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IVADAS

Sirdies nepakankamumas (SN) yra klinikinis sindromas, pasireigkiantis
susilpnéjusia Sirdies funkcija dél strukturiniy ir funkciniy pazeidimy. IS Siy
pazeidimy klinikingje praktikoje vienas dazniausiai diagnozuojamy yra iSe-
minés kilmés SN [1]. Nepaisant tobul¢jan¢ios SN diagnostikos ir gydymo,
standartizuoti pagal amziy SN sergamumo rodikliai ir bendras pacienty,
kuriems diagnozuotas §is sindromas, skaicius didéja [2]. Prognozuojama, kad
pasaulyje yra apie 64 milijonai ligoniy, sergan¢iy SN [1]. Todél SN, kaip kli-
nikiné, socialin¢ ir ekonominé problema, yra susijes su didéjanciais hospitali-
zacijos [3], mirStamumo stacionare ir bendryjy islaidy sveikatos prieziiiros
sektoriuje rodikliais [4].

SN patogeneziniai mechanizmai yra gana pla¢iai apibadinti, tatiau
ankstyvyjy kompensaciniy strukttiriniy poky¢iy, vykstan¢iy kardiomiocituo-
se iki pirmyjy SN simptomy, biologiné reik§mé SN formavimuisi islicka
neaiski. D¢l iSeminio Sirdies raumens paZeidimo sukeliami vidulasteliniai
molekulinio lygmens kompensaciniai procesai, kuriy tikslas — atkurti ir palai-
kyti jprasta $irdies audinio funkcionaluma [5, 6]. Sie kompleksiniai struktiiri-
niai kompensaciniai procesai, zinomi kaip remodeliavimasis, vyksta lgsteliniu
ir vidulgsteliniu lygmenimis, keiciantis kardiomiocito citoskeleto elemen-
tams, sgveikaujantiems su Sios Igstelés sarkoplazma, sarkomerais ir branduo-
liu, kartu keiciantis ir Sios lgstelés geometrijai [7].

D¢l remodeliavimosi metu Sirdies skilveliy kardiomiocituose vykstanciy
vidulgsteliniy baltymy raiskos pokyc¢iy iSemijos paZzeistuose audiniuose
uztikrinamas kardiomiocity plastiSkumas prisitaikyti, iSlikti ir atgauti
pazeisty audiniy funkcionalumg padidéjusio mechaninio ir oksidacinio streso
salygomis, kartu keiCiantis Sirdies kameros dydZziui, formai ir funkcijai [8].
Vis délto, uzsitgsus iSemijos nulemtam miokardo remodeliavimuisi kartu
eikvojami kardiomiocity energijos iStekliai ir pazeidziama vidulgstelinés
baltymy sintezés homeostazé (proteostaze¢) [7]. Kai vidulasteliniai kardio-
miocity kompensaciniai mechanizmai i$senka, geba iSlaikyti Siy lasteliy
funkcionalumag vykstant remodeliavimuisi silpsta. Tai lemia viso Sirdies
raumens funkcijos silpnéjima, galiausiai pasireidkiantj simptominiu SN.

Ivertinus kardiomiocity jtaka Sirdies raumens remodeliavimosi procesui
ir Siose lastelése vykstancius baltymy raiskos persitvarkymus, vis daugiau
démesio skiriama diagnostikos kriterijy ir Zymeny, atspindinCiy Sirdies
raumens persitvarkymo metu vykstan¢iy baltymy raiSkos dinamika ir sgsajas
su kardiomiocity formos bei funkcijos pokyciais, paieskai [9, 10]. Nagri-
néjant kardiomiocity struktiirinés reorganizacijos biologing reik§me¢ formuo-
jantis iSeminés kilmés SN, daug démesio skiriama ankstyvuosius su



kardiomiocity remodeliavimusi ir proliferacijos geba susijusiy baltymy
raiSkos pokyc¢ius apibiidinantiems Zymenims.

Desminas, vienas i§ vyraujanciy kardiomiocito citoskeleto tarpiniy fila-
menty, yra svarbus palaikant mechaninj lgsteliy atsparuma ir funkcinj inte-
gralumg vykstant remodeliavimuisi [11, 12]. Osteopontinas (OPN), fosfori-
lintas glikoproteinas [13, 14], kaip vienas i§ sitilomy SN gydymo taikiniy
[15], dalyvauja moduliuojant uzdegima, stimuliuoja geny, atsakingy uz
kardiomiocity hipertrofija, raiSka [ 16—18] ir yra svarbus perduodant signalus
kitoms lgsteléms [19]. Gremlinas 1 (Grem1), Dan Seimos baltymy morfoge-
nezinis antagonistas, yra svarbus ne tik Sirdies embriogenezei [20] ir audiniy
remodeliavimuisi [21], bet ir moduliuoja angiogenezés procesus, esant hipok-
sinéms lgsteliy mikroaplinkos sglygoms [22]. iRNR heterogeniniai branduo-
lio ribonukleoproteinai (iIRNR hnRNP), iskaitant iRNR hnRNP C, dalyvau-
jantys paSalinant intronines pirminiy iRNR transkripty sekas, yra siejami su
kardiomiocity hipertrofija ir SN [23, 24].

Tyrimai rodo, kad $iy baltymy raiskos poky¢iy, vykstant Sirdies raumens
remodeliavimuisi, apibiidinimas yra reik§Smingas vertinant miokardo kont-
raktilinio segmento lasteliy funkcing geba, kartu nustatomi nauji duomenys
apie kardiomiocity remodeliavimasi, SN patogenezinius mechanizmus,
galimus SN diagnostikos ir gydymo taikinius [15, 23, 25]. Klinikiniu poZifiriu
desmino, OPN, Grem] ir iRNR hnRNP C raiskos pokyc¢iy vertinimas yra
svarbus SN rizikai jvertinti, ligos eigai stebéti, galimoms baigtims progno-
zuoti ir individualizuotai SN pacienty sveikatos priezitrai organizuoti [23,
24, 26-30].

Nors kardiomiocity remodeliavimosi ir baltymy raiskos persitvarkymo
biologiné reik§mé SN formavimuisi dokumentuota, tadiau daugumos tyrimy
duomenys apie kardiomiocity geometrijos pokycius remodeliavimosi metu
yra fragmentiSki [31, 32], apibudinantys Siy lasteliy geometrijos, baltymy
rai$kos poky¢ius, kai buvo galutinés stadijos SN, dilataciné kardiomiopatija
ar imin¢ iSemija [17, 29, 33, 34]. Be to, baltymy raiskos poky¢iy tyrimai
dazniausiai atliekami matuojant baltymy koncentracijos pokycius kraujo
plazmoje, nesiejant $iy baltymy raiskos poky¢iy su konkreciy Sirdies raumens
struktiiry (Iasteliy) persitvarkymu progresuojant SN [10, 19, 27]. Todél
duomenys apie iseminés SN patogenezei reik§mingus ankstyvuosius geomet-
rinius kardiomiocity pokycius remodeliavimosi metu ir baltymy, svarbiy
moduliuojant patj kardiomiocity remodeliavimosi procesa, raiSkos persitvar-
kyma struktiiriniu pozitriu iSlieka neiSsamils, o tyrimy rezultatai sunkiai
pritaikomi klinikinéje praktikoje.
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Tyrimo tikslas

Tyrimo tikslas — nustatyti iSemine Sirdies liga serganciyjy kontraktilinio
miokardo strukttiros pakitimus, siekiant identifikuoti galimus miokardo
funkcijos nepakankamumo Zymenis, jvertinti $§iy Zymeny raiskos ypatumus.

Tyrimo uzZdaviniai:

1. Nustatyti Sirdies kairiojo skilvelio kardiomiocity morfometriniy
parametry poky¢ius, esant jvairios stadijos iSeminés kilmes SN.

2. Istirti su kardiomiocity remodeliavimusi susijusiy Zymeny raiskos
ypatumus, esant jvairios stadijos iSeminés kilmés SN:
2.1. i8analizuoti kardiomiocity desmino raiskos kaita;
2.2. i8nagrinéti kardiomiocity OPN raiskos dinamika;
2.3. nustatyti kardiomiocity Grem1 raiskos pokycius;
2.4. istirti kardiomiocity iRNR hnRNP C raiska.

3. Ivertinti kardiomiocity morfometriniy parametry ir jy remodeliavi-
mosi Zymeny sasajas formuojantis iSeminés kilmes SN.

Tyrimo naujumas ir aktualumas

Atlikus detaly morfometrinj Sirdies kairiojo skilvelio tyrima, pirmag karta
pateikiama kardiomiocity struktiiriniy poky¢iy jvairoveé remodeliavimosi
metu, kai buvo A, B ir C-D stadijy iSeminés kilmés SN pagal Amerikos
kardiologijos kolegijos (angl. American College of Cardiology, ACC) / Ame-
rikos Sirdies asociacijos (angl. American Heart Association, AHA) klasifika-
cijg. Iki i¥eminés kilmés SN pirmyjy simptomy atsiradimo, esant A stadijos
SN, jau ankstyvojoje kardiomiocity remodeliavimosi stadijoje nustatyti reiks-
mingi kardiomiocity ilgio, skersmens, ploto ir tiirio poky¢iai. Sie morfomet-
riniai rodikliai reik§mingai didéjo, esant B stadijos ieminés kilmés SN, o
didziausi kardiomiocity morfometriniai rodikliai buvo, esant C-D stadijy iSe-
minés kilmés SN.

Atlikus pusiau kiekybinj imunohistocheminj Sirdies kairiojo skilvelio
tyrima, pirmg karta buvo detaliai apibiidinti kardiomiocity citoskeleto tarpi-
nio filamento desmino, glikoproteino OPN, Grem1 ir iRNR potranskripcinj
brendima reguliuojan¢io hnRNP C raiSkos pokyciai, esant A, B ir C-D stadijy
iseminés kilmés SN. Padidéjusi kardiomiocity desmino, OPN ir Greml
baltymy raiska jau buvo, esant A stadijos ieminés kilmés SN (SN rizikos).
Kardiomiocity desmino, OPN ir Grem! baltymy raiska toliau did¢jo, esant B
stadijos iSeminés kilmés SN. Esant simptominiam — pazengusiam C—D stadi-
jy ideminés kilmés SN, kardiomiocity desmino, OPN ir Grem1 baltymy rais-
ka buvo didziausia. Pirmg karta dokumentuoti reik§mingi iRNR hnRNP
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C baltymo raiskos kardiomiocituose poky¢iai, esant jvairios stadijos iSeminés
kilmés SN.

Progresuojant iSeminés kilmés SN, kardiomiocity remodeliavimosi metu
nustatytos teigiamos koreliacijos tarp kardiomiocity morfometriniy rodikliy
ir desmino, OPN, Grem1 bei iRNR hnRNP C raiskos pokyciy.

Tyrime pirmg kartg nuosekliai apibudinta kardiomiocity geometrijos ir
baltymy raiskos poky¢iy jvairove, progresuojant iseminés kilmés SN, sutei-
kia naujy moksliniy duomeny apie ankstyvuosius struktiirinius kardiomiocity
citoskeleto, remodeliavimasi moduliuojan¢iy baltymy raiSkos persitvar-
kymus, formuojantis iSeminés kilmés SN. I§samiy morfometrinio ir
imunohistocheminio kardiomiocity tyrimy rezultatais jrodyta kardiomiocity
remodeliavimosi svarba i§eminés kilmés SN patogenezei dar iki atsirandant
pirmiesiems SN simptomams. Taip pat $ie rezultatai sudaro pagrinda toles-
niems kardiomiocito transkriptomo pokyc¢iy tyrimams remodeliavimosi metu
ir gali biiti taikomi optimizuojant ankstyvosios ieminés kilmés SN diagnos-
tikos algoritmus, ieskant naujy SN diagnostikos ir gydymo taikiniy.
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1. LITERATUROS APZVALGA

1.1. Iseminés kilmés SN: etiologija, bendrieji patogeneziniai
mechanizmai ir epidemiologija

Kai Sirdies raumenyje padidéja deguonies sunaudojimas fiziologinémis
salygomis, suintensyvéjusi Sirdies vainikiniy arterijy kraujotaka uztikrina
padidéjusj deguonies poreiki. Progresuojant Sirdies vainikiniy arterijy steno-
zei, geba apripinti miokardg deguonimi ir maisto medziagomis pagal porei-
kius taip pat silpné¢ja — formuojasi miokardo iSemija [35]. ISeminés kilmés
Sirdies raumens pazeidimas dazniausiai susij¢s su kliniskai reikSminga Sirdies
vainikiniy arterijy aterosklerozine stenoze [36, 37], tromboze, embolija,
susiformavus komplikuotoms aterosklerozinéms ploksteléms, reCiau — su
vazospazmu, arteritu, jgimty Sirdies vainikiniy arterijy malformacijomis [38].

Uminés iSemijos atvejais kardiomiocituose NLRP3 inflamosomos komp-
leksas atsiskiria nuo endoplazminio tinklo ir migruoja link mitochondrijy
membranos, pazeidziama mitochondrijy kvépavimo granding, formuojasi
reaktyvis deguonies junginiai [39, 40]. Esant nezymiai iSemijai kardiomiocitai
geba atstatyti oksidacinio streso sukelta funkcijos pazeidima, reguliuojant
mitochondrijy membranos poliarizacija, adenino nukleotidy kiekj ir membrany
pory selektyvy pralaiduma [41]. Vis délto, iSemijai uzsitgsus reaktyvis deguo-
nies junginiai, mazos molekulinés masés junginiai, susidarantys pazeidus
mitochondrijy kvépavima reguliuojancius antioksidacinius fermentus, lemia
mitochondrijy disfunkcija, keicia vidulgstelinius signalus, pazeidzia vidu-
lasteling kalcio pusiausvyra [42], stimuliuoja lasteliy apoptoze, nekrozg ir
nespecifinio imuninio atsako reakcijas [43, 44].

Uzsitesus iSemijai stimuliuojamas nespecifinis imuninis atsakas, reakty-
viy deguonies junginiy pagauséjimas moduliuoja uzdegiminiy citokiny sekre-
cijg ir aktyvina matrikso metaloproteinazes — vyksta kolageno degradacija,
pazeidziamos miofibrilés, stimuliuojamas Sirdies skilveliy remodeliavimasis
ir dilatacija [45]. Uminés iSemijos atveju kardiomiocity nekrozé stimuliuoja
nespecifinio imuninio atsako veikliyjy lasteliy (neutrofiliniy granulocity,
makrofagy) migravimg, Salinami nekrotizavusio Sirdies raumens audinio
fragmentai ir inicijuojama pazeistos audinio srities substituciné reparaciné
regeneracija — veikiant fibroblastams susiformuoja poinfarktinis randas [46,
47]. Uzsitgsus mechaniniam ir oksidaciniam stresui, susilpnéjus miokardo
kontraktilinei funkcijai, aplinkinio audinio kardiomiocituose aktyvinama
mitochondrijy veikla, keiciasi lasteliy medziagy apykaita, stimuliuojama Siy
aplinkiniy kardiomiocity hipertrofija, kartu gaus¢ja reaktyviyjy deguonies
junginiy, mazéja endogeniniy antioksidaciniy fermenty aktyvumas, mito-
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chondrijose silpnéja oksidacinio fosforilinimo reakcijos [48]. Ilgainiui kom-
pensaciniy reakcijy veiksmingumas uzsitesusio padidéjusio kruvio ir oksida-
cinio streso saglygomis silpn¢ja, ryskéja miokardo aktyviosios kontraktilinés
funkcijos nepakankamumas, progresuoja iSeminés kilmés SN,

SN yra klinikinis sindromas su simptomais ir / ar poZymiais, atsiran-
danciais dél struktiiriniy ir / ar funkciniy Sirdies pazeidimy, kartu didé¢jant
natriureziniy peptidy koncentracijai ir / ar esant mazojo ir / ar didziojo kraujo
apytakos rato hiperemijos poZymiams [49]. Svarbu atkreipti démesj, kad
Sirdies kairiojo skilvelio iSstimio frakcija yra laikoma vienu i§ pagrindiniy
rodikliy, padedanéiy diagnozuoti SN, jo stadija, jvertinti ligos eigos prognoze
ir pasirinkti kliniking situacijg atitinkanc¢ig gydymo taktika [S0-52]. [vertinus
Sirdies struktiiriniy pazeidimy apimtj, pagal ACC / AHA SN klasifikuojamas
1[53]:

e A stadijos (SN rizikos) — be struktiiriniy irdies ligos ar SN simp-

tomy;

e B stadijos (iki SN) — struktiriné $irdies liga be SN simptomuy,
pozymiy;

e C stadijos (simptominis SN) — struktiirin¢ irdies liga su buvusiais
ar esamais SN simptomais;

e D stadijos (pazenges SN) — atsparus jprastiniam medikamentiniam
SN gydymui, reikalingas intervencinis gydymas.

Ivertinus paciento sveikatos biikle ir funkcinj pajéguma, pagal Niujorko
sirdies asociacija (angl. New York Heart Association, NYHA) SN klasifi-
kuojamas i [54]:

e Iklase — SN simptomy ir apribojimy, atliekant jprasting fizine veikla

(pavyzdziui, einant, lipant laiptais), néra;

e Il klase — nezymiis SN simptomai (nezymus dusulys, kritinés angi-
nos simptomai) ir nezymis apribojimai, atliekant jprasta fizing
veikla;

e III klasg — zymus fizinés veiklos apribojimas dél SN simptomy, net
ir atliekant mazesnio nei jprastai fizinio kriivio veikla (pavyzdziui,
einant trumpus 20-200 metry atstumus). SN simptomy nejau¢iama
tik esant ramybés biisenai,

e IV klasg — zymiis fizinés veiklos apribojimai. SN simptomai jaugia-
mi net esant ramybés biisenai.

Jvertinus Sirdies kairiojo skilvelio i§stiimio frakcija, SN klasifikuojamas

sk

e SN su labai sumaZzéjusia Sirdies kairiojo skilvelio iSstimio frakcija
(Sirdies iSstiimio frakcija < 40 proc.);
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e SN su sumazéjusia Sirdies kairiojo skilvelio iSstimio frakcija
(Sirdies iSstimio frakcija — 41-49 proc.);

e SN su issaugota Sirdies kairiojo skilvelio i§stimio frakcija (3irdies
i§stimio frakcija > 50 proc.);

e SN su pageréjusia irdies kairiojo skilvelio i§stimio frakcija (baziné
Sirdies kairiojo skilvelio i$stimio frakcija <40 proc., o Sirdies kai-
riojo skilvelio i$stimio frakcija antruoju matavimu > 40 proc.).

Europoje sergamumas SN svyruoja nuo 12 atvejy / 1000 gyventojy

Graikijoje iki 30 atvejy / 1000 gyventojy Lietuvoje ir Vokietijoje [4]. Jungti-
néje Karalystéje koreguoti pagal amziy ir lytj sergamumo SN rodikliai 2002—
2014 mety laikotarpiu buvo stabiltis ir sieké vidutiniskai 1,6 proc. [56].
Amerikoje bendras sergamumo SN rodiklis 2021 metais sieké 2,5 proc. [57].
Naujai diagnozuoto SN rodikliai sické nuo <2 atvejy / 1000 gyventojy
Italijoje iki > 6 atvejy / 1000 gyventojy Estijoje ir Vokietijoje [4], o Nyderlan-
duose naujai diagnozuoty SN atvejy skaidius sieké 3,7 atvejo / 1000 gyven-
tojy tarp vyry ir 2,4 atvejo / 1000 gyventojy tarp motery [58]. ISeminé¢ Sirdies
liga, kaip dazniausia SN su sumaZzéjusia kairiojo skilvelio i§stimio frakcija
priezastis [59], vyrauja visuose pasaulio regionuose, iSskyrus Afrika ir Azija,
kur dazniausia SN priezastis yra sisteminé arteriné hipertenzija [60].
Jungtinése Amerikos Valstijose (JAV) atlikto tyrimo duomenimis, 2005—
2018 mety laikotarpiu SN buvo viena i§ trijy pagrindiniy hospitalizacijos
priezasCiy, o 2018 metais tapo antra dazniausia hospitalizacijos priezastimi
[61] ir daZniausia tarp > 65 mety pacienty [62]. Pagal Europos SN epidemio-
loginius rodiklius, 2000 metais per vieneriy mety laikotarpj dazniau buvo
stacionarizuojami pacientai, kuriems diagnozuotas SN su < 40 proc. sumazé-
jusia Sirdies kairiojo skilvelio i§stimio frakcija (31,9 proc.), palyginus su
atvejais, kai diagnozuotas SN su i§saugota (23,5 proc.) ar 40—50 proc. suma-
z¢jusia (22 proc.) Sirdies kairiojo skilvelio i§stimio funkcija [63].
Ianalizavus galimas SN baigtis Europos ir Vidurzemio jiiros regiono
Salyse 2011-2013 metais, vieneriy mety mir§tamumo nuo SN rodikliai svy-
ravo nuo 6,9 iki 15,6 proc. tarp pacienty, kuriems diagnozuotas létinis SN, o
diagnozavus @minj SN — nuo 21 iki 36,5 proc. [64]. Tarp pacienty, kuriems
diagnozuotas SN sindromas, vieno ménesio i¥gyvenamumo rodikliai sieké
95,7 proc., vieneriy mety — 86,5 proc., dvejy mety — 72,6 proc., penkeriy
mety — 56,7 proc., o deSimties mety — 34,9 proc. [65]. Ivertinus mirties
priezaséiy dinamika tarp pacienty, kuriems buvo diagnozuotas SN sindromas,
iSeminés kilmeés patologijos atvejy sumazéjo nuo 74 proc. 1979-1984 mety
laikotarpiu iki 51 proc. 1997-2002 mety laikotarpiu [66]. Ispanijoje iSeminés
kilmés patologija mirties priezastimi tarp pacienty, kuriems diagnozuotas SN
su < 50 proc. Sirdies kairiojo skilvelio iSstiimio frakcija, nurodyta 83 proc.
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atvejy 2002 metais, kai 2018 metais $is rodiklis sieké 34 proc. [67]. Jungti-
néje Karalystéje atlikto tyrimo duomenimis, atvejy, kai pacientai miré nuo
iSeminés kilmes SN, 2002—2013 mety laikotarpiu sumazéjo 27 proc. [68]. Siy
SN rodikliy poky¢iai daugiausiai susije su sumaZéjusia staigios kardialinés
mirties dél miokardo infarkto rizika.

Vertinant SN epidemiologiniy rodikliy dinamika, SN prognozé iek tick
pageréjo, ta¢iau mir§tamumo ir hospitalizacijos rodikliai tarp SN serganéiy
pacienty islieka auksti, o iSeminés kilmés SN islieka pagrindine mirties prie-
Zastimi tarp visy sergan¢iyjy SN. Remiantis epidemiologiniais prognoziniais
modeliais, manoma, kad bendras sergamumas SN iki 2030 mety iSaugs 46
proc., o sveikatos prieziiiros ilaidos dél SN padidés 127 proc. [57]. Todél
iSeminés kilmés SN islieka aktualia klinikine problema, o ankstyvieji $irdies
raumenyje vykstantys procesai formuojantis SN — reik§mingu moksliniy
tyrimy objektu, siekiant jgyti daugiau ziniy apie kardiomiocity, kaip pagrin-
dinio aktyvig kontraktiling funkcija koordinuojancio Sirdies audinio kompo-
nento, struktiirinius poky¢ius formuojantis SN, identifikuoti patikimus anksty-
vos SN diagnostikos Zymenis ir efektyvius gydymo taikinius [23].

1.2. Kardiomiocity remodeliavimosi vaidmuo atsirandant
ir progresuojant iSeminés kilmés SN

Sirdies audiniuose efektyvia raumens veikla uZtikrina integraliai veikian-
tys komponentai — kardiomiocitai ir uzlgsteliné terpé, kurios sudétyje yra
skirtingy tipy kolageno ir kity skaiduly, palaikan¢iy bendra Sirdies audinio
struktiirin integraluma. Dél Zalojamyjy veiksniy Sirdies audinio mikroaplin-
ka keiciasi — aktyvinami mechanizmai, kuriy tikslas — uZztikrinti organizmo
poreikius tenkinan¢ia kraujotakos sistemos veikla. Sirdies remodeliavimusi
vadinami dél mechaniniy ar neurohumoraliniy pokyciy Sirdies audinyje
vykstantys adaptaciniai-kompensaciniai procesai, persitvarkant Sirdies audinj
formuojanc¢ioms Iasteliy struktiiroms, keiciantis Sirdies skilveliy dydziui,
formai ir funkcijai [69].

Procesai, kai néStumo, augimo metu, treniruojantis suintensyveéja Sirdies
raumens kraujotaka ir didé¢ja kardiomiocity tiiris, yra suprantami kaip
fiziologinis remodeliavimasis, o Sirdies raumens persitvarkymas po jvykusio
ligos nulemto pazeidimo yra laikomas patologiniu remodeliavimusi [70].
Pagrindiniai Sirdies skilvelio remodeliavimasi stimuliuojantys veiksniai yra
susij¢ su skilvelio geometriniais poky¢iais ir Laplace désnio poveikiu, kai
skilvelio sienos jtampa didéja tiesiogiai proporcingai skilvelio ertmés
spaudimui ir spinduliui bei atvirk$¢iai proporcingai dvigubai skilvelio sienos
storio vertei [69].
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Kalbant apie iSeminés kilmés Sirdies raumens pazeidima, pra¢jus keletui
dieny po miokardo infarkto, negriztamo lasteliy pazeidimo zonoje neutro-
filiniy granulocity mazéja, daugéja pazeistos srities reparacing regeneracija
reguliuojan¢iy makrofagy, T limfocity [71, 72]. Sios imuninio atsako reakci-
jos tesiasi ir miokardo infarkto nepazeistose Sirdies raumens srityse vélyvuoju
poinfarktinés zonos remodeliavimosi laikotarpiu [73]. Vélyvuoju remodelia-
vimosi laikotarpiu dokumentuota nespecifinio imuninio atsako veikliyjy
Iasteliy infiltracija ir citokiny aktyvacija stebima ir esant simptominiam SN,
tadiau eksperimentiniy duomeny, apibadinanéiy $iy procesy reikime SN
patogenezei, truksta [74]. Manoma, kad §iuo laikotarpiu aktyvinami krauja-
gysliy proliferacija skatinantys veiksniai moduliuoja gijima, o létinés nespe-
cifinés imuninio atsako reakcijos stimuliuoja patologinj Sirdies raumens
remodeliavimasi.

Sirdies raumenyje, iiminés iSemijos atvejais atstatant kraujotaka vaini-
kinémis arterijomis, priklausomai nuo iSemijos trukmeés, sunkumo ir likutinés
kraujotakos, gali iSryskéti reperfuzinis miokardo pazeidimas, kurio metu
kardiomiocituose sukauptas sukcinatas, atstacius kraujotaka, yra staigiai
oksiduojamas, d¢l ko suintensyvéja reaktyviy deguonies junginiy sinteze
[75]. Uzsitesusi reaktyviy deguonies junginiy gamyba Sirdies audiniuose ska-
tina mitochondrijy remodeliavimasi, silpnéja energijos gamyba, aktyvinamos
matrikso metaloproteinazés, taip prisidedama prie patologinj poveikj igau-
nanéio §irdies audinio remodeliavimosi formuojantis SN [76].

Ankstyvuoju laikotarpiu po miokardo infarkto, kai jvyksta negrjZztamas
dalies kardiomiocity pazeidimas, silpné¢ja kontraktiliné miokardo funkcija,
didéja skilvelio tiiris, dél ko proporcingai did¢ja jtampa skilvelio sienoje ir
deguonies poreikis, o praéjus savaitéms — ménesiams po miokardo infarkto,
kriivis dar labiau padidéja, Sirdziai bandant kompensuoti padidéjusj prieskri-
vi ir pokriivi [77]. Todél kardiomiocity hipertrofija yra tipisSkas atsakas i
padidéjusj kriivy, kai dideja brandziy, galuting diferenciacijos faze pasiekusiy
kardiomiocity tiiris. Didéjantis kardiomiocity tiiris, kaip fiziologinis proce-
sas, néStumo laikotarpiu ar intensyviai sportuojant sumazina Sirdies skilvelio
jtampg ir deguonies suvartojima, palaikant optimaly sistolinj tiirj. Sis proce-
sas yra griztamas ir, sumazéjus kriiviui, praeina be jokiy pasekmiy. Vis délto,
geny, atsakingy uz kardiomiocity hipertrofija, raiSka stimuliuojanti perkrova
spaudimu, tiiriu ar sumazéjus miokardo kontrakcijai vyksta kaip reakcija j jau
egzistuojantj Sirdies raumens pazeidima. Siy persitvarkymo procesy metu
eikvojami ir taip nusilpusio Sirdies raumens energijos iStekliai, pats remode-
liavimosi procesas tampa maziau efektyvus— progresuoja SN. Svarbu
atkreipti démesj, kad fiziologinés miokardo hipertrofijos atveju Sirdies
skilvelio sienos storis ir ertmes turis didéja proporcingai, atitinkamai kei¢ian-
tis kraujotakai, neaktyvinant specifinés patologinés geny raiskos [78]. Kai
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Sirdies kruvis padidéja dél patologijos, Sirdies skilvelio sienos storis did¢ja
neproporcingai skilvelio ertmés tiiriui, aktyvinama fetaliniy geny raiska, for-
muojasi su sistolings ir / ar diastolinés funkcijos paZzeidimu susijes SN [79].

Miokardo remodeliavimasis, susijes su Sirdies raumens hipertrofija, yra
vienas svarbiausiy veiksniy SN patogenezéje. Dél patologijos padidéjus jtam-
pai Sirdies skilvelio sienoje, kardiomiocity mikroaplinkoje esancios lastelés
i8skiria stresines signalines molekules, siekiant kompensuoti padidéjusia
itampa, Siy procesy rezultatas — hipertrofiniai Sirdies raumens pokyciai [80,
81]. Uzsitesusios Sirdies raumens iSemijos atveju biitent kardiomiocity hiper-
trofija yra remodeliavimosi metu vyraujantis procesas [82, 83].

Patologinés kardiomiocity hipertrofijos metu pakartotinai aktyvinama
fetaliniy geny raiska, aktyvinama prieSirdZiy natriurezinj peptida, B tipo
natriurezinj peptida, o skeleto raumeny akting, o ir f miozino sunkigsias
grandines ir sarkoplazminio tinklo Ca**-ATPaz¢ koduojan¢iy geny raiska
[84]. Reaguodami | hipertrofijag stimuliuojanc¢ius signalus, kardiomiocitai
didéja ilgejant ir / ar did¢jant jy skersmeniui, priklausomai nuo aktyvinty
vidulgsteliniy signaliniy keliy [85, 86]. D¢l perkrovos spaudimu didéjant
sistolinei Sirdies kairiojo skilvelio jtampai [87], kardiomiocitai hipertrofuoja
labiau didéjant Siy lasteliy skersmeniui nei ilgiui, Sirdies skilvelio siena
stor¢ja — vyksta koncentrinis Sirdies kairiojo skilvelio remodeliavimasis [88,
89]. Kardiomiocity skersmens did¢jimas, palyginus su Siy lasteliy ilgejimu,
patvirtintas atlikus SN su i§saugota i§stimio frakcija, pritaikant gyviiny
modelj, ir sirgusiyjy idiopatine dilatacine kardiomiopatija kardiomiocity
morfometring analize [90, 91].

Uzsitesus jtampai Sirdies skilvelio sienoje, vélyvuoju remodeliavimosi
laikotarpiu kardiomiocituose silpn¢ja mitochondrijy, ribosomy funkcijos,
oksidacinis fosforilinimas, ELK1 ir NRF1-2 signalai, ATP gamyba ir baltymy
sintez¢ [92-94], d¢l oksidacinio DNR pazeidimo aktyvinamas p53 baltymas
[95]. Todel kardiomiocity hipertrofija Siuo etapu vyksta labiau ilgéjant laste-
lei, palyginus su jos skersmeniu [5]. Sie ultrastruktiiriniai ir histomorfolo-
giniai kardiomiocity pokyciai, atspindintys mazéjant] remodeliavimosi
procesy veiksminguma, Sirdies miocity kontraktilinés funkcijos silpnéjimg ir
dekompensacija, reiskiasi progresuojant SN. Kardiomiocity ilgéjimas, paly-
ginus su $iy lasteliy skersmens didéjimu, kaip vyraujantis pokytis vélyvuoju
remodeliavimosi laikotarpiu, apibudintas tarp dilatacine kardiomiopatija
sergandiy pacienty su progresuojanéio SN simptomais, sisteminés arterinés
hipertenzijos nulemto SN atvejais, kai kardiomiocity morfometriniai poky-
Ciai tirti pritaikius gyviiny modelj [96-98].

Dél uzsitgsusio padidéjusio mechaninio kriivio ir iSemijos nulemto Sir-
dies raumens pazeidimo kardiomiocituose vykstantys baltymy homeostazés
poky¢iai remodeliavimosi metu néra visiSkai tapatiis. Remodeliuojantis
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kardiomiocitams, kai progresuoja iseminés kilmés SN, reik§mingai dazniau
stebima suintensyvéjusi endopeptidaziy aktyvuma reguliuojanciy, serino tipo
endopeptidaziy veiklg slopinanciy baltymy raiska, padid¢jes katalizinis oksi-
dacijos-redukacijos reakcijy, glutationo sistemos ir piruvato dehidrogenazés
aktyvumas, palyginus su remodeliavimosi poky¢iais dél padidéjusio mecha-
ninio kriivio [5]. Ivertinus iSemijos atveju progresuojanciy kardiomiocity
baltymy raiskos pokyc¢ius galima teigti, kad kardiomiocity mikroaplinkos
oksidaciniy rodikliy poky¢iai yra vienas svarbiausiy Siy lasteliy patologinj
remodeliavimasi moduliuojanc¢iy ir miokardo aktyvaus kontraktilinio kom-
ponento silpnéjima lemianéiy veiksniy progresuojant iSeminés kilmés SN.

Ivertinus kardiomiocity sarkomery ir nesarkomeriniy citoskeleto kom-
ponenty raiskos poky¢ius remodeliavimosi metu, esant ieminés kilmés SN
ir SN deél padidéjusio mechaninio kriivio, iSemijos atveju kardiomiocituose
susilpnéja sarkomery komponento miozino sunkiosios grandinés 3 ir nesar-
komeriniy komponenty — treciojo, vienuoliktojo ir tryliktojo tipy miozino
sunkiyjy grandiniy raiska [5]. Vis délto, citoskeleto tarpiniy gijy, arba fila-
menty (desmino, sinemino, vimentino, nestino bei lamino-A/C), ir mikrotu-
buliy (tubulino a bei ) komponenty raiska kardiomiocituose remodeliavi-
mosi metu suintensyvéja, kai progresuoja iseminés kilmés SN ir esant SN dél
uzsitesusio padidéjusio mechaninio kriivio. ISanalizavus dél iSemijos remo-
deliavimosi metu vykstanc¢ius bendruosius kardiomiocity citoskeleto kompo-
nenty pokycCius, galima teigti, kad progresuojant iSeminés kilmés Sirdies
raumens pazeidimui, kardiomiocity aktyvi kontraktiline funkcija silpnéja,
gauséja lasteliy pasyvy mechaninj atsparuma palaikanciy citoskeleto kompo-
nenty. Todél galima iskelti hipoteze, kad progresuojant iseminés kilmés SN,
Sie kardiomiocity kontraktiliniy bei citoskeleto struktiiry poky¢iai lemia ir
Sirdies raumens kontraktilinés funkcijos silpnéjima, ir skilvelio sienos elastin-
gumo mazéjima.

I3analizavus kardiomiocity remodeliavimosi jtaka iSeminés kilmés SN,
svarbu atkreipti démesj, kad, esant iSeminiam miokardo pazeidimui, oksida-
cinis stresas, nespecifinio imuninio atsako veikliyjy lasteliy iSskiriami cito-
kinai stimuliuoja specifinius, iSeminio pazeidimo atveju besiformuojancius
kardiomiocity pokyc¢ius remodeliavimosi metu. Ankstyvuoju remodeliavi-
mosi laikotarpiu Sie hipertrofiniai kardiomiocity pokyciai kompensuoja
padidéjusj kriivi. Vis délto, nors kardiomiocity turis toliau didé¢ja ir vélyvuoju
remodeliavimosi laikotarpiu, progresuojant iSeminés kilmés SN, dél sarko-
mery kontraktiliniy komponenty pazeidimo, mazé¢jancio $iy Iasteliy elastin-
gumo ir intensyvéjancio vidulgstelinio oksidacinio streso remodeliavimasis
tampa neefektyvus. Todél galima teigti, kad mazéjantis kardiomiocity remo-
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deliavimosi veiksmingumas yra reikSmingas patogenezinis iSeminés kilmés
SN veiksnys.

Detali informacija apie kardiomiocity geometrijos pokyciy jvairove
remodeliavimosi metu yra svarbi aiikinantis iSeminés kilmés SN pato-
genezinio mechanizmo grandis ir ieskant naujy, efektyviy ankstyvos SN
diagnostikos zymeny bei gydymo taikiniy [31]. Vis délto, iSanalizavus
kardiomiocity remodeliavimosi jtaka progresuojant SN, patogeneziniu
poziiiriu reikSmingi kardiomiocity remodeliavimosi pokyciai dazniausiai
dokumentuoti morfometrinei analizei pritaikius gyviiny modelius, taip pat
esant miokardo pazeidimui dél uzsitgsusio padidejusio mechaninio kravio ar
fiminés iSemijos, simptominiam, pazengusiam SN. Zinios apie kardiomiocity
struktiirinius pokyc¢ius remodeliavimosi metu, esant jvairios stadijos iSeminés
kilmés SN, islieka fragmentiskos, o iSsamiy, nuosekliy duomeny apie
iseminés kilmés SN patogenezei reikimingg kardiomiocity remodeliavimosi
procesg triksta.

1.3. Su kardiomiocity remodeliavimusi susijusiy jy baltymy raiskos
reikSmé formuojantis iSeminés kilmés SN

1.3.1. Kardiomiocity citoskeleto filamento desmino dinamika

Tarpiniai filamentai yra gyvybiSkai svarbiis kardiomiocity citoskeleto
baltymai, uztikrinantys efektyvig Sirdies miocity vidulastelinj ir tarplastelinj
signaly perdavima [99]. Remiantis moksliniais tyrimais, jrodyta, kad tarpiniai
filamentai apsaugo eukariotines Igsteles, jskaitant ir Sirdies audinj, nuo aplin-
kos lemiamo streso [11, 100]. Desminas, gausiai jvairiuose zmogaus audi-
niuose aptinkamas III tipo tarpinis filamentas, yra svarbus integruojant Sirdies
aktyviojo kontraktilinio ir laidziosios sistemos komponenty struktiry veikla
bei palaikant optimalig Sirdies fiziologine funkcija [101]. Sio citoskeleto
komponento raiSka embriogenezes laikotarpiu stebima jau 29-3j3 dieng po
apvaisinimo, o 30-32-3j3 dieng yra matoma ir pirmykstése Sirdies sinusinio
mazgo bei desiniojo venos voztuvo struktiirose [102].

Desminas suformuoja vidulastelinj citoskeleto tinkla, kuris sujungia kar-
diomiocito miofibriles su sarkoplazma, desmosomomis, T vamzdeliais, mito-
chondrijomis, endoplazminiu tinklu ir branduoliu, jeina i Z linijos struktiira,
moduliuoja signaliniy baltymy kelius [99, 103]. Be to, kardiomiocituose
desmino tinklas dalyvauja perduodant mechaninius — cheminius signalus, ga-
minant energija, transportuojant kitas molekules [104], vykstant miogenezei
[105] ir netiesiogiai — raumens susitraukimui [106, 107]. Tsikitis M. ir kt.
(2018) atlikto tyrimo su pelémis duomenimis, uzblokavus desmino baltyma
koduojancio geno raiska, kardiomiocity sarkomerai netenka rysio su sarko-
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plazma, pazeidziama sarkomery citoarchitektiiriné organizacija [101]. Todél
kardiomiocitai tampa maziau atspariis mechaniniy veiksniy pazaidai, Sirdies
audiniuose dazniau stebimi kardiomiocity nekrozés ir substitucinés regene-
racijos procesai, reikSmingi kardiomiopatijy patogenezei. Nesant desmino,
kardiomiocituose pazeidziami ir kompensaciniai procesai, kuriy metu jprastai
stabilizuojamos pazeistos miofibrilinés strukttiros, stimuliuojami vidulaste-
liniai regeneraciniai procesai, intensyvéja citoskeleto, miofibriliniy kompo-
nenty sintezé [108].

Desmino baltyma koduoja genas, sudarytas i§ devyniy egzony. Irodyta,
kad N galo segmentai yra svarbiis desmino gijos (filamento) polimerizacijai,
o C galo karboksilo grupés segmentas dalyvauja tarpiniams filamentams
saveikaujant tarpusavyje, kai formuojasi tretin¢ erdviné citoskeleto struktiira
[109]. Dél desming koduojancio geno mutacijy karboksilo grupés segmente
mazeja Sios gijos (filamento) lankstumas, silpn¢ja Iasteliy geba reaguoti |
mechaninius aplinkos veiksnius, sutrinka mechaninio signalo perdavimas
[110, 111].

