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SEZNAM POUZITYCH ZKRATEK

COPD - chronical obstructive pulmonary disease, chronicka obstrukéni plicni nemoc
HPYV — hypoxic pulmonary vasoconstriction, hypoxicka plicni vazokonstrikce

METC - mitochondrial electron transport chain; elektronovy transportni fetézec na

mitochondridlni membrané

NHBD - non-heart-beating donors; darci organt po srdecni zastaveé
NO — nitric oxide; oxid dusnaty

ROS - reactive oxygen species, volné kyslikové radikaly

SOD - superoxid dismutase, superoxid dismutasa

W/D ratio — wet to dry ratio; pom&r mokré a suché vahy preparatu

TAN — total adenine nucleotide, celkové mnozstvi adeninovych nukleotida



1. TEORETICKY UVOD

1.1. TRANSPLANTACE PLIC JAKO KURATIVNI METODA PRO ONEMOCNEN{ S FATALNI

PROGNOZOU

Transplantace plic pfedstavuje v soucasné dobé hojné vyuzivanou a etablovanou
kurativni metodu v 1é¢bé zavaznych plicnich onemocnéni v terminélni fazi. Od doby
prvni uspé$n¢ provedené transplantace u ¢loveka vroce 1983 (63, 75) prosla tato
technika vyznamnym vyvojem, zejména v oblastech pouzité chirurgické techniky,
uchovavani organii, diagnostiky a nasledné terapie akutni rejekce a terapie infekcnich

komplikaci transplantace.

V soucasnosti transplantuje plice vice nez 140 pracovist’ na svété, pouze 5 z nich
vSak provede rocné vice nez 50 vykont. V roce 2007 bylo celosvétoveé provedeno pies
2100 transplantaci plic, z nichz vice nez polovinu pifedstavuji bilobarni transplantace
(37, 76). Pavodni jedinou klinickou indikaci k jednostranné transplantaci plic byla
idiopathicka plicni fibroza (58). V soucasnosti mezi nejcastejsi onemocnéni, pro néz je
indikovana transplantace plic, patfi chronickd obstrukéni plicni nemoc (COPD)
v terminalnim stddiu (61,2% vSech monolobarnich a 32% bilobarnich transplantaci),
dale idiopathicka plicni fibroza (24% monolobarnich transplantaci), cysticka fibroza
(32% bilobarnich transplantaci), plicni emfyzém a primarni plicni hypertenze (62).
Ttileté pteziti nyni predstavuje 64% vSech pacientli transplantovanych po roce 2000

7).

V Ceské republice je v soucasnosti jedinym pracovistém, které se transplantacim
plic vénuje III. chirurgickd klinika 1. LFUK a FN Motol, kde bylo od roku 1997

provedeno jiz vice nez 110 mono- ¢i bi-lobarnich transplantaci.



1.2. TRANSPLANTACE PLIC OD DARCU S NEBLJICIM SRDCEM

Zdokonaleni postupti v transplantaci plic a nasledné vyznamné rozsiteni indikaci
tohoto zpisobu 1é¢by vedlo v uplynulych deseti letech k rapidnimu nartstu poctu
pacientli na seznamech Cekatelli na transplantaci (waiting listech). Dasledkem tohoto
prodluzovani ¢ekacich listh je vysokd mortalita ¢ekatelti indikovanych k transplantaci
(35 — 50%), a to 1 pres stale se zlepSujici pfedtransplantacni pé€i o tyto pacienty.
Diivodem k tomuto neustale se prohlubujicimu nepoméru mezi nabidkou vhodnych
organovych darct a ¢ekateltl na transplantaci je vedle obecného nedostatku organovych
darct rovnéz skutecnost, Ze pouze 10% - 20% multiorgdnovych darci spliiuje naro¢na
kritéria na funk¢ni a morfologické vlastnosti plic a predstavuje tak vhodné potencidlni
darce pro plicni transplantaci (14). Pfirozenym duasledkem této situace je snaha o
hledani novych strategii, které by vedly k rozSifeni skupiny darct plic. Jednd se
naptiklad o ptibuzenské transplantace plicnich lalokdi od Zivého dérce ¢i vyuziti tzv.
marginalnich kadaverdznich darcii, tedy pouziti organu k transplantaci 1 v téch
pfipadech, kdy jsou stanovené parametry splnény pouze zcela hrani¢né (naptiklad
dlouhodoba uméla plicni ventilace darce jiz neptedstavuje absolutni kontraindikaci

k transplantaci, pfed transplantaci se rutiné¢ nevyzaduje kultiva¢ni vySetfeni aj.).

Zcela novym pfistupem je potom transplantace plic od darcii po srdecni zastavé.
Klic¢ovy rozdil tohoto pfistupu, oproti konven¢né uzivanému transplantacnimu postupu,
je v dob¢ trvani takzvané teplé ischémie. Za teplou ischémii je oznacovan stav, kdy je
v daném organu zastavena perfuze okyslicenou krvi (napiiklad v disledku srdecni
zastavy €i naloZzenim chirurgické svorky na orgéan, odebirany pro transplanta¢ni ucely) a
tento organ je pfitom ponechan pii pokojové teploté, tedy nedojde k jeho zchlazeni. Pti
standardnim transplanta¢nim postupu je doba trvani této teplé ischémie omezena zcela
na minimum (tedy trva fadové maximalné né€kolik minut). Organ je na opera¢nim sale
odebiran pfi artificidlni plicni ventilaci s cirkulaéni podporou a je tedy perfundovan
okysli¢enou krvi témét az do chvile jeho odbéru ztéla darce. Bezprosttedné poté je
organ uloZzen do chladného konzervacniho roztoku (stav oznacujici se jako studena
ischémie), v némz miize diky vyrazné snizenym metabolickym déjim perzistovat ve

funkéné dobrém stavu az nékolik hodin.



Idea transplantace plic od darct po srdecni zastavé vychazi ze skutecnosti, ze
ptiblizn€ jedna tietina vSech imrti v zapadnim svéte je disledkem ischémické choroby
srde¢ni. Byly publikovany odhady, ze 375 tisic pacientli v Evropé a 275 tisic pacientli
v USA zemie roné¢ na ndhlou srdecni zastavu (17, 21), pficemz plati, ze pfiblizné
v poloviné piipadii dojde k srde¢ni zastavé mimo nemocni¢ni zafizeni. Pokud by bylo
mozné vyuzit alespont zlomek z téchto umrti jako potencialni zdroj plic k transplantaci,
vedlo by to k vyraznému zvySeni dostupnosti této terapeutické techniky. Vhledem
k tomu, Ze v téchto piipadech neni samoziejmé mozné minimalizovat dobu teplé
ischémie, nezbytnou podminkou pro mozné uspésné vyuziti takto ziskanych plic je
jejich ochrana pfed negativnimi ucinky teplé ischémie, dobra technika zhodnoceni
plicnich funkei pted transplantaci a protekce pied poskozenim zplisobenym néslednou

reperfiizi organu (69).

Konkrétni postup odbéru a transplantace plic od darce po srdecni zastavé byl
navrzen a experimentdlné poprvé realizovan Thomasem Eganem (24-26), ktery byl
nasledovan celou fadou dalSich (12, 29, 68). Prvni klinicky experiment, pfi némz byla
lidskému pacientovi transplantovana plice ziskand od darce po srdecni zdstavé
publikoval v roce 2001 Steen (70). Od té doby se transplantace plic od darce s nebijicim

srdce stala etablovanou technikou na nékolika dalSich svétovych pracovistich.

1.3. EXPERIMENTALNI MODEL ODBERU, UCHOVANI A NASLEDNE TRANSPLANTACE

PLIC ODEBRANYCH OD DARCE PO SRDECNI ZASTAVE

Zminény postup odbéru a uchovani plic, ziskanych od darce po srdecni zéstave,
byl mnoha experimentdlnimi skupinami detailn¢ rozpracovan. Nejpouzivanéjsi
experimentalni model, ktery rovnéz dobfe simuluje klinickou situaci, popsal Steen a
spolupracovnici (69). Experimentalni zvifata slouzici jako darci organu (laboratorni
prasata) jsou usmrcena navozenim komorové fibrilace s néslednou simulaci
kardiopulmonalni resuscitace trvajici 20 minut. 10 minut od ukonceni neuspésné

resuscitace je podan do centralniho Zilniho katétru heparin, ktery je do plicniho cévniho



feCisté distribuovan 1 minutu trvajici nepfimou srdecni masazi. Poté je darcovské zvire
ponechéno 45 — 60 minut pfi pokojové teploté (tepld ischémie). Nasledné jsou do obou
pleurdlnich dutin interkostdlnimi prostory zavedeny katétry, jimiz je zajiSt€no

intrapleuralni topické chlazeni plic Perfadexem o teploté 12 °C.

Po rizné dlouhé dob¢ topického chlazeni - v popsaném protokolu 6 hodin, jsou
vSak publikovany prace, popisujici moznost tohoto zplisobu uchovani plic bez
poskozeni az 72 hodin (66, 67) — je organovy blok srdce-plice vynat a napojen na
mimotélni perfizni obcéh. Poté je obnoven pratok plicemi perfiznim roztokem
s postupné se zvySujici teplotou. Za podminek kontinudlni perflize konstantnim
pratokem a ventilace atmosférickym vzduchem jsou hodnoceny plicni funkce — stiedni
tlak v plicnici, plicni vaskularni rezistence, transportni schopnost plic pro kyslik a oxid
uhli¢ity, zména hmotnosti uréujici ptitomnost plicniho edému aj. (10). Z tohoto modelu
jsme vychazeli také my pfi sestaveni a realizaci experimentalnich modelu pouzitého

v popsané studii (viz. experimentalni ¢ast disertacni prace).

Rovnéz byla popséana tfada experimentalnich praci, kdy jsou takto ziskané plice

transplantovany zijicimu ptijemci a hodnoceni plicnich funkci je tedy provedeno in vivo

(44, 48, 59).

1.4. TEPLA ISCHEMIE PLIC A ISCHEMICKO — REPERFUZNI POSKOZENT

Vyznamnou vyhodou plicni tkané oproti vSem ostatnim tkanim lidského téla je
moznost udrZeni dostatecné tkanové oxygenace a tedy aerobniho metabolismu 1 poté, co
doslo k zéstavé cirkulace (8). Dodavku kysliku parenchymalnim buiikdm plicni tkdné je
mozné v prubéhu teplé ischémie zajistit umélou ventilaci plic. Byla publikovéana cela
fada experimentalnich praci, které ukédzaly velmi dobré funkéni parametry plic

ventilovanych vzduchem ¢i smési plynt s vyssi koncentraci kysliku (10, 79, 83).

V plicich, které nebyly ventilovany nebo byly ventilovany dusikem byla u 50%
pneumocytil popsana po cCtyfech hodindch bunécnd smrt (19). Pokud byly tyto



kadaverozni plice ventilovany kyslikem, bylo u téchto bunék pozorovano signifikantni
prodlouzeni ptezivani - vice nez 90% pneumocytl piezilo 4 hodiny a dokonce 75%
znich bylo stile zivych po 12 hodiniach od cirkula¢ni zastavy (2). V plicich
ventilovanych kyslikem byla pozorovana dlouhodobé¢ stabilni hladina tkanového ATP a
adeninovych nukleotidiit (TAN, total adenin nucleotide) (20). Byla rovnéz nalezena
vysoka korelace mezi viabilitou pneumocytli a hladinou TAN a tato vysokéa hladina
TAN pretrvavala ve ventilovanych neperfundovanych plicich mnoho hodin po ukonceni
perfuze (22). Oproti tomu v kardiomyocytech dojde k ubytku poloviny TAN po Sesti
minutach od zastaveni perfize (46) a v jaternich buiikach do 2 hodin (42).

Existuje tedy realny ptredpoklad potvrzeny nékterymi publikacemi, ze ventilace
plic kyslikem nebo smési plynt s vysokym obsahem kysliku, by mohla vést ke zlepSeni

funk¢énich vlastnosti plic ziskanych od dérct po srde¢ni zastave.

Popsany protektivni ucinek ventilace vSak nemusi byt pouze nutnym dasledkem
kontinualni dodavky kysliku plicnimu parenchymu. Pfi srovnani rozvoje edému plic,
v nichZz doSlo po devadesatiminutové cirkulacni zastavé k obnoveni pritoku, byl
pozorovan jasny protektivni vliv ventilace, ktery se vSak nijak neliSil mezi skupinou
ventilovanou dusikem, atmosférickym vzduchem a kyslikem (80). Rovnéz byla
popsana signifikantné lepsi funkce plic ziskanych od kadaver6zniho déarce po hodinové
srdeCni zastavé, pokud byly plice roztazeny jednim nadechem pied navozenim teplé
ischémie (52, 53). Vysledky téchto pokust vedou k interpretaci vysledkl protektivniho
ucinku ventilace spiSe prostfednictvim efektu distenze alveoli — bylo opakované
experimentalné prokazano, ze pii vysSim vaskuldrnim tlaku distenze alveolt plynem

snizuje filtraci a naslednou tvorbu plicniho edému (78).

1.5. OXIDACNI STRES A VOLNE KYSLIKOVE RADIKALY

V ur¢itém rozporu s popsanym pozitivnim efektem ventilace plic kyslikem pfi
cirkulacni zastavé jsou poznatky o vyznamu volnych kyslikovych radikalt pro tkanové

poskozeni a buné¢nou smrt.



V prostiedi s vys$sim parcidlnim tlakem kysliku, pasobenim toxint, pii aktivaci
makrofagli ¢i pfi porusSeni pfirozenych antioxidacnich mechanismti bun€k dochazi
k produkci velkého mnozstvi reaktivnich sloucenin kysliku. Primarnim a vysoce
reaktivnim volnym kyslikovym radikdlem je superoxid, ktery vznikd v buinikach
naptiklad jako produkt NADH oxidazy (30, 51) ¢i respiraéniho fetézce na
mitochondridlni membrané (81). Tento vysoce reaktivni radikdl je ucinkem enzymu
superoxid dismutdzy rychle metabolizovan na ponékud stabilnéjsi radikal — peroxid
vodiku. Uginek obou téchto radikali na plicni cévni fegité je silné vazokonstrikéni (40,
50, 55). V ptitomnosti vyssich tkanovych koncentraci NO je superoxid rovnéz velmi
rychle metabolizovan na dalsi kyslikovy radikéal peroxynitrit, ktery ptsobi v plicnim

feCisti vazokonstrikéné (7).

