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Uvod

Ledviny jsou parovym orgdnem plnicim fadu zivotné dilezitych funkci: udrzuji stalé
vnitini prostfedi, stdlou koncentraci minerall, kyselost vnitiniho prostiedi, udrzuji objem
celkové vody v organismu, ale vylucuji také tfi duleZité hormony: renin, erytropoetin a
kalcitriol. Udrzovanim vyrovnané koncentrace mineralti, predev§im sodiku, a tim pfislusSného
objemu vody Vv téle hraji ledviny velmi vyznamnou roli v dlouhodobé regulaci krevniho tlaku.
Mechanismy ovlivitujici regulaci krevniho tlaku byly a jsou stale intenzivné studovany
v mnoha laboratofich. Koncept navrzeny profesorem Guytonem, tzv. Guytonova teorie, se
stal v renalni fyziologii Siroce uznavanym a na tuto teorii navazuje fada novych poznatki
prohlubujici znalosti a chéapani fyziologie ledvin a jejich vysadniho postaveni v regulaci
krevniho tlaku a rozvoji hypertenze (Guyton 1991, Hall et al. 1996, Navar 1997).

Hlavnim cilem této prace bylo zjistit, jakou ulohu hraji hlavni vazoaktivni systémy a
jejich vzajemné interakce v regulaci renalnich funkci, jez by se vyznamné podilely na rozvoji
hypertenze. Prestoze existuje celd fada vazoaktivnich systémi, které ovliviiuji renalni funkce
a krevni tlak a pfimo se zapojuji do jejich regulace, byly pro tuto praci zvoleny dva vyznamné
vazoaktivni systémy, a to systém oxidu dusnatého a renin-angiotenzinovy systém. Jelikoz oba
systémy vykazuji protichtidny fyziologicky vyznam, je nutné, aby tyto systémy byly
v rovnovaze, kterd pak vyznamné ovliviiuje sprdvnou funkci jednotlivych organi vcetné
ledvin (Navar et al. 2000, Patzak a Persson 2007). Jakakoliv nerovnovaha vede k poruse
organovych funkci, jeZ mize hradt vyznamnou roli v patogenezi kardiovaskularnich a
renalnich poruch. V téchto patofyziologickych procesech se také potvrdila role oxidativniho
stresu, ktery vyznamnou meérou zasahuje do biologickych funkci jednotlivych systému
(Romero a Reckelhoft 1999, Schulman et al. 2005). Proto bylo rovnéz nasim cilem studovat
jeho ulohu v patogenezi hypertenze. Tato prace vychdzi s nésledujici obecné hypotézy:
interakce vazodilatacnich a vasokonstrikénich systémt hraje vyznamnou tulohu v regulaci
funkci ledvin a nerovnovaha mezi témito systémy vede k porucham renélnich funkci a tim tak

k naruseni dlouhodobé regulace krevniho tlaku vedouci k rozvoji hypertenze.



Zakladni fyziologické mechanismy ledvin ovliviiujici regulaci

krevniho tlaku

Autoregulace v ledvinach

Glomerularni filtrace (GF) jako jedna ze zakladnich funkci ledvin je zéavisld na
prutoku krve ledvinami (PKL). Hlavni hnaci silou GF je hydrostaticky tlak v glomerulu, ktery
je ovlivitovan dvéma zakladnimi mechanismy: krevnim tlakem (TK) a vaskularnim tonusem
glomerularnich arteriol (aferentni a eferentni). Preglomerularni vazodilatace umozni ptevod
vetsi Casti systémového TK do glomerulu, ¢imz zvysi intraglomerularni tlak a nasledné i
glomeruldrni filtraci. Za normalnich okolnosti je pfed zvySenym TK ledvina chranéna
vazokonstrikci preglomerularni
arterioly. Tato cévni reakce je

soucasti renalni autoregulace,
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jak aferentni tak eferentni
arterioly, pfitom dominantni je
funkce aferentni arterioly (Just
a Arendshorst 2003). Zakladni mechanizmus regulace prusvitu aferentni arterioly je
myogenni (tzv. Baylisstv efekt) a dalsi predstavuji vasoaktivni pasobky (Juncos et al. 1995).
Pii zvySeném TK dochazi ke konstrikci aferentni arterioly (Carmines et al. 1990). Tato
konstrikce zabrani nadmérnému roztazeni téchto cév a zvySenim vaskularni rezistence
zaroven brani vyraznému vzestupu PKL a vzestupu GF. Pii poklesu TK dochazi k dilataci
aferentni arterioly tak, aby se zachovala pfislusna GF. JelikoZ v eferentni arteriole chybi

myogenni reakce, je fizena pfedevsim vasoaktivnimi latkami (Carmines a Navar 1989).



Tubuloglomerularni zpétna vazba

Mechanizmus autoregulace krevniho pritoku zalozeny na funkci juxtaglomerularniho

aparatu (JGA) se nazyva tubuloglomerularni zpétna vazba (Moore a Casellas 1990, Walker et

al. 2000). JGA se nachazi v misté, kde
se zacatek distalniho tubulu obraci
zpét a dotyka se aferentni arterioly a
glomerulu téhoz nefronu. Je tvofen
buiikami

tmavymi kuboidnimi

distalniho tubulu (macula densa),

granularnimi  buiikami  aferentni

arterioly, nazyvanymi téz
juxtaglomerularni buiiky, a

extraglomeruldrnimi ~ mezangialnimi

distalni
tubulus

bunkami (Navar et al. 1982). Princip tubuloglomerularni zpétné vazby je nasledujici: zvySeny

TK vede ke zvyseni glomerularniho tlaku, nasledné ke zvySeni GF a dodavky sodikovych

iontll do oblasti macula densa. Macula densa reaguje na zvySenou dodavku sodikovych iontl

uvolnénim vazokonstrikéni latky, kterd zplsobi zUZeni aferentni arterioly, nasledné pokles
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1986).
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zpétné vazby bylo nutné definovat

jeji mediator. V prvé fadé by mél byt mediator uvoliiovan v juxtaglomeruldrnim aparatu tak,

aby pfimo ovliviioval vaskularni rezistenci aferentni arterioly, ¢imz dojde ke sniZeni

perfuzniho tlaku a tim tak poklesu GF. Identita této vazokonstrikéni latky - medidtoru
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tubuloglomerularni zpétné vazby v JGA neni zatim jasnd. Hlavnimi kaidaty jsou adenozin a
adenozintrifosfat (Navar 1998, Nishiyama et al. 2001, Schnermann a Levine 2003,
Dobrowolski et al. 2007).

Mezi modulatory tubuloglomerularni zpétné vazby, jez méni jeji citlivost, mizeme
pocitat angiotensin II (ANG II) a oxid dusnaty (NO). ANG II zprostfedkuje vazokonstrikei pfi
ubytku iontd v distalnim tubulu, a to vazokonstrikci aferentni i eferentni arterioly. Konstrikce
eferentni arterioly udrzuje stalost GF i pfi sniZeni pfitoku krve do ledvin. Pfitomnost Ang II
zvysuje citlivost tubuloglomerularni zpétné vazby (Mitchell a Navar 1988). Zvysena citlivost
coz z dlouhodobého hlediska znamena pokles ve vylu¢ovani sodiku. Na druhou stranu NO
snizuje citlivost tubuloglomeruldrni zpétné vazby a jeho nedostatek zpusobi stejny efekt jako

ptitomnost Ang II, a to sniZzeni vyluovani sodiku v del§im ¢asovém rozmezi (Navar 1998).

Mechanizmus tlakové diurézy a natriurézy

Dlouhodobé mechanizmy regulace TK ptizplisobuji napln cirkulace jeji kapacité tak,
ze tyto mechanizmy operuji sregulaci objemu télesnych tekutin. Objem extracelularni
tekutiny (OECT) je v téle udrZzovan na konstantni Grovni pravé diky spravné funkci ledvin
(Guyton 1991). Tim je zajiSténo optimalni prostiedi pro funkci bunck. Ionty jako jsou sodik,
chlorid a bikarbonat ptfedstavuji hlavni osmotické sily v extracelularni tekutin€. Protoze
plazmatickd osmolalita a
plazmatickd koncentrace
sodiku  jsou Vv uzkém
rozmezi velmi pfesné
regulovany vazopresinem

a mechanizmem Zizn€,
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stabilni osmolalitu télesnych tekutin (Cowley 1986). V ptipad¢ poruchy schopnosti ledvin
vyloucit potfebné mnozstvi sodiku dochazi k rozvoji hypertenze (Osborn 1991).

Zpusob, jakym intaktni ledviny dlouhodob¢ kontroluji OECT byl popsan Guytonovou
skupinou v 60. letech na zakladé pokust na zvifatech i za piispéni matematického a
pocitacového modelovani (Guyton 1990a). Vysledkem pocitacového modelu byla tzv.
funkéni rendlni kiivka, popisujici uc¢inek TK na vydej moce - diurézu. Pti poklesu TK pod 50
— 60 mm Hg diuréza ustane. Jak roste TK, roste i vyluCovani moce. Pfi TK 100 mm Hg je
diuréza ,,normalni, pti TK 200 mm Hg je zvySena 6 - 8x. Krom¢ nariistani objemu moce
v zavislosti na vysi TK také prakticky stejné nartstd vylucovani sodiku - tzv. tlakova
natriuréza (Guyton 1990b). Za normalnich okolnosti je vychozi hodnota TK v equilibriu s
pfijmem a vydejem vody a soli. ZvySeny piijem vody a soli zvySuje OECT a objem krve. TK
pak roste a s nim renalné perfuzni tlak, coz vede k vylouceni ptebytku vody a soli z téla.
Tento proces pokracuje, dokud se TK nevrati k vychozi hodnot¢, neboli dokud se nevylouci
nadbytek sodikovych iontii beze zbytku a neni opét dosazeno ekvilibraéniho bodu. Navrat TK
vzdy piesné az do ekvilibra¢niho bodu je oznacovan jako nekone¢na zpétna vazba (Hall et al.
1986). Jsou jen dvé cesty, jak zménit ekvilibracni bod a tak dlouhodobé zménit vysi TK:
zména sklonu tlakové natriuretické kiivky (tzv. posun kiivky), ¢i zména ptijmu soli a vody
(Guyton 1990Db). Pfestoze vzestup renalné perfuzniho tlaku vede k progresivnimu vzestupu
vylucovani sodiku i1 beze zmén v PKL a GF, kdy se filtrované mnozstvi sodiku neméni, musi
byt tento vzestup zpusoben poklesem jeho reabsorpce v tubulech (Roman a Cowley 1985,
Granger 1992). Pii bezchybném fungovani tohoto mechanizmu v plné funkénich ledvinach
hypertenze nevznikne. Tento mechanizmus je vlastni ledvindm a muZze byt demonstrovan i
Vv preparatech izolovanych ledvin (Kaloyanides et al. 1975, Vanéckova et al. 1999).

Ptestoze jde o pomérn¢ jednoduchy mechanismus, je tlakova diuréza a natriuréza stale
intenzivné studovana a to zejména jeji regulace (Evans et al. 2005). Existuje cela fada neuro-
humorélnich latek pisobicich parakrinné (pfimo z ledvin) 1 endokrinné (vznik mimo ledviny),
jez ovliviiuyjyi sklon tlakové natriuretické kiivky, oznaCované za modulatory tohoto
mechanismu. Stavy spojené s poklesem GF a se zvySenou tubularni reabsorpci jako jsou
snizeni OECT, zvySena aktivita renin-angiotenzinového systému (RAS), zvySend sympaticka
nervova aktivita ¢i inhibice vazodilata¢nich prostaglandini, posunuji tlakové-natriuretickou
kiivku doprava, snizuji jeji sklon (Persson et al. 1989, Granger 1992, Gross et al. 1999,
Moreno et al. 2001). Naopak expanze OECT, inhibice RAS, sniZeni sekrece ADH, snizeni
exkrece aldosteronu, atridlni natriureticky peptid (ANP), zvySena aktivita kalikrein-

Kininového systému posunuji tlakové natriuretickou kiivku doleva (Paul et al. 1987, Majid et
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al. 1993, Boric et al. 1998, Cervenka et al. 1999a). Tyto vy3se uvedené faktory moduluji
tlakové-natriuretickou kiivku a podobné jako u tubuloglomerularni zpétné vazby zvysuji ¢i
snizuji citlivost daného mechanizmu, aniz by rusily jeho celistvost. Ve vysledku tedy posun
kiivky doprava znamena dlouhodobé zvyseni, posun doleva naopak dlouhodobé snizeni TK.
Prokazalo se, Ze vSechny dosud zndmé druhy hypertenze vykazuji posun tlakové natriuretické
ktivky doprava, ¢imz se nadale potvrzuje zcela zésadni role ledvin v dlouhodobé regulaci TK
(Granger a Schnackenberg 2000, Moreno et al. 2001).

Nicméné neni zcela objasnéno, jaka latka, ktera je ziejmée tvofena v ledvinach, by
mohla byt piimo odpovédnd za zmény tubularni reabsopce v zavislosti na zménach
perfuzniho tlaku v ledvinach. Takto fungujici latka by byla pfimym medidtorem tohoto
mechanismu. Vysledky celé fady studii z poslednich let poukazuji na dileZitou roli NO
v regulaci rendlnich funkci. Tato latka ma Siroky rozsah biologickych funkei v téle. Navic je
produkovédna i lokadln€¢ v ledvindch a vyrazné ovlivituje jak rendlni hemodynamiku tak
tubularni funkce ledvin, ¢imz splituje predpoklad pro medidtor tlakové-natriuretického

mechanismu (Majid a Navar 1997, Granger a Alexaer 2000).

NO jako mediator tlakové-natriuretického mechanismu
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Vybrané vazoaktivni systémy, které hraji dilezitou fyziologickou
a patofyziologickou tlohu v regulaci renalnich funkei a v rozvoji

hypertenze

Systém oxidu dusnatého a jeho biologické vlastnosti

NO existuje predevsim v plynné form¢ a je relativné stabilnim radikélem
oznacovanym téz NOe. Diky tomu se dnes také pouziva pojem ,reaktivni formy dusiku
(reactive nitrogen species, RNS), coz jsou slouceniny primarné odvozené od NO (Wink a
Mitchell 1998). V poslednim desetileti pfibyva studii o NO jako endogennim mediatoru
produkovaném témet ve vSech tkanich, jenz hraje celou fadu dulezitych biologickych tloh
zejména v regulaci hemodynamiky, v procesech imunitniho systému a v neurotransmisi
(Pacher et al. 2007). Nejvyznamnéj$i odliSnosti NO od jinych medidtord je jeho schopnost
voln¢ a rychle difundovat pfes membrany a tak plisobit na okolni bunééné elementy.

Pfestoze nitrovazodilatatory byly pouzivané v Klinické mediciné po desetileti,
mechanismus jakym piisobi v téle nebyl znam. Intenzivni studium biologické funkce NO
ziejm¢ zacalo rokem 1980, kdy Robert Furchgott objevil a popsal biologicky ucinek
endotelialniho relaxaéniho faktoru (EDRF) (Furchgott a Zawadzki 1980). V roce 1987 bylo
postulovano, ze NO by mohl byt EDRF (Ignarro et al. 1987, Palmer et al. 1987). Jeho
biochemickou tvorbu o par let pozdé€ji objasnil Moncada (Moncada et al. 1989) a NO se stal
jednou z nejsledovanéjsich molekul poslednich desetileti. Roku 1992 ¢asopis Science vyhlasil
NO molekulou roku (Koshla 1992), v roce 1998 Robert F. Furchgott, Louis J. Ignarro a Ferid
Murad ziskali Nobelovu cenu za fyziologii a 1ékafstvi za klicové objevy tykajici se NO jako

signalni molekuly v kardiovaskularnim systému (Smith 1998).

Biosyntéza oxidu dusnatého

NO vznika oxidaci guanidinového dusiku aminokyseliny L-argininu ptisobenim NO
syntazy (NOS) za vzniku L-citrulinu (Griffith a Stuehr 1995). NOS byla izolovana v nékolika
formach a to neuronalni (nNOS nebo NOS I), indukovana (iNOS nebo NOS II) a endotelidlni
(eNOS nebo-1i NOS III), které se mezi sebou lisi subcelularni lokalizaci, kinetikou, zptisobem
aktivace, a tedy 1 funkci (Xie et al. 1996). Pritomnost jednotlivych isoforem NOS se lisi

v raznych tkanich a orgénech a taktéz se vyznamné liSi jejich pfitomnost v organovych
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kompartmentech, coz ma rozhodujici vliv na fyziologické funkce regulované NO (Kone a

Baylis 1997, Pacher et al. 2007). Nicméné vSechny tfi isoformy NOS obsahuji v aktivnim

centru hem, jsou aktivni jako

homodimery, jsou stereospecifické

(D-arginin neni substratem), jako

kofaktory ~ vyzaduji ~ NADPH, NOS
tetrahydrobiopterin, FAD, FMN a “’*:;“ aoi-rm\fm
kalmodulin (ten se k NOS typu I a | NADPH NH

III vaze po navazani vapniku na i B j\
kalmodulin, NOS II vaze kalmodulin YR cooR BN  COOH
trvale) (Xie et al. 1996, Pacher et al. | “Aonn Hydroxy-L-Arginin

2007).
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Oxid dusnaty

Tabulka zakladnich vlasnosti NOS

Isoforma nNOS
Molekulova vaha ~160 kDa
Vyzaduje Ca** +
Lokalizace v bufice cytosol
Vyskyt neurony,

nekteré bunky epitelu a
cévniho hladkého svalu,
kosterni sval; neni v glii

Exprese proteinu konstitutivni

Ca”*, fosforylace,
zpétnovazebna inhibice NO

Regulace aktivity

Fyziologicka funkce NO

INOS
~130 kDa
cytosol

makrofagy,
glie, hepatocyty, endotel,
epitel, srde¢ni myocyty,
hladky sval

vétsSinou indukovana

chybi zpétnovazebna
inhibice NO

eNOS
~133 kDa
+
buné¢na mambrana

endotel, plicni a renalni
epitel, trombocyty,
srde¢ni myocyty,
hipokampus
Kkonstitutivni,

Ca**, fosforylace,
modulace exprese

Oxid dusnaty stimuluje aktivitu solubilni guanylatcyklazy a tim reguluje syntézu

cyklického guanosin-monofosfatu (cGMP),

ktery vyvoldva prostfednictvim cGMP-

dependentni proteinkinasy vazodilataci (Murad 1994). NO také inhibuje apoptotické

fosforylacni signaly (geneticky programovana smrt bun¢k) prostiednictvim cGMP a G kinasy.