Desmino savybé dinamiskai reaguoti j besikei¢iancius aplinkos veiks-
nius priklauso ir nuo lastelés gebos sukelti potransliacines §io tarpinio fila-
mento baltymo modifikacijas. Viena detaliausiai apibiidinty potransliaciniy
modifikacijy yra fosforilinimas. Remiantis Sirdies ir skeleto raumeny in vitro
tyrimy rezultatais, nustatyta, kad fosforilinant desmino N galo domenus,
didéja desmino baltymo tirpumas [112]. Atlikus desmino fosforilinimo proce-
so tyrimus, taikant peliy SN modelj, nustatyta, kad glikogeno sintazés kinazés
3P fosforilintas desminas yra suardomas, vyksta aktyvi $io baltymo depoli-
merizacija [113]. Vis délto, kai yra Sirdies perkrova spaudimu ir iSeminés
kilmes Sirdies raumens liga, monofosforilintas desminas kaupiasi kardiomio-
cituose ir dazniau suformuoja toksiSkai lgstele veikiancius proamiloido-
geninius mikroagregatus [114]. Kedia N. ir kt. (2019) atlikto tyrimo duome-
nimis, desmino mikroagregratai pasiZymi ne tik amiloidogeniniu poveikiu,
bet in vitro — ir biocheminémis savybémis, biidingoms prioniniams balty-
mams [115].

I$eminés kilmés SN atvejais kardiomiocituose stebimi desmino mikro-
agregatai rodo, kad uZzsitgsus iSeminés kilmés Sirdies raumens pazeidimui
desmino apsauginé funkcija ir vidulasteliniy baltymy kontrolés mechanizmai
silpn¢ja [116-118]. Be to, jvykus desmino agregacijai, greitai keiciasi
kardiomiocito mitochondrijy lokalizacija lasteléje, iSryskéja Siy organeliy
disfunkcija, kas rodo, koks Sis baltymas svarbus fiziologinei mitochondrijy
funkcijai [119, 120].

Nors desmino sgveika su mitochondrijomis dokumentuota pakankamai
iSsamiai, taCiau Sios sgveikos pobudis néra iki galo aiSkus. Desminas,
netiesiogiai sgveikaudamas su mitochondrijomis per plekting ir tiesiogiai —
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per miotubularino baltymy Seimai priklausanc¢ig lipiding fosfataze, geba
regulivoti kardiomiocity mitochondrijy struktiirg, funkcijas ir lokalizacija
lasteleje [121]. Specifiné mitochondrijy vieta Salia sarkomery, kurig uztikrina
desminas, yra labai svarbi raumeny lasteléms, ypa¢ kardiomiocitams,
kuriuose aktyviai vykstancios oksidacinio fosforilinimo reakcijos patenkina
didelius $iy Iasteliy energijos poreikius [122]. Uzblokavus desmino baltyma
koduojanciy geny raiSka kardiomiocituose, Siy Iasteliy pazeidimai pirmiau-
siai stebimi biitent mitochondrijose. Ivykus desmino baltyma koduojancio
geno mutacijai, susidarius netaisyklingai tretinei desmino konfigiiracijai, $i
nuo organeliy struktiiros ir lokalizacijos priklausanti vidulasteliné pusiau-
svyra pazeidziama, o silpnéjanti kontraktiliné funkcija yra svarbi kardiomio-
patijy formavimuisi [108]. Kai kardiomiocituose desmino sintezé nevyksta,
yra vidinés mitochondrijy membranos struktiiros kristos, nevyksta oksidaci-
nio fosforilinimo reakcijos, sutrinka selektyvus mitochondrijy membrany
pralaidumas, iSnyksta jy membraninis potencialas — visi Sie disfunkciniai
poslinkiai atsispindi besikeic¢iancioje mitochondrijy struktiiroje — mitochond-
rijos pabrinksta, padidéja [123].

Be to, desminas sgveikauja ir su kitais miocituose esanciais tarpiniais
filamentais — III tipo tarpiniais filamentais vimentinu [124] ir sinkoilinu
[125], IV tipo tarpiniais filamentais sineminu [126] ir nestinu [127] bei V tipo
tarpiniu filamentu laminu [128]. Jau seniai zinoma, kad laminas B, turintis
ry$i su vidiniu Igstelés branduolio membranos pavirSiumi, per B lamino
receptoriy tiesiogiai sgveikauja su desminu [129]. Todé¢l 1asteléje sumazéjus
desmino, lastelés branduolio membrana deformuojasi, pazeidziamas Sios
membranos vientisumas, gaus¢ja lastelés genetinés medziagos pazaidy,
silpn¢ja jos aktyvioji kontraktiliné funkcija [12]. Esant baltyma laming ko-
duojancio LMNA geno mutacijoms, pazeidziama ir desmino citoskeleto orga-
nizacija Z linijos struktiirose bei jterptiniuose diskuose — susidaro palankios
salygos formuotis desmino mikroagregatams [130], kurie pasizymi toksiniu
poveikiu Igsteléms.

Iterptiniai diskai palaiko tarplastelinj kardiomiocity mechaninj ir elektro-
fiziologinj integralumg. Todé¢l desmino, su jterptiniais diskais susijungiancio
per baltyma desmoplaking, vaidmuo uZztikrinant fiziologing aktyvia kontrak-
tiling Sirdies raumens funkcijg [104] yra ypac svarbus. Thornel L. ir kt. (1997)
tyrimo duomenimis, jvykus desmino baltyma koduojan¢io geno mutacijai,
pazeidziama Sirdies miocity jterptiniy disky strukttra [131], dél kardiomio-
city citoskeleto pazeidimy susilpng¢ja Siy lasteliy elektrinis laidumas, sutrinka
ju mechaninis integralumas ir miocity kontraktilinés funkcijos sinchroni-
zacija [104].
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Progresuojant jvairios kilmés SN, desmino kiekis paZeistuose kardio-
miocituose gaus¢ja [114, 132]. Keliama hipotezé, kad padidéjus Sirdies
raumens darbinei apkrovai, jau esant mechaniniam ir cheminiam (oksida-
ciniam) stresui, desmino tretin¢ erdviné struktiira pasikeicia, siekiant tolygiau
paskirstyti ir taip sumazinti lgstelése patiriama jtampa bei apsaugoti funkcis-
kai svarbias organeles (sarkomerus, mitochondrijas) [11]. Ivykus miokardo
infarktui, dél timaus oksidacinio streso Sirdies raumenyje progresuojant
iSeminiam ir reperfuziniam $io audinio pazeidimui, kardiomiocituose kau-
piasi ikifibriliniai baltymy mikroagregatai ir trumposios fibrilés [114]. Todél
suintensyvejusi nepakitusios biocheminés sandaros desmino sintezé, mano-
ma, pasireiskia kaip kompensacinis procesas, siekiant palaikyti fiziologing
baltymy homeostazg (proteostaze) pazeistuose kardiomiocituose. Vis délto,
suintensyvéjus desmino sintezei, atitinkamai pagal padidéjusius lastelés po-
reikius persiskirsto ir energijos istekliai, kurie pamazu iSsenka, progresuojant
SN [133]. Svarbu atkreipti démesj, kad Sirdies miocituose suintensyvéjus
pakitusios struktiiros desmino sintezei, formuojantis Sio baltymo mikro-
agregatams, baltymy kokybés kontrolés sistema dél energijos iStekliy perskir-
stymo nesugeba palaikyti fiziologinés baltymy sintezés pusiausvyros, pasi-
reiSkia toksinis proamiloidogeniniy desmino mikroagregaty poveikis, taip
prisidedant prie jau progresuojanéio kardiomiocity pazeidimo SN atvejais
[134].

Ivertinus desmino persitvarkymo ypatumus remodeliuojantis kardiomio-
citams, galima teigti, kad III tipo tarpinis filamentas desminas yra svarbus
uztikrinant kardiomiocity atsparumg, veikiant stresiniams aplinkos veiks-
niams, ir kompensaciniuose procesuose, palaikant specializuoty funkcijy
integraluma bei apsaugant organeles nuo mechaninio, cheminio (oksidacinio)
streso. Progresuojant Sirdies raumens pazeidimui, desmino tretiné erdviné
struktiira pazeidziama, formuojasi amiloidogeninémis savybémis pasizymin-
tys mikroagregatai, sutrikdoma efektyviai kardiomiocito veiklai svarbi vidu-
lasteliniy struktiiry integracija, pazeidziamos energijos gamybai svarbios
mitochondrijos — rySkéja Siy Sirdies raumens lgsteliy disfunkcija. Minéti
kardiomiocity desmino raiSkos pokyciai dazniausiai dokumentuoti, kai buvo
dilataciné kardiomiopatija, imin¢ iSemija, o negaustis duomenys apie Sirdies
miocity desmino raiSkos pokycius uzsitgsus iSemijai pateikiami tik vertinant
simptominj, pazengusj i$eminés kilmés SN. Vis délto, duomeny apie anksty-
vuosius kardiomiocity desmino raiskos pokycius iki prasidedant simptomi-
niam i$eminés kilmeés SN triiksta.
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1.3.2. OPN - kardiomiocity remodeliavimasi moduliuojancio
baltymo kompleksinis vaidmuo

Sirdies raumenyje, kaip ir kituose audiniuose, uZlgstelinés terpés
baltymai dalyvauja koordinuojant atsakg j miokardo pazeidima, uzdegima ar
padidéjus mechaninei jtampai [135]. Vis daugiau démesio skiriama OPN —
vienam i§ pagrindiniy uZzlastelinés terpés baltymy, moduliuojanciy Sirdies
audinio atsaka j pazaida.

Zmogaus OPN, dar Zinomas kaip sekretuojantysis fosfoproteinas 1,
ankstyvosios T limfocity aktyvacijos baltymas 1, yra 32 kDa baltymas, kurj
sudaro 314 aminoriig§¢iy polipeptidiné grandiné, o dél potransliaciniy balty-
mo modifikacijy (glikozilinimo, fosforilinimo) Sio baltymo masé¢ gali siekti
iki 75 kDa [136, 137]. OPN yra ekspresuojamas jvairiose lastelése, pavyz-
dziui, aktyvintuose makrofaguose, T limfocituose, osteoklastuose, hepatoci-
tuose, lygiyjy raumeny lgstelése, endotelio ir epitelio lastelése [138]. Sirdies
audinyje, esant hipoksijai, uzdegimui, toksiniam, mechaniniam pazeidimui,
OPN baltymo raiska stebima kardiomiocituose, Sirdies fibroblastuose,
vietiniuose makrofaguose ir Sirdies vainikiniy arterijy endotelio lgstelése
[135]. OPN per integriny ar CD44 receptorius aktyvina jvairius vidulgsteliniy
signaly kelius, sgveikauja su augimo veiksniais, citokinais, chemokinais ir
proteazémis, dalyvauja imuninio atsako reakcijose, lasteliy adhezijos, migra-
vimo, proliferacijos ir audiniy regeneracijos procesuose [139].

OPN baltymo raiska jvairiuose organuose, jskaitant $irdj, suaktyvéja jau
embriogenezes laikotarpiu [140]. Vis délto, ivertinus OPN biologing reikSme
formuojantis organams, OPN~~ peliy Sirdyse nenustatyta jokiy patologiniy
morfologiniy ar funkciniy pakitimy [141, 142]. Be to, suaugusiyjy kardio-
miocituose baziné OPN baltymo raiska fiziologinémis saglygomis islieka ypac
zema [16, 143]. Panasi, neintensyvi OPN baltymo raiSka fiziologinémis saly-
gomis dokumentuota ir Sirdies vainikiniy arterijy endotelio lastelése bei
intersticinio audinio fibroblastuose [16, 144]. OPN baltymo raiska kardio-
miocituose keiciasi veikiant aldosteronui [145], deksametazonui [16], endo-
telinui-1, norepinefrinui [17] ir reaktyviems deguonies junginiams [146].

Kai suintensyveéja OPN baltymo raiska kardiomiocituose, moduliuojami
su CD44, integrinu susij¢ vidulgsteliniai signaliniai keliai — suaktyvéja uz
kardiomiocity hipertrofijg atsakingy geny raiska, blokuojami j mitochondrijy
oksoglutarato dehidrogenaz¢ panaSiy baltymy, kardiomiocity apoptozés
signaliniai keliai [147]. OPN baltymo hipertrofinis poveikis kardiomiocitams
taip pat gali pasireiksti ir kalcineurino / NFAT signaliniu keliu [148]. Padidé-
jusio mechaninio kruvio SirdZiai sglygomis, kardiomiocitai tampa gausiausiai
OPN baltyma sintezuojanciomis Sirdies audinio Igstelémis [17], o OPN raiska
miokarde tiesiogiai koreliuoja su did¢janciu pokriiviu [149]. Pastebéta, kad
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nesant OPN baltymo, kai padid¢ja mechaninis kriivis SirdZiai, kardiomiocitai
hipertrofuoja, taciau jy hipertrofiniai pokyc¢iai yra maziau iSreiksti [150].

Nors $ird] apsaugantis, teigiamas OPN poveikis kardiomiocitams apibii-
dintas labai iSsamiai, ta¢iau OPN vaidmuo Sirdies raumens remodeliavimosi
procese yra daug sudétingesnis. Collins A. R. ir kt. (2004) tyrimo duome-
nimis, OPN gali slopinti angiotenzino II nulemta kardiomiocity hipertrofija
[142]. Sirdj apsaugan¢iy mechanizmy raiska silpnéja ir veikiant per p1 ir p2
adrenoreceptorius, kai OPN baltymas aktyviau jungiasi su §iy receptoriy Go
subvienetais [145], taip pat— kai Sis baltymas aktyvina proapoptozinius
signalus ar pazeidzia mitochondrijy funkcijas kardiomiocituose. Remiantis
tyrimy rezultatais, padidé¢jusi OPN raiska sustiprina proapoptoziniy signaly
rai$ka kardiomiocituose esant jvairios kilmés SN [141, 151, 152]. Dalal S. ir
kt. (2014) tyrimo duomenimis, suaktyvéjusi OPN raiska peliy kardiomio-
cituose tiesiogiai koreliavo su dazniau pasireiskian¢ia kardiomiocity
apoptoze ir silpné¢jancia Sirdies kairiojo skilvelio funkcija [153]. Be to,
Yousefi K. ir kt. (2019), tirdami SN su i§saugota i$stimio frakcija peliy Sirdis,
nustaté, kad OPN baltymas gali sukelti mitochondrijy disfunkcijg kardiomio-
cituose slopindamas j miokardo 2-oksoglutarato dehidrogenaz¢ panaSaus
baltymo geny raiska [154].

Kompleksinj OPN baltymo poveikj i$ dalies galima paaiSkinti skirtingy
Sirdies raumenj pazeidzianciy veiksniy aktyvinamu alternatyviu OPN iRNR
pirminio transkripto brendimu. Alternatyvaus OPN iRNR potranskripcinio
brendimo metu susiformuoja skirtingi antriniai OPN iRNR transkriptai, dél
kuriy gali susidaryti kelios skirtingos OPN baltymo izoformos: OPN-a (viso
ilgio iRNR transkriptas, NP_001035147.1), OPN-b (penktojo egzono pasali-
nimas i§ pirminio iRNR transkripto, NP_000573.1) ir OPN-c (ketvirtojo
egzono pasalinimas i§ pirminio iRNR transkripto, NP_001035149.1) [140].
Neseniai identifikuoti dar du alternatyvaus potranskripcinio brendimo metu
susidare du OPN antriniai iRNR transkriptai — OPN4 (ketvirtojo ir penktojo
egzony pasSalinimas i$ pirminio iRNR transkripto, NP_001238758.1) ir OPN5
(1 pirminj; iRNR transkriptg jterpiamas papildomas egzonas — 3 introno
lieckana, NP_001238759.1), taciau atitinkamy OPN baltymo izoformy kol kas
nedokumentuota [155]. Schipper M.-E.-I. ir kt. (2011), analizuodami OPN
mRNR in situ hibridizacijos reakcijos rezultatus kardiomiocituose, esant
mechaninés perkrovos nulemtam ir ieminés kilmés SN, reik§mingy OPN
iRNR raiskos kardiomiocituose skirtumy nenustaté [29]. Vis délto, Cabiati M.
ir kt. (2016) nustaté, kad OPN-a baltymo izoformos iRNR raiska kardiomio-
cituose buvo reik§mingai mazesné, palyginus i$eminés kilmés SN ir mecha-
ninés perkrovos nulemta SN, o OPN-b ir OPN-¢ baltymy izoformos buvo
reik§mingai daZniau nustatomos esant iseminés kilmés SN [156].
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ISeminés kilmés Sirdies raumens pazeidimo atvejais, OPN baltymo kiekis
reikSmingai didéja jau iSemine Sirdies liga serganciyjy kraujo plazmoje, kai
Siems pacientams dar néra iSeminés kilmés SN klinikiniy poZzymiy [157,
158], o Sirdies kairiojo skilvelio iSstimio frakcijos verté atitinkamai mazéja
[159]. Be to, pacientams, kuriems diagnozuota iSemin¢ Sirdies liga, nustatyta
iSsaugota Sirdies kairiojo skilvelio i§stimio frakcija ir tatkoma optimali svei-
katos bukle atitinkanti terapija, OPN kiekio kraujo plazmoje pokyciai buvo
nepriklausomas veiksnys, patikimai prognozuojantis galimas nepalankias su
Sirdies ir kraujagysliy sistemos pazeidimais susijusias ligos baigtis [160].

Kalbant apie timinés iSemijos nulemta Sirdies raumens pazaida, OPN
baltymo kiekis kraujo plazmoje reikSmingai padidéja jau antrg dieng po
Sirdies kairiojo skilvelio priekinés sienos miokardo infarkto [161]. ReikSmin-
gos sasajos tarp OPN baltymo kiekio kraujo plazmoje, Sirdies kairiojo
skilvelio remodeliavimosi ir progresuojancios Sirdies raumens disfunkcijos
nustatomos ir pra¢jus 3 ménesiams po Sirdies kairiojo skilvelio miokardo
infarkto [157]. Bjerre M. ir kt. (2013) duomenimis, OPN kiekis kraujo
plazmoje yra reikSmingas predikcinis veiksnys, vertinant pakartotinio mio-
kardo infarkto ir SN rizika [162]. Manoma, kad reik§mingas kraujo plazmos
OPN baltymo kiekio didéjimas pacientams, persirgusiems Sirdies kairiojo
skilvelio priekinés sienos miokardo infarktu, yra susijes su suintensyveéjusia
OPN baltymo sinteze Sirdies raumenyje ir jo sekrecija j Sirdies vainiking
kraujotaka poinfarktiniu laikotarpiu [157]. Detaliau analizuojant OPN balty-
mo raiskos poky¢€ius iSemijos pazeistame Sirdies raumenyje, padidejusi OPN
baltymo raiska Ziurkiy Sirdyse nustatyta ne tik miokardo infarkto zonoje, bet
ir toliau nuo $io pazeidimo esanciuose miokardo regionuose [163]. Be to,
uzblokavus OPN baltymo geny raiskg peléms, poinfarktiniu laikotarpiu
Sirdies kairiojo skilvelio dilatacija ir sistoline disfunkcija buvo reikSmingai
labiau iSreikSta, palyginus su kontroline grupe [164, 165].

OPN baltymo kiekis kraujo plazmoje didé¢ja ir pacientams, kuriems diag-
nozuotas SN. Sio baltymo kiekio kraujo plazmoje poky¢iy prognoziné verté
jrodyta, vertinant mir§tamumo nuo SN rizika, atsizvelgiant ] NYHA funkci-
nes klases [166]. OPN raiska did¢ja ir pacienty, kuriems diagnozuota
sistemin¢ arterin¢ hipertenzija bei SN, Sirdies raumenyje — nustatytos reiks-
mingos teigiamosios koreliacijos tarp OPN baltymo raiskos aktyvumo ir
lizilio oksidazées, netirpaus kolageno, spaudimo plautiniuose kapiliaruose bei
sumazéjusio Sirdies kairiojo skilvelio elastingumo, atitinkamai mazéjant Sio
skilvelio iSstiimio frakcijai [167]. Be to, pacientams, kuriems diagnozuotas
SN, padidéjes OPN kiekis kraujo plazmoje susijes su daznesniais skilvelinés
tachikardijos ir virp¢jimo atvejais [168].
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Apibendrinant OPN yra uZlgstelinis kompleksinis baltymas, sintezuo-
jamas daugelyje lasteliy ir dalyvaujantis atsako j audiniy pazaida reakcijose.
Kalbant apie OPN, kaip kardiomiocity remodeliavimasi moduliuojancio
baltymo, jtaka progresuojant SN, svarbu atkreipti démesj, kad OPN baltymo
raiskos poky¢iy reikimé SN patogenezéje yra dokumentuota dazniausiai
vertinant baltymo koncentracijos kraujo plazmoje poky¢ius, kai yra iminés
iSemijos, dilatacinés kardiomiopatijos nulemtas SN. Tyrimy, kuriuose biity
analizuojami OPN iRNR, baltymo raiSkos pokyciai iSemijos paZeistame
Sirdies audinyje, yra mazai. Juose dazniausiai analizuojami OPN baltymo
raiskos poky¢iai, esant simptominiam, paZengusiam iSeminés kilmés SN.
Tod¢l Sirdies raumens pazeidimo metu padidéjus OPN baltymo kiekiui
kraujyje, lieka neaiSku, ar OPN baltymo raiskos pokyciai tiesiogiai atspindi
iSeminés kilmés pazeidimo metu miokarde vykstancius procesus, koks OPN
baltymo raiskos S$irdies audinyje Saltinis, ypac¢ ankstyvuoju miokardo
remodeliavimosi laikotarpiu iki atsirandant i§eminés kilmés SN simptomams.

1.3.3. Grem1 baltymo raiskos poky¢iai

Greml yra kauly morfogenezinio baltymo antagonistas, priklausantis
gausig cisteino grupe¢ turin€iy baltymy, tokiy kaip noginas, chordinas, foli-
statinas, super§eimai [169, 170]. Sj baltyma koduojantis genas yra 15 chro-
mosomos 15q13-15 regione [171]. Greml reguliuoja nuo kauly morfoge-
nezinio baltymo priklausomg vidulastelinj signalinj kelig ir yra svarbus
organy bei galiiniy formavimuisi [172]. Padidéjusi Grem1 raiSka nustatoma
jvairiy audiniy kamieninése lastelése [173]. In vitro tyrimai rodo, kad Grem1
baltymas yra svarbus ir kardiomiocity diferenciacijai, slopinant nuo kauly
morfogeneziniy baltymy priklausomg signalinj kelig arba moduliuojant
Sirdies kamieniniy lasteliy proliferacijg [20]. Grem1 daZniausiai jungiasi su
antro ir ketvirto tipo kauly morfogeneziniais baltymais [174], taip uzblokuo-
damas klasikinj nuo kauly morfogenezinio baltymo priklausoma vidulastelinj
signalinj kelia, sustabdydamas SMADI1 / 5 / 8 fosforilinimg ir atitinkamy
geny raiska. Svarbu atkreipti démesj, kad padidéjus Greml raiskai, taip pat
aktyvinamas TGF, d¢l ko SMAD3 fosforilinimas trunka ilgiau, intensyvéja
su SMAD?3 susijusio signalinio kelio profibrozinis poveikis [175, 176].

Be kauly morfogeneziniy baltymy veiklos slopinimo, dokumentuotos ir
kitos, su kauly morfogeneziniy baltymy signaliniais keliais nesusijusios
Greml funkcijos. Mitola S. ir kt. (2010) nustaté, kad Grem1, kaip agonistas,
susijungia su endotelio Igsteliy VEGFR2 [177], o Ji C. ir kt. (2016) papildé,
kad $i sgveika vyksta per NRF2 vidulastelinj signalinj kelig [178]. Be to,
Grem] geba aktyvinti makrofagy funkcija, slopindamas makrofagy migra-
vimo slopiklio veiklg [179]. Neseniai apibiidintas ir Grem1 vaidmuo onko-
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genezés procesuose. Park S.-A. ir kt. (2020) duomenimis, Grem!1 gali susi-
jungti su piktybiniy naviky lgsteliy EGFR [180], o Clark K.-C. ir kt. (2020)
nustaté Grem1 baltymo raiSkos sasajas su dauginés mielomos klinikine eiga
[181].

Kalbant apie Grem! baltymo biologing reikSme, esant Sirdies raumens
pazeidimui, nustatyta, kad pacienty, kuriems diagnozuotas jvairios kilmés
SN, endomiokardo biopsijy kardiomiocituose stebima suintensyvéjusi
Grem1 baltymo raiska yra susijusi su didesne komplikuotos ligos eigos rizika
[30]. Kadangi Sie Grem1 baltymo raiSkos pokyciai analizuoti endomiokardo
biopsijose, esant jvairios kilmés SN, néra iki galo aisku, ar Grem1 baltymo
raiSkos poky¢iai yra susij¢ su konkrecia Sirdies raumen] pazeidziancia pato-
logija, ar tai yra bendra progresuojancios kardiomiocity disfunkcijos remode-
liavimosi metu iSraiska. Padidéjus Grem?2 geno, koduojancio tai paciai kauly
morfogeneziniy baltymy antagonisty grupei priklausantj baltyma Grem?2,
transkripcijos aktyvumui, Sirdies raumens kontrakcija ir laidZiosios sistemos
veikla sulétéja [182].

Grem1 baltymas yra svarbus Sirdies raumens remodeliavimuisi iSemijos
salygomis, kai esant Gminei ar létinei hipoksijai, kardiomiocity mikro-
aplinkoje pagause¢jus citokiny, Siose Igstelése stimuliuojama Grem1 sekrecija
[34]. Duomeny apie Greml baltymo raiSkos pokycius kardiomiocituose,
esant jvairaus laipsnio ieminés kilmés SN, néra daug. Svarbu paminéti, kad
iminés isemijos nulemto SN atvejais, Grem1 baltymo kiekio kraujo plazmoje
pokydiai yra reik§mingas pakartotinés hospitalizacijos dél SN veiksnys [19].
Greml baltymo poveikis, kai vyksta kardiomiocity remodeliavimasis, gali
pasireiksti ir tuomet, kai Sis baltymas susijungia su makrofagy migravimag
slopinanciu veiksniu (MIF), dél kurio kardiomiocituose susilpnéja hipertro-
finiy procesy raiska [179, 183]. Be to, Koga K. ir kt. (2011) tyrimo duome-
nimis, peléms su uzblokuota MIF baltymo geno raiska, peliy Sirdies raume-
nyje sukélus timing iSemija, miokardo infarkto nekrozés zona buvo daug di-
desné, palyginus su kontroline grupe [183]. Sie struktiriniai $irdies raumens
poky¢iai rodo susilpnéjusiag miokardo geba reaguoti j patiriama oksidacinj
stresg, pazeidus Grem1 moduliuojamos MIF baltymo raiskos pusiausvyra.

ISnagrinéjus Grem1 raiSkos pokyc¢ius remodeliuojantis kardiomiocitams,
Greml baltymo biologiné reikSmé Sirdies audinio pazeidimo kontekste néra
iki galo aiSki. Viena vertus, Greml baltymas dalyvauja kontroliuojant
kardiomiogenezés procesa, o esant audiniy pazeidimui aktyvina angiogenezg,
uztikrinant regeneracijai reikalinga deguonies ir maisto medziagy istekliy
tiekimg. Kita vertus, intensyvéjanti Grem1 baltymo raiSka, esant jvairios
kilmés SN, susijusi su silpnéjanéia irdies raumens funkcija. Svarbu atkreipti
démesj, kad duomeny apie Greml baltymo raiSkos pokyc¢ius kardiomioci-
tuose ieminés kilmés SN atvejais néra daug. Taip pat néra aisku, ar reiks-
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mingas Greml baltymo kiekio kraujo plazmoje did¢jimas, progresuojant
iSeminés kilmés SN, yra tiesiogiai susij¢s su iSeminés kilmés kardiomiocity
pazeidimu ir Grem1 baltymo raiSkos pokyciais kardiomiocituose.

1.3.4. Kardiomiocity iRNR potranskripcinio brendimo poky¢iai

Ivykus Sirdies raumens iSeminés kilmeés pazeidimui, kardiomiocituose
skatinami regeneracijos procesai, taciau pilna Siy Iasteliy citokinezé
nevyksta. Audiniuose, jskaitant Sirdies raumenyje, kuriy regeneraciné geba
jvykus pazeidimui yra silpna, ypa¢ aktyviai vyksta alternatyvaus iRNR
potranskripcinio brendimo (angl. splicing) procesai [184—187]. iRNR potran-
skripcinis brendimas — tai vidulgstelinis mechanizmas, kurio metu i$ pirminio
iRNR transkripto yra paSalinamos introninés, geno transliacijoje nedalyvau-
jancios sekos [188]. Apie 95 proc. zmogaus genomo geny turi intronines
sekas, kuriy pirminis iRNR transkriptas dalyvauja Siame brendimo procese
[189]. Fiziologinémis salygomis Igstelése vyksta konservatyviis iRNR bren-
dimo procesai, kuriuose dalyvauja iRNR brendimo kompleksai (angl. splice-
osome complex), o lasteléms reaguojant i aplinkos veiksnius, vykstant
regeneracijai, gali biiti aktyvinamas alternatyvus iRNR brendimas, lemiantis
naujy baltymy izoformy susidaryma [189-192]. Alternatyvus iRNR brendi-
mas reguliuojamas [193]:

e cis-reguliaciniy elementy® — jeina | ty paciy egzoniniy, introniniy

iRNR seky sudét] — stiprintuvai (angl. enhancers) ir slopintuvai
(angl. silencers);

e trans-reguliaciniy elementy* — serino / arginino baltymai, hnRNP.

Kalbant apie ribonukleortig§¢iy apykaita, hnRNP yra vieni pagrindiniy
baltymy, kurie dalyvauja stabilizuojant pirminj iRNR transkripta, jj transpor-
tuojant ir parengiant geny transliacijos procesams [194], didinant RNR poli-
merazés 11 transkripcing geba ir reguliuvojant uzdegimo reakcijy aktyvuma
[195]. Atlikus iSsamius imunohistocheminius hnRNP raiSkos nepazeistuose
audiniuose tyrimus, jvairaus intensyvumo hnRNP raiSka nustatyta visuose
zmogaus organizmo audiniuose [195].

Siuo metu hnRNP baltymy $eimai yra priskiriama vir§ dvidesimt pagrin-
diniy nuo 34 kDa iki 120 kDa molekulinés masés hnRNP (nuo A iki U),
turin€iy tiesioginés sgveikos su pirminiu iRNR transkriptu sritj, ir mazyjy
hnRNP, atliekanciy reguliacing funkcija [24]. hnRNP Seimos baltymai turi
konservatyvy branduolio lokalizacijos signalg ir fiziologinémis sglygomis
dazniausiai nustatomi eukariotinés lastelés branduolyje [24]. Be to, iRNR
hnRNP A1, D, E ir F/H gali biiti transportuojami i§ eukariotinés lastelés bran-
duolio j citoplazma, kai iRNR hnRNP C ir U transportavimas fiziologinémis
salygomis nevyksta [195].
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D¢l biologiniu pozitriu itin reikSmingos pirminio iRNR transkripto
alternatyvaus brendimo jtakos reguliuojant Igstelés atsaka j aplinkos veiks-
nius, keiciant Igstelés adaptacinj plastiSkuma, regeneracing geba, vis didesnis
démesys kreipiamas | hnRNP jtaka jvairiy ligy patogenezéje [196], pavyz-
dziui, vykstant onkogenezei [197], neurodegeneraciniy ligy (Soniné amiotro-
finé skleroze, frontotemporaliné demencija) [186], demielinizuojanciy ligy
[198], neuromiopatologijos [193], igimtos Sirdies patologijos atvejais [199,
200]. Kai alternatyvaus iRNR pirminio transkripto brendimo mechanizmai
aktyvinami pazeistame Sirdies audinyje, keiCiasi sarkomery komponentus ir
jony kanaly baltymus koduojanc¢iy geny raiska, susijusiy su kardiomiopatija
ir SN [201]. Nemaza dalis su RNR susijungianiy baltymy yra svarbis $irdies
embriogenezei, kai susidaro miofibrilés (RBM24, RBM20, RBFOX1 / 2,
FXR1 baltymai), vykstant §io organo morfogenezei, trabekuliy, Sirdies voztu-
vo struktiry formavimuisi (CHAMP, MBNL 1 baltymai) ir remodeliavimuisi
(SRSF1 / 2, SRSF10, CELF, MBNL baltymai) [202]. D¢l Siuos baltymus
koduojanc¢iy geny mutacijy formuojasi jgimtos kompleksinés Sirdies ydos
[203], pavyzdZiui, Seiminé aritmogeniné Sirdies deSiniojo skilvelio displazija
[204], tarpprieSirdinés ir tarpskilvelinés pertvary defektai, Sirdies laidumo
sistemos pazeidimai [205].

Svarbu atkreipti démesj, kad alternatyvaus su hnRNP veikla susijusio
pirminiy iRNR transkripty brendimo mechanizmy pazeidimas postnataliniu
laikotarpiu yra svarbus ir nepaveldimy Sirdies ligy patogenezéje [206]. Pirmi-
niy iRNR transkripty brendimo veiksniy, svarbiy reguliuojant Sirdies funkcija
(iIRNR hnRNP H, hnRNP U, RBM24, TRA2p), pazeidimai yra reikSmingi
SN patogenezéje [199, 207-209]. Remiantis Liu T.-Y. ir kt. (2016) tyrimo
duomenimis, peléms su iRNR hnRNP A1l koduojancio geno mutacija reiks-
mingai keitési atsakingy uz raumeninio audinio funkcijas geny mtor, myo6,
notch4 raiska [193]. Genas mtor, kurio raiSka stipréja esant hnRNP Al
koduojancio geno mutacijai, yra svarbus ne tik skeleto raumeny regeneracijai
[210], bet ir kardiomiocity iSlikimui bei Sirdies raumens funkcionavimui
[211]. Taip pat dokumentuoti ir panasis myo6 geno, susijusio su nezymia kar-
diomiocity hipertrofija [212], raiSkos, dalyvaujant iRNR hnRNP A1, pokyciai
[193].

Tyrimai rodo, kad pazeidus iRNR pirminio transkripto brendimo mecha-
nizma, Sirdies audinio kontraktliniame segmente stebimi gana specifiniai
lasteliy, ultrastruktiirinio ir molekulinio lygmens poky¢iai. Ye J. ir kt. (2015)
nustate, kad mutantiniuose organizmuose blokavus iRNR hnRNP U koduo-
jantj geng stebimas mazesnis kardiomiocity skaiCius Sirdies raumenyje, daz-
nesné apoptoze; nevykstanti intrasarkoplazminiy sarkomery relaksacija, ne-
tolygus mitochondrijy pasiskirstymas kardiomiocituose; intensyveéjanti laste-
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liy adhezijos, K" kanaly baltymy geny raiska; defektyvus potranskripcinis
iRNR alternatyvus brendimas, paliekant daugiau introniniy seky [199].

iRNR hnRNP C yra vienas pirmyjy apibtidinty hnRNP grupés baltymy ir
pirmasis tarp RNP, kuris identifikuotas kaip dalyvaujantis iRNR brendimo
procesuose, teturintis vieng saveikos su RNR domeng [213, 214]. Zmogaus
organizme nustatytos dvi §io baltymo iRNR brendime dalyvaujancios izofor-
mos (angl. spliceoforms) — hnRNP C1 ir hnRNP C2 — besiskirian¢ios viena
nuo kitos 13 aminoriig§¢iy [24]. Kadangi hnRNP C turi tik vieng sgveikos su
RNR domena, §is RNP suformuoja oligomerus su kitais hnRNP C, siekiant
uztikrinti stabilesn¢ sgveika su iRNR pirminio transkripto brendimo metu.
iRNR hnRNP C, suformaves tetramerines struktiiras, geba atskirti ir nustatyti
naujai suformuoty iRNR transkripty ilgj [24]. Paprastai iRNR hnRNP C susi-
jungia su ilgesniais nei 300 nukleotidy ilgio pirminiais iRNR transkriptais
[215].

Biitent iRNR hnRNP C raiskos pokyciai labiausiai susij¢ su jvairiais
patologiniais procesais [216, 217], jskaitant aterogenezés metu vykstancig
arterijos intimos hiperplazija [218]. Remiantis vienos lastelés RNR seko-
skaitos tyrimy rezultatais, butent iRNR hnRNP C raiSka kardiomiocituose
suintensyveéja labiausiai, esant iSeminiam — reperfuziniam miokardo pazei-
dimui [219]. ISanalizavus iRNR hnRNP C raiska pacienty, kuriems diagno-
zuotas pazenges iSeminés kilmés SN, §irdies audinio fragmentuose dokumen-
tuota, kad progresuojant iSeminés kilmeés Sirdies audinio pazeidimui, kai
kardiomiocitai neatlaiko mechaninio jtempimo, fosfokinaz¢ C fosforilina
iRNR hnRNP C, kuris i§ lgstelés branduolio transportuojamas | intrasarko-
plazmino citoskeleto sarkomery struktiry Z diskus, kur susijungia su
kontraktilinés sistemos TNNT2, PDLIMS, FHL2 ir MYH7 baltymy kompo-
nentais [220]. Taip pat pastebéta, kad progresuojant SN, su RNP C susijusiy
iRNR transkripty, koduojanciy kontraktilinius TTN, ACTCI ir TNNI3 balty-
mus, gaus¢ja sarkoplazmoje, ar¢iau sarkomery struktiry [221, 222].
Lewis Y. E. ir kt. (2018) panasius vietinés geny raiskos (angl k. localized gene
translation) optimizavimo reiSkinius dokumentavo ir ziurkiy Sirdyse, kur
iRNR pirminiy transkripty, koduojanc¢iy kontraktiliniy baltymy komponen-
tus, brendimas ir transliacija aktyviai vyko sarkoplazmoje, sarkomery struk-
tury aplinkoje [222].

Tyrimai rodo, kad net ir nedidelis iRNR hnRNP C kiekis, transpor-
tuojamas | pazeisto kardiomiocito citoplazma, taip pat keicia ir nuo mechano-
sensorinés stimuliacijos priklausomo Hippo signalinio kelio baltymy geny
pirminiy iRNR transkripty brendimg [220]. Gana seniai zinoma, kad Hippo
signalinio kelio aktyvavimas vyrauja progresuojant jvairios kilmés Sirdies
audinio pazeidimui [223, 224]. Be to, kai kardiomiocito branduolyje suma-
z¢ja iIRNR hnRNP C, j YAP baltymo iRNR pirminj transkripta jterpiamas
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ketvirtasis egzonas, kodojantis WW domeng, atsakingg uz tiesioging nuo
mechanosensorinés stimuliacijos priklausomo YAP1 baltymo saveikga su
DNR [225]. Vrbsky J. ir kt. (2021) atlikto tyrimo duomenimis, pacientams,
kuriems diagnozuotas simptominis, pazenges SN, j brestantj pirminj YAP1
iRNR transkriptg jterpiami du WW domeng koduojantys ketvirtieji egzonai —
susidaro patologinés YAP1 baltymo izoformos, sutrikdomi Iasteliy diferen-
ciacijg ir proapoptozinius baltymus koduojanciy geny slopinimg reguliuo-
jantys mechanizmai [226].

Taigi, su iRNR hnRNP susijes eukariotiniy lasteliy potranskripciniy me-
chanizmy paZzeidimas, aktyvintas iRNR pirminio transkripto alternatyvus
brendimas, vietinés geny raiskos optimizavimas yra svarbiis neurodegenera-
ciniy, demielinizuojanciy, neuromiopatiniy ligy patogenezéje, onkogenezéje,
aterogenezg¢je, formuojantis jgimtoms kompleksinémis Sirdies ydoms. iRNR
hnRNP raiskos pokyciai susije¢ ir su kontraktiliniy baltymy raiskos regulia-
vimu, formuojantis SN. Vis daugiau démesio, nagrinéjant simptominj iemi-
nés kilmés SN, skiriama iRNR hnRNP C, kuris susijes ne tik su sarkomery
komponentus reguliuojan¢iy geny raiskos aktyvumu, bet ir dalyvauja regu-
liuojant Igsteliy diferenciacijos bei apoptozés mechanizmus. Vis délto, lieka
neaisku, kaip keiciasi iRNR hnRNP C raiska kardiomiocituose ankstyvuoju
miokardo remodeliavimosi laikotarpiu iki atsirandant pirmiesiems iSeminés
kilmés SN simptomams ir koks $io baltymo poveikis progresuojant i§eminés
kilmés SN.
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2. TIRTASIS KONTINGENTAS IR METODAI

2.1. Bioetikos leidimas

Tyrimas vykdytas gavus Kauno regioninio biomedicininiy tyrimy etikos
komiteto pritarimg atlikti biomedicininj tyrimg (Nr. BE-2-77, 2022-09-15).
Tyrima leista atlikti nenaudojant informuoto asmens sutikimo formos,
kadangi remiantis Biomedicininiy tyrimy jstatymo (2000 m. geguzés 11 d.
Nr. VIII-1679) 7 straipsnio 11 punktu ir Biomedicininiy tyrimy, kuriy objek-
tas yra medicinos dokumentai, atlikimo tvarkos apraSu, patvirtintu Lietuvos
bioetikos komiteto direktoriaus 2011 m. liepos 27 d. isakymu Nr. V-28, §io
tyrimo objektas yra iki praSymo atlikti biomedicininj tyrimg davimo asmens
sveikatos priezitros (diagnostikos) tikslais paimtas biologinis éminys ir
sveikatos informacija. Biomedicininio tyrimo metu naudoti duomenys, i$
kuriy negalima nustatyti asmens tapatybes.

