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Zoznam skratiek/ List of abbreviations

AV CR
°C

CK1
CNH
Cx43
FIO2

GJ
HK1,2
CH
IHH

/R

LV
MAPK
N
np-Cx43
n-3 PUFA
p-Cx43
PKA
PKB/Akt
PKC
PKCe
PKC6
PKG

R

ROS

3D

10D

Akadémia Vied Ceskej Republiky/ Academy of Science Czech Republic
Stupen Celsia/ Degree of celsius

Kazeinkinaza 1/ Casein kinase 1

Kontinualna normobaricka hypoxia/Continual normobaric hypoxia
Konexin 43/ Connexin 43

Parciélny tlak kyslika/ Oxygen partial pressure

Gap junction

Hexokinaza 1,2/ Hexokinase 1,2

Chronicky chlad/ Chronic cold

Intermitentna hypobaricka hypoxia/ Intermitant hypobaric hypoxia
Ischemicko-reperfuzne/ Ischemic reperfusion

Lavé komora/ Left ventricle

Mitogénom aktivovand protein kinaza/ Mitogen-activated protein kinase
Normoxia/ Normoxia

Nefosforylovany Cx43/ Non-phosphorylated Cx43

Omega-3 polynasytené mastné kyseliny/ Omega-3 polyunsaturated fatty acids
Fosforylovany konexin 43/ Phosphorylated Cx43

Proteinkin4dza A/ Protein kinase A

Proteinkin4za B/ Protein kinase B

Proteinkinaza C/ Protein kinase C

Proteinkinaza Cepsilon/ Protein kinase Cepsilon

Proteinkin4za Cdelta/ Protein kinase Cdelta

Proteinkin4za G/ Protein kinase G

Regresia/ Regression

Reaktivne formy kyslika/ Reactive forms of oxygen

3-dilovy chlad/ 3-day cold

10-dnovy chlad/ 10-day cold




SLOVENSKA CAST (SLOVAK PART)

Abstrakt

Ventrikularne arytmie su hlavnou pri¢inou tmrti v celosvetovom meradle. ZvySeny vyskyt
arytmii v srdci cicavcov je sprevadzany remodeldciou bunkovej distriblicie gap junction
kandlov tvorenych hlavne konexinom 43 (Cx43). V poslednej dobe sa preukazuje vyznamny
vplyv mitochondrii aich asocidcia s arytmogenézou. Za roznych patologickych stavov
dochadza k zmene v expresii a/alebo distribucii Cx43 v zavislosti na jeho fosforylacnom stave.
Taktiez dochadza k zmene asociacie hexokindzy s mitochondriami, ktora tak znizuje tvorbu
volnych radikdlov a pravdepodobnost’ aktivacie apoptézy. Adapticia na intermitentnu
hypobarickil hypoxiu posiluje endogénne ochranné cesty redukujice vyskyt ventrikularnych
arytmii zatial' o, protektivna kontinualna normobaricka hypoxia tento efekt nema. Dal$im
Studovanym modelom je aklimatizdcia na chlad, ktora je zndma priaznivymi U¢inkami
na l'udské zdravie uz niekol'ko desatroc¢i. Avsak Studie na srdci na tychto modeloch vo vztahu
ku Cx43 chybaji. Nasim cielom bolo urCit expresiu, fosforylovany stav Cx43,
(p-Cx43), hexokindzy (HK1, HK2) aich distribuciu v kardiomyocytoch. Okrem toho bola
analyzovand expresia Cx43 upstream kinaz, proteinkinazy A (PKA), proteinkinazy G (PKG),
kazeinkinazy 1 (CK1) v normoxickych (N) a hypoxickych l'avych komorach (LV) potkanov
spolu s distribiciou Cx43 pocas kratkej ischémie a reperfizneho posSkodenia. Samce potkanov
Wistar boli adaptované na hypoxiu (7 000 m, 8-h/den, 5 tyzdiov alebo 10% kyslika, 24-h/den,
3 tyZdne) a nasledne boli Specidlne skupiny srdca vystavené kratkodobej ischémii (10 mintt)
a reperfuzii (15 mintt) in vivo. Expresia a fosforylované stavy sa hodnotili pomocou
Specifickych protilatok a hmotnostnej spektrometrie. Distribucia Cx43 v koncovych end to end
a v lateralnych side to side spojeniach a lokalizacia HK na mitochondridch boli hodnotené
pomocou kvantitativnej imunofluorescencnej mikroskopie. TaktieZ sme sa zamerali na uréenie
lokalizacie Cx43 na pozdiZnych rezoch T'avej komory a expresie proteinu Cx43 u potkanov
vystavenych chladu (6 £ 1 °C) pocas 3 dni, 10 dni, 5 tyZdiiov a nasledne 2 tyzdne pri teplote
24 + 1 °C. Nase vysledky naznacuju vyznamny prinos v zmenach expresie a fosforylacie Cx43
v signalizaénych dréhach, ktoré moéZzu byt zodpovedné za antiarytmicky Uc¢inok stvisiaci
s adaptaciou na hypobarickl hypoxiu. Po normobarickej hypoxii neboli preukdzané zmeny

a ponukame mozné zapojenie 5-tyzdiiovej aklimatizacie na chlad do kardioprotektivnej dréhy.

Krucové slova: Potkan, Srdce, Chlad, Hypoxia, Konexin 43, Hexokinaza




Teoreticky uvod

Spravna interceluldrna komunikacia je nevyhnutna pre normalnu elektricka aktivaciu
myokardu a synchronizovani kontrakciu srdca. Kontraktilné srdcové zlyhanie a arytmie
st hlavnou pricinou smrti v dosledku srdcovych ochoreni. Remodelacia myokardu pri tychto
patologickych stavoch mdze byt spojena so znizenou medzibunkovou komunikéciou, ktora
je dosledkom zmeny expresie alebo distribucie Cx43, ako hlavnej zlozky gap junction (GJ)

spojenia v 'avej komore myokardu.

Pocetné stadie poukazuju na vznik patologickych srdcovych ochoreni, ktoré Casto suvisia
so Strukturdlnou a elektrickou remodelaciou myokardu, zvySenym rizikom ventrikularnych
arytmii a nahlej srdcovej smrti. Experimentalne $tidie na geneticky upravenych mysiach
so zniZzenou hladinou Cx43 preukdzali vztah medzi oslabenou interceluldarnou komunikaciou
a arytmogenézou. Kl'icova tloha pri prestavbe GJ suvisiaca s arytmiami bola preukdzana
v modeli infarktu myokardu u maciek, kde zmena expresie Cx43 korelovala s lokalizaciou

reentry arytmii.

Vedla poctu Cx43 a vodivych vlastnosti GJ, lokalizacia Cx43 je taktiez doleZitym aspektom,
ktora prispieva k arytmogenéze a zoslabenie jej abnormalit bolo opakovane preukizané
ako kardioprotektivne. Za fyziologickych podmienok su Cx43 prevazne umiestnené
v interkalarnych diskoch, kde poskytuju end to end tzv. koncové vedenie medzi susednymi
kardiomyocytmi. Okrem toho sa v laterdlnej plazmatickej membrane nachddzaji aj malé
mnozstvd Cx43 mimo interkalarnych diskov, ktoré umoznuji side to side vedenie medzi
kardiomyocytmi (t.j. bo¢né spoje). V réznych patologickych stavoch boli pozorované zmeny
v expresii Cx43 a jeho funkcénych vlastnostiach v doésledku posttranslacnych modifikacii,
ovplyviiujiicich vodivost’ a pravdepodobnost’ otvarania kanalov. ZniZena expresia Cx43,
ako aj zvySené vedenie vedi k tvorbe arytmogénneho substratu, spdsobuju spomalenie
a abnormadlne vedenie. Zistenie, ze upregulacia proteinu myokardu Cx43 je spojena s ochranou
pred arytmiami je v sulade s predchadzajicimi Stidiami.

