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Wstep

Rola $§rodblonka w utrzymaniu homeostazy naczyniowej

Srodblonek  naczyniowy, ktory mozna uznaé za najwiekszy narzad
wewnatrzwydzielniczy cztowieka, produkuje i uwalnia liczne substancje wplywajace
na przeciwstawne procesy, zapewniajgce utrzymanie homeostazy naczyniowej [1].
Prawidtowo funkcjonujacy srodbtonek bierze udziat w regulacji tonusu naczyn krwionos$nych,
przepuszczalnos$ci $ciany naczynia, proliferacji i migracji komorek mig$ni gladkich,
w procesach zapalnych i immunologicznych, jak réwniez wptywa na krzepnigcie i fibrynolize
[2-5]. W przypadku dysfunkcji $rodblonka dochodzi do zaburzenia homeostazy ustroju,
przejawiajacej si¢ uposledzeniem odpowiedzi rozkurczowej i zwiekszong przepuszczalnoscia
naczynia, uposledzeniem witasciwosci naczynioprotekcyjnych oraz aktywacji procesow pro-
zakrzepowych oraz pro-zapalnych $rodblonka [6-8]. Procesy zwigzane z dysfunkcja
srodbtonka sg poczatkowym etapem wielu chordb, migdzy innymi miazdzycy [9],
nadcis$nienia [10], niewydolnosci serca [11] i innych patologii bezposrednio niezwigzanych

z uktadem sercowo-naczyniowym, takich jak np. przerzutowos¢ nowotworowa [12].

Srodbtonek naczyniowy uwalnia migdzy innymi zwigzki 0 dziataniu relaksacyjnym
na migsniowke naczyn oraz czynniki powodujace ich obkurczenie [13]. Jednym
z podstawowych czynnikdéw rozkurczajacych naczynia krwiono$ne jest tlenek azotu (NO),
powstajacy z L-argininy przy udziale srodbtonkowej syntazy tlenku azotu (eNOS) [14].
W odpowiedzi na sily $cinajace dziatajace na Sciang¢ naczyn, powstajace pod wplywem
przeptywajacej krwi, uwolniony z komoérek srodbtonka NO przenika do komoérek migsniowki
naczyn, gdzie aktywuje rozpuszczalng cyklaze guanylowa, katalizujgca powstawanie 3’5’
cyklicznego monofosforanu guanozyny (cGMP) [15]. Ten z kolei warunkuje relaksacjg
miesniowki gladkiej na drodze zaleznej od aktywno$ci kinaz biatkowych, fosforylacji
transmembranowych bialek transportowych oraz regulacji aktywnosci kinaz tancuchéw
lekkich miozyny (MLCK) [6]. Ponadto NO hamuje adhezje leukocytow do srodbtonka [16],
agregacje 1 adhezje plytek krwi [17], migracje [18] i proliferacje [19] komorek migsni
gladkich, jednoczes$nie stymulujac tez proliferacje¢ i podziaty komorek $rodbtonka, co jest
istotne podczas odbudowy $ciany uszkodzonego naczynia [13]. Kolejnym czynnikiem
wazorelaksacyjnym jest Srodblonkowy czynnik hiperpolaryzujagcy (EDHF), powodujacy
migdzy innymi otwarcie kanalow potasowych komoérek migsni gladkich, co prowadzi

do zwickszonego wypltywu jondéw potasu i hiperpolaryzacji ich btony komorkowej [20].
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Dziatanie NO jest wspomagane rowniez przez produkowang i uwalniang ze $rodbtonka
prostacykling (PGl.), aktywujaca receptory IP na powierzchni komorek migséni gtadkich lub
ptytek krwi. Podobnie jak NO, PGl moze regulowacé relaksacje naczyn krwionosnych, jednak

dziatanie to jest drugorzedne w stosunku do jej silnego dziatania przeciwptytkowego [13,21].

Zwigzkiem dziatajgcym przeciwnie do PGI> jest tromboksan Ax (TXAy),
produkowany glownie przez ptytki krwi, powodujacy silne obkurczenie naczyn, wzmozona
agregacje ptytek krwi oraz proliferacje migsniowki naczyn [22]. Do grupy srodbtonkowych
zwigzkow obkurczajacych naczynia zalicza si¢ rowniez czynnik aktywujacy plytki Krwi
(PAF) [23], angiotensyne II (Ang Il) [24] oraz endoteling 1 (ET-1) [25]. ET-1 oddziatuje
z dwoma homologicznymi receptorami endotelin: A (ETa), ktorego stymulacja przez szlak
fosfolipazy C prowadzi do skurczu i proliferacji mie$nidwki gtadkiej naczyn krwionosnych

oraz B (ETg), ktorego pobudzenie sprzyja uwalnianiu NO i PGI przez srodbtonek [25].

Srédbtonek naczyniowy jest rowniez gldownym regulatorem selektywnej wymiany
substancji rozpuszczonych i komoérek pomiedzy ptynaca krwia a otaczajacymi tkankami [26].
Transport matych czasteczek przez warstwe $rodbtonka zachodzi zgodnie z gradientem
stezen. Natomiast przej$cie wigkszych czasteczek i komorek moze zachodzi¢ jedynie poprzez
pecherzyki i receptory z udziatem prawidtowo funkcjonujacego $rodbtonka lub pomigdzy
komorkami, gdy potgczenia $ciste Srodblonka ulegaja uposledzeniu [27]. W warunkach
patologicznych [28], a takze pod wptywem starzenia [29], przepuszczalnos¢ Srodblonka
wzrasta, przyczyniajac si¢ w szczegolnosci do rozwoju blaszki miazdzycowej, ktorej
powstawanie jest silnie zwigzane z transmigracja leukocytow oraz akumulacja lipoprotein

niskiej gestosci w §cianie naczynia [30].
Metody oceny czynnosci §Srédblonka naczyniowego u ludzi

Ocena fenotypu $rodblonka naczyniowego w warunkach klinicznych, najczesciej
wykonywana jest na podstawie detekcji pro-zapalnych i pro-zakrzepowych markeréw
biochemicznych dysfunkcji $rodblonka w osoczu, takich jak na przyktad: czynnik von
Willebranda (vWf) [31], rozpuszczalna trombomodulina (sTM) [32], rozpuszczalna,
naczyniowa czasteczka adhezyjna (sVCAM-1) oraz miedzykomorkowa czasteczka adhezyjna
(SICAM-1) lub rozpuszczalna E-selektyna [33]. Nalezy jednak podkresli¢, iz uposledzony
rozkurcz naczyn krwionosnych, zalezny od NO, ma szczegdlne znaczenie w badaniach
Klinicznych, ze wzgledu na warto$¢ prognostyczng tej odpowiedzi, w przewidywaniu

niekorzystnych zdarzen sercowo-naczyniowych [34,35]. Ocena $rodbtonkowo-zaleznego
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rozkurczu u ludzi, opiera si¢ na pomiarach zmian S$rednicy naczynia W odpowiedzi
na stymulacje farmakologiczng. W tym celu wykorzystuje si¢ migdzy innymi techniki
angiograficzne [36] oraz dopplerowskie pomiaru przeptywu krwi [37] w naczyniach
wiencowych lub obwodowych, w odpowiedzi na podanie agonistow zaleznych
(acetylocholina, bradykinina), badz niezaleznych od $rodbtonka (nitroprusydek sodu).
Ze wzgledu na inwazyjny charakter, metody te nie znajduja jednak zastosowania w codziennej
praktyce [38].

Wsérod metod nieinwazyjnych oceny czynnoséci $rodbtonka wyrdzni¢ mozna
tonometri¢ aplanacyjna, umozliwiajaca oceng fali tetna (PWA) [39] oraz oceng propagacji fali
tetna (PWV) [40], dostarczajacych informacji na temat sztywnos$ci $ciany naczynia [41],
a takze obwodowa tonometrie tetnicza wykorzystujaca zjawisko reaktywnej hiperemii (RH-
PAT). Przeprowadzone badania wykazaly zalezno$¢ mie¢dzy uposledzeniem wiasciwosci
wazomotorycznych $rodbtonka, a obnizong warto$cia wskaznika RH-PAT u pacjentow
z wczesng miazdzycg tetnic wiencowych [42] oraz u kobiet z chorobg niedokrwienng serca
[43].

Pomimo kilku dostgpnych metod opisanych powyzej, zlotym standardem
w diagnostyce dysfunkcji $rodblonka jest ocena $rodblonkowo-zaleznego rozkurczu
wywotanego naglym wzrostem przeptywu krwi (FMD), w nastepstwie krotkotrwatej okluzji
tetnicy. Najczescie] pomiary FMD wykonywane sg przy pomocy ultrasonografii (USG)
w tetnicy ramiennej. Wykazano réwniez korelacj¢ pomigdzy wynikami FMD uzyskanymi
u zdrowych ochotnikow, przy uzyciu standardowej techniki USG, a obrazowaniem
magnetyczno-rezonansowym (MR) [44]. Podczas wzmozonego przeptywu krwi, sity
scinajace dzialajace na $ciang naczynia, wyzwalajg procesy na poziomie komoérkowym,
prowadzace do aktywacji srodblonkowej syntazy tlenku azotu, a tym samym do uwolnienia
NO [45]. Wykazano, ze ocena czynno$ci $rodblonka za pomoca FMD ma warto$¢

prognostyczng w przewidywaniu niekorzystnych zdarzen sercowo-naczyniowych [46].

Nieinwazyjna technika oparta na metodzie obrazowania MR wydaje si¢ by¢
odpowiednia nie tylko do oceny FMD [47], ale rowniez oceny innych parametrow mogacych
posrednio $wiadczy¢ o dysfunkcyjnym fenotypie s$rodbtonka naczyniowego, takich jak

sztywnos¢ czy rozciagliwosé aorty [48,49], a takze PWV [50,51].

Technologia obrazowania MR umozliwia zatem ocen¢ fenotypu S$rodblonka

w warunkach klinicznych, niestety dostep do tego typu aparatury jest wcigz ograniczony.
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W ostatnim czasie pojawiaja si¢ jednak publikacje pokazujace, ze tego rodzaju ocena moze
by¢ z powodzeniem prowadzona réwniez W badaniach eksperymentalnych z udziatem
zwierzat. Opracowana przez autorke niniejszej pracy doktorskiej metodyka, wpisuje si¢ w ten
nowy nurt badan nad zastosowaniem obrazowania MR do oceny czynno$ci $rodbtonka

u zwierzat doswiadczalnych [8].
Metody oceny czynnosci Srédblonka naczyniowego w warunkach eksperymentalnych

Rozw6j metod pozwalajacych na ocen¢ stanu $rodbtonka in vivo w modelach
zwierzecych jest kluczowy dla badan przedklinicznych, oceniajagcych skutecznosé
farmakoterapii srodbtonka. Mysie modele chordb sercowo-naczyniowych sg coraz czesciej
wykorzystywane w celu lepszego poznania mechanizméw patologii, a takze opracowania
nowych metod oceniajgcych progresje tychze chordb. Jednak ocena podstawowych cech
dysfunkcji §rodbtonka w modelach mysich, gtéwnie ze wzgledu na rozmiar mysich naczyn
krwiono$nych [52], jest zwigzana z wymogiem wysokiej rozdzielczosci czasowo-
przestrzennej, spetnionym przez nowoczesne, przedkliniczne systemy obrazowania MR.
W szczegblnosci, technika obrazowania MR moze by¢ wykorzystana do oceny czynnosci
srodbtonka, nawet w naczyniach krwiono$nych o niewielkiej Srednicy, przy bardzo szybkiej
czestosci pracy serca myszy. Obrazowanie MR pozwala réwniez na oceng zmian
przepuszczalno$ci naczyn, ze wzgledu na mozliwos¢ zastosowania gadolinowych srodkow
kontrastowych, co stanowi istotne uzupelnieniec wynikow pomiaru czynnosci $rodbtonka,
uzyskanych na podstawie badan zaleznego od $rddbtonka rozkurczu naczyn krwiono$nych.
Dodatkowsa zaleta obrazowania MR w badaniach naczyniowych jest mozliwosé¢

rownoczesnego badania naczyn krwionos$nych, zarowno centralnych, jak i obwodowych.

Jak dotad opublikowano zaledwie kilka prac opisujacych oceng fenotypu srédbtonka
naczyniowego u zwierzat eksperymentalnych, z uzyciem technik obrazowania MR in vivo.
Opublikowane prace opisuja przede wszystkim mozliwo$¢ zastosowania obrazowania MR
do oceny czynnos$ci $rodbtonka in vivo, w oparciu o analize¢ PWV i ocene srodbtonkowo-
zaleznego rozkurczu naczyn. Wykazano, ze obrazowanie MR nadaje si¢ do oceny PWV
i grubosci $ciany aorty u myszy ApoE™", dostarczajac wezesnych informacji na temat lokalne;
progresji miazdzycy, tuz przed pojawieniem si¢ dobrze rozwinigtej blaszki miazdzycowej
[53]. Do oceny progresji morfologicznych i mechanicznych zmian, zwigzanych z rozwojem
miazdzycy, W mysich aortach przy pomocy obrazowania MR in vivo wykorzysta¢ mozna
rowniez takie parametry jak predkos¢ przeptywu krwi, powierzchnia przekroju $ciany lub

rozciggliwos$¢ naczynia [54]. Obrazowanie MR umozliwia ponadto ocen¢ $rodbtonkowego
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naprezenia $Scinajgcego (ESS), ktorego zmiany $wiadczg o poczatku aterogenezy [55]. Opartg
na obrazowaniu MR ocen¢ ESS przeprowadzono réowniez w mysim modelu stabilnej
I niestabilnej blaszki miazdzycowej [56], pokazujac ze predkos¢ przeptywu krwi i §cienne
naprezenia $cinajace maja rozne wartosci w zaleznosci od miejsca w uktadzie naczyniowym,
co dostarcza cennych informacji na temat zaburzen przeptywu laminarnego, tak istotnego

W patogenezie miazdzycy.

Pomimo dostgpnosci wielu réznych parametrow opisujacych czynno$é srodbtonka
naczyniowego in vivo, srédbtonkowo-zalezny rozkurcz naczynia, wywotany acetylocholing
lub innymi zwigzkami powodujacymi wazodylatacje, jest wciaz najczesciej uzywang metoda
stuzaca do wykrywania dysfunkcji $§rodblonka w badaniach eksperymentalnych, zaréwno
in vivo, jak i w izolowanych naczyniach ex vivo. W wielu badaniach wykorzystujacych rozne
podejscia oparte na obrazowaniu MR, oceniano zalezny od $rodblonka rozkurcz,
na przyktad w naczyniach mézgowych u szczurow z nadci$nieniem te¢tniczym [57] oraz
W pniu ramienno-glowowym i tetnicy szyjnej u myszy ApoE”" przebywajacych na diecie
wysokottuszczowej [58]. W zaawansowanym stadium rozwoju dysfunkcji $rodbtonka,
odpowiedZ na acetylocholing wywoluje paradoksalny skurcz naczyn, tak jak to rowniez

opisywano w badaniach u ludzi [36].

Bioragc pod uwage, ze wzrost przepuszczalnosci srodbtonka stanowi wazng ceche
dysfunkcji srodbtonka, ktora w konsekwencji przyczynia si¢ do rozwoju miazdzycy,
wykazano, ze metoda oparta na obrazowaniu MR in vivo z uzyciem gadolinowych $rodkow
kontrastowych potaczonych z albuming, umozliwia ocen¢ zmian przepuszczalno$ci
srodbtonka w naczyniach krwiono$nych swin [59]. Wykazano réwniez, ze w metodzie opartej
na obrazowaniu MR in vivo, gadolinowe s$rodki kontrastowe moga by¢ stosowane
do wykrywania zmian miazdzycowych w $cianie naczyn krwionos$nych krélikow [60].
Zgodnie z wiedzg autorki niniejszej pracy doktorskiej, istniejg jednak tylko trzy prace,
pokazujac mozliwos$¢ oceny zmian przepuszczalnosci sSrodbtonka opartej na obrazowaniu MR
in vivo u myszy. Wykazano w nich, ze nicinwazyjna ocena przepuszczalnosci $rédbtonka
z uzyciem gadolinowych $rodkow kontrastowych polaczonych z albuming, moze by¢
z powodzeniem stosowana w celu wykrycia zwiekszonej przepuszczalnosci u myszy ApoE™
przebywajacych na diecie wysokotluszczowej [58], zwigkszonej przepuszczalnosci
po wywotanym chirurgicznie uszkodzeniu komérek $rodbtonka u myszy dzikich i NOS3™~

[61], jak rowniez zmniejszonej przepuszczalnosci $rodblonka u myszy ApoE”



przebywajacych na diecie wysokottuszczowej, leczonych jednoczesnie Minocykling

I Ebselenem [62].

Nadal brakuje jednak kompleksowych metod opartych na obrazowaniu MR,
pozwalajacych na szybkg i jednoczesng ocene gtéwnych cech dysfunkcji $rodblonka,
czyli uposledzonego rozkurczu zaleznego od s$rodbtonka i1 wzrostu przepuszczalnosci,
w modelach mysich in vivo. W konsekwencji brakuje prac, opisujgcych wczesne i pdzne etapy
rozwoju cech dysfunkcji $rodbtonka, w mysich modelach choréb uktadu sercowo-
naczyniowego in vivo, co jest istotnym punktem wyjscia dla dalszych badan nad nowymi

mechanizmami farmakoterapeutycznymi $§rodbtonka naczyniowego.



Il. Cel badan

Celem badan byto zastosowanie metodyki, umozliwiajacej obrazowanie magnetyczno-
rezonansowe (MR) dwoch gtownych cech dysfunkcji srodbtonka in vivo u myszy [8], czyli
uposledzonego zaleznego od s$rodblonka rozkurczu naczyn krwiono$nych i zwigkszonej
przepuszczalnos$ci $ciany naczynia, do 1) oceny progresji dysfunkcji $rodbtonka, 2)
monitorowania skutkéw farmakoterapii $rodblonka oraz 3) badania wptywu wprowadzonej

modyfikacji genetycznej na fenotyp srédbtonka w modelach mysich in vivo.

W niniejszej pracy doktorskiej zastosowano metodyke oceny fenotypu s$rodbtonka,
z wykorzystaniem techniki obrazowania MR, opisang w pracy, ktora nie wchodzi w cykl prac

stanowigcych rozprawe doktorska:

Retrospectively gated MRI for in vivo assessment of endothelium-dependent vasodilatation
and endothelial permeability in murine models of endothelial dysfunction. Bar A., Skorka
T., Jasinski K., Sternak M., Bartel Z., Tyrankiewicz U., Chlopicki S. NMR Biomed. 2016 Aug;
29(8):1088-97. doi: 10.1002/nbm.3567. (IF pigcioletni = 3,420; Punktacja MNiSW = 35).

Rozprawe doktorskg natomiast stanowi cykl trzech, nizej wymienionych,

opublikowanych prac naukowych:

1. Degradation of glycocalyx and multiple manifestations of endothelial dysfunction
coincide in the early phase of endothelial dysfunction prior to atherosclerotic plaque
development in ApoE/LDLR" mice. Bar A., Targosz-Korecka M., Suraj J., Proniewski B.,
Jasztal A., Marczyk B., Sternak M., Przybylo M., Kurpinska A., Walczak M., Kostogrys R.B.,
Szymonski M., Chlopicki S. J Am Heart Assoc. 2019, 19;8(6): e011171 doi:
10.1161/JAHA.118.011171. (IF pigcioletni = 5,096; Punktacja MNiSW = 40).

2. Functional and biochemical endothelial profiling in vivo in a murine model of endothelial
dysfunction; comparison of effects of 1-Methylnicotinamide and angiotensin-converting
enzyme inhibitor. Bar A., Olkowicz M., Tyrankiewicz U., Kus E., Jasinski K., Smolenski
R.T., Skorka T., Chlopicki S. Front Pharmacol. 2017 Apr; 10; 8:183. doi:
10.3389/fphar.2017.00183. (IF piecioletni = 4,439; Punktacja MNiSW = 40).

3. The deletion of endothelial sodium channel a (¢ ENaC) impairs endothelium-dependent
vasodilation and endothelial barrier integrity in endotoxemia in vivo. Sternak M., Bar A.,
Adamski  M.G., Mohaissen T., Marczyk B., Kieronska A., Stojak M.,
Kus K., Tarjus A., Jaisser F., Chlopicki S. Front Pharmacol. 2018 Apr; 10;9:178.
doi: 10.3389/fphar.2018.00178. (IF piecioletni = 4,439 ; Punktacja MNiSW = 40).


https://www.ncbi.nlm.nih.gov/pubmed/29692722

I1l1.  Streszczenie prac stanowiacych podstawe rozprawy doktorskiej

1. Degradation of glycocalyx and multiple manifestations of endothelial dysfunction
coincide in the early phase of endothelial dysfunction prior to atherosclerotic plaque

development in ApoE/LDLR- mice

Bar A., Targosz-Korecka M., Suraj J., Proniewski B., Jasztal A., Marczyk B., Sternak M.,
Przybyto M., Kurpinska A., Walczak M., Kostogrys R.B., Szymonski M., Chlopicki S. J Am

Heart Assoc. (Praca 1)

Cel: Ocena progresji dysfunkcji $rodblonka w mysim modelu miazdzycy (myszy

ApoE/LDLR™), przy uzyciu metody obrazowania MR in vivo.

Metodologia: Badania prowadzone byly z wykorzystaniem samic myszy ApoE/LDLR™
w wieku 4, 8 i 28 tygodni w poréwnaniu do 8-tygodniowych samic myszy kontrolnych
(C57BI/6). Myszy poddano obrazowaniu MR in vivo, w celu oceny $rodblonkowo-zaleznej
odpowiedzi rozkurczowej na podanie acetylocholiny w pniu ramienno-glowowym (BCA)
1 aorcie brzusznej, oceny srodblonkowo-zaleznej odpowiedzi rozkurczowej wywotanej naglym
wzrostem przeptywu krwi (FMD) w tetnicy udowej oraz oceny zmian przepuszczalno$ci
srodbtonka w BCA z uzyciem gadolinowego s$rodka kontrastowego, uUmieszczonego
w liposomie. W celu walidacji wynikoéw in vivo, wykonano pomiary produkcji NO (EPR) oraz
pokrycia i dlugosci glikokaliksu (AFM) w aorcie ex Vivo, a takze stezenia biomarkerow
dysfunkcji srodbtonka w osoczu (microLC/MS-MRM).

Wyniki: U 4-8-tygodniowych myszy ApoE/LDLR”, charakteryzujacych sie brakiem dobrze
rozwinietej blaszki miazdzycowej, zaobserwowano uposledzony, srédblonkowo-zalezny
rozkurcz w aorcie, a takze zwiekszong przepuszczalno$¢ srodbtonka w BCA, przy zachowanej
odpowiedzi FMD w tetnicy udowej, w poréwnaniu do myszy C57B1/6. Wczesnym zmianom
czynnoéci $rodbtonka u myszy ApoE/LDLR™, towarzyszyty rowniez obnizona produkcja NO
oraz redukcja powierzchni i dtugosci glikokaliksu w aorcie ex vivo, a takze wzrost stezenia
biomarkerow dysfunkcji $rodbtonka w osoczu (biomarkery: zwigkszonej przepuszczalnosci
srodbtonka — angiopoetyna 2 (Angpt-2); degradacji glikokaliksu - czasteczka specyficzna dla
komorek $rodbtonka 1/endokan (ESM-1); zapalenia w $rodbtonku - rozpuszczalna naczyniowa
czgsteczka adhezyjna 1 (SVCAM-1); zaburzen hemostazy - inhibitor aktywatora plazminogenu-
1 (PAI-1) i tkankowy aktywator plazminogenu (t-PA)). U 28-tygodniowych myszy

ApPoE/LDLR”, charakteryzujacych si¢ obecnoécia zaawansowanej blaszki miazdzycowe;,
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uposledzenie $rodblonkowo-zaleznego rozkurczu w aorcie i BCA ulegto dalszej progresiji,
obserwowanej jako paradoksalny skurcz naczyn, wraz z uposledzong odpowiedzia FMD,
wzrostem przepuszczalno$ci srodblonka, jak rowniez dalsza redukcja dtugosci i powierzchni

glikokaliksu.

Whnioski: W ramach pracy wykazano, ze na wczesnym etapie rozwoju miazdzycy,
wyprzedzajacym pojawienie si¢ dobrze rozwinigtej blaszki miazdzycowej, dysfunkcja
$rodblonka u myszy ApoE/LDLR™ jest wieloczynnikows odpowiedzig, obejmujaca miedzy
innymi uposledzony, srodbtonkowo-zalezny rozkurcz naczynia, zwigkszong przepuszczalno$é
srodbtonka, zmniejszona produkcje NO oraz redukcje¢ powierzchni i1 dlugosci glikokaliksu
w aorcie, a takze podwyzszone stezenie wybranych biomarkerow dysfunkcji $rodbtonka.
Przeprowadzone badania wykazaty, ze zastosowanie metody obrazowania MR fenotypu
srodbtonka in vivo umozliwia oceng glownych cech zaburzonej czynnosci $rodbtonka,
na wezesnych i poéznych etapach rozwoju dysfunkeji srodbtonka u myszy ApoE/LDLR™ oraz
ze uzyskane wyniki in vivo sa zgodne z wynikami otrzymanymi innymi metodami badania
dysfunkcji srodbtonka ex vivo (EPR, AFM, microLC/MS-MRM).

2. Functional and biochemical endothelial profiling in vivo in a murine model of
endothelial dysfunction; comparison of effects of 1-Methylnicotinamide and angiotensin-

converting enzyme inhibitor

Bar A., Olkowicz M., Tyrankiewicz U., Kus E., Jasinski K., Smolenski R.T., Skorka T.,
Chlopicki S. Front Pharmacol. 2017 (Praca 2)

Cel: Ocena srodbtonkowego dziatania 1-metylonikotynamidu (MNA) w mysim modelu
miazdzycy (ApoE/LDLR”), w poréwnaniu do inhibitora konwertazy angiotensyny

(Perindopril), przy uzyciu metody obrazowania MR in vivo.

Metodologia: Efekty przeprowadzonej farmakoterapii, oceniane byly na podstawie zmian
czynno$ci 1 przepuszczalno$¢ $rodbtonka w pniu ramienno-glowowym (BCA), technika
obrazowania MR in vivo u 4-miesigcznych myszy ApoE/LDLR™, leczonych przez miesiac lub
dwa miesigce MNA (100 mg/kg/dzien), lub Perindoprilem (10 mg/kg/dzien), w poréwnaniu
do nieleczonych myszy ApoE/LDLR™. Ocena czynnoéci $roédblonka prowadzona byta
W oparciu 0 zmiang objetosci BCA, po dootrzewnowym podaniu acetylocholiny, natomiast
zmiany przepuszczalnoéci $rodblonka na podstawie mapowania czasu relaksacji Ti,

po dozylnym podaniu gadolinowego $rodka kontrastowego, potaczonego z albumina.
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Wyniki: U nieleczonych, 6-miesigcznych myszy ApoE/LDLR”, dootrzewnowe podanie
acetylocholiny wywotato skurcz BCA wynoszacy -7.2%. 2-miesi¢czne leczenie, zar6wno
MNA jak i Perindoprilem spowodowalo przywrocenie prawidlowej, srodblonkowo-zalezne;j
odpowiedzi rozkurczowej BCA (rozkurcz: 4.5% oraz 5.5%, odpowiednio) oraz zmniejszenie

przepuszczalnosci $rodbtonka (0 ok. 60% w przypadku terapii MNA jak i Perindoprilem).

Whioski: W przeprowadzonym badaniu wykazano, ze 2-miesigczna terapia MNA (100
mg/kg/dzien) wykazuje podobny efekt ochronny naczyn jak 2-miesigczna terapia
Perindoprilem (10 mg/kg/dzien), ktory mozna uzna¢ jako referencyjny zwigzek poprawiajacy
czynnos$¢ srodbtonka [63]. Podsumowujac, zastosowanie opracowanej metody obrazowania
MR fenotypu $rédbtonka in vivo umozliwia profilowanie srodbtonkowego dziatania zwigzkow,

w celu wykazania ich korzystnego wplywu na fenotyp srodblonka.