V imunitnim systému se ucastni nespecifické obrany organismu, indukuje tvorbu interferonu

a zasahuje do procest fagocytozy a zanétlivych reakei (Guzik et al. 2003, Pacher et al. 2007).




V kardiovaskularnim systému se NO podili na udrzovani tonu cév a krevniho tlaku, inhibuje
adhesi 1 agregaci trombocytl, tlumi aktivaci leukocytli a mé antiproliferacni ucinek. NO
vyznamné ovliviiuje renalni hemodynamiku a tubularni funkce ledvin. Indukci vazodilatace v
corpus cavernosum zpusobuje NO erekci. NO relaxuje stfevni hladkou svalovinu vcetné
svéracli a ma kli¢ovy vyznam pro obranné schopnosti mukdzni vrstvy gastrointestinalniho
traktu NO. V centralnim nervovém systému hraje roli pfi morfogenezi mozku, reguluje tvorbu
synapsi, vybojovou aktivitu neuronti a vydej neurotransmiterti. NO je povazovan za jeden z

mediatort bolesti (Moncada 1994, Ignarro 2001, Bishop 2005, Pacher et al. 2007).

Patofyziologicka funkce NO

Oxid dusnaty se ucastni septického Soku, mize byt kliCovou molekulou pii migréné i
jinych vaskularné podminénych bolestech hlavy (Thomsen a Olesen 1998, , Pacher et al.
2007). SniZena koncentrace NO je jednim z faktord hypertenze a erektilni dysfunkce (Ignarro
2001). Inhibitory inducibilni NOS maji pozitivni vliv pfi tlumeni zanétlivych procesu jako
artritidy, bronchidlni astma atd. NO muze hrat roli pfi rozvoji Alzheimerovy choroby a
epilepsie, kdy jeho piemira a interakce se superoxidem muze vyvolavat neurotoxické ucinky
(Dawson 1995). Autooxidaci NO vznikla nitrosyla¢ni ¢inidla mohou poskozovat deaminaci
baze DNA, coz mize vést k mutacim (Caulfield et al. 2003). Nékteré autoimunitni reakce
mohou byt rovnéz zpiisobeny interakci antigen-specifickymi protilatkami s reaktivnimi
formami kysliku a dusiku. NO je zapojen i v onemocnénich gastrointestinalniho traktu jako je
porucha motility, viedovd choroba nebo zanétliva onemocnéni stfev (Guzik et al. 2003,

Pacher et al. 2007).

Role NO v regulaci renalnich funkci

Systém NO hraje diilezitou ulohu v regulaci kardiovaskuldrnich a rendlnich funkci
(Raij 2001, Majid a Navar 2001, Wilcox 2006). Jeho silny vazodilatatni efekt, kterym
ovliviiyje vysi TK, ale také jeho vliv na transport sodiku v ledvinych tubulech se sekundarné
podili na regulaci tlaku (Kone a Baylis 1997, Majid a Navar 2001, Wilcox 2005). Jak jiz bylo
vySe zminéno, NO ovliviiuje zdkladni funkéni mechanismy ledvin a hraje tak dileZitou a
nepostradatelnou tlohu v regulaci TK. V ledvinach jsou pfitomny vSechny tfi isoformy NOS,
nicméné za hlavniho producenta NO je povazovédna endotelidlni NOS. Ztrata nebo snizeni

produkce NO timto enzymem stejné¢ jako zvySena degradace NO mize byt rozhodujicim
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faktorem pfi poruse fyziologickych mechanismi, a mtze tak piispivat k rozvoji rendlnich a
kardiovaskularnich poruch v¢etné hypertenze (Massion a Balliga 2003, Ortiz a Garvin 2003).
Akutni systémova inhibice NOS vede ke zvyseni TK a zvySeni cévni rezistence (Chin
et al. 1998, Vanéckova et al. 2005). I pies snizeni PKL nedochazi k vyraznym zménam v GF
diky vétsi resistenci postglomerularni arterioly ve srovnani s preglomerularni (Schnackenberg
et al 1995, Kone a Baylis 1997, Vanéckova et al. 2005). Navic systémova inhibice zptisobuje
ziejmé tlakovou diurézu a natriurézu 1 piesto, ze tlakove natriureticky mechanismus by mél
byt oslaben (Chin et al. 1998, Vanéckova et al. 2005). Tento efekt neni zcela objasnén a je
mozné, ze akutni zvySeni tlaku stimuluje uvolnéni dalSich ptisobki jako je ANP (Boric 1998).
V piipadé, ze NO systém je inhibovan pouze lokalné a to pfimo v ledviné bez vyrazného
ovlivnéni systémového tlaku dochazi opét k vzestupu renalni vaskularni rezistence (RVR) a
k poklesu PKL bez vyraznych zmén v GF (Majid et al. 2004, 2005), nicméné se plné projevi
zeslabeni tlakové natriuretického mechanismu potvrzujici vysadni postaveni NO v jeho
regulaci (Majid et al. 1993). Jak jiz bylo zminéno, v ledvin¢ byly izolovany vSechny tfi
isoformy NOS. Neselektivni blokada vSech tii isoforem tedy neposkytuje udaje o uloze
jednotlivych enzymi v regulaci renélnich funkci a faktorech, jeZ se podileji na fizeni jejich
enzymatické aktivity. Studium tlohy nNOS pomoci selektivnich inhibitorti prokazalo, ze NO
produkovany touto isoformou akutné neovliviiuje basalni vaskuldrni tonus a tak TK (Moore et
al. 1993, Ollerstam et al. 1997). Nicméné byla prokézdna role NO produkovanym nNOS
v regulaci rendlnich funkci (Ollerstam et al. 1997, Ichihara et al. 1998, Cervenka et al. 2001,
2002) zvlaste¢ pak vregulaci glomerularniho perfuzniho tlaku a v modulaci
tubuloglomerularni zpétné vazby pravé diky zvysSené aktivite¢ nNOS v buitkach JGA (Wilcox
1998, Ren et al. 2001, Vallon et al. 2001), ¢imZ se mize sekundarné uplatinovat v regulaci
TK. Selektivni inhibice inducibilni NOS neprokdzala vyznamnou roli této isoformy za
fyziologickych podminek i pfes konstitutivni expresi v ledvinach (Mattson et al. 1998,
Bagnall et al. 2005). Jak jiz bylo zminéno, jeji aktivita silné vzrista pti organovém poskozeni
a zejména zanéctlivych procesech, kde NO uplatiiuje spiSe svou patofyziologickou tlohu

(Wink a Mitchell 1998, Pacher et al. 2007).

Vyznamné experimentalni modely pro vyzkum NO systému

Chronické farmakologicka inhibice produkce NO v téle vede k rozvoji stl-senzitivni
formy hypertenze (Tolins a Shultz 1994, Yamada et al. 1996, Kopkan a Majid 2005). Studiem

mechanismu rozvoje NO deficientni formy hypertenze bylo potvrzeno, Ze dochazi nejen
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k pfimému nedostatku NO pro vaskularni funkce, tzv. endotelovou dysfunkci (Scrogin et al.
1998), ale také dochazi k poruse renalnich funkci, coz vede k nasledné retenci sodiku
(Mattson et al. 1994, Kopkan a Majid 2006). Chronicka selektivni blokada nNOS nebo iNOS
obvykle vede k mirnému vzestupu TK u zdravych kontrolnich zvifat (Ollerstam et al. 1997,
Mattson et al. 1998), nicméné to se projevi hlavné u experimentalnich modeld chronickych
onemocnéni, kterd maji obvykle vztah k ledvindm jako napi. diabetickd nefropatie nebo
rozvinuta hypertenze (Komers et al. 2000). Antihypertenzni efekt NO je jednim z hlavnich
kompenzacnich mechanismt proti zvySené aktivit¢ vasokonstrik¢énich latek (Wilcox 2005,
Patzak a Persson 2007). Interakcim jednotlivych systémii se v poslednich letech vénuje
zna¢na pozornost, jelikoz jakékoliv nerovnovaha se podili na rozvoji hypertenze a organovém
poskozeni.

Rozvojem genového inZenyrstvi jsou dnes dostupné kmeny mysi, jimz chybi gen pro
jednotlivé isoformy NOS (Massion a Balliga 2003, Ortiz a Garvin 2003). Studie na téchto
mySich prokazaly esencialni roli eNOS v produkci NO, jenz se podili naregulaci TK
(Massion a Balliga 2003, Ortiz a Garvin 2003). Kmen eNOS knock-out mysi vykazuje
vyznamné vy$$i TK a navic byla u téchto mysi potvrzena senzitivita k vysokému piijmu soli,
coz vede k dalSimu vzestupu tlaku (Leopard et al. 2006). Tyto poznatky poukazuji na
porusenou funkci ledvin, nicméné vysledky funkcni studie zaméfené zejména na rendlni
hemodynamiku tohoto kmene nejsou jednoznac¢né (Beierwaltes et al. 2002, Wang et al. 2004)
a prozatim chybi komplexni studie, ktera by definovala 1 dal$i renalni parametry u tohoto
kmene. Mysi s deficientni nNOS nebo iNOS nevykazuji zaddny vyznamny fenotyp ve
fyziologii kardiovaskularnich nebo renalnich funkci (Ortiz a Garvin 2003), coz vede k zavéru,
ze jejich uloha neni zcela podstatna v regulaci organovych funkei a je plné¢ kompenzovana
NO produkovanym eNOS. Nicménég deficit dvou isoforem NOS u mysi se projevil vyrazngjsi
mortalitou a poruchou vodni rovnovahy v téle a mysi, ketré nemaji zadny gen pro NOS,
vykazuji vysokou mortalitu zejména z diavodu selhdvajiciho kardiovaskuldrniho systému
(Tsutsui et al. 2006).

I pfes intenzivni studium systému NO dokazujici jeho mimofadny vyznam v regulaci
kardiovaskularnich a renalnich funkci s ohledem na regulaci TK existuje celd fada nejasnosti,
jak je cely systém regulovan a jaké jsou vzdjemné interakce mezi jednotlivymi vazoaktivnimi
systémy, které se podileji na fyziologii regulace organovych funkci a rovnéz hraji dalezitou

ulohu v patofyziologii hypertenze a organového poskozeni.
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Renin-angiotenzinovy systém a jeho biologické vlasnosti

Renin-angiotenzinovy systém (RAS) je jeden z klicovych fyziologickych systém,
jenz hraje vyznamnou tulohu v regulaci rendlnich funkci, objemu extracelularni tekutiny,
koncentraci elektolyti a arteridlniho krevniho tlaku. Nicméné je prokazano, ze zvySeni

aktivity RAS vyznamnym zptisobem piispiva k patofyziologii hypertenze (Navar et al. 2002).

Biosyntéza jednotlivych komponent RAS

Renin, objeveny v roce 1898 fyziology R. Tigerstedtem a P. Bergmanem (Marks a,
Maxwell 1979), je ledvinami produkovana aspartylproteaza s molekulovou hmotnosti
priblizné 44 kDa. Renin je syntetizovan ve formé velkého preprohormonu preproreninu
V juxtaglomerularnich (JG) bunkéch ledvin, které obklopuji aferentni arterioly v mistech, kde
tyto arterioly vstupuji do glomerulti (Carey a Siragy 2003). V endoplazmatickém retikulu JG
bunék je z preproreninu, ktery se sklada z 401 aminokyselinovych zbytkd, odstépen 20-ti
aminokyselinovy signalni peptid za vzniku proreninu, ktery je skladovan v sekrecnich
granulich Golgiho aparatu JG bunék. Odstépenim 46-ti aminokyselinového peptidu z N-
terminalniho konce molekuly proreninu vznika aktivni renin (Carey a Siragy 2003). Prorenin
ma relativné malou biologickou aktivitu. Cast proreninu je v ledviniach pfeméhovana na
aktivni renin a ¢ast je uvoliiovana do cirkulace, kde se jiz pfeménuje jen velmi malo. Prorenin
muize byt pfeménovan na aktivni renin také plazmatickym kalikreinem (Campbell 2003).
Renin ma poloc¢as rozpadu v cirkulaci asi 80 minut. U vétSiny druhti je renin kédovan pouze
jednim genem (Ren-1c¢), avSak nékteré kmeny mysi maji dva geny pro renin (Ren-1d a Ren-2)
(Campbell 2003). Sekrece reninu zledvin do cirkulace je kontrolovana nervove,
intrarenalnimi baroreceptory a mnozstvim sodiku v macula densa a touto stimulaci je aktivni
renin uvoliiovéan z JG bunék exocytdzou.

Jedinym substratem pro renin je glykoprotein angiotenzinogen (Aogen) syntetizovany
primarné¢ v jatrech, ale také ze srde¢ni, cévni, ledvinné a tukové tkané (Carey a Siragy 2003).
Aogen je uvolinovan do cirkulace, kde je jeho koncentrace v cirkulaci pfiblizné¢ 1000x vétsi
nez koncentrace volného cirkulujictho ANG I a ANG II a kde je §tépen reninem za vzniku
ANG I. Rychlost tvorby ANG I zavisi na plazmatické reninové aktivité¢ (PRA), kterd je
regulovana tempem uvolnovani reninu z JG buné¢k ledvin (Zou et al. 1996). Biologicky malo
ucinny dekapeptid ANG I je dale Stépen riznymi enzymy na vice ¢i mén¢ aktivni metabolity.
Dipeptidylkarboxypeptiddaza, angiotenzin-konvertujici enzym (ACE), odstépuje 2

aminokyselinové zbytky z C-terminalniho konce fetézce dekapeptidu ANG I, a tak vznika
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hlavni produkt tohoto systému - oktapeptid ANG II. Tato zinkovd metaloprotedza ma dvé
aktivni C-terminalni domény, které jsou inhibovany ACE inhibitory. ACE existuje ve dvou
formach — solubilni a na

AOGEN membrané vazané formé

| Renin | (Carey a Siragy 2003,

Fleming 2006). VétSina

ANG |
ACE je vazana na

Qiism ANG (1-7) — [ plazmatickou membranu
chyméza riznych  typi  bunck
“°“::2t:‘°"é ANE T (endotelialni bunky,
o mikroklky kartacového

lemu, neuroepitelidlni
ANG Il ; buiky, atd) (Defendini et

al. 1983, Sibony et al.
ANG IV 1993). Diky rozsifené

lokalizaci ACE v krevnim
feCisti a v riznych tkanich mize byt ANG I konvertovan lokaln€ na ANG II pfimo v tkanich
(Carey a Siragy 2003). ANG II, stale povazovany za nejucinngjsi peptid RAS, je degradovan
peptiddizami béhem néckolika sekund, na rozdil od reninu, Aogenu a ANG I, které maji
relativné dlouhy polocas rozpadu. ANG II miiZze byt metabolizovan enzymy, které se
souhrnné nazyvaji angiotenzindzy. Aminopeptiddza A odstranuje jeden aminokyselinovy
zbytek z N-terminalniho konce fetézce ANG II za vzniku heptapeptidu ANG III, ktery je
Stépen dal$i aminopeptiddzou N na hexapeptid ANG IV (Campbell 2003, Padia et al. 2007).
ANG (1-7) je tvofen ptimo z ANG I tc¢inkem endopeptidaz (NEP, PEP) nebo z ANG
IT piisobenim vysoce u¢inného enzymu ACE 2 (Ferrario et al. 2005). Takto syntetizovany
ANG (1-7) je poté stépen pomoci ACE na biologicky neaktivni metabolity. V plicich je ANG
(1-7) metabolizovan piedevsim pomoci ACE. Naopak neprilysin, ktery je hlavnim enzymem
v syntéze ANG (1-7), hraje dilezitou roli také v degradaci tohoto heptapeptidu v ledvinach.
Hlavnimi zdroji pro produkci ANG (1-7) jsou srdce, mozek a ledviny, dale je tento

heptapeptid produkovan v uteroplacentarni tkani a ve vaje€nicich (Ferrario et al. 2005).
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Specifické receptory RAS

Biologicky ucinek jednotlivych komponent RAS je zprostfedkovan prostiednictvim
specifickych receptori. Reninovy receptor je tvoren 350-ti aminokyselinami a mé jednu
transmembranovou doménu, na kterou se specificky véaze renin a prorenin (Nguyen 2007).
Receptory pro renin se nachazeji v srdei, v mozku, v placenté, v jatrech,
ale také v ledvinach, kde jsou tyto receptory lokalizovany v glomerularnim mesangiu a
subendotelidlni vrstvé renalnich artérii. Nicméné¢ vyznamny fyziologicky vyznam téchto
receptord v regulaci krevniho tlaku nebyl prokazan (Nguyen 2007).

Hlavni fyziologicky vyznam receptort, jez se podileji pfimo na regulaci krevniho
tlaku maji receptory pro ANG II (Brown a Sernia 1994, Navar et al. 2002, Carey a Siragy
2003). Existuji dva hlavni typy téchto receptorit — ATy a AT, receptory, oba maji proteinovou
povahu a patii mezi tzv. serpentinové s G proteinem-spfazené receptory. AT; receptory
zprostfedkovavaji hlavni fyziologické uc¢inky ANG II. Funkce AT, receptori jsou stale
pfedmétem zkoumani, nicméné se predpokladd, Zze zprostiedkuji opacny fyziologicky efekt
nez AT; receptory. Zatimco AT; receptory stimuluji reabsorpci sodiku, AT, receptory zvySuji
exkreci sodiku. AT; receptory podporuji bunéény rast, naopak AT, receptory vyvolavaji
antiproliferaci a diferenciaci bunék. Stimulaci AT; receptort zpusobuje ANG II
vazokonstrikci cév, kdezto AT, receptory zprostiedkovavaji pomoci stimulace NO cévni
vazodilataci (Dinh et al. 2001, Mehta a Griendling 2007).

Mysi a potkani, na rozdil od ¢lovéka, maji dvé formy téchto receptori oznacované
jako ATia a ATyp receptory (Campbell 2003). V ledvinach jsou AT receptory lokalizovany
na bunkach hladké svaloviny rendlnich cév, vcetn¢ aferentni i eferentni arterioly a
glomeruldarnich mesangidlnich bun¢k, dale na kartiCovém lemu a na bazolaterdlnich
membranach bunék proximalniho tubulu, na buiikach epitelia tlustého vzestupného raménka
Henleho klicky, distalniho tubulu, korové 1 dfefiové Casti sbéraciho kanalku, macula densa a
na glomerularnich podocytech (Harrison-Bernard et al. 1997, Miyata et al. 1999). Podobné
AT; mRNA byla nalezena v proximalnim tubulu, v tlustém vzestupném raménku Henleho
klicky, v bunkach korové i dienové ¢asti sbéraciho kanalku, v glomerulu, v cévach, ve vasa
recta a JG bunkéach (Meister et al 1993, Navar et al. 2002). Kromé¢ ledvin se ATy receptory
vyskytuji také v fadé¢ dalSich organi vcetné srdce (zprostfedkovani pozitivnich ionotropnich a
chronotropnich ucinkt Ang II na kardiomyocyty), mozku (uvoliiovani vazopresinu, zizen,
slany apetit, aktivace sympatiku, regulace krevniho tlaku), plic, jater (metabolismus

glykogenu), kiry nadledvin (uvolnovani stl-zadrzujiciho hormonu aldosteronu), ale také v
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cévnich hladkosvalovych bunkach (podpora vazokonstrikce) (Brown a Sernia 1994, Mehta a
Griendling 2007). Selektivnimi antagonisty ATy receptord jsou bifenylimidazoly (losartan,
caesartan atd.) zpusobujici signifikantni snizeni krevniho tlaku (Navar et al. 2002, Carey a
Siragy 2003).