Adaptacia na chronickll hypoxiu je tiez dobre znamym kardioprotektivnym fenoménom.
Predchadzajuce §tudie vypracované na Fyziologickom tstave Akadémie Vied Ceskej Repubiky
(AV CR) preukazali zvysenti ischemicku toleranciu, zlep$enie post-ischemickej kontraktility

a najmé znizenu tendenciu k vzniku arytmii po adaptacii na preruSovana hypobarickl hypoxiu




(IHH, 7000 m, 5 tyzdnov) (Asemu et al. 1999; Asemu et al. 2000; Ostadal & Kolar 2007) zatial
¢o, adaptacia na kontinudlnu normobaricki hypoxiu (CNH) tento antiarytmicky uc¢inok stréaca.
Taktiez bolo na naSich pracoviskach preukazané, ze v mechanizme endogénnej kardioprotekcie
indukovanej IHH 1 CNH, hraju ulohu reaktivne formy kyslika (Kolar et al. 2007; Kasparova et
al. 2015). Dalej v IHH hra ulohu mitochondridlna hexokindza (Waskova-Arnostova et al.
2015), protein kindza C (PKC) (Hlavackova et al. 2007) a mitochondridlne K-ATP kanaly
(Neckar et al. 2002a). AvsSak udaje o tom, ¢i sa myokardidlny Cx43 moze zucastnit’

na antiarytmickom uc¢inku indukovanom IHH chybajt.

Dalsim $tudovanym modelom je chladova adapticia, ktord predstavuje doposial mélo
Studovany model vo vztahu ku Cx43 ik ostatnym kardioprotektivnym mechanizmom.
Adapticia na chlad je zndma svojimi pozitivnhymi uc€inkami, ktord zlepSuje imunitna
a vaskularnu odpoved’, termoregulaciu a ma hypolipidemicky uc¢inok. Chladova adapaticia
vedie k tvorbe hnedého tukového tkaniva, ktoré sa zvycajne tvori pocas hibernacie a tak
zachovava srdcovu ¢innost’ aj pri nizkych teplotach (Blumberg 1997). Nase vysledky je mozné
porovnavat’ len s fyziolodgiou hiberndcie, ktora sa vyznacuje dramatickym zniZenim tepovej
frekvencie, dychanim, metabolizmom, krvnym tlakom, telesnou teplotou a rezistenciou
na vznik ventrikuldrnych fibrilacii. GJ poskytuji v srdci cesty s nizkym odporom, ktoré
ulahcuju elektricki a metabolicki vdzbu medzi bunkami srdcového svalu, koordinovanu
¢innost’” srdca a tkanivovii homeostdzu. Vodivost tychto GJ, a teda ich funkcia,

je pravdepodobne ovplyvnena fyziologickymi zmenami, ku ktorym dochadza pocas hibernacie.

V tejto praci sa zameriavame na moznu ulohu expresie, fosforylacie a distribucie Cx43
ako aj jednotlivych kindz vzhl'adom na antiarytmické G¢inky stimulované adaptaciou na IHH

a chlad.




Ciele prace

Ciel'om dizertacnej prace bolo lepsie pochopit’ vyznam distribiicie Cx43 a réznych fosforylacii
Cx43 angjst ich stvislost’ s antiarytmickym uc¢inkom adaptécie na IHH a na chlad. VzhI'adom
na to, ze vyskyt malignych arytmii, ako dosledok ischemicko-reperfuzneho (I/R) poskodenia
srdca ma vyznamnu ulohu v Umrtnosti v sucasnej populacii, preto poznanie endogénnych
ochrannych mechanizmov je celospolocensky vyznamné a moze prispiet k zlepSeniu

farmakologickej liecby.

Ciel’ 1. Identifikacia distribucie t-Cx43 a p-Cx43(Ser368) medzi koncovymi a laterdlnymi

spojmi v LV N, IHH zvierat, po ischemickom insulte a I/R poskodeni.

Ciel 2. Identifikacia distribacie isoforiem hexokindzy HK1 a HK2 v LV N, CNH zvierat,

po ischemickom insulte a I/R poskodeni.

Ciel’ 3. Stanovenie expresie myokardidlneho Cx43 a p-Cx43(Ser368), PKA, CK1 aPKGv LV
N a IHH zvierat.

Ciel’ 4. Identifikacia fosforylacnych miest a d’alSich posttranslacnych modifikacii Cx43 v LV

N a IHH zvierat pomocou hmotnostnej spektrometrie.
Ciel’ 5. Stanovenie mRNA transkriptu Cx43 a analyza lipidov v LV N a I[HH zvierat.

Ciel’ 6. Stanovenie expresie myokardidlneho Cx43 v LV po akutnej expozicii 3 a 10 dni (3D,

10D) a po chladovej aklimatizacii 5 tyzdnov s naslednou regresiou 2 tyzdne (CH a R).

Ciel’ 7. Identifikacia distribucie celkového Cx43 medzi koncovymi a lateralnymi spojmi v LV

v akutnej a chronickej expozicii chladu a néslednej regresii

Ciel’ 8. Stanovenie expresie PKA, CK1, ptoteinkinazy B (PKB/Akt), PKCe, PKCd, mitogénom
aktivovanej proteinkinazy (MAPK) v LV CH a R.




Metody a usporiadanie pokusov

Studia A, B
Na experimenty boli pouzité dospelé samce laboratorneho potkana kmena Wistar (8 tyzdiov
staré), pochadzajice zchovnej stanice Fyziologického tstavu Akadémie vied (Ceska

Republika). Zvierata mali vol'ny pristup k vode a ku Standardnej laboratornej diéte v rezimu

12 hod svetlo/12 hod tma. Potkany boli vystavené IHH alebo CNH.

Adaptacia na IHH prebiehala 8 hod denne, 5 dni v tyzdni, celkom 25 dni. Barometricky tlak
bol znizovany postupne tak, aby po 13 expoziciach odpovedal nadmorskej vyske 7000 m.
Potkany kontrolnych skupin normoxie boli chované v normoxickych podmienkach
v nadmorskej vyske 200 m pri teplote 21-23 °C. Barometricky tlak bol 99 kPa a parcidlny
tlak kyslika 20,7 kPa (FIO, = 0,21). Adaptacia na CNH prebichala 24 hod denne, 7 dni
v tyzdni, celkom 21 dni, (FIO, = 0,1). Na konci kazdého pokusu boli potkany uvedené
do hlbokej anestézie sodium pentobarbitdlom, (60 mg/kg i.p.) za Gcelom ziskania tkaniva
pre analyzy pomocou metdd: Western blot, Imunoflorescencie, RT-PCR, Hmotnostnej
spektrometrie a Analyzy lipidov. Jednotlivé srde¢né¢ oddiely boli zvazené a zmrazené

v kvapalnom dusiku (-80 °C), kde boli uchovavané¢ do d’alSieho spracovania.

