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INTRODUCTION

Doxorubicin

The anthracycline antibiotic doxorubicin or adrigmm is a chemotherapeutic drug
from intercalating agents. Its molecule containgaamnosugar (daunosamine) linked through
a glycosidic bond to adriamycinone, a red-pigmemtaghtacenequinine nucleus. The exact
mechanism of action of doxorubicin is unclear, gjwout is thought to interact with DNA by
intercalation. The planar aromatic chromophoreiporof the molecule intercalates between
two base pairs of the DNA, while the aminosugas sitthe minor groove and interacts with
flanking base pairs immediately adjacent to thergdlation site. Thus topoisomerase Il is
inhibited.

This very lipophylic agent with its long half-lifes widely used against a variety of
cancers, but clinical use of doxorubicin is largityited by its cardiotoxic side-effects. As it
is described, 30% of patients treated for advancatinoma by repeated infusions of
doxorubicin showed heart failure with marked hypsten, tachycardia, necroenzyme
elevation (CK, GOT, LDH), R wave reduction. Thesgignts were found to be refractory to
inotropic drugs as well as mechanical circulatosgist devices. The incidence of dilatative
cariomyopathy and heart failure increases sharptwva a cumulative dose of 550 mg/m
body surface area. In some patients, the firstssighdamage appeared 20 years after
discontinuation of the treatment.

Great deals of efforts have been expended in ptiexgethe cardiotoxic side-effects of

doxorubicin mainly by scavenging free radicals loelating iron.



Experimental drugs

Antioxidant molecules and enzymes can potentiattyt oxidative injury, but most of
them are not readily internalized within myocardialls, or they cannot reach the right cell
compartment to exert their protective effect.

H-2545, a compound with 3-carboxamido-2,2,5,5ateethyl-2,5-dihydro-H#i-pyrrole
moiety, and its metabolite (H-2954) can scavenge fadicals. The molecular structure of H-
2545 and H-2954, a stable nitroxide free radigales these compounds the ability to
accumulate in cell membranes and as so exert dinéioxidant effect at the primary site of
radical formation preventing further cell damage.

In the case of H-2641 the well-known Vaughan-\itiis Class I/B mexiletine (which
can accumulate into membranes) was substituted @4tarbonyl-2,2,5,5-tetrametil-2,5-
dihydro-1H-pyrrolle. Modified mexiletine derivatives were ped earlier to have antioxidant
effects; inorganic phosphates, which had been tapléuring ischemia, were regenerated,
the extent of lipid peroxidation, protein oxidatiand ssDNA break formation could also be
decreased more favourable than by mexiletine.

For this consideration we selected H-2641 and 832&nd examined whether they
could protect against doxorubicin-induced cell dgenduring our experiments we calculated
intracellular pH and myocardial energetic paranseter

We previously proved in our ischemic-reperfusicperiments, that PARP-inhibitors
(PARPI) could moderate free radical-mediated damage we supposed the mechanism of
doxorubicin-induced cardiotoxicity acted mainlydhgh free radicals, observing the possible
protective effect of PARPI against doxorubicin-icdd acute cardiotoxicity seemed to be
evident. Quinazoline is a compound made up of tused six-membered simple aromatic
rings, a benzene ring and a pyrimidine ring. It BARP inhibitor activity, as it's well-known.
We investigated the effect of a widely used 4-hygiquinazoline (4OHQ) on doxorubicin-

induced myocardial damage.

Aims
In our Langendorff-perfusion model monitorized B¥ NMR spectroscopy, we
investigated the effect of the H-2545 - that camuawulate in cell membranes -, on

doxorubicin-induced acute cardiotoxicity by obsegvihe parameters of energy metabolism,

contractile function, myocardial oxidative damaagg well as Akt phosphorylation.



By using H-2641 and H-2693 we wanted to prove‘Hideg-paradigm”, which states
that the quick reacting oxidative stress can oelyrtnderated/prevented by molecules capable
of connecting site-specifically to the site of dg®mand having the ability to modify ROS to
non-oxidant molecules.

We studied whether the PARP inhibitor, similarlyp tischemia-reperfusion
experiments, could express its favourable effectdokrorubicin-induced damage. We also
investigated if PARPI activated protective PI3-ldagAkt-GSK signal transduction pathway
(which was observed earlier) took a part in preduynagrotective effect of PARPI on

doxorubicin-induced injuries.



Methods

Chemicals
The synthesis of H-2545, H-2954, H-2641 and H-2834 already been published.
Malondialdehyde-bis (diethylacetal) was obtainesfiMerck (Darmstadt, Germany). All other

reagents were of the highest purity commercialbilable.