AT, receptory jsou vyrazné exprimovany ve fetdlnich ledvinach, ale b&hem
neonatdlniho vyvoje dochéazi k jejich znacnému poklesu (Ozono et al. 1997). V dospélych
ledvinach jsou AT, receptory syntetizovany v aferentni arteriole, v glomerularnich
endotelidlnich a mesangialnich bunikach, v buiikdch proximalniho tubulu a v intersticidlnich
bunkach (Miyata et al. 1999, Ozono et al. 1997). AT, receptory byly také detekovany v srdci,
v nadledvinach, v reprodukéni tkdni a v mozku (Dinh et al. 2001). Krom¢ vazodilata¢nich
ucinki inhibuji AT, receptory syntézu reninu (Siragy et al. 2005). Mezi selektivni ligay AT»
receptord patii tetrahydroimidazolpyridiny — oznacované jako PD123319, PD123177 nebo
CGP42112 (Dinh et al. 2001). Vysledky studii biologické funkce AT, receptori pomoci
farmakologické blokady jsou Casto kontroverzni patrné proto, ze exprese AT, receptord se
méni s vékem a navic ucinnost a selektivita inhibice téchto receptorti neni rovnéz totozna.
Tim je prukaznost antihypertenzniho biologického u€inku ANG II velice problematickéd a
zUstava stale neobjasnéna.

Prostfednictvim ATj;, AT, a specifickych ANG III receptorti piisobi také ANG III
(Campbell 2003, Padia et al. 2007). Uginky ANG IV jsou zprostiedkovany pomoci ATy
receptortl, které patii mezi inzulinem-regulované aminopeptidazy (Harding et al. 1994, Chai

et al. 2004), ANG (1-7) pusobi pies Mas receptor (Ferrario et al. 2005).

Role jednotlivych komponent RAS v regulaci renalnich funkei

Ptimy efekt reninu se neustale zkouma a piedpoklada se, Ze by renin mohl mit podil na
hypertrofii, fibroze a apoptéze bunck, ¢im by se podilel na tkdiovém poSkozeni, které je
pozorovano pii zvySené aktivit¢ RAS (Nguyen 2007). Renin by také mohl mit pfimy
stimulacni efekt na produkci aldosteronu v nadledvinkach, coz by se sekundarné projevilo
vregulaci TK. I pfes biologicky vazokonstrikéni efekt, plni ANG I pfedevSim roli jako
pohotovy zdroj pro tvorbu ANG II (Carey a Siragy 2003). ANG II vyvolavd cévni
vazokonstrikci, stimuluje uvoliovani aldosteronu, uvoliovani katecholamini z diené
nadledvin a ze zakonceni sympatickych nervi, pocit zizné a chut na slané, zvySuje
kontraktilitu myokardu a ovliviiuje epitelidlni reabsorpci soli a vody ve stfevé a v ledvinach

(Stock et al. 1995, Dinh et al. 2001, Carey a Siragy 2003, Mehta a Griendling 2007). Mezi
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pfimé intrarendlni u¢inky ANG II patii rendlni arteridlni vazokonstrikce, konstrikce aferentni i
eferentni arterioly a stimuluje kontrakce mesangialnich buné¢k, ¢imz je snizena PKL, rychlost
GF a tim naloz filtrovaného sodiku do tubulu (Granger a Schnackenberg 2000, Navar et al.
2002). Dale pak je to zvySovani citlivosti tubuloglomerularni zpétné vazby, stimuluce
tubularni reabsorpci sodiku a zeslabeni tlakové natriurézy (Mitchell a Navar 1988, Evans et
al. 2005). V proximalnim tubulu ANG II zvysuje aktivitu Na*-H" vymény, Na'-HCOj3
kotransportu a Na'/K* ATPazy v bazolaterdlni membrané. V distalnim tubulu ANG II
reguluje Na'-H* vyménu a k amiloridu senzitivni sodikovy kanal (Garvin 1991, Wang a
Giebisch 1996). Intrarenalni blokdda AT; receptori za podminek minimélniho snizeni
arterialniho tlaku vyvola signifikantni zvyseni GF, pratoku krve ledvinou, celkové i frakéni
exkrece sodiku (Cervenka et al. 1999b, Navar et al. 1999, Kopkan et al. 2004). ANG II také
vykazuje vyznamné proliferacni Ucinky, pfispivd k zanétu a fibréze ledvin, coz ma za
nasledek zmény v rendlnich funkcich a sekundarné se projevi na vysi TK (Navar et al. 2002).
Tyto ucinky jsou zprostiedkovany zejména aktivaci celé fady cytokind a rovnéz stimulaci
oxidativniho stresu (Romero a Reckelhoff 1999, Wilcox 2005, Ruiz-Ortega et al. 2006). Proto
je ANG II klicovym faktorem v patofyziologii a v rozvoji hypertenze, onemocnéni ledvin a
kardiovaskularniho systému.

Intrarenalni RAS byl prvnim popsanym funkénim tkanovym RAS na zakladé¢ in vivo
pokusti, u kterych méla intrarenalni inhibice RAS za nasledek vyznamné zvySeni renalni
hemodynamiky a exkrece sodiku a vody. Pozd¢ji byla v ledvinach prokédzana piitomnost
vSech komponent RAS (Navar et al. 2002, Carey a Siragy 2003). Renin je produkovan JGA
bunkami, ale i buitkami proximalnich tubuli. Aogen produkovany v buitkdch proximalniho
tubulu slouzi jako zdklad pro intratubularni a intersticidlni ANG I a ANG II. Je také
sekretovan pifimo do lumen tubuld, kde je poté St€pen pifitomnym reninem na ANG I. Na
kartacovém lemu bun€k proximalnich tubulll je ANG I konvertovan pomoci ACE na ANG II
(Carey a Siragy 2003). Hladiny mRNA pro Aogen i samotného proteinu jsou stimulovany
ANG II a tato pozitivni zpétna vazba vede k lokalni produkci substratu, jez je zvySovana jeho
vlastnim produktem, coz pravdépodobné pfispiva ke zvySovani intrarendlni produkce ANG II
béhem hypertenze (Navar et al. 2002). Koncentrace ANG 11, jakoz i ANG I, v intersticidlni 1
V proximalni tubularni tekutin€ jsou mnohem vyssi nez plazmatické koncentrace (Nishiyama
et al. 2002, Carey a Siragy 2003). Na zvySenych intrarenalnich koncentracich ANG II se
podili jak intrarendlné vyprodukovany ANG II, tak ANG II internalizovany pomoci AT

receptory-zprostiedkované endocytézy. ANG II se nachazi v renalnich endozémech spolu s
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ANG I, AT; receptory a ACE, coz prispiva k celkovym koncentracim ANG II méfenym
Vv ledvinnych homogenatech (Navar et al. 2002).

V poslednich letech pfibyvaji studie prokazujici biologickou funkci dalSich
angiotenzinl, diive povazovany pouze za malo aktivni metabolity ANG II. Nicméné bylo
zjisténo, ze nckteré funkce plvodné pfipisované ulinku ANG II, jako je uvoliovani
vazopresinu v mozku, mohou byt fizené ANG III (Reaux et al. 2001). Piestoze ANG III
stimuluje vazokonstrikci a reabsorpci sodiku, nedavné studie ukazuji na ANG III indukovany
natriureticky efekt, ktery se projevi pii inhibici AT receptorti a je zprostfedkovan pies AT,
receptory (Padia et al. 2007). U ANG 1V byly rovnéz prokazany vazokonstrikéni vlastnosti,
ale nékolikanasobn¢ niz§i nez u ostatnich angiotenzini a s velmi slabou afinitou k AT,
receptorim. Nicméné, stimulaci AT, receptori pro ANG IV byl popsan vasodilata¢ni efekt
v mozku a ledvinach, ktery je zfejmé zprostitedkovany NO produkovanym zvysenou aktivitou
eNOS, ktera je stimulovana pravé ANG IV (Harding et al. 1994, Chai et al. 2004).
V souvislosti s funkci téchto latek se hovoii o tzv. dudlnim efektu a pfesné mechanismy
pusobeni téchto relativné novych komponent RAS jsou stale studovany.

Biologicka aktivita ANG (1-7) byla poprvé prokazana v roce 1988 (Schiavone
et al. 1988). Obecn¢ ANG (1-7) plisobi proti u¢inkim ANG II a to tak, ze stimuluje NO a
vazodilataéni prostaglandiny (Carey a Siragy 2003, Ferrari et al. 2005). U¢inky ANG (1-7)
Vv ledvinach jsou zavislé na rovnovaze sodiku a vody, na renalni nervové aktivit€ a na aktivaci
RAS. Jiz velmi nizké koncentrace ANG (1-7) mohou ovlivnit renalni funkce v proximalnim i
v distalnim tubulu (Chappell et al. 1998, Santos et al. 2000) vedouci k natriuréze a k diuréze,
které jsou vysledkem aktivace fady transportérti UCastnicich se absorpce vody a elektrolytl
VvV rendlnich tubulech a sbéracich kandlcich. ANG (1-7) také mulzZe regulovat ucinky
tubuldrniho vazopresinu (Ferrario et al. 2002, Magaldi et al. 2003). Navic mtiZe inhibovat
v syntéze Ci aktivit¢ ANG (1-7) muze pfispivat k rozvoji hypertenze s porusenou regulaci

vnitinich kontrolnich mechanismi (Ferrario et al. 2005).

Vyznamné experimentalni modely pro vyzkum RAS

Intenzivni studium RAS v patofyziologii hypertenze podnitilo vznik fady
experimentalnich hypertenznich modeld, které umoznily dalsi vyzkum ulohy a regulace RAS.
Nejjednodussim modelem je pomala chronicka infuze nizké davky ANG II, ktera nemusi mit

akutni presoricky efekt, pomoci osmotickych pumpicek, které jsou implantovany podkozné
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nebo do biiSni dutiny. U tohoto modelu dochazi ptes pouze mirné zvyseni plazmatickych
hladin ANG II k postupné akumulaci ANG II v ledvinach, ¢imz je naruSena jejich schopnost
vyloucit ptislusné mnozstvi sodiku (Zou et al. 1996, Navar et al. 1995, 2002). Tento model
pomohl pochopit dilezitost lokalniho RAS v ledvinéch a jeho funkci.

Patofyziologické procesy nasledujici po vzniku stenézy renalni artérie byly poprvé
popsany Goldblattem vroce 1934 na zdkladé experimenti na psech a jsou zndmy jako
Goldblattovské typy hypertenze (Goldblatt et al. 1934). U modelu dvouledvinové
jednosvorkové hypertenze (2K1C - two-kidney one-clip) svorka naloZena na renalni artérii
snizi rendlni perfuzni tlak, disledkem ¢ehoz se zvysi syntéza a uvolnéni reninu z této ledviny.
Zvysenim aktivity RAS se zvysi hladiny cirkulujictho ANG II a v dasledku jeho ucinku
vzroste periferni cévni rezistence a TK. Kontralaterdlni nestenoticka ledvina je vystavena
zvySenému TK, snizi se v ni syntéza reninu a ocekavalo by se, ze se diky mechanizmu tlakové
natriurézy zvysi vylucovani sodiku (Goldblatt 1958, Ploth 1983, Navar et al. 1995, 1998). Je
vSak zndmo, Ze byt jen jedna, ale funkéni ledvina, je schopna zajistit vodni a sodikovou
rovnovahu za podminek normotenze. Navic jakmile je perfuzni tlak ve stenotické ledviné
zvysen, plazmaticka reninova aktivita a cirkulujici ANG II se vrati k normé&, TK vS8ak ziistane
zvysen. Divodem je vysoka intrarenalni koncentrace ANG II v nestenotické ledviné (Navar et
al. 1995). Intrarenalni hladiny ANG II jsou natolik vysoké, Ze je nepravdépodobny jejich
puvod pouze z ,,vychytdvani“ ze systémové cirkulace. Je zde tedy patrny nesoulad mezi
systémovou a intrarenalni hladinou ANG II. Vysledky experimentt sv€d¢i pro vznik zvySené
hladiny ANG Il non-reninovou cestou (Navar et al. 1995, Cervenka et al. 1999b). P¥imy
vaskularni a tubulérni G¢inek ANG II intrarenaln¢ hraje v tomto ptipad¢ dilezitou roli ve
vyvoji a udrzeni hypertenze. Navic zvySeni hladiny aldosteronu zplsobené ANG II se
spolutcastni na regulaci transportnich mechanizmii v distalnim nefronu vedouci k retenci
sodiku (Liard et al. 1974, Navar et al. 1998).

V roce 1990 vytvofila skupina profesora Mullinse prvni transgenni model potkant
(TGR) ve vyzkumu hypertenze (Mullins et al. 1990). Tento model pfedstavuje monogenni
formu hypertenze, nebot’ do genomu normotenznich Hannover Sprague-Dawley potkanti byl
zaveden mysi reninovy gen (Ren-2); oznaceni kmene TGR(mRen2)27. Pfesto, Ze jde o
zdanlivé jednoduchy model, u které¢ho je hyperaktivovan RAS, mechanismy patogeneze
hypertenze u téchto zvirat se zabyvala cela fada studii (Bader et al. 1992, Saer et al. 1992,
Mitchell a Mullins 1995, Kopkan et al. 2004, 2005). Souc¢asné studie prokazuji (Dvorak et al.
2004, Huskova et al. 2006), ze jde ¢ist¢ o ANG II - dependentni formu hypertenze jejiz rozvoj

a stupen zavisi na poctu alel mysiho reninového genu. Rozvoj hypertenze u homozygotnich
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transgennich potkantl je prudky a krevni tlak dosahuje az k 300 mmHg. Tato zvifata vykazuji
mensi vahovy pfirGstek a pokud nejsou lé¢ena antihypertenzivy, umiraji v raném véku za
znamek maligni hypertenze (Dvorak et al. 2004). Nicméné 1éc¢ba inhibitory ACE a
antagonisty ANG II receptorti zamezi rozvoji hypertenze nebo signifikantné snizi hladiny TK
1 u zvifat srozvinutou hypertenzi (Mullins et al. 1990). U heterozygotnich transgennich
potkanti, ktefi vzniknou kfizenim transgen-pozitivniho potkana s transgen-negativnim
potkanem opacného pohlavi se hypertenze zacina rozvijet piiblizn€ ve 4—5 tydnu véku, rozvoj
hypertenze vSak neni tak dramaticky ve srovnani s homozygoty a krevni tlak dosahuje
maxima okolo 240 mmHg v 9-10 tydnu veéku zvifat. Tato zvitata pomérné dobie prospivaji,
aniz by musela byt 1é¢ena antihypertenzivy (Mullins et al. 1990, Huskova et al. 2006). U TGR
byl také potvrzen sexudlni dimorfismus v rozvoji a stupni hypertenze (Opocensky et al.
2004). Vyse krevniho tlaku samcii a samic se 1i$i, samice maji v priméru o 30—40 mmHg
niz§i krevni tlak. Tlak heterozygotnich TGR samic se ve stafi spontanné vraci az
k normotenznim hodnotam. U TGR samct dochazi k vazng&jsim, hypertenzi vyvolanym,
organovym poskozenim nez u TGR samic, coZ podporuje teorii, Ze arogeny maji stimulacni
ucinky na RAS (Engler et al. 1998).

Relativné novy model rovnéZ monogenni ANG II dependentni formy hypertenze, opét
vytvofeny skupinou Prof. Mullinse (Kantachuvesiri et al. 2001), je kmen inbrednich
transgennich potkani [oznafeni kmene TGR(CyplalRen-2)], u kterych je indukovana
exprese mysiho reninového genu (Ren-2) pomoci pfirodnich xenobiotik jako je indol-3-
carbinol (I3C). Tento gen je fizen Cyplal promotorem, ktery neni za normalnich podminek
aktivni, a proto mysi reninovy gen neni exprimovan. Podanim I3C v dieté¢ 1ze vSak tento
promotor aktivovat a tak navodit expresi mySiho reninového genu v jatrecha a produkovany
renin je uvoliovan do cirkulace. ZvySenim plazmatické reninové aktivity se spousti cela
kaskdda RAS snaslednym zvySenim koncentrace ANG II vedoucim k rozvoji ANG I
dependentni hypertenze (Vanourkova et al. 2006). Zvlastnosti tohoto modelu je, ze aktivace
Cyplal promotoru je zéavisla na davce I13C a je rovnéz reverzibilni, coZz z né ¢ini zcela
mimoiadny model pro studium RAS v rozvoji hypertenze a organového poskozeni (Mitchell
et al. 2006).

Jak klasické tak 1 nové modely ANG II dependentni formy hypertenze dopomohly k
pochopeni mechanismii RAS v regulaci TK a rendlnich funkci. Nicméné uloha zejména
lokdlniho RAS jest¢ neni zcela objasnéna. Dale je pak nutné pochopit vzajemné
mezisytémové interakce s ostatnimi vazoaktivnimi plsobky, jez se uplatiuji ve fyziologii

funkce organti v€etné ledvin a v patofyziologii hypertenze.
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Volné kyslikové radikaly a oxidativni stres

Oxidativni stres mtize byt zjednodusené definovan jako zvySovani tvorby oxidanti,
snizeni u¢innosti antioxida¢ni ochrany a neschopnost opravit oxida¢ni poskozeni. Mezi hlavni
oxidanty patfi reaktivni formy kysliku (reactive oxygen species, ROS), coz mohou byt volné
radikaly, reaktivni anionty obsahujici atom kysliku nebo molekuly s kyslikem, které bud’
mohou vytvofit volné radikaly nebo jsou volnymi radikaly aktivovany. Tyto vysoce reaktivni
substance mohou piimo ¢i nepiimo ovliviiovat fyziologické a patofyziologické mechanismy

Vv téle (Touyz 2004, Wilcox 2006).

