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Rozdzial 4. Rozprawa Doktorska

4.1. Wykaz stosowanych skrétéw i oznaczen

NT Nadci$nienie t¢tnicze

PTNT Polskie Towarzystwo Nadci$nienia Tetniczego

SBP Cisnienie skurczowe (ang. Systolic blood pressure)

DBP Cisnienie rozkurczowe (ang. Diastolic blood pressure)

mmHg Milimetr stupa rteci

SHR Szczury ze spontanicznym nadci$nieniem (ang. spontaneously
hypertensive rats)

DOCA Octan deoksykortykosteronu

WKY Szczury Wistar Kyoto, kontrola do SHR

UNX, Szczury poddane jednostronnej nefrektomii (ang. uninephrectomised
rats)

DMF Dimetyloformamid (ang. dimethyloformamide)

NaCl Chlorek sodu (ang. sodium chloride)

NO Tlenek azotu (ang. nitric oxide)

Wg Wingless

TCF T-cell factor

APC Adenomatous polyposis coli

CK1 Casein kinasel

GSK-3p Glycogen synthase kinase 3

Fzd Frizzled

LRP Low density lipoprotein receptor related protein

Gro/TLE Groucho/Transducing-Like Enhancer

PCR Reakcja fancuchowa polimerazy (ang. polymerase chain reaction)

GAPDH Gen referencyjny - glyceraldehyde 3-phosphate dehydrogenase

RAA/RAAS Uktad renina-angiotensyna-aldosteron

VSMC Vascular smooth muscle cell

LMP7 Large Multifunctional Protease 7

CacyBP/SIP Calcyclin-Binding Protein and Siah-1 Interacting Protein

B-MHCs Lancuchy ci¢zkie B-miozyny (ang. f-Myosin heavy chains)

SE Blad standardowy (ang. standard error)
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4.2. Wstep
4.2.1. Definicja nadciSnienia tetniczego

Na przestrzeni lat rozw6j cywilizacyjny oraz naukowy pozwolit na
wyeliminowanie wielu groznych schorzen. Niestety, intensywne przemiany
demograficzne i srodowiskowe pociagajg za sobg W konsekwencji rozprzestrzenianie na
ogromng skalg¢ wielu chorob cywilizacyjnych. Ich zasigeg obejmuje ogoélnoswiatowa
populacje oraz szacuje si¢, ze odpowiadaja za okoto 80% zgondéw na $wiecie. Te
niezakazne schorzenia, O charakterze przewlektym, sa jak dotad niemozliwe do
wyeliminowania. Pomimo staran niezliczonych zespotéw badawczych oraz
prowadzonych badan nad etiologig oraz potencjalnymi metodami leczenia, choroby
cywilizacyjne oraz ich powiklania stanowig powazny problem obecnych czasow.

Nadci$nienie tegtnicze (NT) jest jedna Zz najczgsciej wystgpujacych chorob
w populacji ogdlnoswiatowej. Jest najistotniejszym modyfikowalnym czynnikiem
ryzyka wystepowania chordb uktadu krazenia oraz gtowna przyczyng przedwczesnych
zgondéw na $wiecie. Choroba nadci$nieniowa rozwija si¢ powoli i skrycie, przez dlugi
czas nie dajac odczuwalnych objawow, dlatego bywa nazywana ,.cichym zabdjca”.
Powiktania dlugotrwatych efektow nieleczonego nadci$nienia, jakimi sg przede
wszystkim incydenty sercowo-naczyniowe czy niewydolno$¢ narzadowa, stanowig
powazne zagrozenie dla zdrowia i zycia [1-4]. Nadci$nienie tetnicze jest skutkiem
dziatania wielu czynnikéw biologicznych. Najczesciej czynniki patogenne NT s3
pochodzenia nerkowego, nerwowego, humoralnego, atakze biofizycznego [5].
Nadci$nienie tetnicze rozpoznaje si¢ W Sytuacji, kiedy w dwoch gabinetowych pomiarach
ci$nienia tetniczego krwi, podczas dwdch oddzielnych wizyt uzyskuje sie przekroczenie
warto$ci prawidlowych. Wedlug wspolczesnych wytycznych Polskiego Towarzystwa
Nadcisnienia Tetniczego (PTNT) leczenie hipotensyjne zaleca si¢, gdy $rednie wartosci
ci$nienia tetniczego skurczowego (SBP, systolic blood pressure) sg rowne lub wyzsze niz
140 mmHg (milimetry stupa rteci) i/lub 90 mmHg dla ci$nienia rozkurczowego (DBP,
diastolic blood pressure) [4]. Takie same wartosci rozpoznania nadci$nienia t¢tniczego
zalecaja wytyczne amerykanskie i europejskie. Dane PTNT wskazuja, ze NT wystepuje
u ok. 30% dorostej populacji Polakéw. Rozpowszechnienie nadci$nienia t¢tniczego na

calym $wiecie oszacowano na 1,13 miliarda w 2015 roku, przy ponad 150 milionach
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przypadkow w Europie Srodkowej i Wschodniej oraz prognozuje si¢ dalszy wzrost liczby

zachorowan [6].
4.2.2. Etiologia i patogeneza nadci$nienia tetniczego

Wcigz aktualna jest teoria mozaikowa nadcis$nienia t¢tniczego sformutowana
W 1949 roku przez Irvina Page’a, ktory jako pierwszy wskazal na wieloczynnikowa,
ztozong przyczyng tej jednostki chorobowej [7]. W potowie ubieglego wieku odkryto
wiele czynnikéw wplywajacych na rozwo6j NT, takich jak peptydy natriuretyczne,
angiotensyna, prostacyklina, tlenek azotu, endotelina i inne. Od tego czasu, dzigki
osiggnigciom wielu dyscyplin klinicznych inauk podstawowych dokonat si¢ istotny
postep W zakresie wiedzy dotyczacej znaczenia genow, roli uktadu wspodtczulnego,
metabolizmu sodu czy proceséw zapalnych w patogenezie nadcisnienia tetniczego [5].

Dynamiczne badania ostatnich dekad wskazaly takze na genetyczne podtoze NT,
budowe $Sciany naczynia, aktywno$¢ biologiczng srédbtonka oraz udzial wielu substancji
I szlakow molekularnych, majacych wplyw na rozwdj nieprawidlowych wartosci
cisnienia krwi [1-3]. Wykazano réwniez wplyw czynnikow modyfikowalnych,
wynikajacych z warunkow Srodowiskowych i stylu zycia, na przebieg choroby
nadci$nieniowej [3]. Gtowne mechanizmy, uczestniczace W regulacji ci$nienia krwi to
czynno$¢ skurczowo-rozkurczowa serca, ktore ttoczy krew do naczyn. Naczynia
krwionosne, poprzez zmiany S$rednicy ich $wiatla, wpltywaja na opér obwodowy.
Intensywno$¢ filtracji ktebuszkowej zachodzacej w nerkach ma wplyw na objetosé
krazacej krwi, a tym samym na objetos¢ minutowg serca. Wiele substancji wytwarzanych
w powyzszych narzadach, wplywa na regulacj¢ ci$nienia t¢tniczego, poprzez
rozszerzanie lub skurcz naczyn. W stanie fizjologii zwiazki te pozostaja W roOwnowadze.

U ponad 90% chorych, nadci$nienie t¢tnicze ma charakter pierwotny, ktérego
bezposrednia przyczyna pozostaje nieznana. Przyjmuje si¢, ze rozwoj tej postaci
nadci$nienia tetniczego jest wynikiem naktadajacych si¢ czynnikow dziedzicznych
I srodowiskowych, powodujacych zaburzenie funkcjonowania uktadow regulujgcych
cisnienie krwi. Obcigzenia genetyczne odgrywaja decydujaca rolg, natomiast pewne
czynniki zewngtrzne moga W znacznym stopniu przyczyni¢ si¢ do ujawnienia si¢
choroby. Okoto 10% przypadkéw to nadcisnienie wtdrne, towarzyszace réznym stanom
chorobowym i zaburzeniom funkcjonowania organizmu, a jego przyczyna jest najczesciej

odwracalna. Ma to miejsce w przebiegu takich choréb jak: zwezenie t¢tnicy nerkowe;,
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choroby nerek, pierwotny hiperaldosteronizm, zespoét Cohna, zespot Cushinga i wiele

innych [8].
4.2.3. Modele zwierzece badania nadci$nienia tetniczego

Bioragc pod uwage wieloczynnikowa etiologi¢ oraz rdznorodnos$¢ procesow

zaangazowanych W rozwoj nadcisnienia tetniczego i jego przebieg, w przeprowadzanych
badaniach istotng rol¢ odgrywaja zwierzgce modele eksperymentalne, w ktoérych czas
uzyskania wynikow jest relatywnie krotki, a warunki prowadzonych badan S$cisle
kontrolowane [9]. Z uwagi na catkowicie poznany genom oraz jego istotne podobienstwo
z genomem ludzkim (okoto 99%), znaczna ilo§¢ badan eksperymentalnych prowadzona
jest na szczurach [10].
Modelem odwzorowujacym nadci$nienie pierwotne jest model SHR (spontaneously
hypertensive rats) z genetycznie uwarunkowanym nadcis$nieniem systemowym [11]. Jest
to najczesciej stosowany zwierzecy model nadci$nienia samoistnego [12, 13]. Model
SHR zostatl stworzony poprzez skojarzenie szczura Wistar Kyoto 0 wysokim ci$nieniu
tetniczym (>150 mmHg) z niespokrewniong samicg 0 niepodwyzszonym cis$nieniu.
Nastepnie kojarzono meskie 1 zenskie szczury z nadci$nieniem, pochodzace z jednego
miotu, powtarzajac proces do uzyskania széstego pokolenia. W ten sposob
wyselekcjonowano szczury SHR z wysokim ci$nieniem tetniczym [14]. Zwierzeta SHR
sa odpowiednim modelem do badan udziatu okreslonych genéw w chorobie
nadci$nieniowej oraz zwigzanych z nig powiktan. Identyfikacja genow odpowiedzialnych
za nadci$nienie tetnicze U szczurow, moze by¢ wykorzystana do badania roli ludzkich
gendw ortologicznych, w ztozonych chorobach sercowo-naczyniowych i metabolicznych
oraz do identyfikacji nowych $ciezek i celow interwencji farmaceutycznych [15].

Model eksperymentalny nadci$nienia  wtornego, DOCA-salt  (octan
deoksykortykosteronu), polega na podazy 1% NaCl (chlorek sodu) w wodzie pitnej oraz
podskornym podaniu octanu deoksykortykosteronu, zwierzetom po jednostronnej
nefrektomii. Mineralokortykoidy lub ich syntetyczne pochodne, w tym DOCA prowadza
do zatrzymania sodu i wody w organizmie [16]. W tym typie nadci$nienia wtornego
dochodzi do zwigkszenia oporu naczyniowego, wzrostu napigcia §ciany naczyniowej,

zwezenia $wiatta naczynia oraz hiperwolemii [17].
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4.2.4. Migsien sercowy a nadcisnienie tetnicze

Prawidtowe warto$ci ci$nienia te¢tniczego zapewniaja odpowiedni przeptyw krwi
przez narzady organizmu, warunkujgc ich prawidlowe odzywienie i funkcjonowanie
[18]. Nadci$nienie tetnicze powoduje zaburzenia homeostazy wielu narzadow, zarowno
poprzez zmiany mikronaczyniowe, jak i makronaczyniowe [19, 20]. Okoto 40% zgonoéw
Z przyczyn sercowo-naczyniowych powoduje choroba nadci$nieniowa. Nadci$nienie
tetnicze powoduje przebudowe uktadu krazenia, modyfikacje te widoczne sg glownie
W sercu. Aby sprosta¢ wymaganiom zmieniajacego si¢ organizmu (zwigkszenie oporu
obwodowego ipowrotu zylnego), serce ulega przerostowi. Dzieje si¢ to na skutek
zwickszenia masy glownie lewej komory 1 przerostu kardiomiocytéw. Badania
doswiadczalne wskazuja na przerost rowniez prawej komory serca, a takze pogrubienie
$ciany aorty. Zmiany morfologiczne i czynnosciowe W uktadzie naczyniowo-sercowym
(zmniejszenie $rednicy Swiatta | wzrost zmiennos$ci rytmu serca) mogg by¢ korzystne
w krotkim czasie, ale przyczyniaja si¢ do poglebiania zmian oraz stanu, W ktérym
powiklania nadci$nienia stajag si¢ nieodwracalne. Pacjenci chorujagcy na NT s3
wielokrotnie bardziej narazeni na niewydolno$¢ serca niz ci, ktérzy maja unormowane
ci$nienie krwi [19, 21]. Ponadto, nadcis$nienie t¢tnicze uznawane jest za odwracalng
przyczyne migotania przedsionkow [22]. Jednym z najczgstszych i najwcze$niej
rozwijajacych si¢ powiktan jest przerost kardiomiocytéw (wzrost pola powierzchni
przekroju poprzecznego komorek) i uposledzenie czynnosci lewej komory serca [19]. Na
skutek utrzymujacego si¢ podwyzszonego cisnienia krwi, dochodzi do przecigzenia
hemodynamicznego lewej komory serca, a w konsekwencji jej kompensacyjnej
przebudowy. Dochodzi do przerostu koncentrycznego kardiomiocytéw, co prowadzi do
wzrostu grubosci $ciany i masy lewej komory [23]. Zmiany te prowadza do zaburzen
funkcjonowania migénia sercowego i jego niewydolnosci oraz zwigkszaja ryzyko zdarzen
sercowo — naczyniowych, a w konsekwencji $miertelnosci [24]. W stanie podwyzszonego
ci$nienia tetniczego $rodblonek jest stale aktywowany do wydzielania czynnikow
prozapalnych oraz prozakrzepowych. Zaburzone jest jednocze$nie wydzielanie tlenku
azotu (NO), ktory ma dziatanie wazodylatacyjne [19, 25]. Zwigkszone wydzielanie
aldosteronu i angiotensyny Il w przebiegu nadci$nienia, sprzyja nasilonemu odktadaniu
kolagenu w $cianie lewej komory oraz $cianie naczyn krwionosnych, co skutkuje ich
wloknieniem. Zaburza to przeptyw krwi przez zmienione patologicznie naczynia, co

prowadzi do niedokrwienia narzadow [26]. Dysfunkcja endotelium oraz nadmierne

16



wydzielanie angiotensyny II, przy niedoborze NO, powoduje aktywacje ptytek krwi, ich
agregacj¢, a W konsekwencji zwigkszone ryzyko incydentow zakrzepowo — zatorowych
[19].