Animals

The hearts of adult male CFY rats weighing 250-§00ere used for the Langendorff
heart perfusion experiments. Investigations meet gbidelines of European Communities
Council Directive of 24 November 1986 (86/609/EEC).

Heart perfusion experiments

Rats were anesthetized with ketamine, 200 mgfkgperitoneally and heparinized with
sodium heparin (100 IU/rat i.p.). Hearts were paatlivia the aorta according to the Langendorff
method at a constant pressure of 70 mmHg, %€.3The perfusion medium was a modified
phosphate-free Krebs-Henseleit buffer consistingl®& mM NaCl, 5 mM KCI, 1.25 mM Cag;l
1.2 mM MgSQ, 25 mM NaHCQ, 11 mM glucose, 0.6 mM octanoic acid, and addatilgn
doxorubicin (10QuM), and/or H-2545 or H-2954 (5, 10, and#@), H-2641, H-2693 (2@M),
and 4-hydroxyquinazoline (10@M). The perfusate was adjusted to pH 7.40 and leabkith
95% QJ/ 5% CQ through a glass oxygenator. At the end of 60-neirfiysion hearts were freeze

clamped.

NMR spectroscopy

NMR spectra were recorded with a Varfali Y INOVA 400 WB (Varian Inc., Palo Alto,
CA, USA) instrument®'P measurements (161.90 MHz) of perfused hearts merat 37C in a
Z+*SPEC® 20 mm broadband probe (Nalorac Co., Marti@dg, USA), applying WALTZ-16
proton decoupling y82=1.2 kHz) during acquisition. Field homogeneityasvadjusted by
following the'H signal (w1/2=10-15 Hz). Spectra were collectethwitime resolution of 3 min
by accumulating 120 transients in each FID (Freid¢tion Decay: the primary transient signal
generated by the sample after an excitation bydefrequency pulse, which provides the
spectrum after Fourier transformation).4bp angle pulses were employed after a 1.25 s
recycle delay, and transients were acquired o kHz spectral width in 0.25 s. Under the

above circumstances the relative concentratiotiseo$pecies can be taken to be proportional to



the peak areas, since interpulse delays exceefied;4+alues of the metabolites to be analyzed
in 3P experiments. Amounts of each phosphate moleauksatine phosphate, ATP, and
inorganic phosphate) were calculated on*#f®eNMR spectroscopic recordings of each heart
as the area under the curve of the phosphate gsoggecific for the given phosphate. Once
the amounts were measured, we assigned 100% tnitiaé values and expressed the values
of the subsequent time points as the percentagigeadtarting value of each individual heart
(except for Pi, where the amounts are shown intraryi units). Myocardial pH can be
calculated using chemical shift)( of inorganic phosphate from creatine phosphate:
pH=6.77 + log [§-3.23)/(5.708).

Determination of heart function

A latex balloon was inserted into the left verdrithrough the mitral valve and filled to
achieve an end-diastolic pressure of 8-12 mmHgm&lasurements were performed at the same
balloon volume. Hearts were selected on the bdsikeostability of high-energy phosphates
(assessed by NMR) during a control period of 15 lbeifore the experiment. Experimental drugs
were added after the 15-min control period. Funeti@ata of rat hearts (LVDP — left ventricle
developed pressure, RPP — rate-pressure product- HBart rate, +dP/dt, and -dP/dt) were

monitored during the perfusion.

Lipid peroxidation and protein oxidation

Lipid peroxidation was estimated from the formatioh thiobarbituric acid reactive
substances (TBARS). TBARS were determined usingpdifioation of a method described by
Tzeng et alUsing malondialdehyde standard TBARS were caledlas nmol/g wet tissue. On
the other hand, the freeze-clamped perfused hisaues were homogenized with 1 ml 4%
perchloric acid and the protein content was caétty centrifugation.

To determine the protein carbonyl content fifty wigfreeze-clamped perfused heart
tissue were homogenized with 1 ml 4% perchlorid acid the protein content was collected by
centrifugation. The protein carbonyl content waterined by the 2,4-dinitrophenylhydrazine-
method.

Western blot analysis
Fifty mg of heart samples were homogenized inciaie- Tris buffer (50mM, pH=8.0)
and harvested in 2x concentrated SDS-polyacrylangiele electrophoretic sample buffer.