Biosyntéza ROS a jejich vlastnosti

Zdrojem volnych radikali v biologickych systémech je molekularni kyslik, ktery
pfijme volny elektron za vzniku superoxidu (O;). Hlavnim zdrojem O je aerobnich
metabolismus zejména v mitochondriich, autooxida¢ni reakce a reakce katalyzované celou
fadou oxidaz jako je xantin oxiddza (XO), NADPH oxidaza (Nox), cyklooxygenaza,

lipoxygendza, cytochrom

0, H,O +0, P450, ale také za urcitych
Mitochondrie t podminek NOS (Cai a

NADPH oxidaza ) ] ]

Xantin oxidaza Harrison 2000, Wilcox
, Glutation peroxidaza

Cyklooxygenaza

AN 2005, Wolin et al. 2005).
Y i Superoxid 1 s e 4w
NO syntaza i dismutaza Tento radikal je jedinecny,

02' » H,0, —=~.0H protoze z ného mohou

P

vznikat jiné volné radikaly,

ONOO" a stal se jednim znejvice

studovanych radikala. Jako

NO znané reaktivni oxidant

musi byt O  ucinné
degradovan dismutaci a to spontanni nebo katalyzovanou enzymem superoxid-dismutazou
(SOD) (Wilcox 2005). SOD muzeme rozdélit podle toho, ktery kov obsahuje, nebo podle
bunécné lokalizace — Cu/Zn SOD neboli extracelularni a Mn SOD neboli intracelularni (Zelko
et al. 2002, Paravicini a Touyz 2006). Tento enzym je Siroce distribuovan ve tkanich, aby tak
minimalizoval negativni u€inky nadmérné produkce O,". Nicmén¢ reak¢ni rychlost dismutace

O, katalyzované SOD je asi trikrat nizsi nez reakce O, S NO, ktera dava vznik dalSimu
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radikalu peroxynitritu (Cai a Harrison 2000, Reckelhoff a Romero 2003, Pacher et al. 2007).
Produktem dismutace O, je peroxid vodiku, ktery neni pokladan za volny radikal. Nicméné
patii mezi biologicky vyznamné i kdyz méné skodlivé oxidanty, snadno pronika ptes bunééné
membrany a ma delsi polocas trvani nez volné radikély. Rozklad peroxidu vodiku na vodu a
kyslik je katalyzovan ptfedevsim dvéma enzymy a to katalazou a glutathionperoxidazou (Gpx)
(Wilcox 2005). Tento rozklad je pfimo umérny koncentraci enzymu a koncentraci substratu.
Hlavnim rizikem zvySené koncentrace peroxidu vodiku je reakce s prechodnymi kovy
(Fentonova reakce) nebo interakce O, s peroxidem vodiku (Haber-Weissova reakce) za
vzniku vysoce reaktivniho hydroxylového radikélu, ktery je potencialné nejsilngjsi oxidant
vyskytujici se v biologickych systémech (Koppenol 2001, Pacher et al. 2007).

Tyto nestabilni molekuly snadno oxiduji makromolekuly jako jsou polynenasycené
mastné kyseliny v membranovych lipidech, esencidlni proteiny a nukleové kyseliny; projevy
oxidativniho stresu. Pfi jejich fetézovych reakcich mohou vznikat neradikalové molekuly s
kovalentni vazbou, ale také jiné radikdlové produkty. Bylo prokézano, ze ROS vyznamné
ptispivaji ke vzniku a pribéhu fady onemocnéni, podporuji starnuti, vznik zénétd, nadord,
neurodegenerativnich chorob a kardiovaskularnich poruch (Cai a Harrison 2000, Droge 2002,
Paravicini a Touyz 2006, Wilcox 2006, Pacher et al. 2007).

Jelikoz jsou ale ROS produkovany v organizmu v podstaté nepietrzité bez posSkozeni
bun¢k, bylo prokdzano, Zze hraji ulohu v tadé€ biologickych procest regulujicich organové
funkce. Napft. krvinky bilé fady tvoii znacné mnozstvi ROS, jimiZ zabijeji mikroorganismy,
kvasinky, parazity; T-buiiky jejich pomoci ni¢i nadorové bunky, osteoklasty remodeluji kost.
ROS se uplatnuji i pfi oplodnéni vajicka a v angiogenezi (Reddy 2004, Williams a Kwon
2004, Paravicini a Touyz 2006). V organismu je totiz produkce i u¢inek ROS udrzovana v
takovych mezich, ve kterych neni naruSena fyziologickd ¢innost zdravych bunék. Tento
mechanismus se nazyva integrovany antioxidaéni systém a zahrnuje preventivni antioxidanty,
které¢ brani vzniku novych reaktivnich forem (Berry a Kohen 1999). Jsou to latky vazici
ptechodné kovy, jako jsou ceruloplasmin, metalothionein, albumin, transferin, ferritin a
myoglobin. Hlavni slozkou antioxida¢niho mechanismu jsou odstranujici antioxidanty, které
znesSkodnuji jiz vytvofené ROS, a tim blokuji fetézovou reakci navozenou volnymi radikaly.
Jsou to jiz zminéné antioxidacni enzymy SOD, katalaza, Gpx, glutationreduktaza a nékteré
metaloenzymy, ale také redukujici slouceniny jako je vitamin C a E, karotenoidy, glutathion,
kyselina mocova, bilirubin, flavonoidy. Do tohoto systému lze zahrnout i reparacni enzymy,
které opravuji poskozeni makromolekul zejména DNA (Sies 1997, Kitiyakara a Wilcox 1998,
Bourdon a Blache 2001, Zelko et al. 2002, Paravicini a Touyz 2006).
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Role ROS v regulaci renalnich funkci

ROS se vSeobecné pricital vyznamny podil na tkanovém poskozeni zejména pfi
chronickych procesech (Rodriguez-Iturbe et al. 2004). Jelikoz jsou ROS tvoieny
v metabolicky aktivni tkani takika nepfetrzité, zacala se studovat tiloha ROS v regulaci
organovych funkci. V ledvinach se prokazal vazokonstrikéni efekt ROS, ale také jejich vliv
na tubularni reabsorpci sodiku, ¢imz se mohou dlouhodob¢ uplatnit v regulaci krevniho tlaku
(Majid a Nishiyama 2002, Lopez et al. 2003, Garvin a Ortiz 2003, Wilcox 2005). Jak jiz bylo
feceno, nejvice studovanym ROS je Oy, ktery vyznamné ovliviiuje regulaci renalnich funkci
at’ uz pfimym ucinkem, jimz zpisobuje renalni vazokonstrikci (Just et al. 2007) a stimulaci
reabsopce sodiku v tubulech (¢imZ se podili na modulaci tubuloglomerularni zpétné vazby)
anebo nepiimo jeho interakci s NO, ¢imz se sniZzuje biologickd dostupnost NO ve tkani
(Wilcox a Welch 2000, Liu et al. 2004). Bylo prokazano, ze NO hraje dilezitou protektivni
ulohu proti patofyziologickym t¢inkiim zvysené aktivity RAS a ROS nejen v ledvinach (Chin
et al. 1998, Romero a Reckelhoff 1999, Lopez et al. 2003, Wilcox 2005). Dukazem této
dulezité interakce je, ze inhibice produkce NO v ledvinach zvySuje aktivitu O, jenz
potencuje vazokonstrikéni a antinatriureticky efekt ANG II (Majid et al. 2005). Pfestoze ANG
IT stimuluje expresi a aktivitu NOS podnécuje rovnéz zvySenou produkci O; aktivaci
NADPH oxidazy a zaroven potlatenim exprese SOD (Wilcox 2005). Timto se O, podili na
prohloubeni patofyziologickych G¢inki RAS vedouci k rozvoji hypertenze (Reckelhoff a
Romero 2003, Schulman et al. 2005). Nicméné presné fyziologické a patofyziologické
mechanismy téchto interakci NO, ROS a ANG II v regulaci kardiovaskularnich a renalnich
funkci a rozvoji hypertenze nejsou zcela objasnéné.

Peroxidu vodiku jakozto pfimému produktu degradace O, je vénovana také znacna
pozornost. Studie poukazuji na jeho vazokonstrikéni a antinatriureticky ucinek zejména ve
dieni ledvin (Chen et al. 2003, Makino et al. 2003). Navic chronické infuze peroxidu vodiku
do ledvinné diené zvysila TK u potkani (Makino et al. 2003, Taylor a Cowley 2005).
Vysledky in vitro studii na izolovanych cévach prokézaly tzv. dualni efekt peroxidu vodiku na
tonus cév v zavislosti na koncentraci a typu cév (Paravicini a Sobey 2003, Thakali et al. 2006,
Kang et al. 2007). Problematické nicméné zlstava jak definovat podminky in vivo, za kterych
by peroxid vodiku stimuloval vasodilataci a za kterych vazokonstrikci (Wilcox 2005). Peroxid
vodiku se podili na tkanovém poskozeni, funkéni prestavbé cév, bunécné apoptodze a zanétu
(Paravicini a Touyz 2006), ale navic bylo prokazano, ze peroxid vodiku muze stimulovat

expresi NOS a tak zvySeni biologické dostupnosti NO (Drummond et al. 2000, Thomas et al.
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2002). Tyto mechanismy, které by mohly plnit jakousi kompenzacni tlohu proti zvySené
aktivit¢ ROS nebo by vedly k patofyziologickému u¢inku NO pii zanétlivych procesech,
nejsou stale objasnéné.

Studium dalSich ROS v regulaci renalnich funkci je problematické vzhledem k jejich
nestabilité, méfeni tkanovych koncentraci anebo nespecificité latek umoznujicich jejich
degradaci. Intenzivnéj$i vyzkum probihd v oblasti regulace vaskularnich a tubulérnich funkci
in vitro, jenz se snazi charakterizovat u¢inky ROS na jednotlivé kompartmenty ledvin (Garvin
a Ortiz 2003, Wu a Johns 2004, Abe et al. 2006). Nicmén¢ interpretace vysledku, jez by pak

hraly vyznamnou roli v regulaci orgdnovych funkci, mize byt velmi komplikovana.

Vyznamné experimentalni modely pro vyzkum oxidativniho stresu

Jelikoz aktivita ROS je za fyziologickych podminek udrzovana na minimalni urovni,
je nutné pro studium oxidativniho stresu stimulovat produkci ROS nebo zamezit jejich
degradaci. Jak jiZ bylo zminéno, ANG II stimuluje produkci Oy a akutni studie prokazaly
podil Oy na vazokonstrikéni a antinatriureticky efektu ANG II v ledvinach. ZvySena aktivita
O, byla také prokazana pfi inhibici produkce NO. Prestoze pfesny mechanismus neni zcela
objasnén, tyto studie potvrzuji ochranny uc¢inek NO proti ROS. Tento mechanismus byl
rovnéZ prokdzadn ve studiich, ve kterych byla inhibovdna degradace ROS pomoci
diethyldithiokarbamat (DETC), ktery blokuje funkci SOD. Inhibice SOD v ledvinach vede
k renalni vazokonstrikci a k antinatriuretickému u¢inku a tyto G¢inky jsou potencovany
inhibici NO systému (Majid a Nishiyama 2002, Makino et al. 2003).

U vétSiny chronickych onemocnéni byla prokazéna zvySend aktivita ROS. RovnéZ ve
vyzkumu hypertenze a to jak u lidi, tak u experimentalnich model hypertenze (Touyz 2004).
Uloha oxidativniho stresu v patogenezi hypertenze byla prokazana celou fadou studii. Navic
se prokazalo, Ze ROS mohou hypertenzi pifimo zpisobit. Proto se fada experimentdlnich
modeld vyuziva ke studiu mechanismt, jimiz ROS ovliviiyji regulaci organovych funkci
vedouci k rozvoji hypertenze. Navic se prokazuje beneficni efekt antioxidanti na vysi
krevniho tlaku a orgdnového poskozeni u riznych experimentalnich modeli hypertenze jako
jsou spontanné hypertenzni kmen potkant, stl-senzitivni Dahliv kmen a DOCA indukovany
model hypertenze nebo ANG Il - dependentnich forem hypertenze (Reckelhoff a Romero
2003, Manning et al. 2005, Vanéckova et al. 2005, Wilcox 2005, Kopkan et al. 2006).
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Vyznamnym modelem pro studium oxidativniho stresu je rovnéz relativné novy kmen
mysi, jimz byl vyjmut gen pro extracelularni SOD. Tento model je charakterizovan vyssi
aktivitou ROS zpusobujici nizsi biologickou dostupnost NO, coz se projevuje endotelovou
dysfunkci, mirn€ zvySenym TK a tim vyssi vaskularni rezistenci (Jung et al. 2003, Gongora et
al. 2006). U téchto mysi je rovnéz prudsi rozvoj ANG II indukované hypertenze (Gongora et
al. 2006, Welch et al. 2006).

Vyznam funk¢ni interakce vazoaktivnich systéma v regulaci

renalnich funkci

Vyse zminéné vazoaktivni systémy neplisobi na regulaci orgdnovych funkci
jednotlivé, nybrz ve vzajemné interakci k udrZzeni rovnovazného stavu a stalého vnitiniho
prostiedi, jez je optimalni pro funkci bun¢k (Droge 2002). Jak jiz bylo fe¢eno, nerovnovaha
mezi jednotlivymi systémy a naruSeni téchto interakci vede k rozvoji organového poskozeni

(Cai a Harrison 2000, Paravicini a Touyz 2006, Wilcox 2006, Pacher et al. 2007). Jelikoz

> Renalni vaskularni rezistence <—
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L Oxidativni stres P

vySe uvedené systémy se vyznamné podileji na regulaci renalnich funkci, porucha jejich
rovnovahy vede k poruseni funkce ledvin a k neadekvatnimu vylucovani solutli zejména
sodiku. Dochazi tak k sodikové retenci a tim i zadrZeni vody v téle zvySujici TK (Wilcox
2005, Schulman et al. 2005, Majid et al. 2005, Kopkan a Majid 2006). Proto studium
fyziologie a patofyziologie jednotlivych systémi a rovnéz jejich interakci muze pomoci
V pochopeni patogeneze kardiovaskularnich a rendlnich poruch a onemocnéni vcetné

hypertenze.

24


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11073878&query_hl=80&itool=pubmed_docsum

Vlastni cile dizertacni prdace

Z kli¢ové ulohy ledvin v dlouhodobé regulaci krevniho tlaku a tedy i v rozvoji
hypertenze je zfejma nutnost prohloubeni znalosti moznych mechanismii probihajicich
Vv ledvinach, které se uplatnuji v regulaci renélnich funkci a tudiz i1 krevniho tlaku. Hlavnim
cilem této prace proto bylo zaméteni se na vySe zminéné dulezité systémy, které se vyznamneé
podileji v regulaci renalnich funkci u riznych modela experimentalni hypertenze jako je ANG
IT indukovana hypertenze, model hypertenze s deficitem oxidu dusnatého a transgenni model
ANG II dependentni hypertenze v prehypertezni fazi. Tyto studie maji pfinést nové poznatky
o uloze vazoaktivnich plisobkl a jejich moznych funkénich interakcich, které ovliviiuji jak
fyziologické tak patofyziologické procesy v ledvindch, a mohou se tak uplatiiovat v regulaci

krevniho tlaku.

Metodika renalni funkéni studie s aplikaci latek pfimo do renilni artérie
Studie jsou provadény podle platnych postupti schvalenych ptislusnou instituci podle
mezinarodnich 1 narodnich zékond v akreditovanych laboratofich. Zvifata v celkové
barbituratové anestézii (pentobarbital, thiopental; 50-60 mg/kg, aplikovany intraperitonealng)
jsou umisténa na vyhiivany operacni stolek udrzujici télesnou teplotu 37-38°C. Je provedena
tracheotomie a k trachealni kanyle je pfivadéna smés kysliku a oxidu uhli¢itého (95/5 %) ke
zlepseni dychani a v&tsi stabilité krevniho tlaku zvitat v anestézii béhem pokusu (Cervenka et
al. 1998, Kopkan et al. 2004). Do pravé jugularni zily je zavedena kanyla (PE-50) umoziujici
kontinualni infuzi roztokti a pfidavani anestetik. Prava femoralni artérie je zakanylovdna pro
kontinualni méteni krevniho tlaku pomoci systému sbéru dat (data-acquisition). Pfistup k levé
ledving je pfes bocni fez biisni st€énou. Ledvina se uvolni z okolni tkdné tak, aby renalni cévy
byly dobfe pfistupné, a umisti se do vhodné pozice v plastikovém kalisku. Pomoci katetru PE-
10 se zakanyluje levy ureter pro kontinualni sbér moce. Poté se ptes levou femoralni tepnu a
abdominalni aortu zavadi ztenceny katetr PE-10, ktery se pod kontrolou zraku zavadi do levé
rendlni artérie cca 1,5-2 mm tak, aby vyznamné neomezoval pritok krve a umoznoval ptimou
aplikaci latek do ledviny (Kopkan et al. 2004). Jako doplné€k Ize na izolovanou renalni artérii
nasadit ultrazvukovou sondu (Transonic, Ithaca, USA), kterd slouzi k méfeni aktualniho

prutoku krve pfivadéné do ledviny.
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Po ukonceni chirurgické piipravy se zacne systémové podavat polyfruktosan inulin a
paraaminohipurat sodny v izotonickém roztoku. Z plazmatickych a mocovych koncentraci
jsou pak vypocteny clearance téchto latek podle ptislusné diurézy, z nichz jsou odvozeny
zékladni hemodynamické parametry jako rychlost glomerularni filtrace a pratok plasmy
ledvinou (Cervenka et al. 1998). Déle jsou méfeny koncentrace sodiku a drasliku, popiipadé
dalsi sloucenin jako je 8-isoprostan jako produkt oxidace kyseliny arachidonové, ktery je
vyuzivan jako ukazatel oxidativniho stresu (Romero a Reckelhoff 1999, Kopkan a Majid
2005). Po dosazeni rovnovazného stavu a stabilizaci sledovanych funkci jsou sledovany
jednotlivé parametry, ze kterych jsou stanoveny bazélni hodnoty renalnich funkci. S témi jsou
nasledné porovnavany funkéni zmény navozené farmakologickou intervenci pouzitou
Vv piislu$né studii.

Hlavni vyhodou téchto studii je pifima farmakologickd intervence danou latkou
V ledviné umoznujici rychlé dosaZeni efektivni davky. Takto zaznamenané funkéni zmény
mohou byt predevsim pficteny efektu podané latky. Piestoze dochazi k vyplaveni dané latky
z ledviny do ob¢hu, je vliv dané latky v systémové cirkulaci minimalizovan. V na$ich studiich
byly pouZity latky ovliviiujici vysi krevniho tlaku, nicméné piimé aplikace efektivni davky do
rendlni artérie neméla vyznamny vliv na krevni tlak. Pod4vani téchto latek do systémového
obéhu by vyzadovalo vyrazné zvySeni koncentraci k dosazeni efektivni davky v ledvinach
S tim, ze dana latka by pak vyznamné ovlivnila systémovy krevni tlak. Tyto systémoveé zmény
by potom samoziejmé hraly vyznamnou roli v modulaci pozorovanych renalnich parametra.