Pit stdc z kazdej skupiny bolo podrobenych kratkemu I/R poskodeniu in vivo (Stidia A),
ako bolo popisané v (Neckar et al. 2017) a/ alebo ex vivo na perfuznom systéme podla
Langendorfa (Kolar et al. 2017) (Studia B). V tychto experimentoch bola identifikovana
distribticia celkového Cx43 (t-Cx43) a p-Cx43 na Ser368 (p-Cx43(Ser368)) medzi koncovymi
a lateralnymi spojmi (Stidia A).

Dalej bola pozorovana lokalizacia izoforiem hexokindzy (HK1 a HK2) na mitochondridlnych
subpopulaciach (Stadia B) v LV normoxickych a hypoxickych zvierat, po ischemickom
insulte a I/R poskodeni pomocou imunofluorescencného farbenia za pouzitia Specifickych
protilatok. Nasledne boli jednotlivé rezy nasnimané v fluorescenénom mikroskope Olympus
cell P (Carl Zeiss, Nemecko) a obrazky boli spracované pomocou softwéru FIJI za pouZitia
vlastného skriptu pre poloautomatizaciu procesu hodnotenia koncovych a lateralnych spojeni.
Myokardidlna expresia Cx43, p-Cx43(Ser368), PKA, CKI1, PKG v LV normoxickych
a hypoxickych zvierat bola stanovena pomocou metody Western blot za pozitia Specifickych

primarnych a sekundarnych protildtok. Pomocou hmotnostnej spektrometrie boli




identifikované fosforylacné miesta Cx43 v LV normoxickych a hypoxickych zvierat. Taktiez
bola stanovena mRNA transkriptu Cx43 v LV normoxickych a hypoxickych zvierat pomocou

RT-PCR analyzy.

Studia C

Na experimenty boli pouzité dospelé samce laboratérneho potkana kmena Wistar (8 tyzdiov
staré¢) (Velaz s.r.0.). Zvieratd mali vol'ny pristup k vode a ku Standardnej laboratornej diéte
v rezimu 12 hod svetlo/12 hod tma a boli chované vo dvojiciach. Potkany boli v experimente
rozdeleny do Siestich skupin nasledovne: akutna kontrola (Ka), 3D chlad, 10D chlad,
chronicka kontrola (Kc), CH chlad a R. Kontrolné skupiny boli chované v miestnosti s izbovou
teplotou 24 + 1°C. Skupina 3D bola vystavena pocas 3 dni teplote 6 + 1°C. Skupina 10D bola
vystavena teplote 6 + 1°C po dobu 10 dni. CH a R skupiny boli chované v oddelenej miestnosti
od kontrolnych skupin. V priebehu jedného tyzdna boli postupne adaptované pomalym
znizovanim teploty na 6 £ 1°C, v ktorej zotrvali po dobu 5 tyzdnov. R skupina bola po tejto
dobe este premiestnena do kontrolnej teploty po 2 tyzdne. Dal$ie metodické pristupy boli

obdobné studiam A, B

Vysledky a diskusia
V spolupraci s Fyziologickym ustavom Akadémie vied Ceskej Republiky, Oddelenim

vyvojovej kardiologie sme sledovali zmeny v expresii, distribucii a fosforylacii Cx43
na hypobarickom modeli a kolokalizaciu HK1 a HK2 s mitochondridlnymi subpopuléciami
na normobarickom modeli. Viaceré Studie potvrdili kardioprotektivne ucinky uIHH
a to v dosledku zvysenej ischemickej tolerancie a zniZenej tendencie k vzniku arytmii (Asemu
et al. 1999; Neckar et al. 2002). Model normobarickej kontinudlne; hypoxie vykazuje
kardioprotektivne G€inky na urovni zniZenia vel'kosti infarktu myokardu, av§ak arytmie maja
recipro¢ny priebeh (Neckar et al. 2013) Tretim modelom bola chladova adaptacia, ktor sme

sledovali v celom priebehu od akutnej az po chronicku a nasledne zotavenie.

Stiidia A: Anti-arrhythmic cardiac phenotype elicited by chronic intermittent hypoxia
is associated with alterations in connexin-43 expression, phosphorylation and distribution.
Kohutova, J., Elsnicova, B., Holzerova, K., Neckar, J., Sebesta, O., Jezkova, J., Vecka, M.,
Vebr, P., Hornikova, D., Szeiffova-Bacova, B., Egan Benova, T., Hlavackova, M., Tribulova,
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N., Kolar, F., Novakova, O., Zurmanova, JM. (2019) Frontiers in Endocrinology. 25 January,
https://doi.org/10.3389/fendo.2018.00789. [F = 3.519

Na IHH modeli sme prvykrat demonstrovali, ze IHH poskytuje antiarytmicky ucinok, ktory
je spojeny so zvysenou proteinovou expresiou celkového Cx43, fosforylaciou na serine p-Cx43
(Ser364, Ser365, Ser368) a znizenou fosforylaciou na Ser279/282 a Tyr265. V tomto kontexte
IHH indukované znizenie mRNA transkriptu Cx43 naznacuje post-transkripénti kontrolu
hladiny proteinu Cx43. Navyse bolo zdokumentované zlepSenie lokalizacie celkového Cx43
a p-Cx43(Ser368) v end to end spojeniach a sucasna redukcia side to side spojeni GJ pomocou
IHH v l'avej komore potkanov. Proteinova expresia PKA a PKG kindz bola taktiez zvySena
po adaptacii. Zistili sme, Ze proteinova expresia Cx43 a jeho fosforylovanych foriem P1 + P2
Cx43 sa zvysila, zatial’ ¢o nefosforylovand forma Cx43 (np-Cx43) alebo taktieZ oznaCovana
ako nizko fosforylovand forma sa znizila vplyvom IHH. Zistenie, Ze zvySend regulacia
proteinov myokardu Cx43 je spojenda s ochranou pred arytmiami, je v sulade

s predchadzajucimi stidiami (pre prehl’ad Tribulova et al. 2015).

Posttranslacné modifikacie Cx43 hraju dolezita ulohu pri regulacii funkcie GJ kanalov,
vodivosti a priepustnosti kanalov, v zavislosti na fosforylaénych miestach (Axelsen et al. 2013).
V stlade s tym je zname, Ze otvaranie GJ kanédlov, montaz a demontaz Cx43 do plazmaticke;j
membrany je determinovany fosforylovanym stavom Cx43 (Pogoda et al. 2016). V tejto Stadii
sme preukézali, Ze IHH ovplyviiuje fosforylovany stav Cx43 na jeho Siestich fosforylacnych
miestach (Ser364, Ser365, Ser368, Ser279/282, Tyr265). Ako sauvadza v §tadii Solan a Lampe
(2014) PKA, PKB/Akt, CK1, MAPK a v-Src sa zicastiiuju kontroly fosforylacie Cx43 (Solan
& Lampe 2014).

NaSe zistenia ukazali, Ze expresia PKA aj PKG sa zvysila, zatial' co CK1 bola nezmenena
v l'avej komore zvierat adaptovanych na IHH. Celkovo naSe zistenia podporuju myslienku, ze
GJ komunikécia v 'avej komore potkanov vystavenych IHH je s najvacSou pravdepodobnostou
regulovana modifikdciami Cx43 prostrednictvom viacerych fosforylacnych miest. Zosilnena
GJ komunikacia nastava po aktivacii PKA na Cx43 Ser364/Ser365, ¢o vedie k zvySeniu prenosu
Cx43 na plazmaticki membranu (Tenbroek et al. 2001). Nésledne CKI1 fosforyluje Cx43
na Ser325 / Ser328 / Ser330 pocas prechodu Cx43 z plazmatickej membrany do GJ (Cooper &
Lampe 2002). Dunn a kol. (2012) zistili, ze aktivita Akt reguluje stabilitu GJ a jej aktivita

sa podielala na tvorbe vacSich a stabilnych GJ, zatial o fosforylacia v-Src na Cx43
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(Tyr247/Tyr265) podporuje znizenie regulacie GJ komunikicie a sposobuje demontaz GJ
(Dunn et al. 2012). Zda sa, ze fosforylacia na Ser279/Ser282 pomocou MAPK inhibuje Cx43
(Cottrell et al. 2003).