4.2.5. Odkrycie szlaku Wnt oraz jego funkcjonowanie w stanie fizjologii i patologii

organizmu

Szlak Wnt bierze udzial w szerokim spektrum procesow fizjologicznych, jak
i zwiazanych ze stanami chorobowymi. Sciezka sygnatowa Wnt opisana zostata po raz
pierwszy na przetomie lat 70 i 80 ubieglego wieku. Pierwszymi odkrytymi biatkami
szlaku Wnt byly homologiczne czastki Wg (wingless) oraz Int (MMTYV integration site),
od ktorych pochodzi nazwa tego szlaku [27]. Sciezka sygnatlowa Wnt stanowi
rozbudowany zbidr ligandow, receptorow oraz efektorow [28]. Biatka Wnt w auto-
| parakrynnym  oddzialywaniu, wptywaja na poziom aktywnosci czynnikow
transkrypcyjnych oraz gendéw, odpowiedzialnych za metabolizm komorek, procesy
adhezji czy roznicowania oraz ich wzrostu. Wyrodznia si¢ dwie Sciezki sygnalizacyjne
szlaku Wnt: klasyczng (kanoniczng), zalezng od B-kateniny - regulujaca ekspresje genow
poprzez kompleks B-katenina/TCF (T-cell factor) oraz $ciezki nieklasyczne, dziatajace
niezaleznie od B-kateniny oraz czynnika TCF — jak dotad, stabiej poznane [27, 28].
Aktywacja klasycznego szlaku sygnalowego jest zwigzana z poziomem [-kateniny
zgromadzonej w cytoplazmie. Poziom cytoplazmatyczny B-kateniny jest fizjologicznie
utrzymywany na niskim poziomie, poprzez ciagla proteasomalng degradacj¢ zalezna od
ubikwityny [29]. Proces ten jest regulowany poprzez kompleks degradacyjny, do ktorego
naleza: biatko gruczolakowatego polipa okreznicy (APC, adenomatous polyposis coli),
kinaza kazeinowa 1 (CK1, casein kinasel) oraz kinaza syntazy glikogenu 3 (GSK-38,
glycogen synthase kinase 3f3). B-katenina ulega fosforylacji przy udziale kinaz: GSK3f3
i CK1, nastepnie zostaje zdegradowana przez kompleks 26S proteasomu [27].
Transdukcja sygnatu rozpoczyna si¢ od potaczenia ligandow Wnt z receptorem Frizzled
(Fzd), ktory wspotdziata z koreceptorem LRP (low density lipoprotein receptor related
protein) odpowiedzialnym za auto- i parakrynny mechanizm oddziatywania. Aktywacja
receptora Fzd oraz przytaczenie koreceptora LRP hamuje, poprzez fosforylacje, dzialanie
kinazy 3B syntazy glikogenu (GSK3p), co prowadzi do zahamowania aktywno$ci
kompleksu destrukcyjnego [B-kateniny. Nastepuje wzrost poziomu [-kateniny

w cytoplazmie komorki 1 jej translokacja do jadra komorkowego, gdzie poprzez
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zwigkszong aktywno$¢ czynnikow transkrypcyjnych, indukuje ekspresje genow
zaleznych od Wnt [27]. Po wnikni¢ciu do jadra komdrkowego B-katenina zmienia role
czynnikow TCF/LEF z represorow na aktywatory transkrypcji docelowych genéw Wnt,
poprzez odlaczenie od nich korepresoréw Gro/TLE (Groucho/Transducing-Like
Enhancer). Nastgpuje rekrutacja komplekséw przebudowy histonéw 1 zmiany
w strukturze chromatyny. Dzigki temu dochodzi do wzmozonej aktywnosci
transkrypcyjnej w obszarach chromatyny [30]. Regulacja ujemnego sprze¢zenia
zwrotnego pomig¢dzy skladnikami szlaku Wnt/B-katenina pozwala na utrzymanie
ekspresji B-kateniny na odpowiednim poziomie [31]. Nieprawidtowosci w sygnalizacji
szlaku Wnt/B-katenina, w tym zaburzenia ekspresji genow regulatorowych Wnt i ich
mutacje wykrywane sa W wielu chorobach organizmu. Niedobdr czynnikow kompleksu
degradacyjnego lub mutacje gendéw, kodujacych B-katening, a w konsekwencji nadmierna
aktywacja szlaku Wnt/B-katenina, prowadzi do wzmozonej proliferacji komorek
I rozwoju nowotwordéw [32]. Mutacje gendw kodujacych LPRS5 (receptor lipoproteiny 5)
i geny kodujace receptor Frizzled 4 s3 zwigzane 2z wystgpowaniem rodzinnej
witreoretinopatii  wysigkowej, czy zmian naczyniowych Ww przebiegu retinopatii

cukrzycowej [33, 34].
4.2.6. Funkcjonowanie szlaku Wnt w mig$niu sercowym

Wyniki badan ostatnich lat wskazuja na udziat szlaku Wnt/B-katenina
W embriogenezie oraz proliferacji komorek migénia sercowego. Stwierdzono pozytywna
korelacje¢ miedzy aktywacjag szlaku, a procesem rdéznicowania komorek
pluripotencjalnych w kierunku kardiomiocytow [35]. Szlak Wnt/B-katenina jest
zaangazowany W proces prawidtowego przebiegu miogenezy [36], jak rowniez bierze
udziat W mechanizmach przebudowy kardiomiocytéw W stanach patologii tego narzadu
[37]. Aktywacja szlaku Wnt, nastepujaca po urazach serca, od ostrego niedokrwienia, do
przewleklego przecigzenia ciSnieniowego, moze mie¢ zwigzek z zapoczatkowaniem
procesu przerostu komorek migs$nia sercowego. Hipertrofia kardiomiocytéw | widknienie
migénia sercowego, maja zwigzek z nadmierng syntezg P-kateniny oraz brakiem jej
degradacji przez GSK-3B. Jednocze$nie zbyt duza aktywnos¢ kompleksu
degradacyjnego, zaburza prawidtowy rozwoj | wzrost kardiomiocytow [38]. Zwigzana
znadmierng aktywacja szlaku klasycznego, zmiana morfologii kardiomiocytow,

prowadzi do dysfunkcji skurczowej. Moze by¢ to bezposrednig przyczyng zaburzen
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rytmu serca, w postaci migotania przedsionkow [39]. Aktywno$¢ szlaku Wnt ulega
zmianom wraz z wiekiem, co potwierdza badanie serc ludzkich, gdzie wykazano znaczny
wzrost poziomu [-kateniny, CacyBP/SIP, galektyny-3 oraz LMP7 w sercach oséb,
powyzej 45 roku zycia. Odnotowano rowniez rdéznice W liczbie komoérek migsnia
sercowego na 1 mm? oraz zwigkszong szeroko$¢ kardiomiocytéw U 0sob powyzej 45 roku
zycia (Kasacka et al.) [40]. Udowodniono wpltyw podwyzszonego poziomu [-kateniny
na przezycie kardiomiocytow, ich apoptoze oraz proces widknienia. Wysokiej ekspresji
B-kateniny towarzyszy wzrost poziomu bialek inicjujacych apoptoze komorek oraz
wzrost ekspresji  markeréw widknienia, co zostalo stwierdzone U szczurow
Z nadci$nieniem, przy jednoczesnym spadku ekspresji biatek poprawiajacych przezycie
kardiomiocytow [41]. Zwigzek poziomu jadrowej [B-kateniny  z hipertrofiag
kardiomiocytow W ludzkim sercu po zawale oraz szczurzych kardiomiocytach zostat
wykazany w badaniach Lee et al., gdzie autorzy dowiedli, ze wraz ze wzrostem poziomu
jadrowego B-kateniny wzrasta poziom biatek, biorgcych udziat w procesie hipertrofii
kardiomiocytow [42]. Wykazano rowniez udziat kanonicznej $ciezki sygnalizacyjnej
Wnt w odbudowie serca po uszkodzeniu niedokrwienno-reperfuzyjnym. Zwiekszona
ekspresja Wntl i B-kateniny w epicardium i fibroblastach prowadzi do pobudzenia
proliferacji fibroblastow w miejscu uszkodzenia. Autorzy udowodnili udziat szlaku
Wnt/B-katenina w powyzszych procesach, poprzez inhibicj¢ B-kateniny, co spowodowato

zahamowanie proliferacji fibroblastéw w odpowiedzi na uszkodzenie [43].
4.2.7. Zwiazek funkcjonowania szlaku Wnt z nadciSnieniem tetniczym

Przypuszcza sig, ze przerost migsnia sercowego W stanach patologicznych jest
wynikiem zaburzenia proceséw adaptacyjnych i zwykle prowadzi do zmian w aparacie
skurczowym. Przerostowi temu, czesto towarzyszy zwigkszona ekspresja biatek,
niebioragcych udzialu w skurczu, co prowadzi do wldknienia migénia sercowego,
a w konsekwencji do niewydolnosci serca [19].

W chorobie nadci$nieniowej wywotanej ogolnoustrojowym pobudzeniem uktadu
renina-angiotensyna-aldosteron (RAAS) potwierdzono indukcje ligandow Wnt
I aktywacje pB-kateniny w kardiomiocytach i fibroblastach. -katenina, poprzez indukcje
hipertroficznych markerow tancuchow cigzkich B-miozyny (B-MHC) i a-aktyniny,
aktywuje czynniki transkrypcyjne c-Myc i Snaill oraz stymuluje ekspresj¢ biatek, co

ostatecznie prowadzi do przerostu kardiomiocytow i dysfunkcji serca [44].
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U szczuréw z nadci$nieniem pierwotnym SHR oraz nadci$nieniem indukowanym
dieta wysokofruktozowa, obserwowano obnizong aktywno$¢ szlaku Wnt w stosunku do
zwierzat normotensyjnych. Wykazano, ze dokomorowy wlew Wnt3a do mo6zgu szczurow
nadcis$nieniowych powoduje hamowanie GSK-3, obniza ci$nienie tetnicze, zmniejsza
tetno oraz zwicksza uwalnianie wazodylatacyjnego tlenku azotu [45]. Dysregulacja
sygnalizacji szlaku Wnt moze prowadzi¢ do zaburzen uktadu RAA, inicjujac dysfunkcje
nerek, a w konsekwencji prowadzi¢ do zaburzen ci$nienia t¢tniczego [46]. Wykazano, ze
infuzja angiotensyny II prowadzi do wzrostu ci$nienia skurczowego i zwickszenia
ekspresji wielu gendéw szlaku Wnt. Natomiast zastosowanie inhibitora szlaku
Wnt/B-katenina powoduje obnizenie warto$ci ci$nienia tg¢tniczego [47]. Badania
z wykorzystaniem kardiomiocytow lewej komory, w zaawansowanym stadium jej
wioknienia wykazaty, obnizong ekspresje B-kateniny we wstawkach hipertroficznych
kardiomiocytow, szczuréw Z nadci$nieniem pierwotnym oraz zwigkszong akumulacje
B-kateniny, w jadrach tych komorek [48]. Z kolei w badaniach Kasacka et al. wykazano
obnizenie ekspresji -kateniny i zwigkszong ekspresje¢ biatka CacyBP/SIP oraz LMP7
(podjednostki proteasomu) w sercu szczurow z nadci$nieniem W poréwnaniu do zwierzat
normotensyjnych. Biatko CacyBP/SIP wptywa na proteasomalng degradacj¢ [3-kateniny
[49].

20



4.3. Omowienie prac skladajacych si¢ na rozprawe doktorska
4.3.1. Cel pracy

Nadci$nienie tetnicze jest ztozong jednostka chorobowa, ktorej etiologia
nie zostata W pelni poznana. Utrzymanie homeostazy i prawidtowych wartosci ci$nienia
tetniczego ma wpltyw na funkcjonowanie, nie tylko wybranych narzadow, ale przede
wszystkim organizmu jako catosci. Glownym narzadem, dotknigtym powiktaniami
nadci$nienia te¢tniczego jest serce. Z przeprowadzonych dotychczas badan wynika, iz
szlak sygnalowy Wnt/B-katenina odgrywa kluczowg role W rozwoju przerostu mi¢snia
sercowego, jego widknienia oraz przebudowy komor, a przez to niewydolnosci serca
innych  procesow  patofizjologicznych  tego  narzadu.  Nieprawidlowosci
w funkcjonowaniu narzadéw bezposrednio odpowiedzialnych za regulacje ci$nienia krwi
moga mie¢ zwigzek z dysregulacja sygnalizacji szlaku Wnt/p-katenina. Fenotypy
nadci$nienia tetniczego U ludzi ro6znig si¢ W zaleznosci od typu nadcisnienia. W inny
sposob rozwija si¢ nadci$nienie genetycznie odziedziczone, W inny posta¢ neurogenna
nadci$nienia te¢tniczego zwigzana, np. Z dieta, lub wysoka zawartos$cig soli.

Niewielu autorow porusza problematyke zwigzku wystgpowania nadci$nienia
tetniczego z funkcjonowaniem szlaku sygnalizacyjnego Wnt/B-katenina. Majac
powyzsze na uwadze, przeprowadzono badania, majgce na celu oceng gltownych
elementow szlaku Wnt/B-katenina w sercu szczurow 2z nadcisnieniem 0 pierwotnej

| wtornej etiologii.

Cel pracy zrealizowano poprzez szczegdtowe zadania badawcze:

1. Immunohistochemiczna detekcja receptora Fzd8, ligandu Wntl, Kkinazy
kompleksu degradacyjnego - GSK-3B oraz P-kateniny w sercach szczuréw
z nadcis$nieniem tetniczym pierwotnym (SHR) i wtornym DOCA-salt, oraz
odpowiadajagcym im grupom kontrolnym.

2. Ocena porownawcza immunoreaktywnosci Fzd8, Wntl, GSK-3p i -kateniny
w sercach zwierzat z nadci$nieniem pierwotnym | wtérnym oraz szczurow
normotensyjnych.

3. Ocena ekspresji genow Fzd8, WNTI1, GSK-3f iCTNNB1 u szczurow
z nadci$nieniem pierwotnym i wtornym oraz kontrolnych zwierzat

normotensyjnych.
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4.3.2. Material i metody

Procedury przeprowadzone na zwierzgtach eksperymentalnych zostaty
zatwierdzone przez Lokalng Komisje Etyczng ds. Badan na zwierze¢tach w Olsztynie.
Materiat biologiczny stanowita tkanka lewej komory serca, pobrana od szczurow
pochodzacych z Zakladu Fizjologii i1 Patofizjologii Doswiadczalnej Uniwersytetu
Medycznego w Biatymstoku (Uchwata nr 73/2015).