3. The deletion of endothelial sodium channel a (eENaC) impairs endothelium-

dependent vasodilation and endothelial barrier integrity in endotoxemia in vivo

Sternak M., Bar A., Adamski M.G., Mohaissen T., Marczyk B., Kieronska A., Stojak M., Kus
K., Tarjus A., Jaisser F., Chlopicki S. Front Pharmacol. 2018 (Praca 3)

Cel: Ocena wptywu zastosowanej modyfikacji genetycznej, prowadzacej do delecji
srodblonkowego kanatu sodowego (aENaC), na NO-zalezng odpowiedz rozkurczowg naczynia
i przepuszczalnos$¢ $srodbtonka, w warunkach fizjologicznych oraz w warunkach endotoksemii,
u myszy z warunkowa inaktywacja genu podjednostki aENaC (endo-aENaC*®), przy uzyciu

metody obrazowania MR in vivo.

Metodologia: Ocena czynno$¢ érédblonka prowadzona byla u myszy endo-aENaCKe,
w porownaniu do myszy kontrolnych, w warunkach fizjologicznych lub endotoksemii
wywotanej lipopolisacharydem (LPS, z Salmonella typhosa, 10 mg/kg, i.p.). Wszystkie grupy
poddano obrazowaniu MR in vivo, w celu zbadania srodblonkowo-zaleznego rozkurczu naczyn
krwiono$nych, wywotanego przez acetylocholing w aorcie, Iub przez zwigkszony przeptyw
krwi (FMD) w tetnicy udowej, a takze zmian przepuszczalnosci $srodbtonka w pniu ramienno-
glowowym (BCA) przy uzyciu gadolinowego S$rodka kontrastowego potaczonego

z albuminag.

Wyniki: W warunkach podstawowych zaobserwowano uposledzenie srodbtonkowo-zalezne;j
odpowiedzi na podanie acetylocholiny w aorcie, a takze odpowiedzi FMD w tetnicy udowej

u myszy endo-aENaCK® w poréwnaniu do myszy kontrolnych. Uposledzenie srodbtonkowo-
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zaleznej odpowiedzi, zaréwno w aorcie jak i tetnicy udowej u myszy endo-aENaCK®
w porownaniu do myszy kontrolnych, byto bardziej zaawansowane w grupach traktowanych
LPS. W warunkach endotoksemii, u myszy endo-aENaCK® obserwowano ponadto wzrost
przepuszczalnoéci  $rodblonka, ktéora nie ulegata zmianom u myszy endo-oENaCK®

w warunkach fizjologicznych.

Whioski: W przeprowadzonym badaniu wykazano, ze w warunkach fizjologicznych aENaC
bierze udzial w regulacji $rédbtonkowo-zaleznej odpowiedzi rozkurczowej naczyn, podczas
gdy w warunkach patofizjologicznych przyczynia si¢ do zachowania integralnosci bariery
srodbtonka. Otrzymane wyniki sugeruja, ze aktywacja, a nie sugerowana wczesniej inhibicja
aENaC, moze by¢ korzystna dla poprawy czynnos$ci srodbtonka. Podsumowujac, zastosowanie
opracowanej metody obrazowania MR fenotypu $rodblonka in vivo umozliwia detekcje
dysfunkcji srodbtonka, wywotlang przez endotoksemi¢ i nadaje si¢ rowniez do fenotypowania

czynno$ci $srodbtonka w mysich modelach z modyfikowanym genetycznie srodbtonkiem.
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IV. Dyskusja

Dysfunkcja srodbtonka towarzyszy rozwojowi wielu choréb, nie tylko uktadu sercowo-
naczyniowego [9-12], a farmakoterapia ukierunkowana na leczenie dysfunkcji $rodbtonka
stanowi nowatorskie podej$cie w ich leczeniu [63]. Wciaz jednak brakuje metod pozwalajacych
na szybka i wiarygodna ocen¢ fenotypu srodbtonka w modelach mysich in vivo, stanowiacych

podstawowy model w badaniach przedklinicznych w biomedycynie.

Prace stanowigce podstawe rozprawy doktorskiej opisujg zastosowanie opracowanej
metodyki obrazowania MR czynnos$ci §rodblonka u myszy in vivo [8], do oceny progresji
dysfunkcji §rodbtonka in vivo w mysim modelu miazdzycy (myszy ApoE/LDLR™) (Praca 1),
oceny skuteczno$ci farmakoterapii dysfunkcji srédbtonka z uzyciem MNA w poréwnaniu
do referencyjnego leczenia Perindoprilem, w mysim modelu miazdzycy (myszy
ApoE/LDLR”) (Praca 2) oraz oceny wptywu wprowadzonej modyfikacji genetycznej
prowadzacej do delecji $srodbtonkowego kanalu sodowego alfa (aENaC) na czynnosc
srédblonka, w warunkach fizjologicznych oraz w endotoksemii, u myszy z warunkowg
inaktywacja genu podjednostki oENaC (endo-aENaC*®) w srodblonku naczyniowym
(Praca 3).

Wyniki tych prac pokazuja, ze metodologia obrazowania MR czynnosci $rodblonka
in vivo pozwala na detekcje gtdéwnych cech zaburzonej czynnosci $rodbtonka na wczesnych
1 p6znych etapach rozwoju dysfunkcji srodblonka w mysich modelach chor6b uktadu krazenia.
Jednoczesnie wykazano, ze zastosowanie opracowanej metodyki umozliwia profilowanie
srodbtonkowego dziatania zwigzkdéw oraz detekcje uposledzenia czynnosci $Srodbtonka

wywotang modyfikacjg genetyczng w §rodbtonku, w warunkach doswiadczalnych in vivo.
Metodologia

W niniejszej rozprawie doktorskiej, zastosowano metodyke obrazowania MR fenotypu
srodbtonka in vivo [8], pozwalajaca na kompleksowg ocene gléwnych cech dysfunkcji
srodbtonka w modelach mysich in vivo, a w szczegolnosci oceng: $rodblonkowo-zaleznej
odpowiedzi na podanie acetylocholiny w réznych naczyniach, w ktérych obrazowanie MR byto
mozliwe, srodblonkowo-zaleznej odpowiedzi na wzrost przeptywu krwi (FMD) w tetnicy
udowej oraz zmian przepuszczalnosci $rodblonka ocenianych za pomocag gadolinowych
srodkéw kontrastowych polaczonych z albuming lub unikatowego preparatu gadolinu

umieszczonego w liposomie (Rycina 1).
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Rycina 1. Metodologia oceny czynno$ci i przepuszczalnosci $rodblonka z uzyciem obrazowania
magnetyczno-rezonansowego (MR) in vivo. Ocena $rodbtonkowo-zaleznej odpowiedzi naczynia prowadzona
jest w odpowiedzi na podanie acetylocholiny (16.6 mg/kg m.c., i.p.) w naczyniach wychodzacych z tuku aorty (1)
i w aorcie (2) lub w odpowiedzi na zwigkszony przeptyw krwi (FMD), wywotany chwilowa okluzja naczynia,
w tetnicy udowej (3), w oparciu o zmiane pola przekroju poprzecznego naczynia (1A) lub objetosci (1,2,3).
Okluzja naczynia uzywana w ocenie FMD, wykonywana jest przy pomocy opracowanego w ramach badan zacisku
naczynia (3A, VO), sktadajacego si¢ z polaczonych stomek (a) z plastikowa ostong (b), strzykawki (c) i zytki
wedkarskiej (d) potaczonej z ttokiem strzykawki (e). Przepuszczalnos$¢ §rodbtonka oceniana jest na podstawia
zmian czasu relaksacji T1, po podaniu $rodka kontrastowego na bazie gadolinu (Galbumina, 25 mg/ml , 4.5 ml/kg,

i.v.) lub gadolinu umieszczonego w liposomie (Gadodiamid , 287 mg/ml, 4.5 ml/kg, i.v.).

Opracowana metodologia obrazowania MR [8], opiera si¢ na retrospektywnej sekwencji
IntraGate™ 3D FLASH. Niewatpliwie, wazng zaletg opracowanej metody, jest mozliwos¢
retrospektywnej rekonstrukcji obrazow z 3D zestawow danych, pozwalajaca migdzy innymi
na zastgpienie stosowanej analizy 2D przekroju poprzecznego naczynia, analiza zmian
objetosci 3D. Stosowana sekwencja nie wymaga zewngtrznego bramkowania sygnatu, przy
pomocy dodatkowych urzadzen, gdyz wykorzystuje bramkowanie wewngtrzne, poprzez

zastosowanie dodatkowej warstwy — nawigatora, umieszczonej w obszarze serca
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pozwalajgcego na S$ledzenie rytmu pracy serca [64]. Pomiar amplitudy sygnatu
z obszaru serca jest rowniez podatny na ruchy zwigzane z oddechem. Zaburzenia danych
powodowane przez opisane procesy fizjologiczne mozna usung¢ na etapie przetwarzania
koncowego danych (retrospektywna rekonstrukcja danych), co minimalizuje ilo$¢ artefaktow
pojawiajacych si¢ na obrazie. Tego typu bramkowanie ma szczegdélne znaczenie przy
pomiarach odpowiedzi naczyn na podanie zwigzkow (takich jak acetylocholina),
powodujacych zaburzenie pracy serca oraz oddechu myszy. Rekonstrukcja retrospektywna
umozliwia réwniez zmian¢ liczby klatek rejestrujacych prace serca (tryb cine), cO zapewnia

wysoka rozdzielczo$¢ czasowa pomiardw.

W ramach cyklu prac stanowigcych niniejszg rozprawe doktorska, ocena rozkurczu
naczynia po podaniu acetylocholiny zostata wykonana w pniu ramienno-gtowowym (BCA),
lewej tetnicy szyjnej wspélnej oraz w aorcie. Wykazano, ze badana odpowiedZ naczynia
na podanie acetylocholiny in vivo jest niezalezna od wptywu acetylocholiny na cz¢sto$¢ pracy
serca myszy [8]. Standardowy protokol pomiarowy obrazowania MR fenotypu $rodbtonka
in vivo, opisany w pracy Bar i wsp. [8], zostal rozszerzony o ocen¢ $rodblonkowo-zaleznego
rozkurczu stymulowanego wzrostem przeptywu krwi (FMD), stanowigcy ztoty standard w tego
typu pomiarach u ludzi [65]. Zastosowanie tego typu techniki u myszy otwiera nowy teren

dla badan translacyjnych.

Na uwage zastuguje fakt, ze jak dotad niewiele doniesien opisuje oceng¢ FMD u matych
zwierzat eksperymentalnych i stosuje w tym celu ultrasonografie¢ [66,67] lub optyczng
tomografi¢ koherencyjna [68,69]. Opracowana w ramach niniejszej pracy doktorskiej ocena
FMD, oparta na pomiarach obrazowania MR, nie wymaga operacyjnego odstonigcia naczynia,
co umozliwia nieinwazyjne obrazowanie t¢tnicy udowej u myszy. Ponadto ocena FMD moze
by¢ przeprowadzona rownoczesnie z oceng odpowiedzi wywolanej przez acetylocholing,
co pozwala uzyska¢ funkcjonalng odpowiedz z dwdch réznych naczyn, w odpowiedzi na rézne
bodzce, podczas jednego, krotkiego zestawu pomiaréw opartych na obrazowaniu MR.
W ramach oceny FMD, w celu wywotania chwilowej okluzji naczynia, zastosowano specjalny
zacisk, umozliwiajacy wykonanie okluzji naczynia u myszy przebywajacej wewnatrz

tomografu MR (Rycina 1A).

Oprocz oceny $rodbltonkowo-zaleznej odpowiedzi rozkurczowej, oOpracowana
metodologia obrazowania MR fenotypu $rodbtonka in vivo, umozliwia ilo$ciowa ocene
przepuszczalnosci $rodblonka z uzyciem mapowania czasu relaksacji T1 i gadolinowych

srodkow kontrastowych. Wraz ze wzrostem przepuszczalno$¢ naczynia, nieszczelne potaczenia
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miedzykomodrkowe $rodblonka umozliwiajg akumulacje w $cianie naczynia czgsteczek
lipoprotein o niskiej gestosci oraz transmigracje leukocytow, ktore sg krytyczne w powstawaniu
blaszki miazdzycowej [28]. Ten sam mechanizm rozszczelnienia dysfunkcyjnego $rodbtonka,
prowadzi do gromadzenia srodkow kontrastowych w $cianie uszkodzonego naczynia [59,60],
a to skutkuje lokalnym skroceniem czasu relaksacji Ti, umozliwiajagc wykrycie zmian

za pomocg obrazowania MR.

W ramach opracowanej metody pomiaru zmian przepuszczalnos$ci $rodbtonka,
zastosowano autorski parametr (Npx50) umozliwiajacy niezalezng od operatora oceng liczby
pikseli (wokot $ciany naczynia), dla ktorych czas T1 zmienit si¢ o co najmniej 50% (przyjety
prog zostal oszacowany eksperymentalnie). Ponadto w przeprowadzonych badaniach,
po raz pierwszy wykazano, ze pomiary zmian przepuszczalno$ci moga by¢ wykonywane

rowniez z uzyciem gadolinu umieszczonego w liposomie [70] (Praca 1).

Wigkszos¢ gadolinowych srodkéw kontrastowych MRI to mate, nieukierunkowane
zwigzki, ktore pasywnie przenikajg do Sciany naczynia z szerokg, nieswoistg biodystrybucja
[71] lub gadolin kowalencyjnie zwigzany z albuming (GD-albumina). Takie podejscie pozwala
na zwigkszone wzmocnienie kontrastowe $ciany naczynia, ale nadal jest ono niewielkie [8,72].
Stosowane w Pracy 1 liposomy o matych rozmiarach (110 nm), wypelione gadolinem,
stanowig alternatywe dla tego rodzaju srodkow kontrastowych, pozwalajac na wykrywanie
zmian przepuszczalnosci srodbtonka w oparciu o obrazowanie MR. Taki preparat kontrastowy
powinien by¢ mniej toksyczny, niz klasyczne $rodki kontrastowe oparte o gadolin,
a w przysztosci poprzez modyfikacje liposomu, moze by¢ rowniez celowany do $rodbtonka

1 Sciany naczynia.

Progresja dysfunkcji $rodblonka w mysim modelu miazdzycy (myszy
ApoE/LDLR™)

Uposledzenie s$rodbtonkowo-zaleznej odpowiedzi rozkurczowej naczynia oraz
zwiekszona przepuszczalnos¢ stanowia wazne dwie patofizjologiczne komponenty dysfunkcji
srodbtonka. Celem Pracy 1 byta ocena zmian w czynnosci oraz przepuszczalno$ci §rodbtonka
naczyniowego, przy uzyciu metody obrazowania MR, we wczesnej fazie rozwoju miazdzycy
(wyprzedzajacej pojawienie si¢ dobrze rozwinietej blaszki miazdzycowej) w poréwnaniu
do pozniej fazy miazdzycy tetnic, charakteryzujacej si¢ obecno$cig zaawanasowane] blaszki

miazdzycowej, odpowiednio u 4, 8 i 28-tygodniowych myszy ApoE/LDLR”. Dodatkowo
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wykonano pomiary produkcji NO (EPR) oraz pokrycia i dtugos$ci glikokaliksu (AFM) w aorcie

ex Vvivo, a takze stezenia biomarkeréw dysfunkcji $rodbtonka w osoczu (microLC/MS-MRM).

Zastosowanie unikatowej metody obrazowania MR fenotypu $rodbtonka in vivo, wraz
z innymi metodami oceny dysfunkcji $rodbtonka ex vivo, po raz pierwszy pozwolito wykazaé
w Pracy 1, ze na wczesnym etapie rozwoju miazdzycy, dysfunkcja $rodblonka u 4-8-
tygodniowych myszy ApoE/LDLR™ jest wieloczynnikowa odpowiedzia, obejmujacg miedzy
innymi uposledzony, srédbtonkowo-zalezny rozkurcz naczynia, zwigkszong przepuszczalnosé
srédblonka, zmniejszona produkcje NO oraz zmniejszong powierzchni¢ i dlugos¢ glikokaliksu

w aorcie, a takze podwyzszone st¢zenie wybranych biomarkerow dysfunkcji srodbtonka.

W Pracy 1 fenotyp $rodbtonka myszy ApoE/LDLR™, oceniany byt na réznych etapach
rozwoju miazdzycy, definiowanych na podstawie wielkosci blaszki miazdzycowe;j.
Przeprowadzona ocena wielkosci blaszki, byta zgodna z wynikami pracy Csanyi i wsp. [73]
i wykazata, ze u myszy ApoE/LDLR™, karmionych standardowa dieta, dobrze rozwinieta

blaszka miazdzycowa wykrywana jest u myszy powyzej 8-10 tygodnia zycia.

We weczesniejszych badaniach, ocena dysfunkcji $rodblonka byta wielokrotnie
przeprowadzana w mysich modelach miazdzycy [74-76], na podstawie NO-zaleznej
odpowiedzi rozkurczowej naczynia, w izolowanych naczyniach ex vivo. Najczesciej
wykorzystywanym mysim szczepem w tych pracach, byt szczep ApoE” [77], w ktérym
dysfunkcja srodbtonka wykrywana byta czgsto w p6znym stadium rozwoju miazdzycy [75,78].
Uposledzenie NO-zaleznej relaksacji, mierzone klasycznymi metodami w uktadzie izolowanej
aorty ex vivo, zaobserwowano natomiast juz u 8-tygodniowych myszy szczepu ApoE/LDLR™,
charakteryzujacych si¢ silng hipercholesterolemia, z podwyzszonym poziomem catkowitego

cholesterolu, LDL i HDL [73].

W Pracy 1 wykazano, ze wieloczynnikowy charakter dysfunkcji srédbtonka, pojawia
si¢ juz u 4-8-tygodniowych myszy ApoE/LDLR™, znacznie wczesniej przed rozwojem dobrze
zdefiniowanej blaszki miazdzycowej. WyKkrycie wczesnego uposledzenia funkcji srodblonka,
w modelu ApoE/LDLR™, byto mozliwe ze wzgledu na zastosowanie techniki obrazowania MR
w roéznych naczyniach, w ktorych wykazano niejednorodny rozwdj dysfunkcji.
Najwczesniejsze zmiany w czynnos$ci $rodblonka obserwowano jako uposledzony
srodbtonkowo-zalezny rozkurcz, indukowany acetylocholing u 4-tygodniowych myszy
ApoE/LDLR”", w aorcie brzusznej. Pomimo pojawiajacej si¢ jedynie tendencji w spadku

poziomu odpowiedzi rozkurczowej na podanie acetylocholiny w pniu ramienno-glowowym
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(BCA) u 8-tygodniowych myszy ApoE/LDLR™", wzrost przepuszczalnosci BCA obserwowany
byt juz w 4. tygodniu zycia myszy. Z kolei op6znienie uposledzenia odpowiedzi rozkurczowej
w tetnicy udowej, obserwowane u 28-tygodniowych myszy, moze wskazywac¢ na inne
mechanizmy zaangazowane w odpowiedz FMD u myszy ApoE/LDLR” [79], w poréwnaniu

do odpowiedzi wywotanej przez acetylocholing w aorcie.

Pomiary in vivo obrazowania MR, wykazaty wigc heterogenng odpowiedz srodbtonka
naczyniowego, ktoéra dobrze byloby wykaza¢ rdwniez w badaniach z uzyciem izolowanych
naczyn ex vivo. Nie mozna wykluczyé, ze w odpowiedz FMD zaangazowane sg inne
mechanizmy rozkurczajace naczynia. Oprocz dwoch glownych zwigzkow (NO, prostacyklina),
relaksacje naczynia powodowa¢ moze grupa czynnikoéw okreslanych jako $rodbtonkowe
czynniki hiperpolaryzujacy (EDHFs) [80,81]. EDHFs powoduja relaksacj¢ naczynia poprzez
aktywacj¢ kanatow potasowych komorek miesni gladkich, co prowadzi do zwigkszonego
wyplywu jondéw potasu i hiperpolaryzacji ich btony komorkowej [20]. Relaksacja z udziatem
EDHFs moze zachodzi¢ rowniez poprzez aktywacj¢ kanatow potasowych komorek srodbtonka,
za posrednictwem potaczen mio-endotelialnych (potaczenia szczelinowe, “gap junction’)
[82,83]. Chemiczne mediatory zaleznej od EDHF relaksacji, r6znig si¢ w zaleznosci od tozyska
naczyniowego i badanego gatunku. Wykazano, ze w t¢tnicach wiencowych réznych gatunkow,
miedzy innymi ludzi, role EDHFs pelnig migdzy innymi kwasy epoksyeikozatrienowe (EET)
[84,85]. Ponadto w relaksacje, zalezng od EDHF, szczurzych tetnic watrobowych
zaangazowane sg jony K* [86], natomiast w mysich i ludzkich tetnicach krezkowych,
w odpowiedzi tej posredniczy rowniez H20 [87,88]. Potrzebne sa jednak dalsze badania, aby
wykazaé, ze odpowiedz FMD w tetnicy udowej, u myszy ApoE/LDLR™ jest niezalezna od
srodbtonkowego NO i dlatego odpowiedz FMD ulega uposledzeniu p6zniej, niz odpowiedz na

acetylocholing.

Dysfunkcyjny fenotyp srodbtonka u myszy ApoE/LDLR™, pojawiajacy sie na bardzo
wczesnym etapie odpowiedzi na dziatanie hipercholesterolemiczne, charakteryzowat sig
uposledzong produkcja NO, mierzong metoda EPR [89] oraz zmniejszong powierzchnig
i dtugoscig glikokaliksu, mierzonych metoda AFM [90] w aorcie ex vivo, a takze zwigkszonym
stezeniem 0soczowych biomarkerow dysfunkcji $rodbtonka (biomarkery: zwigkszonej
przepuszczalnos$ci $rodbtonka - Angpt-2; degradacji glikokaliksu - ESM-1; zapalenia
w $rodbtonku - SVCAM-1; zaburzen hemostazy - PAI-1 i t-PA), ocenianych na podstawie
pomiaro6w microLC/MS-MRM [91].
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Na podstawie wynikéw otrzymanych w Pracy 1, podjeto probe odpowiedzi na pytanie
czy uszkodzenie glikokaliksu wyprzedza [92], czy raczej pokrywa si¢ z pojawieniem innych
cech dysfunkcji §rodblonka, zgodnie z wczeséniej zgloszong koncepcja btgdnego kota [93].
Na podstawie dostepnej literatury, w Pracy 1 opisano liczne mechanizmy, pokazujace
ze uszkodzenie glikokaliksu moze przyczynia¢ si¢ do rozwoju dysfunkcji srodbtonka,
a w konsekwencji miazdzycy, natomiast z drugiej strony, procesy te moga wzajemnie sprzyjaé
uszkodzeniu glikokaliksu. W sumie uzyskane w Pracy 1 wyniki oraz ostatnio przedstawiona
hipoteza [93], sugeruja, ze degradacja glikokaliksu wspotistnieje, a nie wyprzedza

wystepowanie innych cech dysfunkcji srodbtonka.

Z przeprowadzonych badan sktadajacych si¢ na Prace 1, wynikaja dwa istotne wnioski

dla diagnostyki i farmakoterapii srodbtonka.

Po pierwsze, tylko niektore z cech dysfunkcji $rodblonka, obserwowane u myszy
ApoE/LDLR” maja charakter progresywny i moga stanowi¢ rzetelna forme diagnostyki
progresji dysfunkcji $rédblonka (paradoksalny skurcz w aorcie, postepujacy wzrost

przepuszczalno$ci w BCA oraz zmniejszenie dtugosci i pokrycia glikokaliksem).

Po drugie, biorac pod uwage ztozong natur¢ wczesnej fazy rozwoju dysfunkcji
srodblonka w miazdzycy wydaje sie, ze korekcja pojedynczego mechanizmu bytaby

niewystarczajaca, do wyleczenia dysfunkcji srodblonka.

Podsumowujgc, na podstawie otrzymanych wynikoéw, z zastosowaniem unikatowej
metody obrazowania MR fenotypu $rodbtonka in vivo, uzupetnionej o pomiary: produkcji NO
(EPR) oraz powierzchni i dtugosci glikokaliksu (AFM) w aorcie ex Vivo; a takze stezenia
biomarkerow dysfunkcji $rodbtonka w osoczu (microLC/MS-MRM), po raz pierwszy
wykazano, ze dysfunkcja $rodbtonka w miazdzycy tetnic, nawet na bardzo wczesnym etapie
rozwoju, jest wieloczynnikowym zjawiskiem, obejmujagcym miedzy innymi uposledzony,
srodbtonkowo-zalezny rozkurcz naczynia, zwigkszong przepuszczalno$s¢ Srodbtonka,
zmniejszong produkcje NO oraz zmniejszong powierzchnie i dtugos¢ glikokaliksu w aorcie,

a takze podwyzszone stezenie biomarkeréw dysfunkcji srodblonka w osoczu.

Wplyw leczenia 1-metylonikotynamidem (MNA) na fenotyp srédblonka in vivo

w mysim modelu miazdzycy (myszy ApoE/LDLR™)

Liczne prace pokazuja, ze 1-metylonikotynamid (MNA) posiada aktywnos$¢
terapeutyczng, po podaniu egzogennym, mimo ze do niedawna uwazany byl za nieaktywny

metabolit nikotynamidu [94]. W badaniach z uzyciem izolowanych naczyn ex vivo, wykazano
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réwniez, ze MNA charakteryzuje si¢ aktywno$cig naczynioprotekcyjng u myszy [95,96],
nie opisano jednak do tej pory wptywu MNA na fenotyp $rodbtonka w badaniach in vivo. Biorac
pod uwagg, ze ocena czynnosci $rodbtonka in vivo w modelach mysich jest niezbgdna
do przedklinicznego profilowania zwigzkéw naczynioprotekcyjnych, celem Pracy 2 byto
zastosowanie opracowanej metody obrazowania MR do oceny skutkéw dziatania
MNA na fenotyp érédblonka in vivo, w mysim modelu miazdzycy (ApoE/LDLRY),
w poréwnaniu do inhibitora konwertazy angiotensyny (Perindopril), wykazujacego istotne
dzialanie naczynioprotekcyjne, w roznych modelach eksperymentalnych, w tym w miazdzycy
[63]. Zastosowanie unikatowej metody obrazowania MR fenotypu $rodblonka in vivo
pozwolito wykazac, ze 2-miesigczna terapia MNA (100 mg/kg/dzien) wykazuje podobny efekt
ochronny naczyn, jak 2-miesigczna terapia Perindoprilem (10 mg/kg/dzien), obserwowany jako
odwroécenie indukowanego acetylocholing skurczu naczynia w odpowiedz rozkurczowa oraz

zmniejszenie przepuszczalnosci srodbtonka.

W Pracy 2 pokazano, ze u nieleczonych, 6-miesiecznych myszy ApoE/LDLR7,
dootrzewnowe podanie acetylocholiny wywotuje skurcz BCA, co najprawdopodobniej mogto
by¢ spowodowane odpowiedzig zalezng od muskarynowego receptora migsni gtadkich, tak jak
to opisano w ludzkich naczyniach z dysfunkcjg $rodbtonka [36]. Zastosowanie MNA lub
Perindoprilu, skutkowato poprawg czynnosci $rodbtonka, obserwowang jako odwrdcenie
nieprawidtowej odpowiedzi skurczowej BCA w odpowiedz rozkurczowa naczynia, a takze
spadek przepuszczalnosci $rodbtonka. Na podstawie porownania otrzymanych w Pracy 2
wynikow oceny rozkurczu BCA po podaniu acetylocholiny u myszy ApoE/LDLR” po
2-miesigcznym leczeniu MNA (zmiana objetosci BCA: 4.5%) lub Perindoprilem (zmiana
objetosci BCA: 5.5%), do oceny rozkurczu BCA u 5-miesiecznych myszy C57BL/6J (zmiana
objetosci BCA: 9.3%), przedstawionej w innej pracy [8], wydaje si¢ ze poprawa srodbtonkowo-
zaleznego rozkurczu w przypadku obu zwigzkow jest znaczaca, lecz nie catkowita. Pomimo,
ze dwumiesieczna terapia MNA lub Perindoprilem skutkowatla w poprawie czynnosci
srodblonka o podobnym nasileniu, miesigczny efekt stosowanych terapii byt mniejszy

w przypadku leczenia z uzyciem MNA.

