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I. Úvod 

Kardiovaskulární onemocnění jsou v České republice a v industrializovaných zemích 

častou příčinou morbidity a nejčastější příčinou mortality. V posledních několika 

desítkách let byl učiněn velký pokrok ve studiu kardiovaskulárních chorob a především 

byly učiněny zásadní změny v přístupu k léčbě těchto onemocnění. V poslední době je 

tento výzkum mimo jiné zaměřován také na studium cévní stěny. V roce i 988 popsal ve 

své práci Yanagisawa (Yanagisawa M. et al., 1988; Yanagisawa M. et al., 1998) nový 

peptid produkovaný endoteliálními buňkami, s velkým vazokonstrikčním potenciálem, a 

nazval jej endotelinem. Tento peptid o 21 aminokyselinách byl izolován z kultur 

aortálních endoteliálních buněk prasat. S postupujícím výzkumem se rozšiřovalo spektrum 

potenciálních účinků tohoto peptidu a jeho ubikvitérní zastoupení ve většině buněčných 

struktur organismu. Endotelinový systém dokáže v pikomolárních koncentracích 

potencovat účinek jiných vasokonstrikčních látek (Dohi Y. et al, 1992). Vzhledem k tomu 

se nabízí jeho použití jako možnost terapeutického zásahu zejména při léčbě arteriální 

hypertenze a hypertenzního orgánového postižení. 

Endotelin působí spíše parakrinním a autokrinním způsobem než jako cirkulující hormon. 

Za zmínku stojí jeho blízká strukturální podobnost s jedem hadů čeledi zemězmijovitých 

(Atractaspididae) produkujících ve svých jedových žlázách sarafotoxiny, které pro své 

silné vazokonstrikční a kardiotoxické účinky mohou způsobit i smrtelnou otravu člověka 

(Kloog Y. et al., 1989). 

A. Tvorba a degradace endotelinových působků v organizmu 

Biosyntéza endotelinových peptidů 

V roce 1989 Inoue (Inoue A. et al., 1989) sekvenoval kompletní gen pro lidský endotelin. 

Necelý rok po té byly objeveny další dva strukturálně příbuzné peptidy. Endotelinový 

systém se tedy sestává z rodiny tří příbuzných peptidů Endotelinu 1 (ET-1 ), Endotelinu 2 

(ET-2) a Endotelinu 3 (ET-3). Dodatečně byl ještě u myší a potkanů popsán peptid 

označovaný jako ET-4 nebo také „vasoactive intestinal constrictor". Ten je však identický 

s lidským endotelinem typu 2 (Bloch KD . et al., 1991). 

Každý z izoenzymů endotelinu (ET 1-3) je produktem zvláštního genu, který kóduje jeho 

specifický prekurzor (Inoue A. et al, 1989). Endoteliny ET-2 a ET-3 se liší od původního 

peptidu ET-1 ve dvou, resp. v šesti aminokyselinách. Produktem přepisu ET genu je pre

pro-endotelin, který je tvořen přibližně 200 aminokyselinami ( dle typu ET). Tento 



endotelinový prekurzor je štěpen furinovou endopeptidázou a vzniká biologicky inaktivní 

peptid - ,, big endotelin" (big ET) o 3 7-41 aminokyselinách. Poslední fází je rozdělení big 

ET na pozici Trp21 -Val22 u ETl a ET2 nebo na pozici Trp21 -Ile22 u ET3. Endoteliny působí 

v organismu přes své specifické receptory - ETA a ET s receptory. 

Největší vazokonstrikční potenciál má ET-1, těsně následovaný ET-2 a nejméně účinný je 

v tomto směru ET-3 . V experimentálním modelu na potkanech v anestézii dochází po 

bolusové intravenózní aplikaci ET-1 nebo ET-2 v dávce 1 nmol/kg k .typické tlakové 

odpovědi. Tranzientní pokles arteriálního tlaku trvající 3-1 O minut je následován 

postupným vzestupem tlaku nejméně na 1 hodinu. Nejprve převládne vazodilatační 

odpověď přes ET 8 receptory, která vyvolá zvýšenou produkci oxidu dusnatého a 

prostacyklinu (PGI2) (Berti F. et al., 1993). Následná vazokonstrikční odpověď je 

způsobená stimulací ETA receptorů hladkých svalových buněk cév. Tato typická tlaková 

odpověď nebyla pozorována u ET-3 (Bird JE. et al., 1993) 

Endotelin konvertující enzym (ECE) 

Za poslední krok při štěpení big ET je zodpovědný enzym ze skupiny metaloendopeptidáz. 

Byl nazván endotelin konvertujícím enzymem (ECE); sdílí funkční a strukturální 

podobnost s neutrální endopeptidázou a s proteiny krevních skupin Kell. Doposud byly 

popsány tři druhy ECE. Převažujícím místem vzniku Endotelinu 1 jsou endoteliální buňky 

cév. Na rozdíl od toho ET 2 a ET 3 byly nalezeny například ve dřeni ledvin a v nervových 

zakončeních. ECE může být částečně inhibován Phosphoramidonem. 

Je známo několik subtypů ECE lišících se částečně svou aktivitou 1 zastoupením 

v různých orgánech. 

Subtyp ECE-1 se nachází především na povrchu endotelových buněk cév, ale je 

prokazatelný také v buňkách hladkých svalů, exokrinních žláz nebo v nervových buňkách. 

Má vysokou aktivitu při neutrálním pH, je funkční jak intracelulárně tak na povrchu 

buněk . Afinita endotelin konvertujícího enzymu ECE-1 štěpit prekurzor endotelinu 

postupně klesá v tomto směru - big ET-1, big ET-2 a nejméně big ET-3. Mimo to dokáže 

ECE-1 štěpit i jiné biologické substráty, například bradykinin, substanci P, angiotenzin I, 

insulin a další (D'Orleans-Juste et al., 2003). 

Existují čtyři izoformy ECE-1: ECE-1 a, ECE-1 b, ECE-lc a ECE-1 d (Shimada K. et al. , 

1994; Schweizer A. et al. , 1997; Valdenaire O. et al., 1999) Všechny isoformy jsou 

produktem přepisu stejného genu, lokalizovaného na chromozomu 1 (lp36), ale maj í své 

specifické promotory. Tyto izoformy se liší svými N-terminálními konci a určuje se tak 
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jejich lokalizace na buňce. ECE-la, ECE-lc a ECE-ld jsou z plazmatické membrány 

orientovány svou katalytickou doménou vně buněk. Aktivita ECE-1 b je orientována 

intracelulárně. V roce 2003 popsal Muller (Muller L. et al. , 2003) aktivitu ECE-1 b a 

ECE-1 d endosomálně. 

Je známo, že ECE-2 je z 59% identický s ECE-1 a má stejně tak 4 izoformy s podobnou 

lokalizací v buňce. Nejvyšší aktivitu vykazuje při pH 5.8, proto je aktivní spíše 

intracelulárně (Emoto N. et al., 1995). Můžeme ho nalézt například na neuronech nebo 

buňkách nadledvin. 

Třetí ze zástupců rodiny endotelin konvertujících enzymů ECE-3 byl izolován 

z mikrosomů bovinních duhovek (Hasegawa H. et al., 1998). ECE-3 je specifický pouze 

pro big ET-3 a neštěpí big ET-1 ani big ET-2. 

Důležitost ECE lze dokumentovat asi 

140-ti násobným zvýšením 

vazokonstrikční účinnosti ETl oproti 

prekurzoru big ET. Pro-endotelin pak 

nevykazuje téměř žádnou 

vasomotorickou aktivitu (Rubanyi 

GM. et al., 1994) (Obrázek Al). 

Významná fyziologická úloha 

endotelin konvertujících enzymů je 

patrna i u modelu homozygotní (-/-) 

knock-out myši pro gen ECE-1, u 

které tato genová konstelace vede 

k fatálním vývojovým defektům 

Obrázek Al: Schéma syntézy ET-1 1
-
21 a ET-1 1

-
31 

Prepro ET-1 
Lys - Arg Lys - Arg 

N i __ i __ ~ C. 

I ~ : ___ w I~~~ 
1 20 53 74 r 90 212 

T I Signální peptidáza 

Pro ET-1 

l Trp" - Val" t Tyi' - Gl:··,··u······r···i···n···················· ..... 

Big ET-1 
1 38 

i 

ECE ............. ! • i Chymasa I 

!NEP a/nebo ECEI 

ET-1 ET - 1(1-31) 

(Legenda: Prepro ET-1: Preproednotelin I ; Pro ET-1: Proendotelin; ECE: 

Endotelin konvertující enzym; NEP: neutrální endopeptidáza; upraveno 

dle: D'Orleans-Juste et al., 2003) 
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Alternativní cesta syntézy endotelinu 

Jako alternativní cesta štěpení Angiotenzinu I (ANG I) na Angiotenzin II (ANG II) působí 

v lidském myokardu chymása (chymosin) žírných buněk. Stejně tak byl popsán i 

alternativní způsob syntézy endotelinu pomocí tohoto enzymu. Tímto mechanismem je 

štěpen big ETl a big ET2 v místě vazby Tyr3 1-Gly32, čímž vzniká nový peptid 

s vazokonstrikční aktivitou ET-1 (1-31) , respektive ET-2(1-31). V dalším kroku je ET-1 

(1-31) rozštěpen především pomocí neutrální endopeptidázy (NEP), ale · také ECE, na 

finální ET-1 (1-21). In vitro způsobuje podání Endotelin-1 (1-31) pomalejší, ale déle 

trvající vazokonstrikční odpověď, bez typického bifázického průběhu (Fecteau MH et al. , 

2005). 

Protože u celé řady srdečních, plicních a cévních chorob dochází k degranulaci žírných 

buněk, dá se předpokládat účast ET-1 (1-31) v rozvoji těchto onemocnění (Doggrell SA. 

et al., 2004). 

Faktory regulující syntézu endotelinu 

Regulace tvorby endotelinu se odehrává hlavně na úrovni syntézy, především ve fázi 

transkripce. Zvýšená hladina mRNA ET-1 byla pozorována jako odpověď na podání 

ANGII, noradrenalinu, vazopresinu nebo trombinu. Také cytokiny (tumor necrosis factor 

alfa (TNF a), interleukiny a transforming growth factor beta (TGF ~)) zvyšují syntézu ET-

1 (Yanagisawa M. et al., 1989; Kedzierski RM. et al. , 2001 ; Hynynen MM. et al. , 2006). 

Hladiny mRNA ET-1 jsou zvyšovány hypokapnií a snižovány hypoxií (Yoshimoto S. et 

al. , 1991). 

V epiteliálních buňkách smykové napětí neJprve zvyšuje a následně snižuje produkci 

endoteliální mRNA (Malek AM. et al., 1999). Snížené hladiny mRNA ET-1 byly 

pozorovány jako odpověď na NO, prostacyclin nebo atriální natriuretický faktor (ANF) 

(Kohno M. et al. , 1992; Kedzierski RM. et al., 2001; Hynynen MM. et al. , 2006). 

V pozitivním smyslu se uplatňují i adhezivní molekuly ICAM-1 , VCAM-1. 

Endoteliální buňky obsahují podlouhlé vezikuly nazvané Weibel-Paladeho tělíska, která 

slouží jako zásobárna pro ET-1. Při aktivaci endoteliálních buněk dochází k přesunu 

těchto organel k povrchu buňky, následně dojde k fúzi s plazmatickou membránou a 

exocytóze obsahu tělísek vně buňky (van Mourik JA et al., 2002). 

Převažujícím místem vzniku ET-1 jsou endoteliální buňky cév, ale může být produkován 

leukocyty, makrofágy, hladkými svalovými buňkami, kardiomyocyty nebo mesangiálními 
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buňkami. Na rozdíl od ET-1 byly ET-2 a ET-3 nalezeny ve dřeni ledvin, nadledvinách 

nebo v nervových zakončeních. 

Katabolismus endotelinů 

Jednu z nejdůležitějších cest odbourávání endotelinů zajišťují ET8 receptory. Po navázání 

Endotelinu na tento receptor dochází k internalizaci tohoto komplexu a jeho degradaci . 

Děje se tak především v plicích a dále pak v ledvinách. Asi 80% ET-1 je 9dstraňováno 

z plazmy právě ET 8 zprostředkovanou cestou v plicních cévách (Fukuruoda T. et al., 

1994). 

Clearance endotelinů je složitý proces, při kterém se dále jako další cesta degradace 

uplatňuje již zmíněný hydrolytický enzym - NEP (Abassi ZA. et al., 1992). Aktivita 

tohoto enzymu byla pozorována v plicích, v ledvinách, ale také u buněk karcinomu 

endometria (Suzuki T. et al. 2001). V tomto případě aktivita NEP a tím i ET-1 koreluje se 

stupněm nádorového postižení (tumor grade). 

B. Mechanismus účinků 

Do současnosti byly popsány dva druhy endotelinových receptorů, označených ETA a ET 8 

(Sakurai T. et al., 1990). Receptory endotelinů působí přes své G-proteiny, aktivují tak 

fosfolipázu C, zvyšují intracelulární kalcium a indukují časné geny. Receptor ETA působí 

vazokonstrikčně, zvyšuje buněčnou proliferaci a má pozitivně inotropní efekt. Má 

subnanomolární afinitu pro ET-1 a ET-2 a o dva řády nižší aktivitu pro ET-3. Receptor 

ET A se vyskytuje na endoteliích cév, na epiteliích průdušek, kardiomyocytech, 

hepatocytech, neuronech a dalších buněčných strukturách. 

Receptor ET 8 se vyskytuje na cévních endoteliích, hladkých svalových buňkách cév, 

makrofázích, hepatocytech, tubulárních buňkách ledvin, neuronech. Hlavní funkcí ET 8 

receptorů je uvolnění NO, prostacyklinu a ovlivnění buněčné apoptózy (Rich S. and 

McLaughlin V.V. et al., 2003). Lokalizace receptorů pro endotelinový systém se na celé 

řadě buněčných struktur tedy překrývá a některé buňky mají oba typy receptorů . Výsledný 

efekt endotelinů je tedy závislý na potenciálním zastoupení jednotlivých receptorů 

v daném vaskulárním řečišti. 

Fyziologická úloha endotelinů v ontogenezi 

Při defektu genů pro ET-1 , ET A a ECE- I dochází v experimentu k vývojovým anomáliím 

hlavových a srdečních výtokových struktur (pravostranný srdeční oblouk, komorové 
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septální defekty). Vývojové vady u jedinců těchto myších linií jsou neslučitelné se 

životem a zvířata umírají těsně po porodu pro asfyxii z důvodu závažných malformací 

obličejových a krčních struktur (rozštěpové vady patra, hypoplastická mandibula nebo 

hypoplastický jazyk). 

Experimenty s genově modifikovanými zvířecími modely přinesly celou řadu důkazů o 

důležitosti endotelinového systému v ontogenezi savců. Myší modely s knock-out geny 

pro ET-3, ET8 a ECE ukázaly nezbytnost těchto genových produktů pro správný 

embryonální vývoj struktur odvozených z neurální trubice. 

Defekt genu pro ECE-1 vede u těchto zvířat k deficitu ET-1/ETA a současně ET-3/ETs, 

což vyústí v nedostatečnou tvorbu melanocytů (normální výskyt retinálního pigmentu, ale 

bílé zbarvení srsti „white spotting"). Zároveň dochází k chybnému vycestování nervových 

buněk do nervových ganglií - v gastrointestinálním traktu je pak nedostatečná střevní 

inervace. Vyvíjí se dilatace proximálního tračníku a zvířata pro střevní obstrukci postupně 

umírají (analogie Hirschsprungovy choroby). Detailněji je tato problematika popsána 

v přehledném článku autorů Kadziersky et al., 2001. 

Endoteliny v cévách různých orgánových systémů 

Z rodiny endotelinových peptidů má z hlediska hypertenze a hypertenzního orgánového 

poškození nejdůležitější úlohu ET-1. Postupně byly vyvíjeny antagonisté endotelinových 

receptorů se schopností neselektivně či selektivně blokovat ET receptory. Přehled 

antagonistů endotelinových receptorů je uveden v Tabulce Al. 

Tabulka Al: Přehled selektivních a neselektivních endotelinových blokátorů 

ETA/ ETs ETA ETs 
TAK-044 BQ-123 BQ-788 

Bosentan (Tracleer®) BQ-610 REA-701-1 
PD 145065 FR139317 RO-468443 
L-744, 453 IPl-725 
L-751281 A-127722.5 

L-754, 142 LU135252 
SB209670 PD155080 
SB217242 PD156707 

BMS-182874 
TBC11251 
Atrasentan 

(Upraveno dle: Kedzierski et al., 2001) 

8 



Tento fakt výrazným způsobem pomohl ve studiu endotelinového systému jak na 

zvířecích modelech, tak později i v klinické praxi. V současné době jsou neselektivní 

blokátory ET A a ET 8 (Bosentan chemický vzorec a struktura viz. obrázek A2) a selektivní 

blokátory ET A již ve fázi II klinického zkoušení v léčbě plicní hypertenze a chronického 

srdečního selhání. Dosud se nepodařilo najít klinické použití pro selektivní blokátor 

receptoru ET s. 

Obrázek A2: Chemická struktura neselektivního endotelinového blokátoru - Bosentan 

(4-tert. -butyl-N-[6-(2-hydroxyethoxy )-5-(2-methoxyphenoxy)-2, 2 '-bipyrimidine-4-yl] benzenesulfonamide) 

~ N 

* 
o 

o 
l,oH 

(Upraveno dle publikace Weber C. et al. , 1999) 

Bylo zjištěno , že většina pacientů s arteriální hypertenzí má normální hladiny 

plazmatického Endotelinu-1. Výjimku tvoří pacienti s renálním selháním nebo vzácné 

případy hemangioendotheliomu, u kterých je hladina ET-1 v plazmě několikanásobně 

zvýšená. Vysvětlením těchto nálezů může být již zmiňovaný fakt, že ET-1 působí 

především parakrinním nebo autokrinním mechanismem. Koncentrace ET-1 v cévní stěně 

je asi stonásobně vyšší než je jeho koncentrace v plazmě. 

V úvodu bylo již zmíněno , že intravenózní aplikace bolusu ET-1 vede ke krátkodobému 

poklesu krevního tlaku, po kterém následuje déletrvající vzestup tlaku. Počáteční pokles 

cévní rezistence je dán účinkem NO a prostacyklinu, ke kterému dojde stimulací ET 8 

receptorů endoteliálních buněk. Druhá, vazokonstrikční fáze je pak způsobena stimulací 

ETA receptorů na hladkých svalových buňkách a zvýšením jejich tonu. 
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V geneticky změněném myším modelu s nedostatkem ET-1 (ET-1 knock-out gene) byly 

naměřeny o 15 torrů nižší systolické i diastolické tlaky než u kontrolní skupiny zvířat. 

Vliv dalších faktorů ovlivňujících krevní tlak u tohoto zvířecího modelu byl odstraněn 

farmakologickou blokádou angiotenzinového a sympatického systému. 

Endotelinový systém má důležitou úlohu i v patofyziologii aterosklerózy. U králíků 

krmených vysokocholesterolovou dietou dochází k 2-4 násobnému vzestupu tkáňových 

hladin ECE-1 a až k šestinásobnému zvýšení tkáňových hladin ET-1 (Mitani H. et al., 

2000). 

Pomocí radioizotopově značeného ET-1 podávaného intravenózně byl podán důkaz o 

přítomnosti endotelinových receptorů v aterosklerotických plátech (Dashwood MR. et al., 

1993). 

Endotelin-1 Je také hlavním srdečním endotelinem, jehož zdrojem jsou především 

kardiomyocyty, endoteliální buňky a srdeční fibroblasty. In-vitro byl pozorován pozitivně 

inotropní a chronotropní efekt ET-1. Během několika hodin po závažné koronární 

ischémii jsou několikanásobně zvýšené hladiny plazmatického ET-1. Účinky 

endotelinové systému a blokátorů ET receptorů byly studovány na zvířecích modelech 

akutního infarktu myokardu (IM). Ze závěrů těchto studií vyplývá, že aktivace ET 

receptorů je výhodná několik hodin po IM a naopak z dlouhodobého hlediska se 

pravděpodobně aktivovaný endotelinový systém podílí na rozvoji městnavého srdečního 

selhání. 

V plicích je ET-1 exprimován na endoteliích cév, epiteliích bronchiálního stromu a na 

makrofázích. Endotelinový systém se podílí na regulaci tonu dýchacích cest a je proto 

pravděpodobná jeho spoluúčast při vzniku intersticiálních plicních procesů a astmatu. U 

zvířecího modelu krys exprimujících ve zvýšené míře ET-1 dochází k vývoji septovaných 

edematózních alveolů a k hyperplázii pojivové tkáně. Dle histologického vyšetření 

onemocnění připomíná obliterující bronchiolitidu. 

Velice důležitá je fyziologie a patofyziologie působení ET-1 v plicních cévách. 

Vazokonstrikční působení na plicní cévy je zprostředkováno ETA receptory. U pacientů 

s primární plicní hypertenzí jsou v endotéliích plicních artérií zvýšené koncentrace ET-1 

mRNA a ET-1 (Giaid A. et al., 1993). Zůstává otázkou, do jaké míry se na zvýšených 

hladinách ET-1 podílí jeho zvýšená produkce (mRNA) nebo naopak snížená degradace 

pomocí ET s receptorů. V oblasti plicní hypertenze bylo zatím dosaženo největšího 

klinického použití endotelinových blokátorů (viz níže). 
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Taktéž v ledvinném parenchymu se uplatňuje endotelinový systém. ET-1 je syntetizován 

jako u jiných orgánových systémů endoteliálními buňkami cév, ale zároveň jsou ET-1 a 

ET-3 produkovány epiteliálními buňkami dřeňových a korových sběrných kanálků. 

V ledvinném parenchymu se vyskytují oba typy endotelinových receptorů, avšak 

v tubulech ledvin převažuje ET 8 typ receptoru s maximálním výskytem v oblasti sběrných 

kanálků vnitřní dřeně. Endotelinový systém výrazným způsobem ovlivňuje průtok krve 

ledvinou, reabsorpci vody a acidobazickou rovnováhu. 

Endotelin-1 působením přes ET A receptory snižuje průtok krve ledvinami, kortikální 

perfúzi, glomerulární filtraci a sodíkovou exkreční frakci. Naopak stimulace ET 8 

receptorů ET-1 ve dřeni zvyšuje diurézu a natriurézu. 

Vzhledem k úzké souvislosti endotelinového sytému s endoteliemi cév je jasné, že bude 

tento systém ovlivňovat většinu fyziologických a patofyziologických procesů ve všech 

orgánech. Podrobné informace o těchto systémech jsou uvedeny v souborném článku 

Kadzierski et al. , 2001. 

C. Interakce mezi endotelinovým a renin - angiotenzinovým systémem 

Endotelin a endotelinové blokátory v experimentálních modelech hypertenze 

Vztahy mezi renin-angiotenzin-aldosteronovým (RAS) a endotelinovým (ET) systémem 

představují důležitý prvek v rozvoji arteriální hypertenze a s tím spojeného hypertenzního 

orgánového. Potenciální mechanismy, kterými ET-1 ovlivňuje produkci renmu, Jsou 

znázorněny na obrázku A3 (Rossi GP. Et al., 1999). 

První studie v experimentálním modelu hypertenze provedené u kmenů spontánně 

hypertenzních potkanů (SHR) a u spontánně hypertenzních · potkanů se sklony k iktu 

(SHR-SP) ukázaly, že po akutním podání ETA blokátoru u SHR-SP potkanů dochází na 

rozdíl od SHR potkanů k poklesu krevního tlaku. Taktéž neselektivní blokáda ETA/ET 8 

receptorů Bosentanem u SHR potkanů neovlivňuje vývoj hypertenze ani hypertenzního 

orgánového postižení (Jin-S Li et al., 1995; Moreau P. et al., 2003; Cosenzi A. et al. , 

1999). 

Naopak chronická blokáda ETA a ET 8 receptorů pomocí Bosentanu u jiného modelu 

hypertenze - u DOCA-salt potkanů (Deoxycorticosteron acetát+ sůl) snižuje krevní tlak. 

Důležitost renin-angiotensinového systému pro rozvoj hypertenze a hypertenzního 

orgánového poškození u různých modelů experimentální hypertenze byla již dobře 

prostudována (Bader M. et al. , 2001 ). Předcházející studie provedené postupně několika 
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autory prokázaly, že endotelinový systém hraje důležitou úlohu v patogenezi u sůl 

senzitivních modelů hypertenze a jejich hypertenzního orgánového postižení (Moreau P. 

et al, 2003 ; Roux S. et al. , 1999). Blokáda endotelinových receptorů se ukázala být 

účinnou především u „ sůl senzitivních" modelů hypertenze - již zmiňovaný DOCA-salt, 

dále Dahl - sůl senzitivní potkan, SHR-SP se zvýšeným přísunem soli v potravě . Z tohoto 

důvodů vzbuzuje interakce mezi RAS a ET systémem zvýšenou pozornost. Bylo 

prokázáno, že ANG II stimuluje pre-pro-ET mRNA expresi a ET-1 uvolnění v in-vitro 

kulturách endoteliálních buněk (Emori T. et al. , 1989), v buňkách hladkých svalů (Sung 

CP. et al., 1994) a v mesangiálních buňkách ledvin (Kohno M. et al. , 1992). Navíc bylo 

prokázáno, že u externě dodávaného ANG II (ANG 11-infused hypertensive rats) stoupá 

ledvinná exprese pre-pro-ET mRNA a zvyšuje se koncentrace ET-1 (Alexander BT. et al. , 

2001; Sasser JM. et al., 2002). 

Obrázek A3: Mechanismy ovlivňující produkci reninu endotelinem I . 

Endothelin-1 

ETiET8 ? ? . . 

~ tcAMP 

t Aldosterone 

t1sma 
Volume • 

._I ----•.-· i Renin 

(ZG - buňky zona glomerulosa; JG - juxtaglomerulámí buňky; PLC - fosfolipáza C; PKC - proteinkináza C; PGl2 - prostaglandin I; 
cAMP - cyklický adenosin monofosfát; upraveno dle: Rossi GP. et al. , 1999) 

Avšak u ANG II dependentního modelu hypertenze m-v1vo tyto studie nepřinesly 

jednoznačné výsledky. Bylo zjištěno, že blokáda ET receptorů u ANG II infundovaných 

potkanů jednoznačně zpomaluje rozvoj hypertenze a snižuje poškození ledvin a srdce 

(Ficai S. et al., 2001; ďUscio LV. et al., 1997). Také podávání Bosentanu (neselektivního 
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blokátoru receptorů AT A/ET 8 ) dvojitě transgenním potkanům nesoucím geny pro lidský 

renin a angiotenzin s rozvojem maligní hypertenze snížilo krevní tlak, redukovalo 

mortalitu, albuminurii, poškození ledvin a srdeční hypertrofii (Muller DN. et al. , 2000). 

V některých studiích se naopak nepodařilo prokázat, že blokáda ET receptorů pomáhá 

předcházet rozvoji hypertenze a přidružených kardiovaskulárních komplikací. Například u 

Goldblattova modelu hypertenze (2Kl C - dvě ledviny, jedna klipovaná) blokáda ETA 

receptoru nesnižuje krevní tlak (Ehmke H. et al., 1999; Saam T. et al., 2003; .Touyz RM. 

et al. , 2000; Blezer ELA. et al., 1999). 

Pokud tedy shrneme tyto výsledky, tak u hypertenzních zvířecích modelů s exogenně 

dodávaným ANG II lze pozorovat endotelin dependentní složku hypertenze, zatímco u 

modelů s endogenní produkcí ANG II tato složka pozorována nebyla. Bohužel důvod 

tohoto rozporu byl dosud nejasný. 

