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1. WSTEP

Niniejsza rozprawa doktorska pt. ,,Czynniki modulujace progresje stenozy aortalnej —
zwigzki z zapaleniem, aktywacja uktadu krzepniecia/fibrynolizy 1 kalcyfikacja”, powstata
w oparciu o cykl pieciu artykuléw opublikowanych w miedzynarodowych czasopismach
naukowych indeksowanych w bazie PubMed oraz znajdujacych sie na liscie Journal Citation
Reports (Thomson Reuters).

Na prace doktorska sktadaja si¢ nastepujace artykuly:

1. Kopytek M, Zabczyk M, Mazur P, Undas A, Natorska J. Accumulation of advanced
glycation end products (AGEs) is associated with the severity of aortic stenosis in patients
with concomitant type 2 diabefes. Cardiovasc Diabetol. 2020, 19: 92. doi:
10.1186/512933-020-01068-7. (wspodtczynnik oddziatywania [impact factor, IF] = 9,951,
liczba punktow wedlug wykazu czasopism naukowych Ministra Nauki 1 Szkolnictwa
Wyzszego z dnia 21 grudnia 2021 r. [MNiSW] = 140 pkt.)

2. Kopytek M, Mazur P, Zabczyk M, Undas A, Natorska J. Diabetes concomitant to aortic
stenosis is associated with increased expression of NI*-kB and more pronounced valve
calcification. Diabetologia. 2021; 64: 2562-2574. doi: 10.1007/s00125-021-05545-w.
(IF=10,460; MNiSW=140 pkt.)

3. Kopytek M, Zabczyk M, Mazur P, Siudut J, Natorska J. Oxidized phospholipids
associated with lipoprotein(a) contribute to hypofibrinolysis in severe aortic stenosis. Pol
Arch Intern Med. 2022; 132: 16372. doi: 10.20452/pamw.16372. (IF=5,218;
MNiSW=140 pkt.)

4. Kopytek M, Zabczyk M, Mazur P, Undas A, Natorska J. PAI-1 Overexpression in
Valvular Interstitial Cells Contributes to Hypofibrinolysis in Aortic Stenosis. Cells. 2023;
12: 1402. doi.org/10.3390/cells12101402. (IF=7,666; MNiSW=140 pkt.)

5. Natorska J, Kopytek M, Undas A. Aortic valvular stenosis: Novel therapeutic strategies.
Eur J Clin Invest. 2021; 51: e13527. doi: 10.1111/eci.13527. (IF=5,722; MNiSW=100
pkt.).

Laczna wartos¢ IF czasopism, w ktorych ukazaty sie sktadowe cyklu, wyniosta 39,017
wedlug Thomson Reuters Journal Citation Reports. Teksty artykuldw zamieszczone sa

W niniejszej rozprawie w wersjach autorskich, bedacych w pelni zgodnymi z wersjami

ostatecznymi, ktore ukazaly si¢ drukiem w czasopismach.



2. WYKAZ SKROTOW

AGE, advanced glycation end products, koncowe produkty zaawansowanej glikacji
Apo(a), apolipoprotein(a), apolipoproteina(a)

AS, aortic stenosis, stenoza aortalna

AVA, aortic valve area, pole powierzchni ujscia zastawki

BAY 11-7082, nuclear factor kappa B inhibitor, inhibitor jadrowego czynnika kappa B
BMI, body-mass index, wskaznik masy ciata

BMP, bone morphogenetic proteins, bialka morfogenetyczne kosci

Cl, confidence interval, przedziat ufnosci

CLT, clot lysis time, czas lizy skrzepu

CRP, C-reactive protein, biatko C-reaktywne

DMT?2, type 2 diabetes mellitus, cukrzyca typu 2

F1+2, prothrombin fragments 1+ 2, fragmenty F1+2 protrombiny

FIL, prothrombin, protrombina

FVIla-AT, active factor VIla—antithrombin complex, kompleks czynnika VII aktywnego i
antytrombiny

FXa, active factor X, aktywny czynnik X

HbA., glycated hemoglobin, hemoglobina glikowana

IL-6, interleukin 6, interleukina 6

IQR, interquartile range, rozstep miedzykwartylowy

LDL, low-density lipoprotein, lipoproteiny o niskiej gestosci

Lp(a), lipoprotein(a), lipoproteina(a)

NAC, N-acetyl-L-cysteine, N-acetylo-L-cysteina

NF-kB, nuclear factor kappa B, jadrowy czynnik kappa B

OxLDL, oxidized low-density lipoprotein, utlenione lipoproteiny o niskiej gestosci
OxPL, oxidized phospholipids, utlenione fosfolipidy

PAI-1, plasminogen activator inhibitor 1, inhibitor aktywatora plazminogenu 1

PCR, polymerase chain reaction, tahcuchowa reakcja polimerazy

PGmax, maximal transvalvular pressure gradient, maksymalny gradient ci$nienia przez
zastawke

PGmean, mean transvalvular pressure gradient, Sredni gradient ci$nienia przez zastawke
RAGE, receptor for advanced glycation end products, receptor dla koncowcyh produktow

zaawansowane] glikacji



RELA, gene symbol for NF-xB, symbol genu dla NF-xB

ROS, reactive oxygen species, reaktywne formy tlenu

SERPINE]1, gene encoding PAI-1, gen kodujacy PAI-1

sRAGE, soluble RAGE, rozpuszczalna izoforma RAGE

TAFI, thrombin activatable fibrinolysis inhibitor, inhibitor fibrynolizy aktywowany trombing
TF, tissue factor, czynnik tkankowy

TGF-B, transforming growth factor p, transformujacy czynnik wzrostu 3

TMS275, PAI-1 activity inhibifor, inhibitor aktywnosci PAI-1

TNF-a, tumor necrosis factor a, czynnik martwicy nowotworow o,

tPA, tissue plasminogen activator, tkankowy aktywator plazminogenu

uPA, urokinase-type plasminogen activator, urokinazowy aktywator plazminogenu
Vmax, peak transvalvular velocity, szczytowa predkos¢ przeptywu przez zastawke

VICs, valve interstitial cells, komorki §rédmiazszowe zastawki aortalnej



3. PODSUMOWANIE PRACY DOKTORSKIEJ
3.1. WPROWADZENIE

Stenoza aortalna (aorfic stenosis, AS) jest zwigzana ze zmniejszeniem powierzchni
ujscia zastawki aortalnej (aortic valve area, AVA) 1 ruchliwosci jej ptatkbw w wyniku
gromadzenia si¢ hydroksyapatytu wapnia. Konsekwencja tej wady jest uposledzona zdolnos¢
wyrzutu krwi z lewej komory serca do aorty. AS jest najczestszg nabyta wada zastawkowa
serca w krajach zachodnich, bez mozliwosci leczenia farmakologicznego [1]. Czestos¢
wystepowania ciezkie] postaci AS u pacjentow w wieku powyzej 65 lat wynosi 3,4% [1].
Szacuje sie, ze do 2030 roku na caltym $wiecie istotna hemodynamicznie AS zostanie
zdiagnozowana u okoto 4,5 miliona ludzi [2]. Wymiana zastawki aortalnej, chirurgiczna lub
przezskorna, jest jedynym sposobem leczenia AS.

Przez wiele lat uwazano, ze patogeneza AS jest tozsama z procesem powstawania
blaszki miazdzycowej. Koncepcja ta byla poparta badaniami epidemiologicznymi
wskazujagcymi, ze wystepowanie AS jest zwigzane z czynnikami ryzyka sercowo-
naczyniowego, takimi jak zaawansowany wiek [3], hipercholesterolemia, cukrzyca,
nadcis$nienie tegtnicze [4], pte¢ meska oraz palenie papieroséw [5]. Obecnie wiadomo, ze
procesy te roznig si¢, gtownie ze wzgledu na obecnos$¢ z zastawkach aortalnych komorek
srodmiazszowych zastawki (valve interstitial cells, VICs), bedacych miofibroblastami [6].
VICs sa zrodlem wielu cytokin prozapalnych, przeciwzapalnych, czynnikow
chemotaktycznych oraz proteinaz, ktore w sposdb czynny moduluja procesy zachodzace
podczas rozwoju 1 progresji AS [6,7].

Poczatkowym etapem wapnienia zastawki aortalnej jest uszkodzenie $rddblonka
w wyniku obcigzenia mechanicznego 1 dzialania sit scinajacych (ang. shear stress) [8-10].
W uszkodzonych zastawkach gromadza si¢ utlenione lipoproteiny o matej gestosci (oxidized
low-density lipoprotein, OXLDL), a ich fagocytoza przez naciekajace makrofagi prowadzi do
tworzenia si¢ komoérek piankowatych [8,11-13]. Wapnienie postepuje, gdy w warunkach
patologicznych dochodzi do chronicznej aktywacji komorek VICs, stanowiacych gléwna
populacje komorek ptatkow zastawek aortalnych, ktére ostatecznie rdznicuja sie¢ w komorki
osteoblastopodobne [7]. Aktywowane komodrki VICs reaguja na typowe mediatory
osteogenne, takie jak transformujacy czynnik wzrostu B (fransforming growth factor f, TGF-
B) 1 biatka morfogenetyczne kosci (bone morphogenetic proteins, BMP) [12,14]. Po aktywacji
VICs zmieniajg swoj fenotyp 1 charakteryzuja sie ekspresja specyficznych markeréw, takich

jak oa-aktyna dla miofibroblastéw (roznicowanie chondrogenne) oraz fosfataza alkaliczna,



osteopontyna, sialoproteina kostna 1 BMP-2 oraz BMP-4 dla fibroblastow
osteoblastopodobnych (réznicowanie osteogenne) [7]. Regulacja wapnienia zastawki aortalnej
podlega kontroli jadrowego czynnika transkrypcyjnego kappa B (nuclear factor kappa B, NF-
kB), bedacego jednocze$nie gldéwnym modulatorem odpowiedzi zapalne;. NF-kB jest
aktywowany migdzy innymi przez czynnik martwicy nowotworow o (fumor necrosis factor a.,
TNF-a), ktory jest wydzielany przez monocyty i makrofagi, co w konsekwencji prowadzi do
wapnienia zastawek poprzez stymulacj¢ BMP-2 [12,14].

Jednym z czynnikéw modulujgcych AS jest wystepowania cukrzycy typu 2 (fype 2
diabetes mellitus, DMT2). Liczne badania wykazaly, ze czestos¢ DMT2 jest wyzsza wsrod
pacjentow z AS niz w populacji ogdlnej 1 waha si¢ miedzy 11,4% a 15,8% [15-17]. Culler
i wsp. [15] pokazali, ze w Stanach Zjednoczonych w latach 2009-2015 czgstosc
wystepowania DMT2 u pacjentéw z AS wzrosta z 19,7% do 31,6%. Podobne wyniki
odnotowano w populacji hiszpanskiej podczas 15-letniej obserwacji [17]. Ponadto
zauwazono, ze DM zwigksza ryzyko wapnienia zastawek 1 przyspiesza progresje AS [18].
W duzym badaniu kohortowym obejmujacym 1,12 mln os6b obserwowanych $rednio przez
13 lat, wystepowanie DM wiazato si¢ z 49% wyzszym ryzykiem rozwoju AS [19]. Jednak
niewiele wiadomo na temat mechanizméw lezacych u podstaw wplywu hiperglikemii na stan
zapalny 1 kalcyfikacje zastawek aortalnych u chorych z AS. Nasz Zespol zaobserwowal
zwigkszong zastawkowa ekspresje biatka C-reaktywnego (C-reactive protein, CRP) 1 jego
mRNA u pacjentéw z AS 1 wspotistniejaca DMT2 w poréwnaniu z osobami bez DMT2,
a obszary immunopozytywne dla CRP dodatnio korelowaly z mRNA dla czynnika
tkankowego (fissue factor, TF) [20]. Dane te wskazuja, ze towarzyszaca DMT2 u chorych
z AS prowadzi do nasilonego stanu zapalnego w stenotycznych zastawkach 1 jest zwigzana
ze zwiekszong ekspresja czynnikdw krzepnigcia.

U pacjentow z DM istotng role odgrywa stres oksydacyjny 1 zwigzane z tym
nagromadzenie reaktywnych form tlenu (ROS), glukozy czy zwigzkéw karbonylowych, ktore
prowadzi do zaburzen w metabolizmie komorkowym 1 sprzyja powstawaniu koncowych
produktow zaawansowanej glikacji (advanced glycation end products, AGE) [21]. AGEs sa
heterogenng grupa czasteczek, ktore powstaja w wyniku nieenzymatyczne] modyfikacji biatek
przez cukry redukujace, przewaznie glukoze. Do bialek szczegolnie poddatnych na dziatanie
AGEs naleza kolagen, hemoglobina czy albuminy osocza [22-24]. Warto zauwazy¢, ze wraz
ze wzrostem liczby wigzan krzyzowych obecnych w AGEs, wzrasta ich odpornos¢ na
proteolize, co utrudnia ich usuwanie i prowadzi do ich akumulacji w organizmie [21]. AGEs

zmieniaja funkcje tkanek i ich wlasciwosci mechaniczne poprzez sieciowanie biatek [22-24],
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a poprzez wiazanie si¢ z receptorem RAGE (receptor for advanced glycation end prodiicts)
na powierzchni komorek, sg zdolne do modulowania wielu procesow wewnatrzkomorkowych
[25]. Zaobserwowano, ze AGEs wpltywaja na rozwoj 1 progresj¢ miazdzycy przez sieciowanie
biatek strukturalnych, prowadzac do pogrubienia btony podstawnej naczyn krwionosnych
[11], zatrzymania lipoprotein w $cianach naczyn [17] 1 indukcje stresu oksydacyjnego [26].
Pomimo licznych doniesien o udziale AGEs 1 RAGE w patogenezie choréb sercowo-
naczyniowych niewiele wiadomo o mechanizmach, za pomoca ktorych zwigzany
z hiperglikemig wzrost AGEs i RAGE wplywa na stan zapalny 1 wapnienie platkow zastawek
aortalnych. W zwigzku z tym, postanowiliSmy zbada¢ u pacjentow z cigzka AS
1 wspolistniejaca DMT2, poziom dlugoterminowych wskaznikéw glikemii takich jak
fruktozamina 1 hemoglobina glikowana (glycated hemoglobin, HbAi.) we krwi obwodowe;,
jak 1 akumulacje AGEs 1 RAGE w stenotycznych zastawach.

Najlepiej poznanym procesm zwigzanym z rozwojem i progresja AS jest akumulacja
w obrebie ptatkow zastawek lipidéw 1 lipoprotein, takich jak LDL, OxLDL, utlenione
fosfolipidy (oxidized phospholipids, OxPLs) oraz lipoproteina(a) (/lipoprotein(a), Lp(a))
[11,27-30]. Lp(a) jest gtéwnym no$nikiem fosfolipidow 1 ich utlenionych form [31,32]. Co
istotne, Lp(a) wykazuje wiasciwosci proaterogenne i1 prozakrzepowe, dzigki domenie
podobnej do LDL - apolipoproteinie B100 (apoB100) 1 glikoproteinie zwanej
apolipoproteing(a) (apo(a)) [31,32]. Apo(a) jest biatkiem wysoce homologicznym
z plazminogenem, zawiera powtorzone kopie sekwencji podobnej do sekwencji plazminogenu
kringle IV (KI1V), kringle V (KV) 1 domeny proteazy plazminogenu [33]. Konkurencja
miedzy apo(a) 1 plazminogenem o miejsca wigzania sprawia, ze Lp(a) jest w stanie hamowac
fibrynolize 1 promowaé krzepniecie [33-35]. Nasz Zespot zaobserwowal, ze stopien
zawansowania AS jest zwigzany z zastawkowa ekspresja TF, ktérego najwieksza ekspresje
stwierdzono w okolicy ztogow thuszczowo-wapniowych, czemu towarzyszyta duza infiltracja
makrofagdw [36]. Ponadto, stwierdzono dodatnia korelacj¢ miedzy ekspresja TF in loco
a poziomem cholesterolu LDL i TF we krwi obwodowej u pacjentow z ciezka AS [36].
Wykazano rowniez, ze pacjenci z cigzka AS charakteryzuja si¢ hipofibrynoliza wyrazong jako
wydtuzony czas lizy skrzepu (clot lysis time, CLT) oraz zwigkszony poziom inhibitora
aktywatora plazminogenu typu 1 (plasminogen activator inhibitor 1, PAI-1) we krwi krazace]
[37]. Zarowno CLT jak i osoczowy poziom PAI-1 korelowaly ze stopniem zwapnienia
zastawek 1 progresja choroby mierzong echokardiograficznie [37]. Poszukujac czynnikdw,
ktore mogg uposledza¢ fibrynolize u pacjentow z ciezka AS, nasz Zespot zwrocil uwage na

stres oksydacyjny, ktory jest jedna ze skladowych procesu zapalnego toczacego sig
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w stenotycznych zastawkach. Oceniono wydajnos$¢ fibrynolityczng osocza oraz oksydacyjna
modyfikacje bialek 1 lipidow osocza, wyrazona jako karbonylacja biatek (protein
carbonylation, PC) 1 peroksydacja lipidéw (thiobarbituric acid reactive substances, TBARS)
[38]. Zaréwno poziom PC, jak i TBARS wykazywaly zwigzek z progresja choroby mierzona
echokardiograficznie [38]. Ponadto, poziomy PC i TBARS byly dodatnio skorelowane
z czasem lizy skrzepow 1 poziomem PAI-1 [38]. Dane te sugeruja, ze nasilony stres
oksydacyjny przyczynia si¢ do uposledzenia fibrynolizy w AS i1 moze by¢ zwiazany
z progresja choroby. W kolejnym badaniu wykazalismy, ze u pacjentow z izolowang ciezka
AS, OxLDL i Lp(a) sa lepszymi niz LDL predyktorami hipofibrynolizy u pacjentow z AS
[39]. Lp(a) jest gtéwnym nos$nikiem OxPL we krwi obwodowej [31,32], a Kamstrup i wsp.
[40] wykazali, ze podwyzszone poziomy OxPL w surowicy krwi sa zwigzane
ze zwigkszonym ryzykiem AS. Na tej podstawie, postanowilismy zbada¢ u pacjentéw
z ciezka AS czy poziom OxPL w surowicy krwi ma zwigzek z nasileniem wady zastawkowe;j
1 hipofibrynoliza.

Niewyjasnionym jak dotad zjawiskiem jest obserwowany wczesnie] podwyzszony
poziom ekspresji PAI-1 w zastawkach stenotycznych oraz we krwi obwodowej pacjentow
z ciezka AS [37,38]. Jedna z prac naszego Zespolu sugerowata, ze mastocyty infiltrujace
zastwki moga by¢ zaangazowane w lokalne zaburzenia fibrynolizy i przyczynia¢ si¢ do
odktadania fibryny oraz kolagenu na powierzchni zastawki [13]. Jednak ostatnie obserwacje
sktonity nas do zbadania czy to VICs nie sg gtownym zrédlem PAI-1 w zastawkach

stenotycznych.
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3.2. CELE

Celem niniejsze] pracy bylo badanie mechanizméw zwigzanych z dziataniem
czynnikow modulujacych progresje AS, tj. hiperglikemii 1 nasilonego stresu oksydacyjnego
ze szczegOlnym uwzglednieniem ich potencjalnych zwiazkow z zapaleniem, aktywacja

uktadu krzepniecia, hipofibrynoliza 1 kalcyfikacja u pacjentéw z ciezka AS.

Cztery oryginalne hipotezy badawcze pracy doktorskiej byty nastepujace:

Hipoteza 1: Zwigkszona akumulacja AGEs u pacjentéw z AS 1 wspolistniejacg DMT2 jest

zwigzana ze zwiekszong produkcja ROS 1 wapnieniem zastawki.

Hipoteza 2: DMT2 wspotistniejaca z AS wiaze sie ze zwigkszona ekspresja NF-xB,

aktywacja uktadu krzepnigcia in loco oraz nasilonym wapnieniem zastawki.

Hipoteza 3: Podwyzszony poziom OxPL w surowicy krwi jest nowym czynnikiem

determinujacym hipofibrynolize u pacjentdéw z ciezka AS.

Hipoteza 4: U pacjentdéw z cigzkg AS akumulacja lipidow w obrebie stenotycznych zastawek

prowadzi do nadekspresji PAI-1, co przyczynia si¢ do hipofibrynolizy.
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3.3. PACJENCI

Do badania wilaczono pacjentow obu plci, w wieku od 18 do 85 lat z cigzka AS
rozpoznang na podstawie echokardiografii przezklatkowej, zdefiniowanej jako $redni gradient
ci$nienia przez zastawke (mean transvalvular pressure gradient, PGmean) >40 mm Hg oraz
AVA <1 cm? Ze wzgledu na rekrutacje wiekszosci pacjentow przed rokiem 2021
w publikacji 1, 2 1 4 jako kryterium ciezkiej AS nie stosowano wskaznika szczytowej
predkosci (peak transvalvular velocity, Vma), ktory zostal wilaczony do wytycznych
Europejskiego Towarzystwa Kardiologicznego w roku 2021 [41]. Fakt ten zostat
zaadresowany w odpowiednich sekcjach poszczegolnych publikacji cyklu. Rekrutacja
pacjentdow odbywata si¢ w Klinice Chirurgii Serca, Naczyn i Transplantologii w Szpitalu
im. Jana Pawtla II w Krakowie.

Dane dotyczace historii medycznej, aktualnego leczenia i danych demograficznych
zebrano za pomocg standardowego kwestionariusza. DMT2 byla zdiagnozowana na
podstawie stg¢zenia glukozy >7,0 mmol/l (126 mg/dl) w surowicy krwi, ktore byto wykonane
na czczo 1 dwukrotne powtdrzone, oraz na podstawie poziomu HbA . >6,5% (48 mmol/mol)
lub doustnego testu tolerancji glukozy, ktérego wynik byt w zakresie od 140 mg/dl (7,8
mmol/l) do 199 mg/dl (11,0 mmol/l) wedtug kryteriow Amerykanskiego Stowarzyszenia
Diabetykéw [42]. Nadci$nienie tetnicze rozpoznano na podstawie wywiadu medycznego
(ci$nienie krwi >140/90 mmHg) lub leczenia hipotensyjnego przed przyjeciem do szpitala.
Hipercholesterolemie rozpoznano na podstawie dokumentacji medycznej, terapii obnizajace]
poziom cholesterolu lub jako poziom cholesterolu catkowitego réwny lub wiekszy niz 5,0
mmol/l.

Kryteria wykluczenia obejmowaly miazdzycowa chorobe naczyn wymagajaca
rewaskularyzacji, ostra infekcje, w tym infekcyjne zapalenie wsierdzia, reumatyczng AS,
przewlekla chorobe nerek, koniecznos$¢ jednoczesnej operacji zastawek (wymiana zastawki
mitralnej), przezskorng interwencje wiencowg, niedawny (<3 miesigcy) ostry zespot
wiencowy lub incydent mdzgowo-naczyniowy, rozpoznany nowotwor zlosliwy, ciaze 1 brak
zgody na udziat w badaniu. W publiacji 3 i 4 kryteria wylaczenia byly dodatkowo
rozszerzone o wystepowanie DMT2, ze wzledu na nasilenie procesow zapalnych
obserwowanych w stenotycznych ptatkach zastawki.

Anatomia zastawek zostala potwierdzona s$rodoperacyjnie przez kardiochirurga,
a pacjenci z zastawka dwuptatkowa 1 wymagajacy interwencji z powodu poszerzenia aorty

wstepujace] zostali wykluczeni z badania. Rozpoznanie miazdzycy opieralo si¢ na
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udokumentowanym angiograficznie zwezeniu tetnicy wiencowe] wigkszym niz 20% srednicy
1 tacy pacjenci zostali wykluczeni z badania, aby unikna¢ istotnego wplywu miazdzycy na
uzyskane wyniki [43].

Wszyscy pacjenci wyrazili pisemng $wiadomg zgode na udziat w badaniu. Badanie
uzyskalo pozytywna opini¢ Komisji Bioetycznej (102/KBL/OIL/2016 dla publikacji 1, 2, 3 1
4 oraz 53/KBL/OIL/2022 dla publikacji 3). Protokdt badania byt zgodny z wytycznymi

Deklaracji Helsinskiej wraz z jej pozniejszymi poprawkami.
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3.4. METODY

Krew pobierano na czczo z zyty tokciowej z wykorzystaniem systemu proézniowego
z antykoagulantami: cytrynianem sodowym (3,2% w stosunku 9:1), wersenianem sodowym
oraz do probowki bez antykoagulantu w celu uzyskania surowicy krwi. Rutynowe badania
laboratoryjne obejmowaly morfologie krwi, stezenia: glukozy, kreatyniny, cholesterolu
calkowitego, cholesterolu LDL, cholesterolu HDL, triglicerydéw, CRP oraz fibrynogenu.
Krew odpowiednio odwirowano i przechowywano w temperaturze -80 °C do czasu kolejnych
analiz. W publikacji 1 i 2 oznaczono dodatkowo poziom HbAi. oraz fruktozaminy.
W publikacji 3 dodatkowo oznaczono stezenie Lp(a), aktywnos$¢ plazminogenu 1 ax-
antyplazminy. Poziom Lp(a) powyzej 50 mg/dl przyjeto za czynnik ryzyka wystapienia AS
wedtug kryteriow Europejskiego Towarzystwa Badan nad Miazdzyca [44].

Testy immunoenzymatyczne (ELISA) wykonano w celu oceny ilosciowej wybranych
markeréw w osoczu lub surowicy krwi u pacjentow z AS.

Pobrane podczas operacji wymiany zastawki, stenotyczne zastawki aortalne stuzyty
jako material do barwien immunofluorescencyjnych i histochemicznych w celu wykrycia
specyficznych antygenéw w skrawkach tkanki oraz do badan in viro (hodowle in vitro
komoérek VICs wraz z badaniem ekspresji gendw na poziomie mRNA za pomoca
fancuchowej reakeji polimerazy - PCR).

Ogolng sprawnos$¢ ukladu fibrynolitycznego w osoczu cytrynianowym 0znaczono
turbidymetrycznie 1 wyrazono jako CLT, stosujac jako aktywator krzepnigcia 0,5 U/ml
egzogenna ludzkg trombine oraz egzogenny rekombinowany tkankowy aktywator
plazminogenu (tPA). Ponadto, zastosowano modyfikacje metody CLT do analizy
supernatantow pochodzacych z komorek VICs. Metoda ta zostala specjalnie opracowana
przez Doktorantke do tego celu, a szczegoty przedstawiono w publikacji 4.

Szczegblowa metodyke wraz z opisem zastosowanych analiz statystycznych
przedstawiono w publikacjach 1-4.

Publikacja 5 jest praca przegladowa, w ktorej Doktorantka jest autorka wiodaca, co

swiadczy o uznaniu przez Redaktora czasopisma Jej ekspertyzy z zakresu stenozy aortalnej.
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3.5. PODSUMOWANIE WYNIKOW

Artykul nr 1

Kopytek M, et al. Accumulation of advanced glycation end products (AGEs) is
associated with the severity of aortic stenosis in patients with concomitant type 2
diabetes. Cardiovasc Diabetol. 2020; 19: 92,

Celem pracy bylo zbadanie czy dochodzi do akumulacji AGEs/RAGE w aortalnych
zastawkach stenotycznych oraz czy akmuluacja ta nasila procesy zwigzane z progresja wady.

Do badania wlaczono 126 chorych z rozpoznanag ciezka AS w tym 50 pacjentow
z wspotistniejagca DMT2. Mediana czasu od rozpoznania DMT2 wyniosta 11 lat (rozstep
miedzykwartylowy [IQR] 7-18 lat).

Pacjenci z AS nie roznili si¢ od pacjentow z AS 1 wspolistniejaca DMT2 (AS-DM)
pod wzgledem czynnikow ryzyka sercowo-naczyniowego czy demograficznych,
za wyjatkiem wyzszego wskaznika masy ciata (body-mass index, BMI) w grupie AS-DM
(p<0,001). Chorzy AS-DM charakteryzowali si¢ o 44,2% wyzszym stg¢zeniem glukozy, 25,9
% wyzszym poziomem HbA1: 1 16,4% wyzszym poziomem fruktozaminy w pordéwnaniu do
pacjentdow z AS bez DMT2 (wszystkie p<0,0001). W grupie AS-DM 24 pacjentéw (48%)
mialo zle kontrolowang DMT?2, definiowang jako HbA 1. >7%.

Analiza ekspresji in loco wykazata nasilong akumulacje AGEs w stenotycznych
zastawkach (6,6-krotny wzrost; p<0,001) 1 12-krotny wzrost AGEs w surowicy (p<0,0001)
pacjentow AS-DM w porownaniu do pacjentow z izolowang AS. Podobnie, chorzy AS-DM
mieli 1,8-krotnie wyzsza ekspresje¢ RAGE w stenotycznych zastawkach (p<0,001) 1 1,3-
krotnie wyzszy poziom rozpuszczalnej izoformy RAGE (soluble RAGE, sRAGE) w surowicy
krwi (p<0,0001) w porownaniu do pacjentdéw bez DMT2. Ponadto, zastawki pozyskane od
pacjentow z towarzyszaca DMT2 w porownaniu z zastawkami pacjentow bez DMT2
charakteryzowaty si¢ zwigkszong ekspresjg ROS (p<0,0001) i tendencja do zwiekszonej
ekspresji interleukiny 6 (IL-6; p=0,062).

Zastawkowa akumulacja ~ AGEs korelowata  z poziomem  HbAi.
1 stezeniem fruktozaminy w surowicy krwi oraz z ciezkoscia choroby wyrazong jako AVA
1 PGmean. Ekspresja RAGE korelowala wylacznie z poziomem HbAi.. Nie stwierdzono
zwigzkéw pomiedzy zastawkowa ekspresja RAGE, ROS lub IL-6 a parametrami
echokardiograficznymi.

W grupie AS-DM stezenie AGEs dodatnio korelowalo z sRAGE, a HbAi.

z fruktozaming. W tej grupie stezenie AGEs w surowicy krwi korelowalo takze z poziomem
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HbA:: 1 fruktozaming, podczas gdy poziomy sRAGE tylko z HbAi.. AGEs korelowaty
z cigzkosciag wady wyrazong jako AVA, PGmean 1 PGinax (maksymalny gradient ci$nienia przez
zastawke), natomiast SRAGE z AVA 1 PGmax.

