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Investigation of a new antiarrhythmic mechanism: canbined modulation of Ix atp
and Iy, to reduce dispersion of ventricular repolarization

Background for the studies

Sudden cardiac death, which is mostly caused bignaait ventricular cardiac arrhythmias, is a legdiause of
death in industrial developed countries, and in ddum. Ventricular fibrillation, the most seriousnggcular
arrhythmia, kills at least 600 000 people annuallyEurope and the USA combined. Most currently lavde
antiarrhythmic drugs were designed to target icanaclels, but their use has decreased over the pastats due to
their capacity of paradoxically causing arrhythn{ias class I/C type Nachannel blockers increased mortality in
survivors of myocardial infarction despite theiilig§pto reduce the incidence of premature ventacieats (2,3).
Drugs that prolonged repolarization and effectiefactory period by selective inhibition of the idhgomponent
of the delayed rectifier potassium channelg,(blso increased mortality (4). Selectiyellocking drugs possess a
reverse use-dependent repolarization prolongingcgffthat is they prolong repolarization at slovarberate
(increased cycle lengths) more than at high hedet mwhen it would be most needed, in case of taoha or
during the development of early extrasystoles. Thifect can promote the development of early
afterdepolarizations; moreover these drugs lengtbpalarization in a different extent in varioudl tgpes leading
to an increase in dispersion of repolarization.hBeffects can play a role in the occurrence of tifezatening
arrhythmias, including Torsades de Pointes veriiidachycardia (TdP) and ventricular fibrillati¢).

Ikr blockers prolong the action potential duration PARNd effective refractory period (ERP) and amrefore
very effective in diminishing re-entry type arrhgitas (6-10). Based on the above, a treatment thatdablock |,
in a less reverse use-dependent way and in sienxt@nt in different cardiac tissue types (i.e. Hyekfibre vs.
ventricular muscle) would be far safer for the ngmmaent of cardiac arrhythmias. However, reverse use
dependency seems to be an intrinsic property afi@artissue, a necessary consequence of selectivhaanel
block (11). Combined inward and outward currentchlsesembling the mode of action of amiodarone was
proposed to avoid this problem. Alternatively, therease of one type of outward ‘jkcurrent and decrease of
another type of outward current can theoreticatljiegve APD prolongation while minimizing the prdafhmic
effect of repolarization prolongation at slow heates. Such combined effects would alleviate #igd unmet
need for the development of novel antiarrhythmimpounds that would treat arrhythmias more safely.

In the present project, we chose the activatiothef ATP-sensitive K (Karp) channels to activate a voltage-
independent potassium current limiting the excespiwlongation of repolarization by, Iblock at slow heart rate.
Katp channels were first identified in cardiac muscl®)(and link cardiac metabolism to cell membrane
excitability. Many studies have demonstrated thatvation of sarcolemmal ke channels under hypoxic or
ischemic conditions is cardioprotective (13-17)ardchannels have also been implicated in the powerful
cardioprotective phenomenon of ischemic preconditip (18, 19). Krp openers have been shown to abolish
triggered and spontaneous activity in dog Purkiije2 (20), exerted antiarrhythmic activity in ccoronary artery
occlusion/reperfusion (21) and experimental acutgoaardial infarction models (22). As another paint
mechanism for Kp opening mediated cardioprotection, we have idexdtithat Kap opening exerts beneficial
effects on C# homeostasis via hyperpolarization of the restirgniorane potential (23-25). On the other hand,
excessive shortening of the AP and ERP in ischabmig.rp opening may be potentially proarrhythmic and may
increase the incidence of re-entry type arrhythyéapecially if the AP shortening is heterogenodssyributed in
the heart (26, 27).
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Results
Combined modulation of Ik atp and Ik, reduces reverse use-dependency and repolarization heterogeneity,
but the beneficial effects are limited by vasorelaxation