Z tohoto důvodu jsme se v našich studiích rozhodli použít ANG II dependentní model 

hypertenze - transgenní kmen potkanů nesoucích myší gen pro renin (TGR; označení 

kmene - TGR(mRen2)27). Rozvoj hypertenze u tohoto kmene potkanů je tedy dán inzercí 

myšího genu pro renin do genomu potkana (Mullins J. et al. , 1990). Tito TGR potkani 

tedy reprezentují model hypertenze s dobře definovaným genetickým pozadím, u kterých 

je rozvoj hypertenze dán alterací jednoho genu a je jasně ANG II závislý (Langheinrich 

M. et al. , 1996). Přehled vlivu endotelinového systému u různých experimentálních 

modelů hypertenze je znázorněno v tabulce A2. 

Na základě uvedených studií se dá tedy předpokládat, že vzájemné působení ET-1 a ANG 

II bude mít důležitou úlohu v rozvoji maligní fáze hypertenze (Mullins J. et al. , 1990; 

Langheinrich M. et al., 1996). 

Předmětem studia těchto interakcí byl i výzkum prováděný naší pracovní skupinou. 

Stanovili jsme si za cíl prokázat vliv neselektivní blokády ETA a ET 8 receptorů u jasně 

definovaného modelu hypertenze, tedy homozygotních samčích TGR(mRen2)27 potkanů, 

na vliv rozvoje hypertenze a hypertenzního orgánového poškození (Dvorak P. et al. , 2004) 

V další studii na stejném modelu arteriální hypertenze jsme se zaměřili na vliv 

vysokoslané diety na tyto transgenní zvířata (Opocensky M. et al. , 2004). 

V recentně publikované studii byla zaměřena pozornost na efekt časné blokády ET A 

receptorů pomocí Atrasentanu (Atrasentan - ABT-627) na rozvoJ hypertenze, 

hypertenzního orgánového postižení a mortality (Vaneckova I. et al. , 2005). Výsledky 

těchto studií jsou součástí této disertační práce. 
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Tabulka A2: Efekt blokády endotelinového systému na kontrolu arteriální hypertenze u 

jednotlivých experimentálních modelů vysokého krevního tlaku. 

Efektivita antihypertenzní léčby endotelinovými blokátory v experimentálních modelech hypertenze 
Snížení TK Publikace 

+++ 

DOGA- sůl Karam et al. 1996; Li et al 1994; Matsumura et al. 1999; Polock et al. 2000 

Aldosterone + sůl Park a Schiffrin 2001 

Dahl SS Barton et al. 1998; ďUscio et al. 1997; Kassab et al. 1998; Okada et al. 2000 

SHR-SP Blezer et al. 199; Chillon et al. 1996; Sharifi et al. 1998; Stasch et al. 1995; Touyz et al. 2000 

Anqiotensin li Herizi et al. 1998; Moreau et al. 1997 

+ 

2K-1C Bianciotti and Bold 2001; Ehmke et al. 1999; Hocher et al. 1999; Li et al. 1996 

---
SHR Karam et al. 1996; Li a Schiffrin 1995 

L-Name Fortepiani et al. 1999; Moreau et al. 1997; Sventek et al. 1997; Tharaux et al.1999 

1K-1C Li at al. 1996 

mREN2 Rossi et al.; Dvorak et al. 2004, Ooocenský et al 2005, Vaneckova et al. 2005 

hREN-hAGT Bohlender et al. 2000 
(Upraveno dle: Moreau P. et al. , 2003) 
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Abstract 
Background/Aims: A growing body of evidence sug
gests that the interplay between the endothelin (ET) and 
the renin -angiotens in systems (RAS) plays an important 
role in the development ofthe malignant phase of hyper
tension. The present study was performed to evaluate 
the role of an interaction between ET and RAS in the 
development of hypertension and hypertension-associ
ated end-organ damage in homozygous male transgenic 
rats harboring the mouse Ren-2 renin gene (TGRs) under 
conditions of normal-salt (NS, 0.45% NaCl) and high-salt 
(HS, 2% NaCl) intake. Methods: Twenty-eight-day-old 
homozygous male TGRs and age-matched transgene
negative male normotensive Hannover Sprague-Dawley 
(HanSD) rats were randomly assigned to groups with NS 
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or HS intake. Nonselective ET A/B receptor blockade was 
achieved with bosentan (100 mg/kg/day). Systol ic blood 
pressure (BP) was measured in conscious animals by 
tail plethysmography. Rats were placed into metabolic 
cages to determine proteinuria and clearance of endoge
nous creatinine. At the end of the experiment the final 
arterial BP was measured directly in anesthetized rats. 
Kidneys were taken for morphological examination. Re
sults: Ali male HanSD fed either the NS or HS diet exh ib
ited a 100% survival rate until 180 days of age (end of 
experiment). The survival rate in untreated homozygous 
male TGRs fed the NS diet was 41 %, which was marked
ly improved by treatment with bosentan to 88%. The HS 
diet reduced the survival rate in homozygous male TGRs 
to 10%. The survival rate in homozygous male TGRs on 
the HS diet was significantly improved by bosentan to 
69%. Treatment with bosentan did not influence either 
the course of hypertension or the final levels of BP in any 
of the experimental groups of HanSD rats or TGRs. 
Although the ET-1 content in the rena l cortex did not dif-

Luděk Č'e r \"cnkil. MD, PhD 
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fer between HanSD rats and TGRs, ET-1 in the left heart 
ventricle ofTGRs fed the HS diet was significantly higher 
compared with all other groups. Administration of bo
sentan to homozygous male TGRs fed either the NS or 
HS diet markedly reduced proteinuria, glomerulosclero
sis and attenuated the development of cardiac hypertro
phy compared with untreated TGR. Conclusions: Our 
data show that nonselective ET A/B receptor blockade 
markedly improves the survival rate and ameliorates 
end-organ damage in homozygous male TGRs without 
significantly lowering BP. 

Copyright© 2004 S. Karger AG, Basel 

lntroduction 

The renin-angiotensin (RAS) and endothelin (ET) sys
tems represent the two most powerful vasoconstrictor sys
tems known to date [for review, see I, 2]. The important 
role of the RAS in the pathophysiology of hypertension 
and in the development of hypertensive end-organ dam
age is well recognized [3]. Previous studies have demon
strated that the ET system also plays an important role in 
the pathogenesis of salt-sensitive models oť hypertension 
and in associated end-organ damage [for review, see 2. 4]. 
Therefore, the interaction between the RAS and ET sys
lem has received increasing attention. It has been re
ported that angiotensin II (ANG II) stimulates preproET 
mRNA expression and ET-1 release in cultured endothe
lia! [5] , smooth muscle [6] and renal mesangial cells [7]. In 
addition, it has been shown that renal expression of pre
proET mRNA and the ET-1 concentration are enhanced 
in ANG 11-infused hypertensive rats [8, 9]. 

However, in vivo studies in ANG II-dependent models 
oť hypertension did not yield consistent results. On one 
hand, it has been shown that ET receptor blockade mark
edly attenuated the development of hypertension and 
ameliorated renal and cardiac damage in ANG II-inťused 
hypertensive rats [ 10, 11; for review, see 2]. Furthermore, 
administration of bosentan, a nonselective blocker ofET A 

and ET B receptors, lowered blood pressure (BP) and 
reduced the mortality rate, albuminuria , renal injury and 
cardiac hypertrophy in double transgenic malignant hy
pertensive rats harboring both human renin and angioten
sinogen genes (dTGR) [ 12]. On the other band, there are 
studies that failed to demonstrate that ET receptor block
ade prevents the development oťhypertension and related 
cardiovascular damage [for review, see 2]. Th us, it has 
been shown that in two-kidney. one-clip (2K l C) Gold
blatt hypertensive rats ET„ receptor blockade does not 
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lower BP [13, 14]. Taken together, these studies suggest 
that hypertensive models induced by exogenously admin
istered ANG II exhibit a;1 ET-dependent component, 
while models with enhanced endogenous production of 
ANG II do not [for review, see 2]. However, the reason(s) 
for this discrepancy in response to ET blockade remain(s) 
unclear at present. In order to determine the contribution 
of an interaction between ET-1 and ANG II to the devel
opment ofhypertension and related end-organ damage in 
an ANG II-dependent model oťhypertension, we utilized 
a rat strain transgenic for the mouse Ren-2 renin gene 
(TGR; strain name TGR(mRen2)27) . The development 
ofhypertension in this strain is a result of insertion ofthe 
mouse Ren-2 renin gene into the rat genome [ 15]. Thus, 
TGRs represent a model of hypertension with a well
defined genetic background in which the development of 
hypertension can be attributed to a single gene alteration 
and is clearly ANG II-dependent [for review, see 16]. 

In view oť the growing body oť information suggesting 
that the interplay between ET-1 and ANG II plays an 
important role in the malignant phase of hypertension 
[ 17, 18; for review, see 2], the first aim of the present 
study was to evaluate the effects oťbosentan treatment on 
the course oť hypertension in homozygous male TGRs 
which are generally considered as a model oť malignant 
hypertension [for review, see 15, 16]. 

Since it has been reported that TGRs also show a salt
sensitive component of hypertension [ 19], the second aim 
of this study was to delineate whether high-salt intake 
would accelerate the course oť hypertension and end
organ damage in this model. 

Materials and Methods 

Tbe protocols in the present study were designed according to t11e 
Guiding Principles in the Care and Use Anirnals apprnved by the 
Council oťtheAmerican Physiological Society and wereapproved by 
Czech Animal Care and Use Committee (protocol 79#2001 ). 

Anima!s 
Experiments were performed on homozygous male TGRs and 

age-matched transgene-negative male Hannover Sprague-Dawley 
rats (HanSDs). Ali ani mal s used in the present study were bred at the 
Center for Experimental Medicine of the Institute for Clinical and 
Experimental Medicine from stock animals supplied from the Max 
Delbrlick Center for Molecular Medicine of Berlín, Germany. Ani
mals were kept on a 12/12-hour light/dark cycle. 

Dicts 
Ail diels used in the present study were produced by SEMED 

(Prague, Czech Republic). Rats were ťed either a normal-salt di et 
(NS; 0.45% NaCl , 19-21 % protein) or a bigb-salt diet (HS; 2% NaCl. 



Table 1. Experimental groups of rats 

Group n Group description 

HanSD+NS 13 
14 
14 
14 
34 
32 
31 
32 

male HanSD fed a normal-salt diet 
HanSD + NS + bosentan 
HanSD+ HS 

male HanSD led a normal-saJt diet and treated with bosentan 
maleHanSD fed a high-salt diet 

HanSD +HS+ bosentan 
TGR+NS 

male HanSD led a high-salt diet and treated with nosentan 
homozygous male TGR led a normal-salt diet 

TGR + NS + bosentan 
TGR+ HS 

homozygous male TGR fed a nonnal-salt diet and treated with bosentan 
homozygous male TGR led a high-salt diet 

TGR + HS+ boscntan homozygous male TGR led a high-salt diet and treated with bosentan 

HanSD = Transgene-negalive rats: TGR = homozygous Lransgenic rals, (mRen2)27; NS = normal-salt diet; 
HS= high-salt diet. 

19-21 % protein). Bosentan (Actelion , Albchwil , Switzerland) was 
mixed to the NS and HS diets al a concentration depending on the 
food intake so that the tinal consumption ofbosentan was 100 mg/kg 
body weight (BW)lday. This dose of bosentan was chosen based on 
previous studies lhal clemonstrated a maxima! pharmacological 
effect in ANG II-inťused hypertensive rats and in the models oť salt
sensitive hypertension [IO, 12; for review, see 2. 4]. In preliminary 
experiments. such a dose of bosentan completely blocked BP re
sponses lo an intravenous (i. v.) bolus dose of ET-1 (250 ng) in homo
zygous male TGRs as well as HanSDs treated with bosentan for 
2 days. In addition. separate groups oť I 0-week-old homozygous 
male TGRs (n = 7) and HanSDs (n = 6) were given bosentan at a dose 
of200 mg/kg BW /day for I O days to ensure that any increase i 11 dose 
would not affect BP compared with animals fed the recommended 
dose oťboscntan. 

Experimemal Design and F1111c1io11a/ E.-:i11niiw1io11 
Twenty-eight-day-old homozygous male TGRs and age-matched 

male HanSDs from several litters were randomly assigned to experi
mental groups, taking <:are that animals from a single litter did not 
prevail in any of the groups. The experimenlal groups are shown in 
table l. 

Systolic blood pressure (SBP) was measured in conscious ani mals 
by tail plethysmography from 29 to 40 days oťage every 2 days, from 
41 to 60 days oť age every ;\ days. and thereaťter every week until the 
end oť the experiment ( 180 days oť age). On each occasion BP was 
determined as the mean of 4 measurements. This method was pre
vinusly validated in our laboratory by Heller et al. [20]. At 40. 80. 120 
and 170 days oť age. rat s were placed individually into metabolic 
cages (aťter at least 4 days oftraining to accustomize them) and their 
24-hour urine was collected for protein excretion and calculation oť 
clearance of endogenous creatinine (a blood sample ťor determina
tion of the plasma concentration of creatinine and electrolytes was 
taken in the morning oťthe 2nd day). BWs were obtained on the day 
of SBP measurements, and from day 60 unii! the end of the experi
ment rats were weighted additionally twice a week. Food intake was 
monitored once a week and thereafter the concentration oť bosentan 
in the food was moditied in order to reach a daily bosentan intake oť 
100 mg/kg BW. At the end oftheexperiments, animals were anesthe
tized with thiopental sodium (50 mg/kg BW). and the right carotid 
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artery was cannulated with PE-50 tubing for direct measurement of 
mean arterial pressure (MAP). 

J\.for[)hological E.rn111i1w1im1 
The ratios of heart weight (HW. mg)/BW (g) and right kidney 

weight (KW. mg)/BW (g) were u sed as indices of cardiac hypertrophy 
(HW/BW) and kidney hypertrophy (KW/BW), respectively. The leťt 
kidney was quickly removed, fixed in 4% formaldehyde, dehyclrated 
and embeclded. Paraťlin sections were stained with hematoxylin 
eosin and periodic acid-Schiff reaction (PAS). Sl i des were evaluated 
in a blind fashion. Fitly glomeruli in eacl1 kidney were examined on a 
semiquantitative scale as described previously [21]: grade O= all glo
meruli norma!: grade I = 1-2 glnmeruli aftected; grade 2 = more than 
2 but lcss than 17 glomeruli affected: grade 3 = 17 or more glomeruli 
aťfccted . 

Tissue ET-1 Conce/'l/ra1io11 
ln separate groups of male HanSDs and homozygous male TGRs 

fed either the NS or HS diet (n = 9 in each group) from 28 to 56 days 
oť age, lhe kidney cortex and left ventricular heart ET-1 concentra
tions were examined. The purpose oť this protocol was to evaluate 
whether tissue ET-1 levels are increased before the transition to the 
malignant phase ofhypertension in this model. Therefore, this proto
col was chosen because al this 1irne point (56 days of age) every gruup 
slili exhibited a !00% survival rate. ET-1 concentrations were deter
mincd by ELISA (Amersham , Braunschweig, Germany) as described 
and validated previously [22]. 

S1atis1iral Analys/s 
Ail values are expressed as mean ± SEM. Twn-way repeated

measures ANOV A was u sed to detect differences within each experi
ment al group. Forcomparison between homozygous male TGRs and 
male HanSDs, repeated-measures ANOVA was used with a test oť 
inleraction to cle termine whether the changes observed with experi
mental manipulations (djet manipulation and phannacological treat
ment) were diflerent between TGRs and HanSDs. One-way A NOVA 
was used for heart and kidney weights and for ET-1 concentrations 
and also for glnmerulosclerosis data. Staristical significance was 
detined as p < 0.05. 
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Fig. 1. Survival rat c (A) and changes in systolic blood pressure (B) 
for homozygous ma le Ren-2 lransgenic rats (TC,R) led either a nor
ma! (NS) or high salt (HS). 

Results 

Sunira! Rate 
Ail HanSDs f'ed either the NS or HS diet with or with

out bosentan treatment survived until the end of the 
experiments ( I 80 days oť age). Some of the untreated 
homozygous male TG R s on the NS diet died starting at 82 
days of age. and the final survival rate was 41 % ( 14 oť 34 
rats). The HS diet in homozygous male TGRs accelerated 
the onset oť the malignant phase oťhypertension, thus the 
animals began to die at the age oť 58 days, and the surviv
al rate was only 10% (3 of 31 rats: p < 0.05 versus NS 
diet). Treatment with bosentan improved the survival 
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rate in homozygous male TGRs fed the NS or HS diet to 
88% (28 of 32 rats) and 69% (22 of 32 rats), respectively 
(p < 0.05 versus untreated: fig. lA). 

Bfood Pressure 
SBP determined by tail plethysmography was similar 

in conscious male HanSDs on the NS and HS diets and 
remained within the normotensive range throughout the 
whole experiment. The ťinal SBP in H,inSDs fed the NS 
and HS diets was 138 ± 5 and 128 ± 6 mm Hg. respec
tively. Treatment with bosentan did not significantly alter 
SBP in male HanSDs fed the HS or NS diet (data are not 
shown). There were also no signiťicant differences in 
MAP measured intra-arterially in anesthetized rats on 
day 180 of age (table 2). 

Neither the HS diet nor treatment with bosentan 
altered the rapid onset of hypertension in homozygous 
male TGRs. SBP data are shown to the time point when 
the survival rate in male homozygous TGRs was still 
l 00% (fig. IB). 

Body and Organ Weighrs and Rena! Histology 
The course of BW gain in male HanSDs (fig. 2A) was 

not altered either by dietary manipulation orby treatment 
with bosentan. As shown in ťigure 2B, homozygous male 
TGRs led either the NS or HS diet had an impaired BW 
gain compared with male HanSDs. Treatment with bo
sentan markedly improved the course of BW gain in 
homozygous male TGRs (all data are again shown al the 
time point when each group had a I 00% survival rate). 

I11dices of HW/BW and KW/BW are summarized in 
table 2. Neither dietary ma11ipulations nor treatment with 
bosentan significantly altered the HW/BW index in male 
HanSDs. As expected, homozygous male TGRs 011 the NS 
diet exhibited a higher HW/BW index than male HanSDs 
fed the NS diet. Treatment with bosentan significantly 
reduced the HW/BW index in homozygous male TGRs 
fed the NS diet. TGRs exposed to the HS diet had a signif
icantly higher HW/BW index compared with NS-fed lit
termates. Administration oť bosentan in homozygous 
TGRs fed the HS diet lowered the HW/BW index to the 
levels observed in NS-fed animals. Salt intake or bosentan 
treatment had 110 significant eftects on the KW/BW index 
in all groups. 

As shown in table 2, homozygous male TGRs led the 
NS diet exhibited markedl y higher glomerulosclerosis in
dices compared with male HanSDs which were ťurther 
pro11ou11ced with the HS diet. Bosentan treatment sub
stantially reduced the glomerulosclerosis index in homo
zygous male TGRs on the NS and HS intake. 



HanSDs fed either the NS or the HS diet had a norma! 
histological structure of the renal parenchyma. As shown 
in tahle 2, homozygous male TGRs ťed the NS diet exhib
ited markedly higher glomerulosclerosis indices com
pared with male HanSDs, which was furt her pronounced 
with the HS diet. Bosentan substantially reduced the glo
merulosclerosis index in homozygous TGRs on NS and 
HS intake. In addition, homozygous male TGRs led the 
NS diet exhibited marked focal atrophy oť the renal 
parenchyma, mostly localized in the inner cortex with the 
interstitium widened in areas with tubular atrophy. Large 
arteries showed fibrous intimal thickening that resulted in 
a reduction in the vessel lumen. Ali these changes were 
more pronounced in TGRs ťed the HS diet which, in addi
tion, led to fibrinoid necrosis in small interlobular and 
pre-glomerular arteries. Bosentan treatment markedly at
tenuated all these changes (fig. 3). 

Pmteinuria, C/earance of Endogenous Creatinine and 
Urina,y E/ectrolyte Excretion 
HanSDs fed either the NS or the HS diet cxhibited 

minima! proteinuria and stable renal function (measured 
as clearance of endogenous creatinine) throughout the 

Fig. 2. Changes in body wcight in transgene-negative (HanSD) (A) 
and homozygous male Ren-2 transgenic rats (TGR) (B) ťed either a 
nonnal-salt (NS) or high-salt (HS) diet.* p < 0.05 vs. unmarked val
ues at the same timc point. 
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Tahle 2 . Mean a1terial pressure, heart and kidney weights, and glomerulosclerosis index in experimental groups at 
180 days oť age 

Group MAP,mmHg HW/BW., mg/g KW/BW.mg/g GT 

HanSD + NS 117±4 3.12±0.19 3.29±0.17 0.33±0.21 
HanSD + NS+ bosenlan 11 9±4 3.11 ±0.14 3.33±0.14 0.43±0.20 
HanSD + HS 116± 5 3.08±0.11 3.22±0.15 0.21 ±0.20 
HanSD +HS+ bosentan 121 ±6 3.09±0.10 3.31 ±0.16 0.40± 0.25 
TGR+ NS 214±9" 4.18±0.12" 3.36±0.24 2.75±0.25" 
TGR +NS+ bosentan 209± 10° 3.67 ±0.19'·" 3.39 ±0.22 J.58± 0.20° h 

TGR+HS 210±8" 4.85 ± 0.24"· ' 3.31 ±0.18 3.00± 0.00" C 

TGR +HS+ bosentan 212± I I' 4.21 ±0.19,,.i, 3.28±0.21 1.62 ± 0.20°• b 

HanSD = Transgene-negative rats; TGR = homozygous transgenic rats, (mRen2)27; NS = normal-salt diet; 
HS = high-salt diet; MAP= rnean arterial pressure; HW = heart weight; BW = body weight; KW= kidney weight; 
GI = glomerulosderosis index. 

0 p < 0.05 vs. HanSD rats; h p < 0.05 bosentan-lrealed vs . bosenlan-untreated; c p < 0.05 vs. all other values. 
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Fig. 3. Representative histological slides of kidneys from transgene
negative (HanSD) and homozygous male Rcn-2 transgenic rats 
(TGR). x 10. A HanSD rats fed the norma! (NS) diet reveal a norma! 
renal parenchyma. B TGR led the NS diet exhibil marked atrophy or 
the renal parenchyma and hyalinizcd glomeru li (center) and a sc le
rotic one (upper left). Around lhe hyalinized glomeru li . tubular loss 
with interstitial librosis can be seen. The afferent arteriole shows 
mucinous i nt i mal thickening. C TGR ted thc NS diet and treated 
with bosentan exhibit only moderate glomerulosclerosis and hya lin
izecl glomeru li (center). 

entire experimental period. Bosenlan treatment did not 
affect these parameters in any of the experimenlal groups 
(table 3). 

As shown in figure 4. homozygous male TGRs fed the 
NS diet developed slrong proteinuria and Lhe HS diet fur
ther accelerated the degree of proteinuria. Bosentan Lreat
ment markedly ameliorated the develop1~1ent oť protein
uria in homozygous male TGRs led the NS or the HS diet, 
but did not fully prevent the development of proteinuria 
(fig. 4). Data on proteinuria obtained from all experimen
tal groups throughout the duration of the study are shown 
in table 3. 

We observed significant decreases in the clearance of 
endogenous creatinine in all animals al the Lime before 
the individua! animals died, bul thereaťler in survivors 
the clearance oť endogenous creatinine returned to levels 
observed in control animals. In table 3, only the data from 
animals that survived until the end of Lhe experiment are 
presenled. 
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Animals fed Lhe HS diel exhibited significanlly higher 
daily urinary sodium excretion compared with rats ťed 
the NS diet (between 1,640 and 1,820 versus 820 and 
880 µmol/24 h, p < 0.05). 

ET-1 TissuC' Concl'ntrations 
As shown in ťigure 5A, kidney cortex ET-1 concentra

tions in male HanSDs were not different from those in 
homozygous male TGRs on the NS diel (0.14 ± 0.03 and 
0.20 ± 0.02 fmol/mg protein, respectively). The HS diet 
increased moderately but not significantly the kidney cor
tex ET-1 levels in HanSDs and TGRs (0.20 ± 0.03 and 
0.33 ± 0.07 ťmol/mg protein, respectively). Likewise. the 
left heart venlricular ET-1 concentrations were not signif
icantly different between HanSDs and TGRs fed the NS 
diet (0.53 ± 0.06 and 0.58 ± 0.04 fmol/mg protein. 
respectively) but were signiťicant l y higher in TGRs ťed 
the HS diet (0.51 ± 0.06 vs. 1.72 ± 0.18 ťmol/mg protein , 
p < 0.05; fig. SB). 

Discussion 

The first aim oť the present study was to examine the 
effects of treatment with bosentan on the course of malig
nant hypertension in homozygous TGRs. We lound that 
administration of boscntan markcdly improvcd the sur
vival rate in homozygous male TGRs without a signiťi
cant reduction in BP. In addition, bosentan treatment 
ameliorated end-organ damage in homozygous TGRs, i.e. 
it reduced cardiac hypertrophy, diminished proteinuria 
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Tahle 3. Proteinuria and clearance of endogenous creatinine thrnughout the wbole ex periment 

Group Day40 Day80 Day 120 Day I 70 

pcoteiuuría Cer J)roteinuria Ce, proteinuria Ce, proteinuria Ce, 
mg/24 h µ1/min/g mgi24 h µl/min/g mg/24 h µ.1 /minlg mg/24 h µ1/minig 

HanSO + NS 3.1 ± I.I 7.7 ±0.6 4.1± 1.2 7.6±0.5 5.2± I.I 7.2 ±0.4 5.4± 1.3 7.8± 1.4 
HanSO +NS+ hoscntan 2.9±0.9 7.6±0.5 3.6± I. I 7.8±0.7 4.9± 1.2 7.3±0.5 5.3± 1.2 7.6± I.I 
HanSO + HS 6.4± 1.3 6.8±0.7 7.7±15 7. 1 ±0.4 6.2± I.I 7.l ±0.6 7.8± l.l 7.0±0.9 
HanSO + HS+ bosentan 5.4± 1.2 7.2 ±0.6 5.4± l .3 6.6 ±0.5 5.7±0.8 7.6±0.5 7.7± l.2 7.1 ±0.8 
TGR+NS l4.9± 1.2" 6.6±0.7 66.4±3. 1' 6.2±0.5 6 l.7 ± 3.9" 6.2 ±0.8 41.7±4.7" 6.8±0.8 
TGR + NS + bosenliln 4.2± 1.1• 6.9±0.6 22. l ±2.93 . b 6.9±0.7 ~6. 5 ± J.2a, b 6.8 ±0.7 21.7±2.8~• 6.6± I.O 
TGR + HS 49 . .1±2.211 ·h (,.,1 ±0.4 45.6±4.4" 6.5±0.5 48. I ±4.9" 6 .. 1±0.8 50.3± 1.8" 6.7±0.8 
TGR + HS+ bosenlan 22.l ±2.l 11 ·b 6.7± 0.7 20.4± 3.9<•.b 6.8±0.7 19.1±4.2'·" 6.4±0.7 20. l ± 4.3'· b 6.4±0.7 

HanSD = Transgene-ni::gati\'e rats: TGR = homnzygous transgenic rats, (mREn2)27: NS= norma I-salt diet: HS= high-salt diet: Cťr = clearance oťéndogenous 
crt'atinine expressed per gram oť body weight. 