4.3.2.1. Zwierzeta doswiadczalne

6-tygodniowe zwierzgta, 0 masie poczatkowej 170-200g przebywaly
w warunkach statej wilgotnosci (60+5%) oraz temperatury (22 + 1°C). Utrzymywano
cykl 12/12 godzin $wiatto/ciemno$¢. Szczury mialy swobodny dostep do standardowej
granulowanej karmy i wody pitnej. Badania przeprowadzono na 24 samcach szczurzych:
SHR — 7 szczuréw z genetycznie uwarunkowanym nadci$nieniem uktadowym, szczep
wsobny wyhodowany ze szczurow rasy Wistar wyselekcjonowanych pod katem
wysokiego ci$nienia krwi
WKY - 5 normotensyjnych szczurow Wistar Kyoto, jako kontrola dla szczurow SHR
DOCA-salt — 7 szczurdéw rasy Wistar, poddanych jednostronnej nefrektomii, z nast¢pnie
indukowanym nadci$nieniem wtornym
UNX — 5 szczuréw Wistar poddanych jednostronnej nefrektomii, jest punktem
odniesienia dla szczuré6w z nadci$nieniem DOCA
DOCA-salt — zwierzeta znieczulano przez dootrzewnowe wstrzykniecie pentobarbitalu
sodu (300 umol lub ~70 mg/kg masy ciala (m.c.)). Prawa nerke usunigto przez prawe
boczne nacigcie brzuszne. Po tygodniowym okresie rekonwalescencji nadcisnienie
indukowano przez okres 4 tygodni przez s.c. iniekcje DOCA (67 umol lub ~25 mg/kg
w 0,4 ml/kg dimetyloformamidu; DMF) dwa razy w tygodniu i zastgpienie wody pitne;j
1% roztworem chlorku sodu NaCl. Pig¢ szczurow kontrolnych (UNX) z prawidlowym
ci$nieniem te¢tniczym, roOwniez pozbawiono nerki, i dwa razy w tygodniu otrzymywaty

no$nik (DMF, 0,4 ml/kg, podskornie) pity woda biezaca.
4.3.2.2. Pomiar ci$nienia krwi metoda posrednig U szczura czuwajacego

Po 6 tygodniach hodowli dokonano pomiardéw ci$nienia skurczowego metoda
nieinwazyjng z uzyciem mankietu na ogon (monitor ci$nienia krwi na ogonie szczura,

Hugo Sachs Elektronik-Harvard Apparatus, March-Hugstetten, Niemcy). Pomiary
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uznano za miarodajne, jezeli 3 kolejne proby nie roznity si¢ 0 wigcej niz 5 mmHg,
nastepnie wyliczono srednig. Weryfikowano, czy u zwierzat SHR i DOCA-salt wystepuje

nadci$nienie (warto$ci SBP rowne lub wyzsze niz 150 mmHg).
4.3.2.3. Badania histologiczne

Sposéb pobierania i utrwalenie materialu do badan

Po szesciu tygodniach od wszystkich szczurow pobrano fragmenty tkanki mig$nia
sercowego W glebokim znieczuleniu pentobarbitalem (50 mg/kg masy ciata). Otrzymane
tkanki serca natychmiast utrwalono w 4% buforowanej formalinie i rutynowo zatopiono
w parafinie lub umieszczono w roztworze RNA-later (AM7024 Thermo Fisher,
Waltham, MA, USA) i przechowywano w temperaturze -80 °C. Przy uzyciu mikrotomu

saneczkowego, bloki parafinowe pocieto na skrawki 0 grubosci 4 um.

Stosowane barwienia immunohistochemiczne

Skrawki parafinowe poddano obrobce immunohistochemicznej w celu zbadania
obecnos$ci antygenow Fzd8, Wntl, GSK-3B i B-kateniny, przy uzyciu odpowiednich
przeciwcial:

— Fzd8 (1:400; ab155093, Abcam, Cambridge, UK)
—  Wnt-1 (1:500; ab189001, Abcam, Cambridge, UK)
— GSK-3pB (1:100; ab68476, Abcam, Cambridge, UK)
— PB-katenina (1:2000; ab32572, Abcam, Cambridge, UK)
Roéwnoczesnie przeprowadzono reakcje kontrolne. Barwienia immunohistochemiczne

przeprowadzone zostaty wedtug odpowiedniego protokotu (Kasacka et al., 2018) [49].

Procedura przeprowadzenia reakcji immunohistochemicznej

Skrawki parafinowe na szkietkach adhezyjnych inkubowano przez 20 godzin
w cieplarce, w temperaturze 37 °C oraz przez 1 godzing W temperaturze 60°C.
Tak przygotowane skrawki parafinowe poddano odparafinowaniu i uwodnieniu:
1. Ksylen I, I, Il — po 10 minut
Alkohol etylowy 99,8% + Ksylen (1:1) — 5 minut
Alkohol etylowy 99,8% I i Il - po 4 minuty

2
3
4. Alkohol etylowy 95% I'i Il — po 4 minuty
5. Alkohol etylowy 70% - 10 minut

6

Woda destylowana — 3 razy po 15 minut
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W celu odstonigcia antygenéw W badanej tkance, materiat umieszczono
w dedykowanym buforze, odpowiednio: TRS pH=9.0 (S 2367; Agilent Technologies,
Inc. Santa Clara, CA, USA) dla Fzd8, Wntl, GSK-3p oraz Target Retrieval Solution
Citrate pH=6.0 (S 2369; Agilent Technologies, Inc. Santa Clara, CA, USA) dla
B-kateniny. Preparaty pozostawaly w komorze ci$nieniowej Pascal. Po schlodzeniu
roztworu do temperatury pokojowej, szkietka osuszono. Nastepnie, skrawki obrysowano
DakoPenem, tworzgcym barier¢ dla wykorzystanych odczynnikow, co pozwala na
utrzymanie odczynnikéw bezposrednio na tkance. W celu zablokowania endogennej
peroksydazy, skrawki inkubowano przez 10 minut w roztworze Dako REAL Peroxidase-
Blocking Solution (S 2023; Agilent Technologies, Inc. Santa Clara, CA, USA), nastepnie
plukano w wodzie destylowanej oraz buforze ptuczacym Wash Buffer - 3 razy po 5 minut
(S3006 Dako Denmark A/S, Produktionsvej 42, DK-2600, Glostrup, Denmark).
Otrzymane w ten sposdb preparaty, inkubowano 2z rozcienczonymi
przeciwciatami pierwszorzgdowymi przez 24 godziny W temperaturze +4°C, w wilgotnej
komorze. Nastepnie, ponownie plukano w Wash Buffer. Skrawki inkubowano
Z przeciwciatem drugorzgdowym, polimerem znakowanym peroksydaza chrzanowa
(REAL™ EnVision™ Detection System, Peroxidase/DAB, Rabbit/Mouse detection kit
(K5007; Agilent Technologies Denmark Ap/S, Produktionsvej 42, 2600 Glostrup,
Denmark) oraz ptukano w Wash Buffer. Tak przygotowane preparaty, inkubowano
w roztworze chromogenu DAB Flex, celem wizualizacji zwigzanych przeciwciat.
Nastepnie ptukano w wodzie destylowanej, by przerwac reakcje barwng. Kolejno,
skrawki barwiono hematoksyling QS (H-3404 Vector Laboratories, Burlingame, CA,
USA) przy obserwacji w mikroskopie $wietlnym i ptukano w wodzie biezacej oraz
destylowanej.
Wykonano odwodnienie oraz przeswietlenie skrawkéw w roztworach alkoholi
0 wzrastajacych stezeniach oraz roztworach Ksylenu:
1. Alkohol etylowy 70% - 3 minuty
2. Alkohol etylowy 95% I i I1- po 3 minuty
3. Alkohol etylowy 99,8% I i Il — po 2 minuty
4. Alkohol etylowy 99,8% + Ksylen (1:1) — 5 minut
5. Ksylen I, II, Il — po 10 minut
Przygotowane preparaty zamknigto szkielkiem nakrywkowym zuzyciem balsamu

Entellan (Merek).
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4.3.2.4. Ocena stopnia intensywnosci reakcji immunohistochemicznej

Dokumentacja fotograficzna oraz ocena wynikéw przeprowadzonych reakcji
immunohistochemicznych, zostaly wykonane przy uzyciu mikroskopu s$wietlnego
Olympus BX43, sprz¢zonego z kamera cyfrowg Olympus DP12. Poréwnywano
intensywno$¢ reakcji przy uzyciu programu komputerowego Nikon NIS-Elements
Advanced Reaserch. Mierzono $rednig gestos¢ optyczng badanych preparatow.
Pomiaréw dokonano W skali szaro$ci od 0 do 256, gdzie warto§¢ 0 oznacza piksel

catkowicie bialy oraz 256 piksel catkowicie czarny.
4.3.2.5. 1zolacja RNA

Probki tkanki analizowano metodag PCR w czasie rzeczywistym w celu oceny
ekspresji genow kodujacych Fzd8, Wntl, GSK-3B i P-katening. Tkanki serca
przechowywano w roztworze RNA-later (AM7024 Thermo Fischer 168 Third Avenue
Waltham, MA USA 02451) i mrozono w temperaturze -80 °C. RNA catkowite izolowano
w komorze z laminarnym przeptywem powietrza, w odpowiedniej temperaturze
I W wyznaczonym czasie, zgodnie z zataczong procedura (NucleoSpin® RNA Isolation
Kit (Machery-Nagel)). Przy uzyciu sterylnych probéwek eppendorf, eluowano RNA,
W wodzie pozbawione] RNAaz. Stezenie wyizolowanego RNA sprawdzono,
wykorzystujagc  spektrofotometr NanoDrop 2000 (ThermoScientific). Oceniano
absorbancje przy dlugosci fali 260nm oraz 280nm. Probe S$lepa stanowita woda
dejonizowana, wolna od nukleotydéw. Do dalszych etapéw badania wyselekcjonowano
probki, ktorych stosunek absorbancji przy diugosci fali 260nm do absorbancji przy
dhugosci fali 280nm (260/280Ratio) znajdowat si¢ w przedziale 1,8 — 2,1.

Reakcja odwrotnej transkrypcji

Rownowarto§¢ 1 pg catkowitego RNA  wreakcji odwrotnej transkrypcji
przepisano na cDNA, uzywajac iScriptTM Advanced cDNA Synthesis Kit for RT gPCR
(BIO-RAD), w catkowitej objetosci 20ul, zgodnie z zalaczong metodyka. Podczas
przeprowadzania reakcji odwrotnej transkrypcji, mieszaning inkubowano przez 20 minut

w 46°C, a nastepnie przez 1 minute w 95°C.
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Lancuchowa reakcja polimerazy w czasie rzeczywistym (QPCR)

Celem okres$lenia ilosci transkryptow badanych gendéw w odniesieniu do krzywej
standardowej przeprowadzono reakcje¢ qPCR. Wczesniej, utworzono niezalezne dla
kazdego genu krzywe standardowe. W tym celu przygotowano mieszaning matryc
cDNA. Zmieszano 1 pl cDNA kazdego ze szczuréw, po czym wykonano seri¢
rozcienczen. Na matrycy cDNA, przeprowadzono ilosciowe reakcje PCR w czasie
rzeczywistym, przy uzyciu Stratagene Mx3005P  (Aligent Technologies)
z SsoAdvanced™ Universal SYBER® Green Supermix (BIO-RAD). Reakcje
przeprowadzono w 20 ul objetosci reakcyjnej W dwoch powtorzeniach dla kazdego
szczura. Gen GAPDH (GAPDH) wykorzystano jako gen referencyjny do oceny
ilosciowej. Produkty PCR otrzymano poprzez amplifikacje ¢cDNA przy uzyciu
specyficznych ~ primeréw: FZD8  (qRnoCED0054913, BIO-RAD), WNT1
(QRnoCED0003949, BIO-RAD), GSK3p (qRnoCID0001683, BIO-RAD), CTNNB1
(gRnoCID0053256, BIO-RAD), i GAPDH (qrRnoCID0057018, BIO-RAD). QRT-PCR
przeprowadzono w dublecie w koncowej objetosci 20 ul w nastepujacych warunkach:
aktywacja polimerazy przez 2 minuty w temperaturze 95°C, denaturacja przez 5 sekund
w temperaturze 95°C, hybrydyzacja przez 30 sekund w temperaturze 60°C przez
35 cykli. Sprawdzono reakcje PCR, oceniajac wykres krzywej topnienia, aby upewnié
si¢, ze amplifikowano tylko jeden produkt (pojedynczy pik w specyficznej temperaturze).
Wzgledna oceng ilosciowa ekspresji gendOw okreslono poprzez poréwnanie wartosci Ct

przy uzyciu metody AACt.
4.3.2.6. Analiza statystyczna wynikow

Wszystkie dane przydzielono do dwoch grup kontrolnych (WKY, UNX) i dwoch
grup badanych (SHR, DOCA-salt). Dla cech mierzalnych obliczono $rednig
arytmetyczng i btad standardowy (SE). Nastepnie, korzystajac z pakietu komputerowego
STATISTICA  13.3, przeprowadzono analiz¢  statystyczng za  pomocg
jednoczynnikowego testu ANOVA. Do przeprowadzenia analizy post-hoc wykorzystano
test najmniejszych znaczacych roznic Fishera. Za poziom istotno$ci statystycznej

przyjeto p<0,05.
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4.3.3. Wyniki

Nadcisnienie tegtnicze skurczowe stwierdzono U wszystkich zwierzat grup
badanych. W tabeli 1 przedstawiono $rednie wartoSci ci$nienia tetniczego dla kazdej

grupy Szczurow.

Tabela 1. Srednie wartosci skurczowego ci$nienia krwi (mmHg) szczuréw W grupach

kontrolnych i z nadci$nieniem ($rednia + SD).