The effects of activation of the cardioprotectivatveard | atp current, that could ideally limit the excessive
repolarisation prolongation of,Iblockers and could also decrease heterogeneitypalarisation in various types
of cardiac tissues were investigated in our preserdy. These beneficial effects could contributeatnew and
safer therapeutic option for the management of riar arrhythmias. Action potential measurementse
carried out in dog and rabbit Purkinje fibre andatveular muscle preparations by conventional wetalar
microelectrode technique. Fog Iblock dofetilide (50 and 300 nM in dogs; 12.5 nMrabbits) and forarp
activation pinacidil (1 and 3 uM in dogs; 20 uMrabbits) and P-1075 (10-75 nM) were used. Vasarggctvas
investigated on endothelium deprived isolated mttas and porcine coronary arteries. Arterial ringsre
contracted with KCI and relaxed by pinacidil in theesence and absence of dofetilide. Repolarizatias
significantly prolonged at all applied stimulatisequencies by dofetilide and combination of ddifdgi + pinacidil
or P-1075 as well. In rabbit preparations, thecactpotential duration, primarily at slow stimulatidrequency
(40/min), was increased at lesser degree by theébioation of dofetilide + pinacidil than with dofkdtie alone
(46.1 £7.3 m$31.6 %) vs. 59.2+ 7.6 ms (41.5 %) in left ventkir muscle and 67.2 + 14.8 m82.6 %) vs.
97.2 + 21.5 ms (47 %) in Purkinje fibrép<0.05).
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Figure 1. Representative action potential recordings (topefgrandcycle length dependence of action potential
durations at 90% repolarization in rabbit Purkififeers and left ventricular muscl¢sottom panels) following}
block (dofetilide) and combination of; Iblock and } atp activation (pinacidil).

A reduction of repolarization heterogeneity wasestssd by application of combination of dofetilidepinacidil

compared with dofetilide alone. Results obtainenimfrdog preparations showed similar results. Immblsta
different sensitivities of Purkinje fibers and gy muscle preparations to potassium channel rabols were
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identified. We concluded that the proarrhythmicemse use-dependent effects gf Blockers and the increased
repolarization heterogeneity may be reduced by lsémeous activation ofclrp. For this aim, cardioselective
Ik aTp activators, devoid of reflex tachycardia due toeestve vasodilating effects, would be preferredcei
currently available darp activators cause significant vasorelaxation aland in combination withy} blockers
(Figs 1-3,not all results are shown duedpace limitation).
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Figure 2. Representative action potential recordings (topefsarandcycle length dependence of action potential
durations at 90% repolarization in dog Purkinjeefd and right ventricular papillary musclésottom panels)
following Ik, block (dofetilide) and combination af Iblock and k arp activation (P-1075).
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Figure 3. Relative vasorelaxation caused by theatr activator alone and in combination of the blocker

following pre-contraction by KCI (100%) in rat aarand in porcine coronary artery. *p<0.05; n=12 aq
respectively.
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These results were continuously reported in confareabstract publications as more data becameabiai(28-
30), in 2 publications (31, 32) and another manpscs currently being prepared. The NKFI grantitDindicated
in these publications, and will be indicated in thieo paper to be sumbitted by the end of Noven2i6.

Investigations on species differences in repolarization reserve and arrhythmia susceptibility in the two
most commonly used species for arrhythmia research: dogs and rabbits

The rabbit and the dog are two commonly used spagiarrhythmia studies (also in the current prg)jecorder
to evaluate the occurrence of cardiac dysrhythraias$ their underlying mechanisms. In order to evalube
effects of combined modification of different patasn currents on arrhythmias in dogs and rabbitfgrdnces in
their arrhythmia susceptibility and repolarizaticimaracteristics must be investigated. A large diidgsowing
number of animal experimental and clinical studieggest that the degree of repolarization proloogatoes not
show a close correlation with subsequent ventricatahythmia development. In these cases, withoatked
prolongation of the QT interval, repolarizationease may be reduced with a consequent increasghgtlamia
susceptibility. According to the concept of rep@ation reserve, normal cardiac repolarizationastwlled by
different potassium currents in a redundant wag, @ngenital or acquired (e.g. mild potassium auriehibition
by a non-cardiovascular drug) decrease in the iiomatf a single repolarizing current does not alsvdgad to
marked repolarization prolongation, since otherents can compensate for the lost function. In ¢hse of
reduced repolarization reserve, additional intiitiof another repolarizing current can result ircessive
prolongation of repolarization and can provoke aeiventricular arrhythmias. Evidence pointed toritically
important role for the slow component of the dethyectifier potassium currentc{) in ventricular repolarization
reserve, however, other potassium currents may stgoficantly contribute to repolarization reserviehere is
considerable variation in the expression of keyolafizing potassium channels in different mammabaecies,
including dog and rabbit that are frequently uggecges in pro-arrhythmia models. Therefore, it wessonable to
assume that species specific ion channel expregsiofles may result in species dependent altematio
responses to potassium channel blockers. Suchiatiffes may significantly influence the value ofdalbtained in
these models for human extrapolation, howeves iiriclear how species specific potassium chanmekssions
translate into differences in arrhythmia developmemogs and rabbits. A possibly important rolelfg has been
suggested in repolarization reserve. We studiedeffexts of combined pharmacological inhibition Igf (by
BaClk) and ks (by HMR1556), as well asql (by BaC}h) and k. (by dofetilide) on ECG parameters and the
incidence of TdP in conscious dogs and anesthetealits. We also investigated whether TdP devetoprwas
paralleled by increased short-term variability bé tQT interval, a novel ECG parameter suggestedmiore
reliable prediction of drug-induced ventriculartgfthmias.

