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Introduction 

Poly (ADP-ribosyl)ation of proteins is a post-translational modification 

mediated by poly (ADP-ribose) polymerases (PARPs) that uses NAD+ as 

substrate to form the negatively charged polymer of poly (ADP-ribose) (PAR). 

PARP-1 is responsible for the 90% of PARylation activity. It is an 

abundant nuclear enzyme present in eukaryotic cells with the exemption of yeast 

and neutrophil granulocytes. Its catalytic activity is stimulated on binding to 

DNA breaks. The triggers of DNA breakage such as ionizing radiation, 

genotoxic compounds, endogenous oxidants and free radicals are ultimate 

activators of PARP. Conditions, which lead to the production of intracellular 

oxidants and free radicals, such as hypoxia-reoxygenation, inflammatory 

processes and elevated glucose concentration are also initiators of PARP 

activation.  

In these conditions the very potent oxidant peroxynitrite is formed in the 

reaction of superoxide and nitric oxide (NO) derived from the increased 

endothelial and inducible nitric oxide synthase (eNOS, iNOS) activity. 

Peroxynitrite attacks various biomolecules, besides inducing DNA damage; it 

also nitrates protein tyrosine residues. 

The protein acceptors of PARP-1 are associated with chromatin structure 

and DNA metabolism, and the enzyme also PARylates itself in an 

automodification reaction. PARP-1 is important in the survival and genomic 

integrity of cells; however its overactivation leads to the rapid depletion of 

cellular NAD+ and ATP pools causing energy depletion and necrotic cell death. 

PARP also induces the translocation of apoptosis inducing factor (AIF) from the 

mitochondria to the nucleus activating apoptotic pathways. 

PARP activation also alters pro-inflammatory gene expression, it 

potentates nuclear factor-κB (NFκB) activation and activation protein-1 (AP-1) 

expression, resulting in greater expression of AP-1- and NFκB-dependent genes, 

such as iNOS, intracellular adhesion molecule-1 (ICAM-1), tumor necrosis 
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factor- α (TNF-α), macrophage inflammatory protein-α (MIP1-α), and caspase 3 

(C3). 

However PARP was originally thought to be primary regulated by the 

recognition of damaged DNA, recent studies identified several endogenous 

modulators such as thyroid hormones, 1,25-dihydroxyvitamin D3, ATP and 

certain purines, including hypoxanthine and inosine. 

Inflammation is characterized by a complex series of events, including 

leukocyte migration and proinflammatory cytokine production. 

Proinflammatory cytokines trigger free-radical formation by a variety of 

mechanisms, such as stimulation of xanthine oxidase and recruitment of 

neutrophils that express NADPH oxidase. The activation and increased 

expression of iNOS causes augmented NO synthesis. The consequent PARP-1 

activation further activates pro-inflammatory signal transduction and recruits a 

greater number of activated leukocytes that produce even more oxidative stress. 

PARP activation can also accelerate this positive feedback cycle by preventing 

the energy dependent reduction of oxidized glutathione.  

However PARP-mediated processes can be beneficial by helping to 

eliminate parenchymal cells having severely damaged DNA caused by the 

nearby occurring neutrophil attack and by recruiting mononuclear cells to the 

inflammatory site, the above mentioned positive feed-back cycles can amplify 

themselves beyond the desired or controllable level, resulting excessive cellular 

damage and consequent organ dysfunction.  

The beneficial effects of PARP inhibition or deficiency have been 

demonstrated in various models of inflammation. In animal models of 

inflammation - including Escherichia coli endotoxin (lipopolysaccharide (LPS)) 

or cecal ligation and puncture (CLP) induced shock - among others it reduces 

mortality, liver, lung and kidney dysfunction, mononuclear cell recruitment and 

TNF-α production.  



It is also known that female gender has protective effect in sepsis. In CLP 

induced sepsis model it was shown that female gender reduced the lung and the 

liver damage, decreased mortality and TNF-α production. 

In critically ill patients it was observed that tight glycemic control with 

intensive insulin treatment reduced the number of deaths from multiple organ 

failure with sepsis and the frequency of abnormality in inflammation markers. 

Insulin was also shown to suppress the endotoxin-induced production of TNF-α. 