Ponadto w Pracy 2 wykazano, ze obserwowana za pomoca technik obrazowania
fenotypu srédbtonka MR in vivo, poprawa czynnosci srodbtonka przez MNA i Perindopril, byta
w obydwu przypadkach zwigzana z zahamowaniem klasycznej $ciezki uktadu renina-
angiotensyna (RAS): konwertaza angiotensyny (ACE)/ angiotensyna Il (Angll)/ receptor
angiotensynowy typu 1 (AT1R) i jednoczesnej aktywacji przeciwstawnie dziatajacej Sciezki
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RAS: konwertaza angiotensyny 2 (ACE2)/ angiotensyna 1-7 (Ang(1-7))/ receptor Mas. Liczne
badania pokazuja, ze uklad RAS odgrywa kluczowa role w inicjacji i progresji miazdzycy,
ktorej na wczesnych etapach towarzyszy rozwdj dysfunkcji srodbtonka oraz ze réwnowaga
pomi¢dzy dwoma glowmy osiami uktadu RAS (ACE/Angll i ACE2/Ang-(1-7)) jest waznym

wyznacznikiem szkodliwego lub korzystnego dziatania tego uktadu [97-99].

Wyniki przedstawione w Pracy 2, wskazujace na to, ze Srodblonkowy profil dziatania
MNA jest podobny do $rodbtonkowego profilu dziatania Perindoprilu in vivo, pozwalaja
zrozumie¢ na nowo skuteczno$¢ terapeutyczng MNA opisang wczesniej [104-113].
Otrzymane wyniki moga sugerowac, ze wywotane przez MNA przesuni¢cie rtOwnowagi migdzy
osiami uktadu RAS w kierunku osi wywolujacej efekt naczynioochronny, przyczynia sig¢
do poprawy czynnosci srodblonka lub alternatywnie moze by¢ jedynie wazng patofizjologiczna
cechg poprawy czynnosci $rodbtonka. W badaniach ex vivo w uktadzie izolowanych naczyn
wykazano, ze poprawa NO-zaleznej czynno$ci $rodbtonka przez MNA, moze by¢ rowniez
zwigzana z aktywacjg funkcji zaleznej od prostacykliny (PGI2) [96]. Ponadto wykazano,
ze korzysci kliniczne przewleklego hamowania ACE przez Perindopril, oprécz blokady
systemowej 1 tkankowej formy Ang II, moga wynika¢ czg¢§ciowo z podwyzszonego poziomu
bradykininy, ktora prowadzi do zwigkszonej biodostepnosci NO [100] i jest glownym
mediatorem przeciwzakrzepowego dziatania ACE-1 [63,101,102]. Nie mozna wykluczy¢
zatem, ze za poprawe NO-zaleznej czynno$ci $rodbtonka przez Perindopril, obserwowany
w Pracy 2, sg zaangazowane $ciezki zalezne zaréwno od Ang-I1, jak i bradykininy. Potrzebne
sa Jednak dalsze badania, aby zbada¢ czy te same mechanizmy zaangazowane

sa w dziatanie MNA.

W przeprowadzonym w Pracy 2 badaniu, pokazano zatem, ze terapia MNA
I Perindoprilem oslabia rézne powigzane ze sobg zmiany biochemiczne, ktore sg $cisle
zwigzane z dysfunkcyjnym fenotypem $rodbtonka, takie jak nadmierna aktywacja ACE lub
podwyzszony poziom ADMA 1 ten profil dzialania moze przyczynia¢ si¢ do

naczynioprotekcyjnych efektow dziatania tych zwigzkow.

Podsumowujac, zastosowanie unikatowej metody obrazowania MR fenotypu
$rodbtonka in vivo, uzupetlionej o profilowanie biochemiczne szlakéw ACE/ACE2 oraz
L-Arginins/ADMA umozliwitlo wykazanie w Pracy 2, ze terapia MNA (100 mg/kg/dzien)
skutkuje w odwroceniu indukowanego acetylocholing skurczu naczynia w odpowiedz

rozkurczowg oraz w zmniejszeniu przepuszczalnosci srodbtonka, co po raz pierwszy zostato
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wykazane w badaniu in vivo. Dodatkowo wykazano, ze profil dziatania MNA (100

mg/kg/dzien) byt podobny do $rédbtonkowego profilu dziatania Perindoprilu (10 mg/kg/dzien).

Ocena wplywu delecji Srodblonkowego kanalu sodowego alfa (aENaC) na fenotyp
srodblonka, u myszy z warunkowa inaktywacja genu podjednostki aENaC (endo-

aENaCKo)

Dotychczas przeprowadzone badania sugeruja, ze aktywno$¢ srodbtonkowego kanatu
sodowego (aENaC) przyczynia si¢ do rozwoju sztywnosci $rodbtonka [103], zaburzonej
produkcji NO i wywotanej aldosteronem dysfunkcji srodbtonka w naczyniach przewodzacych
[104], a takze zaburzenia funkcjonowania bariery komorek srodbtonka w mikrokrgzeniu [105].
Rola aENaC w regulacji czynnosci $rodblonka nie jest jednak jednoznaczna, co moze by¢
zwigzane z heterogenicznoscig $rodbtonka w makro- 1 mikro-naczyniach. Ponadto
dotychczasowe badania nad regulacja czynnosci srodbtonka przez aENaC, przeprowadzane
byly jedynie w warunkach ex vivo z uzyciem izolowanych naczyn lub in vitro z uzyciem
hodowli komoérkowych. Z tego wzgledu, celem Pracy 3 byla ocena wpltywu delecji
srodblonkowego kanatu sodowego (¢ENaC) na NO-zalezng odpowiedZ rozkurczowsa naczynia
i przepuszczalnosci srodbtonka, w warunkach fizjologicznych oraz w warunkach endotoksemii,
u myszy z warunkowa inaktywacja genu podjednostki aENaC w $rodbtonku (endo-aENaCX®),

przy uzyciu metody obrazowania MR in vivo.

Zastosowanie unikatowej metody obrazowania MR fenotypu $rodbtonka in vivo
pozwolito wykaza¢, ze w warunkach fizjologicznych delecja aENaC wplywa na zaburzenie
srodbtonkowo-zaleznego rozkurczu naczyn wywotanego przez acetylocholing lub przez nagly
wzrost przeptywu krwi, natomiast w warunkach patofizjologicznych, aktywacja oaENaC

przyczynia si¢ do zachowania integralnosci bariery srodbtonka.

Praca 3 po raz pierwszy wykazala, ze $rodblonkowy oENaC pelni wazna role
w regulacji przepuszczalnosci srodbtonka in vivo. Przepuszczalnos$¢ srodblonka ma szczegdlne
znaczenie w licznych warunkach patofizjologicznych, w tym w endotoksemii [1,5]
i w utrzymywaniu homeostazy oraz integralnosci narzadéw w organizmie. Wyniki Pracy 3,
dotyczace wplywu ENaC na przepuszczalno$¢ srodbtonka, pozostaja zgodne z badaniem
przeprowadzonym z uzyciem komorek s$rodbtonka mikro-naczyn ptucnych [105],
wykazujacych wczesniej nierozpoznang role aENaC, w utrzymywaniu prawidlowej funkcji

kapilar ptucnych.
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Wyniki otrzymane w Pracy 3, wskazujgce na to ze delecja $rodbtonkowego ENaC
zaburza sroédbtonkowo-zalezne odpowiedzi rozkurczowe naczyn, sg tylko czesciowo zgodne z

wynikami otrzymanymi wczesniej W pracy Tarjus i wsp. [106].

Uzywajac ten sam model (endo-aENaCX®), Tarjus i wsp. wykazal, ze Benzamil
(antagonista ENaC), obniza produkcje NO wywotany przez acetylocholing i uposledza
rozkurcz stymulowany przez wzrost przeptywu krwi, przy jednocze$nie zachowanym
uwalnianiu NO pod wptywem acetylocholiny. Zatem, wyniki z pracy Tarjus i wsp. nie sg
zgodne z wynikami w Pracy 3 w odniesieniu do oceny rozkurczu naczyn wywotanego przez
acetylocholing, ale pozostaja zgodne, w odniesieniu do oceny rozkurczu naczyn wywolanego

przez nagly wzrost przeptywu krwi (FMD).

Nalezy jednak podkresli¢, iz badania w Pracy 3 zostaty przeprowadzone przy uzyciu
obrazowania MR fenotypu $rodbtonka in vivo w naczyniach przewodzacych, podczas gdy
badania z pracy Tarjus i wsp. w naczyniach oporowych (tetnica krezkowa), w warunkach
izolowanych naczyn ex vivo. Zatem, rozbiezno$ci migdzy wynikami oceny $rodblonkowo-
zaleznej odpowiedzi rozkurczowej opisane powyzej, Mmoga wynika¢ po pierwsze
z heterogennosci srodbtonka w makro- i mikro-naczyniach, a po drugie z zastosowania réznych

technik oceny czynnos$ci srodbtonka, stosowanych w obydwu badaniach.

Biorac pod uwage, ze udziat NO w §rodblonkowo-zaleznym rozkurczu jest znaczniejszy
w wigkszych naczyniach [84], wplyw delecji aENaC na indukowany acetylocholing rozkurcz
w naczyniach przewodzacych 1 oporowych, moze wynika¢ z roéznego udzialu NO

w $rddbtonkowo-zaleznym rozkurczu wywotanym przez acetylocholing.

Pomimo tego, ze badania w uktadach izolowanych naczyn krwionos$nych ex vivo
stanowig wcigz standardowg technike oceny s$rodbtonkowo-zaleznego rozkurczu naczyn
[73,95,107,108], wydaje si¢ ze obrazowanie MR in vivo moze dostarcza¢ bardziej
fizjologicznej i kompleksowej oceny fenotypu §rodbtonka. Klasyczne metody oceny czynnosci
srodblonka prowadzone sg czesto z uzyciem kragzkow naczyniowych umieszczanych
na miografach drutowych (ang. wire myograph), co powoduje niefizjologiczne obcigzenie
i geometrig Naczynia, a niekiedy powoduje rowniez uszkodzenia $rodbtonka [107,108]. Istnieja
réwniez techniki umozliwiajace przeprowadzenie badan z uzyciem wigkszych fragmentow
izolowanych naczyn, w warunkach fizjologicznego ci$nienia i przeptywu z uzyciem miograféw
cisnieniowych (ang. pressure myograph) [109]. Pomimo proponowanych rozwigzan,

sg to nadal warunki jedynie zblizone do warunkow fizjologicznych, ktore nie zastgpig
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fizjologicznego przeptywu krwi 1 wptywu innych elementow pozanaczyniowych, obecnych

w trakcie pomiarow in Vvivo.

Réznice w ocenie czynnosci $rodbtonka za pomoca tych dwoéch technik, moga na
przyktad wynika¢ z pozbawienia izolowanych naczyn, stosowanych w klasycznych uktadach,
okotonaczyniowej tkanki thuszczowej (PVAT), ktéra ma znaczacy wplyw na czynnos¢
$rodbtonka [110]. Wspomniane roéznice mogag by¢ szczegdlnie widoczne w mysich modelach,

gdzie dysfunkcja srodbtonka indukowana jest przez diete wysokotluszczowa.

Kolejnym elementem pomijanym w badaniach $roédbtonkowo-zaleznej odpowiedzi
rozkurczowej ex Vvivo, jest udziat uktadu wspoétczulnego w regulacji czynnosci $rodbtonka.
Uktad wspotczulny jest zaangazowany W krotkoterminowa regulacje napigcia haczyniowego
i ci$nienia krwi, umozliwiajagc szybka adaptacj¢ do roéznych warunkow fizjologicznych
za pomocyg klasycznych odruchéw autonomicznych, w celu utrzymania homeostazy sercowo-
naczyniowej [111]. Istnicje wiele dowodow sugerujacych, ze aktywnos¢ uktadu
sympatycznego i1 czynno$¢ naczyniowa, sg ze soba posrednio i bezposrednio powigzane
[112,113]. Wplyw uktadu sympatycznego na czynno$¢ srodblonka moze mieé szczegdlne

znaczenie w nadci$nieniu tetniczym lub w niewydolno$ci serca.

Nie ma jednak jak dotad prac, bezposrednio poréwnujacych klasyczng ocen¢ czynnos$ci
srodblonka w ukladzie izolowanych naczyn ex Vvivo z oceng obrazowania MR
in vivo. Warto by tego typu badanie przeprowadzi¢, szczegdlnie w kontekscie Pracy 3, bowiem
wyniki przedstawione w Pracy 3, sg sprzeczne z wynikami przedstawionymi w innych pracach
w warunkach in vitro lub ex vivo [114-116], sugerujacymi Ze stosowanie antagonistow ENaC
(Amiloryd, Benzamil) zapobiega rozwojowi dysfunkcji srodbtonka. Nalezy jednak podkreslié,
ze Amyloryd i Benzamil charakteryzuja si¢ niespecyficznym dzialaniem wobec
srodbtonkowego ENaC, co sprawia, ze wyniki te budza pewng watpliwos¢ [114]. Genetyczna
delecja ENaC, zostala zastosowana jedynie w kilku publikacjach [103,105], a dopiero
od niedawno opracowano model myszy endo-aENaC*© [106], wykorzystany w Pracy 3. Zatem
podejscie stosowane w Pracy 3, z zastosowaniem mysiego modelu endo-aENaCK®, stanowi
selektywng i celowang technike inaktywacji ENaC w $rodblonku. Wyniki jednoznacznie
sugeruja, ze aktywacja, a nie inhibicja aENaC moze reprezentowa¢ nowe podejscie, stluzace
poprawie funkcji bariery srodbtonkowej naczyn wtosowatych, nie tylko w zapaleniu ptuc [105],
ale takze w endotoksemii. Wyciaggni¢cie takiego wniosku byto mozliwe nie tylko dzigki
zastosowaniu unikatowego modelu mysiego (endo-aENaCK©®), ale réwniez badan obrazowania

MR in vivo, ktére moga dawac¢ inne warunki niz badania in vitro lub ex vivo.
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Podsumowujac, zastosowanie unikatowej metody obrazowania MR fenotypu
$rodbtonka in vivo, umozliwito wykazanie, ze w warunkach fizjologicznych aENaC bierze
udzial w regulacji $rodblonkowo-zaleznego rozkurczu naczyn, podczas gdy w warunkach
patofizjologicznych przyczynia si¢ do zachowania prawidtowej bariery przepuszczalnosci
srodbtonka. Otrzymane wyniki sugerujg, ze aktywacja, a nie jak sugerowano wczesniej —

inhibicja aENaC, moze by¢ korzystna dla poprawy czynno$ci srodbtonka.
Podsumowanie

Prace stanowigce rozprawe doktorska sa spdjne tematycznie i opisuja mozliwosé
zastosowania opracowanej metody obrazowania MR fenotypu $rodbtonka in vivo, do oceny
fenotypu $rodblonka w mysich modelach chorob uktadu krazenia. W szczego6lnosci wykazano,
ze zastosowana metoda obrazowania MR in vivo, uzupelniona o pomiary biochemiczne,
pozwala zdefiniowa¢ wczesne i poézne etapy rozwoju gtownych cech dysfunkcji §rédbtonka
u myszy in vivo. Dodatkowo zastosowanie tego typu metodyki umozliwia detekcje korzystnego
oraz szkodliwego dzialania na s$rodbtonek, wynikajacego z zastosowanej farmakoterapii
srodbtonka lub zastosowanej w $rodbtonku modyfikacji  genetycznej. Opracowana,
wieloparametrowa metoda obrazowania MR fenotypu srodbtonka in vivo, moze by¢ zatem
z powodzeniem stosowana w badaniach przedklinicznych z uzyciem mysich modeli chordob
sercowo-naczyniowych. Ocena obrazowania MR, w polaczeniu z innymi metodami oceny
biochemicznej fenotypu srodbtonka, pozwala na wglad w mechanizmy dysfunkcji §rodbtonka
1 ocen¢ skutecznos$ci nowych terapii ukierunkowanych na poprawe¢ czynno$ci $rodbtonka

w warunkach do$§wiadczalnych in vivo.
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V1. Streszczenie rozprawy doktorskiej

Dysfunkcja srodbtonka towarzyszy rozwojowi wielu choréb, nie tylko uktadu sercowo-
naczyniowego i ma znaczenie patofizjologiczne, prognostyczne i terapeutyczne. Wcigz jednak,
brakuje metod pozwalajacych na szybka i wiarygodng oceng fenotypu $rodbtonka w modelach
mysich in vivo, stanowigcych podstawowy model w badaniach przedklinicznych

w biomedycynie.

Celem badan bylo zastosowanie metodyki obrazowania MR dwoch gtéwnych cech
dysfunkcji $rédbtonka in vivo, czyli uposledzonego srodblonkowo-zaleznego rozkurczu
I zwigkszonej przepuszczalno$ci naczynia, do 1) oceny progresji dysfunkcji $rodbtonka,
2) monitorowania skutkow farmakoterapii $rodbtonka oraz 3) badania wptywu wprowadzone;j

modyfikacji genetycznej na fenotyp $§rodbtonka w modelach mysich in vivo.
Rozprawe doktorska stanowi cykl trzech opublikowanych prac naukowych:

W Pracy 1 wykazano, ze mtode myszy ApoE/LDLR™, charakteryzujace si¢ brakiem
dobrze rozwinigtej blaszki miazdzycowej, rozwijaja wezesng dysfunkcje srodbtonka, bedaca
wieloczynnikowa odpowiedzia, Obejmujaca miedzy innymi uposledzony, $rédblonkowo-
zalezny rozkurcz naczynia, obnizong produkcja NO oraz zmniejszong powierzchnig¢ i dtugosé¢
glikokaliksu w aorcie, zwigkszong przepuszczalnos¢ srodbtonka w pniu ramienno-gtowowym,

a takze podwyzszone stezenie wybranych biomarkeréw dysfunkcji srodbtonka.

Na podstawie wynikow Pracy 2 stwierdzono, ze 2-miesi¢gczne leczenie MNA (100
mg/kg/dzien), skutkuje w poprawie uposledzonego, $rodbtonkowo-zaleznego rozkurczu
naczynia, jak réwniez obnizeniu przepuszczalnosci érédblonka u myszy ApOE/LDLR™,
w poréwnaniu do nieleczonych myszy ApoE/LDLR”". Ponadto wykazano, ze MNA posiada
podobng aktywnos$¢ naczynioochronng do Perindoprilu (10 mg/kg/dzien), ktory mozna uznac

jako referencyjny zwiazek poprawiajacy czynnos¢ srodbtonka [63].

W Pracy 3 wykazano, ze delecja s$rodbtonkowego kanatu sodowego (aENaC),
ma istotny wptyw na uposledzenie srodbtonkowo-zaleznego rozkurczu naczynia u myszy endo-
oENaCK® w warunkach fizjologicznych, ze znacznie silniejszym efektem w warunkach
patofizjologicznych. Ponadto wykazano, ze obecnos¢ aENaC w srodbtonku przyczynia si¢

do zachowania prawidtowej przepuszczalno$ci srodbtonka w warunkach endotoksemii.

Prace stanowigce niniejsza rozprawe doktorska pokazujg, ze opracowana metodologia

obrazowania MR czynnosci §rodbtonka in vivo, jest metoda pozwalajacg na wykrycie gtdownych
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cech zaburzonej czynnosci srodbtonka, czyli uposledzonego zaleznego od $rodbtonka
rozkurczu naczyn krwiono$nych i zwigkszonej przepuszczalno$ci, na wczesnych i péznych
etapach rozwoju dysfunkcji §rodbtonka w mysich modelach chordb uktadu krazenia, co zostato
potwierdzone przez inne metody oceny fenotypu srodbtonka ex vivo. Ponadto wykazano
uzyteczno$¢ opracowanej techniki w monitorowaniu skuteczno$¢ farmakoterapii srodbtonka,
jak 1 badaniu wplywu wprowadzonych modyfikacji genetycznych na fenotyp $rodbtonka.
Opracowana metodyka obrazowania MR fenotypu $rodbtonka in vivo, uzupetniona 0 pomiary
biochemiczne, umozliwia rozw6j badan nad rolg srodbtonka w progresji chordb oraz badan nad

nowymi mechanizmami farmakoterapeutycznymi in vivo.
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VII. Abstract of PhD thesis

Endothelial dysfunction accompanies development of many diseases, not exclusive to
the cardiovascular system and has pathophysiological, prognostic and therapeutic significance.
However, there are still no methods for fast and reliable evaluation of the endothelial phenotype

in murine models in vivo, which are the basic model in preclinical studies in biomedicine.

The aim of the studies was to apply the method of magnetic resonance imaging (MRI)
of two main features of endothelial dysfunction in vivo, including impaired, endothelium-
dependent vasodilatation and increased vascular permeability, for 1) assessment of the
progression of endothelial dysfunction, 2) monitoring the efficacy of endothelium-targeted
therapy and 3) to the study of the effects of the introduced genetic modification on the

endothelial phenotype.
PhD thesis consist of 3 published research papers:

Paper 1 shows, that in young ApoE/LDLR™ mice, endothelial dysfunction even at the
very early stage (i.e. significantly prior to well-defined atherosclerotic plagque development),
is a multifactorial response, involving impairment of endothelium-dependent vasodilation,
diminished vascular NO production as well as glycocalyx coverage and length in the aorta,
increased endothelial permeability in the brachiocephalic artery and increased plasma
concentration of selected biomarkers of endothelial dysfunction.

Paper 2 demonstrates improvement of impaired endothelium-dependent vasodilatation
as well as decrease in endothelial permeability in ApoE/LDLR™" mice, treated with MNA (100
mg/kg/day) for 2 months, in comparison to untreated ApoE/LDLR” mice. Furthermore,
it was demonstrated that 2-month treatment with MNA (100 mg/kg/day) displayed a similar
profile of vasoprotective effect as 2-month treatment with Perindopril (10 mg/kg/day), which

can be considered as a reference compound that improves endothelial function [63].

Paper 3 shows, that deletion of epithelial sodium channel (adENaC) plays a crucial role
in regulation of endothelium-dependent vasodilatation in endo-aENaCK® mice in physiological
conditions, what is more pronounced in pathophysiological conditions. Moreover, it was
demonstrated that presence of aENaC in endothelium contributes to preservation of proper

endothelial permeability during endotoxemia.

Papers included in the PhD dissertation show, that the developed MRI-based

methodology for assessment of endothelial function in vivo, is a sensitive and reliable method,

39



which allow for detection of main features of endothelial dysfunction, including impaired
endothelium-dependent vasodilatation and increased permeability, at an early and late stages of
endothelial dysfunction in murine models of cardiovascular disease, as was confirmed by other
methods for assessment of endothelial phenotype ex vivo. Moreover, it was demonstrated that
the developed methodology allows for monitoring the efficacy of endothelium-targeted therapy
as well as to study of the effects of introduced genetic modification on the endothelial
phenotype. Therefore, the developed MRI-based methodology for assessment of endothelial
function in vivo, complemented by biochemical measurements, is essential for better
understanding of the role of endothelial cells in the progression of disease and on the efficacy

of novel pharmacotherapeutic mechanisms in the treatment of endothelial dysfunction in vivo.
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Degradation of Glycocalyx and Multiple Manifestations of Endothelial
Dysfunction Coincide in the Early Phase of Endothelial Dysfunction
Before Atherosclerotic Plaque Development in Apolipoprotein
E/Low-Density Lipoprotein Receptor-Deficient Mice
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Background—The impairment of endothelium-dependent vasodilation, increased endothelial permeability, and glycocalyx
degradation are all important pathophysiological components of endothelial dysfunction. However, it is still not clear whether in
atherosclerosis, glycocalyx injury precedes other features of endothelial dysfunction or these events coincide.

Methods and Results—Herein, we demonstrate that in 4- to 8-week-old apolipoprotein E/low-density lipoprotein receptor-
deficient mice, at the stage before development of atherosclerotic plaques, impaired acetylcholine-induced vasodilation, reduced
NO production in aorta, and increased endothelial permeability were all observed; however, flow-mediated dilation in the femoral
artery was fully preserved. In 4-week-old mice, glycocalyx coverage was reduced and endothelial stiffness was increased, whereas
glycocalyx length was significantly decreased at 8 weeks of age. Early changes in endothelial function were also featured by
increased plasma concentration of biomarkers of glycocalyx disruption (endocan), biomarkers of endothelial inflammation (soluble
vascular cell adhesion molecule 1), increased vascular permeability (angiopoietin 2), and alterations in hemostasis (tissue
plasminogen activator and plasminogen activator inhibitor 1). In 28-week-old mice, at the stage of advanced atherosclerotic plaque
development, impaired NO production and nearly all other features of endothelial dysfunction were changed to a similar extent,
compared with the preatherosclerotic plaque phase. The exceptions were the occurrence of acetylcholine-induced vasoconstriction
in the aorta and brachiocephalic artery, impaired flow-mediated vasodilation in the femoral artery, and further reduction of
glycocalyx length and coverage with a concomitant further increase in endothelial permeability.

Conclusions—In conclusion, even at the early stage before the development of atherosclerotic plaques, endothelial dysfunction is
a complex multifactorial response that has not been previously appreciated. (/ Am Heart Assoc. 2019;8:e011171. DOI: 10.
1161/JAHA.118.011171.)

Key Words: atherosclerosis ¢ atomic force microscopy ¢ endothelial function ¢ glycocalyx ¢ magnetic resonance imaging

he maintenance of vascular homeostasis is accom- vascular tone and permeability, smooth muscle cell prolifera-
plished through the vascular endothelium, which is tion and migration, thromboresistance, fibrinolysis, and inflam-
responsible for regulation of many processes, including mation."? Endothelial dysfunction is a hallmark of various
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Clinical Perspective

What Is New?

* In the present study in apolipoprotein E/low-density
lipoprotein receptor-deficient mice, state-of-the-art in vivo
magnetic resonance imaging-based methods and various
ex vivo analytical techniques were used to characterize
multiple manifestations of the early phase of endothelial
dysfunction that emerged as a complex and multifactorial
response, hitherto not appreciated.

We demonstrated that glycocalyx injury coincided with the
impairment of endothelium-dependent vasodilation and NO-
dependent function, with increased endothelial permeability
and increased plasma concentration of biomarkers of
glycocalyx disruption (endocan), endothelial inflammation
(soluble vascular cell adhesion molecule 1), vascular
permeability (angiopoietin 2), and hemostasis (tissue plas-
minogen activator and plasminogen activator inhibitor 1), in
line with the concept of vicious circle relations between
impaired endothelial glycocalyx and endothelial dysfunction.

What Are the Clinical Implications?

Given the pattern of changes of early and late manifesta-
tions of endothelial dysfunction in atherosclerosis demon-
strated herein, early diagnosis of endothelial dysfunction
should be focused on the assessment of the features of the
impaired endothelial phenotype that display the maximal
response in the early stage, while monitoring of the
endothelial dysfunction progression should be based on
those manifestations of endothelial dysfunction that show
progressive nature along the development of disease.
Given the complex multiparametric nature of endothelial
dysfunction, therapy of endothelial dysfunction should be
targeted simultaneously to multiple features but not only to
single characteristics of the phenotype of dysfunctional
endothelium.

cardiovascular diseases; and it has therapeutic significance
(eg, in atherosclerosis,® hypertension,® heart failure,” and
noncardiovascular diseases, such as cancer).®

Among various functional and biochemical features of
endothelial dysfunction, impaired NO-dependent vasodilation
is of particular importance in clinical studies because its
measurement enables the diagnosis of malfunction of the
endothelium” and predicts adverse cardiovascular events.®’
Assessment of NO-dependent vasodilation in humans is based
on measurement of changes in vessel diameter in response to
chemical or physical stimuli, with various detection techniques
being used, including angiography,'® plethysmography,'’
tonometry,'? and Doppler ultrasonography.'® In clinical set-
tings, invasive methods are of limited use. Therefore, various

noninvasive techniques for assessing endothelium-dependent
artery dilation are currently used, including 2 major
approaches: flow-mediated dilation (FMD) in the brachial
artery,'*'® measured by ultrasonography, a method regarded
as a gold standard; and reactive hyperemia (RH-PAT) in
peripheral circulation, measured by tonometry of the finger.'®

Magnetic resonance imaging (MRI) provides another
approach for vascular wall imaging with high spatial and
temporal resolution, useful for studying endothelium-depen-
dent mechanisms of health and disease in the clinical
setting.'"'® MRI in vivo also represents a state-of-the-art
technique to measure endothelial function in experimental
animals.'?%% Indeed, simultaneous assessment of endothe-
lium-dependent vasodilation, together with quantification of
endothelial permeability by MRI in vivo analysis, provides a
unique insight into endothelial function in vivo.?"%?

