borbely.attila.1l 300 24

MTA DOKTORI ERTEKEZES

A diasztolés diszfunkcio kialakulasat meghatarozo miokardialis valtozasok

a szivelégtelenség kiilonb6z6 klinikai formaiban

Dr. Borbély Attila

Debreceni Egyetem, Altalanos Orvostudomanyi Kar,

Kardiologiai Intézet, Kardiologiai Tanszék és Klinikai Fiziologiai Tanszék

Debrecen

2025



borbely.attila.1l 300 24

TARTALOMJEGYZEK

A fontosabb roviditeSek JEZYZEKE .....ocveiriiiiiiiiiiiii 4

L BEVEZETES........oiiiiiiiiiiieieetese st 6
1.1. A szivelégtelenség definicidja, klinikai formai...........cccooviieiiiiiiiiie 6
1.2. A szivelégtelenség epidemiologidja, klinikai és tarsadalmi jelentdsége ............cccovennene 6
1.3. HFrEF és HFpEF: eltéro etiologia és patofiziolOgia........ccovvreeriiriiiieiiiieseciiee e 7
1.4. Hemodinamikai valtozasok HFrEF-ben és HFpEF-Den..........c.cccccoovviviiicveccc e, 9
1.5. A HFrEF ¢és a HFpEF gyogyszeres Kezel€se.........ovvviiiiiiiiiiiiiciiccsecs e 11

1.6. A szivizomzatban bekovetkez0 strukturalis és funkcionalis valtozasok a
szivelégtelenség kiillonboz6 formaiban..........cccocovvvviiiii 13

1.6.1. A szivizomzat kontraktilitasat meghatarozé tényezok HFrEF-ben ¢s HFpEF-ben 13

1.6.2. A miofilamentalis fehérjék transzkripcios és poszttranszlacidés modosulasai
szivelégtelenségben - korabbi kutatasi eredmények..........ccoccoeviiiiiiiiniiininins 15

1.6.3. A mieloperoxidaz enzim (MPO) szerepe a kardiovaszkuléaris megbetegedésekben,

oxidativ fehérjekarosodasok a szivizom kontraktilis fehérjerendszerében ........... 19
1.6.4. A néi nem ¢és a stressz szerepe kardiovaszkularis megbetegedésekben................. 23

1.7. Uj gyogyszeres lehetdség a sziv pumpafunkciéjanak javitasara: miozin aktivatorok .. 24

2. CELKITUZESEK ........oootiviitiiiiiiieitnssies st 27
3. MODSZEREK ......coouiiimiiimieiieeneesseessssss st 28
3.1, SZIVIZOMMINTAK ......eiiiiiii it b et s e e 28
3.2. Kontraktilis erd mérése izolalt-szivizomsejt mérdérendszer segitségével.............o... 29
3.3. Fény- és elektronmikroszkopos kvantitativ hisztomorfometria...........c.cccecveveviveiennnnns 31
3.4. A miofilamentalis fehérjék és a titin izoforma dsszetételének és foszforilaciojanak

VIZSZAIATA . ...t 31

3.5. MPO klorinacios és peroxidaz aktivitdsanak meErése .........cooovrvvriiiniiiieeiiiieneesieeeens 31
3.6. Fehérje SH-oxidaci0, karbonilacio és foszforildcid meghatdrozasa ...........ccccevvveennnen. 32

3.6.1. A miofilamentalis fehérjék SH tartalmanak meghatarozasa Ellman-reakcioval.... 32

3.6.2. Fehérje oxidacido meghatarozasa SH-csoport biotinalasi modszerrel..................... 32
3.7. A Ca?" szint valtozasok és szarkomerhossz rovidiilések egyidejii mérése ................... 33
3.8. A kontraktilis paraméterek és Ca?* tranziensek jellemzése ..........cooovvvevevveererivennnnnn, 34
3.9. Patkanymodell, IN VIVO KISETIEEK. ........eruiiiiiiiiiiiieie e 34

3.9.1. Konvencionalis echokardiografia...........cooeiieiiiiiiiiiicic e 34

3.9.2. Strain echoKardio@rafia ..........ccooveiiiiiiiiiiecee e 35

3.9.3. Elektrokardiorafia...........coooviiiiiiiiiiicicc e 36
3.10. AdatelemzEs €5 StAtISZEIKA .......covieiiiiiieiie e 36



borbely.attila.1l 300 24

4. EREDMENYEK ES MEGBESZELES .......cocoooviiiiininiineninees s 38
4.1. Strukturalis és funkcionalis kiilonbségek HFrEF-ben és HFpEF-ben................... 38

4.2. A fibrozis, a kering6 glikacios végtermékek (AGEs) és a szivizomsejt Fpassziv
szerepe a diasztolés diszfunkeioban.................cccooiiiii 44

4.3. A B-blokkolé kezelés eltéré molekularis hatasai HFrEF-ben és HFpEF-ben........ 47

4.4. A titin izoforma osszetétel és foszforilacio szerepe a szivelégtelenségben
megfigyelheté koros szivizomsejt passziv fesziilésben...................ccccooiiiiinn 50

4.5. A miofilamentalis fehérjék oxidativ médosulasainak szerepe a bal kamrai
diasztolés diszfunkcio Kialakulasaban.................cccooooviiiiiii 54

4.5.1. A mieloperoxidaz enzim (MPO) funkcionalis hatdsainak vizsgalata human bal

kamrai SZIVIZOMSEJLEKEN .......viiiiiiiiiiiic 54
4.5.2. Az MPO-inhibitor (MPO-I) és a metionin (Met) kivédi, a dithiotreitol (DTT)
részlegesen revertalja az MPO-okozta kontraktilis diszfunkcidt ..........cccoovveeviieiiiiennnn 56

4.5.3. A Met gatolja az MPO klorinacids aktivitasat, azonban a peroxidaz aktivitasra

NINCS hatassal......oociiiiiii 58
4.5.4. Az MPO+H20; kezelés hatasa a miofilamentalis fehérjék SH-tartalmara ............ 59
4.5.5. Az MPO hatasa a szivizomfehérjék karbonilaciojara ............cccoocvvvviniiiiicneenn, 60

4.6. Az ovariektomia és az akut stressz hatasa patkany bal kamrai szivizomsejtek

kontraktilis funKciOfara..............ccoooiiiiiiii 63
4.6.1. Az ovariektomia €s a stressz hatdsa a n6i nemi hormonok szintjére...................... 63
4.6.2. Az ovariektomia befolyasolja a szivizomsejtek kontraktilis funkcidjat................. 63

4.6.3. Az ovariektomia €s stressz hatdsa a miofilamentalis fehérjék Osszetételére és
fOSZFOr1lAciOs AlIAPOLATA .....ooveiiiiiiee e 63

4.6.4. A szivizomsejt kontraktilis funkcid osszefliggése a miokardialis fehérjék
foszforilacigjaval, valamint a n6i nemi hormonok szintjével ............ccccoviiiiiiniiieninnen, 65

4.7. In vitro Kkisérletek - az omecamtiv mecarbil (OM), az EMD-53998 (EMD) és a
levosimendan (Levo) hatasainak vizsgalata intakt emlés szivizomsejtek kontraktilis
PATAIMICLETCITE .......eoiiiiiiiiiii et e e nr e nne e 68

4.7.1. Az OM és EMD csokkentette, mig a Levo nem befolyasolja az intakt
szivizomsejtek nyugalmi szarkomerhoSSZAt............cocviiiiiiiiiiinii e 68

4.7.2. Az OM, EMD és Levo eltéré modon befolyasolja a bal kamrai szivizomsejtek
kinetikai paramétereit a kontrakcid €s relaxacio SOTAN .......ccccovvvvviiiiiiieniiiiee e 68

4.7.3. Az OM egyedi médon véltoztatja meg a Ca®*-szarkomerhossz dsszefiiggést ....... 70

4.7.4. A diasztolés és szisztolés szarkomer dinamika kdlcsonhatasainak vizsgalata....... 71

2



borbely.attila.1l 300 24

4.8. In vivo Kisérletek - DAnICAMLIV .........ccooiiiiiiiiiiiiice s 76
4.8.1. A danicamtiv csokkenti a végszisztolés atmérdt, de nem befolyasolja a
VEZAIASZLOIES ATMETOL ...t 76
4.8.2. A danicamtiv javitja a bal kamrai kontraktilitast ............cccevviriiiiniiien e 76
4.8.3. A szisztolé és diasztolé id6tartama megvaltozik danicamtiv hatasara................... 77

4.8.4. A kontrakcio kinetikdja jelentésen lassul, azonban a bal kamrai strain paraméterek

javulnak a danicamtiv kezel€st KOVEOEN ...........cuevviiiiiiiiiiiciice e 78
4.8.5. A danicamtiv diasztolés diSZIUNKCIOt OKOZ ......uuuuuerrureeesesssesesssesesssssesssssssenans 79
5. AZ UJ TUDOMANYOS EREDMENYEK OSSZEFOGLALASA ......ocoovoveeeeeeve., 85
6. A KUTATA,SI,ER’EDMENYEK "!le’)OMANYOS ES TARSADAL,MI,
HASZNOSITASANAK LEHETOSEGEI, A KUTATAS JELENTOSEGE ............... 87
T.IRODALOMUIEGYZEK ..o oo e et s e s e e e eser e e e e, 88
8. SAJAT KOZLEMENYEK ......oooovooeeeee oo eee et ev e e e e oo e e e e eser et eeeesesereseeesesarana, 100
8.1. Az értekezés alapjaul szolgalo kOzlemenyek ..........ccccvvviiiiiiiiiiiiiiniie e 100
8.2. A PhD fokozat megszerzését kovetd egyéb kozlemények ...........covvveviiiiiiiniieniennnn. 101
8.3. A PhD fokozat megszerzése el6tti kdzlemények ...........coovvvviiiiiiiiiiiiniiccee, 105
8.4, KONYVIEJEZELEK. ... oo 105
9. TUDOMANYMETRIATL ADATOK ....o.ooovoeieieeeeeeeeeeeeeeeeeeeeee oo e er e een e 107
KOSZONETNYILVANITAS ..ot oot e e e e er e e e e s e e eesanaran, 108
FUGGELEK .....coooooeeeeeee e e e e e e e e e et e et et e e et ese e eseseseseseseeeseeeseseseseaeaene e e eeeeansenes 109



borbely.attila.1l 300 24

A gyakrabban hasznalt és fontosabb roviditések jegyzéke

ABAH - 4-aminobenzhidrazid, MPO-inhibitor (MPO-I)
ACE - angiotenzin-konvertal6o enzim

AGEs - glikacids végtermékek

ARB - angiotenzin receptor-blokkolo

ARNI - angiotenzin receptor-neprilizin inhibitor

AS - aorta sztenozis

ANP - atrialis (atrial, A-tipust) natriuretikus peptid
AT1 - angiotenzin Il 1-es tipust receptor

ATI - angiotenzin |

ATII - angoitenzin |1

BB - béta-receptor blokkolo

BKEF - bal kamrai ejekcids frakcio

BNP - agyi (brain, B-tipust) natriuretikus peptid

CGMP - ciklikus guanozin-monofoszfat

Cis - cisztein

CVF - kollagén-térfogat arany

DAN - danimactiv

DM - diabétesz mellitusz

-dP/dt - a bal kamrai diasztolés nyomascsokkenés sebessége
EF - ejekcios frakceio

ESC - Europai Kardiologus Tarsasag

Fakiv - szivizomsejt aktiv erd

Fpassziv - szivizomsejt passziv erd, vagy szivizomsejt passziv fesziilés
Gi - inhibitorikus G fehérje

Gs - stimulatorikus G fehérje

HFmMrEF - szivelégtelenség enyhén csokkent ejekcios frakcioval
HFpEF - szivelégtelenség megdrzott ejekcios frakcioval
HFrEF - szivelégtelenség csokkent ejekcios frakcioval
H20: - hidrogén peroxid

IVRT - izovolumetrias relaxacios id6

kyr - aktin-miozin ciklussebesség

Nwin - a kontraktilis fehérjerendszeren beliil érvényesiilé kooperativitast jellemz6 allando
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NP - natriuretikus peptid

Levo - levosimendan

LVEDRP - bal kamrai végdiasztolés nyomas

Met - metionin

MetSO - metionin-szulfoxid

MPO - mieloperoxidaz enzim

MyD - szivizomsejt &tméro

MV E - transzmitralis korai aramlasi csticssebesség

MV A - transzmitralis kés6i/pitvari &ramlasi csiicssebesség
N2B - a titin fehérje rovidebb €s merevebb izoformaja
N2BA - a titin fehérje hosszabb és rugalmasabb izoformaja
NO - nitrogén-oxid

NT-proBNP - N-terminalis agyi (brain, B-tipust) natriuretikus peptid
NYHA - New York Heart Association

OM - omecamtiv mecarbil

pCasp - kontraktilis rendszer kalciumérzékenysége

PCWP - pulmonalis kapillaris éknyomas

PKA - proteinkinaz A

PKG - proteinkinaz G

RAAS - Renin-Angiotenzin-Aldoszteron Rendszer

ROS - reaktiv oxidativ szabadgyokok

SET - szisztolés ejekciods 1d6

SH - szulfhidril

SGLT?2 - natrium-gliik6z kotranszporter 2

TCM - Takotsubo-kardiomiopatia

Tnl - troponin |

TnT - troponin T
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I. BEVEZETES

1.1. A szivelégtelenség definicioja, klinikai formai

A szivelégtelenség a sziv strukturalis és/vagy funkcionalis karosodasa kdvetkeztében 1étrejovo
komplex klinikai szindréma, mely soran a betegeknél tipusos panaszok és tiinetek 1épnek fel.
A szivelégtelenség tlinetei nyugalomban vagy terhelés hatdsara az alacsony perctérfogat
¢s/vagy az emelkedett intrakardialis nyomds kovetkeztében jonnek 1étre.

Az Europai Kardiologus Tarsasag (ESC) 2021-ben kiadott szakmai ajanlasa alapjan a
bal kamrai ejekcios frakcio (BKEF) értéke szerint a szivelégtelenség harom klinikai formajat
kiilonitjiik el: 1. szivelégtelenség csokkent ejekcids frakcioval: BKEF<40% (heart failure with
reduced ejection fraction, HFrEF), 2. szivelégtelenség enyhén csokkent ejekcids frakcioval:
BKEF 41-49% (heart failure with mildly reduced ejection fraction, HFmrEF) és 3.
szivelégtelenség megdrzott ejekcids frakcioval: BKEF>50% (heart failure with preserved

ejection fraction, HFpEF) (1. tabldzat).!

HF tipus HFrEF HFmrEF HFpEF
Szivelégtelenségre Szivelégtelenségre Szivelégtelenségre jellemz6
jellemz6 panaszok + jellemz6 panaszok + panaszok =+ tiinetek
tlinetek tiinetek
BKEF<40% BKEF 41-49 % BKEF>50%

A bal kamrai diasztolés

diszfunkcié/emelkedett
toltényomas jelenlétével
osszhangban allo, strukturalis
és/vagy funkcionalis
rendellenességekre utalo
objektiv bizonyitékok,
ideértve az emelkedett
natriuretikus peptidszinteket
(BNP vagy NT-proBNP)*

Kritériumok

1. tablazat A csokkent, enyhén csokkent és megdrzott ejekcids frakcidoval jaré szivelégtelenség
definicidja és diagnosztikai kritériumai

HF: szivelégtelenség; HFrEF: szivelégtelenség csokkent ejekcios frakcioval; HFmrEF: szivelégtelenség enyhén
csokkent ejekciods frakcioval; HFpEF: szivelégtelenség megdrzott ejekcios frakcidval, BKEF: bal kamrai ejekcios
frakcio; BNP: B-tipusu natriuretikus peptid; NT-proBNP: N-terminalis-B-tipust natriuretikus peptid.

*minél tobb rendellenesség ismerhetd fel, annal nagyobb a HFpEF valésziniisége. (McDonagh TA és munkatarsai,
Eur. Heart J., 2021, 42: 3599-3726. alapjan)

1.2. A szivelégtelenség epidemiolégiaja, Klinikai és tarsadalmi jelentésége
A szivelégtelenség progressziv, rokkantsagot okozo, magas morbiditassal €s mortalitassal jaro
betegség. Napjainkban vilagszerte kb. 64 millio, Eurépaban 15 millié szivelégtelen beteg él.2

A szivelégtelenség prevalencidja a nyugati tdrsadalmakban 1-2% kozé tehetd, a 65 év feletti

populacioban eléri 6-10%-0t, az évente diagnosztizalt uj esetek szama 1-5 eset/1000 lakos, mely
6
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évtizedenként megduplazodik.® A szivelégtelenség amellett, hogy jelentésen rontja a betegek
¢letmindségét, kezelése magas kozvetlen és kozvetett koltséggel is jar (korhazi kezelések,
gyogyszerek és a munkaképesség elvesztése), oridsi tdrsadalmi, gazdasagi terhet r6 a betegekre,
gondozodikra és az egészségiigyi rendszerekre.*

A rendelkezésre 4ll6 nem gyogyszeres, gyogyszeres, eszkozos és sebészi kezelési
eljarasok ellenére mindharom szivelégtelenség fenotipus haldlozasa tovabbra is rendkiviil
magas, a felismerést kovetd elsé évben megkozeliti a malignus betegségek mortalitasat (30-
40%), az 6todik évben pedig elérheti a 60-70%-ot is.> Kozvetleniil a korhazi elbocsatast
kovetéen a HFpEF prognozisa jobb, ugyanakkor a hosszi tava kimenetel és a korhazi
ujrafelvételek szdma a HFrEF-el megegyezd. Az elmult évtizedben végzett epidemioldgiai
vizsgalatok alapjan egyértelmiivé valt, hogy az 6sszhalalozas és a kardiovaszkularis halalozas
a HFrEF csoportban magasabb a HFmrEF ¢és a HFpEF csoporthoz képest, a nem
kardiovaszkularis okbol bekovetkez6 halalozas és hospitalizacio ugyanakkor a HFpEF és a
HFmrEF betegekben gyakoribb.® A HFrEF betegek tulélése az elmult két-harom évtizedben
szignifikdnsan javult, azonban a HFpEF-ben szenveddké érdemben nem valtozott.” Ezen
jelentés kiilonbség hatterében nagyrészt az allhat, hogy a HFrEF kialakulasahoz vezetd
korfolyamatok viszonylag jol ismertek, HFpEF patofiziologiaja ugyanakkor tovabbra is igen
ellentmondésos.® A korfolyamatok pontosabb megértése nagymértékben hozzijarulhat a

HFpEF korai felismeréséhez és a jelenleginél hatékonyabb kezelési stratégiak kidolgozasahoz.

1.3. HFrEF és HFpEF: eltéro etiologia és patofiziologia

A sziv strukturalis és/vagy funkcionalis rendellenességeihez, a bal kamra szisztolés és/vagy
diasztolés diszfunkcidjahoz szamos betegség vezethet. A szivelégtelenség legfontosabb
rizikofaktorai a hipertonia, a koronaria betegség, a 2-es tipusu diabétesz, az elhizas, a
dohanyzas, az alkohol- és kabitoszer fogyasztas, valamint az irradiacid6 és bizonyos
kemoterapids szerek alkalmazasa.

A HFrEF legfontosabb okait a jelenleg érvényben 1évo etiologiai felosztas alapjan a
szivizomzat kdzvetlen karosodasa, a koros kamrai telédési viszonyok és az aritmidk képezik.*
A szivizomzat karosodasaért a klinikai gyakorlatban leggyakrabban az ischaemids szivbetegség
€s a primer szivizombetegségek, az un. kardiomiopatidk tehetok feleldssé. A szivizomzat
toxikus agensek hatdsara 1étrejovo, immun/gyulladdsos, metabolikus/infiltrativ, az endokrin
betegségek altal okozott karosodasai ugyancsak kiemelt jelentdségliek. Koros telédési
viszonyokhoz vezet6 koérallapothoz leggyakrabban a hipertonia, a szivbillentyiik, a perikardium

¢s az endomiokardium betegségei vezetnek. A pitvari és kamrai aritmidk (pl. pitvarfibrillacio

7
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¢s pitvari fluttern, pitvari tachycardia, kamrai extraszisztolé, kamrai tachycardia), valamint
alacsony kamrafrekvenciaval jaro ritmus- és vezetési zavarok (szinuszcsomoé-betegség, pitvar-
kamrai blokk) fennallasi idejiiktdl fliggben szintén szivelégtelenség kialakulasat
eredményezhetik. A HFrEF patofiziologiajaban a szervezet neurohormonalis rendszereinek -
ezeken beliil a szimpatikus idegrendszer és a renin-angiotenzin-aldoszteron rendszer (RAAS) -
aktivacioja kiemelt szerepet jatszik. A tartosan emelkedett neurohumoralis és vazokonstriktor
agensek hatasara a szivizomzat koros srukturalis és funkcionalis atépiilése, un. remodelling jon
létre. HFrEF-ben a remodelling excentrikus megjelenésii és foként szisztolés funkcidzavart
eredményez. Az érintett neurohumoralis rendszerek gatloszerei (angiotenzin konvertalo enzim
(ACE)-gatlok, angiotenzin receptor-blokkolok (ARB-K) vagy angiotenzin receptor neprilizin
inhibitorok (ARNI), béta-blokkolok, mineralokortikoid receptor antagonistak (MRA)) és a
natrium-gliik6z kotranszporter 2 (SGLT2) gatlok a HFrEF kezelésének alappilléreit képezik,
ezeket a gyogyszereket - kontraindikacido vagy intolerancia hianyaban - minden HFrEF
betegnek kapnia kell (I. osztalyl ajanlas, A evidencia szint).*

A HFpEF etiolégiai szempontbdl is kiilonbozik a HFrEF-t61.° A HFpEF-ben szenvedé
betegek altalaban iddsebbek, nagyrészt ndk, koztik gyakoribb az elhizas, a hipertonia, a
pitvarfibrillacié, ugyanakkor ritkabb a koronaria betegség eléfordulasa. A HFpEF betegeknél
rendszerint szamos kisérObetegséget (COPD, vashiany, anémia, veseelégtelenség, depresszid)
is fel lehet ismerni. A HFpEF klinikai megjelenése, a betegségben megfigyelhetd strukturalis

¢s hemodinamikai jellemzok is nagymértékben eltérnek a HFrEF-ben észleltektodl (2. tabldazat).

HFrEF HFpEF

Nem Férfi > N§ N6 > Férfi

Atlag életkor (év) 50-70 60-80

Etiologia Miokardialis infarktus Hipertonia

Dilatativ kardiomiopatia Cukorbetegség

Pitvarfibrillacio
Tranziens iszkémia

Korlefolyas Perzisztens Gyakran epizodikus

Bal kamrai remodelling +++ 0

megndvekedett kamratérfogattal

Bal kamrai remodelling + ++

koncentrikus bal kamra

hipertrofiaval

Bal pitvari volumen index Emelkedett Emelkedett

2. tablazat A HFrEF és a HFpEF Kklinikai és patofiziolégiai jellemzdinek 6sszehasonlitasa
HFTEF: szivelégtelenség csokkent ejekcios frakcioval; HFpEF: szivelégtelenség meg6rzott ejekeios frakcioval.

0 a

A diabétesz mellitusz (DM) eldfordulasa szivelégtelenségben egyre né,!
szivelégtelenségben szenvedd cukorbetegek haldlozasi €és hospitalizacios aranya tovabbra is
kiilondsen magas.!* A DM a szivelégtelen betegek 20-35%-aban fordul eld, HFpEF-ben ez az

8



borbely.attila.1l 300 24

arany még magasabb. A 2-es tipusi DM és a HFpEF gyakran egyiittesen fordul eld, hiszen
mindkét allapothoz magasvérnyomas betegség, elhizas és idds kor tarsul. A DM 6nmagaban is
kozvetleniil karositja a szivizomzat felépitését és miikodését, melynek legkoraibb jele a
diasztolés funkcio romlasa. A jelenség patofizioldgiaja a tobb mint harom évtizedes klinikai-
és alapkutatas ellenére sem kellen tisztazott,'? mely nagyban megneheziti j és hatékony
kezelési stratégiak kidolgozésat.

Ismert, hogy a hiperglikémia az extracellularis matrixban, a szivizom anyagcseréjében,
a szivizom kontraktilis rendszerében és a szivizomzatot ellaté erekben szdmos komplex
maladaptiv folyamatot indit el. DM-ben az extracellularis matrix sszetétele megvaltozik: az I-
es tipusu kollagén felszaporodasa és a kollagén lebontasaért felelds matrix metalloproteindzok
csokkent expresszidja kdvetkeztében az intersticidlis €s a perivaszkularis fibrozis ndvekedése
figyelheté meg.™® A glikacios végtermékek (AGEs) olyan fehérjék vagy lipidek, amelyek aldoz
cukrokkal valé reakcidjuk kdvetkeztében nem enzimatikus uton glikédlodnak, majd oxidalodva
kozel irreverzibilis keresztkdtéseket hoznak 1étre.** Lerakodasuk kdzvetlen és kozvetett modon

is hozz4jarul a balkamrai szivizomzat-fesziilés novekedéséhez.

1.4. Hemodinamikai valtozasok HFrEF-ben és HFpEF-ben

A HFrEF-ben a bal kamra szisztolés pumpafunkcidjanak romlasat (a kontrakcios erd és a BKEF
csokkenését) hangstlyozzak, mig a HFpEF-ben definicio szerint a bal kamra relaxacids zavarat
- érdemi szisztolés funkciovesztés nélkiil - emelik ki, mely valtozasok bal kamrai nyomas-

térfogat Osszefliggések segitségével is illusztralhatoéak (1. dbra).

1 } ESPV
”
v d

DPV

Bal kamra nyomas

Bal kamra térfogat

1. abra A HFrEF és HFpEF illusztralasa nyomas-térfogat diagramm segitségével

HFrEF-ben a bal kamra szisztolés funkcidjanak besziikiilése a végszisztolés nyomas-térfogat dsszefliggés (ESPV)
meredekségének csokkenésével, mig HFpEF-ben a diasztolés funkcié romlasa a nyomas-térfogat (DPV)
Osszefliggés meredekségének fokozodasaval abrazolhato.
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A Klinikai gyakorlatban a diasztolés diszfunkcié kvantitativan a transzmitralis korai
(MV E, mm/s) és kés6i pitvari (MV A, mm/s) dramlasi csucssebesség, az E/A arany, a bal
kamrai diasztolés nyomdascsokkenés és bal kamrai diasztolés telddés echokardiografias
paramétereivel jellemezhetd. A diasztolés nyomaslejtd abnormitasa a -dP/dt cstcsértékének
csokkenésében, az izovolumetrias relaxacios id6 (IVRT) és az ehhez tartozo id6allando (t)
megnyulasaban tiikrozodik.

A HFpEF-ben szenvedd betegek nagy része nyugalomban panaszmentes, fizikai
terhelés hatdsara azonban 1égszomjérzés, fulladas, esetleg sulyos kisvérkori pangas alakulhat
ki. Terhelés hatasara a bal kamrai végdiasztolés volumen HFpEF-ben valtozatlan marad, a
pulmonalis kapillaris éknyomas (PCWP) viszont nagymértékben emelkedik. Utdbbiak miatt a
betegek nehezen toleraljak az el6- és utoterhelés fokozodasat, a diasztolés id6 csokkenését
(tachycardia) vagy a pitvari kontrakci6 kiesését (pitvarfibrillacio). A koérosan emelkedett bal
kamrai toltényomas pulmonalis pangashoz, pitvarfibrillacid, pulmonalis hipertonia, valamint

jobb kamra diszfunkcio kialakulasahoz vezet (2. dbra).®

Metabolikus
szindréma

!

Szisztémas Szivizomsejt Szivizomsejt Fibrézis Mitokondrialis
gyulladas hipertréfia fesziilés diszfunkcié

Rizikéfaktorok [ Oregedés ] [ Elhizas ][ ][ Hiperténia ][ Veseelégtelenség ]

sejtszintd
eltérések

- [ Inotrépia ¢ ] [ Luzitrépia ¥ ] [ Kronotrépia{]

Kéros

hemodinamikai [ Bal kamrai t6|t6nyomésf ] [ Széveti/szervi perfuzié ¥ ]

valtozasok ; ; \ ‘

4-[ Ba'I pityari qisz_fu,nkfzié ]—PlPuImonéIis hiperténial
Masodlagos és pitvarfibrillacié /

Szoveti és [

szervi ‘
elégtelenség Jobb kamra
diszfunkcié
Klinikai
szindroma HFpEF

2. abra A HFpEF komplex patofiziologiaja

A HFpEF-ben megfigyelhetd diasztolés diszfunkcié hatterében a szivizomzat koros relaxacioja és megnovekedett
passziv fesziilése all. A relaxacios zavart gyakran akut esemény (iszkémia, gyulladas), a csokkent tagulékonysagot
pedig leggyakrabban kronikus folyamat (szivizomsejt hipertrofia, fibrozis) okozza. HFpEF-ben a diasztolés
diszfunkci6 mellett a szisztolés funkcid kismértékli karosodasa (csokkent inotrépia és luzitropia), valamint
kronotrop inkompetencia is megfigyelhet6. Mindezek kovetkeztében csdkken a bal kamrai funkcionalis rezerv
kapacitas, mely szintén hozzajarul a klinikai tiinetek és a terhelési intolerancia kialakulasahoz. (Pfeffer MA és
munkatarsai, Circ. Res., 2019, 124 (11): 1598-1617. alapjan)

10
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1.5. A HFrEF és a HFpEF gyogyszeres kezelése

Az utobbi évtizedekben az intenziv kutatdsoknak kdszonhetden a szivelégtelenség gyogyszeres
terapiaja jelentés fejlodésen ment keresztiil.'® A bazisterapiat képezd gyogyszerek kozos
jellemzdje, hogy csokkentik a mortalitast, a hospitalizaciok szamat, igy javitjak a betegség
prognozisat. A RAAS-gatld vegyliletek koziil kiemelendok az angiotenzin-konvertdz enzim
(ACE)-gatlok, melyek az ACE medialta angiotenzin | (ATI) és angiotenzin II (ATII) atalakulas
folyamatat gatoljak. Az ACE-gatlok vazodilatacio révén csokkentik a bal kamrai utoterhelést,
az afterload-ot, de a so- és vizretencio csokkentése révén a bal kamrai el6terhelésre, a preload-
ra is hatdssal vannak.!” A direkt kardialis hatasok koziil fontos az antiproliferativ, antifibrotikus
és anti-remodelling hatas.’® ACE-gatly intolerancia esetén az ATII receptordnak (AT1)
kozvetlen gatlasara angiotenzin-receptor blokkolok (ARB-k) alkalmazasaval nyilik lehetéség.®
A HFrEF-ben szamos evidencia all rendelkezésre a natriuretikus peptidekhez (NP, pitvari és
agyi natriuretikus peptid: ANP és BNP) kothet6 utvonalak szerepérdl is. Ezen peptid hormonok
aktiv formainak pozitiv hatasai koziil kiemelendd a natriurézis, a RAAS gatlasa, valamint az
antiapoptotikus €s antiremodellacios hatasok. A natriuretikus peptidek lebontasaért felelds
neutralis endopeptidaz, neprilizin gatlasaval az aktiv forma szintje ndvelhetd, ezaltal szdmos
pozitiv hatas érhetd el, ahogyan ezt mara tobb nagy klinikai tanulmany is igazolta.??! Ennek
szintén alkalmazandé megkdzelités, mivel ilyenkor a RAAS gatlas és a NP utvonal
befolyasolasa egymast erdsitve jon 1étre. Az MRA-K a natrium-reabszorpcio gatlasan keresztiil
hatékonyan képesek fokozni a natrium iiritést, tovabba hosszii tdvon szintén csokkentik a
mortalitast, illetve a korhazi kezelések szamat is.? A szimpatikus idegrendszer tulaktivacioja
szelektiv Pi-receptor blokkolok segitségével valosithatdé meg, melyek ugyan rovid tdvon
negativ inotrép hatasuak, de hosszabb tavon mindezt ellensulyozzdk a mortlitascsokkentd
hatasok (pl. remodellacio és RAAS-gatlas, katekolamin okozta miokardialis toxicitas
csokkentés). 3% Az SGLT2 gatlok 2021-ben tobb mérfoldkd tanulmany pozitiv eredményei
tovabbra sem teljesen tisztazott, azonban az ismert, hogy a vese csokkend gliik6z és natrium-
reabszorpcidja hozzajarul ezen szerck diuretikus hatasidhoz, kovetkeztetésképp hatékonyan
csokkentik az intersticialis 6démat és preload-ot is.?’

A HFrEF els6 vonalbeli gyogyszeres kezelését tehat négy gyogyszercsoport képezi: 1.
ACE-gatlok vagy angiotenzin receptor neprilizin inhibitor (ARNI); 2. béta-receptor blokkolok
(BB); 3. mineralokortikoid receptor antagonistak (MRA); 4. natrium-gliikoz kotranszporter 2

(SGLT2) gatlok.
11
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Azon HFrEF betegek szamara, akik az els@ vonalbeli gyogyszerek ellenére panaszosak
maradnak, un. masodvonalbeli gyogyszerek allnak rendelkezésre. Ebbe a csoportba tartoznak a
diuretikumok, az angiotenzin receptor blokkolok (ARB-K), az ivabradin, a direkt vazodilatator
kombinacio6 (hydralazin+nitrat), a digoxin és a szolubilis guanilat ciklaz stimulator vericiguat.

Az elmult két évtizedben végzett szamos klinikai vizsgilat (perindopril (PEP CHF),?®
irbesartan (I-Preserve),?® candesartan (CHARM Preserved),® spironolakton (TOPCAT),
nebivolol (SENIORS),*? angiotenzin receptor-neprilysin inhibitor LCZ696 (PARAGON-HF),*
vericiguat (SOCRATES-PRESERVED),* ivabradin (EDIFY),® ellenére a HFpEF kezelésére
2021-ig nem allt rendelkezésiinkre olyan bizonyitékokon alapuld terapia, amely a betegek
prognozisat Iényegesen javitana. Ennek oka leginkabb az, hogy a kérkép patofizioldgidja kelld
részletességgel tovabbra sem ismert. Emiatt nem sikertilt olyan klinikai szempontbol fontos
gyogyszer tamadaspontokat azonositani, mely HFpEF esetén - a HFrEF gyogyszeres
kezelésében mar elért - eredményességet biztosithatna. Az érvényben 1évd szakmai ajanlasok
szerint a HFpEF kezelésének a vérnyomas normalizalasara, a bal kamra hipertrofia
regressziojanak elésegitésére (ACE-gatlok, ARB-k, MRA-k), a tachycardia megel6zésére (3-
blokkolok), a normal pitvari kontrakcidé fenntartasara (antiarritmids szerek, ablacio) és a
pangasos tiinetek csokkentésére (diuretikumok) kell irdnyulnia. A RAAS-re hatd szerek
HFpEF-ben tapasztalt relativ hatastalansaga és az Gjabb kutatasi eredmények tehat arra hivjak
fel a figyelmet, hogy a két korkép kapcsan a miokardium miikddésének humoralis szabalyozasa
is nagymértékben eltéré. HFpEF-ben a specifikus etiologia tisztazasa, a kardiovaszkularis és
nem kardiovaszkularis tarsbetegségek azonositasa és megfeleld kezelése, a natrium- ¢és
vizretencié megakadalyozdsdra diuretikumok adisa javasolt. Ordmteli, hogy 2021-ben a
HFmrEF és a HFpEF betegek kezelésére két SGLT2 gatld (empagliflozin (EMPEROR-
Preserved) és dapagliflozin (DELIVER)) is hatékonynak bizonyult a kardiovaszkularis
halalozas és a szivelégtelenség miatti korhazi felvételelek szamanak csokkentésében 337

Az eddigiekben azt kivantam megvilagitani, hogy a szivelégtelenség kialakuldsanak
kézéppontjdban a bal kamrai szisztolés és/vagy diasztolés funkcié hanyatldsa 4all. Arra is
hangsulyt kivantam fektetni, hogy a jelenlegi gyogyszeres kezelések a sziv 6sszehuzodasait és
elernyedéseit kozvetleniil nem befolyasoljak. A hagyomanyosnak tekintett €s széles kdrben
elterjedt B-mimetikus pozitiv inotrép hatast gyogyszerekkel kapcsolatban komoly klinikai
tapasztalat halmozodott fel, mely a klinikusokat alkalmazasuk korlatozasara inti. Az 1j
hatasmechanizmusu, miozin-aktivator pozitiv inotropokkal kapcsolatban jelenleg még kevés a

meggy0z06 preklinikai és klinikai tapasztalat.

12
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Kutatomunkam soran elsdsorban olyan eréfeszitéseket kivantam tenni, melyek segitségével
a bal kamrai szisztolés és diasztolés funkcio HFpEF-ben és HFrEF-ben jelentkezo eltérései sejt-
¢s molekularis szinteken is értelmezhetévé valnak. Kutatasi eredményeink a szivelégtelenség
jovobeli kezeléséhez és a pumpafunkcid gyodgyszeres tamogatasahoz nyutjtanak tjszerii

tdmpontokat.

1.6. A szivizomzatban bekovetkezo strukturalis és funkcionalis valtozasok a

szivelégtelenség kiillonb6z6 formaiban

1.6.1. A szivizomzat kontraktilitasat meghatarozo tényezok HFrEF-ben és HFpEF-ben

A sziv 6sszehuzodasait a szivizomsejtek kontraktilis fehérjerendszerei (un. miofilamentumok)
hozzak létre, melyek szarkomerekbe rendezédve koordinaljak a sejtrovidiilésekhez és ezaltal
erd- és kamrai nyomas-novekedésekhez vezetd folyamatokat. A szisztoléhoz a szivizomsejtek

24
koncentraci6 diasztolés szintre torténd csokkenését feltételezi. A szivizomsejt kontrakcidja és
relaxacidja tehat az intracellularis Ca®* koncentracié tranziens emelkedésének és
csokkenésének (roviden a Ca®* tranziensnek) a fiiggvénye. Az un. vékony (dominansan aktin)
és vastag (dominansan miozin) miofilamentumok Ca?*-szabalyozott interakciéja (aktin-miozin
ciklus) hatasara ébredo er6- és sejthossz-valtozasokra, mint a szivizomsejt aktiv tulajdonsagaira
hivatkozunk. A szivizomsejt ~Ca®**-fiiggetlen mechanikai  viselkedését, passziv
tulajdonsadgokként jelolik meg. Utdbbiak a szivizomsejt nyQjthatésdgat, rugalmassagat
tikrozik, melyek a miofilamentumokon kiviil a szivizomsejtek citoszkeletalis rendszereinek
koszonhetdk. A szivizomsejtek aktiv és passziv tulajdonsagait szdmos paraméter: pl. az
intracellularis Ca?* koncentracio, a miofilamentalis és citoszkeletalis fehérjék mennyisége és
Osszetétele, azok foszforilaltsaga, oxidativ allapota, a szarkomerek hossza (pl. kamratagulat
kapcsan), tovabba kiilonbozd élettani és koros jeltovabbitdé mechanizmusok egylittesen
hatdrozzak meg. A szivizomszovet szisztolés és diasztolés miikddésére a szivizomsejteken
kiviil az extracellularis matrix (pl. a kotészovet szervezddése, a kollagén lerakodassal jard
fibrozis stb.), a perikardialis tér, a keringés hemodinamikai paraméterei és szervezetben
érvényesiild neurohumoralis kontroll egyarant hatast gyakorol. Mindazonaltal a sziv szisztolés
¢s diasztolés funkcidinak megértéséhez ¢és a koros kontraktilitds javitdsahoz csak a
szivizomsejtekben érvényesiild folyamatokon keresztiil juthatunk el. Kutatomunkam sorén a
sziv diasztolés funkcidjat befolyasolo cellularis tényezOk feltardsanak kiemelt figyelmet
szenteltem.

13
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A HFrEF-ben észlelt csokkent szivizomsejt-kontraktilitas hatterében a sejtszintii Ca*
mozgasokért felelds fehérjemolekulak szerkezeti, funkcionalis valtozasai, a kontraktilis
fehérjerendszer megvaltozott Ca?* érzékenysége és az aktin-miozin keresztkétési ciklus koros
mikodése egyarant allhat.

A HFpEF-re jellemz6 diasztolés diszfunkcio soran a bal kamra telddése lassu, és a
pitvari komponens ardnyanak fokozodasa ellenére is csak részleges. Mindezek a kamrafal
merevségeét tiikrozik, mely a szivizomsejtek €s az extracellularis matrix szerkezet és/vagy
passziv funkciovaltozasai kovetkeztében johetnek létre. Az intracellularis elemek koziil
elsdsorban a citoszkeleton felépitésében szerepet jatszo oridsfehérjét, a titint és a mikrotubularis
fehérjéket ovezi figyelem, mig az extracelluldris matrixban a kollagén és az elasztin bir
megkiilonboztetett jelentdséggel.

A szivizomsejtek mechanikai tulajdonsagai a miofibrillaris struktira elemi egységeinek
(szarkomerek) hossz-fiiggd viselkedésétdl és a Ca®*-szabdlyozott aktin-miozin interakciéitol
elvalaszthatatlanok. A szivizomsejtek nyljtdsa kapcsin tapasztalt erondvekedés Ca®*
jelenlétében a Frank-Starling-mechanizmusrél, mig Ca®" hianyaban a relaxalt izom passziv
rugalmassagarol ad felvilagositist. A szivizomsejtek altal generalt erd Ca?*-fliggését ép
sejtmembrannal (szarkolemma) hatérolt, intakt szivizom preparatumokon nehéz megitélni,
mert az intracellularis Ca?* koncentracié a szivciklus alatt folyamatosan és igen gyorsan
valtozik. Ez a tény és az intracellularis Ca®" koncentracié pontos mérésének technikai
nehézségei miatt a miofibrillaris erd Ca?*-fliggésének tanulmanyozasara egyszeriibb
rendszerekre van sziikség. A mérésekhez leggyakrabban szarkolemmajuktél megfosztott,
permeabilizalt szivizom prepardtumokat alkalmaznak. Az ilyen preparatumok mioplazmatikus
terében a szabad Ca®" koncentricidja szabalyozhatd, a kialakult eré pedig ellendrzott
szarkomerhosszak mellett egyidejiileg mérhet6. Az egyedi szivizomsejten rogzitett hossz-
fesziilés Osszefliggés (Gn. Starling-gérbe) cstcspontja, 2,2-2,3 um koriili szarkomerhossznal
alakul ki, itt maximalis a miozin és az aktin kozotti interakcid effektivitasa. A szivizom esetében
a szarkomerhossz ritkan haladja meg a 2,2-2,4 um értéket, a szivizom massziv elasztikus
rendszerei (kollagén, titin) ugyanis megakadalyozzak a miofilamentumok talzott megnyulésat.

A titin, vagy mas néven konnektin 3000 kDa-t meghaladé molekulatomegével az eddig
felépitését a 3. abra illusztralja.

A titin molekularis ,,rugoként” mitkodve felelds a szivizomsejtek Ca®* fiiggetlen passziv
erejének (Fpassziv) kialakitasaért. A titin a fél szarkomeren végightizodik, kiterjedése a Z
lemeztdl az M savig terjed, biztositja a szarkomer magas foku rendezettségét.®® Az éridsfehérje

14
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tobb miofilamentalis és regulatorikus fehérjével all kapcsolatban (pl. miozin nehéz lancok,
miozin-kot6 C fehérje, miomezin, T-cap fehérje, a-aktinin, aktin, calpain), részt vesz jelatviteli
folyamatokban, mechanoszenzorként érzékelni képes a diasztolés megnyulas és a szisztolés

kontrakcié alatt bekovetkezd —erdvaltozasokat.®®

Szerepe van a korai diasztolés
visszarendezddésben, valamint a Frank-Starling mechanizmusra jellemzé hosszfiiggd
aktivacioban is.*°

szarkomer

I-sav A-sav __|-sav
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— (aktin)

41
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QO Ig domain
@ fnlll domain

3. abra A titin szarkomeren beliili pozicidja és sematikus szerkezete

Minden egyes titin fehérje athidal egy fél szarkomert (a Z-vonalaktél az M-vonalig). A titin filamentumok
szerkezetében immunoglobulin (Ig) és III-as tipusu fibronektin IIT (fnlll) domainek és kevésbé strukturalt PEVK
szekvencidk (prolin (P), glutamat (E), valin (V) és lizin (K)) ismétlédnek. A titin a szarkomer I-vonalhoz tartozo6
teriiletén csak immunoglobulin domainek talalhatok.

1.6.2. A miofilamentdlis fehérjék transzkripcios és poSzttranszlacios modosuldsai
szivelégtelenségben - kordabbi kutatdsi eredmények

Szivelégtelenség sordn a kontraktilis fehérjék expresszidjat, foszforilacidos és oxidacios
allapotat érint6 valtozasokrol szamos adat all rendelkezéstinkre.

EmlGs szivizomban szovet-specifikus alternativ ,,splicing” mechanizmussal a titin két
izoforméja talalhatdo meg: a hosszabb és rugalmasabb N2BA (~3,2-3,7 MDa) és a rovidebb ¢és
merevebb N2B (~3 MDa),*! melyek aranya egészséges human szivizomzatban 35:65-re tehetd.
Régcsaloszivben ugyanakkor szinte kizarolag a rovidebb és merevebb N2B izoforma fordul
elé. A titin fehérje nyhjthatésagaért a szarkomer I savjaban talalhatd, ~1 MDa-0s szakasz a
felelds, amely a proximalis és disztdlis immunglobulinszerii (Ig) doméneket, a PEVK
(prolinban, glutaminsavban, valinban és lizinben gazdag) régiot, valamint az N2B elemet
tartalmazza. Az N2BA izoforma N2A elemet is tartalmaz, ezen kiviil egy tovabbi, un. kozépsd

Ig doménnel és valtozd hosszisagh PEVK régioval rendelkezik, melyek biztositjdk ezen
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izoforma magasabb fokli rugalmassagat.® Az N2BA és N2B titin izoformak ardnyanak
megvaltozasa (titin izoforma valtas) hatassal van a szivizomsejtek passziv fesziilésére (4.
dabra).*

B Izoforma valtas
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N2B ., | —
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R s
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4. abra A titin izoforma-valtas, foszforilacié és titin-aktin kolcsonhatas révén médositja a szivizomsejtek
merevségét

A. A szarkomer szerkezete az N2B titin izoforma I-savban talalhat6 régidjanak részletes nézetével, amely mutatja
a tandem immunglobulin (Tandem Ig), N2B és rugalmas PEVK szegmenseket. B-D. Az N2B titin izoformarol az
N2BA titin izoformara vald valtas (B) az S469-nél a PKG vagy PKA altali foszforilacio (C) csokkenti, mig a Z-
korongnal a szélesebb titin-aktin atfedés valdsziniileg ndveli a rugalmas PEVK szegmens merevségét (D)
(Borbély A. és munkatarsai, Circ. Res., 2009, 104:12-14. alapjan)

Kiulfoldi kollaboraciés partnereinkkel végzett korabbi vizsgalatainkban elsdként
mutattunk ra, hogy a HFpEF kialakulasaban kdzponti szerepet jatszo diasztolés diszfunkcid
hatterében a szivizomzat kéros relaxacioja és a szivizomsejtek Ca?*-t6l fiiggetlen tin. passziv
fesziilés értékének megnovekedése felismerhetd. 2005-ben publikalt tanulményunkban
HFpEF-ben szenvedd betegek in vivo meghatarozott hemodinamikai paramétereit, valamint a
betegekb6l  diagnosztikus  szivkatéterezés soran nyert endomiokardialis biopszidk
felhasznalasaval az in vitro mért szivizomsejt-funkciot, a miofilamentalis fehérje-Osszetételt és
a fibrozis mértékét vizsgaltuk.*® Kimutattuk, hogy a biopsziakbol izolalt, membranfosztott
szivizomsejtekben mért Fpassziv koros mértékben emelkedett. Vizsgalataink legérdekesebb
eredményeként Osszefliggést talaltunk a magas Fpassziv €s a bal kamra diasztolés funkcigjat

jellemzé in vivo mért paraméterek (pl. bal kamrai végdiasztolés nyomas, miokardialis stiffness

modulus) kozott (5. dbra).
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5. 4bra HFpEF-ben szenvedé betegekbdl diagnosztikus szivkatéterezés sorian nyert endomiokardidlis
biopsziakbél in vitro mért szivizomsejt-funkcié és az in vivo meghatarozott hemodinamikai paraméterek

crer

erzekeny erémerd ¢s elektromagneses motor koz¢ rogzitettiink. B. Megnovekedett szivizomsejt passziv fesziilés
HFpEF-ben (*p<0,05 vs. Kontroll). C. Osszefiiggés a szivizomsejt passziv fesziilés (Fpassziv) és a bal kamrai
végdiasztolés nyomas (LVEDP) k6zott. (Borbély A. és munkatarsai, Circulation, 2005, 111(6):774-781. alapjan)

Az emelkedett Fpassziv-Ot @ B-adrenerg tGtvonal kulcsenzimével, a protein kinaz A-val

(PKA) tortént kezelés a kontroll csoportban mért értékre csokkentette (6. dbra).
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6. abra A proteinkinaz A (PKA) hatasa a HFpEF szivizomsejtek passziv fesziilésére (Fpassziv)
A PKA csokkenti a HFpEF szivizomsejtek emelkedett Fpassriv-jat, mig a kontroll csoportban (Kontroll) alkalmazott
hasonld eljaras hatastalan volt. (Borbély A. és munkatarsai, Circulation, 2005;111(6):774-781. alapjan)

Tekintettel arra, hogy a szivizomsejt Fpassziv-ot membranfosztott szivizomsejteken
hataroztuk meg, az emelkedett Fpass;iv hatterében a miofilamentélis fehérjék, feltételezhetéen a
titin izoforma Osszetételében és/vagy foszforilacigjaban bekdvetkezd valtozasok allhatnak.
Irodalmi adatok alapjan ugyanakkor a titint éré oxidativ karosodasok is fontos szerepet
jatszhatnak az Fpassziv szabalyozasaban: példaul az N2Bus régioban oxidacio hatdsara 1étrejovo
diszulfid hidak novelik a szivizomsejtek passziv fesziilését.**

A HFpEF betegekbdl diagnosztikus szivkatéterezés soran nyert endomiokardialis
biopsziak elemzése soran az is kideriilt, hogy szivizomsejtek mellett az Oket koriilvevo
extracellularis matrixban és a szivizomzat mikrovaszkularis rendszerében is szamos koros
eltérés jon 1étre (7. dabra). A HFpEF-ben megfigyelhetd endothelialis diszfunkcio hatterében

nagy valoszinliséggel az endothelium gyulladasos folyamatai allnak. HFpEF-ben megvaltozik

az extracellularis matrix 0sszetétele iS: az intersticialis térben novekszik az I-es tipust kollagén
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lerakddasa, elsésorban perivaszkuléris fibrozis alakul ki. Emellett a kollagén lebontasaért

felelds matrix metalloproteinazok expresszidjanak csokkenését is kimutattak.
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7. abra A szivizomzatban létrejovo valtozasok HFpEF-ben

A HFpEF tarsbetegségei egy proinflammatorikus allapothoz, a szisztémas gyulladasos markerek (interleukin (IL)-
6, tumor nekrézis faktor (TNF)-a, szolubilis ST2 (sST2)) plazmaszintjének emelkedéséhez vezetnek. Ezek
hatasara a koronaria endothel sejtek reaktiv oxigén gydkoket (ROS) ¢és adhézidos molekulakat (vaszkularis sejt
adhéziés molekula (VCAM) és E-selectin) termelnek. A ROS ¢és a keletkezd peroxinitrit hatdsara az endothel
sejtekben csokken a nitrogén-monoxid (NO) képzddése, mely a szolubilis guanil ciklaz (sCG) aktivitas, a ciklikus
guanin-monofoszfat (cGMP) koncentracio és ez altal a protein kindz G (PKG) aktivitas csokkenéséhez vezet. Az
alacsony PKG aktivitas a szarkomer elasztikus tulajdonsagéért felelds orias szarkomerfehérje, a titin merevebb és
rovidebb, N2B izoformajanak hipofoszforilacioja a szivizomsejtek passziv fesziilésének novekedéséhez, valamint
szivizomsejt hipertrofidhoz vezet. Az adhéziés molekuldk hatasara a monocytdk szubendothelidlis migracioja
kovetkezik be, melyek transzformaldé novekedési faktor béta (TGF-B) termelése révén novelik a fibroblasztok
miofibroblasztokka torténd atalakulasat. (Paulus WJ, JACC, 2013, (62)4: 263-271. alapjan)

A fentiekben vazlatosan ismertetett hemodinamikai paramétereket, a bal kamra
morfologiat, a szivizomsejtek passziv fesziilését, az extracellularis matrix szerkezetét és a
mikrovaszkulattra kiilonb6z6 szintjeit érintd valtozasok egyiittesen, de vélhetéen nem mindig
egységes mértékben jarulnak hozza a HFpEF-ben megfigyelheté miokardialis diszfunkciohoz.
Tovabba, az elmult években a mitokondralis és energetikai diszfunkciok feltételezett koroki

szerepe is a HFpEF kutatidsok eldterébe keriilt. Mindazonaltal a szivizomsejt hipertrofia, a
18



borbely.attila.1l 300 24

csokkent NO termelddés, a kovetkezményes PKG alulmiikodés kovetkeztében 1étrejovo
fokozottt szivizomsejt merevség (Fpassziv novekedés) és a fibrozis jelenleg is kiemelt figyelmet
érdemel a bal kamrai diasztolés diszfunkcio elemzésekor. A felsorolt résztényezék HFpEF-hez

rendelhetd patofiziologiai jelentésége azonban pillanatnyilag még vitatott.

1.6.3. A mieloperoxidaz enzim (MPO) szerepe a kardiovaszkularis megbetegedésekben,
oxidativ fehérjekarosoddasok a szivizom kontraktilis fehérjerendszerében

A mieloperoxidaz enzim egy olyan lizoszomalis hemfehérje, mely a szivizomban a
fehérvérsejtek aktivacidjakor szabadul fel. Az enzimmiikodés kovetkeztében oxidativ szabad
gyokok keletkeznek, melyek hozzajarulnak a szervezet védekezoképességéhez, de a
szivszovetet 1is karosithatjadk. Az MPO igéretes biomarker szamos kardiovaszkularis
megbetegedésben, mivel az enzimnek fontos szerepet tulajdonitanak a miokardialis infarktust
kovetd bal kamrai remodelling kialakulasaban.**® Az MPO plazmakoncentracioja ugyanakkor
nem kiilonbozik iszkémias és non-iszkémias kardiomiopatiaban, ami az enzim altalanos
szerepére utal.*’

Szivelégtelenségben a reaktiv oxigén gyokok (ROS) a kontraktilis rendszer erégenerald
képességét nemcsak indirekt moédon (Ca?* homeosztazis zavara, kinazok aktivaldsa), hanem a
miofilamentalis fehérjék funkciojanak direkt karositasa révén is képesek csokkenteni. Mindez
hozzajarulhat a szisztolés és/vagy diasztolés diszfunkcidt létrejottéhez.*3#® A kontraktilis
rendszer oxidativ karosodasa a szarkomerek szintjén, egyes fehérje-aminosav-oldallancok
poszttranszlaciés modositasaival valosul meg, melyeket az aldbbiakban részletezem.

Az aminosavlancon beliili metionin (Met) oxidacidja soran metionin-szulfoxid (MetSO)
keletkezik, amely enzimatikusan, a MetSO-reduktaz segitségével képes visszaalakulni a
kiindulasi aminosavva.*® A MetSO azonban nagyobb mértékii oxidativ karosodas hatdsara
irreverzibilisen metionin-szulfonnd alakulhat.*

A cisztein (Cis) aminosav fehérjén beliili szabad SH csoportjainak oxidacidjakor intra-
vagy intermolekularis diszulfid hidak (RS-SR’) keletkezhetnek az instabil szulfénsav (R-S-OH)
intermedieren keresztiil, vagy anélkiil. A szulfénsav tovabbi ROS hatasara szulfinsavva (R-
SO.H), majd szulfonsavva (R-SOzH) alakul. Oxidalt glutationnal torténé reakcioban
glutationilalt tiol (RS-SG), hidrogén-szulfid hataséara szulthidralt tiol (R-SSH), NO hatasara S-
nitrozilalt tiol (R-S-NO) képzddik, mig nitroxil (HNO) hatasara szulfinamid, vagy diszulfid jon
létre.*® Az S-glutationilalas és diszulfid-képzédés reverzibilis, mig a szulfon sav keletkezése
irreverzibilis reakci.® Nem minden, Cis-t érintd oxidativ poszttranszlacidés médositas vezet a

kontraktilis funkcio csokkenéséhez: enyhe oxidativ stresszt kovetden a fehérjék S-nitrozilalasa
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(SNO) kardioprotektiv, HNO hatasara pedig a kalcium-érzékenység és kontraktilis erd
novekedése figyelhetd meg (8. dbra).

O-—sH @-sH | IRREVERZIBILIS
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8. abra A cisztein oxidativ poszttranszlacios médositasai

A cisztein szabad SH csoportjanak reverzibilis atalakulasa diszulfidda (-SS-), vagy szulfénsavva (-SOH). Protektiv
mechanizmusok: szulthidracié (-SSH), S-nitrozilacio (-SNO) és S-glutationilacio (-SSG). A szulfénsav
intermedier reakcioi: diszulfid, szulfenilnamid (-S-N-), valamint szulfinsav (-SO,H) és szulfonsav (SO3zH)
képzédés. (A ciszteinhez kapcsolodd polipedtidlancot vazlatosan sziirke korongok jelolik.) (Chung és munkatarsai,
Circ. Res. 2013, 112(2): 382-922. alapjan)

Nagyobb mértékli oxidativ stressz hatasara a szivizomfehérjék karbonilacioja
kovetkezik be. Direkt oxidacioval a fehérjék lizin, arginin, prolin és threonin aminosav

oldallancain alakulhatnak ki karbonil csoportok. A fém katalizalt reakcid soran aldehidek és

ketonok keletkeznek, példaul glutamat-szemialdehid argininbdl.>? Cisztein, lizin és hisztidin

aminosavakon is kialakulhatnak karbonilszarmazékok lipidek, karbohidratok €s elérehaladott
glikacios végtermékek (advanced glycation end-products, AGEs) oxidalasaval keletkezd

reaktiv karbonil gyokokkel torténé masodlagos reakcié soran (9. dbra).>

Ni, NH NE,
Arginil >=NH )2=NH >=NH
oldallanc ~ NK N NH,
y —> C—OH )
_é Karbonil
CONH CONH—E csoport
% CONH S?fj CONH Glutamat :

szemialdehid C=0
CONH—E
CONH

Fém katalizalt reakcio 5 ‘@f

9. abra Fehérje aminosav oldallancok karbonilaciéjanak mechanizmusa
(Nystrom T, EMBO Journal, 2005, 24(7):1311-1317. alapjan)

A tirozin aminosavak oxidativ hatdsra nitrdlodhatnak és klorindlodhatnak. A 3-
klorotirozin az mieloperoxidiz (MPO)-miikddés specifikus markere,® mig nitrotirozin
keletkezhet MPO és ONOO™ (peroxinitrit) reakciéi soran is.>®> MPO hatasara a tirozin aminosav
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tirozil gyokké is oxidalodhat, majd két tirozil gyok ditirozinnd Osszekapcsolodva fehérje
kereszthidakat képez.>®

Az MPO szubsztratja, a hidrogén peroxid (H20.) egy stabil és membranpermeabilis
molekula, melynek in vivo koncentracidja nagymértékben fiigg a képzodési és lebomlasi
sebességétdl.>” A H,O, semlegesitését magas H.O, koncentracional a katalaz enzim, mig
alacsony H>O> koncentracioknal a glutation-peroxidaz enzim végzi. Amennyiben nem
semlegesitddik, ugy fémionokkal (vas, réz) reakcioba lépve "OH-t, a mieloperoxidaz (MPO)

enzim Ko-szubsztratjaként pedig hipoklorossavat (HOCI) hoz létre (10. dbra).*®

O,
NOS NAD(P)H oxidaz, NOS,
COX, mitokondrium

*NO 0,*
NO, <— ONOO- H,0, MPO, Cl HoCl
Fenton
\ lreakcic’)
*OH

10. abra Szabadgyokok képzodése

Reaktiv oxigén és nitrogén intermedierek keletkezése (O2™: szuperoxid, H2O,: hidrogén peroxid, ‘OH: hidroxil
gyok, NOS: nitrogén-monoxid szintaz, COX: ciklooxigenaz, ‘NO: nitrogén-monoxid, SOD: szuperoxid-dizmutaz,
NO2: nitrogén-dioxid, ONOO™: peroxinitrit, MPO: mieloperoxidaz, HOCI: hipoklorossav. (Kalyanaraman B,
Redox Biology, 2013, 1(1):244-257. alapjan)

A H20; szivizomra kifejtett hatasai két csoportba sorolhatok: 1. direkt fehérje oxidacio,
melynek soran a szulfhidril (SH)-csoport oxidacié és/vagy karbonildcié megy végbe (aktin,
miozin konnyiilanc-1 (MLC-1)); 2. indirekt hatasok, amikor a HoO> méasodlagos messengerként
protein kindzokat aktival (redox signaling, protein-kindz C delta (PKC9), troponin I (Tnl)
foszforilacio).”” A H202 koncentraciofiiggd modon bal kamrai diszfunkcidt okoz patkany
szivben®’ és diszulfid-hidképzédést indukal aktin és tropomiozin (Tm) esetében.®’

Az MPO miikddése soran ROS-t képez, halogenizacids (klorinacids), illetve peroxidaz
ciklusan keresztiil (11. dbra). Mivel a halogenizacids ciklus két-elektronos oxidacidja soran
hipotiocianat (HOSCN)®® és kis mennyiségii hipobromossav (HOBr) mellett in vivo leginkabb,
kisérleti koriilményeink kozott pedig kizarolag a nagy reaktivitdsa HOCI keletkezik, ezért a
tovabbiakban az MPO ezen aktivitasara, mint klorindcios aktivitasra hivatkozunk. A peroxidaz
aktivitas miikddése soran reaktiv nitrogén intermedierek (nitrozonium ion (NO¥), nitrit, NO>),

tirozil-gyok és ditirozin keletkeznek.
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11. abra A mieloperoxidaz enzim (MPQ) klorinacios (fent) és peroxidaz (lent) aktivitasa

Mindkét ciklus elsd 1épése a H,O, redukaldsa vizzé, mikdzben az enzimben talalhato hem-vas a nyugalmi Fe3*
(ferri) allapotbol Fe** (ferril) allapotba keriil (Compound I, ‘Fe**=0). Ebbd] az aktivalt allapotbol az enzim két-
elektronos oxidacioval (halogenizacids ciklus), vagy két egymast kdvetd egy elektronos oxidacioval (peroxidaz
ciklus) tud nativ &llapotaba visszatérni. Utobbi esetben a Compound II (Fe**-OH) allapot is kozbeiktatasra kertil.

Az MPO miikddése az MPO-inhibitor (MPO-I) 4-aminobenzhidrazid (ABAH)
segitségével gatolhaté. Az ABAH oxidalodik az MPO Compound I és II 4ltal, és a képz6dd
gyokok az enzimet a klorinaciods és peroxidaz cikluson kiviil 4116, lassu turnoverrel rendelkezd
Compund Il1-ba taszitjak, igy mindkét emlitett aktivitas gatlodik.®® Az MPO gétlasa igéretes
terapias célpont lehet a reperfuzios karosodas kivédésében és/vagy csokkentésében.

A miofilamentalis fehérjék modosulasa a szivizom iszkémia-reperfiizios karosodasa,
valamint reaktiv oxigén gyokok (ROS) és egyes gyulladasos citokinek koros mértéki
felszabadulasa soran is bekovetkezhet. Egy korabbi munkankban a miofibrillaris rendszer
peroxinitrit-indukalt funkcionalis karosodasanak hatterében all6 folyamatokat vizsgaltuk
human szivizomsejteken.*® Peroxinitrit kezeléseket kdvetden a maximélis Ca?*-aktivalt erd
csokkenésével parhuzamosan a szivizomsejtek harantcsikolatanak nagymértékii elmosodasat,
valamint az Fpassziv nOvekedését tapasztaltuk. A kontraktilis valtozasokat az aktiv er6generald
keresztkotések szamanak csokkenésével magyaraztuk. Megallapitottuk, hogy a peroxinitrit
inkabb strukturalis, mint regulatorikus valtozasokat okoz a kontraktilis rendszerben, hiszen sem
az erégeneralas Ca®'érzékenységére és a kontraktilis fehérjerendszeren beliil uralkodd
kooperativitasra (pCaso és nnin), sem az aktin-miozin ciklus sebességére (ki) nem volt
szignifikans hatassal. Az a-aktinin nitralodas mértéke és a human szivizomsejtek Ca?*-aktivalt
erOgeneralasa kozott forditott aranyossagot mutattunk ki. Az MPO enzim mikodése
kovetkeztében képz6dé ROS szivizomsejtekre kifejtett kozvetlen hatasairél azonban
viszonylag kevés adat all rendelkezésre. A miofilamentalis fehérjék, valamint az Orias
szarkomer fehérje, a titin oxidativ valtozasainak diasztolés diszfunkcidban betoltott szerepe

szintén nagyrészt ismeretlen.
22



borbely.attila.1l 300 24

1.6.4. A noi nem és a stressz szerepe kardiovaszkularis megbetegedésekben

A biologiai nem fontos szereppel bir a kardiovaszkularis megbetegedések kialakulasaban, az
alkalmazott terdpia hatékonysagaban, valamint a mortalitasban.®® A menopauza elétt 4116 ndk
esetén kisebb a kardiovaszkularis megbetegedések kialakuldsanak valoszinlisége a menopauzan
mar atesett n6khoz, valamint a férfiakhoz viszonyitva. Menopauza eldtt all6 ndknél kisebb a
BK hipertrofia és remodelling incidencidja, valamint az iszkémia/reperfuzids karosodas
mértéke.%? A HFpEF eléfordulasa viszont gyakoribb idds ndk esetében, melyhez hozzijarul az
elhizas és a diabétesz magasabb prevalencidja, valamint a n6i szivizomzat emelkedett intrinzik
fesziilése is.% Ezen megfigyelések a néi nemi hormonok (dsztrogén és progeszteron)
kardioprotektiv hatasat valoszintsitik.