We investigated the effects of repolarization resémpairment by pharmacological block @f In combination
with lxs and k, on the incidence of the typical drug-induced atfnhyia, TdP, and different ECG parameters. Heart
rates were significantly decreased by combingtl}, block in both species, whilgtIs inhibition reduced heart
rate only in rabbits. Inhibition ofJ alone as well asd alone significantly prolonged the QTc intervaldogs but
did not do so in rabbits. Increased QTc intervgicbmbined potassium channel inhibitions did nqiesgy to be
informative on subsequent TdP development in egpecies.

We found that combined pharmacological inhibitioh I@;+l, and ki+lxs led to repolarization reserve
impairment and high incidence of TdP in conscioogsdand anesthetized rabbits. However, dogs arutsab
exhibited markedly different patterns of TdP suggesthat at least some of these currents may gifigrent
relative roles in repolarization reserve in the tgmecies. In contrast, our laboratory showed inviptesly
published experiments that both species respondbdavhigh incidence of TdP paralleled by signifitincreases
of short-term variability of the QT interval (SY) following Ixst+lk, inhibitor administration. In this study, a high
TdP incidence was observed following inhibitionlgf+Ixs in dogs (67% vs 14% in rabbits). Rabbits exhibited
higher TdP incidence aftek -k block (72% vs 14% in dogs). Increased TdP incidewas associated with
significantly larger ST¥r in both models.

We concluded that rabbit pro-arrhythmia models da@sepharmacologically impaired repolarization resemay
present greater arrhythmia susceptibility and mayntore useful than canine models in predicting huma
electrophysiological responses to drugs affectiagdiac ventricular repolarization. These resulto alvarrant
cautious evaluation of the potential pro-arrhythnaidverse effects and cardiovascular safety of daeli
compounds in rabbit and dog models. These reswts wublished and discussed in (33, 34). The NK&htglD
was indicated in the publications.
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In vivo and in vitro cardiac electrophysiological effects of chronic amiodarone and desethylamiodarone
administration in dogs

Amiodarone (AMIO) is a multi-ion channel modulai@nodulating both 4, and k arp) and is considered to be
one of the most effective antiarrhytmic agents witwver proarrhythmic risk compared to other cumentsed
antiarrhythmics, however, it possesses seriousexttliac adverse effects which greatly limit iisichl use. It has
been suggested that desethylamiodarone (DEA), thigeametabolite of AMIO might have similar cardiac
electrophysiological effects to the parent compoiid proposed that chronic DEA treatment would esignilar
electrophysiological properties compared to chrohMIO application, albeit without AMIO related adee
effects. Electrocardiograms (ECGs) were recordethfconscious dogs, RR, QT, Qmtervals were measured,
short-term variability of the QT interval (SEY) was calculated. Action potential (AP){V APDyo) parameters
and cardiac ionic currents were measured by commit microelectrode and patch-clamp techniques,
respectively, to assess the vitro cardiac electrophysiological effects of chronic #eks) oral DEA (30
mg/kg/day) and AMIO (45 mg/kg/day) administration Beagle dogs. AMIO and DEA tissue levels were also
measured. Significantly increased RR (by 13.3 %4 38) and prolonged QT (by 14.5 %; 23.1 %) and (b§c9.6
%; 11.3 %;) intervals were measured following béttveek DEA and AMIO administration compared to thei
respective baseline values. No differences werergbd in ST\4r values. V,ax values were significantly reduced
by 21.0 % and 14.4 %, moreover ARWas slightly but significantly prolonged by 6.0&4d 10.0 % as a result of
DEA or AMIO application compared to the control gporeceiving vehicle. Decreased turrent in the AMIO
group, significantly reduceg,lcurrent and a decreasing trenddgd current in both DEA and AMIO groups were
demonstrated by patch-clamp experiments. The tiesads for DEA both in DEA and AMIO treated groupsre
similar (10.5 £ 6.8 vs. 14.7 £ 9.0 in right atriand 22.2 + 12.0 vs. 29.7 + 17u@/tissue g in left ventricle), but the
AMIO treatment resulted in higher kidney (+ 61.8 &b)d lung (+ 55.9 %) DEA levels and certainly lechigh
AMIO levels as well in all tissue types.

