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1 Introduction

1.1 Main objectives

Currently, the major challenges to health andfbifethe low-income countries are
principally infectious diseases and the shortagdeoheeds. By contrast, in the high-
income countries, the leading cause of death igtbep of cardiovascular diseases.

Despite the rapidly evolving therapeutic strategiethis field, ischemic heart
disease, the most common cardiovascular diseaseehmained a major cause of fatality
in the decade prior to this writing, causing 7.4lion deaths in 2012 alone, with 3 in
every 10 deaths worldwide resulting from cardiowvdescdiseases overall in that year.

In terms of proportion of deaths caused by noncomaoable diseases (NCDs),
high-income countries have the highest value — 87%l deaths resulted from NCDs —
followed by the upper-middle-income countries (81%)e proportions are lower in the
lower-middle-income (57%) and low-income counti(88%).

Based on the aforementioned, a basic understaondi@gdogenous protective
mechanisms of the heart against ischemia is a siégés the development of new
rational therapeutic strategies.

Accordingly, our first aim was to test our hypotisese. the risk for weakening of
atria in response to:Aeceptor agonists might be lower in hyperthyroidign a model
that allows characterization of the effect exetigds treatment on the Areceptor
reserve belonging to the direct negative inotr@fiect of adenosine. For this purpose, a
set of special experimental protocols, based ostoaction of concentration-response
curves, were used, followed by a unique evalugtimeedure, which is an adaptation of
the receptorial responsiveness method (RRM). Ttpeemental system was designed to
prevent the rapid intracellular elimination of eengus adenosine, and then to correct for
the bias caused by the consequent accumulatiomdoigenous adenosine.

In turn, our second goal was to develop an expeariahédramework suitable to gain
further insight into the functional consequencedDA inhibition, as regards theiA
receptor-mediated direct negative inotropy, undeh leu- and hyperthyroid conditions.
This was important because ADA inhibition elevdtesadenosine levels and thus



augments all Areceptor-mediated processes, therefore it isa®yt & identify the
efficiency enhancing action of ADA inhibition oneti®s adenosinergic signaling, an
effect that was proposed in a previous study. Aeogjoal of the present study was to
assess the alteration in the interstitial adendswe caused by ADA inhibition by means
of RRM, and then, to compare it with the changelpoed by nucleoside transport
blockade, under both eu- and hyperthyroid condstion

1.2 Adenosine and adenosine receptors

Adenosine is an adenine nucleoside that servels espertant regulator in the
cardiovascular system. Adenosine molecules argaathg produced and eliminated in
the body. Adenosine plays an important role in amdntal biochemical routes (such as
energy transfer) as well as in signal transdugbiatesses (as the endogen agonist of
adenosine receptors).

Adenosine is the precursor and decomposition proofulTP (adenosine
triphosphate), the most important energy transf@enoule in living tissues. Thus the level
of this molecule indicates the exhaustion of thésce

In normoxic cellular metabolism, the major portimfrintracellular adenosine
transforms to AMP with the help of adenosine kinadgle the remaining part is
deaminated by the intracellular adenosine deamiaeEnosine can be eliminated from
the interstitial fluid in three ways: 1. breakdobyadenosine deaminase (ADA) 2.
getting into the bloodstream 3. uptake into cellsastain tissues such as endothelium and
myocardium.

In the heart, there are mainly equilibrative nuslde transporter (ENT)
transporters, especially ENT type 1 (ENT1), whgkensitive to inhibition with
nitrobenzylthioinosine (NBTI). Therefore, the adsime transport of cardiomyocytes is
primarily determined by the difference betweenittiea- and extracellular adenosine
concentration.

Regulatory effects of adenosine are mediated predortly by activating cell-
surface adenosine receptors. Theadlenosine receptor {Aeceptor) exerts complex
regulatory functions in almost all tissues, inchglthe myocardium, in which the. & the
main adenosine receptor type. The myocardiale&eptor is involved in extensive



protective and regenerative functions. This inctudegative tropic effects that limit
energy consumption, and thereby contribute to tb&eption of the heart against
ischemic-hypoxic damages.

Pharmacological activation of the Adenosinergic system is a prospective,
although yet modestly utilized possibility that ntegve preventive and therapeutic
implications in numerous cardiovascular maladiesluiding ischemic heart disease and
certain types of arrhythmias. Furthermore, thegkeptor stimulation as a therapy may
come into play in avoiding hypoxic injury duringdretransplantation, too.

The A receptor mediates negative tropic effects on #aetlthat involve negative
inotropic activity on both the atrium and ventridle the ventricle, Areceptor agonists
evoke only an indirect negative inotropic effebgreby reducing only the positive
inotropic action of other agents. In contrast,réceptor agonists can markedly decrease
the atrial contractile force below the resting lealled direct negative inotropic effect)
in most species, including guinea pigs and humans.

Accordingly, several classes of compounds thavatgithe A receptor pathway
(A1 receptor agonists, Aeceptor enhancers and agents elevating the endoge
adenosine levels) are under consideration or irfarse variety of indications, e.g. as
antiarrhythmic, antianginal, antidiabetic and aoticeptive agents. Since these drugs,
either directly or indirectly, target the same naollar object (A receptor), a major safety-
related challenge is to ensure the desired effiegtgarticular indication, while
minimizing some or all other effects. In generhg tirect negative inotropic effect can be
considered as undesirable, because reduced amimhctility may initiate or exacerbate a
wide range of cardiovascular diseases.

1.3 Receptor reserve

The term ‘receptor reserve’ has been defined irctmeext of the traditional
receptor theory. Receptor reserve refers to a phenon whereby stimulation of only a
fraction of the whole receptor population appaseaticits the maximal effect, achievable
in a particular tissue. The existence (and magaitod receptor reserve depends on the
agonist (efficacy), tissue (signal amplificationléy) and measured effect (pathways
activated to cause signal amplification). Thughi&e most general sense, receptor reserve



is an integrative measure of the response-inducapgcity of an agonist (intrinsic
efficacy) and of the signal amplification capamfythe corresponding receptor (and its
downstream signaling pathways). As receptor ressrvery sensitive to agonist’s
intrinsic efficacy, it is usually defined only féull (high-efficacy) agonists. If receptor
reserve is determined with the same (high-efficagynist, it can be used as a practical
measure of the signal amplification capacity ofrideeptor. Theoretically, signal
amplification means that, on a percentage bassgfiiect exceeds the receptor
occupancy. In the experimental practice, the sistpfelex of a big signal amplification
capacity (and thus, of a great receptor reserviteiphenomenon that stimulation of even
a small fraction of the whole receptor populatipparently elicits the maximal effect.

As a consequence of the above-mentioned facts;dffgiacy agonists usually act
on most tissues, expressing the given receptorfdsagonist. In turn, low-efficacy
agonists exert significant effect only in tissuadhwvarge receptor reserve. Thus, use of
low-efficacy agonists can ensure tissue selectivity sense that they will not evoke
biologically significant effect in tissues with slh@r no) receptor reserve.

Previous studies have found a considerahles8eptor reserve for the direct
negative inotropic effect of synthetia Aeceptor agonists and adenosine. The magnitude
of the aforementioned receptor reserve was clegyonstrated by an observation that
FSCPX, a potent and irreversible #eceptor antagonist, was unable to significantly
reduce the maximal effect of both the syntheticegie and adenosine. This observation
indicates a strong amplification of.Aeceptor stimulus, regarding the direct negative
inotropy. Thus, among the possible cardiac sidec&dfof agents that produce #eceptor
stimulation, weakening of atria is a probable @f the most probable) one.