In gene-targeted mouse models of atherogenesis, impaired
NO-mediated relaxation in ex vivo vascular preparations was
repeatedly demonstrated.?>2° It was, however, claimed that in
apolipoprotein E-deficient (ApoE’/’) mice with atherosclero-
sis, endothelial dysfunction occurs only at the late stage of the
development of atherosclerotic plaques.?*?¢ Furthermore,
some authors did not confirm the presence of endothelial
dysfunction in ApoE /"~ mice.?’ In turn, we previously demon-
strated that in apolipoprotein E/low-density lipoprotein recep-
tor-deficient mice (ApoE/LDLR’/’) mice fed a chow diet, the
impairment of NO-dependent relaxation in conduit vessels of
ApoE/LDLR™/~ mice occurs before the development of
atherosclerotic plaque, supporting the key role of dysfunctional
endothelium in the initiation of atherogenesis in this mouse
model of atherosclerosis as it is well accepted in atheroscle-
rosis in humans.?® However, the previous study was performed
with the use of ex vivo assessment of endothelium-dependent
vasodilation, not in vivo based on the MRI technique that has
been recently adapted for measurement of endothelial function
in vivo in mice.?*??

Apart from the impairment of NO-dependent function, the
phenotype of dysfunctional endothelium involves a plethora of
biochemical and functional changes that contribute to the
pathophysiological characteristics of endothelial dysfunction,
including proinflammatory mechanisms (eg adhesion mole-
cules), prothrombotic mechanisms (eg von Willebrand factor
and plasminogen activator inhibitor 1),>° glycocalyx injury,*
and endothelial stiffness.>’ Damage in the glycocalyx, the
brushlike surface layer composed of proteoglycans and
glycoproteins lining the luminal surface of the endothelium,
was suggested to favor or even to trigger the development of
the endothelial dysfunction.®” In fact, release of NO is
stimulated by mechanotransduction of laminar blood flow—
mediated shear stress, being a main regulator of endothelial
function,33 whereas the oscillating or turbulent flow results
in the proinflammatory and proatherogenic phenotype of
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endothelial cells.* Core proteins of glycocalyx may take part
in the endothelial mechanotransduction.® The importance of
this endothelial surface in the modulation of vascular
permeability,®® the regulation of hemostasis,*” and the
progression of atherosclerosis®® *° is also well documented.

Endothelial stiffness accompanies the loss of glycocalyx
coverage and also represents an important nanomechanical
feature of endothelial dysfunction,®' but whether it precedes or
follows impairment of NO-dependent function is not clear.*'**

To the best of our knowledge, there are no reports that
have simultaneously and comprehensively analyzed the
functional and biochemical phenotype of endothelium
in vivo as well as the glycocalyx phenotype in an experimental
murine model of atherosclerosis; and no reports have defined
whether glycocalyx injury precedes the impairment of
endothelium-dependent vasodilation and several other fea-
tures of endothelial dysfunction or whether these events
coincide. Accordingly, the aim of the present study was to
characterize changes in endothelium-dependent vasodilation
and endothelial permeability, NO production, various protein
biomarkers of endothelial dysfunction, endothelium stiffness,
and glycocalyx degradation in the early phase of atheroscle-
rosis progression before the occurrence of atherosclerotic
plaques (as verified by histological staining with Unna’s orcein
combined with Martius, Scarlet, and Blue trichrome [OMSB])
in comparison to the late phase of atherosclerosis with the
presence of advanced plaques, in 4- to 8- and 28-week-old
ApoE/LDLR™/~ mice, respectively. The present study was
performed using a 3-dimensional (3D) MRI-based method to
assess endothelial function in vivo,?®*? an atomic force
microscope (AFM)-based method to detect glycocalyx degra-
dation and endothelial stiffness,®' a micro—liquid chromatog-
raphy (microLC)/mass spectrometry (MS)-multiple reaction
monitoring (MRM)-based method to assess the biomarker
profile of endothelial dysfunction,***¢ as well as an electron
paramagnetic resonance (EPR)-based method to assess
vascular NO production in the aorta ex vivo.*’

Materials and Methods

The data, analytic methods, and study materials will be made
available on request to other researchers for purposes of
reproducing the results or replicating the procedure.

Animals

Studies were performed in female ApoE/LDLR ™/~ mice at the
age of 4, 8, and 28 weeks, the model initially described by
Ishibashi et al*® and characterized by us in our previous
studies.?®*°~>% In ApoE/LDLR™/~ mice, spontaneous athero-
sclerosis develops without administration of an atherogenic

diet.%? Moreover, endothelial dysfunction in this model pre-
cedes the atherosclerotic plaque development, similarly as it
occurs in humans,>® whereas the early development of
endothelial dysfunction in single ApoE~/~ mice was not
univocally accepted.?*?” Because sex determination was based
solely on external inspection, not internal anatomical features,
in all mice, including the group of young mice (4-week-old),
although unlikely, the number of female mice in this youngest
experimental group could have been lower. Young (8-week-old)
control (C57BL/6) female mice, without endothelial dysfunc-
tion, were used for comparison. To verify the progression of
atherosclerosis in this model, a histological assessment of size
and composition of atherosclerotic plaque was performed in 8-,
10-, 18-, and 28-week-old female ApoE/LDLR’/’ mice. ApoE/
LDLR™/~ mice, bred in the Department of Human Nutrition,
University of Agriculture (Krakow, Poland), and C57BL/6 mice,
bred in the Mossakowski Medical Research Centre, Polish
Academy of Sciences (Warsaw, Poland), were transported to
the animal house at the Institute of Nuclear Physics (Krakow,
Poland) to assess endothelial phenotype in vivo. After in vivo
measurements, mice were euthanized to collect blood and
tissues for other measurements. The size of a given exper-
imental group is reported in the legends of the corresponding
graphs. All mice (body weight of 20-30 g) were bred in standard
conditions (12 hr. light 12 hr. dark, humidity, 60%; temperature,
23°C) and housed in pathogen-free settings. All experiments
were approved by the Ethics Local Committee of Jagiellonian
University (Krakow, Poland) and were performed in accordance
with the Guide for the Care and Use of Laboratory Animals of the
National Academy of Sciences (National Institutes of Health
publication 85-23, revised 1996), as well as the Guidelines for
Animal Care and Treatment of the European Community.

Magnetic Resonance Imaging

MRI experiments were performed using a 9.4 T scanner
(BioSpec 94/20 USR; Bruker, Germany). During the experi-
ment, mice were anaesthetized using isoflurane (Aerrane;
Baxter Sp. z o. o., Poland; 1.5 volume percentage) in an
oxygen/air (1:2) mixture. Heart function (rhythm and ECG),
respiration, and body temperature (maintained at 37°C using
circulating warm water) were monitored using a Monitoring
and Gating System (SA Inc, Stony Brook, NY, USA). Mice were
imaged in the supine position to test endothelial function and
permeability in various vessels.

Assessment of Endothelium-Dependent
Vasodilation in vivo by MRI
Endothelium-dependent vascular responses in vivo were

assessed by 2 techniques, as described previously,”*** mea-
surements of endothelium-dependent response to acetylcholine
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administration and FMD in response to reactive hyperemia, the i.p.) was analyzed in the brachiocephalic artery (BCA) and the
latter considered to be a gold standard in studies on endothelial abdominal aorta (AA), whereas FMD after short-term (5-minute)
dysfunction in humans.'®'® Response to injection of acetyl- occlusion was analyzed in the femoral artery (FA), induced by a
choline (Sigma-Aldrich, Poznan, Poland; 50 pL, 16.6 mg/kg, homemade vessel occlusion, as described elsewhere.?? The
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dose of acetylcholine used to assess endothelium-dependent
vasodilation in vivo in mice was based on a previous study.'’
More important, endothelium-dependent response, induced by
acetylcholine, as measured 25 minutes after injection, was
independent of the effect of acetylcholine on the heart and
respiration, as described previously.20 Vasomotor responses
were examined by comparing 2 time-resolved 3D images of the
vessels before and 25 minutes after intraperitoneal acetyl-
choline administration or after 5 minutes of vessel occlusion.
The optimal time to measure acetylcholine-induced vasorelax-
ation and the optimal time for vascular occlusion to measure
FMD response were chosen on the basis of our previous work?°
and of other authors.’* As reported earlier, acetylcholine-
induced response in the BCA was fully blocked by N-nitro |-
arginine methyl ester (L-NAME), supporting the notion that this
response represents NO-dependent vasodilation.? Similarly,
acetylcholine-induced response in the aorta and FMD in the FA
were also substantially impaired by L-NAME (A. Bar; 2018,
unpublished data). Images were acquired using the cine
IntraGate® FLASH 3D sequence, reconstructed with the
IntraGate 1.2.b.2 macro (Bruker). End-diastolic volumes of
vessels were analyzed using Image) software 1.46r (National
Institutes of Health, Bethesda, MD, USA), and scripts were
written in Matlab (MathWorks, Natick, MA, USA). Imaging
parameters included the following: repetition time, 6.4 ms; echo
time, 1.4 ms; field of view, 30x30x5 mm? matrix size,
256x256x30; flip angle, 30°% and number of accumulations,
15 (reconstructed to 7 cardiac frames). Total scan time was
10 minutes.

Time-resolved 3D images of the aortic arch were analyzed
to endothelial function assessment in BCA. Images were
reconstructed to 7 cardiac frames and imported into Image)
as a hyperstack (Figure 1A; matrix, 256x256; slices, 30;
frames, 7). Further analysis was performed in the diastole of
BCA, using a small hyperstack (Figure 1A, marked in red;

matrix, 256 x 256; slices, 5; frames, 1) starting at the base of
the vessel and ending just before the branch. A detailed
analysis was described in the Supplementary Material of our
previous work.?® 3D images of the AA were positioned on the
sagittal view of the mice, =5 mm under the heart (Figure 1B).
Analysis was performed in the diastole of the AA in Image)
using a small hyperstack (Figure 1B, marked in red; matrix,
256 x256; slices, 10; frames, 1). 3D images of the FA were
positioned on coronal view of the mice, on the right hind limb
of the mouse. Analysis was performed in Image] using a small
hyperstack (Figure 1D, marked in red; matrix, 256x256;
slices, 7; frames, 1). All cross-sectional areas of vessels at
each slice were obtained using thresholding segmentation
and exported to Matlab, where vessel volumes were recon-
structed and calculated.

Assessment of Endothelial Permeability in vivo
by MRI

Measurements of endothelial permeability were performed
using a unique formulation of gadolinium contained in the
liposome (gadodiamide in the liposome, concentration of
formulation: 287 mg/mL, 4.5 mL/kg, iv.). The liposomal
formulation of gadolinium was prepared according to the
original method®®; in short, highly purified phosphatidyl-
choline (Lipoid, Germany), dissolved in propylene glycol, was
mixed with buffered aqueous solution containing an appro-
priate amount of gadolinium and was followed by force-
controlled extrusion, producing a uniform liposome suspen-
sion (medium size of 110+6 nm; polydispersity index, 0.1).
The proportion of liposome-forming components was
30:20:50 w/w/w of the lipid/glycol/aqueous phase. The
size distribution of resulting liposomes was measured using
the dynamic light scattering method (Zetasizer NanoZS,
Malvern, UK). The concentration of gadolinium was

Figure 1. Method for magnetic resonance imaging (MRI)-based in vivo assessment of endothelial function and permeability (A
through D) as well as method of analysis and classification of nanoindentation data (E through J). MRI-based assessment of
endothelium-dependent response to acetylcholine administration, expressed as changes in vessel volume, was performed in the
brachiocephalic artery (BCA) visible on the 3-dimensional (3D) image of the aortic arch (A) and in the abdominal aorta (AA) positioned on
the sagittal view of the mouse (B). C, Endothelial permeability changes were assessed on the basis of number of pixels, for which
relaxation time had changed >50% after contrast agent administration (Npx50); representative image of vessel cross-sections, with
pixels taken for analysis, is marked in red. D, Flow-mediated endothelium-dependent dilation (FMD), also expressed as changes in the
vessel volume, was assessed in the femoral artery (FA), visible on the 3D image of the right hind limb of the mouse. E, Atomic force
microscope (AFM)-based raw indentation curve d(Z) is shown. The solid magenta line shows a curve fitted using the Hertz model in the
region of maximum load for which one can assume that the brush is squeezed. From the Hertz fit, the values of endothelium elastic
modulus (Ey ) were extracted. Brush length (L) was calculated from the exponential part of the force-separation curve F(h), according to
the model of Alexander—de Gennes. F, The solid cyan line shows the fitted model in the region of lower indentations. G, An example of
the apparent Ey,. map created from a set of 20x 20 indentation curves d(Z) is shown. H, A corresponding map, which shows the spatial
distribution of L, is shown. I, Scatter plots representing values of apparent Ey,_and L. Gaussian mixture distributions with 2 components
were fitted to the data to differentiate areas with (red) and without (blue) glycocalyx coverage. J, Spatial maps of glycocalyx distribution.
Data points shown using red crosses and blue circles are classified on the basis of an automatic clustering procedure and represent

regions with and without glycocalyx, respectively.
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determined by steady-state fluorescence of the compound at
an emission wavelength of 310.5 nm after excitation at
275 nm (Fluoromax 4; TCSPC Horiba Jobin Yvon). The
encapsulation efficiency of gadolinium after extrusion was
77+5%. The excess of the contrast agent in the final
formulation was removed using the ultrafiltration method
(Amicon Ultra, 10 kDa).

To assess permeability in the BCA, relaxation time (T,)
maps were measured before and 30 minutes after intra-
venous administration of gadolinium-rich liposome contrast
agent (gadolinium-liposome) using the variable flip angle
technique,®®®” by sampling the signal, using varying values of
flip angles and then fitting the result to an expected T;-
dependent signal model, as described previously.?®*® 3D
images of the aortic arch were acquired using the 3D IG-
FLASH sequence, to obtain high transmit (B;) magnetic field
profile uniformity within measured subslices. Imaging param-
eters included the following: repetition time, 10 ms; echo
time, 1.1 ms; field of view, 30x30x4 mm? matrix size,
192x 160x8; number of repetitions, 12; and cardiac frames,
1. Eight flip angles were used: 2°, 4°, 6°, 8°, 14°, 20°, 30°,
and 50°. Flip angle values were set by changing the length of
an radio frequency pulse, with constant amplifier power. The
total scan time for all angles was 16 minutes.

Obtained images were used to calculate the T, around the
BCA lumen before and after gadolinium-liposome administra-
tion. The signal model was fitted pixel by pixel using Matlab
software, developed in house. Two T; maps (before and after
contrast agent administration) were compared, using scripts
written in Matlab, and pixels for which T; had changed
significantly (by >50%) after gadolinium-liposome administra-
tion were marked in red (Figure 1C). The threshold value
(50%) was determined experimentally. All red pixels were
counted by the program as the number of pixels for which T,
had changed by >50% (Npx50) after gadolinium-liposome
administration.

Blood Sampling and Biochemical Analysis

After in vivo measurements, ApoE/LDLR’/’ mice were
anesthetized (100 mg/kg ketamine+10 mg/kg xylazine,
i.p.) and blood was drawn from the heart and collected in
tubes containing EDTA (10% solution of dipotassium EDTA,;
Aqua-Med, todz, Poland; 1 pL of EDTA/100 pL of blood).
Next, blood was mixed with MS-SAFE Protease and Phos-
phatase Inhibitor (Sigma-Aldrich, Poznan, Poland) in a ratio of
100:1. All samples were centrifuged at 664g, at a temper-
ature of 4°C for 10 minutes to isolate plasma. Obtained
plasma samples were deep frozen at —80°C for measure-
ments of biomarkers of endothelial dysfunction (50 pL). The
Aorta and the BCA were collected for further ex vivo
assessments, as described below.

Assessment of Glycocalyx Coverage and Length
by AFM

The aorta samples were resected from the abdominal
fragment of the aorta. To prepare en face samples of
aortas, a protocol described by Targosz-Korecka et al®*' was
used. After harvesting and cleaning, the aorta was cut into
small patches to expose the inner wall of the aorta. The
patches of the aorta were gently transferred onto a glass
coverslip coated with Cell-Tak (BD Biosciences, Bedford, MA
USA). Each patch of the aorta was glued to the glass,
leaving the endothelial surface facing upward. After prepa-
ration, the samples were placed in Hanks’ balanced salt
solution buffer, supplemented with 1% fetal bovine serum,
1% penicillin/streptomycin, and 5 mmol/L glucose, and
were left to equilibrate for 1 hour. The AFM nanoindenta-
tion experiment was performed within 2 to 3 hours after
the isolation.

Acquisition of AFM Indentation Curves

AFM nanoindentation experiments were performed with a
NanoWizard Ill system (JPK, Germany). All measurements were
performed on unfixed aorta samples immersed in Hanks’
balanced salt solution supplemented with 1% fetal bovine
serum, 1% penicillin/streptomycin, and 5 mmol/L glucose. A
spherical colloidal probe with a nominal diameter of 4.5 pm,
attached to a cantilever (NovaScan, USA), with a spring
constant of 0.01 N/m, was used in experiments. The indenta-
tion curves were recorded for amaximal loading force of 1 nN at
avelocity of 1.5 pm/s. For each aorta sample, spatial maps of
indentation curves were recorded at many random positions of
the sample. Typically, each region of interest comprised 10x 10
curves that were recorded on a 20x 20 pum grid.

Analysis and Classification of Indentation Curves

Calculation of nanomechanical parameters of the endothe-
lium from mouse AA was performed on the basis of the
analysis and classification methods described previously by
Targosz-Korecka et al.*' The mean nanomechanical param-
eters of glycocalyx (brush length [L] and glycocalyx coverage
[N]) and endothelium (elastic modulus [Ey, ]) were calculated
in a 2-step procedure. In the first step, based on the method
proposed by Sokolov et al,’’ the Hertz model was fitted to
the indentation curves in the region of maximum load and
the values of cell Ey, were extracted (Figure 1E). Next, for
lower indentations, a force curve based on Alexander—de
Gennes’ theory of polymer brushes was fitted for description
of glycocalyx properties (glycocalyx length; Figure 1F). Based
on calculated parameters, the spatial maps were performed,
as presented in Figure 1G and 1H. In the second step,
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classification of curves based on the clustering methods was
performed to distinguish between curves with and without
the glycocalyx part. This procedure is based on a classifi-
cation scheme that uses 2 independent parameters, Ey, and
brush length, as proposed by Targosz-Korecka et al.3!
Because of a large spread in the values, these parameters
were transformed to a logarithmic Ey —brush length scale
and displayed on scatter plots. A bivariate gaussian mixture
was fitted to the data points using Matlab. Next, a clustering
procedure was used to assign data into the specific
component of the gaussian mixture distribution with the
criterion of the largest posterior probability for the obser-
vation, weighted by the component probability. As a result,
all indentation curves were classified as recorded on regions
without glycocalyx and regions with glycocalyx (Figure 1l
and 1)).

Assessment of Endothelial NO Production in
Aorta Using EPR

For measurements of endothelial NO synthase—dependent NO
production, EPR spin trapping with diethyldithiocarbamic acid
sodium salt was used ex vivo, as described previously,*” with
minor modifications. Isolated aorta was cleared from sur-
rounding tissue, opened longitudinally, and preincubated with
10 umol/L Né-(1-iminoethyl)-lysine, hydrochloride in Krebs-
HEPES buffer for 30 minutes at 37°C in a well of a 48-well
plate. Addition of N6-(1-iminoethyl)-lysine, hydrochloride
during the preincubation period allowed the direct measure-
ments of NO produced by endothelial NO synthase without
the signal from NO produced by inducible NO synthase,
expressed by macrophages in atherosclerotic plaque.®® Next,
diethyldithiocarbamic acid sodium salt (3.6 mg) and FeS-
04:7H,0 (2.25 mg) were separately dissolved under argon
gas bubbling in two 10-mL volumes of ice-cold Krebs-HEPES
buffer and were kept under gas flow on ice until used. After
preincubation, a spin trap (125 pL of FeSO4:7H,0 and
125 pL of diethyldithiocarbamic acid sodium salt; final
concentration of the colloid, 285 umol/L) and calcium
ionophore A23187 (final concentration, 1 pmol/L) were
added to the aorta. Subsequently, incubation for 90 minutes
at 37°C was started. To detect NO release, calcium
ionophore, but not acetylcholine, was used to provide
receptor-independent, prolonged stimulation of NO produc-
tion during incubation, as acetylcholine-induced receptor-
dependent transient activation of NO release was insufficient
for EPR-based detection. Finally, dried aorta was weighed and
frozen in liquid nitrogen (suspended in fresh buffer) into the
middle of a 400-pL column of Krebs-HEPES buffer and stored
at —80°C until measured. EPR spectra were obtained using an
X-band EPR spectrometer (EMX Plus; Bruker, Germany),
equipped with a rectangular resonator cavity H102. Signals

were quantified by measuring the total amplitude of the Fe(ll)-
Diethyldithiocarbamate after correction of baseline. The
quantitative results of NO production, assessed by EPR, were
expressed in arbitrary units/mg of tissue.

Assessment of Biomarkers of Endothelial
Dysfunction in Plasma by MicroLC/MS-MRM

Assessment of 10 protein biomarkers of endothelial dysfunc-
tion was performed using the microLC/MS-MRM method. The
panel included biomarkers of various aspects of endothelial
dysfunction, such as the following: glycocalyx disruption:
syndecan-1 (SDC-1) and endocan (ESM-1); endothelial inflam-
mation: soluble vascular cell adhesion molecule 1 (sVCAM-1),
the soluble form of E-selectin (sE-sel) and soluble intercellular
adhesion molecule 1 (sICAM-1); endothelial permeability:
angiopoietin 2 (Angpt-2) and the soluble form of fms-like
tyrosine kinase (sFLT-1); and hemostasis: von Willebrand
factor (VWWF), tissue plasminogen activator (t-PA), and plas-
minogen activator inhibitor 1 (PAI-1).

The Nexera ultra-high performance liquid chromatography
(UHPLC) system (Shimadzu, Kyoto, Japan) connected with a
highly sensitive mass spectrometer QTrap 5500 (Sciex,
Framingham, MA, USA) were used. During sample prepara-
tion, the studied mouse material was subjected to proteolytic
digestion using porcine trypsin to achieve unique and
reproducible peptide sequences, applied as the surrogates
of the proteins suitable for LC-MS/MS analyses. A detailed
description of the targeted analysis focused on the panel of
selected proteins was presented elsewhere.***¢

Histological Assessment of Atherosclerotic
Plaque

For determination of the atherosclerotic plaque area and
composition, isolated BCA was dissected, fixed in 4% buffered
formalin, and embedded in paraffin. Serial sections of the BCA
(5-um thick) were collected from the proximal to distal part of
the artery. Our originally developed staining with OMSB, as
described recently by us elsewhere,®' was applied on every
tenth section of cross-sectional slices (50 pm interval between
each section) for visualization of collagen, elastin, fibrin, red
blood cells, and vascular smooth muscle cells within the
atherosclerotic plaque. The areas of particular components of
atherosclerotic plaque as well as artery lumen and vascular wall
area were determined after Columbus-based software process-
ing using an algorithm previously developed by our group,61 The
parameters analyzed include vessel wall area, internal vessel
area (IVA), plaque area (expressed as percentage of IVA:
plaque/IVA), lumen area (expressed as percentage of IVA:
lumen/IVA), as well as areas of collagen and lipids in plaque
(collagen/plaque and lipid/plaque, respectively).

DOI: 10.1161/JAHA.118.011171

Journal of the American Heart Association 7

47

HOYVISHY TVNIDIMO



610Z ‘91 Yyorey uo £q S10°spewmofleye;//:dny woiy papeojumoc]

Early Endothelial Dysfunction in ApoE/LDLR /= Mice Bar et al

Statistical Analysis

Obtained data are presented as mean and SD or, in case of
the lack of normal distribution, as median and interquartile
range. Statistical tests were performed using STATISTICA 10
(Stat Soft Inc, USA). Nonparametric (Kruskal-Wallis test) or
parametric (1-way ANOVA with an honestly significant
difference Tukey’s test for unequal sample sizes) tests were
performed. P=0.05 was considered to be statistically

Results

Changes in Acetylcholine-Induced Vasodilation
and Flow-Mediated Vasodilation in vivo in
ApoE/LDLR /"~ Mice

In the AA (Figure 2A), even in 4-week-old ApoE/LDLR /~
mice, acetylcholine-induced vasodilation was impaired
(volume changes, ~23%) compared with control mice (volume

significant. changes, =33%); in 8-week-old ApoE/LDLR_/' mice,
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Figure 2. Progression of the impairment of endothelium-dependent vasodilation, vascular NO production, and increased
endothelial permeability in apolipoprotein E/low-density lipoprotein receptor-deficient mice (ApoE/LDLR™/~) mice. Changes in end-
diastolic volume of the abdominal aorta (AA-acetylcholine [ACH]; A) and the brachiocephalic artery (BCA-acetylcholine [ACH]; C)
25 minutes after acetylcholine administration; changes in NO production in the aorta, measured by spin trapping with
diethyldithiocarbamic acid sodium salt (DETC) (AA-NO; B); changes in endothelial permeability described as Npx50 value, which
represents the number of pixels around the BCA lumen, for which relaxation time had changed >50% (Npx50) after injection of
gadolinium-rich liposome contrast agent (BCA-permeability [PER]; D); and changes in volume of the femoral artery (FA—flow-mediated
dilation [FMD]; E) after 5-minute vessel occlusion in ApoE/LDLR ™/~ mice (white columns) at the age of 4 (n=4 for A, C, and D; and n=7
for B), 8 (n=6 for A, B, C, and E; and n=5 for D), and 28 (n=4 for A, n=8 for B, n=7 for C, n=6 for D, and n=>5 for E) weeks in comparison
to 8-week-old control, C57BL/6 mice (n=4 for A, n=6 for B, n=7 for C, and n=5 for D and E; black columns). Statistics: bootstrap-
boosted estimate of 1-way ANOVA, followed by Tukey’s post hoc test (A, C, and D), and ANOVA, followed by Tukey’s post hoc test (B
and E) (normality was assessed using Shapiro-Wilk test). *P<0.05, **P<0.01, ***P<0.001.
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acetylcholine response was further impaired (volume changes,
~9%); while in 28-week-old ApoE/LDLR™/~ mice, acetyl-
choline response changed to vasoconstriction (volume
changes, ~—23%). At the early stage of endothelial dysfunc-
tion in 4- to 8-week-old ApoE/LDLR*/’ mice, stimulated NO
production (Figure 2B) in the AA was reduced by ~41% and
73% in 4- and 8-week-old mice, respectively, compared with
control mice. Interestingly, stimulated vascular NO production
in the aorta was not further impaired in older animals, and was
similar in 8- and 28-week-old ApoE/LDLR ™/~ mice. In the BCA
(Figure 2C), there was also a tendency for the early impair-
ment of acetylcholine-induced vasodilation, but these changes
were not significant in 4- to 8-week-old ApoE/LDLR™/~ mice
(volume changes, ~10%). Similar to the AA, in the BCA,
acetylcholine response also led to vasoconstriction (volume
changes, ~—9%) in 28-week-old ApoE/LDLR™/~ mice. In
contrast to acetylcholine-induced vasodilation, flow-mediated

vasodilation (Figure 2E) was fully preserved in the FA in 8-
week-old ApoE/LDLR™/~ mice (volume changes, ~30%) but
was impaired in 28-week-old ApoE/LDLR™/~ mice (volume
changes, ~7%).