Warto podkresli¢, ze pacjenci ze stabo kontrolowang DMT2 charakteryzowali sie
zwigkszong zastawkowa akumulacja AGEs (23,3% vs. 10,8%; p<0,0001) i RAGE (8,1% vs.
5,7%; p=0,015) oraz nasilong ci¢zkoscia choroby wyrazong jako PGmean (61 mmHg vs. 44
mmHg; p=0,003), PGmax (95 mmHg vs. 64 mmHg; p<0,0001) i AVA (0,65 cm? vs 0,85 cm?;

p<0,0001) w porownaniu do pacjentéw z dobrze kontrolowang DMT2.

Artykul nr 2

Kopytek M, et al. Diabetes concomitant to aortic stenosis is associated with increased
expression of NF-kB and more pronounced valve calcification. Diabetologia. 2021; 64:
2562-2574.

Celem pracy byto zbadanie czy DMT2 wspotistniejaca z AS wigze si¢ ze zwigkszong
ekspresja NF-«kB 1 biatek uktadu krzepniecia in loco oraz nasilonym wapnieniem zastawki.

Do badania wtaczono 150 pacjentéw z rozpoznang ciezka AS w tym 50 pacjentow
z wspolistniejaca DMT2. Mediana czasu od rozpoznania DMT2 wyniosta 11 lat ([IQR] 7-18
lat).

Pacjenci z AS nie réznili si¢ od pacjentow AS-DM pod wzgledem czynnikoéw ryzyka
sercowo-naczyniowego czy demograficznych, za wyjatkiem nieco wyzszego wskaznika BMI
w grupie AS-DM (p=0,049). Chorzy z grupy AS-DM charakteryzowali si¢ o 41,5% wyzszym
stezeniem glukozy (p<0,0001), 23,6% wyzszym poziomem HbAi. (p<0,0001) 1 17,5%
wyzszym poziomem fruktozaminy (p=0,007) w poréwnaniu do pacjentéw z izolowang AS.
W grupie AS-DM 36 pacjentow (72%) miato zle kontrolowang DMT?2, definiowang jako
HbAi: >6,5%.

Zastawki pobrane od chorych z AS 1 towarzyszaca DMT2 w pordéwnaniu
z zastawkami od pacjentoéw bez DMT?2 charakteryzowaly sie zwiekszong ekspresja in loco
NF-kB (+92%; p=0,001), BMP-2 (+148%,; p<0,001), protrombiny (FII, +113%; p<0,001)
1 FXa (aktywny czynnik X, +66%; p<0,001). Stabo kontrolowana DMT?2 byla zwigzana
z najsilniejsza ekspresja badanych markerow. Ekspresja NF-kB korelowala z zastawkowa
iloscia BMP-2, FII i FXa w obu grupach. Dodatkowo u pacjentow z DMT2 zastawkowa
ekspresja BMP-2 korelowata z ekspresja FII 1 FXa.

Ponadto, u chorych z grupy AS-DM zastawkowa ekspresja NF-xB dodatnio

korelowala zarowno z poziomem glukozy, jak i z parametrami dtugoterminowej kontroli
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glikemii, tj. HbA1c 1 fruktozaming. Analogicznie, zastawkowa ekspresja BMP-2 korelowata
z poziomami HbAi. 1 fruktozaminy. W tej grupie chorych obserwowano takze asocjacje
pomiedzy ekspresja NF-xB, BMP-2, FII i FXa a ciezkosciag AS wyrazong jako AVA 1 PGmax.
Z kolei u pacjentéw z izolowang AS odnotowano jedynie korelacje pomiedzy NF-kB 1 BMP-
2aAVA.

Chorzy z grupy AS-DM w porownaniu z pacjentami z AS mieli o 59% wyzsze
stezenie kompleksu czynnika VII aktywnego i1 antytrombiny w osoczu krwi (FVIIa-AT;
p<0,0001), ale nie poziom TF lub fragmentéw F1+2 protrombiny (F1+2; obydwa p>0,05).
Tylko u pacjentow z DMT2, stezenie FVIIa-AT dodatnio korelowalo z poziomem
fruktozaminy, a TF z HbA. 1 fruktozaming. Nie stwierdzono zwigzkow pomiedzy poziomami
FVIIa-AT, TF lub F1+2 a parametrami echokardiograficznymi.

Badania in vitro z wykorzystaniem VICs stymulowanycyh glukoza wykazaty,
ze hiperglikemia zwieksza zarowno ekspresje NF-kB (+56%; p<0,001), jak i BMP-2 (+52%;
p<0,001). Analiza ekspresji mRNA w komorkach VICs potwierdzita, ze wysokie stezenia
glukozy powoduja 7-krotny wzrost ekspresji RELA (symbol genu NF-xB, podjednostka p65).
Eksperymenty mechanistyczne z uzyciem inhibitora stresu oksydacyjnego (N-acetylo-L-
cysteina; NAC) lub NF-xB (BAY 11-7082) pokazaly, ze ekspresja NF-kB byta hamowana
przez oba inhibitory (-29% 1 -31%, obydwa p<0,01; odpowiednio). Podobny efekt
zaobserwowano dla ekspresji BMP-2 po zastosowaniu wysokiego stezenia glukozy
w polaczeniu z inhibitorem ROS (-31%; p<0,01) lub NF-xB (-33 %, p<0,01) w hodowlach
komorek VICs. Analiza PCR potwierdzila te obserwacje na poziomie mRNA (RELA).

Artykul nr 3
Kopytek M, et al. Oxidized phospholipids associated with lipoprotein(a) contribute to
hypofibrinolysis in severe aortic stenosis. Pol Arch Intern Med. 2022; 132: 16372.

Celem badania bylo okreslenie czy u pacjentow z ciezka AS poziom Lp(a) >50 mg/dl
jest zwigzany z akumulacjg OxPL w zastawce 1 ich podwyzszonym stezeniem w surowicy
krwi, oraz czy akumulacja OxPL wiaze si¢ z hipofibrynoliza i/lub ciezkoscig wady.

Badanie objeto 70 chorych z rozpoznang izolowang ciezkg AS, w tym 50 pacjentow
z Lp(a) >50 mg/dl oraz 20 pacjentow z Lp(a) <50 mg/dl. Mediana stezen OxPL wynosita
odpowiednio w badanych grupach 0,62 pg/ml 1 0,46 pg/ml.

Pacjenci z Lp(a) >50 mg/dl nie roznili si¢ od pacjentow z Lp(a) <50 mg/dl pod
wzgledem czynnikow demograficznych 1 ryzyka sercowo-naczyniowego, stosowanych lekoéw

czy parametréw laboratoryjnych. Pacjenci z AS 1 wysokim poziomem Lp(a) mieli o 10%
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wyzszy Vmax (p<0,001), 13% wyzszy PGmean (p=0,04), 15% wyzszy PGmax (p<0,001)10 11%
nizszy AVA (p=0,003) w poréwnaniu z pacjentami z niskim poziomem Lp(a).

Analiza in loco wykazata obecnos¢ OxPL we wszystkich badanych zastawkach
aortalnych. Co istotne, pacjenci z Lp(a) >50 mg/dl mieli o 29% wicksza zastawkowa
ekspresje OxPL (p<0,001) 1 0 35% wyzsze stezenie w surowicy krwi (p=0,03) w porownaniu
z pacjentami z Lp(a) <50 mg/dl. Ponadto, ekspresja OxPL korelowata dodatnio z poziomem
OxPL oraz ze stezeniem Lp(a) w surowicy krwi.

Pacjentow z wysokim stezeniem Lp(a) charakteryzowato o 11% wydluzone CLT
(p<0,001) oraz o 38% 1 12% wyzsze poziomy PAI-1 (p=0,003) 1 TAFI (p=0,007)
w pordéwnaniu do pacjentéw z niskim stezeniem Lp(a). Nie stwierdzono rdéznic w poziomach
tPA lub aktywno$ci plazminogenu 1 oz-antyplazminy pomiedzy badanymi grupami.
Wytacznie u chorych ze stezeniem Lp(a) >50 mg/dl poziom OxPL w surowicy krwi
korelowal z CLT, stezeniem PAI-1 1 TAFIL Ponadto, poziomy OxPL w surowicy krwi
korelowaly z cigzkosciag wady mierzong jako Vmax 1 PGmean Oraz stabiej z AVA.

Analiza jednoczynnikowej regresji liniowej wykazata, iz stezenia OxPL, Lp(a), PAI-1,
TAFL, Vimax, PGmean, PGmax 1 Wiek, ale nie aktywnos$¢ plazminogenu byly zwigzane z CLT
u pacjentéw z Lp(a) >50 mg/dl. Co ciekawe, poziom OxPL ($=9,17; 95% przedziat utnosci
[CI] 6,12-12,22) silniej determinowal CLT niz stezenie Lp(a) (f=0,14; 95% CI 0,09-0,19).
Natomiast  analiza  metoda  wieloczynnikowe]  regresji  liniowej  wykazala,
iz stezenie OxPL bylo niezaleznym predyktorem CLT (B=7,87, 95% CI 4,71-11,03)
u chorych z Lp(a) >50 mg/dl.

Artykul nr 4
Kopytek M, et al. PAI-1 Overexpression in Valvular Interstitial Cells Contributes to
Hypofibrinolysis in Aortic Stenosis. Cells. 2023; 12: 1402.

Celem pracy byto zbadanie czy u pacjentéw z cigzka AS nagromadzenie si¢ lipidow
w obrebie stenotycznych zastawek prowadzi do nadekspresji PAI-1, ktora nasila procesy
zwigzane z hipofibrynolizg 1 progresja wady.

Do badania wlaczono 75 pacjentow z rozpoznang ciezka objawowa AS. Pacjenci z AS
nieleczeni statynami (n=18) charakteryzowali si¢ 0 39% zwigkszonym stezeniem cholesterolu
LDL (p=0,0013) w poréwnaniu z chorymi przyjujacymi statyny.

Badanie histochemiczne wykazalo o blisko 20% wyzsza akumulacje lipidow
w zastawkach stenotycznych w poréwnaniu do zastawek aortalnych pochodzacych od

dawcow autopsyjnych dopasowanych pod wzgledem wieku. Z kolei barwienie
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immunofluorescencyjne wykazato nasilong eskpresj¢ PAI-1 w stenotycznych zastawkach
(24,6+4,1% powierzchni immunopozytywne] ptatka zastawki), podczas gdy w zastawkach
kontrolnych nie obserwowano ekspresji PAI-1. Ekspresja PAI-1 prezentowata
skondensowany wzor fluorescencji, obserwowany zarowno w warstwie wiokniste] jak
i gabczastej. Co ciekawe, podwojne barwienie ujawnito, ze dochodzi w 84% do ko-ekspresji
NF-«xB i PAI-1 w stenotycznych zastawkach. Ponadto, ekspresja in loco PAI-1 byta dodatnio
skorelowana z akumulacja lipidow 1 ciezkoscia AS mierzona jako PGmean.
Wykazano takze ekspresje in loco plazminogenu (16,6 £3,9%), az-antyplazminy (12,2 +4,1%)
i tPA (8,4 £3,6%) w warstwie podsrédblonkowej 1 widkniste] w stenotycznych, ale nie
w kontrolnych zastawkach. Ekspresje D-dimeru obserwowanow warstwie wildkniste]
1 czesciowo w warstwie gabczaste] wylacznie w stenotycznych zastawkach, a wzor
fluorecencji byl rozproszony. Obecnos¢ D-dimeru w zastawkach stenotycznych $wiadczy
o lokalnie zachodzacej fibrynolizie.

Badania in vifro wykazaty, ze niezaleznie od zastosowanych warunkow hodowli,
komorki VICs wykazywaty stalg ekspresje PAI-1 (100% komorek). Nie stwierdzono ekspresji
tPA 1 az-antyplazminy w VICs hodowanych w medium kontrolnym lub prokalcyfikacyjnym.
Obserwowano sltaba ekspresj¢ plazminogenu w VICs hodowanych w medium
prokalcyfikacyjnym (12+2% komorek pozytywnych). Po stymulacji prozapalnej za pomoca
TNF-a lub LDL zaobserwowano wzrost eskpresji plazminogenu (18+3% 1 21+3%
pozytywnych VICs) 1 oz-antyplazminy (15+2% 1 17+3% pozytywnych VICs), podczas gdy
ekspresja tPA byta §ladowa (<10% pozytywnych VICs). Po zastosowaniu inhibitora TM5275,
ktory hamuje zdolno$¢ do tworzenia kompleksow pomiedzy PAI-1 1 tPA, ekspresja tPA
w komorkach VICs wciaz byta na bardzo niskim poziomie. Analiza poziomu antygenu PAI-1
w supernatantach komoérek VICs wykazata, ze stymulacja LDL zwigkszyta sekrecje PAI-1
o 32% (p=0,0005) w porownaniu z VICs hodowanymi w medium prokalcyfikacyjnym.
Podobnie, stymulacja TNF-o zwigkszyla stezenie PAI-1 w supernatantach o 25% (p=0,011)
w porownaniu z VICs hodowanymi w medium prokalcyfikacyjnym.

Eksperymenty mechanistyczne ujawnity, ze ekspresja PAI-1 w komorkach VICs
stymulowanych LDL w obecnos$ci inhibitora NF-kB — BAY 11-7082 byla silnie thumiona
(okoto 80% komorek), a poziom PAI-1 w supernatantach komérek VICs obnizyt si¢ o 22%
(p=0,0025) w poréwnaniu z VICs hodowanymi z samym LDL. Z kolei, inhibitor aktywnosci
PAI-1 — TMS5275 nie zmniejszyt ekspresji PAI-1 w hodowlach VICs, ani poziomu antygenu
PAI-1 w supernatantach (p=0,99) w porownaniu z komérkami VICs hodowanymi z samym

LDL.
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Ocena wptywu supernatantow z hodowli VICs na zdolnos¢ fibrynoliotyczna osocza
pozbawionego PAI-1 wykazata, ze stymulacja VICs za pomoca LDL wydluza CLT o 20%
(p<0,001) w poréwnaniu z medium prokalcyfikacyjnym. Natomiast zastosowanie inhibitorow
BAY 11-7082 lub TM5275 w hodowli VICs skrocito CLT odpowiednio o 12% 1 15%
w porownaniu z VICs hodowanymi z samym LDL (obydwa p<0,001).

Analiza ekspresji gendbw w komorkach VICs wykazata, ze zastosowanie medium
prokalcyfikacyjnego spowodowato 1,3-krotny wzrost ekspresji SERPINEI w pordéwnaniu
z pozywka kontrolng. Stymulacja prozapalna spowodowata okoto 2,5-krotny wzrost ekspresji
SERPINEI w komérkach VICs w poréwnaniu z medium kontrolnym, podczas gdy inhibicja
szlaku NF-xB obnizyta ekspresje SERPINEI okoto 2-krotnie w poréwnaniu z VICs
stymulowanymi samym TNF-o lub LDL. Zastosowanie inhibitora TM5275 nie obnizylo
ekspresji SERPINE I w poréwnaniu z VICs hodowanymi z samym LDL.

Artykul nr S
Natorska J, Kopytek M, Undas A. Aortic valvular stenosis: Novel therapeutic strategies.
Eur J Clin Invest. 2021; 51: e13527.

Ostatni artykut z cyklu jest praca przegladowa przygotowang na zaproszenie Edytora
czasopisma The FEuropean Journal of Clinical Investigation, co $wiadczy o docenieniu
mojego wktadu w wiedzg¢ dotyczaca patomechanizmow prowadzacych do rozwoju 1 progresji
AS. Praca ta jest proba zestawienia i usystematyzowania aktualnej wiedzy na temat szlakow
molekularnych zaangazowanych w rozwdj 1 progresje choroby 1 ich potencjalnych implikacji
terapeutycznych w niechirurgicznym leczeniu AS, a takze podsumowaniem badan naszego

Zespotu w tym obszarze.
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3.6. DYSKUSJA

W chorobach takich jak DM, stres oksydacyjny przyczynia si¢ do powstawania AGEs,
co odgrywa kluczowa role w uszkodzeniu tkanek [45,46]. Sugerowano, ze zwigkszona
glikacja biatek zastawkowych zwigzana z nagromadzeniem AGEs przyczynia si¢ do szybszej
progresji AS [47-49]. W publikacji 1 wykazalismy, ze pacjenci z AS 1 wspotistniejacg DMT?2
charakteryzowali si¢ zwigkszong zastawkowa akumulacja AGEs, RAGE 1 ROS oraz
wyzszymi poziomami AGEs i SRAGE w surowicy krwi w poréwnaniu z pacjentami z AS bez
DMT2. Ponadto, AGEs 1 RAGE/sRAGE korelowaly z cig¢zkoscia AS. Nasze wyniki
potwierdzily obserwacje pochodzace z badan przeprowadzonych na mysim 1 kréliczym
modelu AS, gdzie gromadzenie si¢ AGEs i RAGE w zastawkach prowadzito do degeneracji
ptatkow aortalnych 1 osteoblastycznego roznicowania si¢ VICs [50,51] oraz do nasilonego
stresu oksydacyjnego 1 nadekspresji NF-xB [S1]. Warto zauwazy¢, ze mediowana przez
RAGE aktywacja NF-kB jest zaangazowana w syntez¢ cytokin prozapalnych i TF przez
monocyty/makrofagi [52], co jest zgodne z naszymi wczeSniejszymi obserwacjami,
ze u pacjentéw z ciezka AS 1 wspotistniejacga DMT2 zastawkowa ekspresja CRP dodatnio
korelowala z zastawkowa ekspresjg mRNA dla TF [20]. Udowodniono rowniez,
ze gromadzenie si¢ AGEs w macierzy pozakomorkowej naczyn prowadzi do zmian
strukturalnych 1 czynnosciowych kolagenu oraz pdzniejszych powiktan sercowo-
naczyniowych [53]. Dlatego przypuszczamy, ze stopien degeneracji ptatkow zastawki
aortalne] u pacjentow z wspotistniejaca DMT2 jest wynikiem zwigzanego z akumulacja
AGEs usieciowania zastawkowego kolagenu, co prowadzi do nasilonego stanu zapalnego,
aktywacji uktadu krzepniecia i w konsekwencji do wapnienia platkow zastawki. Pokazalismy
réwniez, ze wskazniki dtugoterminowej kontroli glikemii (HbAic 1 fruktozamina), ale nie
stezenie glukozy, koreluja z poziomem AGEs we krwi krazacej 1 co wazne, w stenotycznych
zastawkach aortalnych. Ponadto, stabo kontrolowana DMT2 byta zwigzana z najwigksza
ekspresja in loco AGEs 1 RAGE oraz nasileniem wady u pacjentow z AS. Obserwacja ta
moze thumaczy¢ brak zwigzku migdzy progresja AS a zespotem metabolicznym lub DM
podczas 3-letniej obserwacji prowadzonej przez Testuz i wsp. [54], w ktérej Autorzy
stwierdzili brak powyzszej asocjacji wytacznie na podstawie oceny poziomu glukozy na
czczo. Nasze badanie sugeruje, ze u pacjentow z AS 1 wspotistniejaca DMT2 akumulacja
AGEs 1 RAGE moze mie¢ wplyw na tempo progresji wady, a utrzymywanie HbAi. i/lub
fruktozaminy w zakresie norm referencyjnych moze spowolni¢ tempo choroby.

Kontynuujac watek wptywu hiperglikemii na wapnienie zastawek, w publikacji 2

pokazalismy, ze pacjenci z ciezka AS 1 wspdtistniejaca DMT2 w porownaniu z osobami bez
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DMT2, wykazuja zwigkszong zastawkowa ekspresj¢ NF-kB w potaczeniu z nasilong
ekspresja in loco BMP-2. Co wazne, najwyzsza zastawkowa ekspresj¢ NF-xB i BMP-2
zaobserwowano u 0sob z stabo kontrolowang DMT2. Warto zauwazy¢, ze u chorych z DMT2
ekspresja NF-xB korelowata takze z ciezkoscia AS. Eksperymenty mechanistyczne
przeprowadzone na VICs potwierdzily, ze wysokie stezenia glukozy generujg stan zapalny
poprzez sygnalizacje za posrednictwem szlaku transkrypcyjnego NF-xB, co prowadzi do
pézniejszego wapnienia VICs. Wykazalismy roéwniez, ze hamowanie ROS zapobiega
wapnieniu komoérek VICs. Obserwacje te po raz pierwszy pokazaty, ze ludzkie VICs
podobnie jak VICs wyizolowane ze $winskich zastawek ulegajg réznicowaniu osteogennemu
poprzez Sciezke sygnalizacyjng NF-kB [55] oraz ze ekspresja BMP-2 w VICs jest $cisle
kontrolowana przez NF-kB. Jako pierwsi wykazaliSmy, ze pacjenci z AS 1 wspotistniejaca
DMT2 w poréwnaniu z pacjentami bez DMT2, charakteryzuja si¢ znacznie wyzsza
zastawkowa ekspresja FII 1 FXa, ktéra korelowata z BMP-2 1 cigzkoscig choroby, a stabo
kontrolowana DMT2 byla zwiazana z najwyzsza ekspresja in loco markeréw krzepniecia
1 z istotnie wyzszymi stezeniami TF 1 FVIIa-AT w osoczu krwi. Warto zwrdci¢ uwage na
fakt, ze Breyne 1 wsp. [56] wykazali kolokalizacje TF 1 trombiny z osteopontyna
w zastawkach aortalnych pobranych od pacjentéw z cigzka AS, co sugeruje, ze aktywacja
uktadu krzepniecia jest zwigzana z procesem wapnienia zastawek. Nasz Zespot potwierdzit te
hipotez¢ w badaniach in vifro poprzez obserwacje, ze prozapalna stymulacja VICs prowadzi
do nasilonej ekspresji TF, trombiny, FVII 1 FX/FXa zarowno na poziomie biatka, jak
i mRNA, uwalniania zwigkszonych ilosci cytokin prozapalnych, metaloproteinaz oraz
markeréw wapnienia w porownaniu z komorkami niestymulowanymi [57]. W zwiagzku
Z nasza obserwacja, iz hiperglikemia jest czynnikiem prozapalnym dla VICs, wydaje sig, ze
zle kontrolowana DMT2 jest zwigzana ze stanem prozakrzepowym, ktéry moze wptywaé na
progresje AS. Co istotne tylko HbAi. 1 fruktozamina, ale nie poziom glukozy we krwi
korelowaly z markerami zapalenia i wapnienia zastawek. Dane te sa zgodne z wynikami
przedstawionymi w publikacji 1 1 potwierdzaja nasza hipotezg, ze utrzymywanie parametrow
dhlugoterminowej kontroli glikemii w zakresie wartosci referencyjnych moze mie¢ kluczowe
znaczenie w opdznianiu progresji AS u pacjentoOw z towarzyszacg DMT?2.

Podsumowujac wptyw hiperglikemii na progresje AS zaproponowali§my nastepujacy
mechanizm: hiperglikemia nasila stres oksydacyjny i prowadzi do zwigkszonej akumulacji
AGEs 1 RAGE oraz wzmozonego usieciowania zastawkowego kolagenu, co nasila stan
zapalny 1 aktywacje uktadu krzepnigcia w obrebie ptatkéw zastawki. Procesy te prowadza do

zwigkszonej produkcji BMP-2 i szybszego wapnienia ptatkéw zastawki aortalnej.
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Rola procesdéw oksydacji lipoprotein w patogenezie AS byta wielokrotnie badana [58-
61]. Badania histologiczne wykazaly, ze OxLDL, Lp(a) i OxPL promuja osteogenne
réznicowanie 1 wapnienie zastawek, co skutkuje rozwojem 1 progresja AS [29,30,58,61,62].
Z kolei analiza proteomiczna bialek osocza ujawnita, ze pacjenci z ciezka AS maja
zwiekszony poziom biatek zwigzanych z ukladem krzepnigcia, stresem oksydacyjnym oraz
uposledzonym transportem cholesterolu w porownaniu do pacjentéw z niedomykalnoscia
zastawki aortalnej [63]. Nie jest jednak jasne, czy zaburzona hemostaza, zwlaszcza
hipofibrynoliza, s3 zwigzane ze stanem prooksydacyjnym w AS. Jak wspomniano
we Wprowadzeniu, nasz Zespot wykazal, ze zwiekszony stres oksydacyjny byt silnym
niezaleznym predyktorem CLT, silniejszym niz fibrynogen, i korelowat z ci¢zkosciag AS [38].
Innymi czynnikami wptywajacymi istotnie na fibrynoliz¢ u pacjentow z izolowanag cigzka AS
byly OxLDL i Lp(a) [39]. Biorac pod uwagg, ze Lp(a) jest preferencyjnym nos$nikiem OxPL
[32] i jest w stanie hamowa¢ fibrynolize [34], zbadaliSmy czy pacjenci z AS 1 wysokim
stezeniem Lp(a) definiowanym jako poziom >50 mg/dl wykazuja wyzsze poziomy OxPL
w stenotycznych zastawkach aortalnych 1 czy OxPL sa zwigzane z hipofibrynoliza
u pacjentéw z ciezka AS.

W publikacji 3 wykazaliSmy po raz pierwszy, ze u pacjentéw z Lp(a) >50 mg/dl
obserwuje si¢ podwyzszone poziomy OxPL, ktore silniej niz Lp(a) predykuja hipofibrynolizg.
Warto zauwazy¢, ze odnotowali§my takze silne asocjacje miedzy cigzkoscia AS a stezeniami
OxPL w surowicy krwi, co jest zgodne z wczes$niejszymi doniesieniami [40,59]. Poniewaz
OxPL maja zdolno$¢ aktywacji szlaku NF-xB [64], w nasze] ocenie moga one by¢ jednym
z czynnikoOw nasilajacych lokalny stan zapalny, a obecnos¢ Lp(a) towarzyszaca wysokim
stezeniom OxXPL moze jednocze$nie uposledzac lize depozytdéw fibryny w platkach zastawek.
Zatem, wpltyw wysokich stezen Lp(a) na rozwoj/progresj¢ AS moze by zwigzany
z obecnoscia podwyzszonych pozioméw OxPL.

W publikacji 4 pokazaliSmy, jako pierwsi, ze w obregbie stenotycznych zastawek
aortalnych zachodzi proces fibrynolizy, o czym swiadczy obecno$¢ D-dimeru, produktu
degradacji fibryny. Ponadto, wykazali$my, ze ekspresja PAI-1 w obrebie stenotycznych
zastawek aortalnych jest podwyzszona w stosunku do zastawek kontrolnych pozyskanych od
dawcow autopsyjnych. Podobny wzorzec ekspresji PAI-1 odnotowano w fibroblastach raka
pluc [65]. Zaobserwowalismy rowniez, ze zastawkowa nadekspresja PAI-1 korelowala
z akumulacja lipidow, cigzkoscia wady i kolokalizowata z NF-xB. Ekspresja genu SERPINE 1
kodujacego PAI-1 jest kontrolowana przez szlak NF-kB [66], a na sekrecj¢ PAI-1 istotny
wplyw maja cytokiny prozapalne takie jak TNF-q 1 interleukina-1p (IL-1B) [67], ktorych
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obecno$¢ w obregbie stenotycznych zastawek aortalnych zostata udowodniona [68,69].
Ponadto, zwigkszone sily $cinajace réwniez moze stymulowa¢ komorki srodbtonka do
uwalniania PAI-1 [70], przyczyniajac si¢ do systemowej hipofibrynolizy. Alexopoulos i wsp.
[71] zaobserwowali, ze PAI-1 byl silnie zaangazowany w patogeneze miazdzycy, ktora
cechuje podobny do AS patomechanizm. Eksperymenty mechanistyczne opisane
w publikacji 4 wykazaly, ze zastosowanie inhibitora NF-kB hamowalo ekspresje PAI-1
zarbwno na poziomie biatka, jak i mRNA w VICs oraz promowalo fibrynolize. Z drugiej
strony, hamowanie aktywnosci PAI-1 przez TM5275 nie wpltynelo na ekspresje SERPINE]
i poziom antygenu PAI-1, ale zgodnie z oczekiwaniami sprzyjato fibrynolizie. Dlatego
podejrzewamy, ze indukowana przez LDL nadekspresja PAI-1 przyczynia si¢ do
hipofibrynolizy w AS. Jako pierwsi wykazalismy takze stabg ekspresje ar-antyplazminy,
zarbwno w stenotycznych zastawkach aortalnych, jak 1 w hodowlach VICs. Ekspresja
az-antyplazminy w VICs byla bardzo niska, nawet po stymulacji prozapalnej. Podobnie niska
ekspresje in loco wykazywaly plazminogen 1 tPA, natomiast w hodowlach VICs
obserwowano sladowa ekspresje obu bialek, co sugeruje, ze moga by¢ one uwalniane przez
komorki srddblonka zastawek, a nie syntetyzowane przez komorki VICs lub dostarczane do
zastawki wraz z krwig. Pozostaje zatem do ustalenia, za pomocg metod ilosciowych, takich
jak PCR czy proteomika, czy VICs maja zdolnos$¢ syntezy az-antyplazminy, plazminogenu
i tPA. Z drugiej strony, Kochtebane i wsp. [72] zidentyfikowali niewielkie ilosci
plazminogenu, urokinazowego aktywatora plazminogenu (urokinase-type plasminogen
activator, uPA), tPA 1 PAI-1 we wszystkich trzech warstwach zastawek aortalnych oraz
w hodowlach miofibroblastow, jednak z duza zmiennosciag migdzy zastawkami. Co ciekawe,
uPA bylo jedynym biatkiem o aktywnosci enzymatycznej w lizatach miofibroblastow [72].
Jednak ekspresja wolnego tPA w miofibroblastach nie zostata potwierdzona metoda Western
blot, a tPA pokazano wylacznie jako kompleks z PAI-1 [72]. Nasze eksperymenty in vitro,
wykazaly znikome ilosci wolnego tPA w hodowlach VICs, nawet po zastosowaniu inhibitora
TMS275, ktory zmniejsza zdolno$¢ tworzenia komplekséw PAI-1-tPA, ujawniajac wolny
tPA 1 przeksztatcajac PAI-1 w jego nieaktywng forme [73]. Zatem nasze dane sugeruja,
ze VICs maja ograniczong zdolnos¢ syntezy tPA. Podsumowujac, powyzsze obserwacje moga
mie¢ istotne implikacje kliniczne zwigzane z hamowaniem szlaku NF-kB i promowaniem
fibrynolizy, jako potencjalnego celu terapeutycznego. Obecnie, inhibitory szlaku NF-xB sa
szeroko testowane w badaniach klinicznych pod katem interwencji terapeutycznej [ 74].