.1 p < 0.05 vs. HanSD rats: h p < 0.05 bosenta n-trcatťd \'S. bosťntan-unl reakd TGR. 
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and decreased the glomerulosclerosis index. These results 
are consistent with results from previous studies in trans
genic rats harboring both human renin and angiotensino
gen genes (dTGR) which showed that either ET receptor 
blockade or ET-converting enzyme inh ibition reduced tbe 
mortality rate and ameliorated end-organ damage inde
pendent ofBP changes [12, 23, 24]. 

The second aim ofthis study was to assess the effects of 
the HS diet on the course oť hypertension and associated 
end-organ damage in homozygous male TGRs. With 
respect to BP, we found that HS intake did not accelerate 
the development oť hypertension in homozygous male 
TGRs. However, the HS diet substantially worsened the 
mortality rate and deteriorated the cardiac and renal inju
ry in these animals. ET receptor blockade resulted in a 
considerable improvement in survival rate and a substan
tial a ttenua tion of end-organ damage in homozygous male 
TGRs led the HS diet without influencing BP levels. 

Taken together, om data indicate that an ET-depen
dent component plays a critical role in the development of 
end-organ damage in homozygous male TGRs. Our find
ings are consistent with results from previous studies in 
other ANG II-dependent models ofhypertension and fur
ther support the hypothesis that ET receptors contribute 
strongly to ANG II-induced end-organ damage (8-12, 23, 
24; for review, see 2, 4]. 

Nevertheless it is important to mention that in some 
previous studies it has been demonstrated that ET block
ade did not lower BP and did not prevent end-organ dam
age in heterozygous male TGRs despite enhanced pre
proET mRNA expression and ET-1 concentration in 
renal and cardiac tissues. suggesting that an ET-depen
dent component is negligible in this model of hyperten
sion [25-27]. We cannot oller a fully satisfying explana
tion for the discrepancy betwecn our and previous results, 
butone critical difference should be considered. In stud
ies showing a minor ET-dependent cornponent in the 
development of hypertension and end-organ damage, het
erozygous male TGRs were used whereas in our study 
homozygous male TGRs were employed [25-27] . It is 
known that homozygous male TGRs exhibit a very early 
onset of the malignant phase of hypertension (character
ized by body weight loss, increased proteinuria and high 
mortality rate) and that the transition to the malignant 
phase arises in heterozygous male TGRs at a Jater time 
[ 15, 28: for review, see 16]. ln addition, it has been shown 
that the differences in genetic background among TGR 
colonies alter tbc pbenotype in this model (especially the 
incidence oť the malignant phase oť hypertension) [29]. 
Taken together, it seems reasonable to assume that tbe 

differences between homozygous and heterozygous male 
TGRs might be responsible for the discrepancies regard
ing the effects of ET blockade on the development of end
organ damage in this model. 

The Jack of a BP-lowering eťfect ofbosentan in TGRs 
cannot be ascribed to insufficient ET receptor blockade 
since the dose of bosentan employed i11 the present study 
was sufficient in our pilot studies to prevent BP responses 
to ET-1 (250 ng i.v.) in TGRs as well as in HanSDs. With 
this respect, the nonselective nature of this compound 
should be considered. An increasing body of evidence 
indicates that the hypertensinogenic actions of ET-1 are 
produced via ET A receptor activation [8, 30; for review, 
see 2]. In addition, Vassileva et al. (31] recently demon
strated that ET-mediated activation ofET 8 receptors par
ticipates in the pressure-natriuresis mechanism; it has 
been proposed that ET may participate via this mecha
nism in the long-term regulation of BP. Therefore, it 
seems reasonable to assume that selective ETA blockade 
would lower BP in TGRs. However. recent results from 
Seccia et al. [26] do not support this notion. They found 
that BMS- I 8287 4 treatment (a selective ETA receptor 
antagonist) did not lower BP in TGRs. Moreover. the con
cept that ET A receptor activation leads to vasoconstric
tion and ET 8 receptor stimulation causes vasodilatation 
[for review, see 2] may be oversimplified because it is now 
known that two distinct subtypes of ET 8 receptors exist 
(ET R I and ET s2). ET BI receptors are present on the vascu
Im· endothelium and cause vasodilatation through the 
release of nitric oxide and prostaglandins [32]. whereas 
ET 82 receptors are found on vascular smooth m uscle cells 
and mediate non-ET.,. vasoconstriction [33]. In addition, 
in their comprehensive study Just et al. [34] have recently 
shown that the selective activation of ET n receptors me
diates nct renal vasoconstriction. Furthermore, ET 8 re
ceptors have been reported to stimulate aldosterone pro
duction [for review, see 35] and recently it has been shown 
that aldosterone plays an important role in the develop
ment of cardiac and renal vascular fibrosis [25, 36, 37]. 
Therefore, to evaluate the overall role oťthe ET system in 
the development of ANG 11-dependent hypertension, it 
seems that nonselective ET A/ET 8 receptor blockade is a 
suitable experimental approach. 

It is obvious, however, that more detailed studies 
employing selective ET receptor antagonists are needed to 
address the role of speciťic ET receptor subtypes in the 
development oťhypertension in TGRs. 

The most important issue of the present study is relat
ed to the question: what are the underlying mechanisms 
(or mechanism) responsible for the beneficial eflects oť 
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ET blockade on survival rate and end-organ damage in 
homozygous male TGRs ťed the NS or HS diet? 

Multiple lines of independent evidence indicate that 
these beneficial effects of ET blockade are BP-indepen
dent. It has been shown that antihypertensive treatment 
with hydralazine, reserpine ancl hydrochlorothiazide. 
which decreased BP to normotensive levels. barely delayed 
encl-organ damage in clTGRs, whereas treatment with 
bosentan markeclly ameliorated it [38]. ln addition, it has 
been clemonstratecl in 2Kl C Goldblatt hypertensive rats 
that chronic ETA receptor blockacle attenuated carcliac 
hypertrophy [ 13] ancl amelioratecl the development of 
myocardial fibrosis [14] without a reduction in BP. More
over, two studies reported that mice overexpressing ET-1 
developed pronounced end-organ damage inclependent of 
an increase in systemic BP [39. 40]. In this regard it is 
important to note that in our study we found increased left 
ventricular ET-1 concentrations in homozygous male 
TGRs fed the HS diet when compared with male HanSDs, 
which may contribute to the development of end-organ 
damage. However. this issue requires ťurther studies. 

With respect to the underlying mechanism(s), it has 
been ťound in these rats that bosentan administration 
inhibited the activation of the nuclear factor-kappa B 
(NF-KB) and oť the transcription factor activator protein 
(AP)-! in the kidney and in the heart independent of BP 
[12]. Based on a previous report that NF-KB activation 
has an impact on renal disease progression [ 4 I], it has 
been proposed that one possible mechanism for the bene
ficial eťfects of ET blockadc on thc development of end
organ damage might beto block the activation oťthe NF
KB signal transduction pathway [42]. 

With these observations in minci , the potential role oť 
an interaction between the RAS and the ET system 
became apparent and received increasing attention. Thus, 
Bohlender et al. [23] reported that the combined blockade 
oťET and ANG II receptors had synergistic effects on the 
survival rate and protection ťrom encl-organ damage in 
dTGRs. With respect to the role of the RAS, it has been 
demonstrated that hypertensive TGRs more oťten have 
manifest cardiovascular end-organ damage when com
pared with age- and BP-matched spontaneously hyperten
sive rats (SHRs) [ 43] and that blockade of the RAS pre
vented end-organ damage without a reduction in BP in 
TGRs [ 44, 45]. Furthermore, mice lacking the cardiac and 
renal angiotensinogen gene exhibited reduced end-organ 
damage compared with wild-type control animals [ 46]. 
Taken together, these findings corroborate that tissue 
activity of the RAS is a major determinant oť hyperten
sion-incluced end-organ damage [for review, see 3]. 
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Alternatively. a second possible mechanism contribut
ing to the beneťicial elťects ofET blockade might be relat
ed to the blockade of aldosterone-mediated deleterious 
actions on organ structure. lt has recently been shown that 
ET-1 plays a critical role in the developrnent of end-organ 
damage in aldosterone-infused rats exposed to HS intake 
and that ET blockade prevented cardjac and aortic fibro
sis independent of BP changes [35]. In addition, it has 
been reported that ET-1 exerts an important permissive 
action on basa! aldosterone secretion and that treatment 
with bosentan decreased basa! aldosterone secretion in 
TGRs [25). This notion is ťurther supported by recent 
findings that ET receptor blockade in aldosterone-infused 
rats decreased oxidative stress [37] . Since it is well known 
that oxiclative stress increases the activity oť NF-KB [for 
review_ see 47) and that oxidative stress plays an impor
tant role in ANG II-dependent models of hypertension 
[for review, see 48], it seems conceivable that the benefi
cial effects ofbosentan treatment may be attributed to the 
blockade of the aldosterone-mediated deleterious effects 
on organ structure. 

In summary. in the present study we showed that treat
ment with bosentan dramaticalty improved the survival 
rate in homozygous TGRs ťed a NS or HS diet in the 
absence oť a BP reduction. Administration ofbosentan in 
these TGRs also markedly decreased cardiac hypertrophy 
and renal damage. thus providing considerable protection 
from end-organ damage. 

Acknowledgments 

This study was supported by grant No. NA/6523-3 awarcled to 
.J.M. and grant No. NR/7826-3 awarded to I.V. by the Interna! Grant 
Agency or the Ministry of Health of the Czech Republic. P.D. 
and L.K. were supportccl in part by the Center for Experimental 
Ca rdiovascular Research (LN 00A609). L.Č'. is also supported by 
the Institute for Clinical ancl Experimental Medici ne (CEZ:Ll 7/ 
98:000~1001). H.J.K is supported by the German Research Founda
tion (DGF, Kra. 144/ l 4-l ancl 14-2). Dr. Clozel oť Actelion, Switzer
lancl , generously provided bosentan for the present study. 



References 

Hall .IE. Brands MW: The renin-angioten,in
aldosterone syste.m: Renal mechanisms and 
c.irculatory homeostasis: in Scldin DW. Gie-

• 14 Saam T, Ehmke H. Haas C, Ritz E, Amann K: • 26 Seccia TM. Belloni AS, Kreutz R. Paul M. 
Effect oť endothelin blockade on early carJio- Nus.~dorfer GG. Pessina AC. Rossi GP: Car-

hisch G (eds): The Kidney: Physiology and 
Pathophysiology. Philadelphia. Lippincott/ 
Williams & Wilkins. 2000, pp 1009-1046. 

• 2 Moreau P. Schiffrin EL: Role oť endothelins in 
anirnal models of hypertension: Focus on car
diovascular protection . Can J Physiol Pharma
col 2003:81:511-521. 

• 3 Hader M. Peters J, Baltatu O, Muller DM. Lun 
FC. Ganten D: Tissue renin-angiotens in sys-
lťms : New insight from t>xperimental animal 
models in hypertension research. J Mol Med 
2001;79:76-102. 

• 4 Roux S. Breu V, Ertel Sl, C!ozel M: Endothdin 
antagonism with bo5ť'ntan: A re\' ÍťW of poten
tial appl ications. J Mol Med I 999:77:364-
376. • 5 Enwri T. Hirnta Y. Ohta K, Karrno K. Schi
chiri M. Maumo F: Secretory mťclrnnism oť 
immunoreacti ve enduthelin in cultured bovine 
endothel ia! cells. Biochem Biophys Res Com-
mun I 989: 160:9 3-100. 

• 6 Sung CP. Arleih AJ. Stnrer BL, Ohlstein El-l: 

vasnrlar remodeling in the one-clip, two-kid
ney hypertension oť the rat. Kidney 131<:,od 
Press Res 2003;26:325-332. 

• 15 Mullins J, Peters J, Ganten D: Fulminanl hy-

• 16 

• 17 

pertension in transgenic rats lrnrbouring the 
mouse Ren-2 gene. Naturc l 990;344:541-544. 
Langheinrich M. Lee MA, Bohm M, Pinto YM, 
Ganten D, Paul M: The hypertensive Ren-2 
transgenic rat TGR(mRen2)27 in hypertc>nsion 
research. Characteristics and l'unctional as
pects. Am J Hypcrtens I 996;9:506-5 12. 
Bleze r ELA. Nicolay K. Goldschmeding R. 
Jansen GH, Koomans HA, Rabelink TJ. Joles 
JA: Early-onsct bm not hitc-onsťt endothelin
A-receptor hlockade can modulate hyperten
síon. cercbra l edema. and proteinuria in strokť
pmne hypertc>nsiw rats. Hypertension 1999; 
33: 137- 144, 

18 Touyz RM , Turgeon A, Schiffrin EL: Endothe
lin-A-receptor blockade improves renal ťunc

tion and doubles the l iťe-span oť stroke-prone 
hypťrtensi ve rat ~. J Cardiovasc Pharmac,)I 
21!00: 36:S3flO-S304. 

• 19 Cal lahan i'v!F, Li P. Ferra rio CM. Gant<n D. 

• 27 

diac ťibrosis occurs early and involves endotl1c
lin and AT- I receptors in hypertensinn dueto 
endogenous angiotensin II. J Am Col! Cardiol 
2003;4 l :666-6 73 . 
Whitworth CE. Veniant MM. Firth JD. Cum
ming AD, Mullins JJ : Endothelin in the kidney 
in malignant phase hypertension. Hyperten
sion 1995:26:92 5-93 I. 
Whitworth CE, Fleming S. Cumm ing AD. 
Morlon JJ , Burns NJT, Williams BC. Mullin, 
JJ : The spontaneous development oť rnaligiiant 
phase hypt'rtension in transgenk Ren-2 rat s. 
Kidnty !nt 1994:46: 1528- 1532. 
Kantachuvesiri S. Haley CS. Fleming S, Ku
rian K, Whitworth CE. Wenham I' , Kolelev
tsev Y, Mullins JJ : Genetic ma pping of rnodi
fier loci aťfťcting malignant hype11ension in 
TGRmRen2 rats. Kic!ney ln t 1999;56:4 14-
420. 

• 30 Rothermund L. Lucker! S. Knssmehl P, Paul 
M. Kreutz R: Renat endothel in ET ,IET u re
ceptor irnbalance diťferentia tes salt-scnsitivc 
ťrom sa lt-rť'sistant spnntaneous hypť'rtension. 
Hypertension 2001;37:275-280. Angiotensin type I receptors mec.iiatt' smúoth 

musde prnl iťerat ion anLI enLlothelin hiosynthe
sis in rnt vascular smooth musťlt'. J Pha rmaťol 

Morris M: Salt-sensitive hypertension in • 31 
(mREN-2)27 transgenic nns. Hypertensic,n 

Vassileva I. Mountain C. Pnllock DM: Ftmc
tional role oť ET0 receptors in the renal medul
la. Hypertension 2003:41: 1.1 59- 1363. Exp Ther 1994:2 71 :429-437, 

• 7 Kohno M. Ta keshi I-1. lkeda M. Yokokawa K. 
Fukui T, Yasunari K, Kurihra N. Takecla T: 
Angiotensin li stimulalťs endotl1elin- 1 secre
tion in culturťd rat mesangial ce11s. Kidney lnt 
1992;42:860-866. 

• 20 

Alexander BT. Cockrell KL. Rinewalt AN. • 2 I 
Herrington JN. Grangcr JP: Enlrnnced renal 
expression oť preproendorhelin mRNA du ring 
d1roni<.: angiotensin 11 hypenension. Am .I 
Physiol 200 I :280:R 1388-R 1392. 

l 996:27:573-577. 
Heller J, Hellerova S: Long-te rm eťťecl on 
bk,od prc>ssu re oť early brief treatment by dil~ 
ťerent antihype,rtensive agents: A stud y in the 
Prague hypertensive rat. Kidney Blond Press 
Res 1998:21 :445-45 I. 
Yagil C, Sapojnikuv M. Katni G. !lan Z. Zan 
gťn SW, Roscnmann E, Yagil Y: Proteinuria 
and glomeruloscle.rosis in the Sabra genetic 
model oťsalt susceptibility. Physiol Gennmil'S 
2002:9: 167- 178. 

• .12 De Nucci G. Gryglewski RJ, WarnerTD, Vane 
JR: Receptor-m ed iatecl release oť endothelium

JeriveJ relaxing factor and prostacyclin from 
bovine aortic ťndothťlial cells is couple-d. Prnc 
Nati Acad Sci USA ! 998;85:2334-2338. 

33 Rasmussen TE. Jougasak i M, Supaporn T, Hal
lett JW, Brooks DP. Burnett JC: C'mdiovascu
lar actíons ofET 13 ac rivation in vi,·oand modu
lation by receptor antagonism. Am J Ph ysiol 
I 998:274:R l 31-Rl 38. 

Sasser .IM. Pollock .IS. Pollock DM: Ren al en- • 22 Biicker A. Bokemeyer D. Kramer HJ: Endotht'- • 34 Just A. Olson AJM, Arendshurst \V.I: Dua I con-
dothelin in chronic angiotc>nsi n li hyperten
sion. Am J Physiol 2002:~83:R243-R248. 

• IO Fica i S, Herizi A. M i,nran A. Jover B: Endothe- • 2:1 
lin blockade in angimensin li hypertension: 
Prevention and treatmťn t studics in the nu. 
Clin Exp Pharmacol Physiol 200 1:28:1100-
1103. 

• 1 I ďUscio LV, Moreau P. Sl1aw S. Takase H, Bar- • 24 
ton M. Luscher TF: Effeets oť chronic ET.,
receptur blockade in angiotensin II-inducťd hy
pertension. Hyperten sion I 997:29:435-441. 

• 12 Muller DN, Mervaala EMA, Schmidt F. Park 
JK. Dechend R. Generesch E. Breu V, Lii lller 
BM. Ganten D. Schneider W. Haller H. Lun • 25 
FC: Effect oť Bosentan on NF-,B. inílamma-
tion, and tissue factor in angiotensi n II•induced 
end-organ damage. Hypertension 2000;36: 
282-290, 

• 13 Ehmke H, Faulha ber J. Munter K. Kirchengast 
M, Wiesner RJ: Ctm,nic ET,, receptor block
ade attťnuates can:.1iru.: hypertrophy indt'pen
dently oťblood pressurc eťfects in .rťnovascular 
hypertensive rats. Hypertension !999:33:954-
960. 

\in synthesis and receptors 111 porcine kidney. 
Acra Physiol Stand 200 I : 17 1: l05- J I 2. 
Bohlender J, Gerbaulet S, Krlimer J. Gross M. 
Kirchengast M. Dietz R: Synergistic effects oť 

AT, and ET,.., receptorb lockade in a tra.nsgcnic, 
angíotensin 11-dependent, rat model. 1-lyper
tension 2000:35:992-997. 
Muller DN. Mullally A, Dechend R, Park J K. 
Fiebeler A, Pilz B. Lofller BM, Blum-Kaelin D. 
lvlasur S, Dehmlow H. Johannes D. Haller I-1. 
Luft FC: Enctnthe lin-conve,rting enzyme inhi
hition amcliorates angiotcnsin Jiwinduced carw 
diac danwge. Hypertension 2002:40:840-846. 
Rossi GP. Sacchťtto A, Rizzoni D. Bova S, 
Porteri E. Mazzocchi G. Belloni AS. Bah
celioglu M, Nussdorťer GG, Pessina AC: 
Blockade oť angiotensin II type I recep
tor .and not oť endotht:>lin receptor pre\'ents 
hypertension and ca.rdiovascular disť-ase in 
transgenic lmREN2)2 7 rats via adrenoct)rtical 
steroid-independenl mechanisms. Arterioscler 
Thromb Vas Biol 2000:20:949- 956. 

25 

strictor and di\ator actions oť ETn receptors in 
thc rat renal microcirculution: lntcrnctions 
with ET,, reeeptors. Am J Physiol 2004:286: 
F660-F668. • 35 Nussdorter GG, Rossi GP, Malendowicz LK. 
JVJazocchi G: Autocrine-puracrine endotllelin 
syste m in the physiology and pathology oť ste
roiJ-secreting tissues. Pharmacol Rev 1999;5 l : 
403-438 . 

• 36 Park JB. Schiťfrin EL: Cardiac and vascular 
ťibrosis and hypertrophy in aldosteronewillw 
ťused rats: Role oť endot helin- 1. Am J Hyper
tens 2002; 15: 164-169. 

• 37 Pu Q, Neves MF, Virdis A. Touyz RM, Schit~ 
frin EL: Endotht>lin antagonism on aldoste
rone-induced oxidntíve stress and vasi.:ular rt?
model ing. Hypertension 2003;42:49-55. 

• 38 Mervaala E. Muller D, Schmidt F, Pa rk JK, 
Gross V. Bader M, Breu V, Ganten D, Haller 
H. Lun F: Blood pressure-independent organ 
da 1n.1ge in rats with human renin and angiolen
sinogen. Hypertcn sion 2000:35:5 87-594. 



• .19 Shindo T. Kurihara H. Maemura K. Kurihara 
Y, Ueda O, Suzuki H. Kuwaki T, Ju K. Wang 
Y, Ebihara A. Nishimatsu H. Moriyama N. 
Fukuda M, Akimoto Y, Hirano H, Moriat H. 
Kumada M. Yazaki Y. Nagai R. Kimura K: 
Renal damugeand soli dependent hyperten1>ion 
in aged transgť.nic micc. overc.xpressing endo
thelin-1 . .1 Mol Med 2002;80: I 05-116. 

• 40 Hocher B, Th,,ne-Rťincke C. Rohrneiss I'. 
Schmager F, Slowinski T. Burst V. Siegmund 
F. Querterrnous T. Bauer C, Neumayer HH , 
Skuning WD, Theuring F: EnJothelin-1 trans
genic mi..::c devc:\op glomerulosclerosis. interst i
tial ťibrosis, and re-nal cysts blit 11llt hyperten
sion. J Clin l nvest 1997;99: 1380-1389. • 41 Guijarrn C, Egido J: Transcription ťactor-KB 
(NF-KB) and renal disease. Kidney !nt 2001: 
59:415-424. 

• 41 Lutí FC: Endothelin. nephropathy. and bk){)d 
pressure. J Mol Med 2002;80:69-70 . 

• 43 Pinto YM, Buikema H, van Gilst WH. Schol
t.ens E. van Geel PP. cle Graeťť PA. Wagner .1. 
Paul M: Cardio\'ascular end-organ damage in 
Ren-2 trnnsgt>nic rats ~ompared to sponw
neously hypcrtensive rats. J Mol !\-led 1997;75: 
,7 1-377. 

• 44 Teisman AC, Pinto YM. Buikema H. Flesch 
M, Bohm M. Paul M. van Gílsr WH: Dissocia
tion of bloud pressure r~duction from end
organ damage in TGR(mREN2)2 7 transgeníc 
hypertensive rnts. J Hypcrtens 1998;16:1759-
1765. 

• 45 Montgomery HE. Ki,nnan LA, Whitworth CE, 
Fleming S, Unger T. Gohlke P. Mullins .I.I, 
McE\van JR: lnhibition oť tissue angiotensin 
converting enzyme activi1y prevents rnalignan t 
hypertcnsion in TGR(mREN2)27. J Hypertens 
1998: 16:635-643. 

26 

• 46 Kang N, Walther T. Tian XL. Bohlender J, 
Fukamizu A, Ganten D. Bader M: Reduced 
hypertťnsion-induced end-organ damage. in 
mice l:lcking cardiac and ren..11 angiorensinogen 
synthesis . .1 Moi 1\,kd 2002:80:359-366. 

• 47 Alexander RW: Theodor Cooper Memorial 
Lecture. Hypertensi(in and thť pathogenesis of 
atherosclerosis, OxidatiVt· st ress and the me
diation oť arterial inllammatory response: A 
new perspective. Hypertension I 995:25:495-
500. 

48 Reckdhoff JF, Romem C'.J: Role uf oxidative 
stress in angiotensin-induced hyl)ťrtensi1.)n. 

Arn J Physinl 200.l;284:R89.l-R9 I 2. 



II.A Nejdůležitější závěry experimentální studie 

V naší první experimentální studii bylo zjištěno , že blokáda endotelinových receptorů u 

Ren2 transgenních potkanů TGR(mRen2)27 výrazným způsobem snižuje mortalitu 

experimentálních zvířat s maligní hypertenzí, aniž by byl signifikantně ovlivněn arteriální 

krevní tlak. 

Příčina nesignifikantního snížení krevního tlaku u homozygotních transgenních potkanů 

je pravděpodobně v charakteru neselektivní blokády ET A a ET 8 receptorů a jejich 

nerovnoměrném rozmístění v jednotlivých orgánových systémech. 

Aktivace ETA receptorů vede k vazokonstrikci, aktivace ET 81 receptorů působí přes NO a 

prostaglandiny naopak vazodilataci a ET 82 receptory, které se nacházejí především na 

hladkých svalových buňkách cév, pak po aktivaci způsobí vazokonstrikci. 

Dále pak aktivace ET 8 receptorů stimuluje produkci aldosteronu, který má důležitou úlohu 

v rozvoji srdeční a renální aterosklerózy. 

Jako druhý cíl studie pak naše studie prokázala, že vysokoslaná dieta neakceleruje rozvoj 

hypertenze u homozygotních transgenních potkanů, ale podílí se na významném zhoršení 

mortality a orgánového poškození srdce a ledvin 
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II. B Chronická blokáda endotelinových receptorů redukuje hypertenzní 

orgánové postižení u heterozygotních Ren-2 transgenních potkanů 

na vysokoslané dietě, aniž by ovlivňovala arteriální krevní tlak 
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Summary 
The present study was perfonned to evaluate the role of an interaction between the endotheliu (ET) and the renin

angiotensin systems (RAS) in the development and maintenance of hypertension and in hypertensio11-associated end

organ damage in heterozygous male and female transgenic rats harboring the mouse Rcn-2 renin gene (TGR). Twenty

eight days old heterozygous TGR and age-matched transgene-11egative normotensive Hannover Sprague-Dawley rats 

(HanSD) were randomly assigned to groups with nonnal-salt (NS) or high-salt (HS) intake. Nonselective ETAiET8 

receptor blockade was achieved with bosenta.n (100 mg.kg·1.day" 1
). Ail male and female HanSD as well as heterozygous 

TGR on NS exhibited 100 % surv ival rate until 180 days of age (end of experiment). HS die t in heterozygous TGR 

induced a transitio11 from benign to malignant phase hypertension. The survival rates in male and in female 

heterozygous TGR on the HS diet were 46 % and 80 %. respectively, and were signifícantly improved by 

administration of bosentan to 76 % and 97 %, respectively. Treatment with bosentan did not influence either the course 

of hypertension (measured by plethysmography in conscious animals) or the fi nal levels of blood pressure (measured by 

a direct method in anesthetized rats) in any of the experimental groups of HanSD or TGR. Administration of bosentan 

in heterozygous TGR fed the HS diet markedly reduced protei.nuria , glomernlosclerosis and anenuated the development 

of cardiac hypertrophy compared with untreated TGR. Our data show tha.t the ET receptor blockade markedly improves 

the survival rate and ameliorates end-organ damage in heterozygous TGR exposed to HS diet. These findings i.ndicate 

that the interaction between the RAS and ET systems plays an imponant role in the development of hypertension

associated end-organ damage in TGR exposed to salt-loading. 
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Introduction 

Growing body of evidence indicates that the 

endothe lin (ET) system plays an important role in the 

pathogenesis of hypertension and associated end-organ 

damage in angiotens in II (ANG II)-dependent models 

induced by exogenously administrated ANG II, but not in 

the models with enhanced endogenous productíon of 

ANG II (ďUscio et ni. 1997, Ehm.ke et ni. 1999, Mi.iller 

et al. 2000, Alexander et al. 2001 , Ficai et al. 2001 , 

Mi.iller et al. 2002. Sasser et nf. 2002, Saam et al. 2003, 

for review see Moreau and Schiffrin 2003 ). The reasons 

for thi s discrepancy regarding the role of ET system in 

the ANG Il-dependent model of hypertension remain 

unclear. 

