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Rozdzial 1. Wykaz publikacji bedacych podstawg rozprawy doktorskiej
1.1. Praca przegladowa

1. Krzyzewska A., Baranowska-Kuczko M., Minczuk K., Koztowska H.: Cannabinoids-

A New Perspective in Adjuvant Therapy for Pulmonary Hypertension. Int J Mol Sci.,
2021, 22:10048.

Punktacja IF: 6.208; MNiSW: 140

1.2. Prace oryginalne

1. Krzyzewska A., Baranowska-Kuczko M., Jastrzab A., Kasacka 1., Koztowska H.:

Cannabidiol Improves Antioxidant Capacity and Reduces Inflammation in the Lungs of

Rats with Monocrotaline-Induced Pulmonary Hypertension. Molecules., 2022, 27:3327.
Punktacja IF: 4.600; MNiSW: 140

2. Krzyzewska A., Baranowska-Kuczko M., Kasacka 1., Koztowska H.: Cannabidiol

alleviates right ventricular fibrosis by inhibiting the transforming growth factor  pathway
in monocrotaline-induced pulmonary hypertension in rats. Biochim Biophys Acta Mol

Basis Dis., 2023, 1869:166753.

Punktacja IF: 6.200; MNiSW: 140

Laczna wartos¢ Impact Factor dla cyklu publikacji: 17.008
L.aczna liczba punktow MNiSW dla cyklu publikacji: 420
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Rozdzial 2. Wykaz stosowanych skrotow

2-AG (2-arachidonoylglycerol) 2-arachidonyloglicerol

2-AGE (noladin ether) eter noladyny

4-HNE (4-hydroxynonenal) 4-hydroksynonenal

a-SMA (alpha-smooth muscle actin) alfa-aktyna mie$ni gtadkich

Abn-CBD (abnormal cannabidiol) atypowy kannabidiol

AEA (N-arachidonoylethanolamine) N-arachidonoylethanolamina,
anandamid

BMPR2 (bone morphogenetic protein type 2 receptor) receptor bialka
morfogenetycznego kosci typu 2

CBi1/CB: (cannabinoid receptors type 1 and 2) receptory kannabinoidowe
typu 112

CBD (cannabidiol) kannabidiol

CD68 (cluster of differentiation 68) antygen réznicowania komorkowego
68

cGMP (cyclic guanosine monophosphate) cykliczny
guanozynomonofosforan

COX (cyclooxygenase) cyklooksygenaza

COX-2 (cyclooxygenase-2) cyklooksygenaza-2

CTR (control group) grupa kontrolna

e¢CB (putative endothelial cannabinoid receptor) $rodblonkowy

receptor kannabinoidowy

ECS (endocannabinoid system) uktad endokannabinoidowy

EndoMT (endothelial-to-mesenchymal transition) przejsScie endotelialno-
mezenchymalne

eNOS (endothelial nitric oxide synthase) $rodbtonkowa syntaza tlenku
azotu

EP4 (prostaglandin E2 receptor 4) receptor prostaglandynowy EP4

ERS (European  Respiratory Society) Europejskie Towarzystwo
Oddechowe

ESC (European Society of Cardiology) Europejskie Towarzystwo
Kardiologiczne

ET-1 (endothelin-1) endotelina-1
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FAAH

FGF2
Gal-3
GPR18 / GPRS5S

GSH
GSR
IL-1p
IL-6
L.p.

IP

LPI
LPS
MAGL
MCP-1

MCT
MMP-9
NF-xB

NO
NT-proBNP

PAH
PAI-1

pECso
PGI2
PH

PPAR-y

ROS

(fatty-acid amide hydrolase) hydrolaza amidowa kwasow
thuszczowych

(fibroblast growth factor 2) czynnik wzrostu fibroblastow 2
(galectin-3) galektyna-3

(G protein-coupled receptor 18, 55) sierocy receptor sprzezony
z biatkiem G18 / G55

(gluthatione) glutation

(glutathione reductase) reduktaza glutationowa

(interleukin 1 beta) interleukina 1 beta

(interleukin 6) interleukina 6

(intraperitoneally) podanie dootrzewnowe

(prostacyclin receptor) receptor prostacyklinowy
(lysophosphatidylinositol) L-alfa-lizofosfatydyloinozytol
(lipopolysaccharide) lipopolisacharyd

(monoacylglycerol lipase) lipaza monoacyloglicerolowa
(monocyte chemoattractant protein-1) biatko chemotaktyczne
monocytow-1

(monocrotaline) monokrotalina

(matrix metalloproteinase-9) metaloproteinaza macierzy-9
(nuclear factor kappa B) jadrowy czynnik transkrypcyjny kappa B
(nitric oxide) tlenek azotu

(N-terminal pro b-type natriuretic peptide) peptyd natriuretyczny

typu pro-B
(pulmonary arterial hypertension) t¢tnicze nadci$nienie plucne
(plasminogen  activator inhibitor-1) inhibitor aktywatora

plazminogenu-1

uyjemny logarytm z molowego stezenia agonisty powodujacego
polowe efektu (skurczu/rozkurczu) maksymalnego

(prostacyclin) prostacyklina

(pulmonary hypertension) nadci$nienie ptucne

(peroxisome proliferator-activated receptor gamma) receptor
aktywowany przez proliferatory peroksysomow gamma

(reactive oxygen species) reaktywne formy tlenu
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RVSP

s.C.
sGC
TAC
TGF-p

THC
TNF-o
t-PA

TRPV1

TXA:2
VEGF

VE-kadheryna

(right ventricular systolic pressure) skurczowe ci$nienie w prawej
komorze serca

(subcutaneously) podanie podskorne

(soluble guanylyl cyclase) rozpuszczalna cyklaza guanylanowa
(total antioxidant capacity) calkowita pojemno$¢ antyoksydacyjna
(transforming growth factor beta) transformujacy czynnik wzrostu
beta

(tetrahydrocannabinol) A°-tetrahydrokannabinol

(tumor necrosis factor alfa) czynnik martwicy nowotworu alfa
(tissue-type  plasminogen activator) tkankowy aktywator
plazminogenu

(transient receptor potential cation channel subfamily V member
1) receptor waniloidowy przejsciowego potencjatu 1
(thromboxane A3) tromboksan A;

(vascular endothelial growth factor) czynnik wzrostu §rédbtonka
naczyniowego
endothelial kadheryna  $rodbtonka

(vascular cadherin)

naczyniowego
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Rozdzial 3. Wprowadzenie
3.1. NadcisSnienie plucne

Nadcisnienie ptucne (ang. pulmonary hypertension — PH) jest nieuleczalna,
postepujaca choroba o zlym rokowaniu. Szacuje si¢, ze problem PH dotyka okoto 1%
swiatowej populacji. Zgodnie z najnowszymi wytycznymi PH definiuje si¢ $rednim
ci$nieniem w tetnicy plucnej w spoczynku wynoszacym > 20 mmHg (Humbert 1 wsp.
2022). Aktualng klasyfikacje¢ PH opracowang w oparciu o podobne mechanizmy
patofizjologiczne, obraz kliniczny oraz postgpowanie terapeutyczne przedstawiono na

Rycinie 1.

Kliniczna klasyfikacja nadcisnienia ptucnego

1.1. idiopatyczne 2.1. niewydolnosé 3.1. przewlekta
GRUPA 1 1.1.1. bez odpowiedzi GRl_J‘PA 2 . |serca GRP,PA 3 . | obturacyjna choroba
Tetnicze |w probie Nadcignienie |2.1.1. z zachowana Nadcisnienie |ptuc
iéniania | wazoreaktywnosci frakcja wyrzutowa 3.2. srédmiazszowe
nadcisnienie 1.1.2. zdobrg p*ucne lewej komory plucne . choroby ptuc
ptucne odpowiedzig w probie spowodowane| 2.1.2. ze zmniejszong | W "aS?ePSthe 3.3. inne choroby ptuc
wazoreaktywnosci chorobq lub tagodnie choréb p{uc Z mieszanymi

1.2. dziedziczne . <.: |zmniejszong frakcja : s ++ | Zmianami

1.3. wywotlane przez Iewej czescl wyrzutowa lewej i/lub hIPOkSJI restrykeyjnymi

leki lub toksyny serca kemory i obturacyjnymi

1.4. zwigzane z: 2.2. wady zastawkowe 3.4. zespoly

1.4.1. chorobami 2.3. wrodzone/nabyte hipowentylaciji

tkanki tacznej choroby sercowo- 3.5. hipoksja u oséb
1.4.2. zakazeniem naczyniowe bez choroby ptuc
wirusem HIV prowadzgce do (np. przewlekte

1.4.3. nadcignieniem pozawtosniczkowego | | |przebywanie na duzych
wratnym nadciénienia ptucnego -“\ . | wysokosciach)

1.4.4. wadami ‘ " || 3.6. anomalie

| wrodzonymi serca | rozwojowe pluc

1.4.5. schistosomatozg
1.5. tetnicze
nadcisnienie ptucne

Z cechami zarostowej
AV—MLCS%’; '/il 'b tucnych GRUPA 4 GRUPA 5
t ) 1/1ul er . . er -
hemangiomatozy Nadcisnienie ptucne Nadcisnienie ptuche q : ? p
kapilame; ptucnej Zwigzane ze o niejasnych lub e o ¢
%l?sc—.Hlurzetrwale Zwezeniem tetnic I‘I‘II‘IOgICh
nadcignienie piucne ptucnych przyczynach
noworodkéw

4.1. przewlekte 5.1. zaburzenia
zakrzepowo-zatorowe hematologiczne
nadcisnienie ptucne 5.2. choroby ukladowe

4.2. zwgieqie tg‘tnic 5.3. choroby metaboliczne
plucnych o innej 5.4. przewlekta niewydolnosé
przyczynie nerek

5.5. nowotworowa
mikroangiopatia zakrzepowa
phuc

5.6. widkniejace zapalenie
srodpiersia

Rycina 1. Kliniczna klasyfikacja nadcisnienia ptucnego. Przygotowano na podstawie
Humbert 1 wsp. (2022). Stworzone w Biorender.com.



Anna Krzyzewska Rozprawa Doktorska Rozdziat 3

Tetnicze nadci$nienie ptucne (ang. pulmonary arterial hypertension - PAH)
nalezy do grupy 1 i jest jednym z najrzadziej wystgpujacych typow PH. Patogeneza PAH
jest wieloczynnikowa i obejmuje: 1/ dysfunkcje 1 apoptoze komorek srodbtonka tetnic
phucnych, 2/ nadmierng proliferacj¢ komorek srédbtonka oraz komoérek migsni gtadkich
tetnic plucnych, 3/ zapalenie i stres oksydacyjny, oraz 4/ miejscowe zmiany zakrzepowe
w naczyniach plucnych. Dysfunkcyjny $rodbtonek wydziela wigksze ilosci substancji
o dziataniu naczyniozwezajacym tj.: tromboksan A> (TXA»), endotelina-1 (ET-1) oraz
czynniki proliferacyjne takie jak: czynnik wzrostu §rédbtonka naczyniowego (VEGF),
czynnik wzrostu fibroblastow 2 (FGF2), a wydzielanie substancji o charakterze
naczyniorozszerzajacym, np.: tlenek azotu (NO) czy prostacyklina (PGIL2) zostaje
zmniejszone (Kurakula i wsp. 2021). Wspominane zmiany manifestujg si¢ przebudowa
dystalnych tetniczek phlucnych (o S$rednicy 20-500 pm) z wytworzeniem
charakterystycznych zmian splotowatych (mate kanaty kapilarne zlokalizowane
wewnatrz $cian pogrubiatych tetniczek, tworzace wrazenie splotu naczyniowego), co
powoduje wzrost oporu naczyniowego w krazeniu plucnym i w konsekwencji prowadzi
do nadmiernego obciazenia nastgpczego prawej komory serca. Obciazona komora ulega
przebudowie, przerostowi i wtoknieniu, co skutkuje pogorszeniem jej funkcji skurczowo-
rozkurczowej 1 niewydolnoscia, ktéra wigze si¢ z gorszym rokowaniem i przedwczesng
$miercig pacjentow (Andersen i wsp. 2019; Hassoun, 2021). Na Rycinie 2 zostala

przedstawiona patogeneza i nastgpstwa PAH.
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Patogeneza i nastepstwa tetniczego
nadcisnienia ptucnego

I\,,/’/
Zmiany w plucach Zmiany w prawej
i naczyniach ptucnych komorze serca
» dyskunkcja komdrek srodblonka * wzrost obcigzenia
« proliferacja komorek nastepczego
srodbtonka i komdrek migsni * wzrost cisnienia
gtadkich skurczowego
= przebudowa matych tetnic + poszerzenie kardiomiocytow
* zmiany splotowate ¢ przerost miokardium
» zapalenie + widknienie
+ stres oksydacyjny » niewydolno$é skurczowo-
= wzrost oporu w krazeniu rozkurczowa
ptucnym

Rycina 2. Patogeneza 1 nastgpstwa tetniczego nadcis$nienia  plucnego.
Stworzone w Biorender.com.

Aktualna terapia PAH skupia si¢ przede wszystkim na dzialaniu
naczyniorozszerzajagcym 1 jest ukierunkowana na modyfikacje szlakéw NO -
rozpuszczalnej cyklazy guanylanowej (sGC) - cyklicznego guanozynomonofosforanu
(cGMP), endoteliny-1 i prostacykliny (Rycina 3) (Humbert i wsp. 2022). Taka strategia
terapeutyczna spowalnia postgp choroby i poprawia jakos$¢ Zycia pacjentow, jednakze
wcigz nie we wszystkich przypadkach osiggniete zostajg indywidualne cele lecznicze,
a ogolne rokowanie pozostaje niekorzystne. Podkresla to pilng potrzebg opracowania
nowych strategii terapeutycznych o dziataniu przyczynowym (Humbert 1 wsp. 2022).
Obecnie do najbardziej obiecujacych 1 cieszacych si¢ duzym zainteresowaniem
rozwigzan terapeutycznych nalezg: inhibitory sygnalizacji aktywiny (terapie
ukierunkowane na szlak transformujacego czynnika wzrostu beta (ang. transforming
growth factor beta - TGF-f)), inhibitory kinazy tyrozynowej (wykorzystuja dziatanie
antyproliferacyjne), a takze podejscie przeciwzapalne, ktore wydaje si¢ by¢ korzystnym
rozwigzaniem dla pacjentow z PAH zwigzanym z chorobami tkanki tacznej, ktore czgsto

maja podtoze autoimmunologiczne (Humbert 1 wsp. 2023a).

10
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Punkty uchwytu aktualnej terapii PAH
Szlak NO sGC-cGMP| | Szlak endoteliny | Szlak prostacykliny

v

L- argmma pro-ET 1 kwas

arachidonowy
stymulatory
sGC
np. no guat

sGC '

antagonisci
receptora

P dla ET-1

mhibitory np. bozentan

PDEs}) PDE5

np. sildenafil

Rycina 3. Punkty uchwytu aktualnej terapii tetniczego nadci$nienia ptucnego wraz
z wybranymi przyktadami lekéw. Opracowano na podstawie Humbert i wsp. (2023b).
Skroty:  cAMP:  cykliczny  adenozynomonofosforan;  ¢cGMP:  cykliczny
guanozynomonofosforan; ET-1: endotelina-1; ET-A/ET-B: receptor dla endoteliny typu
A/B; IP: receptor dla prostacykliny; PDEs: fosfodiesterazy; PDES: fosfodiesteraza typu
5; PGl:  prostacyklina; pro-ET1: proendotelina 1; NO: tlenek azotu;
sGC: rozpuszczalna cyklaza guanylanowa. Stworzone w  Biorender.com.

3.2. Rola oraz interakcja szlakow sygnalowych transformujacego czynnika wzrostu
beta i jadrowego czynnika transkrypcyjnego kappa B w inicjacji i rozwoju
tetniczego nadciSnienia plucnego

Pomimo Ze jednymi z cech charakterystycznych PAH sa sztywno$¢ tetniczek
ptucnych i reakcje zapalne, to wcigz wiedza na temat roli zapalenia i doktadnych szlakoéw
molekularnych zaangazowanych w inicjacj¢ przebudowy naczyn ptucnych i prawej
komory serca wydaje si¢ ograniczona. Dowiedziono, Ze stan zapalny promuje proliferacje¢
komorek migséni gladkich naczyn i odktadanie si¢ macierzy zewnatrzkomorkowej, co
skutkuje pogrubieniem, zmniejszeniem podatnosci 1 przebudowa $cian naczyn
krwiono$nych w PAH (Liu 1 wsp. 2022). Wiadomo, ze jadrowy czynnik transkrypcyjny
kappa B (ang. nuclear factor kappa B - NF-kB) jest centralnym regulatorem stanu
zapalnego, a jego aktywacja zwigksza ekspresj¢ cytokin prozapalnych takich jak
interleukina 1 beta (IL-1p), interleukina 6 (IL-6) czy czynnik martwicy nowotworu alfa

(TNF-a), ktore bezposrednio kontrolujg szereg proceso6w zachodzacych w komorkach

11
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naczyn ptucnych w tym proliferacj¢, migracje i roznicowanie (Rabinovitch i wsp. 2014).
Pomimo ze badania nad rolg NF-kB w rozwoju PAH s3 na wstepnym etapie, dowiedziono
juz, ze pacjenci z idiopatycznym PAH (iPAH) wykazuja zwickszong aktywacje¢ tego
czynnika w obrgbie zmian splotowatych, a podobne obserwacje zauwazono takze
w tetnicach plucnych szczuréw w modelu eksperymentalnym PH indukowanym
przewlektym niedotlenieniem i Sugenem 5416 (inhibitor receptora czynnika wzrostu
srodbtonka naczyniowego) (Farkas i wsp. 2014).

W badaniach nad patologicznymi zmianami zachodzacymi zarowno w naczyniach
ptucnych jak i w prawej komorze serca w przebiegu PAH coraz wigkszg uwagg poswigca
si¢ przejsciu endotelialno-mezenchymalnemu (EndoMT), ktore definiuje si¢ jako proces,
w ktorym komorki srédblonka przechodza transformacje w komodrki mezenchymalne.
Zjawisko EndoMT istotnie zaburza homeostaze¢ prawidtowego srodbtonka prowadzac do
jego dysfunkcji i zmieniajac jego fenotyp na proliferacyjny (Gorelova i wsp. 2021).
Szczegolna rola EndoMT w dysfunkcji prawej komory serca zostata opisana szerzej
w pracy oryginalnej stanowiacej czes$¢ tej rozprawy i znajduje si¢ w Rozdziale 12.
Wykazano, iz w inicjacji EndoMT oprocz juz dobrze udokumentowanej utraty funkcji
receptora biatka morfogenetycznego kosci typu 2 (ang. bone morphogenetic protein type
2 receptor - BMPR2) (kodowanego przez gen BMPR2, ktdérego mutacja jest najczestsza
genetyczng przyczyna PAH), odgrywaja role takze nadekspresja czynnikow
transkrypcyjnych (m.in. NF-kB,) oraz cytokin prozapalnych (TNF-a, IL-1f3, IL-6)
poprzez aktywacje sygnalizacji TGF-f (Thenappan i wsp. 2018). Wydaje si¢ zatem, ze
dwie czasteczki sygnatowe tj. TGF-P3 1 NF-kB odpowiedzialne posrednio i1 bezposrednio
zarOwno za rozwoj stanu zapalnego jak i proliferacj¢ oraz przebudowe moga by¢
obiecujacym celem przyszlych terapii PAH. Ponadto nadrodzina TGF- obejmuje szereg
bialek funkcyjnych (w tym TGF-B1, aktywina), ktorych aktywacja skutkuje odpowiedzia
ze strony niekanonicznych szlakéw sygnatowych 1 szlaku kanonicznego (SMAD)
(Guignabert 1 wsp. 2021). Wiadomo, ze zaburzenie rownowagi pomiedzy elementami
nadrodziny TGF-f jest obecnie uwazane za gtowny defekt molekularny odgrywajacy
kluczowa role w predyspozycji do rozwoju PAH, co skutkuje zmiang fenotypu
srodbtonka na proliferacyjny i postepie choroby. Niedawne badania nad nowym biatkiem
fuzyjnym — sotaterceptem ukierunkowanym na aktywing i innych cztonkoéw nadrodziny
TGF-B sa aktualnie postrzegane jako dlugo wyczekiwany przetom w terapii PAH
(Humbert 1 wsp. 2021; Humbert 2023b; Humbert i wsp. 2023c; Kope¢ 2023).
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3.3. Eksperymentalne modele nadciSnienia plucnego - model monokrotalinowy

Ze wzgledu na heterogenny charakter PH, nie opracowano jeszcze doskonatego
przedklinicznego modelu odwzorowujacego ludzkie PAH, jednakze modele zwierzece
dostarczyly wartosciowych wnioskoéw dotyczacych rozwoju tego schorzenia. Wybor
odpowiedniego modelu do badania PAH ma kluczowe znaczenie, nie tylko w badaniach
nad mechanizmami patofizjologicznymi choroby, ale rowniez w badaniach nowych,
potencjalnych strategii terapeutycznych. Aktualnie dysponujemy zaréwno klasycznymi,
jak 1 nowatorskimi sposobami modelowania, do ktorych zaliczamy: 1/ modele
bezinwazyjne in vivo (np.. przewlekte niedotlenienie, przewlekle niedotlenienie
z podaniem Sugenu 5416, model z podaniem monokrotaliny (MCT)), 2/ modele
inwazyjne in vivo (np.: pneumonektomia), 3/ modele genetyczne (np.: mutacja genu
BMPR?2), 4/ PH indukowane wieloma czynnikami np.: monokrotalina/pneumonektomia,
model Sugen 5416/pneumonektomia. Obecnie dwoma najpowszechniej stosowanymi
modelami s3 model monokrotalinowy oraz model Sugen 5416/hipoksja (Wu i wsp. 2022;
Dignam i wsp. 2022).

Badania wchodzace w sktad rozprawy dotycza PAH (grupa 1), jednak ze wzgledu
na fakt, ze eksperymentalne modele zwierzgce ro6znig si¢ od przebiegu ludzkiego PAH
(szczegblnie dotyczy to braku rozwoju charakterystycznych zmian splotowatych
w modelu monokrotalinowym), termin PAH w catej rozprawie i wchodzacych w jej sktad
publikacjach odnosi si¢ do warunkow ludzkich, a termin dos§wiadczalne PH do warunkow
eksperymentalnych (Hill 1 wsp. 2017).

Monokrotalina to alkaloid pirolizydynowy otrzymywany z nasion ro$liny
Crotalaria spectabilis. Indukcja modelu polega na pojedynczym, podskérnym podaniu
MCT (50-80 mg/kg), ktéra w organizmie ulega metabolizmowi do pirolu MCT, a ten
prowadzi do uszkodzenia $rodbtonka naczyniowego, zapalenia okotonaczyniowego
1 muskularyzacji matych tetniczek ptucnych, co pozwala na rozwinigcie PH po okoto 3-
4 tygodniach od ekspozycji. Preferowanym gatunkiem do badan jest szczur, ze wzgledu
na brak metabolizmu MCT do aktywnej formy u myszy. Model MCT pozwala rowniez
na rozwdj przerostu prawej komory serca, a do innych zalet mozna zaliczy¢ takze jego

powtarzalnos¢ (Wu 1 wsp. 2022).
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3.4. Kannabinoidy — kannabidiol

Kannabinoidy to grupa zwigzkoéw lipofilnych, ktére sg ligandami receptorow
kannabinoidowych (zaré6wno klasycznych tj. receptory kannabinoidowe typu 112 (CB;,
CB») jak 1 nieklasycznych np. sierocy receptor sprzezony z biatkiem G55 (GPRS5Y)).
Obecna klasyfikacja kannabinoidéw opiera si¢ na ich pochodzeniu: 1/ fitokannabinoidy
izolowane z Cannabis sativa np.: A°-tetrahydrokannabinol (THC), kannabidiol (CBD);
2/ endokannabinoidy i czasteczki podobne do endokannabinoidéw, naturalnie
wystepujace w  organizmie ssakow  np.:  2-arachidonyloglicerol  (2-AG)
1 N-arachidonoylethanolamina (anandamid, AEA); oraz 3/ zwigzki otrzymywane na
drodze syntezy chemicznej np. WIN 55,212-2 (Maccarrone i wsp. 2023).

Kannabinoidy sa wykorzystywane od wiekow w celach rekreacyjnych
1 leczniczych, a coraz wigcej dowodow sugeruje, ze moga wykazywac korzystny wpltyw
na uktad oddechowy i krwiono$ny. Wiadomo juz, ze w niektérych typach nadcis$nienia,
w tym w PH, uktad endokannabinoidowy (ECS) ulega zwigkszonej regulacji, a jego
sktadowe (np.: receptory CBi, CB2 i AEA) sg obecne zarowno w naczyniach ptucnych
jak 1 tkance plucnej, co sugeruje, ze moga stanowi¢ potencjalny punkt uchwytu nowych
terapii PH 1 innych standéw klinicznych zwigzanych z krazeniem plucnym i ukladem
oddechowym (Kicman i wsp. 2021; Krzyzewska i wsp. 2021; Remiszewski i wsp. 2022).
Kannabinoidy oprocz szeregu korzystnych wlasciwosci w tym: dzialania
przeciwzapalnego, antyoksydacyjnego 1 przeciwzwloknieniowego wykazuja takze
wielokierunkowe dziatanie rozszerzajace naczynia systemowe oraz naczynia plucne,
w ktorym posredniczy $rdédblonek naczyniowy i/lub szlak zalezny od cyklooksygenaz
(COX), kanaléw potasowych aktywowanych jonami wapnia (Kca), receptorow
kannabinoidowych i innych, co szerzej zostalo opisane w pracy przegladowej stanowiace;j
cz¢$¢ mojej rozprawy doktorskiej (Rozdziat 10). Jednym z najlepiej przebadanych
kannabinoidow jest CBD, ktory nie wykazuje dziatania psychoaktywnego i1 posiada dobry
profil bezpieczenstwa. Kannabidiol wchodzi w sktad preparatu Epidiolex i zostal
zatwierdzony przez Amerykanska Agencje Zywnos$ci i Lekow w leczeniu padaczki
lekoopornej. Kannabidiol wykazuje wielokierunkowe korzystne dziatanie m. in.:
przeciwbodlowe, przeciwdrgawkowe, przeciwastmatyczne, neuroprotekcyjne,
przeciwlekowe, obnizajace cisnienie krwi indukowane stresem, a takze, co wydaje si¢

istotne w kontekScie PAH, wykazuje dziatanie: rozkurczajace naczynia plucne,
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antyoksydacyjne, przeciwzapalne i przeciwzwloknieniowe (Krzyzewska i wsp. 2021;
Castillo-Arellano i wsp. 2023).

Kannabidiol zmniejszal ci$nienie skurczowe prawej komory serca (ang. right
ventricular systolic pressure - RVSP) 1 przerost naczyn ptucnych zaréwno w szczurzym
modelu PH wywotanym MCT (Sadowska i wsp. 2020; Lu 1 wsp. 2021), jak i w mysim
modelu PH indukowanym podaniem Sugenu 5416 z jednoczesng ekspozycja na
niedotlenienie (Lu 1 wsp. 2021), co sugeruje, ze¢ CBD moze tagodzi¢ objawy PH.
Kannabidiol wykazuje takze dziatanie rozszerzajace ludzkie naczynia plucne
(Baranowska-Kuczko i wsp. 2020), a chroniczne podawanie CBD (10 mg/kg przez 21
dni) szczurom z PH indukowanym MCT byto skuteczne w poprawie relaksacji naczyn
ptucnych zaleznej od $rodbtonka w odpowiedzi na acetylocholing (Sadowska i wsp.
2020).

Dodatkowo CBD reguluje rownowage oksydoredukcyjna, wychwytuje wolne
rodniki tlenowe, przeksztatca je w mniej aktywne formy, a takze zmniejsza wytwarzanie
reaktywnych form tlenu (ROS) poprzez chelatowanie jonéw metali przejsciowych
(Atalay 1 wsp. 2019). Kannabidiol zmniejsza stan zapalny w tkance ptucnej w mysim
modelu astmy (Vuolo i wsp. 2019) i w ostrym uszkodzeniu pluc wywotanym
lipopolisacharydem (LPS) u myszy (Ribeiro i wsp. 2014). Wykazano takze, ze CBD
hamuje szlak zwigzany z NF-kB, ktory jest gtownym regulatorem genoéw prozapalnych
1 tym samym zmniejsza ilo§¢ mediatorow zapalenia, mi¢dzy innymi IL-1B, IL-6 oraz
TNF-o w komorkach mikrogleju BV-2 (Kozela 1 wsp. 2010).