W publikacji 5 przedstawiliSmy aktualny stan wiedzy na temat szlakéw

molekularnych 1 ich potencjalnych implikacji terapeutycznych w leczeniu AS. Szczegotowe
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podsumowanie gtownych celow farmakologicznych 1 ich skutkéw w badaniach klinicznych

1 modelach przedklinicznych AS jest zaprezentowane w rozdziale Persepektywy.
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3.7. WNIOSKI

Whioski wysuniete z przedstawione] dysertacji sa nastgpujace:

a. Zle kontrolowana DMT2 prowadzi do akumulacji AGEs w zastawkach aortalnych, przez
co nasila lokalny stres oksydacyjny 1 zapalenie, co w konsekwencji moze prowadzi¢ do

szybszej progresji AS.

b. Wspotistniejagca DMT2 u pacjentow z AS nasila lokalny stan zapalny, aktywacje uktadu
krzepnigcia oraz syntez¢ mediatorow wapnienia zastawki poprzez nasilong aktywacje

in loco szlaku NF-xB.

c. U pacjentow z AS 1 wspolistniejaca DMT2 utrzymywanie HbAi. 1 fruktozaminy

w zakresie norm referencyjnych moze spowolni¢ tempo progresji AS.

d. U pacjentow z cigzka AS 1 stezeniem Lp(a) >50 mg/dl obserwuje si¢ podwyzszone
poziomy OxPL, ktore maja silniejszy wplyw na hipofibrynolize niz Lp(a).

e. U pacjentéw z ciezka AS akumulacja lipidéw prowadzi do nadekspresji PAI-1,

wynikajacej z nadmiernej aktywacji szlaku NF-xB w zastawkach aortalnych,

co przyczynia si¢ do hipofibrynolizy.
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3.8. OGRANICZENIA

Liczba wiaczonych do badan pacjentow w poszczegolnych podgrupach byta
ograniczona, zwlaszcza tych z dobrze 1 zle kontrolowang DMT?2. Niemniej jednak, badania te
mialy odpowiednia moc 1 reprezentuja typowych pacjentow z objawowa cigzka AS
spotykanych w praktyce klinicznej. Zastawkowa ekspresja poszczegolnych czynnikow zostata
okreslona potilosciowo. Dlatego tez, w ramach grantu PRELUDIUM pt. ,, Wptyw lipoprotein
na fibrynolize 1 plejotropowe dziatanie inhibitorow proproteinowe] konwertazy
subtylizyny/keksyny typu 9 (PCSK9) w stenozie aortalnej - powigzania ze stanem zapalnym
1 hemostaza”, ktorego jestem kierownikiem zaplanowano analize proteomiczng, ktora pozwoli
jednoznacznie okresli¢ sklad ilosciowy i jakosciowy proteomu zastawki, zwlaszcza biatek
zwigzanych z hemostaza. Ponadto, poziomy badanych markerow w osoczu i surowicy krwi
byly mierzone jednorazowo podczas wiaczenia pacjentéw do badania, dlatego moga nie
ujawnia¢ pewnych zaleznosci. W publikacji 1 nalezy zwrdci¢ uwage na fakt, ze wiekszos¢
pacjentow z AS 1 wspotistniejaca DMT2 otrzymywata metformine, ktéra ma zdolnos¢
zmniejszania akumulacji AGEs [75]. Z kolei wystepowanie nadci$nienia tetniczego czy
stosowanie lekow hipotensyjnych moze wplywacé na stezenie SRAGE w osoczu krwi [76].
Ponadto, prawie potowa pacjentow z DMT2 miata dobrze kontrolowang DM, co moglo
skutkowa¢ nieujawnieniem pewnych zaleznosci. W publikacji 2 1 4 mozna rozwazy¢
modyfikacje warunkéw hodowli VICs, takie jak stezenie stymulantdéw 1 inhibitoréw lub rézne
czasy inkubacji, w celu doktadniejszego zbadania dziatania wybranych czynnikéw na VICs.
W publikacji 4 nie oceniono ekspresji uPA, a hipofibrynoliz¢ w supernatantach komorek
VICs oceniono na podstawie CLT, ktory jest modelem zaleznym od tPA. Warto zauwazyc,
ze badania przeprowadzono na osobach z zastawkami trojptatkowymi 1 z ciezka
wysokogradientowa postacia AS, zatem naszych wynikow nie mozna bezposrednio
ekstrapolowac na pacjentow z tagodna lub umiarkowana AS, jak réwniez z dwuptatkowa
zastawka aortalng. Ponadto, cigzko$s¢ AS w publikacji 1, 2 i 4 mierzono jako gradienty
cisnien przez zastawke¢ 1 AVA, a nie jako Vma, zgodnie z obecnymi wytycznymi

Europejskiego Towarzystwa Kardiologicznego [41].
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3.9. PERSPEKTYWY

Obecnie, standardem postepowania u pacjentow z cigzka objawowa AS pozostaje
wymiana stenotycznej zastawki aortalnej metoda chirurgiczng lub przezskorng. Niestety
wciaz nie ma dostepnego leczenia farmakologicznego, ktore zapobiegatoby lub opodzniato
progresje tej choroby. Ponadto udowodniono, ze terapie obnizajace poziom lipidow takie jak
statyny nie wywieraja korzystnego wplywu na hamowanie progresji AS [77,78]. Warto
zauwazy¢, ze wtorna analiza danych z badania ASTRONOMER (the Aortic Stenosis
Progression Observation: Measuring the Effects of Rosuvastatin) wykazala, ze podwyzszone
poziomy Lp(a) 1 OxPL byly zwigzane z szybsza progresja choroby u pacjentow z AS [79].
Terapie skierowane na obnizenie poziomu Lp(a) i/lub LDL takie jak: inhibitory konwertazy
biatkowe] subtylizyny/keksyny typu 9 (PCSK9), inhibitory biatka przenoszacego estry
cholesterylu (CETP), antysensowne oligonukleotydy ukierunkowane na apo(a) oraz
kombinacja symwastatyna/ezetymib sa obecnie testowane jako srodki hamujace wapnienie
zastawek u pacjentow z AS [publikacja 5]. Coraz wiece] danych wskazuje rowniez,
ze terapie ukierunkowane na obnizenie poziomu OxPL moga mie¢ w przysziosci znaczenie
w opoOznianiu progresji AS [publikacja 3,27,28,40]. Warto podkresli¢, iz terapie
hipolipemizujace s3 obecnie najbardziej obiecujacym obszarem badawczym w zakresie
potencjalnego zahamowania rozwoju/progresji AS we wczesnych stadiach choroby
[publikacja S].

Scista kontrola parametrow dlugoterminowej kontroli glikemii, takich jak poziom
HbAi. 1/lub fruktozaminy oraz leczenie lekami przeciwcukrzycowymi sa uznawane za
korzystne dla pacjentow z AS 1 wspotistniejaca DMT2 [publikacja 1,2,80,81]. Obecnie leki
ukierunkowane na hamowanie osi AGEs-RAGE, takie jak pioglitazon lub alagebrium (ALT-
711), nowe leki przeciwhiperglikemiczne, a mianowicie agoniSci receptora
glukagonopodobnego peptydu-1 (GLP-1RA; liraglutyd, luraglutyd 1 semaglutyd) oraz
inhibitory kotransportera sodowo-glukozowego-2 (SGLT2; empagliflozyna, kanagliflozyna,
dapagliflozyna 1 ertugliflozyna) wymagaja badan, aby oceni¢ ich znaczenie w opoznieniu
progresji AS [80,81]. Pomimo faktu, ze hamowanie osi AGEs-RAGE wydaje si¢ by¢
obiecujacym celem terapeutycznym, nie ma danych potwierdzajacych, czy hamowanie tej osi
ma dziatanie kardioprotekcyjne u pacjentéw z DMT2. W przyszlosci spersonalizowane
leczenie farmakologiczne ukierunkowane na rozpoznanie choréb wspotistniejagcych moze
opozni¢ progresje AS lub zminimalizowa¢ ryzyko powiktan.

Z kolei, ostatnie badania in vitro 1 in vivo wskazuja, ze doustne antykoagulanty

niebedace antagonistami witaminy K (NOAC) mogg wptywac nie tylko na uktad krzepniecia,
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ale réwniez na zapalenie i przebudowe zastawek, przez co moga stuzy¢ jako strategia
terapeutyczna w celu zahamowania progresji AS przy jednoczesnym korzystnym wptywie na
uklad sercowo-naczyniowy, przynajmniej u pacjentéw z AS i wskazaniem do leczenia
przeciwzakrzepowego [57,82]. Co ciekawe, nasze najnowsze dane [publikacja 2 i 4]
wskazuja, ze inhibitory szlaku NF-kB rowniez moga by¢ potencjalnym celem teraputycznym
w leczeniu AS, poprzez hamowanie zapalenia 1 promowanie fibrynolizy. Wprowadzenie

terapii farmakologicznej opozniajacej progresje AS zrewolucjonizowatoby leczenie AS.
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4. STRESZCZENIE W JEZYKU POLSKIM

Wprowadzenie

Stenoza aortalna (AS) jest najczestsza przyczyna nabyte] wady zastawkowe] serca u 0sob
powyzej 65 roku zycia, bez dostepnego leczenia farmakologicznego. Patomechanizm AS jest
procesem zlozonym 1 $cisle regulowanym, zwigzanym z aktywacja wielu szlakow na
poziomie molekularnym, komorkowym 1 tkankowym. Liczne badania wskazuja,
ze podwyzszony poziom lipoprotein, oksydowanych fosfolipidéw (OxPL) lub towarzyszaca
cukrzyca typu 2 (DMT2) moga przyspieszy¢ rozwd] AS. Jednak, mechanizmy lezace
u podstaw wplywu tych czynnikow na stan zapalny, uklad krzepniecia 1 fibrynolizy oraz
kalcyfikacje zastawek aortalnych nie zostaly w pelni poznane.

Cel badania

Zbadanie mechanizméw zwigzanych z dzialaniem czynnikow modulujacych progresje AS, tj.
hiperglikemii 1 nasilonego stresu oksydacyjnego ze szczegdlnym uwzglednieniem ich
potencjalnych zwiazkéw z zapaleniem, aktywacja uktadu krzepniecia, hipofibrynoliza
i kalcyfikacja u pacjentow z ciezka AS.

Metody i Wyniki

W Publikacji 1 przebadano 76 pacjentow z ciezka AS (bez DMT?2) i 50 pacjentow z AS
i DMT2 (AS-DM). Zastawkowa ekspresje koncowych produktow zaawansowanej glikacji
(AGEs) 1 receptora dla AGEs (RAGE) oceniano immunofluorescencyjnie. Poziomy AGEs
1 rozpuszczalnej izoformy RAGE (sRAGE) w surowicy krwi oceniano za pomoca testow
ELISA. Pacjenci AS-DM mieli zwiekszong akumulacj¢ AGEs i RAGE w obrebie
stenotycznych zastawek aortalnych oraz w surowicy krwi w porownaniu z pacjentami bez
DMT?2. Ponadto, w grupie AS-DM ekspresja AGEs i RAGE, oraz ich poziom w surowicy
krwi korelowaly z poziomem hemoglobiny glikowanej (HbA1.). Co istotne, u pacjentow AS-
DM zastawkowa ekspresja AGEs 1 poziom AGEs w surowicy krwi byly zwigzane
z ciezkoscia choroby.

W Publikacji 2 oceniono 100 pacjentéw z AS (bez DMT2) 1 50 pacjentow z AS i DMT2
(AS-DM). Zastawkowa ekspresj¢ jadrowego czynnika kappa B (NF-xB), biatka
morfogenetycznego kosci-2 (BMP-2), protrombiny (FII) 1 aktywnego czynnika X (FXa)
oceniono immunofluorescencyjnie. Ekspresj¢ NF-kB 1 BMP-2 w hodowlach pierwotnych
komorek interstycjalnych zastawki (VICs) po stymulacji glukoza oceniono na poziomie
biatka i mRNA (RELA). W badaniach mechanistycznych zastosowano inhibitor reaktywnych
form tlenu — ROS (NAC) lub inhibitor szlaku NF-xB (BAY 11-7082). W zastawkach z grupy
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AS-DM obserwowano zwigkszong ekspresje NF-xB, BMP-2 i biatek uktadu krzepnigcia
w porownaniu do zastawek z grupy bez DM. Zastawkowa ekspresja NF-xkB i BMP-2 dodatnio
korelowata z ekspresja FII i FXa. Tylko u chorych z DM, zastawkowa ekspresja NF-kB byla
zwigzana z poziomem HbA. 1 fruktozaminy we krwi oraz cigzkosciag AS. Eksperymenty in
vitro wykazaty, ze wysokie stezenie glukozy zwiekszyto ekspresje NF-xB 1 BMP-2, podczas
gdy zastosowanie inhibitoréw ROS (NAC) lub NF-kB (BAY 11-7082) znaczaco je obnizylo.
Analiza ekspresji mRNA (RELA) w komorkach VICs potwierdzita te wyniki.

W Publikacji 3 oceniono 50 pacjentéw z AS 1 stezeniem lipoproteiny(a) [Lp(a)] >50 mg/dl
oraz 20 pacjentow z AS 1 Lp(a) <50 mg/dl. Zastawkowa ekspresje OxPL oceniano za pomoca
immunofluorescencji. Stezenie OxPL, antygenu inhibitora aktywatora plazminogenu typu 1
(PAI-1) 1 inhibitora fibrynolizy aktywowanego trombing (TAFI) oceniono za pomocg testow
ELISA. Czas lizy skrzepu (CLT) w osoczu wyznaczono turbidymetrycznie. Pacjenci z AS
1 Lp(a) >50 mg/dl mieli zwigkszona ekspresje OxPL w zastawkach 1 wyzsze stezenie OxPL
w surowicy krwi w porownaniu do pacjentéw z AS 1 Lp(a) <50 mg/dl. Zastawkowa ekspresja
OxPL korelowatla ze stezeniami OxPL 1 Lp(a) w surowicy krwi. Tylko u pacjentéw z Lp(a)
>50 mg/dl, stezenia OxPL w surowicy korelowaly z CLT, stezeniami PAI-1 i TAFI w osoczu,
oraz cigzkoscia AS. Analiza regresji wieloczynnikowe] wykazata, ze wyzsze poziomy OxPL
determinowaly wydluzone CLT u pacjentow z AS i Lp(a) >50 mg/dL

W Publikacji 4 przebadano 75 pacjentow z cigzka AS. Zastawkowa akumulacj¢ lipidow
oceniono histochemicznie, zas ekspresje PAI-1 1 NF-xB metodg immunofluorescencji.
Zastawki pobrane od dawcow autopsyjnych stanowity kontrole. Ekspresje PAI-1
w komorkach VICs hodowanych w roznych warunkach oceniono na poziomie biatka i mRNA
(SERPINEI). W badaniach mechanistycznych zastosowano inhibitor aktywnosci PAI-1
(TM5275) lub szlaku NF-xB (BAY 11-7082). Supernatanty hodowli VICs dodano do osocza
pozbawionego PAI-1 1 oznaczono CLT zmodyfikowana metoda. W supernatantach
oznaczono takze poziom antygenu PAI-1 za pomoca testu ELISA. Wytacznie
w stenotycznych zastawkach aortalnych stwierdzono ekspresje PAI-1, ktéra korelowata
z akumulacjg lipidow, ekspresja NF-kB oraz cigzkoscia AS. In vitro, VICs wykazywaly
wysoka ekspresje PAI-1. Stymulacja LDL zwiekszyta poziom PAI-1 w supernatantach VICs
1 wydtuzyta CLT. Hamowanie aktywnosci PAI-1 skrocito CLT, natomiast hamowanie szlaku
NF-kB zmniejszylo ekspresje PAI-1 w VICs, poziom jego antygenu w supernatantach oraz
skrocito CLT. Analiza ekspresji mRNA (SERPINEI) w komorkach VICs potwierdzila te

wyniki.
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W Publikacji 5§ oméwione zostaly najnowsze potencjalne strategie terapeutyczne hamujace
progresje AS.

Whioski

U pacjentdw z AS 1 towarzyszagca DMT?2 zle kontrolowana cukrzyca prowadzi do nadmiernej
akumulacji AGEs w zastawkach aortalnych, przez co nasila lokalny stres oksydacyjny
1 zapalenie oraz synteze¢ mediatoréw wapnienia zastawki, co w konsekwencji moze prowadzi¢
do szybszej progresji AS. Hiperglikemia niekorzystnie wplywa na procesy zwigzane
z progresja AS poprzez nasilong aktywacje in loco szlaku NF-kB. Nasze badanie sugeruje,
ze u pacjentow z AS 1 wspolistniejacg DMT2 utrzymywanie HbA . 1 fruktozaminy w zakresie
norm referencyjnych moze spowolni¢ tempo progresji AS. Pacjentow z ciezka AS
charakteryzuje hipofibrynoliza. Wysokie stezenia Lp(a) w surowicy krwi wigza sie
z podwyzszonym poziomem OxPL, ktore determinuja hipofibrynolize silniej niz Lp(a).
Ponadto, nadekspresja PAI-1 w obrebie stenotycznych zastawek spowodowana akumulacja
lipidow, jest mediowana nadmierng aktywacja szlaku NF-kB i1 przynajmniej czgsciowo jest
odpowiedzialna za hipofibrynolize. Zatem, nasze wyniki sugeruja, ze szlak NF-kB moze by¢

potencjalnym celem terapeutycznym w AS.
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5. STRESZCZENIE W JEZYKU ANGIELSKIM (ABSTRACT)
Background

Aortic stenosis (AS) is the most common cause of acquired valvular heart disease
in individuals over 65 years of age, with no available pharmacological treatment.
The pathomechanism of AS is a complex and tightly regulated process involving the
activation of multiple molecular, cellular, and tissue pathways. Numerous studies indicate that
elevated levels of lipoproteins, oxidized phospholipids (OxPL), or coexisting type 2 diabetes
(DMT2) may accelerate the development of AS. However, the underlying mechanisms by
which these factors influence inflammation, coagulation and fibrinolysis pathways, and aortic
valve calcification have not been fully elucidated.

Aims

To investigate the mechanisms involving factors favouring AS progression, such as
hyperglycemia and increased oxidative stress, with particular emphasis on their potential
associations with inflammation, coagulation activation, hypofibrinolysis, and calcification in
patients with severe AS.

Methods and Results

In Publication 1, 76 patients with severe AS (without DMT2) and 50 patients with AS and
DMT2 (AS-DM) were studied. Valvular expression of advanced glycation end products
(AGEs) and receptor for AGEs (RAGE) was evaluated by immunofluorescence. Levels of
AGEs and soluble isoform of RAGE (sRAGE) in serum were assessed using ELISA tests.
AS-DM patients exhibited increased accumulation of AGEs and RAGE within stenotic aortic
valves and in serum compared to patients without DMT2. Furthermore, in the AS-DM group,
the expression of AGEs and RAGE, as well as their serum levels, correlated with glycosylated
hemoglobin (HbA1c) levels. Importantly, in AS-DM patients, valvular expression of AGEs
and serum AGE levels were associated with disease severity.

Publication 2 evaluated 100 patients with AS (without DMT2) and 50 patients with AS and
DMT2 (AS-DM). Valvular expression of nuclear factor kappa B (NF-«xB), bone
morphogenetic protein-2 (BMP-2), prothrombin (FII), and activated factor X (FXa) was
assessed by immunofluorescence. The expression of NF-kB and BMP-2 in valve interstitial
cells (VICs) in vitro cultures stimulated with glucose was evaluated at the protein and mRNA
(RELA) levels. Mechanistic studies were performed using a reactive oxygen species inhibitor
(NAC) or NF-«B pathway inhibitor (BAY 11-7082). Increased expression of NF-xB, BMP-2,

and coagulation proteins was observed in AS-DM valves compared to those without DM.
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Valvular expression of NF-kB and BMP-2 positively correlated with FII and FXa expression.
Only in patients with DM, valvular NF-kB expression was associated with HbAi. and blood
fructosamine levels, as well as AS severity. /n vifro experiments demonstrated that high
glucose concentrations increased NF-xkB and BMP-2 expression, while the use of ROS (NAC)
or NF-xB (BAY 11-7082) inhibitors significantly reduced their expression. Analysis of
mRNA (RELA) expression in VICs confirmed these results.

In Publication 3, 50 patients with AS and lipoprotein(a) [Lp(a)] concentration >50 mg/dl
were evaluated, along with 20 patients with AS and Lp(a) <50 mg/dl. Valvular OxPL
expression was assessed using immunofluorescence. The levels of OxPL, plasminogen
activator inhibitor type 1 (PAI-1) antigen, and thrombin-activated fibrinolysis inhibitor
(TAFI) were evaluated using ELISA tests. Clot lysis time (CLT) in plasma was determined
turbidimetrically. AS patients with Lp(a) >50 mg/dl had increased OxPL valvular expression
and higher serum levels of OxPL compared to patients with AS and Lp(a) <50 mg/dl.
Valvular OxPL expression correlated with serum OxPL and Lp(a) levels. Only in patients
with Lp(a) >50 mg/dl, serum OxPL levels correlated with CLT, PAI-1 and TAFI
concentrations, as well as the severity of AS. Multifactorial regression analysis showed that
higher levels of OxPL were associated with prolonged CLT in patients with AS and Lp(a) >50
mg/dlL

In Publication 4, 75 patients with severe AS were examined. Valvular lipid accumulation
was assessed histochemically, while the expression of PAI-1 and NF-xB was evaluated using
immunofluorescence. Valves obtained from autopsy donors served as controls.
The expression of PAI-1 in VICs cultured under different conditions was assessed at the
protein and mRNA (SERPINEI) levels. Mechanistic studies were performed using an
inhibitor of PAI-1 activity (TM5275) or an NF-kB pathway inhibitor (BAY 11-7082). VICs
culture supernatants were added to PAI-1 — depleted plasma, and CLT was measured using
a modified method. The level of PAI-1 antigen in the supernatants was determined using an
ELISA test. Valvular expression of PAI-1, which correlated with lipid accumulation, NF-xB
expression, and the severity of AS, was observed only in stenotic aortic valves. /n vitro, VICs
showed high PAI-1 expression. LDL stimulation increased the level of PAI-1 in VICs
supernatants and prolonged CLT. Inhibition of PAI-1 activity shortened CLT, while inhibition
of the NF-xB pathway reduced PAI-1 expression in VICs, the level of its antigen in
supernatants, and shortened CLT. Analysis of mRNA expression (SERPINEI) in VICs

confirmed these results.
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Publication 5 discusses the latest potential therapeutic strategies for inhibiting the
progression of AS.

Conclusions

In patients with AS and concomitant poorly controlled DMT?2, uncontrolled diabetes leads to
excessive accumulation of AGEs in aortic valves, thereby exacerbating local oxidative stress,
inflammation, and the synthesis of valvular calcification mediators, ultimately resulting in
faster progression of AS. Hyperglycemia adversely affects processes related to AS
progression by enhanced in loco activation of the NF-kB pathway. Our study suggests that
maintaining HbA;. and fructosamine within the reference range in patients with AS and
concomitant DMT2 may retard the rate of AS progression. Patients with severe AS exhibit
hypofibrinolysis. High levels of serum Lp(a) are associated with elevated levels of OxPL, and
better than Lp(a) predict hypofibrinolysis. Additionally, the overexpression of PAI-1 within
stenotic valves, caused by lipid accumulation, is mediated by enhanced activation of the NF-
kB pathway and, at least in part, contributes to hypofibrinolysis. Therefore, our results

suggest that the NF-xB pathway may be a potential therapeutic target in AS.
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Accumulation of advanced glycation end
products (AGEs) is associated with the severity

of aortic stenosis in patients with concomitant
type 2 diabetes

Magdalena Kopytek1,2 Michat Zgbczyk12 Piotr Mazurl,2 Anetta Undasl2and Joanna Natorskal2

Abstract

Background: Accumulation of advanced glycation end products (AGEs) leads to chronic glycation of proteins and
tissue damage, particularly in patients with diabetes mellitus (DM). We aimed to evaluate whether increased accu-
mulation of AGEs in patients with aortic stenosis (AS) and concomitant type 2 diabetes (DM) is associated with AS
severity.

Methods: We prospectively enrolled 76 patients with severe AS (47.1% males; nonDM), aged 68 [66-72] years, and 50
age-matched DM patients with a median blood glucose level of 7.5 [5.9-9.1] mM and glycated hemoglobin (HbAlc)
of 6.8 [6.3-7.8]%, scheduled for aortic valve replacement. Valvular expression of AGEs, AGEs receptor (RAGE), interleu-
kin-6 (IL-6), and reactive oxygen species (ROS) induction were evaluated ex vivo by immunostaining and calculated as
the extent of positive immunoreactive areas/total sample area. Plasma levels of AGEs and soluble RAGE (sRAGE) were
assessed by ELISAs.

Results: Subjects with DM had increased valvular expression of both AGEs (6.6-fold higher, 15.53 [9.96-23.28]%) and
RAGE (1.8-fold higher, 6.8 [4.9-8.45]%) compared to nonDM patients (2.05 [1.21-2.58]% and 2.4 [1.56-3.02]%, respec-
tively; both p<0.001). Plasma levels of AGEs (12-fold higher) and sRAGE (1.3-fold higher) were elevated in DM patients,
compared to nonDM (both p<0.0001). The percentage ofvalvular ROS-positive (2.28 [1.6-3.09] vs. 1.15 [0.94-1.4]%,
p<0.0001) but not IL-6-positive areas was higher within DM, compared to nonDM valves. In DM patients, the percent-
age ofvalvular AGEs- and RAGE-positive areas correlated with HbAlc (r= 0.77, p<0.0001 and r= 0.30, p= 0.034).
Similarly, plasma AGEs and sRAGE levels were associated with HbAlc in the DM group (r= 0.32, p= 0.024 and r= 0.33,
p= 0.014, respectively). In all DM patients, we found an association between the amount ofvalvular AGEs and the
disease severity measured as aortic valve area (AVA; r= 0.68, p<0.0001). Additionally, in DM patients with HbAlc > 7%
(n= 24, 48%) we found that valvular expression of AGEs correlated with mean transvalvular pressure gradient (PGmean;
r=0.45, p= 0.027). Plasma AGEs levels in the whole DM group correlated with AVA (r=- 0.32, p= 0.02), PGnean
(r=10.31, p= 0.023), and PGmex (r= 0.30, p= 0.03).

Conclusions: Our study suggests that poorly-controlled diabetes leads to increased AGEs and RAGE valvular accu-
mulation, which at least partially, might result in AS progression in DM patients.
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Background

Aortic stenosis (AS) is the most common cause of
acquired valvular heart disease in the adult population,
with 2-3% prevalence for individuals older than 65 years
in developed countries [1]. AS is initiated as aortic valve
sclerosis, associated with a mild valve thickening. Histo-
pathologic heterogeneity of AS indicates the involvement
of cell dependent mechanisms that regulate calcium load
in the valve leaflets, as well as the participation of differ-
ent cell types, including valvular interstitial cells (VICs),
endothelial cells and cardiac leukocytes [2]. Under path-
ological conditions, such as inflammation or oxidative
stress VICs can differentiate into myofibroblasts (causing
fibrosis) and osteoblast-like cells (causing calcification)
[2]. Diabetes mellitus (DM), a known cardiovascular risk
factor, has also been reported as a risk factor for AS pro-
gression [3]. In patients with AS and concomitant type 2
DM reduced systemic arterial compliance and left ven-
tricular dysfunction at the midwall level, corresponding
to slightly depressed myocardial contractility have been
shown [4]. Chronic hyperglycemia is a common feature
of DM and has been related to vascular and inflammatory
cell interactions with advanced glycation end products
(AGEs) [5]. Advanced glycation is the irreversible attach-
ment of reducing sugars to the free amino groups of pro-
teins. Conditions such as DM rapidly accelerate AGE
formation [6]. It has been shown that AGEs accumulation
plays a key role in development of vascular calcification
in DM patients [7- 9]. AGEs, which are a heterogeneous
group of molecules generated through non-enzymatic
glycation and oxidation of proteins such as collagen, elas-
tin and laminin [10- 12], lipids, and nucleic acids [10] can
alter tissue function and its mechanical properties [10-
12]. Interestingly, it has been shown that chronic high
dietary AGEs lead to increased arterial stiffness with sub-
sequent elevation of systolic blood pressure and inflam-
matory activation, which may lead to the development of
vascular complications in type 2 DM [11]. AGEs modu-
late multiple cellular processes through the cross-linking
of intracellular and extracellular matrix proteins [12] or
binding to their cell surface receptor (RAGE), which pro-
duces excesses in inflammatory molecule production [13,
14]. It has been shown that elevated circulating soluble
RAGE (sRAGE) levels are associated with the presence of
bicuspid aortic valve and associated aortopathies, inde-
pendently of aortic diameter [15]. Moreover, Hofmann
et al. [16] have shown in model using RAGE knock-out
mice that both AGEs and RAGE are involved in the aortic

leaflets calcification and subsequent AS. Low levels of
both sRAGE and endogenous secretory receptor for
RAGE (esRAGE), which are considered to be protective
against AGEs, were shown as a very early marker of ini-
tial target organ damage in mild hypertensives [17] or a
factor associated with negative coronary artery remod-
eling in diabetics [18]. Moreover, the concentration of
SRAGE has been associated with increased arterial wall
stiffening over time [19]. Despite numerous reports on
AGE and RAGE involvement in the pathogenesis of car-
diovascular diseases little is known about mechanisms
by which hyperglycemia-related increase of AGEs and
RAGE affects inflammation and calcification within aor-
tic stenotic valves. We aimed to investigate whether in
AS patients with concomitant DM, the severity of AS is
associated with enhanced accumulation of both valvular
and plasma AGEs and RAGE.