Hlavni limitaci nésledujicich funkénich studii je pfedevSim anestézie, ktera muze
ovlivnit fadu fyziologickych procesii v téle. Navic jsou =zvifata zatéZovana stresem
vychézejicim z chirurgické piipravy na tyto studie. Nicméné tento postup je uniformni pro
vSechny skupiny zvitat a za téchto podminek po dosazeni rovnovazného stavu a stabilizaci
sledovanych funkci jsou sledovany jednotlivé parametry, ze kterych jsou stanoveny bazalni
hodnoty renélnich funkci. S témito parametry jsou nasledné porovnavany funkéni zmeény

navozené farmakologickou intervenci pouzitou v piislusné studii.

Obecné schéma experimentalniho protokolu

Po ukonceni ekvilibraéni periody (45-50 minut), po kterou jsou stabilizovany
monitorované parametry, jsou provedeny dvé kontrolni periody odbéru vzorku moce (2x 30
minut), mezi kterymi se odebere vzorek arteridlni krve. Z téchto vzorki moce a plasmy lze

stanovit bazalni hodnoty métenych renalnich parametri jako podil koncentrace dané latky
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Vv moci a v plasmé pfi zjisténé diuréze za dany Casovy usek. Poté je zahajena kontinudlni
aplikace latek ptfimo do renalni artérie. Po uplynuti vymezeného ¢asu (15-20 minut), kdy latka
dosédhne rendlniho ftecisté, jsou zahdjeny dvé experimentdlni periody (2x 30 minut), ve
kterych se zaznamenavaji funk¢ni zmény na podavanou latku. Na konci pokusu se opét
odebere vzorek krve, poté se provede eutanazie pokusného zvifete velkou davkou anestetik a

ledvina je nakonec vyjmuta a zvazena.

Uloha zvy$ené produkce superoxidu v regulaci renalnich funkei

u ANG II indukované hypertenze

Dulezita uloha RAS v regulaci rendlnich funkci a objemu extracelularni tekutiny je
dnes pomérné dobfe znama. Navic bylo potvrzeno, Ze nepfiméiend aktivace tohoto systému
hraje kli¢ovou ulohu v patofyziologii vzniku hypertenze (Cervenka et al. 1998, Navar et al.
2002, Carey a Siragy 2003). Piestoze ANG II neni jedinou biologicky aktivni slozku RAS,
jeho vyznamné vazoaktivni U¢inky a podil v regulaci rendlnich funkci si stale zasluhuji
znacnou pozornost. Odhaleni mechanismil u¢inku ANG II at’ uz pfimych nebo jeho interakci
s dalSimi systémy je dulezité pro pochopeni nejen fyziologie RAS v téle, ale také
patofyziologie rozvoje kardiovaskuldrnich poruch vcetné hypertenze. Pomald chronicka
infuze ANG Il vede k postupnému rozvoji hypertenze u experimentalnich zvitat (Navar et al.
1995). Prestoze je tento pomeérné jednoduchy model studovan uz tadu let, vSechny
patofyziologické mechanismy rozvoje ANG II indukované hypertenze nejsou dodnes zcela
objasnéné. Podobné jako u jinych experimentdlnich modeld hypertenze i u tohoto modelu
ANG II indukované hypertenze byl prokazan oxidativni stres, ktery hraje vyznamnou ulohu
V patogenezi fady kardiovaskularnich poruch véetné hypertenze (Reckelhoff a Romero 2003).
Dnes jiz neni pochyb, ze ANG II pfimo stimuluje produkci O, zejména aktivaci NADPH
oxidazy (Paravicini a Sobey 2003). Tento enzym byl izolovan z vétSiny tkani v téle vcetné
ledvin. Navic ptibyvaji dikazy o tom, Ze dochazi k poklesu aktivity superoxid dismutazy
(SOD), enzymu zodpovédnym za degradaci O, na mén¢ reaktivni H,O,, ktery je Stépen
kataldzou a glutation peroxiddzou (Cai a Harrison 2000, Reckelhoff a Romero 2003, Wilcox
2005).

Obecné jsou ROS, a zejména pak O, soucasti bunééného metabolismu, nicméné za

podminek zvySené produkce a nedostateéné degradace mohou ovliviiovat fadu fyziologickych
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a také patofyziologickych procesi vtéle (Cai a Harrison 2000, Pacher et al. 2007).
V ledvinach byl prokazan pitimy vazokonstrikéni a antinatriureticky efekt O, (Majid a
Nishiyama 2002). Navic bylo prokazano, ze O, je alespon ¢asteéné zodpovédny za Géinek
ANG II, a tim se muze vyznamn¢ podilet v patofyziologii ANG II indukované hypertenze
(Lopez et al. 2003, Majid et al 2005).

Cilem této studie bylo ovéfit hypotézu, zda zvySeny Oy ovliviiuje rendlni
hemodynamiku a tubularni funkce vedouci k retenci sodiku, a tim tak mize hrat tlohu
v patogenezi ANG II indukované hypertenze. K ovéfeni nasi hypotézy byla pouzita latka
zvana tempol (4-hydroxy-tetramethylpiperidime-1-oxyl), ktera vykazuje antioxida¢ni
vlastnosti. Vyhodou této slouceniny je jeji nizka molekulova hmotnost, snadné rozpustnost ve
vodé, nizkéd cytotoxicita a dobra prostupnost pres bunééné membrany (Majid et al. 2004).
V této studii byl tempol aplikovan kontinudlné v pribehu akutni renalni studie v davce 0,5
mg/min/kg hmotnosti po dobu cca 70 minut potkanim kmene Sprague-Dawley s ANG Il
indukovanou hypertenzi (pomoci podkoznich osmotickym minipump dévkujicich 65 ng/min
ANG 1I po 2 tydny) a normotenznim kontrolnim potkand, a to pfimo do rendlni artérie tak aby
byl omezen jeho vliv v systémové cirkulaci. JelikoZ je tempol oznacovan také jako SOD
mimetikum, mohlo by byt nevyhodou této latky mozné hromadéni H,O; ve tkani diky
zvysené degradaci Oy, coz by mohlo ovlivnit sledované renalni funkce. Proto v dalsi skupiné
zvitat byl podavan tempol s katalazou (15,000 U/min/kg) tak, aby se rovnéz ovetil mozny vliv
H,0, v regulaci rendlnich funkei. Zvolena technika piimé aplikace latek pifimo do rendlni
artérie nam umoznuje stanoveni renalnich funkci a jejich odpovédi na podanou latku bez

vyznamné zmeény krevniho tlaku, jez by mohla ovlivnit sledované renalni parametry.

V této studii (Obr. 1) tempol nevykazoval vyznamné funkéni zmény v ledviné normotenznich
kontrolnich potkani coz vede K zavéru, ze u téchto zvifat je O, udrzovan na minimalni
urovni, a tak vyrazné¢ neovliviiuje bazalni renalni funkce. Prestoze hodnoty bazélnich
rendlnich funkci kromé rendlni vaskuldrni rezistence se u hypertenznich potkanii (stfedni
arterialni tlak 156+£5 mmHg) neliSily od normoteznich kontrol (stfedni arterialni tlak 125+2
mmHg), tempol u nich vyvolal signifikantni zvySeni celkového priatoku krve ledvinou o 9 +
2% a sniZeni renalni vaskularni rezistence o 8+1% bez vyznamného ovlivnéni systémového
tlaku. Tempol u hypertenznich potkani rovnéz vyvolal zvyseni glomerularni filtrace o 9 +
2%, tvorbu moce o 17 £ 4%, absolutni sodikové exkrece o 26 + 5% a rovnéz frakéni exkreci
sodiku o 19 + 4%. Navic tempol snizil vylu€ovani 8-isoprostanu o 39 + 6%, které bylo

signifikantné zvySené u hypertenznich zvifat v porovnani s normoteznimi. Tento vysledek
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Obr. 1: Zmény renalnich funkci na podani tempolu u normoteznich a

hypertenznich potkani, jimz byl aplikovan ANG II po dobu 2 tydni.
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potvrdil vliv zvySeného O, na regulaci rendlni hemodynamickych a exkrec¢nich funkci u
potkanii s ANG II indukovanou hypertenzi, ¢imz se mize podilet v patogenezi hypertenze u
tohoto modelu. Vysledky této studie navic neprokazaly vyznamnou roli H,O, v regulaci
renalnich funkci u tohoto modelu hypertenze, protoze kombinace tempolu a kataldzy neméla
rozdilny renalni efekt ve srovnani se zménami vyvolané podanim samotného tempolu i pfes

vyznamné snizeni exkrece HyO».

O, jako predstavitel vysoce reaktivnich forem kysliku reaguje s celou ftadou
endogennich latek Casto za vzniku dalSich radikalii. Jednou z dileZitych reakci je rychld vazba
s NO, ¢imZ se snizuje jejich biologickéd dostupnost ve tkanich (Cai a Harrison 2000, Wilcox
2005). Prestoze jsme v této studii neovérili, zda O, vykazuje ptimy vaskularni a tubularni
efekt v ledvinach, nebo zda tyto zmény byly navozeny zvySenou dostupnosti NO v ledvinné
tkani, lze podle ptedchozich studii usuzovat na sdruzeny efekt tempolu v ledvinach
(Schnackenberg et al 1998, Lopez et al. 2003). Tyto piedeslé studie prokazaly jak piimy
ucinek Oy Vv ledvinach tak jeho vliv na biologickou dostupnost NO ve tkanich, coz dokazuje
diilezité interakce probihajici mezi témito systémy a ovliviiujici regulaci renalnich funkcei, coz

muze hrat vyznamnou tlohu v patogenezi hypertenze.

Uloha zvy$ené aktivity superoxidu v regulaci renalnich funkei

u NO deficitni formy hypertenze

Soucasna literatura odhaluje zvySeny zdjem o vyznamnou Ulohu interakce mezi O, a
NO v zivé tkani (Cai a Harrison 2000, Reckelhoff a Romero 2003, Wilcox 2005, Majid a
Kopkan 2007). Oba tyto nestabilni radikaly jsou v metabolicky aktivni tkani produkovany
kontinualné a jejich protichtidny uc¢inek napovida vyznamu v regulaci organovych funkci,
pfi¢emz interakce téchto radikalt vede ke snizeni jejich biologické aktivity (Wilcox 2005,
Majid a Kopkan 2007). Z toho plyne, Ze udrZzovani rovnovahy mezi témito radikaly hraje
vyznamnou fyziologickou roli v téle a ptipadnd nerovnovadha mize vést k rozvoji orgdnovych
poruch. Rada studii prokazala kritickou spojitost nedostatku NO s poruchou funkce ledvin, ve
které se vyznamné uplatituje oxidativni stres (Wilcox 2005, Kopkan a Majid 2005).
K prohloubeni poznatkii o dilezitosti interakce O, a NO v regulaci funkci ledvin a pochopeni

moznych patofyziologickych mechanismli v rozvoji hypertenze byl pouzit model hypertenze
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indukovany chronickou inhibici NO syntazy. Tato neselektivni farmakologickd inhibice
pomoci nitro- -arginine methylesteru (L-NAME) vede k rozvoji hypertenze a oxidativniho
stresu (Kopkan a Majid 2005). V této studii byla testovana nasledujici hypotéza: zvyseni Oy’
Vv dasledku deficitu NO ovliviiuje renalni hemodynamické a tubuldrni funkce, ¢imz dochazi
k omezeni schopnosti ledvin vyloudit pfislusné mnozstvi soli, a tak hraje ulohu v patogenezi
NO deficitni formy hypertenze. Opét byli pouziti potkani kmene Sprague-Dawley, kterym byl
podavan neselektivni inhibitor NO syntazy L-NAME (15 mg/kg/den) v pitné vodé po dobu
ctyt tydni. Po ctyfech tydnech byly studovany bazélni parametry funkce ledvin a renalni
funkéni zmény na podéani tempolu (0,5 mg/min/kg) po dobu cca 70 minut pfimo do rendlni

artérie u téchto hypertenznich zvitat a normotenznich kontrolnich potkand.

Vysledky této studie ukazuji, ze chronicka blokada produkce NO vede nejen k rozvoji
hypertenze (stfedni arterialni tlak 146+3 mmHg), ale 1 ke vyznamnému naruSeni rendlni
hemodynamiky (Obr. 2), coZ potvrzuje esencialni ulohu NO v regulaci vaskularniho tonu a
krevniho tlaku (Tolins a Shultz 1994). Nevyznamny vliv tempolu na renalni funkce u
normotenznich potkani opét nasvédcuje tomu, ze bazalni renalni funkce jsou jen minimalné
ovlivnény Oy, tedy za podminek kde NO systém je plné¢ funkéni. Nicméné tempol podavany
do renalniho fecisté bez vyznamného vlivu na systémovy krevni tlak ¢astecné zlepsil métené
renalni parametry u NO deficitnich hypertenznich potkand. Doslo ke zvyseni pritoku krve
ledvinou o 10 + 2% a sniZeni renalni vaskuldrni rezistence o 12 + 2%. RovnéZ glomerularni
filtrace se zvySila po podéni tempolu o 11 =+ 2%. Pfestoze tvorba moci nedosahla
signifikantniho zvySeni (9 + 4%), tak absolutni exkrece sodiku se zvysila o 19 + 5% a frakéni
exkrece sodiku o 11 + 4 %. Tempol také snizil u téchto potkand vylucovani 8-isoprostanu o
24 + 4%. V prabéhu podavani tempolu nedoSlo k vyznamnym zméndm v systémovém
arterialnim tlaku u obou skupin - jak normotenzni skupiny (ze 12442 na 12243 mmHg), tak u
hypertenzni skupiny potkanti (ze 146+2 na 143+3 mmHg), coZ znamend, Ze pozorované
fukéni zmény mohou byt pfipsany hlavn€ podavani tempolu do rendlniho fecisté. Z téchto
vysledki vyplyva, ze zvySena aktivita O, V disledku inhibice produkce NO vyznamné
ovlivitluje renalni hemodynamiku a exkre¢ni funkce, ¢imZz muze pfispivat k omezené
schopnosti ledvin vyloucit pfislusné mnozstvi soli a tim tak hrat ulohu v patogenezi NO
deficitni formy hypertenze. Navic tyto vysledky dokazuji dilezitou protektivni funkci NO

proti oxidativnimu stresu, ktera je nezbytna pro fyziologickou funkci organti véetné ledvin.

Tato studie dale potvrzuje ptimy vliv O, na renélni funkce, ktery se vyrazné projevuje

za nedostatecné produkce NO (Majid a Nishiyama 2002, Majid et al. 2004), coz by mohl byt
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Obr. 2: Zmény renalnich funkci na podani tempolu u normoteznich a

hypertenznich potkanii, jimZ byl podavan L-NAME po dobu 4 tydni.
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mozny mechanismus podilejici se na rozvoji NO deficitni formy hypertenze (Kopkan a Majid
2005). Navic tato studie dale potvrzuje dilezitou ulohu NO v regulaci renalnich funkci a
krevniho tlaku, ktery vykazuje vyznamnou organoprotektivni funkci proti vazokonstrikénim
agens véetné Oy (Chin et al. 1998, Lopez et al. 2003, Vaneéckova et al. 2005, Majid et al.
2005). Tyto poznatky podtrhuji dilezitou roli vazoaktivnich systémti ovliviujicich regulaci
krevniho tlaku a uplatiiujicich se v rozvoji hypertenze (Kopkan a Majid 2005). Nicméné v této
studii nebyla ovétena uloha RAS, ktery by mohl rovnéz hrat vyznamnou ulohu v patogenezi
hypertenze u tohoto modelu, coZ vyplyva ze studii (Scrogin et al. 1998, Okazaki et al. 2006),
ve kterych inhibice RAS zmirnila jak rozvoj NO deficitni formy hypertenze tak orgénové

poskozeni.

Uloha zvy$ené produkce superoxidu a jeho interakce s NO
Vregulaci renalnich funkci u prehypertenznich Ren - 2

transgennich potkanii.

Jako vhodny model k ovéfeni vyznamu interakci RAS, oxidativniho stresu a NO
systétmu ovliviiyjicich regulaci rendlnich funkci byl zvolen kmen transgennich potkant
(TGR), kterym byl do genomu vlozen mysi reninovy gen, oznatovany TGR(mRen2)27.
Transgen negativni kmen Hannover Sprague-Dawley (HanSD) slouzi jako kontrola. U TGR,
modelu monogenni hypertenze, dochazi k postupnému zvysSovani krevniho tlaku od 40. dne
veéku zvitat (Mullins et al. 1990). Navic bylo potvrzeno, ze tato zvifata vykazuji zvySenou
hladinu ANG II jesté pted vzestupem krevniho tlaku, ktery se uplatiiuje jako hlavni Cinitel
V patogenezi této ANG II - dependentni formy hypertenze (Huskova et al 2006). Nicméné
zvySeny ANG II u TGR indukuje oxidativni stres a ziejmé vede 1 ke zvySené produkci NO
jako kompenzacniho systému proti zvySené aktivit¢ vazokontrikénich agens (Navar et al.
2000, Vanéckova et al. 2005). To naznacuje, Ze dochdzi k vyznamnym interakcim mezi
témito systémy, jez ovliviiuji regulaci renalnich funkci a mohou se tak podilet v rozvoji
hypertenze u tohoto modelu. Cilem této studie tedy bylo ovéfit hypotézu, zda zvySena
produkce O indukovana zvySenym ANG II ovliviiuje renalni hemodynamické a tubularni
funkce at’ uz ptfimo nebo nepiimo snizovanim biologické dostupnosti NO ve tkdnich u TGR

v prehypertenzni fazi, a tak mtize hrat dtlezitou ulohu v rozvoji hypertenze u toho modelu.
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U heterozygotni linie tohoto kmene dochazi obvykle k rozvoji hypertenze po 40. dnu
véku. Vtéto studii byla proto studovana zvifata ve véku 35-36 dnl, to znamend
Vv prehypertenzni fazi (stiedni arteridlni tlak 12243 mmHg). Pfi srovndni bazélnich renélnich
parametri nebyl zjiStén zadny vyznamny rozdil mezi TGR a HanSD az na signifikantné
zvySené koncentrace 8-isoprostanu v moci (Obr. 3). V prubéhu téchto akutnich renalnich
pokusti byl porovnan funkéni uéinek aplikovaného tempolu (1,5 mg/min/kg) po dobu cca 70
minut ptimo do renalni artérie s efektem L-NAME (50 pg/min/kg) a s kombinaci L-NAME a
tempolu u TGR a HanSD (Obr. 3). Zvolené koncentrace latek podanych do renélniho feciste
nemély vyznamny vliv na systémovy krevni tlak jak u TGR tak u HanSD potkand. To
znamena, ze zjiSténé funkcni rendlni zmény mohly byt pfi¢teny U¢inku podané latky do
renalniho fecisté. Samotny tempol nevyvolal vyznamné hemodynamické zmény u HanSD,
nicméné zvysil pritok plasmy ledvinou o 10 + 3% a glomerularni filtraci o 8 = 2% u TGR.
Navic jak diureticky Gc¢inek tempolu byl signifikantné vyrazngj$i u TGR (zvySeni o 59 +
10%) ve srovnani s HanSD (31 + 7%), tak natriureticky ucinek a to na absolutni sodikovou
exkreci (112 + 16% versus 43 £ 7%) 1 na frakéni sodikovou exkreci (89 = 14% versus 31 £
8%). Dale pak tempol u TGR vyznamné snizil vyluovani 8-isoprostanu o 40 + 3%. Tyto
vysledky potvrzuji, Ze TGR vykazuji znamky oxidativniho stresu a zvySeny O, vyznamné
ovliviluje renalni hemodynamické a exkre¢ni funkce u téchto zvitat.