1.4 Thyroid state

The thyroid state influences several regulatorylmacsms, including functions of
the A receptor. Among others, thyroid hormones (Tk) markedly reduce the direct
negative inotropic effect (decrease of the conileafdrce without prior positive inotropic
stimulation exerted by another agent) afrAceptor agonists. Hyperthyroidism is a
pathological condition that, by upregulating a widage of metabolic processes, raises
the oxygen and nutrient consumption in the tissaed,thus, increases the work of the
heart. As a consequence, excess thyroid hormonesase the risk of congestive heart



failure, ischemic heart disease and arrhythmias tlaereby elevate cardiovascular
mortality. In light of these facts, suppressioriled A, adenosinergic system by thyroid
hormones may raise concerns. Thus, it is of impogao find out possibilities to enhance
the depressed function of the &denosinergic system in hyperthyroidism.

1.5 The significance of the interstitial adenosine leven the heart

Adenosinergic signaling is a powerful endogenossue-protective mechanism.
The myocardial Areceptor is involved in extensive protective aggenerative actions.
This includes negative tropic effects that limieggy consumption and thereby contribute
to the protection of the heart against ischemicettyppdamages. The elevation of the
interstitial adenosine level could trigger the am@nergic signaling and thus initiate the
cardiac protective mechanisms.

An opportunity to influence the interstitial adem@sconcentration is to blunt
adenosine deaminase (ADA), an enzyme that conadeisosine into inosine.
Consistently, the inhibition of ADA increases bdile intra- and extracellular adenosine
concentrations and thereby augments actions ofegag adenosine as well.

In a previous study, we found that inhibition of Allncreases the signal
amplification of the A adenosinergic system, regarding its direct negatigtropic
function in the hyperthyroid guinea pig atrium. ABA inhibition elevates the adenosine
levels and thus augments all ieceptor-mediated processes, it is not easy tuifgiehis
particular (efficiency enhancing) action of ADA ibftion. For this purpose, a special
experimental design would be needed that is se@tabtlistinguish the functional
consequences of ADA inhibition, as regards theekeptor-mediated direct negative
inotropy.

Another way to manipulate the interstitial adenedevel is inhibition of the
adenosine flux across the cell membrane. In thalmodtally intact myocardium,
adenosine mainly forms in the interstitium andlismimated in the cell interior, therefore,
the net adenosine transport is directed into théi@ayocytes. In the heart, the
transmembrane adenosine flux passes almost exelyshrough ENT1. Accordingly, in
our previous studies, NBTI was found to elevateititerstitial adenosine level in the
guinea pig atrium, which action was more pronourioddy/perthyroidism.



However, in the functioning heart, information abolmanges of the interstitial
adenosine concentration cannot be assessed wiitiesutf accuracy (at least for our
purposes) by the commonly used methods, becauke odpid turnover and poor access
of adenosine in the living tissues. Under well-dedl circumstances, the receptorial
responsiveness method (RRM), a method that hasreeently developed but is rooted in
the classical pharmacology, may address this prodRRM is based on a simplified
mathematical modelling of the interaction betwega agonists that consume the
response capacity of the same (or at least greaégtapping) signal-transduction. This
way, RRM enables the quantification of an acutegase in the concentration of an
agonistvia generating concentration-effect (E/c) curves whih same or another agonist
(which latter is more stable or preferred for atiyeo reasons) in the given tissue. As a
limitation, if the two agonists are different, thierplus concentration in question can be
guantified only with a surrogate parameter, i.e.dljuieffective concentration of the other
agonist. However, a unique feature of RRM is thawing to its functional assay nature -
it provides information about the agonist concdrirain the vicinity of the specific
receptors, a tissue compartment otherwise difficuéiccess in a working organ. Although
RRM, in principle, can be applied for each receptoe A receptor is especially suitable
for this purpose, due to its slow desensitizatelative to the duration of the
measurement.

1.6 Interaction between the A adenosinergic and M cholinergic systems

In the heart, the Aand M receptors are the predominant receptor types for
adenosine and acetylcholine, respectively. In tham, both A and M receptors bind to
Gio proteins and, thereby, both of them can open thecarinic-operated potassium
channel and blunt the adenylyl cyclase activityhviite consequent inhibition of all
cAMP-dependent signaling pathways. As a consequéatke A and M receptors can
mediate direct negative inotropic effect. Thushalighvia binding to different receptors,
agonists for these receptors activate greatly apprhg signal-transduction pathways in
the atrium. Further similarities between @&d M receptors are that both of them are
controlled by thyroid hormones £{TT4), and our knowledge about this regulation is
incomplete and, in some areas, inconsistent yet.



2 Materials and methods

2.1 Materials

The following chemicals were used: L-thyroxine sodisalt pentahydrate {f
adenosine(non-selective adenosine receptor fulliajpNP-cyclopentyladenosine (CPA)
(CPA,; selective Aadenosine receptor full agonist); acdiyirethylcholine chloride
(methacholine: MC; non-selective muscarinic recefith agonist with high affinity for
the Mbmuscarinic receptor (Meceptor)); 8-cyclopentyl-1,3-dipropylxanthine (CPX
selective, competitive Aadenosine receptor antagonist); 8-cyclopenfiy[aN(4-
(fluorosulfonyl)benzoyloxy)propyl]-&propylxanthine (FSCPX); S-(2-hydroxy-5-
nitrobenzyl)-6-thioinosine (NBTI; selective inhibitof nucleoside transporter type
ENT1); pentostatin (2'-deoxycoformycin: DCF; seleetinhibitor of adenosine
deaminase) in NipeHf. Experiments were conducted in modified Krebs-tetisbuffer
(Krebs solution).

2.2 Animals and preparations

All animal use protocols were approved by the Coti@aiof Animal Research,
University of Debrecen, Hungary (3/2012/DE MAB). #artley guinea pigs weighting
600-900 g were used.

A group of animals received 330 pg/kgdaily (ip.) for 8 days i vivo Ts
treatment), and the vehicle of Was administered dailyp() for 8 days to the other group
(in vivo solvent treatment). On the ninth day, the animeadee guillotined. Left atria were
quickly removed and mounted at 10 mN resting tansidLO ml vertical organ chambers
(Experimetria TSZ-04) containing Krebs solution ggpated with 95% £and 5% CQ
(36°C; pH 7.4).

Atria were paced by platinum electrodes (3 Hz, 1mice the threshold voltage),
with the use of a programmable stimulator (ExpetirmeST-02) and power amplifier
(Experimetria PST-02). The contractile force waarelterized by the amplitude of the
isometric twitches, which were detected by a traned (Experimetria SD-01) and strain



gauge (Experimetria SG-01D), and recorded by agrajyh (Medicor R-61 6CH
Recorder).

2.3 Arrangement of investigations underlying the presenthesis

Our investigations, according to our two major gaaid the two publications used
for the present thesis, were divided into two stadeferred to as Study 1 and Study 2.The
essence of protocols of both studies was the amigin of two or three E/c curves on
guinea pig atria. Between two E/c curvesyitro treatments were carried out. In both
studies, the direct negative inotropic function \easessed, because it is a strong, well-
measurable and well-reproducible effect, mediatethb A receptor located in the atrial
myocardium. The isolated and paced left atria fatmgreatly simplified model system,
in which negative tropic effects of different agstsicould manifest only in a decrease of
the contractile force.