Az Osztrogén hatasat magreceptorain (ERa és ERP), valamint membranreceptoran
(GPR30) keresztiil fejti ki. Az 0Osztrogénreceptorok kimutathatéak szivizomsejtekben,
fibroblasztokban, endotél- és érfal simaizom sejtekben nékben és férfiakban egyardnt.®® Az
knockout egéren megndvekedett bal kamra hipertrofiat és fibrozist,®® valamint nagyobb
iszkémia/reperfiizios karosodast és nekrozist észleltek.®? Az 6sztrogén eldsegiti az NO medialt
vazodilataciot, iszkémia/reperfiizios karosodds sordn az L-tipusi Ca®* csatornikat S-
nitrozilalva csokkenti a sejtek Ca?" taltdltédését, a ROS termelddés és az apoptdzis
csokkentésén keresztiil antiinflammatorikus és antioxidans hatasu.®*

Stressz allapotokban - mint a kortizol prekurzora - a mellékvese progeszteron termelése
és szekrécidja nemtdl és Osztrogéntdl fiiggetleniil emelkedik.®® A progeszteron gyulladsos
reakcio gatlasa révén csokkenti az iszkémia/reperfizios karosodas mértékét,®® emellett a
repolarizaci6 felgyorsitasaval antiarritmikus hatést fejt ki,®’ és képes gatolni az szivizomsejtek
apoptozisat.5®

Az ismert kardiovaszkularis rizikofaktorok mellett a pszichoszocialis stressz is karos
hatast gyakorol a kardiovaszkularis rendszerre. Ennek egyik megnyilvanuladsa a Takotsubo-
kardiomiopatia (TCM, stressz kardiomiopdtia, ,,broken heart” szindréoma).®® TCM-ban a
katekolamin szint ugrasszeri emelkedése utan a BK apikalis hipokinézise és ballonszer
tagulata kovetkezik be, melynek hatterében a Pz-adrenerg receptorok stimulatorikus G
fehréjérél (Gs)-rol inhibitorikus G fehérjére (Gi) torténé atkapcsolodasat’® és az ennek hatasara
bekovetkez6 szivizomsejt kontraktilitds csokkenését valosziniisitik. A szimpatikus
idegrendszer aktivalodasa a B-adrenerg jelatvitelen keresztiill kdzponti szerepet jatszik a
szivizomsejtek kontraktilis funciojanak és Ca?* érzékenységének szabalyozasaban. A

kontraktilis fehérjék (miozinkotd C-fehérje (MyBP-C), troponin-I (Tnl), titin) PKA-medialt
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foszforilacidja befolyasolja a szivizomsejtek kontraktilis mitkodését.”>’? A menopauzihoz
kotheté hormonalis valtozasok szivizomsejt mechanikara kifejtett hatdsai azonban nagyrészt

feltaratlanok.

1.7. Uj gyégyszeres lehetdség a sziv pumpafunkciéjanak javitisira: miozin aktivatorok

A szivelételenség progresszidja soran az optimalis gyogyszeres és eszkdzos kezelés ellenére a
betegek allapota gyakorta romlik, elérehaladott szivelégtelenség (,,advanced heart failure”)
alakul ki. Ebben a betegcsoportban a definitiv terapiat a szivtranszplantacio, illetve bizonyos
betegek esetében a mechanikus keringéstamogatas jelenti.! Ezek a terapias modalitasok az igen
szigoru kritériumok miatt sajnos csak kevés beteg szamara érhetéek el. A betegek nagyobb
hanyadanal a konzervativ, gyogyszeres kezelés kerlil alkalmazasra, melynek egyik hatékony
eszkdze lehet a pozitiv inotrép/inodilator kezelés (12. dbra).”® Ezen szerek hosszitavi
hasznalata azonban noveli a mortalitast és nem képes csokkenteni a hospitalizaciok szamat
sem.”" A jelenlegi kutatisok célja ezért olyan szelektiv, a szivizom kontraktilitast fokozo
(pozitiv inotrop) gyodgyszerek kifejlesztése, amelyek mar a HFrEF kordbbi stadiumaban is
alkalmazhatok és elsddlegesen a sziv pumpafunkciojanak javitasat célozzak.

A konvencionalis, ,,upstream” mechanizmusi pozitiv inotrop szerek (dobutamin,
dopamin, milrinon, adrenalin, noradrenalin és szivglikozidok) az intracellularis Ca?*-
koncentraciot — szignaltranszdukcids és/vagy receptoridlis  utvonalak modositasaval
befolyasoljak. Ezek a szerek a dobutamin a Pi-receptorok aktivaldsan keresztiil olyan
foszforilaciés folyamatokat inicidlnak, melyek végsé soron a szivizomsejtek intracellularis
Ca?'-szint novekedéséhez vezetnek, egyuttal fokozzak a miokardium energiaigényét és
oxigénfelhasznalasat. A hatasukra sokszor kialakuld intracellularis Ca?*-tultdltottség pitvari és
kamrai aritmidk kialakuldsanak kedvez.

A ,centralis” mechanizmusu gyogyszer, levosimendan (Levo) noveli a troponin C
(TnC) Ca?" iranti affinitasat, az ATP-szenzitiv K*-csatornak aktivalasan keresztiil pedig
vazodilataciot valt ki, ezért ezt a szert inodilatornak is nevezik. A Levo nagyobb
plazmakoncentraciok esetén foszfodiészteraz-3 (PDE3)-gatlo hatast is mutat.

A ,,downstream” mechanizmust szerek nem befolyasoljadk az intracelluléris Ca?*-
szintet, igy mentesek a konvencionalis pozitiv inotrép szerek mellékhatasaitol, energetikailag
is kedvezObbek a szivizomsejteknek. Ezen gyogyszercsoport egy korabbi képviseldje az EMD
53998 (EMD), mely egy enantiomer molekula. Egyik parja downstream mechanizmus utjan
hat, mig a masik PDE3-gatl6 hatassal rendelkezik. Ide tartozik az omecamtiv mecarbil (OM)
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¢s a danicamtiv, melyek a miozin-ATPaz aktivitasanak fokozasaval hatnak, ezért miozin-

aktivatoroknak is nevezik 6ket.”

SERCA2a

Kontrakcio

Upstream Centralis Downstream

12. 4bra. A pozitiv inotrép szerek csoportositisa és hatasmechanizmusuk (magyarazat a szovegben) (Ca®*:
kalcium; CICR: Ca?*-indukalta Ca?*-felszabadulds; DHPR: dihidropiridin-receptor; RyR: rianodin-receptor;
SERCAZ2a: szarkoplazmatikus retikulum ATP-az; TnC, Tnl és TnT: troponin C, I és T; TM: tropomiozin)
(modositva Endoh M., Circ. J., 2008, 72:1915-1925. alapjan)

Az OM és a danicamtiv szelektiven kotddnek a kardialis tipusu miozin S1 régiojahoz,
¢és fokozzak ATP-hidrolizalo képességét. Ez gyorsitja az ADP és Pj képzddését, valamint a P;

------

miozin-ADP komplex keletkezését. Ez az atalakulas eldsegiti a miozin gyengén kotott
konformacigjabol az erésen kotott konformacios allapotba térténd atmenetét, amit a kontaktilis
erdgeneralas fokozodasa kovet. Teoretikusan igy novekszik az egy ciklus alatti aktin-miozin
interakciok szama, lehetévé téve a nagyobb erdkifejtést az oxigénfelhasznalds novekedése

1.”" Preklinikai vizsgalatok soran igazoltak, hogy az OM jelentdsen képes fokozni a

nélkii
patkanybdl izolalt szivizomsejtek kontrakcios erejét, a kontrakcios id0 kisfoku elnyujtasa
révén, mindezt a szisztolés intracellularis Ca?* tranziens befolyasolasa nélkiil. In vivo
vizsgalatok soran OM hatasara kiilonb6z6 szivelégtelenség-allatmodellekben a bal kamra
funkci6 javult az oxigénfelhasznalas fokozodasa nélkiil. Az els6 doziskereso klinikai vizsgélat,
illetve az ATOMIC-HF vizsgalat soran intravénas OM kezelést hasonlitottak Ossze
placeboval,”® mig a COSMIC-HF vizsgalatban per os kezelést alkalmaztak, mindkettdben

HFrEF betegekkel.”® A vizsgalatokban az OM javitotta a szisztolés funkcidt, ndvelte a
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szisztolés ejekcios idét (SET), jol toleralhato és biztonsagos volt, de kismértékii plazma
troponin | (Tnl) novekedést okozott, ami nem fiiggott Ossze az alkalmazott dozissal. A
GALACTIC-HF vizsgalatban az OM-al kezelt betegekben szignifikdnsan alacsonyabb volt az
elsédleges Osszetett végpont, de a kardiovaszkularis haldlozasban nem volt kiilonbség.® A
danicamtiv, mint 4j miozin-aktivator, hasonl6 hatasokat mutatott, de szé€lesebb terapids ablakot
¢s nagyobb kontraktilis funkcid-javitd potencialt igért. Fazis I. klinikai vizsgalatok alapjan a
danicamtiv biztonsagos, ¢€s szivelégtelen betegekben javitotta a bal kamra szisztolés
funkciojat.8! A danicamtivra vonatkozo preklinikai és klinikai adatok ugyanakkor tovabbra sem
egyértelmiiek, kiillondsen ennek az 1j miotrépnak a diasztolés funkciora kifejtett hatdsaira

vonatkozoan léteznek bizonytalansagok.®
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2. CELKITUZESEK

Munkénk soran a szivelégtelenség kiilonb6zo klinikai formaiban a szivizomzatban bekovetkezo

koros molekularis és sejtszintli valtozasok tanulmanyozasat, valamint az Gj miozin aktivatorok

szivizom kontraktilitasra kifejtett hatdsainak vizsgalatat tiiztiik ki célul.

Az alabbi konkrét kérdésekre kerestiink valaszt:

1.

Milyen hasonlosagok/kiilonbségek ismerhetok fel a HFrEF-ben és HFpEF-ben szenved6

betegek szivizomzataban?

. Hogyan és milyen mértékben jarul hozza a bal kamrai diasztolés diszfunkcidhoz a szoveti

fibrozis, a glikacids végtermékek jelenléte és a szivizomsejt passziv fesziilés-novekedése
diabéteszes és nem diabéteszes HFTEF ¢s HFpEF betegekben?

Mi lehet a B-blokkol6 kezelés eltérd klinikai hatasainak molekularis magyarazata HFrEF-
ben és HFpEF-ben?

. FelelOssé tehetdk-e a titin izoforma dsszetételében €s/vagy foszforilacidjaban bekovetkezd

valtozasok a szivelégtelenségben koros mértékben megndvekedett szivizomsejt passziv
fesziilésért?

Hogyan ¢és milyen mértékben jarulnak hozza a MPO peroxidaz és klorinacios aktivitasanak
kovetkeztében 1étrejové oxidativ miofilamentalis fehérjemodosuldsok a bal kamrai
szisztolés és diasztolés diszfunkcidhoz? Revertalhatéak vagy kivédhetok-e a MPO-
indukalt funkcionalis hatdsok és biokémiai valtozasok?

A ndéi nemi hormonok hidnya és az akut stressz hatissal van-e a bal kamrai izolalt
szivizomsejtek erdgeneralasara? Milyen poszttranszlacios miofilamentélis
fehérjemodosuldsok magyarazhatjdk a szivizomsejtek kontraktilis funkciojaban
bekovetkezo valtozasokat?

Milyen hatdssal van az OM izolalt, intakt szivizomsejtek szisztolés és diasztolés
funkcidjara, a kontrakcié kinetikajara, valamint az intracellularis Ca®*-tranziensre in vitro?
Hogyan befolyasolja az 0 tipusti miozin-aktivator, a danicamtiv a szivciklus idGtartamait,

a szisztolés és diasztolés funkciot in vivo?

27



borbely.attila.1l 300 24

3. MODSZEREK

3.1. Szivizommintak

Komperativ tanulméanyainkban szivkatéteres vizsgalat soran diagnosztikus céllal vett bal
kamrai endomiokardidlis biopszidkat, az oxidativ miofilamentalis fehérjekarosodds szerepét
vizsgald kutatdsainkban human szivmitétek (szivtranszplantacio, bal kamrai aneurysma
rezekcid) soran végstadiumu szivelégtelenségben, aorta sztendzisban szenvedé betegekbdl,
valamint technikai okok miatt fel nem hasznalt donor szivekbdl szarmazo bal kamrai
szivizommintak vizsgalatat végeztik. A donorok kortorténetében kardiovaszkularis
megbetegedés nem szerepelt, a halal oka baleset, szubarachnoidalis vérzés, agyi kont1zio és
vérzéses stroke volt. A betegek az agyhaldl megallapitdsa eldtt rovid ideig intravénas
dobutamin, furosemid ¢€s plazmatérfogat noveld kezelésen kiviil mas gyogyszeres terapidban
nem részesiiltek. A szivek eltavolitast kovetden kardioplégias oldatba (110 mM NaCl, 16 mM
KCI, 1,6 mM MgCl,, 1,2 mM CaClz, 5 mM NaHCOs, pH 7.,4) keriiltek, majd a bal kamrai
szivmintakat folyékony nitrogénben torténd gyorsfagyasztas utan felhasznalasig -80°C-on
taroltuk. A human szivizommintakon végzett kisérleteink a Helsinki Deklaraciéban
megfogalmazott iranyelveknek megfelelden, a Magyar Egészségligyi Minisztérium (engedély
szam: No. 323-8/2005-1018EKU) ¢és a Debreceni Egyetem Etikai Bizottsaganak
jovéhagyasaval torténtek.

Az akut stressz és néi nemi hormonok hatasat az eszéki J.J. Strossmayer Egyetem
Orvostudomanyi Karanak Orvosi Biologia Intézetében létrehozott, overiektomizalt (OVX)
patkanymodellen vizsgaltuk (16 ndstény Sprague-Dawley patkany). Kontrollként életkorban
megegyez0, nem operalt ndstény patkanyok szolgaltak. 28 hetes korban kontroll és OVX
allatokat akut stressz kezelésnek vetettek ala (cold restrained stress, kontroll-S és OVX-S
csoport). Altatast és vérvételt kdvetden a szivet kimetszették, a bal kamrat levalasztottak,
folyékony nitrogénbe helyezték, majd -80°C-on taroltdk. A kisérleti protokollt az Eszéki
Orvostudoméanyi Egyetem Etikai Bizottsaga engedélyezte. A mintdk széllitdsa az Eszéki
Orvostudomanyi Egyetem és a Debreceni Egyetem kozott meglévd mintaszallitasi egyezmény
alapjan tortént (DETTI/22-3/2013).

Az OM-al folytatott in vitro vizsgalataink soran ivarérett, kutatasi célra tenyésztett, him
¢és ndstény kutyakbol olyan enzimatikusan izolalt, bal kamrai szivizomsejteket hasznaltunk,
melyek intakt membranrendszerrel rendelkeztek. Az elektrofiziologiai tulajdonsagok

szempontjabol a kutyabol izolalt szivizomsejtek meggydzden alkalmazhatéak az emberi
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szivizomsejtek modellezésére. A vizsgalatok a Debreceni Egyetem Allatetikai Bizottsaga ltal
jovahagyott protokollok szerint torténtek (4-1/2019/DEMAB).

3.2. Kontraktilis eré mérése izolalt-szivizomsejt mérorendszer segitségével

A szivizomsejtek izolalasa sordn a fagyasztott bal kamrai szivizom mintak darabjait eldszor
felolvasztottuk, majd protedz inhibitorokat is tartalmazé izolalé oldatban mechanikai
szovethomogenizator segitségével diszpergaltuk. Ezt kovetden a szivizomsejteket 0,5%-0S
Triton-X-100 detergenssel kiegészitett izolald oldat segitségével permeabilizaltuk. Az
erdmérések soran a szivizomsejtek végeit szilikon ragasztd segitségével egy érzékeny
erdémérohoz €és egy mozgathatd elektromdgneses motorhoz rogzitettiik, a preparatumok atlagos
szarkomer hosszat 2,3 um-re allitottuk be (13. dbra). A méréseket az erdméré rendszerhez
kapcsolt, kameraval ellatott fénymikroszkép 15°C-os targyasztalan végeztik. Az
erOparaméterek meghatarozasa aktivalo, illetve relaxald oldatokban tortént, melyek pCa értéke
(a Ca?* koncentracié negativ tizes alapu logaritmusa (-logio[Ca?*]) 4,5, illetve 9 volt. A koztes
hoztuk létre a Fabiato és Fabiato altal kidolgozott modszer alapjan.®® Az izometrias erét a
szivizomsejtek relaxalo oldatbol aktivald oldatba torténd atmozgatasat kdvetden mértik. Az
erd kifejlddése utan egy elektromagneses motor segitségével a preparatum hosszat az eredeti
hossz 80%-ara (20%-kal) csokkentettiik, majd 2 ms mulva visszaallitottuk az eredeti sejthosszat
(,,release-restretch”). Ezen mandver soran a képzddott aktin-miozin keresztkotések
felszakadtak, az eré a maximalis értékrél nullara esett (total erd (Frowl)), majd a jelenlévé Ca?*
jelenlétében tjraépiilt. A Ca?*-fiiggetlen, passziv er6komponenst (Fpassziv) relaxalé oldatban
hasonlo, de hosszabb (8 s) mandver alkalmazédsaval hatdroztuk meg. Az Fiua-bol kivonva az
Fpassziv-ot kiszamithaté a szivizomsejt Ca?*-fiiggd aktiv ereje (Fakiiv). AZ Fakiiv és Fpassziv értékeket
a preparatum keresztmetszetére normalizalva, kN/m?2-ben adtuk meg. A szubmaximalis Ca®*
viszonyitva abrazoltuk, és igy egy szigmoid gorbét kaptunk. A gorbe illesztésével
F=Fmax[Ca?"]""/(pCaso"M+[Ca2* ")+ Fpassziv, @ vizsgalt  szivizomsejt  kontraktilis
fehérjerendszere kvantitativ szempontbdl jellemezhet6 volt (az 6sszefiiggésben az F egy adott
Ca?" koncentraciohoz tartozd ,steady-state” erd, az Fmax a maximalis erd, az nHill a
fehérjerendszerben uralkodd kooperativitast jellemzd konstans, a Ca?* érzékenységet pedig a
félmaximalis erd 1étrejottéhez sziikséges Ca?* koncentraciot (pCaso) adta meg). Az illesztést
minden egyes szivizomsejt kapcsan megvalositottuk, a meghatarozott paraméterekbdl atlagokat

szamoltunk.
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13. abra Membranfosztott szivizomsejtek kontraktilis erejének mérése

A. Az izometrias erdméré rendszer kozponti része, bal oldalon a mozgathaté elektromagneses motor, jobb oldalon
az érzékeny eréméré. B. A Ca®* fiigg aktiv erd (Faxiv) és Ca* fliggetlen passziv erd (Fpassiv) meghatarozasa. C.
A Ca?* érzékenységet jellemzd pCaso paraméter meghatdrozdsa a szivizomsejtek normalizalt Ca?*-erd
Osszefliggését abrazold szigmoid gorbe segitségével.

A proteinkinaz A (PKA) Fpassziv-ra gyakorolt hatasanak értékeléséhez a human
szivizomsejteket PKA katalitikus alegységével (100 U/ml) és antioxidans dithiotreitollal (DTT,
6 mmol/l) kiegészitett relaxalo oldatban 40 percig inkubaltuk. A proteinkinaz G (PKG)
hatdsanak tanulmanyozasara Fpasssiv méréseket végeztink PKGla-t (0,1 U/ml), guanozin
CGMP-t (10 umol/l) és DTT-t (6 mmol/l) tartalmazo relaxald oldatban torténd inkubaciok el6tt
¢s azt kovetden. Ezt kdvetden a szivizomsejteket a fent leirtak szerint PKA-val inkubaltuk, és
Fpassziv-jukat Gjra megmértik. A vékony filamentum Fpassziv-hoz vald hozzajarulasanak
vizsgalatahoz a HFrEF és HFpEF szivizomsejteket 40 percig inkubaltunk az aktin-fedo
fehérjével, a gelsolinnal (0,05 mg/ml; FX-45 klon), majd ezt kdvetden PKA-kezelést
végeztink. Az un. gyenge kereszthid kolcsonhatas hozzajarulasanak vizsgalatira a
szivizomsejtek Fpassziv-jat 2,3-butanedione monoxime-ot (BDM) tartalmazo relaxald oldatban
(40 mmol/l 5 percig) is megmeértiik.

Az MPO funkciondlis hatasdnak tanulmédnyozdsa sordn az Fawiv-Ot, 8z Fpassziv-Ot,
valamint pCaso-et az MPO-szubsztrat H.O, (30 uM, 15 perc), MPO+H.0, (MPO 8 UIl),
MPO+H20,+MPO-1 (4-aminobenzhidrazid, 50 uM) és MPO+H202+Metionin (Met, 10 mM)
kezelések eldtt, illetve azokat kdvetden is meghataroztuk. Az MPO+H02 4ltal kivaltott hatdsok
revertalhatosagat a redukaloszer dithiotreitol (DTT, 10 mM, 30 perc) alkalmazéasaval
vizsgaltuk. A kiilonbozd kezelések Fakiiv-ra €s Fpassziv-ra kifejtett hatasait a kezelés elott mért
(kezeletlen) értékekhez viszonyitva, szdzalékos formaban adtuk meg. A kapott értékeket az
izolalo oldatban inkubalt (15 perc) szivizomsejtek erdgenerdlasdhoz viszonyitottuk (id6
kontroll). Az egyes kezelések soran 3-4 szivbol szarmazd 5-12 szivizomsejtet hasznaltunk.

Az akut stressz €s az ovariektomia szivizomsejt funkciora kifejtett hatasainak

vizsgalatakor - a humén szivizomzaton folytatott kisérletekhez hasonléan - az Faxiv-Ot, az
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Fpassziv-0t, valamint a pCaso-et mértiik a kontroll, stressznek Kitett kontroll (kontroll-S),

ovariektomizalt (OVX) és stressznek kitett ovariektomizalt (OVX-S) allatcsoportokban.

3.3. Fény- és elektronmikroszkopos kvantitativ hisztomorfometria

Az endomiokardidlis szivizommintak strukturdlis elemzése sordn reprezentativ mintakon
meghataroztuk a szivizomsejt atmérdt (MyD), von Gieson elastica festett szivizommetszeteken
a kollagéntartalmat (kollagén térfogat arany - CVF), a miofibrillaris stiriiséget és a glikacios

végtermékek (AGEs) lokalizaciojat és intenzitasat.

3.4. A miofilamentalis fehérjék és a titin izoforma osszetételének és foszforilaciéjanak
vizsgalata

A szivizommintdk miozin nehéz lanc, dezmin, aktin, troponin T (TnT), tropomiozin, troponin
egydimenziés SDS poliakrilamid elektroforézis segitségével vizsgaltuk. A fehérjék
foszforilaciés allapotit ProQ® Diamond foszfoprotein gélfestékkel vizsgaltuk, mig a
fehérjemennyiség meghatarozasat SYPRO Ruby, vagy Coomassie blue festékkel végeztiik. A
fehérjek foszforilacios szintjét fehérje mennyiségre normalizéltuk €és egy belsd kontrollhoz
viszonyitva, szazalékos értékben kifejezve adtuk meg.

A titin izoformak elkiilonitésére agardzzal megerdsitett 2%-0s SDS géleket hasznaltunk,
az izoforma expressziot és foszforilaciot SYPRO Ruby és ProQ Diamond festési eljarasokkal
vizsgaltuk. Az eredményeket izoforma (N2B/N2BA) és foszforilalt izoforma (P-N2B/P-N2BA)
aranyokként fejeztiik ki.

3.5. MPO Kklorinacios és peroxidaz aktivitasanak mérése

Az MPO klorinécids és peroxidaz aktivitasanak mérését specialis, kereskedelmi forgalomban
elérhetd kitek segitségével végeztiik. A klorindcios aktivitast mérd esszé miitkodése soran az
MPO altal generalt hipoklorit (OCI) alakitja at a nonfluoreszcens szubsztratot erds
fluoreszcenciaval rendelkezé fluoreszceinné, mig a peroxiddz aktivitast mérd esszé esetén az
MPO a nonfluoreszcens ADHP-t fluoreszcens resorufinna alakitja. A keletkez6 fluoreszcencia
intenzitas-novekedést kiilonboz6 hullamhosszon detektaltuk. A fluoreszcencia intenzitas
értékeket a telitést megeldzOen linearis regresszidval illesztettiik, a fiiggvény meredeksége
szolgalt az MPO aktivitasdnak meghatarozasara. Az MPO hidnyaban mért értéket hattérnek
tekintettiik, az enzimaktivitast erre normalizaltuk. Az MPO+H,0; aktivitas értékeit tekintettiik

100%-nak, ehhez hasonlitottuk az MPO-I, valamint a Met hatasat.
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3.6. Fehérje SH-oxidacio, karbonilacio és foszforilacié meghatarozasa

A human és patkany bal kamrai szivizomszovetbol nyert szivizom homogenizatumokat in vitro
alkalmazott enzim (MPO), enzim gatld6 (MPO inhibitor), oxidalé (H20., dithiodipiridin
(DTDP)) és redukalo (DTT, metionin) szerekkel tortént kezelések el6tt és azokat kdvetden
molekulatomegiik szerint szétvalasztottuk (SDS-gélelektroforézis). Ezt kovetéen a
miofilamentalis fehérjék izoforma Osszetételét, oxidativ modosulasait specialis festési eljarasok
¢s/vagy Western immunoblot technika segitségével vizualizaltuk. A miofilamentalis fehérjék
oxidaciods (Ellman reakcid, SH csoport oxidacio) €s karbonilacios allapotanak meghatarozasara

(Oxy-blot technika) az ismert modszereket permeabilizalt szivizomsejtekre adaptaltuk.

3.6.1. A miofilamentalis fehérjék SH tartalmanak meghatdrozasa Ellman-reakcioval

Az MPO hatasara a miofilamentalis fehérjerendszeren bekdvetkezé6 SH-oxidacidt Ellman-
reakciod segitségével vizsgaltuk. A membranfosztott bal kamrai, human szivizomsejteket 15
percen keresztiil izolalo oldatban inkubaltuk (id6 kontroll), vagy 30 uM H20»-t, illetve 38 U/l
MPO+H;0,-t tartalmazé izolaloé oldatban kezeltiikk. Mosasi 1épéseket kovetden a mintakat
Ellman-reagensben inkubaltuk, amely a fehérjék SH csoportjaval reagalva sarga szini 2-nitro-
5-tiobenzoesavat (NTB) hoz 1étre. Az NTB abszorbancidjat 412 nm-en mértiik. Az ismert SH
tartalma N-acetil-L-cisztein (NAC) standard sor Ellman-reagenssel torténd inkubacio utan mért
abszorbancia értékeit hasznaltuk kalibracids gorbeként (exponencidlis illesztés). A mintak SH
tartalmat 1 mg liofilizalt szivizom homogenizatumra vonatkoztatva adtuk meg, 100%-nak

tekintve az id6 kontroll (izolalé oldat) mintdk SH-tartalmat.

3.6.2. Fehérje oxidacio meghatarozasa SH-csoport biotindldsi modszerrel

Az SH-biotinalads soran membranfosztott szivizomsejteket izolaltunk, majd H202-ot vagy
MPO+H;02-0t tartalmazo izolalé oldatban kezeltiik. Pozitiv kontrollként az oxidalészer
DTDP-vel kezelt mintak szolgaltak. A miofilamentalis fehérjék SH csoportjait biotinnal
jeloltiik, majd mosast kovetden mintapufferben szolubilizaltuk. Centrifugalast kovetden a
fehérjekoncentraciot a feliiltiszobol dot-blot mddszerrel hataroztuk meg. Az SDS-poliakrilamid
gélelektroforézis (SDS-PAGE) sordan a miofilamentalis fehérjék méret szerinti elvalasztasahoz
0,5% agar6zzal erésitett 2 és 4%-0s, valamint 10%-os és 15%-0s poliakrilamid géleket, ezen
kiviil 4-15%-0s gradiens géleket hasznaltunk. Nitrocellul6z membranra torténd transzfert

kovetden a fehérjemennyiséget fluoreszcens fehérje festékkel (Sypro Ruby Protein Blot Stain)
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hataroztuk meg. A biotinnal jelolt SH csoportokat tormaperoxiddzzal konjugalt streptavidinnel
mutattuk ki, majd a mosas utdn kapott jeleket felerdsitett kemilumineszcens modszer (ECL)

segitségével tettiik lathatova (14. dbra).
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14. abra A fehérje karbonilacio vizsgalata OxyblotTM technikaval (A) és az SH-oxidacio vizsgalata SH-
csoport biotinalassal (B)
C=0 - karbonil csoport; DNPH - 2,4-dinitrofenilhidrazin; SH - szulfhidril csoport

3.6.3. Fehérje karbonilacio vizsgalata

Human, bal kamrai szivizom mintakat H2O2 és MPO kezelésnek vetettilk ala. Pozitiv
kontrollként Fenton-reagenssel kezelt mintdkat alkalmaztunk. A mintdkat mintapufferben
oldottuk fel, centrifugalast kovetben a feliiliszot felhasznalva elvégeztiik a karbonil - csoportok
derivatizalasat. A derivatizalt és neutralizalt mintak fehérjetartalmat centrifugalast kovetéen
dot-blot modszer segitségével hataroztuk meg. A fehérjék elvalasztasara gélelektroforézist
végeztiink, a fehérjéket nitrocelluloz membranra transzferaltuk, majd a pontos
fehérjemennyiséget Sypro Ruby fehérje blotfestékkel hataroztuk meg. Ezt kdvetden a gyartod
altal eldirt mddon a derivatizalt karbonil csoportokat felismerd elsddleges, valamint
masodlagos antitestet alkalmaztuk. A karbonilalt fehérjéket ECL moédszerrel tettiik lathatova
(14. abra). Az OxyBlot™ modszerrel meghatarozott fehérje karbonilaciot fehérjemennyiségre
normalizaltuk, majd a karbonilacié mértékét karbonilacios index formajaban adtuk meg. (KI=1-

nek tekintettiik az un. 1d6 kontroll mintdk karbonilaltsagi allapotat).

3.7. A Ca?" szint valtozasok és szarkomerhossz rovidiilések egyidejii mérése

A szivizomsejtek intracellularis Ca®*-szintjét Fura-2 AM Ca?* érzékeny raciometrikus
fluoreszcens festékkel kovettiik. Olyan téglalap alaka sejteket valasztottunk ki, amelyek
vizualis ellenérzés soran a téringerlésre szabalyos Osszehuzodasokat produkaltak és
morfologiailag is épnek tiintek. A téringerlés soran szobahémérsékleten 0,1 Hz-es frekvenciat

alkalmaztunk. A Fura-2 Ca?" telitettség fiiggvényében eltérd hullimhosszokon gerjeszthetd,
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Ca?* kotott formaban 340 nm-en, mig Ca®" hidnyaban 380 nm-en rendelkezik exciticios
maximummal. fgy a 340, illetve 380 nm-en gerjesztett Fura-2 festék fluoreszcencia aranyainak
a valtozasa jol tiikrozi az intracellularis térben 1étrejové Ca®*-szint valtozasat. A fluoreszcens
emissziot mindkét hullamhossz esetében 510 nm felett detektaltuk, és a rogzitett jeleket a FeliX
szoftver segitségével 120 Hz-en digitalizaltuk. A Felix GX szoftver a szarkomerhossz
moduljanak segitségével valasztottuk ki a szivizomsejt azon régidjat is, mely abban segitett,
hogy nyomon kovethessiik az 6sszehtizodasok alatti szarkomerhossz valtozasokat. A kisérleti
protokoll a kovetkezd volt: szobahdmérsékleten a szivizomsejteket eldszor 0,1 Hz-en legalabb
2-3 percig stimulaltuk, annak érdekében, hogy minden kisérlet elején elérjiink egy allandosult
»steady-state” allapotot. Az egyes kisérletben alkalmazott gyogyszerekkel OM-al (0,03 uM,
0,1 uM, 0,3 uM vagy 1 uM végkoncentracioban), Levo-nal (1 uM) vagy EMD-vel (1 uM) 5-8
percig inkubdltuk a sejteket, majd ismételt téringerléseket kezdtiink és rogzitettik a

kontrakciokat és a Fura-2 arany valtozasait.

3.8. A kontraktilis paraméterek és Ca?* tranziensek jellemzése

A nyugalmi (stimulus nélkiili) szarkomerhossz (RSL; um) a steady-state allapot elérését
kovetden, illetve az egyes kezeléseket kovetden keriilt rogzitésre. Vizsgaltuk tovabba a
frakcionalis szarkomerhossz rovidiilést (FSL; %), az 0Osszehuzodas idOtartamat (s), az
Osszehlizodas és a relaxacio sebességét (um/s). A nyugalmi Ca?*-szintet a Fura-2 arany alapjan
az ingerléseket megelzSen becsiiltik. A Ca®'-tranziensek esetén meghataroztuk azok

amplitadoit, kialakulasuk sebességét és lecsengési kinetikajat, tovabba idétartamat.

3.9. Patkanymodell, in vivo kisérletek

Az in vivo kisérleteket 8-12 hetes felndtt Sprague-Dawley patkanyokon (n=14, suly:
417,90+£51,95 g) végeztiik. Az echokardiografia soran folyamatosan harom elvezetéses EKG
monitorizalas tortént. A danicamtivot iv. 2 mg/kg ddzisban, egyszeri bolusban adtuk be az

elézoleg kaniilalt farokvénaba.

3.9.1. Konvencionalis echokardiografia

A transzthorakalis echokardiografiat (TTE) a Vevo 3100 képalkoto6 rendszerrel végeztiik, amely

a Vevo Imaging Station-t tartalmazta, és egy magas frekvencitju transzducerrel (MX250, 14-

28 MHz) volt felszerelve. Az echokardiografia a danicamtiv iv. beaddsa utan 5 perccel

kezdoédott és legfeljebb 15 percig tartott. Az adatgyiijtést B-, 2D-, M- és Doppler-mddban
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végeztiik, paraszternalis hosszi- ¢és rovidtengelyi (PSLAX ¢és PSAX), valamint
szupraszternalis (SST) és csucsi 4 tlregii (A4C) nézetekbOl. A vizsgalatokat az American
Society of Echocardiography iranymutatasai szerint végeztilk el. A szivfrekvenciat (HR,
iités/perc) az EKG monitorizalds soran szdmitottuk oly modon, hogy 6t masodpercre jutd
szivciklusokat megszamoltuk ¢és ebbdl kalkulaltuk az egy percre vonatkoztatott
atlagfrekvenciat. A falvastagsagot és a BK atméréket M-modban, a papillaris izmok kdzépso
szintjén, PSLAX és PSAX nézetekbdl, a bal pitvari maximalis atmérét (mm), az aorta gyok
atmérdt (mm) szintén M-modu felvételekbol mértiik. A végdiasztolés atmérét (EDD, mm) és a
végszisztolés atmérdt (ESD, mm), PSLAX M-modu felvételeken az endo- €s epikardialis
hatarok manualis jelolésével hataroztuk meg. A BK térfogatat diasztoléban és szisztoléban
(EDV, illetve ESV; uL) a szoftver a kovetkezoképpen szamitotta ki: (7,0/(2,4+EDD))*EDD?,
illetve (7,0/(2,4+ESD))*ESD®. A BKEF (%) 100*(EDV-ESV)/EDV érték szerint mértiik.
Tovabba vizsgaltuk frakcionalt rovidiilést (FS; %), a pulzustérfogatot (ul), a CO-t (ml/perc).
Az endokardialis falosszehtzodas kinetikdajanak mérésére az BK hatso falan mért M-mod képre
illesztettiink egy egyenest és ebbdl szamitottuk a meredekségnek megfeleléen a sebességet
(MVel, mm/s).

A diasztolés funkciot pulzatilis hulldama Dopplerrel (PWD) és szdveti doppler
képalkotéassal (TDI) értékeltiik apikalis 4 iiregi nézetekbdl a mitralis billentytl, illetve a szeptélis
anulusz magassagaban. A PWD segitségével mértiik a transzmitralis korai (MV E, mm/s) és
késdi pitvari (MV A, mm/s) dramldsi csucssebességet, az E/A aranyt. Meghataroztuk az
izovolumetrikus Osszehuzddasi id6t (IVCT, ms), a szisztolés ejekcios idot (ms) és az
izovolumetrikus relaxacios id6t (IVRT, ms). A szivciklus hosszat (CL; ms) az R-R tavolsagbol
szarmaztattuk, a szisztolé id6tartamat (ms) ET+IVCT-nek tekintettiik, mig a diasztolé idejét
(DiastDur; ms) CL-SystDur-ként szamoltuk és vizsgaltuk a diasztolé/szisztolé idejének aranyat
is. Aorta aramlasi paramétereinek meghatdrozasara is PWD moddot hasznaltuk a modositott
szupraszternalis (aortaiv) nézetbol. Megmértiik a pulmonadlis véna pitvari forditott (,,reverse”)
irany(l aramlas (AR) csucssebességét (PV Ar, mm/s) €s annak idétartamat (PV ARdur, ms). A
szeptalis gylrinél szoveti Doppler-képalkotast (TDI) végeztiink a szisztolés (s', mm/s),
valamint a korai (¢' mm/s) és a késdi (a', mm/s) bearamlas soran. Ezutan kalkulaltuk az E/e’

aranyt. Minden egyes paraméter esetében harom szivciklus atlagolasara kertilt sor.

3.9.2. Strain echokardiogradfia

A strain paraméterek meghatarozasat az eldre felvett felvételek elemzésével offline végeztiik.

A hagyomanyos echokardiografia sordn nagy képkockasebességli (>200 fps) B-mod
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felvételeket rogzitettiink, mind a PLAX és PSAX nézetbdl. A képeket lassitott felvételben (1/8)
értékeltiik a VevoStrain® Kkiterjesztéssel felszerelt VevoLAB® szoftver segitségével. A
hosszanti és radidlis strain paramétereket a PLAX nézetbdl, mig a cirkumferencidlis strain
paramétereket a PSAX nézet képeibdl értékeltiik, a papillaris izmokat kihagyva. A kamra
hatarait meghataroztuk, és a speckle-tracking rendszer a korvonalazott kamra melletti korkoros
terlileteket rendelte hozza. Az iv. danicamtiv beadasa utan elemeztiik a radialis szisztolés csucs-
¢s atlagsebesség értékeket (cm/s), a globalis longitudindlis straint (GLS; %), a globalis

cirkumferencialis straint (GCS; %)

3.9.3. Elektrokardiografia

Az echokardiografids vizsgalatokkal parhuzamosan harom elvezetéses EKG monitorizalast
végeztiink. Az EKG-felvételek értékelésére a LabChart Reader v8.1.14 szoftvert hasznaltuk.
Az értekelés sordn a kovetkezd paramétereket vizsgaltuk: HR, PQ- QRS ¢és QT-1d0, korrigalt
QT-intervallum, valamint T-hullam amplitudo. Az értékeléshez 5 egymast kovetd sziveiklust

atlagoltunk minden egyes paraméterre vonatkozoan.

3.10. Adatelemzés és statisztika

A membranfosztott szivizomsejtek erOgeneralasat egy Magyarorszagon egyediilallo, személyre
szabott erOmér0 rendszer segitségével mértikk (National Instruments). Az eredmények
értékeléséhez és abrazolasahoz Excel (Microsoft, 2007) és GraphPad Prism 5.0 programokat
hasznéltunk. Az adatokat az dbrdkon és a szovegben atlagtSEM formdjaban tiintettiik fel.
Statisztikai elemzésére varianciaanalizist (ANOVA, Bonferroni- és Dunnet-posthoc teszt),
vagy tobbszintli kevert-hatds linedris regresszids analizist, Ca®-eré Osszefiiggések
Osszehasonlitasahoz Student-féle paros €s parositatlan t-tesztet alkalmaztunk.

A kemilumineszcens (antitestek), fluoreszcens (Sypro Ruby-fehérjemennyiség, Pro Q
Diamond-foszforilacio), valamint Coomassie jelek intenzitasanak meghatarozasara a gorbe
alatti teriilet mérését Image] és Magic Plot programok segitségével végeztilk. A fehérje
foszforilacid, nemi hormonok és szivizomsejt funkcidé kozotti Osszefiiggéseket linearis
regresszidval hataroztuk meg. Az eredmények kiértékelése és grafikonok elkészitése a
GraphPad Prism 9.0 szoftverben tortént (GraphPad Software, San Diego, CA, USA).

Az in vitro mérések soran az egyes csoportokban a kisérletek szama 7 és 11 kozott
valtozott 6 kiilonbozd szivbol. A hattér fluoreszcencia-intenzitdsi szinteket a mérések végén

egy szivizomsejt nélkiili régiobol nyertiik és manudlisan kivontuk a fluoreszcencia-
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intenzitasokat. Tizennégy patkdnyt vizsgaltunk a danicamtiv iv. kezelése el6tt €s utan. Minden
kisérlet esetében a kapott eredményeket értékeltiilk a normalitas szempontjabol (Kolmogorov-
Smirnov normalitasi teszt), majd paros t-tesztekkel, vagy kozonséges egyiranyt ANOV A-val,
vagy Kruskal-Wallis-teszttel tobbszords Osszehasonlitassal elemeztik. A mérési adatokat
atlag=SEM értékekként adtuk meg.

Statisztikailag akkor tekintettiik szignifikansnak egy valtozast, ha p értéke kisebb volt,
mint 0,05.
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4. EREDMENYEK ES MEGBESZELES

4.1. Strukturalis és funkcionalis kiilonbségek HFrEF-ben és HFpEF-ben

Ebbe a vizsgalatba olyan szivelégtelenségben szenvedd betegeket (n=58) vontunk be, akik akut
szivelégtelenség tiineteivel keriiltek korhazi felvételre.®* Minden betegnél az iszkémias és a
gyulladasos koreredet kizarasara koronarografia és endomiokardialis biopszia vétel tortént.
Mindazokat a betegeket, akiknél a koronarografia szignifikans koszoruér-sziikiiletet, valamint
a szovettani vizsgalat infiltrativ vagy gyulladasos koreredetet igazolt, kizartuk a vizsgalatbol
(n=14). A fennmarado 44 beteget a BKEF alapjan HFrEF betegcsoportba (n=22,
BKEF=34+2%), valamint az ESC Diasztolés Szivelégtelenség Munkacsoportjanak ajanlasa
szerint® megorzott BKEF-el és korosan emelkedett bal kamrai végdiasztolés nyomassal
(LVEDRP) jellemezheté HFpEF (n=22, BKEF=62+2%) betegcsoportba osztottuk.

A HFpEF csoportban tobb beteg szenvedett magasvérnyomas betegségben és volt
elhizott, mint a HFFEF betegek kozott. A HFpEF betegekben szignifikansan magasabb LVEDP-
t, szivindexet, bal kamrai falvastagsagot, bal kamrai tomeg index/végdiasztolés nyomas
hanyadost (LVMI/LVEDP) és alacsonyabb végdiasztolés térfogat indexet (EDVI) mértiink,
mint a HFrEF betegcsoportban.

A Kkét betegcsoportbdl szarmazo szivizombiopsziak fénymikroszkopos feldolgozasanak
eredményei alapjan a HFpEF betegekben szignifikansan, mintegy 25%-kal nagyobb atmér6ji
szivizomsejteket talaltunk, mint a HFrEF betegekben (20,340,6 pm vs. 15,1+0,4 um; p<0,001).
A kollagén térfogat arany (CVF), az intersticialis fibrozis mértéke nem kiilonbozott a két
betegcsoportban. Ha a szivizomsejtek atméréjét a CVF fiiggvényében abrazoltuk szignifikans
Osszefliggést talaltunk a két paraméter kozott. Ez arra utal, hogy a szivizomsejtek atmérd
novekedésével parhuzamosan a fibrozis mértéke is progredial mindkét betegcsoportban (15.
dbra).

A miofibrillaris strtiség és a CVF kozotti kapcsolatot tovabb szemlélteti a 16. dbra. Az
atlagos CVF-et hasznaltuk a HFrEF és HFpEF betegek alacsony (atlag alatti) vagy magas (atlag
feletti) CVF csoportokra valo felosztasahoz. Mind a HFpEF-ben, mind az HFrEF-ben a
legnagyobb miofibrillaris stiriség magas CVF esetén figyelheté meg. Mind alacsony, mind

magas CVF esetén a legnagyobb miofibrillaris stiriség HFpEF-ben figyelheté meg.
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15. dbra Szivizomsejt atmérd és kollagén térfogat arany (CVF) HFrEF-ben és HFpEF-ben

A. A szivizomsejt &tmérd nagyobb volt a HFpEF-ben (*p<0,001). B. A kollagén térfogat arany (CVF) egyéni
értékei. C. A szivizomsejt atméré és a CVF kozotti kapcsolat. A CVF adott szintjein a szivizomsejt atmérd
nagyobb volt HFpEF-ben, és hasonldéan ntt HFrEF-ben és HFpEF-ben a fibrozis elérehaladtaval. (van Heerebeek
L. és munkatarsai, Circulation, 2006, 113(16): 1966-1973. alapjan)
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16. abra HFrEF és HFpEF szivizomzat (endomiokardialis biopsziak) fénymikroszkopos szovettani képei és
miofibrilldris silirtiség a két szivelégtelenség fenotipusban

A. Az alacsony kollagén térfogat arannyal (CVF) rendelkez6 HFrEF, a magas CVF-el rendelkez6 HFrEF, az
alacsony CVF-el rendelkez6 HFpEF és a magas CVF-el rendelkez6 HFpEF reprezentativ szovettani példai. A
CVF-t61 fuggetleniil a miofibrillaris stirtiség nagyobb volt HFpEF-ben. B. HFrEF és HFpEF esetén a miofibrillaris
slirliség nagyobb volt magas CVF esetén. Alacsony és magas CVF esetén a miofibrillaris siiriiség nagyobb volt a
HFpEF-ben. A szamok az oszlopokban az egyes csoportokban 1évé betegek szamat jelzik. (van Heerebeek L. és
munkatarsai, Circulation, 2006, 113(16): 1966-1973. alapjan)
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Az elektronmikroszkopos hisztomorfometria segitségével meghatarozott miofibrillaris
stiriség nagymértékii csokkenését, a miofibrillumok eltiinését talaltuk a HFrEF-ben, mig ez a
HFpEF-ben nem volt megfigyelhetd (36+2% vs. 46+2%; p<0,001) (17. dbra). A
mitokondriumok négyzetmikrométerenkénti szama ¢€s a kapillaris bazalis membran vastagsaga

hasonl6 volt az HFrEF és a HFpEF esetén.
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17. abra Miofibrillaris siiriiség HFrEF-ben és HFpEF-ben

A. A miofibrillaris sliriség magasabb volt a HFpEF-ben (*p<0,001). B. Elektronmikroszképos felvételek,
amelyek a miofibrillumok eltiinését mutatjadk HFrEF-ben (fent). (van Heerebeek L. és munkatarsai, Circulation,
2006, 113(16): 1966-1973. alapjan)

A szivizomsejtek kontraktilis funkcidjdnak megitélésére a szivizombiopszidkbol
mechanikusan izolalt, membranjaiktol megfosztott szivizomsejteken izometrids erémérést
végeztink (18. dbra). A HFpEF-ben szenvedé betegek szivizomsejtjeinek Fpassv €rtéke
szignifikdnsan magasabb volt, mint a HFrEF betegeké (7,1£0,6 KN/m? vs. 5,3+0,3 kN/m?;
p<0,01). PKA kezelés hatasara az Fpasszy szignifikdns mértékben csokkent mindkét
betegcsoportban, az Fpassziv csokkenése nagyobb volt (p<0,01) a HFpEF-ben, mint az HFrEF-
ben, mivel az Fpass;iv hasonléan alacsony szintre csdkkent az HFrEF-ben (3,2+0,2 KN/m?) és a
HFpEF-ben (3,7+0,3 KN/m?). A maximalis aktivacional mért Fiotal nem valtozott a PKA utan
egyik csoportban sem. HFpEF betegek szivizomsejtjeinek Ca?" érzékenysége szignifikansan
nagyobb volt, mint a HFrEF betegekbdl szarmazoké. PKA kezelés hatasara a pCaso mindkét
csoportban jelentdsen csokkent, de a Ca?* érzékenység nagyobb mértékii csdkkenését
tapasztaltuk HFrEF-ben. A HFpEF betegeknél az Fpassv korrelalt a betegekben in vivo mért
szivizom stiffness modulussal (r=0,56; p=0,02) és LVEDP-vel (r=0,52, p=0,001). Ezek az
Osszefiiggések hianyoztak HFrEF-ben.
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18. abra Szivizomsejt Fpassziv és Ca®* érzékenység (pCaso) valtozasa HFrEF-ben és HFpEF-ben proteinkinaz
A (PKA) kezelés hatasara

A. AZ Foassziv magasabb volt HFpEF-ben. A PKA-kezelés csokkentette az Fpassziv -0t HFFEF-ben és HFpEF-ben. B.
A pCaso magasabb volt HFpEF-ben, mint HFrEF-ben, és mindkét csoportban csékkent a PKA utan. C. Az Fpassziv
és a szivizom stiffness modulus (Stiff Mod) k6z6tti kapcsolat HFpEF betegekben (r=0,56, p=0,02). (van Heerebeek
L. és munkatarsai, Circulation, 2006, 113(16): 1966-1973. alapjan)

Funkcionalis méréseinket kovetden arra a kérdésre kerestiink valaszt, hogy a PKA
melyik célfehérjéjének modosulasa allhat a HFpEF betegek szivizomsejtjein mért Fpasszv koros
mértékl novekedésének hatterében. Ennek érdekében a titin izoformdk elkiilonitését végeztiik
el - technikai okok miatt tobb betegbdl sszevont - endomiokardialis biopszias anyagon (19.
dbra). A HFpEF szivizomzat titin N2BA/N2B aranya (17/83; az arany SEM-értéke 0,02)
alacsonyabb volt (p<0,05), mint a HFrEF szivizomzaté (35/65; az arany SEM-értéke 0,13). Az
elvégzett egydimenzids gélelektroforézis tehat a rovidebb és merevebb N2B titin izoforma
aranyanak novekedését igazolta a HFpEF betegek szivizomzataban.

Nyul
HFrEF HFrEF HFpEF HFpEF soleus

1

[<N2A

19. abra Titin gélelektroforézis HFrEF-ben és HFpEF-ben szenvedé betegek szivizomzatabol
A rugalmas N2BA és a merev N2B titin izoforma elvalasztasa HFrEF (1. és 2. sav) és HFpEF (3. és 4. sav)

szivizomzatban. Molekulatomeg-markerként a 3600 kDa-os N2A izoformat expresszalo nyul soleus-izom (5. sav).
(van Heerebeek L. és munkatarsai, Circulation, 2006, 113(16): 1966-1973. alapjan)
A fenti eredmények alapjan megallapitottuk, hogy a HFpEF és HFrEF betegek klinikai
jellemzo6i kozott szamos kiilonbség figyelhetd meg. A HFpEF betegek nagyobb hanyada
szenvedett magasvérnyomas betegségben, cukorbetegségben és volt eclhizott. A két

betegcsoport a hemodinamikai paraméterek tekintetében is eltéré volt.
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A szivizomzat struktaralis és funkcionalis jellemzdinek 6sszehasonlitasakor HFrEF-ben
alacsonyabb miofibrillaris stirtiséget és Ca?" érzékenységet, mig HFpEF-ben szivizomsejt
hipertrofiat, a szivizomsejtek megnovekedett passziv fesziilését és a Ca?* érzékenység
fokozodasat figyeltiik meg.

Bal kamra hipertrofia jelentlétérél mar beszamoltak HFpEF-ben,*® ezt jelen
vizsgalatban a normalisnal magasabb LVMI is megerdsitette. Utobbit HFrEF-ben is
megfigyeltiink, de a HFpEF-¢l ellentétben ehhez csak kisebb mértékii szivizomsejt atméro
novekedés tarsult, mely Osszhangban van a két szivelégtelenség fenotipusra jellemzo
koncentrikus és excentrikus bal kamrai remodellingel: koncentrikus bal kamrai hipertrofiaban
(HFpEF) a szivizomsejtek transzverzalis iranyban nének, mikozben a sejtek hossza allando
marad, mig excentrikus hipertrofidban (HFrEF) a szivizomsejtek aranyos hosszanti és a
transzverzalis irany ndvekedése figyelhetd meg.®

A szivizomsejt atméré novekedését HFrEF-ben kollagénlerakodas kisérte. HFpEF-ben
a kollagénlerakodds a szivizomsejt atmérd tovabbi novekedésével jart egyiitt. Mivel a
kollagénlerakodas és a szivizomsejt hipertrofia kialakulasa mind az HFrEF-ben, mind a
HFpEF-ben jelen volt, az ACE-gatlok, az ARB-k és az MRA-k alkalmazasa, amelyek a
szivizomfibrézis ¢és a maladaptiv hipertrofia ellen hatnak, mindkét szivelégtelenség
fenotipusban indokoltnak tiinik. A CHARM vizsgalatban (Candesartan in Heart Failure-
Assessment of Reduction in Mortality and Morbidity) az ARB kandezartan kedvez6 hatasairol
nemcsak HFrEF-ben, hanem HFpEF-ben is beszamoltak.*

A CVF-tdl fiiggetleniil a HFpEF betegek szivizomsejt atmérdje meghaladta a HFrEF
betegek atmérdértékeit. Ez a kiilonbség HFpEF-ben valosziniileg a hipertonia jelenlétével
fiiggott 0ssze, amely a HFpEF betegek 73%-aban, mig a HFrEF betegek csupan 13%-aban volt
megfigyelhetd. A HFpEF betegek 60%-a cukorbetegségben szenvedett, 50%-uk pedig elhizott
volt. A diabétesz és az inzulinrezisztencia kisérleti modelljeiben a sziv hipertrofidjanak
kialakul4sarél mar kordbban beszamoltak "8

A HFpEF betegekben mért Fpass,iv 34%-kal magasabb volt, mint a HFrEF betegekben
mérheté passziv erd érték. A magasabb Fpassziv hatterében a Ca?* anyagcsere megvaltozasa, vagy
miofilamentalis €s citoszkeletalis fehérjék modosulasa allhat. Mivel a kisérletek elott a
szivizomsejteket Triton X-100-ban inkubaltuk, a szarkolemmalis és szarkoplazmatikus
membranok integritasa sériilt, igy a Ca?* anyagcsere megvéltozasa nem jarulhatott hozza a
magasabb Fpass,iv kialakulasahoz. Korabbi vizsgalatunkban HFpEF betegek endomiokardialis
biopsziaiban nem talaltunk valtozast a miofilamentalis fehérjék expresszidjaban vagy
3

foszforilacidjaban,®® ezért a magasabb Fpas,iv-Ot a Citoszkeletdlis fehérjék megvaltozott
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expresszidjanak vagy foszforilaciojanak tulajdonittuk. Mivel a PKA korrigalta az Fpassiv-Ot, az
érintett citoszkeletalis fehérjéknek foszforilacios helyekkel kell rendelkezniiik. A titin
rendelkezik foszforilacios helyekkel, és PKA altali foszforilacidja csokkenti az Fpassziv-ot izolalt
szivizomrostokban, kiiléndsen a titin merev, N2B izoforméjinak overexpresszidja esetén.8%
A jelen vizsgalatban a HFpEF betegek endomiokardialis biopszias mintaiban a merev N2B titin
izoforma magasabb expresszidjat figyeltik meg. Az Fpasszv csokkenése a PKA utan nagyobb
volt a HFpEF-ben, mint HFrEF-ben, mely szintén 6sszhangban all HFpEF betegek biopszias
mintdiban mért magasabb N2B-expresszioval. A titin izoforma expresszidjanak hasonld
eltolodasat a rugalmas N2BA izoformardl a merev N2B izoforma felé korabban mar igazoltak
kisérleti koriilmények kozott 1étrehozott hipertonia modellben.®

A HFpEF betegekben mért Fpassziv €s az LVEDP, valamint a szivizom stiffness modulus
kozott mind a jelen, mind egy korabbi vizsgalatunkban korrelaciot mutattunk ki.** Mivel a PKA
korrigalta a magas Fpassiv-ot, a szivizom PKA-aktivitasanak adrenoceptor-stimulacioval torténd
novelése javithatja a balkamra diasztolés funkciojat HFpEF-ben. Az izoproterenol adasa soran
javuld diasztolés bal kamra funkciot mutattak ki hipertrofias kardiomiopatiaban szenvedd
betegeknél,? akik gyakran szenvednek HFpEF-ben is. A PKA mellett érdekes lenne a PKG
hatasanak vizsgalata is, hiszen a PKG miokardialis aktivitasa nitrogén-oxid és foszfodiészteraz
5A-gatlok hatasara novelhetd, a képz6do nitrogén-oxid pedig javitja a diasztolés bal kamra
funkciot egészséges, hipertrofias és elégtelenné valo szivekben is,* a szildenafil pedig kedvez6
hatésu szivizom hipertrofiaban.

HFpEF betegeken 20%-kal nagyobb volt a miofilamentalis siiriiség, mint a HFrEF
betegekben, mely szintén hozzajarulhatott a HFpEF-ben mért magasabb Fpass.v-h0z. Az Fpassziv
PKA hatasara hasonlo6 szintre csokkent HFpEF-ben és HFrEF-ben, ami ellene szol annak, hogy
a magasabb miofilamentalis striiség lenne a felelés a HFpEF-ben megfigyelt emelkedett
Fpassziv-ért. Az alacsonyabb miofilamentalis stirtiség HFrEF-ben a miofilamentalis lebomlasbol
eredhetett. Bar a miofilamentalis stirliség alacsonyabb volt HFrEF-ben, maximalis aktivalaskor
a szivizomsejtek hasonldo Figai-al rendelkeztek, melynek hatterében megvaltozott titin
izoformak vagy a foszforilaciobol eredé fokozott aktin-miozin kdlcsonhatas allhat.

Osszességében kisérleti eredményeink arra utalnak, hogy a bal kamrai szivizomzat
felépitése és miikodése eltér HFrEF-ben és HFpEF-ben. A megfigyelt valtozasok 6sszhangban
allnak a szivizomzat cs6kkent kontraktilitdsaval HFrEF-ben és magyarazhatjak a kamraizomzat

crer

alatdmasztjak a két szivelégtelenség fenotipus klinikai elkiilonitését.
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4.2. A fibrozis, a kering6 glikacios végtermékek (AGEs) és a szivizomsejt Fpassziv Szerepe
a diasztolés diszfunkcioban

Ebben a tanulmanyunkban nem diabéteszes ¢és diabéteszes szivelégtelen betegek
endomiokardialis biopszidinak felhasznaldsaval azt vizsgaltuk, hogy a fibrozis, a keringd AGEs
¢s a szivizomsejtek passziv fesziilése hogyan és milyen mértékben jarul hozza a betegekben in
vivo megfigyelhetd bal kamrai diasztolés diszfunkci6 kialakuldsihoz.**

Hasonld gyogyszeres kezelésben részesiildé nem-cukorbeteg és cukorbeteg, ¢ép
koszortér-statusszal rendelkez6 HFpEF (n=28) és HFrEF (n=36) betegbdl szairmazo bal kamrai
endomiokardiélis biopszidkat dolgoztunk fel, akik koziil 16, illetve 10 beteg volt diabéteszes.
Meghatéroztuk a szivizommintadk AGEs ¢és kollagén tartalmat, valamint a biopsziakbdl izolalt
szivizomsejteken az Fpassziv-Ot.

A diabéteszes betegekben in vivo emelkedett diasztolés fesziilést mértiink tekintet nélkiil
a bal kamrai szisztolés funkciora. HFrEF-ben szenvedo6 diabéteszes betegekben nagyobb CVF-
t talaltunk (22,4+2,2% vs. 14,6+1,0%, p<0,001) (20. dbra). A diabéteszes HFrEF betegekben
nagyobb mértékii AGEs lerakodast figyeltiink meg (24,1+3,8 vs. 8,8+2,5 score/mm?; p=0,005),
mint a diabéteszes HFpEF betegekben (15,7+2,7 vs. 8,2+2,5 score/mm?, p=NS). Az AGEs
lerakddasaval parhuzamosan a diabéteszes HFrEF csoportban a mikroerekben az endothelialis

gyulladas markerének, az E-szelektinnek a novekvo expresszidjat is kKimutattuk.
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20. abra Miokardialis fibrézis, glikaciés végtermékek (AGEs) lerakodas nem diabéteszes és diabéteszes
HFrEF és HFpEF betegekben

A. Magasabb miokardialis fibrézis diabéteszes HFrEF (DM*nree) betegekben (#p<0,001). B. Magasabb AGEs
lerakodas diabéteszes HFrEF (DM*urer) betegekben (*p<0,01). C. Reprezentativ példa az AGE lerakodasara
DM*4rrer betegek kis miokardialis ereiben (nyilak). CML: N-(karboximetil)lizin; CVF: kollagén térfogat arany.
(van Heerebeek L. és munkatarsai, Circulation, 2008, 117(1): 43-51. alapjan)

HFpEF betegekben a szivizomsejt Fpassziv szignifikdnsan magasabbnak bizonyult
(8,5+0,9 vs. 5,1£0,7 KN/m?, p=0,006) (21. d@bra). A PKA-val tortént kezelés utin az Fpasssiv
csokkent, kiillondsen a DM*ueer betegekben, és ezaltal az Fpasszv értékei 0sszehasonlithatova
valtak az 6sszes betegcsoportban. A DM wrper szivizomsejtekben mért magasabb Fpasszv-hoz a
szarkomer Z-vonal kiszélesedése tarsult, amely mind a a-aktininre festett immunfluoreszcens
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(+16,9%, p=0,045), mind az elektronmikroszkopos képeken (+15,2%, p<0,001) szignifikansan
nagyobb volt a DM*nrper-ben, mint a DM wrper-ben. A HFpEF betegekben az Fpessziv korrelalt
a stiffness modulussal (r=0,55, p=0,022) és a diabétesz idétartamaval (r=0,35, p=0,04).

