
 1

Oxidative stress and the role of downstream 
pathways in cardiovascular diseases 

 
 

PhD Thesis 

 

 

Dr. Levente Kiss, MD 
 

Semmelweis University 
 PhD School for Basic Medical Sciences 

 

          

 

 

Supervisor:   Dr. Csaba Szabó, MD, PhD, Dsc 
 
Reviewers:   Dr. Zsolt Radák, MD, PhD, DSc   
                                    Dr. Péter Ferdinándy, MD, PhD, DSc 
 
Committee members:     Dr. László Rosivall, MD, PhD, DSc 

        Dr. Balázs Sümegi, MD, PhD, DSc 
                                       Dr. Violetta Kékessi, MD, PhD 
 
 
 

Budapest, Hungary 

2009 



 2

1.   INTRODUCTION 
 

Cardiovascular diseases represent an enormous medical and social burden as major 

cause of deaths in adults in the developed world is of cardiovascular origin. The main 

contributors to total cardiovascular mortality are atherosclerosis, ischemic heart disease 

and heart failure. Recently, an important role of free radicals has been implicated in 

these diseases. Potentially harmful free radicals are generated continuously in living 

organisms, but under physiological conditions protective mechanisms, such as 

antioxidant molecules (e.g. glutathione, vitamin E, H2S) and antioxidant enzymes (e.g. 

superoxid dismutase, catalase, peroxidases) lead to a well-balanced  equilibrium, during 

which the levels and the deleterious effects of these free radicals are regulated. When 

this carefully regulated equilibrium is disturbed either by the increase of free radicals or 

by the decrease of protective molecules, the so-called oxidative stress occurs. Oxidative 

stress triggers the activation of the nuclear enzyme poly(ADP-ribose) polymerase 

(PARP), which contributes to the pathogenesis of various cardiovascular diseases, 

including atherosclerosis and heart failure. In atherosclerosis the level of oxidized LDL 

in the plasma is elevated. In oxidized LDL various oxidative molecules have been 

identified, such as 7-ketocholesterol (7K), which has been shown to induce PARP 

activation in microglial cells. PARP is an energy-consuming enzyme, it primarily 

functions as a DNA damage sensor in the nucleus and catalyzes the cleavage of NAD+ 

into nicotinamide and ADP-ribose, then transfers ADP ribose units to nuclear proteins. 

As a result of this process, the intracellular NAD+ and ATP levels remarkably decrease, 

resulting in cell dysfunction and cell death. Recent studies have also implicated the 

importance of mitochondrial dysfunction and mitochondrial cell death factors, including 

apoptosis inducing factor (AIF) in the process of oxidant-induced cell death, and the 

potential role of PARP in regulating these factors in various cell types, including the 

myocardium. In other studies investigating the connection between oxidative stress and 

cardiovascular diseases the antioxidant hydrogen sulfide (H2S) has been recognized as 

an endogenously produced gaseous second messenger capable of modulating many 

physiological processes, much like nitric oxide, which prompted the investigation of the 

potential of H2S as a cardioprotective agent. 
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2.   OBJECTIVES  
 

The main objective of the present thesis was to further elucidate the role of PARP and 

H2S in models of cardiovascular diseases involving oxidative stress. The specific aims 

were as follows: 

 

 

1. To clarify the potential effects of the main oxysterol 7-ketocholesterol on the 

activity of endothelial poly(ADP-ribose) polymerase and on endothelium-

dependent relaxant function.  

 

2. To investigate the role of PARP in the process of cardiac remodeling and heart 

failure in a mouse model of heart failure induced by transverse aortic 

constriction. 

 

3. To determine whether H2S has a potential to ameliorate myocardial ischemia-

reperfusion injury in vivo and to explore what could be the possible underlying  

mechanism of action.  
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3.   METHODS 

 

3.1. Experiments on the role of 7-ketocholesterol 

To elucidate the effects of the main oxysterol 7-ketocholesterol on the activity of 

endothelial poly(ADP-ribose) polymerase and on endothelium-dependent relaxant 

function in vitro and in vivo experiments were both used. HUVEC cells were used to 

assess PARP activation after 7K exposure (2-20 μg/ml). BALB/c mice were treated for 

1 week with 7-ketocholesterol or vehicle applied subcutaneously at a daily dose of 10 

mg/kg. In a separate set of experiments vascular rings were incubated with 7K (90 

μg/ml) or vehicle for 2 hours, followed by the determination of endothelium-dependent 

vascular function. In both set of experiments subgroups pretreated subcutaneously with 

1g/kg buthionine sulphoximine (BSO, Sigma)/24h for the inhibition of γ-

glutamylcysteine synthetase, thus lowering antioxidant capacity were also used. Aortic 

rings from these animals were used in isometric force functional studies and in PAR 

immunohistochemistry. 