Methods

Study subjects

We enrolled 126 patients with isolated AS on tri-
cuspid aortic valve (nonDM group), including 50 AS
patients with concomitant type 2 DM (DM group).
Patients were hospitalized between August 2016 and
February 2019 in the Department of Cardiovascu-
lar Surgery and Transplantology at the John Paul Il
Hospital, Krakow, Poland. Severe AS was defined by
a mean transvalvular gradient (PGrean)= 40 mmHg
and/or aortic valve area (AVA)<1 cm2 based on tran-
sthoracic echocardiography, performed by an experi-
enced cardiologist on a Toshiba APLIO 80 (Toshiba,
Tokyo, Japan) ultrasound machine. All patients were
scheduled to undergo aortic valve replacement, fol-
lowing the Heart Team indication. Left ventricular
ejection fraction (LVEF) was routinely measured dur-
ing echocardiography. The diagnosis of atherosclerosis
was based on angiographically documented coronary
artery stenosis>20% diameter. Patients classified as
having DM had to be diagnosed preoperatively based
on fasting plasma glucose= 7.0 mmol/L (126 mg/dL)
on two separate occasions, HbAlc equal or exceeding
6.5% (48 mmol/mol) or oral glucose tolerance test of
140 mg/dL (7.8 mmol/L) to 199 mg/dL (11.0 mmol/L)
according to The International Expert Committee [20]
and only individuals receiving insulin or oral hypo-
glycemic agents preoperatively were included in this
study. Hypercholesterolemia was diagnosed based on
medical records, cholesterol-lowering therapy or total



Kopytek etal. Cardiovasc Diabetol ~ (2020) 19:92

cholesterol of 5.0 mmol/L or more. Arterial hyperten-
sion was diagnosed based on a history of hypertension
(blood pressure>140/90 mmHg) or preadmission anti-
hypertensive treatment. Smoking was defined as the
use of one or more cigarettes per day. The exclusion
criteria were: angiographically documented coronary
artery stenosis>20% diameter, rheumatic AS, acute
infection, diagnosed malignancy, endocarditis, chronic
kidney disease, any previous heart surgeries, acute car-
diovascular event in the last 3 months before inclu-
sion, any concomitant valvular surgery and pregnancy.
The valvular anatomy was confirmed intraoperatively
by a cardiac surgeon, and bicuspid valve was used as
an exclusion criterion. The Local Ethical Committee in
Krakow approved the study and participants provided
informed consent in accordance with the Declaration
of Helsinki.

Laboratory analysis

At the day of valve replacement, after an overnight fast
venous blood was drawn between 7:00 and 9:00 AM
from the antecubital vein into citrated (9:1 of 0.106 M
sodium citrate) or EDTA (both SARSTEDT, Numbre-
cht, Germany) tubes. Blood was centrifuged at 25009 at
20 °C for 20 min and stored in aliquots at - 80 °C until
analysis. Blood drawn into serum tubes was centrifuged
at 1600g at 4 °C for 10 min and stored at - 80 °C. To
determine lipid profile, glucose and creatinine in serum,
routine laboratory assays were used. Serum high-sensi-
tivity C-reactive protein (hsCRP) was determined using
immunoturbidimetry (Roche Diagnostics, Mannheim,
Germany). Fibrinogen was measured by the von Clauss
method in citrated plasma (Instrumentation Laboratory,
Bedford, MA, USA). Glycated hemoglobin HbAlc was
determined using turbidimetric inhibition immunoassay
TINIA in hemolysate prepared from whole blood (Roche
Diagnostics, Mannheim, Germany). Serum fructosamine
levels were measured using a colorimetric assay (Roche
Diagnostics, Risch-Rotkreuz, Switzerland).

Enzyme-linked immunosorbent assay (ELISA)

Human advanced glycation end products (AGEs; all
species with the predominance of N(6)-Carboxym-
ethyllysine) and circulating soluble human receptor for
advanced glycation end products (sRAGE) concentra-
tions in EDTA plasma samples were assayed quanti-
tatively using commercial ELISA kits (ElAab, Wuhan,
China, no. E0263h and Boster Biological Technology,
California, USA, no. EK0827, respectively) in accord-
ance with manufacturer's instructions. Serum insulin
levels were assessed using Insulin Human ELISA Kit
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(Invitrogen —Thermo Fisher Scientific, Waltham, MA,
USA).

Aortic valves preparation

Valve samples embedded in Tissue Tec-OCT compound
(Sakura, Torrance, CA, USA) were cryosectioned (4.5um
thick sections) onto SuperFrost slides (Menzel-Glaser,
Braunschweig, Germany) by a Leica CM 1520 cryostat.
Transverse sections were taken from the mid and com-
missural areas of the leaflet and stored at - 20 °C until
immunostaining.

Immunofluorescence analysis

Sections were fixed in ice-cold methanol-acetone (1:1)
mixture. After endogenous peroxidase activity quench-
ing with 3% H2 2 (15 min) at room temperature (RT)
and blocking of unspecific background with 3% bovine
albumin (BSA, Sigma Co, St. Louis, MO, USA) at RT in
dark (30 min). Primary adequate antibodies against AGE
(1:500; no. ah23722), tissue RAGE (1:100; no. ab3611),
interleukin-6 (IL-6, 1:800; no. ab6672), and reactive oxy-
gen species (ROS) modulator 1 (ROMOZ1, indirectly eval-
uating ROS production; 1:100; no. ab121379) (all from
Abcam, Cambridge, UK) were applied overnight at 4 °C.
Primary antibodies were followed by the correspond-
ing secondary goat or mouse antibodies conjugated with
fluorochrome AlexaFluor 488 or AlexaFluor 594 (Abcam,
Cambridge, UK) (1:1000) at 4 °C for 1 h in dark. Dou-
ble-label immunofluorescence analyses were performed
using the same antibodies. The co-localization of AGE
and RAGE was performed. A negative control (without
primary antibody incubation) was included routinely to
all staining. Images were analyzed using Olympus BX 43
microscope equipped with software (Cell Sense Stand-
ard, version 11.0.06). Per each valve 30 images were taken
and the percentage of positively-stained areas was calcu-
lated as the extent of positive immunoreactive areas/total
sample area as follows [21]:

2> of immunoreactive areas
Total section area

The fluorescence intensity (FI) was computed as the
ratio of fluorescence of positively and negatively stained
areas. The investigators analyzing the data were blinded
to the study groups. The ratio of valvular AGEs and
SsRAGE (AGEs/sRAGE) has also been calculated [22].

Statistical analysis

All statistical analysis were performed using STATIS-
TICA Version 125 (StatSoft STATISTICA , Poland)
program. Categorical variables were presented as num-
bers and percentages and were analyzed by Pearson's x2
or two-tailed Fisher's exact test. Continuous variables
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were expressed as meanz standard deviation (SD) or
median and interquartile range [IQR]. Normality was
analyzed by the Shapiro-Wilk test. lhc Student's test
was used for normally distributed continuous variables.
Differences between groups were compared using the
Mann-Whitney U test for non-normally distributed con-
tinuous variables. Associations between nonparametric
variables were assessed by Spearman's tests. The multi-
variate analyses were performed using linear regression
models adjusted for potential confounders such as age,
hypertension, hypercholesterolemia, and the use of sta-
tin and/or angiotensin-converting enzyme inhibitors.
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P-values of<0.05 were considered as statistically sig-
nificant. The study was powered to have a 90% chance of
detecting a 15% difference in valvular expression of dif-
ferent factors using a p-value of 0.01, based on the previ-
ous study [14]. In order to demonstrate such a difference
or grater, the group size is equal to 44 patients, or more is
required in each group.

Results

DM patients did not differ from the nonDM group

with regard to demographic factors, but were more
frequently obese (BMI1>30 kg/m2 Table 1). More DM

Table 1 Characteristics of patients with aortic stenosis with or without concomitant diabetes mellitus (DM)

Variable NonDM patients (n= 76)
Age, years 68 [66-72]
Male, n (%) 41 (53.9)
BMI, kg/m2 28.4 [26.6-31.2]
Risk factors, n (%)
Arterial hypertension 70(92.1)
Hypercholesterolemia 20 (26.3)
Current smoking 9 (11.8)
Medications, n (%)
Beta-blockers 61 (80.3)
Acetylsalicylic acid 52 (68.4)
ACE inhibitors 53(69.7)
Statins 56 (73.7)
Insulin 0
Metformin 0
Echocardiographic parameters
Mean gradient, nmHg 48 [42-59]
Maximum gradient, mmHg 82.3+ 14.2
LVEF, % 60 [55-65]
AVA, cm2 0.86 [0.7-0.95]
Laboratory investigation
Fibrinogen, g/L 3.4+ 0.8
Creatinine, pmolL 74 [65-89]
hsCRP, mg/L 1.2 [1.0-4.0]
Glucose, mmolL 5.2 [4.9-5.6]
HbA1lc, % 5.4 [5.2-5.7]
Insulin, plW/mL 16.5 [13.1-19.9]
Fructosamine, pmolL 225 [217-236]
TC, mmolL 4.1[3.7-4.8]
LDL-C, mmolL 2.6 [2.1-3.3]
HDL-C, mmolL 1.3[1.1-1.6]
Triglycerides, mmolL 1.2 [0.9-1.8]

DM patients (n= 50) p-value
70 [66-74] 0.18
31 (62) 0.37
31.3 [28.7-34.5] <0.001
50 (100) 0.08
10 (20) 0.52
8(16) 0.60
47 (94) 0.038
40 (80) 0.22
45 (90) 0.008
46 (92) 0.011
14 (28) <0.0001
36 (72) <0.0001
52 [43-66] 0.067
89.2+ 12.3 0.054
60 [58-64] 0.39
0.78 [0.6-0.8] 0.048
3.6+ 0.6 0.28
81 [74-100] 0.011
1.0 [1.0-2.0] 0.34
7.5[5.9-9.1] <0.0001
6.8 [6.3-7.8] <0.0001
16.4 [12.3-23.4] 0.41
262 [241-291] <0.0001
3.8 [3.0-4.6] 0.06
2.3[1.5-3.1] 0.17
1.2 [1.0-1.4] 0.039
1.5 [1.2-2.0] 0.27

Data presented as numbers (percentages), mean = SD or medians [interquartile range]. Categorical variables were analyzed by the Chi square test. The Mann-Whitney

U or Student tests were used to compare differences between groups

AS aortic stenosis, DM type 2 diabetes mellitus, BMI body mass index, ACEinhibitors angiotensin converting enzyme inhibitors, LVEF left ventricular ejection fraction,
AVA aortic valve area, hsCRP high-sensitivity C-reactive protein, HbAlc glycated hemoglobin, TCtotal cholesterol, LDL-C low density lipoprotein cholesterol, HDL-C high

density lipoprotein cholesterol



Kopytek etal. Cardiovasc Diabetol ~ (2020) 19:92

patients used statins, beta-blockers and angiotensin
converting enzyme (ACE) inhibitors compared to sub-
jects from the nonDM group (all p<0.05; Table 1). The
median time of DM duration was 11 [7-18] years, and
DM patients had 44.2% higher glucose, 25.9% higher
HbAlc, and 16.4% higher fructosamine levels com-
pared to nonDM subjects (all p<0.05; Table 1). DM
patients were also characterized by slightly poorer
renal function (Table 1). No intergroup differences
were found in other laboratory parameters (Table 1).
Among DM patients, as many as 24 (48%) individuals
had poorly controlled diabetes, defined as HbAlc> 7%
(Table 2).
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Valvular expression of AGEs and RAGE

The thickness of the aortic valve leaflets was
greater in DM patients compared to nonDM valves
(1926.32+ 197.85 pm vs. 1298.32 + 183.37 ym, p = 0.017)
(Fig. 1a, b).

Valvular expression of AGEs and RAGE was mostly
detected at the aortic site of the leaflets and presented
a diffused pattern of fluorescence for AGEs, whereas
RAGE expression was more condensed and located
mainly on the edge of the leaflets (Fig. 1c-f). Valvu-
lar AGE expression was 6.6-fold higher in DM com-
pared to nonDM patients (15.53 [9.96-23.28]% vs. 2.05
[1.21-2.85]%, p<0.001) (Fig. 1c, d). Similarly, in the DM
group we found 1.8-fold higher expression of valvular

Table2 Comparison of AS patients with concomitant type 2 DM stratified according to glycated hemoglobin levels

(HbAlc)
Variable Patients with DM and HbAlc> 7% DM and HbAlc< 7% (n= 26) p-value
(n=24)

Age, years 74 [70-76] 70 [66-73] 0.12

Male, n (%) 13 (54.2) 18 (69.3) 0.38

BMI, kg/m2 30.4 [26.6-31.2] 32.2[28.7-34.5] 0.30

Risk factors, n (%)
Arterial hypertension 24 (100) 26 (100) 0.99
Hypercholesterolaemia 7(29.2) 3(11.5) 0.16
Current smoking 2(8.3) 6(23.1) 0.25

Medications, n (%)
Beta-blockers 21(87.5) 26 (100) 0.10
Acetylsalicylic acid 19 (79.2) 21(80.8) 0.99
ACEinhibitors 22 (91.7) 23 (88.5) 0.99
Statins 21 (87.5) 25 (96.2) 0.34
Insulin 14 (58.3) 0 < 0.0001
Metformin 10 (41.7) 26 (100) < 0.0001

Echocardiographic parameters
Mean gradient, mmHg 61 [46-67] 44 [41-50] 0.003
Maximum gradient, nmHg 95 [72-109] 64 [58-77] <0.00001
LVEF, % 60 [55-65] 60 [58-64] 0.98
AVA, cm2 0.65 [0.56-0.80] 0.85[0.8-0.9] < 0.0001

Laboratory investigation
Creatinine, pmolL 91 [88-101] 79 [73-99] 0.19
hsCRP, mg/L 1.0 [1.0-2.0] 1.0 [1.0-2.0] 0.53
Glucose, mmolL 6.8 [6.2-8.4] 6.4 [5.5-7.5] 0.21
Insulin, piW/mL 16.2 [12.4-23.3] 16.3 [12.4-23.4] 0.89
Fructosamine, pmolL 271 [250-304] 259 [231-266] 0.04
Valvular AGEs, % 23.3[17.5-28.1] 10.8 [9.3-13.5] < 0.00001
Valvular RAGE, % 8.1[6.6-8.5] 5.7 [4.8-7.7] 0.015
Plasma AGEs, ng/mL 9.3[8.5-12.0] 9.6 [8.6-10.4] 0.55
Plasma sRAGE, pg/mL 1977 [1596-2455] 1988 [1517-2613] 0.70

Data presented as numbers (percentages), mean + SD or medians [interquartile range]. Categorical variables were analyzed by the Chi square test. The Mann-Whitney
U or Student tests were used to compare differences between groups

AGEs advanced glycation end products, RAGE receptor for AGEs, for abbreviations see Table 1
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Fig.1 Expression of AGEsand RAGE within aortic stenotic valves. Representative microphotographs of aortic stenotic valves dissected from
patients with aortic stenosis (nonDM) or aortic stenosis with concomitant type 2 diabetes mellitus (DM). a, b The thickness of the leaflets stained
with hematoxylin, ¢, d the valvular expression of advanced glycation end products (AGEs) and e, f their receptor (RAGE), g, h the expression of
reactive oxygen species (ROS) modulator 1 (indirect staining for ROS), and i co-localization of AGEs (green) and RAGE (red). Cell nuclei are stained in

blue (DAPI). *Aortic site of the leaflet. Original magnification x 40

RAGE than in the nonDM group (6.8 [4.9-8.45]% vs.
2.4 [156-3.02]%, p< 0.001) (Fig. 1le, f). Of note, AGEs
and RAGE showed co-expression in 51.5% of positively
stained areas (Fig. li). DM compared to nonDM valves
were characterized by higher ROS-positive area (228
[1.6-3.09]% vs 115 [0.94-1.4]%; p<0.0001; Fig. 1g, h).
The valvular expression of IL-6 tended to be increased
in DM compared to nonDM patients (1.57 [0.96-2.15]%
vs. 1.18 [0.96-1.8]%; p= 0.062). There were no associa-
tions between valvular ROS or IL-6 expression and echo
parameters in both patient groups.

In DM patients the amount of valvular AGEs was posi-
tively associated with HbAlc and fructosamine levels
(Fig. 2a, b). The valvular RAGE correlated positively with
HbAlc (Fig. 2c) but not with plasma glucose, insulin or
fructosamine levels (data not shown). In DM, but not in
nonDM patients, we found negative association between
the amount of valvular AGEs and aortic valve area (AVA;
Fig. 2d), even after adjustment for potential confounders
(Table 3). Similar association was not observed for val-
vular RAGE (Table 3). Furthermore, in DM patients with
HbAlc>7% (n= 24, 48%), we observed 1.2-fold higher
expression of AGEs compared to those with HbAlc< 7%
(Table 2; Fig. 2e) which correlated with P G rean (Fig. 2f).

Plasma levels of AGEs and sRAGE

DM compared to nonDM patients had 12-fold higher
plasma concentrations of AGEs (9.55 [8.56-10.92]
vs. 0.73 [0.68-0.77] ng/mL; p<0.0001) and 1.3-fold
higher plasma sRAGE levels (1982 [1517-2613] vs.

858 [648-971] pg/mL; p<0.0001). Of note, in the
DM group plasma AGEs correlated with sRAGE lev-
els (r= 0.61, p<0.0001) and plasma concentrations
of AGEs and sRAGE were positively associated with
HbAlc levels (Fig. 3a, b). Importantly, in the DM
group, plasma AGEs levels positively correlated with
fructosamine (Fig. 3c). In DM, but not in nonDM
patients, HbAlc was associated with fructosamine lev-
els (r= 0.54, p<0.0001). Associations of plasma AGEs
and sRAGE levels with HbAlc or fructosamine were
not observed in the nonDM group (data not shown).

Moreover, in the DM group, plasma levels of AGEs
correlated positively with valvular AGEs expression
(r= 0.67, p= 0.037) but valvular RAGE was not associ-
ated with sRAGE (p> 0.05).

There were no associations between echo parameters
and HbA1lc or glucose levels in the whole group of DM
subjects. However, DM patients with HbAlc>7.0%
compared to those with HbAlc< 7.0% were character-
ized by higher PGmexand P G nean (Table 2; Fig. 4a).

In DM patients plasma levels of AGEs and sRAGE
were associated with the disease severity reflected
by AVA (Fig. 4b, c), even after adjustment for defined
confounders (Table 3). Moreover, plasma AGEs (but
not sRAGE) levels correlated positively with PGnean
(Fig. 4d), while PGmex was associated with both AGE
and sRAGE plasma levels (Fig. 4e, f). However, associa-
tions of transvalvular gradients with plasma AGEs and
sRAGE were no more significant after adjustment for
defined confounders (Table 3).
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Fig. 2 Associations of valvular AGEs and RAGE with glycation markers and echocardiographic parameters in patients with AS and concomitant
DM. Associations of: a the expression of valvular advanced glycation end products (AGEs) with glycated hemoglobin (HbAlc), b valvular AGEs
with serum fructosamine, c valvular AGEs receptor (RAGE) with HbA1c, d valvular AGEs with aortic valve area (AVA), e expression of valvular AGEs
stratified according to elevated HbAlc levels, and f valvular AGEswith mean transvalvular pressure gradient (PG)
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Table 3 Multivariate associations between echocardiographic parameters and valvular or plasma AGEs and RAGE levels

Variable AVA, estimate (95% Cl) p-value
Valvular AGESs, % - 0.29(- 0.10;- 0.47) 0.0035
Valvular RAGE, % - 0.13(- 0.32;0.066) 0.19
Plasma AGEs, ng/mL - 0.20(- 0.0041;- 0.39) 0.045
Plasma SRAGE, pg/mL - 0.26 (- 0.063;- 0.45) 0.01
Valvular AGEs/sRAGE ratio - 0.19(0.007;- 0.39) 0.058

Mean gradient,

Maximum gradient,

p-value p-value
estimate (95% ClI) estimate (95% CI)
0.24 (0.05; 0.43) 0.014 0.34(0.15; 0.52) 0.0005
0.082 (- 0.11;0.28) 0.41 0.09 (- 0.11;0.29) 0.36
0.13(- 0.069;0.32) 0.20 0.04 (- 0.15;0.24) 0.66
0.13(- 0.07;0.33) 0.20 0.18 (- 0.16;0.38) 0.071
0.18 (- 0.02;0.38) 0.078 0.19 (- 0.008;0.39) 0.059

Allmodels were adjusted for age, hypertension, hypercholesterolemia, the use of statin, and angiotensin-converting enzyme inhibitors. Cl confidence interval; for

other abbreviations see Tables 1 and 2

Ratio of valvular AGEs and plasma sRAGE levels (AGEs/
SRAGE)

We found significant associations between the AGEs/
SRAGE ratio and glucose levels (r=0.36, p= 0.077),
HbAlc (r= 0.46, p= 0.0004) as well as with echocardio-
graphic parameters such as AVA (r= - 0.41, p= 0.0033),
PGmean (r=0.32, p= 0.019), PGmax (r= 0.37, p= 0.007).
However, after adjustment for defined confounders
all estimates showed only a tendency to be significant
(Table 3).

Discussion

To the best of our knowledge, this study is the first to
show that: (1) patients with AS and concomitant DM
compared to nonDM patients with tricuspid aortic
valves, demonstrate abundant valvular accumulation
of AGEs and RAGE associated with AS severity. Inter-
estingly, poorly controlled DM was associated with the
highest valvular AGEs expression; (2) the expression of
valvular AGEs corresponded to AGEs level in plasma
but this association held no true for valvular RAGE and
sRAGE, and (3) plasma levels of AGEs and sRAGE were
correlated with AVA but not with transvalvular pressure
gradients.

AGEs involvementin AS

Our results showing that enhanced valvular expression
of AGEs associated with AS severity in AS patients with
concomitant DM are in line with studies performed in
mice, in which AGEs accumulation resulted in aortic
valve degeneration [16]. Previously, we have shown that
diabetes is associated with increased valvular inflam-
mation, measured by valvular CRP expression [23]. The
present study provides the initial evidence for a pro-
inflammatory effect of valvular AGEs accumulation.
Despite the fact that AGEs are accumulated as a result
of hyperglycemia, their effects can occur independently
of glycemic control and their levels better predicted
both DM progression and vascular calcification than
HbAlc [24]. Although glycemic control is important,
it is not sufficient to prevent complications of diabetes.

Other factors, such as oxidative stress, may be more
important mediators of advanced glycation than hyper-
glycemia per se in patients already receiving interven-
tions directed to improve glycemic control [6]. On the
other hand, our study provided additional data that
both biomarkers of long-term glycemic control (HbAlc
and fructosamine) show associations with plasma and
valvular AGEs. Arguably, they may give insight into dis-
ease course in AS patients with concomitant DM, espe-
cially in those with mild-to-moderate AS. However,
further studies are needed to explore this issue.

It is known that AGEs accumulation in the extracel-
lular matrix of vessels leads to structural and functional
changes of collagen and subsequent cardiovascular
complications [22]. Therefore, it might be hypothesized
that more severe AS observed in patients with con-
comitant DM is a result of AGE-related valvular col-
lagen cross-linking leading to enhanced inflammation,
oxidative stress, and calcification of the leaflets. Study-
ing a cohort with confirmed normal-flow high-gradient
AS, we observed an association between valvular AGEs
expression and AVA in DM. This observation was fur-
ther corroborated by correlation of valvular AGEs
expression and mean transvalvular pressure gradient.
Considered the fact that also plasma AGEs levels were
associated with AVA, it becomes evident that AGEs
have multilevel interrelation with AS severity in diabet-
ics, even at the very late stage of the disease, where sur-
gical intervention is inevitable.

Our novel observation is that poorly controlled DM
was associated with the highest valvular AGEs expres-
sion, which correlated not only with AVA but also
with transvalvular pressure gradients. The influence of
diabetes on AS progression has been previously stud-
ied. Katz et al. [7] have shown that the metabolic syn-
drome and DM are associated with increased risk of
valvular calcification, and AS prevalence is associated
with increasing number of metabolic syndrome com-
ponents. Kamalesh et al. [25] have shown an influence
of diabetes on AS progression in patients with mild AS,
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in patients with ASand concomitant DM. Associations of: a plasma
levels of advanced glycation end products (AGEs) with glycated
hemoglobin (HbAlc), b plasma levels of AGE receptor (RAGE) with
HbA1lc, c plasma AGEs with serum fructosamine levels

but not in those with heavily calcified stenotic valves.
They speculated that once the valve is calcified, the dia-
betes-driven inflammation may play less of a role in AS
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progression than in a valve with mild lesions. Recently,
Larsson et al. in a prospective cohort study compris-
ing>70,000 individuals have confirmed that type 2
DM is associated with an increased risk of AS (hazard
ratio: 1.34; 95% confidence interval 1.05-1.71) [26]. On
the contrary, Testuz et al. [27] failed to demonstrate an
association between AS progression and metabolic syn-
drome or diabetes during 3-years follow-up. However,
the authors evaluated only levels of fasting glucose,
reflecting short-term glucose dynamics. Neither the
levels of HbA1c, fructosamine nor AGEs in their cohort
were assessed [27], while our study showed that in AS
patients with well-controlled type 2DM an influence of
hyperglycemia on AS severity is minor.

RAGE involvementin AS

Despite the role of RAGE in vascular calcification has
been previously demonstrated in animal models [28,
29], our study showed that RAGE in contrast to AGEs is
poorly associated with AS severity measures. Moreover,
we found no associations between AGE/sRAGE ratio and
AS severity after adjustment for potential confounders,
while this ratio has been suggested as a more sensitive
marker than single factors [22, 30]. These discrepancies
may be connected with the fact that there are differ-
ent species of RAGE, including the membrane RAGE,
responsible for the harmful effects of AGEs and circulat-
ing RAGE isoforms which are protective against AGEs
due to competing with the tissue RAGE for binding of
AGEs [31]. Thus, this dual nature of RAGE, together
with an increased consumption of AGE by sRAGE in
subjects with impaired glucose metabolism [32] may
disturb a direct associations between RAGE and param-
eters describing AS severity. Moreover, we showed rela-
tively high levels of SRAGE observed in DM compared
to nonDM patients, while there are studies reporting
decreased, increased or unchanged sRAGE levels in DM
patients compared to subjects without DM [33- 35]. This
difference may be explained by a presence of several con-
founding factors, with major impact of DM duration.
It has been shown that the longer duration of DM the
higher AGEs generation and AGE-stimulated increased
RAGE expression [36]. Moreover, the presence of hyper-
tension, use of antihypertensive drugs or inflammatory
diseases can affect plasma sRAGE levels [36].

Study limitations

This study has several limitations. The number of study
participants was limited, however, the study was ade-
quately powered to detect intergroup differences in AGEs
levels. Moreover, almost half of the DM patients had
well-controlled diabetes with HbAlc < 7%. This could be
a reason that we failed to show associations of valvular
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Fig. 4 Associations of plasma AGEs and RAGE with echocardiographic parameters in patients with AS and concomitant DM. Associations of: a
mean and maximal transvalvular pressure gradients (PG) stratified according to elevated levels of glycated hemoglobin (HbAlc), b plasmalevels
of advanced glycation end products (AGEs) with aortic valve area (AVA), c plasma levels of AGEs receptor (RAGE) with AVA, d plasma levels of AGEs

with mean PGor e maximal PG, and f plasma RAGE levels with maximal PG
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AGEs and RAGE accumulation with valvular inflam-
mation or oxidation. On the other hand, more sensitive
markers of inflammation and oxidation, or using another
type of antibodies for immunostaining, could be more
informative. Second, although the analysis of valvular
expression of AGEs and RAGE along with IL-6 and ROS
was semiquantitative, but assessed by two independent
investigators, results of such analyses should be inter-
preted with caution. Third, metformin has the ability to
reduce AGEs accumulation [37], and it should be men-
tioned that most of DM patients in our cohort received
this drug. AGEs levels in newly diagnosed or untreated
DM patients might be higher.

Conclusions

We conclude that AGEs and RAGE accumulate within
stenotic aortic valves in DM patients, and the degree of
this accumulation is associated with AS severity. Moreo-
ver, we found that plasma AGE and sRAGE levels were
associated with AVA, thus they may be considered as
new biomarkers of the AS course in patients with con-
comitant type 2 DM. Further studies are urgently needed
to elucidate whether more strict control of diabetes is
capable of slowing AS progression in patients with mild-
to-moderate valvular disease.
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Abstract

Aims/hypothesis Type 2 diabetes has been demonstrated to predispose to aortic valve calcification. We investigated whether type
2 diabetes concomitant to aortic stenosis (AS) enhances valvular inflammation and coagulation activation via upregulated
expression of NF-kB, with subsequent increased expression of bone morphogenetic protein 2 (BMP-2).

Methods In this case-control study, 50 individuals with severe isolated AS and concomitant type 2 diabetes were
compared with a control group of 100 individuals without diabetes. The median (IQR) duration of diabetes since diagnosis
was 11 (7-18) years, and 36 (72%) individuals had HbA1c =48 mmol/mol (=6.5%). Stenotic aortic valves obtained during
valve replacement surgery served for in loco NF-kB, BMP-2, prothrombin (FII) and active factor X (FXa) immunostain-
ing. In vitro cultures of valve interstitial cells (VICs), isolated from obtained valves were used for mechanistic experiments
and PCR investigations.

Results Diabetic compared with non-diabetic individuals displayed enhanced valvular expression of NF-kB, BMP-2, FIl and
FXa (all p<0.001). Moreover, the expression of NF-kB and BMP-2 positively correlated with amounts of valvular FIl and FXa.
Only in diabetic participants, valvular NF-kB expression was strongly associated with serum levels of HbAlc, and moderately
with fructosamine. Of importance, in diabetic participants, valvular expression of NF-kB correlated with aortic valve area (AVA)
and maximal transvalvular pressure gradient. In vitro experiments conducted using VIC cultures revealed that glucose (11 mmol/l)
upregulated expression of both NF-kBandBMP-2(p < 0.001). In VIC cultures treated with glucose in combination with reactive
oxygen species (ROS) inhibitor (N-acetyl-L-cysteine), the expression of NF-kB and BMP-2 was significantly suppressed. A
comparableeffectwasobservedforVICsculturedwithglucoseincombinationwithNF-kBinhibitor(BAY 11-7082),suggesting
that high doses of glucose activate oxidative stress leading to proinflammatory actions in VICs. Analysis of mMRNA expression in
VICs confirmed these findings; glucose caused a 6.9-fold increase in expression of RELA (NF-kB p65 subunit), with the ROS and
NF-kB inhibitor reducing the raised expression of RELA by 1.8- and 3.2-fold, respectively.

Conclusions/interpretation Type 2 diabetes enhances in loco inflammation and coagulation activation within stenotic valve
leaflets. Increased valvular expression of NF-kB in diabetic individuals is associated not only with serum HbA1c and
fructosamine levels but also with AV A and transvalvular gradient, indicating that strict long-term glycaemic control is needed
in AS patients with concomitant type 2 diabetes. This study suggests that maintaining these variables within the normal range
may slow the rate of AS progression.