Sugeruje si¢, ze CBD moze mie¢ wysoki potencjal kardioprotekcyjny. Przewlekle
podanie CBD miato korzystny wptyw na serca szczur6w z nadci$nieniem pierwotnym
1 wtérnym zmniejszajac szeroko$¢ kardiomiocytow w lewej komorze oraz redukujac
wywotany karbacholem skurcz naczyh wieficowych (Pedzifiska-Betiuk i wsp. 2021),
jednak nie modyfikowato ci$nienia krwi (Remiszewski 1 wsp. 2020). Kannabidiol byt
roOwniez skuteczny w zmniejszaniu stresu oksydacyjnego i stanu zapalnego w szczurzym
(Fouad 1 wsp. 2013) i mysim (Hao i wsp. 2015) modelu kardiomiopatii indukowanej
doksorubicyna, a takze ograniczat dysfunkcj¢ i zwtoknienie miokardium w mysim

autoimmunologicznym zapaleniu migsnia sercowego (Lee 1 wsp. 2016).
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Rozdzial 4. Cel pracy z uzasadnieniem podjetej tematyki badawczej

Tetnicze nadci$nienie ptucne to stan kliniczny, ktory charakteryzuje si¢ wysokim
oporem w krazeniu ptucnym. Choroba ta ma wieloczynnikowa etiologi¢ szczegdlnie
w naczyniach phucnych, ktora obejmuje dysfunkcje S$roédbtonka i1 ich nadmierng
przebudowe, stan zapalny oraz stres oksydacyjny. W wyniku szeregu wspominanych
zmian cze¢sto dochodzi do wzrostu oporu w krazeniu ptucnym, zwiekszonego obcigzenia
nastgpczego prawej komory serca i w konsekwencji jej przerostu oraz zmian
zwloknieniowych, ktore prowadza do jej niewydolnosci i przedwczesnej S$mierci
pacjenta. Obecne strategie terapeutyczne zalecane przez Europejskie Towarzystwo
Oddechowe (ERS) obejmuja przede wszystkim leki o dziataniu naczyniorozszerzajacym,
ktoére przyczyniaja si¢ do poprawy stanu i jakosci zycia pacjenta, jednak nie pozwalaja na
pelne wyleczenie choroby. Sugeruje sig, ze najlepsza strategia terapeutyczng w leczeniu
PAH jest wczesna politerapia celujagca w kilka punktow uchwytu w tym: zmniejszenie
oporu naczyniowego w krazeniu ptucnym, przeciwdziatanie zmianom proliferacyjnym
i zwtoknieniowym, dziatanie przeciwzapalne i antyoksydacyjne.

Szczurzy model PH indukowanego MCT pozwala na selektywne uszkodzenie
naczyn plucnych i odzwierciedla wigkszo$¢ cech ludzkiego PAH. Ponadto prostota
wykonania i szerokie wykorzystanie w badaniach naukowych wspomnianego wyzej
modelu pozwala na uzyskanie powtarzalnych rezultatbw o wysokim potencjalne
translacyjnym.

Kannabidiol to jeden z najlepiej przebadanych sktadnikow Cannabis sativa, ktory
nie wykazuje dziatania psychoaktywnego 1 odznacza si¢ wysokim profilem
bezpieczenstwa. Do tej pory znalazl zastosowanie w leczeniu padaczki lekoopornej
1 spastycznosci migsni w przebiegu stwardnienia rozsianego. Kannabidiol ze wzglgdu na
szeroki zakres korzystnych wlasciwosci obejmujacych dziatanie przeciwzapalne,
antyoksydacyjne, przeciwzwldknieniowe 1 rozszerzajace naczynia ptucne wydaje si¢ by¢
bardzo obiecujagcg propozycja terapeutyczng uzupeilniajacg istniejgce juz strategie
lecznicze. Dodatkowo w badaniach eksperymentalnych PH, CBD obnizat skurczowe
ci$nienie w prawej komorze serca i wykazywat dziatanie kardioprotekcyjne przy braku
wplywu na cis$nienie systemowe, co czyni go substancjg aktywnie czynng celujaca

w kilka punktow uchwytu patogenezy PAH.
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W zwiagzku z powyzszym, celem mojej rozprawy doktorskiej byta:

1. analiza dostepne;j literatury na temat wptywu kannabinoidéw, w tym CBD, na krazenie

phucne oraz ich ewentualnej przydatnosci w terapii PH,

2. ocena wptywu przewlektego podawania CBD na parametry stresu oksydacyjnego,
stanu zapalnego i poziom klasycznych receptoréw kannabinoidowych CB: i CB:

w phlucach szczurow z PH indukowanym MCT,

3. ocena potencjatu przeciwzwtoknieniowego CBD oraz zaangazowania W ten efekt
szlaku sygnalowego TGF-B1/SMAD2 w prawej komorze serca szczurow z PH
indukowanym MCT.
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Rozdzial 5. Realizacja celow naukowych, materialy i metody badawcze,
podsumowanie wynikow badan i dyskusja

5.1. Materialy i metody

Zgoda na wykonanie wszystkich procedur i doswiadczen zostata udzielona przez
Lokalng Komisje Etyczng ds. Doswiadczen na Zwierzetach Uniwersytetu Warminsko-
Mazurskiego w Olsztynie (uchwata nr: 88/2018, zatwierdzony 27.11.2018).
Doswiadczenia wykonywano zgodnie z Dyrektywa Europejska (2010/63/EU)
1 wytycznymi ARRIVE (Percie du Sert i wsp. 2020). Przestrzegajac zasady 3R
tj. redukcja, zastgpienie i udoskonalenie (ang. Reduction, Replacement, Refinement)
badania zostaly wykonane na wczesniej pobranych i odpowiednio zabezpieczonych
tkankach 40 szczuréw Wistar ptci meskiej (5-8 tygodniowych o wadze ok. 250 g), ktoére
mialy wyindukowane PH za pomoca MCT. Moje obydwie prace oryginalne wchodzace
w sktad rozprawy doktorskiej stanowig kontynuacje i uzupeilnienie wynikow pracy

Sadowska i wsp. (2020).

5.2. Schemat doswiadczen

Zwierzeta podzielono losowo na 4 grupy. Szczurom wstrzyknigto MCT
w objetosci 3 ml/kg w dawce 60 mg/kg masy ciata jednorazowo podskornie (s.c.) w dniu
,0” lub rozpuszczalnik dla MCT w tej samej objetosci. Zdrowym szczurom, jak réwniez
szczurom po wstrzyknieciu MCT podawano dootrzewnowo (i.p.) CBD (10 mg/kg) lub
jego rozpuszczalnik co 24 godziny przez 21 dni. Otrzymano nast¢pujace 4 grupy
eksperymentalne: (1) kontrola (CTR): szczury otrzymujace rozpuszczalnik MCT
1 rozpuszczalnik CBD; (2) CTR + CBD: szczury otrzymujace CBD 1 rozpuszczalnik
MCT; (3) MCT: szczury otrzymujgce MCT 1 rozpuszczalnik CBD; (4) MCT + CBD:
szczury otrzymujace MCT 1 CBD. Dla uproszczenia grupy oznaczono w nastgpujacy
sposob: CTR, CTR + CBD, MCT, MCT + CBD, z pominigciem w nazewnictwie uzytych

rozpuszczalnikow (Rycina 4).
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R ]

P — S Przewlekte dootrzewnowe podawanie CBD

R 10 mg/kg, raz dziennie
Podskdrne wstrzykniecie ( 9ka )

MCT (60 mg/kg)
Dzijeri 1 Dzieri 21
— >
Dzien ,,0
o Pomiar RVSP
Grupy eksperymentalne: i zabezpieczenie
1) Szczury kontrolne (CTR) tkanek do
2) Szczury kontrolne otrzymujgce CBD (CTR + CBD) dalszych badan
3) Szczury z nadcignieniem ptucnym indukowanym MCT (MCT)
4) Szczury z nadcignieniem ptucnym indukowanym MCT otrzymujgce CBD (MCT + CBD)

Rycina 4. Protokdt doswiadczalny. CBD: kannabidiol; CTR: grupa kontrolna; ip.:
podanie dootrzewnowe; MCT: grupa szczuréw z nadci$nieniem plucnym indukowanym
monokrotaling; RVSP: cisnienie skurczowe w prawej komorze serca; s.c.: podanie
podskérne. Stworzone w Biorender.com.

Tkanki, na ktorych wykonywatam do$wiadczenia pochodzity od szczurow, ktore
miatly wyindukowane PH za pomoca MCT, co zostalo potwierdzone nastepujacymi
zmianami patologicznymi (i zostato opublikowane wczesniej w pracy Sadowska i wsp.
2020):

- wzrost RVSP (doktadne warto$ci przedstawiono w Tabeli 1),

- przerost prawej komory serca,

- obrzek ptuc,

- przebudowa matych tetniczek ptucnych,

- zmniejszenie wysycenia krwi tlenem.

Tabela 1. Warto$ci skurczowego cis$nienia w prawej komorze serca w kazdej grupie.

Grupa RVSP
CTR 20.03 £0.9 mmHg, n =10
CTR + CBD 214+ 0.9 mmHg, n=10
MCT 43.7 3.9 mmHg, n =10, p < 0.001 wzgledem grupy CTR
MCT + CBD 28.2+£0.7mmHg, n =10, p <0.001 wzglgdem grupy MCT

Skréty: CBD: kannabidiol; CTR: grupa kontrolna; MCT: grupa szczurdéw
z nadci$nieniem plucnym indukowanym monokrotaling; n: liczba zwierzat; RVSP:
skurczowe ci$nienie w prawej komorze.
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Uzasadnienie zastosowanego modelu eksperymentalnego i doboru dawek zostaty
szczegotowo opisane w pracach oryginalnych zamieszczonych w Rozdziatach 111 12.

Metody, za pomocg ktorych oznaczono parametry w tkankach ptuc szczuréw
wlaczone do pierwszej pracy oryginalnej (Rozdziat 11):
- Western Blot wykorzystano do oznaczen: poziomu klasycznych receptoréw
kannabinoidowych - CB; i CB;, antygenu réznicowania komodrkowego 68 (CDG68S),
cyklooksygenazy 2 (COX-2);
- Testy immunoenzymatyczne (ELISA)/kolorymetryczne wykorzystano do oznaczen:
stezenia biatka chemotaktycznego monocytow-1 (MCP-1), IL-1B, TNF-a i NF-«B;
catkowita pojemnos$¢ antyoksydacyjng (TAC) okreslono za pomoca komercyjnego
zestawu wykorzystujacego metode kolorymetryczna;
- Metody immunohistochemiczne wykorzystano do oznaczen immunoekspresji IL-1,
CD68, CB11CBy;
- Metoda ,Mize and Langdon” zostala uzyta do oznaczen aktywnosci reduktazy
glutationowej (GSR);
- Metoda elektroforezy kapilarnej zostala wykorzystana do oznaczen poziomu glutationu
(GSH);
- Chromatografia gazowa sprz¢zona ze spektrometria mas zostala wykorzystana do
oznaczen poziomu 4-hydroksynonenalu (4-HNE).

Metody, za pomocg ktorych oznaczono parametry w osoczu i prawych komorach
serca szczuréw wilaczone do drugiej pracy oryginalnej (Rozdziat 12):
- Westen blot wykorzystano do oceny poziomu galektyny-3 (Gal-3), metaloproteinazy
macierzy-9 (MMP-9), TGF-B1, forsforylowanej formy SMAD2 (pSMAD2), SMAD?2,
kadheryny srodbtonka naczyniowego (VE-kadheryna), alfa-aktyny migsni gladkich
(a-SMA);
- Metody histologiczne 1 immunohistochemiczne uzyto do oceny: szerokosSci
kardiomiocytéw (barwienie H + E), obszaru zwldknienia $rodmigzszowego
1 okotonaczyniowego (Barwienie Trichrome Massona), immunoekspresji fibronektyny;
- Test ELISA wykorzystano do okre$lenia st¢zenia osoczowego peptydu natriuretycznego
typu pro-B (ang. N-terminal pro b-type natriuretic peptide - NT-proBNP).
Szczegdlowy opis zastosowanych metod wraz z analizg statystyczng znajduje sie

w pracach oryginalnych (Rozdziat 11 1 12).
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5.3. Podsumowanie wynikow badan i dyskusja
5.3.1. Kannabinoidy jako Srodki o potencjale naczyniorozszerzajacym

Cykl mojej rozprawy doktorskiej rozpoczyna si¢ praca przegladowa, ktorej celem
byto dokonanie analizy dostepne;j literatury na temat wptywu kannabinoidéw na ptucne
naczynia krwionos$ne, a takze skutkow dzialania kannabinoidéw zaobserwowanych
dotychczas podczas badan in vivo 1 in vitro w krazeniu plucnym i potencjalnego
wykorzystania kannabinoidéw w terapii PH.

W  krazeniu plucnym Iudzi i zwierzat wykazano obecno$¢ ligandoéw
endokannabinoidowych (m.in.: AEA, 2-AQG), klasycznych (CB1, CB>) i nieklasycznych
receptoréw kannabinoidowych [receptor waniloidowy przejSciowego potencjatu 1
(TRPV1), sierocy receptor sprz¢zony z biatkiem G18 (GPR18), czy G55 (GPRS55)],
a takze enzymu odpowiedzialnego za degradacj¢ endokannabinodiow (hydrolaza
amidowa kwasow thuszczowych, FAAH), co potwierdza, iz kannabinoidy posiadaja
punkty dziatania w krazeniu ptucnym (praca przegladowa, Rozdziat 10).

Kannabinoidy wykazuja zalezne od stezenia dzialanie rozszerzajace ludzkie
tetnice ptucne. Zgodnie z warto$cia pECso (ujemny logarytm z molowego stezenia
agonisty powodujacego polowe efektu (skurczu/rozkurczu) maksymalnego) w ludzkich
tetnicach  plucnych, najsilniejsze  dziatanie = rozkurczowe posiada L-alfa-
lizofosfatydyloinozytol (LPI) (pECso = 6,4) (Karpinska 1 wsp. 2018), z kolei 2-AG
(Karpinska 1 wsp. 2017), AEA (w obecnosci antagonisty receptora CB; - AM251
(Koztowska 1 wsp. 2007) oraz w badaniu bez udziatu antagonisty (Baranowska-Kuczko
1 wsp. 2014)), wirodamina (VIR) (Koztowska i wsp. 2008) i CBD maja podobna sit¢
dziatania (pECso = ~5), a atypowy kannabidiol (Abn-CBD) (Kozlowska 1 wsp. 2007)
wykazywal najstabszy efekt rozszerzajacy naczynia plucne (pECso = 4,8). Podobne
wyniki uzyskano w naczyniach ptucnych zwierzat (praca przegladowa, Rozdziat 10).

(Endo)kannabinoidy odgrywaja role w regulacji napigcia naczyn plucnych
poprzez mechanizmy zalezne od s$rodbtonka i/lub oparte na receptorach, co moze
przyczynia¢ si¢ do zmniejszenia oporu phlucnego. We wszystkich badaniach
przeprowadzonych na izolowanych tetnicach ptucnych podsegmentarnych cztowieka
1 szczura usunigcie $rodblonka ostabiato relaksacje naczyn wywotywang przez
kannabinoidy (AEA, VIR, 2-AG, LPI, CBD, Abn-CBD, eter noladyny (2-AGE)).
Sugeruje to udzial mechanizmoéw zaleznych od $rdédbtonka w tym zaangazowanie:

1/ $rédblonkowej syntazy tlenku azotu (eNOS) w relaksacji indukowanej ligandami
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kannabinoidowymi AEA, VIR i LPI, 2/ pochodnych kwasu arachidonowego i enzymow
uczestniczacych w jego przemianie tj. FAAH w relaksacji indukowanej AEA i1 VIR;
COX-1 1 COX-2 w relaksacji indukowanej AEA, VIR CBD; 1 lipazy
monoacyloglicerolowej (MAGL) w relaksacji indukowanej 2-AG, 3/ kanalow
potasowych zaleznych od wapnia w relaksacji indukowanej AEA, VIR, LPI, CBD, Abn-
CBD. Oprécz powyzszego cze$¢ kannabinoidéw wykazywata dziatanie rozszerzajace
naczynia ptucne, w ktorym posredniczyly receptory w tym: 1/ CB; dla 2-AG, 2-AGE,
Abn-CBD, 2/ receptor prostacyklinowy (IP) dla AEA i CBD, 3/ receptor aktywowany
przez proliferatory peroksysoméw gamma (PPAR-y) dla LPI i CBD, 4/ receptor
prostaglandynowy EP4 (EP4) dla CBD, 5/ TRPVI1 dla CBD oraz 6/ $rodblonkowy
receptor kannabinoidowy (eCB) dla AEA, VIR, LPI, Abn-CBD, 2-AGE (doktadne
mechanizmy oraz dzialajace przez nie ligandy kannabinoidowe opisano w pracy
przegladowej w Rozdziale 10 i przedstawiono na Rycinie 5).

W komentarzu redakcyjnym do publikacji Koztowska i wsp. (2007), prof. Hornig
(2007) postawil tezg, ze kannabinoidy moga sta¢ si¢ elementem terapii PAH, jednak
wcigz mamy zbyt mala wiedz¢ na ten temat i potrzebne sg dalsze eksperymenty.
W zwiazku z powyzszym w mojej pracy przegladowej przeanalizowalam przydatnosé
kannabinoidow (ze wzgledu na ograniczong ilo§¢ dostgpnej literatury, analiza skupiata
si¢ gldownie na CBD) w badaniach in vivo w modelach zwierzgcych PH (PH indukowane
MCT oraz PH indukowane Sugenem 5416 1 przewleklym niedotlenieniem) oraz
w badaniach in vitro na ludzkich komorkach migsni gladkich tetnicy ptucnej
eksponowanych na przewlekle niedotlenienie. Wspomniane badania (z czego badania
Sadowska 1 wsp. (2020) pochodza z naszej pracowni badawczej) wykazaly, ze CBD
skutecznie obnizat RVSP w szczurzym modelu PH indukowanym MCT, a takze w mysim
modelu PH indukowanego Sugenem 5416 i niedotlenieniem. Dodatkowo CBD byt
skuteczny w hamowaniu przerostu tetnic ptucnych i prawej komory serca, zwigkszat
wysycenie krwi tlenem 1 st¢zenie endogennych kannabinoidéw w tkance ptucnej, a takze
normalizowal wybrane parametry uktadu krzepnigcia (inhibitor aktywatora
plazminogenu-1 (PAI-1) i1 tkankowy aktywator plazminogenu (t-PA) w osoczu
w zwierzecych modelach PH (Sadowska i wsp. 2020; Lu 1 wsp. 2021). Kannabidiol
zapobiegal nadmiernej proliferacji, zmniejszal ekspresj¢ mRNA wybranych chemokin
oraz stres oksydacyjny w mitochondriach w ludzkich komoérkach migéni gtadkich tegtnicy

ptucnej w warunkach niedotlenienia (Lu i wsp. 2021).
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Rycina 5. Lokalizacja elementéw uktadu endokannabinoidowego i1 potencjalne
mechanizmy zaangazowane w wywolany kannabinoidami rozkurcz tetnic ptucnych.
Skroty: 2-AG: 2-arachidonoiloglicerol; 2-AGE: eter noladyny; AA: kwas arachidonowy;
Abn-CBD: atypowy kannabidiol; AEA: N-arachidonoylethanolamina/anandamid;
AM251: antagonista receptora CB1; AM630: antagonista receptora CBz; APA: apamina,
inhibitor Kca2.3; CBi: receptor kannabinoidowy typu 1; CB:: receptor kannabinoidowy
typu 2; CBD: kannabidiol; CHTX: charybdotoksyna, inhibitor Kcal.l 1 Kca3.1;
CID16020046: antagonista receptora GPR55; COX-1: cyklooksygenaza-1; COX-2:
cyklooksygenaza-2; EA: etanoloamina; eCB: srédblonkowy receptor kannabinoidowy;
eNOS: srodbtonkowa syntaza tlenku azotu; EP4: receptor prostaglandynowy EP4; FAAH:
hydrolaza amidu kwasow ttuszczowych; GPR18: sierocy receptor sprzezony z biatkiem
G18; GPRS5S5: sierocy receptor sprzezony z biatkiem G55; GW9662: antagonista
receptora PPAR-y; IBX: iberiotoksyna, inhibitor Kcal.1; INDO: indometacyna, inhibitor
COX-1/COX-2; IP: receptor prostacyklinowy; JZL184: inhibitor lipazy
monoacyloglicerolowej; Kca: kanaty potasowe aktywowane wapniem; Kca2.3, Kca3.1
i1 Kcal.l: kanaly potasowe aktywowane wapniem o malej, posredniej i1 duzej
przewodnosci dla K; L-NAME: inhibitor eNOS; LPI: L-alfa-lizofosfatydyloinozytol;
L161982: antagonista receptora EP4; MAGL: lipaza monoacyloglicerolowa; nimesulid:
inhibitor COX-2; O-1918: antagonista receptora eCB; pECso: ujemny logarytm
z molowego stgzenia agonisty powodujacego potowe efektu (skurczu/rozkurczu)
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maksymalnego; PGE:: prostaglandyna E2; PGIy: prostacyklina; PPAR-y: receptor
aktywowany przez proliferatory peroksysomoéw gamma; RO1138452: antagonista
receptora IP; SR141716: rimonabant, antagonista receptora CB1; SR144528: antagonista
receptora CB2; TEA: inhibitor Kca2.3 1 Kca3.1; TRAM-34: inhibitor Kca2.3; TRPV1:
receptor waniloidowy przejsciowego potencjatu 1; TXA»: tromboksan Ay; UCL1684:
inhibitor Kc,2.3; URB597: inhibitor FAAH; VIR: wirodamina. Rycin¢ przygotowano
przy uzyciu szablonu ze strony internetowej Servier Medical Art.
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5.3.2. Kannabidiol wykazuje dzialanie przeciwzapalne i antyoksydacyjne w plucach
szczurow z nadcisnieniem plucnym indukowanym monokrotaling

Obiecujace wyniki badan nad kannabinoidami w lozysku plucnym opisane
w rozdziale powyzej (w tym szczegdlnie wyniki z naszej pracowni nad CBD), a takze
doniesienia o potencjale przeciwzapalnym i przeciwutleniajgcym CBD przyczynity si¢
do postawienia tezy, ze CBD moze by¢ zwigzkiem o Kkorzystnym dziataniu
plejotropowym w uzupehiajagcym leczeniu PAH. Zgodnie z doniesieniami, Ze terapia
skojarzona zmniejsza ryzyko pogorszenia stanu klinicznego pacjentow, Europejskie
Towarzystwo Kardiologiczne (ESC) i ERS zalecaja polifarmakologie, czyli stosowanie
lekow (lub kombinacji lekéw), ktore maja wielokierunkowe dzialanie w terapii PAH
(Galie i wsp. 2016). W zwiazku z tym, celem mojej pierwszej pracy oryginalnej byto
zbadanie wptywu przewleklego podawania CBD na parametry stresu oksydacyjnego
1 stanu zapalnego w ptucach szczuréw z PH indukowanym MCT.

W phucach szczurow z PH indukowanym MCT wykazatam: zmniejszenie
poziomu parametrow antyoksydacyjnych tj.: TAC i1 GSH, wzrost ilo$ci mediatoréw
zapalnych tj.: NF-kB, TNF-a, IL-1B, MCP-1 i CD68 oraz nasilenie immunoekspresji
receptoréw CB; 1 CB>. Wymienione zmiany potwierdzajg rozwinigte PH (Rycina 6).
Podawanie CBD szczurom z PH indukowanym MCT, prowadzilo do zwigkszenia
pozioméw TAC i GSH, redukcji ilosci receptoréw CBi, ktérych aktywacja prowadzi do
dzialania prozapalnego 1 prooksydacyjnego, a takze zmniejszato poziomy mediatorow
stanu zapalnego NF-xB, TNF-o0, IL-1p, MCP-1 1 CD68 (Rycina 6). Nasilony stres
oksydacyjny 1 stan zapalny indukuja przebudowe naczyn ptucnych czego konsekwencja
jest nadmierne zwezenie naczyn phlucnych 1 wzrost plucnego oporu naczyniowego
(Mandras 1 wsp. 2020; Evans 1 wsp. 2020). Zmniejszona aktywno$¢ antyoksydacyjna jest
Scisle powiagzana z patogeneza PAH, a poziomy ROS sa trzykrotnie wyzsze w osoczu
pacjentow z PAH (Wong 1 wsp. 2013). Zapalenie okotonaczyniowe wigze si¢ ze wzrostem
ilo$ci mediatorow zapalnych w tym NF-xB, TNF-a, [L-1B 1 CD68 co koreluje z postgpem
choroby (Hu 1 wsp. 2020; Zawia 1 wsp. 2021). Moje wyniki badan potwierdzaja, ze
przewlekte podawanie CBD reguluje rownowage oksydoredukcyjng i stan zapalny,
a ponadto sugeruja, ze wlasciwosci te sg powigzane ze szlakiem NF-kB. Szlak NF-kB
uczestniczy w aktywacji genu MCP-1. W moich badaniach zmniejszenie ilosci NF-xB po
podawaniu CBD korespondowato ze spadkiem poziomu parametru MCP-1, a takze
mediatoréw zapalenia TNF-a 1 IL-1B w tkance plucnej. W zwigzku z powyzZszym mozna

przypuszczaé, ze hamowanie szlaku NF-kB przez CBD wiaze si¢ ze zmniejszong
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infiltracja monocytow i makrofagdw do tkanki okotonaczyniowej pluc ograniczajac
rozw0j stanu zapalnego, a co za tym idzie, niekorzystng przebudowe¢ naczyn ptucnych.
Warto zaznaczy¢, ze CBD nie wplywa na parametry stresu oksydacyjnego
1 stanu zapalnego u zdrowych zwierzat (CTR). Wydaje si¢ zatem, ze dzialanie CBD moze
ogranicza¢ si¢ do stanéw patologicznych, pozostajac neutralnym u zdrowych zwierzat co
potwierdza jego dobry profil bezpieczenstwa. Podsumowanie wynikow badan znajduje
si¢ na Rycinie 6, a szczegdtowy opis w pracy oryginalnej w Rozdziale 11.
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Rycina 6. Proponowany mechanizm dzialania kannabidiolu w ptucach szczurow
z nadcisnieniem plucnym indukowanym monokrotaling. Skréty: 4-HNE: 4-
hydroksynonenal; CBD: kannabidiol; CD68: antygen réznicowania komorkowego 68;
GSH: glutation; GSR: reduktaza glutationowa; IL-1p: interleukina 1 beta; MCP-1: biatko
chemotaktyczne monocytow 1; MCT: monokrotalina; NF-xB: jadrowy czynnik
transkrypcyjny kappa B; PH: nadcis$nienie ptucne; RNS: reaktywne formy azotu; ROS:
reaktywne formy tlenu; TAC: catkowita pojemnos¢ antyoksydacyjna; TNF-o: czynnik
martwicy nowotworu alfa. Stworzone w Biorender.com.
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5.3.3. Kannabidiol posiada potencjal przeciwzwloknieniowy w prawej komorze
serca szczurow z nadcisSnieniem plucnym indukowanym monokrotaling

Najpowazniejsza konsekwencja zmian w naczyniach plucnych w przebiegu PAH
jest wzrost oporu w krazeniu ptucnym, co przeklada si¢ na nadmierne obcigzenie
nastepcze prawej komory serca 1 jej niewydolnos¢, prowadzi do pogorszenia rokowania
1 przedwczesnej $mierci pacjentow (Hassoun 2021). Dlugotrwate wysokie obcigzenie
nastgpcze z towarzyszacym stanem zapalnym i stresem oksydacyjnym przyczyniajg si¢
do patologicznej przebudowy i zwldknienia prawej komory (Andersen i wsp. 2019).
Podczas tego procesu aktywowanych jest wiele szlakow sygnatowych, w tym szlak TGF-
B1/SMAD?2. Nastepuje takze zwigkszona aktywacja fibroblastow, ktore przeksztatcaja si¢
w miofibroblasty i wytwarzaja elementy macierzy zewnatrzkomoérkowej (Frangogiannis,
2017; Egemnazarov i wsp. 2018). Ponadto charakterystyczne jest zwickszenie ekspresji
markeréw dysfunkeji i/lub przebudowy serca, takich jak NT-proBNP (Benza i wsp. 2019)
czy a-SMA 1 Gal-3 w prawej komorze (He 1 wsp. 2017; Egemnazarov i wsp. 2018).
Rozlegta przebudowa i zwldknienie prawej komory wigzg si¢ z utrata duzej liczby
kardiomiocytow, ostatecznie zastepujac martwy migsien sercowy blizng kolagenowa, co
wplywa na pogorszenie jej funkcji skurczowo-rozkurczowe;.

Biorac pod uwage, ze niewydolno$¢ prawej komory w PAH jest jednym
z czynnikdw przyczyniajacych si¢ do wysokiej $miertelnosci, a dostgpne leki nie
pozwalajg na catkowite wyleczenie PAH i ich gtéwnym efektem jest rozszerzenie naczyn
ptucnych, celem mojej drugiej pracy oryginalnej byto sprawdzenie, czy CBD posiada
potencjat przeciwzwloknieniowy w prawej komorze szczuréw z PH indukowanym MCT.

