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Abstrakt

Plicni hypertenze je skupina onemocnéni charakterizovana zvySenym stfednim tlakem
v plicnici. Zvlast¢ u skupiny 2, ktera je asociovdna se srdeCnimi chorobami a je
nejprevalentnéjsi ze vSech typd, a u skupiny 3, asociované s plicnimi chorobami, nebyla
doposud vyvinuta zadna dostate¢né efektivni 1é€ba krom 1€¢by zédkladniho onemocnéni, coz je
v fadé pripadl problematické. Dehydroepiandrosteron sulfat (DHEA S)a statiny maji
v nékterych ohledech rozdilné mechanismy fungovéni na plicni hypertenzi, nabizela se tedy
otazka efektivity jejich kombinace na plicni hypertenzi oproti kazdé z latek samostatné.
Abychom tuto hypotézu ovéfili, vyvolali jsme plicni hypertenzi u dospélych samct potkanii
tritydenni expozici hypoxii (10 % O2) a Iécili je simvastatinem (60 mg/l) a DHEA S (100
mg/l) vpitné vodé, a to bud’ samostatné, nebo v kombinaci. Jak simvastatin, tak DHEA
S snizily stedni tlak v plicnici (z primérné hodnoty + s.d. 34,4 + 4,4 na 27,6 £ 5,9 a 26,7
4,8 mmHg), jejich kombinace vSak nebyla U¢inngjsi (26,7 £ 7,9 mmHg). Rozdily ve stupni
oxida¢niho stresu (indikované¢ho koncentraci malondialdehydehydplazmy), miie produkce
superoxidu (elektronova paramagnetickd rezonance) nebo hladinach oxidu dusnatého v krvi
(chemiluminiscence) nevysvétlovaly nedostate¢nou aditivitu u¢inku DHEA S a simvastatinu
na plicni hypertenzi. Navrhujeme, Ze hlavnim mechanismem pulisobeni obou 1é¢iv na plicni
hypertenzi by mohl byt jejich inhibi¢ni ucinek na 3-hydroxy-3-methyl-glutaryl-koenzym A

reduktazu, ¢imZ by se vysvétlovala absence adititivty jejich Gc¢inku.

Rozvoj plicni hypertenze miize byt 1 nezadoucim efektem 1€k poddvanych pro 1écbu jinych
onemocnéni. Jednim z novych typa 1éCiv, jejichz mechanismus u¢inku ma spole¢né prvky
s mechanismy plicni hypertenze, jsou stabilizatoryfaktorti indukovatelnych hypoxii (HIF),
vyvijené pro pouziti pfi anémiich. Proto jsme testovali hypotézu, ZevedlejSim uCinkem
roxadustatu z této skupiny muize byt plicnih hypertenze. Pouzili jsme izolované, bezbunéénym
roztokem perfundovanéplice laboratorniho potkana. Zjistili jsme, ze plicni cévni odpor
(méfeny jako vztah perfuzniho tlaku a pritoku) je roxadustatem zvySen, a to uz po kratké
expozici, kdy se jesté neprojevil vliv roxadustatu na hematokrit. Riziko plicni hypertenze pii
1é€bé roxadustatem, je tedy realné (byt nikoliv enormni) a je na misté ho sledovat.
Vazokonstrikéni reaktivita na akutni hypoxické podnéty nebyla roxadustatem signifikantné

ovlivnéna. HIF se tedy asi pfili§ neuplatiiuji v mechanismu hypoxické plicni vazokonstrikce.

Z divodu vysoké prevalence plicni hypertenze asociované se srde€nim onemocnénim, ktera je

navic malo prozkoumana, a to zcasti 1 kviili narocnosti dostupnych experimentalnich modelt,



bylo tfetim cilem prace vytvofit a charakterizovat technicky jednoduchy model tohoto typu
plicni hypertenze. Podstata metody spociva v tom, Ze se zmenSeni prifezu vzestupné aorty
nedosahuje zevni svorkou (jako v dosavadnich technikdch vyzadujicich otevieni hrudniku),
nybrz ¢asteCnou intravaskularni obstrukci pouhym povrchovym pfistupem pies a. carotis
(tedy bez otevieni hrudniku). Zaslepena hadicka se touto cestou zavede tésné nad aortdlni
chlopen laboratorniho potkana, kde zvySuje odpor v aort¢ a tedy afterload levé komory.
Ukazali jsme, ze tato procedura je nejen pomérné snadnd, ale také ze po tfech tydnech od
zavedeni hadicky skute¢né pilisobi tlakové pretizeni levého srdce (tlak v levé sini na konci
diastoly 1,3 £ 0,2mmHg, oproti 0,4 = 0,3 mmHg u kontrol, P<0,0001). Pfitomnost plicni
hypertenze byla dokumentovana méfenim tlaku v plicnici katetrizaci in vivo (22,3+2,3 vs.
16,9+2,7 mmHg, P=0,0282) a detekci hypertrofie pravé komory a zvySené muskularizace
perifernich plicnich cév. Podil vazokonstrikce a prekapilarniho cévniho segmentu na zvysené
plicni cévni rezistenci byl prokdzdn normalizaci rezistence pomoci vazodilatatoru,
nitroprusidu sodného, a technikou arteridlni okluze v izolovanych plicich. Intravaskularni
Castecna obstrukce aorty tak nabizi nendro¢ny model plicni hypertenze vyvolané
onemocnénim levého srdce, ktery mé vazokonstrikéni a prekapilarni slozku. Jde tedy o novy
prakticky model plicni hypertenze 2. typu s jasnou prekapilarni komponentou, ktery mize byt
vyuzit pro dalsi studium mechanismii a moznych intervenci u této klinicky nejobvyklejsi

formy plicni hypertenze.

Kli¢ova slova

Plicni hypertenze, statin, Dehydroepiandrosteron, hypoxii-inducibilni faktor, ptetizeni levé
komory srde¢ni, potkan, skupina 2 plicni hypertenze, srde¢ni selhani se zachovalou ejekéni

frakci, plicni vaskuldrni reaktivita



Abstract

Pulmonary hypertension is a group of diseases characterized by increased mean pulmonary
artery pressure. Especially in group 2, which is associated with heart disease and is the most
prevalent of all types, and in group 3, associated with lung disease, no sufficiently effective
treatment has yet been developed beyond the treatment of the underlying disease, which is
problematic in many cases. Dehydroepiandrosterone sulfate (DHEA S) and statins have
different mechanisms of action on pulmonary hypertension in some respects, so the question
of the effectiveness of combining them on pulmonary hypertension versus either agent alone
has been offered. To test this hypothesis, we induced pulmonary hypertension in adult male
rats by three weeks of exposure to hypoxia (10% O2) and treated them with simvastatin (60
mg/L) and DHEA S (100 mg/L) in drinking water, either alone or in combination. Both
simvastatin and DHEA S reduced mean pulmonary artery pressure (from a mean + s.d. value
of 344 +4.4t027.6 +£5.9 and 26.7 + 4.8 mmHg, respectively), but their combination was not
more effective (26.7 £ 7.9 mmHg). Differences in the degree of oxidative stress (as indicated
by malondialdehydedehydplasma concentration), the degree of superoxide production
(electron paramagnetic resonance) or blood nitric oxide levels (chemiluminescence) did not
explain the lack of additivity of the effect of DHEA S and simvastatin on pulmonary
hypertension. We propose that the main mechanism of action of both drugs on pulmonary
hypertension could be their inhibitory effect on 3-hydroxy-3-methyl-glutaryl-coenzyme A

reductase, thus explaining the absence of additivity of their action.

The development of pulmonary hypertension may also be a side effect of drugs administered
for the treatment of other diseases. One of the new types of drugs whose mechanism of action
shares common elements with those of pulmonary hypertension are hypoxia-inducible factor
(HIF) stabilizers being developed for use in anemias. Therefore, we tested the hypothesis that
a major effect of roxadustat from this group may be pulmonary hypertension. We used
isolated, cell-free, solution-perfused lungs from a rat. We found that pulmonary vascular
resistance (measured as the ratio of perfusion pressure to flow) was increased by roxadustat,
even after a short exposure when the effect of roxadustat on haematocrit had not yet become
apparent. The risk of pulmonary hypertension with roxadustat treatment is therefore real

(although not enormous) and should be monitored. Vasoconstrictor reactivity to acute hypoxic



stimuli was not significantly affected by roxadustat. Thus, HIFs are probably not very

involved in the mechanism of hypoxic pulmonary vasoconstriction.

Because of the high prevalence of pulmonary hypertension associated with heart disease,
which is also poorly studied, partly due to the difficulty of the available experimental models,
the third aim of the study was to develop and characterize a technically simple model of this
type of pulmonary hypertension. The essence of the method is that the reduction of the cross-
sectional area of the ascending aorta is achieved not by an external clamp (as in previous
techniques requiring opening of the chest) but by partial intravascular obstruction by a mere
superficial approach through the a. carotis (i.e. without opening the chest). A blinded tube is
introduced by this route just above the aortic valve of the laboratory rat, where it increases the
resistance in the aorta and thus the afterload of the left ventricle. We have shown that this
procedure is not only relatively easy, but also that three weeks after insertion of the tube, it
actually causes pressure overload in the left heart (left atrial pressure at end diastole 1.3 + 0.2
mmHg, compared to 0.4 + 0.3 mmHg in controls, P<0.0001). The presence of pulmonary
hypertension was documented by measurement of pulmonary artery pressure by in vivo
catheterization (22.3+2.3 vs. 16.942.7 mmHg, P=0.0282) and detection of right ventricular
hypertrophy and increased muscularization of peripheral pulmonary vessels. The contribution
of vasoconstriction and the pre-capillary vascular segment to increased pulmonary vascular
resistance was demonstrated by normalizing resistance using the vasodilator, sodium
nitroprusside, and the arterial occlusion technique in isolated lungs. Thus, intravascular partial
aortic obstruction offers an uncomplicated model of pulmonary hypertension induced by left
heart disease that has a vasoconstrictive and precapillary component. Thus, it is a new
practical model of type 2 pulmonary hypertension with a clear precapillary component that
can be used to further study the mechanisms and potential interventions for this most

clinically common form of pulmonary hypertension.
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ejection fraction, pulmonary vascular reactivity



Seznam pouzitych zkratek:

ACE — angiotensin-konvertujici enzym

AT — receptor pro angiotensin

BKCa — vapnikem fizené kaliové kanaly
BMPR - kostni morfogeneticky protein

BNP — mozkovy natriureticky peptid
DHEA-S — dehydroepiandrosteron sulfat
HIF — hypoxii indukovany faktor

CHOPN - chronicka obstrukéni plicni nemoc
LVEDP - end-diastolicky tlak levé komory
mPAP — stiedni tlak v plicnici

NO - oxid dusnaty

PAWP - tlak v zaklinéni

PH — plicni hypertenze

P/Q — perfuzni tlak/pratok

PVR - plicni vaskularni rezistence

RAAS - renin-angiotenzin- aldosteronovy systém
RVSP — systolicky tlak pravé komory

SV — srde¢ni vydej
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1. UVOD

1.1  Plicni hypertenze

Definice, patofyziologie a klasifikace

Plicni hypertenze (PH) je skupina onemocnéni charakterizovand zvySenym plicnim
arteridlnim tlakem a plicni cévni rezistence (PVR) vedouci ke zvyseni afterloadu pro pravou
srde¢ni komoru, kterd adaptivné hypertrofuje, nicméné postupem cCasu byva tento adaptacni
mechanismus vycerpan a dochazi k selhdni pravého srdce a smrti (Simonneau et al., 2019).
Z bunék cévni stény se na rozvoji onemocnéni podili endotelie, buiiky hladkého svalstva a
fibroblasty, jedna se o tzv. ,,panvaskularni nemoc®. Za fyziologického stavu endotel moduluje
rovnovahu mezi vazodilataci a vazokonstrikci a inhibuje proliferaci bun¢k hladkého svalstva
za ucelem udrzeni nizce odporového plicniho feciSté. Excesivni plicni vazokonstrikce je
povazovana za nejcasnéjsi udalost celého patofyziologického procesu a souvisi s dysfunkci
endotelu charakterizovanou sniZzenou produkci vazodilatan¢nich substanci (oxid dusnaty -
NO, prostacyklin) spolu s nadmérnou expresi vazokonstriktori (endotelin-1). Abnormalni
proliferace bun¢k hladkého svalstva je c¢asnym mikroskopicky pozorovatelnym rysem
vaskularni remodelace, vedouci k hypertrofii medie perifernich plicnich tepen. Dale dochazi k
zanétlivé reakci srozvojem fibrozy intimalni vrstvy cév. V pozdnim staddiu progrese

nékterych typtd PH vede tvorba plexiformnich 1ézi a in situ trombdzy k okluzi lumen cév.

Zvyseni plicniho arteridlniho tlaku ma nékolik pficin jako jsou zvySeni srdecniho vydeje
(SV), levo-pravé zkraty, zvySeni tlaku v zaklinéni (PAWP) u onemocnéni levého srdce,
onemocnéni plicnich cév, nebo hyperviskozita. V praxi je PH rozdélena do 3 skupin na
zaklad¢ hemodynamického profilu a do 5 skupin na zaklad¢ klinickych charakteristik
(Tab.¢.1). Onemocnéni se dominantné tyka malych plicnich arteriol (primér <500um), lze u

nich pozorovat Sirokou S§kéalu bunéfnych zmén jako proliferaci intimy, fibrotické zmény,

11



rrrrr

trombo6zy (Chan and Loscalzo, 2008; Rabinovitch, 2012).

V poslednich guidelines Evropské kardiologické spolec¢nosti (ESC) pro 1écbu plicni
hypertenze je za patologickou hodnotu stfedniho PAP (mPAP) povazovan tlak nad 20 mmHg
(Humbert et al., 2022). Normalni hodnoty PAP za klidovych podminek a pfi cviceni byly
stanoveny analyzou 1187 zdravych jedinci ze 47 studii kde mPAP naméfeny b&hem
pravostranné katetrizace byl 14,0 = 3,3 mmHg, pficemz, tato hodnota byla nezdvisla na
etnicité, pohlavi a jen mirn€ byla ovlivnéna vékem (smérem k vy$Sim hodnotdm). Za
abnormdlni hodnotu tlaku v plicnici byla tedy stanovena hodnota mPAP > 20mmHg
(14 mmHg + 2 standardni odchylky) (Kovacs et al., 2009), protoze pii mPAP vy$§im nez tato
hodnota je prokézana nartstajici morbidita a mortalita oproti pacientim kteti maji tlak <
20 mmHg (Douschan et al., 2018; Kovacs et al., 2014). Hodnota mPAP sama o sob¢ nestaci k
hemodynamickému zadefinovani PH. Zasadni je téz hodnota PCWP (zjistitelnd pfi
pravostranné katetrizaci) a plicni vaskularni rezistence (PVR = (mPAP-PAWP)/SV). Na
zaklad€ znalosti téchto 3 hodnot délime z hemodynamického hlediska plicni hypertenzi na
prekapilarni (mPAP >20 mmHg, PAWP < 15 mmHg a PVR > 3 WU), isolovanou
postkapildrni (mPAP >20 mmHg, PAWP > 15mmHg a PVR <3 WU) a kombinovanou pre- a

post-kapilarni (mPAP >20 mmHg, PAWP > 15 mmHg a PVR > 3 WU) (Simonneau et al.,

2019).

Klinicka klasifikace déli PH do 5 skupin (Tab. ¢. 1) podle jejich podobného klinického
projevu, patologickych ndlezli, hemodynamickych charakteristik a lécebné strategie. Ve
skupin€ 1 je plicni arteridlni hypertenze (PAH, dfive téz zvand primarni PH), ve skupiné 2 je
PH v disledku postizeni levého srdce, ve skupiné 3 PH v dasledku plicnich onemocnéni
a/nebo hypoxie, ve skupiné€ 4 chronicka trombembolickd PH a jiné obstrukce plicnich tepen a

ve skupiné 5 PH zneznamych pfi¢in a/nebo s multifaktorialnim mechanismem vzniku
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(Simonneau et al., 2019). U skupiny 2 pozorujeme izolovanou postkapilarni plicni hypertenzi,
nebo kombinovanou pre- postkapilarni hypertenzi, u skupin 1,3,4 prekapilarni PH a u skupiny

5 kterykoliv z hemodynamickych obrazi PH.

Souhrnna klinicka klasifikace plicni hypertenze volné dle ESC Guidelines pro PH 2022

1 Plicni arteridlni hypertenze 2.5 Ostatni
1.1 Idiopaticka 3 Plicni hypertenze pii onemocnénich plic a/nebo
pi‘i hypoxemii
I 2Dédicna 3.1 Chronicka obstrukeéni plicni nemoc
1.2.1 pf1mutaci v genu pro BMPR2 3.2 Intersticialni plicni procesy
1.2.2 pf1 jinych mutacich 3.3 Plicni onemocneéni s kombinovanou ventila¢ni
poruchou
1.3 Indukovanaléky a toxickymu latkami 3.4 Obstrukéni spankova apnoe
L4 Spojena: 3.5 Alveolarni hypoventilace
1.4.1 se systémovymi onemocnénimi pojiva 3.6 Chronicka vvikova hypoxie
1.4.2 s infekei HIV 3.7 Vyvojove abnormality
1.4.3 s portalni hypertenzi 4 Chronicka trombembolicka plicni hypertenze a
jiné obstrukce plicnich tepen
144 s vrozenymi srdeénimi vada 4.1 Chronicka trombembolicka plicni hypertenze
.45 se schistomiazou 4.2 Iné obstrukee plicnich tepen
2 Plicni hypertenze pri postiZeni levého srdce 5 Plicni hypertenze z jinych pri¢in a/nebo
s multifaktorialnim mechanismem vzniku
2.1 Systolicka dystunkce leve komory 5.1Hematologicka onemocnéni
2.2 Drastolicky dysfunkce leve komory 5.2 Systéemova onemocnént
2.3 PostiZzeni chlopni 5.3 Metabolicke choroby
2.4 Vrozena nebo ziskana obstrukce vtokoveho a 5.4 Ostatni
vytokoveho traktu leve komory, vrozene
kardiomyopatie

Tab.¢. 1 Souhrnna klinicka klasifikace PH, volné dle ESC Guidelines pro PH 2022

Epidemiologie

Ro¢ni incidence PH v dospélé populaci se pohybuje kolem 28,7 ptipadd/ 100 000 obyvatel a

ro¢ni prevalence 127,3 ptipadu/ 100 000 obyvatel, oba ukazatele maji v pribéhu let
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vzestupnou tendenci. U samotné PAH se prevalence pohybuje v rozmezi 15-60/ 1 000 000
obyvatel a incidence 5-10/ 1 000 000 ro¢né (Peacock et al., 2007). U pacientli s prokazanou

PH se nejcastéji jedna o skupinu 2 (68.5%), skupinu 3 (47.0%) a skupinu 4 (9.0%).

Ve skupiné 1 je nejcastéjsi pricinou idiopaticka PH (50.4%), dalSimi jsou hereditarni nebo

lékem indukovana.

U skupiny 2 je nejCastéjsi pfi¢inou systolicka, nebo diastolickd dysfunkce levé komory
pacient ma. U levostrannych chlopennich onemocnéni se prevalence PH zvySuje se zavaznosti
vady a symptomil. PH Ize nalézt prakticky u vSech pacient se zavaznym symptomatickym
onemocnénim mitrdlni chlopné a az 65% u pacientll se symptomatickou aortalni sten6zou
(Badesch et al., 2009; Joint Task Force on the Management of Valvular Heart Disease of the
European Society of Cardiology (ESC) et al.,, 2012; Oudiz, 2007). Nicmén¢ ze vSech

pacientil, ktefi trpi onemocnénim levého srdce, se vyvine PH jen u 3,6%.

U skupiny 3 je nejcastéjsi pri¢inou rozvoje PH chronicka obstrukéni plicni nemoc (CHOPN)

(83%). PH se u pacientil ze skupiny 3 vyskytuje u 0.7% ptipadi.

U pacientd prezivsich akutni plicni embolii se prevalence chronické trombembolické plicni
hypertenze pohybuje mezi 0.5-2% (Pengo et al., 2004). Anamnéza akutni plicni embolie je
hlaSena u 74,8% pacientli z mezinarodniho registru chronické trombembolické plicni
hypertenze a pfidruzené stavy zahrnuji trombofilni poruchy jako je nedostatek proteinu C a S,
lupus antikoagulans/antifosfolipidové protilatky, rezistenci aktivovaného proteinu C vcetné
mutace faktoru V Leiden, mutaci protrombinového genu, deficit antithrombinu III a zvySeni
faktoru VIII (Pepke-Zaba et al., 2011; Wijeratne et al., 2018). Umrtnost u dospélych s PH ¢&ini
v souhrnu vSech skupin 13,0% ve 30 dnech, 36,4% v 1 roce a 62,4% v Sletech. U samotné

PAH je pétileta mira preziti u nové diagnostikovanych onemocnéni zavisla na funkéni t¥ide I
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az IV dle WHO (72,2 %,71,7 %, 60,0 % a 43,8 %) (Farber et al., 2015). Umrtnost je nejvyssi

cwwvr

Diagnéza PH je stanovena na zékladé¢ pfitomnosti symptomt, objektivnich ptiznakl a panelu
vySetieni, ktery zahrnuje ultrazvuk srdce, funkéni plicni testy, CT angiografii plicnich

tepen,V/P sken a pravostrannou katetrizaci.

Symptomy PH nejsou specifické a souviseji hlavné s progresivni dysfunkci pravé komory.
V pocatecni fazi onemocnéni se piiznaky objevuji pii ndmaze, s progresi onemocnéni se
objevuji 1 v klidu. Zahrnuji slabost, unavu, duSnost, tinavu, anginu pectoris a synkopu. Mezi
vzacnéjsi priznaky patii suchy kaSel a nevolnost vyvolané cvicenim. U nékterych pacient
muze byt pfitomna hemoptyza pii ruptuie dilatovanych bronchiadlnich arterii, chrapot
zpusobeny utlakem n. laryngem reccurens dilatovanou plicni arterii. U vyznamné dilatované
plicni arterie pak muze dojit k disekci s ndslednym vznikem srde¢ni tamponady. Pii
fyzikalnim vySetfeni jsou typicky pfitomny znamky pravostranného srde¢niho selhani (otoky
dolnich koncetin, ascites, hepatomegalie, zvySena naplii krénich Zil). Klinicky obraz byva déle

modifikovan samotnym zékladnim onemocnénim vyvoldvajicim PH a dalSimi komorbiditami.
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1.2 Lécba plicni hypertenze podle skupin

Skupina ¢.1

U PAH je obecné doporucena fyzicka aktivita, antikoncepce, prevence infekci, psychosocialni
podpora, genetické poradenstvi, perordlni antikoagulace, diuretika, O2 a digoxin.
Nejdiilezitéjsi je vsak 1écba specificka, cilici na zakladni patofyziologické cesty tj. signalni
dréha kalciového kanalu (blokatory kalciovych kanald), signalni drdha prostacyklinu (PGI2)
(agonisté drahy PGI2), signalni drdha endotelinu (antagonisté ET receptortl) a signalni drdha

NO a cyklicky guanosin monofosfat (cGMP).

V 70. letech 20. stoleti byly provedeny experimentalni prace, které¢ dokumentovaly zasadni
roli napétové fizenych kalciovych kandlti v mechanismu hypoxické plicni vazokonstrikce
(McMurtry, 1976). Toto zjisténi mélo velky dopad do klinické praxe. U pacientti s PAH, kteti
reagovali vasodilataci na podani intravaskularnich blokatorGi kalciovych kanalii béhem
pravostranné katetrizace, tyto léky zlepSuji prognozu (Dalal et al., 1981; Rich et al., 1992;
Rubin et al., 1983; Sitbon et al., 2005). V prvni linii se 1 v dneSni dobé pouzivaji dlouhodobé
pusobici nifedipin a diltiazem (Rich et al., 1992). Jejich slabinou je nizka selektivita pro plicni
cirkulaci a tedy nemoznost je vyuzit u fady pacientli, kde by nezaddouci efekt na systémovou
cirkulaci byl pfili§ riskantni. Dnes je navic zndmo, Ze zésadni roli hraji TRPC6 kanaly, u

nichz prozatim neni lé¢ebné ovlivnéni mozné (Weissmann et al., 2006).

Kratce po objeveni prostaglandini bylo zjisténo vazodilatacni piisobeni nékterych z nich
(zejména prostacyklinu) v plicnich cévach. Aktivita PGI2 syntazy v endotelu plicnich tepen
klesa u pacienti s PAH (Christman et al., 1992; Tuder et al., 1999). Po rozpacitych
zkuSenostech s blokatory kalciového kandlu se konecné objevila terapie, kterd se stala
zakladnim kamenem 1é¢ebnych postupt u pacientti s PAH. Suplementace PGI2 je vyuzivana

k ovlivnéni prognédzy pacienti s PAH dodnes, ackoliv jeji pouziti je drahé a nepraktické.
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Krom vazodilata¢niho efektu, byl u této skupiny prokdzan inhibi¢ni vliv na proliferaci hladké
svaloviny a na aktivaci a agregaci desticek (Humbert et al., 2004). Mezi zakladni zastupce
prostacyklinovych analog/agonistl prostacyklinovych receptort patfi, iloprost, epoprostenol,
treprostinil, selexipag a beraprost (Sitbon and Morrell, 2012). Léky jsou dostupné k p.o., i.v.,

s.c., a inhala¢nimu uziti v zavislosti na konkrétnim 1éku.

Dalsi skupinou jsou antagonisté endotelinovych receptort. Zvysené hladiny endotelinu-1 byly
nalezeny jak v plazmé¢, tak v plicni tkdni pacientli s PAH (Giaid et al., 1993) a jejich role
v patogenezi PH byla potvrzena (Galie, 2004). Endotelin-1 ucinkuje jako vazokonstriktor a
mitogen na hladkou svalovinu plicnich cév vazbou na endotelinovy receptor A. Mezi Gspésné
pouzivané blokatory endotelinovych receptorit A patii ambrisentan, bosentan a macitentan
(Kuntz et al., 2016). Bosentan a ambrisentan prokazateln¢ zlepSuji parametry plicni
hemodynamiky a zatézové kapacity (zlepSeni v Sestiminutovém testu chlize), nicméné

neovliviiuji prognézu pacienta.

Posledni skupinou 1€éka uzivanych u PAH jsou léky zamétujici se na NO-cGMP signalizacni
drahu. Rodina enzymi fosfodiesterazy (liSici se pomérem afinity k cAMP a cGMP) degraduje
cGMP, ktery je spoluodpovédny za vazodilataci plicniho cévniho fecisté cestou NO/cGMP.
Jedna se o nitrovasodilatacni 1€ky, tj. inhalacni NO, inhibitory fosfodiesterazy 5 sildenafil,
tadalafil a stimulator guanylatcykldzy (cGMP agonista) riociguat. Kromé vazodilataéniho,

maji inhibitory fosfodiesterazy 5 také efekt antiproliferativni (Tantini et al., 2005).

Dal8imi 1é¢ebnymi moZnostmi majici svoje jasné dané, nicméné velmi omezené indikace jsou
balonkova atridlni septostomie, veno-arteridlni extrakorporalni membranovd oxygenace a

transplantace plic.

Skupina ¢.2

PH je béznou komplikaci u chorob levého srdce (systolické srdecni selhani, diastolické
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srdecni selhani, chlopenni vady, vrozené srde¢ni vady) a do jisté miry predikuje i zavaznost
zékladniho onemocnéni (Fang et al., 2012; Vachiéry et al.,, 2019). Nejcastéji byla PH
studovana u pacientti se srdecnim selhanim se sniZzenou nebo zachovalou ejekéni frakci (Fang
horsi toleranci zatéze a ke zhorSeni progndzy. Pro tuto formu PH neni specificka terapie
uzivana u PAH doporucena (Bonderman et al., 2013) a lécba je zaméfena na zvladnuti
zékladniho onemocnénti, tj. 1éCba srdeniho selhani, operace chlopenni vady, revaskularizace,
implantace levostranné podpory s jejim unloadingem, paklize je indikovano (Humbert et al.,
2022). U tézkého srdecniho selhani je zasadni optimalizace intravaskularniho volumu, nékdy
vyzadujici invazivni monitoraci (Khush et al., 2009). U pacientii stéZko ovlivnitelnym
srdecnim selhanim s rozvinutou PH by byla zadouci PH2 specificka terapie k subjektivnimu
zlepseni a i timto smérem by mély cilit vyzkumné tymy.

Skupina ¢.3

Terapeuticky pfistup k pacientim s PH asociovanou s plicnim onemocnénim se opird o
optimalizaci 1é¢by zakladniho onemocnéni, véetné oxygenoterapie a neinvazivni ventilace
pokud indikovana a zatazeni do plicnich rehabilita¢nich programi (Blanco et al., 2013).
skupiny 3 a tyto léky mohou mit variabilni a né¢kdy i Skodlivé u¢inky na hemodynamiku,
cvicebni kapacitu a vyménu plynti (Ghofrani et al., 2002; Nathan et al., 2019; Olschewski et
al., 1999; Raghu et al., 2013; Stolz et al., 2008). Pii absenci rozsahlych randomizovanych
studii nejsou dostatecné diikazy k podpotfe obecného uzivani 1€ka schvalenych pro PAH u
pacient s CHOPN a PH. I u této skupiny tedy plati potfeba hledani novych terapeutickych
moznosti jak pro primarni onemocnéni, tak nasledek/komplikaci jako je PH.

Skupina ¢.4

Diagnéza chronické trombembolické PH je stanovena za ptedpokladu piitomnosti plicni
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trombozy a prekapilarni PH po > 3 mésicich antikoagulacni 1écby. Terapeutickymi
moznostmi jsou antagonisté¢ vitaminu K, nebo lé¢ba novymi peroralnimi antikoagulancii,
plicni endarterektomie, plicni angioplastika u pacientd, jez nemohou podstoupit
endarterektomii a existuji 1 diikazy o u€innosti riociguatu, macitentanu a bosentanu (Chen et

al., 2018; Ghofrani et al., 2017)

Skupina ¢.5
Pata skupina sdruzuje stavy, které jsou komplexni patoetiologie nebo nezaraditelné do

piedchozich skupin, PH je zde sekundarni a i [éCba je znacné individualizovana.

V souhrnu lze tici, Ze mortalita PH je vysoka a 1écebné moznosti jsou velmi omezené zvlasté
u skupin 2 a 3. V poslednich 2 dekadach doslo k posunu v 1é¢bé PH. Jsou k dispozici 1éky
specificky pusobici, nicméné ani tato 1écba neni kurativni a spiSe jen zpomaluje progresi

onemocnéni. Hledani novych moznosti 1é¢by je tedy stale velmi aktudlnim tématem.
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1.3 Experimentalni 1é¢ba plicni hypertenze

V poslednich letech bylo identifikovano nékolik klicovych molekuldrnich, bunéénych a
genetickych abnormalit, které jsou zasadni pro vaskularni remodelaci u PH. Terapeutické
pfistupy zaméfené na plicni arteridlni homeostazu a proliferaci, zanét, deficienci signalizace
receptoru kostniho morfogenetického proteinu 2 (bone morfogenetic protein receptor -
BMPR?2), mitochondrialni/metabolickou dysfunkci a pfes ovlivnéni transkripcnich faktorii

mohou byt obzvlaste slibné (Obr. €. 1)

Vaskularni dysfunkce BMPR2 deficience Proliferace Zanét Metabolické poruchy Inhibice transkirpce
VIP
Apelin BMPR2 signalizace RhoA/ROCK T NF-kB signalizace ROS T ROS T
5-HT T TGF-B signalizace T TK signalizace T LTB4 biosyntéza DHEA DHEA
EPCs |
VIP | BMP9 Fasudil ‘ Bardoxolone methyl | ‘ DHEA [ . ‘
Apelin [[GRERIGRC Imatinib Bestatin Statin

5-HT receptorovy antagonista |
EPC cilena terapie

Obr. ¢. 1 Experimentalni 1écba plicni hypertenze - bilé bloky jsou doloZené poruchy u PH; rizové bloky
odpovidaji intervencim, které se v experimentu osvédcily.

Podpora vaskularni homeostazy

Apelin je endogenni peptid, ktery ma vasodilataéni efekt na plicni cévy. Cast efektu je
prostiednictvim regulace endotelidlniho NO a NO syntézy (Kim, 2014). Studie s apelinem na
preklinickych animalnich modelech, prokézaly preventabilitu PH po jeho podani (Alastalo et
al., 2011; Falcdo-Pires et al., 2009). Dale Hennigs et al. prokéazali, Ze podanim Nutlinu-3
(molekula fyziologicky ptitomné v hladké svalovin€ plicnich cév) lze docilit indukce genu
APLN (apelin) a JAGI k regeneraci plicni mikrovaskulatury a zvraceni PH (Hennigs et al.,

2021).
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Dalsi signalizacni molekulou, ktera je zasadni v patogenezi PAH, je serotonin (5-
hydroxytryptamin, 5-HT). 5-HT je uvoliiovan zendotelu a stimuluje proliferaci hladké
svaloviny a konstrikci cév pres 5-HT receptory (Liu et al., 2013; Morecroft et al., 2005).
Pacienti s idipatickou PAH maji vyssi hladiny cirkulujiciho 5-HT (Hervé et al., 1995). Lécba
antagonisty 5-HTis receptori redukovala 5-HT indukovanou plicni vazokonstrikei u
laboratornich potkand s PH vyvolanou 2 tydenni expozici hypoxii (Morecroft et al., 2005).
Dalsi potencidlné lécebnou moznosti PAH je inhibice syntézy 5-HT (Matthes and Bader,
2018). TPH1 a TPH2 jsou tryptofanové hydroxylazy zasadni pro syntézu 5-HT. U mysi brani
geneticka TPHI1 deficience experimentalni PH (Dempsie et al., 2008; Morecroft et al., 2007,
Rothman et al., 2011). Inhibice TPH1 experimentalnimi léky KARS5585 a KAR 5418 snizuje
PH indukovanou u potkanti alkaloidem monokrotalinem nebo kombinaci hypoxie a inhibitoru

cévniho endotelialniho rastového faktoru (VEGF) SU5416 (Aiello et al., 2017).

Vasoaktivni intestinalni peptid (VIP) je neuropeptidovy hormon, ktery inhibuje proliferaci
hladké svaloviny, agregaci desti¢ek, zachycuje reaktivni kyslikové radikdly a indukuje
vasodilataci aktivaci receptort VPAC1, VPAC2 a PACI (Laburthe et al., 2002). Aktivaci
téchto receptori stimuluje cAMP a ¢cGMP signaliza¢ni cesty. Geneticka deficience VIP u
myS$i vede ke spontdnnimu rozvoji PH (Said et al., 2007). Suplementace VIP nebulizaci
prokazatelné zlepsila hemodynamiku u pacinetli s PAH, vedouci ke snizeni PVR a zlepSeni

Sestiminutového testu chiize (Archer et al., 2010).

Endotelialni progenitorové bunky pochazeji zhemangioblasti v kostni dfeni, nebo
mezodermalnich kmenovych bunék v periferni krvi. Z periferni krve se pfesouvaji k mistim
ischemie nebo do endotelidlniho poSkozeni, kde diferencuji ve zralé endotelidlni buiiky, ¢imz
pfispivaji k revaskularizaci a vaskularni homeostaze (Yoder, 2012). Ztrata nebo poSkozeni

endotelidlni vrstvy je zdsadni v rozvoji PH. Lécba endoteildlnimi progenitorovymi buiikami z
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pupecniku prokazatelné v animalnim modelu zvrati jiz rozvinutou PH nebo pisobi

preventivné proti rozvoji PH (Takahashi et al., 2004; Zhao et al., 2005).

Inhibitor translace HIF-2a (C76)

Jak HIF-la (hypoxii indukovany faktor-1a), tak HIF-2a jsou diilezitymi reguldtory reakce
plicniho obéhu na hypoxii (Semenza, 2012; Shimoda and Semenza, 2011). Ball a jeho
kolegové prokazali, Zze geneticka delece HIF-1a v buiikach hladkého svalstva (SMC) u mysi
redukuje RVSP a tloustku stény plicni tepny v reakci na chronickou hypoxii (Ball et al.,
2014), naopak ,,gain-of-function” mutace HIF-2 a jsou asociovany s t¢Zkou PH u pacienti
(Gale et al., 2008). Studie sHIF-2a inhibitorem u Sugen5416/hypoxikého a
monokrotalinového experimentalniho potkaniho modelu prokdzala i€innost tohoto preparatu
ve zvraceni remodelace plicnich arterii, inhibici pravostranného srde¢niho selhani a

prodlouzeni pteziti (Dai et al., 2018).

Obnoveni signalizace BMPR2

Heterozygotni ztratové mutace v BMPR2 byly detekovany u vice nez 70% pacient
s hereditarni PAH a u 10-40% pacientd se sporadickou idiopatickou PAH (Aldred et al.,
2006). BMPR2 je ¢lenem rodiny receptort rastovych faktort transkripéniho riistového faktoru
B a jeho funkce je zdsadni v patogenezi PAH. Na bunéénych a animalnich modelech bylo
prokazano, ze aktivace BMPR 2 signalizace je u¢inné v prevenci plicni vaskularni remodelace
a snizuje rozsah plicni vaskularni proliferace (Long et al., 2015; Reynolds et al., 2007).
V minulé dekad¢ byla vyvinuta mala peptidova molekula BMP9, jejiz podani u pacienta
s PAH a mutaci BMPR2 vedlo k prevenci apoptozy endotelidlnich bunék v plicnich arteriich
(Long et al., 2015). Déle se tato substance projevila jako efektivni u SU5416-hypoxického a

monkrotalinového potkanniho modelu PAH (Long et al., 2015).
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Inhibice proliferace

Rho kinazy jsou soucasti Cetnych intracelularnich signalizacnich kaskad regulujicich
bunécnou adhezi, proliferaci, kontrakci, hypotrofii a apoptozu (Jaffe and Hall, 2005; Riento
and Ridley, 2003). RhoA/ROCK (genova rodina Ras homologli a jeho efektor Rho
asociovana protein kindza) signalizace se podili na patogenezi PH prostfednictvim
remodelace a vazokonstrikce (Oka et al., 2008; Robertson et al., 2003, 2000). Fasudil je
prvnim inhibitorem ROCK a jeho podavani bylo spojeno se zlepSenim patologickych
parametri PH a remodelace plicnich arterii u hypoxickych a monokrotalinovych modelti PH u
potkant (Abe et al., 2006, 2004; Li et al., 2007). U pacientii s PH vedlo i.v. podani fasudilu

k akutnimu poklesu PVR (Fukumoto et al., 2005; Ishikura et al., 2006).

-----

Chronicky zéanét je dilezitym participujicim faktorem rtznych typt PH (Hassoun et al.,
2009). Mezi zanétlivé mediatory patii cytokiny a chemokiny, které jsou u PH secernovany
bunikami imunity, ale i lokalnimi endoteliemi a buiitkami hladké svaloviny (Hassoun et al.,
tumor necrosis factor a (Rabinovitch et al.,, 2014). Jejich ptsobeni vede k vaskularni
remodelaci u PH skrze podporu proliferace, migrace, a diferenciace cévnich bunék
(Rabinovitch et al., 2014). Nukledrni faktor kappa B je transkrip¢ni faktor zodpovédny za
fizeni apoptodzy, proliferaci a migraci bun¢k a jeho funkce je regulovana cytokiny a
chemokiny. Bylo prokazano, Ze nuklearni faktor kappa B je zasadni v patogenezi PAH skrze
aktivaci proinflamacnich a proliferacnich stimuli v hladké svaloving plicnich arterii a ze je
zodpové&dny za uvoliovani vazokonstricné a pro-proliferacné plisobiciho endotelinu-1 (Wort
et al, 2009). Farmakologickd blokdda nuklearniho faktoru kappa B u potkant
s experimantalné navozenou monokrotalinovou PH byla efektivni a vedla k poklesu PH.

Leukotrien B4+ je prozénétlivy lipid syntetizovany v téle z arachidonové kyseliny a podani
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antagonisty receptoru leukotrienu B4 vedlo kredukci hypertrofie pravé komory

monokrotalinového modelu PH u potkanti (Tian et al., 2014).