2.2. Tirtasis kontingentas

Tiriamoji Sirdies kairiojo skilvelio viduriniosios sienos medziaga atrinkta
1§ Lietuvos sveikatos moksly universiteto Kardiologijos instituto Kardialinés
patologijos laboratorijoje daugiau nei 40 mety jvairiomis Sirdies ligomis
sirgusiyjy audiniy (jliety | parafing) archyvo. Tiriamieji (n = 84) suskirstyti |
tris grupes: A stadijos SN (SN rizikos), B stadijos SN (iki SN) ir C-D stadijy
SN (simptominis ir paZenges SN) [53] (2.2.1 lentelé).

A stadijos SN (SN rizikos) grupe sudaré buve sveiki vyrai arba jy buklé
pageréjo / stabilizavosi iki staigios mirties dél iSeminés Sirdies ligos ne
daugiau kaip 6 val. laikotarpiu nuo atsiradusiy $ios ligos simptomy pradzios
[227]. Atlikus medicinos dokumenty analizg ir apklausus mirusiojo artimuo-
sius, Siems vyrams iki jy mirties nebuvo nustatyta SN simptomy. Detalaus
pomirtinio Sirdies morfologinio iStyrimo metu nenustatyta poinfarktiniy
randy, Gminiy iSeminiy miokardo pazeidimy trukmé buvo ne ilgesné nei
6 val. trukmés [228]. B stadijos SN (iki SN) grupei priskirti vyrai, kuriy
sveikatos biiklé atitiko A stadijos SN grupe, ta¢iau jiems detalaus pomirtinio
Sirdies morfologinio iStyrimo metu kairiajame skilvelyje nustatytas pomfark-
tinis randas. C-D stadijy SN (simptominis, pazenges SN) grupe sudaré vyrai,
kuriems diagnozuotas simptominis ar pazenges iSeminés kilmés SN, Siems
pacientams atlikta Sirdies transplantacija ir iSsamus Sirdies operacinés
medziagos po eksplantacijos procediiros morfologinis iStyrimas.
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2.2.1 lentelé. Tiriamyjy imties charakteristika pagal tyrimo grupes

Kontroliné¢ | A stadijos B stadijos | C-D stadijy
PoZymis grupé SN grupé SN grupé SN grupé
(n=25) (n=25) (n=23) n=34)

Amzius (SN), metais 50,5 (7,9) 53,8 (8,0) 54,4 (7,7) 56,2 (7,2)
Lytis Vyras Vyras Vyras Vyras
SN simptomai Ne Ne Ne Taip
Ateroskleroziné stenoze Ne Taip Taip Taip
> 75 proc. maziausiai vienoje
vainikingje arterijoje
Randas po miokardo infarkto Ne Ne Taip Taip

Santrumpos: A, B, C, D — stadijos pagal ACC / AHA klasifikacija.

A ir B stadijy SN grupiy asmenys nebuvo gydyti miokardo remodelia-
vimasi reguliuojamaisiais vaistais. C—D stadijy SN grupé buvo gydyta pagal
ieminés kilmés SN gydymo algoritma.

Kontroling grupe sudaré vyrai, kurie miré per pirmajg para nuo isSoriniy
priezascCiy ir iminiy ligy, nesusijusiy su Sirdies patologija.

Visiems tiriamiesiems nebuvo nustatyta kity miokardo remodeliavimasi
lemianéiy veiksniy — sisteminés arterinés hipertenzijos, kardiomiopatijy,
jgimty ir jgyty Sirdies ydy, cukrinio diabeto, plauciy ligy.

Specialus morfologinis (makroskopinis ir mikroskopinis) Sirdies, vaini-
kiniy arterijy ir miokardo tyrimas buvo atliktas, remiantis Europos kardio-
vaskuliniy patology asociacijos pomirtinio tyrimo staigios kardialinés mirties
atvejais metodikos rekomendacijomis [229].

Po iSsamaus histologinio tyrimo kardiomiocity morfometrinei ir imuno-
histocheminei analizei atrinktas Sirdies kairiojo skilvelio laisvosios sienos
viduriniosios dalies miokardas be iminés iSemijos pazeidimy ar poinfarktinio
rando.

2.3. Tyrimo metodai

2.3.1. Kardiomiocity histomorfometrinis tyrimas

Kardiomiocity dydzio ir formos poky¢iams remodeliavimosi metu jver-
tinti atlikta Sirdies kairiojo skilvelio histomorfometriné analize. IS parafininiy
bloky rotaciniu mikrotomu ,,.Leica RM2235“ (,,Leica Biosystems®, Deer
Park, Ilinojus, JAV) buvo parengta po penkis 4 um storio parafininius pju-
vius, juos nupjaunant zingsniniu biidu kas 20 pm, kad atliekant histomorfo-
metring analiz¢ bty iSvengta ty paciy kardiomiocity persidengimo. Parafi-
niniai pjiiviai iStiesinti ,,Sakura“ (Torrance, Kalifornija, JAV) vandens vone-
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1¢je, uzdéti ant ,,SuperFrost plus® (Menzel, Braunschweig, Vokietija) objekti-
niy stikleliy ir dziovinti ant histologiniy pjiviy sausinimo stalo ,,Thermo
Electron Corporation® (Waltham, Masaciusetsas, JAV).

Histomorfometriniam vertinimui miokardo pjiiviai dazyti Heidenhain
azano trichromo metodu kardiomiocity jterptiniams diskams, matomiems
i8ilgingje projekcijoje, iSryskinti. Heidenhain azano trichromo histocheminiu
metodu nudazyti pjiiviai analizuoti motorizuotu Sviesiniu mikroskopu
,Olympus BX51“ (,,Olympus Corporation®, Tokijas, Japonija), dokumentuo-
jant maziausiai 80 iSilginiy miokardo pjuviy vidutinio padidinimo (x20)
rege¢jimo lauky su ,,Evolution Qei* (,,Media Cybernetics®, Rockville, Mari-
landas, JAV) skaitmenine kamera.

Histomorfometriné dokumentuoty isilginiy miokardo pjiviy vaizdy
analiz¢ atlikta ,,Image Pro Plus“ (,,Media Cybernetics“, Rockville, Marilan-
das, JAV) analizés programine jranga, kiekvienam atvejui iSmatuojant
maziausiai 80 iSilginés projekcijos kardiomiocity. Matuoti tik tie iSilginés
projekcijos kardiomiocitai, kuriy abiejuose galuose buvo matomi jterptiniai
diskai, o Igstelés centre — branduolys, ir nebuvo kardiomiocity kontraktiliniy
elementy struktiiros pazeidimy. ISmatuotas kardiomiocito skersmuo (ties
lastelés branduoliu) ir ilgis (atstumas tarp jterptiniy disky) um (2.3.1.1 pav.).
Apskaiciuota kardiomiocito ilgio ir skersmens santykio rodiklis, iSilginés
projekcijos plotas (ilgis x skersmuo) um? ir tiris ((z x (0,5 x skersmuo)?) x
ilgis) um?, laikant, kad kardiomiocitai yra cilindro formos.

Kardiomiocito parametrai tiksliai iSmatuojami tik tada, kai pjuvis eina
per lastelés vidurj ir yra lygiagretus iSilginei asiai. Kai pjlivis eina per Iasteles
vidurj, bet néra lygiagretus kardiomiocito iSilginei asiai, kardiomiocito ilgis
pervertinamas, t.y. jis nustatomas ilgesnis nei yra i§ tikryjy. Kai pjuvio
plokStuma yra lygiagreti kardiomiocito centrinei plokStumai, taciau pjiivis
eina ne per branduolio centra, tada kardiomiocito skersmuo nepakankamai
jvertinimas, t.y. skersmuo nustatomas mazesnis nei yra i§ tikryjy. Apskai-
¢iuotos galimos maksimalios kardiomiocito ilgio pervertinimo ir kardiomio-
cito skersmens nejvertinimo paklaidos, kurios teoriSkai gali siekti atitinkamai
3.4 proc. ir 3,2 proc. [32, 230, 231].
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Kardiomiocito tairis =
= (( x (0,5 x skersmuo)?) x ilgis

Kardiomiocito spindulys
(kardiomiocito skersmuo x 0,5)

>

f———Kardiomiocito ilgis —]

2.3.1.1 pav. A — Sirdies kairiojo skilvelio miokardas (Heidenhain azano
trichromo metodas, sviesiné mikroskopija, x40): lgstelés ilgio ir skersmens
matavimas; B — kardiomiocito morfometriniy matavimy diagrama

Matavimams reikalingas kardiomiocity kiekis apskaiCiuotas, remiantis
bandomaisiais matavimais, jvertinus histomorfometriniy parametry reikSmiy
vidurkius ir dispersijas. Atliktas to paties tyréjo pakartotiniy tyrimy ir dviejy
tyréjy histomorfometrinio tyrimo vertinimas (Cohen’s k koeficientas > 0,9).

2.3.2. Kardiomiocity imunohistocheminis tyrimas

Parafininiai 3 um storio pjiiviai, nupjauti i§ tyrimui atrinkty parafininiy
bloky rotaciniu mikrotomu ,,Leica RM2235“ (,,Leica Biosystems*, Deer
Park, Ilinojus, JAV), uzdéti ant ,,SuperFrost plus*“ (Menzel, Braunschweig,
Vokietija) objektiniy stikleliy. Deparafinavimas atliktas dazymo automatu
,, Varistain Gemini“ (Ramsey, Minesota, JAV), naudojant ksileng ir etanolj.
Deparafinuoti pjuviai praplauti distiliuotu vandeniu.

Epitopas iSlaisvintas mikrobangy jrenginiu RHS-1 (,,Milestone Medical®,
Roseland, Niujorkas, JAV), inkubuojant histologinj preparata TRIS/EDTA
(,,Agilent Technologies Inc.“, Wood Dale, Ilinojus, JAV) pH 9,0 buferyje,
esant 110 °C temperatiirai 8 min. Tolesnis imunohistocheminis tyrimas buvo
atliktas, panaudojant ,,Shandon Coverplate® ploksteles (,,Thermo Fisher
Scientific*, Waltham, Masaciusetsas, JAV).

Blokavus endogening peroksidaze, 1 val. pjiiviai buvo inkubuoti su ati-
tinkamais pirminiais antiktinais prie§ desming, OPN, Grem1 ir iRNR hnRNP C.
Imunohistocheminés reakcijos vizualizavimui panaudota ,,EnVision FLEX+
vizualizavimo sistema, ] kurios sudétj jeina jungties sistema su pelés arba
triusio antikiinais (angl. Mouse / Rabbit Linker) ir krieny peroksidazés ,,Ma-
genta“ chromogenas, tiriant kardiomiocity desmino, OPN ir Grem! baltymy
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raiSkos intensyvuma, arba DAB+ chromogenas, tiriant kardiomiocity iRNR
hnRNP C baltymo raiSkos intensyvuma (,,Agilent Technologies Inc.,
K800221-2, K802121-2, GV92511-2, Wood Dale, Ilinojus, JAV), taikant
gamintojo pateiktas instrukcijas. Atliktos dazymo hematoksilinu (,,Agilent
Technologies Inc.“, S330930-2, Wood Dale, Ilinojus, JAV) ir dehidratacijos
procediiros, naudojant did¢jancios koncentracijos etilo alkoholio tirpalus ir
ksilena. Pjiiviai ant objektiniy stikleliy uzdengti panaudojant polistireno den-
giamaja medziaga.

Imunohistocheminiy reakcijy vertinimag atliko du nepriklausomi vertin-
tojai, kurie vertinimo metu nezinojo tiriamyjy priklausomybés tiriamajai gru-
pei. Atliktas to paties tyréjo kartotiniy tyrimy ir dviejy tyréjy imunohisto-
cheminés reakcijos tyrimo palyginimas (Cohen’s k koeficientas > 0,9).

2.3.2.1. Imunohistocheminés reakcijos prieS desming
vizualizavimas ir vertinimas

Kardiomiocity citoskeleto pokyciams jvertinti atliktas imunohistoche-
minis citoskeleto tarpinio filamento baltymo desmino tyrimas. Blokavus
endogening peroksidaze, 1 val. pjuviai buvo inkubuoti su pirminiu triusio
polikloniniu antikiinu pries desming (Cat#HPAO018803, ,,Sigma-Aldrich®,
,2Merck Group®, Saint Louis, Misiiris, JAV; RRID: AB 1847616), 1:250
skiedimui naudojant darbinj antikiino skiedimo tirpalg (“Dako REAL”,
,Agilent Technologies Inc.“, Wood Dale, Ilinojus, JAV). Sis pirminis antiki-
nas validuotas pagal ,,Zmogaus baltymy atlaso” projekto pirminiy antikiiny
validavimo protokolg [232].

ISorinei teigiamai imunohistocheminés reakcijos pries desming kontrolei
panaudotas kirmelinés ataugos audinys, o neigiamai — tonzilés audinys [233].
ISorinés kontrolés imunohistochemingés reakcijos atliktos vienu metu kartu su
reakcijomis miokarde. To paties izotipo imunoglobulinas G buvo naudojamas
kaip reagenty kontrolé.

Pusiau kiekybinis imunohistocheminés reakcijos prie§ desming tyrimas
atliktas, vertinant imunohistocheminés reakcijos intensyvumga ir dazymosi
pobiidj kardiomiocituose: 1 balas — fiziologiné raiska; 2 balai — suintensy-
véjusi desmino imunohistocheminé reakcija su islikusiu intracitoplazminiu
ruozuotumu; 3 balai — suintensyveéjusi imunohistocheminé reakcija su pazeis-
tu intracitoplazminiu ruoZuotumu, matomais intracitoplazminiais mikro-
agregatais.

Imunohistocheminés reakcijos prie§ desming vertinimas atliktas 50 x40
padidinimo reg¢jimo lauky, naudojant motorizuota Sviesinj mikroskopa
, Olympus BX51% (,,Olympus Corporation®, Tokijas, Japonija), kiekvienam
atvejui jvertinant kardiomiocity kiekj (proc.) pagal imunohistocheminés
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reakcijos intensyvuma ir dazymosi pobiidi mikropjiivyje. Imunohistoche-
min¢é reakcija prie§ desming vertinta iSilginés projekcijos kardiomiocituose.
Pusiau kiekybiskai jvertinus imunohistocheminés reakcijos rezultatus, sie-
kiant visapusiskai jvertinti desmino baltymo kardiomiocituose raiska, apskai-
Ciuotas Sio baltymo raiskos intensyvumas: ((1 balas x kardiomiocity kiekis
proc.) + (2 balai x kardiomiocity kiekis proc.) + (3 balai x kardiomiocity
kiekis proc.)) / 10.

Imunohistocheminés reakcijos prie§ desming rezultatai taip pat jvertinti,
panaudojant modifikuota ,,Zmogaus baltymy atlaso* (angl. Human Protein
Atlas) imunohistocheminiy reakcijy kategorizavimo sistemg [232], vertinant
baltymo raiska kardiomiocituose: 1 = maza raiska (fiziologiné (silpna) reak-
cija maziausiai 25 proc. kardiomiocity arba vidutinio stiprumo reakcija
maziau nei 25 proc. kardiomiocity); 2 = vidutiné raiska (vidutinio stiprumo
reakcija maziausiai 25 proc. kardiomiocity arba stipri reakcija maziau nei
25 proc. kardiomiocity); 3 = didelé raiska (stipri reakcija daugiau nei 25 proc.
kardiomiocity).

2.3.2.2. Imunohistocheminés reakcijos prie§ OPN vizualizavimas
ir vertinimas

Kardiomiocity OPN baltymo raiskos imunohistocheminis tyrimas atlik-
tas taikant nepriklausomy antiktiny validavimo strategija pagal Tarptautinés
darbo grupés antikiiny validacijai rekomendacijas [234-236]. Tod¢l kardio-
miocity OPN raiskos pokyciams jvertinti panaudoti du pirminiai antikiinai,
detektuojantys nepersidengian¢ias imunogeny sekas: monokloninis pelés
pirminis antikiinas pries OPN (MPIIIB10(1), ,,Developmental Studies
Hybridoma Bank®, Ajova, JAV; RRID: AB 2286610) ir polikloninis triusio
antiktinas prieS OPN (PAS5-13494, , Thermo Fisher Scientific*, Waltham,
Masaciusetsas, JAV; RRID: AB 2286594). Pirminiy antikiiny prie§ OPN
skiedimui panaudotas antikiiny skiedimo tirpalas (,,Antibody Diluent®,
,Agilent Technologies Inc.”, S080983, Wood Dale, Ilinojus, JAV), taikant
pirminiy antikiiny skiedimo proporcijas: 1:100 — MPIIIB10(1) pirminio anti-
kiino klonui, 1:50 — PA5-13494 pirminio antikiino klonui. Praskiesti pirminiai
antiktinai inkubuoti 60 min, esant kambario temperatiirai.

ISorinei teigiamai imunohistocheminés reakcijos pries OPN kontrolei pa-
naudotas kriities karcinomos audinys [237]. ISorinés kontrolés imunohisto-
cheminés reakcijos atliktos vienu metu kartu su reakcijomis miokarde. To
paties izotipo imunoglobulinas G buvo naudojamas kaip reagenty kontrolé.

Analizuojant imunohistocheminés reakcijos prieS OPN rezultatus,
atliktas pusiau kiekybinis Sios imunohistocheminés reakcijos vertinimas:
0 baly — néra reakcijos; 1 balas — silpna reakcija; 2 balai — vidutiné reakcija;
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3 balai — stipri reakcija. Naudojant motorizuota Sviesinj mikroskopa ,,Olympus
BX51“ (,,Olympus Corporation, Tokijas, Japonija), kiekvienam atvejui
vertintas tik iSilginés projekcijos kardiomiocity kiekis (proc.) mikropjivyje
pagal imunohistocheminés reakcijos prie§ OPN intensyvuma 50 x40 padi-
dinimo regé¢jimo lauky. Remiantis pusiau kiekybinio imunohistocheminés
reakcijos prie§ OPN vertinimo rezultatais, apskaiciuotas OPN baltymo
raiSkos intensyvumas: ((1 balas x kardiomiocity kiekis proc.) + (2 balai x
kardiomiocity kiekis proc.) + (3 balai x kardiomiocity kiekis proc.)) / 10.

OPN baltymo raiska kardiomiocituose taip pat jvertinta analizuojant
imunohistocheminés reakcijos prie§ OPN rezultatus pagal ,,Zmogaus baltymy
atlaso” (angl. Human Protein Atlas) imunohistocheminiy reakcijy kategoriza-
vimo sistemg [232]: 0 = raiSkos neaptikta (reakcijos néra arba silpna reakcija
maziau nei 25 proc. kardiomiocity); 1 = maZza raiska (silpna reakcija ma-
ziausiai 25 proc. kardiomiocity arba vidutinio stiprumo reakcija maziau nei
25 proc. kardiomiocity; 2 = vidutiné raiSka (vidutinio stiprumo reakcija
maziausiai 25 proc. kardiomiocity arba stipri reakcija maziau nei 25 proc.
kardiomiocity); 3 = didelé raisSka (stipri reakcija daugiau nei 25 proc. kardio-
miocity).

Atlikus pirminj imunohistocheminiy reakcijy prie§ OPN vertinimg pagal
nepriklausomy antikiiny validacijos strategija, skirtumy tarp imunohisto-
cheminiy reakcijy su MPIIIB10(1) ir PA5-13494 pirminiais antikiinais pries
OPN rezultaty nenustatyta.

2.3.2.3. Imunohistocheminés reakcijos prie§ Grem1 vizualizavimas
ir vertinimas

Siekiant nustatyti kardiomiocity Grem1 baltymo raiskos poky¢ius, esant
jvairios stadijos iSeminés kilmés SN, atliktas kardiomiocity Grem1 raiskos
imunohistocheminis tyrimas, pritaikius nepriklausomy antikiiny validacijos
strategija pagal Tarptautinés darbo grupés antikiiny validacijai rekomenda-
cijas [234-236]. Realizuojant $ig antiktiny validacijos strategija, kardiomio-
city Grem1 baltymo raiSkos imunohistocheminiam tyrimui panaudoti du
nepersidengianc¢ias imunogeny sekas detektuojantys pirminiai antikiinai:
polikloninis triuSio pirminis antikiinas prie§ Greml (ab22138, ,,Abcam®,
Kembridzas, Jungtin¢ Karalysté; RRID: AB 446814) ir polikloninis triusio
antikinas prie§ Greml (GTX03394, ,,.GeneTex", Irvine, Kalifornija, JAV).
Pirminiy antikiiny prie§ Greml skiedimui panaudotas antikiiny skiedimo
tirpalas (,,Antibody Diluent®, ,,Agilent Technologies Inc.“, S080983, Wood
Dale, Ilinojus, JAV), taikant pirminiy antikiiny skiedimo proporcijas: 1:100 —
ab22138 pirminio antikiino klonui, 1:200 — GTX03394 pirminio antikiino
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klonui. Praskiesti pirminiai antikiinai inkubuoti 60 min, esant kambario tem-
peratiirai.

PrieSinés liaukos audinys panaudotas iSorinei teigiamai imunohistoche-
minés reakcijos prie§ Grem1 kontrolei [238]. ISorinés kontrolés imunohisto-
cheminés reakcijos atliktos vienu metu kartu su reakcijomis miokarde.
Reagenty kontrolei buvo naudojamas to paties izotipo imunoglobulinas G.

Atlikus imunohistocheming reakcijg prie§ Greml, §ios imunohistoche-
minés reakcijos rezultatai tirti pritaikius pusiau kiekybinj vertinimo metoda
pagal imunohistocheminés reakcijos intensyvuma: 0 baly — néra reakcijos;
1 balas — silpna reakcija; 2 balai — vidutiné reakcija; 3 balai — stipri reakcija.
Imunohistocheminés reakcijos prie§ Greml rezultatai vertinti analizuojant
kiekvieno atvejo mikropjiivio iSilginés projekcijos kardiomiocity kiekj (proc.)
pagal imunohistocheminés reakcijos intensyvumg. Vertinimas atliktas moto-
rizuotu Sviesiniu mikroskopu ,,Olympus BX51* (,,Olympus Corporation®,
Tokijas, Japonija) 50 x40 padidinimo regéjimo lauky kiekvienam atvejui.
Pagal imunohistocheminés reakcijos prie§ Grem1 pusiau kiekybinio vertini-
mo rezultatus apskaiciuotas Grem1 baltymo raiskos intensyvumas: ((1 balas
x kardiomiocity kiekis proc.) + (2 balai x kardiomiocity kiekis proc.) +
(3 balai x kardiomiocity kiekis proc.)) / 10.

Grem1 baltymo raiSkos kardiomiocituose tyrimas taip pat atliktas verti-
nant imunohistocheminés reakcijos prie§ Grem| rezultatus pagal ,,Zmogaus
baltymy atlaso* (angl. Human Protein Atlas) imunohistocheminiy reakcijy
kategorijas [232]: 0 = raiSkos neaptikta (reakcijos néra arba silpna reakcija
maziau nei 25 proc. kardiomiocity); 1 = maza raiSka (silpna reakcija maziau-
siai 25 proc. kardiomiocity arba vidutinio stiprumo reakcija maZiau nei
25 proc. kardiomiocity); 2 = vidutiné raiSka (vidutinio stiprumo reakcija ma-
ziausiai 25 proc. kardiomiocity arba stipri reakcija maziau nei 25 proc. kar-
diomiocity); 3 = didelé raiska (stipri reakcija daugiau nei 25 proc. kardio-
miocity).

Pritaikius nepriklausomy antikiiny validacijos strategija, atliktas pirminis
imunohistocheminiy reakcijy prie§ Greml su ab22138 ir GTX03394 pirmi-
niais antiklinais vertinimas — Siy imunohistocheminiy reakcijy rezultaty
skirtumy nenustatyta.

2.3.2.4. Imunohistocheminés reakcijos prie§ iRNR hnRNP C
vizualizavimas ir vertinimas

Kardiomiocity iRNR hnRNP C raiskos imunohistocheminis tyrimas
atliktas vadovaujantis Tarptautinés darbo grupés antikiiny validacijai reko-
mendacijose pateikta nepriklausomy antikiiny validacijos strategija [234—
236]. Tode¢l, atsizvelgiant j Sias rekomendacijas, kardiomiocity iRNR hnRNP
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C raiSkos imunohistocheminiam tyrimui panaudoti du skirtingas imunogeny
sekas detektuojantys pirminiai antikiinai: monokloninis pelés pirminis anti-
ktinas pries iRNR hnRNP C1 / C2 (AMAB91012, ,,Sigma Aldrich®, Saint
Louis, Misiiris, JAV; RRID: AB 2665762; UniProt P07910) ir polikloninis
triusio pirminis antiktinas prie§ iRNR hnRNP C1/C2 (SAB 2101056, ,,Sigma
Aldrich®, Saint Louis, Misiiris, JAV; RRID: AB _10604576). AMAB91012
pirminio antiktino prie§ iRNR hnRNP C1 / C2 klonui taikyta 1:100, o SAB
2101056 pirminio antikiino klonui — 1:200 pirminiy antikiiny skiedimo
proporcijos, panaudojant antikiiny skiedimo tirpalg ,,Antibody Diluent®
(,,Agilent Technologies Inc., S080983, Wood Dale, Ilinojus, JAV). Praskiesti
pirminiai antikiinai inkubuoti 60 min, esant kambario temperatiirai.

[Sorinei teigiamai imunohistocheminés reakcijos pries iRNR hnRNP C1
/ C2 kontrolei panaudoti storosios Zarnos histologiniai pjiviai [239]. ISorinés
kontrolés imunohistocheminés reakcijos atliktos vienu metu kartu su
reakcijomis miokarde. To paties izotipo imunoglobulinas G buvo naudojamas
kaip reagenty kontrolé.

Gauti imunohistocheminés reakcijos prie§ iRNR hnRNP C1 / C2 histo-
loginiai stikleliai nuskenuoti ,,Pannoramic Viewer 3D Histech® (,,3DHistech
Ltd.“, Budapestas, Vengrija) skeneriu. Pusiau kiekybinis imunohistoche-
minés reakcijos prie§ iRNR hnRNP C1/C2 tyrimas atliktas “Pannoramic
SlideViewer” (,,3DHistech Ltd.”“, Budapestas, Vengrija) skaitmenizuoty
mikroskopiniy vaizdy analizés programa, vertinant imunohistocheminés
reakcijos intensyvuma tik isilginés projekcijos kardiomiocity branduoliuose:
0 baly — néra reakcijos; 1 balas — silpna reakcija; 2 balai — stipri reakcija.
Imunohistocheminés reakcijos prie§ iRNR hnRNP C1 / C2 vertinimas atliktas
kiekvienam atvejui jvertinant imunohistocheminés reakcijos intensyvumo
daznj (proc.) skenuoto atvejo mikropjiivio 300 kardiomiocity. Pusiau kieky-
biskai jvertinus imunohistocheminés reakcijos rezultatus, siekiant visapu-
siSkai jvertinti iRNR hnRNP C baltymo kardiomiocituose raiska, apskai¢iuo-
tas iIRNR hnRNP C baltymo raiSkos intensyvumas: ((1 balas x kardiomiocity
kiekis proc.) + (2 balai x kardiomiocity kiekis proc.)) / 10.

Vadovaujantis nepriklausomy antiking validacijos strategija, atliktas
pirminis imunohistocheminiy reakcijy prie§ iRNR hnRNP C1 / C2 su
AMABO91012 ir SAB 2101056 pirminiais antikiinais vertinimas — §iy imuno-
histocheminiy reakcijy rezultatai nesiskyré.
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2.4. Statistiné analizé

Kiekybiniy duomeny skirstiniy atitikimo normaliajam (Gauso) skirsti-
niui jvertinti atliktas Kolmogorov—Smirnov (n > 50) ir Shapiro—Wilk (n < 50)
testai. Kiekybiniai duomenys, kuriy skirstinys atitinka normalyjj, apraSyti
pateikiant jy vidurkj (standarting paklaida, SP). Kiekybiniai duomenys, kuriy
skirstinys neatitinka normaliojo, apraSyti pateikiant jy mediang ir interkvar-
tilinj ploti. Kokybiniai duomenys aprasyti pateikiant jy daznj (proc.).

StatistiSkai patikimi nepriklausomy kiekybiniy rodikliy skirtumai tarp A,
B, C-D stadijy SN ir kontrolinés grupiy, kai nepriklausomy kiekybiniy
duomeny skirstinys atitiko normalyjj, nustatyti atlickant ANOVA su Bonfer-
roni poriniy palyginimy kriterijumi. ANOVA hierarchinis (lizdinés analizés)
variantas (angl. nested design of ANOVA) taikytas siekiant nustatyti statis-
tiSkai patikimus nepriklausomy histomorfometriniy kiekybiniy rodikliy skir-
tumus tarp A stadijos SN, B stadijos SN, C-D stadijy SN ir kontrolinés
grupiy. Taikant ANOVA hierarchinj varianta, A, B, C-D stadijy ir kontrolinés
grupés laikytos fiksuotu veiksniu (angl. fixed factor), o nepriklausomy
histomorfometriniy matavimy rezultatai — atsitiktiniu veiksniu (angl. random
factor).

StatistiSkai patikimi nepriklausomy kiekybiniy rodikliy skirtumai tarp A,
B, C-D stadijy SN ir kontrolinés grupiy, kai nepriklausomy kiekybiniy
duomeny skirstinys neatitiko normaliojo skirstinio, nustatyti taikant Kruskal—
Wallis testa su poriniy palyginimy kriterijumi. Poriniy palyginimy kriterijaus
testy rezultatai analizuoti pagal Bonferroni pataisg.

Nepriklausomy kiekybiniy duomeny koreliaciné analize¢ atlikta apskai-
¢iuojant Pearsono koreliacijos koeficienta (rp), kai dviejy kiekybiniy rodikliy
skirstiniai atitiko normalyjj skirstinj, ir Spearmano koreliacijos koeficienta
(rs) — kai skirstiniai neatitiko normaliojo skirstinio.

Siekiant patikslinti nustatytas reikSmingas koreliacinés analizés sgsajas
tarp nepriklausomy kiekybiniy rodikliy ir jvertinti jy galima tiesioginj poveikj
kitiems rodikliams statistiSkai, atlikta matuoty rodikliy duomeny tiesiné
regresiné analizeé, kiekvienam tiesinés regresijos modeliui pateikiant modelio
prognozing ir kokybine verte apibiidinancius rodiklius: determinacijos
koeficienta (R?), nepriklausomo kintamojo koeficienta, konstanta, ANOVA ir
Durbin—Watson kriterijy dé¢l galimos modelio likuciy autokoreliacijos.

Statistinés analizés metu nustatyti skirtumai laikyti statistiSkai patiki-
mais, kai p <0,05. Statistiné analizé atlikta SPSS programa (SPSS versija
29.0, IBM, Armonk, Niujorkas, JAV).
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3. TYRIMO REZULTATAI

3.1. Kardiomiocity morfometriniy parametry poky¢iai
esant jvairios stadijos iSeminés kilmés SN

IS viso 8638 kardiomiocitai i§ Sirdies kairiojo skilvelio viduriniosios
sienos buvo tinkami histomorfometrinei analizei $viesiniu mikroskopu: A
stadijos SN grupés — 2080 kardiomiocity, B stadijos SN grupés — 1992
kardiomiocitai, C-D stadijy SN grupés — 2637 kardiomiocitai, kontrolinés
grupés — 1929 kardiomiocitai. ISanalizavus iSmatuoto iSilginés projekcijos
kardiomiocity ilgio pasiskirstymo désningumus progresuojant iSemines
kilmés SN, nustatyta, kad jau A stadijos SN grupés tiriamyjy kardiomiocity
vidutinis ilgis buvo didesnis, palyginus su kontrolinés grupés analogisku
parametru (p < 0,001) (3.1.1 pav.).

125 i
&

103,3

100 x*
78,8
722
75
50
25
0

Kontroline A stadijos B stadijos C-D stadijy
grupe SN grupe SN grupe SN grupe

Kardiomiocity ilgis (pum)

3.1.1 pav. Kardiomiocity ilgis (vidurkis ir standartiné paklaida)

Paaiskinimai: *p < 0,001 — A, B ir C-D stadijy SN grupés, palyginus su kontroline grupe;
*¥p < 0,001 — B ir C-D stadijy SN grupés, palyginus su A stadijos SN grupe; ***p < 0,001 —
C-D stadijy SN grupeé, palyginus su B stadijos SN grupe.
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B stadijos SN grupés tiriamyjy kardiomiocity ilgis buvo didesnis, paly-
ginus su A stadijos SN (p < 0,001) ir kontrolinés grupiy tiriamyjy analogisku
rodikliu (p < 0,001). C-D stadijy SN grupés kardiomiocitai buvo ilgiausi,
palyginus su B (p <0,001), A stadijy SN (p <0,001) ir kontrolinés grupiy
tirtuoju parametru (p < 0,001).

Panasiis kardiomiocity histomorfometrinés analizés désningumai buvo
dokumentuoti, analizuojant kardiomiocity skersmens morfometrinio tyrimo
rezultatus (3.1.2 pav.). A stadijos SN grupés tiriamyjy kardiomiocity skers-
muo buvo didesnis, palyginus su kontrolinés grupés analogisku rodikliu
(p <0,001). B stadijos SN grupés kardiomiocity skersmuo buvo didesnis,
palyginus su A stadijos SN (p < 0,001) ir kontrolinés grupiy tiriamyjy kardio-
miocity skersmeniu (p < 0,001). C-D stadijy SN grupés kardiomiocity skers-
muo buvo didZiausias, palyginus su B (p < 0,001), A stadijy SN (p < 0,001)
ir kontrolinés grupiy skersmens parametru (p < 0,001).
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3.1.2 pav. Kardiomiocity skersmuo (vidurkis ir standartiné paklaida)

Paaiskinimai: *p < 0,001 — A, B ir C-D stadijy SN grupés, palyginus su kontroline grupe;
**p < 0,001 — B ir C-D stadijy SN grupés, palyginus su A stadijos SN grupe; ***p < 0,001 —
C-D stadijy SN grupeé, palyginus su B stadijos SN grupe.

Apskaiciavus iSilginés kardiomiocity projekcijos pavirsiaus plota, dides-
né $io rodiklio verté nustatyta, kai buvo A stadijos SN, palyginus su kontro-
linés grupés (p < 0,001) analogiku rodikliu (3.1.3 pav.). B stadijos SN gru-
pés iSilginés kardiomiocity projekcijos plotas didéjo ir buvo didesnis nei
A stadijos SN (p < 0,001) ir kontrolinés grupiy tirtieji parametrai (p < 0,001).
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C-D stadijy SN grupés isilginés kardiomiocity projekcijos plotas buvo di-
dziausias, §is rodiklis buvo didesnis nei B (p < 0,001), A stadijy SN (p <0,001)
ir kontrolinés grupiy tiriamyjy iSilginés projekcijos plotas (p < 0,001).
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Kardiomiocity plotas (i$ilginé projekcija, um?)

3.1.3 pav. Isilginés kardiomiocity projekcijos plotas
(vidurkis ir standartiné paklaida)

Paaiskinimai: *p < 0,001 — A, B ir C-D stadijy SN grupés, palyginus su kontroline grupe;
*¥p < 0,001 —B ir C-D stadijy SN grupés, palyginus su A stadijos SN grupe; ***p < 0,001 —
C-D stadijy SN grupeé, palyginus su B stadijos SN grupe.

Panasiis désningumai pastebéti ir vertinant apskaic¢iuoto A, B ir C-D
stadijy SN grupiy kardiomiocity tirio poky¢ius (3.1.4 pav.). Kardiomiocity
tiris, esant A stadijos SN, buvo didesnis, palyginus su kontrolinés grupés
tirtuoju parametru (p <0,001). B stadijos SN grupés kardiomiocity tirio
rodiklis didéjo, palyginus su A stadijos SN (p < 0,001) ir kontrolinés grupiy
kardiomiocity tdriu (p < 0,001). C-D stadiju SN grupés kardiomiocity tiiris
buvo beveik dvigubai didesnis negu B stadijos SN grupés analogiskas
rodiklis (p < 0,001) ir daugiau nei dukart didesnis, palyginus su A stadijos SN
(p <0,001) ir kontrolinés grupiy rezultatais (p < 0,001).
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3.1.4 pav. Kardiomiocity tiris (vidurkis ir standartiné paklaida)

Paaiskinimai: *p < 0,001 — A, B ir C-D stadijy SN grupés, palyginus su kontroline grupe;
**p < 0,001 — B ir C-D stadijy SN grupés, palyginus su A stadijos SN grupe; ***p < 0,001 —
C-D stadijy SN grupeé, palyginus su B stadijos SN grupe.

ISanalizavus kardiomiocity geometrijos kitimus atspindincio ilgio ir
skersmens santykio rodiklio poky¢ius progresuojant iSeminés kilmés SN,
nustatyta, kad $is apskai¢iuotas A stadijos SN grupés tiriamyjy rodiklis buvo
mazesnis, palyginus su kontrolinés grupés analogisku rodikliu (p <0,001).
Tai rodo, kad Sioje grup¢je spar€iau didéjo kardiomiocity skersmuo, paly-
ginus su $iy lasteliy ilgiu (3.1.5 pav.). Vis délto, vertinant B stadijos SN
grupés kardiomiocity ilgio ir skersmens santykj, nustatyta, kad B stadijos SN
grupés ilgio ir skersmens santykis didéjo, palyginus su A stadijos SN grupés
tirlamyjy analogiSku santykiu (p <0,001), taciau buvo mazesnis uz kontro-
linés grupés ilgio ir skersmens santykio rodiklj (p < 0,05). C-D stadijos SN
grupés tiriamyjy kardiomiocity ilgio ir skersmens santykis buvo didZiausias,
palyginus su B (p <0,001), A stadijy SN (p <0,001) ir kontrolinés grupiy
tirtuoju parametru (p < 0,001).
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3.1.5 pav. Kardiomiocity ilgio ir skersmens santykio rodiklis
(vidurkis ir standartiné paklaida)
Paaiskinimai: *p <0,001 — A ir C-D stadijy SN grupés, palyginus su kontroline grupe;
#p < 0,05 — B stadijos SN grupé, palyginus su kontroline grupe; **p < 0,001 — B ir C-D
stadijy SN grupés, palyginus su A stadijos SN grupe; ***p < 0,001 — C-D stadijy SN grupe,
palyginus su B stadijos SN grupe.

Atlikus kardiomiocity histomorfometriniy rodikliy rezultaty koreliacine
analiz¢, nustatytos teigiamosios koreliacijos tarp kardiomiocity ilgio ir
skersmens, vertinant visos imties bei atskirai — A, B ir C-D stadijy SN bei
kontrolinés grupiy — tirtuosius rodiklius (3.1.1 lentel¢).

3.1.1 lentelé. Kardiomiocity ilgio ir skersmens koreliaciné analizé

Kontroliné A stadijos B stadijos C-D stadijuy Visa tiriamoji
grupé SN grupé SN grupé SN grupé imtis
0,460; 0,355; 0,400; 0,453; 0,685;

p <0,001 p < 0,001 p < 0,001 p <0,001 p < 0,001

Pateikti rezultatai: Pearsono koreliacijos koeficientas.

Siekiant kiekybiniu poziiiriu tiksliai jvardinti kardiomiocity ilgio ir
skersmens kitimo pobiidj, kai progresuoja iseminés kilmés SN, atlikta A, B,
C-D stadijy SN ir kontrolinés grupiy kardiomiocity ilgio bei skersmens
rodikliy kitimo tiesinés regresijos analizé.
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Remiantis kardiomiocity ilgio ir skersmens sgsajy tiesinés regresijos mo-
delio analize, galima teigti, kad C-D stadijy SN grupés modelio prognoziné
geba buvo didziausia (R? = 0,2037) ir buvo artima kontrolinés grupés progno-
zinei gebai (R? = 0,2096) (3.1.6 pav.).

