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1.  INTRODUCTION

Enhanced activation of poly(ADP-ribose) polymerase (PARP) enzyme is a major contributor to
oxidative stress-induced cell dysfunction and tissue injury. Reactive oxygen species and peroxynitrite
formation expedites the ischemia-reperfusion-induced cardiac injury, and causes lipid peroxidation,
protein oxidation and single-strand DNA brakes. Single-strand DNA. brakes can activate the nuclear
PARP, which ADP-ribosylates different nuclear proteins on the expense of cleaving NAD". If PARP
activation exceeds a certain limit, it can lead to cellular NAD" and ATP depletion, ultimately resulting
in cell death. We and other investigators have already shown that PARP inhibitors can efficiently
reduce oxidative myocardial damage during ischemia-reperfusion both in isolated heart perfusion and in
in vivo myocardial infarction models, furthermore PARP inhibition provided significant protection
against postinfarction heart failure.

Recent studies have however challenged the original conception that protection by PARP
inhibitors exclusively rely on the preservation of NAD" and ATP stores. Several studies have suggested
that PARP inhibitors may modify the activation state of signaling routes and gene expression.
Nevertheless, to date, limited information is available on how PARP inhibition influences the signaling
pathways during myocardial ischemia-reperfusion, or how PARP inhibition might modulate

intracellular signaling during the progression of postinfarction remodeling and heart failure,

PROTEIN KINASE CASCADES AND OXIDATIVE STRESS '

Hypoxia-reoxygenation as weli as other oxidative insults influence tissue survival partially
via differential regulation of protein kinase cascades and inflammatory reactions. Phosphatidylinesitol-
3-kinase (PI3K)-Akt and mitogen-activated protein Kinase (MAPK) (including extracellular signal-
regulated kinase (ERK1/2), ¢-jun N-terminal Kinase (JNK) and p38-MAPK) signaling networks have
all been shown to alter their activation state in response to oxidant injury and therefore could potentially
participate in cell fate decisions. Signaiing through Akt and ERK appears to be prosurvival in nature
associated with growth factor receptor stimulation. On the other hand, JNK and p38-MAPK activation
was linked to apoptosis, but depending on the context and duration of activation, they can exert opposite
effects, as well.

Cardiac remodeling, ultimately culminating in heart failure, characterized by inadequate
myocyte hypertrophy, accumulation of extracellular matrix structural proteins (fibrillar collagen, type I
and Iil collagen), metabolic parameters and gene expression, is also associated with alterations in
intracellular signaling including the inhibition of glycogen synthase kinase-38 (GSK-3B) via
phosphory!ation by Ak, protein kinase C (PKC), p70-S6 kinase, p90-RSK and protein kinase A. These

pathways and the MAP kinases have all been demonstrated to alter their activation state in response to
hypertrophic stimuli and therefore may be responsible for myocardial hypertrophy,

As recent findings in a rodent septic shock model showed that PARP inhibition increased the
phosphorylation and activation of Akt and attenuated the lipopolysaccharide-induced phosphorylation
of ERK1/2, p90RSK and p38-MAP kinases, it suggested, that PARP inhibitors could modulats these
signaling pathways which are also responsible for the cell-fate decisions in myocardial ischemia-

reperfusion or in the development of cardiac hypertrophy.

EXPERIMENTAL MODELS OF CARDIAC OXIDATIVE INJURY

To elucidate the role of protein kinase signaling in the mechanism of cardioprotection
afforded by PARP inhibitors, we utilized three experimental modefs. First, we investigated the effect of
PARP inhibition on the recovery of energy metabolism in vitro in Langendorff perfused hearts during
ischemia-reperfusion cycle, then the PARP inhibitor agent was tested in vivo in isoproterenol-induced
(IS0) myocardial infarction model. Third the PARP inhibitor compound was administered in a rat
model of chronic heart failure after isoproterenol-induced myocardial infarction. As known,
subcutaneous administration of the beta-adrenoceptor agonist isoproterenol induces extensive amount of
cardiomyocyte necrosis, ranging from patchy subendocardial necrosis to transmural infarction, while
maintaining patent coronary vasculature. The exact mechanism of isoproterenol-induced myocardial
damage has not been clarified, but a mismatch of oxygen supply versus demand following coronary
hypotension and myocardial hyperactivity may offer the best explanation. It has been also demonstrated
that 1SO administration produces free radicals via P-adrenoceptor mechanism that affects the cell
metabolism to such a degree that cytotoxic free radicals are formed producing myocardial necrosis. This
effect results in both acute and chronic a deterioration of hemodynamic variables. The significant cell
loss after the experimentally induced myocardial infarction is the initial insult that triggers the
development of heart failure. The alteration in work load leads to consequent Ewonn:._E __«vo.n_dv_._w
and finally ventricular enlargement and dilatation. Furthermore administration of high dosages of
catecholamines is also followed by myocardial fibrosis, alterations in the collagen fibers or changes in
the neurohormonal system. Finally injection of isoproterenol induces a syndrome in the rat that displays

numerous typical characteristics of heart failure.

In this study PARP inhibition was achieved by a novel compound, L-2286, which was
derived from 2-mercapto-4(3H)-quinazolinone by alkylation with 1-(2-chloroethyl)piperidine. L-2286
was chosen, because in in vitro PARP assay it exhibited significantly better PARP inhibitory activity

than basic quinazolines such as 4-hydroxyquinazoline or 2-merkapto-4(3H)-quinazolinone.



2.  AIMS OF THE STUDY

The aim of this work was to provide evidence for a new molecular mechanism of the cardioprotective
effect of PARP inhibition,
1. To assess cardioprotection afforded by PARP inhibition

8)  We tested whether the novel quinazolinone derivate PARP inhibitor, L-2286 facilitated
the recovery of myocardial energy metabolism and prevented the oxidative injury
during ischemia-reperfusion in a Langendorff-heart perfusion system,

b) We tested whether L-2286 prevented oxidative myocardial damage during
isoproterenol-induced myocardial infarction by determining serum necroenzyme levels
and infarct size.