Ovlivnéni metabolismu

Statiny

Statiny jsou inhibitory 3-hydroxy-methylglutaryl koenzym-A reduktazy, enzymu esencidlniho
pro syntézu cholesterolu. Blokddou tohoto enzymu dojde v jatrech ke snizeni syntézy
cholesterolu, coz sérii komplexnich d¢ji vede k upregulaci LDL (lipoprotein s nizkou
hustotou) receptorit na povrchu hepatocytii s naslednou zvySenou clearence LDL castic
z krve. (Bedi et al., 2016; Horton et al., 2002). Statiny jsou zavedenou terapii pro primarni i
sekundarni prevenci ischemické choroby srdecni (Zhou and Liao, 2009) a k 1écbé
hypercholesterolemie. 4S studie byla prvni, kterd potvrdila linearni vztah mezi Cetnosti
kardiovaskularnich ptihod a hladiné LDL-C (Group, 1994). Klinicky benefit statinti byl
pfisuzovan prevazné jeho schopnosti snizovat LDL-C. Béhem poslednich dvou dekad se ale
ukazalo, Ze efekt statini na sniZzenou cetnost kardiovaskuldrnich piithod u pacientii
s ischemickou chorobou srde¢ni neni dan jen jejich vlivem na dostupnost cholesterolu v séru
jako substratu pro tvorbu aterosklerotickych plati (Landmesser et al., 2005; Liu et al., 2009).
Opakované bylo prokdzano, ze statiny kromé& snizovani LDL-C vykazuji také vlastnosti
antioxidacni, protizanétlivé, imunomodula¢ni, antiproliferativni, plakové stabilizace,
endotelové hemostazy a prevence agregace desticek. Tyto vlastnosti, nezdvislé na

cholesterolu, se nazyvaji pleiotropni ucinky statini (Liao and Laufs, 2005; Zhou and Liao,

2009) (Obr. &.2).
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ZlepSeni endotelidlni dysfunkce
1 exprese eNOS
J exprese Endothelinu—1

Anti-aterogenni efekt Anti tromboticky efekt
J, Tvorba ROS ™ Fibrinolyticka aktivita
J, NADPH oxydazy J Aktivace trombocytd

Jr Aktivace tkariového faktoru

Statiny

Protizanétlivy efekt Imunomodulacni efekt
J{, CRP J TNF-a, IL-6, IL-8
- Proinflamacni cytokiny

Obr. ¢. 2 Pleiotropni Gcinky statin

Vyzkum mechanismi, na nichz jsou tyto ucinky statinii zalozeny, odhalil Siroky dopad
biosyntetické drahy cholesterolu na biologii bun¢k savcti od modulace bunééné signalizace az
po posttranslacni modifikaci proteinli a regulaci genové exprese (Buhaescu and Izzedine,
2007). Mevalonat je klicovou molekulou pro pleiotropni ucinek statinli, je prekurzorem
cholesterolu a mnoha nesteroidnich isoprenoidnich meziproduktl, jako jsou geranylgeranyl
pyrofosfat, farnesyl pyrofosfat, dolicholy, isopentanyl adenosin, a polyisoprenoidni postranni
fetézce ubichinonu a heme-A. Tyto isoprenoidové meziprodukty jsou zodpovédné za post-
translacni modifikace a aktivace n€kolika signaliza¢nich/intraceluldrnich proteind, jako jsou
jaderné laminy, podjednotka y-subjednotky heterotrimerickych G-proteinii a malé GTP
vazané proteiny Ras, Rho, Rab, Rac, Ral nebo Rap (Wang et al., 2008; Zhou and Liao, 2010,
2009). Tyto signaliza¢ni proteiny hraji nepostradatelnou roli v mnoha bunéénych procesech —
bunééné  diferenciaci a  proliferaci,  myelinizaci, = bunééné  signalizaci a
endocytotickém/exocytotickém transportu (Zhou and Liao, 2010). Ras hraje klicovou roli
v bunééném ristu a proliferaci, Rac sehrava dilezZitou roli pfi tvorbé reaktivnich kyslikovych

radikali a Rho v tvorbé prozanétlivych cytokinii, oba se tedy podileji na tvorbé a udrzeni
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zénétu. Jednim z pozitivnich efekt statinti je protizanétlivy uc¢inek. Tohoto efektu statiny
prozanétlivy (Quist-Paulsen, 2010). Vysoce citlivy C-reaktivni protein (hsCRP) je
nespecificky marker zanétlivych onemocnéni a je nezavislym prediktorem rizika
kardiovaskularnich onemocnéni a vaskularniho rizika, nezavisle na hladinach cholesterolu
(Liao and Laufs, 2005). Statiny hladinu hsCRP snizuji (Montecucco et al., 2009). Klicovymi
molekulami v progresi zanétu jsou reaktivni formy kysliku. Hlavnim zdrojem endotelidlnich
reaktivnich forem kysliku je NADPH oxidaza (Park et al., 2006; Pendyala et al., 2009), jejiz
¢innost podléha regulaci statiny. Komplex NADPH oxidazy se sklada ze dvou membranove
vazanych slozek, Nox2 a p22phox, dale pak z néckolika cytosolickych regulacnich
podjednotek vcetné¢ Racl, p47phox a p67phox (Jones et al., 1996; Li and Shah, 2001).
Stimulace extracelularnimi prozanétlivymi cytokiny, ischemii/reperfuzi nebo hyperoxii vede k
posttranslacni modifikaci a translokaci cytosolickych slozek, jejichz dasledkem je vytvoreni
aktivovaného komplexu NADPH oxiddzy na membrané (Pendyala et al., 2009). Statiny
zabranuji translokaci podjednotek Racl a p47phox k membrané. NADPH tedy nemtize byt
aktivovana a tvorba reaktivnich kyslikovych radikalt je potlacena (Chen et al., 2008)

Diilezitou funk¢éni komponentou PH je vazokonstrikce. Statiny zlepSuji relaxaci zavislou na
endotelu prostfednictvim mechanismii, které zahrnuji indukci endotelidlni syntazy oxidu
dusnatého a produkci NO (Kureishi et al., 2000; Laufs et al., 1997; Nishimura et al., 2002).
V navaznosti na prvni studii, kterd objevila efekt statinii v 1écbé experimentaln€¢ navozené
plicni hypertenze (Nishimura et al., 2002), se objevila fada experimentli potvrzujicich
schopnost riznych statinli alespon ¢aste¢né zabranit rozvoji PH u nékolika experimentalnich
modeltl u potkand, vcetné chronické hypoxie (Girgis et al., 2003; Murata et al., 2005),
monokrotalinového (Guerard et al., 2006; Laudi et al., 2007; Rakotoniaina et al., 2006; Satoh

and Satoh, 2009; Sun and Ku, 2008), SU5416 v kombinaci s hypoxii (Taraseviciene-Stewart
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et al., 2006), transgennich potkani nadmérné exprimujicich renin (DeMarco et al., 2009) a u
potkanti s PH zpusobenou plicni fibrézou vyvolanou neomycinem. Podobny efekt byl
pozorovan u potkanti (Lee et al., 2005) a morcat (Wright et al., 2011) s PH vyvolanou
koufenim. Atorvastatin zabrénil rozvoji PH vyvolané virem HIV u makakii (Rabacal et al.,

2019).

Krom¢ prevence PH na zvifecich modelech bylo opakovan¢é ukazano, ze statiny snizuji jiz
rozvinutou PH u monokrotalinovych (Jasinska-Stroschein et al., 2014; Nishimura et al., 2003;
Pei et al.,, 2011; Satoh and Satoh, 2009) a hypoxii indukovanych (Girgis et al., 2007)
potkanich modelti, ackoliv na druhou stranu existuji také zpravy o minimalni u¢innosti statinti

proti jiz zavedené monokrotalinové PH (McMurtry et al., 2007; Sun and Ku, 2008).

U lidi jsou studie méné prikazné. Tii nezavislé metaanalyzy ptedchozich klinickych studii
nezjistily zadny piiznivy Ucinek 1écby statiny na PH ze vSech pficin (Anand et al., 2016;
Rysz-Gorzynska, n.d.; Wang et al., 2016). To by mohlo souviset s paradoxem, Ze statiny sice
snizuji LDL cholesterol (Stroes, 2005), jenze ten maji pacienti s PAH nizky a GispéSna 1écba
PH tyto nizké hladiny naopak zvysuje (Kope¢ et al., 2017). Nicmén¢ samostatnd metaanalyza

zameiena pouze na pacienty s CHOPN gzjistila snizenou PH u pacientti 1éCenych statiny (Lu et

al., 2019).

Pokud jde o mechanismy, kterymi mohou statiny zmirnit PH, vétSina dosavadnich studii se
zaméfila pfedevSim na obnoveni exprese NO syntazy a/nebo aktivity sniZzené plicni hypertenzi
(Guerard et al., 2006; Murata et al., 2005; Pei et al., 2011; Rakotoniaina et al., 2006). Byla
také zaznamendna  statinem  snizend  plazmatickd  koncentrace  asymetrického
dimethylargininu, endogenniho inhibitoru NO syntézy (Pei et al., 2011). Zejména s ohledem
na radikdlové vlastnosti NO a jeho rychlou reakci se superoxidem za vzniku vysoce

cytotoxického peroxynitritu nemusi ovSem zvySeni NO mit vzdy ptiznivy efekt (Hampl and
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Herget, 2000). NO navic nemusi byt pii PH vzdy snizené, mtize byt dokonce kompenzatorné
zvysené (Hampl and Herget, 2000). Je znamo, ze produkce NO izoformou NO syntazy II
(INOS) ve skutecnosti pfispiva k zahdjeni plicni hypertenze béhem prvnich dnti hypoxické

expozice (Hampl et al., 2006).
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mechanismi (Beltowski, 2005; Davignon et al., 2004), i kdyz na druhé stran€ byl u n¢kterych
experimentalnich modelll hlaSen i prooxida¢ni Ucinek statini (Beltowski, 2005). ZvySeny
oxidaéni stres je vyznamnou komponentou chronické hypoxické plicni hypertenze (Herget et
al., 2000; Lachmanova et al., 2005; Lai et al., 1998). Antioxida¢ni aktivita statini tak mtze
castecné vysvétlit jejich terapeutické ucinky pfi plicni hypertenzi. Zavedenym markerem
oxida¢niho stresu je plazmaticky malondyaldehyd; hladina malondyaldehydu je vyrazné
sniZzena (Zinellu et al., 2019). Statiny také mohou ptisobit jako antioxidanty tim, ze usnadiiuji

redukci jinych proteinti vyménou cystein thiol-disulfidu (Haendeler et al., 2004).

Pozitivni efekt statind byl zjiStén 1 v kontextu dalSich onemocnéni. Agarwal et al. prokéazali
pozitivni G¢inky na revmatoidni artritidu inhibici a downregulaci cytokinti a chemokint
(Agarwal et al., 2010). Metaanalyza zahrnujici jednu randomizovanou a devét observacnich
studii u témet jednoho milionu lidi, kterfi byly 1éceni statiny, prokazala 42% snizeni rizika

hluboké Zilni trombozy a 30% snizeni vyskytu plicni embolie (Khemasuwan et al., 2010).

Je znamo, Ze statiny stimuluji ATP senzitivni K* kandly (které ovSem hraji v regulaci
hladkého svalstva plicnich arteridlnich cév nejvysSe jen malou roli) (Sehra et al., 2017). Bylo
ale také hlaSeno, Ze statiny aktivuji i napétové Fizené K" kanaly (Kv) obecné (Chen et al.,
2016) a inhibuji Kv1.3 kandly v rakovinnych T bunikach (Teisseyre et al., 2021). U hladkého
svalstva cév je upregulace Kv1.3 dilezitd pro proliferaci a migraci (Cheong et al., 2011;

Cidad et al., 2015). Vliv statin na aktivitu vapnikem fizenych K" kanalti (BKca) nebyl
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hlaSen, 1 kdyZ mohou aktivovat Kca kanaly s malou vodivosti (McNeish et al., 2012). Statiny
vSak mohou aktivovat kandly BKca nepiimo, prostfednictvim jejich znamé podpory NO
aktivity. NO zplsobuje plicni vazodilataci aktivaci BKca kanéli (Archer et al., 1994; Hampl

et al., 1995).

Dehydroepiandrosteron

Dehydroepiandrosteron (DHEA) je pfirozené se vyskytujici steroidni hormon odvozeny od
cholesterolu vylucovany prevazné z kiiry nadledvin. U lidi slouzi jako prekurzor pro syntézu
androgenti a estrogenu (Labrie et al., 2001). V krvi se vyskytuje pfevazn¢ ve formé
3B-sulfatesteru (DHEA S) na ktery je konvertovan sulfotrasnferdzami v jatrech a kortexu
nadledvin. VétSina efekti DHEA je zprostfedkovana pravé skrze DHEA S formu (Celec and
Starka, 2003).

DHEA je aktivator BKca kanali (Arlt et al., 1999; Peng et al., 1997) a potentni antioxida¢ni
agens (Iwasaki et al., 2004). Svym tuc¢inkem zpiisobuje hyperpolarizaci membran bunék
hladké svaloviny plicnich arteriol s jejich naslednou relaxaci, rezultujici ve vazodilataci
Dalsimi mechanismy jak DHEA zptsobuje vazodilataci je zvySenim produkce NO a cGMP
(Liu and Dillon, 2002; Simoncini et al., 2003) nebo prostfednictvim pfemény na estrogen
(Hayashi et al., 2000). DHEA také zabrafuje influxu Ca** skrze inhibici napétové fizenych
vapnikovych kanald (T-typ)(Chevalier et al., 2012) a snizuje za hypoxie akumulaci HIF-1a
v buiikach plicnich cév (Dessouroux et al., 2008).

Membranovy potencial bun¢k hladké svaloviny je regulovan zejména kandly propustnymi pro
K", konkrétn& hlavné BKC. kanély (Peng et al., 1997), Kv kanaly (Chauhan-Patel and Spruce,
1997; Michelakis et al., 2000) a KCNQ kanaly (Joshi et al., 2009). S rozvojem chronické
hypoxické PH jsou funkce i exprese téchto draselnych kanali downregulovany (Krick et al.,

2001; Olschewski et al., 2002). Mechanismem downregulace miize byt zména redoxniho
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stavu vyvolana chronickou hypoxii (Reeve et al., 2001). SniZzeni hustoty draslikem nesené¢ho
proudu na membrané hladké svaloviny plicnich arteriol ma za nésledek depolarizaci (Smirnov
et al., 1994), ktera aktivuje nap&tové fizené Ca®" kandly a tim vede ke zvySeni hladiny
intracelularniho vapenatého kationtu. Vyssi koncentrace intracelularniho Ca** (amplifikovana
kalciem-indukovaného efluxu vépniku ze sarkoplasmatického retikula) vede ke kontrakci

svaloviny a k proliferaci (Platoshyn et al., 2000).

Plazamtické hladiny DHEA/DHEA S jsou u pacientt s PH prokazatelné snizené (Baird et al.,
2021; Ventetuolo et al., 2016).Ve studiich byl prokazan efekt DHEA na redukci a prevenci
PH a souvisejici hypertrofii pravé komory srde¢ni u potkanti vystavenych hypoxii
odpovidajici PH pii chronickém plicnim onemocnéni (Skupina 3 dle NICE klasifikace
PH)(Bonnet et al., 2003; Hampl et al., 2003b) a u potkanti s podvazanou aortou odpovidajici
PH pii onemocnéni levého srdce (Skupina 2 dle NICE klasifikace PH)(Zhang et al., 2019). U
pacientti s CHOPN a PH 1écba DHEA vyrazné zlepSuje vzdalenost Sestiminutévo testu chize,
plicni hemodynamiku a difuzni kapacitu pro oxid uhelnaty, bez zhorSeni vymény plyni
(Dumas de La Roque et al., 2012). Zaroven bylo prokazano, ze vyssi hladiny estrogenu a nizsi
hladiny DHEA byly spojeny se zvySenym rizikem PAH u lidi (Ventetuolo et al., 2016) a
zvySenym rizikem a zdvaznosti PAH u zen po menopauze (Baird et al., 2018). DHEA/DHEA
S maé antioxidacni aktivitu souvisejici s inhibici syntézy NADPH (Schwartz and Pashko,
2004). Vzhledem k vySe zminénym vlastnostem, a protoze jeho exogenni podani je u lidi
dobfte snaseno, DHEA (nebo DHEA S) je atraktivni jako potencialni 1écba PH.

Na zéklad€¢ té€chto zjiSténi v soucasné dobé probiha randomizovand dvojité zaslepena
placebem kontrolovana studie s perordlné podavanym DHEA u pacientt s PAH
(EDIPHY)(Walsh et al., 2021). DHEA a DHEA S nemaji pouze pozitivni efekty, byl zjistén 1

jejich prooxidacni uc€inek pii vysSich davkach (Hayashi et al., 1994; Mastrocola et al., 2003).
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Alveolarni makrofagy a jejich produkce reaktivnich forem kysliku se podileji na mechanismu
hypoxické PH (Zaloudikova et al., 2016, p. 1). DHEA také podobné jako statin inhibuje 3-

hydroxy-3-methyl-glutaryl koenzym A reduktazu (Pascale et al., 1995).

Sartany

Sartany jsou rodina vysoce selektivnich antihypertenziv, které ptsobi blokovanim aktivace
AT1 receptori angiotenzinu II (Timmermans, 1999), multifunkéniho peptidu s
vazokonstrikénim uc¢inkem, ktery je jednim z hlavnich peptidi odpovédnych za regulaci
krevniho tlaku. Kdyz jsou receptory AT1 aktivovany, indukuji vazokonstrikeci, uvolnuji
aldosteron, zpusobuji zvySeni vyluCovani sodiku a vody, snizuji objem plazmy a zvySuji
krevni tlak. Mechanismus ucinku sartani je podobny mechanismu antihypertenznich
inhibitort angiotenzin konvertujiciho enzymu (ACE inhibitory) (Schramm et al., 2012), ale na
rozdil od posledn¢ jmenovanych nemaji sartany zadny vliv na degradaci bradykininu, peptidu
s vyraznymi vazodilatacnimi vlastnostmi. U ACE inhibitort dochézi k nedostate¢né inaktivaci
bradykininu a naslednému vyskytu nezadoucich ucinku, jako je suchy drazdivy kasel a
angioedém. Na rozdil od ACE inhibitorti, nebrani AT1 inhibitory aktivaci AT2 receptorii.
Systém renin-angiotensin-aldosteron (RAAS) je uznavan jako jeden z nejsilnéjSich regulatorti
rovnovahy sodiku, objemu télnich tekutin a krevniho tlaku. S vyvojem 1€k, které ucinné
blokuji rizné slozky RAAS, se projevily terapeutické vyhody inhibice tohoto systému pfi
hypertenzi, srde¢nim selhani, cukrovce a dalSich patofyziologickych stavech.

Renin je zodpovédny za prvni a dulezity regulacni krok v kaskadé RAAS, bez enzymu reninu
nejsou zadné angiotensiny (Danser et al., 1997). Angiotensinogen je prekurzorem vSech
angiotensinli a je pfeménén plsobenim reninu na angiotensin I. Enzym konvertujici
angiotensin 1 pak pfeménuje angiotensin I na hlavni efektorovy peptid RAAS, angiotensin II.

Angiotensin II prostfednictvim stimulace receptoru angiotenzinu II typu 1 (ATI1) vyvolava
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vSechny klasické ucinky RAAS, véetné vazokonstrikce, zadrZzovani vody a sodiku, syntézy
aldosteronu, prozanétlivych ucinka a ristu a remodelace, oproti tomu stimulace receptoru
AT?2 vede k vazodilataci a natriuréze autokrinni kaskadou zahrnujici bradykinin, NO a cGMP.
Bylo také zjisténo, Ze receptor AT2 kontroluje vazodilata¢ni prostaglandiny, které hraji roli v
regulaci krevniho tlaku. Zda se tedy, Ze receptor AT2 mé ochrannou roli pfi regulaci krevniho
tlaku a vyluCovani sodiku (Carey et al.,, 2000). ACE2, blizky homolog ACE, jehoz
substratem je rovnéz angiotensin I, funguje jako negativni regulator angiotenzinového
systétmu. V plicich chrani ACE2 pted akutnim poskozenim plic u zvifecich modelit ARDS

(Kuba et al., 20006).

Angiotensin II (Angll) je povazovan za piispévatele k patologické vaskularni remodelaci pfi
PH. Zejména exprese ACE a receptoru AT1 jsou zvySeny v plicni vaskulatufe modelt PH (de
Man et al., 2012; Morrell et al., 1995; Orte et al., 2000). Piedchozi studie prokazaly, ze
losartan (Morrell et al., 2005; Rondelet et al., 2005; Xie et al., 2010) a telmisartan (Okada et
al., 2009) tlumi PH u lidi a zvifecich modeld, avSak jiné studie neprokazaly ptiznivé uinky
blokatorti angiotenzinovych receptort (ARB) na PH (Saygili et al., 2007). Valsartan ma
piiznivé ucinky na systémovou arteridlni hypertenzi, srdecni selhani, véetné regrese pfi
remodelaci komor a zlepseni systémové vaskularni rezistence (Anand et al., 2005; Croom and
Keating, 2004; Ridker et al., 2006). Krom¢ toho valsartan snizuje hladiny zanétlivych faktort,

ROS a expresi tkanového aktivatoru plazminogenu (Manabe et al., 2005; Yang et al., 2009)

Inhibitory neprilysinu
Mozkovy natriureticky peptid (BNP) je soucasti systému natriuretickych peptidli a je
syntetizovany prevazné srdeCnimi komorami (Suga et al., 1992). Chronickd hypoxie

zpusobuje trvalé zvyseni afterloadu s hypertrofii pravé komory (RV), zvySenou kontraktilitou
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a nadmérnou expresi BNP v reakci na pietizeni pravostrannych srdecnich oddili (Nagaya et
al., 1998; Toth et al., 1994). Natriuretické peptidy maji kardio-renoprotektivni ucinky. BNP
relaxuje kontrahované izolované plicni tepny a tlumi hypoxickou vazokonstrikci
v izolovanych plicich experimentalnich potkant (Hill et al., 1994), ddle ma antiproliferativni
ucinek na hladké svalstvo (Schirger et al., 2000) a snizuje produkci reaktivnich kyslikovych
radikala a tim oxidativni stres v plicich béhem zanétu (Chiurchiu et al., 2008). Natriuretické
peptidy ptisobi v opozici vici angiotenzinu II (ANG II), ET-1 a sympatickému nervovému
systétmu (Sigurdsson and Swedberg, 1996), a proto maji potencial zlepsit funkci RV u

pacientti s PAH.

Cirkulujici natriuretické peptidy jsou matabolizovany a eliminovany 2 cestami. Prvni je vazba
na natriureticky peptidovy receptor-C s naslednou endocytéozou a lysozomalni degradaci
(Almeida et al., 1989). Druhou cestou je Stépeni peptidu neutralni endopeptiddzou 24.11
(NEP, neprilisyn) (Soleilhac et al., 1992). Polo¢as rozpadu BNP je 20 minut (Espiner et al.,

1995).

Terapeutické zvyseni hladin BNP je mozné dvéma zplsoby. Za prvé, BNP muze byt podavan
intraven6zné. Bylo prokazano, ze podavani lidského BNP v davce 10 pmol kg™ ! min.” ! ma
akutni vazodilata¢ni ucinek na plicni obéh (Cargill and Lipworth, 1995) a snizuje PH u
pacientll s cor pulmonale (Cargill and Lipworth, 1996). Intravendzni podani BNP b&hem
expozice chronické hypoxii vede ke sniZzeni plicni cévni remodelace (Jin et al., 1990; Klinger
et al., 1998), snizeni poméru RV/t€lesné hmotnosti a snizeni muskularizace perifernich
plicnich cév (Klinger et al., 1998). Dalsi studie s rekombinantnim lidskym BNP nesiritidem
prokdzaly snizeni PVR u postkapilarni PH (Khush et al., 2009; Michaels et al., 2005) a
zvyseni hladin NO v prekapilarni PH (Khush et al., 2009). Druhou moznosti zvySeni hladin
BNP je inhibice neprilysinu (Corti et al., 2001), u niz bylo prokdzano, ze inhibuje vyvoj

hypoxii vyvolané PH u potkani (Klinger et al., 1993).
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LCZ696 je kombinovany pfipravek antagonisty receptoru AT valsartanu a sakubitrilu
(inhibitoru neprilysinu) a Gspé$né je pouzivan pii 1€cbé chronického srde¢niho selhani levé

komory se snizenou ejekéni frakci (McMurray et al., 2014).

Ovlivnéni transkripce

Inhibitor translace HIF-2a. (C76)

HIF jsou transkripéni fatory, které jsou aktivni v dobé nedostatku O2 (Smith et al., 2008). Za
normoxie jsou o subjednotky hydroxylovany za pomoci HIF prolyl-hydroxylazy, takto
hydroxylované jednotky jsou nésledné rozpoznany von Hippel-Lindau proteinem, ktery je
oznaceny pro naslednou rychlou degradaci v proteasomu (Maxwell et al., 1999). Vzhledem
k tomu, ze HIF prolyl-hydroxyldza potfebuje O2 jak kosubstrat, nedochazi za podminek
hypoxie k degradaci a subjednotky a ta mize ndsledné po vazbé na 8 subjenotku uplatnit svij
regulacni vliv na plicni cirkulaci a na erytropoézu a angiogenezi. (Semenza, 2012; Shimoda

and Semenza, 2011).

Studie s HIF-2a inhibitorem translace C76 u Sugen5416/hypoxického a monokrotalinového
experimentalniho potkaniho modelu prokazala ucinnost tohoto preparatu ve zvraceni
remodelace plicnich arterii, inhibici pravostranného srde¢niho selhdni a prodlouzeni pieziti

(Dai et al., 2018).
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1.4 Animalni modely plicni hypertenze

Zviteci modely jsou nezbytné k identifikovani molekularnich mechanismii onemocnéni a pro
hledani novych terapeutickych cilti. PH je soubor onemocnéni, kterd jsou multifaktoridlni a

jejichz

morfo-patologické zmény jsou velmi komplexni. Zadny zvifeci model vérné nereprodukuje
celé klinické spektrum PH nebo dokonce jeji jednotlivou podskupinu. Na omezenost zvifecich
modeltt PH dale nepfimo poukazuje skutecnost, Zze mnoho 1€k, které byly slibné béhem

preklinického hodnoceni, maji nizky Gspéch béhem nasledného klinického testovani
Zviteci modely PH v dusledku hypoxie nebo plicnich onemocnéni (skupina 3)
Zvireci modely tykajici se chronické hypoxie

Tento experimentalni model nejvérnéji simuluje zmény na plicnich cévach navozené
dlouhodobou expozici vysoké nadmoiské vySce. Pii vystaveni experimentdlniho zvitete
chronické alveolarni hypoxii (obvykle po dobu 3 tydnl), dojde k navozeni konstrikce
rezistentnich cév v plicnim feciSti. Konstrikce a naslednd muskularizace cév pfispiva ke
zvySeni tlaku v plicnici. Bylo navrzeno nékolik mechanismi de novo muskularizace malych
plicnich arteriol, v€etné distalni expanze preexistujicich hladkych svalovych bunék cév a
transdiferenciace endotelu v mezenchym (Qiao et al., 2014; Suzuki et al., 2018) Hlavnimi
nedostatky tohoto modelu jsou relativné mirnd zavaznost PH, kterd je cCéaste¢né dana
omezenym rozsahem patologické piestavby plicniho cévniho fecisté, a dale neschopnost
replikovat maladaptivni udalosti vedouci k selhdni RV (Stenmark et al., 2009). Navzdory
témto omezenim, model chronické hypoxie poskytuje cenné poznatky o vazokonstrikéni
slozce PH a jeho vyhodou je, ze je relativné levny, snadno proveditelny a vysoce

reproducibilni. Dosavadni vysledky ziskané na tomto modelu jsou zédkladem pro v soucasnosti
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dostupné 1écebné postupy u PAH. Navic expozice hlodavci chronické intermitentni hypoxii
se rovnéz pouziva k napodobeni cyklického pribéhu hypoxémie, kterd je pozorovana u
pacientll s obstruk¢ni spankovou apnoe (Campen et al., 2005; Nisbet et al., 2009), stavu
komplikovaného mirnou nebo stiedné¢ tézkou PH, pokud neni Ié¢en (Sajkov et al., 2002). Bylo
prokdzano, ze vystaveni chronické intermitentni hypoxii po dobu nékolika tydni vyvolava
ptiznaky PH, coz se projevilo ztlusténim malych plicnich cév, mirnym zvySenim RVSP a
mirnym zvysSenim hmotnosti RV (Fagan, 2001; Nisbet et al., 2009). S mirnou az stfedni PH se
Casto setkavame u chronické obstrukéni plicni nemoci — ireverzibilniho plicniho onemocnéni
vedoucimu vlivem chronického zanétu k chronické bronchitidé a rozvoji emfyzému.
Vzhledem k tomu, Zze onemocnéni nejCastéji vznika v dusledku dlouhodobé inhalace
drazdivych latek, zejména cigaretového kouie, se expozice cigaretovému koufi stala jednim
z nejCastéji uzivanych zvitecich modelt. Vysledky ziskané na zvitatech ukazaly, ze chronicka
expozice cigaretovému koufi, obvykle po dobu 4 az 6 mésicli, je doprovazena ztlusténim ve
sténé plini arterie a zvySenym RVSP (Lee et al., 2005; Seimetz et al., 2011; Wang et al., 2010;
Weissmann et al., 2014; Wright and Churg, 1991). Analyza ¢asového prubéhu poskozeni plic
na modelech hlodavcti opakované prokazala, ze remodelace plicnich cév a PH mize
piedchazet rozvoji emfyzému (Seimetz et al., 2011; Wright and Churg, 1991). Na zaklad¢
téchto dat je zfejmé, Ze cigaretovy kour ma piimy dopad na plicni vaskulaturu a PH u
chronické obstruk¢ni plicni nemoci nemusi byt nutné zptsobena ubytkem kapilar u emfyzému

a chronické alveolarni hypoxie.

Idiopaticka plicni fibroza

Byly vytvofeny rizné zvifeci modely zobrazujici parenchymovou plicni fibrézu s riznym
stupném remodelace plicnich cév a PH, pfi¢emz nejlépe charakterizovanym je model podani
bleomycinu u hlodaveii (Jenkins et al., 2017). Podavani tohoto chemoterapeutika vede

k rozvoji muskularizace plicnich cév a doprovodné lehké PH (Almudéver et al., 2013;
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Hemnes et al., 2008; Ruffenach et al., 2019). Pro adekvatné&jsi piipodobnéni PH 3. skupiny
byl vyvinut model dvou zasaht potkanti postupnym vystavenim bleomycinu a monokrotalinu
(Ruffenach et al., 2019). Tento model je v praxi vhodny k posouzeni vlivu 1é¢iv na PH u jiz

existujici plicni fibrozy.

Zvireci modely PH v disledku onemocnéni levého srdce (skupina 2)

Dostupné modely pouzivané ke studiu PH2 pouzivaji jednu ze tfi hlavnich strategii
(Boucherat et al., 2022). Jednou z nich je cilené poranéni levé komory, které vede k jejimu
selhani. Ptikladem je infarkt myokardu navozeny podvazem koronarni tepny (Jasmin et al.,
2004, 2003) nebo experimentalni metabolicky syndrom (Lai et al., 2016). Tyto modely vérné
napodobuji konkrétni klinické situace, ale i€inky na plicni obéh mohou byt zkreseleny jinymi
ucinky primarniho experimentalniho inzultu. Dal$im pfistupem je piimé zvyseni tlakového
ptetizeni levé komory zvySenim odporu vytokového traktu levé komory. Toho se dosahuje
castenym vnéjSim zasvorkovanim nebo podvazanim vzestupné aorty u mysi (Chen et al.,
2012; Rockman et al., 1991) a nebo ¢astéji u potkant (suprakoronarni aortalni bandaz) (Dai et
al., 2004; Hentschel et al., 2007; Hunt et al., 2013; Kerem et al., 2010; Lambert et al., 2021;
Ranchoux et al., 2019). Tieti moznosti je ¢astecné zasvorkovani velkych plicnich zil, nicméné
tento pfistup byl popsan pouze u vétSich zvirat (prasat) (Aguero et al., 2014; Pereda et al.,

2014; van Duin et al., 2019).

Spole¢nym jmenovatelem téchto modell je, Ze vyzaduji dlouhou rekonvalescenci vazné
nemocnych zvifat po operaci na otevieném hrudniku. Samotna operace je vice ¢i méné
komplikovana, Casové narocnd a vyzaduje dlouhou vyukovou kiivku. Proto je Zadouci

vyvinuti technicky jednodussiho modelu vyuZzivajiciho malé laboratorni hlodavce.
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1.5 Léky navozena plicni hypertenze

V roce 1968 vzrostl mezinarodni zdjem o PH z divodu velkého nariistu poctu pacienti s PH
ve gvycarsku, Némecku a Rakousku (Gurtner, 1979; Gurtner et al., 1968) v kontextu uzivani
v té dobé nového preparatu na 16¢bu obezity, aminorexu fumaratu. Umrtnost byla vysoka,
pfi¢emz téméf polovina osob s aminorexem indukovanou PH zemfela do 10 let od stanoveni
diagnozy (Greiser, 1973). Aminorex byl stazen z Evropského trhu v roce 1972. V navaznosti
na tyto udalosti byla pod zastitou WHO uspotfadana prvni konference zabyvajici se PH
s vytvofenim pacientskych databazi a zdvazkem k rozvoji vyzkumu PH. Jako hlavni cile byly
stanoveny pochopeni patogeneze onemocnéni a hledani jeho terapeutickych moznosti. Léky a

toxiny navozena PH ma dnes v klasifikaci PH své specifické misto.
Interferony

Interferony jsou cytokiny uvoliiované¢ imunomodula¢nimi bunkami v reakci na infekce a
malignity. Interferony byly vyvinuty jako 1écba rlznych imunologickych onemocnéni a
malignich procesti (George et al., 2012). V poslednich péti letech se objevily ptipady, které
spojuji uzivani interferonti s rozvojem PAH a vyvolaly obavy o bezpecnost. tykajici se

pouzivani téchto latek v klinické praxi (Fruehauf et al., 2001; Jochmann et al., 2005).
Desatinib

Inhibitory tyrozinkinazy jsou kli¢ovou lécbou pro chronickou myeloidni leukémii,
hematologickou malignitu zplisobenou chromozomalni translokaci (BCR/ABL), ktera vede ke
vzniku patogenniho tyrozinkindzového proteinu (Montani et al., 2010). Tento patologicky
protein miize byt blokovan inhibitory tyrozinkindzy, coZz nésledné prodluzuje fazi remise.
Navzdory terapeutickému pfinosu dasatinibu u pacientli s chronickou myeloidni leukémii,

cetné studie nyni ukdzaly, ze dasatinib muze vést k rozvoji PAH (Montani et al., 2010;
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Weatherald et al., 2017). Potencidlnim mechanismem vzniku PH je zde imunitni deregulace
s ohledem na nalez CD3+ lymfocytl a makrofagii ve sténé remodelovanych cév potkant
predlécenych desatinibem a nasledné exponovanym hypoxii dle standardni praxe (Guignabert

etal., 2016).

Mitomycin C

Mitomycin C je bioreduk¢ni alkylaéni Cinidlo, které se pouziva jako chemoterapeutikum pfi
1écbé riznych malignit (Ragonese et al., 2016). V poslednich letech byl mitomycin C
identifikovan jako mozny rizikovy faktor pro plicni venookluzivni nemoc (Gagnadoux et al.,
2002), vzacné formy PAH s incidenci 0,5 % a s vyskytem 0,5 % ptipadli na milion obyvatel

ro¢n¢ a spojenou s velmi Spatnou prognézou (Huertas et al., 2011; Montani et al., 2016).

Selektivni inhibitory zpétného vychytavani serotoninu

Selektivni inhibitory zpétného vychytavani serotoninu (SSRI) jsou Iéky primarné urcené
k lécbe deprese, nicméné nekteti ze zastupcl této skupiny jsou uzivani v 1écbé obezity.
Fenfluramin zvySuje hladinu cirkulujiciho serotoninu a 5-HT uvolnénim z desticek interakci
s 5-HT transportérem (5-HTT) (Fristrom et al., 1977; Martin and Artigas, 1992). Elevovany
5-HT nasledné¢ plsobi vazokonstrikci malych plicnich arterii pfes pfes SHTi» receptory
(Morecroft et al., 1999) a zvySenou proliferaci hladké svaloviny (Pitt et al., 1994). Jedna
populacni kohortové studie, ktera zkoumala vice nez 1,6 milionu kojenct zjistila, ze déti
narozené¢ matkam, které uzivaly SSRI v pozdnim téhotenstvi mély vice nez dvakrat vyssi
pravdépodobnost rozvoje PH novorozenych (Kieler et al., 2012). PAH u dospélych

exponovanych SSRI dosud nebyla dikladné zkoumana.

Metamfetamin
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Metamfetamin je vysoce navykové neurostimulans se systémovymi ucinky, které mohou mit
za nasledek organovou dysfunkci a smrt (Gotway et al., 2002). Molekularni struktura je
podobnd aminorex fumaratu a fenfluraminu, stimulantim, které jsou asociovany s léky
navozenou PH (Fishman, 1999). Asociace mezi PAH a uzivanim metamfetaminu byla

prokdzana (Chin et al., 2006; Schaiberger et al., 1993).

Odhalovani potencialnich nezddoucich Gc¢inkt zlstava stale jednim ze zdsadnich endpointl

pokusii v laboratofich zamétenych na preklinické testovani 1éCiv.
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2. CILE A HYPOTEZY

Primérnim cilem prace bylo ovéfit predpoklad, ze kombinace dvou latek, z nichz kazda se
osvédcila (minimalné v experimentu) jako caste¢na 1écba PH, bude pro 1écbu PH ucinngjsi
nez pouziti kazdé z téchto latek samostatné. Konkrétné jsme se rozhodli ovéfit kombinaci
DHEA S a simvastatinu vii¢i chronické hypoxické PH (3.skupina PH). Rozhodli jsem se
ovétit 1 de facto opaény scénaf — ze latka, kterd mize byt vici né¢jakému jinému onemocnéni
uzite¢na, bude na zakladé¢ svych vlastnosti potenciadlné problematicka vici plicni cirkulaci
(jako se to v minulosti ukazalo napt. pro fenfluramin a dalsi). Konkrétné jsme se zamétili na
stabilizator HIF roxadustat, vhodny pro 1é¢bu anémii. A kone¢né, pti védomi, Ze vzhledem
k poctu pacienttl, které¢ postihuje PH, je mnohem c¢astéjsi PH skupiny 2, nez skupiny 3, bylo
nasim poslednim cilem pfipravit a charakterizovat jednoduchy animalni model PH skupiny 3
jako ptredpoklad mozného budouciho testovani dalSich 1écebnych moznosti vhodnych této

formy PH. Celkem jsme tedy ve 3 studiich testovali 3 hlavni hypotézy:

Hypotéza 1: Utinky simvastatinu a dehydroepiandrosteron sulfatu proti hypoxické
plicni hypertenzi jsou aditivni.

Hypotéza 2: Stabilizator HIF roxadustat zvySuje plicni cévni rezistenci.

Hypotéza 3: Intrvaskularni ¢éastecna obstrukce vzestupné aorty vyvola u potkani
levostranné objemové pretiZeni a ,reaktivni“ plicni hypertenzi (tj. PH s komponentou

zvySené plicni arterialni rezistence).
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3. MATERIAL A METODY

3.1 Etické aspekty

Pokusy byly provadény na dospélych samcich potkani Wistar (AnLab s.r.0., Praha, Ceska
republika) v souladu s principy ARRIVE pro pouzivani pokusnych zvifat a platnym pravem
EU a CR. Viechny experimenty, prostory kde byly provadény i experimentatoii méli povoleni

pozadovana zakenem na ochranu zvirat proti tyrani.

Potkani byli chovani pii pokojové teploté s volnym ptistupem ke standardni stravé (AnLab) a
vodé. Pfi vSech chirurgickych zékrocich byli anestetizovani 30 mg.kg-1 t€lesné hmotnosti
(BW), IP. VSechna léc¢iva a chemikalie byly zakoupeny od firmy Sigma-Aldrich, Praha,
Ceska republika s vyjimkou roxadustatu, ktery byl zakoupen od firmy MedChemExpress,
Monmoutuh Junction, NJ, USA. Dostate¢na hloubka anestezie byla pravidelné kontrolovana
absenci reakce na lehky dotek rohovky kouskem papirového kapesniku. Po métenich byli
potkani usmrceni intrakardidlnim podanim thiopentalu nebo vyjmutim srdce v hluboké

anestezii.
3.2 DHEA a statin
Experimentalni skupiny a podavani léciv

Dospéli samci potkanti Wistar (~350 g na zacatku experimentu) byli ndhodné zatazeni do
jedné z péti skupin. Byla pouzita jedna normoxicka kontrolni skupina (NC, n=16, chovana po
celou dobu experimentu na pokojovém vzduchu) a 4 chronicky hypoxické skupiny potkanti.
Hypoxické skupiny byly vystaveny normobarické hypoxii (10 % O2) po dobu 3 tydnt. Z toho
jedné skupiné byl po celou dobu hypoxické expozice podavan inhibitor 3-hydroxy-3-methyl-
glutaryl koenzym A reduktazy, simvastatin, v pitné vodé v davce 60 mg/l (skupina HS, n=9).

Protoze simvastatin neni rozpustny ve vod¢, byl nejprve rozpustén v malém objemu ethanolu
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a poté pridan do pitné vody tak, Ze konecnd koncentrace ethanolu byla 0,5 %. Davka
dospély samec potkana pti 10 % O2 vypije asi 30 ml/den a z toho se vypocte ucinna davka po
podani (Kuang et al., 2010; Nishimura et al., 2003, 2002; Satoh and Satoh, 2009). Dalsi
skupina dostavala, rovnéz v pitné vod¢, DHEA S v davce 100 mg/l (Hampl et al., 2003b) po
celou dobu hypoxické expozice (skupina HD, n=10). Tteti hypoxicka skupina byla Ié¢ena
kombinaci DHEA S (100 mg/l) a simvastatinu (60 mg/l) v pitné vodé s 0,5% ethanolem
(skupina HDS, n=9). Posledni skupina pijici Cistou vodu v hypoxii slouzila jako hypoxicka

kontrola (HC, n=9).

Mnozstvi ethanolu zkonzumovaného se simvastatinem povazujeme za zanedbatelné, protoze
jako model mirného pozivani alkoholu se pouzivaji desetkrat vyssi davky (Jakoubek and
Hampl, 2018; Silva et al., 2021). Abychom vSak ov¢fili, ze rozdily mezi skupinami nejsou
zpusobeny pfitomnosti etanolu v pitné vod¢ potkanti 1éCenych simvastatinem, dostavaly ¢asti
zbyvajicich skupin také 0,5 % etanolu (8 z 16 potkanti v NC, 4 z 10 v HD a 3 z 9 v HC).
Pokud neni uvedeno jinak, vysledky byly evidentné stejné s etanolem i bez néj, a proto byly

pro statistickou analyzu slouceny.

Experimentalni protokol a méreni

Po 3 tydnech hypoxie (nebo v odpovidajicim véku v NC) byli potkani anestetizovani
thiopentalem (30 mg/kg télesné hmotnosti, intraperitonealn¢). Tlak v plicnici byl méfen u
potkanli s neporuSenym hrudnikem spontanné dychajicich vzduch z mistnosti pomoci
katetrizace plicnice (Hampl et al., 2003b, 2003a; Herget and Palecek, 1972). Nejprve byla
cestou vena jugularis zavedena do pravé komory mirné zahnutd zavadéci kanyla (vnitini
primér 1,2 mm) termoplasticky vytvarovana do podoby hokejky (aby se usnadnil jeji prichod
do pravé kmory). Poté byl vnitikem tohoto zavadéce prostréen katétr (vnéj$i pramér 1,1mm)

pfedtim termoplasticky vytvarovany do podoby pismene U (velikost smy¢ky cca 7 mm). Pfi
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vysouvani ze zavadéce se proto jeho ohnuty hrot v pravé komote spontanné otacel smérem
k plicnici. Umisténi v pravé komote a plicni tepné bylo fizeno monitorovanim tlakové viny v
redlném case. Kdyz katétr dosahl plicnice, byl odstanén zavadé¢. Po zaznamendni stabilni
hodnoty mPAP po dobu né¢kolika desitek sekund az par minut byla trachea zpiistupnéna
koznim fezem na krku a pouzita k intubaci a ventilaci potkana vzduchem (50 dechli/min;
vrcholovy inspira¢ni tlak 10 cm H2O; koncovy exspiracni tlak 0 cm H20). Poté byl hrudnik
opatrn¢ otevien stereotomii (se snahou minimalizovat krvaceni) a na vzestupnou aortu byla
umisténa ultrazvukova pratokova sonda (Transonic Systems Inc, Ithaca, NY, USA) k méieni
srdecniho vydeje (Hampl et al., 2003a, 1993). U nékterych potkanii tento postup zpusobil
nadmémné krvaceni, takze pocCet potkant, pro které mame k dispozici hodnoty srdecniho
vydeje, je pon€kud nizs$i nez pocCet potkand, pro které mame k dispozici ostatni proménné.
Srde¢ni index byl vypocten jako srdecni vydej/télesnd hmotnost a index PVR jako
mPAP/srde¢ni index. Nasledné¢ byly punkci levé komory odebrany vzorky krve k méieni
hematokritu. Pro posouzeni mozné role zmén NO byla méfena suma plazmatickych
koncentraci NO a jeho oxidacnich produkt (dusitanti a dusi¢nant, NOX) v plazmé pomoci
chemiluminiscence (NOA 2801, Sievers, Boulder, CO, USA) po horké kyselé redukci, jak jiz

bylo popsano (Beitl et al., 2016; Pinder et al., 2008).