 

3.2. Experiments on the role of PARP in cardiac remodeling and heart failure 

 

To investigate the role of PARP in the process of cardiac remodeling and heart failure 

transverse aortic constriction (TAC) was performed. Briefly, male C57BL/6, PARP-/- 

and wild-type PARP+/+ mice were anesthetized with a mixture of ketamine (65 mg/kg) 

and xylazine (5 mg/kg). The chest was opened at the second intercostal space. The 

transverse aortic arch was ligated between the innominate artery and left common 

carotid artery with a 27-gauge needle using 7-0 silk suture with the aid of dissecting 

microscope, and then the needle was promptly removed to yield a constriction of 0.4 

mm in diameter. Mice were studied at 9 weeks (pharmacological inhibitor studies) or 29 

weeks (PARP-/- versus wild-type) after TAC. The former group received either the 

isoindolinone-based PARP inhibitor INO-1001 (30 mg/kg/day) or vehicle orally (via 

drinking water) after surgical operation and continuosly afterwards for 9 weeks. At the 

conclusion of the studies, mice were sacrificed by an overdose of ketamine/xylazine 

mixture. Before the heart was isolated, the chest was opened to determine whether 

pleural effusion was present. The heart, lung, and liver were removed and their weights 
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were measured. In addition, in a separate set of studies C57BL/6 mice treated with INO-

1001 and undergoing aortic banding were sacrificed at 1 and 9 weeks, plasma samples 

and myocardial tissues were obtained and concentration of INO-1001 was measured by 

high-performance liquid chromatography (n = 5 animals/group). In mice that died 

spontaneously, organs were also removed at autopsy. In these mice, the deaths were 

ascribed to heart failure, if pleural effusion had occurred, and then increased lung 

weight to body weight was confirmed. The effect of hemodynamic loading conditions 

were examined with cardiac function measurements at 9 weeks after banding. Further 

experiments on the excised hearts included collagen staining, PAR and AIF 

immunohistochemistry and Western blot studies. The PARP inhibiting effects of INO-

1001 were tested on isolated cardiomyocytes. 

 

3.3. Experiments on the role of H2S in myocardial ischemia-reperfusion injury 

 

In order to investigate the possible effects of H2S in myocardial ischemia-reperfusion 

multiple approaches were taken: (1) in vivo model of myocardial ischemia-reperfusion 

using wild type C57BL/6 and αMHC-CGL transgenic (a H2S overproducing strain) 

mice and further experiments on in situ and  excised hearts; (2) in vitro studies using 

cardiomyocyte derived mitochondria; (3) in vitro studies using cardiomyocytes. In the 

first model mice were anesthetized via an intraperitoneal (ip) injection of sodium 

pentobarbital (50 mg/kg) and ketamine (60 mg/kg). The mice were then placed in a 

supine position with paws taped to the operating table. A midline incision was made 

along the sternum exposing the ribcage. Next, a thoracotomy was performed just to the 

left of the midline utilizing a thermal cautery unit. The second and third ribs were 

cauterized creating a small vertical opening approximately 1 cm in size. The left 

coronary artery (LCA) was then visually identified and then ligated with a 7-0 silk 

suture passed with a tapered BV-1 needle in close approximation just under the 

coronary artery. A small piece of PE-10 tubing was then placed inline with the LCA and 

the 7-0 suture was tightly tied compressing the LCA and rendering the left ventricle 

ischemic. Ischemia was visually confirmed by cyanosis of the affected left ventricle. 

During the ischemic period the incision was covered with parafilm creating an effective 

barrier against desiccation and dehydration. After 45 min of ischemia the LCA was 
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allowed to reperfuse, 50 μg/kg H2S were adimistered into the left ventricular lumen   

and the sternum and skin was closed. Further investigations and experiments on hearts 

included H&E staining, Evan’s Blue and TTC staining, MPO assay, IL1β, TNF-α, IL-

10 ELISAs, TUNEL assay and western blot studies. In addition, isolated cardiac 

mitochondria were evaluated for mitochondrial respiration in an in vitro hypoxia assay, 

and isolated cardiomyocytes were used to measure caspase-3 activation. 