Peroxid vodiku je piisobenim kataldzy a glutathion peroxiddzy metabolizovan na
vodu, v pFitomnosti Fe*" se méni na dalsi vysoce reaktivni sloudeninu - hydroxylovy

radikal (16, 31, 32).

NO

0, 0 ONOO

Superoxid dismutaza

GSSGQJ 2 GSH
HQO Glutathion H202 H20

peroxidaza Katalaza
2+
V %@/ Cl-
o)
D,

OH" c%
PUFA 5
H,0 HOCI

Lipidove radikaly
Lipidové peroxidy

Obr.1.1. Produkce volnych kyslikovych radikalii a jejich vzdjemnd interakce
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1.6. VYZNAM VOLNYCH KYSLIKOVYCH RADIKALU PRI TEPLE ISCHEMII A NASLEDNE

REPERFUZI

Je znamo, ze prolongovand inhalace 100 % kysliku vede k poskozeni
fasinkovych bunék respiracniho epitelu, k poskozeni edothelidlnich bunc¢k a
pneumocyti (54, 64). V ptitomnosti vysokého parcidlniho tlaku kysliku v alveolech
dochdzi k vyraznému posSkozeni alveolokapilarni membrany s nasledkem zvySené
propustnosti membrany a vzniku plicniho edému (11, 43). K tomuto poskozeni dochazi
jiz v ¢asnych fazich expozice vysokému parcidlnimu tlaku kysliku pti zastaveé cirkulace
(9, 13). Oproti tomu v perfundovaném organu je vyznamnéjsi poskozeni patrné aZ po
delsi dobé expozice kysliku (15, 61). Tyto rozdily v dobé expozice nutné¢ pro
manifestaci toxickych U¢inka kysliku ukazuji na rozdilnou miru toxicity vysokych

koncentraci kysliku u perfundovanych a neperfundovanych plic.

Tento toxicky ucinek kysliku ptfitomného ve smési plyni pouzité k umélé
ventilaci neperfundovanych plic byl popsan nejen pii jeho 100% koncentraci ve
ventilaéni smési, ale rovnéz také pti ventilaci atmosférickym vzduchem (47). V prabéhu
ischémie orgénu je ATP katabolizovan na hypoxantin a dochazi k pfeméné xantin
dehydrogen4dzy na xantin oxiddzu. Po obnoveni pritoku a tedy dodavky kysliku
k danému organu dojde k masivni produkci volnych kyslikovych radikali. Pokud je
tedy vischémickych plicich tvofen hypoxantin a v dasledku ventilace je zajiSténa
kontinualni dodavka kysliku, jsou pfitomny oba substraty z nichz ¢innosti praveé xantin
oxidazy mohou vznikat velka mnozstvi volnych kyslikovych radikali. Tato hypotéza je
rovnéz podporovana opakovanym experimentalnim pozorovanim, kdy podéani superoxid
dismutazy vedlo k v prub¢hu teplé ischémie k omezeni produkce kyslikovych radikalt

(71, 72) ¢i zlepSeni nékterych funk¢nich vlastnosti plic (47).
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Obr.1.2. Tvorba volnych kyslikovych radikalit p¥i ischémicko — reperfiiznim

poskozeni — schéma dle de Perrota (23).

1.7. ULOHA VOLNYCH KYSLIKOVYCH RADIKALU V MECHANISMU HYPOXICKE PLICN{

VAZOKONSTRIKCE

Prestoze existuje celd fada prikaznych studii o vyznamu volnych kyslikovych
radikali v mechanismu regulace plicniho cévniho tonu a pribéhu akutni a chronické
ventilatni hypoxie, pfesny mechanismus jejich U¢inku a role jednotlivych volnych
kyslikovych radikald (ROS) v hypoxické plicni vazokonstrikci zlstavaji nejasné.
Jednou ze spornych otazek je, zda hlavnim zdrojem radikalli zapojenych v HPV je

elektronovy transportni fetézec na membrané mitochondrii — METC (82) nebo
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membranova NADPH-oxiddza (30). Dalsi otazkou zistava, jaky charakter zmény
koncentrace ROS spousti HPV — zda se jednd o zvySeni tkanové koncentrace ¢i jeji

pokles.

Jedna skupina experimentatorti reprezentovana K. Weirem a S. Archerem
predpoklada, ze spoustécim mechanismem hypoxické plicni vazokonstrikce je ndhly
pokles v produkci ROS. Podle jimi zavedené ,,Redoxni teorie* existuje tonicka,
kontinualni produkce ROS v plicich a plicnim cévnim feciSt¢ béhem normoxie (5).
V prubéhu akutni ventila¢ni hypoxie popisuji velmi rychlou inhibici produkce radikalt
jak vizolovanych perfundovanych plicich, tak na preparatu izolovaného krouzku
z plicni artérie. Pfedpokladaji, ze plisobeni akutni ventilaéni hypoxie na METC inhibuje

produkci ROS.

Redukce ¢i oxidace cysteinovych a methioninovych skupin redukénim
mediatorem, tedy napiiklad ROS, muze zpusobit konformacni zmény Ky kanald.
Inhibice téchto Ky kanalt zptisobi depolaziraci buné¢né membrany s naslednou aktivaci
Ca®" kanalt typu L. Diisledkem je influx vapnikovych iontii a vazokonstrikéni reakce
(60). Podle ,,Redoxni teorie existuje fyziologicka uloha pro kontinuélni produkci ROS.
Superoxid, ktery je béhem normoxie v nizkych koncentracich produkovan, je enzymem
superoxid dismutdzou (SOD) rychle metabolizovan na peroxid vodiku, ktery je nasledné
katalazou redukovan na kyslik a vodu. Sled téchto reakci méa za nasledek jednak
ochranu buiiky pied potencialné Skodlivym ucinkem superoxidu, dulezitym efektem je
vSak praveé udrzovani kontinudlni bunécné koncentrace peroxidu vodiku, protoze prave
pokles koncentrace peroxidu vodiku iniciuje mechanismus HPV. Poznatek o stimulaci
HPV poklesem koncentrace peroxidu vodiku potvrzuji také vyzkumy skupiny M.
Wolina (30), pfestoze tito autofi povazuji za hlavni zdroj ROS membranovou NADPH-

oxidazu.

V protikladu k témto zavértiim stoji pozorovani, ktera ucinil naptiklad Liu (50).
Tento autor méfil zménu koncentrace ROS pomoci fluorescence dichlorofluoresceinu,
lucigenové chemoluminiscence a elektronové paramagnetické rezonance (EPR). VSemi
popsanymi metodami pozoroval nartst v produkci ROS v plicnich artériich v pribéhu
akutni hypoxie. Stejnd pozorovani opakované ucinil Schumacker, ktery predpoklada

nahly narGst produkce ROS jakoZto spousStéci mechanismus ke zméné€ konformace
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napétoveé fizenych kandli snésledkem zvySeni influxu véapniku do bunky a

vazokonstrik¢ni reakci (81, 82).

Dulezitou roli v intenzité vysledné vazokonstrikéni odpovéedi hraji nepochybné
také interakce ROS s oxidem dusnatym. Opakované byl popsan vazodilata¢ni efekt NO
v plicnim cévnim fecisti. Inhibice syntézy NO pomoci L-NAME ¢i L-NMMA
signifikantné zvysuje vazokonstrikéni odpoveéd’ plicniho cévniho fecisté na ventilacni
hypoxii (4, 34). SniZeni koncentrace superoxidu plsobenim SOD brani tvorbé
peroxynitritu a tak udrzuje vyssi koncentraci NO. Pravé schopnosti udrzovat stalou
vyssi koncentraci NO je pfinejmensim casteCné pricitdn protektivni efekt SOD (6).
Nekteti autofi dokonce povazuji za hlavni vyznam antioxidantii askorbatu,
redukovaného glutationu a SOD ochranu NO pied superoxidovymi anionty (49). Toto
muze byt také mechanismus, kterym nékteré scavengery ROS inhibuji hypoxickou

plicni vazokonstrikci.
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2. EXPERIMENTALNI CAST
2.1. Uvop

Jak bylo zminéno vySe, kritickym faktorem v pouzitelnosti plic ziskanych od
déarce s nebujicim srdcem pro transplantac¢ni ucely je mira poSkozeni plicnich funkci
zpusobena teplou ischémii a naslednou reperfiizi. V experimentalni ¢asti predkladané
prace jsme se tedy zaméfili na mozné protektivni ovlivnéni teplé ischémie ventilaci a
preventivni heparinizaci. Na zaklad¢ nize popsanych primarnich vysledki jsme dale
testovali vliv pouziti scavengeru volnych kyslikovych radikalt — tempolu, podaného
preventivné ptred navozenim teplé ischémie a nasledné v pribéhu reperfiize. Pro
vysvétleni efektu podani tempolu na ischemicko-reperfiizni poskozeni se v dalsi ¢asti
predkladané prace zabyvame mechanismem, kterym tempol inhibuje hypoxickou plicni

vazokonstrikci.

15



2.2. VLIV VENTILACE A HEPARINIZACE NA POSKOZENi PLIC ZPUSOBENE TEPLOU
ISCHEMIi, EFEKT PODANi SCAVENGERU VOLNYCH KYSLIKOVYCH RADIKALU,

TEMPOLU, PRED NAVOZENIM TEPLE ISCHEMIE

2.2.1. Cile studie

V ptedchézejicim teoretickém tivodu byly zminény studie, které popisuji mozny
protektivni vyznam ventilace plic pii teplé ischémii na zachovani jejich funkcnich
vlastnosti. Vedle studii, které tento efekt ventilace ptikladaji spiSe alveoldrni distenzi (1,
78), existuje skupina autort popisujicich zhorSeni sledovanych plicnich funkci u skupin
zvitat, ktera byla v priabéhu teplé ischémie ventilovana (66, 79). Obdobné
nejednoznacny je pohled na snizovani posmrtné koagulace preventivnim podanim

heparinu (10, 66).

Cilem této Casti studie bylo tedy vytvofit experimentalni model ischemicko-
reperfiizniho poSkozeni a nasledného hodnoceni funk¢nich vlastnosti plic laboratorniho
potkana. Na tomto modelu jsme poté testovali vliv podani heparinu pfed navozenim
srdeCni zastavy a ventilace plic v pribéhu teplé ischémie na sledované funkcni
parametry. Na zékladé dil¢ich vysledkt tohoto experimentu jsme rovnéz testovali vliv
preventivniho podani scavengeru volnych kyslikovych radikalt, tempolu, na poskozeni

zpisobené teplou ischémii.

Vysledky této studie byly zvetejnény v publikaci (38), kterd tvorfi soucast

disertacni prace (Ptiloha 1).

2.2.2. Material a popis metodiky
2.2.2.1 Popis experimentdlni metody

Protokol simulujici postup odbéru plic od déarce snebijicim srdcem jsme

ustanovili nasledovné.
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Laboratorni potkan kmene Wistar byl anestezovan intraperitonedlni aplikaci
thiopentalu sodného v davce 50mg/kg. Nasledné byla vypreparovana trachea a zavedena
trachealni kanyla. Poté bylo experimentdlni zvife usmrceno letdlni davkou thiopentalu
sodného (250mg/kg), podané¢ho opét intraperitonealne (45, 80). Nasledovala 1 hodina
teplé ischémie, po kterou bylo zvife ponechdno pifi laboratorni teploté. Pak jsme
provedli totalni sternotomii, do hrudni dutiny zavedli 2 kanyly a preparat napojili na
perfizni chladici okruh umistény v chladné, teplotné stabilni komote. Preparat jsme
postupné zchladili na 12°C kontinudlni topickou perfiizi hrudni dutiny Solnym
roztokem s Ficolem (4%). Tuto fazi oznaCujeme jako studend ischémie a v naSem
experimentalnim uspotfadani trvala 90 minut. Poté byla perfiize ukoncena, hrudni
kanyly odstranény a difive popsanym postupem (33, 36) byl izolovan organovy blok
srdce-plice. Zavedend trachealni kanyla byla napojena na ventilator (Harvard Rodent
Ventilator 683; 50 dechi/min, pozitivni inspiracni tlak 10 cm H»O, pozitivni tlak na
konci vydechu, PEEP, 2 cm H,0) a plice byly ventilovany normoxickou smési plynt
(21% Oy + 5% CO;, + 74% N,). Nasledné byla zavedena kanyla do a.pulmonalis a do
levé srde¢ni sin€. Peristaltickou pumpou s nastavenym konstantnim pritokem
(4ml-100g t.hm. "-min™") byl preparat perfundovan Solnym roztokem s Ficolem (4%) a
Meclofenamatem (17:10-6 M). Preparat byl prostiednictvim trachey upevnén do
teplotné stalé (38 °C) vlhké komurky. Poté co bylo odpusténo prvnich 20ml perfuzatu
obsahujiciho bunécény detritus a krevni elementy, byla vytokova kanyla napojena na
cirkulacni okruh. Nasledné byl preparat za kontinualni ventilace a perfiize ponechan ke

stabilizaci dalSich 15 minut (Schéma preparatu — obr. 1.3.).
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Obr. 1.3. Schéma uspoiddani prepardtu izolovanych perfundovanych plic

Kontinualn¢ jsme po dobu 180 minut od reperfiize orgdnu méfili velikost perfiizniho
tlaku, zménu hmotnosti plic a transportni schopnost plic pro kyslik. Pro méfeni
perflizniho tlaku jsme pouzili tlakovy snimac¢ (Pressure transducer, PowerLab, ADI
Instruments), pfipojeny na vtokovou plicni kanylu. Pomoci dalsiho pfevodniku (Force
transducer, PowerLab, ADI Instruments) jsme kontinudlné¢ méfili zménu hmotnosti
preparatu, jakoZzto ukazatele rozvoje plicniho edému. V ¢asovych intervalech 30, 90,
120 a 180 min od zahajeni perflize preparatu jsme méfili arterio — vendzni rozdil
v parcidlnim tlaku O,, tedy parametr transportni schopnosti plic pro kyslik.
V popsanych ¢asovych intervalech byly provedeny odbéry perfuzatu vzdy z vtokové a
vytokové plicni kanyly a v nich byl ihned po odbéru stanoven parcialni tlak kysliku
(ABL™ 5, Radiometer Medical A/S, Copenhagen, Denmark). Vzhledem k tomu, Ze
experimenty provadime na preparatu izolovanych plic bez jakéhokoliv prediazeného
organu, ktery by svou cCinnosti spotfebovaval kyslik a produkoval CO,, bylo tieba

parcialni tlak kysliku v perfuzatu ptitékajicim do plic artificidlné snizovat. Toho jsme
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dosahli sycenim perfuzatu v rezervoaru smési plynt 5%CO, + 95%N,. Za téchto
podminek predstavoval rozdil parcidlniho tlaku O, ve vtokové a vytokové kanyle

(ApOy) spolehlivy ukazatel transportni schopnosti plic.

