fig. 6.6.). These data show that PARP 
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inhibitors promoted the recovery of creatine phosphate in perfused hearts in a 

concentration dependent way. The IC50 values were 239, 485, 32 and 19 μM for 3-

aminobenzamide, nicotinamide, BGP-15 and 4-hydroxyquinazoline, respectively.  

Recovery of ATP showed similar dose response as creatine phosphate (data not shown), 

and IC50 values were 301, 476, 48 and 26 μM for 3-aminobenzamide, nicotinamide, 

BGP-15 and 4-hydroxyquinazoline, respectively. 
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Fig. 6.6. Dose response of PARP inhibitors on the ischemia-reperfusion-induced creatine phosphate 
recovery in Langendorff perfused rat hearts. 
Conditions for heart perfusion and NMR measurements were described under "Materials and Methods". 

 3-aminobenzamide,  4-hydroxyquinazoline,  nicotinamide,  BGP-15. Concentrations of PARP 
inhibitors are as indicated in the Figure. Values are mean ± SEM for five experiments. A significant 
increase was seen in creatine phosphate level: 3-aminobenzamide, at 0.5 mM p<0.05 and at higher 
concentration p<0.01; nicotinamide, 0.25 mM p<0.05 and at higher concentrations p<0.01; BGP-15 at 
0.025 mM p<0.05, at higher concentration p<0.01; 4-hydroxyquinazoline at 0.01 mM p<0.05 and at 
higher concentration p<0.01. 
 

 

6.1.5. Protecting effect of PARP inhibitors against ischemia-reperfusion-induced 

damage of respiratory complexes  

 Under our experimental conditions, ischemia-reperfusion caused a partial 

inactivation (p<0.01) of respiratory complexes (Table 6.3.), which could be the 

consequence of mitochondrial ROS formation during reperfusion [25, 87-88]. Our 
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previous data (Table 6.1, 6.2. and Fig. 6.1-6.2.) indicated that PARP inhibitors 

decreased the oxidative damage for different components of heart during ischemia-

reperfusion cycle, therefore, it is reasonable to assume that PARP inhibitors may 

attenuate the inactivation of respiratory complexes. Using four different PARP 

inhibitors, we found that cytochrome oxidase activity was almost completely protected 

(p<0.01) from the ischemia-reperfusion-induced partial inactivation (Table 6.3). 

 

Table 6.3. Effect of PARP inhibitors on the ischemia-reperfusion-induced inactivation of 
respiratory complexes.  Conditions for heart perfusion and the measurement of mitochondrial enzyme 
activities were detailed under „Materials and Methods”.  Concentrations of the applied chemicals were 3 
mM for 3-aminobenzamide (3-AB), 3-aminobenzoic acid (3-ABA) and nicotinamide, 0.114 for mM 
BGP-15, and 0.1 for mM 4-hydroxyquinazoline (4-HQ). 
 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
    Cytochrome oxidase  NADH:cytochrome C oxidoreductase 
Treatments       ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
           in % of normoxic value 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
Normoxic     100±3.2     100±2.9 
IR     69.1±2.3    68.3±2.4 
IR + 3-AB    99.3±2.8*    93.6±2.9* 
IR + 3-ABA    65.7±3.1    67.4±2.1 
IR + Nicotinamide   97.5±2.4*    93.5±3.1* 
IR + BGP-15    97.8±3.2*    94.4±3.2* 
IR + 4-HQ    95.2± 4.1*    97.2±3.8* 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 
 
Values are given as mean ± SEM for five experiments. Difference from ischemia-reperfusion group: 
* p<0.01. 
 
 Ischemia-reperfusion also partially inactivated (p<0.01) the NADH:cytochrome c 

oxidoreductase activity (Complex I-III) but PARP inhibitors could partially protect 

(p<0.01) NADH:cytochrome c oxidoreductase activity in postischemic heart 

mitochondria (Table 6.3). Under the same experimental conditions, citrate synthase 

activity was not affected by H2O2 or PARP inhibitors (data not shown). 

 

6.1.6. Effect of PARP inhibitors on the oxidative inactivation of cytochrome 

oxidase  

 Hydrogen peroxide (0.5 mM) induced a fast inactivation (p<0.01) of cytochrome 

oxidase in isolated mitochondria (Fig. 6.7.) showing that ROS can indeed inactivate 

respiratory complexes. In the same system, PARP inhibitors (3-aminobenzamide, 

nicotinamide, BGP-15 and 4-hydroxyquinazoline) could almost completely protect  
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Fig. 6.7.  Effect of PARP inhibitors on the H2O2–induced inactivation of cytochrome oxidase.  
Experimental conditions and cytochrome oxidase activity measurement are detailed under „Materials and 
Methods”. Concentrations of the applied chemicals are as indicated in the Figure. (3-AB) 3-
aminobenzamide; (3-ABA) 3-aminobenzoic acid; (4-HQ) 4-hyroxyquinazoline; (NA) Nicotinamide; 
(BGP-15) BGP-15. 
Values are mean ± SEM for five experiments. Significant increase was seen: 3-AB at 0.5 mM and higher 
concentrations p<0.05; NA at 0.1 and 0.5 mM p<0.05 and at higher concentrations p<0.01; BGP-15 at 
0.05 mM p<0.05 and higher concentrations p<0.01; 4-HQ at 0.025 and higher concentrations p<0.05. 
 

cytochrome oxidase from H2O2-induced inactivation but the chemical analogue of 3-

aminobenzamide, 3-aminobenzoic acid, failed to do so (Fig. 6.7.). At the same time, 

PARP inhibitors did not affect the amount of H2O2-induced ROS production as 

determined by the oxidation of dihydrorhodamine123 to rhodamine 123 (data not 
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shown), so the protection was not due to the decreased amount of ROS in the presence 

of PARP inhibitors. Dose response of PARP inhibitors in the protection of respiratory 

complexes against H2O2-induced inactivation is shown on Fig 6.7. The IC50 values were 

394, 238, 38 and 14 μM for 3-aminobenzamide, nicotinamide, BGP-15 and 4-

hydroxyquinazoline, respectively. 

 

 

6.2. DISCUSSION 

 

 The Langendorff heart perfusion system has been successfully used for studying 

ischemia-reperfusion-induced cardiac damages. In this model, PARP inhibitors were 

reported to improve the recovery of heart function and ATP level as well as decrease 

the infarct size [89-90]. Similar protective effects of PARP inhibitors were also 

observed in local cardiac ischemia in living animals [91-92]. It is known that ROS are 

mainly produced by mitochondrial respiratory complexes in postischemic heart [25, 88] 

and that ROS induced oxidative damages represent an important mechanism of the 

pathological processes in reperfused heart. Our previous data indicated that a new 

PARP inhibitor (BGP-15) decreased the ischemia-reperfusion-induced oxidative 

damages in Langendorff perfused heart system without having any obvious antioxidant 

property [93]. These experiments raise an interesting question whether this is a special 

property of the compound BGP-15 or other PARP inhibitors have similar 

characteristics. To answer this question we investigated the effect of well-established 

PARP inhibitors (3-aminobenzamide, nicotinamide and 4-hydroxyquinazoline) together 

with BGP-15 on the oxidative cell damage induced by either ischemia-reperfusion or 

hydrogen peroxide in Langendorff heart perfusion system. 

 Under our experimental conditions, PARP inhibitors abrogated the ischemia-

reperfusion-induced lipid peroxidation (Fig. 6.1., Table 6.1.) as well as protein 

oxidation (Fig. 6.2., Table 6.2.), and significantly decreased ssDNA break formation 

(Fig. 6.3.) suggesting that PARP inhibitors somehow reduced the ischemia-reperfusion-

induced mitochondrial ROS production and ROS related oxidative damages. When the 

oxidant was given to the heart externally (1 mM H2O2), it induced lipid peroxidation 

and protein oxidation but PARP inhibitors only partially protected heart tissue from 

lipid peroxidation and protein oxidation (Table 6.1., 6.2.). These observations could not 
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be explained by a simple antioxidant effect because the studied compounds could not 

entrap ROS generated chemically as showed in Chapter  6.1.1. In perfused heart, most 

of the ROS is produced in the mitochondria during ischemia-reperfusion cycle [25, 88], 

therefore, our data (Fig. 6.1-6.3.) indicate that PARP inhibitors probably decrease the 

ischemia-reperfusion-induced elevated mitochondrial ROS production and as so all 

oxidative damages related to enhanced ROS production. Since the blocking of normal 

electron flow generally activates the formation of partially reduced reactive oxygen 

intermediates [94], the observation that PARP inhibitors prevent the ischemia-

reperfusion-induced inactivation of respiratory complexes (Fig. 6.7) supports this 

argument.  