Kontrolin¢ grupé y =0,0827x +6,5967 A stadijos SN grup¢ ~ y=0,0635x +9,7575
R?=0,2096 R?2=0,1211
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B stadijos SN grupé ~ y=0,0749x +9,2807 C-D stadijos SN grupé y = 0,0848x + 10,165
R?>=0,1555 R?>=0,2037
40 40
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3.1.6 pav. Kardiomiocity ilgio ir skersmens sgsajy tiesinés regresijos
analizé (tiesinés regresijos modelio lygtis ir determinacijos koeficientas, R?)
Paaiskinimai: Durbin—Watson rodiklis — kontrolin¢ grupé — 1,51; A stadijos SN grupé — 1,59;
B stadijos SN grupé — 1,61; C—D stadijy pagal SN grupé — 1,17. Modelio ANOVA: kontroliné
grupé — p < 0,001; A stadijos SN grupé — p < 0,001; B stadijos SN grupé — p < 0,001; C-D
stadijy SN grupé —p < 0,001.
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A stadijos SN ir B stadijos SN grupiy tiesinés regresijos modelio prog-
noziné geba buvo maZesné (atitinkamai, R> = 0,1211 ir R? = 0,1555),
palyginus su C—D stadijy SN ir kontrolinés grupés prognozine geba.

Taigi, atlikus kardiomiocity histomorfometriniy rodikliy analizg, esant
jvairios stadijos iseminés SN, jau A stadijos SN grupés kardiomiocity histo-
morfometriniai rodikliai buvo didesni, palyginus su kontrolinés grupés tiria-
muyjy rodikliais. B stadijos SN grupés tiriamyjy kardiomiocity histomorfo-
metriniai rodikliai didéjo, palyginus su A stadijos SN ir kontrolinés grupiy
analogiskais parametrais. C—D stadijy SN grupés tiriamyjy histomorfometri-
niy rodikliy vertés buvo didziausios. Apskaiciavus kardiomiocity ilgio ir
skersmens santykio rodiklj, nustatyta, kad A ir B stadijy SN grupés kardio-
miocitai didéjo sparciau didéjant Sios grupés lasteliy skersmeniui, palyginus
su jy ilgiu, o C-D stadijy SN grupiy kardiomiocitai didéjo labiau ilgéjant
Sioms lasteléms nei didé¢jant jy skersmeniui.

Nustatytos reikSmingos teigiamosios kardiomiocity ilgio ir skersmens
koreliacijos, esant jvairios stadijos i$eminés kilmés SN. Atlikus kardiomio-
city ilgio ir skersmens sgsajy tiesinés regresijos modelio analizg, nustatyta,
jog C-D stadijy SN grupés modelio prognoziné geba buvo didZiausia.

3.2. Kardiomiocity desmino baltymo raiSkos dinamika

Ivertinus imunohistocheminés reakcijos prie§ desming rezultatus pagal
desmino baltymo raiSkos kardiomiocituose skalg, maza desmino raiSka
kardiomiocituose buvo nustatyta daugiau nei 95 proc. kontrolinés grupés
tiriamyjy atvejy (3.2.1 pav.). A stadijos SN grupés kardiomiocity vidutiné
desmino baltymo raiska dokumentuota 72 proc. §ios grupés tiriamyjy, liku-
siems nustatyta maza desmino baltymo raiska. Daznesné vidutiné desmino
baltymo raiska stebéta B stadijos SN grupés tiriamiesiems, kur i raiska buvo
nustatyta daugiau nei 76 proc. Sios grupés kardiomiocity. Visiems (100 proc.)
C-D stadqu SN grupés tiriamiesiems buvo vidutiné desmino raiska. Sioje
grupéje 10 proc. kardiomiocity buvo nustatyta suintensyvejusi desmino bal-
tymo imunohistocheminé reakcija su intracitoplazminiais desmino mikro-
agregatais.

49



A Kontroliné A stadijos B stadijos C-D stadijy

(28 proc.) (23,1 proc.)

(96,6 proc.)

Desmino baltymo raiskos skalé: ©maza @ vidutiné

3.2.1 pav. Kardiomiocity desmino raiska: (A) Imunohistocheminé
reakcija, histologinis miokardo vaizdas (desminas, HPA018803),
(B) Imunohistocheminés reakcijos vertinimo pagal desmino
baltymo raiskos skale rezultatai

Remiantis pusiau kiekybiniu imunohistocheminés reakcijos prie§ desmi-
ng vertinimu apskai¢iavus desmino imunohistocheminés reakcijos intensyvu-
ma, nustatyta, kad A stadijos SN grupés kardiomiocity desmino imunohisto-
cheminés reakcijos intensyvumas buvo didesnis, palyginus su kontrolinés
grupés analogisku rodikliu (p < 0,001) (3.2.2 pav.).

B ir A stadijy SN grupiy desmino imunohistocheminés reakcijos intensy-
vumas buvo panagus (p > 0,05). C-D stadijy SN grupés tiriamyjy kardiomio-
city desmino raiSka apibiidinantis imunohistocheminés reakcijos intensyvu-
mas buvo didziausias, palyginus su kontrolinés (p < 0,001), A (p <0,001) ir
B stadijy SN grupiy (p < 0,001) imunohistocheminés reakcijos intensyvumu.
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3.2.2 pav. Kardiomiocity desmino baltymo raiska: pusiau kiekybinio
imunohistocheminés reakcijos vertinimo rezultatai (mediana,
interkvartilinis plotis, minimali ir maksimali reiksmés)

Paaiskinimai: *p <0,001 — A, B, C-D stadijy SN grupés, palyginus su kontroline grupe;
**p < 0,001 — C-D stadijy SN grupés, palyginus su A stadijos SN grupe; ***p < 0,001 — C-D
stadijy SN grupé, palyginus su B stadijos SN grupe (Kruskal-Wallis testas su poriniais
palyginimais, p verté — pagal Bonferroni pataisa).

Stipri teigiamoji koreliacija nustatyta tarp desmino imunohistocheminés
reakcijos intensyvumo ir kardiomiocity ilgio (rs=0,698; p<0,001)
(3.2.3 pav.). Panasi stipri teigiamoji koreliacija nustatyta tarp desmino balty-
mo raiSka kardiomiocituose rodancio desmino imunohistocheminés reakcijos
intensyvumo ir kardiomiocity skersmens (rs = 0,681; p < 0,001). Ivertinus
sasajas tarp desmino imunohistocheminés reakcijos intensyvumo ir kardio-
miocity iSilginés projekcijos ploto bei Sios reakcijos intensyvumo ir
kardiomiocity tuirio, taip pat nustatytos stiprios teigiamosios koreliacijos tarp
Siy rodikliy (atitinkamai, rs= 0,697; p < 0,001 ir rs= 0,681; p < 0,001).
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3.2.3 pav. Kardiomiocity desmino imunohistocheminés reakcijos
intensyvumo ir jy histomorfometriniy rodikliy koreliaciné analizé

ISnagrinéjus kardiomiocity desmino raiSkos tyrimo rezultatus, esant
jvairios stadijos ieminés kilmés SN, galima teigti, kad jau A stadijos SN
grupés tiriamyjy kardiomiocity desmino baltymo raiska buvo didesné. Panasi
kardiomiocity desmino raiska isliko ir B stadijos SN grupés tiriamyjy, o
didziausia kardiomiocity desmino raiska nustatyta, kai buvo C-D stadijy SN.

Taip pat svarbu atkreipti démes}, kad desmino baltymo raiskos kardio-
miocituose pokyciai yra susij¢ su kardiomiocity histomorfometriniy rodikliy
poky¢iais progresuojant iSeminés kilmés SN.
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3.3. Kardiomiocity OPN baltymo raiskos kaita

ISnagrinéjus imunohistocheminés reakcijos prie§ OPN rezultatus, OPN
baltymo raiskos nenustatyta vir§ 30 proc. kontrolinés grupés tiriamyjy kar-
diomiocity (3.3.1 pav.).

A Kontroliné A stadijos B stadijos C-D stadijy
grupé SN grupé SN grupé SN grupé
- T W o ST # .— Py i :_--__ / 9 : FidT v ’ Y A t

n=13
(52 proc.)

(69,5 proc.)

OPN baltymo raiskos skalé: O nenustatyta Cimaza mvidutin¢ mdidele

3.3.1 pav. Kardiomiocity OPN baltymo raiska: (A) Imunohistocheminé
reakcija, histologinis miokardo vaizdas (OPN, MPIIIB10(1)),
(B) Imunohistocheminés reakcijos vertinimo pagal OPN baltymo
raiskos skalg rezultatai

Maza kontrolinés grupés kardiomiocity OPN raiSka buvo vir§ 69 proc.
tiriamyjy. Vidutiné A stadijos SN grupés kardiomiocity OPN baltymo raiska
dokumentuota 48 proc. tiriamyjy, o likusiems 52 proc. kardiomiocity OPN
rai$ka buvo maza. Pirma karta dokumentuota didelé B stadijos SN grupés OPN
raiSka buvo vir$ 8 proc. Sios grupés tiriamyjy. Dazniausiai (vir$ 86 proc.) §ios
grupés tiriamiesiems buvo nustatoma vidutin¢ kardiomiocity OPN baltymo
raiSka. Daugiausiai atvejy, kai stebéta didelé kardiomiocity OPN baltymo
raika, buvo analizuojant C—D stadijy SN grupés kardiomiocity OPN baltymo
raiSka — vir§ 46 proc., o vidutiné OPN raiska buvo nustatyta vir§ 41 proc. §ios
grupés tiriamyjy.
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Ivertinus kardiomiocity OPN imunohistocheminés reakcijos intensyvu-
ma, A stadijos SN grupés tiriamyjy kardiomiocity reakcijos intensyvumas
buvo didesnis, palyginus su kontrolinés grupés tiriamyjy analogisku rodikliu
(p <0,001) (3.3.2 pav.).
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3.3.2 pav. Kardiomiocity OPN baltymo raiska: pusiau kiekybinio
imunohistocheminés reakcijos vertinimo rezultatai
(vidurkis, standartiné paklaida)

Paaiskinimai: *p <0,001 — A, B, C-D stadijy SN grupés, palyginus su kontroline grupe;
*¥p < 0,001 — B ir C-D stadijy SN grupés, palyginus su A stadijos SN grupe; ***p < 0,001 —
C-D stadijy SN grupé, palyginus su B stadijos SN grupe (ANOVA su poriniais palyginimais
pagal Bonferroni kriterijy).

Kardiomiocity OPN raidka apibadinantis B stadijos SN grupés
imunohistocheminés reakcijos intensyvumas didéjo, palyginus su kontrolinés
(p < 0,001) ir A stadijos SN grupiy analogiskais rodikliais (p < 0,001).
Didziausia kardiomiocity OPN raiSka kardiomiocituose atspindincio rodiklio
verté buvo nustatyta analizuojant C—D stadijy SN grupés kardiomiocity OPN
raiSka, kur OPN imunohistocheminés reakcijos intensyvumas buvo didesnis
nei kontrolinés (p < 0,001), A (p < 0,001) ir B stadijy SN grupiy analogiski
rodikliai (p < 0,001).

ISanalizavus kardiomiocity OPN baltymo raiskos poky¢ius ir iy lasteliy
histomorfometriniy rodikliy kitimus progresuojant iSeminés kilmés SN, stipri
teigiamoji koreliacija nustatyta tarp OPN imunohistocheminés reakcijos
intensyvumo ir kardiomiocity ilgio rodikliy (rp = 0,638; p <0,001) (3.3.3 pav.).
Stipri teigiamoji koreliacija taip pat nustatyta ir vertinant kardiomiocity OPN
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imunohistocheminés reakcijos intensyvumag bei jy skersmens sgsajas
(rp = 0,604; p <0,001). ISnagrin¢jus kardiomiocity OPN imunohistocheminés
reakcijos intensyvumo pokycius ir $iy lasteliy iSilginés projekcijos ploto
pakitimus, taip pat dokumentuota stipri teigiamoji koreliacija tarp Siy rodikliy
(rp=0,599; p <0,001).
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3.3.3 pav. Kardiomiocity OPN imunohistocheminés reakcijos intensyvumo
ir jy histomorfometriniy rodikliy koreliaciné analizé

StatistiSkai vidutiné teigiamoji koreliacija nustatyta ir jvertinus sasajas
tarp kardiomiocity OPN imunohistocheminés reakcijos intensyvumo bei jy
turio poky¢iy (rp= 0,524; p < 0,001).

Ivertinus sgsajas tarp kardiomiocity OPN ir desmino imunohistoche-
miniy reakcijy intensyvumo, koreliacija tarp Siy rodikliy buvo silpna ir stati-
stiSkai nepatikima (rs = 0,074; p > 0,05) (3.3.4 pav.).

55



rs=0,074; p > 0,05
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3.3.4 pav. Kardiomiocity OPN ir desmino imunohistocheminiy
reakcijy intensyvumo koreliaciné analizé

Apibendrinant kardiomiocity OPN imunohistocheminio tyrimo rezulta-
tus, jau A stadijos SN tiriamyjy kardiomiocity OPN baltymo raiska buvo
padidéjusi. B stadijos SN grupés tiriamyjy kardiomiocity OPN baltymo
raiska didéjo, palyginus su A stadijos SN ir kontrolinés grupiy OPN baltymo
rvaiéka. Didziausia OPN baltymo raiska buvo nustatyta, kai buvo C-D stadijy
SN.

ISeminés kilmés miokardo pazeidimo nulemto remodeliavimosi metu
keiciantis histomorfometriniams kardiomiocity rodikliams, reik§mingai kei-
Ciasi ir $iy Igsteliy OPN baltymo raiska — nustatytos teigiamosios koreliacijos
tarp Siy rodikliy.

3.4. Kardiomiocity Grem1 raiskos pokyciai

Ivertinus imunohistocheminés reakcijos prie§ Greml rezultatus kardio-
miocituose, 47 proc. kontrolinés grupés tiriamyjy kardiomiocity Greml
raiSkos netur¢jo, o daugiau nei 52 proc. atvejy dokumentuota maza kardio-
miocity Grem1 baltymo raiska (3.4.1 pav.).
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A Kontroliné A stadijos B Stadl_IOS C-D stadijy
S SN grupé

Greml baltymo raiSkos skalé: 0 nenustatyta O maza @vidutiné mdidelé

3.4.1 pav. Kardiomiocity Greml baltymo raiska: (A) Imunohistocheminé
reakcija, histologinis miokardo vaizdas (Greml, ab22138),
(B) Imunohistocheminés reakcijos vertinimo pagal Greml1 baltymo
raiskos skale rezultatai

Pirma karta dokumentuota vidutin¢ A stadijos SN grupés kardiomiocity
Grem1 baltymo raiska buvo 28 proc. §ios grupés tiriamyjy, o 72 proc. A sta-
dijos SN grupés kardiomiocity Grem1 raiska buvo maza. Didel¢ Greml
baltymo raiska kardiomiocituose pirma kartg stebéta vir§ 8 proc. B stadijos
SN grupés atvejy. Sioje grupéje dazniausia buvo viduting kardiomiocity
Greml baltymo raiska (vir§ 86 proc. Sios grupés atvejy). Didelé kardiomio-
city Grem1 baltymo raiska buvo daZniausia tarp C-D stadijy SN grupés
tirtyjy (vir§ 64 proc.). Likusiuose daugiau nei 32 proc. C—D stadijy SN grupés
atvejy nustatyta vidutiné kardiomiocity Grem1 baltymo raiska, maza Greml
baltymo raiska stebéta tik 3 proc. atvejy.

Pagal imunohistocheminés reakcijos prie§ Greml pusiau kiekybinio
vertinimo kardiomiocituose metodikg jvertinus Grem1 imunohistochemings
reakcijos intensyvuma, nustatyta, kad jau A stadijos SN (SN rizikos) grupés
kardiomiocity Greml imunohistocheminés reakcijos intensyvumas buvo
didesnis, palyginus su kontroline grupe (p < 0,001) (3.4.2 pav.).

57



L
*

W

]

2

L E
a *
2 &
1t
" i
LM

Kontroliné A stadijos B stadijos C-D stadijy
grupé SN grupé SN grupé SN grupé

Grem1 imunohistocheminés reakcijos
intensyvumas
Lh

3.4.2 pav. Kardiomiocity Greml baltymo raiska: pusiau kiekybinio
imunohistocheminés reakcijos vertinimo rezultatai
(vidurkis, standartiné paklaida)

Paaiskinimai: *p < 0,001 — A, B, C-D stadijy SN grupés, palyginus su kontroline grupe;
**p < 0,001 — B ir C-D stadijy SN grupés, palyginus su A stadijos SN grupe; ***p < 0,001 —
C-D stadijy SN grupé, palyginus su B stadijos SN grupe (ANOVA su poriniais palyginimais
pagal Bonferroni kriterijy).

B stadijos SN grupés kardiomiocity Grem1 imunohistocheminés reakci-
jos intensyvumas buvo didesnis, palyginus su kontrolinés (p <0,001) ir
A stadijos SN grupiy Grem! imunohistocheminés reakcijos intensyvumu
(p <0,001). C-D stadijy SN grupés kardiomiocity Grem1 imunohistochemi-
nés reakcijos intensyvumas buvo didZiausias, kur §io rodiklio reik§mé buvo
didesné, palyginus su kontrolinés (p < 0,001), A (p < 0,001) ir B stadijy SN
grupiy tirtaisiais rodikliais (p < 0,001).

[Sanalizavus kardiomiocity Grem1 baltymo raiska apibiidinancio Grem1
imunohistocheminés reakcijos intensyvumo poky¢€ius ir histomorfometriniy
kardiomiocity rodikliy pakitimus, nustatyta stipri teigiamoji koreliacija tarp
kardiomiocity Grem1 imunohistocheminés reakcijos intensyvumo ir jy ilgio
poky¢iy (rp= 0,802; p < 0,001) (3.4.3 pav.).
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rp = 0,802; p < 0,001 rp=0,770; p < 0,001
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3.4.3 pav. Kardiomiocity Grem1 imunohistocheminés reakcijos intensyvumo
ir jy histomorfometriniy rodikliy koreliaciné analizé

Panasus kardiomiocity Greml baltymo raiSkos ir histomorfometriniy
kardiomiocity rodikliy désningumai stebéti ir vertinant Grem1 imunohisto-
cheminés reakcijos intensyvumo bei kardiomiocity skersmens pokyciy
sasajas — nustatyta stipri teigiamoji koreliacija tarp $iy rodikliy (rp = 0,770;
p <0,001). Grem1 baltymo raiSkos poky¢iai kardiomiocituose koreliavo su
i8ilginés projekcijos kardiomiocity ploto (rp = 0,778; p < 0,001) ir tiirio
(rp=0,701; p < 0,001) kitimais.
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Ivertinus kardiomiocity Grem1 ir desmino baltymy raiskos pokyciy sasa-
jas, nustatyta stipri teigiamoji koreliacija tarp Grem1 ir desmino imunohisto-
cheminés reakcijos intensyvumo poky¢iy (rs= 0,708; p < 0,001) (3.4.4 pav.).
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3.4.4 pav. Kardiomiocity Greml ir desmino imunohistocheminiy
reakcijy intensyvumo koreliaciné analizé

Panasiis désningumai dokumentuoti ir iSnagrinéjus kardiomiocity Grem1
bei OPN baltymy raiskos pokyc¢ius. Stipri teigiamoji koreliacija nustatyta tarp
Siy baltymy raiska kardiomiocituose apibuidinan¢iy imunohistocheminés
reakcijos intensyvumo poky¢iy (rp = 0,731; p < 0,001) (3.4.5 pav.).
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3.4.5 pav. Kardiomiocity Greml ir OPN imunohistocheminiy
reakcijy intensyvumo koreliaciné analizé
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Ivertinus kardiomiocity Grem1 raiskos pokyc¢ius progresuojant iSeminés
kilmés SN, galima teigti, kad kardiomiocity Grem! raiska didéjo, kai buvo
A stadijos SN. B stadijos SN grupés kardiomiocity Grem1 baltymo raiska
didéjo toliau, didziausia kardiomiocity Grem1 baltymo raiSka nustatyta, kai
buvo C-D stadijy SN.

Teigiamosios koreliacijos nustatytos tarp kardiomiocity Grem1 imuno-
histocheminés raiskos intensyvumo ir Siy lgsteliy morfometriniy rodikliy
pokyc¢iy.

Panasios teigiamosios koreliacijos dokumentuotos ir tarp kardiomiocity
Greml bei desmino ir Grem1 bei OPN imunohistocheminiy reakcijy intensy-
vumo poky¢iy progresuojant iseminés kilmes SN.

3.5. Kardiomiocity iRNR hnRNP C raiska

Pagal iRNR hnRNP C imunohistocheminio tyrimo rezultatus (3.5.1 pav.)
jvertintas kardiomiocity iRNR hnRNP C imunohistocheminés reakcijos
intensyvumas.

Kontroliné grupé A stadijos SN grupé B stadijos SN grupe  C-D stadijy SN grupé
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3.5.1 pav. Kardiomiocity iRNR hnRNP C raiska: imunohistocheminé
reakcija, histologinis miokardo vaizdas (iRNR hnRNP C, sc-32308)

A stadijos SN grupés iRNR hnRNP C imunohistocheminés reakcijos
intensyvumas buvo mazesnis, palyginus su kontrolinés grupés analogisku
rodikliu, tadiau statistiskai patikimo skirtumo tarp A stadijos SN ir kontrolin-
és grupés rodikliy nebuvo (p > 0,05) (3.5.2 pav.). Palyginus B ir A stadijy SN
grupiy kardiomiocity iRNR hnRNP C imunohistocheminés reakcijos intensy-
vuma, statistiSkai patikimy iRNR hnRNP C baltymo raiskos pokycius rodan-
¢iy skirtumy tarp $iy grupiy taip pat nenustatyta (p > 0,05). C-D stadijy SN
grupés iRNR hnRNP C imunohistocheminés reakcijos intensyvumas buvo
statistiSkai patikimai didesnis, palyginus su A stadijos SN grupés tirtuoju
rodikliu (p <0,001). StatistiSkai patikimy skirtumy, lyginant pokycius tarp
C-D ir B stadijy SN bei tarp C-D stadijy SN ir kontrolinés grupés iRNR
hnRNP C imunohistocheminés reakcijos intensyvumo, nebuvo (p > 0,05).
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3.5.2 pav. Kardiomiocity iRNR hnRNP C baltymo raiska:
pusiau kiekybinio imunohistocheminés reakcijos vertinimo rezultatai
(mediana, interkvartilinis plotis, minimali ir maksimali reiksmés)

Paaiskinimai: *p < 0,001 — C-D stadijy SN grupé, palyginus su A stadijos SN grupe
(Kruskal-Wallis testas su poriniais palyginimais, p verté — pagal Bonferroni pataisg).

ISnagrinéjus sgsajas tarp iRNR hnRNP C baltymo raiskos pokyciy
kardiomiocity branduoliuose ir morfometriniy kardiomiocity rodikliy pakiti-
my, nustatyta silpna teigiamoji koreliacija tarp iRNR hnRNP C imunohisto-
cheminés reakcijos intensyvumo ir kardiomiocity ilgio (rs = 0,218; p < 0,05)
(3.5.3 pav.).

Silpna teigiamoji koreliacija buvo dokumentuota tarp kardiomiocity
iRNR hnRNP C imunohistocheminés reakcijos intensyvumo ir $iy lgsteliy
skersmens (rs = 0,248; p < 0,05), i8ilginés projekcijos kardiomiocity ploto
(rs =0,235; p < 0,05) ir kardiomiocity tiirio (rs= 0,248; p < 0,05).
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rs = 0,218; p < 0,05 rs = 0,248; p <0,05
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3.5.3 pav. Kardiomiocity iRNR hnRNP C imunohistocheminés reakcijos
intensyvumo ir jy histomorfometriniy rodikliy koreliaciné analizé

[Sanalizavus iIRNR hnRNP C ir desmino baltymy raiskos poky¢iy,
vykstant kardiomiocity remodeliavimuisi, s3sajas, statistiSkai patikimos
koreliacijos tarp Siy baltymy imunohistocheminiy reakcijy intensyvumo
poky¢iy nebuvo (p > 0,05) (3.5.4 pav.). Silpna teigiamoji koreliacija nustatyta
tarp kardiomiocity iRNR hnRNP ir OPN baltymy raiskos pokyc¢iy progresuo-
jant iSeminés kilmés SN (rs=0,228; p < 0,05) (3.5.5 pav.). Panasaus pobiidZio
silpna teigiamoji koreliacija taip pat nustatyta, vertinant kardiomiocity iRNR
hnRNP C ir Grem1 raiskos poky¢iy sasajas (rs= 0,274; p < 0,05) (3.5.6 pav.).
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3.5.4 pav. Kardiomiocity iRNR hnRNP C ir desmino imunohistocheminiy
reakcijy intensyvumo koreliaciné analizé
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3.5.5 pav. Kardiomiocity iRNR hnRNP C ir OPN imunohistocheminiy
reakcijy intensyvumo koreliaciné analizé
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rs = 0,274; p < 0,05
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3.5.6 pav. Kardiomiocity iRNR hnRNP C ir Greml imunohistocheminiy
reakcijy intensyvumo koreliaciné analizé

Apibendrinant kardiomiocity iRNR hnRNP C baltymo imunohistoche-
minio tyrimo rezultatus, C—D stadijy SN kardiomiocity iRNR hnRNP C raiska
buvo didesné, palyginus su A stadijos SN grupés baltymo raiskos intensyvu-
mu. Taip pat nustatytos silpnos teigiamosios koreliacijos tarp kardiomiocity
branduoliy iRNR hnRNP C baltymo raiSkos bei histomorfometriniy kardio-
miocity rodikliy poky¢iy, OPN, Grem1 baltymy raiskos pakitimy.
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4. TYRIMO REZULTATU APTARIMAS

4.1. Kardiomiocity remodeliavimosi ypatumai
progresuojant iSeminés kilmés SN

Sirdies raumens remodeliavimasis yra aktyvus audiniy persitvarkymo
procesas, sukeliamas Sirdies raumens pazeidimo — siekiama palaikyti opti-
malig $irdies funkcija keiciantis audinio struktiirai [240]. Zalojamieji veiks-
niai, jskaitant ilgg laikg besitgsiancig iSemija, nuolat sukelia kompensacinio
remodeliavimosi lemiamus strukttrinius pokyc¢ius — laikoma, kad dazniausiai
jie padeda uztikrinti kardiomiocity mikroaplinkos homeostazg ir gebg atlikti
specializuotas funkcijas. IS esmés Siy remodeliavimosi procesy paskirtis yra
apsaugoti ir uztikrinti audiniy terpés fiziologinj funkcionaluma, taciau nau-
jausi moksliniy tyrimy duomenys rodo, kad, pasieke tam tikrag kompensacijos
laipsnj, Sie remodeliavimosi procesai sukelia patologinj poveiki, pasireiskian-
tj silpnéjanéia Sirdies funkcija ir, galiausiai, simptominiu SN [5]. Kita vertus,
dalis tyréjy mano, kad Siems uzsitesusios iSemingés kilmés pazeidimo nulem-
tiems kardiomiocity remodeliavimosi procesams nuo pat pradziy budingas
patologinis poveikis ir Sie pokyciai gali rodyti ankstyva Sirdies raumens
pazeidima dar iki atsirandant pirmiesiems SN simptomams [240].

Remiantis histomorfometrinio kardiomiocity tyrimo, esant A, B, C ir D
stadijy SN, rezultatais, pateikiami nauji, i§samiis kiekybiniai duomenys apie
kardiomiocity pokycius jvairiais audinio remodeliavimosi laikotarpiais —
identifikuojami specifiniai kardiomiocity geometrijos poky¢iai jau anksty-
vuoju kardiomiocity remodeliavimosi laikotarpiu dar iki atsirandant iSeminés
kilmés SN simptomams. Pirmieji reik§mingi kardiomiocity formos poky¢iai
nustatyti, esant A stadijos SN (SN rizikos), kai dar néra klinikai akivaizdzios
struktiirinés Sirdies raumens ligos. Sis tyrimas yra pirmasis nuoseklus kardio-
miocity morfometrinis tyrimas, kuriame ankstyvuoju ir vélyvuoju remodelia-
vimosi laikotarpiais Zzmogaus Sirdyje vykstantis Sirdies raumens persitvarky-
mas apibiidinamas lasteliniu lygmeniu progresuojant iSeminés kilmes SN.

StatistiSkai patikimai padidéjes iSilginés projekcijos kardiomiocity plo-
tas, tliris ir sumazejes kardiomiocito ilgio bei skersmens santykis A stadijos
SN grupéje rodo, kad ankstyvuoju remodeliavimosi laikotarpiu kardiomio-
citai jgauna lastelés hipertrofijai tipiSkus morfologinius pozymius, labiau
didéjant lastelés skersmeniui, palyginus su lgstelés ilgiu. Remiantis Siais
histomorfometrinio kardiomiocity tyrimo rezultatais, galima iSkelti hipotezg,
kad ankstyvuoju remodeliavimosi laikotarpiu vyraujantj lygiagrety kardio-
miocity intracitoplazminiy sarkomery augima lemia sutrikdyta kontraktilis-
kumo funkcija [241], kuri atsiranda ankstyvuoju iSeminio Sirdies raumens

66



pazeidimo laikotarpiu. Nagrinéjant B stadijos SN grupés kardiomiocity
morfometrinio tyrimo duomenis, nustatyta, kad B stadijos SN grupés kardio-
miocity tliris dide¢ja labiau ilgéjant Sioms lasteléms nei augant jy skersmeniui,
lyginant su A stadijos SN grupés analogisku rodikliu, tadiau i§licka maZesnis,
lyginant su kontrolinés grupés kardiomiocity ilgio ir skersmens santykiu.

Hemodinaminiu poZiiiriu visy 8iy kardiomiocito persitvarkymy tikslas —
stimuliuoti Sirdies raumens hipertrofija kaip kompensacinj atsaka, siekiant
sumazinti Sirdies skilvelio sienai tenkanc¢io padidéjusio mechaninio kriivio
poveikj ir uzkirsti kelig formuotis Sirdies disfunkcijai [5]. Miihlfeld C. ir kt.
(2020) analizavo SN su i§saugota i§stiimio frakcija, taikydami gyviiny mode-
lj, ir ankstyvuoju SN formavimosi laikotarpiu histomorfometriskai nustaté
reik§mingg kardiomiocity skersmens didéjima, palyginus su kontroline grupe
[90]. Vigliano C. A. ir kt. (2011), tirdami idiopating dilatacing kardiomiopa-
tija, nustateé, kad daugiau nei 50 proc. pacienty, kuriems reik§mingai padidé-
jes kardiomiocity skersmuo, pasireiiké daug labiau komplikuota su SN susi-
jusi klinikinés ligos eiga [91]. Be to, Siame tyrime kardiomiocity skersmens
poky¢iai, atlikus Cox vienanarg regresing analize, identifikuoti kaip reiks-
mingas, nepriklausomas, su daznesne pacienty mirtimi susij¢s prognozinis
veiksnys. Remiantis kardiomiocity skersmens pokyc¢iy tyrimo rezultatais,
galima pagristi hipotez¢ — ankstyvuoju laikotarpiu kardiomiocity remodelia-
vimasis jau nuo pat pradziy rodo besiformuojancius Sirdies raumens
struktiiros poky¢ius dar iki atsirandant pirmiesiems SN simptomams. Todél
ankstyvuoju remodeliavimosi laikotarpiu vykstantys kardiomiocity lastelinés
strukttiros persitvarkymo procesai rodo, kad labiau didéjantis kardiomiocity
skersmuo, palyginus su $iy lasteliy ilgiu, gali biiti vienas pirmyjy morfolo-
giniy ankstyvojo Sirdies raumens remodeliavimosi laikotarpio poZymiy
sergant iSemine $irdies liga. Siuo atveju, remodeliavimasis gali biiti ir progno-
zinis, ankstyva Sirdies raumens pazaida apibiidinantis veiksnys besiformuo-
jant iSeminés kilmés SN.

Jau ankstyvuoju remodeliavimosi laikotarpiu iki atsirandant pirmiesiems
ieminés kilmés SN simptomams kardiomiocity struktiiros remodeliavimosi
rezultatas yra did¢jantis kardiomiocity tiiris (ir kartu auganti Sirdies skilvelio
mas¢) [242], lemiantis Sirdies prieSkriivio didéjimg. Minéti procesai, esant
iSeminiam Sirdies raumens audinio pazeidimui, suprantami kaip kompen-
sacingé reakcija. Vis délto, tyrimai rodo, kad dél ankstyvuoju remodeliavimosi
laikotarpiu vykstancio kardiomiocity geometrijos persitvarkymo mazéja
Sirdies skilvelio skersinés projekcijos apimtis, todel silpnéja jeentriniai Sirdies
skilvelio judesiai sistolés laikotarpiu ir mazéja Sirdies i$stimio frakcija [243].
Tad ankstyvuoju Sirdies raumens iSeminio pazeidimo laikotarpiu dokumen-
tuoti Sirdies skilvelio geometrijos ir jo funkcijos persitvarkymo procesai
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atskleidzia nauja, sudétingesn¢ kardiomiocity persitvarkymo ankstyvuoju
remodeliavimosi laikotarpiu jtaka iseminés kilmés SN patogenezéje.

Ankstyvuoju remodeliavimosi laikotarpiu vyrauja kompensaciniai pro-
cesai, taCiau ankstyvasis struktiirinis kardiomiocity persitvarkymas téra
trumpalaike priemone efektyviai pagerinti Sirdies audinio kontraktiliSkumo
funkcija. D¢l sukelty hipertrofinius kardiomiocity pokycius lemianciy persi-
tvarkymo procesy didéja deguonies poreikis, maz¢ja santykinis intramiokar-
diniy kapiliary tankis ir kei¢iasi paties Sirdies audinio perfuzija. Visi minéti
veiksniai prisideda prie pirminio iSeminés Sirdies ligos nulemto miokardo
audinio pazeidimo ir Sirdies raumens kontraktilinés funkcijos silpnéjimo
[241]. Atlikus C-D stadijy SN grupés, apibiidinan¢ios morfologinius Sirdies
miocity poky&ius esant simptominiam — paZzengusiam SN, kardiomiocity
histomorfometring analiz¢, nustatyta, kad vélyvuoju remodeliavimosi laiko-
tarpiu ir toliau stimuliuojama kardiomiocity hipertrofija, lastelei santykinai
daugiau ilgéjant nei did¢jant jos skersmeniui, todél kardiomiocity turis ir
toliau did¢ja. Remiantis Tamura T. ir kt. (1998) tyrimo rezultatais, progresuo-
jant SN sirdies kairiojo skilvelio skersin¢ apimtis didéja daugiausiai dél
santykinio kardiomiocity ilgejimo [96]; Sie dokumentuoti kardiomiocity per-
sitvarkyma veélyvuoju remodeliavimosi laikotarpiu apibiidinantys pokyciai
rodo, kad santykinis kardiomiocity ilg¢jimas remodeliavimosi metu yra
struktiirinis miokardo dekompensacija atspindintis morfologinis poZymis.
Janczewski A. M. ir kt. (2002) tyrime, atlikus Sirdies kairiojo skilvelio kardio-
miocity ilgio histomorfometring analize, esant dilatacinei kardiomiopatijai,
dokumentuota panasi kardiomiocity ilgio pokycCiy sasaja su progresuojancia
Sirdies kontraktiline disfunkcija [97]. Remiantis to paties tyrimo rezultatais,
reikSmingy skirtumy tarp tiriamosios ir kontrolinés grupiy kardiomiocity
skersmens pokyc¢iy nenustatyta. Svarbu atkreipti démesj, kad musy atliktame
tyrime dokumentuotas reikSmingas kardiomiocity skersmens did¢jimas C—D
stadijy SN grupéje, palyginus su A stadijos SN, B stadijos SN ir kontrolinés
grupiy duomenimis.

Kaip atsakas i besitgsiant] iSemin]j Sirdies raumens pazeidimg, kardio-
miocity hipertrofiniai poky¢iai vélyvuoju remodeliavimosi laikotarpiu for-
muojasi daugiau keiCiantis jy ilgiui nei skersmeniui — siekiant iSlaikyti
fiziologing Sirdies iSstumio frakcija, kai efektyviai funkcionuojanciy Sirdies
raumens sriciy labai sumazg¢j¢ [244]. Nors nustatytas teigiamas kardiomiocity
remodeliavimosi poveikis, tac¢iau dél uzsitesusiy Siy lasteliy persitvarkymo
procesy audiniai persitempia, iSsenka kompensacinio Franko—Starlingo me-
chanizmo iStekliai, Sirdies skilveliy ertmes iSsiplecia [69], jy sienose didé¢ja
jtampa. Visi Sie procesai prisideda prie progresuojancio Sirdies skilveliy sieny
plonéjimo [245], funkcikai pasireiskian¢io kaip SN. Minéti poky¢iai rodo,
kad ilgainiui uzsitgsus iSemijai kardiomiocity remodeliavimasis tampa
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svarbiu, kliniSkai reik§mingg struktiiring Sirdies audiniy pazaida lemianciu
veiksniu progresuojanéio ieminés kilmés SN patogenezéje.

Svarbu atkreipti démesj, kad, remiantis iSeminés kilmés SN tyrimy rezul-
tatais, morfologiniai kardiomiocity lastelinés struktiiros persitvarkymo pro-
cesai, vykstantys patologiniu tapusio remodeliavimosi metu, yra svarbiausias
veiksnys, lemiantis kliniskai reikSmingg Sirdies raumens struktiiring pazaida
uzsitesusios iSemijos saglygomis [246]. Pagal Del Buono M. G. ir kt. (2022),
uzsitgsusios iSemijos salygomis hipertrofuoty kardiomiocity ilgéjimas yra
vyraujantis veiksnys, lemiantis kliniSkai reikSmingus Sirdies skilveliy geome-
trijos poky¢ius, Sirdies skilveliy sieny masés augimg [98]. Dél Siy priezasciy
skilveliy sienose reikSmingai didéja iSilginé sistoliné jtampa ir atsiranda
negriztamas, progresuojantis skilveliy funkcijos silpnéjimas, kliniSkai pasi-
reiskiantis simptominiu SN. Tuo pa¢iu metu vykstantys reik§mingi hemodi-
namikos ir neurohumoralinés sistemos pokyciai atspindi pamazu maz¢jantj
Sirdies ir kraujagysliy sistemos funkcinj veiksminguma. D¢l besitgsiancios
pamazu maz¢jancios Sirdies iSstimio frakcijos aktyvinama renino, angioten-
zino ir aldosterono sistema, kuri prisideda prie kardiomiocity dydzio poky¢iy,
pazeidzia $iy lasteliy metabolinius procesus, aktyvina baltymy sintezg¢ kitose
Sirdies audinio lastelése — fibroblastuose. Dél aktyvinty fibroblasty Sirdies
raumens intersticiniame audinyje gaus¢ja kolageninio jungiamojo audinio,
maze¢ja Sirdies sieny plastiSkumas, kliniskai pasireiSkiantis Sirdies diastoline
disfunkcija [247].

4.2. Desmino struktirinis persitvarkymas
kardiomiocity remodeliavimosi metu

Besitesiancios iSemijos salygomis Sirdies raumenyje vykstant kardio-
miocity remodeliavimuisi, pazeidziama intrasarkoplazminiy baltymy homeo-
staz¢, keiciasi kardiomiocity citoskeleto struktiira [248—250]. Tarpinis fila-
mentas desminas, kaip vienas pagrindiniy kardiomiocito citoskeleto | mecha-
ninio kriivio poky¢ius reaguojanciy komponenty, yra svarbus uztikrinant
lastelés atsparuma did¢jant mechaniniam kriiviui, palaikant sarkomery
integraluma, optimizuojant intrasarkoplazminiy signaly perdavima jvairioms
vidulgstelinéms struktiiroms, perduodant lgstelés atsako signalus j uzlasteline
mikroaplinka [11]. Lastelése, kuriose triikksta desmino, nesant optimalios
vidulgsteliniy komponenty struktiirinés organizacijos ir vidusarkoplazminiy
signaly perdavimo, geba organizuoti ir palaikyti kompensacines reakcijas,
reaguojant i aplinkos stresinius veiksnius, reikSmingai susilpnéja [12, 251].