Model Nadci$nienia Grupa kontrolna Grupa badana
SHR 1223 +2.3 160.8 + 3.3*
DOCA-salt 126.0 £4.0 180.0 £ 13.0%*

* p<0,05 grupa kontrolna vs. grupa badana

SHR: model nadcisnienia pierwotnego; DOCA-salt: model nadcisnienia wtdrnego
4.3.3.1. Wyniki zastosowanych barwien immunohistochemicznych

W sercach wszystkich badanych szczurow reakcje immunohistochemiczne
z uzyciem przeciwciat skierowanych przeciwko Fzd8, WNT1, GSK-3p i B-kateniny daty
pozytywny wynik, z roéznym nasileniem reakcji U zwierzat kontrolnych

i Z nadci$nieniem.
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Rycina 1. Reakcja immunohistochemiczna wykazujgca Fzd8 w sercu szczura: A — WKY,
B — SHR, C — UNX, D — DOCA-salt

Intensywno$¢ reakcji immunohistochemicznej wykazujacej Fzd8, w poréwnaniu
do kontroli (ryc. 1A) byta ostabiona w sercach szczuréw z pierwotnym nadci$nieniem
(ryc. 1B) inasilona uszczurow z nadcisnieniem wtérnym (ryc. 1D) w stosunku do

zwierzat normotensyjnych (ryc. 1C).
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Rycina 2. Reakcja immunohistochemiczna wykazujaca Wntl w sercu szczura:
A -WKY, B -SHR, C - UNX, D - DOCA-salt

Intensywno$¢ immunoreaktywnosci Wntl w sercach szczurow z prawidlowym
ciSnieniem byla silna (ryc. 2A) lub umiarkowana (ryc. 2C). W sercach szczurow
z nadcis$nieniem pierwotnym reakcja byta ostabiona (ryc. 2B), a w grupie DOCA-salt

ulegta znacznemu nasileniu (ryc. 2D)
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Rycina 3. Barwienie immunohistochemiczne wykazujace GSK-3p w sercu szczura:
A —-WKY, B-SHR, C-UNX, D - DOCA-salt

Umiarkowana intensywno$¢ reakcji wykazujacej GSK-3p w sercach szczurow
normotensyjnych WKY (ryc. 3A) i UNX (ryc. 3C), ulegta ostabieniu w sercach SHR

(ryc. 3B) i znacznemu nasileniu u szczuréw z nadci$nieniem wtoérnym (ryc. 3D).
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}
Rycina 4. Detekcja p-kateniny w sercu szczura: A— WKY, B — SHR, C — UNX,
D - DOCA-salt

W sercach wszystkich szczuréw reakcja immunohistochemiczna z uzyciem
przeciwciala przeciwko p-kateninie jest dodatnia we wstawkach kardiomiocytow
(ryc. 4). W sercach SHR immunoreaktywnos¢ B-kateniny byta ostabiona (ryc. 4B)
w porownaniu Z WKY (ryc. 4A), natomiast w sercach szczurow 2z nadci$nieniem

wtornym (ryc. 4D) reakcja byta intensywniejsza W porownaniu z UNX (ryc. 4C).
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4.3.3.2. Wyniki badan morfometrycznych

W celu obiektywizacji oceny intensywnosci reakcji immunohistochemicznych,
przeprowadzono analiz¢ densytometryczng obrazoéw mikroskopowych serc szczurow
kontrolnych oraz z nadci$nieniem pierwotnym i wtornym. Badania morfometryczne
wykazaly spadek intensywnosci reakcji wykazujacych Fzd8, Wntl, Gsk3p oraz
B-katening W sercach szczur6w z nadci$nieniem pierwotnym W stosunku do zwierzat
kontrolnych WKY, oraz zwigkszong intensywno$¢ reakcji W sercach szczurdéw
DOCA-salt w stosunku do zwierzat normotensyjnych UNX. Wyniki przedstawiono
w tabeli 2.

Tabela 2. Intensywnos$¢ reakcji immunohistochemicznej wykazujacej Fzd8, Wntl,
Gsk3B oraz [-katening W sercach
(Srednia £+ SE; p<0,05)

szczurow  kontrolnych 1 nadci$nieniowych

Intensywnos$¢ reakcji immunohistochemicznej w sercach
Grupa Skala od 0 (piksel biaty) do 256 (piksel czarny)
szczurow .
Fzd8 WNT1 GSK-3p B-katenina
WKY 143.2+4.12 157.72 +£5.99 93.67+1.87 157.27 £1.98
SHR 64.52 £8.37 *| 72.79 £7.35 *| 67.82+297 | 86.29 £4.63 *|
UNX 110.67 £4.51 116.84 £2.61 75.08 £5.23 162.88 +1.75
DOCA-salt | 174.67 +£5.58 *1 | 168.09 £ 6.97 *1 | 136.65 +6.45 *1 | 183.67 + 1.57 *1

*p < 0,05 nadci$nienie vs kontrola; 1 - nasilenie reakcji immunohistochemicznej;

| - ostabienie reakcji immunohistochemicznej
4.3.3.3. Ocena ekspresji genéw metoda Real Time PCR

Aby porownac profil ekspresji gendw W sercach szczurow grup kontrolnych

I nadcisnieniowych wykorzystano metod¢ RT-qPCR, ktora pozwala na analize¢ iloSciowa
produktu w czasie rzeczywistym. Porownywano ekspresje genow: FZD8, WNT1,
GSK-3f oraz CTNNBL1, kodujacych odpowiednio Fzd8, Wntl, GSK-3f oraz -katening.
W sercach szczurow SHR zaobserwowano spadek ekspresji gendw kodujacych Fzd8,
WNT1, GSK-3B i pB-katening W poroéwnaniu z grupa kontrolng WKY (ryc. 5).
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W przypadku WNT1 (ryc. 5B) i B-kateniny (ryc. 5D) roéznice byly istotne statystycznie.
Natomiast w sercach szczuréw z nadcisnieniem wtornym stwierdzono wzrost ekspresji
gendw wszystkich badanych bialek w stosunku do grupy kontrolnej UNX. Istotno$¢
statystyczna stwierdzono W ekspresji gendw kodujacych Wntl (ryc. 5B) i B-katening
(ryc. 5D).
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Rycina 5. Ekspresja genéw kodujacych: A— FZD8; B — WNT1;, C — GSK-3p;

D — B-katening w sercu szczurow z normotensyjnych i z nadci$nieniem * p<0,05
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4.3.4. Wnioski

1. Poziom immunoreaktywnosci Fzd8, Wntl, GSK-3p oraz B-kateniny jest rdzny
W sercach szczur6w normotensyjnych i z nadci$nieniem.

2. Immunoreaktywnos¢ Fzd8, Wntl, GSK-3[3 oraz -kateniny w sercach szczurow
Z nadci$nieniem pierwotnym spada W stosunku do zwierzat normotensyjnych oraz
wzrasta w nadcisnieniu wtérnym.

3. Wazrost ekspresji genow kodujacych Fzd8, Wntl, GSK-3p, B-katening W sercu
szczurow DOCA-salt w stosunku do zwierzat normotensyjnych wskazuje na
zasadniczg role szlaku Wnt zaleznego od B-kateniny w przebiegu nadci$nienia
tetniczego wtdrnego.

4. Obnizenie immunoreaktywnos$ci i ekspresji genéw kodujacych Fzd8, Wntl,
GSK-3B i B-kateniny w sercu szczurow SHR w stosunku do zwierzat kontrolnych
wskazuje na inny rodzaj zaangazowania szlaku sygnalizacyjnego Wnt/p-katenina
W nadcis$nieniu pierwotnym.

5. Wykazane zmiany immunoreaktywnos$ci oraz ekspresji genéw badanych
sktadowych kanonicznego szlaku Wnt moga sugerowad, iz zmiany jego
aktywno$ci W nadci$nieniu tetniczym mogg zachodzi¢ na kazdym poziomie tej

sciezki sygnatowe;j.

Wyniki przeprowadzonych badan dowodza, ze w nadci$nieniu dochodzi do zaburzen
funkcji serca oraz istotnych zmian (réznych w zaleznosci od etiologii) w ekspresji
poszczegolnych elementow szlaku sygnalizacyjnego Wnt/B-katenina. Niezbedne sa
dalsze badania, ktore mogg doprowadzi¢ do szczegdlowego wyjasnienia mechanizmoéw
prowadzacych do zmian ekspresji elementow szlaku Wnt/B-katenina w nadcisnieniu

pierwotnym i wtornym.
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Many factors and molecular pathways are involved in the pathogenesis of arterial hypertension. The increase in
blood pressure may be determined by the properties of specific gene products and their associated action with
environmental factors. In recent years, much attention has been paid to the Wnt/p-catenin signaling pathway
which is essential for organ damage repair and homeostasis. Deregulation of the activity of the Wnt/p-catenin

pathway may be directly or indirectly related to myocardial hypertrophy, as well as to cardiomyocyte remodeling
and remodeling processes in pathological states of this organ. There are reports pointing to the role of the Wnt/
[-catenin pathway in the course and development of organ complications in conditions of arterial hypertension.
This paper presents the current state of knowledge of the role of the Wnt/f-catenin pathway in the regulation of
arterial pressure and its impact on the physiology and the development of the complications of arterial hyper-

tension in the heart.

1. Introduction

Arterial hypertension is a multifactorial, complex disease that affects
over 25% of the adult population. This disease remains undetected in a
significant part of the population because it develops slowly and secretly,
and for a long time it does not cause any noticeable symptoms. On the
contrary, complications of long-term effects of untreated hypertension,
such as stroke or cardiovascular events, cause a serious threat to life
[1-3]. The heart is most affected by the complications of arterial hy-
pertension. Sustained high blood pressure leads to damage of this organ
by fibrosis and hypertrophy, which in turn leads to heart failure [4,5].
The increase in blood pressure may be determined by the properties of
specific gene products and their associated action with environmental
factors. In recent years, much attention has been paid to the Wnt/f-ca-
tenin signaling pathway which is essential for the repair of organ damage
and the bodys homeostasis [6-8]. The Wnt/p-catenin pathway is
involved in the normal development of myocardial cells [9]. Deregulated
activity of the Wnt/p-catenin pathway, especially increased level of
p-catenin, may be directly or indirectly related to myocardial hypertro-
phy due to activation of cardiomyocyte proliferation and tissue fibrosis
[6-8]. Despite numerous recent discoveries regarding the action of the
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Wnt/p-catenin pathway and its impact on individual organs of the body,
its role in the heart damage in the course of arterial hypertension is not
fully understood. Considering the complexity of the Wnt pathway and the
variety of processes involved in the development of hypertension and its
complications, this issue requires further research (see Fig. 4).

2. Review
2.1. Etiology of arterial hypertension

The etiology of arterial hypertension is multifactorial. It consists of
genetic predisposition and modifiable factors resulting from environ-
mental conditions and lifestyle, such as obesity, the use of stimulants or
the lack of physical activity [3]. Many factors and molecular pathways
are involved in the pathogenesis of hypertension and its complications
[1,3]. In over 90% of patients, arterial hypertension is of primary nature
and its cause remains unknown. In about 10%, it is secondary hyper-
tension accompanying various diseases and disorders of the body's
functioning. In recent years, enormous advances have been made in the
understanding of the genetic basis and the properties of many com-
pounds contributing to the development of arterial hypertension [10,11].

2.2. Complications of arterial hypertension
Normal blood pressure values ensure adequate blood flow through

the body’s organs, conditioning nutrition and proper functioning, espe-
cially of the heart, brain and kidneys [12]. Arterial hypertension disturbs
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the homeostasis of various organs of the body through both microvas-
cular and macrovascular changes [4,13]. Hypertensive disease is recog-
nized as the leading cause of stroke [14]. There is also a relationship
between hypertension and the occurrence of changes in the structure of
the white matter of the brain, which is associated with the loss of
cognitive functions [15]. Prolonged elevated blood pressure results in
renal parenchymal ischemia and insufficiency [16,17]. Damage of the
retina and its vessels is not only a complication of arterial hypertension,
but it has also a prognostic significance in relation to mortality due to
cardiovascular diseases in the course of hypertension [18]. The heart is
most affected by the complications of arterial hypertension. Arterial
hypertension results in morphological changes in the cardiovascular
system increasing the risk of coronary heart disease and myocardial
infarction. The state of elevated pressure may cause impaired blood flow,
unfavorable remodeling of cardiomyocytes, and left ventricular wall
hypertrophy, leading to heart failure [4,5]. Additionally, arterial hyper-
tension is recognized as a reversible cause of atrial fibrillation [19]. One
of the most common and earliest complications is cardiomyocyte hy-
pertrophy and impaired left ventricular function [4]. In consequence of
persistently elevated blood pressure, the left ventricle is hemodynami-
cally overloaded, which results in compensatory remodeling. Mainly,
there is concentric hypertrophy of cardiomyocytes, resulting in an in-
crease of left ventricular wall thickness and weight. There may also be
eccentric hypertrophy when the wall thickness is not increased or the left
ventricle is remodeled [20]. These changes lead to cardiac dysfunction
and failure, and increase the risk of cardiovascular events and mortality
[21,22]. The major cardiac complications of arterial hypertension are
listed in Fig. 1. In the state of elevated blood pressure, the endothelium is
constantly activated to secrete pro-inflammatory and prothrombotic
factors. At the same time, the secretion of nitric oxide (NO), which has a
vasodilating effect, is disturbed [4,16]. Increased secretion of aldoste-
rone and angiotensin II (Ang II) in the course of hypertension promotes
the increased deposition of collagen in the left ventricular wall and in the
blood vessel wall, which results in their fibrosis and consequently in
organ ischemia [17,23]. Endothelial dysfunction and excessive Ang II
secretion, with NO deficiency, cause the activation and aggregation of
platelets, and consequently an increased risk of thromboembolic events

[4].
2.3. Experimental research

Due to the multifactorial etiology and the variety of processes
involved in the development of hypertension and its course, an important

Cardiac complications

of arterial hypertension

left
ventricular
hypertrophy

ischemic
heart disease
J
—
atrial
fibrillation

heart failure

Fig. 1. Main cardiac complications of arterial hypertension, based on Nadar
et al. [4].
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role in the research methodology play animal experimental models in
which the time to obtain results is relatively short and the conditions of
the research are strictly controlled [24]. In Table 1, selected experimental
models of arterial hypertension are presented.

The model representing primary hypertension is the spontaneously
hypertensive rats (SHR) model with genetically conditioned systemic
hypertension [25]. Studies of metabolic changes preceding left ventric-
ular hypertrophy and heart failure in rats with essential hypertension
(SHR) showed an increase in glucose uptake and oxidation by car-
diomyocytes and the presence of abnormal metabolites, oxidative stress
and inflammation [28]. Studies of hypertrophic hearts in SHR rats
showed a decrease in the expression of Ang II receptors type 2 (AT2)
involved in the processes inhibiting hypertrophy, and a simultaneous
increase in the expression of Ang Il receptors type 1 AT1 [29]. Secondary
arterial hypertension is caused by comorbidities, including renal paren-
chymal disease, renal artery atherosclerosis, hyperaldosteronism, and
renal failure [10]. Renovascular hypertension is the most common type
of secondary arterial hypertension [30]. It most often arises as a result of
a significant narrowing of the renal artery in the course of complex and
long-lasting atherosclerotic processes or fibromuscular dysplasia, and
leads to organ ischemia [4,10]. This results in an increase in the pro-
duction of renin by the glomerular apparatus in the course of increased
activation of the renin-angiotensin-aldosterone system (RAAS) [10,17].
This type of secondary arterial hypertension is represented by an
experimental 2-kidney 1-clip (2K1C) model which involves the
constriction of the renal artery [24]. The results of studies on the influ-
ence of renovascular hypertension on the regulation of tissue-specific
epithelial, endothelial and mesenchymal markers in many organs —
including the heart, showed an increase in the expression of transforming
growth factor-pl (TGF-p1) — acting profibrotically, as well as in factors
involved in the tissue repair processes. There was also an increased
expression of markers leading to myocardial fibrosis [31].

