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ABSTRACT

Ischemic heart disease is the leading cause of death and disability worldwide. The
effects of ischemic heart disease are usually attributable to the detrimental effects of acute
myocardial ischemia/reperfusion (I/R) injury. The aim of the thesis was to contribute to
current effort to clarify the basis of mechanisms that could save the heart from I/R injury.

The whole thesis is based on four studies; while the first three are published, the fourth
one has been under revision. In the first study, we proved the involvement of nitric oxide
(NO) in the cardioprotective mechanism of chronic hypoxia (CH). We described that
exogenously increased availability of NO as well as inhibition of phosphodiesterase type 5 led
to increased myocardial tolerance of normoxic and chronically hypoxic rats. The effects of
both interventions were not additive, suggesting that NO is included in cardioprotective
signaling of CH. Second study continued in investigating molecular mechanisms underlying
cardioprotection induced by CH. We showed that infarct size-limiting effect of adaptation to
CH was accompanied by increased myocardial concentration of tumor-necrosis factor alpha
(TNF-a) and TNF-a receptor R2. In the third study, we examined the effect of dexrazoxane
(DEX), the only clinically approved drug against anthracycline-induced cardiotoxicity, on I/R
injury. We found a narrow dose range that could supress ischemic and reperfusion
arrhythmias in isolated perfused hearts, while only the highest dose of DEX reduced infarct
size in open-chest rats. Surprisingly, DEX-mediated cardioprotection was not associated with
the decrease in oxidative stress, which had been believed as a major cause of anthracycline-
induced cardiotoxicity as well as I/R injury. In the last study, epoxyeicosatrienoic acid analog
exhibited neither cardioprotective nor blood pressure-lowering effect in two-kidney, one-clip
Goldblatt hypertensive rats, a model resembling human renovascular hypertension.
Unexpectedly, we found an infarct size-limiting effect in untreated hypertensive rats.

In conclusion, this thesis provided new findings in the field of experimental
cardiology. We examined components of molecular signaling pathways leading to
cardioprotection provided by CH and described the effects of exogenous drugs with possible
beneficial impact on the ischemic myocardium. All these findings could be useful for

development of new strategies for protecting the heart against acute I/R injury.



ABSTRAKT

Ischemické choroba srdeéni predstavuje hlavni p¥i¢inu mortality v Ceské republice a v
dalsich ekonomicky vyspélych zemich svéta. Uéinky ischemické choroby srdeéni byvaji
piipisovany patologickym zménam vyvolanym jeji akutni formou, infarktem myokardu. Tato
disertacni prace se pokusila pfispét k celosvétové snaze o hlubsi porozuméni mechanismd,
které by dokazaly ochranit srdce pied dusledky ischemicko/reperfuzniho (I/R) poskozeni.

Disertacni prace je zaloZena na Ctyfech publikacich - zatimco prvni tfi jsou pfijaté do
tisku, Ctvrtd se nachdzi v recenznim fizeni. V prvni studii jsme prokazali Glohu oxidu
dusnatého (NO) v mechanismu G¢inku chronické hypoxie (CH). Zjistili jsme, Ze exogenné
zvySena dostupnost NO stejné¢ jako inhibice fosfodiesterazy typu 5 vede ke zvySené
ischemické toleranci srdci normoxickych i chronicky hypoxickych potkant. Uginky obou
zdsahli nebyly aditivni, coZ napovidd o zapojeni signalizace spojené s NO Vv
kardioprotektivnim u¢inku CH. Druhd studie pokra¢ovala ve studiu molekularnich
mechanisml spojenych s kardioprotekci vyvolanou CH. Ukazali jsme, ze protektivni efekt
CH na velikost infarktu je spojen se zvySenou koncentraci tumor nekrotizujiciho faktoru alfa
(TNF-a) a TNF-a receptoru R2. Ve tieti studii jsme sledovali u¢inek dexrazoxanu (DEX),
dosud jediného klinicky schvaleného 1éku k prevenci poSkozeni myokardu vyvolaného
chronickym podavanim antracyklind, na I/R poskozeni. Ukazali jsme tizkou $kalu davek,
které byly schopné potladit ischemické a reperfuzni arytmie na modelu izolovaného
perfundovaného srdce. Na druhou stranu pouze nejvyssi davka snizila velikost infarktu na
modelu I/R poskozeni srdce in situ. Kardioprotekce vyvolana DEX nebyla spojena se
snizenym oxidac¢nim stresem, ktery byl povaZovan za hlavni pfi¢inu kardiotoxicity vyvolané
pusobenim antracyklind a I/R poSkozeni. Ve ¢tvrté studii jsme neprokazali vliv analogu
epoxyeikosatrienovych kyselin na krevni tlak ani velikost infarktu u potkant
s Goldblattovskou hypertenzi - modelu lidské renovaskularni hypertenze. Hypertenzni potkani
vSak neocekavané prokazali mensi velikost infarktu.

Zaverem lze fici, Ze jsme prostudovali komponenty molekularni signalizace vedouci
ke kardioprotekci vyvolané CH. Dale jsme popsali u¢inky exogennich latek s potencidlnim
prospesnym dopadem na ischemicky myokard. VSechny tyto nalezy mohou byt uzitecné pfti
vyvoji novych terapeutickych strategii, které by dokazaly ochranit srdce pred dusledky

akutniho I/R poskozenim.



