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1. Wykaz stosowanych skrotéw

AKT —inaczej PKB — protein kinase B (kinaza biatkowa B)

BMI — body mass index (wskaznik masy ciata)

CALN - calcineurin (kalcyneuryna)

DAG — diglyceride (digliceryd)

eNOS - endothelial nitric synthase (Srodblonkowa syntaza tlenku azotu)
ERK1 — extracellular signal-regulated kinase 1

(kinaza regulowana sygnatem zewnatrzkomorkowym 1)

ERK1/2 — extracelluar signal-regulated kinase 2

(kinaza regulowana sygnatem zewnatrzkomorkowym 2)

FAK — focal adhesion kinase (kinaza ptytek przylegania)

FGF — fibroblast growth factor (czynnik wzrostu fibroblastow)

FOXO1 — forkead box protein O1 (czynnik transkrypcyjny FOXO1)
FOXO3a — forkead box protein O3a (czynnik transkrypcyjny FOX0O3a)
IDF — Internation Diabetes Federation (Migdzynarodowa Federacja Diabetologiczna)
IP3 — inositol trisphosphate (trifosforan inozytolu)

Ki-67 — marker of proliferation Kiel 67 (marker proliferacji komoérkowej Kiel 67)
LEPR — leptin recetor (receptor dla leptyny)

MAP — mitogen-activated protein kinase (kinaza aktywowana mitogenem)
MetS — metabolic syndrome (zesp6t metaboliczny)

MRNA — messenger RNA (matrycowe RNA)

MTOR — mammalian target of rapamycin (ssaczy cel rapamycyny)

NFAT — nuclear factor od activated T-cells

(czynnik jadrowy aktywowanych limfocytow T)

NO — nitric oxide (tlenek azotu)

NRP-1 — neuropilin 1 (neuropilina 1)

p38 — protein 38 mitogen-activated protein kinase (kinaza aktywowana mitogenem p38)
PI3K — phosphoinositide 3-kinase (kinaza 3-fosfatydyloinozytolu)

PIP3 — phosphatidylinositol (3,4,5) — trisphosphate

(5'-fosforan (3,4,5)-trifosforanu fosfatydyloinozytolu)

PKC — protein kinase C (kinaza biatkowa C)

PLCY — phospholipase C (fosfolipaza C)



PTEN — phosphatase and tensin homog deleted on chromosome ten

(homolog fosfatazy i tensyny, ulegajacy delecji w chromosomie 10)

PXN — paxillin (paksylina)

RAF-1 — proto-oncogene serine/threonine-protein kinase c-RAF

(specyficzna kinaza serynowo-treoninowa)

SRC — proto-oncogene tyrosine protein kinase SRC (specyficzna kinaza tyrozynowa)
STAT —signal transducer and activator of transcription

(przekaznik sygnatu i aktywator transkrypcji)

VEGF — vascular endothelial growth factor (naczyniowo-srodbtonkowy czynnik wzrostu)
VEGF-A - vascular endothelial growth factor A

(naczyniowo-srodbtonkowy czynnik wzrostu A)

VEGF-B — vascular endothelial growth factor B

(naczyniowo-srodbtonkowy czynnik wzrostu B)

VEGF-C — vascular endothelial growth factor C

(naczyniowo-$rodbtonkowy czynnik wzrostu C)

VEGF-D — vascular endothelial growth factor D

(naczyniowo-$rodbtonkowy czynnik wzrostu D)

VEGFR — vascular endothelial growth factor receptor

(receptor dla naczyniowo-srodbtonkowego czynnika wzrostu)

VEGFR-1 — vascular endothelial growth factor receptor type 1

(receptor dla naczyniowo-srodbtonkowego czynnika wzrostu typ 1)

VEGFR-2 — vascular endothelial growth factor receptor type 2

(receptor dla naczyniowo-srédbtonkowego czynnika wzrostu typ 2)

VEGFR-3 — vascular endothelial growth factor receptor type 3

(receptor dla naczyniowo-srodblonkowego czynnika wzrostu typ 3)

VE-kadheryna — vascular endothelial kadherin (kadheryna §rodbtonka naczyniowego)
WHO — World Health Organization (Swiatowa Organizacja Zdrowia)

WOBASZ - Wieloosrodkowe Ogolnopolskie Badanie Stanu Zdrowia Ludnosci

ZDF — Zucker Diabetic Rat (szczurzy model cukrzycy)



2. Streszczenie w jezyku polskim

Zespot metaboliczny (MetS) definiowany jest jako zespot wspotistniejacych
schorzen, takich jak otyto$¢, zaburzenia gospodarki weglowodanowej oraz lipidowej,
insulinooporno$¢ oraz podwyzszone warto$ci cisnienia tetniczego. MetS stanowi istotny
problem chorobowy, gdyz dotyka co trzeciej kobiety oraz blisko 40% mezczyzn w Polsce.
W tej grupie pacjentow szczeg6Olnie zwigkszone jest ryzyko zdarzen sercowo-
naczyniowych oraz obserwowany jest rozw6j niewydolnos$ci serca z zachowang frakcja
wyrzutowg. W patogenezie powiktan sercowo-naczyniowych w MetS wazng role odgrywa
postepujaca dysfunkcja komorek §rodbtonka naczyniowego w sercu, a co za tym idzie,
mikrokrgzenia. Objawy MetS, takie jak hiperglikemia, hipercholesterolemia,
czy nadci$nienie, majg negatywny wplyw na metabolizm komoérek $rodbtonka poprzez
indukcje stanu zapalnego, zaburzenia w gospodarce wolnymi rodnikami, czy deregulacje
produkcji NO. Powyzsze zmiany prowadza do sztywnienia §ciany naczyn, zwigkszonej
przepuszczalnos$ci bariery naczyniowej i uposledzenia procesOw angiogenezy. Rezultatem
jest uposledzenie krazenia, prowadzace do obrzeku, widknienia i niewydolnosci serca.

Celem prac byto okreslenie roli, jaka odgrywa sygnalizacja VEGF/VEGFR-2
w odpowiedzi angiogennej Srddblonka oraz regulacji przepuszczalnosci mikronaczyn
miokardium w MetS na modelu myszy db/db, ktére wykazuja cechy zespotu
metabolicznego.

Jako model do do$wiadczen wykorzystano myszy db/db, ktore na skutek
spontanicznej mutacji nie posiadaja funkcjonalnego receptora dla leptyny. Zwierzeta
te nie kontrolujg apetytu, a co za tym idzie rozwijaja otylos¢, cukrzyce
I hipercholesterolemi¢. Myszy karmione byty standardowa pasza i w 21. tygodniu zycia
pobrano od nich serce oraz aort¢. Aby potwierdzi¢ wystgpowanie cech zespotu
metabolicznego u zwierzat doswiadczalnych, w odstgpach tygodniowych byty
one poddawane wazeniu 1 mierzono poziom glikemii. Gesto$¢ naczyn krwiono$nych,
receptora dla VEGF i VE-kadheryny w miokardium oceniana byta z wykorzystaniem
barwien immunohistochemicznych i mikroskopii konfokalnej. Ultrastruktur¢ komorek
srodbtonka w miokardium, ze szczegdlnym uwzglgdnieniem potaczen migdzy komoérkami
srodblonka 1 liczebno$ci pecherzykdéw transcytotycznych oceniano w transmisyjnym
mikroskopie elektronowym. Nastepnie z miokardium na drodze enzymatyczne)
I przy zastosowaniu techniki sortowania na kolumnie magnetycznej wyizolowano komorki

srodblonka naczyniowego 1 przeprowadzono analiz¢ ekspresji wybranych mRNA
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(miedzy innymi VEGF-A, VEGF-B, VEGFR-2, AKT, SRC, ERK1, VE-kadheryna)
uzywajac techniki Real-Time PCR. Ponadto wykonano test stymulacji kragzkow aortalnych
w celu oceny potencjatu angiogennego $rodbtonka.

W badaniach wykazano, ze mysz db/db karmiona pasza standardowg szybko
przybiera na wadze, a pomiary stezenia glukozy wykazaty hiperglikemie, jednakze roznice
pomi¢dzy osobnikami w obrebie jednej grupy byly znaczace. W miokardium myszy db/db
obserwowano zmniejszong liczba mikronaczyn krwiono$nych w stosunku do zwierzat
kontrolnych. Ponadto w analizie ultrastruktury naczyn mikrokrazenia w koniuszkowej
czesci serca zaobserwowano zwigkszenie przestrzeni pomiedzy komoérkami srodblonka
naczyniowego oraz spadek intensywno$ci transportu pecherzykowego, co moze
wskazywa¢ na rozszczelnienie bariery naczyniowej. Wykazano, ze ekspresja mRNA
dla VEGF-A i VEGFR-2 jest zwigkszona w izolowanych komoérkach s$rodbtonka
naczyniowego myszy db/db, natomiast analiza immunohistochemiczna ggstosci ekspresji
VEGFR-2 w komorkach $rodbtonka wykazata, ze dochodzi do jej zmniejszenia w caltym
sercu, w szczegolnosci w obszarze przegrody miedzykomorowej. Wykazano,
ze w izolowanych komorkach srodblonka naczyn serca dochodzi do zwigkszenia ekspresji
mRNA dla kluczowych bialek zaangazowanych w przekazywanie sygnalu
wewnatrzkomorkowego regulujacego angiogeneze (szlak kinazy AKT i MAP)
oraz przepuszczalno$¢ bariery naczyniowej (szlak kinazy SRC); kiedy analizg
przeprowadzono na fragmencie tkanki miokardium réznic w ekspresji nie obserwowano.
Jednocze$nie wykazano na drodze barwienia immunohistochemicznego, ze w obszarze
lewej komory dochodzi do spadku ekspresji VE-kadheryny w komoérkach §rodbtonka serca
myszy db/db. Test krazkéw aortalnych wykazal, ze komorki srodblonka myszy db/db maja
mniejszy potencjat angiogenny, gdyz po pobudzeniu przez VEGF-A wytwarzaja mniej
naczyniopodobnych struktur niz aorty myszy z grupy kontrolne;.

Otrzymane wyniki moga sugerowaé, ze W MetS dochodzi do istotnego
uposledzenia odpowiedzi angiogennej komodrek sroédbtonka serca, zaleznej od szlaku
sygnatlowego VEGF-VEGFR-2. Ponadto analiza izolowanych komoérek $rodbtonka
pozwala przyblizy¢ mechanizmy, ktore reguluja proces angiogenezy i przepuszczalnosci
naczyn krwionosnych u myszy db/db, co nie jest mozliwe, kiedy podobne badania
prowadzi si¢ na fragmencie miokardium. Uzyskane wyniki moga by¢ wstepem do dalszych
badan nad dysfunkcja mikrokrazenia w MetS, a co za tym idzie w przyszto$ci mogg si¢
przyczyni¢ do opracowania nowych metod diagnostycznych i terapeutycznych

niewydolnosci serca w zespole metabolicznym.
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3. Streszczenie w jezyku angielskim (wraz z angielska wersja tytulu rozprawy)

The role of VEGF/VEGFR-2 signaling in the regulation of endothelial angiogenic
response and microvascular permeability in the myocardium in a mouse model

of metabolic syndrome

Metabolic syndrome (MetS) is defined as a set of coexisting abnormalities,
such as obesity, carbohydrate and lipid metabolism disorders, insulin resistance
and elevated blood pressure. MetS is a significant disease problem as it affects every third
woman and nearly 40% of men in Poland. In this group of patients the risk of cardiovascular
events is particularly increased and the development of heart failure with preserved ejection
fraction is observed. In the pathogenesis of cardiovascular complications in MetS,
an important role is played by the progressive dysfunction of vascular endothelial cells
in the heart and, consequently, of the microcirculation. Symptoms of MetS,
such as hyperglycemia, hypercholesterolemia, or hypertension, have a negative impact on
the metabolism of endothelial cells by inducing inflammation, disturbances
in the metabolism of free radicals, and deregulation of NO production.The above changes
lead to stiffening of the vascular wall, increased permeability of the vascular barrier
and impaired angiogenesis processes. The result is impaired circulation, leading to edema,
fibrosis, and heart failure.

The aim of the study was to determine the role of VEGF/VEGFR-2 signaling
in the endothelial angiogenic response and the regulation of myocardial microvascular
permeability in MetS in the db/db mouse model, which exhibits features of the metabolic
syndrome.

The db/db mouse was used as a model for the experiments, which, due to
a spontaneous mutation, lacks a functional leptin receptor. These animals do not control
their appetite and therefore develop obesity, diabetes and hypercholesterolemia. The mice
were fed standard feed and at 21 weeks of age their heart and aorta were collected.
To confirm the presence of features of the metabolic syndrome in experimental animals,
they were weighed at weekly intervals and their glycemia levels were measured.
The density of blood vessels, VEGF receptor and VE-cadherin in the myocardium was
assessed using immunohistochemical staining and confocal microscopy. The ultrastructure
of endothelial cells in the myocardium, with particular emphasis on junctions between

endothelial cells and the number of transcytotic vesicles, was assessed using a transmission
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electron microscope. Then, vascular endothelial cells were isolated from the myocardium
using an enzymatic method and a magnetic column sorting technique, and an analysis
of the expression of selected mRNAs (including VEGF-A, VEGF-B, VEGFR-2, AKT,
SRC, ERK1, VE-cadherin) was performed using the Real-Time PCR. Additionally,
an aortic ring assay was performed to assess the angiogenic potential of the endothelium.

The study showed that db/db mice fed standard diet quickly gained weight, and
glucose measurements showed hyperglycemia, but the differences between individuals
within one group were significant. A reduced number of blood microvessels was observed
in the myocardium of db/db mice compared to control animals. Moreover, the ultrastructure
analysis showed an increase in the space between vascular endothelial cells and a decrease
in the intensity of vesicular transport in the apical region of the heart, which may indicate
a weakening of the vascular barrier. VEGF-A and VEGFR-2 mRNA expression was shown
to be increased in isolated vascular endothelial cells of db/db mice,
while immunohistochemical analysis of VEGFR-2 expression density in endothelial cells
showed that it was decreased throughout the heart, especially in the interventricular septum
area. It has been shown that in isolated cardiac endothelial cells there is an increase
in the expression of MRNA for key proteins involved in the transmission of intracellular
signals regulating angiogenesis (AKT and MAP kinase pathway) and vascular barrier
permeability (SRC kinase pathway); when the analysis was performed on a fragment of
myocardial tissue, differences in expression were not observed. At the same time,
immunohistochemical staining showed that there is a decrease in VE-cadherin expression
in the cardiac endothelial cells of db/db mice in the left ventricular area. The aortic ring
assay showed that the endothelial cells of db/db mice have a lower angiogenic potential
because they produce fewer vascular-like structures when stimulated by VEGF-A than the
aortas of control mice.