To determine the contribution of an interaction 

between endothelin-1 (ET- 1) and ANG 11 to the 

development of hypenension and related end-organ 

damage in a model of hypertension dependent on the 

endogenous activation of the renin-angiotensin syslem 

(RAS), we utilized the rat strain transgenic for mouse 

Ren-2 renin gene [TGR: strain name TGR (mRen2)27]. 

The devclopmclll of hypertension in this strain is a result 

of insertion of the mouse Ren-2 renin gene into the rat 

genome (Mullins et al. 1990). Thus, TGR represents a 

model of hypertension with a well-defined genetic 

background, in which the developrnent of hypertension 

can be attributed to a single gene alteration and is clearly 

ANG II-dependent (for review see Langheinrich et al. 

1996). Being cl.iarncterized by norma! plasma ANG 11 and 

by overexpression of the Ren-2 transgene in the adrcnal 

cortex and in the arte.rial wall. the TGR seems to be an 

optima! model of ANG II-dependent hypertension with 

endogenous activation of the RAS (Hilgers et al. 1992, 

Peters et al. 1993, Jacinto et al. 1999, for review see 

Langheinrich et al. 1996). 

However, only limited and conflicting data 

regarding the role of the ET system in TGR are available 

at present. On one hand, it has been reported that ET 

blockade resulted in hypotensive cffects in ma le and 

female heterozygous TGR pointing to an important ET

dependent component in this model of hypertension 

(Gardiner et al. 1995. 2000, Kelly et a!. 2000) . In 

addit ion, we ha.ve recently showed that nonselective 

ETA'ET8 receptor blockade markedly improves the 

survival rate and ame liora.tes end-organ damage in 

homozygous male TGR without a significant lowering of 

blood pressure (BP) (Dvořák el al. 2002a ,b). On the other 

hand , it has been demonstrated that ET receptor blockade 
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did not lower BP and did not prevent end-organ damage 

1n heterozygo us male TGR despite increased 

preproendothelin mRNA expression and ET-1 

concentration in renal and cardiac tissues suggesting that 

an ET-dependent component is negligible in this model 

of hypertension (Whitworth et al. 1995 , Andreis et a!. 

2000, Rossi et al. 2000, Seccia el al. 2003). Because the 

variance of these find ings may have resulted from 

different time protocols and from a different ET blocker 

used , the rationale of the present study· was to clucidate 

the role of ET system in the development of hypertension 

in heterozygous TGR under precisely defined 

experimental conditions (both sexes and the long-term 

follow-up). 

Accordingly, thc firs t aim of the prcsent study 

was to examine the effects of nonselective ETA/ET0 

receptor blockade by bosentan on the course of 

hypertension in heterozygous male TGR. Since it has 

been reported thal TGR also show a salt-sensitive 

component of hypertension (Callahan et al. 1996), and 

we have demonstrated that high-salt diet augmented the 

onset of the malignant pha.se of hypertensíon in 

homozygous male TGR (Dvořák et al. 2002a,b). the 

second aim of this study was to delineate whether a high

salt diet would accelerate the course of hypertension and 

end-organ damage in heterozygous TGR. Finally, since 

an emerg ing body of evidence indicates that TGR exhibit 

a marked sexual dimorphism with respect to the course of 

hypertension (Lee et al. 1996, Cargnelli et al. 1998) and 

that the ET system also reveals noticeable gender 

differences in the intrarenal activity (Taylor et al. 2003), 

the third aim of the present study was lo compare the 

effects of salt intake and pharmacological manipulation 

on the cardiovascular phenotypes in heterozygous male 

and female TGR. 

Methods 

Protocols in the present study were designed 

according to the Guiding Principles in the Care and Use 

of Animals approved by the Council of the American 

Physiological Society and were approved by the Czech 

Animal Care and Use Comrnittee (protocol 79#200 I). 

Animals 

All animals used in the present study were bred 

at the Center for Experimental Ca.rdiovascular Research 

of the Institute for Clinica l and Experimental Medicine 

from stock animals supplied from rhe Max Delbri.ick 



Center for Molecular Medicine in Berlín, Genmny. 

Animals were kept on a 12-hour/ l 2-hour light/dark cycle. 

Die1s 

All diets used in the present study were 

produced by SEl'vfED (Prague, Czec h Republic). Rats 

were fed either a normal-snlt d iet (NS, 0.45 % NaCl. 

I 9-21 % protein) or a high-salt diet (HS. 2 % NaCl. 

19-21 '1/., protei n). 

Experi111enlal Jesign a11J /11nc:lionaf examinalion 

Twcnty-cight days old hc tcrozygous male and 

fema le TGR and age-matched transgene-negative 

H,mnover Sprague-Dawley (HanSD) male and female 

rats from several litters were randomly assigned to 

experimema l groups with care that animals from a single 

litter did not preva il in :rny of the groups. Food intake 

was monitored once a week and the co ncentrat ion of 

boseman (Actel ion. Switzerland) was added to the NS 

and HS diets in a concentration depending on the food 

intake so that the fi nal consumption of bosentan was 

J 00 mg.kg·1 of body weight per day. Fo1: this purpose. 

new diets wcre prepmed every week. The cxperimental 

groups with ini tial number of animals are shown in 

Table I . 

Table 1. Mean arteria l pressu re, heart and kidney weights, and glomerulosclerosis index (GI) in experimental groups at 180 days of 
age. 

Group 11 MAP 

(mm Hg) 

Male HanSn + NS 13 l 17±4 

Male HanSD + NS + Bose111an 14 11 9±4 

Male HanS{) + HS 14 11 6±5 

Male HonSD + HS + Bosen lan 14 12 1±6 

Fe111ole HanSD + NS 16 109±6 

Fe111ale HanSD + NS + Bose111an 15 l 12±6 

Female Ha11S1J + 1 !S 14 113±5 

Female J-fanSL) + 1 !S + 1Josen1an 15 l l4±4 

Male TCřR + NS 24 l 99±7*" 

Male TGR + NS + Rosenlan 26 192±6*" 

Male TGR + HS 22 19 1±9*" 

Male TGR + HS + Bosenlan 25 193±X*# 

Female TGR + NS 32 158±6* 

Fe111ale TGR + NS + Bosentan 24 159±5* 

Female TGR + HS 35 157±8'' 

Fe111ale TGR , J-JS -'- 1Jose111an 34 158±9* 

HW/B\V 

(mg/g) 

3.12±0.19 

3. 11 ±0. 14 

3 08±0 11 

3.09±0.10 

:l. 12±0.1 4 

3. 14±0. l 7 

3.1 1±0 09 

3.08±0. [2 

3 82±0 27* 

:l.X4±0.22* 

4.49±0.28*~ 

3.78±0.25* 

:1.68±0. [9* 

3.63±0.2 1 * 

4.27±0.23é 

3.67±0.20* 

KW/BW 
(mg/g) 

3 .29±0. 17 

333±0. 14 

3.22±0. 15 

3.3 1±0.16 

3.27±0 .19 

3.22±0. 12 

3.4 l ±0 .20 

3.2 1±0.17 

3.36±0.19 

3.2:1±0.2 1 

3.29±0.19 

3.35±0. 18 

3.32±0.16 

3.3 1±0.2 1 

3.20±0.13 

3.25±0.19 

GI 

0.33±0.21 

0.43±0.20 

0.21 ±0.20 

0 .40±0.25 

0.28±0.19 

0.33±0.24 

0.41±0.22 

0.37±0.26 

1.44±0.18* 

1.68±0.13* 

2.24±0.12*+ 

1.60±0.16* 

1. 5 1±0. 15* 

l .43±0. l 6* 

2.33±0.14é 

1.39±0.13* 

Hanso, transgene-negative rats; TGR, heterozygous transgenic rats (mRen2)27; NS, normal salt diet; HS, high salt diet; MAP, mean 
arteria l pressu re; HW, heart weight; BW, body weight; KW, kidney weight. • P<0.05 vs. Hanso rats; • P<0.05 male TGR vs. female 
TGR; + P<0.05 untreated TGR fed HS VS. TGR fed NS or HS and treated wi th bosentan 

Systolic blood pressure (SBP) was measured in 

conscious animal s by ta il pl ethysmography from 29 to 40 

days of age every two days. from 4 1 to 60 days of age 

every three days and thereafter every week until the end 

of the experi ment (l 80 days of age). At ench 

measurement, BP was determined as the me;i n of fo m 

measurements. This method was previously va lidated in 

our laboratory by Heller and Hellerová ( 1998). At 40. 80, 
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120 and 170 days of age , rats were placed into individua! 

metabolic cages and their 24-hour urine was collected 

(after at least 3 days of u·ai ning period) for protein 

determination and calculation of clearance of endogenous 

creatinine (a blood sample for determination of plasma 

concentration of creat inine and e lectro lytes was wken on 

the second day in the morning). Body weiglns were 

obtained during SB P measurements and from day 60 until 



the end of t11e experiment rats were weighed additionally 

twicc a weck. At tbc cnd of cxpcrimcnts, anima ls wcrc 

anesthetized with thiopental sodium (50 mg.kf 1 of body 

weight) , and the right cm-otid artery was cannulated with 

PE-50 tubing fo r direct measurement of mean arteria l 

pressurc (MAP ). 

Morphologicnl exa111innfio11 

The ratios of heart we ight/body weight (mg/g) 

and righl k.idney weighvbody weight (mg/g) were used as 

indices of cardiac hypenrophy (HW/BW) and kidney 

hypertrophy (KW/BW), respectively. The Jeft kidney w::is 

quickly removed, fixed in 4 % formal dehyde, dehydrated 

and embedded. Paraffin sections were stained wirh 

hcmatoxylin-cosin and pcriodic acid-Schi ff rcactio n 

(PAS). Slides were evaluated in a blind fashion. Fifiy 

glomerul i in eacl1 kidney were exarni ned on a semi

quantirative sca te as described previously (Yagil el al. 

2002 ): grade O, all g lomeruli norma!; grade 1. one to two 

glomemli were affected: grade 2, more th:rn 2 but less 

thau 17 glomeru li were affected; grade 3, 17 or more 

glomeruli were affected. 

Tis.me ET-1 e ,,rt!unlíon 

ln separare groups of HanSD and hetero7ygous 

TGR fed ei t11er NS or HS diet (n = 8 in each group) from 

28 to 80 days, ET-1 concentrations were exami ned in 

kidney cortex and lefl ven tricle . The purpose of thi s 

protocol was to evaluate whether tissue ET-1 levels are 

increased before transition to the malignant pbase of 

hypenension in this model. Tllis time protocol was 

choseu because at thi s time point (80 days of age) each 

group still exhib ited 100 % s11rvival rate. ET- 1 leve ls 

were assessed by the ELISA system fro m Amersham 

(Braunschweig, Germany) as described and validated 

previously (Backer ef ni. 200 I). 

Starisrica/ analysis 

Ali values are expressed as mean ± S.E.M. Two

way repeated-measures ANOV A vv"ere used to detect 

differences within each experimental group. For 

comparison between he terozygous TGR and HanSD rats. 

repeated-measures ANOV A was used with a test of 

interaction to determine whether the average change after 

cxpcrimcmal manipulntion (diet mauipulation ancl 

phannacologica l treatment) was different between TGR 

and HanSD rats. One-way ANOV A was used fo r the 

cvaluation of hcart and kidncy wc ights, ET-1 

concentrations and glomerulosc leros is data . Statistical 

significance was defined as p<0.05. 

Results 

S11r viva! rafe 

Ali male and female HanSD fed either the NS or 

HS diet with or without bosentan treatment survived until 

thc cnd of thc experi.mcnts ( 180 days of agc ). Likewisc al! 

heterozygous male and female TGR fed NS diet with or 

without boseurnn admini stration exhibited J 00 % survival 

rate. In contrast. only 46 % (IO of 22 rats) heterozygous 

male TGR exposed to HS in tak.e survived uni i! the end of 

the experiment (Fig. IA). The administration of bosentan 

significantly increased rhe surviva l rare in tlli s group to 

76 °/4, ( 19 of 25 rats). Likewise, HS diet in heterozygous 

fe male TGR resulted in the surviva l rate of 80 % (28 of 

35 rats) which M IS siguificantly hi gher than that of 

heterozygous male TG R (p<0.05). Thi s was improved by 

treatmenl with bosenta n to 97 % (33 of 34 rats) (p<0.05) 

(F ig. IB). 

32 

A 

B 

t1l 
> ·~ 
::, 

(/) 

100 

80 

60 

-TGR +HS 
4o ·· ·· TGR + HS+ Bosentan 

Male 
20 

o ....... ---------~--~---o 40 80 120 160 200 
Age (days) 

100 ·· ---·- . ., ., .. . , .. ..... , 

80 

60 

40 -- TGR + HS 

···· TGR +HS+ Bosentan 

20 
Female 

o----~---~--~--~--~ 
o 40 80 120 160 200 

Age (days) 

Fig. 1. Survival rate of male (A) and female (B) heterozygous 
Ren-2 tra nsgenic rats (TGR) fed high salt (HS) diet. 



Blood pressure 

SBP deterrnined by tail plethysrnography in 

conscious male and female HanSD on NS diet remained 

within the nor111otensive range throughout the whole 

experiment ai1d the final SBP was not different between 

male and female rats (13 8±5 and 128±6 mm Hg, 

respectively). HS diet did not significantly increase SBP 

at any time point throughout the experiment either in 

male or female HanSD and the final SBP was not 

significanrly higher compared with animals fed the NS 

diet (139±6 vs. 138±5 in males and 137±5 vs. 128±6 

111111 Hg in females, respectively). Trearment with 

bosentan did not significantly alter SBP either in male or 

female HanSD fed HS or NS diet (data not shown). There 

were also no significant differences in MAP measured 

intraarterially in anesthetized rats on day 180 (Table 1 ). 
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Fig. 2. Changes in systolic blood pressure in male and female 
heterozygous Ren-2 transgenic rats (TGR) fed norma! (NS) diet 
(A). Mean arterial pressure measured at the end of experiment 
(180 days of age) (B). 

As shown in Figure 2A, both heterozygous male 

and female TGR fed thc NS diet developed hypertension 
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at day 40 of age and reached the peak of BP ar day 65 of 

age. In beterozygous nrnle TGR fed the NS diet, SBP was 

stable until the end of the experiment. In contrast, in 

heterozygous female TGR fed the NS diet , SBP after 

reaching its pcak (betwcen 65 to 80 days of age), started 

to decrease spontaneously (at the age of 130 days) and 

the final SBP was significantly lower compared with 

male heterozygous TGR fed the NS diet. Treatment with 

bosentan did not alter this patrem of SBP in heterozygous 

male or female TGR fed the NS diet. Heterozygous 

female TGR fed the NS diet either untreated or treated 

with bosentan, had significantly lower MAP at the end of 

experiment than heterozygous male TGR fed the NS diet 

without or with bosentan ( 158±6 vs. 199± 7 and 159±5 vs. 

192±6 111111 Hg, respectively, p<0.05 in both cases) 

(Fig. 2B). 
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Fig. 3. Changes in systolic blood pressure in male TGR fed either 
NS or high salt (HS) diets (A). Changes in systolic blood pressure 
in female TGR fed either NS or HS diets (B). * P<0.05 vs. values 
at the same time point. 



As shown in Figure 3A, the HS diet caused a 

significant acceleration of hypertension developrnent in 

heterozygous male TGR between days 35 to 42 of age as 

compared with animals fed thc NS diet and bosentan 

treatment did not prevent this acceleration. Likewisc, 

between 35 lo 40 days of age hcterozygous female TGR 

fed the HS diet exhibited significantly higher SBP 

compared with animals fed the NS diet. Similarly, the 

administration of bosentan did not attenuate this BP 

increase (Fig. 3B). 

Body and organ weighrs and glomerulosc/erosis index 

The course oť body weight (BW) gain in male 

and female HanSD was not altered either by dietary 

manipulation or by the treatment with bosentan. The 

course of BW gain in heterozygous male and female TGR 

fed either the NS diet alone or the NS diet with bosentan 

was almost identical to that observed in HanSD animals. 

However, heterozygous male and female TGR exposed to 

HS diet exhibited a profound loss oťBW just before they 

started to die (Figs 3A and 3B). In conu·ast, heterozygous 

male and female TGR fed the HS diet with bosentan 

showed the same BW gain as NS treated rats (data not 

shown) 

Data on HW/BW and KW/BW are summarized 

in Table l. As expected, heterozygous male as well as 

fema le TGR on NS diet exhibited a hi gher index of 

HW/BW compared with male and female HanSD fed the 

NS diet and treatment with bosentan did not alter this 

pattem. Heterozygons male as well as female TGR 

exposed to HS diet had a sig:nificantly higher HW/BW 

compared with NS fed littermates. Administration of 

bosentan in these groups of TGR lowered their HW/BW 

to levels observed in the animals fed NS diet. Neither diet 

manipulations nor treatment with bosentan did 

significantly change the HW/BW in male or female 

HanSD. There were no significant differences in the 

KW/BW index among the groups (Table 1). 

As shown in Table l , heterozygous male and 

ťemale TGR fed the NS diet exhibited markedly higher 

values oť glomerulosclerosis index compared with male 

and female HanSD. HS diet further increased the 

glomerulosclerosis index in these groups of TGR. 

Administration of bosentan in heterozygous male and 

ťemale TGR fed the HS diet substantially reduced the 

glomerulosclerosis index to the levels observed in NS fed 

animals. 

Table 2. Proteinuria, clearance of endogenous creatinine at different time points in male and female experimental groups. 

Day 40 Day 80 Day 120 Day 170 
Proteinuria Ce, Pťoteinuria Cer Proteinuria Cer Proteinuria Ce, 

Group (mg/24 h) (µl.min -1.g-1) (mg/24 h) (µl.min ·'.g 1
) (mg/24 h) (µl.min- 1.g-1) (mgi24h) (µl.mi1f 1 .g-1

) 

Male HanSD + lvS 3.1±1.l 7.7±0.6 4.1 ± 1.2 7.6±0.5 5.2± 1.1 7.2±0.4 5.4± 1.3 7.8±1.4 
Male HanSD + NS + B 2.9±0.9 7.6±0.5 3.6±1.1 7.8±0.7 4.9±1.2 7.3±0.5 5.3± 1.2 7.6±1.1 
Male HanSD + HS 6.4± 1.3 6.8±0.7 7.7± 1.5 7.1±0.4 6.2±1.1 7.1±0.6 7.8±1.l 7.0±0.9 
Male HanSD + HS + B 5.4± 1.2 7.2±0.6 54± 1.3 6.6±0.5 5.7±0.8 7.6±0.5 7.7±1.2 7.1 ±0.8 

Male TGR + NS 4.8± I. I 6.7±0.7 39.8±3.7* 6.7±0.6 36.5±2.9* 8.1 ±0.9 4] .5±2.7* 6.9± 1.2 
Male TGR + NS+ B 5.3±0.9 7.4±0.5 8.8±2.8 6.4±0.6 9.1 ±2.9 7.7±0.6 9.3±2.4 7.4±1.3 
Afale TGR + HS 35.8±3.7* 7.0±0.5 75.9±3.9*+ 6.7±0.7 75.1 ±2.7*+ 6.6±0.6 75 .9±3.8*+ 6.8±1.1 
Male TGR + HS + B 6.5±1.3 7.3±0.6 31.5±3.3* 6.4±0.8 37.2±4.1 * 6.4±0.7 36.4±3.9* 7.7±1.l 

Fema/e HanSD + NS 4.6±1.2 7.4±0.8 4.1±0.6 7.1±0.9 4.2±0.9 7.2±0.4 4.7±1.2 6.8±0.9 
Female HanSD + NS-'-- B 4.8± 1.l 7.0±0.7 5.9±0.9 7.2±0.6 4.4±0.7 7.1±0.7 4.9±1.1 7.3 ±0.7 
Female HanSD + HS 5.4± 1.3 7.1± 0.9 5.1±0.7 7.2±0.5 5.7±0.9 7.2±0.5 5.8±1.2 7.1±0.6 
Female HanSD + HS + B 5.2±0.9 7.2±0.8 4.7±0.9 7.3±0.6 5.1 ±0.8 7.0±0.5 5.3±1.l 6.9±0.8 

Female TGR + NS 5.1± 0.8 6.9±0.8 5.1 ± 1.3 7.0±0.8 4.5±0.7 7.2±0.6 4.4±0.7 7.2±0.6 
Female TGR + NS+ B 4.7±0.9 7.1±0.6 4.6±1.2 7.4±0.9 4.3±0.8 7.3±0.7 4.7±0.8 7.2±0.5 
Female TGR + HS 5.4±1.1 7.3±0.7 37.5±3.4* 6.1±0.3 20 .8±2.3* 7.1±0.5 19.5±2.l * 6.8±0.6 
Female TGR + HS + B 5.3± 1.2 7.2±0.8 5.3±1.1 6.3±0.7 5.9±1.1 7.2±0.6 6.3± 1.4 7.1 ±0.5 

HanSD, transgene-negative rats; TGR, heterozygous transgenic rats (mRen2)27; NS, norma! salt diet; HS, high salt diet; B - bosentan, 
Ce" clearance of endogenous creatinine (expressed per gram of body weight). • P<0.05 vs. HanSD rats; + P<0.05 untreated TGR fed HS 
vs. TGR fed NS or HS and treated with bosentan. Data shown in this table at each time point are from animals that survived until the 
end of the experiment (180 days of age). 
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Proteinuria, clearance o/ endogenous crearinine and 

urinary elecfrolvte excrefion 

Ail male aud female HanSD fcd either the NS or 

the HS diet exhibited minima! proteinuria and stable renal 

function (measured as clearance of endogenous 

creatinine) throughout the entire experimental period . 

Bosentan treatment did not affect these parameters in any 

of the experimental groups (Table 2) 

As shown in Table 2, heterozygous male TGR 

fed the NS diet exhibited a progressive increase in 

proteinuria throughoul the experimental period reaching 

final va lues that werc eight timcs higher than thosc in 

male HanSD rats (p<0.05). Proteinuria was significantly 

rcduced in rats treatcd with bosentan (p<0.05). The HS 

diet eaused a signifícant increase in proteinuria in 

untreated heterozygous male TGR compared with NS fed 

animals (p<0.05). Bosentan treatment again significant ly 

reduced the proteinuria in heterozygous male TGR fed 

the HS diet. In contrast to males , hcterozygous fema le 

TGR fed the NS did not show any signifícant increase in 

proteinuria throughout the entire experiment compa red 

with female HanSD rats. HS diet increased proteinuria in 

heterozygous femalc TGR compared with NS fed 

littennates (p<0.05), but the onset of this change was 

delayed and also the degree of proteinuria was lower 

compared with male TGR (p<0.05) (Table 2). Bosentan 

administration normalized proteinuria in heterozygous 

female TGR fed the HS diet to lcvels observed in Hm1SD 

animals. 

Data on proteinuria and endogenous creatinine 

clearance obtained from all cxperimental groups 

throughout the study are shown in Table 2. As expectcd , 

animals fed the HS diet exhibitcd significantly higher 

daily urinary sodimn excretion compared with rats fed the 

NS diet (between 1780 to 1980 vs. 920 to 980 ~unol/24 h, 

p<0.05) . 

ET-1 lissue co11ce11/rafio11s 

As shown in Figure 4A, kidney cortex ET-1 

concentrations in male HanSD rats wcre not significantly 

different from those in heterozygous male TGR fed the 

NS diet (0.20±0.04 vs . 0.24±0 05 ). The HS diet did not 

significantly change kidney cortex ET-1 levels in HanSD, 

but elicited a significant increase in TGR (0.23±0.03 vs. 

0.48±0.04, p<0.05). Likewise, left ventricular ET-1 

concentrations were not significantly different between 

HanSD and TGR rats fed the NS diet (0.42±0.06 vs. 

0.56±0.09). but the HS diet caused a significant increase 

in TGR animals (0.49±0.05 vs. 0.78±0.06, p<0.05) 

(Fig. 4B). 
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Discussion 

The fírst aim of the present study was to evaluate 

the effects of nonselectivc ETA/ET 8 receptor blockade on 

tl1e course of hypertension in heterozygous TGR. We 

found that treatment with bosentan did not alter the 

course of hypertension either in hctcrozygous male or 

fcmalc TGR implying a minor ET-dependent component 

in this model of hypertension. Our findings confirm the 

results obtained by Rossi's group (Rossi et al. 2000, 

Seccia er al. 2003). but do not support previous findings 

that suggest a major contribution of the ET system to the 

maintenance of hypenension in TGR (Gardiner ef al. 

1995, 2000, Kelly er al. 2000). We cannot offer a fully 

satisfactory explanation for this discrepancy, but one 

possibility should be considered. In the aforementioned 

studies TGR of various ages were used, i.e. young rats 

were used in studies with no effect of bosentan , whereas 

old ones were employed i.n studies reporting a 

hypotensive effect of ET blockade. ln addition, it has 



been recently repo11ed that the ET.-1 receptor blockade 

attenuated the development of hypertension in adult Dahl 

salt-sens itive rats but not in young animals (Dobešová el 

al. 2003). Therefore, it is peninent to assume that ET 

system contributes to the pathogenesis of hypertension in 

mature but not in immature TGR. However, the newest 

study of Rothermund et al. (2003) does not support this 

concept. They demonstrated that ET receptor blockade 

did not decrease BP in heterozygous TGR with already 

establ ished hypertension. The claim t!Jat the role of ET 

system in the patl10genesis of hypenension in TGR is 

more pronOLrnced in adult than in young animals is in 

agreement with the fact that pressor systems such as 

vasopress in or angiotensin are less important in salt

dependent hypertens ion of immature rats eompared to 

tlrnt of adult rnts (for rcview sec Z icha and Kuneš 1999). 

lt is clear that more detailed studies are needed to address 

tllis issue. 

However. witl1 respect to the Jack of BP 

lowcring effcct of boseman trea1111eut in TGR, tl1c 

nonselective nature of thi s compmmd should be 

considcred. Emerging body of evidence indic1tcs that 

hypertensinogenic and target-org:111 damaging ET-1 

actions are produced ,·ia ET,1 receptor activation 

especially in tJ1e models of malignant and salt-loaded 

hypertension (ďUscio et al. 1997, Orth er al. 1998. 

Rothenmmd et al. 2001, for review see Morem1 and 

Schiffrin 2003 ). In addition, Vassileva e1 al. (2003) have 

recently demonstrated that activarion of ET 3 receptors 

participates in the pressure-natriuresis mechanism and it 

ha s been proposed that ET may participate 1•/0 this 

mechanism in the long-term regulation of BP. Therefore, 

it is logical to assume thar rhe selective ETA bloekade 

would have a BP lmvering effect in TGR. However, the 

receut results from Rossi·s and Rothermunďs groups do 

not support this notion. They found that neither bosentan 

nor a selective ETA receptor antagonist prevented the 

development of hype11ension or did nor lower BP in TGR 

(Seccia et al. 2003, Rothermund et al. 2003). Moreover, 

the expecta1io11 that ETA receptor activation leads to 

vasoconstriction and ET 3 receptor stimulation cause s 

vasodilatation may be oversimplified, because it is known 

that two distinct subtyp es of ET 3 reeeptors exist (ET BI 

and ET 32). ET31 receptors are present on the vascular 

endothelium and cause vasodilatation tllrough the release 

of nitric oxide and prostaglandins (De Nuce i et al. I 998), 

whereas ET 8 2 receptors ,u-e found on vascular smooth 

muscle cells and mediate 11011-ETA vasoconsu·iction 

(Rasmusseu er al. 1998). Moreover, ET 8 receptors have 
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been reported to stimulate aldosterone production (for 

review see Nussdorfer et al. 1999) and it has been 

recently demonstrated that aldosterone plays an important 

role in the development of cardiac and renal vascular 

fibrosis (Park and Schiffrin 2002, Pu et al. 2003, Seccia 

et al. 2003). Thcrefme, it seems that the nonsclective 

ET„j ET 3 receptors blockade is a su itable experimental 

approach for the evaluation of the overal! role the ET 

system in tJ1e development of ANG 11-dependent 

hypertension. fr is obvious, however, that more detailed 

studies employiug selective ET receptor antagonist are 

needcd to address the role of ET syslem and its spccific 

ET receptor subtypes in the development of hypertension 

in TGR. 