 

3.4. Chemicals 

 

The phenanthridinone-based PJ34 and isoindolinone-based INO-1001 PARP inhibitors 

were both from Inotek Pharmaceticals Corp. (Beverly, MA). PJ34 was dissolved in 

M199 media used for HUVEC and INO-1001 was dissolved in 5% dextrose and diluted 

100 times with water. The hydrogen sulfide formulation (pharmaceutical name: IK-

1001) was a pharmaceutical-grade aqueous solution of H2S produced and formulated to 

pH neutrality and isoosmolarity by Ikaria Inc. (Seattle, WA) using H2S as a starting 

material. The sealed bottles containing the H2S formulation were freshly opened prior to 

each experiment and diluted in Krebs’ solution to the desired concentration and used 

immediately. All other chemicals were purchased from commercial vendors. 

 

3.5. Statistics 

 

All values are reported as mean ± SEM or SD (in case of 7-ketocholesterol studies). 

Statistics were performed by using JMP 5.1 statistical software with the Student t-test,  

ANOVA and Dunnett post hoc tests when appropriate. Probability values of less than 

0.05 were considered significant. 
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4.   RESULTS 

 

4.1.  Effects of 7-ketocholesterol on the activity of endothelial poly(ADP-ribose) 

polymerase and on endothelium-dependent relaxant function 

 
PARP in HUVEC cells were activated by 7-ketocholesterol in a dose-dependent 

manner. This activation was even higher with the pretreatment of BSO (Fig. 1A) The 

further analysis of this activation showed that 20 μg/ml 7K has nearly the same potential 

in activating PARP as 0.5mM H2O2, and this activation can be blocked by the PARP 

inhibitor PJ34 and by the non-selective NOS-inhibitor L-NAME (Fig. 1B). 

 

 
 

 
 

Figure 1.  7-ketocholesterol 
treatment activates PARP in 
HUVEC cells in a dose dependent 
manner. (A) Further analysis of this 
effect showed that BSO 
pretreatment augments this 
activation suggesting an oxidant 
effect of the 7K. (B) The degree of 
PARP activation by 7K was 
comparable with the degree elicited 
by H2O2. 7K-induced PARP 
activation was blocked by PARP 
inhibitor PJ34 and the non-isoform-
selective NOS inhibitor L-NAME. 
Data represent mean ± SD. 
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The experiments conducted on vascular rings showed no difference in Ach induced 

relaxations, neither after incubation of rings with 7K, nor after subcutaneous treatment 

of mice with 7K, even in the presence of BSO pretreatment. Based on nuclear PAR-

staining, the PARP activity of endothelial cells in the vessel wall showed no significant 

difference between the groups studied. 

 

 

4.2. Poly(ADP-Ribose) polymerase promoted cardiac remodeling and contractile 

failure in a murine experimental model of aortic banding and heart failure 

 

The all-cause mortality rate of TAC was not different for vehicle-treated banded mice 

and INO-1001-treated banded mice. All sham-operated mice survived to the time of 

experiment. Forty-five mice of 72 in the vehicle-treated banded group and 32 mice of 

61 in the INO-1001-treated mice died prematurely. Twenty-one mice in vehicle-treated 

banded mice (29.2%), and 11 mice in the INO-1001-treated banded mice (18.1%) died 

of heart failure, judged by postmortem findings. These mice had massive pleural 

effusion, severe lung congestion (lung wet weight 400.1 ± 29.6 mg, range 189–782 mg) 

and developed severe cardiac hypertrophy (heart weight 216 ± 12.7 mg, range 135–

451.8 mg). 

Treatment with INO-1001 prevented the pressure overload-induced decrease in 

contractile function despite that the pressure gradient between both carotid arteries was 

comparable in the vehicle-treated banded group (51.2 ± 5.1 mmHg) versus the INO-

1001-treated banded group (50.2 ± 9.5mmHg). Hearts from vehicle-treated banded 

mice showed a 22 and 14% reduction in maximal dP/dt (+dP/dt) and minimal dP/dt (-

dP/dt) compared with those from sham-operated mice, indicating pressure overload-

impaired cardiac function.  

Aortic banded mice had a significant increase in heart weight at the end of the 

experiment compared with sham-operated mice. Heart weight to tibial length (HW/TL) 

ratio increased by 100.5% in the vehicle-treated banded mice. Importantly, however, in 

INO-1001-treated banded mice, HW/TL ratio rose by 39.0%, which was significantly 

lower than in the vehicle-treated banded mice (Fig. 2A). The increased percentage of 
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HW/TL in PARP-/- mice was 23.2%, which was significantly lower than in the PARP+/+ 

mice (Fig. 2B). 