Bar a diabéteszben megfigyelhetd szivizom diszfunkcio leggyakoribb oka tovabbra is a
koszortér-betegség, a hiperglikémia, inzulinrezisztencia és hiperlipidémia kozvetleniil is
hathatnak a szivizomra:® pl. a szivizom energianyeréséhez a gliikoz felhasznalasrol a zsirsav-
oxidéciora all at.%® A diabétesz altal kivaltott szivizom diszfunkci6 elsd klinikai leirdsakor a f6
jellemzok a bal kamrai tagulat €s a szisztolés bal kamrai diszfunkcid voltak, ezért ezt az
allapotot dilatativ kardiomiopatidnak mindsitették. Késébb a diasztolés bal kamrai diszfunkciot
a diabétesz okozta szivizom-diszfunkcié korai megnyilvanulasaként azonositottak.”” A jelen
vizsgalat megerdsitette, hogy a diabéteszes betegeknél jelentds koszoruér-betegség hidnyaban

1s novekszik a diasztolés bal kamrai merevség.
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21. abra PKA kezelés hatasa a szivizomsejt Fpassziv-ra nem diabéteszes és diabéteszes HFrEF-ben és HFpEF-
ben szenvedé betegekben

A. A Fpaseziv magasabb a DM*ueper betegekben (*p<0,01). B. A protein-kinaz A (PKA) adésa utan az Fpasssiv
Osszehasonlithatd minden betegcsoportban. C. Reprezentativ példa a-aktininre festett és a Z-vonal vastagsag
mérésére hasznalt immunfluoreszcens szivizomsejtekrol (a nyilak a Z-vonalakat jelzik). D. Elektronmikroszkopos
Z-vonal vastagsag-mérés reprezentativ példaja (a nyilak a Z-vonalakat jelzik). (van Heerebeek L. és munkatarsai,
Circulation, 2008, 117(1): 43-51. alapjan)
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A kronikus miokardialis mikrovaszkularis gyulladas - sejtes infiltracié hidnyaban is -
gyakran megfigyelheté lezajlott miokarditisz utin HFrEF betegekben.®® Ismert, hogy a
gyulladas elésegiti az AGE felhalmozodasat,? a tartdés mikrovaszkularis gyulladas pedig N-
(karboximetil)lizin (CML) lerakddashoz vezet a kis intramiokardialis erekben. Jelen
vizsgalatban nem figyeltiimk meg intersticialis CML lerakodast, melynek hatterében - szemben
a kezeletlen ragcsalo diabétesz modellekkel - a betegek jobb glikémias kontrollja
(antidiabetikus és inzulin kezelés) allhat. Az endothelialis AGE lerakodas klinikai jelent6ségét
korabban mar igazoltak hipertonids betegekben, akiknél a keresztkotés-bonto kezelés javitotta
az endothelfunkciot, %

Jelen vizsgalatban magasabb CVF-et figyeltink meg a DM*hrer, mint @ DM hrer
betegekben. A DM nrer betegekben a fibroblasztok aktivalodasa a korabban emlitett AGE
lerakddas, a protein kindz C aktivalodasa vagy a magas intracellularis gliikozkoncentracid
kovetkezménye lehetett,101:102

A DM*urer betegekben magasabb stiffness modulust mértiink, mint a DM neper
betegekben. A magasabb stiffness modulus inkabb a szivizomsejtek Fpassziv-javal és kevésbé az
AGEs lerakodassal fiiggott ossze. Az emelkedett Fpass.iv proteinkinaz A altali korrekcidja a
miofilamentalis vagy citoszkeletalis fehérjék foszforilacios deficitjére utal.**#* A DM*neper
szivizomsejtekben a magas Fpassziv-h0z a Z-vonal Kiszélesedése tarsult. A Z-vonal
kiszélesedését nebulin vagy izom-LIM fehérje knockout transzgénikus egerekben mar
leirtak.1%31%4 A jelen tanulméany ugyanakkor az elsé, amely Z-vonal megvastagodasarol szamol
be human szivizomzatban, ennek hatterben a citoszkeletalis fehérjék megvaltozott
tulajdonségai allhatnak.

Eredményeink arra utalnak, hogy diabéteszes szivelégtelen betegekben a szivizom
megnovekedett diasztolés fesziiléséért eltéréd mechanizmusok felelések: HFFEF-ben elsésorban
a fibrozis és az AGEs lerakodasa, mig HFpEF-ben a hipertrofias szivizomsejtek korosan
emelkedett passziv fesziilése jatszhat szerepet. Mindezek alapjan arra kdvetkeztettiink, hogy a
diabétesz két kiilonbozd utvonal aktivalasa révén karosithatja a sziv kontraktilis funkcigjat: a
“AGEs lerakodas-gyulladas-fibrozis” tutvonal a HFrEF-re, a “szivizomsejt hipertrofia-
megnovekedett szivizomsejt passziv fesziilés” utvonal a HFpEF-re jellemzd. Ugyanakkor
HFrEF-ben a “AGEs lerakodas-gyulladas-fibrozis” utvonal aktivalodasa nemcsak a diasztolés,
hanem a szisztolés funkciot is rontja. Mivel a két betegcsoportban az éhgyomri vércukorszint,
HbAIlc érték, valamint a diabétesz fennallasanak ideje is hasonld volt, a szisztolés funkcio
romlasaért valosziniileg a hattérben allo virusos miokarditisz vagy toxikus szivizom karosodas

tehetd feleldssé.
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4.3. A B-blokkolé kezelés eltéré molekularis hatasai HFrEF-ben és HFpEF-ben

Arra a kérdésre, hogy a HFrEF-ben és HFpEF-ben a bal kamrai szivizomzat felépitésében és
miikddésében korabban ismertetett kiilonbségek magyarazhatjak-e a B-blokkolokkal folytatott
klinikai tanulmanyok eltéré6 kimenetelét (egyértelmiien pozitiv hatdas HFrEF-ben, nem
meggy6zé eredmények HFpEF-ben) B-blokkold kezelésben igen €és abban nem részesiild
HFpEF és HFrEF betegekbdl nyert bal kamrai szivizommintakat hasonlitottunk dssze.'®

A szignifikans koszoruér-betegségben nem szenvedd, B-blokkold kezelésben nem és
abban részesiild betegeket négy csoportra osztottuk: B-wrper (n=16), B+Hrper (n=16), B-HFrer
(n=17) és P+urer (N=22). A betegek szivizommintaiban hisztomorfometriai moédszerrel
meghataroztuk a miokardialis CVF-t, a szivizomsejt atmérdt, ProQ Diamond festési eljarassal
a miofilamentalis fehérjék foszforilacidjat, valamint Western immunoblot segitségével a 3-
adrenerg jelatviteli utvonal és a szivizomsejtek Ca?* homeosztazisdban kulcsszerepet jatszo
fehérjék expresszidjat. A biopszidkbol izolalt, membranfosztott szivizomsejteken eréméréseket
hajtottunk végre.

A B-blokkol6 kezelés szivizomzatra kifejtett hatdsai egyrészt hasonldak voltak a két
betegcsoportban, masrészt jellegzetesnek mutatkoztak HFpEF-re vagy HFrEF-re. A
miokardialis CVF szignifikansan alacsonyabb volt a HFpEF-ben, mint a HFrEF-ben
(p<0,0001), HFpEF-ben a B-blokkold kezelés alacsonyabb miokardialis CVF-el tarsult (p
=0,0007). A szivizomsejtek atmérdje szignifikansan nagyobb volt HFpEF-ben, mint HFrEF-
ben (p<0,0001), a P-blokkold terapia HFpEF-ben jart egyiitt a szivizomsejt atmérd
csokkenésével (p<0,0001). A miofibrillaris stiriség szintén magasabb volt HFpEF-ben, mint
HFrEF-ben (p<0,0001), de nem volt 6sszefiiggésben a B-blokkold terapiaval.

A B-blokkoléval kezelt HFrEF és HFpEF betegekben magasabb Faxiiv és pCaso értékeket
mértiink (p=0,01 és p=0,008). A kezelés HFpEF-ben novelte (p=0,03), HFrEF-ben nem
valtoztatta meg az Fpass.iv-Ot (22. dbra). A PKA kezelést kdvetden a szivizomsejt Fpassziv Mind a
négy betegcsoportban csokkent, de a B-blokkolot kapd HFpEF betegekben szignifikansan
magasabb maradt (p=0,001). A pCaso PKA kezelést kovetden az Fpassziv-hoz hasonld tendenciat
kovetett: mind a négy csoportban csokkent, és a B-blokkolot kapd HFpEF-betegeknél magasabb
maradt (p=0,007). Az in vivo B-blokkolo kezelés tehat az izolalt szivizomsejtek kiindulasi és
PKA-indukalt kontraktilis funkcidinak Osszetett in vitro valtozasaival jart egyiitt, amely
kiilonbozott a HFpEF és a HFrEF betegcsoportok kozott.
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22. abra p-blokkolé kezelésben nem (-p) és abban részesiilo (+) HFpEF és HFrEF betegek endomiokardialis
biopsziaibol izolalt, membranfosztott szivizomsejteken mért aktiv (Fakiv), passziv (Fpassziv) eréértékek,
valamint a Ca?" érzékenység (pCaso) valtozasa PKA kezelés hatdsara

A. A B-blokkol6 terapia mind a HFpEF-ben, mind a HFrEF-ben novelte a Faxiyv-0t, de csak a HFpEF-ben novelte
azZ Fpassziv-0t (*p<0,05, -B vs. +B). B. A proteinkindz A (PKA) kezelés szignifikinsan csokkentette az Fpaseriv-ot és
a pCaso-et minden csoportban, de az Fpassiv €s a pCaso magasabb maradt a B+urper betegeknél (*p<0,01, -B vs. +f;
# p<0,01, PKA el6tt vs. PKA utan). (Hamdani N. és munkatarsai, Eur. Heart J., 2009, 30(15): 1863-1872. alapjan)

A B-blokkolo kezelés mind a HFpEF, mind a HFrEF betegeknél a troponin I (Tnl) és a
miozinkotd fehérje C (MyBP-C) alacsonyabb foszforilaciojaval jart egyiitt, de nem volt hatassal

mas miofilamentalis fehérjék foszforilacios statuszara (23. dbra).
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23. abra Miofilamentalis fehérje osszetétel és foszforilacio vizsgalata B-blokkolé kezelésben nem és abban
részesiilé HFpEF és HFrEF betegekben

A. Reprezentativ Pro-Q Diamond-festésti gélek B-nrper, Ptrrper, B-vrer €s Ptrrer szivizommintakrol, B. A
troponin I (Tnl) és a miozin-kotd C fehérje (MyBP-C) foszforilacids statusza szignifikdnsan alacsonyabb volt
Bturper és a Pturer betegekben a B-wrper és a B-wrer betegekhez képest. (*¥p<0,05, -B vs. +B) (Hamdani N. és
munkatarsai, Eur. Heart J., 2009, 30(15): 1863-1872. alapjan)

A B-adrenerg receptor jelatvitelében részt vevd fehérjék koziil a B1AR, a GRK2 és a
GRKS5 expresszidja magasabb volt HFrEF-ben, mint a HFpEF-ben, de a B-blokkold kezelés
nem befolyasolta. A B-blokkolo kezelés HFpEF-ben csokkentette az aktivalo G fehérje (Gs)
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expressziojat, ugyanakkor a gatlo G fehérje (Gi) expresszidja kizarolag HFrEF-ben csokkent.
A szarkoplazmatikus retikulum (SR) Ca?*-ATPaz (SERCA2a) és a foszfolamban (PLB)
expresszios szintjében a -blokkold kezeléssel kapcsolatos kiillonbségeket nem figyeltiink meg
HFrEF és HFpEF kozott.

Jelen tanulmanyban a CVF kizarélag a B-blokkoloval kezelt HFpEF betegek esetében
volt alacsonyabb, a HFrEF betegekben nem. Ez a megfigyelés alatamasztja a korabbi
tanulmanyok eredményeit, amelyek az el6rehaladott miokardialis fibrozist HFrEF-ben a f3-
blokkolo terapia rossz kimenetelének fontos elérejelzdjeként azonositottak.2%®1" A B+prper
betegekben megfigyelt alacsonyabb CVF értékkel parhuzamosan a szivizomsejt hipertrofia
csokkenése i1s megfigyelhetd volt. Spontan hipertonids patkanyokban a bisoprolol nem, az
ACE-gatlé perindopril azonban visszaforditotta a szivizomsejt hipertrofiat.!® Ez a vizsgalat
arra utal, hogy B+nrper betegekben a szivizomsejt hipertrofia visszafejlodésében esetleg a
csokkent RAAS aktivitas jatszhat szerepet.

A HFpEF betegcsoportban magasabb Fpassiv-0t figyeltiink meg a B+Hrper, mint a B-Hrper
betegekben. A PKA in vitro adagolasa utan +nrper betegeknél az Fpassziv még mindig magasabb
maradt, ami arra utal, hogy a p-blokkol6 kezelés hatasa HFpEF-ben nemcsak a
hipofoszforilaciéval, hanem a miofilamentalis fehérjék strukturdlis vagy egyéb
poszttranszlacios modositasaval is Osszefiigg. A B+hrper szivizomsejtekben megfigyelt, PKA-t
kovetd tartds pCasop emelkedés szintén azt tamasztja ala, hogy a B-blokkold terapia a
miofilamentélis fehérjék tovabbi modositasait idézi eld.

Vizsgalatunk soran jelentés kiilonbségeket talaltunk a BLAR és a GRK2 proteinek
expressziojaban a betegcsoportok kozott: a B-blokkolok kezeléstdl fiiggetleniil mindkét fehérje
miokardialis expresszidja magasabb volt HFrEF-ben, mint HFpEF-ben. A B-adrenerg rendszer
kiilonb6zoé komponensei koziil a Gs fehérje kifejezodése szignifikansan alacsonyabb volt a -
blokkolot kapd HFpEF betegeknél. A B2AR-G:s jelatvitel downregulacioja elonyods lehet, mivel
kedvez a B2AR-G; jelitvitelnek, amelyrdl ismert, hogy antiapoptotikus hatast fejt ki.!% A
normal bal kamrai kontraktilis funkcio miatt a megnovekedett B2AR-G; jelatvitelbdl eredd
esetleges negativ inotrop hatasok kevésbé tlinnek jelentdsnek a HFpEF betegek esetében.

A HFpEF-ben és HFrEF-ben alkalmazott B-blokkold kezelés molekularis hatasaiban
¢észlelt kiilonbségek Osszefiiggésben allhatnak a [-blokkold gyodgyszerekkel - a két

betegcsoportban - végzett klinikai tanulmanyok eltéré eredményeivel.
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4.4. A titin izoforma osszetétel és foszforilacio szerepe a szivelégtelenségben megfigyelhetd
koros szivizomsejt passziv fesziilésben

Korabbi tanulmanyainkban kimutattuk, hogy HFpEF betegekben a megnovekedett bal kamrai
falfesziilés létrejottéért az intersticialis fibrozis és a szivizomsejtek megnovekedett passziv
ereje tehetd feleldssé. Jelen tanulmanyunkban azt vizsgaltuk, hogy milyen mértékben tehetok
feleléssé a titin izoforma Osszetételben és/vagy foszforilacioban bekdvetkezd valtozasok az
ejekcios frakcio alapjan nem differencialt és differencialt szivelégtelenségben megfigyelhetd
koros mértékben megndvekedett Fpassziv-ért. 110

Szivelégtelenségben (HF), aorta stenosisban (AS) szenvedé betegek és meglrzott
szivfunkcioval rendelkezé egyének (CON) bal kamrai biopsziaibdl izolalt szivizomsejteken
erdméréseket hajtottunk végre és a mintakban meghataroztuk a titin és titin izoformak
expressziojat és foszforilaciojat. A biopszidkat szivkatéterezés soran (44 HF, 3 CON), mitéti
uton (25 AS, 4 CON) és explantalt szivekbdl (4 HF, 8 CON) nyertiik. A vizsgalatba bevont
személyek ép koszoruerekkel rendelkeztek.

A HF betegcsoportban mért szivizomsejt Fpassziv (6,120,4 kN/m?) szignifikinsan
nagyobb volt, mint a CON (2,3+0,3 kN/m?; p<0,01) vagy az AS (2,2+0,2 kN/m?; p<0,001)
csoportokban (24. dbra).
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24. abra Megoérzott szivfunkcioval rendelkezé egyének (CON), szivelégtelenségben (HF) és aorta stenosisban
(AS) szenvedd betegekbdl izolalt szivizomsejteken mért Fpassziv €s a szivizommintakban meghatarozott titin
izoforma expresszié és foszforilacié

A. Magasabb szivizomsejt Fpassriv @ HF betegekben a CON csoporthoz (1p<0,01 vs. CON) és az AS betegekhez
képest (£p<0,001 vs. AS). B. Magasabb N2BA/N2B arany a HF és AS betegekben, mint a CON csoportban
(1p<0,05 vs. CON). (Borbély A. és munkatarsai, Circ. Res., 2009, 104(6): 780-786. alapjan)
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A titin izoformak Osszetétele eltéré volt a HF (N2BA/N2B=0,73+0,06) és a CON
csoport kozott (N2BA/N2B=0,39+0,05; p<0,001), de nem kiilonbozott a HF ¢és az AS
betegcsoportokban (N2BA/N2B=0,59+0,06).

A titin 6sszfoszforilacioja hasonld volt a HF és az AS csoportban, de a merev N2B titin
izoforma relativ foszforilacioja szignifikansan alacsonyabb volt a HF (P-N2BA/P-
N2B=0,77+0,05), mint az AS csoportban (P-N2BA/P-N2B=0,54+0,05; p<0,01) (25. dbra). A
foszforilalt és az Osszes fehérje aranya hasonld volt a miozin-k6t6 C fehérje, a dezmin, a
troponin T €s a miozin konnyt lanc-2 esetében. Egyediil a troponin I foszforilalt és teljes fehérje

aranya volt alacsonyabb HF-ben, mint AS-ban (0,12+0,01 vs. 0,16+0,02; p=0,048).
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25. abra Miofilamentalis fehérjék és a titin oriasfehérje izoforma oOsszetételének és foszforilaciéjanak
vizsgalata aorta stenosisban (AS) és szivelégtelenségben (HF) szenved6 betegekben

A. A miofilamentalis fehérjék (bal oldali panel) és a titin izoformak (jobb oldali panel) foszforilacidjanak
Osszehasonlitasa egy AS és HF beteg kozott szekvencialis gélelektroforézissel, ProQ Diamond foszfoprotein és
SYPRO Ruby fehérjefestéssel. B. Magasabb P-N2BA/P-N2B arany HF-ben, mint AS-ban (*p<0,01). (Borbély A.
¢és munkatarsai, Circ. Res., 2009, 104(6): 780-786. alapjan)

Mivel korabbi tanulmanyainkban az Fpassziv kiilonosen a HFpEF betegek bal kamrai
szivizomzatabol izolalt szivizomsejtekben volt emelkedett, ezért sszehasonlitottuk a titin
izoformak expresszidjat és foszforilaciojat HFpEF ¢és HFrEF betegek alcsoportjaiban (26.
dbra). Az N2BA/N2B arany (0,77+0,07) és az in vivo mért LVEDWS is a HFrEF betegekben
volt a legmagasabb (8,7+0,7 KN/m?). Az Fpassiv (7,4£0,7 KN/m?) és a PKA altal indukalt Fpassziv
csokkenés (-3,2+0,6 kN/m?) a HFpEF betegekben volt a legnagyobb. Az N2B titin izoforma
hipofoszforilacidja szintén HFpEF-ben volt a legkifejezettebb, mely magyarazhatja mind a

magasabb Fpassziv'Ot, mind az Fpassziv nagyObb PKA-indukalt csokkenését is.
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26. abra Titin izoforma expresszio, titin izoforma foszforilacio és szivizomsejt Fpassziv AS, HFpEF és HFrEF
betegekben

A. A titin izoformadk foszforilaciojanak Osszehasonlitisa AS, HFrEF és HFpEF betegekben szekvencialis
gélelektroforézissel, SYPRO Ruby protein és ProQ Diamond foszfoprotein festéssel. B. Magasabb N2BA/N2B
arany az AS, HFpEF és HFrEF betegekben, mint a CON csoportban (1p<0,05 vs. CON, 1p<0,001 vs. CON). C.
Magasabb LVEDWS a HFrEF betegeknél, mint a CON, AS és HFpEF csoportokban ({p<0. 001 vs. CON, AS
vagy HFpEF). D. Magasabb Fpass.iv a HFpEF betegeknél, mint a CON, AS és HFrEF betegeknél (1p<0,001 vs.
CON vagy AS; 1p<0,01 vs. HFrEF). In vitro PKA kezelést kovetden az Fpass.iv csokkent a HFpEF (#p<0,0001 vs.
HFpEF) és HFrEF szivizomsejtekben (##p<0,0001 vs. HFrEF) is. E. Az N2B izoforma hipofoszforilacié mértéke

(P-N2BA/P-N2B) (O) és az Fpassziv PKA-indukalt csokkenésének (@) parhuzamos trendjei AS, HFrEF és HFpEF
betegekben. (Borbély A. és munkatarsai, Circ. Res., 2009, 104(6): 780-786. alapjan)

Jelen vizsgalatban az Fpassziv kétszer olyan magas volt a szivelégtelenségben, mint AS-
ben szenvedd betegek szivizomsejtjeiben. PKA vagy PKG adésat kdvetden a magas Fpassziv
jelentésen csokkent, de valtozatlan maradt BDM vagy gelsolin in vitro adagolasa utan. A PKA-
és PKG-indukalt Fpass;iv csokkenés a miofilamentalis fehérjék foszforilacios deficitjére utal.
Eddig csak a troponin I-et és a titint azonositottak a PKA és a PKG kozos miofilamentalis
célfehériéjeként.*11! Jelen vizsgalatban a troponin I foszforilacios deficitjét figyeltiik meg
szivelégtelen szivizomban. A miofilamentalis Ca?* érzékenység egyidejii novekedése

elc’isegitheti a diasztolés aktin-miozin interakciot.**? A kereszthidak kialakuldst gétl(’) BDM

crer
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alapjan, hogy a vékony filamentunok gelsolinnal torténd eltavolitasat kovetden képes volt
csokkenteni az Fpassziv-Ot, a titin foszforilacidjanak szerepét feltételezte szivelégtelen
szivizomsejtek magas Fpassziv-janak kialakitasaban.

A szivelégtelenségben és az AS-ban szenvedd betegek alcsoportjaiban a miokardialis
titin izoforma expresszidja (N2BA/N2B arany) és az LVEDWS kozott szoros korrelaciot
figyeltiink meg. A rugalmas N2BA titin izoforma magasabb expresszidja arra utal, hogy a titin
izoforma valtds kompenzaciés mechanizmus, amelynek soran az N2BA izoforma magasabb
expresszidja kompenzalja a megemelkedett LVEDWS értéket. A titin izoforma valtas
kompenzatorikus szerepét kordbban mar dilatativ kardiomiopatiaban szenvedd betegeknél is
kimutattak, akiknél az N2BA/N2B arany korrelalt az LVEDVI/LVEDP arannyal, a bal kamra
végdiasztolés disztenzitdsanak mérdszamaval, valamint a terhelés alatti maximalis
oxigénfogyasztassal 113

Mivel a titin izoformak expresszidja hasonld volt a szivelégtelen és AS betegek
szivizomzataban, az Fpassziv kozotti kiillonbség mas mechanizmusokkal magyarazhato. A titin
Osszfoszforilacioja hasonld, a relativ titin izoforma-foszforilacié azonban eltéré volt volt a
szivelégtelen és AS szivizomzatban: a szivelégtelenségben kevesebb N2B izoforma
foszforilalodott, mint az AS miokardiumban. Korabban kimutattdk, hogy a rugalmas N2BA
titin izoformahoz képest a merev N2B titin izoforma hipofoszforilacidja jelentésebb mértékben
noveli az Fpassziv-0t.%° A merev, N2B titin izoforma hipofoszforilacidja tehat magyarazhatja a
szivelégtelen szivizomsejtekben megfigyelheté magasabb Fpasssiv-0t. A titin  izoformak
foszforilacidjanak eltolodasa az N2BA ¢és N2B titin izoformak foszforilacios helyeinek térbeli
elkiiloniilésével, valamint a proteinkindzok ¢és foszfodiészterazok kompartmentalis
aktivitasaban bekdvetkezé véltozasokkal magyarazhato.''*1> Az N2B egyedi szekvencia
tartalmazza a foszforilacios helyet, amely kozvetiti az Fpasszv csokkenését.!'® Az N2BA
izoforméban a hely kozelebb van a Z-koronghoz.!*” A PKA-t az A-kinaz lehorgonyzé fehérjék

(AKAP) a transzverzilis tubulusokba iranyitjak,**

amelyek szintén a Z-korong
szomszédsagiban vannak. Szivelégtelenségben a PKA AKAP Altali célzasa karosodik,® ami
a kornyezé miofilamentalis fehérjék foszforilaciojanak csokkenéséhez vezet.!'* A titin
izoforma foszforilacid eltolédasa szivelégtelenségben nemcsak a cAMP, hanem a cGMP
megvaltozott helyi elérhet6ségébdl is eredhet, mivel a szivizom foszfodieszteraz 5 aktivitasa is
erésen kompartmentalizalt.!!®

A fenti kisérletek eredményei alapjan megallapitottuk, hogy a merev N2B titin izoforma

hipofoszforilacioja fontos szerepet jatszik a szivelégtelen betegek szivizomsejtjeinek korosan

emelkedett passziv fesziilésében.

53



borbely.attila.1l 300 24

4.5. A miofilamentalis fehérjék oxidativ médosuldsainak szerepe a bal kamrai diasztolés
diszfunkcid kialakulasaban

4.5.1. A mieloperoxidaz enzim (MPO) funkcionalis hatasainak vizsgalata human bal kamrai
szivizomsejteken

A cellularis kontraktilis diszfunkci6 kialakuldsdban a kontraktilis fehérjerendszer foszforilacios
valtozasai mellett azok oxidativ modosulasai is szerepet jatszhatnak. A miofilamentalis
fehérjek, valamint az oridas szarkomer fehérje, a titin oxidativ valtozdsainak diasztolés
diszfunkcioban betoltott szerepe nagyrészt ismeretlen. Vizsgalatunkban ezért az MPO, az MPO
gatloszerének (MPO-inhibitor) és kiilonbozo antioxidansoknak a szivizomsejtek kontraktilis
funkciojara kifejtett hatasait tanulmanyoztuk.1%°

Egy in vitro human kisérleti modellrendszer 1étrehozasat kovetben meghataroztuk az
mieloperoxidaz enzim (MPO) és szubsztratjanak, a hidrogén peroxidnak (H202) a hatasat
membranfosztott szivizomsejtek kontraktilis paramétereire. Antioxidans szerrel (metionin,
Met) és MPO-inhibitorral torténé szimultan és utokezelések alkalmazasaval megvizsgaltuk a
1étrejovo funkcionalis valtozasok revertalhatosagat. Az MPO és a H.O» funkcionalis hatdsainak
pontosabb feltarasara biokémiai €és molekularis bioldgiai modszereket alkalmaztunk.
Meghatéaroztuk az MPO peroxidaz és klorinacios aktivitdsat Met és MPO-inhibitor jelenlétében.
Human bal kamrai szivizomszovetbdl nyert homogenizatumokat in vitro H2Oz, H202 és MPO,
2,2'-dithiodipiridin (DTDP) és Met kezeléseknek tettiik ki. A miofilamentalis fehérjék és az
orias szarkomerfehérje, a titin izoforma Osszetételét (N2BA és N2B), az azokban a fenti
kezelések hatasara bekovetkezO oxidacids valtozasokat Ellman-reakcioval és SH csoport
oxidaciés modszerrel (biotindlas), a karbonilacidés dallapotban bekovetkezd valtozasokat
Oxyblot technikaval vizsgaltuk.

Az MPO-val végzett kisérletek eldtt egy olyan H>O» koncentracid6 meghatarozasara
torekedtiink, amely mar rendelkezik ©6nalld6 funkcionalis hatassal, de ez a hatds MPO
jelenlétében fokozddik. Az inkubéciok soran alkalmazott koncentraciok koziil a 30 uM-0s H20:
oldat csokkentette szignifikdnsan a szivizomsejtek aktiv erejét (a kezelés el6tti érték 64,5+2%-
ara, n=3), igy ezt a H,O, dozist hasznaltuk tovabbi kisérleteinkben.

MPO (8 U/) és H202 (30 uM) egyiittes alkalmazasakor (15 perc) a membranfosztott
human, bal kamrai szivizomsejtek maximalis Faiv-janak (pCa 4,75) szignifikans csokkenését
(a kezelés elotti érték 57,7+4,1%-ara, n=12) és az Fpassziv (pCa 9,0) jelents novekedését (a
kezeletlen szivizomsejteken mért érték 179,6+14,6%-ara, n=12) tapasztaltuk (27. dbra).
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27. abra Mieloperoxidaz és hidrogén-peroxid (MPO+H202) Kkezelés hatasa membranfosztott human
szivizomsejtek erogeneralisara

A szivizomsejt erdmérés soran rogzitett eredeti regisztratum, melyen megfigyelhetd a maximalis Ca?* tartalmu
aktivalo oldatban (pCa 4,75) mért Ca?*-fiiggé aktiv erd (Fakiv) csokkenése és a Ca?* mentes relaxald oldatban (pCa
9) mért Ca?*-fliggetlen passziv er6komponens (Fpassiv) ndvekedése 15 perces MPO+H,0; kezelés hatasara. (Kalasz
J. és munkatarsai, Free Radic. Biol. Med., 2015, 84: 116-127. alapjan)

oldatokban mért erdértékeket a kezelések elotti maximalis (Faiv, pCa 4,75) erdértékekhez
viszonyitottuk (relativ Ca®-eré osszefiiggés), tgy a MPO+H,0; kezelést kovetden
bekovetkezd eréesokkenés szignifikansan nagyobb volt a H2O2 kezeléshez viszonyitva (28.
dbra). Az MPO+H.O: hatasara 1étrejovo Fpassziv novekedés ugyancsak nagyobb volt a H20>
kezelést kovetden tapasztalt Fpassziv novekedésnél (79,6+14,6% vs. 23,9+7,4%, p<0,001).

* *
A B 100 r r 1
1,070 H0,el5tt
-8~ H,0, utan 3 80
0,84 8= MPO+H,0, eldtt <
0 -- MPO+H;0,utin 2z 60
= N
@ 0,64 o
2 g 40
= L
S oud I ’_-r_‘
]
e
0,2 o —/
Iso + + +
0,0 T H.0, + +
7 6 5
MPO +
pCa
Cc D
109 .. MPO+H,0, el6tt 1.09 . Ho,el5t
. & MPO+H,0,utan . - H;0,utan
0 0,8 0 0,84
@ o
ﬁ 0,6+ % 0,64
e N
S 044 © i
g - £ 0,4
S 5
Z 021 Z 0,21
[
0,0-— T T 0,01—%
7 6 5 7 6 5
pCa pCa

28. abra A mieloperoxidaz (MPO) és a hidrogén-peroxid (H202) karositja a human, membranfosztott
szivizomsejtek funkcidjat
A. Relativ Ca?*-erd dsszefliggés H,02 és MPO+H,0; kezelés eldtt és utan (n=7 és n=12). A kezelés utan mért
erdértékeket a kezelés eldtti erbértékekhez viszonyitva fejeztiik ki (*vs. HoO; elbtt, # vs. MPO+H20, elétt, & vs.
H,0; utan, “#&p<0,05) B. Fpswiv Valtozasai 15 perces Iso (idd kontroll), H,O, és MPO+H,0; kezelést kdvetden.
C. A normalizalt eré-pCa dsszefliggés MPO+H,0; kezelés hatasara jobbra tolodik (a Ca?* érzékenység csokken).
D. A H,0, énmagdban nincs hatéssal a szivizomsejtek Ca?* érzékenységére. (Kalasz J. és munkatérsai, Free
Radic. Biol. Med., 2015, 84: 116-127. alapjan)
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MPO+H,0; kezelést kdvetden a normalizalt erd-pCa Osszefliggés szignifikans jobbra
tolodasat, azaz a Ca®* érzékenység (pCaso) csokkenését tapasztaltuk (5,83+0,02 vs. 5,66+0,02,
p<0,001). Ezzel szemben a H20,-kezelés a pCaso értéket nem befolyasolta (5,85+0,05 vs.
5,82+0,03, p=0,55). A Ca?" érzékenységi gorbe meredekségét jellemzé Hill-koefficiens (nwin)
egyik kezelés hatdsara sem valtozott. Sem a H>O,, sem a MPO+H;0, kezelés nem
eredményezett fénymikroszkoppal észlelhetd strukturalis valtozast a szivizomsejtek

harantcsikolataban.

4.5.2. Az MPO-inhibitor (MPO-I) és a metionin (Met) kivédi, a dithiotreitol (DTT)
részlegesen revertalja az MPO-okozta kontraktilis diszfunkciot
Az MPO+H,0; kezelés szivizomsejtekre kifejtett karos funkcionalis hatasainak kivédhetdségét
az MPO-I 4-aminobenzhidrazid (50 puM), valamint az antioxidans Met (10 mM) és a
redukaloszer DTT (10 mM) segitségével vizsgaltuk. Mind az MPO-I, mind a Met kivédte az
MPO hatasara 1étrejove Fakiv csokkenést (MPO: 57,7+4,1%, MPO-I: 80,0+5,3%, Met:
80,1£3,6%, p<0,001 vs. MPO) és Fpass.iv ndvekedést (MPO: 179,6+14,6%, MPO-I: 147,7+6,1%
¢s Met: 139,9+8,7%, p<0,05 vs. MPO). Az MPO-I és Met jelenlétében mért Fakiv €s Fpassziv
Osszevethetd volt a H2O, kezelés utan meghatarozott eréértékekkel. Az MPO-I és a Met
jelenlétében a Ca?" érzékenységi gorbe jobbra tolodasa (a pCaso csokkenése) nem volt
megfigyelheté (pCaso értékek MPO-I: 5,88+0,07 vs. MPO: 5,66+0,02, p<0,05, illetve Met:
5,81£0,04 vs. MPO: 5,66+0,02, p<0,001) (29. dbra).

A redukaloszer DTT, MPO kezelést kovetOen visszaforditotta az MPO altal indukalt
Fpassziv novekedést (AFpasszv MPO: 89,3+27,3% vs. DTT: 19,7+10,4%, p<0,05), ugyanakkor az
Fakiv (MPO: 57,3+6,4% vs. DTT: 43,8+5,1%, p=n.s.) és a pCaso (5,66+0,03 vs. 5,69+0,03,
p=n.s.) MPO hatéasara bekovetkez6 csokkenését a DTT nem volt képes revertalni (30. dbra).
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29. abra: A mieloperoxidaz kontraktilis funkciot karosito hatasa kivédheté MPO inhibitor (MPO-1) vagy
metionin (Met) alkalmazasaval.

A-B. Membranfosztott szivizomsejtek maximalis Ca?*fliggé aktiv (Fakiv) és Ca?" fliggetlen (pCa 9) passziv (Fpassiiv)
erdértékei H,O, és MPO+H,0; kezelést kovetden, illetve MPO-I és Met jelenlétében. Az erdértékeket a kezelés elott
rogzitett kiinduldsi erdértékek szazalékaban adtuk meg, a kezelések hatasat az Iso kezelt (idékontroll) mintdkhoz
viszonyitottuk. Az MPO-I (C) és a Met (D) kivédi a Ca?* érzékenységi gérbe MPO hatésara bekovetkezé jobbra
tolodasat. A szaggatott vonalak az Iso-ban mért Ca?* érzékenységet jelolik. E. A Ca®* érzékenységet jellemzd pCaso
érték valtozasai HoO,, MPO+H,0,, MPO-I és Met kezelések utan. (*p<0,05) (Kalasz J. és munkatarsai, Free Radic.
Biol. Med., 2015, 84:116-127. alapjan)
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30. abra A redukaloszer DTT hatasa az MPO kezelésen atesett szivizomsejtek passziv (Fpassziv, A) €s aktiv erejére
(Fakiv» B), valamint Ca?* érzékenységére (pCaso, C). (Az adatokat atlag+SEM formaban abrazoltuk, *p<0,05)
(Kalasz J. és munkatarsai, Free Radic. Biol. Med., 2015, 84: 116-127. alapjan)

4.5.3. A Met gatolja az MPO klorindcios aktivitasat, azonban a peroxidaz aktivitasra nincs
hatassal

Az MPO funkcionalis hatdsainak hatterében allé6 biokémiai mechanizmusok feltérképezéséhez
meghatdroztuk az enzim klorindcios és peroxiddz aktivitasat MPO-I és Met jelenlétében. Az
MPO-I az enzim klorinacios és peroxidaz aktivitasat is gatolta (a kiindulési aktivitas 0,3+0,2%,
illetve 10,4+£6%-ara, p<0,001). Ezzel szemben a Met csak az MPO klorinacios aktivitasat
csokkentette (2,3+1,3%-ra, p<0,001), az enzim peroxidaz aktivitasdra nem volt hatassal
(78,4+8,6%, p=n.s.) (31. dbra). Eredményeink arra utalnak, hogy az MPO szivizomsejt

funkciot karosito hatdsai az enzim klorinacios aktivitdsan keresztiil valésulnak meg.
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31. abra MPO-inhibitor (MPO-I) és metionin (Met) hatasa a mieloperoxidaz (MPO) klorinaciés és peroxidaz
aktivitasara

A. A Met szelektiven gatolja az MPO klorinacios aktivitasat. B. A Met az MPO peroxidaz aktivitasara nincs
hatassal. Az egyes gatloszerek jelenlétében mért értékeket az MPO (Iso és H2O> jelenlétében mért) aktivitasanak
szazalékaban adtuk meg (*p<0,05). (Kalasz J. és munkatarsai, Free Radic. Biol. Med., 2015, 84: 116-127. alapjan)
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4.5.4. Az MPO+H:0; kezelés hatdasa a miofilamentalis fehérjék SH-tartalmara

Biokémiai kisérleteink soran arra a kérdésre kerestiik a valaszt, hogy az MPO miikddése soran
keletkezd oxidansok hogyan karositjak a szivizomsejtek fehérjerendszerét. A miofilamentalis
fehérjék SH tartalmat Ellman-reakcioval vizsgaltuk. A H2O2 és kombinalt MPO+H,0; kezelés
soran is kismértékii, de szignifikans csokkenést tapasztaltunk a fehérjék 6ssz SH-csoport
tartalmaban (90,4+1,5%, p<0,05, illetve 86,7+4%, p<0,01) (32. dbra). Ezt kovetéen SH
biotinaldsi modszer segitségével kisérletet tettink az SH oxidacion atesett fehérjék
azonositasara. H202 és MPO+H20, kezelés hatisara szignifikdnsan csokkent az aktin SH
tartalma (75,9+7,1%-ra, p<0,01, valamint 84,2+4,4%-ra, p<0,05, az Iso-ban kezelt mintak SH
tartalmahoz viszonyitva). Ezzel szemben MyBP-C és az 6rids szarkomer fehérje, a titin
rugalmasabb (N2BA) és rigidebb (N2B) izoformdjanak SH tartalma egyik kezelést kdvetden

sem valtozott jelentdsen.
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32. abra A mieloperoxidaz (MPO) és a H20; azonos hatast fejt ki miofilamentaris fehérjék szulthidril (SH)
csoportjaira

A. Szivizomsejtek 0ssz-SH tartalmanak meghatarozasa H,O; és MPO+H20; kezelés utan Ellman reakcioval. B-F.
A fehérje biotinalasi modszerrel vizsgalt SH tartalom meghatarozas eredményei kemilumineszcens SH, valamint
a fluoreszcensen meghatarozott fehérjemennyiségi jellel aktin, miozin k6té C fehérje (MyBP-C), a titin N2BA,
valamint a titin N2B izoform4janak esetében H.O» és MPO+H;0; kezeléseket kdovetéen (T2 jeldli a titin
degradacios termékét). Pozitiv kontrollként az oxidaloszer dithiodipyridinnel (DTDP, 2,5 mM, 2 perc) kezelt
mintak szolgaltak. Az SH tartalom mértékét az Iso-ban meghatarozott SH tartalom (id6 kontroll) szadzalékaban
adtuk meg. (*p<0,05 vs. Is0) (Kalasz J. és munkatarsai, Free Radic. Biol. Med., 2015, 84:116-127. alapjan)
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4.5.5. Az MPO hatasa a szivizomfehérjék karbonilacidjara

A miofilamentalis fehérjék karbonilaciojanak vizsgalatakor HoO; kezelés hatasara kismértékii,
de szignifikans novekedést tapasztaltunk az aktin karbonil-csoport tartalméban (karbonilacids
index (KI)=1,1+0,046, p<0,05), ez az érték azonban nem valtozott MPO hozzaadasat kdvetéen
(KI=1,1+0,052, p=0,9 vs. H202) (33. dbra). Az aktinhoz hasonldan kismértékii, de szignifikans
novekedést mértiink a MyBP-C fehérje karbonil4ciojaban mind H.O» (KI=1,5+0,2, p<0,05),
mind pedig MPO+H,0; kezelés utan (KI=1,4+0,2, p<0,05 vs. id6 kontroll). Az oriasfehérje
titin N2BA és N2B izoforméajanak karbonilacidja nem valtozott HO2 és MPO+H20; kezelést
kovetden sem (N2BA-H>02: KI=0,9+0,2, p=0,47 vs. Iso és MPO: 1,0+0,2, p=0,68 vs. Iso, N2B-
H>0O,: KI=1,0+0,1, p= 0,36 vs. Iso ¢s MPO: KI=0,9+0,1, p=0,64 vs. Iso)

Karbonil Karbonil | -
tartalom | - tartalom £ ’ «— N2BA
, . - Karbonil o
Feheérie | _| Fehérje [0 | tartalom R - N2B
mennyiség mennyiség - e L |
< 31 x 101 Fehérje :: mggA
% 2 o mennyiség | & ol
c o £ 2
0 2 2 0 = 84 Iso + + + +
0 © *
B = * 59 74 —
w S r ' © Q34 * H,0, + +
=¥ r— Cﬂ r—
c 14 c =5
oz 85 2 MPO +
£ £2
Q Q ! Fenton +
0- o
Iso + + + + Iso + + + +
Hy0; + + H.0, + +
MPO + MPO +
Fenton + Fenton +
D . E \
x x
g — )
T =~
£ 2 34 £2 3
o = ) 5,
e o=
]
So 2 Sa 21
EZ Te
.8 £ 11 g ‘% 1
- e 'E =
Cha o
x X
0 0
Iso + + + + Iso + + + +
H0, * * H,0, + +
MPO * MPO +
Fenton * Fenton +

33. abra A mieloperoxidaz (MPO) és H2O2 kezelés hatisara né az aktin, valamint a miozin-koété C fehérje
(MyBP-C) karbonilacioja

Reprezentativ, kemilumineszcensen (karbonilacid) és fluoreszcensen (fehérjemennyiség) detektalt membranképek.
A-E. A H;O; és MPO+H,0; kezelés hatasara 1étrejové karbonilacid mértéke aktin, MyBP-C és a titin N2BA,
valamint N2B izoformajanak esetében. Pozitiv kontrollként Fenton-reagenssel (FeSOa, H20; és aszkorbinsav) kezelt
mintak szolgaltak. A fehérjekarbonilacié mértékét karbonilacids index formajaban fejeztiik ki (KI=1, az Iso-ban
kezelt mintak karbonilacidja). (*p<0,05) (Kalasz J. és munkatarsai, Free Radic. Biol. Med., 2015, 84: 116-127.
alapjan)
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Az MPO hatasat izolalt, human szivizomsejteken vizsgalva megallapitottuk, hogy 1. a MPO az
in vitro kisérleti kortilmények kozott rontotta a kalciumfliggd izometrias erégeneralast, novelte
az Fpassziv-0Ot és csokkentette a pCasp-et; 2. az MPO altal kivaltott funkcionalis valtozasok
kivédhetOk MPO-inhibitorral, valamint az antioxidans metionin alkalmazasaval; 3. az aktin
fehérje SH-oxidacidja, valamint az aktin és a MyBP-C karbonilacigja H.O2 és H20.+MPO
kezelés hatasara novekedett; 4. az MPO altal kivaltott funkcionalis hatasokat feltehetoen az
MPO klorinécids aktivitasa kozvetiti.

Meéréseink soran az MPO+H20; kezelés Faiv-ra kifejtett jelentds karositd hatdsanak
hatterében a reakcidban képzodo erds oxidans, a HOCI éllhat. Egy korabbi vizsgalatban a HOCI
kezelés (10 és 50 uM, 1 perc) - az MPO+H.0: kezelés hatasahoz hasonldan - szignifikdnsan
csokkentette a maximalis erét.}?! Az Fpasaiv H202 hatasara kismértékben, mig H,O+MPO
hatasara jelentdés mértékben fokozodott. Ezen eredményeink Osszefiiggésben allnak a korabbi
megfigyeléssel, miszerint membranfosztott patkany trabekuldk esetében a H>O. alacsony
koncentracioban (10 pM) nem novelte az Fpassziv-0t, mig a HOCl-val torténd kezelés (10 uM és
50 uM) annak szignifikans emelkedését okozta.'?? Korabbi eredmények alapjan oxidativ stressz
Us), melynek hatasara né a fehérje rigiditasa.** Jelen tanulmanyunkban nem sikeriilt biokémiai
modszerekkel kimutatni a titin fehérje H202+MPO kezelést kovetd SH oxidaciojat és
karboniléaciojat, funkcionalis méréseinkben azonban a DTT szignifikdnsan csdkkentette a
szivizomsejtek H2O>+MPO kivaltotta Fpassziv novekedését. Az MPO hatéas redukaldszerrel
torténo revertalhatésaga annak oxidativ természetére utal.

H20.+MPO kezelés hatasara a pCaso szignifikans csokkenését tapasztaltunk, amely
ellentmondasban all egy korabbi tanulmany eredményeivel, ahol HOCI kezelést kovetden a
pCaso érték emelkedését mutattak ki.'?? Az eltéré eredmények hatterében az eltérd kisérleti
elrendezés (permeabilizalt szivizomsejt vs. trabecula) és az eltérd alkalmazott dozisok
allhatnak. A H20 kezelés nem befolyasolta a pCaso-et, igy azt feltételezziik, hogy inkabb
strukturalis, mintsem regulatorikus valtozasokat okoz a miofilamentumok szintjén, akar az
erogeneral6 kereszthidak szamanak csokkentése altal.

Az MPO gatlas potencialis negativ immunoldgiai kdvetkezményei ellenére az MPO-
inhibitorok jelenleg is szamos CV megbetegedés (miokardialis infarktus, HFpEF) kezelésére
klinikai kiprobalas alatt allnak. Az altalunk alkalmazott MPO-I, a 4-aminobenzhidrazid és az
antioxidans, HOCI scavenger aminosav, a Met is képes volt megakadalyozni azt, hogy az MPO
kifejtse karos funkcionalis hatasait, amib6l arra kovetkeztetiink, hogy az észlelt valtozasokért

az MPO klorinaciés aktivitdsa tehetd felelossé. A HOCI karositdé mechanizmusanak nagy
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reakciosebessége miatt azonban a HOCI keletkezésének gatlasa hatékonyabb lehet, mint a mar
1étrejott HOCI kozombositése. Az MPO inhibitorral és Met-nal két ponton is sikeresen kivédtiik
az MPO oxidativ hatasait. A redukaloszer DTT azonban a csak részlegesen volt képes
visszaforditani az MPO-indukalt mechanikai valtozasokat: az Fpassziv-Ot a kiindulési értékre
csokkentette, azonban az Faiv-0t €s a pCaso értéket érdemben nem befolyasolta. Az MPO altal
kozvetitett oxidativ hatdsok sokfélesége*® miatt valdsziniisithetd, hogy esetiinkben tobb,
kiilonbozo reakcio eltérd poszttranszlacios modositasokat eredményezett a szivizomfehérjéken.
Jelen tanulmanyunkban a H2O,+MPO hatasara megfigyelt szivizom SH oxidacié dsszhangban
all a szivizom szeleteken nagydézisa HOCI altal kivaltott SH oxidaciéval.’®® Korabbi
tanulmanyokban kimutattdk, hogy oxidativ hatasok jelentdsen mddosithatjdk az aktin és miozin
filamentumok szerkezetét.!?* Kisérleteinkben aktin esetében szignifikins SH tartalom
csOkkenést tapasztaltunk, azonban ennek mértéke nem novekedett MPO hatasara, igy ez
Onmagaban nem magyardzza a szivizomsejtek aktiv erejének csokkenését.

Egy, a munkacsoportunk altal korabban hasznalt miokardidlis infarktus egér modellben
a Ca?" érzékenység csokkenéséhez az aktin és MHC karbonilacidja tarsult, mig magas
koncentricioban alkalmazott H,O, az aktin karbonilacidjat idézte el8.1%®° Jelen
tanulmanyunkban 0,1 mM-nal magasabb H20, dézist annak MPO gatlé hatdsa miatt nem
alkalmaztunk.®® A haszndlt 30 uM-os kezelést kdvetden az aktin és MyBP-C esetében
kismértékli novekedést tapasztaltunk a karbonildciés indexben. Mivel ezen paraméterben
tovabbi novekedést nem észleltiink az MPO kezelés hatasara, igy az MPO-indukalt funkcionalis
hatasokat nem tudtuk egy-egy konkrét szivizomfehérje SH oxidacidjaval, vagy
karbonilaciojaval magyardzni. Azok hatterében az MPO hatasara [étrejové egyéb
fehérjemoddosuldsok  (pl. klorindcid, nitraldas, Met oxidacio, szulfonsav-képzddés,
fehérjedegradacio) allhatnak.

Jelen tanulmanyunkban az MPO hatasara a szivizomsejtek kontraktilis funkcidja
romlott. Ujabb tanulmanyok eredményei alapjan az enyhe oxidativ stressz ugyanakkor
kardioprotektiv hatast is lehet, s6t akar javithatja is a kontraktilis apparatus teljesitményét.51126
Osszességében elmondhato, hogy az oxidativ 4gensek szivizomra kifejtett hatdsa nagyban fiigg
azok erdsségétdl és természetétdl, valamint a miofilamentumok redox kornyezetétol.
Eredményeink arra utalnak, hogy az MPO szivizomsejt funkciot karositd hatdsa az enzim
klorinaciés aktivitasan keresztiil valosul meg, mely MPO-inhibitorral és Met-nal kivédheto.
Mindezek alapjan az MPO gatlasa egy igéretes célpont lehet a gyulladashoz tarsuld

miokardialis kontraktilis diszfunkcio kivédésében.
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4.6. Az ovariektomia és az akut stressz hatasa patkany bal kamrai szivizomsejtek
kontraktilis funkcidjara

4.6.1. Az ovariektomia és a stressz hatasa a néi nemi hormonok szintjére

Vizsgalatunk soran az OVX allatok sztrogén szintje nem érte el az also detekcios értéket (4,9
pg/ml), amely sikeres ovariektomiara utalt. A szérum progeszteron szint Szignifikansan
magasabb (tobb mint haromszoros) volt a Kontroll-S (35,6+4,8 ng/ml), valamint az OVX-S
(21,944,0 ng/ml) patkanyokban (p<0,001 Kontroll-S vs. Kontroll; p<0,01 OVX-S vs. OVX).
Az akut stressz hatasara a Kontroll-S, illetve az OVX-S csoportban a progeszteron szintben

bekdvetkezd emelkedés (25,6 ng/ml, ill. 19,1 ng/ml) hasonld mértékii volt.*?’

4.6.2. Az ovariektomia befolyasolja a szivizomsejtek kontraktilis funkciojat

Az Fuiv szignifikansan nagyobb volt az OVX, valamint OVX-S allatok esetében a Kontroll,
illetve a Kontroll-S allatokhoz viszonyitva (25,9+3,4 kN/m? és 26,3£3,0 kN/m? vs. 16,4+1,2
KN/m? és 14,4+0,9 kN/m?, p<0,05) (34. dbra). Ezzel szemben az akut stressz nem befolyasolta
az Faiv-ot sem a Kontroll, sem az OVX allatcsoportban. A stressz hatasara a pCaso-ben
bekovetkezd csokkenés nem Vvolt szignifikans. Sem az ovariektomia, sem pedig a stressz nem
befolyéasolta az Fpassziv-0t. Méréseink alapjdn az OVX, illetve az OVX-S 4llatok felhasznalt

szivizomsejtjeinek keresztmetszete jelentdsen kisebb volt.
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34. abra Az ovariektomia és a stressz hatasa a szivizomsejtek kontraktilis funkciéjara

A. Az ovariektomian atesett allatokbol izolalt szivizomsejtek (OVX, OVX-S) aktiv ereje (Fakiv) emelkedett. B. Az
ovariektomia és a stressz nem befolyasolta a szivizomsejtek passziv erejét (Fpassziv) C. Az OVX allatcsoportokban
mért szivizomsejtek keresztmetszete kisebb. (Kaldsz J. és munkatarsai, Croat. Med. J., 2014, 55(3): 239-249.
alapjan)

4.6.3. Az ovariektomia és stressz hatasa a miofilamentalis fehérjék dsszetételére és
foszforilacios allapotara

Ezen kisérletek soran nem taldltunk lényeges kiilonbséget a miofilamentalis fehérje-
Osszetételben a Kontroll és OVX csoportok kozott. A Tnl foszforildcidja szignifikdnsan

magasabb volt az OVX éllatokban a Kontroll csoporthoz viszonyitva (153+14,4% vs. 98,5+4%,
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p<0,001), ez azonban nem mutatott Osszefliggést a szivizomsejteken mért pCaso-el (r=0,27,
p=0,73). Az OV X-S allatcsoportban mérheté Tnl foszforilacio (113+3,6%) 6sszevethetd volt a
Kontroll és Kontroll-S csoportokban meghatarozott értékekkel. A MyBP-C foszforilacioja
szignifikdnsan magasabbnak adddott OVX éllatokban a Kontroll csoporthoz viszonyitva
(167,7£7% vs. 131,445,5%, p<0,001), azonban az OVX-S allatokban tovabbi, szignifikans
emelkedés nem volt megfigyelhetd. A funkciondlis méréseknél tapasztalt valtozatlan Fpassziv
értékeknek megfeleléen nem talaltunk kiilonbséget a titin foszforilacioban a négy allatcsoport

kozott (35. dbra).
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35. abra Fehérjeosszetétel és fehérjefoszforilacio a Kontroll és ovariektéomizalt (OVX) allatok
szivizommintaiban

A. Viltozatlan fehérjedsszetétel a Kontroll (1), a Kontroll-S (2), OVX (3) és OVX-S (4) allatok bal kamrai
szivizomszovetében. (Coomassie blue mennyiségi fehérjefestés, 4%-os poliakrilamid gél 0,5%-os agardzzal
erdsitve, MHC - miozin nehézlanc). B. Emelkedett troponin-1 &sszfoszforilacio (P-Tnl) az OV X csoportban. C. A
miozin-koté C fehérje 6sszfoszforilacioja (P-MyBP-C) emelkedett az OVX és OVX-S allatokban. D. Valtozatlan
titin Osszfoszforilacid a négy allatcsoportban. (A fehérjefoszforilaciot fehérjemennyiségre normalizaltuk és egy
belsd kontroll szazalékaban fejeztiik ki, p<0,05). (Kalasz J. és munkatarsai, Croat. Med. J., 2014, 55(3): 239-249.
alapjan)
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4.6.4. A szivizomsejt kontraktilis funkcio dsszefiiggése a miokardialis fehérjék
foszforilaciojaval, valamint a noi nemi hormonok szintjével

A szivizomsejtek funkciondlis paramétereit a fehérje foszforilacid értékeivel Osszevetve
szignifikans korrelaciot talaltunk az Faiv, Valamint a MyBP-C foszforilacioé kozott (r=0,99,
p<0,05). A titin foszforilacio ugyanakkor nem mutatott Osszefiiggést a szivizomsejteken
meghatarozott Fpasszv-al (r=0,14, p=0,86). A szérumban mért progeszteron szint és a
szivizomsejteken meghatarozott pCaso értékek kozott szignifikans, inverz korrelacid volt

megfigyelhet6 (r=0,96, p<0,05) (36. dbra).
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36. abra Osszefiiggés a fehérjefoszforilacié, a progeszteron szint és a szivizomsejtek kontraktilis funkciéja
,l;(.)zlgct)trrelécié a miozin-kotd C fehérje (MyBP-C) osszfoszforilacidja és a szivizomsejtek aktiv ereje (Faxiv) kOzott
(r=0,99, p<0,05, linearis regresszid) B. A szivizomsejtek Ca?" érzékenysége (pCaso) inverz korrelaciot mutat a
szérum progeszteron szinttel (r=0,96, p<0,05, linearis regresszio). (Kalasz J. és munkatarsai, Croat. Med. J., 2014,
55(3): 239-249. alapjan)

Kisérleteink soran kimutattuk, hogy 1. a stressznek kitett allatcsoportokban (kontroll-S,
OVX-S) a szérum progeszteron szint tobb mint haromszor magasabb, mint a kontroll és OVX
allatokban, 2. az OVX allatokbol szarmaz6 szivizomsejtek Faiv-ja szignifikdnsan magasabb a
kontroll allatokéhoz képest, 3. Fpassziv €s pCaso nem kiilonbozik az egyes allatcsoportok kozott,
azonban akut stresszt kovetden pCaso jelzett csokkenése figyelhetdé meg, 4. a szérum
progeszteron szint inverz korrelaciot mutat a pCaso értékekkel, 5. a miofilamentalis fehérjék
Osszetétele nem kiilonbozik a vizsgalt allatcsoportokban, ugyanakkor a MyBP-C foszforilacioja
szignifikdnsan magasabb az OVX éllatokban.

Ismert, hogy stressz hatdsara a szérum progeszteron szint nemtdl fliggetleniil jelentésen
megemelkedik, melynek hatterében a hormon mellékvesekéregbél torténd szekrécioja all.128 A
progeszteronszint jelentds emelkedése az altalunk vizsgalt allatmodellben is megfigyelhetd volt
a stressznek kitett Kontroll, és OVX-en atesett allatcsoportban.

A progeszteron receptorok (PR) bal kamrai szivizommintakban torténd kimutatasara

® mind pedig human szovetekben negativ eredménnyel
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zarultak.’® Ezzel szemben humén pitvari szivizomzatban Osztrogén hatasara a PR mRNS
szintjének novekedését igazoltak, melyet fehérjeszinten is sikeriilt kimutatni posztmenopauzas
nokben, ugyanakkor a PR-expresszid fokozddasa a férfiakbol szarmazo szovetekben nem volt
igazolhat6.™*! Irodalmi adatok a progeszteron CV hatésait egyre inkdbb nem genomi utvonalak
aktivalodasaval hozzak sszefiiggésbe.!®? Az, hogy ezek a gyors szignaltranszdukcios utak is
szerepet kapnak a progeszteron valaszban, felveti az akut stressz 4ltal kivaltott
progeszteronszint emelkedés esetleges hatédsait a szivizomsejtek kontraktilis miikodésére
¢s/vagy annak szabalyozasara.

A stressz hatasara felszabaduld katekolamin tobblet a [-adrenerg jelatviteli tton
keresztiil a PKA aktivalodasahoz vezet. A Tnl PKA-medialt foszforilacidja a miofilamentalis
rendszer Ca?* érzékenységének csokkenése révén befolyasolja a kontraktilis funkciot.”* Jelen
tanulmanyunkban nem talaltunk jelentds kiilonbséget a pCaso értékek kozott a négy
allatcsoportban. A stressz hatasara bekovetkezd, kismértékii pCaso csokkenés a stressznek kitett
Kontroll-S, illetve az OVX-S allatcsoportok esetében nem jart egyiitt a Tnl fehérje
foszforilacids allapotanak valtozasaval. Az ellentmond6 eredményeket az altalunk hasznalt
nem kinaz- és foszforilacios hely specifikus festési eljaras is magyarazhatja. Kisérleteink soran
ugyanis az egyes fehérjék 0sszfoszforilacios szintjét hataroztuk meg, mely nem ad informaciot
a kiilonb6z6 protein-kinazok (PKA, PKC-BII, o, €) altal medialt specifikus foszforilacios
helyekrdl. Utobbiak foszforildcidja ugyanis akar ellentétes modon is befolydsolhatja a
miofilamentalis rendszer Ca" érzékenységét.’*®> Meg kell jegyezni azt is, hogy a kontraktilis
fehérjék PKA-fiiggd alap foszforilacios szint ragesalok esetében magasabb, mint a nagyobb
eml8sok esetében, ami megneheziti a kisebb kiilonbségek kimutatasat.'®*

Kisérleteink soran szignifikans 0sszefiiggést talaltunk a szérum progeszteron szint és a
szivizomsejtek pCaso értékei kozott. Ez arra utal, hogy a Kontroll-S, illetve az OVX-S
allatokban megfigyelt kismértékii, nem szignifikans pCaso csokkenés kivaltdja az emocionalis
stresszprotokoll volt. A megfigyelésiink alapjan azonban nem donthet6 el egyértelmiien, hogy
a pCaso-re a stressz indukalt progeszteron, vagy a stressz hatasara kialakul6 B-adrenerg talsuly
volt hatassal. Feridooni és munkatarsai a progeszteron akut hatdsait vizsgalva egér sziven
ugyancsak a Ca®" érzékenység csokkenését figyelték meg a néstények esetében progeszteron
adasat kovetden, mely valtozas progeszteron receptor antagonistaval kivédhetének bizonyult.
A progeszteron ugyanakkor him allatokban nem befolyasolta a Ca?* érzékenységet.*®

Ovariektomiat kovetéen a [-adrenerg receptorok up-regulacidja és a [-adrenerg

136

jelatviteli ut stimulacidja kovetkezik be,® mely a sziven pozitiv inotrép hatast kdzvetit, emeli

a szivfrekvenciat és a kontraktilitdst.”*” Kisérletes koriilmények kdzott az ovariektomia ndveli
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mind az alap és az izoprenalin-indukalta kontrakciot, valamint a [1-adrenerg receptor
expressziojat.!® A Bl-adreneg receptor stimulacidja Gs proteineket aktivalva a cAMP
koncentraci6 novekedéséhez és PKA aktivalodashoz vezet. A PKA képes foszforildlni a
miofilamentalis fehérjéket, tobbek kozott a MyBP-C-t, mely gyorsitja az aktin-miozin
kereszthidak kialakuldsinak kinetik4jat'®® és noveli a kalcium aktivilta maximalis erdt.4?
Kisérleteinkben is az Faiv szignifikans novekedést tapasztaltunk OVX allatokban, melynek
hatterében az ovariektomia hatasara bekovetkezd P1-adreneg stimulécid kovetkeztében
kialakuld6 MyBP-C foszforilacié allhat. A ndi szivizomsejtekben fiziologidsan is kisebb és
lassabb kontrakciokat, valamint alacsonyabb Ca?* tranzienseket mutattak ki, melyek
hozzajarulhatnak a nék esetében megfigyelheté alacsonyabb CV rizikéhoz.**

Munkénk soran nem talaltunk kiilonbséget az egyes allatcsoportok kdzott sem az Fpassziv
értékekben, sem pedig annak f6 regulatoranak, a titin fehérjének a foszforilacios allapotaban.
Patkany trabekula preparatumokon, illetve szivizommintakon végzett kisérletekben az
ovariektomia ugyancsak nem volt hatdssal a szivizom merevségre, a kollagén tartalomra,
valamint a titin izoforma aranyra.'*?> Nokben azonban a bal kamra szivizomzat nagyobb
merevsége hozzdjarulhat a diasztolés diszfunkcid gyakoribb el6fordulasahoz.

A tanulmanyunkban alkalmazott stressz forma (hideg és immobilizacid) a mindennapi
életben viszonylag ritkan fordul eld. Az akut, f6ként emocionalis vagy fizikai stressz hatasara
létrejove, a  klinikai gyakorlatban is gyakran megfigyelhetd, dontd tobbségében
posztmenopauzalis nékben kialakulé Takotsubo-kardiomiopatia (TCM) a bal kamra és
szivcsucs atmeneti, az esetek tobbségében teljesen reverzibilis falmozgaszavara. A betegek
szérumaban haromszor magasabb katecholamin koncentracié mutathaté ki, mint MI-ban
szenvedd betegeknél. ! Ueyama és munkatarsai a TCM patkdnymodelljében kimutattédk, hogy
az OVX allatok kozott nagyobb meértékben csokkent a bal kamra funkcié azokban az
egyedekben, akik nem részesiiltek 6sztrogénpotlasban.’** A TCM patofiziologiaja maig nem
ismert teljes mértékben, azonban a kozelmult kutatasai kimutattdk, hogy a korai sz6védmények
(akut szivelégtelenség, malignus kamrai ritmuszavarok, hirtelen halal) kialakuldsa mellett a
szivfunkci6 tartds karosodasat is eredményezheti egyes betegekben. A TCM lehetséges kivalto
okainak alaposabb megismerése az elmult években jelentdsen megvaltoztatta ennek a korabban
benignusnak vélt korallapotnak a klinikai megitélését. Ezaltal egyre nagyobb igény mutatkozik
a TCM hattérben 4116 akut és késoi folyamatok részletes feltérképezésére, az adekvat, specifikus

terapia kidolgozésara.
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4.7. In vitro kisérletek - az omecamtiv mecarbil (OM), az EMD-53998 (EMD) és a
levosimendan (Levo) hatasainak vizsgalata intakt emlds szivizomsejtek kontraktilis
parameétereire

4.7.1. Az OM és EMD csokkentette, mig a Levo nem befolydsolja az intakt szivizomsejtek
nyugalmi szarkomerhosszat

A OM kezelés hatasara a szivizomsejtek nyugalmi szarkomerhossza (SL) koncentracio-fliiggd
modon, jelentés mértékben csokkent (37. dbra).** Hasonléan az 1 uM EMD a nyugalmi SL
szignifikdns csokkenését idézte eld, mig a Levo nem befolyasolta azt. Az intracelluléris

nyugalmi Ca?* koncentracié az OM, EMD és Levo kezelések soran valtozatlan maradt.
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37. abra Az OM, az EMD és a Levo eltéré hatasa a szivizomsejtek nyugalmi szarkomerhosszara (SL)

A-B. Az OM és az EMD is jelent6sen csokkentette a nyugalmi SL-t izolalt bal kamrai szivizomsejteken. Az OM-
et téringerlés nélkiil, kumulativ modon adtuk hozza a sejtekhez az egyes koncentraciok eléréséig, mig az EMD-t
és a Levo-t (C) egyetlen koncentracioban (I pM) alkalmaztuk. A nyugalmi SL-t és az intracelluldris Ca?*-
koncentraciot egyidejiileg rogzitettiik. Az EMD, Levo és OM egyes hozzaadott dozisait a nyilak jelzik. Az RSL
csokkent OM (A, D) és EMD (B, D) jelenlétében is, mig a Levo nem befolyasolta azt (C, D). E. Mindezen
valtozasok a Ca®" koncentracid véltozasa nélkiil jottek létre. (xp<0,05 vs. kezelés elétt, ahol az oszlopok az
atlag=SEM értéket jelolik) (Raduly AP. és munkatarsai, ESC Heart Failure, 2023, 10(2): 1326-1335. alapjan)

4.7.2. Az OM, EMD és Levo eltéré modon befolyasolja a bal kamrai szivizomsejtek kinetikai
paramétereit a kontrakcio és relaxdcio soran

Téringerlést kovetden a szisztolés SL szignifikdnsan csokkent 0,03 uM, 0,01 uM, 0,3 uM és 1
uM OM koncentraciok alkalmazasakor (38. dbra). Az OM-hez hasonléan az EMD (1,51+0,03
um-re, p<0,05) és Levo (1,63+0,03 um, p<0,05) is jelentdsen csokkentette a szisztolés SL-t.
Az OM 0,03 pM-os koncentracidoban novelte a frakciondlis szarkomerhossz rovidiilést (FSL)
(14,34+1,64% vs. 11,17£0,55%), de magasabb gyogyszerkoncentracidknal nem volt ra jelentds

hatédssal. 1 uM-os koncentracioban az EMD és a Levo is szignifikdnsan ndvelte ezt a paramétert
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(17,36+0,98% (EMD) és 17,02+0,80% (Levo) vs. 11,17+0,55%, p<0,05). A Ca?*-tranziensek
amplitadoit egyik alkalmazott gydgyszer sem befolyasolta.