Vseobecne plati, ze antiarytmicky t¢inok moze tiez zavisiet’ od integrity a lipidového zlozenia
membran, ktoré ovplyviiuji vodivost’ a funkciu membranovo viazanych proteinov. Napriklad
sa uvadza, ze n-3 PUFA zlepsSuju elektricku remodeléaciu, zvySuju expresiu Cx43 a znizuju
vznik arytmii u hypertenznych potkanov (Fischer et al. 2008; Radosinska et al. 2013),
¢o naznacuje uzky vztah medzi Cx43 a antiarytmickym u¢inkom n-3 PUFA. Potravinova
suplementécia potkanov pocas adaptacie na IHH s n-3 PUFA mala za nasledok kumulativny
antiarytmicky uc¢inok, ktory prakticky eliminoval komorové arytmie indukované I/ poSkodenim
(Hlavackova et al. 2007). Predlozend Studia ukézala, Ze kratka ischémia eSte viac zvySuje
uz vysoky podiel n-3 PUFA v membranovych fosfolipidoch v srdei vplyvom IHH, ¢o je v

sulade so zvysenou hladinou p-Cx43 (Ser368) v end to end spojeniach.

Zaverom mozeme povedat, ze IHH poskytuje antiarytmicky Uc¢inok sprevadzany zvySenou
expresiou Cx43 proteinu, fosforyladciou a pozitivnou redistribiciou Cx43 v lavej komore.
Aktivacia protizapalovych kindz méze stimulovat’ signalne drahy ovplyviiujlice obrat a zostavu

GJ, ¢o vedie k zvySenej endogénnej ochrane srdca pred zivot ohrozujucimi arytmiami.

Stiidia B: Adaptation to chronic continuous hypoxia potentiates Akt/HK2 anti-apoptotic
pathway during brief myocardial ischemia/reperfusion insult. Kolar, D., Gresikova, M.,
Waskova-Arnostova, P., Elsnicova, B., Kohutova, J., Hornikova, D., Vebr, P., Neckar, J.,
Blahova, T., Kasparova, D., Novotny, J., Kolar, F., Novakova, O., Zurmanova, JM. (2017).
Mol. Cell. Biochem. 432, 99—-108. IF= 2.669

Bolo preukéazane, Ze zvySeny vyskyt arytmii je tieZ Uizko spojeny so zvySenou produkciou
reaktivnych foriem kyslika (ROS) mitochondriami (Brown & Rourke 2010). Sti¢asne bolo
ukazané, ze zvySend vidzba hexokinazy na vonkajSiu mitochondridlnu membranu zniZuje
oxidativny stres vyvolany mitochondriami (Da-Silva et al. 2004). Zistili sme, Ze vplyvom
adaptacie na CNH, ktora nemd antiarytmicky ucinok, boli zvySené hladiny HK1 a HK2
a celkova HK aktivita po ischémii v porovnani so zodpovedajiicou normoxickou skupinou.
Srdce taktieZ vykazovalo zvySent ischemickt hladinu Akt proteinu fosforylovaného na Ser473,

ktory je zodpovedny za jeho aktivaciu (Kolar et al. 2017). Podobne sa zvysila expresia HK po
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IHH adaptacii, u ktorej najviac dosSlo k zvySeniu asociacie oboch HK1 aj HK2 izoforiem
s mitochondriami (Waskova-Arnostova et al. 2015). To m6ze mat za nésledok zvySenie
dodavky ADP pre ATP-syntazu, primerané znizenie membranového potencidlu, znizenie
produkcie ROS (Da-Silva et al. 2004) a nasledne moze prispievat’ k antiarytmickému ucinku

[HH.

Vedra toho, aktivita Akt kontroluje stabilitu GJ a zucastnuje sa tvorby vicsich a stabilnych GlJ.
Taktiez je zodpovedna za fosforylaciu HK na Thr473, ktora je spojovana so zvysSenou
asocidciou HK2 s mitochondriami, a ktora bola mnohokrat preukazana ako protektivna.
Za fyziologického stavu je HK naviazand na napidtovo zavisly aniontovy kanal VDAC
azvySuje dodavku ADP pre ATP-syntdzu. Tym zvySuje svoju aktivitu a stimuluje celu
glykolyzu na jednej strane a transport glukézy do kardiomyocytov na strane druhej (Wilson
2003), ¢im zlepSuje energeticky stav kardiomyocytov za hypoxickych podmienok. Preto sme
sa zamerali na mitochondridlne subpopulacie (Kolar et al. 2017) a sledovali sme, ¢i nebude toto
zvySenie viac prejavené v subsarkolemalnej populacii mitochondrii, ktord by priamo podporila
uptake glukdzy za hypoxickych ¢i ischemickych podmienok. Tato hypotéza sa nepotvrdila,
ale ukazalo sa, ze adaptacia na CNH, zabranila odviazaniu HK2 z mitochondrii v priebehu
reperfuzie, a to u vsetkych mitochondrialnych subpopulécii rovnako (Kolar et al. 2017). V tejto
stvislosti sme preukazali vysoko fosforylovani Akt po 10-minutovej ischémii v hypoxickom
srdci v oboch pracach (Kolar et al. 2017; Kohutova et al. 2019). Z toho vyplyva, Ze hypoxia
aktivuje protektivne signalne drahy Akt, ktoré pretrvavajii pocas 10-minttove]j ischémie,
a literatura doklada, Ze pri dlhSej expozicii ischémii dochadza k degradacii Cx43 1 odpojeniu

HK z mitochondrii.

Stiidia C: Vplyv akiitneho a chronického chladu na zmeny v expresii a distribiicii Cx43 a jeho

kindz. (nepublikovana)

V tejto rozsiahlej doposial’ nepublikovanej $tudii, sme prvykrat poukazali na zmeny expresie
a distribicie Cx43 po vystaveni akitnemu a chronickému chladu. Zistili sme, Ze proteinova
expresia Cx43 a jeho fosforylovanych foriem P1 + P2 Cx43 sa nezvysila vplyvom 3D a 10D
chladu, zatial ¢o np-Cx43 sa znizil vplyvom 10D chladu. Imnuflorescenéné farbenie
nepreukdzalo zmeny v distribtcii Cx43 vplyvom 3D a 10D chladu. V pripade chronického

chladu sme zaznamenali zvySenl proteinovu expresiu celkového Cx43. Kvantitativna analyza
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imunofluorescencnych obrazkov odhalila mierny narast Cx43 v end to end spojeniach
v myokarde po vystaveni chronickému chladu. Zatial’ neexistuji relevantné prace, s ktorymi
by sme mohli nase vysledky porovnat. Najbliz§im modelom je hibernacia, avSak u nasich
zvierat nedochadza k hypotermickému stavu. Aj napriek tomu naSe zistenia koreluju s pracou
Saitongdee (2000), kde kvantitativna analyza ukéazala vyrazne vysSiu imunoexpresiu Cx43
z hladiska poctu plakov a v oblasti plochy plakov pocas hibernicie v porovnani s kontrolou

u Skrecka.