1. INTRODUCTION

According to the World Health Organization, ischemic heart disease is the leading
cause of death and disability worldwide. The effects of ischemic heart disease are usually
attributable to the detrimental effects of acute myocardial ischemia/reperfusion (I/R) injury.
During ischemia, an imbalance between oxygen demand and supply occurs, resulting in
damage of the cardiac tissue. Early and fast restoration of blood supply seems to be essential
for the salvage of ischemic myocardium. However, it has been observed that reperfusion of
the ischemic myocardium can also induce injury. During the crucial moments of reperfusion,
significant reversible and irreversible organ damage is initiated, and is referred to as I/R
injury. It is, therefore, understandable that clinical and experimental cardiologists would like
to understand the underlying molecular mechanism of myocardial I/R injury to find
therapeutic strategies ultimately reducing the final extent of damage.

The extent of ischemic injury depends not only on the intensity and duration of
ischemic insult, but also on the degree of myocardial tolerance to oxygen deprivation. The
effective cardioprotective phenomena such as adaptation to chronic hypoxia (CH) and
different types of conditioning are useful for finding novel signal transduction complexes of
cardioprotection and understanding the underlying intracellular mechanisms. Cardioprotective
strategies are therefore highly desirable. With the exception of early reperfusion, none has
been translated into clinical practice, although a limited number appear to be quite promising
in initial clinical studies.

This thesis tried to contribute to the clarification of possible mechanisms which could
defend the heart against I/R injury. From possible cardioprotective interventions, we chose
three - adaptation to CH, acute dexrazoxane (DEX) pretreatment before the ischemic insult

and chronic treatment with epoxyeicosatrienoic acids analog (EET-A).

2. AIMS OF THE STUDY
The specific aims of the thesis were:

1.) To investigate the role of signaling pathways including nitric oxide (NO)/cyclic guanosine
monophosphate (cGMP) and tumor necrosis factor o (TNF-a) in the cardioprotective
mechanism of CH.

2.) To find out whether DEX can reduce myocardial I/R injury in rats.

3.) To evaluate the effects of EET-A on myocardial infarct size in 2-kidney, 1-clip (2K1C)

Goldblatt hypertensive rats.



3. MATERIAL AND METHODS
Model of continuous normobaric hypoxia

Adult male Wistar rats (250 - 300 g body weight) were adapted to continuous
normobaric hypoxia (inspired O, fraction 0.1) in a normobaric chamber for 3 - 4 weeks. No
reoxygenation occured during this period. The control rats were kept for the same period of

time at room air.

Model of 2K1C Goldblatt hypertension

Male Hannover Sprague-Dawley rats (100 - 120 g body weight) were anesthetized.
The right renal artery was isolated through a flank incision, while a silver clip was placed on
the renal artery. Sham-operated rats underwent the same surgical procedure except placing the

arterial clip.

The methodic, performed completely or at least partly by the author consisted of
following procedures:

e Infarct size and ventricular arrhythmias determination in open-chest rats

e Ventricular arrhythmias determination in isolated perfused hearts

e Analysis of oxidized and reduced glutathione

e Analysis of malondialdehyde

e Electrophoresis and western blot analysis

e Analysis of nitrite and nitrate

4. RESULTS AND DISCUSSION
4.1. The role of NO/cGMP in the cardioprotective effect of chronic hypoxia (Publication A)
Normoxic and chronically hypoxic male Wistar rats were treated acutely with NO
donor molsidomine (10 mg/kg) or phosphodiesterase type 5 inhibitor sildenafil (0.7 mg/kg).
We confirmed that adaptation to CH improves cardiac ischemic tolerance (Asemu et al., 2000;
Neckar et al., 2004; Wang et al., 2011; Maslov et al., 2014). Acute administration of
molsidomine or sildenafil decreased infarct size in both normoxic and chronically hypoxic
rats. We showed more profound infarct size-lowering effect in rats adapted to CH without an
additive result of CH and drugs administration. Therefore, we assume that NO/cGMP

signaling pathway is included in the acute phase of cardioprotection induced by CH.
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Figure 1 Myocardial infarct size expressed as
the percentage of area at risk in normoxic and
chronically hypoxic rats untreated (C) or
treated acutely with molsidomine (CM) or
sildenafil (CS). Data are expressed as
mean+SEM; =~ P<0.05 vs. corresponding
normoxic group, " P<0.05 vs. corresponding
untreated group.

In the second part of the project (not published yet), normoxic and chronically hypoxic

rats were treated chronically with sildenafil (1.5 mg/kg/day). Sildenafil treatment started 3

days before the hypoxic exposure and lasted during the whole adaptation period. The second

major result was that chronically increased availability of cGMP reduced myocardial

infarction in normoxic rats and potentiated cardioprotective effect of CH. Therefore, it seems

that signaling via cGMP does not play a key role in the induction of cardioprotection induced

by CH.
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Figure 2 Myocardial infarct size expressed as
the percentage of area at risk in normoxic and
chronically hypoxic rats untreated (C) or
treated chronically with sildenafil (CS). Data
are expressed as meantSEM; * P<0.05 vs.
corresponding normoxic group, © P<0.05 vs.
corresponding untreated group.

4.2. The role of TNF-a in the cardioprotective effect of chronic hypoxia (Publication B)

The aim of this study was to characterize the role of TNF-o in myocardium of rats

adapted to CH untreated or treated with a monoclonal antibody against TNF-a infliximab

(5 mg/kg/week) during the whole adaptation to CH. Adaptation to CH improved cardiac

ischemic tolerance; this effect was weakened by administration of infliximab.