2.2.2.2. Experimentalni skupiny
Tento cely pokus byl rozdé€len do tii dil¢ich, po sobé jdoucich experimentd:

Experiment A — vliv ventilace v pritbéhu teplé ischémie na mérené funkcni viastnosti
plic

Experiment B — vliv podani heparinu pred navozenim srdecni zastavy

Experiment C — ovéreni protektivniho ucinku scavengeru volnych kyslikovych

radikalii, tempolu, na mérené funkcni viastnosti plic

Skupiny  [teplaischémie heparin | ventilace tempol | pocet zvirat
Bxperiment A Ak kontroly - + - - 6
viv ventilace An + - - - 6

Av + - vzduch - 6
BExperiment B Hnh + + - - 6
Miv podani heparinu  [Hv + + vzduch - 6
Experiment C Tk - kontroly - + - + 6
Miv podéni tempau | Tn + + - + 6

Tv + + vzduch + 6

Tab. 1 — Experimentdalni skupiny

Experiment A — vliv ventilace v prithéhu teplé ischémie na méiené funkcni vlastnosti

plic

Pro tuto c¢ast pokusu byly vytvofeny tfi skupiny laboratornich zvifat —
experimentalni An, Av a kontrolni skupina Ak (Tab.1). V pfipad¢ experimentalni
skupiny (An, Av) jsme postupovali podle vySe popsaného protokolu odbéru plic od
darce s nebijicim srdcem. Po anestézii, intubaci a usmrceni thiopentalem byla zvitata ze

skupiny Av v prubéhu 60 minut teplé ischémie ventilovdna vzduchem, zatimco skupina
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An byla ponechéana pfi teplé ischémii intaktni. DalSi postup, tedy studend ischémie,

izolace organového bloku a hodnoceni plicnich funkci bylo u obou skupin identické.

U kontrolni skupiny byl orgénovy blok srdce plice izolovan v thiopentalové
anestezii, tato zvirata tak neprodélala teplou ani studenou ischémii. Postup preparace a

nasledna méteni se opét zcela shodovali s pokusnymi skupinami.
Experiment B — vliv podani heparinu pied navozenim srdecni zdastavy

V experimentu B byla zvifata rozdélena do dvou experimentalnich skupin — Hn a
Hv (Tab.l.). Laboratornim potkanim v obou skupindch byla pifed usmrcenim
intrahepatalné¢ podana bolusova davka 600 I.U. heparinu (45). Zvifata byla néasledn¢
intubovana a usmrcena anestetikem. Pfi nasledné teplé ischémii byli potkani skupiny
Hv ventilovdni vzduchem, zatimco skupina Hn byla ponechdna intaktni. Dalsi
experimentalni postup byl u obou skupin zcela identicky a odpovidal vySe popsanému

protokolu.

Jako kontrolni byla vyuzita skupina Ak, popsand v experimentu A.

Experiment C — ovéieni protektivniho ucinku scavengeru volnych kyslikovych

radikali, tempolu, na méiené funkcni vlastnosti plic

Vzhledem k diive popsané vyss$i produkeci volnych kyslikovych radikali
v ischémické tkani jsme v této Casti pokusu testovali ucinek vybraného scavengeru

volnych radikal kysliku.

Nami vybranym scavengerem ROS byl tempol (4-hydroxyl-2,2,6,6-
tetramethylpiperidine-N-oxyl). U této latky byl opakované popsan efekt podobny
ucinku superoxid dismutdzy — tedy pfeména volného superoxidu na peroxid vodiku.
Zaroven byl u tempolu na preparatech bunéénych i tkdnovych kultur popsan protektivni
ucinek v prostfedi s vysokou koncentraci peroxidu vodiku a hydroxylového radikalu.
Dalsi vyhodou tempolu je jeho volna prostupnost biologickymi membranami a tedy

intracelularni u¢inek.
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V experimentu C jsme tedy vytvofili 3 skupiny potkanii — Tv, Tn a Tk (Tab.1.).
Zvitatim ze skupin Tn a Tv byl po navozeni anestezie podan v bolusové davce
50mg/kg intraperitonealné¢ tempol. Vzhledem k jiz zndmym vysledkim ptedchozich
experimentalnich ¢asti byl zvifatim zobou skupin pfed usmrcenim rovnéz podan
heparin. V pribéhu nasledné teplé ischémie byla skupina Tv ventilovana vzduchem,
zatimco skupina Tn byla ponechéna intaktni. Dal$i postup zcela odpovidal vysSe

popsanému protokolu.

Jako kontrolni jsme opét vyuzili skupinu z pfedchoziho experimentu — Ak. Pro
ovéteni ucinku tempolu na plicni funkce jsme vytvotili také druhou kontrolni skupiny —
Tk. Zvitatim z této skupiny byl v anestezii intraperitonealné podan tempol, poté byla

provedena preparace bloku srdce-plice, stejn€ jako u kontrolni skupiny.

2.2.2.3. Statistické hodnoceni vysledkii

Vysledky byly hodnoceny metodou analyzy variaci opakovanych méfeni (ANOVA)
s naslednymi testy dle Fishera (Fisher PLSD post hoc) a Gamese/Howella. K hodnoceni
byl pouzit software StatView 5.0 (SAS Institute Inc., Cary, NC, USA). Vysledky jsou
¢iselné 1 graficky vyjadiovany jako stiedni hodnoty £ SEM.

2.2.3. Vysledky
2.2.3.1. Zhodnoceni funkcnosti prepardtu v jednotlivych skupindch

Vsechny preparaty ziskané ze skupin, které v pribchu teplé ischémie nebyly
ventilovany (An, Hn), stejné jako vSechny preparaty kontrolni skupiny(Ak), byly
funkéné hodnotitelné po celou dobu stanovenou protokolem (180 minut). To znamena,
ze nebyla zaznamenana pfitomnost masivniho plicniho edému, vyrazné zvySeni

prefiizniho tlaku nebo poruSeni transportni schopnosti plic pro kyslik. Stejné tak jsme
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ve vSech téchto piipadech pozorovali signifikantni vazokonstrikéni odpovéd na

bolusovou stimulaci angtiotenzinem II a ventilaci hypoxickou smési plynti.

Oproti tomu témet u vSech preparati (vzdy 5 ze skupiny 6ti zvifat) ze skupin,
které byly ventilovany v pribehu teplé ischémie (Hv, Av), byl pozorovan masivni plicni
edém, ktery se manifestoval bezprostiedné po pocatku reperfiize a do 30ti minut se

rozvinul natolik, Ze znemozinoval dalsi funkéni hodnoceni plic (viz. nize, Obr. 2.2.4.).

V protikladu k témto vysledkiim u ventilovanych skupin v experimentu A a B,
preparaty ze skupin v experimentu C, kterym byl podan tempol, byly dobfe funkéné
hodnotitelné po celou dobu stanovenou protokolem bez vyraznéjSich znamek rozvoje
edému, a to bez ohledu, zda byly v pribehu teplé ischémie ventilovany nebo ne (Obr.

2.2.1).

zména hmotnosti

(9)

- - @ - -Ventilované vzduchem pfi Tl bez heparinu (Av)

5 7 — @— - Ventilované vzduchem pfi Tl + heparin (Hv)
4 i # —@ — Neventilované pfi Tl bez heparinu(An)
," —@—=Neventilované pfi Tl + heparin (Hn)
*7 '.' /E ===@=—=Kontrolni skupina (Ak)
2 ; /'
."/' *

-1 4 Omin 30 min 90 min 120 min 180 min

€as (min)

Obr. 2.2.1. Ventilace plic vzduchem v pribéhu teplé ischémie vede k tvorbé plicniho edému
# Vyrazny narist hmotnosti preparatu, ukazujici na pritomnost plicniho edému,; * V pritbehu
poslednich 60ti minut experimentu doslo k mirnému naristu hmotnosti prepardtu u vsech

sledovanych skupin(p <0,001).
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2.2.3.2. Funkéni hodnoceni plic
Vliv ventilace a heparinizace na funkcni vlastnosti plic (Experiment A, B)

Mezi neventilovanymi skupinami (An, Hn) a kontrolni skupinou jsme

nezaznamenali signifikantni rozdil v parametru zmény hmotnosti preparatu.

Vzhledem k masivnimu plicnimu edému, pozorovanému u obou ventilovanych
skupin (Av, Hv) jsme transportni schopnost plic pro kyslik a perfiizni tlak hodnotili
pouze u neventilovanych skupin a kontrol. Perfiizni tlak u neventilované skupiny bez
heparinu (An) byl signifikantné vyssi ve srovnani s analogickou skupinou s heparinem

(Hn) i se skupinou kontrolni, Ak (Obr. 2.2.2.).

perf. tlak (torr)

18 - * % * . )
— &— Neventilované pfi Tl bez
16 1 heparinu (An)
14 0 F 4 — — + - - 4
_ -~ —=e—— Neventilované pri Tl +

12 ' heparin (Hn)

10 4 » - - I ——o—— Kontrolni skupina (Ak)
8 x

06 -

4

2

0

30 min 90 min 120 min 180 min
¢as (min)

Obr. 2.2.2. Heparinizace zabranila zvySeni perfiizniho tlaku v plicnim cévnim velisti U
skupiny, které nebyl podan heparin (An), jsme pozorovali signifikantni narist perfiizniho tlaku

ve srovnani s heparinizovanou i kontrolni skupinou (Hn, Ak); * p <0,005.

Nejlepsi transportni schopnost plic pro kyslik, vyjadienou jako arterio-ven6zni
diferenci parcidlniho tlaku kysliku (ApO,), jsme zaznamenali u kontrolni skupiny.Tato
zména byla u kontrolni skupina signifikantné vy$$i ve srovnani s obéma
neventilovanymi skupinami (An, Hn). Tento rozdil byl vSak vyrazné vyssi pii srovnani

kontrolni skupiny se skupinou bez heparinu, nez pti srovnani kontrol s heparinizovanou
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skupinou. Rovnéz pfi vzdjemném srovnani obou neventilovanych skupin jsme zjistili
signifikantn¢ vyssi ApO, u skupiny, které byl pfed navozenim srde¢ni zastavy podan

heparin (Obr. 2.2.3.).

A pO2 (torr)

90 + *

* *
80 1 T *

‘|’ T Kontrolni skupina (Ak)
70 J_
60 - J_ l T —@—=Neventilované pfi TI +
50 | heparin (Hn)

| ——@ == Neventilované pfi Tl bez
40 :
heparinu (An)
30
20
10 +
0
30 min 90 min 120 min 180 min
¢as (min)

Obr. 2.2.3. Poddni heparinu pied navozenim srdecni zdstavy cCdstecné brani poklesu

transportni schopnosti plic pro kyslik; * p <0,05.

Vliv podani tempolu na funkcni vlastnosti plic

Mezi kontrolni skupinou (Ak) a kontrolni skupinou s tempolem (Tk) jsme

nezaznamenali Zadné rozdily ve sledovanych hodnotéach.

Podani tempolu zabranilo tvorbé plicniho edému u preparath ze zvitat, kterd byla
v pribéhu teplé ischémie ventilovdna vzduchem. Zména hmotnosti preparatu se u
neventilované (Tn), stejné jako u ventilovanou skupiny s tempolem (Tv) signifikantné
neliSila od skupiny kontrolni (Ak), ani od skupiny kontrolni stempolem (Tk,
Obr.2.2.4.).
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zména

hmotnosti (g) — &— Ventilované vzduchem pfi Tl +
54 tempol (Tv)
—=e— Neventilované pfi Tl + tempol
(Tn)
41 = =@= = Kontrolni skupina s tempolem
(Tk)
3 | ~——a— Kontrolni skupina (Ak)

1 0 min 30 min 90 min 120 min 180 min
¢as (min)
Obr. 2.2.4. Poddni tempolu pied srdecni zdstavou zabrdnilo viniku plicniho edému po

reperfiizi U vSech skupin bylo po 120 minutdach perfiize pozorovano zvySeni hmotnosti; *

p<0,001.

Pozorovali jsme pouze mirny nartst perflizniho tlaku u ventilované skupiny (Tv) ve
srovnani s kontrolami (Ak, p < 0,05), mezi ostatnimi skupinami Zzadné rozdily

v perfuznim tlaku nebyly (Obr. 2.2.5).

perf. tlak (torr)

16 - *
14
12
10
=@ == \/entilované vzduchem pfi Tl +
8 - tempol (Tv)
5 —@—=Neventilované pfi T| + tempol (Tn)
4 = @ = Kontrolni skupina + tempol (Tk)
24 ===@=—=Kontrolni skupina (Ak)
0
30 min 90 min 120 min 180 min
¢as (min)

Obr. 2.2.5. Viiv podani tempolu na velikost perfiizniho tlaku
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RovnéZz v hodnoté ApO, jsme nezaznamenali zadné rozdily mezi skupinami
s tempolem (Tk, Tn, Tv), narozdil od signifikantn¢ horsi transportni schopnosti pro

kyslik, pozorované u neventilovanych skupin bez tempolu (An, Hn) ve srovndni

s kontrolami (Obr. 2.2.6.).