Keywords Aortic stenosis . Bone morphogenetic protein 2 . Coagulation factors . Diabetes mellitus . Inflammation .NF-kB .
Oxidative stress
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Research in context

What is already known about this subject?

. Diabetes mellitus is a risk factor for aortic stenosis
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. Plasma and valvular accumulation of AGEs is associated with aortic stenosis severity

e Valvular inflammation and calcification are driven by the NF-kB pathway

What is the key question?

. Does type 2 diabetes upregulate valvular expression of NF-kB leading to enhanced inflammation, coagulation

activation and valvular calcification?

What are the new findings?

. Individuals with type 2 diabetes, especially those with poorly controlled diabetes, display enhanced valvular
expression of NF-kB in association with increased amounts Ofvalvular prothrombin, activefactor X and bone

morphogenetic protein 2

. In individuals with type 2 diabetes, valvular expression of NF-kB correlates with valvular calcification and markers
of long-term glycaemic control, HbAicand fructosamine

. Inhibition of reactive oxygen species or direct inhibition of NF-kB signalling protects valve interstitial cells exposed

to high glucose concentration from calcification

How might this impact on clinical practice in the foreseeable future?

e Strict long-term glycaemic control in aortic stenosis patients with concomitant type 2 diabetes might slow down

the rate of aortic stenosis progression

FVI1la-AT  Active factor Vlla- antithrombin complex
FXa Active factor X

NAC N-Acetyl-L-cysteine

PG nax Maximal transvalvular pressure gradient
PG nean Mean transvalvular pressure gradient
RAGE Receptor for AGEs

ROS Reactiveoxygenspecies

TF Tissue factor

VICs Valve interstitial cells

Introduction

Aortic stenosis (AS) is a progressive disease associated with
reduction of the aortic valve orifice and leaflet mobility due to a
build-up of calcium. A consequence of this defect is an impaired
blood ejection from the left ventricle into the aorta. AS is the most
common acquired valvular heart disease in the western adult
population, with no available pharmacological treatment. The
prevalence of AS in individuals >65 years of age ranges between
2% and 7% [1]. It is estimated that 4.5 million cases of AS will be
present worldwide by the year 2030 [2]. Aortic valve replace-
ment, whether surgical or percutaneous, is the only definitive

treatment for AS. While both methods present excellent
outcomes, surgical intervention remains the treatment of choice
for the vast majority of patients [3].

The initial stage of aortic valve degeneration is endothelial
damage by high shear stress [4- 6]. Then, subendothelial accu-
mulation of intracellular lipids, lipoproteins and mediators of
calcification is observed, together with activation of local and
systemic inflammation [7, 8].

AS shares some risk factors with atherosclerosis. Among
people with AS, similar to atherosclerosis, the prevalence of
diabetes is visibly higher than in the general population and
appears to be increasing [9, 10]. Ljungberg et al [L1]have
shown in population-based cohorts in northern Sweden that
the prevalence of diabetes 10 years before surgery for AS was
15.8%.

Hyperglycaemia has been proposed as one of the
metabolic states enhancing aortic valve fibrosis and
calcification [12-14] through a complex mechanism
involving increased valvular protein glycation, of reac-
tive oxygen species (ROS) generation, inflammation and
coagulation activation [15, 16]. Although the pivotal
mechanism leading to such dysregulation is not fully
understood, formation of AGEs has been suggested as
a factor initiating and/or escalating valvular calcification
[17, 18].
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Our previous study showed increased valvular expression
of C-reactive protein (CRP) and its mMRNA, and higher tissue
factor (TF) expression in individuals with AS and concomi-
tant type 2 diabetes compared with non-diabetic individuals
[14]. Moreover, regulation of valvular inflammation is under
control of NF-kB[19]. In loco activation of NF-kB leads to an
upregulation of IL-6, implicated in calcification of aortic
valves via bone morphogenetic protein (BMP) stimulation
[20]. In addition, coagulation factors such as TF and active
factor X (FXa) upregulate inflammation and fibrosis through
NF-kBsignalling[21, 22].

Here, we hypothesised that metabolic dysregulation seen in
type 2 diabetes may lead to enhanced valvular NF-kBexpres-
sion. Thus, we investigated the valvular expression of NF-kB,
BMP-2 and components of the blood coagulation system in
individuals with AS and concomitant type 2 diabetes.

Methods
Participants

Between August 2016 and April 2019, we recruited 50 individ-
uals with isolated symptomatic AS and concomitant type 2
diabetes and a control group of 100 individuals with AS without
diabetes of similar age and sex. All participants underwent first-
time elective surgical aortic valve replacement at the Department
of Cardiovascular Surgery and Transplantology at the John Paul
Il Hospital, Krakow, Poland [18]. Data on demographics, medi-
cal history and current treatment were collected using a
standardised questionnaire. AS was diagnosed based on transtho-
racic echocardiography performed by an experienced cardiolo-
gist on a Toshiba APLI1O 80 (Toshiba, Tokyo, Japan) ultrasound
machine, and it was defined as a mean transvalvular pressure
gradient (PGmean) 240 mmHg and/or aortic valve area (AVA)
<1 cm2 [23]. Arterial hypertension was diagnosed based on a
history of hypertension (BP >140/90 mmHg) or preadmission
antihypertensive treatment. Type 2 diabetes was diagnosed based
on fasting serum glucose 27.0 mmol/ on two separate occasions,
HbA1c=>48 mmol/mol (6.5%), or post-load plasma glucose levels
>11.1 mmol/l [24]. All participants had diabetes diagnosed at
least 5 years before enrolment and all were receiving treatment
with insulin or oral glucose-lowering agents. To exclude latent
autoimmune diabetes in adults (LADA), GADG65 antibodies and
C-peptide concentrations were assessed in the diabetic partici-
pants. Participants negative for GAD autoantibodies and who
had C-peptide within the normal range were classified as having
type 2 diabetes. Twenty-four hours prior to aortic valve replace-
ment, all participants receiving oral glucose-lowering agents
wereswitchedtoinsulin.FastingbloodglucoseandHbA1clevels
were routinely performed in all diabetic participants and in the
non-diabetic participants with AS who served as a control group.
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Hypercholesterolaemia was diagnosed based on medical
records, cholesterol-lowering therapy, or total cholesterol
>5.0 mmol/l. Smoking was defined as the use ofone ormore
cigarettes per day.

The following exclusion criteria were applied: atheroscle-
rosis requiring concomitant revascularisation; rheumatic AS;
acute infection including infective endocarditis; diagnosed
malignancy; chronic kidney disease; previous pericardiotomy;
required concomitant valvular surgery (e.g. mitral valve
repair); recent (<90 days) acute coronary syndrome or cere-
brovascular episode; percutaneous coronary intervention; and
pregnancy.Thevalvularanatomywasidentifiedpreoperative-
ly by echocardiography and confirmed intraoperatively by a
cardiac surgeon. Bicuspid valve and root/ascending aortic
dilatation requiring intervention were used as an exclusion
criterion. The diagnosis of atherosclerosis was based on
angiographically documented coronary artery stenosis >20%
diameter and such individuals were excluded from the study.

The Ethical Committee (Krakow District Medical
Chamber, Poland) approved the study and all participants
provided written informed consent in accordance with the
Declaration of Helsinki.

Laboratory analysis

At 07:00-09:00 hour, before surgical aortic valve replace-
ment, fasting venous blood was drawn from the antecubital
veins. Citrated blood was centrifuged at 2500 g at 20°C for
20 min, while blood drawn into serum or EDTA tubes was
centrifuged at 1600 g at 4°C for 10 min. All samples were
stored in small aliquots at - 80°C until analysis. Routine labo-
ratory assays were used to determine lipid profile, glucose,
creatinine, CRP and fibrinogen. HbA1c was assessed using a
turbidimetric inhibition immunoassay (TINIA) in whole-
blood haemolysates (Roche Diagnostics, Mannheim,
Germany). Serum fructosamine levels were measured using
a colorimetric assay (Roche Diagnostics, Risch-Rotkreuz,
Switzerland).

Aortic valve preparation

Valves were collected during open heart surgeries and trans-
ferred directly from the operating room to the laboratory. One
valvular leaflet was used for in loco analysis and two for
in vitro studies (cell cultures and mMRNA expression). Valve
leaflets were cryosectioned into 4.5 pymsections as previously
described [14, 18, 25].

Immunofluorescence analysis
Immunostaining was performed on 50 valves obtained from

diabetic individuals and on 50 randomly selected valves from
individualswithASwithoutdiabetes,accordingtothepreviously
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described protocol [14, 18]. Specific primary antibodies were
used against NF-kB (p65 subunit, 1:500), BMP-2 (1:200),
prothrombin (FII, 1:100) and FXa (1:200) (all from Abcam,
Cambridge, UK) by overnight incubation at 4°C. The corre-
sponding secondary goat or mouse antibodies conjugated with
AlexaFluor 488 (Abcam) (1:1000) were applied in the dark at
4°C for 1 h. A negative control, without primary antibody was
performed for all staining. All analyses were repeated three times.
The Olympus BX 43 microscope (Tokyo, Japan) equipped with
dedicated software (cellSense Dimension 2.3, License Version 2,
Serial Number: BRR7BPW2NQP; Munster, Germany) was
used to analyse images. Positively stained areas were assessed
on a continuum from the undetected level (0%) to diffused stain-
ing (100%) and were calculated by two independent observers
from 30 images taken of each valve. The percentages of
immunopositive areas were calculated as the extent of positive
immunoreactive areas/total sample area [25]. The fluorescence
intensity was computed as the ratio (%) of positively and nega-
tively stained areas. The investigators were blinded to the sample
origin. The intra-observer variability was below 6%.

ELISAs

Active factor Vlla-antithrombin complex (FVIla-AT;
Diagnostica Stago, Asnieres-Sur-Seine, France), TF (R&D
System, Minneapolis, MN, USA) and prothrombin fragments
1+2 (F1+2; Siemens Healthcare, Marburg, Germany) were
assayed quantitatively in plasma samples using commercial
ELISASs in accordance with manufacturers' instructions.

Valve interstitial cells in vitro cultures

Valve interstitial cells (VICs) were isolated and cultured as
previously described [26]. All experiments were performed
on VICs between their third and fifth passages. To initiate
calcification, VICs were cultured in a calcification medium
containing B-glycerophosphate disodium hydrate salt
(10 mmol/l; Sigma-Aldrich, St Louis, MO, USA), CaCl2
(1.5 mmol/l; Chempur, Piekary Slaskie, Poland) and ascor-
bic acid (50 pg/ml; Chempur) and stimulated or not (a
negative control) with TNF-a (50 ng/ml). In parallel, to
investigate the influence of glucose, VICs were cultured
in the calcification medium supplemented with the D-(+)-
glucose (11 mmolW; Sigma-Aldrich). BMP-2 was used as a
marker of calcification and was quantified using immuno-
fluorescence as described above. To inhibit oxidative stress
generatedbyhighconcentrationofglucose, the inhibitorof
RO Swasadded(1m molIN-acetyl-L-cysteine [NAC];
Sigma-Aldrich) to the calcification medium 1 h before
glucose stimulation. Similarly, to inhibit the transcription
pathway of NF-kB, an inhibitor (BAY 11-7082; Sigma-
Aldrich) was added to the calcification medium at a
concentration of 10-6 molM 30 min before glucose
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stimulation. VICs were cultured for 72 h. Each experiment
was repeated three times using VICs isolated from another
valve.

Relative quantification of transcripts by real-time PCR

A total 0f400 ng of RNA from VICs was reverse transcribed
to single-strand cDNA (Applied Biosystems, FosterCity, CA,
USA) according to the manufacturer's instruction. The cDNA
was amplified with TagMan Gene Expression Assay
(Hs01042014_m1 for NF-kB p65 Rel; gene symbol: RELA)
containing both primers and probe on an ABI PRISMR
7900HT Fast Real-Time PCR System (Applied Biosystems).
B-Actin (Hs99999903_m1, human ACTB Endogenous
Control FAM/ MGB Probe, Non-Primer Limited; Applied
Biosystems) was used as a housekeeping gene. To analyse
the obtained data, the comparative threshold cycle method
was applied [26].

Statistical analyses

All statistical analyses were performed using STATISTICA
Version 13.3 (TIBCO Software, Palo Alto, CA, USA) soft-
ware. Categorical variables were presented as numbers and
percentages and were analysed by Pearson's x 2 or two-tailed
Fisher's exact test. Continuous variables were expressed as
mean + SD or median (IQR). Normality was analysed by the
Shapiro- Wilk test. Differences between groups were
compared using Student's t test for normally distributed vari-
ables or the Mann- Whitney U test for non-normally distrib-
uted variables. Associations between normally distributed
continuous variables were calculated using Pearson'scorrela-
tion coefficient, while non-parametric variables were assessed
bySpearman'stest.A p value 0f<0.05 wasconsideredstatis-
tically significant.

Results

Baseline characteristics of participants with AS, with and
without type 2 diabetes, are shown in Table 1. The median
duration of diabetes was 11 (7-18) years and 36 (72%) indi-
viduals had HbAlc 248 mmolmol (=6.5%).

In the whole population of diabetic participants, no associa-
tions were found between serum glucose, HbA1c or fructosamine
levels and echocardiographic variables. However, diabetic partic-
ipants with HbAlc 248 mmolmol (26.5%) compared with
HbAlc <48 mmolmol (<6.5%) were characterised by 32%
higher maximal transvalvular pressure gradient (PGmax;87
[64-99]vs66[63-80]mmHg,p=0.038),18%higherP Gmean
(52[43-65]vs44[42-51ImmHg,p=0.036)and18% lower
AVA(0.7 [0.6-0.8] vs0.85 [0.8-0.9] cm2, p =0.0005).
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Table 1 Baseline characteristics

of participants with AS, with or

without concomitant type 2
diabetes

In loco studies

Variable

Age, years

Female sex, n (%)

BMI, kg/m2

Risk factors, n (%)
Avrterial hypertension
Hypercholesterolaemia
Current smoking

Medications, n (%)
[ -Blockers
Aspirin
ACE inhibitors
Statins
Insulin
Metformin

Echocardiographic data
Mean gradient, mmHg
Maximal gradient, mmHg
LVEF, %
AVA, cm2

Laboratory investigation
Fibrinogen, g/l
Creatinine, ymohl
CRP, mg/I
Glucose, mmol/l
HbA1c, mmol/mol
HbA1c, %
Fructosamine, pmohl
TC, mmol/l
LDL-cholesterol, mmol/Il
HDL-cholesterol, mmol/Il
Triacylglycerols, mmol/Il

Diabetologia (2021) 64:2562-2574

Diabetic participants (n=50)  Non-diabetic participants (n=100)  p valuea
70.246.2 67.8+5.6 0.08
31(62) 55 (55) 0.41
31.3 (28.7-34.5) 28.3 (26.6-30.9) 0.049
50 (100) 90 (90) 0.05
46 (92) 84 (84) 0.21
8 (16) 18 (18) 0.76
47 (94) 87 (87) 0.19
40 (80) 76 (76) 0.58
45 (90) 85 (85) 0.40
46 (92) 76 (76) 0.025
14 (28) 0 <0.0001
36 (72) 0 <0.0001
52 (43-66) 47 (43-58) 0.047
89.2+12.3 80+14.2 0.042
60 (58-64) 59 (50- 65) 0.22
0.78 (0.60-0.82) 0.87 (0.72-0.91) 0.044
3.6£0.6 3.3+0.76 0.3
81 (74-100) 82 (65-95) 0.68
1.0 (1.0-2.0) 1.8 (1.0-4.0) 0.29
7.5(5.9-9.1) 5.3 (5.0-5.6) <0.0001
51 (45-62) 37 (34-40) <0.0001
6.8 (6.3-7.8) 5.5 (5.3-5.8) <0.0001
262 (241-291) 223 (220- 239) 0.007
3.8 (3.0-4.6) 4.0 (3.6-4.7) 0.11
2.3(1.5-3.1) 2.5(2.0-3.4) 0.12
1.2(1.0-1.4) 15(1.2-1.5) 0.12
1.5(1.2-2.0) 1.4 (1.0-1.9) 0.39

Data are presented as n (%), mean£SD or median (IQR)

aCategorical variables were analysed by the x 2 test; the Mann- Whitney U or Student's t tests were used to
compare differences between groups

ACE, angiotensin converting enzyme; DM, type 2 diabetes; LVEF, left ventricular ejection fraction; TC, total

cholesterol

Valvular expression of NF-kB in association with valve calcifi-
cation NF-kB valvular expression was observed mainly on the
aortic side of the leaflets, in both diabetic and control participants
(Fig. 1). However, valves from diabetic compared with control
participants were characterised by a 92% higher level of NF-kB
expression (38+10% vs 20+ 6%, p =0.001). In non-diabetic
participants, expression of NF-kB presented a diffused pattern
of fluorescence, while within valves from diabetic participants
the expression was more condensed (Fig. 1a). Interestingly, the
highest expression of NF-kB was found in the diabetic
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participants with HbAlc 248 mmol/mol (=6.5%) (+45%) (Fig.
1b). A similar pattern of immunofluorescence was observed with
regard to valvular calcification, reflected by 148% (p < 0.001)
higher BMP-2 expression in diabetic participants compared with
control participants (Fig. 1a), with the highest percentage of
BMP-2-positive areas (+23%) in diabetic participants with
HbAlc 248 mmol/mol (=6.5%) compared with those with
HbA1c <48 mmol/mol (<6.5%) (Fig. 1c). Moreover, positive
associations between valvular NF-kB and BMP-2 were found
in both diabetic and non-diabetic participants (Fig. 1d,e). Only in
the diabetic group valvular NF-kB expression was weakly asso-
ciated with serum glucose (Fig. 2a), strongly associated with
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Fig.1 The expression of NF-kB
and BMP-2 within stenotic aortic
valves in participants with AS and
concomitant type 2 diabetes
compared with participants with
AS without diabetes. (a)
Representative microphotographs
of valvular NF-kB and BMP-2
expression (red arrowheads
indicate aortic side of the leaflet;
yellow arrowheads indicate the
immunopositive area of
expression). Scale bar, 200 uym.
(b, c) Box plots showing valvular
expression of NF-kB (b)and
BMP-2 (c). Values are medians
(IQR). **p<0.01 and ***p<0.001
vs non-DM; ].','fp<0.00| vs DM
with HbA1c <48 mmol/mol
(<6.5%). (d, e) Associations
between valvular expression of
NF-kB and BMP-2 in participants
with AS with (d) and without (e)
concomitant diabetes. DM, AS
with concomitant type 2 diabetes;
Non-DM, AS without
concomitant diabetes

HbA1c (Fig. 2b) and moderately with fructosamine (Fig. 2c). In
diabetic participants, valvular expression of BMP-2 correlated
with HbA1c (r2=0.65, p<0.0001) and fructosamine levels
(r2=0.15,p = 0.006) but not with glucose. No such associations
were noted for control participants with AS but without concom-
itant diabetes.

Valvular expression of coagulation factors in association with
NF-kB and BMP-2 In control participants with AS but without
concomitant diabetes the valvular expression of FIl and FXa
was detected on the aortic side of the leaflets, in the endothe-
lial and subendothelial layers, while in participants with type 2
diabetes the expression of both proteins was observed addi-
tionally in the fibrosa layer (Fig. 3a). Compared with valves
from control participants, valves from diabetic patients were
characterised by 113% higher expression levels of FIl and
66% higher expression levels of FXa (both p<0.001)(Fig.
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3b). The expression of both factors was slightly higher (both
p > 0.05) in diabetic participants with HbA1c 248 mmol/mol
(=6.5%), compared with those with HbA1c <48 mmol/mol
(<6.5%). In diabetic participants, valvular NF-kBcorrelated
positively with FIlI and FXa expression (Fig. 3c,d). Similar
associations were observed in participants without diabetes
(electronic supplementary material [ESM] Fig. 1la,b).
Moreover, in diabetic participants, valvular BMP-2 was posi-
tively associated with the expression of FIl and FXa (Fig.
3e,f). Both factors were co-expressed with BMP-2. In control
participants, valvular FXa (r2=0.13, p=0.01) but not FlI
(p =0.38) correlated positively with valvular BMP-2.

Associations of valvular factors with echocardiographic vari-
ables In participants with AS and concomitant type 2 diabetes,
valvular NF-kB expression correlated with AVA and PGnex
(Fig. 4a,b). In the control group of participants, we found the
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Fig. 2 Associations between valvular NF-kB expression and serum
markers of glycaemic control in participants with AS and concomitant
type 2 diabetes. Scatterplots represent the correlation between valvular
NF-kB expression and serum levels of glucose (a), valvular NF-kB
expression and serum concentrations of HbAlc (b), and valvular NF-kB
expression and serum levels of fructosamine (c)

inverse association solely between valvular NF-kBandAV A
(ESM Fig. 1c). In diabetic participants, we also observed that
valvular BMP-2 expression was associated with AVA and
PGmex (Fig. 4c,d), while in control participants, BMP-2 expres-
sion correlated solely with AVA (ESM Fig. 1d). In diabetic
participants both valvular FIl and FXa were associated with
AVA (Fig. 4e,g)andP G max (Fig. 4f,h). Even when participants
were matched based on PGmex (median [IQR] 87 [75-95] for
diabetic participants vs 90 [83-94] mmHg for control partici-
pants, p =0.36), those with type 2 diabetes (n=17) vs without
diabetes (n = 19) had highervalvularexpressionlevels ofNF-kB
(+77%,p <0.0001),BMP-2(+118%,p <0.0001),FI1(+107%,
p<0.0001)andFXa(+65%,p <0.0001).

Plasma markers of coagulation Participants in the type 2
diabetes group compared with the control group had 59%
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higher plasma concentrations of FVIla-AT (median [IQR]
89 [79-112] vs 56 [48-71] pmol/l, p<0.0001) but not TF
(median [IQR] 1.38 [1.26-1.53] vs 1.29 [1.17-1.44] pmol/l,
p=0.07)orF1+2(median[IQR]196[146-238]vs182[172-
192] pmol/l, p=0.42). However, diabetic participants with
HbA1lc <48 mmol/mol (<6.5%), compared with those with
HbAlc 248 mmol/mol (=6.5%), had slightly lower plasma
TF and FVI1la-AT concentrations (Fig. 5a). No difference for
F1+2 was observed (median [IQR] 188 [97-255] vs 190
[148-217] pmol/l, p=0.66).

Only in the diabetic participants we found a positive asso-
ciation between plasma FVIla-AT and serum fructosamine
levels (Fig. 5b), while plasma TF correlated positively with
both HbA1c (Fig. 5¢) and fructosamine (Fig. 5d). No associa-
tions between F1+2 and HbAlc or fructosamine levels were
found. Similarly, no correlations of plasma TF, FVIla-AT or
F1+2 with echocardiographic variables in participants with or
without type 2 diabetes were noted (data not shown).

In vitro studies

Expression of NF-kB and BMP-2 in VICs cultures VICs activat-
ed with TNF-a showed upregulated expression of NF-kB
(+75 + 10%, p < 0.001) accompanied by higher expression
of BMP-2 (+80+12%, p <0.001) when compared with
unstimulated cells (Fig. 6a). A comparable effect was
observed after incubation of VICs at high glucose concentra-
tion (+56+ 10% for NF-kB and +52 + 9% for BMP-2, both
p<0.001).TheexpressionofNF-kB was downregulated in
VICs incubated with glucose plus ROS inhibitor (- 29 £ 7%,
p<0.01) orNF-kBinhibitor(- 31+7%,p<0.01)(Fig.6a).A
similar effect was observed for BMP-2 expression after treat-
ment of VICs with glucose plus ROS inhibitor (- 31+ 8%,
p<0.01)orNF-kBinhibitor(-33+8% ,p <0.01)(Fig.6a).

Relative expression of NF-kB mRNA in VICs Stimulation of
VICs by TNF-a resulted in a 7.8-fold increase in RELA
expression compared with non-stimulated VICs cultures
(Fig. 6b). VICs treated with glucose showed a 6.9-fold
increase in RELA expression compared with no treatment,
while pre-incubation of VICs with glucose in combination
with ROS or NF-kB inhibitors suppressed the RELA expres-
sionby1.8-foldand3.2-foldcomparedwithV ICstreatedwith
glucose alone (Fig. 6b).

Discussion

This study is the first to demonstrate that individuals with
severe isolated AS and concomitant type 2 diabetes,
compared with no concomitant diabetes, exhibit enhanced
valvularexpressionofNF-kBinassociationwithincreased
expression of valvular FIl, FXa and BMP-2. In diabetic



Diabetologia (2021) 64:2562-2574

Fig.3 The expression of valvular
FIl and FXa within stenotic aortic
valves in participants with AS and
concomitant type 2 diabetes
compared with participants with
AS without diabetes. (a)
Representative microphotographs
of valvular FIl and FXa
expression (red arrowheads
indicate aortic side of the leaflet;
yellow arrowheads indicate the
immunopositive area of
expression). Scale bar, 200 uym.
(b) Bar graph showing valvular
expression levels of FIl and FXa.
Values are medians
(IQR).***p<0.001 vs non-DM.
(c- f) The scatterplots show
correlations between valvularNF-
kBandFll(c), NF-kBandFXa
(d), BMP-2 and FlI (¢), and
BMP-2 and FXa (f)in participants
with AS and concomitant type 2
diabetes. DM, AS with
concomitant type 2 diabetes;
Non-DM, AS without
concomitant diabetes

individuals, valvular expression of NF-kB correlated with
PGmax, AVA and biomarkers of long-term glycaemic
control, namely HbA1lc and fructosamine. Poorly
controlled type 2 diabetes was associated with the highest
in loco expression of inflammatory and calcification
markers, as well as higher concentrations of plasma coag-
ulation factors, such as TF and FVIla-AT. Moreover,
in vitro experiments conducted on VICs isolated from
stenotic aortic valves confirmed that high concentrations
of glucose generate inflammation through NF-kB-
mediated signalling, leading to subsequent cellular calcifi-
cation. We also showed that inhibition of either ROS or
NF-kB prevents VICs calcification. These data are in line
with our previous report showing that AS patients with
poorly controlled type 2 diabetes are characterised by
higher transvalvular pressure gradients and higher valvular
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accumulation of AGEs associated with AS severity and
serum levels of HbAlcand fructosamine [18].

Previous reports on the association between diabetes
and the incidence of AS progression are inconsistent
[27-31]. Aronow et al [27] and Kamalesh et al [28]
showed a positive association between diabetes and AS
progression in individuals with mild and moderate AS,
respectively, but no such data are available for severe
AS.Katzetal[29] found that both diabetes and the meta-
bolic syndrome were independently associated with an
increased prevalence of valvular calcification. Finally, an
increased risk of AS development in individuals with type
2 diabetes was shown by Larsson et al [30] in a cohort
study comprised of more than 70,000 participants. Testuz
et al [31] found no association between AS progression
(in individuals with at least mild asymptomatic AS) and
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Fig.4 Associations between
valvular expression of
inflammatory, calcification and
coagulation factors and disease
severity in participants with AS
and concomitant type 2 diabetes.
The scatterplots show correlations
between valvular NF-kBand
AVA (a), valvular NF-kBand
PGmex (b), valvular BMP-2 and
AVA (c), valvular BMP-2 and
PGmax (d),valvular Flland AVA
(e), valvular FIl and PGex (f),
valvular FXa and AVA (g), and
valvular FXa and PGnex (h)

diabetes or the metabolic syndrome. However, in their
study, only short-term glucose control (reflected by
fasting glucose levels) was assessed. Arguably, as demon-
strated by our previous research [18], long-term
glycaemic control may be of key importance. The present
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data confirmed that only HbA1c and fructosamine were
associated with valvular inflammation and calcification,
while glucose levels showed only a very weak associa-
tion. Importantly, the highest in loco expression of both
NF-kB and BMP-2 was seen in individuals with poorly
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Fig.5 Plasma levels of TF and
FVIla-AT in participants with AS
and concomitant type 2 diabetes.
(a) Bar graphs showing plasma
levels of TF and FVIla-AT in
diabetic participants with HbAlc
<48 mmol/mol (<6.5%) and
HbA1c =48 mmol/mol (=6.5%).
Values are medians (IQR).
*p<0.05 vs DM with HbAlc <48
(mmol/mol). (b-d) The
scatterplots show correlations
between serum levels of
fructosamine and plasma
concentrations of FV1la-AT (b),
serum concentrations of HbAlc
and plasma levels of TF (c)and
serum levels of fructosamine and
plasma levels of TF (d). DM, type
2diabetes

Fig.6 The influence of glucose
(11 mmol/l) and specific
inhibitors of ROS (NAC) and
transcription pathway NF-kB
(BAY 11-7082 [BAY]) on the
expression of NF-kB and BMP-2
in VICs isolated from aortic
stenotic valves obtained during
surgery. (a) Representative
microphotographs of
immunostaining in VIC cultures.
Scale bar, 20 pm. (b) Relative
expression of RELA in VIC
cultures after stimulation. Data
are presented as mean+=SD
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controlled diabetes. This data supports the hypothesis that
maintaining long-term glycaemic variables within normal
values in individuals with type 2 diabetes who have mild-
to-moderate AS may slow the rate of AS progression.
However, further studies are warranted to elucidate this
issue.

Taken together, we propose the following mechanism under-
lying the influence of type 2 diabetes on AS progression:
hyperglycaemia leads to enhanced accumulation of AGEs/recep-
tor for AGEs (RAGE) and, as a consequence, enhanced produc-
tion of ROS within valves [18]. Further, ROS escalate valvular
inflammation via aggravated macrophage activation and NF-kB
pathway expression with upregulated expression of BMP-2-4,
osteopontin, osteocalcin, Smad1/5/8, and Runt-related transcrip-
tion factor 2 (Runx-2), resulting in increased calcium deposition
[32]. The findings by Vadana et al [32] are in line with our
hypothesis. They showed that high glucose concentration
(25 mmol/l) resulted in remodelling of VICs, defined as increased
production of matrix metalloproteinases and extracellular matrix
proteins, and increased expression of proinflammatory cytokines
[32, 33], cell adhesion molecules and integrins [33]. Since inhibi-
tion of the NF-kB pathway not only decreased NF-kB expression
at the protein and mRNA level but also decreased BMP-2 expres-
sion, the present study extended observations by VVadana et al [32]
and showed that glucose-driven VIC activation is mediated via
the NF-kB pathway and might be responsible for faster valve
calcification and dysfunction.