¢)  We tested whether PARP inhibition protected against postinfarction heart failure and
ventricular remodeling by analyzing histological changes and metabolic alterations.

2. To v_.minn evidence for a new additional cardioprotective mechanism, it was assessed,
how PARP inhibition influenced the activation statz of the intracellular signaling
pathways responsible for myocyte cell survival or hypertrophic response. Therefore the
phosphorylation states of the

a)  PI3-kinase/Akt pathway,
b) protein kinase C
¢)  and mitogen activated proiein kinase cascades were examined by Western blotting. |

3. MATERIALS AND METHODS

3.1 HEART PERFUSION

Adult male CFY-strain Sprague-Dawley rats weighing 300-380 g were used for the Langendorff heart
perfusion experiments and the myocardial infarction model. The animals were housed in solid-bottomed
polypropylene cages and received commercial rat diet and water ad libitum, The ‘investigation
conformed to the Guide for the Care and Use of Laboratory Animals published by the U.S. National
Institutes of Health (NIH Publication No. 85-23, revised 1996), and was approved by the Animal
Research Review Committee of the University of Pecs Medical School. Rats were anesthetized with
200 mg/kg ketamine 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
37°C as described previously. The perfusion medium was a modified phosphate-free Krebs-Henseleit
buffer consisting of 118 mM NaCl, 5 mM KCl, 1.2 mM MgSQ, 25 mM CaHCOs, 11 mM glucose and
0.6 mM octanoic acid and, in the treated group, L-2286 in 10 and 20 pM concentrations. The perfusate

was adjusted to pH 7.40 and bubbled with 95% O, and 5% CO, through a glass oxygenator. After a
washout, non-recirculating period of 10 min, hearts were either perfused under normoxic conditions for
10 min, or were subjected to a 30-min global ischemia by closing the aortic influx and reperfused for 15
min. The experimental compound was administered into the perfusion medium at the beginning of
normoxic perfusion. During ischemia hearts were submerged into perfusion buffer at 37°C. Hearts were

freeze-clamped at the end of each perfusion.

32 NMR SPECTROSCOPY

NMR spectra were recorded with a Varian ™M INOVA 400 WB instrument. *'P measurements (161.90
MHz) of perfused hearts were run at 37°C in a Z*SPEC in a 20-mm broadband probe (Nalorac Co.,
Martinez, CA, USA), applying GARP-1 proton decoupling (yB2=1.2 kHz) during acquisition. Field
homogenity was adjusted by following the 'H signal (w1/2=10-15 Hz). Spectra were collected with a
time resolution of 3 min by accumulating 120 transients in each free induction decay (FID). 45° flip
angle pulses were employed after a 1.25 s recycle delay and transients were acquired over a 10 kHz
spectral within 0.25 s, and the acquired data points (5000) were zero filled to 16 K. Under the above
circumstances the relative concentrations of the species can be taken proportional to the peak areas,

because interpulse delays exceeded 4-5xT1 values of the metabolites to be analyzed in *'P experiments.

33 LIPID PEROXIDATION AND PROTEIN CARBONYL CONTENT

Lipid peroxidation was estimated from the formation of thicbarbituric acid reactive substances (TBARS).
TBARS were determined using a modification of a described method. Cardiac tissue was homogenized in
6.5% trichloroacetic acid (TCA) and a reagent containing 15% TCA, 0.375% thiobarbituric acid (TBA) and
0.25% HCI was added, mixed thoroughly, heated for 15 min in a boiling water bath, cooled, centrifuged and
the absorbance of the supematant was measured at 535 nm against a blank that contained all the reagents
except the tissue homogenate. Using malondialdehyde standard, TBARS were calculated as nmol/g wet
tissue.

To measure protein carbonyl content, 50 mg of frozen 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 means of the 2,4-dinitrophenylhydrazine-method.

34 MYOCARDIAL INFARCTION MODEL

Myocardial infarct was induced by subcutaneous injection of 80 mg/kg isoproterenol hydrochloride
(ISO) (Sigma-Aldrich Co, Budapest, Hungary), while physiological saline (1 mlkg) was given to
control rats intraperitoneally. [SO solutions were prepared with sterile distilled water immediately
before injection. 1SO-treated animals were divided into two groups: while the 1SO group received
repeated injections of saline, the ISO+L-2286 group received L-2286 10 min before (10 mg/kg) and

6




every hour for 5 hours (3 mg/kg) after ISO administration. Electrocardiogram was made before and
hourly (for 5 hours) after ISO administration (Schiller AG electrocardiograph, Switzerland). For
Western blot analysis animals were sacrificed and hearts were freeze-clamped at 0, 0,5, 1, 2, 4, 24

hours.

35 INFARCT SIZE MEASUREMENT

24 h after the ISO administration, animals were sacrificed, hearts were removed and kept ovemight at -
20°C. Frozen ventricles were sliced into 2-3 mm thick sections and then incubated in 1%
triphenyltetrazolium-chioride (TTC) at 37°C in 0.2 M Tris buffer (pH 7.4) for 30 min. While the normal
myocardium was stained brick red, the infarcted areas remained unstained, Size of the infarcted arca

was estimated by the volume and weight method.

36 SERUM NECROENZYME DETERMINATION

Serum lactate dehydrogenase (LDH) and creatine kinase (CK) levels were determined from blood
samples collected 24 h after [SO administration. Myocardial enzyme activities were measured by
standard methods as described earlier.