2.4 Experimental groups and protocols for the Study 1

Both solvent- and #treated atria were randomized into six-six groftpbsin vivo
solvent and Ttreatment were indicated with an S and T, respelgtiin the group name).
In each group, one of four protocols was carried Guoups and protocols applied: S1
and T1 for Protocol 1 (demonstration of tifeet of FSCPX on the adenosine E/c curve);
S2 and T2 for Protocol 2 (attempt to determineAheeceptor reserve for adenosine); S3-
Control , S3-NBTI, T3-Control and T3-NBTI for Pratol 3 (data collection to determine
Cx, the CPA concentration that is ecdftiéetive with the surplus endogenous adenosine,
accumulated interstitially in the presence of NB'BJ-Control , S4-FSCPX , T4-Control
and T4-FSCPX for Protocol 4 (data collection to pobe the negative inotropidfect of
cx on the FSCPX-pretreated atria).

Protocol 1: After an incubation period in Krebswdmn, a cumulative adenosine
E/c curve was constructed. Subsequently, aftermifiSvashout, atria were subjected to
10 uM FSCPX, a selective and irreversibleréceptor antagonist, for 45 min followed by
a 75 min long washout with Krebs solution. Theouenulative adenosine E/c curve was
generated.



Protocol 2: After an incubation period in Krebsugmn, a cumulative adenosine
E/c curve was constructed. After a 15 min washaiumig were incubated in 10 uM NBTI,
a selective nucleoside transport inhibitor, fomiis. Then, a cumulative adenosine E/c
curve was generated in the presence of 10 uM NBZINBTI and T2-NBTI curves).
After a 20 min washout, atria were subjected tulMFSCPX for 45 min followed by a
60 min long washout with Krebs solution. Then,ateceived 10 uM NBTI and were
incubated for 15 min. Afterward, a cumulative adgne E/c curve was generated in the
presence of 10 uM NBTI.

Protocol 3: After an incubation period in Krebswudmn, a cumulative adenosine
E/c curve was constructed. After a 15 min washatia were randomized into two
groups. Atria in the control groups received 1@MSO for 15 min, while atria in the
NBTI groups received 10 uM NBTI for 15 min. Themwanulative E/c curve was
generated with CPA, a selective veceptor full agonist, in the presence of 10 &M
or 10 uM NBTI.

Protocol 4: After an incubation period in Krebsugmn, a cumulative adenosine
E/c curve was constructed. After a 15 min washatuia were randomized into two
groups. Atria in the control groups received 1MMSO for 45 min followed by a 75 min
long washout, whereas atria in the FSCPX groupsg sebjected to 10 uM FSCPX for 45
min, succeeded by a 75 min washout. Then, a cumal&PA E/c curve was generated.

2.5 Experimental groups and protocols for the Study 2

First, all atria were allowed to equilibrate in Keesolution for 40 min. Then, a
cumulative concentration-effect (E/c) curve wasstarcted with adenosine.

After a washout period (Krebs solution for 15 misfyja were randomized into
groups for the subsequantvitro treatment. In the group names, the apgledvo andin
vitro treatments were indicated (S - solvent-treatedT #treated; Co - control; and
abbreviations of the used chemicals): Tingitro treatment included 20 min incubation in
the presence of Krebs solution alone (S Co, T Gop$CPA), T Co (CPA)) or 10 uM
CPX (S CPX, T CPX) or 0.1% (v/v) DMSO alone (S DMSODMSO) or 10 uM NBTI
(S NBTI, T NBTI) or 10 uM DCF (S DCF, T DCF, S DGQEPA), T DCF (CPA)) or 10
UM DCF with 10 uM CPX (S DCF CPX, T DCF CPX). Filyala cumulative E/c curve



was generated with MC (S Co, T Co, S CPX, T CPRMSO, T DMSO, SNBTI, T
NBTI, S DCF, T DCF, S DCF CPX, T DCF CPX) or CPAES (CPA), T Co (CPA), S
DCF (CPA), T DCF (CPA)).

For the first E/c curve, adenosine was used tcsagbe responsiveness of the
vitro untreated atrial Areceptors. For the second E/c curve, MC or CPA flatively
stable agonists for the \r A; receptor, respectively) was administered in otdeyather
information about the effect of the differantvitro treatments on the Mand A receptor
responses.

2.6 Empirical characterization of E/c curves

The effect (defined as a percentage decrease initla contractile force),
obtained from the experiments, was plotted agaimistentration of agonists
administered. Both individual and averaged E/c esnvere fitted to the Hill equation:

E=E, Elcin Equation 1
c" +EC,,

where: ¢ - the concentration of the agonist adrtenésl; E - the effect; fx - the
maximal effect; EGo - the agonist concentration producing half-maxiefédct; n - the
Hill coefficient.

Hill parameters (Eax, EGso, n) of the individual E/c curves were used for the
statistical analysis. Hill parameters of some agedsE/c curves were applied for the
mathematical correction of some other E/c curves (slow).

2.7 Quantification of the E/c curve change caused by NB and DCF

The surplus interstitial adenosine, accumulated theebasal level in response to
the inhibition of nucleoside transport or ADA, ledsthe shape of the E/c curves
constructed in the presence of NBTI or DCF. Thaslaffects both concentration and
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effect values of th&/c curves, because the biased effect values areglatjainst
concentration values of the administered (exogenagsnist, while the concentration of
the surplus endogenous adenosine is neglected C&sviias found previously to

influence the signaling efficiency of atriah Adenosinergic system, the biased E/c curves,
generated with the Aeceptor agonist CPA in the presence of DCF, wgotuded from

the quantification. The bias of E/c curves, corgird with CPA or MC, was quantified

with the use of RRM, by fitting the averaged ddt¢he biased E/c curves to the following
equation:

100[E1oo— e O C)E J
c, +0)"+ "
EI::I_OO_ ( X ) C50

100-E,, 0%
Cx + ECSO

Equation 2

where:E’ in Study 1the effect value of the averaged CBA curve of the S3-
NBTI or T3-NBTI group that is considered to be leidE’ in Study 2 the averaged effect
value of the biased MC E/c curve of the group S NBTNBTI, S DCF or T DCFEmax
EGso, n in Study 1the empirical parameters of the averaged ERXcurve of the S3-
Control or T3-Control grouEmax EGso, n, in Study 2Hill parameters of the
corresponding control-type averaged M curve of the group S DMSO, T DMSO, S

Co or T Co, respectively in Study 1the concentration of CPA (administered for Hie
curve);c in Study 2the concentration of MC administered for the &love;ckin Study 1
the variable parameter of equation (2) indicatimg €PA concentration that is
equieffective with the surplus endogenous adenaineentration accumulated by NBTI;
cxin Study 2the variable parameter of equation (2) denotiregMC concentration
equieffective with the surplus interstitial ademasproduced by NBTI or DCF.

2.8 Correction of adenosine’s effects in the presencé NBTI or DCF

The correction procedure was performed as descphb®dously First, an effect
belonging to gwas calculated by means of the Hill equation (&qua):

11



n

E =E Elcxi Equation 3

an + ECSOn

where:in Study 1E;,, the effect evoked solely by the surplus endogsraaienosine
accumulated by NBTlgx, the CPA concentration provided by equation E2}x ECso, N,
the empirical parameters of an appropriate @Pécurve (see the next paragragh);
Study 2:E,, the effect evoked solely by the surplus inteedtadenosine produced by
NBTI or DCF;c,, the MC concentration conveyed by the equatiobe?ofiging to the
averaged MC E/c curve of the group S NBTI, T NBIIDCF or T DCF)Emax EGso, N,
Hill parameters of the corresponding control-t§gde curve (i.e. the averaged MC E/c
curve of the group S DMSO, T DMSO, S Co or T Cgpeztively).