A B C
Omecamtiv mecarbil EMD 53998 Levosimendan
T Kontrol £ 2.0 Kontroll £ L2 T ———. | T
= -— oM 2 2
~N -'| ~N ~N
§ — 0,1 M g 18 H
< = 1M 2
2 T LM 2 1§ s
s & 14 5
w w w
r T 1 T T 1
0 5 10 0 5 10
Idé (s) Idé (s)
D E F
Omecamtiv mecarbil EMD 53998 Levosimendan
4 4 4
E‘? — Kontrall "“E E‘E
T g 3 0.03 M -] s 8 3
w B y k- -E 3 s — Kontroll
P 0.1 uM ok — Kontroll o ontro
sk o E 1M sk — T
58 2 — o3 g 2 — 1 Zg 2
bl 1M z 8 i
. I =,
1 T T T 1 - 1 T T T
0 : 1o . H ) 5 10
Id6 (s) 46 (s) Idé (s)
G H |
Frakcionilis szarkomerhossz révidiilés Ca® tranziens amplitudé
£ * %
= w
E =
2 215 >t
8 - = 8
8 u <L
£ 2 10 S
@ o ® c
E £ 23
£ g T
= £ 5 8
. =
] =
’ g 0 F B & B @
S ey & F S e‘”“p‘r‘f
N N ¥
¥ Q_&* g'.‘Q Q'f'? N ,&’ N 09‘5 o ? RN

38. abra. Az OM, az EMD és a Levo hatisa a szarkomerhosszakra és az intracellularis Ca®* tranziensekre
téringerlést kovetoen

Az OM-et (A) kiilonboz6 koncentracidkban (0,03 uM, 0,1 uM, 0,3 uM, 1 uM) alkalmaztuk. A steady-state allapotot
5-8 percen beliil értiik el, majd ezt kovetOen a kontraktilis paramétereket rogzitettilk. Az EMD-t (B) és a Levo-t (C)
egyetlen 1 pM-os koncentracioban alkalmaztuk. Az intracellularis Ca?* tranzienseket (D-F) a kezelések el6tt és utan
(a jelzett gyogyszer-koncentraciok mellett) kovettikk nyomon. A reprezentativ példak eredményei OM (A, D), EMD
(B, E) vagy Levo (C, F) jelenlétében lathatok. A szisztolés cstcs szarkomerhosszak (G), a szarkomerek frakcionalt
rovidiilésének (H), a Ca?* tranziensek amplitadoinak (I) valtozésait oszlopdiagramokon mutatjuk be, ahol az
oszlopok az atlag+SEM értéket jelolik. A szignifikans kiilonbségeket csillagok jelzik, ha p<0,05 vs. kezelés el6tt.
(Raduly AP. és munkatarsai, ESC Heart Failure, 2023, 10(2): 1326-1335. alapjan)
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Az OM koncentracid novekedésével a kontrakcids idé progressziv megnyuldsa volt
megfigyelhetd, mig az EMD és a Levo nem befolyasolta ezt a paramétert (39. dbra). Az OM
koncentracio novekedésével (0,03 uM, 0,1 uM, 0,3 uM és 1 uM) a kontraktilis valaszok, a
kontrakcidk és a relaxaciok sebességének jelentds foku lassulasa volt megfigyelhetd. Az OM-
lal és az EMD-vel ellentétben a Levo novelte, mind az 0sszehuizodasok, mind a relaxaciok
kinetikdjat. A Ca?* tranziensek idStartamat, az IC Ca®'-tranziensek felfutdsainak és

lecsengésének kinetikajat egyik gyogyszeres kezelés sem befolyasolta.
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39. abra Az OM, az EMD és a Levo hatisa a szivizomsejtek 0sszehtizédasanak és relaxaciéjanak
kinetikajara

A. Az 6sszehtizodasok id6tartama fokozatosan hosszabbodott az OM-koncentracié novekedésével, de valtozatlan
maradt az EMD vagy a Levo alkalmazasa soran. B. Az 6sszehuzddasok kinetikdja a magasabb OM-koncentraciok
(0,3 uM és 1 pM) hatasara lelassult. C. A relaxacios sebesség szintén nagymértékben csdokkent a magas OM
koncentraciok alkalmazasakor. D. Az intracellularis Ca?* tranziensek idStartamat egyik szer sem befolyasolta. E.
Az intracellularis Ca?* tranziensek kialakulasanak kinetik4ja nem véltozott a kezelések soran. F. Az intracellularis
Ca?* tranziensek lecsengése (K sebességallando) szintén valtozatlan maradt a gyogyszeres kezelések soran. (p<0,05
vs. kezelés elbtt, az oszlopok az atlag=SEM értéket jelolik) (Raduly AP. és munkatarsai, ESC Heart Failure,
2023, 10(2): 1326-1335. alapjan)

4.7.3. Az OM egyedi modon vdltoztatia meg a Ca®*-szarkomerhossz dsszefiiggést

A kontraktilis valaszok és az intracellularis Ca®-tranziensek kozotti kapcsolat tovabbi
jellemzése érdekében a SL-t a Ca?*-koncentracio fiiggvényében abrazoltuk (40. dbra). Ezek a
Ca?*-SL osszefiiggések nem kiilonboztek alacsony koncentracioji (0,03 uM) OM kezelés elétt
¢s utan. 0,1 uM, 0,3 uM vagy 1 uM OM alkalmazasat kdvetden azonban a hurokdiagrammok
jelentésen és fokozatosan lefelé tolodtak, ami arra utal, hogy a Ca?*-érzékenyitd hatas mind a

szisztolés, mind a diasztolés intracelluldris Ca®" koncentracional jelen van. 1 pM EMD
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jelenlétében a Ca?*-SL 6sszefiiggés hasonlo volt, minta 0,1 puM OM alkalmazasa soran. A Ca?*-
SL kapcsolat a Levo jelenlétében a rovidebb szisztolés SL-ak fel¢ tolddott, ami a szer szisztolé

soran kivaltott Ca?*-érzékenyitd hatasara utal.

A B c
0,03 pM Omecamtiv mecarbil 0,1 pM Omecamtiv mecarbil 0,3 yM Omecamtiv mecarbil
£ 29 £ 207 T 29
: g P =
N
N . N i o 181 — .
g 1.8 — OM elétt § 1.8 — OMelétt 8 OM elétt
< — OM utan < — oMuin & Lo — OMutén
o 164 o 1.6 g
§ § °
X
E 1.44 % 1.44 g 141
N g N g (%)
%) ) r r r 1
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Fura-2 arany (Fls nm /Flago nm) Fura-2 arany (Fls nm /Flagonm) Fura-2 arany (Flas nm /Flagonm)
D E F
1 uM Omecamtiv mecarbil 1 M EMD 53998 1 uM Levosimendan
= 207 = 207 —_ -
g- € £ 20
= 2 3
o 187 —_— 16 % 1.84 > X N 184
a OMelstt 9 — EMDelétt a : — Levo elétt
2 o
g — OMutén < — EMD utan < — Levo utan
£ 161 Q1.6 o 164
S 5 E
= o <]
= W < x
g 1.44 C 1.4 S 1.4
r r r 1 0 . . . . %)
1 2 3 4 5 1 2 3 4 5 1 é é :1 é
Fura-2 arany (Flas nm /Flzgo nm) Fura-2 arany (Fl3 nm /Flago nm) Fura-2 arany (Flzzo mm /Flgonm)

40. dbra Az intracellularis (IC) Ca?* és a szarkomerhossz (SL) ésszefiiggések valtozasai OM, EMD vagy
Levo kezelés hatasara

Az SL értékeket az intracellularis Ca?* koncentracié fliggvényében abrazoltuk. Minden panel esetében négy
egymast kovetd szivciklus lathato kezelés eldtt és utdn. A-D. Téringerlés hatdsira az intracellularis Ca?*
koncentracié gyors ndvekedése volt megfigyelhetd, amelyet 6sszehuzddas kovetett (SL csdokkenése). Ezt kovetden
az intracellularis Ca?* koncentricié a diasztolés (alacsony) szintre allt vissza, amit relaxacié kovetett (SL
ndvekedése). A Ca?*-SL osszefliggések az OM-koncentracié ndvekedésével fokozatosan lefelé tolodtak, ami a
teljes szivciklus alatti Ca?*-érzékenyitd hatasra utal. E. Az EMD Altal kivaltott Ca?* érzékenység hasonl6 volt a
0,1 uM OM iltal kivaltotthoz. F. A Levo nem valtoztatta meg a diasztolés SL-t, de fokozta az SL csokkenését a
szisztolé soran. (Raduly AP. és munkatarsai, ESC Heart Failure, 2023, 10(2): 1326-1335. alapjan)

4.7.4. A diasztolés és szisztolés szarkomer dinamika kolcsonhatasainak vizsgadlata

A harom szer kiilonb6z6 hatasmechanizmusainak szemléltetése érdekében a szisztolés valaszok
paramétereit az OM, EMD vagy Levo kezelések soran a megfeleld diasztolés SL fiiggvényében
fejeztiik ki. Ez a megkozelités igazolta az OM ¢és az EMD hatésai kozotti hasonlosagokat,
kiilondsen, amikor a diasztolés €s a szisztolés SL, vagy az 0sszehtizodasi idétartamok kozotti
Osszefliiggéseket elemeztiik (41. dbra). A diasztolés SL-FSL 6sszefliggések ugyanakkor az OM
¢s az EMD hatasmechanizmusai kozotti kiilonbségekre is felhivtak a figyelmet. Az EMD
jelentésebb FSL novekedést volt képes kivaltani, mint az OM, ¢és latszolag kisebb diasztolés
SL csokkenés aran. A Levo alkalmazasa mellett észlelt valtozatlan diasztolés SL a szer OM-t6l

és EMD-t6] eltérd Ca?*-érzékenyitd hatasara utal.
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In vitro vizsgalatainkban enzimatikusan izolalt, intakt membranrendszerrel rendelkez6
kutydbol szarmaz6 szivizomsejteken szamos hasonlosagot és jelentds kiilonbségeket
azonositottunk az OM, az EMD ¢és a Levo kontraktilis funkciéra kifejtett hatasai kozott.
Eredményeink alapjan az OM pozitiv inotrop hatdsanak hatterében elsésorban az
0sszehuzodasok idejének megnyuldsa, nem pedig a kinetikai paraméterek gyorsuldsa, vagy a

frakcionalt SL-rovidiilés novekedése all.
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41, abra A szisztolés paraméterek és a diasztolés szarkomerhossz (SL) osszefiiggései

A. Mind a szisztolés, mind a diasztolés SL értékek csokkentek az OM-koncentracio névekedésével és az EMD
hatasara, azonban a Levo csak a szisztolés értéket befolyasolta. B. A kontrakciok id6tartama nétt az OM-
koncentracio novekedésével és az EMD kezelést kovetden, de nem valtozott a Levo alkalmazasa utan. C. A
frakciondlis szarkomer rovidiilés érdemben nem valtozott, viszont a diasztolés SL cs6kkent OM kezelést kovetben.
EMD és Levo hatasara a frakcionalis szarkomer rovidiilés szignifikans mértékben nétt. (Raduly AP. és munkatarsai,
ESC Heart Failure, 2023, 10(2): 1326-1335. alapjan)

Megallapitottuk, hogy az OM, az EMD és a Levo az intracellularis Ca®* tranziensek
jelentés valtozasanak hianyaban is markans valtozasokat idéz eld a szivizomsejtek
kontrakciojaban ¢és relaxacidjdban, ami mind a hdrom vegylilet esetében arra enged
kovetkeztetni, hogy valamilyen fokban novelik a szivizomsejtek Ca®" érzékenységét.
Ugyanakkor a Ca?* érzékenység fokozodasahoz vezetd mechanizmusok az OM, az EMD és a
Levo esetében bizonyos fokban kiilonbozoek, és ennek megfelelden eltérd tipusu kontraktilis
valaszokat eredményeztek. Mivel a Levo ¢€s az EMD is gatolja a PDE3-at, a valtozatlan

intracellularis Ca?*-szint ezen szerek jelenlétében potencialisan azzal magyarazhatd, hogy ezek
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a szerek az altalunk alkalmazott koncentracidkban a tébbi (PDE3-on kiviili) PDE izoformat
kutya szivizomsejtekben nem gatoljak.46-148

Az OM alacsony (diasztolés) intracellularis Ca?* koncentraci esetén a szivizomsejtek
SL-csokkenését idézte eld téringerlés hidnyaban is. A SL-csokkenés mértéke hasonld volt
téringerlést kovetden a stimulalt szivizomsejtekben mérheté diasztolés SL-hoz, ami arra utal,
hogy az aktin-miozin kdlcsdnhatas OM-fiiggé aktivalasdhoz nem volt sziikség Ca®*-ra. Ezek az
eredmények O0sszhangban vannak a nyalbdl szarmazo6 szivizomsejtek bazélis miozin ATPaz
aktivitasanak ndvekedésével OM-kezelést kdvetden,”” valamint a patkanyokbol nyert
permeabilizalt szivizomsejteknek diasztolés Ca?* szintek mellett 1étrejovd izometrikus erejének
a fokozodasaval.'*® Az OM-hez hasonléan az EMD is csdkkentette a nyugalmi SL-t, ami a két,
miozinhoz k6t6do, azt szelektiven befolyasold szer hasonlo hatasaira utal, mig ez az effektus a
vékony filamentumra szelektiven hatdo Levo esetében eltér. Vizsgalatunkbdl az is tisztan
lathato, hogy a diasztolés és szisztolés SL-ok, valamint a kontrakcids idétartamok csokkenése
szoros Osszefliggést mutat a ndvekvé OM-koncentraciokkal. A diasztolés SL csokkenése
felelds azért, hogy magasabb OM-koncentraciok esetében a frakcionalt SL-rovidiilés nem
mutatott jelentds novekedést annak ellenére, hogy a szisztolés szarkomerhosszak jelentdsen
csokkentek. Eredményeink alapjan a frakcionalt SL-rovidiilés novekedését az OM altal
kivéltott nyugalmi SL-csokkenés korlatozhatja magasabb OM-koncentracioknal. 14

Az altalunk alkalmazott OM-koncentracié tartomanyaban (0,01-1 uM), mely megfelelt a
klinikai tanulmanyokban alkalmazott OM-plazmaszinteknek, a nyugalmi SL csokkenését
tapasztaltuk.”®° Az OM multicentrikus, placebo kontrollos, III. fazis klinikai vizsgalatdban
(GALACTIC-HF) a gyogyszer plazma szintje szerinti dozistitralasi stratégiat alkalmaztak. A
cél a legalabb 200 ng/ml-es (0,5 uM) plazmakoncentracié elérése és az 1000 ng/ml (2,5 M)
feletti koncentracio elkertilése volt. Fontos megjegyezni, hogy korabbi human tanulményok
soran a >1200 ng/ml-es (3 uM) OM-koncentraciéo (haromszor magasabb, mint az in vitro
kisérleteinkben altalunk alkalmazott maximalis koncentracid) esetén a szisztolés idGtartam
jelentds megnyulasat tapasztaltdk, mely diasztolé soran a korondriakeringés romlasahoz,
potencialisan miokardialis iszkémia kialakulasahoz vezethetett.”®*>0 Az OM allatkisérletekben
és human tanulmanyokban egyarant a SET novekedését okozta.®’879151 Az elsé emberen
végzett, doziseszkalacios vizsgalatban az OM dozisfiiggd modon novelte a SET-t, a SV-t, FS-t
¢s a BKEF-tis. A SET megnyujtasa a gyogyszer egyik legjelentdsebb hatasa: a szer alacsony
citoplazmatikus Ca?*-koncentracié mellett is fenntarthatja a kontrakciot. Annak ellenére, hogy

az in vitro észlelt erdkifejtés kinetikaja lassult, az OM in vivo nem befolyasolta az idéegység
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alatt 1étrejové nyomasvaltozas maximumat (dP/dtmax), ami arra utal, hogy az OM
farmakokinetikai tulajdonsagai in vitro és in vivo némileg eltéréek lehetnek. >

Nagy OM-koncentracié mellett a szivizomsejtek dsszehuzddasainak id6tartama majdnem
hatszorosara nétt, ami a kontraktilis rendszer elhtizodé aktivalédasara utalt.t®?153
Permeabilizalt patkany szivizomsejteken egy Korabbi tanulmanyunkban megfigyeltiik, hogy
mind a félmaximalis kontrakcio eléréséhez sziikséges idétartam (t12), mind pedig az aktin-
miozin kereszthidak kinetikajat jellemz6 sebességi allandé (ki) jelentésen novekedett. Mindez,
Osszhangban jelen megfigyeléseinkkel, szintén a miozin filamentumok csokkent kinetikajara
utalt.491°41% Osszességében az OM altal kivaltott Ca?*érzékenység-fokozodds hozzajarulhat
az er6sebb, lassabb és elhtiz6dd 6sszehuzddasokhoz.

Fontos megemliteni, hogy az OM 4ltal kivaltott kontrakcids idétartam-ndvekedés nem
volt azonos az EMD alkalmazasa soran, mely vélhetden a szerek miozin molekulan 1évé eltérd
kotohelyeivel magyarazhato. Az OM kapcsolodasi pontja a miozin S1 doménjén valdsziniileg
az aktin-koto feliilet és a nukleotid-kotd zseb kozelében 1évé hasadékban talalhatd. Ez a hely
vélhetden idealis tamadaspont a szivizomzat miozin motorjanak, mind az enzimatikus, mind a

crer

az OM miozin S1 doménen 1év6 kétohelyével, ennek ellenére az EMD adagolasa szintén képes
novelni a miozin ATP4z aktivitasat.!°61%7

Jelen vizsgéalatban az OM hatdsara az intakt szivizomsejtek relaxacidja jelentdsen
csokkent, kiillonosen nagyobb (0,3 és 1 uM) koncentracioknal, az EMD és a Levo ugyanakkor
azt nem, vagy csak kismértékben korlatozta. Ez Osszhangban 4ll korabbi vizsgalatunk
eredményével, mely soran az OM jelentésen megnytjtotta a permeabilizalt patkany
Ca?"-homeosztazisanak zavara elsésorban a SR megvaltozott miikodésére vezethetd vissza: a
SERCA csokkent aktivitasanak kdvetkeztében csokken a citoplazmatikus Ca?*-visszavétel .18
Eredményeink alapjan a relaxacié mar kis OM-koncentracioknal (0,1-0,3 pM) is karosodott, ez
a hatas nagy OM-koncentracional (1 uM) még kifejezettebbé valt. Szivelégtelenségben az OM-
altal kivaltott diasztolés diszfunkciot az emelkedett nyugalmi intracellularis Ca®* szint
potencialisan sulyosbithatja. Mindezzel 6sszhangban, a diasztolés funkcié romlasat - amelyet
az izovolumetrikus relaxacido id6allandojanak (t) és a bal kamrai nyomascsokkenés
sebességének (dP/dtmax) csokkenése tiikkroz - korabban kimutattdk térfogat-talterheléssel jaro
szivelégtelenség patkany modelljében intravénas OM-kezelést kovetden.'®® Ugyanakkor
egészséges onkéntesekben az OM nem rontotta a diasztolés funkciot az utdbbi vizsgalatban

alkalmazott koncentracidhoz hasonld plazmakoncentracioban. Az OM esetleges diasztolés
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diszfunkciot okozo hatasait COSMIC-HF tanulményban is vizsgaltak. A post-hoc elemzés soran
az IVRT novekedése igazolddott az E/A arany, vagy az E-hullam valtozasa nélkil. A
GALACTIC-HF-ben a diasztolés funkciot részletesen nem vizsgaltak, pedig ez adataink
tikrében fontosnak tlinik a szer biztonsagos per 0S alkalmazasa érdekében HFrEF-ben
szenvedd betegekben is.

Annak ellenére, hogy az OM, az EMD ¢s a Levo sem valtoztatja meg az intracellularis
Ca?" tranzienst, az egyes szerek kiilonbdzé modon befolyasoltak a Ca?*-SL dsszefiiggést. Az
OM magas koncentracidban jelentdsen csokkentette a SL-t, ezaltal diasztolés rovidiiléshez és
ez elhuzodo relaxaciohoz vezetett. Az EMD szintén a nyugalmi SL csokkenését eredményezte,
de a relaxacios kinetikat nem befolydsolta. Az OM-lal és az EMD-vel ellentétben Levo kezelés
sordn ezen karos hatasok egyike sem volt megfigyelhetd. Az OM mellett tapasztalt jelentds
nyugalmi SL-csokkenés parhuzamba allithatd a klinikai vizsgalatokban megfigyelt BK-i
diasztolés atmérd csokkenéssel. Ez a tényezd hatdssal lehet FS-re magas OM-koncentracioknal
¢és befolyasolhatja a BKEF meghatarozasat is. Az OM szivizomsejtek nyugalmi SL-ra és
relaxacios kinetikajara kifejtett karos hatasai a OM-plazmaszint rendszeres meghatarozasanak

fontossagara ¢€s sziikségességére hivjak fel a figyelmet a szer klinikai alkalmazasa soran.
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4.8. In vivo kisérletek — Danicamtiv

4.8.1. A danicamtiv csokkenti a végszisztolés atmérot, de nem befolydsolja a végdiasztolés
dtmérot

A danicamtiv miokardialis funkcidra kifejtett hatasait echokardiografidval kovettilk nyomon
altatott patkanyokban. 2 mg/kg danicamtiv iv. beadasa utan a bal kamrai ESD jelentds
csokkenését (2,93+0,17 mm vs. 3,76+0,11 mm, p<0,001) tapasztaltuk, azonban a bal kamrai
EDD-t nem valtozott (7,56+0,12 mm vs. 7,74+0,26 mm, p=0,45) (reprezentativ M-mod abrak:
42. dbra).*®

A B

Danicamtiv kezelés elott Danicamtiv kezelés utan

C D
Bal kamrai végdiasztolés atméro (EDD) Bal kamra végszisztolés atmérd (ESD)
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42. abra A danicamtiv hatdsa az bal kamrai méretekre a szivciklusok soran

Patkany BK-ro6l késziilt parasternalis hossztengelyi metszet (PLAX) reprezentativ M-mddu echokardiogréfias
felvételei az iv. danicamtiv kezelés el6tt (A) és utan (B). A danicamtiv hatisara az EDD nem valtozott (C), de az
ESD jelentésen csokkent (D). Az abra jobb oldalan az egyéni kiilonbségek lathatok. A k6zépsé vizszintes vonal
jelzi a kiilonbségek atlagat, mig az ezzel egybeesd vékonyabb fekete vonal (ezen, és a tobbi hasonld grafikonon)
a danicamtiv utani mérések atlagat mutatja. A masik sziirke vonal a kezelés elotti mérések atlagat mutatja. Az dbra
jobb oldalan a fiiggdleges vonal és a két rovidebb vizszintes vonal a 95%-os konfidencia intervallumot jelzi, mely,
ha nem érinti a 0 értéket, akkor statisztikailag szignifikans kiilonbséget jelez. (Raduly AP. és munkatarsai, Int. J.
Mol. Sci., 2023, 24(1): 446. alapjan)

4.8.2. A danicamtiv javitjia a bal kamrai kontraktilitast
A relevans bal kamrai kontraktilis paraméterek, beleértve a BKEF-et (89,36+0,99% vs.

79,76+1,24%, p<0,001), a FS-t (63,57+1,47% vs. 50,58+1,30%, p<0,001) és a SV-t
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(290,56+20,26 ul vs. 243,89+0,07 ul, p=0,01) szignifikdnsan javultak a danicamtiv kezelést
kovetden (43. dbra). Emellett a CO is jelentdsen nétt (72,45+5,04 ml/perc vs. 61,40+2,99

ml/perc, p=0,03), ami alatimasztja a gyogyszerjelolt pozitiv inotrép hatasat.

A B
Bal kamrai ejekcios frakcio (BKEF) Frakcionalis rovidiilés (FS)
1004 * 80+ *
20 .
* 70 . 20
90 . = -l
oy 10 2 o~
E < ot g = —%—— “ =
* w - 4 L w
u . < e 60 * b
o 4 * <
80 0
501 / 0
70 = . . -10 40 T ——— ——-10
Kontroll Danicamtiv Danicamtiv Kontroll Danicamtiv Danicamtiv
Vs, vs.
c Kontroll Kontroll
. D .
Pulzusterfogat (SV) Perctérfogat (CO)
* L9200 120 *
400+ *
* 100+ L34 -40
$ i € £
. 100 - £ £
E 3 : 3 > g
S 300 > E 801 -20 E
e I g
0 8 k3 g
oty 0
60' “
200+ * K3
. . 40 . . F-20
Kontroll Danicamtiv Danicamtiv Kontroll Danicamtiv Danicamtiv
Vs, VS,
Kontroll Kontroll

43. abra A danicamtiv javitja a bal kamra szisztolés funkcidjat és hemodinamikai paramétereit

A bal kamrai ejekcidos frakcid (BKEF) (A), frakcionalis rovidiilés (FS) (B), a pulzustérfogat (SV) (C) és a
perctérfogat (CO) (D) novekedett danicamtiv alkalmazéasakor (a kiindulasi értékektol vald szignifikans
kiilonbségeket csillagok (x) jelzik). (Raduly AP. és munkatarsai, Int. J. Mol. Sci., 2023, 24(1): 446. alapjan)

4.8.3. 4 szisztolé és diasztolé idotartama megvaltozik danicamtiv hatasdra

A danicamtiv szivciklus kiillonb6z6 idétartamaira kifejtett hatasat is megvizsgaltuk, mely soran
mind a szisztolé id6tartama (106+£3,30 ms vs. 88,64+1,83 ms, p=0,0001), mind a SET
szignifikans megnyulasat tapasztaltuk (87,14+3,05 ms vs. 72,28+1,53, p<0,001) (44. dbra). Az
echokardiografiaval mért paraméterekbdl kalkulalt diasztolés iddétartam szignifikansan
csokkent (1334+4,66 ms vs. 152,2+4,19 ms, p=0,008), amit a diasztolés és a szisztolés idétartam

aranyanak jelentds csokkenése kisért (1,28+0,07 vs. 1,73+0,06-re, p<0,001).
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A Szisztolé id6tartama B Szisztolés ejekcios id6 (SET)
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44, abra A szisztolé és diasztolé idétartama megvaltozik danicamtiv hatdsara

A danicamtiv ndvelte a szisztolé id6tartamat (A), elnyUjtotta szisztolés ejekcios id6t (B) és csokkentette a diasztolé
id6tartamat (C), valamint felboritotta a diasztolé és szisztolé aranyat (D). A danicamtiv alkalmazasakor a
kiindulési értékekt6l valo szignifikans kiillonbségeket csillagok (x) jelzik. (*= p<0,05) (Raduly AP. és munkatarsai,
Int. J. Mol. Sci., 2023, 24(1): 446. alapjan)

4.8.4. A kontrakcio kinetikaja jelentosen lassul, azonban a bal kamrai strain paraméterek

javulnak a danicamtiv kezelést kovetoen

A danicamtiv hatdsat a szivizomosszehuzodas dinamikajara strain echokardiografia
segitségével részletesebben is megvizsgaltuk. A BK-i radidlis szisztolés cstcssebesség
(2,67+0,17 cm/s vs. 3,50+0,13 cm/s, p<0,001) és az 6sszehtizodasi sebesség (M-modban mért
meredekség) (2,30+0,11 cm/s vs. 3,32+0,23 cm/s, p=0,008) szignifikdns csokkenése volt
megfigyelhetd (45. dbra). A danicamtiv kezelés hatasara azonban, mind a globalis
longitudinalis strain (-24,22+1,30 vs. -33,27£1,45%, p<0,001), mind a globalis
cirkumferencidlis strain (-59,29+3,36% vs. -54,58+3,28%, p=0,02) paraméterek szignifikansan
csokkentek, ami az BK szisztolés funkcid javulasara utal.
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45. abra Az echocardiographiaval mérheté bal kamrai 6sszehuzodast jellemzé kinetikai, illetve strain
echocardiographias paraméterek valtozasa danicamtiv kezelés hatasara
A BK-i radialis szisztolés csucssebesség és kontrakcio sebesség (M-mdd meredekség) szignifikansan csokkent
danicamtiv hatasara (A, B) A globalis longitudinalis és cirkumferencialis strain szintén szignifikansan csokkent
danicamtiv hatasara (C, D). (*=p<0,05) (Raduly AP. és munkatarsai, Int. J. Mol. Sci., 2023, 24(1): 446. alapjan)
A danicamtiv kezelések soran kialakult aorta- vagy pulmondlis artérias atlag- és
csucssebességekben, illetve atlag- €s csucsgradiensekben nem volt szignifikans véltozas (3.

tablazat).
4.8.5. A danicamtiv diasztolés diszfunkciot okoz

A danicamtiv hatasara a korai (E) transzmitralis bearamlasi sebesség szignifikdnsan csokkent
(645,92+29,17 mm/s vs. 720,92+11,87 mm/s, p=0,013) €s a késdi (A) transzmitralis bedramlasi
sebesség pedig jelentdsen ndvekedett (506,93+37,81 mm/s vs. 379,24+19 mm/s, p=0,003). Az
E/A arany ennek megfelelden jelentésen csokkent (1,97+0,10 vs. 1,38+0,10, p=0,0003) (46.

dbra), amely a bal kamrai toltdnyomas emelkedését jelezheti.
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Kontroll  Danicamtiv P értek
Paraméterek (n = 14) (n=14) (Kor)troll vs.
Danicamtiv)
Echokardiogrdfia
BK térfogat - szisztolé (uL) 61,53 +423  35,7+4,77 <0,001
BK térfogat - diasztolé (uL) 305,4+11,2 326,1+23,9 0,327
BK anterior falvastagsag - szisztolé (mm) 3,17+0,09 3,49+0,14 0,034
BK anterior falvastagsag - diasztolé (mm) 1,76 £0,22 1,65+0,26 0,171
BK posterior falvastagsag - szisztolé (mm) 3,24+0,12  3,69+0,09 0,003
BK posterior falvastagsag - diasztolé (mm) 1,93+0,08 1,92+0,08 0,867
Aorta szisztolés csucssebesség (mm/s) 899,3 +35,7 936,7+41,2 0,276
Aorta szisztolés atlagsebesség (mm/s) 547,8 £29,8 511,1+354 0,213
Aorta csucsnyomasgardiens (mmHg) 3,30+£0,26 3,59+0,31 0,248
Aorta atlagnyomasradiens (mmHQ) 1,30+0,15 1,11+0,17 0,178
Pulmonalis véna pitvari reverz aramlési sebesség (mm/s) 136,7=11,4 201,1 +£24.9 0,008
Pulmonélis véna pitvari reverz aramlas id6tartama (ms) 20,27 £0,77 28,10+ 2,24 0,004
Mitralis E hullam lassulési id6 (ms) 57,57+2,53 51,09 +2,63 0,134
Mitralis billentyli szeptalis e’ (mm/s) 40,47 +£2,44 36,36 +2,36 0,051
Mitralis billenty(i szeptalis a’ (mm/s) 3521 +£1,74 42,24 +2,27 0,070
Mitrélis billentyli szeptalis e’/a’ 1,21+£0,11 0,874+0,10 0,014
Tei index 0,60+0,04 0,50+ 0,03 <0,001
E/e’ arany 18,79 +1,31 19,53 +1,69 0.549
Izovolumetrikus dsszehuzodasi id6 (ms) 14,50+ 0,53 14,50+0,91 0,999
Izovolumetrikus relaxaciés id6 (ms) 27,79 £ 1,77 28,71 +£2,22 0,450
Elektrokardiogrdfia
Szivfrekvencia (bpm) 251+ 15 249+ 14 0,715
PQ intervallum(ms) 48 +4 51+4 0,245
QRS id6tartam (ms) 17£3 172 0,869
QT intervallum (ms) 42 £2 42 +£1 0,577
T hullam amplitadé (mV) 0,13+0,02 0,13+0,03 0,477

3. tablazat Echokardiorafiaval és elektrokardiografiaval mért paraméterek danicamtiv kezelés mellett (Bal
kamra (BK)) (Raduly AP. és munkatarsai, Int. J. Mol. Sci., 2023, 24(1): 446. alapjan)

A szdveti doppler (TDI) sebességek (azaz a mitralis billentyli szeptumanak korai (a') és
késoi (e') szoveti sebességei) a mitralis E és A hulldm sebességéhez hasonldan valtoztak. A TDI
e'/a’ arany valtozésai tovabb erdsitik a danicamtiv beaddsakor megvaltozott mitralis bedramlasi

mintdzatot. Mindazonaltal az izovolumetrids relaxacios id6 (IVRT) ezzel egy iddben
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valtozatlan maradt. Ezen tulmenden a pulmonalis véna pitvari reverz aramlasi sebességének
(201,10+£24,85 mm/s vs. 136,70+11,35 mm/s, p=0,008) és az aramlds idOtartamanak
(28,10+£2,24 ms vs. 20,27+0,77 ms, p=0,004) jelentds novekedése volt megfigyelhetd (3.
tablazat), ami a bal kamra diasztolés funkcidjanak romlasat és a bal pitvar kontrakcid

erdsségének fokozddasat jelezheti.
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46. abra A danicamtiv hatasa a diasztolés funkciéra

Korai és késo6i pitvari bearamlas aranyanak (E/A) meghatarozasara danicamtiv kezelés eldtt (A) és azt kdvetden
(B). A danicamtiv rontotta a bal kamra diasztolés funkciojat (C-F). (Raduly AP. és munkatarsai, Int. J. Mol. Sci.,
2023, 24(1): 446. alapjan)

In vivo vizsgalataink fokuszaban egy eddig kevésbé ismert, 01j tipusii miozin aktivator, a

danicamtiv allt. Eredményeink hozzdjarulnak a szer szisztolés és diasztolés funkciora kifejtett
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hat4sainak pontosabb megismeréséhez, tovabbi vizsgalatok tervezéséhez, mely a hatdanyag
klinikai alkalmazéasa szempontjabol is relevans lehet.

A célzott, betegségmodositd terapiak a jelenlegi szivelégtelenség iranyelvekben a
kardiomiopatidk kezelésére szolgald 1ij stratégiakként jelennek meg.! A mavacamten nevii
miozin-inhibitor a szivizomsejtek hiperkontraktilis allapotanak befolyasolasaval a hipertrofias
azonban a mai napig nincs specifikus terapia. Ez a tény és az OM-lal szerzett tapasztalatok
Osztonozték a masodik miozin-aktivator, a danicamtiv kifejlesztését és a klinikai
kiprobalasat, 162163

A direkt miozin-aktivatorok kotohelye a B-miozin nehézlanc S1-doménjén talalhato a
kutya és ragcsald szivizomzatban egyarant. Fontos megjegyezni, hogy a szivizomsejtekben a
danicamtiv (az OM-hoz hasonloan) nincs hatéssal az intracellularis Ca?* tranziensekre, ami arra
utal, hogy kizarélag a fenti hatdsmechanizmus felelds a kardiotonikus hatdsaért. Ebbol
kovetkezik, hogy a danicamtiv altal kivaltott kontraktilis valaszok kutyakban és patkanyokban
kozel hasonloak lesznek az OM-hoz.1%* Mivel a modern echokardiografias technikak kivalo
mindségii képalkotast tesznek lehetdve kisemldsokben, méréseinket patkanymodellen hajtottuk
végre. 1%

A HFrEF-ben lejatszod6d patofiziologiai folyamatok a kontraktilitds jelentds
csokkenéséhez vezetnek, ami a pulzustérfogat csokkenésével jar.1% A pozitiv inotrép szereket
tobb évtizede alkalmazzak a pumpafunkcid javitdsa érdekében, mind akut, mind krénikus
HFrEF-ben.®"-1% A hagyomanyos pozitiv inotrop szerek hosszii tavon novelik az
intracelluldris Ca®*-szintet, az oxigénfogyasztist és Sajnos a mortalitast is.”*1"%17! Ezzel
szemben a direkt miozin-aktivatorok allosztérikus hatast gyakorolnak a miozin ATPaz-ra, igy
valtozatlan intracellularis Ca®* tranziens esetén tobb aktin-miozin interakcié alakulhat ki, ez a
mechanizmus pedig feltehetden elkeriili a fenti mellékhatasokat.

In vivo tanulmanyunkban atfogd echocardiografias elemzéssel kimutattuk, hogy a
danicamtiv jelentds hatast gyakorol, mind a szisztolés, mind a diasztolés funkcidra
patkanyszivekben. A fenti adatok és a sziv S1 miozinjan OM ¢és danicamtiv alkalmazésaval
végzett preklinikai vizsgalat eredményei arra utalnak, hogy a miozin ATP4z sebességét még
diasztolés Ca?* szint mellett is ndvelik a direkt miozin-aktivitatorok. 161172

A bal kamrai kontraktilitast jellemz6 paraméterek koziil danicamtiv hatasara jelentésen
javult az EF és az FS, tovabba a nem invazivan meghatéarozott SV, igy kovetkezményesen a CO
is. Ezen kedvezd hatasok Osszevethetoek az OM-lal. Ellentétben az OM-lal, amely human

alkalmazas soran az EDD-t és az ESD-t is csokkentette,’® a danicamtiv csak az ESD-t
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csokkentette, az EDD-t nem befolyasolta jelentds mértékben patkanyszivekben. Ezek az
eredmények O0sszhangban vannak a szivelégtelen kutyakon végzett preklinikai adatokkal, és
részben egy fazis 2a klinikai vizsgalat eredményeivel is, ahol az EDD kevésbé tlint érzékenynek
a danicamtivra, mint az ESD.# Egy nemrégiben human mesterséges szivizomszdveten a
danicamtiv és az OM hatésait 0sszehasonlitd vizsgdlatban a danicamtiv hatisara a szisztolés
funkciot jellemzd paraméterekben kifejezettebb javulas volt megfigyelhetd a relaxaciohoz
képest.8t A megnovekedett bal kamrai toltényomast koztudottan a pitvari kontraktilis funkcio
novekedése kompenzalja. A danicamtiv esetében ezt a jelenséget jol tiikkrozte a transzmitralis
A-hulldm jelentés novekedése, az E-hullam, az E/A arany, valamint a széveti dopplerrel mért
e’/a’ arany is jelentds mértékli csokkenése.

A GALACTIC HF vizsgalatban az OM-kezelés hatdsdsra a szivfrekvencia
kisméretékben csokkent, melyet a javuld kontraktilis funkcid kovetkeztében 1étrejovo pozitiv
hatasokkal hoztak Osszefiiggésbe. In vivo kisérleteinkben, hasonléan az ATOMIC HF, a
COSMIC-HF és a danicamtivval végzett fazis Ila vizsgalathoz, a szivfrekvencia nem valtozott.
Ahogyan az OM-lal végzett nagy klinikai vizsgalatokban is igazoltak, a SET novekedése a
miozin-aktivatorok egyik specifikus hatsa.’”1"2 Kisérleteink soran a valtozatlan szivfrekvencia
mellett megjelend SET megnyulasa eredményezte a szisztolés idétartam novekedését. Ennek
kovetkeztében a diasztolés iddtartam rovidiil, igy a diasztolés és a szisztolés iddtartam
aranyanak valtozasa potencidlisan hatdssal lehet a koronaria perfuzidéra. Az OM human fazis II.
¢és III. vizsgalatokban megfigyelt hatisaival ellentétben patkdnyszivben az izovolumetrias
0sszehuzodasi idét (IVCT) és az IVRT-t a danicamtiv nem befolyasolta. A danicamtiv fazis Ila
vizsgalatdban csak extrém magas dozisok (>3500 ng/ml) esetében figyelték meg az IVRT
megnyuldsat.? A SET novekedése egyiitt jart a miokardialis teljesitményindex (Tei-index)
javulasaval.

Fontos megjegyezni, hogy a strain echokardiografiat kiilondsen kisallatokban ritkabban
alkalmazzak, bar nagyon érzékeny modszer a bal kamra funkci6 valtozasainak kimutatasara. A
szivizom sebesség és a strain TDI-vel is mérhetd, bar a speckle tracking 2D-strain-t jobb
technikanak tartjak, mivel a TDI-vel ellentétben a kapott eredmények szogfiiggetlenek.
Altalanossagban elmondhatd, hogy a 2D-strain segitségével nyert adatok jo korrelaciot
térfogatanak elemzésének arany standard modszerével.1’® Vizsgalatunkban igazoltuk, hogy a
danicamtiv jelentésen csokkenti a szivizom Osszehtizodasi sebességét, amit egy 2D-strain
paraméter, a radialis szisztolés csticssebesség jelentOs csokkenése is megerdsitett. A PLAX-ban

nyert M-mod képen az 6sszehtizodas felszalloszara illesztett egyenes meredeksége is csokkent,
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amely szintén megerdsiti, hogy a szivizomosszehuzodas kinetikaja lassult. Emellett Gigy tiinik,
hogy a 2D-strain echokardiografia érzékenyebb modszer a BK funkcié pontos
meghatarozasara, mint az EF klasszikus modszerekkel torténd mérése.}’* Kimutattak, hogy a
GLS vagy a GCS korabban jelzi szisztolés diszfunkciét még akkor is, ha az EF normal
tartomanyban van. Jelen vizsgdlatunkban a danicamtiv BK szisztolés funkciora gyakorolt
hatasat nemcsak a standard modszerekkel (EF, FS, SV, CO), hanem 2D-strain
echokardiografiaval is értékeltiikk. A danicamtivval kezelt patkdnyszivekben szignifikansan
alacsonyabb (negativabb) GLS ¢és GCS értékeket mértiink, ami tovabb erdsiti a gydgyszer BK
kontraktilitasra gyakorolt pozitiv hatasat.
Kisérleti eredményeink szivelégtelenségre torténd extrapolalhatdésagat korlatozhatja az

a tény, hogy vizsgalatainkat egészséges allatokon végeztiik. Ugyanakkor adataink 6sszhangban
vannak a szivelégtelenség kutyamodelljében €s a danicamtivval végzett 2a fazisu vizsgalatban
megfigyelt eredményekkel .22

Osszességében elmondhatd, hogy az OM és a danicamtiv szivre gyakorolt hatasai
hasonldéak: mindkét vegyiilet javitja a bal kamra szisztolés funkciojat, ugyanakkor
alkalmazasukkor diasztolés diszfunkci6 kialakuldsaval is szdmolnunk kell. A danicamtiv OM-
lal szembeni eldnye, hogy nem befolyasolja az IVRT-t és a IVCT-t, valamint nem valtoztatja
meg az EDD-t sem.

A danicamtiv az OM-hez hasonléan a Ca?* homeosztazis befolyasoldsa nélkiil javitja a
BK-i szisztolés funkcidt. Vizsgalatunk soran pitvari aritmia, malignus kamrai ritmuszavar, vagy
vezetési zavar megjelenését nem tapasztaltuk, amely szintén tdmogatja azt a tényt, hogy a
danicamtiv fliggetlen a konvencionalis pozitiv inotrdp szerekre jellemzé mellékhatasoktol.
Fontos megjegyezni, hogy kutatocsoportunk egy korabbi in vivo vizsgalata soran, ahol szintén
egészséges patkanyokon alkalmaztunk OM-kezelést, egy ugynevezett alternald
elektromechanikus jelenség alakult ki, amelyet a danicamtiv esetében nem tapasztaltunk.!’2 Bar
a danicamtiv is befolyasolja az BK-i diasztolés funkciot, ez a hatas kevésbé szembetling, mint
az OM alkalmazasakor. Ez a kiilonbség bizonyos mértékig Osszefiigghet a danicamtiv altal
kivaltott pitvari kontraktilitas fokozodasaval. Ezen kiviil a diasztolés diszfunkcio
osztalyhatasként jelenik meg a direkt miozin-aktivatorok alkalmazasa soran. Eredményeink
alapjan a danicamtivval kezelt betegeknél nagy figyelmet kell forditani a bal kamra diasztolés

funkcidjanak rendszeres ellendrzésére.
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5. AZ UJ TUDOMANYOS EREDMENYEK OSSZEFOGLALASA

1. Abal kamrai szivizomzat felépitése és miikodése jelentésen eltér HFrEF-ben és HFpEF-ben.
A szivizomzat strukturalis és funkcionalis jellemzéinek Gsszehasonlitasakor HFrEF-ben
alacsonyabb miofibrillaris stirliséget és miofilamentalis Ca®* érzékenységet, mig ezekhez
képest HFpEF-ben a szivizomsejtek hipertrofiajat, a szivizomsejtek nagyobb passziv
fesziilését (az Fpassziv NOvekedését) és fokozott Ca?* érzékenységét (pCaso) figyeltik meg.
Ezen valtozasok Osszhangban allnak a szivizomzat csokkent kontraktilitasaval HFrEF-ben

¢s magyarazhatjdk a kamraizomzat koéros relaxaciojat, illetve tagulékonysaganak

csokkenését HFpEF-ben. A megfigyelt kiilonbségek alatamasztjak a két szivelégtelenség

fenotipus klinikai elkiilonitését.

2. A miokardalis fibrozis, a koros szivizomsejt passziv fesziilés, a glikacidos végtermékek
(AGEsS) lerakodasa és az endotél diszfunkcio egyiittesen, de kiilonb6zé mértékben fordulnak
el6 diabéteszes HFTEF és HFpEF betegekben. Eredményeink arra utalnak, hogy HFrEF-ben
elsdsorban a fibrozis és az AGEs lerakodasa, mig HFpEF-ben a hipertréfias szivizomsejtek
korosan emelkedett passziv fesziilése jatszhat fontos szerepet a kamrai kontraktilitas

valtozasaiban.

3. A B-blokkolo kezelés HFpEF-ben észlelt - HFrEF-t6l elmarado - klinikai hatékonysaga
Osszefliggésben allhat a szivizomsejtek szivelégtelenség-specifikus remodellacioival.
Eredményeink szerint, a két szivelégtelenség formaban az atépiilés mashogy érinti a -

adrenerg jelatviteli itvonalat és a cellularis Ca?* homeosztazist.

4. A merev N2B titin izoforma hipofoszforilacidja Kiemelt szerepet jatszik a szivelégtelen

betegek szivizomsejtjeinek korosan emelkedett passziv fesziilésében.

5. A mieloperoxidaz enzim (MPO) hatasara képz6dd oxidansok a csokkentik a szivizomsejt
aktiv erejét, és annak Ca?" érzékenységét, valamint novelik a szivizomsejtek passziv
fesziilését. Ezek a hatasok karosithatjak a bal kamra kontraktilis funkciojat. Az MPO hatasai
az enzim klorinécids aktivitdsan keresztiil valosulnak meg Az MPO gatlasa igéretes célpont
lehet a miokardialis kontraktilis diszfunkcidé kivédésében emelkedett MPO szinttel jaro

kardiovaszkularis korfolyamatokban.
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6. Az akut stressz hatasara jelent6s mértékben ndvekszik a szérum progeszteronszint, mind
nem ovariektomizalt, mind ovariektomizalt ndstény patkanyokban. Az 6sztrogén hianyaban
a miozin-koté C fehérje (MyBP-C) foszforilacioja altal névekedhet a bal kamrai izolalt
szivizomsejtek a Ca**-aktivalt erégeneraldsa. A szérum progeszteron szint novekedésével

parhuzamosan csokken a miofilamentalis rendszer Ca?* érzékenysége.

7. Omecamtiv mecarbil (OM) hatasara az in vitro kovetett szivizomsejt kontrakciok a szisztolés
funkcié javulasat tiikrozik, mely valtozatlan Ca®* tranziensek mellett, a szisztolés
szarkomerhossz csokkenésének és jelentds részben a kontrakcidk elnytlasanak koszonhetd.
Nagyobb OM koncentraciok hatasara a diasztolés szarkomerhosszak jelentés csokkenése, a
kontrakciok kinetikai paramétereinek lassulasa és a kontrakcid idejének szignifikans
novekedése figyelhetd meg. Az észlelt valtozasok az OM alkalmazasakor diasztolés

diszfunkcio kialakulasahoz vezethetnek.

8. Danicamtiv hatasara az in vivo meghatarozott bal kamrai kontraktilitas és szisztolés funkcid
jelentés mértékben javul, a kontrakciok Kinetikaja azonban jelentésen lassul. A szisztolé
idétartamanak megnyuladsa kovetkeztében a diasztolé iddtartama lerdvidil, amely
miokardialis iszkémia kialakuldsahoz vezethet a szer alkalmazasa soran.

A miozin aktivatorok (OM ¢és danicamtiv) esetén felmeriild potencialis diasztolés

funkcié romlas korlatozhatja ezen 11j gyogyszercsoport klinikai alkalmazhatosagat.

86



borbely.attila.1l 300 24

6. A KUTATASI EREDMENYEK TUDOMANYOS ES TARSADALMI
HASZNOSITASANAK LEHETOSEGEI, A KUTATAS JELENTOSEGE

Kisérleti eredményeink hozzdjarulhatnak a szivelégtelenség eltéréd klinikai formaiban a
szivizomzatban végbemend strukturalis, funkcionalis, biokémiai €s molekularis valtozasok
pontosabb megértéséhez. A bal kamra szisztolés és diasztolés funkcidjanak romlasaért felelds
patofiziologiai €s molekuldris folyamatok alaposabb megismerése potencidlisan terapids
jelentdséggel birhat korszertibb szivelégtelenség kezelési stratégiak kidolgozasaban. In vitro és
in vivo kisérleteink eredményei elGsegithetik a miozin aktivatorok klinikai alkalmazasanak

optimalizalasat.
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9. TUDOMANYMETRIAI ADATOK
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Megjegyzések:
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2 lektoralt, tudomanyos folydiratban

3 a szerz6 irasban nyilatkozik, hogy érdemi szerz6i hozzajarulasaval késziltek szerzéként jegyzett kozleményei, és az érdemi
hozzajérulast dokumentalni tudja

4 konferenciakozlemény folyéiratban, konyvben vagy egyéb konferenciakotetben

5 nem-hivatkozott absztrakt itt nem keril az 6sszesitésbe

6 a disszertacio és egyéb tipusu hivatkozas nélkuli 6sszes hivakozassal szamolva. A Hirsch és a g index definici6ja

7 kozrem(ikodés esetén a csoportos szerzéségl kozlemények hivatkozottsaga kulon értékelendd, és nem szamithaté be az
oOsszesitett hivatkozasok kozé

n.a. = nincs adat
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Ezaton szeretném megkdszonni Prof. Dr. Edes Istvannak és Prof. Dr. Csanadi Zoltannak a
Kardiolégiai Intézet korabbi ¢és jelenlegi vezetdjének a lehetéséget, hogy mar
orvostanhallgatoként bekapcsolddhattam az intézetben folyd kutatomunkaba. Nagyon
koszonom mindazt a kivételes és Onzetlen tamogatéast, mellyel a klinikai munka mellett is
lehetévé tették kutatdsaim folytatasat.

Meérhetetlen halaval és koszonettel tartozom PhD témavezetomnek, Prof. Dr. Papp
Zoltannak, a Klinikai Fizioldgiai Tanszék vezetdjének, aki bizalméval, folyamatos, toretlen
biztatasaval €s emberi példamutatdsaval kutatomunkamhoz az Osztonzést €s a kiemelkedd
szinvonalu szakmai hatteret biztositotta, és akinek tdmogatdsat és baratsagat a mai napig
¢lvezhetem. Kdszonetemet fejezem Ki Prof. Dr. Toth Attilanak joszandéka iranymutatasaért,
tirelméért és a kisérletek soran nyujtott hasznos gyakorlati tanacsaiért. Készonettel tartozom a
Klinikai Fiziologiai Tanszék minden jelenlegi és korabbi munkatarsanak, legféképpen PhD
hallgatéimnak, Kalasz Juditnak és Dr. Raduly Arnold Péternek kitart6 munkajukért, onzetlen
segitségiikért, mellyel nagymértékben hozzajarultak a fent ismertetett kutatasi eredmények
1étrejottéhez. Halasan kdszondm Pasztorné Toth Enikd, Manyiné Siket Ivetta, Polik Zsofia és
Dr. Fagyas Miklos segitségét a kisérletek elvégzésében.

Az amszterdami VU medical center Elettani Intézetében PhD hallgatoként, majd
vendégkutatoként toltott kozel két év alatt Prof. Dr. Walter J. Paulus, Prof. Dr. Ger J.M. Stienen
¢s Prof. Dr. Jolanda van der Velden szakmai iranyitdsa alatt dolgozhattam. Bizalmuk,
segitokészségiik, emberségiik, gyakorlatiassaguk, tisztdnlatasuk sokszor volt segitségemre,
melyért halas koszonettel tartozom. Koszondom kozvetlen munkatarsaimnak, Nazha
Hamdaninak, Loek van Heerebeeknek ¢és Ines Falcao-Piresnek munkamhoz nyujtott
segitségiiket.

Halasan koszondm kollegdimnak, a Kardiologiai Intézet valamennyi munkatarsanak a
munkdmhoz nyujtott szakmai és gyakorlati timogatast.

Végiil, de nem utolsésorban szeretném megkdszonni csaladom, sziileim, gyermekeim
¢s legfoképpen Feleségem segitségét, tamogatasat, megértését, szeretetét, végtelen tiirelmét, a
nyugodt csaladi hattér biztositasat, mely szavakkal nehezen kifejezhetd és nélkiilozhetetlen volt

ezen munka létrejittéhez.
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FUGGELEK

Az értekezés alapjaul szolgalo 8 legfontosabbnak itélt kozlemény

(A kozlemények az értekezésben felhasznalt sorrendnek megfelel6en szerepelnek.)
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Heart Failare

Myocardial Structure and Function Differ in Systolic and
Diastolic Heart Failure

Loek van Heerebeek, MD; Attila Borbély, MD; Hans W.M. Niessen, MD, PhD;
Jean G.F. Bronzwaer, MD, PhD; Jolanda van der Velden, PhD; Ger J.M. Stienen, PhD;
Wolfgang A. Linke, PhD; Gerrit J. Laarman, MD, PhD; Walter J. Paulus, MD, PhD

Background—To support the clinical distinction between systolic heart failure (SHF) and diastolic heart failure (DHF), left
ventricular (LV) myocardial structure and function were compared in LV endomyocardial biopsy samples of patients

with systolic and diastolic heart failure.

Methods and Results—Patients hospitalized for worsening heart failure were classified as having SHF (n=22; LV ejection
fraction (EF) 34+2%) or DHF (n=22; LVEF 62*+2%). No patient had coronary artery disease or biopsy evidence of
infiltrative or inflammatory myocardial disease. More DHF patients had a history of arterial hypertension and were
obese. Biopsy samples were analyzed with histomorphometry and electron microscopy. Single cardiomyocytes were
isolated from the samples, stretched to a sarcomere length of 2.2 wm to measure passive force (Fy.), and activated
with calcium-containing solutions to measure total force. Cardiomyocyte diameter was higher in DHF (20.3%+0.6 versus
15.1£0.4 wm, P<<0.001), but collagen volume fraction was equally elevated. Myofibrillar density was lower in SHF
(36=2% versus 46+2%, P<0.001). Cardiomyocytes of DHF patients had higher F,y. (7.1%0.6 versus 5.3+0.3
kN/m?; P<<0.01), but their total force was comparable. After administration of protein kinase A to the cardiomyocytes,
the drop in F. was larger (P<<0.01) in DHF than in SHF.

Conclusions—LV myocardial structure and function differ in SHF and DHF because of distinct cardiomyocyte
abnormalities. These findings support the clinical separation of heart failure patients into SHF and DHF phenotypes.

(Circulation. 2006;113:1966-1973.)
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Despite an increasing awareness that heart failure (HF)
can occur in the presence of a normal left ventricular
(LV) ejection fraction (EF),'? it remains uncertain whether
HF with normal LVEF and with reduced LVEF are indeed
distinct HF phenotypes.?# Although global LV systolic per-
formance is preserved,” HF patients with normal LVEF have
reduced LV long-axis shortening,® depressed tissue Doppler
myocardial systolic velocity,” and deranged ventriculoarterial
coupling.® Furthermore, HF with normal LVEEF is frequently
referred to as diastolic heart failure (DHF) because of the
presence of diastolic LV dysfunction evident from slow LV
relaxation and high LV stiffness.® Diastolic LV dysfunction,
however, is not unique to patients with DHF but also occurs
in HF patients with reduced LVEF, or systolic heart failure
(SHF), in whom it correlates better with symptoms than
LVEEF.'0

Because hemodynamic features apparently fail to identify
SHF and DHF as distinct HF phenotypes, a comparative
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analysis of the structure and function of LV myocardium
procured from both types of HF was proposed recently.!!-!2
The present study performed this analysis by investigating
LV endomyocardial biopsy samples from SHF and DHF
patients. Histological structure and contractile function of the
biopsy samples were compared with histomorphometry,
transmission electron microscopy, and force measurements of
single cardiomyocytes.

Methods

Patients

Fifty-eight patients hospitalized for worsening HF were referred for
cardiac catheterization and LV endomyocardial biopsy procurement
because of suspicion of infiltrative or inflammatory myocardial
disease. Coronary angiography showed significant (>50%) coronary
stenoses in 10 patients, and histological analysis of the biopsy
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Clinical, Hemodynamic, Echocardiographic, and Combined Hemodynamic-Echo-
cardiographic Characteristics of SHF and DHF Patients

(Con: 2.2+0.3)

SHF DHF P, SHF vs
(n=22) (n=22) DHF
Age, y 59.1+3.9 67.8+2.2 0.058
Sex (M/F) 15/7 13/9 0.536
Hypertension 3/22 16/22 <0.001
Diabetes mellitus 5/22 11/22 0.063
Obesity 0/22 10/22 <0.001
Medication
ACEI 17/22 15/22 0.503
B-Blocker 12/22 10/22 0.551
Diuretic 19/22 18/22 0.684
CCB 2/22 7122 0.065
ARB 1/22 4/22 0.159
Digoxin 7/22 4/22 0.302
Amiodarone 2/22 5/22 0.222
Statin 4/22 10/22 0.055
Nitrate 1/22 2/22 0.554
Hemodynamics
Heart rate, bpm 82+4 74+2 0.095
LVPSP, mm Hg (Con: 120+6) 122+5 1727+ <0.001
LVEDP, mm Hg (Con: 10%1) 2242 26+2* 0.103
LVEDVlzg, mL/m? (Con: 724) 120=7* 83+4 <0.001
LVEF, % (Con: 70==3%) 34+2* 62+2 <0.001
Cl, L-min~"-m~2 (Con: 3.1+0.2) 2.2+0.1* 2.7+0.1 <0.01
LV dP/dt., mm Hg/s (Con: 1993+88) 954+109* 1517+£75* <0.001
LV dP/dt,, mm Hg/s (Con: 2320=-149) 1076+124* 1698+96* <0.001
7, ms (Con: 38+2) 657 68+5* 0.756
Echocardiography
LVEDVlggho, mL/m? (Con: 65+4) 127+9* 82+6 <0.001
E, m/s (Con: 0.65-0.03) 0.94+0.1* 0.76+0.07 0177
A, m/s (Con: 0.610.04) 0.78+0.09 0.86+0.08* 0.515
E/A ratio (Con: 1.1320.05) 1.43+0.21* 1.02+0.14 0.110
Deceleration time, ms (Con: 219+7) 161+9* 226+12 <0.001
LVWT, mm (Con: 8.0+0.5) 9.0+0.3 11.4+0.3* <0.001
Hemodynamics and echocardiography
LVMI, g/m? (Con: 92+3) 124+7* 141+5* 0.059
LVMI/LVEDVI ratio (Con: 1.27+0.04) 1.09+0.1 1.74+0.1* <0.001
Myocardial stiffness modulus, kN/m? 3.09+0.36* 5.95+0.48* <0.001

M indicates male; F, female; ACEI, ACE inhibitors; CCB, calcium channel blockers; ARB, angiotensin

Il receptor blockers; HR, heart rate; and Con, control population.

*P<0.05 vs control population.

samples revealed myocardial infiltration or inflammation in 4 pa-
tients. These 14 patients were excluded from the study.

The remaining 44 patients were classified as SHF (n=22) if LVEF
was <45% and as DHF (n=22) if they satisfied the “European Study
Group on DHF” criteria, ie, signs and symptoms of congestive HF,
LVEF >45%, and an LV end-diastolic pressure (LVEDP)
>16 mm Hg.'> All DHF patients also satisfied criteria for definite
DHF.'* Hemodynamic data were derived from LV angiograms,
high-fidelity LV pressure catheters, and thermodilution cardiac
outputs. They included LV peak systolic pressure (LVPSP), LVEDP,
LV end-diastolic volume index (LVEDVI,,;,), LVEF, cardiac index

(CD, LV dp/dt,,, LV dP/dt,, and the time constant of LV
relaxation (7; Table). Doppler echocardiographic data (Table) in-
cluded LVEDVI,,, mitral early velocity (E), mitral atrial velocity
(A), E/A ratio, deceleration time, and LV wall thickness. LVEDVI,,,
correlated with LVEDVI,,,, (r=0.44; P=0.009). Hemodynamic and
echocardiographic data were combined for LV mass index (LVMI),
LVMI/LVEDVI ratio, and myocardial stiffness modulus (Table).
The Table compares hemodynamic, echocardiographic, and com-
bined hemodynamic-echocardiographic data of SHF patients with
DHF patients and of SHF or DHF patients with normal values
derived from an age- and gender-matched control population. Data
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were indexed for body surface area. In obese patients, indexation of
LV mass for body surface area underestimates LV hypertrophy.!'s
Because obesity was prominent in DHF, the reported LVMI value in
DHF probably underestimated the degree of LV hypertrophy. The
local ethics committee approved the study protocol. Written in-
formed consent was obtained from all patients, and there were no
complications related to catheterization or biopsy procurement.

Quantitative Histomorphometry: Light Microscopy
Histomorphological analysis of biopsy samples was performed on
elastica van Gieson and hematoxylin-and-eosin—stained, 4-um-thick
sections of tissue placed in 5% formalin. Images of these sections
were acquired with a projection microscope (X50). Subsequent
image analysis with Slidebook 4.0 software (31, Denver, Colo) was
performed to determine cardiomyocyte diameter (MyD; wm) and
extent of reactive interstitial fibrosis, which was expressed as
collagen volume fraction (CVF; %). Areas of reparative and perivas-
cular fibrosis were excluded. As previously validated,'®-!” MyD was
determined perpendicularly to the outer contour of the cell mem-
brane at the nucleus level in 15 representative myocytes of the
section, and CVF was calculated as the sum of all connective tissue
areas divided by the sum of all connective tissue and muscle areas
averaged over 4 to 6 representative fields of the section. In our
laboratory, normal values of MyD and CVF for LV endomyocardial
biopsy material are 13.1+0.3 wm and 5.4+2.2%, respectively.

Quantitative Histomorphometry: Electron Microscopy
Endomyocardial biopsy samples were fixed in 2% (vol/vol) glutar-
aldehyde for 30 minutes and 1.5% (wt/vol) osmium tetroxide for 10
minutes, dehydrated with acetone, and embedded in Epon812.
Ultrathin sections were collected on 300-mesh Formavar-coated
nickel grids. The sections were contrasted with uranyl acetate and
lead citrate and were examined in a Jeol-1200EX electron micro-
scope. Quantitative analysis was performed with the abovemen-
tioned automated image analyzer. Cardiomyocyte myofibrillar den-
sity, number of mitochondria, and capillary basement membrane
thickness were determined. Myofibrillar density was calculated as
the sum of myofibrillar areas related to total cellular area in 4 to 6
representative myocytes, and capillary basement membrane thick-
ness was averaged over 6 measurements.