Vzhl'adom na to, ze ro6zne typy medzibunkovych kanalov maju rozdielne vlastnosti kanalov
vratane velkosti pérov, vodivosti a iontove] selektivity, zmeny v mnozstve a distriblcii
konexinov v bunkich st spojené s mnozstvom patologickych stavov, ako je arytmia,
aterosklerdza (Kanno & Saffitz 2001). Navyse je funkcia GJ regulovand r6znymi faktormi,
ako je fosforyldcia, napitie, Ca’*", pH, ale aj membranova fluidita a d’alsie. Niekolko
experimentidlnych nalezov je v sulade s hypotézou, 7e dochiadza k pretazeniu Ca®"
v kardiomyocytoch pocas hypotermie u nehibernatorov (kralika a potkan), ale nie

u hibernatorov (Johansson 1996), ¢o by mohlo byt vel'mi zaujimavou témou k Stadiu.

V pripade akutneho chladu bola popisana uloha adrenergdného systému u c¢loveka
v termogenéze (Simeckova et al. 2000), co by mohlo ovplyvnit’ distribliciu Cx43. NaSe zistenia
preukazali nesignifikantné zniZenie expresie PKA u chronického chladu, ale v pripade Akt
doslo k zniZeniu aj vplyvom chronického chladu a regresie. WB analyza taktiez odhalila
zvysené protichodné zmeny v expresii PKCo a PKCe. Aj ked’ st PKCe a PKC9 ¢lenmi tej istej
podskupiny, PKCd (bezne oznafovand ako kinaza smrti) a PKC-¢ (bezne oznaCovand ako
kinaza preZitia) sprostredkovavaji kontrastné a dokonca protikladné ucinky (Singh et al. 2017).
Dal3ou sledovanou kinazou bola CKI, ktorej proteinova expresia sa vplyvom chronického
chladu a regresie nezmenila. CK1 fosforyluje Cx43 na Ser325/Ser328 Ser330 pocas prechodu
Cx43 z plazmatickej] membrany do GJ (Cooper & Lampe 2002). Bolo zisten¢, Ze proteiny
tepelného Soku su zvySené pri chlade a existuji dokazy, Ze tieto proteiny, konkrétne heat shock
protein 70, chrani Cx43 pred degeneraciou (Laing et al. 1998). Tomu nasvedcuji aj zmeny
v expresiit MAPK, ktord fosforyluje Cx43 na Ser279/Ser282, ¢im reguluje proces internalizicie

a degradacie Cx43.
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Zaver

Kardiovaskularne ochorenia predstavuji vyznamné pri¢iny umrtnosti v dosledku arytmii
a nasledného kontraktilného srdcového zlyhania, pri ktorych je alarmujuca prevalencia
rizikovych faktorov u mladych l'udi. Srdcové ochorenia st Casto sprevadzané zhorSenou
funkciou mitochondrii, rozvijajicim oxidativnym stresom, poklesom celkového Cx43

a zvySenim lateralnych spojeni, ¢im sa zvysuje sklon srdca k malignym arytmiam.

Tato praca sa zaobera ulohou konexinov aich potencidlnych upstream kindz v dvoch
protektivnych rezimoch adaptacie na hypoxiu (IHH) a adaptacie na chlad. Sucasne vysledky
tejto prace nadvézuji na uz publikované data tykajuce sa ochrany mitochondrii zvySenou
asocidciou hexokinazy u antiarytmického rezimu IHH a Studovanim tohto javu u CNH, ktory

antiarytmické G€inky nema.

Ochrana mitochondrii pred nadmernou produkciou ROS v hypoxii anaslednym I/R
poskodenim pomocou zvySenej asociacie hexokindzy preukazala rozdiely medzi
antiarytmickou IHH a proarytmickou CNH. V pripade IHH asociacia hexokinadzy 1 aj2
vyznamne rastie, procom vplyvom CNH sa asocidcia nezmenila ani u jednej z izoforiem.
Délezitym néalezom vsak je, ze CNH znizila mieru odojenia HK2 z mitochondrii v priebehu

reperfuzie v porovnani s kontrolami.

Nase vysledky na modeli IHH ukazali zvySenu expresiu a fosforylaciu a sucasne znizen
lateralizaciu konexinov, ¢o mdze zavazne prispievat k uZ zndmemu antiarytmickému ucinku.
Zistili sme, ze IHH ovplyviiuje fosforylovany stav Cx43 na jeho Siestich fosforylacnych
miestach (Ser364, Ser365, Ser368, Ser279/282, Tyr265), co bolo v sulade s detekovanymi
alebo uZ publikovanymi upstram kindzami. Zatial’ Co v akltnej expozicii chladu nedochédza
ani k podstatnym zmenam v expresii a fosforylacii konexinov, u chronickej CH adaptacie
sa znizuje lateralizacia. Nachadzame tiez zasadne rozdiely v aktivacii upstream kindz medzi
IHH a CH. V priebehu I/R u adaptovanych zvierat na IHH, doSlo k d’alSiemu zniZeniu

lateralizacie konexinov, ¢o bolo v sulade s navySenim n-3 PUFA.

Zaverom mozeme povedat, Ze naSe prace priniesli originalne vysledky, ktoré otvéaraju nové
pohlady na kardioprotektivne rezimy adaptacii, avSak k Gplnému porozumeniu tychto

mechanizmov je nutné d’alSie Stadium.
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ANGLICKA CAST (ENGLISH PART)

Abstract

Ventricular arrhythmias are the main cause of death worldwide. An increased incidence
of arrhythmias in the heart of mammals is accompanied by remodelling of the GJ channels
consisted mainly of connexin 43 (Cx43). Recently is demonstrated significant effect
of mitochondria and their association with arrhythmogenesis. Various pathological conditions
alter the expression and / or distribution of Cx43, depending on the phosphorylation status, but
also on altering the association of hexokinase with mitochondria, which reduces the likelihood
of apoptosis activation. Adaptation to intermittent hypobaric hypoxia potentiates endogenous
pathways reducing the incidence of ventricular arrhythmias, whereas continuous normal
hypoxia does not have this effect. Another studied model is cold acclimatization which has
been known for several decades for its beneficial effects on human health. However, the heart
study of these models in relation to Cx43 are missing. Therefore, our goal was to determine
the expression of the phosphorylated state of Cx43, (p-Cx43) and hexokinase (HK1, HK2)
and their distribution in cardiomyocytes. In addition, the expression of Cx43 upstream kinases,
protein kinase A (PKA), protein kinase G (PKG), casein kinase 1 (CK1) in normoxic (N)
and hypoxic left ventricle (LV) of rats, along with Cx43 distribution during short ischemia
and reperfusion injury were analyzed. Male Wistar rats were adapted to hypoxia (7 000 m,
8 hours / day, 5 weeks or 10% oxygen, 3 weeks), and then special groups of the heart were
exposed to short-term ischemia (10 minutes) and reperfusion (15 minutes) in vivo. Expression
and phosphorylation were assessed by specific antibodies and mass spectrometry. The Cx43
distribution at end fo end and side to side longitudinal junctions was evaluated by quantitative
immunofluorescence microscopy. Cx43 on longitudinal sections of the left ventricle
and protein expression of Cx43 in LV of animals exposed to cold (6 = 1° C) for 3 days,
10 days, 5 weeks and then 2 weeks at 24 = 1° C. Our results indicate significant benefits
in changes of expression and Cx43 phosphorylation in signaling pathways that may
be responsible for the antiarrhythmic effect associated with adaptation to hypobaric hypoxia.
No changes have been demonstrated after normobaric hypoxia and offer the possibility

of 5-week acclimation to cold to the cardioprotective pathway.