WhenEx was computed for the averaged S2-NBTI or T2-NBirve, empirical
parameters of the averaged CBA curve of the S3-Control or T3-Control group were
substituted into equation (3), respectively. WBgmwas calculated for the averaged S2-
FSCPX+NBTI or T2-FSCPX+NBTI curve, empirical parders of the averaged CH&(c
curve of the S4-FSCPX or T4-FSCPX group were writtéo equation (3), respectively.

Then, from effect values of a biased E/c curve @aql the corresponding,E
corrected effect values were computed with theafiskee following equation (equation 4).

(L00-E ") L00-E,)
10C

E =100— Equation 4

where:in Study 1 - Ethe correct (unbiased) effect (belonging to theraged S2-
NBTI, T2-NBTI, S2-FSCPX+NBTI or T2-FSCPX+NBTI curyeE’, the biased effect
(related to the foregoing curveg);, the effect of the surplus endogenous adenosine
produced by NBTI (see equation 8);:Study 2E, the corrected effecE’ - the biased
effect; Ex, the effect of the extra interstitial adenosineduced by NBTI or DCF
(belonging to the averaged MC E/c curve of the grSINBTI, T NBTI, SDCF or T
DCF).

In order to correct effect values of MC E/c cureégroups S NBTI, T NBTI, S
DCF and T DCF, the averaged biased effects of théseurves (as E’) and the
corresponding Evalues were substituted into the equation 4. Rercorrection of CPA

12



E/c curves of groups S DCF (CPA) and T DCF (CPAgraged biased effects of these
E/c curves were substituted into the equation Agwith E values belonging to the
averaged MC E/c curves of groups S DCF and T D&#pectively. The reason to do this
was that the amount and effect of the surplussited adenosine, produced by DCF, did
not depend on the nature of the agonist, used $abaequent E/c curve. All corrected
effects were plottedersusthe MC and CPA concentrations administered fogikien

E/c curve.

2.9 Data analysis

Each atrium was required to meet three criteriarder to qualify for inclusion in
the statistical analysis: 1) the initial contraefibrce had to reach 1 mN before the first E/c
curve; 2) the mechanical activity of the paceduatrhad to be regular; 3) the response
to10uM or 100uM adenosine of the solvent- og-Treated atrium, respectively, was
required to be within a mean + 2 SD range. The na@@hSD were computed using atria
meeting the first two criteria (separately for Huvent- and F-treated population). All
experimental outcomes conforming to these threer@aiwere subjected to statistical
workup.

According to the recommendation of Motulsky andi€topoulos (2004), agonist
concentrationECso andcy in the equations, used for curve fitting, wereresged as
common logarithms. Statistical significance for thiéerence of means (or medians) was
defined ap < 0.05. Curve fitting and statistical analysis &performed with the use of
GraphPad Prism 6.05, while other calculations wesee by means of Microsoft Office
Excel 2013.

In Study 1All data sets were evaluated by the normality &esl passed. Two data
sets were compared with the paired or unpaitedt (if the equal varia nce test was not
passed, t-test with Welch'’s correction was used)reMhan two data sets were compared
using one-way ANOVA or repeated-measures one-wa@®XN (with Geisser-
Greenhouse correction), followed by Tukey postiigst

In Study 2 Hill parameters of the pooled adenosine E/c ai(gelvent-treated
atriavs. Ts-treated ones) and raw E/c data of selected EXeqairs were compared with
unpaired Student t-test or t-test with Welch’s eotion (if equal variance test was not

13



passed) or Mann-Whitney U-test (if either equalarare test or normality test were not
passed). Hill parameters of adenosine E/c curvéiseodifferent groups were compared
(separately for the solvent and ffeatment) by one-way ANOVA (using Geisser-
Greenhouse correction) with Tukey post-testindyyoKruskal-Wallis test with Dunn’s
post-testing (if the normality test was not passkld) parameters of the MC and CPA E/c
curves were compared using two-way ANOVA with Sigalst-testing (as all data sets
passed the normality test).
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3 Results

3.1 Results of Study 1

3.1.1 Adenosine E/c curves of Protocols 1 and 2 befozectrrection

In the solvent-treated atria, consistent with auvpusly reported findings,
pretreatment with FSCPX (selective and irreversfleeceptor antagonist) was observed
to significantly shift the adenosirgc curve to the right, whereas NBTI (selective
nucleoside transport inhibitor) significantly diapéd the adenosirt&c curve to the left
and significantly decreased Esax as compared with the corresponding control curves
The Ts-treated atria responded to FSCPX pretreatmenN&i¥d the same way, although
decrease ifEmax caused by NBTI did not reach the level of statadtsignificance.

In comparison with the corresponding curves geedrat the presence of NBTI,
the FSCPX pretreatment along with NBTI paradoxicaitreasedEmax (Without affecting
the other two empirical parameters) in both theeul and F-treated atria. As a
conseguencésmax Values of the FSCPX+NBTI curves are located betvigax values of
the corresponding control and NBTI curves, buted#hces are only statistically
significant in the solvent-treated atria.

3.1.2 CPA E/c curves

CPA also reduced the contractile force of all atria concentration-dependent
manner. In the solvent-treated atria, in agreemahtour earlier results, NBTI
significantly decreaselimax (as well as Hill coefficient) and increased Eggo, while
FSCPX pretreatment significantly increasedHGg, imitating the action of a
competitive, rather than irreversible feceptor antagonist. The-Treated atria produced
outcomes similar to the solvent-treated ones. Weenhain differences were that NBTI
induced a more pronounced depression, whereas Fg@®¢atment produced a smaller
dextral displacement in the hyperthyroid CBA curve, as compared to the
corresponding control curves.
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3.1.3 Adenosine E/c curves of Protocols 1 and 2 aftectreection

As the interstitial adenosine levels in the micnosonment of A receptors were
unknown, only the effect values of the NBTI and PX@NBTI curves could be
corrected, which procedure was based on the egumgalof adenosine and CPA in their
negative inotropic effect. Thus, for lack of a betbption, the corrected effect values were
plottedversusthe concentration of exogenous adenosine in ttierfgamedium. For this
reason, the most useful data, conveyed by thessftranedE/c curves, are the corrected
effect values belonging to the highest concentnafiicause after the saturation of the
transformecE/c curves, the exact value of the surplus endogeadesosine
concentration caused by NBTI becomes irrelevart maximal corrected effect values
uniquely represent the maximal negative inotropgponses, achievable with adenosine
under the specified conditions in the guinea pigat. This is due to two facts. On one
hand, NBTI enabled full saturation for the adenesirft curvesvia reducing the
adenosine transport into the cell interior, themsaie for adenosine elimination. On the
other hand, the correction by means of RRM elineddhe bias caused by the
endogenous adenosine accumulated by NBTI.

Negligible differences were found between the maxieffect values of the
averaged S2-Control curve and the corrected S2-MBiMe. Thus, NBTI was unable to
enhance the maximum of the direct negative inotroggponse to adenosine in the
euthyroid atrium. In contrast, the maximal effealue of the corrected T2-NBTI curve
considerably exceeded that of the T2-Control cufes fact shows that NBTI
significantly enhanced the maximum of the diredate&/e inotropic effect of adenosine in
the hyperthyroid atrium.