Force Measurements in Isolated Cardiomyocytes

Force measurements were performed in single, mechanically isolated
cardiomyocytes as described previously.!”:'$ Biopsy samples (5 mg
wet weight) were defrosted in relaxing solution (in mmol/L: free Mg
1, KCI 100, EGTA 2, Mg-ATP 4, and imidazole 10; pH 7.0),
mechanically disrupted, and incubated for 5 minutes in relaxing
solution supplemented with 0.2% Triton X-100 to remove all
membrane structures. In addition, cells were washed twice in
relaxing solution, after which single cardiomyocytes were attached
with silicone adhesive between a force transducer and a piezoelectric
motor. Sarcomere length of isolated cardiomyocytes was adjusted to
2.2 um, and myocytes were subjected to both relaxing and activating
solutions. Their pCa(— ,log[Ca**]) ranged from 9.0 (relaxing) to 4.5
(maximal activation), which was used to calculate maximal calcium-
activated isometric force. All force values were normalized for
myocyte cross-sectional area. Exposure to a series of solutions with
intermediate pCa yielded the baseline force-pCa relation. On transfer
of the myocyte from relaxing to activating solution, isometric force
started to develop. Once a steady state force level was reached, the
cell was shortened within 1 ms to 80% of its original length (slack
test) to determine the baseline of the force transducer. The distance
between the baseline and the steady force level is the total force
(Fiow)- After 20 ms, the cell was restretched and returned to the
relaxing solution, in which a second slack test of 10-seconds’
duration was performed to determine passive force (F,.). After the
baseline force-pCa relation was established, myocytes were incu-
bated for 40 minutes in relaxing solution supplemented with the
catalytic subunit of protein kinase A (PKA, 100 U/mL; Sigma, batch
12K7495, Sigma-Aldrich, St Louis, Mo) and 6 mmol/L dithiothreitol
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(MP Biochemicals, Eschwegh, Germany). Subsequently, a second
force-pCa relation was determined. pCas,, a measure of Ca®"
sensitivity of the contractile apparatus, corresponded to the [Ca**] at
which Fyy,—Fi. reached 50% of the value observed at maximal
activation. F,e, Fiow at maximal activation, and pCas, of normal
human cardiomyocytes are 3.5+0.4 kN/m? 24.2+3.1 kN/m? and
5.82%0.02, respectively.!”

Titin Isoform Gel Electrophoresis

Titin isoform gel electrophoresis was performed on myocardial
samples (n=4) of DHF patients and on myocardial samples (n=5) of
SHEF patients. Endomyocardial biopsy samples of either DHF or SHF
patients needed to be pooled to provide sufficient tissue to perform
the titin isoform gel electrophoresis. Because no previous study had
determined titin isoforms on LV myocardial biopsy samples, the
assay was validated by the repetition of titin isoform gel electro-
phoresis on LV myocardium of explanted dilated cardiomyopathic
hearts (n=3), which have been studied previously.!*>* The N2BA/
N2B titin isoform ratio observed in the explanted myocardium
(39/61) was similar to previously reported values (42/58)'° and
higher than previously reported values of normal human myocardi-
um (30/70).2! Tissue samples were homogenized in 50 to 100 wL of
Tris-SDS buffer (pH 6.8) containing 8 wg/mL leupeptin (Peptide-
Institute, Osaka, Japan). Titin isoforms were separated on agarose-
strengthened 2% SDS-polyacrylamide gels and stained with Coo-
massie brilliant blue. Gels were digitized, and the optical volume of
protein bands was determined with Total Laboratory software
(Phoretix, Nonlinear Dynamics, Newcastle upon Tyne, UK).

Data Analysis

The time constant of LV relaxation (1) was derived from an
exponential curve fit with zero-asymptote pressure to the pressure
data points of isovolumic LV relaxation. To assess LV myocardial
material properties, a radial myocardial stiffness modulus was
calculated.'®-17-22 Agreement between myocardial stiffness modulus
and diastolic LV stiffness indices derived from multiple beat
analyses during caval occlusion was previously established in SHF
patients.??

Values are given as mean®=SEM. A 2-tailed test with a probability
value <0.05 was considered significant. SHF and DHF groups were
compared by an unpaired ¢ test. Effects of CVF and PKA in SHF and
DHF were analyzed respectively by 2-factor ANOVA and by
2-factor repeated-measures ANOVA. Bonferroni-adjusted ¢ tests
served as subsequent multicomparison tests. The significance for
categorical data were determined by the ) test. Relations between 2
continuous variables were assessed with linear regression analysis.
Statistical analysis was performed with SPSS (version 9.0; SPSS Inc,
Chicago, IlI).

The authors had full access to the data and take full responsibility
for its integrity. All authors have read and agree to the manuscript as
written.

Results

Clinical and Hemodynamic Characteristics

More DHF patients had a history of arterial hypertension and
were obese (body mass index >30 kg/m? Table). Use of
medications was similar in both patient groups. LVPSP,
LVEF, CI, LVdP/dt,,,, LVdP/dt,;, deceleration time, and
myocardial stiffness modulus were higher in DHF patients. In
both SHF and DHF, LVMI was higher than in the control
population. In SHF patients, the elevated LVMI was com-
pensatory to preserve LV wall thickness at the larger
LVEDVI (eccentric LV hypertrophy). In DHF patients, the
elevated LVMI resulted in significant increases in LV wall
thickness and in LVMI/LVEDVI ratio (concentric LV
hypertrophy).
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Figure 1. A, Individual values of MyD.
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Quantitative Histomorphometry of LV Myocardium
MyD was significantly larger in DHF (20.3£0.6 wm) than in
SHF patients (15.1£0.4 wm; P<<0.001; Figure 1A). CVF was
equally elevated in SHF (14.4%1.5%) and DHF (12.2%+1.4%;
Figure 1B). At each level of CVF, MyD was larger in DHF
(Figure 1C). As CVF rose, MyD increased linearly in both SHF
(r=0.58, P=0.005) and DHF (r=0.67, P=0.001; Figure 1C).
The relation between MyD and CVF is further illustrated in
Figure 2, which used mean CVF to divide SHF and DHF
patients into low (<mean) or high (>mean) CVF groups.
Representative histological examples of SHF with low CVF,
SHF with high CVF, DHF with low CVF, and DHF with high
CVF are depicted in Figure 2A. In both DHF and SHF, the

DHF MyD was larger in DHF (*P<0.001). B,
Individual values of CVF. C, Relations
between MyD and CVF. At correspond-
ing levels of CVF, MyD was larger in
DHF and increased similarly in SHF and
DHF as fibrosis progressed.

largest MyD is observed at high CVF (Figure 2B). In both
low and high CVF, the largest MyD is observed in DHF
(Figure 2B). Myofibrillar density was significantly lower in
SHF (36*2%) than in DHF (46*2%; P<<0.001; Figure 3A).
Myofibrillar loss in SHF is illustrated in Figure 3B. The
number of mitochondria per micrometer squared and capil-
lary basement membrane thickness were comparable in SHF
and DHF.

Force Measurements of Single Cardiomyocytes

When single cardiomyocytes were stretched to a sarcomere
length of 2.2 wm, F,. was higher in DHF (7.1+0.6 kN/m?)
than in SHF (5.3%0.3 kN/m?* P<0.01; Figure 4A). F, at

B

l—< 0.05 _I
'_ <0.001 _I

|—< 0.001—| |—< 0.001 —I

N o

SHF DHF SHF DHF
low CVF low CVF high CVF high CVF

Figure 2. A, Histological images of LV myocardium. Irrespective of CVF, MyD was larger in DHF. B, In SHF and DHF, MyD was larger
at high CVF. For low and high CVF, MyD was larger in DHF. Numbers in bars indicate number of individuals in each group.
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Figure 3. A, Individual values of myofibrillar density. Myofibrillar
density was higher in DHF (*P<0.001). B, Electron microscopic
images showing myofibrillar loss in SHF (top).

maximal activation was comparable in both patient groups
(Figure 4B). pCas, was higher in DHF (5.88%0.01) than in
SHF (5.84%0.01; P<0.05; Figure 4C). Average force-pCa
relations of pooled cardiomyocytes of SHF and DHF patient
groups are shown in the Figure of the online-only Data
Supplement (panel A). As previously reported,!” F,. cor-

A
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related with myocardial stiffness modulus (r=0.56; P=0.02;
Figure 4D) and with LVEDP (r=0.52, P=0.001) in DHF
patients. These correlations were absent in SHF. After PKA
treatment, the drop in F,,.. was larger (P<<0.01) in DHF than
in SHF because F.. fell to a similarly low level in SHF
(3.2%0.2 kN/m?) and DHF (3.7%0.3 kN/m?; Figure 4A). Fou
at maximal activation failed to change after PKA in either
group (Figure 4B). pCas, fell significantly in both groups
(Figure 4C). The effect of PKA treatment on the average
force-pCa relations of pooled cardiomyocytes of SHF and
DHEF patient groups is shown in the Figure of the online-only
Data Supplement (panels B and C). To explain the higher
Foussive of DHF cardiomyocytes, titin isoform separation was
performed on pooled endomyocardial biopsy material (Figure
4E). The titin N2BA/N2B ratio of DHF myocardium (17/83;
SEM of the ratio 0.02) was lower (P<<0.05) than that of SHF
myocardium (35/65; SEM of the ratio 0.13).

Discussion
A comparative analysis of LV myocardium in SHF and DHF
revealed the following: (1) MyD is larger in DHF, but CVF is
similar. (2) At each level of CVF, MyD is larger in DHF, but
MyD increases similarly in both SHF and DHF as fibrosis
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Figure 4. A, Fpassive Was higher in DHF. PKA treatment reduced Fyasqive in SHF and DHF. B, Fi, at maximal activation was similar in SHF
and DHF and failed to change after PKA. C, pCas, was higher in DHF than in SHF and fell in both groups after PKA. D, Relation
between Fp,ssive and myocardial stiffness modulus (Stiff Mod) in DHF patients (r=0.56, P=0.02); E, Titin gel electrophoresis of SHF
(lanes 1 and 2) and of DHF myocardium (lanes 3 and 4) and as a molecular weight marker, also of rabbit soleus muscle (lane 5), which

expresses the 3600-kDa N2A isoform.
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progresses. (3) Myofibrillar density is lower in SHF. (4)
Fpussive Of single cardiomyocytes is higher in DHF, and after
administration of PKA to the cardiomyocytes, the drop in
Fpussive 18 larger in DHF. (5) Calcium sensitivity of single
cardiomyocytes is higher in DHF, but F,, at maximal
activation is similar.

Cardiomyocyte Hypertrophy

The present study provides histological evidence of consid-
erable cardiomyocyte hypertrophy in DHF. LV hypertrophy
had already been reported in DHF'7-23-25 and was confirmed
in the present study by the higher than normal LVMI. LV
hypertrophy in DHF became especially evident when
LVEDVI was accounted for by expressing LV hypertrophy as
an LVMI/LVEDVI ratio.?>?* A higher than normal LVMI
was also observed in SHF, but in contrast to DHF, it only
resulted in a minor increase in MyD as it was compensatory
to normalize LV wall thickness in a dilated LV. The consid-
erable increase of MyD in DHF and the minor increase of
MyD in SHF resemble the previously reported cardiomyocyte
remodeling in concentric and eccentric human or animal LV
hypertrophy.?® In concentric LV hypertrophy, cardiomyo-
cytes grow in a transverse direction while keeping cell length
constant, whereas in eccentric hypertrophy, cardiomyocytes
grow proportionally in longitudinal and transverse directions.
This difference in cardiomyocyte remodeling correlates with
distinct patterns of peptide growth factor induction in both
conditions.?’

The increase of MyD in SHF was accompanied by collagen
deposition (Figure 2B). In DHF, collagen deposition was
associated with a similar additional increase in MyD (Figure
2B). Because collagen deposition and myocyte hypertrophy
development were present in both SHF and DHF, use of ACE
inhibitors, angiotensin II receptor blockers, and aldosterone
antagonists, which oppose myocardial fibrosis and maladap-
tive hypertrophy, appears justified in both HF phenotypes.
Indeed, the CHARM trial (Candesartan in Heart Failure—
Assessment of Reduction in Mortality and Morbidity) using
the angiotensin II receptor blocker candesartan reported
beneficial effects not only in SHF but also in DHF.?8

At each level of CVF, MyD of DHF patients exceeded
MyD of SHF patients (Figure 1C). This excess cardiomyo-
cyte hypertrophy in DHF probably related to a history of
arterial hypertension, which was present in 73% of DHF
patients and only in 13% of SHF patients. Arterial hyperten-
sion in DHF patients was also evident at cardiac catheteriza-
tion from their high LVPSP (172%7 mm Hg). The impor-
tance of arterial hypertension for the development of DHF
was recently demonstrated in the first DHF large-animal
model, in which arterial hypertension was created in old dogs
by wrapping of both kidneys.?® Sixty percent of the DHF
patients in the present study had diabetes mellitus, and 50%
were obese. In experimental models of diabetes mellitus and
insulin resistance, development of cardiac hypertrophy has
also been reported.30-3!

Higher F ., in DHF
When single cardiomyocytes of DHF patients were stretched
to a sarcomere length of 2.2 um, F,,.. was 34% higher than

in cardiomyocytes of SHF patients. Higher F,,.. of cardio-
myocytes can result from altered calcium handling or from
modified myofilamentary and cytoskeletal proteins. Because
the cardiomyocytes were incubated in Triton X-100 before
the experiments, the integrity of sarcolemmal and sarcoplas-
mic membranes was disrupted. Altered calcium handling was
therefore excluded as a cause of the higher F, .. In a
previous study, no changes in myofilamentary protein expres-
sion or phosphorylation were found in endomyocardial bi-
opsy samples of DHF patients.!” The higher F,,. is therefore
also unrelated to myofilamentary proteins and must be
attributed to altered expression or phosphorylation of cy-
toskeletal proteins. Because PKA corrected F,., the cy-
toskeletal protein involved must have phosphorylation sites.
Titin has phosphorylation sites, and its phosphorylation by
PKA lowers F,. in isolated cardiac muscle strips, espe-
cially when the stiff isoform of titin (N2B) is overex-
pressed.3233 The present study observed a higher expression
of the stiff N2B titin isoform in pooled endomyocardial
biopsy samples of DHF patients. If future studies can confirm
this titin isoform shift in myocardial samples of individual
DHF patients, the higher F,.. observed in cardiomyocytes
of DHF patients could be attributed to this titin isoform shift.
Furthermore, the fall in F.. after PKA was larger in DHF
than in SHF (Figure 4A). This larger fall after PKA was also
consistent with the higher N2B expression in the pooled
endomyocardial biopsy samples of DHF patients. A similar
shift in titin isoform expression from the compliant N2BA to
the stiff N2B isoform was previously reported in experimen-
tal hypertensive myocardium.3* It remains to be investigated
whether lower baseline phosphorylation of titin contributed to
the higher F,.. in DHF.

Cardiomyocyte F. of DHF patients correlated with
LVEDP and with myocardial stiffness modulus in both the
present and a previous study.!” Because PKA corrected the
high F. (Figure 4A), raising myocardial PKA activity by
B-adrenoceptor stimulation could improve LV diastolic func-
tion in DHF. Improved diastolic LV function during admin-
istration of isoproterenol has indeed been demonstrated in
patients with hypertrophic cardiomyopathy,?> who frequently
have DHF. At present, it is unclear whether only PKA can
phosphorylate titin or whether protein kinase C and protein
kinase G are also effective. Protein kinase G is especially of
interest, because myocardial activity of PKG can be increased
by nitric oxide and by phosphodiesterase 5A-inhibitors. Nitric
oxide is known to improve diastolic LV function in normal,
hypertrophied, and failing hearts,*¢ and sildenafil has recently
been shown to favorably modify cardiac hypertrophy.3”

DHF patients had 20% higher myofilamentary density than
SHF patients. This higher myofilamentary density could have
contributed to the higher F,,,. in DHF. Reduction by PKA of
Fpussive to a similar level in DHF and SHF, however, argues
against higher myofilamentary density accounting for the
higher F,,.. in DHF. The lower myofilamentary density in
SHF could have resulted from myofilamentary breakdown, as
occurs in coxsackie myocarditis,?® or from reduced myofila-
mentary synthesis, as occurs in alcoholic cardiomyopathy.3°
Although myofilamentary density was lower in SHF, cardio-
myocytes had comparable F,,,; at maximal activation, possi-
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bly because of enhanced actomyosin interaction resulting
from altered titin isoforms or phosphorylation.3?

Study Limitations

The origin of DHF is diverse, including coronary artery
disease, arterial hypertension, hypertrophic cardiomyopathy,
and infiltrative cardiomyopathy.'3 Because patients with cor-
onary artery disease and infiltrative cardiomyopathy were
excluded, LV pressure overload induced by arterial hyperten-
sion became the most prevalent cause of DHF in the present
study. Because of this patient selection and because of the
limited size of the patient groups, caution is needed before the
current observations are extrapolated to the HF population at
large.

Because cardiomyocytes were incubated before the exper-
iments with 0.2% Triton X-100, the integrity of sarcolemmal
and sarcoplasmic membranes was disrupted, and cardiomyo-
cytes became dependent on externally supplied calcium for
force development. Under these conditions, an effect of
disturbed Ca’" handling or of cytosolic Ca’** overload on
Fpussive OF Fiir could not be studied.

Assessment of myocardial structure and function was
performed on a limited number of LV biopsy samples and
could have overlooked LV myocardial tissue heterogeneity.
The extent of LV myocardial tissue heterogeneity was previ-
ously addressed in explanted hearts'® and in surgically pro-
cured biopsy samples.*® In those studies, the variability of
force measurements in cardiomyocytes isolated from differ-
ent portions of the heart was always =5%. Variability of the
titin N2BA/N2B ratios was also =5% when myocardial
samples procured from different locations within the LV were
compared.*! The present study observed a shift from the
compliant N2BA to the stiff N2B titin isoform in pooled
endomyocardial biopsy samples of DHF patients. Biopsy
samples needed to be pooled to provide sufficient tissue for
the titin isoform gel electrophoresis. Before the higher F .
observed in cardiomyocytes of DHF patients is attributed to
this titin isoform shift, the shift must be confirmed in
myocardial samples of individual DHF patients.

Characterization of the extracellular matrix in both types of
HF was limited to measurement of CVF and did not include
eventual shifts in collagen isotypes and cross-linking. Be-
cause half of the DHF patients had diabetes mellitus, collagen
cross-links formed by advanced-glycation end products*?
could also have contributed to the high myocardial stiffness
observed in this group.

Conclusions

The present study observes the LV myocardium in SHF and
DHEF to differ in both cellular architecture and function and
suggests SHF and DHF to be associated with phenotypically
distinct cardiomyocyte abnormalities. These differences sup-
port the clinical discrimination of HF patients into SHF and
DHF groups.
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CLINICAL PERSPECTIVE

Approximately half of the heart failure patient population has a left ventricular (LV) ejection fraction greater than 45%.
These patients are frequently referred to as diastolic heart failure (DHF) patients in contrast to patients with an LV ejection
fraction less than 45%, who are referred to as systolic heart failure (SHF) patients. The separation of heart failure patients
into these 2 phenotypes is challenged because DHF patients can have subtle abnormalities of systolic LV function that are
not appreciated from an LV ejection fraction measurement. Moreover, SHF patients can have diastolic LV dysfunction,
which often predicts their exercise intolerance better than LV ejection fraction. Because hemodynamic features apparently
fail to support DHF and SHF as distinct heart failure phenotypes, the structure and function of LV myocardium of DHF
and SHF patients were compared. LV myocardium was procured by an endomyocardial biopsy technique in DHF and SHF
patients without coronary artery disease. Myocardial collagen volume fraction was equally elevated in DHF and SHF
patients. Cardiomyocytes of DHF and SHF patients were structurally different: cardiomyocyte diameter was larger and
myofibrillar density higher in the DHF patients. Furthermore, isolated single cardiomyocytes were functionally different:
when stretched to the same sarcomere length, passive force was higher in the DHF patients, and when activated with
calcium-containing solutions, calcium sensitivity was also higher in the DHF patients. These distinct cardiomyocyte
abnormalities support DHF and SHF as separate heart failure phenotypes. Regression of cardiomyocyte hypertrophy and
reduction of cardiomyocyte passive force are potential targets for a specific DHF treatment strategy.
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Diastolic Stiffness of the Failing Diabetic Heart

Importance of Fibrosis, Advanced Glycation End Products,
and Myocyte Resting Tension
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Background—FExcessive diastolic left ventricular stiffness is an important contributor to heart failure in patients with
diabetes mellitus. Diabetes is presumed to increase stiffness through myocardial deposition of collagen and
advanced glycation end products (AGEs). Cardiomyocyte resting tension also elevates stiffness, especially in heart
failure with normal left ventricular ejection fraction (LVEF). The contribution to diastolic stiffness of fibrosis,
AGEs, and cardiomyocyte resting tension was assessed in diabetic heart failure patients with normal or reduced

LVEF.

Methods and Results—Left ventricular endomyocardial biopsy samples were procured in 28 patients with normal
LVEF and 36 patients with reduced LVEF, all without coronary artery disease. Sixteen patients with normal LVEF
and 10 with reduced LVEF had diabetes mellitus. Biopsy samples were used for quantification of collagen and
AGEs and for isolation of cardiomyocytes to measure resting tension. Diabetic heart failure patients had higher
diastolic left ventricular stiffness irrespective of LVEF. Diabetes mellitus increased the myocardial collagen
volume fraction only in patients with reduced LVEF (from 14.6+1.0% to 22.4*+2.2%, P<<0.001) and increased
cardiomyocyte resting tension only in patients with normal LVEF (from 5.1=0.7 to 8.5+0.9 kN/m?, P=0.006).
Diabetes increased myocardial AGE deposition in patients with reduced LVEF (from 8.8*2.5 to 24.1*+3.8
score/mm?; P=0.005) and less so in patients with normal LVEF (from 8.2+2.5 to 15.7%2.7 score/mm?, P=NS).

Conclusions—Mechanisms responsible for the increased diastolic stiffness of the diabetic heart differ in heart failure with
reduced and normal LVEF: Fibrosis and AGEs are more important when LVEF is reduced, whereas cardiomyocyte
resting tension is more important when LVEF is normal. (Circulation. 2008;117:43-51.)

Key Words: diastole m diabetes mellitus m heart failure m collagen m myocytes

Increased diastolic left ventricular (LV) stiffness is recog-
nized as the earliest manifestation of LV dysfunction
induced by diabetes mellitus (DM)!-5 and frequently becomes
the main functional deficit of the diabetic heart, because
many diabetic patients present with heart failure (HF) and
normal LV ejection fraction (LVEF).%7 This excessive dia-
stolic LV stiffness also modifies ischemic LV dysfunction, as
is evident from the reduced LV remodeling and increased
incidence of HF after acute myocardial infarction.®°
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In the absence of coronary artery disease, excessive dia-
stolic LV stiffness of the diabetic heart has been related to

myocardial fibrosis!® and to circulating advanced glycation
end products (AGEs),'! although associations of histological
and biochemical data with in vivo LV function are largely
lacking. Furthermore, the contribution of an elevated cardio-
myocyte resting tension (F,.) to this increased diastolic LV
stiffness has not been assessed. In patients with HF and
normal LVEF (HFNEF), F,.. of cardiomyocytes isolated
from LV endomyocardial biopsy samples was recently demon-
strated to be elevated and to be an important determinant of LV
stiffness.'? In patients with HF and reduced LVEF (HFREF),
Fusive Was lower and failed to correlate with LV stiffness.!* The
high F. in HFNEF was paralleled by cardiomyocyte hyper-
trophy and concentric LV remodeling.'>'3 Because myocardial
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hypertrophy is associated with insulin resistance,'# and because
HFNEEF is common in patients with type 2 DM,” high F,.
could be an important contributor to the excessive diastolic LV
stiffness of the diabetic heart.

Using LV endomyocardial biopsy samples, we therefore
compared myocardial fibrosis, AGE deposition, and F,,. of
isolated cardiomyocytes between diabetic (DM*) and nondi-
abetic (DM ™) HENEEF patients (DM " ypngr and DM ™ pygr) and
between DM* and DM~ HFREF patients (DM " g and
DM yerer). All patients had been hospitalized for worsening HF
and had no evidence of coronary artery disease on their coronary
angiogram or of myocardial infiltration or active inflammation
in their LV endomyocardial biopsy samples.

Methods

Patients
The study population consisted of 90 patients hospitalized for
worsening HF between October 2003 and December 2006.
Patients were referred for cardiac catheterization and LV endo-
myocardial biopsy procurement because of suspicion of infiltra-
tive or inflammatory myocardial disease. Fifty-eight patients had
new-onset HF, and 32 had acute decompensation superimposed
on chronic HF. Modes of presentation were similar in HFNEF
versus HFREF patients and in DM " versus DM~ patients. Patients
were studied after medical compensation. No patient had under-
gone cardiac transplantation. Coronary angiography showed epi-
cardial coronary artery stenoses in 20 patients; these patients were
excluded from the present study. Histological analysis of the
biopsy samples revealed active inflammatory infiltration or myo-
cardial deposits in 6 patients. The histologically positive biopsy
sample rate of 8.6% of the study population is comparable to the
rate found in previous studies, which reported active lymphocytic
infiltration in 8.3% of patients with dilated cardiomyopathy's and
amyloid deposits in 6.3% of patients with LV restrictive physi-
ology'® of hemodynamic severity comparable to that of the
present study population. Patients with a positive biopsy sample
were also excluded from the present study. The final study cohort,
therefore, consisted of 64 patients. For 44 of these 64 patients,
data on myocardial collagen volume fraction (CVF) and cardio-
myocyte F, . were included in previous studies.!>!3

In accordance with a recent consensus document on the
diagnosis of HFNEF,!” patients had HFNEF (n=28) if LVEF was
>50%, LV end-diastolic volume index was <97 mL/m? and LV
end-diastolic pressure was >16 mm Hg.!” Patients had HFREF
(n=36) if LVEF was <45%. A patient had DM if a history of DM
was evident from use of glucose-lowering medications and/or
insulin or if fasting plasma glucose was =7.0 mmol/L.'® No
patient was using thiazolidinediones. Three HFREF patients had
type 1 DM, and 7 HFREF and all 16 HFNEF patients had type 2
DM. In DM " jzpr and DM " ener patients who were not undergo-
ing insulin therapy, fasting insulin plasma levels were elevated
(20.1x4.3 and 22.4+3.0 pU/mL, respectively). The local ethics
committee approved the study protocol. Written informed consent
was obtained from all patients.

Quantitative Histomorphometry

Light and Electron Microscopy

Light microscopic quantification of cardiomyocyte diameter and CVF
has been described and validated previously.'>!? Biopsy samples used
for CVF averaged 2.8£0.2 samples per patient. The same automated
image analyzer was also used for electron microscopic quantification'?
of the sarcomeric Z-line thickness of cardiomyocytes. For each patient,
30 Z-line—thickness measurements were averaged.

Immunohistochemistry
Deposition of AGEs was inferred from measurement of the AGE
N°-(carboxymethyl)lysine (CML). Development of the anti-CML
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monoclonal antibody and immunohistochemical staining tech-
niques for CML and E-selectin used in the present study have
been described previously.!?-20 AGE and E-selectin positivity was
scored for intensity. The sum of all positivities times their score
was subsequently divided by the area of the slide to yield an
immunohistochemical score per square millimeter (score/mm?).

Immunofluorescence Light Microscopy

For analysis of Z-line thickness, fixed slides with isolated
cardiomyocytes were stained with anti-a-actinin for 60 minutes at
room temperature (1:50, mAb, Monosan, Uden, the Netherlands).
After they were washed in PBS-Tween, the cells were incubated
for 30 minutes with rabbit anti-mouse AlexaFluor 488 secondary
antibody (1:40, Molecular Probes, Invitrogen, Carlsbad, Calif)
and again washed in PBS-Tween. Slides were covered and sealed
by mounting medium and ultrathin glass cover slips. Z-line—
thickness analysis was performed under a 3D Marianas wide-field
deconvolution microscopy workstation (Intelligent Imaging Inno-
vations, Denver, Colo). For each patient, 3-dimensional stacks
(step size in z=0.2 um) of isolated cardiomyocytes were made,
and 30 Z-line—thickness measurements were averaged.

Force Measurements in Isolated Cardiomyocytes
Force measurements were performed in single, mechanically
isolated cardiomyocytes as described previously.!>!3 Biopsy
samples (5 mg wet weight) were defrosted in relaxing solution,
mechanically disrupted, and incubated for 5 minutes in relaxing
solution supplemented with 0.2% Triton X-100 to remove all
membrane structures. Single cardiomyocytes were subsequently
attached with silicone adhesive between a force transducer and a
piezoelectric motor (2.7%0.4 cardiomyocytes per patient). Sarco-
mere length of isolated cardiomyocytes was adjusted to 2.2 um.
To assess reversibility of elevated F, ., myocytes were also
incubated in relaxing solution supplemented with the catalytic
subunit of protein kinase A (100 U/mL; Sigma, St Louis, Mo;
batch 12K7495). After 40 minutes of incubation with protein
kinase A, F,. measurements were repeated. Force values were
normalized for myocyte cross-sectional area.

Data Analysis

LV end-diastolic volume, L'V end-diastolic volume index, LV stroke
volume, and LVEF were derived from biplane LV angiograms. Effec-
tive arterial elastance was equal to LV end-systolic pressure divided by
angiographic LV stroke volume. Total arterial compliance equaled
angiographic LV stroke volume divided by aortic pulse pressure.

LV diastolic internal diameter (LVIDd), diastolic septal and
posterior wall thicknesses (SWTd and PWTd, respectively), relative
wall thickness (RWT), LV mass (LVM), and LV mass index were
derived from 2-dimensional echocardiograms. LV mass and relative
wall thickness were calculated in accordance with the recent recom-
mendations for cardiac chamber quantification,?! as follows:

LVM=0.8%{1.04[(LVIDd+PWTd+SWTd)*-~LVIDd*]}+0.6 g
and
RWT=2XPWTd/LVIDd

To calculate LV peak systolic wall stress (LVPSs) and LV
myocardial stiffness modulus (SM), hemodynamic, angiographic,
and 2D echocardiographic data were combined. Circumferential
LVPSs was computed with a thick-wall ellipsoid model of the LV as
follows?2:

LVPSs=LVPSPXD/(2PWTs)
X[1—(PWTs/D)—(D¥2L2)]x 1.332d yne/cm?

where LVPSP is LV peak systolic pressure, PWTs is the correspond-
ing systolic echocardiographic posterior wall thickness, and D and L
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are the corresponding angiographic LV systolic diameter and length,
respectively.

To assess diastolic LV material properties, a radial LV SM was
derived.2> SM was defined as the increment of radial stress (Ao)
divided by the increment of radial strain (Ae) (sM=A0o/A€). Ao is
equal but opposite in sign to the increment of LV pressure (LVP) at
the endocardium (—ALVP), and Ae equals the increment in
2-dimensional echocardiographic posterior wall thickness (PWT)
relative to the instantaneous PWT (APWT/PWT). Early diastolic LV
relaxation pressure was extrapolated from the exponential curve fit to
isovolumic LV pressure decay, which was used to calculate 7, the
time constant of isovolumic LV pressure decay. Early diastolic LV
relaxation pressure was subtracted from measured LVP to yield
residual LV diastolic pressure (LVP,,). Substitution of LVP by
LVP,. allowed the SM to also be calculated in early diastole, when
LVP is still declining.23 Because APWT/PWT=AInPWT, SM equals
the slope of a plot of LVP,, against corresponding AInPWT data
points.

Values are given as mean=+SEM. Data of the DM ™ yzpgr. DM " fipger,
DM ypners and DM gy groups were analyzed by 2-factor ANOVA
testing for DM status, HFREF/HFNEF status, and their interaction.
Subsequent comparisons (DM ™ yeper Versus DM e and DM ™ g
versus DM " ypygr) Were performed with a Bonferroni adjusted 7 test.
Single comparisons were assessed by an unpaired Student ¢ test.
Relations between 2 continuous variables were assessed with linear
regression analysis. Statistical analysis was performed with SPSS
version 9.0 (SPSS Inc, Chicago, IlI).

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results

DM and LV Function

As evident from the higher LV end-diastolic pressure at
similar LV end-diastolic volume index, LV end-diastolic
distensibility was reduced in DM ggpr and DM ¥ ypngr patients
(Figure 1A). SM was also higher in DM yprer and DM ypner
patients than in DM ™~ yger and DM ™ yeygr patients, respectively
(Table; Figure 1B).

Myocardial AGE Deposition and Fibrosis
AGE deposition was inferred from CML immunostaining
and occurred mainly in the wall of small intramyocardial
vessels (Figure 2A). In 2-factor ANOVA, CML deposition
depended on the presence of DM (P<<0.001) but not on
HFNEF/HFREF status. CML deposition was especially
evident when DM ymer patients were compared with
DM “yrer patients (24.1+3.8 versus 8.8+2.5 score/mm?,
P=0.005) and was less evident when DM g patients
were compared with DM ypygr patients (15.7+2.7 versus
8.2+2.5 score/mm’, P=NS; Figure 2B). CML deposition
correlated with the myocardial SM in HFREF (r=0.48,
P=0.014). The DM-induced rise in myocardial CML
deposition in HFREF was paralleled by a rise in E-selectin
expression from 3.60.9 to 9.2*1.9 score/mm’
(P=0.022). E-selectin is a marker of inflammatory endo-
thelial activation (Figure 2C).

In 2-factor ANOVA, myocardial CVF depended on DM
(P=0.006) and on HFNEF/HFREEF status (P<<0.001). More-
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Figure 1. A, LV end-diastolic pressure (LVEDP)-LV end-diastolic
volume index (LVEDVI) relations in DM~ erer, DM ™ 1irer,

DM~ jener, and DM ™ ener patients. Reduced LV end-diastolic dis-
tensibility in DM ™ perer and DM ™ ener patients is evident from
higher LVEDP at similar LVEDVI. B, Higher LV SM in DM erer
and DM* e\ er patients (#P<0.001).

over, the effect of DM on CVF depended on HFNEF/HFREF
status (P=0.007). CVF was higher when DM " g patients
were compared with DM yprer patients (22.4%+2.2% versus
14.6+1.0%, P<0.001) and was similar when DM " ypngr
patients were compared with DM ™ ypygr patients (11.6+1.1%
versus 11.7*+1.1%, P=NS; Figure 2D). In HFREF patients,
CVF correlated with SM (r=0.37, P=0.039) and with plasma
glycohemoglobin (r=0.61, P=0.0014).

Myocyte F v, Myocyte Hypertrophy,

and LV Remodeling

In all cardiomyocytes, F,. was measured at the same
sarcomere length of 2.2 um (Figure 3A). In 2-factor
ANOVA, F,. depended on DM (P=0.009) and on HFNEF-
HFREEF status (P<<0.001). Similar to myocardial CVF, the
effect of DM on F,.. was dependent on HFNEF-HFREF
status (P=0.021). F,.q.. of DM e cardiomyocytes was
higher than F,. of DM ymgr cardiomyocytes (8.5+0.9
versus 5.1+0.7 kN/m?, P=0.006), whereas Fpussive  Of
DM " yrer cardiomyocytes was comparable to F. of
DM e cardiomyocytes (3.9+0.5 versus 3.7+0.4 kN/m?,
P=NS; Figure 3B). Higher F,. of DM "y cardiomyo-
cytes was unrelated to isolation-associated cell damage,
because active force development at a saturating calcium
concentration (pCa=4.5) was comparable in DM" e
(14.7+1.3 kN/m?) and DM ypner (16.9+1.9 kN/m?) cardio-
myocytes. After administration of protein kinase A, F e
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Table. Clinical and Hemodynamic Characteristics

P

DM~ yerer (N=26) DM yerer (n=10) DM~ e (N=12) DM ener (n=16) DM~ vs DM* HFREF vs HFNEF

Age, y 60.2+3.4 62.4+41 63.2+4.1 65.3+2.7 NS NS
Sex, M/F 10/16 713 6/6 9/7 NS NS
Hypertension 3/26 110 10/12 13/16 NS <0.001
DM1/DM2 37 0/16
Fasting glucose, mmol/L 4.97+0.23 7.10+0.56* 5.78+0.28 8.64+0.94§ <0.001 0.048
Glycated hemoglobin, % 5.54+0.20 7.04+0.58* 5.50+0.04 7.26+0.51§ <0.001 NS
Body mass index, kg/m? 26.4+0.95 28.9+1.71 25.9+1.86 32.6+1.98% 0.007 NS
DM duration, y 6.9+0.7 6.4+0.4
Creatinine, wmol/L 94.3+4.0 101.0£3.0 94.8+4.0 96.2+3.0 NS NS
GFR, mL-min~"-1.73 m™2 75+3.0 69+1.5 74+3.0 7217 NS NS
Microalbuminuria s 3/10 e 3/16
Medication
ACEI 20/26 9/10 9/12 13/16 NS NS
B-Blocker 14/26 4/10 512 8/16 NS NS
Diuretic 24/26 10/10 11/12 16/16 NS NS
cCB 1/26 2110 312 5/16 NS NS
ARB 3/26 0/10 2/12 3/16 NS NS
Digoxin 10/26 5/10 3/12 2/16 NS 0.035
Amiodarone 2/26 110 2/12 3/16 NS NS
Statin 4/26 5/10 6/12 10/16 NS NS
Insulin 3/10 5/16
LVPSP, mm Hg 117.4+34 126.4+8.2 166.0+8.5 172.0+9.7 NS <0.001
LVEDP, mm Hg 19.9+1.7 27.8+2.5* 22.2+1.9 28.0+1.7 0.002 NS
RAP, mm Hg 6.7x1.0 95+19 8.1x1.0 8.4+1.2 NS NS
7, MS 66.5+10 63.0+8.5 58.3+5.3 725+57 NS NS
Ea, mm Hg/mL 2.2+0.2 25+0.7 2.3+0.2 2.7+0.3 NS NS
PP, mm Hg 49.1+29 51.2+6.2 82.9+5.0 97.9+7.6 NS <0.001
Total arterial compliance, 1.7+0.2 1.4+0.2 1.4+0.2 1.0+0.1 NS NS
mL/mm Hg
SVR, dyne - sec™'-cm® 1832+101 1963+114 1781+158 1913+263 NS NS
LVEDV, mL 236.612.5 226.1+17.6 176.3+17.8 148.0+10.9 NS <0.001
LVEDVI, mL/m? 127.9+6.6 117.8+7.2 88.0+7.2 77.0+4.2 NS <0.001
LVEF, % 33.0+1.8 26.0+2.9 60.5+2.2 60.2+3.2 NS <0.001
CO, L/min 3.9+0.2 3.6+0.2 5.3+0.6 5.1%+0.1 NS <0.001
Cl, L-min~"-m™2 2.1+0.1 1.9+0.1 2.7+0.3 2.7+041 NS <0.001
LVvIDd, cm 7101 6.9+0.2 5.4+0.2 5101 NS <0.001
PWTd, mm 9.0+0.3 10.3+0.4* 10.3+0.4 11.4+0.3 0.002 0.002
RWT 0.25+0.01 0.30+0.02* 0.40+0.02 0.45+0.02f 0.005 <0.001
LVM, g 298.8+18.1 338.6+16.3 227.9+14.6 231.0+10.6 NS <0.001
LVMI, g/m? 163.1£10.1 181.2+1.1 114.6+5.5 121.3+4.4 NS <0.001
LVMI/LVEDVI, g/mL 1.3+0.1 1.4=0.1 1.4+041 1.6+0.1 NS NS
LVPSs, dyne/cm? 243.4+8.0 255.0*7.0 137.8+8.4 130.3+9.9 NS <0.001
SM, kN/m? 25+0.2 6.3+2.01 45+0.8 7.4+0.7| <0.001 <0.001

M indicates male; F, female; DM1, type 1 DM; DM2, type 2 DM; GFR, glomerular filtration rate; ACEI, ACE inhibitors; CCB, calcium channel blockers; ARB, angiotensin I
receptor blockers; LVPSP, LV peak systolic pressure; LVEDP, LV end-diastolic pressure; RAP, right atrial pressure; Ea, effective arterial elastance; PP, aortic pulse pressure;
SVR, systemic vascular resistance; LVEDV, LV end-diastolic volume; LVEDVI, LV end-diastolic volume index; CO, cardiac output; Cl, cardiac index; LVIDd, LV diastolic internal
diameter; PWTd, diastolic posterior wall thickness; RWT, relative wall thickness; LVM, LV mass; LVMI, LV mass index; and LVPSs, LV peak systolic wall stress.

Values are number of patients unless otherwise indicated.

*P<<0.05 vS DM " yeaer; TP<<0.001 vS DM yeger; $P<<0.05 vS DM yeyer; §P<<0.01 vS DM~ pyeer; [|P<<0.001 vs DM ~yeer. For all variables listed, 2-factor ANOVA showed
no significant interaction between DM status and HFNEF-HFREF status.
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T - Figure 2. A, Representative example
of CML deposition in small myocar-
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dial vessels (arrows) of DM yerer
patients. B, Higher CML deposition
score in DM*erer patients (*P<<0.01).
C, Representative example of endo-
thelial (arrows) E-selectin expression
in DM*erer patients. D, Higher CVF
in DM* e patients (#P<<0.001).

fell, especially in DM ™ ypngr cardiomyocytes (from 8.5+0.9 to
4.0+0.3 kN/m? P<0.001), and the values of Fpussive became
comparable in all patient groups (Figure 3C). The higher
Fousive i1 DM ypnge than in DM ey cardiomyocytes was
paralleled by widening of the sarcomeric Z line, which was
significantly larger in DM pgr than in DM ™ ypyge both on
immunofluorescent images stained for a-actinin (+16.9%,
P=0.045; Figure 3D) and on electron microscopy images
(+15.2%, P<0.001; Figure 3E). In HFNEF patients, F.ve
correlated with SM (r=0.55, P=0.022) and with the duration
of DM (r=0.35, P=0.04).

In control conditions, F.. rose progressively from
HFREF to DM ™ pngr and to DM v (Figure 3B). This trend
was paralleled by the rise in cardiomyocyte diameter, PWTd,
and relative wall thickness. Cardiomyocyte diameter rose
from 16.0*+1.5 um in HFREF to 19.8%=1.7 wm in DM ypngr
and 22.47+0.9 um in DM* e cardiomyocytes (r=0.98,
P<0.001). PWTd rose from 9.4*=0.3 mm in HFREF to
10.3+0.4 mm in DM e and 11.4+0.3 mm in DM ypgr
(r=0.98, P=0.037). Relative wall thickness rose from
0.27%0.01 in HFREF to 0.40*+0.02 in DM ymee and
0.45+0.02 in DM ypner (7=0.97, P=0.03). The progressive
rise in relative wall thickness indicates a shift from eccentric
to concentric LV remodeling.

Discussion
The prevalence of DM in heart failure is increasing,?+2>
and mortality and hospitalization rates in diabetic patients
with heart failure remain particularly high.26-2% Although
coronary artery disease is the most important contributor to
the myocardial dysfunction observed in DM, DM-related
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disturbances such as hyperglycemia, insulin resistance,
and hyperlipidemia can also act directly on the myocardi-
um?® and induce myocardial dysfunction because of a shift
in myocardial energy production from glucose utilization
to fatty acid oxidation.?°-32 In the first clinical description
of DM-induced myocardial dysfunction, LV dilatation and
systolic LV dysfunction were prominent features,> and
DM-induced myocardial dysfunction was therefore classi-
fied as a dilated cardiomyopathy. Subsequently, diastolic
LV dysfunction was recognized as an earlier manifestation
of DM-induced myocardial dysfunction.'-> The present
study confirmed diastolic LV stiffness to be greater in
failing hearts of diabetic patients in the absence of signif-
icant coronary artery disease. Mechanisms responsible for
this DM-induced diastolic myocardial stiffening were
identified in endomyocardial biopsy samples of these
patients. The main finding of the present study is that DM
elevated diastolic LV stiffness by different mechanisms in
HFREF and HFNEF patients. In HFREF, DM elevated
diastolic LV stiffness through myocardial AGE deposition
and fibrosis, whereas in HFNEF, DM increased diastolic
LV stiffness mainly through higher F,.. of hypertrophied
cardiomyocytes.

Myocardial AGE Deposition and Fibrosis

DM e patients had higher diastolic LV stiffness than
DM ygrer patients. This higher diastolic LV stiffness was
related to both AGE deposition and interstitial fibrosis.
AGE deposition results from long-standing hyperglycemia
and affects diastolic LV stiffness by direct and indirect
mechanisms.??3435 AGE cross-linking of collagen in-
creases its tensile strength, and this altered biophysical
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Figure 3. A, Cardiomyocyte mounted between force transducer and piezoelectric motor to measure Fpassive. B, Fpassive iS higher in
DM"ener patients (*P<<0.01). C, After protein kinase A (PKA) administration, Fyassive is comparable in all patient groups. D, Representa-
tive example of immunofluorescent image of cardiomyocytes, stained for a-actinin and used for Z-line-thickness measurement (arrow-
heads indicate Z lines). E, Representative example of electron microscopic Z-line-thickness measurement (arrowheads indicate Z lines).

property of collagen increases diastolic LV stiffness. AGE
deposition can also indirectly augment diastolic LV stiff-
ness through enhanced collagen formation and reduced
nitric oxide bioavailability. Enhanced collagen formation
in the presence of AGEs was observed in the present study.
AGEs quench endothelially produced nitric oxide, and low
myocardial nitric oxide bioavailability was previously
demonstrated to increase diastolic LV stiffness in HFREF
patients.3¢

Previous myocarditis, not DM, is the most likely cause
of the dilated cardiomyopathy in the majority of the
DM ™ mer patients, because fasting glucose, glycohemo-
globin, and DM duration were all similar in the DM ypggr
and DM e groups. Even in the absence of cellular
infiltration, patients with postmyocarditis HFREF fre-
quently have persistent myocardial microvascular inflam-
mation.?” Inflammation facilitates AGE deposition,2°-38
and persistent microvascular inflammation could therefore
explain the preferential CML deposition in small intramyo-
cardial vessels of DM " e patients. In rodent DM animal
models, AGE deposition also occurs in the myocardial
interstitium.3® Failure to observe interstitial CML deposi-
tion in the present study probably relates to better glycemic
control in patients treated with glucose-lowering medica-
tion or insulin than in untreated rodent animal models. The
clinical importance of endothelial AGE deposition was

recently confirmed in hypertensive patients in whom a
cross-link breaker improved endothelial function.*?

In the present study, we observed a higher CVF in
DM " pger than in DM ™ yeer patients. Activation of fibroblasts
in DM ™ jmer patients may have resulted from the aforemen-
tioned AGE deposition, protein kinase C activation, or high
intracellular glucose concentrations.354!

Cardiomyocyte Resting Tension

DM “yeer patients had a higher SM than DM ™ yener pa-
tients. The higher SM related more to cardiomyocyte F e
and less to AGE deposition. Correction of high cardiomyo-
cyte Five by protein kinase A suggests a phosphorylation
deficit of myofilamentary or cytoskeletal proteins,!'?!3
because the cardiomyocytes had been pretreated with
Triton X-100 to remove all membranes. High F . of
DM*ymer cardiomyocytes was accompanied by Z-line
widening. Z-line widening has been observed in transgenic
mice after nebulin or muscle LIM protein knockout.*?43
The present study is the first to report Z-line widening in
humans, and because of the simultaneous elevation of
Flussives 1t suggests that Z-line widening results from altered
elastic properties of cytoskeletal proteins, which pull at
and open up adjacent Z lines. In a previous study compar-
ing HFREF with HFNEF,!? a significant correlation was
observed between cardiomyocyte hypertrophy and F ..
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In the present study, F,.. rose progressively from HFREF
to DM ™ ypner and to DM ™ ypner, and this rise was paralleled
by an increase in cardiomyocyte diameter and a shift from
eccentric to concentric LV remodeling. Because LV peak
systolic pressure and peak systolic wall stress were similar
in DM yener and DM ™ yener, €xcess cardiomyocyte hyper-
trophy in DM " ypner Was unrelated to pressure overload and
was probably induced by insulin resistance.!* All of the
DM ™ mner patients had type 2 DM and elevated fasting
insulin plasma levels. Furthermore, hyperinsulinemia is
known to stimulate prohypertrophic signaling in insulin-
responsive tissues such as the myocardium.?®

Study Limitations

The clinical characteristics of the HFNEF patients in the
present study differed from clinical characteristics ob-
served in epidemiological studies. In the present study,
HFNEF patients were younger (mean age 64 years) and
less often female (46%) than in epidemiological studies,**
in which patients are typically older (mean age 76 years)
and more often female (55%). Patient recruitment from
tertiary referral because of suspicion of inflammatory or
infiltrative myocardial disease explains this discrepancy.

In the present study, diastolic LV material properties
were analyzed by a radial LV SM. Use of a radial LV SM
avoids geometric assumptions of LV shape. Furthermore,
substitution of measured LVP by LVP,, enables early
diastole to be included in the LV stiffness analysis,
because it corrects for the upward displacement of the
early diastolic LV pressure-volume relation.*5 In a previ-
ous study*¢ of HFREF patients, close agreement was
observed between the radial LV SM and the LV chamber
stiffness constant derived from a curve fit to multiple LV
end-diastolic pressure-volume points during balloon caval
occlusion.

Higher LV end-diastolic pressure at similar or smaller
LV end-diastolic volume can result from altered myocar-
dial material properties and from external constraints on
the LV by the right ventricle or the pericardium.*” Right
ventricular constraints because of the shared interventric-
ular septum are prominent in patients with hypertrophic
cardiomyopathy but not in patients with HFNEF, who
usually have hypertensive heart disease.*’” Right atrial
pressure was determined as a measure of intrapericardial
pressure or pericardial constraint and was comparable in
all patient groups.

Because of microvascular CML deposition, a relative
reduction of the number of microvessels in hypertrophied
myocardium could have lowered the CML score in the
DM e patients. A similar CML score in DM ™ gy and
DM uerer patients, however, argues against such an artifact.
Isolation of cardiomyocytes and assessment of myocardial
tissue properties were performed on a limited number of
samples procured by an endomyocardial biopsy technique
and potentially overlook tissue heterogeneity. The extent of
tissue heterogeneity was assessed in the present and previ-
ous'248 studies. Sampling-related variability was <5% for

cardiomyocyte force measurements and <15% for histomor-
phometric data.

Development of HFNEF results from diastolic LV dys-
function,** deficient chronotropic or vasomotor respons-
es,4-50 and arterial stiffening.*> In DM, not only diastolic LV
dysfunction but also arterial stiffness becomes a more impor-
tant contributor to HFNEF.

Conclusions

In the absence of coronary artery disease, the failing
diabetic heart has an elevated diastolic LV stiffness.
Mechanisms responsible for this increase in diastolic LV
stiffness differ between HFREF and HFNEF patients.
Deposition of AGEs and deposition of collagen are impor-
tant determinants of the increased LV stiffness in diabetic
patients with HFREF, whereas high cardiomyocyte F .
is the main determinant of the increased LV stiffness in
diabetic patients with HFNEF.

Disclosures
None.
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CLINICAL PERSPECTIVE

Mortality among diabetic patients with heart failure is high. Diabetes mellitus—related metabolic disturbances contribute
importantly to their myocardial dysfunction. Increased diastolic left ventricular (LV) stiffness is an early manifestation of
myocardial dysfunction and frequently becomes an important functional deficit, because many diabetic patients present
with heart failure and normal L'V ejection fraction. Excessive diastolic LV stiffness of the diabetic heart is usually attributed
to myocardial fibrosis or to myocardial deposition of advanced glycation end products. Hypertrophied cardiomyocytes
isolated from LV biopsy samples of heart failure patients with normal LV ejection fraction have a high resting tension,
which correlates with greater in vivo diastolic LV stiffness. This increased resting tension could be an important contributor
to the increased diastolic LV stiffness of the diabetic heart. With the use of LV endomyocardial biopsy samples, the present
study assessed myocardial fibrosis, myocardial advanced glycation end product deposition, and resting tension of isolated
cardiomyocytes in diabetic patients with heart failure and either normal or reduced LV ejection fraction. All patients were
free of coronary artery disease and had an elevated diastolic LV stiffness. The mechanisms responsible for the elevated
diastolic LV stiffness differed between heart failure patients with normal and reduced LV ejection fraction. Myocardial
deposition of collagen and advanced glycation end products was more important in patients with reduced ejection fraction,
whereas a high cardiomyocyte resting tension was more important in patients with normal ejection fraction. These
mechanistic studies suggest that correction of high cardiomyocyte resting tension, possibly through regression of
cardiomyocyte hypertrophy, may be an important therapeutic target for diabetic patients with heart failure and normal
ejection fraction.
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Aims Left ventricular (LV) myocardial structure and function differ in heart failure (HF) with normal (N) and reduced (R)
LV ejection fraction (EF). This difference could underlie an unequal outcome of trials with 3-blockers in heart failure
with normal LVEF (HFNEF) and heart failure with reduced LVEF (HFREF) with mixed results observed in HFNEF and
positive results in HFREF. To investigate whether (3-blockers have distinct myocardial effects in HFNEF and HFREF,
myocardial structure, cardiomyocyte function, and myocardial protein composition were compared in HFNEF and
HFREF patients without or with B-blockers.

Methods Patients, free of coronary artery disease, were divided into B — ener (0 = 16), B+Hener (0 = 16), B—pirrer (n = 17),

and results and B+nrrer (n = 22) groups. Using LV endomyocardial biopsies, we assessed collagen volume fraction (CVF) and
cardiomyocyte diameter (MyD) by histomorphometry, phosphorylation of myofilamentary proteins by ProQ-
Diamond phosphostained 1D-gels, and expression of [3-adrenergic signalling and calcium handling proteins by
western immunoblotting. Cardiomyocytes were also isolated from the biopsies to measure active force (F,ctive),
resting force (Fhassive), and calcium sensitivity (pCasp). Myocardial effects of B-blocker therapy were either shared
by HFNEF and HFREF, unique to HFNEF or unique to HFREF. Higher F,e, higher pCasg, lower phosphorylation
of troponin | and myosin-binding protein C, and lower [, adrenergic receptor expression were shared. Higher
Frassives lower CVF, lower MyD, and lower expression of stimulatory G protein were unique to HFNEF and lower
expression of inhibitory G protein was unique to HFREF.

Conclusion Myocardial effects unique to either HFNEF or HFREF could contribute to the dissimilar outcome of B-blocker
therapy in both HF phenotypes.

Keywords B-blockers e Heart failure ® Myocardium e Diastole e Hypertrophy

Introduction : structure adapts differently with concentric LV remodelling in
- HFNEF and eccentric LV remodelling in HFREF>~* Corresponding

Over the past two decades, it became evident that more than 50% of  :  differences were observed at the myocardial ultrastructural level

all heart failure (HF) patients suffer of HF with normal left ventricular ;' with prominent cardiomyocyte hypertrophy in HFNEF and low myo-

(LV) ejection fraction (EF)." In heart failure with normal LVEF : fibrillar density in HFREF.* When cardiomyocytes were isolated from

(HFNEF) and in heart failure with reduced LVEF (HFREF), LV LY, myocardium, cardiomyocyte resting tension (Fpassive) Was also

* Corresponding author. Tel: +31 20 4448133, Fax: +31 20 4448255, Email: wj.paulus@vumc.nl

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2009. For permissions please email: journals.permissions@oxfordjournals.org.
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higher in HFNEF than in HFREF.*~® These structural and functional
differences between LV myocardium in HFNEF and HFREF could
underlie the unequal outcome of trials using (3-blockers, angiotensin
converting enzyme inhibitors (ACE-l), or angiotensin Il receptor
blockers (ARB) which usually yielded positive results in HFREF and
mixed results in HFNEF.”® In line with this unequal outcome of
trials, prognosis of HFREF patients improved over the last two decen-
nia, whereas no such trend was observed in HFNEF patients.'

Large clinical trials have convincingly shown that (-blocker
therapy reduces mortality and improves LV function in HFREF
pa‘cients.‘a’11 In HFNEF patients, favourable effects of (3-blocker
therapy on mortality and LV function have not been convincingly
demonstrated. After hospital discharge, HFNEF patients had
improved survival when using B-blockers' and in a community-
based registry, carvedilol use was accompanied by similar 1 year
mortality in HFNEF and HFREF patients but less reduction in hospi-
talizations in HFNEF pa‘cients.13 In the SWEDIC trial, carvedilol had
no effect on mortality or hospitalizations, but ameliorated E/A ratio
of HFNEF patients.™ In a similar study, however, 6 months of ateno-
lol use had no effect on diastolic LV function of HFNEF patients with
unchanged pulmonary capillary wedge pressure.'” Because of these
inconsistent results, the use of B-blockers in HFNEF patients is
further evaluated in clinical trials, such as the Japanese DHF study.“’

To investigate whether HF therapy has indeed disparate effects on
LV myocardial structure and function in HFNEF and HFREF, the
present study compared LV myocardial structure, function, and
protein composition in HFNEF and HFREF patients with and without
-blockers. The current widespread use of ACE-| precluded a similar
comparison in patients with and without ACE-l. Endomyocardial
biopsies procured in the four patient groups were used for: (i) histo-
morphometry of light and electron microscopic images to determine
cardiomyocyte diameter (MyD), collagen volume fraction (CVF), and
myofibrillar density; (i) isolation of single cardiomyocytes to
measure active force (Fucve), resting force (Foassive), and Ca’t-
sensitivity (pCaso), and (jii) protein analysis to assess phosphorylation
of myofilamentary proteins and the expression of proteins involved in
B-adrenergic signalling and in Ca*™-handling.

Methods

The Supplementary methods section provides a detailed description of
the methodology used for quantitative histomorphometry, force
measurements in isolated cardiomyocytes, and protein analysis.

Patients

All patients included in the study (n = 71) had been hospitalized for
worsening HF and were referred for cardiac catheterization and LV
biopsy procurement because of suspicion of infiltrative or inflammatory
myocardial disease. No patient had significant (>50%) coronary artery
stenoses, a history of myocardial infarction, percutaneous coronary
intervention, or coronary bypass surgery. Histological analysis of the
biopsies showed no myocardial infiltration or inflammation. The local
ethics committee approved the study protocol of Vrij Universiteit
medical center (Vumc). Written informed consent was obtained from
all patients, and there were no complications related to catheterization
or biopsy procurement. Patients were classified as HFREF if LVEF<<40%
and as HFNEF if LVEF>50% and LV end-diastolic pressure (LVEDP)
>16 mmHg."” Patients with a LVEF>40% but <50% were not included.

The patients had either new-onset HF or acute decompensation super-
imposed on chronic HF. Sixty-four percent of patients had new-onset
HF and 36% had acute decompensation superimposed on chronic HF.
Patients were studied after medical compensation.

Data analysis
Values are given as mean + SEM of the observations in each patient

group. Data of the B—pever Btrrner B—rrrer and B4urrer
groups were compared by two-factor ANOVA testing for -blocker
use, HFNEF/HFREF status, and their interaction (Tables 1 and 2). Sub-

sequent comparisons (B—wrrer VS Btwrrer and B —Hener VS
B+Hener) Were performed with a Bonferroni adjusted t-test. The ana-
lyses were performed in GraphPad Prism version 4 and SPSS 12.0.

Results

Clinical and haemodynamic
characteristics

Clinical, haemodynamic, and echocardiographic data are presented
in Table 1. Patients on B-blocker therapy had lower heart rate and
LVEDP in both HFNEF and HFREF groups. Heart failure with
normal LVEF patients were older and more frequently suffered
of arterial hypertension with a concomitant higher use of
calcium channel and ARB. Heart failure with normal LVEF patients
also had higher LV peak systolic pressure, LVEDP, LVEF, LVdP/
dthax, LVdP/dt,in, LV wall thickness, LV mass index/LV end-
diastolic volume index (LVMI/LVEDVI) ratio, and smaller LVEDVI.

Histomorphometry

Histomorphometric data are summarized in Table 2 and Figure 1.
Myocardial CVF was significantly lower in HFNEF than in HFREF
(P < 0.0001) and only in HFNEF was 3-blocker therapy associated
with lower myocardial CVF (P = 0.0007). Myocyte diameter was
significantly higher in HFNEF than in HFREF (P < 0.0001) and
only in HFNEF was B-blocker therapy associated with reduced
MyD (P < 0.0001). Myofibrillar density was also higher in HFNEF
than HFREF (P < 0.0001), but was unrelated to B-blocker therapy.

Force measurements in isolated
cardiomyocytes

Single cardiomyocytes were attached between a force transducer and
amotor (Figure 2A and B) and their sarcomere length was adjusted to
2.2 pm. Force measurements are summarized in Table 2 and Figure 2C.
Factive and pCaso were similar in HFNEF and HFREF, but Fyuqve Was
higher in HFNEF (P = 0.0006). In both HFNEF and HFREF patients,
B-blocker therapy resulted in a significant increase in Focive (P=
0.01) and pCasq (P = 0.008). Only in HFNEF patients did 3-blocker
therapy raise Fyassive (P = 0.03). After protein kinase A (PKA) admin-
istration to the cardiomyocytes, F,.ie Was comparable in all four
patient groups. After PKA, F . fellin all four groups but remained
significantly higher in HFNEF patients with -blockers (P = 0.001)
(Figure 3A). pCasq followed a trend similar to Fpasve by decreasing
in all four groups and by remaining higher in HFNEF patients with
[-blockers (P = 0.007) (Figure 3B). Hence, in vivo 3-blocker therapy
was associated with multiple in vitro changes in baseline and
PKA-stimulated contractile function of isolated cardiomyocytes,
which differed between HFNEF and HFREF groups.
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Table | Clinical, haemodynamic, and echocardiographic characteristics
B —HENEF B+ HENEF B —HEREF B+ HEREF B— vs. B+ HFNEF vs. HFREF Interaction
n 16 16 17 22
Age (year) 66+ 3 68 + 4 54+5 60+ 3 NS 0.01 NS
Sex (M/F) 11/5 8/8 10/7 17/5 NS NS NS
Hypertension 11/16 1116 4/17 122 NS <0.0001 NS
Diabetes mellitus 8/16 3/16 6/17 8/22 NS NS NS
Obesity (BMI > 30 kg/m?)  6/16 4/16 4117 2/22 NS NS NS
Medication
ACE-I 9 7 12 15 NS NS NS
Diuretic 12 9 14 18 NS NS NS
CCB 5 3 0 3 NS 0.04 NS
ARB 3 4 0 1 NS 0.03 NS
Digoxin 1 4 4 8 NS NS NS
Amiodarone 3 2 1 4 NS NS NS
Statin 4 6 2 5 NS NS NS
Nitrate 2 0 0 1 NS NS NS
Haemodynamics
Heart rate (b.p.m.) 77 £ 10 70 + 8.6 89 + 17 72+ 19 0.008 NS NS
LVPSP (mmHg) 169 + 29 168 + 39 120 + 17 116 + 22 NS <0.0001 NS
LVEDP (mmHg) 2947 2546 25+ 8 20+9 0.02 0.01 NS
LVEDVI (mL/m?) 81+ 18 79 + 14 127 + 32 133 +30 NS <0.0001 NS
LVEF (%) 53+ 15 63+ 10 31+ 10 30+9 NS <0.0001 NS
LVdP/dtax (mmHg/s) 1547 +£248 1480 + 219 938 + 400 902 +223 NS 0.0005 NS
LVdP/dt i, (mmHg/s) 1655 + 381 1752 + 134 1058 +458 1000 + 259 NS 0.0007 NS
Echocardiography
LVWT (mm) 114 +20 113+16 95+ 1.6 88+ 1.8 NS <0.0001 NS
LVMI/LVEDVI ratio 18+ 04 17 + 04 11+ 04 4 NS <0.0001 NS

n, number of patients; M, male; F, female; BMI, body mass index; ACE-I, angiotensin converting enzyme inhibitors; CCB, calcium channel blockers; ARB, angiotensin Il receptor
blockers; b.p.m., beats per minute; LVPSP, LV peak systolic pressure; LVEDP, LV end-diastolic pressure; LVEDVI, LV end-diastolic volume index; LVEF, LV ejection fraction; LVWT,

LV wall thickness; LVMI, LV mass index.

Protein analysis

Myofilament protein phosphorylation

To explore changes in myofilamentary protein phosphorylation
related to B-blocker therapy, Pro-Q Diamond-stained gels of biop-
sies were obtained as shown in Figure 4A. Phosphorylation status of
myofilamentary proteins did not differ between HFNEF and HFREF
groups. [3-blocker therapy was associated with lower phosphoryl-
ation of troponin | (Tnl) and of myosin-binding protein C
(MyBP-C) in both HFNEF and HFREF patients (Figure 4B) and
had no effect on phosphorylation status of other myofilamentary
proteins (Table 2). Effect of B-blocker therapy on phosphorylation
status of desmin differed with opposite changes in HFNEF and
HFREF patients (P < 0.05).

B-Adrenergic signalling proteins

Expression levels of proteins involved in 3-adrenergic receptor sig-
nalling were determined by western immunoblotting (Table 2).
Expression of 31AR, GRK2, and GRK5 was higher in HFREF than
in HFNEF, but unaffected by [(-blocker therapy. (-Blocker
therapy was related to downregulated expression of $,AR in

HFREF and HFNEF. Effects of B-blocker therapy on expression
of Gs and Gi differed in HFNEF and HFREF with Gs downregulated
in HFNEF and Gi downregulated in HFREF.

Calcium-handling proteins

Expression levels of sarcoplasmic reticulum (SR) Ca2+-ATPase
(SERCA2a) and phospholamban (PLB) were determined by
western immunoblotting (Table 2). No differences related to
HFNEF—HFREF status or to {3-blocker therapy were observed.
The ratio of SERCA2a/PLB was higher in HFREF (1.0 + 0.2) than
in HFNEF (0.5 + 0.08; P=0.02) and unaffected by B-blocker
therapy in both groups.