Changes in Endothelial Permeability in
ApoE/LDLR™/~ Mice in vivo

In 4- to 8-week-old ApoE/LDLR'/' mice, endothelial perme-
ability was increased. As shown in Figure 2D, there was a
significant increase in the Npx50 parameter of the T; signal
around the BCA lumen (increase by ~140% and 148% for 4-
and 8-week-old mice, respectively, in comparison to control)
after intravenous injection of gadolinium-containing lipo-
somes. In 28-week-old ApoE/LDLR_/‘ mice, the increase in
endothelial permeability was more pronounced compared
with 4- to 8-week-old ApoE/LDLR™/~ mice.
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Figure 3. Distinction of nanoindentation data measured on glycocalyx (Glx) layer as well as endothelium stiffening and glycocalyx
degradation in abdominal aorta from apolipoprotein E/low-density lipoprotein receptor-deficient mice (ApoE/LDLR/~). Total
atomic force microscope nanoindentation data set and its classification shown in the form of scatter plot of the elastic modulus vs
brush length (L). Data points shown in red (endothelium with glycocalyx) and blue (endothelium without glycocalyx) were classified
using an automatic clustering procedure: C57BI/6 mice (A) and ApoE/LDLR’/’ mice at the ages of 4 (B), 8 (C), and 28 (D) weeks
(n=4 for each group). E, Elastic modulus (E) of the endothelium (ECs elasticity indicates elasticity of endothelial cells). F, Glycocalyx
length. G, Glycocalyx coverage. Statistical significance was tested by 1-way ANOVA, followed by Tukey’s post hoc test. *P<0.05,

**P<0.01, ***P<0.001.
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Figure 4. Plasma concentration of protein biomarkers of endothelial dysfunction. Concentration of syndecan-1 (SDC-1; A),
endocan (ESM-1; B), soluble vascular cell adhesion molecule 1 (sVCAM-1; C), soluble intercellular adhesion molecule 1
(sICAM-1; D), soluble form of E-selectin (sE-sel; E), soluble form of fms-like tyrosine kinase (sFLT-1; F), angiopoietin 2 (Angpt-
2; G), von Willebrand factor (VWF; H), tissue plasminogen activator (t-PA; 1), and plasminogen activator inhibitor 1 (PAI-1; ) in
plasma, in apolipoprotein E/low-density lipoprotein receptor-deficient mice (ApoE/LDLR /) mice (white columns), at the
ages of 4 (n=7), 8 (n=5), and 28 (n=9) weeks in comparison to 8-week-old control, C57BL/6 mice (n=7; black columns).
Statistics: 1-way ANOVA, followed by Tukey’s post hoc test (A, B, D, and F-J), or the Kruskal-Wallis test, followed by Dunn’s
post hoc test (C and E) (normality was assessed using the Shapiro-Wilk test). *P<0.05, **P<0.01, ***P<0.001.

Changes in Nanomechanical Properties of
Glycocalyx and Endothelium in ex vivo Aorta
in ApoE/LDLR ™/~ Mice

In 4-week-old ApoE/LDLR /™ mice, the Ey, describing endothe-
lial stiffness increased ~3-fold and remained significantly
elevated in 8- and 28-week-old ApoE/LDLR ™/~ mice. Glycocalyx
coverage, but not length, was significantly reduced in 4-week-old
ApoE/LDLR’/’ mice, whereas in 8-week-old ApoE/LDLR’/’
mice, both parameters (glycocalyx coverage and length) were
significantly reduced compared with control mice. In 28-week-
old ApoE/LDLR™/~ mice, glycocalyx coverage was substantially
decreased compared with 8-week-old ApoE/LDLR™/~ mice,
whereas glycocalyx length was only slightly reduced. Figure 3
shows the entire experimental data set in the form of scatter
plots for the aorta taken from ApoE/LDLR ™/~ mice at the age of
4 (Figure 3B),8 (Figure 3C),and 28 (Figure 3D)weeks compared
with control C57BL/6 mice (Figure 3A). The red data points
correspond to the indentation curve classified as those mea-
sured on endothelium covered by glycocalyx, whereas the blue
data points represent the indentation curve for endothelium
without glycocalyx. Figure 3 presents the results for measure-
ments of Ey,_of the endothelium (Figure 3E), glycocalyx length
(Figure 3F), and glycocalyx coverage (Figure 3G) for ApoE/
LDLR ™/~ mice at the ages of 4, 8, and 28 weeks compared with
control mice. The mean values of the Ey, (Figure 3E) and the
glycocalyx brush length (Figure 3F) were derived solely from
indentation curves classified as “red” curves with a glycocalyx
part. The glycocalyx coverage (Figure 3G) was calculated as the
ratio of the number of red curves/the number of all curves
measured for a given sample. The details of the AFM-based
analysis are presented in Figure S1.

Changes in Plasma Concentration of Biomarkers
of Glycocalyx Disruption (SDC-1 and ESM-1),
Endothelial Inflammation (sVCAM-1, sICAM-1,
and sE-sel), Endothelial Permeability (sFLT-1 and
Angpt-2), and Hemostasis (VWF, tPA, and PAI-1)
in ApoE/LDLR ™/~ Mice

In 4-week-old ApoE/LDLR™/~ mice, the plasma concentration
of the number of biomarkers significantly increased, including

at least 1 biomarker from each category: glycocalyx injury
(ESM-1, increased by ~38% in comparison to control mice)
(Figure 4B), endothelial permeability (Angpt-2, increased ~3-
fold in comparison to control group) (Figure 4G), endothelial
inflammation (sVCAM-1, increased by ~70% in comparison to
control mice) (Figure 4C), and hemostasis (t-PA [Figure 4l]
and PAI-1 [Figure 4]], both increased by =1.5-fold in
comparison to control group). Most of them remained
elevated in 8-week-old ApoE/LDLR™/~ mice. With the
exception of SDC-1 (Figure 4A) and the sFLT-1 (Figure 4F),
there was no substantial increase in plasma concentration of
any of the selected biomarkers (Figure 4 D,E,H) in 28- versus
4- to 8-week-old ApoE/LDLR ™/~ mice.

Progression of Atherosclerosis in ApoE/LDLR’/’
Mice

To confirm the absence of atherosclerotic plaques in young
ApoE/LDLR™/~ mice and the presence of advanced
atherosclerotic plaques in older ApoE/LDLR™/~ mice, OSMB
histological staining was used (Figure 5A). As shown in
Figure 5D-E, in 8-week-old ApoE/LDLR*/* mice, atheroscle-
rotic plaques were not present. Furthermore, in 10-week-old
ApoE/LDLR™/~ mice, plaques were virtually absent. In older
mice, such as 18-week-old mice, advanced forms of
atherosclerotic plaque were observed, with further progres-
sion for 28-week-old mice (plaque/IVA, ~30% and 55%,
respectively). Other analyzed parameters also indicated
significant progression of atherosclerosis from 18- to 28-
week-old mice, including lumen narrowing, IVA (Figure 5C),
and collagen content (Figure 5F) but not lipid content
(Figure 5G), which was similar in 18- and 28-week-old mice
groups. Atherosclerotic plaque in 18-week-old ApoE/LDLR ™/~
mice was characterized by high lipid content (lipid/plaque,
~25%) and an almost complete lack of collagen (collagen/
plaque, 0.32%), which significantly increased in 28-week-old
mice (collagen/plaque, ~9%). Despite the fact that in 8-week-
old ApoE/LDLR™/~ mice, well-defined atherosclerotic plaques
were absent, in 4 of 6 mice, the vessel wall (vessel wall area,
VWA, Figure 5B) of the BCA was locally thickened (70.60 ver-
sus 49.61 pm) (Figure S2A through S2C) and displayed altered
vascular smooth muscle morphological features (signs of
hyperplasia, hypertrophy, and extracellular matrix deposition

DOI: 10.1161/JAHA.118.011171

Journal of the American Heart Association 1"

51

HOYVISHY TVNIDIMO



610Z ‘91 Yyorey uo Aq S10°spewmoleye;//:dny woiy papeojumocy

Early Endothelial Dysfunction in ApoE/LDLR’/’ Mice

Bar et al

Histology
ApoE/LDLR" mice
I
D 8 weeks % 10 weeks D 18 weeks E 28 weeks
B [+
[107] ETS
168 300 — —
250 —
— 128
NE = 200 — seokesk
2 £ — .
< 88— = 150 —
Z s
43 = 100 —
50 —
8
= 0
Proximal Middle Distal Proximal Middle
8 95 E100 2t pludd
80 - L.
65
50 see =
X35 g :;
=20 98
£ [ B |
= -]
72 g
g s 75
= = 60
1 45
30
15
0 0 -
Proximal Middle Distal
F G
18 40
*E¥
=l 35 T3
=14 - wkk
ER X 30 - Ak _
g0 25 s
210 g 25
FER 220
2o 515
=) =
Q 4 =] 10
2 5
0 1 0 : .
Proximal Middle Distal Proximal Middle Distal

DOLI: 10.1161/JAHA.118.011171

Journal of the American Heart Association

HOYVISHY TVNIDIMO



6102 ‘91 yorey uo Aq S1o°srewmoleye//:dny woiy papeojumo(

Early Endothelial Dysfunction in ApoE/LDLR ™/~ Mice Bar et al

Figure 5. Atherosclerotic plaque size and composition in apolipoprotein E/low-density lipoprotein receptor-deficient mice (ApoE/
LDLR™/~) mice. A, Representative images of brachiocephalic artery (BCA) cross-sections stained with Unna’s orcein combined with
Martius, Scarlet, and Blue trichrome (OMSB), with particular components of atherosclerotic plaque (P), including lipid core (Lc),
collagen, artery lumen (L), and vessel wall area (VWA), that were quantitatively determined by Columbus-based software processing.
Internal vessel area (IVA) was determined as the sum of both plaque and lumen areas. Changes in vessel wall area (VWA) (B), IVA
(C), plaque area (expressed as percentage of IVA: plaque/IVA; D), lumen area (expressed as percentage of IVA: lumen/IVA; E), as
well as areas of collagen and lipids in plaque (collagen/plaque [F] and lipid/plaque [G], respectively) in ApoE/LDLR ™/~ mice at the
ages of 8 (n=6), 10 (n=8), 18 (n=9), and 28 (n=8) weeks. The assessment was performed for divided vessel in proximal, middle, and
distal parts. Statistics: Kruskal-Wallis 1-way ANOVA (normality was assessed using the Shapiro-Wilk test). *P<0.05, **P<0.01,

***P<0.001.

of collagen and elastin [Figure S2E], as well as a proliferative
phenotype featured by a pale staining). The distance between
elastic laminae and the subendothelial layer was enlarged, with
evidence of smooth muscle cells migrating into the intima
(Figure S2B) and monocyte adhesion (Figure S2D) and
migration into the subendothelial space.

Discussion

In the present work, we comprehensively assessed the
endothelial phenotype in ApoE/LDLR™/~ mice and demon-
strated that endothelial dysfunction, even at the early stage
(ie prior to the development of well-defined atherosclerotic
plaque), is a complex multifactorial response involving
diminished glycocalyx coverage and lengths and endothelial
stiffness. These factors coincide with the impairment of
endothelium-dependent vasodilation, increased endothelial
permeability, diminished vascular NO production, and
increased plasma concentration of biomarkers of glycocalyx
disruption (ESM-1), endothelial inflammation (sVCAM-1), vas-
cular permeability (Angpt-2), and hemostasis (PAI-1 and t-PA).
These results suggest that glycocalyx injury does not proceed
other features of endothelial dysfunction,’? but rather coin-
cides with these pathogenetic endothelial events, in line with
the concept of vicious circle relations between impaired
endothelial glycocalyx and endothelial dysfunction.®®

In the present work, we adopted a panel of state-of-the-art,
well-suited, sensitive, and validated previously developed
methods to measure endothelial function in vivo (MRI),?°
glycocalyx coverage and length (AFM),®' concentration of
multiple biomarkers of endothelial dysfunction in plasma
(microLC/MS-MRM),***¢ and vascular NO production
(EPR).*”

For the assessment of endothelial phenotype in mice
in vivo, we used an MRI-based approach. Despite this method
being associated with several technical challenges"4 (see
review by Bar et al for details®®), it has been found to be well
suited for detection and quantification, with good sensitivity
and reproducibility, of NO-dependent artery dilation in healthy
mice and impaired vasodilation or artery constriction in mice
exposed to a proatherogenic stimulus (eg high-fat diet) or in

mice with atherosclerosis (eg ApoE/LDLR™/~ mice).'? 2

Undoubtedly, the important advantage of our approach to
MRI-based assessment of endothelial function is a retrospec-
tive reconstruction of images from 3D data sets, allowing for
analysis of changes in vessel volume instead of changes in
cross-sectional vessel area only, increasing measurement
accuracy.ZO Furthermore, in the present work, MRI-based
assessment of endothelium-dependent vasodilation was per-
formed in 3 arteries: in the BCA and the AA in response to
intraperitoneal administration of acetylcholine and in the FA in
response to flow (FMD). Vasoactive responses to acetyl-
choline, given the low dose in vivo in mice, are independent of
the effect of acetylcholine on the heart and respiration, as
shown previously;”® thus, they can be used to reliably assess
endothelial status in vivo. In turn, FMD was a similar assay of
endothelial function in vivo in mice as that used in humans in
the brachial artery and was described in detail in supplemen-
tary material in our previous study.?? Noteworthy, to date,
there are only a few reports describing evaluation of FMD
using uItrasonography"s’66 or optical tomography of the
coherence®*®” in small experimental animals. In our hands,
the MRI-based method of FMD assessment did not require
vessel uncovering and was combined with evaluation of
acetylcholine-induced response in one MRI protocol, which
allowed attainment of functional responses from 2 different
vessels in response to different stimuli during one, short MRI-
based set of measurements.

In addition to the assessment of endothelium-dependent
vasodilation, the MRI-based method was used for the
quantification of endothelial permeability using an operator-
independent method to quantify results based on the Npx50
parameter, as described previously,?® and a specially
designed gadolinium-rich liposome preparation as contrast
agents used herein for the first time. Most gadolinium-based
MRI contrast agents, which can be used for detection of
increased endothelial permeability, are small, nontargeted
compounds that passively penetrate into the vascular wall
with a broad nonspecific biodistribution®® or gadolinium
covalently bonded to albumin, allowing for higher, but still
limited, vessel wall enhancement.'®?° Liposomes of small
size (110 nm) loaded with gadolinium used in the present
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work allowed for good MRI-based detection of changes in
endothelial permeability.® Altogether, simultaneous assess-
ment of endothelium-dependent vasodilation in 3 arteries in
response to acetylcholine or flow, together with quantification
of endothelial permeability by MRI in vivo, an approach used
in the present work, provided a unique insight into endothelial
function in vivo in ApoE/LDLR™~ mice.

To confirm that impairment of endothelial function,
assessed by MRI in vivo, is linked to impaired NO-dependent
function, NO production in aorta ex vivo was measured by
EPR,*” the only analytical method that detects endothelial
NO production directly, not indirectly. In addition to providing a
broader view on early pathophysiological characteristics
of endothelial dysfunction in ApoE/LDLR /™ mice, biomarkers
of glycocalyx disruption (SDC-1 and ESM-1), endothelial
inflammation (sVCAM-1, sICAM-1 and sE-sel), endothelial
permeability (Angpt-2 and sFLT-1), and hemostasis (VWF, t-
PA, and PAI-1) were simultaneously measured using the
microLC/MS-MRM-based method, recently developed by our
group'44—46

Finally, nanomechanical properties of the endothelium in
ex vivo aorta were examined using spectroscopy by nanoin-
dentation with an AFM tip®®~”" using a novel method of AFM
nanoindentation-based detection of glycocalyx degradation
and endothelial stiffness described previously by Targosz-
Korecka et al.®'

Such a multimodal approach for the comprehensive
assessment of endothelial phenotype in vivo, supplemented
by ex vivo analyses used in the present work, enabled an
unprecedented insight into the temporal association of
alterations in various aspects of endothelial phenotype,
including glycocalyx integrity, endothelial stiffness, NO-
dependent endothelial function, and other features of
endothelial inflammation and dysfunction, usually analyzed
separately, not simultaneously.?*253%72

In the present work, we evaluated the endothelial pheno-
type, in 4- to 8-week-old ApoE/LDLR™/~ mice, at the stage
before occurrence of the well-defined atherosclerotic plaque
compared with 28-week-old mice, and at the stage of
advanced atherosclerotic plaque development. Although we
identified early changes in smooth muscle cells and intima,
we confirmed that atherosclerotic plaques were absent in the
BCA up to the age of 10 weeks using scrupulous analysis of
the proximal, middle, and distal parts of the BCA and originally
developed staining with OMSB, providing reliable color
contrast to distinguish numerous constituents of atheroscle-
rotic plaque.®' These results are in accordance with the work
of Csényi et aI,28 showing that well-defined atherosclerotic
plaques in ApoE/LDLR™/~ mice fed a standard diet do not
occur before the age of 12 weeks.

In previous studies, endothelial dysfunction, assessed as
impaired NO-mediated relaxation in ex vivo vascular

preparations, was repeatedly demonstrated in murine models
of atherosclerosis.?*>?° However, it was not a universal
finding in ApoE ™/~ mice,?” and some authors claimed that
endothelial dysfunction occurs only at the late stage of the
development of atherosclerotic plaques in this model.?#%¢ We
previously demonstrated that the impairment of NO-depen-
dent relaxation in the aorta, measured in a classic vascular
preparation setup, was present in 8-week-old ApoE/LDLR™/~
mice, a model characterized by a robust hypercholesterolemia
with increased total, low-density lipoprotein, and high-density
lipoprotein cholesterol levels.?®

In the present work, to our surprise, the complex multifac-
torial nature of endothelial dysfunction was revealed as early as
in 4- to 8-week-old ApoE/LDLR ™/~ mice, significantly before
the occurrence of the well-defined atherosclerotic plaque. At
this early stage of endothelial response to hypercholes-
terolemic insult, the dysfunctional phenotype involved dimin-
ished glycocalyx coverage and lengths and endothelial
stiffness. These factors coincided with the impairment of
endothelium-dependent vasodilation and NO-dependent func-
tion, increased endothelial permeability, and increased plasma
concentration of biomarkers of glycocalyx disruption (ESM-1),
endothelial inflammation (sVCAM-1), vascular permeability
(Angpt-2), and hemostasis (PAI-1 and t-PA). The multimodal
approach adopted in the present work was useful to show that
early impairment of endothelium-dependent vasodilation (by
MRI) in the aorta was confirmed by impaired NO production in
the aorta (by EPR), whereas glycocalyx injury in the aorta (by
AFM) was supported by increased biomarkers of glycocalyx
disruption (ESM-1). Increased endothelial permeability (by MRI)
was confirmed by increased plasma concentration of Angpt-2.
The evaluation of endothelial inflammation and hemostasis was
based on biomarker analysis only (changes in sSVCAM-1, t-PA,
and PAI-1). Taken together, the results presented herein
suggest that endothelial dysfunction in atherosclerosis, even at
the early stage before the occurrence of the well-defined
atherosclerotic plaque, is a complex multifactorial phe-
nomenon that has not been previously appreciated.

The important question arises about whether these
divergent manifestations of endothelial dysfunction, including
glycocalyx disruption and various features of endothelial
dysfunction, appear in sequence or more likely, their co-
occurrence is rather indicative for vicious circle relations, as
suggested recently for impaired endothelial glycocalyx,
endothelial mechanotransduction, and NO-dependent func-
tion.%® For example, silencing of glypican-1 or SDC-1 was
shown to inhibit shear stress—induced activation of endothe-
lial NO synthase,”® while replenishment of glycocalyx
improved mechanoactivation-induced NO  generation.®®
Increased endothelial cortical stiffness may impair flow-
mediated NO production, and NO production seems to be
regulated by cortical stiffness.””7”
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The reciprocal relation between impaired NO function and
endothelial inflammation is rather well accepted because NO
deficiency promoted increased expression of endothelial
adhesion molecules, and vice versa.”®”° Deterioration of
glycocalyx resulted in increased endothelial permeabil-
ity*¢8%8- in turn, endothelial barrier disruption is also linked
to increased Angpt-2, which mediates breakdown of glycoca-
lyx.2 Glycocalyx damage also induces a proinflammatory
endothelial response (eg after removal of the glycocalyx
component SDC-1).”° Clearly, glycocalyx shedding facilitated
monocyte adhesion and infiltration, which promoted vascular
inflammation, lipid retention, and the development of
atherosclerotic plaques.”® Furthermore, inhibition of hyaluro-
nan synthesis (by 4-methylumbelliferone) facilitated leukocyte
adhesion, subsequent inflammation, and progression of
atherosclerosis.*® In turn, leukocyte infiltration and subse-
quent vascular inflammation promoted extrinsic pathways of
glycocalyx degradation by sheddases known to involve not
only heparanase and hyaluronidase, but also matrix metallo-
proteinases activated in endothelial inflammation: thrombin,
plasmin involved in thrombotic and fibrinolytic processes,
elastase, and proteinase 3 released by endothelium-adher-
ence leukocytes.®® Interestingly, biglycan, a constituent of the
glycocalyx of capillaries, inhibited thrombin activity, platelet
activation, and, finally, macrophage-mediated plaque inflam-
mation.®? On the other hand, impaired endothelial glycocalyx
promoted platelet adhesion to endothelium.3¢

Altogether, numerous mechanisms were previously iden-
tified, by which glycocalyx injury may contribute to impair-
ment of NO-dependent function, increased endothelial
permeability, endothelial stiffness, vascular inflammation,
thrombosis and fibrinolysis, and atherosclerosis development;
and these processes may reciprocally promote glycocalyx
injury. Our results do not support the notion that glycocalyx
injury proceeded other manifestations of endothelial dysfunc-
tion because glycocalyx injury coincided with all manifesta-
tions of endothelial dysfunction and all of them were detected
as early as in 4- to 8-week-old ApoE/LDLR’/’ mice, as
though at this early stage, there was a full-blown phenotype
of endothelial dysfunction. We have no experimental data to
exclude that high hypercholesterolemia of ApoE/LDLR™/~
mice induced some manifestations of endothelial dysfunction,
including glycocalyx injury, before birth or within the first
4 weeks of maternal feeding; and then, others symptoms of
endothelial dysfunction occurred progressively. However,
given some feedback-forward reinforcement mechanisms
between perturbed endothelial glycocalyx and progression
of endothelial dysfunction that have been recently put
forward,®® we are rather tempted to support the notion of
the complex multifactorial nature of early endothelial dys-
function that, to our knowledge, has not been previously
appreciated.

Accordingly, the loss of endothelial glycocalyx integrity
seems to be an integral part, but not a separate event, of
endothelial dysfunction, as also suggested when studying
endothelial response to acute hyperglycemia.®*

Interestingly, in the present study, the earliest (in 4-week-old
mice) changes in glycocalyx integrity were manifested as
reduced glycocalyx coverage coexisting with increased
endothelial stiffness, followed by reduction in the effective
glycocalyx length (in 8-week-old mice). These results under-
score a similar pattern of early changes in glycocalyx integrity in
ApoE/LDLR’/’ mice as in the db/db mouse model of diabetes
mellitus, in which stiffening of endothelial cells and diminished
glycocalyx coverage occurred in early diabetes mellitus and
were followed by the reduction of the glycocalyx length that
correlated with diabetes mellitus progression.31 On the other
hand, in ApoE/LDLR™/~ mice, it was the changes in the
glycocalyx coverage, not length, that were most progressively
impaired in old compared with young ApoE/LDLR™/~ mice.
These differences may suggest that in atherosclerosis, intrinsic
mechanisms of glycocalyx degradation linked to exocytosis of
lysosome-related organelles and their cargo, with subsequent
patchy loss of glycocalyx,®® play an important role.

Our results have diagnostic and therapeutic significance.
For an endothelial dysfunction diagnosis, interestingly, nearly
all major features of endothelial dysfunction detected early
remained altered, to an approximately similar extent, in the
atherosclerotic phase in 28-week-old ApoE/LDLR™/~ mice.
The only exceptions were the occurrence of acetylcholine-
induced vasoconstriction in the aorta and BCA, impaired flow-
mediated vasodilation in the FA, and the progressive nature of
reduction of glycocalyx length and coverage, with a concomi-
tant further increase in endothelial permeability. Accordingly,
only some of the features of endothelial dysfunction, including
glycocalyx disruption and endothelial permeability, have a
progressive nature in atherosclerosis; and those features, not
others, may constitute a reliable measure of the progression
of endothelial dysfunction.°

In terms of endothelium pharmacological characteristics,
there are several drugs endowed with endothelial /vasopro-
tective activity that have been found to be important in the
treatment of various diseases,®*®” and there is increasing
awareness of the endothelium as a novel attractive target for
pharmacotherapy.®® Given the complex nature of the early
phase of endothelial dysfunction reported herein in
atherosclerosis, it seems unlikely that the correction of the
function of a single endothelial mechanism will be effective,
unless restoring the one well-designed component of dys-
functional endothelial machinery will improve all the others.
To date, the drugs that possess a broader spectrum of
endothelial activity constitute the forefront of pharmacolog-
ical characteristics of the endothelium, whereas some of
the single-mechanism-based approaches failed.®” Further
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proof-of-concept studies are required to point out the
effective ways to therapeutically achieve a reversal of a
complex, multifactorial early response of endothelium to
hypercholesterolemia.

There are limitations of this study that need to be
underlined. First, in the present study, only female mice were
used, making it impossible to study the impact of sex on early
endothelial phenotype in mice with atherosclerosis. We
assume that the early phase of endothelial dysfunction is a
complex multifactorial response regardless of sex of the
animals, but obviously sexual dimorphism may pertain to
differences in endothelial phenotype. There are several
studies addressing the molecular mechanisms of differences
in endothelial function in female sex compared with male sex,
in particular as regard to microvascular and resistance vessel
function.”®

Second, in the present study, the impairment of endothe-
lium-dependent vasodilation was detected by MRI in vivo and
was not compared with commonly performed assessment of
endothelial dysfunction based on measurements of endothe-
lial-dependent vasodilation in ex vivo isolated vessel prepa-
ration. To the best of our knowledge, there is no direct
comparison of these 2 approaches to measure endothelial-
dependent vasodilation. Thus, it remains to be determined
whether the progression of endothelial dysfunction assessed
by MRI in vivo, compared with the ex vivo approach, would
give fully concordant results.

Third, we reported that multiple manifestations of endothe-
lial dysfunction occur simultaneously in 4-week-old ApoE/
LDLR™/~ mice. However, it cannot be excluded that high
hypercholesterolemia of ApoE/LDLR’/’ mice induces some
features of endothelial dysfunction before birth or within the
first 4 weeks of maternal feeding, and there is a sequence of
events that we could not determine, as in our study we
characterized 4-week-old mice, but not younger mice.