The obtained results may suggest that in MetS there is a significant impairment
of the angiogenic response of cardiac endothelial cells, which is dependent on
the VEGF-VEGFR-2 signaling pathway. Moreover, the analysis of isolated endothelial
cells allows us to elucidate the mechanisms that regulate the process of angiogenesis
and blood vessel permeability in db/db mice, which is not possible when similar studies
are carried out on a fragment of the myocardium. The obtained results may be
an introduction to further research on microcirculation dysfunction in MetS, and thus
in the future they may contribute to the development of new diagnostic and therapeutic

methods for heart failure in MetS.
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4. Wprowadzenie

4.1 Zespot metaboliczny

Zespot metaboliczny definiowany jest jako zespdt wspotistniejacych schorzen, takich
jak otylo§¢, zaburzenia gospodarki weglowodanowej i lipidowej, insulinooporno$é
oraz podwyzszone wartosci ci$nienia tetniczego. Zgodnie z wytycznymi WHO gtéwnym
kryterium rozpoznania MetS jest otylo$¢ oraz wystepowanie dwoch z trzech: nadci$nienia,
hiperglikemii lub hipercholesterolemii. Badania nad MetS wydaja si¢ szczegdlnie
interesujace, gdyz rozpowszechnienie tej jednostki chorobowej dynamicznie si¢ zwigksza,
szczeg6Olnie w krajach rozwinigtych i dotyczy mniej wiecej 1/3 catej populacji [1].
W Polsce czestos¢ wystgpowania MetS byla oceniana w badaniach WOBASZ.
Jak wskazuja wyniki danych, zbieranych w latach 2013-2014, problem ten dotyczy
32,8% kobiet oraz 39% mezczyzn. Istotniejsze natomiast jest to, ze na przestrzeni okolo
10 lat w poréwnaniu z danymi z badania WOBASZ | zachorowalnos¢ wzrosta
0 3,3% u kobiet oraz o 8,8% u m¢zczyzn [2].

Definicja MetS zmieniata si¢ na przestrzeni lat. Szczegdlng uwage zwracano na otytos¢,
zwlaszcza typu brzusznego, obecno$¢ nadci$nienia te¢tniczego, podwyzszong glikemig
czy zaburzenia lipidowe. Poszczegolne progi, ktore byty brane jako punkty odcigcia r6znig
si¢ w zalezno$ci od kryteriow przyjetych przez WHO czy IDF [3]. W Polsce obowigzuja
ustalenia z 2022 roku, wedle ktorych do rozpoznania MetS kwalifikuje obwod talii powyzej
88 cm u kobiet oraz powyzej 102 cm u mezczyzn lub BMI >30 kg/m?, oraz obecnosci
dwoch z trzech zaburzen, takich jak cukrzyca lub stan przedcukrzycowy, podwyzszone

stezenie cholesteroli oraz wysokie cisnienie t¢tnicze [4].

4.2. Modele zwierzgce MetS

W badaniach nad MetS stosuje si¢ modele zwierzece trzech rodzajow, w ktorych
objawy zespolu sa wynikiem mutacji genetycznej, karmienia specjalnie dobrang pasza
lub podawania lekoéw, majacych indukowaé zaburzenia metaboliczne. W modelu
indukowanym dieta najczgSciej stosowana s3 mieszanki paszowe z dodatkiem
weglowodanow, jakich jak fruktoza czy sacharoza, lub diety wysokottuszczowe,
lub mieszanki powyzszych. Wsrdd lekow stosuje sie glikokortykosteroidy lub leki

przeciwpsychotyczne. Obie powyzsze metody indukcji MetS sa czasochtonne, dlatego
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czesto stosowane sg rowniez modele oparte na mutacjach genetycznych, takie jak myszy

db/db czy szczury ZDF [5].

4.3. Myszy db/db z mutacja spontaniczng w receptorze dla leptyny

Myszy db/db wykazuja spontaniczng mutacje w receptorze dla leptyny, co powoduje
jego inaktywacj¢. Centralne zaburzenia sygnalizacji leptyna — LEPR rozregulowuja
os$rodek sytosci w moézgu, w wyniku czego dochodzi do pojawienia si¢ u tych zwierzat
otyto$ci, zaburzen gospodarki we¢glowodanowej i hipercholesterolemii. Ponadto zmiany
metaboliczne u tych zwierzat wywotuja takze zmiany morfologiczne i funkcjonalne
w migsniu sercowym, prowadzac do postepujacej niewydolnosci tego narzadu [6].

Leptyna odgrywa kluczowa role w homeostazie energetycznej przez wptyw na osrodki
glodu 1 syto$ci w podwzgdrzu. Ponadto ta adipokina, ktora jest gléwnie produkowana
w tkance tluszczowej z6ltej, wywiera liczne efekty obwodowe, gdyz wiele typoéw komorek
posiada receptory dla tego biatka. Udzial obwodowej sygnalizacji leptyna - LEPR opisano,
miedzy innymi, w uktadzie rozrodczym, odporno$ciowym i sercowo-naczyniowym [7].
U pacjentow z MetS obserwowane jest podwyzszone st¢zenie leptyny w surowicy.
Powoduje to oporno$¢ na stymulacje leptyna nie tylko receptorow zlokalizowanych
w podwzgorzu, ale takze innych komorkach organizmu. Opornos¢ na leptyng zwigksza
predyspozycje do wystgpienia otytosci, co z kolei dalej podnosi poziom tego hormonu
we krwi i prowadzi do poglebienia istniejacej opornosci na leptyne [8]. Ponadto sg rowniez
dane, ktore sugeruja, ze do niewrazliwosci receptorow na leptyn¢ dochodzi
w kardiomiocytach [9]. U pacjentow z otyloscig zmiany w szlakach sygnatowych
zaleznych od leptyny zachodza roéwniez na poziomie komorkowych. W §rodbtonku,
w stanie ciaglej stymulacji przez podwyzszone stezenie leptyny, zmniejsza si¢ gestos¢
receptorow LEPR, co powoduje uposledzong odpowiedZ tych komorek na stymulacje
leptyng. Nieprawidlowe dzialanie leptyny skutkuje intensywniejszym rozwojem
przewlektego stanu zapalnego oraz miazdzycy, jednak mechanizmy molekularne, ktore
reguluja te procesy nie zostaly doktadnie opisane, szczego6lnie w naczyniach mikrokrazenia

serca [10].
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4.4, Srodbtonek naczyniowy w MetS

Diagnozowanie i monitorowanie pacjentéw z MetS ma istotne znaczenie, chociazby
z tego powodu, ze w tej grupie szczegdlnie wzrasta ryzyko zdarzen sercowo-naczyniowych
i zgonu z powodu niewydolnosci serca [11]. Wdrozenie odpowiednich modyfikacji stylu
zycia oraz adekwatnego leczenia farmakologicznego istotnie to ryzyko zmniejsza [4].
Wspotistnienie otylosci, cukrzycy oraz zaburzen lipidowych powoduje uszkodzenie wielu
narzadow, w szczegolnosci serca [12, 13]. W MetS dochodzi migdzy innymi do przerostu
kardiomiocytow, zwickszonej produkcji wolnych rodnikow, pogorszenia funkcjonowania
mikrokrazenia wiencowego, a W konsekwencji obrzeku $rodtkankowego. Wszystkie
te zjawiska przyczyniajg si¢ do indukcji wioknienia, a w konsekwencji do zwigkszenia
sztywnos$ci $cian serca [14]. Ponadto uszkodzeniu ulegaja rowniez komorki srédbtonka
naczyniowego. W MetS obserwowane jest uposledzenie funkcji srodbtonka spowodowane
wzrostem stezenia wolnych rodnikéw, wzrostem ekspresji czasteczek adhezyjnych
zwigzanych ze stanem zapalnym i spadkiem st¢zenia NO. W mikrokrazeniu obserwuje si¢
rébwniez szereg zmian morfologicznych, takich jak pogrubienie blony podstawnej
oraz spadek gestosci kapilar [15]. W konsekwencji wyzej opisanych zmian dochodzi
do zmniejszenia zaopatrzenia komoérek serca w skladniki odzywcze oraz tlen,
a takze obserwowany jest naciek zapalny oraz zwigkszona liczba makrofagow [16, 17].
Prowadzi to do rozwoju charakterystycznej dla zespotu metabolicznego rodzaju

niewydolnosci serca z zachowang frakcja wyrzutowa lewej komory [18].

4.5. Regulacja angiogenezy - o§ VEGF-VEGFR

W procesie powstawania naczyn krwionosnych kluczowa role odgrywaja czynniki
proangiogenne jakie jak VEGF czy FGF oraz receptory dla tych czynnikéw wzrostu.
Ponadto istotne sg rowniez inne biatka kostymulujgce np. neuropilina Rodzina VEGF
sktada si¢ z pieciu czasteczek — VEGF-A, VEGF-B, VEGF-C, VEGF-D oraz tozyskowego
czynnika wzrostu, ktore wigza¢ si¢ mogg z trzema receptorami — VEGFR-1, VEGFR-2
oraz VEGFR-3. Zarowno ligandy, jak ich receptory, moga wywiera¢ dzialanie
pro- i antyangiogenne, dlatego tez regulacja angiogenezy wymaga Scislego
ich wspoéldziatania [19]. Aktywacja tych receptorow powoduje pobudzenie
wewnatrzkomérkowych — przekaznikéw. WsSrod nich za regulowanie odpowiedzi

angiogennej, poprzez stymulowanie podziatéw komorkowych, migracje komorek
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czy tworzenie nowych wypustek odpowiada szlak zalezny od kinazy AKT oraz MAP.
Natomiast zmiany w potaczeniach komorkowych, a poprzez to, w ich przepuszczalnosci,
sa gléwnie zalezne od aktywacji kinazy SRC i AKT [20].

VEGFR-1 najsilniej wigze VEGF-A, aczkolwiek jego aktywacja jest slabsza
w poréwnaniu do VEGFR-2, co sprawia, ze biologiczny efekt, wywierany przez VEGFR-
A jest stabszy [21]. Kaskada inicjowana przez interakcj¢ VEGF-A/VEGFR-1 nie jest
Ww stanie zainicjowaé angiogenezy, ale jest kluczowa dla dojrzewania nowo powstajacych
naczyn i ich stabilizacji [22, 23]. Jako produkt alternatywnego sktadania, powstaje rowniez
skrécona, rozpuszczalna forma tego receptora, ktorej zadaniem jest ,,wylapywanie”
VEGF-A i zmniejszanie jego biodostgpnosci [24, 25].

VEGFR-2 jest kluczowy w inicjacji wezesnych etapéw angiogenezy i waskulogenezy
[26]. Receptor ten wykorzystuje aktywnos$¢ koreceptorow — neuropilin, a szczegdlnie
neuropiliny 1. Kompleks VEGFR-2/NRP-1 ma sze$ciokrotnie wickszg aktywno$¢ niz sam
VEGFR-2 [27]. VEGFR-2 moze rowniez tworzy¢ heterodimery z VEGFR-1, co bedzie
modulowato odpowiedz na pobudzenie przez VEGF-A [28]. Podobnie jak VEGFR-1,
rowniez VEGFR-2 moze wystgpowac w skroconej, rozpuszczalnej formie [29].

VEGFR-3 jest receptorem zaangazowanym we wzrost naczyn limfatycznych, chociaz
ma rowniez udzial w angiogenezie naczyn krwionosnych [30, 31]. Moze on tworzy¢
heterodimery z VEGFR-2, co reguluje poczatkowe etapy angiogenezy [32].

Gltowne szlaki regulujace angiogeneze 1 przepuszczalno$¢ naczyn zostaly przedstawione

na Rycinie 1.
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Rycina 1. Gloéwne szlaki zalezne od VEGF i VEGFR, regulujace angiogeneze
i przepuszczalno$¢ naczyn. Za J Vasc Res 2024;61:151-159, DOI: 10.1159/000538361.
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4.6. Kaskady sygnatowe zwigzane z receptorem VEGFR-2

Pobudzenie receptora VEGFR-2 inicjuje cytoplazmatyczng kaskade sygnalowa.
Najlepiej poznanymi szlakami, transmitujagcymi sygnal w tym uktadzie sa: (1) szlak
zalezny od fosfolipazy C/kinazy ERK1/2, (2) Sciezka kinaza PI3K/kinaza B/kinaza mTOR
oraz (3) szlak kinazy SRC. Dodatkowo aktywacja VEGFR-2 moze pobudza¢ kinaze p38
(MAPK) oraz biatka STAT [20].

W procesie angiogenezy postnatalnej kluczowa role odgrywa $ciezka zwigzana
z kinazg ERK1/2 [33-35]. Z kolei szlak zalezny od kinazy B (AKT) reguluje przezywalnos¢
komorek $rodbtonka i ich zdolno$é do ruchu [36]. Sciezka zalezna od kinazy SRC moze
takze bezposrednio oddziatywa¢ z VE-kadherynami, powodujgc ich internalizacje

lub degradacjg, co zwigksza przepuszczalnos¢ Sciany naczynia [28].

4.7. Zaburzenia angiogenezy w MetS

Nieprawidlowe tworzenie nowych naczyn krwiono$nych z wczesniej istniejacych
struktur w MetS jest opisywane w literaturze, natomiast mechanizmy molekularne,
ktore warunkuja uposledzong angiogenezg nie sg doktadnie poznane [37, 38]. U pacjentow
chorujacych na MetS obserwuje si¢ istotne zwigkszenie stezenia VEGF w surowicy krwi,
a co wigcej, stezenie to pozytywnie koreluje z BMI, otyloscig brzuszng i1 ogdlnym
poziomem tkanki thuszczowej [39, 40]. Wigksze stezenie VEGF obserwowane jest rowniez
u pacjentow, u ktorych juz wystapity komplikacje naczyniowe lub obserwuje si¢
nadci$nienie [41, 42]. Mimo tego tworzenie si¢ kragzenia obocznego u pacjentow z MetS
po zawale jest uposledzone [43]. Moze to $wiadczy¢ o zaburzonej sygnalizacji w kaskadzie
VEGF-VEGFR.

Pomimo wyzszego stezenia ligandow dla VEGFR w surowicy chorych na MetS
nie obserwuje si¢ u nich zwigkszonej angiogenezy, a raczej zanik naczyn krwiono$nych
[17, 44]. Jedna z hipotez, ktora mogtaby ttumaczy¢ ten fenomen, jest spadek ekspresji
receptorow dla VEGF, idacy w parze ze zwigkszonym stezeniem rozpuszczalnych form
tych receptorow, ktore dzialaja jak receptory wabikowe, zmniejszajac biodostepnosé
VEGF [29]. Hiperlipidemia moze tez powodowaé podwyzszenie ekspresji receptora
VEGFR-1, ktory negatywnie reguluje angiogenez¢ i moze zwigkszaé przepuszczalnosé

naczyn, co obserwowano na modelach danio prggowanego [45].
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4.8. Zaburzenia kaskad sygnatowych zwigzanych z pobudzeniem
VEGFR-2 w MetS.

Informacje dotyczace zaburzen w ekspresji i funkcjonowaniu czasteczek
przekazujacych sygnat z receptora VEGFR w MetS sg bardzo skape. U myszy db/db
i szczurow ZDF obserwuje si¢ aktywacje ERK1/2 w calym miokardium, natomiast
aktywno$¢ kinazy B/Akt istotnie spada, jednakze w badaniach tych nie uwzgledniono
izolowanych komorek $rodblonka [46, 47]. Natomiast w modelu §winskim takich zmian
nie obserwowano [48]. Obnizona aktywno$¢ kinazy B/AKT obserwowana jest rowniez
u zwierzat, u ktorych MetS jest indukowany dietg [49, 50].