W badaniach u szczuréw z PH indukowanym MCT, wystgpity zmiany w prawe;j
komorze, potwierdzajace jej rozwinieta dysfunkcje m.in. zwigkszona/e: szerokos¢
kardiomiocytow, powierzchni¢ zwtdknienia $rodmigzszowego i1 okotonaczyniowego,
poziomy fibroblastow i fibronektyny, a takze zwigkszony poziom parametrow TGF-f1,
Gal-3, pSMAD2, SMAD2 1 a-SMA. Poziom VE-kadheryny, ktora jest markerem
prawidtowego s$rodbtonka, byt nizszy w prawych komorach serc szczuréw z PH
indukowanym MCT. W prawych komorach szczuréw poddanych podwigzaniu tetnicy
ptucnej (co wiagze si¢ ze zwickszonym obcigzeniem nastepczym prawej komory) rowniez
zaobserwowano zwigkszone poziomy TGF-f1, SMAD2 1 pSMAD?2 (Sun i wsp. 2018).
Fakt ten 1 wyniki badah wlasnych moga przemawia¢ na korzy$¢ modelu PH
indukowanego MCT, w ktorym podobny kierunek zmian tych parametrow

prozwtoknieniowych jest prawdopodobnie spowodowany przecigzeniem prawej komory
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serca, podobnie jak w przypadku PAH u ludzi. Dodatkowo moje badania ujawniaja
szczegblng role szlaku TGF-B1/SMAD2 w zwldknieniu prawej komory w modelu PH
indukowanym MCT u szczuréw. Spadek poziomu VE-kadheryny przy jednoczesnym
wzroscie poziomu parametrow TGF-f1, SMAD2, pSMAD2 1 a-SMA sugeruje udziat
szlaku TGF-B1/SMAD?2 w procesie EndoMT i przebudowy prawej komory serca w PH
indukowanym MCT. Oprdcz powyzszego Fenster 1 wsp. (2016) zasugerowali, ze Gal-3
moze by¢ dobrym osoczowym markerem PAH, ktory odzwierciedla postep choroby,
a w badaniach wtasnych zaobserowano znacznie podwyzszony poziom Gal-3 w prawych
komorach serca szczuréw z PH, co potwierdza te doniesienia. Ostatnie badania sugeruja
Scisly synergistyczny zwigzek miedzy Gal-3 a szlakiem TGF-B1/SMAD. Egzogennie
podana Gal-3 wzmaga syntez¢ TGF-B1, SMAD2 i kolagenu I w fibroblastach
przedsionkow serca, a egzogennie dodany TGF-B1 wzmaga synteze Gal-3 (Xiao 1 wsp.
2020). Wydaje si¢ zatem, ze Gal-3 bierze udziat w procesie przebudowy prawej komory
poprzez interakcje ze szlakiem TGF-f1/SMAD?2.

W eksperymentach po raz pierwszy wykazalam, iz przewlekte podawanie CBD
obniza stezenie jednego z najcze¢sciej stosowanych obecnie markerdw niewydolno$ci
serca, tj. NT-proBNP w osoczu szczurow z PH indukowanym MCT. Wydaje si¢ to mie¢
duze znaczenie kliniczne, gdyz obnizenie stezenia NT-proBNP w osoczu u chorych
leczonych sildenafilem i1 bozentanem korelowato z lepsza odpowiedziag na leczenie
pacjentow z PAH (Sharif-Kashani i wsp. 2014). Dodatkowo przewlekte podawanie CBD
zmniejszyto szerokos¢ kardiomiocytow oraz obszar zwlOknienia Srédmigzszowego
1 okotonaczyniowego, a takze i1los¢ markerow wtoknienia, takich jak ilos¢ fibroblastow
1 fibronektyny, poziomy TGF-B1, Gal-3, SMAD2 i pSMAD2 w prawych komorach
u szczur6w z PH indukowanym MCT.

Szlak sygnatowy TGF-B1/SMAD2 jest jednym z glownych aktywatoréw
zwloknienia prawej komory w PH indukowanym MCT, a przewlekte podawanie CBD
zmniejszyto poziomy biatek TGF-B1, SMAD2 1 pSMAD?2. Z powyzszych badah wynika,
ze CBD prawdopodobnie hamuje szlak TGF-f1/SMAD2 w prawej komorze, a tym
samym zapobiega jej przebudowie. Zahamowanie szlaku TGF-$1/SMAD spowodowato
poprawe czynno$ci serca i1 zmniejszenie jego przebudowy w szczurzym modelu
zwloknienia serca wywotanego dietag wysokosolng (Hu i wsp. 2023). Xiao i wsp. (2020)
opisali powigzanie szlaku TGF-B1/SMAD2 z Gal-3. W badaniach wtasnych kierunek
zmian tych parametréw w prawej komorze po podaniu CBD jest podobny, co potwierdza,

ze docelowym punktem dzialtania CBD moze by¢ szlak TGF-B1/SMAD?2.
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Dodatkowo hamowanie Gal-3 przez CBD w prawej komorze moze mie¢ dzialanie
protekcyjne w PH, poniewaz zaobserwowano mniejszy wzrost RVSP i zmniejszong
przebudowe prawej komory serca u myszy Gal-3~/~ eksponowanych na niedotlenienie
W porownaniu z myszami typu dzikiego z niedotlenieniem (Hao i wsp. 2017).

Na rycinie 7 podsumowano wyniki badan w prawych komorach serca szczurow

z PH indukowanym MCT, a takze potencjalne punkty uchwytu dzialania CBD.
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Rycina 7. Podsumowanie procesu zwtoknienia prawej komory serca w nadci$nieniu

ptucnym indukowanym monokrotaling. W patologicznym procesie przebudowy serca
aktywowane fibroblasty przeksztalcaja si¢ w miofibroblasty, ktore wytwarzaja macierz
zewnatrzkomorkowa (kolagen, fibronektyna). Miofibroblasty indukujg lokalng
aktywacje¢ transformujacego czynnika wzrostu Bl (TGF-B1), ktéry reguluje odktadanie
si¢ macierzy zewnatrzkomorkowych poprzez, m.in. aktywacj¢ szlaku kanonicznego
SMAD. TGF-B1 stymuluje aktywacje 1 transformacje¢ fibroblastow w miofibroblasty, co
wyraza si¢ zwigkszong ekspresja alfa-aktyny migsni gladkich (a-SMA), jednak taki efekt
jest mozliwy w wyniku wczesniejszej fosforylacji SMAD2 (Goumans i wsp. 2018).
Przej$cie endotelialno-mezenchymalne (EndoMT) to proces, w ktorym komorki
srodblonka przeksztatcaja sie w komorki mezenchymalne lub migénie gladkie, a szlak
TGF-B1/SMAD odgrywa w tym procesie kluczowg role (Egemnazarov i wsp. 2018).
TGF-B1 oprocz aktywacji komorek srodbtonka do wytwarzania mediatoréw zwidknienia,
indukuje takze EndoMT. Podczas progresji EndoMT komorki srédblonka tracg markery
specyficzne dla $rodbtonka, takie jak VE-kadheryna, 1 nabywaja markery
mezenchymalne podobne do fibroblastow, w tym a-SMA (Yao i wsp. 2018). Architektura
tkanek zostaje naruszona i nastepuje odktadanie tkanki wtoknistej. Konsekwencja tych
procesOw jest nadmierne zesztywnienie prawej komory oraz pogorszenie jej funkcji
skurczowo-rozkurczowej (Yao i wsp. 2020). Stworzone w Biorender.com.
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Podsumowujac badania wlasne 1 przeglad literatury, CBD wykazuje
plejotropowe, korzystne dzialanie w tym: rozszerzajace naczynia plucne, dziatanie
antyoksydacyjne 1 przeciwzapalne w tkance ptucnej i dzialanie przeciwzwioknieniowe
w prawej komorze szczurow z PH indukowanym MCT. Tym samym CBD moze znalez¢
w przyszto$ci zastosowanie jako terapia uzupelniajaca w leczeniu PAH, wymaga to
jednak potwierdzenia w dalszych badaniach eksperymentalnych i klinicznych, ze
szczegdlnym uwzglednieniem i1 ukierunkowaniem na opisane przeze mnie i inne szlaki

sygnatowe zaangazowane w patogeneze PAH.
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Rozdzial 6. Wnioski

1. (Endo)kannabinoidy, w tym CBD, odgrywaja rol¢ w regulacji napigcia naczyn
ptucnych poprzez mechanizmy zalezne i niezalezne od $rédblonka, w tym mechanizmy
receptorowe (CBj, eCB, IP, EPs, GPRI18, PPAR-y, TRPVI) i/lub mechanizmy
pozareceptorowe m.in. szlaki enzymatyczne (FAAH, MAGL, COX-1, COX-2), co moze
przyczynia¢ si¢ do zmniejszenia oporu phlucnego i odgrywa¢ wazna rolg w terapii

wspomagajacej leczenie PAH.

2. Kannabidiol w modelu eksperymentalnym PH indukowanym MCT u szczuréw

wykazuje dziatanie:

» antyoksydacyjne i przeciwzapalne w tkance plucnej za posrednictwem
hamowania szlaku NF-kB i zmniejszenia poziomu receptorow CBj,
ktorych aktywacja nasila dziatanie prooksydacyjne i prozapalne,

» przeciwzwloknieniowe W prawej komorze serca za posrednictwem

ostabiania szlaku sygnalizacyjnego TGF-p1/SMAD?2.

3. Wielokierunkowe korzystne dziatanie CBD w modelu do$wiadczalnym PH
indukowanym MCT wpisuje si¢ w obecny trend terapii celowanej w kilka punktow
uchwytu leczenia PAH, w tym rozkurcz naczyn ptucnych, zmniejszanie stanu zapalnego,
stresu  oksydacyjnego 1 dzialanie przeciwzwldknieniowe. Obiecujace wyniki
doswiadczalne wskazuja na potrzebe szczegdlowych badan eksperymentalnych

1 klinicznych nad wptywem CBD lub jego pochodnych w uzupelniajacej terapii PAH.
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Rozdzial 8. Streszczenie w jezyku polskim

Nadci$nienie plucne zdefiniowane jako wzrost §redniego ci$nienia w tetnicy
plucnej powyzej 20 mmHg, jest nieuleczalng choroba o wieloczynnikowej etiologii.
Obejmuje m.in. dysfunkcje srédblonka naczyn ptucnych prowadzac do ich nadmiernego
skurczu i1 przebudowy, rozw¢j stanu zapalnego i stresu oksydacyjnego. W nastepstwie
dochodzi do zwigkszenia oporu w krazeniu plucnym, wzrostu obcigzenia nastepczego,
przerostu 1 zmian zwldknieniowych prawej komory serca, jej niewydolnosci
1 przedwczesnej $mierci pacjenta. Obecna terapia nie pozwala na pelne wyleczenie
choroby i wykorzystuje gtownie leki o dziataniu naczyniorozszerzajacym. Sugeruje sie,
ze najlepsza strategig terapeutyczng w leczeniu nadci$nienia plucnego jest wczesna
politerapia celujaca w kilka punktow uchwytu w tym: zmniejszenie oporu naczyniowego
w krazeniu plucnym, przeciwdzialanie zmianom zwtoknieniowym i proliferacyjnym oraz
dzialanie przeciwzapalne i antyoksydacyjne.

Kannabidiol (CBD) to jeden z najlepiej przebadanych sktadnikéw Cannabis
sativa, ktory nie wykazuje dziatania psychoaktywnego i odznacza si¢ wysokim profilem
bezpieczenstwa. Kannabidiol posiada szeroki zakres korzystnych wlasciwosci
obejmujacych dzialanie przeciwzapalne, antyoksydacyjne, przeciwzwldknieniowe
1 rozszerzajace naczynia ptucne.

W zwiazku z powyzszym, celem badan byta ocena wptywu CBD na parametry
zapalne 1 wtoknienia w tkance plucnej i/lub prawej komorze serca w szczurzym modelu
nadci$nienia ptucnego (ang. pulmonary hypertension — PH) indukowanego alkaloidem
roslinnym monokrotaling (MCT) z jednoczesng analiza przydatnosci kannabinoidow
w terapii tej jednostki chorobowe;.

Dos$wiadczenia zostaty przeprowadzone na tkankach pochodzacych od szczurow
z PH indukowanym MCT (jednorazowa, podskorna iniekcja, 60 mg/kg). Kannabidiol (10
mg/kg) lub rozpuszczalnik podawano dootrzewnowo przez 21 dni od momentu iniekcji
MCT. W pracy wykorzystano metody biochemiczne (m.in. Western Blot, ELISA)
1 histologiczne (m.in. barwienia immunohistochemiczne).

W plucach szczuréw z PH indukowanym MCT stwierdzono spadek catkowitej
pojemnosci antyoksydacyjnej (TAC) 1 poziomu glutationu (GSH), wzrost iloSci
mediatoréw zapalnych tj.: czynnika martwicy nowotworu alfa (TNF-a), interleukiny 1
beta (IL-1B), jadrowego czynnika transkrypcyjnego kappa B (NF-«kB), bialka

chemotaktycznego monocytow-1 (MCP-1) i antygenu réznicowania komorkowego 68
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(CD68) oraz receptoréw kannabinoidowych CB1 1 CB2. W prawej komorze serc szczuroOw
stwierdzono wzrost poziomu parametrow zwigzanych z jej dysfunkcja oraz parametréw
profibrotycznych w tym: peptydu natriuretycznego typu pro-B (NT-proBNP), szerokosci
kardiomiocytoéw, obszaru zwidknienia $rodmigzszowego 1 okolonaczyniowego, ilosci
fibroblastéw i fibronektyny, jak rowniez poziomu transformujacego czynnika wzrostu
beta 1 (TGF-B1), galektyny-3 (Gal-3), SMAD2, pSMAD?2 i alfa-aktyny mi¢$ni gtadkich
(a-SMA). Przeciwnie, poziom VE-kadheryny (marker komoérek s$rodblonka) byt
obnizony. Chroniczne podawanie CBD zwigkszylo poziomy TAC 1 GSH, oraz
zmniejszyto poziom receptoréw CB1 i czynnikow TNF-a, IL-13, NF-kB, MCP-1 1 CD68.
Kannabidiol zredukowal takze stezenie NT-proBNP w osoczu, szerokos¢
kardiomiocytow, wielko$¢ obszaru zwldknienia, poziomy fibronektyny i fibroblastow,
a takze poziom bialek TGF-B1, Gal-3, SMAD2, pSMAD2 i zwi¢kszyt poziom VE-
kadheryny w prawej komorze serc szczuréw.

Podsumowujac badania witasne, CBD wykazuje plejotropowe, korzystne
dzialanie w tym: antyoksydacyjne 1 przeciwzapalne w tkance plucnej oraz
przeciwzwloknieniowe w prawej komorze serc szczuréw z PH indukowanym MCT.
W polaczeniu z dzialaniem rozszerzajacym naczynia ptucne, co zostato podsumowane
w pracy przegladowej, CBD wpisuje si¢ w aktualne trendy leczenia nadci$nienia

ptucnego jako terapia uzupekiajgca.
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Rozdzial 9. Streszczenie w jezyku angielskim/Summary

Pulmonary hypertension, defined as when mean pulmonary artery pressure is
above 20 mmHg, is an incurable disease with a multifactorial etiology. The pathogenesis
of PH involves endothelial dysfunction of pulmonary vessels leading to their excessive
contraction and remodeling, increased inflammation and oxidative stress. The result of
above-mentioned changes is increased resistance in the pulmonary circulation, increased
afterload, hypertrophy and fibrotic changes of the right ventricle, its failure and premature
patients' death. Current therapies do not fully cure the disease and cover mostly
pulmonary vasorelaxation. It is suggested that the best therapeutic strategy for treating
pulmonary hypertension is early polytherapy targeting several points of resolution
including reducing vascular resistance in the pulmonary circulation, as well as anti-
inflammatory, antioxidant, and anti-fibrotic effects.

Cannabidiol (CBD) is one of the best researched constituents of Cannabis sativa,
with no psychoactive effects and a high safety profile. Cannabidiol has wide range of
beneficial properties including anti-inflammatory, antioxidant, anti-fibrotic and
vasorelaxant effect on pulmonary vessels.

Therefore, the aim of the study was to evaluate the effect of CBD on
inflammatory and fibrotic parameters in lung tissue and/or right ventricle in a rat model
of pulmonary hypertension (PH) induced by the plant alkaloid monocrotaline (MCT) with
a simultaneous analysis of the usefulness of cannabinoids in adjuvant therapy for PH
treatment.

The experiments were performed on tissues collected from rats with MCT-induced
PH (single, subcutaneous injection, 60 mg/kg). Cannabidiol (10 mg/kg) or its solvent was
administered intraperitoneally for 21 days after MCT injection. In the studies I used
biochemical (including Western Blot, ELISA) and histological (including
immunohistochemical staining) methods.

The lungs of rats with MCT-induced PH showed a decrease in total antioxidant
capacity (TAC) and glutathione (GSH) levels, an increase in inflammatory mediators:
tumor necrosis factor alpha (TNF-a), interleukin 1 beta (IL-1p), nuclear factor kappa B
(NF-«xB), monocyte chemoattractant protein-1 (MCP-1) and cluster of differentiation 68
(CD68), as well as cannabinoid receptors CB1 and CB:. The rats' right ventricles showed
an increase in the levels of parameters related to its dysfunction and profibrotic

parameters including: N-terminal pro b-type natriuretic peptide (NT-proBNP),

39



Anna Krzyzewska Rozprawa Doktorska Rozdziat 9

cardiomyocyte width, area of interstitial and perivascular fibrosis, number of fibroblasts
and immunoexpression of fibronectin, as well as levels of transforming growth factor beta
1 (TGF-B1), galectin-3 (Gal-3), SMAD2, pSMAD?2 and alpha-smooth muscle actin (a-
SMA). On the contrary, VE-cadherin (a marker of endothelial cells) level was reduced.
Chronic CBD administration increased the levels of TAC and GSH and decreased the
levels of CB; receptors and the factors: TNF-a, IL-1B, NF-kB, MCP-1 and CD®68S.
Cannabidiol also reduced plasma NT-proBNP concentrations, cardiomyocyte width, area
of fibrosis, immunoexpression of fibronectin and fibroblast amount, as well as the levels
of TGF-B1, Gal-3, SMAD2, pPSMAD?2 proteins and increased VE-cadherin levels in the
right ventricles of rat.

In summary, my own research shows pleiotropic beneficial effects of CBD
including antioxidant and anti-inflammatory in lung tissue and anti-fibrotic in the right
ventricle of rats with MCT-induced PH. Above mentioned effects combined with
pulmonary vasorelaxant effects, as summarized in the in the review paper, suggest that
CBD fits in with current trends as an adjuvant therapy for pulmonary hypertension

treatment.
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Abstract: Currently, no treatment can completely cure pulmonary hypertension (PH), which can
lead to right ventricular failure and, consequently, death. Therefore, searching for new therapies
remains important. Increased resistance in pulmonary circulation is mainly caused by the excessive
contraction and proliferation of small pulmonary arteries. Cannabinoids, a group of lipophilic
compounds that all interact with cannabinoid receptors, exert a pulmonary vasodilatory effect
through several different mechanisms, including mechanisms that depend on vascular endothelium
and/or receptor-based mechanisms, and may also have anti-proliferative and anti-inflammatory
properties. The vasodilatory effect is important in regulating pulmonary resistance, which can
improve patients’ quality of life. Moreover, experimental studies on the effects of cannabidiol
(plant-derived, non-psychoactive cannabinoid) in animal PH models have shown that cannabidiol
reduces right ventricular systolic pressure and excessive remodelling and decreases pulmonary
vascular hypertrophy and pulmonary vascular resistance. Due to the potentially beneficial effects of
cannabinoids on pulmonary circulation and PH, in this work, we review whether cannabinoids can
be used as an adjunctive therapy for PH. However, clinical trials are still needed to recommend the
use of cannabinoids in the treatment of PH.

Keywords: pulmonary hypertension; cannabinoids; pulmonary vessels; vasorelaxation; vasoconstri-
cion

1. Introduction

Pulmonary hypertension (PH) refers to a group of clinical symptoms caused by
increased blood pressure (BP) in the pulmonary circulation. According to the latest classifi-
cation, PH is diagnosed, when the mean pulmonary artery pressure (mPAP) at rest is over
25 mmHg, confirmed by right-sided heart catheterization. The World Health Organization
(WHO) distinguishes five groups of PH: pulmonary arterial hypertension (PAH), PH due
to left-sided heart disease, PH due to chronic lung disease, chronic thromboembolic PH,
and PH with unexplained and/or multifactorial pathomechanisms [1,2]. PH often leads
to heart failure due to the excessive overload of the right ventricle (RV), which can result
in the patient’s death [3]. The development of PH is complex, and its pathogenesis can
include the dysfunction of vascular endothelial cells with the excessive contraction of the
pulmonary arteries, vascular, and RV remodelling (the proliferation of muscle cells and
hypertrophy), inflammation, oxidative stress, and thrombosis [4-6].

The current treatments for PH include phosphodiesterase type 5 (PDE-5) inhibitors
(e.g., sildenafil), soluble guanylate cyclase (sGC) stimulators (riociguat), endothelin receptor
antagonists (ERAs) (e.g., bosentan), prostacyclin (PGI;) analogues (e.g., iloprost), and
prostacyclin receptor (IP) agonists (selexipag) [7]. Combination therapy has emerged
as the contemporary standard of care in the treatment of PH patients who are mostly
symptomatic. However, this therapy does not ensure the long-term normalization of
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pulmonary resistance, which is an unfavorable prognostic factor. Researchers are currently
seeking drugs that not only lower pulmonary resistance, but also have anti-proliferative
properties [8]. There is currently no therapy that allows patients to fully recover, and
PH is still characterized by high mortality [3]. Therefore, new compounds that act on
signalling pathways with documented roles in the pathomechanisms of the disease are
currently being sought. The first reports on the relaxing effects of cannabinoids on isolated
human pulmonary vessels raised the following question: can cannabinoids be used in
the treatment of PH? [9]. Hornig [10] hypothesized that cannabinoids could become an
element of PH therapy but noted that we still have too little knowledge on this subject
and that further experiments are needed. In this review, based on the latest reports, we
explored this hypothesis in more detail.

Cannabinoids have been exploited for centuries for recreational and medicinal pur-
poses. When smoked, cannabinoids mainly cause changes in the central nervous system.
Moreover, reports suggest that cannabinoids influence the respiratory and circulatory
systems. According to the United States Code (USC), marijuana is defined as all parts
of the plant Cannabis sativa L. var. indica and contains about 700 compounds, more than
100 of which are cannabinoids, such as the psychoactive delta-9-tetrahydrocannabinol
(THC), non-psychoactive cannabidiol (CBD), tetrahydrocannabivarin, and cannabidivarin.
It is believed that marijuana has analgesic, anticonvulsant, and anti-asthmatic proper-
ties [11]. Research on the effects of plant-derived cannabinoids (phytocannabinoids) and
mammalian-organism-produced endocannabinoids (arachidonic-acid derivatives) has re-
cently received widespread interest. It is already known that the endocannabinoid system
(ECS) is upregulated in some types of hypertension, including PH [12], and that the ECS
components may have anti-proliferative effects [13].

The aim of this review was to determine what vascular mechanisms are involved
in cannabinoid-induced pulmonary vasodilation and what effects of cannabinoids have
been observed to date during in vivo studies (including experimental PH) to produce
a preliminary evaluation of the usefulness of cannabinoids in the assisted treatment of
PH. Another objective of this review was to examine the evidence from experimental and
human studies showing what endothelium-dependent mechanisms and/or receptors are
involved in cannabinoid-mediated responses in the pulmonary vasculature, including
cannabinoid receptors types 1 and 2 (CB1-Rs and CB;-Rs), historically called endothelial
cannabinoid receptors (eCB-Rs), transient receptor potential vanilloids 1 and 4 (TRPV1 and
TRPV4), peroxisome proliferator-activated receptors-y (PPAR-y), and prostanoid receptors.
This review only briefly describes the effects of cannabinoids on systemic vessels, as these
effects have been discussed in detail in reviews by Stanley et al. [14] and Bondarenko [15].

2. Cannabinoids in the Cardiopulmonary System

Cannabinoids are a group of lipophilic compounds that all interact with cannabi-
noid receptors (CB-Rs). The current classification of cannabinoids is based on their ori-
gin: phytocannabinoids isolated, for example, from Cannabis sativa L. var. indica (e.g.,
THC and CBD); compounds obtained via chemical synthesis (e.g., abnormal cannabidiol
(Abn-CBD); WIN 55,212-2); and components of the ECS, such as endocannabinoids (e.g.,
2-arachidonoylglycerol (2-AG), N-arachidonoylethanolamine (anandamide; AEA), and
virodhamine (VIR)) and endocannabinoid-like molecules (e.g., noladin ether (2-AGE),
N-arachidonoyl-L-serine (ARA-S), oleamide (ODA), and L-alpha-lysophosphatidylinositol
(LPI)) [16,17]. The presence of all the components of the ECS in the lungs and pulmonary
vessels of animals and humans was previously confirmed by various methods (see Table 1).
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The ECS components include, for example, the classic G-protein-coupled cannabi-
noid receptors CB;-R and CB,-R. The presence of CB1-Rs in the brain, liver, reproductive
system, skeletal muscles, and cardiovascular system, including pulmonary vessels, has
been confirmed [12,21,22,25]. CB-Rs have been found in the brain, spleen, and mainly
immune system cells [12,25-28]. Cannabinoids also exert their effects through other re-
ceptors such as TRPV1, TRPV4, and PPAR-y, as well as the G-protein-coupled orphan
receptors GPR18, GPR55, and eCB-Rs which are O-1918-sensitive and have not yet been
cloned [29]. Endocannabinoids are mainly produced "on demand" through the synthesis
of membrane phospholipid precursors [25,30]. Enzymes from the group of diacylglycerol
lipases (DAGLs)—DAGL-a and DAGL-B—participate in the synthesis of AEA and 2-AG,
respectively. 2-AG is degraded in the pulmonary circulation mainly by the enzyme monoa-
cylglycerol lipase (MAGL), and AEA is mainly degraded by fatty acid amide hydrolase
(FAAH) into arachidonic acid (AA) (Table 1) [30-32].

Cannabinoids directly exert multidirectional effects on the vascular bed, including
pulmonary vessels, through interactions with appropriate receptors and indirectly through
the metabolites resulting from the degradation of (endo)cannabinoids. The degradation
of endocannabinoids primarily produces AA, which is converted into eicosanoids via
the cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (cytP450) path-
ways. The COX pathway that mediates the formation of PGI,, prostaglandins (PG), and
thromboxane A2 (TXA;) plays the most important role in vascular responses [33]. More-
over, Sadowska et al. [19] recently demonstrated the presence of 13 endocannabinoids
and endocannabinoid-related lipids in the lungs of control and monoctrotaline (MCT)-
induced PH rats. These 13 endocannabinoids were AEA, 2-AG, palmitoyl ethanolamide
(PEA), oleoyl ethanolamide (OEA), stearoyl ethanolamide (SEA), inolenoyl ethanolamide
(LEA), palmitoleoyl ethanolamide (POEA), N-arachidonoylglycine (NAGly), docosahex-
aenoyl ethanolamide (DHEA), docosatetraenoyl ethanolamide (DEA), homo-y-linolenyl
ethanolamide (HEA), linoleoylglycerol (2-LG), and eicosapentaenoyl ethanolamide (EPEA),
among which OEA, SEA, HEA, DEA, 2-LG, DHEA, POEA, and EPEA were examined for
the first time. To date, however, little research has explored the role of the above-mentioned
endocannabinoids in the physiology and pathophysiology of the pulmonary circulation.

3. Effects of Cannabinoids on Systemic Vessels

The ECS is unlikely to be the main element regulating the cardiovascular parameters in
physiological conditions, although it plays an important role in pathological states [29,34].
The effects of cannabinoids on blood vessels have been studied since the 1990s, and new
research continues to emerge. Cannabinoids in systemic circulation cause the relaxation
of the blood vessels, which was extensively described by Stanley et al., in 2014. In this
review, we focus on papers published after Stanley et al. (Table 2) [14]. The relaxation
induced by various cannabinoids might be dependent on the endothelium [22,35-42]
and/or receptors (e.g., CB1-Rs) [22,35,37,38,40-43] (Table 2). The potency of individual
compounds depends on the vascular bed and species. As shown in Table 2, according to
the negative logarithm of the concentration causing a half-maximum effect (pECsp) value,
methanandamide (MethAEA) [42] dilated rat mesenteric arteries (rMAs) most strongly,
while the weakest effects were observed for Abn-CBD in rat retinal capillaries [44] and
arachidonyl cyclopropylamide (APCA) in rat aortas [43].
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4. The Systemic Versus Pulmonary Circulation

As mentioned above, the ECS is located in the pulmonary circulation (for reviews,
see Kicman and Toczek [29] and Karpiniska et al. [48]) (Table 1), and its endocannabinoid
components can cause the relaxation of systemic vessels, resulting in a decrease in BP [12].
Therefore, the question emerges as to whether these components could also have hypoten-
sive effects in the pulmonary circulation. Moreover, cannabinoids can be administered by
inhalation. From a pharmacological point of view, this method of delivery could acceler-
ate the effects of their action in the pulmonary circulation. In considering this question,
attention should be paid to the similarities and differences between systemic vessels and
pulmonary vessels, as such factors can affect the mechanisms of action of cannabinoids.
An extremely important element in the structure of pulmonary vessels is the endothelium,
which, despite being a mechanical barrier also participates in maintaining proper vascular
tone through the synthesis of vasoactive compounds [49]. In PH, there is a notable change
in the endothelial synthesis of compounds regulating vascular tone, with a predominance
of vasoconstrictors (TXAy, angiotensin II (ANG II), 5-hydroxytryptamine (5-HT), and en-
dothelin 1 (ET-1)) compared to vasodilators (nitric oxide (NO) and PGI,) [4]. Under normal
conditions, the pulmonary circulation is a low-pressure, low-resistance, and high-volume
system. One of the most important features distinguishing the systemic circulation from
pulmonary circulation is the presence of a mechanism that dilates blood vessels in response
to hypoxia. Systemic arteries relax with decreased oxygen concentration, while pulmonary
vessels constrict in response to hypoxia and increased blood oxygenation, transporting
blood to more heavily oxygenated areas. Hypoxia induces hypoxic pulmonary vasocon-
striction (HPV) and a hypoxic ventilatory response [50]. If hypoxia is prolonged, as can
be the case in various chronic lung diseases, the spasm is accompanied by a remodelling
of the vascular system leading to an increase in pulmonary vascular resistance (PVR) and
the development of PH. In addition to hypoxia, the susceptibility to develop PH can also
be increased by other genetic and environmental factors, even in the absence of a hypoxic
stimulus [51].