Vzorky séra byly také pouzity ke stanoveni koncentrace malondialdehydu pomoci HPLC
(vysokoucinné kapalinové chromatografie, high-performance liquid chromatogramy) jako
meétitka oxidacniho stresu (Del Rio et al., 2005). Ke vzorkim a standardim (1,1,3,3-
tetracthoxypropan) o rtiznych koncentracich bylo ptidano 0,05 % butylhydroxytoluenu, 0,44
M H3PO4 a 42 mM kyseliny thiobarbiturové. Vzorky byly zcentrifugovany a poté zahiivany
pii 100 °C po dobu 1 hodiny. Poté byly po dobu 5 minut chlazeny na ledu a nasledn¢ byl
komplex malondialdehydu a kyseliny tiobarbiturové extrahovan do butanolu. Zkumavky byly

odstfedény po dobu 5 minut pii 10 000 g, aby se vytvorily dvé odd€lené faze. Alikvoty byly
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pipetovany do zkumavek a méteny pomoci HPLC (Jasco, Japonsko). Analyza byla provedena
na koloné¢ Agilent Zorbax Eclipse Plus C18 4,6x 250 mm, 5 um. Optimalni priatok byl
nastaven na 1 ml/min pro mobilni fazi o slozeni methanol/50 mM KH2PO4 (40:60, v/v).
Fluorescencni detektor byl nastaven na 515/553 nm (excitace/emise). Vyhodnoceni bylo

provedeno pomoci softwaru ChromNAYV (Jasco, Japonsko).

K méfeni miry produkce superoxidu v Cerstvé krvi byla pouZita elektronova paramagneticka
rezonance (EPR) s pouzitim 1-hydroxy-3-methoxykarbonyl-2,2,5,5-tetramethyl-pyrrolidin
hydrochloridu (CMH, 10 uM) jako spinové sondy detekujici superoxid (O2-) (Chalupsky et
al., 2015). Vzorky byly pfipraveny pfidinim 5 puM diethyldithiokarbamatu, 25 uM
desferroxaminu a 10 uM CMH (Noxygen, Elzach, Némecko) a 5 ul Cerstvé krve v 50 ul
Krebs-Hepesova pufru. Vzorky byly umistény do vzduchotésnych sklenénych kapilar a
spektra byla zaznamendna v EPR spektrometru s teplotné fizenym rezonatorem (Escan,
Bruker Corp., Billerica, MA, USA). Nastaveni EPR pro spinovou znacku CMH bylo
nasledujici: centralni pole 3455 G, Sitka zabéru 10 G, frekvence 9,7690 GHz, mikrovinny
vykon 23. 89 mW a modula¢ni amplituda 2,93 G. Spektra byla zaznamenavana po dobu 10

min.

Po ziskani vSech vzorkd bylo srdce roziezdno a zvazeno po ¢astech v Cerstvém stavu. Jako
mira hypertrofie pravé komory byla pouzita hmotnost pravé komory v poméru k télesné

hmotnosti a k souctu hmotnosti levé komory a septa.

3.3 Aktivator HIF zvySuje plicni cévni rezistenci

Jedna skupina potkani byla lécena roxadustatem po dobu 2 tydnt (skupina Rox2w, n=9). P¢ét
miligraml roxadustatu bylo rozpusténo v 25 ul DMSO + 200 pl PEG + 25 ul TWEEN 80 +
250 pl vody a aplikovano i.p. (10 mg/kg télesné hmotnosti) kazdy druhy den (Burmakin et al.,

2021; Wing et al., 2021). ProtoZe jsme o¢ekavali, ze dojde ke zvySeni hematokritu, ktery sdm
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o0 sob¢ zvySuje PVR, pouzili jsme dalsi skupinu, ktera dostala roxadustat pouze jednou a byla
zkoumana o 48 h pozd¢ji, aby mohly byt ovlivnény piipadné plicni vaskularni mechanismy
fizené HIF, ale ti¢inek na hematokrit se jesté neprojevil (Rox2d, n=9). kontrolni skupina byla
l1é¢ena stejné jako Rox2w s tim rozdilem, Ze ji bylo aplikovano rozpoustédlo bez roxadustatu
(n=8). Pro ovéfeni mozného vlivu samotného rozpoustédla byla zatazena skupina, kterad
nebyla nijak lécena (skupina bez 1écby, 0Tx, n=5). Pro porovnani vysledkii se situaci
piirozené zvySené hladiny HIF byla posledni skupina vystavena chronické hypoxii (10 % O2)
po dobu dvou tydnti, béhem kterych ji bylo opakované injikovano rozpoustédlo stejné jako

skupin€ 0Tx (skupina CH, n=6).

Nejprve byl anestetizovany potkan umistén do polohy na zadech a pfipevnén ke stolu. Poté se
zavedla kanyla do pridusnice a po medidlni torakolaparotomii byla pfipojena k ventilatoru.
Nésledné byla jedna ligatura umisténa pod aortu a plicnici a druha kolem srde¢niho hrotu. Do
pravé komory byl aplikovéan fyziologicky roztok s heparinem k prevenci trombdzy. Nasledné
byla provedena incize v plicnici, kam byla umisténa vtokova kanyla a v srdecnim hrotu, kam
byla umisténa vytokova kanyla. Ob¢ kanyly byly upevnény jiz zminénymi ligaturami. Cely
blok srdce-plice byl nasledné¢ vyjmut =z hrudniku, trachealni kanyla byla pfipojena
k ventilatoru. Nésledné jsou kanyly napojeny do okruhu s pumpou a do systému je vpraven
perfuzat (Krebsiiv roztok se 4% albuminem) (Belohlavkova et al., 2001; Hampl et al., 2000;
Herget and Chovanec, 2010).

Plicni vazoresistivni vlastnosti byly hodnoceny analyzou vztahu perfuzniho tlaku a pritoku
(P/Q) v izolovanych plicich perfundovanych ex vivo bezbunéénym Krebsovym roztokem se 4
% albuminu (aby se vylouc¢il zavadéjici vliv zmén hematokritu) a ventilovanych vzduchem +
5 % CO2 pii 60 deSich/min. s koncovym vydechovym tlakem +2 cmH20; bazélni pratok
(mimo méteni P/Q) byl 40ml/min./kg télesné vahy (Belohlavkova et al., 2001; Herget and

Chovanec, 2010). Pted izolaci plic byli potkani anestezovani thiopentalem (30 mg/kg BWi.p.)
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a punkci srdce jim byl odebran vzorek krve k méteni hematokritu. Vztah P/Q byl stanoven
méfenim tlaku pii perfuzi, kterd byla nejprve na ~ 30 s zastavena a poté navySena na 36
ml/min/kg télesné hmotnosti ve 3 rovhomérnych krocich (vzdy ~ 30 s). Protoze vztah P/Q v
tomto rozsahu byl zjevné blizky linedrnimu, byl vyhodnocen pomoci linearni regrese (R*>

0,8925).

3.4 Novy experimentalni model levostranného srdecniho selhani u potkant

Castecna intravaskularni obstrukce aorty

U anestezovanych spontanné dychajicich potkanii byla zpfistupnéna prava karotida a malym
fezem v jeji sténé byla do vzestupné aorty zavedena polyethylenova hadic¢ka (vnéjsi pramér -
0.D. 0,96 mm, délka 25 mm) uzaviena na distadlnim konci a posunuta tak, aby jeji konec byl
tésn¢ nad aortdlni chlopni. Proximalni konec hadicky byl poté ptipevnén ke karotidé pomoci
stehu. Vzdalenost mezi fezem v kréni tepné a aortdlni chlopni byla u potkanli o hmotnosti
180-230 g cca 25 mm. Délka kazdého chirurgického zdkroku u pokusu zfidkakdy presahla

~15 min.

Experimentalni skupiny a protokoly

Pouzity byly nésledujici 4 experimentalni skupiny:

- Kontrolni skupina bez intervence (skupina C);

- Potkani s ¢aste¢nou obstrukci aorty, studovani 3 tydny po zékroku (skupina PAO);

- Potkani s ¢aste¢nou obstrukei aorty vystaveni chronické hypoxii (10% O2) po dobu 3 tydnli

pocinaje druhym dnem po Caste¢né obstrukci aorty (skupina PAO-H);

- Hypoxické kontroly vystaveny chronické hypoxii po dobu 3 tydnii, bez obstrukce aorty

(skupina H);
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Bylo provedeno pét samostatnych studii (A-E):

Studie A - potvrzujici selhani levé komory.

V pilotni studii A jsme potvrdili, Ze nase metoda skute¢né vede k selhani levé komory. Méfili
jsme LVEDP u anestezovanych, mechanicky ventilovanych (ptes tracheostomii) potkanti s
hrudnikem otevienym stiedni stereotomii, a to pomoci vpichu do dutiny levé komory pies jeji
sténu jehlou pfipojenou ke snimaci tlaku. Ze zaznami tlaku byla rovnéZz stanovena srdecni

frekvence. Ve studii A byly pouzity pouze skupiny PAO a C.

Studie B — detekce pritomnosti PH

PAP jsme méfili u anestezovanych, spontanné dychajicich potkant, jak bylo popsano vyse
(Hampl et al., 2006; Herget et al., 2003; Herget and Palecek, 1972). Po ziskani stabilniho
zaznamu PAP po dobu nékolika minut byl hrudnik otevien sternotomii a byla ovéiena poloha
jak katétru v plicni tepné, tak poloha obstruujici hadicky v aorté. Srdce bylo vytiznuto a byly
zméfeny hmotnosti srde¢nich komor k posouzeni zmén v reakci na tlakové pfetizeni.
Reverzibilita zmén vahy srdecnich komor byla ovétena u ptidatné skupiny potkani méfenych
3 tydny poté, co jim byla odstranéna obstruujici hadicka, kterou méli predtim zavedenou po

dobu 3 tydnt.

Studie C - podil plicnich tepen na PH

Ve studii C bylo nasim cilem rozlisit, zda je PH zplisobena pouze pasivnim pienosem
zvySeného tlaku z levého srdce, nebo zda se na zvySeném PAP podili zvySend plicni arterialni
rezistence. Mé&feni bylo provedeno na izolovanych plicich perfundovanych ex vivo
Krebsovym roztokem se 4% albuminem (viz vySe) pomoci techniky okluze pfitoku pro
stanoveni arteridlni slozZky PVR (Hampl et al., 2000; Herget and Kuklik, 1995). Pfi rychlém
uzavieni ptitoku do plicni tepny nejprve velmi rychle poklesne tlak méteny ve velmi kratkém

useku perfuzniho okruhu mezi mistem okluze a vstupem do plicni tepny. Po tomto témér
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linearnim poklesu nasleduje mnohem pomalejsi faze odeznivani (Obr. €. 3). Bylo prokazano,
ze rozdil mezi zadkladnim perfuznim tlakem a inflexnim bodem oddé&lujicim rychlou a
pozvolnou fazi poklesu tlaku po okluzi ptivodu (APa) odrazi arteridlni slozku celkové PVR
(Dawson et al., 1988; Hakim et al., 1982; Linehan and Dawson, 1983).

Do perfuzatu byl piidan meklofenamat (17 uM) a L-NAME (50 uM), aby se eliminovala
aktivita prostaglandint, respektive oxidu dusnatého (Belohlavkova et al., 2001; Hampl and
Herget, 2000; Herget and Chovanec, 2010). Izolované plice byly ventilovany rychlosti 50
decht/min s maximalnim dechovym tlakem +10 cm H20 a koncovym vydechovym tlakem
+2,0 cm H20. Zvlhéeny ventila¢ni plyn se skladal z 21 % Oz + 5 % COz2 + 74 % Na. Perfuzni

pritok byl 40 ml/min/kg té€lesné hmotnosti a vytokovy tlak -2cm H20.

Po desetiminutové stabilizaci piipravku pifi normoxické ventilaci byl do pfivodni linie
injikovan angiotenzin II (0,2 pg) a po cca 8 minutach (kdyZ se perfuzni tlak stabilizoval) byla
navozena ventilacni hypoxie (0 % Oz + 5 % CO2 + 75 % N2 po dobu ~ 10 min). Tento postup
byl opakovéan po ~10 min. klidové periody (normoxicka ventilace). Poté byla ventilace (21 %
O2) zastavena na konci vydechu (alveolarni tlak +2,0 cm H20) a pfivodni linka byla instantné
uzaviena elektromagneticky fizenou svorkou. Perfuzni pumpa byla vypnuta v okamziku

okluze piivodu.
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Obr. €. 3 Manévr okluze pfitoku v izolovanych plicich

49



Piiklady zédznamu tlaku béhem ndhlych arteridlnich okluzi v izolovanych plicich. Teckované cary
znazornuji skuteéné zaznamy tlaku, plné Cary znazoriuji exponenciadlni regrese pomalejsi Casti
poklesu tlaku po arterialni okluzi. BL = primérny vychozi perfuzni tlak pted arteridlni okluzi (prutok
= 0,04 ml/min/g télesné hmotnosti), Pa = prisecik mezi rychlym poklesem tlaku po arteridlni okluzi a
vykonovou regresi pomalého poklesu tlaku, A Pa = rozdil BL - Pa. A: Ptiklad kontrolni plice. B:

Priklad plice izolované 3 tydny po ¢aste¢né aortalni obstrukci (skupina PAO).

Studie D - uloha vazokonstrikce

Studie D vyuzivala izolované perfundované plice, jak bylo popsano vyse. Po stabilizaci a
primingu dvéma cykly injekce angiotenzinu II a hypoxické ventilace (jako ve studii C) byl
stanoven vztah mezi rychlosti perfuzniho pritoku (zvySovaného postupné od 12 do 52

ml/min/kg télesné hmotnosti, tj. od 30 do 130 % zakladniho pritoku) a tlakem (méfenym).

Po dalSich 5 minutach stabilizace pii bazalnim pritoku (40 ml/min./kg télesné hmotnosti) byl
do rezervoaru ptidan nitroprusid sodny (koncentrace 20 uM v perfuzatu), aby se odstranil

piipadny tonus hladké svaloviny cév a po 5 minutach byl znovu zméfen vztah P/Q.

Protoze vztah P/Q byl pii vizudlni kontrole ve studovaném rozsahu pritokl prakticky linearni,
byla k analyze téchto udajii pouzita linearni regrese (Hampl et al., 2000; Herget et al., 1995).
Sklon ptimky tlaku a pritoku odrdzi inkrementalni odpor plicniho fecist¢ (Dawson et al.,

1989).

Studie E - strukturalni zmény malych prealveoldrnich cév

Plice byly vyjmuty potkaniim v hluboké anestezii a naplnény neutralnim roztokem formolu
pod tlakem 12 cm H2O pftes tracheu. Poté byly na n€kolik dni umistény do stejného roztoku.
Z plic byly nasledn¢ pfipraveny tenké histologické fezy a obarveny hematoxylinem a
Weigertovou resorcin-fuchsinovou metodou k prikazu elastickych vlaken. Vzhledem k tomu,

ze svalova vrstva je uzaviena mezi dvéma elastickymi laminami, zatimco nemuskularni cévy
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maji v medii pouze jednu laminu, byla vaskuldrni muskularizace hodnocena spocitanim vSech
distalnich cév vazanych na alveolarni kanalky nebo na alveoly (o0.d. < 300 pm) na jednom
sklicku od kazdého potkana a stanovenim procenta z nich, které maji dv¢ elastické lamely (%
dvojité¢ laminovanych cév, %DL) (Al-Hiti et al., 2013; Herget et al., 2003). Ve studii E byly

pouzity pouze skupiny PAO a C.
3.5 Statisticka analyza

Vysledky byly vyhodnoceny pomoci softwaru Prism 9 nebo 9.5 (GraphPad Software, San
Diego, CA, USA). V kazdém z experimentl byly skupiny porovnany pomoci jednosmérného
ANOVA a Fischerova LSD testu. V pokusu €. 2 v podstudijich A a E, kde byly pouzity pouze
2 skupiny, byl pouzit neparovy t-test. V pokus €.3 byly kiivky P/Q pied a po podani DIZE
hodnoceny v kazdé skupiné¢ zvlast pomoci dvoucestného ANOVA testu s opakovanymi
mefenimi. Vazokonstrikéni odpovédi pied a po podani DIZE byly porovnany zvlast pro
kazdou skupinu pomoci parového t-testu. Ve vSech piipadech byla hladina vyznamnosti

piredem stanovena na P < 0,05. Vysledky jsou prezentovany jako praméry + SD.
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4. VYSLEDKY

4.1 DHEA a statin

Ve srovnani s normoxickymi kontrolami doSlo u vSech skupin vystavenych hypoxii k poklesu
télesné hmotnosti, tyto skupiny se pak mezi sebou v hmotnosti neliSily (Tab.¢. 2) Hmotnost
pravé komory a pomér jeji hmotnosti k hmotnosti levé komory s interventrikularnim septem

byly signifikantné¢ vyss§i u vSech hypoxickych skupin oproti normoxickym kontroldm,

nicméné hypoxické se mezi sebou nelisily (Tab.¢.2).

Skupina (n) BW (g) RV (mg) LV+S (mg) RV/BW (%) LV+S/BW(%) RV/LV+S

NC (16) 446 +75 210+ 21 838+79 0.048 + 0.007 0.19+0.02 0.251 +£0.015
HC (9) 327 £ 15* 269 £ 41** 695+ 51* 0.082 +0.011* 0.21+0.01 0.386 + 0.042*
HD (10) 304 £ 43* 263 £ 56*** | 638 £ 49* 0.086 + 0.010* 0.21+0.02 0.409 + 0.061*
HS (9) 281 +23* 239148 606 +50*" | 0.085+0.014* 0.22+0.01 0.395 +0.073*
HDS (9) 288 + 33* 241 +61 606 + 6 3*" | 0.083 +0.015* 0.21+0.01 0.393 +0.071*

Tab.¢. 2 Hmotnost téla a srdecnich komor

NC, normoxicka kontrolni skupina; HC, hypoxicka kontrolni skupina (3 tydny v 10 % 02); HD, skupina
|é¢end DHEA S po celou dobu 3tydenni expozice hypoxii; HS, skupina lé¢end simvastatinem po celou
dobu 3tydenni expozice hypoxii; HDS, skupina |é¢ena kombinaci simvastatin + DHEA S po celou dobu
3tydenni expozice hypoxii; BW, télesnd hmotnost; RV, hmotnost pravé komory; LV+S, soucet

hmotnosti levé komory a septa. *P<0,0001 vs. NC; **P<0,005 vs. NC; ***P<0,01 vs. NC
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Hematokrit se zvysil ve vSech hypoxickych skupindch ,coz naznacuje, ze ucinky terapie na
plicni vaskularni rezistenci a mPAP nebyly zplisobeny zménami viskozity krve. Srdecni vydej

ani srde¢ni index se mezi skupinami nelisily (Tab.¢. 3).

Skupina | Srdecni vydej (ml/min) | Srdec¢ni index (ml/min/kg BW) Hematokrit (%)
NC 36.9£9.7 (n=14) 84 + 24 (n=14) 51.4 £ 3.4 (n=16)
HC 36.8 £ 21.0 (n=6) 113 + 65 (n=6) 63.7 £ 3.2* (n=9)
HD 27.3£6.5 (n=7) 91+ 17 (n=7) 59.6 + 6.0 (n=8)
HS 29.0 £ 6.7 (n=8) 103 + 17 (n=8) 62.3 £ 3.8* (n=9)
HDS 27.0 £ 8.0 (n=7) 92 +22 (n=7) 62.4 + 4.3* (n=9)

Tab.¢. 3 Srdecni vydej, srde¢ni index a hematokrit, oznaceni skupin viz. metodika, v zavorkach jsou

pocty potkan(. *P<0,0001 vs. NC

Podle predpokladii se narast mPAP zplisobeny chronickou hypoxii redukoval (ptiblizné na
polovinu) pii 1é€be samotnym DHEA S. Podobn¢ i 1écba samotnym simvastatinem vyznamneé
snizila. mPAP ve srovnani s hypoxickymi kontrolami; ucinek snizujici mPAP pii 1écbé
statinem byl pfiblizné€ stejny jako pii 1écbé DHEA S (Obr. €. 4a). V rozporu s nasi hypotézou
nevedla soucasna lé€ba obéma lécivy (DHEA S + statin) k Zadnému dal$imu snizeni mPAP
(Obr. €. 4b). PVRI, ktery byl u hypoxickych kontrol vyznamné zvysen, se Zadné z 1é€enych
skupin (HD, HS a HDS) vyznamné neliSil od normoxickych kontrol a v obou skupinach

lé¢enych simvastatinem (HS a HDS) byl vyznamné nizsi nez u hypoxickych kontrol (obrazek

1b).
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Obr. €. 4 Stredni plicni arteridlni tlak (mPAP, a) a index plicni cévni rezistence (PVRI, b), zvySené
chronickou hypoxii, jsou snizeny |é¢bou DHEA S, simvastatinem a jejich kombinaci. Popis skupin viz.

metodika. V zavorkach jsou pocty potkand.

*p<0,002 vs. NC; Tp=0,005 vs. NC; **p<0,013 vs. HC; t1p<0,045 vs. HC

Plazmatickd koncentrace NOx byla vyznamné zvySena chronickou hypoxii. Hodnoty byly
podobné u hypoxickych kontrol a u potkant 1é€enych v hypoxii samotnym DHEA S nebo
samotnym simvastatinem. U potkanti 1é¢enych kombinaci DHEA S + simvastatin se hodnoty
NOx vyznamné¢ nelisily (p=0,064) od hodnot u normoxickych kontrol, ale také se vyznamné

nelisily (p=0,313) od hypoxickych kontrol (Obr. €. 5).
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Obr. ¢. 5 Plazmatickd koncentrace oxidu dusnatého a jeho oxidacnich produktli (NOx), zvySena

chronickou hypoxii, neni ovlivnéna Ié¢bou DHEA S ani simvastatinem. PFi kombinaci simvastatinu a
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DHEA S se plazmaticky NOx jiz neliS$i od normoxickych kontrol. Popis skupin viz. metodika.

V zavorkach jsou pocty potkanu. *p=0,0017 vs. NC; **p=0,0027 vs. NC; ***p<0,0001 vs. NC

Plazmatickd koncentrace malondialdehydu, markeru oxidac¢niho stresu, byla v na$i studii
jednou z mala proménnych ovlivnénych rozpoustédlem, které potkani pili (voda vs. 0,5%
ethanol). Hladiny malondialdehydu byly vyznamné vyssi u zvitat pijicich tento slaby roztok
ethanolu ve srovnani se stejné 1é¢enymi konzumujicimi vodu. Bylo tomu tak u normoxickych
kontrol a v mensi mife u potkant 1écenych DHEA S v hypoxii. Stejny trend existoval i u
hypoxickych kontrol, kde jsme ovSem méfeni provedli pouze u dvou potkand, ktefi pili

etanol. V tomto ptipad¢ tedy nejsou tidaje prikazné.

Z tohoto divodu jsme provedli oddélend statisticka srovnani malondialdehydu u potkant
pijicich ethanolovy roztok (s vyloucenim pfili§ malé skupiny, kterd pila etanol za podminek
hypoxie) a vodu. U potkani pijicich vodu se malondialdehyd v plazm¢ mirné snizil
chronickou hypoxii a obnovila se 1écbou DHEA S (Obr. €. 6a). U potkanii konzumujicich
vodu s 0,5 % etanolu byl plazmaticky malondialdehyd vyznamné sniZzen lécbou DHEA S a
jesté vyrazngj$i byl efekt v obou skupinidch lécenych simvastatinem (samostatné nebo v
kombinaci s DHEA S) ve srovndni s normoxickymi kontrolami. Obé skupiny se

simvastatinem (HS a HDS) se mezi sebou nelisily (Obr. €. 6b).
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Obr. €. 6 Simvastatin vyrazné snizuje koncentraci malondialdehydu (MDA) v plazmé.

a: Potkani nekonzumujici zadny alkohol. b: potkani pijici slaby roztok ethanolu (0,5 %). Popis skupin
viz. metodika. V zavorkach jsou pocty potkand. *p<0,01 vs. NC a HD; **p<0,0001 vs. NC; Tp<0,0001
vs. HD

Zda se, ze rychlost produkce superoxidu byla také ovlivnéna rozpoustédlem, které¢ potkani
konzumovali, alesponi u normoxickych kontrol, kde jsme méli k dispozici dostate¢ny pocet
pro piimé srovnani (3471 £+ 423 pmol/min/l krve u potkant pijicich vodu a 4006 + 304
pmol/min/l u potkanti pijicich etanolovy roztok, p=0,0113). Z tohoto diivodu jsme vypocitali

rozdily mezi skupinami zvlast’ pro zvirata pijici kazdé rozpoustédlo.

U potkanti pijicich vodu jsme zjistili zvySenou miru produkce superoxidu ve skupiné 1écené
DHEA S ve srovnani s normoxickou kontrolni skupinou (Obr. €. 7a). U potkant pijicich slaby
roztok ethanolu byla mira produkce superoxidu vyssi ve skupiné HDS ve srovnani s
normoxickymi kontrolami i potkany lécenymi v hypoxii samotnym simvastatinem (Obr. ¢.
7b). Celkove tyto udaje zfejmé naznacuji, ze ani chronicka hypoxie, ani 1écba simvastatinem
neméni miru produkce superoxidu. Lécba DHEA S, at’ uz samostatné nebo v kombinaci se

statinem, naopak tuto veli¢inu zvysuje.
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Obr. €. 7: DHEA S, ale nikoli simvastatin nebo chronickd hypoxie, zvysuji miru produkce superoxidu
(02-). a: Potkani bez alkohol; b: Potkani konzumuijici slaby roztok ethanolu (0,5 %); Popis skupin viz.

metodika. V zavorkach jsou pocty potkand. *p=0,008 vs. NC; **p<0,02 vs. NC a HS

4.2 Aktivator HIF zvySuje plicni cévni rezistenci

Chronicka, ale nikoli akutni 1écba roxadustatem zvySila hematokrit ve srovnani s kontrolni 1

nelécenou skupinou, ale ne tak vyrazné jako chronicka hypoxie (Tab.¢. 3).

Skupina Hematokrit (%) Angiotensin || Akutni 0% O:
(A perfuziho tlaku, mmHg) (A perfuzniho tlaku, mmHg)
0Tx 39.6+2.3 9.815.1 23.819.8
Kontroly 39.7+2.5 10.815.6 23.3+12.5
Rox2d 41.842.3 7.412.3 17.1+7.4
Rox2w 46.6+1.8%*"TH 12.846.0* 26.5+11.4
CH 49.811 . 7**1TTHS 20.9+45 7**TTH8S 28.618.6

Tab.¢. 3 Hematokrit a vazokonstrikéni reaktivita. Popis skupin viz metodika *P<0.01 vs. Control;
**P<0.0008 vs. Control; TP<0.01 vs. 0Tx; "'P<0.001 vs. OTx; ""P<0.0001 vs. OTx; *P=0.0284 vs. Rox2d;
#Pp<0.0004 vs. Rox2d; $P<0.05 vs. Rox2w; $3P=0.0049 vs. Rox2w
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Vychozi perfuzni tlak v izolovanych plicich byl vyssi ve skupiné Rox2d (9,8+1,6 mmHg) nez
v kontrolni skupiné (7,9+1,8, P=0,0364). Ve skupin¢ CH byl jesté vyssi (13,04+2,0), a to jak ve
srovnani s kontrolami a nelécenymi (P<0,0001), tak s obéma skupinami s roxadustatem (P <

0,0011). Ve skupin¢ Rox2w ¢inila 9,2+1,9 mmHg.

Sklon regresnich kiivek P/Q se mezi skupinami nelisil (tj. kfivky byly rovnobézné), zatimco
jejich prusecik s tlakovou osou byl roxadustatem zvySen jiz po 2 dnech (4,2+1,5 mmHg) a po
2 tydnech se dale neménil (3,9+1,5), a to ve srovnani jak s kontrolni (2,6+1,4, P<0,0427), tak
nelécenou (1,5+0,8, P<0,003) skupinou (které se navzajem nelisily). Prisecik tlakovou osou
byl jesté vyssi ve skupiné CH (7,6+1,1, P<0,0001 oproti vSem ostatnim skupindm). Tento

parametr odpovida kritickému uzaviracimu tlaku plicniho cévniho feciste.

V souladu s tim se hodnota, na které¢ se ustalil perfuzni tlak pfi zastaveni perfuze, neliSila
mezi kontrolni (0,1+0,6 mmHg) a nelécenou (-0,2+0,5, P=0,6737) skupinou, ale byla podobn¢
zvysena (P<0,05) ve skupinach R2d (0,8+0,4) a R2w (0,8+0,6) a jeste vice ve skupin¢ CH
(2,1+1,3, P<0,0028). Tlak pti zastaveni prutoku odrazi kriticky uzaviraci tlak (pokud by byl
kriticky uzaviraci tlak nulovy, pak by se tlak na strané pfitoku mél vyrovnat s tlakem na strané

odtoku -2 cm H20).

DIZE nezménila linie P/Q u kontrolnich skupin a skupiny R2d, ale posunula je k vy$sim
tlaktim u skupin 0Tx, R2w a CH (Obr. €. 8). Vazokonstrikéni odpovédi na akutni hypoxii se
nezménily, zatimco odpovédi na angiotenzin II se po DIZE zvysily u kontrolnich skupin (na
18,2+6,8 mmHg, P=0,0148 vs. pted DIZE), skupin Rox2d (11,5+6,2, P=0,0387) a Rox2w

(17,8+6,1, P=0,0004), ale ne u skupinyCH (19,6+6,2, P=0,3171).
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Obr. ¢. 8 Krivky perfuzniho tlaku a pratoku jsou posunuty k vyssim tlakim diminazen aceturatem
(DIZE) u nelécené skupiny (0Tx; A), skupiny IéCené roxadustatem po dobu 2 tydn( (Rox2w; panel C) a
chronicky hypoxické skupiny (CH; D), ale ne u kontrolni skupiny (C, panel B) a skupiny lé¢ené jedinou

davkou roxadustatu (Rox2d, neni zobrazeno).

Pratok byl statisticky vyznamnym zdrojem variability ve vSech skupinach (P<0,0001, dvoucestna
ANOVA pro opakovana méreni). *P=0,0453 vliv skupiny; **P=0,0064 vliv skupiny; ¥P<0,0055 vliv

interakce skupina x pratok
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4.3 Novy experimentalni model levostranného srde¢niho selhani u potkanii

Nas postup caste¢né intravaskularni okluze vzestupné aorty pies kréni tepnu u potkant je
snadny. Provedeni trvd ~10 minut a mortalita je ~10 % u mladych dospélych potkant
(hmotnost <250 g). U starSich potkani (BW>250 g) byla mortalita nepfijateln¢ vysoka (~90
%). Kritickym bodem zékroku byla implantace Spicky hadicky tésn€ nad aortalni chlopni,
protoze implantace pies chlopen rychle vede k akutnimu srde¢nimu selhdni a smrti. Zjistili
jsme, Ze u potkanti kmene Wistar o telesné hmotnosti 180-240 g jsou optimalni hadicky o
priméru 0,96 mm. Tii tydny casteCné obstrukce aorty vedly ke ztrat€é ~ 10 % télesné
hmotnosti (Obr. €. 9). Jak se ocekavalo, chronické vystaveni hypoxii rovnéz snizilo télenou
hmotnost (o ~ 20 %, vyznamné vice nez v piipad¢ skupiny s PAO). Tento Uc¢inek chronické

hypoxie byl dale zvyraznén soucasnou ¢aste¢nou obstrukci aorty (Obr. €. 9).
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Obr. ¢. 9 Télesnou hmotnost (BW) snizuje Castecnd obstrukce aorty, chronickd hypoxie a jejich
kombinace. C = kontrolni skupina, PAO = skupina 3 tydny po ¢astec¢né okluzi aorty, H = potkani po
3tydenni expozici hypoxii, PAO+H = potkani vystaveni 3tydenni hypoxii s ¢aste¢nou okluzi aorty.

Kolecka predstavuji jednotlivé hodnoty, vodorovné Cary jsou praméry a SD. *P = 0,0022 oproti
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skupiné C; **P< 0,0001 oproti skupiné C; TP = 0,0011 vs. skupina PAO; §P< 0,0001 vs. skupiny PAO a
H

Studie A - potvrzeni selhani levé komory
Indukce tlakového pietizeni levého srdce nasim postupem Castecné aortalni obstrukce byla
potvrzena zvySenym LVEDP ve skupiné s PAO ve srovnani s kontrolami (Obr. ¢. 10A).

Srdec¢ni frekvence byla vyssi ve skupiné PAO nez u kontrol (Obr.¢. 10B).

A B c

2.0+ x __ 400+ * 100 < .

c

=) E g
£ 1.5 5 350 -%e 80
=104 o €300 o a 07
B % 5&0 X 404

0.5 c 250 gEns
5 O % 201

00l = £ 200

- C PAO Control PAO "¢ o

Obr. ¢. 10 LVEDP (A), srdecni frekvence (B) a muskularizace perifernich plicnich cév (C) jsou u potkant

s Caste¢nou obstrukci aorty zvysené.

Studie B - zjistovani pritomnosti plicni hypertenze
Stfedni tlak v plicnici byl po 3 tydnech castecné obstrukce aorty vyznamné vys$s$i nez u
kontrolnich potkanti (Obr.C. 11A). V souladu s tim se zvySila hmotnost pravé komory, a to jak

ve vztahu k télesné hmotnosti, tak k hmotnosti levé komory plus septa (Obr. €. 11B a 12A).
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Obr. €. 11 Stredni plicni arterialni tlak in vivo (A) a hmotnostni index pravé a levé srdecni komory (B)

jsou zvySeny ¢aste¢nou aortdlni obstrukci, chronickou hypoxii a jejich kombinaci.

PAP = plicni arteridlni tlak, RV/LV+S = hmotnost pravé komory vzhledem k levé komore a septu.
Oznaceni skupin na vodorovné ose viz legenda k obrazku 2. Kole¢ka predstavuji jednotlivé hodnoty,
vodorovné Cary jsou praméry a SD. *P = 0,0282 (v A) nebo 0,0186 (v B) oproti skupiné C; **P< 0,0001
oproti skupiné C; TP< 0,0001 (v A) nebo P = 0,0058 (v B) oproti skupiné PAO; T1P = 0,0045 vs. skupina
PAO; Skupina PAO+H vs H: P = 0,1989 (v A) nebo 0,9692 (v B).

Expozice chronické hypoxii zvySila mPAP (a hmotnost pravé komory) vice nez Castecna
aortalni obstrukce (Obr. ¢. 11 a 12A). Kombinace hypoxické expozice s ¢astecnou aortalni
obstrukci (skupina PAO+H) nezptisobila dalsi statisticky vyznamné zvySeni mPAP nad
hodnotu ve skupiné¢ H. Pomér hmotnosti pravé komory k t€lené hmotnosti byl vyssi ve
skupiné PAO+H nez ve skupin¢ H (Obr. ¢. 12A), ale protoze hypoxicka expozice ziejme
zhorsila selhani levé komory, jak lze soudit podle vyssiho poméru hmotnosti levé komory a
septa k té€lesné hmotnosti ve skupiné PAO+H nez ve skupiné PAO (Obr. ¢. 12B), pomér
hmotnosti pravé komory k levé komote a septu se mezi skupinami PAO+H a H nelisil (Obr. €.
11B). Chronickd hypoxie sama o sob& nezplsobila statisticky vyznamné zvySeni poméru

hmotnosti levé komory a septa k hmotnosti téla.
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Hypertrofie srdce vyvolana casteCnou okluzi aorty byla zcela reverzibilni. Na konci
ttitydenniho obdobi zotaveni po odstranéni obtura¢ni kanyly ze vzestupné aorty, kde byla po
dobu 3 tydnti, byl pomér hmotnost levé komory a septa k télesné hmotnosti 1,64 £0,13 x 10
ve srovnani s 1,71 £0,01 x 10 u kontrol (P = 0,3256; n = 8 a 6). Pomér hmotnosti pravé
komory k télesné hmotnosti se rovnéz normalizoval (0,47+0,08 x 10 vs 0,48+0,06 x 103; P =
0,6568), stejn¢ jako pomeér pravé komory k levé komote a septu (0,29+0,06 vs. 0,28+0,03; P =
0,9026). Tato "reverzni procedura" méla nulovou mortalitu.
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Obr. €. 12 Relativni hmotnost pravé (A) a levé (B) komory.

RV/BW = pomér hmotnosti pravé komory k télesné hmotnosti, LV+S/BW = pomér hmotnosti levé
komory a septa k télesné hmotnosti. Oznaceni skupin na vodorovné ose viz legenda k obrazku 2.
Kolec¢ka predstavuji jednotlivé hodnoty, vodorovné ¢ary jsou prdméry a SD.*P = 0,0158 oproti

skupiné C; TP< 0,0001 oproti viem ostatnim skupinam. VSechny ostatni rozdily v panelu A: P 20,0928

Studie C - podil plicnich tepen na plicni hypertenzi

Vychozi hodnoty perfuzniho tlaku v izolovanych plicich byly pro statistické zpracovani
slouceny ze studii C a D, protoze byly ziskany za stejnych podminek. Vychozi perfuzni tlak
byl po 3 tydnech castecné obstrukce aorty vyznamné vyssi nez u kontrolnich potkant (Obr. €.

13). Chronicka hypoxickd expozice rovnéz zvysila vychozi perfuzni tlak, a to vice nez u
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skupiny s PAO. Kombinace ¢aste¢né aortalni obstrukce s chronickou hypoxii dale nezvysila
vychozi perfuzni tlak v izolovanych plicich oproti hodnotam zjisténym ve skupinach PAO a H

(Obr. & 13A).

Rychla ¢ast poklesu perfuzniho tlaku po arteridlni okluzi (APa, odrazejici prekapildrni
rezistenci) byla po ¢aste¢né obstrukci aorty vyznamné vétsi nez u kontrolnich plic (Obr. €. 3 a
13B). Podle oc¢ekavani vzrostla APa také v plicich potkant vystavenych chronické hypoxii.
Mezi skupinami PAO a H nebyl v APa Zadny vyznamny rozdil. Caste¢na obstrukce aorty a

chronicka hypoxie nemély zadny statisticky vyznamny kumulativni vliv na APa (Obr. €. 13B).
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Obr. €. 13 Vychozi perfuzni tlak (A) a pokles arteridlniho tlaku pfi okluzi (APa, B) v izolovanych plicich

jsou zvyseny ¢aste¢nou obstrukci aorty, chronickou hypoxii a jejich kombinaci.

Vychozi perfuzni tlak byl méfen pfi pratoku 0,04 ml/min/g télesné hmotnosti. Vysvétleni APa viz
obrazek 1. Oznaceni skupin na vodorovné ose viz legenda k obrazku 2. Kolecka predstavuji jednotlivé
hodnoty, vodorovné cary jsou priméry a SD. *P = 0,036 (v A) nebo 0,0020 (v B) oproti skupiné C; **
P< 0,0001 (v A) nebo P = 0,0011 (v B) oproti skupiné C; ***P = 0,0007 (v A) nebo 0,0173 (v B) oproti
skupiné C; TP = 0,0319 oproti skupiné H Dalsi rozdily: P > 0,1306 (ve skupiné A) nebo 0,362 (ve

skupiné B).
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Studie D - role vazokonstrikce

Casteéna obstrukce aorty vedla ke zvy$enému sklonu kiivky (resp. regresni piimky) zavislosti
P/Q v izolovanych plicich (Obr. ¢. 14). Chronicka hypoxie zvysila jeji sklon podobné jako
CasteCnd aortalni obstrukce. Prasecik regresni pfimky tlakovou osou se mezi skupinami
nelisila, s vyjimkou PAO+H, kde byl vys$si nez u kontrol (5,8 + 3,8 vs. 2,8 + 3,6 mmHg, P =

0,0074; n = 7/skupinu).