Aktywacja osi VEGF/VEGFR-2/kinaza SRC moze prowadzi¢ do fosforylacji
VE-kadheryny, co powoduje rozpad potaczen migedzykomorkowych i zwicksza
przepuszczalno$¢ naczyn krwiono$nych [51]. Na modelu $winskim, w ktorym MetS
byt indukowany dieta, obserwowano spadek ekspresji VE-kadheryny po zawale serca [52].
Zaburzenia szlakow sygnatowych regulujacych angiogeneze i przepuszczalno$¢ naczyn

w MetS zostaty przedstawione na Rycinie 2.
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Rycina 2. Zaburzenia gléwnych szlakéw zaleznych od VEGF 1 VEGFR regulujacych
angiogeneze i przepuszczalnos¢ naczyn w MetS. Za J Vasc Res 2024;61:151-159,
DOI: 10.1159/000538361.
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5. Zalozenia i cel pracy

Majac na uwadze rozpowszechnienie oraz rozwoj chordb sercowo-naczyniowych
u pacjentéw z MetS wykonywane do§wiadczenia mialy w gldwnej mierze stanowié¢ probe
ustalenia mechanizméw w ktorych dochodzi do pojawienia si¢ niewydolnosci serca.
Niewydolno$¢ serca jest efektem wieloczynnikowych zmian w  morfologii
i funkcjonowaniu tego narzadu, ale zaburzenia, powodujace te zmiany sa ciaglym
przedmiotem badan. Ponizsze prace skupiajg si¢ na jednym z wazniejszych aspektow tego
zjawiska, czyli zaburzeniach w funkcjonowaniu §rodbtonka naczyniowego w miokardium
u pacjentow z MetS. Powszechnie wiadomo, ze zaburzenia mikrokrazenia s3 wstgpem
do patologicznej przebudowy miokardium — zmniejszona liczba kapilar, wzrost
ich przepuszczalno$ci prowadzi do obrzgku s$rodtkankowego, co z kolei indukuje
wioknienie i sztywnienie $ciany serca, uposledzajac jego kurczliwoscé.

Celem prac bylo okreslenie roli jaka odgrywa sygnalizacja VEGF/VEGFR-2
w odpowiedzi angiogennej $rodbtonka oraz regulacji przepuszczalno$ci mikronaczyn

miokardium myszy db/db.

Zaplanowane do$wiadczenia miaty za zadanie okresli¢:

1. Jak zmienia si¢ gestoS¢ naczyn krwionosnych oraz ultrastruktura srodblonka
w sercach myszy z MetS?

2. Do jakich zmian dochodzi w ekspresji wybranych mRNA dla biatek wchodzacych
w sktad gtownych kaskad sygnatowych, zwigzanych z osia VEGF/VEGFR-2
w izolowanych komorkach srodblonka naczyn serca myszy db/db?

3. Jak zmienia si¢ gesto$¢ receptora VEGFR-2 i VE-kadheryny w $rodbtonku serc
u myszy db/db?

4. Czy potencjalne zmiany ekspresji wybranych mRNA dla biatek wchodzacych
w sktad glownych kaskad sygnatowych, zwigzanych z osig VEGF/VEGFR-2,
beda miaty wptyw na odpowiedz angiogenng srédbtonka myszy db/db?
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6. Kopie opublikowanych prac

6.1. Praca: Cardiac Vessel Remodeling Associated with Vessel Rarefaction:
A Possible Underlying Mechanism May Result from a Poor Angiogenic Response
to Altered VEGF Signaling Pathways

Wybrane do cyklu prace spojnie przedstawiajg tematyke zwigzang z zaburzeniami,
jakie sg obserwowane w komorkach $rodbtonka w sercu w warunkach MetS. Publikacja
Cardiac Vessel Remodeling Associated with Vessel Rarefaction: A Possible
Underlying Mechanism May Result from a Poor Angiogenic Response to Altered
VEGF Signaling Pathways jest przegladem dost¢pnej literatury w zakresie zmian
w szlaku sygnalowym zaleznym od receptora VEGFR-2 w $rédbtonku. Przedstawiono
w nim podstawowe informacje odnos$nie czynnikéw wzrostu regulujacych angiogeneze,
a w szczegolnosci VEGF-A. Ponadto opisano budowe oraz sposob aktywacji receptorow
dla VEGF oraz receptoréw drugiego rzedu, ktore pobudzane sg przez ich stymulacje.
Gloéwng cze$¢ pracy poswigcono przedstawieniu zmian, ktore zostaty dotychczas opisane
w literaturze w kontekscie szlaku sygnatowego zaleznego od VEGF/VEGFR. Szczegdtowo
zostaly opisane zaburzenia regulujace angiogeneze oraz przepuszczalno$¢ naczyn

krwionosnych, co podsumowano na rycinie w publikacji.
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Abstract

Background: Elevated mortality rates in patients with
metabolic syndrome (MetS) are partly due to adverse re-
modeling of multiple organs, which may lead to cardio-
vascular disease, nonalcoholic fatty liver disease, kidney
failure, or other conditions. MetS symptoms, such as obesity,
hypertension, hyperglycemia, dyslipidemia, associated with
insulin and leptin resistance, are recognized as major car-
diovascular risk factors that adversely affect the heart.
Summary: Pathological cardiac remodeling is accompanied
by endothelial cell dysfunction which may result in dimin-
ished coronary flow, dysregulated oxygen demand/supply
balance, as well as vessel rarefaction. The reduced number of
vessels and delayed or inhibited formation of collaterals
after myocardial infarction in MetS heart may be due to
unfavorable changes in endothelial cell metabolism but also

to altered expression of vascular endothelial growth factor
molecules, their receptors, and changes in signal trans-
duction from the cell membrane, which severely affect
angiogenesis. Key Messages: Given the established role of
cardiac vessel endothelial cells in maintaining tissue ho-
meostasis, defining the molecular background underlying
vessel dysfunction associated with impaired angiogenesis
is of great importance for future therapeutic purposes.
Therefore, the aim of this paper was to present current
information regarding vascular endothelial growth factor
signaling in the myocardium of MetS individuals.

© 2024 S. Karger AG, Basel

Introduction

The high mortality in patients with metabolic syn-
drome (MetS) is caused mainly by multiorgan dysfunc-
tion, as a result of increased cardiovascular risk factors,
such as hypertension, obesity, and diabetes [1]. In
combination, factors such as abdominal obesity, elevated
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blood pressure, an altered lipid profile, and abnormal
carbohydrate metabolism play a crucial role in the
pathogenesis of MetS [2]. MetS symptoms are mostly a
result of poor lifestyle choices (smoking, unbalanced
diet, and inadequate physical activity) and severely affect
the EC metabolism due to oxidative stress and activation
of pro-inflammatory pathways [3]. Structural remod-
eling of cardiac vessels including changes in extracellular
matrix collagen-elastin ratio and vascular smooth
muscle proliferation, but also impaired vasomotor
function due to alterations in mineralocorticoid sig-
naling, change mechanical properties of vessels, and
affect blood flow. This, in turn, negatively affects oxygen
and nutrient demand/supply balance [4, 5]. Impaired
cardiac blood flow prompts adverse cardiac tissue re-
modeling which results in the development of one of the
main MetS pathologies - heart failure with preserved
ejection fraction [6, 7].

MetS microenvironment may also diminish the
ability of ECs to respond to angiogenic stimuli [3]. In
metabolically healthy animals, therapeutic proangio-
genic agents, such as vascular endothelial growth factor
(VEGEF), stimulate collateral growth in cardiac muscle
after induced heart infarction. These agents may reduce
the size of the infarct and the risk of death. However,
similar trials in patients with coronary disease have
mostly failed [8, 9]. A diminished response of ECs to
angiogenic stimuli is probably a result of their changed
metabolism, reduced NO bioavailability, and elevated
oxidative stress [8, 10]. Another cause of delayed or
inhibited collateral growth in individuals with MetS
may be a delayed phenotypic switch of vascular smooth
muscle cells (VSMCs). During collateral vessel forma-
tion, VSMCs undergo the change from a contractile
toward a proliferative phenotype, but to sustain blood
vessel formation, they need to return to the contractile
phenotype, which is inhibited in MetS [11]. Finally,
MetS is associated with inflammation, which results in
elevated expression of adhesion molecules on EC sur-
faces and inadequate infiltration by inflammatory cells,
such as neutrophils, which in turn may affect collateral
growth in MetS myocardium [12]. A poor angiogenic
response and the accompanying EC death may, in turn,
lead to a diminished density of micro-vessels and ar-
terioles in cardiac muscle [4, 13-17].

The term “angiogenesis” describes the growth of
new vessels via sprouting from preexisting ones. Under
the influence of proangiogenic factors, ECs become
motile and change their shape to form tip cells
(elongated cells that become the spearhead of the
sprout) and stalk cells (which establish the new vessel

] Vasc Res 2024;61:151-159
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lumen and elongate the sprout via rapid proliferation).
Finally, the new structure recruits mural cells, which
stabilize it to enable blood flow (extensively reviewed
in [18, 19]). Angiogenesis is regulated by several
groups of different proteins. The most important ones
include VEGFs, their receptors and coreceptors, as well
as downstream cytoplasmic signaling molecules [20].
The VEGF family consists of five members - VEGF-A,
VEGEF-B, VEGF-C, VEGF-D, and the placental growth
factor, which act via three basic receptors - VEGFR1,
VEGFR2, and VEGFR3. Both the growth factors and
receptors may occur in proangiogenic and anti-
angiogenic isoforms, which enables subtle and precise
regulation of angiogenesis (extensively reviewed in
[21]). Not only VEGF molecules and their receptors
play an important role in angiogenesis. The proper
functioning of downstream signaling pathways is
equally important [22]. Clinical observations show
increased serum VEGF levels in patients with MetS
[23]. Thus, levels of VEGF positively correlate with
body mass index, obesity, and the amount of visceral
adipose tissue [24, 25]. Serum VEGF elevation has been
reported in type 2 diabetes mellitus, but only in pa-
tients with vascular complications [26]. On the other
hand, VEGF levels are normal when blood glucose
concentration is controlled [27]. Individuals with
hypertension also have higher serum VEGF levels than
normotensive individuals [28]. Despite higher VEGF
levels, blood vessel formation and collateral vessel
growth in patients with MetS are impaired after
myocardial infarction [9]. This may be a result of EC
dysfunction but also of the adversely affected VEGF
signaling cascade.

Therefore, the aim of this paper was to present
current information regarding VEGF signaling path-
ways, with a particular emphasis on VEGF-A and
VEGFR2 in ECs in cardiac tissue during obesity and
MetS. We searched through the PubMed database using
key words such as “VEGFR1”, “VEGFR2”, “PLC-y-
ERK1/2”, “SRC”, “AKT”, “MAPK”, “VEGF signaling”,
“cardiac vessel”, “heart failure”, and “metabolic syn-
drome” and paid particular attention to literature re-
ports from the last 5 years.

Vascular Endothelial Cell Growth Factors and Their
Cellular Receptors

Molecules from the VEGF family have an affinity for
transmembrane-spanning receptors that contain an intra-
cellular domain with tyrosine kinase activity and seven
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immunoglobulin-like extracellular domains. These domains
are present in three isoforms of VEGF receptors - VEGFR1,
VEGFR2, and VEGFR3 [20]. VEGFR1 (Fms-like TK-1, Flt-
1) was described and characterized in the early 1990s [29].
This receptor binds with the greatest affinity to VEGF-A
and regulates its biological effects. Although VEGFR1
strongly binds VEGF-A, it has a much weaker kinase ac-
tivity when compared with that of VEGFR2. Therefore, the
biological effect of VEGF-A via VEGFRI activation is much
weaker than that exerted via VEGFR2. VEGF-A/VEGFR1
signaling cascade is not crucial for angiogenesis initiation
but for organization of new vessels maturation during later
stages of this process [30, 31]. Since there are also different
VEGF-A isoforms, VEGFRI can form homodimers or
heterodimers with VEGFR2, depending on the type of li-
gand. The heterodimers mainly limit VEGF-A-regulated
activation of the receptor [32]. As a result of alternative
splicing, a soluble, truncated form of VEGFRI may be also
formed [33]. Soluble VEGFR1 binds to VEGF-A and limits
its biological availability, thus inhibiting VEGF function [33,
34]. Furthermore, by binding to low-density lipoproteins
(LDL) and subsequent receptor phosphorylation, endocy-
tosis, and degradation, VEGFR1 plays a crucial role in
regulating the absorption of fatty acids by ECs [35].

The VEGFR2 subtype is another protein involved in
VEGF/VEGER signaling [36]. It plays an important role
in early angiogenesis/vasculogenesis. Activation of the
receptor occurs after binding a VEGF molecule, which
causes VEGFR2 dimerization [37]. LDL may also activate
this receptor [38]. In a most common pathway, the re-
ceptor is activated by VEGF-A but also by VEGF-C and
VEGF-D [39]. Major coreceptors in VEGFR2 signaling
are neuropilins (NRP). NRP-1 is mainly expressed in
arterial ECs and binds VEGF-A, especially VEGF-A165.
NRP-1 binds with VEGFR2 which results in an up to six
times greater activation of this heterodimer when com-
pared to activation without coreceptor. NRP-2 binds
rather VEGF-C and enhances the effect of VEGFR3
activation [40]. VEGFR2 can form heterodimers with two
other receptor subtypes - VEGFR1 and VEGFR2, which
modulate VEGF signaling. VEGFR2 interacts with
VEGEFR1, which may sensitize ECs to VEGF, since
VEGEFR2 is phosphorylated by a VEGFRI tyrosine kinase
domain after heterodimerization. Finally, as a result of
alternative splicing, also soluble form of VEGFR2 can be
produced, which performs similar functions as soluble
VEGFRI, including angiogenesis inhibition [20, 41].

VEGFR3, which is also known as Flt-4, is crucial for
lymphatic vessel growth [42]. Moreover, new blood vessel
formation is also dependent on VEGFR3 expression in
blood endothelial cells [43]. Interaction of VEGFR3 with

VEGEF Signaling in Cardiac Vessels in
Metabolic Syndrome

VEGFR2 results in the formation of a VEGFR2/VEGFR3
heterodimer, which regulates initial steps of angiogenesis
[39]. Integrin-B1, syndecan-4, and neuropilin-2 (NRP-2)
help VEGFR3 function normally [44].

Downstream Signaling in VEGF/VEGFR Pathways

VEGF receptor activation activates secondary mes-
sengers in cell cytoplasm. The most important molecules
that are involved in VEGF signaling are phospholipase C
y (PLC-y)/extracellular signal-regulated kinase (ERK1/2),
phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB,
AKT)/mammalian target of rapamycin (mTOR), and
SRC kinase pathways. In addition, activation of the
VEGEFR?2 receptor triggers p38 mitogen-activated protein
kinase (p38 MAPK) and signal transducer and activator
of transcription (STAT) proteins [20].

The PLC-y-ERK1/2 pathway plays a crucial role in
postnatal angiogenesis. Dimerized VEGFR2 receptor
undergoes phosphorylation at Y1173 in rodents and
Y1175 in humans, which indirectly activates ERK1/
2 and/or the nuclear factor of activated T cells (NFAT)
[45]. First, PLC-y is activated, which initiates produc-
tion of inositol 1,4,5-trisphosphate (IP3) and diac-
ylglycerol (DAG). As a result of IP3 action, calcium ions
are released from the endoplasmic reticulum and ac-
tivate calmodulin and a serine-threonine kinase, e.g.,
calcineurin. These changes in cell signaling decrease
VEGFRI1 expression and enhance VEGFR2 proangio-
genic function [20, 46]. DAG pathway activates protein
kinase C (PKC) and then ERK1/2, which regulates ECs
specification, proliferation, and migration by activating
the E26 family of transcription factors (ETS) or causing
the phosphorylation of histone type 7 deacetylases
(HDACY) [47].