3.7 CHRONIC HEART FAILURE MODEL

350-380 g male CFY rats received two subcutaneous injections (separated by a 24-hour interval) of 80
mg/kg isoproterenol. Twenty-four hours after the second injection the surviving animals were randomly
assigned to receive either 5 mgskg L-2286, or water daily. The PARP inhibitor treatment was delayed
24 h 1o avoid the decrease of infarct size by the PARP inhibition. L-2286 was given for $ weeks, At the
end of § weeks body weights were measured and standard ECG was recorded to determine the R wave
amplitude and J point depression (lead II). Animals were subsequently sacrificed, their hearts were
removed, the atria and great vessels were trimmed from the ventricles and the weight of the ventricles
was measured. It was then normalized to the body weight and the length of right tibia. Hearts were then

freeze-clamped or fixed in 10% formalin,

38 DETERMINATION OF PLASMA B-TYPE NATRIURETIC PEPTIDE

Blood samples were collected into the Lavender Vacutaner tubes contgining EDTA and aprotinin (0.6
TIU/ml of blood), centrifuged at 1600 g for 15 minutes at 4°C. Plasma were collected and kept at -70°C.
Plasma B-type natriuretic peptide-45 (BNP-45) levels were determined by enzyme immunoassay
method (BNP-45, Rat E1A Kit, Phoenix Pharmaceuticals Inc., CA, USA).

39 MEASUREMENT OF MITOCHONDRIAL ENZYME ACTIVITY

NADH:cytochrome-c oxidoreductase acivity was measured as described previously. Enzyme activity
was determined by measuring the rate of cytochrome ¢ reduction at 550 nm in a medium containing 50
mM &&:B-uzomvrﬂn, 1 mM sodium-azide, 1.5 mM NADH and 50-75 pg mitochondrial protein/ml,
pH 7.5. The reaction was started by addition of 40 W cytochrome c,

3.10 HISTOLOGY

Ventricles fixed in formalin were sliced, and embedded in paraffin. § pm thick sections were cut serially
from base to apex. 10 to 12 slices at I-mm intervals were stained with haematoxylin and eosin. The
sections were mounted on slides and projected at a magnification of 40x and photomicrographs were
taken. Mean myocyte diameters on HE stained sections were calculated by measuring 100 cells per
specimen in the region of the cell nucleus using the two-point distance function of the TelPath analyzer
system (bollman.com, 2000). Type Ill collagen was stained as a marker of interstitial fibrosis on frozen
sections, 5 um thick by the Vector M.O.M™ Kit (Vector Laboratories Inc., Burlingame, CA, USA)
staining procedure. After fixing and dehydrating, sections were washed in TRIS-buffered saline (TBS)
containing 0.5% Tween 20, pH 7.6. To block the endogenous peroxidase activity, sections were
incubated in 3% H;O; then washed in TBS. After | h incubation with M.O.M.™ mouse IgG blocking
reagent (containing 20% normal rat serum) sections were washed in TBS, and incubated in the working
solution of M.O.M.™ diluent for 5 min. Primary mouse antisera against type 111 collagen (1:1000,
Monoclonal Anti-Coliagen, Type III, Sigma-Aldrich Co, Budapest, Hungary) diluted in M.OM.™
diluent reacted at room temperature for 30 min, followed by two 2-minute rinses in TBS. Biotinylated
Anti-Mousc 1gG Reagent was the applied for 10 min and sections were washed twice for 2 min in TBS.
VECTASTATIN ABC Reagent was applied for 5 min that was followed by two 2-minute rinses in
TBS. Sections were then stained with Vector NovaRED Substrate (Vector Laboratories Inc.,
Burlingame, CA, USA) for five min, washed in distilled water, dehydrated, mounted on slides and
projected at a magnification of 10x. The sections were quantified with the NIH ImageJ analyzer system.

All histclogic and immunohistological samples were examincd by an investigator in a blinded fashion.

311 WESTERN BLOT ANALYSIS

Fifty milligrams of heart samples were homogenized in ice-cold Tris buffer (50 mM, pH=8.0) and
harvested in 2x concentrated SDS-polyacrilamide gel clectrophoretic sample buffer. Proteins were
separated on 12% SDS-polyacrilamide gel and transferred to nitrocellufose membranes, After blocking
(2 h with 3% nonfat milk in Tris-buffered saline), membranes were probed ovemight at 4°C with
antibodies recognizing the following antigenes: phospho-specific Akt-1/protein kinase B-o Ser*”
(1:1000), nonphosphorylated AkvPKB (1:1000), phospho-specific glycogen synthase kinase (GSK)-3p
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Ser’ (1:1000), phospho-specific extracellular signal-regulated kinase (ERK1/2) Thr'"-Tyr'** (1:1000),
phospho-specific p38 mitogen-activated protein kinase (p38-MAPK) Thr'*-Gly-Tyr'™ (1:1000),
phospha-specific ¢c-fun N-terminal kinase (JNK) (1:1000), phospho-specific protein kinase C (PKC)
(pan) BIl Ser® (1:1000), phospho-specific protein kinase C a/B]l (PKCa/BI) Thr*® (1:1000),
phospho-specific protein kinase C & Thr*** (1:1000), phospho-specific protein kinase C 5 Ser*® (1:1000;
Cell Signaling Technology, Beverly, MA, USA), nonphosphorylated PKC (1:1000), N-terminal dornain
of actin (1:10000; Sigma-Aldrich Co, Budapest, Hungary). Membranes were washed six times for 5 min
in Tris-buffered saline (pH 7.5) containing 0.2% Tween (TBST) before addition of goat anti-rabbit
horseradish peroxidase-conjugated secondary antibody (1:3000 dilution; Bio-Rad, Budapest, Hungary).
Membranes were washed six times for 5 min in TBST and the antibody-antigen complexes were
visualized by means of enhanced chemiluminescence. The results of Western blots were quantified by

NIH image) program.