Conclusion

Taking advantage of the unique and comprehensive arma-
mentarium of in vivo and ex vivo methods, including functional
3D MRI-based assays of endothelial phenotype and AFM-
based measurements of glycocalyx degradation and endothe-
lial stiffening, we demonstrated herein, to our knowledge for
the first time, that in 4- to 8-week-old ApoE/LDLR’/’ mice at
the stage proceeding development of the well-defined
atherosclerosis, the dysfunctional phenotype of endothelium
involves diminished glycocalyx coverage and length. These
factors coincide with but do not proceed the impairment of
endothelium-dependent vasodilation and NO-dependent func-
tion, increased endothelial permeability, and increased
plasma concentration of biomarkers of glycocalyx disruption
(ESM-1), endothelial inflammation (sVCAM-1), vascular

permeability (Angpt-2), and hemostasis (PAI-1 and t-PA).
These results underscore the fact that endothelial dysfunc-
tion, even at the early stage, is a complex multifactorial
response. Our findings have pathophysiological as well as
diagnostic and therapeutic significance.
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Although it is known that 1-methylnicotinamide (MNA) displays vasoprotective activity
in mice, as yet the effect of MNA on endothelial function has not been demonstrated
in vivo. Here, using magnetic resonance imaging (MRI) we profile the effects of MNA
on endothelial phenotype in mice with atherosclerosis (ApoE/LDLR~/~) in vivo, in
comparison to angiotensin (Ang) -converting enzyme (ACE) inhibitor (perindopril), with
known vasoprotective activity. On a biochemical level, we analyzed whether MNA- or
perindopril-induced improvement in endothelial function results in changes in ACE/Ang
II-ACE2/Ang-(1-7) balance, and L-arginine/asymmetric dimethylarginine (ADMA) ratio.
Endothelial function and permeability were evaluated in the brachiocephalic artery (BCA)
in 4-month-old ApoE/LDLR~/~ mice that were non-treated or treated for 1 month
or 2 months with either MNA (100 mg/kg/day) or perindopril (10 mg/kg/day). The
3D IntraGate®FLASH sequence was used for evaluation of BCA volume changes
following acetylcholine (Ach) administration, and for relaxation time (T1) mapping
around BCA to assess endothelial permeability using an intravascular contrast
agent. Activity of ACE/Ang Il and ACE2/Ang-(1-7) pathways as well as metabolites
of L-arginine/ADMA pathway were measured using liquid chromatography/mass
spectrometry-based methods. In non-treated 6-month-old ApoE/LDLR~/~ mice, Ach
induced a vasoconstriction in BCA that amounted to —-7.2%. 2-month treatment with
either MNA or perindopril resulted in the reversal of impaired Ach-induced response to
vasodilatation (4.5 and 5.5%, respectively) and a decrease in endothelial permeability (by
about 60% for MNA-, as well as perindopril-treated mice). Improvement of endothelial
function by MNA and perindopril was in both cases associated with the activation of
ACE2/Ang-(1-7) and the inhibition of ACE/Ang Il axes as evidenced by an approximately
twofold increase in Ang-(1-9) and Ang-(1-7) and a proportional decrease in Ang Il and

April 2017 | Volume 8 | Article 183

59



Bar et al.

Functional and Biochemical Endothelial Profiling In Vivo

its active metabolites. Finally, MNA and perindopril treatment resulted in an increase in
L-arginine/ADMA ratio by 107% (MNA) and 140% (perindopril), as compared to non-
treated mice. Functional and biochemical endothelial profiling in ApoE/LDLR~/~ mice
in vivo revealed that 2-month treatment with MNA (100 mg/kg/day) displayed a similar
profile of vasoprotective effect as 2-month treatment with perindopril (10 mg/kg/day):
i.e., the improvement in endothelial function that was associated with the beneficial
changes in ACE/Ang II-F-ACE2/Ang (1-7) balance and in L-arginine/ADMA ratio in plasma.

K, N . e

y T
profile, L-Arg/ADMA ratio

INTRODUCTION

1-Methylnicotinamide (MNA), the major metabolite of NA
synthesized in the liver in the reaction involving NNMT,
when given exogenously has distinct therapeutic activity, despite
the fact, that it has long been considered inactive (Aksoy
et al., 1994). Indeed, topical MNA alleviates the inflammatory
responses in skin diseases such as acne, contact dermatitis
or rosacea (Gebicki et al., 2003; Wozniacka et al., 2005). In
turn, systemic administration of MNA exerts anti-thrombotic
(Chlopicki et al., 2007), anti-inflammatory (Bryniarski et al.,
2008), and gastroprotective (Brzozowski et al., 2008) properties
mediated by the activation of COX-2 and PGI, pathways.
Furthermore, MNA can improve endurance exercise capacity in
mice with diabetes, and may decrease the cardiovascular risk of
exercise (Przyborowski et al., 2015). MNA was demonstrated to
have hepatoprotective activity against concanavalin A-induced
liver injury through the downregulation of IL-4 and TNF-a
signaling (Sternak et al., 2010; Jakubowski et al., 2016), and to
inhibit metastasis formation in a murine model of metastatic
mammary gland cancer (4T1) in BALB/c mice (Blazejczyk
et al, 2016). Interestingly, 1-MNA has also been shown
to restore endothelial function in diabetic hypertriglycemic
rats (Bartu$ et al, 2008) analyzed ex vivo in isolated aorta,
suggesting that the improvement in endothelial function may
represent an important target of MNA activity and may explain
therapeutic efficacy of MNA in various diseases including
diabetes (Watala et al., 2009) and atherosclerosis (Mateuszuk
et al, 2016). Indeed, in our recent study anti-atherosclerotic
effects of MNA in ApoE/LDLR™/~ mice, including the inhibition

Abbreviations: ACE, angiotensin-converting enzyme; ACE-I, angiotensin-
converting enzyme inhibitor; Ach, acetylcholine; ACN, acetonitrile; ADMA,
asymmetric dimethylarginine; Ang, angiotensin; ApoE/LDLR™/ ", atherosclerotic
mice; Arg, arginine; BCA, brachiocephalic artery; CA, contrast agent; COX-2,
cyclooxygenase 2; CS, calibration standards; DDAH, dimethylarginine
dimethylaminohydrolase; ECs, endothelial cells; eNOS, endothelial nitric
oxide synthase; FA, formic acid; Hcy, homocysteine; HFD, high-fat diet; 1L-4,
interleukin-4; IS, internal standard; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; Met, L-methionine; MNA, I-methylnicotinamide; MRI,
magnetic resonance imaging; MRM, multiple reaction monitoring mode;
NA, nicotinamide; NFPA, nonafluoropentanoic acid; NNMT, nicotinamide
N-methyltransferase; NO, nitric oxide; Npx50, number of pixels, for which T; had
changed more than 50% after contrast agent administration; PGI,, prostacyclin;
QC, quality control samples; RAS, renin-angiotensin system; ROI, region of
interest; ROS, reactive oxygen species; RS, real samples; SDMA, symmetric
dimethylarginine; VFA, Variable Flip Angle technique; VSMCs, vascular smooth
muscle cells; Ty, relaxation time; TNF-«, tumor necrosis factor-a.
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of inflammatory burden in plaques, diminished systemic
inflammation, diminished platelet activation that were associated
with an improvement in PGI; and NO-dependent endothelial
function. These results support the notion that pronounced
effects of MNA on endothelial function could contribute to
therapeutic efficacy of MNA (Mateuszuk et al., 2016). However,
in none of the previous experimental studies of MNA was
endothelial function assessed in vivo, but only in ex vivo vascular
preparation (Bartus et al., 2008; Mateuszuk et al., 2016).

Endothelial dysfunction, being a consequence of vascular
homeostatic imbalance is a hallmark of various cardiovascular
diseases including atherosclerosis (Anderson et al, 1995),
hypertension (Dharmashankar and Widlansky, 2010), heart
failure (Marti et al., 2012), as well as non-cardiovascular
diseases such as cancer (Franses et al, 2013). Vascular
dysfunction is associated with activation of pro-inflammatory
signaling molecules including adhesion molecules, chemokines
and cytokines (Karbach et al, 2014; Steven et al, 2015).
There is also evidence that ROS play an important role in
vascular inflammation (Zhou et al, 2011) and tissue damage
(Mittal et al., 2014). There are number of enzymatic sources
of endothelial ROS, including eNOS uncoupling, converting
beneficial NO synthase into a detrimental superoxide-producing
enzyme (Karbach et al., 2014; Schulz et al., 2014).

Currently, many biochemical assays and functional tests are
used for the evaluation of impaired NO-dependent function,
oxidant stress and pro-inflammatory phenotype of endothelial
dysfunction in humans. Prognostic value of biochemical
measurements of endothelial biomarkers is still not widely
accepted (Walczak et al., 2015). However, endothelial function
measurements based on the assessment of impairment of
NO-dependent vasodilatation in the coronary and peripheral
circulation have prognostic importance in predicting adverse
cardiovascular events (Schichinger et al., 2000; Halcox et al.,
2002). In particular, a non-invasive endothelial function
assessment, based on monitoring the brachial artery diameter
with a two-dimensional ultrasound, before and after artery
occlusion is considered a gold-standard method (Frolow et al.,
2015). MRI has also successfully been used for non-invasive
measurement of FMD in humans (Lee et al., 2007; Canton et al.,
2012; Redheuil, 2014; Teixido-Tura et al., 2014), but studies of
endothelial functional phenotype in mice in vivo are associated
with greater technical challenges (Botnar and Makowski, 2012).
Given high spatio-temporal resolution of MRI, it seems to be the
method of choice to assess endothelium-dependent response in
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mice. Indeed, MRI-based tests could provide an excellent tool
to gain better insight into endothelium-dependent mechanisms
in experimental studies in mice (Gotschy et al., 2013; Herold
et al., 2009). Phinikaridou et al. (2012) were the first to describe
an MRI-based method for the noninvasive assessment of
endothelial-dependent vasodilatation and permeability in vivo in
mice, with the use of an albumin-binding magnetic resonance
CA. In our recent studies, we developed a 3D MRI-based
assessment of endothelium-dependent vasodilatation induced by
acetylcholine (Ach) and endothelial permeability fully based on
the use of retrospectively self-gated 3D gradient-echo sequence
(Bar et al., 2016). The developed approach has been validated in
two distinct murine models of endothelial dysfunction, including
atherosclerotic (ApoE/LDLR_/_ mice) and HFD-fed mice,
showing that our approach allows for a reliable detection of the
impairment of NO-dependent vasodilatation and changes in
endothelial permeability.

Genetically modified mice without apolipoprotein E and
receptor for low density lipoprotein (mouse apolipoprotein
E-deficient and Low-Density Lipoprotein Receptor-Deficient
Double Knockout, ApoE/LDLR™/~), constitute reliable mouse
model of endothelial dysfunction linked to atherosclerosis.
In this strain of mice, spontaneously atherosclerosis develops
without administration of atherogenic diet (Kostogrys et al.,
2012), and endothelial dysfunction precedes the atherosclerotic
plaque development (Csdnyi et al., 2012), similarly as it occurs
in humans. In turn, the early development of endothelial
dysfunction in single ApoE~/~ mice was not univocally accepted
(Crauwels et al., 2003; Villeneuve et al., 2003).

Given that the assessment of the endothelial phenotype in vivo
in a reliable mouse model of endothelial dysfunction is essential
for the preclinical profiling of vasoprotective compounds, the
aim of the present study was to take advantage of the 3D
MRI-based method to profile effects of MNA on functional
phenotype of endothelium in ApoE/LDLR™/~ mice in vivo, in
comparison to standard vasoprotective treatment such as ACE-I
(perindopril), that is known to display significant vasoprotective
effect in various experimental models including atherosclerosis
(Chlopicki and Gryglewski, 2005). We also analyzed whether
MNA- or perindopril-induced improvement in endothelial
function is associated with biochemical changes in plasma
in ACE/Ang-11-ACE2/Ang-(1-7) balance and L-Arg/ADMA
ratio.

MATERIALS AND METHODS

Animals

In this study, 4-month-old ApoE/LDLR™/~ mice (body weight
of 20-30 g), bred in the Department of Human Nutrition,
University of Agriculture (Krakow, Poland), were transported
to the animal house at Jagiellonian Centre for Experimental
Therapeutics (JCET), Jagiellonian University (Krakow, Poland)
and were treated for 1 or 2 months with MNA (syntethized
by dr Jan Adamus, Technical University in Lodz, Poland:
100 mg/kg/day in diet) or perindopril (a gift from Servier,
Warszawa Poland: 10 mg/kg/day in drinking water). Doses of
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compounds used in this study were based on our previous
published (Chlopicki et al., 2007; Mateuszuk et al., 2016) and
unpublished studies, for MNA and perindopril, respectively.
Two groups of 4-month-old ApoE/LDLR™/~ mice were left
untreated (as control groups) for 1 and 2 months, respectively.
The sizes and names of the experimental groups are reported
in the legends of the corresponding graphs. All mice were
bred in standard conditions (LD: 12/12, humidity: 60%,
temperature: 23°C), and housed in pathogen-free conditions.
Prior to the MRI experiment, the animals were transported
to the animal house at the Institute of Nuclear Physics
(Krakow, Poland) to assess endothelial phenotype in vivo.
After in vivo measurements, mice were sacrificed in order
to collect blood. The experimental design is illustrated in
Supplementary Figure S1. All experiments were approved by
the Ethics Local Committee of Jagiellonian University (Krakow,
Poland) and were compliant with the Guide for the Care and
Use of Laboratory Animals of the National Academy of Sciences
(NTH publication No. 85-23, revised 1996).

In Vivo Assessment of NO-dependent
Endothelial Response to Ach and
Endothelial Permeability by MRI

MRI experiments were performed using a 9.4T scanner (BioSpec
94/20 USR, Bruker, BioSpin GmbH, Germany), as described
previously (Bar et al, 2016). Mice were anaesthetized using
isoflurane (Aerrane, Baxter Sp. z o. 0., Warszawa, Poland, 1.7
vol. %) in an oxygen and air (1:2) mixture. Body temperature
was maintained at 37°C using circulating warm water. ECG,
respiration and body temperature were monitored using a Model
1025 Monitoring and Gating System (SA Inc., Stony Brook,
NY, USA). Mice were imaged in the supine position to test the
vasomotor response of the vessel. 3D images of the aortic arch
prior to and 25 min after intraperitoneal Ach administration
(Sigma-Aldrich, Poznan Poland: 50 pl, 16.6 mg/kg) were
acquired using the cine IntraGate™ FLASH 3D sequence and
reconstructed with the IntraGate 1.2.b.2 macro (Bruker, BioSpin
GmbH, Germany). T; maps were measured before and 30 min
after intravenous administration of albumin-binding gadolinium
CA (Galbumin, BioPal, Worcester, MA, USA - 25 mg/ml,
4.5 ml/kg) using the VFA technique (Cheng and Wright, 2006;
Wang et al,, 2006), by sampling the signal, using varying values
of flip angles and then fitting the result to an expected T)-
dependent signal model. Imaging parameters for endothelial
function assessment included the following: repetition time
(TR) - 6.4 ms, echo time (TE) - 1.4 ms, field of view (FOV) -
30 mm x 30 mm x 5 mm, matrix size - 256 x 256 x 30,
flip angle (FA) - 30°, and number of accumulations (NA) -
15, reconstructed to seven cardiac frames. Total scan time
was 10 min. Imaging parameters for endothelial permeability
assessment included the following: TR - 10 ms, TE - 1.1 ms,
FOV - 30 mm x 30 mm x 4 mm, matrix size - 192 x 160 x 8,
number of repetitions - 12, and reconstructed to one cardiac
frame. Eight FA were used: 2°, 4°, 6°, 8°, 14°, 20°, 30°, 50°. FA
values were set by changing the length of a radiofrequency pulse,
with constant amplifier power. Total scan time for all angles was
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FIGURE 1 | Methodology to assess endothelium-dependent response and changes in endothelial permeability in brachiocephalic artery (BCA)

in vivo by MRI. (A) Coronal view of the heart. Image showing position of the imaging layer (IL) used for 3D imaging of the aortic arch. (B) 3D image of aortic arch
acquired with the cine IntraGate® FLASH 3D sequence. Endothelial function assessment, expressed as changes in the vessels volume (V) can be performed in
vessels arising from aortic arch. The end-diastolic volumes of BCA were assessed prior to and 25 min after intraperitoneal Ach administration. (C) Representative
images of vessels cross-sections, in which a number of pixels, for which Ty had changed more than 50% after CA administration (Npx50), is marked in red. BCA is
indicated as 1, left carotid artery (LCA) as 2, left subclavian artery (LSA) as 3. RV, right ventricle; LV, left ventricle.

16 min. The experimental design is illustrated in Supplementary
Figure S1.

MRI Data Analysis

Time-resolved 3D images of the aortic arch (Figure 1A) were
analyzed to endothelial function assessment in BCA, using
Image] software 1.46r (NIH Bethesda, MD, USA) and scripts
written in Matlab (MathWorks, Natick, MA, USA). Images
were reconstructed to seven cardiac frames and imported into
Image] as a hyperstack (Figure 1B matrix: 256 x 256, slices:
30, frames: 7). Further analysis was performed in diastole
of BCA, using small hyperstack (Figure 1B marked in red
color matrix: 256 x 256, slices: 5, frames: 1) starting at the
base of the vessel and ending just before the branch. Cross-
sectional areas of BCA at each slices were obtained using
thresholding segmentation and exported to Matlab, where BCA
volumes were reconstructed and calculated. Detailed analysis was
described in Supplementary Material of our previous work (Bar
et al,, 2016). In order to endothelial permeability assessment,
obtained images were used to calculate the T} around the BCA
lumen before and after CA administration. The signal model
was fitted pixel by pixel using Matlab software developed in
house. Two T; maps (before and after CA administration)
were compared, using scripts written in Matlab, and pixels
for which T; had changed significantly (by more than 50%)
after CA administration were marked in red (Figure 1C). The
threshold value (50%) was determined experimentally. All red
pixels were counted by program as number of pixels, for
which T} had changed more than 50% after CA administration
(Npx50).

Measurement of Ang Profile in Plasma

The blood was drawn from the heart, collected in tubes
containing heparin (20 units/ml) and immediately mixed with
protease inhibitor cocktail (Sigma-Aldrich, Poznan, Poland)
in a ratio of 19:1 (v/v), and centrifuged at 1,000 x g for

10 min to isolate plasma. Afterward, the resulting plasma was
transferred into Protein LoBind tubes (Eppendorf, Hamburg,
Germany), split into aliquots and stored frozen at —80°C until
analysis.

Protein precipitation with ACN was used as the sample
pre-treatment method to remove high molecular plasma
compounds. CS, QC samples, and RS were created by spiking
25 pl (pooled blank - CS, QC) plasma with 20 pl appropriate
working standard solution or water (RS) and 5 pl IS - [Asn!,
Va]i]-Ang IT (2,500 pg/ml). Calibration curve standards were
made at: 10; 50; 100; 250; 300; 400; 500 pg/ml (IS - 250 pg/ml)
concentrations, respectively. CS at seven different concentration
levels or adequate QC and RS were deproteinized with ACN
(in 4:1 (v/v) proportion to the samples used) and assayed.

The LC-MS/MS analyses of plasma samples were performed
on an UltiMate 3000 Rapid Separation nano-LC system (Dionex,
Thermo Scientific, San Jose, CA, USA) interfaced via a
ChipMate™ nanoelectrospray ion source (Advion, USA) to
a TSQ Vantage triple quadrupole mass spectrometer (Thermo
Scientific). The samples were injected in 5 pl aliquots onto a
trapping column for desalting and concentrating of the analytes
which in the next step was switched in-line with the separation
C18 column to elute the peptides at a flow rate of 300 nl/min with
an increasing percentage of the organic solvent. Separation was
accomplished using a gradient of phase A (acetic acid (1%, v/v)
in H,0) and phase B (acetic acid (1%, v/v) in ACN) as follows:
2% B for 5 min, 2-98% B for 15 min, and 98% B for 5 min. The
mass spectrometer was operated in the positive ion mode and the
detection of Ang peptides in MRM mode was performed. The two
most sensitive/specific ion transitions were measured for each of
the 9 Ang peptides determined [Ang I, II, IIL, IV, (1-7), (1-9),
Ang A, alamandine and Ang-(1-12)]. Analytical method details
as well as the MS/MS transitions monitored in the protocol are
described elsewhere (Olkowicz et al., 2016). Instrument control,
data collection, and analysis were achieved with the Thermo
Xcalibur (version 2.1) software.
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Measurement of Flux Through L-Arg
Metabolic Pathways

Plasma amino acid concentrations were determined using
a Surveyor HPLC system (Thermo Scientific) coupled to a
TSQ Vantage Triple-Stage Quadrupole mass spectrometer, as
described recently (Smolenska et al., 2016). Briefly, an aliquot
of plasma (50 pl) was deproteinized with 100 pl of ACN
maintained in ice. The tubes were then centrifuged at 4°C,
16,000 x g for 10 min and the resultant supernatant was
collected and subjected to freeze-drying. The residue was
next reconstituted with 50 pl of H,O acidified with 0.1%
(v/v) FA and analyzed using an LC/MS system as detailed
below.

Chromatographic separation was achieved using a Synergi
Hydro-RP column (50 mm x 2.0 mm id., 2.5 pm) fitted
with a security guard (Phenomenex, Torrance, CA, USA).
The mobile phase consisted of a mixture of phase A (5 mM
NFPA in water) and phase B (0.1% (v/v) FA in ACN), that
was delivered at 0.2 ml/min in a gradient from 0 to 45% B
in 5.5 min. The effluent of the HPLC column was directed
to the electrospray Ion-Max source of the mass spectrometer
that was operated in MRM mode. The settings of the ion
source were as follows: needle voltage, +4.5 kV; sheath
gas pressure, 30 (arbitrary units); auxiliary gas pressure, 3
(arbitrary units), and capillary temperature, 250°C. Additionally,
to overcome the possible reduction of the signal intensity
due to perfluorinated carboxylic acid use, we added 0.05%
(v/v) FA in methanol at 0.2 ml/min as the post-column sheet
flow. The LC/MS system, data acquisition and processing
were managed by the Xcalibur software (v. 2.1, Thermo
Scientific).

Statistical Analysis

All of the data obtained are presented as mean and standard
error of the mean (SEM) or in case of the lack of normal
distribution as median and range. Statistical tests were

done using STATISTICA 10 (Stat Soft Inc., USA) or
GraphPad Prism 5 (GraphPad Software, Inc, CA, USA)
software. Non-parametric test (Kruskal-Wallis test) or
parametric test (one-way ANOVA followed by Tukey’s post
hoc test) were performed. Pearson or Spearman correlation
coefficient tests were used to assess dependence between
two parameters. Statistical significance was defined as
p < 0.05.

RESULTS

Effects of MNA and Perindopril
Treatment on Endothelium-dependent
Vasomotor Response and Changes in
Endothelial Permeability in
ApoE/LDLR~/~ Mice In Vivo

In non-treated ApoE/LDLR™/~ mice, injection of Ach
(16.6 mg/kg given i.p. in the volume of 50 wl) resulted in
vasoconstriction of BCA. Endothelium-dependent response
of BCA after Ach administration amounted to -2.39 and -
7.18% for 5-month-old and 6-month-old ApoE/LDLR™/~
mice, respectively. In mice treated with MNA or perindopril
for a 1-month period (Figure 2A), endothelium-dependent
response improved and an increase in volume of BCA after
Ach injection was observed (by about 9 and 3%, respectively).
Treatment of ApoE/LDLR™/~ mice for 2 months with MNA
or perindopril further improved endothelium-dependent
vasodilation as well as decreased endothelial permeability
(Figure 2B). The number of pixels around BCA, for which T
had changed more than 50% after CA administration (Npx50)
was smaller in mice treated with MNA and perindopril than in
non-treated ApoE/LDLR™ /= mice (Npx50 was 6.0, 6.0, and 15.0,
respectively, Figure 2B). Interestingly, there was a significant
correlation between endothelium-dependent response of BCA
and Npx50 (Table 1).

administration (Npx50) (B) in non-treated ApoE/LDLR ™/

MNA n = 7). Statistics: Kruskal-Wallis test, *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 2 | Effects of MNA and ACE-I (perindopril) on endothelial fi and permeability in vivo in ApoE/LDLR~/~ mice. Changes in

end-diastolic volume of BCA 25 min after Ach administration (A) and number of pixels around BCA, for which T had changed more than 50% after CA
mice (columns with diagonal lines) and in ApoE/LDLR
perindopril (columns with vertical lines) for one month (Untreated_5m n = 8, perindopril n = 5, MNA n = 6) or two months (Untreated_6m n = 8, perindopriln = 9,

mice treated with MNA (black columns) or
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TABLE 1 | Correlation b p s of fi | and biochemical
endothelial profiling in vivo.

The pair of parameters R Spearman P
BCA volume changes and Npx50 -0,668739 0,000668
BCA volume changes and L-arginine/ADMA ratio 0,765473 0,000000
BCA volume changes and Ang-(1-7)/Ang |l ratio 0,710365 0,000001
Npx50 and L-arginine/ADMA ratio -0,770589 0,000070
Npx50 and Ang-(1-7)/Ang Il ratio -0,639038 0,002420

Effects of MNA and Perindopril
Treatment on Plasma Ang Profile

The pattern of changes in plasma Ang profile of ApoE/LDLR™
mice treated for one month with MNA was largely convergent
with those observed in plasma of mice treated with perindopril
(as compared to non-treated animals), and involved an
increase in concentration of Ang-(1-7) [by 36% (MNA), 95%
(perindopril)], alamandine [by 18% (MNA), 47% (perindopril)],
and Ang-(1-9) [by 72% (MNA), 173% (perindopril)] in
comparison to untreated ApoE/LDLR™/~ mice (Figure 3A).
At the same time, the level of Ang II and other pathological
effectors of the RAS (Ang III, IV, A) significantly decreased.
The most pronounced differences were observed in the content
of Ang II and its N-terminally truncated metabolite - Ang III,
the level of which nearly halved as compared to the control,
untreated animals [from 119.8 £ 11.3 to 85.5 + 5.4 (MNA) and
t0 50.2 £ 4.1 (perindopril) fmol/ml for Ang II, from 206.2 + 15.5
to 130.4 £ 10.0 (MNA), and to 96.2 & 8.7 (perindopril) fmol/ml
for Ang III, respectively]. These changes were accompanied by
a slight increase in the content of precursor peptides: Ang I [by
21% (MNA) and 34% (perindopril) versus non-treated mice] and
Ang-(1-12) [by 18% (MNA) and 43% (perindopril) as compared
to control animals]. Activation of counter-regulatory ACE2/Ang-
(1-7)/Ang-(1-9) axis with concomitant inhibition of ACE/Ang II
pathway was further highlighted after two months of treatment
with MNA or perindopril whereby the beneficial effect of MNA
treatment was even more similar to that exerted by perindopril
(Figure 3B). Interestingly, there was a significant correlation
between Ang-(1-7)/Ang II ratio and endothelium-dependent
response of BCA or Npx50 (Table 1).

/—
/

Effects of MNA and Perindopril

Treatment on L-Arg/ADMA Ratio in

Plasma

Endothelial function is critically dependent on eNOS activity
and consequently adequate NO bioavailability. Treatment with
both MNA and perindopril was associated with alterations in
amino acid metabolism engaged in NO generation. Plasma
concentration of L-Arg that serves as a substrate for the
formation of NO by the NOS enzymes was elevated after
just one month of treatment with both MNA (by 25%) and
perindopril (21%) as compared to untreated ApoE/LDLR™/~
mice (Figure 4A). Furthermore, the plasma concentration of
precursors of L-Arg (L-citrulline and L-ornithine) was increased
in parallel. These changes were accompanied by a decrease
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in methylated Arg concentration. After 1 month of treatment,
ADMA that is perceived as an endogenous inhibitor of all NOS
enzymes (including eNOS) was diminished by 10% (MNA) and
17% (perindopril), respectively (in comparison to non-treated
animals). Two months of pharmacotherapy led to a further
decline in the plasma concentration of ADMA [by 15% (MNA)
and by 20% (perindopril), respectively] (Figure 4B). Plasma
concentration of SDMA, recognized as a competitive inhibitor of
cellular L-Arg transport was also decreased after 1 and 2 months
of treatment with MNA or perindopril, but these changes did not
reach statistical significance. Moreover, reduced concentration of
methylated Arg was associated with an increase in the content of
Met and concomitant decrease in the level of Hcy. Consequently,
plasma L-Arg/ADMA ratio reflecting NO bioavailability was
clearly elevated after 1 month of treatment with both MNA
(by 34%) and perindopril (by 46%), and this effect was further
maintained after 2 months of treatment. Interestingly, there was
a significant correlation between L-arginine/ADMA ratio and
endothelium-dependent response of BCA or Npx50 (Table 1).