The AKT serine-threonine kinase pathway regulates
many processes in ECs. AKT is involved in the regu-
lation of cell survival, motility, and vascular perme-
ability [48]. Activation of this kinase requires binding
through its PH domain with phosphatidylinositol-
3,4,5-trisphosphate (PIP3), which is produced from
phosphatidylinositol-4,5-diphosphate  (PIP2) by a
phosphoinositide 3-kinase (PI3K). The AKT-1 kinase,
which works through the mTOR2 complex, is the most
important molecule involved in the regulation of an-
giogenesis. VEGFR2 does not contain a domain, which
can bind directly with PI3K, so activation of this kinase
is mediated either by protein-tyrosine kinase SRC, VE-
cadherin receptor domain, or AXL receptor tyrosine
kinase (AXL) [20].
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The SRC-dependent pathway is crucial for changes in
cell shape, cell migration, and cell polarization, as well as
regulating vascular permeability by intercellular junction
modulation, e.g., via VE-cadherin phosphorylation in
response to VEGF. SRC activation is determined by
VEGFR2 phosphorylation at Y949 in rodents and Y951 in
humans. Activated receptor binds T-cell-specific adapter
(TSAd), which activates the SH3 domain of SRC.
Moreover, shear stress accelerates SRC activation and
controls the interaction between the cytoskeleton and cell
adhesion proteins [49]. The SRC kinase also affects
micro-vessel vessel permeability, phosphorylating VE-
cadherin that results in the endocytosis of this protein
and the destruction of adherent junctions, which disrupts
vascular barrier [50].

VEGEF signaling pathways can also involve p38 MAPK
and STATs. MAPK induces angiogenesis, mostly by
stimulating cell migration and EC survival. This pathway
can also affect vascular wall permeability. Activation of
p38 MAPK is dependent on NRP-1 costimulation of
VEGFRs and the entry of calcium ions from the endo-
plasmic reticulum into cell cytoplasm. Ca2+ influx ac-
tivates protein kinase 2p (PTK-2), which - together with
SRC - triggers the p38 MAPK cascade [20]. In addition,
the STAT-1 and STAT-3 proteins are involved in cell
cycle regulation, apoptosis, and activation of inflamma-
tory molecules in the endothelium. STAT-3 also increases
the density of vessels [51]. Main VEGF-VEGER signaling
pathways are summarized in Figure 1a.

Alterations in VEGFRs Expression in MetS

Despite a higher serum concentration of VEGFR
ligands, individuals with MetS do not seem to have
increased angiogenesis. One suspected mechanism be-
hind this phenomenon is associated with altered VEGFR
expression and increased levels of soluble VEGF re-
ceptors, which decrease VEGF bioavailability [41]. In
the myocardium of db/db mice, known to develop MetS
symptoms, a decrease in the expression of both VEGFR1
and VEGFR?2 receptor subtypes is observed [52]. In the
myocardium of obese and insulin-resistant rats, the
expression of VEGFRI and VEGFR2 mRNAs is sig-
nificantly decreased. Furthermore, the expression of
PECAM-1 protein, which is a molecular marker of
endothelium, is also impaired in fa/fa diabetic rats, si-
multaneously with a diminished collateral vessel for-
mation in these rats [53]. A reduction in microvascular
and arteriolar density was also observed by Zeng et al. in
db/db mouse hearts [14].
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The presence of soluble VEGFR forms, which are
responsible for limiting ligand bioavailability, is ex-
tremely important in VEGF signaling pathways. There is
a significant increase in the amount of soluble form of
VEGEFR?2 in the serum of patients with MetS symptoms,
whereas there is no change in the concentration of
soluble VEGFRI1 [41]. On the other hand, hyperlipid-
emia, one of MetS symptoms, may increase the ex-
pression of VEGFRI, which has negative effects on
angiogenesis and vessel integrity, as it was observed in
zebrafish and mouse models [54]. Despite VEGF
overexpression, there may be a poor angiogenic response
of ECs in the heart in MetS, which is related to the
altered VEGEF signaling pathway. This poor angiogenic
response can result from at least two mechanisms: (1)
reduced VEGFR expression and/or (2) elevated con-
centration of sVERFR-2, which leads to limited VEGF-A
availability.

VEGFR2 Downstream Signaling Cascade Alterations
in MetS

PLC-y/ERK1/2

There are limited data regarding the details of the PLC-
y-ERK1/2 pathway in the heart over the course of MetS.
The existing data show that there are no major changes in
the expression of ERK pathway-dependent kinases in the
cardiomyocytes of db/db mice with MetS [55]. On the
other hand, an increased activation of ERK in the whole
myocardium observed in db/db mice may suggest that
this pathway may be affected in ECs or other non-
cardiomyocyte cardiac cells [56]. In the hearts of Zuck-
er diabetic fatty (ZDF) rats, ERK kinase phosphorylation
is increased, indicating ERK kinase activation [57]. These
observations suggest that ECs can be a potential source of
the observed changes in ERK signaling in the myocar-
dium, since ECs are more numerous than either fibro-
blasts or macrophages. Moreover, an increased ERK1/2
phosphorylation (and thus ERK1/2 activation) has been
observed in the aorta of diet-induced obese and diabetic
rats. Of interest, physical exercise in these animals re-
duced ERK1/2 activation [58]. Conversely, ERK phos-
phorylation was not detected in a porcine model of MetS
[59]. Changes in lipid metabolism, which also occur in
MetS, can impact ERK signaling. The addition of the very
low-density lipoproteins (VLDLs) isolated from MetS
individuals and added to atrial myocyte cell lines cultured
in vitro resulted in a diminished dephosphorylating ac-
tivity of calcineurin and an increased cytoplasmic con-
centration of phosphorylated NFAT; additionally, the
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conditions affect the VEGF-A/VEGFR2/VE-cadherin signaling axis: (1) reduce AKT pathway activity and
upregulate the PLC-y pathway; (2) reduce the expression of VE-cadherin and elevate the internalization of these

molecules.

amount of activated NFAT was reduced in the cell nu-
cleus, which results in alteration of myofilament protein
expression, disruption of sarcomere, and atrial myopathy
[60]. Based on the scarce data regarding the VEGFR

VEGEF Signaling in Cardiac Vessels in
Metabolic Syndrome

signaling in the heart in MetS, the ERK pathway is mostly
upregulated, but further studies in this field are needed to
assess the role of ERK activation, especially in the cardiac
endothelium.
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PI3K/AKT

In the hearts of db/db mice with MetS, a decrease in
the concentration of active AKT was noted [52]. No
difference in the AKT activity was observed, when only
cardiomyocytes were analyzed, which suggests that this
pathway may be affected in other cell types, such as
fibroblasts or ECs [55]. Similarly, AKT phosphoryla-
tion is reduced in the hearts of ZDF rats, known to
present MetS symptoms [57]. Diminished AKT
phosphorylation was also confirmed in a diet-induced
rat MetS model [61]. High-fructose diet results in the
development of MetS symptoms and reduces AKT
activity [62]. In another animal model (JCR:LA-cp
rats), AKT activation failed in the heart during re-
petitive ischemia, which may explain diminished col-
lateral formation; the observed phenomenon was
linked to an altered REDOX state in MetS heart since
when the levels of ROS were controlled, also the activity
of AKT was restored [63]. Furthermore, in a high-
cholesterol diet swine model, reduced cardiac phos-
phorylation of AKT was observed [64]. Some contra-
dictory data are also available. In a porcine model of
myocardial infarction, the cardiac AKT signaling
pathway was activated in MetS, unlike that in the
control group [59]. To sum up, the AKT signaling
pathway in MetS is presumably downregulated or even
blocked, which may exert a detrimental effect on the
angiogenic response of ECs.

Src/VE-Cadherin

VE-cadherin phosphorylation, which is regulated via
VEGF/VEGFR2/Src axis, disrupts EC adherens junctions
and promotes vascular leakage [65]. On the other hand,
destabilization of adherens junctions is an essential initial
step of EC migration, necessary for new vessel formation
[66]. Additionally, VE-cadherin may interact with
VEGFR?2 to prolong these receptors’ half-life, and it has a
positive impact on EC survival [67]. In a high-fat diet
(HFD) porcine model, VE-cadherin expression is reduced
after myocardial infarction, which indicates angiogenic
pathway disruption and may not only promote vascular
leakage but also diminish the proangiogenic response of
ECs [68]. Of note, downregulation of VE-cadherin ex-
pression may be also caused by elevated numbers of
neutrophils in cardiac tissue, as was described in a HFD
mouse model [69]. Neutrophil infiltration in MetS may
negatively affect collateral growth in MetS myocardium;
one of the possible mechanisms may be an extensive
release of neutrophil elastase that promotes VE-cadherin
degradation, inhibits VE-cadherin expression, and causes
vascular leakage [12, 69].
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Src/p38 MAPK/AKT

Src, p38 MAPK, and AKT pathway activation,
crucial for collateral growth in cardiac tissue, is redox
dependent, and since ROS levels are elevated in MetS,
an abnormal activation of above molecules may, at
least in part, be responsible for compromised new
vessel formation [63, 70, 71]. In ZDF rats and in db/db
mice, phosphorylation of p38 MAPK was elevated in
obese and diabetic animals. In this experiment, ex-
amination was performed on the whole cardiac tissue.
Since the sample consisted mostly of cardiomyocytes
and elevated p38 MAPK activity may correlate with
inflammatory processes, these data probably do not
describe events occurring in ECs [56, 57]. Activation of
the p38 MAPK pathway in the aorta and coronary
arteries was increased in MetS swine [64]. Summa-
rizing, MAPK phosphorylation and thus activation is
probably reduced in MetS hearts, although data are
contradictory. Activation of p38 MAPK is strictly
connected with REDOX state of the ECs, and an an-
giogenic response to VEGF is only possible when ROS
levels are controlled. Altered activation of transcrip-
tion factors regulated by phosphorylated MAPK
proteins was also observed; for example, STAT-3 ac-
tivation is reduced in the cardiac tissue of db/db mice
[56]. Main VEGF-VEGFR signaling pathway alter-
ations are summarized in Figure 1b.

Conclusion

There are a growing number of individuals with
MetS worldwide. These patients develop HF, whose
exact pathophysiology, especially in terms of vessel/
capillary rarefaction associated with insufficient an-
giogenesis, is not fully understood. Moreover, it be-
comes increasingly problematic to diagnose and treat
this complex disease that generates huge socioeco-
nomic costs and markedly impairs health-related
quality of life. MetS etiology and symptom progres-
sion leading to HF seem to be associated with adverse
alterations in multiple metabolic pathways, leading to
disrupted EC homeostasis (EC dysfunction) and im-
paired angiogenesis, followed by micro-vessel regres-
sion and collateral growth delay, all of which are
recognized as early unfavorable pathological remod-
eling of cardiac muscle during MetS. Dysfunction of
receptors for various VEGF molecules and their sec-
ondary messengers is partially responsible for impaired
angiogenesis, reduced blood capillary density, and
increased microvascular permeability in the hearts of
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individuals suffering from MetS symptoms. Poor an-

giogenesis mediated by the VEGF/VEGFR axis is

largely unknown in MetS and should be further in-
vestigated. Elucidation of the precise mechanisms
regulating angiogenesis in MetS would lead to a better
understanding of the mechanisms behind MetS-

induced cardiac dysfunction and would be a stepping

stone in the search for novel therapies of this clinical

condition.
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6.2. Praca: Expression of mRNA for molecules that regulate angiogenesis,
endothelial cell survival, and vascular permeability is altered in endothelial cells isolated

from db/db mouse hearts.

Dzigki rzetelnemu przygotowaniu teoretycznemu mozliwe bylo wykonanie
doswiadczen, ktorych wyniki zostaly zaprezentowane w publikacji Expression of mRNA
for molecules that regulate angiogenesis, endothelial cell survival, and vascular
permeability is altered in endothelial cells isolated from db/db mouse hearts.
Wykorzystujac mysi model zespotu metabolicznego opartego na mutacji w receptorze
dla leptyny (myszy db/db) skupiono si¢ na zaburzeniach jakie s3 obserwowane
w naczyniach krwiono$nych w sercu.  Przeanalizowano obrazy morfologiczne
przy zastosowaniu mikroskopii konfokalnej oraz ultrastruktur¢ W transmisyjnej
mikroskopii elektronowej. Przeprowadzono analize wybranych mRNA zaangazowanych
w regulacje angiogenezy oraz przepuszczalno$ci naczyn krwiono$nych w izolowanych
komorkach $rodbtonka. Przedstawiono zmiany ekspresji VE-kadheryny oraz VEGFR-2
w endothelium poprzez analiz¢ obrazéw mikroskopii konfokalnej. Ponadto
przeprowadzono test stymulacji krazkéw aortalnych myszy kontrolnych i db/db celem

oceny odpowiedzi angiogennej srddblonka.
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Abstract

Metabolic syndrome (MetS) is a condition that includes symptoms, such as obesity, hyperglycemia, and hypertension, which
elevate cardiovascular risk. An impaired angiogenic response of endothelial cells (ECs) in heart and peripheral organs has
been proposed in MetS, but the mechanisms of this phenomenon have not been thoroughly explored. Results obtained from
evaluating the whole myocardium are inconsistent, since different types of cells react differently to MetS environment and
a variety of molecular pathways are involved in the angiogenic response. Therefore, the aim of this paper was to study one
selected pathway—the VEGF/VEGEFR pathway, which regulates the angiogenic response and microvascular permeability
in ECs isolated from db/db mouse hearts. The expression of mRNAs for VEGF/VEGER axis proteins was assessed with
RT-PCR in ECs isolated from control and db/db mouse myocardium. The density of CD31-, VEGFR2-, and VE-cadherin-
positive cells was examined with confocal microscopy, and the ultrastructure of ECs was analyzed with transmission electron
microscopy. The aortic ring assay was used to assess the capacity of ECs to respond to angiogenic stimuli. Our results showed
a decreased number of microvessels, diminished expression of VE-cadherin and VEGFR2 and widened gaps between the ECs
of microcapillaries. The aortic ring assay showed a diminished number of sprouts in db/db mice. These results may indicate
that ECs in MetS enhance the production of mRNA for VEGF/VRGFR axis proteins, yet sprout formation and vascular
barrier maintenance are limited. These novel data may provide a foundation for further studies on ECs dysfunction in MetS.
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Introduction

Obesity is a pandemic of modern times, since one-third of
the human population is obese, if obesity is determined by
a body mass index (BMI) of >30. Obesity is a major health
care problem, as treatment of its complications is costly,
and the number of obese people is increasing constantly
(Meldrum et al. 2017). Obese people suffer from many
diseases and exhibit a 60% higher risk of death (Afshin
et al. 2017). Obesity, especially of the abdominal type,
increases also the risk of cardiovascular disease and car-
diovascular events by a factor of five (Ortega et al. 2016).
Furthermore, obese people very often develop hyperten-
sion, hyperglycemia, and dyslipidemia. These symptoms
and conditions are collectively referred to as metabolic
syndrome (MetS) (Sherling et al. 2017).

MetS environment may lead to accelerated athero-
sclerosis, fatty liver disease, kidney insufficiency, and/or
heart failure (Fahed et al. 2022). Typically, MetS leads to
the development of heart failure with preserved ejection
fraction (HFpEF) (Purwowiyoto and Prawara 2021). Vari-
ous detrimental changes within the heart are observed in
HFpEF. These changes include cardiomyocyte hypertro-
phy, reactive oxygen species (ROS) formation, coronary
microvessel dysfunction associated with edema, which
leads to fibrosis, and an increased ventricular stiffness
(Mohammed et al. 2015). Endothelial cell (EC) metabo-
lism dysregulation may impair the angiogenic response
and trigger cell death (Salvatore et al. 2022). This results
in insufficient nutrition supply and hypoxia, with the latter
being a key factor in the development of cardiac inflamma-
tion and progression of heart failure (Saltiel and Olefsky
2017; Simmonds et al. 2020).