The second aim of this sn1dy ,vas to assess the 

cffec1s of HS dicl on Lhe course of hypencnsion and 

associated end-organ clamage in heterozygous TGR. With 

respect to BP we fou nd that HS intake aceelerated the 

development of hypenension in beterozygous male and 

fcmale TGR. ln addi1ion. our presern st11dy shows that in 

heterozygous TGR the HS diet caused a marked increase 

in mortality and cleteriorated the c;irdiac and renal i11ju1y 

Bosentan admini stration elicíted a considerable 

improvement of survival rate and a substantial attenuation 

of end-organ damage in heterozygous male and female 

TGR fed the HS diet witl1out iníluencing BP levels. 

These results are in good agreement with our recent 

observation 1nade in homozygous TGR showing thal 

nonselective ET receptor blockade resulted m a 

considerable improvement of survival rate ancl a 

substantial attenuation of end-organ damage rn 

homozygous TGR fed the HS diet w ithout altering BP 

levels (Dvoř,ík et al. 2002a). Taken together, our data 

indicate that the ET-depeudent compouent plays an 

importanr role in the development of end-organ damage 

in heterozygous male as well as female TGR fed HS diet. 

Our findings further support the notion that the 

interaction of ET- l and ANG II contributes to the 

development of hypenension-induced end-organ damage 

(ďUscio et al. 1997. Breu el al. 2000 , Muller et al. 2000 , 

Ficai et al. 200 I, Mi.i ller er al. 2002 , for review see 

Moreau and Schiffrin 2003). 

In addition, our results suggest that heterozygous 

male as well as female TGR carry a salt-sensitive 

component of hypertension. These observations are in 

contrnst with a report by Clnmg et al. (1993) who found 

no BP changes in TGR when given 8 % NaCl diet for 

l O days. However, this difference n1ight be explained by 

their use of adult animals (3 to 5 months olei), while we 



used yo ung TGR. Th.i s cxplanat.ion agrees with our 

findings that acceleration of hypertension occurred only 

between 35 to 40 days of age. whereas we did not 

observe any effects of HS diet on BP in elderly animals. 

Moreover. it is also irnportant to mention that we used 

only 2 % NaCl and the di fferences in the salt-loading 

protocol mi gh t therefore account for diffcrenl BP 

responses. Nevertheless, a prev ious study of Callahan er 

al. ( 1996) which showed that 2 % NaCl diet exacerbated 

the progression of l1ypenension in heterozygous male 

TGR, supports om fmd ings. 

The third aim of the present study was to 

evaluate if gcnder diffe rences influence thc coursc of 

hypertension and end-organ damage in TGR and if they 

would modify responses to dietary man ipulation and 

pllarmacological treatment. We found that l1eterozygous 

male and female TGR fe d the HS diet exhib ited sim.ilar 

pattem of the course of hypertension, survival rate and 

associated hypcrtcnsion-induccd cnd-organ damagc. In 

add.i tion, the response to bosentan trea tment has a lot in 

common. However, the onset of the malignant phase of 

hypertension (characterized by enhanced mortality rate. 

increased prote inuria and body weight loss) was 

significantly delayed in heterozygous fema le TGR fed the 

HS diet comparcd with malcs. This is in good agrecment 

with previous observations in various hypertensive 

models showing that males ha.ve higher BP and more 

serious hypertension-induced end-organ damage than 

age-matched females (for review see Reckelhoff 2001). 

Even if the mechanisms responsible for the gender 

differenccs in Lhc scvcrity of hypenension and cnd-organ 

darnage are not yet fully understood, several reports 

suggest that the inreraction between the RAS and 

androgen receptors accounts fo r these gender differences 

(for review see Reckelhoff 200 I). This notion is fu rther 

supported by recent findings that androgen receptor 

blockade signifi cant ly attenua ted the development of 

hype11ension and , even more importan t, completely 

prevented end-organ damage in male TGR (Ba ltat11 et al. 

2002) 

Of special interest is our observation that BP in 

heterozygous female TGR fed the NS diet reached its 

peak between 65 to 80 days of age, then s taned to 

decrease spoutaneously at the age of no days. At the end 

of the experiment it reached values which were 

significantly lower than those in heterozygous male TGR. 

Such a marked sexual dimorphism of BP changes in TGR 

was already reported by Cargnelli et al. ( 1998) who 

found that BP in heterozygous female TGR 
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spontaneously rcturncd to normotcnsive lcvels by thc agc 

of 250 days. lt remains unclear whether the diminishecl 

expression of the Ren-2 gene tlu-oughout the lifetime in 

females is responsible fo r tllis BP decli ne, but the 

available data on the Ren-2 gene expression in females 

would ratl1er argue against this possibility (for review see 

Langheinrich er al. l 996 and Lce e/ al. 1996). Thcrcfore. 

the reasons for this sexual dimorphism of BP phenotype 

in heterozygous TGR are not known_ and will require 

more comprehensive sn1dies . 

The critical issue of the present st11dy is related 

to the problem which are the underlying mechanism(s) 

rcsponsiblc for lhe benefícial cffects of boscntan 

treatment on survival rate and end-organ damage in 

heterozygous TGR fed the HS d.iet. 

Mult iple independent evidence indicate tha t the 

benefícial effects of ET blockade may be BP 

independent. It has bee n slwwn that anrillypertensive 

trcalmcnt ·with hydralazinc. rcscrpinc and hydrochloro

thiazide which decreased BP to nonnotensive levels. 

barely clelayed end-organ damage in ANG II-dependent 

model of hypertension. whereas treatment witl1 bosentan 

had markedly beneficial effect (Mi.iller et al. 2000). 

Furthermore. it has been demonstrated iJ1 two-kidney, 

one-clip Goldblatt hypenensivc rats thal chronic ET.~ 

receptor blockade atteuuated cardiac hypertrophy wi tl1out 

a reduction of BP (Ehmke er al. 1999). Moreover, two 

studies reported that mice overexpressi ng ET-1 

developed pronounced end-organ damage independe111ly 

of the increase in systemic BP (Hoecher e/ al. 1997, 

Shindo el al. 2002). With rcspcct Lo the undcrlying 

mechanism(s). it has been found in these rats that 

treatment with bosentan inhibited tl1e activation of 

nuclear foctor-kappa B (NF-KB) and transcription factor 

activator protein (AP-1) in the kidney and in tl1e hean 

independently ofB P (Muller e/ al. 2000). Since ET-11·ia 

ETA receptor activation st imulates mitogen-activatecl 

protein kinase (MAPK) pathways which are imponanr 

regu lators of cell proliferation and play an important role 

in the infla1rnmitory response and consequently in the 

fíbrosis process. the alternative mechanism for tl1e 

benefícia l effects of ET blockade might be the inhibi tion 

of MAPK pathways (fo r rev iew see Guijarro and Egida 

2001, Luft 2002) 

Alternatively, the beneficial effects of ET 

blockade might be relatecl to the blockade of aldosterone

mediated deleterious actions on organ strnc t11re. It has 

recently been shown that ET-1 plays a crirical role in the 

development of end-organ damage in aldosterone-infused 



rats exposed to HS intake and that ET blockade prevented 

cardiac and aortic fibrosis independently of BP changes 

(Park and Schiffrin 2002). In addition, it has bcen 

reported that ET-1 exe11s an important permissive action 

on basa! aldosterone secretion and that treatment \vith 

bosentan dccreased basal aldosterone secretion in 

heterozygous TGR (Andreis e/ al. 2000). This notion is 

further supported by recent findings that ET receptor 

blockade in aldosterone-infused rats decrcased oxidative 

stress (Pu et al. 2003). Moreover, ET-1 markedly 

stirnulates tissue superoxide production (Li et al. 2003). 

As heterozygous TGR exposed to salt-loading exhibit 

enhanced tissue ET-1 concentrations, it is likely that they 

also increased tissue superoxide levels. Since it is well 

known that oxidative stress increases the activity of 

NF -KB (Alexa nder 1995) and that oxidative strcss plays 

an important role in ANG II-dependent models of 

hypertension (for review see Reckelhoff and Romero 

2001), it scems conceivablc that the bcncficial cffccts of 

the ET blockade may be attributed to the blockade of tl1e 

deleterious effects of aldosterone and oxidarive stress on 

organ structure. ftJJther studies are needed to elucidatc 

the exact underlying mechanism(s) of our experimental 

observarion regarding the beneficial effects of bosentan 

treatrnent. 

In conclusion, we demonstrated in the present 

study that the chronic treatment with bosentan 
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11.B Nejdůležitější závěry experimentální studie 

V naší studii jsme prokázali, že neselektivní blokáda endotelinových receptorů 

Bosentanem neovlivňuje vývoj hypertenze u heterozygotních transgenních potkanů 

nesoucích myší Ren2 reninový gen (TGR(mRen2)27). Dá se tedy shrnout, že endotelinový 

systém nehraje významnou roli v rozvoji vysokého krevního tlaku u tohoto modelu 

hypertenze. 

Dalším důležitým závěrem této studie bylo zjištění, že potrava s vysokým obsahem soli u 

heterozygotních TGR zvířat akceleruje rozvoj arteriální hypertenze. Tedy heterozygotní 

TGR potkani mají sůl senzitivní složku hypertenze. 

Neselektivní blokáda ETA a ET 8 receptorů pomocí Bosentanu u této skupiny zvířat na 

vysokoslané dietě pak výrazným způsobem snižuje mortalitu a hypertenzní orgánové 

poškození. 

Třetím výsledkem naší studie bylo zjištění, že nejsou pohlavní rozdíly u heterozygotních 

TGR potkanů na vliv vysokoslané diety na rozvoj hypertenze. U samičích TGR(mRen2)27 

zvířat na vysokoslané dietě však bylo dokumentováno signifikantní opoždění vývoje 

maligní fáze hypertenze. 
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11.C Časná blokáda endotelinových receptorů u hypertenzních 
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Abstract 

!vlak hclcruzygous Rcn-2 transgenic rats and Hannover Spraguc ····Dawlcy rats fcd a norma! or high-sall diet were cither untrcatcd or trcatcd 
wit h lhc nonsckctivc receptor J:,J'A/ET1-1 .receptor hlockcr hoscntan or tbc sclcctivc rrr:,, receptor blockcr, ABT-627 . .k.nown as atrascntan. Survival 
ratc was partly incrcased by boscnt an ancl fu lly normalizcd by atrascntnn. Boscntan did not s ignificantly influence lhe coursc oť hypcncnsion in 
TGR. whcrcas atrascnlan signilicnntly dccrcascct HP on both diet.s. /\trascntan subs tanlially redw.:ccl rroteinuria, cardiac hyrcrtrophy, 
glomcrulosclcrosis m1cl lcft ven tricular E'I~ I tissuc conccnlration on both dicts. Our darn indicatc that ET" rccq1lor blockade is superior to 
nonsclcctivc b lock:1dc in ancnualing hypct1cnsion, cnd-organ ctamagc and improving SHrviva l ratc. 
© 2006 Elscv icr lne . Ali rights rcscrvcd. 

Keywonls: Endoth(.':iln rcccptors: Bo-;entan; ,\t.r..iscntan: Rcn-2 rals: End -organ damagc 

1. lntroduction 

Almost two decades ago, the potcnt vasoconstrictor peptide 
endothelin- 1 (ET-1) was discovercd (Yanagismva et a l. , 1988). 
lts action is mediated by two types of rcceptc>rS, namdy ET,\ 
and ET 8 receptors. While ETA receptors in the vascular systern 
mcdiatc vasoconstriction and are localizcd on vascular smooth 
rnusclc cclls, thc major l'imclion oť ET 8 reccpt.ors, localizcd 
mainly on endothelia[ cclls, seems to bc vasod ilat ion in addition 
lo its ckamncc function. Moreover, two distinctive ET11 
rcceptors-- ET s 1 and ET 8 2--with quite opposing ťunction wcre 
identified in the rat (Gella i ct al. , 1996). 

Sincc its discovcry, a growing body of evidence has been 
accumulatcd showing lhal ET-- 1 plays a pivota! role in scvernl 
cardiovascular cliscascs, inclucling chronic hcart ťailurc, 

* Corrcsponding: m1lhnr. Center IOr Expcri 111('1Hal Mcdicinc. Institute ror 
Clinical and Experiment.li Med ici ne, Viden:-ka 1958/9, CZ-140 21. Prngue 4, 
Czech Rcp11blic. Tol.: +42 0 2(,1363199: rax : +420 24 l 72166fi. 
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1537-189 1/S - sec front multcr •.<) 2006 Ebcvicr Inc. Ali rights rc:-crvťd, 
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ischcrnic hcart discasc. hypcnension. atbcrosclcrosis, pulmo
naiy hypertcnsion and chronic hcarl failure. ln these discase 
statcs. tbc levcls oť circu lat ing LT-1 are incrcased. and 
trcatrncnl with ET inhibitors provcd to bc advantagcous 
(\:lasaki. 2004 ). Thus, e.g. the nonspecific ET receptor 
blockcr bosentan has been approvcd as a therapeutic agent 
to lreat pulmonary hypcrtcnsion (Kenyon and Nappi. 2003 ). 
1 lowcvcr. dcspitc tbc incrcasing evidence that the ET systcrn 
plays an imporlant role in the pathogenesis oť systemic 
artcrial. hypertension, its mcchanism of action is slili not well 
undcrstood. 

Our prcsent. cxpcriments wcrc thcreforc perfi_1nned, tírst. to 
evaluate thc role of ET-1 in the onsct and maintcn:mce oť 
hypcrlcnsion in hcterm:ygous Ren-2 transgcnic mts. Heterozy
go us rats transgcnic for thc mousc rcnin gene (TGR) (strain 
namc TGR(mRen2)27). a model oť monogcnctically defin cd 
hypertcnsion (l\:lulli ns ct al. , 1990), cxhibit a salt-scnsitivc 
component (Callahan ct a l. , I 996). Spccial cmphasis was gi vcn 
to thc diťťcrcncc in action bctwccn thc nonsclect.ivc ETAiET 8 

and Lhc spccifíc ETA receptor blnckadc. The benefit of spccific 



ETA receptor blockade may relate to the foct, that, contrary to 
thc nonspccific receptor blockadc, it ctocs not inhibit thc 
vasodilatory (de Nucci cl al., 1988) and natriurctic (Konish i et 
al., 2002) rcsponsc to stimulalion of ETB rcccptors. Bcsidcs 
thcir vasoconstrictory fimction, ETA rcceptors also mcdiate cel! 
proliforation ofvarious ccll typcs , cspccially ofvascular srnooth 
rnusclc cclls (11 irata ct al., 1989). Thereforc, thc blockadc of 
ETA reccptors may be bcncficial in attenuating vascular 
alterations leading to cnd-organ ctamagc. This antiproliťerative 
action of ETA receptor blockers has evcn attractcd the attention 
of rcsearchers in the field of canccr rcsearch (Salmli dal., 2002: 
Nelson. 2003 ). 

Since dietary sodium plays an important ro le in the 
pathogcnesis of hypcrtension 1101 only in humans (Weinber
ger, 1996) but also in sall-sensilivc models of hypertension 
(.Dahl ct al. , 1968), our sccond aim was to cvaluatc tbc 
influence oť high-salt int.ake on the course of hypertension, 
end-organ damagc and surviva.1, as we.ll as the potcntial role 
of ET-1 in TGR under these conditions. lt is gcncrnlly 
accepted that ynung animals are more susecptiblc lo various 
hypertcnsinogenic stimuli (Zicha and Kunes, 1999) and also 
lhat thcrapcutic intervcntions ma<le in these early perio<ls of 
liíc are mnre effective. Howevcr, discrepant resu lts werc 
rcportcd in hctcrozygous TGR. i.c. cithcr no cffect (Rothcr
munct el al.. 2003a) or hypotcnsivc (Ciardiner et al., 2000) 
effects of nonselective or selective ET receptor blockade wcre 
ťound in adult animals, whcreas no efťeci was found in young 
animals (Whitworth cl al., .1995; Rossi ct al., 2000). 
Therefore, in the present study we cval uated the effoets of 
nonsclcctive as compared io selective ET receptor blockade in 
T(iR on differenl sodium dicts when trealmcnt \.Vith receptor 
blockers was startect carly in their liťc. 

2. Matcria ls and mcthods 

Thc protocols in the present study wcre performcd in 
aecordanee with the "Guide for thc Care and u~c oť Laboratory 
Animals" and were approved by Czech Animal Care and Use 
Committce (Proioeols 79/200 I and 923í2003). 

2.1. Anima/.1· 

We usect male heierozygous rais transgenic for the mouse 
rcnin gene [TCiR; strain namc TGR(mRcn2)27] and male 
Hannover Spraguc--Dawlcy rats (HanSD) as normotensivc 
controls. Animals were housed undcr standard conditions and 
had free access to chow ancl water. Ali anirnals uscd in this study 
werc bred at thc Center for 1'.xperirnenial Medicinc oť the 
Institute for Clinical and Expcrimcntal Mcdicinc from siock 
animals supplied from Max Dclbriick Center for Molccular 
Mcdicine in Berlín , Gerrnany. 

2.2. Ex;1erimental protoco/ 

A.nimals wcre fcd cither a norma[ salt (NS, 0.45'}!, NaCl) or 
high-salt diet (HS, 2°,-ó NaCl) siarting on clay 29 oť agc. Al this 
time point, eithcr nonselective ETA!FrB receptor blockade by 
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boscntan, or selective ETA receptor blockade by atrasentan was 
initiatcd. Boscntan (Actclion. Alsehwil, Switzerland) was addcd 
lo the diet. Thc conccnlration in the food was calculated to 
dclivcr a dose of 100 mg kg I day · 1 (Roux ct al., I 999). This 
dosc was prcviously validated in our laboratory to eťfoctivcly 
block ET rcceptors (Dvorak ct al., 2004). The scleclivc ET_,\ 
receptor blocker airascntan (Abbotl, Chicago, USA) was addcd 
to the drinking fluid: t.he dose was adjusted wcekly to provicle a 
concentration oť 5 mg kg 1 day 1 (M uldcr ct al.. 2000), which 
is gcnerally acceptcd to cťfectivcly block ETA reccptors 
(Opgenorth ct al., 1996; D' Angelo ct al., 2005). Al thc start 
oť thc experimcnts, the anirnals wcre allotted to cight group;; 
receiving either norma! salt (NS) or high-salt diet (llS). As 
controls age-matched HanSD rats on tbc samc regirncns werc 
invesiigatcd. 

The ťóllowi ng expcrirncnial groups wcrc studicd: 

HanSD+ NS (11 = 24) 
TGR+NS(11 °• l8) 
TCiR .;. NS + hoscnian (11 ·•••- 18) 
TGR + NS + atrnscntan (n= 18) 
HanSD+HS (n=24) 
TCiR + HS (1F 24) 
TGR+ HS' boscntan (n = 18) 
TGR ·HIS+atrascntan (11 = 23 ). 

2.3. Blood pressure, proteinuria ///Ill tissut! 1veight 

From day 29 onwards, regular measurcrnents oťbody weight 
and systolic Bl' (SBP) were madc at wcekly intcrvals using the 
tail plethysmography mcthod (Hatteras lnstruments. Cary, 
North Carolina, USA). At the age of 50 ancl 80 days, animals 
werc houscd in rnctabolic cages so that fluid intake could bc 
monilorccl and urine collectcd. l.Ji-inary protein conccnlration in 
24 h urinc was measurcd by a b iurct method (Lachema. Czech 
Republic) . 

By day 90. animals werc wcighcd, ancsthctized with 
thiopental sodium (50 mg kg- 1

) and mem1 arterial pressure 
(MAP) was monitored dircclly in thc earotid artery using thc 
data acquisilion syslem PowcrLab (AD!nstrumenls, Mountain 
Vicw, CaliJornia, USA). Kidncys and hcart.s werc wcighcd. 
R::itios oť kidncy weighlíbody weight (KW/BW) and heart 
weight/bocty wcight (lJW/13\V) werc used as indices of organ 
hypcrtrophy. 

2.4. Tissue F:Tc/ co1we11tra1io11s 

Lcťt hcarL ventriclcs were rapidly remnvcd and cortex from 
thc right kidncy was quiekly dissccted. Both tissucs wcrc 
immcdiately frozen in Jiquid nitrogen for ET-1 determination 
using an enzyrnc-linked immunnsorhent assay test (ELISA) 
(Amersham. Braunschwcig, Germany ). 

2.5. Histologica/ e.rn111ilwtion 

Thc left kidney was qu.ickly rcmovcd, fixed in 4% buffcrcd 
fórmaldchydc, debydrated and embcddcd. Paraffin scctions 
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Fig. 1. Survival rnte during thc course of ihc experiment on high~snlt diet 
(A) aml mean arlerial pressurc on lenninalion o!_' thc experiment (day 90) 
(B) in hctcrozygous male Rcn-2 trnnsgcnic rats (TGR; +/.··) on norma! or 
high-salt intakc. *p < 0.05 \"Crsus unrnarkcd values. 'ip< 0.05 versus all (1lher 
v~lucs . 

wcrc staincd with hcmatoxylin eosin and pcriodic acid-Schiff 
rcaction and cxamincd using a Nicon Eclipse E 600 light 
microscopc. Slidcs wcrc cvaluatcd in a blind fashion. As 
dcscribcd previously (Yagil čl al. , 2002), ťifty glomcruli were 
cxamined on a scmi-quantitative scak: grade 0 = all glorneru li 
norma!; grade I = 1 „2 glomeruli affected; grade 2=rnore than 2 
bul less !han 17 glomerul i aJ1ectcd; grade 3 •• 17 or more 
glomeruli affocted. 

2. 6. Statistica/ analysis 

Statistical analysis of data was pcrforrned using Graph-Pad 
Prism software (Graph Pad Soťtwarn, San Diego. California, 
USA). The data wcre evaluated by two-way ANOVA with 
repcated measures. We have lwo grouping factors (diet and 
tl1erapy) and onc within factor (measurernent). Newman -Keuls 
post hoc tes t was used fi.x multiplc comparison. Staristical 
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cornpari sons of the results ohtaincct for heart anct kidney 
weighls and for ET-1 concentrations wcre made by one-way 
A NOVA. l Jnlcss notcd. valucs are e~prcsscd as mcan ± S.E.M. 
and II reprcscnts tbc number ofanimals. Ap-value less than 0.05 
was considcrcd significant. 

3. Rcsults 

3.1. Surviv11I ra/c 

Ali TGR b'TOups on NS diet survivcd to the end oť thc 
experiment. Untreatcd and boscntan-trcatcd TGR on thc HS 
diet startcd 10 dic on day 50 (Fig. IA) and thcir survival ratcs on 
termination of the experiment wcre 70% and 83'),~, rcspectivcly. 
ln contrast, lhe adrninistration of atrasenian markcdly improved 
survival to I 00'¾, at the end oť the experiment. Zcro mortality 
was found in HanSD mls on both diels. 

3.2. S)'stolic and 111ea11 al'lerial b!ood pressure 

SBP oť untreatcd and bosentan-treatcd TGR rose constantly 
throughoui thc course of thc experiment on both dicts, rcaching 
on day 78 on the NS di et 234.6±3.6 and 214.2±4.1 mm Hg, 
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respectively (p<0.05) (Fig. 2A) and on HS diet 238.2 ± 5.8 and 
223.J ±3.5 mm Hg, respcctivcly (n.s.) (Fig. 2B). From day 36 
onwards (i.c. within I wcek oť co1111nencc111cnt of alrascntan 
treatment), SBP in atrascntan treated TGR on both diets was 
significantly lower than in unlreated and bosentan-lrcated 
TOR, rcaching on day 78 on the NS diet 170.7±4.3 mm Hg 
and on the HS diet 201.2±3.0 mm Hg (p<0.01). A highly 
signiticant incrcase in BP during the whole experiment induced 
by llS diet was ťound in al! cxamincd groups. SBP in control 
HanSD was significantly lowcr than in corrcsponding TGR 
grnups on botb dicts and rcmained in thc normotensive rangc 
during the wholc cxpcrimental period, with 128.6±2.4 on tbe 
NS diet and l40.6x 10.7 mm Hg on tbc HS diet. At tbc end of 
the experiment, MAP was significantly hígher in untrcated and 
boscntan-treatcd TGR than in their nonnotensivc controls 
cither on the NS (206.()±4.4 and l 96.6 L 7.2 111111 Hg, 
rcspcctively; n.s.) or on the HS diet (210.2L3.9 and 206.6 
± 6.7; n.s.) (Fig. 1 B). On the conlrnry, atrasentan 1reat111e11t 
rcsulted in a substantially lower MAP (156.6±6.5 on the NS 
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and 169.9 :t: 7.4 mm H.g on tbc HS, p < 0.0l) wben cornpared 
with untreated and bosentan-treated anirnals. 

3.3. Pro/einuria 

HanSD on tbc NS diet exhibitcd low proteinuria on day 50 
(5 6±0.92 mg protein /dny) (Fig. 3A), whícb was only 
moderately increascd by ihe HS diet (7.59 ± l .05 mg protein/ 
day), and, as expected, both values had ťurther inereased on day 
80 ( I l.56L 1. 15 onNS and I 9.96 ± 5.78 mg prolcin/day on llS. 
respectively) (Fig. 3B) . ln contrasl, protein exeretion oť 

untreated TGR on NS and HS diets was>ignificantly inercascd 
on days 50 and 80, bcing more prominent on day 80. With 
bosentan treatment, therc was a tendency for a partial reduction 
of proteinuria, wbile atrasentan treatment normalized protein 
cxcrction almost to the levels observcd in HanSD animals. 
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3.4. Bod)' and 01gw1 weighr.1· 

No significant cli fferences in body weight gains wcrc 
observcd between TGR groups throughout thc course of thé 
experiment; moreover, lhc dietary regimens had no influence on 
body wcight gain (data not shown). lndices of HW/IJW and 
KW/BW are depicted in Fig. 4. As expected. untreated TGR 
showed a significantly higbcr index of HW/BW !han HanSD 
(4.06±0.09 versus 2.79±0.21, respeciively, on NS and 4.53± 
0.12 versus 3 .74 ± 0.20, respectivcly, on HS diet) (Fig. 4A). 
Trcatment with buscntan had no eťťcct on HWiBW ratio (3.82± 
0.06 on NS an<l 4.53±0.09 on HS). On thc cuntrary, 
administralion of atrasentan caused a subslantial dccrcase of 
HW/13\V ratio both on NS (3.54±0.05) and on HS diet (4.26 ± 
0.08). HS diet induccd grcatcr cardiac hypertrophy than NS diet 
in al! groups oť rats. 

No significant differences in the KW/BW indices among al! 
cxami ned groups were observed either on NS or HS d iets: 
howcver, indiccs oť KW/BW werc signi ficant ly increascd in 
rats on 111c HS as compared to rats un thc NS diet (Fig. 4B). 
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3.5. Ci/omerulosclerosis index 

There were almost no signs of glomerular inju1y in conlrol 
HanSD rats on both dicts (Fig. 5A and f3). However, a 
substantial incrcase in g lomcruloselcrosis was found in 
unlrcatcd TGR on tbc NS diet and that increasc was .further 
intcnsiJicd by HS intake. Boscntan treatment partly dccreascd. 
whcreas atrasentan fully attenuated these organ changcs. 