Atlikus imunohistocheminj kardiomiocity desmino raisSkos poky¢iy tyri-
ma, reikSmingai padidéjusi kardiomiocity desmino raiska nustatyta A ir B
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stadijy SN grupése, palyginus su kontroline grupe. Tai rodo specifinj kardio-
miocity citoskeleto komponenty persitvarkyma jau ankstyvuoju remodelia-
vimosi laikotarpiu, dar iki atsirandant i$eminés kilmés SN simptomams. I§
tikryjy kardiomiocituose padidéjusi desmino raiska ankstyvosiose jvairiy Sir-
dies ligy formavimosi stadijose gali biiti vertinama kaip lastelése vykstanciy
kompensaciniy procesy iSraiSka [252], nes, lyginant imunohistocheminés
reakcijos dazymosi intensyvuma ir pobidj A ir B stadijy SN grupése, jokiy
morfologiniy sarkomery organizacijos pazeidimo poZymiy nematyti.
Pawlak A. ir kt. (2012) tyrime buvo nustatyti panasiis kardiomiocity desmino
raiSkos poky¢iai dilatacinés kardiomiopatijos atvejais; atkreiptas démesys,
kad desmino raiska kardiomiocituose ypac suintensyveja progresuojant simp-
tominiam SN [26]. Ieminés SN atvejais Bouvet M. ir kt. (2021) nustaté, kad
kardiomiocity remodeliavimosi metu Siose lastelése gauséja fosforilinto
desmino, mazéja $io tarpinio filamento tirpumas, susidaro palankios salygos
formuotis vidulasteliniams desmino mikroagregatams ateityje — visi Sie
desmino raiskos pokyciai prisideda prie jau egzistuojancios iSeminés kilmés
Sirdies raumens pazaidos progresuojant ieminés kilmés SN [253].

Lyginant kardiomiocity desmino raiska, esant A ir B stadijy SN, abiejy
grupiy kardiomiocity tarpinio filamento raiska panasi, taip pat iSsaugomas
citoplazminis kardiomiocity ruoZuotumas, matomas atlikus imunohistoche-
min¢ reakcija prieS desming. Remiantis kardiomiocity desmino raiskos
imunohistocheminio tyrimo rezultatais ir jvertinus kardiomiocity desmino
baltymo raiSkos bei Sirdies miocity histomorfometriniy rodikliy poky¢iy sa-
saja, galima teigti, kad ankstyvuoju remodeliavimosi laikotarpiu kardiomio-
city citoskeleto persitvarkymo procesai yra efektyvils, iSsaugoma tarpinio
filamento sudétis ir bendras citoskeleto bei formos integralumas. Svarbu
atkreipti démesj, kad imunohistocheminio tyrimo metu desmino struktiirinés
organizacijos pazeidimy nenustatyta ir veélyvuoju kardiomiocity remodeliavi-
mosi laikotarpiu. Tai rodo, kad kardiomiocitai geba iSsaugoti mechaninj
atsparumg ilgesnj laika besitgsiancios Sirdies raumens iSemijos sglygomis
[253], taip 1§ dalies sulétinamas strukturinés Sirdies ligos progresavimas
simptominio SN link.

Ypa¢ suintensyvejusi kardiomiocity desmino raiska ir Sios tarpinio
filamento vidulastelinés struktiirinés organizacijos pazeidimas dazniausiai
stebimas C—D stadijy SN grupéje. Tai rodo, kad $ie morfologiniai su desmino
raiSkos kitimais susij¢ kardiomiocity pazaidos poZymiai i§ esmes yra buidingi
vélyvuoju, patologinj pobiidj igaunancio remodeliavimosi laikotarpiu, kai dél
reik§mingai susilpnéjusios kardiomiocity funkcijos isryskéja simptominis SN
[254]. Tlgesni laika besitgsiancios Sirdies raumens iSemijos ir mechaninés
itampos salygomis desmino potransliacinés modifikacijos vyksta daug akty-
viau, taip susidaro skirtingos, negriztamai kardiomiocity pazaidai tipiskos
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desmino baltymo izoformos [12]. Be to, padidéjes desmino baltymo potrans-
liaciniy modifikacijy procesy aktyvumas, daznesnés desming koduojanciy
geny mutacijos [255] susijusios su patologiniy tretiniy $io baltymo struktiiry
susidarymu, taip dar intensyviau sutrikdoma vidulasteliné sarkomery strukta-
ry organizacija [251, 255], formuojasi proamiloidogeniniai oligomerai [256],
kurie tampa vidusarkoplazminiy desmino mikroagregaty $altiniu. Sios pato-
logine treting erdving struktiirg turincios vidusarkoplazminés desmino mikro-
agregaty sankaupos pasiZymi tiesioginiu toksiniu poveikiu kardiomiocitams
ir negrjztamai pakeicia kardiomiocity sarkomery komponenty mechanika
esant simptominiam SN [26, 134].

4.3. Kardiomiocity OPN raiskos poky¢iy dinamika,
progresuojant iSeminés kilmés SN

OPN yra baltymo zymuo, kurio diagnozinis jautrumas yra pripazintas ir
placiai nagrinéjamas kituose tyrimuose [257], kur didziausias démesys
skiriamas negrjztamai paZeistam Sirdies raumens audiniui, kai SN progre-
suoja dilatacinés kardiomiopatijos [258], diabetinés kardiomiopatijos [10] ar
iSeminés Sirdies ligos atvejais [28, 159]. Dokumentuota reikSminga korelia-
cija tarp OPN koncentracijos kraujo plazmoje ir kardioechoskopiniy para-
metry, SN eigos, baig¢iy, hospitalizacijos rodikliy ir prognoziniy veiksniy
[159]. Behnes M. ir kt. (2013) atkreipé démesj, kad OPN koncentracija kraujo
plazmoje yra glaudZziai susijusi su Sirdies kairiojo skilvelio kardioecho-
skopiniy parametry pokyéiais, taip pat iiminio SN atvejais nustatyta reiks-
mingai teigiamoji koreliacija tarp OPN koncentracijos kraujo plazmoje ir
funkcinés NYHA klasifikacijos bei struktiiring Sirdies pazaida apibtidinancios
ACC / AHA Kklasifikacijos kategorijy [257]. Visa tai iliustruoja OPN biolo-
ging svarba SN patogenezei. Vis délto, daugumoje $iy tyrimy OPN nagri-
néjamas analizuojant OPN koncentracijg kraujo plazmoje, o patologinés Sio
rodiklio vertés nustatomos pagal kliniskai relksmmgas s3sajas su progresuo-
janéiu SN, daZniausiai esant simptominiam, pazengusiam SN [28].

Misy atliktame tyrime pirmag kartg pateikiami i§samiis duomenys apie
kardiomiocity OPN raiskos dinamika, dokumentuojant kardiomiocity OPN
baltymo raiSkos pokycius pagal OPN imunohistocheminio tyrimo rezultatus
A, B ir C-D stadijy i§eminés kilmés SN grupése. Reik§mingai padidéjusi
kardiomiocity OPN raiska jau buvo nustatyta A stadijos SN (SN rizikos)
grup¢je, palyginus su kontrolinés grupés rezultatais. Kardiomiocity OPN
imunohistocheminés reakcijos intensyvumas didéjo B stadijos SN (iki SN)
grup¢je, o didziausia Sio imunohistocheminio tyrimo rodiklio verté nustatyta
C-D stadijy SN (simptominio — pazengusio SN) grupéje. Padidéjusia OPN
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raika iSeminés kilmés SN atvejais tarp cukriniu diabetu sirgusiy ir staiga dél
Sirdies patologijos mirusiy pacienty, palyginus su kontroline grupe, taip pat
apras¢ ir Patel M. ir kt. (2020) [14]. Be to, Schipper M. E. L. ir kt. (2011)
nustaté, kad OPN iRNR ir baltymo raiSka kardiomiocituose, esant pazen-
gusiam ieminés kilmés SN, reik§mingai sumazéjo, j Sirdies kairjjj skilvelj
implantavus mechaninj skilvelio funkcijg atliekant] prietaisg [29]. Remiantis
reikSmingos kardiomiocity OPN baltymo raiSkos ir progresuojancios Sirdies
raumens disfunkcijos sgsajos tyrimy rezultatais, galima teigti, kad OPN gali
biiti tiesiogiai susij¢s su rysSkéjanciu Sirdies miocity kontraktilinés funkcijos
pazeidimu, lemianc¢iu patologinius Sirdies skilvelio geometrijos pokycius —
Sirdies raumens iSemijos atveju Sie pokyciai lemia simptominio iSeminés
kilmés SN formavimasi.

Vertinant kardiomiocity OPN baltymo raiskos ir histomorfometriniy jy
rodikliy pokyCiy sasajas, nustatyta stipri, teigiamoji koreliacija tarp
kardiomiocity OPN baltymo raiSkos ir $iy lasteliy ilgio, skersmens, isilginés
projekcijos ir tirio poky¢iy, esant jvairios stadijos iSeminés kilmés SN.
StatistiSkai patikimas koreliacijas tarp suintensyvéjusios OPN raiskos ir
kardiomiocity hipertrofijos in vivo ir in vitro sisteminés hipertenzijos atvejais
gyviiny modeliuose dokumentavo Graf K. ir kt. (1997) [17]. Tiriant OPN
raiSkos pokycius, esant dilatacinei kardiomiopatijai, nustatyta stipri, teigia-
moji koreliacija tarp didé¢jancios kardiomiocity OPN baltymo raiskos ir ati-
tinkamai didéjancio irdies miocity skersmens, kai SN pazenges (rs = 0,731;
p<0,001) [33]. Tai atitinka ir misy tyrime dokumentuotus panasSaus
pobiidZio rezultatus. Be to, Li J. ir kt. (2017) nustaté, kad SN dél spaudimo
perkrovos atvejais gyviiny eksperimentiniame modelyje kardiomiocity OPN
raiSkos pokyciai ir $iy lasteliy morfometriniai kitimai sukeliami gana greitai
po zalojamojo veiksnio poveikio (pra¢jus maziau nei 12 savaiciy po Sirdies
raumens pazeidimo) [15]. Tai rodo OPN baltymo reik§mg¢ ankstyvuoju remo-
deliavimosi laikotarpiu ir jo poveiki kardiomiocity geometrijos pokyc¢iams
dar iki atsirandant pirmiesiems SN simptomams.

OPN baltymas fiziologinémis salygomis moduliuoja tarplasteliniy
signaly perdavimg tarp lgsteliy, adhezijos bei migravimo procesus, ir $io
baltymo raiska kardiomiocituose fiziologinémis salygomis yra Zema [16], tai
rodo ir miisy kontrolinés grupés OPN imunohistocheminio tyrimo rezultatai.
Vis délto, Sirdies raumens iSemijos salygomis OPN funkciné reikSme didéja.
Siekiant sumazinti Zalojamajj iSemijos poveikj Sirdies raumeniui, aktyvinami
CD44 /RAF /RAS /MEK 1-2/ERK 1-2 arba kalcineurino / NFAT vidulaste-
liniai signaliniai keliai [147, 148]. Siais vidulasteliniais signaliniais keliais
perduodamas signalas aktyvina su lgsteliy hipertrofija susijusiy geny raiska,
morfologiSkai pasireiSkianc¢ig kompensacine kardiomiocity hipertrofija. Tik
kontrolingje grup¢je buvo atvejy, kai kardiomiocity OPN baltymo raiskos
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nestebéta visai, o padidéjusi kardiomiocity OPN raiska dokumentuota jau A
stadijos SN (SN rizikos) grupéje — $ie poky¢iai rodo, kokie jautris ir suderinti
remodeliavimosi mechanizmai veikia molekuliniu ir Igsteliniu lygmenimis
ankstyvuoju Sirdies raumens persitvarkymo laikotarpiu, kompensuojant dél
iSemijos susiformavusia vidulgsteline disfunkcija.

Besitgsiancios Sirdies raumens iSemijos saglygomis vykstant kardiomio-
city remodeliavimuisi, atitinkamai didéja ir kardiomiocity OPN baltymo
raiSka. DidZiausi Sio baltymo raiSkos rodikliai dokumentuojami simptominio
ar pazengusio iSeminés kilmés SN atvejais. Tai rodo ir misy kardiomiocity
OPN imunohistocheminio tyrimo rezultatai. Sie dokumentuoti kardiomiocity
OPN baltymo raiSkos poky¢iai atskleidzia biologiniu poZziliriu sudétingesne
OPN itaka kardiomiocity remodeliavimosi procese, kai Sird] apsaugancios
(kardioprotekcinés) OPN funkcijos pamazu prarandamos, progresuojant
paZzengusiam iSeminés kilmés SN. Siuos funkcinius OPN poky¢ius gali
paaiskinti Dalal S. ir kt. (2014) tyrimas, kuriame reikSmingai padidéjusi OPN
raiSka suaugusiy peliy kardiomiocituose lemia daznesng¢ Sirdies miocity
apoptoze, aktyvinamg per CD44 moduliuojama mitochondrijy mirties signa-
linj kelia ir padidéjusig lastelés endoplazminio tinklo apkrova [153]. Taip pat
susilpnéjusios kardioprotekcinés OPN funkcijos gali biiti paaiSkinamos
Pollard C. M. ir kt. (2019) apraSytu tiesioginiu slopinamuoju OPN poveikiu
B2AR antifibroziniam signalui per cAMP/Epacl signalinj kelig [145]. Kartu
Sie besikeiCiancios kardiomiocity OPN baltymo raiskos moduliuojami
mechanizmai lemia funkcinius Sirdies skilveliy geometrijos pokycius,
did¢jant Sirdies sieny masei ir bendrai skilveliy apimciai. Galiausiai Sie
procesai tampa reikSmingais, turinciais svary poveikj didéjanciai iSilginei
sistolinei Sirdies sieny jtampai ir silpn¢janciai Sirdies skilveliy funkcijai,
formuojantis klinikinius simptomus sukelianéiam i§eminés kilmés SN [98].
Psarras S. ir kt. (2012), tirdami peles su OPN~~ mutacija ir dilatacine kardio-
miopatija, nustate 30 proc. Sirdies kairiojo skilvelio uzpakalinés sienos susto-
réjima, 53 proc. sustipréjusia sistoline Sirdies kairiojo skilvelio funkcijg ir
29 proc. reciau susiformavusj Sirdies kairiojo skilvelio ertmés iSsiplétima
(dilatacijg), palyginus su pelémis, kuriy OPN baltyma koduojan¢io geno
raiSka nebuvo slopinama [259]. Taip jie pagrindé patologinj pobiidj jgaunantj
OPN poveikj kardiomiocity remodeliavimosi procesui, lemiantj patologinius
Sirdies kairiojo skilvelio geometrijos pokycius.

Detaliau analizuojant miisy tyrimo duomenis apie kardiomiocity OPN ir
desmino baltymy raiskos poky¢iy sgsajas progresuojant iSeminés kilmés SN,
koreliacijos tarp kardiomiocity OPN ir desmino baltymy raiskos pokyciy
nenustatyta. Vis délto, svarbu atkreipti démesj, kad OPN dalyvauja modu-
liuojant kardiomiocity hipertrofiniy geny raiska remodeliavimosi metu [147],
o padidéjusio kruvio Sirdies raumeniui salygomis citoskeleto tarpinio fila-
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mento desmino sintezé¢ suaktyvéja, vyksta Sio baltymo vidulasteliné cito-
architekttriné reorganizacija [11]. Tod¢l galima teigti, kad kardiomiocity
remodeliavimosi metu OPN ir desmino paskirtis — sustiprinti aktyvig kontrak-
tiling funkcijg iSemijos pazeistuose kardiomiocituose ir uztikrinti $iy lasteliy
mechaninj atsparuma padidéjusio Sirdies raumeniui kruvio saglygomis dar iki
prasidedant pirmiesiems iseminés kilmés SN simptomams.

4.4. Kardiomiocity Grem1 raiskos ypatumai,
esant skirtingy stadijy iSeminés kilmés SN

ISnagrinéjus kardiomiocity Grem1 baltymo raiskos imunohistocheminio
tyrimo rezultatus, esant jvairios stadijos iSeminés kilmés SN, Grem1 baltymo
raiska didéja jau A stadijos SN (SN rizikos) grupéje, palyginus su kontroline
grupe. PanaSiai kaip ir analizuojant kardiomiocity OPN baltymo raiSkos
poky¢ius, kardiomiocity Grem1 baltymo raiska toliau didéja B stadijos SN
(iki SN) grupéje, palyginus su A stadijos SN ir kontroline grupémis. Vis délto,
didZiausia kardiomiocity Greml baltymo raiska stebéta esant simptomi-
niam — pazengusiam SN. Duomeny apie kardiomiocity Greml baltymo
rai$kos poky¢ius, esant jvairios stadijos i§eminés kilmés SN, yra itin maZai.
Todél, remiantis misy tyrimo rezultatais, pirma karta pateikiama iSsami
morfologiné kardiomiocity Greml raiskos pokyciy, progresuojant iSeminés
kilmés SN, analizé.

Misy atlikto kardiomiocity Grem1 baltymo raiskos imunohistocheminio
tyrimo rezultatai yra panasiis | Mueller A. L. ir kt. (2013) [30]. Sie tyréjai,
analizuodami Greml baltymo raiska dilatacine kardiomiopatija serganciy
pacienty endomiokardo biopsijose, nustaté, kad Grem1 baltymo raiska Sirdies
raumens audinyje proporcingai did¢ja silpné¢jant Sirdies kairiojo skilvelio
funkcijai. Sio tyrimo autoriai taip pat apras¢, kad padidéjusi Grem1 baltymo
rai$ka kardiomiocituose, esant jvairios stadijos SN, stebéta 74,8 proc. atvejy,
kai raiSkos intensyvumas pagal imunohistocheminio tyrimo rezultatus svyra-
vo nuo labai mazo iki didelio. Panasus kardiomiocity Grem1 baltymo raiskos
intensyvumas stebétas ir musy atlikto tyrimo A, B ir C-D stadijy iSeminés
kilmés SN grupése, o Grem1 baltymo raikos nebuvo tik kontrolinéje grupé-
je. Nustatyti kardiomiocity Grem1 raiSkos pokyc¢iy désningumai pagrindzia
Grem1 baltymo biologing reikSme kardiomiocity remodeliavimosi procesuo-
se formuojantis simptominiam SN. Be to, Miiller I. L. ir kt. (2021) pritaikeé
,Western blot“ metodg ir patvirtino, kad reik§Smingai padidéjusi Greml
baltymo raiSka Sirdies raumens audinyje buvo stebima praéjus 24 val. po
peléms sukelto eksperimentinio miokardo infarkto [34]. Vadinasi, reikSmingi
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Greml baltymo raiskos kardiomiocituose pokyciai vyksta jau ankstyviausiu
laikotarpiu po Giminés iSemijos sukelto Sirdies raumens pazeidimo.

Greml, 28 kDa glikozilintas baltymas [260], priklausantis Dan baltymy
Seimos sekreciniy kaulo uzlastelinés terpés baltymy antagonisty grupei, daz-
niausiai nustatomas lastelés endoplazminiame tinkle [179]. Su uzlastelinés
terpés elementais Greml susijungia per heparano sulfato proteoglikanus,
esant su lgstele susijusiai baltymo izoformai, arba islieka susijunggs su
uzlgstelinés terpés glikokaliksu arti Sio baltymo sekrecijos vietos prie lastelés
pavirSiaus, esant sekrecinei $io baltymo izoformai [261-264]. Kaur G. ir kt.
(2023) nustate, kad reikSmingai suintensyvéjusi Grem|1 raiska atlieka kardio-
protekcing funkcija — mazina reaktyviy deguonies junginiy kiekj ir mitochon-
drijy membraninj potencialg bei aktyvina NRF / ERK1 signalinj kelig ir anti-
apoptoziniy baltymy raiska [265]. Kiti tyr¢jai atkreipé démes] | apsauginj
angiogenezés stimuliavimo vaidmenj, iSsaugant lasteliy fiziologines funkci-
jas jy mikroaplinkos hipoksijos salygomis [34, 266, 267]. Apsauginis angio-
geneze stimuliuojantis Greml1 poveikis moduliuojamas per Sio baltymo
dimerinés formos agonisting saveikg su VEGFR2, kaip dokumentuota Rowan
G. C. ir kt. tyrejy (2020) [266].

Atlikus detalesnius miokardo hipoksijos salygomis eksperimentinius
tyrimus, nustatyta, kad Grem1 geba reikSmingai sumazinti profibrozinj TGFf3
poveikj, slopindamas TGF[ funkcijg aktyvinti kolageno sinteze Sirdies fibro-
blastuose [34]. Tai rodo platesnio spektro Grem1 funkcija, palaikant vietinés
kardiomiocity mikroaplinkos homeostaz¢ ir stimuliuojant remodeliavimasi.
Kalbant apie antifibrozinj Grem1 poveikj, Koli K. ir kt. (2016) nustate, kad
reikSmingai padidéjusi Greml raiSka gali slopinti antifibrozinj Thl
chemoking (CXC10) — taip veikiama S§io antifibrozinio chemokino sintezé
plauciy audinyje [21]. Deja, $is antifibrozinis Greml mechanizmas iki Siol
néra apibidintas Sirdies raumens audinyje. Mueller K. ir kt. (2013) doku-
mentavo teigiamaja koreliacijg tarp kardiomiocity Grem1 baltymo raiskos ir
miokardo intersticinés fibrozeés, esant dilatacinei kardiomiopatijai [30]. Tai
rodo, kad fibrozés procesus moduliuojantis Grem1 poveikis remodeliavimosi
metu, esant iSeminés kilmés pazeidimui, gali buti daug sudétingesnis,
palyginus su kitais Zalojamaisiais veiksniais, lemian¢iais SN.

Be to, miisy tyrime buvo nustatyti stipriis teigiamieji koreliaciniai rySiai
tarp kardiomiocity Grem1 baltymo raiskos ir $iy lasteliy histomorfometriniy
rodikliy pokyéiy progresuojant ieminés kilmés SN. Miisy duomenimis, tai
pirma kartg i§samiai apibiidinama teigiama sgsaja tarp kardiomiocity Greml
baltymo raiskos ir Sirdies miocity histomorfometriniy pokyciy, esant jvairios
stadijos iSeminés kilmés SN. Sios teigiamosios koreliacijos tarp kardiomio-
city geometrijos pokyciy ir Siy lasteliy Greml1 baltymo raiskos gali biti
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paaiskintos Grem1 baltymo geba reaktyvinti lasteliy fetalinius genus jvairiy
ligy atvejais [21]. Reaktyvinus lasteliy fetalinius genus, keiciantis kardio-
miocity mikrostruktiiroms pertvarkoma vidusarkoplazminiy kontraktliniy
komponenty sudétis, stimuliuojama citoskeleto reorganizacija — visi §ie pro-
cesai yra svarbiis vykstant kardiomiocity remodeliavimuisi [8]. Kardiomio-
city Grem1 baltymo raiskos pokyc¢iy ir $io citoskeleto komponento — tarpinio
filamento desmino — persitvarkymo sasaja progresuojant iSeminés kilmés SN
iliustruoja ir miisy tyrime dokumentuota teigiamoji koreliacija tarp kardio-
miocity Grem! ir desmino raiSkos imunohistocheminio intensyvumo.

Kardiomiocity remodeliavimosi metu vidulgsteliniai mechanizmai kom-
pensuoja del iSeminés kilmés pazeidimo ryskéjancia kontraktiling disfunk-
cija. Gaus¢jant vidulasteliniy kontraktiliniy skaiduly kiekiui ir, daznai,
keiciantis jy sudéciai, reaguojant j didesnj mechanin;j kriivy, keiciasi ir kardio-
miocito citoskeleto, jskaitant tarpinio filamento desmino, ultrastrukttra [11].
Taip remodeliavimosi metu kardiomiocituose ne tik kompensuojama ryskeé-
janti kontraktiliné disfunkcija, bet ir uztikrinamas mechaninis Siy lasteliy
atsparumas bei plastiSkumas padidéjusio mechaninio kriivio ir uzsitgsusio
oksidacinio streso salygomis [100, 265]. Sj kompleksinj Grem!1 baltymo ir
desmino poveikj kardiomiocity struktiiriniam ir funkciniam persitvarkymui
remodeliavimosi metu rodo ir milsy tyrimo metu nustatyta reikSminga
viduting teigiamoji sgsaja tarp $iy baltymy raiskos kardiomiocituose poky¢iy,
esant jvairios stadijos i§eminés kilmés SN. Kardiomiocity Grem1 ir desmino
raiSkos pokyc¢iy biologiné prasmé — ne tik mechaniskai prisitaikyti prie padi-
déjusio Sirdziai kruvio, bet ir uztikrinti Sirdies raumens energijos poreikius
optimizuojant mitochondrijy funkcionaluma, palaikyti integralius tarplasteli-
nius rySius ir gebg greitai reaguoti | kardiomiocity mikroaplinkos pokycius
remodeliavimosi metu.

Miisy atlikto imunohistocheminio tyrimo duomenimis, taip pat nustatyta
ir reikSmingai stipri, teigiamoji koreliacija tarp Greml ir OPN baltymy rais-
kos kardiomiocituose progresuojant iSeminés kilmés SN. Remiantis $iais
duomenimis, galima iSkelti hipotezg¢, kad Grem1 ir OPN baltymai kardiomio-
citams remodeliuojantis veikia kartu. OPN funkcija pakartotinai aktyvinant
su hipertrofija susijusiy geny raiskg kardiomiocituose yra gerai zinoma [ 147,
148], o vienos Igstelés RNR raiskos tyrimai rodo, kad Grem1 yra toje pacioje
hierarchin¢je raiSkos grupé¢je kaip ir kardiomiocito kontraktiling funkcija
koordinuojantys komponentai (Sirdies tipo troponinas T2, miozing sujungian-
tis baltymas C3 ir miozino lengvoji grandiné 7) [268]. Tod¢l galima iSkelti
hipoteze, kad Sie baltymai kardiomiocity remodeliavimosi metu dalyvauja
moduliuojant kardiomiocity kontraktilinius baltymus koduojanciy geny rais-
ka, kai progresuoja iSemijos nulemta Sirdies raumens strukttiriné liga dar iki
atsirandant pirmiesiems iSeminés kilmés SN simptomams.
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4.5. Kardiomiocity hnRNP C raiska

Kardiomiocituose geny raiSkos persitvarkymo veiksmingumas ir sparta
priklauso nuo kokybiSkai veikian¢iy geny transkripcija reguliuojanciy
mechanizmy, kurie yra susij¢ su iRNR pirminiy transkripty brendimu —
potranskripcinémis modifikacijomis. Pirminiy iRNR transkripty brendimo
procese aktyviai dalyvauja ir iRNR hnRNP grupés baltymai, jprastai atsa-
kingi uZ introniniy seky pasalinimg i§ §iy pirminiy transkripty. iRNR hnRNP
C yra vienas i§ pagrindiniy hnRNP grupei priklausan¢iy baltymy, kurio
svarba Sirdies ir kraujagysliy sistemos ligy patogenezei yra dokumentuota
[218, 269, 270].

ISanalizavome iRNR hnRNP C baltymo raiskos kardiomiocituose poky-
Cius, esant jvairios stadijos ieminés kilmés SN. Miisy tyrime §io baltymo
raiskos A ir B stadijy SN grupése, palyginus su kontroline grupe, nenustatyta.
iRNR hnRNP C baltymo raiska kardiomiocity branduoliuose C—D stadijy SN
grupéje buvo didesné palyginus su A stadijos SN grupe, kur $io baltymo
raiSka buvo maziausia.

Panasiis kardiomiocity iRNR hnRNP C baltymo raiskos désningumai
dokumentuoti ir Martino F. ir kt. (2022) tyrime. Sie tyréjai nustaté, kad
iseminés kilmés SN atvejais, pra¢jus 21 dienai po Sirdies kairiojo skilvelio
miokardo infarkto, iRNR hnRNP C raiSka peliy kardiomiocituose, nutolu-
siuose nuo miokardo infarkto zonos, buvo daug mazesné (artima kontrolinei
grupei), palyginus su iRNR hnRNP C baltymo raiska ar¢iau miokardo infark-
to zonos buvusiuose kardiomiocituose (p <0,001) [220]. Kardiomiocito
branduolyje nedid¢janti iRNR hnRNP C raiska, esant iminiam $irdies raumens
pazeidimui, gali buti paaiSkinama fosforilinto iRNR hnRNP migravimu i8§
pazeisto kardiomiocito branduolio j citoplazmg. Taip uztikrinama, kad pa-
zeistoje lasteléje jos specializuotai veiklai svarbiy baltymy sintezé vykty kuo
ariau originalios baltymo funkcinés srities vidulastelinéje terpéje [222].
Esant iSeminés kilmés pazeidimui, didesnis iRNR hnRNP baltymo kiekis
nustatomas kardiomiocito citoplazmoje, ar¢iau sarkomery komponenty —
Sirdies troponino T2 [220]. Parks K. A. ir kt. (2013) nustaté, kad iRNR
hnRNP C baltymo raiska kardiomiocituose buvo mazesné ir tarp pacienty,
turinéiy progresuojantj neiseminés kilmés iiminés eigos SN (p = 0,003) [271].
Todél galima iskelti hipoteze, kad Sis lokalizuotos geny raiSkos mechanizmas,
perkeliant potranskripcinio iRNR brendimo procesg i§ kardiomiocito bran-
duolio i citoplazmg arciau specializuoty baltymy, néra specifiskas tik iSemi-
nés kilmeés SN.

Lokalizuotos geny raiSkos mechanizmas jau dokumentuotas kitose
lastelése, jskaitant neuronus [272], fibroblastus [273] ir mioblastus [274]. Sio
mechanizmo tikslas — maksimaliai padidinti vieting baltymy sintez¢ tose
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lasteliy srityse, kur Sie baltymai reikalingiausi atliekant specializuotas funk-
cijas. Dar Angenstein F. ir kt. (2005) nustaté iRNR hnRNP C baltymo ir iRNR
sankaupas neurony sinapsiy remodeliavimosi srityse, i§ kuriy Sios molekulés
perneSamos ] posinapsines sritis ir sintetinami signalui perduoti reikalingi
baltymai [275]. Lewis Y. E. ir kt. (2018) dokumentavo, kad aktyviis lokali-
zuotos geny raiSkos procesai vyksta ir ziurkiy kardiomiocity sarkomeruose,
Salia kuriy yra pirminiy iRNR transkripty brendimui ir baltymy transliacijai
svarbiis molekuliniai komponentai [222].

Misy atliktame tyrime, esant C—D stadijy (simptominiam — paZengu-
siam) i§eminés kilmés SN, iRNR hnRNP C baltymo raiska kardiomiocity
branduoliuose didéja, palyginus su A stadijos (rizikos) SN grupe. Sie
dokumentuoti iRNR hnRNP C désningumai i§ dalies sutampa su Martino F.
ir kt. (2022) tyrimo rezultatais: iRNR RNP C baltyma koduojanciy geny
raiska, esant jvairios kilmés SN, kardiomiocituose padidéja iki 4,2 karto
[220]. Padidéjusi kardiomiocity iRNR hnRNP C baltymo raiska, esant simp-
tominiam SN, gali biti paaiskinama apsaugine fetaliniy geny reaktyvacija
kardiomiocituose progresuojant dekompensaciniams Sirdies raumens proce-
sams [276]. Fetaliniy geny reaktyvacija suaugusiojo Sirdies kardiomio-
cituose — tai kompleksinis biologinis procesas, apimantis Sirdies genomo
transkripcing, potranskripcing ir epigeneting reguliacija [277]. Fetalinés geny
reaktyvacijos metu, progresuojant létiniam SN, suaktyvéja A ir B tipy natriu-
rezinj peptida, B miozino sunkiaja granding, o griauciy akting, hiperpolia-
rizacijos aktyvinama, su cikliniu nukleotidu susijusj kanalg, T tipo Ca*'
kanalg koduojanéiy geny raiSka ir uzblokuojama sarkoplazminio tinklo Ca*"
ATPaze, oo miozino sunkiaja granding koduojanciy geny raiska [278].

Progresuojant létiniam SN reaktyvavus fetaliniy geny raiska, siekiama
sumazinti Sirdies raumens energijos poreikius — su  miozino sunkiosios
grandingés veikla susijusi kontraktiliné funkcija silpnesné, todél kartu sunau-
dojama maziau ATP, taip pat slopinami genai, kuriy koduojami baltymai
stimuliuoja kalcio jony apykaita tarp kontraktiliniy skaiduly ir dalyvauja
lipidy B oksidacijos procesuose [276]. Pasikeitus pazeisty kardiomiocity geny
raiSkai, ilgainiui susilpngja tiek sistoling, tiek diastolin¢ funkcijos, o lasteliy
pagrindiniu energijos Saltiniu tampa Sirdies raumeniui mazai jtakos turintis
glikolizés procesas [279].

Vertinant kardiomiocity iRNR hnRNP C baltymo raiskos ir jy morfo-
metriniy rodikliy (ilgio, skersmens, iSilginés projekcijos ploto ir tiirio) sgsaja,
misy tyrime nustatytos statistiSkai patikimos, taciau silpnai teigiamos
koreliacijos. Sie rezultatai gali biti paaiskinami kardiomiocite vykstanéiomis
reikSmingai daZnesnémis iRNR pirminiy transkripty brendimo procese
dalyvaujancio komplekso sgveikomis (angl. interactomes) su Sirdies miocito
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sarkomery strukttiry ir tarplasteliniy jung¢iy baltymy komponentais progre-
suojant SN, palyginus su kontroline grupe [220]. Ye J. ir kt. (2015) pastebéjo,
kad uzblokavus tai paciai hnRNP baltymy grupei priklausanc¢io hnRNP U
baltymo rai$kg, hnRNP U~ peliy $irdziy kardiomiocituose, tiriant §viesiniu
mikroskopu, matomi tik neryskis hipertrofiniai poky¢iai, Sirdies kairiojo
skilvelio segmentinés kontrakcijos rodikliui mazéjant nuo 60 proc. iki
20 proc. [199]. Be to, $iuose hnRNP U™~ peliy kardiomiocituose dokumen-
tuotas sarkomery sutrumpéjimas nuo 2,24 pm iki 1,68 pm. Minéti pokyciai
rodo, kad iRNR hnRNP grupés baltymai yra svarbiis koordinuojant efektyvy,
jautry kardiomiocity mikroaplinkos pokyCiams sarkomery ultrastruktiry
persitvarkymg ir lasteliy kompensacinj plastiSkumg Sirdies audiniui prisitai-
kant prie uZsitgsusio miokardo pazeidimo [206, 280].

Detaliau analizuojant kardiomiocity vidulasteliniy struktiry pokycius
progresuojant iSeminés kilmés SN, miisy tyrimo duomenimis, koreliacijos
tarp citoskeleto tarpinio filamento desmino ir kardiomiocity iRNR RNP C
baltymo raiskos poky¢iy nenustatyta. Siuos tyrimo rezultatus galima paais-
kinti detaliau analizuojant iRNR hnRNP C baltymo taikinius pirminiuose
iRNR transkriptuose brendimo metu. Brestant pirminiam iRNR transkriptui
dazniausi iRNR hnRNP C taikiniai iRNR transkripty egzony segmentuose
bina sritys, koduojancios baltymus, tiesiogiai jeinancius j sarkomery struk-
tury sudétj, koordinuojancius sarkomery komponenty judé¢jima vienas kito
atzvilgiu [5] ir dalyvaujancius kardiomiocito kontrakcijos procese [281].
Todeél galima teigti, kad iRNR RNP C koordinuojamas pirminiy iRNR
transkripty brendimo mechanizmas yra maziau svarbus citoskeleto tarpinio
filamento desmino raiskos pokyciams kardiomiocity remodeliavimosi metu
progresuojant iseminés kilmes SN.

Svarbu atkreipti démesj, kad miisy tyrimo duomenimis pirma kartg
dokumentuotos silpnos teigiamosios koreliacijos tarp kardiomiocity iRNR
hnRNP C ir OPN, Grem1 baltymy raiskos poky¢iy rodo, kad potranskripcinés
reguliacijos mechanizmai gali turéti poveiki OPN ir Grem1 baltymy raiskai
vykstant §irdies miocity remodeliavimuisi iSeminés kilmés SN atvejais. OPN
iRNR potranskripcinés reguliacijos, dalyvaujant iRNR RNP, mechanizmas
yra dokumentuotas ir palyginta skirtingas OPN baltymo izoformas koduo-
jan¢iy iRNR raiska. Mazesnés molekulinés masés OPN-b ir OPN-c baltymo
izoformas koduojanciy iRNR raiska nustatyta i$skirtinai iSemijos pazeistuose
kardiomiocituose [156]. iIRNR hnRNP C ir Grem1 baltymy raiskos poky¢iy
sgsajos kardiomiocity remodeliavimosi metu gali biiti paaiSkinamos komp-
leksiniu Siy baltymy poveikiu reguliuojant fetaliniy geny reaktyvacijos
mechanizma, rySk¢jant Sirdies miocity pazaidai ir miokardo dekompensa-
cijai, kai progresuoja iSeminés kilmes SN [21, 276].
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2.1.

2.2.

2.3.

2.4.

ISVADOS

Jau A stadijos SN grupés kardiomiocity ilgis, skersmuo, isilginés pro-
jekcijos plotas ir turis did¢ja, palyginus su kontrolinés grupés tirtaisiais
rodikliais (p <0,001), B stadijos SN grupés kardiomiocity analogiski
rodikliai didéja toliau, palyginus su A stadijos SN (p < 0,001) ir kontro-
linés grupiy rodikliais (p < 0,001), o C-D stadijy SN grupés analogiski
tirtieji parametrai yra didziausi, palyginus su A (p < 0,001), B stadijy SN
(p <0,001) bei kontrolinés grupiy rodikliais (p < 0,001).

A stadijos SN grupés kardiomiocity tarpinio filamento desmino baltymo
raiSka stipréja, palyginus su kontrolinés grupés tirtuoju parametru
(p < 0,001), tatiau B ir A stadijy SN grupiy kardiomiocity desmino raiska
idlieka panasi (p > 0,05), o C-D stadijy SN grupés kardiomiocity desmi-
no raiska yra didziausia, palyginus su A (p <0,001), B stadijy SN
(p <0,001) ir kontrolinés grupiy rodikliais (p < 0,001).

A stadijos SN grupés kardiomiocity OPN baltymo raiska yra padidéjusi,
palyginus su kontrolinés grupés rodikliu (p <0,001), B stadijos SN
grupés kardiomiocity OPN raiSka didéja toliau, palyginus su A stadijos
SN (p < 0,001) ir kontrolinés grupiy rodikliais (p < 0,001), o C-D stadijy
SN grupés kardiomiocity OPN raiska yra didZiausia, palyginus su
A (p <0,001), B stadijy SN (p <0,001) ir kontrolinés grupiy tirtaisiais
parametrais (p < 0,001).

A stadijos SN grupés kardiomiocity GremI baltymo raiska didéja, paly-
ginus su kontrolinés grupés rodikliu (p < 0,001), kardiomiocity Grem1 ir
toliau stipréja, kai yra B stadijos SN, palyginus su A stadijos SN
(p <0,001) ir kontrolinés grupiy tirtaisiais rodikliais (p < 0,001), o C-D
stadijy SN grupés kardiomiocity raiskos intensyvumas yra didZiausias,
palyginus su A (p < 0,001), B stadijy SN (p < 0,001) ir kontrolinés grupiy
analogisSkais rodikliais (p < 0,001).

A ir B stadijy SN grupiy kardiomiocity iRNR hnRNP C baltymo raiska
iflicka panasi j kontrolinés grupés (p > 0,05), o C-D stadijy SN grupés
kardiomiocity iRNR hnRNP C baltymo raiska did¢ja, palyginus su A
stadijos SN grupés analogisku parametru (p < 0,001).

Kardiomiocity dydzio (tiirio) poky¢iai teigiamai koreliuoja su $iy lasteliy
desmino (rs = 0,681; p < 0,001), OPN (rp = 0,524; p < 0,001), Grem1
(rp=0,701; p <0,001) ir iRNR hnRNP C (rs = 0,248; p < 0,05) baltymy
rai$kos pokydiais, progresuojant iSeminés kilmés SN.
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KLINIKINE REIKSME

Nors kardiomiocity geometrijos ir baltymy raiskos poky¢iy jy remode-
liavimosi metu svarba formuojantis iSeminés kilmés SN jrodyta, tadiau
praktinis kardiomiocity morfometriniy rodikliy ir baltymy raiskos pokyc¢iy
vertinimas iSlieka problemiSkas. IS esmés gyviiny modeliy tyrimais pagristi
kardiomiocity morfometriniy rodikliy ir $iy Igsteliy baltymy raiskos pokyciy
duomenys, standartizuoty, objektyviy, lengvai klinikin¢je diagnostikos prak-
tikoje pritaikomy, morfologiniais audiniy tyrimais paremty diagnostikos
kriterijy trikumas — tai pagrindinés kliditys, siekiant pritaikyti SN patogene-
zei reikSmingy kardiomiocity remodeliavimosi pokyc¢iy diagnostikos vertini-
mga Sirdies audiniuose iki atsirandant pirmiesiems klinikiniams iSeminés
kilmés SN pozymiams.