Impaired angiogenesis in MetS hearts has been well
documented, but the causative mechanisms have not been
precisely explored (Mazidi et al. 2017; Cheng et al. 2023;
Bartkowiak et al. 2024). Formation of new blood vessels is
regulated mainly via proangiogenic factors, such as VEGF
or FGF, and by their receptors (VEGFR and FGFR), as
well as by costimulatory molecules, such as neuropilins
(Karaman et al. 2018; Peach et al. 2018). Receptor activa-
tion triggers intracellular downstream signaling pathways,
among which the Akt and MAP pathways are crucial for
events necessary for an angiogenic response, such as cell
proliferation, cell migration, and sprout formation. Regula-
tion of vascular permeability is also dependent on VEGF
receptors but proceeds via a separate signaling pathway,
namely via AKT and/or SRC activation (Simons et al.
2016). EC dysfunction in MetS has been linked to oxida-
tive stress and metabolic deregulation of ECs, which in
turn affect vascular tone, permeability, angiogenesis, and
surface molecule expression, and may subsequently trigger

@ Springer

leukocyte adhesion, inflammation, and EC death (Liu et al.
2023; Veitch et al. 2022).

Apart from VEGFs and their receptors, there are many
other proangiogenic factors, notably leptin, which is able
to exert effects similar to those of VEGF-A in vitro (Taher-
gorabi and Khazaei 2015). Leptin is an adipokine produced
mostly within white adipose tissue, and it exerts both cen-
tral and peripheral effects. This adipokine not only regulates
energy homeostasis via central appetite regulation, but is
also involved in reproduction, homeostasis, and immune
function, via leptin receptors (LEPRs), which are found on
various types of cells (Wauman and Tavernier 2011). MetS
is associated with elevated serum leptin levels, which gen-
erates hypothalamic resistance to leptin signaling. There is
also some data on peripheral leptin resistance in the heart
owing to reduced LEPR expression or inactive LEPRs (Ren
et al. 2008; Leifheit-Nestler et al. 2013). Leptin signaling
malfunction is also observed in the ECs of obese individuals.
It occurs either owing to LEPR downregulation or altera-
tions in receptor binding sites within ECs. Abnormal leptin
signaling may lead to an inflammatory response and ath-
erosclerosis, but the mechanism in which the altered leptin
signaling impacts cardiac microvessel angiogenesis has not
been fully understood (Raman and Khanal 2021).

Our data show significant ultrastructural changes within
the microvasculature of cardiac muscle obtained from db/
db mice. These changes include increased gaps between ECs
and a decreased vesicular index. Additionally, the number
of vessels is decreased in db/db mouse myocardium. This
may be a result of abnormalities in main signalling pathways
involving VEGFR2 and its downstream molecules. Cardiac
tissue consists of many different types of cells, among which
cardiomyocytes predominate. ECs respond differently to an
unfavorable MetS environment. Therefore, the aim of this
study was to assess the expression of proangiogenic factors
and their receptors in the whole myocardium of db/db mice
and in isolated cardiac ECs; we also evaluated intracellular
signaling pathways that regulate new blood vessel forma-
tion and vascular permeability. Db/db mice are considered
to be an animal model of MetS (Fellmann et al. 2013; Alex
etal. 2018).

Methods
Animals

BKS.Cg-Dock7™+/+Lepr"/J male mice (db/db; strain no.
000642, breeding location: Italy, order no. BKDSIMAQO9SS)
and C57BL/6J (strain no. 000664, breeding location: Ger-
many, order no. B6JSIMAO9W) control mice were used
for our experiments. All animal experiments had been
approved by the First Local Committee for Ethics in Animal
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Experiments in Warsaw (at the University of Warsaw,
Poland, license no. 140/2016). Nine-week-old male mice
were purchased from Charles River Laboratory (251 Bal-
lardvale Str., Wilmington, MA 01887, USA) and kept under
specific pathogen-free conditions, 12/12 h dark/light cycle,
at 2024 °C, with access to water and LabDiet® 5K52 (6%
fat) chow (Charles River Laboratory, 251 Ballardvale Str.,
Wilmington, MA 01887, USA) ad libitum. The animals were
sacrificed at the age of 21 weeks by CO, asphyxiation, and
their hearts and aortas were isolated for further experiments.

Cardiac EC isolation by magnetic sorting

The hearts collected from 21-week-old db/db and con-
trol mice were cut in half, and rinsed in phosphate buft-
ered saline (PBS). Next, the hearts were cut into pieces
and digested with 0.5 mg/mL collagenase type II (Sigma-
Aldrich, 3300 Str., St. Louis, MO 63118, USA) on a mag-
netic stirrer at 37 °C for 45 min. To obtain single cell
suspensions, the digested tissue was pipetted and filtered
through 40-uM nylon filters (Corning, 60 O’Connor Rd.,
Fairport, NY 14450, USA), and the cells were then washed
with PBS and sorted with a magnetic-activated cell sort-
ing system (MACS, Miltenyi Biotec, Inc., 2303 Lindbergh
Str., Auburn, CA 95602, USA), according to the manufac-
turer’s instructions. In brief, the cells were first incubated
with primary rat antibodies against CD31 (cat. no 550274,
BD Pharmingen Inc., 10975 Torreyana Rd., San Diego, CA
92121, USA) and CD45 (cat no. 550539, 10975 Torreyana
Road San Diego, CA 92121 United States). Next, they were
incubated with secondary anti-rat IgG antibodies conjugated
with microbeads (cat no. 1300-048-501, Miltenyi Biotec,
Inc., 2303 Lindbergh Str., Auburn, CA 95602, USA). After
being labeled with the antibodies, the cells were separated
with MACS Columns and Separators (Miltenyi Biotec, Inc.,
2303 Lindbergh Str., Auburn, CA 95602, USA). First, the
cells were subdivided into two populations: CD45-positive
and CD45-negative. Subsequently, CD31-positive cells were
isolated from the latter population. The obtained cells were
immediately lysed with lysis buffer. Cells from one heart
were collected for reverse transcription polymerase chain
reaction (RT-PCR).

Total RNA isolation, reverse transcription (RT),
and Real-Time PCR

In total, 30 mg tissue samples taken from mouse myocar-
dia were transferred to lysis buffer and homogenized. Iso-
lated cells were washed with ice-cold PBS and suspended
in lysis buffer. Total RNA was isolated with a NucleoSpin
®RNA II kit (Macherey—Nagel, Valencienner Str. 11, 52355
Diiren, Germany) according to the manufacturer’s proto-
col. The concentration and purity of RNA were estimated

with a NanoDrop spectrophotometer (NanoDrop Technolo-
gies LLC, 3411 Silverside Rd., Bancroft Building Wilm-
ington, DE 19810, USA). Then, 500 ng of total RNA was
reverse transcribed with a High-Capacity RNA-to-cDNA kit
(Thermo Fisher Scientific, 168 Third Ave., Waltham, MA
02451, USA), according to the manufacturer’s protocol.
c¢DNA was stored at —20 °C for further experiments. Gene
expression was measured with relative quantitation (RQ)
with a comparative CT assay. Real-Time PCR was performed
with Abi Prism 7500 (Thermo Fisher Scientific, 168 Third
Ave., Waltham, MA 02451, USA) in 96-well optical plates.
Each sample was run in triplicate, mouse glyceraldehyde
3-phosphate dehydrogenase (GAPDH; Mm99999915_g1)
was used as an endogenous control. TagMan gene expression
assays (Thermo Fisher Scientific, MA, USA) were used to
measure mRNA for selected genes: PLCy Mm00549418_
ml, cat. no. 4448892; PKCp2 Mm00435749_ml, cat. no.
4448892; RAF1 Mm00466513_m1, cat. no. 4448892; MEK
Mm00488759_ml, cat. no. 4448892; TSAd Mm00451631_
ml, cat. no. 4448892; VEGF-A Mm00437306_m1, cat. no.
4453320, VE-cadherin Mm00486938_m1, cat. no. 4453320;
eNOS Mm00435217_m1, cat. no. 4453320; VEGF-B
Mm00442102_ml, cat. no. 4453320; VEGFR1 (Fltl)
MmO00438980_m1, cat. no. 4453320, ERK Mm00442479_
ml, cat. no. 4453320; Ki67, cat. no. Mm01278617_ml,
cat. no. 4453320; FOXO1 Mm00490671_ml, cat. no.
4453320; FOX03a Mm01185722_m1, cat. no. 4453320;
PTEN Mm00477208_m1, cat. no. 4453320; PIK3ca
Mm00435673_ml, cat. no. 4448892; SRC Mm00436785_
ml 4448892; FAK Mm00433209_m1, cat. no. 4448892
PXN; Mm00448533_m1, cat. no. 4448892; VEGFR2
Mm01222421_ml, cat. no. 4453320; AKT1, Mm01331626_
ml, cat. no. 4453320. All primer and probe sets were pur-
chased from Thermo Fisher Scientific (168 Third Ave.,
Waltham, MA 02451, USA). The reactions were run with
TagMan Universal Master Mix (Thermo Fisher Scientific,
168 Third Ave., Waltham, MA 02451, USA), primer sets,
a MGB probe, and a cDNA template (5 ng per reaction)
in the universal thermal conditions 10 min at 95 °C and
40 cycles of 15 s at 95 °C and 1 min at 60 °C). The data
were analyzed with sequence detection software version 1.4
(Thermo Fisher Scientific, 168 Third Ave., Waltham, MA
02451, USA).

Confocal microscopic evaluation of cardiac blood
microvessels

Myocardial 10 pm-thick cryosections were fixed in buff-
ered 4% paraformaldehyde solution, and immunostained
with primary antibodies in various combinations, followed
by incubation with secondary antibodies, according to
published protocols (Flaht-Zabost et al. 2014). Primary

@ Springer

33



526

Histochemistry and Cell Biology (2024) 162:523-539

antibodies used were: anti-CD31 (cat no. 550274, BD
Pharmingen Inc., 10975 Torreyana Rd., San Diego, CA
92121, USA), final dilution 1:100; anti-VE-cadherin (cat
no. AF1002, R&D Systems, Inc., 614 McKinley Place
NE, MN 55413, USA), final dilution 1:25; anti-VEGFR2
(cat no. ab51873, Abcam Limited, Discovery Drive,
Cambridge Biomedical Campus, Cambridge, CB2 0AX,
UK), final dilution 1:25, anti-alfa-SMA (cat no. ab21027,
Abcam Limited, Discovery Drive, Cambridge Biomedi-
cal Campus, Cambridge, CB2 0AX, UK), final dilution
1:100; and anti-Lyve-1 (cat no. 11-034, Angiobio, Insight
Biotechnology Limited PO Box 520. Wembley Middlesex
HA9 7YN, UK), final dilution 1:300. Secondary antibod-
ies were: donkey anti-rat immunoglobulin G (IgG) Alexa
Fluor 647-conjugated, final dilution 1:500 (cat no. 712-
605-153, Jackson ImmunoResearch, 872 W Baltimore
Pike, West Grove, PA 19390, USA); donkey anti-goat
IgG Fluorescein isothiocyanate (FITC)-conjugated (cat
no. 705-095-147, Jackson ImmunoResearch, 872 W Bal-
timore Pike, West Grove, PA 19390, USA), final dilution
1:200; and donkey anti-rabbit IgG CyTM3-conugated,
(cat no. 711-165-152, Jackson ImmunoResearch, 872 W
Baltimore Pike, West Grove, PA 19390, USA), final dilu-
tion 1:800. Cell nuclei were counterstained with Hoechst
(Sigma-Aldrich, 3300 Str., St. Louis, MO 63118, USA),
according to the manufacturer’s protocol. Specimens
were mounted in fluorescence mounting medium (Dako,
Produktionsvej 42, 2600 Glostrup, Denmark). Sections
were viewed under confocal microscopes: Olympus FV
1000 (with oil immersion 20x/0.80 objective, images were
analyzed with FV1000 Operations Software ver 4.2; Olym-
pus, 2951 Ishikawa-machi, Hachioji-shi, Tokyo 192-8507,
Japan), Leica TCS SP5 (with HCX PL APO L 20x 1.0
water immersion objective, images were analyzed with
LasAF Lite 3.3 software; Leica Microsystems GmbH.
Ernst-Leitz-Strasse 17-37. 35578 Wetzlar Germany)
or Zeiss LSM 780/Elyra PS.1 (with Plan-Apochromat
20x/0,8 objective, images were analyzed with ZEN 2.3;
Carl Zeiss, Carl-Zeiss-Strale 22, 73447 Oberkochen, Ger-
many). At least three independent immunostainings were
performed on separate tissue sections. Myocardial sections
were stained with each respective primary antibody and
were used as positive controls. Separate sections without
primary antibody treatment were used as negative con-
trols. Photomicrographs show representative cross sections
of the cardiac muscle. Microvessel density was evaluated
only in regions where cardiomyocytes were transversely
cut and at least six regions were randomly selected for
calculations. Microvessel density has been presented as
the number of CD31*/Lyve-1~ vessels per I mm? of myo-
cardial tissue sections. The density of VE-cadherin and
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VEGFR?2 signal was calculated in relation to CD31%/Lyve-
1~ vessel density.

Ultrastructure and morphometric analysis of cardiac
microvessels

Karnovsky-fixed (half-strength of Karnovsky fixative
contains 2.5% glutaraldehyde and 2% paraformaldehyde
in 0.1 M of phosphate buffer, pH 7.4) small tissue speci-
mens from mouse hearts were postfixed in 1% buffered
osmium tetroxide and processed to Epon embedding (Poly-
sciences, Inc. 400 Valley Road. Warrington, PA 18976,
USA), according to a published protocol (Dobrzynska et al.
2015). Ultrathin sections were cut, contrasted with uranyl
acetate and lead citrate, and examined by transmission elec-
tron microscopy (TEM) (Jeol JEM 1011; Jeol Ltd., 3-1-2
Musashino, Akishima, Tokyo 196-8558, Japan). Dimensions
of gaps in areas of intercellular junctions between blood
endothelial cells of cardiac microvessel and the number of
cytoplasmic vesicles per 1 um of cellular membrane length
(specified here as vesicular indexes) were assessed and
measured with a TEM morphometric program (iTEM Olym-
pus, 2951 Ishikawa-machi, Hachioji-shi, Tokyo 192-8507,
Japan).

Aortic ring assay

Collagen-coated culture chambers (Nunc™ Lab-Tek™ II
Chamber Slide™ System, Thermo Fisher Scientific, 168
Third Ave., Waltham, MA 02451, USA) were prepared 2 h
prior to aorta isolation; 450 pl of collagen solution (STEM-
CELL Technologies, 1618 Station Str. Vancouver, BC, VOA
1B6, Canada) was mixed on ice with 800 pl of ECM medium
supplemented with 1% fetal calf serum (FCS), 1% antibiotic/
antimycotic, EC growth supplement of 0.004 ml/ml, EGF
of 0.1 ng/ml, bFGF of 1 ng/ml, heparin of 90 pg/ml, and
hydrocortisone of 1 pg/ml (cat No. C-22110, PromoCell
GmbH, Sickingenstr. 63/65, 69126 Heidelberg, Germany)
and immediately transferred to the culture-chamber slide.
After 1 hin a 37 °C incubator, the collagen was washed and
soaked with ECM medium, supplemented as above. Aortas
were isolated from the mice, cleared of adipose tissue, and
cut into approximately 1 mm thick rings. Before the aorta
rings were placed on the collagen, the culture medium was
carefully removed to enable contact with the collagen sur-
face. A medium enriched with mouse VEGF-A ¢4 (50 ng/
ml, from R&D Systems, Inc., 614 McKinley Place NE, MN
55413, USA) was added to the aorta culture after 18 h. The
medium was changed every other day. Cultures were exam-
ined under a contrast-phase microscope every other day.
After 8 days, the explants were fixed for immunostaining
or dissected from the collagen, and remaining sprouts were
lysed for RNA isolation.