Another experimental model of secondary hypertension, deoxy-
corticosterone acetate (DOCA)-salt rats is based on increased salt intake
in animals after unilateral nephrectomy [26]. In this type of secondary
hypertension, there is an increase in vascular resistance, an increase in
the tone of the vascular wall, and hypervolemia [27]. Experimental
studies have shown an increase in the enzymatic activity of profibroti-
cally acting metalloproteinases and fibronectin, increased
pro-inflammatory activity and an increase in the expression of adhesive
molecules, which in turn led to an unfavorable remodeling of the
myocardium in the DOCA-salt hypertensive rats. At the same time, it was
found that these processes were weakened after the use of an endothelin
antagonist (Eta) which proved its protective effect on the heart [32].

2.4. Wnt/p-catenin pathway

The Wnt pathway is involved in a wide spectrum of physiological and
disease-related processes. It is an extensive collection of ligands, re-
ceptors and effectors initiating the signal transduction cascade [6,33]. In
their auto- and paracrine interactions, Wnt proteins regulate, for

Table 1
Selected experimental models of arterial hypertension.
References Experimental Description
model
Leong et al. 2KIC Secondary hypertension due to clamping of
[24] the renal artery
Dornas et al. SHR Genetically determined systemic
[25] hypertension
Basting et al. DOCA - salt Unilateral nephrectomy and increased salt
[26] intake
Lee et al. [27] DOCA - salt Unilateral nephrectomy and increased salt
intake

Abbreviations: SHR — spontaneously hypertensive rats; DOCA-salt — deoxy-
corticosterone acetate-salt; 2K1C - 2-kidney 1-clip.
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example, the processes of adhesion, as well as cell differentiation and
growth. There are two pathways of the Wnt pathway: classical (canoni-
cal), dependent on B-catenin - regulating gene expression through the
p-catenin/TCF (T-cell factor) complex, and non-classical pathways,
operating independently of p-catenin and TCF [7].

The activation of the classical signaling pathway is related to the level
of p-catenin accumulated in the cytoplasm. The cytoplasmic level of
p-catenin is physiologically kept low by continuous ubiquitin-dependent
proteasomal degradation [34]. This process is regulated by a degradation
complex which includes: adenomatous polyposis coli (APC) protein,
casein kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3p). p-cat-
enin is phosphorylated by kinases: GSK3p and CK1, then it is degraded by
the 26S proteasome complex [7].

Signal transduction begins with the connection of Wnt ligands to the
Frizzled (Fzd) receptor which interacts with the cytoplasmic protein
Dishevelled (Dvl) and the low density lipoprotein receptor related pro-
tein (LRP) co-receptor responsible for the auto- and paracrine mechanism
of interaction. The activation of the Fzd receptor and the attachment of
the LRP co-receptor inhibit, through phosphorylation, the activity of
GSK3p, which leads to inhibition of the activity of the destructive com-
plex of p-catenin. There is an increase in the level of f-catenin in the
cytoplasm of the cell and its translocation to the nucleus where it induces
the expression of Wnt-dependent genes through the increased activity of
transcription factors [7,35].

After p-catenin enters the cell nucleus, it changes the role of T-cell
factor/lymphoid enhancer factor (TCF/LEF) from repressors to tran-
scription activators of Wnt target genes by detaching the Groucho/
transducing-like enhancer (Gro/TLE) co-repressors from them. The
recruitment of histone remodeling complexes and changes in the chro-
matin structure takes place, thanks to which there is an increased tran-
scriptional activity in its areas [36].

The negative feedback regulation between the components of the
Wnt/p-catenin pathway allows the expression of p-catenin to be main-
tained at an appropriate level. During the activation of the Wnt/p-catenin
pathway, there is an increased expression of axis inhibition protein 2
(Axin-2), which is part of the f-catenin degradation complex, thanks to
which the low level of p-catenin is maintained [37].

In addition, the increased activity of the Wnt pathway causes a
decrease in the expression of genes encoding the Fzd receptor and the
LPR co-receptor, which in turn also reduces the activity of the Wnt/
p-catenin pathway and maintains a low level of p-catenin [7,35]. The
diagram of activation and inhibition of the canonical Wnt pathway is
presented in Fig. 2. Wnt pathway proteins are glycoproteins involved in a
number of processes in the body in both physiological and pathological
states [38]. Abnormalities in signaling the Wnt/p-catenin pathway,
including disturbances in the expression of Wnt regulatory genes and
their mutations, are detected in many diseases [7,35,39,40] (see Fig. 3).

Excessive activity of the Wnt/f-catenin pathway leads to increased
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cell proliferation and tumor development. The relationship between the
occurrence of mutations in the Wnt/f-catenin pathway genes and the
development of neoplasms, including colon, pancreas, breast, hemato-
poietic cells, lungs, kidneys, as well as the presence of tumor metastases
[41,41-43]. Wntl mutations occur in osteogenesis imperfecta, and dis-
turbances in the activation and inhibition of p-catenin expression are a
factor contributing to the onset of osteoporosis [44,45]. Excessive ac-
tivity of GSK3p, which reduces the level of f-catenin, has been reported in
Alzheimer's disease [46]. Mutations of the lipoprotein receptor protein 5
(LPR5) and the Fzd4 receptor encoding genes are associated with the
occurrence of familial exudative vitreoretinopathy [47]. Some congenital
diseases are rooted in disturbances of Wnt/p-catenin signaling, resulting
in abnormal tissue development [35].

2.5. Wnt/p-catenin pathway in the heart

Recent research results indicate the participation of the Wnt/B-cat-
enin pathway in embryogenesis and proliferation of myocardial cells.
The studies on the Wnt/B-catenin pathway in the heart are summarized
in Table 2. It plays a role in the proper course of myogenesis [9,48-51],
and participates in the processes of myocardial and cardiomyocyte
remodeling in pathological states of this organ [6,52-55].

The activation of the Wnt pathway after various cardiac injuries, from
acute ischemia to chronic pressure overload, may be associated with the
initiation of the process of cardiac hypertrophy. Deregulated Wnt/
p-catenin signaling is associated with cardiomyocyte hypertrophy and
myocardial fibrosis. Changes in the morphology and function of heart
cells contribute to the occurrence of arrhythmias [75]. Zhao et al. [56]
found significant hypertrophy of myofibroblasts in rats after 4 weeks of
Ang II infusion. There was an increase in mRNA expression of selected
Wnt ligands in the hearts of rats subjected to Ang II infusions. An
increased expression of f-catenin has also been demonstrated in both
cardiomyocytes and interstitial fibroblasts. These results suggest that Ang
Tl-induced cardiac hypertrophy is associated with increased activity of
the Wnt/p-catenin pathway. At the next stage of the study, the expression
of the p-myosin heavy chain (-MHC) and «-actin in hearts after Ang II
infusion was almost completely blocked by the use of ICG-001, a f-cat-
enin inhibitor. After the treatment with a p-catenin inhibitor, the levels of
both markers of hypertrophy were comparable with the control group.
These results indicate a significant role of the canonical Wnt pathway in
the mechanism of Ang Il-induced cardiac hypertrophy. An analysis of the
heart structure (using echocardiography) after 4 weeks of Ang II infusion
showed geometric abnormalities in its structure. The use of ICG-001
proved to be crucial in alleviating these changes and prevented further
damage to the heart. Moreover, the inhibition of signaling by ICG-001
significantly lowered the blood pressure. These results suggest that the
Ang II-induced increase in the blood pressure may be dependent on the

Fig. 2. Immunolocalization of p-catenin in the heart, x 200.
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Fig. 4. The canonical pathway is activated while
the Wnt ligand attaches to the Fzd receptor and LRP
co-receptor. The Dvl protein inhibits the f-catenin
destruction complex. f-catenin accumulates in the
cytoplasm and finds its way into the nucleus, at-
taches to transcription factors (TCF/LEF) what re-
sults in gene expression. When the [-catenin
destruction complex is not inhibited, it results in
degradation of j-catenin. Abbreviations: Fzd — friz-
zled receptor; LRP - low-density lipoprotein
receptor-related protein; Dvl - dishevelled protein;
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GSK-fi - glycogen synthase kinase fi; CK1 — casein
kinase 1; APC - adenomatous polyposis coli; TCF/
LEF — T-cell factor/lymphoid enhancer-binding fac-

B-catenin
degradation  tor; Axin-2 - axis inhibition protein 2; SHR - spon-
complex taneously hypertensive rats.
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activation of the Wnt/p-catenin pathway. An analysis of the regulation of
fibrogenesis in an in vitro model using primary cultures of heart fibro-
blasts isolated from rats and incubated in the presence or absence of Ang
11 showed that Ang I regulated the expression of Wnt ligands. The use of
ICG-001 or losartan significantly inhibited the Ang II-induced p-catenin
activation as well as the expression of a-smooth muscle actin (a-SMA),
fibronectin and collagen I in cardiac fibroblasts. In turn, the incubation of
fibroblasts with Wnt3a led to an increase in «-SMA and fibronectin
expression, suggesting that Wnt ligands are capable of activating fibro-
blasts in the heart and overproducing extracellular matrix [56]. Ina study
of the hearts of people of different ages, a significant increase in the level
of p-catenin, calcyclin binding protein/Siah-1 interacting protein
(CacyBP/SIP), galectin-3 and Large Multifunctional Protease 7 (LMP7) in
the hearts of adult patients over 45 years of age was shown. There were
also differences in the number of myocardial cells per 1 mm? and
increased cardiomyocyte width in patients over 45 years of age [57].
Furthermore, in the study by Fan et al. [58] the influence of the
‘Wnt/f-catenin pathway on the proliferation of mature myocardial cells
isolated from the heart of a mouse as well as from human and mouse
cardiomyocytes derived from mother embryonic stem (ES) cells was
assessed. The authors, in order to increase the cytoplasmic level of
p-catenin, used anti-N-cadherin antibodies and a GSK inhibitor, which
resulted in the proliferation of mature myocardial cells. Research by
Hirschy et al. [59] showed that the lack of p-catenin did not affect the
structure of cardiomyocytes, while the persistent, stable peptide level,
reflecting the activity of the Wnt/p-catenin pathway, caused the devel-
opment of dilated cardiomyopathy, and consequently, rapid death.

The influence of an increased level of p-catenin on cardiomyocyte
survival, apoptosis and fibrosis process was investigated. A high
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p-catenin expression was accompanied by an increase in the level of
proteins initiating cell apoptosis and increased expression of fibrosis
markers, which was found in hypertensive rats, with a simultaneous
decrease in the expression of proteins that improve cardiomyocyte sur-
vival: insulin-like growth factor-1 (IGF-1), phosphorylated IGF-1 receptor
(p-IGF-1R), phosphorylated phosphoinositide 3-kinase (pPI3K), and
phosphorylated Akt (p-Akt) [60]. The relationship between the level of
nuclear fi-catenin and cardiomyocyte hypertrophy in the human heart
after infarction and in rat cardiomyocytes was demonstrated by Lee et al.
[61]. The authors proved that with an increase in the nuclear level of
p-catenin, the level of proteins involved in the process of cardiomyocyte
hypertrophy also increased.

Research by Wang et al. [62] showed overexpression of {-catenin in
myocytes of the damaged carotid wall of rats. The authors proved that
p-catenin stimulated the anti-apoptotic signaling path, which influenced
the remodeling of the damaged blood vessel wall. In response to the
action of TGF-f, in the model of myocarditis, the Wnt/[-catenin pathway
was stimulated and cardiac fibroblasts were activated, which led to
fibrosis. The use of the ICG-001 inhibitor, inhibited the action of f-cat-
enin and prevented the excessive accumulation of myofibroblasts [63].

In the examination of hearts after ischemia-reperfusion injury, the
participation of the canonical Wnt pathway in the reconstruction pro-
cesses was demonstrated. Increased expression of Wnt1 and f-catenin in
epicardium and fibroblasts at the site of damage led to a stimulation of
fibroblast proliferation. The authors proved the participation of the Wnt/
p-catenin pathway in the above processes by inhibiting f-catenin, which
resulted in the inhibition of fibroblast proliferation in response to dam-
age [64]. The results of research by Nakagawa et al. [65] showed that
excessive activation of the Wnt/p-catenin pathway in the endothelial
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Table 2
‘Wnt/B-catenin pathway in the heart.
References Event Observation p-catenin
level
Zhao et al. Ang II supply Increased hypertrophy 1
[56]1 ICG-001 supply Inhibition of hypertrophy 1
Kasacka etal.  Aging Differences in the number T
1571 of cardiomyocytes and
their width
Fan et al. Proliferation of Increased proliferation 1
[58] mature
cardiomyocytes
Hirschy etal.  Change in the Dilated cardiomyopathy t
[59]1 structure of No changes 0
cardiomyocytes
Linetal. [60]  Fibrosis Increased fibrosis 1
cardiomyocyte Decreased survival of
survival cardiomyocytes
Leeetal [61] Hypertrophy Increased hypertrophy t
‘Wang et al. Damage to the artery Reconstruction of the t
[62] wall artery wall
Blyszczuk Increased TGF-fi Increased fibrosis t
et al [63]
Duan et al. Damage response Fibroblast proliferation 1
[64]
Nakagawa Suppression of Heart failure 1
et al. [65] cardioprotective
factors
Sasaki et al. ‘Wat inhibition Inhibition of fibrosis after 1
[40] myocardial infarction
Tsaousi et al. Proliferation of VSMC Reconstruction of the 1
[66] vessel wall
Ren et al. Polymorphism Wnt3a 1 risk of heart failure t
671 15752107 1 essential hypertension
Methatham 1CG-001 supply Inhibition of hypertrophy il
et al. [68] In mice after TAC
Zhang et al. Captopril supply in IWnit3a, improved cardiac |
[69]1 mice after TAC function, decreased
HBWR, inhibited cardiac
apoptosis
Wei et al. SFRP2 supply in mice  Alleviated cardiomyocyte |
(701 with induced cardiac hypertrophy and
hypertrophy interstitial fibrosis,
decreased pressure
overload induced
cardiomyocyte apoptosis
The Wnt/p-catenin Abolishment of the 1
agonist LiCl supply inhibitory effects of sSFRP2
on cardiac hypertrophy
and apoptosis
Ye et al. [71] Deletion of APC gene Ventricular hyperplasia, t
in mice no effects on feral survival
cardiomyocytes
Deletion of cardiac Ventricular hypoplasia, 1
p-catenin fetal demise
Hulin et al. Axin-2 expression in Contribution in proper 1
[72] heart valves heart valve maturation
| Axin-2 expression in  Contribution in MVD t
heart valves
Badimon MI in LRP—/— mice 1 GSK-3p level in LRP—/— 1
etal MI in Wt mice mice higher than GSK-3f 1

Kuipers et al.
(741

Arterial stiffness and
‘Wnt genes expression

Level in Wt mice
Association between in
vivo expression of the Wnt
genes: APC, TCF4 with
arterial stiffness

Abbreviations: Ang Il — angiotensin II; TGF-p - transforming growth factor f;
VSMC - vascular smooth muscle cell; TAC - transverse aortic constriction; sFRP2 -
secreted frizzled-related protein 2; MI — myocardial injury; APC - adenomatous
polyposis coli; HBWR - heart-to-body weight ratios; LiCl - Lithium chloride; Axin-
2 - axis inhibition protein 2; MVD - myxomatous valve disease; Wt — Wild type;
TCF4 - transcription factor 4.