===@===Kontrolni skupina (Ak)

A pO, (torr) = @ = Kontrolni skupina + tempol (Tk)
90 1 ——@—=Neventilované pfi TI + tempol (Tn)
80 -
—@ — \/entilované vzduchem pii Tl +
70 + tempol (Tv)

60

50
40

30 -
20
10 -
0

30 min 90 min 120 min 180 min

€as (min)

Obr. 2.2.6. Poddni tempolu zabrdnilo poklesu transportni schopnosti plic pro kyslik,

pozorované u skupin bez tempolu (Experiment A, B).

2.2.4. Shrnuti vysledku a diléi zavér
Klicové vysledky popsaného experimentu je mozné shrnout do téchto bodi:

1. Preventivni podani heparinu pfed navozenim srde¢ni zéastavy a naslednym
vystavenim plic jedné hodiné teplé¢ ischémie brani zvySeni prefiizniho tlaku a

zlepsuje transportni schopnost plic pro kyslik po obnoveni perfiize preparatem.
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2. Ventilace plic atmosférickym vzduchem po dobu trvani teplé ischémie vedla

k rozvoji masivniho plicniho edému bezprostiedné po reperfiizi.

3. Preventivni podani scavengeru volnych kyslikovych radikéld, tempolu,
zabranilo poskozeni plic ventilaci v pribéhu teplé ischémie. Tempol rovnéz

zlepsSuje transport kysliku v plicich ziskanych od déarce s nebijicim srdcem.

Vysledky této studie tedy podporuji pfedstavu o vyznamné uloze volnych kyslikovych
radikdlt pfi ischémickém poSkozeni plic. Piedpokladdme tedy, Ze casné podani
heparinu a scavengeru volnych kyslikovych radikali se schopnosti prostupovat
bunéénymi membranami, tedy napiiklad tempolu, mize napomoci ke zlepSeni
protokolu odbéru a uchovani plic ziskanych od darct s nebijicim srdcem. V nasem
experimentu zvolené podéani heparinu a tempolu pied navozenim srdecni zéastavy by
bylo mozné pirevést do klinické praxe naptiklad intrakardialni aplikaci dané latky po
neuspésné kardiopulmonalni resuscitaci s naslednou distribuci do plicniho cévniho
reCisté¢ nepfimou srdecni masazi. Tento postup také pro podani heparinu zvolil Steen

v protokolu prvni klinicky Uspé$né transplantace plic ziskanych od darce s nebijicim

srdcem (70). Podrobné diskuse vysledkil je pfedmétem ptilozené publikace (Ptiloha 1,

(38)).
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2.3. VLIV PODANI TEMPOLU V PRUBEHU REPERFUZE PLIC, TESTOVANi

PROTEKTIVNIHO UCINKU NA ISCHEMICKO REPERFUZNI POSKOZENI

2.3.1. Cile studie

V tomto navazujicim experimentu jsme se zamcfili na obdobi obnoveni pritoku
organem po predchozi expozici teplé ischémii. V této klinicky velmi vyznamné fazi

dochazi ¢asto k ischémicko-reperfiznimu poskozeni.

Zjistili jsme, Ze u nami pouzivaného scavengeru volnych kyslikovych radikala,
tempolu, popisuje celd fada autord pozitivni efekt na ischémicko — reperfiizni poskozeni
(IRI). Existuji studie referujici o protektivnim ucinku této latky podané pii obnoveni
perfize v myokardu (56), ledvinou (41), klickou tenkého stfeva (73, 77) a mozkovou
tkani (18, 65). Zatim jsme se vSak nesetkali s praci popisujici efekt tempolu na

ischemicko-reperfiizni poskozeni pii transplantaci plic.

Cilem tohoto experimentu bylo tedy ovéfit hypotézu, ze podani tempolu

v prubehu reperfiize ovlivni ischemicko-reperfiizni poskozeni plic (39).

2.3.2. Material a popis metodiky

Experimentalni protokol odbéru plic 1 nasledného hodnoceni funk¢nich
vlastnosti plic byl ustaven obdobn¢ jako v pfedchozim experimentu (kap. 2.2.2.).
Laboratorni potkani kmene Wistar byli anestezovani, heparinizovani a nasledné
usmrceni predavkovanim thiopentalu sodného. Poté byli po dobu 60 minut ponechéani
intaktni (tepla ischémie). Vzhledem k vysledkiim ptfedchozich experimenti tedy zvirata
pfi teplé ischémii nebyla ventilovdna. Poté byl ustaven preparat izolovanych
perfundovanych a ventilovanych plic laboratorniho potkana a pfi zachovani stejného
experimentalniho protokolu jsme testovali vliv tempolu podaného do perfuzatu pred
obnovenim pritoku. Tempol byl tedy podan pifimo do nddobky perfuzatu v davce
0,5mg/1ml perfuzatu.
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Byly tedy ustanoveny tfi skupiny laboratornich potkanii:

1. Zvitata vystavena teplé ischémii po dobu 1 hodinu, pii zahajeni reperfiize byl

do perfuzatu ptidan tempol v popsané davce — tepla ischémie + tempol.

2. Zvitata vystavena teplé ischémii po dobu 1 hodinu, reperfiize s naslednym
hodnocenim plicnich funkci provedena perfiiznim roztokem bez tempolu - tepla

ischémie bez tempolu.

3. Kontrolni skupina — izolace organového bloku srdce-plice byla provedena

bezprostfedné po navozeni anestézie, tedy bez periody teplé ischémie.

2.3.3. Vysledky

Pfi hodnoceni rozvoje plicniho edému na zakladé méfeni zmény hmotnosti
preparatu jsme zjistili, Ze u skupiny kontrol, stejn¢ jako u skupiny, kterd prodélala
teplou ischémii bez tempolu, nedoslo v pribéhu hodnoceni k signifikantni zméné
hmotnosti. Oproti tomu u skupiny, ktera po jedné hodiné teplé ischémie byla
perfundovana roztokem s tempolem doslo k postupnému, nicméné vyznamnému rozvoji
plicniho edému. Tento rozdil byl statisticky signifikantni oproti skupiné bez tempolu i

kontrolni skupiné (Obr. 2.3.1.)
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Obr. 2.3.1. Podani tempolu v priibéhu reperfiize vedlo ke vzniku plicniho edému;(# p < 0,005)

Hodnoty perfiizniho tlaku u skupiny perfundované roztokem s tempolem byly

statisticky signifikantn¢ vysSi ve srovnani s kontrolni skupinou. Takovéto zvySeni

perflizniho tlaku jsme nezaznamenali u skupiny bez tempolu pfi srovnani s kontrolni

skupinou (Obr. 2.3.2.)
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Obr. 2.3.2. Podani tempolu v pribéhu reperfiize zpusobilo mirné zvySeni perfiizniho tlaku ve

srovndni s kontrolni skupinou (* p <0,05)

Transportni schopnost plic pro kyslik, méfena jako arterio-vendzni diference
parcidlniho tlaku kysliku v perfuzatu, byla signifikantné zhorSend u tempolem
perfundované skupiny, a to ve srovnani jak s kontrolami, tak se skupinou bez tempolu

(Obr. 2.3.3.).
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Obr. 2.3.3 Poddni tempolu v priibéhu reperfiize vedlo kvyraznému zhorSeni transportni
schopnosti plic pro kyslik ve srovndni s kontrolni skupinou i skupinou bez tempolu

(*p <0,05)

2.3.4. Shrnuti vysledku a diléi zavér

Zjistili jsme tedy, ze podani tempolu do perfiizniho roztoku vede k vyraznému
zhorSeni plicnich funkci a k signifikantnimu vzestupu hmotnosti plic vlivem
rozvijejiciho se plicniho edému. Rovnéz perflizni tlak byl vyssi a transportni schopnost
takto edematoznich plic byla signifikantné zhorSena ve srovnani s experimentalni

skupinou bez tempolu a kontrolni skupinou.

Tento zavér negativniho efektu tempolu je ve zdanlivém rozporu s vysledky
pfedchozi studie. My si tyto vysledky vysvétlujeme na zdkladé potencidlné
protektivniho ucinku hypoxické plicni vazokonstrikce na optimalizaci poméru
ventilace/perflize v plicich. Po jedné hodiné¢ teplé ischémie je s velkou
pravdépodobnosti v plicich znacné mnozstvi atelektatickych oblasti, které ziistanou
neventilované 1 po znovuobnoveni artificidlni ventilace a perfuze. V takovémto ptipadé

muze hypoxicka plicni vazokonstrikce vést k redistribuci pritoku do 1épe ventilovanych
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oblasti plic. Z ptedchozich experimentii vime, Ze tempol inhibuje hypoxickou plicni
vazokonstrikci (40). Tato inhibice mize tedy vést k pretrvavajici perfiizi atelektatickych
oblasti s naslednym vznikem plicniho edému a z toho rezultujicimu zhorSeni transportni

schopnosti plic pro kyslik.

Vysledky této studie lze tedy shrnout tak, Ze podani tempolu pied obnovenim
priatoku ischémickymi plicemi vede k tvorbé plicniho edému a zhorSeni transportni
schopnosti plic pro kyslik. Narozdil od jinych orgént tedy v plicich tempol neptisobi

protektivné na ischémicko—reperfiizni poskozeni.
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2.4 INHIBICE HYPOXICKE PLICNI VAZOKONSTRIKCE VYVOLANA TEMPOLEM

2.4.1. Uvod, cile studie

Jednou z moznych interpretaci vysledkt predchozi série experimentt je inhibice
HPV v pribéhu reperfiize tempolem. V této sérii pokusti jsme se rozhodli oziejmit
ulohu volnych kyslikovych radikéalii pii hypoxické plicni vazokonstrikci a zejména
zkoumat vliv tempolu, tedy latky se superoxid dismutdzovym ucinkem, na velikost

HPV.

Hypoxicka plicni vazokonstrikce (HPV) je mechanismus, ktery umoznuje
efektivni redistribuci krve do 1épe ventilovanych oblasti plicnich cévniho feciste.
Optimalizuje tak pomér ventilace/perfiize a tedy zvySuje parcidlni tlak kysliku
v plicnich zildch. Jedna se o lokalni regulacni mechanismus, ktery se vyznacluje
rychlym ndstupem ucinku a pifi reoxygenaci hiife perfundovanych oblasti je plné

reverzibilni.

Samotna pfitomnost a intenzita hypoxické plicni vazokonstrikce je vyznamné
ovlivilovana produkci a naslednymi interakcemi mezi volnymi kyslikovymi radikéaly a
oxidem dusnatym. Bylo opakované experimentalné prokazano, Ze akutni ventilacni
hypoxie vede k zméndm v produkci superoxidu v mitochondridlnim fetézci transportu
elektronil ¢i vyssi aktivitou NADPH oxidazy (51, 55). Podani superoxid dismutazy ci
neselektivniho inhibitoru NADPH oxidadzy, diphenyleneiodonia, signifikantné snizuje
intenzitu HPV (50, 74). Hypoxie stimuluje narist produkce NO v plicich a je zndmo, Ze
inhibitory NO systethasy zvysuji HPV (34). V ptitomnosti NO superoxid velmi rychle
reaguje za tvorby peroxynitritu, ktery ma rovnéz vazokonstrikéni u€inky a tato reakce je
témet desetkrat rychlej$i nez dismutace superoxidu prosttednictvim SOD (7). Z toho
vyplyva, ze vychytavani superoxidu cestou SOD muze vést k relativni nadprodukci NO
a zaroven inhibovat tvorbu peroxynitritu. Disledkem obou téchto jevl je oslabeni HPV.
Druhou moZnosti vSak zlstavé ptimé ovlivnéni HPV sniZzenim koncentrace superoxidu

s vazokonstrikénim efektem.

Cilem této studie tedy bylo ovéfit hypotézu, zda je inhibice HPV tempolem

zpusobena pifimo snizenim koncentrace superoxidu, ¢i relativni nadprodukci NO.
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Jelikoz vime, Ze intenzita vazokonstrik¢éni odpovédi na hypoxickou stimulaci je zavisla
také na predchozi stimulaci (3, 57), v druhé casti této studie jsme se zabyvali

ovlivnénim ucinku tempolu na HPV zménou bazalniho vaskularniho tonu.

Vysledky této studie byly zvetejnény v publikaci (40), kterd tvoii soucast této

disertacni prace (Ptiloha 2).

2.4.2. Material a popis metodiky

Experimenty této studie byly provedeny na preparatu izolovanych
perfundovanych plic laboratornich potkanti kmene Wistar. V anestezii thiopentalem
sodnym byl vySe popsanym zplsobem vytvofen preparat izolovanych plic (viz.
kap.2.2.2.). V pribéhu experimentu jsme kontinudlné¢ monitorovali perfuzni tlak, ktery,
vzhledem ke konstantnimu pritoku perfuzatu plicemi, odpovidd plicni vaskularni

rezistenci. Studii jsme realizovali ve dvou navazujicich experimentech.

2.4.2.1. Experiment A — vliv inhibice produkce NO a sniZeni koncentrace superoxidu

tempolem na velikost hypoxické plicni vazokonstrikce

Plice byly po vypreparovani, napojeni na recirkulacni okruh a obnoveni umélé
ventilace normoxickou smési plynit (21% O, + 5% CO, + 74% N;) ponechany 15 minut
ke stabilizaci. Poté byla testovana reaktivita na akutni ventila¢ni hypoxii (0% O, + 5%

CO; + 95% N,) a angiotenzin II.