312 STATISTICAL ANALYSIS

Statistical analysis was performed by analysis of variance and all of the data were expressed as the
mean + SEM. Significant differences were evaluated by use of unpaired Student's t-test and p values
below 0.05 were considered to be significant.

4. SUMMARY

LIn this study the novel PARP inhibitor L-2286 was dsmonstrated to promote the postischemic
recovery of myocardial energy metabolism in Langendorff heart perfusion system, L-2286 helped to
preserve the high-energy phosphate intermediates during reperfusion as shown by *'P NMR
spectroscopic studies. Zoioﬁh L-2286 facilitated the rapid and more complete consumption of
inorganic phosphates during reperfusion. The improved metabolic recovery in the presence of L-2286
was accompanied by decreased myocardial oxidative damage, i.e. lipid peroxidation and protein
oxidation.

2. In accordance with Langendorff studies, the isoproterenol-induced myocardial damage in vive
was also significantly attenuated by L-2286 treatment, as it was proved by reduced cardiac
necroenzyme (CK and LDH) release and smaller infarct size in ISO+L-2286-treated compared to ISO-
treated animals.

3. Our study investigating how PARP inhibition interferes with the progression of postinfaction
heart failure found that L-2286 exerted a beneficial effect on the postinfarction remodeling by
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attenuating the inadequate myocardial hypertrophy and interstitial deposition of type Il collagen in the
failing hearts, which induce tissue stiffness, adversely affect myocardial viscoelasticity, and can exhaust
the coronary blood flow reserve. Cardiac hypertrophy and failure can also be characterized by severe
dysfunction of mitochondrial energy and substrate metabolism involving impaired mitochondrial
function, decline in high-energy phosphates, reduced oxygen consumption and decreased tissue content
and activity of complex I through IV of the respiratory chain. Similar to literature data, the activity of
complex 1 to 11 (NADH:cytochrome ¢ oxidoreductase) has dropped in our heart failure model
accompanijed with unaltered expression of either complex 1 (43, 53, 70 subunit) or pyruvate
dehydrogenase complex (1o subunit). Since the dysfunction of these enzymes is mainly attributed to
postranslational inactivation by reactive oxygen species, this event was efficiently prevented by PARP
inhibition. The elevated plasma BNP concentration that specifically signals impaired left ventricular
function and chronic heart failure was moderated by L-2286 treatment in the postinfarcted animals.

4. This study demonstrated for the first time that PARP inhibitors could promote Akt, ERK and
p38-MAPK activation during cardiac ischemia-reperfusion in ex vivo and i vivo modeis of myocardial
reperfusion injury. We found enhanced L-2286-triggered Akt and GSK-3 phosphorylation not only in
isolated hearts, but also in isoproterenol-induced cardiac injury. To our knowledge, this is the first ex
vivo and in vive report, which attributes a critical role to Akt in the cardioprotection afforded by PARP
inhibitors. L-2286 administration further increased Akt activation independently of cardiac injury,
presumably exerting antiapoptotic and favorable metabolic effects. L-2286 also promoted ERK
phosphorylation in both ex vivo and in vive ischemia-reperfusion, that may also contribute to cardiac
myocyte survival. The enhanced phosphorylation of-p38 MAPK induced by 1.-2286 treatment observed
in both models might be also cardioprotective under certain conditions. Finally PARP inhibition
treatment reduced the isoproterenol-induced INK phosphorylation in the in vive ischemia-reperfusion

model.

5. In this study eight weeks after myocardial infarction heart failure following 1SO injections
upregulated GSK-38 phosphorylation, which correlated with the activation of several PKC isoforms
rather than that of Akt. Among others protein kinase C has been implicated in cardiac hypertrophy,
commonly phosphorylating, thereby suppressing the antihypertrophic activity of GSK-38. Most
importantly, PARP inhibition in the infarcted hearts simultaneously mitigated both GSK-3B and PK.C
phosphorylation. Since GSK-3B can integrate a variety of antihypertrophic signals and transmit them to
NF-AT and c-Jun, the L-2286~induced PKC-mediated GSK-38 activation may have contributed to the
rescue of failing hearts in our experimental model. By contrast, no increase in ERK 1/2 and JNK activity
was found in the heart samplies, but a two-fold elevation in Akt and p38-MAPK. phosphorylation was

seen. Notably, upon L-2286 administration these kinase activities remained unaltered.
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5.  CONCLUSIONS

In conclusion, this study first demonstrates that PARP inhibition can beneficially influence
the protein kinase signaling in isolated ischemic-reperfused hearts and isoproterenol-induced
myocardial infarction by promoting Akt, ERK and p38-MAPK, but suppressing JNK activity. It is also
the first report on changes in intracellular signaling during isoproterenol-induced myocardial infarction,
Furthermore this work also provides evidence for the first time that PARP inhibition can halt the
progression of cardiac hypertrophy into failure partially by promoting GSK-38 activity via direct or
indirect interruption of upstream protein kinase C signaling. Finally PARP inhibition is also reported to
protect against cellular changes in the postinfarcted myocardium such as fibrosis, cardiomyocyte
hypertrophy, mitochondrial dysfunction and fetal gene expression. The PARP inhibition-induced
alterations in intracellular signaling upon myocardial ischemia-reperfusion and postinfarction
ventricular remodeling further challenge the original dogma that protection by PARP inhibitors

exclusively rely on the preservation of NAD" as well as ATP stores.
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1. BEVEZETES

A poli(ADP-riboz) polimeriz (PARP) enzim aktivicidja fontos szerepet jatszik az oxidatly
stressz dltal kivaltott sejt-diszfunkcio és szoveti karosodasok kialakulssdban. A miokardidlis iszkémia-
reperfuzié sordn képzBdott reaktiv oxigén és nitrogén szabadgyokok lipid peroxidaciot, fehérje
oxidaciot és DNS-tdrést okozhatnaknek. Az egyes-szalu DNS torések azutdn aktivalhatjék a nuklearis
PARP enzimet, mely a sejtben taldlhaté NAD*-ot hasftva kilonbozs fehérjék ribozilaciéjat katalizalja.
Ha az enzim mikodése koros mérickben fokozédik, ez a sejt NAD' és ATP raktarainak kimeriléséhez,
ezdltal sejthalalhoz vezethet, Szamos tanulmény bizonyftotta mar, hogy a PARP enzim gitlasa
csdkkenti a miokardidlis iszkémia-reperfiizi6 okozta kéarosodasokat mind izolalt szivperfiizits
modelleken, mind in vivo miokardilis infarktusban, sét bizonyitott a PARP gatlok kardioprotektiv
hatdsa az infarktust kavetd szivelégtelenségben is.