34



Histochemistry and Cell Biology (2024) 162:523-539

527

Whole-mount immunostaining of aortic sprouts

Cultures of aortic rings were fixed with buffered 4% par-
aformaldehyde overnight at 4 °C, washed with PBS, and
incubated with 1% bovine serum albumin (BSA), 0.1% Tri-
tonX-100, and 0.1 M of glycine in PBS for 30 min. After
thorough rinsing with PBS, nonspecific background stain-
ing was blocked with 5% donkey serum (Jackson Immu-
noResearch, 872 W Baltimore Pike, West Grove, PA 19390,
USA). Subsequently, specimens were incubated overnight at
4 °C with a primary antibody: anti-CD31 (cat no. 550274,
BD Pharmingen Inc., 10975 Torreyana Rd., San Diego, CA
92121, USA) diluted in PBS/1% BSA 1:100. After three
washes in PBS, specimens were incubated for 3 h with don-
key secondary antibodies diluted in PBS/1% BSA conju-
gated with a fluorescent particle (donkey anti-rat IgG Alex-
aFluor® 647, dilution 1:500, cat No. 712-605-153, Jackson
ImmunoResearch, 872 W Baltimore Pike, West Grove, PA
19390, USA), washed as above, and cell nuclei were coun-
terstained with Hoechst (Sigma-Aldrich, 3300 Str., St. Louis,
MO 63118, USA), according to the manufacturer’s protocol.
Specimens were mounted in fluorescence mounting medium
(Dako, Produktionsvej 42, 2600 Glostrup, Denmark) and
viewed under a Leica confocal microscope, type TCS SP5,
with HCX PL APO L 20 x 1.0 water immersion objective.
Images were analyzed with LasAF Lite 3.3 software (Leica
Microsystems GmbH. Ernst-Leitz-Strasse 17-37, 35578
Wetzlar, Germany). During analysis, the number of sprouts
per explant was calculated.

Statistical analysis

Data were analyzed with GraphPad Prism 9 (GraphPad Soft-
ware, 2365 Northside Dr., Ste. 560, San Diego, CA 92108,
USA). The normality of distribution was assessed by the
Shapiro-Wilk test, then the 7-test or the Mann—Whitney test
was applied. Results were considered statistically significant
at a p-value of <0.05.

Results

In db/db mice the density of microvessels
is reducted, and the integrity of the microvascular
barrier is compromised

Microvascular density, calculated as a number of CD31%/
Lyve-17 cells per one square mm of tissue, was evaluated in
the hearts of db/db mice and those of controls (Fig. 1). Since
experimental animals showed no more cardiomyocyte hyper-
trophy than controls (data not shown), the number of vessels
was counted per unit of area. In the experimental group sta-
tistically significant decrease in CD31%/Lyve-1~ cells in the

whole heart, as well as in separate areas of the heart, e.g., the
interventricular septum, left ventricle, and right ventricle,
were observed (Fig. Ic—f).

Widened junctional gaps between ECs are considered
a morphological sign of increased vascular permeability
(McDonald et al. 1999). Figure 2a—d illustrates EC mor-
phology in cardiac microcapillaries. The distances between
adjacent ECs, i.e., junctional gaps and cytoplasmic vesicles,
in blood capillary ECs are shown on Fig. 2a—d. Analysis
of gaps with TEM displayed an increased width in db/
db in comparison with that in control mice (Fig. 2e—g) at
the base and at the apex of the heart. No difference was
observed within the middle region of the heart. Furthermore,
we observed a decreased vesicular index at the apex of the
heart, but not in other regions. This may indicate that active
transcellular transport was decreased in the region of the
heart apex (Fig. 2h—j).

The expression of mRNA for crucial receptors

and growth factors involved in regulation

of angiogenesis and vessel integrity is upregulated
only in isolated ECs from db/db mice, but notin the
whole myocardium

To further analyze the possible mechanism leading to vas-
cular rarefaction and leakiness in db/db mice, the expres-
sion of VEGF-A, VEGF-B and VEGFR1, and VEGFR2 in
whole cardiac muscle and in isolated ECs were evaluated.
There were no statistical differences in the expression of
mRNA for VEGF-A, VEGF-B, VEGFR1, or VEGFR?2 in the
whole cardiac tissue of control and db/db groups (Fig. 3a—d).
However, in isolated ECs there was a significantly increased
expression of VEGF-A, VEGF-B, and their receptors in the
db/db group (Fig. 3e-h). In situ evaluation of VEGFR2
expression showed a significant downregulation of this pro-
tein in whole heart, which may reflect the observed decrease
in the number of microvessels (Fig. 4a—f). Additionally,
VEGFR2/CD31 ratio analysis showed a decreased expres-
sion of VEGFR in whole heart and in the interventricular
septum, but not in the left or right ventricle (Fig. 4g—j).

The expression of mRNA for the MAP-signalling
pathway is elevated in isolated cardiac ECs from db/
db mice

To evaluate the possible irregularities in the downstream
VEGFR?2 signalling cascade, we examined the expression
of mRNA for main molecules involved in the MAP-regu-
lated pathway. Only the expression of mRNA for MEK and
ERK was significantly increased in the whole heart in db/
db mice. Despite this, the expression of mRNA for Ki67
was decreased in db/db hearts in comparison to those in
the control group (Fig. Sa—f). In isolated ECs there was
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Fig.1 Density of microvessels in cardiac tissue calculated as a num-
ber of CD31%/Lyve-1" cells per one square mm of tissue in control
and db/db mice. Panels a, b show confocal analysis of CD31%/Lyve-
17 cells; panels e~f show density of CD31%/Lyve-1~ cells per one
square mm of tissue in various parts of the heart. Graphs c—f show
measurements from three mouse hearts per group: at least six ran-
domly selected regions of interest were analyzed for each location

upregulation of mRNA for VEGFR2, PKCyp2, PLCy, RAF-
1, MEK, and ERK (Fig. 5g-1), but the expression of Ki-67
was not affected.

Sprouting is impaired in the aortic ring
assay with db/db-derived aortas stimulated
with angiogenic factors

The aortic ring assay was performed with aortas isolated
from db/db and control mice. Incubation with proangiogenic
VEGF-A 4, isoform stimulated the formation of sprouts,
defined as CD31-positive structures, but the number of
sprouts was significantly lower in db/db-derived aortic rings
compared with the number of sprouts from control-derived
aortic rings (Fig. 5Sm-o0). Furthermore, the mRNA levels
for VEGFR2 showed no significant differences between
the control and db/db groups, whereas mRNA for ERK1/2
molecules was significantly upregulated in db/db aortas sup-
plemented with proangiogenic factors (Fig. Sp, q).
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(n=18); only transverse sections of tissue were included into calcu-
lations. The normality of the distribution was assessed by the Sha-
piro-Wilk test. The 7-test or the Mann-Whitney test were applied
depending on data distribution. Results were considered statistically
significant at a p-value of <0.05. *» <0.05 Error bars show standard
deviation of the mean

The upregulated expression of mRNAs for AKT1
signalling pathways are observed in ECs isolated
from cardiac muscle of db/db mice

The expression of mRNA for proteins involved in the AKT
signalling pathway in whole cardiac tissue was not signifi-
cantly affected, except for FOXO3a, which was upregulated
in db/db cardiac muscle when compared with control cardiac
muscle (Fig. 6a—j). On the other hand, all examined mRNAs
(SRC, FAK, PXN, VE-cadherin, AKT1, PI3K, eNOS,
FOXO1, FOX03a, and PTEN) were significantly upregu-
lated in isolated cardiac ECs from db/db mice (Fig. 6k—t).
The in situ expression of VE-cadherin, evaluated with confo-
cal microscopy, was downregulated in the whole heart and in
both ventricles, but not in the interventricular septum, which
may be due to a decrease in the number of microvessels in
the ventricles of db/db mice (Fig. 7a—f). The VE-cadherin/
CD31 ratio showed a decrease of VE-cadherin expression
in ECs only in the left ventricle. There was no change in
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Fig.2 Cardiac blood microcapillary remodeling. TEM details of
microcapillaries in a control (a, ¢) and db/db (b, d) mouse. Distances
between adjacent ECs (i.e.. junctional gaps) and cytoplasmic vesicles
in blood capillary ECs are shown in a—d, respectively. Junctional gap
distances (e-g) and the number of vesicles (h=j) were calculated in
different areas of the heart. Calculations were made on the basis of
samples taken from three hearts per group. The number of randomly
sclected arcas for measurements in cach group were: (e-g) con-
trol—base n=8, middle n=6, apex n==6, db/db n=45, db/db—base

VE-cadherin expression in the whole heart or in the inter-
ventricular septum, and an increase in VE-cadherin expres-
sion in ECs in the right ventricle (Fig. 7g—j).

Discussion

Number and morphology of microvessels in cardiac
muscle of db/db mice

MetS symptoms, such as obesity, hyperglycemia, hyperlipi-
demia, and hypertension, negatively affect the cardiovascu-
lar system (Purwowiyoto and Prawara 2021). MetS condi-
tions have been repeatedly reported to alter the expression
of molecules involved in angiogenesis and vascular homeo-
stasis, which in turn may contribute to some symptoms of

db/db
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>
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£
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control db/db control db/db control db/db

=

n=9, middle n=6, apex n=10; (h=j) control—base n=10, middle
n=10, apex n=10, db/db n=45, db/db—base n=10, middle n=10,
apex n=10, db/db. The normality of distribution was assessed by the
Shapiro-Wilk test. The r-test or the Mann—Whitney test was used
depending on the distribution. The results were considered statisti-
cally significant at a p-value of £0.05; n—number of regions of inter-
est (randomly selected areas for measurements): white arrows—junc-
tional gaps; black arrows—vesicles in EC cytoplasm. *p <0.05. Error
bars show standard deviation of the mean

this condition, such as delayed wound healing and impaired
collateral growth after cardiac ischemia (Chou et al. 2002;
Bartkowiak et al. 2024; Cheng et al. 2023). Moreover, unfa-
vorable changes in cardiac vessel EC metabolism occur
before the development of diastolic dysfunction in diabetic
individuals (Taqueti et al. 2018). Similarly, microvascu-
lar rarefaction and dysfunction in peripheral organs are
observed in animal models in prediabetic state, although
the data are often contradictory (Veitch et al. 2022; Roy
et al. 2022). There are two possibilities discussed—poor
angiogenesis and increased apoptosis (Rawal et al. 2017;
Niderla-Bielinska et al. 2021; Dham et al. 2021).

Db/db mouse is one of the animal models used for MetS
studies (Alex et al. 2018). As a result of a point mutation,
leptin receptors in db/db mice become inactivated; there-
fore, these mice develop central leptin resistance, causing
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a voracious appetite and subsequent obesity and diabetes.
Dysregulation of the central leptin axis is considered a main
cause of obesity (Ren 2004), but in humans it is primarily
overeating that rapidly increases blood leptin levels, lead-
ing to leptin resistance and weight gain (Ren 2004; Berger
and Kloting 2021; Schwartz et al. 1996). Therefore, the
results obtained in this study cannot be directly translated
to patients, although there are some rare congenital LEPR or
leptin mutations in humans that can lead to overeating, obe-
sity, and T2DM (Farooqi et al. 2007). It is worth mentioning
that there are also mouse models with EC-specific LEPR
deficiency, in which the animals develop obesity only when
high fat diet is introduced (Gogiraju et al. 2023).

Weight gain and hyperglycemia in db/db mice is associ-
ated with alterations in myocardial structure and function,
although study results are often contradictory and depend
heavily on mouse sex, age, and the specific db/db strain
(Alex et al. 2018). In our experiment db/db mice at the of
age 21 weeks were already developing severe obesity and
hyperglycemia, although heart weight (calculated as heart
weight/tibia length) was significantly lower when compared
with that in the control group (data shown in (Niderla-Bie-
linska et al. 2021)). Morphological assessments of cardiac
muscle revealed microvascular rarefaction and compromised
vascular barrier. Although our first observation was consist-
ent with previously published data (Alex et al. 2018; Rawal
et al. 2017; Veitch et al. 2022), vascular barrier integrity in
cardiac muscle was never before evaluated in db/db mice.
Since we were able to employ only one method of assessing
vascular permeability, which was morphological analysis of
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junctional gaps (McDonald et al. 1999), this observation
needs further studies.

mRNAEs for proteins involved in the angiogenic
response are altered in ECs isolated from db/db
mouse cardiac muscle

VEGFs are crucial proteins involved in regulation of angi-
ogenesis. Elevated levels of VEGF-A in serum of MetS
individuals are well documented and positively correlate
with the amount of white adipose tissue (Zafar et al. 2018).
In contrast, measurements of VEGF and VEGF receptor
expression in cardiac tissue show contradictory results. No
differences in the expression of VEGF-A, either on mRNA
or protein levels were observed in the myocardium of db/db
mice compared with controls (Broderick et al. 2012, 2019;
Chen et al. 2012). Diabetic rats and diabetic patients show
a decrease in VEGF-A and VEGFR2 expression in cardiac
tissue (Chou et al. 2002). This may be owing to the fact, that
these analyses involved whole cardiac tissue, which is com-
posed of different types of cells that can respond to diabetic
environment in different ways (Litvifiukové et al. 2020). In
our experiment RT-PCR analysis of mRNA expression for
VEGF-A and VEGF-B in whole cardiac tissue did not show
any changes between db/db and control animals. However,
when we performed the same analysis with isolated ECs,
we observed a statistically significant increase in mRNA
for these factors. Furthermore, the expression of two cru-
cial receptors for VEGFs (VEGFR1 and VEGFR2) also
yielded surprising results. In the cardiac tissue there was
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Fig.4 The density of VEGFR2-
positive cells in the whole heart
and in its regions evaluated

via confocal microscopy and
measured per 1 mm? of tissue.
Panels a, b show VEGFR2
immunostaining in control

and db/db mice, respectively;
graphs e~f show the number of
VEGFR2-positive cells per 1
mm? of tissue in various regions
of the heart: graphs g—j show
the VEGFR2/CD31 ratio in
various regions of the heart. c-f
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no change in mRNA expression for these receptors, but
when only the ECs are analyzed, increased expression was
observed. This is in contrast to previously obtained results,
where a reduction of VEGFR1 and VEGFR2 mRNA expres-
sion in the whole cardiac tissue in db/db mice was reported
(Park et al. 2009). This may be owing to different age of the
animals used in these experiments. In literature there is a
lack of results showing mRNA expression in isolated ECs
(Kriiger-Genge et al. 2019). Unfortunately, we were unable
to analyze the expression of VEGFs and their receptors on
the protein levels owing to the small amount of the ECs
obtained after isolation, but confocal microscopic analy-
sis showed that the VEGFR2/CD31 positive signal ratio
is decreased in the whole heart and in the interventricu-
lar septum. This may indirectly indicate a downregulation
of this protein expression in ECs, despite elevation of the
mRNA for VEGFR2. This may be due to excessive VEGFR2

trafficking and degradation with autophagy, which were pre-
viously observed in diabetic environment (Liu et al. 2012).
Upregulation of VEGFR2 mRNA could be a compensatory
mechanism to replace lost VEGFR2 proteins.