In case of the heart various conditions such as myocardial infarction, 

cardiopulmonary bypass, aortic reconstructive surgeries, and circulatory shock 

lead to ischemia-reperfusion injury. Although in these conditions the therapy for 

the ischemic episode is providing reperfusion, reperfusion itself leads to 

additional tissue damage mediated by a multitude of factors including reactive 

oxygen (ROS) and nitrogen species and pro-inflammatory signal transduction 

activation. These processes lead to the so-called “respiratory burst”: recruitment 

and activation of polymorphonuclear leukocytes and consequent amplification 

of the initial inflammatory response and ROS generation. 

In experimental models of myocardial infarction and cardiopulmonary 

bypass, there is a marked PARP activation in the reperfused myocardium, which 

parallels with the contractile dysfunction and the depletion of cellular NAD+ and 

ATP pools. 

The beneficial effects of PARP inhibitors, as evidenced by cell culture 

studies, perfused heart studies, rodent and large animal studies of myocardial 

infarction and cardiopulmonary bypass include: a) reduction in myocyte 

necrosis; b) improvement of cardiac contractility; c) improvement in myocardial 

intracellular energy charge; d) reduction in inflammatory mediator expression; 

and e) attenuation of neutrophil infiltration into the reperfused myocardium. 

Recent work has also demonstrated that local insults, such as myocardial 

infarction can lead to a systemic activation of PARP, as evidenced in studies of 

circulating leukocytes in rats subjected to acute myocardial infarction. 
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Pharmacological inhibitors of PARP move toward clinical testing for a 

variety of indications including cardioprotection and malignant tumors. During 

the development of these compounds, especially in clinical trials a sentinel test - 

that besides reflecting the degree of PARP activation and the efficiency of 

PARP inhibition requires easily accessible material for analysis - is of utmost 

importance. Measuring PARP activity of circulating leukocytes can be a useful 

candidate if this parameter fulfils the above-mentioned criteria not only in rats 

subjected to myocardial infraction but also in other animal models of various 

diseases and in human studies. 
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Aims 
Our aim was to identify possible novel modulators of PARP, and to test 

whether measuring PARP activity in circulating leukocytes may serve as a 

sentinel test reflecting the degree of PARP activation and the efficiency of 

PARP inhibition. 

 

Our specific questions were: 

 

1. Does gender difference exist in the inflammatory and vascular 

response in endotoxin shock? Do PARP inhibitors gender-preferentially 

modulate this response? 

 

2. Is there a connection between hyperglycemia, insulin therapy and 

PARP activation in endotoxin shock? 

 

3. Is PARP activation observable in circulating leukocytes in human 

myocardial infarction? 

 

4. Does the measurement of PARP activity in circulating leukocytes 

reflect the pathological state and the efficiency of PARP-inhibition therapy?  
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Materials and methods 
All procedures were approved by institutional and regional ethics review 

committee. In case of human studies, written informed consent was obtained 

from all participating patients before enrollment. 

 

Study protocols 

1. LPS was injected into 5 groups of mice (wild type male, female, 

ovariectomized female, PARP knockout male and female) intraperitoneally 

(i.p.) at a dose of 1 mg/kg, followed by the measurement of TNF-α at 90 min. 

The PARP inhibitor PJ34 at 10 mg/kg was given i.p., as a 30-min pretreatment 

prior to the injection of LPS. In another set of experiments (in female mice), the 

dose of LPS was increased to 30 mg/kg. 

Male or female Wistar rats (350-400 g) - either pretreated with 30mg/kg 

PJ34 intravenously (i.v.) or its vehicle, saline for 30 min - were given LPS (10 

mg/kg i.v.). Thoracic aortae were obtained 3 h later, and endothelium-dependent 

relaxant responses to acetylcholine were recorded in isolated thoracic aortic 

rings. PARP activation in circulating leukocytes was measured by flow 

cytometry. 

 

2. Age-matched male Wistar rats (n=16, weighing 350-400 g) were 

treated with a single dose of 15 mg/kg LPS, followed by treatment with vehicle 

(n=8) or 5 units of rapid insulin subcutaneously (n=8). The control group (n=8) 

remained untreated. Blood glucose levels of the animals were periodically 

monitored (Accu-Check). At 3 h, animals were anesthetized with N2O-

Narcothan mixture. Peripheral blood leukocytes were isolated for the 

measurement of PARP activation, and serum was collected for TNF-α 

measurement.  
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Cell culture experiments were conducted to test the in vitro effect of 

insulin treatment on PARP activation. Whole blood collected from male Wistar 

rats (300–350 g) was diluted 1:10 in RPMI medium containing 30 mM glucose 

with or without insulin (10 nM), and incubated for 24 h at 37°C (5% CO2). 