Legijabb tanulményok azonban, gy tlinik, megdontik azt az eredeti elképzelést, miszerint 2
PARP gitlé szerek kizér6lagos hatdsmechanizmusa a sejt NAD* és ATP raktarainak megovésén alapul.
Ezen tanulményck szerint 2 PARP enzim farmakolégiai gatlasa vagy hidnya befolyasolhatja a sejtben
zajlé génexpresszios és jeldtviteli folyamatokat. Manapsag azonban még kevés informicio all
rendelkezésre azt illetden, hogy az enzim gdtlasa miként hat a szivizom intracellularis Jjelatviteli
folyamataira iszkémis-reperfizio alatt, vagy a szivinfarktust kovetéen kialakulé szfvelégtelenség sordn.

PROTEIN KINAZ KASZKAD RENDSZER ES OXIDATIV STRESSZ

A sejtet €rb oxidativ hatisok szémos protein kindz kaszkid aktivitisat befolydsolhatjdk,
melyek feleldsek a sejt taléléséért, vagy a sejthaldlén. A foszfatidil-inozitol-3-kindz (PI3K)-Akt és a
mitogén aktivélta protein kindz (MAPK) (azaz az extraceltluléris jel regulalta kinz (ERK 1/2), a ¢-jun
N-termindlis kindz (JNK) és a p3B-MAPK) jeltviteli fehérjék aktivitasa jelentdsen megvaltozik
oxidatlv stressz hatiséra, igy feleldsek lehetnek: a sejthaldl kialakulasaért. Mig az Akt és ERK
fehérjéknek elsbsorban antiapoptotikus, sejtvéd8 szerepet tulajdonitanak, addig a JNK és p38-MAPK
fehérjék aktivitisa inkdbb az apoptosis iranyaba mozditja eié az intracellulris folyamatokat, bar ezen
fehérjék proapoptotikus hatasa a sejtet ért stimulustél és a sejttipustél fuggBen véltozhat,

Ismert tény, hogy miokardialis infarktust ktvetfen a maradék szlvizom atépnlése kovetkezik
be. Az un. remodelling komplex folyamat, magaban foglalja a szivizom inadekvat hipertréfidjat, az
intercelluléris matrixban kéros fehérjék lerakédasat és egyéb metabolikus, génexpresszids vaitozasokat.
Szintén szémos jeltdviteli drvonal aktivdlédasaval jar. A glukogén szintéz kindz-3p (GSK-3p) (amely
fehérjét az Akt, protein kinaz C (PKC), p70-S6 kindz, p90-RSK és 2 protein kindz A fehérjék is
foszforilalhatjak, azaz inkativalhatjak) és a MAPK fehérjék aktivacios dllapota egyardnt megvaltozik




hypertophids stimulusok hatésara. Ezek foszforilicioja el8segitheti a szivizom sejtek kéros
hipertrofidjat.

Tekintettel arra, hogy egy korabbi tanulméany mér igazolta, hogy a PARP gatids szeptikus
sokkos dllatmodellen megvaltoztatta az Akt fehérje akiivacidjdt, csokkentette a lipopoliszacharid
indukélta ERK 172, p90RSK és p38-MAPK foszforildcitt, feimerillt annak lehetésége, hogy ezekre az
litvonalakra (melyeknek dontd szereplk van a miokardidlis iszkémia-reperfizié, vagy a szfvizom
hipertréfia folyamatdban is) miokardidlis oxidatlv korképekben a PARP gétlo kezelés kedvez® hatéssal
lehet.

KiSERLETES ALLATMODELLEK

A PARP gitlok kardioprotektiv hatismechanizmusdnak vizsgdlatara harom kisérletes
dllatmodellt alkalmaztunk, ElsSként in vitro Langendorff perfizis rendszeren vizsgaltuk a miokardialis
anyagesere normalizAlodasat iszkémia-reperfiziot kdvetben, majd a PARP gitlo szer hatdsait
izoproterenol (ISO) altal kivaltott szivizom-infarktusban kovetttk nyomon. Végil a vegylletet
izoproterenoi Kivéltotta akut szivizom nekrozist kdvetSen kronikus szivelégtelenségben alkalmaztuk.
Mint tudjuk, a béta-adrenoceptor agonista izoproterenol szubkutan alkalmazdsa megtartott koroniria
keringés mellett kiterjedt szivizomsejt elhaldst valt ki, melynek mértéke a transzmuralis infarktustol a
foltokban elGfordulé szubendokardidlis nekrozisig véltozhat.

2. CELKITUZESEK

A tanulméanyban vizsgdlni kivéntuk, hogy a PARP gétlok a mdr régéta ismert elsBdleges
hatdsmechanizmusukon kivil befolydsoljdk< az intracellularis jeldtviteli kaszkadok aktivacids
dllapotat, ezzel is hozzdjarulva a szivizom védelméhez.