 In the case of externally added H2O2, PARP inhibitors could not prevent the direct 

oxidative damage caused by H2O2 (Table 6.1., 6.2.) but could decrease the H2O2-

induced inactivation to the components of the mitochondrial respiratory chain (Fig. 6.7.) 

and as a consequence, the endogenous ROS production and the total amount of 

oxidative damages seen in Fig. 6.1-6.3., Table 6.1, 6.2. Biochemical effects of H2O2 can 

be different depending on the concentration applied. High concentration (higher than 1 

mM) of H2O2 induces DNA-breaks, PARP activation, NAD+ depletion, ATP depletion, 

cell membrane damage and necrotic cell death which processes can be attenuated by 

PARP inhibitors [95-97]. H2O2 can also induce apoptotic cell death in several cell types, 

which can also be prevented under certain conditions by PARP inhibitors [98]. In 

contrast to these, very low concentrations of H2O2 can be regarded as a life signal, help 

proliferation and protect against apoptosis possibly by preventing caspase activation 

and PARP cleavage [99]. 

 Under our experimental conditions, PARP inhibitors decreased ischemia-

reperfusion-induced NAD+ depletion. This obviously PARP dependent nuclear process 

through the modulation of NAD+ level (normoxic 0.45 mg/g wet tissue, ischemia-

reperfusion 0.24 mg/g wet tissue and ischemia-reperfusion in the presence of PARP 

inhibitors 0.35–0.41 mg/g wet tissue) (Fig. 6.4.) could contribute to the better recovery 

of high-energy phosphate intermediates (Fig. 6.5-6.6.). PARP inhibitors decreased the 

rate of NAD+ cleavage and so reduced ATP consumption for the resynthesis of NAD+ in 

postischemic hearts. Our data show that PARP inhibitors uniformly promoted the 

recovery of ATP and creatine phosphate levels and resulted not only in higher 

percentage of recovery but the rate of recovery was also significantly faster (Fig. 6.5.). 

 53



In addition, the consumption rate of inorganic phosphate was enhanced during the 

recovery period by PARP inhibitors. Since Ca2+ and inorganic phosphate can induce 

mitochondrial permeability transition [100], the faster and more complete utilization of 

inorganic phosphate can be advantageous for the preservation of metabolically active, 

coupled mitochondria in postischemic heart. Hearts predominantly produce energy by 

mitochondrial oxidation, therefore, the faster recovery seen in the presence of PARP 

inhibitors (Fig. 6.5.) can be, at least in part, the consequence of protected mitochondrial 

energy metabolism. It is known that ROS can inactivate respiratory complexes (Fig. 

6.7.) [94], thus, protection against ischemia-reperfusion-induced inactivation of 

cytochrome oxidase and NADH:ubiquinone oxidoreductase can also be a factor beyond 

the inhibition of nuclear PARP in the faster and more complete recovery of high energy 

phosphate intermediates. 

 According to one possible argument, PARP inhibition by moderating cytoplasmic 

NAD+ loss can help to retain mitochondrial NAD+ and may prevent the decrease of the 

mitochondrial NAD+-linked substrate oxidation and ROS formation between NADH-

dehydrogenase and ubiquinone. Therefore, the protective effect of PARP inhibitors 

against oxidative damages (lipid peroxidation, protein oxidation, single-strand DNA 

breaks and the inactivation of respiratory complexes) in postischemic heart may not 

exclusively rely on the inhibition of PARP. It required further confirmation that the 

inhibition of a nuclear enzyme (PARP) could result in such a good protection against 

mitochondrial damages. For this reason, we investigated whether PARP inhibitors could 

have a protective effect against H2O2-induced inactivation of cytochrome oxidase in 

isolated rat heart mitochondria (Fig. 6.7.). Our data showed that the H2O2-induced 

inactivation of cytochrome oxidase was almost completely protected by PARP 

inhibitors in isolated mitochondria (Fig. 6.7.). In the same experimental system, 3-

aminobenzoic acid, an inactive chemical homologue of the PARP inhibitor 3-

aminobenzamide, did not protect cytochrome oxidase against H2O2-induced inactivation 

(Fig. 6.7.). In isolated mitochondria, nuclear PARP can not play any possible role 

(PARP activity was not detectable in the isolated mitochondria with autoradiography, 

data not shown), therefore, we have to assume that PARP inhibitors bind to another 

mitochondrial protein which plays a role in the oxidative damage of mitochondria. It is 

known that several PARP inhibitors can also inhibit mono-ADP-ribose transferase or 

NAD+ glycohydrolase which are present in the mitochondria [101-102]. Consequently, 
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it is possible that PARP inhibitors prevent the inactivation of respiratory complexes by 

decreasing the activity any of these enzymes. 

 These data do not conflict with the previous observation using PARP-1 deleted 

cells or PARP-1 knockout mice [103-106], but they indicate that PARP inhibitors 

beside their inhibitory effect on nuclear PARP resulting in a significant protection 

against oxidative damage can have an additional mitochondrial target – a binding site 

for these molecules - and this direct mitochondrial effect can play a protecting role in 

oxidative mitochondrial damage. 

 In conclusion, the studied PARP inhibitors, beside their primary effect of 

decreasing the activity of nuclear PARP and therefore decreasing NAD+ depletion and 

ATP consumption, protect mitochondrial energy metabolism (Fig. 6.4-6.6.), decrease 

the ischemia-reperfusion-induced mitochondrial ROS formation (Fig. 6.1., 6.2.) and 

protect the respiratory complexes from ROS induced inactivation (Fig. 6.7.). The 

mitochondrial protective effect of PARP inhibitors, at least in part, is independent of 

nuclear PARP activity because it can be observed in isolated mitochondria, as well. 

Therefore, it represents a novel mechanism for the mitochondrial effects of PARP 

inhibitors. 
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7. CONCLUSIONS 

 

 

New results of our studies 

 

1. H-2545, an antiarrhythmic compound, in the concentration of 10 μM decreased 

efficiently the ischemia-reperfusion-induced leakage of intracellular enzymes (CK, 

AST, LDH) into the coronary effluent (1). Similarly lipid peroxidation (2), protein 

oxidation (3) and ssDNA break formation (4) were also decreased by H-2545 in 

postischemic myocardium. During reperfusion due to the formation of ssDNA 

breaks, an increased NAD+ catabolism could be observed, which can be prevented by 

using H-2545 (5). Furthermore, H-2545 decreased the partial inactivation of 

mitochondrial respiratory complexes during reoxygenation (6). Due to the decreased 

NAD+ catabolism and improved mitochondrial function H-2545 improved the 

recovery of high-energy phosphates (PCr, ATP) in postischemic hearts in comparison 

with untreated hearts (7). Recovery of myocardial pH was also much more 

pronounced in treated hearts (8). Consumption rate of Pi was increased and quite 

complete in postischemic hearts treated with H-2545, compared to 50% reutilization 

measured in untreated hearts (9). In line with the faster and more complete utilization 

of inorganic phosphate, an improved functional recovery of rat hearts during 

reperfusion was seen in H-2545 treated group compared to untreated hearts (10). 

Although, H-2545 and H-2954 are equally effective scavengers of hydroxyl radicals 

(11), H-2954 had a significantly higher ability to scavenge superoxide anions than H-

2545 (12). Despite of this, H-2954 caused a significantly lower protection against the 

ischemia-reoxygenation induced myocardial injury compared to that of H-2545 (13). 

Comparing the cardioprotective effect of H-2545, H-2954 and Trolox, H-2954 and 

Trolox have similar protective effect against the impairment of postischemic energy 

metabolism, at the same time H-2545 exerts significantly greater protection against 

oxidative myocardial injury than Trolox (14). H-2545 was effective not only against 

ischemia-reperfusion-induced myocardial damage but also against hydrogen 

peroxide-induced cell injury, a phenomenon that derives in part from its scavenging 

capacity but also from the ability to oxidate redox active metals and as so hindering 

the Fenton reaction (15). The substitution of mexiletine with a 2,2,5,5-tetramethyl-
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pyrroline group improved the cardioprotective effect of the compound and yielded a 

similarly efficacious drug as H-2545 in preventing postischemic myocardial damage 

(16). Thus, the sterically hindered pyrroline-ring is responsible for the 

cardioprotectivity of H-2545 and substitution of drugs accumulating in membranes 

with a pyrroline ring or with other nitroxide precursors can yield effective scavenger 

molecules. This type of antiarrhythmic-antioxidant therapy can be a conceptionally 

new, highly effective treatment in preventing postischemic or drug-induced oxidative 

myocardial damages. 

2. Our data showed that not only BGP-15 but all of the investigated PARP inhibitors 

decreased the oxidative injury in postischemic rat hearts (1). PARP inhibitors 

abrogated ischemia-reperfusion induced lipid peroxidation (2) and protein oxidation 

(3) and significantly decreased ssDNA break formation (4). In case the oxidant was 

given to the heart externally (H2O2), PARP inhibitors only partially protected the 

heart tissue from lipid peroxidation and protein oxidation (5). Therefore, PARP 

inhibitors decreased ischemia-reperfusion-induced increase of mitochondrial ROS 

production and, consequently, all oxidative damages related to enhanced ROS 

production (6). The observation that PARP inhibitors prevent ischemia-reperfusion-

induced inactivation of respiratory complexes (7) supports this argument. PARP 

inhibitors decreased ischemia-reperfusion induced NAD+ (8) depletion and uniformly 

promoted the recovery of ATP and creatine phosphate levels (9) and resulted not only 

in higher percentage of recovery but the rate of recovery was also significantly faster. 