Bolus angiotenzinu II (AT II, 0.2 pg) byl aplikovan do vtokové kanyly umisténé
v plicnici a vedl k pfechodnému vzestupu perfiizniho tlaku (obvykle méné nez 2
minuty). Po osmi minutich od aplikace ATII byla provedena Sest minut trvajici
ventilace plic hypoxickou smési plynt. Tento cyklus ATII-hypoxie byl opakovéan
celkem dvakrat. Postup s opakovanim stimulace byl zvolen vzhledem ke zndmé
skutecnosti, izolované plice perfundované solnym roztokem s albuminem jsou ve
srovnani s krevni perfizi relativn€ hyporeaktivni. Pro vyvoldni srovnatelné
vazokonstrikéni odpovédi, kterd je v Case stabilni, se tak bézné uzivaji dvé navazujici

stimulace (28, 35, 57). Deset minut po druhé stimulaci hypoxickou smési plynd byl do
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nadobky perfuzatu podan tempol v davce 0,5mg/ml. Davku tempolu jsme zvolili na

zaklad¢ predchozich experimenti, kdy jsme pravé pii této koncentraci pozorovali 81%

inhibici odpovédi na ATII a 67% inhibici vyzokonstrikce vyvolané ventilaéni hypoxii.

Tato davka rovnéz odpovida v literatuie doporucovanym hodnotdm (73). Po deseti

minutach jsme opakovali dva cykly stimulace plic ATII a akutni ventila¢ni hypoxii.

Pro experiment jsme vytvoftili dvé skupiny zvifat:

1. Kontrolni skupina (6 zvitat) — postup dle vySe popsaného protokolu

2. Skupina s L-NAME (6 zvitfat) — produkce NO byla inhibovdna podanim
neselektivniho blokatoru NO synthetasy L-NAME v davce 5.10°M do perfuzatu

na pocatku experimentu v prubéhu ekvilibrace.

Nésledné byly srovnavany zmény v perfiiznim tlaku vyvolané v prubéhu 2. a 4. cyklu

stimulace ATII a ventila¢ni hypoxii (schématické znazornéni — Obr. 2.4.1.,2.4.2.).

Control Group

tempol

-

ATII + hypoxia

L-NAME Group

L-NAME

-

tempol

=

Obr. 2.4.1. Protokol experimentu A
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Obr. 2.4.2. Zaznam méieni experimentu A; P(torr) zndzorriuje perfiizni tlak.

2.4.2.2. Experiment B — vliv zmény bazdlniho perfizniho tlaku na tempolem

vyvolanou inhibici hypoxické plicni vazokonstrikce

Jelikoz vime, ze vazokonstrikéni odpoveéd’ plicniho cévniho fecisté na ventilacni
hypoxii je zavisla na velikosti bazélniho tlaku (28, 57), rozhodli jsme se ovéfit, zda také
tempolem vyvoland inhibice zavisi na velikosti bazalniho tlaku v plicnim cévnim
fecisti. ZvySeni bazalniho tlaku jsme dosahli depolarizaci hladké svaloviny cév
zvySenim koncentrace draslikovych iontl v perfuzatu o 15mmol/l (vysledna

koncentrace K byla 19,7 mmol/l).
V experimentu jsme vytvorili tfi skupiny laboratornich zvitat (Obr. 2.4.3.):

1. Skupina K’ + tempol (5 zvifat). Na po¢atku perfiize zvysen bazalni tonus
pridanim KCI do perfuzatu, poté 15 min. ekvilibrace, dvé nésledné stimulace
ventilaci hypoxickou smési plynil (0% O, + 5% CO; + 95% Ny), bolusové
podani ATIIL, opét dvé stimulace hypoxii. Poté byl do perfuzéatu ptidan tempol

(0,5mg/ml) a plice vystaveny dal$im dvéma ventilacnim hypoxiim.
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2. Skupina K (5 zvifat) — identicky experimentalni protokol, pouze po Gtvrté

hypoxii nebyl do perfuzatu ptidan tempol.

3. Skupina tempol (5 zvifat) — skupina s artificidlné nezvysenym bazalnim tonem

(bez KCl), dalsi postup byl identicky jako u skupiny 1.

Pti hodnoceni jsme se tedy zamétili na zménu perfiizniho tlaku zpiisobenou 2.
hypoxickou stimulaci (vliv zvySeni bazalniho tonu), 4. hypoxickou stimulaci (vliv
aplikace ATII) a 6. stimulaci (vliv tempolu). Schématické zndzornéni

experimentalniho protokolu — viz. Obr.2.4.3.

hypoxia

K* + Tempol
KCI tempol
K+
KCI
Tempol
tempol
AT | hypoxia £l T-

|

——

Obr. 2.4.3. Protokol experimentu B
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2.4.3. Vysledky
2.4.3.1. Experiment A

Po podani tempolu jsme pozorovali u obou skupin zvifat signifikantni inhibici
vazokonstrikéni odpovédi vyvolanou ATII a akutni ventilacni hypoxii (Obr. 2.4.4.,
2.4.5.). Pti srovnani zmény vazokonstrikéni odpovédi vyvolané tempolem u kontrol a
skupiny s L-NAME jsme nepozorovali Zadny signifikantni rozdil. Lze tedy fici, Ze

inhibice HPV vyvolana podanim tempolu neni zavisla na koncentraci NO.

AP (torr)

14

12

10

72

Control  Control L-NAME L-NAME
+ Tempol + Tempol

Obr. 2.4.4. Viiv podani tempolu a L-NAME na plicni vazokonstrikci zpiisobenou bolusovym
podanim ATIL; *p <0.005
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Obr. 2.4.5. Vliv poddni tempolu a L-NAME na hypoxickou plicni vazokonstrikci; *p<0.005

2.4.3.2. Experiment B

Ptidani KCl do perfuzitu vedlo k ocekdvanému signifikantnimu zvySeni
bazalniho perfiizniho tlaku u obou skupin bez rozdilu. Toto zvySeni bazéalniho tonu
vedlo k signifikantné vy$si HPV u skupiny K~ + tempol a K ve srovnani se skupinou
tempol (Obr. 2.4.6.) Tyto rozdily mezi skupinami jiZ nebyly patrné po podani ATII
(porovnani HPV pfi 4. hypoxii). Nasledné podani tempolu signifikantné snizilo HPV (6.
hypoxie) jak u skupiny se zvy$enym bazalnim tonem (K" + tempol), tak u skupiny bez
prestimulace draslikem (fempol). Oproti tomu intenzita HPV ziistala nezménéna u
skupiny, které tempol podan nebyl (K), coz svédéi o dobré viabilité preparatu po celou

dobu trvani experimentu (Obr. 2.4.6.).
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Obr. 2.4.6. Vliv zvySeni bazdlniho tonu na inhibici HPV vyvolanou tempolem; *p <0.05

2.4.4. Shrnuti vysledki a diléi zavér
Hlavnimi vystupy z popsané studie jsou tato zjisténi:

1. Produkce a tkanové koncentrace superoxidu hraje dilezitou roli v mechanismu
hypoxické plicni vazokonstrikce. Dismutace superoxidu na peroxid vodiku
zpusobend tempolem signifikantné snizila vazokonstrikéni odpovéd’ plicniho

cévniho fecisté na akutni ventilacni hypoxii.

2. Inhibi¢ni efekt dismutace superoxidu na HPV je pravdépodobné diisledkem
pifimo snizeni koncentrace superoxidu nebo zvySeni koncentrace peroxidu
vodiku. Dle vysledkti pokust s inhibitorem NO sysnthetasy, L-NAME, tento

efekt neni zprostfedkovan relativni nadprodukei vazodilatacné u¢inkujiciho NO.

3. Inhibice HPV tempolem neni zavisld na velikosti bazalniho tonu v plicnim

cévnim fedisti.
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Podrobna diskuze vysledku této série experimentil je predmétem publikace (40),

ktera tvofti pfilohu této disertacni prace (Ptiloha 2).
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2.5. CELKOVE SHRNUTI VYSLEDKU, ZAVER

V experimentalni ¢asti této disertacni prace jsme se zabyvali radikdlovym
poskozenim plic, které vznikd v prabéhu teplé ischémie a pii ndsledném obnoveni
perflize organem. Tuto problematiku jsme konkrétné¢ zkoumali na experimentalnim
modelu odbéru plic od déarce po srdecni zastavé, kdy jsou plice v obdobi mezi
ukoncéenim perfiize v darcovském téle a znovuobnovenim perfiize v téle piijemce (nebo
artificialni perfiizi v experimentalnich podminkach) vystaveny jedné hodiné teplé

ischémie.

V prvni Casti prace jsme se zamétili na zkoumani moznosti, jak zlepsit funkéni

vlastnosti takto ziskané¢ho preparatu zasahy v obdobi teplé ischémie. Zjistili jsme, Ze:

- Ventilace vzduchem v priibéhu teplé ischémie zhorSuje funkcni

vlastnosti plic a vede ke vzniku plicniho edému.

- Preventivni podani heparinu vede ke sniZeni perfiizniho tlaku a

zlepSuje transportni schopnost plic pro kyslik.

- Preventivni podani tempolu zabrani vzniku plicniho edému
zpusobeného ventilaci v prubéhu teplé ischémie a zlepSuje

transportni schopnost plic pro kyslik.

Tyto zavéry tedy ukazuji na vyznamnou ulohu volnych kyslikovych radikalt
v poskozeni plic v pritbéhu teplé ischémie. Zaroven naznacuji, Ze podani scavengeru
radikali pfed navozenim teplé ischémie miize napomoci k ochrané plic pred

ischémickym poskozenim.

Ve druhé Casti prace jsme se na zdklad¢ poznatkii o pozitivnim efektu nami
pouzivaného tempolu na ischémicko — reperfizni poSkozeni v riznych organech
rozhodli testovat hypotézu o potencidlné protektivnim efektu podani této latky na
poskozeni vyvolané obnovenim pritoku po piedchozi teplé ischémii. Zde jsme zjistili,

v

VAN

- Podéani tempolu pied obnovenim priitoku ischémickymi plicemi

vede k tvorbé plicniho edému a zhorSeni transportni schopnosti

43



plic pro kyslik. Narozdil od jinych organii tedy v plicich tempol

neplisobi protektivné na ischémicko-reperfiizni poskozeni.

Mozné vysvétlené téchto vysledkti vidime v tloze hypoxické plicni
vazokonstrikce v redistribuci krve do 1épe ventilovanych oblasti plicniho cévniho
reCiSt¢ a tedy v optimalizaci poméra ventilace/perfize. Pokud jsou plice vystaveny
jedné hodin€é teplé ischémie bez artificidlni ventilace, velmi pravdépodobné
v nizkotlakém plicnim cévnim fecisti vznikne znacné mnozstvi atelektatickych oblasti.
Tyto oblasti poté ziistdvaji neventilované pfinejmensim v pocatecnich fazich reperfiize.
Hypoxicka plicni vazokonstrikce v tomto pfipadé muize hrat vyznamnou ulohu pfii
redistribuci pratoku mimo tyto atelektatické oblasti. Pokud HPV inhibujeme v prabéhu
reperfiize tempolem, odstranime tento protektivni mechanismus a vysledkem muze byt

nami pozorovany plicni edém.

V zavéreCné Casti experimentalni sekce prace se zabyvame mechanismem,
kterym scavenger ROS, tempol, inhibuje HPV. Zaméfili jsme se na vyznam mozné
relativni nadprodukce NO v situaci, kdy je pfirozeny substrat pro tvorbu peroxynitritu
pravé z NO dismutovan tempolem. Dale jsme zkoumali vliv bazalniho tonu v plicnim

cévnim fecisti na tempolem vyvolanou HPV. Zjistili jsme, ze:

- Produkce a tkanova koncentrace superoxidu hraje diilezZitou roli v

mechanismu hypoxické plicni vazokonstrikce.

- SOD mimetikum tempol inhibuje hypoxickou plicni vazokonstrikci
nezavisle na aktualni koncentraci NO a na bazalnim tonu plicnich

cév.

Celkové je tedy mozné hlavni poznatky z predkladané prace shrnut tak, ze volné
kyslikové radikaly se patrné vyznamné podili na poskozeni plic v pribéhu teplé
ischémie a jejich inhibice mize vyznamné napomoci ke zlepsSeni funkénich vlastnosti
plic. ROS vSak zaroven hraji kliCovou roli v mechanismu hypoxické plicni
vazokonstrikce, ktery se mulzZe ve fazi reperflize uplatiiovat protektivné. SniZeni

produkce ROS v této fazi pak vede ke vzniku plicniho edému.

V souladu s recentnimi pracemi, zabyvajicimi se problematikou transplantace

plic ziskanych od dérct s nebijicim srdcem, nase studie na experimentadlnim modelu
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potvrzuji dobrou viabilitu a klinickou pouzitelnost plic ziskanych od darce po srdecni
zastave a nésledné vystavenych jedné hodin€ teplé ischémie. Pro minimlizaci poSkozeni
takto ziskanych plic pfed samotnou transplantaci se zda byt klicova ochrana pred
radikdlovym poskozenim v prubéhu teplé ischémie a néaslednd prevence ischémicko-
reperfiizniho poskozeni. Pokud se podaii tyto zasadni problémy vyieSit, mize se
technika transplantace plic od nebijicich darct stat svétoveé etablovanou tranplantacni
metodou, kterd vyrazné napomize vyfeSit problém s nedostatkem vhodnych

organovych darcti k transplantaci plic.
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ORGAN PRESERVATION

Pre-arrest Administration of the Cell-permeable Free Radical
Scavenger Tempol Reduces Warm Ischemic Damage of Lung
Function in Non-Heart-beating Donors

Daniel Hodyc, MD, Olga Hnilickova, Vaclav Hampl, MD, PhD, and Jan Herget, MD, PhD

Background:

Methods:

Results:

Conclusions:

Lungs retrieved from non-heart-beating donors (NHBDs) may alleviate the shortage of suitable
organs for transplantation. The critical point is the preservation of lungs during warm ischemia,
when severe damage is caused by free radicals. We investigated the effect of ventilation, pre-arrest
administration of heparin, and the cell-permeable free radical scavenger, tempol, on the function of
NHBD grafts.

Six experimental and two control groups (n = 6 per group) were established. All experimental
groups underwent a protocol of NHBD lung harvesting, which included 1 hour of warm ischemia
after pentobarbital euthanasia followed by 90 minutes of cold ischemia. The groups were
constructed as follows: Group An—non-ventilated during warm ischemia, no heparin; Group
Av—room-air ventilated during warm ischemia, no heparin; Group Hn—non-ventilated, heparin
added pre-arrest; Group Hv—ventilated, heparin; Group Tn—non-ventilated, heparin and tempol
added pre-arrest; Group Tv—ventilated, tempol, heparin; Group Ac— control group, no warm and
cold ischemia, lungs harvested immediately after euthanasia; and Group Tc— controls with tempol
added pre-arrest. The lungs were then perfused ex vivo and the perfusion pressure, lung weight and
arteriovenous difference in oxygen partial pressure were measured.