5. Cannabinoids Affect Pulmonary Circulation

Similarly, as in the systemic circulation, cannabinoids are also shown to have a vasodi-
lating effect in isolated pulmonary vessels (Table 3) [9,21-24,52-54]. Cannabinoids show
a concentration-dependent vasodilating effect in human pulmonary arteries (hPAs). As
shown in Table 3, according to the pECsp value in hPAs, LPI [23] has the strongest vasodila-
tory effect (6.4), while 2-AG [21], AEA (in the presence of AM251) [9], and VIR [53] have
similar levels of potency (approximately 5) and Abn-CBD [9] is the least potent. Similar
results were obtained in animal pulmonary vessels (see Table 3).
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At the outset, it is worth noting that the most frequently used pulmonary vasocon-
strictors (i.e., U46619 (an analogue of TXA;) and 5-HT (Table 3)) reflect the vasoconstrictors
involved in PH’s pathophysiology (see Section 4). LPI shows the strongest vasodilatory
effect, but this effect could be due to the use of phenylephrine for vasoconstriction [23].
Additionally, CBD and LPI cause a time-dependent relaxation of human pulmonary vessels.
Single concentrations of CBD [22] and LPI [23] produce an initial relaxation of the vessels
of about 20% after 15 min, increasing to about 70% after 120 min.

In addition to the best-known endocannabinoids, in this paper, we show for the first
time that the three endocannabinoid-like molecules, i.e., 2-AGE, ARA-S, and ODA, can
cause a slowly developing relaxation of the endothelium-intact human pulmonary arteries
(hPAs), with the following rank-order of potencies (according to their pECsg values): AEA
(4.8) >2-AGE (4.6) > ARA-S (4.1) > ODA (<4) (see Figure 1). To date, the vasodilatory effects
of ODA [55] and ARA-S [56] have been investigated in rMAs and aortas only. Moreover,
2-AGE was previously shown to relax rabbit pulmonary arteries [52]. 2-AGE may be an
interesting focus for future studies on pulmonary arteries since oppositely to unstable 2-AG,
2-AGE does not convert to metabolites with vasoconstrictor activity in rabbit pulmonary
circulation [18].

log (endocannabinoid) [M]

> -7 -6 -5 -4
£
L
3
L
%
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[}
?
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¢ 404
=
" 8 @ AEA
2 = ARA-S
60+
g O ODA
c Zx 2-AGE
(*]
£ 809 @ vehicle control (ethanol)
% © vehicle control (Tocrisolve)
= 100

Figure 1. Concentration-response curves of endocannabinoid anandamide (AEA) and
endocannabinoid-like molecules: N-arachidonoyl-L-serine (ARA-S), oleamide; cis-9-octadecenoamide
(ODA), noladin ether; 2-arachidonyl-glycerol ether (2-AGE) or vehicles for their vasorelaxant effects on
endothelium-intact rings of isolated human pulmonary artery. Results are expressed as percentage
relaxation of the isometric contraction induced by serotonin (5-HT, 1 pM). Mean + SEM of 5 tissues is
shown for each curve. In few cases, SEM is smaller than or equal to the size of symbols.

Cannabinoids cause multidirectional pulmonary vasodilatory effects mediated by
the vascular endothelium and/or the COX-dependent pathway, potassium channels (i.e.,
calcium-activated potassium channels (Kc,) with small (Kc,2.3), intermediate (Kc,3.1),
and large (Kc,1.1) conductance), cannabinoid receptors, and others (see Table 3).
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6. Endothelium-Dependent Mechanisms of Pulmonary Vasorelaxation

In all the studies performed on isolated hPAs and animal pulmonary arteries (Table 3),
the removal of the endothelium impairs vascular relaxation. This suggests the contribution
of endothelium-dependent mechanisms. The removal of the vascular endothelium reduces
the relaxation induced by the highest concentrations of AEA [24] and VIR [53] in hPAs
by approximately 65%. The endothelium was also observed to be involved in CBD- [22],
2-AG- [21], LPI- [23], and Abn-CBD-induced relaxation [9] in hPAs. Similarly, in animal
studies, the removal of the endothelium attenuates the relaxation induced by 2-AGE in
rabbit pulmonary arteries [52] and by AEA or Abn-CBD in rat pulmonary arteries (rPAs)
(see Table 3) [54]. In systemic vessels, endothelium denudation modifies the relaxation effect
in 70% of the studies published after Stanley et al. (see Table 2) [14]. In summary, regardless
of the species and vasoconstricting factors, the vascular endothelium probably plays an
important role in pulmonary vasorelaxation. The mechanisms that could account for the
endothelium-dependent vasodilating effects are described below (i.e., the arachidonic-acid-
derived pathway, K¢, channels, and the involvement of NO (see Table 3)).

6.1. Arachidonic-Acid-Derived Pathway

Several lines of evidence have shown that the endothelium-dependent component of
cannabinoid-evoked vasorelaxation may be mediated by arachidonic-acid-derived prod-
ucts that occur as a result of further transformation in the COX-1/COX-2-dependent
pathway [57]. The administration of URB597, an FAAH inhibitor, and indomethacin, a
non-selective COX-1/COX-2 inhibitor, decreases the relaxation induced by AEA [24] and
VIR [53] in hPAs. Indomethacin and nimesulide (a selective COX-2 inhibitor) inhibite
the CBD-mediated relaxation of hPAs [22], suggesting the involvement of arachidonic-
acid-derived metabolites in relaxation (see Table 3). Similar effects are observed in rPAs,
where URB597 and indomethacin were also found to inhibit AEA-induced relaxation [54].
Some of the most important endocannabinoid-related products of the COX-1/2-dependent
pathway are PGI, and prostaglandins (mainly PGE;) [58]. PGE; exerts dichotomous
vascular activities and may cause vasorelaxation via the prostaglandin receptor EP; or
EP4 [22,59] and vasoconstriction via the receptor EP; or EP3 [18]. Notably, as a result of the
weakened endothelial functions in PH, the concentration of PGI; decreases. By binding
with its membrane receptor, PGI, stimulates adenylate cyclase, which produces cyclic
adenosine monophosphate (cAMP), which not only induces relaxation, but also exhibits
anti-proliferative properties [60]. The involvement of IP receptors in the AEA-induced
relaxation of hPAs [24] and rPAs [54] was also confirmed (Table 3). In addition to the
above, it was proposed that CBD-dependent pulmonary vasodilation is mediated by the
stimulation of the IP and EP4 receptors, as antagonists of these receptors were observed to
reduce the relaxation effect (see Table 3) [22].

Notably, in an isolated mouse perfused lung model, AEA induces the contraction of
the pulmonary vessels through the products of FAAH-induced AEA degradation [20]. The
authors showed that AEA does not modulate vascular tone in large isolated pulmonary
arteries (preconstricted with phenylephrine). In addition, hypoxia can also increase the
levels of an important precursor of vasoconstrictive eicosanoids and AA in pulmonary
artery smooth muscle cells (PASMCs). Moreover, the hypoxia-induced elevation of AEA
and AA is restricted to PASMCs and does not occur in pulmonary endothelial cells [20].
An increase in PAP under the influence of AEA was shown in an isolated perfused rabbit
lung model; the authors suggested that this increase may be related to AEA’s degradation
into vasoconstricting metabolites [18], as COX-1/2-dependent-pathway metabolites might
also possess vasoconstriction potency. However, more research is necessary to conclusively
determine why AEA presents completely different effects between isolated vessels and the
perfused lung model.
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6.2. Vasorelaxation’s Dependence on Calcium-Dependent Potassium Channels

Kca are important in regulating pulmonary vascular tone, and impaired K¢, func-
tion can lead to PH [61]. The ability of high KCI concentrations to abolish or reduce
the vasorelaxation induced by cannabinoids, including AEA [24,54], VIR [53], CBD [22],
and Abn-CBD [9,54], suggests the direct or indirect involvement of potassium channels
(including K¢,). Charybdotoxin and apamin, which are Kc,1.1 and K¢,3.1 or Kc,2.3 in-
hibitors, respectively, reduce the vasorelaxant effects of Abn-CBD [9] and VIR in hPAs [53]
(Table 3). This reduction may be related to the involvement of endothelium-dependent
hyperpolarization (EDH) [62], which is sensitive to the combined administration of apamin
and charybdotoxin in the pulmonary vasorelaxation mechanism. Iberiotoxin, which is
an inhibitor of Kc,1.1 channels, reduces AEA-induced vasorelaxation in the human pul-
monary vascular bed [24]. Similarly, iberiotoxin and TRAM-34, which are inhibitors of
Kcal.l and Kc,3.1, respectively, significantly reduce the CBD-induced relaxation of hPA
(see Table 3) [22].

In addition to the above-mentioned Kc,, the expression of the two-pore-domain
potassium (K2P) channel was confirmed in rat and human PASMCs [63]. AEA attenuates
hypoxia-induced vasoconstriction (which is one of the pathogenetic factors in PH) via the
inhibition of the K2P channel in murine intra-acinar and pre-acinar arteries and does not
change the vascular calibre under normoxia [63].

6.3. Regulation of Pulmonary Vascular Tension by NO

The incubation of isolated human pulmonary vessels with N S-nitro-l-arginine methyl
ester (L-NAME), an endothelial nitric oxide synthase (eNOS) inhibitor, reduces the relax-
ation induced by AEA [24] and, to a lesser extent, that induced by VIR [53]. A similar effect
was observed for AEA in the rPA [54] (see Table 3). Notably, the NO-dependent component
of AEA-evoked relaxation may be the result of direct or indirect interactions with PPAR-y,
which stimulates NO production and potentiates NO’s bioavailability [64]. In contrast to
the above, it was previously shown that NO does not participate in the vasorelaxation
induced by exogenous cannabinoids, especially that induced by stable analogues such
as Abn-CBD [9]. Similarly, CBD-induced hPA relaxation is also NO-independent [22]. In
systemic vessels, NO appears to be involved in the AEA- [38] and CBD-induced [37] relax-
ation of human mesenteric arteries (hMAs) (Table 2). Similarly, NAGly- [39], CBD- [46],
JHW-133-, and APCA-induced [41] relaxation in rMAs was shown to be attenuated by
L-NAME administration. In hMAs, L-NAME was shown to attenuate the vasodilatory
effects mediated by CBD, and CBD was found to increase eNOS phosphorylation in human
endothelial cells [37]. No evidence indicated the involvement of NO in Abn-CBD-mediated
relaxation in rat retinal capillaries (see Table 2). These discrepancies in the mechanism of
action may be due to differences between the species and structures/properties in different
cannabinoid groups (endocannabinoids, phytocannabinoids, and synthetic cannabinoids
such as Abn-CBD).

7. Receptor-Mediated Vasodilatation

It was previously suggested that the mechanisms inducing the relaxation of pulmonary
vessels under the influence of cannabinoids include CB;-Rs/CBy-Rs [21], other CB receptors
such as eCB-Rs [9,37,52-54], the cannabinoid-receptor-related orphan G-protein-coupled
receptors GPR55 and GPR18 [23], and the non-cannabinoid receptors PPAR-y [22,23],
TRPV1, and TRPV4 [22]. This argument is reinforced by the fact that the presence of these
receptors in the endothelium and/or smooth muscle cells was confirmed (Table 1).

7.1. Mechanism Dependent on CB1-Rs and CB,-Rs

The administration of the CB;-R antagonist AM251 and/or rimonabant attenuates 2-
AG-mediated relaxation in hPAs [21], 2-AGE, and Abn-CBD-mediated relaxation in rabbit
pulmonary arteries [52], suggesting the involvement of these receptors in vasodilation
(see Table 3). CB;-R antagonists do not affect the AEA-induced relaxation of hPAs [24] or
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the AEA- [54], CBD- [22], and Abn-CBD-induced [54] relaxation of rPAs. Moreover, the
administration of rimonabant at a concentration of 100 nM does not reduce VIR-induced
relaxation, which excludes the participation of CB;-Rs. However, this effect was observed
at a concentration of 5 tM; however, a higher concentration of rimonabant antagonizes
eCB-Rs (see Table 3) [53]. Additionally, WIN 55,212-2, a synthetic agonist of CB1-Rs and
CB;-Rs, does not induce the relaxation of pulmonary vessels [53].

There are indications of a previously unknown CB;-R-dependent endocannabinoid-
mediated potential protective mechanism against excessive vasoconstriction (mainly medi-
ated by 2-AG). AM251 attenuates 2-AG-induced vasorelaxation, indicating the involvement
of CB;-Rs in the relaxation mechanism (see Table 3) [21]. It was suggested that vasocon-
strictors such as TXA; and ANG Il stimulate the G411 protein, stimulating the release of
2-AG from the vascular endothelium. By acting on CB1-Rs, 2-AG produces vasodilation
in hPAs [21,48], which may play a protective role against excessive increases in pressure
in the pulmonary circulation through a so-called negative-feedback mechanism. The ad-
ministration of JZL184, a MAGL inhibitor, enhances the relaxant effects of 2-AG in hPAs,
suggesting that the vasorelaxant effect is caused by undegraded 2-AG, not the metabolites
of 2-AG. Moreover, this experiment further confirmed that 2-AG, not AEA, is responsible
for this effect, because, as described above, AEA does not act through CB;-Rs (see Table 3).
In addition, contractions induced by U46619 in hPAs with preserved endothelium are en-
hanced by the presence of the DAGL inhibitor RHC80267 (responsible for the formation of
2-AG). This effect was not observed in pulmonary arteries with the endothelium removed.
Experiments with RHC80267 suggested that the rapid, contractile-stimulated synthesis of
2-AG and its release from endothelial cells plays a protective role [21].

Conversely, in systemic vessels, CB;-Rs are involved in AEA- [38], CBD- [22,37],
Meth-AEA- [42,47], and ACPA-induced relaxation [41] in human and animal mesenteric
arteries (see Table 2). In systemic circulation, however, it has not yet been confirmed that
the mechanism underlying the 2-AG-induced relaxation of hMAs depends on CB;-Rs.
Moreover, it was suggested that this effect is exerted by metabolites resulting from the
degradation of 2-AG in the COX-1-dependent pathway [14].

Notably, to date, no studies have confirmed the role of CB,-Rs in the cannabinoid-
induced relaxation of isolated pulmonary vessels (Table 3) [22,24,53,54]. However, Zoratti
et al. [65] demonstrated the presence of CB,-Rs in a calf pulmonary artery endothelial
(CPAE) cell line; these CB,-Rs were found to be 86% homologous to the corresponding
regions of the human CB;-R sequences. The functional analysis also showed that AEA
initiates Ca?* signalling in CPAE cells through the CB,-R activation. Although it is generally
accepted that CB,-Rs are not directly involved in vascular relaxation [37], it was previously
reported that the administration of the CB,-R inhibitor AM630 reduces the CBD-induced
vasorelaxant effect in rat femoral arteries [45]. However, because CBD does not direclty
activate CB,-Rs, the specific mechanism of action is unknown; it was suggested that CBD
changes the function of this receptor.

7.2. Other G-Protein-Dependent Receptors

Previously, a cannabinoid endothelial receptor sensitive to O-1918 was considered to
be a site of action for vasorelaxation. However, since this putative receptor has not yet been
cloned, it remains uncertain whether it can truly be classified as a receptor. It was observed
that the administration of the eCB-R antagonist O-1918 [9,53,54] reduces the AEA- [24]
and VIR-induced [53], but not CBD-induced, relaxation of hPAs (see Table 3) [22]. Inter-
estingly, three independent studies exploring the effects of Abn-CBD on the pulmonary
vessels of humans [9], rabbits [52], and rats [54] suggested that this relaxation effect may
depend on the presumed eCB-R, because the administration of O-1918 impairs relaxation.
The administration of the pertussis toxin (PTX) (400 ng/mL, for 2 h) partially inhibits
the Abn-CBD-induced vasodilation of endothelium-intact human arteries, which con-
firmed the involvement of a G;/Go-coupled eCB-Rs [9]. These differences in the vascular
mechanisms of action of CBD and Abn-CBD, coupled with the fact that CBD is a partial

53



Anna Krzyzewska

Rozprawa Doktorska Rozdzial 10

Int. J. Mol. Sci. 2021, 22, 10048

14 of 22

agonist/antagonist of GPR18 while Abn-CBD is an agonist of GPR18, suggest that the
unclassified eCB-R is probably GPR18 [15,29]. However, the putative eCB receptor antag-
onist may act independently of the G-protein-coupled receptors (GPCRs). Additionally,
this receptor influences the functional properties of many ion channels and transporters
located in the vascular system [15,66]. Reports that O-1918, after endothelial removal, also
attenuates the vasodilatory effect suggest that O-1918's site of action may be in the vascular
smooth muscle [67]. Additionally, it was shown that O-1918 is an inhibitor of the Na* /CaZ*
exchanger [68] and inhibits the activity of Kc,1.1 channels [69], which may contribute
to the regulation of vascular tone. However, this issue has not yet been unequivocally
resolved in the literature [15,29,66,70].

Another receptor with confirmed expression in hPAs is GPR55, which exhibits va-
sorelaxant properties in the above-mentioned arteries (Table 1). LPI, an endogenous
non-cannabinoid agonist of the GPR55 receptors, depending on concentration and time,
causes the relaxation of isolated hPAs. The participation of GPR55 receptors in functional
studies was confirmed by the use of their antagonist CID16020046, which significantly
reduces the relaxation responses of hPAs stimulated with LPI [23].

7.3. Other G-Protein-Independent Receptors

In the pulmonary vessels, according to the current literature, only CBD causes re-
laxation dependent on TRPV1 receptors (see Table 3) [22]. Importantly, the presence of
the TRPV1 receptors in human pulmonary vessels was confirmed (see Table 1) [22]. Cap-
sazepine, an antagonist of TRPV1 receptors, was not observed to reduce the rPA [54] and
hPA [24,53] relaxation induced by endocannabinoids such as AEA and VIR (Table 3).

The role of TRPV1 receptors in PH is unclear. Zhang et al. [71] suggested that, on the
one hand, TRPV1 induces an increase in intracellular calcium ([Ca2*];) in PASMCs and can
cause vascular contractions, as well as promoting smooth muscle cell proliferation, which
can lead to PH. On the other hand, the activation of TRPV1 in sensory nerves can release
neuropeptides, including the calcitonin-gene-related peptide (CGRP) [71]. CGRP causes
the relaxation of blood vessels and inhibits their proliferation, which may be beneficial in
PH [71]. Moreover, pre-treatment with capsaicin, a specific activator of TRPV1, was found
to reverse PH by alleviating inflammation [72]. Thus, the potential role of TRPV1 in PH
should be further investigated.

The presence of TRPV4 receptors and their involvement in vascular relaxation mech-
anisms was confirmed by Addison et al. [73]. The pharmacological activation of TRPV4
receptors with the selective agonist GSK1016790A results in the relaxation of endothelium-
intact rPAs preconstricted with phenylephrine [73]. In addition, the TRPV4-receptor
antagonist HC067047 reduces the vasodilatory response to GSK1016790A [73,74]. Despite
the above, it has not been confirmed that TRPV4 receptors participate in CBD-induced
relaxation since the administration of RN1734, which antagonizes the TRPV4 receptors,
does not affect relaxation [22]. Conversely, Ho et al. [36] confirmed that these receptors
participate in the rMA relaxation induced by 2-AG through two antagonists, HC067047
and RN1734 (see Table 2). Moreover, TRPV4 receptors are involved in the proliferation and
migration of PASMCs and may serve as a crucial target in the treatment of PH [75].

Recently, research has suggested the potential benefits of stimulating PPAR-y receptors
to alleviate PH. The PPAR-y antagonist GW9662 reduces the time-dependent relaxation
of hPAs induced by CBD (10 uM) (see Table 3) [22]. Previous studies on the potential
beneficial effects of PPAR-y receptor agonists demonstrated the PPAR-y-receptor-mediated
relaxation of human pulmonary vessels preconstricted with U46619 [76]. In addition to
the above, PPAR-y agonists exert beneficial effects on pulmonary vascular remodelling
and lung morphology. Indirect evidence for the utility of PPAR-y agonists in the treatment
of PH lies in the fact that the deletion of this receptor in mouse smooth muscle [77]
and endothelial cells caused the hypertrophy of the small distal pulmonary arteries and,
consequently, induced PH [78]. PPAR-y ligands interfere with the production of matrix
metalloproteinases that can be activated by elastase, which was shown to prevent and
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reverse PH in rats. In addition to the above, PPAR-y has anti-inflammatory properties,
which include the suppression of factors related to PH, such as interleukin-6 (IL-6) and
monocyte chemoattractant protein (MCP-1). PPAR-y also protects endothelial cells against
apoptosis [79]. PPAR-y expression was found to be reduced in patients with primary
and secondary PH [80], and hypoxia was found to reduce PPAR-y expression in human
pulmonary vessels [81,82]. CBD is a functional PPAR-y agonist and was observed to
cause the time-dependent relaxation of rat aortas. This effect is inhibited by the PPAR-y
antagonist GW9662, which confirms the effect of PPAR-y on aortic relaxation [83].

8. Cannabinoids in PH—In Vivo and In Vitro Studies

Although the effects of cannabinoids on isolated vessels have been fairly well re-
searched, there are still very few in vivo studies. In this review, the terms “PAH” and “PH”
are reserved for human and experimental conditions, respectively [84,85]. An interesting
look at the use of cannabinoids in PH therapy was presented in the latest study on CBD
administration in an animal model of PH [19]. This PH model is induced in 6-to-8-week-old
rats via the subcutaneous administration of 60 mg/kg MCT. The use of MCT to create an ex-
perimental model allows for the relatively simple mapping of PH in the human population
by selectively damaging pulmonary vessels without adversely affecting systemic blood
vessels [84]. The chronic administration of CBD as a prophylactic (see Table 4) improves
blood oxygen saturation and lowers right ventricular systolic pressure (RVSP) without
impacting systemic BP. CBD also reduces pulmonary arterial hypertrophy by about 30%,
without any effects on RV hypertrophy [19], and normalized the plasma concentrations
of plasminogen activator inhibitor-1 (PAI-1) and tissue plasminogen activator (t-PA). This
effect is beneficial, because the levels of PAI-1 and t-PA are increased in PH. The above
changes may partly correlate with increases in endogenous cannabinoid concentrations
and AEA and NAGly in CBD-treated animals [19] (Table 4), because both endocannabi-
noids can relax the pulmonary [9,24,54] and systemic vessels [38,39,59] (see Tables 2 and 3).
Importantly, the chronic administration of the same dose of CBD does not change the
BP or heart rate (HR) in spontaneously hypertensive rats (SHRs), rats with secondary
hypertension induced by deoxycorticosterone acetate salt (DOCA salt), or their controls
with normal pressure [86].

Lu et al. [87] also suggested the potential benefits of using CBD (in preventive and
therapeutic models; see Table 4) in PH treatment and showed that CBD, in a preventive
model, is more effective in decreasing PH phenotypes in PH mice. Mice (in a sugen-
hypoxia-induced PH model) and rats (in an MCT-induced PH model) treated with CBD
present lower RVSP and reduce RV and pulmonary-artery hyperproliferation. CBD also
reduces the mRNA levels of inflammatory mediators such as IL-6 and tumour necrosis
factor-« (TNF-) in mouse lung tissue (see Table 4) [87]. Moreover, CBD (10 uM) was shown
to inhibit the hyperproliferation of mouse PASMCs without any harmful effects on normal
PASMCs. CBD was also found to recover dysfunctional mitochondria under conditions
of hypoxia and relieve oxidative stress in human and mouse PASMC cell cultures. The
effectiveness of CBD was also compared to that of drugs commonly used for PH, and the
results suggest that CBD is as effective as bosentan or beraprost [87].

Other studies have shown an increase in PAP after the administration of AEA and
2-AG in isolated, ventilated, and buffer-perfused rabbit lungs. 2-AG showed more pro-
nounced effects at lower concentrations. Anandamide presents a similar relationship, and
an increase in PAP was observed, depending on the dose of AEA (Table 4). The authors
suggested that the products from the breakdown of endocannabinoids are further metab-
olized to PGE; and TXA,; (via COX-2), with vasoconstriction properties, in pulmonary
arteries [18]. A similar theory was presented by Wenzel et al. [20]. According to the au-
thors, AEA is a mediator of HPV via FAAH-dependent metabolites and is involved in the
generation of PH, as discussed above.
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RV failure is undoubtedly one of the worst consequences of PH. Duerr et al. [88]
suggested that the ECS may play an important role in PH related to the endocannabinoid—
CB,-R axis. In a mouse PH model induced by left pulmonary artery occlusion, researchers
found that CBp-R-deficient (Cnr2~/~) mice had stronger cardiomyocytic hypertrophy and
an increased Fulton’s index. The above-described effects of cannabinoids on pulmonary
vascular tone and new reports on the potential beneficial effect of CBD on the animal model
of PH may provide a foundation for further research. Among cannabinoids, it may be
useful to explore new therapeutics for PH, especially when it is possible to create synthetic
cannabinoids with selective and more concentrated actions.

9. Conclusions

(Endo)cannabinoids play a role in regulating pulmonary vascular tone through
endothelium-dependent and/ or receptor-based mechanisms (Figure 2), which may con-
tribute to decreasing pulmonary resistance. Moreover, the endocannabinoid negative-
feedback mechanism in pulmonary arteries was found to be responsible for attenuating
agonist-induced vasoconstriction, which may also play an important role in the treatment
of PH. CBD, which was approved by the U.S. Food and Drug Administration and the Euro-
pean Medicines Agency for the treatment of drug-resistant seizures and spasticity in adult
patients with multiple sclerosis, also exerts a protective effect on the vascular endothelium,
decreases RVSP and /or heart remodelling and increases saturation in experimental PH, in
addition to its vasorelaxant effects on pulmonary arteries. Therefore, (endo)cannabinoids
represent a potential new treatment strategy as an add-on therapy for PH. Nevertheless,
it should be emphasized that no clinical trials with cannabinoids in PH have yet been
conducted; thus, their therapeutic potential has not been yet translated into clinical practice.
In addition, single experimental studies showed that AEA and 2-AG can contract vessels
and/or increase PAP. Further research, both experimental and clinical, is needed to explain
these inaccuracies.

pulmonary artery

«— adventitia

<+— media
~{+— intima

AEA 2-AGE
VIR LPI Abn-CBD

TXA, PG, PGE,

IP

Smooth muscle cell

Figure 2. The location of the endocannabinoid system components and potential mechanisms involved in the cannabinoid-
induced vasorelaxation in pulmonary arteries. Abbreviations: 2-AG, 2-arachidonoylglycerol; 2-AGE, noladin ether; AA,
arachidonic acid; AEA, anandamide; Abn-CBD, abnormal cannabidiol; APA, apamin, Kc,2.3 inhibitor; AM251, CB;-R
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antagonist; AM630, CB,-R antagonist; CB;-R, cannabinoid receptor type 1; CB,-R, cannabinoid receptor type 2; CBD,
cannabidiol; CHTX, charybdotoxin, Kc,1.1 and K¢,3.1 inhibitor; CID16020046, GPR55 receptor antagonist; COX-1, cy-
clooxygenase 1; COX-2, cyclooxygenase 2; EA, ethanolamine; eCB, historically called endothelial cannabinoid receptor;
eNOS, endothelial nitric oxide synthase; EP4, prostanoid EP4 receptor; FAAH, fatty acid amide hydrolase; GPR18, G protein-
coupled receptor 18; GPR55, G-protein-coupled receptor 55, GW9662, PPAR-y receptor antagonist; IBX, iberiotoxin, K¢, 1.1
inhibitor; IP, prostacyclin receptor; INDO, indometacin, COX-1/COX-2 inhibitor; JZL184, monoacylglycerol lipase inhibitor;
Kca2.3, Kca3.1, and K, 1.1, calcium-activated potassium channels with small, intermediate, and large conductivity for K*,
respectively; LPI, l-alpha-lysophosphatidylinositol; L-NAME, N G-nitro-l-arginine methyl ester, eNOS inhibitor; L161982,
EP4 receptor antagonist; Kea, calcium-activated potassium channels; MAGL, monoacylglycerol lipase; nimesulid, COX-2
inhibitor; O-1918, eCB receptor antagonist; pECs, the negative logarithm of the concentration causing a half-maximum
effect; PGE,, prostaglandin E2; PGI,, prostacyclin; PPAR-y, peroxisome proliferator-activated receptor-gamma; RO1138452,
IP receptor antagonist; SR141716, rimonabant, CB;-R antagonist; SR144528, CB;-R antagonist; TEA, tetraethylammonium,
Kca2.3 and K¢,3.1 inhibitor; TRAM-34, triarylmethane-34, K,2.3 inhibitor; TRPV1, transient receptor potential vanilloid 1;
TXA;, thromboxane A2; UCL1684, 6,10-diaza-3(1,3)8,(1,4)-dibenzena-1,5(1,4)-diquinolinacy clodecaphane, Kc,2.3 inhibitor;
URB597, FAAH inhibitor; VIR, virodhamine. This figure was prepared using a template on the Servier Medical Art website.
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Abbreviations

2-AGE noladin ether

Abn-CBD  abnormal-cannabidiol

APCA arachidonylcyclopropylamide
ARA-S arachidonoyl-L-serine

CBy,2-R cannabinoid receptor types 1 and 2
CBD cannabidiol

CBRs cannabinoid receptors
DAGL-«,  diacylglycerol lipases o, 3
DHEA docosahexaenoyl ethanolamid
DEA docosatetraenoyl ethanolamide
ECs endocannabinoid system

EDH endothelium-dependent hyperpolarization
EPEA eicosapentaenoyl ethanolamide
ERAs endothelin receptor antagonists
HEA homo-y-linolenyl ethanolamide
hPAs human pulmonary arteries
LEA inolenoyl ethanolamide

2-LG linoleoylglycerol

LPIL alpha-Lysophosphatidylinositol
MCT monocrotaline

MethAEA  methanandamide
NAGly N arachidonoyl glycine

ODA oleamide

OEA oleoyl ethanolamide

PAH pulmonary arterial hypertension
POEA palmitoleoyl ethanolamide

58



Anna Krzyzewska Rozprawa Doktorska Rozdzial 10

Int. J. Mol. Sci. 2021, 22, 10048 19 of 22
PAP pulmonary arterial pressure
PASMCs pulmonary artery smooth muscle cells
PEA ethanolamide
PH pulmonary hypertension
PPAR-y peroxisome proliferator-activated receptor-y
PVR pulmonary vascular resistance
rPA rat pulmonary artery
RVSP right ventricular systolic pressure
SEA stearoyl ethanolamide
U46619 analogue of thromboxane A2
VIR virodhamine
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Abstract: Cannabidiol (CBD) is a plant-derived compound with antioxidant and anti-inflammatory
properties. Pulmonary hypertension (PH) is still an incurable disease. CBD has been suggested
to ameliorate monocrotaline (MCT)-induced PH, including reduction in right ventricular systolic
pressure (RVSP), a vasorelaxant effect on pulmonary arteries and a decrease in the white blood cell
count. The aim of our study was to investigate the effect of chronic administration of CBD (10 mg/kg
daily for 21 days) on the parameters of oxidative stress and inflammation in the lungs of rats with
MCT-induced PH. In MCT-induced PH, we found a decrease in total antioxidant capacity (TAC) and
glutathione level (GSH), an increase in inflammatory parameters, e.g., tumor necrosis factor alpha
(TNF-), interleukin-1p (IL-1p), nuclear factor kappa B (NF-«B), monocyte chemoattractant protein-1
(MCP-1), and cluster of differentiation 68 (CD68), and the overexpression of cannabinoid receptors
type 1 and 2 (CB;-Rs, CBy-Rs). Administration of CBD increased TAC and GSH concentrations,
glutathione reductase (GSR) activity, and decreased CB;-Rs expression and levels of inflammatory
mediators such as TNF-«, IL -13, NF-kB, MCP-1 and CD68. In conclusion, CBD has antioxidant
and anti-inflammatory effects in MCT-induced PH. CBD may act as an adjuvant therapy for PH, but
further detailed preclinical and clinical studies are recommended to confirm our promising results.