Nitroprusid sodny nemél v kontrolni skupiné zadny znatelny vliv na kiivku (resp. Regresni
piimku) P/Q (Obr. €. 14B a 15A). Ve skupiné s PAO nitroprusid sodny snizil sklon regresni
piimky P/Q na hodnotu blizkou hodnoté u kontrol (Obr. ¢. 14Ba 15B). Ve skupinach H a
PAO-+H se sklony regresnich ptimek P/Q pied a po nitroprusidu sodném vyznamné nelisily
(Obr. ¢. 14B a 15C a D); celé piimky vSak byly paraleln¢ posunuty smérem k niz$im tlakiim

(P =0,0491, resp. 0,0004; n = 7/skupinu).
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Obr. ¢. 14 Vztah mezi pritokem a perfuznim tlakem v izolovanych plicich. A: Body predstavuji
priamérné hodnoty skupin (n = 7/skupina), smérodatné odchylky jsou zde pro prehlednost vynechany
a jsou uvedeny na obrazku 8. Cary jsou linedrni regrese dat pro kazdou skupinu. B: Sklony linedrnich
regresi Udaju o perfuznim tlaku a pratoku (P/Q) v izolovanych plicich pfed a po podani nitroprusidu
sodného (SNP) (priméry a SD, n = 7/skupinu). BW = télesnd hmotnost. Oznaceni skupin na

vodorovné ose viz legenda k obrazku 2. *P = 0,0024 oproti skupiné C pred podanim SNP; **P =
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0,0142 vs. skupina C pred SNP; TP = 0,0462 vs. skupina PAO pied SNP; §P = 0,0003 vs. skupina H s
SNP; §§P< 0,0001 vs. skupina C se SNP; §§§P = 0,0028 vs. skupina H se SNP; ¥P = 0,0285 vs. stejna
skupina pred SNP; VSechny ostatni rozdily pfed SNP: P > 0,1535; VSechny ostatni rozdily s SNP: P >
0,3920; VSechny ostatni rozdily mezi hodnotami pfed a po SNP: P > 0.4398
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Obr. €. 15 Vliv nitroprusidu sodného (SNP) na vztah mezi pratokem a perfuznim tlakem v izolovanych
plicich. A: kontrolni potkani (skupina C); B: potkani 3 tydny po ¢dstecném uzavéru aorty (skupina
PAO); C: potkani po 3 tydnech hypoxické expozice (skupina H); D: potkani vystaveni 3 tydny hypoxii s

¢astecnym uzavérem aorty (skupina PAO+H). Priiméry a SD (n = 7/skupinu).
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Velikost vazokonstrikénich odpoveédi na angiotenzin II byla u plic ze skupin PAO a PAO+H
ve srovnani s kontrolami zvySena (Obr. ¢. 16A). Samotna chronicka hypoxie tuto reaktivitu
nezménila. V porovndni s kontrolami byly vazokonstrikéni odpovédi na akutni hypoxické
vyzvy zvySeny podobné¢ u skupin PAO, H a PAO+H (obr. 16B). VSechny udaje o
vazokonstrik¢ni reaktivité byly slouceny ze studii C a D, protoze byly ziskany podle stejnych

protokoll od stejnych experimentalnich skupin.
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Obr. ¢. 16 Akutni vazokonstrikéni reaktivita v izolovanych plicich je potencovana ¢astecnou obstrukci
aorty. A: Zména perfuzniho tlaku vyvolana injekci angiotenzinu Il (0,2 pg) do pfivodni linie je zvySena
¢astecnou obstrukci aorty se soucasnou chronickou hypoxii nebo bez ni. B: Zména perfuzniho tlaku
vyvoland akutni hypoxickou ventilaci (0 % 02) je zvySena Castecnou obstrukci aorty, chronickou
hypoxii a jejich kombinaci. Oznaceni skupin na vodorovné ose viz legenda k obrazku 2. Kolecka
predstavuji jednotlivé hodnoty, vodorovné cary jsou priiméry a SD. *P =0,0069 (v A) nebo P = 0,0001 (v
B) oproti skupiné C; **P = 0,0028 oproti skupiné C; ***P = 0,0010 oproti skupiné C; TP = 0,0342 oproti
skupiné H; t7P=0,0296 vs. skupina PAO; §P < 0,0001 vs. skupiny C a H; Skupiny Cvs. Hv A: P = 0,4341;
vSechny ostatni rozdily v B: P 20,3256

Studie E - strukturalni zmény malych prealveoldrnich cév

Parcialni obstrukce aorty vedla 3 tydny po zakroku k vyrazné zvysSené muskularizaci

prealveolarnich plicnich cév (Obr. ¢. 10C)
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5. Diskuze

5.1 DHEA a statin

Hlavnim zjisténim této studie je, ze 1éCba potkanii kombinaci DHEA S a simvastatinu je
piiblizné stejn€ ucinna pii snizovani PH v hypoxickém modelu potkanti jako kazda z téchto

1é¢ebnych metod samostatné.

Statiny jsou Siroce pouzivany pro svij ucinek na snizovéani cholesterolu. Kompetitivné
inhibuji 3-hydroxy-3-methyl-glutaryl koenzym A reduktdzu, enzym fidici rychlost produkce
cholesterolu (Davies et al., 2016). Krom¢ tohoto hlavniho G¢inku maji statiny fadu dal$ich,
tzv. pleiotropnich uc¢inkt, které zahrnuji antioxidacni, antiproliferativni, antitrombotické a
antiinflamatorni vlastnosti. Po prvni zpravé, Ze 1écba statiny muize snizit experimentalné
navozenou PH (Nishimura et al., 2002), byla v fad¢ studii popsana schopnost riznych statini
casteCné zabranit rozvoji PH na nékolika modelech potkand, vcetné chronické hypoxie
(Girgis et al., 2003; Murata et al., 2005), monokrotalinu (Guerard et al., 2006; Laudi et al.,
2007; Pei et al., 2011; Rakotoniaina et al., 2006; Satoh and Satoh, 2009; Sun and Ku, 2008),
blokady receptoru pro vakuolarni endotelidlni rGstovy faktor v kombinaci s hypoxii
(Taraseviciene-Stewart et al., 2006), intransgennich potkani s nadmérnou expresi reninu
(DeMarco et al., 2009) a u potkant s PH v dusledku plicni fibrozy vyvolané neomycinem
(Schroll et al., 2013). Podobny tcinek byl zaznamenan u potkana (Lee et al., 2005) a morcat
(Wright et al., 2011) s PH vyvolanou koufenim. Atorvastatin zabranil rozvoji PH vyvolané
virem lidské imunodeficience u makakl (Rabacal et al., 2019). Nase vysledky jsou s témito

studiemi pln¢ v souladu.

Kromé prevence PH na zvifecich modelech bylo opakované prokézano, Ze statiny snizuji PH
po jejim vzniku, a to jak u monokrotalinovych (Jasinska-Stroschein et al., 2014; Nishimura et

al., 2003; Pei et al., 2011; Satoh and Satoh, 2009), tak u hypoxickych (Girgis et al., 2007)

68



potkanich modelti, ackoli existuji 1 zpravy o minimalni ucinnosti statinti proti zavedené

monokrotalinové PH (McMurtry et al., 2007; Sun and Ku, 2008).

U lidskych pacientd jsou studie mén¢ prikazné. Tii nezavislé metaanalyzy piedchozich
klinickych studii nezjistily Zadny pfiznivy ucinek 1écby statiny na PH ze vSech pficin (Anand
et al., 2016; Rysz-Gorzynska et al., 2016; Wang et al., 2016). To by mohlo souviset s
paradoxem, ze statiny snizuji lipoproteincholesterol o nizké hustoté (Stroes, 2005), ale
cholesterol v lipoproteinech o nizké hustoté je u pacientli s PAH jiz nizky a Gspé$nd 1écba
plicni hypertenze tyto nizké hladiny zvysuje (Kope¢ et al., 2017). Nicméné samostatna
metaanalyza zaméfena pouze na pacienty CHOPN zjistila snizeni PH u pacient 1é¢enych
statiny (Lu et al., 2019). Nas potkani model PH vyvolané chronickou hypoxii dobfe odpovida
situaci pacientt s CHOPN, u nichz je hlavni pfi¢inou vzniku PH jejich chronicky

hypoxemicky stav.

Pokud jde o mechanismy, kterymi mohou statiny zmirnit PH, vétSina dosavadnich studii se
zamétovala pfedevSim na obnoveni exprese a/nebo aktivity NO syntazy snizené PH (Guerard
et al.,, 2006; Murata et al., 2005; Pei et al., 2011; Rakotoniaina et al., 2006). Bylo také
zaznamenano snizeni plazmatické koncentrace asymetrického dimethylargininu, endogenniho
inhibitoru NO syntézy (Pei et al., 2011). V nasi soucasné studii nebyla plazmaticka
koncentrace NOx pii chronické hypoxii léCbou simvastatinem zménéna (obr. 2). To
pravdépodobné souvisi s tim, Ze - na rozdil od vyse uvedenych studii - na§ model PH nebyl
spojen se snizenim NOx. Ve skute¢nosti byl plazmaticky NOx vys$si u hypoxickych potkani
ve srovnani s normoxickymi kontrolami, jak je ¢asto pozorovano u chronického hypoxického
modelu PH (Hampl and Herget, 2000). V nasem modelu PH tedy nedoslo ke snizeni produkce
NO, které by bylo mozné zvratit 1écbou statinem. Jiz dfive bylo prokdzano, ze zvysena
produkce NO izoformou II NO syntazy (iNOS) skutecné ptispiva k iniciaci PH b&hem

prvnich dnt expozice hypoxii (Hampl et al., 2006). V této souvislosti je zajimava tendence k

69



mensimu nartstu NOx v plazmé pii1 hypoxii, kdyZ byli potkani 1é¢eni kombinaci simvastatinu
a DHEA S. Ackoli vSak primérné zvyseni koncentrace NOx v plazmé u skupiny HDS oproti
hodnoté¢ u normoxickych kontrol bylo pfiblizné polovicni oproti hypoxickym kontroldm,
rozdily nedoséhly predem definované hranice statistické vyznamnosti. Je mozné, Ze studie

nem¢éla v tomto parametru dostate¢nou statistickou silu.

Statiny ptsobi jako antioxidanty, a to n¢kolika mechanismy (Beltowski, 2005; Davignon et
al., 2004), ackoliv v n¢kterych experimentalnich modelech byl zaznamenan i1 prooxidacni
ucinek statinti (Beltowski, 2005). ZvySeny oxidacni stres je vyznamnym patogenetickym
faktorem chronické hypoxické PH (Herget et al., 2000; Lachmanova et al., 2005; Lai et al.,
1998). Antioxidac¢ni aktivita statinti tak mtze ¢astecné vysvétlovat jejich terapeutické ucinky
u PH. Zavedeny marker oxidac¢niho stresu, plazmaticky malondialdehyd, byl v nasi studii
vyrazné snizen lécbou simvastatinem, a to jak samostatné, tak v kombinaci s DHEA S (obr.
3), jak se uvadi v literatute (Zinellu et al., 2019). Produkce superoxidu (méfena ERP) se vsak
samotnou lécbou simvastatinem nezmeénila (obr. 4), coz naznacuje, Ze v oxida¢nim stresu u
chronicky hypoxickych potkant hraji hlavni roli jiné radikdly nez superoxid. Haendeler a
spol. naptiklad ukazali, Ze statiny mohou pusobit jako antioxidanty tim, ze usnadiiuji redukci

jinych proteinli pomoci cysteinové thiol-disulfidové vymény (Haendeler et al., 2004).

DHEA je steroidni hormon syntetizovany piedevsim v kufe nadledvin. V krvi se vyskytuje
prevazné ve formé svého 3B sulfatového esteru, DHEA S, na ktery se pirevadi
sulfotransferazami zejména v jatrech a kafe nadledvin. VétSina u¢inki DHEA je tedy
zprostfedkovana DHEA S (Celec and Starka, 2003). DHEA/DHEA S ma antioxidacni aktivitu
spojenou s inhibici syntézy NADPH (Schwartz and Pashko, 2004), stimuluje uvoliiovani NO
(Liu and Dillon, 2002; Simoncini et al., 2003) a KCa kanali (Bonnet et al., 2003; Farrukh et
al., 1998; Peng et al., 1999), které zprosttedkovavaji vazodilataci v plicnim ob&¢hu (Hampl et
al., 1995; Yuan, 1995). DHEA také inhibuje napétové fizené Ca2+ kanaly typu L, ¢imz
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napodobuje jednu dilezitou vétev zavedené terapie PH. Vzhledem k témto vlastnostem a
vzhledem k tomu, Ze jeho exogenni poddvani je u lidi dobie tolerovano, je DHEA (nebo

DHEA S) atraktivni jako potenciélni 1é¢ba PH.

Lécba DHEA/DHEA S muze Castecné predchazet experimentalni PH a také ¢asteCné zvratit
PH jiz rozvinutou (Bonnet et al., 2003; Dumas de la Roque et al., 2013; Hampl et al., 2003b;
Homma et al., 2008; Oka et al., 2007; Zhang et al., 2019). ZlepSeni mPAP a plicni cévni
rezistence bylo prokdzano dokonce i u malé skupiny pacientll s PH souvisejici s CHOPN
(Dumas de La Roque et al., 2012). Ptiznivy ucinek suplementace DHEA koresponduje s
konzistentné uvadénymi snizenymi plazmatickymi hladinami DHEA S u pacientti s PH (Baird
et al., 2021; Ventetuolo et al., 2016). Na zaklad¢ téchto zjisténi v soucasné dobé probiha
randomizovana dvojité zaslepena placebem kontrolovana zktizena studie peroralniho DHEA
u pacient s PAH (EDIPHY) (Walsh et al., 2021). Nase vysledky plné potvrzuji pfiznivy

ucinek suplementace DHEA/DHEA S na PH.

NaSe vysledky tykajici se mozné role antioxidacni aktivity DHEA S pfi sniZovani PH jsou
ponekud rozporuplné. Na jedné strané nase zjisténi vyznamné snizeného plazmatického MDA
po 1écbeé DHEA S (obr. 3) podporuje moznost, ze DHEA S plisobi na PH alespon ¢aste¢né
snizenim oxida¢niho stresu. Na druhé stran¢ byla mira produkce superoxidu po pusobeni
DHEA S mirng, ale vyznamné zvysena (obr. 4). Toto zjisténi koresponduje s predchozimi
zpravami o prooxida¢nim u¢inku DHEA a DHEA S ve vyssich davkach (Hayashi et al., 1994;
Mastrocola et al., 2003). Je mozn¢, ze DHEA S pusobil odlisné na superoxid a nékteré dalsi
kyslikové radikaly (jak jsme pozorovali i v piipadé simvastatinu). Ve skuteCnosti jsou
pfinejmensim nékteré ucinky DHEA zprostiedkovany jeho stimulaci uvoliiovani peroxidu
produkce peroxidu vodiku alveolarnimi makrofagy u potkani s hypoxickou PH (Wilhelm et

al., 2003). Alveolarni makrofagy a jejich produkce reaktivnich forem kysliku se podileji na
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mechanismu hypoxické PH (Zaloudikova et al., 2016). Kromé toho mtize DHEA (Rom and
Harkin, 1991) blokovat produkci superoxidu alveolarnimi makrofagy, ktera je rovnéz soucasti

mechanismu hypoxické PH (Zaloudikova et al., 2016).

Ponékud ptekvapiveé se pozitivni t€inky simvastatinu, DHEA S a jejich kombinace na mPAP
a PVRI neprojevily sniZzenim hypertrofie pravé komory. Zatimco tradicné bylo zvétSeni pravé
komory povazovéno za jednoduchy mechanisticky diisledek afterloadu zvySeného PH, dnes je
zfejmé, Zze vztah mezi velikosti pravé komory a mPAP je komplexnéjsi. Napiiklad nékolik
dlouhodobych studii u lidi nezjistilo zadny pozitivni G¢inek 1éCby epoprostenolem na
hmotnost pravé komory navzdory zlepseni PH (Vonk Noordegraaf and Gali¢, 2011).
Disociace mezi pozitivnim ucinkem 1é€by na mPAP a zadnym u¢inkem na hypertrofii pravé

komory byla zaznamenana také na zvifecich modelech (Ball et al., 2014).

Proc¢ nejsou ucinky simvastatinu a DHEA S na PH aditivni? Jednou z moznosti je, Ze vétSina
pfiznivych G¢ink na PH je prostfednictvim antioxidaéni aktivity. Uinek simvastatinu na
plazmatickou MDA byl skute¢né hluboky a DHEA S se k nému mohl pfidat jen malo,
zejména proto, ze jeho vlastni i¢inek na MDA byl pomérné skromny. Tato moznost se vSak
zdé nepravdépodobnd, protoze ucinek simvastatinu na PH byl velmi podobny u¢inku DHEA

S, avSak velikost jejich vlivu na plazmatickou MDA byla zcela rozdilna.

Jednim z rozdili v mechanismu G¢inku statint a DHEA je jejich vliv na rizné K* kanaly,
které fidi membranovy potenciadl bunck hladkého svalstva plicnich arterii, a tim 1 jejich napéti.
DHEA aktivuje Kca kandly (Farrukh et al., 1998), konkrétné na charybdotoxin citlivy
BKca(Kcal.l) (Bonnet et al., 2003; Peng et al., 1999). Mozna aktivace Kv kanalit DHEA byla
nc¢kterymi autory potvrzena (Bonnet et al., 2003) a jinymi vyloucena (s moznou vyjimkou
KV1.3) (Peng et al., 1999). Na druhou stranu je zndmo, ze statiny stimuluji K kanaly citlivé
na ATP (které hraji malou roli v regulaci hladké svaloviny plicnich arterii) (Sehra et al.,

2017). Bylo zjisténo, ze statiny aktivuji Kv kanaly obecné (Chen et al., 2016) a inhibuji Kv1.3
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kanaly v rakovinnych T buiikach (Teisseyre et al., 2021). V hladké svaloving cév je zvySeni
regulace Kv1.3 dllezité pro proliferaci a migraci (Cheong et al., 2011; Cidad et al., 2015).
Vliv statinil na aktivitu kanalit BKca nebyl zaznamenén, ackoli mohou aktivovat kandly Kca s
malou vodivosti (McNeish et al., 2012). Zda se tedy, ze DHEA disponuje mechanismem
plicni vazodilatace (aktivace kanali BKca), ktery statiny postrddaji. To by mélo vést k
aditivnimu u¢inku na PH. Nedostatek aditivity miize znamenat, ze ucast otevieni BKca kanalu
v mechanismu u¢inku DHEA na PH neni zasadni. Statiny by ovSem mohly aktivovat kanaly
BKca nepfimo, prostiednictvim své znamé podpory aktivity NO. NO zptlisobuje plicni

vazodilataci aktivaci kanali BKca (Hampl et al., 1995).

Dalsi mozné vysvétleni nedostatecné aditivity DHEA S a statinil v jejich ucinku proti PH by
mohlo souviset s tim, Ze cholesterol je prekurzorem syntézy DHEA. Je tedy mozné, Ze 1écba
simvastatinem sniZila endogenni produkci DHEA (a DHEA S) a ptidani exogenniho DHEA S
k 1écbé statiny pouze obnovilo normalni hladinu DHEA S, nikoliv Ze by ji zvySilo nad
normal. Metaanalyza studii u lidi totiz ukéazala, ze statiny snizuji hladiny DHEA u Zen se
syndromem polycystickych vajecniki, 1 kdyZ tento G€inek byl zaznamenan pouze po 1écbé
atorvastatinem, ale nikoli simvastatinem (Yang et al., 2019). Pokud by vS§ak DHEA S a statin
ovlivitovaly PH riiznymi mechanismy, stdle by se dalo ocekavat, Ze ucinek samotného
simvastatinu (pravdépodobné s niz§imi hladinami DHEA S) bude mensi neZ jeho ucinek s
pfidanim DHEA S. V pfipadé, Ze by statin a DHEA S ovliviiovaly PH riznymi mechanismy,
bylo by mozné ocekavat, ze u¢inek samotného simvastatinu bude mensi nez jeho ucinek s
ptidanim DHEA S. A kone¢n¢, DHEA se mlze podobat statinlim svou schopnosti inhibovat
3-hydroxy-3-methyl-glutaryl koenzym A reduktazu (Pascale et al., 1995). To by znamenalo,
ze snizeni PH statiny nepatii mezi jejich pleiotropni u€inky nesouvisejici s inhibici 3-
hydroxy-3-methyl-glutaryl koenzym A reduktazy. To ostatné Girgis a spol. vyvodili ze svych

udajt, které ukazuji, Ze utlumu PH simvastatinem lze zabranit suplementaci produktu aktivity
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3-hydroxy-3-methyl-glutaryl koenzym A reduktdzy, mevalonatu (Girgis et al., 2007).
Mechanismy, kterymi muze snizena aktivita 3-hydroxy-3-methyl-glutaryl koenzym A

reduktazy vést k mensi PH, nejsou znamy a zaslouzi si dalsi zkoumani.

5.2 Aktivator HIF zvySuje plicni cévni rezistenci

Tato studie ukazuje, Ze inhibice prolylhydroxyldz (a tedy aktivace HIF) roxadustatem zvysSuje
kriticky uzaviraci tlak v plicnich cévach, a tim posouva tlaky v rozsahu pratokt k vy$sim
hodnotam. Tento ucinek je nezavisly na vlivu roxadustatu na hematokrit, ale je mensi nez u
zmeénam pii rozvoji chronické hypoxické PH dochazi béhem prvnich dnl expozice hypoxii
(Hampl et al., 2006), je Gc¢inek roxadustatu na plicni ob¢h rychlejsi (jiz po 2 dnech) nez na
hematokrit. Vzhledem k tomu, Ze jsme UcCinek roxadustatu zjistili v plicich perfundovanych
bezbunéénym roztokem, je pravdépodobné, ze in vivo, kde je piiznivy ucinek roxadustatu na

hematokrit také ptitomen, bude jeho vliv na plicni cévni rezistenci jeste vetsi.

Akutni plicni vazokonstrikéni reaktivita (na angiotenzin Il a 0 % O2) nebyla roxadustatem
ovlivnéna. To je pon¢kud prekvapivé, protoze se uvadi, ze roxadustat snizuje expresi cévnich
receptori ATi1 (Yu et al.,, 2021). Navic exprese a aktivita Ky, které jsou dilezité v
mechanismu akutni hypoxické vazokonstrikce (Archer et al., 2001), jsou ovlivnény HIF

(Pullamsetti et al., 2020). Nase udaje naznacuji, Ze tento vliv neni zvIast’ zavazny.

U kardiovaskuldrnich onemocnéni, v€etné experimentalni PH, byl pouzit antitrypanosomalni
1€k DIZE a stimulator ACE2 (Qaradakhi et al., 2020). NaSe zjiSténi posunu P/Q linii k vys$§im
tlakiim a potenciace reaktivity angiotenzinu II u vétSiny naSich experimentalnich skupin je
tedy prekvapivé. Je pravdépodobné, Ze zde hrély roli jiné DIZE aktivity nez aktivace ACE2.
Jednou z moZnosti by mohla byt interference s iontovymi kandly citlivymi na kyseliny (da

Silva Oliveira and de Freitas, 2015), u nichz se nedavno ukézalo, ze jsou dilezité pro regulaci
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hladkého svalstva plicnich cév (Jernigan et al., 2021). Nezbyva nez pfipustit, ze tomuto

paradoxnimu u¢inku DIZE nerozumime, nicmén¢ povazujeme za uziteCné o ném informovat.

5.3 Novy experimentalni model levostranného srdecniho selhani u potkani

Zavedli jsme novy snady, minimaln¢ invazivni a reverzibilni model PH vyvolané tlakovym
pretizenim levého srdce u potkant. Nevyzaduje slozit¢ mikrochirurgické techniky ani
otevienou operaci hrudniku. Provadi se v kratkodobé anestezii se spontannim dychanim a
vyZaduje minimalni zotaveni. U mladych zvifat je mortalita pfijatelna a ¢ini ~ 10 %. Kfivka
uceni experimentatort je kratka (<10 netspésSnych pokusi). Po uspésné implantaci hadi¢ky do
vzestupné aorty jsme se nesetkali s Zadnym selhanim metody. Tlakové pietizeni levého srdce

neni natolik zavazné, aby zptsobilo smrt v testovaném casovém ramci.

Zmény hmotnosti srde¢nich komor vyvolané timto postupem jsou pln¢ reverzibilni. Podobna
dynamika byla jiz dfive zaznamenana u levé komory a celého srdce po odstranéni zevni

bandaze ze vzestupné aorty (Cho et al., 2014).

Kromé¢ toho, Ze naSe metoda zpusobuje tlakové pietizeni levého srdce (zvyseny LVEDP),
vyvolava také PH, o ¢emz svéd¢i zvyseny PAP, zvétSena prava komora in vivo a zvySena
cévni rezistence v izolovanych plicich (zvySeny perfuzni tlak pti konstantnim pritoku,
zvySeny sklon ptfimek P/Q). ZvySena cévni rezistence v izolovanych plicich (kde je
eliminovan faktor zvyseného odtokového tlaku) ukazuje, ze tato PH neni jen pasivnim
prenosem tlakového pretizeni levého srdce proti proudu, ale ze zahrnuje spiSe zmény
samotnych plicnich cév ("reaktivni" forma nebo stadium PH2). NaSe vysledky s okluzemi
plicniho pfitoku rovnéZ ukazuji vyznamnou ucast zvySené plicni prekapilarni rezistence.
Zvyseni PVR bylo téméf eliminovano vazodilatatnim prostiedkem, nitroprusidem sodnym,
coz ukazuje na zdsadni roli vazokonstrikce v PH v tomto modelu. Nicméné jsme u tohoto

modelu detekovali také vyraznou muskularizaci perifernich plicnich cév (vyssi %DL), coz
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pravdépodobné také ptispiva ke zvySenému PAP. To nepiimo podporuje 1 zesilena

vazokonstrik¢ni reaktivita a na angiotenzin II a akutni hypoxické podnéty.

Ve srovnani se zavedenym modelem PH skupiny 3, chronickou hypoxii, zvySovala ¢aste¢na
aortalni obstrukce hodnoty PH, bud’ ve stejné mife (sklon tlaku a priitoku, %DL) nebo méné
(primérny PAP, RV/LV+S). To odpovidd klinickym zkuSenostem, ze PH u pacientii s
levostrannym srdecnim selhanim nebyva pfili§ t€zka, zejména v klidu (Butler et al., 1999;

Lam et al., 2009; Maron et al., 2016).

Stupen remodelace plicnich cév (%DL) po ¢astecné obstrukci aorty nebyl v této studii ptimo
srovnavan se stupném remodelace po chronické hypoxii. Zda se vSak, ze byl vyssi (74 %,
oproti 25 % u kontrol) neZ nadmi diive uvadéné hodnoty u hypoxickych potkanii (~35-60 %)
(Chovanec et al., 2009; Hampl et al., 2003b; Herget et al., 2003; Lachmanova et al., 2005)

Rozsahla remodelace plicnich cév u PH2 byla jiz dfive popsdna u potkant, mysi a lidi (Chen

et al., 2012; Delgado et al., 2005; Fayyaz et al., 2018; Hunt et al., 2013).

Je pon¢kud prekvapivé, ze kombinace ¢astecné aortalni obstrukce s hypoxickou expozici dale
nezhorsila vétSinu piiznak PH (PAP in vivo a RV/LV+S, perfuzni tlak v izolovanych
plicich) ve srovnani s potkany vystavenymi samotné hypoxii. To miize naznacovat, ze ufinek
castecné aortalni obstrukce na plicni cévy neni zprostiedkovan tim, ze by zvifata byla
hypoxemickd. At uz je tedy tlakové pretizeni levého srdce vyvolano jakymkoli
mechanismem, "soutézi" o U¢inek na plicni cévy s hypoxii (kterd je silnéjsi, jak je uvedeno
vyse). Soucasné v porovnani se samotnou hypoxii a samotnou ¢asteCnou aortalni obstrukci
byla télesnd hmotnost vyrazné snizena jejich kombinaci, coz naznacuje aditivni G¢inky na
télesnou hmotnost. Skutecnost, Ze hmotnost obou komor v poméru k télesné hmotnosti byla

ve skupiné PAO+H rovnéz zvySena ve srovnani se skupinami PAO i1 H, Ize vysvétlit

nepomérné vétsim bytkem hmotnosti ostatnich tkani ve studovaném ¢asovém ramci.
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Jistym nedostatkem tohoto modelu je nahly ndstup pietizeni levého srdce, ktery neodrazi
béznou klinickou situaci PH2, kdy se tlakové pfetizeni levého srdce vyviji postupné a
umoziuje srdci adaptovat se na zvySujici se tlak. Domnivame se, ze to je divod, proc¢
ponékud paradoxné zavedeni hadiCky stejné velikosti mnohem I€pe snaSela mensi nez veEtsi
zvitata. Jejich nizky vék jim pravdépodobné umoznil G¢innéji kompenzovat ndhlé zvyseni
afterloadu. To je hlavni nevyhoda naseho postupu ve srovnani s nejcastéji pouzivanym
modelem PH2 u potkand, suprakoronarni aortdlni bandazi. Pfi tomto postupu je vzestupna
aorta ¢asteCn¢ uzaviena stehem nebo svorkou u malych (mladych) potkanii (80-100 g BW). S
jejich rastem se pak pomérna Cast prufezu aorty, kterd je omezena, relativné zvétSuje a
tlakové pretizeni se postupné zvysuje. Uplny vyvoj modelu obvykle trva vice nez 2 mésice
(Dai et al., 2004; Hentschel et al., 2007; Hunt et al., 2013; Kerem et al., 2010; Lambert et al.,
2021; Ranchoux et al., 2019; Wang et al., 2016; Yin et al., 2011, 2009; Zhang et al., 2019).
Vyhodou naseho modelu je naopak to, ze vyuziva pln€¢ dospélé potkany (200-250 g), a
simuluje tak Cast¢jsi klinickou situaci onemocnéni levého srdce, ke kterému dochdzi spise v

dospélosti nez v adolescenci.

77



6. ZAVER

Tato prace se zabyva hledanim novych mozZnosti kombinacni lécby PH, zkoumanim
potencialniho nezadouciho ucinku (rozvoje PH) u 1€ki s potencidlem pouziti z jiné indikace a

navozeni experimentalni PH.

Potvrdili jsme ptiznivy Gcinek 1éCby statiny a DHEA S na mPAP a PVRI u PH. Zjistili jsme,
ze kombinovana lécba obéma léky dohromady nemd aditivni ucinek na PH. Jednim z
moznych vysvétleni je, Zze kazdy z 1ékt snizuje PH ptfedevsim prostiednictvim inhibi¢niho
ucinku na 3-hydroxy-3-methyl-glutaryl koenzym A reduktazu. Statiny a DHEA S lze u PH

kombinovat, pokud je to z né¢jakych divodii potiebné ¢i vhodné.

Potvrdili jsme hypotézu, ze riziko PH vyvolané stabilizatory HIF je realné a stoji za
monitorovani, zejména proto, ze PH je béznou komplikaci chronického onemocnéni ledvin i
bez této 1écby. Nastésti se u roxadustatu nevyskytuje zvySend reaktivita plicnich
vazokonstriktor, kterda by byla dal§im rizikovym faktorem. Zda se, ze HIF nehraji

vyznamnou roli v hypoxické plicni vazokonstrikci.

Zavedli jsme novy, snadno proveditelny a pouzitelny model PH u potkanti vyvolany tlakovym
pretizenim levého srdce zplsobenym ¢astecnou intravaskularni obstrukei vzestupné aorty.
Tento model vykazuje jak zvySenou muskularizaci perifernich plicnich cév, tak zvySeny cévni
tonus s vyznamnym postizenim prekapilarni ¢asti plicniho cévniho fecisté. Diky své
jednoduchosti a vlastnostem mitize byt uziteCny pro dalsi studium patofyziologie PH2 a

potencialni terapie.

78



7. REFERENCE

Abe, K., Shimokawa, H., Morikawa, K., Uwatoku, T., Oi, K., Matsumoto, Y., Hattori, T., Nakashima, Y.,
Kaibuchi, K., Sueishi, K., Takeshit, A., 2004. Long-term treatment with a Rho-kinase inhibitor
improves monocrotaline-induced fatal pulmonary hypertension in rats. Circ. Res. 94, 385—
393. https://doi.org/10.1161/01.RES.0000111804.34509.94

Abe, K., Tawara, S., Oi, K., Hizume, T., Uwatoku, T., Fukumoto, Y., Kaibuchi, K., Shimokawa, H., 2006.
Long-term inhibition of Rho-kinase ameliorates hypoxia-induced pulmonary hypertension in
mice. J. Cardiovasc. Pharmacol. 48, 280—285.
https://doi.org/10.1097/01.fjc.0000248244.64430.4a

Agarwal, V., Phung, O.J., Tongbram, V., Bhardwaj, A., Coleman, C.I., 2010. Statin use and the
prevention of venous thromboembolism: a meta-analysis. Int. J. Clin. Pract. 64, 1375-1383.
https://doi.org/10.1111/j.1742-1241.2010.02439.x

Aguero, J., Ishikawa, K., Hadri, L., Santos-Gallego, C., Fish, K., Hammoudi, N., Chaanine, A., Torquato,
S., Naim, C,, Ibanez, B., Pereda, D., Garcia-Alvarez, A., Fuster, V., Sengupta, P.P., Leopold, J.A.,
Hajjar, R.J., 2014. Characterization of right ventricular remodeling and failure in a chronic
pulmonary hypertension model. Am. J. Physiol. Heart Circ. Physiol. 307, H1204-1215.
https://doi.org/10.1152/ajpheart.00246.2014

Aiello, R.J., Bourassa, P.-A., Zhang, Q., Dubins, J., Goldberg, D.R., De Lombaert, S., Humbert, M.,
Guignabert, C., Cavasin, M.A., McKinsey, T.A., Paralkar, V., 2017. Tryptophan hydroxylase 1
Inhibition Impacts Pulmonary Vascular Remodeling in Two Rat Models of Pulmonary
Hypertension. J. Pharmacol. Exp. Ther. 360, 267-279.
https://doi.org/10.1124/jpet.116.237933

Alastalo, T.-P., Li, M., Perez, V. de J., Pham, D., Sawada, H., Wang, J.K., Koskenvuo, M., Wang, L.,
Freeman, B.A., Chang, H.Y., Rabinovitch, M., 2011. Disruption of PPARy/B-catenin-mediated
regulation of apelin impairs BMP-induced mouse and human pulmonary arterial EC survival.
J. Clin. Invest. 121, 3735-3746. https://doi.org/10.1172/1Cl43382

Aldred, M.A., Vijayakrishnan, J., James, V., Soubrier, F., Gomez-Sanchez, M.A., Martensson, G., Galie,
N., Manes, A., Corris, P., Simonneau, G., Humbert, M., Morrell, N.W., Trembath, R.C., 2006.
BMPR2 gene rearrangements account for a significant proportion of mutations in familial and
idiopathic pulmonary arterial hypertension. Hum. Mutat. 27, 212-213.
https://doi.org/10.1002/humu.9398

Al-Hiti, H., Chovanec, M., Melenovsky, V., Vajnerova, O., Banasova, A., Kautzner, J., Herget, J., 2013.
L-arginine in combination with sildenafil potentiates the attenuation of hypoxic pulmonary
hypertension in rats. Physiol. Res. 62, 589-595. https://doi.org/10.33549/physiolres.932463

Almeida, F.A., Suzuki, M., Scarborough, R.M., Lewicki, J.A., Maack, T., 1989. Clearance function of
type C receptors of atrial natriuretic factor in rats. Am. J. Physiol. 256, R469-475.
https://doi.org/10.1152/ajpregu.1989.256.2.R469

Almudéver, P., Milara, J., De Diego, A., Serrano-Mollar, A., Xaubet, A., Perez-Vizcaino, F., Cogolludo,
A, Cortijo, J., 2013. Role of tetrahydrobiopterin in pulmonary vascular remodelling
associated with pulmonary fibrosis. Thorax 68, 938—948. https://doi.org/10.1136/thoraxjnl-
2013-203408

Anand, I.S., Kuskowski, M.A., Rector, T.S., Florea, V.G., Glazer, R.D., Hester, A., Chiang, Y.T., Aknay, N.,
Maggioni, A.P., Opasich, C., Latini, R., Cohn, J.N., 2005. Anemia and change in hemoglobin
over time related to mortality and morbidity in patients with chronic heart failure: results
from Val-HeFT. Circulation 112, 1121-1127.
https://doi.org/10.1161/CIRCULATIONAHA.104.512988

79



Anand, V., Garg, S., Duval, S., Thenappan, T., 2016. A Systematic Review and Meta-Analysis of Trials
Using Statins in Pulmonary Arterial Hypertension. Pulm. Circ. 6, 295-301.
https://doi.org/10.1086/687304

Archer, S.L., Huang, J.M., Hampl, V., Nelson, D.P., Shultz, P.J., Weir, E.K., 1994. Nitric oxide and cGMP
cause vasorelaxation by activation of a charybdotoxin-sensitive K channel by cGMP-
dependent protein kinase. Proc. Natl. Acad. Sci. U. S. A. 91, 7583-7587.
https://doi.org/10.1073/pnas.91.16.7583

Archer, S.L., London, B., Hampl, V., Wu, X., Nsair, A., Puttagunta, L., Hashimoto, K., Waite, R.E.,
Michelakis, E.D., 2001. Impairment of hypoxic pulmonary vasoconstriction in mice lacking the
voltage-gated potassium channel Kv1.5. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 15, 1801-
1803. https://doi.org/10.1096/fj.00-0649fje

Archer, S.L., Weir, E.K., Wilkins, M.R., 2010. Basic Science of Pulmonary Arterial Hypertension for
Clinicians: New Concepts and Experimental Therapies. Circulation 121, 2045-2066.
https://doi.org/10.1161/CIRCULATIONAHA.108.847707

Arlt, W., Callies, F., van Vlijmen, J.C., Koehler, I., Reincke, M., Bidlingmaier, M., Huebler, D., Oettel,
M., Ernst, M., Schulte, H.M., Allolio, B., 1999. Dehydroepiandrosterone replacement in
women with adrenal insufficiency. N. Engl. J. Med. 341, 1013-1020.
https://doi.org/10.1056/NEJM199909303411401

Badesch, D.B., Champion, H.C., Gomez Sanchez, M.A., Hoeper, M.M., Loyd, J.E., Manes, A., McGoon,
M., Naeije, R., Olschewski, H., Oudiz, R.J., Torbicki, A., 2009. Diagnosis and assessment of
pulmonary arterial hypertension. J. Am. Coll. Cardiol. 54, S55-S66.
https://doi.org/10.1016/j.jacc.2009.04.011

Baird, G.L., Archer-Chicko, C., Barr, R.G., Bluemke, D.A., Foderaro, A.E., Fritz, J.S., Hill, N.S., Kawut,
S.M., Klinger, J.R., Lima, J.A.C., Mullin, C.J., Ouyang, P., Palevsky, H.l., Palmisicano, A.J.,
Pinder, D., Preston, I.R., Roberts, K.E., Smith, K.A., Walsh, T., Whittenhall, M., Ventetuolo,
C.E., 2018. Lower DHEA-S levels predict disease and worse outcomes in post-menopausal
women with idiopathic, connective tissue disease- and congenital heart disease-associated
pulmonary arterial hypertension. Eur. Respir. J. 51, 1800467.
https://doi.org/10.1183/13993003.00467-2018

Baird, G.L., Walsh, T., Aliotta, J., Allahua, M., Andrew, R., Bourjeily, G., Brodsky, A.S., Denver, N.,
Dooner, M., Harrington, E.O., Klinger, J.R., MacLean, M.R., Mullin, C.J., Pereira, M., Poppas,
A., Whittenhall, M., Ventetuolo, C.E., 2021. Insights from the Menstrual Cycle in Pulmonary
Arterial Hypertension. Ann. Am. Thorac. Soc. 18, 218-228.
https://doi.org/10.1513/AnnalsATS.202006-6710C

Ball, M.K., Waypa, G.B., Mungai, P.T., Nielsen, J.M., Czech, L., Dudley, V.J., Beussink, L., Dettman,
R.W., Berkelhamer, S.K., Steinhorn, R.H., Shah, S.J., Schumacker, P.T., 2014. Regulation of
hypoxia-induced pulmonary hypertension by vascular smooth muscle hypoxia-inducible
factor-1a. Am. J. Respir. Crit. Care Med. 189, 314-324.
https://doi.org/10.1164/rccm.201302-03020C

Bedi, O., Dhawan, V., Sharma, P.L., Kumar, P., 2016. Pleiotropic effects of statins: new therapeutic
targets in drug design. Naunyn. Schmiedebergs Arch. Pharmacol. 389, 695-712.
https://doi.org/10.1007/s00210-016-1252-4

Beitl, E., Banasova, A., Vilcek, M., Mikova, D., Hampl, V., 2016. Nitric oxide as an indicator for severity
of injury in polytrauma. Bratisl. Lek. Listy 117, 217-220.
https://doi.org/10.4149/bll_2016_041

Belohlavkova, S., Simak, J., Kokesova, A., Hnilickova, O., Hampl, V., 2001. Fenfluramine-induced
pulmonary vasoconstriction: role of serotonin receptors and potassium channels. J. Appl.
Physiol. Bethesda Md 1985 91, 755—-761. https://doi.org/10.1152/jappl.2001.91.2.755

Beltowski, J., 2005. Statins and modulation of oxidative stress. Toxicol. Mech. Methods 15, 61-92.
https://doi.org/10.1080/15376520590918766

Blanco, I., Santos, S., Gea, J., Guell, R., Torres, F., Gimeno-Santos, E., Rodriguez, D.A., Vilarg, J.,
Gémez, B., Roca, J., Barbera, J.A., 2013. Sildenafil to improve respiratory rehabilitation

80



outcomes in COPD: a controlled trial. Eur. Respir. J. 42, 982—992.
https://doi.org/10.1183/09031936.00176312

Bonderman, D., Ghio, S., Felix, S.B., Ghofrani, H.-A., Michelakis, E., Mitrovic, V., Oudiz, R.J., Boateng,
F., Scalise, A.-V., Roessig, L., Semigran, M.J., Left Ventricular Systolic Dysfunction Associated
With Pulmonary Hypertension Riociguat Trial (LEPHT) Study Group, 2013. Riociguat for
patients with pulmonary hypertension caused by systolic left ventricular dysfunction: a phase
IIb double-blind, randomized, placebo-controlled, dose-ranging hemodynamic study.
Circulation 128, 502-511. https://doi.org/10.1161/CIRCULATIONAHA.113.001458

Bonnet, S., Dumas-de-La-Roque, E., Bégueret, H., Marthan, R., Fayon, M., Dos Santos, P., Savineau, J.-
P., Baulieu, E.-E., 2003. Dehydroepiandrosterone (DHEA) prevents and reverses chronic
hypoxic pulmonary hypertension. Proc. Natl. Acad. Sci. 100, 9488—-9493.

Boucherat, O., Agrawal, V., Lawrie, A., Bonnet, S., 2022. The Latest in Animal Models of Pulmonary
Hypertension and Right Ventricular Failure. Circ. Res. 130, 1466—1486.
https://doi.org/10.1161/CIRCRESAHA.121.319971

Buhaescu, 1., 1zzedine, H., 2007. Mevalonate pathway: a review of clinical and therapeutical
implications. Clin. Biochem. 40, 575-584.

Burmakin, M., Fasching, A., Kobayashi, H., Urrutia, A.A., Damdimopoulos, A., Palm, F., Haase, V.H.,
2021. Pharmacological HIF-PHD inhibition reduces renovascular resistance and increases
glomerular filtration by stimulating nitric oxide generation. Acta Physiol. Oxf. Engl. 233,
e13668. https://doi.org/10.1111/apha.13668

Butler, J., Chomsky, D.B., Wilson, J.R., 1999. Pulmonary hypertension and exercise intolerance in
patients with heart failure. J. Am. Coll. Cardiol. 34, 1802—-1806.
https://doi.org/10.1016/s0735-1097(99)00408-8

Campen, M.J., Shimoda, L.A., O’'Donnell, C.P., 2005. Acute and chronic cardiovascular effects of
intermittent hypoxia in C57BL/6J mice. J. Appl. Physiol. Bethesda Md 1985 99, 2028—2035.
https://doi.org/10.1152/japplphysiol.00411.2005

Carey, R.M., Wang, Z.-Q., Siragy, H.M., 2000. Role of the Angiotensin Type 2 Receptor in the
Regulation of Blood Pressure and Renal Function. Hypertension 35, 155-163.
https://doi.org/10.1161/01.HYP.35.1.155

Cargill, R.l., Lipworth, B.J., 1996. Atrial natriuretic peptide and brain natriuretic peptide in cor
pulmonale. Hemodynamic and endocrine effects. Chest 110, 1220-1225.
https://doi.org/10.1378/chest.110.5.1220

Cargill, R.l., Lipworth, B.J., 1995. Acute effects of ANP and BNP on hypoxic pulmonary
vasoconstriction in humans. Br. J. Clin. Pharmacol. 40, 585-590.
https://doi.org/10.1111/j.1365-2125.1995.tb05803.x

Celec, P., Starka, L., 2003. Dehydroepiandrosterone - is the fountain of youth drying out? Physiol.
Res. 52, 397-407.