Podle ocekavani vyvolalo poddni L-NAME rendlni vazokonstrikei, antidiurézu a
antinatriurézu (Majid et al. 1993). L-NAME vyznamn¢ snizilo rendlni prutok jak u TGR tak u
HanSD potkant, nicméné odpovéd na L-NAME byla vyrazné vétsi u TGR ve srovnani s
HanSD (-31 +4 % versus -18 + 3%). Navic L-NAME u TGR snizilo glomerularni filtraci o 16
+ 4%, ale u HanSD potkani nemé&lo na filtraci vyznamny vliv. Antidiureticky Uc¢inek L-
NAME byl opét vyrazn€jsi u TGR nez u HanSD potkanti (-24 + 4% versus -16 = 5%).
Ptestoze pokles v absolutni exkreci sodiku po podani L-NAME byl rovnéz vétsi u TGR ve
srovnani s HanSD potkany (-39 + 6% versus -21 + 4%), sniZeni frakéni sodikové exkrece
bylo srovnatelné (-30 £ 4% a -27 + 5%) pravé diky vyznamnému poklesu glomerularni
filtrace u TGR. Tyto vysledky ukazuji, Ze NO je nezbytny k udrZeni normalnich renalnich
funkei a navic hraje kompenzacni Glohu proti zvySeni vazokontrikénich faktort u TGR tak,
aby doslo k udrzeni normélnich hodnot rendlnich funkci.

K dal$imu ovéfeni funkénich interakci O,  a NO byla zvolena kombinace tempolu a L-
NAME. Ptestoze tempol signifikantné nezmirnil t¢inek L-NAME na celkovy pritok plasmy

ledvinou ani u TGR ¢i HanSD potkanti, tempol vyznamné zmirnil pokles glomerularni filtrace
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Obr. 3: Zmény renalnich funkci na podani tempolu a L-NAME

u normoteznich transgen-negativnich

a prehypertenznich transgennich Ren-2 potkant
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zpusobené L-NAME u TGR (-2 £+ 3%). Navic tempol zvratil antidiuretické a antinatriuretické
ucinky L-NAME u obou skupin potkant. Tempol také snizil u TGR vylucovani 8-isoprostanu
0 29 + 4% a zabranil vzestupu vylu¢ovani 8-isoprostanu u HanSD potkand v reakci na
podavani L-NAME.

Vysledky této studie potvrdily vyznamnou ulohu Oy V regulaci renédlnich funkci,
zejména vliv na tubularni reabsorpci sodiku (Majid a Nishiyama 2002, Majid et al. 2004).
Timto mechanismem by se mohl O, uplatiovat v rozvoji hypertenze. Nicméné zustava
nejasné ve kterém tUseku nefronu O, vyznamné ovliviiuje transportni pochody. Déle pak byla
op¢t prokdzana esencialni a protektivni uloha NO, ktery je nezbytny pro udrZeni normalnich
rendlnich funkci. Navic ze vzajemné funkéni interakce O, a NO Ize pochopit jeji vyznam
v regulaci rendlnich funkci s moznymi disledky na dlouhodobou regulaci krevniho tlaku.
Prestoze byla potvrzena dileZita role vz4djemné funk¢ni interakce O, a NO uplatiiujici se
v regulaci rendlnich funkci, z vysledkli této studie nelze urcit piesny podil vlivu téchto

radikalti na pozorovanych funkénich zménach. To zlstava vyznamnym limitujicim faktorem

wwvr

Zavér

Studiem ulohy RAS, syst¢ému NO a oxidativniho stresu v patogenezi celé tady
kardiovaskularnich a renalnich poruch se zabyvaji pfedni védecké skupiny na celém svété jiz
fadu let (Cai a Harrison 2000, Navar et al. 2000, Lopez et al 2003, Reckelhoff a Romero
2003, Wilcox 2005, Majid a Kopkan 2007). PrestoZze bylo zji§téno mnoho novych
mechanismi, které vyznamné ovliviiuji fadu fyziologickych a patofyziologickych procest a
uplatituji se jak v jednotlivych systémech, tak v jejich vzijemnych interakcich, neni tato
oblast stale zcela objasnéna.

Vysledky naSich studii ukazuji vyznamny vliv oxidativniho stresu, zejména pak O,
v regulaci rendlnich funkci, ¢imz se muze uplatiovat v patogenezi rtiznych forem hypertenze
at’ uz to je za podminek zvySené aktivity RAS nebo nedostatecné produkce NO. Navic
potvrzuji vyznam funkénich interakci mezi jednotlivymi vazoaktivnimi systémy, které pfi
vzajemné rovnovaze udrzuji spravnou funkci orgéni. Proto pochopeni téchto fyziologickych a
patofyziologickych mechanismim nachéazi uplatnéni nejen v dal§im studiu patogeneze

kardiovaskularni a renalnich poruch vcetné hypertenze.
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Samoziejmé ze tato prace neobsahla dalsi dilezit¢ vazoaktivni systémy, které se
rovnéz vyznamné podileji na regulaci organovych funkci s uzkym vztahem k fyziologii a
patofyziologii kardiovaskuldrnich a rendlnich poruch. Rovnéz celd fada dalich systémi je
V pfim¢é interakci se systémy zminovanymi v této praci, a proto jim bude vénovana pozornost

v dalSich studiich.

38



Literatura

10.

11.

12.

13.

14.

15.

Abe M, O'Connor P, Kaldunski M, Liang M, Roman RJ, Cowley AW Jr. Effect of sodium
delivery on superoxide and nitric oxide in the medullary thick ascending limb. Am J Physiol
Renal Physiol. 2006; 291:F350-7.

Arendshorst WJ, Finn WF, Gottschalk CW. Autoregulation of blood flow in the rat kidney.
Am J Physiol. 1975; 228:127-133.

Bader M, Zhao Y, Sander M, Lee MA, Bachmann J, Bohm M, Djavidani B, Peters J, Mullins JJ,
Ganten D. Role of tissue renin in the pathophysiology of hypertension in TGR(mMREN2)27 rats.
Hypertension. 1992; 19:681-6.

Bagnall NM, Dent PC, Walkowska A, Sadowski J, Johns EJ. Nitric oxide inhibition and the
impact on renal nerve-mediated antinatriuresis and antidiuresis in the anaesthetized rat. J
Physiol. 2005; 569:849-56.

Beierwaltes WH, Potter DL, Shesely EG. Renal baroreceptor-stimulated renin in the eNOS
knockout mouse. Am J Physiol Renal Physiol. 2002; 282:F59-64.

Berry EM, Kohen R. Is the biological antioxidant system integrated and regulated?
Med Hypotheses. 1999; 53:397-401.

Bishop A, Anderson JE. NO signaling in the CNS: from the physiological to the pathological.
Toxicology. 2005; 208:193-205.

Boric MP, Bravo JA, Corbalan M, Vergara C, Roblero JS. Interactions between bradykinin and
ANP in rat kidney in vitro: inhibition of natriuresis and modulation of medullary cyclic GMP.
Biol Res. 1998; 31:281-9.

Bourdon E, Blache D. The importance of proteins in defense against oxidation.
Antioxid Redox Signal. 2001; 3:293-311.

Briggs JP, Schnermann J. Macula densa control of renin secretion and glomerular vascular tone:
evidence for common cellular mechanisms. Ren Physiol. 1986; 9:193-203.

Brown L, Sernia C. Angiotensin receptors in cardiovascular diseases. Clin Exp Pharmacol
Physiol. 1994;21:811-8.

Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases: the role of oxidant
stress. Circ Res. 2000; 87:840-4.

Campbell DJ. The renin-angiotensin and the kallikrein-kinin systems. Int J Biochem Cell Biol.
2003; 35:784-91.

Carey RM, Siragy HM. Newly recognized components of the renin-angiotensin system:
potential roles in cardiovascular and renal regulation. Endocr Rev. 2003; 24:261-71.

Carmines PK, Navar LG. Disparate effects of Ca channel blockade on afferent and efferent
arteriolar responses to ANG Il. Am J Physiol. 1989; 256:F1015-20.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16597609&query_hl=287&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1147002&query_hl=21&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1592468&query_hl=36&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1592468&query_hl=36&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16239274&query_hl=63&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11739113&query_hl=97&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10616040&query_hl=163&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15691584&query_hl=195&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9830516&query_hl=123&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11396483&query_hl=182&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=3529267&query_hl=48&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7867232&query_hl=4&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11073878&query_hl=80&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12676165&query_hl=10&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12788798&query_hl=6&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2544103&query_hl=34&itool=pubmed_docsum

16.

17.

18.

19.

20.

21.

22.

23.

24,
25.

26.

217.

28.

29.

30.

Carmines, PK, Inscho EW, and Gensure RC. Arterial pressure effects on preglomerular
microvasculature of juxtamedullary nephrons. Am J Physiol Renal Fluid Electrolyte Physiol
1990; 258: F94-F102.

Caulfield JL, Wishnok JS, Tannenbaum SR. Nitric oxide-induced interstrand cross-links in
DNA.Chem Res Toxicol. 2003; 16:571-4.

Cervenka L, Kramer HJ, Maly J, Heller J. Role of nNOS in regulation of renal function in
angiotensin Il-induced hypertension. Hypertension. 2001; 38:280-5.

Cervenka L, Kramer HJ, Maly J, Vaneckova |, Backer A, Bokemeyer D, Bader M, Ganten D,
Mitchell KD. Role of nNOS in regulation of renal function in hypertensive Ren-2 transgenic
rats. Physiol Res. 2002; 51:571-80.

Cervenka L, Mitchell KD, Navar LG. Renal function in mice: effects of volume expansion and
angiotensin 1. J Am Soc Nephrol. 1999a; 10:2631-6.

Cervenka L, Wang CT, Mitchell KD, Navar LG. Proximal tubular angiotensin Il levels and renal
functional responses to AT1 receptor blockade in nonclipped kidneys of Goldblatt hypertensive
rats. Hypertension. 1999b; 33:102-7.

Cervenka L, Wang CT, Navar LG. Effects of acute AT1 receptor blockade by candesartan on
arterial pressure and renal function in rats. Am J Physiol. 1998; 274:F940-5.

Cowley AW Jr, Skelton MM, Merrill DC. Osmoregulation during high salt intake: relative
importance of drinking and vasopressin secretion. Am J Physiol. 1986; 251:R878-86.

Dawson VL. Nitric oxide: role in neurotoxicity. Clin Exp Pharmacol Physiol. 1995; 22:305-8.
Defendini R, Zimmerman EA, Weare JA, Alhenc-Gelas F, Erdos EG. Angiotensin-converting
enzyme in epithelial and neuroepithelial cells. Neuroendocrinology. 1983; 37:32-40.

Dinh DT, Frauman AG, Johnston CI, Fabiani ME. Angiotensin receptors: distribution, signalling
and function. Clin Sci. 2001; 100:481-92.

Dobrowolski L, Walkowska A, Kompanowska-Jezierska E, Kuczeriszka M, Sadowski J. Effects
of ATP on rat renal haemodynamics and excretion: role of sodium intake, nitric oxide and
cytochrome P450. Acta Physiol. 2007; 189:77-85.

Droge W. Free radicals in the physiological control of cell function. Physiol Rev. 2002; 82:47-
95.

Drummond GR, Cai H, Davis ME, Ramasamy S, Harrison DG. Transcriptional and
posttranscriptional regulation of endothelial nitric oxide synthase expression by hydrogen
peroxide. Circ Res. 2000; 86:347-54.

Dvorak P, Kramer HJ, Backer A, Maly J, Kopkan L, Vaneckova I, Vernerova Z, Opocensky M,
Tesar V, Bader M, Ganten D, Janda J, Cervenka L. Blockade of endothelin receptors attenuates
end-organ damage in homozygous hypertensive ren-2 transgenic rats. Kidney Blood Press Res.
2004; 27:248-58.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12755585&query_hl=214&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11509490&query_hl=12&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12511180&query_hl=12&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12511180&query_hl=12&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10589704&query_hl=115&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9931089&query_hl=27&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9612332&query_hl=49&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=3777216&query_hl=70&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7545561&query_hl=213&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=6310427&query_hl=64&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11294688&query_hl=91&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17280559&query_hl=66&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11773609&query_hl=120&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10679488&query_hl=276&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15286437&query_hl=44&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15286437&query_hl=44&itool=pubmed_docsum

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Engler S, Paul M, Pinto YM. The TGR(mRen2)27 transgenic rat model of hypertension. Regul
Pept. 1998; 77:3-8.

Evans RG, Majid DS, Eppel GA. Mechanisms mediating pressure natriuresis: what we know
and what we need to find out. Clin Exp Pharmacol Physiol. 2005; 32:400-9.

Ferrario CM, Averill DB, Brosnihan KB, Chappell MC, Iskandar SS, Dean RH, Diz DI.
Vasopeptidase inhibition and Ang-(1-7) in the spontaneously hypertensive rat. Kidney Int. 2002;
62:1349-57.

Ferrario CM, Trask AJ, Jessup JA. Advances in biochemical and functional roles of angiotensin-
converting enzyme 2 and angiotensin-(1-7) in regulation of cardiovascular function.
Am J Physiol Heart Circ Physiol. 2005; 289:H2281-90.

Fleming I. Signaling by the angiotensin-converting enzyme. Circ Res. 2006; 98:887-96.
Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in the relaxation of arterial
smooth muscle by acetylcholine. Nature. 1980; 288:373-6.

Garvin JL. Angiotensin stimulates bicarbonate transport and Na+/K+ ATPase in rat proximal
straight tubules. J Am Soc Nephrol. 1991; 1:1146-52.

Garvin JL, Ortiz PA. The role of reactive oxygen species in the regulation of tubular function.
Acta Physiol Scand. 2003; 179:225-32.

Goldblatt H. Experimental renal hypertension; mechanism of production and maintenance.
Circulation. 1958; 17:642-7.

Goldblatt H, Lynch J, Hanzal RF, Summerville WW. Studies on experimental hypertension: I.
The production of persistent elevation of systolic blood pressure by means of renal ischemia. J
Exp Med. 1934; 59:347-79.

Gongora MC, Qin Z, Laude K, Kim HW, McCann L, Folz JR, Dikalov S, Fukai T, Harrison
DG. Role of extracellular superoxide dismutase in hypertension. Hypertension. 2006; 48:473-81.
Granger JP. Pressure natriuresis. Role of renal interstitial hydrostatic pressure. Hypertension.
1992; 19:19-17.

Granger JP, Alexander BT. Abnormal pressure-natriuresis in hypertension: role of nitric oxide.
Acta Physiol Scand. 2000; 168:161-8.

Granger JP, Schnackenberg CG. Renal mechanisms of angiotensin ll-induced hypertension.
Semin Nephrol. 2000; 20:417-25.

Griffith OW, Stuehr DJ. Nitric oxide synthases: properties and catalytic mechanism.
Annu Rev Physiol. 1995; 57:707-36.

Gross JM, Dwyer JE, Knox FG. Natriuretic response to increased pressure is preserved with
COX-2 inhibitors. Hypertension. 1999; 34:1163-7.

Guyton AC. Long-term arterial pressure control: an analysis from animal experiments and
computer and graphic models. Am J Physiol. 1990a; 259:R865-77.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9809790&query_hl=47&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15854149&query_hl=103&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12234305&query_hl=16&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16055515&query_hl=78&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16614314&query_hl=28&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=6253831&query_hl=140&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1662990&query_hl=42&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=14616238&query_hl=253&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=13523773&query_hl=22&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16864745&query_hl=302&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16864745&query_hl=302&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1730460&query_hl=83&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10691795&query_hl=93&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11022893&query_hl=130&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7539994&query_hl=153&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10567199&query_hl=104&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2240271&query_hl=62&itool=pubmed_docsum

48.

49.

50.

51.

52.

53.

54.

55.

56.

o7.

58.

59.

60.

61.

62.

63.

Guyton AC. Renal function curves and control of body fluids and arterial pressure.
Acta Physiol Scand Suppl. 1990b; 591:107-13.

Guyton AC. Blood pressure control - special role of the kidneys and body fluids. Science. 1991;
252:1813-6.

Guzik TJ, Korbut R, Adamek-Guzik T. Nitric oxide and superoxide in inflammation and
immune regulation. J Physiol Pharmacol. 2003; 54: 469-87.

Hall JE, Brands MW, Shek EW. Central role of the kidney and abnormal fluid volume control in
hypertension. J Hum Hypertens. 1996; 10:633-9.

Hall JE, Guyton AC, Coleman TG, Mizelle HL, Woods LL. Regulation of arterial pressure: role
of pressure natriuresis and diuresis. Fed Proc. 1986; 45:2897-903.

Harding JW, Wright JW, Swanson GN, Hanesworth JM, Krebs LT. AT4 receptors: specificity
and distribution. Kidney Int. 1994; 46:1510-2.

Harrison-Bernard LM, Navar LG, Ho MM, Vinson GP, el-Dahr SS. Immunohistochemical
localization of ANG Il AT1 receptor in adult rat kidney using a monoclonal antibody. Am J
Physiol. 1997; 273:F170-7.

Heller J, Horacek V. Autoregulation of renal blood flow in the rat. Pflugers Arch. 1977; 370:81-
5.