 

 

      

Figure 2. Reduced hypertrophic response to pressure overload in mice subjected to 
aortic banding (A) in the presence of the PARP inhibitor INO-1001; (B) in PARP-/- 
mice. The error bars represent the SEM. *, p < 0.05 versus respective sham-operative 
mice. †, p < 0.05 INO-1001-treated/ PARP-/- versus vehicle-treated/wild type banded 
mice.  
 

 

There was a massive staining of collagen in the myocardium of banded mice, which was 

markedly reduced in the INO-1001-treated group of banded animals. 

The concentration of INO-1001 in plasma at 9 weeks after treatment in aortic banded 

mice was 1.24 ± 0.96 μM (n = 4). However, at 1 week after the start of the experiment, 

plasma PARP inhibitor levels amounted to only 0.27 ± 0.12 μM, indicating a gradual 

buildup of plasma INO-1001 concentrations in the animals subjected to its 

administration in the drinking water. Similarly, INO-1001 levels in the heart only 

amounted to 0.18 ± 0.09 μM at 1 week, whereas they increased to 0.41 ± 0.12 μM at 9 

weeks. In vitro pretreatment with 1 μM INO-1001 fully prevented PARP activation in 

cardiac myocytes challenged with hydrogen peroxide (n = 4). At a 10 times lower 

concentration (0.1 μM INO-1001), PARP activation in hydrogen peroxide-challenged 

myocytes was reduced by 56 ± 7% (p< 0.05, n = 4). 

To examine whether PARP was activated in the myocardium in response to chronic 

pressure overload, mice were killed 1, 4, and 9 weeks after the operation and 
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immunohistochemical studies followed for PAR and AIF. Pressure overload caused 

increase in PARP activity, which reached its peak at 1 week, in both vehicle-treated and 

INO-1001-treated banded mice hearts compared with sham-operated mice heart. PARP 

activation in INO-1001- treated banded mice hearts was reduced and was similar to 

baseline level from 4 weeks after treatment. Similar to the results of PARP activation, 

the peak of AIF translocation occurred at 1 week after aortic banding and then 

decreased in both groups. INO-1001 prevented AIF translocation from 4 weeks after 

operation. This phenomenon was also confirmed by subcellular fractionation, followed 

by AIF Western blotting. 

 

 

4.3. Hydrogen sulfide attenuates myocardial ischemia-reperfusion injury by 

preservation of mitochondrial function  

 

Evaluation of infarct size as assessed by Evan’s Blue and 2,3,5-triphenyltetrazolium 

chloride (TTC) staining revealed a 51% reduction in infarct size per area-at-risk 

(INF/AAR) in the H2S treated group as compared with vehicle treated mice.  

Mice underwent LV echocardiographic analysis one week before 45 min of LCA 

ischemia and again after 72 h of reperfusion and the ones receiving H2S (50 μg/kg, iv) 

at the time of reperfusion were found to have. H2S-treated mice displayed no significant 

increase in post-MI LV dimensions [left ventricular end-diastolic dimension (LVEDD) 

and left ventricular end-systolic dimension (LVESD)] as compared with vehicle treated 

mice which displayed significantly increased LVESD and LVEDD after MI. 

Additionally, mice receiving the H2S donor were found to have a 21% decrease in 

fractional shortening 72 h after MI as compared with mice receiving vehicle, which 

displayed a 44% reduction in fractional shortening (Fig. 3A). In parallel, H2S-treated 

mice displayed a minimal 18% reduction in ejection fraction post-MI as compared with 

mice receiving vehicle that displayed a 39% reduction (Fig. 3B). There were no 

significant differences in heart rate at baseline or post-MI between the groups. 
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Figure 3. Results of  left ventricular echocardiographic analysis. (A) Percent fractional 
shortening after myocardial infarction. Postinfarction H2S-treated mice displayed a 
significant improvement as compared with vehicle-treated mice. (B) Percent ejection 
fraction after myocardial infarction. Postinfarction H2S-treated mice displayed a 
significant improvement as compared with vehicle treated mice (*, p<0.05, **, p<0.01, 
***, p<0.001 vs. BASE). (Circles inside bars denote n per group.) 
 

 

Blinded histological analysis of heart sections stained with H&E were scored 24 h after 

reperfusion. Mice receiving H2S donor displayed a reduced degree of myocardial 

neutrophilic infiltrate, necrosis, hemorrhage, and spindle-shaped interstitial cells as 

compared with mice receiving vehicle. To quantify neutrophilic infiltrate 

myeloperoxidase (MPO) activity was analyzed 4 h after reperfusion. H2S-treated mice 

were found to have a 26% reduction in MPO activity as compared with vehicle-treated 

mice. Intravital microscopy of leukocyte rolling revealed that H2S completely inhibited 

thrombin induced leukocyte-endothelial cell interactions. H2S-treated mice displayed 

levels of leukocyte rolling similar to control levels at all time points analyzed. 