1. A PARP gatlok kardioprotektiv hatdsanak megitélésére

a) Vizsgéltuk egy uj, kinazolin-szdrmazék, az L-2286 nevli PARP gatl$ hatdsat a szivizom
anyagesere normalizdlodésara iszkémia-reperfiziot kovetben in vitto Langendorff szivperfiizios
rendszerben.

b) Szérum nekroenzimek és az infarktusos teriillet meghatérozasaval vizsgaltuk, hogy az L-
2286 csokkenti-¢ az izoproterenol-indukélta miokardiélis nekrozist patkanyokban,

¢) Szovettani és metabolikus paraméterek vizsgalataval monitoroztuk a PARP gatids védd
hatisat az infarktust kovetden kialakulé remodelling folyamatéra szivelégtelen Allatmodellen.

2. A PARP gétlok jarulékos hatdsmechanizmusénak megitélése céljabol olyan jelatviteli utvonalakat
vizsgaltunk Western blot modszer segitségével, melyek meghatirozzék a sejt tilélését/sejthalalt, illetve
aszivizom hipertrofidra befolyassal birnak. Vizsgaltuk tehat a

a) PI3-kindz/Akt

b) protein kindz C

¢} €s 8 MAPK kaszkad fehérjéinek aktivacios 4llapotat.

3. MODSZEREK

3.1 Sziv PERFUZIOS MODELL

Felnétt 300-380 g-os CFY Sprague-Dawley patkényok szivét Langendorff-perfiziés rendszerben
perfundaltuk foszfat-mentes Krebs-Henseleit oldatban (118 mM NaCl, 5§ mM KCl, 1,2 mM MgSQ,, 25§
mM CaHCO,, 11 mM glukéz, 0.6 mM oktansav, Ph 7.4, 95% oxigén, 5% CO,) 10- vagy 20 uM L~
2236 jelenlétében vagy anélkul. A tiz perces normoxias perfuziés periodust 30 perc glob4lis iszkémia,
ezt a |5 perces reperfiizios fizis kdvette, a kisérletes szert nomoxia alatt adtuk a perfuzitumhoz. A
sziveket ezt kovetBen tovabbi feldolgoz4s céljabel lefagyasziottuk.

32 NMR SPEKTROSZKOPIA

A perfiizids sorén a sz{v nagyenergidj fos2fétvegytileteinek és az anorganikus foszfat mennyiségéneck a
viltozisét 'P NMR spektroszkopia médszerével kovertok (Varian “NTYINOVA 400 WB készakék,

161.90 MHz, 37°C-on végzett perfiizi6, Nalorac Co., Martinez, CA, USA). Spektrumokat 3 percenként
kaptunk (120 tranziens atlagabol).

33 LIPID PEROXIDACIO ES FEHERJE OXIDACIO MERES

Lipidperoxidéciét a perfundlt szivmintikban a tiobarbitursay reaktiv anyagok megjelenésének
mérésével végezttink (TBARS médszer) korabban lefrt metddus szerint. A szivizom szovetek !.o.ﬁ:
karbonil tartalmat 4%-os perklérsavban tortént homogenizécitt, centrifugalast kovetBen Nu.
dinitrofenithidrazin médszerrel hataroztuk meg.

34 IN VIVO MIOKARDLALIS INFARKTUS MODELL
Miokardidlis infarktust 80 mg/ttkg izoproterenol (Sigma-Aldrich Kft, Budapest)
szubkutan  alkalmazisdval indukdltunk, a kontroll csoport  fiziologids séoldatot kapott

intraperitonedlisan. Az izoproterenolt kapott Allatok egyik fele ezt kdvetden csak fizioldgids sooldatot
kapott, a misik fele az izoproterenol el8tt 10 perccel 10 mg/ttkg, majd azt kdvetben 5 orén keresztill




oranként 3 mg/ttkg L-2286-ot kapott. A kisériet kezdetén és az izoproterenol alkalmazésat kovetBen 5
oran keresztil oranként EKG felvételeket készitettink. Western blot vizsgélat céljabél kulonbozé
idépontokban mélyfagyasztottuk az allatok szivét.

35 INFARKTUSOS TEROLET MEGHATAROZASA

24 ordval az infarktust kvetden az dllatokat tolaltattuk, sziviiket lefagyasztottuk 12 érara -20 °C-on.
Trifenil-tetrazdlium klorid médszerrel festetttk meg a szivizom sz8vetet, az infarktusos teritlet
meghatérozasa ,,volume/weight” médszerrel tortént.

36 SZERUM NEKROENZIM MEGHATARCZAS

Standard modszerekkel mértik a szérum laktit dehidrogenaz (LDH) és kreatin kindz (CK) enzimek
szintjét 24 6raval az infarktust kovetSen.

37 KRONIKUS SZIVELEGTELEN ALLATMODELL

Felndtt 350-380 g-os CFY Sprague-Dawley patkanyok 24 ¢rés kulonbséggel két alkalommal fizioldgids
sooldatot vagy szubkutan izoproterenolt kaptak 80 mg/itkg dézisban. A masodik oltast kovetden 24 6ra
mulva az izopoterenolt kapott llatok egy része napi 5 mg/ttkg L-2286-0t kapott ivévizben feloldva, az
allatok masik felének csapvizet adtunk. A kisérietet 8 héten it folytattuk. Ext kovetden EKG-t
készitettlink, a végtagi elvezetésekben R hullam amplitidét és J-pont eltérést néztink. Az dllatokat
tulaltattuk, a szfveket eltavolitottuk, lemértik a szivkamrik Ossztdmegét, a testtomeget, a jobb tibia
hosszat, majd sziv-/testtdmeg és szivtdmeg/tibia hossz arinyokat szémoltunk. A sziveket vagy
lefagyasztottuk, vagy 10%-os formalinban fixaltuk.