Proteins were separated on 12% SDS-polyacrylamé&deaigd transferred to nitrocellulose



membranes. After blocking (2 hours with 3% nondeik in Tris buffered saline) membranes
were probed overnight at 4°C with antibodies reizigg the following antigens: phospho-
specific Akt-1/protein kinase B-Sef’® (1:1000 dilution) and non-phosphorylated Akt/PKB
(1:1000; Cell Signaling Technology, Beverly, MA, A5 Membranes were washed six times
for 5 minutes in Tris buffered saline (pH 7.5) aning 0.2% Tween (TBST) prior to
addition of goat anti-rabbit horseradish peroxidesejugated secondary antibody (1:3000
dilution; BioRad, Budapest, Hungary). Membranesemeashed six times for 5 minutes in
TBST and the antibody-antigen complexes were vizgelon conventional films by means of
enhanced chemiluminescence. Optical densities vdatermined by the commercially
available ImageJ 1.31v (Wayne Rasband, Nationaitutss of Health, Bethesda, MD, USA)

software.

Cell viability assay

Cell lines from human cervix epitheloid carcino(helLa), human pancreatic carcinoma
(PANC-1), and human hepatocellular carcinoma (HEp@&ere seeded into 96-well plates at a
starting density of 2.5xf0cell/well and cultured overnight. The following ydadoxorubicin
and/or H-2545, H-2954 or 4-hydroxyquinazoline waslead to the medium at the indicated
concentrations. Twenty-four hours later, 0.5% @& tater-soluble mitochondrial dye (3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium brotei, MTT) was added. Incubation was
continued for 3 more hours, the medium was remawelthe water insoluble blue formasan dye
formed stoichiometrically from MTTwas dissolved by acidic isopropanol. Optical dassi
were determined by an ELISA reader (Anthos Labt26h0) at 550 nm wavelength. All

experiments were run in at least four parallelsrapeated three times.

Statistical Analysis
After F probe significant differences were evaluhby use of paired Student's t test

andp values below 0.05 were considered to be significan



RESULTS

H-2545, H-2954

Protective effect of H-2545 and its metabolite agast doxorubicin-induced myocardial
energy impairment

Evaluation of the time-course of creatine phosplBICr) revealed that at the end of
one-hour perfusion the level of PCr was markedduoed in doxorubicin-treated hearts. The
depletion of high-energy phosphates was prevengdabth H-2545 and H-2954 administered
at 10 and 20uM. Although the well-known antioxidant dihydrolipagéde (DHLA) was
inefficient in preventing the fall in PCr level 20 uM, it proved to be protective against
doxorubicin-induced energy depletion in higher @o$200 uM). Similar changes were
observed in the level of myocardial ATP with theorafmentioned treatments. Inorganic

phosphate accumulated in doxorubicin-treated heahteh represents poor energetic state.

Preservation of cardiac contractile function by theantioxidant treatment

At the end of the adaptation period LVDP was 78.2+ mmHg, RPP was
22.3+1.44x1& mmHg/min, dP/dta, Was 2479+207 mmHg/s, dPigtwas 1756+71 mmHg/s,
and the average heart rate was 197+19 beats/mimindwne-hour perfusion with
doxorubicin left ventricular developed pressurerdased compared to the initial value, but
addition of H-2545 and its metabolite at 20 uMhe perfusate could prevent the functional
deterioration. Doxorubicin, as opposed to the walueeasured in control group, caused
significant depression in rate-pressure productichviwas ameliorated (p<0.05) by our
experimental drugs (H-2545 and H-2954). Two othectional parameters were also lowered
by doxorubicin in our experimental protocol. +dPaaid -dP/dt showed decreased values on
doxorubicin administration, which was partly reeztdy both H-2545 and H-2954.

Doxorubicin-induced lipid peroxidation and protein oxidation were prevented by H-
2545 and H-2954

Harmful effect of doxorubicin on several cell ongdes has been previously
described. In our present experiment indicatortheflevel of myocardial oxidative damage
such as lipid peroxidation and protein oxidatioroyad to be markedly elevated upon
doxorubicin administration. Lipid peroxidation cadsby doxorubicin was characterized by
the formation of thiobarbituric acid reactive sugtes (TBARS). When doxorubicin was



administered alone, the level of TBARS increasedost three-fold, which was prevented by
the co-administration of H-2545 and H-2954. DHLAtire same order of concentration (20
M) could not lower lipid peroxidation.

Free radicals formed on doxorubicin administratbam also induce the oxidation of
proteins in the cardiomyocytes, which can be chareed by the quantity of protein-bound
aldehyde groups. Doxorubicin significantly increcasiee quantity of protein-bound aldehyde
groups. However, the presence of H-2545 or H-296dnd doxorubicin administration

markedly diminished that.