DISCUSSION

In the present work, we profiled endothelial activity of MNA
in comparison with perindopril (ACE-I) using functional 3D
MRI-based in vivo assays of endothelial function in parallel to
biochemical measurements of ACE/Ang II-ACE2/Ang-(1-7)
balance, and L-Arg/ADMA ratio in plasma. We demonstrated
in vivo in ApoE/LDLR™/~ mice, that treatment with MNA
or perindopril resulted in the reversal of Ach-induced
vasoconstriction response to vasodilatation and a concomitant
decrease in endothelial permeability. Functional improvement
of endothelial function by MNA or perindopril treatment was
in both cases associated with the inhibition of ACE/Ang II axis
and parallel activation of ACE2/Ang-(1-7) axis as evidenced by
a fall in plasma concentration of Ang II, and its N-terminally
truncated metabolites (Ang III and IV) and an increase in
Ang-(1-9) and Ang-(1-7) plasma concentration. Furthermore,
MNA and perindopril treatment resulted in an increase in
L-arginine/ADMA ratio compatible with improvement of
NO-dependent endothelial function. Altogether, our results
suggest that MNA displayed a similar pattern of vasoprotective
activity as perindopril, a representative of ACE-Is, and both
compounds affected ACE/Ang II-ACE2/Ang-(1-7) balance and
L-Arg/ADMA ratio that could contribute to their vasoprotective
effects. Given that correction of endothelial function by ACE-Is
contributes significantly to their clinical benefits and their anti-
inflammatory, anti-thrombotic, anti-diabetic, and vasoprotective
actions reported in numerous experimental and clinical papers
(Chlopicki and Gryglewski, 2005), the findings of endothelial
profile of MNA being similar to perindopril in in vivo settings
bring important novel perspectives to understanding the
therapeutic efficacy of MNA reported previously (Gebicki et al.,
2003; Wozniacka et al., 2005; Chlopicki et al., 2007; Bartus$ et al.,
2008; Bryniarski et al., 2008; Brzozowski et al., 2008; Watala et al.,
2009; Sternak et al., 2010; Przyborowski et al., 2015; Blazejczyk
et al., 2016; Jakubowski et al., 2016; Mateuszuk et al., 2016).
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FIGURE 3 | Effects of MNA and ACE-I (perindopril) treatment on plasma Ang profile in ApoE/LDLR~/~ mice. Plasma Ang profile in non-treated
ApoE/LDLR~/~ mice (columns with diagonal lines) and in ApoE/LDLR~/~ mice treated with MNA (black columns) or perindopril (columns with vertical lines) for one
month (A: Untreated_5m n = 6, perindopril n = 5, MNA n = 5) or two months (B: Untreated_6m n = 6, perindopril n = 8, MNA n = 7). Statistics: one-way ANOVA
followed by Tukey’s post hoc test (normality was assessed using the Kolmogorov-Smirnov test); *p < 0.05, **p < 0.01, ***p < 0.001.

In this study, endothelial function in vivo assessment was
performed in BCA, in response to intraperitoneal administration
of Ach. Importantly, endothelium-dependent response was
independent of the effect of Ach on the heart and respiration
(Bar et al, 2016). Undoubtedly, the important advantage of
the use of MRI-based method is a retrospective reconstruction
of images from 3D data sets, which allows for assessment of
response of the entire vessel instead of only one fragment of
the vessel. Moreover, the method provides the possibility of
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accurate positioning after experiment, whereby the effects of
endothelial pharmacotherapy can be assessed, even in small
vessels such as BCA, across various cross-sections to be located
in planes perpendicular to the vessel. The 3D gradient echo
sequence allows the avoidance of precise slice positioning during
measurements, as arbitrary re-slicing during post-processing is
possible with shorter time of the measurements. Importantly, in
the present work an MRI-based method to assess endothelial
permeability changes was also employed. We assessed the
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FIGURE 4 | Effects of MNA and ACE-I (perindopril) treatment on L-arginine/ADMA ratio in plasma in ApoE/LDLR~/~ mice. Plasma concentration of

L-Arg, its precursors (L-Cit, L-Omn), ADMA, SDMA, Met, Hcy as well as L-Arg/ADMA ratio in non-treated ApoE/LDLR~/~ mice (columns with diagonal lines) and in
mice treated with MNA (black columns) or perindopril (columns with vertical lines) for one month (A: Untreated_5mn =
n = 5) or two months (B: Untreated_6m n = 6, perindopril n = 8, MNA n = 7). Statistics: one-way ANOVA followed by Tukey's post hoc test (normality was assessed
<0.05,**p < 0.01, ***p < 0.001.

ApoE/LDLR

using the Kolmogorov-Smirnov test); *p

6, perindopril n = 5, MNA
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number of pixels (around the BCA) for which T; had changed
more than 50% (Npx50), as described previously (Bar et al.,
2016). Npx50 parameter allows avoiding precise determination
of ROI, what is difficult to establish objectively. Finding the pixels
for which Ty had changed more than 50%, allows for operator-
independent assessment of the ROI around the vessel. Analysis
of changes in endothelial permeability represents an important
feature of endothelial dysfunction, and its measurements seem
a valuable test to analyze endothelial state in vivo. When
endothelial permeability increases, leaky intercellular junctions of
endothelium allow access to low-density lipoprotein particles and
transmigration of leukocytes that are critical in atherosclerotic
plaque formation (Kao et al., 1995). Moreover, albumin-binding
CA can also accumulate in vessel walls (Lobbes et al., 2009;
Pedersen et al., 2011), and this results in shortening of the T} in
the vessel wall enabling MRI-based detection, and Npx50-based
operator-independent assessment of endothelial permeability
(Bar et al., 2016). Importantly, in the present work, analysis of
endothelial-dependent response by Ach as well as endothelial
permeability based on Npx50 displayed significant negative
correlation and gave concordant results showing improvement
after MNA and perindopril treatment. Experiments carried out
in this paper support the notion that MRI-based technique
based on the retrospectively self-gated 3D IntraGate® FLASH
sequence (Bar et al., 2016) is useful for monitoring the efficacy
of endothelium-targeted therapy in murine models of diseases
in vivo and seems far superior to ultrasound (Cavalcante et al.,
2011).

In non-treated ApoE/LDLR™/~ mice, injection of Ach
resulted in paradoxical vasoconstriction, what was most likely
due to a smooth muscle muscarinic receptor-dependent
response, as also shown for human arteries with endothelial
dysfunction (Ludmer et al, 1986). Treatment with MNA
or perindopril resulted in shifting the Ach response to a
vasodilatation, which indicates improvement in endothelial
function. Comparing results of changes in BCA volume after
acetylcholine administration in 5-month-old C57BL/6] mice
(9.3%) published in our previous paper (Bar et al., 2016), to
ApoE/LDLR-/- mice after two-month treatment with MNA
(4.5%) or perindopril (5.5%) performed in present study, it
seems that either treatment considerably improved the impaired
endothelium-dependent response. It is worth noting that,
after one-month treatment effects of perindopril seemed to
be more pronounced as compared with the effect of MNA,
but this difference disappeared after two months of treatment.
Improvement in endothelial permeability was also similar in
magnitude for MNA and perindopril after two months of
treatment, supporting the similar pattern of endothelial response
to MNA given in a dose of 100 mg/kg b.w./day in comparison to
perindopril given in a dose of 10 mg/kg b.w./day.

An important finding of the present study was the
demonstration that improvement of endothelial function
by MNA and perindopril treatment, evidenced by MRI-based
assays, was in both cases associated with the inhibition of the
classical RAS pathway - ACE/Ang II/AT{R and concomitant
activation of counter-regulatory RAS pathway - ACE2/Ang-
(1-7)/Mas. Numerous previous studies clearly indicate that the
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RAS plays a critical role in the initiation and progression of
atherosclerosis with endothelial dysfunction as its early event,
and that the balance between two major axes of RAS, i.e.,
ACE/Ang II and ACE2/Ang-(1-7), is a key determinant of RAS
beneficial vs. detrimental effects (Wang et al., 2013; Olkowicz
et al., 2015; Cahill and Redmond, 2016). Ang II is considered as
a pro-atherosclerotic mediator which causes vasoconstriction,
regulates adhesion molecule (ICAM-1, VCAM-1, P-selectin)
expression as well as chemokine, cytokine, and growth factor
secretion within the arterial wall (Jiang et al,, 2014). On the
other hand, ACE2, through its product Ang-(1-7) displays
anti-atherosclerotic properties in vivo, including decreasing
inflammation and oxidative stress, and inhibiting inflammatory
cell infiltration. The protective effect of ACE2, mainly distributed
in ECs, VSMCs, and macrophages, was repeatedly demonstrated.
Overexpression of ACE2 by gene transfer attenuated the
progression of atherosclerotic lesions when the ACE2 gene
was transferred 4 weeks after injury in a rabbit model of
atherosclerosis (Dong et al., 2008). Similarly, overexpression of
ACE2 in ApoE-deficient mice decreased atherosclerotic lesion
size within the aortic sinus as compared to control mice (Lovren
etal,, 2008). In contrast, ACE2-deficiency in LDLR ™/~ as well as
ApoE~/~ genetic background mice increased the development
of atherosclerosis (Thomas et al., 2010; Thatcher et al., 2011).

Our results not only confirmed that perindopril-induced
a vasoprotective shift in the balance of ACE/Ang II and
ACE2/Ang-(1-7), but also underscored that the profile of
MNA is similar to that exerted by perindopril. Zhuo et al.
(2002) have recently demonstrated that the clinical benefits
of chronic ACE inhibition with perindopril, in addition to
the blockade of systemic and tissue Ang II formation, may
be in part due to elevated bradykinin levels, which in turn
lead to increased NO bioavailability. Bradykinin was shown
to be the major mediator of ACE-I-induced anti-thrombotic
effects (Gryglewski et al., 2003, 2005; Chlopicki and Gryglewski,
2005). We did not study here the relative contribution
of Ang II-dependent and bradykinin-dependent pathway to
perindopril-induced improvement in NO-dependent function,
but obviously it cannot be excluded that both pathways may
be involved in perindopril-induced improvement in endothelial
function. Whether the same mechanisms contribute to MNA-
induced effects remains to be established. Interestingly, in
our previous studies describing anti-atherosclerotic effects of
MNA, an improvement in NO-dependent endothelial function,
observed in ex vivo vascular preparations was also associated with
activation of PGI,~-dependent function (Mateuszuk et al., 2016).
Altogether, the results presented here suggest that MNA- induced
shift in the balance of ACE/Ang II and ACE2/Ang-(1-7) toward
the vasoprotective axis may contribute to the improvement of
endothelial function by MNA or alternatively may constitute
an important pathophysiological sign of improved endothelial
function.

We also demonstrated that MNA and perindopril treatment
resulted in an increase in L-arginine/ADMA ratio that was
compatible with improvement of NO-dependent endothelial
function. Given the fact, that circulating level of ADMA
adds independent prognostic information with regard to
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cardiovascular risk beyond that obtained from classical risk
factors and novel biomarkers (Schnabel et al., 2005) this
finding is of importance. In fact, plasma concentrations of
ADMA have been found to be significantly elevated in patients
with arteriosclerosis, as well as in those with coronary risk
factors, such as hypertension or hypercholesterolemia, and
marked increase in ADMA level has been associated with
impaired endothelium-dependent NO-mediated vasodilatation
(Boger et al.,, 1997, 1998; Surdacki et al., 1999; Boger, 2003)
that may be linked to decreased activity of y+LAT as the
major export pathway for the ADMA (Closs et al, 2012).
Interestingly, Suda et al. (2004) have recently reported that the
long-term vascular effects of ADMA are not solely mediated
by inhibition of endothelial NO synthesis but also can lead to
direct upregulation of ACE expression and increased oxidative
stress through AT; receptor activation. Moreover, they have
proposed that inhibition of NO synthesis appears primarily as
a result of short-term action of ADMA; as long as metabolites
of ADMA accumulate at higher concentrations in blood vessels,
eNOS-independent mechanisms predominate. Involvement of
multiple mechanisms in vascular effects of ADMA, other than
simple inhibition of endothelial NO synthesis, including also
upregulation of ACE, remains to be clarified. In a recent work
of Jiang et al. (2016) it was reported that MNA attenuated
atherogenesis via modulation of the ADMA-DDAH pathway in
ApoE-deficient mice. The beneficial effect of MNA treatment
was associated with the upregulation of the DDAH2 enzyme
activity in endothelium via the mitigation of hypermethylation
in the promoter region of the enzyme. These results seem
consistent with our observations showing the reduction in
plasma ADMA concentration as well as Hcy concentration that
was linked to an improved endothelium-dependent vascular
relaxation after MNA. Interestingly, Huang et al. (2015) showed
that Hcy synthesized in endothelium (after Met administration)
affected activity of ACE by direct homocysteinylation of its
amino- and/or sulfhydryl- moieties. This modification enhanced
ACE reactivity toward Ang II and consequently led to NADPH
oxidase-superoxide-dependent endothelial dysfunction. In that
context, treatment with MNA and perindopril attenuates various
apparently interlinked biochemical changes closely associated
with functional phenotype of endothelial dysfunction such as
excessive activation of ACE, elevation of ADMA and Hcy that
can all contribute to vasoprotective action of these compounds
resulting in the improvement of endothelial function reported
here in vivo using functional and biochemical measurements.
Indeed, there was a significant positive correlation between
endothelium-dependent response of BCA after acetylcholine
administration and the two major biochemical parameters
measured here [L-arginine/ADMA ratio and Ang-(1-7)/Ang II].
In turn, since the improvement of endothelial dysfunction was
associated with a decrease in endothelial permeability, correlation
between Npx50 and biochemical parameters [L-arginine/ADMA
ratio and Ang-(1-7)/Ang 1I] had negative character. Similar
correlations between ADMA concentration and Ach- or flow-
induced vasodilatation have also been demonstrated previously
in monkeys with hypercholesterolemia, using endothelium-
dependent vascular function ex vivo assessment (Boger et al,
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2000) as well as in humans with hypercholesterolemia using
ultrasonography ( Boger et al., 1998).

Effects of treatment with MNA and perindopril on
atherosclerotic plaque burden were not assessed in this study, but
it was reported previously that perindopril treatment inhibited
the development of atherosclerotic lesions in diabetic ApoE-
deficient mice (Candido et al., 2002), while anti-atherosclerotic
effect of MNA was described in apolipoprotein E (ApoE)/low-
density lipoprotein receptor (LDLR)-deficient mice (Mateuszuk
et al,, 2016). Given the pathophysiological role of endothelial
dysfunction in atherogenesis, effects of MNA or perindopril on
endothelial function could contribute to the anti-atherosclerotic
action of these compounds.

CONCLUSION

Using functional 3D MRI-based assays of endothelial function
and biochemical measurements of ACE/Ang II, ACE2/Ang-(1-7)
balance and L-Arg/ADMA ratio in plasma, we demonstrated
significant vasoprotective effects of MNA (100 mg/kg b.w./day),
which were comparable with that afforded by perindopril
(10 mg/kg b.w./day), a well-known ACE inhibitor. Although
effects of MNA were less pronounced as compared with
perindopril after 1-month treatment, after 2-month treatment,
either treatment modality resulted in a comparable effect
including reversal of Ach-induced vasoconstriction response
to vasodilatation and a concomitant decrease in endothelial
permeability.  Furthermore, functional improvement of
endothelial function by MNA or perindopril treatment was
in both cases associated with the inhibition of ACE/Ang II axis,
the parallel activation of ACE2/Ang-(1-7) axis, and an increase
in L-Arg/ADMA ratio in plasma. Given that improvement in
endothelial function by ACE-Is contributes to their therapeutic
efficacy (Chiopicki and Gryglewski, 2005), presented in the
current study findings of endothelial profile of MNA being
similar to ACE-I (perindopril) in in vivo settings bring important
novel perspectives to understand therapeutic efficacy of MNA
(Gebicki et al., 2003; Wozniacka et al., 2005; Chlopicki et al.,
2007; Bartus et al., 2008; Bryniarski et al., 2008; Brzozowski et al.,
2008; Watala et al., 2009; Sternak et al., 2010; Przyborowski et al.,
2015; Blazejczyk et al., 2016; Jakubowski et al., 2016; Mateuszuk
et al,, 2016). Moreover, our approach for the in vivo assessment
of endothelial phenotype based on a retrospectively self-gated 3D
gradient-echo sequence, MRI-based technique, concomitant with
the biochemical assays of two important systems of endothelial
regulation, ACE/Ang-1I-ACE2/Ang-(1-7) and L-Arg/ADMA,
proves to be a useful tool for the in vivo endothelial profiling of
compounds to demonstrate convincingly their beneficial effects
on endothelial function.
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The role of epithelial sodium channel (ENaC) activity in the regulation of endothelial
function is not clear. Here, we analyze the role of ENaC in the regulation of endothelium-
dependent vasodilation and endothelial permeability in vivo in mice with conditional
aENaC subunit gene inactivation in the endothelium (endo-aENaCK® mice) using unique
MRI-based analysis of acetylcholine-, flow-mediated dilation and vascular permeability.
Mice were challenged or not with lipopolysaccharide (LPS, from Salmonella typhosa,
10 mg/kg, i.p.). In addition, changes in vascular permeability in ex vivo organs were
analyzed by Evans Blue assay, while changes in vascular permeability in perfused
mesenteric artery were determined by a FITC-dextran-based assay. In basal conditions,
Ach-induced response was completely lost, flow-induced vasodilation was inhibited
approximately by half but endothelial permeability was not changed in endo-aENaCKO
vs. control mice. In LPS-treated mice, both Ach- and flow-induced vasodilation was
more severely impaired in endo-aENaCK® vs. control mice. There was also a dramatic
increase in permeability in lungs, brain and isolated vessels as evidenced by in vivo
and ex vivo analysis in endotoxemic endo-aENaCK® vs. control mice. The impaired
endothelial function in endotoxemia in endo-«ENaC® was associated with a decrease
of lectin and CD31 endothelial staining in the lung as compared with control mice. In
conclusion, the activity of endothelial ENaC in vivo contributes to endothelial-dependent
vasodilation in the physiological conditions and the preservation of endothelial barrier
integrity in endotoxemia.

Keywords: «ENaC, endothelium, LPS, endothelial-induced vasodilation, endothelial barrier integrity

Abbreviations: «ENaC, endothelial sodium channel o; Ach, acetylcholine; BCA, brachiocephalic artery; EB, Evans Blue; FA,
femoral artery; FMD, flow-mediated dilatation; LCA, left carotid artery; LOX-1 receptor, lectin-like ox-LDL receptor-1; LPS,
lipopolysaccharide; NADPH oxidase, nicotinamide adenine dinucleotide phosphate-oxidase; NCX, Na*/Ca?" exchanger;
Ox-LDL, oxidized low-density lipoprotein; PLY, pneumolysin; TA, thoracic aorta; TCA, trichloroacetic acid.
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INTRODUCTION

The epithelial sodium channel (ENaC), composed of three
subunits (¢ENaC, BENaC, and yENaC), is a member of the
ENaC/degenerin superfamily of cation-selective ion channels
(Canessa et al., 1994; Kosari et al., 1998; Alvarez De La Rosa
et al., 2000; Warnock et al., 2014). ENaC is present in the renal
epithelium, where it plays an important role in the regulation
of renal sodium homeostasis. The expression of ENaC has also
been described in the vascular smooth muscle and endothelium,
pointing to its possible role in the regulation of vascular function.
Indeed, expression of ENaC was reported in cultured human
endothelial cells, such as HMEC (Pérez et al., 2009; Wang et al.,
2009; Guo et al., 2016), the ECV 304 cell line (Golestaneh et al.,
2001) and HUVEC (Kusche-Vihrog et al., 2008) as well as in
the endothelium of intact vessels (Pérez et al., 2009; Liu et al.,
2015). All three subunits of ENaC are present in endothelium
(Pérez et al., 2009), and the aENaC was shown to be involved
in the regulation of endothelial cortical stiffness (Jeggle et al.,
2013).

In the last decade, a number of reports have described
the functional role of endothelial aENaC not only in the
control of endothelial nanomechanics, but also vascular
resistance and development of endothelial dysfunction. Jeggle
et al. (2013) claimed a direct correlation between ENaC
surface expression and the formation of cortical stiffness
in endothelial cells. The absence of oENaC in endothelial
cells led to lower cortical stiffness, while increased oENaC
expression induced elevated cortical stiffness. Furthermore,
in a mouse model of Liddle syndrome, an inherited form of
hypertension caused by gain-of-function mutations in the
epithelial Na(+) channel (ENaC), enhanced ENaC expression
and increased cortical stiffness were observed in vascular
endothelial cells in situ, suggesting that ENaC in the vascular
endothelium determines endothelial mechanics and vascular
function.

The ENaC expression in endothelium is regulated by
aldosterone, as in the renal collecting duct cells (Kusche-
Vihrog et al, 2010). The aENaC subunit is involved in
aldosterone-modulated endothelial stiffness (Jeggle et al.,
2013). Aldosterone also increased the amount of ENaC,
while blocking the ENaC or aldosterone by amiloride and
spironolactone, respectively, led to the disappearance of ENaC
channel expression from the cell surface and intracellular
pools, reducing cellular content of ENaC protein (Kusche-
Vihrog et al., 2008). It was postulated that the inhibition of
ENaC channels increased NO production and flow-mediated
vasodilation and contributed to improved nanomechanical
properties of endothelium (Kusche-Vihrog et al., 2010). In
turn, aldosterone may promote endothelial dysfunction by
modulating ENaC expression and activity (Pérez et al., 2009).
Aldosterone-dependent activation of ENaC in endothelial
cells was proposed to be responsible for high salt-induced
loss of vasorelaxation in Dahl salt-sensitive (SS) rats (Wang
et al,, 2017). Not only aldosterone, but also Ox-LDL (oxidized
low-density lipoprotein) has been found to stimulate ENaC
activity in endothelial cells. This mechanism involves LOX-1
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receptor (lectin-like ox-LDL receptor-1)-mediated activation
of NADPH oxidase (nicotinamide adenine dinucleotide
phosphate-oxidase) and the inhibition of ENaC protects the
endothelium from ox-LDL-induced dysfunction (Liang et al.,
2017). Interestingly, ENaCs are sensitive to stretch pressure
and shear stress and responded to shear stress by increasing
the Na (+) influx that could also contribute to endothelium
dysfunction (Guo et al, 2016). On the other hand, the work
of Liu et al. (2015) showed that reduced ENaC activity was
associated with augmented endothelium-dependent relaxation
in mesenteric artery in Sprague-Dawley rats challenged with
high-salt.

In Na'-transporting epithelia, the o subunit of the ENaC
is crucial for promoting Na™ reabsorption. In a recent study,
the endothelial cell barrier protective effect of ENaC-a was
demonstrated in pulmonary microvasculature (Czikora et al.,
2017). TNF-derived TIP peptide, directly binding to ENaC-a
increased both expression and open probability of ENaC in
the presence of pore-forming toxin, PLY, which is a major
virulence factor and a cause of acute lung injury in Streptococcus
pneumoniae infection.

Altogether, the activity of ENaC was suggested to contribute to
endothelial stiffness, impaired NO production and aldosterone-
induced endothelial dysfunction in the endothelium of conduit
vessels, but also in the regulation of the integrity of the
capillary barrier in the microvascular endothelium. Some
discrepancies about the role of ENaC in the regulation of
endothelial function may have been related to the heterogeneity
of endothelium in macro and microvasculature (Pérez et al.,
2009; Jeggle et al, 2013; Guo et al, 2016; Czikora et al,
2017). However, it is important to emphasize that, to our
knowledge, none of previous experimental studies analyzing
the role of ENaC in the regulation of endothelial function
were performed with in vivo measurements, but only in
ex vivo vascular preparations or in vitro experiments in
cultured endothelial cells. Furthermore, pharmacological
tools (such as amiloride or benzamil) were often used to
inhibit ENaC, and these drugs may be non-specific for
ENaC, particularly at high concentrations (Jia et al., 2016).
Genetic deletion of ENaC was used only in some reports
(Jeggle et al, 2013; Czikora et al, 2017) and only recently,
endo-oENaCX® mice have been generated (Tarjus et al,
2017).

In the present study, we analyzed the role of endothelial
oENaC in the regulation of endothelial-dependent vasodilation
and vascular permeability in an in vivo setting using a
unique MRI-based analysis of endothelial function in vivo
(Bar et al, 2016). Ach-, flow-induced dilation and vascular
permeability were assessed in a murine model with targeted
inactivation of aENaC in the endothelium (endo-aENaCK®
mice) (Tarjus et al., 2017) and control littermates that were
challenged or not with LPS (from Salmonella enterica serotype
abortus equi, 10 mg/kg, i.p.). In addition, changes in vascular
permeability were analyzed by EB assay ex vivo, while changes
in vascular permeability were determined by a FITC-dextran-
based assay in isolated, cannulated, and perfused mesenteric
artery.
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MATERIALS AND METHODS

Animals and Protocol

Endo-aENaCX® mice and their control littermates were
generated at the Cordelier Research Centre in Paris, France
as recently described (Tarjus et al, 2017). «ENaC knockout
mice were obtained crossing oENaCf/f floxed mice, kindly
provided by Bernard Rossier in Lausanne (Switzerland) with
transgenic mice expressing Cre recombinase under the control
of Tie2 promoter on a C57Bl/6 genetic background (The Jackson
Laboratory, United States). oENaCf/f littermates lacking the
Tie2-Cre transgene were used as controls.

Endo-aENaCXO and control mice were kept under controlled
conditions (22-24°C, 55% humidity, 12 h day/night rhythm with
free access to food and water until the day of experiment).
The animal procedures described in the present study
were approved by the local Jagiellonian University Ethical
Committee on Animal Experiments, in accordance with the
Guidelines for Animal Care and Treatment of the European
Community.

To induce endotoxemia, LPS (from Salmonella typhosa,
Sigma-Aldrich, St. Louis, MO, United States) was injected
intraperitoneally (10 mg/kg).

The endothelial function, permeability changes and other
final surgical procedures (collection of blood and tissues for
Western Blot or histological examinations) were taken 12 h after
LPS administration after anesthetization of mice with ketamine
and xylazine (100 mg/kg and 10 mg/kg, respectively, i.p. Pfizer,
New York, NY, United States). Control animals were always
treated with intraperitoneal injections of adequate volumes of
saline.

MRI Protocol for the Assessment of

Endothelial Function in Vivo

MRI experiments were performed using a 9.4T scanner (BioSpec
94/20 USR, Bruker, BioSpin GmbH, Germany), as described
previously (Bar et al, 2016). Mice were anesthetized using
isoflurane (Aerrane, Baxter Sp. z o. 0., Warszawa, Poland, 1.7
vol. %) in an oxygen and air (1:2) mixture. Body temperature
was maintained at 37°C using circulating warm water. ECG,
respiration and body temperature were monitored using a Model
1025 Monitoring and Gating System (SA Inc., Stony Brook, NY,
United States).

Endothelium-dependent vascular responses in vivo were
assessed using two techniques: endothelium-dependent response
to Ach administration, as described previously (Bar et al,
2015, 2016) and FMD in response to reactive hyperemia,
considered as a gold standard for clinical studies of endothelial
dysfunction (Raitakari and Celermajer, 2000; Frolow et al.,
2015). Response to injection of Ach (Sigma-Aldrich, Poznaf,
Poland: 50 ul, 16.6 mg/kg, i.p.), was analyzed in the lower part
of the TA, whereas FMD after short-term occlusion (home-
made vessel occluder — description in Supplementary Materials)
was determined in the FA. Vasomotor response was examined
by comparing two, time-resolved 3D images of the vessels
prior to and 25 min after intraperitoneal Ach administration
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(time was determined experimentally in our previous study
(Bar et al,, 2016) or after vessel occlusion had lasted 5 min. The
plasma level of Ach achieved with intraperitoneally injection
was determined using LC/MS/MS technique based on previous
report (Kirsch et al., 2010), with minor modifications The plasma
concentration of Ach was increased already after 10 min and
maintained elevated 25 min after administration as compared
to the control: (0.07 & 0.13 nM; 2.08 £ 1.97 nM, 0.58 + 0.78
nM, before, 10 and 25 min after Ach, respectively). Images
were acquired using the cine IntraGate™ FLASH 3D sequence,
reconstructed with the IntraGate 1.2.b.2 macro (Bruker). End-
diastolic volumes of vessels were analyzed using Image] software
1.46r (NIH, Bethesda, MD, United States) and scripts written
in Matlab (MathWorks, Natick, MA, United States). Imaging
parameters included the following: repetition time (TR) -
6.4 ms, echo time (TE) - 1.4 ms, field of view (FOV) -
30 mm X 30 mm X 5 mm, matrix size — 256 x 256 x 30,
flip angle (FA) - 30°, and number of accumulations (NA) -
15, reconstructed to seven cardiac frames. Total scan time was
10 min.