Mononuclear cells were isolated using Histopaque-1083. Human umbilical 

endothelial cells (HUVEC) were cultured in Endothelial Basal Medium 

containing 2% FBS, recombinant human EGF 0.1%, bovine brain extract 0.4%, 

gentamycin 0.1%, hydrocortisone 0.1% and 30 mM glucose with or without 

insulin (10 nM) for 24 h. PARP activity was measured by Western-blot.  

 

3. 15 cardiovascular patients were enrolled with acute ST-segment 

elevation myocardial infarction referred to the National Health Center, Budapest 

for primary percutaneous coronary intervention between October 2004 and 

February 2005. Resting venous blood was taken into native and heparin- and 

EDTA (ethylenediaminetetraacetic acid)-containing tubes from STEMI and 

elective PCI patients at 4 different time points: (1) before the angiography, (2) 

within 15 min after opening of the infarct-related or target coronary artery, (3) 

24 ± 4 h after the PCI, and (4) 96 ± 4 h after the PCI. Peripheral leukocytes were 

isolated for immunohistochemistry and Western-blot. Age-matched patients 

with stable angina pectoris undergoing elective coronary angiography (n = 6) 

and elective percutaneous intervention (n = 9) were also tested in parallel as 

negative controls. Plasma hydrogen peroxide and serum 8OHdG (8-hydroxy-2′-

deoxyguanosine) concentration was also measured. 

 

Measurement of vascular reactivity on isolated aortic rings of rats

Thoracic aorta was cleared from periadventitial fat and cut into 3-4 mm 

width rings, mounted in organ baths filled with warmed (37°C) and oxygenated 

(95% O2, 5% CO2) Krebs’ solution (CaCl2 1.6 mM; MgSO4 1.17 mM; NaCl 130 

mM; NaHCO3 14.9 mM; KCl 4.7 mM; KH2PO4 1.18 mM; glucose 11 mM). 
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Isometric tension was measured with isometric transducers. Tension of 1.5 gram 

was applied and the rings were equilibrated for 60 minutes, followed by 

precontraction with epinephrine (10-7 M) and concentration-dependent 

relaxation to acetylcholine (10-9 to 3x10-4 M). Experiments were conducted in 

5–6 pairs of rings in each experimental group. 

 

Immunohistochemistry 

Immunohistochemistry was performed on methanol fixed leukocyte 

smears. Leukocytes were isolated from blood samples using Histopaque-1083 in 

case of animal studies and Histopaque-1077 in case of human subjects. Anti-

nitrotyrosine (NT) rabbit polyclonal antibody was used to stain 3-nitro-tyrosine, 

the marker of tyrosine nitration. PAR detection was performed using the mouse 

monoclonal anti-PAR antibody after antigen retrieval. Anti-AIF rabbit 

polyclonal antibody was used to label AIF. Secondary labeling was achieved 

using biotinylated anti-mouse immunoglobulin horse or anti-rabbit 

immunoglobulin goat antibody Horseradish peroxidase, conjugated avidin and 

diaminobenzidine, was used to visualize the labeling. Smears were counter-

stained with nuclear fast red (NFR) or hematoxiline. To determine the 

proportion of NT- and AIF-positive cells at least 300 cells were counted in each 

smear and ratio was given by the percentage of all cells. To evaluate PAR-

stained slides, semi-quantitative PAR-positivity score was established from 1 to 

10 (1: no staining, 2: light cyioplasmic staining, 3: strong cytoplasmic staining, 

4: cytoplasmic staining with a few poitive nuclei, 5: approximately 50% of 

nuclei are positive, 6: approximately 75% of nuclei are positive, 7: general 

nuclear staining with a few negative cells, 8: all nuclei are positive, 9: strong 

nuclear staining in all cells, 10: very strong general nuclear staining in all cells). 

All these procedures were done by a blinded investigator. 