38 PLAZMA B-T{PUSU NARTIURETIKUS PEPTID (BNP) MEGHATAROZAS

Az allatok vérét EDTA-t tartalmazé vérvételi csovekbe gyijtottik, proteaz gitlé aprotinint adtunk
hozza (0.6 TILU/mi vér), lecentrifugaltuk (4°C, 1600 g, 15 perc). A plazma B-tipust natriuetikus peptid
szintjét ELISA technikaval hatiroztuk meg (BNP-45, Rat ELA Kit, Phoenix Pharmaceuticals Inc., CA,
USA)

39 MITOKONDRIALIS ENZIMAKTIVITAS MERES

NADH:citokrom-¢ oxidoreduktaz aktivitast jol ismert moédszerrel mértink. A citokrém-c redukcié
véltozast 550 nm hullamhosszon mértuk, 7,5 pH-ju, 50 mM Na-foszfat, | mM Na-azid, 1,5 mM NADH
és 50-75 ug mitokondrialis fehéjét tartalmazd oldatban, ebbdl kiszdmitottuk az enzimaktivitast.

3.10  SZOVETTANI VIZSGALATOK

A formalinban fixdlt szivizmokat felszeleteltuk, paraffinba agyaztuk, 5 pm vastag metszeteket
készitettink a szivcstcstdl a bazisig, mm-enként, majd hematoxilin-eozinnal festettuk, 40x nagyitdson
vizsgdlva sejtitmérSket szdmoltunk a TelPath szAmitogépes programmal (bollman.com, 2000). 111,
tipusa kollagén meghatirozisa céljdbdl 5 pm vastag fagyasziott metszeteket készitettunk, Vector
M.O.M™ Kit (Vector Laboratories, CA, USA) segitségével készitettlik metszeteinket. Primer egér [11-
tipusi kollagén antitestet hasznaltunk 1:1000 higitdsban (Monoclonal Anti-Collagen, Type I11, Sigma-
Aldrich KR Budapest). Biotinillt anti-egér 1gG reagens, majd Vector NovaRED Substrate
felhasznlasavel festetttk metszeteinket. 10x nagyitassal az intercellularisan megfestdott TI1. tipusi
kollagén mennyiségét NIH Image) programmal kvantifikaltuk.

311 WESTERN BLOT VIZSGALATOK

Otven mg szivizom szovetet Tris pufferben homogenizaltunk, 2x SDS-poliakrilamid gél elektroforézis
pufferrel elegyitettink. 12 %-os SDS poliakrilamid gélen tortént elektorforézis utan nitrocelluldz
membrénra blottoltuk fehérjéinket. Blokkoldst kovetSen membranjainkat 4°C-on éjszakan 4t inkubaluk
a kovetkezd antigéneket felismerd antitestekkel: foszfo-specifikus >ﬁ.<§oﬂ.n.5 kindz B-o Ser'™
(1:1000), nem foszforildlt AkvPKB (1:1000), foszfo-specifikus glikogén szintaz kinaz (GSK)-3p Ser®
{1:1000), foszfo-specifikus extracellularis jel-regulélta kindz (ERK1/2) Thr'®-Tyr'* (1:1000), foszfo-
specifikus p38 mitogén-aktivdlta protein kindz (p38-MAPK) Thr'®™.Gly-Tyr'® (1:1000), foszfo-
specifikus ¢c-Jun N-terminalis kinaz (JNK) (1:1000), foszfo-specifikus protein kinz C (PKC) (pan) BII
Ser (1:1000), foszfo-specifikus protein kinaz C «/BIl (PKCa/BI) Thr™“*' (1:1000), foszfo-
specifikus protein kindz C & Thr**® (1:1000), foszfo-specifikus protein kingz C & Ser™? (1:1000; Cell
Signaling Technology, Beverly, MA, USA), nem foszforilalt PKC (1:1000), Aktin N-terminélis domain
(1:10000; Sigma-Aldrich Kft, Budapest)., Anti-nytl torma peroxidizzal konjugdlt szekunder antitestet
1:3000 higftdsban hasznéltunk, kemilumineszcencia médszerével vizualizaltuk a jelolt fehérjéket. A
Western blot eredményeket NIH Image) programmal kvantifikaltuk.

3.12 STATISZTIKA

Varincia analizist haszndltunk, az eredményeket 4tlag és standard szoras megadasival fejeztitk ki
Szignifikancidt parositatlan Student t-tesztiel szdmoltunk, szignifikinsnak a 0,05-nél kisebb p értéket
tekintettilk.




4. OSSZEFOGLALAS

1. Tanuiméanyunkban a vizsgalt uj PARP gitlo vegyulet, az L-22386 kedvezben befolyasolta a szivizom
anyagesere iszkémidt kovetd normalizalodasit in vitro Langendorff-szivperfiziés rendszerben, *'p
NMR spektroszképia alkalmazisdval kimutathats volt, hogy a PARP enzim gétlasa elbsegitette a nagy
energidji foszfat-vegytletek felépulését &s az anorganikus foszfat gyors beépliését szivizomba
iszkémia-reperfiiziot kovetden. A szoveti lipid peroxidécio &s a fehérje oxidacié meghatirozésa alapjan
tapasztaltuk, hogy a metaboiikus paraméterck javulasaval parhuzamosan a szivizom szovetet ért
oxidativ kérosodas szintén szignifikénsan csokkent a PARP gatl kezelés hatséra,

2. Hasonléan Langendorff-szivperfiiziss rendszerben kapott eredményeinkhez in vivo dllatkisérletes
modellben (izoproterenol indukalta miokardialis infarktusban) az Altalunk vizsgalt PARP gatl6 vegyllet
szintén szignifikansan csokkentette a szivizom oxidativ kérosod4sat, melyet az L-2286-tal kezelt
csoportban mérhets alacsonyabb szérum nekroenzim (LDH, CK) szintek és a jelentdsen csokkent
nekrotikus szivizom tertilet meghatirozasa alapjin mondhatunk ki,