In addition, the consumption rate of inorganic phosphate was increased (10) during 

the recovery period by PARP inhibitors. The studied PARP inhibitors, beside their 

primary effect of inhibiting the activity of nuclear PARP and, therefore, decreasing 

NAD+ and ATP consumption, protect mitochondrial energy metabolism (11), 

decrease the ischemia-reperfusion induced mitochondrial ROS formation (12) and 

protect the respiratory complexes from ROS induced inactivation (13). However, 3-

aminobenzoic acid, which is a chemical analog of 3-amino-benzamide without any 

PARP inhibitory effect, was ineffective in the same experimental system (14). The 

mitochondrial protective effect of PARP inhibitors, at least partially, is independent 

of nuclear PARP activity because it can be observed in isolated mitochondria (15), as 

well. Therefore, it represents a novel mechanism for the mitochondrial protective 

effects of PARP inhibitors.

 57



 

8. ACKNOWLEDGEMENTS 

 

 

 These studies were carried out at the Department of Biochemistry and at the 1st 

Department of Medicine, Medical School of the University of Pécs between 1998-2000.  

 I want to express my thanks to my teacher and project leader, Professor Kálmán 

Tóth, who managed my studies and gave a support and useful advises during my work. I 

am also grateful to Dr. László Czopf, who initiated me as a student to the scientific 

research work. 

I am really thankful to Professor Kálmán Hideg who taught me enthusiastic on 

free radical mediated processes and directed my work on the field of cardioprotective 

effects of antioxidant-antiarrhythmic compounds.  

I want to express my thanks to Professor Balázs Sümegi who taught me a 

biochemical way of thinking. He directed my work on the field of PARP inhibitors and 

he ensured the possibility of undisturbed work in his department for me. 

I convey my thanks to Zoltán Berente and Erzsébet Ősz for their excellent help 

to perform NMR evaluation of cardioprotective compounds. 

Dr. Gábor Késmárky, Dr. Zsolt Márton, Dr. Ambrus Tóth, and especially Péter 

Deres, medical student gave a hand with a part of the experiments. I am grateful to Dr. 

Eszter Szabados, Bertalan Horváth and László Girán, who gave much assistance in the 

laboratory work. 

 I thank to Professor Gyula Mózsik, the Head of the 1st Department of Medicine 

for his support of the work. 

 I express my gratitude and thanks to my wife for her patience and encouraging 

support during my studies and work. 

 

 

 

 58



9. REFERENCES 

 

 

1. Sans, S., Kesteloot, H., Kromhout, D. on behalf of the Task Force. The burden of 

cardiovascular diseases mortality in Europe. Task force of the European Society 

of Cardiology on Mortality and Morbidity Statistics in Europe. Eur. Heart J. 18: 

1231-1248; 1997. 

 

2. Lisa, F. D., Menabo, R., Canton, M., Petronilli, V: The role of mitochondria in the 

salvage and the injury of the ischemic myocardium. Biochim. Biophys. Acta. 

1366: 69-78; 1998. 

 

3. Habon, T. Gyógyszerhatások és hemorheológiai változások vizsgálata 

állatkísérletes modellen és kardiológiai betegeken. PhD thesis. Pécs, Hungary, 

1999. 

 

4. Szabados, E. The role of reactive oxygen species and ADP-ribosylation in the 

oxidative myocardial cell injury. PhD thesis. Pécs, Hungary, 1999. 

 

5. Szabados, E., Sumegi, B., Toth, K., Mozsik, Gy. ADP-ribosylation and the 

myocardial cell injury. Akadémiai Kiadó, Budapest, 2000. 

 

6. Szilvas, A., Blazovics, A., Szekely, G., Dinya, E., Feher, J., Mozsik, G. 

Comparative study between the free radicals and tumor markers in patients with 

gastrointestinal tumors. J. Physiol. Paris. 95: 247-52; 2001. 

 

7. Mozsik, G., Fiegler, M., Juricskay, I., Mezey, B., Toth, K. Oxygen free radicals, 

lipid metabolism, and whole blood and plasma viscosity in the prevention and 

treatment of human cardiovascular diseases. Bibl. Nutr. Dieta. 49: 111-24; 1992. 

 

8. Yu, B. P., Yang, R. Critical evaluation of the free radical theory of aging. A 

proposal for the oxidative stress hypothesis. Pharmacological intervention in 

aging and age-associated disorders. Ann. N. Y. Acad. Sci. 786: 1-11; 1996. 

 59



 

9. Lee, H. C., Wei, Y. H. Mitochondrial role in life and death of the cell. J. Biomed. 

Sci.; 7: 2-15; 2000. 

 

10. Ravanat, J. L., Di-Mascio, P., Martinez, G. R., Medeiros, M. H. Singlet oxygen 

induces oxidation of cellular DNA. J. Biol. Chem. 276: 40601-4; 2001. 

 

11. Kaneko, T., Tahara, S. Formation of 8-oxo-2'-deoxyguanosine in the DNA of 

human diploid fibroblasts by treatment with linoleic acid hydroperoxide and ferric 

ion. Lipids. 35: 961-5; 2000. 

 

12. Uchida, K. Role of reactive aldehyde in cardiovascular diseases. Free Radic. Biol. 

Med. 28: 1685-96; 2000. 

 

13. Freeman, B. Free radical chemistry of nitric oxide. Looking at the dark side. 

Chest. 105 (Suppl.3.): 799-803; 1994. 

 

14. Powell, S. R. Tortolani, A. J. Recent advances in the role of reactive oxygen 

intermediates in ischemic injury. I. Evidence demonstrating presence of reactive 

oxygen intermediates; II. Role of metals in site-specific formation of radicals. 

J.Surg.Res. 53: 417-29; 1992. 

 

15. Humphries, K. M., Yoo, Y., Szweda, L. I. Inhibition of NADH-linked 

mitochondrial respiration by 4-hydroxy-2-nonenal. Biochemistry. 37: 552-557, 

1998. 

 

16. Halliwell, B.; Gutteridge, J. M. C. eds. Free radicals in biology and medicine. 

Oxford University Press; 1999. 

 

17. Kloner, R. A., Przyklenk, K., Whittaker, P. Deleterious effect of oxygen radicals 

in ischemia/reperfusion. Resolved and unresolved issues. Circulation 80: 1115-

1127; 1989. 

 

 60



18. Seiler, K. S., Starnes, J. W. Exogenous GSH protection during hypoxia-

reoxygenation of the isolated rat heart: impact of hypoxia duration. Free Radic. 

Res. 32: 41-55; 2000. 

 

19. Lubert Stryer: Biochemistry, Third edition. W. H. Freeman and company, New 

York; 1988, p. 422-423. 

 

20. Scholich, H., Murphy, M. E., Sies, H. Antioxidant activity of dihydrolipoate 

against microsomal lipid peroxidation and its dependence on alpha-tocopherol. 

Biochim. Biophys. Acta. 1001: 256-261; 1989. 

 

21. Ernster, L., Dallner, G. Biochemical, physiological and medical aspects of 

ubiquinone function. Biochim. Biophys. Acta. 1271: 195-204, 1995. 

 

22. Souza, A. V., Petretski, J. H., Demasi, M., Bechara, E. J., Oliveira, P. L. Urate 

protects a blood-sucking insect against hemin-induced oxidative stress. Free 

Radic. Biol. Med. 22: 209-14; 1997. 

 

23. Otani, K., Shimizu, S., Chijiiwa, K., Morisaki, T., Yamaguchi, T., Yamaguchi, K., 

Kuroki, S., Tanaka, M. Administration of bacterial lipopolysaccharide to rats 

induces heme oxygenase-1 and formation of antioxidant bilirubin in the intestinal 

mucosa. Dig. Dis. Sci. 45: 2313-9; 2000. 

 

24. Gutteridge, J. M., Quinlan, G. J. Antioxidant protection against organic and 

inorganic oxygen radicals by normal human plasma: The important primary role 

for iron-binding and iron-oxidizing proteins. Biochem. Biophys. Acta. 1156: 144-

150; 1993. 

 

25. Ambrosio, G., Zweier, J. L., Duilio, C., Kuppusamy, P., Santoro, G., Elia, P. P., 

Tritto, I., Cirillo, P., Condorelli, M., Chiariello, M., et-al. Evidence that 

mitochondrial respiration is a source of potentially toxic oxygen free radicals in 

intact rabbit hearts subjected to ischemia and reflow. J. Biol. Chem. 268: 18532-

18541; 1993. 

 61



 

26. Bogoyevitch, M. A., Ng, D. C., Court, N. W.; Draper, K. A.; Dhillon, A., Abas, L. 

Intact mitochondrial electron transport is essential for signalling by hydrogen 

peroxide in cardiac myocytes. J. Mol. Cell Cardiol. 32: 1469-1480; 2000. 