Chalupsky, K., Kracun, D., Kanchev, I, Bertram, K., Gérlach, A., 2015. Folic Acid Promotes Recycling of
Tetrahydrobiopterin and Protects Against Hypoxia-Induced Pulmonary Hypertension by
Recoupling Endothelial Nitric Oxide Synthase. Antioxid. Redox Signal. 23, 1076—1091.
https://doi.org/10.1089/ars.2015.6329

Chan, S.Y., Loscalzo, J., 2008. Pathogenic mechanisms of pulmonary arterial hypertension. J. Mol.
Cell. Cardiol. 44, 14-30. https://doi.org/10.1016/j.yjmcc.2007.09.006

Chauhan-Patel, R., Spruce, A.E., 1997. Characterization of single inward rectifier potassium channels
from embryonic Xenopus laevis myocytes. J. Membr. Biol. 158, 265-274.
https://doi.org/10.1007/s002329900263

Chelladurai, P., Seeger, W., Pullamsetti, S.S., 2012. Matrix metalloproteinases and their inhibitors in
pulmonary hypertension. Eur. Respir. J. 40, 766—782.
https://doi.org/10.1183/09031936.00209911

Chen, W., Pendyala, S., Natarajan, V., Garcia, J.G., Jacobson, J.R., 2008. Endothelial cell barrier
protection by simvastatin: GTPase regulation and NADPH oxidase inhibition. Am. J. Physiol.-
Lung Cell. Mol. Physiol. 295, L575-L583.

81



Chen, X., Zhai, Z., Huang, K., Xie, W., Wan, J., Wang, C., 2018. Bosentan therapy for pulmonary
arterial hypertension and chronic thromboembolic pulmonary hypertension: A systemic
review and meta-analysis. Clin. Respir. J. 12, 2065—-2074. https://doi.org/10.1111/crj.12774

Chen, Y., Guo, H., Xu, D., Xu, X., Wang, H., Hu, X, Lu, Z., Kwak, D., Xu, Y., Gunther, R., Huo, Y., Weir,
E.K., 2012. Left ventricular failure produces profound lung remodeling and pulmonary
hypertension in mice: heart failure causes severe lung disease. Hypertens. Dallas Tex 1979
59, 1170-1178. https://doi.org/10.1161/HYPERTENSIONAHA.111.186072

Chen, Y., Zhang, H,, Liu, H., Cao, A., 2016. Mechanisms of simvastatin-induced vasodilatation of rat
superior mesenteric arteries. Biomed. Rep. 5, 491-496. https://doi.org/10.3892/br.2016.756

Cheong, A., Li, J., Sukumar, P., Kumar, B., Zeng, F., Riches, K., Munsch, C., Wood, I.C., Porter, K.E.,
Beech, D.J., 2011. Potent suppression of vascular smooth muscle cell migration and human
neointimal hyperplasia by KV1.3 channel blockers. Cardiovasc. Res. 89, 282—-289.
https://doi.org/10.1093/cvr/cvq305

Chevalier, M., Gilbert, G., Lory, P., Marthan, R., Quignard, J.F., Savineau, J.P., 2012.
Dehydroepiandrosterone (DHEA) inhibits voltage-gated T-type calcium channels. Biochem.
Pharmacol. 83, 1530-1539. https://doi.org/10.1016/j.bcp.2012.02.025

Chiurchiu, V., Izzi, V., D’Aquilio, F., Carotenuto, F., Di Nardo, P., Baldini, P.M., 2008. Brain Natriuretic
Peptide (BNP) regulates the production of inflammatory mediators in human THP-1
macrophages. Regul. Pept. 148, 26—32. https://doi.org/10.1016/]j.regpep.2008.02.009

Cho, J.S., Cho, E.J., Lee, J., Choi, H.-D., Park, K.C,, Lee, K.-H., Yang, K.-J., Park, M.-W., Park, G.-M., Her,
S.-H., Kim, C.J., 2014. Myocardial mechanics in a rat model with banding and debanding of
the ascending aorta. J. Cardiovasc. Ultrasound 22, 189-195.
https://doi.org/10.4250/jcu.2014.22.4.189

Christman, B.W., McPherson, C.D., Newman, J.H., King, G.A., Bernard, G.R., Groves, B.M., Loyd, J.E.,
1992. An imbalance between the excretion of thromboxane and prostacyclin metabolites in
pulmonary hypertension. N. Engl. J. Med. 327, 70-75.
https://doi.org/10.1056/NEJM199207093270202

Cidad, P., Miguel-Velado, E., Ruiz-McDavitt, C., Alonso, E., Jiménez-Pérez, L., Asuaje, A., Carmona, Y.,
Garcia-Arribas, D., Lopez, J., Marroquin, Y., Fernandez, M., Roqué, M., Pérez-Garcia, M.T.,
Lépez-Lépez, J.R., 2015. Kv1.3 channels modulate human vascular smooth muscle cells
proliferation independently of mTOR signaling pathway. Pflugers Arch. 467, 1711-1722.
https://doi.org/10.1007/s00424-014-1607-y

Corti, R., Burnett, J.C., Rouleau, J.L., Ruschitzka, F., Lischer, T.F., 2001. Vasopeptidase inhibitors: a
new therapeutic concept in cardiovascular disease? Circulation 104, 1856—1862.
https://doi.org/10.1161/hc4001.097191

Croom, K.F., Keating, G.M., 2004. Valsartan: a review of its use in patients with heart failure and/or
left ventricular systolic dysfunction after myocardial infarction. Am. J. Cardiovasc. Drugs
Drugs Devices Interv. 4, 395-404. https://doi.org/10.2165/00129784-200404060-00008

da Silva Oliveira, G.L., de Freitas, R.M., 2015. Diminazene aceturate--An antiparasitic drug of
antiquity: Advances in pharmacology & therapeutics. Pharmacol. Res. 102, 138-157.
https://doi.org/10.1016/j.phrs.2015.10.005

Dai, Z., Zhu, M.M., Peng, Y., Machireddy, N., Evans, C.E., Machado, R., Zhang, X., Zhao, Y.-Y., 2018.
Therapeutic Targeting of Vascular Remodeling and Right Heart Failure in Pulmonary Arterial
Hypertension with a HIF-2a Inhibitor. Am. J. Respir. Crit. Care Med. 198, 1423-1434.
https://doi.org/10.1164/rccm.201710-20790C

Dai, Z.-K., Tan, M.-S., Chai, C.-Y., Yeh, J.-L., Chou, S.-H., Chiu, C.-C., Jeng, A.Y., Chen, I.-J., Wu, J.-R.,
2004. Upregulation of endothelial nitric oxide synthase and endothelin-1 in pulmonary
hypertension secondary to heart failure in aorta-banded rats. Pediatr. Pulmonol. 37, 249—
256. https://doi.org/10.1002/ppul.10413

Dalal, J.J., Griffiths, B.E., Henderson, A.H., 1981. Primary pulmonary hypertension: effects of
nifedipine. Br. Heart J. 46, 230-231. https://doi.org/10.1136/hrt.46.2.230

82



Danser, A.H., van Kesteren, C.A., Bax, W.A., Tavenier, M., Derkx, F.H., Saxena, P.R., Schalekamp, M.A.,
1997. Prorenin, renin, angiotensinogen, and angiotensin-converting enzyme in normal and
failing human hearts. Evidence for renin binding. Circulation 96, 220-226.
https://doi.org/10.1161/01.cir.96.1.220

Davies, J.T., Delfino, S.F., Feinberg, C.E., Johnson, M.F., Nappi, V.L., Olinger, J.T., Schwab, A.P.,
Swanson, H.l., 2016. Current and Emerging Uses of Statins in Clinical Therapeutics: A Review.
Lipid Insights 9, LPI.S37450. https://doi.org/10.4137/LP1.537450

Davignon, J., Jacob, R.F., Mason, R.P., 2004. The antioxidant effects of statins. Coron. Artery Dis. 15,
251-258. https://doi.org/10.1097/01.mca.0000131573.31966.34

Dawson, C.A., Bronikowski, T.A,, Linehan, J.H., Haworth, S.T., Rickaby, D.A., 1989. On the estimation
of pulmonary capillary pressure from arterial occlusion. Am. Rev. Respir. Dis. 140, 1228
1236. https://doi.org/10.1164/ajrccm/140.5.1228

Dawson, C.A., Bronikowski, T.A., Linehan, J.H., Rickaby, D.A., 1988. Distributions of vascular pressure
and resistance in the lung. J. Appl. Physiol. Bethesda Md 1985 64, 274—-284.
https://doi.org/10.1152/japp!.1988.64.1.274

de Man, F.S., Ty, L., Handoko, M.L., Rain, S., Ruiter, G., Francois, C., Schalij, I., Dorfmiiller, P.,
Simonneau, G., Fadel, E., Perros, F., Boonstra, A., Postmus, P.E., van der Velden, J., Vonk-
Noordegraaf, A., Humbert, M., Eddahibi, S., Guignabert, C., 2012. Dysregulated renin-
angiotensin-aldosterone system contributes to pulmonary arterial hypertension. Am. J.
Respir. Crit. Care Med. 186, 780-789. https://doi.org/10.1164/rccm.201203-04110C

Del Rio, D., Stewart, A.J., Pellegrini, N., 2005. A review of recent studies on malondialdehyde as toxic
molecule and biological marker of oxidative stress. Nutr. Metab. Cardiovasc. Dis. NMCD 15,
316-328. https://doi.org/10.1016/j.numecd.2005.05.003

Delgado, J.F., Conde, E., Sanchez, V., Lépez-Rios, F., Gdmez-Sanchez, M.A., Escribano, P., Sotelo, T.,
Gémez de la Cdmara, A,, Cortina, J., de la Calzada, C.S., 2005. Pulmonary vascular remodeling
in pulmonary hypertension due to chronic heart failure. Eur. J. Heart Fail. 7, 1011-1016.
https://doi.org/10.1016/j.ejheart.2004.10.021

DeMarco, V.G., Habibi, J., Whaley-Connell, A.T., Schneider, R.l., Sowers, J.R., Andresen, B.T.,
Gutweiler, A.A., Ma, L., Johnson, M.S., Ferrario, C.M., Dellsperger, K.C., 2009. Rosuvastatin
ameliorates the development of pulmonary arterial hypertension in the transgenic
(mRen2)27 rat. Am. J. Physiol. Heart Circ. Physiol. 297, H1128-1139.
https://doi.org/10.1152/ajpheart.00048.2009

Dempsie, Y., Morecroft, I., Welsh, D.J., MacRitchie, N.A., Herold, N., Loughlin, L., Nilsen, M., Peacock,
A.J., Harmar, A., Bader, M., MacLean, M.R., 2008. Converging evidence in support of the
serotonin hypothesis of dexfenfluramine-induced pulmonary hypertension with novel
transgenic mice. Circulation 117, 2928-2937.
https://doi.org/10.1161/CIRCULATIONAHA.108.767558

Dessouroux, A., Akwa, Y., Baulieu, E.E., 2008. DHEA decreases HIF-1alpha accumulation under
hypoxia in human pulmonary artery cells: potential role in the treatment of pulmonary
arterial hypertension. J. Steroid Biochem. Mol. Biol. 109, 81-89.
https://doi.org/10.1016/j.jsbmb.2007.12.001

Douschan, P., Kovacs, G., Avian, A., Foris, V., Gruber, F., Olschewski, A., Olschewski, H., 2018. Mild
Elevation of Pulmonary Arterial Pressure as a Predictor of Mortality. Am. J. Respir. Crit. Care
Med. 197, 509-516. https://doi.org/10.1164/rccm.201706-12150C

Dumas de la Roque, E., Quignard, J.-F., Ducret, T., Dahan, D., Courtois, A., Begueret, H., Marthan, R.,
Savineau, J.-P., 2013. Beneficial effect of dehydroepiandrosterone on pulmonary
hypertension in a rodent model of pulmonary hypertension in infants. Pediatr. Res. 74, 163—
169. https://doi.org/10.1038/pr.2013.73

Dumas de La Roque, E., Savineau, J.-P., Metivier, A.-C., Billes, M.-A., Kraemer, J.-P., Doutreleau, S.,
Jougon, J., Marthan, R., Moore, N., Fayon, M., Baulieu, E.-E., Dromer, C., 2012.
Dehydroepiandrosterone (DHEA) improves pulmonary hypertension in chronic obstructive

83



pulmonary disease (COPD): a pilot study. Ann. Endocrinol. 73, 20-25.
https://doi.org/10.1016/j.ando.2011.12.005

Espiner, E.A., Richards, A.M., Yandle, T.G., Nicholls, M.G., 1995. Natriuretic hormones. Endocrinol.
Metab. Clin. North Am. 24, 481-5009.

Fagan, K.A., 2001. Selected Contribution: Pulmonary hypertension in mice following intermittent
hypoxia. J. Appl. Physiol. Bethesda Md 1985 90, 2502—-2507.
https://doi.org/10.1152/jappl.2001.90.6.2502

Falcao-Pires, I., Gongalves, N., Henriques-Coelho, T., Moreira-Gongalves, D., Roncon-Albuquerque, R.,
Leite-Moreira, A.F., 2009. Apelin decreases myocardial injury and improves right ventricular
function in monocrotaline-induced pulmonary hypertension. Am. J. Physiol. Heart Circ.
Physiol. 296, H2007-2014. https://doi.org/10.1152/ajpheart.00089.2009

Fang, J.C., DeMarco, T., Givertz, M.M., Borlaug, B.A., Lewis, G.D., Rame, J.E., Gomberg-Maitland, M.,
Murali, S., Frantz, R.P., McGlothlin, D., 2012. World Health Organization Pulmonary
Hypertension group 2: pulmonary hypertension due to left heart disease in the adult—a
summary statement from the Pulmonary Hypertension Council of the International Society
for Heart and Lung Transplantation. J. Heart Lung Transplant. 31, 913—-933.

Farber, H.W., Miller, D.P., Poms, A.D., Badesch, D.B., Frost, A.E., Muros-Le Rouzic, E., Romero, A.J,,
Benton, W.W,, Elliott, C.G., McGoon, M.D., Benza, R.L., 2015. Five-Year outcomes of patients
enrolled in the REVEAL Registry. Chest 148, 1043—1054. https://doi.org/10.1378/chest.15-
0300

Farrukh, I.S., Peng, W., Orlinska, U., Hoidal, J.R., 1998. Effect of dehydroepiandrosterone on hypoxic
pulmonary vasoconstriction: a Ca(2+)-activated K(+)-channel opener. Am. J. Physiol. 274,
L186-195. https://doi.org/10.1152/ajplung.1998.274.2.L186

Fayyaz, A.U., Edwards, W.D., Maleszewski, J.J., Konik, E.A., DuBrock, H.M., Borlaug, B.A., Frantz, R.P.,
Jenkins, S.M., Redfield, M.M., 2018. Global Pulmonary Vascular Remodeling in Pulmonary
Hypertension Associated With Heart Failure and Preserved or Reduced Ejection Fraction.
Circulation 137, 1796-1810. https://doi.org/10.1161/CIRCULATIONAHA.117.031608

Fishman, A.P., 1999. Aminorex to Fen/Phen. Circulation 99, 156-161.
https://doi.org/10.1161/01.CIR.99.1.156

Fristrom, S., Airaksinen, M.M., Halmekoski, J., 1977. Release of Platelet 5-Hydroxytryptamine by
Some Anorexic and Other Sympathomimetics and their Acetyl Derivatives. Acta Pharmacol.
Toxicol. (Copenh.) 41, 218-224. https://doi.org/10.1111/j.1600-0773.1977.tb02142.x

Fukumoto, Y., Matoba, T., Ito, A., Tanaka, H., Kishi, T., Hayashidani, S., Abe, K., Takeshita, A.,
Shimokawa, H., 2005. Acute vasodilator effects of a Rho-kinase inhibitor, fasudil, in patients
with severe pulmonary hypertension. Heart Br. Card. Soc. 91, 391-392.
https://doi.org/10.1136/hrt.2003.029470

Gagnadoux, F., Capron, F., Lebeau, B., 2002. Pulmonary veno-occlusive disease after neoadjuvant
mitomycin chemotherapy and surgery for lung carcinoma. Lung Cancer 36, 213-215.
https://doi.org/10.1016/50169-5002(01)00479-2

Gale, D.P., Harten, S.K., Reid, C.D.L., Tuddenham, E.G.D., Maxwell, P.H., 2008. Autosomal dominant
erythrocytosis and pulmonary arterial hypertension associated with an activating HIF2a
mutation. Blood 112, 919-921. https://doi.org/10.1182/blood-2008-04-153718

Galie, N., 2004. The endothelin system in pulmonary arterial hypertension. Cardiovasc. Res. 61, 227—
237. https://doi.org/10.1016/j.cardiores.2003.11.026

George, P.M., Badiger, R., Alazawi, W., Foster, G.R., Mitchell, J.A., 2012. Pharmacology and
therapeutic potential of interferons. Pharmacol. Ther. 135, 44-53.
https://doi.org/10.1016/j.pharmthera.2012.03.006

Ghofrani, H.-A., Simonneau, G., D’Armini, A.M., Fedullo, P., Howard, L.S., Jais, X., Jenkins, D.P., Jing,
Z.-C., Madani, M.M., Martin, N., Mayer, E., Papadakis, K., Richard, D., Kim, N.H., MERIT study
investigators, 2017. Macitentan for the treatment of inoperable chronic thromboembolic
pulmonary hypertension (MERIT-1): results from the multicentre, phase 2, randomised,

84



double-blind, placebo-controlled study. Lancet Respir. Med. 5, 785-794.
https://doi.org/10.1016/52213-2600(17)30305-3

Ghofrani, H.A., Wiedemann, R., Rose, F., Schermuly, R.T., Olschewski, H., Weissmann, N., Gunther, A,
Walmrath, D., Seeger, W., Grimminger, F., 2002. Sildenafil for treatment of lung fibrosis and
pulmonary hypertension: a randomised controlled trial. Lancet Lond. Engl. 360, 895-900.
https://doi.org/10.1016/5S0140-6736(02)11024-5

Giaid, A., Yanagisawa, M., Langleben, D., Michel, R.P., Levy, R., Shennib, H., Kimura, S., Masaki, T.,
Duguid, W.P., Stewart, D.J., 1993. Expression of Endothelin-1 in the Lungs of Patients with
Pulmonary Hypertension. N. Engl. J. Med. 328, 1732-1739.
https://doi.org/10.1056/NEJM199306173282402

Girgis, R.E., Li, D., Zhan, X., Garcia, J.G., Tuder, R.M., Hassoun, P.M., Johns, R.A., 2003. Attenuation of
chronic hypoxic pulmonary hypertension by simvastatin. Am. J. Physiol.-Heart Circ. Physiol.
285, H938—-H945.

Girgis, R.E., Mozammel, S., Champion, H.C,, Li, D., Peng, X., Shimoda, L., Tuder, R.M., Johns, R.A.,
Hassoun, P.M., 2007. Regression of chronic hypoxic pulmonary hypertension by simvastatin.
Am. J. Physiol. Lung Cell. Mol. Physiol. 292, L1105-1110.
https://doi.org/10.1152/ajplung.00411.2006

Gotway, M.B., Marder, S.R., Hanks, D.K., Leung, J.W.T., Dawn, S.K., Gean, A.D., Reddy, G.P., Araoz,
P.A., Webb, W.R., 2002. Thoracic Complications of lllicit Drug Use: An Organ System
Approach. RadioGraphics 22, $119-5135.
https://doi.org/10.1148/radiographics.22.suppl_1.g020c01s119

Greiser, E., 1973. [Epidemiologic studies on the relation between use of appetite depressants and
primary vascular pulmonary hypertension]. Internist 14, 437-442.

Group, S.S.S.S., 1994. Randomised trial of cholesterol lowering in 4444 patients with coronary heart
disease: the Scandinavian Simvastatin Survival Study (4S). The Lancet 344, 1383-1389.

Guerard, P., Rakotoniaina, Z., Goirand, F., Rochette, L., Dumas, M., Lirussi, F., Bardou, M., 2006. The
HMG-CoA reductase inhibitor, pravastatin, prevents the development of monocrotaline-
induced pulmonary hypertension in the rat through reduction of endothelial cell apoptosis
and overexpression of eNOS. Naunyn. Schmiedebergs Arch. Pharmacol. 373, 401-414.
https://doi.org/10.1007/s00210-006-0082-1

Guignabert, C., Phan, C,, Seferian, A., Huertas, A., Tu, L., Thuillet, R., Sattler, C., Hiress, M.L., Tamura,
Y., Jutant, E.-M., Chaumais, M.-C., Bouchet, S., Manéglier, B., Molimard, M., Rousselot, P.,
Sitbon, O., Simonneau, G., Montani, D., Humbert, M., 2016. Dasatinib induces lung vascular
toxicity and predisposes to pulmonary hypertension. J. Clin. Invest. 126, 3207-3218.
https://doi.org/10.1172/1CI86249

Gurtner, H.P., 1979. Pulmonary hypertension, “plexogenic pulmonary arteriopathy” and the appetite
depressant drug aminorex: post or propter? Bull. Eur. Physiopathol. Respir. 15, 897-923.

Gurtner, H.P., Gertsch, M., Salzmann, C., Scherrer, M., Stucki, P., Wyss, F., 1968. [Are the primary
vascular forms of chronic pulmonary heart disease becoming more common?]. Schweiz.
Med. Wochenschr. 98, 1579-1589 contd.

Haendeler, J., Hoffmann, J., Zeiher, A.M., Dimmeler, S., 2004. Antioxidant effects of statins via S-
nitrosylation and activation of thioredoxin in endothelial cells: a novel vasculoprotective
function of statins. Circulation 110, 856—861.
https://doi.org/10.1161/01.CIR.0000138743.09012.93

Hakim, T.S., Michel, R.P., Chang, H.K., 1982. Partitioning of pulmonary vascular resistance in dogs by
arterial and venous occlusion. J. Appl. Physiol. 52, 710-715.
https://doi.org/10.1152/jappl.1982.52.3.710

Hampl, V., Archer, S.L., Nelson, D.P., Weir, E.K., 1993. Chronic EDRF inhibition and hypoxia: effects on
pulmonary circulation and systemic blood pressure. J. Appl. Physiol. Bethesda Md 1985 75,
1748-1757. https://doi.org/10.1152/jappl.1993.75.4.1748

Hampl, V., Bibov4, J., Banasova, A., Uhlik, J., Mikova, D., Hnilickova, O., Lachmanov3, V., Herget, J.,
2006. Pulmonary vascular iNOS induction participates in the onset of chronic hypoxic

85



pulmonary hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 290, L11-20.
https://doi.org/10.1152/ajplung.00023.2005

Hampl, V., Bibov3, J., Herget, J., 2000. Perinatal history of hypoxia leads to lower vascular pressures
and hyporeactivity to angiotensin Il in isolated lungs of adult rats. Physiol. Res. 49, 567-575.

Hampl, V., Bibova, J., Ostadalova, I., Povysilova, V., Herget, J., 2003a. Gender differences in the long-
term effects of perinatal hypoxia on pulmonary circulation in rats. Am. J. Physiol. Lung Cell.
Mol. Physiol. 285, L386-392. https://doi.org/10.1152/ajplung.00389.2002

Hampl, V., Bibov4, J., Povysilova, V., Herget, J., 2003b. Dehydroepiandrosterone sulphate reduces
chronic hypoxic pulmonary hypertension in rats. Eur. Respir. J. 21, 862—865.
https://doi.org/10.1183/09031936.03.00084503

Hampl, V., Herget, J., 2000. Role of nitric oxide in the pathogenesis of chronic pulmonary
hypertension. Physiol. Rev. 80, 1337-1372. https://doi.org/10.1152/physrev.2000.80.4.1337

Hampl, V., Huang, J.M., Weir, E.K., Archer, S.L., 1995. Activation of the cGMP-dependent protein
kinase mimics the stimulatory effect of nitric oxide and cGMP on calcium-gated potassium
channels. Physiol. Res. 44, 39-44.

Hassoun, P.M., Mouthon, L., Barbera, J.A., Eddahibi, S., Flores, S.C., Grimminger, F., Jones, P.L.,,
Maitland, M.L., Michelakis, E.D., Morrell, N.W., Newman, J.H., Rabinovitch, M., Schermuly,
R., Stenmark, K.R., Voelkel, N.F., Yuan, J.X.-J., Humbert, M., 2009. Inflammation, growth
factors, and pulmonary vascular remodeling. J. Am. Coll. Cardiol. 54, S10-S19.
https://doi.org/10.1016/j.jacc.2009.04.006

Hayashi, F., Tamura, H., Yamada, J., Kasai, H., Suga, T., 1994. Characteristics of the
hepatocarcinogenesis caused by dehydroepiandrosterone, a peroxisome proliferator, in male
F-344 rats. Carcinogenesis 15, 2215-2219. https://doi.org/10.1093/carcin/15.10.2215

Hayashi, T., Esaki, T., Muto, E., Kano, H., Asai, Y., Thakur, N.K., Sumi, D., Jayachandran, M., Iguchi, A,
2000. Dehydroepiandrosterone retards atherosclerosis formation through its conversion to
estrogen: the possible role of nitric oxide. Arterioscler. Thromb. Vasc. Biol. 20, 782-792.
https://doi.org/10.1161/01.atv.20.3.782

Hemnes, A.R., Zaiman, A., Champion, H.C., 2008. PDE5A inhibition attenuates bleomycin-induced
pulmonary fibrosis and pulmonary hypertension through inhibition of ROS generation and
RhoA/Rho kinase activation. Am. J. Physiol. Lung Cell. Mol. Physiol. 294, L24-33.
https://doi.org/10.1152/ajplung.00245.2007

Hennigs, J.K., Cao, A., Li, C.G., Shi, M., Mienert, J., Miyagawa, K., Kérbelin, J., Marciano, D.P., Chen, P.-
l., Roughley, M., Elliott, M.V., Harper, R.L., Bill, M.A., Chappell, J., Moonen, J.-R., Diebold, I.,
Wang, L., Snyder, M.P., Rabinovitch, M., 2021. PPARy-p53-Mediated Vasculoregenerative
Program to Reverse Pulmonary Hypertension. Circ. Res. 128, 401-418.
https://doi.org/10.1161/CIRCRESAHA.119.316339

Hentschel, T., Yin, N., Riad, A., Habbazettl, H., Weimann, J., Koster, A., Tschope, C., Kuppe, H.,
Kuebler, W.M., 2007. Inhalation of the phosphodiesterase-3 inhibitor milrinone attenuates
pulmonary hypertension in a rat model of congestive heart failure. Anesthesiology 106, 124—
131. https://doi.org/10.1097/00000542-200701000-00021

Herget, J., Chovanec, M., 2010. Isolated perfused murine lung. Drug Discov. Today Dis. Models 7,
131-135. https://doi.org/10.1016/j.ddmod.2011.03.008

Herget, J., Hampl, V., Povysilova, V., Slavik, Z., 1995. Long-term effects of prenatal indomethacin
administration on the pulmonary circulation in rats. Eur. Respir. J. 8, 209-215.
https://doi.org/10.1183/09031936.95.08020209

Herget, J., Kuklik, V., 1995. Perinatal lung injury extends in adults the site of hypoxic pulmonary
vasoconstriction upstream. Physiol. Res. 44, 25-30.

Herget, J., Novotna, J., Bibova, J., Povysilova, V., Vankova, M., Hampl, V., 2003. Metalloproteinase
inhibition by Batimastat attenuates pulmonary hypertension in chronically hypoxic rats. Am.
J. Physiol. Lung Cell. Mol. Physiol. 285, L199-208.
https://doi.org/10.1152/ajplung.00167.2002

86



Herget, J., Palecek, F., 1972. Pulmonary arterial blood pressure in closed chest rats. Changes after
catecholamines, histamine and serotonin. Arch. Int. Pharmacodyn. Ther. 198, 107-117.

Herget, J., Wilhelm, J., Novotn3, J., Eckhardt, A., Vytasek, R., Mrazkov3, L., Ostadal, M., 2000. A
possible role of the oxidant tissue injury in the development of hypoxic pulmonary
hypertension. Physiol. Res. 49, 493-501.

Hervé, P., Launay, J.M., Scrobohaci, M.L., Brenot, F., Simonneau, G., Petitpretz, P., Poubeau, P.,
Cerrina, J., Duroux, P., Drouet, L., 1995. Increased plasma serotonin in primary pulmonary
hypertension. Am. J. Med. 99, 249-254. https://doi.org/10.1016/s0002-9343(99)80156-9

Hill, N.S., Klinger, J.R., Warburton, R.R., Pietras, L., Wrenn, D.S., 1994. Brain natriuretic peptide:
possible role in the modulation of hypoxic pulmonary hypertension. Am. J. Physiol. 266,
L308-315. https://doi.org/10.1152/ajplung.1994.266.3.L308

Homma, N., Nagaoka, T., Karoor, V., Imamura, M., Taraseviciene-Stewart, L., Walker, L.A., Fagan,
K.A., McMurtry, I.F., Oka, M., 2008. Involvement of RhoA/Rho kinase signaling in protection
against monocrotaline-induced pulmonary hypertension in pneumonectomized rats by
dehydroepiandrosterone. Am. J. Physiol. Lung Cell. Mol. Physiol. 295, L71-78.
https://doi.org/10.1152/ajplung.90251.2008

Horton, J.D., Goldstein, J.L., Brown, M.S., 2002. SREBPs: activators of the complete program of
cholesterol and fatty acid synthesis in the liver. J. Clin. Invest. 109, 1125-1131.

Huertas, A., Girerd, B., Dorfmuller, P., O’Callaghan, D., Humbert, M., Montani, D., 2011. Pulmonary
veno-occlusive disease: advances in clinical management and treatments. Expert Rev. Respir.
Med. 5, 217-231. https://doi.org/10.1586/ers.11.15

Humbert, M., Kovacs, G., Hoeper, M.M., Badagliacca, R., Berger, R.M.F., Brida, M., Carlsen, J., Coats,
A.l.S., Escribano-Subias, P., Ferrari, P., Ferreira, D.S., Ghofrani, H.A., Giannakoulas, G., Kiely,
D.G., Mayer, E., Meszaros, G., Nagavci, B., Olsson, K.M., Pepke-Zaba, J., Quint, J.K., Radegran,
G., Simonneau, G., Sitbon, O., Tonia, T., Toshner, M., Vachiery, J.-L., Noordegraaf, A.V.,
Delcroix, M., Rosenkranz, S., Group, the E.S.D., 2022. 2022 ESC/ERS Guidelines for the
diagnosis and treatment of pulmonary hypertension. Eur. Respir. J.
https://doi.org/10.1183/13993003.00879-2022

Humbert, M., Sitbon, O., Simonneau, G., 2004. Treatment of pulmonary arterial hypertension. N.
Engl. J. Med. 351, 1425-1436. https://doi.org/10.1056/NEJMra040291

Hunt, J.M., Bethea, B., Liu, X., Gandjeva, A., Mammen, P.P.A,, Stacher, E., Gandjeva, M.R., Parish, E.,
Perez, M., Smith, L., Graham, B.B., Kuebler, W.M., Tuder, R.M., 2013. Pulmonary veins in the
normal lung and pulmonary hypertension due to left heart disease. Am. J. Physiol. Lung Cell.
Mol. Physiol. 305, L725-736. https://doi.org/10.1152/ajplung.00186.2013

Iruthayanathan, M., O’Leary, B., Paul, G., Dillon, J.S., 2011. Hydrogen peroxide signaling mediates
DHEA-induced vascular endothelial cell proliferation. Steroids 76, 1483-1490.
https://doi.org/10.1016/j.steroids.2011.08.002

Ishikura, K., Yamada, N., Ito, M., Ota, S., Nakamura, M., Isaka, N., Nakano, T., 2006. Beneficial acute
effects of rho-kinase inhibitor in patients with pulmonary arterial hypertension. Circ. J. Off. J.
Jpn. Circ. Soc. 70, 174-178. https://doi.org/10.1253/circj.70.174

Iwasaki, Y., Asai, M., Yoshida, M., Nigawara, T., Kambayashi, M., Nakashima, N., 2004.
Dehydroepiandrosterone-sulfate inhibits nuclear factor-kappaB-dependent transcription in
hepatocytes, possibly through antioxidant effect. J. Clin. Endocrinol. Metab. 89, 3449-3454.
https://doi.org/10.1210/jc.2003-031441

Jaffe, A.B., Hall, A., 2005. Rho GTPases: biochemistry and biology. Annu. Rev. Cell Dev. Biol. 21, 247-
269. https://doi.org/10.1146/annurev.cellbio.21.020604.150721

Jakoubek, V., Hampl, V., 2018. Alcohol and fetoplacental vasoconstrictor reactivity. Physiol. Res. 67,
509-513. https://doi.org/10.33549/physiolres.933609

Jasinska-Stroschein, M., Owczarek, J., Wesotowska, A., Orszulak-Michalak, D., 2014. Rosuvastatin,
sildenafil and their combination in monocrotaline-induced pulmonary hypertension in rat.
Acta Pharm. Zagreb Croat. 64, 345-353. https://doi.org/10.2478/acph-2014-0029

87



Jasmin, J.-F., Calderone, A., Leung, T.-K., Villeneuve, L., Dupuis, J., 2003. Lung structural remodeling
and pulmonary hypertension after myocardial infarction: complete reversal with irbesartan.
Cardiovasc. Res. 58, 621-631. https://doi.org/10.1016/s0008-6363(03)00290-6

Jasmin, J.-F., Mercier, I., Hnasko, R., Cheung, M.W.-C., Tanowitz, H.B., Dupuis, J., Lisanti, M.P., 2004.
Lung remodeling and pulmonary hypertension after myocardial infarction: pathogenic role of
reduced caveolin expression. Cardiovasc. Res. 63, 747-755.
https://doi.org/10.1016/j.cardiores.2004.05.018

Jenkins, R.G., Moore, B.B., Chambers, R.C., Eickelberg, O., Kénigshoff, M., Kolb, M., Laurent, G.J.,
Nanthakumar, C.B., Olman, M.A,, Pardo, A., Selman, M., Sheppard, D., Sime, P.J., Tager, A.M.,
Tatler, A.L., Thannickal, V.J., White, E.S., ATS Assembly on Respiratory Cell and Molecular
Biology, 2017. An Official American Thoracic Society Workshop Report: Use of Animal Models
for the Preclinical Assessment of Potential Therapies for Pulmonary Fibrosis. Am. J. Respir.
Cell Mol. Biol. 56, 667—679. https://doi.org/10.1165/rcmb.2017-0096ST

Jernigan, N.L., Naik, J.S., Resta, T.C., 2021. Acid-sensing ion channel 1 contributes to pulmonary
arterial smooth muscle cell depolarization following hypoxic pulmonary hypertension. J.
Physiol. 599, 4749-4762. https://doi.org/10.1113/JP282231

Jin, H,, Yang, R.H., Chen, Y.F., Jackson, R.M., Oparil, S., 1990. Atrial natriuretic peptide attenuates the
development of pulmonary hypertension in rats adapted to chronic hypoxia. J. Clin. Invest.
85, 115-120. https://doi.org/10.1172/JC1114400

Joint Task Force on the Management of Valvular Heart Disease of the European Society of Cardiology
(ESC), European Association for Cardio-Thoracic Surgery (EACTS), Vahanian, A., Alfieri, O.,
Andreotti, F., Antunes, M.J., Bardn-Esquivias, G., Baumgartner, H., Borger, M.A,, Carrel, T.P.,
De Bonis, M., Evangelista, A., Falk, V., lung, B., Lancellotti, P., Pierard, L., Price, S., Schéfers,
H.-J., Schuler, G., Stepinska, J., Swedberg, K., Takkenberg, J., Von Oppell, U.O., Windecker, S.,
Zamorano, J.L., Zembala, M., 2012. Guidelines on the management of valvular heart disease
(version 2012). Eur. Heart J. 33, 2451-2496. https://doi.org/10.1093/eurheartj/ehs109

Jones, S.A., O’Donnell, V.B., Wood, J.D., Broughton, J.P., Hughes, E.J., Jones, O.T., 1996. Expression of
phagocyte NADPH oxidase components in human endothelial cells. Am. J. Physiol.-Heart Circ.
Physiol. 271, H1626—-H1634.

Joshi, S., Sedivy, V., Hodyc, D., Herget, J., Gurney, A.M., 2009. KCNQ modulators reveal a key role for
KCNQ potassium channels in regulating the tone of rat pulmonary artery smooth muscle. J.
Pharmacol. Exp. Ther. 329, 368—-376. https://doi.org/10.1124/jpet.108.147785

Kerem, A, Yin, J., Kaestle, S.M., Hoffmann, J., Schoene, A.M., Singh, B., Kuppe, H., Borst, M.M.,
Kuebler, W.M., 2010. Lung endothelial dysfunction in congestive heart failure: role of
impaired Ca2+ signaling and cytoskeletal reorganization. Circ. Res. 106, 1103-1116.
https://doi.org/10.1161/CIRCRESAHA.109.210542

Khemasuwan, D., Divietro, M.L., Tangdhanakanond, K., Pomerantz, S.C., Eiger, G., 2010. Statins
decrease the occurrence of venous thromboembolism in patients with cancer. Am. J. Med.
123, 60-65. https://doi.org/10.1016/j.amjmed.2009.05.025

Khush, K.K., Tasissa, G., Butler, J., McGlothlin, D., De Marco, T., Investigators, E., 2009. Effect of
pulmonary hypertension on clinical outcomes in advanced heart failure: analysis of the
Evaluation Study of Congestive Heart Failure and Pulmonary Artery Catheterization
Effectiveness (ESCAPE) database. Am. Heart J. 157, 1026-1034.

Kieler, H., Artama, M., Engeland, A., Ericsson, O., Furu, K., Gissler, M., Nielsen, R.B., Ngrgaard, M.,
Stephansson, O., Valdimarsdottir, U., Zoega, H., Haglund, B., 2012. Selective serotonin
reuptake inhibitors during pregnancy and risk of persistent pulmonary hypertension in the
newborn: population based cohort study from the five Nordic countries. BMJ 344, d8012.
https://doi.org/10.1136/bm;j.d8012

Kim, J., 2014. Apelin-APJ signaling: a potential therapeutic target for pulmonary arterial
hypertension. Mol. Cells 37, 196-201. https://doi.org/10.14348/molcells.2014.2308

Klinger, J.R., Petit, R.D., Warburton, R.R., Wrenn, D.S., Arnal, F., Hill, N.S., 1993. Neutral
endopeptidase inhibition attenuates development of hypoxic pulmonary hypertension in

88



rats. J. Appl. Physiol. Bethesda Md 1985 75, 1615-1623.
https://doi.org/10.1152/jappl.1993.75.4.1615

Klinger, J.R., Warburton, R.R., Pietras, L., Hill, N.S., 1998. Brain natriuretic peptide inhibits hypoxic
pulmonary hypertension in rats. J. Appl. Physiol. 84, 1646—-1652.
https://doi.org/10.1152/jappl.1998.84.5.1646

Kope¢, G., Waligéra, M., Tyrka, A., Jonas, K., Pencina, M.J., Zdrojewski, T., Moertl, D., Stokwiszewski,
J., Zagozdzon, P., Podolec, P., 2017. Low-density lipoprotein cholesterol and survival in
pulmonary arterial hypertension. Sci. Rep. 7, 41650. https://doi.org/10.1038/srep41650

Kovacs, G., Avian, A., Tscherner, M., Foris, V., Bachmaier, G., Olschewski, A., Olschewski, H., 2014.
Characterization of Patients With Borderline Pulmonary Arterial Pressure. Chest 146, 1486—
1493. https://doi.org/10.1378/chest.14-0194

Kovacs, G., Berghold, A., Scheidl, S., Olschewski, H., 2009. Pulmonary arterial pressure during rest and
exercise in healthy subjects: a systematic review. Eur. Respir. J. 34, 888—894.
https://doi.org/10.1183/09031936.00145608

Krick, S., Platoshyn, O., McDaniel, S.S., Rubin, L.J., Yuan, J.X.-J., 2001. Augmented K+ currents and
mitochondrial membrane depolarization in pulmonary artery myocyte apoptosis. Am. J.
Physiol.-Lung Cell. Mol. Physiol. 281, L887-L894.
https://doi.org/10.1152/ajplung.2001.281.4.L887

Kuang, T., Wang, J., Pang, B., Huang, X., Burg, E.D., Yuan, J.X.-J., Wang, C., 2010. Combination of
sildenafil and simvastatin ameliorates monocrotaline-induced pulmonary hypertension in
rats. Pulm. Pharmacol. Ther. 23, 456-464. https://doi.org/10.1016/j.pupt.2010.02.003

Kuba, K., Imai, Y., Penninger, J.M., 2006. Angiotensin-converting enzyme 2 in lung diseases. Curr.
Opin. Pharmacol. 6, 271-276. https://doi.org/10.1016/j.coph.2006.03.001

Kuntz, M., Leiva-Juarez, M.M., Luthra, S., 2016. Systematic review of randomized controlled trials of
endothelin receptor antagonists for pulmonary arterial hypertension. Lung 194, 723-732.

Kureishi, Y., Luo, Z., Shiojima, I., Bialik, A., Fulton, D., Lefer, D.J., Sessa, W.C., Walsh, K., 2000. The
HMG-CoA reductase inhibitor simvastatin activates the protein kinase Akt and promotes
angiogenesis in normocholesterolemic animals. Nat. Med. 6, 1004-1010.

Labrie, F., Luu-The, V., Labrie, C., Simard, J., 2001. DHEA and its transformation into androgens and
estrogens in peripheral target tissues: intracrinology. Front. Neuroendocrinol. 22, 185-212.
https://doi.org/10.1006/frne.2001.0216

Laburthe, M., Couvineau, A., Marie, J.C., 2002. VPAC receptors for VIP and PACAP. Receptors
Channels 8, 137-153.