 

Flow-cytometry 
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After fixation and permeabilization of the isolated leukocytes with 

Cytofix/Cytoperm Fixation/Permeabilization Solution Kit, monoclonal mouse 

anti-PAR antibody was used as primary antibody to stain intracellular PAR. All 

procedures were performed in Cytoperm solution after the fixation of the cells. 

We used purified mouse IgG3κ isotype control (anti-KLH) antibody. As 

secondary antibody FITC-conjugated goat anti-mouse immunoglobulin specific 

polyclonal antibody was used. Flow cytometric measurements were performed 

on single cell suspension of rat leukocytes using FACSCalibur. Region 1 (R1) 

was defined to contain cells having typical Forward Scatter and Side Scatter 

properties of lymphocytes. Isotype control stained cells served as negative 

control for each sample. Fluorescence data were collected using logarithmic 

amplification until we reached 10,000 counts of R1 cells. On the PAR 

histograms the gate was R1. 

 

Western-blot 

HUVECs and mononuclear cells were lysated in hot lysis buffer (1% 

TRIS, 1% SDS). The lysates were centrifuged and the supernatant were used for 

western blot analysis. 10 μg protein was loaded in each well. Anti-PAR 

monoclonal mouse antibody was used as primary antibody, secondary antibody 

was horseradish peroxidase linked goat anti-mouse immunoglobulin. The blots 

were then developed using chemiluminescence method.  

 

Biochemical analysis 

Serum TNF-α levels were measured using sandwich ELISA (Enzyme-

Linked ImmunoSorbent Assay) method. 

Using the OxyStat assay total hydrogen peroxide concentration was 

determined in EDTA plasma samples.  
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Serum levels of 8OHdG were measured using a competitive enzyme-

linked immunosorbent assay based on a 8OHdG monoclonal antibody. Serum 

samples were purified using an ultrafilter according to the instructions of the 

manufacturer. 

 

Statistical analysis 

Results are expressed as mean ± SEM. Analysis of variance with 

Bonferroni’s correction/Tukey’s post hoc test or Student’s t test was used to 

compare mean values, as appropriate. Where data were not normally distributed, 

nonparametric statistic tests were performed using Statistica 6.0 software. 

Mann-Whitney U test was conducted to investigate the association between 

independent parameters of different patient groups. To analyze dependent 

variables, the Wilcoxon matchedpairs test was used. Differences were 

considered significant when p < 0.05. 

 

Results 
1. We found that in response to LPS treatment female animals produced 

less TNF-α than male mice. Inhibition of the catalytic activity of PARP by PJ34 

reduced TNF-α production in male animals but did not further reduce TNF-α 

production in female animals. PARP inhibition was unable to significantly 

reduce TNF-α production in female mice even when the dose of LPS was 

increased to produce a higher level of baseline TNF-α production to make it 

comparable with the level seen in LPS-treated male animals. In addition, PARP-

1-deficient male mice were resistant to LPS-induced TNF-α production, 

whereas in female mice (which were already resistant to these responses), 

genetic inactivation of PARP-1 failed to produce additional benefit. In 

ovariectomized female mice, LPS induced higher levels of TNF-α compared 

with regular control females (8582 ± 1187 vs. 5504 ± 806 pg/ml, n = 5). 
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Furthermore, in ovariectomized animals, a restoration of the sensitivity of the 

animals to inhibition of TNF-α production by PARP inhibitors was seen. 

Pharmacological inhibition of PARP reduced LPS-induced TNF-α production to 

4668 ± 1187 (n = 5, P < 0.05). 

There was no difference between male and female rats in basal PARP 

activity, as detected in circulating leukocytes by flow cytometry. LPS 

stimulation induced significant increases in PARP activation both in male and 

female animals. However, pharmacological inhibition of PARP with PJ34 only 

reduced PARP activity in male animals, but not in females. 

There was a significant degree of reduction in the endothelium-dependent 

relaxant ability of the vascular rings in response to LPS treatment in male 

animals but not in female animals. Pretreatment with the PARP inhibitor PJ34 

prevented the development of this LPS-induced endothelial dysfunction in the 

male rats, whereas it tended to attenuate the relaxant response in LPS-treated 

female animals. 