VEGFR?2 function in ECs depends on the downstream
signaling cascade. EC proliferation and differentiation,
which are crucial for an angiogenic response, are mostly
regulated via the PLCy or ERK1/2 pathway (Claesson-
Welsh 2016). In our experiments we observed an increased
expression of mRNA for the proteins that are involved in
this signaling pathway in whole heart tissue; however, the
increase was not statistically significant, except for MEK and
ERK1/2. On the other hand, in isolated ECs we observed a
statistically significant elevation of mRNA expression for
PLCy, MEK, ERK, RAFI, and PKCp2. In literature there
are limited data describing the PLC-y or ERK1/2 pathway
in MetS hearts and the results are often contradictory. The
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Fig.5 The expression of mRNA for key molecules involved in the
MAP-kinase pathway and the ability of ECs to respond to angiogenic
stimuli. Panels a-l show relative quantification of mRNA for selected
molecules involved in the MAP-kinase pathway in the whole cardiac
tissue and in isolated ECs, respectively (n=>5 for each group). Pan-
cls m, n show a representative result of the aortic ring assay; tubules
were stained with anti-CD31 antibodies. Graph (o) shows the num-
ber of sprouts produced in control- and db/db-mouse-derived aortas
under the influence of mouse VEGF-A (5. Panels p, q demonstrate

ERK1/2 pathway may be triggered in different types of cells,
and results obtained from the whole cardiac tissue may be
misleading with regard to the angiogenic response. Data
show that in cardiomyocytes of db/db mice with MetS there
are no major changes in the expression of ERK1/2 pathway
kinases (Marsh et al. 2011). Similarly MetS conditions in a
porcine model do not affect ERK1/2 expression or activation
(Huang et al. 2013). On the other hand, in the whole myo-
cardium increased activation of the ERK1/2 pathway was
observed in db/db mice and in Zucker Diabetic Fatty rats,
which also develop MetS conditions (Chen et al. 2018; Gule-
ria et al. 2013). Elevated levels of phosphorylated ERK1/2
may correlate with elevated oxidative stress in aortic sam-
ples from obese rats (Touati et al. 2015). Taken together, our
results suggest an upregulation of the mRNA expression for
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relative quantification of mRNA for VGFR2 and ERK in vascular
sprouts from the aortic ring assay. Panels o—q show measurements
from three mouse experiments per group; at least five aortic rings
per mouse were analyzed (n=15). The normality of distribution was
assessed by the Shapiro-Wilk test. The t-test or the Mann-Whitney
test was used depending on data distribution. Results were considered
statistically significant at a p-value of <0.05. *p<0.05. Error bars
show standard deviation of the mean

ERK signaling pathway molecules in the hearts in MetS,
both in cardiac tissue and in isolated ECs. However, the lat-
ter may be an effect of elevated oxidative stress in these cells
(Touati et al. 2015). Another explanation is that ERK1/2
pathway upregulation is a compensatory mechanism in ECs,
which try to activate angiogenic pathways, but the EC dys-
function caused by MetS environment prevents it. Neverthe-
less, further experiments need to be performed to support
these assumptions, since our evaluations were performed
only with mRNA levels and these may not correspond with
protein levels or the activation of specific molecules.
AKT-signaling pathway activation results in an increased
expression of the mTOR2 complex, which is an impor-
tant intracellular factor that facilitates new vessel forma-
tion by regulating cell proliferation, adhesion, and motility

40



Histochemistry and Cell Biology (2024) 162:523-539 533
SRC FAK PXN VE-cadherin PTEN
1.5+ 2.0 1.5+ 15 11
1.0
1.5
1.0 1.0 10 0.9
1.0
0.8
0.5+ 0.5+ 0.5
0.5 i
0.0 T 5 0.0 - T 0.0 T 0.0 T T 0.6 - -
a control db/db b control db/db C  control db/db d control dbidb e control db/db
Akt1 PIK3ca eNOS FOXO01 FOXO03a
1.6 1.4 1.5 2.0 4 *
e
1.4 1.2+ 1.5+ 3
K-J 1.0
§ 1.2+ 1.0 1.0 2
£ = =
0.5
£ 104 0.8 0.5 14
e—
o
c 08 T T 0.6 T T 0.0 T T 0.0 T T 0 T T
o] f control db/db control db/db h control db/db . control db/db . control db/db
2 g | i
S SRC FAK PXN VE-cadherin PTEN
= *
£ * 2.0 34 * 2.0 * 49 "
©
= 1.5+ 1.5+ 34
T 2 2+
2 1.0+ @ 1.0 24
S H =
°© 0.5+ 0.5 H ==
14
0 T T 0.0 T T 0 T T 0. T T 0 T T
k control db/db I control db/db m control db/db n control db/db o control db/db
Akt1 PIK3ca eNOS FOXO01 FOXO03a
20 x 2.0+ - 34 * 1.4+ * 20 *
1.5 1.5+ 1.24 1.5
24
1.0 @ 1.04 @ 1.0 1.0 @
Ly E
0.5 0.5+ 0.8 0.5
0.0 T T 0.0 T T 0 T T 0.6 T T 0.0 T T
p control db/db control db/db control db/db s control db/db t control db/db

Fig.6 mRNA expression for proteins involved in the AKT signaling
pathway in the whole cardiac tissue (a—j) and in isolated ECs (k-t).
Isolated cells and cardiac tissue samples were collected separately
from five animals (n=5) in both the control and the db/db group. The

(Simons et al. 2016). There are many contradictory stud-
ies that describe AKT signaling in MetS (Park et al. 2009;
Guleria et al. 2013). In this paper, we show, that there are
no changes in mRNA expression for most AKT signaling
cascade molecules (SRC, FAK, PXN, VE-cadherin, AKTI,
PIK3ca, eNOS, FOXO1, and PTEN), except for FOXO3a, in
the whole heart tissue, although for our experiments we did

normality of distribution was assessed by the Shapiro-Wilk test. The
t-test or the Mann-Whitney test was used depending on data distri-
bution. Results were considered statistically significant at a p-value
of <0.05. *p <0.05. Error bars show standard deviation of the mean

not choose any specific area of the heart, which may have
affected our findings. On the other hand, all of the above fac-
tors are significantly elevated in isolated ECs. In the cardiac
muscle of db/db mice the AKT pathway seems to be down-
regulated, as demonstrated by an observed decrease in phos-
phorylated AKT in tissue extracts (Park et al. 2009). Moreo-
ver, this effect is not observed in cardiomyocytes, which
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Fig.7 VE-cadherin expression
in control and db/db mouse
hearts, analyzed with confocal
microscopy (a, b). Graphs ¢—f
show density of VE-cadherin
and CD31 double-positive
cells in the whole heart and

in cardiac regions evaluated
with confocal microscopy and
measured per 1 mm? of tissue.
Graphs g—j demonstrate the
VE-cadherin/CD31 ratio in
various regions of the heart.
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suggests that the AKT pathway may also be affected in other
cells, such as fibroblasts, immune cells, or ECs (Marsh et al.
2011). Decreased AKT phosphorylation was also observed
in a diet-induced MetS rat model (Ibarra-Lara et al. 2016).

In our experiments we also observed upregulated expres-
sion of mRNA for FOXO3a, a factor that enhances apoptosis
in mature ECs via downregulation of antiapoptotic inhibi-
tory proteins and attenuates EC proliferation (Skurk et al.
2004; Potente et al. 2003), both in whole cardiac tissue and
in isolated ECs. FOXO3a negatively affects angiogenesis
and EC proliferation by downregulating eNOS expression
(Potente et al. 2005). We did not observe downregulation
of mRNA for eNOS in isolated ECs, but the expression
of mRNA for the Ki67 proliferation marker (Lashen et al.
2023) was decreased in the whole cardiac tissue. This may
be at least partially owing to FOXO3a mRNA upregula-
tion, although we did not observe the difference in mRNA
expression for Ki67 in isolated db/db ECs, despite increased
mRNA expression for FOXO3a.

In the next step we performed an aortic ring assay, which
suggests, that new sprout formation is impaired in db/db
mice, which was also reported earlier (Liu et al. 2012; Li
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et al. 2016). We also analyzed the mRNA for VEGFR2 and
EKR1/2 molecules in aortic explants, which are crucial in
regulating EC proliferation and angiogenesis, and we found
that only ERK1/2 mRNA was upregulated in db/db mouse
aortas treated with the proangiogenic factor (VEGF ¢,).
Previous reports show that diabetic Akita mice exhibited a
downregulation in VEGFR2 levels in an aortic ring model,
but this may be owing to the fact that the VEGFR2 pro-
tein is degraded in cytosol, instead of being trafficked from
endosomes to the plasma membrane, thus its mRNA levels
may be unaffected (Liu et al. 2012).

Junctional gaps are widened in microvessels in db/
db cardiac muscle

Vascular permeability is controlled by three mechanisms:
interactions between ECs and mural cells, transcellular
transport via vesicles, and paracellular transport between
ECs, which depends on the integrity of cellular junctions
(Goddard and Iruela-Arispe 2013; Miyawaki-Shimizu et al.
2006). Our ultrastructural analysis of db/db mouse microves-
sels within some regions of the heart showed widened
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junctional gaps between ECs and a decreased vesicular
index, which may suggest changes in microvessel perme-
ability and/or an impaired microvessel barrier (Weis et al.
2004b; McDonald et al. 1999). VEGF downstream signal-
ing pathway molecules, namely src kinases, as well as high
levels of ROS, may affect transcellular trafficking through
interaction with caveolin 1, the main protein involved in
vesicle formation in ECs (Sun et al. 2009). Activation of the
SRC signaling pathway results in VE-cadherin phosphoryla-
tion and endocytosis, destruction of adherents junctions, and
increased endothelial permeability (Simons et al. 2016; Weis
et al. 2004a). VE-cadherin may also couple with VEGFR2,
and an increased phosphorylation of VE-cadherin causes
uncoupling and weakening of cell-to-cell interactions and
thus impairs the integrity of the vascular barrier (Shiou et al.
2019). Elevated levels of VEGF-A may additionally promote
VE-cadherin phosphorylation via the VEGF-A/VEGFR/
SRC axis (Weis et al. 2004b). In our work, we observed,
that the expression of mRNA for VE-cadherin and VEGF-A
is increased in ECs isolated from db/db mice but not in the
whole heart. The VE-cadherin/CD31 ratio, analyzed with
confocal microscopy, showed that VE-cadherin expression
is downregulated in the left ventricle, but elevated in the
right ventricle. This may indicate that different parts of the
heart are affected by MetS environment in different ways.
Additionally, elevated mRNA for VE-cadherin is insufficient
to supplement the loss of VE-cadherin proteins.

LEPR deficiency in db/db mouse may be a possible
cause of poor angiogenic response in cardiac muscle

VEGF-VEGER signaling is not the only angiogenic path-
way in the heart, although our experiments focused only on
molecules involved in this axis. It needs to be mentioned
that a poor angiogenic response may be also a result of the
animal model used in our experiments, since db/db mice
do not have functional receptors for leptin. Leptin is known
to exert vascular effects, although its cardiovascular func-
tion remains controversial, since different, often contradic-
tory, effects of this adipokine have been reported. Leptin
may be involved in the regulation of vascular tone, arterial
blood pressure, and vascular relaxation via different central
and peripheral mechanisms (extensively described in (Ren
2004; Mellott and Faulkner 2023)]); therefore, defective
leptin signaling may lead to pathological changes within
myocardium, which can ultimately contribute to HF. Lep-
tin may enhance angiogenesis, ECs survival and migra-
tion, and tube formation in vitro (Tahergorabi and Khazaei
2015) and in vivo, i.e., in a corneal angiogenic model or
in a chorioallantoic membrane model (CAM) (Bouloumie
et al. 1998; Park et al. 2001; Sierra-Honigmann et al. 1998).
Leptin signaling promotes tube formation through interac-
tion with the VEGFR2 downstream signaling cascade in

cultured human umbilical vein ECs (HUVECs) (Garonna
etal.2011), whereas in cancer cells, LEPR activation stimu-
lates VEGF-A expression mainly through hypoxia-inducible
factor-1 o (HIF-1a) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) (Gonzalez-Perez et al.
2010). LEPRs are present on ECs (Schroeter et al. 2007), but
prolonged hyperleptinemia may alter LEPR expression, its
distribution, or its downstream signaling cascade. Hubert
et al. showed that mice fed a high-fat diet exhibit reduced
LEPR expression and leptin-induced STAT3 phosphoryla-
tion (Hubert et al. 2017). Additionally, obesity may increase
the levels of soluble LEPR, which limits leptin bioavailabil-
ity (Hubert et al. 2017). Systemic LEPR deficiency affects
all LEPR-expressing cells thus any cell-specific effects may
be distorted. There are mouse models with reduced LEPR
expression in ECs only, which mimic peripheral leptin resist-
ance and show a vascular phenotype similar to that of HFD-
fed WT mice (Hubert et al. 2017). On the other hand, dele-
tion of LEPR in cardiac ECs promotes angiogenic sprouting
in vitro, restores density of microvessels in cardiac muscle
and reduces EC apoptosis after pressure overload (Gogi-
raju et al. 2019). Since db/db mice lack functional LEPR,
we cannot rule out the possibility, that a poor angiogenic
response in our aortic ring model was also a result of insuf-
ficient LEPR-VEGFR interactions, but this phenomenon
needs further studies.

Final conclusions and limitations
of the study

Expression of mRNAs for selected proangiogenic factors
and the signaling molecules involved in angiogenesis, cell
survival, and vascular permeability is altered in db/db mouse
ECs isolated from cardiac muscle, whereas it remains unal-
tered when the entire cardiac tissue is analyzed. Our stud-
ies show that isolation and analysis of ECs is crucial for
evaluating cellular processes, especially in cardiac muscle,
where the presence of other cell types may obscure the view.
Morphological changes within the cardiac muscle, namely
microvascular rarefaction and widened vascular junctional
gaps, may be caused by deregulated expression of mRNA
for VEGEFR signaling cascade molecules, but these are pre-
liminary observations that need further studies. Our paper
has some limitations, examination of such complicated pro-
cesses as EC physiology and function in tissue environment
is subject to error. We were unable to show the changes
in selected molecules on the protein level or evaluate the
activity of proteins involved in the VEGF signaling cascade
owing to the limited number of cells sorted. But we believe
that our findings are important for the following reasons:
first, they demonstrate new aspects of VEGF signaling
in ECs only, not in the whole cardiac tissue, in the MetS
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environment, which are important from the point of view of
clinical medicine; second, our findings may serve as a step-
ping stone for further research, including functional studies.
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7. Podsumowanie i wnioskKi

Przeprowadzone do$wiadczenia pozwolity uzyskac nastgpujace wyniki:

. U myszy db/db gestos¢ mikronaczyn w catym miokardium jest istotnie obnizona

. W badaniu ultrastrukturalnym zaobserwowano powigkszenie odstepu pomiedzy
komoérkami $rddblonka, a takze zmniejszong intensywno$¢ transportu przez
komoérke (transcytozy), co jest oznaka rozszczelnienia bariery naczyniowe;.
Obserwacje byly istotne statystycznie jedynie dla niektorych obszardéw serca
Ekspresja mRNA dla VEGF-A, VEGF-B oraz receptorow VEGFR-1, VEGFR-2
byla istotnie zwigkszona w izolowanych z serc myszy db/db komoérkach
srédblonka. Efektu tego nie obserwowano, kiedy analizowano cate miokardium

. Analiza poziomu ekspresji VEGFR-2 na skrawkach miokardium myszy db/db
wykazata istotny statystycznie spadek gestosci tego receptora na komodrkach
sroédblonka, ale nie we wszystkich obszarach serca

Ekspresja mRNA dla PKCyp2, PLCy, RAF1, MEK, i ERK1/2 byta zwigkszona
w izolowanych komorkach $rédbtonka, natomiast ekspresja mRNA dla Ki-67,
markera proliferacji, nie ulegata zmianie. Co cickawe ekspresja mMRNA dla Ki-67
ulegata zmniejszeniu w calym miokardium.