1 - increased f-catenin level.

| - decreased f-catenin level.

0 - no changes in f-catenin level.
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cells of mice led to heart failure by suppressing cardioprotective factors.
Research by Sasaki et al. [40] suggested that blocking the signaling of the
Wnt/p-catenin pathway by the use of ICG-001 in the hearts of rats after
myocardial infarction had a beneficial effect on the organ, inhibiting the
process of fibrosis and apoptosis. At the same time, the contractile
function of cardiomyocytes was preserved, which reduced the risk of
heart failure. The Wnt4-dependent role of f-catenin in the regulation of
the proliferation of vascular smooth muscle cells (VSMC) in mice un-
dergoing carotid ligation, which caused an increase in the thickness of
the inner layer of the vessel wall and the vessel remodeling, was
demonstrated by Tsaousi et al. [66]. Additionally, the use of an inhibitor
of the Wnt/p-catenin pathway inhibited the VSMC proliferation.

2.6. Wnt/fi-catenin pathway and arterial hypertension

It is presumed that pathological myocardial hypertrophy is a disorder
of adaptation processes and usually leads to changes in the contractile
apparatus. Such hypertrophy is often accompanied by increased expres-
sion of proteins not involved in contraction, leading to myocardial
fibrosis with consequent heart failure [4,5]. Many signaling pathways are
involved in this process. The results of the studies conducted so far have
provided evidence suggesting a significant role of the Wnt/p-catenin
signaling pathway in the process of myocardial hypertrophy and fibrosis
in arterial hypertension [56,76-78].

Induction of Wnt ligands and, as a result, activation of p-catenin was
confirmed in cardiomyocytes and fibroblasts in hypertensive heart dis-
ease induced by systemic renin-angiotensin-aldosterone (RAS) stimula-
tion. f-catenin, by inducing the hypertrophic markers - p-MHC and
a-actinin, activates the transeription factors c-Myc and Snaill and stim-
ulates protein expression, which ultimately leads to cardiomyocyte hy-
pertrophy and cardiac dysfunction. On the contrary, myocardial fibrosis
is caused by the activation of p-catenin in fibroblasts which are trans-
formed into myofibroblasts, producing components of the interstitial
matrix (collagen, fibronectin) [56]. Researchers have increasingly
focused on understanding the correlation between the signaling of the
Wnt pathway and the occurrence of arterial hypertension. Dysfunction in
the course of the Wnt pathway leads to disturbances in the functioning of
the organs directly responsible for the regulation of blood pressure.
Excessive excitation of the Wnt-induced canonical path enhances the
proliferation and the differentiation of VSMCs, leading to changes in
vascular wall elasticity and disturbances in blood pressure regulation.
Changes in the activity of the Wnt pathway may also cause unfavorable
remodeling of the heart muscle and disrupt its function. Moreover, there
are reports indicating disturbances in the central regulation of blood
pressure in the brainstem related to the activity of the Wnt pathway.
Dysregulation of Wnt signaling can lead to disturbances of the RAS sys-
tem, initiating renal dysfunction and, consequently, leading to arterial
pressure disturbances [77]. This was confirmed by Xiao et al. [78] who
showed the activation of the Wnt/p-catenin pathway by the RAS system
in rats. The authors showed that the infusion of Ang I led to an increase
in systolic blood pressure and an increase in the expression of many genes
in the Wnt pathway. On the contrary, the use of an inhibitor of the
Wnt/p-catenin pathway reduced blood pressure. Research by Zhou et al.
[79] suggested a relationship between activation of the RAS system and
signaling of the Wnt/p-catenin pathway. Due to the translocation of
(-catenin to the cell nucleus, the transcription regulated by the TCF/LEF
factors was activated. The use of the p-catenin inhibitor - ICG-001,
abolished the expression of RAS genes, preventing its excessive activa-
tion and the organ complications related to it. There are documented
correlations between the activity of the Wnt/f-catenin pathway and
other signaling pathways in the course of hypertension. In addition to the
relationship of the RAS system with the activity of the Wnt/p-catenin
pathway, the correlation of peroxisome proliferator-activated receptor

gamma (PPAR-y) - a member of the nuclear superfamily of
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ligand-activated transcription factors with the above pathways is also
described. RAAS and the Wnt/p-catenin pathway activate each other in
the course of arterial hypertension. Increased activation of the
‘Wnt/f-catenin pathway inhibits PPAR-y, while PPAR-y agonists inhibit
the RAAS and Wnt/p-catenin pathways, simultaneously lowering blood
pressure, and have a vasodilating and anti-inflammatory effects [80]. The
effect of polymorphism of genes encoding Wnt pathway proteins on the
increased risk of primary arterial hypertension has been observed. The
Wnt3a rs752107 variant involved in signaling the Wnt/p-catenin
pathway increases the risk of arterial hypertension and heart failure [67].
Studies using the cardiomyocytes of rats with essential hypertension
(SHR) showed translocation and increased accumulation of p-catenin in
the nuclei of hypertrophic myocardial cells [81]. In turn, the study by
Kasacka et al. [82] demonstrated decreased expression of p-catenin and
increased expression of CacyBP/SIP and LMP7 (proteasome subunit) in
the heart of hypertensive rats compared to normotensive animals. The
CacyBP/SIP protein influenced the proteasomal degradation of p-catenin.

The results of the study by Sumida et al. [83] indicated the activation
of the classical Wnt pathway through the complement component Clq,
released by the macrophages of the aortic wall in hypertensive mice in
the process of its remodeling. Due to the increased expression of p-cat-
enin, the VSMC proliferated and consequently changed its structure. At
the same time, blocking Clq resulted in decreased signaling of the
‘Wnt/p-catenin pathway.

Xiang et al. [84] proved that cardiac fibroblasts lacking the expression
of p-catenin did not produce collagen when the Wnt/p-catenin pathway
was activated in pressure overload conditions. In the transgenic mouse
model, not only was there no fibrosis, but also no cardiomyocyte
hypertrophy.

3. Conclusions

Previous reports allow for better understanding the role of the Wnt/
p-catenin pathway in the functioning of the heart, and provide new in-
formation on pathophysiological mechanisms leading to cardiac
dysfunction and complications in the state of elevated blood pressure. It
is necessary to conduct further studies that could contribute to the
introduction into clinical practice of antihypertensive drugs whose
mechanism of action would be based on silencing the Wnt pathway.
Further research is needed to identify and verify inhibitors of the ca-
nonical Wnt pathway that maintain balance in the Wnt pathway in
normal cells by binding Wnt ligands or blocking receptors, and by
stimulating phosphorylation and degradation of f-catenin. Obtaining
information on how different factors can alter signaling pathway activity,
preventing a range of physiological and pathological tasks leading to
human disease, could have important preventative implications.
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Abstract: Wnt/ p-catenin signaling dysregulation is associated with the pathogenesis of many human
diseases, including hypertension and heart disease. The aim of this study was to immunohistochem-
ically evaluate and compare the expression of the Fzd8, WNT1, GSK-3p, and p-catenin genes in
the hearts of rats with spontaneous hypertension (SHRs) and deoxycorticosterone acetate (DOCA)-
salt-induced hypertension. The myocardial expression of Fzd8, WNT1, GSK-3f3, and 3-catenin was
detected by immunohistochemistry, and the gene expression was assessed with a real-time PCR
method. In SHRs, the immunoreactivity of Fzd8, WNT1, GSK-3f3, and [p-catenin was attenuated in
comparison to that in normotensive animals. In DOCA-salt-induced hypertension, the immunoreac-
tivity of Fzd8, WNT1, GSK-3f3, and p-catenin was enhanced. In SHRs, decreases in the expression
of the genes encoding Fzd8, WNT1, GSK-3f3, and [3-catenin were observed compared to the con-
trol group. Increased expression of the genes encoding Fzd8, WNT1, GSK-3p, and B-catenin was
demonstrated in the hearts of rats with DOCA-salt-induced hypertension. Wnt signaling may play
an essential role in the pathogenesis of arterial hypertension and the accompanying heart damage.
The obtained results may constitute the basis for further research aimed at better understanding the
role of the Wnt/3-catenin pathway in the functioning of the heart.

Keywords: Wnt/ p-catenin; arterial hypertension; essential hypertension; secondary hypertension;

myocardium

1. Introduction

Arterial hypertension is a complex disease that affects a large part of the world’s
population. In most cases, this disease develops slowly, over a long period of time, without
noticeable symptoms. On the other hand, the complications of untreated hypertension can
be life-threatening [1-3].

In 90% of cases, hypertension is primary and its cause is unknown. In 10%, arterial
hypertension occurs secondary to other disorders of the body’s functioning [4,5]. The
heart is the organ most affected by the complications of hypertension, which can cause
impaired blood flow, unfavorable cardiomyocyte remodeling, and hypertrophy of the
left ventricular wall, leading to heart failure [6,7]. An increase in blood pressure may be
genetically determined or associated with environmental factors.

In recent years, much attention has been paid to the Wnt/ -catenin signaling pathway,
which is important for maintaining the homeostasis of the body [8,9]. The Wnt pathway is
involved in many physiological as well as disease-related processes. The most important
mediator of signal transduction in the canonical pathway is p-catenin. An increase in its
concentration in the cytoplasm is associated with the activation of this pathway. In the ab-
sence of stimulation, the concentration of B-catenin is kept at a low level by its degradation
in proteasomes [10,11]. Inhibition of the degradation complex involves adenomatous poly-
posis coli protein (APC), casein kinase 1 (CK1), and glycogen synthase kinase 33 (GSK-3/3).
Activating the Frizzled (Fzd) receptor leads to an increase in the level of B-catenin in the
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cytoplasm of the cell and its translocation to the nucleus, where it induces the expression of
Wnt-dependent genes [10,12,13].

The Wnt/ -catenin signaling pathway participates in organogenesis and tissue home-
ostasis, and its dysregulation is associated with the pathogenesis of many human diseases,
including hypertension and heart disease [12,14-19]. The studies conducted so far show
that the Wnt/ 3-catenin signaling pathway plays a key role in the development of my-
ocardial hypertrophy, myocardial fibrosis, ventricular remodeling, heart failure, and other
pathophysiological processes [20,21].

Abnormalities in the functioning of organs directly responsible for blood pressure
regulation may be related to dysregulated Wnt/ -catenin signaling [22,23].

Understanding the molecular mechanisms of structural and functional heart patholo-
gies in hypertension and identifying physiological and exogenous factors that can modulate
the course of this disease and influence a patient’s further prognosis seem particularly
important for the development of modern and effective therapeutic strategies.

Considering the above, we decided to conduct research aimed at evaluating the main
elements of the Wnt/f-catenin pathway in the hearts of hypertensive rats of various
etiologies. The aim of this study was to immunohistochemically evaluate and compare
the expression of the Fzd8, WNT1, GSK-3f3, and {3-catenin genes in the hearts of rats with
spontaneous hypertension (SHRs) and DOCA-salt-induced hypertension.

2. Results

In rats in the study groups, systolic hypertension was found (SHRs: 160.8 + 3.3 (WKY:
122.3 £ 2.3), DOCA-salt: 180.0 = 13.0 (UNX: 126.0 £ 4.0)).

2.1. Immunohistochemistry

Positive immunohistochemical reactions for Fzd8, WNT1, GSK-3f3, and -catenin
were observed in the hearts of all rats tested, although the severities of the reactions in the
control and hypertensive rats were different.

The intensity of the immunohistochemical reaction showing Fzd8 was weaker in
the hearts of the primary hypertensive rats (Figure 1B) and stronger in the secondary
hypertensive rats (Figure 1D) compared to the control rats (Figure 1A,C).

.‘.}\ A \
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Figure 1. Inmunohistochemical analysis of Fzd8 in the hearts of the rats: (A)—WKY, (B)—SHR,
(C)—UNYX, (D)—DOCA-salt.
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The Wntl immunoreactivity in the hearts of the normotensive rats was strong (Figure 2A)
or moderate (Figure 2C). The intensity of the reaction was attenuated in the hearts of the SHRs
(Figure 2B) and enhanced in the DOCA-salt group (Figure 2D).

Figure 2. Immunohistochemical analysis of Wnt1 in the hearts of the rats: (A)—WKY, (B)—SHR,
(C)—UNYX, (D)—DOCA-salt.

The hearts of the WKY rats showed stronger GSK-33 immunodetection (Figure 3A)
compared to those observed in the SHR group (Figure 3B). The increase in secondary
pressure (Figure 3D) led to an increase in GSK-3 immunoreactivity compared to the
normotensive UNX group (Figure 3C).

(C)—UNX, (D)—DOCA-salt.
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In the hearts of all rats, the immunohistochemical reaction using an antibody against
-catenin was positive in intercalated discs (Figure 4). In the SHR hearts, 3-catenin im-
munoreactivity was attenuated (Figure 4B) in relation to the WKY group (Figure 4A), while
in the hearts of the secondary hypertensive rats (Figure 4D), this reaction was enhanced
compared to the UNX group (Figure 4C).
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Figure 4. Inmunohistochemical analysis of 3-catenin in the hearts of the rats: (A)—WKY, (B)—SHR,
(C)—UNX, (D)—DOCA-salt.
Morphometric image analysis results are presented in Table 1.

Table 1. Intensity of immunoreactions determining Fzd8, WNT1, GSK-3f, and f3-catenin in hearts of

normotensive and hypertensive rats (means + SEs).

Intensity of Inmunohistochemical Reaction in Heart
Scale from 0 (White Pixel) to 255 (Black Pixel)

Groups of Rats
Fzd8 WNT1 GSK-3p B-Catenin
WKY 1432 £4.12 157.72 599 93.67 + 1.87 157.27 +1.98
SHRs 64.52 +8.37 %] 7279:1:7.35%} 67.82+297 | 86.29 = 4.63 %
UNX 110.67 4+ 4.51 116.84 + 2.61 75.08 +5.23 162.88 + 1.75
DOCA-salt 174.67 + 5.58 *1 168.09 &+ 6.97 *1 136.65 + 6.45 *1 183.67 + 1.57 *1

* p < 0.05 (hypertension vs. control); t—intensification of immunohistochemical reaction; |—weakening of
immunohistochemical reaction.

2.2. Real-Time PCR

In the hearts of the SHRs, decreases in the expression of the genes encoding Fzd8,
WNT1, GSK-3f, and B-catenin were observed compared to the control group (WKY)
(Figure 5), and the differences were statistically significant in the cases of WNT1 (Figure 5B)
and B-catenin (Figure 5D). However, in the hearts of the rats with secondary hypertension,
increases in the gene expression of all tested proteins were found in relation to the control
group (UNX). The differences in the expression of the genes encoding Wnt1 (Figure 5B)
and f3-catenin (Figure 5D) were found to be statistically significant.
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Figure 5. Expression of genes encoding (A) FZD8, (B) WNT1, (C) GSK-3p, and (D) B-catenin in hearts
of normotensive and hypertensive rats (* p < 0.05).