Key words: Rat, Heart, Cold, Hypoxia, Connexin 43, Hexokinase
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Introduction

Proper intercellular communication is essential for normal electrical activation
of the myocardium and for synchronized cardiac contraction. Contractile heart failure and
arrhythmias are the main cause of death due to heart disease. Myocardial remodelling in these
pathologies may be associated with reduced intercellular communication resulting from
a change in the expression and/or distribution of connexin 43 (Cx43) as the major component

of the gap junction (GJ) of the left ventricular myocardium.

Numerous studies have pointed to the development of pathological heart disease, often related
to structural and electrical remodelling of the myocardium, an increased risk of ventricular
arrhythmias and sudden cardiac death. Experimental studies on genetically
engineered/modified mice with reduced Cx43 showed the relationship between weakened
intercellular communication and arrhythmogenesis. A key role in arrhythmia reconstruction
of GJ has been demonstrated in a catheter cardiac infarct model, where the change in Cx43

expression correlated with localization of re-entry arrhythmias.

In addition to the number of Cx43 and conductive properties of GJ, Cx43 localization is also
an important aspect that contributes to arrhythmogenesis and the attenuation of its abnormalities
has been repeatedly shown to be cardioprotective. Under physiological conditions, GJ
are predominantly located on intercalar disks, where they provide end fo end conduction
between adjacent cardiomyocytes. In addition, small amounts of Cx43 outside the intercalar
discs are provided in the lateral plasma membrane which allow for a side to side connection
between cardiomyocytes (i.e., side connection). Differencies in Cx43 expression and its
functional properties have been observed in various pathological states due to posttranslational
modifications affecting conduction and probability of channel opening. Reduced Cx43
expression as well as increased conduction leads to the formation of an arrhythmogenic
substrate, causing slowing and abnormal conduction. The finding that upregulation of the Cx43
myocardial protein is associated with protection from arrhythmias is consistent with previous
studies.

Adaptation to chronic hypoxia is also a well-known cardioprotective phenomenon. Previous
studies performed at the Institute of Physiology of the Academy of Sciences of the Czech

Republic showed an increased ischemic tolerance, improvement of post-ischemic contractility
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and especially a decreased tendency to arrhythmias after the adaptation to intermittent
hypobaric hypoxia (IHH, 7000 m, 5 weeks) (Asemu et al. 2000, Ostadal & Kolar 2007),
whereas the adaptation to continuous normobaric hypoxia (CNH) did not provide any beneficial
antiarrhythmic effect. Both of our workplaces have demonstrated that reactive forms of oxygen
play a role in the mechanism of endogenous cardioprotection induced by IHH and CNH (Kolar
et al., 2007, Kasparova et al., 2015). In addition, IHH plays a role in mitochondrial hexokinase
translocation (Waskova-Arnostova et al., 2015), protein kinase C activation (Hlavackova et al.,
2007) and mitochondrial K-ATP channels opening (Neckar et al. 2002). However, data whether

myocardial Cx43 may participate in [HH-induced antiarrhythmic effects are missing.

Another studied model is the adaptation to cold , which is still a not very well studied model
in relation to Cx43 and other cardioprotective mechanisms. Adaptation to cold is known for its
positive effects, which improves the immune and vascular response, thermoregulation and has
a hypolipidemic effect. Cold adherence leads to the formation of brown fat tissue, which
is usually formed during hibernation and thus keeps heart activity steady even at low
temperatures (Blumberg 1997). Our results can only be compared with the physiology
of hibernation, which is characterized by a dramatic decrease in heart rate, breathing,
metabolism, blood pressure and body temperature, and resistance to ventricular fibrillation. GJs
provide low-resistance pathways in the heart that facilitate the electrical and metabolic bond
between heart muscle cells, coordinated cardiac action and tissue homeostasis. The conductivity
of these GJs, and therefore their function, is likely to be affected by physiological changes

occurring during hibernation.

In this work we focus on the possible role of expression, phosphorylation and distribution
of Cx43 as well as individual kinases with respect to antiarrhythmic effects stimulated

by adaptation to IHH and cold.
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Aims of the thesis

The aim of the dissertation was to better understand the importance of the distribution of Cx43
and the various Cx43 phosphorylations and to find their connection with the antiarrhythmic
effect of adaptation to IHH and cold. Since the occurrence of malignant arrhythmias
as a consequence of ischemia-reperfusion injury to the heart has an important role in mortality
in the current population, the knowledge of endogenous protective mechanisms is of great

importance and can contribute to the improvement of pharmacological treatment.

Objective 1. Identification of the distribution of t-Cx43 and p-Cx43 (Ser368) between

end and lateral connections in LV N, IHH animals, after ischemic insult and I / R injury.

Objective 2. Identify the distribution of HKI1 and HK2 isoforms in LV N, CNH animals,

after ischemic insult and I/ R injury.

Objective 3. Determination of expression of myocardial Cx43 and p-Cx43 (Ser368), PKA,
CKI1 and PKG in LV N and IHH animals.

Objective 4. Identification of phosphorylation sites and other post-translational modifications

of Cx43 in LV N and IHH animals by mass spectrometry.

Objective 5. Determination of Cx43 transcript mRNA and lipid analysis in LV N and IHH

animals.

Objective 6. Determination of myocardial Cx43 expression in LV after 3-day and 10-day cold
exposure (3D, 10D) and after 5-week cold exposure followed by 2-week regression (CH
and R).

Objective 7. Identification of total Cx43 distribution between end and lateral LV connections

in acute and chronic cold exposure and subsequent regression.

Objective 8. Determination of expression of PKA, CK1, Protein kinase B (PKB / Akt), PKCe,
PKC$, Mitogen-activated protein kinase (MAPK) in LV CH and R.

21



Methods and experimental design

Study A, B

Experimental adult male 8-week-old Wistar rats from the breeding station of the Academy
of Science, Institute of Physiology (Czech Republic) were used. The animals had free access

to water and a standard 12-hour light / 12-hour dark regime and standard laboratory diet.

The rats were subjected to IHH and CNH. Adaptation to the IHH occurred 8 hours a day, 5 days
a week, a total of 25 days. The barometric pressure was gradually reduced to 13 exposures
that represent an altitude of 7,000 m. Control groups were kept under normoxic conditions
corresponding to an altitude of 200 m at 21-23 ° C. Barometric pressure was 99 kPa and oxygen
partial pressure 20.7 kPa (FIO2 = 0.21). The specific conditions of CNH occurred 24 hours
a day, 7 days a week, a total of 21 days, (FIO2 =0.1).

At the end of each experiment, pentobarbital (60 mg / kg i.p.) was administred and the tissue
for Western blotting, Immunoflorescence, RT-PCR, Mass Spectrometry, and Lipid Analyses
was obtained. The individual heart sections were weighed and frozen in liquid nitrogen
(-80 ° C), where they were stored for further processing. Five hearts from each group were
subjected to short ischemia-reperfusion injury (I/ R) in vivo (Study A) as described in (Neckar
et al., 2017) and ex vivo on a Langendorff apparatus perfusion system (Kolar et al., 2017 )

(Study B).