Lachmanova, V., Hnilickova, O., Povysilova, V., Hampl, V., Herget, J., 2005. N-acetylcysteine inhibits
hypoxic pulmonary hypertension most effectively in the initial phase of chronic hypoxia. Life
Sci. 77, 175-182. https://doi.org/10.1016/].Ifs.2004.11.027

Lai, Y.-C., Tabima, D.M., Dube, J.J., Hughan, K.S., Vanderpool, R.R., Goncharov, D.A., St Croix, C.M.,
Garcia-Ocafia, A., Goncharova, E.A., Tofovic, S.P., Mora, A.L., Gladwin, M.T., 2016. SIRT3-
AMP-Activated Protein Kinase Activation by Nitrite and Metformin Improves Hyperglycemia
and Normalizes Pulmonary Hypertension Associated With Heart Failure With Preserved
Ejection Fraction. Circulation 133, 717-731.
https://doi.org/10.1161/CIRCULATIONAHA.115.018935

Lai, Y.L.,, Wu, H.D., Chen, C.F., 1998. Antioxidants attenuate chronic hypoxic pulmonary hypertension.
J. Cardiovasc. Pharmacol. 32, 714-720. https://doi.org/10.1097/00005344-199811000-00006

Lam, C.S.P., Roger, V.L., Rodeheffer, R.J., Borlaug, B.A., Enders, F.T., Redfield, M.M., 2009. Pulmonary
hypertension in heart failure with preserved ejection fraction: a community-based study. J.
Am. Coll. Cardiol. 53, 1119-1126. https://doi.org/10.1016/j.jacc.2008.11.051

Lambert, M., Mendes-Ferreira, P., Ghigna, M.-R., LeRibeuz, H., Ad3do, R., Boet, A., Capuano, V.,
Rucker-Martin, C., Bras-Silva, C., Quarck, R., Domergue, V., Vachiéry, J.-L., Humbert, M.,
Perros, F., Montani, D., Antigny, F., 2021. Kcnk3 dysfunction exaggerates the development of
pulmonary hypertension induced by left ventricular pressure overload. Cardiovasc. Res. 117,
2474-2488. https://doi.org/10.1093/cvr/cvab016

89



Landmesser, U., Bahlmann, F., Mueller, M., Spiekermann, S., Kirchhoff, N., Schulz, S., Manes, C.,
Fischer, D., de Groot, K., Fliser, D., 2005. Simvastatin versus ezetimibe: pleiotropic and lipid-
lowering effects on endothelial function in humans. Circulation 111, 2356—2363.

Laudi, S., Trump, S., Schmitz, V., West, J., McMurtry, |.F., Mutlak, H., Christians, U., Weimann, J.,
Kaisers, U., Steudel, W., 2007. Serotonin transporter protein in pulmonary hypertensive rats
treated with atorvastatin. Am. J. Physiol. Lung Cell. Mol. Physiol. 293, L630-638.
https://doi.org/10.1152/ajplung.00110.2006

Laufs, U., La Fata, V., Liao, J.K., 1997. Inhibition of 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase
blocks hypoxia-mediated down-regulation of endothelial nitric oxide synthase. J. Biol. Chem.
272,31725-31729.

Lee, J.-H,, Lee, D.-S., Kim, E.-K., Choe, K.-H., Oh, Y.-M,, Shim, T.-S., Kim, S.-E., Lee, Y.-S., Lee, S.-D.,
2005. Simvastatin inhibits cigarette smoking-induced emphysema and pulmonary
hypertension in rat lungs. Am. J. Respir. Crit. Care Med. 172, 987-993.
https://doi.org/10.1164/rccm.200501-0410C

Li, F., Xia, W., Li, A., Zhao, C., Sun, R., 2007. Long-term inhibition of Rho kinase with fasudil attenuates
high flow induced pulmonary artery remodeling in rats. Pharmacol. Res. 55, 64-71.
https://doi.org/10.1016/j.phrs.2006.10.009

Li, J.-M., Shah, A.M., 2001. Differential NADPH-versus NADH-dependent superoxide production by
phagocyte-type endothelial cell NADPH oxidase. Cardiovasc. Res. 52, 477-486.

Liao, J.K., Laufs, U., 2005. Pleiotropic effects of statins. Annu. Rev. Pharmacol. Toxicol. 45, 89.

Linehan, J.H., Dawson, C.A., 1983. A three-compartment model of the pulmonary vasculature: effects
of vasoconstriction. J. Appl. Physiol. 55, 923-928.
https://doi.org/10.1152/jappl.1983.55.3.923

Liu, D., Dillon, J.S., 2002. Dehydroepiandrosterone activates endothelial cell nitric-oxide synthase by a
specific plasma membrane receptor coupled to Galpha(i2,3). J. Biol. Chem. 277, 21379
21388. https://doi.org/10.1074/jbc.M200491200

Liu, P.-Y,, Liu, Y.-W.,, Lin, L.-J., Chen, J.-H., Liao, J.K., 2009. Evidence for statin pleiotropy in humans:
differential effects of statins and ezetimibe on rho-associated coiled-coil containing protein
kinase activity, endothelial function, and inflammation. Circulation 119, 131-138.

Liu, Y., Tian, H.Y,, Yan, X.L,, Fan, F.L.,, Wang, W.P., Han, J.L., Zhang, J.-B., Ma, Q., Meng, Y., Wei, F.,
2013. Serotonin inhibits apoptosis of pulmonary artery smooth muscle cell by pERK1/2 and
PDK through 5-HT1B receptors and 5-HT transporters. Cardiovasc. Pathol. Off. J. Soc.
Cardiovasc. Pathol. 22, 451-457. https://doi.org/10.1016/j.carpath.2013.03.003

Long, L., Ormiston, M.L., Yang, X., Southwood, M., Graf, S., Machado, R.D., Mueller, M., Kinzel, B.,
Yung, L.M., Wilkinson, J.M., Moore, S.D., Drake, K.M., Aldred, M.A., Yu, P.B., Upton, P.D.,
Morrell, N.W., 2015. Selective enhancement of endothelial BMPR-Il with BMP9 reverses
pulmonary arterial hypertension. Nat. Med. 21, 777-785. https://doi.org/10.1038/nm.3877

Lu, Y., Chang, R,, Yao, J., Xu, X., Teng, Y., Cheng, N., 2019. Effectiveness of long-term using statins in
COPD — a network meta-analysis. Respir. Res. 20, 17. https://doi.org/10.1186/s12931-019-
0984-3

Manabe, S., Okura, T., Watanabe, S., Fukuoka, T., Higaki, J., 2005. Effects of angiotensin Il receptor
blockade with valsartan on pro-inflammatory cytokines in patients with essential
hypertension. J. Cardiovasc. Pharmacol. 46, 735—-739.
https://doi.org/10.1097/01.fjc.0000185783.00391.60

Maron, B.A,, Hess, E., Maddox, T.M., Opotowsky, A.R., Tedford, R.J., Lahm, T., Joynt, K.E., Kass, D.J.,
Stephens, T., Stanislawski, M.A., Swenson, E.R., Goldstein, R.H., Leopold, J.A., Zamanian, R.T.,
Elwing, J.M., Plomondon, M.E., Grunwald, G.K., Bardn, A.E., Rumsfeld, J.S., Choudhary, G.,
2016. Association of Borderline Pulmonary Hypertension With Mortality and Hospitalization
in a Large Patient Cohort: Insights From the Veterans Affairs Clinical Assessment, Reporting,
and Tracking Program. Circulation 133, 1240-1248.
https://doi.org/10.1161/CIRCULATIONAHA.115.020207

90



Martin, F., Artigas, F., 1992. Simultaneous Effects of p-Chloroamphetamine, d-Fenfluramine, and
Reserpine on Free and Stored 5-Hydroxytryptamine in Brain and Blood. J. Neurochem. 59,
1138-1144. https://doi.org/10.1111/j.1471-4159.1992.tb08356.x

Mastrocola, R., Aragno, M., Betteto, S., Brignardello, E., Catalano, M.G., Danni, O., Boccuzzi, G., 2003.
Pro-oxidant effect of dehydroepiandrosterone in rats is mediated by PPAR activation. Life Sci.
73, 289-299. https://doi.org/10.1016/s0024-3205(03)00287-x

Matthes, S., Bader, M., 2018. Peripheral Serotonin Synthesis as a New Drug Target. Trends
Pharmacol. Sci. 39, 560-572. https://doi.org/10.1016/j.tips.2018.03.004

Maxwell, P.H., Wiesener, M.S., Chang, G.-W., Clifford, S.C., Vaux, E.C., Cockman, M.E., Wykoff, C.C,,
Pugh, C.W., Maher, E.R., Ratcliffe, P.J., 1999. The tumour suppressor protein VHL targets
hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 399, 271-275.
https://doi.org/10.1038/20459

McMurray, J.J.V., Packer, M., Desai, A.S., Gong, J., Lefkowitz, M.P., Rizkala, A.R., Rouleau, J.L., Shi,
V.C., Solomon, S.D., Swedberg, K., Zile, M.R., PARADIGM-HF Investigators and Committees,
2014. Angiotensin-neprilysin inhibition versus enalapril in heart failure. N. Engl. J. Med. 371,
993-1004. https://doi.org/10.1056/NEJMo0a1409077

McMurtry, I.F., 1976. Inhibition of hypoxic pulmonary vasoconstriction by calcium antagonists in
isolated rat lungs. [WWW Document]. https://doi.org/10.1161/01.RES.38.2.99

McMurtry, M.S., Bonnet, Sebastien, Michelakis, E.D., Bonnet, Sandra, Haromy, A., Archer, S.L., 2007.
Statin therapy, alone or with rapamycin, does not reverse monocrotaline pulmonary arterial
hypertension: the rapamcyin-atorvastatin-simvastatin study. Am. J. Physiol. Lung Cell. Mol.
Physiol. 293, L933-940. https://doi.org/10.1152/ajplung.00310.2006

McNeish, A.J., Jimenez-Altayo, F., Cottrell, G.S., Garland, C.J., 2012. Statins and selective inhibition of
Rho kinase protect small conductance calcium-activated potassium channel function
(K(Ca)2.3) in cerebral arteries. PloS One 7, e46735.
https://doi.org/10.1371/journal.pone.0046735

Michaels, A.D., Chatterjee, K., De Marco, T., 2005. Effects of intravenous nesiritide on pulmonary
vascular hemodynamics in pulmonary hypertension. J. Card. Fail. 11, 425-431.
https://doi.org/10.1016/j.cardfail.2005.01.009

Michelakis, E., Rebeyka, I., Bateson, J., Olley, P., Puttagunta, L., Archer, S., 2000. Voltage-gated
potassium channels in human ductus arteriosus. Lancet Lond. Engl. 356, 134-137.
https://doi.org/10.1016/50140-6736(00)02452-1

Montani, D., Lau, E.M., Dorfmidiller, P., Girerd, B., Jais, X., Savale, L., Perros, F., Nossent, E., Garcia, G.,
Parent, F., Fadel, E., Soubrier, F., Sitbon, O., Simonneau, G., Humbert, M., 2016. Pulmonary
veno-occlusive disease. Eur. Respir. J. 47, 1518-1534.
https://doi.org/10.1183/13993003.00026-2016

Montani, D., Savale, L., Natali, D., Jais, X., Herve, P., Garcia, G., Humbert, M., Simonneau, G., Sitbon,
0., 2010. Long-term response to calcium-channel blockers in non-idiopathic pulmonary
arterial hypertension. Eur. Heart J. 31, 1898-1907.
https://doi.org/10.1093/eurheartj/ehq170

Montecucco, F., Burger, F., Pelli, G., Poku, N.K., Berlier, C., Steffens, S., Mach, F., 2009. Statins inhibit
C-reactive protein-induced chemokine secretion, ICAM-1 upregulation and chemotaxis in
adherent human monocytes. Rheumatology 48, 233-242.

Morecroft, ., Dempsie, Y., Bader, M., Walther, D.J., Kotnik, K., Loughlin, L., Nilsen, M., MacLean,
M.R., 2007. Effect of tryptophan hydroxylase 1 deficiency on the development of hypoxia-
induced pulmonary hypertension. Hypertens. Dallas Tex 1979 49, 232-236.
https://doi.org/10.1161/01.HYP.0000252210.58849.78

Morecroft, I., Heeley, R.P., Prentice, H.M., Kirk, A., MacLean, M.R., 1999. 5-hydroxytryptamine
receptors mediating contraction in human small muscular pulmonary arteries: importance of
the 5-HT1B receptor. Br. J. Pharmacol. 128, 730-734. https://doi.org/10.1038/sj.bjp.0702841

Morecroft, I., Loughlin, L., Nilsen, M., Colston, J., Dempsie, Y., Sheward, J., Harmar, A., MacLean,
M.R., 2005. Functional interactions between 5-hydroxytryptamine receptors and the

91



serotonin transporter in pulmonary arteries. J. Pharmacol. Exp. Ther. 313, 539-548.
https://doi.org/10.1124/jpet.104.081182

Morrell, N.W., Atochina, E.N., Morris, K.G., Danilov, S.M., Stenmark, K.R., 1995. Angiotensin
converting enzyme expression is increased in small pulmonary arteries of rats with hypoxia-
induced pulmonary hypertension. J. Clin. Invest. 96, 1823-1833.
https://doi.org/10.1172/1C1118228

Morrell, N.W., Higham, M.A., Phillips, P.G., Shakur, B.H., Robinson, P.J., Beddoes, R.J., 2005. Pilot
study of losartan for pulmonary hypertension in chronic obstructive pulmonary disease.
Respir. Res. 6, 88. https://doi.org/10.1186/1465-9921-6-88

Murata, T., Kinoshita, K., Hori, M., Kuwahara, M., Tsubone, H., Karaki, H., Ozaki, H., 2005. Statin
Protects Endothelial Nitric Oxide Synthase Activity in Hypoxia-Induced Pulmonary
Hypertension. Arterioscler. Thromb. Vasc. Biol. 25, 2335-2342.
https://doi.org/10.1161/01.ATV.0000186184.33537.48

Nagaya, N., Nishikimi, T., Okano, Y., Uematsu, M., Satoh, T., Kyotani, S., Kuribayashi, S., Hamada, S.,
Kakishita, M., Nakanishi, N., Takamiya, M., Kunieda, T., Matsuo, H., Kangawa, K., 1998.
Plasma brain natriuretic peptide levels increase in proportion to the extent of right
ventricular dysfunction in pulmonary hypertension. J. Am. Coll. Cardiol. 31, 202—-208.
https://doi.org/10.1016/s0735-1097(97)00452-x

Nathan, S.D., Behr, J., Collard, H.R., Cottin, V., Hoeper, M.M., Martinez, F.J., Corte, T.J., Keogh, A.M.,
Leuchte, H., Mogulkoc, N., Ulrich, S., Wuyts, W.A,, Yao, Z., Boateng, F., Wells, A.U., 2019.
Riociguat for idiopathic interstitial pneumonia-associated pulmonary hypertension (RISE-IIP):
a randomised, placebo-controlled phase 2b study. Lancet Respir. Med. 7, 780-790.
https://doi.org/10.1016/52213-2600(19)30250-4

Nisbet, R.E., Graves, A.S., Kleinhenz, D.J., Rupnow, H.L., Reed, A.L., Fan, T.-H.M., Mitchell, P.O., Sutliff,
R.L., Hart, C.M., 2009. The role of NADPH oxidase in chronic intermittent hypoxia-induced
pulmonary hypertension in mice. Am. J. Respir. Cell Mol. Biol. 40, 601—-609.
https://doi.org/10.1165/2008-01450C

Nishimura, T., Faul, J.L., Berry, G.J., Vaszar, L.T., Qiu, D., Pearl, R.G., Kao, P.N., 2002. Simvastatin
attenuates smooth muscle neointimal proliferation and pulmonary hypertension in rats. Am.
J. Respir. Crit. Care Med. 166, 1403—-1408.

Nishimura, T., Vaszar, L.T., Faul, J.L,, Zhao, G., Berry, G.J., Shi, L., Qiu, D., Benson, G., Pearl, R.G., Kao,
P.N., 2003. Simvastatin Rescues Rats From Fatal Pulmonary Hypertension by Inducing
Apoptosis of Neointimal Smooth Muscle Cells. Circulation 108, 1640-1645.
https://doi.org/10.1161/01.CIR.0000087592.47401.37

Ochi, R., Chettimada, S., Kizub, I., Gupte, S.A., 2018. Dehydroepiandrosterone inhibits ICa,L and its
window current in voltage-dependent and -independent mechanisms in arterial smooth
muscle cells. Am. J. Physiol. Heart Circ. Physiol. 315, H1602-H1613.
https://doi.org/10.1152/ajpheart.00291.2018

Oka, M., Fagan, K.A., Jones, P.L., McMurtry, I.F., 2008. Therapeutic potential of RhoA/Rho kinase
inhibitors in pulmonary hypertension. Br. J. Pharmacol. 155, 444—454.
https://doi.org/10.1038/bjp.2008.239

Oka, M., Karoor, V., Homma, N., Nagaoka, T., Sakao, E., Golembeski, S., Limbird, J., Imamura, M.,
Gebb, S., Fagan, K., 2007. Dehydroepiandrosterone upregulates soluble guanylate cyclase
and inhibits hypoxic pulmonary hypertension. Cardiovasc. Res. 74, 377-387.
https://doi.org/10.1016/j.cardiores.2007.01.021

Okada, M., Harada, T., Kikuzuki, R., Yamawaki, H., Hara, Y., 2009. Effects of telmisartan on right
ventricular remodeling induced by monocrotaline in rats. J. Pharmacol. Sci. 111, 193—-200.
https://doi.org/10.1254/jphs.09112fp

Olschewski, A., Hong, Z., Nelson, D.P., Weir, E.K., 2002. Graded response of K+ current, membrane
potential, and [Ca2+]i to hypoxia in pulmonary arterial smooth muscle. Am. J. Physiol.-Lung
Cell. Mol. Physiol. 283, L1143-L1150. https://doi.org/10.1152/ajplung.00104.2002

92



Olschewski, H., Ghofrani, H.A., Walmrath, D., Schermuly, R., Temmesfeld-Wollbruck, B., Grimminger,
F., Seeger, W., 1999. Inhaled prostacyclin and iloprost in severe pulmonary hypertension
secondary to lung fibrosis. Am. J. Respir. Crit. Care Med. 160, 600—607.
https://doi.org/10.1164/ajrccm.160.2.9810008

Orte, C., Polak, J.M., Haworth, S.G., Yacoub, M.H., Morrell, N.W., 2000. Expression of pulmonary
vascular angiotensin-converting enzyme in primary and secondary plexiform pulmonary
hypertension. J. Pathol. 192, 379-384. https://doi.org/10.1002/1096-
9896(2000)9999:9999<::AID-PATH715>3.0.C0O;2-Q

Oudiz, R.J., 2007. Pulmonary Hypertension Associated with Left-Sided Heart Disease. Clin. Chest
Med., Pulmonary Arterial Hypertension 28, 233-241.
https://doi.org/10.1016/j.ccm.2006.12.001

Park, H.S., Chun, J.N., Jung, H.Y., Choi, C., Bae, Y.S., 2006. Role of NADPH oxidase 4 in
lipopolysaccharide-induced proinflammatory responses by human aortic endothelial cells.
Cardiovasc. Res. 72, 447-455.

Pascale, R.M., Simile, M.M., De Miglio, M.R., Nufris, A., Seddaiu, M.A., Muroni, M.R., Danni, O., Rao,
K.N., Feo, F., 1995. Inhibition of 3-hydroxy-3-methylglutaryl-CoA reductase activity and gene
expression by dehydroepiandrosterone in preneoplastic liver nodules. Carcinogenesis 16,
1537-1542. https://doi.org/10.1093/carcin/16.7.1537

Peacock, A.J., Murphy, N.F., McMurray, J.J.V., Caballero, L., Stewart, S., 2007. An epidemiological
study of pulmonary arterial hypertension. Eur. Respir. J. 30, 104-109.

Pei, Y., Ma, P., Wang, X., Zhang, W., Zhang, X., Zheng, P., Yan, L., Xu, Q., Dai, G., 2011. Rosuvastatin
attenuates monocrotaline-induced pulmonary hypertension via regulation of Akt/eNOS
signaling and asymmetric dimethylarginine metabolism. Eur. J. Pharmacol. 666, 165-172.
https://doi.org/10.1016/j.ejphar.2011.05.035

Pendyala, S., Usatyuk, P.V., Gorshkova, |.A., Garcia, J.G., Natarajan, V., 2009. Regulation of NADPH
oxidase in vascular endothelium: the role of phospholipases, protein kinases, and
cytoskeletal proteins. Antioxid. Redox Signal. 11, 841-860.

Peng, W., Hoidal, J.R., Farrukh, I.S., 1999. Role of a novel KCa opener in regulating K+ channels of
hypoxic human pulmonary vascular cells. Am. J. Respir. Cell Mol. Biol. 20, 737-745.
https://doi.org/10.1165/ajrcmb.20.4.3390

Peng, W., Hoidal, J.R., Karwande, S.V., Farrukh, I.S., 1997. Effect of chronic hypoxia on K+ channels:
regulation in human pulmonary vascular smooth muscle cells. Am. J. Physiol. 272, C1271-
1278. https://doi.org/10.1152/ajpcell.1997.272.4.C1271

Pengo, V., Lensing, A\W.A,, Prins, M.H., Marchiori, A., Davidson, B.L., Tiozzo, F., Albanese, P., Biasiolo,
A., Pegoraro, C., lliceto, S., Prandoni, P., 2004. Incidence of Chronic Thromboembolic
Pulmonary Hypertension after Pulmonary Embolism. N. Engl. J. Med. 350, 2257-2264.
https://doi.org/10.1056/NEJM0a032274

Pepke-Zaba, J., Delcroix, M., Lang, I., Mayer, E., Jansa, P., Ambroz, D., Treacy, C., D’Armini, A.M.,
Morsolini, M., Snijder, R., Bresser, P., Torbicki, A., Kristensen, B., Lewczuk, J., Simkova, I.,
Barbera, J.A., de Perrot, M., Hoeper, M.M., Gaine, S., Speich, R., Gomez-Sanchez, M.A,,
Kovacs, G., Hamid, A.M.,, Jais, X., Simonneau, G., 2011. Chronic Thromboembolic Pulmonary
Hypertension (CTEPH): Results From an International Prospective Registry. Circulation 124,
1973-1981. https://doi.org/10.1161/CIRCULATIONAHA.110.015008

Pereda, D., Garcia-Alvarez, A., Sdnchez-Quintana, D., Nufio, M., Fernandez-Friera, L., Fernandez-
Jiménez, R., Garcia-Ruiz, J.M., Sandoval, E., Aguero, J., Castelld, M., Hajjar, R.J., Fuster, V.,
Ibafiez, B., 2014. Swine model of chronic postcapillary pulmonary hypertension with right
ventricular remodeling: long-term characterization by cardiac catheterization, magnetic
resonance, and pathology. J Cardiovasc. Transl. Res. 7, 494-506.
https://doi.org/10.1007/s12265-014-9564-6

Pinder, A.G., Rogers, S.C., Khalatbari, A., Ingram, T.E., James, P.E., 2008. The measurement of nitric
oxide and its metabolites in biological samples by ozone-based chemiluminescence. Methods
Mol. Biol. Clifton NJ 476, 11-28. https://doi.org/10.1007/978-1-59745-129-1_2

93



Pitt, B.R., Weng, W., Steve, A.R., Blakely, R.D., Reynolds, I., Davies, P., 1994. Serotonin increases DNA
synthesis in rat proximal and distal pulmonary vascular smooth muscle cells in culture. Am. J.
Physiol.-Lung Cell. Mol. Physiol. 266, L178-L186.
https://doi.org/10.1152/ajplung.1994.266.2.L178

Platoshyn, O., Golovina, V.A., Bailey, C.L., Limsuwan, A., Krick, S., Juhaszova, M., Seiden, J.E., Rubin,
L.J., Yuan, J.X., 2000. Sustained membrane depolarization and pulmonary artery smooth
muscle cell proliferation. Am. J. Physiol. Cell Physiol. 279, C1540-1549.
https://doi.org/10.1152/ajpcell.2000.279.5.C1540

Pullamsetti, S.S., Mamazhakypov, A., Weissmann, N., Seeger, W., Savai, R., 2020. Hypoxia-inducible
factor signaling in pulmonary hypertension. J. Clin. Invest. 130, 5638-5651.
https://doi.org/10.1172/1C1137558

Qaradakhi, T., Gadanec, L.K., McSweeney, K.R., Tacey, A., Apostolopoulos, V., Levinger, ., Rimarova,
K., Egom, E.E., Rodrigo, L., Kruzliak, P., Kubatka, P., Zulli, A., 2020. The potential actions of
angiotensin-converting enzyme Il (ACE2) activator diminazene aceturate (DIZE) in various
diseases. Clin. Exp. Pharmacol. Physiol. 47, 751-758. https://doi.org/10.1111/1440-
1681.13251

Quist-Paulsen, P., 2010. Statins and inflammation: an update. Curr. Opin. Cardiol. 25, 399-405.

Rabacal, W., Schweitzer, F., Rayens, E., Tarantelli, R., Whang, P., Jimenez, V.C., Outwater, J.A., Norris,
K.A., 2019. Statin treatment prevents the development of pulmonary arterial hypertension in
a nonhuman primate model of HIV-associated PAH. Sci. Rep. 9, 19832.
https://doi.org/10.1038/s41598-019-55301-9

Rabinovitch, M., 2012. Molecular pathogenesis of pulmonary arterial hypertension. J. Clin. Invest.
122, 4306—4313. https://doi.org/10.1172/1C160658

Rabinovitch, M., Guignabert, C., Humbert, M., Nicolls, M.R., 2014. Inflammation and immunity in the
pathogenesis of pulmonary arterial hypertension. Circ. Res. 115, 165-175.
https://doi.org/10.1161/CIRCRESAHA.113.301141

Raghu, G., Behr, J., Brown, K.K., Egan, J.J., Kawut, S.M., Flaherty, K.R., Martinez, F.J., Nathan, S.D.,
Wells, A.U., Collard, H.R., Costabel, U., Richeldi, L., de Andrade, J., Khalil, N., Morrison, L.D.,
Lederer, D.J., Shao, L., Li, X., Pedersen, P.S., Montgomery, A.B., Chien, J.W., O'Riordan, T.G.,
ARTEMIS-IPF Investigators*, 2013. Treatment of idiopathic pulmonary fibrosis with
ambrisentan: a parallel, randomized trial. Ann. Intern. Med. 158, 641—-649.
https://doi.org/10.7326/0003-4819-158-9-201305070-00003

Ragonese, M., Racioppi, M., Bassi, P.F., Di Gianfrancesco, L., Lenci, N., Filianoti, A., Recupero, S.M.,
2016. Mitomycin C: New Strategies to Improve Efficacy of a Well-Known Therapy. Urol. J. 83,
24-28. https://doi.org/10.5301/uro.5000193

Rakotoniaina, Z., Guerard, P., Lirussi, F., Goirand, F., Rochette, L., Dumas, M., Bardou, M., 2006. The
protective effect of HMG-CoA reductase inhibitors against monocrotaline-induced
pulmonary hypertension in the rat might not be a class effect: comparison of pravastatin and
atorvastatin. Naunyn. Schmiedebergs Arch. Pharmacol. 374, 195-206.
https://doi.org/10.1007/s00210-006-0112-z

Ranchoux, B., Nadeau, V., Bourgeois, A., Provencher, S., Tremblay, E., Omura, J., Coté, N., Abu-
Alhayja’a, R., Dumais, V., Nachbar, R.T., Tastet, L., Dahou, A., Breuils-Bonnet, S., Marette, A,
Pibarot, P., Dupuis, J., Paulin, R., Boucherat, O., Archer, S.L., Bonnet, S., Potus, F., 2019.
Metabolic Syndrome Exacerbates Pulmonary Hypertension due to Left Heart Disease. Circ.
Res. 125, 449-466. https://doi.org/10.1161/CIRCRESAHA.118.314555

Reeve, H.L., Michelakis, E., Nelson, D.P., Weir, E.K., Archer, S.L., 2001. Alterations in a redox oxygen
sensing mechanism in chronic hypoxia. J. Appl. Physiol. 90, 2249-2256.
https://doi.org/10.1152/jappl.2001.90.6.2249

Reynolds, A.M., Xia, W., Holmes, M.D., Hodge, S.J., Danilov, S., Curiel, D.T., Morrell, N.W., Reynolds,
P.N., 2007. Bone morphogenetic protein type 2 receptor gene therapy attenuates hypoxic
pulmonary hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 292, L1182-1192.
https://doi.org/10.1152/ajplung.00020.2006

94



Rich, S., Kaufmann, E., Levy, P.S., 1992. The Effect of High Doses of Calcium-Channel Blockers on
Survival in Primary Pulmonary Hypertension. N. Engl. J. Med. 327, 76-81.
https://doi.org/10.1056/NEJM199207093270203

Ridker, P.M., Danielson, E., Rifai, N., Glynn, R.J., Val-MARC Investigators, 2006. Valsartan, blood
pressure reduction, and C-reactive protein: primary report of the Val-MARC trial. Hypertens.
Dallas Tex 1979 48, 73—79. https://doi.org/10.1161/01.HYP.0000226046.58883.32

Riento, K., Ridley, A.J., 2003. Rocks: multifunctional kinases in cell behaviour. Nat. Rev. Mol. Cell Biol.
4, 446-456. https://doi.org/10.1038/nrm1128

Robertson, T.P., Aaronson, P.l., Ward, J.P.T., 2003. Ca2+ sensitization during sustained hypoxic
pulmonary vasoconstriction is endothelium dependent. Am. J. Physiol. Lung Cell. Mol.
Physiol. 284, L1121-1126. https://doi.org/10.1152/ajplung.00422.2002

Robertson, T.P., Dipp, M., Ward, J.P., Aaronson, P.l., Evans, A.M., 2000. Inhibition of sustained
hypoxic vasoconstriction by Y-27632 in isolated intrapulmonary arteries and perfused lung of
the rat. Br. J. Pharmacol. 131, 5-9. https://doi.org/10.1038/sj.bjp.0703537

Rockman, H.A,, Ross, R.S., Harris, A.N., Knowlton, K.U., Steinhelper, M.E., Field, L.J., Ross, J., Chien,
K.R., 1991. Segregation of atrial-specific and inducible expression of an atrial natriuretic
factor transgene in an in vivo murine model of cardiac hypertrophy. Proc. Natl. Acad. Sci. U.
S. A. 88, 8277—-8281. https://doi.org/10.1073/pnas.88.18.8277

Rom, W.N., Harkin, T., 1991. Dehydroepiandrosterone inhibits the spontaneous release of superoxide
radical by alveolar macrophages in vitro in asbestosis. Environ. Res. 55, 145-156.
https://doi.org/10.1016/s0013-9351(05)80171-9

Rondelet, B., Kerbaul, F., Van Beneden, R., Hubloue, I., Huez, S., Fesler, P., Remmelink, M., Brimioulle,
S., Salmon, 1., Naeije, R., 2005. Prevention of pulmonary vascular remodeling and of
decreased BMPR-2 expression by losartan therapy in shunt-induced pulmonary
hypertension. Am. J. Physiol. Heart Circ. Physiol. 289, H2319-2324.
https://doi.org/10.1152/ajpheart.00518.2005

Rothman, R.B., Cadet, J.L., Dersch, C.M., McCoy, M.T., Lehrmann, E., Becker, K.G., Bader, M., Alenina,
N., Baumann, M.H., 2011. Altered gene expression in pulmonary tissue of tryptophan
hydroxylase-1 knockout mice: implications for pulmonary arterial hypertension. PloS One 6,
e17735. https://doi.org/10.1371/journal.pone.0017735

Rubin, L.J., Nicod, P., Hillis, L.D., Firth, B.G., 1983. Treatment of primary pulmonary hypertension with
nifedipine. A hemodynamic and scintigraphic evaluation. Ann. Intern. Med. 99, 433-438.
https://doi.org/10.7326/0003-4819-99-4-433

Ruffenach, G., Umar, S., Vaillancourt, M., Hong, J., Cao, N., Sarji, S., Moazeni, S., Cunningham, C.M.,
Ardehali, A., Reddy, S.T., Saggar, R., Fishbein, G., Eghbali, M., 2019. Histological hallmarks and
role of Slug/PIP axis in pulmonary hypertension secondary to pulmonary fibrosis. EMBO Mol.
Med. 11, e10061. https://doi.org/10.15252/emmm.201810061

Rysz-Gorzynska, M., n.d. Efficacy of Statin Therapy in Pulmonary Arterial Hypertension: A Systematic
Review and Meta-Analysis. Sci. Rep. 10.

Rysz-Gérzynska, M., Gluba-Brzdzka, A., Sahebkar, A., Serban, M.-C., Mikhailidis, D.P., Ursoniu, S.,
Toth, P.P., Bittner, V., Watts, G.F., Lip, G.Y.H., Rysz, J., Catapano, A.L., Banach, M., 2016.
Efficacy of Statin Therapy in Pulmonary Arterial Hypertension: A Systematic Review and
Meta-Analysis. Sci. Rep. 6, 30060. https://doi.org/10.1038/srep30060

Said, S.I., Hamidi, S.A., Dickman, K.G., Szema, A.M., Lyubsky, S., Lin, R.Z., Jiang, Y.-P., Chen, J.J.,
Waschek, J.A,, Kort, S., 2007. Moderate pulmonary arterial hypertension in male mice lacking
the vasoactive intestinal peptide gene. Circulation 115, 1260-1268.
https://doi.org/10.1161/CIRCULATIONAHA.106.681718

Satoh, M., Satoh, A., 2009. 3-Hydroxy-3-methylglutaryl (HMG)-COA reductase inhibitors and
phosphodiesterase type V inhibitors attenuate right ventricular pressure and remodeling in a
rat model of pulmonary hypertension. J. Pharm. Pharm. Sci. Publ. Can. Soc. Pharm. Sci. Soc.
Can. Sci. Pharm. 11, 118s—130s. https://doi.org/10.18433/j34k5z

95



Saygili, Erol, Rana, O.R., Saygili, Esra, Reuter, H., Frank, K., Schwinger, R.H.G., Miller-Ehmsen, J.,
Zobel, C., 2007. Losartan prevents stretch-induced electrical remodeling in cultured atrial
neonatal myocytes. Am. J. Physiol. Heart Circ. Physiol. 292, H2898-2905.
https://doi.org/10.1152/ajpheart.00546.2006

Schirger, J.A., Grantham, J.A., Kullo, I.J., Jougasaki, M., Wennberg, P.W., Chen, H.H., Lisy, O., Miller,
V., Simari, R.D., Burnett, J.C., 2000. Vascular actions of brain natriuretic peptide: modulation
by atherosclerosis and neutral endopeptidase inhibition. J. Am. Coll. Cardiol. 35, 796—801.
https://doi.org/10.1016/s0735-1097(99)00593-8

Schramm, A., Matusik, P., Osmenda, G., Guzik, T.J., 2012. Targeting NADPH oxidases in vascular
pharmacology. Vascul. Pharmacol. 56, 216-231. https://doi.org/10.1016/j.vph.2012.02.012

Schroll, S., Lange, T.J., Arzt, M., Sebah, D., Nowrotek, A., Lehmann, H., Wensel, R., Pfeifer, M.,
Blumberg, F.C., 2013. Effects of simvastatin on pulmonary fibrosis, pulmonary hypertension
and exercise capacity in bleomycin-treated rats. Acta Physiol. Oxf. Engl. 208, 191-201.
https://doi.org/10.1111/apha.12085

Schwartz, A.G., Pashko, L.L., 2004. Dehydroepiandrosterone, glucose-6-phosphate dehydrogenase,
and longevity. Ageing Res. Rev. 3, 171-187. https://doi.org/10.1016/j.arr.2003.05.001

Sehra, D., Sehra, S., Sehra, S.T., 2017. Cardiovascular pleiotropic effects of statins and new onset
diabetes: is there a common link: do we need to evaluate the role of KATP channels? Expert
Opin. Drug Saf. 16, 823—831. https://doi.org/10.1080/14740338.2017.1338269

Seimetz, M., Parajuli, N., Pichl, A., Veit, F., Kwapiszewska, G., Weisel, F.C., Milger, K., Egemnazarov,
B., Turowska, A., Fuchs, B., Nikam, S., Roth, M., Sydykov, A., Medebach, T., Klepetko, W.,
Jaksch, P., Dumitrascu, R., Garn, H., Voswinckel, R., Kostin, S., Seeger, W., Schermuly, R.T.,
Grimminger, F., Ghofrani, H.A., Weissmann, N., 2011. Inducible NOS inhibition reverses
tobacco-smoke-induced emphysema and pulmonary hypertension in mice. Cell 147, 293—
305. https://doi.org/10.1016/j.cell.2011.08.035

Semenza, G.L., 2012. Hypoxia-Inducible Factors in Physiology and Medicine. Cell 148, 399-408.
https://doi.org/10.1016/j.cell.2012.01.021

Shimoda, L.A., Semenza, G.L., 2011. HIF and the Lung. Am. J. Respir. Crit. Care Med. 183, 152-156.
https://doi.org/10.1164/rccm.201009-1393PP

Sigurdsson, A., Swedberg, K., 1996. The role of neurohormonal activation in chronic heart failure and
postmyocardial infarction. Am. Heart J. 132, 229-234.

Silva, A.F., Sousa-Nunes, F., Faria-Costa, G., Rodrigues, |., Guimaraes, J.T., Leite-Moreira, A.,
Henriques-Coelho, T., Negrao, R., Moreira-Gongalves, D., 2021. Effects of chronic moderate
alcohol consumption on right ventricle and pulmonary remodelling. Exp. Physiol. 106, 1359—
1372. https://doi.org/10.1113/EP088788

Simoncini, T., Mannella, P., Fornari, L., Varone, G., Caruso, A., Genazzani, A.R., 2003.
Dehydroepiandrosterone modulates endothelial nitric oxide synthesis via direct genomic and
nongenomic mechanisms. Endocrinology 144, 3449-3455. https://doi.org/10.1210/en.2003-
0044

Simonneau, G., Montani, D., Celermajer, D.S., Denton, C.P., Gatzoulis, M.A., Krowka, M., Williams,
P.G., Souza, R., 2019. Haemodynamic definitions and updated clinical classification of
pulmonary hypertension. Eur. Respir. J. 53, 1801913.
https://doi.org/10.1183/13993003.01913-2018

Sitbon, O., Humbert, M., Jais, X., loos, V., Hamid, A.M., Provencher, S., Garcia, G., Parent, F., Hervé,
P., Simonneau, G., 2005. Long-term response to calcium channel blockers in idiopathic
pulmonary arterial hypertension. Circulation 111, 3105-3111.
https://doi.org/10.1161/CIRCULATIONAHA.104.488486

Sitbon, O., Morrell, N., 2012. Pathways in pulmonary arterial hypertension: the future is here. Eur.
Respir. Rev. Off. J. Eur. Respir. Soc. 21, 321-327.
https://doi.org/10.1183/09059180.00004812

96



Smirnov, S.V., Robertson, T.P., Ward, J.P., Aaronson, P.l., 1994. Chronic hypoxia is associated with
reduced delayed rectifier K+ current in rat pulmonary artery muscle cells. Am. J. Physiol.-
Heart Circ. Physiol. 266, H365—H370. https://doi.org/10.1152/ajpheart.1994.266.1.H365

Smith, T.G., Robbins, P.A,, Ratcliffe, P.J., 2008. The human side of hypoxia-inducible factor. Br. J.
Haematol. 141, 325-334. https://doi.org/10.1111/j.1365-2141.2008.07029.x

Soleilhac, J.M., Lucas, E., Beaumont, A., Turcaud, S., Michel, J.B., Ficheux, D., Fournié-Zaluski, M.C.,
Roques, B.P., 1992. A 94-kDa protein, identified as neutral endopeptidase-24.11, can
inactivate atrial natriuretic peptide in the vascular endothelium. Mol. Pharmacol. 41, 609—
614.