Figure 3 Myocardial infarct size expressed as
the percentage of area at risk in normoxic and
chronically hypoxic rats untreated (C) or
treated with infliximab (Cl). Data are
expressed as mean+SEM; “ P<0.05 vs.
corresponding normoxic group, © P<0.05 vs.
corresponding untreated group.

Infarct size
(% of area at risk)

C Cl C Cl
Normoxia Hypoxia

In our experiments, adaptation to CH was accompanied by the increased myocardial
concentration of TNF-a and TNF-a receptor R2 (TNFR2). This finding is in agreement with
the increased expression of TNF-a and proinflammatory genes observed in hearts of
chronically hypoxic adult rats and fetal guinea pigs (Chen et al., 2007; Klusonova et al.,
2009). TNF-a is generated as a precursor called transmembrane TNF-a, which is cleaved to
the secreted form of TNF-a that mediates its action through TNF-a receptor R1 (TNFR1) and
TNFR2 (Vandenabeele et al., 1995). The activation of TNF-a receptor-specific response was
shown as an important event in cardiac ischemic tolerance. While an excessive TNF-a
expression and subsequent TNFR1 activation are deleterious, a lower TNF-a concentration
and TNFR2 activation are protective (Flaherty et al., 2008; Lacerda et al., 2009). Our results
revealed increased expression of TNFR2 but not TNFRL1 in rats adapted to CH. Moreover,
chronic treatment with infliximab abolished the increased TNFR2 level and blunted infarct
size-limiting effect of CH. These data suggest that CH improved cardiac ischemic tolerance of
rat hearts by activation of protective TNFR2 signaling, but had no effect on detrimental
signaling mediated by TNFR1. Not only secreted TNF-a but also its transmembrane form
exerts biological actions (Horiuchi et al., 2010). Transmembrane TNF-o mediates its
biological activities through TNFR2 (Grell et al., 1995) which is the key receptor for
beneficial role of TNF-a in cardiac I/R injury. With this background, we analysed the
expression of TNF-o in both cytosolic and particulate fractions of LV in normoxic and
chronically hypoxic rats. CH increased TNF-a levels equally in both fractions, therefore, we
can not decide whether it is transmembrane or secreted form of TNF-a, which contributes to
the cardioprotective phenotype of CH.

It has been suggested that reactive oxygen species (ROS) play an important role in the
cell survival and death triggered by TNF-o signaling. We found that adaptation to CH
increased myocardial oxidative stress and induced overexpression of manganese superoxide

dismutase that were both abolished by infliximab treatment. Therefore, it seems that TNF-a



contributes to the improved cardiac ischemic tolerance via activation of protective redox
signaling with increased antioxidant defence.

Adaptation to CH was associated also with the increased expression of inducible NO
synthase. However, chronic infliximab treatment only slightly reduced its expression in
chronically hypoxic rats. On contrary to many studies demonstrating the important role of NO
in preconditioning (Andrukhiv et al., 2006) or CH (Shi et al., 2000), this result showed that
NO signaling did not play a key role in induction of cardioprotective signaling during

adaptation to CH, as was metioned above.
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Figure 4 Myocardial levels of TNF-a in cytosolic (A) and particulate (B) fractions of left ventricle and
levels of TNF-a receptor R1 (TNFR1; C) and TNF-a receptor R2 (TNFR2; D) in normoxic and
chronically hypoxic rats untreated (C) or treated with infliximab (CI). Data are expressed as
mean+SEM; ~ P<0.05 vs. corresponding normoxic group,  P<0.05 vs. corresponding untreated

group.
4.3. The effect of dexrazoxane on ischemia/reperfusion injury (Publication C)

The aim of the study was to find out whether DEX exhibits cardioprotective effect
against I/R injury. DEX was administered in doses of 50, 150 and 450 mg/kg 60 min before
the induction of myocardial ischemia. To the best of our knowledge, the infarct size and the
susceptibility to ischemia and reperfusion arrhythmias in DEX-treated animals were assessed

for the first time. We found that a single dose of 150 mg/kg effectively suppressed ventricular

10



arrhythmias in isolated perfused hearts, but it was insufficient to reduce arrhythmias in open-
chest animals.
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Figure 5 Myocardial infarct size expressed as the percentage of area at risk in open-chest (A), total
number of premature ventricular complexes during ischemia (PVCs, B), duration of tachyarrhythmias
during ischemia (C), ventricular arrhythmia score during reperfusion (D) of isolated perfused hearts
of control (C) and dexrazoxane (DEX)-treated rats. Data are expressed as meantSEM; =~ P<0.05 vs.
¢, P<0.1vs. C.

The reason for the different effect of DEX on arrhythmias in open-chest rats and in isolated
perfused hearts is not clear. Asemu et al. (2000) reported also a distinct effect of CH on
susceptibility of rat hearts to ischemia arrhythmogenesis assessed under in vitro and in vivo
conditions. The cause is unknown, but the presence of blood components and neurohumoral
control mechanisms in open-chest rat may take part in this discrepancy.