Sis morfometrinis ir imunohistocheminis kardiomiocity pokygiy remo-
deliavimosi metu, esant jvairios stadijos iSeminés kilmés SN, tyrimas atliktas
jvertinus A, B ir C-D stadijy SN grupiy Sirdies kairiojo skilvelio kardiomio-
city morfometriniy rodikliy ir $iy Igsteliy desmino, OPN, Grem1 bei iRNR
hnRNP C baltymy raiskos pokyéiy jvairove. Sie duomenys palyginti su
kontrolinés grupés rezultatais. Remiantis misy atlikto kardiomiocity morfo-
metrinio ir imunohistocheminio tyrimo rezultatais, nustatyti reikSmingi
kardiomiocity histomorfometriniy rodikliy ir desmino, OPN, Greml bei
iRNR hnRNP C imunohistocheminiy reakcijy intensyvumo poky¢iai. Sie
remodeliavimosi metu nustatyti duomenys gali buiti panaudoti diegiant histo-
morfometrinj ir imunohistocheminj kardiomiocity remodeliavimosi pokyc¢iy
vertinima kaip pagalbing SN diagnostikos priemone klinikinéje praktikoje.

Klinikingje patologijos diagnostikos praktikoje §is ifeminés kilmés SN
patogeneziniy mechanizmy tyrimais pagrjstas, standartizuotas, kompleksinis
histomorfometrinis ir imunohistocheminis kardiomiocity poky¢iy remodelia-
vimosi metu endomiokardo biopsijos tyrimas gali biiti naudojamas, siekiant
patikimai nustatyti ankstyvuosius kardiomiocity pazeidimus iki atsirandant
pirmiesiems iSeminés kilmés SN simptomams, objektyviai jvertinti iy struk-
turiniy poky¢iy dinamika ir taikomo gydymo veiksminguma pacientams,
progresuojant iseminés kilmés SN.
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TYRIMO APRIBOJIMAI

Kardiomiocity baltymy raiSkos poky¢iy tyrimui, esant jvairios stadijos
ieminés kilmés SN, galima taikyti ir §iy lasteliy baltymus koduojaniy geny
iRNR raiSkos tyrimo metoda. Vis délto, jvertinus RNR irimo spartg formalinu
fiksuotuose audiniuose ir §ios molekulés savybe formuoti junginius su fiksuo-
tuose audiniuose esanciais baltymais, dél biocheminiy reakcijy reikSmingai
sumazeja 1§ fiksuoty audiniy iSskirtos RNR kokybé ir kiekis. Todél tiriant
kardiomiocity iRNR raiSkos pokyc¢ius, duomenys apie atitinkamy baltymy
raiSkos Siose lagstelése pokyciy jvairove, esant jvairios stadijos iSeminés
kilmés SN, biity nepakankamai tikslas.

Kiekybinis kardiomiocity baltymy raiSkos pokyciy tyrimas gali biiti
atlieckamas taikant ,,Western blot“ metodg. Svarbu atkreipti démesj, kad
pritaikius §j metoda, nustatomi viso tiriamojo audinio, bet ne atskiry, tam
tikry lasteliy kiekybiniai baltymo raiSkos duomenys. Konkretaus baltymo
raiSkos pokyciy Saltinis lieka neaiSkus. Kardiomiocitai yra pagrindines
aktyvigja Sirdies kontraktiling funkcijg atliekancios lastelés ir informacija
apie jy struktiirinius bei funkcinius poslinkius Sirdies remodeliavimosi metu
yra svarbi, ai$kinantis i§eminés kilmés SN patogenezinj mechanizma. Imuno-
histocheminis tyrimas yra baltymy raiskos tyrimo metodas, kurj pritaikius
galima tiksliai dokumentuoti baltymy raiSkos pokycius kardiomiocituose
miokardo remodeliavimosi metu ir nustatyti $iy pokycCiy poveiki progre-
suojant iseminés kilmés SN.
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SUMMARY

INTRODUCTION

Heart failure (HF) is a clinical syndrome characterized by a decline in
cardiac function due to structural and functional injuries, with HF of ischemic
origin being the most common one in the clinical practice [1]. Despite the
improvements in HF diagnostics and treatment, the overall number of patients
diagnosed with this syndrome is increasing [2], with a global prognosis of
approximately 64 million HF patients [1]. This poses a significant clinical,
social, and economic challenge, characterized by rising rates of hospitali-
zation [3], in-hospital mortality and healthcare service infrastructure costs
[4].

Although the mechanisms behind HF pathogenesis have been extensi-
vely studied, the biological significance of the early compensatory structural
changes within the cardiomyocytes during HF formation before the clinical
symptoms appear remains unclear. Intracellular compensatory processes at
the molecular level are initiated in the heart due to ischemic injuries, and the
purpose of these rearrangements is to restore and sustain physiological
functionality of the cardiac tissue [5, 6]. These complex structural compen-
satory processes, known as remodeling, occur at the cellular and intracellular
levels, reorganizing the components of the cardiomyocyte’s cytoskeleton,
interacting with the cellular sarcoplasm, sarcomeres and nucleus, and
simultaneously changing the cellular geometry [7].

Intracellular protein expression changes within cardiomyocytes during
remodeling of the cardiac tissues exposed to ischemic injury ensure the
plasticity of these cells to adapt, survive, and regain the functionality of the
tissues injured by the mechanical and oxidative stress. This process leads to
the reorganization of the cardiac chamber’s size, shape, and function [8].
However, when the cardiac remodeling induced by ischemic injury persists,
it can lead the exhaustion of cardiomyocyte energy resources, and the
impairment of intracellular protein synthesis homeostasis (proteostasis) [7].
The exhaustion of intracellular compensatory mechanisms in cardiomyocytes
can weaken their ability to maintain functionality during remodeling,
contributing to cardiac muscle dysfunction and the eventual manifestation of
symptomatic HF.

Considering the role of cardiomyocytes in the cardiac remodeling
process and the reorganization of protein synthesis within these cells, there is
a growing focus on developing diagnostic criteria and markers. These
markers would demonstrate the protein expression dynamics and their
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correlations with the shape and function changes of cardiomyocytes during
cardiac muscle remodeling [9, 10]. When analyzing the biological signifi-
cance of the cardiomyocyte structural reorganization during the formation of
ischemic HF, markers characterizing the early expression changes of proteins
associated with cardiomyocyte remodeling and proliferation potential are
emphasized.

Desmin, a predominant intermediate filament of the cellular cytoskele-
ton, plays a critical role in maintaining cellular mechanical resilience and
functional integrity during the remodeling process [11, 12]. Furthermore, a
phosphorylated glycoprotein OPN [13, 14], as one of the suggested targets
for HF treatment [ 15], modulates the inflammation, stimulates the expression
of cardiomyocyte hypertrophy genes [16—18], and supervises the intercellular
communication [19], whereas Dan protein family morphogenetic antagonist
Greml is critical for the cardiac embryogenesis [20], tissue remodeling [21],
and modulating the angiogenesis in the hypoxic cellular microenvironment
[22]. iRNA hnRNPs, including iRNA hnRNP C, participate in eliminating
introns from primary iRNA transcripts and are associated with cardiomyocyte
hypertrophy and HF [23, 24].

Studies demonstrate that the characterization of the expression changes
of these proteins during cardiac muscle remodeling is relevant for evaluating
the functional potential of myocardial contractile segment cells, this approach
also acquires novel data on the cardiomyocyte remodeling, HF pathogenesis
mechanisms, and probable diagnostic and therapeutic HF targets [15, 23, 25].
From a clinical perspective, analyzing desmin, OPN, Greml, and iRNA
hnRNP C protein expression is crucial for evaluating HF risk, monitoring the
syndrome’s clinical course, predicting outcomes, and developing persona-
lized treatment strategies for HF patients [23, 24, 26-30].

Despite the documented biological significance of cardiomyocyte remo-
deling and the protein expression changes within these cells during develop-
ment of HF, data on the cardiomyocyte geometry changes during remodeling
remains fragmented [31, 32]. Most studies have characterized the geometry
and protein expression changes of these cells in cases of the end-stage HF,
dilatative cardiomyopathy, or acute ischemia [17, 29, 33, 34]. Furthermore,
studies of protein expression changes in HF are typically analysed by
measuring the concentration of proteins in blood plasma without defining the
actual sources of protein expression changes during the remodeling of
cellular structures in the cardiac muscle as HF is progresses [10, 19, 27].
Consequently, data concerning the early changes in cardiomyocyte geometry
during the remodeling process is not fully understood in the context of
ischemic HF, and the role of protein expression in regulating cardiomyocyte
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remodeling remains unclear. Therefore, the practical application of this data
is currently challenging.

The objective of the study

The objective of the study is to determine the structural changes of the
contractile myocardium in patients with ischemic heart disease in order to
identify the most likely markers of HF and to assess the expression trends of
these markers.

The goals of the study

The goals of the study are as follows:

1. To determine the changes in morphometric parameters of
cardiomyocytes in the different stages of ischemic HF.

2. To determine the expression trends of the markers associated with
cardiomyocyte remodeling in the different stages of ischemic HF:
2.1. to analyze changes in desmin expression in cardiomyocytes;
2.2. to characterize the dynamics of OPN expression in cardiomyo-

cytes;

2.3. to determine changes in Grem! expression in cardiomyocytes;
2.4. to describe the iIRNA hnRNP C expression in cardiomyocytes.

3. To evaluate the associations between the morphometric parameters
of the cardiomyocytes and their remodeling markers during the
development of ischemic HF.

Novelty and relevance of the study

A comprehensive morphometric study of the left ventricular myocardium
was performed, and the full scope of the cardiomyocyte structural changes
during the remodeling in the stages A, B, and C-D ischemic HF according to
the American College of Cardiology (ACC) / American Heart Association
(AHA) classification was presented for the first time in this study. This study
documented the relevant changes in length, diameter, area, and volume of the
stage A of HF cardiomyocytes during the early remodeling, even before the
onset of symptoms of ischemic HF. These morphometric parameters increased
in stage B of HF, and the study described the highest values of morphometric
parameters for stages C—D of HF cardiomyocytes.

The semi-quantitative immunohistochemical analysis of the left cardiac
ventricle was performed, and comprehensive characterization of the inter-
mediate filament desmin, glycoprotein OPN, Greml, and iRNA hnRNP C
expression changes within the cardiomyocytes of the stages A, B, C-D of
ischemic HF was presented for the first time in this study. Increased expres-
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sion of desmin, OPN, and Greml proteins was observed in the A stage HF
(risk HF) cardiomyocytes, and this expression of desmin, OPN, and Grem1
proteins continued to increase in the B stage ischemic HF cardiomyocytes.
The highest expression of desmin, OPN, and Grem1 proteins was documented
in the stages C—D ischemic HF cardiomyocytes. This study also documented
for the first time the expression changes of the iIRNA hnRNP C protein within
the cardiomyocytes of the different stages of ischemic HF.

Positive correlations were identified between the morphometric para-
meters of the cardiomyocytes and the expression changes of desmin, OPN,
Greml and iRNA hnRNP C within the cardiomyocytes in progressing ische-
mic HF.

The full spectrum of cardiomyocyte geometry and protein expression
changes within the cardiomyocytes in progressive ischemic HF, characterized
for the first time in this study, provides the novel scientific data on the early
structural reorganization of the cardiomyocytes, their cytoskeletal compo-
nents, and proteins that modulate the remodeling process during the develop-
ment of ischemic HF. The relevance of the cardiomyocytes remodeling in the
ischemic HF pathogenesis before the very first HF symptoms is validated by
the extensive morphometric and immunohistochemical study of the cardio-
myocytes. Moreover, these results provide the background for the future
studies of the cardiomyocyte transcriptome changes during the remodeling
and may be applied to optimize the diagnostic algorithms for the early diag-
nostics of ischemic HF, and to search for the novel diagnostic and therapeutic
targets of HF.

STUDY CONTIGENT AND METHODS
Approval of the bioethical committee

This study was approved by the Local Kaunas Ethics Committee for Bio-
medical Research (No. BE-2-77, 15/09/2022). An exemption from obtaining
patient consent was granted, as stipulated by the “Lithuanian Republic
National Law for Biomedical Research” (No. VIII-1679, paragraph no. 7,
subparagraph no. 11, 11/05/2000) and the “Regulations for Performing the
Biomedical Research when the Object of Study is Medical Documentation”
(approved by the Order of the Director of Lithuanian Bioethical Committee,
no. V-28, 27/07/2011), the object of this study is the biological sample and
the health information obtained for diagnostic purposes prior to a request to
perform a biomedical study. It is important to note that personal identity
cannot be determined from the data analyzed in the biomedical study.
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Study contingent

Myocardial samples of the middle wall of the left cardiac ventricle were
obtained from a collection of paraffin-embedded tissues over 40 years old
representing various cardiac diseases (Laboratory of Cardiac Pathology,
Institute of Cardiology, Lithuanian University of Health Sciences). Selected
cases (n = 84) were further classified into the stage A HF (at-risk for HF),
stage B HF (pre-HF), and stages C—-D HF (symptomatic or advanced HF,
correspondingly) according to the ACC / AHA classification [53].

The stage A HF group [53] included previously healthy males or those
health had improved or stabilized prior to death, and who died suddenly from
ischemic heart disease within six hours of experiencing symptoms of
ischemic heart disease [227], no clinical symptoms of HF were documented
prior to the death of these patients; no scars after the myocardial infarction
were detected during the extensive morphological analysis of the cardiac
tissue, and acute ischemic myocardial injury was no more than 6 hours old
[228]. The stage B (pre-HF) group [53] was defined by the same characte-
ristics as the previous group, except that the morphological changes of a scar
after myocardial infarction were detected during postmortem morphological
examination of the left cardiac ventricle. The stages C/D HF (symptomatic
and advanced HF) group [53] included male patients who were clinically
diagnosed with symptomatic or advanced ischemic HF. They underwent heart
transplantation surgery, and a complete morphological evaluation of the
explanted heart was performed.

Patients selected for the stage A HF and the stage B HF groups were not
treated with medications that regulate myocardial remodeling. Medications
according to ischemic HF treatment algorithm were applied in the stages C-D
HF group.

Men who died within the first day from external causes or acute diseases
that are not related to cardiac pathology were selected for the control group.
These cases underwent extensive morphological examination of the heart
during the postmortem analysis.

No factors affecting myocardial remodeling, like systemic arterial
hypertension, cardiomyopathies, congenital and acquired cardiac valve
diseases, diabetes mellitus, or pulmonary diseases, were diagnosed in all the
cases selected for the study. Specific morphological (macroscopic and micro-
scopic) examination of the heart, coronary arteries, and myocardium was
performed in accordance with the methodical recommendations of the Euro-
pean Association of Cardiovascular Pathology on the postmortem examina-
tion in sudden cardiac death cases [229]. This methodical approach ensures
comprehensive data collection on all segments of the coronary arteries and
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myocardium. The extensive morphological examination of the heart and
coronary arteries was performed, and myocardium samples were obtained
from the middle wall of the left cardiac ventricular free wall. These samples
were then subjected to morphometric and immunohistochemical analysis of
the cardiomyocytes. The samples were carefully selected to avoid areas that
are closer to acute ischemic injuries or scars after myocardial infarction.

Study methods

Histomorphometric analysis of cardiomyocytes

A histomorphometric analysis of the left cardiac ventricular middle wall
myocardium was performed to document the size and shape changes of the
cardiomyocytes. Five 4 um-thick paraffin microsections of the paraftin blocks
for each case were cut by rotating microtome “Leica RM2235” (“Leica
Biosystems”, Deer Park, Illinois, USA), applying the stepwise approach with
a 20 um distance to avoid the overlapping cardiomyocytes measured several
times in each selected case. These paraffin microsections were straightened
in the water bath “Sakura” (Torrance, California, USA), put on the “SuperFrost
Plus” (Menzel, Braunschweig, Germany) glass histoslides, and dried on the
drying platforms for the histological microsections “Thermo Electron
Corporation” (Waltham, Massachusetts, USA).

Standard myocardial microsections (histotopograms of the left cardiac
ventricular middle wall) were stained applying Heidenhain azan trichrome
histochemical method for the histomorphometric analysis, and these stained
microsections were analysed by motorized light microscope “Olympus
BX51” (“Olympus Corporation”, Tokyo, Japan), documenting at least 80 mo-
derate magnification (x20) microscopic fields of longitudinal plane myocar-
dium by applying digital camera “Evolution Qei” (“Media Cybernetics”,
Rockville, Maryland, USA).

Histomorphometric analysis of the documented longitudinal plane
myocardial microsection was performed by using “Image Pro Plus” image
analysis software (“Media Cybernetics”, Rockville, Maryland, USA), with a
minimum of 80 longitudinal plane cardiomyocytes measured for each case.
Only cardiomyocytes with visible intercalated discs at both cellular tips and
a nucleus in the cell’s centre without the injuries to the structure of the
cardiomyocytic contractile element were measured. The diameter (along the
cellular nucleus) and length (distance between intercalated discs) of each
cardiomyocyte were measured in um. The cardiomyocyte’s length-to-
diameter ratio, longitudinal plane area (length x diameter) um?, and volume
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((m x (0.5 x diameter)?) x length) pm? were calculated, assuming the cardio-
myocytes have a cylindrical shape.

Accurate measurement of the cardiomyocytes parameters is possible
when the measuring plane is directly across the middle of the cell and is
parallel to the longitudinal axis. However, when the measuring plane is
directly across the middle of the cell, but not parallel to the longitudinal axis,
the cardiomyocytic length is overestimated, and the greater cellular length is
measured compared to the actual length. Similarly, when the measuring plane
is parallel to the cell’s longitudinal plane, but it is not directly across the
middle of the cell, the cardiomyocytic diameter is underestimated, resulting
in a measurement that is less than actual diameter. Errors in length overesti-
mation and diameter underestimation of cardiomyocyte have been calculated,
with theoretical values ranging up to 3.4% and 3.2%, respectively [32, 230,
231].

The number of cardiomyocytes required to perform the measurements
was determined by pilot studies, evaluating the means and dispersions of the
histomorphometric parameters values. The inter-observer and intra-observer
variability was evaluated by applying Kappa (k) statistics (Cohen’s k coef-
ficient > 0.9).

Immunohistochemical study of the cardiomyocytes

An immunohistochemical study of desmin, OPN, Greml, and iRNA
hnRNP C were performed to evaluate the expression changes of these
proteins in cardiomyocytes in progressing ischemic HF. Paraffin 3 pm-thick
microsections were cut from the paraftin blocks of the cases selected for the
study by a rotating microtome “Leica RM2235” (“Leica Biosystems”, Deer
Park, Illinois, USA) and placed on the “SuperFrost plus” (Menzel, Braun-
schweig, Germany) glass histoslides. Deparaffinization was performed by the
automated stainer “Varistain Gemini” (Ramsey, Minnesota, USA), applying
xylene and ethanol. Deparaffinized microsections were washed with distilled
water.

Epitope retrieval was conducted using a microwave device RHS-1
(“Milestone Medical”, Roseland, New York, USA), incubating the specimen
in TRIS/EDTA (“Agilent Technologies Inc.”, Wood Dale, Illinois, USA) pH
9.0 buffer at 110°C for 8 min. Subsequent steps of the immunohistochemical
reactions were performed by applying “Shandon Coverplate” plates
(“Thermo Fisher Scientific”, Waltham, Massachusetts, USA).

Endogenous peroxidase was blocked, and the microsections were incu-
bated for 1 hour with the respective primary antibodies against desmin, OPN,
Greml, and iRNA hnRNP C (Table A).
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Table A. Characteristics of the primary antibodies applied for immunohisto-

chemistry
. . o Manufacturer External
Antibody Species Immunogen | Dilution (Cat. number) control
Desmin Rabbit Aminoacids 1:250 |Sigma Aldrich Appendix
polyclonal |406—470 (HPAO018803)
OPN Mouse Sequence of 1:100 |DSHB Breast
monoclonal | full length (MPIIIB10(1)) carcinoma
OPN Rabbit Aminoacids 1:50 | Thermo Fisher Breast
polyclonal |273-301 Scientific carcinoma
(PA5-13494)
Greml1 Rabbit Aminoacids 1:100 | Abcam Prostate
polyclonal | 52-67 (ab22138) gland
Greml1 Rabbit Aminoacids 1:200 | GeneTex Prostate
polyclonal |101-184 (GTX03394) gland
iRNR hnRNP | Mouse Aminoacids 1:100 |Sigma Aldrich Large
Cl/C2 monoclonal |102-121 (AMAB91012) intestine
iRNR hnRNP | Rabbit Sequence of 1:200 |Sigma Aldrich Large
Cl/C2 polyclonal | full length (SAB 2101056) intestine

The primary antibody against desmin has been validated by the antibody
validation protocol of the “Human Protein Atlas™ [232]. The primary antibo-
dies against OPN, Greml, and iRNA hnRNP CI1 / C2 were validated by
applying the independent antibody validation strategy according to the
recommendations of the International Working Group for Antibody Valida-
tion [234-236].

The diluted primary antibodies were incubated for 60 minutes at the
room temperature. The immunohistochemical reactions of external positive
control were performed in parallel with the reactions in myocardium.
Immunoglobulin G of the same isotype was used as the reagent control.

The visualization of the immunohistochemical reactions was accomp-
lished by applying the “EnVision FLEX+” visualization system composed of
linker system with the mouse / rabbit linker, and horseradish “Magenta”
chromogen, when the intensity of desmin, OPN, and Grem! proteins expres-
sion within the cardiomyocytes was analysed, or DAB+ chromogen, when
the intensity of iRNA hnRNP C protein expression within the cardiomyocytes
was studied (“Agilent Technologies Inc.”, K800221-2, K802121-2, GV92511-2,
Wood Dale, Illinois, USA) under the manufacturer’s instructions. The pro-
cedures of haematoxylin staining (‘““Agilent Technologies Inc.”, S330930-2,
Wood Dale, Illinois, USA) and dehydration with increasing concentrations of
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ethanol solutions and xylene were performed. The microsections on the glass
histoslides were covered applying the polystyrene covering material.

The immunohistochemical reactions was evaluated by two independent
researchers, who were unaware of the groups of the selected cases. The inter-
observer and intra-observer variability was evaluated by Kappa (k) statistics
(Cohen’s k coefficient > 0.9).

When the primary evaluation of the immunohistochemical reactions
against OPN, Greml, and iRNA hnRNP C1 / C2 was performed according to
the independent antibody validation strategy, no differences were detected
comparing the results of the immunohistochemical reactions against different
antibodies of OPN (MPIIIB10(1) vs PA5-13494), Greml (ab22138 vs
GTX03394), and iRNA hnRNP C (AMAB91012 vs SAB 2101056).

Evaluation of the immunohistochemical reactions

A semi-quantitative analysis of the immunohistochemical reactions
against desmin, OPN, and Grem1 was performed evaluating the intensity and
staining pattern of the immunohistochemical reaction within the cardiomyo-
cytes: 0 —no reaction, 1 point — weak, 2 points — moderate; 3 points — strong.

The evaluation of the immunohistochemical reactions against desmin,
OPN, and Grem1 was performed in 50 microscopic fields of x40 magnifi-
cation (“Olympus corporation”, Tokyo, Japan), documenting the frequency
of the cardiomyocytes (%) representing the different intensity and staining
pattern of the immunohistochemical reaction in the microsection for each
case. The immunohistochemical reactions against desmin, OPN, and Grem1
were evaluated in the longitudinal plane cardiomyocytes only. The semi-
quantitative analysis of the immunohistochemical reactions was performed
by calculating the immunohistochemical expression intensity of desmin,
OPN, and Greml to evaluate overall expression of these proteins within the
cardiomyocytes: ((1 point x cardiomyocyte count %) + (2 points x cardio-
myocytes count %) + (3 points x cardiomyocyte count %)) / 10.

The results of the immunohistochemical reactions against desmin, OPN,
and Grem1 were also evaluated by applying modified categorization system
of immunohistochemical reactions by “Human Protein Atlas” [232],
evaluating expression of each protein within the cardiomyocytes: 1 = low
(physiological staining up to 25% cardiomyocytes); 2 = medium (moderate
staining in at least 25% of cardiomyocytes or strong staining in less than 25%
of cardiomyocytes); 3 = high (strong staining in at least 25% of cardiomyo-
cytes).
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Histological slides of the immunohistochemical reactions against iRNA
hnRNP C1 / C2 were scanned by “Pannoramic Viewer 3D Histech”
(“3DHistech Ltd.”, Budapest, Hungary) scanner. A semi-quantitative study of
the immunohistochemical reaction against iRNA hnRNP C1 / C2 was perfor-
med applying digital image analysis software ‘“Pannoramic SlideViewer”
(“3DHistech Ltd.”, Budapest, Hungary), and the immunohistochemical
reaction intensity was evaluated in the cardiomyocytic nuclei: 0 points — no
reactions; 1 point — weak; 2 points — strong. The evaluation of the immuno-
histochemical reaction against iRNA hnRNP C was performed in 300 cardio-
myocytes per microsection for each selected case. The immunohistochemical
reaction against iRNA hnRNP C was evaluated in the longitudinal plane
cardiomyocytes. The semi-quantitative analysis of the immunohistochemical
reaction involved calculating the immunohistochemical expression intensity
of iRNA hnRNP C to evaluate overall iRNA hnRNP C protein expression
within the cardiomyocytes: ((1 point x cardiomyocyte count %) + (2 points x
cardiomyocytes count %)) / 10.

Statistical analysis

Normality of continuous variables distribution was assessed applying the
Kolmogorov—Smirnov (n > 50) and Shapiro—Wilk (n < 50) tests. The conti-
nuous variables with a normal distribution were reported as the mean
(standard error, SE) with 95% confidence intervals. The continuous variables
without a normal distribution were documented as the median with the
interquartile range. Non-continuous data were described by reporting their
frequencies (%).

Statistically significant differences between the independent variables in
Stages A, B, C—D HF, and control groups were determined by ANOVA with
Bonferroni pair-wise comparisons, provided that these variables fit the
normality distribution. The nested design of ANOVA was applied to determi-
ne statistically significant differences between the quantitative histomorpho-
metric parameters of Stages A, B, C—D HF, and control groups. When the
nested design of ANOVA was applied in the histomorphometric study results
analysis, groups of Stages A, B, C—-D HF, and control were considered as the
fixed factor, whereas the results of the independent histomorphometric
parameters measurements were established as a random factor.

Statistically significant differences between the independent variables in
Stages A, B, C—D HF, and control groups were determined by the Kruskal-
Wallis test with pairwise comparison criteria, when these variables did not fit
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the normality distribution. The results of the pairwise comparison criteria
were evaluated by the Bonferroni correction.

Correlation analysis of the independent continuous variables was
performed by calculating the Pearson’s correlation coefficient (rp), when the
compared continuous variables fit the normality distribution, and the
Spearman’s correlation coefficient (rs) in cases the compared continuous
variables did not fit the normality distribution.

A purpose to specify the association trends of the statistically significant
correlation analysis results and evaluate their direct effect on other variables
from a statistical point of view was established. The linear regression model’s
method was adopted for the measured histomorphometric data, reporting the
parameters characterizing the prognostic and qualitative value of these
models: determination coefficient (R?), coefficient of the independent variab-
le, constant, ANOVA, and Durbin-Watson criterion for the probable autocor-
relations of the model’s residuals (prediction errors).

The results of the statistical analysis were established as statistically
significant when p < 0.05. Statistical analysis was performed by SPSS soft-
ware (SPSS version 29.0, IBM, Armonk, New York, USA).

RESULTS

Changes of morphometric parameters of cardiomyocytes
at different stages of ischemic HF

A total of 8638 cardiomyocytes from the left cardiac ventricular middle
wall were selected for histomorphometric analysis by light microscopy: 2080
cardiomyocytes from the stage A HF group, 1992 cardiomyocytes from the
stage B HF group, 2637 cardiomyocytes from the stages C—D HF group, 1929
cardiomyocytes from the control group.

The trends of the longitudinal plane cardiomyocytes length were
analyzed, and the average length of cardiomyocytes in the stage A HF group
was increased, compared to the control group (p <0.001) (Fig. A). Addi-
tionally, the greater mean cellular length was documented in the stage B HF
cardiomyocytes, compared to the stage A HF (p <0.001) and the control
groups (p <0.001). The longest cardiomyocytes were observed in the C—D
HF group, exceeding those in the stage A HF (p <0.001), stage B HF
(p <0.001), and the control groups (p < 0.001).
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Fig. A. Length and diameter of cardiomyocytes (mean and standard error)

*p <0.001 — Stages A, B, C—D HF groups, compared to the control group; **p < 0.001 —
Stages B ir C—D HF groups, compared to the Stage A HF group; ***p < 0.001 — Stages C—D
HF group, compared to the Stage B HF group.

Consistent findings were noted in the cardiomyocyte histomorphometric
analysis, which examined the mean diameter of the cardiomyocytes (see Fig.
A). The mean diameter of the stage A HF group was found to be larger than
that of the control group (p < 0.001). Additionally, the mean diameter of the
stage B HF group cardiomyocytes increased substantially compared to both
stage A HF (p <0.001) and the control groups (p < 0.001). The stages C-D
HF group cardiomyocytic diameter exhibited the greatest value, and it was
significantly greater when compared to the stage B HF (p <0.001), stage A
HF (p <0.001), and the control groups (p < 0.001).

The calculated longitudinal plane area of the cardiomyocytes revealed a
significant increase in the stage A HF group, compared to the control group
(p <0.001) (Fig. B). Furthermore, the longitudinal plane area of the stage B
HF group cardiomyocytes continued to increase, demonstrating a notable
difference when compared to both the stage A HF (p <0.001) and the control
groups (p <0.001). The cardiomyocytes from the C—D HF group had the
largest longitudinal plane area, which was larger than those from the stage B
HF (p <0.001), stage A HF (p <0.001), and the control groups (p < 0.001).
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Fig. B. Longitudinal plane area and volume of cardiomyocytes
(mean and standard error)

*p <0.001 — Stages A, B, C-D HF groups, compared to the control group; **p <0.001 —
Stages B ir C—D HF groups, compared to the Stage A HF group; ***p < 0.001 — Stages C-D
HF group, compared to the Stage B HF group.

Analysis of the mean volume of the cardiomyocytes in the stage A, B, and
C-D HF groups also demonstrated similar trends (see Fig. B). The mean
volume of the stage A HF group cardiomyocytes increased, compared to the
control group (p <0.001). This parameter of the stage B HF group cardio-
myocytes continued to increase when comparing the mean value of this para-
meter to the stage A HF (p <0.001), and the control groups (p <0.001). The
mean volume of the stages C—D HF group cardiomyocytes was almost twice
as great compared to the stage B HF (p < 0.001), and more than two-fold greater
compared to the stage A (p < 0.001), as well as the control groups (p < 0.001).

The cardiomyocytic length-diameter ratio which represents the changes
in the geometry of cardiomyocytes during the progression of ischemic HF
was analyzed (Fig. C). The results demonstrated that the cellular length-
diameter of stage A HF group cardiomyocytes decreased compared to the
control group (p <0.001). However, when evaluating the cardiomyocytic
length-diameter ratio of the stage B HF, it was determined that this parameter
increased, compared to the stage A HF (p <0.001), but still did not increase
up to the value of the control group (p < 0.05). The length-diameter ratio of
the stages C—D HF group cardiomyocytes continued to increase, and this
parameter was greater compared to the stage B HF (p <0.001), stage A HF
(p <0.001), and the control groups (p < 0.001).
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Fig. C. Length-diameter ratio of cardiomyocytes
(mean, standard error)

*p <0.001 — Stages A, C-D HF groups, compared to the control group; #p < 0.05 — Stage B
HF group, compared to the control group; **p < 0.001 — Stages B ir C—D HF groups, compared
to the Stage A HF group; ***p < 0.001 — Stages C—D HF group, compared to the Stage B
HF group.

A correlation analysis of the cardiomyocytic histomorphometric parame-
ters was performed, and positive correlations were documented between the
cardiomyocyte’s length and diameter of the stages A (rp = 0.355; p <0.001),
B (rp =0.400; p <0.001), C-D HF (rp = 0.453; p <0.001), and the control
groups (rp = 0.460; p < 0.001).

While documenting the tendency of the cardiomyocytic length as well as
the diameter in a quantitative manner when ischemic HF is progressing, a
linear regression model method was applied to characterize the changes of
the cardiomyocyte’s length and diameter in stages A, B, C-D HF, and the
control groups.

A linear regression model analysis was performed to determine the
changes in the length and diameter of the cardiomyocytes. The greatest prog-
nostic potential was determined in the stages C—D HF group linear regression
model (R? = 0.2037), and this potential was very similar to the control group
(R?=0.2096). The prognostic potential of the stage A HF (R?> =0.1211) and
stage B HF (R? = 0.1555) models was comparatively lower than that of the
stages C—D HF and the control groups.
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Dynamics of desmin protein expression in cardiomyocytes

The immunohistochemical study of desmin expression within the cardio-
myocytes was analyzed according to the modified categorization system of
desmin protein expression (see Fig. 3.2.1, p. 50). The results demonstrated
that low level of desmin expression within the cardiomyocytes was documen-
ted in more than 95% of cases in control group. Medium desmin expression
within the cardiomyocytes was detected in 72% of the stage A HF group, and
the remaining cases demonstrated low desmin protein expression within the
cardiomyocytes. The cardiomyocytes of the stage B HF group exhibited
medium desmin expression in more in more than 76% cases of this group. All
cases (100%) of the stages C—D HF group demonstrated medium desmin
protein expression in cardiomyocytes. Notably, this group also contained
cases, where some cardiomyocytes displayed intracytoplasmic, non-perinu-
clear desmin microaggregates.

The intensity of the immunohistochemical reaction against desmin was
calculated based on the semi-quantitative immunohistochemical study of
desmin protein expression within the cardiomyocytes (Fig. D).

1.8 | P

Intensity of desmin immunohistochemical
reaction

Control ~ Stage A Stage B Stages C-D
group  HF group HF group HF group
Fig. D. Expression of desmin protein in cardiomyocytes:
results of semi-quantitative analysis of immunohistochemical reaction
(median, interquartile range, minimal and maximal values)
*p <0.001 — Stages A, B, C-D HF groups, compared to the control group; **p <0.001 —
Stages C—D HF groups, compared to the Stage A HF group; ***p < 0.001 — Stages C—-D HF

group, compared to the Stage B HF group (Kruskal-Wallis test with pairwise comparison, p
value — according to Bonferroni correction).
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The stage A HF group’s desmin immunohistochemical reaction intensity
was higher than the control group (p < 0.001). The stage A and B HF groups’
desmin immunohistochemical reaction intensity was similar (p > 0.05). The
stages C—D HF group demonstrated the greatest desmin immunohistoche-
mical intensity value when compared to the stage B HF (p <0.001), stage B
HF (p <0.001), and the control groups (p < 0.001).

When the correlation analysis between the desmin immunohistochemical
reaction intensity and the cardiomyocytic histomorphometric parameters was
performed, a strong positive correlation was documented between the desmin
immunohistochemical reaction intensity and the cardiomyocytic length (rs =
0.698; p < 0.001). A similar strong positive correlation was documented
between the desmin immunohistochemical reaction intensity and the diame-
ter of the cardiomyocytes (rs = 0.681; p <0.001). When evaluating the corre-
lation tendencies between the desmin immunohistochemical reaction inten-
sity and the cardiomyocyte’s longitudinal plane area, as well as the volume,
positive, strong correlations were detected between these parameters
(rs =0.697; p <0.001 and rs = 0.681; p < 0.001, respectively).

Changes of OPN protein expression in cardiomyocytes

The results of the immunohistochemical reaction against OPN in the
cardiomyocytes were analyzed, and no OPN protein expression within the
cardiomyocytes was documented in more than 30% of the control group (see
Fig. 3.3.1, p. 53). Meanwhile, low OPN expression within the cardiomyo-
cytes of the control group was present in more than 69% of the cases. Medium
OPN expression within the stage A HF group cardiomyocytes was documen-
ted — 48% of the cases in this group, while the remaining 52% cases demon-
strated low OPN expression within the cardiomyocytes. Notably, high OPN
protein expression was described for the first time in 8% of the stage A HF
group. Medium OPN protein expression within the cardiomyocytes was the
most common in the same group (more than 86% cases of the stage B HF
group). Most cases with the high OPN protein expression were observed in
cardiomyocytes of the stages C—D HF group, with more than 46% cases of
this group, and medium OPN protein expression was documented in more
than 41% cases of this group.

When the OPN immunohistochemical reaction intensity was calculated
based on the semi-quantitative analysis of the immunohistochemical reactions
against OPN in the cardiomyocytes, a greater OPN immunohistochemical
reaction intensity of the stage A HF group was observed, compared to the
control group (p <0.001) (Fig. E).
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Fig. E. Expression of OPN protein in cardiomyocytes. results of
semi-quantitative analysis of immunohistochemical reaction
(mean, standard error)

*p < 0.001 — Stages A, B, C—D HF groups, compared to the control group; **p < 0.001 —
Stages B ir C-D HF groups, compared to the Stage A HF group; ***p < 0.001 — Stages C-D
HF group, compared to the Stage B HF group (ANOVA with pairwise comparison according
to Bonferroni criterion).

This parameter characterizing OPN protein expression of the stage B HF
cardiomyocytes continued to increase compared to the stage A HF group
(p <0.001) and the control group (p <0.001). The greatest value of the stages
C-D HF group OPN immunohistochemical reaction intensity was deter-
mined, when comparing to the stage B HF (p <0.001), stage AHF (p <0.001),
and the control group (p < 0.001).

The correlation analysis between the OPN immunohistochemical
reaction intensity and the histomorphometric parameters of the cardiomyo-
cytes revealed a positive, strong correlation between the OPN immunohisto-
chemical reaction intensity and the mean length of the cardiomyocytes
(rp = 0.638; p <0.001). Furthermore, a positive, strong correlation was also
documented between the OPN immunohistochemical reaction intensity and
the cardiomyocytic diameter (rp = 0.604; p <0.001). When correlations between
the OPN immunohistochemical reaction intensity and the longitudinal plane
as well as the volume of the cardiomyocyte were analyzed, a strong, positive
correlation was determined between the OPN immunohistochemical reaction
intensity and the cellular longitudinal plane area (rp = 0.599; p <0.001), and
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a moderate, strong correlation — between the OPN immunohistochemical
reaction intensity and the cardiomyocytic volume (rp = 0.524; p < 0.001).

A weak, statistically insignificant correlation was documented between
the intensity of OPN and desmin immunohistochemical reactions in progres-
sive ischemic HF (rs = 0.074; p > 0.05).

Shifts of Grem1 expression in cardiomyocytes

Greml protein expression within the cardiomyocytes analyzed by
adopting the immunohistochemical study method and a modified categoriza-
tion system for the immunohistochemical reaction revealed that no Greml
protein expression was documented in 47% cases of the control group, and
52% cases of this group had low Greml protein expression within the
cardiomyocytes (see Fig. 3.4.1, p. 57). Medium Greml protein expression
was described for the first time within the cardiomyocytes of the stage A HF
group, where medium Greml protein expression was detected in 28% of the
cases, and low Grem1 protein expression was detected in 72% of the cases.
High Grem1 protein expression was documented in more than 8% of the stage
B HF group. Medium Grem1 protein expression within the cardiomyocytes
was predominant in this group (86% of the stage B HF group cases). High
Greml protein expression was most common in cardiomyocytes of the stages
C-D HF group, where it was observed in more than 64% of the cases in this
group, while medium Greml protein expression was observed in the
remaining 32% cases. Low Greml protein expression was detected in 3% of
cardiomyocytes in the stages C—D HF group.

A semi-quantitative analysis of the immunohistochemical reaction
against Grem1 within the cardiomyocytes in progressing ischemic HF was
performed (Fig. F). An increased calculated Greml immunohistochemical
reaction intensity of the stage A HF group was detected, compared to the
control group (p < 0.001). This parameter of the stage B HF group continued
to increase when comparing the Greml immunohistochemical reaction
intensity to the stage A HF (p < 0.001) and the control group (p < 0.001). The
highest value for the stages C—D HF group Greml immunohistochemical
reaction intensity parameter was detected when compared to stage B HF
(p <0.001), stage A HF (p <0.001), and the control group (p < 0.001).

A correlation analysis was performed between the Grem1 immunohisto-
chemical reaction intensity and changes in cardiomyocyte histomorphometric
parameters changes in progressing ischemic HF. A significant strong, positive
correlation was documented between the Greml immunohistochemical
reaction intensity and the length of the cardiomyocytes (rp = 0.802; p < 0.001).
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Fig. F. Expression of Greml protein in cardiomyocytes: results of
semi-quantitative analysis of immunohistochemical reaction
(mean, standard error)

*p < 0.001 — Stages A, B, C—D HF groups, compared to the control group; **p < 0.001 —
Stages B ir C-D HF groups, compared to the Stage A HF group; ***p < 0.001 — Stages C-D
HF group, compared to the Stage B HF group (ANOVA with pairwise comparison according
to Bonferroni criterion).

Furthermore, a similar trend was observed in the correlation analysis
between the Grem1 immunohistochemical reaction intensity and parameters
such as cellular diameter, longitudinal plane area, and volume in the context
of progressing ischemic HF. A strong, positive correlation were detected
between the Grem1 immunohistochemical reaction intensity and the cardio-
myocyte’s diameter (rp = 0.770; p < 0.001), longitudinal plane area (rp = 0.778;
p <0.001), and volume (rp =0.701; p < 0.001) in the different stages of
ischemic HF.