3. Krénikus szivelégtelen Allataink PARP gitlo kezelését kovetden azt tapasztaltuk, hogy a kezelés
hatéséra csokkent a szivizom infarktust kovetd koros hipertréfidja &s a II1. tipusi koilagén intersticialis
depozicioja, amik a szivizom kéros atépulésének, azaz a remodellingnek részei. A szfvizom remodelling
magdban foglalja azonban a mitokondrilis anyagcsere sulyos karosodsdt, a nagy energiaji foszfat
raktdrak kimerulését, a csokkent oxigénfogyasztast és thpanyag hasznositast is, csokken a
mitokondridlis enzimek mennyisége és aktivitdsa is, Ezen ismert eltéréseknek megfeleifen a
szivelégtelen 4llatokban mérhets NADH:citokrém-c oxidoreduktdz aktivitds jelentds csokkenését
észlelttk, a vizsglt légzési 1ancban részt vevé és egyéb fehérjék megtartott mennyisége ellenére. A
mitokondridlis  enzimek diszfunkcidjét  elsésorban poszttranszlaciés  oxidatly  karosodas
kovetkezményének tarthatjuk, azonban a PARP g4tlo kezelés szignifikansan mérsékelte az enzimek
aktivitisdban megfigyelhets, kronikus oxidativ stressz okozta csokkenést. Végul a szivelégtelenség
kovetkeztében kialakulé balkamrai diszfunkciét jelz8 plazma B-tfpusi nétriuretikus peptid szintjét az -
2286 kezelés szintén jelentSsen csokkentette.

4. Kisérleteinkkel el8szér mutattuk ki, hogy a PARP gatlek cldsegithetik az Akt, ERK és P38-MAPK
fehérjék aktivalodasat iszkémia-reperfiizio korilményei kozott mind ex vivo mind in vivo kisérletes
kortlmények kozott. Az Akt és GSK-3p fehérjék fokozott foszforilacidjat talltuk nemcsak izoldlt
sziven, hanem izoproterenol-induklta miokardialis infarktusban is. Ez az els6 tanulmény, mely igen
kiemelkedd kardioprotektiy hatast tulajdonit az ex vivo és in vivo kisérletes koraimények kozt
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megfigyelhets PARP gétlds indukélta Akt aktivécionak. Ezekben a kisérletes modellekben az L-2286 a
kedvez0 metabolikus és antiapoptotikus hatdsairél ismert Akt fehérje oxidativ inzultus okozta
aktivdciojat tovabb fokozta, Az L-2286 szintén elfsegftette az ERK 1/2 fehérje foszforilaciojat ex vivo
¢s in vivo modellekben, amely hatas szintén szignifikénsan hozzajrult a szivizom sejtek taléléséhez. A
p38-MAPK fehérje L-2286 4ltal kivaltott fokozott foszforilaltsdga mindkét modeliben kardioprotektiv
hatdst lehet. Végul kimutattuk iv vivo modellben, hogy a PARP gatlas csokkentette a proapoptotikus
hatési JNK izoproterenol 4ltal kivaltott aktivaciojat.

5. Ebben a tanulminyban 8§ hémel a miokardidlis infarktus utdn a GSK-3p fehérje fokozott
foszforildciojét talaituk a szivelégtelen szivizomban, mely elsdsorban a PKC fehérjék aktivicios
éllapotaval filggott 0ssze, mintsem az Akt fehérjéével. Szdmos egyéb fehérje mellert a PKC fehérje 10bb
izoenzimje szerepet jitszhat a szfvizom hipertréfia kialakulasaban, melyek az antihipertr6fiss hatdsa
GSK-3p fehérjét foszforildljak, ezéltal inaktivaljdk. A PARP gitlas kisérletes modellinkben mind a
PKC, mind a GSK-3 fehérjét foszforilalta, Az antihipertrofias jeleket integréld és azokat a NF-AT, ¢-
Jun és egyéb fehérjék felé tovabbité GSK-3B fehérje PKC medidlta aktivaldsa jelentfsen
hozzajarulhatont a szivelégtelenség, remodelling progressziojanak gatlasahoz. Kisérleteinkben wﬁ%,
gatlss azonban nem biit jelentds befolydssal az ERK1/2, INK, p38-MAPK fehérjék foszforilaltsagi

allapotara.

5. KOVETKEZTETESEK

Osszefoglalésul elmondhaté, hogy tanulményunk igazolta el8szor, hogy a PARP enzim mw:».....n
kedvezben befolydsolhatja a protein kindz rendszer aktivitdsat izoldlt szivben iszkémia-reperfilzio
kortilményei kozt és izoproterenol-indukéta miokardidlis infarktusban, amely védShatésban jelentds
szerepe lehet az Akt, ERK, p38-MAPK fehérjékre kifejtett aktivalo, és a JNK fehérjén Eo.nﬂ..wwn_:ns
gatlo hatdsanak. Szintén ez az elsé tanulmény, mely az izoproterenol indukalta miokardialis Emm-_nE.m
alatt megfigyelhetd jelatviteli valtozdsokkal foglalkozik. Tovabba kisérleteinkkel eifszor mutattuk ki,
hogy a PARP gétlas képes a kronikus szivelégtelenség progressziojit meggatolni mn.ﬁ:n&n:. a GSK-3p
fehérje PKC medidlta aktivaldsival. Végul a PARP gatlés szintén védelmet nydjthat a uomnn_:?.ﬁﬁwm
szlvelégtelenségben megfigyelhetd fibrozis, szivizom hipertréfia, mitokondridlis diszfunkci6, moS:m.
génexpressziés valtozasok ellen. A PARP gatlas hatdsdra megfigyelhetd jelatviteli valtozasok tovabbi
bizonyitékot jelentenck arra vonatkozéan, hogy a PARP gitlok hatisa az ATP és NAD" raktirak

megdvasan til egyéb jelentds intracellularis hatasokkal is bir.
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