 

2. LPS treatment caused significant hyperglycemia for the first 120 min. 

The highest blood glucose level was measured 60 min after LPS injection. In the 

second hour the blood glucose levels of the rats gradually decreased and 

returned to the normal even hypoglycemic range by 180 min after LPS 

treatment. Insulin treatment prevented the LPS-induced hyperglycemia. 

The PAR content of circulating lymphocytes – representing their PARP 

activity – was significantly increased in response to LPS. This activation of 

PARP was prevented by the administration of insulin. 

Serum TNF-α levels also showed a significant increase, as measured at 3 

h after LPS injection, which was prevented by insulin treatment. It is 

noteworthy that while the inhibition of PARP activation by insulin in the 

circulating cells was a complete response, the inhibition of TNF-α production 

was a partial one. These findings may suggest that the promotion of TNF-α 
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release into the serum during endotoxemia is triggered by multiple factors; 

PARP activation being one of these stimuli.  

In cell culture studies, Western blot analysis showed that insulin slightly, 

but significantly decreases PARylation of proteins in HUVECs and 

mononuclear cells cultured in medium containing 30 mM glucose, indicating 

that insulin has a slight, but significant direct effect on PARP activation, 

independent from its role in altering extracellular glucose concentration in vivo. 

 

3. The enrolled STEMI patients were predominantly men, with multiple 

cardiovascular risk factors in their medical history. All of them had permanent 

chest pain (maximum 12 h) and showed ST elevation (≥ 2 mm) in at least 2 

consecutive ECG leads on admission. In each case, coronary angiography 

revealed subtotal or total coronary artery occlusion, and successful 

recanalization was confirmed by high TIMI (trombolysis in myocardial 

infarction) flow rate values after PCI. Definitive acute myocardial damage was 

demonstrated by elevated creatine kinase (CK)/CK MB values. 

Plasma hydrogen peroxide concentration was not affected by coronary 

reperfusion directly; pre- and post-PCI values were not different statistically. A 

significant increase was observed in total peroxide levels 24 and 96 hrs after the 

acute cardiovascular event. Baseline values in patients with stable angina 

pectoris and acute myocardial infarction were not different. Similar to the 

primary PCI group, in control stable angina patients hydrogen peroxide 

concentrations were identical before and after coronarography. 

In contrast to peroxide levels, primary PCI, representing a successful 

myocardial reperfusion, led to an explicit, rapid 8OHdG level increase, 

indicating systemic, immediate, reperfusion-related DNA-damage in the STEMI 

patients in response to PCI. Furthermore, unlike peroxide concentrations, 

8OHdG levels were normalized within 96 hrs. Serum 8OHdG concentrations in 
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control stable angina patients were not different statistically from pre-PCI 

STEMI values. 

Immunohistochemistry and densitometric analysis of Western blots 

confirmed a significant immediate PARP activation in circulating leukocytes 

due to myocardial reperfusion achieved by primary PCI. Similar to the kinetics 

of 8OhdG serum levels, the increase of PARP activity in the isolated leukocytes 

occurred rapidly after myocardial reperfusion and decreased over time. 

Importantly, in patients undergoing elective percutaneous intervention, no 

PARP activation occurred after the PCI. These results indicate that significant 

myocardial ischemia is required before reperfusion to induce PARP activation. 

Baseline initial PARP activity in stable angina and STEMI patients was 

comparable. 

Immunohistochemical staining demonstrated that tyrosine nitration of the 

isolated cells significantly increased after PCI, compared to pre-PCI values. 

Again, when nitrotyrosine-positive cells were counted, rapid kinetics was 

observed: tyrosine nitration was maximal just after PCI and decreased by 96 h. 

The number of nitrotyrosine-positive cells did not differ between control and 

STEMI patients prior to surgery. In contrast to these parameters, translocation of 

AIF to the nuclei showed a gradual tendency to increase, a difference that 

became significant compared with the pre-PCI values by day 4. 
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Discussion 
1. Our results demonstrate that in LPS treated female mice/rats TNF-α 

production and endothelial dysfunction were markedly attenuated, and in 

contrast to male mice/rats, pharmacological inhibition of PARP failed to provide 

further protection. The gender difference to the LPS-induced TNF-α production 

is partially diminished in ovariectomized animals. PARP inhibition in male 

animals and female gender provided a comparable degree of protection against 

the various inflammatory/cardiovascular parameters investigated in the current 

study. Consistent with these findings, we observed that in circulating 

leukocytes, the pharmacological PARP inhibitor PJ34 only inhibited LPS-

induced PARP activation in male rats, but not in females.  