We found that room-air ventilation during warm ischemia caused severe pulmonary edema during
reperfusion. Heparinization prevented an increase in perfusion pressure and ameliorated the oxygen
transport ability. Pre-arrest administration of tempol prevented edema formation after ventilation
during warm ischemia and had a positive effect on the oxygen transport ability of the lungs.

The free radical scavenger tempol, which has a very good ability to permeate biologic membranes,
contributes to better preservation of lungs retrieved from NHBDs. J Heart Lung Transplant 2008;27:

890-7. Copyright © 2008 by the International Society for Heart and Lung Transplantation.

Utilization of lungs retrieved from non-heart-beating
donors (NHBDs) appears to be a a promising way to
increase the pool of suitable lung donors. The crucial
difference between the routinely used transplantation
technique, when the lungs are harvested from brain-
dead, heart-beating donors (HBDs), and the NHBD
transplantation process takes place during the warm
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ischemia period. Warm ischemia occurs after circula-
tory arrest when the organ, left at room temperature, is
not perfused. Whereas for HBDs organ perfusion is
maintained until the harvesting itself, NHBD lungs are
retrieved after cessation of circulation, and with a
significant period of warm ischemia.

An major advantage when utilizing lung tissue is the
possibility of maintaining oxygen extraction from the
alveoli, even after cessation of circulation, which allows
ongoing aerobic metabolism.’ It has been experimen-
tally proven that lungs retrieved from donors after
cardiac arrest or after myocardial infarction can survive
for at least 1 hour.” * Also, it is possible that there is a
protective effect of ventilation during warm ischemia.
However, artificial ventilation of non-perfused lungs
creates a potential risk of tissue damage by reactive
oxygen species (ROS).

The aim of this study was to assess the effect of
ventilation during warm ischemia and, considering the
controversy regarding the need for heparin administra-
tion,>® to verify the putative benefit of pre-arrest hep-
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Table 1. Experimental Groups
Group Warm ischemia Heparin Ventilation Tempol No. of rats

Experiment A: Effect of ventilation Ac, controls — + — - 6

An + - - - 6

Av + - Room air - 6
Experiment B: Effect of heparin Hn + + — - 6

Hv + + Room air - 6
Experiment C: Effect of tempol Tc, controls — + — + 6

Tn + + — + 6

Tv + + Room air + 6

arinization. Because we had found that pressure-con-
trolled ventilation deteriorates pulmonary function, we
tested the protective effect of pre-arrest administration
of tempol, an intracellular ROS scavenger.

METHODS
Study Design

The study was performed using adult male rats (AnLab,
Czech Republic) in three separate experiments (Table 1).
In Experiment A we investigated the effect of room-air
ventilation during warm ischemia; in Experiment B the
effect of pre-arrest heparinization on lung function was
assessed; and in Experiment C we studied the possible
protective effect of pre-arrest administration of tempol.

All experiments were performed in accordance with
the European Community and NIH guidelines for use of
experimental animals and approved by the animal
studies committee at our institution. All drugs and
chemicals were from Sigma (Prague, Czech Republic)
unless stated otherwise.

Experiment A: Effect of Ventilation During Warm Ischemia

Two experimental groups (Groups An and Av; Table 1)
underwent the protocol of lung harvesting from
NHBDs. Rats were anesthetized with by intraperitoneal
administration of sodium thiopental (50 mg/kg), and a
tracheal cannula was introduced into the trachea. All
animals were then euthanized by overdose with sodium
thiopental (250 mg/kg).”® The animals were kept at
room temperature for another 60 minutes (warm isch-
emia). During warm ischemia, animals in Group Av
were ventilated (Model 683 Harvard Rodent Ventilator,
Harvard Apparatus, Inc., Holliston, MA) with room air at
50 breaths/min, with peak inspiratory pressure 10 cm
H,O, whereas rats from the other experimental group
(Group An) were left untouched. Ventilation (in the
ventilated groups) was then stopped and two cannulas
were introduced into the thoracic cavity. The animals
were placed into a cold thermostatic chamber and in
situ topical cooling of the lungs was started with cold
saline solution (12°C) that contained 4% Ficoll.

After 90 minutes, the lungs were isolated and perfused
as described previously.”'® The tracheal cannula was

reconnected to the ventilator and the lungs were venti-
lated with a gas mixture containing 21% O, + 5% CO, +
74% N,. In the opened chest, the main pulmonary artery
and the left atrium were cannulated. Using a peristaltic
pump, the lungs were perfused in a constant flow mode
(4 ml per 100 g body weight per minute) with a saline
solution containing 4% Ficoll and meclofenamate (17 X
10~° mol/liter). The lungs were suspended by the
trachea in a heated (38°C) humidified chamber and
allowed to stabilize for 15 minutes before measurement
of lung function (see later). The outflow from the left
atrial cannula was recirculated into the perfusate reser-
voir, and the outflow pressure was set to —2 mm Hg.

Control group. Control animals (Group Ac) were anes-
thetized and isolation of the heart-lung block was
performed in the same manner as described previously.
Perfusion of the lungs started immediately after isola-
tion, and therefore the lungs did not undergo warm and
cold ischemia.

Experiment B: Effect of Pre-arrest Heparinization

Under thiopental anesthesia, the rats in Groups Hv and
Hn (Table 1) were given 600 IU of heparin intrahe-
patically.” A tracheal cannula was introduced and, 30
minutes after administration of heparin, the animals
were euthanized by overdose of sodium thiopental (250
mg/kg). The lungs then underwent warm and cold lung
ischemia in the same way as in Experiment A. During
warm ischemia, the animals of Group Hn were left
untouched, whereas Group Hv animals were ventilated
with room air. The control group for Experiment B
was identical to the control group for Experiment A
(Group Ao).

Experiment C: Effect of Pre-arrest Aministration

of Tempol

Tempol (4-hydroxyl-2,2,6,6-tetramethylpiperidine-N-oxyl)
freely permeates biologic membranes and, as an intra-
cellular scavenger of superoxide anions and hydroxyl
radicals, it has a protective effect with regard to isch-
emia-reperfusion injury, inflaimmation and multiple-
organ failure '!'-14
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Tempol (50 mg/kg) was administered intraperitone-
ally immediately after the start of thiopental anesthesia.
The rats in Groups Tv and Tn (Table 1) in Experiment
C were given heparin as in Experiment B. A tracheal
cannula was introduced and, after thiopental euthana-
sia, the lungs underwent a further 60 minutes of warm
ischemia as in both previous experiments. Considering
the results of Experiment B (see later), and because
there was no assumption of either potentiation or
inhibition of the effect of the combination of heparin
plus tempol, we used heparin pre-arrest in all the
experimental groups. To elucidate the effect of ROS
production during artificial ventilation, Group Tv rats
were ventilated as in Experiment A, whereas Group Tn
animals were left untouched during this period. After
90 minutes of cold ischemia the heart-lung block was
prepared as described earlier and lung function mea-
surement was performed.

The controls were identical to the control group in
Experiment A. To investigate the effect of tempol on
pulmonary function we established Group Tc, a tempol-
treated control group. The rats in this group were
anesthetized and treated with tempol and heparin in
the same way as in the experimental groups. Prepara-
tion of the heart-lung block started immediately after
thiopental euthanasia, and therefore, similar to the
control group, warm or cold ischemia was not per-
formed.

Measurement of Lung Function

We assessed pulmonary function for 180 minutes from
the beginning of perfusion of the isolated lungs. The
pulmonary perfusion pressure was monitored via a
transducer connected to the inflow cannula (PowerLab,
ADI Instruments) and the lung weight gain was mea-
sured continually via a force transducer. After a 20-
minute equilibration period, the first measurement of
oxygen transport ability was performed. We took two
samples of perfusion solution: an arterial sample from
the inflow and a venous sample from the outflow
cannula. Analysis of oxygen partial pressure was per-
formed immediately after sampling (ABL 5, Radiometer
Medical A/S, Copenhagen, Denmark). Because we used
isolated lungs, it was necessary to desaturate the per-
fusate in the inflow artificially by bubbling the perfusate
in the reservoir with 5% CO, + 95% N, for 5 minutes.
Thus, the increase in oxygen partial pressure between
the inflow and outflow cannula (APo,) was a measure
of the ability of the lung to transport oxygen from the
alveoli into the perfusate.

After a 10-minute recovery period, the reactivity to
angiotensin II (0.4 pg) and to acute hypoxia (0% O, +
5% CO, + 74% N,) was tested in two cycles. At 30, 90,
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120 and 180 minutes after start of perfusion, the lung
transport ability for oxygen was measured in the same
way as described earlier and, during these time inter-
vals, the values of perfusion pressure and lung weight
gain were taken.

Statistical Analysis

For statistical evaluation we used repeated-measures
analysis of variance (ANOVA), Fisher’s PLSD test and
the Games/Howell post hoc test, as appropriate. Values
are presented as mean * SEM in the figures.

RESULTS
Analysis of Lung Survival

All lungs that were not ventilated during warm ischemia
(Groups An and Hn) and all control lungs (Group Ac)
survived until the end of the functional assessment. This
means that all measured pulmonary functions were not
altered and pulmonary edema was not present. The
lungs also displayed significant vasoconstrictor re-
sponses to angiotensin II and acute ventilatory hypoxia.
However, almost all (i.e., 5 of 6) lungs that were
ventilated during warm ischemia, both with (Group Hv)
and without (Group Av) pre-arrest heparin addition, did
not survive for more than 30 minutes due to massive
edema formation that started immediately after the
beginning of reperfusion (Figure 1).

In contrast to room-air-ventilated groups in Experi-
ments A and B, in Experiment C all lungs from both the
experimental (Groups Tv and Tn) and the control
group (Group Tc¢) survived until the end of the func-
tional assessment after pre-arrest tempol administration,
regardless of ventilation.

Functional Assessment

Effect of ventilation and beparinization (Experiments
A and B). There was no difference in lung weight gain
among both the non-ventilated (Groups An and Hn) and
control (Group Ac) groups.

Because of massive pulmonary edema in both
groups that were ventilated with room air during
warm ischemia, the perfusion pressure and the oxy-
gen transport ability was assessed only in the non-
ventilated groups (Groups An and Hn) and in the
control group (Group Ac). The perfusion pressure of
the non-ventilated group without heparin (Group An)
was significantly higher compared with both the
non-ventilated heparinized group (Group Hn) and
controls (Group Ac) (Figure 2).

The best oxygen transport ability was observed in the
controls (Group Ac). APo, was significantly higher in
the control group (Group Ac) compared with the
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Figure 1. Ventilation with room air caused pulmonary edema. A significant increase in lung weight gain indicating pulmonary edema in groups
ventilated during warm ischemia with room-air. *In the last 60 minutes there was a significant increase in lung weight gain in the non-ventilated

and control groups (p < 0.001).

non-ventilated groups (Groups An and Hn). The differ-
ence in oxygen transport ability was much more signif-
icant in the non-ventilated group without heparin
(Group An) compared with controls (Group Ac) (p <
0.005) than the difference between controls and the
heparin-treated group (Group Hn) (» < 0,05). When
comparing non-ventilated groups, we observed signifi-
cantly higher values of APo,, indicating better oxygen
transport ability, in the lungs obtained from heparinized
animals (Group Hn) (Figure 3).
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Effect of pre-arrest administration of tempol (Experiment
C). We did not observe any significant differences
between the control group (Group Ac) and the tempol-
treated control group (Group Tc¢).

Tempol prevented edema formation after room-air
ventilation during warm ischemia. With regard to lung
weight gain, tempol-treated non-ventilated (Group Tn)
or room-air-ventilated (Group Tv) groups did not differ
compared with either controls (Group Ac) or tempol-
treated controls (Group Tc) (Figure 4).

*
— @— - Non-ventilated without
E heparin (An)
—@— Non-ventilated + heparin (Hn)
——— Control group (Ac)
180 min

Figure 2. Heparinization prevented the increase of perfusion pressure. We observed a significant increase in perfusion pressure in the

non-ventilated group without heparin (Group An) compared with both

the heparinized (Group Hn) and control (Group Ac) groups (*p < 0.005).
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@ Control group (Ac)

—@—=Non-ventilated + heparin
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heparin (An)

180 min

Figure 3. Pre-arrest administration of heparin partially prevented the decrease of oxygen transport ability in the lungs harvested from

non-ventilated rats.

We found only a slightly higher perfusion pressure in
the room-air-ventilated group (Group Tv) compared
with controls (Group Ac) (p < 0.05); no differences
were observed among other groups (Figure 5).

We also did not find any differences in APo, among
tempol-treated groups (Groups Tc, Tv and Tn) (Figure
6). This was in contrast to the significantly worse
oxygen transport ability of the non-ventilated groups
without tempol (Groups An and Hn) compared with
controls (Group Ac), as described earlier.

DISCUSSION

We showed that heparinization before 1 hour of warm
ischemia prevents an increase in perfusion pressure and
improves oxygen transport ability after lung reperfu-
sion. Our findings are in agreement with Boglione et al®
and others,”'> who described the protective effect of
pre-arrest heparinization on lung function in NHBDs. In
the first successful clinical transplantation from an
NHBD, by Steen and co-workers, heparin was adminis-
tered via a central venous catheter and chest compres-
sions were used for its distribution.'® Wittwer et al'”
observed a continuous elimination of blood clots via the
pulmonary artery in lungs from NHBDs treated using
retrograde preservation with Perfadex solution, sug-
gesting that coagulation during warm ischemia is a very
active process. Some investigators, however, still ques-
tion the need for heparinization.*>

Another frequently discussed point, covered in our
study, is the effect of ventilation during warm ischemia.