On the other hand, only the highest dose of DEX significantly reduced infarct size in
open-chest rats. Our observation of the infarct-size limiting effect of DEX is in line with
results of Ramu et al. (2006), who showed improved postischemic recovery of contractile
function in isolated perfused rat hearts subjected to global I/R injury after DEX-pretreatment.
Hasinoff (2002) detected lower lactate dehydrogenase release from DEX-treated neonatal
cardiac myocytes exposed to anoxia-reoxygenation. Based on current knowledge, both
anthracycline-induced cardiotoxicity and I/R injury seem to share the involvement of ROS

11



with a supposed catalytic role of free iron. Hence, intracellular iron chelation can be
considered as a promising approach. In the present study, we determined two different
markers of oxidative stress: reduced and oxidized form of glutathione and malondialdehyde.
The aim was to test the hypothesis that the protective effects of DEX were associated with the

decreased ROS formation during I/R insult.
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Figure 6 Myocardial reduced to oxidized glutathione ratio (GSH/GSSG, A) and myocardial
concentration of malondialdehyde (MDA, B) in open-chest control (Veh) and dexrazoxane (DEX)-
treated rats. Effects of ischemia and reperfusion (I/R) are expressed as a percentage of corresponding
non-ischemic (C) values. Data are expressed as meantSEM; = P<0.05 vs. C.

However, none of these markers showed any significant effect of DEX treatment,
which strongly argues with the above-proposed and generally anticipated mechanism of
action. This result was later proved also by Stérba et al. (2013) who demonstrated that
stronger and more selective iron chelators failed to provide better or at least the comparable
cardioprotection as DEX in chronic anthracycline cardiotoxicity models. It suggests that other
protective mechanism than limitation of ROS formation might play a role.

4.4. The effect of epoxyeicosatrienoic acid analog on ischemia/reperfusion injury
(Publication D)

The effects of treatment with EET-A (10 mg/kg/day) on blood pressure and
myocardial infarct size were evaluated in 2K1C Goldblatt hypertensive rats. The first major
finding of the study was that the size of the myocardial infarction induced by acute I/R insult
was significantly smaller in 2K1C Goldblatt hypertensive rats than in sham-operated
normotensive controls. This finding contradicts generally accepted view that the hypertrophic
myocardium shows decreased tolerance to I/R injury. However, our findings are not
exceptional; it has been observed that hypertensive animals with left ventricular hypertrophy
exhibit either comparable or reduced infarct size (Mozaffari and Schaffer, 2003; Saupe et al.,
2000; Matsuhisa et al., 2008). Neckar et al. (2012) recently showed that Ren-2 transgenic
hypertensive rats exhibited higher myocardial resistance to I/R injury as compared with

12



normotensive rats. It is obvious that the influence of hypertension on cardiac tolerance to I/R
injury has not been completely understood until now. It could depend on the phase of
hypertension or it may activate a protective mechanism. EET-A treatment significantly
reduced infarct size in normotensive sham-operated rats. Chronic treatment with EET-A did
not reduce myocardial infarct size in 2K1C Goldblatt hypertensive rats suggesting that 2K1C

rats already exhibited the maximal activation of cardioprotective signaling.
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The second major result of the study with epoxyeicosatrienoic acids (EETs) was that
in the sustained phase of 2K1C Goldblatt hypertension, EET-A treatment did not decrease
blood pressure and did not attenuate cardiac hypertrophy in 2K1C Goldblatt hypertensive rats.

EETs analog

>

B
~ 180 E *
o
£
T £ 30 *
I 170 <
= =]
= 160 @ 28
o o
2 150 © 26
4 s
o 2
o 140 = 24
- o
9 130 £
° ~ 22
= <
o 120 g
= = 20
% 110+ ®
9 T ; 0
0 © sham sham+ 2K1C 2K1C+
25 28 31 33 35 analog analog
Days after clip placement
-©- sham -@- 2K1C
-8B sham+analog - 2K1C+analog

Figure 8 Systolic blood pressure (A) and left ventricular hypertrophy expressed as left
ventricular weight to tibia length ratio (B) in sham-operated and 2K1C rats untreated or
treated with EET analog. Data are expressed as mean+SEM; ~ P<0.05 vs. corresponding
sham-operated group.

These unexpected findings are not easy to explain, because recent studies have clearly
shown that increased availability of EETs in the kidney of animals with angiotensin I1-
dependent hypertension is associated with improvement of the impaired renal autoregulatory

capacity and blunted pressure-natriuresis relationship (Elmarakby, 2012, Sporkova et al.,
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2011). Moreover, 2K1C hypertensive animals in the sustained phase of hypertension were
shown to have a deficit of EETs in the nonclipped kidney as a consequence of their enhanced
degradation (Sporkova et al., 2011; Kopkan et al., 2012). Based on these findings, it was
proposed that the reduced intrarenal bioavailability of EETs contributes to the angiotensin I1-
induced derangement of the pressure-natriuresis relationship in the nonclipped kidney of
2K1C hypertensive rats; it plays also a crucial role in the pathophysiology of sustained
hypertension. It was reported that in Ren-2 transgenic rats, chronic inhibition of EETs
degradation led to the marked elevation of intrarenal EETs levels (Varcabova et al., 2013).
Considering the above evidence, it is difficult to explain why chronic EET-A treatment did
not lower blood pressure in 2K1C Goldblatt hypertensive rats. This failure can not be ascribed
to the low dosage of EET-A, because in a recent study the same dose proved to be effective
(Imig et al., 2010). The possible explanation might be that, in contrast to soluble epoxide
hydrolase inhibition, EET-A treatment did not normalize the availability of endogenous
intrarenal EETs (Sporkova et al., 2011). We assumed that the decreased intrarenal EETs
bioavailability in 2K1C rats was accompanied by the lack of antihypertensive effect.