3.6. ET-1 rissue co11ce11tration 

As shown in J-'ig. 6A, l·IS d iet significantly increased left 
vcntricular E-1~1 content in all groups ofan imals. L.eft ventricle 
ET~ l content of untreated TGR subslanlially excccdcd tbat of 
HanSD. Botb, boscntan and cspccially atrasentan. signific~ntly 
rednced 
HanSD. 
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signiťícantly higher in untreated TGR than in Han SD. 
lntcrcstingly, a more pronounccd decrcase in kidncy ET-1 
concentration was found in boscntan-treated than in atrasentan
trcated animals. No s ignificani diffcrcncc was obscrvcd 
betwccn rnts on the HS and mls on thc NS intakc. 

4. Discussion 

lletcrozygous TGR providc a suitabl e model of hypc1icn
sio11. sincc---·in contrast lo homozygous TGR who dcvclop 
severe malignant hypc1ie11sion ··· the ir bypertcnsion is mi !der, 
thus allowing long-t enn studies. Accordingly, 1he.firs1 goal oť 
our current study was to compare thc potentially bcneficial 
effects ofa nonselcctivc ET.-\ IET8 with a sclectivc ETA receptor 
blockadc in young bcterozygous TGR on a norma/ salt imake. 
Sincc our prcvious study (Opoccnsky cr al., 2004) bas shown 
that chronic treatmcnt of hctcrozygous TGR on a high-salt diet 
with tbc nonsclcctivc lffA/ETu receptor blocker bosentan 
substantially improvcd thc survival ratc and rcduccd cnd
organ damagc without altcring BP, the second goal oC our study 
was to evaluatc tbc influence oťliigh-sali i111ake on thc course oť 
hypcrtension, thc degrce oť end-organ damage, and thc surviva l 
in you ng hctcrozygous TGR, as wcll as the potential eílccts of 
ET receptor blockadc. 

ln our currcnt study, in which the treatment period was hnlf 
as long as in the previous one ( Opocensky et al., 2004 ), we have 
first confirmed part of our prcvious findings , namcly lhal thc 
ncphroprotcctivc cflccts of bosentan wcre independcnt of BP 
changes. We tben extendcd this obscrvation especially to study 
the effccts oťa sclectivc FT" recepto r blockade on hypc1icnsion 
ancl rclatecl end-organ damagc. With ťespect to the Jack oť a 8P 
lowering cffecl ofboscntan, our findings are in accordance witb 
prcvious observations in young TGR reportcd by Whitworlh .:t 
al. ( 1995) and Rossi el al. (2000). ln fact, increasing evidence 
indicates that thc hypertcnsinogcnic and organ damaging effecls 
oť ET-1 are mediated via ETA receptor aciivation espccially in 
thc models oť sa lt-dcpcndcnt hypertcnsion (Moreau and 
Schiťfrin, :?OOJ). On one hand, it is thcrefore not suq1ris ing 
rhat wc found a substantial BP /owcring cffccl oť ET„ receptur 
blockadc with atrascntan in our young heterozygous TGR. On 
tbc othcr hand, we bavc no plausiblc cxplarrntion lhat Rossi cl 
al. (2000) did not find any dccreasc in BP with se lectivc ETA 
receptor blockade cxcept that they used a different ETA receptor 
blocker, namely BMS-[82874, during a shortcr r.rcatrnclll 
period . Howcver, discrepant resul ts with ETA receptor blockers 
werc also found in other experirnental hype1tensivc modcls. 
While no influence on BP was found in one-clip two-kidney 
hypcrtension (Ehmke et al. , 1999; Saam et al., 20<n) and in 
double rcnin transgcnic rats (Bohlcnder ct al. , 2000), a BP 
lowering etťcct oť ETA receptor blockadc was detectcd in the 
Sabra sall-sensiiivc slrain (Roihcrmund el al. , 200.1\J), in 
DOCA-salt rats (Allcock ct al. , 1998), and in slrokc-prone 
SHR (Blczcr c1 al. , 1999). Howcvcr, only in the lat.tcr 
experimental model studies werc pedormed in young animals 
thus rescmbling thc conditions of our prcsent study. lVlorcover, 
our previous experiments in hornozygous TGR support the idea 
of a substantial impact of E"I~\ receptor blockadc on BP at an 
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early agc (Vaneckova et al., 2005), whi le a decreasing effect of 
tbis receptor blockadc was found with increasing age (Opo
censky ct a.I., submitted for publicat.ion). Thc dillcrence in thc 
cfficacy oť nonsclcctivc versus sclcctivc blockadc is probably 
duc to the foct that thc laHcr inhibits only the vasoconstrictory 
FT~ rcceplnrs and not lhe vasodilalory ETH receplors mediating 
thc rclcasc of NO and prostaglandin, (de Nucci cl al., 1988). ln 
addition, lhc role oť ET 8 r~ccptors as promotors oť natTiur0sis 
has bcen shown in ET8 -dcficient rats, wbicb becamc hypcrtcn
sive when placed on a high-salt diet (Gariepy el al., 2000). As a 
cause of hypertension in this model, thc Jack of norn1al 
Cuncli oning renal tubular cpilhcl ial sodium channels has becn 
suggested (G,u·icpy et al., 2000). ln these animals, selective ETA 
hlockade decrcased systolic BP (Elmarakby et al. , 2004 ). 
lntcrestingly, rcccnt sludics with rcnaJ cross-transplantation 
have shown rhat sa lt sensit ivi ty is rclatcd probably lo ET 8 

receptors localized extrarenal\y (Ohkita et al., 2005). 
Regarding the sccond goal oť our study, namely to evaluate 

thc influence of high-salt iniake on thc coursc of hypcrtcnsion, 
thc degree oi' cnd -organ da rnage, and the survival in 
hcrcrozygous TGR. as wcll as thc potential cfkcts oť ET 
receptor blockade, wc fou nd that high-salt diet sign ificantly 
acccleratcd the devclopmenl o[' hypertension in hctemzygous 
TGR. Morcovcr, thc cffcct of high-salt intakc on tbc coursc oť 
hypertension was sign ifican l not only in un treated animals but 
a lso in bosentan- and atrascntan-treated TGR showing clcarly 
lhal this strain carries a sa lt-sensiti vc component (Callaban cl 
al., 1996). ln acldition, bigh-salt diet increascd mortality and 
worsened rcnal and cardiac damage in this strain. Conlrnry lo 
our prcvious finding in hcterozygous TGR (Opocensky ct al., 
2004), in thc present study bosentan was only partly effccti ve in 
opposíng these effocts. Onc possiblc cxplanation of tbc smallcr 
eťficacy oť bosentan might bc that in lhc prescnl study lreatmcnt 
with lmscnlan lasted only half thc time of that in our previous 
onc. ln contrast, atrasentan substantially reduced both SBP and 
MAP, irnproved survival and had substantial nephro- and 
cardioproteclive cťtccts. 

S imilar to our prcvious study on homozygous TGR 
(Vaneckova cl al. , 2005), lefl ventricuJar J,J~J contcnt, which 
was substantially lower in our hct.crozygous tlum in homozy
gous TGR, was dccrcascd on ly partly with boscntan bul to a 
significantly greater cxtent with atrascntan treatment. This 
corrclates witb tbc findings of Whitworlh et al. ( 1995), who 
found increased prcproET- 1. mRNA cxprcssion in thcir animals 
with severe hypertcnsion. Lowcr leťt ventricular ET-1 conccn
tration following alrasentan treatment is in accordancc with the 
findings oť Bm·ton ct al. (1998) in Dahl sall-sensitive rat, who 
observed a decrcased ET~ I protein content after ET~ receptor 
blockadc, which is probably duc to tbc greater displaccmcnt of 
ET- 1 from the ETA receplors prcdominating in this tissue. 

ln line wilh the recenl work oť Ortmann el al. (2004), who 
have sbown in agcd Wistar mls wilh podocytc injury a positive 
eífcct oť scleclivc ETA receptor blockade on glomcrulosclcrosis 
and protcinuria, we also found a similar reduction oť renal 
injury in our bctemzygo us TGR. Alibough tbe cxact mcchanism 
is not known, a possiblc cxplanation rnay bc dcrivcd from ihc 
influence of ET receptor blockadc on podoeytes, whicb are thc 



gatckeepers of albumin passage and which are supposed lo be 
aťťectcd by ET. 

Thc abovc-mcmíoncd findings show that thc crucial qucstion 
of the diťferenee between the cťfcetivcncs of sclcctive versus 
nonselective receptor bloekers rcquires ťurther invcsrigations. 
The unsclective blockadc supprcsscs not only vasoconstrictory 
and proliforativc actíons mecliated by ETA receptors but 
concomilantly blocks the vasodilatory actions mediatccl through 
tbc re.lease of ni trie oxide and proslaglandins ( de Nucci ct aL 
l 988}·· and natriurelic actions rncdiatecl by ET 8 rcccptors 
(Konishi et al., 2002). Even more confusing are thc results oť a 
vcry rcccnt study oť lnscho ct al. (2005). which supports the idea 
that both types oť ET receptors mecliate vasoconslriction of renal 
aťfercnl artcrinles and that tbcre cxists a possible in leraction 
bctween E'f,_ anct ET8 rcccptors in controlling affcrcnt a1icrinlar 
diameter. An interaction oť ETA and ET 8 receptors has alrcady 
becn proposcd by .I ust et aL (2004 ), whn in cvaluating the 
physiological function oťthc ET syslcm·- speculaled that not only 
clual actions nf ET1i reccplnrs but also thcir intcraction wiú1 EIA 
receptors must bc takcn inln accounl. 

5. Conclusions 

Taken together, our results strongly st1pport the suggestion 
that high-salt intake accelerates hypcrtcnsion ancl associatccl 
cncl-organ damagc in young hetcrozygous TGR whcn treatcd 
frorn wcaning. Thcy also show lhal, in conlrnst to nonselcctive 
ET receptor blnckadc, spccific blockaclc oť rrrA reccptors cxcrls 
substnntial positive cťfccts on BP, organ damagc ancl survival on 
bnlh norma] and cspccially on tbc higb-salt diet. Selcctivc ETA 
receptor blnckade may proviclc a new tonl for tbc trcatmcnt oť 
sall-sensitivc hypcrtensinn. 
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11.C Nejdůležitější závěry experimentální studie 

Závěry této studie potvrdily výsledky předchozích studií , tedy pozitivní efekt blokády 

endotelinových receptorů neselektivním blokátorem Bosentanem na snížení mortality a 

hypertenzního orgánového poškození (především ledvinného parenchymu) bez ovlivnění 

arteriálního krevního tlaku. 

Blokáda selektivním blokátorem ET A receptorů Atrasertanem u heterozygotních TGR 

potkanů (TGR(mRen2)27) pak zcela normalizovala míru mortality oproti kontrolní 

skupině zvířat. Zároveň byla u tohoto ET A blokátoru pozorována významná redukce 

proteinurie, kardiální hypertrofie, glomerulosklerózy a byly sníženy tkáňové koncentrace 

Endotelinu-1 v levé srdeční komoře. 

Opět bylo potvrzeno, že vysokoslaná dieta u tohoto heterozygotního modelu hypertenze 

akceleruje rozvoj hypertenze, zhoršuje hypertenzní orgánové postižení a zvyšuje 

mortalitu. Stejný efekt potravy s vysokým obsahem soli byl pozorován i u obou skupin 

léčených neselektivním blokátorem - Bosentanem nebo selektivním blokátorem ET A 

receptorů - Atrasertanem. Přesto Atrasertan významným způsobem snížil systolický i 

střední arteriální tlak a měl nefro- a kardioprotektivní efekt. 
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III. Klinické studie 

Endotelinové blokátory a ACE inhibitory u kardiovaskulárních onemocnění v 

klinických studiích 

Použití ACE inhibitorů má v klinické medicíně své zcela pevné a důležité léčebné 

indikace. Použití blokátorů receptorů endotelinového systému je zatím testováno 

v několika probíhajících klinických studií. 

Prozatím největšího klinického použití dosáhly endotelinové blokátory v léčbě plicní 

hypertenze. Je dokázáno, že hladké buňky cév a cévní epitelie produkují ET-1, zvláště 

pokud jsou stimulovány cytokiny. U pacientů s primární plicní hypertenzí byla popsána 

korelace mezi sérovými hladinami ET-1, plicní cévní rezistencí, tlakem v pravé síni a 

saturací kyslíku. 

Bosentan (Tracleer, Actelion - USA), jako neselektivní endotelinový blokátor, se stal 

nejvíce testovaným lékem u plicní hypertenze. První větší studie u tohoto typu 

onemocnění byla provedena Channickem (Channickem R. et al, 2001). Jednalo se o 

randomizovanou, placebo kontrolovanou, dvojitě slepou studii s 32 pacienty. Léčba 

Bosentanem zlepšila primární cílový parametr studie - 6 minutovou chůzi, která se 

zlepšila o 70 metrů. Zlepšení bylo dosaženo i v sekundárním cílovém parametru -

hodnotě srdečního indexu. Tato studie vedla k zahájení větší studie BREATH-1 (Bosentan 

Randomized Trial on Endothelin Antagonist Therapy) s 213 pacienty (Rubin LJ. et al., 

2002). Taktéž u této studie byly zaznamenány podobné výsledky, avšak u 14% pacientů 

došlo k vzestupu jaterních enzymů. Přesto v listopadu 2001 schválil americký úřad pro 

kontrolu léčiv (Food and Drug Administration) Bosentan v dávce 2x 125 mg k léčbě 

plicní hypertenze. 

Další studie BREATH-2 byla randomizovaná, dvojitě slepá klinická studie, která 

posuzovala kombinaci léčby Bosentanem spolu s epoprostenolem (prostacyklin) oproti 

léčbě placebo s epoprostenolem (Humbert M. et al., 2004). Tato studie však nezjistila 

signifikantní rozdíl mezi oběma skupinami. 

Nově se nyní ve stejné indikaci zkouší selektivní blokátor ET A Sitaxsentan oproti placebu 

v klinické studii STRIDE-1 (Sitaxsentan To Relieve ImpaireD Exercise) o 178 pacientech 

(Barst RJ. et al., 2004). Doposud jsou hlášeny pozitivní výsledky tohoto nového léku, 

avšak i u tohoto preparátu se při vyšším dávkování objevily elevace jaterních enzymů 

(21 %). 



Další oblast, kde antagonisté endotelinových blokátorů vstoupily do fáze klinického 

zkoušení, je městnavé srdeční selhání. V této indikaci byl zkoušen neselektivní blokátor 

TeZosentan ve studii RITZ (Ransomized Intravenous TeZosentan). Bohužel v této 

indikaci nebyly shledány žádné rozdíly v primárních ani sekundárních cílových 

parametrech studie a popsaly v několika případech stavy hypotenze. Ojediněle bylo 

dokumentováno i renální selhání. Studie byla několikrát opakována v různých 

modifikacích RITZ-2, 4, 5, avšak s velmi podobnými výsledky (Kaluski E. et al., 2003). 

Stejně tak neselektivní blokátor Bosentan ve studii REACH-1 (Research on Endothelin 

Antagonism in Chronic Heart Failure) a ENABLE I/II (ENdothelin Antagonist Bosentan 

for Lowering Events) nepřinesl jednoznačné výsledky umožňující nasazení tohoto léku 

mezi standardní léčebné postupy. 

Příznivější zprávy jsou o poslední studii HEA T (Heart Failure ET A Receptor Blockade 

Trial) se selektivním blokátorem ETA Darusentanem, která přinesla zlepšení v hlavním 

sledovaném parametru - srdečním indexu a nežádoucí účinky byly pozorovány pouze ve 

skupině pacientů s vyššími dávkami léků (Rich S. et al., 2003). 

V rámci své klinické práce na I. dětské klinice a později na Pediatrické klinice FN 

v Motole 2. lékařské fakulty UK, jsem se zapojil do klinických studií , které řešily terapii 

arteriální hypertenze a hypertenzního orgánového poškození v populaci dětských pacientů. 

Tyto studie se týkaly úrovně kontroly hypertenze u dětí po provedené transplantaci 

ledviny. V léčbě těchto pacientů se jako klíčové léky dobré kontroly arteriální hypertenze 

zdají být inhibitory angiotenzin konvertujícího enzymu (ACEI). 
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Control of hypertension in children after 
renal transplantation 
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/\bstract : The airn of thi s cross-secti onal single-center st ud y was to 
inves ti gate the eťficacy or hypertension co ntrol in child re n who 
underwent transplantation using: ambulatory blood prcss urc (BP) 
monitoring, a nd to deterniine the risk ťac tors associa ted wit h poor 
control of hypertension. Thirty-six children fulfi lled the inclusion 
criteria . The mean age was 13.9 ± 4.4 yr: the mean tirne afte r renal 
tra nsplan ta t io n was 2. 7 ± :2.4 yr (0. 5- 1 O. I). Hypertension was deti ned 
as a mean a mb ulatory BP 2'. 95t h centil e for hea lthy children and1or 
requiring an tihypertensive dru gs. H ypertensio n was rega rded as 
contro lkd if tbc mL:a n amb ula tory BP was < 95 th ccntilc in child rL:n 
already on a ntihypertensive drugs. o r uncont ro lled i ť the mean 
am bulato ry BP wa s 2'. 95th centile in trea ted cbildren. Hypertension was 
present in 89 '1/o oť chilcl ren. Seventeen children (47% ) had controll ed 
hypertension. and 14 (39% ) had uncontro lled hypert ension. One child 
(3 % ) had untrea tecl hyperl ension , and only fo ur child ren (11 % ) showed 
no rma! BP withou t antihypertensive drugs . The efficacy ofh ypertensive 
contro l was 55 % ( 17 of 31 childrcn o n a ntihypertcnsive drugs had a BP 
< 95th centile). i.e. 45% of treated children still had hypertension. 
Children wi th uncontro lled hypertension had significa ntl y hi gher 
cyclospo rine doses (6. 1 vs. 4.3 mg:Jkg,'da y. p = O.O I) and tacroli mus 
levels (9 .:2 vs . 6. I pg/ L, p < (l.05). a nd there \Va s a tendency toward use of 
lower number of antihypertensive dru gs (2 .0 vs. 1. 5 drugs/patient. 
p = 0.06) and lowe r use of angio tensin-conve rting enzy me (ACE) 
inhibitors (7 vs. 35% . p = 0.09) a nd diu re tics (29 vs. 59''.I,,. p = 0.14) tha n 
in children with con trnll ed hypertension. In conclusion. nearly 90% of 
our children aťter rena l transpli111ta tion are hypertensive and thecontrol 
of hypertensio n is unsa ti sťact or i ly low. Tl1e cont ro l of hypertensio n 
could be improved by inc reasing the number o ť prescri becl 
antih ypertensive drugs . especia ll y ACE inhibitors. and diu ret ics. or by 
using hig.her doses o ť cur rently used a ntih yperte nsives. 
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Artcrial hypcrtcnsio n is a corn mon co rnplication 
in pediatrie patient s after renal tra nsplan ta 
tio 11 (1 - 4) . Thc cti o logy of post-tra11 spl a 11t 
hypcrtcnsion is m ultifactorial - prctransplant 
hypcrtcn sion , darnaged native kidncys , stcroids. 
calcincurin inhi bito rs. and chronic all ograft nc
phropathy bcing tbc most important causcs . Hy
pcrtcnsion is rcgarded as an important ri sk facto r 

AhhreYia tio ns: AB l'M , amhula lo ry hlood p ressure mo nit o r
ing: A C E inhi biLors. a ngiolensin-conver ling en zyme in hihi 
tors; BP. blood p ressure: L VH, leťt ven tricula r h ype rt ro phy: 
LVML lef'l ventricu lar rnass index 

fo r ca rd iova scul a r m orbidity a nd mortal ity as wc ll 
a s fo r a llogra ft survival (5- 7). Am bula to ry blood 
pressurc mo nito ring (ABPM ) is a bettcr mcthod 
fo r bl ood press urc (BP) cvaluation than casual BP 
mcasurcrncnt in child rcn a ft c r rcnal transpl anta
tio n (8, 9). T hc preva lence of hypcrtcnsion in chi l
drcn aftcr rcnal transplantat ion is high acco rding 
to thc publishccl stud ics using ABPM, ranging bc
tween 36% and 76 % ( 10- 14). T hecontro l of post
transpla nt hypertcnsion in clinica l practice is oftcn 
difficult , a nd thc cfficacy of a ntihypertcnsivc thcr
apy in tra nspla ntcd children thcrcforc sccms to 
bc low. H owcvcr, no stud y has yct focuscd on the 
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efficacy of an tih ype rtensive thera py in children af
ter rcnal transplantation. 

Thc aim of o ur cross-sectiona l single-center 
study was to investiga te prospcctivcly thc ratc oť 
contro l of BP and thc efficacy of hypertensivc 
therapy in children aftcr rcnal transplantation, 
and to determine the risk factors associated \.Vi th 
unco ntrolled hype rtension in our transp lantation 
center. 

Patients and methods 

A 1145 child ren a l'ter renal tra nspla nt a I ion. ťol l owed-up in ou r 
center a t the end of t he yea r 2002. were sc reened for el igibi l ity 
ťor this study . Th e inclu sion criteria were tha t the children had 
hnd renal transplant at least six 111onths before thi s stud y 
and had not experienced a<:ute rejec tion in 1he last three 
mon1hs. Duri ng: 1he nex t three nJllnths , all included d1ildren 
underwent mea suremenl oť 13P using ABPM. At the samc 
time echocardiography ancl graťt ťuncLio n were assessed . 1he 
type of ant ihypertensi1·e and i111111unosuppressi1·e therapy as 
wdl as the clinica I charac teristics ol't he chi ldren were recorded. 

The st ud y w:1s approved hy the local Ethics Commi ttee oť 

Hu man Experiment a I ion. ancl parem al consent w,1s obtained 
bef'ore th e s tud y. 

Bl ood pressure was rneasu red by A BPM du ring 24 h using 
a Spacel ab, 90207 (Rednl()nd, WA. USAJ osc ill ornelric 
monito r: 131' was a utomat ica ll y recorded every 20 min dur ing 
daytim e and every 30min al night. The ABPM study wa s 
considered sat isfactory for ana lysis if at least 40 recordings 
were obLained du rin g the st ud y. Pa ti e nt diaries were obt ained 
on 1heir activit ies du ring ABP\il, and the pe ri od ol'nigh t-1 ime 
BP (slee p period ) was noted according to the diary. T he mean 
sys to li c and diastolic BP at daytime ancl at ni ght-time was 
calc ulated and compared with standarcls obtained in healthy 
European child ren ( 15). Hyper lension was defined as a rnean 
systolic or diastolic BP al daytime or night-time 2: 95 th 
centile fo r hea !Lh y children or use of antihypertcn sive drugs. 
Hypenension ll'as regardecl either as controllcd (defined as a 
mean BP < 95 th centile in pati ent s 011 anti hypertensive drugs). 
or uncontrolled (defined a s a mea n BP 2: 95th ce11tile in pa
tie11ts 011 an tih ypert ensive d ru gs) . or as n11t rea t.ed (defined as a 
mea n systol ic or diastol ic 13P al claytime o r night -lime 2: 95 th 
cen tile in childre n witlwut ,111t ih ype rt ensive drn gs). Bl ood 
pressure was n:ga rded as , pontaneous normotension iť the 
mean syst.o lic a ncl diasLolic BP values a t daytime and ni glH
Lirne were < 95th ce111ile for hea llh y children in children 11·ith
o u1 any an Lih ypertensivc: drug. 

Blood pressure standard dniation sco re (S OS ) was calcu
lated ťor 111ean systolic and cliastolic BP at daytime and al 
night-time using the L\1S mel hod ( I (,). Nondipping phe 11 0111-
eno n was defined as a night-tirne BP decline < I 0% l'or 
sys to lic and /or di asto li c BP. 

Cas ua l BP values (merc ury sphygmomanome ter) ťrom the 
lasl three patient's visits in the renal clin ic were recorded and 
cval uatcd using a s tan da rd tcchn ique ( 17), and the mcan ofť 
these 1hrce values was assesscd a nd compared wit h daytirnc 
ambulatory BP values. 

A standard Lwo-dimensio nal echoca rdi ogram (GE;Wing
mecl , System 5. Vivid 7. Horlen . Norway) was perfor111ed o n 
Lhe sarne cl,iy JSA BPM according to the recornrnendations oť 
the American Society oť Echoca rdiogrnphy (I 8J. Leťl ven
tricu lar 1m1ss was calculated accordi ne to the formula oť 
Devereux ťrom the lefl vemricular in te r;;al dimension at end 
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diastole, int erventri<:ular septal thickness, and lef't ven1ricular 
posterio r wall Lhickness ( I 9J. Lefl venl ricul ar mass was in
dexed to a heigh t i 7 (lel't vent ricular mass index [LV\!1 1]) to 
accounl for body size (20J. Left venLricular hy~ertrophy 
(LVH J was definecl eilher as an LVM1> 38 .6e /m~7, which 
corresponds with the 95th centile of normative pediatrie 
LVMl data (20). or as an L\/Ml > 5l.0g/ mc 7

• wh ich, in 
adu!Ls. has been found lo correlate with a l'ourfold greater 
ri sk oť cardiovascular event s (21 ). 

Graťt ťunction was est im ated from the serurn creatinine 
level (enzymati<: metlwd) using the S<:hwartz ťormula (22). ;\ li 
children were on s1ernids (daily dose in 34 <:hildren) and cal
cineuri n inhibitors (cyclosporine or tacrolimus): all bul one 
was on azathioprine or mycophenolate moťetil. The trough 
levels oť ca lcineurin inhibitors were rneas ured (Emil assay). 
Body mass index ( BM! ) 11·as éxpressed in percentiles oť the 
healthy Czech chi Id populati(1n (23). Overweight was defined 
a~ a BM I > 85th cent ile . and o besit y as BM I > 95th centile. 
Ane111ia was defined as a henll)globin level < 120g! L. 

L)a1,1 a re given as frequencies. med ian and range. or mea n 
and s la nd:mJ d evia tion . StaListica l a nalysis was perťormed 
using SPSS sLaListical software. Fisher·s exact te,l or the 
Mann- Whitney U-test were used lo compare the character
istics be1wee11 subgroups. p < (l.05 was rega rded as a sta listical 
sig:nilicanl d ifference. 

Results 

Patients 

Thirty-six of 45 childrcn (20 boys) fulfillccl thei n
clusion critcria and wcrc eligiblc for the study. 
Ninc children wcrc excludcd from thc st ud y bc
cause of a short inte rva l aťtcr rcnal transplanta
ti o n (<6 months, n = 7), and t\V0 childrcn bccause 
of ac utc rcjcction in thc las t 3 rnonths. Thc mcan 
agc at thc time of Lhc stuJy was 13.9 ± 4.4 yr 
(range 4. 6- 19 .5): the mean timc aftcr rena I trans
plan tation was 2.7 ± 2.4yr (range 0.5- 10.1 ). 
Thirty-four childrcn had a graft from a dcccascd 
do no r (DO): 33 children had a fir st transplanta
tion. Prcvious dialys is therapy was hemodi alysis in 
19 paticnts and pcri tonca l dialysis in 16 pa tien ts: 
onc child undcrwent prc-emptivc transplantation. 
Thc clinical fcaturcs and immunosupprcssivc thc r
apy are summarized in Table I. 