Additionally, a strong, positive correlation was detected between Grem1
and desmin immunohistochemical reaction intensity parameters (rs = 0.708;
p <0.001). Similar correlation trends were determined between Grem!1 and
OPN immunohistochemical reaction intensity parameters, where a strong,
positive correlation was detected (rp = 0.731; p < 0.001).
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Expression of iRNA hnRNP C in cardiomyocytes

When comparing the intensity of iRNA hnRNP C immunohistochemical
reaction in cardiomyocyte nuclei between the stage A and B HF groups (see
Fig. 3.5.1, p. 61), no significant differences in iRNA hnRNP C immunohisto-
chemical reaction intensities were observed (p > 0.05) (Fig. G).
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Intensity of iRNA hnRNP C
immunohistochemical reaction

Control ~ Stage A  Stage B Stages C-D
group  HF group HF group HF group
Fig. G. Expression of iRNA hnRNP C protein in cardiomyocytes:
results of semi-quantitative analysis of immunohistochemical reaction
(median, interquartile range, minimal and maximal values)

*p < 0.001 — Stages C—D HF groups, compared to the Stage A HF group (Kruskal-Wallis
test with pairwise comparison, p value — according to Bonferroni correction).

However, the intensity of iRNA hnRNP C immunohistochemical reac-
tion of the stages C—D HF group was greater compared to the stage A HF
group (p <0.001). No significant differences in the intensity of the iRNA
hnRNP C immunohistochemical reaction were observed when comparing the
changes in protein expression between the stages C—D and B HF groups, as
well as between the stages C—D HF and the control groups (p > 0.05).

Correlations between the iIRNA hnRNP C immunohistochemical reaction
intensity and the changes of the cardiomyocytic histomorphometric parame-
ters were analyzed. A weak, positive correlation was detected between the
iIRNA hnRNP C immunohistochemical reaction intensity and the length of
the cardiomyocytes (rs = 0.218; p < 0.05). Similar correlation trends were do-
cumented when evaluating the correlations between iRNA hnRNP C immu-
nohistochemical reaction intensity and cardiomyocyte diameter (rs = 0.248;
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p <0.05), longitudinal plane area (rs = 0.235; p < 0.05), and volume (rs = 0.248;
p <0.05).

When the correlation between iRNR hnRNP C and desmin immuno-

histochemical reaction intensity changes during cardiomyocyte remodeling
was analyzed, no significant correlation between these two parameters was
detected (p > 0.05). A weak, positive correlation was determined between
iRNA hnRNP C and OPN proteins expression in the cardiomyocytes in
progressing ischemic HF (rs = 0.228; p < 0.05). Similar trends of weak
positive correlation were also documented between the iRNA hnRNP C and
Greml immunohistochemical reaction intensities in the cardiomyocytes
(rs=0.274; p <0.05).

2.1.

2.2.

CONCLUSIONS

The morphometric parameters of the cardiomyocytes of the stage A HF
group (length, diameter, longitudinal plane area, and volume) increase,
compared to the corresponding parameters of the control group
(p <0.001). These parameters of the stage B HF group continue to
increase, compared to the stage A HF (p < 0.001), and the control groups
(p < 0.001), with the greatest values of the parameters of the stage C-D
HF group, compared to the stage B (p <0.001), A HF (p <0.001), and the
control groups (p < 0.001).

The expression of intermediate filament desmin protein in cardio-
myocytes of the stage A HF group increases, compared to the control
group (p <0.001), whereas the expression of desmin protein is similar in
the cardiomyocytes of stages B and A HF groups (p > 0.05). The greatest
desmin expression is in cardiomyocytes of the stages C—D HF group,
compared to the corresponding parameters of stage A (p <0.001), B HF
(p <0.001), and control groups (p < 0.001).

The expression of OPN protein in the stage A HF group cardiomyocytes
is increased compared to the same parameter of the control group
(p <0.001), and continues to increase in stage B HF group, compared to
stage A HF (p < 0.001) and control groups corresponding parameter
(p <0.001). The OPN expression of stages C—D HF group cardiomyocy-
tes is the greatest compared to the stage B (p <0.001), A HF (p <0.001),
and control groups (p < 0.001).
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2.3.

2.4.

The expression of Grem1 protein in cardiomyocytes of stage A HF group
is increased compared to the control group parameter (p < 0.001). This
protein expression is continuously increasing in cardiomyocytes of stage
B HF group, compared to stage A HF (p < 0.001) and control groups
(p <0.001). The greatest expression of Greml protein is in cardio-
myocytes of stage C-D HF group compared to stage B (p <0.001), A HF
(p <0.001) and control groups (p < 0.001).

The iRNA hnRNP C protein expression in cardiomyocytes of stage A HF
group remains similar to the control group (p > 0.05), whereas the iRNA
hnRNP C expression of stages C—D HF cardiomyocytes increases com-
pared to stage A HF group (p <0.001).

The changes in the size of cardiomyocytes (volume) correlate positively
with the changes in expression of desmin (rs = 0.681; p < 0.001), OPN
(rp = 0.524; p < 0.001), Grem1 (rp=0.701; p <0.001), and iRNA hnRNP
C (rs = 0.248; p < 0.05) in cardiomyocytes in progressing ischemic HF.
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Abstract: Although major pathogenesis mechanisms of heart failure (HF) are well established, the
significance of early (mal)adaptive structural changes of cardiomyocytes preceding symptomatic
ischemic HF remains ambiguous. The aim of this study is to present the morphological charac-
terization of changes in cardiomyocytes and their reorganization of intermediate filaments during
remodeling preceding symptomatic ischemic HF in an adult human heart. A total of 84 myocardial
tissue samples from middle-left heart ventricular segments were analyzed histomorphometrically and
immunohistochemically, observing the cardiomyocyte’s size, shape, and desmin expression changes
in the remodeling process: Stage A of HF, Stage B of HF, and Stages C/D of HF groups (ACC/AHA
classification). Values p < 0.05 were considered significant. The cellular length, diameter, and volume
of Stage A of HF increased predominantly by the diameter vs. the control group (p < 0.001) and
continued to increase in Stage B of HF in a similar pattern (p < 0.001), increasing even more in the
C/D Stages of HF predominantly by length (p < 0.001). Desmin expression was increased in Stage A
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of HF vs. the control group (p < 0.001), whereas it was similar in Stages A and B of HF (p > 0.05), and
most intense in Stages C/D of HF (p < 0.001). Significant morphological changes of cardiomyocytes
and their cytoskeletal reorganization were observed during the earliest remodeling events preceding
symptomatic ischemic HE.
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1. Introduction

Heart failure (HF) is causing a significant clinical, public, and economic burden world-
wide [1,2], remaining associated with frequent hospitalizations [3], high rates of in-hospital
mortality, and rising global health expenditures [4]. Most cardiac muscle pathologies with
predominating ischemic injuries contribute towards the progress of cardiac muscle dys-
function, which eventually manifests as symptomatic HF [5]. Although major pathogenesis
mechanisms of HF are well established, the significance of early (mal)adaptive structural
changes of cardiomyocytes preceding symptomatic ischemic HF remains ambiguous [6,7].
An ischemic injury initiates a complex of heterogenous compensatory molecular intra-
cellular processes, which are meant to restore and maintain the regular function of the
heart [8,9]. These compensatory processes, known as remodeling, manifest on intracellular
and cellular levels, changing the inner cytoskeletal composition of intermediate filaments,
such as desmin, interacting with sarcolemma, sarcomeres, and nucleus, and as a result,
transforming the shape and improving the functional resilience of cardiomyocytes [10].

Continuous myocardial remodeling in the context of ischemic injury not only main-
tains cellular resilience under excessive muscle tension but also increases cellular energetic
40/). demands and disrupts the homeostasis of protein synthesis [8]. Desmin, as a predominating
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intermediate cytoskeletal filament, starts misfolding due to impaired post-translational
modifications [11-13]. These events contribute to even more extensive damage of the heart
muscle compared to the initial ischemic injury and become the structural basis for ischemic
HF formation long before the first HF symptoms appear [8].

So far, data on early cardiomyocyte morphological changes occurring in remodeling
and leading to HF are fragmented and controversial, based mostly on a quantitative organo-
metric [14] or (semi)qualitative histological analysis of heart muscle tissue. Moreover, no
substantial correlations between cellular size and inner cytoskeletal changes during the
remodeling process of intermediate filaments, such as desmin, are based on extensive
histomorphometric research. Usually, these studies present results based on low-quality se-
lected samples [15], most of them exploring end-stage HF due to dilatative cardiomyopathy.
Furthermore, ischemic injury is one of the predominating causes of HF, and by comparing
tendencies of desmin expression in cardiomyocytes alone, some authors have already
described significant differences between dilatative cardiomyopathies and heart muscle dis-
eases with continuous ischemic injury. Additionally, most morphological data concerning
HF pathogenesis come from animal-based studies with a rare focus on remodeling initiated
and maintained by isolated continuous ischemic injury preceding symptomatic HF [16].
Therefore, knowledge about early structural changes in the remodeling of cardiomyocytes
and their cytoskeletal reorganization specific to continuous ischemic injury in the human
heart remains obscure.

This study is an attempt to present an extensive quantitative morphological charac-
terization of the earliest cellular structural changes of cardiomyocytes that are observed
during remodeling and precede symptomatic ischemic HF in an adult human heart. The
characterization of remodeling in cardiomyocytes that suffer from continuous ischemic
injury will provide substantial morphological evidence on the effect of remodeling for the
pathogenesis of ischemic HF and will expand our overall knowledge of the complexity of
the earliest cellular decompensation processes leading towards tissue deterioration and
clinically diagnosed organ failure.

2. Results
2.1. Histomorphometric Analysis of Cardiomyocytes

Overall, 8638 cardiomyocytes from the middle segment of the left cardiac ventricle
were fit for histomorphometric analysis via light microscopy according to the histomorpho-
metric analysis criteria established in the study design. When analyzing two-dimensional
cellular histomorphometric parameters (Table 1), the length of the cardiomyocytes in the
longitudinal plane of Stage A of the HF group was already significantly increased compared
to the control group (p < 0.001), indicating histomorphometrically detectable morphological
cellular changes at the earliest stages of remodeling initiated by ischemic injury of the
heart muscle and preceding symptomatic ischemic HE. According to further analysis of
the cellular length, the value of this parameter in the cardiomyocytes of Stage B of the
HF group was significantly increased compared to both cardiomyocytes in Stage A of the
HF and control groups (p < 0.001), and the length of the cells in Stages C/D of HF was
increased even more compared to those in Stage B of the HF group (p < 0.001).

Similar tendencies of cellular diameter changes were observed during the remodeling
process when analyzing cardiomyocytes in Stage A of HE, Stage B of HF, and Stages C/D of
the HF groups. A significant increase in the cellular diameter was already observed when
comparing cardiomyocytes in Stage A of the HF group to the control group (p < 0.001).
This histomorphometric parameter was increased in Stage B of the HF group compared to
the same parameter in Stage A of the HF and control groups (p < 0.001). Also, the cellular
diameter of the cardiomyocytes in Stages C/D of the HF group was increased compared to
this parameter in Stage B of the HF group (p < 0.001).
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Table 1. Histomorphometric parameters of cardiomyocytes in stage A of HF, stage B of HF, stages
C/D of HF, and the control groups.

P Control Stage A of the HF Stage B of the HF Stages C/D of the
arameter Group Group Group HF Group

Number of the representative 1929 2080 1992 2637
cardiomyocytes
Mean length (SE), pm 61.82 (0.34) 72.23* (0.32) 78.86 *** (0.33) 103.28 ***+*+ (0.29)
95% CI of length, um 61.16-62.47 71.59-72.86 78.21-79.50 102.71-103.83
Mean diameter (SE), pm 11.73 (0.06) 14.34 * (0.05) 15.19 *** (0.05) 18.92 **+*++ (0,05)
95% CI of diameter, um 11.62-11.84 14.23-14.45 15.08-15.30 18.83-19.02
Mean volume (SE), pm® 7271 (201) 12,320 * (193) 15,170 *** (197) 31,433 #**** (172)
95% CI of volume, pm? 6877-7666 11,941-12,699 14,783-15,557 31,096-31,769
Mean cellular length—diameter ratio (SE) 5.392 (0.025) 5.137 * (0.024) 5.301 #** (0.025) 5.583 ***+*** (0.022)
95% CI of cellular length—diameter ratio 5.343-5.442 5.090-5.185 5.252-5.349 5.541-5.625

All multiple comparisons were performed by applying the nested design of ANOVA with Bonferroni post hoc
tests: * p < 0.001—Stage A of HF, Stage B of HF, Stages C/D of HF vs. control group; ** p < 0.001—Stage B of HF
and Stages C/D of HF vs. HF of A group; *** p < 0.001—HF of C/D stage vs. Stage B of HF; # p < 0.05—Stage B of
HF group vs. control group. HF—heart failure; stages A, B, C, D of HF—according to ACC/AHA classification;
SE—standard error; CI—confidence interval.

Further analysis of the cellular volume confirmed similar tendencies of the mor-
phological changes observed during the remodeling process in the cardiomyocytes. The
cardiomyocytes in Stage A of the HF group were significantly larger compared to the
control group (p < 0.001). The volume of cells in Stage B of the HF group significantly
increased compared to the volume of cardiomyocytes in Stage A of the HF and control
groups (p < 0.001). The cells in Stages C/D of the HF group were even larger compared to
those in Stage B of the HF group (p < 0.001).

Interestingly, when analyzing a length—-diameter ratio of cardiomyocytes in Stage A
of the HF, Stage B of the HF, and Stages C/D of the HF groups, more complex tendencies
of cardiomyocyte remodeling were detected via cellular histomorphometric analysis. A
significant decrease in the cellular length—diameter ratio was observed in Stage A of the
HF group compared to the control group (p < 0.001), indicating the cellular growth pattern
associated with predominantly increasing diameter over the length. Additionally, this
cellular length—diameter ratio increased in Stage B of the HF group compared to Stage A of
the HF group (p < 0.001). Yet, this value in Stage B of the HF group was smaller compared
to the control group (p < 0.05). The cellular length—diameter ratio significantly increased
in the cardiomyocytes of Stages C/D of the HF group compared to the cardiomyocytes in
Stage A of the HF, Stage B of the HF, and the control groups (p < 0.001), indicating that the
size of cardiomyocytes in this group increased mostly because of increasing cellular length
compared to cellular diameter.

2.2. Immunohistochemical Analysis of Desmin Expression in Cardiomyocytes

Overall preliminary observation of the results of an immunohistochemical reaction
against the desmin in the selected heart muscle tissue samples was performed to detect the
cardiomyocytes in the longitudinal plane that are fit for the study design to evaluate the
tendencies of desmin expression in the cardiomyocytes (Figure 1).

Desmin expression in the cardiomyocytes evaluated using the immunohistochemical
method already increased in Stage A of the HF group compared to the control group
(p < 0.001), indicating the significant tendencies of desmin expression during the earliest
stages of cardiomyocyte remodeling, preceding symptomatic ischemic HF. Desmin expres-
sion in the cardiomyocytes of Stage B of the HF group increased compared to the control
group (p < 0.001), whereas there was no significant difference when comparing Stage B of
the HF group to Stage A of the HF group (p > 0.05). Still, desmin expression was more sig-
nificantly increased in Stages C/D of the HF group compared to Stage B of the HF, Stage A
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of the HF, and control groups (p < 0.001). Additionally, when observing desmin expression
in the cardiomyocytes of Stages C/D of HF, cardiomyocytes with microscopically visible
intrasarcoplasmic microaggregates of desmin were predominating, most likely indicating
disrupted intracellular homeostasis of desmin in the late stages of remodeling.

Control Stage A  StageB  Stages
goup  of HF  ofHF CDof
goup  group  HF group

Figure 1. Desmin expression in the cardiomyocytes. Representative images of the myocardium
immunohistochemistry in the control: (A) Stage A of the HF (B); Stage B of the HF (C); Stages C/D of
the HF groups (D). Bar graph of the semi-quantitative analysis (E), results are presented as median,
the 25th and 75th percentiles). * p < 0.001—statistically significant differences—Stage A of HF, Stage B
of HF, Stages C/D of HF vs. the control group data; ** p < 0.001—Stage B of HF and Stages C/D of HF
vs. Stage A of HF group data; *** p < 0.001—Stages C/D of HF vs. Stage B of HF (Kruskal-Wallis’s test
with the pairwise comparisons were applied with the significance values adjusted by the Bonferroni
correction for multiple tests). HF—heart failure; stages A, B, C, D of HF—according to ACC/AHA
classification; a.u.—arbitrary units.

While exploring the associative trends of the desmin expression and the cellular
histomorphometric parameters, statistically significant strong positive correlations were
detected between intrasarcoplasmic desmin expression and cardiomyocyte length (r = 0.82,
p <0.001), diameter (r = 0.74, p < 0.001), and volume (r = 0.74, p < 0.001). The correlation
defining the association between the cellular length-diameter ratio and the intracellular
desmin expression was positively weak (r = 0.24, p < 0.05).

3. Discussion

The remodeling of the heart muscle is an active process of tissue reorganization, which
is initiated in the context of cardiac tissue injury with the goal of maintaining an optimal
pumping function by altering the composition of the tissue [17]. The tissues exposed to the
injuring factors, such as continuous ischemia, constantly initiate compensatory remodeling
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changes, which are considered mostly positive in their effect to optimize inner homeostasis
and the performance of specialized functions. Still, as protective and preserving these
remodeling processes are considered, current data on the tissue remodeling processes
indicate that, at some point, this remodeling becomes maladaptive, manifesting in reduced
cardiac output and eventually leading to symptomatic HF [8]. On the other hand, some
consider that these remodeling processes occurring in the heart muscle when exposed to a
prolonged ischemic injury are pathological from the very beginning when these processes
are initiated in the cardiomyocytes and may already indicate early heart muscle disease
before the very first HF symptoms [5,17].

Our histomorphometric and immunohistochemical study of cardiomyocytes at dif-
ferent stages of ischemic HF according to the ACC/AHA classification presents novel
extensive quantitative data on the cellular changes during the early and late phases of
tissue remodeling, reporting the early disproportional changes in the cardiomyocytes pre-
ceding symptomatic ischemic HF. The cardiomyocytes already demonstrate significant
changes in shape and intermediate filament desmin expression in the selected cases, rep-
resenting an increased risk of developing HF without clinically identifiable myocardial
structural disease. To the authors knowledge, this is the first detailed report with easily
reproducible data characterizing the early and late remodeling events in cardiomyocytes
on a cellular basis in an adult human heart before the very first symptoms of ischemic HF
appear in a cohort of statistically representative size.

Increased overall volume and decreased length—-diameter ratio of the cardiomyocytes
in Stage A of the HF group compared to the control group indicates that the cardiomyocytes
acquire morphological features of cellular hypertrophy with increased diameter over the
cellular length at the earliest stages of the remodeling. According to these histomorphomet-
ric findings, it can be hypothesized that early remodeling with predominating increased
cellular thickness due to the assembly of intracellular sarcomeric components mainly in
parallel patterns occurs due to impaired contractility [18], manifesting in the early ischemic
injuries of cardiac tissue. Further analysis of the histomorphometric data in Stage B of
the HF (pre-HF) group detected a less disproportional increase in cardiomyocytes, with
the cellular diameter changes being still predominant over cellular length, even in the
late stages of remodeling preceding ischemic HF. This pattern of cardiomyocyte volume
increase indicates that longer exposure to a continuous ischemic environment leads to
decreased contractile elements that start transforming morphologic cellular features into
those that macroscopically manifest as eccentric cardiac hypertrophy [19].

Hemodynamically, the purpose of these cellular changes is to induce cardiac hyper-
trophy as a compensatory response to reduce the tension of the cardiac ventricular wall
and prevent cardiac dysfunction [8]. Still, a study on HF with preserved ejection fraction
(HFpEF) reported by Miihlfeld C. et al. (2020) detected a significantly increased cellular
diameter in early HF stage compared to a control group when applying the histomorpho-
metric approach of tissue remodeling analysis to an animal heart [20], considering these
morphological changes as a part of the structural basis for the already developing heart
muscle disease. Interestingly, a study on idiopathic dilatative cardiomyopathy performed
by Vigliano C. A. et al. (2011) identified that more than 50% of the patients with an in-
creased mean diameter of their cardiomyocytes had significantly worse HF-associated
outcomes, and the Cox regression univariate analysis determined increased cardiomyocyte
diameter as an important independent predictor of patient’s death [21], further supporting
the hypothesis that detected morphological changes in the remodeling preceding ischemic
HF are considered part of myocardial disease from the very beginning. Altogether, these
tendencies suggest that increased cardiomyocyte diameter may be disproportionally one of
the first morphological changes of the remodeling in the context of ischemic injury when
compared to cellular length, also demonstrating the ambiguous nature of these remodel-
ing processes that represent not only the compensatory capacity of heart muscle but also
become a predicting factor for symptomatic ischemic HF in the future.
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The early remodeling processes initiated in the cardiomyocytes preceding symp-
tomatic ischemic HF promote significant increases in the overall cellular volume (and
simultaneously, the mass of cardiac ventricle), supposedly strengthening the suggestion of
contractility function being gradually lost as a result of ischemic injury, and thus increasing
cardiac preload. Although these cellular events are considered to be compensatory in the
context of ischemic injury, the morphological changes associated with the early remodeling
of cardiomyocytes also lead to significant circumferential shortening of the cardiac ventricle
in the remote regions of the previously observed ischemic injuries with reduced systolic
wall movements and ejection fraction [22], further emphasizing a novel and more intricate
role of early cardiomyocyte remodeling in the pathogenesis mechanism of symptomatic
ischemic HE.

Despite the predominating compensatory aspect of early remodeling, these structural
changes in the cardiomyocytes during the early stages of remodeling provide only a short-
term effective solution to improve the contractile activity of heart muscle. The oxygen
demand and perfusion of the myocardium are altered due to initiated hypertrophic changes
when the capillary density is relatively decreased, contributing to the reinforcement of
the pathology by accelerating cardiac contractile dysfunction [18]. Further results from
the histomorphometric analysis of the cardiomyocytes in Stages C/D of the HF group,
representing the morphological changes in the symptomatic ischemic HF, revealed that the
maladaptive remodeling process continues to induce significant hypertrophic changes in
the cardiomyocytes with an increasing cellular length over diameter, as well as an overall
cellular volume. According to Tamura T. et al. (1998), the lengthening of cardiomyocytes
alone accounts for increased cardiac chamber circumference progressing to HF [23]; there-
fore, significant changes in the longitudinal axis of the cardiomyocytes can be assumed
as a histomorphological feature of decompensation. A study conducted by Janczewski
A. M. et al. (2002) determined similar results through the use of the histomorphometric
approach of a single left cardiac ventricle cardiomyocyte length in dilatative cardiomy-
opathy [24]. Interestingly, no significant differences in the cellular diameter were detected
when comparing the experimental and the control groups in the same study, whereas
our study determined a moderate but statistically significant increase in cardiomyocyte
diameter in Stages C/D of the HF group, implying more complex morphological differ-
ences in remodeling in cases of continuous ischemic cardiac injury compared to dilatative
cardiomyopathy.

In response to continuous ischemia, cardiomyocytes tend toward hypertrophy with
predominant lengthening during late remodeling in order to maintain physiological stroke
volume with a reduced number of properly functioning myocardial tissue segments [25].
Nonetheless, these cellular changes during cardiomyocyte remodeling result in overstretch-
ing, exhaustion of the compensatory Frank-Starling mechanism, ventricular dilatation [5],
and increasing cardiac wall stress, which contribute to the progression of ventricular wall
thinning [26], thus creating a vicious circle and further supporting the role of the adverse
remodeling in the pathogenesis mechanism of the advancing ischemic HF.

In fact, results from studies on ischemic HF demonstrate that the morphological
changes in cardiomyocytes induced by adverse remodeling contribute towards a clinically
significant deterioration of the heart muscle more than any other structural component of
the organ in cases of prolonged ischemia [27]. According to Del Buono M. G. et al. (2022),
in response to continuous ischemic exposure, elongation of hypertrophic cardiomyocytes
becomes a predominant factor, causing significant cardiac geometry changes, increasing
the mass of the cardiac wall, and left ventricular enlargement, eventually contributing to
increased systolic longitudinal wall stress and irreversible global ventricular dysfunction,
manifesting as symptomatic HF [28]. Simultaneously, significant changes in hemodynamics
and neurohormonal activation reflect the overall decreasing efficiency in the functionality
of the cardiovascular system. A continuous reduction in cardiac output contributes towards
the activation of the renin-angiotensin-aldosterone system and, as a result, affects the size
and disturbs the metabolism of cardiomyocytes, also increasing protein synthesis in various
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different cells of the myocardial tissue, including fibroblasts, which tend to produce the
extracellular matrix, thus promoting the increasing stiffness of the myocardial tissue and
diastolic cardiac dysfunction [29].

As a result of the remodeling induced by continuous ischemic injury to the heart
muscle, intrasarcoplasmic protein homeostasis is affected, and structural alterations of
the cardiomyocyte cytoskeletal components also occur [30-32]. Desmin, being a major
load-bearing structure of cardiomyocytes, as an intermediate filament, participates in en-
suring cellular resilience against mechanical stressors, maintaining sarcomeric integrity,
optimizing the intrasarcoplasmic communication between the different intracellular com-
partments and transmitting the signals of the cellular response towards the extracellular
microenvironment [33]. Cells with desmin deficiency are not able to respond to extracellular
stimuli by promoting compensatory reactions; therefore, these intracellular processes are
disrupted and managed without a sufficiently balanced organization of intrasarcoplasmic
compartments [34,35].

An immunohistochemical study of the desmin expression in the cardiomyocytes
detected a significantly increased desmin expression in the cardiomyocytes of Stage A of
HF and Stage B of HF compared to the control group, indicating the specific features of the
early reorganization of the cytoskeletal components in cardiomyocytes during remodeling.
Indeed, the upregulation of desmin expression in the early stages of any cardiac disease
may be assumed to be a compensatory process [36] because no immunohistochemical
features of desmin expression disarray are observed in these groups. A study conducted
by Pawlak A. et al. (2012) presented similar tendencies in terms of desmin expression in
the HF due to dilatative cardiomyopathy and noticed that the desmin expression increases
significantly as HF develops [37]. Also, a study on ischemic HF by Bouvet M. et al. (2021)
detected that an increasing amount of phosphorylated desmin impacts its solubilization
and creates the intracellular conditions for irreversible aggregate formation in the future
when the deterioration of the heart muscle is progressing towards symptomatic HF [38].

Yet, when comparing desmin expression in Stage A of the HF and Stage B of the HF
groups, the expression of this intermediate filament is similar in both groups in terms of
cardiomyocytes, and the immunohistochemical reaction preserves its striated cytoplasmic
pattern in most cardiomyocytes. Therefore, one can assume that the cytoskeletal reorgani-
zation process is efficient in the early stages of remodeling, preserving the regular assembly
mechanisms of the intermediate filaments and the overall integrity of the cytoskeletal
structures. Interestingly, it may also be hypothesized that the undistorted desmin arrange-
ment observed during the later events of the remodeling continues to mostly maintain the
organized functional resilience and contractility of the cardiomyocytes [38], thus preventing
the more rapid progression of heart muscle disease into the symptomatic HF to some level.

The increased expression of desmin with disrupted intrasarcoplasmic organization
and microaggregates in the cardiomyocytes are observed predominantly in symptomatic
ischemic HF, indicating that these morphological features represent end-stage remodel-
ing processes in failing cardiomyocytes [39]. As a result of continuous ischemic injury
and mechanical tension, the post-translational processing of desmin is performed more
actively, creating different proteoforms of desmin typical to irreversibly dysfunctional
heart muscle [35]. Also, the enhanced activity of the post-translational modifications or
mutations of the N-terminal domain of desmin [40] may cause the misfolding of this in-
termediate filament, further disrupting the organizational compartments of sarcomeric
components [34] and producing pro-amyloidogenic oligomers [12,40], which may become
a source for protein aggregate formation, thus contributing to direct toxic cellular injury
and altering the overall mechanics of the sarcomeric component of the cardiomyocytes in
the symptomatic ischemic HF irreversibly [37,41].

Opverall, the extensive characterization of the remodeling process in the cardiomyocytes
preceding symptomatic ischemic HF based on histomorphometric and immunohistochem-
ical analyses in a statistically representative cohort provides a structurally based insight
into the dynamics of the remodeling process and its role in the pathogenesis of ischemic
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HEF. Although the relevance of the remodeling process in the pathogenesis of HF is well rec-
ognized, practical translation of the structural data on the remodeling process into clinical,
diagnostic settings remains controversial and problematic due to the poor reproducibil-
ity of these data [15]. Still, the role of using uniform reference criteria in morphological
cardiac tissue assessment and thus maintaining efficient collaboration between clinicians,
radiologists, molecular biologists, and geneticists is acknowledged [42]. Therefore, the
knowledge of the cellular changes in the cardiomyocyte remodeling process based on the
quantitative structural data obtained from the study with a representative cohort may
provide a practical diagnostic solution, creating an objective, unbiased diagnostic tool as
part of a clinical follow-up panel of the course of myocardial disease in the context of
continuous ischemic injury, assisting in evaluating the effects of the medications improving
cardiac remodeling processes, and providing structurally validated basic data for future
studies of the remodeling process in cardiomyocytes.

4. Materials and Methods
4.1. Study Design and Groups

Myocardial tissue samples from the middle segments of the human left cardiac ven-
tricles were selected from the paraffin blocks of the cardiovascular tissue collection of the
Laboratory of Cardiac Pathology of the Institute of Cardiology (Lithuanian University of
Health Sciences, LUHS, Kaunas, Lithuania) to achieve the goal of exploring the remodel-
ing of cardiomyocytes by detecting the earliest morphological cellular changes preceding
symptomatic ischemic HF.

Overall, 84 selected myocardial tissue samples were further classified into three groups
according to the archival clinical data and the results of the histomorphologic analysis of
the heart (Table 2).

Table 2. Characterization of the groups selected to detect the morphological changes in cardiomyocyte
remodeling preceding symptomatic ischemic HE.

Control Grou Stage A of the Stage B of the Stages C/D of the
P HF Group HF Group HF Group

Number of cases 25 26 25 33
Mean age (SD), years 50.5 (8.7) 54.4 (8.6) 54.4 (7.4) 56.8 (7.5)
Sex Male Male Male Male
Cgr@lovascular disease of ischemic No Yes Yes Yes
origin
Previous clinical symptoms of HF No No No Yes
Stage of HF according to . . .
ACC/AHA * Not applied At-Risk for HF Pre-HF Symptomatic HF

* Stage of HF was diagnosed according to the American College of Cardiology (ACC)/ American Heart Association
(AHA) classification [43]. HF—heart failure; stages A, B, C, D of HF—according to the ACC/AHA classification;
SD—standard deviation.

The characterization of the groups selected to detect the morphological changes in
cardiomyocyte remodeling preceding symptomatic ischemic HF:

e  Stage A of HF (At risk for HF group)—patients who died suddenly within 1 h after the
first clinical symptoms of myocardial infarction (MI) in the witnessed cases or within
24 h of last being seen alive in the unwitnessed cases [44,45]; no previous symptoms
of HF were reported, no scars after MI were detected during the morphological tissue
inspection, the acute ischemic injuries were up to 6 h [46], HF was diagnosed as being
A stage according to the American College of Cardiology (ACC)/American Heart
Association (AHA) classification [43], and an extensive morphological examination of
the heart was performed during this postmortem procedure (1 = 26);

e  Stage B of HF (Pre-HF group)—patients who died suddenly due to the cardiovascular
complications associated with the ischemic heart injury within 1 h after the first
clinical symptoms in the witnessed cases or within 24 h of last being seen alive in
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the unwitnessed cases [44,45]; no previous symptoms of HF were reported, but a
scar after MI was detected in the postmortem morphological inspection of the heart,
HF was classified as B stage according to the ACC/AHA classification [43], and
the extensive morphological examination of the heart was performed during this
postmortem procedure (1 = 25);

e  Stages C/D of HF (Symptomatic/ Advanced HF group)—patients who were diagnosed
with symptomatic ischemic HF classified as C or D stage according to ACC/AHA
classification [43], a heart transplantation procedure was performed for them, and
an extensive morphological examination of surgical material after the failing heart
procedure was carried out (1 = 33).

Male patients who died from external causative factors or acute non-cardiovascular
diseases with their hearts being examined during the postmortem procedure were selected
as a control group (n = 25).

No other disease that could cause the reorganization of the myocardial tissue components
(e.g., systemic arterial hypertension, congenital or acquired cardiac valve disease, cardiomy-
opathy, diabetes mellitus, pulmonary diseases, etc.) was diagnosed for these patients.

The samples of the myocardial tissue from the middle segments of the free wall of
the left cardiac ventricles in all three groups were obtained for further microscopic testing,
avoiding areas of close MI or scarring after MI. Detailed histomorphological diagnostics
were performed for all the selected cases before a histomorphometric study.

4.2. Histomorphometric Analysis of Cardiomyocytes

A histomorphometric approach was adopted to objectively evaluate the remodeling
changes in cardiomyocyte size and shape. Therefore, 5 formalin-fixed paraffin-embedded
serial sections of 4 um thickness were produced for each selected case, applying the
stepwise approach with a distance of 20 um to avoid the same overlapping cardiomyocytes
being measured several times in each selected case. The produced serial sections were
stained using the Heidenhain’s azan trichrome method to visualize the intercalated discs
of the cardiomyocytes in the longitudinal plane required for histomorphometric cellular
analysis. The histological slides stained using the Heidenhain’s azan trichrome method
were examined with light microscopy (motorized microscope Olympus BX51, Olympus
Corporation, Tokyo, Japan) at 20 x magnification and 80 representative microscopic fields
in 5 serial sections for each selected case in Stage A of HF, Stage B of HF, Stages C/D
of HE, and the control groups were recorded by a digital camera (Evolution Qei, Media
Cybernetics, Rockville, MD, USA) to collect and measure up to 80 cardiomyocytes for the
each selected case.

The histomorphometric analysis of the stored, recorded images was performed using
Image Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, USA), measuring the
two-dimensional cellular histomorphometric parameters (the length and the diameter),
afterwards calculating the length—diameter ratio (cell length/cell diameter) and the volume
((mt x (0.5 x cell diameter)?) x cell length) for each cardiomyocyte in the representative
longitudinal plane. The cardiomyocytes in the longitudinal plane were considered repre-
sentative when the intercalated discs at both lateral cellular tips and the central position of
the nucleus were observed using light microscopy. The histomorphometric analysis was
performed in a blind manner to avoid observer bias, and none of the researchers knew
what groups of the selected cases during this process of histomorphometric analysis were.

4.3. Semi-Quantitative Immunohistochemical Analysis of Desmin Expression in Cardiomyocytes
An immunohistochemical approach was adopted to objectively evaluate the changes
in intracellular intermediate filament desmin expression during the remodeling process.
The selected formalin-fixed paraffin-embedded myocardial tissue samples of Stage A of
HF (n = 26), Stage B of HF (n = 25), Stages C/D of HF (n = 33), and the control (n = 25)
groups (see Table 2) were cut into 3 pum thick sections and placed onto SuperFrost slides
(Menzel, Braunschweig, Germany). The deparaffinization sections were washed with
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distilled water, and the epitope retrieval procedure was performed using a microwave
tissue processor RHS-1 (Milestone Medical, Roseland, NJ, USA) and incubating the samples
in TRIS/EDTA buffer (Target Retrieval Solution, pH 9.0, Agilent Technologies Inc., Wood
Dale, IL, USA) at 110 °C for 8 min. Immunohistochemical staining was performed using
“Shandon Coverplate” plates (Thermo Fisher Scientific, Waltham, MA, USA). Endogenous
peroxidase was blocked, and the samples were incubated with the primary rabbit polyclonal
antibody against desmin (Cat#HPA018803, RRID: AB_1847616, Sigma-Aldrich, Merck
Group, St. Louis, MO, USA), as validated by the Human Protein Atlas project, and diluted
to 1:250 in the antibody diluent (Dako REAL, Agilent Technologies Inc., Wood Dale, IL,
USA) for 1 h. The binding sites were visualized using the “EnVision Flex+" visualization
system with the HRP Magenda chromogen (Agilent Technologies Inc., Wood Dale, IL, USA),
counterstaining the sections with Mayer’s hematoxylin and coating with cover glasses using
a polystyrene coating material. The tissues taken from an appendix served as a positive
control, and tonsil fragments served as a negative control, applying the same protocol used
for the immunohistochemical reaction as that used in the analyzed myocardial samples
and running these reactions simultaneously. The IgG of the same isotype as the primary
antibody dilution served as a reagent control.

The semi-quantitative analysis of the immunohistochemical reaction against desmin
was performed using a score evaluation for the immunohistochemical reaction intensity
and pattern: 1 point, physiological expression; 2 points, increased desmin expression with
preserved intracytoplasmic striated pattern; and 3 points, increased desmin expression with
deranged intracytoplasmic striated pattern, intracytoplasmic microaggregate formation.
The results of the immunohistochemical reaction were observed in the 50 microscopic
fields at 40 x magnification (light microscopy, motorized microscope Olympus BX51, Olym-
pus Corporation, Tokyo, Japan) for each produced microsection for each selected case,
indicating the number of cardiomyocytes within each reaction pattern separately in the
whole microsection area of the selected case according to the study design (% of all the
longitudinal plane cardiomyocytes visible in the whole myocardial microsection). The
immunohistochemical reaction was evaluated only in those cardiomyocytes where both the
lateral cellular intercalated discs and the central nucleus were visible in the longitudinal
plane. A formula to evaluate the overall scope of the intensity of the immunohistochemical
reaction in the selected myocardial tissue was applied: ((1 point x count of the represen-
tative cardiomyocytes %) + (2 points x count of the representative cardiomyocytes %) +
(3 points x count of the representative cardiomyocytes %))/100. The evaluation of the
immunohistochemical reactions was presented in arbitrary units (a.u.). The evaluation
was performed by the two researchers independently, and none of these researchers knew
the groups of the selected cases during this evaluation process. The inter-observer and
intra-observer variability was evaluated via Kappa (k) statistics (Cohen’s « coefficient > 0.9).

4.4. Statistical Analysis

The normality of the data distribution was assessed with the Kolmogorov-Smirnov tests.
The numerical data that fit a normal distribution were reported as the mean (standard
error, SE) with 95% confidence intervals (CI). The numerical data that did not fit a normal
distribution were reported as the median with the interquartile range. The statistically
significant differences between Stage A of HF, Stage B of HF, Stages C/D of HF, and the
control groups were determined via ANOVA with post hoc Bonferroni tests for the multiple
comparisons when the numerical data fitted the normal distribution. The nested design of
the ANOVA was used to compare the numerical variables of the histomorphometric data,
assuming Stage A of HF, Stage B of HF, Stages C/D of HF, and the control groups as a fixed
factor and the histomorphometric measurements within each case as a random factor. When
the numerical data did not fit the normality distribution, independent samples Kruskal—
Wallis's test with pairwise comparisons were applied to compare the results between Stage
A of HF, Stage B of HF, Stages C/D of HF, and the control groups, also analyzing the
significance values adjusted using Bonferroni correction for the multiple tests. Spearman’s
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rank correlation was applied to evaluate the correlation trends. The values of p < 0.05
were considered statistically significant. The statistical analysis was performed using the
Statistical Package for the Social Sciences (SPSS) software (SPSS Statistics version 29.0, IBM,
Armonk, NY, USA).

5. Conclusions

Opverall, the significant morphological changes in the cardiomyocytes and their cy-
toskeletal reorganization are already observed during the earliest events of remodeling,
when heart muscle is exposed to continuous ischemic injury, and these specific structural
changes precede symptomatic ischemic HF. The morphological alterations of the cellular
diameter and length correlating with the increased desmin expression during the ongoing
remodeling are extensively characterized in this study, presenting quantitative morpho-
logical evidence of the early structural cellular and cytoskeletal changes, with a focus on
their morphofunctional impact on the pathogenesis of symptomatic ischemic HE. The mor-
phological features that are specific to cardiomyocytes during early remodeling preceding
symptomatic ischemic HF may be applied to pathological diagnostic practices as part of
histomorphometrically and immunohistochemically validated diagnostic tools to identify
the earliest structural features of failing cardiomyocytes before the first symptoms of HF
appear to optimize a physiologically guided and timely individualized treatment strategy.
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Abstract: A relevant role of osteopontin (OPN) and gremlin 1 (Grem1) in regulating cardiac tissue
remodeling and formation of heart failure (HF) are documented, with the changes of OPN and
Grem1 levels in blood plasma due to acute ischemia, ischemic heart disease-induced advanced HF or
dilatative cardiomyopathy being the primary focus in most of these studies. However, knowledge on
the early OPN and Grem1 proteins expression changes within cardiomyocytes during remodeling
due to chronic ischemia remains insufficient. The aim of this study was to determine the OPN and
Grem1 proteins expression changes in human cardiomyocytes at different stages of ischemic HF. A
semi-quantitative immunohistochemical analysis was performed in 105 myocardial tissue samples
obtained from the left cardiac ventricles. Increased OPN immunostaining intensity was already
detected in the stage A HF group, compared to the control group (p < 0.001), and continued to
increase in the stage B HF (p < 0.001), achieving the peak of immunostaining in the stages C/D HF
group (p < 0.001). Similar data of Grem1 immunostaining intensity changes in cardiomyocytes were
documented. Significantly positive correlations were detected between OPN, Grem1 expression in
cardiomyocytes and their diameter as well as the length, in addition to positive correlation between
OPN and Grem1 expression changes within cardiomyocytes. These novel findings suggest that OPN
and Grem1 contribute significantly to reorganization of cellular geometry from the earliest stage of
cardiomyocyte remodeling, providing new insights into the ischemic HF pathogenesis.