Van Raemdonck et al described good graft function in
deflated lungs after 1 hour of warm ischemia.'® Further,
Steen et al used no ventilation during warm ischemia in
their study using a pig model'® nor in their clinical case
study of a lung transplant from an NHBD.'® Rega et al’
showed that animals ventilated and administered 3
hours (Fio, = 0.5) of warm ischemia had a significantly
higher pulmonary vascular resistance and wet to dry
ratio compared with HBDs (where pulmonary function
was measured immediately after death of animals). In
contrast, there were no significant differences observed
between HBD controls and NHBDs topically cooled for
3 hours. All these findings correlate well with our
observation that pressure-controlled room-air ventila-
tion of lungs during 1 hour of warm ischemia had a
negative effect on pulmonary function and led to
pulmonary edema.

Other studies have indicated a protective effect of
short-term ventilation. Boglione et al concluded that
ventilation with room air during warm ischemia works
as a protective mechanism.® Loehe et al**?! described
good graft function during 5 hours of in situ reperfusion
when lungs were inflated with oxygen in a single action
before warm ischemia. We assume that interpretation
of their results may be based on the protective effect of
the initial distension of alveoli rather than on the benefit
of oxygen supply. Albert et al showed that, at higher
vascular pressure, lung inflation reduces filtration and
edema formation.?* This opinion was also supported by
Ulicny et al,>®> who proposed that mechanical ventila-
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Figure 4. Tempol prevented edema formation. After pre-arrest administration of tempol we did not observe any differences between the experimental
(warm ischemia) and control (no warm ischemia) groups. The pulmonary edema presented in room-air—ventilated rats without tempol (Experiments A
and B; see Figure 1) was not observed here. After 120 minutes of reperfusion, lung weight increased in all groups (*p < 0.001).

tion itself reduces edema formation by maintaining
alveoli distended, and this mechanism is independent of
a continual supply of oxygen. Van Raemdonck also
suggested that the critical factor in protecting lungs
from warm ischemia damage might be the prevention
of alveolar collapse rather than the actual oxygen
delivery caused by ventilation.®

In contrast to our study and those of others,®!®
Wittwer et al'” found that ventilation in a pressure-
controlled mode with Fio, = 0.5 for up to 300 minutes
during warm ischemia had no harmful effect on pulmo-
nary function. We have no explanation for this discrep-
ancy.

Based on our results, we expected the pressure-
controlled ventilation with room air to play a key role in
ROS-mediated damage of lung function. In the absence
of circulation, the lung tissue is exposed to a higher
partial pressure of oxygen. Therefore, large amounts of
ROS are produced, even under ischemic conditions
during ventilation with an oxygen-containing gas mix-
ture. When blood flow is re-established, a burst of free
radicals occurs, leading to the parenchymal damage.
This was described by Koyoma et al,>* who also re-

ported a beneficial effect of superoxide dismutase on
protection against pulmonary edema formation. Also,
administration of the scavenger and inhibitor of hy-
droxyl radicals, MCI-186, had a significant protective
effect on pulmonary ischemia-reperfusion injury by
inhibiting lipid peroxidation.>>

We observed a clear and significant positive effect of
tempol administration. When added before cardiac
arrest, tempol showed a protective effect against pul-
monary edema development in lungs ventilated with
room air during warm ischemia. Furthermore, tempol
prevented the impairment of oxygen transport ability
that was observed in the first two experimental phases.
It is important to point out that we did not observe any
effect of tempol on the control groups. Tempol was
administered before cardiac arrest, which allowed its
distribution into the pulmonary vascular bed and a good
effect during warm ischemia. In our recent study26 we
did not find any effect of tempol given at the beginning
of reperfusion in an attempt to prevent ischemia-reperfu-
sion injury. Therefore, the beneficial effect of tempol is
restricted to pre-arrest administration only. In view of this,
tempol reduced the harmful effect of warm ischemia,
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Figure 5. The effect of pre-arrest administration of tempol on perfusion pressure. Perfusion pressure in the group ventilated during warm
ischemia with room air was slightly elevated (*p < 0.05, by repeated-measures ANOVA). No differences were observed among the other groups.
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Figure 6. Tempol prevented the decrease of oxygen partial pressure in lungs harvested after warm ischemia. No differences were found in
oxygen transport ability among tempol-treated groups.
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which was manifested even more in the presence of
ventilation with an oxygen-containing gas mixture.

There are several complementary effects of tempol-
mediated reduction of ROS damage. Tempol attenuates
the harmful effect of superoxide anions in vitro>”-*® and
also reduces the formation of hydroxyl radicals gener-
ated in the Fenton reaction by reducing the intracellular
levels of ferrous iron.?® Although tempol probably does
not scavenge H,O,, it is likely that it diminishes H,O,
injury by preventing the effects of hydroxyl radicals.'*

The principal findings of this study are as follows: (1)
heparin caused lower perfusion pressure and better
oxygen transport ability in lungs retrieved from non-
heart-beating rats; (2) room-air ventilation during warm
ischemia resulted into massive pulmonary edema after
reperfusion; and (3) pre-arrest administration of tempol
protected the lungs from the damage caused by room-
air ventilation. Tempol also prevented the deterioria-
tion of APo, in lungs harvested after warm ischemia.

The results of this study support the crucial impor-
tance of ROS in warm ischemia damage. We propose
that the radical scavenger tempol, which has an excel-
lent ability to permeate biologic membranes, can con-
tribute to better preservation of lungs retrieved from
NHBDs. Our findings further indicate that early admin-
istration of heparin and tempol, as well as avoidance of
ventilation during warm ischemia, may be recom-
mended for NHBD lung transplantation.
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Superoxide dismutase mimetic tempol inhibits hypoxic
pulmonary vasoconstriction in rats independently of nitric

oxide production

Daniel Hodyc, Michal Snorek, Tomas Brtnicky and Jan Herget

Department of Physiology, Charles University in Prague, Second Medical School, Prague, Czech Republic

Hypoxic pulmonary vasoconstriction (HPV), an important physiological mechanism, is
regulated by changes in the production of and interactions among reactive oxygen species (ROS).
There is controversy, however, over whether HPV is mediated by an increase or a decrease in
ROS production. Also, the role of NO in HPV remains unclear. The aim of this study was to
investigate whether the inhibition of HPV by the antioxidant tempol was dependent on the
concentration of NO, and how its effect was influenced by increased basal pulmonary vascular
tone. In isolated rat lungs, we measured vasoconstrictor responses to acute ventilatory hypoxia
before and after administration of tempol during perfusion with or without L-NAME. We found
that tempol abolished HPV independently of NO production. When we increased basal vascular
tone by K*-induced depolarization, we also found that tempol completely inhibited HPV. Our
results indicate that inhibition of HPV by the superoxide dismutase mimetic tempol does not

depend on either NO production or a decrease in basal vascular tone.
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Hypoxic pulmonary vasoconstriction (HPV) reduces
blood flow to poorly ventilated areas of the lung in favour
of perfusion of better ventilated regions. It optimizes
lung ventilation/perfusion ratio and consequently also
the oxygenation of arterial blood. As a local regulatory
mechanism, HPV is fast in onset and readily reversible
upon reoxygenation.

The presence and intensity of HPV depends on
interactions between reactive oxygen species (ROS)
and NO produced in pulmonary arteries. It has been
demonstrated that acute ventilatory hypoxia causes
changes in production of superoxide via mitochondrial
electron transport chain or NADPH oxidase activity
(Marshall et al. 1996; Liu et al. 2006). Administration of
superoxide dismutase (SOD) or of a non-selective NADPH
oxidase inhibitor, diphenyleneiodonium, significantly
attenuated HPV (Thompson et al. 1998; Liu et al. 2003).
Lung hypoxia stimulates NO production, and inhibitors
of NO synthesis potentiate HPV (for review see Hampl &
Herget, 2000). In the presence of NO, superoxide anion
rapidly forms peroxynitrite, which also causes pulmonary
vasoconstriction (Belik et al. 2004). This reaction is almost
10 times faster than the removal of superoxide anion by

© 2007 The Authors. Journal compilation © 2007 The Physiological Society

SOD. As a result of this, superoxide has a direct effect on
NO concentration. Therefore, scavenging superoxide may
enhance NO activity and prevent peroxynitrite formation,
leading to inhibition of HPV. In contrast, superoxide
scavenging might have a direct effect on HPV by reducing
the concentration of a mediator reactive oxygen species.

Thus, the purpose of this study was to test, in
isolated, physiological saline-perfused lungs, whether
HPV is modulated mainly by superoxide production,
independently of NO synthesis, or by a product of
superoxide-NO interaction. For this purpose, we used the
intracellularly acting ROS scavenger tempol (4-hydroxyl-
2,2,6,6-tetramethylpiperidine-N-oxyl) and the NO
synthesis inhibitor .-NAME.

The vasoconstrictor response to acute ventilatory
hypoxia is dependent on previous stimulation. In lungs
repeatedly challenged with a particular hypoxic gas
mixture, the hypoxic pressor response tends to increase
(Archer et al. 1989a). Higher vasoconstrictor responses
can also be achieved by prior increase in basal vascular
tone (McMurtry, 1984). In the second part of this study,
we tested whether the inhibitory effect of tempol was
dependent on basal pulmonary vascular tone.

DOI: 10.1113/expphysiol.2007.037135
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Methods

Experiments were performed on 27 adult male rats (age
7—8 weeks, average weight 240 £ 15 g) in accordance with
the European Community and US National Institutes
of Health guidelines for using experimental animals.
All procedures were approved by the Animal Studies
Committee in the authors’ institution.

Isolated lungs

Isolated, physiological saline-perfused lungs were
prepared as previously described (Herget et al. 1987;
Hampl & Herget, 1990; Hampl et al. 1993). The rats
were anaesthetized with an intraperitoneal injection
of sodium thiopentone (40 mg (kg body weight)™')
and ventilated with air through a tracheal cannula
(50 breaths min™!; peak inspiratory pressure 10 cmH,0,
positive end-expiratory pressure 2cmH,0). The chest
was then opened and the main pulmonary artery and
left atrium were cannulated. Using a peristaltic pump,
the lungs were perfused with physiological salt solution
with albumin (4 g (100 ml)~'; Herget & McMurtry,
1985) and meclofenamate (1.7 x 107> M) at a constant
flow rate (4 mlmin~"' (100 g)~'). While being ventilated
with normoxic gas mixture (21% 0,-5% CO,-74%
N,), the heart-lung block was excised from the body
and suspended by the trachea in a heated (38°C)
humidified chamber. The outflow cannula from the left
atrium was connected into the circuit via the perfusate
reservoir after the outflow was free of blood. The outflow
pressure was set to —2 mmHg. The pulmonary perfusion
pressure was measured via a transducer connected to the
inflow cannula (PowerLab, AD Instruments, Spechbach,
Germany). Owing to the constant-flow perfusion mode,
the values of measured perfusion pressure corresponded
to pulmonary vascular resistance.

Experimental protocol

Experiment A: effect of ROS and NO inhibition on
HPV. The isolated lung was allowed to stabilize for
15min before the vascular reactivity in response to

| Control Group |
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angiotensin II (ATII; 0.2 ug) and to acute hypoxia (0%
0,-5% CO,-95% N,) was tested. The bolus of ATII
injected into the inflow line caused a short (less than
2 min) transient rise in perfusion pressure. Six minutes of
acute hypoxia was started 8 min after the ATII injection.
This ATII-hypoxia cycle was performed twice, with
10 min intervals between cycles. Physiological saline-
perfused lungs are hyporeactive relative to preparations
perfused with blood or plasma, so two ATTI-hypoxia
challenges are usually used to induce comparable pressor
reactivity (Fishman, 1976; McMurtry, 1984; Herget
& McMurtry, 1987). Ten minutes after the second
hypoxic challenge, tempol was added to the perfusate at
a dose of 0.5mg (ml perfusate)™!. In our preliminary
experiments, after this dose we observed 81% inhibition of
response to ATII and 67% inhibition of response to acute
hypoxia. This dose also corresponds to the recommended
dose of 50mgkg™"' of tempol (Thiemermann, 2003).
After 10min of equilibration, two ATII-hypoxia
cycles were performed (control group, n=6). In the
second experimental group (L-NAME group, n=56),
the production of NO was inhibited by addition of the
non-selective inhibitor of all NO synthases, L-NAME
(5 x 107° M), to the perfusate at the start of perfusion.
We then repeated the same experimental protocol as
described for the control group. Changes in perfusion
pressure caused by the second and fourth ATII-hypoxia
cycles were compared (Figs 1 and 2).

Experiment B: effect of increase of basal vascular tone
on tempol-induced inhibition of HPV. Since we know
that the vasoconstrictor response to acute ventilatory
hypoxia is dependent on previous stimulation, as well
as on the level of basal vascular tone (Fishman, 1976;
McMurtry, 1984), we decided to investigate whether the
tempol-induced inhibition of HPV is also dependent on
basal vascular tone. To increase basal vascular tone in the
perfused lungs, we evoked smooth muscle depolarization
by increasing the potassium ion concentration in the
perfusate by 15mmoll~! (final Kt concentration of
19.7 mmol 171).

tempol
Ii ATIIl + hypoxia ATIl + hypoxia ¢ ATIIl + hypoxia ATIl + hypoxia
| L-NAME Group |
L.-NAME tempol
¢ ATIIl + hypoxia ATIl + hypoxia ¢ ATIIl + hypoxia ATIIl + hypoxia

Figure 1. Experimental protocol of experiment A: effect of inhibition of ROS and NO production on HPV
"Hypoxia’ represents a 6 min ventilation with a gas mixture of 0% 0;-5% C0,-95% N;. ‘ATIl' represents a bolus
intra-arterial injection of angiotensin Il (0.2 1g). We compared the second and fourth response to ATIl and hypoxia

(shaded areas).
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Figure 2. Original record of the measurement of perfusion pressure in experiment A

At the start of perfusion in the Kt + tempol group
(n=>5) and the K* group (n=15), we added KCl into the
perfusate to increase K™ concentration by 15 mmol 17"
After 15 min of equilibration, the lungs were exposed to
two successive hypoxic challenges and then stimulated
by bolus injection of ATII followed by two additional
hypoxic challenges. Then in the tempol group (n=>5)
and the K + tempol group, tempol was administered
into the perfusate at a dose of 0.5 mg ml~'. Thereafter we
performed two further hypoxic challenges. We compared
the changes in perfusion pressure caused by second, fourth
and sixth challenge of acute ventilatory hypoxia (Fig. 3).