Discussion

In endomyocardial biopsies of HFNEF or HFREF patients,
B-blocker therapy was associated not only with structural and
functional myocardial changes shared by both HF phenotypes,
but also by changes unique to each HF phenotype. The shared
effects of B-blocker therapy consisted of enhanced pCasg, higher
F.ctive at saturated [Caz+], lower phosphorylation status of Tnl
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Table 2 Histomorphometry, cardiomyocyte force measurements, and protein analysis

B— HENEF B+ HENEF B — HEREF B+ HEREF B— vs. B+ HFNEF vs. HFREF Interaction

Histomorphometry

n 16 16 16 22

CVF (%) 1324+12 108+ 0.8 159+ 08 167+ 14 0.0007 <0.0001 <0.0001

MyD (pm) 207 £ 2 187+12 165+ 12 160+ 14 <0.0001 <0.0001 0.04

FibD (%) 432 + 438 428 + 5.6 341+ 40 342+ 47 NS <0.0001 NS
Cardiomyocyte force measurements

n 8 10 10 11
Before PKA

Factive (KN/m?) 132+ 48 177 + 38 151+ 63 170+ 5.6 0.01 NS NS

Fpassive(kN/mz) 56+23 80+22 4.7 + 0.9 48+ 1.0 0.03 0.0006 0.02

pCasg 5.83 + 0.06 5.86 + 0.06 5.82 +0.03 5.87 +0.03 0.008 NS NS
After PKA

Faceive (KN/m?) 155 + 45 182 + 44 174+70 199+70 NS NS NS

Fpassive(kN/mz) 30+ 141 51+ 19 2.7 +0.6 30+ 1.0 0.001 0.0004 0.007

pCaso 5.54 + 01 5.66 + 0.09 5.54 + 0.06 5.54 + 0.07 0.007 0.01 0.009
Phosphorylation of myofilament proteins

n 9 6 7 7

pTnl (a.u.) 0.20 + 0.09 0.15 £ 0.02 0.39 +£0.20 0.18 +£ 0.15 0.02 NS NS

pTnT (a.u.) 1.03 £+ 0.40 1.154+ 030 1.14 + 0.30 0.90 + 0.30 NS NS NS

pMyBP-C (a.u.) 0.26 + 0.06 0.23 £ 0.02 0.26 + 0.05 0.21 + 0.05 0.01 NS NS

pDesmin (a.u.) 0.86 +0.30 101+ 017 1.06 + 0.25 0.79 £ 0.26 NS NS 0.04

pMLC-2 (a.u.) 0.34 £ 0.10 0.38 £ 0.09 0.37 £ 0.26 041+ 0.20 NS NS NS
Expression of the -adrenergic signaling proteins

n 12 8 10 10

B4AR (a.u.) 045+ 0.31 0.35+0.16 0.90 + 0.56 0.80 + 0.60 NS 0.01 NS

B2AR (a.u.) 0.32 +£ 0.15 0.28 + 0.13 0.33 + 0.05 0.18 + 0.02 0.01 NS NS

GRK2 (a.u.) 0.89 + 0.80 0.84 + 0.50 3.60 + 3.80 324280 NS 0.004 NS

GRKS5 (a.u.) 9.40 + 3.00 9.30 £+ 6.50 40.0 + 26.0 29.9 +10.5 NS 0.0006 NS

Gs (au.) 4.00 + 3.30 1.50 + 0.60 14 4+ 0.90 1.1 4 0.60 0.03 0.03 0.09

Gi (a.u.) 0.80 + 0.60 0.70 + 045 1.75 + 040 1.02 £+ 0.60 0.04 0.0008 0.1
Expression of calcium handling proteins

n 9 6 7 6

SERCA2a 102 + 5.0 88 +46 10.1+ 8.0 7.5 141 NS NS NS

PLB 193476 226 +70 153 +9.0 18.8 + 15.0 NS NS NS

SERCA2a/PLB 0.6 +0.3 0.5+02 12+10 09 +05 NS 0.02 NS

n, number of patients; CVF, collagen volume fraction; MyD, myocyte diameter; FibD, myofibrillar density; Fpassve, passive tension; Fociive, active tension; PCaso, calcium sensitivity;
PKA, protein kinase A; pTnl, phosphorylated troponin I; pTnT, phosphorylated troponin T; pMyBP-C, phosphorylated myosin-binding protein C; pDesmin, phosphorylated
desmin; pMLC-2, phosphorylated myosin light chain-2; 841AR, betal-adrenergic receptor; 3,AR, beta2-adrenergic receptor; GRK2, G-coupled receptor kinase 2; GRKS,

G-coupled receptor kinase 5; Gs, G-stimulatory; Gi, G-inhibitory; SERCA?2a, sarcoplasmic reticulum (SR) Ca2+--ATPase (SERCA2a); PLB, phospholamban.

and MyBP-C, and lower expression of 3,AR. Effects of B-blocker
therapy unique to HFNEF were reduced interstitial fibrosis,
regression of cardiomyocyte hypertrophy, elevated Fy.q . before
and after PKA, elevated pCasg after PKA, and reduced expression
of Gs. An effect of B-blocker therapy unique to HFREF was the
reduced expression of Gi. Effect of 3-blocker therapy on phos-
phorylation status of desmin also differed between HFNEF and
HFREF with opposite changes in both groups.

Myocardial effects of 3-blocker therapy
present in both heart failure with normal
left ventricular ejection fraction and heart
failure with reduced left ventricular
ejection fraction

Chronic B-blocker therapy was associated with increased pCasg
of cardiomyocytes isolated from biopsies of both HFNEF and
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Figure | (A) Representative examples of left ventricular myocardial histology in the four patient groups; (B) bar graphs showing effects of B-blocker therapy on collagen volume fraction (CVF),
myocyte diameter (MyD), and myofibrillar density in heart failure with normal left ventricular ejection fraction (HFNEF) and heart failure with reduced LVEF patients. Only in HFNEF patients, did
B-blocker therapy reduce CVF and MyD (*P < 0.001, —@ vs. +8).
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Figure 2 (A) Single cardiomyocyte from a heart failure with reduced left ventricular ejection fraction (HFREF) patient glued between a force transducer and a piezoelectric motor; (B)
contraction—relaxation sequence recorded in a single cardiomyocyte of a HFREF patient before (grey line) and after (black line) treatment with protein kinase A, during maximal activation
(pCa 4.5) and submaximal activation (pCa 5.4); (C) bar graphs showing effects of B-blocker therapy on Fictives Fpassives and pCasg of single cardiomyocytes. B-blocker therapy increased Ficeive
and pCasg in both HFNEF and HFREF and increased Fpasave Only in HFNEF (P < 0.05, —B vs. +8).
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Figure 3 (A) Protein kinase A (PKA) treatment significantly reduced Five in all groups but Fp,se remained higher in the B+ppner patients;
(B) PKA treatment significantly reduced pCasg in all groups but pCasg remained higher in the B+pener patients (P < 0.01, —f vs. +f3;
#P < 0.01, before PKA vs. after PKA).
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Figure 4 (A) Representative Pro-Q Diamond-stained gels of a B —ener B+ Henes B—rrrer and B+prrer myocardial sample; (B) phos-
phorylation status of Tnl and of MyBP-C was significantly lower in B+ ener and B+ rrer patients compared with, 3 —pner and B — rrer
patients, respectively. (*P < 0.05, —f vs. +B).

HFREF patients. Increased pCaso implies improved cardiomyocyte :  concentration is outside the physiological range, higher F.ie
contractile performance within the physiological range of Ca** - also reflects an increased cardiomyocyte force generating capacity.
concentrations and could be explained by the observed fall : The present study observed reduced phosphorylation of MyBP-C

in phosphorylation status of Tnl."® Chronic B-blocker therapy : in both B-blocker therapy groups. This reduction could relate

increased F,e at saturated [Ca”]. Although this Ca’* . to the lack of preload dependence of LV dP/dt.,., which was
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evident in both B-blocker therapy groups from the unchanged LV
dP/dt.x despite lower LVEDP. Preload dependence of early LV
pressure rise was recently demonstrated in transgenic mice to
derive from phosphorylation of MyBP-C."”*® Reduced phosphoryl-
ation of MyBP-C during chronic B-blocker therapy could have
resulted both from lower PKA activity and from lower activity of
Ca*"-calmodulin-dependent  kinase (CaM-kinase). CaM-kinase
can phosphorylate MyBP-C and its activity is also enhanced by
[3-adrenergic receptor stimulation.?' %3

In longitudinal studies performing serial haemodynamic investi-
gations in HFREF patients, before and during chronic 3-blocker
therapy, improved myocardial contractile performance was
evident from higher LVEF and lower LV filling pressures*~2®
The present study confirmed lower LVEDP with [-blocker
therapy in both HFNEF and HFREF groups. The enhanced pCasg
and increased F,.. Observed in isolated cardiomyocytes of
B-blocker treated patients suggested improved cardiomyocyte
contractile performance to contribute to the in vivo lowering of
LVEDP induced by B-blocker therapy. The enhanced pCaso and
increased F,.ve could also have contributed to the lower LVEDP
in the HFNEF patient group despite the increased Fp.give Of the
B+ Hener cardiomyocytes.

In sequential right ventricular biopsies of patients with dilated
cardiomyopathy, cardiac [3-receptor density increased during
metoprolol*® and carvedilol therapy.”” A subsequent study using
explanted hearts corroborated these findings and also observed
restoration of cardiac -receptor density by carvedilol treat-
ment.?’ In the present study, which used LV biopsies, chronic
3-blocker therapy had no effect on 31AR expression but downre-
gulated B,AR expression. The present study, however, did not
look at BAR density in membrane fractions but at BAR protein
expression in homogenates. Downregulation of 3,AR is beneficial
for cardiac contractile performance because of less negative ino-
tropy resulting from coupling of B,AR to Gi proteins.’® Coupling
of B>AR to Gi was recently also suggested to cause the apical
LV dysfunction in patients with Takotsubo cardiomyopathy.®’

Previous investigations>’ demonstrated that B-blocker therapy
induced LV functional improvement in HFREF patients by altering
expression of genes responsible for cardiomyocyte contractility.
The present study also related LV functional amelioration during
B-blocker therapy to improved cardiomyocyte contractility and
did so in both HFREF and HFNEF patient groups. In contrast to
previous studies, contractility of single cardiomyocytes was directly
assessed and its improvement was evident from both higher pCasg
and F,cgve and linked to lower phosphorylation of Tnl and MyBP-C
and to reduced expression of 3,AR.

Myocardial effects of 3-blocker therapy
unique to heart failure with normal left
ventricular ejection fraction

Only in HFNEF patients, CVF was lower in the group with
B-blockers. The absence of an effect of B-blockers on CVF in
HFREF patients supports previous studies, which identified high
myocardial fibrosis as an important predictor for poor outcome
on B-blocker therapy in HFREF3**? The lower CVF observed in
B-+Hener patients was paralleled by a reduction of cardiomyocyte

hypertrophy evident from lower MyD. In spontaneously hyperten-
sive rats, the B-blocker bisoprolol did not reverse cardiomyocyte
hypertrophy in contrast to the ACE-I perindopril.34 This study
suggests that reduced renin—angiotensin system activity could
possibly be involved in the observed regression of cardiomyocyte
hypertrophy in the B+pener patients. Both the reduced cardio-
myocytes diameter (MyD) and lower CVF could have contributed
to the lower LVEDP in HFNEF patients treated with (3-blockers. In
our previous study,” we observed that both passive cardiomyocyte
stiffness and CVF contribute to increased LVEDP. Hence, although
Foassive Was increased in the B+prner the lower LVEDP in this
patient group probably resulted from less cardiomyocyte hyper-
trophy and lower CVF.

Previous longitudinal studies showed LV mass to decrease in
both HFNEF'® and HFREF patients®*2®?® as a result of B-blocker
therapy. Because of smaller LVEDVI, reduction of LV mass resulted
in unaltered relative wall thickness in HFREF patients. In HFNEF
patients, LV volumes remained unchanged and reduction of LV
mass resulted in decreased relative wall thickness. The present
study also observed unchanged LVMI/LVEDVI ratio in the HFREF
group and a trend for reduced LVMI/LVEDVI ratio in the HFNEF
group. The reversal of LV remodelling with -blocker therapy
therefore parallels the regression of cardiomyocyte hypertrophy
observed in the present study with unchanged MyD in HFREF
and decreased MyD in HFNEF.

Skinned cardiomyocytes isolated from biopsies of HFNEF
patients have an elevated Fpassive, Which was higher than Foaive
of HFREF cardiomyocytes® or of normal cells.® In vitro adminis-
tration of PKA corrected the high Fo.sve of HFNEF cardiomyo-
cytes, which was therefore attributed to phosphorylatable
myofilamentary proteins.* Within the HFNEF patient group, the
present study observed higher F,.cve in B+nrner patients than
in B—prner patients. After in vitro administration of PKA, Fyasive
was still higher in B+pener patients. This finding suggests the
effect of B-blocker therapy on cardiomyocyte Fpaesive in HFNEF
relates not only to hypophosphorylation but also to structural or
other posttranslational modifications of myofilamentary proteins.
The persistent elevation of pCasy after PKA observed in
B+Hener cardiomyocytes also supports [(3-blocker therapy to
induce additional modifications of myofilamentary proteins.

Heart failure with reduced LVEF is usually associated with
reduced (34AR density and translocation of GRK2 to the plasma
membrane. These changes in (-adrenergic signalling were not
observed in a recently published HFNEF rat model.* Although
the present study did not look at BAR density in membrane frac-
tions but at BAR protein expression in homogenates, it found
important differences in the expression of 34AR and GRK2 pro-
teins between patient groups with higher myocardial expression
of both proteins in HFREF than in HFNEF irrespective of the use
of B-blockers. This unequal expression of 3-adrenergic signalling
proteins in both HF phenotypes could explain changes in other
components of the B-adrenergic system by B-blocker therapy
unique for each HF phenotype. Of the different components
of the B-adrenergic system, Gs protein was significantly lower
in HFNEF patients with 3-blockers. Downregulation of 3,AR-Gs
signalling could be benéeficial as it would favour (3,AR-Gi signalling,
which is known to exert antiapoptotic effects.*® Because of normal
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contractile LV function, potential negative inotropic effects result-
ing from increased (,AR-Gi signalling are less important for
HFNEF patients.

Myocardial effects of 3-blocker therapy
unique to heart failure with reduced left
ventricular ejection fraction

The reduced expression of Gi in HFREF patients treated with
B-blockers could be beneficial, because Gi is upregulated in
HFREF patients with a dilated hypocontractile LV and contributes
to the blunted inotropic response to adrenergic stimulation
observed in these patients.37‘38 Desmin phosphorylation responded
differently to B-blocker therapy with increased phosphorylation in
HFNEF and decreased phosphorylation in HFREF. Most previous
studies on myofilamentary proteins looked at desmin expression
and not at desmin phosphorylation. Desmin loss has been observed
in ischaemic cardiomyopathy,* disrupted desmin in doxorubicin-
induced cardiotoxicity,40 and desmin accumulation in restrictive
cardiomyopa‘chy.41 Only one study reported on desmin phos-
phorylation and linked desmin phosphorylation to myofibrillar
disarray in cardiomyopathic hamster hearts.*? Based on this study,
the reduced desmin phosphorylation in B+perer could be ben-
eficial, as it would limit myofibrillar disarray in HFREF hearts.

Limitations

Patient recruitment of the present study was based on referral for
diagnostic endomyocardial biopsy procurement. This resulted in a
cross-sectional, non-randomized study design. Ethical restrictions
only allowed for diagnostic biopsy procurement. This prevented
a serial, randomized study design because follow-up biopsies
would no longer serve diagnostic purposes. The cross-sectional,
non-randomized study design could cause untreated patients to
systematically differ from treated patients because of the presence
of certain comorbidities for which B-blockers were contraindi-
cated. Such comorbidities, which could have significantly con-
founded the study results, were however unlikely. Failure to use
B-blockers in the B — rrer group resulted mainly from the refer-
ring physician non-adhering to current guidelines as the majority
of these patients (14/17) were started on P-blocker therapy
during the same hospitalization. Furthermore, 3-blockers were
used in the B+ppner group for control of arterial hypertension
(14/16) and/or previous atrial tachyarrhythmias (4/16). Prevalence
of arterial hypertension was, however, similar in the 34 er and
B —Hener groups (Table 1) and, at the time of study, all patients
were in regular sinus rhythm. The comparable LVEF in the
B—nrrer and B+rrer groups probably also resulted from
patient recruitment based on referral for diagnostic endomyocar-
dial biopsy procurement. This recruitment procedure introduced
a bias consisting of more frequent referral for endomyocardial
biopsy procurement in patients with a poor functional response
to B-blocker therapy.

Conclusions

Myocardial effects associated with B-blocker therapy are either
shared by HFNEF and HFREF groups, unique to HFNEF or
unique to HFREF. The chronic B-blocker therapy consisted of

carvedilol 12.7 + 3.0 mg b.i.d. and bisoprolol 5.6 + 0.8 mg b.i.d.
and was on average started 12 months prior to the study.
Higher pCaso, higher F.civwe, lower Tnl phosphorylation, and
lower B,AR expression are shared and beneficial for cardiomyo-
cyte contractile performance. Lower MyD and higher F, . are
unique to HFNEF and probably relate to the hypertrophied and
stiff cardiomyocytes characteristic of HFNEF. Unchanged CVF in
HFREF confirms poor clinical outcome of (-blocker therapy in
HFREF patients with intense myocardial fibrosis, whereas lower
Gi in HFREF contributes to improve myocardial contractile per-
formance. Unequal outcome of B-blocker therapy in HFNEF and
HFREF could relate to myocardial effects of B-blocker therapy,
which are unique to either HFNEF or HFREF.

Supplementary material

Supplementary material is available at European Heart Journal
online.
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Hypophosphorylation of the Stiff N2B Titin Isoform Raises
Cardiomyocyte Resting Tension in Failing
Human Myocardium

Attila Borbély,* Ines Falcao-Pires,* Loek van Heerebeek, Nazha Hamdani, Istvidn Edes,
Cristina Gavina, Adelino F. Leite-Moreira, Jean G.F. Bronzwaer, Zoltin Papp, Jolanda van der Velden,
Ger J.M. Stienen, Walter J. Paulus

Abstract—High diastolic stiffness of failing myocardium results from interstitial fibrosis and elevated resting tension

(Fpassive) Of cardiomyocytes. A shift in titin isoform expression from N2BA to N2B isoform, lower overall
phosphorylation of titin, and a shift in titin phosphorylation from N2B to N2BA isoform can raise Fj,ve Of
cardiomyocytes. In left ventricular biopsies of heart failure (HF) patients, aortic stenosis (AS) patients, and controls
(CON), we therefore related F,y. Of isolated cardiomyocytes to expression of titin isoforms and to phosphorylation
of titin and titin isoforms. Biopsies were procured by transvascular technique (44 HF, 3 CON), perioperatively (25 AS,
4 CON), or from explanted hearts (4 HF, 8 CON). None had coronary artery disease. Isolated, permeabilized
cardiomyocytes were stretched to 2.2-pum sarcomere length to measure F,;..- Expression and phosphorylation of titin
isoforms were analyzed using gel electrophoresis with ProQ Diamond and SYPRO Ruby stains and reported as ratio of
titin (N2BA/N2B) or of phosphorylated titin (P-N2BA/P-N2B) isoforms. F),,y. Was higher in HF (6.1x0.4 kN/m?)
than in CON (2.3+0.3 kN/m?; P<0.01) or in AS (2.2+0.2 kN/m?; P<0.001). Titin isoform expression differed between
HF (N2BA/N2B=0.73+0.06) and CON (N2BA/N2B=0.39%+0.05; P<<0.001) and was comparable in HF and AS
(N2BA/N2B=0.59*0.06). Overall titin phosphorylation was also comparable in HF and AS, but relative phosphory-
lation of the stiff N2B titin isoform was significantly lower in HF (P-N2BA/P-N2B=0.77%0.05) than in AS
(P-N2BA/P-N2B=0.54+0.05; P<<0.01). Relative hypophosphorylation of the stiff N2B titin isoform is a novel

mechanism responsible for raised F of human HF cardiomyocytes. (Circ Res. 2009;104:780-786.)

passive

Key Words: myocardium m heart failure m diastole m titin

observed in CON cardiomyocytes,”® whereas F,y. of CON
cardiomyocytes does not respond to PKA.7

Alterations in cardiomyocyte F, have been attributed

passive

D iastolic left ventricular (LV) dysfunction importantly
contributes to heart failure (HF) with either reduced LV
ejection fraction (EF) (HFREF) or with normal LV ejection

fraction (HFNEF).! In HFREF, diastolic LV dysfunction
correlates with exercise intolerance?; in HFNEF, diastolic LV
dysfunction is an essential diagnostic feature.3# Diastolic LV
dysfunction has usually been attributed to interstitial fibrosis
because of an imbalance between matrix metalloproteinases
and their tissue inhibitors.>® Recently high resting tension
(Foassive) Of cardiomyocytes has also been implicated in
diastolic LV dysfunction.”® Cardiomyocytes from patients
with HFNEF have higher F,,. than cardiomyocytes from
patients with HFREF and cardiomyocytes from both HF
groups have higher F,,.. than cardiomyocytes from con-
trols (CON).7-? In vitro administration of protein kinase (PK)A
to HF cardiomyocytes lowers their elevated F’ to the level

passive

to the giant cytoskeletal protein titin,® which can modulate
Foassive through isoforms shifts'©-'2 and phosphorylation sta-
tus.'3-17 In explanted hearts of HFREF patients with ischemic
or nonischemic cardiomyopathy,'°-'2 myocardial titin iso-
form expression shifts from the stiff N2B to the compliant
N2BA isoform with a resultant rise of the N2BA/N2B ratio.
In pooled endomyocardial biopsy samples of HFNEF pa-
tients, the N2BA/N2B ratio is lower than in HFREF patients,?
and the corresponding higher expression of the stiff N2B
isoform could explain the higher F,,... in HFNEF cardio-
myocytes. Correction of the high F .. of skinned HF
cardiomyocytes by PKA suggests a phosphorylation deficit of
titin or of other myofilamentary proteins to be also involved.
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Table. Clinical and Hemodynamic Patient Data

CON AS HFNEF HFREF

(n=7) (n=25) (n=17) (n=27)
Age, yr 61+5 67+3 66+3 56+3
LVEF, % 65+3 65+2 61+4 28+2189
LVEDVI, mL/m? 75*7 564 82+5 1307181
LVEDP, mm Hg 11+1 2111 24+1t 2221
LVMI, g/m? 98+4 132+6* 1135 161819
LV Stiff Mod, kN/m?> ~ 22+0.2  6.0+0.3t 6.1+0.7t 5.0+0.8
LVEDWS, kN/m? 29+0.2 4.0*03t 55*04t 8.7+0.7489

*P<<0.05 vs CON, tP<0.01 vs CON, $P<<0.001 vs CON, §P<0.001 vs AS,
9P<0.001 vs HFNEF.

Phosphorylation of the cardiac-specific N2B spring element
of titin by PKA reduces F,,;e Of rat cardiomyocytes' and
of rat cardiac myofibrils.’* This phosphorylation-induced
reduction of F,.e i titin isoform—dependent, with the
largest effect observed in rat ventricular myocardium, which
has an N2BA/N2B ratio of ~0.1, and the smallest effect in
bovine atrial myocardium, which has an N2BA/N2B ratio of
~9.16 Apart from phosphorylation by PKA, the cardiac-
specific N2B spring element of titin can also be phosphory-
lated by PKG, with a similar reduction of cardiomyofibrillar
stiffness.!> Lower cardiomyocyte F,.. after PKA or PKG
can result not only from phosphorylation of titin but also from
less diastolic actin—myosin interaction of weakly bound
crossbridges. An effect of weakly bound crossbridges on
cardiomyocyte Fy,;.. is unlikely in normal myocardium but
possible in failing myocardium because of its increased
myofilamentary calcium sensitivity.!$:1°

The present study investigates the importance for the high
Fassive in HF cardiomyocytes of: (1) titin isoform expression;
(2) titin phosphorylation; (3) titin isoform phosphorylation;
(4) phosphorylation of other myofilamentary proteins; and (5)
formation of weakly bound crossbridges. All measurements
were performed using human LV myocardial samples derived
from transvascular biopsies, surgical biopsies, and explanted
hearts. Transvascular procurement allowed HF patients with
less advanced HF to be included in the study.

Patients and Methods

Patients

The HF group consisted of 48 patients and was composed of 2
subgroups: (1) 44 patients hospitalized for worsening HF (New York
Heart Association [NYHA] class 1V) and referred for cardiac
catheterization and transvascular endomyocardial biopsy because of
suspicion of infiltrative or inflammatory myocardial disease; and (2)
4 patients with end-stage dilated cardiomyopathy referred for cardiac
transplantation. In all HF patients, coronary angiography revealed
absence of significant (*>50% luminal diameter reduction) coronary
artery stenoses and histological examination of the biopsies or of the
explanted hearts ruled out active inflammatory or infiltrative myo-
cardial disease. Treatment consisted of angiotensin converting en-
zyme inhibitors (48/48), diuretics (48/48) and B-blockers (25/48).
The 44 HF patients referred for cardiac catheterization and endo-
myocardial biopsy consisted of 27 HFREF patients and of 17
HFNEEF patients. Their hemodynamic data are listed in the Table.
The 4 HF patients referred for cardiac transplantation all had
HFREEF. Their hemodynamic data were not included in the Table
because of the long time interval between hemodynamic evaluation

and cardiac transplantation. All patients with HFREF had a LVEF
<45%. All patients with HFNEF satisfied the criteria for the
diagnosis of HFNEF as recently proposed in a consensus document
of the Heart Failure and Echocardiography associations of the
European Society of Cardiology.*

The CON group consisted of 15 patients and was composed of 3
subgroups: (1) 3 patients with normal LV function and major
ventricular arrhythmias; (2) 4 patients with normal LV function and
mitral stenosis; and (3) 8 explanted donor hearts. Transvascular LV
biopsies were obtained in the first subgroup. In the second subgroup,
perioperative transmural LV biopsies were obtained at the time of
mitral valve replacement. The endomyocardial portion of the trans-
mural biopsy was used to allow for comparison with the endomyo-
cardial biopsies of the HF patients. No patient had significant (>50%
luminal diameter reduction) coronary artery disease. Donors did not
undergo hemodynamic evaluation before explantation and their
hemodynamic data were therefore not included in the Table.

The AS group consisted of 25 patients with significant and
symptomatic aortic valve stenosis (mean aortic valve area: 0.5+0.3
cm?). Patients had syncope, angina, and/or dyspnea (SNYHA class
II). Their hemodynamic data are also listed in the Table. No patient
had significant (>50% luminal diameter reduction) coronary artery
disease. In the AS group, LV myocardial samples were procured
perioperatively at the time of aortic valve replacement by transmural
biopsy. The endomyocardial portion of the transmural biopsy was
used to allow for comparison with the endomyocardial biopsies of
the HF patients.

The local ethics committee approved the study protocol. Written
informed consent was obtained, and there were no complications
related to catheterization or biopsy procurement.

F ,assive Measurements in Isolated Cardiomyocytes
Force measurements were performed in single, mechanically isolated
cardiomyocytes as described previously.”® Force measurements
were obtained in cardiomyocytes isolated from transvascular biop-
sies (CON: n=3; HF: n=25) and perioperative biopsies (CON: n=4;
AS: n=18). Biopsy samples (5 mg wet weight) were defrosted in
relaxing solution, mechanically disrupted and incubated for 5 min-
utes in relaxing solution supplemented with 0.2% Triton X-100 to
remove all membrane structures. Single cardiomyocytes were sub-
sequently attached with silicone adhesive between a force transducer
and a piezoelectric motor (2.7£0.4 cardiomyocytes per patient).
Sarcomere length of isolated cardiomyocytes was adjusted to
2.2 um. To assess the effect of PKA on the F,;... myocytes were
incubated for 40 minutes in relaxing solution supplemented with the
catalytic subunit of PKA (100 U/mL; Sigma, batch 12K7495) and
dithiothreitol (6 mmol/L; Sigma). To study the effect of PKG,
Fassive measurements were also performed after incubation of HF
cardiomyocytes in relaxing solution containing PKGlea (0.1 U/mL;
Sigma, batch 034K 1336), guanosine cGMP (10 wmol/L, Sigma) and
dithiothreitol (6 mmol/L; Sigma). After 40 minutes of incubation
with PKG, F . measurements were repeated. Thereafter, cardio-
myocytes were incubated with PKA, as described above, and their
Fassive Were reassessed. To study the contribution of the thin
filament to F,i.. HF cardiomyocytes were incubated for 40
minutes with the actin-capping protein gelsolin (0.05 mg/mL; clone
FX-45, kindly provided by Prof Dr Henk Granzier [University of
Arizona, Tucson]?°) and subsequently exposed to PKA. To investi-
gate the involvement of weak crossbridge interaction, F .. of HF
cardiomyocytes was also measured in relaxing solution containing
2,3-butanedione monoxime (BDM) (40 mmol/L for 5 minutes;
Sigma). Force values were normalized for myocyte cross-sectional
area.

Titin Isoform Separation

Titin isoform separation was performed in myocardial samples of 10
HF patients, 9 AS patients, and 8 CON subjects. For 6 HF patients,
the myocardial sample was procured by transvascular biopsy and for
4 HF patients the myocardial sample was derived from an explanted
heart. For all CON subjects, the myocardial sample was derived from
an explanted donor heart. Tissue samples were homogenized in 100
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to 200 uL Tris—sodium dodecyl sulfate buffer (pH 6.8) containing 8
pg/mL leupeptin (Peptin-Institute, Japan) and phosphatase inhibitor
cocktails (PIC I [P2850] and PIC II [P5726], 10 wL/mL from each;
Sigma). Samples were heated (3 minutes at 99°C) and centrifuged
(10 minutes, 13.000g at 0°C). Each sample (=40 ug dry weight) was
applied on agarose-strengthened 2% sodium dodecyl sulfate—poly-
acrylamide gels. The gel was run at 4-mA constant current for ~16
hours. Gels were washed and stained with SYPRO Ruby (Molecular
Probes, Eugene, Ore) according to the instructions of the manufac-
turer. Staining was analyzed with a LAS-3000 system (Fuji Science
Imaging Systems) and AIDA Image analyzer software (Isotopen-
mefgerate GmbH, Staubenhardt, Germany).?!

Myofilamentary Protein and Titin

Isoform Phosphorylation

Myofilamentary protein separation and phosphorylation were deter-
mined in myocardial samples procured by transvascular biopsy in 8
HF patients and by perioperative biopsy in 7 AS patients. Tissue was
dissolved in 1D sample buffer containing 100 mmol/L dithiothreitol,
PIC I, PIC II, and protease inhibitor cocktail (10 uL/mL, P 8340,
Sigma), heated (3 minutes at 99°C) and centrifuged (10 minutes,
13.000 g at 0°C), and a sample (=35 ug dry weight in 25 pL) was
applied on a 3% to 8% gradient gel (Criterion, Bio-Rad). The gel was
run at 100 V for 30 minutes followed by 200 V for 50 minutes. The
gels were stained for 90 minutes with ProQ Diamond (Molecular
Probes). Thereafter, the gels were washed and subsequently stained
with SYPRO Ruby (Molecular Probes).2! The intensity of the
myosin binding protein-C band was used to normalize for differences
in protein loading.

Titin isoform phosphorylation was determined in perioperative
biopsies of 9 AS patients and in transvascular biopsies of 6 HF
patients. Tissue samples were handled as for titin isoform separation.
The gels were subsequently stained with ProQ Diamond and with
SYPRO Ruby and analyzed as described above.

Statistical Analysis

Values are given as means*+SEM. Statistical significance was set at
P<0.05 and was obtained for multiple comparisons between groups
by ANOVA followed by a Bonferroni test. Relationships between 2
continuous variables were assessed with linear regression analysis.
Statistical analysis was performed with SPSS (version 9.0, SPSS Inc,
Chicago, I1I).

Results

F ssive Of Isolated Cardiomyocytes
Cardiomyocytes were isolated from myocardial samples of
the CON (n=7), AS (n=18), and HF (n=25) groups and

Verpgrhel y. attila. 1300 24

Figure 1. Measurement of cardiomyocyte F,sgive-
a, Single cardiomyocyte attached to a force trans-
ducer and an adjustable lever used to stretch the
cardiomyocyte to 2.2-um sarcomere length. b,
Higher F,ssive in cardiomyocytes of HF patients
HE compared to CON group (tP<0.01 vs CON) and
AS patients ($P<0.001 vs AS). c, After in vitro
administration of PKA, F, fell in HF cardio-

passive

myocytes but not in CON and AS cardiomyocytes
(#P<0.0001 vs HF). d, PKG administration also
significantly lowered F,qve Of HF cardiomyocytes
(##P<0.0001 vs HF; n=18); however, no further
decrease in F,eve Was detected on subsequent
PKA treatment.

'l

stretched to an identical sarcomere length of 2.2 um before
measuring F,q.. (Figure 1a). F .. in HF cardiomyocytes
(6.1+0.4 kKN/m?) was higher than in CON cardiomyocytes
(2.3+0.3 kN/m?; P<0.01) or in AS cardiomyocytes (2.2+0.2
kN/m?; P<<0.001) (Figure 1b). Following administration of
PKA, the high F,,;.. of HF cardiomyocytes fell (Figure Ic).
The high F,... of HF cardiomyocytes also fell on admin-
istration of PKG and remained unaltered on subsequent
treatment with PKA (Figure 1d). The high F,,... of HF
cardiomyocytes was unaltered after 40 minutes of exposure to
gelsolin despite maximal Ca®" activated force falling below
10% of the baseline value. Subsequent administration of PKA
continued to induce a significant fall in F,gve (P<0.05;
n=4). Gelsolin exposure confirms involvement of titin in the
high F, . because it removes the thin filament from the
cardiomyocytes.?? A contribution of crossbridge cycling to
Fussive Was tuled out by experiments exposing HF cardio-
myocytes to BDM. In these experiments BDM failed to alter
cardiomyocyte F,ive (01=4).

Titin Isoform Expression

Titin isoform expression was determined in myocardial sam-
ples of CON (n=8), AS (n=9) and HF patients (n=10)
(Figure 2a). HF patients (0.73%£0.06; P<<0.001) and AS
patients (0.59%+0.06; P<<0.05) had an N2BA/N2B ratio
higher than the CON group (0.39%0.05) (Figure 2b). For 6
HF and all AS patients, myocardial biopsy occurred, respec-
tively, at the time of hemodynamic data acquisition or shortly
thereafter. Correlations between N2BA/N2B ratio and hemo-
dynamic variables were limited to this group. A significant
correlation (r=0.71; P<0.01) was observed between N2BA/
N2B ratio and LV end-diastolic wall stress (LVEDWS)
(Figure 2c).

Overall Titin Phosphorylation and Titin

Isoform Phosphorylation

Because titin isoform expression differed between HF and
CON, unequal titin isoform expression could have contrib-
uted to the difference in F between HF and CON

passive
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Figure 2. Titin isoform expression. a, Representative examples
of titin isoform separation. b, Higher N2BA/N2B ratio in HF and
AS patients than in the CON group (tP<0.05 vs CON). c, Corre-
lation between N2BA/N2B ratio and LVEDWS (r=0.71; P<0.01).

cardiomyocytes. However, because titin isoform expression
was comparable in HF and AS, mechanisms other than a titin
isoform shift had to account for raising F,. in HF
cardiomyocytes compared to AS cardiomyocytes. Overall
phosphorylation of titin was therefore compared between HF
and AS patients (Figure 3a). The ratio of phosphorylated titin
to total titin was similar in HF and AS samples (0.29+0.02
versus 0.30%£0.02; P=0.84). Similar ratios of phosphorylated
to total protein were also observed for myosin binding
protein-C (0.21%0.02 versus 0.26%0.03; P=0.23), desmin
(0.35%0.05 versus 0.34+0.05; P=0.93), troponin T
(0.48+0.04 versus 0.55*0.05; P=0.32), and myosin light
chain-2 (0.27%0.02 versus 0.31£0.01; P=0.09) (values in-
dicate HF versus AS, respectively) (Figure 3a). Only troponin
I had a lower ratio of phosphorylated to total protein in HF
compared to AS (0.12%=0.01 versus 0.16+0.02; P=0.048).
Because titin isoform expression and overall titin phos-
phorylation were comparable in HF and AS patients, the
phosphorylation status of the respective N2BA and N2B titin
isoforms was subsequently investigated in myocardial sam-
ples of HF and AS patients (Figure 3b). The P-N2BA/P-N2B
ratio was higher in HF (0.77%0.05) than in AS (0.54*0.05;
P<0.01) (Figure 3c), consistent with lower phosphorylation
of the stiff N2B and higher phosphorylation of the compliant

N2BA titin isoform. Lower phosphorylation of N2B explains
the elevated F,.. of HF cardiomyocytes because titin
phosphorylation was previously shown to lower F .. in an
isoform-dependent manner, with a larger fall in F,,,. when
more of the stiff N2B isoform was phosphorylated.'® The
P-N2BA/P-N2B ratio correlated with the N2BA/N2B ratio in
AS patients (r=0.68; P<<0.05) (Figure 3d). This correlation
was absent in HF patients.

HFNEF Versus HFREF

In previous studies, F,;.. Was especially elevated in cardio-
myocytes isolated from LV myocardium of HFNEF pa-
tients.”? F,ive titin isoform expression and titin isoform
phosphorylation were therefore compared in subgroups of
HFNEF and HFREF patients (Figure 4a through 4e), whose
hemodynamic characteristics are shown in the Table. HFREF
patients had the highest N2BA/N2B ratio (0.77%+0.07) (Fig-
ure 4b). LVEDWS was also highest in HFREF (8.7%=0.7
kN/m?) (Figure 4c). Fyqve (7.4£0.7 kN/m?) and the PKA-
induced decrease in F . (—3.2+0.6 kN/m?) were largest
in HENEF (Figure 4d). F,v. and the PKA-induced absolute
change in F,,. rose from AS to HFREF and to HFNEF
(Figure 4e) (P<<0.05 for trend). The deficit of N2B titin
isoform phosphorylation followed a similar course also
rising from AS to HFREF and to HFNEF (Figure 4e)
(P<<0.05 for trend). The deficit was expressed as the difference
between observed P-N2BA/P-N2B ratio and predicted P-N2BA/
P-N2B ratio. The predicted P-N2BA/P-N2B ratio was derived
from the observed N2BA/N2B ratio and the equation describing
the linear curve fit of Figure 3d. A larger N2B titin isoform
phosphorylation deficit in HENEF patients explains both their

higher F,,v. and their larger PKA-induced fall of F,ye-
Discussion
High F .. of HF Cardiomyocytes and Titin

In the present study, F,,iv. Was twice as high in human HF
cardiomyocytes than in human AS cardiomyocytes. The high
Fassive Of HF cardiomyocytes fell after in vitro administration
of PKA or PKG but remained unchanged after in vitro
administration of BDM or gelsolin. The PKA- and PKG-
induced decrease in F,,. suggested a phosphorylation
deficit of myofilamentary proteins, which are a target for both
PKA and PKG. Only troponin I and titin have so far been
identified as myofilamentary proteins targeted by both PKA
and PKG.'522 The present study observed a phosphorylation
deficit of troponin I in HF myocardium. The concomitant
increase in myofilamentary calcium sensitivity could promote
diastolic actin—myosin interaction and thereby raise F,, e in
HF cardiomyocytes.'® Such an effect of weakly bound cross-
bridges on F ;.. Was however ruled out by the unchanged
Fssive Tollowing exposure to BDM, which inhibits cross-
bridge cycling. Involvement of the giant cytoskeletal protein
titin in the high F,, .. of HF cardiomyocytes was suggested
by unaltered F, .. after gelsolin, which removes the thin
filament from the cardiomyocytes.??23-24 Effective thin fila-
ment removal was evident from the fall in maximal Ca**
activated force to less than 10% of its baseline value. The

ability of PKA to lower F, after thin filament removal

assive
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implied phosphorylation of titin to mediate the PKA-induced
fall in F,ve-

The present study observed titin isoform expression to be
comparable in HF and AS myocardium. Mechanisms other
than a titin isoform shift therefore had to account for the
difference in F,. between HF and AS cardiomyocytes.
Overall titin phosphorylation was also similar in HF and AS
myocardium. However, relative titin isoform phosphorylation
was different, with less N2B isoform phosphorylated in HF
than in AS myocardium. Less N2B titin isoform phosphory-
lation was previously shown to raise F,y.,'® and the
observed hypophosphorylation of the stiff N2B titin isoform
relative to the compliant N2BA titin isoform could therefore

explain the higher F,,,. in HF cardiomyocytes.

Titin Isoform Expression

In a subgroup of HF and AS patients, hemodynamic data
were obtained either at the time of transvascular biopsy or
shortly before perioperative biopsy. In these patient groups,
myocardial titin isoform expression could accurately be
correlated with hemodynamic variables. The closest correla-
tion observed was between N2BA/N2B ratio and LVEDWS
(Figure 2c). The higher expression of the compliant N2BA
titin isoform at higher LVEDWS implies titin isoform shifts
to be a compensatory mechanism whereby higher expression
of the compliant N2BA titin isoform compensates for an
elevated LVEDWS. A compensatory role of titin isoform
shifts has previously also been suggested in patients with
dilated cardiomyopathy, in whom the N2BA/N2B ratio cor-
related with the LV end-diastolic volume/pressure ratio, a
measure of end-diastolic LV distensibility, and with peak
oxygen consumption during exercise.!' The time span over

which LVEDWS rises is probably an important determinant
for shifts in titin isoform expression because 2 canine dilated
cardiomyopathy models with rapid elevation of LVEDWS
induced by pacing tachycardia or by intracoronary microem-
bolizations revealed an opposite shift with overexpression of
the stiff N2B titin isoform.25-27 Furthermore, the correlation
observed in the present study between N2BA/N2B ratio and
LVEDWS is also consistent with stress-sensing abilities of
titin. Stress-sensing abilities of titin reside both in its kinase
domain at the M-line?® and in the titin/Tcap/muscle LIM
protein complex at the Z-disc.?®

Titin Isoform Phosphorylation

Higher F,,v. in HF than in AS cardiomyocytes was attrib-
uted to a shift in isoform phosphorylation with more of the
N2BA and less of the N2B titin isoform phosphorylated in
HF myocardium. Previous studies indeed demonstrated less
reduction in F,,;,. when the compliant N2BA titin isoform
is phosphorylated than when the stiff N2B titin isoform is
phosphorylated.'® The present study not only observed higher
N2BA titin isoform phosphorylation in HF myocardium but
also a loss in HF myocardium of the close relationship
between titin isoform expression and titin isoform phosphor-
ylation, which was present in AS myocardium (Figure 3d).
The uniformly low F,,. observed in AS cardiomyocytes
despite the N2BA/N2B titin isoform ratio ranging from 0.4 to
0.9 (Figure 3d), probably resulted from the concordant
changes in titin isoform expression and phosphorylation in
AS myocardium, whereby higher N2B titin isoform phos-
phorylation offsets a rise of F,;. induced by higher N2B
titin isoform expression. In HF myocardium, this concor-
dance between titin isoform expression and phosphorylation
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was absent. This could be of special relevance to HFNEF
myocardium, which had higher N2B titin isoform expression
(Figure 4b) and a larger N2B titin isoform phosphorylation
deficit (Figure 4e). The latter explained both the larger F, e
and the larger response of F to PKA in HFNEF
cardiomyocytes (Figure 4e).

A shift in titin isoform phosphorylation, as demonstrated in
the present study in HF myocardium, can be explained by
spatial separation of phosphorylation sites on the N2BA and
N2B titin isoforms and by changes in compartmentalized
activities of protein kinases and phosphodiesterases.?*-3! The
N2B unique sequence contains the phosphorylation site,
which mediates the fall in F,e.'*'>*? Immunoelectron
micrographs with antibody labeling C-terminal N2B unique
sequence revealed the site to be closer to the Z-disc in the
N2BA isoform than in the N2B isoform.?¢ PKA is targeted by
A-kinase anchoring proteins (AKAP) to transverse tubules,3°
which are also adjacent to the Z disc. In HF, this targeting of
PKA by AKAP is disrupted,® and this leads to a fall in
phosphorylation of surrounding myofilamentary proteins.3°
The shift in titin isoform phosphorylation in HF myocardium
could result from altered local availability of not only cAMP
but also cGMP because in mouse, cardiac muscle phospho-
diesterase 5 activity is also highly compartmentalized.3*

passive

Conclusions

Because of comparable expression of titin isoforms and
similar overall phosphorylation of titin, the 2-fold rise in
F.ssive Of HF cardiomyocytes compared to AS cardiomyo-

passive

cytes was attributed to a shift in titin isoform phosphorylation
with relative hypophosphorylation of the stiff N2B titin
isoform. Relative hypophosphorylation of the stiff N2B titin
isoform is a novel mechanism responsible for raising F,ve

in human HF cardiomyocytes. High cardiomyocyte F,,qy. 18

an important contributor to the high diastolic LV stiffness of
the failing heart, and the present findings could therefore have
important therapeutic implications.
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ABSTRACT

We set out to characterize the mechanical effects of myeloperoxidase (MPO) in isolated left-ventricular human
cardiomyocytes. Oxidative myofilament protein modifications (sulfhydryl (SH)-group oxidation and carbonyla-
tion) induced by the peroxidase and chlorinating activities of MPO were additionally identified. The specificity
of the MPO-evoked functional alterations was tested with an MPO inhibitor (MPO-I) and the antioxidant amino
acid Met. The combined application of MPO and its substrate, hydrogen peroxide (H,0,), largely reduced the
active force (Facive), increased the passive force (Fpassive). and decreased the Ca®* sensitivity of force production
(pCasp) in permeabilized cardiomyocytes. H,O, alone had significantly smaller effects on Facive and Fpassive and
did not alter pCaso. The MPO-I blocked both the peroxidase and the chlorinating activities, whereas Met
selectively inhibited the chlorinating activity of MPO. All of the MPO-induced functional effects could be
prevented by the MPO-I and Met. Both H,0, alone and MPO + H,0, reduced the SH content of actin and
increased the carbonylation of actin and myosin-binding protein C to the same extent. Neither the SH oxidation
nor the carbonylation of the giant sarcomeric protein titin was affected by these treatments. MPO activation
induces a cardiomyocyte dysfunction by affecting Ca®* -regulated active and Ca®*-independent passive force
production and myofilament Ca®* sensitivity, independent of protein SH oxidation and carbonylation. The
MPO-induced deleterious functional alterations can be prevented by the MPO-I and Met. Inhibition of MPO may
be a promising therapeutic target to limit myocardial contractile dysfunction during inflammation.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Oxidative stress-related myofilament protein alterations have been
shown to play key roles in the impaired cardiomyocyte contractility in
response to myocardial inflammation, ischemia-reperfusion injury,
and left-ventricular (LV) remodeling after a myocardial infarction (MI)
[1,2]. In particular, reactive oxygen species (ROS) oxidize cellular com-
ponents [3], leading to cardiomyocyte contractile dysfunction, myo-
cyte apoptosis, or cardiac hypertrophy [4,5].

Myeloperoxidase (MPO; EC 1.11.2.2) is a member of the heme
peroxidase superfamily, synthesized by neutrophils, monocytes, and

Abbreviations: ACS, acute coronary syndrome; ADHP, 10-acetyl-3,7-dihydroxy-
phenoxazine; APF, 2-(6-(4-aminophenoxy)-3-oxo-3H-xanten-9-yl)benzoic acid;
BSA, bovine serum albumin; CI, carbonylation index; CV, cardiovascular; DTDP,
dithiodipyridine; DTT, dithiothreitol; ECL, enhanced chemiluminescence; Factive,
cardiomyocyte active force; Fpassive, Cardiomyocyte passive force; HF, heart failure;
Iso, isolating solution; LV, left ventricular; MetSO, methionine sulfoxide; MHC,
myosin heavy chain; MI, myocardial infarction; MLC-1, myosin light chain-1; MPO,
myeloperoxidase; MPO-1, MPO inhibitor (4-aminobenzhydrazide); MyBP-C,
myosin-binding protein C; N2B, stiff titin isoform; N2BA, compliant titin isoform;
NAC, N-acetyl-l-cysteine; NTB, 2-nitro-5-thiobenzoic acid; PBS, phosphate-buffered
saline; ROS, reactive oxygen species; SDS, sodium dodecyl sulfate; SH, sulfhydryl;
Tm, tropomyosin

* Corresponding author. Fax: +36 52 255928.
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macrophages, stored in their azurophilic granules, and released in
substantial amounts upon leukocyte activation [6]. MPO has beneficial
effects on the innate host defense mechanisms [7]. Considerable
evidence has emerged to suggest that ROS formation by MPO pro-
motes various deleterious actions in the cardiovascular (CV) system
and contributes to the development of CV diseases [6]. Individuals
with a total or subtotal MPO deficiency (a defect with a frequency of
~ 1 in every 2000 to 4000 Caucasians) are protected from CV diseases
[6]. An elevated level of circulating MPO is a prognostic marker of
mortality and predicts the risks of subsequent major adverse cardiac
events in patients with acute coronary syndrome (ACS) [8], particu-
larly in association with a low LV ejection fraction [9]. MPO also
contributes to adverse LV remodeling after an MI [10]. MPO exerts
adverse effects on the vasculature, oxidizes low-density lipoprotein
[11], impairs high-density lipoprotein function [12], and reduces the
bioavailability of nitric oxide (NO) [13]. MPO can therefore serve as a
valuable biomarker of inflammation in coronary artery disease and
ACS [14]. The serum level of MPO correlates positively with the
severity of LV dysfunction and seems to be an essential factor in the
development and exacerbation of heart failure (HF) [15,16]. Interest-
ingly, the MPO concentration was earlier found not to differ in
ischemic and nonischemic cardiomyopathy, suggesting that MPO has
an independent pathogenic role in LV dysfunction [17].

0891-5849/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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MPO is known to generate numerous reactive oxidants and
diffusible radical species via its peroxidase and chlorinating activities,
which are capable of promoting an array of reversible and irrever-
sible posttranslational protein modifications [18,19]. The relative
concentrations of chloride and the reducing substrate determine
whether MPO uses its substrate hydrogen peroxide (H,0,) for
peroxidation or chlorination. MPO amplifies the oxidative potential
of H,O, [20-22], which may originate from a number of sources
in vivo, including leukocyte NADPH oxidases, xanthine oxidase, and
uncoupled NO synthase [23,24]. The perfusion of isolated rat hearts
with H,0, led to disulfide cross-bridge formation in actin and
tropomyosin (Tm) [25]. In one of our previous studies, the sulfhydryl
(SH) oxidation of actin and myosin light chain-1 (MLC-1) was
suggested as the mechanism in H,0,-evoked depressed cardiomyo-
cyte contractility [26].

MPO is unique in its ability to create hypochlorous acid (HOCI; a
potent antimicrobial agent) through its chlorinating activity [22].
Interestingly, the cardiac tissue is highly susceptible to oxidation even
by physiological concentrations of HOCI [27]. Importantly, HOCI is
much more effective than H,0, in oxidizing proteins in the myocar-
dium [27], it causes SH oxidation [28] and carbonylation in myofila-
ment proteins [29], it disturbs Ca?>* homeostasis and Ca?* handling
[30], it increases the intracellular Ca®>* concentration in isolated rat
[31] and rabbit [32] ventricular cardiomyocytes, and it induces
cardiomyocyte death in rats [33]. It is also very important to consider
how far H,0, or HOCI can diffuse on the cellular scale and whether
these substances are capable of penetrating cell membranes. H,0; is
stable [34] and membrane permeative [35], but the in vivo concen-
tration of H,O, highly depends on its generation and consumption
rates [36,37]. HOCI appears to be more toxic and reactive and can also
penetrate through cell membranes, but has a much shorter life span.
An in vitro study revealed that HOCI production by neutrophils can be
as high as 450 mM/h, which was shown to be less in an in vivo model
[38]. MPO generates HOCI in micromolar concentrations [39], but in
inflamed tissue it is estimated to be as high as 5 mM [40].

The antioxidant amino acid methionine (Met) acts as a sca-
venger of HOCl and has been shown to prevent HOCl-induced
morphological changes and contractile dysfunction in murine
myocytes [41]. Moreover, the fact that MPO-derived chlorinating
compounds can serve as specific biomarkers for disease progres-
sion has attracted considerable interest in the development of
therapeutically useful MPO inhibitors (MPO-I's) [42].

Although the role of MPO-derived oxidants in the pathogenesis of
myocardial ischemia and HF is relatively well established, only limited
data are available as concerns the exact cellular and subcellular
mechanisms through which MPO could directly affect the contractility
of myocardial cells, especially at the level of the myofibrillar proteins.
In this study, therefore, we set out (1) to characterize the functional
effects of MPO and its substrate H,O, on single, permeabilized human
cardiomyocytes; (2) to identify the biochemical alterations induced by
the peroxidase and chlorinating activities of MPO; (3) to investigate
the specificity of the MPO-induced contractile changes by using the
MPO-I 4-aminobenzhydrazide and the antioxidant amino acid Met;
and (4) to explore the MPO-related reversible and irreversible
oxidative myofilament protein modifications in the human LV myo-
cardium.

Materials and methods
Human myocardial samples

LV myocardial tissue was obtained from the hearts of four
general organ-donor patients (41- and 46-year-old women and

53- and 57-year-old men). All of these patients were free of any
cardiac abnormalities and had not received any medication except

for plasma volume expanders, dobutamine, and furosemide. The
cause of death included cerebral contusion, cerebral hemorrhage,
and subarachnoidal hemorrhage. All biopsies were transported in
cardioplegic solution (pH 7.4; in mM: NaCl 110, KCI 16, MgCl, 1.6,
CaCl; 1.2, NaHCOs3 5) and were frozen in liquid nitrogen and stored
at —80 °C at the laboratory. The experiments on human tissues
complied in full with the Helsinki Declaration of the World
Medical Association and were approved by the Hungarian Ministry
of Health (No. 323-8/2005-1018EKU) and by the Institutional
Ethics Committee at the University of Debrecen, Hungary.

Force measurements in permeabilized cardiomyocyte preparations

Force measurements were performed as described previously
[43]. In brief, frozen tissue samples were first defrosted and
mechanically disrupted in cell isolation solution (Iso) (in mM:
KCl 100, ethylene glycol tetraacetic acid 2, MgCl, 1, Na,ATP 4,
imidazole 10; pH 7.0) containing phenylmethylsulfonyl fluoride
(PMSF, 0.5 mM, Sigma-Aldrich, St. Louis, MO, USA), leupeptin (40
pM, Sigma-Aldrich), and E-64 (10 pM, Sigma-Aldrich) protease
inhibitors. The mechanically isolated cells were skinned by incu-
bation in Iso supplemented with 0.5% (v/v) Triton X-100 (Sigma-
Aldrich) for 5 min. Triton X-100 was removed by washing at least
three times in Iso (1 ml in each washing step) and the skinned
myocytes were kept in Iso on ice until the measurements. A
skinned single cardiomyocyte was mounted between two thin
needles, which were attached to a force transducer element
(SensoNor, Horten, Norway) and an electromagnetic motor (Aur-
ora Scientific, Aurora, ON, Canada) through the use of silicone
adhesive (DAP, Baltimore, MD, USA) for determination of the
mechanical parameters. The measurements were performed at
15 °C on the stage of a light microscope. The average sarcomere
length was adjusted to 2.3 pm.

The compositions of the relaxing and activating solutions used
during force measurements were calculated as described previously
[43]. Both solutions were supplemented with protease inhibitors:
leupeptin (40 uM) and E-64 (10 uM). The pCa’s, i.e., the —logio[Ca®"]
values of the relaxing and activating solutions (pH 7.2), were 9.0 and
4.75, respectively. Solutions with intermediate free Ca>* levels were
obtained by mixing activating and relaxing solutions [44]. Isometric
force production was measured after the preparation had been
transferred from the relaxing solution to a set of Ca®*-containing
solutions. When a steady force level had been reached, the length of
the myocyte was reduced by 20% within 2 ms, and the myocyte was
then quickly restretched (release-restretch maneuver). As a result, the
force first dropped from the peak isometric level to O (difference =
total peak isometric force, Fa) and then started to redevelop. About
6 s after the onset of force redevelopment, the cardiomyocyte was
returned to the relaxing solution, in which the length of the myocyte
was again reduced by 20% for 8 s to determine the Ca®* -independent
passive force component (Fyassive). The Ca®™*-activated isometric force
(Factive) Was calculated by subtracting Fpassive from Figgal. Factive at
submaximal levels of activation was normalized to that at maximal
activation (pCa 4.75). Thereafter, the normalized force values were
plotted against the Ca®* concentration of the activating solutions to
create a sigmoidal curve, to determine the Ca®* sensitivity of force
production (pCasp). Maximal active force was also tested at the end of
the experiments at pCa 4.75. Experiments that yielded a value below
80% of the initial value were discarded.

To determine the mechanical consequences of myofilament pro-
tein oxidation, cardiomyocytes were exposed to Iso supplemented
with H,0, (30 pM, Sigma-Aldrich) for 15 min, MPO + H,0, (8 UJL,
Abcam, Cambridge, UK) for 15 min, MPO + H,0, + MPO-I 4-amino-
benzhydrazide (50 uM, Cayman Chemicals, Ann Arbor, MI, USA) for 15
min, or MPO + Hy0, + Met (10 mM,, Sigma-Aldrich) for 15 min at
15 °C. The reversibility of MPO + H,0,-evoked effects was examined
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by the application of the reducing agent dithiothreitol (DTT; Sigma-
Aldrich, 10 mM, 30 min) to MPO + H,0,-treated cardiomyocytes.
Force-pCa relationships and pCasg values were determined before and
after the application of these agents. The effects of the applied agents
on Fyive and Fpassive Were expressed relative to their control
(untreated, before application of the agent at pCa 4.75 and pCa 9.0,
respectively). Changes in Fycive and Fpassive upon application of the
agents were compared with the force values measured after incuba-
tion of the cardiomyocytes in Iso for 15 min (time control).

Measurements of MPO activities

MPO chlorination and peroxidation assay kits (Cayman Chemicals)
were used. The chlorination activity assay utilizes a nonfluorescent
substrate (APF; 2-(6-(4-aminophenoxy)-3-oxo-3H-xanthen-9-yl)ben-
zoic acid), which is cleaved by the MPO-generated hypochlorite (OCl ™)
to produce highly fluorescent fluorescein. The peroxidase activity
assay uses a nonfluorescent substrate (ADHP; 10-acetyl-3,7-dihydrox-
yphenoxazine), which is converted by MPO to the fluorescent
resorufin. Fluorescence was detected with a NovoStar microplate
reader (BMG Labtech, Ortenberg, Germany) at Ae, 485 nm and Acp
520 nm in the chlorination assay and at Ay 544 nm and Aer, 590 nm
in the peroxidase assay. The reaction solution contained the nonfluor-
escent substrate (APF (18 uM) or ADHP (45 pM)), assay buffer
(phosphate-buffered saline (PBS), pH 7.4), and H,O, (30 uM) or
MPO + H,0, (38 U/L) or MPO + H,0, + MPO-I (50 uM) or MPO
+ Hy0, + Met (10 mM). Activities were measured for 5 min at 24-s
intervals. Fluorescence intensities were fitted by linear regression
analysis (before saturation) and the slope of this relation was used
to calculate MPO activities. Values were corrected for the background
(the activity determined in the absence of MPO).

Biochemical assays for the identification of oxidative protein
modifications

Ellman’s reaction

Overall myofilament SH-group content was determined by Ell-
man’s reaction. Skinned cardiomyocytes were treated with Iso (time
control) or with Iso supplemented with H,0, and MPO as described
for the mechanical experiments. Washing steps followed the treat-
ments and the cardiomyocytes were then incubated for 15 min in
Ellman’s reagent (5,5'-dithiobis(2-nitrobenzoic acid); Sigma-Aldrich),
which reacts with myofilament SH groups and produces the yellow 2-
nitro-5-thiobenzoic acid (NTB). The absorbance of NTB was measured
with a NovoStar microplate reader at 412 nm. N-acetyl-i-cysteine
(NAC; Sigma-Aldrich) was used to calibrate the NTB absorbance in
relation to the amount of SH groups. A known concentration of NAC
was reacted with Ellman’s reagent and the absorbance at 412 nm,
fitted with a single exponential, served as the calibration curve. The
SH contents in 1-mg lyophilized myocardial samples were calculated
from the measured absorbance, the tissue weight, and the calibration
curve. Measurements were performed in triplicate.

Protein SH oxidation

Cardiomyocytes were isolated from LV myocardial samples (25 mg
wet weight) as for the functional measurements and were treated in
Iso (150 ul) containing H,0, (30 uM) or MPO + H,0- (38 U/L) for 15
min. Cardiomyocytes exposed to dithiodipyridine (DTDP; 2.5 mM, for
2 min) were used as positive controls. Protein SH groups were labeled
with EZ-Link lodoacetyl-LC-Biotin (Thermo Scientific, Rockford, IL,
USA, for 60 min in the dark, at room temperature) in a reaction buffer
(containing EDTA 5 mM, Tris-HCI 50 mM, pH 8.3, and 0.1 mg/ml
biotin) according to the manufacturer’s instructions (biotin was
dissolved in dimethyl formamide (Sigma-Aldrich) and diluted in
reaction buffer to 0.1 mg/ml). After the biotinylation process, the

myocytes were solubilized in sample buffer (containing 8 M urea, 2 M
thiourea, 3% (w/v) sodium dodecyl sulfate (SDS), 75 mM DTT, 50mM
Tris-HCl, pH 6.8, 10% (v/v) glycerol, bromophenol blue), 10 uM E-64,
and 40 pM leupeptin (1 h, under continuous agitation). Protein
concentration was determined in the supernatant with a dot-blot-
based method, using bovine serum albumin (BSA; Sigma-Aldrich) as a
standard. Protein concentration was adjusted to 1 mg/ml. Polyacryla-
mide gels (2, 4, (strengthened with 0.5% agarose), 10, and 15%) and 4-
15% gradient gels (Bio-Rad, Hercules, CA, USA) were used to separate
myofilament proteins before blotting to nitrocellulose membranes.
Proteins were quantitated with the fluorescent Sypro ruby protein blot
stain (Invitrogen, Eugene, OR, USA). Membranes were blocked with
10% (w/v) milk powder diluted in PBS containing 0.1% (v/v) Tween 20
(PBST). Biotin-labeled SH groups were probed with peroxidase-
conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA,
USA) at a final concentration of 5 ng/ml for 30 min. Signal intensities
of biotin-labeled SH groups were visualized by an enhanced chemi-
luminescence (ECL) method and normalized for those assessed with
the Sypro ruby protein blot stain.

Protein disulfide cross-bridge formation

Similar to the experiments by Canton et al. [45], human LV
myocardial samples were solubilized in reducing (1 x Laemmli
sample buffer (Sigma-Aldrich) containing 2% SDS, 10% glycerol, 5%
[-mercaptoethanol (B-ME), 0.0625 M Tris-HCl, pH 6.8) and non-
reducing (same buffer without 3-ME) sample buffer after H,0, or
MPO + H,0, treatment. SDS-PAGE was performed using 10%
polyacrylamide gels, and thereafter proteins were transferred onto
nitrocellulose membranes. After the nonspecific binding sites were
blocked, the membranes were probed with monoclonal anti-
tropomyosin (1:10,000, clone CH1) or monoclonal anti-actin
(1:1000, clone HHF35, Dako Cytomation, Glostrup, Denmark)
antibodies.

Detection of protein carbonyl groups

Cardiomyocytes from LV myocardial tissue (15 mg wet weight)
were incubated with H,0, and MPO, as described above. Cardiomyo-
cytes treated with the Fenton reagent (50 uM FeSO4, 6 mM ascorbic
acid, and 1.5 mM H,0, for 7 min) were used as positive controls for
protein carbonylation. Cardiomyocytes were washed after treatment
and solubilized in sample buffer containing 8 M urea, 3% (w/v) SDS, 50
mM Tris-HCI (pH 6.8), 10 uM E-64, and 40 uM leupeptin for 1 h by
vortexing. The samples were then centrifuged (16,000g for 5 min) and
the supernatants were used for carbonyl group derivatization based
on the formation of 2,4-dinitrophenylhydrazone from 2,4-dinitrophe-
nylhydrazine (OxyBlot Protein Oxidation Detection Kit, Millipore,
Billerica, MA, USA). After derivatization (15 min), samples were
centrifuged (1000g for 1 min) and the pellet was dissolved in a buffer
containing 8 M urea, 2 M thiourea, 3% (w/v) SDS, 75 mM DTT, 50 mM
Tris-base (pH 14), 10% (v/v) glycerol, and bromophenol blue (30 min,
shaking). Derivatized samples were centrifuged (16,000g for 5 min)
and the protein concentrations of the supernatants were determined
with a dot-blot-based method, using a BSA standard. The protein
concentration of the samples was adjusted to 1 mg/ml. Polyacrylamide
gel electrophoresis with 2, 4, (strengthened with 0.5% agarose), 10, and
15% gels and 4-15% gradient gels was carried out to separate
myofilament proteins. Proteins were transferred onto nitrocellulose
membranes and visualized with the Sypro ruby protein blot stain. The
membranes were then blocked with 2% (w/v) BSA in PBST for 30 min
and probed with primary and secondary antibodies (rabbit anti-DNP
antibody 1:150, 1 h, and goat anti-rabbit IgG 1:300, 1 h) diluted in 1%
(w/v) BSA-PBST according to the manufacturer’s instructions. Protein
bands were visualized by the ECL method. Signal intensities deter-
mined by OxyBlot assay were normalized for those assessed with the
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Sypro ruby protein blot stain. The extent of carbonylation was
expressed as carbonylation index (CI = 1 in the time control samples).