While these findings bear the limitations inherent to flow
[3] and observer-dependent echocardiographic measurements,
one can speculate that they reflect a more pronounced expres-
sion of NF-kB in individuals with a heavier calcific burden on
the aortic valve. Optimally, our findings should be verified by
a flow-independent method of calcification assessment, like
computed tomography (CT)-based calcium scoring [34].

Coagulation

We are the first to show that individuals with type 2 diabetes and
AS have significantly higher valvular expression levels of FlI
and FXa. Moreover, poorly controlled diabetes was associated
with the highest plasma TF and FVI1la-AT concentrations.

It has been shown that increased accumulation of
AGES/RAGEs is able to increase TF expression [35], platelet
aggregation [36, 37] and fibrin stabilisation, and reduce the sensi-
tivity of fibrin to degradation by plasmin [37, 38]. The current
data suggests that poorly controlled diabetes is associated with a
systemic prothrombotic state that can influence AS severity.
However, we did not find enhanced thrombin generation in the
participants with type 2 diabetes. As the associations between type
2 diabetes and its complications are rather longitudinal, one might
hypothesise that prolonged exposure to hyperglycaemia predis-
poses to a more extensive calcific burden. Apparently, a diabetic
individual may have a more calcified valve compared with a non-
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diabetic individual at the time of symptom presentation and surgi-
cal intervention. It remains to be established how diabetes biolog-
ically affects AS at the earlier stages of the disease. This is tech-
nically more difficult, as the surgical removal of the diseased
valve is warranted at the very late stage of disease progression
in isolated AS.

Study limitations

This study has several limitations. Any significant athero-
sclerosis was used as an exclusion criterion, although the
role of atherosclerosis cannot be completely omitted. First,
the number of participants in the subgroups with well and
poorly controlled diabetes was small. However, this is a
unique cohort of a relatively high number of individuals
with poorly controlled type 2 diabetes concomitant to AS.
Second, we did not assess all haemostasis-related proteins,
such as von Willebrand factor, which was shown by
Ljungberg et al [39] to be implicated in AS development
and thus may influence valvular inflammation. Valvular
expression of particular factors was determined semi-
quantitatively and therefore these estimations may be less
precise. However, microscopic analyses were performed
by two independent experienced investigators. Moreover,
the presented analysis cannot determine whether type 2
diabetes enhances the expression of the investigated
proteins in valvular cell populations other than VICs, as
this was beyond the scope of this study. Third, modifica-
tion of VIC culture conditions, such as glucose concentra-
tion or different incubation times, might be considered in
order to investigate the longitudinal action of glucose on
VICs. It would also be of interest to conduct in vitro stud-
ies using co-culture of VICs and macrophages in order to
examine the crosstalk between these two cell populations
co-existing within stenotic aortic valves. In our opinion,
the effect of glucose in co-culture could be even more
intense. Finally, this study was performed in individuals
with isolated severe AS and our results cannot be extrapo-
lated to individuals with mild or moderate AS. Moreover,
AS severity was measured as transvalvular gradients and
AV A but not as a peak velocity, which is currently recom-
mended for assessing AS severity [23].

Conclusions

The current study showed thattype 2 diabetes enhances valvu-
lar expression of NF-kB and activation of coagulation within
aortic stenotic valves and in circulating blood. Enhanced
NF-kB expression was associated with AVA and PGmax.
The level of valvular NF-kB expression was associated with
HbA1c and fructosamine levels, strongly supporting the
concept that strict long-term glycaemic control is needed in
AS patients with concomitant type 2 diabetes. Whether
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maintaining these variables within the normal range might
slow the rate of AS progression at earlier stages in the setting
of diabetes remains to be established.
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Introduction  Aortic stenosis (AS) is the most

prevalent cause of acquired valvular heart dis-
ease in the aging population with no available

pharmacotherapy to reduce or inhibit the disease

progression. Within the stenotic aortic valves,

aprominent accumulation of lipoproteins has

been observed, being an essential component of
ASdevelopment.lLipoprotein(a) (Lp[a]) isa ma-

jor carrier of phospholipids and their oxidized

forms (OxPLs), which shows both proatherogen-

icand prothrombotic properties.2Data indicated

that OxPLs are co-expressed with Lp(a) within

the stenotic leafletsand promote valvular calci-

fication.13A genome-wide association study4re-

vealed that LPArs10455872 polymorphism was

significantly associated with a 2-fold increased

risk of aortic leaflet calcification. Kamstrup et al5
demonstrated that OXPL levels were associat-
ed with increased risk of AS (odds ratio [OR] of
2.0 (1.3-3.1) for 91st to 95th percentile levels).

Recently, Siudutet al6reported that in AS Lp(a)
and oxidized low-density lipoprotein contrib-
ute to hypofibrinolysis reflected by prolonged

clot lysis time (CLT), and hypofibrinolysis has

been shown to be associated with AS severity./
It is tempting to speculate that OXPL associat-
ed with Lp(a) contribute to hypofibrinolysis and

thus AS severity.

The aim of this study was to evaluate whether
in patients with severe AS elevated serum con-
centrations of OxPL are associated with increased
Lp(a) level, impaired fibrinolysis, and AS severity.
Patients and methods Between October 2018 and
November 2020, we recruited 70 patients with
symptomatic severe AS. Fifty patients had Lp(a)
concentration equal to or above 50 mg/dl and 20
had a Lp(a) level below 50 mg/dl, with a threshold
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for Lp(a) being equal to or above 50 mg/dl ac-
cording to arecent European Atherosclerosis So-
ciety consensus statement.8AIl AS patients un-
derwent first-time elective surgical aortic valve
replacement at the Department of Cardiovas-
cular Surgery and Transplantology at the John
Paul Il Hospital, Krakéw, Poland. Data on medi-
cal history, current treatment, and demograph-
icswere collected using a standardized question-
naire. Severe ASwas defined as mean transvalvu-
lar pressure gradient (PGnea) equal to or above
40 mm Hg, peak transvalvular velocity (V)
equal to or above 4.0 m/s, and aortic valve area
(AVA) equal to or below 1 cm2on transthorac-
ic echocardiography. Arterial hypertension and
hypercholesterolemia were diagnosed as previ-
ously described.G9

The exclusion criteria for AS patients includ-
ed atherosclerotic vascular disease requiring re-
vascularization, acute infection including infec-
tive endocarditis, rheumatic AS, diabetes melli-
tus, advanced chronic kidney disease, need for
concomitant valvular surgery (eg, mitral valve
repair), percutaneous coronary intervention, re-
cent (<3 months) acute coronary syndrome or
cerebrovascular episode, diagnosed malignancy,
and pregnancy. The valvular anatomy was con-
firmed intraoperatively by a cardiac surgeon, and
patients with bicuspid valveand root/ ascending
aortic dilatation requiring intervention were ex-
cluded from the study. The diagnosis of athero-
sclerosis was based on angiographically docu-
mented coronary artery stenosis greater than
20% of the diameter and such patients were ex-
cluded from the study to avoid any influence of
nonobstructive atherosclerosis.10

The ethics committee approved the study
(8/KBL/OIL/2019 and 53/KBL/OIL/2022) and
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all participants provided their written informed
consent in accordance with the Declaration of
Helsinki.

Fasting venous blood was drawn between 7:00
and 9:00 am before the aortic valve replacement.
Routine laboratory assays were used to assess glu-
cose, creatinine, lipid profile, C-reactive protein and
fibrinogen. Lp(a) was evaluated using immunotur-
bidimetry (Roche Diagnostics, Mannheim, Germa-
ny). Plasminogen and a2antiplasmin activity in
plasma samples were measured by chromogenic
assays (Siemens Healthcare, Marburg, Germany).

Aortic valves were collected during open heart
surgery, embedded in Cryomatrix (Thermo Scien-
tific, Kalamazoo, Michigan, United States), and
sectioned into 4.5 pm sliceswith a LeicaCM 1520
cryostat. Immunostaining was performed on 30
valves from the patients with serum Lp(a) level
equal to or above 50 mg/dl and 20 valves from
the patients with Lp(a) level below 50 mg/dl, as
described previously.11The primary antibody was
used against OxPL (E06; Avanti Polar Lipids, Al-
abaster, Alabama, United States). The secondary
goat antibody conjugated with AlexaFluor 488
(Abcam, Cambridge, United Kingdom; 1:1000)
was applied in the dark. Olympus BX43 micro-
scope (Tokyo, Japan) was used to visualize and an-
alyze the images. The percentage of immunopos-
itive areas was calculated as previously,1land 15
serial step sections were analyzed per each valve
by 2 independent observers.

The levels of human tissue plasminogen ac-
tivator (tPA), plasminogen activator inhibitor
type 1 (PAI-1) antigen, and thrombin activatable
fibrinolysisinhibitor (TAFI) (all Hyphen Biomed,
Neuville-sur-Oise, France), along with OxPL (Cell
Biolabs, San Diego, California, United States) con-
centrations were assayed quantitatively in plasma
or serum samples12using the enzyme-linked im-
munosorbentassay in accordance with the man-
ufacturers'instructions.

CLT in plasma samples was measured as de-
scribed previously.13Briefly, citrated plasma was
mixed with thrombin (0.5 U/ml, Merck, Darm-
stadt, Germany), exogenous tPA (18 ng/ml,
Boehringer Ingelheim, Germany), phospholipids
(15 pM, Rossix, Molndal, Sweden), and calcium
ions. CLT was assessed turbidimetrically. Thein-
terassay coefficient of variation was below 6%.

Statistical analysis  All statistics were performed
using the STATISTICA software (Version 13.3,
TIBCO Software, Palo Alto, California, United
States),and models were performed using R 4.1.1
package (The R Foundation for Statistical Com-
puting, Vienna, Austria). Categorical variables
were presented as numbers and percentages,
while continuous variables were expressed as
mean and SD or median and interquartile range
(IQR). Categorical variables were analyzed by
the Pearson x2test or the 2-tailed Fisher exact
test. Normality was analyzed by the Shapiro-Wilk
test. Differences between the groups were com-
pared using the t testor the Mann-W hitney test,
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as appropriate. Associations between the vari-
ables were calculated using squared Pearson (r) or
Spearman (R) correlation coefficients, as appro-
priate. The univariable linear regression models
were performed to identify associations between
CLTand laboratory, echocardiographic,and demo-
graphic variables. The variables that were associat-
ed with the prolonged CLT with a significance level
below 0.2 in the univariable models or were clini-
callyimportantwere selected, and the multivari-
able linear model was fitted using stepwise regres-
sion with minimization of the Akaike information
criterion, and adjusted for body mass index (BMI)
with CLT as a dependentvariable. The final mod-
el was validated using bootstrap resampling and
examination of the residuals. Variance inflation
factors were used to assess the multicollinearity.
AP value below 0.05 was considered significant.
Results The AS patients with Lp(a) level equal
to orabove 50 mg/dl did not differ from individ-
uals with Lp(a) level below 50 mg/dl with regard
to demographic and risk factors, used medica-
tions, or laboratory parameters (Supplementary
material, Table 1). The AS patients with Lp(a) lev-
el equal to or above 50 mg/dl had by 10% high-
er Vimex(P <0.001), 13% higher PGpean(P = 0.04),
15% higher PGrmax(P < 0.001), and 11% lower AVA
(P=0.003) than the patients with Lp(a) level be-
low 50 mg/dl (Supplementary material, Table 1).

Valvular expression of OxPL was detected with-
in all studied stenotic valves (Figure 1A and 18),
at the aortic side of the leaflets, and presented
a condensed pattern of fluorescence. However,
the patients with serum Lp(a) level equal to or
above 50 mg/dl had enhanced valvular OXPL ex-
pression (21.4% [3.0] vs 16.6% [2.1] immunopos-
itive area, P <0.001) and by 35% higher serum
OxPL concentration (P =0.03) than those with
Lp(a) level below 50 mg/dl. Valvularamounts of
OxPL were associated with serum OxPL concen-
tration (R=0.55,P =0.002) and with Lp(a) con-
centration (R =0.84, P<0.001). Moreover, the pa-
tients with Lp(a) level equal to or above 50 mg/dl
were characterized by 11% longer CLT (P <0.001),
38% higher plasma PAI-1 (P =0.003), and 12%
higher TAFI levels (P =0.007) than those with
Lp(a) level below 50 mg/dl (Supplementary ma-
terial, Table 1). We did not observe any differenc-
esin plasma levels of tPA or plasminogen and
a2-antiplasmin activity between the investigated
groups (Supplementary material, Table 1). Inter-
estingly, solely in the ASpatients with Lp(a) lev-
el equal to or above 50 mg/dl, serum OxPL con-
centrations correlated with CLT, plasma levels of
PAI-1, and TAFI (figure ic-ie), but not with tPA,
plasminogen, or a2antiplasmin activity. Serum
OxPL concentrations were also strongly associat-
ed with Vex(R=0.7, P <0.001), PGren(R = 0.62,
P <0.001), and weakly with AVA (R =-0.32,
P =10.02). Asexpected, serum Lp(a) levels pos-
itively correlated with CLT, PAI-1 concentration,
and ASseverity reflectedby V. and PG__ (data
not shown).

mean



FIQuRE 1 Valvular expression of OxPLs and associations between plasma OxPLs and markers of fibrinolysis.
Representative microphotographs show valvular expression of OxPLs (green) within stenotic leaflets from patients with

serum Lp(a) level equal to or above 50 mg/dl (A) and below 50 mg/dl (B). The red arrow indicates the aortic side of

the leaflet, and the white arrows indicate the immunopositive areas of expression. Original magnification x 4.

The scatterplots show associations between serum OxPL concentrations and (C) CLT, (D) plasma PAI-1 levels, and
(E) plasma TAFI levels in AS patients with Lp(a) level equal to or above 50 mg/dl (n = 50).
Abbreviations: AS, aortic stenosis; CLT, clot lysis time; Lp(a), lipoprotein(a); OxPLs, oxidized phospholipids; PAI-1,

plasminogen activator inhibitor 1; TAFI, thrombin activatable fibrinolysis inhibitor

The univariable linear regression analysis
showed that OxPL, Lp(a), PAI-1, TAFI, disease
severity, and age, but not plasminogen activi-
ty were associated with CLT in the AS patients
with Lp(a) level equal to or above 50 mg/dl (Sup-
plementary material, Table 2). The multiple lin-
ear regression analysis adjusted for BMI showed
thathigher OxPL levels predicted prolonged CLT
in severe ASpatients with Lp(a) level equal to or
above 50 mg/dl (Supplementary material, Table 2).
Discussion This study is the first to show that
in patients with severe ASand Lp(a) level equal
to or above 50 mg/dl OxPLs are associated with
impaired fibrinolysisand a have stronger impact
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on CLT than Lp(a). We also observed enhanced
valvular OxPL expressionin the patients with in-
creased serum Lp(a) concentrations.

Lp(a) is the major plasma pool of OxPL and,
as shown by Leibundgut et al,4the second plas-
ma pool of OxPLs is circulating with plasmino-
gen, which in physiological conditions facilitates
fibrinolysis by conversion of plasminogen to plas-
min. However, at increased Lp(a) levels, OxPLs
impair fibrinolysis by inhibiting tPA-mediated
plasminogen activation and inhibition of plas-
minogen binding to fibrin. 14

The present study extended the observations
of Siudut et al,6and showed a stronger associa-
tion of OXPL with hypofibrinolysisin AS patients

3



than with Lp(a). In addition, given that in AS pa-
tients hypofibrinolysis is linked to the disease se-
verity,§7our observation that OxPL level corre-
lates with AS severity seems justified.

Moreover, we showed that valvular OxPL ex-
pression was related to both serum OxPL and
Lp(a) concentrations, which may suggest that
OxPL-lowering therapies could be of importance
in retardation of AS progression.

Thestudy limitations should be acknowledged.
Thenumber of enrolled patients was limited, es-
pecially those with Lp(a) level below 50 mg/dl.
However, the study was adequately powered and
it represents typical patients with symptomatic
severe ASin clinical practice. Moreover, the lev-
els of OxPL and markers of fibrinolysis were mea-
sured once at enrolment, thus they may not re-
veal some associations. Our results cannot be
directly extrapolated to individuals with mild or
moderate AS.

In conclusion, our study showed that in pa-
tients with severe ASincreased OXPL levels were
associated with prolonged CLT and the disease
severity. Larger studies are needed to confirm
the observed associations.

SuPPLEmMENTARYy mATERIAL

Supplementary material is available at www.mp.pl/paim.
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Table S1. Baseline characteristics of patients with severe aortic stenosis (AS) stratified
according to serum Lp(a) levels
AS with Lp(a) AS with Lp(a)

Variable P value
>50 mg/dL (n=50) <50 mg/dL (n=20)

Age, years 66 [60-70] 68 [60-70] 0.83
Male, n (%) 34 (68) 9 (45) 0.11
BMI, kg m-2 28.7 (4.7) 28.1 (4.5) 0.60

Risk factors, n (%)

Acrterial hypertension 47 (94) 16 (80) 0.10
Hypercholesterolemia 46 (92) 18 (90) 0.99
Current smoking 9 (18) 4 (20) 0.99

Medications, n (%)

Beta-blockers 33 (66) 17 (85) 0.15
Acetylsalicylic acid 32 (64) 14 (70) 0.78
ACE inhibitors 31 (62) 12 (60) 0.99
Statins 37 (74) 16 (80) 0.76

Echocardiographic parameters
Vmax, m/s 4.6 [4.4-4.8] 4.2 [4.0-4.5] <0.001

Mean gradient, mmHg 52 [47-62] 46 [43-56] 0.044



Maximal gradient, mmHg
AVA, cm?

Laboratory investigations
Fibrinogen, g/L.
Creatinine, umol/L

CRP, mg/L

Glucose, mmol/L

Total cholesterol mmol/L
LDL-cholesterol, mmol/L
HDL-cholesterol, mmol/L
Triglycerides, mmol/L
OxPL, pg/mL

Lp(a), mg/dL.

Plasma markers of fibrinolysis

PAI-1, ng/mL
tPA, ng/mL
az-antiplasmin, %
Plasminogen, %
TAFI, %

CLT, min

83 [79-91]

0.8 [0.7-0.8]

3.4 (0.8)
76 [70-89]
2.0 [1.0-3.8]
5.3 [5.0-5.6]
4.1[3.5-4.8]
2.6[2.1-3.3]
1.3[1.0-1.5]
1.3 [0.9-1.8]
0.62 [0.38-1.0]

81.9 [67.8-121.1]

20.6 (8.5)
5.7 (2.0)
96.2 (7.5)
101.6 (13.2)
85.7 (15.8)

103 [97-108]

72 [64-81]

0.9 [0.8-0.9]

3.3 (0.7)
78 [71-105]
1.9[1.0-4.2]
5.4[5.2-5.6]
3.8 [3.4-4.5]
2.3[1.8-2.7]
1.3[1.2-1.6]
1.2 [0.9-1.4]
0.46 [0.27-0.63]

6.7 [2.9-11]

14.9 (4.8)
5.9 (2.4)
943 (5.8)
99.0 (16.5)
76.7 (10.9)

93 [90-96]

<0.001

0.003

0.61

0.32

0.95

0.27

0.20

0.19

0.19

0.44

0.03

<0.001

0.003

0.75

0.31

0.48

0.007

<0.001

Data presented as numbers (percentages), mean (standard deviation) or medians [interquartile

range]. P-values of <0.05 were considered statistically significant.

Abbreviations: ACE inhibitors, angiotensin converting enzyme inhibitors; AS, aortic stenosis;

AVA, aortic valve area; BMI, body mass index; CLT, clot lysis time; CRP, C-reactive

protein; Lp(a), lipoprotein (a); OxPL, oxidized phospholipids; PAI-1, plasminogen activator



inhibitor 1; TAFI, thrombin activatable fibrinolysis inhibitor; tPA, tissue plasminogen

activator, Vmax, peak transvalvular velocity.

Table S2. Factors associated with clot lysis time (CLT) in patients with severe aortic

stenosis and Lp(a) >50 mg/dL

Univariable
Variable Estimate 95% CI P value
OxPL, pg/mL 9.17 6.12;12.22 <0.001
Lp(a), mg/dL 0.14 0.09;0.19 <0.001
PAI-1, ng/mL 0.47 0.26;0.69 <0.001
TAFI, % 0.15 0.02;0.28 0.03
tPA, ng/mL 0.77 -0.29;1.83 0.15
Plasminogen, % -0.13 -0.29;0.03 0.12
az-antiplasmin, % 0.07 -0.22;0.36 0.63
Vinax, m/s 10.9 5.00;16.95 <0.001
Mean gradient, mmHg 0.31 0.09;0.52 <0.001
Max gradient, mmHg 0.29 0.14;0.45 <0.001
AVA, cm? -12.4 -30.2;5.49 0.17
Age, years -0.29 -0.54;-0.04 0.02
BMI, kg m~ 0.29 -0.17;0.75 0.21
Fibrinogen, g/L. 2.29 -0.39;4.97 0.09

Creatinine, umol/L -0.04 -0.18;0.11 0.59



CRP, mg/LL 0.11 -0.49;0.71 0.72

Glucose, mmol/L 0.18 -3.86;4.22 0.93
Total cholesterol mmol/L 1.6 -0.46,3.66 0.13
LDL-cholesterol, mmol/L 1.83 -0.35;4.00 0.10
HDL-cholesterol, mmol/L 0.46 -1.73;2.66 0.67
Triglycerides, mmol/L -0.47 -3.57,2.63 0.76
Multivariable
OxPL, ng/mL 7.87 471;11.03 <0.001
Plasminogen, % -0.11 -0.23;0.01 0.08
Age, years -0.19 -0.39;0.02 0.07
Fibrinogen, g/L. 1.31 -0.78;3.40 021

CI, confidence interval. Abbreviations explained in Table S1. Multivariable model adjusted

for BMIL.
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Abstract: Aortic stenosis (AS) is associgted with hypofibrinolysis, but its mechgnism is poorly
understood. We investigated whether LDL cholesterol gffects plagsminogen activator inhibitor 1
(PAI-1) expression, which may contribute to hypofibrinolysis in AS. Stenotic valves were obtained
from 75 severe AS patients during valve replagcement to assess lipids gccumulation, together with
PAI-1 and nuclear factor-kB (NF-kB) expression. Five control valves from autopsy healthy individuals
served as controls. The expression of PAI-1 in valve interstitial cells (VICs) gfter LDL stimulgtion
was assessed at protein and mRNA levels. PAI-1 activity inhibitor (TM5275) and NF-kB inhibitor
(BAY 11-7082) were used to suppress PAI-1 activity or NF-«kB pathway. Clot lysis time (CLT) was
performed to assess fibrinolytic capacity in VICs cultures. Solely AS valves showed PAI-1 expression,
the amount of which was correlated with lipid accumulation and AS severity and co-expressed
with NF-kB. In vitro VICs showed abundant PAI-1 expression. LDL stimulation increased PAI-1
levels in VICs supernatants and prolonged CLT. PAI-1 activity inhibition shortened CLT, while
NF-kB inhibition decreased PAI-1 and SERPINE1 expression in VICs, its level in supernatants and
shortened CLT. In severe AS, valvular PAI-1 overexpression driven by lipids accumulation contributes
to hypofibrinolysis and AS severity.

Keywords: aortic stenosis; fibrinolysis; LDL; nuclear factor kappa B; plasminogen activator inhibitor 1;
valve interstitial cells

1. Introduction

Aortic stenosis (AS) is the most common acquired valvular heart disease in the elderly
population from industrialized countries with no available pharmacological treatment to
slow down or inhibit the disease progression [1]. The pathomechanism of aortic valve calci-
fication is a complex and tightly regulated process, associated with activation of multiple
molecular pathways. It involves accumulation of lipoproteins, chronic inflammation and
activation of the coagulation system [2,3]. These actions lead to stimulation of valvular
interstitial cells (VICs), playing a pivotal role in valvular calcification [4]. AS patients
are also characterized by hypofibrinolysis, expressed as prolonged clot lysis time (CLT).
CLT provides information about overall plasma fibrinolytic capacity, reflecting the simul-
taneous effect of procoagulant and profibrinolytic factors [5]. Impaired fibrinolysis was
shown to be positively associated with AS severity and the thickness of fibrin deposited
within stenotic valves [6,7]. However, the role of the fibrinolytic system in the develop-
ment and progression of AS is not yet understood. The expression of major fibrinolytic
protein—plasminogen, and its inhibitor—plasminogen activator inhibitor type 1 (PAI-1),
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controlling the activity of both tissue (tPA) and urokinase plasminogen activators (UPA),
has been demonstrated within human stenotic aortic valves, as well as in vitro in valvu-
lar myofibroblasts cultures [8]. PAI-1is of key importance in various chronic and acute
pathophysiological processes [9], and the expression of SERPINE1 gene encoding PAI-1
is controlled by nuclear factor- kB (NF-kB) transcription pathway, which can be induced
through pro-fibrotic signaling cascades [10]. PAI-1 secretion is strongly influenced by
pro-inflammatory cytokines [11], abundantly present within stenotic aortic valves [12]. Our
recent study demonstrated NF-kB expression within stenotic aortic valves as well as in
VICs on both protein and mRNA levels [13]. Recently, Siudut et al. [14] showed in severe
AS patients that serum lipids and apolipoproteins predicted hypofibrinolysis measured
as CLT. However, it is still not clear whether impaired fibrinolysis contributes to faster
AS progression or that more severe AS leads to hypofibrinolysis. Considering that LDL
mediates inflammation within stenotic valves, we decided to investigate this particular
lipoprotein in the context of hypofibrinolysis.

The aim of this study was to evaluate whether LDL is responsible for PAI-1 overex-
pression as the main factor driving hypofibrinolysis in AS.

2. Materials and Methods
2.1. Patients

We enrolled 75 patients with symptomatic severe AS between February 2019 and January
2021. All AS patients underwent first-time elective surgical aortic valve replacement at the
Department of Cardiovascular Surgery and Transplantology at the John Paul Il Hospital,
Krakow, Poland. Data on medical history, current treatment and demographics were collected
using a standardized questionnaire. Severe AS was defined as aortic valve area (AVA) < 1 cm2
and/or mean transvalvular pressure gradient (PGmean) = 40 mmHg [15] on transthoracic
echocardiography. All studies were evaluated by an experienced cardiologist. Arterial hyper-
tension was diagnosed based on a history of hypertension (blood pressure > 140/90 mmHg)
or preadmission antihypertensive treatment. Hypercholesterolemia was diagnosed based on
total cholesterol level = 5.0 mM, medical records or cholesterol-lowering therapy.

The exclusion criteria for AS patients were: atherosclerotic vascular disease requiring
revascularization, acute infection including infective endocarditis, rheumatic AS, diabetes
mellitus, advanced chronic kidney disease, need for concomitant valvular surgery (e.g.,
mitral valve repair), percutaneous coronary intervention, recent (<3 months) acute coro-
nary syndrome or cerebrovascular episode, diagnosed malignancy, and pregnancy. The
valvular anatomy was confirmed intraoperatively, and patients with bicuspid valve and
root/ascending aortic dilatation requiring intervention were excluded from the study. The
diagnosis of atherosclerosis was based on angiographically documented coronary artery
stenosis >20% diameter and such patients were excluded from the study.

2.2. Laboratory Analysis

Fasting venous blood was drawn from the antecubital vein between 7:00 and 9:00 AM
in AS patients (before aortic valve replacement). Citrated blood (9:1 of 0.106 M sodium
citrate) was centrifuged at 2500x g for 20 min at 20 - C, while blood drawn into EDTA
or serum tubes was centrifuged at 1600x g for 10 min at4 - C and stored at - 80 - C until
analysis. Routine laboratory assays were used to determine glucose, creatinine, lipid profile,
C-reactive protein (CRP), and fibrinogen.

2.3. Aortic Valves Preparation

Aortic valves were collected during open heart surgery. One valvular leaflet was used
for in loco analysis and one for in vitro cell cultures. The third leaflet was secured for future
analysis. To decalcify the incised aortic valves, they were incubated in 15% EDTA (Sigma
-Aldrich, St. Louis, MO, USA) at 4 - C for 10 days. Decalcification was confirmed by calcium
determination in 6 M HCI. After treatment, valves were rinsed with phosphate buffered
saline (PBS), embedded in Shandon Cryomatrix frozen embedding medium (Thermo Fisher
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Scientific, Kalamazoo, M1, USA) for tissue cryopreservation and cryosectioned vertically
into 4.5 pm slices using a Leica CM 1520 cryostat. Transverse sections were taken from the
mid and commissural areas of the leaflet and stored at - 20 - C until immunostaining. The
control valves (n = 5) were obtained at autopsy from apparently healthy individuals of
similar age without cardiac disorders.

2.4. Histochemical and Immunofluorescence Staining

Valvular staining was performed on randomly selected 50 AS and 5 control valves.
Lipid detection was performed using Sudan black dye followed by counterstaining with
nuclear fast red solution. Immunofluorescence was conducted according to the previously
described protocol [16] using primary antibodies against PAI-1 (1:500; Abcam, Cambridge,
UK), tPA (1:100; Novus Biologicals, Centennial, CO, USA), a2-antiplasmin (1:250; Santa Cruz
Biotechnology, Dallas, TX, USA), plasminogen (1:500; GeneTex, Irvine, CA, USA), fibrin
degradation products (D-dimer, 1:100; Bioss Antibodies, Woburn, MA, USA) and NF-kB (p65,
1:500, Abcam) and the corresponding secondary donkey or goat antibodies conjugated with
AlexaFluor 488 or 594 (Abcam) (1:1000). Double-label immunofluorescence analysis was
performed for PAI-1 and NF-kB. A negative IgG isotype control was performed routinely.
The percentage of immunopositive areas and the fluorescence intensity (FI) were calculated
as described previously [16]. The data were analyzed by two independent investigators
blinded to the sample origin. The intra- and inter-observer variability was below 7%.

2.5. Valve Interstitial Cells In Vitro Cultures

VICs were isolated from stenotic aortic valves as previously described [17]. Exper-
iments were performed on VICs between their third and fifth passages. When the cells
reached 90-95% confluence, they were subcultured in 6-well plates in concentration of
1 x 105 for immunofluorescence staining and 2 x 105for mRNA analysisin 2 mL of cell
culture medium per well. VICs cultured in a standard medium (DMEM: low glucose
medium, without L-glutamine and with sodium pyruvate; Biowest, Nuaille, France) served
as a negative control. To initiate the process of calcification, VICs were cultured in a calci-
fication medium as previously described by us [18]. To induce inflammation, VICs were
cultured in the calcification medium supplemented with TNF-a (50 ng/mL; Santa Cruz
Biotechnology) [18] or LDL (300 pg/m L, reflecting hyperlipidemia; Sigma-Aldrich) [19].