3. Discussion

Many factors and molecular pathways are involved in the pathogenesis of hyperten-
sion, the determination and explanation of which is an ongoing challenge for scientists
and clinicians. Understanding the mechanisms of the multifactorial origin of hypertension
and the various interactive regulations aimed at compensating for the action of vasoactive
mediators is important in determining appropriate and effective treatments [1]. Untreated
or ineffectively treated hypertension leads to damage to many organs. Important complica-
tions of hypertension include ischemic heart disease, cardiac arthythmias, and heart failure,
which pose serious risk of death [6].

In this study, we examined and compared the expression patterns of Fzd8, WNT1, GSK-38,
and B-catenin in the hearts of hypertensive rats of different etiologies. The results indicated
differences in the expression of elements of the canonical Wnt pathway depending on the type of
hypertension. In SHR hearts, the expression of all examined parameters was reduced (statistical
significance was found for Wntl and 3-catenin), while secondary hypertension caused increases
in the expression of the investigated elements of Wnt/ 3-catenin signaling, which were especially
significant for the Wntl ligand and p-catenin.

In addition to the proven involvement of the canonical Wnt/ 3-catenin signaling pathway
in the process of embryogenesis and the proliferation of cardiac muscle cells [15,16], it also
plays an important role in the remodeling of the heart muscle and cardiomyocytes in patholog-
ical conditions of this organ [8,9,24]. In a study of the heart after ischemia-reperfusion injury,
the involvement of the Wnt/ 3-catenin pathway in the processes of cardiac tissue remodeling
in response to injury was demonstrated. Wntl was upregulated in the region of the injury
and induced cardiac fibroblasts to proliferate and express pro-fibrotic genes, which prevented
ventricular dilatation [25].

Mutual activation or inhibition of various pathways may be associated with the
occurrence of hypertension. In hypertension, impaired activation of the renin-angiotensin—
aldosterone system (RAAS), which is a critical regulator of blood volume, is often observed.
Dysregulation of the Wnt signaling pathway may lead to disorders of the RAAS, conse-
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quently leading to disturbances in blood pressure homeostasis [26,27]. Research by Xiao
et al. in an animal model showed an increase in the expression of Wnt pathway genes
in rat kidneys in response to angiotensin II infusion. Moreover, the use of an inhibitor of
the Wnt/p-catenin pathway reduced blood pressure [28]. According to the literature, in
spontaneous hypertensive rats the plasma activity of the RAAS is increased and decreased
in the course of secondary hypertension (DOCA-salt) [29]. In our study, we observed
decreased expression in the Wnt/ 3-catenin pathway in the hearts of SHRs and observed
intense activity in this pathway in DOCA-salt rats. Based on the obtained results, we
expect additional mechanisms regulating the activity of the Wnt pathway in hypertensive
rat hearts.

The decrease in B-catenin expression in the SHR hearts presented in the current
publication is consistent with reports by Zheng et al., who also found reduced -catenin
immunoreactivity in the intercalated discs of cardiomyocytes in an SHR group [30]. Other
studies conducted using an experimental model of heart failure also showed decreases in
B-catenin levels in the heart tissues of guinea pigs and hamsters [31,32].

Hypertrophy of cardiomyocytes is one of the main consequences of arterial hyper-
tension. There is a large amount of evidence for the involvement of the Wnt/ 3-catenin
pathway in cardiomyocyte remodeling processes. Research by Hirschy et al. showed that
a persistent, stable peptide level, reflecting the activity of the Wnt/p-catenin pathway,
caused the development of dilated cardiomyopathy and premature death in mice [33].
Another study demonstrated that genetic depletion of 3-catenin significantly enhanced
left ventricular function and survival in mice experiencing myocardial infarction, whereas
stabilization of B-catenin had the opposite effect [34]. Xiang et al. proved that cardiac
fibroblasts without B-catenin expression did not produce collagen when the Wnt/ 3-catenin
pathway was activated under pressure-overload conditions. In a transgenic mouse model,
this absence of (3-catenin resulted in neither fibrosis nor cardiomyocyte hypertrophy [35].
Complications of primary hypertension in rat models, such as cardiomyocyte hypertrophy,
may be observed due to the long-lasting state of elevated blood pressure, so the decreased
activity of B-catenin could be considered an adaptive mechanism used to minimize hyper-
trophy. In this way, we could try to explain the decrease in the activity of the Wnt/ p-catenin
system in our study in the hearts of rats with essential hypertension. It is probable that
additional signaling pathways inhibiting the Wnt/ 3-catenin cascade are also activated to
provide protection against elevated blood pressure. There are reports indicating the role of
Wnt/ B-catenin pathway inhibitors in the prevention of cardiovascular diseases and their
complications. The emerin protein found in skeletal muscle cells and cardiomyocytes is
responsible, among other things, for regulating gene expression, maintaining the proper
structure of the nucleus, and cell signaling. It has been shown that emerin maintains
B-catenin at the proper level in the cell. A study on mice whose cardiomyocytes were
deprived of emerin under conditions of pressure overload showed excessive expression
of B-catenin and unfavorable tissue remodeling [36]. In another study, in the hearts of
hypertensive rats subjected to angiotensin I (Ang I} infusions, high expression of p-catenin
was observed. The above results suggest that the cardiomyocyte hypertrophy induced by
Ang II is associated with excessive activity of the Wnt/f-catenin pathway. Simultaneously,
the use of the B-catenin inhibitor ICG-001 blocks the expression of a-actin and myosin
heavy chains (3-MHCs) in hypertrophic hearts [37].

Taking into account the limited number of reports indicating the relationship of the
Wnt/B-catenin pathway with arterial hypertension, it is important and justified to in-
vestigate its involvement in this disease. The present study showed different changes in
the Wnt/p-catenin signaling pathway in the hearts of rats with primary and secondary
hypertension. This study was the first to evaluate components of the classical Wnt/3-
catenin signaling pathway in various types of hypertension using immunohistochemical
and molecular methods. In our work, we demonstrated that changes in the activity of
the Wnt/ B-catenin pathway in hypertension may occur at every level of this pathway. It
should be noted that the intensity of the changes in the Wnt/ B-catenin pathway in the heart
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depends on the etiology of the hypertension. The presented results may constitute the basis
for further research aimed at better understanding the role of the Wnt/ 3-catenin pathway
in the functioning of the heart, as well as the pathophysiological mechanisms leading to its
dysfunction and complications in the state of elevated blood pressure. It is imperative to
conduct additional research that may facilitate the integration of antihypertensive medica-
tions into clinical practice. Their mechanism of action would be based on inhibiting the
Wnt pathway. A more detailed understanding of the role of the WNT/ 3-catenin pathway
in hypertension-associated disturbances of heart functioning requires further investigation.

4. Materials and Methods

The research material came from the Department of Experimental Physiology and
Pathophysiology, Medical University of Bialystok, courtesy of Professor Barbara Mali-
nowska. The procedures performed on experimental animals were approved by the Local
Ethics Committee for Animal Research in Olsztyn. Six-week-old male animals with ini-
tial weights of 170-200 g were kept at a constant humidity (60 £ 5%) and temperature
(22+1°C). A 12/12-h light/dark cycle was maintained. The rats had free access to
standard pelleted food and drinking water.

The experimental animals were divided into four groups:

SHRs—seven male rats with genetically determined systemic hypertension from an inbred
strain established from Wistar rats selected for high blood pressure.

WKY—five normotensive male Wistar Kyoto rats as a reference for the SHR group.
DOCA-salt—seven male Wistar rats that underwent unilateral nephrectomies and were then
rendered hypertensive using a salt-rich diet and Deoxycorticosterone Acetate (DOCA) injections.
UNX—five normotensive male Wistar rats that were only uninephrectomized as a reference
for the DOCA-salt-induced hypertensive rats.

4.1. DOCA-Salt Hypertension

The DOCA-salt animals were anesthetized by intraperitoneal injections of sodium pen-
tobarbital (300 pmol or ~70 mg/kg body weight (bw)). Their right kidneys were removed
through right lateral abdominal incisions. After a 1-week recovery period, hypertension
was induced for 4 weeks by s.c. DOCA injections (67 umol or ~25 mg/kg in 0.4 mL/kg
dimethylformamide (DMF)) twice weekly and replacing their drinking water with a 1%
sodium chloride (NaCl) solution. The normotensive control rats that received unilateral
nephrectomies (UNX) also had their kidneys removed but received subcutaneous DMF
(0.4 mL/kg) twice a week and drank tap water.

4.2. Indirect Blood Pressure Measurement

After 6 weeks, the systolic blood pressure was measured in all animals by a non-
invasive tail cuff method (rat tail blood pressure monitor, Hugo Sachs Elektronik-Harvard
Apparatus, March-Hugstetten, Germany). The measurements were considered reliable if
three consecutive measurements did not differ by more than 5 mmHg. Then, the average
was taken. Hypertension (systolic blood pressure (SBP) values equal to or greater than
150 mmHg) was verified in the SHRs and DOCA-salt animals.

4.3. Collection and Fixation of Material

After 6 weeks, heart muscle fragments were collected from all rats under deep anesthe-
sia with pentobarbital (50 mg/kg body weight). Cardiac tissue was immediately fixed in 4%
buffered formalin and routinely embedded in paraffin or placed in an RNAlater solution
(AM7024 Thermo Fisher, Waltham, MA, USA) and stored at —80 °C. Paraffin blocks were
cut into 4 um sections and stained with hematoxylin and eosin for general histological
evaluation. Immunohistochemical reactions were performed to detect Fzd8, Wnt1, GSK-3p,
and p-catenin. The samples stored in the RNAlater solution were analyzed by real-time
PCR to assess the expression of the genes encoding Fzd8, Wntl, GSK-38, and B-catenin.
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4.4. Immunohistochemistry

Immunostaining was carried out by the following protocol (Kasacka et al., 2018) [38]:
Paraffin-embedded sections were deparaffinized and hydrated in pure alcohols. Sections
of the left ventricles of the hearts were subjected to pretreatment in a pressure chamber
and heated using appropriate Target Retrieval Solutions (Citrate (pH = 6.0) (S 2369; Agilent
Technologies, Inc., Santa Clara, CA, USA) (for p-catenin) and TRS (pH = 9.0) (S 2367; Agi-
lent Technologies, Inc., Santa Clara, CA, USA) (for Fzd8, Wntl, and GSK-3)). After cooling
to room temperature, the sections were incubated with Dako REAL Peroxidase-Blocking
Solution (S 2023; Agilent Technologies, Inc. Santa Clara, CA, USA). The sections were
incubated with the primary antibodies for Fzd8 (1:400; ab155093, Abcam, Cambridge, UK),
Wnt-1 (1:500; ab189001, Abcam, Cambridge, UK), GSK-3p (1:100; ab68476, Abcam, Cam-
bridge, UK), and B-catenin (1:2000; ab32572, Abcam, Cambridge, UK) for 24 h at +4 °Cina
humidified chamber. This procedure was followed by incubation with the secondary anti-
body (REAL™ EnVision™ Detection System, Peroxidase/DAB, Rabbit/Mouse detection
kit (K5007; Agilent Technologies Denmark Ap/S, Produktionsvej 42, 2600 Glostrup, Den-
mark)). The bound antibodies were visualized by incubation with DAB Flex chromogen.
Finally, the left ventricles of the heart sections were counterstained with hematoxylin QS
(H-3404 Vector Laboratories, Burlingame, CA, USA) and observed under a light micro-
scope. The sections were dehydrated, and the specificity of the antibodies was confirmed
using a negative control, where the antibodies were replaced by Antibody Diluent (S3022;
Agilent Technologies Denmark Ap/S, Produktionsvej 42, 2600 Glostrup, Denmark). The
staining results were evaluated and documented using an Olympus BX43 light microscope
(Olympus 114 Corp., Tokyo, Japan) with an Olympus DP12 digital camera (Olympus 114
Corp., Tokyo, Japan).

4.5. Real-Time PCR

Tissue fragments taken from the left ventricles of the rats’ hearts were placed in an
RNA-later solution. Total RNA was isolated using a NucleoSpin® RNA Isolation Kit
(Machery-Nagel, Oensingen, Switzerland). The quantification and quality control of the
total RN A were carried out using a NanoDrop 2000 spectrophotometer (ThermoScientific,
Waltham, MA, USA). A 1 ug aliquot of total RNA was reverse-transcribed into cDNA using
an iScript™ Advanced cDNA Synthesis Kit for RT-qPCR (BIO-RAD, Barkley, CA, USA).
The synthesis of the cDNA was performed in a final volume of 20 uL using a Thermal
Cycler (SureCycler 8800, Aligent Technologies, Santa Clara, CA, USA). For reverse tran-
scription, the mixtures were incubated at 46 °C for 20 min, heated to 95 °C for 1 min, and
finally cooled quickly at 4 °C. Quantitative real-time PCR reactions were performed using
Stratagene Mx3005P (Aligent Technologies) with the SsoAdvanced™ Universal SYBER®
Green Supermix (BIO-RAD). Specific primers for FZD8 (FZD8), Wntl (WNT1), Gsk3p
(GSK3p), Ctnnbl (CTNNB1), and GAPDH (GAPDH) were designed by BIO-RAD. The
housekeeping gene GAPDH (GAPDH) was used as a reference gene for quantification. To
determine the expression levels of the test genes, standard curves were constructed sepa-
rately for each gene with serially diluted PCR products. The PCR products were obtained
by cDNA amplification using the following specific primers: FZD8 (QRnoCED0054913,
BIO-RAD), WNT1 (qRnoCED0003949, BIO-RAD), GSK3p (qRnoCID0001683, BIO-RAD),
CTNNBI (qRnoCID0053256, BIO-RAD), and GAPDH (qRnoCID0057018, BIO-RAD). qRT-
PCR was carried out in a doublet in a final volume of 20 uL under the following conditions:
2 min of polymerase activation at 95 °C, 5 s of denaturation at 95 °C, and 30 s of annealing
at 60 °C for 35 cycles. The PCR reactions were checked, including no-RT controls, the
omission of templates, and melting curves, to ensure that only one product was amplified.
The relative quantification of gene expression was carried out by comparing the Ct values
using the AACt method. All results were normalized to GAPDH.
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4.6. Measurement of the Intensity of the Immunohistochemical Reaction

Sections of the heart were taken from each animal for immunohistochemistry showing
Fzd8, Wntl, GSK-33, and B-catenin. Five randomly selected microscopic fields (each
field measured 0.785 mm? at 200 x magnification (20x lens and 10x eyepiece)) from each
heart section were documented using an Olympus DP12 microscope camera. Nikon’s
NIS Elements Advanced Research microscopy image analysis software (version 3.10) was
used to evaluate digital images of the heart samples. The average optical densities of the
examined objects were measured to assess the intensities of the immunohistochemical
reactions. The intensities of the immunohistochemical reactions for Fzd8, Wntl, GSK-33,
and B-catenin were measured in each image and quantified using a grayscale level of
0-256. A value of 0 meant a completely white pixel, i.e., minimum light saturation, while
256 meant a completely black pixel, i.e., maximum light saturation.