The major features of the corrected curves repteggthe euthyroid status (S2-
NBTI and S2-FSCPX+NBTI) were the same as thoseragbden our earlier study: they
changed places with each other, as compared tritfieal curves, and their final parts
got close to each other, indicating a greatéceptor reserve for the direct negative
inotropic effect of adenosine. These charactesstiso apply to the corrected
hyperthyroid curves (T2-NBTI and T2-FSCPX+NBTl)dioating that F treatment did
not significantly influence the aforementionedraceptor reserve. However, while the
corrected S2-FSCPX+NBTI curve ran (a bit) below$2eControl curve at the two
highest adenosine concentrations, the final patietorrected T2-FSCPX+NBTI curve
ran considerably above the T2-Control curve (simiehe corrected T2-NBTI curve).
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Experiments underlying the results of Study 1 weneied out by the author of this
thesis (approximately 75%) and his supervisor (8B5&0). Statistical analysis was made
by the supervisor, while interpretation of the ame was also a result of collaboration
(author: 40%; supervisor: 60%)

3.2 Results of Study 2

3.2.1 MC E/c curves

Response to MQVIC also decreased the contractile force of atria i
concentration-dependent manner (direct negativiedpic effect).

Effect of CPX and DMSO on the response to Wi control-type groups (Co,
CPX, DMSO) receiving the same vivo treatment did not differ significantly from one
another, when either the responses to the diffévi€htoncentrations or the Hill
parameters of the MC E/c curves (data not showmg wempared. This observation
indicates that DMSO, vehicle of CPX and NBTI, arfédCdid not influence significantly
the response to MC.

Effect of T on the response to M@ased on the comparison of groups T Coand T
DMSO to their solvent-treated counterparts (S Gb&mDMSO), the Ttreatment
moderately suppressed the response to MC, whiclonlgssignificant at higher MC
concentrations. In line with this, the reatment caused a moderate diminutionnaE
(significant) and n (on the border of statistiagh#ficance), while the increase of logkC
did not reach the significance threshold.

Modification of the response to MC by NBTr:both the solvent- ands¥reated
groups, NBTI significantly reduced the respons®®, according to the conventionally
plotted (and thereby biased) E/c curves. This neated in a significant decrease gbE
and in a minor increase of logkfvith a practically unchanged. The effect of NBTdsw
more intense in the group T NBTI than in the gr@uNBTI.

Effect of NBTI on the interstitial adenosine le\&sed on the depression of the
conventionally plotted MC E/c curves generatechmpresence of NBTI, the surplus
interstitial adenosine was found to be equieffectth 101.2 nM and 151.1 nM MC in
the solvent- and sftreated atria, respectively. It means that nuatlEosansport blockade
produces a greater interstitial adenosine accuinalat the T-treated atria than in the
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solvent-treated ones, consistent with our eartigtdiss, in which CPA served as an
agonist for the E/c curves.

Modification of the response to MC by DABCF decreased the response to MC
in both the solvent- andsfireated atria, according to the conventionallytteld (biased)
E/c curves. This bias was rather symbolic undenyratd conditions, while it was well-
marked in hyperthyroidism. In turn, CPX abolishki tffect of DCF on the MC E/c
curves in both thyroid states. These observatiodisate that DCF exerted its effect on
the response to MC the same way as NBTI didyieeelevating the interstitial adenosine
level. It should be noted that the effect of DCRloa response to MC was statistically
significant only in the 7-treated atria (except for the response at 10 nMiivilie group
S DCF, but it was considered irrelevant). Consistethe decrease ofilaxwas only
significant in the group T DCF.

Effect of DCF on the interstitial adenosine levéiting the equation 2 to MC E/c
data of groups S DCF and T DCF, the surplus intesadenosine proved equieffective
with 28.05 nM and 44.36 nM MC in the solvent- anetrBated atria, respectively. This
outcome is similar to that seen in response to NB&.I DCF appears to produce a greater
interstitial adenosine accumulation in thetfieated atria than in the solvent-treated ones.
However, DCF increased the interstitial adenoséwellto a smaller extent than NBTI
did, in both the solvent- andi-Treated groups.

3.2.2 CPA E/c curves

Response to CPACPA also reduced the atrial contractile force aoacentration-
dependent manner (direct negative inotropic effect)

Effect of T on the response to CP&omparing groups T Co (CPA) and S Co
(CPA), the T treatment considerably decreased the responsBAdl@t was significant
from medium to high concentrations. In agreemeittt wiis, T, treatment significantly
reduced both gaxand n, and increased logkCThus, T induced a greater depression of
the E/c curve for CPA than for MC.

Modification of the response to CPA by DQ#:contrast to that seen with MC,
DCF augmented the response to CPA in both the sblaad T-treated atria, according
to the conventionally plotted (biased) E/c curi#ile this effect of DCF was minor in
the solvent-treated atria, it was significant ia a-treated ones in the lower and medium
concentration ranges. In agreement with this, Dighificantly decreased logEgof E/c
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curves of E-treated but not solvent-treated atria. This outeasrconsistent with our
previous finding that inhibition of ADA enhance®téfficiency of the direct negative
inotropic function mediated by theiAeceptor in the hyperthyroid guinea pig atrium.

3.2.3 Corrected MC and CPA E/c curves

The corrected E/c curves have two points of intetke starting and final ones.
The starting point shows,Bhe effect belonging ta.,cwhile the last point reflects the
maximal response of the given system to the agontptiestion. As,cvalues have been
addressed previously, herein the emphasis is ofintllepoint of the corrected E/c curves,
specifically on its position relative to the lastimt of the corresponding control E/c curve
(this latter considered to laepriori correct).

NBTI with MC:The corrected MC E/c curves (generated in thegmi@s of NBTI)
ended somewhat below their control curves. Thuseitonsider the observed small
difference between maximal values of the correatsdcontrol E/c curves to be an error,
it can be concluded that NBTI does not affect tifieiency of the M muscarinergic
signaling, irrespectively of the thyroid state.

DCF with MC: The corrected MC E/c curves (constructed in tlesg@nce of DCF)
ran to the maximum of their control curves. Conidas to be drawn are the same as
those with NBTI, i.e. DCF does not influence thgnsil amplification of the atrial M
muscarinergic mechanisms, regardless of thieehtment.

DCF with CPA:Effect values of the corrected CPA E/c curves égated in the
presence of DCF) exceeded their control effectasht each concentration, even at the
highest one. This finding indicates that DCF augiméme efficiency of the A
adenosinergic system regarding its direct negatiwopic function in the guinea pig
atrium. This phenomenon was visibly more pronourningtlie T:-treated atria, in
agreement with our previous finding. However, thesgnt result denotes that DCF can
exert its efficiency enhancing effect even in théhgroid state.

Experiments for Study 2 were performed by the auth0%) and Tamas Erdei, a
TDK (Students’ Research Society) studeriQ%). The statistical workup was made by
the supervisor. Experimental data were interprbiethe author40%) and the
supervisor£60%o).
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4 Discussion

4.1 Interpretation of results in Study 1

To the best of our knowledge, our Study 1 isftte¢ to show that Ttreatment
does not substantially affect the Aeceptor reserve appertaining to the direct negati
inotropic effect of adenosine in the guinea piguatt Secondly results of the present
research revealed that reduction of intracellutlEan@sine elimination with the use of
NBTI considerably augments the maximal responselemosine in the hyperthyroid but
not euthyroid atrium.