 

27. Gille, L., Nohl, H. Analyses of the molecular mechanism of adriamycin-induced 

cardiotoxicity. Free Radic. Biol. Med. 23: 775-82, 1997. 

 

28. The Task Force on the Management of Acute Myocardial Infarction of the 

European Society of Cardiology. Acute myocardial infarction: pre-hospital and 

in-hospital management. Eur. Heart J. 17: 43-63; 1996. 

 

29. Powell, S. R., Hall, D., Shih, A. Copper loading of hearts increases postischemic 

reperfusion injury. Circ. Res. 69: 881-5; 1991. 

 

30. Pan, N., Hori, H. The interaction of acteoside with mitochondrial lipid 

peroxidation as an ischemia/reperfusion injury model. Adv. Exp. Med. Biol. 361: 

319-325, 1994. 

 

31. Packer, L.; Valenza, M.; Serbinova, E.; Starke-Reed, P.; Frost, K.; Kagan, V. Free 

radical scavenging is involved in the protective effect of L-propionyl-carnitine 

against ischemia-reperfusion injury of heart. Arch. Biochem. Biophys. 288: 533-

537; 1991. 

 

32. Takeda, N.; Ota, Y.; Tanaka, Y.; Shikata, C.; Hayashi, Y.; Nemoto, S.; Tanamura, 

A.; Iwai, T.; Nakamura, I. Myocardial adaptive changes and damage in ischemic 

heart disease. Ann. NY. Acad. Sci. 793: 282-8; 1996. 

 

33. Heller, B.; Wang, Z. Q.; Wagner, E. F.; Radons, J.; Burkle, A.; Fehsel, F.; 

Burkhart, V.; Kolb, H. Inactivation of the poly(ADP-ribose) polymerase gene 

affects oxygen radical and nitric oxide toxicity in islet cells. J. Biol. Chem. 270: 

11176-11180; 1995. 

 

 62



34. Sussman, M. S., Bulkley, G. B. Oxygen-derived free radicals in reperfusion 

injury. Method. Enzymol. 186: 711-23; 1990. 

 

35. Savage, M. K., Reed, D. J. Release of mitochondrial glutathione and calcium by a 

cyclosporin A-sensitive mechanism occurs without large amplitude swelling. 

Arch. Biochem. Biophys. 315: 142-52; 1994. 

 

36. Lindahl, T., Satoh, M. S., Poirier, G. G., Klungland, A. Posttranslational 

modification of poly(ADP-ribose) polymerase induced by DNA single strand 

breaks. Trends Biochem. Sci. 20: 405-411; 1995. 

 

37. Radons, J., Heller, B., Burkle, A., Hartmann, B., Rodriguez, M. L., Kroncke, K. 

D., Burkart, V., Kolb, H. Nitric oxide toxicity in islet cells involves poly(ADP-

ribose) polymerase activation and concomitant NAD+ depletion. Biochem. 

Biophys. Res. Commun. 199: 1270-1270; 1994.  

 

38. Janero, D. R., Hreniuk, D., Sharif, H. M., Prout, K. C. Hydroperoxide-induced 

oxidative stress alters pyridine nucleotide metabolism in neonatal heart muscle 

cells Am. J. Physiol. 264: C1401-C1410; 1993.  

 

39. Kloner, R. A., Przyklenk, K., Whittaker, P. Deleterious effects of oxygen radicals 

in ischaemia/reperfusion. Resolved and unresolved issues. Circulation 80: 1115-

1127; 1989. 

 

40. Piron, K. J., McMahon, K. K. Localization and partial characterization of ADP-

ribosylation products in hearts from adult and neonatal rats. Biochem. J. 270: 591-

597; 1990. 

 

41.  Lindahl, T., Satoh, M. S., Poirier, G. G., Klungland, A. Post-translational 

modification of poly(ADP-ribose) polymerase induced by DNA strand breaks. 

Trends Biochem. Sci. 20: 405-411; 1995. 

 

 

 63



42.  Radons, J., Heller, B., Burkle, A., Hartmann, B., Rodriguez, M. L., Kroncke, K. 

D. Burkart, V., Kolb, H. Nitric oxide toxicity in islet cells involves poly(ADP-

ribose) polymerase activation and concomitant NAD+ depletion. Biochem. 

Biophys. Res. Commun. 199: 1270-1270; 1999. 

 

43. Shah, G. M., Poirier, D., Duchaine, C., Brochu, G., Desnoyers, S., Lagueux, J., 

Erreault, A., Hoflack, J. C., Kirkland, J. B., Poirier, G. G. Methods for 

biochemical study of poly(ADP-ribose) metabolism in vitro and in vivo. 

Analytical Biochemistry 227: 1-13; 1995. 

 

44.  Eliasson, M. J. L., Sampei, K., Mandir, A. S., Hurn, P. D., Traystman, R. J., Bao, 

J., Pieper, A., Wang, Z. Q., Dawson, T. M., Synder, S. H., Dawson, V. L. 

Poly(ADP-ribose) polymerase gene disruption renders mice resistant to cerebral 

ischaemia. Nature Medicine 3: 1089-1095; 1997. 

 

45. D’Amours, D., Desnoyers, S., D’Silva, I., Poirier, G. G. Poly(ADP-ribosyl)ation 

reactions in the regulation of nuclear functions. Biochem. J. 342: 249-268; 1999. 

 

46. Thies, R. L., Autor, A. P. Reactive oxygen injury to cultured pulmonary artery 

endothelial cells: mediation by poly(ADP-ribose) polymerase activation causing 

NAD-depletion and altered energy balance. Arch. Biochem. Biophys. 286: 353-

363; 1991. 

 

47. Mizumoto, K., Glascott Jr., P. A., Farber, J. L. Roles of oxidative stress and 

poly(ADP-ribosyl)ation in the killing of cultured hepatocytes by methyl 

methanesulfonate. Biochem. Pharmacol. 46: 1811-1818; 1993.  

 

48. Said, S. I., Berisha, H. I., Pakbaz, H. Excitotoxicity in the lung: N-Methyl-D-

asparate-induced, nitric oxide-dependent, pulmonary oedema is attenuated 

vasoactive intestinal peptide and by inhibitors of poly (ADP-ribose) polymerase. 

Proc. Natl. Acad. Sci. USA 93: 4688-4692; 1996.  

 

 

 64



49. Schraufstatter, I. U., Hyslop, P. A., Hinshaw, D. B., Spragg, R., Sklar, L. A., 

Cochrane, C. G. Hydrogen peroxide-induced injury of cells and its prevention by 

inhibitors of poly(ADP-ribose) polymerase. Proc. Natl. Acad Sci. 83: 4908-4912; 

1986.  

 

50. Thiemermann, C., Bowes, J., Myint, F. P., and Vane, J. R. Inhibition of the 

activity of poly(ADP ribose) synthetase reduces ischemia-reperfusion injury in the 

heart and  skeletal muscle. Proc. Natl. Acad. Sci. USA 94: 679-683; 1997. 

 

51. Heller, B., Wang, Z. Q., Wagner, E. F., Radons, J., Burkle, A., Fehsel, F., 

Burkhart, V., Kolb, H. Inactivation of the poly(ADP-ribose) polymerase gene 

affects oxygen radical and nitric oxide toxicity in islet cells. J. Biol. Chem. 270: 

11176-11180; 1995. 

 

52. Jolly, S. R.; Kane, W. J.; Bailie, M. B.; Abrams, G. D.; Lucchesi, B. R. Canine 

myocardial reperfusion injury: Its reduction by the combined administration of 

superoxide dismutase and catalase. Circ. Res. 54: 277-285; 1984. 

 

53. Omar, B. A.; Flores, S. C.; McCord, J. M. Superoxide dismutase: pharmacological 

developments and applications. Adv. Pharmacol. 21: 109-161; 1992. 

 

54. Kilgore, K. S.; Friedrichs, G. S.; Johnson, C. R.; Schasteen, C. S.; Riley, D. P.; 

Weiss, R. H.; Ryan, U.; Lucchesi, B. R. Protective effects of SOD-mimetic SC-

52608 against ischemia-reperfusion damage in the rabbit isolated heart. J. Mol. 

Cell Cardiol. 26: 995-1006; 1994. 

 

55. Krishna, M. C., Grahame, D. A., Samuni, A., Mitchell, J. B., Russo, A., 

Oxoammonium cation intermediate in the nitroxide-catlysed dismutation of 

superoxide. Proc. Natl. Acad. Sci. USA, 89: 5537-5541; 1992. 

 

56. Tasuhashi, T., Liu, X., Karbovski, M., Wozniak, M., Antosiewicz, J., 

Wakabayashi, T. Role of free radicals in the mechanism of the hydrazine induced 

formation of megamitochondria. Free Radic. Biol. Med. 23: 285-293; 1997. 