Thirty-onc childrcn (86%) werc already o n an 
tihypertcnsivc d rugs . The mcan number of anti
hypcrtensives in trcatcd paticnts was 2.1 ± 1.1 
drugs/ paticnt: cight childrcn we rc on rnonothera
py a nd 23 wcrc on co m bíncd antihypcrtensivc 
therapy (two drugs in 15 childrcn. threc drugs in 
fi ve childrcn, fo ur drugs in threc children). Twen
ty-thrcc childrcn were on ~-blockers (atenoloL be
taxo lo l), 21 chilclren on ca lcium-channcl blockcrs 
(nifcdipine s low relcase, amlodipinc, isradipinc), 
14 children o n diurctics (hydroch lorothiazide, 
furosemide), and scven childrcn on angiotcnsin
converting enzyme inhibito rs (ACE inhibitors: 
enalapriL ramipril). No chi ld rcccived calcium-



cbannel blockers o r ACE inhibitors solcly for 
renoprotection or proteinuria without having 
hypertension. 

The mcdian dosagc o f antihypcrtcnsivc drugs 
(in mg/kg/day) was 0.8 for a tcno lol, 0.3 for bcta
xolol. O. 7 for niťcdipine , 0.2 for amlodipinc, 0.2 
for isradipinc, 0.4 for hydrochlorothiazide, 0.9 
for ťurosemid e, 0.2 for enalapriL and 0.03 for 
ramipril. 

Blood pressure 

Hypertcnsion was diagnoscd in 89% of childrcn. 
Scvcntecn children (47%) had contro lled 
hypcrtension and 14 (39 % ) had uncontrollcd 
hypertens ion. Onc child (3% ) rcvcalcd untrcatcd 
hypcrtcnsion and fourchi ldrcn showed norma! BP 
without ant ihypcrtensivc drugs ( 11 'Yo ). Hypcrtcn
sion (un trcatcd or uncontrollcd) was cithcr 
combincd dayt irnc and night-timc (60 % oť hypcr
tcnsivc childrcn) or isolated night-timc (40°/4,) . No 
chi ld had isolatcd daytime hypertcnsion. Hypcr
tension was cithcr combinecl systolic and diastolic 
(60'% of hypertensivc children) or isolated systolic 
(40 % ). No child had isolated diastolic hypertcnsion. 

The efticacy of antihypcrtcnsivc tbcrapy dcfincd 
as thc co ntro l of hypcrtension was 55 % ( 17 of 31 
children on antihypcrtcnsive drugs wcrc norrn
otensive), i.c. 45 % of trcatcd children wcrc still 
hypertcnsi ve. Tbc comparison of clinical fca turcs 
and immunosupprcssivc and antihypcrtcnsive 
therapy betwecn childrcn with controllcd and un
contro lled hypcrtcnsion is givcn in Tablc 2. 

Tbc mcan BP SOS in transplantcd childrcn is 
summarizcd in Tablc I. Ail BP SOS with thc cx
ccption oť daytimc diastolic BP wcrc s lati sti call y 
significantly highcr than BP SOS in hcalthy chil
drcn (p < 0.01 lor daytimc sys tolic BP and 
p < 0.00 1 for night-timc sys tolic and night-timc 
diastolic BP. (16)). No sig.nificant corrclation was 
found bctwccn systo lic or diastolic daytimc or 
nig.ht-timc BP (expresscd in SDS) and cstirnatcd 
crca tininc clearancc. 

Thc comparison of clinical fcaturcs ancl immuno
suppressivc thcrapy bctwccn childrcn with hyper
tension (n = 32) and spontancous norrnotcnsion 
(n = 4) rcvcalcd a sig.nificant diffcrcncc in thc frc
qucncy of ncphrectomy of nativc kidneys (16 vs. 
75%, p = 0.02) and in thc frcqucncy of using altcr
natc dosc ofprcdnisone (0 vs. 50%, p = 0.01). Ali 
othcr tcstccl variablcs (as in Tablc 1) showcd no 
significant diffcrences (data not shown) . 

Thc prevalence of nondipping phcnomenon was 
64% . Tbc mean systolic BP dip was 7.2 ± 4.7 % , 
and thc mcan diastolic BP dip was 12.9 ± 5.6%. 
Both systolic and diastolic BP dip in transplantcd 
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Table 1. Cli11ical cl1aracteristics, irnmu11osuppressive therapy, a11d ambulatory blood 
pressure in 36 children after rena l transplantation 

Hypertension prior transplantation 
Nephrectorny of native kidneys 

(uni- or bilateral) 
Congenital primary renal disease• 
Calculated creatinine clearance 

(mUrnin/1.73 rn') 
Acute rejection (one or more! 
Chronic rejection (biopsy praveni 
Graft artery stenosis corrected previously 
by balloon angioplasty 
Body mass index (centile) 
Overweight 
Obesity 
Prednisone dose (mg/kg/day) 
Cyclosporine (% of all children) 
Cyclosporine dose (mg/kg/dayl 
Cyclosporine level (rrg/ L) 
Tacrolimus (% of all childrenl 
Tacroli rnus dose (rng/kg/day) 
Tacrolimus leve l l11/LI 
Ooytime systolic blood µressure 

(SOS. mean ± SO) 
Daytime diastolic blood pressure 

(SOS, rnean ± SO) 
Nrght-trrne systolic blood pressure 

(SOS, mean ± SOi 
Night-t ime diostoli c blood pressure 

(SOS, mean ± SO) 

Frequency (number of 
patients in parentheses) or 
rnedian (range in parenthesesl 

42% ln= 151 
22% (n = 8) 

58% (n = 211 
73 (38-1271 

39% (n = 14) 
6% (n = 2) 
6% (n = 21 

53 (1-991 
25% (n = 91 
14%(n = 5) 
0.11 (004-0311 
50% (n = 181 
4.9 (28-7 61 
141 (36-224) 
50% ln= 181 
0.121005-022) 
7.4 (2.4- 12 O) 

+ 060 ± 1.46 

- O 09 ± 180 

+ 1.57 ± 1.33 

+ 1 10 ± 151 

''Congenital prirna ry renal diseases include conge111tal hypoplasia, dysplas,a. reflux 
nephropathy, obstructive uropathy. nephronophthisis. cystinos,s, congenital nephrotic 
syndrome of the Finnish type 

childrcn wcrc stati stically significantly rcduccd 
cornparcd with 13 % ± 6% and 23 % ± 9% in 
thc norma! pediatrie population ( 15) . Thrcc chil
drcn (8 % ) had invcrtccl circaclian BP rhythm (i.c. 
night- timc mcan BP higher than c!a yt imc mcan 
BP). No significant corrclation was found bctwccn 
systolic o r dias tolic BP dip and cstimatcd crcati
ninc clcarancc . 

Thc mcan casual systolic BP did not cliffcr from 
thc mcan da ytimc sys tolic BP (125mmHg [103-
153] vs. l22mrnHg [92- 145], p = 0.06) but thc 
mcan casual diastolic BP was significantly highcr 
than thc mcan daytimc diastolic BP (80 mm Hg 
[61 - 100] VS . 71 [49- 94]. p = 0.0003 ). 

Echocardiography 

Lcft vcntricular hypertrophy was prcscnt in 50% 
of children using thc 95th centile of norma tive 
pediatrie L VMI data for dcfinition and 14% using 
thc adult dcfinition. Tbc rncan LVMI in all chil
drcn was 41.0 ± 9. 8 gím 2 7

. There was no signiti
cant difťcrcncc in LVMI bc twcc n normo tcnsivc 
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Table 2. Clinical characteristics and immusuppressive and antihypertensive therapy in hypertensive children after renal transplantation treated with antihypertensive drugs 
(controlled and uncontrolled hypertension) 

Controlled hypertension 
(n = 17) 

Uncontrolled hypertension 
(n = 141 

p 
value 

Hypertension prior transplantatíon 
Nephrectomy of native kidneys (uni- or bilateral) 
Congenital primary renal disease 

59% ln= 101 
18% ln= 31 
47% ln= 81 

36% (n "." 5) NS'' 
14%(n=2) NS* 
79% ln= 11 1 NS* 

Calculated creatinine clearance (ml/min/1.73 m' ) 
Acute rejection (one or more) 
Chronic rej ection (biopsy praven) 
Graft artery stenosis corrected previously by angioplasty 
Body mass index (centile) 

77 (38-127) 
29% (n = 5) 
6% (n = 1) 
0% (n = O) 
70 (1-99) 

69 ( 46--108) NS+ 

43% ln= 61 NS''' 
7% (n = 1) NS" 
14%(n =2) NS''' 
45 (3-991 NS '. 

Overweight 
Obesity 
Prednisone dase (mg/kg/dayl 
Cyclosporine (% of all children) 
Cyclosporine dose (mg/kg/day) 
Cyclosporine level (r,g/ml) 
Tacrolimus (% of all children) 
Tacrolimus dose (mg/kg/day) 
Tacrolimus level (flg/L) 

29% (n = 5) 
12%(n=2) 
0.11 (005-031) 
41%(n=7) 

29% (n = 41 NS'' 
21% ln= 31 NS* 
0.11 IO 06--0 231 NS* 
57% (n = 8) NS'' 

Number of antihypertensive drugs per patient 
Calcium channel blockers (% of ch ildren) 
fl-blockers (% of children) 

4.3 (34-4 9) 
146 (36-224) 
59% ln = 101 
0.12 (O 04--022) 
6.1 (24-8.9) 
20(1--4) 

6.1(28-80) 
108 (47-161) 
43% (n = 6) 
0.11 (O 05-0 19) 
92 (46-120) 
1.5 (1-41 

001 
NS' 
NS" 
NS·:· 

0.045 
NS ' (O 06) 

Diuretics (% af children) 
ACE inhibitors (% af childrenl 

65% ln = 11 ) 
77% ln= 131 
59% (n = 10) 
35% (n = 61 

71% ln= 101 NS* 
71% ln = 101 NS* 
29% (n = 4) NS'' (O 14) 
7% ln= l i NS* (O 09) 

The data are percentages or rnedians with range (in parentheses). 
*Fisher's exact test. 
+Mann- Whitney U-test 
ACE inh 1bito rs indicates angioten sin-converting-enzyrne inhibitors. 
NS, not significant difference. 

and hypertensive children (41.4 vs. 40.3 gím 2
·
7
), 

between children with controlicd and uncon
trolled hypcrtcnsion (38.5 vs . 39.3 g/1112 7

), bc
twccn children with norma! and abnorrnal 
nocturnal BP dip (43.4 vs. 39.8 g/ni·\ or betwecn 
childrcn with anemia and without anemia (36.4 vs. 
40 .2 gí rn2

·
7

) . There was no significant corrclation 
bctwccn LVMJ and claytime or night-time systolic 
or diastolic BP valucs expresscd in SDS. No cor
rclation was founcl bctwccn LVMI and estirnated 
creatinine clearancc or hemoglobin levcl. 

Discussion 

ln our cross-scctional study, wc coule! dcmon
stratc that 89% of childrcn aftcr rcnal transplan
tation were hypertensive and that tbc cfficacy of 
antihypcrtensivc trca tment was unsati sfactorily 
low - only 55% of hypcrtcnsivc childrcn had their 
hypcrtcnsion well con trolled by antihypertcnsive 
drugs , and onc child had untrcatcd hypcrtcnsion. 
The prevalence of persistent hypertension despite 
antihypertensive treatment (i.e. prevalence of un
controllcd hypcrtension) was rathcr high also in 
scveral rcccnt pediatrie studics that focused pri 
marily on thc prevalence of hypcrtension . Hypcr
tension ranged betwccn 47 % and 82% in these 
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stuclics using ABPM (8, 10- 12, 14). This means 
that only 18 % to 53 % ofchildrcn aťter rcnal trans
planta tion had wcll-controlled hypertension. 

Thc rcasons for the low cfficacy of antihypcr
tcnsivc therapy in transplanted paticnts havc not 
becn wcll invcstiga tcd (24). Many factors, such as 
ehronicallograft nephropathy, rcquirc liťcl ong use 
of BP-clevating immunosuppressivc drugs (stcr
oicls, cyclosporinc, tacrolirn us), obesity, sa lt retcn
tion, rcnin secrction from diseased native kidneys, 
undertreatmcnt with low doses of antihypcrten
sive drugs, and thc fcar of ACE inhibitors in trans
planted patients (r1sk oť acutc renal failure in 
paticnts with rcnal artcry stenosis of thc graft) 
are discussed as thc major rcasons for inaclc4 u ale 
BP control in patients who undcrgo transplanta
tion (4). Lastly, noncompliance can play an im
portant role, particularly in adolescent paticnts. 
Wc could dernonstratc in our study that the 
only risk factors for uncontroiled hypertension 
wcrc significantly highcr cyclosporinc closcs and 
tacrolimus lcvels and a tcndency toward use of 
lowcr number of antihypertcnsive drugs and lowcr 
use of ACE inhibitors and diuretics. Calcineurin 
inhibitors havc known hypertensivc cffccts, and 
the rncchani srns of hypertcnsinogcnic cffccts oť 
cyclosporine and tacrolimus are belicvcd to be 



multifac torial. Thcy include increase in systemic 
vascular resistance, vasoconstriction of thc glo
mcrular afferent arteriole, increasc in sympathetic 
nervou s tone , activation of the renin-angiotensin 
system, impaircd nitrie oxidc-dependent vasodil
atation, or sodiurn and water retcntion (4, 25, 26). 
Gordjani et al. (27) showcd that high tro ugh levcls 
of cyclosporine ( > 400 ng/mL) wcre associated 
with a significantly higher incidence of hypcr
tension in comparison with childrcn with levcls 
< 400ng/mL (91 vs. 57(%). Furthermore, hypcr
tensive children had slightly higher cyclospori ne 
levcls tha n normotcnsives but the difference was 
not significan t. 

The trend in undertreatrncnt by antihyperten
sive drugs in patients with uncontrolled hyperten
sion (lower number of antihypertensives) supports 
the hypothesis that post-transplant hypertension 
is not truly resistant to thc thcrapy but that it is 
not appropriately trea ted. The daily doses of 
prescribed antihypertensive drugs in our cohort 
\vere in the rccomrnendcd ranges ( 17) , although 
mostly in thc lowcr part of thc rangc. Howcvcr, 
childrcn with controllcd hypcrtension often re
ceived two times more diuretics and five times 
more ACE inhibitors than children with uncon
trolled hypertension. Although these diffcrences 
did not reach statistical significancc, wc think that 
they are of clinical relevance. The resu lts of a 
recent rctrospcctive study on ACE inhibito rs in 
childrcn further undcrlinc this conccpt (28). Thc 
authors cou ld achicve adcqua tc contro l of hypcr
tension in 100°/ó of transplantcd childrcn one yr 
aftcr addi ti on of an A CE inhibitor in paticnts with 
rcfractory hypcrtcnsion. Whether thc use of ACE 
inhibitors can improvc the BP control a lso in a 
prospcctive study still needs to be invcstigatcd. 
Thc currcnt rcsults on tbc eontrol of post-trans
plant hypcrtcnsion highlight a high potcntial for 
improvcmcnt of thc antihypcrtcnsive thcrapy in 
childrcn aftcr rcnal transplantation. Control of 
hypcrtcnsion could be irnprovcd by increasing thc 
number of prcscribed antihypcrtcnsivc drugs, cs
pecially ACE inhibitors and diureties, orby using 
highcr doses of the current most commonly used 
classcs of calcium-channcl blockers and B-bloek
ers. Anothcr potcntial tool coule! bc rcduction of 
the dosc oť steroids or calcincurin inhibitors that 
are not only hypcrtcnsinogenic but also nephro
toxic. Bctter BP control could improvc the Jong
term graft as well as paticnt survival. 

Risk factors for hypertension 

In our study, only the presence of both nati ve kid
neys (i.c. patients without ncphrcctomy of thcir 
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nati ve kidncys) ancl thc use of a daily dosc of ster
oid s werc significant risk factors for dcvclopmcnt 
of hyperlension. These findings are in agrecmcnt 
with prcvious data showing that the presence of 
native kiclneys, hypertension prior to transplanta
tion , and steroid dosc are important risk faetors for 
persistence or new clcvclopmcnt of post-transplant 
hypertensio n (27, 29, 30). Severa! othcr authors 
rcported thal nephrcclomy of lhe native kidncys 
bcfore rcnal transplantation protccts against thc 
persistence of hypcrtcnsion aťteF renal transplan
tation. or that BP decreases aťter native kidney ne
phrcctomy in transplantecl patients (27, 30, 31). 

Thc role of steroids in post-transplant hypcr
tension is well knO\vn (29, 32). Severa! factors such 
as sodium rctention or increase in cardiac output 
and rcnal vascu lar resistance inducc stcroid -rclat
ed hypcrtcnsion. Elimination of steroid s in stable 
paticnts showed recluction ofBP in aclultas wcll as 
in pediatrie paticnts (33 . 34), which is in good 
agrecment vvith our study whcre thc paticnts on 
altcrnatc-da y steroid treatmcnt showcd a signifi
cantly lowcr prevalence ofhypcrtcnsion than chil
drcn on dai ly-stcroid mcdication. Wc dicl not find 
any diťfercnccs in cyclosporine or tacrolimus dosc 
or level betwccn chilclrcn with hypertcnsion and 
normotcnsion. Sirnilarly, in the on ly ranclomized
contro llcd tria! comparing cyclosporine and ta
crolimus-bascd immunosupprcssion in pediatrie 
patients who undcrwent rcnal transplantation , 
thcre were no significant c\iffercnees in the preva
lence oť hypertcnsion betwecn childrcn trcatcd 
with cyclosporine and thosc trcated with ta
crolirnus (35). Howevcr, othcr studics in adu lts 
showcd lcss hypertcnsion in patients on tacrolimus 
than on cyelosporine (36), and thcreforc this iss uc 
still rcmains unrcsolved. 

ABPM evaluation 

An intercsting finding oť our study as well as of the 
studics pcrforrncd by Giordano et al. (12) and 
Morgan et al. ( 14) is the lack oť isolated daytimc 
hypertension in these paticnts. This finding indi
catcs that if a ehild has hyperlension aíter renal 
transplantation, it is always night-timc hypcrten
sion , cithcr isolated night-tirnc or combined with 
daytimc hypcrtcnsion, but nevcr isolated daytimc 
hypcrtensio n. This finding furthcr undcrlines tbc 
irnportancc of ABPM with its monitoring of BP 
valucs du ring night that are always elcvatcd if th c 
child is hypertensive. 

Le ft ventricu lar hypertrophy 

Wc could dcmonstratc that LVH is a frcqucnt 
finding in transplantcd children. Tbc prevalence of 



50% is sirnilar to that in othcr pediatrie studies 
using the same pediatrie definition (1 I, 14, 37). 
Furthcrmorc, thc mcan L VMI in our study (41 
g/m 2 7

) was the sarnc as in the most rcccnt report 
on eardiae funetion in ehildren who underwcnt 
transplantation (38). Wc could not find any dif
fcrcnec in L VMl bctween normotensive and hy
pcrtcnsivc children and any correlation betwecn 
L VMI and ambulatory BP valucs. This is in con
trast to thc study pcrfonncd by Mattcueci et al. 
( 11), who found a corrclation bctwecn LVMI and 
mean 24 h systolic BP, but is in agreemcnt with 
more rccent cross-sectional studies performed by 
Morgan ct al. (14) and Kitzmuelleret al. (39), who 
also coule! not find any corrclation bctwcen LVMI 
and ambulatory BP data. Similarly, Mitsnefes 
ct al. (38) did not find any relationship betwcen 
L VMI and BP, although thcy measured only clinic 
BP. Howevcr, Kitzmucllcr et al. (39) found a cor
rclation bctwccn LVMI and ABPM data on 
rcpcatcd mcasurcment suggesting that control 
of BP is important for the maintcnancc oť thc 
myocardial architceturc. 

In conclusion. wc dcmonstratcd that 89% oť 
ehildren are hypcrtcnsivc aftcr renal transplanta
tion, that 40% of them havc isolatcd night-time 
hypertcnsion dctectablc by ABPM only, and that 
thc eontrol of hypertcnsion is low - only 55% oť 
treated ehildren havc norma! ambulatory BP. The 
dosc and blood level of ealcineurin inhibitors, to
gethcr with a lowcr numbcr of antihypertcnsivc 
drugs, namely ACE inhibitors and diurctics, wcrc 
thc risk factors for poor BP control in hypcrtensive 
ehildren. Control of hypcrtcnsion could bc im
proved by inercasing the numbcr of prescri bcd 
antihypertcnsivc drugs, cspecially ACE inhibitors . 
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III. A Nejdůležitější závěry této klinické studie: 

V této průřezové studii bylo zjištěno , že 89% dětí po provedené transplantaci ledviny má 

arteriální hypertenzi a že účinnost antihypertenzní léčby u těchto pacientů je pouze 55%. 

Jako hlavní rizikové faktory nedostatečné kontroly hypertenze po transplantaci ledviny u 

dětí byly detekovány dávka a hladiny kalcineurinových inhibitOrů spolu s malým počtem 

podávaných antihypertenziv. Především se jedná o nedostatečně předepisované ACE 

inhibitory a diuretika. 

Z hypertenzního orgánového postižení byla zjištěna hypertrofie levé komory srdeční u 

poloviny transplantovaných dětí. 

Tato průřezová studie se stala východiskem pro naší následující - intervenční studii, která 

měla za cíl zlepšit kontrolu nedostatečně léčené hypertenze u transplantovaných dětí a 

snížit výskyt hypertenzního orgánového postižení. 
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III. B Zlepšení kontroly arteriální hypertenze u dětí po transplantaci 

ledviny: Výsledky dvouleté intervenční studie 
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Improved control of hypertension in children 
after renal transplantation: Results of a 
two-yr interventional trial 
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Abstract: Hypertension is a frequent complication in children after 
renal t ransplantation and tbe control of post-transplant hypertension is 
unsati sfactoril y low. The airn of this prospective interventional study 
was to improve the control of hypertensio n in children after renal 
transplantation. Thirty-six children fulfilled the inclusion criteria 
(26 months after transplantation and no acute rejection in the last three 
months). BP was measured using ABPM. Hypertension was defined as 
mean ambulatory BP 295th-centile for healthy children and/or using 
antihypertensive drugs. The study intervent.ion consisted oť using 
intensified an tihypertensive drug th era py - in children with uncon
trolled hypertension (i.e., mean ambulatory BP was 295th centile in 
treated children). antibypertensive therapy was intensified by adding 
new antihypertensive drugs to reach goal BP < 95th centile. ABPM was 
repeated aťter 12 and 24 months. Daytime BP did not change sig
nificantly after 12 or 24 months. Night-time BP decreased from 
1.57 ± 1.33 to 0.88 ± 0.84 SOS for systolic and from I. I O ± 1.51 to 
0.35 ± l.18 SDS for diastolic BP after 24 months (p < 0.05) The 
number of antihypertensive clrugs increased from 2. I ± 0.9 to 
2.7 ± 0 .8 drugs per patient (p < 0.05) , this was especially seen with the 
use oť ACE-inhibitors (increase from I 9<½, to 40% of children. 
p < 0.05). ln conclusion . thi s interventional tria! demonstrated that , 
in children a fte r renal transplantation , tbe control oť hypertension, 
especially at night-time , can be improved by increasing the number 
of antihypertensive drngs , especially ACE-inhibitors. 
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Hypcrtension is a common complication in 
pediatrie patients after rcnal transplantation 
affceting 60- 80(10 of children depcnding on thc 
method of BP measurcrnent and dcfinition of 
hypertensio n (1 - 9), It is a wcll-known risk ťactor 
for impaired allograft survival as well as for 
patient survival in both adult and pediatrie 
patients after renal transplantation ( I 0- 13). The 
control of post-transplant hypertension in clin-

Abbreviations: ABPM , ambulatory blood pressure monit
oring; ACE-inhibitors, angiotensin converting enzyme 
inhibitors; BP, bloud pressure; DD. decea sed donor; LVH . 
lefl ventricular hypertrophy; L VM. left ventricular mass; 
L VM L leťt ventricular mass index; SDS. standard deviation 
score. 

ical practicc is inadequately low. In several 
studies using ABPM, tbc best mcthod for BP 
evaluation in transplantecl childrcn. only 18- 53% 
of childrcn demonstratcd well-controllcd hypcr
tcnsion (5-7, 9. 14- 15). In our cross-sectional 
study, wc could confirm these findings (only 55% 
of our children had controlled hypcrtension -
i.e. , 45% of treated children still had hypcr
tension), However, we have shown that an 
important risk factor for poor control of hyper
tension was undcrtreatmcnt , i.e. , a low number 
of antihypertensive drugs being used, especially 
ACE-inhi bitors and diurctics (16). Post-trans
plant hypertension seems to be more undcr
treated rather than resistant to the therapy, 
Therefore, thc aim of our interventional study 
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was to improvc thc poor control of hypcrtcnsion 
in transplantcd childrcn by a more ngorous 
antihypcrtcnsivc trcatmcnl pian. 

Patients and methods 

Ali 36 children aťter re1rnl trnnsplantatilln who ruHilleJ 
inclusion crite ria for our previous cross-sect ional stutly were 
included in this two-yr interventional study. The irn.:lusion 
criteria were: children that have had ;-1 renal transplantation 
al kast six months prior to this study anJ thal had not 
experienced acute rejection in the last three months. Ali 
included children underwent measurement oť BP usin!! 
ABPM. fa:hocardiography and gra ťt ťunction were assesse<l 
at the same time, the type of antibypertensive and immu
nosuppressive therapy together with the clinical character
istics of the children wen: recorded. 

Blnod pressure w;1s meas ured by Al3PM during 24-h 
using a SpaceLa bs 90207 (Redrnond. WA , USA) osc ill o-
111etric monitor: HP was au tomatically rect>Hied every 
20 min during daytime and every 30 min at night. The 
ABPM stud y was considered satisCactory for analysis iť a 
minimum of 40 recordings were obtained d uring the st ud y. 
l'atienl dia ries were obtained , illustrating their activities 
during ABPM and the period oť nighl-time BI' (sleep 
period) was noted according lo the diary. Mean syslolic ;111d 
diastolic BI' at Jaytime and at night-time was cak ula ted and 
compared with standa rcls obta ined in health y European 
children (17). H ypertension was defined as rnean sys tolic or 
diastolic BI' al daylime or night-time ~95t h ccntilc for 
healthy children Llr use of amihypertensivc drugs. Hypcr
tensi on was regarded eit her as conlrol led (defined as a mean 
BP < 95th cenlile in palients on anlihypertensivc drugs) . or 
uncontrolled (dchned as a mcan BP ~9:ith ccnti lc in palicnts 
on antihypcrtensive drugs) or as unlrcatcd (dcfincd as a 
mean systolic or diastolic BP al daytime or nighl-time 
~9 5th -centile in children nol using anlihypert.ensive drugs). 
BP was regarded as spontaneous normotension if rnean 
systolic and diastolic 131' val ues at daytime and night-time 
were < 95 th centile fo r healthy children in children without 
any anlihypertensive drug. 

Blood pressure SDS was calculated ťor mean systolic and 
diastolic BP al Jaytime and at night-lime using the LMS
method (18). N\in-dippin g phenomenon was defined as 
night-lime BP deci i ne < I 0°1., for systoliL' aml 1or diastolic 
BP. Clinic BP values (mercury sphygmonrnnometer) ob
tained from the patienťs last three visi ts to th e renal clinic 
were recorded and cornpared with slandards for dinic BP in 
healthy children using the 95th cent ile for the definition oť 
hypertension ( 19). The mean of these t hree values was 
assessed and compared with daytirne ,-1rnbula1ory HP values. 
Clinic BP index was cakulatecl by dividing subject BP value 
by the 95th Céntile HP value. 