In two previous studies, we observed substant@ptr reserve for negative
inotropy by use of stable synthetic agonists arehasdine, the degradable physiological
agonist. This outcome led to a hypothesis that tsgaoducing A receptor activation,
even those with low efficacy, may significantly Wwea the mechanical activity of atria.

Hyperthyroidism is a pathological condition thatdii®s numerous elements of
the AL adenosinergic signaling pathways. As a consequémg®id hormones reduce the
effect of A receptor agonists on atrial contractility, althbue underlying mechanisms
are not fully clarified yet. Thus, it might be exgpped that thyroid hormones affect,
presumably reduce, the great atrialr@ceptor reserve belonging to the direct negative
inotropic effect. The aim of the present study teatest this possibility.

The present investigation revealed thatr€atment did not substantially influence
the AL receptor reserve appertaining to the direct negatiotropic effect of adenosine,
although it significantly suppressed the directateg inotropic response to both
adenosine and CPA. This result suggests that asimation of agents causing Peceptor
stimulation, irrespective of their indication ofeygpresents a similar risk in eu- and
hyperthyroid hearts for weakening of atria. Thueewan A receptor agonist is
administered in increasing concentrations to thelevbody, this effect can be expected
foremost among the Aeceptor-mediated adverse cardiac effects in dotfand
hyperthyroid conditions. The major finding of thegent study, i.e. unchangingness of A
receptor reserve for the direct negative inotr@biect of adenosine may be surprising,
with regard to the observation that a givenréceptor agonist concentration decreases the
contractile force to a lesser extent in the hypedia atrium than in the euthyroid one.
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The significance of this finding is that weakenwfgatria worsens the booster
pump function and thereby decreases the ventridilliag. Additionally, the decreased
atrial pumping capacity increases the risk forahthrombus formation. For these reasons,
it is important to consider that atrial contratyilmay decrease during the use of agents
that cause Areceptor stimulation even in hyperthyroid patiefttshould be noted that
these detrimental consequences may differ in exteditferent individuals and arise
more frequently with the coexistence of certaindibons, such as worsened ventricular
filling for other reasons (mitral stenosis, regivie or hypertrophic cardiomyopathy and
pericarditis) and procoagulant states.

After the correction of adenosifi#c curves constructed in the presence of NBTI,
it has also been established that nucleoside toainjmckade produces a greater increase
in the maximal response to adenosine in the hyperith atria than in the euthyroid ones.
Thus, although the direct negative inotropy evolkg@denosine is suppressed in
hyperthyroidism, there is a greater possibilitytpincreasing in hyperthyroidism than in
euthyroid condition. This observation corroborgiesvious observations that the
nucleoside transport capacity was increased imyperthyroid rat ventricle, and the
inward adenosine transport was enhanced in thertiypeid guinea pig atrium, as
compared to their euthyroid controls. The increaseard adenosine transport is likely to
contribute to the suppressed response to adenadnyperthyroidism, because it removes
adenosine faster from the interstitium and thumftbe microenvironment of binding
sites of A receptors.

A limitation of Study 1 is that conclusions wer@adn from experiments
performed on guinea pigs. The extrapolation ofresults to humans is based on the
similarity of guinea pigs and humans, with regardhte atrial A receptor and its
downstream signaling pathways.

In summary, the present investigation has reveaiail although the Areceptor-
mediated direct negative inotropic effect is suppegl in hyperthyroidism, the signal
amplification capacity belonging to this effect seeto be similarly great in both eu- and
hyperthyroid states. This finding suggests thanifA; receptor agonist, even a partial
one, is administered for any indication, a decredigdrial contractility will be a probable
side effect under both eu- and hyperthyroid coadgi It is possible (but not inevitable)
that this adverse effect occurs even atéceptor agonist (or enhancer) concentrations
that are necessary to evoke a desired effect amgwhé¢he body. In addition, the present
study has demonstrated that nucleoside transpmrk&tle considerably augments the
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maximum of the direct negative inotropic effecadienosine in the hyperthyroid but not
euthyroid guinea pig atrium.

4.2 Interpretation of results in Study 2

Thefirst finding of Study 2 is that, in the guinea pig @atn, ADA inhibition (but
not nucleoside transport blockade) enhances ti@egity of the direct negative inotropic
function of the A adenosine (but not Mmuscarinic) receptor. This finding suggests that
inhibition of ADA affects the atrial Aadenosinergic system in a part other than thé join
signaling pathways of the;Aand M receptorsSecondly ADA inhibition enhances the
A1 adenosinergic direct negative inotropy even inghihyroid state, although to a less
extent than in hyperthyroidism. This outcome implieat ADA inhibition can partially
reset the Areceptor-mediated direct negative inotropy sug@eédy thyroid hormones.
Thirdly , ADA inhibition produces a smaller rise in thedrdtitial adenosine concentration
than nucleoside transport blockade déesirthly , our results demonstrate that T
treatment suppresses the direct negative inotfopetion of the M receptor in a guinea
pig model as well. Nevertheless, this reductiothenM, muscarinergic function in
response to thyroid hormones is quite small redativthe decrease in the A
adenosinergic one.

Previously we found that ADA inhibition elicited IYCF potentiated the direct
negative inotropic effect of CPA, a selectiver@&ceptor agonist, in the hyperthyroid
guinea pig atrium. Since CPA is not a substratéA\dA, this counterintuitive result was
attributed to that ADA inhibition increases thersfjamplification of the atrial A
receptor and/or its downstream signaling pathwaygkeuhyperthyroid conditions. We
assumed that this efficiency enhancing effect o®ABhibition may be associated with
the intracellular adenosine accumulation rathen tha interstitial one (which latter is
otherwise responsible for the stimulation of thi-serface A receptors, a known trigger
of several beneficial effects of ADA inhibition. iBrassumption is supported by the fact
that blockade of the physiologically inward nucldestransport, which also increases the
interstitial adenosine concentration but decretsemtracellular one, does not enhance
the efficiency of the atrial Aadenosinergic system under either euthyroid oettigroid
conditions.

The major difficulty to investigate this phenomensihe fact that ADA
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inhibition, besides enhancing the efficiency afrAceptor function, elevates the tissue
adenosine content, which leads torAceptor activation that also augments the A
receptor-mediated functions (a well-known effebkt)the experimental setup used for the
above-mentioned study, this problem occurred iorafthat the decrease of the
contractile force (evoked by the surplus intemstiéidenosine caused by ADA inhibition)
interfered with the efficiency enhancing effectAdA inhibition on the A receptor-
mediated direct negative inotropy. To clarify thése, we provide a brief explanation.
When DCF was administered, the interstitial adet®tvel increased and the surplus
adenosine exerted a direct negative inotropic efiedhe atria. So, this condition served
as baseline for the further manipulations, i.e. ia@stration of CPA to generate an E/c
curve. As the surplus interstitial adenosine haeaaly consumed a part of the response
capacity of the Aadenosinergic system, a biased (smaller than eghexesponse to
CPA was detected. Thus, the two actions of ADAbitlon (mentioned at the top of this
paragraph) worked against each other in our eakperimental setup.

In the present study we aimed to separate thesadtans of ADA inhibition in
order to gain a deeper understanding of the inflaexf ADA inhibition on the regulation
of contractility of the atrium. To address this Ibage, we repeated our previous
experiments with the replacement of CPA with M@yascarinic receptor agonist with
high affinity for the M receptor.