Stenmark, K.R., Meyrick, B., Galie, N., Mooi, W.J., McMurtry, I.F., 2009. Animal models of pulmonary
arterial hypertension: the hope for etiological discovery and pharmacological cure. Am. J.
Physiol. Lung Cell. Mol. Physiol. 297, L1013-1032.
https://doi.org/10.1152/ajplung.00217.2009

Stolz, D., Rasch, H., Linka, A., Di Valentino, M., Meyer, A., Brutsche, M., Tamm, M., 2008. A
randomised, controlled trial of bosentan in severe COPD. Eur. Respir. J. 32, 619-628.
https://doi.org/10.1183/09031936.00011308

Stroes, E., 2005. Statins and LDL-cholesterol lowering: an overview. Curr. Med. Res. Opin. 21 Suppl 6,
$9-16. https://doi.org/10.1185/030079905X59102

Suga, S., Nakao, K., Itoh, H., Komatsu, Y., Ogawa, Y., Hama, N., Imura, H., 1992. Endothelial
production of C-type natriuretic peptide and its marked augmentation by transforming
growth factor-beta. Possible existence of “vascular natriuretic peptide system.” J. Clin. Invest.
90, 1145-1149. https://doi.org/10.1172/1C1115933

Sun, X., Ku, D.D., 2008. Rosuvastatin provides pleiotropic protection against pulmonary hypertension,
right ventricular hypertrophy, and coronary endothelial dysfunction in rats. Am. J. Physiol.
Heart Circ. Physiol. 294, H801-809. https://doi.org/10.1152/ajpheart.01112.2007

Takahashi, M., Nakamura, T., Toba, T., Kajiwara, N., Kato, H., Shimizu, Y., 2004. Transplantation of
endothelial progenitor cells into the lung to alleviate pulmonary hypertension in dogs. Tissue
Eng. 10, 771-779. https://doi.org/10.1089/1076327041348563

Tantini, B., Manes, A., Fiumana, E., Pignatti, C., Guarnieri, C., Zannoli, R., MD, A.B., Galie, N., 2005.
Antiproliferative effect of sildenafil on humanpulmonary artery smooth muscle cells. Basic
Res. Cardiol. 100, 131-138. https://doi.org/10.1007/s00395-004-0504-5

Taraseviciene-Stewart, L., Scerbavicius, R., Choe, K.-H., Cool, C., Wood, K., Tuder, R.M., Burns, N.,
Kasper, M., Voelkel, N.F., 2006. Simvastatin causes endothelial cell apoptosis and attenuates
severe pulmonary hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 291, L668-676.
https://doi.org/10.1152/ajplung.00491.2005

Teisseyre, A., Uryga, A., Michalak, K., 2021. Statins as inhibitors of voltage-gated potassium channels
Kv1.3 in cancer cells. J. Mol. Struct. 1230, 129905.
https://doi.org/10.1016/j.molstruc.2021.129905

Thompson, A.A.R., Lawrie, A., 2017. Targeting Vascular Remodeling to Treat Pulmonary Arterial
Hypertension. Trends Mol. Med. 23, 31-45. https://doi.org/10.1016/j.molmed.2016.11.005

Tian, W., Jiang, X., Sung, Y.K., Qian, J., Yuan, K., Nicolls, M.R., 2014. Leukotrienes in pulmonary
arterial hypertension. Immunol. Res. 58, 387—-393. https://doi.org/10.1007/s12026-014-
8492-5

Timmermans, P.B., 1999. Angiotensin Il receptor antagonists: an emerging new class of
cardiovascular therapeutics. Hypertens. Res. Off. J. Jpn. Soc. Hypertens. 22, 147-153.
https://doi.org/10.1291/hypres.22.147

Téth, M., Vuorinen, K.H., Vuolteenaho, O., Hassinen, I.E., Uusimaa, P.A., Leppéluoto, J., Ruskoaho, H.,
1994. Hypoxia stimulates release of ANP and BNP from perfused rat ventricular myocardium.
Am. J. Physiol. 266, H1572-1580. https://doi.org/10.1152/ajpheart.1994.266.4.H1572

Tuder, R.M., Cool, C.D., Geraci, M.W., Wang, J., Abman, S.H., Wright, L., Badesch, D., Voelkel, N.F.,
1999. Prostacyclin synthase expression is decreased in lungs from patients with severe

97



pulmonary hypertension. Am. J. Respir. Crit. Care Med. 159, 1925-1932.
https://doi.org/10.1164/ajrccm.159.6.9804054

Vachiéry, J.-L., Tedford, R.J., Rosenkranz, S., Palazzini, M., Lang, |., Guazzi, M., Coghlan, G., Chazova,
l., De Marco, T., 2019. Pulmonary hypertension due to left heart disease. Eur. Respir. J. 53,
1801897. https://doi.org/10.1183/13993003.01897-2018

van Duin, R.W.B., Stam, K., Cai, Z., Uitterdijk, A., Garcia-Alvarez, A., Ibanez, B., Danser, A.H.J., Reiss,
I.K.M., Duncker, D.J., Merkus, D., 2019. Transition from post-capillary pulmonary
hypertension to combined pre- and post-capillary pulmonary hypertension in swine: a key
role for endothelin. J. Physiol. 597, 1157—-1173. https://doi.org/10.1113/JP275987

Ventetuolo, C.E., Baird, G.L., Barr, R.G., Bluemke, D.A,, Fritz, J.S., Hill, N.S., Klinger, J.R., Lima, J.A.C,,
Ouyang, P., Palevsky, H.l., Palmisciano, A.J., Krishnan, I., Pinder, D., Preston, I.R., Roberts,
K.E., Kawut, S.M., 2016. Higher Estradiol and Lower Dehydroepiandrosterone-Sulfate Levels
Are Associated with Pulmonary Arterial Hypertension in Men. Am. J. Respir. Crit. Care Med.
193, 1168-1175. https://doi.org/10.1164/rccm.201509-17850C

Vonk Noordegraaf, A., Gali¢, N., 2011. The role of the right ventricle in pulmonary arterial
hypertension. Eur. Respir. Rev. Off. J. Eur. Respir. Soc. 20, 243-253.
https://doi.org/10.1183/09059180.00006511

Walsh, T.P., Baird, G.L., Atalay, M.K., Agarwal, S., Arcuri, D., Klinger, J.R., Mullin, C.J., Morreo, H.,
Normandin, B., Shiva, S., Whittenhall, M., Ventetuolo, C.E., 2021. Experimental design of the
Effects of Dehydroepiandrosterone in Pulmonary Hypertension (EDIPHY) trial. Pulm. Circ. 11,
2045894021989554. https://doi.org/10.1177/2045894021989554

Wang, C.-Y,, Liu, P.-Y., Liao, J.K., 2008. Pleiotropic effects of statin therapy: molecular mechanisms
and clinical results. Trends Mol. Med. 14, 37-44.

Wang, L., Qu, M., Chen, Y., Zhou, Y., Wan, Z., 2016. Statins Have No Additional Benefit for Pulmonary
Hypertension: A Meta-Analysis of Randomized Controlled Trials. PLOS ONE 11.

Wang, T., Han, S.-X,, Zhang, S.-F., Ning, Y.-Y., Chen, L., Chen, Y.-J., He, G.-M., Xu, D., An, J., Yang, T,
Zhang, X.-H., Wen, F.-Q., 2010. Role of chymase in cigarette smoke-induced pulmonary artery
remodeling and pulmonary hypertension in hamsters. Respir. Res. 11, 36.
https://doi.org/10.1186/1465-9921-11-36

Weatherald, J., Chaumais, M.-C., Savale, L., Jais, X., Seferian, A., Canuet, M., Bouvaist, H., Magro, P.,
Bergeron, A., Guignabert, C., Sitbon, O., Simonneau, G., Humbert, M., Montani, D., 2017.
Long-term outcomes of dasatinib-induced pulmonary arterial hypertension: a population-
based study. Eur. Respir. J. 50. https://doi.org/10.1183/13993003.00217-2017

Weissmann, N., Dietrich, A., Fuchs, B., Kalwa, H., Ay, M., Dumitrascu, R., Olschewski, A., Storch, U.,
Mederos y Schnitzler, M., Ghofrani, H.A., Schermuly, R.T., Pinkenburg, O., Seeger, W.,
Grimminger, F., Gudermann, T., 2006. Classical transient receptor potential channel 6
(TRPC6) is essential for hypoxic pulmonary vasoconstriction and alveolar gas exchange. Proc.
Natl. Acad. Sci. U. S. A. 103, 19093-19098. https://doi.org/10.1073/pnas.0606728103

Weissmann, N., Lobo, B., Pichl, A., Parajuli, N., Seimetz, M., Puig-Pey, R., Ferrer, E., Peinado, V.I.,
Dominguez-Fandos, D., Fysikopoulos, A., Stasch, J.-P., Ghofrani, H.A., Coll-Bonfill, N., Frey, R.,
Schermuly, R.T., Garcia-Lucio, J., Blanco, ., Bednorz, M., Tura-Ceide, O., Tadele, E., Brandes,
R.P., Grimminger, J., Klepetko, W., Jaksch, P., Rodriguez-Roisin, R., Seeger, W., Grimminger,
F., Barbera, J.A., 2014. Stimulation of soluble guanylate cyclase prevents cigarette smoke-
induced pulmonary hypertension and emphysema. Am. J. Respir. Crit. Care Med. 189, 1359—
1373. https://doi.org/10.1164/rccm.201311-20370C

Wijeratne, D.T., Lajkosz, K., Brogly, S.B., Lougheed, M.D., Jiang, L., Housin, A., Barber, D., Johnson, A.,
Doliszny, K.M., Archer, S.L., 2018. Increasing Incidence and Prevalence of World Health
Organization Groups 1 to 4 Pulmonary Hypertension: A Population-Based Cohort Study in
Ontario, Canada. Circ. Cardiovasc. Qual. Outcomes 11, e003973.
https://doi.org/10.1161/CIRCOUTCOMES.117.003973

98



Wilhelm, J., Vankova, M., Maxova, H., Siskova, A., 2003. Hydrogen peroxide production by alveolar
macrophages is increased and its concentration is elevated in the breath of rats exposed to
hypoxia: relationship to lung lipid peroxidation. Physiol. Res. 52, 327-332.

Wing, P.A.C., Keeley, T.P., Zhuang, X, Lee, J.Y., Prange-Barczynska, M., Tsukuda, S., Morgan, S.B.,
Harding, A.C., Argles, I.L.A., Kurlekar, S., Noerenberg, M., Thompson, C.P., Huang, K.-Y.A,,
Balfe, P., Watashi, K., Castello, A., Hinks, T.S.C., James, W., Ratcliffe, P.J., Davis, |., Hodson,
E.J., Bishop, T., McKeating, J.A., 2021. Hypoxic and pharmacological activation of HIF inhibits
SARS-CoV-2 infection of lung epithelial cells. Cell Rep. 35, 109020.
https://doi.org/10.1016/j.celrep.2021.109020

Wort, S.J., Ito, M., Chou, P.-C., Mc Master, S.K., Badiger, R., Jazrawi, E., de Souza, P., Evans, T.W.,
Mitchell, J.A., Pinhu, L., Ito, K., Adcock, I.M., 2009. Synergistic induction of endothelin-1 by
tumor necrosis factor alpha and interferon gamma is due to enhanced NF-kappaB binding
and histone acetylation at specific kappaB sites. J. Biol. Chem. 284, 24297-24305.
https://doi.org/10.1074/jbc.M109.032524

Wright, J.L., Churg, A., 1991. Effect of long-term cigarette smoke exposure on pulmonary vascular
structure and function in the guinea pig. Exp. Lung Res. 17, 997—-1009.
https://doi.org/10.3109/01902149109064331

Wright, J.L., Zhou, S., Preobrazhenska, O., Marshall, C., Sin, D.D., Laher, I., Golbidi, S., Churg, A.M.,
2011. Statin reverses smoke-induced pulmonary hypertension and prevents emphysema but
not airway remodeling. Am. J. Respir. Crit. Care Med. 183, 50-58.
https://doi.org/10.1164/rccm.201003-03990C

Xie, L., Lin, P., Xie, H., Xu, C., 2010. Effects of atorvastatin and losartan on monocrotaline-induced
pulmonary artery remodeling in rats. Clin. Exp. Hypertens. N. Y. N 1993 32, 547-554.
https://doi.org/10.3109/10641963.2010.503295

Yang, Jian, Jiang, H., Yang, Jun, Ding, J.-W., Chen, L.-H., Li, S., Zhang, X.-D., 2009. Valsartan
preconditioning protects against myocardial ischemia-reperfusion injury through TLR4/NF-
kappaB signaling pathway. Mol. Cell. Biochem. 330, 39-46. https://doi.org/10.1007/s11010-
009-0098-1

Yang, S., Gu, Y.-Y,, Jing, F., Yu, C.-X., Guan, Q.-B., 2019. The Effect of Statins on Levels of
Dehydroepiandrosterone (DHEA) in Women with Polycystic Ovary Syndrome: A Systematic
Review and Meta-Analysis. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 25, 590-597.
https://doi.org/10.12659/MSM.914128

Yin, J., Kukucka, M., Hoffmann, J., Sterner-Kock, A., Burhenne, J., Haefeli, W.E., Kuppe, H., Kuebler,
W.M., 2011. Sildenafil preserves lung endothelial function and prevents pulmonary vascular
remodeling in a rat model of diastolic heart failure. Circ. Heart Fail. 4, 198—-206.
https://doi.org/10.1161/CIRCHEARTFAILURE.110.957050

Yin, N., Kaestle, S., Yin, J., Hentschel, T., Pries, A.R., Kuppe, H., Kuebler, W.M., 2009. Inhaled nitric
oxide versus aerosolized iloprost for the treatment of pulmonary hypertension with left
heart disease. Crit. Care Med. 37, 980-986.
https://doi.org/10.1097/CCM.0b013e3181962ceb

Yoder, M.C., 2012. Human endothelial progenitor cells. Cold Spring Harb. Perspect. Med. 2, a006692.
https://doi.org/10.1101/cshperspect.a006692

Yu, J.,, Wang, S., Shi, W., Zhou, W., Niu, Y., Huang, S., Zhang, Y., Zhang, A., Jia, Z., 2021. Roxadustat
prevents Ang Il hypertension by targeting angiotensin receptors and eNOS. JCl Insight 6,
€133690. https://doi.org/10.1172/jci.insight.133690

Yuan, X.J., 1995. Voltage-gated K+ currents regulate resting membrane potential and [Ca2+]i in
pulmonary arterial myocytes. Circ. Res. 77, 370-378.
https://doi.org/10.1161/01.res.77.2.370

Yuan, X.J., Tod, M.L., Rubin, L.J., Blaustein, M.P., 1995. Hypoxic and metabolic regulation of voltage-
gated K+ channels in rat pulmonary artery smooth muscle cells. Exp. Physiol. 80, 803—813.
https://doi.org/10.1113/expphysiol.1995.sp003888

99



Zaloudikova, M., Vytasek, R., Vajnerovd, 0., Hnilickova, O., Vizek, M., Hampl, V., Herget, J., 2016.
Depletion of alveolar macrophages attenuates hypoxic pulmonary hypertension but not
hypoxia-induced increase in serum concentration of MCP-1. Physiol. Res. 65, 763—768.
https://doi.org/10.33549/physiolres.933187

Zhang, Y.-T., Xue, J.-J., Wang, Q., Cheng, S.-Y., Chen, Z.-C,, Li, H.-Y., Shan, J.-J., Cheng, K.-L., Zeng, W.-
J., 2019. Dehydroepiandrosterone attenuates pulmonary artery and right ventricular
remodeling in a rat model of pulmonary hypertension due to left heart failure. Life Sci. 219,
82-89. https://doi.org/10.1016/j.1fs.2018.12.056

Zhao, Y.D., Courtman, D.W., Deng, Y., Kugathasan, L., Zhang, Q., Stewart, D.J., 2005. Rescue of
monocrotaline-induced pulmonary arterial hypertension using bone marrow-derived
endothelial-like progenitor cells: efficacy of combined cell and eNOS gene therapy in
established disease. Circ. Res. 96, 442—-450.
https://doi.org/10.1161/01.RES.0000157672.70560.7b

Zhou, Q., Liao, J.K., 2010. Pleiotropic Effects of Statins—Basic Research and Clinical Perspectives—. Circ.
J. 74, 818-826.

Zhou, Q., Liao, J.K., 2009. Statins and cardiovascular diseases: from cholesterol lowering to
pleiotropy. Curr. Pharm. Des. 15, 467-478.

Zinellu, A., Paliogiannis, P., Usai, M.F., Carru, C., Mangoni, A.A., 2019. Effect of statin treatment on
circulating malondialdehyde concentrations: a systematic review and meta-analysis. Ther.
Adv. Chronic Dis. 10, 2040622319862714. https://doi.org/10.1177/2040622319862714

100



8. PRILOHY

Publikace in extenso :

1. Krasa K, Vajnerova O, D Uris Ova J, Minatikova M, Mikova D, Srbova M, Chalupsky K,
Kaftanova B, Hampl V. Simvastatin and dehydroepiandrosterone sulfate effects against
hypoxic pulmonary hypertension are not additive. Physiol Res. 2022 Dec 16;71(6):801-

810. doi: 10.33549/physiolres.934913. Epub 2022 Nov 25. PMID: 36426885; PMCID:
PMC9814989.

Publikace v recenznim vizeni :

1. 1.Novak T, Zaloudikova M, Smolkovad P, Kaftanovd B, Edimanova J, Krdsa K, Hampl V.
Hypoxia-inducible factors activator, roxadustat, increases pulmonary vascular resistance in
rats

2. Chovanec M, Duri$ova J, Vajnerova O, Bafiasovd A, Vizek M, Zaloudikova M, Uhlik J, Krasa K,
Hampl V, Herget J A simple model of reactive pulmonary hypertension in left heart

pressure overload induced by partial intravascular occlusion of ascending aorta

101



Physiol. Res. 71: 801-810, 2022

hups://doi.org/10.33549/physiolres. 934913

Simvastatin and Dehydroepiandrosterone Sulfate Effects Against
Hypoxic Pulmonary Hypertension Are Not Additive

Kryitof KRASA'?, Olga VAJINEROVA', Jana DURISOVA', Marcela MINARIKOVA',
Dana MIKOVA', Martina SRBOVA®, Karel CHALUPSKY', Barbora KAFTANOVA',

Viclav HAMPL'

'Department of Physiology, Second Faculty of Medicine, Charles University, Prague, Czech
Republic, *Military University Hospital Prague, Department of Intemal Medicine, First Faculty of
Medicine, Charles University and Military University Hospital, Prague, Czech Republic,
Department of Medical Chemistry and Clinical Biochemistry, Second Faculty of Medicine,

Charles University, Prague, Czech Republic

Received April 9, 2022
Accepted August 30, 2022
Epub Ahead of Print November 25, 2022

Summary

Pulmonary hypertension is a group of disorders characterized by
elevated mean pulmonary artery pressure (mPAF) and pulmonary
vascular resistance. To test our hypothesis that combining two
drugs useful in experimental pulmonary hypertension, statins and
dehydroepiandrosterone sulfate (DHEA-S), is more effective than
either agent alone, we induced pulmonary hypertension in adult
male rats by exposing them to hypoxia (10 %0,) for 3 weeks.
We ftreated them with simvastatin (60 mg/l) and DHEA-S
(100 mgy1) in drinking water, either alone or in combination. Both
simvastatin and DHEA-S reduced mPAP (froma meants.d. of
34.4+4.4 to 27.6£5.9 and 26.7+4.8 mmHg, respectively), yet
their combination was not more effective (26.7+7.9 mmHg).
Differences in the degree of oxidative stress (indicated by
malondialdehydeplasma concentration), the rate of superoxide
production (electron paramagnetic resonance), or blood nitric
oxide levels (chemiluminescence) did mot explain the lack of
additivity of the effect of DHEA-S and simvastatin on pulmonary
hypertension. We propose that the main mechanism of both
drugs on pulmonary hypertension could be their inhibitory effect
on 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase, which
could explain their lack of additivity.
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Introduction

Pulmonary hypertension is a diverse group of
disorders characterized by elevated mean pulmonary
artery pressure (mPAP) and pulmonary wvascular
resistance. Both elevated pulmonary wvascular smooth
muscle tension and remodeling of the pulmonary vascular
wall contribute, to a variable degree, to increased
pulmonary vascular resistance. In the absolute majority of
pulmonary
consequence of some other disease, especially circulatory

or respiratory [1]. The prognosis of primary disease is

patients, hypertension is a secondary

significantly worse if it is complicated by pulmonary
hypertension. Although the possibilities of therapy have
improved significantly in the last two decades, they still
have limited effectiveness and there is a clear need for
new therapeutic procedures, including off-label and
combination approaches [2].

A good example of an off-label therapy for
pulmonary hypertension is the use of statins. Although
this group of competitive inhibitors of 3-hydroxy-3-
methyl-glutaryl coenzyme A (HMG-CoA) reductase is
used primarily to reduce cardiovascular risks by lowering
blood cholesterol levels [3], there is a large body of
evidence that they prevent and can reduce pulmonary
hypertension in experimental [4-7]. The
mechanisms of this effect seem to include restoration of

animals
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nitric oxide (NO) synthase expression and/or activity
reduced in some (but not all [8]) forms of pulmonary
hypertension [9,10], decreased plasma concentration of
asymmetric dimethylarginine (an endogenous NO syn-
thase inhibitor) [10], and antioxidant activity [11,12]
(although a pro-oxidant effect of statins has also been
reported [12]). The results with statins in human patients
are less conclusive and may depend on the particular type
of pulmonary hypertension [13-16]. Therefore, it is worth
testing whether combining statins with other therapies
could be more effective than statins alone. For example,
the combination of statins with sildenafil was shown to
be more effective against pulmonary hypertension than
either therapy alone in some [17] but not all [18] studies.
Another promising approach to pulmonary
hypertension  therapy could be the wuse of
dehydroepiandrosterone (DHEA). DHEA is a naturally
occurring cholesterol-derived steroid
synthesized mainly in the adrenal cortex that serves as

hormone

a precursor for both estrogens and androgens and has
a variety of biological effects of its own [19]. DHEA
circulates in the blood mostly in the form of its
3p-sulfate ester (DHEA-sulfate, DHEA-S), which
alsomediates many of its effects [20]. DHEA/DHEA-S
posess several properties that may be beneficial in
pulmonary hypertension, including antioxidant activity
[21], stimulation of NO synthesis [22], activation of
Ca}-gatcd K™ (Kg) channels with large conductance
(BK¢,) [23] that mediate vasodilation in the pulmonary
circulation [24,25], and inhibition of L-type voltage-gated
Ca® channels [26]. Furthermore, DHEA can block
superoxide production by alveolar macrophages [27],
which is also part of the hypoxic pulmonary hypertension
mechanism [28,29]. Because of these properties, and
because its exogenous admnistration is well tolerated in
humans, DHEA (or DHEA-S) is attractive as a potential
treatment of pulmonary hypertension, especially as
plasma levels of DHEA/DHEA-S are reduced in patients
with this disease [30]. It has been shown repeatedly that
administration of DHEA or DHEA-Spartially prevents
and reduces hypertension
[23,31-33].

The present study was therefore designed to test
the hypothesis that a combination therapy with oral statin
(simvastatin) and oral DHEA-S will be more effective in
preventing chronic hypoxic pulmonary hypertension in

experimental pulmonary

rats than either of the treatments alone. Since ornally
ingested DHEA is converted to DHEA-S when passing
through the intestines and liver [20], we decided to use

DHEA-S in drinking water.
Methods

The expenments were carried out according to
EU regulations for the use of experimental animals and in
accordance with the ARRIVE guidelines. They were
approved by the Charles University Second Faculty of
Medicine Animal Studies Committee.

All drugs and chemicals were purchased from
Sigma-Aldrich (Prague, Czech Republic).

Experimental groups and drug administration

The study utilized adult Wistar rats (~350 g at
the beginning of the experiment). For the sake of
compatibility with previously published studies with
statins and DHEA-S, only males were used. They were
randomly assigned to one of five groups - one normoxic
control (NC, n=16, kept in room air throughout the
experiment) and 4 chronically hypoxic (normobaric
10 % O, for 3 weeks). Of those, one group was treated
with an inhibitor of HMG-CoA reductase, simvastatin,
administered in drinking water at a dose of 60 mg/l,
throughout the hypoxic exposure (group HS, n=9). Since
simvastatin is not soluble in water, it was first dissolved
in a small volume of ethanol and then added to the
drinking water to yield a final ethanol concentration of
0.5 %. The dose of simvastatin was calculated using our
earlier observation (now confirmed) that an adult male rat
in 10 % O, drinks about 30 ml/day and there ported
effective dose by gavage [7]. Another group received,
also in drinking water, DHEA-S at 100 mg/ [31] for the
entire duration of the hypoxic exposure (group HD,
n=10). The third hypoxic group was treated with
a combination of DHEA-S (100 mg/) and simvastatin
(60 mg/) in drinking water with 0.5 % ethanol (group
HDS, n=9). The last group drinking plain water in
hypoxia served as hypoxic controls (HC, n=9).

We consider the amount of ethanol consumed
with simvastatin negligible, as doses ten times higher are
used as a model of moderate alcohol use [34,35].
However, to verify that the differences between the
groups were not due to the presence of ethanol in the
drinking water of simvastatin-treated rats, parts of the
remaining groups also received 0.5 % ethanol (8 of
16 rats in NC, 4 of 10 in HD, and 3 of 9 in HC). Unless
otherwise stated, the results were the same with and
without ethanol and they were thus pooled for statistical
analysis.
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Experimental protocol and measurements

After 3 weeks of hypoxia (or equivalent age in
NC), rats were anesthetized with thiopental (30 mg/'kg of
body weight, ip.). Pulmonary artery pressure was
measured in intact chest rats spontaneously breathing
room air by pulmonary artery catheterization as
previously described [31,36]. The trachea was then
accessed through a throat skin incision and used to
intubate and ventilate the rat with air (50 breaths/min;
peak inspiratory pressure 10 cm H;0; end-expiratory
pressure () em H,0). The chest was then opened by
sternotomy and an ultrasound flow probe (Transonic
Systems Inc, Ithaca, NY, USA) was placed on the
ascending aorta to measure cardiac output [31]. In some
rats, this procedure caused excessive bleeding, so the
number of rats for which we have cardiac output values is
somewhat lower than that for which we have other
variables. Cardiac index was calculated as cardiac
output/body weight and pulmonary vascular resistance
index (PVRI) as mPAP/cardiac output/body weight
Subsequently, arterial blood samples were collected to
measure hematocrit. To assess a possible role of NO
alterations, the sum of plasma concentrations of NO and
its oxidation products (nitrites and nitrates, NO,) was
measured by chemiluminescence (NOA 2801, Sievers,
Boulder, CO, USA) after hot acidic reduction as
previously described [37].

Serum samples were also used to determine the
concentration of malondialdehyde (MDA) with HPLC
[38] as a measure of oxidative stress [39]. Briefly, 0.05 %
butylhydroxytoluene, 044 M H;PO; and 42 mM
thiobarbituric acid were added to samples and standards
(1,1,3,3-tetracthoxypropane) of different concentrations.
The samples were vortexed and then heated at 100 °C for
1 hour. They were then cooled on ice for 5 minutes and
the MDA-thiobarbituric acid complex was extracted into
butanol. The tubes were centrifuged for 5 minutes at
10,000 g to form two separate phases. Aliquots were
pipetted into vials and measured by HPLC (Jasco, Tokyo,
Japan). The analysis was performed on the Agilent
Zorbax Eclipse Plus CI8 4,6x 250 mm, 5 pm column.
The optimal flow rate was set at | ml/min, for a mobile
phase with a composition of methanol/50 mM KH,PO,
(40:60, v/v). The fluorescence detector was set at 515/553
nm (excitation/emission). Evaluation was performed
using ChromNAV software (Jasco).

Electron paramagnetic resonance (EPR) using
1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrro-
lidine hydrochloride (CMH, 10puM) as a superoxide

(O7) detecting spin probe was applied to measure the
superoxide production rate in fresh blood [40]. Samples
were prepared by adding 5 pMdiethyldithiocarbamate,
25 uM desferroxamine, and 10pM CMH (Noxygen,
Elzach, Germany) and 5 pl of fresh blood in 50 pl of
Krebs-Hepes buffer. The samples were placed in airtight
glass capillaries and the spectra were recorded in an EPR
spectrometer with a temperaturecontrolled resonator
(Escan, Bruker Corp., Billerica, MA, USA). The EPR
settings for the CMH spin label were center field 3455 G,
sweep width 10 G, frequency 9.7690 GHz, microwave
power 23.89mW, and modulation amplitude 2.93G.
Spectra were recorded over 10 min.

After obtaining all samples, the heart was
dissected and weighed in parts in the fresh state. The
weight of the right ventricle relative to body weight and
to the sum of left ventricle plus septum weight was used

as a measure of right ventricular hypertrophy.

Statistical analysis
All between
analyzed using 1-way ANOVA followed (if significant)

differences the groups were
by Fischer’s least significant difference post hoc test
using the Prism 9 software (GraphPad Software, San
Diego, CA, USA). p <0.05 was preselected to reject
a null hypothesis of no difference in all cases. The results

are reported as means + s.d.
Results

All rats assigned to the experimental groups
survived till the end of the study with no obvious
problems. Compared to normoxic controls, all rats
exposed to chronic hypoxia had reduced body weight, but
there were no differences in body weight among the
treatments, indicating similar water (and thus drug) intake
in all hypoxic groups (Table 1). Hematocrit was increased
similarly in all hypoxic groups (Table 2), indicating that
the effects of therapy on pulmonary vascular resistance
and mPAP were not caused by changes in blood
VISCOSItY.

As expected, the increase in mPAP caused by
chronic hypoxia was reduced (approximately by one half)
by the with DHEA-S alone. Similarly,
simvastatin treatment alone also significantly reduced
mPAP compared to hypoxic controls; the mPAP reducing

treatment

effect of statin treatment was about the same as that of
DHEA-S (Fig. la). Contrary to our hypothesis,
simultancous treatment with both drugs (DHEA-S +
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statin) did not result in any additional reduction in mPAP
(Fig. la). Cardiac output and cardiac index did not differ
among the groups (Table 2). PVRI,
significantly elevated in hypoxic controls, did not

significantly differ from normoxic controls in any of the

However,

HDS) than in hypoxic controls (Fig. 1b).

The weight of the left ventricle plus the septum
relative to body weight was similar in all groups
(Table 1). The weight of the right ventricle relative to
body weight, as well as relative to the left ventricle plus

septum weight, was increased similarly in all groups
exposed to chronic hypoxia (Table 1).

treated groups (HD, HS and HDS) and was significantly
lower in both groups treated with simvastatin (HS and

40 . 2 800+ 1
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Fig. 1. Mean pulmonary arterial pressure (mPAP, a) and pulmonary vascular resistance index (PVRI, b), elevated by chronic hypoxia,
are reduced by treatment with DHEA-S, simvastatin, and their combination. NC, normoxic control group; HC, hypoxic control group
(3 weeks in 10% 0;); HD, group treated with DHEA-S throughout the 3-weeks exposure to hypoxia; HS, group treated with
simvastatin throughout the 3-weeks exposure to hypoxia; HDS, group treated with a combination of simvastatin + DHEA-S throughout
the 3-weeks exposure to hypoxia. The columns and lines represent means and s.d., respectively; in parentheses are the rs. Differences
among the groups not specifically marked are not statistically significant (p<0.05, 1-way ANOVA and Fischer's least significant
difference post hoc test). *p<0.002 vs. NC, Tp=0.005 vs. NC, **p<0.013 vs. HC, T1p<0.045 vs. HC

Table 1. Body and heart ventricles weights

Group (n) BW (g) RV (mg) LV+S (mg)  RV/BW (%) LV+S/BW (%)  RV/LV+S
NC (16) 446+ 75 210+21 838+ 79 0.048 £0.007  0.19+0.02  0251+0.015
HC (9) 327+ 15% 269 + 4] #* 695+51*  0.082+0011* 021001  0.386+0.042%
HD (10) 304 + 43* 263 + 56*** 638+49*  0.086+0.010* 021£002  0.409+0.061*
HS (9) 281 +23* 239+ 48 606=50*"  0.085+0014* 022+001  0.395+0.073%
HDS (9) 288 + 33* 241 +61 606=63*  0083+0015* 021+001 0.393+0.071%

NC, normoxic control group; HC, hypoxic control group (3 weeks in 10 % O;); HD, group treated with DHEA-S throughout the 3-weeks
exposure to hypoxia; HS, group treated with simvastatin throughout the 3-weeks exposure to hypoxia; HDS, group treated with
a combination of simvastatin + DHEA-S throughout the 3-weeks exposure to hypoxia; BW, body weight; RV, right ventrikle weight;
LV+S5, the sum of the weights of the left ventricle and septum. Data are means £ s.d. Differences among the groups not specifically
marked are not statistically significant (p<0.05, 1-way ANOVA and Fischer 's least significant difference post hoc test). * A<0.0001 vs.
NC, **P<0.005 vs. NC, ***P<0.01 vs. NC

Table 2. Cardiac output, cardiac index, and hematocrit

Group Cardiac output (ml/min) Cardiac index (ml/min/kg BW) Hematocrit (%)
NC 36.9 £ 9.7 (n=14) 84 + 24 (n=14) 51.4+ 3.4 (n=16)
HC 36.8 £ 21.0 (n=6) 113 £ 65 (n=6) 63.7 + 3.2% (n=9)
HD 27.3+6.5(n=7) 91 =17 (n=7) 59.6 + 6.0 (n=8)
HS 29.0+ 6.7 (n=8) 103 £ 17 (n=8) 62.3 + 3.8* (n=9)
HDS 27.0+ 8.0 (n=7) 92 +22 (n=7) 62.4+ 4.3* (n=9)

Group abbreviations as in Table 1. Data are means % s.d. Differences among the groups not specifically marked are not statistically
significant (p<0.05, 1-way ANOVA and Fischer"s least significant difference post hoc test). *P<0.0001 vs. NC
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DHEA-S alone or simvastatin alone. In rats
treated with the DHEA-S + simvastatin combination, the
NO, values Plasma NO, concentration was significantly
elevated by chronic hypoxia. The values were similar in
hypoxic controls and in rats treated in hypoxia with
did not differ significantly (p=0.064) from those in
normoxic controls, but they also did not differ significantly
(p=0.313) from the hypoxic controls (Fig. 2).

Plasma MDA concentration, a marker of
oxidative stress, was one of the few variables in our study
affected by the solvent that the rats drank (water vs.
0.5 % ethanol). MDA levels were significantly higher in
animals drinking this weak ethanol solution compared to
otherwise identically treated groups drinking water. This
was 50 in normoxic controls and, to a lesser extent, in rats
treated with DHEA-S in hypoxia. The same trend existed
also in the hypoxic controls, where, however, we were
able to measure only two rats drinking ethanol solution,
so in this case the data are far from conclusive.

For this reason, we made separate statistical
comparisons of MDA for rats dnnking ethanol solution
(with the exclusion of the too small hypoxia-only group)
and water. In water-drinking rats, plasma MDA was
slightly reduced by chronic hypoxia and restored by
DHEA-S treatment (Fig. 3a). In rats drinking water with
0.5 % ethanol, plasma MDA was highly significantly
reduced by DHEA-S treatment and even more so in both
groups treated with simvastatin (alone or in combination
with DHEA-S) compared to normoxic controls. The two
simvastatin groups (HS and HDS) did not differ between
each other (Fig. 3b).

The rate of superoxide production also appeared
to be affected by the solvent consumed by the rats, at
least in normoxic controls, where we had sufficient
numbers for direct comparison (3471 £+ 423 pmol/min/l of
blood in water-drinking rats and 4006 + 304 pmol/min/l
in ethanolsolution-drinking rats, p=0.0113). For this
reason, we calculated the differences between groups
separately for animals drinking each solvent.

In water-drinking rats we found an increased rate
of superoxide production in the DHEA-S treated group
compared to the normoxic controls group (Fig. 4a). In the
rats drinking weak ethanol solution, the rate of superoxide
production was higher in the HDS group compared to both
the normoxic controls and rats treated in hypoxia with
simvastatin alone (Fig. 4b). Taken together, these data
indicate that

seem  to neither chronic hypoxia nor

simvastatin treatment alters

production. DHEA-S treatment, alone or in combination

the rate of superoxide

with statin, on the other hand, does elevate this variable.
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Fig. 2. Plasma concentration of nitric oxide and its oxidation
products (NO,), elevated by chronic hypoxia, is not affected by
DHEA-S or simvastatin treatment. When simvastatin and DHEA-S
are combined, plasma NO. no longer differs from normoxic
controls. Group abbreviations as in Fig. 1; in parentheses are the
/. The columns and lines represent means and s.d.,
respectively. Differences among the groups not specifically
marked are not statistically significant (p<0.05, 1-way ANOVA
and Fischer's least significant difference post hoc test).
*p=0.0017 vs. NC, **p=0.0027 vs. NC, ***p<0.0001 vs. NC
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Fig. 3. Simvastatin markedly reduces plasma malondialdehyde
(MDA) concentration. a) Rats drinking no alcohol. b) Rats
drinking a weak ethanol solution (0.5 %). Group abbreviations as
in Fig. 1; in parentheses are the r5. The columns and lines
represent means and s.d., respectively. Differences among the
groups not spedfically marked are not statistically significant
(p<0.05, 1-way ANOVA and Fischer ‘s least significant difference
post hoc test). *p<0.01 vs. NC and HD, **p<0.0001 vs. NC,
tp<0.0001 vs. HD
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Fig. 4. DHEA-S, but not simvastatin or chronic hypoxia, increase
the rate of superoxide (O;) production. a) Rats drinking no
alcohol. b) Rats drinking a weak ethanol solution (0.5 %). Group
abbreviations as in Fig. 1; in parentheses are the ms. The
columns and lines represent means and s.d., respectively.
Differences among the groups not specifically marked are not
statistically significant (p<0.05, 1-way ANOVA and Fischer ‘s least
significant difference post hoc test). *p=0.008 vs. NC, **p<0.02
vs. NC and HS
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Discussion

The main finding of the present study is that
treatment of rats with a combination of DHEA-S and
simvastatin is about as effective in reducing pulmonary
hypertension in a hypoxic rat model as either treatment
alone.

Statins are widely used for their cholesterol
lowering effect. They competitively inhibit HMG-CoA
reductase, the rate-controlling enzyme in the production
of cholesterol [3]. In addition to this main effect, statins
have a number of other, so-called pleiotropic effects that
include antioxidant, antiproliferative, antithrombotic, and
anti-inflammatory properties. Following the initial report
that statin treatment can reduce experimentally induced
pulmonary hypertension [4], a number of studies
described the ability of various statins to partly prevent
the development of pulmonary hypertension, or reduce
an already established one, in several animal models
[5-7], although there are also reports of minimal
effectiveness of statins against established monocrotaline
pulmonary hypertension [41.42].

In human patients, the studies are less
conclusive, Three independent meta-analyzes did not find
any beneficial effect of statin therapy on pulmonary
hypertension from all causes [13-15]. This could be
related to the paradox that statins reduce low-density
lipoproteincholesterol [43], but low-density lipoprotein
cholesterol is already low in patients with pulmonary
arterial hypertension, and successful pulmonary
hypertension therapy increases these low levels [44].
Nevertheless, analyses focused only on patients with
chronic obstructive pulmonary disease (COPD) found
reduced pulmonary hypertension in those treated with
statins [16]. Our rat model of pulmonary hypertension
induced by chronic hypoxia corresponds well with the
situation of COPD patients, where the main cause for the
of pulmonary hypertension is their
chronically hypoxemic status.

DHEA is an abundant steroid hormone that
in the blood mainly in the form of its
3p-sulfate ester, DHEA-S, to which it is converted by
sulfotransferases especially in the liver and adrenal
cortex. Most of the effects of DHEA are mediated by
DHEA-S[20]. We and others have shown that
DHEA/DHEA-S treatment partly prevents and reverses
pulmonary  hypertension  [23,31-33].
Improved mPAP and pulmonary vascular resistance were
then demonstrated in a small group of patients witl':ll

development

exists

experimental

07

COPD-related pulmonary hypertension [45]. The
beneficial effect of DHEA supplementation corresponds
to reduced plasma levels of DHEA-S in patients with
pulmonary hypertension [30]. Our results fully confirm
the beneficial effect of DHEA/DHEA-S supplementation
on pulmonary hypertension.

Somewhat surprisingly, the positive effects of
simvastatin, DHEA-S, and their combination on mPAP
and PVRI were not reflected by reductions of right
hypertrophy.  While traditionally the
enlargement of the right ventricle had been considered
a simple mechanistic consequence of the afterload
increased by the pulmonary hypertension, today it is
evident that the relationship between right ventricle size
and mPAP is more complex. For example, several long-

ventricle

term studies in humans found no positive effect of
epoprostenol treatment on the right ventricular mass
despite improvement of pulmonary hypertension [46].
Dissociation between a positive treatment effect on
mPAP and no effect on right ventricle hypertrophy has
also been reported in animal models [47].

Why are the effects of simvastatin and DHEA-S
on pulmonary hypertension not additive? One possibility
is that the majority of the beneficial effects on pulmonary
hypertension is through the antioxidant activity. The
effect of simvastatin on plasma MDA was really
profound and DHEA-S could add only little to it,
especially as its own effect on MDA was relatively
modest. However, this possibility seems unlikely since
the effect of simvastatin on pulmonary hypertension was
very similar to that of DHEA-S, yet the magnitude of
their influence on plasma MDA was quite disparate.

One difference in the mechanism of action
between statins and DHEA s their effect on various
K channels that control pulmonary arterial vascular
smooth muscle cell membrane potential and thus their
tension. DHEA activates K, channels, specifically the
charybdotoxin sensitive BK¢, (Kc,1.1) [23]. The possible
activation of voltage-gated K~ (Ky) channels by DHEA
was variably confirmed [23] and excluded (with
a possible exception of Ky1.3) [48]. Statins, on the other
hand, are known to stimulate the ATP-sensitive
K™ channels (that play little role in the regulation of
pulmonary arterial vascular smooth muscle) [49]. Statins
were reported to activate Ky channels in general [50] and
to inhibit Ky1.3 channels in cancerous T cells [51]. In
vascular smooth muscle, Ky1.3 upregulation is important
for proliferation and migration [52]. Statins” influence on
the activity of the BK¢, channels has not been reported.
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Thus, DHEA appears to possess a mechanism for
pulmonary vasodilation (BKq, channel activation) that
statins lack. This would be expected to result in an
additive effect on pulmonary hypertension. The lack of
additivity may mean that the participation of the opening
of the BKg, channel in the mechanism of the effect of
DHEA on pulmonary hypertension is not essential
Alternatively, statins might activate BK., channels
indirectly, through their promotion of NO activity, since
NO causes pulmonary vasodilation by activating BK,
channels [25]. Nevertheless, in our experiment, plasma
NO, concentration was not elevated by simvastatin in rats
with PH (Fig. 2).

Another possible explanation for the lack of
DHEA-S and statin additivity in their effect against
pulmonary hypertension could be related to the fact that
cholesterol is a precursor of DHEA synthesis. It is thus
possible that simvastatin treatment reduced endogenous
DHEA (and DHEA-S) production and adding exogenous
DHEA-S to the statin therapy merely reconstituted
normal levels of DHEA-S rather than increasing them
above normal. In fact, a meta-analysis of studies in
humans showed that statins decrease DHEA levels in
women with polycystic ovary syndrome, although this
effect was reported only after atorvastatin therapy, but not
simvastatin [53]. However, if DHEA-S and statin affected
pulmonary hypertension by different mechanisms, one
would still expect the effect of simvastatin alone
(presumably with lower DHEA-S levels) to be smaller
than its effect with DHEA-S added.

Finally, DHEA can resemble statins in their
capacity to inhibit HMG-CoA reductase [54]. This would
mean that the reduction of pulmonary hypertension by
statins does not belong among their pleiotropic effects
unrelated to the inhibition of HMG-CoA reductase. In
fact, that is what Girgis et al. [6] have concluded from
their data showing that attenuation of pulmonary
hypertension by simvastatin could be prevented by
of HMG-CoA
reductase activity, mevalonate. The mechanisms whereby

supplementation with the product
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decreased HMG-CoA reductase activity can lead to less
pulmonary hypertension are unknown and deserve further
exploration.

One limitation of the present study is that it only
used males, but not females. Sex differences in
pulmonary vascular physiology and pathophysiology are
well established [55]. Normal DHEA-S levels are higher
in men than in women [56]. DHEA/DHEA-S levels are
lower in men with pulmonary hypertension compared to
men without the disease [30]. Cardiovascular benefits of
statin therapy seem to be less in women than in men [57].
Therefore, there are grounds to believe that both
simvastatin alone and DHEA-S alone could have
somewhat different effects in females than in males.
However, the focus of the study was the combined effect
of the simultaneous administration of both agents, and
here it is difficult to imagine argumentation favoring the
presence of such a combo effect in females when it was
not found in males. Nevertheless, further work on this
issue seems warranted.

In conclusion, we confirmed the beneficial effect
of statin and DHEA-S treatment on mPAP and PVRI in
pulmonary hypertension. We found that combined
treatment with both drugs together does not have
an additive effect on pulmonary hypertension. One
possible explanation is that each of the drugs reduces
pulmonary hypertension primarily through their
inhibitory effect on HMG-CoA reductase. Statins and
DHEA-S can be combined in pulmonary hypertension if
needed for other reasons.
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Summary:

Activators of hypoxia inducible factors (HIFs)s, such as roxadustat, are promising agents for anemia
treatment. However, since HIFs are also involved in regulation of the pulmonary circulation, we
hypothesized that roxadustat increases pulmonary vascular resistance and vasoconstrictor reactivity.
Using isolated, cell-free solution perfused rat lungs we found perfusion pressure-flow curves to be
shifted to higher pressures, even though not as much as by chronic hypoxic exposure.
Vasoconstrictor reactivity to angiotensin Il and acute hypoxic challenges was not altered by
roxadustat. The puropted ACE2 activator, diminazene aceturate (DIZE), produced paradoxical,
unexplained pulmonary vasoconstriction. We conclude that the risk of pulmonary hypertension in

patients treated with roxadustat is not grave but real and its monitoring is advisable.