 65



57. Mitchell, J. B., DeGraff, W., Kaufmann, D., Krishna, M. C., Samuni, A., 

Finkelstein, E., Ahn, M. S., Hahn, S. M., Gamson, J., Russo, A. Inhibition of 

oxygen-dependent radiation-induced damage by nitroxide superoxidase mimic 

Tempol. Arch. Biochem. Biophys. 289: 62-70; 1991. 

 

58. Samuni, A., Mitchell, J. B., DeGraff, W., Krishna, M. C., Samuni, U., Russo, A. 

Nitroxide SOD-mimics: modes of action. Free Radic. Res. Commun. 12-13: 187-

194; 1991.  

 

59. Zhang, R., Shohami, E., Beit-Yannai, E., Bass, R., Trembovler, V., and Samuni, 

A. Mechanism of brain protection by nitroxide radicals in experimental model of 

closed-head injury. Free Radic. Biol. Med. 24: 332-340; 1998.  

 

60. Thomas, R. E., Cardiac drugs. in Burger’s Medicinal Chemistry (4th ed.), Vol. 3, 

Ch. 38, 47-102, Wiley, New York, 1981. 

 

61. Hankovszky, O. H.; Hideg, K., Bodi, I., Frank, L. New antiarrhythmic agents. 

2,2,5,5-tetramethyl-3-pyrroline-3-carboxamides and 2,2,5,5-

tetramethylpyrrolidine-3-carboxamides. J. Med. Chem. 29: 1138-1152; 1986. 

 

62. Twomey, P.; Taira, J.; DeGraff, W.; Mitchell, J.B.; Russo, A.; Krishna, M.C.; 

Hankovszky, O.H.; Frank, L.; Hideg, K. Direct evidence for in vivo nitroxide free 

radical production from a new antiarrhythmic drug by EPR spectroscopy. Free 

Radic. Biol. Med. 22: 909-16; 1997. 

 

63. Xue, Y.X.; Arita, J.; Aye, N.N.; Hashimoto, K. Effects of an antiarrhythmic drug 

A-2545 on canine ventricular arrhythmia models; comparison with mexiletine and 

flecainide. N-S. Arch. Pharmacol. 358: 649-656; 1998. 

 

64. Shankar, R.A.; Hideg, K.; Zweier, J.L.; Kuppusamy, P.A. Targeted antioxidant 

properties of N-[(tetramethyl-3-pyrroline-3-carboxamido)propyl]phtalimide and 

its nitroxide metabolite in preventing postischemic myocardial injury. J. 

Pharmacol. Exp. Ther. 292: 838-845; 2000. 

 66



 

65. Hoerter, J., Dormont, D., Girault, M., Gueron, M., Syrota, A. Insulin increases the 

rate of degradation of 2-deoxy-glucose-6-phosphate in the perfused rat heart: a 31P 

NMR study. Am. J. Physiol. 255: C192-201; 1988. 

 

66. Bergmeyer, H. U.; Bernt, E. Methods of Enzymatic Analysis, Edited by H. U. 

Bergmeyer, Second English Edition, Vol. 2., 574-579. 

 

67. Bergmeyer, H.U.; Bernt, E. Methods of Enzymatic Analysis, Edited by H. U. 

Bergmeyer, Second English Edition, Vol. 2., 727-733. 

 

68. Forster, G.; Bernt, E.; Bergmeyer, H. U. Methods of Enzymatic Analysis, Edited 

by H. U. Bergmeyer, Second English Edition, Vol. 2., 784-793.  

 

69. Tzeng, W. F.; Lee, J. L.; Chiou, T. J. The role of lipid peroxidation in menadione-

mediated toxicity in cardiomyocytes. J. Mol. Cell. Cardiol. 27: 1999-2008; 1995. 

 

70. Butterfield, D. A.; Howard, B.J.; Yatin, S.; Allen, K. L.; Carney, J. M. Free 

radical oxidation of brain proteins in accelerated senescence and its modulation 

by N-tert-butyl-alpha-phenylnitrone. Proc. Natl. Acad. Sci. 94: 674-678; 1997. 

 

71. Birnboim, H. C.; Jevcak, J. J. Fluorimetric method for rapid detection of DNA 

strand breaks in human white blood cells produced by low doses of radiation. 

Cancer Research 41: 1889-1892, 1981. 

 

72. Bergmeyer, H.U. Nicotinamide-adenine-dinucleotide (NAD, NADP, NADH, 

NADPH). Spectrophotometric and fluorimetric methods. Methods Enzymatic 

Anal. 4: 2045-2051; 1974. 

 

73. Miles, A.M.; Bohlt, D.S.; Glassbrenner, P.H.; Hansert, B.; Winks, D.A.; Grisham, 

M.B. Modulation of superoxide-dependent oxidation and hydroxylation reactions 

by nitric oxide. J. Biol.Chem. 271: 40-47; 1996. 

 

 67



 

74. Szabados, E.; Fischer, M. G.; Gallyas, F. Jr.; Kispal, Gy.; Sumegi, B. Enhanced 

ADP-ribosylation and its diminution by lipoamide after ischemia-reperfusion in 

perfused rat heart. Free Radic. Biol. Med. 27: 1103-1113; 1999. 

 

75. Sumegi, B.; Srere. P.A. Complex I binds several mitochondrial NAD-coupled 

dehydrogenases. J. Biol. Chem. 259: 15040-15045; 1984. 

 

76. Sumegi, B., Gilbert, H.F. and Srere, P.A. Interaction between citrate synthase and 

thiolase. J. Biol. Chem. 260: 188-190; 1985. 

 

77. Sumegi, B., Melegh, B., Adamovich, K. and Trombitas, K. Cytochrome oxidase 

deficiency affecting the structure of the myofiber and the shape of cristal 

membrane. Clin. Chim. Acta 192: 9-18; 1990. 

 

78. De Graaf ed. In vivo NMR spectroscopy. Chichester: Wiley; 1998. 

 

79. Demirpence, E.; Caner, H.; Bavbek, M.; Kilinc, K. Antioxidant action of the 

antiarrhythmic drug mexiletine in brain membranes. Jpn. J. Pharmacol. 81: 7-11; 

1999. 

 

80. Haiquan Li; Kai Y. Xu; Lan Zhou; Kalai, T.; Zweier, J.L.; Hideg, K.; 

Kuppusamy, P.A. A pyrroline derivative of mexiletine offers marked protection 

against ischemia/reperfusion-induced myocardial contractile dysfunction. J. 

Pharmacol. Exp. Ther. 295: 563-571; 2000. 

 

81. Wang, W.; Wang, S.; Yan, L.; Madara, P.; Del-Pilar-Cintron, A.; Wesley, R.A.; 

Danner, R. L. Superoxide production and reactive oxygen species signaling by 

endothelial nitric-oxide synthase. J. Biol. Chem. 275: 16899-903; 2000. 

 68



 

82. Krishna, M.C.; Degraff, W.; Hankovszky, O.H.; Sar, P.C.; Kalai, T.; Jeko, J.; 

Russo, A.; Mitchell, J.B.; Hideg, K. Studies of structure-activity relationship of 

nitroxide free radicals and their precursors as modifiers against oxidative damage. 

J. Med. Chem. 41: 3477-3492; 1998.  

 

83. Simpson, P. J.; Lucchesi, B. R. Free radicals and myocardial ischemia and 

reperfusion injury. J. Lab. Clin. Med. 110: 13-30; 1987. 

 

84. Sugiyama, S.; Hanaki, Y.; Ogawa, T.; Hieda, N.; Taki, K.; Ozawa, T. The effects 

of SUN 1165, a novel sodium channel blocker, on ischemia-induced 

mitochondrial dysfunction and leakage of lysosomal enzymes in canine hearts. 

Biochem. Biophys. Res. Commun. 157: 433-439; 1988. 

 

85. Dulchavsky, S.A.; Davidson, S.B.; Cullen, W.J.; Devasagayam, T.P.; Diebel, 

L.N.; Dutta, S. Effects of deferoxamine on H2O2-induced oxidative stress in 

isolated rat heart. Basic Res. Cardiol. 91: 418-424; 1996. 

 

86. Monti, E.; Cova, D.; Guido, E.; Morelli, R.; Oliva, C. Protective effect of the 

nitroxide Tempol against the cardiotoxicity of adriamycin. Free Radic. Biol. Med. 

21: 463-470; 1996. 

 

87. Szabados, E., Fisher, M.G., Toth, K., Csete, B., Nemeti, B., Trombitas, K., 

Habon, T., Endrei, D. and Sumegi, B. Role of reactive oxygen species and poly-

ADP-ribose polymerase in the development of AZT-induced cardiomyopathy in 

rat. Free Radic. Biol. Med. 26: 309-317; 1999. 

 

88. Vanden Hoek, T.L., Becker, L.B., Shao, Z., Li, C. and Schumacker, P.T. Reactive 

oxygen species released from mitochondria during brief hypoxia induce 

preconditioning in cardiomyocytes. J. Biol. Chem. 273: 18092-18098; 1998. 

 69



 

89. Bowes, J., McDonald, M.C., Piper, J. and Thiemermann, C. Inhibitors of poly 

(ADP-ribose) synthetase protect rat cardiomyocytes against oxidant stress. 