We concluded that chronic DEA treatment in dogalted in similar cardiac electrophysiological chasg
compared to AMIO administration without potentialigrmful tissue AMIO accumulation. It might be pibss to
substitute chronic AMIO treatment with chronic DEplication that could represent a similarly effetbut
significantly safer therapeutic option for the mg@ment of cardiac arrhythmias. The results hava Ipeesented
in abstract form (35) and the manuscript will bémiited published by the end of November, 2016. K&~
grant ID was indicated in the abstract publicatod will be included in the final paper as well.

Validation of our rabbit in vivo proarrhythmia model with cisapride, a known drug with proarrhythmic
adver se effects

The reliable assessment of proarrhythmic side &ffet drugs in development is essential but remalosive.
Recently, in addition to conventional ECG measum@s)ahe short-term beat-to-beat variability of @€ interval
(STVqr) has been suggested as a novel parameter to fpimaig induced ventricular arrhythmias due to
repolarization disturbances. We have recently eckah rabbit proarrhythmia model based on impaired
repolarization reserve due to the pharmacologitmikbof the slow component of the delayed rectipetassium
current (ks).

To test whether this model would identify a drughnknown Torsades des Pointes (TdP) liability, piske, a
prokinetic agent withdrawn from the market in masguntries due to its proarrhythmic adverse effeatas
administered to anaesthetized rabbits (n=10 irgadlps) with and without pre-treatment with the thlocker
HMR-1556 (0.1 mg/kg; i.v.). HMR-1556 on its own didt prolong the QTc interval, did not increase gf&nd
did not cause any TdP. Cisapride on its own (1 gigik.) moderately increased the QTc interval, gT4¥nd
caused TdP in 10% of the animals. The combinatibiH®R-1556 and cisapride further and significantly
increased STYr (4.4 + 0.34 vs. 2.3 + 0.34 ms in controls) anddance of TdP (50%) compared to cisapride
alone.

We concluded that these results confirmed thatrabbit proarrhythmia model with impaired repolatiaa
reserve may be useful in identifying compounds wliting induced ventricular arrhythmia provoking adeceffect
liability. The NKFI project ID was indicated in ttadbstract publication of these results (36).

Dissemination of Results

The results of the studies were presented at ratiand international scientific meetings. The resulere
published in high impact international scientifauinals. In addition to the above mentioned papbesPl also
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published a review paper on aspects of atrial &mrhias and multi-ion channel modulation (37), irdiicg the
NKFI grant ID. The studies of the project will cabtute to the PhD thesis of Tibor Hornyik, Viktonhlhsz and
Richard Varga (project participants and PhD stuslefithe PI). They are expected to defend thesisha the next
5-6 months.

Possible Exploitation of the Results

The described synergistic antiarrhythmic mechanissosld be utilized in new treatment strategies of
arrhythmias associated with heart failure. Theqraréd studies were basic scientific investigatidmsyever, the
results may offer new mechanisms for the developroémovel antiarrhythmic drugs based on the ingestd
synergistic mechanisms having a markedly reduceargrythmic risk compared to previous pharmacoklgic
antiarrhythmic interventions. This novel conceptdohold significant market value, since currentigmhythmic
pharmacological compound development is hamperegdrogrrhythmic side effects. It should be notedt thve
presently lack Krp channel openers with sufficient cardiac selegtifias also shown by our studies). The
development of cardiac selectiveatp activators would require an industrial project,engn molecular libraries
should be subjected to high-throughput screeningdémtify molecules that open cardiacK channels at
significantly lower concentrations than those foimglascular smooth muscle.

Alterations in the Budget

There were unforseen service costs due to the naifun of the micromanipulators on the elecrophyggjal
setup, and their service was essential for theeptoj

The foreign conference travel and accomodationscagtre not exactly as originally planned, due téorseen
changes in the number of conference participatibnportantly, the overall budget spending did noteed the
planned amount. These budget alterations did fettethe completion of the studies.

Alterations in the Project

The project was delayed due to laboratory and imgldonstruction delays (beyond the control of gneject
personnel) and therefore the project was extengteglrhonths based on the written permission by NfHc 17,
2015).
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