ELISA analysis of key myocardial cytokines after 45 min ischemia and 4 h reperfusion 

revealed H2S-treated mice to have no significant increase in IL-1β as compared with 

sham animals (206± 21 vs. 185 ± 26 pg/mg protein). In stark contrast, vehicle-treated 

mice were found to have a 2.1-fold increase in IL-1β (390 ± 90 pg/mg protein). The 

assessment of TNF-α and IL-10 in lysates revealed no differences among the groups. 

Oxygen consumption during state 3 respiration was measured in mitochondria isolated 

from murine hearts. H2S (1–50 μM) was introduced into a sealed chamber after steady-

state respiration and O2 was monitored with a Clark-type electrode. A dose dependent 
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reduction of oxygen consumption compared with baseline was observed: 1 μM = 7%, 

10 μM = 63%, 25 μM = 86%, 50 μM = 95%. Freshly isolated cardiac mitochondria 

were then subjected to an in vitro hypoxic assay. Mitochondria in the presence of 10 μM 

H2S were found to have a significantly improved recovery of respiration rate after 30 

min of hypoxia: 36 ± 2% recovery in the vehicle-treated group as compared with a 67 ± 

2% recovery in H2S-treated mitochondria.  

To investigate apoptotic processes, isolated adult cardiomyocytes were subjected to 6 h 

hypoxia and 12 h reoxygenation. Groups receiving the H2S donor at the time of 

reoxygenation displayed a significant reduction in caspase-3 activity as compared with 

vehicle-treated myocytes. After 45 min LCA ischemia and 4 h reperfusion mouse heart 

samples from sham, vehicle and H2S donor-treated mice were evaluated for TUNEL 

positive nuclei. H2S donor-treated mice were found to have a 59% reduction in the 

number of TUNEL positive nuclei as compared with vehicle-treated animals. 

Mice were implanted with radiotelemeters and subjected to femoral vein injection of 

H2S. No significant effect on mean arterial blood pressure could be registered (MABP) 

at doses ranging from 10–500 μg/kg, as compared with vehicle-treated mice. H2S (1 

mg/kg) did significantly reduce MABP from (102.4 ± 2.3 to 64.6 ± 6.3 mmHg), 

representing a 37% decrease that lasted for an average of 7.4 seconds followed by a 

period of hypertension. Assessment of heart rate revealed no significant alteration after 

doses ranging from 10–100 μg/kg as compared with vehicle-treated mice. 

To strengthen our results we examined αMHC-CGL-Tg mice, which overproduces H2S 

via the overexpression of the H2S producing cystathionine-γ-lyase. The ~2-fold increase 

in production of H2S was confirmed in myocardial homogenates of αMHC-CGL-Tg 

mice as assessed by an H2S specific electrode. Then, αMHC-CGL-Tg mice and their 

WT littermates were subjected to 45 min LCA occlusion and 72 h reperfusion. TTC 

analysis of infarct size revealed αMHC-CGL-Tg mice to have a significant reduction in 

infarct size as αMHC-CGL-Tg mice exhibited a 47% reduction in INF/AAR compared 

with WT littermates. 
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5.   CONCLUSION 

 

Taken together, our results show that oxidative and nitrosative stress play an important 

role of the disease models studied. Specifically, our data suggest that although the main 

oxysterol component of oxLDL particles, the 7-ketocholesterol is capable of activating 

PARP in endothelial cells, but it cannot induce endothelial dysfunction alone. It is 

conceivable that 7-ketocholesterols and other oxysterols found in oxLDL may be 

responsible together for the development of endothelial dysfunction induced by these 

lipoproteins. Our experimental results also support the view that PARP activation 

importantly contributes to the pathogenesis of cardiovascular dysfunction in 

experimental models of CHF and strengthens the notion that PARP inhibition may 

represent a novel approach for the experimental therapy of CHF. Finally, either 

exogenous or endogenous increases in hydrogen sulfide at the time of reperfusion limits 

the extent of myocardial infarction. This protection is accompanied by a decrease in 

myocardial inflammation and a preservation of mitochondrial function. These results 

stress the importance of oxidative and nitrosative stress in the investigated 

cardiovascular diseases and may lead to novel approaches in the therapies of 

atherosclerosis, ischemic heart disease and chronic heart failure. 
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