Statistical analyses

The results are presented as means & s.e.M. They were
statistically evaluated by Student’s paired ¢ test comparison

or ANOVA and Fisher’s PLSD test, as appropriate.
The statistical analyses were performed using the
statistical software StatView 5.0 (SAS Institute Inc., Cary,
NC, USA). Differences were considered significant at
P < 0.05.

Results
Experiment A

In both the control and L-NAME groups, we found
significant inhibition of vasoconstrictor responses to
both ATII and hypoxia after administration of tempol.
Tempol inhibited 86% of the vasoconstrictor response
to ATII in the control and 83% in the 1L-NAME
group. Hypoxia-induced vasoconstriction was 89% less
in the control and 100% less in the L-NAME group.

| K* + Tempol

KCI tempol

+ hypoxia hypoxia ATII hypoxia hypoxia + hypoxia hypoxia
[«

KCI

+ hypoxia hypoxia ATII hypoxia hypoxia hypoxia hypoxia
| Tempol |

tempol

Ii hypoxia hypoxia ATII hypoxia hypoxia + hypoxia hypoxia

Figure 3. Experimental protocol of experiment B: effect of increase in basal vascular tone on tempol-
mediated inhibition of HPV

‘Hypoxia’ represents 6 min ventilation with a gas mixture of 0% 0,-5% C0,-95% N,. ‘ATIl" represents a bolus
intra-arterial injection of angiotensin I (0.2 xg). ‘K™ represents 15 mmol I=! K* ions added to the perfusate. The
magnitudes of the second, fourth and sixth hypoxic challenges were compared (shaded areas).
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Tempol-mediated inhibition of hypoxic vasoconstriction
did not differ when comparing the two hypoxic challenges
after administration of tempol (third and fourth hypoxia:
control group 0.4 & 0.1 versus 0.6 = 0.2 mmHg, P = 0.33;
L-NAME group 0.5+0.2 wversus —0.1 £0.2 mmHg,
n.s.). Comparison of tempol-induced inhibition of
vascular responses to acute hypoxic challenge in control
and L-NAME groups (control group + tempol versus
L-NAME group + tempol) did not reveal any significant
difference. This suggests that NO production does not
mediate the tempol-induced inhibition of HPV (Figs 4
and 5).

Experiment B

Addition of KClI into the perfusate and the subsequent
increase in KT concentration in the K* + tempol
group and KT group increased basal perfusion
pressure (K* + tempol group from 9.8+0.8 to
12.5+ 1.6 mmHg, P =0.024; Kt group: from 10.5 + 0.6
to 13.5+ 1.1 mmHg, P = 0.008). There was no difference
in the increased pressure between these two groups.
Vascular responses to ventilatory hypoxia (second
response in Fig. 3) were higher when the concentration
of K* ions in the perfusate was increased. We observed
significantly higher (P < 0.05) hypoxic pulmonary
vasoconstriction in the K* + tempol group and the K™
group compared with HPV in the tempol group. Looking
at hypoxic responses after ATII administration (fourth

A Pressure (mmHg)

14
12
10 *
’ T
6
4
; .
04 )

Control Control L-NAME  -NAME

+ Tempol + Tempol

Figure 4. Effect of tempol and tempol + L-NAME on
ATIll-induced vasoconstriction

The figure shows the difference in the response to ATII before (open
and shaded columns) and after administration of tempol (hatched and
shaded hatched columns). After tempol administration, we found a
significant decrease of ATll-induced vasoconstriction in both the
control and the L-NAME group. There was no difference in this respect
between the groups. AP represents the change in vascular tone
induced by administration of ATII; *P < 0.005. Columns show data for
the control and L-NAME groups before (second ATll-hypoxia cycle) and
after administration of tempol (fourth ATll-hypoxia cycle).
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response in Fig. 3), we did not find any differences
between the groups.

Administration of tempol (K™ + tempol group and
tempol group) significantly decreased hypoxic pulmonary
vasoconstriction in both the K™ -treated (96% less) and in
K*-untreated group (68% less), and the vasoconstrictor
response did not differ significantly between these groups.
In contrast, the intensity of HPV in the tempol-untreated
group (K™ group) was constant, attesting to the viability
of the preparation over the duration of the protocol
(Fig. 6). When comparing the two hypoxic challenges after
tempol administration (fifth and sixth period of hypoxia),
we did not find statistical differences in any of the groups
(K™ + tempol group 0.2+0.0 versus 0.1 £ 0.0 mmHg,
ns; KT group 2.8+0.5 versus 2.7+ 0.4 mmHg,
n.s.; tempol group 0.8£0.2 versus 0.8 £0.1 mmHg,
n.s.).

Discussion

The main findings of this study are as follows.

(1) Superoxide production plays a role in HPV. Its
dismutation into hydrogen peroxide by the superoxide
dismutase mimetic tempol significantly attenuates
vasoconstrictor responses to acute ventilatory hypoxia.

(2) The effect of superoxide dismutation is directly
related to a decrease in superoxide or increase in hydrogen
peroxide concentration. Itis not caused by overproduction
of NO.

APressure (mmHg)

©
——

8
7 *
° T
5
4
3
2
1
j Control Control L-NAME L-NAME
+ Tempol + Tempol

Figure 5. Effect of tempol and tempol + L-NAME on HPV

The figure shows the difference in the response to hypoxia before
(open and shaded columns) and after administration of tempol
(hatched and shaded hatched columns). After tempol administration,
we found a significant decrease of HPV in both the control and the
.-NAME group. Just as after angiotensin administration, in HPV we did
not find any difference between the control and .-NAME group. AP
represents the change in vascular tone induced by acute hypoxia;

*P < 0.005. Columns show data for the control and L-NAME groups
before (second ATll-hypoxia cycle) and after administration of tempol
(fourth ATII-hypoxia cycle).
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(3) The reduction of HPV in the presence of tempol
does not depend on the basal tone of the pulmonary
vessels.

Although there is considerable evidence that ROS play
an important role in the regulation of pulmonary vascular
tone during acute and chronic ventilatory hypoxia, the
mechanism, source and reaction pathways involved in the
regulation remain unclear. In addition to the controversy
over whether the source of ROS is in the mitochondrial
electron transport chain (Waypa et al. 2001) or in NADH
oxidase (Gupte et al. 2005), another important debate
concerns the character of ROS concentration change
during hypoxia.

One group of investigators presents the view that
HPV is evoked by sudden decrease in ROS production.
The redox theory of HPV, developed by Archer et al.
(1986), is based on the assumption of continual, tonic
production of ROS during normoxia. They observed
rapid inhibition of radical production both in isolated
perfused lungs and in isolated pulmonary artery rings
during acute hypoxia. In the proposed mechanism, the
electron transport chain is altered by hypoxia, and
ROS production decreases. Reduction or oxidation of
cysteine and methionine groups by a redox mediator,
such as ROS, can cause conformational changes in the
Ky channels. This Ky channel inhibition depolarizes the
membrane and activates Ca’" entry via L-type Ca’"
channels (Moudgil et al. 2005). According to this theory,
there is definitely a physiological role for continual ROS
production. Superoxide is produced at very low levels
during normoxia, and antioxidant enzymes such as SOD
reduce superoxide to H,0,, which is subsequently reduced
by catalase to H,O and O,. This mechanism serves both in
cellular protection against the potentially damaging effects
of superoxide and for continual regulatory production of
H,0,. Afallin H,O, concentration leads to HPV. Although
Wolin’s group believe that NADH oxidase, instead of the
mitochondrial electron transport chain, is the relevant
source of ROS, they have also found that a decrease of
H,0, production elicits HPV (Gupte et al. 2005).

In contrast, Liu et al. (2003) measured ROS production
using  dichlorofluorescein  fluorescence, lucigenin-
derived chemiluminescence (LDCL) and electron
paramagnetic resonance (EPR) spin adduct spectra in
small distal porcine pulmonary arteries. They found
that radical production was increased during hypoxia.
The same conclusions result from observations made by
Schumacker’s group, who also found an increase of ROS
production evoked by acute hypoxia (Waypa et al. 2001;
Waypa & Schumacker, 2005).

In our study, we have used tempol to decrease the
superoxide concentration. Tempol permeates biological
membranes and works intracellularly (Thiemermann,
2003). It has been reported that the protective effects of
tempol result from its ability to scavenge superoxide anions
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and hydroxyl radicals (Thiemermann, 2003; Sainz et al.
2005). In activated neutrophils, tempol does not decrease
H,0, and the protective effect cannot be attributed
to catalase-like activity (Hahn et al. 1997). Since we
have observed that tempol inhibits HPV, we assume
that superoxide is reduced to H,O, in the presence of
tempol. As a result, there is a smaller decrease in the
intracellular concentration of hydrogen peroxide during
hypoxia. Considering the theory that HPV is evoked by
a sudden fall in H,O, concentration, this could be one
explanation of tempol-induced inhibition of HPV. The
alternative explanation, arising from the possibility that
the intracellular increase of ROS is an attribute of HPV,
seems to be more likely, however. In tempol-induced
potentiation of superoxide dismutation, the excess of H,O,
may be readily metabolized by catalase, and inhibition
of HPV results from the deficient increase in ROS
concentration. The intermediate for hypoxic pulmonary
vasoconstriction could also be the superoxide molecule.
Owing to its reactivity, however, it seems more likely
that superoxide is rapidly converted to diffusible and
significantly more stable hydrogen peroxide within the
mitochondria (Burke & Wolin, 1987; Moudgil et al. 2005).
Another potential mediator in HPV could be the hydroxyl
radical produced in the Fenton reaction. Increased
perfusion pressure was found in the presence of the
hydroxyl radical, and this effect was subsequently inhibited
by dimethylthiourea (an hydroxyl radical scavenger; Tate
et al. 1982). However, the particular effect of the hydroxyl
radical in hypoxic pulmonary vasoconstriction remains
unclear.

AngiotensinII used in our experimental protocol
served primarily for prestimulation of pulmonary vessels.
We observed a significant decrease in ATII-induced
vasoconstriction after administration of tempol. This
finding may reflect an essential role of either superoxide
or hydrogen peroxide in the vasoconstrictive response

APressure (mmHg)

67 * * D K* + Tempol
57 * I:‘ K
4 l * . Tempol
37
2]
1]
0 T
hypoxia 2 hypoxia 4 hypoxia 6

Figure 6. Effect of K™ concentration on tempol-mediated
inhibition of hypoxic pulmonary vasoconstriction

The bar graph shows the increase in perfusion pressure induced by
acute ventilatory hypoxia (AP); *P < 0.05.
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to ATII. Via activation of NADPH oxidase, ATII
stimulates superoxide production in endothelial cells (de
Gasparo, 2002; Lassegue & Clempus, 2003). Scavenging
of superoxide by tempol then inhibits ATII-mediated
vasoconstriction. In chronic experiments, the effects of
ATTI on renal vasculature are inhibited by tempol (Welch
et al. 2005). It is not certain, however, that a similar
mechanism can be ascribed to the fast vasoconstriction
induced by bolus injection of ATII in lung vessels.
Grimminger and co-workers blocked, in isolated rabbit
lungs, the hypoxic pulmonary vasoconstriction induced
by the NADPH oxidase inhibitor diphenyleneiodonium,
whereas the vasoconstrictor response to ATII was not
altered (Grimminger et al. 1995).

Aside from SOD-mediated reduction of superoxide
into H,0O,, superoxide reacts rapidly with NO, creating
peroxynitrite. Although the exact role of NO production
during HPV is not completely understood, many authors
have observed that NO synthase inhibitors, such as
N¢-monomethyl-L-arginine or L-NAME, significantly
potentiate the vasoconstrictor responses of isolated rat
lungs to hypoxia (Archer et al. 1989b; Barer et al. 1993;
Hampl & Herget, 2000). Scavenging the superoxide using
SOD or tempol prevents the peroxynitrite formation
from NO, which consequently contributes to a higher
concentration of available NO. Beckman et al. (1990)
proposed that at least a part of the SOD protective effect
may result from a decrease in the decomposition of
NO. Lilley & Gibson (1996) also found that the role of
antioxidants, such as superoxide dismutase, ascorbate or
reduced glutathione, is in the protection of NO against
superoxide anions. Since we found that tempol abolished
vasoconstrictor responses in the same manner with or
without pretreatment with L-NAME, its inhibition of HPV
does not appear to result from a higher concentration of
NO.

In the pathway of HPV, Ky channels are described as
likely effectors (Reeve et al. 2001). Some of the Ky channels
are sensitive to changes in redox potential. A decrease
of superoxide radical or H,O, during hypoxia causes
conformational changes in these channels by reduction
or oxidation of cysteine and methionine groups (Rettig
et al. 1994). The resulting inhibition of KT current causes
membrane depolarization, leading to the activation of
Ca’* entry via L-type Ca*" channels, with subsequent
myocyte contraction (Moudgil et al. 2005). The ‘high ROS
in HPV’ alternative is that an increase in intracellular
Ca’" is the stimulus (Waypa et al. 2001). In isolated rat
lungs, increasing the concentration of K* ions in the
perfusate depolarizes the vascular smooth muscle and
therebyincreases the baseline vascular tone and potentiates
the vasoconstrictor response to acute ventilatory hypoxia.
When increasing Kt concentration in the perfusate, we
were interested in whether this could prevent the tempol-
induced inhibition of HPV. Although K administration

Exp Physiol 92.5 pp 945-951

significantly increased HPV, tempol almost completely
abolished this vasoconstrictor response. In the presence
of tempol, the hypoxic response was not dependent on the
K™ concentration in the perfusate. This conforms to the
idea that the changes in ROS concentration are crucial in
the onset of HPV.

In conclusion, the present study demonstrates that
reduction of superoxide concentration by tempol inhibits
HPYV, and that the HPV inhibitory effect does not result
from protection of NO against superoxide anions.
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