Keywords: pulmonary hypertension; cannabidiol; oxidative stress; inflammation; monocrotaline

1. Introduction

Pulmonary hypertension (PH) is an incurable disease with rapid progress and poor
prognosis. PH is defined as when the mean value of pulmonary artery pressure measured
by right ventricular catheterization at rest is over 25 mmHg, although it has been recently
suggested to reduce this value to 20 mmHg [1]. The pathogenesis of PH is complex, and
includes dysfunction of the vascular endothelium accompanied by excessive vasoconstric-
tion, increased oxidative stress, enhanced inflammation, remodeling of pulmonary arteries
with intimal hypertrophy, and right heart failure, which in consequence leads to premature
death. Increased oxidative stress and inflammation induce the remodeling of pulmonary
vessels, and participate in vasoconstriction in addition to an increase in pulmonary vascular
resistance [1,2]. In human PH, perivascular inflammation is associated with an increase
in inflammatory mediators (tumor necrosis factor alpha (TNF-x), interleukin-1f (IL-1p),
cluster of differentiation 68 (CD68) and nuclear factor kappa B (NF-«B)), in addition to the
accumulation and infiltration of inflammatory cells, e.g., macrophages which correlates

Molecules 2022, 27, 3327. https:/ /doi.org/10.3390 /molecules27103327

https:/ /www.mdpi.com/journal/molecules

63



Anna Krzyzewska

Rozprawa Doktorska Rozdzial 11

Molecules 2022, 27, 3327

20f17

with disease progression [3,4]. According to the reports that combination therapy reduces
the risk of clinical deterioration of patients, the European Society of Cardiology (ESC)
and the European Respiratory Society (ERS) recommend polypharmacology, i.e., use of
drugs (or combinations of drugs) that have multiple effects, for PH treatment [5]. Thus,
drugs with additional target points, including antioxidant and anti-inflammatory effects
are recommended, in order to have a pleiotropic effect on the pathogenesis of PH. The
available therapies for PH only improve life quality of patients, but do not guarantee a full
recovery, which underscores the need for novel therapeutic strategies [1].

Cannabidiol (CBD) is a non-intoxicating compound isolated from Cannabis sativa
var. indica. CBD has pleiotropic properties, including those which are antioxidant and
anti-inflammatory [6,7]. In studies carried out on the mouse model of oxygen-glucose
deprivation/reperfusion injury, it was found that CBD supplementation reduced the level of
malondialdehyde, which is a product of lipid peroxidation. Chronic administration of CBD
to rats and mice reduced the number of oxidative stress markers, causing a pronounced
increase in glutathione (GSH) levels in both animal models—for a review, see Atalay [7].
CBD reduced proinflammatory cytokines in lung tissue in a mouse asthma model [8], and
in mouse lipopolysaccharide (LPS)-induced acute lung injuries [9].

CBD is believed to have a weak affinity for cannabinoid receptors type 1 and 2 (CB;-R
and CB;-R), but may also act indirectly by regulating the levels of certain endocannabi-
noids [6]. Additionally, CBD is an allosteric negative modulator of the CB1-R, which
means that it could reduce the potency of CB;-R ligands, thus limiting the adverse effects
associated with the activation of CBy-Rs [6]. Moreover, CBD is able to antagonize the
effects of the CB1-R agonist (CP55940) at nanomolar concentrations, i.e., lower than that
resulting from its affinity for these receptors. Additionally, the authors suggest that this
antagonism is non-competitive in nature [10]. Moreover, activation of CB;-Rs has been
shown to increase proinflammatory signaling and evoke oxidative stress [11]. Therefore,
blocking CB1-Rs would result in reduction in inflammation and fibrosis in mouse lungs [11].
Activation of CB,-Rs produces opposite effects, i.e., reduces lung inflammatory damage and
pulmonary edema [12], and may be a promising target point in inhibition of inflammation
in COVID-19 [11].

Cannabinoids, including CBD, have potentially beneficial effects in PH [13]. CBD has
been suggested as an adjuvant therapy for the treatment of PH as a result of its relaxing
effect in human pulmonary arteries [14]. In addition, CBD reduced right ventricular systolic
pressure (RVSP) and pulmonary vascular hypertrophy in both the rat model of PH induced
by monocrotaline (MCT) [15,16], and in the Sugen-hypoxia PH mouse model [16], which
suggest that CBD may be able to alleviate PH.

Due to the current trend of using polypharmacological approaches in PH treatment,
together with the proven beneficial effects of CBD in various PH models as a consequence
of its antioxidant and anti-inflammatory properties, the aim of the study was to evaluate the
effect of CBD on the selected parameters of oxidative stress and inflammation in the lungs
of rats with MCT-induced PH. Although previous studies suggest that CBD may have
anti-inflammatory potential in the mouse model of Sugen-hypoxia-induced PH [16], it has
been recently reported that the Sugen-hypoxia model is not preferable in mice, since they
display very modest vascular remodeling compared to rats [17-19]. In this respect, both
pulmonary vascular remodeling and PH are reversible, and no characteristic perivascular
infiltration of monocytes/macrophages is observed [17-19]. The MCT-induced PH model
in rats is more recommended because it particularly shows the role of inflammation in
the development of PH, and allows the development of damage to pulmonary vessel
endothelia with the characteristic perivasculitis [18].

Altogether, we have shown for the first time that CBD improved antioxidant capacity
and reduced inflammation in the rat model of MCT-induced PH.

64



Anna Krzyzewska Rozprawa Doktorska Rozdzial 11

Molecules 2022, 27, 3327 30f17

2. Results
2.1. Influence of PH and Chronic Administration of CBD on RVSP

As described previously [15], the RVSP was higher in the MCT group (43.7 + 3.9 mmHg,
1 = 10) compared to the control (CTR) group (20.03 £ 0.9 mmHg, 1 = 10; p < 0.001). Chronic
CBD administration reduced the RVSP in the MCT + CBD group (28.2 & 0.7 mmHg, n =10,
p < 0.001) compared to MCT group but not in the control group (CTR + CBD 21.4 4 0.9 mmHg,
n = 10).

2.2. Influence of PH and Chronic Administration of CBD on Oxidative Stress in Lung Tissue

MCT administration reduced total antioxidant capacity (TAC) (—35%) (Figure 1A) and
concentration of GSH (—48%) (Figure 1C) in the lung tissues compared to the CTR group.
MCT increased the concentration of 4-hydroxyhexenal (4-HNE) (+44%), which is a product
of lipid peroxidation, compared to CTR (Figure 1B). However, MCT-treated rats did not
modify the activity of antioxidant enzymes, such as glutathione-disulfide reductase (GSR)
and glutathione peroxidase (GPx) (Figures 1D and 1E, respectively).
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Figure 1. The influence of monocrotaline (MCT)-induced pulmonary hypertension and cannabidiol
(CBD) or its vehicle on redox balance parameters in rats’ lungs. Total antioxidant capacity, TAC (A);
4-hydroxyhexenal, 4-HNE (B); reduced glutathione, GSH (C); glutathione-disulfide reductase, GSR
(D); glutathione peroxidase, GPx (E). CBD 10 mg/kg or its vehicle were injected i.p. every 24 h for
21 days. Data are presented as mean + SEM, (1 = 5-7 per group); * p < 0.05, ** p < 0.01, ** p < 0.001
and *** p < 0.0001, compared to the respective group.

CBD administration to MCT-treated rats increased concentrations in antioxidant com-
pounds TAC (+36%) (Figure 1A) and GSH (+51%) (Figure 1C). CBD also increased the
enzymatic activity of GSR (+45%) (Figure 1D) in the MCT + CBD group compared to MCT
group. Administration of CBD did not change the MCT-stimulated increased concentra-
tion in 4-HNE (Figure 1B), and did not change GPx activity (Figure 1E). No changes of
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the above-mentioned parameters were observed in the lungs of CTR rats receiving CBD
(CTR + CBD) (Figure 1).

2.3. Influence of PH and Chronic Administration of CBD on Inflammation Parameters in
Lung Tissue

The concentrations of inflammatory parameters NF-kB, TNF-a and monocyte chemoat-
tractant protein-1 (MCP-1) in lung tissues were analysed using an ELISA method. MCT
administration increased the concentrations in NF-«kB (+100%) (Figure 2A), TNF-« (+67%)
(Figure 2B), and MCP-1 (+10-fold) (Figure 2D) in the lung tissues compared to CTR rats.
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Figure 2. The influence of monocrotaline (MCT)-induced pulmonary hypertension and cannabidiol
(CBD) or its vehicle on parameters of inflammation in rats” lungs. Nuclear factor kappa B, NF-
kB (p65) (A); tumour necrosis factor alpha, TNF-« (B); cyclooxygenase 2, COX-2 (C); monocyte
chemoattractant protein-1, MCP-1 (D). Bar graph C illustrates the fold changes (for the relative fold
change in expression in comparison to the respective CTR, whose expression level was set to 1) in the
density of COX-2. CBD 10 mg/kg or its vehicle were injected i.p. every 24 h for 21 days. Data are

presented as mean + SEM, (n = 6-7 per group); * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001,
compared to the respective group.
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Chronic administration of CBD to MCT-treated rats decreased the concentrations in
NE-kB (—40%) (Figure 2A), TNE-« (—40%) (Figure 2B), and MCP-1 (—77%) (Figure 2D). No
changes were observed when CBD was administered to CTR rats (Figure 2). The densities
of cyclooxygenase 2 (COX-2) evaluated by Western blot method were similar in each group
(Figure 2C).

Positive immunohistochemical reaction demonstrated that IL-1p was found mainly in
lung macrophages and lung interstitial cells (Figure 3A). A much stronger immunoreactivity
of IL-13 (by about 13-fold) was demonstrated in the lungs of MCT rats (Figure 3A,B). MCT
administration increased the concentration in IL-13 by about 128% evaluated by an ELISA
method (Figure 3C).
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Figure 3. The influence of monocrotaline (MCT)-induced pulmonary hypertension and cannabidiol
(CBD) or its vehicle on interleukin-1p (IL-1B) (A); representative micrographs of immunohisto-
chemical staining (magnification 200 x) (B) and their quantification; (C) the concentration of IL-1f
determined by enzyme-linked immunosorbent assay (ELISA) in rats’ lungs. Bar graphs (B,C) illus-
trate the fold changes (for the relative fold change in expression in comparison to the respective CTR,
whose expression level was set to 1) in the percentage area stained for IL-13 and concentration of
IL-1B, respectively. The dark brown precipitate represents the intensity of IL-13. CBD (10 mg/kg) or
its vehicle was injected i.p. every 24 h for 21 days. Data are presented as mean =+ SEM, (n = 6-7 per
group); * p < 0.05, ** p < 0.01, and **** p < 0.0001, compared to the respective group.

Chronic administration of CBD to MCT-treated rats reduced IL-13 immunoreaction
intensity by about 57% (Figure 3A,B), and its concentrations by about 30% (Figure 3C). No
differences were observed in immunoreactivity or in concentrations of IL-1f in the lungs
of CTR animals receiving CBD (Figure 3).

The immunohistochemical reaction using the anti-CD68 antibody showed a greater
number of macrophages, with an approximately two-fold greater immunoreactivity in
the lungs of MCT rats compared to CTR (Figure 4A,B). The density of CD68 analysed by
Western blot method was increased in the lungs of MCT rats by about two-fold (Figure 4C).
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Figure 4. The influence of monocrotaline (MCT)-induced pulmonary hypertension and cannabidiol
(CBD) or its vehicle on cluster of differentiation (CD68) (A); representative micrographs of immuno-
histochemical staining (magnification 200 x) (B) and their quantification; and (C) the density of CD68
determined by Western blot in rats’ lungs. Bar graphs B and C illustrate the fold changes (for the
relative fold change in expression in comparison to the respective CTR, whose expression level was
set to 1) in the percentage area stained for CD68 and in the density of CD68, respectively. The dark
brown precipitate represents the intensity of CD68. CBD (10 mg/kg) or its vehicle was injected
i.p. every 24 h for 21 days. Data are presented as mean & SEM, (1 = 6-7 per group); ** p < 0.01,
*** p < 0.001, compared to the respective group.

Administration of CBD to MCT-treated rats decreased the number of CD68-immuno-
positive cells (Figure 4A), the intensity of the immunohistochemical reaction (Figure 4B),
and the density (Figure 4C) of CD68 by about 56% in both cases. In the lungs of CTR
and CTR + CBD rats, weak CD68 immunoreactivity was observed only in single cells

(Figure 4A).

2.4. Influences of PH and Chronic Administration of CBD on Expression of Cannabinoid Receptors
in Lung Tissue

CB1-R (Figure 5A,B) and CB,-R (Figure 6A,B) immunostaining in the lungs of MCT
rats results in a strong response in the cells. The densities of CB;-Rs (Figure 5C) and CB-Rs
(Figure 6C) determined by Western blot method were increased (by about 160% and 100%,
respectively) in the lungs of MCT rats.
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Figure 5. The influence of monocrotaline (MCT)-induced pulmonary hypertension and cannabidiol
(CBD) or its vehicle on cannabinoid receptor type 1 (CB;-R) (A); representative micrographs of
immunohistochemical staining (magnification 200x ) (B) and their quantification; and (C) the density
of CB;-R determined by Western blot in rats’ lungs. Bar graphs B and C illustrate the fold changes
(for the relative fold change in expression in comparison to the respective CTR, whose expression
level was set to 1) in the percentage area stained for CB;-R and in the density of CB;-Rs, respectively.
The dark brown precipitate represents the intensity of CB;-R. CBD (10 mg/kg) or its vehicle was
injected i.p. every 24 h for 21 days. Data are presented as mean =+ SEM, (n = 6-7 per group); * p < 0.05,
**p <0.01 and **** p < 0.0001, compared to the respective group.

Administration of CBD to MCT-treated rats decreased the immunoreactivity
(Figure 5A,B) and density (Figure 5C) in CB1-Rs by about 50% and 34%, respectively, but
CB;-R expression was unchanged in both cases (Figure 6A-C). After administration of CBD
to MCT rats, we only observed a downward trend of CB»-Rs expression (Figure 6B). No
changes of these receptors were observed in CTR rats treated with CBD (Figures 5 and 6).
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Figure 6. The influence of monocrotaline (MCT)-induced pulmonary hypertension and cannabidiol
(CBD) or its vehicle on cannabinoid receptor type 2 (CB,-R) (A); representative micrographs of
immunohistochemical staining (magnification 200 x) (B) and their quantification; and (C) the density
of CB,-R determined by Western blot in rats” lungs. Bar graphs B and C illustrate the fold changes (for
the relative fold change in expression in comparison to the respective CTR, whose expression level
was set to 1) in the percentage area stained for CB,-R and in the density of CB;-Rs, respectively. The
dark brown precipitate represents the intensity of CB,-R. CBD (10 mg/kg), or its vehicle was injected
i.p. every 24 h for 21 days. Data are presented as mean + SEM, (1 = 6-7 per group); ** p < 0.001 and
* p < 0.0001, compared to the respective group.

3. Discussion

The aim of the study was to evaluate whether chronic administration of CBD had
a beneficial effect on the parameters of oxidative stress and inflammation in rats with
MCT-induced PH. In addition, we present for the first time how MCT-induced PH af-
fects cannabinoid receptors (CB;-R and CB;-R) in rat lung tissues, and how chronic CBD
administration regulates the expressions of these receptors.

The experiments were performed on lung tissue from animals with MCT-induced PH.
We used this model because it well reflects changes in human’s PH, and causes selective
damage to pulmonary circulation. The MCT model is an inflammatory model that has been
used in experimental studies with drugs already used in the standard treatment of PH [18].

We administered CBD at a dose of 10 mg/kg for 21 days i.p. This dose was established
based on literature data, where chronic administration of CBD has shown positive effects;
it was calculated that this dose corresponds to a dose of 800 mg for a person weighing
80 kg [20]. CBD in the same dose reduced RVSP, pulmonary arterial and right ventricular
hypertrophy [15,16]. Chronic administration of CBD, at a dose of 10 mg/kg modified the
levels of oxidative stress parameters, changed the expression of CB-Rs in the hearts and
plasma [21], and improved vasodilation in aortas and small mesenteric arteries [22] in
rats with primary and secondary hypertension. Additionally, in the mouse autoimmune
myocarditis model, the administration of CBD at a dose of 10 mg/kg for 46 days i.p.
improved the contractile function of the heart and furthermore reduced inflammation [23].
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3.1. Influence of PH and Chronic CBD Administration on Antioxidant Status

Redox imbalance to the detriment of antioxidant substances is one of the features of
PH. Oxidative stress contributes mainly to the dysfunction of the pulmonary endothelium,
which results in increased resistance in pulmonary circulation. Excessive production of
reactive oxygen species (ROS) contributes to the reduced nitric oxide bioavailability, and
thus intensifies the contraction and remodeling of pulmonary vessels [24]. In our study,
we observed reduced levels of total antioxidant capacity (TAC) and GSH in the lung tissue
of rats with PH. Glutathione is a powerful antioxidant that is involved in regulating the
content of reactive nitrogen species (RNS) and ROS. Excess ROS and RNS can damage
proteins and lipids [25]. We also observed an increased concentration in 4-HNE in the lungs
of rats with PH, which is the main product of lipid peroxidation resulting from increased
oxidative stress. The increase in 4-HNE may be related to a decrease in GSH, since under
normal conditions 4-HNE is neutralized by glutathione S-transferase which conjugates
4-HNE to GSH [26]; with reduced GSH levels, neutralization of 4-HNE may become
less efficient. In the plasma of rats with MCT-induced PH, an increased development in
oxidative stress and lipid peroxidation products is observed [27]. Importantly, ROS levels
are three times higher in plasma from patients with PH [28], and the mitochondria and
nicotinamide adenine dinucleotide phosphate (NADPH) are responsible for the production
of ROS in cardiovascular disorders including PH [24].

Reduced antioxidant activity is closely related to the pathogenesis of PH, and CBD is
a compound with antioxidant potential (see Introduction). In our study, we observed an
increase in TAC after chronic administration of CBD. Similarly, GSH concentration and GSR
activity increased after CBD administration. The role of GSR is to maintain an appropriate
concentration of GSH; therefore, CBD probably increases the activity of the GSR enzyme,
also increasing the level in GSH. Our results are consistent with previous reports of a
particularly pronounced increase in GSH levels in the myocardial tissues of mice with
diabetic cardiomyopathy after CBD administration [29]. Chronic administration of CBD in
the same dose (10 mg/kg) increased the levels in GSH in the plasma and heart of rats with
primary and secondary hypertension, and increased the level in vitamin E in the plasma
of rats with secondary hypertension [21]. Additionally, CBD recovered the dysfunctional
mitochondria in hypoxia condition and reduced oxidative stress and excessive glycolysis
induced by hypoxia in human PH-PASMC cell culture [16]. CBD is also known to support
the action of antioxidant enzymes by preventing the depletion of elements such as zinc
and selenium, which are usually lowered in pathological conditions. These elements are
essential for the biological activity of antioxidant enzymes. In addition, CBD, by lowering
the levels in ROS, prevents the oxidation of GSH and other non-enzymatic antioxidants [7].

3.2. Influence of PH and Chronic CBD Administration on Inflammation

Higher levels of proinflammatory cytokines in lung tissue and/or plasma have been
confirmed in human PH and in PH animal models [4]. It has also been suggested that
the uncontrolled secretion of inflammatory mediators is one of the factors enhancing lung
remodeling in human PH [30]. In our study, there seems to be a relationship between the
NEF-kB pathway, and the inflammatory condition associated with PH. The increase in NF-«B
concentration in the lung tissue of rats with PH is associated with an increase in proinflam-
matory cytokines, i.e., TNF-ocand IL-1$3, and an increase in MCP-1 is also noticeable. NF-«B
is known to be a central regulator of the genes responsible for the development of inflam-
mation in PH [31]. As mentioned above, ROS promote the development of PH by activation
of the NF-«B pathway and the activator protein 1 (AP-1), thus stimulating the growth of
MCP-1, which is responsible for the infiltration of monocytes and macrophages. Infiltrating
inflammatory cells increases the secretion of inflammatory cytokines TNF-a and IL-1 [32].
Our results are consistent with previous reports in which rats with hypoxia-induced PH
showed an increase in NF-«B, IL-13 and TNF-« parameters [33].

We confirmed the increased infiltration of monocytes and macrophages using two
independent methods. Activated CD68-labeled macrophages play an important role in
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remodeling pulmonary vessels. Macrophages are a source of leukotriene B4 (LTB4), which
is responsible for damaging the endothelium of the pulmonary arteries and consequently,
increasing the proliferation and hypertrophy of smooth muscle cells. LTB4 blockade is
effective in improving pulmonary vascular function, and a reduction in CD68 macrophages
reduces the development of SU5416-induced PH in rats [34]. In our immunohistochemistry
study we demonstrated increased infiltration of macrophages in the perivascular spaces.
We observed that the alveolar macrophages of the MCT rats showed morphological signs
of activation, such as enlargement and growth of intracellular vacuoles predominantly in
lung interstitial tissue. Thus, we confirmed the results of Xu et al. [35] who, in addition to
showing increased expression in CD68 in the lung tissue of rats with MCT-induced PH,
showed that macrophage infiltration increased with the development of PH and was the
highest on the 28th day of the experiment.

We found no differences in COX-2 expression in the CTR rats and MCT-treated rats.
Our results are closest to those reported by Seta et al. [36], who demonstrated no differences
in the rats’ lung tissue between CTR and MCT-induced PH. Literature data on COX-2
expression are unclear, since cyclooxygenase 1 (COX-1) and COX-2 were strongly overex-
pressed in human lung tissues [37]; in the lungs of hypoxic-induced PH rats, an increased
expression in COX-2 with unchanged COX-1 expression was detected [38]. Supposedly,
this may be due to the differences in models used in the experiments, as well as the length
of induction of PH (in humans, the development of PH takes many years).

Excessive inflammation mediates further stages of pulmonary vascular remodeling in
human PH and animal PH models, as discussed in more detail in Rabinovitch et al. [34].
CBD is a compound with anti-inflammatory properties, but the mechanisms of action are
not fully understood [6]. In our preventive model, CBD reduced the concentrations in
TNF-« and IL-1§3, which are dependent on the NF-«B pathway, as well as MCP-1 and CDé8,
which are associated with macrophage infiltration. A higher lung TNF-« level determined
by mRNA expression was shown in the Sugen-hypoxia mouse model [16], however, as
mRNA levels do not always reflect protein levels [39], we confirmed these results based
on the protein level in the lungs of rats with MCT-induced PH. Our results confirm that
chronic administration of CBD down-regulates inflammation, and further suggest that the
anti-inflammatory properties of CBD are related to the NF-kB pathway. Moreover, the NF-
kB pathway also participates in the activation of MCP-1 genes. In our research, the decrease
in the concentration of NF-kB after chronic administration of CBD was correlated with a
decrease in the concentration of MCP-1 in lung tissues. Presumably, inhibition of the NF-«xB
pathway by CBD is associated with reduced infiltration of monocytes and macrophages
into the perivascular tissue of the lungs, limiting the development of inflammation, and
therefore the unfavourable remodeling of pulmonary vessels. The above-mentioned no-
tion is also confirmed by our analysis, where CBD decreased CD68 expression which is
widely expressed in macrophages. Kozela et al. [40] showed that CBD reduced the levels
of proinflammatory IL-13 and IL-6 in LPS-activated BV-2 microglial cells, and that this
reduction was not dependent on CB;-Rs/CB,-Rs. The authors suggested that CBD can
reduce the level of cytokines, mainly IL-1 and IL-6, via the NF-kB-dependent pathway by
inhibiting the phosphorylation of the NF-«kB p65 subunit [40]. CBD also reduced TNF-«
concentration and NF-«B activity in RAW 264.7 macrophages [41]. Muthumalage and Rah-
man [42] also observed a reduction in MCP-1 in human bronchial epithelial cells after CBD
administration, and suggested that this may be related to the reduction in NF-«B activity.

The NF-kB pathway has been suggested to be associated with the regulation of the
proinflammatory COX-2 gene. We did not observe the influence of CBD on the density of
COX-2 in the lungs of rats with PH; however, acute inhibition of COX-2 can be dangerous
in the early stages of the disease. COX-2 is one of the mediators of the reaction in which
compounds with a vasodilating effect on the pulmonary vessels are also formed (prostacy-
clin). Fredenburgh et al. [43] even suggested that deficiency or pharmacological blocking
of COX-2 exacerbates hypoxia-induced PH in mice.

72



Anna Krzyzewska

Rozprawa Doktorska Rozdzial 11

Molecules 2022, 27,3327

11 of 17

3.3. Influence of PH and Chronic CBD Administration on Expression of Classic
Cannabinoid Receptors

In our study, we have shown for the first time the overexpression of CB;-Rs and CB;-
Rs in PH. Increased CB,-R density in lung tissue is probably associated with the presence of
numerous inflammatory cells known to express CB,-Rs to a great extent [6,13]. Moreover,
it has been suggested that TNFo and IL-1f can directly upregulate CB;-Rs and CB,-Rs
in human blood [44]. It is also noteworthy that the activation of CB;-Rs intensifies the
proinflammatory response, especially related to TNF-«, and is associated with increased
oxidative stress through increased production of ROS. On the contrary, in the case of the
CBy-R, its activation reduces the amount of ROS and TNF-« [7]. The endocannabinoid
system seems to play a role in PH, although it is not entirely clear how significant it is. In our
previous work, [15] we have shown that N-arachidonoyl glycine (NAGLy) and palmitoleoyl
ethanolamide (POEA) levels are reduced in the lung tissue of rats with MCT-induced PH,
and NAGLy is an endocannabinoid with systemic vasodilating potential [13].

We have shown that CBD reduces the density of CB1-Rs in the lungs of rats with
PH. The proinflammatory effect of CB;-Rs was recently confirmed by Haddad [45], where
administration of arachidonyl-2’-chloroethylamide (ACEA), a selective agonist of CB;-Rs,
caused an increase in IL-6 concentration in rat skeletal muscle myotubes. One of the
mechanisms of such regulation may be the Gi/PI3K-Akt/NF-kB pathway. Notably, the
activation of CBy-Rs participates in damage and inflammation of the lungs through IL-1§3,
TNF-a and MCP-1 signaling [11,46]. Thus, it appears that reduction in CB;-R expression is
protective in PH.

In our study, CBD did not change the CB,-R density which was increased by PH.
However, the role of this receptor in PH is still unclear. Administration of the CBy-R
antagonist (AM630) increased IL-6 expression in mice PASMCs, but no differences in the
PH phenotype were noted between the wild type PH mice and Cnr2~/~ mice with PH [16].

In our study, we did not find that CBD influenced the parameters of oxidative stress
and inflammation in healthy (CTR) animals. Therefore, it seems that activity of CBD might
be limited to the pathological conditions, while remaining neutral in healthy animals.
Overall, CBD is considered a well-tolerated and safe drug with additional pharmacological
benefits, including a relaxing effect, administration by inhalation and lack of influence on
systemic pressure [6], all of which make it an interesting agent to investigate in PH therapy.