14



5. CONCLUSIONS

a)

b)

NO/cGMP signaling pathway plays a role in the acute phase of cardioprotection induced
by CH. The acute preischemic treatment with NO donor molsidomine and
phosphodiesterase type 5 inhibitor sildenafil enhanced cardiac ischemic tolerance not only
in normoxic but also in chronically hypoxic rats. Chronic sildenafil treatment was able to

provide an additional protection in chronically hypoxic rats.

Adaptation to CH exhibited the increased levels of TNF-o in both cytosolic and
particulate fractions of left ventricular myocardium as well as an increased expression of
receptor TNFR2 without change in TNFR1. TNF-a contributes to the improved cardiac
ischemic tolerance of chronically hypoxic rats via its receptor TNFR2 and increased

oxidative stress.

c) The mild dose of DEX exhibited significant protective effect against reperfusion-induced

arrhythmias in isolated perfused hearts. In open-chest animals, the high dose of DEX
significantly reduced infarct size. According to the unchanged markers of oxidative stress,
we suggest that DEX-induced protective mechanism is not mediated by limitation of ROS

formation.

d) 2K1C Goldblatt hypertensive rats during the sustained phase of hypertension exhibited

increased cardiac tolerance to I/R injury as compared to the normotensive controls.
Treatment with EET-A did not induce any antihypertensive and cardioprotective actions
in this animal model of human renovascular hypertension; however, it reduced infarct size

in normotensive animals.
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1. UVOD

Podle svétové zdravotnické organizace je ischemické choroba srde¢ni hlavni pfi¢inou
mortality nejen v Ceské republice, ale i v ostatnich zemich svéta. Nepiiznivé uginky
ischemické choroby srde¢ni byvaji piipisovany akutnimu ischemicko/reperfuznimu (I/R)
poskozeni. Béhem ischemie dochazi ke vzniku disproporce mezi dodavkou a narokem tkani
na kyslik, coz nasledné vede k poskozeni srde¢ni tkané. Rychlé obnoveni krevniho pritoku se
tak zda byt nezbytné pro zachranu ischemického myokardu. Avsak bylo prokazano, ze i
béhem klicovych okamzikt reperfuze dochazi ke wvzniku dal$iho reverzibilniho a
irreverzibilniho poskozeni. Z tohoto diivodu je pochopitelné, Ze klini¢ti 1 experimentalni
kardiologové se snazi porozumét molekularnim mechanizmim stojicim za vznikem I/R
poskozeni myokardu a nalézt kardioprotektivni postupy, které by dokazaly zmensit vysledny
rozsah poskozeni.

Rozsah ischemického poskozeni nezavisi pouze na intenzit¢ a délce trvani
ischemického podnétu, ale také na stupni odolnosti myokardu k nedostatku kysliku. Studium
kardioprotektivnich fenoménti, jako je adaptace na chronickou hypoxii (CH) nebo rtzné
formy conditioningu, je proto nezbytné pro porozuméni bunéénych mechanizmu a nalezeni
novych signalnich drah vedoucich ke kardioprotekci. Nové kardioprotektivni piistupy jsou
velmi zadouci. Prozatim zadny z téchto terapeutickych postupti, kromé vcéasné reperfuze,
nebyl aplikovan do klinické praxe, avSak né€kolik z nich se v poc¢atecnich fazich klinickych
studii jevi nadéjné.

Tato disertacni prace se snazila pfispét k objasnéni moZnych mechanizmi, které by
dokazaly ochranit srdce pied I/R posSkozenim. Studovali jsme tyto tii - adaptaci na CH, akutni
podani dexrazoxanu (DEX) a chronické podavani analogu epoxyeikosatrienovych kyselin
(EET-A).

2. CILE PRACE
Specificke cile prace byly:

1)) Zjistit ulohu signaliza¢nich drah zahrnujicich oxid dusnaty (NO)/cyklicky guanosin
monofosfat (CGMP) a tumor-nekrotizujici faktor alfa (TNF-a) v kardioprotektivnim
mechanizmu CH.

2.) Zjistit, zda dexrazoxan dokaze zmensit I/R poskozeni.

3.) Posoudit vliv EET-A na velikost infarktu u 2-kidney, 1-clip (2K1C) potkant s
Goldblattovskou hypertenzi.
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3. MATERIAL A METODIKA
Model kontinudlni normobarické hypoxie

Dospéli potkani kmene Wistar (250 - 300 g body weight) byli adaptovani na
chronickou kontinualni hypoxii (10% O;) v normobarické komoie po dobu 3 - 4 tydn.
Béhem této doby nedoslo k reoxygenaci. Kontrolni potkani byli po celou dobu adaptacni faze

chovani v normoxickych podminkach.

Model 2K1C Goldblattovské hypertenze
Potkanim kmene Hannover Sprague-Dawley (100 - 120 g) byla pod celkovou
anestézii nalozena stiibrna svorka na pravou renalni arterii. Sham-operovani potkani prosli

stejnou operaci krom¢ umisténi svorky.