Using an in vitro gel shift assay, it was shown that PARP and estrogen 

receptor α (ERα) cooperatively interact with the DNA, and these interactions are 

further reinforced by the presence of estrogen. The formed complex may 

sequester PARP to specific regions on the DNA, making it difficult for its zinc 

fingers to access and recognize DNA breakpoints. These observations indicate 

that estrogen is a novel endogenous inhibitor of PARP. 

Pharmacological inhibitors of PARP move toward clinical testing for a 

variety of indications, for example myocardial infarction and various malignant 

tumors. As myocardial infarction predominantly develop in men or in 

postmenopausal women, gender differences in PARP actions do not discourage 

the clinical testing of the therapeutic effect of PARP inhibitors in both males 

and females. The sensitivity of cancer cells for PARP inhibition is usually the 

characteristic of the tumor. Nevertheless careful analysis should be conducted 

and potential gender differences in the upcoming clinical trials should be 

examined. 

 

2. In our study we demonstrated that insulin therapy in a rat model of 

endotoxemia blocks PARP activation and prevents inflammatory mediator 
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production. Thus, the beneficial effects of insulin therapy in critical illness may 

be related, at least in part, to an inhibition of the pathophysiological 

consequences of the excessive overactivation of PARP. On the other hand, this 

PARP-inhibitory effect of insulin therapy has to be also considered in the 

upcoming clinical trials in critically ill patients.  

 

3. Our results provide the first clinical evidence for PARP activation in 

patients with myocardial infarction, which was measured in circulating 

leukocytes. These findings are consistent with the conception that local 

myocardial hypoxia/reperfusion triggered by percutaneous interventions in acute 

myocardial infarction is able to trigger systemic oxidative responses in humans. 

In the present population of cardiovascular patients with ST-segment elevation 

myocardial infarction, primary percutaneous intervention is accompanied by 

significant systemic DNA-damage, PARP-1 activation, and consequent AIF 

translocation. 

On the other hand additional investigation would be necessary to link and 

correlate these biochemical markers to patient outcome and clinical parameters, 

such as serum troponin, CK MB values, ejection fraction, major cardiac events 

or cardiovascular death.  

The present observations may also have direct therapeutic implications. 

In theory — as is supported by our human data confirming rapid PARP 

activation due to primary PCI — PARP inhibition before the planned 

reperfusion might provide multiple benefits, most importantly, myocyte salvage 

and therefore improved survival. 

 

4. PARP activity of circulating leukocytes was measured in rat model of 

endotoxemia, and in patients with STEMI followed by reperfusion by three 

different technique; immunohistochemistry, flow-cytometry and Western-blot. 

In all studies PARP activity of mononuclear cells reflected the pathological 
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condition and the efficiency of PARP inhibition therapy. In the future these 

techniques may serve as potential sentinel in pharmacological development and 

clinical trials of PARP inhibitors. However, further investigation is required to 

validate these methods and to determine the most appropriate and accurate 

method. 
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Conclusion 
1. Our results demonstrate that there is an interrelated regulation of the 

endotoxin-induced inflammatory and vascular responses by gender and PARP. 

Our observations indicate that estrogen is a novel endogenous inhibitor of 

PARP. 

 

2. In endotoxin shock, insulin therapy prevents hyperglycemic response, 

blocks PARP activation and blunts LPS-induced increase in TNF-α production. 

The PARP inhibitory effect of insulin is mainly due to the reduction of blood 

glucose level. 

 

3. In the examined population of cardiovascular patients STEMI followed 

by PCI is accompanied by increased nitrosative stress, PARP activation, and 

consequent AIF translocation in circulating leukocytes. These data provide 

evidence for PARP activation for the first time in humans suffering from 

myocardial infarction. 

 

4. In the present studies PARP activity of mononuclear cells reflected the 

pathological condition and the efficiency of PARP inhibition therapy. 

 

Gender differences and PARP-inhibitory effect of insulin therapy has to 

be considered in pharmacological development and upcoming clinical trials of 

PARP inhibitors. Measuring the PARP activity of circulating leukocytes may 

serve as potential sentinel in these studies. 
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