3.4. Limitations of the Study

The present study was limited to the examination of the effects of CBD on parameters
of oxidative stress and inflammation in the lung tissue of male rats. As PH is a disease that
develops especially in women, it would be appropriate to extend the research to female
rats [47]. Additionally, we only used one model of PH in our study. Moreover, in the future,
the antioxidant and anti-inflammatory effects of CBD in lung tissue could also be extended
to receptor research by administering receptor antagonists, which may modulate the effects
of CBD.

4, Materials and Methods
4.1. Animals

All experimental protocols were conducted in accordance with the Local Animal
Ethics Committee in Olsztyn (Poland, project code: 88/2018, approved 27 November 2018)
and the European Directive (2010/63/EU). The experiments were performed following
the principles of replacement, refinement or reduction. Animals were obtained from the
Centre of Experimental Medicine of the Medical University of Bialystok (Bialystok, Poland).
Animals were kept under a 12 h/12 h light/dark cycle and had free access to food and
water. The experiments were performed on 40 male Wistar rats (5-8 weeks old, with body
weights of 150-250 g).
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4.2. Monocrotaline and CBD Treatment

Wistar rats were injected MCT with a volume of 3 mL/kg at the dose of 60 mg/kg
body weight once subcutaneously (s.c.) on day “0”, or with vehicle for MCT at the same
dose. MCT was dissolved in 1 mol/L hydrochloric acid neutralized with 1 mol/L sodium
hydroxide and diluted with saline. Healthy rats as well as rats treated with MCT were
injected intraperitoneally (i.p.) with CBD (10 mg/kg) or its vehicle (ethanol, Tween 80, 0.9%
NaCl—3:1:16) every 24 h for 21 days in the following 4 groups: (1) MCT: rats treated with
MCT and vehicle for CBD; (2) MCT + CBD: rats treated with MCT and CBD; (3) control
(CTR): rats treated with MCT vehicle and CBD vehicle; and (4) CTR + CBD: rats treated with
CBD and MCT vehicle. For the sake of simplicity, the group injected with solvents for MCT
and CBD was labelled as CTR. Day 21 was selected as the endpoint of the experiments based
on our preliminary study that found that rats at day 21 already had well-developed PH,
and as was previously described by Chen et al. [48]. The animals were anesthetized with
sodium pentobarbital (300 pmol/kg, i.p.). A pressure catheter (SPR-320 Mikro-Tip, Millar,
Houston, TX, USA) was inserted through the right jugular vein using the closed chest
method. Measurements were taken from the right ventricle and recorded on a LabChart
7.3.7 Pro (ADInstruments, Hastings, UK) [14].

4.3. Tissue Preparation for Biochemical and Immunohistochemistry Examinations

Rats were anesthetized with pentobarbital sodium (300 umol/kg, i.p.) 24 h after the
last dose of CBD or its vehicle to collect lung tissues. Following thoracotomy, the lungs and
the trachea were collected in whole. After the left lung was cut off, the right lung was fixed
in 10% buffered formalin by injecting a fixative with a syringe into the right main bronchus
until the pleura was smooth, and fixed in formalin for 72 h at +4 °C. After fixation, the
same fragments were excised from each lung and embedded in paraffin in the routine
manner. Paraffin blocks were cut into 4-micrometer sections and stained with haematoxylin
and eosin (H + E) for general histological evaluation. On 4-micrometer paraffin sections,
immunohistochemical reactions were performed using specific antibodies. Left lungs were
perfused with 0.9% saline and were snap-frozen with liquid nitrogen and stored at —80 °C
for biochemical examinations.

4.4. Western Blot

Frozen lungs were weighed, powdered and homogenized in Mammalian Protein
Extraction Reagent (MPER, Thermo Scientific, Rockford, IL, USA) that contained a cocktail
of protease inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). The total protein
concentration was determined using the bicinchoninic acid method (Price Rapid Gold BCA,
Protein Assay Kit, Thermo Scientific, Waltham, MA, USA), with bovine serum albumin
as a standard. Next, homogenates were reconstituted in Laemmli buffer (Bio-Rad Labo-
ratories, Inc., Hercules, CA, USA), separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, transferred onto nitrocellulose membranes and blocked in EveryBlot
Blocking Buffer (Bio-Rad Laboratories, Inc., Tokyo, Japan). The membranes were incubated
overnight at 4°C with corresponding primary antibodies in appropriate dilutions (i.e., CB1-
R (1:500; Abcam, Cambridge, UK), CB2-R (1:500; Abcam, Cambridge, UK), CD68 (1:500;
Abcam, Cambridge, UK), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:10,000;
Abcam, Cambridge, UK), cyclooxygenase 2 (COX-2) (1:500; Abcam, Cambridge, UK) and
B-actin (1:3000; Abcam, Cambridge, UK)). In order to detect proteins, anti-rabbit primary
and anti-goat IgG horseradish peroxidase-conjugate secondary antibodies (1:3000; Abcam,
Cambridge, UK) were used. After adding a suitable substrate for horseradish peroxidase
(Clarity Western ECL Substrate; Bio-Rad Laboratories, Inc., Santa Cruz, CA, USA), the
protein bands were quantified densitometrically using a ChemiDoc visualization system
(Image Laboratory Software Version 6.0.1; Bio-Rad, Warsaw, Poland). The levels of the
protein detected were normalized to 3-actin or GAPDH.
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4.5. ELISA/Colorimetric Assays

The concentrations of MCP-1, IL-1f3, TNF- and NF-kB (p65) were measured using
an enzyme-linked immunosorbent assay (ELISA). Total antioxidant capacity (TAC) was
determined with the InAnOx Kit from Immundiagnostik (Bensheim, Germany) according
to the manufacturer’s protocol. The reaction is based on the elimination of exogenous
hydrogen peroxide by antioxidants contained in the sample. The difference between the
hydrogen peroxide added and that remaining after the reaction is proportional to the TAC.
Hydrogen peroxide was measured at 450 nm absorbance. Quantification was done with
the provided calibrator. All measured parameters were normalized for the concentration of
total protein using the bicinchoninic acid method (Price Rapid Gold BCA, Protein Assay
Kit, Thermo Scientific, Waltham, MA, USA), with bovine serum albumin as a standard.

4.6. Immunohistochemistry

Immunostaining was performed by the following protocol: paraffin-embedded sec-
tions were deparaffined and hydrated in pure alcohols. For antigen retrieval, the sections
were subjected to pretreatment in a pressure chamber and heated using Target Retrieval
Solution Citrate pH = 6.0 (Agilent Technologies, Inc. Santa Clara, CA, USA). After cooling
down to room temperature, the sections were incubated with Dako REAL Peroxidase-
Blocking Solution (Agilent Technologies, Inc. Santa Clara, CA, USA). The sections with
the primary antibodies IL-1p (1:1000; Abcam, Cambridge, UK), CD68 (1:1000; Agilent
Technologies, Inc. Santa Clara, CA, USA), CB1-R (1:1000; Abcam, Cambridge, UK) and
CB2-R (1:200; Abcam, Cambridge, UK), were incubated 24 h at +4 °C in a humidified
chamber. This procedure was followed by incubation with secondary antibody (EnVision
FLEX, High pH (Link), HRP. Rabbit/Mouse, Agilent Technologies, Inc., Santa Clara, CA,
USA). The bound antibodies were visualized by incubation with DAB Flex chromogen. The
sections were finally counterstained in hematoxylin QS (Vector Laboratories, Burlingame,
CA, USA), mounted and evaluated under light microscope. Sections were dehydrated,
and the specificity of the antibodies was confirmed using a negative control, where the
antibodies were replaced by Antibody Diluent (Vector Laboratories, Burlingame, CA, USA).
The results of staining were submitted for evaluation in an Olympus BX43 microscope with
Olympus DP12 camera. In each lung sample, the percentage area stained was measured
using the Image] software version 1.53¢ (NIH, Bethesda, MD, USA) [49], and an average
was calculated from the values obtained from the six lungs per group. In order to calculate
the percentage area of staining in the lungs, the area stained was divided by the total area
of lung tissue to obtain a percentage staining. The data were presented as the fold changes
compared to the respective CTR group.

4.7. Determination of Antioxidant Enzyme Activity

The method of Mize and Langdon (previously described in [21]) was used to determine
the glutathione reductase (GSR—EC.1.6.4.2) activity in lung tissue. One unit of enzyme
oxidized 1 umol of nicotinamide adenine dinucleotide phosphate (NADPH) for 1 min at
25 °C and pH 7.4. Specific enzyme activity was expressed in units per mg of protein.

Glutathione peroxidase (GPx—EC.1.11.1.9) activity was measured spectrophotomet-
rically basing on the method of Paglia and Valentine (previously described in [21]). One
unit of GPx activity was determined as the amount of enzyme catalyzing the oxidation of
1 umol NADPH to NADP+ for 1 min at 25 °C and pH 7.4. Specific enzyme activity was
expressed in units per mg of protein.

4.8. Determination of Non-Enzymatic Antioxidant Level

The capillary electrophoresis (CE) method (as previously described in [21]) was used
to determine reduced glutathione (GSH) level. Samples were sonicated with 2 mL of
a solution of ACN/H,0 (62.5:37.5, v/v), and centrifuged at 29,620 g for 10 min. The
separation was performed on a capillary with a total length of 50 cm (40 cm effective
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length) and an inner diameter of 50 um, and was operated at 27 kV with UV detection at
200 =+ 10 nm. The concentration of GSH was expressed as nmol per mg tissue.

4.9. Determination of Lipid Modifications

4-HNE was determined by Gas Chromatography-Tandem Mass Spectrometry (GC/
MS/MS), as the O-PFBoxime-TMS derivatives (previously described in [21]). Benzaldehyde-
D6 was added to the lung lysates, and aldehydes were derivatized by the addition of
0-(2,3,4,5,6-pentafluorobenzyl)hydroxyamine hydrochloride. Samples were deproteinized
by the addition of 1 mL of methanol, and OPFB-oxime aldehyde derivatives were ex-
tracted by the addition of 2 mL of hexane. The top hexane layer was transferred into
borosilicate tubes and evaporated under a stream of argon gas, followed by the addition of
N,O-bis(trimethylsilyl)trifluoroacetamide in 1% trimethylchlorosilane. Derivatized aldehy-
des were analyzed using a 7890A GC—7000 quadrupole MS/MS (Agilent Technologies,
Palo Alto, CA, USA) equipped with a HP-5 ms capillary column. Derivatized aldehydes
were detected in the selected ion monitoring mode. The ions used for 4-HNE-PFB-TMS
identification were m/z 333.0 and 181.0. The level of 4-HNE was expressed in nmol per
mg tissue.

4.10. Statistical Analysis

All results are expressed as the mean + SEM of n animals. GraphPad Prism version
9.3.0 (GraphPad Software, San Diego, CA, USA) was used to plot the mean data. Prior to
statistical analysis, all data were analysed for Gaussian distribution, then parametric tests
based on validated normality tests were performed. Statistical comparisons between groups
were performed using analysis of variance (ANOVA) followed by Bonferroni multiple
comparison tests for all data sets. Post hoc tests were performed only when F reached the
required level of statistical significance, and no significant homogeneity of variance was
found. Differences were considered statistically significant if p < 0.05.

4.11. Drugs

(—)-cannabidiol (CBD) (THC-1073G-1) from THC Pharm, Frankfurt, Germany; ethanol
(BA6420113) and natrium chloride (NaCl) (BA4121116) from POCH, Gliwice, Poland; Tween
80 (P1754), Crotaline (MCT; C2401-1G) and Tween 80 (P1754) from Sigma-Aldrich, Mu-
nich, Germany; MCT vehicle-1 M HCI, and the pH was adjusted to 7.4 with 1 M NaOH;
pentobarbital sodium (5909991290153) from Biowet, Pulawy, Poland; Mammalian Protein
Extraction Reagent (M-PER; 78501) from Thermo Scientific, Rockford, IL, USA; protease
inhibitors (11836153001) from Roche Diagnostics GmbH, Mannheim, Germany; Price
Rapid Gold BCA, Protein Assay Kit (A53225) from Thermo Scientific, Waltham, MA, USA;
Laemmli buffer (1610737) from Bio-Rad Laboratories, Inc., Hercules, CA, USA; EveryBlot
Blocking Buffer (12010020) from Bio-Rad Laboratories, Inc., Tokyo, Japan; Clarity Western
ECL Substrate (102031593) from Bio-Rad Laboratories, Inc., Santa Cruz, CA, USA; CB1
(ab259323) from Abcam, Cambridge, UK; CB2 (ab3561) from Abcam, Cambridge, UK; CD68
(ab125212) from Abcam, Cambridge, UK; GAPDH (EPR16891) from Abcam, Cambridge,
UK; B-actin (ab8227) from Abcam, Cambridge, UK; Goat Anti-Rabbit IgG H&L (ab6721)
from Abcam, Cambridge, UK; InAnOx (TAS/TAC) Antioxidative Capacity (KC5200) from
Immundiagnostik, Bensheim, Germany; IL-1f (670.040.096) ELISA Kit from Immundi-
agnostik, Bensheim, Germany; TNF-a (865.000.096) ELISA Kit from Immundiagnostik,
Bensheim, Germany; Nuclear Factor Kappa B ELISA Kit (SEB824Ra) from Immundiagnos-
tik, Bensheim, Germany; Dako REAL Peroxidase-Blocking Solution (52023) from Agilent
Technologies, Inc., Santa Clara, CA, USA; IL-1f (ab9722) from Abcam, Cambridge, UK;
CD68 (M0876) from Agilent Technologies, Inc., Santa Clara, CA, USA; EnVision FLEX, High
pH (Link), HRP. Rabbit/Mouse (K800021-2) from Agilent Technologies, Inc., Santa Clara,
CA, USA; hematoxylin QS (H-3404) from Vector Laboratories, Burlingame, CA, USA; Wash
Buffer (S3006) from Agilent Technologies, Inc., Santa Clara, CA, USA; CB1-R (ab23703)
from Abcam, Cambridge, UK; CB2-R (ab3561) from Abcam, Cambridge, UK.
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5. Conclusions

The evidence presented the antioxidant and anti-inflammatory effects of CBD in the
lung tissue of rats with MCT-induced PH; as well, we reported on its relaxing effect on
pulmonary vessels and the properties of reducing RVSP, suggesting that CBD could be a
successful adjunctive therapy in the treatment of PH. The NF-«B pathway and downregu-
lation of CB1-Rs, the activation of which has pro-oxidative and proinflammatory effects,
may play a special role in the antioxidant and anti-inflammatory CBD-mediated effect. The
available therapies for PH treatment are focused only on vascular effects; CBD has multipo-
tent beneficial effects, which is in line with the current trend of seeking multidirectional
therapies. The promising results of our research may form the basis for a more detailed
study of the effects of CBD or its derivatives on PH, especially in humans.
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ARTICLEINEO ABSTRACT
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Fibrosis

Cannabidiol (CBD) is a non-intoxicating compound of Cannabis with anti-fibrotic properties. Pulmonary hy-
pertension (PH) is a disease that can lead to right ventricular (RV) failure and premature death. There is evidence
that CBD reduces monocrotaline (MCT)-induced PH, including reducing right ventricular systolic pressure
(RVSP), vasorelaxant effect on pulmonary arteries, and decreasing expression of profibrotic markers in the lungs.
The aim of our study was to investigate the effect of chronic administration of CBD (10 mg/kg daily for 21 days)
on profibrotic parameters in the RVs of MCT-induced PH rats. In MCT-induced PH, we found an increase in
profibrotic parameters and parameters related to RV dysfunction, i.e. plasma pro-B-type natriuretic peptide (NT-
proBNP), cardiomyocyte width, interstitial and perivascular fibrosis area, amount of fibroblasts and fibronectin,
as well as overexpression of the transforming growth of factor p1 (TGF-f1), galectin-3 (Gal-3), suppressor of
mothers against decapentaplegic 2 (SMAD2), phosphorylated SMAD2 (pSMADZ2) and alpha-smooth muscle actin
(a-SMA). In contrast, vascular endothelial cadherin (VE-cadherin) levels were decreased in the RVs of MCT-
induced PH rats. Administration of CBD reduced the amount of plasma NT-proBNP, the width of car-
diomyocytes, the amount of fibrosis area, fibronectin and fibroblast expression, as well as decreased the
expression of TGF-p1, Gal-3, SMAD2, pSMAD?2, and increased the level of VE-cadherin. Overall, CBD has been
found to have the anti-fibrotic potential in MCT-induced PIL. As such, CBD may act as an adjuvant therapy for
PH, however, further detailed investigations are recommended to confirm our promising results.

1. Introduction

vascular changes is excessive right ventricular (RV) afterload. Devel-
oping heart failure most often leads to worsening prognosis and pre-

Pulmonary hypertension (PH) is a rapidly progressive and still
incurable disease and it is diagnosed when the mean pulmonary artery
pressure is >20 mmHg [1]. The most important pathogenetic factors of
PH include pulmonary endothelial dysfunction, inflammation, oxidative

mature patients' death [2]. Prolonged excessive afterload with the
accompanying inflammation and oxidative stress contribute to the
pathological remodeling and cardiac fibrosis [3]. Many signaling path-
ways are activated during this process, including transforming growth

stress, increased resistance of small pulmonary arteries and their factor p1/suppressor of mothers against decapentaplegic (TGF-p1/
remodeling. However, the most serious consequence of pulmonary SMAD) cascade. There is also an increased activation of fibroblasts,

Abbreviations: a-SMA, alpha-smooth muscle actin; ANOVA, one-way analysis of variance; CB; »-R, cannabinoid receptor type 1 and 2; CBD, cannabidiol; CTR,
control; DOCA-salt, deoxycorticosterone acetate salt hypertensive rats; ECM, extracellular matrix; ELISA, enzyme-linked immunosorbent assay; EndoMT, endothelial
to mesenchymal transition; FDA, Food and Drug Administration; FGF-2, fibroblast growth factor 2; Gal-3, galectin 3; GAPDII, glyceraldehyde-3-phosphate dehy-
drogenase; i.p., intraperitoneal; MCT, monocrotaline; MMP-9, matrix metalloproteinase-9; NT-proBNP, plasma pro-B-type natriuretic peptide; PH, pulmonary hy-
pertension; pSMAD2, phosphorylated form of suppressor of mothers against decapentaplegic; RV, right ventricle; RVSP, right ventricular systolic pressure; s.c.,
subcutaneously; SHR, spontancously hypertensive rats; SMAD 2, suppressor of mothers against decapentaplegic 2; TGF-f1, transforming growth factor beta 1; VE-
cahderin, vascular endothelial cadherin.
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which transform into myofibroblasts and produce extracellular matrix
(ECM) elements [4,5]. Moreover, it is characteristic to increase the
expression of cardiac remodeling and/or dysfunction markers such as
plasma pro-B-type natriuretic peptide (NT-proBNP) [6] or alpha-smooth
muscle actin (a-SMA) and galectin-3 (Gal-3) in the RV [5,7]. Extensive
ventricular fibrotic remodeling abolishes the contractility of the heart
and is associated with the loss of a large number of cardiomyocytes,
eventually replacing the dead heart muscle with a collagen scar. The
consequence of the above-mentioned processes is the deterioration of
the systolic-diastolic function of the RV and a number of consequences of
the development of heart failure [3].

Currently available drugs do not cure the disease and are mainly
aimed at pulmonary vasodilation [8]. Given that RV failure in the PH is
one of the factors contributing to the high mortality rate, it is un-
doubtedly necessary to focus on this aspect of the disease. Targeting new
regulators of cardiac fibrosis is considered an effective strategy for the
clinical treatment of PH.

Cannabidiol (CBD) is a non-intoxicating compound isolated from
Cannabis sativa var. indica, that is well tolerated and safe, and has been
approved by the Food and Drug Administration (FDA) for the treatment
of drug-resistant epilepsy [29]. CBD has been shown to have several
beneficial properties in limiting changes in PH [9]. These effects include:
reduction of right ventricular systolic pressure (RVSP), reduction of
pulmonary arterial hypertrophy in the rat monocrotaline (MCT)-
induced PH model and/or in the mouse Sugen-hypoxia-induced PH
model [10,11]. Moreover, CBD reduces inflammation and improves the
antioxidant capacity in lungs of MCT-induced PH rats [12], and reduces
RV hypertrophy and oxidative stress in MCT-induced PH in rats and/or
Sugen-hypoxia-induced PH in mouse [11]. In addition, CBD brings
benefits to the vascular function, by causing vasorelaxant effect in ani-
mal and human pulmonary arteries [13] and improving the pulmonary
vascular endothelium function in the MCT-induced PH [10]. Addition-
ally, CBD improved cardiac performance in hearts of spontaneously
hypertensive (SHR) and deoxycorticosterone acetate (DOCA)-salt hy-
pertensive rats [14], but neither acute nor chronic intraperitoneal (i.p.)
administration of CBD at a dose of 10 mg/kg modified cardiovascular
parameters in both models [15,16]. Nevertheless, CBD was effective in
reducing oxidative and nitrative stress, and inflammation in the rat [17]
and the mouse [18] model of doxorubicin-induced cardiomyopathy, as
well as reducing cardiac dysfunction and myocardial fibrosis in the
experimental autoimmune myocarditis mouse model [19].

Given the reports of CBD's beneficial effects in alleviating PH in
experimental models [10-12], its potential antiproliferative properties,
as well as the lack of an effective drug available to improve cardiac
function in the severe PH, the aim of the study was to investigate if CBD
possesses the antifibrotic potential mechanism in the RV of rats with
MCT-induced PH.

2. Material and methods

Experiments were accepted by the Local Ethical Committee for An-
imal Experiments, University of Warmia and Mazury in Olsztyn, Olsz-
tyn, Poland (project code: 88/2018, approved on November 27, 2018)
and were performed in agreement with the European Directive (2010/
63/EU) and the ARRIVE guidelines. We decided to use previously pre-
served tissues for research purposes based on the 3R principle (Refine-
ment, Reduction and Replacement). This paper continues the results of

Table 1
As described previously | 10], the RVSP in groups were:
CTR 20.03 + 0.9 mmllg, n = 10,
CTR + CBD 214 4 0.9 mmHg, n = 10
MCT 43.7 + 3.9 mmHg, n = 10, p < 0.001
MCT + CBD 28.2 4 0.7 mmllg, n = 10, p < 0.001

CBD- cannabidiol; CI'R- control group; MCT-monocrotaline.

BBA - Molecular Basis of Disease 1869 (2023) 166753
the work presented by Sadowska et al. [10] (Table 1).
2.1. Animals

Forty male Wistar rats (5-8 weeks old, 150-250 g) were used in the
experiments. Rats were obtained from the Experimental Medicine
Centre of the Medical University of Bialystok, Bialystok, Poland. During
the 12 h/12 h light/dark cycle, the animals were kept in plastic cages
with free access to food and water.

2.2. MCT and CBD treatment

The animals were randomly divided into 4 groups. Two groups of
animals were injected with plant-derived alkaloid-monocrotaline (from
Sigma-Aldrich, Munich, Germany) at the dose of 60 mg/kg of body
weight, once, subcutaneously (s.c.) on the day,0” in a volume of 3 ml/kg
(rats with MCT-inducted PH). And the last two groups of animals were
injected with vehicle for MCT (0.9 % NaCl) (rats without PH which were
the control group). From day,1"” to day,21” the animals with and without
PH were administered with CBD ((—)-cannabidiol (CBD; THC-1073G-1)
THC Pharm, Frankfurt, Germany) at a dose of 10 mg/kg or its vehicle
(ethanol, Tween 80, 0.9 % NaCl—3:1:16), i.p., in a volume of 1 ml/kg.
Fig. 1 presents the scheme of the experiment.

2.3. Tissue preparation for biochemical and immunohistochemistry
examinations

Rats were sacrificed with sodium pentobarbital 1 day after the last
dose of CBD or its solvent (300 pmol/kg, i.p.). The whole hearts were
collected. The one part of each RV were fixed in 10 % buffered formalin
for 72 h at +4 °C and subjected to standard paraffin-embedding pro-
cedure. The paraffin blocks were cut into 4 pm sections and stained by
hematoxylin and eosin (H + E), by Masson's trichrome and processed by
immunohistochemistry for fibronectin (1:2000) and fibroblast growth
factor 2 (FGF-2) detection. The remaining parts of RVs were immedi-
ately frozen with liquid nitrogen and stored at —80 °C for biochemical
studies.

2.4. Histological examinations

Interstitial fibrosis of the right ventricle was determined by quanti-
tative morphometry as previously described [20]. The entire area of all
histopathological sections was scanned using a light microscope
(Olympus 114 Corp., Tokyo, Japan) with an Olympus DP12 digital
camera (Olympus 114 Corp., Tokyo, Japan). About 40 images were
selected from each right ventricle. The collagen fraction (stained with
Masson's trichrome according to the manufacturer's protocol) was
calculated as follows: the total area of interstitial fibrosis was divided by
the total area of connective tissue and myocardium of the cross-sectional
field of view. We excluded the areas of perivascular fibrosis from this
measurement. Perivascular fibrosis was evaluated as the ratio of the
blue-stained area surrounding the vessel wall to the total vessel area.
The results are presented as the relative fold change in staining in
comparison to the respective CTR, which stained area was set to 1.

2.5. Cardiomyocytes width

Histological staining was evaluated in an Olympus BX41 light mi-
croscope (Olympus 114 Corp., Tokyo, Japan) with an Olympus DP12
digital camera (Olympus 114 Corp., Tokyo, Japan). From each animal 3
sections of the RV tissue were studied. Five randomly selected micro-
scopic fields from each section (each field of 0.785 mm2; magnification
by 200x, 20x by the lens and 10x by the eyepiece) were documented.
Subsequently, images were morphometrically evaluated by using the
NIS-Elements Advanced Research software of Nikon (Tokyo, Japan).
The width of randomly selected 25 cardiomyocytes was estimated for
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Fig. 1. The scheme of the experiments. CBD- cannabidiol; CTR- control group; i.p.- intraperitoneal injection; MCT-monocrotaline; RVSP- right ventricular systolic

pressure; s.c.- subcutaneously injection.

the width in the fields where the long axis in the cleavage plane con-
tained the visible cell nucleus.

2.6. Immunohistochemistry

Immunostaining was performed by deparaffinizing and hydrating
paraffin-embedded sections in pure alcohols. The sections of cardiac
tissue were subjected to pretreatment in a pressure chamber and heated
using Target Retrieval Solution Citrate pH = 9.0 (Agilent Technologies,
Inc. Santa Clara, CA, USA). Following cooling to room temperature, the
sections were incubated with Dako REAL Peroxidase-Blocking Solution
(Agilent Technologies, Inc. Santa Clara, CA, USA). The sections with the
primary antibodies: fibronectin (1:2000) and FGF-2 (1:500) were incu-
bated 24 h at +4 °C in a humidified chamber. The next step was incu-
bation with secondary antibody (REAL™ EnVision™ Detection System,
Peroxidase/DAB, Rabbit/Mouse detection kit (Agilent Technologies,
Denmark). Visualization of the antibodies was performed by incubation
with DAB Flex chromogen. Finally the cardiac sections were counter-
stained in hematoxylin QS (Vector Laboratories, Burlingame, CA, USA).
The specificity of the antibodies was confirmed using a negative control
(by replacing the antibodies with an antibody diluent (Agilent Tech-
nologies, Denmark)). To evaluate results we used an Olympus BX43
microscope with an Olympus DP12 camera. In each RV sample the
percentage area stained was calculated using the ImageJ software
version 1.53c (NIH, Bethesda, MD, USA) according to Krzyzewska et al.
[12].

2.7. Western blot

The Western blot method was performed according with our previ-
ous paper Krzyzewska et al. [12]. Briefly, samples of RV were homog-
enized in an assay buffer containing a cocktail of protease inhibitors
(Roche Diagnostics GmbH, Germany). After SDS polyacrylamide gel
electrophoresis and transfer, the membranes were incubated overnight
at 4 °C with primary antibodies ie. Gal-3 (1:5000), matrix
metalloproteinase-9 (MMP-9) (1:1000), TGF-f1 (1:1000), pSMAD2
(1:1000), SMAD2 (1:2000), vascular endothelial cadherin (VE-cadherin)
(1:200), a-SMA (1:18000) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (1:20000). In the next step, anti-rabbit primary, and
anti-goat I1gG horseradish peroxidase-conjugate secondary antibodies
(1:3000) were used. Substrate (Clarity Western ECL Substrate; Bio-Rad
Laboratories, Inc., USA) was added to visualize the bands, and then
the bands were assessed by densitometry using the ChemiDoc apparatus
(Image Laboratory Software Version 6.0.1; Bio-Rad, Warsaw, Poland).
Protein density levels were standardized to GAPDH.

2.8. ELISA

The concentration of NT-proBNP was measured using an enzyme-
linked immunosorbent assay (ELISA) according to the manufacturer's
protocol (ELISA kit; MyBioSource, Inc., USA, MBS2881463).

2.9. Statistical analysis

For statistical comparison the GraphPad Prism version 9.3.0
(GraphPad Software, San Diego, California USA) was used. Data were
calculated for Gaussian distribution prior to statistical analysis. If the
data were normally distributed, the one-way analysis of variance
(ANOVA) with Bonferroni's multiple comparison test for multiple groups
was carried out. Data were subjected to Bonferroni's post hoc tests only
when the F value achieved p < 0.05 and there was no significant in-
homogeneity of variances. The results are shown as the mean + SEM of n
animals. A significance level of p < 0.05 was assumed.