Ekspresja mRNA dla SRC, FAK, PXN, VE-kadheryny, AKT1, PI3K, eNOS,
FOXO1, FOX0O3a i PTEN byta znaczaco podwyzszona w komodrkach $rodbtonka
izolowanych z miokardium myszy db/db.

. Zmniejszenie gestosci ekspresji dla VE-kadheryny na skrawkach z serca myszy
db/db w komorkach §rodblonka wykazano jedynie dla lewej komory serca.

. W teécie krazkow aortalnych wykazano, ze aorty izolowane z myszy db/db
w odpowiedzi na stymulacj¢ czynnikiem proangiogennym VEGF-A produkuja

znaczgco mniej nowych paczkéw naczyniowych.
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Na podstawie powyzszych wynikoéw sformutowano wnioski ogdlne:

W MetS dochodzi do obnizenia gestosci mikronaczyn w miokardium
oraz ich zwigkszonej przepuszczalnosci, co moze by¢ efektem zaburzen
w kaskadzie sygnalizacyjnej VEGF/VEGFR

Izolacja komorek srodbtonka jest niezbednym etapem analizy zaburzen
odpowiedzi angiogennej czy przepuszczalnosci naczyn, gdyz badanie catego
miokardium daje wyniki zafalszowane przez obecno$¢ innych komoérek

Obnizona odpowiedZz angiogenna s$rodbtonka w MetS moze by¢ wynikiem
zaburzen w kaskadzie sygnalizacyjne] VEGF/VEGFR

Konieczne sg dalsze prace w szczegolnosci taczace interakcje pomiedzy innymi
komorkami, aby doktadnie przedstawi¢ mechanizm w jakim dochodzi do spadku
gestosci naczyn 1 zwiekszenia ich przepuszczalno$ci w MetS

Wyjasnienie mechanizmow zaburzajacych odpowiedz angiogenng
1 zwigkszajacych przepuszczalno$¢ naczyn w sercu w MetS moze mie¢ potencjalne
znaczenie praktyczne w profilaktyce, diagnostyce oraz leczeniu niewydolno$ci
serca w MetS juz na wczesnych etapach tego schorzenia, dlatego dalsze

prowadzenie badan w tym zakresie powinno by¢ kontynuowane
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8. Oswiadczenia wszystkich wspoétautoréow publikacji
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(miejscowo$¢, data)

Mateusz Bartkowiak
(imie i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. ,,Metabolic Syndrome and Cardiac Vessel Remodeling Associated
with Vessel Rarefaction: A Possible Underlying Mechanism May Result from a Poor
Angiogenic Response to Altered VEGF Signaling Pathways.” o§wiadczam, iz méj whasny
wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:

pomoc przy przygotowaniu literatury oraz korekta artykutu

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 2 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okreslam jako 75 %,
obejmowat on koncepcjg pracy, zebranie literatury, jej analiz¢ oraz przedstawienie w postaci

publikacji.

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czg$é rozprawy doktorskiej
lek. Krzysztofa Bartkowiaka

(podpis oswiadczajacego)
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Uogprar A0 01
(miejscowosé, data)

Ewa Jankowska-Steifer

OSWIADCZENIE

Jako wspétautor pracy pt. ,,Metabolic Syndrome and Cardiac Vessel Remodeling Associated
with Vessel Rarefaction: A Possible Underlying Mechanism May Result from a Poor
Angiogenic Response to Altered VEGF Signaling Pathways.” o$wiadczam, iz moj whasny
wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badar oraz
przedstawienie pracy w formie publikacji stanowi:

pomoc przy przygotowaniu artykutu oraz jego korekta

Méj udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okre§lam jako 75 %,

obejmowat on koncepcj¢ pracy, zebranie literatury, Jej analiz¢ oraz przedstawienie w postaci
publikacji.

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako cze$é rozprawy doktorskiej
lek. Krzysztofa Bartkowiaka

A4 .
J(M(,./\\

4 (podpis o$wiadczajacego)
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Wowmewe, /101014

(miejscowosé, data)

Anna Ratajska

OSWIADCZENIE

Jako wspétautor pracy pt. ,,Metabolic Syndrome and Cardiac Vessel Remodeling Associated
with Vessel Rarefaction: A Possible Underlying Mechanism May Result from a Poor
Angiogenic Response to Altered VEGF Signaling Pathways.” o§wiadczam, iz moj wlasny
wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:

pomoc przy przygotowaniu artykutu oraz jego korekta

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okre§lam jako 75 %,

obejmowat on koncepcje pracy, zebranie literatury, jej analize oraz przedstawienie w postaci
publikacji.

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako czeéé rozprawy doktorskiej

lek. Krzysztofa Bartkowiaka

(podpis oswiadczajacego)
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(miejscowosé, data)

Marek Kujawa

OSWIADCZENIE

Jako wspétautor pracy pt. ,,Metabolic Syndrome and Cardiac Vessel Remodeling Associated
with Vessel Rarefaction: A Possible Underlying Mechanism May Result from a Poor
Angiogenic Response to Altered VEGF Signaling Pathways.” o§wiadczam, iz moj whasny
wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz

przedstawienie pracy w formie publikacji stanowi:
pomoc przy przygotowaniu artykutu oraz jego korekta

Mdj udziat procentowy w przygotowaniu publikacji okreslam jako 4 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okreslam jako 75 %,

obejmowat on koncepcje pracy, zebranie literatury, jej analize oraz przedstawienie w postaci
publikacji.

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako czgs$¢ rozprawy doktorskiej
lek. Krzysztofa Bartkowiaka

SRR b 04\ ¢ 7 g K
;@M

(podpis o$wiadczajgeego)
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(migjscowosé, data)

Olga Aniofek

OSWIADCZENIE

Jako wspétautor pracy pt. ,,Metabolic Syndrome and Cardiac Vessel Remodeling Associated
with Vessel Rarefaction: A Possible Underlying Mechanism May Result from a Poor
Angiogenic Response to Altered VEGF Signaling Pathways.” o$wiadczam, iz méj whasny
wkiad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badan oraz
przedstawienie pracy w formie publikacji stanowi:

korekta publikacji

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 1 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okreslam jako 75 %,

obejmowat on koncepcje pracy, zebranie literatury, jej analizg oraz przedstawienie w postaci
publikacji.

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg¢$¢ rozprawy doktorskicj
lek. Krzysztofa Bartkowiaka

AT
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(miejscowosé, data)

Justyna Niderla-Bielinska

OSWIADCZENIE

Jako wspbtautor pracy pt. ,,Metabolic Syndrome and Cardiac Vessel Remodeling Associated
with Vessel Rarefaction: A Possible Underlying Mechanism May Result from a Poor
Angiogenic Response to Altered VEGF Signaling Pathways.” oswiadczam, iz moéj wlasny
wklad merytoryczny w przygotowanie, przeprowadzenie i opracowanie badar oraz
przedstawienie pracy w formie publikacji stanowi:

pomoc przy przygotowaniu artykutu oraz jego ostateczna korekta

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 10 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okreslam jako 75 %,

obejmowat on koncepcjg pracy, zebranie literatury, jej analize oraz przedstawienie w postaci
publikacji.

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako cze$é rozprawy doktorskiej

lek. Krzysztofa Bartkowiaka

(podpis o$wiadczajgcego)
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(ot 2.

(miejscov\{oéé, data)

Mateusz Bartkowiak
(imig i nazwisko)

OSWIADCZENIE

Jako wspdtautor pracy pt. ,Expression of mRNA for molecules that regulate
angiogenesis, endothelial cell survival, and vascular permeability is altered in endothelial cells
isolated from db/db mouse hearts.” o$wiadczam, iz m¢j wlasny wktad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badaf oraz przedstawienie pracy w formie
publikacji stanowi:
pomoc przy przeprowadzaniu badar oraz analizy statystycznej

Méj udziat procentowy w przygotowaniu publikacji okreslam jako 1 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okreslam jako 70 %,
obejmowat on koncepcje pracy, metodologie, przeprowadzenie do§wiadczen oraz zebranie

literatury, interpretacj¢ wynikow oraz przedstawienie ich w postaci publikacji.

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako cze$é rozprawy doktorskiej
lek. Krzysztofa Bartkowiaka

(podpis oswiadczajacego)
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Uowaew .00
(miejscowosé, data)

Ewa Jankowska-Steifer

OSWIADCZENIE

Jako wspétautor pracy pt. ,Expression of mRNA for molecules that regulate
angiogenesis, endothelial cell survival, and vascular permeability is altered in endothelial cells
isolated from db/db mouse hearts.” o$wiadczam, iz moj wlasny wktad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi:
pomoc. przy opracowaniu koncepcji pracy, przeprowadzaniu doswiadczen oraz korekte
publikacji

Méj udziat procentowy w przygotowaniu publikacji okreslam jako 5 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okreslam jako 70 %,
obejmowat on koncepcje pracy, metodologie, przeprowadzenie dos$wiadczen oraz zebranie

literatury, interpretacje wynikéw oraz przedstawienie ich w postaci publikacji.

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej
lek. Krzysztofa Bartkowiaka

D P

{(podpis o$wiadczajacego)
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(mlejscowosc data)

Anna Ratajska

OSWIADCZENIE

Jako wspétautor pracy pt. ,JExpression of mRNA for molecules that regulate
angiogenesis, endothelial cell survival, and vascular permeability is altered in endothelial cells
isolated from db/db mouse hearts.” o$wiadczam, iz méj whasny wklad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badari oraz przedstawienie pracy w formie
publikacji stanowi:
pomoc przy opracowaniu koncepcji pracy, przeprowadzaniu doswiadczer oraz korekte
publikacji
Moj udziat procentowy w przygotowaniu publikacji okrelam jako 5 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okre§lam jako 70 %,

obejmowat on koncepcje pracy, metodologie, przeprowadzenie do$wiadczen oraz zebranie
literatury, interpretacje wynikéw oraz przedstawienie ich w postaci publikacji.

Jednoczesnie wyrazam zgode na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej

lek. Krzysztofa Bartkowiaka

(podpis o$wiadczajacego)
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(miejscowos¢, data)

Elzbieta Czarnowska

OSWIADCZENIE

Jako wspotautor pracy pt. ,Expression of mRNA for molecules that regulate
angiogenesis, endothelial cell survival, and vascular permeability is altered in endothelial cells
isolated from db/db mouse hearts.” o$wiadczam, iz md) wlasny wklad merytoryczny w
przygotowanie, przeprowadzenic i opracowanie badan oraz przedstawicnic pracy w formic
publikacji stanowi:
pomoc przy praygotowaniu koncepcji oraz metodologia i przeprowadzenie doswiadezen =
zakresu szezegblnie mikroskopii elektronowej.

Moj udzial procentowy w przygotowaniu publikacji okreslam jako 5 %.

Wklad Krzysztofa Bartkowiaka w powstawanie publikacji okre$lam jako 70 %,
obejmowat on koncepej¢ pracy, metodologig, przeprowadzenie do$wiadezen oraz zebranie
literatury, interpretacje wynikow oraz przedstawienie ich w postaci publikacji.

Jednoczesnie wyrazam zgodg na wykorzystanic w/w pracy jako cz¢S¢ rozprawy doktorskic)
lek. Krzysztofa Bartkowiaka

‘l’ah e @v/kso// &L/

(podpis o$wiadczajgeego)
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(miejscowos¢, data)

L ovipease AR R

Marek Kujawa

OSWIADCZENIE

Jako wspétautor pracy pt. ,Expression of mRNA for molecules that regulate
angiogenesis, endothelial cell survival, and vascular permeability is altered in endothelial cells
isolated from db/db mouse hearts.” odwiadczam, iz méj wilasny wktad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi:
pomoc przy opracowaniu koncepcji pracy oraz korekte publikacji
Moj udziat procentowy w przygotowaniu publikacji okre$lam jako 3 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okreslam jako 70 %,
obejmowat on koncepcj¢ pracy, metodologie, przeprowadzenie doswiadezef oraz zebranie

literatury, interpretacje wynikéw oraz przedstawienie ich w postaci publikacji.

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej

lek. Krzysztofa Bartkowiaka

(podpis o$wiadczaj cego)
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Olga Aniotek

OSWIADCZENIE

Jako wspétautor pracy pt. ,Expression of mRNA for molecules that regulate
angiogenesis, endothelial cell survival, and vascular permeability is altered in endothelial cells
isolated from db/db mouse hearts.” o$wiadczam, iz méj wiasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi:
korekta publikacji
Méj udziat procentowy w przygotowaniu publikacji okre§lam jako 1 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okre$lam jako 70 %,

obejmowat on koncepcje pracy, metodologie, przeprowadzenie do$wiadczen oraz zebranie

literatury, interpretacj¢ wynikow oraz przedstawienie ich w postaci publikacji.

Jednoczesnie wyrazam zgodg na wykorzystanie w/w pracy jako czg$¢ rozprawy doktorskiej
lek. Krzysztofa Bartkowiaka -

/'/ / ‘ (podpis o$wiadczajacego)
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OSWIADCZENIE

Jako wspotautor pracy pt. ,Expression of mRNA for molecules that regulate
angiogenesis, endothelial cell survival, and vascular permeability is altered in endothelial cells
isolated from db/db mouse hearts.” oswiadczam, iz m6j wiasny wkiad merytoryczny w
przygotowanie, przeprowadzenie i opracowanie badan oraz przedstawienie pracy w formie
publikacji stanowi:
pomoc przy opracowaniu koncepcji pracy, metodologii, przeprowadzaniu doswiadczen oraz
korekte publikacji

Moj udziat procentowy w przygotowaniu publikacji okreslam jako 10 %.

Wkiad Krzysztofa Bartkowiaka w powstawanie publikacji okreslam jako 70 %,
obejmowatl on koncepcje pracy, metodologie, przeprowadzenie doswiadczen oraz zebranie

literatury, interpretacj¢ wynikow oraz przedstawienie ich w postaci publikacji.

Jednocze$nie wyrazam zgode na wykorzystanie w/w pracy jako czes¢ rozprawy doktorskiej
lek. Krzysztofa Bartkowiaka

(podpis o$wiadczajacego)
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9. Opinia Komisji Bioetycznej lub Etycznej

Zgodnie z ustawg z dnia 15 stycznia 2015 r. o ochronie zwierzqt wykorzystywanych
do celow naukowych lub edukacyjnych, z uwagi na charakter wykonywanych prac, nie byta
wymagana zgoda Komisji Etycznej na przeprowadzenie doswiadczen z wykorzystaniem

zwierzat w ramach niniejszej rozprawy doktorskiej.
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