Cardiovasc. Res. 41: 126-134; 1999. 

 

90. Docherty, J.C., Kuzio, B., Silvester, J.A., Bowes, J. and Thiemermann, C. An 

inhibitor of poly (ADP-ribose) synthetase activity reduces contractile dysfunction 

and preserves high energy phosphate levels during reperfusion of the ischaemic 

rat heart. Br. J. Pharmacol. 127: 1518-1524; 1999. 

 

91. Zingarelli, B., Cuzzocrea, S., Zsengeller, Z., Salzman, A.L. and Szabo, C. 

Protection against myocardial ischemia and reperfusion injury by 3-

aminobenzamide, an inhibitor of poly (ADP-ribose) synthetase. Cardiovasc. Res. 

36: 205-215; 1997. 

 

92. Bowes, J., Ruetten, H., Martorana, P.A., Stockhausen, H. and Thiemermann, C. 

Reduction of myocardial reperfusion injury by an inhibitor of poly (ADP-ribose) 

synthetase in the pig. Eur. J. Pharmacol. 359: 143-150; 1998. 

 

93. Szabados, E., Literati-Nagy, P., Farkas, B. and Sumegi, B. BGP-15, a nicotinic 

amidoxime derivate, protects heart from ischemia-reperfusion injury through 

modulation of poly(ADP-ribose) polymerase activity. Biochem. Pharmacol. 59: 

937-945;. 2000. 

 

94. Turrens, J.F., Beconi, M., Barilla, J., Chavez, U.B. and McCord, J.M. 

Mitochondrial generation of oxygen radicals during reoxygenation of ischemic 

tissues. Free Radic. Res. Commun. 12-13: 681-689; 1991. 

 

95. Gardner, A.M., Xu, F.H., Fady, C., Jacoby, F.J., Duffey, D.C., Tu, Y., 

Lichtenstein, A. Apoptotic vs. nonapoptotic cytotoxicity induced by hydrogen 

peroxide. Free Radic. Biol. Med. 22: 73-83; 1997. 

 70



 

96. Virag, L., Salzman, A.L. and Szabo, C. Poly(ADP-ribose) synthetase activation 

mediates mitochondrial injury during oxidant-induced cell death. J. Immunol. 

161: 3753-3759; 1998. 

 

97. Filipovic, D.M., Meng, X., Reeves, W.B. Inhibition of PARP prevents oxidant-

induced necrosis but not apoptosis in LLC-PK1 cells. Am. J. Physiol. 277: F428-

36; 1999. 

 

98. Hivert, B., Cerruti, C., Camu, W. Hydrogen peroxide-induced motoneuron 

apoptosis is prevented by poly ADP ribosyl synthetase inhibitors. Neuroreport. 9: 

1835-1838; 1998. 

 

99. DelBello, B., Paolicchi, A., Comporti, M., Pompella, A., Maellaro, E. Hydrogen 

peroxide produced during gammaglutamyl transpeptidase activity is involved in 

prevention of apoptosis and maintainance of proliferation in U937 cells. FASEB J. 

13: 69-79; 1999. 

 

100. Javadov, S.A., Lim, K.H., Kerr, P.M., Suleiman, M.S., Angelini, G.D. and 

Halestrap, A.P. Protection of hearts from reperfusion injury by propofol is 

associated with inhibition of the mitochondrial permeability transition. 

Cardiovasc. Res. 45: 360-369. 2000. 

 

101. Ziegler, M., Jorcke, D., Schweiger, M. Identification of bovine liver 

mitochondrial NAD+ glycohydrolase as ADP-ribosyl cyclase. Biochem. J. 326: 

401-405; 1997. 

 

102. Jorcke, D., Ziegler, M., Herrero-Yraola, A., Schweiger, M. Enzymic, cysteine-

specific ADP-ribosylation in bovine liver mitochondria. Biochem. J. 332: 189-

193; 1998. 

 

103. Yang, Z., Zingarelli, B. and Szabo, C. Effect of genetic disruption of poly (ADP-

ribose) synthetase on delayed production of inflammatory mediators and delayed 

 71



necrosis during myocardial ischemia-reperfusion injury. Shock 13: 60-66. 2000. 

 

104. Grupp, I.L., Jackson, T.M., Hake, P., Grupp, G. and Szabo, C. Protection against 

hypoxia-reoxygenation in the absence of poly (ADP-ribose) synthetase in isolated 

working hearts. J. Mol. Cell Cardiol. 31: 297-303; 1999. 

 

105. Endres, M., Scott, G., Namura, S., Salzman, A.L., Huang, P.L., Moskowitz, M.A. 

and Szabo, C. Role of peroxynitrite and neuronal nitric oxide synthase in the 

activation of poly(ADP-ribose) synthetase in a murine model of cerebral 

ischemia-reperfusion. Neurosci. Lett. 248: 41-44; 1998. 

 

106. Zingarelli, B., Salzman, A.L., Szabo, C. Genetic disruption of poly (ADP-ribose) 

synthetase inhibits the expression of P-selectin and intercellular adhesion 

molecule-1 in myocardial ischemia/reperfusion injury. Circ. Res. 83: 85-94; 1998. 

 72



10. PUBLICATIONS OF THE AUTHOR 

 

 

 

I. Book chapters 

 
1. KESMARKY, G., TOTH, K., VAJDA, G., HABON, L., HALMOSI, R., HABON, T., 

ENDREI, D.  Hemorheological alterations after percutaneous transluminal coronary 

angioplasty. In: Cardiovascular Flow Modelling and Measurement with Application to 

Clinical Medicine, Eds.: S. Sajjadi, G. Nash, M. Rampling, Oxford University Press, 163-

174, 1999. 

 

2. HALMOSI, R., TOTH, A., OSZ, E., BERENTE, Z., SUMEGI, B., TOTH, K.  Effect of 

poly(ADP-ribose) polymerase inhibitors on mitochondrial reactive oxygen species 

formation and on postischemic energy metabolism in rat heart. In: Advances in Coronary 

Artery Disease. Eds.: Lewis, B.S., Halon, D.A., Flugelman, M.Y., Hradec, J., Monduzzi 

Ed., 2001. 

 

II. Papers 

 

1. HALMOSI R., CZOPF L., KÉSMÁRKY G., HABON T., TÓTH K., JURICSKAY I., 

RŐTH E., MÓZSIK GY.  A haemorheologiai paraméterek és antioxidáns mechanizmusok 

változása ischaemiás szívbetegekben nitrát, illetve lovastatin kezelés hatására. Card. Hung., 

28, 53-59, 1999. 

 

2. CZOPF, L., HALMOSI, R., KESMARKY, G., HABON, T., TOTH, K., JURICSKAY, 

I., ROTH, E., MOZSIK, GY.  Lovastatin and nitrate therapy induced changes in 

hemorheological parameters and in free radical mediated processes in patients with 

ischemic heart disease. Perfusion, 12, 50-58, 1999. 

Impact factor: 0.91 

 73



3. TÓTH K., TÓTH A., MÁRTON ZS., CZOPF L., KÉSMÁRKY G., HALMOSI R., 

HABON T., JURICSKAY I., MÓZSIK GY.  A terheléses EKG vizsgálat során 

bekövetkező QRS amplitúdó változások értékelése ischaemiás szívbetegségben.  Magyar 

Belorv. Arch., 52, 73-80, 1999. 

 

4. TOTH, K., KESMARKY, G., VEKASI, J., NEMES, J., CZOPF, L., KAPRONCZAY, 

P., HALMOSI, R., JURICSKAY, I.  Hemorheological and hemodynamic parameters in 

patients with essential hypertension and their modification by alpha-1 inhibitor drug 

treatment.  Clin. Hemorheol. Microcirc., 21, 209-216, 1999. 

Impact factor: 0.395 

 

5. KESMARKY, G., TOTH, K., VAJDA, G., HABON, L., HALMOSI, R., ROTH, E.  

Hemorheological and oxygen free radical associated alterations during and after 

percutaneous transluminal coronary angioplasty.  Clin. Hemorheol. Microcirc., 24, 33-41, 

2001. 

Impact factor: 0.553 

 

6. HALMOSI, R., BERENTE, Z., OSZ, E., TOTH, K., LITERATI-NAGY, P., SUMEGI, 

B. Effect of poly(ADP-ribose) polymerase inhibitors on the ischemia-reperfusion-induced 

oxidative cell damage and mitochondrial metabolism in Langendorff heart perfusion 

system. Mol. Pharmacol., 59, 1497-1505, 2001. 

Impact factor: 5.678 

 

7. TOTH, A., MARTON, ZS., CZOPF, L., KESMARKY, G., HALMOSI, R., 

JURICSKAY, I., HABON, T., TOTH, K.  QRS score: a composite index of exercise-

induced changes in the Q-, R- and S-waves during exercise stress testing in patients with 

ischemic heart disease.  Ann. Noninv. Electrocard., 6,  310-318, 2001. 