2.10. Drugs

(—)-cannabidiol (THC-1073G-1) from THC Pharm, Frankfurt, Ger-
many; GAPDH (EPR16891) from Abcam, Cambridge, UK; Crotaline
(MCT; C2401-1G) from Sigma-Aldrich, Munich, Germany; Goat Anti-
Rabbit IgG H&L (ab6721) from Abcam, Cambridge, UK; Gal-3
(ab76245) from Abcam, Cambridge, UK; oa-SMA (ab124964) from
Abcam, Cambridge, UK; VE-cadherin (ab231227) from Abcam, Cam-
bridge, UK; REAL™ EnVision™ Detection System, Peroxidase/DAB,
Rabbit/Mouse detection kit (K5007) from Agilent Technologies,
Denmark; SMAD2 (ab40855) from Abcam, Cambridge, UK; pSMAD2
(ab188334) from Abcam, Cambridge, UK; MMP-9 (ab76003) from
Abcam, Cambridge, UK; Trichrome Stain (Masson) Kit, (ab150686) from
Abcam, Cambridge, UK UK; FGF-2 Polyclonal Antibody (bs-0217R) from
Bioss Antibodies Inc., Massachusetts, USA; Anti-TGF-f1 (ab179695)
from Abcam, Cambridge, UK; Recombinant Anti-Fibronectin antibody
(ab268020) from Abcam, Cambridge, UK; Antibody Diluent with
Background Reducing Components (S3022) from Dako, Denmark; he-
matoxylin QS (H-3404) from Vector Laboratories, Burlingame, CA, USA;
NT-proBNP ELISA kit (MBS2881463) from MyBioSource, Inc.San Diego,
CA, USA.

3. Results
3.1. Impact of PH and CBD administration on NT-proBNP

The concentration of NT-proBNP was analysed by ELISA method.
MCT administration increased the concentration of NT-proBNP (by
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about 35 %) in the plasma compared to CTR rats. Chronic administration
of CBD to MCT-treated rats decreased the concentration of NT-proBNP
(by about 20 %). No changes were observed in CTR rats chronically
administered with CBD (Fig. 2).

3.2. Impact of PH and CBD administration on profibrotic parameters

In comparison to CTR rats, the width of cardiomyocytes isolated
from MCT rats was increased (by about 75 %) in RVs (Fig. 3A, B).
Chronic CBD administration reduced the width of RV myocytes in MCT
group (by about 10 %). The Masson's trichrome staining showed an
increased right ventricular interstitial area of fibrosis in MCT group (by
about 5-fold) and an increased right ventricular perivascular area of
fibrosis (by about 2-fold) compared to CTR rats. The chronic CBD
administration decreased the right ventricular interstitial area of fibrosis
in MCT rats (by about 70 %) and right ventricular perivascular area of
fibrosis (by about 60 %) (Fig. 3C-F). No differences in cardiomyocytes
width and right ventricular interstitial and perivascular area of fibrosis
were observed in CTR rats administered with CBD (Fig. 3B, D, F).

The increased expression of fibronectin and fibroblasts was observed
in the RVs of rats treated with MCT by about 10-fold and 2-fold,
respectively, compared to CTR rats. In comparison to MCT group the
CBD administration to MCT rats decreased the fibronectin immuno-
reaction and fibroblast expression by about 77 % and 55 %, respectively
(Fig. 4A-D).

3.3. Impact of PH and CBD administration on TGF-f}1/SMAD2 pathway

The TGF-p1, Gal-3, pSMAD2, SMAD2, «-SMA, VE-cadherin and
MMP-9 density in RV was analysed by Western blot method. In the RVs
of the MCT group, the expression of TGF-f1, Gal-3, pSMAD2/SMAD2
and a-SMA (Fig. 5A-D) was increased by nearly 120 %, 800 %, 160 %
and 40 %, respectively, however, it was decreased for VE-cadherin by
nearly 40 % (Fig. 5E), with no differences in MMP-9 between the MCT
and CTR groups (Fig. 5F). Chronic CBD administration to MCT-treated
rats resulted in a decrease in the density of TGF-f1, Gal-3 and
PSMAD2/SMAD?2 by about 30 %, 60 % and 40 %, respectively (Fig. 5A,
B, C), increase for VE-cadherin by about 40 % (Fig. 5E), and only a
tendency toward a reduction for a-SMA (Fig. 5D) and MMP-9 (Fig. 5F).
No changes were observed in CTR rats chronically administrated with
CBD (Fig. 5A-F).

- *%k *
o |—| O CTR
800 —- [ CTR+CBD
E 600 O MCT
3 L0 = MCT+CBD
200+
0

NT-proBNP

Fig. 2. Cannabidiol (CBD) administration reduced pro-B-type natriuretic pep-
tide (NT-proBNP) in plasma from control (CTR) and monocrotaline (MCT)-
induced pulmonary hypertension rats. All data are shown as mean + SEM, n =
6-7; * p < 0.05, ** p < 0.01.
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4, Discussion
4.1. General

The aim of the study was to investigate if CBD possesses the anti-
fibrotic potential in the RV of rats with MCT-induced PH. The studies
were performed on RVs that had been obtained from MCT-induced PH
rats. We chose this model because it well reflects the changes in human
PH. The MCT causes permanent and selective damage to the pulmonary
vessels while remaining neutral to the systemic circulation [21].
Importantly, the MCT-induced PH model is one in which RV failure and
fibrosis develops fairly well [22].

CBD was administered at a dose of 10 mg/kg of body weight. Such
dosage was determined based on literature data showing that chronic
administration of CBD reduced RVSP, limited pulmonary vascular hy-
pertrophy, decreased the Fulton index [10,11], and limited inflamma-
tion and oxidative stress in lung tissue [12] in the PH model. In addition,
CBD at the same dose reduced the width of the cardiomyocytes in the
right and left ventricles in SHR and/or DOCA-salt rats [14] as well as
improved the contractile function of the heart in the mouse autoimmune
myocarditis model [23]. Likewise, chronic administration of CBD at a
dose of 10 mg/kg increased the level of glutathione and decreased the
level of selected parameters of lipid peroxidation in hearts of SHR and
DOCA-salt [16].

4.2. Impact of monocrotaline-induced PH on right ventricle

NT-proBNP is considered to be one of the most important indicators
useful in the diagnosis of RV failure in the PH. In addition, it is one of the
components of the REVEAL 2.0 risk calculator that is used by clinicians
to predict clinical worsening and mortality in patients [6]. In our study,
we noticed a higher level of NT-proBNP in the plasma of MCT-induced
PH rats. Accordingly, higher levels of NT-proBNP in plasma were also
observed in rabbit model of congenital diaphragmatic hernia with
developed PH [24] and in rats with MCT-induced PH [25].

Persistent overload with concomitant inflammation leads to patho-
logical remodeling and fibrosis of the heart in PH. The process of
remodeling of the RV consists of many interconnected mechanisms, in
which especially fibroblasts and the TGF-p1/SMAD2 pathway are
involved. A detailed summary of the process of RV fibrosis is presented
in Fig. 6 and was described in the Introduction section.

In our experimental model of MCT-induced PH, we showed changes
in the RV confirming its developed dysfunction. We observed, among
others, increased: width of cardiomyocytes, the area of interstitial and
perivascular fibrosis, expression of fibroblasts and fibronectin, as well as
density of TGF-f1, Gal-3, pSMAD2, SMAD2 and a-SMA parameters in RV
of rats with MCT-induced PH. In contrast, VE-cadherin expression was
lower in the RV of above-mentioned group. Fibroblasts are the major
effector cells in the process of cardiac fibrosis. Increased expression of
a-SMA is a hallmark of mature myofibroblasts [30], which we also
demonstrated in the RV of rats with MCT-induced PH, thus confirming in
our model the results of Zungu-Edmondson et al. [31] where increased
expression of «-SMA was also associated with RV fibrosis in the Sugen-
hypoxia-induced PH model in rats. Myofibroblasts secrete large amounts
of ECMs, which is confirmed by the increased interstitial and peri-
vascular fibrosis area and increased fibronectin immunoexpression in
the RV of MCT-induced PH rats. In this way, we confirm that in the MCT-
induced PH model there is increased fibroblast proliferation and path-
ologically high collagen synthesis in the RV [32]. Similar to our work,
the increased percentage of fibrosis area in the RV was also documented
using a different staining method (Sirius red) in rat model of the MCT-
induced PH and in the Sugen-hypoxia-induced PH [33]. Our analysis
showed that the expressions of TGF-p1, SMAD2 and pSMAD2 are higher
in the RV of MCT-induced PH rats, confirming the involvement of those
components of these pathways in the pathological process of RV
remodeling and fibrosis. In the right ventricles of rats subjected to
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Fig. 3. (A) Representative cardiac sections (H + E staining) and the impact of cannabidiol (CBD) on (B) cardiomyocytes width; (C) representative micrographs of
Masson's trichrome staining, interstitial fibrosis; (E) representative micrographs of Masson's trichrome staining, perivascular fibrosis (magnification 200x) and their
quantification shown as an area of interstitial fibrosis (D) and perivascular fibrosis (F) in right ventricles from control (CTR) and monocrotaline (MCT)-induced
pulmonary hypertension rats. The white arrows on the micrographs indicate the area of fibrosis. All data are shown as mean + SEM, n = 6-7; ***p < 0.001.
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Fig. 4. The impact of cannabidiol (CBD) on (A) fibronectin staining (B) and their quantification; (C) and fibroblast staining (D) and their quantification in rats' right
ventricles from control (CTR) and monocrotaline (MCT)-induced pulmonary hypertension rats. The dark brown precipitate represents the intensity of fibroblast and
fibronectin staining (magnification 200x). All data are shown as mean + SEM, n = 6-7; *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

pulmonary artery binding Sun et al. [34] observed an increased
expression of TGF-p1, SMAD2 and phosphorylated SMAD2. This fact
may be in favor of our model of PH, in which a similar shift in the di-
rection of these profibrotic parameters is likely due to overloading the
RV, similar to human PAH. Additionally, our study again reveals a
special role of the TGF-$1/SMAD2 pathway in RV fibrosis in the MCT-
induced PH model in rats. The decrease in VE-cadherin expression in
the RV along with the simultaneous increase in TGF-f1, SMAD2,
PSMAD2 and a-SMA parameters suggest the involvement of the TGF-p1/
SMAD2 pathway in the process of endothelial to mesenchymal transition

©

(EndoMT) and RV remodeling in the MCT-induced PH.

Galectin 3 is considered a marker of myocardial fibrosis in patients
with heart failure, and is actively involved in this process. Additionally,
Gal-3 is expressed in human left atrial cardiomyocytes and is also
associated with fibrosis and atrial fibrillation [35]. Moreover, Fenster
et al. [36] suggested that Gal-3 may be a good plasma marker in human
PH that correlates with disease progression. Recent studies suggest a
close synergistic relationship between Gal-3 and the TGF-p1/SMAD
pathway. Exogenously administered Gal-3 enhances the synthesis of
TGF-p1, SMAD2 and collagen I in atrial fibroblasts, and exogenously
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added TGF-p1 enhances the synthesis of Gal-3 [37]. Moreover, Western
blot analysis of all four markers mentioned above (TGF-p1, SMAD2, Gal-
3 and collagen I) showed higher expression levels in the atria of the heart
of patients with rheumatic heart disease with sinus rhythm [37]. Thus,
our research suggests that Gal-3 is involved in the process of RV
remodeling through its interaction with the TGF-$1/SMAD2 pathway. In
line with our results, He et al. [7] demonstrated increased expression of
Gal-3 in areas of collagen deposits in the RV in rats with MCT-induced
PH and suggested that this may be related to the TGF-§1 pathway.

4.3. Impact of CBD on right ventricle of rats with MCT-induced PH

In our study, we demonstrated for the first time the diminishing ef-
fect of chronic CBD administration on one of the most commonly used
markers of heart failure today, i.e. NT-proBNP in the plasma of MCT-
induced PH rats. This seems to be of great importance since lowering
the plasma NT-proBNP level in patients treated with sildenafil and
bosentan correlates with the response to therapy in patients with PH
[38].

CBD, as mentioned in the introduction and the discussion (General),
has a number of beneficial properties limiting the development of PH,
and also has an effect on the function of the cardiovascular system. In
our study, CBD decreased the width of cardiomyocytes and the area of
interstitial and perivascular fibrosis assessed by Masson's trichrome
staining and fibronectin, and also reduced the amount of profibrotic
markers such as fibroblasts, TGF-p1, Gal-3, SMAD2, pSMAD2 in RV in
rats with MCT-induced PH (Fig. 6).The first reports of the anti-fibrotic
potential of CBD in mouse model of diabetes-induced cardiac fibrosis

TGF-B1
Gal-3
pSMAD2
SMAD2
a-SMA
VE-cadherin

MMP-9

T ——

BBA - Molecular Basis of Disease 1869 (2023) 166753

Fig. 5. The impact of cannabidiol (CBD)
on the expression of (A) transforming
growth factor beta 1 (TGF-p1), (B)
galeetin 3 (Gal-3), (C) phosphorylated

Q Q form of suppressor of mothers against
Q 4 ; snlssic/ § "

K O decapentaplegic/ suppressor of mothers
& & Q« 6\ against  decapentaplegic  (pSMAD2/
< 9 . SMAD2), (D) alpha-smooth muscle actin
44 kDa (a-SMA), (E) vascular endothelial cad-
herin (VE-cadherin), (F)  matrix
EM kDa metalloproteinase-9 (MMP-9) and (G)
their representative bands determined by
ESZ kDa Western blot in right ventricles from
control (CTR) and monocrotaline (MCT)-
@5& kDa induced pulmonary hypertension. All
data are shown as mean + SEM, n = 6;

IEI& kDa *p < 0.05, **p < 0.01, ***p < 0.001.

appeared in 2010 [23], whereas nearly 10 years later, Vuolo et al.
showed that CBD reduces the content of collagen fibers in the airways
and alveoli in asthmatic mice [39]. Accordingly, cardiomyocytes width-
limiting effect of CBD was observed by Pedziriska-Betiuk et al. [14], who
showed that chronic administration of CBD at the same dose to the SHR
reduced the width of the cardiomyocytes in the RV compared to the
SHR. Our study reports that CBD has the property of reducing ECM
deposition in the RV due to the fact that chronic administration of CBD
to MCT-induced PH rats reduced the area of interstitial and perivascular
fibrosis and the expression of fibroblasts and fibronectin. CBD at a dose
of 10 mg/kg and 20 mg/kg reduced the area of fibrosis, and also
weakened the expression of profibrotic collagen I deposition and fibro-
nectin genes in mouse model of type I diabetic cardiomyopathy [23].
Chronic administration of CBD at 10 mg/kg for 42 days was also
effective in reducing the area of fibrosis and deposition of collagen in the
left ventricle in the mouse model of experimental autoimmune
myocarditis [19]. There is limited amount of studies trying to elucidate
the mechanism of CBD's antifibrotic action, however, existing reports
show that non-thiophilic and chemically stable derivative of the CBD
quinol (VCE004.8) has the potential to inhibit collagen synthesis in fi-
broblasts and myofibroblast differentiation and may be effective in
preventing skin fibrosis induced by bleomycin in mice [40]. Moreover,
one of the potential mechanisms of action of VCE004.8 proposed by the
authors was activation of the TGF-p1 signaling pathway [40]. What is
more EHP-101 the oral lipid formulation of the new aminoquinone
cannabidiol VCE-004.8 prevents and inhibits angiotensin II-induced
inflammation and cardiac fibrosis in mice [41].

As previously mentioned, the TGF-$1/SMAD 2 signaling pathway is
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Fig. 6. A summary of the process of RV fibrosis in heart. In the pathological process of heart remodeling, activated fibroblasts transform into myofibroblasts, which
in turn produce extracellular matrix (ECMs) such as collagen or fibronectin. Myofibroblasts induce local activation of many profibrotic factors, such as transforming
growth factor p1 (TGF-p1), which regulates ECMs deposition via, inter alia, suppressor of mothers against decapentaplegic (SMAD) signaling pathways. TGF-p1
stimulates activation and transformation of fibroblast into myofibroblasts, which is expressed by increased expression of alpha-smooth muscle actin (a-SMA),
however, such an effect is possible as a result of the previous SMAD2 phosphorylation [26]. Importantly, SMAD2 is found in plexiform lesions in pulmonary arterial
hypertensive (PAII) patients [27]. Endothelial to mesenchymal transition (EndoMT) is a process in which endothelial cells transform into mesenchymal cells or
smooth muscles, and the TGF-$1/SMAD pathway plays a key role in this process [5]. TGF-p1 activates endothelial cells to produce fibrogenic mediators and also
induces EndoMT in an experimental cardiac fibrosis model. During EndoMT progression, endothelial cells lose endothelial-specific markers, such as vascular
endothelial cadherin (VE-cadherin), and acquire mesenchymal fibroblast-like markers, including «-SMA [28]. The tissue architecture is disturbed and fibrous tissue is
deposited. A consequence of these processes is excessive stiffening and constriction of the right ventricle and deterioration of its systolic-diastolic function [29].
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one of the main inducers of fibrosis in the RV in the MCT-induced PH.
Chronic administration of CBD to MCT-induced PH rats decreased the
expression of TGF-p1, SMAD2 and pSMAD2. Based on our results
chronic CBD administration probably inhibits the TGF-p1/SMAD2
pathway in the RV in the MCT-induced PH, and thus attenuates RV
remodeling. Inhibition of the TGF-f1/SMAD pathway resulted in an
improvement in cardiac function and reduction of its fibrosis in a rat
model of high-salt diet-induced heart fibrosis [42]. As mentioned
earlier, there have already been reports of the association of the TGF-$1/
SMAD?2 pathway with Gal-3 [37]. In our study, the direction of changes
in these parameters in the RVs after CBD administration is the same,
which confirms that the target point for CBD action may be the TGF-p1/
SMAD2 pathway. Additional, inhibition of Gal-3 by CBD in the RV may
have a preventive effect in the PH because less RVSP increase and
reduced RV remodeling were observed in Gal-3~/~ mice exposed to
hypoxia compared to wild-type hypoxic mice [43]. In our previous study
CBD reduced the expression of TGF-p1 and Gal-3 in the lungs of rats with
MCT-induced PH [45]. Remiszewski et al. [46] showed that chronic
administration of the classic cannabinoid type 1 receptor (CB;-R)
antagonist (JD5037) reduced RV hypertrophy in MCT-induced PH rats,
but there was no effect of CB;-R antagonist administration on TGF-p1
and Gal-3 expression in the lungs of PH rats. Due to these discrepancies,
we hypothesize that in our study CBD reduces the expression of TGF-f1
and Gal-3 through CB;-R-independent mechanisms, despite the fact that
cannabinoid receptors type 1 and 2 (CBj »-Rs) have been reported to
correlate with TGF-p1 and/or Gal-3. CB;-Rs expression in myofibroblast
cell culture was increased after TGF-p1 treatment, and Col3al expres-
sion after TGF-p1 myofibroblast stimulation was attenuated in the
presence of a selective CB;-R antagonist, suggesting some correlation
between CBj-Rs and TGF-p1 [47]. Other studies show that pharmaco-
logical blockade or deletion of CBy-R attenuates TGF-$1 expression in
the lung tissue of mice with pulmonary fibrosis [48,49]. Correlations of
the CBy-R with TGF-pf1 and Gal-3 are less reported, however adminis-
tration of a CB,-R antagonist has been shown to increase Gal-3 [50],
TGF-f1 and pSMAD3 expression in mouse skin samples [51].

Nevertheless, Lu et al. [11] did not reveal any significant phenotypic or
pathological differences between wild-type and CB,-R-deficient (CB2 ™/
7) PH mice. In the context of PH, it is also worth mentioning that CBD
showed a vasorelaxant effect on human pulmonary arteries, and neither
CBj-Rs nor CBy-Rs were involved in this effect [13]. In conclusion, the
current knowledge shows that the CB; » -Rs are promising targets for
drugs in PH, especially by their property to modulate fibrosis, however,
it seems that CBD attenuates PH by other mechanisms than by directly
affecting these receptors due to its very weak affinity (Ki = 4350 nM for
CB; -R and Ki = 2399 nM for CBy-R) [52] which is why we focused on
the other mechanisms.

After CBD administration, more VE-cadherin in the RV homogenate
compared with MCT group was observed, which suggests that CBD may
be involved in the inhibition of EndoMT process. However, CBD only
caused a tendency to reduce the a-SMA expression, which means that
CBD does not completely inhibit the remodeling process, and although
the number of fibroblasts was reduced after chronic administration of
CBD, the very process of converting fibroblasts into myofibroblasts may
not have been completely inhibited. Additionally, the lack of influence
of CBD on the increased Fulton index in rats by MCT may also be an
argument for this hypothesis [10].

5. Limitations

CBD was only examined in this study in relation to fibrosis param-
eters in male rats' RV. Female rats should be included in the research,
since PH develops particularly in females [44]. The research could be
extended to other PH models in the future. In our study, only one model
was used. Moreover, CBD does not completely reverse the changes
induced by MCT-induced PH, which may suggest that it does not act on
all signaling pathways leading to RV remodeling in PH. In addition, due
to the insufficient hemodynamic studies, we can only suggest a role or
relationship of the TGF-f1/SMAD2 pathway in attenuating right ven-
tricular fibrosis, and we can only speculate that attenuation of right
ventricular fibrosis by CBD may improve right ventricular function.
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Based on these data, we can speculate that CBD, by reducing the pres-
sure in the pulmonary circulation, also might reduce the right ventric-
ular systolic pressure. In addition, we hypothesize that CBD improves
right ventricular systolic and diastolic function and improves hemody-
namic parameters by reducing right ventricular fibrosis through the
mechanisms we proposed.

6. Conclusions

In conclusion, chronic CBD administration attenuates the fibrosis of
the RV in the MCT-induced PH in rats. We suggest, that the major
pathway involved in this process is the TGF-p1/SMAD2 signaling
cascade (Fig. 6). Accordingly, we obtained similar results in the lung
tissue [45]. Thus, CBD may be used in the future as an adjuvant therapy
in the treatment of PH, but this requires confirmation in further exper-
imental and clinical studies, with particular attention to other signaling
pathways.
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Suplement do drugiej pracy oryginalnej
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Right ventricle- VE-cadherin, alpha-SMA

VE-cadherin
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The levels of the proteins detected were normalized to GAPDH.
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The red arrows indicate bands detected with the primary antibody. The black arrows indicate specific molecular weights obtained using
the Western C standard which help identify and characterize the molecules separated in a gel. The blue rectangles show bands that

have been selected to be shown in Figures in manuscript.
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Rozdzial 13. Zgoda Lokalnej Komisji Etycznej do Spraw

Doswiadczen na Zwierzetach

UCHWALA NR 88/2018
zdnia 27.11.2018 .
Lokalnej Komisji Etycznej do spraw doswiadczen na zwierzetach w Olsztynie
§1

Na podstawie art. 48 ust. 1 pkt. 1/ art. 48 ust. 1 pkt. 2! ustawy z dnia 15 stycznia 2015r. o ochronie
zwierzat wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz. 266), zwanej dalej
»ustawa” po rozpatrzeniu wniosku pt.: ,Kompleksowa ocena potencjalnie protekcyjnego dziatania
kannabidiolu w doswiadczalnym modelu tetniczego nadcisnienia ptucnego” z dnia 15.11.2018 r.,
ztozonego przez Uniwersytet Medyczny w Biatymstoku, Wydziat Farmaceutyczny z Oddziatem
Medycyny Laboratoryjnej (0019), adres ul. Mickiewicza 2D; 15-222 Biatystok? zaplanowanego przez
Olga Sadowska?, przy udziale* (nie dotyczy) Lokalna Komisja Etyczna:

WYRAZA ZGODE®

Na przeprowadzenie doswiadczen na zwierzetach w zakresie wniosku 89/2018.

§2
W wyniku rozpatrzenia wniosku o ktérym mowa w §, Lokalna Komisja Etyczna ustalita, ze:

1. Wnhniosek nalezy przypisac do kategorii: badania podstawowe A, sercowo-naczyniowy uktad
krazenia krwi i limfy.

2. Najwyzszy stopien dotkliwosci proponowanych procedur to: Dotkliwa.

3. Doswiadczenie bedzie przeprowadzane na gatunkach lub grupach gatunkéw®: 140 szt.,
szczur wedrowny (Rattus norvegicus), stado niekrewniacze; Cmdb:Wi, wiek 6-8 tygodni
(200 - 250 g), samce.

4. Doswiadczenie bedzie przeprowadzane przez: Olga Sadowska, Hanna Koztowska, Marta

Baranowska- Kuczko.

Doswiadczenie miato by¢ przeprowadzane w terminie’ 07.01.2019 — 15.10.2020.

Doswiadczenie bedzie przeprowadzone w osrodku®: nie dotyczy.

Doswiadczenie bedzie przeprowadzone poza osrodkiem w: nie dotyczy.

Uzyte do procedur zwierzeta dzikie zostang odtowione przez .......... , W sposob: nie dotyczy.

® N o>,

! Niewtasciwy zapis usungé

2 imie i nazwisko oraz adres i miejsce zamieszkania albo nazwe oraz adres i siedzibe uzytkownika, ktéry przeprowadzi to
doswiadczenie, z tym ze w przypadku gdy uzytkownikiem jest osoba fizyczna wykonujgca dziatalno$¢ gospodarcza,
zamiast adresu i miejsca zamieszkania tej osoby — adres i miejsce wykonywania dziatalnosci, jezeli sg inne niz adres i
miejsce zamieszkania tej osoby;

% imie i nazwisko osoby, ktdra zaplanowata i jest odpowiedzialna za przeprowadzenie do$wiadczenia

4 Wypetni¢ w przypadku dopuszczenia do postepowania organizacji spotecznej.

® Niewtasciwy zapis usungé

® Podat liczbe, szczep/stado, wiek/stadium rozwoju

7 Nie dtuzej niz 5 lat

8 Podac jesli jest to inny o$rodek niz uzytkownik
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9. Doswiadczenie zostanie® poddane ocenie retrospektywnej w terminie do 3 miesiecy od dnia
przekazania przez uzytkownika dokumentacji, majacej stanowi¢ podstawe dokonania oceny
retrospektywnej. Uzytkownik jest zobowigzany do przekazania ww. dokumentacji
niezwtocznie, tj. w terminie, o ktérym mowa w art. 52 ust. 2 ustawy.

§3

Uzasadnienie: Po dokonaniu oceny wniosku zgodnie z art. 47 ust. 1i 2 ustawy z dnia 15 stycznia
2015 r. o ochronie zwierzat wykorzystywanych do celéw naukowych lub edukacyjnych (Dz. U. poz.
266) Lokalna Komisja Etyczna w Olsztynie stwierdza, ze projekt nie budzi zastrzezenn pod
wzgledem celowosci jego wykonania, liczby uzytych zwierzat oraz zasadnosci i klasyfikacji
procedur objetych wnioskiem i wyraza zgode na przeprowadzenie doswiadczenia. Osobg
odpowiedzialng za przeprowadzenie badan zgodnie z procedurami opisanymi we wniosku jest
Olga Sadowska.

§4

Integralng czes¢ niniejszej uchwaty stanowi kopia wniosku, o ktérym mowa w § 1.

(Pieczec lokalnej komisji etycznej) Podpis przewodniczgcego komisji

PRZEWODNICZACY

UNIWERSYTET WARMINSKO-MAZURSKI
w Olsztynie
LOKALNA KOMISJA ETYCZNA
do Spraw Doéwiadczefi na Zwierzgtach
10-718 Olsztyn, ul Oczapowsklego 13/4

Pouczenie:

Zgodnie z art. 33 ust. 3 i art. 40 ustawy w zw. z art. 127 § 1i 2 oraz 129 § 2 ustawy z dnia z dnia 14 czerwca
1960 r. Kodeks postepowania administracyjnego (Dz. U. 2017, poz. 1257 —t.j.; dalej KPA) od uchwaty
Lokalnej Komisji Etycznej strona moze wnies¢, za jej posrednictwem, odwotanie do Krajowej Komisji Etycznej
do Spraw Doswiadczen na Zwierzetach w terminie 14 od dnia doreczenia uchwaty.

Na podstawie art. 127a KPA w trakcie biegu terminu do wniesienia odwotania strona moze zrzec sig prawa
do jego wniesienia, co nalezy uczyni¢ wobec Lokalnej Komisji Etycznej, ktéra wydata uchwate. Z dniem
doreczenia Lokalnej Komisji Etycznej o$wiadczenia o zrzeczeniu sige prawa do wniesienia odwotania przez
ostatnig ze stron postepowania, decyzja staje sie ostateczna i prawomocna.

Otrzymuje:

1) Uzytkownik,
2) Organizacja spoteczna dopuszczona do udziatu w postepowaniu (jesli dotyczy)
3) a/a

Uzytkownik kopie przekazuje: Osoba planujgca doswiadczenie; Zespét ds. dobrostanu.

¢ Niewtasciwy zapis usungé
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Rozdzial 14. Oswiadczenie autora rozprawy doktorskiej

mgr Anna Krzyzewska Biatystok, 14.02.2024 r.
Zaklad Fizjologii i Patofizjologii Doswiadczalnej

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie autora

Os$wiadczam, iz méj udzial w przygotowaniu publikacji:

1. Krzyzewska A, Baranowska-Kuczko M, Minczuk K, Koziowska H. Cannabinoids-A New
Perspective in Adjuvant Therapy for Pulmonary Hypertension. Int J Mol Sci.
2021;22(18):10048. doi:10.3390/ijms221810048.