The VICs expression of fibrinolytic proteins was assessed using immunofluorescence,
as described above.

MechanisticexperimentswereperformedtosuppressPAl-lactivityortoinhibitNF-kB
transcription pathway. PAI-1 inhibitor—TM5275 (MedChemExpress LLC, Monmouth
Junction, NJ, USA), which converts PAI-1 to its inactive form—was added 30 min before
LDL (final concentration, 100 uM) [20]. To inhibit NF-kB, BAY 11-7082 (Sigma-Aldrich,
final concentration,10- 6 M) wasadded 30 min before TNF-a or LDL stimulation [13,21].

All VICs were cultured for 7 days. The number of immunopositive cells was quantified
per 100 consecutive cells per slide and 3 slides per each condition. Each experiment was
repeated three times using VICs isolated from randomly selected stenotic valves.

VICs supernatants were collected after each experiment and stored at - 20 - C until
analysis. PAI-1 concentration in supernatants was assayed quantitatively using commer-
cial ELISA kit (Hyphen Biomed, Neuville-sur-Oise, France) in accordance with manufac-
turer's instructions.

2.6. CLT in VICs Supernatants

Modified CLT was performed based on Pieters method [22] using a mixture of human
PAIl-1-deficient plasma (25 pL; Innovative Research, Novi, MI, USA) and 5 pL of super-
natants containing VICs-released PAI-1. Supernatants were diluted 1:5 due to the fact
that undiluted supernatants from VICs treated with pro-inflammatory factors prolonged
CLT > 300 min, which is considered as the upper limit of detection. To remove cell debris
from VICs, supernatant samples were centrifuged at 1000x g for 5 min. Briefly, 30 pL
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mixture of human PAI-1 deficient plasma and VICs supernatants was mixed with 15 pM
phospholipid vesicles (Rossix, Molndal, Sweden), 15 mM CacClz2, 20 ng/mL tPA (Boehringer
Ingelheim, Ingelheim am Rhein, Germany) and 0.5 U/mL human thrombin (Merck, Darm-
stadt, Germany). The turbidity was measured at 405 nm, at 37 - C. CLT was defined as the
time from the midpoint of the clear-to-maximum-turbid transition to the midpoint of the
maximum-turbid-to-clear transition. The experiment was repeated three times using VICs
supernatants from other cell cultures. All samples were tested in triplets. Intra-assay and
inter-assay coefficients of variation were <8%.

2.7. Relative Quantification of Transcripts by Real-Time PCR

A total of 400 ng of VICs RN A was reverse transcribed to single strand cDNA using
High Capacity RNA-to-cDNA Master Mix (Applied Biosystems, Foster City, CA, USA)
according to manufacturer's instruction. The cDNA was amplified with TagMan Gene
Expression Assays (Hs00167155_m1 for PAI-1, Gene Symbol: SERPINE1) containing both
primers and probe on an ABI PRISMR 7900HT Fast Real-Time PCR System (Applied Biosys-
tems). Beta-actin (Hs99999903_m1, human ACTB Endogenous Control FAM/MGB Probe,
Non-Primer Limited; Applied Biosystems) was used as a housekeeping gene. The compara-
tive threshold cycle method (R = 2- AACt) was applied to analyze the obtained data.

2.8. Statistical Analyses

All statistics were performed using the STATISTICA software (Version 13.3, TIBCO
Software, Palo Alto, CA, USA). Categorical variables were presented as numbers and
percentages, while continuous variables were expressed as mean + standard deviation
(SD) or median and interquartile range [IQR]. Categorical variables were analyzed by
Pearson's x2 or two-tailed Fisher's exact test. Normality was analyzed by the Shapiro-
Wilk test. Differences between the groups were compared using the Student's t-test or
Mann-Whitney U test, as appropriate. Analysis of variance (ANOVA) was used to compare
continuous variables between multiple groups. Post-hoc comparisons were performed with
the Tukey-Kramer HSD test. Associations between variables were calculated using Pear-
son's or Spearman's correlation coefficients, as appropriate. p-value < 0.05 was considered
statistically significant.

3. Results
3.1. Patients' Characteristics

BaselinecharacteristicofASpatientsisshowninTablel. MostoftheASpatientswere
treated with angiotensin converting enzyme inhibitors, beta-blockers and acetylsalicylic
acid. Due to concomitant atrial fibrillation, 12 (16%) AS patients were taking non-vitamin
K antagonist oral anticoagulants (NOACSs), with an average duration of treatment less than
2 years (19.8 + 11.8 months) (Table 1). Of note, AS patients not receiving statin treatment
(n =18) compared to those treated with statins were characterized by increased concentra-
tions of LDL cholesterol (3.2 [2.7-4.2] mmol/L vs. 2.3 [1.9-2.9] mmol/L, p = 0.0013).

Table 1. Baseline characteristics of patients with aortic stenosis (AS).

Variable AS Patients
(n=75)
Age, years 66 [60-71]
Male, n (%) 46 (61.3)
BMI, kg m- 2 28 [25.7-30.6]
Risk factors, n (%)
Arterial hypertension 67 (89.3)
Hypercholesterolemia 64 (85.3)
Current smoking 13 (17.3)

Medications, n (%)
Beta-blockers 54 (72)
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Table 1. Cont.
Variable A?nPjt;:;\ts
Acetylsalicylic acid 51 (68)
ACE inhibitors 48 (64)
Statins 57 (76)
Rivaroxaban 5(6.7)
Apixaban 3(4)
Dabigatran 4 (5.3)
Echocardiographic parameters
Mean gradient, mmHg 50 [44-58]
Maximal gradient, mmHg 82 [74-94]
AVA, cm2 0.8 [0.7-0.9]
LVEF, % 60 [55-65]
Laboratory investigations
Fibrinogen, g/L 3.4+ 074
Creatinine, umol/L 76 [70-92]
CRP, mg/L 2.0 [1.0-4.0]
Glucose, mmol/L 5.4 [5.0-5.6]
Total cholesterol mmol/L 4.1 [3.5-4.8]
LDL cholesterol, mmol/L 2.5 [2.0-3.3]
HDL cholesterol, mmol/L 1.6 [1.3-1.7]
Triglycerides, mmol/L 1.1 [0.9-1.7]

Data presented as numbers (percentages), mean + standard deviation or medians [interquartile range]. Abbrevia-
tions: ACE inhibitors, angiotensin converting enzyme inhibitors; BMI, body mass index; CRP, C-reactive protein;
LVEF, left ventricular ejection fraction.

3.2.In Loco Studies

Massive intracellular lipid accumulation was observed within stenotic aortic valves
(18.3 + 2% of immunopositive area), but not in control leaflets (Figure 1A,B). Valvular
expression of all studied fibrinolytic proteins and their inhibitors, along with D-dimer, was
detected within stenotic aortic leaflets, mainly on the aortic side of the leaflets, but not in
control valves (Figures 1 and 2). The expression of PAI-1(24.6 + 4.1%) was observed in the
fibrosa and spongiosa layers and presented a condensed pattern of fluorescence (Figure 1D).
NF-kB expression was not detected within control valves (Figure 1E), while double staining
revealed 84% co-expression of valvular PAI-1 and NF-kB within stenotic valves (Figure 1F).
Valvular PAI-1 expression positively correlated with lipids accumulation and AS severity
measured as PGmean (Figure 3A,B). The expression of plasminogen (16.6 + 3.9%), a2-
antiplasmin (12.2 + 4.1%) and tPA (8.4 + 3.6%) was observed in the subendothelial and
fibrosa layers (Figure 2). Valvular expression of D-dimer was observed in the fibrosa and
partially in spongiosa layers (Figure 2). However, the pattern of fluorescence was diffused;
therefore, the Fl was determined instead of the positive areas percentage. Almost 200%
higher Fl was observed for D-dimer-positive areas (1136 + 223 vs. 391+ 129 FI; p < 0.0001).

No differences between patients treated with NOACs or NOAC naive were found
in valvular expression of the investigated proteins (for PAI-1: 22.9% vs. 24.7%, for plas-
minogen: 15.6% vs. 16.8%, for a2-antiplasmin: 11.5% vs. 12.4%, for tPA: 8.7% vs. 8.1%; all
p > 0.05, respectively).
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Control valve Stenotic valve
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200 pm, original magnification 4 x .
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3.3. In Vitro Studies

Independently of culture condition, VICs showed constant expression of PAI-1 (100%
of cells) (Figure 4A). VICs cultured in control or Calcification medium did not express
tPA or a2-antiplasmin, while plasminogen was poorly expressed in VICs cultured in the
TalcYfitvat®udinsedium (12 + 2% of cells) (Figure 4B).

Ifd AgdtefrdENIRy- 1d ar liLDe_cdtidiiullaft wiC ©@hHwsed ol f2iaf+i 8Rpratt\ill fO $ RAshieditionety, expressed
el s)riniragrerd A IG5 euldVeeat iT 4k fid% of odldiiscai elf ectedizl mehgbriekisexproet taRtAplasmin but
a trafapdxipmeifs Mrhilod FRANEFLD%fofvatipls | lyaespieser esd f (I GH oe14B).el ifeihthaaluse of TM5275
inhibitor, which was supposed to reduce the ability of PAI-1-tPA complex formation, the
expression of tPA in VICs cultures was still at a very low level (Figure 5A).

LDL stimulation increased PAI-1 levels in VICs supernatants by 32% (p = 0.0005)
compared to VICs cultured in the calcification medium (Figure 5B). Similarly, TNF-a
stimulation increased PAI-1 concentrations in supernatants by 25% (p = 0.011) compared to
VICs cultured in the calcification medium.
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from different valves.
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calcification medium resulted in a 1.3-fold increase in SERPINE1 expression compared
to standard medium (Figure 5D). Pro-inflammatory treatment of VICs resulted in about
2.5-fold increase in SERPINE1 expression compared to standard medium, while NF-kB
inhibition suppressed the SERPINE1 expression by about 2-fold compared to VICs stim-
ulated with TNF-a or LDL alone (Figure 5D). The TM5275 inhibitor treatment did not
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downregulate SERPINE1 expression compared to VICs treated with LDL alone, and it was
2.2-fold higher than in VICs cultured in the standard medium (Figure 5D).

4. Discussion

Our study showed for the first time that, in severe AS patients, PAl-1 overexpression
is driven by LDL activation of VICs. We also showed constant expression of PAI-1in VICs,
regardless of pro-inflammatory stimulation, while the expression of profibrinolytic proteins,
such as plasminogen and tPA, was observed only after VICs activation. Moreover, for the
first time we showed valvular a2-antiplasmin expression.

Valvular fibrin accumulation accounting for about 40% of the total valve area suggested
impaired fibrinolysis in AS [23]. The current study reported the presence of D-dimer, a
fibrin degradation product, within all valvular layers, demonstrating that fibrinolysis
occurs in loco and that VICs PAI-1 overexpression contributed to hypofibrinolysis. The
abundant amounts of PAI-1 with a condensed pattern of expression were found within
AS valves, suggesting that this protein is synthesized de novo. Of note, a similar PAI-1
expression pattern has been reported in lung cancer [24]. We also showed for the first time
expression of a2-antiplasmin, both within stenotic valves and in in vitro VICs cultures. The
valvular expression of a2-antiplasmin was weak and localized subendothelially. Similarly,
the a2-antiplasmin expression in VICs was very weak, even after the pro-inflammatory
stimulation with TNF-a or LDL. It remains to be established, using quantitative methods
such as RT-PCR or proteomics, whether VICs have the ability to synthesize a2-antiplasmin.
It may be of importance to better understand VICs contribution to hypofibrinolysis in AS.

We confirmed that VICs stimulated with LDL showed enhanced SERPINE1 expression
and PAI-1 synthesis, resulting in fibrinolysis inhibition. NF-kB inhibitor suppressed PAI-1
expression on both protein and mRNA levels in VICs along with shortened CLT, regardless
of pro-inflammatory stimulation with TNF-a or LDL. On the other hand, PAI-1 activity
inhibition with TM5275 did not affect SERPINE1 expression and PAI-1 antigen level but
as expected promoted fibrinolysis. Therefore, we suspect that LDL may contribute to the
imbalance between coagulation and fibrinolysis within stenotic aortic valves via inflamma-
tory stimulation of VICs, resulting in PAI-1 overexpression. Valvular fibrin deposition, at
least in part driven by limited ability to fibrin dissolution, contributes to valve dysfunction,
hemodynamic disturbances, and increased shear stress, which activates NF-kB-related
expression of pro-inflammatory genes [25]. Increased shear stress can also stimulate en-
dothelial cells to release PAI-1 [26], contributing to systemic hypofibrinolysis. Alexopoulos
etal. [27] observed that PAI-1was strongly implicated in the pathogenesis of atherosclerosis,
which shares similar mechanisms with AS. Moreover, in a murine model of atherosclerosis
PAI-1linhibitors, PAI-039 and MDI-2268, inhibited atherosclerosis development [28]. Our
study also suggests that NF-kB pathway could also be a potential target for PAI-1 inhibition.
NF-kB pathway inhibitors are now extensively tested in clinical studies for therapeutic
intervention [29].

We also showed low in loco expression of plasminogen and tPA localized subendothe-
lially and the trace expression of both proteins in VICs cultures, suggesting that they are
released by valvular endothelial cells, rather than synthesized by VICs. Kochtebane et al. [8]
identified small amounts of plasminogen, uPA, tPA, and PAI-1 within all the three tissue
layers of human stenotic aortic valves and in myofibroblast cultures, however, with a
large variability between valves. uPA was the only protein with enzymatic activity in
myofibroblasts lysates [8]. The myofibroblasts expression of free tPA was not confirmed by
the Western blot, and tPA was shown exclusively as a complex with PAI-1. We observed
negligible amounts of free tPA in VICs cultures, even after the use of TM5275 inhibitor,
which reduces the ability to form PAI-1-tPA complexes, reveal free tPA, and convert active
PAI-1to its inactive form [20]. Our data suggest that tPA synthesis by VICs is very limited
and its release is associated with valvular endothelium or delivered to stenotic aortic valves
with the bloodstream. In our opinion, the disproportion between expression of PAI-1 and
profibrinolytic factors contributes to hypofibrinolysisin AS.
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This study has several limitations. First, the group size was limited, and type Il er-
rors cannot be excluded. However, the study represents typical patients with symptomatic
severe AS in clinical practice. Second, the valvular proteins expression was determined
semi-quantitatively and estimations may be less precise. However, microscopic analysis was
performed by two independent experienced investigators. Third, we did not assess the expres-
sion of uPA. We assessed hypofibrinolysis based on plasma CLT, which is the tPA-dependent
model. tPA activation requires binding to fibrin, while uPA is fibrin independent and activates
plasminogen in solution. Lastly, this study was performed in individuals with severe AS
and tricuspid valves; thus, our results cannot be directly extrapolated to individuals with
mild, moderate or bicuspid AS. Further studies on larger cohorts are needed to eliminate an
influence of phenotypic aspects of the valve and aortic root characteristics.

5. Conclusions

Our data demonstrate that, in severe AS patients, PAI-1 is abundantly released by
VICs, probably due to chronic valvular inflammation caused by LDL. PAI-1 overexpression
leads to disturbed balance between coagulation and fibrinolysis, which may contribute to
valvular dysfunction and AS progression.
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Abstract

Background: Aortic stenosis (AS) prevalence is estimated to reach 4.5 million cases
worldwide by the year 2030. AS is a progressive disease without a pharmacologi-
cal treatment. In the current review, we aimed to investigate novel therapeutic ap-
proaches for non-surgical AS treatment, at least in patients with mild-to-moderate
AS.

Materials and Methods: The most recent and relevant papers concerned with novel
molecular pathways that have potential as therapeutic targets in AS were selected
from searches of PubMed and Web of Science up to February 2021.

Results: Growing evidence indicates that therapies using proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitors, simvastatin/ezetimibe combination,
cholesteryl ester transfer protein inhibitors or antisense oligonucleotides targeting
apolipoprotein(a) reduce the risk of AS progression. It has been shown that enhanced
valvular lipid oxidation may drive AS development by leading to the activation of
valvular interstitial cells (VICs), the most abundant valvular cells having a major
contribution to valve calcification. Since VICs are able to release pro-inflammatory
cytokines, clotting factors and proteins involved in calcification, strategies targeting
these cell activations seem promising as therapeutic interventions. Recently, non-
vitamin K antagonist oral anticoagulants (NOACs) have been shown to inhibit acti-
vation of VICs.

Conclusion: Several novel molecular pathways of AS development have been
identified over the past few years. Therapies using PCSK9 inhibitors, simvastatin/
ezetimibe combination, lipoprotein(a)-lowering therapy are highly promising can-
didates as therapeutics in the prevention of mild AS progression, while preclinical
studies show that NOACs may inhibit valvular inflammation and coagulation activa-
tion and slower the rate of AS progression.

KEYWORDS

aortic stenosis, lipid-targeting therapy, non-vitamin K antagonist oral anticoagulants

Key messages

« Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors may prevent or
slow the progression of aortic stenosis (AS)

< Simvastatin in combination with ezetimibe reduced the rate of aortic valve replace-
ment in patients with mild AS and high low-density cholesterol levels
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 Cholesteryl ester transfer protein inhibitors or antisense oligonucleotides targeting
apolipoprotein(a) can reduce the risk of AS progression

< Non-vitamin K antagonist oral anticoagulants (NOACs) have been shown to inhibit
valvular interstitial cells activation, which may attenuate valvular inflammation
and slower the rate of AS progression

1 INTRODUCTION

Aortic stenosis (AS) is associated with a progressive reduc-
tion in the aortic valve orifice and leaflet mobility which
leads to an impaired ability of blood ejection from the left
ventricle into the aorta. The three main causes of AS include
calcification of the valve, rheumatic valve disease and the
presence of bicuspid aortic valve. In this review, we focus on
the first type of AS, which is the most common acquired val-
vular heart disease in the adult population of both Europe and
North America. The prevalence of AS in patients >65 years of
age ranges between 2% and 7%.11t is estimated that approxi-
mately 4.5 million patients with AS will be diagnosed world-
wide by the year 2030.2To date, there is no pharmacological
treatment to prevent or at least retard AS progression. The
ASTRONOMER (Aortic Stenosis Progression Observation:
Measuring Effects of Rosuvastatin) trial demonstrated that
lipid-lowering therapy with rosuvastatin does not reduce the
rate of AS progression.3 Similarly, the results of other ran-
domized clinical trials such as SEAS (The Simvastatin and
Ezetimibe in Aortic Stenosis) and SALTIRE (Scottish Aortic
Stenosis and Lipid Lowering Trial, Impact on Regression)
have confirmed that neither simvastatin/ezetimibe nor atorv-
astatin is able to inhibit AS progression.45Thus, transcatheter
aortic valve replacement and surgical aortic valve replace-
ment are the only options for AS treatment, but predicted 30-
day surgical mortality for both procedures ranges from 4% to
8%.6,7 The occurrence of AS has been found to be associated
with cardiovascular risk factors such as age,8 male gender9
hypercholesterolaemia,10 diabetes mellitus,10 arterial hyper-
tension10 or cigarette smoking,9 yet the precise mechanisms
triggering AS are not fully understood. AS has been consid-
ered as an atherosclerosis-like process.11 However, valvular
interstitial cells (VICs) present within aortic valves play a
pivotal role in specific pathologic alterations and are respon-
sible for differences between the pathobiology of AS and ath-
erosclerosis.12 In the current review, we aimed to investigate
novel therapeutic approaches for non-surgical AS treatment.

2 METHODS

The most relevant research on potential novel therapeutic ap-
proaches in AS was reviewed. We included papers regard-
ing the inhibition of proprotein convertase subtilisin/kexin
type 9 (PCSK9) and other lipid-targeting therapies, such as

simvastatin/ezetimibe combination, cholesteryl ester transfer
protein (CETP) inhibitors or antisense oligonucleotides tar-
geting apolipoprotein(a) and recent findings regarding non-
vitamin K antagonist oral anticoagulants (NOACs). Taking
into account the similarities between atherosclerosis and AS,
we decided to include articles on strategies focusing on inhib-
iting the calcification process in atherosclerosis. We also pro-
vide information about novel molecular pathways leading to
valvular inflammation and calcification in AS, including VIC
activation, oxidative stress generation, involvement of lipids,
coagulation proteins, matrix metalloproteinases (MMPs) and
accumulation of advanced glycation end products (AGES).
All studies were examined in detail. Basic research and clini-
cal articles were selected from PubMed and Web of Science
from January 2010 to February 2021, supported by seminal
papers from previous years.

3 | RESULTS
We present the recent literature regarding potential therapeu-
tic strategies to inhibit AS progression, in those with mild-
to-moderate severity. Main clinical findings are summarized
in Figure 1.

31 | Aortic valve calcification

Normal aortic valve has three layers: ventricularis, spongiosa
and fibrosa. The ventricularis is composed mainly of elastin-
rich fibres aligned in a circular pattern on the ventricular side
of the leaflet. The spongiosa is a layer of loose connective
tissue at the base of the valve, containing fibroblasts, mes-
enchymal cells and a mucopolysaccharide-rich matrix. The
fibrosa consists of fibroblasts and collagen fibres arranged in
a radial direction on the aortic side of the leaflet. These layers
cooperate to provide the strength and flexibility of the aortic
leaflets in response to years of repetitive movement.1314 The
predominant cells found in all three layers are VICs.15VICs
are of mesenchymal origin and maintain the structural integ-
rity of the valve.15

Histopathologic studies of AS indicate the involvement
of cell-dependent mechanisms that regulate calcium load
on the valve leaflets,16 involving macrophages,17 lympho-
cytes, 17 mast cells,18 neutrophils,19 cardiac chondrocytes20
and VICs,15 which, in a vicious cycle, differentiate into
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FIGURE 1

3of1l

Potential lipid-lowering strategies to inhibit the progression of aortic stenosis. In response to endothelial damage, lipoproteins

and phospholipids infiltrate aortic valve leaflets. Oxidation of lipoproteins activates valvular interstitial cells (VICs) and promotes valvular

mineralization and calcification. Therapy with proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors lowers the level of lipids in

the circulating blood, inhibits infiltration of oxidized lipids and lipoproteins (oxLipoproteins) into valve leaflets and thus attenuates valvular

calcification. Other lipid-targeting therapies, such as simvastatin/ezetimibe combination which reduces serum LD L concentrations as well as

lipoprotein (a) [Lp(a)]-lowering strategies such as cholesteryl ester transfer protein inhibitors (CETP) or antisense oligonucleotides targeting

apolipoprotein(a), may slower the rate of aortic stenosis progression

myofibroblasts that cause fibrosis by expressing a-actin and
osteoblast-like cells that cause calcification by expressing
alkaline phosphatase, osteopontin and bone morphogenetic
protein-2 and bone morphogenetic protein-4 (BMP-2, -4).21
In response to basement membrane disruption, accumu-
lation of lipoproteins, oxidative stress and infiltration of the
inflammatory cells,2223 the evolving V IC environment trig-
gers the intracellular signalling cascades and activation of
transcriptional pathways. It has been shown that regulation of
valvular inflammation is controlled by nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB), perceived
as a master regulator of the inflammatory response.2425 NF-
KB is activated by tumour necrosis factor-a (TNF-a) and/or
transforming growth factor-2627 and leads to an upstream
production of interleukin-6 (IL-6), which has been implicated
in calcification of aortic valve leaflets via BMPs, especially
BMP-2 stimulation.28BMPs stimulate aortic leaflet calcifi-
cation by activating Smadl/5/8 and WntB-catenin signalling
pathways. Smad1/5/8 activation leads to up-regulation of
master osteoblast transcription factor Runt-related transcrip-
tion factor 2, which in turn increases the expression of pro-
teins directly associated with calcification.27Moreover, it has
been observed that upon pro-inflammatory stimulation VICs
express increased amounts of IL-6, IL-32, IL-34, MMPs [-3,
osteopontin and osteocalcin.29Based on these findings, VICs
may have a major contribution to valvular calcification and

studies regarding potential therapeutic options affecting the
pathways of VIC activation are highly warranted.

3.2 | Lipid involvement in AS
pathomechanism

Within stenotic aortic valves, an accumulation of lipo-
proteins has been observed. These include low-density
lipoprotein (LDL), oxidatively modified LDL (oxLDL), oxi-
datively modified phospholipids (oxPLs) and lipoprotein (a)
[Lp(a)]—the major phospholipid carrier.2223303 High ex-
pression of valvular oxLDL was associated with enhanced
influx of macrophages, T cells and leukocytes as well as with
increased TNF-a expression.233233 Valvular macrophages
in an uncontrolled way capture the oxLDLs and esterify
them, which leads to the formation of foam cells and en-
hancement of valvular inflammation.l7,34 oxPLs have been
shown to promote valvular mineralization and calcification
via up-regulation of reactive oxygen species and inflamma-
tory cytokines release by macrophages. It has been also
demonstrated that valvular expression of oxPLs co-localized
with Lp(a).3l Notably, valvular amounts of Lp(a) were sig-
nificantly higher in stenotic valves compared with healthy
donor valves.3l In VICs in vitro cultures, Lp(a) stimulation
resulted in enhanced calcification reflected by increased



TABLE 1

Author, year of
publication

Stein et al (2012)46

Bergmark
et al (2020)%

Hovingh et al (2015)%

Nicholls et al (2016)%

Bowman et al (2017)54

Tsimikas et al (2015)57

Viney et al (2016)58

Greve et al (2019)69

Study type

Randomized
clinical trial

Randomized
clinical trial
(The FOURIER
trial)

Randomized
clinical trial
(The TULIP
trial)

Randomized
clinical trial

Randomized
clinical trial
(The REVEAL
trial)

Randomized
clinical trial

Randomized
clinical trial

Randomized
clinical trial
(Secondary
analysis of the
SEAS trail)

Mean age, sample size,
country

18-65 years, n = 133,
United States, Canada,
the Netherlands,
Russian Federation,
South Africa

63 + 9 years
(evolocumab), 62 + 9
(placebo) n = 27 564,
49 countries

18-75 years n = 364,
the Netherlands and
Denmark

58.3 + 12 years,
n = 398, United States
and Europe

67 £ 8years n = 30 449,
United Kingdom

18-65 years n = 206,
United Kingdom

18-75 years n = 64 for
IONIS-APO(a)KX,

n = 58 for IONIS-
APO(a)-LRx, Canada,
the Netherlands,
Germany, Denmark,
United Kingdom

45-85 years, n = 1687, 7
European countries

Summary of the main pharmacological targets of AS and their effects in clinical trials

Treatment

PCSK9 inhibitor: REGN727

PCSK9 inhibitor:
evolocumab

CEPT inhibitor: TA-8995,
in combination with
atorvastatin or rosuvastatin

CEPT inhibitor: eVacetrapib

CEPT inhibitor: anacetrapib

Antisense oligonucleotides:
I1SIS-APO (a)kx

Antisense oligonucleotides:
IONIS-APO(a)kx and
IONIS-APO(a)-LRx

Simvastatin/ezetimibe
combination

Condition

Healthy volunteers and patients
with familial or non-familial
hypercholesterolemia

Patients with stable atherosclerotic
cardiovascular disease taking statins

Patients with mild dyslipidaemia

Mildly hypercholesterolaemic patients

Patients with atherosclerotic vascular
disease taking atorvastatin

Healthy volunteers with BM1 < 32 kg m-2
and Lp(a) =225 nmol/L

Healthy volunteers with elevated Lp(a)

Asymptomatic patients with mild-to-
moderate AS

Main findings

REGN727 reduced LD L cholesterol
levels in healthy volunteers and in
patients with familial or non-familial
liypercholesterolaemia.

Higher Lp(a) concentrations, but not
Lp(a)-corrected LD L cholesterol levels
were associated with a higher risk of
AS events. Long-term therapy with
evolocumab may reduce AS progression
rate.

TA-8995 reduced the concentrations of
LDL cholesterol and increased the levels
of HDL cholesterol.

Evacetrapib reduced the concentrations
of Lp(a), LDL particle and small LDL
particle.

Long-term therapy with anacetrapib
resulted in a lower incidence of major
coronary events and reduced Lp(a) and
LDL cholesterol levels.

I1SIS-APO (a)kx reduced Lp(a)
concentrations in a dose-dependent
manner.

Both IONIS-APO(a)kx and IONIS-
APO(a)-LRx reduced Lp(a)
concentrations.

Simvastatin/ezetimibe combination
reduced the rate of aortic valve
replacement in patients with mild AS and
LDL cholesterol levels > 4 mmolL.

1joy
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alkaline phosphatase (an enzyme involved in calcification)
activity and increased formation of calcification nodules.3L
Within the valve, lipoprotein-associated phospholipase A2
uses oxPLs and generates lysophosphatidylcholine which
has an impact on in vitro mineralization.3537 Furthermore,
some biological roles of lysophosphatidylcholine might be
mediated by autotaxin, derived from oxPLs.383 It has been
previously demonstrated by Bouchareb et al40that autotaxin-
lysophosphatidic acids are associated with the pathogenesis
of AS and may play a pivotal role in mediating inflamma-
tion and fibro-calcific remodelling of stenotic valves through
NF-kB. Torzewski et al39suggested that the autotaxin-Lp(a)-
oxPL axis might be a key determinant of valve calcification.