Experimenty, provedené uplné nebo alespont Caste¢né autorkou, se skladaly z
nasledujicich postupti:

e Hodnoceni velikosti infarktu a komorovych arytmii na modelu srdce in situ

¢ Hodnoceni komorovych arytmii na modelu izolovaného perfundovaného srdce

e Analyza oxidované a redukované formy glutationu

¢ Analyza malondialdehydu

o Elektroforéza a Western blot

e Analyza nitritu a nitratu

4. VYSLEDKY A DISKUZE
4.1. Uloha NO/IcGMP v kardioprotektivaim icinku chronické hypoxie (Publikace A)
Normoxickym a chronicky hypoxickym dospélym samctim potkanti kmene Wistar byl
akutné¢ podan NO donor molsidomin (10 mg/kg) nebo inhibitor fosfodiesterazy typu 5
sildenafil (0.7 mg/kg). Potvrdili jsme, Ze adaptace na CH zvySuje ischemickou odolnost srdce
(Asemu et al., 2000; Neckar et al., 2004; Wang et al., 2011; Maslov et al., 2014). Akutni
podani molsidominu nebo sildenafilu snizilo velikost infarktu nejen u normoxickych, ale i u
chronicky hypoxickych potkant, u kterych byl tento tcinek silngjsi. Aditivni G¢inek NO a
adaptatace na CH zde ale nebyl, proto Ize predpokladat, ze NO/cGMP se podili na vzniku
akutni faze kardioprotektivniho ti¢inku CH.
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V druhé casti této studie (dosud nepublikované) byl sildenafil (1.5 mg/kg/den)
podavan normoxickym a chronicky hypoxickym potkantim dlouhodob¢. Podavani sildenafilu
zacalo tfi dny pied a trvalo po celou dobu adaptace na CH. Hlavnim vysledkem bylo zjisténi,
ze chronicky zvySend dostupnost cGMP snizila velikost infarktu u normoxickych a dale
zesilila protektivni efekt u chronicky hypoxickych potkant. Zda se tedy, Ze cGMP nehraje

pfilis vyznamnou ulohu pfi vyvolani kardioprotektivniho u¢inku CH.
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4.2. Uloha TNF-a v kardioprotektivaim icinku chronické hypoxie (Publikace B)

Cilem této studie bylo ur¢it tlohu TNF-a. v myokardu potkanu adaptovanych na CH
po chronickém podavani monoklonalni protilatky proti TNF-a infliximabu (5 mg/kg/tyden)
po celou dobu adaptace na CH. Adaptace na CH zvysila ischemickou odolnost, tento G¢inek

byl oslaben podavanim infliximabu.

601

2 g 50+ T ,
<38 Graf 3 Relativni velikost infarktu vztazend na
£ velikost ohrozené oblasti u normoxickych a
= i * . s 7 o
gy chronicky hypoxickych potkanii bez (C) nebo
= c , L, . ..
g3 20 i po chronickém podadvani infliximabu (CI).

S ' Vysledky jsou uvedeny jako priimér+SEM;

P<0.05 vs. odpovidajici normoxickd skupina, ”

c Cl C P<0.05 vs. odpovidajici kontrolni skupina.

Normoxie Hypoxie

18



V naSich experimentech byla adaptace na CH spojena se zvysenou hladinou TNF-a a
TNF-o receptoru R2 (TNFR2). Tento nalez je ve shodé se zvySenou expresi TNF-a a
prozanétlivych genti nalezenou u srdci chronicky hypoxickych dospélych potkanti a fetalniho
stadia morcat (Chen et al., 2007; Klusonova et al., 2009). TNF-o je tvofen jako
transmembranovy TNF-a prekurzor, ktery je Stépen za vzniku sekretorické formy TNF-a
pusobici pfes TNF-a receptor R1 (TNFR1) a TNFR2 (Vandenabeele et al., 1995). TNF-a
receptorové-specificka odpoveéd’ byla prokazana jako dulezity moment v ischemické odolnosti
srdce. Zatimco nadmérna exprese TNF-o a nasledna aktivace receptoru TNFRL1 je Skodliva,
nizsi koncentrace TNF-a spojena s aktivaci receptoru TNFR2 je protektivni (Flaherty et al.,
2008; Lacerda et al., 2009). Nase vysledky ukazaly zvySenou expresi receptoru TNFR2 v levé
komofe potkanti adaptovanych na CH. Chronicky podavany infliximab tento nartist v expresi
potlacil a zmafil protektivni G€inek CH. Zda se tedy, Ze CH zvySuje ischemickou toleranci
srdce tim, ze aktivuje protektivni signalizaci pfes receptor TNFR2, ale nijak neovliviiuje
Skodlivou signalizatni drahu receptoru TNFR1. Nejen sekretorickda, ale také
transmembranova forma TNF-a vykonava své biologické funkce (Horiuchi et al., 2010).
Transmembranova forma TNF-ao aktivuje receptor TNFR2 (Grell et al., 1995). Na zaklad¢
téchto znalosti jsme stanovili expresi TNF-a jak v cytosolické, tak v membranové frakci levé
komory normoxickych a chronicky hypoxickych potkani. CH zvySila hladinu TNF-a
rovnomérné v obou frakcich, a proto nemiizeme posoudit, zda se kardioprotektivniho U¢inku
CH ucastni sekretoricka nebo transmembranové forma TNF-a.

Piedpoklada se, ze reaktivni formy kysliku (ROS) hraji dileZitou roli v signalizaci
vedouci od TNF-a. Ukazali jsme, Ze adaptace na CH zvySuje miru oxida¢niho stresu a expresi
manganov¢ superoxid dismutdzy. Oba tyto jevy byly potlaceny chronicky podavanym
infliximabem. Zda se tedy, ze TNF-a pfispiva ke zvySené ischemické odolnosti srdce tim, ze
aktivuje prospésnou redoxni signalizaci a zaroven posiluje antioxida¢ni obranné mechanizmy.