 

8. HABON, T., SZABADOS, E., KESMARKY, G., HALMOSI, R., PAST, T., SUMEGI, 

B., TOTH, K. The effect of carvedilol on enhanced ADP-ribosylation and red blood cell 

membrane damage caused by free radicals. Cardiovasc. Res., 52, 153-160, 2001. 

Impact factor: 3.783 

 

 74



9. MARTON, ZS., HALMOSI, R., HORVATH, B., ALEXY, T., KESMARKY, G., 

VEKASI, J., BATTYANY, I., HIDEG, K. and TOTH, K. Scavenger effect of experimental 

and clinically used cardiovascular drugs. J. Cardiovasc. Pharmacol., 38, 745-753, 2001. 

Impact factor: 2.396 

 

10. HABON T., SZABADOS E., KÉSMÁRKY G., HALMOSI R, PAST T., SÜMEGI B., 

TÓTH K.  Carvedilol hatása a szabadgyök indukálta ADP-ribozilációra és vörösvértest 

membrán károsodásra.  Acta Pharm. Hung., 71, 2001. 

 

11. HORVATH, B., MARTON, ZS., HALMOSI, R., ALEXY, T., SZAPARY, L., 

VEKASI, J., BIRO, ZS., HABON, T., KESMARKY, G. and TOTH, K. In vitro 

antioxidant properties of pentoxifylline, piracetam and vinpocetine. Clin. Neuropharmacol., 

accepted for publication. 

Impact factor: 1.943 

 

12. TÓTH A., HALMOSI R., HABON T., SZABADOS E., DERES P., SÜMEGI B., 

HIDEG K., TÓTH K. Az antioxidáns kezeléstől a poli(ADP-ribóz) polimeráz gátlókig – a 

kardioprotekció új lehetőségei ischaemia-reperfúzió során. Magyar Belorv. Arch., in press. 

 

13. HORVÁTH B., MÁRTON ZS., HALMOSI R., ALEXY T., SZAPÁRY L., VÉKÁSI 

J., BÍRÓ ZS., HABON T., KÉSMÁRKY G. és TÓTH K.  Cerebrovascularis támadáspontú 

gyógyszerek szabadgyökfogó hatásának vizsgálata. Orv. Hetilap, in press. 

 

14. HALMOSI, R., DERES, P., TOTH, A., BERENTE, Z., KALAI, T., SUMEGI, B., 

HIDEG, K., TOTH, K. Pyrroline-based compounds in the prevention of oxyradical-

induced myocardial damage. Cardiovasc Res., under publication. 

Impact factor: 3.783 

 

 75



15. MÁRTON ZS., HALMOSI R., HORVÁTH B., ALEXY T., KÉSMÁRKY G., 

VÉKÁSI J., BATTYÁNY I., HIDEG K., TÓTH K.  Kísérleti stádiumban lévő és a klinikai 

gyakorlatban használt kardiovaszkuláris gyógyszerek antioxidáns hatásának vizsgálata. 

Card. Hung., under publication. 

 

III. Published abstracts 

 

1. CZOPF, L., TOTH, K., HABON, T., HALMOSI, R., ROTH, E.  The effect of lovastatin 

on the production and metabolism of reactive oxygen species and on rheological 

parameters in patients with hyperlipoproteinemia.  3rd International Congress of the 

WHMA, July 4-6, 1996, Pecs, Hungary, Abstracts. 

 

2. CZOPF, L., TOTH, K., ENDREI, D., HALMOSI, R. and ROTH, E.  Nitrate and 

lovastatin treatment influences the metabolism of reactive oxygen species in patients with 

ischemic heart disease.  First International Symposium on Myocardial Cytoprotection, 

September 26-28, 1996, Pecs, Hungary, Abstracts, Card. Hung. Suppl., 1997/2. 

 

3. VARGA J., CZOPF L., KÓCZÁN GY., HALMOSI R., SÜMEG SZ., TÓTH K.  

Depresszió vizsgálata myocardialis infarctuson átesett betegeknél.  Magyar Kardiológusok 

Társasága 1998. évi Tudományos Kongresszusa, 1998. május 13-16., Balatonfüred.  Card. 

Hung. Suppl. 98/1, 28, 1998. 

 

4. MÁRTON ZS., TÓTH A., CZOPF L., JURICSKAY I., HALMOSI R., KÉSMÁRKY 

G., TÓTH K.  Ergometria során bekövetkező QRS amplitúdóváltozások értékelése 

ischaemiás szívbetegekben.  XLV. Dunántúli Belgyógyász Vándorgyűlés, 1998. június 4-

6., Bükfürdő, Magyar Belorv. Arch. Suppl., 51, 16, 1998. 

 

5. KÉSMÁRKY G., TÓTH K., HALMOSI R., VAJDA G., HABON L., ENDREI D., 

JURICSKAY I.  Haemorheologiai vizsgálatok koszorúér-betegségben. XLV. Dunántúli 

Belgyógyász Vándorgyűlés, 1998. június 4-6., Bükfürdő, Magyar Belorv. Arch. Suppl., 51, 

20, 1998. 

 

 76



6. CZOPF, L., KESMARKY, G., HALMOSI, R., HORVATH, I., TOTH, K., CZOPF, J. 

and MOZSIK, GY.  Diabetic neuropathy induced changes during cold pressor test 

measured by impedance cardiography.  ICPFFI XII, July 5-8, 1998, Pecs, Hungary, 

Appetite, 31, 305, 1998. 

 

7. KESMARKY, G., TOTH, K., VAJDA, G., HABON, L., HALMOSI, R., HABON, T., 

ENDREI, D.  Hemorheological alterations after percutaneous transluminal coronary 

angioplasty.  Cardiovascular Flow Modelling and Measurement with Application to 

Clinical Medicine, September 7-9, Salford, UK, Abstract book. 

 

8. HABON T., TÓTH K., SZABADOS E., KÉSMÁRKY G., HALMOSI R., PAST T.  

Cardiovascularis támadáspontú gyógyszerek rheologiai hatásai. I. Magyar 

Interdiszciplináris Konferencia az Agy, a Szív és a Végtagok Mikrokeringéséről, 1998. 

szeptember 24-26., Balatonkenese, Abstract book: 23. 

 

9. KÉSMÁRKY G., TÓTH K., HALMOSI R., HABON T., VAJDA G., HABON L.  

Coronaria interventiok hatása a vér rheologiai tulajdonságaira.  I. Magyar 

Interdiszciplináris Konferencia az Agy, a Szív és a Végtagok Mikrokeringéséről, 1998. 

szeptember 24-26., Balatonkenese, Abstract book: 24. 

 

10. KESMARKY, G., TOTH, K., VAJDA, G., HABON, L., HALMOSI, R., HABON, T., 

ROTH, E., LANTOS, J., MOZSIK, GY.  Examination of oxidative stress after coronary 

angioplasty.  2nd International Symposium on Myocardial Cytoprotection, October 8-10, 

1998, Pecs, Hungary. Abstract book. 

 

11. HABON, T., SZABADOS, E., KESMARKY, G., HALMOSI, R., PAST, T., TOTH, 

K., SUMEGI, B.  The antioxidant and rheological effect of carvedilol.  2nd International 

Symposium on Myocardial Cytoprotection, October 8-10, 1998, Pecs, Hungary. Abstract 

book. 

 77



12. HALMOSI, R., CZOPF, L., KESMARKY, G., HABON, T., TOTH, K., JURICSKAY, 

I., ROTH, E., LANTOS, J., MOZSIK, GY.  The effect of lovastatin and nitrate on free 

radical mediated processes in patients with ischemic heart disease.  2nd International 

Symposium on Myocardial Cytoprotection, October 8-10, 1998, Pecs, Hungary. Abstract 

book. 

 

13. LANTOS, J., ROTH, E., SZOKODI, R., CZOPF, L., KESMARKY, G., TOTH, K., 

HALMOSI, R., NEMES, J.  Plasma antioxidant status in cardiac diseases.  2nd 

International Symposium on Myocardial Cytoprotection, October 8-10, 1998, Pecs, 

Hungary. Abstract book. 

 

14. TOTH, K., KESMARKY, G., VEKASI, J., NEMES, J., CZOPF, L., KAPRONCZAY, 

P., HALMOSI, R., JURICSKAY, I.  Hemorheological and hemodynamic parameters in 

patients with essential hypertension and their modification by alpha-1 inhibitor drug 

treatment.  2nd International Conference on Hemorheology and Tissue Oxygenation in 

Hypertension and Vascular Diseases, October 29-31, 1998, Bari, Italy. Abstract book: 47. 

Clin. Hemorheol. Microcirc., 21, 62, 1999. 

 

15. PAPP E., KÉSMÁRKY G., CZOPF L., HALMOSI R., HORVÁTH I., TÓTH K., 

CZOPF J., MÓZSIK GY.  Diabeteses neuropathiás betegek cold pressor tesztre adott 

válaszának mérése és elemzése impedancia-kardiográffal.  XXXVII. Magyar Belgyógyász 

Nagygyűlés, 1998. november 19-21., Budapest, Magyar Belorv. Arch. Suppl. 3/98, 287-88, 

1998. 