In this experiment, the distribution of total Cx43 (t-Cx43) and phospho-Cx43 on Ser368
(p-Cx43 (Ser368)) between terminal and lateral connections and / or two hexokinase (HK1 and
HK?2) were analyzed in LV normoxic and hypoxic animals, after ischemic insult and I/ R injury
by immunofluorescence staining using specific antibodies. Subsequently, the individual
sections were scanned in the Olympus cell P fluorescence microscope (Carl Zeiss, Germany)
and the images were processed using the FIJI software and using its own script for semi-
automation of the end and lateral junction evaluation process. Myocardial expression of Cx43,
p-Cx43 (Ser368), PKA, CK1, PKG in LV of normoxic and hypoxic animals was determined
by Western blot using specific primary and secondary antibodies. Cx43 phosphorylation sites
were identified in LV in normoxic and hypoxic animals by mass spectrometry. The mRNA
transcript of Cx43 was also determined in LV in normoxic and hypoxic animals by RT-PCR

analysis.
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Study C

Adult male Wistar rats (8 weeks old) (Velaz s.r.o0.) were used in this study. The animals was
bred in a breeding facility and had free access to water and a 12-hour light / 12-hour dark cycle,
including a standard laboratory diet, caged by pairs. The rats were divided into six groups
in the experiment as follows: acute control (K), 3-day cold (3D), 10 day cold (10D), chronic
control (K), chronic cold (CH), and regression group (R). Control groups were kept at room
temperature 24 £ 1 ° C. The 3D group was exposed for 3 days to the ambient temperature
of 6 £ 1 ° C. Group 10D was exposed to the ambient temperature temperature of 6 = 1 ° C
for 10 days. CH and R groups were kept in a separate room from the control groups. Both
groups had been progressively adapted to the ambient temperature of 6 + 1 °C within one week
after which they remained for another 5 weeks. The R group was subsequently transferred to

the control temperature in which it stayed for 2 weeks.

Other methodological approaches were similar to studies A, B

Results and discussions

In cooperation with the Physiology Institute Academy of Science Czech Republic,
the Department of Developmental Cardiology monitored changes in the expression, distribution
and phosphorylation of Cx43 on the hypobaric model. Several studies have confirmed
cardioprotective effects due to increased ischemic tolerance and reduced tendency
to arrhythmias (Asemu et al., 1999, Neckar et al., 2002). In addition, we used a model
of normobaric continuous hypoxia, which shows cardioprotective effects at the level
of myocardial infarction size, but the arrhythmias have a reciprocal course (Neckar et al, 2013).
The third model was thecold adaptation that we observed from the acute to the chronic periods,

and then also from the recovery point of view.

Study A: Anti-arrhythmic cardiac phenotype elicited by chronic intermittent hypoxia
is associated with alterations in connexin-43 expression, phosphorylation and distribution.
Kohutova, J., Elsnicova, B., Holzerova, K., Neckar, J., Sebesta, O., Jezkova, J., Vecka, M.,
Vebr, P., Hornikova, Szeiffova-Bacova, B ., Egan Benova, T., Hlavackova, M., Tribulova, N.,
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Kolar, F., Novakova, O., Zurmanova, JM. (2019) Frontiers in Endocrinology. 25 January,
https://doi.org/10.3389/fendo.2018.00789. [F = 3.519

In the IHH model, we have demonstrated for the first time that IHH provides an antiarrhythmic
effect which is associated with increased protein expression of total Cx43, phosphorylation
of serine p-Cx43 (Ser364, Ser365, Ser368) and decreased serine Ser279 / 282 phosphorylation
and tyrosine Tyr265. In this context, the IHH induced Cx43 mRNA transcript reduction
suggests post-transcriptional control of the Cx43 protein level. Additionally, improved
localization of the total Cx43 and p-Cx43 (Ser368) in end to end connections
and the concomitant side fo side reduction of GJ by IHH in the left ventricle were documented.
Protein expression of PKA and PKG kinases was also increased after adaptation. We found that
protein expression of Cx43 and its phosphorylated forms P1 + P2 Cx43 increased, whereas non-
phosphorylated form Cx43 (np-Cx43) or also referred to as low phosphorylated form was
decreased by IHH. The finding that increased regulation of Cx43 myocardial proteins
is associated with protection from arrhythmias is consistent with previous studies

(for the review see Tribulova et al., 2015).

Post-translational modifications Cx43 play an important role in regulating the function
of the channels of the connecting slots, conductivity and channel penetration, depending
on phosphorylated sites (Axelsen et al., 2013). Accordingly, it is known that the opening
of GJ channels, assembly and disassembly of Cx43 into the plasma membrane is determined
by the phosphorylated Cx43 state (Pogoda et al., 2016). In this study we have shown that [HH
affects the phosphorylated Cx43 state at its six phosphorylation sites (Ser364, Ser365, Ser368,
Ser279/282, Tyr265). As shown in the Solan and Lampe study, PKA, PKB/Akt, CK1, MAPK,
and v-Src tyrosine kinase are involved in controlling the phosphorylation of Cx43 (Solan &

Lampe 2014).

Our findings also showed that both PKA and PKG expression increased, whereas CK1 was
unchanged in the left ventricle of IHH adapted animals. Overall, our findings support the idea
that GJ communication in the left ventricle of rats exposed to IHH is most likely regulated
by Cx43 modifications through multiple phosphorylation sites. Enhanced GJ communication
occurs after activation of PKA on Cx43 Ser364 / Ser365, resulting in increased Cx43 transfer
to the plasma membrane (Tenbroek et al., 2001). Subsequently, CK1 phosphorylates Cx43
at Ser325 / Ser328 / Ser330 sites during Cx43 transition from the plasma membrane to GJ
(Cooper & Lampe 2002). Dunn ef al. found that the Akt activity regulates the stability of GJ
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and its activity was involved in the formation of larger and more stable GJs while
the phosphorylation of v-Src on Cx43 (Tyr247 / Tyr265) supports the reduction of GJ
communication regulation and causes GJ disassembly (Dunn et al., 2012) . It appears that

phosphorylation on Ser279/Ser282 by MAPK inhibits Cx43 (Cottrell et al., 2003).

Generally, the antiarrhythmic effect may also depend on the integrity and lipid composition
of membranes that affect the conductivity and function of membrane-bound proteins.
For example, n-3 PUFA improves electrical remodeling, increases Cx43 expression and reduces
arrhythmias in hypertensive rats (Fischer et al., 2008, Radosinska et al., 2013), suggesting
the close relationship between Cx43 and the antiarrhythmic effect of n-3 PUFA. Food
supplementation of rats during adaptation to IHH with n-3 PUFA resulted in a cumulative
antiarrhythmic effect that practically eliminated I/R-induced ventricular arrhythmias
(Hlavackova et al., 2007). The present study has shown that short ischemia further increases
the already high proportion of n-3 PUFA in membrane phospholipids in the heart by IHH, which
is consistent with the elevated level of p-Cx43 (Ser368) in the end to end Gl.

In conclusion, IHH provides an antiarrhythmic effect accompanied by increased expression
of the Cx43 protein, phosphorylation and positive Cx43 redistribution in the left ventricle.
Activation of anti-inflammatory kinases can stimulate signal pathways affecting the turnover

and GJ assembly, resulting in increased endogenous.