Data analysis: 3D images of TA were positioned on sagittal
view of the mice, about 5 mm under the heart. 3D images of FA
were positioned on the coronal view of the mice, on the left hind
limb of the mouse. All cross-sectional areas of vessels at each slice
were obtained using thresholding segmentation in Image] and
exported to Matlab, where vessel volumes were reconstructed and
calculated.

MRI - In Vivo Assessment of Vascular
Permeability

Mice were imaged in the supine position to assess endothelial
permeability. Relaxation time (T,) maps were measured using
the cine IntraGate™ FLASH 3D sequence and the variable
flip angle (VFA) technique. Obtained T maps, before and
30 mins after intravenous administration of albumin-binding
gadolinium contrast agent (CA: Galbumin, BioPal, Worcester,
MA - 25 mg/ml, 4.5 ml/kg) were compared pixel by pixel,
using scripts written in Matlab (MathWorks, Natick, MA,
United States). As a result of this comparison, the number
of pixels for which T; had changed more than 50% after
contrast agent administration (Npx50) was calculated. Npx50
was proposed as an alternative method for the assignment
of the changes in the endothelial permeability. Indeed, the
size of the region of interest (ROI) was difficult to establish
objectively, and the idea of finding the pixels for which T1 had
changed by more than 50% allows for operator-independent
assessment of the ROI around the vessel (Bar et al., 2016),
NMR in biomed. Increased value of the Npx50 is associated
with increased endothelial permeability. Imaging parameters for
endothelial permeability assessment included the following: TR -
10 ms, TE - 1.1 ms, FOV - 30 mm X 30 mm X 4 mm,
matrix size - 192 x 160 x 8, number of repetitions —
12, and reconstructed to one cardiac frame. Eight FA were
used: 2°, 4°, 6°, 8°, 14°, 20°, 30°, and 50°. FA values were
set by changing the length of a radiofrequency pulse, with
constant amplifier power. Total scan time for all angles was
16 min.
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FIGURE 1 | (A) Acetylcholine- (Ach, 16.6 mg/kg, dissolved in 50 I pyrogen-free saline administered intraperitoneally) and (B) flow-dependent dilation in
endo-aENaCX® and control mice in basal conditions (saline) and in endotoxemia (LPS, 10 mg/kg, i.p., 12 h) assessed in vivo by MRI. Ach-dependent dilation was
measured in TA while flow-dependent dilation was determined in FA, control (saline) n = 4, endo-«ENaC*® (saline) n = 5, control (LPS) n = 7-9, endo-aENaC*®
(LPS) n = 5-7. Statistics: one-way ANOVA followed by Tukey’s post hoc test (normality was assessed using the Kolmogorov-Smirnov test). The results are presented
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BBB - In Vivo Assessment of Vascular
Permeability

Subsequent to anesthesia (100 mg/kg ketamine + 10 mg/kg
xylazine, i.p.), mice were injected (femoral vein) with a solution of
EB (Sigma-Aldrich) at a dose of 4 ml/kg. Dye solution comprised
2% EB in 0.9% saline. Dyes were left to circulate for 10 min,
then the mice chest was surgically opened to simultaneously
perfuse left (systemic circulation) and right ventricle (pulmonary
circulation) with PBS for 15 min. Lungs and brain were isolated
and brain was separated to cerebral cortex, hippocampus,
cerebellum and brainstem. Isolated brain structures and lungs
were dry-weighted and homogenized in 200 pl of 50% TCA
(dissolved in distilled water). Homogenate was frozen and kept
at —20°C for dye concentration measurement. Subsequent to
thawing, homogenates were centrifuged (at 12,000 rpm for
12 min at 4°C) and the supernatant was collected and diluted
with 1:3 volumes of 95% ethanol prior to photospectrometric
(Synergy 4, Bio-Tek) determination of EB concentration
(fluorescence: excitation at 590 nm, emission at 645 nm;
absorbance at 620 nm). Results were normalized to the tissue
weight.

Ex Vivo Assessment of Vascular
Permeability

In order to assess vascular permeability ex vivo, the first
branch mesenteric artery was gently isolated and freed from
adhering tissue in PSS NaCl 130 mM; NaHCO;3; 15 mM;
KCl 3.7 mM; NaHCO3 15 mM; MgSO; 1.2 mM; glucose
11 mM; CaCl, 1.6 mM and HEPES 5 mM) under a dissecting
microscope. Then, the mesenteric artery was mounted on
a pressure myograph (DMT, Danish Myo Technology A/S,
Aarhus, Denmark), pressurized under no flow at 60 mmHg
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and incubated for an additional half an hour at 37°C. The
PSS solution was continuously aerated with gas (containing
74% N3, 5% CO,, and 21% O;), resulting in a pH of 7.4.
Diameters were recorded simultaneously with light emitted
by arteries at 510 nm with an excitation wavelength of
340 and 380 nm (Ionoptix Corporation, Westwood, MA,
United States).

Subsequently, the artery was perfused with dextran-binding
fluorescein isothiocyanate (FITC-dextran 150 kDa, Sigma-
Aldrich: 50 pg/ml) for 90 mins under flow conditions close to
the physiological state (flow ~ 150-160 pl/min). Fluid from
the chamber in which the vessel was submerged was sampled
every 15 min for 90 min. The FITC-dextran concentration
was assessed in the samples using fluorescence intensity
measurements.

Immunofluorescence and
Immunohistochemical Determination of
Lectin and CD31 in the Lungs

After anesthesia (100 mg/kg ketamine + 10 mg/kg xylazine,
ip.), small fragments of lung tissue were collected, washed
in PBS solution, and then placed in 4% buffered formalin.
Tissues were then rinsed, embedded in paraffin in 5 pum
sections and placed on poly-L-lysine-covered microscopic slides
(Metzel Glaser Super Frost). For immunofluorescence staining,
collected slides were stained using lectin (Vector Laboratories)
followed by Cy3-conjugated streptavidin (Jackson Immuno
Research). Subsequently, 10 randomly chosen eyefields near the
regions of microcirculation were photographed for each mouse
and subjected to acquisition using an AxioCam MRc5 digital
camera and an AxioObserver D1 inverted fluorescent microscope
(Zeiss), stored as tiff files and analyzed automatically using
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FIGURE 2 | (A) Changes in number of pixels (Npx50) for which T1 had changed around BCA and LCA by about 50%, 30 min after Galbumin contrast agent
administration in endo-«ENaCK® and control mice in basal conditions (saline) and in endotoxemia (10 mg/kg, i.p., 12 h) assessed in vivo by MRI. (B) Representative
images of BCA and LCA cross sections, in which Npx50 is marked in red, control (saline) n = 5, endo-«ENaCK® (saline) n = 4, control (LPS) n = 6, endo-«ENaCK®
(LPS) n = 6. Statistics: for BCA: one-way ANOVA followed by Tukey's post hoc test; for LCA: Kruskal-Wallis test followed by Dunn'’s post hoc test (normality was
assessed using the Kolmogorov-Smirnov test). The results are presented as the median with interquartile range, *p < 0.05, **p < 0.01.

endo-aENaCX°(LPS)

Columbus software (version 2.4.2, Perkin Elmer). The automatic
thresholding of microscope image was used to extract the signal
area from the background. Then, the fluorescent signal was
calculated from the extracted area. The results were presented
as the relative lectin I immunopositive area to the all tissue
area.

For CD31 immunohistochemical staining, collected slides
were stained with rabbit anti-mouse CD31 (Abcam), followed
by goat-anti-rabbit secondary antibody (Jackson Immuno
Research).

Subsequently, the total area of lung was scanned with a
BX51 microscope equipped with the virtual microscopy system
dotSlide (Olympus, Japan) and subjected to segmentation in
Tlastik software to assess the relative CD31 immunopositive area
to the all-tissue area. Image segmentation was performed
in TIlastik (developed by the Ilastik team, with partial
financial support by the Heidelberg Collaboratory for
Image Processing, HHMI Janelia Farm Research Campus
and CellNetworks Excellence Cluster) and calculated by Image ]
program.

Statistical Analysis

All of the data obtained are presented as mean and standard
error of the mean (SEM) or in case of the lack of normal
distribution as median with interquartile range. Statistical tests
were done using GraphPad Prism 5 (GraphPad Software, Inc.,
La Jolla, CA, United States) software. Non-parametric test
(Kruskal-Wallis test followed by Dunn’s post hoc test) or
parametric test (one-way ANOVA followed by Tukey’s post
hoc test) were performed. Statistical significance was defined as
p < 0.05.

Frontiers in Pharmacology | w rsin.org

RESULTS

Acetylcholine- and Flow-Induced
Vasodilatation in Endo-«ENaCK® and
Control Mice in Basal Conditions and in

Endotoxemia Assessed in Vivo by MRI
Intraperitoneal injection of Ach in control mice resulted in
vasodilatation with the peak response occurring 25 min following
Ach administration. In endo-aENaCK® mice, Ach-induced
response was totally lost, while flow-induced vasodilation was
inhibited approximately by half as compared with control
mice. In the endotoxemia setting (i.e., after LPS injection),
both Ach- and flow-induced vasodilation were more severely
impaired in endo-oENaCK® mice as compared with control mice
(Figures 1A,B).

Endothelial Permeability in
Endo-«ENaCK® and Control Mice in
Basal Conditions and in Endotoxemia
Assessed in Vivo by MRI and T1 Mapping
of Gd-Albumin Contrast Agent

Accumulation in the Vessel Wall

In basal conditions, the endothelial barrier integrity was
preserved both in endo-aENaCK® and control mice. However,
in endotoxemia, permeability was increased in endo-aENaCK®
mice as compared with control mice 12 h after LPS injection,
as evidenced by an increased Npx50 parameter as defined
in our previous work (Bar et al., 2016). Permeability of the
endothelium differed in endo-aENaCKX® mice as compared
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FIGURE 3 | Changes in fluorescence intensity in homogenates of perfused organs: (A) lungs, (B) liver (C~F) blood-brain barrier (8BB) in endo-aENaCK® and control
mice in basal conditions (saline) and in endotoxemia (10 mg/kg, i.p., 12 h). EB was administered as the contrast agent (4 mg/ml, i.v.), control (saline) n = 14-32,
endo-aENaCH® (saline) n = 5-12, control (LPS) n = 13-30, endo-«ENaCK® (LPS) n = 9-36. Statistics: for hippocampus, brainstem: one-way ANOVA followed by
Tukey's post hoc test; for lung, liver, cerebral cortex, cerebellum: Kruskal-Wallis test followed by Dunn'’s post hoc test (normality was assessed using the
Kolmogorov-Smirnov test). The results are presented as the median with interquartile range, *p < 0.05, **p < 0.01, ***p < 0.001; ***p < 0.0001.
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FIGURE 4 | Changes in fluorescence intensity in PSS buffer measured outside the cannulated vessel along 90 min of the perfusion from endo-aENaCX® and control
mice in basal conditions and in endotoxemia (10 mg/kg, i.p., 12 h). FITC-dextran (150 kDa, 50 pg/ml) was administered as the contrast agent, control (saline) n = 7,
endo-aENaCK® (saline) n = 6, control (LPS)n =7, endo-uENaCK® (LPS) n = 6. Statistics: Kruskal-Wallis test followed by Dunn’s post hoc test (normality was
assessed using the Kolmogorov-Smirnov test). The results are presented as the median with interquartile range, *p < 0.05.

with controls along the whole length of the BCA and LCA
(Figures 2A,B).

Endothelial Permeability in the Perfused
Lungs, Liver, and Blood-Brain Barrier
(BBB) in Endo-0ENaCX® and Control
Mice in Basal Conditions and in
Endotoxemia Assessed ex Vivo

by Evans Blue

As shown in Figures 3A-F, the barrier integrity was not changed
in the microcirculation of lungs, liver and brain in both endo-
«ENaCKX© and control mice in basal conditions. On the contrary,
in endotoxemia, BBB with the exception of cerebral cortex,
was significantly impaired in the hippocampus, brainstem and
cerebellum of endo-aENaCX® mice as compared with control
mice. After LPS, the lung permeability was also significantly
increased in endo-aENaCK® mice as compared with control
mice. Of note, the barrier integrity of liver was not changed both
in endo-aENaCX© and control mice after LPS administration.

Endothelial Permeability in the Isolated,
Cannulated Vascular Preparation in
Endo-«ENaCK® and Control Mice in
Basal Conditions and in Endotoxemia
Assessed ex Vivo by FITC-dextran

In basal conditions, the permeability of perfused mesenteric
artery was not changed both in endo-«ENaCK® and control
mice. In contrast, in endotoxemia, permeability of perfused
artery in endo-0ENaCK® mice was increased as compared
with controls. The increased permeability, measured as the
change in extravascular FITC-dextran concentration in the vessel
incubation chamber, increased significantly during 90 min of
perfusion (Figure 4).
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Expression of Lectin I, CD31, in the Lung

of Endo-«ENaCX® and Control Mice in
Basal Conditions and in Endotoxemia

In basal conditions, the immunofluorescent (IF) and
immunohistochemical (IHC) staining of lung microcirculation
did not show significant changes in expression of lectin I (IF)
and CD31 (IHC) both in endo-aENaCX© and control mice. In
contrast, in endotoxemia, the down-regulation of lectin I and
CD31 was observed in lungs of endo-aENaCK® as compared
with control mice (Figures 5, 6).

DISCUSSION

Using a cell-specific knockout mouse model with deletion of the
oENaC subunit in the endothelial cells, we demonstrated in vivo
that genetic deletion of the «ENaC subunit in the endothelium
resulted in blunted Ach- and flow-induced vasodilation in
the aorta and FA, respectively, without a major effect on
endothelial permeability. In endotoxemia (induced by LPS,
10 mg/kg), the absence of endothelial ENaC resulted in a
more severe impairment of Ach- and flow-induced vasodilation
in conduit vessels, as well as pronounced endothelial barrier
dysfunction in conduit and peripheral vessel as well as in the
lung and brain microcirculation in comparison with mice with
preserved endothelial ENaC expression. This dysregulation of
the endothelial barrier was associated with altered glycocalyx
in endo-«ENaCK® mice as evidenced by the lower expression
of lectin and CD31 in lungs Altogether, our comprehensive
study using various methods to detect endothelial function
and permeability changes in various vascular beds allows us
to suggest that endothelial ENaC contributes to endothelial-
dependent regulation of vascular tone in conduit vessels
and to the preservation of the endothelial barrier function
in endotoxemia both in conduit vessels, in the peripheral
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circulation as well as in the microcirculation of the lung and
brain.

The use of a cell-specific knockout mouse model - endo-
oENaCK? mice - allowed us to describe for the first time
the involvement of endothelial oENaC in the regulation of
endothelial function in vivo. In the present work, we used
an MRI-based method to measure endothelium-dependent
vasodilation and endothelial permeability in vivo as described
previously (Bar et al., 2016). We assessed endothelial function
in vivo in the aorta, in response to administration of Ach,
and in the FA in response to flow (flow-mediated vasodilation,
FMD). MRI-based assessment of endothelial permeability
changes was performed for BCA and LCA, where the leakage
through intercellular junctions of endothelium was evidenced
by accumulation of albumin-binding contrast agent in vessel
walls (Lobbes et al., 2009; Pedersen et al., 2011) and analyzed
as shortening of the T in the vessel and Npx50-based operator-
independent assessment of endothelial permeability (Bar et al.,
2016).

Our results indicating that endothelial deletion of ENaC
impaired endothelium-dependent responses are only partially
compatible with the work of Tarjus et al. (2017). By using the
same cell-specific knockout mouse model, Tarjus et al. (2017)
showed that acute treatment with benzamil, a pharmacological
antagonist of ENaC, decreased Ach-mediated NO production.
However in endo-«ENaCX® mice Ach-induced NO release was
preserved while flow-mediated dilation was impaired. Results
of Tarjus et al. (2017) are not in line with our results as
regards Ach-induced vasodilation but concordant with our
results as regards flow-induced vasodilation. Heterogeneity of
endothelium in macro and microvasculature may explain the
apparent discrepancy between our result (showing impaired

Frontiers in Pharmacology | www.frontiersin.org

FIGURE 5 | (A) Immunofluorescent images of lung microcirculation stained with glycocalyx marker — lectin | (labeled by Cy3, red channel) in endo-«ENaC*® and
control mice in basal conditions (saline) and in endotoxemia. (B) Quantification of immunofluorescent staining for lectin . Ten randomly chosen eyefields near the
regions of microcirculation were photographed for each mouse and subjected to quantification of relative immunopositive area to the all tissue area with the
Columbus software, control (saline) n = 7, endo-aENaCK® (saline) n = 7, control (LPS) n = 8, endo-«ENaCK® (LPS) n = 8. Statistics: Kruskal-Wallis test followed by
Dunn’s post hoc test (normality was assessed using the Kolmogorov-Smirnov test). The results are presented as the median with interquartile range, *p < 0.05,

*k*k

lectin |
immunopostive area/tissue area

agonist and flow-mediated dilation in endo-oENaCK® mice)
and previous results from Tarjus et al. (2017) (showing only
the impairment in flow-mediated dilation). Our study was
performed using in vivo studies in conduit vessels, while those
of Tarjus et al. (2017) were done in resistance mesenteric
arteries. Given the facts that contribution of NO to endothelium-
dependent vasodilation is greater in larger vessels (Campbell
et al.,, 1996), different effects of endothelial «ENaC knock out
on Ach-induced vasodilation in conduit and resistance artery
may related to various contributions of NO to endothelium-
dependent vasodilation induced by Ach. Of note, deletion of
aENaC did not affect the basal diameter of the artery. The basal
volume of aorta measured by MRI before adding Ach was similar
in all four experimental groups of mice.

Our results are in contrast with the studies of Liu et al. (2015)
showing increased Ach-mediated vasodilation after amiloride
pre-treatment, or Jernigan and Drummond (2005) reporting
no effect of benzamil on phenylephrine-induced contraction
in mouse interlobar arteries. Jia et al. (2016) and Knoepp
et al. (unpublished) demonstrated that amiloride improved flow-
induced dilatation, suggesting that ENaC antagonist prevents
endothelial dysfunction. However, amiloride and benzamil can
affect other targets apart from the endothelial ENaC, which makes
these results questionable. In contrast, our study took advantage
of endo-aENaCK® mice that represent a more selective approach
to inactivate ENaC in the endothelium.

Given the important role of Na®/Ca?* exchanger in
endothelial NO production and endothelium-dependent
relaxation (Schneider et al, 2002; Bondarenko et al.,
2017), we propose that impairment of endothelium-
dependent vasodilation in the absence of ENaC may
be mechanistically linked to the function of Nat/Ca?*
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FIGURE 6 | (A) Immunohistochemical images of lung stained with endothelial marker - CD31 after liastik segmentation (immunopositive area marked in red) in
endo-aENaC® and control mice in basal conditions (saline) and in endotoxemia. (B) Quantification of immunohistochemical staining for CD31.
Immunohistochemical signal was quantified with the llastik program to assess the relative CD31 immunopositive area to the all-tissue area after scanning all images
with BX51 microscope equipped with virtual microscopy system dotSlide (Olympus, Japan), control (saline) n = 8, endo-aENaC*® (saline) n = 8, control (LPS)n=7,
endo-«ENaCK® (LPS) n = 7. Statistics: one-way ANOVA followed by Tukey’s post hoc test (normality was assessed using the Kolmogorov-Smirnov test). The results

are presented as the mean + SEM, *p < 0.05, **p < 0.01, ¥**p < 0.0001.

exchanger. This however, remains to be
verified.

It is important to highlight that we have demonstrated
for the first time an important role of endothelial «ENaC in
the regulation of endothelial permeability in vivo. Among
different features of the endothelial dysfunction, increased
endothelial permeability is of special importance in various
pathophysiological conditions including endotoxemia (Blann,
2003; Davignon and Ganz, 2004; Bar et al, 2015). Since it
is well known that the vascular endothelial barrier function
plays the crucial role in the maintenance of homeostasis
and the integrity of organs in the body (Wiesinger et al,
2013) it is necessary to understand the regulation of
this barrier to prevent organ injury. Our results agree
with a recent study performed in cultured microvascular
pulmonary endothelial cells which demonstrate a previously
unrecognized role for aENaC in supporting capillary barrier
function that may apply to the human lung (Czikora et al,
2017).

We consider two possibilities to explain the relation between
endothelial permeability and glycocalyx disruption. On one
hand, ENaC may be directly involved in the regulation of
glycocalyx integrity, while on the other hand glycocalyx injury
is the consequence of endothelial barrier injury resulting from
the loss of ENaC-dependent regulation of endothelial cell
permeability. We provide evidence that in the absence of
ENaC, LPS challenge resulted in lower expression of lectin I
(a specific marker for glycocalyx) and CD31 in lungs from
endo-aENaCX® mice as compared to control mice. Interestingly,
platelet endothelial cell adhesion molecule (CD31) has a

hypothesis,
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lectin-like activity toward «2,6-sialic acid critical for homophilic
interactions and endothelial viability (Kitazume et al., 2014).
Thus, loss of CD31 could contribute to endothelial barrier
disruption in endo-aENaCK® mice. Given the fact that tight
junction rather than adherens junction determine the endothelial
permeability we suspect that «ENaC activity may be more linked
with the regulation of tight junction paracellular permeability
rather than adherens junctions (Fernandez-Martin et al., 2012;
Hu et al,, 2013; Ren et al,, 2015). Obviously, several signaling
pathways not studied here such as Rho/ROCK, PKCs, MAPK
or Rho/Rac activity could be involved in regulation of barrier
integrity by aENaC (Birukova et al, 2013; Hu et al, 2013;
Mammoto et al.,, 2013; Han et al., 2016; Radeva and Waschke,
2017).

In summary, even though a number of mechanisms could
be involved in the oENaC-dependent regulation of barrier
function that have been not fully defined here our results
univocally suggest that strategies aiming to activate aENaC
may represent a novel approach to improve barrier function
in the capillary endothelium, not only during pneumonia
as suggested previously (Czikora et al, 2017), but also in
endotoxemia.

Numerous reports have shown that increased ENaC activity
tends to stiffen the endothelium followed by reduced NO
release and vasoconstriction (Jeggle et al., 2013; Kusche-Vihrog
et al.,, 2014). Even though under in vitro conditions, endothelial
cortical stiffness is inversely correlated with NO production
(Kusche-Vihrog et al., 2010; Warnock et al., 2014), the fact
that endo-aENaCK® mice display a softer cortical layer of
endothelium in ex vivo aorta (Tarjus et al, 2017) suggests
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that cortical endothelial stiffness represents a pathophysiological
phenomenon not directly linked to endothelial-dependent
vasodilation in vivo. On the other hand, given the detrimental
role of aldosterone on endothelial function in cardiovascular
disease and the beneficial effect of aldosterone in endotoxemia
(Fadel et al., 2017), our results may underline the differential
role of the aldosterone/ENaC pathway in healthy and disease
conditions.

CONCLUSION

We have demonstrated in this study that endothelial «ENaC
plays a crucial role in vascular physiology and pathophysiology.
In physiological conditions, endothelial ®ENaC regulates Ach-
and flow-induced vasodilation, while in pathophysiological
conditions oENaC contributes to the preservation of the
endothelial barrier function. Accordingly, our results suggest
that it is not the inhibition - as previously suggested — but the
stimulation of endothelial ®ENaC which may be beneficial for
improved endothelial function.
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wykazuje indywidualny wkiad mgr Anny Bar przy opracowywaniu koncepcji, wykonywaniu

czesci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy.

v Qﬁd?}.‘& R SO N

(podpis wspodtautora)
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Krakéw, dnia,.4&.. 4

Mgr Anna Bar

(tytut zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako wspolautor pracy pt. The deletion of endothelial sodium channel o (¢ENaC)
impairs endothelium-dependent vasodilation and endothelial barrier integrity in
endotoxemia in vivo oSwiadczam, iz méj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:
przygotowanie i wykonanie eksperymentdw obrazowania magnetyczno-rezonansowego
(MRI) fenotypu $rodblonka in vivo (pomiary $rodblonkowo-zaleznego rozkurczu i zmian
przepuszczalno$ci naczynia); wspotudzial w opracowaniu 1 analizie statystycznej
otrzymanych wynikéw MRI;, pomoc przy przygotowaniu wybranych odpowiedzi do
recenzentow oraz ostatecznej formy wybranych rycin.

Oswiadczam, iz samodzielna i mozliwa do wyodrebnienia czg§é ww. pracy wykazuje
méj indywidualny wklad przy opracowywaniu koncepcji, wykonywaniu czeSci

eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy.

‘ (podpis wspdlautora)
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Krakéw, dnia 13 lutego 2019

Dr n. med. Mateusz Adamski

(tytut zawodowy, imi¢ i nazwisko)

OSWIADCZENIE

Jako wspétautor pracy pt. The deletion of endothelial sodium channel a (¢ENaC)
impairs endothelium-dependent vasodilation and endothelial barrier integrity in
endotoxemia in vivo o$wiadczam, iz m¢éj wilasny wkiad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:
pomoc w przeprowadzeniu eksperymentéw dotyczacych badania zmian przepuszczalnosei
perfundowanych narzadéw (ptuco, watroba) oraz bariery krew—mézg przy wykorzystaniu
znacznika fluorescencyjnego Evans Blue; pomoc w opracowaniu otrzymanych wynikéw
w w/w badaniu zmian przepuszczalnosci.

Jednoczesnie ~ wyrazam  zgode na  przedlozenie w/w  pracy  przez
mgr Anng Bar jako czgé¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru
artykuléw opublikowanych w czasopismach naukowych.

Oswiadczam, iz samodzielna i mozliwa do wyodrgbnienia czes¢ ww. pracy
wykazuje indywidualny wklad mgr Anny Bar przy opracowywaniu koncepcji, wykonywaniu

czgsci eksperymentalnej, opracowaniu i interpretacji wynikéw tej pracy.

(podpis wspotautora)
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Krakaw, dn:&;‘fﬁ%‘d .’j

Mgr farm. Tasnim Mohaissen

OSWIADCZENIE

Jako wspétautor pracy pt. The deletion of endothelial sodium channel a (aENaC)

impairs endothelium-dependent vasodilation and endothelial barrier integrity in

endotoxemia in vive o$wiadczam, iz mo6j wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie publikacji to:
pomoc w przeprowadzeniu eksperymentéw dotyczacych badania zmian przepuszczalnosci
perfundowanych narzadéw (phluco, watroba) oraz bariery krew—mozg przy wykorzystaniu
znacznika fluorescencyjnego Evans Blue.

Jednocze$nie wyrazam zgodg na przedlozenie w/w pracy przez
mgr Anng Bar jako cz¢éé rozprawy doktorskiej w formie spdjnego tematycznie zbioru
artykuléw opublikowanych w czasopismach naukowych.

Oéwiadczam, iz samodzielna i mozliwa do wyodrebnienia czg$¢ ww. pracy
wykazuje indywidualny wkiad mgr Anny Bar przy opracowywaniu koncepcji, wykonywaniu

czeéci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy.

podpis wspoélautora
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Mgr Brygida Marczyk

(tytut zawodowy, imig i nazwisko)

OSWIADCZENIE

Jako wspélautor pracy pt. The deletion of endothelial sodium channel @ («ENaC)
impairs endothelium-dependent vasodilation and endothelial barrier integrity in
endotoxemia in vivo o$wiadczam, iz mdj wlasny wklad merytoryczny w przygotowanie,
przeprowadzenie i opracowanie badaf oraz przedstawienie pracy w formie publikacji to:
pomoc w przeprowadzeniu eksperymentéw obrazowania magnetyczno-rezonansowego (MR)
fenotypu $rodblonka in vivo (pomiary S$rodbtonkowo-zaleznego rozkurczu i zmian
przepuszcezalnosci naczynia).

Jednoczeénie  wyrazam  zgode na  przedlozenie  w/w  pracy  przez
mgr Anne Bar jako czesé rozprawy doktorskiej w formie spojnego tematycznie zbioru
artykutow opublikowanych w czasopismach naukowych.

Os$wiadczam, iz samodzielna i mozliwa do wyodregbnienia cze¢§¢ ww. pracy
wykazuje indywidualny wktad mgr Anny Bar przy opracowywaniu koncepcji, wykonywaniu

czgsci eksperymentalnej, opracowaniu i interpretacji wynikow tej pracy.

(podpis 'spohutona)
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