 

16. TÓTH K., KÉSMÁRKY G., VÉKÁSI J., NEMES J., CZOPF L., HABON, T., 

KAPRONCZAY P., HALMOSI R., JURICSKAY I., MÓZSIK GY.  Haemorheologiai és 

haemodinamikai paraméterek vizsgálata és azok változása alfa-1 receptor blokkoló kezelés 

hatására essentialis hypertoniában.  Hypertonia és Nephrologia Suppl. 2, 5, 237, 1998. 

 

 78



17. KÉSMÁRKY G., VAJDA G., HABON L., MÁRTON ZS., HALMOSI R., HABON 

T., JURICSKAY I., TÓTH K. A plazma fibrinogén szint haemorheologiai jelentősége 

koszorúérbetegségben.  Magyar Kardiológusok Társasága 1999. évi Tudományos 

Kongresszusa, 1999. május 5-8., Balatonfüred.  Card. Hung. Suppl. 99/2, 66, 1999. 

 

18. HABON T., SZABADOS E., KÉSMÁRKY G., HALMOSI R., PAST T., TÓTH, K., 

SÜMEGI, B., MÓZSIK GY. Carvedilol celluláris és rheologiai hatásainak vizsgálata 

ischaemia-reperfusio és vörösvértest membrán károsodás során.  XLVI. Dunántúli 

Belgyógyász Vándorgyűlés, 1999. június 16-19., Alsópáhok, Magyar Belorv. Arch. Suppl., 

52, 16, 1999. 

 

19. KESMARKY, G., TOTH, A., MARTON, ZS., CZOPF, L., HALMOSI, R., 

JURICSKAY, I., HABON, T., TOTH, K.  QRS score: a composite index of exercise-

induced changes in the Q-, R- and S-waves during exercise stress testing in patients with 

ischemic heart disease.  Eur. Heart J., 20, 695, 1999. 

 

20. KESMARKY, G., HALMOSI, R., MARTON, ZS., VAJDA, G., HABON, L., 

HABON, T., ROTH, E., TOTH, K., MOZSIK, GY.  Blood rheology and oxidative stress in 

percutaneous transluminal coronary angioplasty.  Biorheol., 36, 26, 1999. 

 

21. HABON, T., KESMARKY, G., SZABADOS E., HALMOSI, R., SUMEGI, B., TOTH, 

K.  The effect of carvedilol on red blood cell membrane damage and ADP-ribosylation 

caused by free radicals.  Biorheol., 36, 51, 1999. 

 

22. LANTOS, J., ROTH, E., CZOPF, L., NEMES, J., HALMOSI, R., TOTH, K., 

MOZSIK, GY.  Monitoring of oxidative stress in patients with cardiovascular diseases.  

Fundam. Clin. Pharm., 13/Suppl. 1, 337, 1999. 

 

23. HALMOSI R., DERES P., HABON T., TÓTH K., HIDEG K., SÜMEGI B.  Scavenger 

hatással rendelkező antiarrhythmiás szer, a H-2545 protektív hatása szabad gyökök által 

mediált szívizom-károsodásban.  Magyar Kardiológusok Társasága 2000. évi Tudományos 

Kongresszusa, 2000. május 11-13., Balatonfüred.  Card. Hung. Suppl. 2000/3, 45, 2000. 

 

 79



24. HALMOSI, R., OSZ, E., BERENTE, Z., TOTH, K., SUMEGI, B.  Effect of 

poly(ADP-ribose) polymerase inhibitors on mitochondrial reactive oxygen species 

formation and mitochondrial metabolism in postischemic heart.  Eur. Heart J., 21: Abs. 

Suppl., 44, 2000. 

 

25. HALMOSI, R., MARTON, ZS., DERES, P., HABON, T., SUMEGI, B., HIDEG, K., 

TOTH, K.  Cardioprotective effect of a novel antiarrhythmic drug with antioxidant 

property.  Perfusion, 13, 360, 2000. 

 

26. HALMOSI R., TÓTH A., DERES P., TÓTH K., SÜMEGI B., HIDEG K. Nitroxid 

prekurzorok protektív hatása ischaemia-reperfusio által kiváltott szívizom-

károsodásban. Magyar Szabadgyök Kutató Társaság I. Konferenciája, 2001. április 5-7., 

Pécs. Folia Hepatologica, 2001, Vol. 6., Suppl. 1.: 27. 

 

27. MÁRTON ZS., HALMOSI R., HORVÁTH B., ALEXY T., KÉSMÁRKY G., HIDEG 

K., TÓTH K.  Kardiovaszkuláris gyógyszerek gyökfogó hatásának vizsgálata.  II. Magyar 

Mikrokeringés Kongresszus, 2001. április 27-28., Balatonkenese, Abstract book: 17. 

 

28. HORVÁTH B., MÁRTON ZS., HALMOSI R., SZAPÁRY L., ALEXY T., 

KÉSMÁRKY G., TÓTH K. Cerebrovascularis támadáspontú gyógyszerek szabadgyökfogó 

hatása. II. Magyar Mikrokeringés Kongresszus, 2001. április 27-28., Balatonkenese, 

Abstract book: 22. 

 

29. HALMOSI R., DERES P., TÓTH A., LITERÁTI-NAGY B., TÓTH K., SÜMEGI B.  

Poli(ADP-ribóz) polimeráz gátlók hatása postischaemiás myocardiumban az oxidatív 

sejtkárosodásra és a mitokondrium metabolismusára.  Magyar Kardiológusok Társasága 

2001. évi Tudományos Kongresszusa, 2001. május 9-12., Balatonfüred. Card. Hung. Suppl. 

2001/2, 61, 2001. 

 

 80



30. HABON T., HALMOSI R., SZABADOS E., SÜMEGI B., HIDEG K., TÓTH K. Az 

antioxidáns terápia új lehetőségei - Poli(ADP-ribóz)-polimeráz gátlók szerepe az 

alapkutatástól a klinikumig.  XLVIII. Dunántúli Belgyógyász Vándorgyűlés, 2001. június 

14-16., Kaposvár, Magyar Belorv. Arch. Suppl. 2, 54, 51, 2001.  

 

31. BŐSZ N., CZOPF L., SÜMEG SZ., HALMOSI R., TÓTH K., MÓZSIK GY. A 

hároméves túlélést befolyásoló rizikótényezők vizsgálata akut myocardialis infarctus után.  

XLVIII. Dunántúli Belgyógyász Vándorgyűlés, 2001. június 14-16., Kaposvár, Magyar 

Belorv. Arch. Suppl. 2, 54, 71-72, 2001. 

 

32. SUMEGI, R., HALMOSI, R., BERENTE, Z., OSZ, E., TOTH, K. Effect of poly(ADP-

ribose) polymerase inhibitors on the ischemia-reperfusion induced oxidative cell damage 

and mitochondrial metabolism in Langendorff heart perfusion system. 27th Meeting of the 

Federation of European Biochemical Societies, 30 June-5 July, 2001, Lisbon, Portugal. The 

FEBS Journal, 268, Supplement 1, 155, 2001. 

 

33. HALMOSI, R., DERES, P., BERENTE, Z., KALAI, T., TOTH, K., SUMEGI, B., 

HIDEG, K. 2,2,5,5-Tetramethylpyrroline-based cardioprotective compounds in the 

prevention of oxyradical-induced myocardial damage. Hungarian-German-Italian-Polish 

Joint Meeting on Medicinal Chemistry, September 2-6, 2001, Budapest, Hungary. Abstract 

book: 66. 

 

34. SUMEGI, B., HALMOSI, R., TOTH, A., OSZ, E., BERENTE, Z., TOTH, K. Effect of 

poly(ADP-ribose) polymerase inhibitors on mitochondrial reactive oxygen species 

formation and on postischemic energy metabolism in rat heart. 4th International Congress 

on Coronary Artery Disease - from Prevention to Intervention, October 21-24, 2001, 

Prague, Czech Republic. The Journal of Coronary Artery Disease, 4, 7, 2001.  

 

 81


	1. ABBREVIATIONS          5
	ANTIARRHYTHMIC COMPOUNDS IN THE PREVENTION 
	ON THE ISCHEMIA-REPERFUSION-INDUCED OXIDATIVE 
	 1. ABBREVIATIONS
	DNA   dezoxyribonucleic acid
	HR   heart rate
	MPT pore  mitochondrial permeability transition pore
	ROS   reactive oxygen species
	RPP   rate-pressure product
	TBARS  thiobarbituric acid reactive substances

	 3. OBJECTIVES OF THE STUDY
	4.3.2. Perfusion with hydrogen peroxide

	 Citrate synthase [76], NADH: cytochrome c oxidoreductase and cytochrome oxidase [77] activities were measured as described previously.
	4.14. NMR spectroscopy
	 5.1.5. Functional recovery of postischemic rat hearts during reperfusion

	    H-2545    H-2954
	I. Book chapters