2. Krzyzewska A, Baranowska-Kuczko M, Jastrzab A, Kasacka I, Kozlowska H. Cannabidiol
Improves Antioxidant Capacity and Reduces Inflammation in the Lungs of Rats with
Monocrotaline-Induced ~ Pulmonary ~ Hypertension. ~ Molecules.  2022:27(10):3327.
doi:10.3390/molecules27103327.

3. Krzyzewska A, Baranowska-Kuczko M, Kasacka I, Koztowska H. Cannabidiol alleviates
right ventricular fibrosis by inhibiting the transforming growth factor f pathway in
monocrotaline-induced pulmonary hypertension in rats. Biochim Biophys Acta Mol Basis Dis.
2023;1869(6):166753. doi:10.1016/j.bbadis.2023.166753.

wehodzacych w sklad mojej rozprawy doktorskiej polegal na * opracowaniu koncepcji,
metodologii i planu badan, walidacji metod badawczych, wykonaniu czgsci
eksperymentalnej, interpretacji wynikéw, analizie statystycznej, przegladzie
elektronicznych baz  publikacji naukowych i zgromadzeniu piSmiennictwa,
przygotowaniu manuskryptéw, a takie pozyskaniu cz¢Sci Zrédel finansowania, co
okreslam jako 60% udzialu w przygotowaniu wyzej wymienionych publikacji.

(,A MmmaL. %@. VEI IO 1P)

MROFE,% Podpis autora rozprawy/doktorskiej
/) N
1 (n. ‘
.’f&wﬂ’.’..”."ff ....... gl —" ot Praapoimlia, fedes
Podpis promotora Podpis promotora pomocniczego

*W przypadku kazdej z wigczonych do cyklu prac zaleca sig zlozenie o$wiadczenia przez autora wskazujgce na
Jjego merytoryczny oraz procentowy wkiad w powstanie pracy [np. tworca hipotezy badawczej, pomystodawca
badan, wykonanie specyficznych badan (np. przeprowadzenie konkretnych doswiadczen, opracowanie i zebranie
danych, wykonanie zestawien statystycznych itp.), wykonanie analizy wynikéw, przygotowanie manuskryptu
artykulu, i inne]. Okreslenie wkladu autora powinno byé na tyle precyzyjne, aby umozliwic¢ dokladng oceng jego
udzialu i roli w powstaniu kazdej z prac.
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Rozdzial 15. Oswiadczenia wspolautorow rozprawy doktorskiej

Prof. dr hab. n. farm. Hanna Kozlowska
...................................................... Bialystok, 14.02.2024 r.

imig i nazwisko wspdlautora miejscowosé, data
Zaklad Fizjologii i Patofizjologii Doswiadczalnej

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz mdj udzial w przygotowaniu publikacji:

1. ,, Cannabinoids - a new perspective in adjuvant therapy for pulmonary
hypertension” autorow Anna Krzyzewska, Marta Baranowska-Kuczko, Krzysztof
Minczuk, Hanna Kozlowska, opublikowanej w International Journal of Molecular
Sciences, wehodzacej w sktad rozprawy doktorskiej ,,Ocena wplywu kannabidiolu
na parametry zapalne i wloknienia w tkance plucnej i prawej komorze serca
w szczurzym modelu nadcisnienia plucnego indukowanego monokrotaling”,
wynoszacy 20% polegat na ustaleniu koncepcji pracy, ocenie merytorycznej pracy,
a takze analizie i dyskusji danych literaturowych.

2. ,,Cannabidiol improves antioxidant capacity and reduces inflammation in the
lungs of rats with monocrotaline-induced pulmonary hypertension” autoréw Anna
Krzyzewska, Marta Baranowska-Kuczko, Anna Jastrzgb, Irena Kasacka, Hanna
Kozlowska, opublikowanej w Molecules, wchodzacej w sklad rozprawy
doktorskiej .,Ocena wplywu kannabidiolu na parametry zapalne i wléknienia
w tkance plucnej i prawej komorze serca w szczurzym modelu nadcisnienia
plucnego indukowanego monokrotaling”, wynoszacy 15% polegal na ustaleniu
koncepcji badania, analizie i dyskusji wynikéw oraz ocenie merytorycznej pracy.

3., Cannabidiol alleviates right ventricular fibrosis by inhibiting the transforming
growth factor [ pathway in monocrotaline-induced pulmonary hypertension in
rats” autorow Anna Krzyzewska, Marta Baranowska-Kuczko, Irena Kasacka,
Hanna Kozlowska, opublikowanej w Biochimica et Biophysica Acta - Molecular
Basis of Disease, wchodzacej w sklad rozprawy doktorskiej ,,Ocena wplhywu
kannabidiolu na parametry zapalne i widknienia w tkance plucnej i prawej
komorze serca w szczurzym modelu nadcisnienia plucnego indukowanego
monokrotaling”, wynoszacy 20% polegal na ustaleniu koncepcji badania, analizie
1 dyskusji wynikow oraz ocenie merytorycznej pracy.

Jednoczesnie wyrazam zgode na wykorzystanie przez Anne¢ Krzyzewska publikacji

w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk
o zdrowiu w dyscyplinie nauki medyczne. : ‘
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Dr hab. n. farm. Marta Baranowska-Kuczko
...................................................... Biatystok, 14.02.2024 r.

imie i nazwisko wspdlautora miejscowos¢, data

Zaklad Fizjologii i Patofizjologii Doswiadczalnej/
Zaklad Farmacji Klinicznej

nazwa jednostki

Uniwersytet Medyczny w Bialymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz m6j udzial w przygotowaniu publikacji:

1. ,, Cannabinoids - a new perspective in adjuvant therapy for pulmonary
hypertension” autorow Anna Krzyzewska, Marta Baranowska-Kuczko, Krzysztof
Mirczuk, Hanna Kozlowska, opublikowanej w International Journal of Molecular
Sciences, wchodzacej w sklad rozprawy doktorskiej ,,Ocena wplywu kannabidiolu
na parametry zapalne i wloknienia w tkance plucnej i prawej komorze serca
w szczurzym modelu nadcisnienia plucnego indukowanego monokrotaling”,
wynoszacy 15% polegal na wspoluczestnictwie w opracowaniu koncepcji
manuskryptu oraz jego edytowaniu i ocenie merytoryczne;j.

2. ,,Cannabidiol improves antioxidant capacity and reduces inflammation in the
lungs of rats with monocrotaline-induced pulmonary hypertension” autor6w Anna
Krzyzewska, Marta Baranowska-Kuczko, Anna Jastrzgb, Irena Kasacka, Hanna
Kozlowska, opublikowanej w Molecules, wchodzacej w sklad rozprawy
doktorskiej ,,Ocena wplywu kannabidiolu na parametry zapalne i wléknienia
w tkance plucnej i prawej komorze serca w szczurzym modelu nadcisnienia
plucnego  indukowanego monokrotaling”, wynoszacy 10% polegal na
wspoltuczestnictwie w opracowaniu koncepcji badania, analizie i dyskusji
wynikow oraz ocenie merytorycznej pracy.

3., Cannabidiol allewates right ventricular fibrosis by inhibiting the transforming
growth factor [ pathway in monocrotaline-induced pulmonary hypertension in
rats” autorow Anna Krzyzewska, Marta Baranowska-Kuczko, Irena Kasacka,
Hanna Kozlowska, opublikowanej w Biochimica et Biophysica Acta - Molecular
Basis of Disease, wchodzacej w sklad rozprawy doktorskiej ,,Ocena wplywu
kannabidiolu na parametry zapalne i wloknienia w tkance plucnej i prawej
komorze serca w szczurzym modelu nadcisnienia plucnego indukowanego
monokrotaling”, wynoszacy 10% polegal na wspotuczestnictwie w opracowaniu
koncepcji badania, analizie i dyskusji wynikdw oraz ocenie merytorycznej pracy.

Jednoczes$nie wyrazam zgode na wykorzystanie przez Ann¢ Krzyzewska publikacji
W postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk

o zdrowiu w dyscyplinie nauki medyczne. W
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Prof. dr hab. n. med. Irena Kasacka
...................................................... Biatystok, 14.02.2024 r.

imig i nazwisko wspolautora miejscowosé¢, data

Zaklad Histologii i Cytofizjologii

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Bialystok

Oswiadczenie

Oswiadczam, iz moj udzial w przygotowaniu publikacji:

1. ,, Cannabidiol improves antioxidant capacity and reduces inflammation in the
lungs of rats with monocrotaline-induced pulmonary hypertension” autorow Anna
Krzyzewska, Marta Baranowska-Kuczko, Anna Jastrzgb, Irena Kasacka, Hanna
Kozlowska, opublikowanej w Molecules, wchodzacej w sklad rozprawy
doktorskiej ,,Ocena wplywu kannabidiolu na parametry zapalne i wldknienia
w tkance plucnej i prawej komorze serca w szczurzym modelu nadcisnienia
plucnego indukowanego monokrotaling”, wynoszacy 10% polegal na oznaczeniu
wybranych parametréw stanu zapalnego w tkance plucnej szczuréw oraz pomoc
w opracowaniu metod badan histologicznych i analizie wynikow.

2. ,,Cannabidiol alleviates right ventricular fibrosis by inhibiting the transforming
growth factor B pathway in monocrotaline-induced pulmonary hypertension in
rats” autorow Anna Krzyzewska, Marta Baranowska-Kuczko, Irena Kasacka,
Hanna Kozlowska, opublikowanej w Biochimica et Biophysica Acta - Molecular
Basis of Disease, wchodzacej w sklad rozprawy doktorskiej ,,Ocena wplywu
kannabidiolu na parametry zapalne i wloknienia w tkance plucnej i prawej
komorze serca w szczurzym modelu nadcisnienia plucnego indukowanego
monokrotaling”, wynoszacy 10% polegal na oznaczeniu wybranych parametréw
wloknienia w prawych komorach serca szczuré6w oraz pomoc w opracowaniu
metod badan histologicznych i analizie wynikow.

Jednoczesnie wyrazam zgode¢ na wykorzystanie przez Ann¢ Krzyzewska publikacji
w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk

o zdrowiu w dyscyplinie nauki medyczne.
KIEROWNIK
Zakiadu Hi i | Cytof i
prof. drhjzb. acka
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Dr n. farm. Krzysztof Minczuk
...................................................... Bialystok, 14.02.2024 r.

imig i nazwisko wspolautora miejscowosé, data
Zaklad Fizjologii i Patofizjologii Doswiadczalnej

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz moj udzial w przygotowaniu publikacji:

1., Cannabinoids - a new perspective in adjuvant therapy for pulmonary
hypertension” autoréw Anna Krzyzewska, Marta Baranowska-Kuczko, Krzysztof
Mirczuk, Hanna Kozlowska, opublikowanej w International Journal of Molecular
Sciences, wehodzacej w sktad rozprawy doktorskiej ,,Ocena wplywu kannabidiolu
na parametry zapalne i wloknienia w tkance plucnej i prawej komorze serca
w szczurzym modelu nadcisnienia plucnego indukowanego monokrotaling”,
wynoszacy 5% polegal na wspoluczestniczeniu w pisaniu i edytowaniu
manuskryptu.

Jednocze$nie wyrazam zgode na wykorzystanie przez Ann¢ Krzyzewska publikacji

w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk
0 zdrowiu w dyscyplinie nauki medyczne.

Podpis

Hﬂfm& : \(zrﬁhi .........................
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mgr Anna Stasiewicz (z d. Jastrzab)
................................................... Biatystok, 14.02.2024 r.

imig i nazwisko wspolautora miejscowos¢, data
Zaklad Chemii Nieorganicznej i Analitycznej

nazwa jednostki

Uniwersytet Medyczny w Bialymstoku
ul. J. Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz mdj udzial w przygotowaniu publikacji:

1. ,, Cannabidiol improves antioxidant capacity and reduces inflammation in the
lungs of rats with monocrotaline-induced pulmonary hypertension” autorow Anna
Krzyzewska, Marta Baranowska-Kuczko, Anna Jastrzgb, Irena Kasacka, Hanna
Kozlowska, opublikowanej w Molecules, wchodzacej w sklad rozprawy
doktorskiej ,,Ocena wplywu kannabidiolu na parametry zapalne i widknienia
w tkance plucnej i prawej komorze serca w szczurzym modelu nadcisnienia
plucnego indukowanego monokrotaling”, wynoszacy 5% polegal na oznaczeniu
parametrow stresu oksydacyjnego.

Jednocze$nie wyrazam zgode na wykorzystanie przez Ann¢ Krzyzewska publikacji
w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk
o0 zdrowiu w dyscyplinie nauki medyczne.

...... Bna. Stomemie.
Podpis
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Rozdzial 16. Dorobek naukowy

Laczna warto$¢ Impact Factor catego dorobku naukowego: 46.032
Laczna ilo$¢ punktow MNiSW catego dorobku naukowego: 1040
Wskaznik Hirscha wedtug Web of Science/Scopus: 3/4
Cytowania wedtug Web of Science Core Collection: 50

16.1. Wykaz publikacji stanowiacych podstawe rozprawy doktorskiej

1. Krzyzewska A., Baranowska-Kuczko M., Minczuk K., Kozlowska H.: Cannabinoids-

A New Perspective in Adjuvant Therapy for Pulmonary Hypertension. Int J Mol Sci.,
2021, 22:10048.

Punktacja IF: 6.208; MNiSW: 140

2. Krzyzewska A., Baranowska-Kuczko M., Jastrzab A., Kasacka I., Kozlowska H.:

Cannabidiol Improves Antioxidant Capacity and Reduces Inflammation in the Lungs of

Rats with Monocrotaline-Induced Pulmonary Hypertension. Molecules., 2022, 27:3327.
Punktacja IF: 4.600; MNiSW: 140

3. Krzyzewska A., Baranowska-Kuczko M., Kasacka I., Kozlowska H.: Cannabidiol

alleviates right ventricular fibrosis by inhibiting the transforming growth factor  pathway
in monocrotaline-induced pulmonary hypertension in rats. Biochim Biophys Acta Mol

Basis Dis., 2023, 1869:166753.
Punktacja IF: 6.200; MNiSW: 140

16.2. Wykaz innych publikacji naukowych

1. Sadowska O., Baranowska-Kuczko M., Gromotowicz-Poptawska A., Biernacki M.,

Kicman A., Malinowska B., Kasacka 1., Krzyzewska A., Kozlowska H.: Cannabidiol

Ameliorates Monocrotaline-Induced Pulmonary Hypertension in Rats. Int J Mol Sci.

2020, 21:7077.
Punktacja IF: 5.924; MNiSW: 140

2. Minczuk K., Baranowska-Kuczko M., Krzyzewska A., Schlicker E., Malinowska B.:

Cross-Talk between the (Endo)Cannabinoid and Renin-Angiotensin Systems: Basic

Evidence and Potential Therapeutic Significance. Int J] Mol Sci. 2022, 23:6350.

Punktacja IF: 5.600; MNiSW: 140

99



Anna Krzyzewska Rozprawa Doktorska Rozdziat 16

3. Krzyzewska A., Baranowska-Kuczko M., Kasacka I., Kozlowska H.: Cannabidiol

inhibits lung proliferation in monocrotaline-induced pulmonary hypertension in rats.

Biomed Pharmacother. 2023, 159:114234.
Punktacja IF: 7.500; MNiSW: 100

4. Toczek M., Ryszkiewicz P., Remiszewski P., Schlicker E., Krzyzewska A., Koztowska

H., Malinowska B.: Weak Hypotensive Effect of Chronic Administration of the Dual
FAAH/MAGL Inhibitor JZL195 in Spontaneously Hypertensive Rats as Revealed by
Area under the Curve Analysis. Int J Mol Sci. 2023, 24:10942.

Punktacja IF: 5.600; MNiSW: 140

5. Krzyzewska A., Baranowska-Kuczko M., Galicka A., Kasacka 1., Minczuk K.,

Koztowska H.: Cannabidiol may prevent the development of congestive hepatopathy
secondary to right ventricular hypertrophy associated with pulmonary hypertension in

rats. Pharmacol Rep. 2024.
Punktacja IF: 4.400; MNiSW: 100
Autor i wspélautor dwoch monografii naukowych:

1. Anna Krzvzewska, Oksana Litwiniuk, Marta Baranowska-Kuczko, Hanna

Koztowska. Plucne nadcis$nienie tetnicze: patofizjologia i terapia. Kierunki rozwoju
badan w naukach S$cistych 1 przyrodniczych. Teoria i praktyka. Red. nauk. Joanna

Kotynska, Monika Naumowicz. £.6dz-Kielce: ArchaeGraph, 2021.
Punktacja MNiSW: 20

2. Marta Baranowska-Kuczko, Anna Krzyzewska, Hanna Koztowska. Kannabidiol - jak

wptywa na uklad naczyniowy? Kierunki rozwoju badan w naukach $cistych
1 przyrodniczych. Teoria i1 praktyka. Red. nauk. Joanna Kotynska, Monika Naumowicz.

Lodz-Kielce: ArchaeGraph, 2021.
Punktacja MNiSW: 20

16.3. Komunikaty zjazdowe z konferencji polskich i zagranicznych

1. Anna Krzvzewska, Marta Baranowska-Kuczko, Hanna Koztowska. Evaluation of the

anti-inflammatory and anti-proliferative properties of cannabidiol in an experimental

model of monocrotalin-induced pulmonary hypertension. Polska, Gdansk, 2021, poster.
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2. Patryk Remiszewski, Anna Pedzinska-Betiuk, Krzysztof Minczuk, Jolanta Weresa,

Anna Krzyzewska, Barbara Malinowska. Effects of peripheral cannabinoid cb1 receptor

inverse agonist jd5037 in mono- and polytherapy with metformin in a monocrotaline
induced rat model of pulmonary arterial hypertension. Polska, Gdansk, 2021, prezentacja

ustna.

3. Patryk Remiszewski, Anna P¢dzinska-Betiuk, Krzysztof Minczuk, Jolanta Weresa,

Anna Krzyzewska, Barbara Malinowska. Combined AMPK activation and CB1 receptor

blockade as a new target in pulmonary arterial hypertension treatment. Estonia, Tallin,

2021, poster.

4. Anna Krzyzewska, Marta Baranowska-Kuczko, Irena Kasacka, Hanna Koztowska.

Evaluation of the effect of chronic administration of cannabidiol on selected markers of
inflammation and remodeling in the lungs in rats in a monocrotaline-induced pulmonary

hypertension model. Polska, Kazimierz Dolny, 2021, prezentacja ustna.

5. Anna Andruczyk, Marta Baranowska-Kuczko, Anna Krzyzewska, Hanna Koztowska,

Irena Kasacka, Barbara Malinowska. Wptyw chronicznego podania kannabidiolu na
zmiany ekspresji receptorow kannabinoidowych CB1 1 CB2 oraz waniloidowych TRPV1
w naczyniach krwiono$nych wyizolowanych od szczuréw z nadci$nieniem pierwotnym

1 wtornym. Polska, Olsztyn, 2022, poster.

6. Anna Krzyzewska, Marta Baranowska-Kuczko, Irena Kasacka, Hanna Koztowska.

Cannabidiol reduces lung and heart fibrosis in rats with monocrotaline-induced

pulmonary hypertension. Hiszpania, Barcelona, 2022, poster.

7. Anna Krzyzewska, Marta Baranowska-Kuczko, Irena Kasacka, Hanna Koztowska.

Cannabidiol alleviates right ventricular fibrosis by inhibiting the TGF-B1/SMAD2

pathway in an experimental monocrotaline-induced pulmonary hypertension model in

rats. Polska, Ustron, 2022, prezentacja ustna.

8. Anna Krzyzewska, Krzysztof Minczuk, Monika Kloza, Marta Baranowska-Kuczko,

Hanna Kozlowska. Cannabigerol relaxes the blood vessels of rats with primary
hypertension and normotension and lowers blood pressure in normotensive rats. Polska,

Zyrardow, 2023, prezentacja ustna.

9. Monika Kloza, Anna Krzyzewska, Hanna Koztowska, Barbara Malinowska, Marta

Baranowska-Kuczko. Influence of sodium-glucose cotransporter 2 (SGLT2) inhibitor on
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the vascular reactivity in isolated arteries of spontaneously hypertensive rats. Preliminary

study. Polska, £.6dz, 2023, poster.

10. Marta Baranowska-Kuczko, Monika Kloza, Hanna Kozlowska, Anna Krzyzewska,

Patryk Remiszewski, Barbara Malinowska. Weight-dependent variability in pulmonary
vascular reactivity in the monocrotaline-induced pulmonary hypertension in Sprague-

Dawley rats. Preliminary study. Polska, £.6dz, 2023, prezentacja ustna.

11. Marta Baranowska-Kuczko, Hanna Koztowska, Monika Kloza, Anna Krzyzewska,

Anna Andruczuk, Rafal Rydzewski, Barbara Malinowska. The complex effects of
cannabidiol on the vascular tone in animal models of arterial hypertension. Polska,

Zyrardow, 2023, prezentacja ustna.

12. Anna Krzyvzewska, Marta Baranowska-Kuczko, Irena Kasacka, Hanna Kozlowska.

Cannabidiol reduces right ventricular fibrosis by regulating TGF-B and B-catenin
signaling pathways in monocrotaline-induced pulmonary hypertension in rats. Hiszpania,

Barcelona, 2024, poster.

16.4. Granty i projekty naukowe

Kierownik czterech projektow naukowych z subwencji Uniwersytetu Medycznego
w Bialymstoku:

1. Wptyw kannabidiolu na wybrane parametry stresu oksydacyjnego w tkance phlucnej
w wywotanym monokrotaling do§wiadczalnym modelu nadci$nienia plucnego u szczura,
2021.

2. Wptyw kannabidiolu na wybrane parametry stanu zapalnego w prawej komorze serca
w wywotanym monokrotaling do§wiadczalnym modelu nadci$nienia ptucnego u szczura,
2022.

3. Wplyw kannabidiolu na wybrane parametry uktadu angiotensynowego w prawej
komorze serca w wywotanym monokrotaling do$wiadczalnym modelu nadcis$nienia
plucnego u szczura, 2023.

4. Ocena wazodylatacyjnego dziatania kannabigerolu w wybranych tozyskach
naczyniowych izolowanych od szczuréw normotensyjnych oraz szczuréw ze

spontanicznym nadci$nieniem te¢tniczym, 2024.
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Wspolwykonawca 16 projektow naukowych finansowanych z Narodowego Centrum
Nauki i subwencji Uniwersytetu Medycznego w Bialymstoku:

1. Novel combination therapies of pulmonary arterial hypertension targeting blockade of
peripheral cannabinoid CB1 receptors plus iNOS inhibition or AMPK activation” (OPUS,
2021 —2025). Kierownik prof. dr hab. Barbara Malinowska.

2. Wplyw kannabidiolu na wybrane parametry hemostazy w wywotanym monokrotaling
do$wiadczalnym modelu te¢tniczego nadci$nienia ptucnego u szczura. 2020. Kierownik
prof. dr hab. Hanna Koztowska.

3. Ocena wptywu kannabidiolu na profil ekspresji wybranych genow i biatek zwigzanych
z uktadem renina-angiotensyna-aldosteron w naczyniach krwiono$nych wyizolowanych
od szczuré6w z nadci$nieniem pierwotnym oraz wtérnym DOCA-salt. 2021. Kierownik
dr hab. Marta Baranowska-Kuczko.

4. Czy kannabidiol wplywa na stan zapalny w ptlucach w doswiadczalnym modelu
nadci$nienia plucnego u szczura wywolanego alkaloidem roslinnym monokrotaling?
2021. Kierownik prof. dr hab. Hanna Kozlowska.

5. Interakcja pomi¢dzy mechanizmami kannabinoidowymi 1 angiotensynowymi w jadrze
przykomorowym podwzgdrza a regulacja ci$nienia krwi u szczuréw z nadci$nieniem
pierwotnym. 2021. Kierownik dr Krzysztof Minczuk.

6. Ocena wpltywu kannabidiolu na profil ekspresji wybranych biatek zwigzanych
z ukladem renina-angiotensyna-aldosteron oraz sirtuinami SIRT 1 i SIRT3 w tkankach
szczurow z nadci$nieniem plucnym wywotanym monokrotaling. 2022. Kierownik dr hab.
Marta Baranowska-Kuczko.

7. Wptyw kannabidiolu na receptory kannabinoidowe CB1, CB2, waniloidowe TRPV1
oraz jadrowe PPARy w dos$wiadczalnym modelu nadci$nienia plucnego u szczura
wywotanego alkaloidem ros§linnym monokrotaling. 2022. Kierownik prof. dr hab. Hanna
Koztowska.

8. Ocena wptywu obwodowego antagonisty receptorow kannabinoidowych CB1 JD5037
w monoterapii 1 politerapii z aktywatorem AMPK metforming na wybrane parametry
stresu oksydacyjnego 1 stanu zapalnego w doswiadczalnym modelu tetniczego
nadci$nienia indukowanego monokrotaling u szczurdéw. 2022. Kierownik Prof. dr hab.
Barbara Malinowska.

9. Zalezna od wieku rola sirtuin 1 1 3 (SIRT1 1 SIRT3) i dysfunkcji §rodbtonka w tetnicach
ptucnych 1 aortach szczuréw z nadcisnieniem ptucnym wyindukowanym monokrotaling.

2023. Kierownik dr hab. Marta Baranowska-Kuczko.
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10. Ocena czynno$ci skurczowej oraz zmian morfologicznych i1 biochemicznych
w izolowanych lewych przedsionkach i migsniach brodawkowatych lewej komory serca
szczura z nadci$nieniem plucnym wywotanym monokrotaling. 2023. Kierownik dr Anna
Pedzinska-Betiuk.

11. Wplyw kannabidiolu na zmiany w watrobie w do§wiadczalnym modelu nadci$nienia
ptucnego u szczura wywotanego alkaloidem ro$linnym monokrotaling. 2023. Kierownik
prof. dr hab. Hanna Koztowska.

12. Ocena zaleznego od wieku rozwoju nadci$nienia plucnego indukowanego
monokrotaling u szczuréw. 2023. Kierownik Prof. dr hab. Barbara Malinowska.

13. Wptyw wieku szczuréw Wistar pochodzacych z Centrum Medycyny Doswiadczalne;j
na rozwdj nadcisnienia ptucnego 1 w pordwnaniu ze szczurami Sprague-Dawley. 2024.
Kierownik Prof. dr hab. Barbara Malinowska.

14. Ocena dziatania roslinnego kannabinoidu - kannabigerolu na czynnos¢ skurczowo-
rozkurczowa izolowanej tetnicy ptucnej podsegmentarnej cztowieka. 2024. Kierownik
prof. dr hab. Hanna Koztowska.

15. Ocena kurczliwos$ci oraz zmian biochemicznych 1 histologicznych w izolowanych
migéniach brodawkowatych prawej komory serca szczura z nadci$nieniem plucnym
indukowanym sugenem i hipoksja. 2024. Kierownik dr Anna Pedzinska-Betiuk.

16. Ocena wplywu bialka fuzyjnego receptora aktywiny typu IIA-Fc (ActRIIA-Fc) na
modulacje uktadu sercowo-naczyniowego w modelach in vitro. 2024. Kierownik dr hab.

Marta Baranowska-Kuczko.

16.5. Stypendia i nagrody

1. Nagroda gléwna za najlepsza prezentacj¢ ustng wygtoszong podczas XXV Sympozjum
Sekcji  Kardiologii Doswiadczalnej Polskiego Towarzystwa Kardiologicznego

w Kazimierzu Dolnym, 2021.

2. Stypendium z wlasnego funduszu stypendialnego Uniwersytetu Medycznego
w Biatymstoku 2022/2023 za uzyskanie wyrdzniajacych wynikdéw w nauce oraz

osiggnigcia naukowe.

3. Wyréznienie w postaci grantu edukacyjnego za abstrakt zgloszony na Swiatowe
Sympozjum Nadci$nienia Ptucnego (Stowarzyszenie Nadci$nienia Ptucnego, Hiszpania,

Barcelona, 2024).
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16.6. Wyjazdy

1. Wyjazd do Krolestwa Niderlandéw w ramach programu Erasmus+: trzymiesi¢czny
staz w VU University Medical Center (Amsterdam UMC, locatie VUmc), Department of
Physiology (lipiec 2023 — wrzesien 2023).

16.7. Wykaz innych aktywnosci naukowych, popularyzacyjnych i organizacyjnych

1. Recenzent publikacji naukowych w czasopismach: Adv Ther. (2023, IF: 3.8)
1 Biomed Pharmacother. (2024, IF: 7.5).

2. Opiekun naukowy trzech prac magisterskich na kierunku Farmacja na Wydziale
Farmaceutycznym z Odzialem Medycyny Laboratoryjnej Uniwersytetu Medycznego
w Bialymstoku w latach 2022 - 2024.

4. Cztonek Polskiego Towarzystwa Kardiologicznego.

5. Opiekun pomocniczy Kota Naukowego prowadzonego przy Zaktadzie Fizjologii

i Patofizjologii Doswiadczalnej, Uniwersytet Medyczny w Bialymstoku.

6. Wspolorganizator zaje¢ z dzie¢mi i mtodziezg na Podlaskim Festiwalu Nauki 1 Sztuki,
Uniwersytetu Medycznego w Biatymstoku. Temat zaje¢: Podejmij wyzwanie: Policz

swoje zmysty, 2022.

7. Wspdtorganizator pokazu przedstawionego podczas 26. Pikniku Naukowego Polskiego
Radia i Centrum Nauki Kopernik w Warszawie. Temat pokazu: Ztap oddech. Spirometria

kiedys 1 dzis, 2023.
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