Keywords: osteopontin; gremlin 1; immunohistochemistry; cardiomyocyte remodeling; ischemic
heart failure

1. Introduction

Heart failure (HF) is a clinical syndrome associated with inadequate cardiac output
due to structural and functional abnormalities, with an ischemic origin being one of the
principal causes for HF [1]. As a result of improved diagnostic and treatment strategies,
the age-adjusted incidence of HF is declining [2], but the total number of patients living
with this diagnosed cardiac pathology is still increasing with an estimated 64 million HF
patients worldwide, causing a significant medical and economic burden [1]. Although
general tendencies of HF pathogenesis mechanisms are well established, studies show that
these mechanisms do not adequately address the highly complicated nature of remodeling
processes occurring due to ischemic injuries in cardiac muscle until ischemic HF develops.
While inducing intracellular protein expression changes in cardiomyocytes of both ischemic
and non-ischemic regions of cardiac ventricles, remodeling provides the cellular plasticity
to adapt, survive, and regain functionality of the damaged tissue, resulting in changes of
the cardiac chamber size, shape, and function [3]. Nonetheless, when these intracellular
adaptive mechanisms are exhausted, cardiomyocyte’s ability to maintain functionality
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starts to become disrupted, leading to the deterioration of the whole cardiac muscle tissue,
and eventually progressing towards symptomatic HF [4].

Considering the established cardiomyocyte’s role in remodeling and the increasing fo-
cus on the changes in intracellular protein expression during the remodeling in myocardial
tissue, a scientific interest has emerged focusing on the easily identifiable and representative
protein markers to observe the actual reorganization of protein expression changes in car-
diomyocytes [4-6]. Osteopontin (OPN), a matricellular phosphorylated glycoprotein [7,8]
and a proposed therapeutic HF target [9], is known to balance inflammatory processes,
induce expression of genes responsible for cardiomyocyte hypertrophy [10-12], and partici-
pate in intercellular communication [13]. Moreover, significant positive correlative trends
between the OPN levels in plasma and the deteriorating cardio-metabolic function, severity
of cardiac ventricular dysfunction are described [6,14,15]. Also, gremlin 1 (Grem1), a bone
morphogenetic protein antagonist of the Dan protein family, crucial in the embryogenesis
of the heart [16,17], regulation of specific immune response reactions, remodeling of the tis-
sues [18], and modulation of angiogenesis in hypoxic microenvironment [19], demonstrates
diagnostic potential in clinical follow-up and outcome prognosis for acute HF [13].

Studies demonstrate that the OPN and Grem1 expression level changes observed
during remodeling can contribute towards determining the cellular functionality potential,
while also revealing the new aspects of HF pathogenesis mechanisms and serving as
validated diagnostic tools for the detection of therapeutic targets to sustain functionality
of cardiac myocytes [9,20]. Also, accurate and quantifiable data on the OPN and Grem1
expression in cardiomyocytes can contribute to the stratification of different risk group
patients, follow-up of the HF disease progress, and the evaluation of individualized HF
treatment strategy [21-24].

However, despite extensively characterized clinical significance of OPN and Grem1
changes in ischemic HF-associated cardiac injury context, most of the studies present
correlative analysis of OPN, Grem1 expression changes and clinical parameters of progress-
ing cardiac dysfunction relying on the blood plasma levels of these proteins [6,13,21,22],
without documenting the actual primary source of these changes within myocardial tissue.
Notably, a small number of studies focusing on immunohistochemical OPN and Grem1
expression in myocardial tissue cells exist. Still, most of these studies principally describe
OPN and Grem1 expression changes in cardiomyocytes that are exposed to dilatative car-
diomyopathy, acute ischemia or ischemic heart disease-induced advanced HF [11,23,25,26].
Characterization of the OPN and Grem1 proteins expression changes in cardiomyocytes
at the early stages of ischemic HF, crucial for extending the knowledge on the OPN and
Grem1 roles in the earliest events within failing cardiomyocytes in ischemic HF patho-
genesis and searching for the novel diagnostic or therapeutic targets, remains principally
out of scope in these studies. Moreover, most of the studies on OPN and Grem1 expres-
sion in HF are largely limited on a single, mostly symptomatic, end-stage HF in animal
or cell culture models without control groups as the major limitations of diagnostically
applicable results [23-25,27,28]. Therefore, OPN and Grem1 proteins expression data on
the earliest events within failing cardiomyocytes during remodeling in myocardial tissue
exposed to continuous ischemia before symptomatic ischemic HF in the human organism
remain obscure.

This study aimed to detect and document the significant expression changes of OPN
and Grem1 proteins in cardiomyocytes at different stages of ischemic HF, including stage
A (at-risk for HF), stage B (pre-HF), and stages C/D HF (symptomatic and advanced HF)
according to the American College of Cardiology (ACC)/American Heart Association
(AHA) classification [29], by applying validated semi-quantitative immunohistochemical
evaluation. Considering the OPN and Grem1 proteins roles in HF pathogenesis, it was
hypothesized that significant changes of OPN and Grem1 proteins expression in cardiomy-
ocytes can be already observed at the earliest stages of ischemic HF before the first clinical
HF symptoms appear. Further, we have explored the correlation between expression
changes of OPN as well as Grem1 proteins in cardiomyocytes and their cellular geomet-
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ric parameters, further illustrating the roles of OPN and Grem1 proteins in the earliest
events of cardiomyocyte remodeling contributing to advancing ischemic HF. Importantly,
experimental animal model data on OPN and Grem1 expression in failing myocardium
are translated into the clinical setting by testing the study hypothesis of OPN and Grem1
proteins expression in cardiomyocytes of human myocardial tissues.

2. Results
2.1. OPN Expression

A semi-quantitative analysis of immunohistochemical reaction against OPN revealed
that the low level of OPN staining was predominating in the control group, with ap-
proximately one-third of cases documented with no detected OPN immunostaining in
cardiomyocytes at all (Figure 1).

Slage A HF Slage B HF Stage C/D HF

LS. | e 3

———

= Medium = High

Figure 1. Expression patterns of OPN in cardiomyocytes of different groups. (A) Representative
images of myocardium immunohistochemistry (OPN, MPIIIB10(1)). (B) Pie charts depict group
stratification according to the grading scale of immunohistochemical reaction in cardiomyocytes.
Abbreviations: HF—heart failure; stages A, B, C, D of HF—according to ACC/AHA classification.
Scale bar: 50 um.

When analyzing OPN immunostaining in cardiomyocytes of the stage A HF group,
almost half of the cases within this group demonstrated medium level of OPN expression,
while low level of OPN staining was observed in cardiomyocytes of remaining cases. A
small number of cases with the high OPN grading scale category was first observed in the
stage B HF group, where the medium level of OPN immunostaining in cardiomyocytes
was predominant in more than 85% of the cases within this group. The high level of OPN
immunostaining in cardiomyocytes was also detected in the stages C/D HF group, where
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this grading scale category was observed in almost half of the cases within this group,
while more than one-third of cases demonstrated medium level of OPN immunostaining
in the same group.

When comparing the OPN immunostaining score, this score increased significantly
in the stage A HF group compared to the control group (p < 0.001) (Figure 2). OPN
immunostaining score continued to increase in the stage B HF group and was significantly
higher compared to the control (p < 0.001) and stage A HF groups (p < 0.001). The highest
immunostaining score of OPN expression in cardiomyocytes was detected in the stages
C/D HF group, which was significantly increased compared to the control (p < 0.001), stage
A HF (p < 0.001), and stage B HF groups (p < 0.001).
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Figure 2. OPN expression in different groups. Semi-quantitative analysis results of OPN immunos-
taining (A), data are presented as mean and standard error: * p < 0.001—stage A HF, stage B HF,
and stage C/D HF groups compared to the control group; ** p < 0.001—stage B HF and stage C/D
groups compared to stage A HF group; *** p < 0.001—stages C/D HF group compared to stage B
HF group (ANOVA with post hoc Bonferroni tests for multiple comparisons). Correlations of OPN
immunostaining score and cardiomyocyte diameter (B), OPN immunostaining score and cardiomy-
ocyte length (C). Abbreviations: HF—heart failure; stages A, B, C, D of HF—according to ACC/AHA
classification; um—micrometer; r—Pearson’s correlation coefficient.

While exploring the associative trends of OPN expression in cardiomyocyte and the
cardiac myocyte’s geometric parameters, strong positive correlations were detected between
the OPN expression in cardiomyocyte’s cytoplasm and its cellular diameter (r = 0.71,
p < 0.001) as well as in the intracytoplasmic OPN expression in cardiac myocytes and the
cardiomyocyte length (r = 0.72, p < 0.001) (see Figure 2).

2.2. Grem1 Expression

A low level of Grem1 immunostaining was predominating in more than half of the
cases within the control group (Figure 3). Notably, no detectable Grem1 immunostaining in
cardiomyocytes was observed in almost half of the control group cases. The medium level of
grading scale category was detected in more than one-fourth of the stage A HF group cases,
whereas the remaining cases demonstrated predominantly weak immunostaining intensity
of Grem1 in cardiomyocytes. Interestingly, the high level of Grem1 was first observed in
almost one-tenth of the cases of the stage B HF group, where the medium level of Grem1
immunostaining grading scale was documented in more than 80% cases within this group.
The most abundant number of cases presenting a high level of Grem1 immunostaining
intensity was observed in the stages C/D HF group with more than two-thirds of the
analyzed cases demonstrating predominantly strong Grem1 immunostaining pattern.
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Figure 3. Expression patterns of Grem1 in cardiomyocytes of different groups. (A) Representa-
tive images of myocardium immunohistochemistry (Grem1, ab22138). (B) Pie charts depict group
stratification according to the grading scale of immunohistochemical reaction in cardiomyocytes.
Abbreviations: HF—heart failure; stages A, B, C, D of HF—according to ACC/AHA classification.
Scale bar: 50 pm.

Furthermore, a significantly increased Grem1 immunostaining score was detected in
the stage A HF group compared to the control group (p < 0.001) (Figure 4). Even higher
value of Grem1 immunostaining score was documented in the stage B HF group, when
comparing this parameter to the control (p < 0.001) and stage A HF groups (p < 0.001).
Immunostaining score of Grem1 expression in cardiomyocytes continued to increase in the
stages C/D HF group, where the highest value of this score was observed, comparing this
Grem1 immunostaining score to the control (p < 0.001), stage A HF (p < 0.001), and stage B
HF groups (p < 0.001).

Analysis of the correlations between intracytoplasmic Grem1 expression in cardiac
myocytes and their diameter as well as the length was performed, and a strong positive
correlation was detected between the Grem1 immunostaining score and the cardiomyocyte
diameter (r = 0.76, p < 0.001), as well as between the Grem1 immunostaining score and the
cellular length of cardiac myocyte (r = 0.79, p < 0.001) (see Figure 4).

Interestingly, analysis of the correlation between OPN and Grem1 immunostaining
scores demonstrated a significantly strong positive correlation of these proteins’ expression
in the cardiac myocytes (r = 0.73, p < 0.001) (Figure 5).
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Figure 4. Grem1 expression in different groups. Semi-quantitative analysis results of Grem1 im-
munostaining (A), data are presented as mean and standard error: * p < 0.001—stage A HF, stage B
HE, and stage C/D HF groups compared to the control group; ** p < 0.001—stage B HF and stage
C/D groups compared to stage A HF group; *** p < 0.001—stages C/D HF group compared to stage
B HF group (ANOVA with post hoc Bonferroni tests for multiple comparisons). Correlations of
Grem1 immunostaining score and cardiomyocyte diameter (B), Grem1 immunostaining score and
cardiomyocyte length (C). Abbreviations: HF—heart failure; stages A, B, C, D of HF—according to
ACC/AHA classification; um—micrometer; r—Pearson’s correlation coefficient.

=073, p0.001
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Figure 5. Correlation between OPN and Grem1 immunostaining scores. Abbreviation: r—Pearson’s
correlation coefficient.

3. Discussion

OPN is a protein with widely analyzed and acknowledged sensitive diagnostic proper-
ties [30], when it comes to different pathologies of irreversibly deteriorating cardiac muscle
with progressing HF due to dilatative cardiomyopathy [31], diabetic cardiomyopathy [6],
or ischemic heart disease [22,32]. Significant correlative tendencies of OPN and echocardio-
graphy parameters, HF course, outcomes, hospitalization, prognostic as well as predictive
indicators are documented [30,32]. Behnes M. et al. noticed that plasma levels of OPN
were equivalent with echocardiographic left cardiac ventricular parameters and correlated
positively with the functional New York Heart Association (NYHA) classification as well
as with the structural classification of HF by the ACC/AHA classification in acute HF [30],
furthermore emphasizing the overall biological importance of OPN in HF pathogenesis.
Still, most of these studies focus on OPN changes measuring the OPN concentration levels
in blood plasma, while setting the pathological values of this parameter based on the
clinical correlations with HF which is already advanced [22].
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To the best of our knowledge, our study is the first attempt to present an extensive
characterization of OPN protein expression dynamics in cardiomyocytes, validated by
immunohistochemical staining in the different stages of ischemic heart disease-induced HF.
Our study is the first one to describe a significantly increased OPN protein expression in
cardiomyocytes in the stage A ischemic HF (at-risk for HF), OPN immunostaining intensity
evaluated in cardiomyocytes continued to increase significantly at the stage B HF (pre-HF).
The predominantly highest level of OPN immunoreactivity was documented in cardiac
myocytes at the stages C/D HF (symptomatic and advanced HF). A significantly increased
OPN expression was detected in ischemic heart disease-induced HF within sudden cardiac
death cases of diabetes mellitus patients compared to the control group in the study by
Patel M. et al. [8]. Also, Schipper M. E. I. et al. documented that expression of OPN
mRNA as well as the OPN protein in cardiomyocytes of ischemic heart disease-induced
advanced HF was significantly decreased after the implantation of left ventricular assist
device [23]. These findings of OPN expression changes in cardiac myocytes correlating
with progressing cardiac muscle dysfunction suggest that OPN may be directly involved
in disrupting the contractile function of the cardiac muscle exposed to ischemia, leading
to maladaptive changes of cardiac ventricular geometry, and, eventually, to advanced
ischemic heart disease-induced HFE.

A correlative trend of OPN expression and the geometric parameters of cardiomyocyte,
representing cardiac ventricular geometry changes on a macroscopic scale, revealed signifi-
cant positive correlative trends between OPN expression in the cardiomyocytes and cellular
diameter as well as cellular length of the cardiac myocytes when myocardium is exposed to
ischemic injury. To our knowledge, this is the first time such correlations between the OPN
protein expression changes within cardiomyocytes and cardiac myocyte geometry are char-
acterized in myocardial tissue exposed to continuous ischemia. Associative trends between
the enhanced OPN expression and cardiomyocyte hypertrophy both in vivo and in vitro
were already characterized by Graf et al. in systemic arterial hypertension on animal ex-
periments [11]. The study of OPN expression in dilatative cardiomyopathy demonstrated
that the increasing OPN expression in cardiac myocytes was observed simultaneously with
the increasing mean diameter of cardiomyocyte in advanced HF (r = 0.731, p < 0.001) [25],
corresponding to the similar data in our study. Furthermore, Li J. et al. determined that
significant dynamic changes of OPN expression and cellular morphometric changes start
manifesting quite early after exposure to the injuring factor, with less significant dynamic
changes of OPN expression being apparent after 12 weeks of implementing a pressure
overload-induced HF experimental model on animals [9], supporting the fact of OPN
biological significance at the early stages of cardiomyocyte injury and its effect on cellular
geometry changes.

OPN, as a matricellular protein, modulates the processes of intercellular commu-
nication, cellular adhesion, and migration under physiological circumstances, and its
expression in non-injured cardiomyocytes is documented as low [10], corresponding to
the findings of OPN protein expression in the control group of our study. However, when
the cardiomyocyte is exposed to ischemic conditions, a more extensive scope of OPN
functions is promoted immediately. Initiated intracellular signaling pathways, such as
CD44/RAF/RAS/MEK1-2/ERK1-2 or calcineurin/NFAT, lead to the activation of the
cellular hypertrophy-inducing genes expression [33,34], eventually manifesting as a com-
pensatory hypertrophy in the cardiac myocyte to serve as a protective mechanism against
ischemic cellular injury. Since non-detectable OPN expression in cardiomyocytes was
observed exclusively in the control group of our study, it can be hypothesized that the
significantly increased OPN expression in cardiomyocytes already observed at the stage A
HF of our study demonstrates how sensitive and balanced cellular molecular mechanisms
of the remodeling are from the very beginning to react and compensate immediately for
any intracellular dysfunctions caused by ischemia.

As remodeling of cardiomyocytes induced by chronic ischemia continues, OPN ex-
pression in cardiomyocytes continues to increase simultaneously in stage B ischemic HF
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until it reaches a peak of this protein expression in symptomatic and advanced stages of
ischemic HF observed in our study. These findings indicate the more complex biological
role of OPN in cardiac myocyte remodeling when cardioprotective aspect of OPN functions
is lost in advancing ischemic injury of failing cardiac muscle. This can be explained by
results of Dalal S. et al. study where researchers revealed that OPN overexpression in adult
mice cardiac myocytes leads to increased cardiomyocyte apoptosis via CD44-mediated
mitochondrial death pathways and endoplasmic reticulum stress [35]. Also, decrease of
cardioprotective OPN effect can be explained by direct inhibitory role of OPN in cardiac
B2AR anti-fibrotic signaling via cAMP/Epac] pathway described by Pollard C.M. et al. [36].
Together, these mechanisms modulated by changes in cardiomyocyte OPN expression affect
functional cardiac ventricular geometry by increasing cardiac wall mass, and ventricular
enlargement. Eventually these processes contribute to the increased systolic longitudinal
wall stress and global ventricular dysfunction, clinically advancing towards symptomatic
HF [37]. Psarras S. et al. determined an increase of the posterior left cardiac ventricular
wall thickness by 30% together with an increase of the systolic left cardiac ventricular
function by 53% and a decrease of the left cardiac ventricular dilation by 29% with al-
most normalized end-diastolic diameter values in OPN"/- mutated mice with dilatative
cardiomyopathy [38], further proving OPN’s role in adverse cardiomyocyte remodeling
and pathological changes of cardiac ventricular geometry. As a result of decreasing cardiac
output, renin-angiotensin-aldosterone system is also activated, further affecting the size of
cardiomyocytes, and increasing activity of fibroblasts, thus promoting myocardial stiffness
and diastolic dysfunction while progressing to the advanced HF [39].

While representing a more detailed characterization of the processes in cardiomy-
ocytes advancing towards ischemic HF, a significant increase of Grem1 expression in
cardiomyocytes was already detected in the ischemic at-risk for HF group compared to
the control group in our study. Similarly to OPN expression in cardiomyocytes, Grem1
expression was found to be even more increased in cardiomyocytes of pre-HF group. The
highest level of Grem1 immunostaining was detected in the symptomatic and advanced
HF group, determining significant differences of Grem1 expression when comparing the
results of Grem1 immunostaining analysis to the control, at-risk for HF, and pre-HF groups.
Since data on Grem1 expression in cardiomyocytes exposed to ischemia is scarce, these
findings firstly presented in our study represent a unique morphological insight of Grem1
expression changes in cardiomyocytes of deteriorating cardiac muscle, advancing towards
symptomatic ischemic heart disease-induced HF.

Characterized findings of Grem1 protein expression in cardiomyocytes documented in
our study were consistent with study results of Mueller A. L. et al., where intensity of Grem1
expression correlating with the declining left cardiac ventricular function was detected
by the immunohistochemistry in the endomyocardial biopsies of patients diagnosed with
dilatative cardiomyopathy [24]. Researchers also noticed that 74.8% of selected study cases
expressed Greml in cardiomyocytes of progressing HF, ranging from very low to very
strong intensity of immunohistochemical Grem1 reaction, further emphasizing a significant
Grem1 role in the remodeling of cardiomyocytes advancing towards symptomatic HE.
Furthermore, Miiller I. I. et al. applied Western blot method to confirm that protein levels of
Grem1 were the most abundant after 24 h passed after experimental myocardial infarction
in mice [26], indicating that effects of Grem1 already manifest at the earliest stages of acute
ischemic cardiac muscle injury.

Grem1, a 28 kDa glycosylated protein [40] of Dan protein family of secreted bone
matricellular protein (BMP) antagonists, is found in the cellular endoplasmic reticulum and
interacts with the elements of the extracellular microenvironment via binding to heparan
sulphate proteoglycans in a cell-associated form or resides bound to extracellular glycoca-
lyx close to the protein secretion site near the cellular surface in a secreted form [41-45].
Kaur G. et al. determined that overexpression of Grem1 serves a cardioprotective function
by decreasing reactive oxygen species and mitochondrial membrane potential, increasing
signaling of NRF/ERK1 pathway as well as the anti-apoptotic proteins expression [46],
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whereas other researchers indicated the protective importance of angiogenesis while pre-
serving the regular cellular function after exposure to hypoxic environment [26,47,48]. The
protective angiogenetic effect of Grem1 is modulated via its dimeric form interacting with
VEGEFR?2 as the agonist of this receptor, as described by Rowan G. C. et al. [47].

Further experimental analysis of myocardial tissue affected by hypoxic conditions
revealed that Grem1 is also able to downregulate the profibrotic effects of TGFf by reducing
its functions to activate the collagen synthesis in the myocardial fibroblasts [26], suggesting
a more likely complex Grem1 role to maintain the local microenvironmental homeostasis
and facilitate the remodeling. Consistent with the protective role of Grem1, Koli K. et al.’s
study was able to determine that Grem1 overexpression may lead to a local decrease in the
anti-fibrotic Th1 chemokine (CXC10), thus affecting anti-fibrotic chemokine production in
pulmonary tissue [18]. Yet, this mechanism of protective Grem1 effect is not characterized
in the myocardial tissue.

Moreover, significantly positive correlations between Grem1 expression in cardiomy-
ocytes and the geometric parameters of cardiac myocytes, while the heart muscle is deteri-
orating towards ischemic HF, were detected in our study. To the best of our knowledge,
this is the first time such associative tendencies describing the cardiac myocyte’s geometry
changes and Grem1 expression in cardiomyocytes at different stages of ischemic HF are
characterized. Documented positive correlations between the changing cardiomyocyte
geometry parameters and the overexpression of Greml in cardiac myocytes can be ex-
plained by Grem1 effect to reactivate cellular embryonic programs in many diseases [18].
The reactivation of the cellular embryonic programs promotes microstructural changes of
cardiomyocytes by reorganizing their contractile elements and initiating cytoskeletal rear-
rangements, serving as a one of the key mechanisms in the cardiac myocyte remodeling [3].

Significantly positive correlation of OPN and Grem1 proteins expression in cardiomy-
ocytes exposed to continuous ischemia documented for the first time by our study suggests
possible collaborative role of these proteins within cardiomyocyte during the cellular re-
modeling when advancing towards ischemic heart disease-induced HF. Still, interaction
mechanisms between OPN and Grem1 are not entirely clear. The OPN role in activation of
cardiomyocyte hypertrophy-inducing genes expression is documented [33,34], and single
cell type RNA expression studies demonstrate that Grem1 is found in the same cluster
as the cardiac muscle contractility-coordinating components (troponin T2 of cardiac type,
myosin-binding protein C3, and myosin light chain 7) [49]. Therefore, taking our findings
on positively correlating expression of OPN and Grem1 into consideration, it can by hy-
pothesized that these proteins may collaborate in regulating the expression of contractile
proteins in cardiomyocytes during the cellular remodeling, eventually contributing to
ischemic HF. Interestingly, knowing that OPN also synergizes with signaling pathways
through epithelial growth factor receptor [50], and Grem1 is an important molecule in adult
stem cell control as well as tissue differentiation [51], it can be further hypothesized that
both OPN and Grem1 proteins may be involved in regulating cellular adaptive plasticity
via changing cellular differentiation mechanisms when myocardial tissue is exposed to
continuous ischemia.

Despite the recognized role of OPN and Grem1 proteins expression changes in failing
cardiac myocytes contributing to ischemic HF pathogenesis, practical application of OPN
and Grem1 protein expression observation in cardiomyocytes during remodeling remains
problematic. Lack of standardized uniform criteria and corresponding protein expression
data based mostly on experimental animal models create obstacles to assessing the OPN
and Grem1 expression in myocardial tissue obtained from the human organism prop-
erly [52]. This validated semi-quantitative immunohistochemical study of OPN and Grem1
expression in cardiomyocytes advancing towards ischemic HF in representative human
myocardial tissue samples provides an easy reproducible method of immunohistochemical
myocardial tissue assessment in clinical setting. Moreover, these data characterizing OPN
and Grem1 protein expression in cardiomyocytes of control group set a reference criteria,
describing significantly increased OPN and Grem1 protein expression already in stage A
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ischemic HF, when there are no clinical symptoms of ischemic HF. Therefore, monitoring
OPN and Grem1 expression in cardiomyocytes of cardiac muscle tissue fragments (en-
domyocardial biopsies) can serve as an ancillary diagnostic tool for a clinical follow-up of
patients with failing cardiac function before the first symptoms of ischemic HF appear.
The limitations of this study must be stated. OPN and Grem1 expression at the protein
level in cardiomyocytes of left cardiac ventricular tissue was analyzed immunohistochemi-
cally in our study. We were reluctant to perform mRNA analysis on the archived formalin-
fixed paraffin-embedded myocardial tissue. Still, knowing how mRNA is susceptible to
degradation, events of RNA fragmentation and RNA cross-linking with tissue proteins
during the tissue fixation greatly reduce the amount and quality of extracted RNA, thus
misrepresenting OPN and Grem1 mRNA expression in formalin-fixed myocardial tissues.

4. Materials and Methods
4.1. Study Design and Groups

Myocardial tissue samples from the middle segments of human left cardiac ventricles
were selected from the paraffin blocks archive of the Laboratory of Cardiac Pathology of
Institute of Cardiology (Lithuanian University of Health Sciences, Kaunas, Lithuania). In
total, 82 selected samples of myocardial tissue were further classified into the stage A HF
(at-risk for HF), stage B HF (pre-HF), and stages C/D HF (symptomatic and advanced HF,
correspondingly) based on the ACC/AHA classification [29].

The demographic and clinical characteristics of the study groups are presented in
Table 1. Stage A HF (or at-risk for HF) group was composed of previously healthy male
individuals or whose health state had improved or stabilized prior to their death, and
who died suddenly due to ischemic heart disease within six hours of experiencing the
symptoms of ischemic heart disease [53,54]. No previous HF symptoms were reported
for these individuals. A complete postmortem morphological investigation of the heart
was performed for them. Acute ischemic injuries of no more than 6 h were documented,
and no scars after myocardial infarction were detected in all the cases of this group [55].
The stage B (pre-HF) group was defined by the same characteristics as aforementioned
group, except the morphological changes of a scar after myocardial infarction were detected
during postmortem morphological investigation of the left cardiac ventricle. The stages
C/D HF (symptomatic and advanced HF) group was comprised of male patients who were
clinically diagnosed with symptomatic or advanced ischemic HF classified as stage C or D
according to ACC/AHA classification [29], a surgical procedure of a heart transplantation
was performed for them, and a complete morphological investigation of the explanted
heart was carried out.

Table 1. Characteristics of the study population by groups.

Control Stage AHF  Stage BHF  Stages C/D HF

Characteristic Group Group Group Group
n=23 n=25 n=23 n=34

Age (SD), years 50.5 (7.9) 53.8 (8.0) 54.4(7.7) 56.2(7.2)
Sex Male Male Male Male
Previous clinical symptoms of HF No No No Yes
Atherosclerotic stenosis > 75% in at least one coronary artery No Yes Yes Yes
Scar after myocardial infarction No No Yes Yes
Mean length (SD) of left ventricular cardiomyocyte, pm [56] 61.8 (6.3) 72.2 (5.4) 78.9 (6.3) 103.3 (10.7)
Mean diameter (SD) of left ventricular cardiomyocyte, um [56] 11.7 (1.5) 14.3 (1.0) 15.2(1.3) 189 (2.7)

Abbreviations: HF—heart failure; stages A, B, C, D of HF—according to ACC/AHA classification; SD—standard
deviation.

Male patients who died from the external causes or acute non-cardiovascular diseases,

and their hearts were examined during postmortem morphological investigation were
selected as a control group.
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No other diseases or conditions, such as systemic arterial hypertension, congenital
or acquired cardiac valve disease, cardiomyopathy, diabetes mellitus or pulmonary dis-
eases, that could lead to the heart’s remodeling were diagnosed for all these patients. A
comprehensive histological examination was performed for all selected cases before an
immunohistochemical study. Therefore, samples of myocardial tissue from the middle
segments of the free wall of left cardiac ventricles in all selected cases were extracted with
special attention to avoiding the areas affected by acute ischemic injuries or scarring after
myocardial infarction.

4.2. Immunohistochemistry

An immunohistochemical approach with independent antibody validation strategy
in accordance with recommendations by the International Working Group for Antibody
Validation was adopted to evaluate expression of OPN and Greml1 in cardiomyocytes in
ischemic HF [57-59].

Selected formalin-fixed paraffin embedded myocardial tissue samples were cut into
3 um microsections applying a Leica RM2235 microtome (Leica Biosystems, Deer Park, IL,
USA), mounting these microsections on Menzel SuperFrost Plus slides (Menzel, Braun-
schweig, Germany) afterwards. The slides were left to air-dry at room temperature
overnight and baked at 50 °C for a minimum of 12 h. Deparaffinization by xylene, im-
mersion in decreasing concentrations of ethyl alcohol and rehydration with distilled water
procedures were performed.

Antigen retrieval was performed applying a microwave tissue processor RHS-1 (Mile-
stone Medical, Roseland, NJ, USA) and incubating the samples in TRIS/EDTA buffer
(Target Retrieval Solution, pH 9.0, Agilent Technologies Inc., Wood Dale, IL, USA) at 110 °C
for 8 min. Immunohistochemical staining was performed using “Shandon Coverplate”
plates (Thermo Fisher Scientific, Waltham, MA, USA). Endogenous peroxidase was blocked.

Two distinct primary antibodies were applied to assess OPN expression in cardiomy-
ocytes: monoclonal mouse anti-human OPN (MPIIIB10(1)) antibody (Developmental
Studies Hybridoma Bank, Iowa City, IA, USA) and polyclonal rabbit anti-human OPN
(PA5-13494) antibody (Thermo Fisher Scientific, Waltham, MA, USA) (Table 2). The afore-
mentioned strategy was also applied to evaluate Grem1 expression in cardiomyocytes:
polyclonal rabbit anti-human Grem1 (ab22138) antibody (Abcam, Cambridge, UK) and
polyclonal rabbit anti-human Grem1 (GTX03394) antibody (GeneTex, Irvine, CA, USA).

Table 2. Characteristics of the primary antibodies used for immunohistochemistry.

Manufacturer

Antibody Species Immunogen Dilution (Catalog Number) RRID Lot Number
Developmental
Osteopontin Mouse Bone protein fractions, X Studies Hybridoma
(OPN) monoclonal  immunogen sequence—full length 1:100 Bank, DSHB AB_2286610 B
(MPIIIB10(1))
- ; Rabbit KLH conju(;;ate(: synthetic pgptzigg Thermo Fisher
steoponHn avot corresporeing to amino acles 1:50 Scientific AB_2286594  YI4041893
(OPN) polyclonal through 301 from the C-terminal
; (PA5-13494)
region of human SPP1
Gremlin 1 Rabbit Synthetic peptide, corresponding . Abcam .
(Grem1) polyclonal  to amino acids from 52 through 67 1:100 (ab22138) AB_$46814  GR3362005-1
KLH conjugated synthetic peptide
Gremlin 1 Rabbit derived from human gremlin 1, . GeneTex R
(Grem1) polyclonal corresponding to amino acids 1:200 (GTX03394) 822303719

from 101 through 184

Abbreviations: OPN—osteopontin; Greml—gremlin 1; KLH—keyhole limpet hemocyanin; SPP1—secreted
phosphoprotein 1; DSHB—Developmental Studies Hybridoma Bank; RRID—Research Resource Identifier.
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Primary antibodies of OPN and Grem1 were diluted with Antibody Diluent (Agilent
Dako, S080983, Santa Clara, CA, USA) by applying appropriate proportions of dilution
(see Table 2). They were incubated at room temperature for 60 min. Afterwards, EnVision
FLEX+ visualization system with Mouse or Rabbit Linker and HRP Magenta chromogen
(Agilent Dako, K800221-2, K802121-2, GV92511-2, Santa Clara, CA, USA), following the
manufacturer’s instructions, was applied. Procedures of hematoxylin counterstaining
(Agilent Dako, S330930-2, Santa Clara, CA, USA), dehydration by increasing concentrations
of ethyl alcohol and xylene were performed before permanent coverslip using a polystyrene
coating material.

The tissue fragments of breast carcinoma served as a positive control for anti-human
OPN antibody, whereas kidney tissue samples served as a positive control for anti-human
Greml antibody. The same protocols of immunohistochemical reactions were applied in
all these control tissues as in analyzed myocardial samples, running these immunohisto-
chemical reactions simultaneously. This step was performed to ensure the specificity of the
primary antibodies. The IgG of the same isotype as the primary antibody dilution served
as a reagent control, not yielding any specific staining.

4.3. Analysis of OPN and Grem1 Immunostaining

A semi-quantitative evaluation for OPN and Grem1 expression in cardiomyocytes
was applied by using a score evaluation for the immunohistochemical reaction intensity:
0 points = not detected, 1 point = weak, 2 points = moderate, 3 points = strong. The
results of each immunohistochemical reactions were observed in the 50 microscopic fields
at 40 x magnification (light microscopy, motorized microscope Olympus BX51, Olympus
Corporation, Tokyo, Japan) for each selected case, indicating the amount of cardiomyocytes
within each category of grading scale separately in the selected case according to the study
design (% of all the longitudinal plane cardiomyocytes per case). A formula to evaluate
the overall scope of the intensity of the immunohistochemical reactions in the selected
myocardial tissue was applied: immunostaining score = (1 point x amount of the represen-
tative cardiomyocytes %) + (2 points x amount of the representative cardiomyocytes %) +
(3 points x amount of the representative cardiomyocytes %)/10.

Also, analysis of the immunohistochemical reactions against OPN and Grem1 was
performed applying a stratification system, based on the workflow outlined in the Human
Protein Atlas [60]: 0 = not detected (negative or weak staining in less than 25% of cardiomy-
ocytes); 1 = low (weak staining in at least 25% of cardiomyocytes and moderate staining
in less than 25% of cardiomyocytes); 2 = medium (moderate staining in at least 25% of
cardiomyocytes or strong staining in less than 25% of cardiomyocytes), 3 = high (strong
staining of at least 25% cardiomyocytes). The categories characterized on the workflow by
the Human Protein Atlas were identified for each selected case in the stage A HF, stage B
HE, stages C/D HF, and control groups.

Results of OPN and Grem1 immunohistochemical reactions applying the independent
antibody validation strategy in accordance with recommendations by the International
Working Group for Antibody Validation [57-59] revealed no significant differences when
analyzing the immunohistochemical reactions with the alternative immunogens of OPN
and Greml1 antibodies, concluding that the immunohistochemical study had the enhanced
reliability score [60]. The evaluation was performed by two researchers independently, and
none of these researchers knew what the groups of selected cases during this process of
evaluation were. The inter-observer and intra-observer variability was evaluated by Kappa
(k) statistics (Cohen’s k coefficient > 0.9).

4.4. Statistical Analysis

Normality of continuous variables distribution was assessed with the Shapiro-Wilk
tests. Continuous variable that fits normality distribution was reported as mean (standard
deviation or standard error). Statistically significant differences between the stage A HF,
stage B HEF, stages C/D HEF, and control groups were determined by ANOVA with post hoc
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Bonferroni tests for multiple comparisons. Pearson’s correlation was applied for evaluating
correlation trends. Values of p < 0.05 were considered statistically significant. Statistical
analysis was performed by Statistical Package for the Social Sciences (SPSS) software (SPSS
Statistics version 29.0, IBM, Armonk, NY, USA).

5. Conclusions

A significant increase of OPN and Greml proteins expression in cardiomyocytes,
already observed in the stage A HF (or at-risk for HF) group, was documented in our study
by immunohistochemical analysis, continuing to increase in the stage B HF (or pre-HF)
group, and achieving the peak expression in the stages C/D HF. These novel findings,
together with the characterized positive correlations between the changes of OPN and
Greml expression in cardiac myocytes and their cellular geometry suggest that OPN and
Grem1 are involved in rearranging cardiomyocyte’s geometry and possibly functions of
intracellular contractile elements from the earliest stage of cardiac myocyte remodeling,
providing a new insight into the pathogenesis mechanism of ischemic HF.

Considering the role of OPN and Grem1 in the pathogenesis mechanisms of ischemic
heart disease-induced HF, targeting OPN and Grem1 as the possible diagnostic and thera-
peutic agents can create an alternative option in the attempts to optimize the individual
patient-focused healthcare strategy for ischemic HF patients. Also, our data provide a
validated source for ongoing studies in the OPN and Grem1 genes translation, diagnostic
and therapeutic HF targets research, thus extending the overall fundamental knowledge
on the remodeling processes in cardiomyocytes and HF pathogenesis.
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KAUNO REGIONINIS BIOMEDICININIU TYRIMU ETIKOS KOMITETAS
Lietuvos sveikatos moksly universitetas, A. Mickeviciaus g. 9, LT 44307 Kaunas, tel. (+370) 37 32 68 89; el.pastas: kaunorbtek@lsmuni.lt

LEIDIMAS ATLIKTI BIOMEDICININI TYRIMA

2022-09-15 Nr. BE-2-77

Biomedicininio tyrimo pavadinimas: ,ISeminés kilmés Sirdies nepakankamumo struktiriniy
poky¢iu ir molekuliniy mechanizmy tyrimas*
Protokolo Nr.: 1
Data: 2022-09-12
Versija: 2
Asmens informavimo forma Atleista nuo informuoto asmens sutikimo formos
Pagrindinis tyréjas: prof. habil. dr. Dalia Pangonyté
Biomedicininio tyrimo vieta: Lietuvos sveikatos moksly universitetas
Istaigos pavadinimas: Kardiologijos institutas
Adresas: Sukiléliy pr. 15, LT-50162, Kaunas
I$vada:

Kauno regioninio biomedicininiy tyrimy etikos komiteto posédzio, jvykusio 2022 m. rugséjo 6 d.
(protokolo Nr. 2022-BE-10-0013) sprendimu pritarta biomedicininio tyrimo vykdymui.

Mokslinio eksperimento vykdytojai jsipareigoja: (1) nedelsiant informuoti Kauno Regioninj biomedicininiy Tyrimy Etikos
komitetg apie visus nenumatytus atvejus, susijusius su studijos vykdymu, (2) iki sausio 15 dienos — pateikti metinj studijos
vykdymo apibendrinimg bei, (3) per ménesj po studijos uzbaigimo, pateikti galutinj prane§img apie eksperimentg.
Kauno regioninio biomedicininiy tyrimy etikos komiteto nariai

Nr. Vardas, Pavardé Veiklos sritis Dalyvavo posédyje

1. Doc. dr. Gintautas Gumbrevicius Klinikine farmakologija Taip

2. Prof. dr. Kestutis Petrikonis Neurologija Ne

3. Dr. Saulius Raugelé Chirurgija Ne

4. Dr. Lina Jankauskaité Pediatrija Taip

5. Prof. dr. Dzilda Velickiené Endokrinologija Taip

6. Doc. dr. Eimantas Peicius Visuomengs sveikata Taip

7. Ausra Degutyte Visuomengs sveikata Taip

8. Dr. Zydriiné Luneckaité Visuomenés sveikata Taip

9. Viktorija Buginskaite Teisé Taip

Kauno regioninis biomedicininiy tyrimy etikos komitetas dirba vadovaudamasis etikos principais nustatytais biomedicininiy tyrimy
Etikos jstatyme, Helsinkio deklaracijoje, vaisty tyrinéjimo Geros klinikinés praktikos taisyklémis.

Kauno RBTEK pirmininkas Doc. dr. Gintautas Gumbrevicius
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