3.2.1 | Lipid-targeting therapy in AS

A genome-wide association study revealed that a single nu-
cleotide polymorphism (rs10455872) at the locus of the Lp(a)
gene was associated with increased risk of valvular calcifica-
tion (odds ratio per allele, 2.05).41 On the other hand, sec-
ondary analysis of the ASTRONOMER trial demonstrated
that elevated Lp(a) and oxPLs predicted a worse outcome in
patients with mild-to-moderate AS (n = 220).42 Therefore,
novel therapeutic strategies based on two fully humanized
monoclonal antibodies (alirocumab and evolocumab) that
bind free plasma PCSK9 and promote degradation of this
enzyme have been proposed.4346 PCSK9 is predominantly
produced in the liver and its role is to bind the LD L receptor,
resulting in higher blood LDL cholesterol levels.4748 Wang
et al49 have demonstrated that plasma PCSK9 levels are as-
sociated with the presence of AS, but not with the severity
of the disease. While valvular expression of PCSK9 is evi-
dent in both calcified and non-calcified valve leaflets, calci-
fied leaflets are characterized by significantly higher PCSK9
levels.50 Moreover, stimulation of VICs with an osteogenic
medium resulted in PCSK9 overexpression and the inhibi-
tion of PCSK9 was associated with reduced calcium deposi-
tion.50 Langsted et al51 showed in humans that the PCSK9
R46L loss-of-function mutation was associated with lower
LDL and Lp(a) levels, as well as with reduced risk of AS.
Importantly, an analysis of the FOURIER randomized clini-
cal trial (Further Cardiovascular Outcomes Research With
PCSK9 Inhibition in Subjects With Elevated Risk) revealed
that long-term treatment with evolocumab reduced the inci-
dence of AS (hazard rate [HR] 0.48; 95% confidence inter-
val [CI]: 0.25-0.93) compared with placebo arm.52 Notably,
Lankin et al53 demonstrated that PCSK9 inhibitor emo-
coucumab reduces blood concentrations of LDL and oxLDLs
in patients with coronary artery disease and atherosclerosis.
Randomized clinical trials investigating different CETP in-
hibitors showed that in patients with atherosclerotic vascu-
lar disease, anacetrapib reduced the level of Lp(a) by 25%
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and LDL by 41%, and increased the level of HDL by 104%
compared with placebo.54 Similar effects were observed
for evacetrapib (alone or in combination with statins) and
for the novel CETP inhibitor—TA-8995 (as monotherapy
or co-administered with a statin).5556 Other potential lipid-
lowering therapies with antisense oligonucleotides targeting
apolipoprotein(a) (IONIS-APO(a)Rx, ISIS-APO(a)Rx, and
IONIS-APO(a)-LRx), which effectively decrease plasma
Lp(a) concentrations??,% are also currently under inves-
tigation.59 Antisense oligonucleotides as a class of RNA
therapeutic drugs are designed to reduce the synthesis of
apo(a) and therefore the concentration of Lp(a) in circulat-
ing blood.57 However, their potential role in AS treatment is
not clear yet and clinical studies are needed. Interestingly, a
secondary analysis from the SEAS trial showed that simvas-
tatin/ezetimibe combination reduced the need for aortic valve
replacement in patients with mild AS and high LDL choles-
terol levels (>4 mmol/L) (HR 0.4,95% C1 0.2-0.9), but not in
subjects with moderate AS.60

Taken together, lipid-lowering therapies show promise
in inhibiting valvular calcification, at least in patients with
mild-to-moderate AS (Figure 1). However, large clinical tri-
als showing that PCSK9 inhibitors are beneficial in AS pa-
tients have not been performed to date. An ongoing phase 2
trial (NCT03051360) is currently testing the hypothesis that
a PCSK9 inhibitor will reduce aortic valve macro- or micro-
calcification in patients with mild-to-moderate AS. A sum-
mary of the main clinical trials regarding pharmacological
AS treatment is presented in Table 1.

3.3 | Preclinical models of AS therapy

3.3.1 | Involvement of blood coagulation in AS
progression

The expression of several coagulation factors has been
documented within stenotic aortic valves.2961-64 The val-
vular co-expression of tissue factor and fibrin has been
shown, suggesting that blood coagulation is activated in
loco. Moreover, in AS patients with a maximal transvalvu-
lar pressure gradient =75 mm H g, positive associations be-
tween the amount of valvular fibrin and both maximal and
mean transvalvular gradients have been demonstrated.&2
Breyne et al63 suggested an involvement of valvular tis-
sue factor and thrombin generation in the calcification of
stenotic aortic valves. Our group has shown that factor V11,
factor X, active factor X and their protease-activated re-
ceptors (PAR1 and PAR2) are present within aortic sten-
otic valves.2 Notably, the proteolytic activation of PARs
by coagulation proteases such as thrombin or active factor
X initiates the activation of cellular signalling pathways
that influence various valvular and cell-specific issues
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Non-vitamin K antagonist oral anticoagulants (NOACs) as potential drug candidates for AS treatment. Lipid accumulation leads

to valvular inflammation. Upon inflammation and up-regulation of reactive oxygen species (ROS) generation, valvular interstitial cells (VICs)

are able to express protease-activated receptors (PARs) and coagulation proteins, such as tissue factor (TF), prothrombin (FI1), factor (F) VI,

F X and release pro-inflammatory cytokines. Proteolytic activation of PARs either by thrombin or activated F X results in downstream signalling

that influences multiple valvular transcription-regulated and cell-specific processes. As a consequence of chronic valvular inflammation VICs

differentiate into fibroblasts with an osteoblastic phenotype, releasing osteopontin and osteocalcin, which are responsible for valvular calcification.

Non-vitamin K antagonist oral anticoagulants (NOACs) might inhibit valvular inflammation and coagulation, preventing V IC activation and

osteogenic differentiation

including proliferation, migration, adhesion, apoptosis, in-
flammation and coagulation.6566 It might be hypothesized
that inhibition of active factor X could attenuate not only
thrombin generation but also the activation of PARs.6
Of major importance, it has been shown that upon a pro-
inflammatory stimulation, VICs are able to express tissue
factor, thrombin, factor VI, active factor X, PAR1 and
PAR2 on both protein and mRNA levels. These observa-
tions suggest that VICs can synthesize coagulation proteins
under stimulation.2

3.3.2 | Coagulation-inhibiting therapy

NOACSs, including dabigatran (thrombin inhibitor), rivar-
oxaban or apixaban (active factor X inhibitors), are known
for their anti-inflammatory properties, in addition to their
anticoagulant effects. In apolipoprotein-E-deficient mice,
dabigatran and rivaroxaban (at concentrations encountered
in vivo) attenuate atherosclerotic plaque progression by re-
duction in lipid deposition and macrophage accumulation.67-
70 Wypasek et al2 have shown that in cultures of human
VICs, therapeutic concentrations of rivaroxaban (1 or 10 ng/
mL) inhibited the expression of coagulation factors, while

dabigatran (25 ng/mL) inhibited thrombin and PAR1 ex-
pression. Moreover, pre-incubation of VIC cultures with
rivaroxaban decreased expression of pro-inflammatory and
calcification factors.2 The double-blind COMPASS trial
showed a reduced rate of the primary composite outcome, in-
cluding cardiovascular death, stroke or myocardial infarction
among 27 395 patients with documented atherosclerosis tak-
ing low dose of rivaroxaban (2.5 mg twice daily) plus aspirin
(100 mg once daily) as a secondary prevention.71Taking into
consideration the similarities in risk factors and crucial path-
omechanisms between atherosclerosis and AS, it might be
assumed that rivaroxaban is able to attenuate valvular coagu-
lation activation and inflammation, at least in patients with
concomitant heart disease.

Additionally, it has been shown in humans that valvular
calcification can be also affected by anticoagulant therapy
with vitamin K antagonists (VKAs). However, long-term
treatment with VK A's has been associated with increased risk
of cardiovascular calcification.72 VKAs, besides blocking
gamma-carboxylation of coagulation factors, prevent the ac-
tivation of several proteins not related to coagulation, among
them matrix y-carboxyglutamate protein, a potent inhibitor

of calcification, that requires vitamin K-dependent post-
translational modification.73
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Taken together the results of in vitro and clinical in-
vestigations, it might be hypothesized that long-term an-
ticoagulation with NOACs could serve as a therapeutic
option,74at least in AS patients with mild-to-moderate AS
and indications for anticoagulant therapy (Figure 2). In
vitro and clinical studies testing this hypothesis are cur-
rently ongoing.2975

3.3.3 | An impact of valvular cell populations
on AS progression

MMPs are zinc-dependent endopeptidases, which have
been implicated in valvular calcification by cleaving ex-
tracellular matrix components as well as non-matrix pro-
teins.76 Data from in vitro studies have demonstrated that
inhibition of NF-kB prevents up-regulation of MMP1,
MMP3 and MMP9 production from fibroblasts and vascular
smooth muscle cells.77 The valvular expression of several
MMPs has been shown within aortic stenotic valves.7879
An in vitro study by Matilla et alrevealed that MMP-10
in VIC cultures increased expression of inflammatory (IL-
1B), fibrotic (a-smooth muscle actin, vimentin, collagen)
and osteogenic (BMP-4, BMP-9, osteopontin, Sox9 and
Smad1/5/8) markers. The addition of a physiological MM P
inhibitor (the tissue inhibitor of metalloproteinases type
1) to cultured human VICs prevented the release of pro-
inflammatory and osteogenic factors. Moreover, monoclo-
nal antibodies against MMP-10 inhibited the osteogenesis,
resulting in much lower rate of VIC calcification.79Thus, it
might be hypothesized that MM Ps are potential therapeutic
targets for delaying the progression of aortic valve calcifi-
cation in AS. Clinical studies of the efficacy of MMP-10
antibodies therefore might realize new therapeutic possi-
bilities for patients with mild-to-moderate AS.

Of note, the presence of neutrophil extracellular traps
(NETs) specific biomarkers within stenotic valves has
been demonstrated.19 Since it has been shown in vitro that
oxLDL-treated macrophages induced NET formation by
enhanced reactive oxygen species production,8and NETs
are involved in the activation of blood coagulation via local
accumulation of tissue factor-bearing NETs,8L it might be
suggested that NETs in AS intensify valvular inflamma-
tion and coagulation. Moreover, histones are cross-linked
within fibrin network8and they might impede lysis of val-
vular fibrin deposits. Importantly, the amounts of valvular
citrullinated histones H3 were associated with AS sever-
ity. These data might indicate a novel link between valvu-
lar NETosis and AS progression.19 It would be of interest
whether the DNAse I-triggered clearance of NETs is able
to attenuate VIC activation and slower their calcification
rates. As far as we know no such experiments have been
performed to date.

| 7611

3.4 | Advanced glycation end products
(AGEs) enhance valvular inflammation

It has been observed that diabetes mellitus concomitant
with AS is associated with increased valvular inflammation,
measured by valvular C-reactive protein expression, which
was positively associated with tissue factor expression on a
transcription level.8 In the natural history of diabetes mel-
litus, AGEs accumulate in plasma and tissues.84 AGEs are
generated through non-enzymatic glycation and oxidation
of proteins, lipids and nucleic acids and, through binding
to a cell surface receptor for advanced glycation end prod-
ucts (RAGE), are capable of modulating multiple cellular
processes.&87Bindingof AGEs toRAGE resultsin increased
oxidative stress, NF-kB-controlled gene expression89 and,
importantly, osteoblastic differentiation of VICs.91 In 2014,
Hofmann et al®2 demonstrated in a RAGE knock-out mouse
that both AGEs and RAGE are involved in aortic leaflet cal-
cification and subsequent AS. This observation has been sup-
ported by the finding that in AS patients with concomitant
diabetes mellitus, hyperglycaemia is accompanied by 6.6- and
12-fold increase in valvular and plasma AGEs, respectively.
These changes were correlated with AS severity, measured
by aortic valve area. @B Higher levels of RAGE in AS patients
with concomitant diabetes were observed in plasma (1.3-fold
higher) and within aortic stenotic valves (1.8-fold higher)
compared with non-diabetic AS patients. However, only
plasma RAGE levels correlated with aortic valve area and
maximal transvalvular pressure gradient.93 Additionally, in
AS patients with concomitant diabetes mellitus, those with
glycated haemoglobin Alc > 7% had a 1.2-fold higher val-
vular expression of AGEs, which correlated positively with
mean transvalvular pressure gradient.93 Interestingly, in pa-
tients with well-controlled type 2 diabetes, the influence of
hyperglycaemia on AS severity was negligible. 3

The current evidence may be highly significant for pa-
tients with AS and concomitant diabetes and suggests that
in this group, long-term glucose dynamic monitoring by
measuring glycated haemoglobin or fructosamine levels is
needed. It is worthwhile suggesting that in diabetic AS pa-
tients, besides glycaemic control, targeting an inhibition of
the AGES/RAGE axis or its interaction with oxidative stress
might be a novel approach in preventing AS progression.%4

The summary of the main basic research studies regarding
potential treatment in AS patients is presented in Table 2.

4 | CONCLUSIONS AND FUTURE
PERSPECTIVES

The pathogenesis of AS is multifactorial, and despite well-
known demographic and cardiovascular risk factors, several
novel molecular mechanisms contributing to AS progression
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TABLE 2

Author, year of
publication

El Husseini et al (2014)28

Bouchareb et al (2015)40

Yu etal (2017)3L

Torzewski etal (2017)39

Perrot et al (2020)50

Matilla et al (2020)79

Wypasek et al (2020)20

Kopytek et al (2020)93

have been identified. Therapies using PCSK9 inhibitors, sim-
vastatin/ezetimibe combination, CETP inhibitors or antisense

oligonucleotides targeting apo(a) have been shown to reduce

Study type

In loco/In vitro

In loco/In vitro

In loco/In vitro

In loco

In loco/In vitro

In loco/In vitro

In loco/In vitro

In loco

Summary of the main pharmacological targets of AS and their effects in basic research

Material source

Aortic valves obtained from A S patients and
valvular interstitial cells isolated from aortic
valves

Aortic valves obtained from A S patients and
valvular interstitial cells isolated from aortic
valves

Aortic valves obtained from A S patients and
valvular interstitial cells isolated from aortic
valves

Aortic valves obtained from A S patients

Aortic valves obtained from AS patients and
valvular interstitial cells isolated from stenotic
aortic valves

Aortic valves obtained from A S patients and
valvular interstitial cells isolated from stenotic
aortic valves

Valvular interstitial cells obtained from
stenotic aortic valves

Aortic valves obtained from A S patients with
concomitant type 2 diabetes

blood lipid concentrations and thus have a potential to slow

the rate of AS progression in patients with moderate AS or
even prevent disease progression in patients with mild AS.

None declared.

Moreover, it has been shown that enhanced oxidation of valvu-

lar lipids leads to activation of VICs, which have a major con-
tribution to valvular calcification and AS progression. Thus,

ORCID
Anetta Undas
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Main findings

P2Y purinoceptor 2, which stimulates
NF-kB pathway activity, is
overexpressed in interstitial valvular
cells, enhancing their calcification.
Inhibition of valvular inflammation
may be a therapeutic targetin AS.

Autotaxin secreted by valvular
interstitial cells is transported by Lp(a)
and promotes valvular inflammation
and calcification, thus could represent a
novel therapeutic target in AS.

Lp(a) abundant in calcified aortic
valves enhanced valvular calcification,
suggesting that it can serve as a
therapeutic approach.

Increased levels of Lp(a)-associated
molecules, presentin plasma and aortic
valve leaflets in AS patients are the key
determinants of AS due to initiation
of valvular inflammation, fibrosis and
calcification.

Aortic stenosis was less prevalent in
carriers of the PCSK9R46L variant.

PCSK?9 is produced and secreted by
aortic valves; thus, PCSK9 inhibition
might lower calcification in aortic valve
cells.

Matrix metalloproteinases-10 is
overexpressed in stenotic aortic valves.
Matrix metalloproteinases could be
a therapeutic target for delaying AS
progression.

NOACSs at therapeutic concentrations
inhibit valvular inflammation and
coagulation activation, which may lead
to retardation of AS progression.

Type 2 diabetes concomitantto AS
increased valvular inflammation and
oxidative stress, which were associated
with AS severity. Poorly controlled
diabetes may lead to increased AS
progression.

strategies pointing to the inhibition of V IC activation are prom-
ising. Additionally, therapy with NOACs might have multi-
targeted beneficial effects and merits further investigation.
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- wykonywaniu czesci eksperymentalnej,
- pozyskaniu, analizie i interpretacji danych.

- sporzadzeniu i poprawie manuskryptu.

(podpis wspdtautora)

*nalely podac tytut, nazwe czasopisma, wolumen, rok, strony
**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okreslonych eksperymentéw i/lub pomiaréw (najlepiej wskaza¢ ktérych), opracowaniu

i interpretacji wynikow tej pracy, przygotowaniu manuskryptu pracy.



Prof. dr hab. n. med. Anetta Undas Krakoéw, dnia 02.06.2023
Zaktad Chorob Zatorowo-Zakrzepowych

Instytut Kardiologii

Uniwersytet Jagiellonski Collegium Medicum

Krakowskie Centrum Badan i Technologii Medycznych

Krakowski Szpital Specjalistyczny im. Jana Pawita I

OSWIADCZENIE

Jako wspotautor pracy*: PAI-1 Overexpression in Valvular Interstitial Cells Contributes to
Hypoflbrinolysis in Aortic Stenosis. Cells. 2023; 12(10):1402. Kopytek M, Zgbezyk M, Mazur P,
Undas A, Natorska J. o$wiadczam, iz mo6j wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polega! na**;

- interpretacji danych,
- naniesieniu poprawek do manuskryptu i akceptacji korcowej wersji manuskryptu.

Jednoczes$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje
indywidualny wkiad mgr Magdaleny Kopytek polegajgcy na**:

- opracowywaniu koncepcji,
- wykonywaniu czesci eksperymentalnej,
- pozyskaniu, analizie i interpretacji danych,

- sporzadzeniu i poprawie manuskryptu.

(podpis wspotautora)

*nalely podac tytut, nazwe czasopisma, wolumen, rok. strony
**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okreslonych eksperymentéw i/lub pomiaréw (najlepiej wskaza¢ ktérych), opracowaniu

i interpretacji wynikéw tej pracy, przygotowaniu manuskryptu pracy.



Prof. dr hab. n. med. Anctta Undas Krakow, dnia 02.06.2023
Zaklad Chor6b Zatorowo-Zakrzepowych

Instytut Kardiologii

Uniwersytet Jagiellonski Collegium Mcdicum

Krakowskie Centrum Badan i Technologii Medycznych

Krakowski Szpital Specjalistyczny im. Jana Pawia Il

OSWIADCZENIE

Jako wspotautor pracy*: Aortic valvular stenosis : Novel therapeutic strategies. Eur ] Clin
Invest. 2021 Jul;51(7):e 13527. oswiadczam, iz méj wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polegat na**;

- przygotowaniu czesci manuskryptu,
- naniesieniu poprawek do manuskryptu i akceptacji koncowej wersji manuskryptu.

Jednoczesnie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spoOjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wkiad mgr Magdaleny Kopytek polegajacy na**:

- opracowywaniu koncepcji,

- sporzadzeniu i popraw,ie manuskryptu.

*nalely podac¢ tytut, nazwe czasopisma, wolumen, rok, strony
”*np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,

wykonywaniu okreslonych eksperymentéw i/lub pomiaréw (najlepiej wskaza¢ ktérych), opracowaniu

i interpretacji wynikow tej pracy, przygotowaniu manuskryptu pracy.



Krakéw, dnia 0106.2023

dr hab. n. med. Michat Zgbczyk
Instytut Kardiologii. Uniwersytet Jagiellonski Collegium Medicum,
Krakowski Szpital Specjalistyczny im. Jana Pawta I

OSWIADCZENIE

Jako wspotautor pracy*:. Accumulation of advanced glycation end products (AGESs) is
associated with the severity of aortic stenosis in patients with concomitant type 2 diabetes. Cardiovasc
Diabetol. 2020 Jun 17:19(1):92. o$wiadczam, iz méj wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji polegat na**:

- analizie i interpretacji danych,
- sporzadzeniu i poprawie manuskryptu.

Jednoczes$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spoOjnego tematycznie zbioru artykutow opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje
indywidualny wktad mgr Magdaleny Kopytek polegajacy na**:

- wykonywaniu czesci eksperymentalne;j,
- pozyskaniu, analizie i interpretacji danych,

- sporzadzeniu i poprawie manuskryptu.

(podpis wspotautora)

*nalely podac tytut, nazwe czasopisma, wolumen, rok, strony
**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okre$lonych eksperymentéw i/lub pomiaréw (najlepiej wskazaé ktérych), opracowaniu

i interpretacji wynikow tej pracy, przygotowaniu manuskry ptu pracy.



Krakoéw, dnia 01.06.2023

dr hab. n. med. Michat Zgbczyk
Uniwersytet Jagiellorski Collegium Medicum.
Krakowski Szpital Specjalistyczny im. Jana Pawita Il

OSWIADCZENIE

Jako wspétautor pracy*:. Diabetes concomitant to aortic stenosis is associated with increased
expression of NF-kB and more pronounced valve calcification. Diabetologia. 2021 Nov;64(l 1):2562-
2574, oswiadczam, iz méj wiasny wklad merytoryczny w przygotowanie, przeprowadzenie i
opracowanie badan oraz przedstawienie pracy w formie publikacji polegat na**:

- analizie i interpretacji danych.
- sporzadzeniu i poprawie manuskryptu.

Jednoczes$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spoOjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje
indywidualny wkiad mgr Magdaleny Kopytek polegajgcy na**:

- wykonywaniu czesci eksperymentalne;j.
- pozyskaniu, analizie i interpretacji danych.

- sporzadzeniu i poprawie manuskryptu.

*nalely podac tytut, nazwe czasopisma, wolumen, rok, strony
**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okre$lonych eksperymentow' i/lub pomiaréw (najlepiej wskazaé ktérych), opracowaniu

i interpretacji wynikéw' tej pracy, przygotowaniu manuskryptu pracy.



Krakoéw, dnia Ol .06.2023

dr hab. n. med. Michat Zgbczyk

Zaktad Chorob Zatorowo-Zakrzepowych, Instytut Kardiologii, Uniwersytet Jagiellonski
Collegium Medicum,

Krakowskie Centrum Badan i Technologii Medycznych. Krakowski Szpital Specjalistyczny
im. Jana Pawia I

OSWIADCZENIE

Jako wspétautor pracy*:. Oxidized phospholipids associated with lipoprotein(a) contribute to
hypofibnnolysis in severe aortic stenosis. Pol Arch Intern Med. 2022 Nov 25; 132(11):16372.
oswiadczam, iz mdj whasny wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji polegat na**:

- analizie i interpretacji danych,
- sporzadzeniu i poprawie manuskryptu.

Jednoczes$nie wyrazam zgode na przeditozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spoOjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wktad mgr Magdaleny Kopytek polegajgcy na**:

- opracowywaniu koncepciji,
- wykonywaniu czesci eksperymentalnej,
- pozyskaniu, analizie i interpretacji danych,

- sporzadzeniu i poprawie manuskryptu.

*nalely podac tytut, nazwe czasopisma, wolumen, rok, strony
**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,

wykonywaniu okres$lonych eksperymentéw i/lub pomiaréw (najlepiej wskazaé ktérych), opracowaniu

intom roton rtr t - ilon i



Krakoéw, dnia Ol .06.2023

dr hab. n. med. Michat Zgbczyk

Zaktad Chorob Zatorowo-Zakrzepowych, Instytut Kardiologii, Uniwersytet Jagiellonski
Collegium Medicum,

Krakowskie Centrum Badan i Technologii Medycznych, Krakowski Szpital Specjalistyczny
im. Jana Pawia I

OSWIADCZENIE

Jako wspotautor pracy*:. PAI-1 Overexpression in Valvular Interstitial Cells Contributes to
Hypofibrinolysis in Aortic Stenosis. Cells. 2023; 12(10):1402. o$wiadczam, iz mdj whasny wkiad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w
formie publikacji polegat na**:

- konceptualizacji badan.
- analizie i interpretacji danych,
- sporzadzeniu i poprawie manuskryptu.

Jednoczes$nie wyrazam zgode na przeditozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutdw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wktad mgr Magdaleny Kopytek polegajacy na**:

- opracowywaniu koncepciji,
- wykonywaniu czesci eksperymentalne;j,
- pozyskaniu, analizie i interpretacji danych,

- sporzadzeniu i poprawie manuskryptu.

*nalely podac¢ tytut, nazwe czasopisma, wolumen, rok. strony

**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan.

1_ B



Krakéw, dnia 01.06.2023

dr n. med. Piotr Mazur
Instytut Kardiologii, Uniwersytet Jagiellonski Collegium Medicum,
Krakowski Szpital Specjalistyczny im. Jana Pawia 11

OSWIADCZENIE

Jako wspotautor pracy*:. Accumulation of advanced glycation end products (AGES) is
associated with the severity of aortic stenosis in patients with concomitant type 2 diabetes. Cardiovasc
Diabetol. 2020 Jun 17;19(1):92. oswiadczam, iz méj wiasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badar oraz przedstawienie pracy w formie publikacji polegat na**:

- rekrutacji pacjentow,
- analizie i interpretacji danych,
- naniesieniu poprawek do manuskryptu.

Jednocze$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spoOjnego tematycznie zbioru artykutdow opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze§¢ ww. pracy wykazuje
indywidualny wktad mgr Magdaleny Kopytek polegajacy na**:

- wykonywaniu czesci eksperymentalnej,
- pozyskaniu, analizie i interpretacji danych,

- sporzgdzeniu i poprawie manuskryptu.

*nalezy podaé tytul, nazwe czasopisma, wolumen, rok, strony

**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okre$lonych eksperymentéw i/lub pomiaréw (najlepiej wskazaé ktdrych), opracowaniu
i interpretacji wynikow tej pracy, przygotowaniu manuskryptu pracy.



Krakéw, dnia 01.06.2023

dr n. med. Piotr Mazur
Uniwersytet Jagiellonski Collegium Medicum

OSWIADCZENIE

Jako wspotautor pracy*:. Diabetes concomitant to aortic stenosis is associated with increased
expression of NF-kB and more pronounced valve calcification. Diabetologia. 2021 Nov;64(11):2562-
2574. oSwiadczam, iz moj wiasny wkiad merytoryczny w przygotowanie, przeprowadzenie
i opracowanie badan oraz przedstawienie pracy w formie publikacji polegat na**:

- rekrutacji pacjentow,
- analizie i interpretacji danych,
- naniesieniu poprawek do manuskryptu.

Jednocze$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wkiad mgr Magdaleny Kopytek polegajacy na**:

- wykonywaniu czesci eksperymentalnej,
- pozyskaniu, analizie i interpretacji danych,

- sporzadzeniu i poprawie manuskryptu.

*nalezy podaé tytul, nazwe czasopisma, wolumen, rok, strony
**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okre$lonych eksperymentéw i/lub pomiaréw (najlepiej wskazaé ktdrych), opracowaniu

i interpretacji wynikdw tej pracy, przygotowaniu manuskryptu pracy.



Krakéw, dnia 01.06.2023

dr n. med. Piotr Mazur

Klinika Chirurgii Serca, Naczyn i Transplantologii, Instytut Kardiologii, Uniwersytet
Jagiellonski Collegium Medicum,

Department of Cardiovascular Surgery, Mayo Clinic, USA

OSWIADCZENIE

Jako wspotautor pracy*:. Oxidized phospholipids associated with lipoprotein(a) contribute to
hypofibrinolysis in severe aortic stenosis. Pol Arch Intern Med. 2022 Nov 25;132(11):16372.
o$wiadczam, iz mdj whasny wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji polegat na**:

- rekrutacji pacjentow,
- analizie i interpretacji danych,
- naniesieniu poprawek do manuskryptu.

Jednocze$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutdw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze§¢ ww. pracy wykazuje
indywidualny wktad mgr Magdaleny Kopytek polegajacy na**:

- opracowywaniu koncepcji,
- wykonywaniu czesci eksperymentalnej,
- pozyskaniu, analizie i interpretacji danych,

- sporzadzeniu i poprawie manuskryptu.

*nalezy podac tytut, nazwe czasopisma, wolumen, rok, strony
**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okre$lonych eksperymentéw i/lub pomiaréw (najlepiej wskaza¢ ktdrych), opracowaniu

i interpretacji wynikdw tej pracy, przygotowaniu manuskryptu pracy.



Krakéw, dnia 01.06.2023

dr n. med. Piotr Mazur

Klinika Chirurgii Serca, Naczyn i Transplantologii, Instytut Kardiologii, Uniwersytet
Jagiellonski Collegium Medicum,

Department of Cardiovascular Surgery, Mayo Clinic, USA

OSWIADCZENIE

Jako wspotautor pracy*:. PAI-1 Overexpression in Valvular Interstitial Cells Contributes to
Hypofibrinolysis in Aortic Stenosis. Cells. 2023; 12(10):1402. oswiadczam, iz moj wiasny wkiad
merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w
formie publikacji polegat na**:

- rekrutacji pacjentow,
- analizie i interpretacji danych,
- naniesieniu poprawek do manuskryptu.

Jednocze$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutdw opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wktad mgr Magdaleny Kopytek polegajacy na**:

- opracowywaniu koncepcji,
- wykonywaniu czesci eksperymentalnej,
- pozyskaniu, analizie i interpretacji danych,

- sporzadzeniu i poprawie manuskryptu.

*nalezy podac¢ tytut, nazwe czasopisma, wolumen, rok, strony

**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okreslonych eksperymentow i/lub pomiardw (najlepiej wskaza¢ ktdrych), opracowaniu
i interpretacji wynikéw tej pracy, przygotowaniu manuskryptu pracy.



Krakéw, dnia 01.06.2023

dr n. med. Jakub Siudut
Krakowskie Centrum Badan i Technologii Medycznych, Krakowski Szpital Specjalistyczny

im. Jana Pawia 11

OSWIADCZENIE

Jako wspotautor pracy*:. Oxidized phospholipids associated with lipoprotein(a) contribute to
hypofibrinolysis in severe aortic stenosis. Pol Arch Intern Med. 2022 Nov 25;132(11):16372.
o$wiadczam, iz m6j wiasny wktad merytoryczny w przygotowanie, przeprowadzenie i opracowanie
badan oraz przedstawienie pracy w formie publikacji polegat na**:

- pozyskaniu i analizie cze$ci danych.

Jednocze$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Magdalene Kopytek jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutow opublikowanych
w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wktad mgr Magdaleny Kopytek polegajacy na**:

- opracowywaniu koncepciji,
- wykonywaniu czesci eksperymentalnej,
- pozyskaniu, analizie i interpretacji danych,

- sporzadzeniu i poprawie manuskryptu.

*nalezy podac tytut, nazwe czasopisma, wolumen, rok, strony
**np. opracowywaniu pomystu badan, stworzeniu hipotezy badawczej, opracowaniu koncepcji badan,
wykonywaniu okreslonych eksperymentow i/lub pomiaréw (najlepiej wskaza¢ ktorych), opracowaniu

i interpretacji wynikow tej pracy, przygotowaniu manuskryptu pracy.