Key words

pulmonary hypertension; hypoxia-inducible factor; ACE2; diminazene aceturate
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One of the important contributors to pulmonary hypertension, a frequent disorder associated with

significant morbidity and mortality, is chronic hypoxia [1].

Expression of a large number of genes is adjusted to oxygen availability through thehypoxia-inducible
factor(HIF) family of transcription factors[2]. Manyof the pulmonary vascular changes in chronic

hypoxia are mediated by HIFs[3].

As the first gene forwhich HIFregulation was described was erythropoietin [2], pharmacological
interference with the HIF system has been investigated as a possible therapy for anemia. Of
particular interest is a group of agents (e.g.roxadustat) that inhibit prolyl hydroxylases[4]. HIFs are
heterodimers. While the B subunit is stable, the a subunit is labeled by ubiquitination in the presence
of oxygen and degraded. Thus, the dimmer cannot form and the expression of genes controlled by
HIFs does not occur. When oxygen is deficient, ubiquitination is limited, the a subunit survives, forms
a dimer with the B subunit, and transcription of corresponding genes ensues. The enzyme that
utilizes oxygen to initiate ubiquitination of the a subunit is prolyl hydroxylase [2].Pharmacological
inhibition of this enzyme in normoxia therefore acts on the HIF system similarly to hypoxia, limiting
the degradation of the a-subunit and thus allowing the formation of a complete HIF dimer.Thus,
pharmacological inhibition of prolyl hydroxylase stimulates erythropoiesis. This appears useful

especially in anemic patients with chronic renal failure[5].

A potential concern with the use of these agents, however, is the risk of pulmonary hypertension,
inasmuch HIF activation is part of its mechanism[3]. Endothelial prolyl hydroxylase 2 gene knockout
induces pulmonary hypertension in mice [6]. Attenuation of angiotensin-converting enzyme 2 (ACE2)
activity by roxadustat[4] may also work to the detriment of patients, as ACE2 counteracts pulmonary

hypertension [7].

This study therefore evaluated the effect of roxadustat on lung vascular resistance and vasoreactivity

and its alteration by an ACE2 stimulator,diminazene aceturate (DIZE) [8].

Methods
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The experiments were performedusing adult male Wistar rats (AnLab, Prague, Czech Republic) in
accordance with the European Guidelines on Laboratory Animal Care. They were approved by the
Ministry of Education, Youth and Sports as the Czech Republic’s authority competent to approve
experimental projects pursuant to the Animal Protection Act. Rats were kept at room temperature

withfree access to standard diet (AnLab) and tap water.

One group was treated with roxadustat for 2 weeks (group Rox2w, n=9). Five milligrams of
roxadustat (MedChemExpress, Monmouth Junction, NJ, USA; all other drugs were from Sigma-
Aldrich, Prague, Czechia) were dissolved in 25 pl DMSO + 200 pl PEG + 25 ul TWEEN 80 + 250 ul water
and injected i.p.(10 mg/kg BW) every other day [4,9].Since we expected that it will increase
hematocrit, which itself elevates pulmonary vascular resistance, we used another group that
receivedroxadustat only once and was studied 48 h later,so that any pulmonary vascular mechanisms
controlled by HIF couldbe altered, but the effect on hematocrit has not yet manifested (Rox2d,
n=9).A control group was treated the same way as Rox2w, except that they were injected with
solvent without roxadustat (n=8). To check for possible effects of the solvent itself, a group was
included that was not treated in any way (untreated group, 0Tx, n=5). To compare the results with a
situation of naturally elevated HIFs, the last group was treated identically to controls, except that it

was exposed to chronic hypoxia (10% O.) forthe two weeks of solvent injections (group CH, n=6).

The pulmonary vasoresistive properties were evaluated by analyzing the perfusion pressure-flow
(P/Q) relationship in isolated lungs perfused ex vivoat 40 ml/min/kg BW with a cell-free Krebs
solution with 4% albumin (to exclude the confounding effect of hematocrit variations) and ventilated
with air + 5% CO2 at 60 breaths/min with a +2 cmH20 end-expiratory pressure[10,11].Before lung
isolation, the rats were anesthetized with thiopental (30 mg/kg BWi.p.) and a blood sample was
taken by cardiac puncture to measure hematocrit. The P/Q relationship was determined by
measuring the pressure while the perfusion was first stopped for ~30 sec and then increased to 36
ml/min/kg BW in 3 even steps (~30 sec each). Since the P/Q relationship in this range appeared close

to linear, it was evaluated with linear regression (R%> 0.8925).

Vasoconstrictor reactivity was then tested by injecting angiotensin 11(0.15 pg) into the inflow line,
followed, after perfusion pressure stabilization (~8 min),with ventilatory hypoxia (0% O2 + 5% CO>, 10

min). This angiotensin Il + acute hypoxia sequence was repeated once more. DIZE (0.1 mM) was then
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added to the perfusate and after a 10-min stabilization, the whole protocol (P/Q, angiotensin Il and

acute hypoxia twice) was repeated.

The results were analyzed statistically with Prism 9.5 software (GraphPad Software, Boston, MA,
USA) and presented as means+SD. Groups were compared using one-way ANOVA with Fisher's LSD
test. The P/Q curves before and after DIZE administration were evaluated separately in each group
using two-way repeated measures ANOVA. The vasoconstrictor responses before and after DIZE

were compared separately for each group with paired t-test. P < 0.05 was considered significant.

Results

Chronic but not acute roxadustat treatment increased hematocrit compared both to control and

untreated group, but not as much as chronic hypoxia (Table).

Baseline perfusion pressure in the isolated lungs was higher in the Rox2d group (9.8+1.6 mmHg) than
in controls (7.9+1.8, P=0.0364). It was even higher in the CH group (13.0+2.0), compared both to
controls and untreated(P<0.0001) and to both roxadustat groups(P < 0.0011). It was 9.2+1.9 mmHg

in the Rox2w group.

The slope of the P/Q regression lines did not differ among the groups (i.e. the lines were parallel),
whereas the intercept with the pressure axis was increased by roxadustat already after 2 days
(4.241.5 mmHg) and did not further change after 2 weeks (3.9+1.5) compared to control (2.6+1.4,
P<0.0427) and untreated (1.5+0.8, P<0.003) groups (that did not differ one from another). The
pressure axis intercept was even higher in the CH group (7.6£1.1, P<0.0001 vs. all other groups). The
P/Q pressure axis intercept corresponds to the critical closing pressure of the pulmonary vasculature

[12].

Consistent with this, the value at which the perfusion pressure equilibrated when perfusion was
stoppeddid not differ between control (0.1+0.6 mmHg) and untreated (-0.2+0.5, P=0.6737) groups,
but was elevated similarly (P<0.05) in the R2d (0.8+0.4) and R2w (0.8+0.6) groups and even more so

in the CH group (2.1+1.3, P<0.0028). The stop-flow pressure reflects critical closing pressure (if
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critical closing pressure was zero, then the pressure on the inflow side should equilibrate with the

outflow pressure of -2 cm H20).

The vasoconstrictor reactivity to angiotensin Il was potentiated by chronic hypoxia, but was not
altered by Roxadustat compared to control or untreated rats. It was higher in the Rox2w than Rox2d

group (Table). Reactivity to acute hypoxic challenges did not differ among the groups.

DIZE did not alter the P/Q lines in the control and R2d groups, but it shifted them to higher pressures
in the 0Tx, R2w and CH groups (Figure). The vasoconstrictor responses to acute hypoxia were not
altered, whilethose to angiotensin Il rose after DIZE in controls (to 18.246.8 mmHg, P=0.0148 vs.
before DIZE), Rox2d (11.5£6.2, P=0.0387) and Rox2w (17.8%6.1, P=0.0004) groups, but not in theCH
group (19.6+6.2, P=0.3171).

These data show that inhibition of prolyl hydroxylases (and thus HIF activation) by roxadustat
elevates pulmonary vascular critical closing pressure, thus shifting pressures over a range of flow
rates to higher values. This effect is independent of the influence of roxadustat on hematocrit, but is
smaller than the established pulmonary hypertension model of chronic hypoxia. In line with our
previous observations that essential changes in the development of chronic hypoxic pulmonary
hypertension occur during the first days of hypoxic exposure [13], the effect of roxadustat on the
pulmonary circulation is faster (already after 2 days) than on hematocrit. Since we detected the
effect of roxadustat in lungs perfused with a cell-free solution, it is likely that in vivo, where the
positive effect of roxadustat on hematocrit is also present, its effect on pulmonary vascular

resistance will be even greater.

Acute pulmonary vasoconstrictor reactivity (to angiotensin Il and 0%02) was not affected by
roxadustat.This is surprising, inasmuch roxadustat was reported to downregulate vascular Al
receptors[14].Furthermore, the expression and activity of voltage-gated K* channels, important in
the mechanism of acute hypoxic vasoconstriction[15], are affected by HIFs[3]Our data suggest that

this influence is not particularly severe.
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Antitrypanosomaldrug DIZEand ACE2 stimulator [8] was reported useful in cardiovascular disorders
including experimental pulmonary hypertension[16]. Our findings of the P/Q lines shifted to higher
pressures and potentiated angiotensin Il reactivity in most of our experimental groups is thus
surprising. It is likely that some DIZEactions other than ACE2 activation played a role. One possibility
could be interference with acid-sensitive ion channels [17], recently shown to be important in
pulmonary vascular smooth muscle regulation[18]. Although we do not understand this paradoxical

effect of DIZE, we consider useful reporting it.

In conclusion, the risk of HIF stabilizer-induced pulmonary hypertension is real and worth
considering, especially as pulmonary hypertension is a common complication of chronic kidney
disease even without suchtreatment[19]. Fortunately, increased pulmonary vasoconstrictor
reactivity, which would be an additional risk factor, does not occur with roxadustat. HIFs do not seem
to play a significant role in hypoxic pulmonary vasoconstriction. Lastly, ACE2 stimulator, DIZE, may

cause paradoxical pulmonary vasoconstriction.
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Table: Hematocrit and vasoconstrictor reactivity (second repetition of the challenges)

Group Hematocrit Angiotensin Il Acute 0% O2
(%) (A perfusion pressure, mmHg) | (A perfusion pressure, mmHg)
0Tx 39.6%2.3 9.845.1 23.849.8
Control 39.7+¢2.5 10.845.6 23.3+12.5
Rox2d 41.8+2.3 7.4%+2.3 17.1+7.4
Rox2w 46.611.8**'H 12.8+6.0% 26.5+11.4
CH 49.8+1 7** 118 20.945.7** 188 28.618.6

*P<0.01 vs. Control

**p<0.0008 vs. Control

*P<0.01 vs. 0Tx

"1P<0.001 vs. 0Tx

p<0.0001 vs. 0Tx

*P=0.0284 vs. Rox2d

#p<0.0004 vs. Rox2d

$P<0.05 vs. Rox2w

$P=0.0049 vs. Rox2w
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Figure: Perfusion pressure-flow curvesare shifted to higher pressures by diminazene aceturate (DIZE)
in untreated (OTx; A), roxadustat-treated (for 2 weeks, Rox2w;panel C) and chronically hypoxic (CH;
D), but not control (C, panel B)and roxadustat-treated (once before the measurement, Rox2d, not

shown) groups.

Flow was a significant source of variation in all groups (P<0.0001, two-way repeated measures

ANOVA).
*Pp=0.0453 effect of group
**Pp=0.0064 effect of group

*P<0.0055 effect of group x flow interaction
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New findings:

o What is the central question of this study?

o Can pulmonary hypertension caused by left heart pressure overload be adequately

modelled by a simple procedure of partial intravascular aortic obstruction?

. What is the main finding and its importance?

o Partial aortic obstruction achieved via carotid artery access without opening the
chest, and thus without lengthy recovery of seriously ill rats, models the left heart
pressure overload with pulmonary hypertension that has a precapillary and a

vasoconstrictive, as well as vascular remodelling components.

o The procedure offers a new and simple model of group 2 pulmonary hypertension

(secondary to left heart disease).
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Abstract:

Pulmonary hypertension is a group of diseases characterised by elevated pulmonary artery pressure
and pulmonary vascular resistance with significant morbidity and mortality. The most prevalent type
is secondary to left heart pressure overload (referred to as group 2, PH2). The available experimental
models of PH2use partial pulmonary clamping by technically non-trivial open chest surgery with
lengthy recovery. Here, we introduce a simple model, in which reduction of the ascending aorta
cross-sectional area is achieved not by external clamping, but by partial intravascular obstruction
without opening the chest. In anaesthetised rats, a blind polyethylene tubing was advanced from the
right carotid artery to just above the aortic valve. The procedure is quick (~10 min) and easy to learn.
Mortality does not exceed 10% in young adult rats. Three weeks later, the presence of left heart
pressure overload was confirmed by measuring left ventricular end-diastolic pressure by direct
puncture (1.3£0.2 vs. 0.4+0.3 mmHg in controls, meantsDp, P<0.0001). The presence of pulmonary
hypertension was documented by measuring pulmonary artery pressure by catheterisation in vivo
(22.3+2.3 vs. 16.942.7 mmHg, P=0.0282) and by detecting right ventricular hypertrophy and
increased muscularisation of peripheral pulmonary vessels. Contributions of vasoconstriction and of
precapillary vascular segment to the increased pulmonary vascular resistance were demonstrated,
respectively, by normalisation of resistance by a vasodilator, sodium nitroprusside, and by arterial
occlusion technique in isolated lungs. These changes were mostly comparable, but not additive, to
those induced by an established pulmonary hypertension model, chronic hypoxic exposure.
Intravascular partial aortic obstruction thus offers an easy model of pulmonary hypertension induced

by left heart disease that has a vasoconstrictor and precapillary component.
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Keywords: reactive pulmonary hypertension, left ventricle pressure overload, chronic hypoxia, rat,
pulmonary artery pressure, group 2 pulmonary hypertension, model, method, heart failure with

preserved ejection fraction, pulmonary vascular reactivity

List of abbreviations:

- BW-body weight

- C—control group

- %DL - percentage of peripheral pulmonary vessels that are double-laminated (have two
layers of elastic laminae with a smooth muscle layer between them)

- H-group exposed to hypoxia for 3 weeks

- LV+S —left ventricle plus septum

- APa-arterial pressure drop — the difference between the baseline perfusion pressure in
isolated lungs and the inflection point separating the rapid and the gradual phases of
pressure drop after the inflow occlusion, reflecting the precapillary resistance

- PAO - group measured 3 weeks after partial aortic occlusion

- PAO+H —group measured 3 weeks after partial aortic occlusion spent in hypoxia

- PAP —pulmonary artery pressure

- PH2 —group 2 pulmonary hypertension (induced by left heart disease)

- RV —right ventricle

- RV/LV+S—right ventricle/left ventricle plus septum weight ratio
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Introduction:

Pulmonary hypertension is a group of diseases of various origins associated with high
morbidity and mortality. It is characterised by elevated pulmonary artery pressure (PAP) and
pulmonary vascular resistance that induce right ventricle (RV) hypertrophy and eventually
failure (Galie et al., 2016). In the western population, pulmonary hypertension is most often
induced by left heart disease (clinically classified as group 2 pulmonary hypertension, PH2),
the prognosis of which it worsens significantly (Galie et al., 2016; Wijeratne et al., 2018;
Vachiery et al., 2019). The increase in PAP in PH2 is caused primarily by passive
transmission of elevated left atrial pressure upstream (venous, postcapillarypulmonary
hypertension) (Boucherat ef al., 2022). Often, however, the PAP is elevated further by active
vasoconstriction of the pulmonary arterioles and/or by pulmonary arteriolar remodelling.
When both components, venous and arterial, are present, PH2 is classified as reactive (Ross,
1976; Gerges et al., 2013; Guazzi, 2014). Reactive pulmonary hypertension accounts for at
least 15% of all cases of pulmonary hypertension (Vachiery et al., 2013).

Currently, no effective treatment is available to reduce the morbidity and mortality of patients
with PH2 (Vachiery et al., 2019). In fact, vasodilator therapy, which is quite useful in group 1
pulmonary hypertension, may actually be risky in PH2 patients, probably because vasodilators
release precapillary vasoconstriction that partly protects the microcirculation from excessive
filtration at elevated outflow pressures (Breitling et al., 2015). There is relatively little
informationavailableon the pathophysiological mechanisms involved in the development of
the arterial component of reactive PH2. The factors that determine the transition of PH2 from
passive to reactive form are not known (Breitling et al., 2015; Al-Omary et al., 2020).
Suitable animal models are essential for advancement of this knowledge (Boucherat ef al.,

2022).

The available models used to study PH2 use one of three main strategies (Boucherat et al.,
2022). One is to inflict injury on the left ventricle that leads to its failure. Examples include
myocardial infarction by coronary binding (Jasmin ef al., 2003; Jasmin et al., 2004) or
experimental metabolic syndrome (Lai et al., 2016). These models closely mimic specific
clinical situations, but the effects on the pulmonary circulation might be confounded by other
effects of the primary experimental insult. Another approach is to directly increase the left
ventricular pressure overload by increasing the resistance of the left ventricle outflow tract.

This is achieved by partial external clamping or binding of the ascending aorta in mice
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(Rockman et al., 1991; Chen et al., 2012) or, much more often, rats (supracoronary aortic
banding) (Dai et al., 2004; Hentschel et al., 2007; Yin et al., 2009; Kerem et al., 2010; Yin et
al.,2011; Hunt et al., 2013; Wang et al., 2016; Breitling et al., 2017; Ranchoux et al., 2019;
Zhang et al., 2019; Zhang et al., 2020; Lambert et al., 2021). The third possibility is to
partially clamp the large pulmonary veins, but this was only reported in larger animals (pigs)

(Aguero et al., 2014; Pereda et al., 2014; van Duin et al., 2019).

The common denominator of these models is that they require prolonged recovery of
seriously sick animals from open chest surgery. The surgery itself is more or less complicated
and takes non-trivial time and failed attempts to learn. Therefore, a technically easier model
using small laboratory rodents (to reduce costs) is desirable. Here, we introduce a new, simple
rat model of PH2 that is based on the idea that reduction of the internal cross-sectional area of
the aorta can be achieved not only by partial compression from the outside, but also by partial
obstruction from the inside. We describe the procedure of partial aortic obstruction via
intravascular approach (through carotid artery) without opening the chest and document that it
does indeed result in pulmonary hypertension. In addition, we show that this pulmonary
hypertension is of the reactive type. Since chronic hypoxemia is common in PH2, we also

studied the effect of chronic exposure to hypoxia on our model.
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Methods:
Ethics Approval

Experiments were performed on adult male Wistar rats (from AnLab, Prague, Czech
Republic) in accordance with the EUregulation for using experimental animals. All
procedures and protocols were approved by the Animal Studies Committee of the Charles
University Second Medical School and by the Ministry of Education, Youth and Sportsas the
Czech Republic’s authority competent to approve experimental projects pursuant to the
AnimalProtection Act (decision #5682/2020-2).The project was carried out with detailed
understanding of the ethical principles of this journal by all authors and in accordance with its

animal ethics checklist.

The rats were kept at room temperaturewithfree access to the standard food diet (AnLab) and
tap water. For all surgical procedures, they were anaesthetisedwith 30 mg.kg 'body weight
(BW), 1p. (all drugs and chemicals were obtained from Sigma-Aldrich, Prague, Czech
Republic). The length of any surgical procedure rarely exceeded ~15 min. The sufficient
depth of anaesthesia was regularly checked by the absence of a reaction to light touch of the
cornea with a piece of paper tissue. After measurements, rats were sacrificedby intracardial

thiopental overdose or by removing their heartunder deep anaesthesia.

Partial intravascular obstruction of the aorta

In anesthetized, spontaneously breathing rats, the right carotid artery was accessed and,
through a small incision in its wall, a polyethylene tubing (0.d. 0.96 mm, length 25 mm)
closed at the distal end, was introduced into the ascending aorta and advanced so that its tip
was just above the aortic valve. The distal end of the tubing was then attached to the carotid
artery with a suture. The distance between the incision in the carotid artery and the aortic

valve was~25 mm in rats 180 - 230 g BW.

Experimental groups and protocols
We used the following experimental groups:
- Controls (group C; no intervention);
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- Rats with partial aortic obstruction studied3 weeks after the procedure (PAO group);

- Rats with partial aortic obstruction exposed to chronic hypoxia for 3weeks (PAO+H
group; Fio2 = 0.1 starting the second day afterpartial aorticobstruction);

- Hypoxic controls (H group; exposed to hypoxia as the PAO+H group, but with no

aortic obstruction).

Fiveseparate studies (A-E) were performed:

Study A - confirming left ventricle failure

In study A, we confirmedthat our method indeed did produceleft ventricle failure. We
measured left ventricle diastolic pressure in anesthetized, mechanically ventilated(through
tracheostomy) rats with chest openby midline sternotomy by punching the left ventricular
wall with a needle connected to a pressure transducer. Heart rate was also determined from

pressure recordings. Only the PAO and C groups were used in Study A.

Study B — detecting the presence of pulmonary hypertension

We measured PAP in anaesthetised, intact chest, spontaneously breathing ratsas
previouslydescribed(Herget & Palecek, 1972; Herget et al., 2003; Hampl et al., 2006).Briefly,
the right jugular vein was accessed from a midline throat skin cut and blunt dissection. It was
then cannulated through a small incision by a heparinizedpolyethylene catheter (1.1 mm o.d.
and 0.75 mm 1.d.) contained within a polyethylene introducer (1.2 m i.d.). Just prior to the
procedure, the introducer was thermoplastically precast into a hockey-stick form in order to
ease its access into the RV through the right atrium, and the catheter itself was
thermoplasticallymoulded into a U-shaped form to facilitate turning the tip of the catheter
back into the pulmonary artery whenit was forwarded from the introducer after it had
penetrated into theRVfrom the right atrium. The progress of the catheterisationprocedure was
monitored in real time by reading the shape of the pressure waves as they changed from the
right atrium through the RV into the pulmonary artery(Herget & Palecek, 1972). Once the
catheter was inthe pulmonary artery, the introducer was removed.After a stable PAP
recording was obtained for several minutes, the chest was opened by sternotomy and the

position of the cathetertip in the pulmonary artery was verified.
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The heart was cut out and the weights of the heart ventricles were measured in a fresh state to
determine their changes in response to pressure overload.The reversibility of heart changes
was checked in a supplementary experimental group - rats studied 3 weeks after removing the

cannula that had been in place for 3 weeks.

Study C - contribution of pulmonary arteries to PH

In study C,our aim wasto distinguish whether pulmonary hypertension wascaused just by
passive upstream transmission of increased left heart pressure or whether elevated pulmonary
arterial resistance participatedin increased PAP. Measurements were performed in isolated
lungs perfused ex vivowith Krebs solution with 4% albumin(Hampl et al., 2000;
Bélohlavkova ef al., 2001; Herget & Chovanec, 2010) using an inflow occlusion technique to
determine the arterial portion of pulmonary vascular resistance(Herget & Kuklik, 1995;
Hampl ef al., 2000). When the inflow into the pulmonary artery is rapidly occluded, the
pressure measured in the very short segment of the perfusion circuit between the site of
occlusion and the input into the pulmonary artery first drops very rapidly. This almost linear
drop is followed by a much slower fade-off phase (Figure 1). It was demonstrated that the
difference between the baseline perfusion pressure and the inflection point separating the
rapid and the gradual phases of pressure drop after the inflow occlusion (APa) reflects the
arterial component of total pulmonary vascular resistance(Hakim et al., 1982 ; Linehan &

Dawson, 1983; Dawson et al., 1988).

Meclofenamate (17 uM) and L-NAME (50 uM) were added to the perfusatetoexclude
prostaglandins and nitric oxide involvement, respectively(Hampl & Herget, 2000;
Bélohlavkova et al., 2001; Herget & Chovanec, 2010). The isolated lungswere ventilated at
50 breaths/minwith amaximuminspiratory pressure of +10 cm H20 and anend-expiratory
pressure of +2.0 cm H20. The moistened ventilation gas consisted of 21% O2 + 5% CO2 +
74% Na. Theperfusion flow rate was set to 40ml/min/kg BW and the outflow pressure to -2
cm H2O.

Afterstabilisationof thepreparation for 10 minutes withnormoxic ventilation,angiotensin II
(0.2 pg) was injected into the inflow line followedbyventilatory hypoxia (0% O2 + 5% CO2 +
75% N2 for ~10 min). Both challenges were repeated again after a ~10 min resting period

(normoxic ventilation). Then,ventilation (21% O2) was arrested at the end of expiration
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(alveolar pressure +2.0 cm of H20), and the inflow line was instantly clamped with an
electromagnetically controlledclamp. The perfusion pump was shut off at the instant of inflow

occlusion.

Study D - role of vasoconstriction

Study D used isolated perfused lungs as described above. After stabilization and priming with
two cycles of angiotensin II injection and hypoxic ventilation (as in Study C), the relationship
between perfusion flow rate (increased in a stepwise manner from 12 to 52 ml/min/kg BW,

i.e. from 30to 130% of the basal flow rate) and pressure (measured) was determined.

After another 5 minutes of stabilization at basal flow (40 ml/min/kg BW), sodium
nitroprusside was added into the reservoir (20 pM concentration in the perfusate) to remove
any vascular smooth tone,and the pressure-flow relationship was measured again 5 minutes

later.

Since the pressure-flow relationshipwas nearly linear in the studied range of flow rates on
visual inspection,linear regression was performed to analyse these data(Herget et al., 1995;
Hampl et al., 2000).The slope of the pressure-flow line reflects the incremental resistance of

the pulmonary circulation (Dawson et al., 1989).

Study E — structural changes of small pre-alveolar vessels

The lungs wereremoved from deeply anaesthetised rats and filled with a neutral formol
solution at a pressure of 12 cm H20 through the trachea. They were then placed in the same
solution for several days. Lung sections were cut and stained by haematoxylin and Weigert
resorcin-fuchsin method to stain elastic fibres. Since the muscular layer is enclosed between
two elastic laminae, whereas the nonmuscularized vessels have only one lamina in the media,
the vascular muscularization was evaluated by counting all distal vessels bound to alveolar
ducts or to alveoli (0.d. <300 um) on one slide from each rat and determining the percentage
of them having two elastic laminae (% double laminated vessels, %DL)(Herget ef al., 2003;

Al-Hiti et al., 2013). Only the PAO and C groups were used in Study E.
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Statistical evaluation

Prism 9.5 (GraphPad Software, Boston, MA USA; RRID:SCR_002798) was used for
statistical calculations. The groups were compared usingone-way ANOVA followed by
Fisherleast significant differencepost hoc test. In studies A and E, where only two groups
were used, an unpairedtwo-sided t-testwas employed. In all cases, the level of significance

was seta priori at P < 0.05. The results are presented as means =+ SD.
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Results:

Our procedure of partial intravascular occlusion of the ascending aorta via carotid artery
access in rats is simple and easy. It takes ~10 minutes to perform and mortality is ~10% in
young adult rats (BW<250 g). Mortality was unacceptably high(~90%) for older rats
(BW>250 g). A critical point of the procedure was to implant the tip of the tubing just above
the aortic valve because implantation through the valve quickly leads to acute heart failure
and death. We found the tubing ofo.d. = 0.96 mm to be optimal in Wistar rats of 180 - 240 g
BW.

Three weeks of partial aortic obstruction resulted in ~10% BW loss (Figure 2). As expected,
chronic exposure to hypoxia alsoreduced BW (by ~20 %, significantly more than in the PAO
group). This effect of chronic hypoxia was further markedly aggravated by simultaneous

partial aortic obstruction (Figure 2).

Study A - confirming left ventricle failure

Induction of left heart pressure overloadby our partial aortic obstruction procedurewas
confirmed by elevatedleft ventricular end-diastolic pressurein the PAO group compared to

controls (Figure 3A). Heart rate was higher in the PAO group than in controls (Figure 3B).

Study B — detecting the presence of pulmonary hypertension

MeanPAP was significantly higher 3 weeks after partial aortic obstruction than in control rats
(Figure4A). Correspondingly, the RV weightwas increased, both relative to BW and to theleft
ventricle plus septum (LV+S) weight(Figure 4B and 5A).

Chronic hypoxic exposure increased mean PAP (and RVweight) more than the partial aortic
obstruction procedure (Figures 4 and 5A). Combining hypoxic exposure with partial aortic
obstruction (group PAO+H) did not cause further statistically significant rise in mean
PAPover the value in the group H. The RV weight /BW ratio was higher in the PAO+H than
in H group (Figure 5A), but because the hypoxic exposure apparently aggravated the left
ventricular failure, as judged from the higher LV+S weight/BW ratio in the PAO+H than in
the PAO group (Figure 5B), theRV/LV+Sweight ratio (RV/LV+S) did not differ between
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thePAO-+H and H groups (Figure 4B). Chronic hypoxia itself did not cause a statistically

significant increase in theLV+S weight/BW ratio.

Heart hypertrophy induced by partial aortic occlusion was completely reversible. At the end
of a3-week recovery period after removal of the obstructing cannula from the ascending aorta,
where it had been for 3 weeks, the LV+S weight/BW ratio was 1.64 £0.13 x 10~ compared to
1.71 £0.01 x 107 in controls (P = 0.3256; n = 8 and 6). The RV weight /BW ratio was also
normalised (0.47+0.08 x 10-vs0.48+0.06 x 10%; P = 0.6568), as was the RV/LV+S(0.29+0.06
vs. 0.28+0.03; P =0.9026). This "de-banding procedure" had zero mortality.

Study C - contribution of pulmonary arteries to pulmonary hypertension

Baseline perfusion pressure values in isolated lungs were pooled from Studies C and D because they
were obtained under identical conditions. The baseline perfusion pressure was significantly higher 3
weeks after partial aortic obstruction than in control rats (Figure 6A). Chronic hypoxic exposure also
increased baseline perfusion pressure, more so than in the PAO group. Combining partial aortic
obstruction with chronic hypoxia did not further increase baseline perfusion pressure in isolated

lungs over the values found in the PAO and H groups (Figure 6A).

The rapid portion of the perfusion pressure drop after arterial occlusion (APa, reflecting
precapillary resistance)was significantly larger after the partial aortic obstruction than in
control lungs (Figures 1 and 6B). As expected, the arterial pressure drop was also enlarged in
the lungs of rats exposed to chronic hypoxia. There was no significant difference in the
arterial pressure drop between the PAO and H groups. Partial aortic obstruction and chronic
hypoxia did not have any statistically significant cumulative effect on arterial pressure drop

(Figure 6B).

Study D - role of vasoconstriction

Partial aortic obstruction resulted in an increased slope of the pressure-flow relationship in
isolated lungs (Figure 7). Chronic hypoxia increased the slope of thepressure-flowline in a
manner similar to partial aortal obstruction. Pressure axis intercept did not differ among the
groups with the exception of PAO+H being higher than controls (5.8 + 3.8 vs. 2.8 £ 3.6
mmHg, P = 0.0074; n = 7/group).
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Sodium nitroprusside had no appreciable effect on the pressure-flow line in the control group
(Figures7B and 8A). In the PAO group, sodium nitroprusside reducedthe pressure-flow slope
to a value close to that in controls (Figures 7B and 8B). In the H and PAO+H groups, the
pressure-flow slopes did not differ significantly before and after sodium nitroprusside
(Figures 7B and 8C and D); however, the whole lines were shifted parallelly towards lower

pressures (P = 0.0491 and 0.0004, respectively; n = 7/group).

The magnitude of the vasoconstrictor responses to angiotensin II were increased in the lungs
from the PAO and PAO+H groups compared to controls (Figure 9A). Chronic hypoxia alone
did not alter this reactivity. Compared to controls, vasoconstrictor responses to acute hypoxic
challenges were elevated similarly in the PAO, H and PAO+H groups (Figure 9B). All data
on vasoconstrictor reactivity were pooled from studies C and D,inasmuch as theywere

obtained under identical protocols from the same experimental groups.

Study E — structural changes of small pre-alveolar vessels

The partial aortic obstruction resulted in markedly increased muscularization of the pre-

alveolar pulmonary vessels 3 weeks after the procedure(Figure3C).
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Discussion:

We present a new, simple, easy, minimally invasive, and reversible method of pulmonary
hypertension induced by left-heart pressure overload in rats. It does not require complicated
microsurgical techniques or open chest surgery. The procedure is performedin short-term
anaesthesia (thiopental in our experiments) with spontaneous breathing and requires minimal
recovery. The procedure has an acceptable mortality of ~10% in young animals. The learning
curve is short (<10 failed attempts). We did not encounter any failure of the method after
successful implantation of the tubing into the ascending aorta. The left heart pressure overload

is not severe enough to cause death within the time frame tested.

The weightchanges of the heart ventricles induced by the procedure are fully reversible.
Similar dynamics has previously been reported for the left ventricle and the whole heart after

removing an external band from the ascending aorta (Cho et al., 2014).

In addition to causing left heart pressure overload (elevated left ventricular end-diastolic
pressure), our method also induces pulmonary hypertension, as evidenced by increased PAP
and enlarged RVin vivo and by rised vascular resistance in isolated lungs (increased perfusion
pressure at constant flow, increased slope of the pressure-flow lines). The elevated vascular
resistance in isolated lungs (where the factor of the raised outflow pressure is eliminated)
shows that this pulmonary hypertension is not just a passive upstream transmission of left
heart pressure overload, but rather involves changes of the pulmonary vessels themselves
(“reactive” form, or stage, of PH2). Our results with isolated lung inflow occlusions reveal a
significant participation of increased pulmonary precapillary resistance. The increase in
pulmonary vascular resistance was almost completely eliminated by a vasodilator, sodium
nitroprusside, indicating an essential role of vasoconstriction in pulmonary hypertension in
this model. Nevertheless, the model is also characterised by a marked muscularization of
peripheral pulmonary vessels (higher %DL), which is also likely to contribute to the elevated
PAP. This is indirectly supported by the potentiated vasoconstrictor reactivity to angiotensin

Il and acute hypoxic challenges.

Compared to an established model of group 3 pulmonary hypertension, chronic hypoxia, the
partial aortic obstruction elevated the measures of pulmonary hypertension to the same

extent (pressure-flow slope, %DL) or less (mean PAP, RV/LV+S). This corresponds to the
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clinical experience that pulmonary hypertension in patients with left heart failure isoften not

very severe, especially at rest (Butler et al., 1999; Lam et al., 2009; Maron et al., 2016).

The degree of pulmonary vascular remodelling (%DL) after partial aortic obstruction was not
directly compared to that after chronic hypoxia in this study. However, it appeared higher
(74 %, up from 25 % in controls) than previously reported by us in hypoxic rats (~35 - 60 %)
(Hampl & Herget, 1990; Herget et al., 1998; Hampl et al., 2003; Herget et al., 2003;
Lachmanova et al., 2005; Chovanec et al., 2009). Extensive pulmonary vascular remodelling
in PH2 was reportedpreviouslyin rats, mice, and humans (Delgado et al., 2005; Chen et al.,

2012; Hunt et al., 2013; Fayyaz et al., 2018).

It is somewhat surprising that combining partial aortic obstruction with hypoxic exposure did
not further aggravate most of the symptoms ofpulmonary hypertension (PAP in vivoand
RV/LV+S, perfusion pressure in isolated lungs) as compared to rats exposed to hypoxia
alone. It may suggest that the effect of partial aortic obstruction on the pulmonary vessels is
not mediated by making animals hypoxemic. Thus, whatever mechanism is triggered by left
heart pressure overload, it 'competes' for an effect on pulmonary vessels with hypoxia
(which is stronger, as discussed above). At the same time, compared to hypoxia alone and
partial aortic obstruction alone, BW was markedly reduced by their combination, suggesting
additive effects on BW. The fact that the weight of both ventricles in relation to BWwas also
increased in the PAO+H group compared to both PAO and H groups can be explained by a

disproportionately larger loss of weight of other tissues within the studied time framework.

A limitation of this model is its sudden onset, which does not reflect the typical clinical
situation of PH2, in which the left heart pressure overload usually develops gradually,
allowing for the heart to adapt to increasing pressure. We believe this is the reason why,
somewhat paradoxically, the introduction of a tubing of the same size was much better
tolerated by smaller than larger animals. Their young age probably enabled them to
compensate more effectively for the sudden increase in afterload. This is the main
disadvantage of our procedure compared to the most frequently used rat model of
PH2,supracoronary aortic banding. In that procedure, the ascending aorta is partially
occluded by a suture or clamp in small (juvenile) rats (80 - 100 g BW). Then, as they grow,

the proportion of the aortic cross-sectional area that is restricted becomes relatively larger
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and the pressure overload gradually increases. The full development of the model usually
lasts over 2 months (Dai et al., 2004; Hentschel et al., 2007; Yin et al., 2009; Kerem et al.,
2010; Yin et al., 2011; Hunt et al., 2013; Wang et al., 2016; Breitling et al., 2017; Ranchoux et
al., 2019; Zhang et al., 2019; Zhang et al., 2020; Lambert et al., 2021). The advantage of our
model, on the other hand, is that it uses fully adult rats (200-250 g) and thus simulates the
more frequent clinical situation of left heart disease occurring in adulthood rather than in

adolescence.

In conclusion, we present a novel, simple to perform and use rat model of pulmonary
hypertension induced by left heart pressure overload caused by partial intravascular
obstruction of the ascending aorta. The model displays both increased muscularization of
peripheral pulmonary vessels and increased vascular tone with significant involvement of
the precapillary part of the pulmonary vasculature. Due to its simplicity and properties, it

can be useful for further studies of PH2 pathophysiology and potential therapies.
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Figure legends:

Figure 1: Inflow occlusion manoeuvre in isolated lungs.
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Examples of pressure recordings during sudden arterial occlusions in isolated lungs. Dotted lines
show the actual pressure recordings, the solid lines show the power regressions of the slower part of
the pressure decay after arterial occlusion. BL = mean baseline perfusion pressure before the arterial
occlusion (flow rate = 0.04 ml/min/g of body weight), Pa = intercept between the rapid decrease in
pressure after arterial occlusion and the power regression of the slow pressure decay, A Pa = BL - Pa

difference.

A: Example of a control lung. B: Example of the lung isolated 3 weeks after partial aortic obstruction

(PAO group).
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Figure 2: Body weight is reduced by partial aortic obstruction, chronic hypoxia, and their

combination.
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C = control group, PAO = group 3 weeks after partial aortic occlusion, H = rats after a 3 week hypoxic
exposure, PAO+H =rats exposed to 3 weeks of hypoxia with partial aortic occlusion. Circles represent

individual values, horizontal lines are means and sb.
*P =0.0022 vs. group C

**Pp< 0.0001 vs. group C

P =0.0011 vs. group PAO

$p< 0.0001 vs. groups PAO and H
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Figure 3: Left ventricular end-diastolic pressure (A), heart rate (B), and muscularisation of

peripheral pulmonary vessels (C) are increased in rats with partial aortic obstruction.
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Figure 4: Mean pulmonary arterial pressure in vivo (A) and right-to-left heart ventricle weight

index (B) are increased by partial aortic obstruction, chronic hypoxia and their combination.
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PAP = pulmonary arterial pressure, RV/LV+S = weight of the right ventricle relative to the left
ventricle and septum. For group denominations on horizontal axis, see legend to Figure 2. Circles

represent individual values, horizontal lines are means and sp.

*P=0.0282 (in A) or 0.0186 (in B) vs. group C
**P<0.0001 vs. group C

"P<0.0001 (in A) or P =0.0058 (in B) vs. group PAO
TP =0.0045 vs. group PAO

Group PAO+H vs H: P=0.1989 (in A) or 0.9692 (in B).
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Figure 5: Relative weights of the right (A) and left (B) heart ventricles
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relative to body weight. For group denominations on horizontal axis, see legend to Figure 2. Circles

represent individual values, horizontal lines are means and sp.
*P =0.0158 vs. group C
*P< 0.0001 vs. all other groups

All other differences in panel A: P > 0.0928
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Figure 6: Baseline perfusion pressure (A) and arterial pressure drop (APa, B) in isolated lungs are

increased by partial aortic obstruction, chronic hypoxia and their combination.
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Baseline perfusion pressure was measured at a flow rate of 0.04 ml/min/g body weight. For

explanation of APa, see Figure 1. For group denominations on horizontal axis, see legend to Figure 2.

Circles represent individual values, horizontal lines are means and sp.

*P =0.036 (in A) or 0.0020 (in B) vs. group C

** P< 0.0001 (in A) or P=0.0011 (in B) vs. group C
***p =0.0007 (in A) or 0.0173 (in B) vs. group C
'P=0.0319 vs. group H

Other differences: P >0.1306 (in A) or 0.362 (in B)
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Figure 7: Relationship between flow rate and perfusion pressure in isolated lungs.
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B: Slopes of the linear regressions of the perfusion pressure-flow (P/Q) data in isolated lungs
before and after sodium nitroprusside (SNP) administration (means and SD, n = 7/group). BW
= body weight.

For group denominations on the horizontal axis, see the legend of Figure 2.

*P =0.0024 vs. group C before SNP
**p =(0.0142 vs. group C before SNP
'P = 0.0462 vs. group PAO before SNP
$p = 0.0003 vs. group H with SNP

$P< 0.0001 vs. group C with SNP
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$38p = 0.0028 vs. group H with SNP

*P = 0.0285 vs. the same group before SNP
All other differences before SNP: P > 0.1535
All other differences with SNP: P >0.3920

All other differences between pre- and post-SNP values: P > 0.4398
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Figure 8: Effect of sodium nitroprusside (SNP) on the relationship between flow rate and perfusion

pressure in isolated lungs.
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Figure 9: Acute vasoconstrictor reactivity in isolated lungs is potentiated by partial aortic obstruction.
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A: Change in perfusion pressure elicited by angiotensin Il injection (0.2 ug) into the inflow line is

increased by partial aortic obstruction with or without concomitant chronic hypoxia.

B: Change in perfusion pressure elicited by acute hypoxic (0% 0O?) ventilation is increased by partial

aortic obstruction, chronic hypoxia, and their combination.

For group denominations on the horizontal axis, see the legend of Figure 2. Circles represent

individual values, horizontal lines are means and sb.
*P =0.0069 (in A) or P =0.0001 (in B) vs. group C
**Pp =0.0028 vs. group C

***p =0.0010 vs. group C

*P=0.0342 vs. group H

"P=0.0296 vs. group PAO

P < 0.0001 vs. groups C and H

Groups Cvs. Hin A: P =0.4341; all other differences in B: P > 0.3256
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