Akt phosphorylation

Doxorubicin treatment brought about an intensike phosphorylation compared to a
basal level of phosphorylation in untreated heasntually indicating a strong effect of free
radicals on tyrosine-kinase/Akt signaling pathwaphis activation was reduced if
H-2545/H-2954 were added to doxorubicin-treated rtsgapresumably because the
antioxidant agents prevented the activation of ldkase cascade. DHLA did not mitigate Akt

phosphorylation at 2QM, however, 20@M DHLA was sufficient to do so.

Unaltered anticancer effect of doxorubicin in the pesence of H-2545

Because doxorubicin is given to eliminate malignaeils, it is of relevance that any
other drug co-administered with doxorubicin doe$ affect its anticancer properties. To
evaluate whether H-2545 and its metabolite couldlifgathe chemotherapeutic effect of
doxorubicin, we applied doxorubicin in varying centrations together with H-2545 and
H-2954 to malignant cell cultures (HelLa, PANC-1, M{E&2). Co-administration of the

antioxidant agents had no significant impact onadokicin-triggered cell death.

H-2641, H-2693

Protective effect of H-2641 and H-2693 against doxgbicin-induced myocardial energy
impairment
At the end of one-hour perfusion the level of P@as markedly reduced in

doxorubicin-treated hearts. The depletion of higbrgy phosphates was prevented by both



H-2641 and H-2693. Similar changes were observeddrevel of myocardial ATP with the
aforementioned treatments. Inorganic phosphatenagieied in doxorubicin-treated hearts,
which was prevented by administration of H-2641 BR2693.

Protective effect of H-2641 and H-2693 against dowdbicin-induced myocardial pH
decrease

Intracellular pH significantly decreased by thel @i one-hour doxorubicin perfusion.
H-2641 and H-2693 could prevent unfavorable chao§esi.

4-hydroxyquinazoline

Protective effect of 4-hydroxyquinazoline against dxorubicin-induced myocardial
energy impairment

At the end of one-hour perfusion levels of high+gygephospates were markedly
reduced in doxorubicin-treated hearts. The deplediohigh-energy phosphates and creatine-
phosphates was significantly moderated by 4-hydyaiazoline. This favourable effect on
high-energy phosphates was decreased by the iionibiof protective PI3-kinase in
wortmannin treated groups. In the groups treated 4OHQ, wortmannin or both, we could
not observe significant changes from control vallilesrganic phosphate was accumulated in
doxorubicin treated hearts, which could be moderaie4OHQ.

Protective effect of 40HQ against doxorubicin-indued myocardial pH decrease
The intracellular pH significantly fell by the ewd one-hour doxorubicin perfusion. It
was prevented by co-administration of 4OHQ, buthitimg of protective signal transduction

pathway, the protective effect of 4OHQ on doxorubiaduced pH fall was not occurred.

Akt phosphorylation
Similar to our earlier experiments, doxorubicieatment brought Akt and GSK
phosphorylation compared to a basal level of phosgpétion in untreated hearts. This

activation could not be reduced by wortmannin wHesdd us to conclude that doxorubicin-



induced phosphorylation is independent from PlZakeépathway. PARPI markedly increased
the phosporylation of Akt and GSK which was modeddty PI3-inhibitor.

Unaltered anticancer effect of doxorubicin in the pesence of PARPI
Co-administration of PARPI 40HQ — even if usingDL4M - had no significant
impact on antineoplastic effect of doxorubicin omlignant HeLa, PANC-1, HEPG-2 cell

lines.



New results, observations

1. Co-administration of antioxidant H-2545 modedatdoxorubicin-induced acute
cardiotoxicity without affecting the antineoplasgiffect of doxorubicin.

2. In every respect of cardiovascular protectior2345 and its metabolite H-2954 were
more advantageous than the well-known antioxiddntditolipoamide.

3. The quick reacting oxidative stress can onlyniederated/prevented by molecules
capable of connecting site-specifically to the sitelamage and having the ability to modify
ROS to non-oxidant molecules. This “Hideg-paradigma’s strengthened by our experiments
with cardioprotective H-2545, its metabolite, H-26#hd H-2693.

4, It was proved that (similarly to ischemia-repsibn experiments) the PARP inhibitor
4-hydroxyquinazoline decreased the doxorubicin-cedumyocardial damage and activated
(partially through PI3-kinase pathway) the proteetAkt-GSK signal transduction pathway
without affecting the antineoplastic effect of daxioicin.

5. Our results underline that free radical mechasiplay key role in doxorubicin-

induced acute cardiotoxicity.
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