The key concept of the experimental design usethfopresent study is as
follows: If the A receptor and ADA are inhibited simultaneously, direct negative
inotropic effect of the surplus interstitial adeimesproduced by ADA inhibition can be
prevented (with the consequent preservation ofébponse capacity of tha A
adenosinergic system). However, the major signaatways, underlying the direct
negative inotropy, remain accessible from ther&teptor. In this setup, if the molecular
target, the change of which is responsible forethleanced efficiency of the direct
negative inotropic function of theiAeceptor under ADA inhibition, is located in thoent
part of the postreceptorial signaling of &xd M receptors, an enhanced response to MC
is expected relative to the naive state (lackinge&eptor antagonist and ADA inhibitor).
If this is the case, we succeed in narrowing theleiof possible mechanisms of action for
the efficiency enhancing effect of ADA inhibitioli.not, besides narrowing the circle of
possible action mechanisms (i.e. the moleculaetargquestion is out of the shared part
of signaling of the Aand M receptors), we have the opportunity to quantigy th
concentration of the surplus interstitial adenospreduced by ADA inhibition. This is
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because a prerequisite of the quantification idikeginess of signal amplification
properties of the Mmuscarinergic system throughout the investigation.

Our results show that, in the presence of CPX, AbiAbition afforded by DCF
was unable to influence the response to MC. Theshave concluded that ADA
inhibition does not affect the shared part of pastptorial signaling of Aand M
receptors. Therefore, we could quantify the efeddaDA inhibition on the interstitial
adenosine concentration, and then compare it Wwalsimilar action of nucleoside
transport blockade (by NBTI).

The response to MC during inhibition of the nucldedransport or ADA (without
A1 receptor blockade) showed a decrease relativeetodive state. This phenomenon was
due to the fact that the surplus interstitial ac@me, by activating the Padenosinergic
machinery, biased the effect mediated by thaddeptor. Namely, because of the
overlapping signaling pathways, when a fractiothefresponse capacity of the A
adenosinergic system was depleted, the responsiv@i¢he M muscarinergic system
also decreased. The magnitude of the change ()badishe E/c curve is characteristic of
the magnitude of the biasing effect.

To estimate the surplus interstitial adenosine ftbenbias of MC E/c curves, RRM
presented itself. The motif of RRM is the intercheability of agonists evoking the same
kind of effect, irrespective of what sort of reaapthey bind to. In the present case, RRM
has quantified the extra interstitial adenosindnaisurrogate parameter, i.e. the
equieffective MC concentration,jc

The ¢ values of the present study show that NBTI subistinelevated the
interstitial adenosine level and this effect wasadger in the hyperthyroid guinea pig
atrium than in the euthyroid one. This finding cdrorates our previous results about the
effect of NBTI, in which ¢ values were obtained as equieffective CPA conagatrs.

The & values of the present study also indicate that BxGhilarly to NBTI,
increased the interstitial adenosine level in lbéheu- and hyperthyroid guinea pig atria.
Expressing this action in numbers, NBTI producedlaout 3.5-fold greatek than DCF
did, irrespectively of the thyroid state. This dessothat the nucleoside transport blockade
has greater influence on the interstitial adenoleuel than ADA inhibition (under owex
vivo conditions ensuring well-oxygenated bathing mediutowever, nucleoside
transport inhibitors increases the interstitialram@ne level only in the metabolically
intact myocardium. In hypoxia, nucleoside transjptotkers can decrease the interstitial
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adenosine level by inhibiting the adenosine reldéasa the cells. Thus, to elevate the
interstitial adenosine concentration, ADA inhibitiappears to be an intervention more
reliable than nucleoside transport blockade. lushbe noted that ADA inhibitors have a
wide range of actions throughout the body that ®the basis for several side effects.
However, these side effects are less problemafiDA inhibitors are applied in an
isolated organ rather than the whole body, e.g.heart to be transplanted. ADA
inhibitors have been found to reduce hypoxic injduying cardiac surgery.

Because of unaltered signal amplification propsrtiethe M muscarinergic
system under ADA inhibition,xosalues obtained from MC E/c curves could be used t
correct the conventionally plotted MC and CPA Hicves generated in the presence of
NBTI and DCF (without CPX) for the change produbgdhe surplus interstitial
adenosine. As the exact concentration of extra@giea at the Areceptors remained
unknown, the biased effect values were only coeecind then they were plotted against
the concentration of the agonist administeredtier/c curve. Therefore, the two most
useful points of the corrected E/c curves are tladgero and at the highest concentration.
The starting point shows the effect evoked by ttteadnterstitial adenosine alonejE
while the final one represents the maximal respofisiee given system to the given
agonist (owing to the fact that well-saturated éioves were corrected).

The most important feature of the corrected MCdtilwes is that all of them end
practicallyibidemas their controls (considered to be inherentlyemy. This behavior of
the curves confirms that the efficiency of the fuscarinergic control on atrial
contractility did not change in response to thehition of either nucleoside transport or
ADA.

In contrast, the corrected CPA E/c curves exceei tlontrols at the highest CPA
concentration that behavior is especially conspisua the hyperthyroid atria. It can be
concluded that ADA inhibition increases the effirmg of the A adenosinergic direct
negative inotropic function, even in the euthyrsidte. Nevertheless, consistent with our
previous observation, this efficiency enhancingefof ADA inhibition is stronger in
hyperthyroidism. Based on the comparison of thegmeresults obtained using NBTI
with those applying DCF, the efficiency enhanciffge& of ADA inhibition may be
speculated to be induced by a rise in the intratalrather than interstitial adenosine
level.

Our present results denote that ADA inhibition jaats the T-induced
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suppression in the capacity of the r&ceptor-mediated direct negative inotropic fumti
an adenosinergic protective (energy consumptioitifig) effect. The impact of this
finding stems from the fact that excess thyroichimames place an extra burden on the
heart and increase the risk of ischemic heart deseaupraventricular arrhythmias and
congestive heart failure. Thus, the enhancemeahdbgenous protective ability of the
heart by means of ADA inhibition seems to be areesly promising possibility in
hyperthyroidism.

In summary, we have found that inhibition of ADAIeases the signal
amplification of the A adenosinergic system as regards the direct negatiropic
effect in the euthyroid and, fortiori, hyperthyroid guinea pig atrium. This outcome
indicates that ADA inhibition, besides producingiacrease in the interstitial adenosine
level with a consequent stimulation of ther&ceptor, intensifies thesAadenosinergic
direct negative inotropic function in another wéyrésmuch the extra adenosine can
evoke a stronger effect if using a more efficacisigaaling). Thus, our results propose a
new, thyroid hormone-sensitive mechanism of aabibADA inhibition that may have
practical significance in improving ischemic toleca of the heart. Of course, this
practical impact depends on whether this phenomeffents other Areceptor-mediated
protective functions as well, and whether it extetalthe whole heart. It is especially
interesting that this action of ADA inhibition itrenger in hyperthyroidism, a condition
that places an extra burden on the heart with alsameous reduction of soma £eceptor
functions. In addition, it has been concluded thatsite of the efficiency enhancing
action of ADA inhibition is not located in the jdipart of signaling pathways ofiAand
M2 receptors. Furthermore, it has been found that Afiddbition can produce a smaller
rise in the interstitial adenosine concentraticanthucleoside transport blockade can, in
both eu- and hyperthyroid atria.
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S Summary

Hyperthyroidism elevates cardiovascular mortalyskbveral mechanisms, including
increased risk of ischemic heart disease. Thergfioeeapeutic strategies, which enhance
tolerance of heart to ischemia-reperfusion injungy be particularly useful for
hyperthyroid patients. One promising cardioprotectipproach is use of agents that
activate (directly or indirectly) the fadenosine receptor {Aeceptor), becauseiA
adenosinergic pathways are involved in protectieemanisms such as ischemic
preconditioning. These agents stimulating theadenosinergic system can beraceptor
agonists, furthermore they can & elevating the tissue adenosine content, e.g.by
inhibiting the adenosine deaminase (ADA), an enziiméeliminates adenosine.