4.7. Statistical Analysis

All data collected for the individual rats were assigned to two control groups (WKY
and UNX) and two treatment groups (SHRs and DOCA-salt). For measurable features, the
arithmetic means and standard errors (SEs) were calculated. Then, using the STATISTICA
13.3 computer package, statistical analysis was performed using a one-way ANOVA test.
Fisher’s Least Significant Differences test was used to perform post hoc analysis. The level
of statistical significance was assumed to be p < 0.05.
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Rozdzial 6. Streszczenie w jezyku polskim

Nadcisnienie tetnicze jest najistotniejszym modyfikowalnym czynnikiem ryzyka
wystepowania choréb uktadu krazenia oraz gtdéwng przyczyng przedwczesnych zgonow
na $wiecie. Bez watpienia, w globalnym i1 powszechnym wymiarze nalezy do chorob
cywilizacyjnych. Zrozumienie wieloczynnikowej etiologii nadci$nienia oraz
mechanizméw interakcji wazoaktywnych mediatoréw regulujacych, jest wazne
w ustaleniu odpowiedniego i skutecznego leczenia. Nadci$nienie tetnicze jest podstepna
chorobg, przez dlugi czas moze by¢ niezdiagnozowane ze wzgledu na utajony,
bezobjawowy charakter, prowadzac do powaznych powiktan narzadowych. Niestety,
etiologia tego schorzenia jest na tyle zlozona, ze jej profilaktyka skupia si¢ gtdéwnie na
leczeniu objawowym, obnizaniu ci$nienia tetniczego oraz leczeniu powiktan. W 90%
przypadkow nadci$nienie ma charakter pierwotny, o nieznanej przyczynie, pozostate
przypadki sg zwigzane z innymi schorzeniami 1 dysfunkcjami organizmu, co nadaje mu
wtorny charakter.

Jedne z najgrozniejszych powiktan narzadowych nadcisnienia tetniczego dotycza
serca. Stan przewlekle utrzymujacego si¢ wysokiego cisnienia krwi prowadzi do
zaburzen perfuzji, niedokrwienia, a w konsekwencji kompensacyjnych zmian w budowie
tego narzadu. W wyniku przebudowy tkanki oraz remodelingu kardiomiocytéw dochodzi
do dysfunkcji skurczowej, zaburzen rytmu serca, a w zaawansowanym stadium, jego
niewydolnosci. Pociaga to za soba dalsze konsekwencje w postaci dysfunkcji kolejnych
narzadow, poprzez niedostateczne utlenienie tkanek.

Wiele czynnikéw oraz szlakéw molekularnych zaangazowanych jest w procesy
regulacji ci$nienia tgtniczego krwi. Zaburzenia ich wzajemnych oddziatywan, rownowagi
czynnikéw naczynioskurczowych 1 rozkurczowych, na korzy$¢ tych pierwszych, biorg
udziat w patogenezie nadcisnienia.

Szlaki przekazywania sygnatu migdzy komorkami zaangazowane sg we wszystkie
procesy zachodzgce w organizmie. Szlak Wnt/pB-katenina bierze udziat w szerokim
spektrum proceséw zachodzacych w organizmie. Obejmuje rodzing biatek, ktore
odgrywaja kluczowa role¢ w prawidlowym rozwoju i réznicowaniu komorek, w tym
kardiomiocytow. Jednoczes$nie, zaburzenia sygnalizacji szlaku stwierdzane sa
w procesach remodelingu oraz widknienia mig$nia sercowego, co przyczynia si¢ do jego

niewydolnosci.
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Majac na uwadze wieloczynnikowa etiologi¢ nadcisnienia tg¢tniczego oraz brak
doniesien na temat roli szlaku Wnt/B-katenina w tej jednostce chorobowej, w obecnym
badaniu dokonano oceny immunohistochemicznej, morfometrycznej oraz ekspresji
gendéw kodujacych Fzd8, Wntl, GSK-3B oraz [-katening w sercach szczuréw
z nadci$nieniem tetniczym pierwotnym i wtornym.

Badania przeprowadzono na sercach pobranych od 24 samcéw szczurzych:
7 szczurow z nadci$nieniem pierwotnym (SHR) oraz 5 kontrolnych zwierzat
normotensyjnych (WKY), 7 szczurow z wywotanym nadci$nieniem wtoérnym
(DOCA-salt) oraz 5 kontrolnych, normotensyjnych szczuréw po jednostronnej
nefrektomii (UNX). Po utrwaleniu w zbuforowanej formalinie, materiat przeprowadzono
do bloczkéw parafinowych w rutynowy sposdb. W celu immunodetekcji Fzd8, Wntl,
GSK-3p oraz B-kateniny, przeprowadzono reakcje z wykorzystaniem przeciwciat
skierowanych przeciwko badanym biatkom. Wyniki powyzszych reakcji oceniano
w mikroskopie sprzezonym z komputerem wyposazonym w program NIS-Elements
Advanced Research firmy Nikon. Aby poréwnac profil ekspresji genow FZD8, WNT1,
GSK-35 oraz CTNNB1 w sercach szczuréw kontrolnych i nadci$nieniowych
wykorzystano metode real-time PCR. Genem referencyjnym byt gen GAPDH.

Uzyskane dane poddano analizie statystycznej z wykorzystaniem pakietu
statystycznego STATISTICA 13.3. Dla cech mierzalnych obliczono $rednig
arytmetyczng i blad standardowy (SE). Przeprowadzono analize statystyczng za pomoca
jednoczynnikowego testu ANOVA. Do przeprowadzenia analizy post-hoc wykorzystano
test Fishera. Za poziom istotnosci statystycznej przyjeto p<0,05.

Obserwacja 1 analiza densymetryczna wykazaly spadek intensywnos$ci reakcji
immunohistochemicznej dla Fzd8, Wntl, GSK-3p oraz B-kateniny w sercach szczurow
z nadci$nieniem pierwotnym (SHR) i1 wzrost tych parametréw w kardiomiocytach
szczuré6w z nadcis$nieniem wtornym (DOCA-salt) w stosunku do normotensyjnych
zwierzat kontrolnych WKY 1 UNX.

Podobnie, badania PCR wykazaty spadek ekspresji genow FZD8, WNT1, GSK-3/
oraz CTNNB1 w sercach zwierzat SHR w porownaniu do kontroli, szczegoélnie
znamienny w przypadku WNT1 i CTNNB1. Natomiast w przypadku szczurow
DOCA-salt odnotowano wzrost ekspresji powyzszych gendow, istotny statystycznie
w przypadku WNT1 i CTNNB1, w poréwnaniu do szczurow normotensyjnych UNX.

Otrzymane wyniki badan ujawnily zmiany w immunoreaktywnos$ci 1 ekspresji

genow kodujacych Fzd8, Wntl, GSK-3p oraz p-katening w sercach szczurow
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z nadci$nieniem pierwotnym i wtornym. Spadek aktywnosci szlaku Wnt/B-katenina
w sercach szczuréw z nadci$nieniem pierwotnym oraz wzrost jego aktywnoSci
w nadcis$nieniu wtornym wskazujg na inny rodzaj zaangazowania tej $ciezki sygnatowej
w zalezno$ci od etiologii nadcisnienia tetniczego. Wyniki przeprowadzonych badan
mogg przyczynic si¢ do lepszego poznania etiologii nadci$nienia oraz stanowi¢ podstawe

do dalszych badan tej jednostki chorobowe;.
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Rozdzial 7. Streszczenie w jezyku angielskim

Hypertension is the most significant modifiable risk factor for cardiovascular
diseases and the leading cause of premature death worldwide. Undoubtedly, on a global
and widespread scale, it is considered a civilization disease. Understanding the
multifactorial etiology of hypertension and the mechanisms of interaction of vasoactive
regulatory mediators is crucial in establishing appropriate and effective treatment.
Aurterial hypertension is an insidious disease which, due to its latent, asymptomatic nature,
may remain undiagnosed for a long time and lead to serious organ complications.
Unfortunately, the etiology of this condition is so complex that its prevention mainly
focuses on symptomatic treatment, lowering blood pressure, and treating complications.
In 90% of cases, hypertension is primary of unknown cause, in the remaining cases,
hypertension is secondary, related to other diseases and body dysfunctions.

One of the most severe organ complications of hypertension affects the heart.
Chronic high blood pressure leads to perfusion disturbances, ischemia, and compensatory
structural changes in this organ. As a result of tissue reconstruction and cardiomyocyte
remodeling, systolic dysfunction, cardiac arrhythmias and in advanced stages, heart
failure occurs. This leads to further consequences in the form of dysfunction of other
organs due to insufficient tissue oxygenation.

Many factors and molecular pathways are involved in the regulation of blood
pressure. Disruptions in their interactions and the balance of vasoconstrictive and
vasodilatory factors, favoring the former, contribute to the pathogenesis of hypertension.
Signal transmission pathways between cells are involved in all processes occurring in the
body. The Wnt/B-catenin pathway participates in a wide spectrum of processes, including
the proper development and differentiation of cells, such as cardiomyocytes. At the same
time, disturbances in this signaling pathway are observed in the case of myocardial
remodeling and fibrosis, which contribute to heart failure.

Considering the multifactorial etiology of hypertension and the lack of reports on
the role of the Wnt/B-catenin pathway in this condition, the current study evaluated the
immunohistochemical, morphometric, and gene expression profiles of Fzd8, Wntl, GSK-
3B, and B-catenin in the hearts of rats with primary and secondary hypertension.

The study was conducted on hearts collected from 24 male rats: 7 with primary
hypertension (SHR) and 5 normotensive control animals (WKY), 7 with induced

secondary hypertension (DOCA-salt), and 5 normotensive control rats post-unilateral
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nephrectomy (UNX). After fixation in buffered formalin, the material was routinely
processed into paraffin blocks. For the immunodetection of Fzd8, Wntl, GSK-3p, and f-
catenin, reactions were performed using antibodies against the studied proteins. The
results of above reactions were assessed under a microscope connected to a computer
equipped with Nikon’s NIS-Elements Advanced Research software. Real-time PCR was
used to compare the expression profile of FZD8, WNT1, GSK-35 and CTNNB1 genes in
the hearts of control and hypertensive rats. The reference gene was the GAPDH gene.

The obtained data were subjected to statistical analysis using the STATISTICA
13.3 software package. For measurable features, the arithmetic mean and standard error
(SE) were calculated. Statistical analysis was performed using one-way ANOVA. Fisher's
test was used for post-hoc analysis, with a significance level of p<0.05.

Observation and densitometric analysis showed a decrease in the intensity of the
immunohistochemical reaction for Fzd8, Wntl, GSK-3f and B-catenin in the hearts of
rats with essential hypertension (SHR) and an increase in these parameters in
cardiomyocytes of rats with secondary hypertension (DOCA-salt) compared to
normotensive animals WKY and UNX.

PCR results demonstrated a decrease in the expression of FZD8, WNT1, GSK-3p,
and CTNNBL1 genes in the hearts of SHR animals compared to controls, particularly
significant for WNT1 and CTNNB1. However, an increase in the expression of these
genes, statistically significant for WNT1 and CTNNB1, was observed in DOCA-salt rats,
compared to normotensive UNX rats.

The obtained results revealed changes in immunoreactivity and expression of
genes encoding Fzd8, Wntl, GSK-3p, and -catenin in the hearts of rats with primary and
secondary arterial hypertension. The decrease in the activity of Wnt/p-catenin pathway in
the hearts of rats with essential hypertension and its increase in secondary hypertension
suggest a different type of involvement of this signaling pathway depending on the
etiology of hypertension. These results may contribute to a better understanding of the

etiology of hypertension and constitute a basis for further research on this condition.
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medycznych i nauk o zdrowin w dyscyplinie nauki medyczne.
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Rozdzial 10. Zgoda Komisji Bioetycznej

5.

UCHWALA NR 73 /2015 w sprawie wniosku nr 2015/35
z dnia 9.06.2015 r.
Lokalnej Kemisji Etyczne] do Spraw Dodwiadczed na Zwierzetach w Blalymstoku
§1

Ma podstawie art, 30 ust, | pkt | ustawy z dnia 21 styeznia 20051, o doswiadezeniach na zwierzgtach
(Dz, LI, Nr 33, poz. 289} 1 § 14 ust. 3 rozporzgdzenia Ministra Nauki i Informatyzacii z dnia 29 lipca
2005r. w sprawie Krajowe] Komigji Erycznej do Spraw Dofwiadezen na Zwierzetach oraz lokalnyeh
komisji etycanych do spraw dodwiadezen na zwierzgtach (D= U, Nr 153, poz. 1275), po rozpatrzeniu
whiosku, pi.:

Ocena komérek neuroendokrynnych w réényeh narzadach szezura z nadeidnieniem

samoistuym i naczyniowo-nerkowym.
z dnia 21.05.2015 r. zlozonego przez prof., dr hab. Ireng Kasacky z Zakladu Histologii
1 Cytafigjologn UMB, lokalna komisja etyczna,
WYRAZA ZGODE / NIE WYRAZA ZGODY
na preeprowadzenie dodwiasdezen na ewierzgtach w zakresie wniosku
§2
W wyniku rozpatreenia wniosku, o ktorym mowa w § 1, lokalna komisja etyczna ustalila, 2e
1. Wniosek naledy zaliczyé do kategorii:
Doéwiadczenia na thankach, narzgdach odrwierzecych

2, Nmjwyiszy stopien inwazyjnosci proponowanych procndur nie mekracn warfodci: nie dotyczy
3. Doswisdczenia beds preeprowadzone na zwiersetach: nie dotycry.
4. Dodwiadcrenia beda preeprowadzone preez: nie dotyezy
Dodwindezenia beds preeprowadzance na tkankach | narzgdach wzyskanych od zwierzat w ramach
projektu . Kola endokannabinoidéw w regulacji ukladu kragenia, stresu oksvdacyjnego | metabolizmu

serca w modelu nadelinienia prerwolnego | witomego.” ne ktory uryskano zgode Lokalnej Komisji
Etyezngj do Spraw Dodwiadczen na Zwierzetach w Bialvmstoku w dnin 25012012, Uchwata nr 42012,

§3
Integralng cresé niniejszej uchwaly stanowi uzasadnienie i kopia waiosku, o ktérym mowa w § 1,

Podpisy czhonkiw kalna] komisj atyczne)
biorgoych udzial w glosowaniu:
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