Data analysis and statistics

Cardiomyocyte force generation was measured with a custom-built
system (utilizing the DAQ platform produced by National Instruments,
Austin, TX, USA) and recorded by a custom-built LabVIEW (National
Instruments) module. Results were evaluated in Excel (Micro-
soft, 2007) and GraphPad Prism 5.0 (GraphPad Software, San Diego,
CA, USA).

Ca%*-force relations were fitted to a modified Hill equation,

nHill . nHill
Fiotal = Fmax {C32+} /(Pcaso"H'" + {Capﬁ ) + Fpassive

where Fpay is the maximal force, Fpassive is the passive force, Fioal
= Fmax + Fpassiver [Ca® "] is the calculated Ca?* concentration,
nHill is a constant, and pCasg corresponds to the [Ca%™*] at which
Frotal — Fpassive = max/z-

The results of the measurements for each cardiomyocyte were
fitted individually. Factive and Fpassive Values were normalized to the
cardiomyocyte cross-sectional area and expressed in kN/m?. The
number of experiments in each group varied between 5 and 12
from three or four different hearts.

Western immunoblot assays were performed in triplicate. Inten-
sities of protein bands were quantified by determining the area under
the intensity curves by a Gaussian fit using Image] (National Institutes
of Health, Bethesda, MD, USA) and Magic Plot (Saint Petersburg,
Russia) software. Graphs were created in GraphPad Prism 5.0 sof-
tware.

Differences between groups were calculated by analysis of variance
(followed by Bonferroni's post hoc test) or multilevel mixed-effects
linear regression analysis, to appropriately address nonindependence
between multiple observations from the same heart. The null hypoth-
esis for all group means being equal was tested, followed by pairwise
between-groups comparisons based on the variance—covariance mat-
rix of the fixed effects. Comparisons of normalized pCa-force rela-
tionships determined upon subsequent applications of the agents
were performed with paired and unpaired ¢ tests. Group descriptions
were based on the mean and SEM values. Statistical significance was
accepted at p < 0.05.

Results

MPO + H,0, impairs the contractile function in human
cardiomyocytes

When permeabilized human LV cardiomyocytes (Fig. 1A) were
treated with Iso containing MPO (8 U/L) and H,O, (30 pM), a
significant decrease in the maximal Ca? " -dependent (pCa 4.75) Factive
and a marked increase in the Ca?*-independent (pCa 9.0) Fpassive WeTe
observed (to 57.7 + 4.1 and 179.6 + 14.6% of untreated, respectively,
n = 12) (Fig. 1B). The decrease in the isometric force at various free
Ca%* concentrations was significantly larger in response to MPO +
H,0, application than that in the presence of H,O, alone (Fig. 1C).
Incubation of cardiomyocytes with Iso (time control) resulted in only a
minor change in Facve (to 89.0 + 1.6%). The MPO-induced increase in
Fpassive Was significantly higher than that evoked by H,0, alone (79.6
+ 146% vs 239 + 74% p < 0.001; Fig. 1D). When the peak
contractile forces measured at intermediate Ca>* concentrations were
normalized to their respective maximum, a significant rightward shift
in the pCa-force relationship, i.e., a decrease in the Ca?* sensitivity of
force production (pCasg) was observed after MPO + H,0, treatment
(from 5.83 + 0.02 to 5.66 + 0.02,p < 0.001; Fig. 1E). In contrast, the
application of H,0, alone did not alter pCasq (5.85 + 0.05 vs 5.82 +

0.03, p = 0.55; Fig. 1F). The differences in the baseline cardiomyocyte
maximal Fictive, Fpassive: and pCaso were 5.4, 5.5, and 0.9%, respectively.
The light microscopic morphology did not reveal visible alterations in
the cross-striation pattern of the cardiomyocytes upon MPO + H,0,
or H,0, treatment (data not shown).

Met inhibits the chlorinating but not the peroxidase activity of MPO

To identify the biochemical mechanism underlying the functional
effects of MPO, we measured its chlorinating and peroxidase activities
in the presence of the MPO-I and Met (Fig. 2A and B). The MPO-I
diminished both the chlorinating and the peroxidase activities of MPO
(to 0.3 + 0.2 and 104 + 6.0%, respectively, p < 0.001, n = 4).
However, Met selectively inhibited the chlorinating activity of MPO (to
23 + 13% p < 0001, n = 4), without significantly affecting its
peroxidase activity (784 + 8.6%, n = 4).

MPO-I and Met completely prevent, whereas DTT partially reverses,
the MPO-induced cardiomyocyte dysfunction

To assess whether the MPO-I or Met is also able to prevent the
deleterious mechanical effects of MPO, cardiomyocytes were incu-
bated with MPO + H,0, in the presence of the MPO-I (50 pM) or Met
(10 mM). Both the MPO-I and Met prevented the MPO-induced
decrease in Fave (to 80.0 + 53 and 80.1 + 3.6% of untreated,
respectively, p < 0.001; Fig. 3A) and the increase in Fpagsive (to 147.7
+ 6.1 and 139.9 + 8.7% of untreated, respectively, p < 0.05,n = 5 or
6; Fig. 3B). Fictive and Fp,ssive measured after the application of the
MPO-I or Met to MPO + H,0, were similar to those determined after
H,0, treatment. Moreover, the MPO-I (Fig. 3C) or Met (Fig. 3D)
completely abolished the rightward shift in the pCa—force relation-
ships observed upon combined MPO + H,0, treatment (5.88 + 0.07
vs 566 + 002, p < 005, and 581 + 0.04 vs 566 + 0.02,
respectively, p < 0.001 vs MPO + H,0,, n = 5 or 6). The changes
in pCasp measured after H,O, MPO + H,0,, MPO-I, and Met
treatments are illustrated in Fig. 3E. The reversibility of the MPO +
H,0,-evoked functional alterations was tested by application of the
reducing agent DTT (10 mM) to the cardiomyocytes (n = 6). The
increase in Fpassive after MPO + Hy0, (AFpassive 893 =+ 273%
compared to untreated) was almost completely reversed after DTT
treatment (AF,ssive 9.7 & 10.4% compared to untreated, p < 0.05).
DTT, however, did not significantly affect Fiive (to 57.7 + 4.1 and to
43.8 4+ 5.1% of untreated after MPO + H,0, and DTT administration,
respectively, p = 0.13; figure not shown).

Effects of MPO + H,0, on the SH oxidation and carbonylation of
myofilament proteins

Attempts were made to identify the changes in the oxidative status
of myofilament proteins contributing to the MPO-induced cardiomyo-
cyte dysfunction in parallel with the functional measurements.
Relative SH contents were determined in human LV skinned cardio-
myocytes. The baseline SH content of myofilament proteins in the
donor heart samples varied between 98.0 + 4.6 and 104.1 + 3.9% (p
= 0.35). Ellman’s reaction revealed a small but significant decrease in
the overall amount of SH groups in response to H,0, (to 904 + 1.5%,
p < 0.05,n = 3) or MPO + H,0, treatment (to 86.7 + 4.0%, p <
0.01, n = 3; Fig. 4A). An SH-group biotinylation assay was applied to
identify individual myofibrillar proteins affected by MPO-mediated SH
oxidation. Samples treated with the oxidative agent DTDP were used
as positive controls. H,O, and MPO + H,0-, lowered the SH content of
actin to similar extents (to 759 + 71%,p < 0.01,n = 4, and 84.2 +
44%, p < 0.05 vs time control, respectively, n = 9; Fig. 4B). In
contrast, the SH contents of myosin-binding protein C (MyBP-C,
Fig. 4C) and the more compliant (N2BA) and stiffer (N2B) isoforms
of the giant sarcomeric protein titin were not affected by these
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Fig. 1. Myeloperoxidase (MPO) and hydrogen peroxide (H,0,) impair the force generation of human permeabilized cardiomyocytes. (A) A single cardiomyocyte (isolated
from a human left-ventricle myocardium) mounted between a sensitive force transducer and an electromagnetic motor. (B) Original force recordings of maximal Ca?*-
activated active (F,eiive) and Ca?* -independent passive (Fpassive) force components before (left) and after MPO + H,0, treatment (right) at pCa (i.e., — logo[Ca®*]) 4.75 and
pCa 9.0, respectively. MPO + H,0, was applied in Iso for 15 min. (C) pCa-force relationships determined before and after H,O, or MPO + H,0, treatment (number of
cardiomyocytes, n = 7 and 12, respectively). Force levels are expressed relative to the values measured before the treatments (sp < 0.05 vs before H,0,, “p < 0.05 vs before
MPO + H,0,, & < 0.05 vs after H,0,). (D) Changes in Fpassive measured in the presence of Iso and after sequential applications of H,0, or MPO + H,0,. (E) Significant
rightward shift (i.e., decrease in the Ca®>* sensitivity of force production (pCasg)) in the normalized pCa—force relationships in response to MPO + H,0,, but no change after

H,0, treatment (F). Data are expressed as the mean + SEM.

treatments (Figs. 4D-4F). On immunoblots a Tm- and an actin-
containing complex was observed at approximately 90-kDa molecular
mass under nonreducing conditions (in a buffer not containing [3-ME);
however, no increase in its intensity or that of Tm and actin could be
detected after H,O, and MPO + H,0, treatments (Fig. 5).

Protein carbonylation assays revealed a modest but significant
increase in the carbonylation of actin upon H,0, treatment (Cl = 1.1
+ 0.046, p < 0.05 vs the time control, n = 5), which was not further
affected by the addition of MPO (CI = 1.1 + 0.052,p = 09 vs Hy0,, n
= 11; Fig. 6A). Similar to actin, a slight, but significant increase in the
carbonyl content of MyBP-C was observed both after H,0, (CI = 1.5
+ 0.2, p < 0.05 vs the time control, n = 2) and after MPO + H,0,
application (CI = 14 + 0.2, p < 0.05 vs the time control, n = 4;
Fig. 6B). The extent of carbonyl group formation in the N2BA and N2B
titin isoforms remained unaltered after H,O, or MPO + H,0,

treatment (CI = 09 + 02 and CI = 1.0 + 0.2 for N2BA; CI = 1.0
+ 0.1 and CI = 09 + 0.1 for N2B, respectively; Figs. 6C-GE).
Discussion

This is the first reported investigation of the direct effects of MPO
on the contractile function of single, isolated human myocardial cells.
The in vitro model experiments revealed that (1) MPO impairs Ca®* -
dependent isometric force generation, increases the Ca®*-indepen-
dent Fpassives and decreases the Cca%+t sensitivity of force production;
(2) the MPO-induced functional changes can be prevented by an MPO-
I and the antioxidant Met; (3) the levels of SH oxidation in actin and of
carbonylation in actin and MyBP-C are increased by the application of
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MPO + H,0, or H,0, alone; and (4) the MPO-evoked functional
effects are probably mediated by the chlorinating activity of MPO.

Myocardial inflammation and ischemia-reperfusion injury are
characterized by enhanced oxidative stress and contractile dysfunc-
tion [46]. The application of MPO + H,0O, to human cardiomyocytes
appreciably reduced the Ca®*-activated Fagve and markedly
decreased pCasp. In contrast, H,O, (30 pM) alone induced a smaller
decrease in F,uive. Consistent with our findings, a lower concentra-
tion of H,O, (10 pM) did not result in a decrease in the maximal
Ca?*-activated force in skinned rat heart preparations [47,48]. This
suggests that the action of H,O, on contractile force generation is
concentration-dependent. Lower concentrations have no measurable
effects, whereas higher concentrations affect the cardiomyocyte
contractility. The deleterious effect on F,«ve can be explained by
the MPO-mediated H,0,-derived production of HOCL In a previous
study, HOCI treatment alone (10 and 50 pM for 1 min) evoked a
significant decrease in the maximum Ca®*-activated force [47],
similar to the result of MPO + H,O, treatment in the present study.
Interestingly, neither the H,O,- nor the MPO-induced functional
changes were related to any deterioration in the cross-striation
pattern of the cardiomyocytes under the light microscope. It is
important to note, however, that electron microscopy has revealed
a myofilament lattice disruption after HOCI treatment [47].

The subtle increase after H,O, application and the marked eleva-
tion in the Ca?* -independent Fpassive upon MPO + H,0, treatment in
the present study are consistent with the observations that H,O, at
low (<10 pM) concentration did not alter Fyassive» Whereas HOCI (10
and 50 pM) induced a significant rise in Fpassive Of skinned rat
trabeculae [48]. It is well established that the giant sarcomeric protein
titin plays a key role in the development of Fy,ive in permeabilized
cardiomyocytes by acting as a molecular spring in the sarcomere [49].
The cardiomyocyte Fpassive can be modulated by the titin isoform
switch (between the short and stiff N2B and the longer and more
compliant N2BA isoform [50]) and by several posttranslational mod-
ifications, including phosphorylation [51], SH oxidation [52], and
potentially carbonylation. One elegant study demonstrated that the
oxidative stress-induced formation of disulfide bridges within the titin
molecule (N2B unique sequence, N2B-Us) reduced the contour length
of the N2B-Us, leading to stiffening of the whole titin molecule [52]. In
the present study, neither SH oxidation nor carbonylation of the N2B
and N2BA titin isoforms was affected by MPO or H,0, treatment. This
may be explained by the distinct sensitivities of the titin N2B isoform,

actin, and MyBP-C to oxidative changes based on the differences in
their ultrastructures and SH-group contents. Our results indicate that
modifications other than titin SH oxidation or carbonylation might be
responsible for the marked elevation in Fpassive after MPO treatment in
human cardiomyocytes.

The significant decrease observed in pCasg after MPO + H,0, in
this study is in marked contrast with the previous finding of an
increase in pCasg in skinned rat trabeculae in response to HOCI
treatment [48]. This apparently conflicting result might be explained
by (1) the different concentration of HOCI produced by the MPO under
our experimental conditions, (2) a difference in susceptibility of the
myofilaments to HOCI between the two species, and (3) the difference
in the experimental setting, permeabilized, single cardiomyocytes
presenting a negligible diffusion obstacle in comparison with trabe-
culae. Further, the pronounced MPO-induced decrease in pCasg
suggests that different myofilament protein modifications occur and
contribute to pCasg in the course of MPO and H,0, treatments. Under
these experimental conditions H,O, more probably induced a struc-
tural, rather than a regulatory, alteration in the contractile apparatus
because pCasg was not affected. The deleterious effect on the maximal
Fictive and the modest increase in Fpassive upon H,O, administration
imply that the H,0,-induced contractile alterations could be explained
by a reduction in the number of force-generating cross-bridges due to
the diminished longitudinal transmission of force along the sarco-
meres. These findings are consistent with the observations of Mac-
Farlane and Miller [53], who exposed chemically skinned rat cardiac
muscles to the superoxide anion (from which H,0, formed endogen-
ously through spontaneous or superoxide dismutase-catalyzed dis-
mutation). They also found a dose-dependent reduction in the
maximal F,ve Without any alteration in the pCasg and concluded
that some aspect of the cross-bridge behavior is particularly vulner-
able to superoxide [53].

A substantial amount of data indicates that the inhibition of MPO
may well be useful in CV pathologies characterized by elevated MPO
levels (myocardial inflammation, ischemia-reperfusion injury, and
acute MI). Thus, despite the fact that MPO-I's may have adverse effects
on the function of MPO in the innate host-defense mechanisms,
potential therapeutic interventions through which to inhibit MPO have
aroused considerable interest [42]. In the present study, both the MPO-I
4-aminobenzhydrazide (50 pM) and the antioxidant amino acid
Met (10 mM) were equally able to prevent all of the MPO-evoked
deleterious contractile effects in skinned human cardiomyocytes, the
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Fig. 3. The MPO-I and Met prevent the MPO-induced changes in isometric force production of human cardiomyocytes. Maximal (pCa 4.75) (A) Ca®*-dependent active
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shift in the normalized pCa-force relationships. Dashed lines indicate force-pCa relationships determined in Iso. (E) Changes in the Ca®* sensitivity of force production
(pCasp) upon Hy0,, MPO + H,0,, MPO-I, or Met treatment. Data are expressed as the mean + SEM, *p < 0.05.
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F) N2B titin isoforms after H,0, or MPO + H,0, treatment using a protein

biotinylation assay. T2 indicates the titin degradation product. Samples exposed to

dithiodipyridine (DTDP; 2.5 mM, for 2 min) were used as positive controls. Total protein amount was determined with the Sypro ruby protein blot stain. Values are expressed
relative to the SH-group content determined in Iso (time control). Data are expressed as the mean + SEM, *p < 0.05 vs Iso.

latter potentially by scavenging the HOCI generated by MPO. MPO
activity assays suggested that the Met-inhibited chlorinating activity is
responsible for the MPO-evoked functional changes. HOCI reacts most
rapidly with the sulfur-containing residues (Met and Cys) [54]. It is
likely, therefore, that the high concentration of Met used in this study
diminished the HOCl-evoked oxidative capacity. The oxidation of Met
residues results in the generation of Met-sulfoxide (MetSO), a process
that may be reversed by MetSO reductase [55]. Met is therefore consi-
dered to play a protective role against the deleterious effects of protein
oxidation [28]. Interestingly, the incomplete reversion and oxidation of
physiologically relevant Met residues have been shown to contribute to
the impaired function of proteins [56], including actin [57]. It is
important to note that other HOCI-scavenging substances than Met
(e.g., glutathione, taurine, and r-ascorbic acid) were also tested recently

in HOCl-scavenging assays [58]. Given the rapid reaction rates of HOCI
with biological materials, however, much higher doses of r-ascorbic
acid and thiols were required to effectively protect against the direct
oxidative damage induced by HOCIL. This suggests that inhibiting the
generation of HOCI may be a better choice than scavenging HOCI after
its generation, for amelioration of HOCI-induced biological damage.
The distinct effect of the reducing agent DTT on Factive and Fpagsive
after MPO + H,0, treatment found in this study might be explained
by different modifications on the structural conformation or functional
activity of the contractile and regulatory myofilament proteins. The
precise nature of the redox-dependent functional changes upon H,0,
and MPO + H,0, treatment is complex and determined also by the
type and site of the induced posttranslational modifications on
individual proteins within the sarcomere [59]. SH residues of Cys
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can undergo both reversible and irreversible modifications. The
reaction between the Cys thiolate anion and H,0, results in formation
of intra- or intermolecular disulfide bonds, which are reversible, but
further oxidation can generate sulfinic or sulfonic acid, which are
considered irreversible alterations [60]. The HOCl-induced protein
carbonylation is thought to be irreversible, whereas methionine
oxidation can be reversed by MetSO-reductase [28] or can lead to
an irreversible product (methionine-sulfone) [55].

The extent of overall SH oxidation observed after MPO treatment
in this study was comparable to that in heart tissue slices exposed to
high-dose HOCI [27]. There is biochemical evidence that oxidative
modifications modulate the architecture of the myofilament protein
actin [61] and myosin [62]. In vitro exposure of permeabilized human
LV cardiomyocytes to the oxidative agent DTDP resulted in a decrease
in maximal Ca®*-activated force production with a parallel reduction
in the SH content of actin and MLC-1 [26]. Consistent with this, in the
present study H,O, decreased the SH content of actin. However,
despite the marked reduction in F,cve, N0 additional decrease in this
parameter was detected after MPO + H,O, application, suggesting
that SH oxidation may not be the main contributor to the MPO-
evoked decrease in F,.ve Under these experimental conditions. More-
over, formation of an actin- and a Tm-containing protein complex
observed in this study is also unlikely to be responsible for the
contractile changes in the cardiomyocytes after H,O, and MPO +
H,0, administration. The possible functional consequences of the
formed protein complexes require further examinations.

In a mouse model of experimental MI, we recently identified the
increased carbonylation of actin and myosin heavy chain (MHC) in
the infarcted area [2]. Similar to MPO, in vitro Fenton-based
myofilament carbonylation decreased pCasg, irrespective of the
phosphorylation status of the myofilaments. Moreover, pCasq corre-
lated strongly with the myofilament carbonylation levels. In accord
with this, a marked (threefold) increase in carbonyl group formation
in actin was observed after 1 mM but not after 0.1 mM H,0,
treatment [25]. The application of H,0, to cardiomyocytes at a
concentration higher than 0.1 mM was hindered by its inhibitory
effect on the activity of MPO [42]. H,0, at 30 pM lowered Factive in
parallel with a slight, but significant, increase in the carbonylation of
actin and MyBP-C. Similar to SH oxidation, carbonylation of these
myofilament proteins was not further affected by the addition of
MPO, despite its noteworthy effects on cardiomyocyte active and
passive force production. This implies that the physiological effects
of MPO-catalyzed oxidative processes are independent of SH-group
oxidation or carbonylation of human myocardial proteins.

Oxidative modifications in the myocardium primarily have
been considered to result in reduced force generation, as also
demonstrated in the present study. However, recent evidence
suggests a more complex picture. Reactive oxygen and nitrogen
species can activate protective mechanisms and signaling path-
ways (redox regulation) [60] or even increase cardiac performance
[63]. Mild oxidative stress-induced S-nitrosylation at specific Cys
residues was shown to be cardioprotective [64]. Subtle increases in
ROS production may even enhance cardiac contractility under
physiological conditions [65]. Indeed, certain oxidative myofila-
ment modifications can lead to positive functional consequences;
for example, nitroxyl (HNO), a reactive nitrogen species related to
nitric oxide, induces formation of actin-Tm heterodimers, which
correlates with the increase in Ca?* sensitivity and dimeric forms
of MHC and MLC-1, which are associated with increased force
generation [63]. HNO was also shown to increase maximum
tension and Ca®™" sensitivity of trabecular sarcomere functioning
in situ [66]. These results strongly suggest that the beneficial or
deleterious functional outcome is likely to be dictated by the
strength and the nature of the oxidizing agent and the redox
milieu of the myofilament compartment.

Because isolation of cardiomyocytes and assessment of myofi-
lament properties were performed on LV biopsies of unused donor
hearts, possible changes in the phosphorylation and oxidative
status of the myofilament proteins occurring before or during
tissue sampling may have interfered with the results of this study.
In addition, activation of the [-adrenergic signaling and various
oxidative pathways might also influence the baseline mechanical
and biochemical characteristics of the cardiomyocytes. We have
checked the baseline functional parameters of the cells in the
study and found no major differences in the cardiomyocyte
mechanical properties. Moreover, the baseline myofilament SH
contents were also similar in the LV samples used for the
cardiomyocyte isolation. These observations are in line with those
found in our previous study, in which the reducing agent DTT did
not affect F,cive O pCasg of cardiomyocytes derived from human
donor hearts [26].

In this study LV heart samples were frozen and their functional
and biochemical properties were evaluated upon thawing. To
validate the use of defrosted biopsy samples, in one of our
previous studies [67] force recordings of cardiomyocytes isolated
from a biopsy sample immediately after procurement were com-
pared to those of cardiomyocytes isolated from a defrosted biopsy
of the same patient. These force recordings yielded identical
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Fig. 6. MPO and H,0, increase the carbonylation of actin and MyBP-C, but not that of titin. Representative examples and measurement of carbonyl group formation in
(A) actin, (B) MyBP-C, and (C, D) N2BA and (C, E) N2B titin isoforms treated with Iso supplemented with H>O, or MPO + H0,. Left-ventricular myocardial samples treated
with Fenton reagent (FeSO4, H,0,, and ascorbic acid) served as positive controls. Protein carbonylation is expressed as carbonylation index (CI = 1, carbonyl group content
measured in Iso). Total protein amount was determined with the Sypro ruby protein blot stain. Data are expressed as the mean + SEM, *p < 0.05.

results. In addition, the extent of tissue heterogeneity was also It is also important to note that several additional MPO-
addressed in previous studies using explanted hearts [68,69] or sensitive processes, such as protein halogenation [71], protein
surgically procured biopsies [70]. In these studies the variability of nitration [72], Met oxidation, sulfonic acid generation (Cys) [73], or
force measurements of cardiomyocytes isolated from different protein degradation [28], might be responsible for the observed
portions of the heart was always less than 5%. functional alterations. Further studies are clearly required to
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elucidate the relative contributions of these processes to the
overall pump function during human cardiac pathologies asso-
ciated with elevated MPO levels.

Conclusion

MPO-derived oxidants contribute to myocardial contractile
dysfunction by decreasing the cardiomyocyte force production
and the myofilament Ca®* sensitivity and increasing Fpassive in
human cardiomyocytes. These effects could be prevented by MPO
inhibition and the antioxidant Met. The associated functional and
biochemical alterations may provide a pharmacological tool for
the prevention and/or reversion of MPO-induced contractile pro-
tein alterations, which could have therapeutic implications in
cardiac pathologies characterized by elevated MPO levels.
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Single acute stress-induced
progesterone and ovariectomy
alter cardiomyocyte contractile
function in female rats

Aim To assess how ovarian-derived sex hormones (in par-
ticular progesterone) modify the effects of single acute
stress on the mechanical and biochemical properties of
left ventricular cardiomyocytes in the rat.

Methods Non-ovariectomized (control, n=8) and ova-
riectomized (OVX, n=8) female rats were kept under nor-
mal conditions or were exposed to stress (control-S, n=8
and OVX-S, n=8). Serum progesterone levels were mea-
sured using a chemiluminescent immunoassay. Left ven-
tricular myocardial samples were used for isometric force
measurements and protein analysis. Ca?*-dependent ac-
tive force (F, ), Ca**-independent passive force (F_ ),
and Ca’*-sensitivity of force production were determined
in single, mechanically isolated, permeabilized cardiomyo-
cytes. Stress- and ovariectomy-induced alterations in myo-
filament proteins (myosin-binding protein C [MyBP-C], tro-
ponin | [Tnl], and titin) were analyzed by sodium dodecy!
sulfate gel electrophoresis using protein and phosphopro-
tein stainings.

Results Serum progesterone levels were significantly in-
creased in stressed rats (control-S, 356+4.8 ng/mL and
OVX-S, 21.9+4.0 ng/mL) compared to control (10£2.9
ng/mb) and OVX (28+0.5 ng/mL) groups. F_ . was high-
er in the OVX groups (OVX, 259+ 3.4 kN/m? and OVX-S,
26.3+3.0 kN/m?) than in control groups (control, 164+ 1.2
kN/m? and control-S, 144+0.9 kN/m?). Regarding the
potential molecular mechanisms, F _ — correlated with
MyBP-C phosphorylation, while myofilament Ca?*-sensi-
tivity inversely correlated with serum progesterone levels
when the mean values were plotted for all animal groups.
F was unaffected by any treatment.

passive

Conclusion Stress increases ovary-independent synthesis
and release of progesterone, which may regulate Ca?*-sen-
sitivity of force production in left ventricular cardiomyo-
cytes. Stress and female hormones differently alter Ca*-
dependent cardiomyocyte contractile force production,
which may have pathophysiological importance during
stress conditions affecting postmenopausal women.
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The relation between stress, gender, and cardiovascular dis-
eases is well established (1-4). Some of the known risk fac-
tors for cardiovascular disease such as smoking, unhealthy
diet, and behavioral and psychosocial stress have deleteri-
ous effects on the cardiovascular system via activation of
the sympathetic nervous system and the hypothalamic-
pituitary-adrenal (HPA) axis (5-8). Acute restraint stress is
a preferred and widely used method to induce physical
stress in animal models (9). Moreover, restraint and immo-
bilization are important as models for psychological stress
shown to adversely affect ovarian function (10) and play a
pivotal role in the pathomechmanism of Takotsubo (stress)
cardiomyopathy in postmenopausal women (11).

Gender is a very important factor in the development of
cardiovascular diseases. Premenopausal women have bet-
ter lipid profile, endothelial function (12), and a lower risk
to develop coronary artery disease and myocardial infarc-
tion (MI) than men. These advantages of female gender,
however, are abolished after menopause, which is associ-
ated with increased prevalence of left ventricular (LV) hy-
pertrophy, decreased LV ejection fraction and LV contractil-
ity (13). One of the explanations for the distinct myocardial
responses is the cardioprotective effect of female sex hor-
mones (eg, estrogens) (14,15).

Progesterone performs several actions on the heart: it ex-
erts an antiarrhythmic effect by accelerating cardiac repo-
larization (16) and has a preventive role in ischemia-rep-
erfusion injury via reducing inflammatory response (17). It
has been shown to inhibit cardiomyocyte apoptosis (18),
induce vasodilation, and reduce blood pressure via increas-
ing nitric oxide (NO) levels in normotensive and hyperten-
sive patients (19). Importantly, progesterone is produced
by both the ovaries and the adrenal gland. Moreover the
adrenal progesterone content is similar or even larger than
that in the ovaries (20). Adrenal progesterone production
and secretion increase along with corticosterone regard-
less of gender and estradiol under stress conditions (21).
Progesterone, being an indirect precursor of cortisol (22),
increases in response to adrenocorticotrophic hormone
(ACTH) stimulation (23).

In the heart, there are multiple estrogen hormone receptor
types (24). The expression of aromatase in the heart sug-
gests that estrogen may be synthesized also within the
cardiomyocyte to exert autocrine/paracrine actions (25).
Myocyte contractility seems to be modulated by sys-
temic estrogen levels and altered in cardiomyocytes
derived from ovariectomized (OVX) rats (26). In par-
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ticular, myofilament Ca**-sensitivity is increased in isolated
myofibrillar preparations from OVX rats, and restored to the
basal levels with estrogen supplementation (27,28).

Activation of the sympathetic nervous system plays a cen-
tral role in the regulation of cardiomyocyte contractile
function and myofilament Ca?*-sensitivity through beta-
adrenergic receptor stimulation, activating the protein ki-
nase A (PKA). PKA-mediated phosphorylation of Ca’*-han-
dling and myofilament proteins (myosin binding protein-C
[MyBP-C], troponin | [Tnl], titin) were shown to alter car-
diomyocyte contractile function (29,30). It has been sug-
gested that female cardiomyocytes operate at lower levels
of intracellular Ca?* than those of males, particularly under
inotropic conditions (31). This difference in Ca?* homeosta-
sis may be related to the fact that estrogen suppresses the
L-type Ca?* current (32,33) and may reduce the amount of
Ca’ released from the sarcoplasmic reticulum (SR) (34),
which was shown to be larger in myocytes from OVX rats
(35). Not only cardiomyocyte contraction, but relaxation
may also be affected by estrogen via altered Ca?* re-up-
take into the SR and modified Ca** efflux via increased sar-
colemmal Na*/Ca?* exchange (36). Interestingly, despite
similar SR Ca’* content in males and females (37), stud-
ies using OVX models report conflicting results concern-
ing changes in the expression and activity of the SR Ca’*-
ATPase and its regulator protein phospholamban (38-41).
Much less is known about the possible effect of progester-
one on cardiomyocyte contractile function. We hypothe-
sized that progesterone affected force production of single
isolated cardiomyocytes. Therefore, in the present study
we aimed to investigate how sex hormones (particularly
progesterone) and single acute restraint stress altered car-
diomyocyte contractile function and attempted to iden-
tify the consequent posttranslational myofilament protein
modifications in OVX rats.

METHODS
Animals

The study was conducted using female Sprague-Daw-
ley rats (n=32) at the Department of Medical Biology of
J. J. Strossmayer University of Osijek, School of Medicine
(Osijek, Croatia) between June and September of 2013.
Sixteen rats were ovariectomized at the age of 12 weeks.
The ovariectomy was performed according to the proto-
col HUS-QREC-PRD-932 (Issue: 01, Revision 03). The anes-
thetized rat was placed in ventral recumbency with tail
toward the surgeon. Following shaving and swabbing of
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the dorsal mid-lumbar area, a 2-3 cm dorsal midline skin
incision was made halfway between the caudal edge of
the ribcage and the base of the tail. Thereafter, a single
incision 5.5-10 mm long was made into the muscle wall
on both the right and left sides, and the ovaries and the
oviducts were exteriorized through the muscle wall. A he-
mostat was clamped around the uterine vasculature be-
tween the oviduct and uterus. Each ovary and part of the
oviduct was removed with single cuts through the ovi-
ducts near the ovary. The remaining tissue was replaced
into the peritoneal cavity. The muscle incision was not su-
tured. Age-matched not operated female Sprague-Dawley
rats served as controls (n=16). Animals were housed in
standard cages at room temperature with natural day and
night exchange. Standard laboratory food and tap water
were available ad libitum. At the age of 28 weeks, 8 control
and 8 OVX rats were submitted to cold restraint stress: rats
were placed and closed in a metal tube with a diameter
that did not allow them to move or turn around. The ani-
mals were kept under these conditions in a cold room at
+4°Cfor 1 hour (control-S and OVX-S groups). Immediately
after the stress, the rats were anesthetized using combined
inhalation of isoflurane (Forane®, Abbott Laboratories Ltd,
Queenborough, United Kingdom) in a glass chamber and
intramuscular administration of ketamine (Ketanest®S, Pfiz-
er Corporation, Wien, Austria, 30 mg/kg body weight) and
then sacrificed. Blood was drawn from the heart for plas-
ma measurements. Thereafter, the left ventricles were cut
and placed immediately into liquid nitrogen and stored
at -80°C. The study protocol was approved by the Ethics
Committee of the Osijek University School of Medicine.
The heart tissue samples were transferred according to the
regulations stated in the official material transfer agree-
ment between the School of Medicine Osijek and the Uni-
versity of Debrecen (DETTI/22-3/2013).

Determination of serum estrogen and progesterone
levels

Estradiol was measured using a chemiluminescent im-
munoassay (Roche Diagnostics GmbH, Mannheim, Ger-
many) by a specific polyclonal antibody against estradiol.
The endogenous estradiol is released from the serum by
mesterolone, which competes for the binding sites located
on the biotinylated antibodies with estradiol derivative la-
beled with rutenium complex. The inter-assay coefficient
of variation (CV) was <7% (lower detection limit: 4.9 pg/
mL, upper detection limit: 4.3 ng/mL). Progesterone was
measured by a chemiluminescent immunoassay (Roche
Diagnostics GmbH) using a specific monoclonal antibody

against progesterone. The endogenous progesterone is re-
leased from the serum by danazol, which competes for the
binding sites located on the biotinylated antibodies with
progesterone derivative labeled with rutenium complex.
The inter-assay CV was <5% (lower detection limit: 29.9
pg/mL, upper detection limit: 60.1 ng/mL). Serum glucose
concentration was measured by an enzymatic, photomet-
ric method (Roche Diagnostics GmbH). As a first step, glu-
cose-6-phosphate is formed from glucose and adenosine
triphosphate catalyzed by hexokinase. In the presence of
nicotinamide adenine dinucleotide phosphate (NADP)
the glucose-6-phosphate is oxidized to gluconate-6-phos-
phate. The rate of formation of NADPH correlates with the
glucose concentration and can be measured using pho-
tometry. Serum cholesterol was determined by an enzy-
matic, colorimetric method (Roche Diagnostics GmbH).
Formation of H,0, — generated during the oxidation of the
cholesterol by cholesterol oxidase - leads to the genera-
tion of red quinoneimine stain from 4-aminophenazone
and phenol. The intensity of this red stain correlates with
the concentration of cholesterol.

Measurement of cardiomyocyte mechanical parameters

Force measurements were performed in single, isolated
cardiomyocytes derived from left ventricular (LV) rat myo-
cardium, as described previously (42). Briefly, samples were
first defrosted in isolating solution (containing 100 mM KCl,
2mMEGTA, T mMMgCl,, 4 mM Na,ATP, 10 mM imidazol; 40
UM leupeptin, 10 uM E64, pH 7.0), then mechanically dis-
rupted and treated with isolating solution supplemented
with 0.5% Triton-X-100 to solubilize the membranes and
membrane-associated structures. Thereafter, single car-
diomyocytes were mounted between a force transducer
and an electromagnetic motor with silicone adhesive. Sar-
comere length was adjusted to 2.3 um. Relaxing (contain-
ing 37.11 mM KCl, 10 mM BES, 641 mM MgClz 7 mM EGTA,
6.94 mM Na ATP, 15 mM Na,CrP, 40 uM leupeptin, 10 uM
E64; pH 7.2) and activating (containing 37.34 mM KCl, 10
mM BES, 6.24 mM I\/\gClzl 7 mM CaEGTA, 6.99 mM NaZATP,
15 mM Na,CrP, 40 pM leupeptin, 10 pM E64; pH 7.2) so-
lutions were used during force measurements with a pCa
(ie, - log[Ca™]) value of 10 and 4.5, respectively. Solutions
with intermediate Ca’* concentrations were prepared by
mixing activating and relaxing solutions. Cardiomyocyte
active force (F_ ) and calcium sensitivity of force produc-
tion (characterized by pCa, ) were determined by activa-
tions in solutions with different Ca?* concentrations. Car-
diomyocyte passive force <Fpaswe) was measured in the
relaxing solution.
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Determination of myofilament protein
phosphorylation

A LV myocardial tissue sample (20 mg) was first handled
similarly as for cardiomyocyte isolation, then homogenized
in a sample buffer (containing 8 M urea, 2 M thiourea, 3%
sodium dodecyl! sulfate [SDS], 75 mM DTT, 0.05 M Tris-HCl
[pH 6.8],40 uM leupeptin, 10 uM E64, 10% glycerol, brome-
phenol blue). After centrifugation (16000 g for 5 minutes)
protein concentration was measured from the supernatant
with a dot-blot based method, where different dilutions
from bovine serum albumine served as standard. Protein
concentration of the samples was adjusted to 1 mg/mL.
Polyacrylamide gels (2% and 4%, agarose-strengthened
or 15%) were used to separate titin, MyBP-C, and Tnl, re-
spectively. Phosphorylation status of myofilament proteins
was assessed by Pro-Q® Diamond phosphoprotein stain-
ing (Invitrogen, Eugene, OR, USA), while protein composi-
tion was visualized by Coomassie blue (Reanal, Budapest,
Hungary). Separation and identification of myofilament
proteins were carried out based on their molecular weight
and compared to those of a molecular weight standard
(marker 4.6 kDa — 300 kDa).

Data analysis and statistics

F ..and Fosssie values were normalized to cardiomyocyte
cross-sectional area and expressed in kN/m?. Calcium-
force relationship was fitted by a modified Hill equation
(42). Intensities of the protein bands were quantified by
densitometry using the ImageJ 1.410 (NIH, Bethesda, MD,
USA) and Magic Plot Student 2.5.1 (Saint Petersburg, Rus-
sia) softwares. Phosphorylation of myofilament proteins
was normalized to the protein amount and expressed in
percentages relative to an internal control (same LV rat
sample on each gel). Statistical significance was calculat-
ed by analysis of variance (ANOVA followed by Bonferro-
ni's post hoc test) and linear regression. GraphPad Prism

5.0 (GraphPad Software Inc,, San Diego, CA, USA) soft-
ware was used. Values are given as mean +standard er-
ror of the mean (SEM). The level of statistical significance
was P<0.05.

RESULTS
Effects of ovariectomy and stress on basic parameters

Basic physical and laboratory parameters measured in
the four animal groups are listed in Table 1. Both body
weight and heart weight were significantly higher in the
OVX-S group than in the control group, but heart-to-
body weight ratios did not significantly differ. Serum bas-
al glucose and total cholesterol levels were the same in all
groups. Other relevant physiological parameters, such as
heart rate and arterial blood pressure, were not assessed
in this study.
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FIGURE 1. Serum progesterone levels measured using a
chemiluminescent immunoassay in control and ovariecto-
mized (OVX) rats not exposed and exposed to stress (control
and OVX vs control-S and OVX-S, n=8 for all groups). Bars are
mean + standard error of the mean and significant differences
(P<0.05) are denoted by asterisks.

TABLE 1. Basic physical and laboratory parameters measured in control, stressed control (control-S), ovariectomized (OVX), and
stressed OVX (OVX-S) animals. Data are presented as mean +standard error of the mean

Control Control-S
Body weight (g) 2884+4.7 286.6+24
Heart weight (g) 1.1+0.05 1.1+0.03
Heart-to-body weight ratio 0.004£0.0002 0.004£0.0001
Progesterone (ng/mL) 10£29 35.6+£4.8%
Glucose (mmol/L) 11.8+09 9.7+0.7
Cholesterol (mmol/L) 24£0.1 26+03

*Significant difference vs control.
tSignificant difference vs control-S.
$Significant difference vs OVX.
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OVX OVX-S Pvalue
2978+39 328.6+5.8*% <0.001
1.2+£0.04 1.3+0.04* <0.050
0.004+0.0001 0.004+0.0002 N.S.
2.8+05 219+4.0* <0.001% <0.01*
99+04 10.3£0.7 N.S.
2501 26+0.1 N.S.
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Effects of ovariectomy and stress on serum estrogen
and progesterone levels

Female sex hormones were measured from the sera of
control and OVX animals. No measurable estrogen levels
(detection limit was 4.9 pg/mL) were present in all OVX
samples, indicating successful ovariectomy. Some of the
control animals had measurable estrogen levels (about
25%), which was in accordance with the phases in the
animal’s estrus cycle (data not shown). Progesterone lev-
els were above the lower detection limit in all animal
groups and were significantly increased in stressed con-
trol (35.6+4.8 ng/mL) and stressed OVX (21.9+4.0 ng/
mL) rats compared to non-stressed control (10£2.9 ng/
mL) and OVX (2.8+0.5 ng/mL) groups (n=8 rats/group,
P<0.001 control-S vs control; P<0.010 OVX-S vs OVX, Fig-
ure 1). The increase in progesterone levels during stress
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was comparable in control-S (25.6 ng/mL) and OVX-S
(19.1 ng/ml) rats.

Ovariectomy alters cardiomyocyte contractile function

e Fpasm and calcium sensitivity of force production
(pCa, ) were determined in cardiomyocytes isolated from
LV myocardium of rats at a sarcomere length of 2.3 um
(n=10 cardiomyocytes per group) (Figure 2A). F e Was
significantly higher in OVX and OVX-S animals than in con-
trol and control-S rats (25.9+3.4 kN/m? and 26.3+3.0 kN/
m? vs 164+1.2 kN/m? and 14.4+0.9 kN/m?, respectively,
P<0.050). However, no change in F__ was observed in
control and OVX animals upon stress (Figure 2B). No signif-
icant differences in pCa,, were found between control and
OVXanimals, although a trend toward lower pCa,  was ob-

served in control-S and OVX-S cardiomyocytes (Figure 2C).
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FIGURE 2. Effects of ovariectomy and stress on cardiomyocyte mechanics. (A) Single cardiomyocyte, isolated from rat myocardium,
mounted between a sensitive force transducer and an electromagnetic motor (upper panel). Measurements of maximum (pCa [ie,

active

-,log[Ca*1] 4.75) Ca**-dependent active (F

) and Ca?*-independent (pCa 10) passive (Fp
tomized (OVX) animals (lower panel). (B) Effect of ovariectomy (OVX) and stress (control-S and OVX-S) on cardiomyocyte F

) force levels in control and ovariec-

assive

active

(*P<0.050 vs control). (C) Calcium sensitivity of force production (pCa, ) determined in skinned cardiomyocytes derived from LV

tissue in the four animal groups. (D) Unaltered F
animals).

passive

by ovariectomy or stress (number of cardiomyocytes, n=10 per group of 5-7
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Neither ovariectomy nor stress altered Fossive IN all groups
(Figure 2D). There were no changes in cardiomyocyte

structure after ovariectomy or stress (data not shown).

Changes in myofilament protein composition and
phosphorylation upon ovariectomy and stress

Myofilament protein composition was studied by SDS gel
electrophoresis followed by quantitative protein staining.
No considerable differences were detected in myocardial
protein composition between control and OVX animals
(Figure 3A). Using Pro-Q" Diamond phosphoprotein stain-
ing, a significant increase in relative total Tnl phosphory-
lation was observed in OVX animals compared to con-
trols (153+14.4% vs 98.5+4%, P<0.001). The increased
Tnl phosphorylation in OVX animals was not accompa-
nied by a decrease in the pCa,; measured in the cardio-

myocytes (r=0.268, P=0.732). Phosphorylation of Tnl in
OVX-S rats (113.1+3.6%) was similar to the values mea-
sured in control and control-S animals (Figure 3B). Phos-
phorylation of MyBP-C was significantly higher in OVX rats
than in controls (167.7+7% vs 131.4+5.5%, P<0.001), but
it remained unchanged under stress conditions in OVX-S
rats (182.9+6.2%, Figure 3C). In accordance with the un-
changed F o
the four groups (Figure 3D).

. bhosphorylation of titin was the same in

Correlation of cardiomyocyte function with
myofilament phosphorylation and sex hormone levels

When phosphorylation of myofilament proteins and cardi-
omyocyte functional parameters were correlated, a strong
positive correlation was observed between cardiomyocyte
F __and MyBP-C phosphorylation (r=0.986, P <0.050, Fig-
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FIGURE 3. Representative examples of myofilament protein composition and protein phosphorylation in the left ventricular (LV)

myocardium from control and ovariectomized (OVX) rats. (A) Myofilament protein composition in LV tissue homogenate in control -
1, stressed control (control-S) - 2, ovariectomized (OVX) - 3, and stressed-OVX (OVX-S) animals — 4 (Coomassie blue protein staining,
MHC - myosin heavy chain). (B) Increased overall troponin | phosphorylation (P-Tnl) in OVX, but not in OVX-S group (*P<0.05 vs con-

trol). (C) Elevated myosin binding protein-C phosphorylation (P-

MyBP-C) in OVX and OVX-S rats (*P <0.05 vs control). (D) Similar titin

phosphorylation (P-titin) in the four experimental groups (Phosphorylation of myofilament proteins was normalized to the protein
amount and expressed in percentages relative to an internal control).
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FIGURE 4. Correlations between myofilament phosphorylation, sex hormones, and cardiomyocyte function. (A) Strong correlation

between myosin-binding protein C (MyBP-C) phosphorylation and cardiomyocyte F

(r=0.986, P<0.05). (B) Calcium sensitivity of

active

force production (pCa, ) inversely correlated with serum progesterone levels (r=0.963, P<0.05). Correlation was assessed by fitting

the values by a linear regression.

ure 4A). Titin phosphorylation did not correlate with car-
diomyocyte Fpaswe (r=0.139, P=0.861). Serum progester-
one levels and pCa, of the cardiomyocytes measured in
the same animals showed a significant inverse correlation
(r=0.963, P<0.050, Figure 4B).

DISCUSSION

Several studies reported divergent effects of stress and fe-
male sex hormones on the cardiovascular system, howev-
er, their effect on cardiomyocyte contractile function is not
fully elucidated. Our study showed that: . serum progester-
one levels were more than three times higher in control-S
and OVX-S rats than in control and OVX animals; IIl. F__ of
cardiomyocytes was significantly higher in OVXrats thanin
controls; Ill. Fp
animals, although a moderate trend to lower pCa,, values
was observed in control-S and OVX-S rats; IV. progesterone
levels inversely correlated with pCa,  of cardiomyocytes; V.

and pCa,  was similar in OVX and control

assive

no major differences in myofilament protein composition
were observed among the four groups, however, overall
phosphorylation of Tnl and MyBP-C was significantly high-
er in the OVX group than in controls.

Many studies showed that serum progesterone level in-
creased under stress conditions due to its secretion from
the adrenal cortex (20,21,23,43). In accordance with other
findings (21), in the present study ovariectomy did not al-
ter the amount of progesterone secreted during stress and
the progesterone response under stress conditions.

Progesterone, as an intermediate product in the synthesis
of cortisol, also has a crucial role in stress response (44) and

in the regulation of the HPA axis (43). However, it is also
important to note that acute and chronic stress have dif-
ferent effects on the activation of the sympathetic nervous
system and HPA axis. Acute cold restraint stress applied in
the present study has been shown to increase ACTH, and
corticosterone levels followed a desensitization of the HPA
response to increase stroke volume and decrease the heart
rate (45). Based on the presence of progesterone recep-
tors within the myocardium (46), changes in progesterone
levels could alter cardiomyocyte contractile properties. In-
deed, the present study confirmed a significant correlation
between serum progesterone levels and pCa,, of cardio-
myocytes. This may indicate that the moderate decrease in
pCa,, observed in control-S and OVX-S animals may be re-
lated to the increased progesterone levels. The inverse cor-
relation between serum progesterone levels and myofila-
ment Ca?*-sensitivity may provide a potential explanation
for lowered cardiovascular risk in fertile women.

Experimental evidence confirms that ovariectomy induc-
es up-regulation of cardiac 1-adrenergic receptor (31-AR)
expression, which can be prevented by estrogen and/or
progesterone administration (47). 31-AR is a major regula-
tor in the cardiac function and its activation increases heart
rate and myocardial contractility (48). It was also found that
ovariectomy increases the amplitude of the basal and iso-
prenaline-induced contractions, and induces an increase
in B1-AR and a decrease in 32-AR expression (49). Stimula-
tion of B1-AR activates G_protein, leading to an increase
in CAMP concentration. cAMP activates PKA, which phos-
phorylates myocardial proteins such as MyBP-C (50).
Phosphorylation of MyBP-C accelerates cross-bridge
kinetics (51) and increases calcium-activated maxi-
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mal force production (52). In accordance with this obser-
vation, our study also revealed a significant increase in
cardiomyocyte F__ in OVX rats. Moreover, phosphoryla-
tion of MyBP-C correlated with cardiomyocyte F . Be-
sides MyBP-C phosphorylation, changes in the distribution
of the two myosin heavy chain (MHC) isoforms are also
shown to be involved in the regulation of active force pro-
duction (53). Due to limitations of myocardial tissue sam-
ples, in the present investigation we could not address this
issue. Based on our findings, the increased F_ _can be ex-
plained by the elevated phosphorylation of MyBP-C due
to anincreased B1-adrenerg stimulation after ovariectomy.
This may indicate that the physiological regulatory effect
of MyBP-C phosphorylation on cardiomyocyte active force

generation is preserved after ovariectomy and stress.

Besides MyBP-C, phosphorylation of Tnl and titin by PKA
also alters cardiomyocyte contractile function, resulting in
adecrease in pCa, (29) and Fpass\ve (54). In this study no ma-
jor differences were found in pCa,, among the groups (only
a moderate, non-significant decrease was observed in the
control-S and OVX-S groups). Total phosphorylation of Tnl,
however, was increased in the OVX group, but this was not
accompanied by a decrease in pCa, . This could result from
the lack of specificity of the phosphoprotein staining for
the different phosphorylation sites of the proteins. There-
fore, despite the significant increase in total Tnl phospho-
rylation, differences in the phosphorylation of the protein
kinase-specific sites (PKA, PKC-BII, &, €) — which have been
shown to have divergent effects on pCa,, (55) - cannot be
excluded. A modulating effect of ovarian sex hormone de-
ficiency on Ca’"-responsiveness of myofilament activation
was demonstrated convincingly in the study by Wattana-
permpool (27). In that study, an increase in the myofila-
ment pCa,, and a decrease in the maximum myofibrillar
ATPase activity was found in eight-week OVX rats at pH 7.0,
together with an unchanged maximum ATPase activity
and no differences in pCa,  at pH 6.5. However, when the
study was extended to ten-week OVX rats, parallel to the
suppression of maximum ATPase activities, a significant hy-
persensitivity of myofilaments to Ca?* could also be detect-
ed at both pH 7.0 and pH 6.5 in the OVX group. This finding
underlies the importance of the time and the progressive
nature of myofilament alterations after ovariectomy. We
did not detect significant difference in the myofilament
Ca’*-sensitivity between control and OVX rats.

In the present study, no correlation between cardiomyo-

cyte F__and phosphorylation of its main regulator
passive
sarcomeric protein, titin was observed. This finding is
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consistentwith an earlier reportdemonstrating unchanged
passive stiffness in OVX animals (56). No differences were
found in the phosphorylation of myofilament proteins be-
tween the control and control-S groups. The basal level of
PKA-dependent protein phosphorylation in rodent hearts
appears to be significantly higher than in large mammals
(57). Accordingly, relative changes in the level of PKA-de-
pendent protein phosphorylation under acute stress con-
ditions and/or in vitro PKA challenges can be smaller in the
hearts of small rodents than in large mammals. Moreover,
sympathetic effects of acute stress tend to rapidly desensi-
tize. Taking all this into consideration, we hypothesize that
the combination of the above characteristics explains the
unchanged phosphorylation level of myofilament proteins
in control-S compared to control group.

Stress procedures used in this study induced physiologi-
cal alterations and pathophysiological changes. However,
the effects of this particular stress input (immobilization in
combination with cold) may be unlikely in everyday hu-
man life. Further studies are necessary to confirm that the
observed effects could be generalized for other types of
acute stress.

Control animals were not sham-operated. Operation itself
may have contributed to the differences between control
and OVX groups. In future studies, sham-operated animals
have to be used as controls. Type of anesthetics, in particu-
lar, application of isoflurane may have affected myocardial
parameters (58). Also, the levels of estrogen and proges-
terone were low, considerably below the lower detection
limit of the applied technique.

The present study assessed contractile properties of sin-
gle, demembranated cardiomyocytes and focused mainly
on alterations in the composition and phosphorylation of
myofilament proteins. Changes in sarcolemmal, sarcoplas-
mic, and Ca*-handling proteins cannot be studied under
such experimental conditions as a result of the membrane
solubilisation. Single cardiomyocytes may not represent
overall myocardial function. Moreover, heart samples were
frozen and their functional and biochemical properties
were evaluated upon thawing. Nevertheless, this approach
was supported by our previous experience, when we did
not find significant effects of freezing and thawing on the
functional properties of cardiomyocyte preparations inde-
pendently of the species (30,59).

Single acute stress significantly increased serum progester-
one levels in both control and OVX rats. Stress and female
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hormones altered cardiomyocyte contractile force genera-
tion possibly by increasing Ca?*-activated force production
through myosin-binding protein C phosphorylation. The
observed functional changes and myofilament modifica-
tions may contribute to the lower cardiovascular risk in fer-
tile women.
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levels
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Abstract

Aims Heart failure with reduced ejection fraction (HFrEF) is a disease with high mortality and morbidity. Recent positive ino-
tropic drug developments focused on cardiac myofilaments, that is, direct activators of the myosin molecule and Ca®* sensi-
tizers for patients with advanced HFrEF. Omecamtiv mecarbil (OM) is the first direct myosin activator with promising results in
clinical studies. Here, we aimed to elucidate the cellular mechanisms of the positive inotropic effect of OM in a comparative in
vitro investigation where Ca**-sensitizing positive inotropic agents with distinct mechanisms of action [EMD 53998 (EMD),
which also docks on the myosin molecule, and levosimendan (Levo), which binds to troponin C] were included.

Methods Enzymatically isolated canine cardiomyocytes with intact cell membranes were loaded with Fura-2AM, a Ca®
*_sensitive, ratiometric, fluorescent dye. Changes in sarcomere length (SL) and intracellular Ca®* concentration were
recorded in parallel at room temperature, whereas cardiomyocyte contractions were evoked by field stimulation at 0.1 Hz
in the presence of different OM, EMD, or Levo concentrations.

Results SL was reduced by about 23% or 9% in the presence of 1 uM OM or 1 uM EMD in the absence of electrical stimu-
lation, whereas 1 uM Levo had no effect on resting SL. Fractional sarcomere shortening was increased by 1 uM EMD or 1 uM
Levo to about 152%, but only to about 128% in the presence of 0.03 uM OM. At higher OM concentrations, no significant
increase in fractional sarcomere shortening could be recorded. Contraction durations largely increased, whereas the kinetics
of contractions and relaxations decreased with increasing OM concentrations. One-micromole EMD or 1 uM Levo had no
effects on contraction durations. One-micromole Levo, but not 1 pM EMD, accelerated the kinetics of cardiomyocyte contrac-
tions and relaxations. Ca®* transient amplitudes were unaffected by all treatments.

Conclusions Our data revealed major distinctions between the cellular effects of myofilament targeted agents (OM, EMD,
or Levo) depending on their target proteins and binding sites, although they were compatible with the involvement of Ca®
*-sensitizing mechanisms for all three drugs. Significant part of the cardiotonic effect of OM relates to the prolongation
of systolic contraction in combination with its Ca®*-sensitizing effect.

Keywords Omecamtiv mecarbil; Heart failure with reduced ejection fraction; Myosin activators; Positive inotropy, diastolic
dysfunction

Received: 27 September 2022; Revised: 25 November 2022; Accepted: 15 December 2022

*Correspondence to: Attila Borbély and Zoltdn Papp, Division of Clinical Physiology, Department of Cardiology, Faculty of Medicine, University of Debrecen, 4032 Debrecen,

I;Iungary. Telephone: +36703167810. Email: borbelya@med.unideb.hu; pappz@med.unideb.hu
These authors contributed equally.

© 2023 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.


https://orcid.org/0000-0002-4675-1542
mailto:borbelya@med.unideb.hu
mailto:pappz@med.unideb.hu
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fehf2.14300&domain=pdf&date_stamp=2023-02-01

Omecamtiv mecarbil alters both systolic and dithcrﬂp:@A y - at t I I a. 1_300_24 1327

Introduction

Heart failure (HF) with reduced ejection fraction (HFrEF) is a
complex clinical syndrome resulting from structural and
functional impairments of the myocardium and involves
contractile dysfunction of left ventricular (LV) cardiomyo-
cytes. Cardiotonic agents are frequently considered for
the therapy of acute and chronic HF to counter cardiac
pump function. Traditional B-mimetic positive inotropic
drugs [i.e. f-receptor agonists and inhibitors of the phos-
phodiesterase (PDE) Ill isoenzyme] are effective but poten-
tially harmful. These Ca?*-mobilizing agents augment the
amplitude of intracellular Ca®* transients during systoles;
therefore, cardiomyocyte contractions and relaxations be-
come larger and faster. Unfortunately, safety concerns limit
the applicability of f-mimetic drugs. This is because stimu-
lation of the f-adrenergic cascade increases the oxygen de-
mand of cardiomyocytes that is often hard to tolerate by
the failing heart.

In addition to the Ca®* sensitizers, recently, a new group
of positive inotropic drugs have been developed for
the therapy of HFrEF, which directly modulate the thick
myofilaments of cardiac sarcomeres (rather than increasing
the intracellular Ca®** transient): the selective cardiac
myosin activators.”?> The central concept behind drug
developments of these kinds relates to the augmentation
of cardiac contractile state without increasing myocardial
energy demand. Nevertheless, the relationships between
intracellular Ca®* concentration and sarcomeric responses
in the presence myofilament targeted agents have not been
fully elucidated yet.

A phase Il clinical trial on omecamtiv mecarbil (OM)
demonstrated a significant increase in LV ejection fraction
(EF).>* Moreover, a large-scale phase Il clinical trial has re-
cently revealed lower incidence of a composite endpoint of
HF event or death from cardiovascular (CV) causes in pa-
tients with chronic HFrEF receiving OM.>® Nevertheless,
slight increases in circulating troponin levels were also
occasionally observed in patients on OM, and this raised
awareness to possible side effects of the drug. Similarly
to OM, a previous drug candidate, the thiadiazinone deriv-
ative EMD 53998 (EMD), also exerts positive inotropic
effects through a molecular interaction with the myosin
motor protein.” In contrast to OM and EMD, the fre-
quently used inodilator, levosimendan (Levo), is thought
to increase myocardial contractility through myofilament
Ca®* sensitization due to its binding to the thin filament
protein, troponin C [10]. Of note, the cardiac effects of
EMD and Levo might be complicated by the inhibition of
the PDE Il isoenzyme. %!

In the present study, we aimed to compare intracellular
Ca®* trasients with parameters describing cardiomyocyte
contractions and relaxations in the presence and absence
of increasing OM concentrations, and these effects

were contrasted to those recorded in the presence of
supramaximal EMD or Levo concentrations. Our results
shed new light on the complex relationships between the
extents and kinetics of systolic and diastolic sarcomere
length (SL) changes upon OM administrations in a frame-
work where Ca®* sensitization and myosin activation appear
to be tightly coupled to each other.

Materials and methods
Animals

Adult mongrel dogs of either sex were used here according
to a protocol approved by the local Animal Care Committee
(2/2020/DEMAB). All animals received human care in compli-
ance with the ‘Principles of Laboratory Animal Care’, formu-
lated by the National Society for Medical Research and the
Guide for the Care and Use of Laboratory Animals, prepared
by the Institute of Laboratory Animal Resources and pub-
lished by the National Institutes of Health (NIH Publication
No. 86-23, Revised 1996).

Isolation of canine LV cardiomyocytes

Canine cardiomyocytes were studied since their electrophys-
iological properties are similar to those of humans. Cardio-
myocytes were isolated from the mid-myocardial region of
the LV as described previously.*>** Briefly, hearts were iso-
lated from anaesthetized (ketamine-HCl 10 mg/kg, Richter
Gedeon, Hungary, xylazine-HCl 1 mg/kg, Eurovet Animal
Health BV, The Netherlands) adult mongrel dogs (N = 6)
weighed 10.6 + 2.1 kg (7-15 kg) and aged 15.1 + 4.2 months
(10.9-23.9 months). Thereafter, the hearts were subjected to
a perfusion system where the left anterior descending coro-
nary artery was cannulated. Single cardiomyocytes were ob-
tained by enzymatic dispersion technique by using a Ca**-free
Joklik solution (Minimum Essential Medium Eagle, Joklik
Modification; Sigma-Aldrich Co., St. Louis, MO, USA) for
5 min, followed by 30-min perfusion with Joklik solution con-
taining 1 mg/mL collagenase (Type Il, Worthington Biochem-
ical Co., Lakewood, NJ, USA) and 0.2% bovine serum albumin
(Fraction V, Sigma) in the presence of 50 uM Ca*. Then car-
diomyocytes were grounded, and normal Ca®* concentration
was restored progressively. Cardiomyocytes were stored at
15°C until the measurements.

Experimental set-up

Cardiomyocytes were loaded with 5 uM Fura-2AM Ca®*-sen-
sitive ratiometric fluorescent dye for 30 min in the presence
of Pluronic F-127 (25 mg/mL) to avoid early elimination of
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the dye from the intracellular space. Twenty-five milligrams
of Pluronic F-127 was dissolved in 1 mL DMSO, and this sol-
vent was used to make a Fura-2AM stock solution. Cells were
then incubated for 30 min to allow the intracellular esterases
to relase Fura-2. Cardiomyocytes were placed in a chamber
on the stage of an inverted microscope (Nikon TS-100). The
final volume of the chamber filled with Tyrode solution (con-
taining 144 mM NaCl, 5.6 mM KCl, 2.5 mM CaCl?, 1.2 mM
MgCl,, 5 mM HEPES, and 11 mM dextrose, pH = 7.4) was
1 mL. After sedimentation, a rod-shaped cardiomyocyte
with clear striation and acceptable contraction upon
field-stimulation was selected for further experiments. Field
stimulation was performed at 0.1 Hz (Experimenta Setup,
MDE, Heidelberg). Alternating excitation, wavelengths of
340 and 380 nm were used to monitor the fluorescence sig-
nals of Ca**-bound and Ca**-free Fura-2 dye, respectively.
Fluorescent emission was detected above 510 nm in case of
both wavelengths, and traces were digitized at 120 Hz using
the FeliX Software (Ratiomaster RM-50 system, Horiba, New
Brunswick, NJ, USA).*

Determination of effects on resting SLs

The experimental protocol was the following: Cardiomyo-
cytes were paced at 0.1 Hz for at least 2-3 min to achieve a
steady state at the beginning of each experiment. The resting
(unstimulated) SL was continuously measured after this initial
conditioning using a high-speed camera. OM (with final con-
centrations of 0.03, 0.1, 0.3, or 1 uM), Levo (1 uM), or EMD
(1 M) was added for 5-8 mins to the experimental chamber.

Determination of contractile parameters and Ca?*
transients

Contractile responses were monitored at 0.1 Hz pacing rates.
Multiple parameters of cardiomyocyte contractions, relaxa-
tions, and intracellular Ca®* transients were assessed. Resting
SL of the cardiomyocytes was measured using a high-speed
camera. Fractional sarcomere shortening (FS) was calculated
using the following equation: FS = (diastolic SL — systolic
SL/diastolic SL) * 100. Duration of contraction (DC; s) was de-
fined as the time period from the beginning till the end of the
contraction of the cardiomyocyte. Rates (um/s) of contrac-
tion and relaxation were determined by linear fits to the ap-
parently linear phases of contractions and relaxations, re-
spectively. The resting Ca®* level was estimated by the Fura-
2 ratio (fluorescent intensity ratio at 340 and 380 nm excita-
tions) at baseline (before cardiomyocyte stimulation). The
amplitude of Ca®* transients was defined as the difference
between the peak levels of Ca®* transients and resting Ca®*
levels (340/380 nm ratio). The rate of Ca®* transient increase
was considered as the slope of a line fitted by linear regres-

sion to the ascending phases of Ca®* transients (1/s). The
Ca®* transient decay kinetics was fitted to a single exponen-
tial and described by its rate constant (K; 1/s), which was cal-
culated from the following equation: Y = (YO — plateau)*exp
(— K * X) + plateau, where X = time, Y starts at YO and decays
(in one phase) down to plateau level, YO and plateau are in
the same units as Y, and K is expressed in the reciprocal of
X-axis units.