However, application of exogenous Keceptor agonists, even being partial, implies
the risk of undesirable side effects. Indeed, nesly we found great Areceptor reserve
for the direct negative inotropic effect of ademesin isolated guinea pig atria. This
phenomenon suggests thatalenosinergic stimulant agents may reduce the anécdd
activity of atria in vivo as well. Due to the modtihg effects of thyroid hormones in the
heart, hyperthyroidism might be speculated to affieis possible side effect ofiA
receptor agonists. During the first set of our stigations, however, we have found that
thyroxine treatment does not substantially affeetA, receptor reserve for the direct
negative inotropic effect of adenosine. Conseqyeiitan agent causingAeceptor
activation is administered for any indication, @m@ase of atrial contractility should be
considered as an adverse effect in both eu- andrtiypoid conditions. In addition, this
finding also suggests that cardioprotective po&wii A; adenosinergic mechanisms is
mainly preserved in hyperthyroidism, at least atldvel of A receptor and its signaling.

During the second set of our investigations, weehfaund that ADA inhibition (but
not nucleoside transport blockade) increased treasamplification of the A
adenosinergic (but not M2 muscarinergic) systenis &htion of ADA inhibition
developed in both thyroid states, but it was great@yperthyroidism. Nevertheless,
ADA inhibition produced a smaller rise in the irdtfial adenosine concentration than
nucleoside transport blockade did, in both thysiates. These results indicate that ADA
inhibition, besides increasing the interstitial aogine level, intensifies the atrial A
adenosinergic function in another (thyroid hormseesitive) way, suggesting a new
mechanism of action of ADA inhibition.

27



6 Acknowledgements

This research was supported by the University dirBeen and by the Hungarian
Scientific Research Fund (OTKA-K 104017), furthersby the European Union and the
State of Hungary, co-financed by the European $&ciad in the framework of TAMOP
4.2.4. A/2-11-1-2012-0001 ‘National Excellence Reog’ (providing personal support to
Arpad Tosaki and Rudolf Gesztelyi), and of TAMOR.2.A-11/1/KONV-2012-0045
(providing personal support to Balazs Varga, Belea3$z and David Haines).

28



I

[ UNIVERSITY OF DEBRECEN d ' '
D UNIVERSITY AND NATIONAL LIBRARY DD‘_
Registry number: DEENK/150/2015.PL
Subject: Ph.D. List of Publications

Candidate: Krisztian Pak

Neptun ID. BSW7R6

Doctoral School: Docteral School of Pharmaceutical Sciences
MTMT ID: 10037912

List of publications related to the dissertation

1. Pak, K., Zsuga, J., Képes, Z., Erdei, T., Varga, B, Juhasz, B., Szentmiklosi, J. A, Gesztelyi, R.:
The effect of adenosine deaminase inhibition on the A1 adenosinergic and M2 muscarinergic
control of contractility in eu- and hyperthyroid guinea pig atria.

Naunyn Schmiedebergs Arch. Pharmacol. 388 (8), 853-868, 2015
DOI: http://dx.doi.org/10.1007/s00210-015-1121-6
IF:2.471 (2014)

2. Pak, K_, Papp, C., Galajda, Z., Szerafin, T, Varga, B., Juhasz, B., Haines, D., Szentmiklosi, J.A,,
Tésaki, A, Gesztelyi, R.: Approximation of A1 adenosine receptor reserve appertaining to the
direct negative inotropic effect of adenosine in hyperthyroid guinea pig left atria.

Gen. Physiol. Biophys. 33 (2), 177-188, 2014.
DOI: http://dx.doi.org/10.4149/gpb_2013079
IF:1.173

List of other publications

3. Tajti G., Pak K., Képes Z., Erdei T., Fodor A, Mikaczo A., Zsuga.J., Szilasi M., Gesztelyi R.:
Asthma bronchiale-val kezelt betegek inzulinérzékeny és.Inzulinrezisztens-csoportjainak
osszehasonlitasa.

Med. Thorac. 68 (3), 193-199, 2015.

4, Pak K., Kiss 7., Erdei T., Képes Z., Gesztelyi R.; Uj lehetéség farmakoldgiai agonistak
receptorkézeli koncentracidjanak becslésere: A receptorialis valaszkészseg modszer (RRM).
Acta Pharm. Hung. 84, 38-52, 2014.

Address: 1 Egyetem tér, Debrecen 4032, Hungary Postal address: Pf. 39. Debrecen 4010, Hungary
Tel.: +36 52 410 443 Fax: +36 52 512 900/63847 E-mail: publikaciok(@lib.unideb.hu, & Web: www.lib.unideb.hu

29



Fig

UNIVERSITY OF DEBRECEN [I ,
UNIVERSITY AND NATIONAL LIBRARY DD‘L

5 Kiss, Z., Pak, K., Zsuga, J., Juhdsz, B., Varga, B., Szentmiklosi, J A , Haines, D.D,, Tésaki, A,
Gesztelyi, R.: The guinea pig atrial A1 adenosine receptor reserve for the direct negative
inotropic effect of adenosine.

Gen. Physiol. Biophys. 32 (3), 325-335, 2013.
DOI: hitp://dx.doi.org/10.4149/gpb_2013041
IF:0.875

6. Gesztelyi, R., Kiss, Z., Wachal, Z., Juhasz, B., Bombicz, M., Csépanyi, E., Pak, K., Zsuga, J.,
Papp, C., Galajda, Z., Branzaniuc, K., Pérszasz, R., Szentmiklési, J A., Tésaki, A:The
surmountable effect of FSCPX, an irreversible A1 adenosine receptor antagonist, on the

negative inotropic action of A1 adenosine receptor full agonists in isolated guinea pig left
atria.

Arch. Pharm. Res. 36 (3), 293-305, 2013.
DOI: http://dx.doi.org/10.1007/812272-013-0056-z
IF:1.791

7. Gesztelyi, R., Kiss, Z., Zsuga, J., Pak, K., Papp, C., Galajda, Z., Branzaniuc, K., Szentmiklési,
J.A. Tésaki, A.: Thyroid hormones decrease the affinity of 8-cyclopentyl-1,3-dipropylxanthine
{CPX), a competitive antagonist, for the guinea pig atrial A(1) adenosine receptor.
Gen. Physiol. Biophys. 31 (4), 389-400, 2012.
DOI: hitp://dx.doi.org/10.4149/gpb_2012_043
IF:0.852

Total IF of journals (all publications): 7,122
Total IF of journals (publications related to the dissertation): 3,644

The Candidate's publication data submitted to the iDEa Tudéster have been validated by DEENK on
the basis of Web of Science, Scopus and Journal Citation Report (Impact Factor) databases.

30 July, 2015

Address: 1 Egyetem tér, Debrecen 4032, Hungary Postal address: Pf. 39. Debrecen 4010, Hungary
Tel.: +36 52 410 443 Fax: +36 52 512 900/63847 E-mail: publikaciok(@lib.unideb.hu, = Web: www.lib.unideb.hu

30