Adaptace na CH byla dale spojena se zvySenou expresi inducibilni NO syntazy.
Chronické podavani infliximabu tento nartist zmirnilo. Na rozdil od studii, které potvrzuji
ulohu NO v preconditioningu (Andrukhiv et al., 2006) ¢i CH (Shi et al., 2000), naSe vysledky
naznacily, ze signalizace souvisejici s NO nehraje pfili§ vyznamnou ulohu v

kardioprotektivnim t¢inku CH, jak jiz bylo zminéno dfive.
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Graf 4 Koncentrace TNF-a v cytosolické (A) a membranové (B) frakci levé komory a koncentrace
TNF-a receptoru R1 (TNFR1; C) a TNF-a receptoru R2 (TNFR2; D) u normoxickych a chronicky
hypoxickych potkanut bez (C) nebo po chronickém podavani infliximabu (Cl). Vysledky jsou uvedeny
Jjako primér+SEM; = P<0.05 vs. odpovidajici normoxickd skupina,  P<0.05 vs. odpovidajici kontrolni
skupina.

4.3. U¢inek dexrazoxanu na ischemicko/reperfuzni poskozeni (Publikace C)

Cilem této studie bylo zjistit, zda DEX dokaze ochranit srdce pted dusledky I/R
poskozeni. DEX byl podan v davkach 50, 150 a 450 mg/kg 60 min pted ischemii. Zjistili
jsme, ze pouze davka 150 mg/kg efektivné potlatuje komorové arytmie na modelu
izolovaného perfundovaného srdce, ale neni dostacujici pro snizeni arytmogeneze u modelu in
situ. Dvod odlisného ptsobeni DEX na arytmie na modelu srdce in situ a izolovaného
perfundovaného srdce neni jasny. Asemu et al. (2000) také popsal odlisny u¢inek CH na
vznik arytmii za podminek in vitro a in situ. Pfi¢ina je neznama, ale vysvétlenim by mohla byt
ptitomnost krevnich bunék a neurohumoralnich kontrolnich mechanizmt u modelu srdce in
situ.

Pouze nejvyssi DEX davka dokazala vyznamné sniZit velikost infarktu na modelu
srdce in situ. Tento nalez je ve shodé s praci Ramu et al. (2006), ktera ukazala zlepSenou
postischemickou obnovu kontraktilni funkce na modelu izolovaného perfundovaného srdce
potkana po podani DEX v podminkach globalni ischemie. Hasinoff (2002) prokézal snizené
uvoliiovani laktat dehydrogenazy z neonatdlnich kardiomyocytl, které byly po podani DEX

vystaveny anoxii-reoxygenaci.
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Graf 5 Relativni velikost infarktu vztazend na velikost ohrozené oblasti na modelu srdce in situ (A),
celkovy pocet predcasnych komorovych stahii v ischemii (B), délka trvani tachyarytmii v ischemii (C),
arytmické skore v reperfuzi (D) na modelu izolovaného perfundovaného srdce u potkanii bez SC) nebo
po poddni dexrazoxanu (DEX). Vysledky jsou uvedeny jako priimér+SEM; = P<0.05 vs. C, ®) p<0.1
vs. C.

Na zéakladé¢ soucasnych znalosti se zda, ze kardiotoxicita vyvolana pusobenim
antracyklin a I/R poskozeni sdili spolecnou vlastnost. Jednd se o ulohu ROS, a proto
Vnitrobunécna chelatace Zeleza by mohla byt slibnym terapeutickym postupem. V této studii
jsme stanovili koncentrace dvou riznych ukazatell oxida¢niho stresu, redukované a
oxidované formy glutationu a malondialdehydu. Cilem bylo otestovat, zda protektivni
mechanizmus DEX béhem I/R poskozeni je zpisoben snizenou produkci ROS. DEX nem¢l
vliv ani na jeden z téchto ukazateld, coz vyvraci ptivodni hypotézu. Tento nas vysledek byl
dale ovéfen Stérbou et al. (2013), ktery ukazal, ze dokonce i silng&jsi a selektivnéjsi chelatory
zeleza nedokazaly poskytnout lepsi nebo alespon srovnatelny kardioprotektivni ucinek jako
DEX na modelu kardiotoxicity vyvolané pusobenim antracyklint. Ukazuje se tedy, Ze se zde

uplatiiuje jiny protektivni mechanizmus nez je snizena produkce ROS.

21



= 28 5 #
B *
2 £ 150 -
3 o0 z
@ E 75 * L5100
@
o2 - o &
zE =5 50
o 2 = 1
S &
= T
2 i =
=) IR £ C IR
" “kh DEX 150 DEX 450

Graf 6 Pomér redukované a oxidované formy glutationu (GSH/GSSG, A) a koncentrace
malondialdehydu (MDA, B) na modelu srdce in situ u potkanii bez (Veh) a po podani dexrazoxanu
(DEX). Ucinek ischemie a reperfuze (I/R) je vyjadien jako procento odpovidajicich neischemickych
(C) hodnot. Vysledky jsou uvedeny jako primér+SEM; ™ P<0.05 vs. C.