Data analysis and statistics

Results were evaluated and graphs were created in the
GraphPad Prism 8.0 software (GraphPad Software, San
Diego, CA, USA). The number of experiments in each group
varied between 6 and 10 from six different hearts.
Background fluorescence intensity levels were obtained at
the end of the measurements, on a region without cardio-
myocytes and were manually subtracted the fluorescence
intensities for background correction. Values were evalu-
ated for normality (Kolmogorov-Smirnov normality test)
and were then evaluated by paired t-tests, ordinary one-
way ANOVA or Kruskal-Wallis test with multiple compari-
sons as appropriate. Group descriptions are given as
mean + SEM values. Statistical significance was accepted
at P < 0.05.

Results

OM and EMD, but not Levo, reduce
cardiomyocyte resting SL

A dose-dependent decrease in the resting SL of cardiomyo-
cytes was observed upon OM administrations (i.e. from the
drug-free control of 1.96 +* 0.01 um to 1.94 * 0.04,
1.77 + 0.04, 1.62 £ 0.05, or 1.50 * 0.05 pm at 0.03 puM
OM, 0.1 uM OM, 0.3 uM OM, or 1 pM OM, respectively;
SL changes at 0.1 uM OM concentrations and beyond were
significant) (Figure ZA,D). One-micromole EMD also evoked
a significant reduction in resting SL (i.e. to 1.83 + 0.08 um;
Figure 1B,D), whereas Levo did not affect resting SL
(Figure IC,D). Intracellular resting Ca®* concentrations re-
mained unchanged during OM, EMD, or Levo treatments
(Figure 1A,C,E).

OM, EMD, and Levo differently affected
cardiomyocyte contraction and relaxation
kinetics

A significant decrease in the systolic peak SL was observed at
0.03, 0.01, 0.3, or 1 uM OM concentrations (1.65 * 0.03 um
1.53 + 0.03 pm, 1.39 £+ 0.02 um, 1.34 + 0.03 pum, respec-
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Figure 1 Distinct effects of OM, EMD or Levo on cardiomyocyte resting sarcomere lengths. OM (A) or EMD (B) decreased SL in resting isolated left
ventricular canine cardiomyocytes. OM was added without field stimulation in a cumulative manner. EMD or Levo (C) was applied at a single concen-
tration (1 uM). SL (black trace, left axis) and intracellular Ca®* concentration (Fura-2340/380 fluorescent intensity ratio, grey trace, right axis) were
recorded simultaneously. Single representative examples are shown in the presence of OM, EMD, or Levo. EMD, Levo, or OM administrations are in-
dicated by arrows. Resting SL decreased in the presence of OM (A,D) or EMD (B,D), whereas Levo did not affect SL (C,D) in the absence of ca®* con-
centration changes (E). Significant differences are indicated by asterisks when P < 0.05 vs. before treatment. EMD, EMD 53998; Fl, fluorescence

intensity; Levo, levosimendan; OM, omecamtiv mecarbil.
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tively, vs. 1.74 + 0.01 pm measured under control condi-
tions, P < 0.05 for all; Figure 2A,G) in field-stimulated car-
diomyocytes. Similarly to OM, EMD significantly decreased
the systolic peak SL (i.e. to 1.51 + 0.03 um, P < 0.05; Figure
2B,G). The effects of Levo on systolic peak SL decreases also
reached the significance level (i.e. this parameter decreased
to 1.63 * 0.03 um, P < 0.05; Figure 2C,G). OM increased
fractional sarcomere shortening at 0.03 uM (i.e. to
14.34 + 1.64%), but not at higher drug concentrations,
whereas EMD and Levo significantly increased this parame-
ter at 1 uM (i.e. to 17.36 + 0.98% and 17.02 + 0.80%, respec-
tively, from the drug-free control level of 11.17 + 0.55%,
P < 0.05; Figure 2A—C,G,H). The amplitudes of Ca** tran-
sients were not affected by any of the applied drugs (Figure
2D-F,1).

A progressive prolongation of contraction time was ob-
served upon increasing OM concentrations (1.50 + 0.33 s,
2.31+0.21s,3.85+0.15 5, and 5.89 + 0.57 s, at 0.03, 0.1,
0.3, and 1 uM OM concentrations, respectively, vs.
0.95 £ 0.05 s in drug-free controls), whereas EMD and Levo
did not affect this parameter (Figure 3A). The prolongation
of contractile responses could be attributed to slower kinet-
ics of both contractions (from 0.65 + 0.05 pm/s to
0.51 £ 0.13, 0.27 £ 0.10, 0.11 + 0.02, and 0.05 + 0.01 um/s)
and relaxations (from 0.95 + 0.10 pum/s to 1.12 * 0.30,
0.29 + 0.06, 0.13 + 0.03, and 0.05 + 0.01 um/s), respectively,

with increasing OM concentrations (control, 0.03 uM,
0.1 uM, 0.3 uM, and 1 pM, respectively; Figure 3B,C). In
contrast to OM and EMD, Levo increased the kinetics of
both contractions (Figure 3B) and relaxations (Figure 3C).
The durations of the Ca** transients (Figure 3D), kinetics of
the upstrokes of intracellular Ca®* transients (Figure 3E),
and the kinetics of the Ca®* transient decays (illustrated by
the rate constant, K) remained unaffected by all drug treat-
ments (Figure 3F).

OM uniquely alters intracellular Ca%*-SL
relationship

To characterize further the relationships between intracellu-
lar Ca®* transients and contractile responses, sarcomere
length was expressed as a function of intracellular Ca* con-
centration upon positive inotropic agent administrations (Fig-
ure 4). These Ca**-SL relationships did not largely differ be-
fore and after 0.03 uM OM exposures (Figure 4A). However,
following 0.1, 0.3, or 1 uM OM administrations, loop
diagrams markedly and progressively shifted downwards,
suggestive for a Ca®*-sensitizing effect that was present both
at systolic and diastolic intracellular Ca®* concentrations (Fig-
ure 4B-D). The effect of 1 uM EMD on Ca®*-SL relationship
was similar to that observed in the presence of 0.1 uM OM
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Figure 2 Effects of OM, EMD, and Levo on sarcomere length and intracellular Ca’' transients during field-stimulation. OM (A) was added to the tissue
chamber in different concentrations (0.03, 0.1, 0.3, and 1 uM). Steady-state conditions were reached within 5-8 min, and thereafter, contractile pa-
rameters were recorded. EMD (B) and Levo (C) were applied at a single concentration of 1 pM. Intracellular Ca®" transients (D—F) were monitored
before and after the treatments (at drug concentrations as indicated). Results of representative examples are shown in the presence of OM (A,D),
EMD (B,E), or Levo (C,F). Changes in systolic peak SLs (G), fractional sarcomere shortenings (H), and amplitudes of Ca”" transients (1) are given in
bar graphs, where bars represent mean + SEM. Significant differences are indicated by asterisks when P < 0.05 vs. before treatment. EMD, EMD
53998; FI, fluorescence intensity; Levo, levosimendan; OM, omecamtiv mecarbil.
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(Figure 4E). Ca**-SL relationship in the presence of Levo was
enlarged towards shorter systolic SLs, consistent with a Ca®
*-sensitizing effect that developed during systoles but not
during diastoles (Figure 4F).

Interactions between diastolic and systolic
sarcomere dynamics

To elucidate further the three different drug—target interac-
tions, parameters of systolic responses upon OM, EMD, or
Levo administrations were expressed as functions of their re-
spective diastolic SLs. This approach verified hypothetical
similarities between the OM and EMD dependent effects, in
particular when interrelations between diastolic SLs and peak
systolic SL (Figure 5A) or contraction durations (Figure 5B)

were analysed. Nevertheless, diastolic SL—fractional sarco-
mere shortening relationships suggested distinctions be-
tween OM and EMD (Figure 5C). Furthermore, Levo induced
systolic parameters apparently did not require changes in di-
astolic SL, consistently with a Levo-induced Ca**-sensitizer
mechanism different from those evoked by OM or EMD
(Figure 5A—C).

Discussion

In this study, we identified similarities and major differ-
ences among the contractile effects of OM, EMD, and Levo
on systolic and diastolic indices of cardiomyocyte contrac-
tions of enzymatically isolated intact canine LV cardiomyo-
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Figure 3 Effects of OM, EMD and Levo on the kinetics of cardiomyocyte contractions and relaxations. The durations of contractions (A) were progres-
sively prolonged by increasing OM concentrations but remained unchanged during EMD or Levo administrations. The kinetics of contractions (B) were
slowed down by higher OM concentrations (0.3 and 1 uM). Relaxation speeds of (E) were also greatly diminished by these high OM concentrations (C).
Intracellular Ca>* transient durations (D) were unaffected by all treatments. The kinetics of the upstrokes of intracellular Ca®" transients (E) did not
change during the treatments. Intracellular Ca’" concentration transient decays (represented by the rate constant, K) (F) remained also unaltered dur-
ing drug treatments. Significant differences are indicated by asterisks when P < 0.05 vs. before treatment. EMD, EMD-53998; Fl, fluorescence intensity;

Levo, levosimendan; OM, omecamtiv mecarbil.
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cytes. Our data are consistent with an OM-evoked Ca®*-sen-
sitizing effect, whereby its positive inotropic effect develops
primarily by prolongation of systolic contractions rather
than by major changes in fractional sarcomere shortening
or augmentation of the kinetics of cardiac contractions or
relaxations.

Here, we report that OM, EMD, and Levo evoke roboust
changes in cardiomyocyte contractions and relaxations in
the absence of significant changes in intracellular Ca®* tran-
sients, suggestive for Ca* sensitization for all three agents.?
Nevertheless, the characteristics of these Caz+-sensitizing
mechanisms were different for OM, EMD, and Levo and
hence resulted in different kinds of contractile responses. Al-
though both Levo and EMD have inhibitory effect on PDE IlI,
the unchanged intracellular Ca®* levels were somewhat sur-
prising in the presence of these agents and can be potentially
explained by PDE isoforms (other than PDE llI) not inhibited
by these agents in canine cardiomyocytes at the employed
drug concentrations.”*%**

OM evoked a reduction in diastolic SL of unstimulated car-
diomyocytes of dog hearts at low intracellular Ca** concen-
trations. The magnitude of this decrease in SL was compara-
ble with that observed in stimulated cardiomyocytes during
diastoles, suggesting that the OM-dependent activation of

the actin-myosin interaction did not require Ca**. These find-
ings are also in accord with the OM-stimulated increase of
basal myosin ATPase activity of rabbit hearts® and isometric
force production in permeabilized cardiomyocytes of rat
hearts at diastolic Ca®* levels.*® Similarly to OM, EMD but
not Levo decreased resting SL, revealing similarities for the
two myosin-binding agents and a distinct effect for the thin
filament selective Levo in their Ca**-sensitizing effects. Here,
we also show that the reductions in diastolic and systolic SLs
and contraction durations are tightly coupled to the applied
OM concentrations and thus illuminate different facets of
the same drug-target interaction on the myosin molecule.
The reduction in diastolic SL was probably also responsible
for the unchanged fractional sarcomere shortenings in the
presence of high OM concentrations despite the observed re-
ductions in peak systolic SLs. Interestingly, in an independent
study, fractional cell shortening did increase by OM in rat
cardiomyocytes’; nevertheless, based on our results, we pro-
pose that the increase in fractional cell shortening can be lim-
ited by the OM-evoked decrease in resting SL at higher OM
concentrations.*®

The range of OM concentrations (i.e. between 0.01 and
1 uM), where reductions in resting SL were observed
overlapped with that reported during its clinical
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Figure 4 Intracellular Ca’*—sarcomere length relationships before and after OM, EMD, or Levo administrations. SL values were plotted as the function
of the intracellular Ca** concentration during representative cardiac cycles. Responses of four consecutive cardiac cycles are shown for all panels.
Traces before (grey) and after treatments (black) are shown. Upon electrical stimulation, a rapid increase in the intracellular Ca”" concentration
was seen, which was followed by contraction (evidenced by decrease in SL). Thereafter, intracellular Ca®" returned to diastolic (low) levels, followed
by relaxation (evidenced by increase in SL). ca”'-sL relationships were progressively shifted downwards with increasing OM concentrations (A-D), sug-
gestive for a Ca2+—sensitizing effect during the entire cardiac cycle. The EMD-evoked Ca®"-sensitization was similar to that induced by 0.1 uM OM (E).
Levo did not alter diastolic SL, but augmented SL decreases during systoles (F). EMD, EMD 53998; Fl, fluorescence intensity; Levo, levosimendan; OM,

omecamtiv mecarbil.

(A) (B) (©)
0.03 yM Omecamtiv mecarbil 0.1 pM Omecamtiv mecarbil = w4 0.3 uM Omecamtiv mecarbil
= 20 = 20 E -
£ 2 E “ =
= = £
5 18 5 18 > 1.8 = before OM
= y = before OM =} - = before OM 5
5 S © = after OM
- —— after OM — — after OM = 1.6
2 16 e 16 e
: : :
o o e 14
S 14 S 14 3
n I T T T ) L ! . T T 1 1 2 3 4 5
1 2 3 4 B Fura-2 ratio (Fls4o nm /Fl3go nm)
. " nm nm,
Fura-2 ratio (Fls9 nm /Flago nm) Fura-2 ratio (Fl349 nm /Fl380 nm)
1 yM Omecamtiv mecarbil 1 yM EMD 53998 1 UM Levosimendan
= 20 _ N p.
3 2.0 2.0
E H g
£ s s
2 8 " befors. OM 2 181 — before EMD ‘é’ 16 — before Levo
9 o )
g 1.6 ster OM © 16 = after EMD E 16 — after Levo
Q q; :
E
S —_—— & g
s 14 S 1.44 e 14
1 2 3 4 5 1 2 3 4 5 3 4 5

Fura-2 ratio (Flz40 nm /Fl380 nm)

Fura-2 ratio (Flz40 nm /Fl380 nm)

Fura-2 ratio (Flz40 nm /Fl380 nm)

administrations.>*® In the most recent clinical trial of OM
(GALACTIC-HF), a guided dose titration strategy was applied
to achieve plasma concentrations of at least 200 ng/mL
(0.5 uM) while avoiding concentrations >1.000 ng/mL
(2.5 uM). It is important to note that OM concentrations
>1200 ng/ml (3 uM) (three times higher than the maximum
concentration used in our in vitro experiments) were previ-
ously reported to lead to excessive prolongation of the sys-
tole, thus limiting coronary blood flow during diastole and
possibly leading to myocardial ischemia.>’*® In animals and
humans, the pharmacodynamic signature of OM is an in-
crease in the systolic ejection time (SET).>*®° This observa-
tion is the reflection of the drug’s most significant mechanism
of action, as contractile activity can be maintained by OM
even when cytoplasmic Ca* concentration falls. Accordingly,
in the first-in-man, dose-escalating study, OM augmented left
ventricular systolic function and induced a dose-dependent
increase in SET, stroke volume (SV), fractional shortening
(FS) measured by echocardiography, and left ventricular ejec-
tion fraction (LVEF). Despite the slower kinetics of force gen-
eration in vitro, the maximal rate of LV pressure development
(dP/dt,nay) Was shown to be unaffected by OM in vivo,™ sug-

gestive for distinct pharmacokinetic properties for OM
in vitro and in vivo.

The durations of cardiomyocyte contractions increased al-
most six times at high OM concentrations, implicating a pro-
longed activation for the contractile protein machinery due
to a delay of the inactivation of the thin filaments and in-
creased number of strongly attached cross-bridges.?%?* The
increase in the half-time of activation (t;,, of activation)
and the decrease in the rate constant of force redevelopment
(ks illustrating the intrinsic kinetics of the actin—-myosin
cross-bridges) observed in our previous study®® in perme-
abilized rat cardiomyocytes are also in line with our present
observations and corroborate the decreased in vitro
motilities of the myosin filaments.?>** Taken together, OM-
evoked Ca®* sensitization may contribute to stronger, slower
and prolonged cardiac contractions consistently with previ-
ous echocardiographic findings.

Of note, the OM-evoked increase in contraction durations
was not observed during EMD administrations, and this might
be a consequence of their distinct binding sites on the myosin
molecule. The binding site of OM on the myosin S1 domain
probably resides in a cleft in the vicinity of its actin-binding
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Figure 5 Hypothetical dependences of systolic cardiomyocyte parameters on diastolic sarcomere length. Both peak systolic and diastolic SLs decreased
with increasing OM concentrations, and with EMD administration, but not after Levo application (A). Contraction durations increased with increasing
OM concentrations, and with EMD administration, but not after Levo application (B). Fractional sarcomere shortening did not increase when diastolic
SL decreased following OM administrations; however, it increased by EMD or Levo (C).
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interface and of the nucleotide binding pocket. This location
is supposedly ideal for allosteric modulation of both the enzy-
matic and mechanical properties of the cardiac myosin
motor.> The EMD binding site is not identical with that of
OM on the myosin S1 domain; nevertheless, EMD administra-
tion can also increase basal myosin ATPase activity.>>*~2¢

In the present study, relaxation of intact cardiac cells was
significantly attenuated, particularly at high (0.3 and 1 uM)
OM concentrations, but was less affected upon EMD or Levo
treatments. This is compatible with the finding of our previ-
ous study in which OM also substantially prolonged the relax-
ation and increased the passive stiffness of permeabilized rat
myocyte-sized preparations with a Ca**-independent
mechanism.® In heart failure, abnormalities in cardiomyo-
cyte Ca* cycling are mainly due to altered sarcoplasmic retic-
ulum (SR) functions: reduced and partial cytoplasmic Ca®* re-
uptake in association with abnormal SR Ca®*-ATPase (SERCA)
activity.?” Here, we found that cardiomyocyte relaxation was
impaired even at low OM concentrations (0.1-0.3 puM),
whereas at high OM concentration (1 pM) major limitations
in cardiomyocyte relaxation developed. Accordingly,
OM-induced diastolic dysfunction can be potentially aggra-
vated by higher diastolic Ca®* levels in the failing heart. An

impaired diastolic performance—reflected by worsened time
constant of isovolumic relaxation (z) and the rate of the LV
pressure decrease (dP/dt,,,,)—was shown earlier after i.v.
OM administration in rats with volume overload HF during
OM treatments.?® Nevertheless, OM did not impair diastolic
function in healthy volunteers at plasma concentrations sim-
ilar to those applied in this latter study.'”*® The possibility
that OM may lead to diastolic dysfunction was addressed
based on the data collected in the Chronic Oral Study of
Myosin Activation to Increase Contractility in Heart Failure
(COSMIC-HF) trial. The post hoc analysis showed an increase
in isovolumic relaxation time (IVRT) without changes in E/A
ratio or E wave. Unfortunately, diastolic function was not
assessed in detail in GALACTIC-HF, which would allow further
characterization of LV diastolic dysfunction upon oral admin-
istration of OM in patients with HFrEF.

Despite having no effects on the intracellular Ca** tran-
sients, OM, EMD and Levo differently alter Ca?*-SL relation-
ships of cardiomyocytes. OM at high concentrations has the
most prominent effect on resting SL, leading to diastolic car-
diomyocyte shortening and prolonged relaxation. EMD also
results in a decrease in the resting SL, but without affecting
relaxation kinetics. In contrast to OM and EMD, none of these
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adverse effects were seen during Levo administration. We
propose that the widely used clinical parameters of systolic
function such as fractional shortening or ejection fraction
can be misleading in case of myosin activators. Here, we
showed a dramatic decrease in resting SL (which could be
paralleled by the reduced left ventricular diastolic diameter
in clinical studies) upon OM administrations. This factor ap-
parently limited fractional shortening at high OM concentra-
tions and might affect ejection fraction calculations as well.
The distinct mechanism of OM action on cardiomyocyte
resting SL and relaxation kinetics should raise concerns for
the clinical administration of the drug and draw our attention
to the importance of regular determination of serum OM
levels.

Limitations

The experiments were performed in vitro in enzymatically
isolated canine cardiomyocytes at room temperature and
low pacing rate, and hence, caution is certainly needed when
extrapolating experimental data to human hearts. As kinetics
of biological processes slow down with decreasing tempera-
tures, we opted for low-frequency stimulation when perform-
ing experiments under steady-state conditions. Similarly to
our current findings, in one of our previous studies,”® im-
paired relaxations and decreases in cardiomyocyte cell
lengths were also observed at 0.5, 1, and 2 Hz pacing fre-
quencies and 1 or 2 pM OM concentrations at 37°C. In con-
trast to structurally intact cardiomyocytes in vitro, potentially
lower extents of myosin activations can be reached at the ap-
plied OM concentrations in vivo. It needs also to be noted
that all of our experimental data were obtained in healthy an-
imals. Nevertheless, canine cardiomyocytes are considered as
relevant models for human cardiac cellular electrophysiology.
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Abstract: Recent cardiotropic drug developments have focused on cardiac myofilaments. Danicamtiv,
the second direct myosin activator, has achieved encouraging results in preclinical and clinical studies,
thus implicating its potential applicability in the treatment of heart failure with reduced ejection
fraction (HFrEF). Here, we analyzed the inotropic effects of danicamtiv in detail. To this end, changes
in sarcomere length and intracellular Ca?* levels were monitored in parallel, in enzymatically isolated
canine cardiomyocytes, and detailed echocardiographic examinations were performed in anesthetized
rats in the absence or presence of danicamtiv. The systolic and diastolic sarcomere lengths decreased;
contraction and relaxation kinetics slowed down with increasing danicamtiv concentrations without
changes in intracellular Ca?* transients in vitro. Danicamtiv evoked remarkable increases in left
ventricular ejection fraction and fractional shortening, also reflected by changes in systolic strain.
Nevertheless, the systolic ejection time was significantly prolonged, the ratio of diastolic to systolic
duration was reduced, and signs of diastolic dysfunction were also observed upon danicamtiv
treatment in vivo. Taken together, danicamtiv improves cardiac systolic function, but it can also limit
diastolic performance, especially at high drug concentrations.

Keywords: heart failure with reduced ejection fraction; myosin activators; danicamtiv; positive
inotropys; strain; diastolic dysfunction

1. Introduction

Deteriorating left ventricular (LV) systolic performance is thought to be responsible
for the high morbidity and mortality of patients suffering from heart failure with reduced
ejection fraction (HFrEF) [1,2]. Based on clinical evidence, pharmacological therapies of
chronic HFrEF primarily aim to interfere with neuro-humoral signaling via the renin-
angiotensin-aldosterone system (RAAS), the sympathetic nervous system (SNS), and the
natriuretic peptide system (NPS) [3]. However, these medications have no direct effects on
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the contractility of LV cardiomyocytes. Conversely, positive inotropic (PI) agents do increase
systolic performance either by augmenting the intracellular Ca?* availability (e.g., beta-
receptor agonists, PDE III inhibitors, Na* /Ca?*-exchanger modulators) or by fine-tuning
the Ca®* responsiveness of the contractile protein machinery (e.g., Ca**-sensitizers) of
cardiomyocytes, though with uncertain effects on the long-term prognosis of HFrEF.

A new class of positive inotropic drugs, the myosin activators, gained considerable
interest about a decade ago. These agents modulate the function of the myosin motor pro-
tein by acting on the chemo-mechanical actin-myosin crossbridge cycle [4,5]. Importantly,
myosin activators augment cardiac contractions without increasing the oxygen demand of
the myocardium and arrhythmia incidence [6]. The first representative of these myotropes
is omecamtiv mecarbil (OM), which achieved promising results in clinical trials in associa-
tion with increases in LV ejection fraction (EF), systolic ejection time (SET), and with no
major side effects [7]. Moreover, a large-scale phase III clinical trial with OM has recently
revealed a lower incidence of a composite endpoint of heart failure (HF) event or death
from cardiovascular (CV) causes in patients with chronic HFrEF [8]. Nevertheless, potential
increases in the level of circulating troponins stemming from LV diastolic dysfunction, a
narrow therapeutic window, and undesired side effects on skeletal muscles raised concerns
for the clinical applicability of OM in HFrEF [9-11].

Recent pharmacological efforts led to the development of a new direct myosin ac-
tivator, danicamtiv, which also binds to the myosin molecule of cardiomyocytes. The
dani-camtiv binding site on myosin, and consequently its molecular action, is thought to
differ from those of OM [5,12]. Moreover, the selectivity of danicamtiv for cardiac myosin
over skeletal or smooth muscle myosin isoforms is considered to be higher than for OM [13].
Nevertheless, similarly to OM, danicamtiv also accelerates the ATPase turnover rate of
purified human S1 myosin molecules in vitro, and increases SET and LVEF with additional
improvements in the left atrial systolic function in an experimental dog model of HFrEF
in vivo [13]. These findings prompted a dose-finding trial in humans where, besides signs
of improved LV systolic function, transient asymptomatic increases in troponin levels were
also detected in 23% of the patients involved [13]. Nevertheless, the results of a phase 1
clinical trial and a pharmacokinetic study also supported a good safety and tolerability
profile for danicamtiv in human subjects [14-16]. In comparison to OM administrations, a
wider therapeutic window, a greater potential to improve contractile function, and at lower
lusitropic costs, were associated with the applications of danicamtiv in a recent preclinical
study conducted in human engineered heart tissues [17], although it should be also noted
that the preclinical and clinical data on danicamtiv are still scarce and to some degree
obscure, and in particular for the diastolic effects of this new myotrope [13,17,18].

In the present study, we aimed to address the contractile effects of danicamtiv at the
sarcomere and organ levels. Here, we show the results of a detailed concentration-response
analysis in isolated canine cardiomyocytes where danicamtiv effects on sarcomere dynamics
are interpreted in view of intracellular Ca?* concentration changes. Complimentary state-of-
the-art echocardiographic examinations in rat hearts allowed the analysis of danicamtiv’s
effects on LV contractile performance. The combination of in vitro and in vivo studies
served as a tool to elucidate the relationship between danicamtiv’s evoked effects on
myocardial systolic and diastolic functions. Our results illustrate danicamtiv as a direct
myosin activator having a largely similar pharmacological profile to OM and signify the
potential for diastolic dysfunction during direct myosin activation in general.

2. Results
2.1. Danicamtiv Altered LV Dimensions and Cardiomyocyte Mechanics

The characteristics of danicamtiv’s evoked changes in myocardial function were moni-
tored by echocardiography in anaesthetized rats (Figure 1A-D) and by cellular physiologi-
cal methods in enzymatically isolated canine cardiomyocytes (Figure 1E-H). A significant
decrease in the LV end-systolic diameter (ESD), but no change in the LV end-diastolic
diameter (EDD) were observed upon the intravenous administration of 2 mg/kg dani-
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camtiv (representative examples shown in Figure 1A,B, EDD: from 7.56 £ 0.12 to 7.74
£ 0.26 mm, p = 0.45, Figure 1C; ESD: from 3.76 £ 0.11 to 2.93 &+ 0.17 mm, p < 0.001,
Figure 1D) in rats. Surprisingly, in isolated cardiomyocytes a concentration-dependent
decrease in diastolic sarcomere length (SL) was observed as illustrated in Figure 1E upon
danicamtiv administration during steady-state field stimulation at a frequency of 0.5 Hz at
room temperature (i.e., from 1.91 & 0.01 (Control) to 1.90 & 0.01, 1.89 & 0.01, 1.86 £ 0.01,
1.83 + 0.01, 1.69 £ 0.03, and 1.57 4+ 0.04 um at 0.01, 0.1, 0.3, 0.5, 1 or 2 uM danicamtiv,
respectively; significant for SL changes at danicamtiv concentrations 0.5, 1, and 2 uM,
P =0.002, p <0.001, p < 0.001, respectively) (Figure 1G). Danicamtiv at concentrations of
1 and 2 uM also evoked significant reductions in systolic SL (from 1.65 = 0.02 (Control)
to 1.51 £ 0.02 and 1.45 £ 0.03 um, p = 0.003 and p < 0.001, respectively, Figure 1H). The
decreases in diastolic and systolic SL were accompanied by an increase in the durations of
cardiomyocyte contractions (Figure 1E). The time courses of the Ca?* transients were not
affected by danicamtiv treatments (Figure 1F).
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Figure 1. Danicamtiv distinctly affected LV dimensions and cardiomyocyte SL during systoles and
diastoles. Representative M-mode echocardiographic images of rat LV before and after iv. danicamtiv
treatment (A,B). Danicamtiv did not induce a significant decrease in the mean of EDD changes but
it decreased significantly the mean of ESD (C,D). (Danicamtiv-dependent responses are illustrated
for all animals on the left sides of panels (C,D). Differences between the values in the absence and
presence of danicamtiv are shown on the right sides of panels (C,D) in individual experiments. A
horizontal black dash in the middle illustrates the means of differences, and the continuous black
lines at the same positions highlight the mean values after danicamtiv treatments. The grey line
shows the mean of the baseline values, which coincides with 0 on the right Y axis. The vertical lines
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together with the two short black dashes on the right sides of panels (C,D) highlight 95% confidence
intervals for the illustration of statistical significance (i.e., when it does not transect 0 level for the
differences (AEDD or AESD)). Representative traces of SL changes during cardiomyocyte contractions
and Ca?* transients upon danicamtiv exposures (E,F). Different shades of gray refer to the applied
drug concentrations, as indicated (E,F). Danicamtiv prolonged the duration of cardiomyocyte con-
tractions, but did not affect Ca* transient durations. Significant reductions both in diastolic (G) and
systolic (H) SL were observed in isolated left ventricular canine cardiomyocytes upon danicamtiv
administration. Insets show values of SL of individual cardiomyocytes in control and in 2 uM dani-
camtiv. Symbols represent the means and standard errors of the mean (SEM). Significant differences
from the baseline values are indicated by asterisks (* = p <0.05; exact p values are indicated in the text).

2.2. Danicamtiv Improved Left Ventricular Contractile Function In Vivo

The relevant LV systolic contractile parameters, including LVEF (from 79.76 & 1.24 to
89.36 £ 0.99%, p < 0.001), fractional shortening (FS) (from 50.58 £ 1.30 to 63.57 &= 1.47%,
p <0.001), and stroke volume (SV) (from 243.89 £ 10.07 to 290.56 + 20.26 uL, p = 0.012) in-
creased significantly upon the intravenous administration of 2 mg/kg danicamtiv
(Figure 2A-C). In addition, cardiac output (CO) also increased (from 61.40 £ 2.99 to
72.45 £ 5.04 mL/min, p = 0.026) (Figure 2D), supporting the positive inotropic effect of the
drug, and the consequent hemodynamic improvement.
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Figure 2. Danicamtiv augmented left ventricular systolic function. Danicamtiv improved LV systolic
contractile parameters: LV ejection fraction (EF) (A), fractional shortening (FS) (B), and stroke volume
(SV) (C). Cardiac output also increased upon danicamtiv administration (D). (The construction of
panels is identical with those in Figure 1C,D). * =p < 0.05.
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2.3. Danicamtiv Increased Contraction Durations in Rats and Canine Cardiomyocytes

Both systolic durations (from 88.64 & 1.83 to 106.00 £ 3.30 ms, p = 0.0001) and systolic
ejection time (SET) were significantly prolonged upon danicamtiv treatments in rats (from
72.28 £ 1.53 to 87.14 & 3.05 ms, p < 0.001) (Figure 3A,B). Similarly, a progressive prolonga-
tion in contraction duration (Figure 3C) and in the time to peak interval (Figure 3D) were
observed upon increasing danicamtiv concentrations in canine cardiomyocytes (0.64 £ 0.03,
0.78 + 0.06,0.94 = 0.06, 1.02 = 0.06, 1.45 + 0.08 and 2.06 £ 0.22 s, at 0.01, 0.1, 0.3, 0.5, 1, and
2 uM danicamtiv concentrations, vs. 0.66 £ 0.03 s (Control), respectively, p < 0.001 for drug
concentrations > 0.3 uM for contraction duration; and 0.49 + 0.02, 0.69 £ 0.09, 1.00 & 0.10,
1.19 £+ 0.08, 1.04 £ 0.06, and 1.57 &+ 0.21 s, at 0.01, 0.1, 0.3, 0.5, 1, and 2 uM danicamtiv
concentrations vs. 0.51 + 0.02 s (Control), respectively, p = 0.029, p = 0.004, p < 0.001 and
p <0.001 for 0.3, 0.5, 1, and 2 uM drug concentrations for time to peak interval). Echocar-
diography revealed a significant decrease in the duration of diastole (from 152.20 & 4.19 to
133.00 £ 4.66 ms, p = 0.008) (Figure 3E), which was also evidenced by a marked decrease
in the ratio of diastolic to systolic durations (from 1.73 =+ 0.06 to 1.28 & 0.07, p < 0.001,
Figure 3F).
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Figure 3. Danicamtiv increased the durations of systoles and decreased the durations of diastoles.
Danicamtiv prolonged both systolic durations and systolic ejection time (A,B). When danicamtiv was
added to the tissue chamber in different concentrations (0.01 uM to 2 pM), a progressive increase in
contraction duration and time to peak interval could be observed (C,D). The results of individual
experiments are shown in the insets. The symbols represent the mean and standard error of the mean.
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Significant differences from the baseline values upon application of danicamtiv are indicated by
asterisks. Danicamtiv decreased diastolic duration (E) with a consequent decline in the ratio of
diastolic to systolic durations (F). (The construction of panels is identical with the corresponding ones
in Figure 1). * =p < 0.05.

2.4. Danicamtiv Decreased Myocardial Contraction Kinetics Both In Vivo and In Vitro

When danicamtiv was applied to rats, a significant decrease in LV peak radial systolic
velocity (from 3.50 £ 0.13 to 2.67 £+ 0.17 cm/s, p < 0.001, N =9, Figure 4A) and contrac-
tion velocity (M-mode slope) (from 3.32 £ 0.23 to 2.30 & 0.11 cm/s, p = 0.008, N = 10
Figure 4B) were observed. The lengthening of LV contractions could be attributed to the
slower kinetics of cardiomyocyte contraction (from 1.16 £ 0.10 to 1.02 £ 0.12, 0.85 = 0.09,
0.76 + 0.08, 0.68 & 0.08, 0.39 & 0.07, and 0.18 £ 0.03 um/s, respectively) with increasing
danicamtiv concentrations (control, 0.01, 0.1, 0.3, 0.5, 1, and 2 puM, respectively) significant
at danicamtiv concentrations 0.5, 1, and 2 uM, p = 0.021, p < 0.001 and p < 0.001 (Figure 4C).
Upon danicamtiv administration, both global longitudinal strain (from —24.22 &+ 1.30 to
—33.27 £ 1.45%, p < 0.001, Figure 4D) and global circumferential strain (from —54.58 + 3.28
t0 59.29 £ 3.36%, p = 0.015, Figure 4E) decreased significantly, thus indicating LV systolic
function improvement. In addition, a marked increase in the pulmonary vein atrial reversal
flow velocity (from 136.70 & 11.35 to 201.10 & 24.85 mm/s, p = 0.008) and atrial reversal
flow duration (from 20.27 & 0.77 to 28.10 £ 2.24 ms, p = 0.004) were observed, which
indicate an augmentation of the left atrial systolic function. No significant changes were
seen in the aortic or pulmonary artery mean and peak velocities or gradients developed
during danicamtiv treatments (Table 1).

Table 1. Echocardiographic and electrocardiographic parameters measured at baseline and following
danicamtiv administration in rats.

Parameters

Baseline (n = 14) Danicamtiv (n = 14) p Value (Baseline vs.

Danicamtiv)
Echocardiography

LV volume—systole (uL) 61.53 +£4.23 35.7 £4.77 <0.001
LV volume—diastole (uL) 3054 +11.2 326.1 +23.9 0.327
LV anterior wall thickness—systole (mm) 3.17 + 0.09 349 +0.14 0.034
LV anterior wall thickness—diastole (mm) 1.76 £ 0.22 1.65 £0.26 0.171
LV posterior wall thickness—systole (mm) 324 +£0.12 3.69 = 0.09 0.003
LV posterior wall thickness—diastole (mm) 1.93 4+ 0.08 1.92 + 0.08 0.867
Aorta peak systolic velocity (mm/s) 899.3 + 35.7 936.7 + 41.2 0.276
Aorta mean systolic velocity (mm/s) 547.8 - 29.8 511.14+354 0.213
Aorta peak pressure gradient (mmHg) 3.30 £0.26 3.59 £0.31 0.248
Aorta mean pressure gradient (mmHg) 1.30 £ 0.15 111 £0.17 0.178
Pulmonic vein atrial reverse flow (mm/s) 136.7 £ 11.4 201.1 £24.9 0.008
Pulmonic vein atrial reverse flow duration (ms) 20.27 +£0.77 28.10 + 2.24 0.004
Mitral E wave deceleration time (ms) 57.57 £2.53 51.09 + 2.63 0.134
Mitral valve septal e’ (mm/s) 40.47 £ 2.44 36.36 4= 2.36 0.051
Mitral valve septal a’ (mm/s) 3521 +1.74 42.24 +£2.27 0.070
Mitral valve septal e’/a’ 1.21 £ 0.11 0.874 £ 0.10 0.014
Tei index 0.60 £ 0.04 0.50 + 0.03 <0.001
E/e’ ratio 18.79 +£1.31 19.53 £+ 1.69 0.549
Isovolumic contraction time (ms) 14.50 + 0.53 14.50 + 0.91 0.999

Isovolumic relaxation time (ms) 27.79 £1.77 2871 £2.22 0.450
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Table 1. Cont.

p Value (Baseline vs.

Parameters Baseline (n = 14) Danicamtiv (n = 14) . .
Danicamtiv)
Electrocardiography
Heart rate (bpm) 251 £ 15 249 £+ 14 0.715
PQ interval (s) 0.048 4+ 0.004 0.051 £ 0.004 0.245
QRS duration (s) 0.017 + 0.003 0.017 £ 0.002 0.869
QT interval—corrected to heart rate (s) 0.042 £ 0.002 0.042 £ 0.001 0.577
T wave amplitude (mV) 0.13 £+ 0.02 0.13 + 0.03 0.477
A Peak radial systolic velocity B Contraction velocity (M mode slope)
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Figure 4. Danicamtiv decreased LV and cardiomyocyte contraction kinetics. The LV peak radial
systolic velocity and contraction velocity (M-mode slope) decreased significantly upon danicamtiv
administration (A,B). Cardiomyocyte contraction kinetics were also slowed down by danicamtiv (C).
Global longitudinal and circumferential strain were decreased significantly by danicamtiv (D,E). (The
construction of panels is identical with the corresponding ones in Figure 1). * =p < 0.05.



Int. J. Mol. Sci. 2023, 24, 446

borbely.attila.1 300 24

8of 17

2.5. Danicamtiv Impaired Diastolic Function

Danicamtiv’s administration was associated with a significant decrease in the early (E)
transmitral filling velocity (from 720.92 & 11.87 to 645.92 4= 29.17 mm/s, p = 0.013) and an in-
crease in the late (A) transmitral filling velocity (from 379.24 £ 19.00 to 506.93 + 37.81 mm/s,
p = 0.003, Figure 5A-D). The consequent decrease in the E/A ratio (from 1.97 £ 0.10 to
1.38 £ 0.10, p = 0.0003, Figure 5E) indicated an elevation in left ventricular filling pressures.
The tissue doppler imaging (TDI) velocities (i.e., mitral valve septal early (a’) and late (e”)
filling tissue velocities) tended to change similarly to the mitral E and A wave velocities
(Table 1). The changes in the TDI e’/a’ ratio further support the altered mitral inflow pattern
upon danicamtiv administration. Nevertheless, the isovolumic relaxation time (IVRT) was
not altered by danicamtiv. Of note, the alterations in the indices of ventricular diastolic
function were mirrored by the slower relaxation velocities in isolated cardiomyocytes (i.e.,
from the drug-free control of 1.63 £ 0.15 pm/s, to 1.48 + 0.20, 1.39 £+ 0.13, 1.13 £ 0.12,
0.98 £ 0.11, 0.48 £ 0.10, and 0.20 £ 0.05 um/s, with increasing danicamtiv concentrations;
0.01,0.1,0.3,0.5, 1, and 2 puM, respectively, p < 0.001 at danicamtiv concentrations > 1 uM
Figure 5G).
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Figure 5. Danicamtiv impaired LV diastolic function and relaxation kinetics. Pulsed-wave Doppler
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imaging at the mitral valve was used to determine the early/atrial inflow ratio (E/A) (representative
individual recordings in panel (A) for control and presence of danicamtiv in panel (B)). Danicam-
tiv negatively affected LV diastolic filling in the rat (C-E) Consistent with the echocardiographic
measurements, danicamtiv significantly decreased relaxation kinetics in freshly isolated canine LV
cardiomyocytes (F,G). The IVRT remained unaltered. Cardiomyocytes were treated with danicamtiv
(0.01, 0.1, 0.3, 0.5, 1, and 2 uM) during the measurements. (The construction of panels is identical
with the corresponding ones in Figure 1). * =p < 0.05.

2.6. Danicamtiv Did Not Affect the Time Courses of Ca’* Transients and Had No Proarrhytmic Effects

During the cumulative administration of danicamtiv (0.01, 0.1, 0.3, 0.5, 1, and 2 uM)
no changes in the amplitudes and durations of Ca?* transients were observed (Figure 6A,B).
Moreover, no changes could be detected when the kinetic parameters of Ca?* transients
were studied (data not shown). When electrocardiac parameters were analyzed (heart rate,
PQ, QRS duration, QT interval, and T wave amplitude), no relevant changes or arrhythmias
were observed upon danicamtiv application (Table 1).

Ca?* transient amplitudes Ca?* transient durations
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£
8
£ 3 0.8
g Zos
£ 2 g
2 = 0.4-
g s S J
o~ 1'
@ 0.2-
3
w

0

Y

S &S s
0°°‘ ¥ QT‘Q 0’3‘"} e?’Q SRS
Figure 6. Danicamtiv did not alter intracellular Ca?* transients in canine cardiomyocytes. Ca?*
transients were recorded in parallel with contractile parameters. No significant differences were

observed in the Ca2* transient amplitudes (A) and durations (B) with danicamtiv.

3. Discussion

The results of our present investigations illustrate danicamtiv, a new direct myosin
activator with an apparent coupling between its systolic and diastolic effects. Our data
extend previous danicamtiv-related observations and shed new light on its characteristics
for a potential future clinical application as a positive inotrope.

Targeted disease-modifying therapies appear as emerging new strategies in current
HF guidelines to treat cardiomyopathies [3]. The myosin inhibitor mavacamten by inter-
fering with the hypercontractile state of cardiomyocytes may also temper remodeling in
hypertrophic cardiomyopathy [19,20]. However, there is no specific therapy for dilated
cardiomyopathy (DCM) to date. This fact and the experience with OM have encouraged
the development of the second myosin activator, with danicamtiv reaching the clinical
stage [19,21].

The binding site of direct myosin activators is located on the S1 domain of the (3-
myosin heavy chain in the cardiomyocytes of canine and rodent hearts. Of note, danicamtiv
(similarly to OM) had no effect on intracellular Ca®* transients in cardiomyocytes, suggest-
ing that the above drug-target interaction is solely responsible for its cardiotonic effects. It
follows that danicamtiv-evoked contractile responses will be largely comparable in dogs
and rats, as has been formerly also evidenced for OM in identical canine and rodent cardiac
preparations [22]. Here, we decided to conduct our cellular physiological experiments
in canine cardiomyocytes considering their electrophysiological similarity to human car-
diomyocytes [23], and to complement our investigations at the organ level in rats as current
echocardiographic technologies allow high-quality imaging in small mammals [24].
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The pathophysiological processes occurring in HFrEF lead to significant declines
in contractility with manifest reductions of SV [25]. Positive inotropic agents have been
considered for the compensation of this cardiac malfunction both in acute and chronic
HEFrEF for several decades [4,5,22]. Conventional calcitropes increase intracellular Ca?t
levels, oxygen consumption, and also mortality in the long term [26-28]. In contrast, direct
myosin activators exert an allosteric effect on the myosin ATPase, thus allowing more actin-
myosin contacts to be formed for an unchanged intracellular Ca?* transient, a mechanism
that supposedly avoids the above side effects.

Here, we performed comprehensive experiments and showed that danicamtiv has
major effects on both the systolic and diastolic functions of enzymatically isolated intact
canine LV cardiomyocytes in vitro and in rat hearts in vivo. Danicamtiv evoked a significant
decrease both in systolic and diastolic SL in our in vitro experiments, similarly to OM [10,29].
The reduction in diastolic SL could be associated with an increase in cardiomyocyte passive
tension, measured at low (diastolic) Ca?* levels, which has been also demonstrated during
OM administration [10]. Of note, an increase in passive tension served as an explanation
for LV diastolic dysfunction in patients with HF with preserved EF (HFpEF) [30]. The
above data on OM and the results of a preclinical investigation on cardiac S1 myosin with
omecamtiv and danicamtiv are suggestive of an increase in the myosin ATPase rate even at
diastolic Ca®* levels by direct myosin activators [11,20].

Our current assessment on LV contractility revealed significant increases in FS, SV,
EE, and CO upon danicamtiv administration, similarly to previous findings obtained with
OM [7]. In contrast to OM, which decreased both EDD and ESD in humans [7], here we
found that danicamtiv decreased only ESD but not EDD in rat hearts. These findings are in
accordance with the preclinical data of an experimental canine model of HF, and to some
degree also with the results of a clinical phase 2a trial, where EDD appeared somewhat less
sensitive for danicamtiv than ESD [13]. In a recent study, where the effects of danicamtiv
and OM were compared in a human engineered myocardium, danicamtiv led also to a
greater augmentation of systolic contraction with less negative effects on relaxation [17].
Increased LV filling pressure is known to be compensated by an increase in atrial contractile
function. In the case of danicamtiv, this phenomenon was well reflected by a significant
increase in the transmitral A wave and a decrease in the E wave; thus, a characteristic
alteration in the E/A ratio, a major parameter of diastolic function. Accordingly, these
changes might be sufficient to compensate for an adequate LV filling. Taken together, our
data and that of others implicate higher gains in SV and CO and more favorable diastolic
effects for danicamtiv than for OM. Moreover, we propose that the apparent discrepancy
between the danicamtiv-evoked decrease in the diastolic SL of unloaded cardiomyocytes
and the unchanged EDDs is the consequence of danicamtiv-aided atrial compensation
during LV filling.

The in vivo and in vitro results with danicamtiv showed similarities when comparing
the kinetic parameters of the contraction and relaxation of canine cardiomyocytes to those
of systolic and diastolic durations in rat LVs: i.e., contraction kinetics was significantly
slowed down in vivo, while time to peak and contraction time values were significantly
increased in vitro. The increase in systolic ejection time and systolic contraction time
appear as hallmarks of myosin activators, as was shown first for OM treatments [11,22].
Of note, an increased systolic time results in a shortened diastolic duration, so that the
ratio of diastolic to systolic durations will also be affected by danicamtiv treatment, with
potential implications for coronary perfusion and troponin release. In contrast to the
effects of OM in humans [7], the isovolumic contraction time (IVCT) and IVRT were not
affected by danicamtiv in rat hearts. Nevertheless, SET was significantly increased by
danicamtiv, suggestive for an improvement in the myocardial performance index (Tei
index) by danicamtiv.

Novel echocardiographic parameters, such as peak radial systolic velocity from strain
analysis and the conventional M-mode slope, were also consistent with kinetic parameters
measured in canine cardiomyocytes in vitro. Here, we evaluated myocardial strain and
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velocity by using speckle tracking (STE, non-Doppler, or 2-dimensional strain) echocar-
diography. Strain rate imaging is a novel approach for assessing myocardial function and
has not been included in routine diagnostic methods yet. It is important to note that strain
echocardiography, especially in small animals, has also been also less studied, although it
provides a very sensitive approach to detect alterations in LV function. Myocardial velocity
and strain can be also measured by TDI, though STE 2D-strain is considered to be a superior
technique since, in contrast to TDI, the obtained results are angle-independent [31]. In
general, data obtained by 2D-strain show a good correlation with sonomicrometry and
magnetic resonance imaging (MRI), the gold-standard tool of myocardial deformation
and volume analysis [31]. Here, danicamtiv treatment was shown to decrease the contrac-
tion velocity of the myocardium, which was also confirmed by a significant decrease in a
2D-strain parameter, the peak radial systolic velocity.

Additionally, 2D-strain echocardiography seems to be a more sensitive tool to assess
LV function than measuring EF by classical methods. For example, it has been reported
that global longitudinal strain or circumferential strain (GLS or GCS, respectively) can con-
vincingly detect systolic dysfunction even when EF is normal [32]. In our present study, the
effects of danicamtiv on LV systolic function were evaluated not only by standard methods
(measuring EF, FS, SV, CO, and aortic velocities) but also by 2D-strain echocardiography.
We found significantly decreased GLS and GCS values in danicamtiv-treated rat hearts,
further confirming the positive effects of the drug on LV contractility as was also reported
for danicamtiv in a phase 2a trial in HFrEF patients and in a dog model of HFrEF [13].

It is to be acknowledged that extrapolation of our results to the failing heart could be
limited by the fact that our investigations were carried out on the cardiac preparations of
healthy animals. Nevertheless, our results are in accord with those performed in a canine
model of heart failure and in a phase 2a trial on danicamtiv [13].

Taken together, the cardiac effects of OM and danicamtiv are largely similar: both
compounds effectively enhance LV systolic function, although they can also limit LV
diastolic function. The data presented here implicate advantages for danicamtiv over OM,
since danicamtiv did not affect IVRT or IVCT. Moreover, left atrial contractile function was
enhanced at a relatively low danicamtiv concentration. To our knowledge, similar effects
have not been reported for OM yet.

4. Materials and Methods
4.1. Animals
4.1.1. In Vitro Experiments

Cardiomyocytes with intact membranes isolated from adult mongrel dogs (N = 6
weighed 10.00 £ 3.03 kg (6 to 14 kg), aged 15.03 £ 1.02 months (13.9 to 16.9 months))
were anesthetized with intramuscular injections of ketamine hydrochloride (10 mg/kg;
Calypsol, Richter Gedeon, Hungary) and xylazine hydrochloride (1 mg/kg; Sedaxylan,
Eurovet Animal Health BV, The Netherlands) according to a protocol approved by the local
Animal Care Committee (2/2020/DEMAB).

4.1.2. In Vivo Experiments

In vivo experiments were performed on 8-12-week-old adult Sprague-Dawley rats
(417.90 £ 51.95 g, Charles River Laboratories Inc., Wilmington, Germany) and they were
housed in a room with controlled temperature and kept under 12/12 h dark/light cycle.
Rats were anaesthetized with ketamine/xylazine combination (75/5 mg/kg, respectively);
thereafter, chest hair was shaved, tail vein was canulated (the cannula was removed at the
end of the experiments), and animals were positioned in a dorsal position on a heating
pad (39 °C). During echocardiographic examinations, external 3-lead ECG registration was
continuously performed. Danicamtiv was administered intravenously at a dose of 2 mg/kg
according to a protocol approved by the local Animal Care Committee (4-1/2019/DEMAB).
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4.2. Drugs and Chemicals

Chemicals were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). Danicamtiv
was purchased from MedChemExpress (Monmouth Junction, NJ, USA). Stock solutions for
in vitro experiments were prepared in DMSO as solvent and stored at 4 °C. Appropriate
amounts of concentrated stock solutions were dissolved in the bathing medium to obtain
final danicamtiv concentrations of 0.01, 0.1, 0.3, 0.5, 1, and 2 uM for in vitro experiments.
These concentrations were reached by cumulative dosing during the experiments. The
concentration of DMSO in these solutions was 0.1%. The control (danicamtiv-free) vehicle
contained the same amount of DMSO. With regard to in vivo experiments, danicamtiv was
administered intravenously (iv.), dissolved in its special solvent (10% DMSO/90% (20%
SBE-f3-CD in saline)) at a dose of 2 mg/kg. Danicamtiv dose was chosen according to a
previously published pharmacokinetic study [16]. Control experiments were performed
with solutions containing only the vehicle (10% DMSO/90% (20% SBE-B-CD in saline)).

4.3. Isolation of Canine Left Ventricular Cardiomyocytes

Canine cardiomyocytes obtained from adult mongrel dogs were studied, since their
physiological properties are very similar to those of humans. Cardiomyocytes were isolated
from the midmyocardial region of the LV, as was described previously [33,34]. Briefly,
hearts were isolated from anesthetized (ketamine-HCl 10 mg/kg, xylazine-HCI 1 mg/kg)
adult mongrel dogs. Thereafter, the hearts were applied to a perfusion system and the left
anterior descending coronary artery was cannulated. Single cardiomyocytes were obtained
by enzymatic dispersion technique by first using Ca?* free Joklik solution (Minimum
Essential Medium Eagle, Joklik Modification; Sigma-Aldrich Co., St. Louis, MO, USA)
for 5 min, followed by 30 min-long perfusions with Joklik solution containing 1 mg/mL
collagenase (Type II, Worthington Biochemical Co., Lakewood, NJ, USA) and 0.2% bovine
serum albumin (Fraction V, Sigma) added 50 uM Ca?*. Then cells were grounded, and
normal Ca?* concentration was restored progressively. Cells were stored at 15 °C until
the measurements.

4.4. Recording of Intracellular Ca?* Transients and Cardiomyocyte Shortening

Cardiomyocytes were loaded with 5 uM Fura-2 AM Ca?*-sensitive ratiometric fluores-
cent dye for 30 min in the presence of Pluronic F-127 (25 mg/mL) to avoid early elimination
of the dye from the intracellular space. A total of 25 mg Pluronic F-127 was dissolved in
1 mL DMSO and this solvent was used to make a Fura-2 AM stock solution. Cells were then
incubated for 30 min to allow the intracellular esterases to release Fura-2. Cardiomyocytes
were placed in a chamber on the stage of an inverted microscope (Nikon TS-100). The
final volume of the chamber was filled with 1 mL Tyrode solution (containing 144 mM
Na(Cl, 5.6 mM KCl, 2.5 mM CaCly, 1.2 mM MgCl,, 5 mM HEPES, and 11 mM dextrose,
pH = 7.4). After sedimentation, a rod-shaped cardiomyocyte with clear striation, and
acceptable contraction upon field-stimulation was selected for further experiments. Field
stimulation was performed at 0.5 Hz (Experimenta Setup, MDE, Heidelberg). Alternating
excitation wavelengths of 340 nm and 380 nm were used to monitor the fluorescence signals
of Ca?*-bound and Ca?*-free Fura-2 dye, respectively. Fluorescent emission was detected
above 510 nm in the case of both wavelengths, and traces were digitized at 120 Hz using
the FeliX Software (Ratiomaster RM-50 system, Horiba, New Brunswick, NJ, USA) [35].

4.5. Determination of Effects on Diastolic SL, Contractile Parameters, and Ca’* Transients

The experimental protocol was the following: cardiomyocytes were paced at 0.5 Hz for
at least 2-3 min to achieve a steady state at the beginning of each experiment. Da-nicamtiv
was added in a cumulative manner (final concentration of 0.01, 0.1, 0.3, 0.5, 1 or 2 uM)
followed by a 4-7-min incubation period, then contractility was measured upon 0.5 Hz
pacing. Multiple parameters of cardiomyocyte contraction and intracellular Ca®* transients
were assessed. Cardiomyocyte SL was measured in um by a high-speed camera. Duration
of contraction was defined as the time in seconds from the beginning until the end of
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cardiomyocyte contractions and time to peak interval was assessed from the beginning
to the peak of shortenings, also in seconds. Rates of contraction and relaxation were
determined at the linear phases of contractions and relaxations, respectively, and expressed
in um/s. The resting Ca?* level was estimated by Fura-2 ratio (fluorescent intensity ratio
at 340 and 380 nm excitation) at baseline (before cardiomyocyte stimulation). The Ca?*
transient duration was determined as the time interval measured between the 50% of
ascending and descending slope of Ca?* transient. The amplitude of Ca?* transients was
defined as the difference between the peak of Ca?* transients and the resting Ca* levels
(340 nm/380 nm ratio). Ca®* transient increase kinetics was determined as the slope of a
linear regression line fitted to the ascending Ca* transient (340/380*s—1).

4.6. Echocardiography

Echocardiography was carried out using the Vevo 3100 Imaging System including Vevo
Imaging Station (VisualSonics, Amsterdam, Netherlands) equipped with high-frequency
transducer (MX250, 14-28 MHz). Anesthetized rats (ketamine-HCI 10 mg/kg, xylazine-HCl
1 mg/kg) were shaved and placed onto a heated platform (VisualSonics SR200) equipped
with ultra-low noise, high-resolution ECG electronics. The ECG was continuously moni-
tored and recorded (2 min) during echocardiographic examinations. Echocardiographic
imaging was started 5 min after danicamtiv i.v. injection and lasted maximum 15 min. Data
acquisition was performed in B-, 2D-, M-, and Doppler modes, from parasternal long- and
short axis (PSLAX, PSAX, respectively), as well as suprasternal and apical 4 chamber views
(SST, A4C, respectively). Cardiac function was assessed in accordance with the guidelines
of American Society of Echocardiography [36]. The manufacturer’s recommendations for
focus, 2D gain, picture width, and depth were used to optimize B-Mode imaging quality.
Heart rate (HR, bpm) was automatically calculated from the ECG R-R interval data of
5s. Wall thickness and chamber diameters were measured in M-mode, at mid-level of the
papillary muscles, from both PSLAX and PSAX views, left atrial (LA) maximal diameter
(mm), aortic root (Ao) diameter (mm) from M-mode recordings. End diastolic diameter
(EDD, mm) and end systolic diameter (ESD, mm), as well as anterior and posterior LV wall
thickness (mm, LVAWd, LVAWSs, and LVPWd, LVPWs, respectively) and interventricular
septum thickness (IVS, mm) were measured by manually tracing the endo-and epicardial
borders in PSLAX M-mode images. Left ventricle volume in diastole and systole (LVVOLd,
LVVOLs, respectively; pL) were calculated by the software as (7.0/(2.4+EDD))*EDD3, and
(7.0/(2.4+ESD))*ESD3, respectively. The LV ejection fraction (LVEEF, %) was measured as
100*(LVVOLd-LVVOLs)/LVVOLd. Stroke volume (SV, uL) was determined as LVIDd-
LVIDs, and Cardiac Output (CO, mL/min) was estimated as SV*HR. To measure kinetics
of endocardial wall contraction, M-mode velocity at the LVPW wall (MVel, mm/s) was
determined by manually tracing the wall movement on the M-mode images.

Diastolic function was assessed by pulsed-wave Doppler (PWD) and tissue Doppler
imaging (TDI) from apical 4 chamber views at the levels of the mitral valve (MV) and
the septal annulus, respectively. Transmitral early (MV E, mm/s) and late atrial (MV A,
mm/s) peak flow velocities, MV E/ A ratio, and deceleration time (DecT, ms) of the E wave
were determined. Isovolumic contraction time (IVCT, ms), systolic ejection time (SET, ms),
and isovolumic relaxation time (IVRT, ms) were determined in the left ventricular cavity,
where both mitral inflow and left ventricular outflow could be visualized. Myocardial
performance index (MPI) was calculated as the Tei-index (IVRT+IVCT/LVET(SET)). The
length of a cardiac cycle (CL; ms) was determined from R-R distance. Duration of systole
(SystDur; ms) was considered as ET+IVCT, while duration of systole (DiastDur; ms) was
calculated as CL-SystDur. The ratio of the DiastDur/SystDur was also calculated. The PW
Doppler mode was also used to determine aortic flow (Ao) parameters from a modified
suprasternal (aortic arch) view. Aortic velocity time integral (Ao VTI, mm), mean and
peak velocity (Ao mean Vel, Ao peak Vel, mm/s), mean and peak pressure gradient (Ao
mean Grad, Ao peak Grad, mmHg) were calculated by the software after automatically
tracing the borders of the Doppler jet. Similarly, the flow parameters of the pulmonary
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artery (PA) were determined as PA velocity time integral (PA VTI, mm), mean and peak
velocity (PA mean Vel, PA peak Vel, mm/s), mean and peak pressure gradient (PA mean
Grad, PA peak Grad, mmHg; respectively). The pulmonary vein was visualized by using
a modified PSLAX view [37]. Pulmonary vein systolic (PV S, mm/s) and diastolic (PV D,
mm/s) deflections and PV atrial reversal (AR) peak velocity (PV Ar, mm/s) and duration
(PV ARdur, ms) were measured. Tissue Doppler imaging (TDI) was performed at the septal
annulus to evaluate peak tissue velocities at systole (s’, mm/s), and in early (¢’ mm/s) and
late (a’, mm/s) filling. The ratio of E/e” was then determined. Three cardiac cycles were
averaged for each parameter.

4.7. Strain Echocardiography

Strain echocardiographic analysis was carried out offline. According to the Lagrangian
and Eulerian strain tensors of finite deformation theory, the strain (S) of a soft tissue in
each direction is described as the difference between the segment’s initial length and its
changed length, whereas strain rate (SR) is the rate of deformation change over a given time
period. During the conventional echocardiographic imaging, high-frame rate (>200 fps)
traces were recorded from both the parasternal long- and short axis views (PLAX and SAX,
respectively), by a trained investigator. Images were evaluated in slow motion (1/8) before
data storage, to ensure reproducibility. A single observer performed all strain analysis using
the VevoLLAB® software equipped with the VevoStrain® extension (ver. 5.6.0; FUJIFILM
VisualSonics, Amsterdam, The Netherlands). The software displays acquired videos in
configurable slow-motion loops, allowing for suitable analysis even when the HR is high.
Grayscale B-mode pictures were used to measure strain and strain rate parameters. Images
were carefully selected to provide adequate visualization of myocardial borders; endo- and
epicardial borders were traced semi-automatically, with manual adjustment where needed,
to achieve proper quality tracking of each loop. Borders were traced from the mid-basal
level. Longitudinal and radial strain parameters were generated from PLAX view, while
circumferential strain parameters and fractional area change (FAC; %) were assessed from
SAX view images, with papillary muscles excluded from tracing. Ventricular borders
were defined, and the speckle-tracking system assigned circumjacent areas adjacent to
the outlined chamber. The software algorithm estimated velocity (V; cm/s), displacement
(D; mm), strain (S; %), and strain rate (SR; s-1) for each site on the designated line by
following the defined border region (longitudinal and radial strain values were analyzed
at the endocardial border). Speckle-tracking data were visualized in a color-coded map
representing diastolic and systolic deformations, and reconstructed in a 3D image to provide
a better spatio-temporal perception of wall motion. Time-to-peak analysis (TPk) was also
performed to assess local wall motion synchronism, as TPk slope analysis delivers further
information about regional motion and deformation development. For this method, the
myocardium was divided into six anatomic segments, in agreement with the definition of
the American Heart Association. Peak and average radial systolic velocity values (cm/s),
global longitudinal strain (GLS; %), global circumferential strain (GCS; %), and fractional
area change (FAC; %) after i.v. danicamtiv administration were analyzed and compared to
baseline values of each animal [37-41].

4.8. Electrocardiogram

Three lead ECG recording was performed in parallel with the echocardiographic
examinations. After anesthesia, animals were placed in a dorsal position and leads were
positioned subcutaneously. LabChart Reader v8.1.14 software was used to evaluate ECG
recordings. The following parameters were considered for the evaluation: heart rate,
PQ interval, QRS duration, QT time, corrected QT interval, T-wave amplitude. For the
evaluation, 6 consecutive cardiac cycles were averaged for each parameter, and data are
presented as mean £ SEM.
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4.9. Data Analysis and Statistics

Results were evaluated and graphs were created in the GraphPad Prism 9.0 software
(GraphPad Software, San Diego, CA, USA). As for cellular measurements the number of
experiments in each group varied between 9 and 14 from 6 different hearts. Background
fluorescence intensity levels were obtained at the end of the measurements on a region with-
out cardiomyocytes and manually subtracted the fluorescence intensities for background
correction. Fourteen rats were measured before and after iv. treatment of da-nicamtiv. For
all experiments, values were evaluated for normality (Kolmogorov-Smirnov normality
test) and were then evaluated by paired t-tests, ordinary one-way ANOVA, or Kruskal-
Wallis test with multiple comparisons as appropriate. Group descriptions are given as
mean + SEM values. Statistical significance was accepted at p < 0.05; exact p values are
indicated in the results section (rounded to three decimal places).

5. Conclusions

Danicamtiv has the potential to augment LV systolic function in the absence of an
increase in the amplitude of the intracellular Ca?* transient. Although the administration
of danicamtiv inherently affects LV diastolic function, this effect may be less prominent for
danicamtiv than for OM. To some degree, this difference may relate to danicamtiv’s evoked
augmentation in atrial contractility. Moreover, limitations in diastolic function appear as a
class-effect during the application of direct myosin activators. Accordingly, considerable
attention should be paid to the stratification the of LV diastolic function in patients treated
with danicamtiv.
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