Study B: Adaptation to chronic continuous hypoxia potentiates Akt/HK2 anti-apoptotic
pathway during brief myocardial ischemia/reperfusion insult. Kolar, D., Gresikova, M.,
Waskova-Arnostova, P., Elsnicova, B., Kohutova, J., Hornikova, D., Vebr, P., Neckar, J.,
Blahova, T., Kasparova, D., Novotny, J., Kolar, F., Novakova, O., Zurmanova, JM. (2017).
Mol. Cell. Biochem. 432, 99-108. [F= 2.669

It has been shown that increased occurrence of arrhythmias is also closely associated with
higher production of reactive forms of oxygen (ROS) by mitochondria (Brown & Rourke 2010).
At the same time, increased binding of hexokinase to the outer mitochondrial membrane has
been shown to reduce oxidative stress induced by mitochondria (Da-Silva et al., 2004). We
have found that due to adaptation to CNH that did not have an antiarrhythmic effect, elevated
levels of HK1 and HK2 and overall HK activity after ischemia were compared with

the corresponding normoxic group. The heart has also shown an elevated ischemic level of Akt
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protein phosphorylated Ser473 which is responsible for its activation (Kolar et al., 2017).
Similarly, HK expression increased after [IHH adaptation, with greatest association of both HK 1
and HK2 isoforms with mitochondria (Waskova-Arnostova et al., 2015). This may result
in increased ADP supply for ATP synthase, adequate reduction of membrane potential,
reduction of ROS production (Da-Silva et al., 2004) and consequently may contribute
to the antiarrhythmic effect of IHH.

In addition, the Akt activity controls the stability of GJ and participates in the formation
of larger and stable GJs. It is also responsible for the phosphorylation of HK on Thr473, which
is associated with a higher association of HK2 with mitochondria, which has been shown
protective. In the physiological conditions HK is bound to the voltage-dependent anionic
channel of VDAC and increases ADP delivery for ATP synthase. This enhances its activity
and stimulates total glycolysis on the one hand and glucose transport to the cardiomyocytes
on the other hand (Wilson 2003), thereby improving the energetic situation of cardiomyocytes
under hypoxic conditions. Therefore, we have focused on mitochondrial subpopulation (Kolar
et al., 2017) and we have observed that this increase would not be more pronounced
in subsarcomal populations of mitochondria that would directly promote glucose uptake under
hypoxic or ischemic conditions. This hypothesis has not been confirmed, but CNH adaptation
has been shown to prevent the removal of HK2 from mitochondria during reperfusion,
in all mitochondrial subpopulations as well (Kolar et al., 2017). In this context, we have
demonstrated a highly phosphorylated Akt after a 10-minute ischemia in hypoxic heart in both
works (Kolar et al., 2017, Kohutova et al., 2019). Hence, hypoxia activates Akt protective
signaling pathways that persist during 10-minute ischemia, demonstrating that Cx43

degradation and HK dissociation from mitochondria occur when prolonged ischemia is exerted.

Study C: Influence of acute and chronic cold on changes and expressions of Cx43

and its kinases. (unpublished)

In this extensive, unpublished study, we have pointed for the first time change in Cx43
expression and distribution after exposure to acute and chronic cold. It has been found
that protein expression of Cx43 and its phosphorylated forms of P1 + P2 Cx43 did not increase
with 3D and 10D cold, while np-Cx43 was decreased at 10D cold. Immunofluoresce did not
show changes in Cx43 distribution due to 3D and 10D cold. In the case of chronic cold, we

have seen increased protein expression of total Cx43. Quantitative analysis
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of immunofluorescence images revealed a slight increase in Cx43 in endpoints
in the myocardium after exposure to chronic cold. So far, there are no relevant works to compare
our results. The closest model is hibernation, but there is no hypothermic condition in our
animals. However, our findings correlate with the work of Saitongde (2000), where quantitative
analysis have shown significantly higher Cx43 immunoexpression in plaque count and plaque

area during hibernation compared to control.

Since different types of channels have different channel properties, including pore size,
conductivity and ion selectivity, the change in the amount and distribution of connexins in cells
is associated with a number of pathological conditions such as arrhythmia, atherosclerosis
(Kanno & Saffitz 2001). In addition, GJ function is regulated by various factors such
as phosphorylation, voltage, Ca®’, pH, but also membrane fluidity and others. Several
experimental findings are consistent with the hypothesis that there is Ca?* overload
in cardiomyocytes during hypothermia in nonhibernators (rabbit and rat), but not in hibernators

(Johansson 1996), which could be a very interesting topic for the study.

In the case of acute cold, the role of the adrenergic system in humans in thermogenesis was
described (Simeckova et al., 2000), which could affect the distribution of Cx43. Our findings
have shown a significant decrease in PKA expression in chronic cold, but in the case of Akt
there was also a decrease in the effect of chronic cold and regression. WB analysis have
also revealed increased inverse changes in the expression of PKCs and PKCe. Although PKCe
and PKCo are members of the same subgroup, PKCs (commonly referred as the death kinase)
and PKC-¢ (commonly referred as survival kinase) mediate contrast and even adverse effects
(Singh et al., 2017). Another observed kinase was CK1, which protein expression was not
altered due to chronic cold and regression. CK1 phosphorylates Cx43 on Ser325 / Ser328 /
Ser330 during the transition of Cx43 from the plasma membrane to GJ (Cooper & Lampe 2002).
Heat shock proteins were found to be elevated in the cold, and there is evidence that these
proteins, specifically the heat shock protein 70 protect Cx43 from degradation (Laing et al.,
1998). This also indicates changes in MAPK expression, which phosphorylates Cx43 on Ser279

/ Ser282, thereby regulating the Cx43 internalization and degradation process.
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Conclusion

Cardiovascular diseases are major causes of mortality due to arrhythmias and subsequent
contractile cardiac failure, which are alarming for the prevalence of risk factors in young people.
Heart illnesses are often accompanied by impaired mitochondrial function, developing
oxidative stress, decreasing total Cx43 and increasing lateral joints, thereby increasing

the tendency of the heart to malignant arrhythmias.

This work deals with the role of connexins and their potential upstream kinases in two
protective modes of adaptation to hypoxia (IHH) and adaptation to cold (CH). At the same time,
the results of this work are related to the already published data on the protection
of mitochondria by the increased hexokinase association in the IHH antiarrhythmic regimen,
by studying this phenomenon in the CNH hypoxic regime, which does not have antiarrhythmic

effects.

Regarding the protection of mitochondria from excessive production of ROS in hypoxia
and subsequent I/R injury by increased association of hexokinase, we found differences
between antiarrhythmic IHH where the association of hexokinase 1 and 2 significantly
increased and proarytmic CNH, where the association did not change even in one isoform. An
important finding is that CNH reduced the rate of HK2 dissociation from mitochondria during

reperfusion as compared to controls.

Our IHH results have shown increased expression, phosphorylation and decreased lateral
ligation of connexins, which can contribute significantly to the already known antiarrhythmic
effect. We found that IHH affects the phosphorylated state of Cx43 at its six phosphorylation
sites (Ser364, Ser365, Ser368, Ser279/282, Tyr265), consistent with detectable or even
published kinases. Since there is no significant change in the expression and phosphorylation
of connexins in active cold exposure that does not alter the arrhythmia, chronic lateralisation
is reduced in chronic CH adaptation in accordance with its antiarrhythmic effect. There are also
fundamental differences in upstream kinase activation between IHH and CH. During I /R
in the adapted animals on IHH, further down-regulation of Cx43 was observed, which was

consistent with an increase in n-3 PUFA.
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Concludingly, our work has produced original results that open up new insights
into cardioprotective regimes of adaptation, and further study is needed to fully understand

these mechanisms.
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