Huskova Z, Kramer HJ, Vanourkova Z, Cervenka L. Effects of changes in sodium balance on
plasma and kidney angiotensin Il levels in anesthetized and conscious Ren-2 transgenic rats.
J Hypertens. 2006; 24:517-27.

Chai SY, Fernando R, Peck G, Ye SY, Mendelsohn FA, Jenkins TA, Albiston AL. The
angiotensin 1\VV/AT4 receptor. Cell Mol Life Sci. 2004; 61:2728-37.

Chappell MC, Diz DI, Yunis C, Ferrario CM. Differential actions of angiotensin-(1-7) in the
kidney. Kidney Int Suppl. 1998; 68:S3-6.

Chen YF, Cowley AW Jr, Zou AP. Increased H(2)O(2) counteracts the vasodilator and
natriuretic effects of superoxide dismutation by tempol in renal medulla. Am J Physiol Regul
Integr Comp Physiol. 2003; 285:R827-33.

Chin SY, Wang CT, Majid DS, Navar LG. Renoprotective effects of nitric oxide in angiotensin
I1-induced hypertension in the rat. Am J Physiol. 1998; 274: F876-82.

Ignarro LJ, Buga GM, Wood KS, Byrns RE, Chaudhuri G. Endothelium-derived relaxing factor
produced and released from artery and vein is nitric oxide. Proc Natl Acad Sci USA. 1987,
84:9265-9.

Ignarro LJ. Nitric oxide as a unique signaling molecule in the vascular system: a historical
overview. J Physiol Pharmacol. 2002; 53:503-14.

Ichihara A, Inscho EW, Imig JD, Navar LG. Neuronal nitric oxide synthase modulates rat renal
microvascular function. Am J Physiol. 1998; 274: F516-F524.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2220403&query_hl=62&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2063193&query_hl=13&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=14726604&query_hl=6&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9004086&query_hl=9&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=3536587&query_hl=75&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7699992&query_hl=70&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9249605&query_hl=97&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=561386&query_hl=16&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16467655&query_hl=42&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15549174&query_hl=73&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9839274&query_hl=8&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12791586&query_hl=259&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=9612324&query_hl=50&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2827174&query_hl=145&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12512688&query_hl=209&itool=pubmed_docsum

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Juncos LA, Garvin J, Carretero OA, and Ito S. Flow modulates myogenic responses in isolated
microperfused rabbit afferent arterioles via endothelium derived nitric oxide. J Clin Invest 1995;
95:2741-2748.

Jung O, Marklund SL, Geiger H, Pedrazzini T, Busse R, Brandes RP. Extracellular superoxide
dismutase is a major determinant of nitric oxide bioavailability: in vivo and ex vivo evidence
from ecSOD-deficient mice. Circ Res. 2003; 93: 622—629.

Just A, Arendshorst WJ. Dynamics and contribution of mechanisms mediating renal blood flow
autoregulation. Am J Physiol Regul Integr Comp Physiol. 2003; 285:R619-31.

Just A, Olson AJ, Whitten CL, Arendshorst WJ. Superoxide mediates acute renal
vasoconstriction produced by angiotensin Il and catecholamines by a mechanism independent of
nitric oxide. Am J Physiol Heart Circ Physiol. 2007; 292:H83-92.

Kaloyanides GJ, Dibona GF, Bastron RD. Effect of blood volume expansion on tubule sodium
transport in the isolated dog kidney. Proc Soc Exp Biol Med. 1975; 148:765-73.

Kang KT, Sullivan JC, Sasser JM, Imig JD, Pollock JS. Novel nitric oxide synthase-dependent
mechanism of vasorelaxation in small arteries from hypertensive rats. Hypertension. 2007 ;
49:893-901.

Kantachuvesiri S, Fleming S, Peters J, Peters B, Brooker G, Lammie AG, McGrath I,
Kotelevtsev Y, Mullins JJ. Controlled hypertension, a transgenic toggle switch reveals
differential mechanisms underlying vascular disease. J Biol Chem. 2001; 276:36727-33.
Kitiyakara C, Wilcox CS. Antioxidants for hypertension. Curr Opin Nephrol Hypertens.
1998;7:531-8.

Komers R, Oyama TT, Chapman JG, Allison KM, Anderson S. Effects of systemic inhibition of
neuronal nitric oxide synthase in diabetic rats. Hypertension. 2000; 35:655-61.

Kone, BC, and Baylis C. Biosynthesis and homeostatic roles of nitric oxide in the normal
kidney. Am J Physiol Renal Physiol 1997; 272: F561-F578.

Kopkan L, Castillo A, Navar LG, Majid DS. Enhanced superoxide generation modulates renal
function in ANG ll-induced hypertensive rats. Am J Physiol Renal Physiol. 2006; 290:F80-6.
Kopkan L, Kramer HJ, Huskova Z, Vanourkova Z, Backer A, Bader M, Ganten D, Cervenka L.
Plasma and kidney angiotensin 1l levels and renal functional responses to AT(1) receptor
blockade in hypertensive Ren-2 transgenic rats. J Hypertens. 2004; 22:819-25.

Kopkan L, Kramer HJ, Huskova Z, Vanourkova Z, Skaroupkova P, Thurmova M, Cervenka L.
The role of intrarenal angiotensin Il in the development of hypertension in Ren-2 transgenic rats.
J Hypertens. 2005; 23:1531-9.

Kopkan L, Majid DS. Superoxide contributes to development of salt sensitivity and
hypertension induced by nitric oxide deficiency. Hypertension. 2005; 46:1026-31.

Kopkan L, Majid DS. Enhanced superoxide activity modulates renal function in NO-deficient

hypertensive rats. Hypertension. 2006; 47:568-72.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12791588&query_hl=21&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16951043&query_hl=312&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1129297&query_hl=88&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17309950&query_hl=264&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11448960&query_hl=56&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11448960&query_hl=56&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9818200&query_hl=151&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10679513&query_hl=90&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16106039&query_hl=1&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15126925&query_hl=49&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16003180&query_hl=42&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16401762&query_hl=248&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16401762&query_hl=248&itool=pubmed_docsum

79.
80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Koppenol WH. The Haber-Weiss cycle--70 years later. Redox Rep. 2001; 6:229-34.

Koshland DE Jr. The molecule of the year. Science. 1992; 258:1861.

Leonard AM, Chafe LL, Montani JP, Van Vliet BN. Increased salt-sensitivity in endothelial
nitric oxide synthase-knockout mice. Am J Hypertens. 2006; 19:1264-9.

Liard JF, Cowley AW Jr, McCaa RE, McCaa CS, Guyton AC. Renin, aldosterone, body fluid
volumes, and the baroreceptor reflex in the development and reversal of Goldblatt hypertension
in conscious dogs. Circ Res. 1974; 34:549-60.

Loépez B, Salom MG, Arregui B, Valero F, Fenoy FJ. Role of superoxide in modulating the renal
effects of angiotensin Il. Hypertension. 2003; 42:1150-6.

Liu R, Ren Y, Garvin JL, Carretero OA. Superoxide enhances tubuloglomerular feedback by
constricting the afferent arteriole. Kidney Int. 2004; 66:268-74.

Magaldi AJ, Cesar KR, de Araujo M, Simoes e Silva AC, Santos RA. Angiotensin-(1-7)
stimulates water transport in rat inner medullary collecting duct: evidence for involvement of
vasopressin V2 receptors. Pflugers Arch. 2003; 447:223-30.

Majid DS, Kopkan L. Nitric oxide and superoxide interactions in the kidney and their
implication in the development of salt-sensitive hypertension. Clin Exp Pharmacol Physiol.
2007; 34:946-52.

Majid DS, Navar LG. Nitric oxide in the mediation of pressure natriuresis. Clin Exp Pharmacol
Physiol. 1997; 24:595-9.

Majid DS, Navar LG. Nitric oxide in the control of renal hemodynamics and excretory function.
Am J Hypertens. 2001; 14:74S-82S.

Majid DS, Nishiyama A. Nitric oxide blockade enhances renal responses to superoxide
dismutase inhibition in dogs. Hypertension. 2002; 39:293-7.

Majid DSA, Nishiyama A, Jackson KE, Castillo A. Inhibition of nitric oxide synthase enhances
superoxide activity in canine kidney. Am J Physiol Regul Integr Comp Physiol. 2004; 287: R27-
32.

Majid DS, Nishiyama A, Jackson KE, Castillo A. Superoxide scavenging attenuates renal
responses to ANG Il during nitric oxide synthase inhibition in anesthetized dogs. Am J Physiol
Renal Physiol. 2005; 288: F412-419.

Majid DS, Williams A, Navar LG. Inhibition of nitric oxide synthesis attenuates pressure-
induced natriuretic responses in anesthetized dogs. Am J Physiol. 1993; 264:F79-87.

Makino A, Skelton MM, Zou AP, Cowley AW Jr. Increased renal medullary H202 leads to
hypertension. Hypertension. 2003; 42:25-30.

Makino A, Skelton MM, Zou AP, Roman RJ, Cowley AW Jr. Increased renal medullary
oxidative stress produces hypertension. Hypertension. 2002; 39:667-72.

Manning RD Jr, Tian N, Meng S. Oxidative stress and antioxidant treatment in hypertension and
the associated renal damage. Am J Nephrol. 2005; 25:311-7.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11642713&query_hl=117&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1470903&query_hl=160&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17161773&query_hl=96&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=4857066&query_hl=32&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15200433&query_hl=254&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=14534790&query_hl=15&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9269534&query_hl=133&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=11411769&query_hl=51&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11847200&query_hl=194&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=8430833&query_hl=122&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12782642&query_hl=259&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11882628&query_hl=290&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15956781&query_hl=295&itool=pubmed_docsum

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Marks LS, Maxwell MH. Tigerstedt and the discovery of renin. An historical note.
Hypertension. 1979; 1:384-8.

Massion PB, Balligand JL. Modulation of cardiac contraction, relaxation and rate by the
endothelial nitric oxide synthase (eNOS): lessons from genetically modified mice. J Physiol.
2003; 546:63-75.

Mattson DL, Lu S, Nakanishi K, Papanek PE, Cowley AW Jr. Effect of chronic renal medullary
nitric oxide inhibition on blood pressure. Am J Physiol. 1994; 266:H1918-26.

Mattson DL, Maeda CY, Bachman TD, Cowley AW Jr. Inducible nitric oxide synthase and
blood pressure. Hypertension. 1998; 31:15-20.

Mehta PK, Griendling KK. Angiotensin Il cell signaling: physiological and pathological effects
in the cardiovascular system. Am J Physiol Cell Physiol. 2007; 292:C82-97.

Meister B, Lippoldt A, Bunnemann B, Inagami T, Ganten D, Fuxe K. Cellular expression of
angiotensin type-1 receptor MRNA in the kidney. Kidney Int. 1993; 44:331-6.

Mitchell KD, Bagatell SJ, Miller CS, Mouton CR, Seth DM, Mullins JJ. Genetic clamping of
renin gene expression induces hypertension and elevation of intrarenal Ang Il levels of graded
severity in Cyplal-Ren2 transgenic rats. J Renin Angiotensin Aldosterone Syst. 2006; 7:74-86.
Mitchell KD, Mullins JJ. ANG Il dependence of tubuloglomerular feedback responsiveness in
hypertensive ren-2 transgenic rats. Am J Physiol. 1995; 268:F821-8.

Mitchell KD, Navar LG. Enhanced tubuloglomerular feedback during peritubular infusions of
angiotensins | and 1l. Am J Physiol. 1988; 255:F383-90.

Miyata N, Park F, Li XF, Cowley AW Jr. Distribution of angiotensin AT1 and AT2 receptor
subtypes in the rat kidney. Am J Physiol. 1999; 277:F437-46.

Moncada S, Palmer RM, Higgs EA. The biological significance of nitric oxide formation from
L-arginine. Biochem Soc Trans. 1989; 17:642-4.

Moncada S. Nitric oxide. J Hypertens Suppl. 1994; 12:S35-9.

Moore PK, Babbedge RC, Wallace P, Gaffen ZA, Hart SL. 7-Nitro indazole, an inhibitor of
nitric oxide synthase, exhibits anti-nociceptive activity in the mouse without increasing blood
pressure. Br J Pharmacol. 1993;108:296-7.

Moore LC, Casellas D. Tubuloglomerular feedback dependence of autoregulation in rat
juxtamedullary afferent arterioles. Kidney Int 1990; 37:1402-1408.

Moreno C, Maier KG, Hoagland KM, Yu M, Roman RJ. Abnormal pressure-natriuresis in
hypertension: role of cytochrome P450 metabolites of arachidonic acid. Am J Hypertens. 2001,
14:90S-97S.

Mullins JJ, Peters J, Ganten D. Fulminant hypertension in transgenic rats harbouring the mouse
Ren-2 gene. Nature. 1990; 344:541-4.

Murad F. Regulation of cytosolic guanylyl cyclase by nitric oxide: the NO-cyclic GMP signal
transduction system. Adv Pharmacol. 1994; 26:19-33.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=396241&query_hl=5&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12509479&query_hl=230&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=8203591&query_hl=80&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9449384&query_hl=74&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16870827&query_hl=88&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=8377377&query_hl=101&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17083061&query_hl=58&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7771510&query_hl=37&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=3414799&query_hl=59&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10484527&query_hl=96&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2670632&query_hl=149&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7539493&query_hl=192&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7680591&query_hl=50&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11411771&query_hl=111&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2181319&query_hl=36&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7913616&query_hl=188&itool=pubmed_docsum

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Navar LG. The kidney in blood pressure regulation and development of hypertension.
Med Clin North Am. 1997; 81:1165-98.

Navar LG. Integrating multiple paracrine regulators of renal microvascular dynamics.
Am J Physiol. 1998; 274:F433-44.

Navar, LG, Bell PD, and Burke TJ. Role of a macula densa feedback mechanism as a mediator
of renal autoregulation. Kidney Int Suppl 1982; 12: S157-S164.

Navar LG, Harrison-Bernard LM, Imig JD, Wang CT, Cervenka L, Mitchell KD. Intrarenal
angiotensin Il generation and renal effects of AT1 receptor blockade. J Am Soc Nephrol.
1999;10 Suppl 12:S266-72.

Navar LG, Harrison-Bernard LM, Nishiyama A, Kobori H. Regulation of intrarenal angiotensin
Il in hypertension. Hypertension. 2002; 39:316-22.

Navar LG, Ichihara A, Chin SY, Imig JD. Nitric oxide-angiotensin Il interactions in angiotensin
I1-dependent hypertension. Acta Physiol Scand. 2000; 168:139-47.

Navar LG, Von Thun AM, Zou L, el-Dahr SS, Mitchell KD. Enhancement of intrarenal
angiotensin Il levels in 2 kidney 1 clip and angiotensin Il induced hypertension. Blood Press
Suppl. 1995; 2:88-92.

Navar LG, Zou L, Von Thun A, Tarng Wang C, Imig JD, Mitchell KD. Unraveling the Mystery
of Goldblatt Hypertension. News Physiol Sci. 1998; 13:170-176.

Nguyen G. The (pro)renin receptor: pathophysiological roles in cardiovascular and renal
pathology. Curr Opin Nephrol Hypertens. 2007; 16:129-33.

Nishiyama A, Majid DS, Walker M 3rd, Miyatake A, Navar LG. Renal interstitial atp responses
to changes in arterial pressure during alterations in tubuloglomerular feedback activity.
Hypertension. 2001; 37:753-9.

Nishiyama A, Seth DM, Navar LG. Renal interstitial fluid concentrations of angiotensins | and
Il in anesthetized rats. Hypertension. 2002; 39:129-34.

Okazaki H, Minamino T, Tsukamoto O, Kim J, Okada K, Myoishi M, Wakeno M, Takashima S,
Mochizuki N, Kitakaze M. Angiotensin Il type 1 receptor blocker prevents atrial structural
remodeling in rats with hypertension induced by chronic nitric oxide inhibition. Hypertens Res.
2006; 29:277-84.

Ollerstam A, Pittner J, Persson AE, Thorup C. Increased blood pressure in rats after long-term
inhibition of the neuronal isoform of nitric oxide synthase. J Clin Invest. 1997; 99:2212-8.
Opocensky M, Dvorak P, Maly J, Kramer HJ, Backer A, Kopkan L, Vernerova Z, Tesar V,
Zima T, Bader M, Ganten D, Janda J, Vaneckova I. Chronic endothelin receptor blockade
reduces end-organ damage independently of blood pressure effects in salt-loaded heterozygous
Ren-2 transgenic rats. Physiol Res. 2004; 53:581-93.

Ortiz PA, Garvin JL. Cardiovascular and renal control in NOS-deficient mouse models.
Am J Physiol Regul Integr Comp Physiol. 2003; 284:R628-38.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9308604&query_hl=8&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9530259&query_hl=55&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10201881&query_hl=46&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11882566&query_hl=104&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10691792&query_hl=10&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7582082&query_hl=25&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11390784&query_hl=25&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17293688&query_hl=80&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11230369&query_hl=55&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11799091&query_hl=66&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9151793&query_hl=48&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15588125&query_hl=46&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15588125&query_hl=46&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12571071&query_hl=231&itool=pubmed_docsum

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

Osborn JL. Relation between sodium intake, renal function, and the regulation of arterial
pressure. Hypertension. 1991; 17:191-6.

Ozono R, Wang ZQ, Moore AF, Inagami T, Siragy HM, Carey RM. Expression of the subtype 2
angiotensin (AT2) receptor protein in rat kidney. Hypertension. 1997; 30:1238-46.

Padia SH, Kemp BA, Howell NL, Siragy HM, Fournie-Zaluski MC, Roques BP, Carey RM.
Intrarenal aminopeptidase N inhibition augments natriuretic responses to angiotensin Il in
angiotensin type 1 receptor-blocked rats. Hypertension. 2007; 49:625-30.

Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health and disease.
Physiol Rev. 2007; 87:315-424.

Palmer RM, Ferrige AG, Moncada S. Nitric oxide release accounts for the biological activity of
endothelium-derived relaxing factor. Nature. 1987; 327:524-6.

Paravicini TM, Sobey CG. Cerebral vascular effects of reactive oxygen species: recent evidence
for a role of NADPH-oxidase. Clin Exp Pharmacol Physiol. 2003; 30:855-9.

Paravicini TM, Touyz RM. Redox signaling in hypertension. Cardiovasc Res. 2006; 71:247-58.
Patzak A, Persson AE. Angiotensin Il-nitric oxide interaction in the kKidney. Curr Opin Nephrol
Hypertens. 2007; 16:46-51.

Paul RV, Kirk KA, Navar LG. Renal autoregulation and pressure natriuresis during ANF-
induced diuresis. Am J Physiol. 1987; 253:F424-31.