4.4. Ucinek analogu epoxyeikosatrienovych kyselin na ischemicko/reperfuzni poskozeni
(Publikace D)

Utinek 16¢by EET-A (10 mg/kg/den) na krevni tlak a velikost infarktu byl hodnocen u
2K1C potkanu s Goldblattovskou hypertenzi. Prvnim hlavnim vysledkem této prace bylo, ze
2KI1C potkani méli nizsi velikost infarktu myokardu v porovnani s normotenznimi sham-
operovanymi kontrolami. Tento ndlez protife¢i dlouhodobému nazoru, Ze hypertroficky
myokard ma snizenou toleranci k I/R poskozeni. Nicméné nas vysledek neni ojedinély.
Exisuji dikazy, kdy hypertenzni zvifata s hypertrofii levé komory méla stejné velkou nebo
dokonce mensi velikost infarktu (Mozaffari and Schaffer, 2003; Saupe et al., 2000; Matsuhisa
et al., 2008). Neckar et al. (2012) prokazal vyssi odolnost myokardu k I/R poskozeni u Ren-2
transgennich hypertenznich potkanti. Je tedy ziejmé, ze vliv hypertenze na toleranci srdce k
I/R poskozeni prozatim neni dostateéné objasnén. Moznym vysvétlenim by mohla byt faze
hypertenze nebo aktivace ochrannych mechanizmu, jak tomu pravdépodobné bylo i v piipadé

nasich experimentl. EET-A dokézal vyznamné snizit velikost infarktu pouze u normotenznich

potkanti.
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Druhym dilezitym vysledkem bylo zjisténi, ze EET-A nedokazal snizit krevni tlak ani
miru srde¢ni hypertrofie u 2K1C potkant. Tyto neocekdvané vysledky neni jednoduché
vysvétlit, protoze predchozi studie ukazaly, Ze zvySena dostupnost epoxyeikosatrienovych
kyselin (EETs) v ledvin¢ zvifat s angiotensin ll-dependentni hypertenzi je doprovazena
zlepsenim narusené regulaéni funkce ledvin stejné jako vztahu mezi exkreci Na* a stiednim
arteridlnim tlakem (Elmarakby, 2012, Sporkové et al., 2011). U 2K1C potkanti byl dale
prokazan nedostatek EETs v neklipované ledviné jako dusledek jejich zvySené degradace
(Sporkova et al., 2011; Kopkan et al., 2012). Dale bylo zjisténo, Ze u Ren-2 transgennich
potkanti chronicka inhibice degradace EETs vede ke zvySeni renalni hladiny EETs
(Varcabova et al., 2013). Pfedpokladali jsme tedy, Ze snizena renalni dostupnost EETS u
2K1C potkanti hraje klicovou roli v patofyziologii hypertenze. Na zékladé¢ vyse uvedenych
argumentt je t€¢zké vysvétlit, pro¢ chronické podavani EET-A nedokdzalo snizit krevni tlak u
2K1C potkant s Goldblattovskou hypertenzi. Toto selhani nelze piipisovat nizké pouzité
davce, nebot’ v nedavné studii byla tato davka prokazana jako uc¢inna (Imig et al., 2010).
Mozné vysvétleni by mohlo byt v tom, ze pii 1é¢bé EET-A nedochazi k normalizaci hladiny
endogennich renalnich EETS na rozdil od inhibice solubilni epoxid hydrolazy (Sporkova et
al., 2011). Zda se tedy, ze nepiitomnost antihypertenzniho u¢inku u 2K1C potkant pii 1é¢bé

EET-A byla zptsobena nedostate¢nou dostupnosti rendlnich EETs.
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Graf 8 Systolicky krevni tlak (A) a hypertrofie levé komory vyjadrend jako pomer hmotnosti
levé komory a délky tibie (B) u sham-operovanych a 2K1C potkanii bez nebo po lécbé EET
analogem. Vysiedky jsou uvedeny jako primér+SEM; ~ P<0.05 vs. odpovidajici sham-operovana
skupina.
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5. ZAVERY

a)

b)

d)

Signalni kaskada zahrnujici NO/CGMP hraje tlohu v akutni fazi kardioprotektivniho
mechanizmu CH. Akutni preischemické podani NO donoru molsidominu a inhibitoru
fosfodiesterazy typu 5 sildenafilu zvysilo ischemickou odolnost srdce nejen u
normoxickych, ale 1 u chronicky hypoxickych potkanti. Chronicky podavany sildenafil

umocnil kardioprotektivni u¢inek CH.

Prokazali jsme zvySenou hladinu TNF-o v cytosolické 1 membranové frakci myokardu
levé komory potkanti adaptovanych na CH. Dale jsme nasli zvySenou expresi receptoru
TNFR2 na rozdil od receptoru TNFR1. TNF-a pfispiva ke zvySené ischemické odolnosti

srdce diky signalizaci pfes TNFR2 a zvySenému oxidacnimu stresu.

DEX podany v davce 150 mg/kg mél ochranny ucinek proti reperfuznim arytmiim na
modelu izolovaného perfundovaného srdce. DEX podany v davce 450 mg/kg vyznamné
snizil velikost infarktu na modelu in situ. Podle nezménénych ukazateltt miry oxida¢niho
stresu lze usuzovat, ze kardioprotektivni uc¢inek DEX je zpostfedkovan jinym zpuisobem

nez omezenim produkce ROS.

2K1C potkani s Goldblattovskou hypertenzi vykazali zvySenou odolnost srdce k I/R
poskozeni v porovndni s normotenznimi kontrolnimi potkany. Lé€ba EET-A neméla na
tyto hypertenzni potkany Z4dny antihypertenzni ani kardioprotektivni ti¢inek, ale dokazala

snizit velikost infarktu u normotenznich potkanti.
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