A standard two-dime11 sio n;1l echocardiogram (GE ,Wing
med system 5; Vi vid 7. Horten. Norw;1y) w;_is perťormed on 
the same cl ,1y as A HPM according to the recornmemhitions oť 
1he American Society oť Echocardiography (20). L VM wa s 
calculated according to the rormu la of Devereux ťrom the len 
ventricular inlernal dimension al end diastole. interventri
cular se ptal thickness and left ventr icuJar \)~Jsterior wall 
thickness (2 1). LVM was indexed to he ight- ' (LVMI) to 
accounl for body size (20). Leťt ventricular hvpenrophy was 
defined as LVM l > 38.6 g1m" 7

. which co rre;ponds with the 
95th cemile of normative pediatrie L VM I data (22, 23). 

Graťt function w;1s estimated ťrom the serum creatinine 
level (enzymatic method) usi ng the Schwartz formula (24). 
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l'roteinuria was measured in 24-h collecting urim: and 
exp ressed in mg 1m"!24-h. Ali children underwent Doppler 
ultrasound to exclude renal artery stenosis at the beginning 
oť lhe tria I (graťl arlery stenosis was corrected previously by 
balloon angiopla sty in two children). Ali children were on 
s teroid treatment (daily dose used in 34 children) and cal
cineurin-inhibitors (cyc losporine or tacrol imus): all bul one 
were on azathioprine oi: mycophenolate moťetil. The trough 
levels oť calcineurin-inhibilors we re measured (Emit-assay, 
Abbott.. Abbott Park, LL. USA). The targetecl trough levels 
ťor cyclosponne were 100- 150 rtg ' L in com bination with 
azathioprinc and 80- 120 pg( L wi th mycophenolate. the 
target.ed trough levels ťor tacrolimus ,were 5-7 ~tg/L. 

Current study intervention 

The st ud y intervention cunsisted oť intensifying the anli
hyper tensive drug therapy in chi ldren wilh unconlrolled or 
llnlrea led hypertensinn by ABl'M. Aclditional antihyper
tensive agents were ,-1clded ,-1t the discretion of the t. rea ting 
physician according to th e ťollowing genera l guidelines: ln 
chi lclren who were nol receiving ACE-inhibitors or diuretics 
,11 haseline, the first agents added were ACE-inhibitors 
(enalapri l or r;1mipr il) or diuretics (hydrochlorot hiazide or 
ťurosemide). ACE-inhibitors were the drugs offirsl choice in 
children \Vith proteinuťia or leťl ventricular hypertrophy. ln 
children already receiving ACE-i nh ibitors. the drugs oť firsl 
choice were diuretics. To better control palient adherence to 
the prescribed antihypertensive medication. parents or 
children were askecl at e\·ery outpatient visit on the use ofall 
medicaments and their dosages. 

lmm unosuppressive therapy was guided according to the 
local policy (monitoring through levels, conversion ťrom 
cyclospo ri ne to 1acrnlimus in case oť acute rejection or 
scriou s aclvc rsc cffccts such as severe gingival byperplasia 
requiring gingiveclorny). This trealment has not been 
tailored becausc oť present 13P. i.e., changes oť immuno
suppression wcrc not permitted becau se oť detected hyper
tension. 

Blood prcssurc was measured as clinic BP on every oul
patient visit (monthly) and as ABl'M after one and two yr . 
The goal 131' was cli nic systolic and diastolic BP < 95th 
centile and da ytime and ni ght-lime systo lic and diastolic BP 
< 95th centile ťor A 13PM. Echocardiogram was repeated 
aťter one and t wo yr. The sl.Lidy was approved by the Jocal 
Ethics Cummiltee oť Hunrnn Experirnentation and L:onsent 
ofthe parents was obtainc:d bel"ore the study. Data are given 
as ťrequencies. median and rnnge or meun a11d stnndard 
deviatiot1. Statistical ,rn,tlysis was performed using SPSS 
statis tical soťtwa re. !'vlcNemar tc:sl or Wilcoxon signed rank 
test were used to compare the characteristics al i-he begin
ning oť the s tud y an d aťter one and two yr and Mann
Whitney u-test was uséd to compare the characteristics 
between nornwtensive and hypertensive subgroups. 
p < 0.05 was rega rded ;1s ;i sta1istic;1I significanl difTerence. 

Results 

Patients 

Thc mcan agc of childrcn was 13.9 ± 4.4 yr 
(rangc: 4.6- 19.5), mcan timc aftcr transplanta
tion was 2.7 ± 2.4 yr (rangc: 0.5- 10.1). Thirty
four children had a graft from a DO; 33 chilclrcn 
had had thcir first transplantation. Prcvious 
dialysis thcrapy was hcrnodialysis in 19 patients 



and pcritoncal dialysis in 16 paticnts; onc child 
undcrwcnt prc-crnptivc transplantation . Thirty
thrcc childrcn complctcd the study aftcr onc yr 
and 31 childrcn aftcr two yr. Tbc rcasons of 
drop-out wcrc graft failurc bccausc of stcroid
rcsistanl acutc rcjcction (n = I) , transition to 
adult transplantation center (n = 2). 11011-com
pliancc wilh rccommcndcd study prolocol (n = 
1) and psychiatrie di sordcr (n = I). Fivc childrcn 
cxpcricnccd acutc rcjcction (bclwccn months 2- 8 
of tbc study). four of tbcm wcrc steroid scnsitivc. 

Blood pressure. antihypertensive therapy and 
echoca rd iogra phy 

Tbc mcan numbcr of succcssful BP rcadings per 
ABPM study was 58 ± 24. 57 ± 23 and 
60 ± 26 rcadings at thc start of tbc study. aftcr 
onc and lwo yr. Mcan ambulalory BP expressed 
in SOS decreased after one and two yr. but the 
BP decrcase reached statistical signifieancc only 
aftcr two yr for night-timc systolic and night
limc diastolic BP (Fig. I). Night-time BP <lip 
improvcd after two yr significantly. Tbc preval-
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encc of uncontrollcd and untreatcd hypertension 
decreased but tbc dccrease did not reaeh statis
tical signifieance. The mcan num ber of prescri bed 
ACE-inhibitors and diurctics increased signifi
cantly aftcr two yr but the number of prescribcd 
beta-blockers and calcium channcl blockcrs did 
no t changc (Fig. 2). Thc median dosagc oť 
antihypertcnsivc drugs (in mg/kg/da y ií not givcn 
otherwise) at bascline. after one and two yr was 
O}, 0.2 and 0.2 for cnalapriL I). . 1.8 and I. 7 mg/ 
m -/day for ramipril, 0.9. 0.7 and 0.6 for íuro
semide and 0.4, 0.3 and 0.2 for hydrochloro
thiazide. The changes were not stati stically 
significant. Leťt ventricular mass index and thc 
prevalence of left ventrieular hypertrophy <lid no t 
change significantly. No corrclation was ťound 
between LV MI and am bu la tory BP data a fter 
one or two yr. The data on BP. antihypertcnsive 
thcrapy and echocardiography during this two yr 
interventional tria! are summarized in Table I. 
The number of children on I. 2. 3 and 4 
antihypertensive drugs during thc two-yr stud y 
is given in Table 2. 

Daytime systolic BP Oaytime diastolic BP Nighttime systolic BP Nighttime diastolic BP 

Fig . I . Ch a nges in a mbulato ry 
blood pressure d uring the stud y. 
BP. blood pressure. NS. 11 0 1 

s ignificanl. SOS. sta nda rd 
dcvia tion scorc. 

Fig. ]. Ch a ngcs in a ntih ypc r
tcnsivc mcdica tio n during thc 
study. 
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Table 1. Blood pressure and antihypertensive therapy in child ren after renal transplantation during two yr interventional tria l 

Start of the study After 1 yr p-value After 2 yr p-value 
(n - 36) (n - 33) (start vs. 1 yr) (n - 31) (start vs. 2 yr) 

Prevalence of uncontrolled and untreated hypertension (%) 42 36 NS 26 NS 
No. antihypertensive drugs per treated pts. 2.1 ± O 9 2.4 ± 077 0.029 27 ± 0.78 0.002 
Night-time dip of systolic BP (%) 7.2 ± 4.7 8.3 ± 4.1 NS 10.2 ± 5.6 0.036 
Night-time dip of diastolic BP (%) 12.9 ± 5.6 13.2 ± 6.9 NS 14.9 ± 7.5 NS (O 07) 
Non-dippers (% of patients) 64 67 NS 45 0,04 
Clin ic systolic BP index 1.02 ± 0. 11 0.97 ± 0.30 NS 0.95 ± 0.35 NS 
Cl inic diastolic BP index 1.00 ± 0. 11 0.92 ± 0.32 0.011 0.93 ± 0.35 NS (O 09) 

Data are frequencies ar mean ± standard deviation (s d I NS - not significant. Sign ificant results are shown in bold. 

Table 2. The number of children on O. 1. 2. 3 and 4 antihypertensivo drugs 
during two-yr interventional tria l 

No antihypertensive drugs (%) 
1 antihypertensive drug (%) 
2 antihypertensive drugs (%) 
3 antihypertensive drugs (%) 
4 antihypertensive drugs (%) 

Start of the After 1 yr 
study (n - 36) (n - 33) 

5 (14) 
8 (22) 

15 (42) 
5 (14) 
3 (8) 

2 (6) 
2 (6) 

17 (52) 
8 (24) 
4 (12) 

Alter 2 yr 
(n - 31) 

1 (3) 
1 (3) 

11 (35) 
13 (42) 
5 (16) 

Rena) function. proteinuria and immunosu ppression 

Mcan calcu la tcd crcatininc clcarancc dccrcascd 
aftcr thc tirst ycar and did not changc d uri ng thc 
sccond year of thc tria!. ln a subgroup of childrcn 
who rcachcd norma! BP lcvels at two yr, no 
changc of graft function was obsc rvcd . On thc 
con lrary, in a subgroup of childrcn who 
rcma incd hypcrtcnsivc at two yr, graft fun c ti on 
impaircd significantly aťtcr two yr (Fig. 3). Mcan 
protcinuria did no t changc during thc fi rst yca r 
but improvcd significantly during thc sccond 
yca r. No changc in thc pcrccntagc use of 
cyclosporinc (50°/r,, 36'1/c,, 35% of all ch ildrcn 
al basclinc and aftcr onc and t wo yr) and 
tacrolimus, in prcdnisonc dosc, cyclosporin c dosc 
and tacrolimus lcvcl wcrc obscrvcd. Howcvcr. 
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cyclospo rinc dosc dcc rcascd significant ly during 
thc tirst ycar and tacro limus lcvcl during thc 
sccond ycar of thc tria !. Data on rcnal function , 
protcinuria and imrnunosupprcssion during this 
two-yr intcrvcntiona l tria! are summarizcd in 
Tablc 3. 

Side effec ts of study intervention 

Onc child cxpcricnccd acu tc ri sc of scrum crcat
ininc ( > 20 % from basclinc) onc month aftcr 
starting thcrapy with an ACE-inhibitor, this was 
fully rcvcrsib lc aftcr discontinuation of thc drug. 
No graft artcry stcnosis cou ld bc dctcctcd in this 
chi ld , howcvcr, hc had biopsy provcn chronic 
allogra ft ncphropathy. Anothcr child cxpcri
cnccd mild hypokalcmia aftcr initiation o f thiaz
idc diurctic, which normalizcd aftcr rcduction of 
thc dosc . ln chi ldrcn trcatcd with AC E-inhibi
tors, no chi ld dcvclopcd hypcrkalcmia or sufTcrcd 
from cough. 

Discussion 

This is tbc fir st intcrvcntional tria! on intcnsificd, 
ABPM-guidcd, BP trcatmcnt in childrcn aftcr 
rcnal transplantation. Ovcr a two-yr period , 
rcpcatcd use of J\BPM for thc diagnosis of 
hypcrtcnsion togcthcr with a more rigorous 

nornxnensn·e ch11dren 
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be t wcc n no rrn7, tcnsivc a nd 
hypcrt cnsivc child rcn al th c s lart 
of 1he study a nd a rt e r one ,i m\ 
two yr were not s ta ti stica ll y 
significan t. 
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Table 3. Grnft function. proteinuría, echocardiography and immunosuppressive therapy in children after renal transplantation during two-yr ínterventíona l tria! 

Start of the Alter 1 yr p-va lue Alter 2 yr p-value 
study ln = 36) ln = 331 (start vs. 1 yr) (n = 31) !start vs. 2 yr) 

Calculated creatiníne clearance lml/mín/1.73 m2
) 75.5 ± 20.2 71 .9 ± 19.4 0.028 71.9 ± 18.1 NSI0051 ) 

Proteinuria (mg/m2/24 hl 256 ± 303 224 ± 208 NS 134 ± 88 0.002 
Left ventricular mass index (g/m27

) 41.1 2 ± 9.82 39.84 ± 20.38 NS 43.71 ± 11.30• NS 
Preva lence of lett ventricular hypertrophy by pediatrie criteria 1%) 50 43 NS 67* NS 
Prednisone dose lmg/kg/day) O 11 ± 0.06 O 10 ± 0.06 NS 0.09 ± 0.06 NS 
Cyclosporine dose (mg/kg/day) 4.9 ± 1.4 3.6 ± 1.9 0.004 3.4 ± 17 0.003 
Cyclosporine level (p.g/L) 141 ± 51 132 ± 72 NS 137 ± 64 NS 
Tacrolimus dose lmg/kg/d ay) 0.12 ± 0.06 0.11 ± 0.07 NS 0. 11 ± 0.07 NS IO 08) 
Tacrolimus level l11g/L) 7.4 ± 2.6 7 .O ± 3.7 NS 5.5 ± 33 0.026 

The data are frequencies or mean ± standard deviation ls d ). NS = not significant. Significant results are shown in bo ld. 
*Data on three patients with norma! echocardiography findíngs at the start o! the study are missing. 

trcatmcnt protocol improvcd BP control in 
transplantcd childrcn . Most signiticantly, noc
turnal BP, which has bccn associatcd with an 
incrcascd risk of cardiovascular disease and L VH 
in adults, was improvcd by thc study intcrvcn
tion. Furthcrmorc, graft function appcarcd to 
stabilize in childrcn who achicved and main
taincd normotension, but dcclincd in thosc who 
remained hypcrtensivc by ABPM . Previous stud
ics on hypcrtension in lransplanted children that 
show the control of hypcrtcnsion is low (cfficacy 
of antihypcrtcnsivc therapy only 18- 53%) have 
spcculated on thc rcasons of poor control of 
post-transplant hypertension (3- 4, 12). Thc most 
common hypothetical rcason was thc multifac
torial ctiology of post-transplant hypcrtcnsion, 
factors such as: presence of diseased nativc 
kidncys , use of stcroids, calcineurin inhibitors, 
suboptimal graft function. sodium retention, 
overwcight. Howcvcr, in our prcvious cross
sectional study, wc havc shown that thc main 
risk factor for uncontrolled hypertcnsion is a low 
number of antihypertcnsive drugs, mainly ACE
inhibitors and diurctics and that post-transplant 
hypcrtcnsion scems not to be truly rcsistant to 
thc thcrapy but rather that it is only not 
appropriatcly treatcd (16). In the current intcr
ventional triaL we have contirmed our hypothesis 
because we could significantly dccrcasc BP in 
transplantcd children and improvc control of 
hypertension by incrcasing thc number of anti
hypcrtcnsive drugs, especially ACE-inhibitors 
and diurctics. A similar conclusion has becn 
drawn from a rctrospective study pcrformed by 
Arbeiter et al. (25) who showed that thc use of 
ACE-inhibitors could improvc BP control in 
children with prcsumed "resistant" hypertension. 

Ali but onc paticnt tolcrated additional anti
hypertensive drugs vcry wcll. One boy with 
biopsy proven chronic allograft ncphropathy 
exhibited acute drop oť graft function after 
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initiation of ACE-inhibitors, which was fully 
revcrsible after discontinuation of thc drug. 
Severa! retrospectivc studics havc dcmonstratcd 
an association bctwcen BP and long-term allo
graft survival in adult and pediatrie patients (2- 3, 
10- 1 L 13). Ncvcrthclcss. no prospcctive intcr
vcntional trials showing that lowcring BP can 
improvc graft survival havc bccn publishcd so 
far. Howcver, a recent retrospective study by 
Opelz ct al. (26) dcmonstratcd that improvcd BP 
control in thc last scven yr was associatcd with 
irnprovcd Jong-term graft and paticnt survival. 
Furthcr studics providcd clcar evidence that not 
hypertcnsion ''per se" (dcfincd only on tbc basis 
of tbc use antihypcrtcnsive drugs) but the actual 
BP lcvcl is the dccisivc factor influcncing graft 
survival (27, 28). Transplanted patients with 
controllcd hypertcnsion had tbc same graft 
survival as patients with spontaneous normoten
sion. This highlighted thc paramount importancc 
of the control of hypertension in thc prcvcntion 
of chronic allograft dysťunction. 

In our study, graft function dccrcascd bv 
3.6 mL/miní l.73 n~ during tbc first year bu't 
subscqucntly stabilizcd during thc sccond ycar. 
The stabilization of graft function during sccond 
year was associatcd with a significant decreasc of 
night-time systolic as well as diastolic BP. Fur
thcrmorc, chilclren who remaincd hypertcnsivc 
after two yr lost signiticant graft function in 
comparison with childrcn who rcachcd norma! 
BP aftcr two yr (Fig. 3). This is further evidence 
that elevatcd BP is delctcrious to graft function 
and is not only a marker of graft dysfunction. It 
is consistcnt with the findings of Mitsncfcs et al. 
(3) who have shown that hypcrtension may act as 
a deleterious ťactor for the graft function in 
childrcn with norma! or only sligbtly dccreased 
graft function but not in children with severely 
impaired graft function. These data support 
the hypothesis that hypcrtcnsion is not only a 



conscqucncc of graft dysfunction but can dircctly 
impair graft function. 

Calcincurin inhibitors such as cyclosporine 
and tacrolimus have hypcrtensinogenic and 
nephrotoxic effects. We cannot exclude that a 
part of thc improvement of BP control and 
stabilization of graft function coule! bc duc to 
significant decliňcs in cyclosporinc <lose and 
tacrolimus levcls that wcre made during routine 
care oť transplantcd children and not becausc of 
study protocol. However, a significant decreasc 
in tacrolimus Jeve! was obscrvcd only during tbc 
second year of the study but no significant 
changc in tacrolimus daily dosc per bodywcight 
was notcd. 

Lcft vcntricular hypcrtrophy is a frcqucnt 
finding in transplanted children (6, 9, 29- 30). 
Wc werc unablc to decrcasc thc prevalence of 
L VH dcspitc improvcmcnt of BP control and 
significant dccrease of ambulatory BP. The 
reason for thc lack of improvement of lcft 
ventricular architecturc can be due to the fact 
that BP is not the only determinant of left 
ventricular architccturc and tbat also 11011-hcm
odynamic factors such as sympathctic overactiv
ity. renin angiotcnsin systcm, salt intakc. body 
weight or ancmia play an important role in thc 
genesi s of L VH (31). Furthermorc, wc coule! not 
find any corrclation bctwccn L VMI and am bu
la tory BP values at thc bcginning of thc study 
(16). which correlates with a study completed by 
Morgan et al. (9) but is in contrast to thc study 
done by Mattcucci ct al. (6) who found a 
correlation betwcen L VMI and mean 24-h sys
tolic BP or by Kitzmueller et al. who found a 
corrclation between LVMI and ABPM data on 
repeatcd measurcmcnt suggcsting that controJ of 
BP is important for thc maintcnancc oť tbc 
myocardial architecture (32). Another reason 
,vby no change of LYMI was obscrvcd in our 
study coule! be the fact that to high trcatment BP 
goaJ (95th ccntile) was chosen. Lower BP goal 
(90th ccntile) is recommendcd for childrcn with 
chronic kidney discascs. however. it is not known 
if this lower trcatment goal should be used also in 
cbildrcn with transplantcd kidncys. 

Proteinuria in adults is an important risk 
factor not only for the progression of chronic 
nativc kidncy discascs but also for poor Jong
term allograft as well as paticnt smvival (33). 
Thereforc. proteinuria together with hypcrten
sion is believcd to be an important treatable 
risk factor for chronic allograft dysfunction. We 
have dcrnonstrated in a prcvious cross-sectional 
study tbat proteinuria is also a frequent fincling 
in pediatrie rcnal transplant rccipicnts (34). In 
this intcrvcntional tria! , we could significantJy 
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dccreasc tbc amount of protcinuria after two yr. 
Wc can only speculatc the main rcason for this 
antiproteinuric effect. lt could bc due to thc 
incrcased use oť ACE-inhibitors, decrcascd BP 
levcl or stabilization of grnťt function during thc 
sccond ycar of the study. Nevertheless, regardless 
of the reason, tbis positive ''side cffcct" of our 
intcrvcntional tria!. which focuscd primarily on 
BP control sbould have a positive effect on the 
long-tcrm graťt function because a decrcasc in 
protcinuria during treatrncnt is associated with 
slower progrcssion of chronic· kidney discascs 
(35, 36). 

In conclusion, we demonstratcd in this first 
prospcctivc intervcntional tria! that BP control 
can be irnproved in chiJdrcn aťter renaJ trans
plantation by rigorous antihypertensive tber
apy. An incrcased numbcr of prescribed 
antihypcrtcnsivc drugs, cspeciaUy ACE-inhibi
tors and diurctics. resulted in a dccreasc oť BP 
cspecially during night-timc. Improvcd BP 
control could also rcsuJt in a decrease in 
protcinuria and stabihzation of graft function . 
In tbc Jong-term. these positive findings could 
improve thc graft ťunction as wcll as graft and 
paticnt survival. 
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III. B Nejdůležitější závěry klinické studie: 

Tato naše studie byla první intervenční studií zabývající se léčbou hypertenze u dětí 

s transplantovanou ledvinou. 

Ve dvouleté intervenční studii bylo prokázáno, že zvýšením počtu podávaných 

antihypertenzních léků, především pak ACE inhibitorů a diuretik, lze signifikantně snížit 

arteriální krevní tlak u dětí po provedené transplantaci ledviny. 

Dále bylo prokázáno, že dobrá kontrola krevního tlaku u těchto pacientů signifikantně 

snižuje rychlost poklesu glomerulární filtrace během dvouletého sledování. Funkce 

transplantované ledviny se dokonce stabilizovala v druhém roce sledování. 

Dalším zjištěním byl pak pokles míry proteinurie na konci dvouletého období této studie. 

Dá se však pouze spekulovat, jestli zmírnění proteinurie je dáno zejména 

renoprotektivním antiproteinurickým efektem častěji používaných ACE inhibitorů nebo 

přímo zlepšením kontroly arteriálního krevního tlaku bez ohledu na typ užívané 

antihypetenzní léčby. 

Ani přes zlepšenou kontrolu hypertenze se nepodařilo snížit výskyt hypertenzního 

orgánového postižení srdce (L VH). 
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IV. Shrnutí nejdůležitějších poznatků výzkumné a publikační činnosti 

autora 

Renin-angiotenzinový a endotelinový systém mají zásadní význam pro kontrolu 

arteriálního krevního tlaku v organizmu. V experimentální části této práce byl použit 

dobře definovaný, monogenní, angiotenzin II dependentní model hypertenze - transgenní 

potkan nesoucí myší reninový Ren2 gen (TGR (mRen2)27). 

Všechny experimentální studie autora potvrdily zásadní efekt zvýšeného přísunu sodíku 

v dietě na rozvoj arteriální hypertenze a zhoršení hypertenzního orgánové postižení 

(především ledvin a srdce) u tohoto modelu hypertenze 

Vzhledem k existenci více typů receptorů endotelinoveho systému - ET A a ET 8 receptory 

( s dvěma subtypu ET 81 a ET 82) naše práce přinesly nové poznatky o fyziologickém a 

patofyziologickém fungování těchto receptorů. Neselektivní blokáda ETA a ET 8 receptorů 

pomocí Bosentanu významným způsobem zlepšuje přežívání homozygotních 

heterozygotních TGR zvířat, snižuje míru hypertenzního orgánového poškození srdce, 

snižuje proteinurii a glomerulosklerózu. Tyto pozitivní účinky neselektivní endotelinové 

blokády nejsou způsobeny poklesem arteriální krevního tlaku. Důvod pro tuto skutečnost 

je dán rozdílnými účinky jednotlivých subtypů endotelinových receptorů a jejich 

nerovnoměrnou distribucí v orgamzmu. Aktivací ET A receptorů Je navozena 

vazokonstrikce, ET 81 působí přes uvolnění NO a prostaglandinů vazodilatačně a ET s2 

receptory lokalizované na hladkých svalových buňkách cév způsobují non-ETA 

mediovanou vazokonstrikci . Výsledek neselektivní blokády je pak dán souhrou všech 

těchto mechanismů. 

Vazokonstrikční účinek aktivace ET A receptoru byl potvrzen v poslední zmiňované 

experimentální práci (ILC). V této studii byl jasně demonstrován pozitivní efekt selektivní 

blokády ETA receptoru Atrasertanem - u experimentálních zvířat byl signifikantně snížen 

arteriální krevní tlak, byla snížena mortalita, došlo k redukci proteinurie, kardiální 

hypertrofie a glomerulosklerózy. Tyto účinky pak ve srovnání s neselektivní blokádou 

byly významnější. Selektivní receptorová blokáda ETA může tedy do budoucna přinést 

nový léčebný nástroj na ovlivnění sůl senzitivní arteriální hypertenze. 

V klinické části této disertační práce bylo prokázáno, že arteriální hypertenze je velmi 

častou komplikací u dětí po transplantaci ledviny, která je navíc spojena s vysokým 

výskytem hypertenzního poškození cílových orgánů, zejména hypertrofií levé komory 
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srdeční. Naše studie ukázala, že u dětí po transplantaci ledviny jsou v nedostatečné míře 

používány ACE - inhibitory. Jedná se o jeden z rizikových faktorů neuspokojivé kontroly 

krevního tlaku u těchto dětí. 

Naše dvouletá intervenční studie ukázala, že hypertenze u dětí po transplantaci ledviny 

není rezistentní na léčbu, jak spekulovaly některé předchozí studie, ale naopak, že lze 

zvýšeným užíváním antihypertenzních léků, zejména ACE inhibitorů zlepšit kontrolu 

hypertenze. 

Zlepšená kontrola hypertenze byla navíc spoJena se stabilizací funkce transplantované 

ledviny. Bohužel ani zlepšená kontrola hypertenze nevedla v naší intervenční studii na 

rozdíl od zlepšení funkce transplantované ledviny k poklesu prevalence hypertenzního 

orgánového postižení srdce ve smyslu hypertrofie levé komory. 
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V. Závěr 

Léčba arteriální hypertenze a s ní spojeného hypertenzního orgánového poškození je 

zásadní pro ovlivnění celkové morbidity a mortality kardiovaskulárních onemocnění. Přes 

obrovský nárůst vědomostí v oblasti endotelinového systému se zatím nepodařilo zavádět 

tyto znalosti ve větší míře do klinické praxe. Výsledky experimentálních studií však 

ukazují, že farmakologické ovlivnění endotelinového systému přináší nové, slibné 

možnosti léčby kardiovaskulárních onemocnění. Přispívají k tomu i nové modely 

hypertenze u transgenních potkanů, které jsme použili i v našich experimentech. Spektrum 

terapeutických indikací se bude pravděpodobně dále rozšiřovat i mimo oblast 

kardiovaskulárních nemocí. Důkazem pro tento názor je 1 rozsáhlý seznam 

farmakologických společností vyvíjejících nové druhy endotelinových blokátorů. Dá se 

spekulovat, že tyto nové léčebné možnosti budeme moci použít i v klinické praxi a to i 

v tak úzce specifické oblasti jako je arteriální hypertenze u dětí po transplantaci ledviny . 
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