Persson PB, Ehmke H, Kogler U, Kirchheim H. Modulation of natriuresis by sympathetic
nerves and angiotensin Il in conscious dogs. Am J Physiol. 1989; 256:F485-9.

Ploth DW. Angiotensin-dependent renal mechanisms in two-kidney, one-clip renal vascular
hypertension. Am J Physiol. 1983; 245:F131-41.

Raij L. Workshop: hypertension and cardiovascular risk factors: role of the angiotensin Il-nitric
oxide interaction. Hypertension. 2001; 37:767-73.

Reaux A, Fournie-Zaluski MC, Llorens-Cortes C. Angiotensin Ill: a central regulator of
vasopressin release and blood pressure. Trends Endocrinol Metab. 2001; 12:157-62.

Reckelhoff JF, Romero JC. Role of oxidative stress in angiotensin-induced hypertension.
Am J Physiol Regul Integr Comp Physiol. 2003; 284:R893-912.

Reddy SV. Regulatory mechanisms operative in osteoclasts. Crit Rev Eukaryot Gene Expr.
2004; 14:255-70

Ren YL, Garvin JL, Ito S, Carretero OA. Role of neuronal nitric oxide synthase in the macula
densa. Kidney Int. 2001; 60:1676-83.

Rodriguez-lturbe B, Vaziri ND, Herrera-Acosta J, Johnson RJ. Oxidative stress, renal
infiltration of immune cells, and salt-sensitive hypertension: all for one and one for all. Am J
Physiol Renal Physiol. 2004; 286:F606-16.

Roman RJ, Cowley AW Jr. Characterization of a new model for the study of pressure-natriuresis
in the rat. Am J Physiol. 1985; 248:F190-8.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1987019&query_hl=73&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9369282&query_hl=12&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17190872&query_hl=74&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17237348&query_hl=137&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=3495737&query_hl=146&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=14678250&query_hl=270&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16765337&query_hl=84&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17143071&query_hl=6&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2957927&query_hl=127&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=2522278&query_hl=100&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=6881332&query_hl=24&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11230371&query_hl=229&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11295571&query_hl=3&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12626356&query_hl=256&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15663356&query_hl=138&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11703584&query_hl=11&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15001451&query_hl=193&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=3970209&query_hl=86&itool=pubmed_docsum

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.
160.

161.

162.

Romero JC, Reckelhoff JF. Role of angiotensin and oxidative stress in essential hypertension.
Hypertension. 1999; 34:943-9.

Rothe CF, Nash FD, Thompson DE. Patterns in autoregulation of renal blood flow in the dog.
Am J Physiol. 1971; 220:1621-6.

Ruiz-Ortega M, Esteban V, Ruperez M, Sanchez-Lopez E, Rodriguez-Vita J, Carvajal G, Egido
J. Renal and vascular hypertension-induced inflammation: role of angiotensin II. Curr Opin
Nephrol Hypertens. 2006; 15:159-66.

Sander M, Bader M, Djavidani B, Maser-Gluth C, Vecsei P, Mullins J, Ganten D, Peters J. The
role of the adrenal gland in hypertensive transgenic rat TGR(mRENZ2)27. Endocrinology. 1992;
131:807-14.

Santos RA, Campagnole-Santos MJ, Andrade SP. Angiotensin-(1-7): an update. Regul Pept.
2000; 91:45-62.

Scrogin KE, Hatton DC, Chi Y, Luft FC. Chronic nitric oxide inhibition with L-NAME: effects
on autonomic control of the cardiovascular system. Am J Physiol. 1998; 274:R367-74.
Schiavone MT, Santos RA, Brosnihan KB, Khosla MC, Ferrario CM. Release of vasopressin
from the rat hypothalamo-neurohypophysial system by angiotensin-(1-7) heptapeptide. Proc
Natl Acad Sci USA. 1988; 85:4095-8.

Schnackenberg CG, Wilkins FC, Granger JP. Role of nitric oxide in modulating the
vasoconstrictor actions of angiotensin Il in preglomerular and postglomerular vessels in dogs.
Hypertension. 1995; 26:1024-9.

Schnermann J, Levine DZ. Paracrine factors in tubuloglomerular feedback: adenosine, ATP,
and nitric oxide. Annu Rev Physiol. 2003; 65:501-29.

Schulman IH, Zhou MS, Raij L. Nitric oxide, angiotensin Il, and reactive oxygen species in
hypertension and atherogenesis. Curr Hypertens Rep. 2005; 7:61-7.

Sibony M, Gasc JM, Soubrier F, Alhenc-Gelas F, Corvol P.Gene expression and tissue
localization of the two isoforms of angiotensin | converting enzyme. Hypertension. 1993;
21:827-35.

Sies H. Oxidative stress: oxidants and antioxidants. Exp Physiol. 1997; 82:291-5.

Siragy HM, Xue C, Abadir P, Carey RM. Angiotensin subtype-2 receptors inhibit renin
biosynthesis and angiotensin 1l formation. Hypertension. 2005; 45:133-7.

Smith O. Nobel Prize for NO research. Nat Med. 1998; 4:1215.

Stock P, Liefeldt L, Paul M, Ganten D. Local renin-angiotensin systems in cardiovascular
tissues: localization and functional role. Cardiology. 1995; 86 Suppl 1:2-8.

Taylor NE, Cowley AW Jr. Effect of renal medullary H202 on salt-induced hypertension and
renal injury. Am J Physiol Regul Integr Comp Physiol. 2005; 289:R1573-9.

Thakali K, Davenport L, Fink GD, Watts SW. Pleiotropic effects of hydrogen peroxide in

arteries and veins from normotensive and hypertensive rats. Hypertension. 2006; 47:482-7.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10523389&query_hl=2&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=5087810&query_hl=20&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16481883&query_hl=56&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16481883&query_hl=56&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=1322284&query_hl=37&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10967201&query_hl=12&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=3375255&query_hl=6&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7498961&query_hl=252&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12208992&query_hl=47&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15683588&query_hl=3&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=8388857&query_hl=61&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9129943&query_hl=165&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15534073&query_hl=21&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9809526&query_hl=154&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=7614502&query_hl=24&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16109803&query_hl=261&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16432037&query_hl=267&itool=pubmed_docsum

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Thomas SR, Chen K, Keaney JF Jr. Hydrogen peroxide activates endothelial nitric-oxide
synthase through coordinated phosphorylation and dephosphorylation via a phosphoinositide 3-
kinase-dependent signaling pathway. J Biol Chem. 2002; 277:6017-24.

Thomsen LL, Olesen J. Nitric oxide theory of migraine. Clin Neurosci. 1998; 5:28-33.

Tolins JP, Shultz PJ. Endogenous nitric oxide synthesis determines sensitivity to the pressor
effect of salt. Kidney Int. 1994; 46:230-6.

Touyz RM. Reactive oxygen species, vascular oxidative stress, and redox signaling in
hypertension: what is the clinical significance? Hypertension. 2004, 44:248-52.

Tsutsui M, Shimokawa H, Morishita T, Nakashima Y, Yanagihara N. Development of
genetically engineered mice lacking all three nitric oxide synthases. J Pharmacol Sci. 2006;
102:147-54.

Vallon V, Traynor T, Barajas L, Huang YG, Briggs JP, Schnermann J. Feedback control of
glomerular vascular tone in neuronal nitric oxide synthase knockout mice. J Am Soc Nephrol.
2001; 12:1599-606.

Vaneckova I, Kramer HJ, Novotna J, Kazdova L, Opocensky M, Bader M, Ganten D, Cervenka
L. Roles of nitric oxide and oxidative stress in the regulation of blood pressure and renal
function in prehypertensive Ren-2 transgenic rats. Kidney Blood Press Res. 2005; 28:117-26.
Vaneckova |, Kunes J, Jelinek J. Function of the isolated perfused kidneys from young or adult
rats with post-DOCA-salt hypertension. Clin Exp Hypertens. 1999; 21:407-21.

Vanourkova Z, Kramer HJ, Huskova Z, Vaneckova I, Opocensky M, Chabova VC, Tesar V,
Skaroupkova P, Thumova M, Dohnalova M, Mullins JJ, Cervenka L. AT1 receptor blockade is
superior to conventional triple therapy in protecting against end-organ damage in Cyplal-Ren-2
transgenic rats with inducible hypertension. J Hypertens. 2006; 24:2465-72.

Walker M 3rd, Harrison-Bernard LM, Cook AK, Navar LG. Dynamic interaction between
myogenic and TGF mechanisms in afferent arteriolar blood flow autoregulation. Am J Physiol
Renal Physiol. 2000; 279:F858-65.

Wang T, Giebisch G. Effects of angiotensin Il on electrolyte transport in the early and late distal
tubule in rat kidney. Am J Physiol. 1996; 271:F143-9.

Wang W, Mitra A, Poole B, Falk S, Lucia MS, Tayal S, Schrier R. Endothelial nitric oxide
synthase-deficient mice exhibit increased susceptibility to endotoxin-induced acute renal failure.
Am J Physiol Renal Physiol. 2004; 287:F1044-8.

Welch WJ, Chabrashvili T, Solis G, Chen Y, Gill PS, Aslam S, Wang X, Ji H, Sandberg K, Jose
P, Wilcox CS. Role of extracellular superoxide dismutase in the mouse angiotensin slow pressor
response. Hypertension. 2006; 48:934-41.

Wilcox CS. Role of macula densa NOS in tubuloglomerular feedback. Curr Opin Nephrol
Hypertens. 1998; 7:443-9.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11744698&query_hl=279&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9523055&query_hl=202&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15262903&query_hl=63&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17031076&query_hl=102&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11461931&query_hl=15&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=15795515&query_hl=42&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=15795515&query_hl=42&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10369383&query_hl=80&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17082731&query_hl=61&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=17082731&query_hl=61&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=11053046&query_hl=38&itool=pubmed_DocSum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=8760255&query_hl=43&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15475535&query_hl=97&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=9690045&query_hl=41&itool=pubmed_docsum

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Wilcox CS. Oxidative stress and nitric oxide deficiency in the kidney: a critical link to
hypertension? Am J Physiol Regul Integr Comp Physiol. 2005; 289:R913-35.

Wilcox CS. Special feature: cardiovascular-kidney interactions in health and disease.
Am J Physiol Regul Integr Comp Physiol. 2006; 290:R34-6.

Wilcox CS, Welch WJ. Interaction between nitric oxide and oxygen radicals in regulation of
tubuloglomerular feedback. Acta Physiol Scand. 2000; 168:119-24.

Williams MS, Kwon J. T cell receptor stimulation, reactive oxygen species, and cell signaling.
Free Radic Biol Med. 2004; 37:1144-51.

Wink DA, Mitchell JB: Chemical biology of nitric oxide: Insights into regulatory, cytotoxic, and
cytoprotective mechanisms of nitric oxide. Free Radic Biol Med 1998; 25: 434-456.

Wolin MS, Ahmad M, Gupte SA. The sources of oxidative stress in the vessel wall.
Kidney Int. 2005; 67:1659-61.

Wu XC, Johns EJ. nteractions between nitric oxide and superoxide on the neural regulation of
proximal fluid reabsorption in hypertensive rats. Exp Physiol. 2004; 89:255-61.

Xie QW, Leung M, Fuortes M, Sassa S, Nathan C. Complementation analysis of mutants of
nitric oxide synthase reveals that the active site requires two hemes. Proc Natl Acad Sci USA.
1996; 93:4891-6.

Yamada SS, Sassaki AL, Fujihara CK, Malheiros DM, De Nucci G, Zatz R. Effect of salt intake
and inhibitor dose on arterial hypertension and renal injury induced by chronic nitric oxide
blockade. Hypertension. 1996; 27:1165-72.

Zelko IN, Mariani TJ, Folz RJ. Superoxide dismutase multigene family: a comparison of the
CuZn-SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3) gene structures, evolution, and
expression. Free Radic Biol Med. 2002; 33:337-49.

Zou LX, Imig JD, von Thun AM, Hymel A, Ono H, Navar LG. Receptor-mediated intrarenal

angiotensin 1l augmentation in angiotensin Il-infused rats. Hypertension. 1996; 28:669-77.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16352861&query_hl=227&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=10691789&query_hl=255&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15451054&query_hl=129&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15840006&query_hl=65&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=15123560&query_hl=283&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=8643499&query_hl=171&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=12126755&query_hl=84&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=8843896&query_hl=13&itool=pubmed_docsum

PRILOHY - odborné publikace

1. Kopkan L, Castillo A, Navar LG, Majid DS. Enhanced superoxide
generation modulates renal function in ANG Il-induced hypertensive rats.
Am J Physiol Renal Physiol. 2006; 290:F80-86.

2. Kopkan L, Majid DS. Enhanced superoxide activity modulates renal
function in NO-deficient hypertensive rats. Hypertension. 2006; 47:568-
572.

3. Kopkan L, Huskova Z, Vanourkova Z, Thumova M, Skaroupkova P,
Cervenka L, Majid DS. Superoxide and its interaction with nitric oxide
modulates renal function in prehypertensive Ren-2 transgenic rats. J
Hypertens. 2007; 25:2257-2265.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16106039&query_hl=1&itool=pubmed_docsum
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Retrieve&dopt=AbstractPlus&list_uids=16401762&query_hl=248&itool=pubmed_docsum

Libor Kopkan, Alexander Castillo, L. Gabriel Navar and Dewan S. A. Majid
AmJ Physiol Renal Physiol 290:80-86, 2006. First published Aug 16, 2005;
doi:10.1152/gjprenal .00090.2005

You might find thisadditional information useful...

This article cites 37 articles, 30 of which you can access free at:
http://ajprenal .physiol ogy.org/cgi/content/full/290/1/F80#BI BL

This article has been cited by 1 other HighWire hosted article:

Super oxide mediates acute renal vasoconstriction produced by angiotensin |1 and
catecholamines by a mechanism independent of nitric oxide

A. Just, A. J. M. Olson, C. L. Whitten and W. J. Arendshorst

Am J Physiol Heart Circ Physiol, January 1, 2007; 292 (1): H83-H92.

[Abstract] [Full Text] [PDF]

Updated information and services including high-resolution figures, can be found at:
http://ajprenal .physiol ogy.org/cgi/content/full/290/1/F80

Additional material and information about AJP - Renal Physiology can be found at:
http://www.the-aps.org/publications/ajprenal

Thisinformation is current as of December 7, 2007 .

AJP - Renal Physiology publishes original manuscripts on a broad range of subjects relating to the kidney, urinary tract, and their
respective cells and vasculature, as well as to the control of body fluid volume and composition. It is published 12 times a year
(monthly) by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the
American Physiological Society. ISSN: 0363-6127, ESSN: 1522-1466. Visit our website at http://www.the-aps.org/.

/00Z ‘/ lagwada uo Bio AbojoisAyd-jeuaidle woiy papeojumod



http://ajprenal.physiology.org/cgi/content/full/290/1/F80#BIBL
http://ajpheart.physiology.org/cgi/content/abstract/292/1/H83
http://ajpheart.physiology.org/cgi/content/full/292/1/H83
http://ajpheart.physiology.org/cgi/reprint/292/1/H83
http://ajprenal.physiology.org/cgi/content/full/290/1/F80
http://www.the-aps.org/publications/ajprenal
http://www.the-aps.org/
http://ajprenal.physiology.org

Am J Physiol Renal Physiol 290: FS0-F86, 2006.
First published August 16, 2005; doi:10.1152/ajprenal.00090.2005.

Enhanced superoxide generation modulates renal function in ANG II-induced
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Kopkan, Libor, Alexander Castillo, L. Gabriel Navar, and
Dewan S. A. Majid. Enhanced superoxide generation modulates renal
function in ANG II-induced hypertensive rats. Am J Physiol Renal
Physiol 290: F80-F86, 2006. First published August 16, 2005;
doi:10.1152/ajprenal.00090.2005.—This study was performed to ex-
amine the role of superoxide formation in the regulation of renal
hemodynamic and excretory function and to assess its contribution in
the pathogenesis of ANG II-dependent hypertension. Renal responses
to acute intra-arterial infusion of the O, scavenger tempol (50
pg-min~'-100 g body wt™!) with or without catalase (1,500
U-min~'-100 g~ '; both native and polyethylene glycol-catalase),
which reduces H>O», were evaluated in anesthetized male Sprague-
Dawley rats treated chronically with ANG II (65 ng/min) for 2 wk and
compared with nontreated control rats. In ANG Il-treated hyperten-
sive rats, tempol caused increases in medullary (13 % 2%), cortical
(5 = 2%), and total renal blood flow (9 = 2%) without altering
systemic arterial pressure. There were also increases in glomerular
filtration rate (9 £ 2%), urine flow (17 = 4%), and sodium excretion
(26 = 5%). However, tempol infusion in nontreated normotensive rats
did not cause significant changes in any of these renal parameters.
Coinfusion of catalase with tempol did not alter the responses ob-
served with tempol alone, indicating that the observed renal responses
to tempol in ANG Il-treated rats were attributed to its O, scavenging
effects without the involvement of H»O,. Tempol infusion also
significantly decreased 8-isoprostane excretion in ANG II-treated rats
(39 £ 6%) without changes in H>O» excretion. However, coinfusion
of catalase reduced H>O» excretion in both ANG IlI-treated (41 = 6%)
and nontreated rats (28 = 5%). These data demonstrate that
enhanced generation of O5 modulates renal hemodynamic and
tubular reabsoptive function, possibly leading to sodium retention
and thus contributing to the pathogenesis of ANG II-induced
hypertension.

superoxide; angiotensin II

ANG 11 1S A powerful vasocontrictor and biological hypertensi-
nogenic agent contributing importantly to the regulation of
renal function and blood pressure (21, 27, 34). Chronic admin-
istration of a low dose of ANG II, which does not cause
increases in blood pressure acutely, leads to the progressive
development of hypertension (5, 9, 33) and an increase in
oxidative stress (27, 34). Elevated intrarenal ANG II levels
cause alterations in renal function, leading to sodium retention
and thus contributing to the development and maintenance of
hypertension (9, 33, 38). It has been proposed that the vaso-
constrictor and hypertensive effects of ANG II are due, in part,
to increases in the production of superoxide (O, ) via activation

of NADPH oxidase, which is an important enzymatic source of
O, in the body (2, 26).

As a highly reactive agent, O, interacts with many endog-
enous substances, in particular with nitric oxide (NO), which
acts as an antioxidant by reducing O, levels (17). It is also
degraded by superoxide dismutase (SOD) enzyme to form
H>0; (25). O, oxidizes arachidonic acid nonenzymatically to
generate free isoprostanes that are recognized as markers for
increased endogenous O, activity (6, 10, 17, 28). One of them,
8-isoprostane was demonstrated to be higher in both plasma
and urine samples from hypertensive rats induced by ANG II
(2, 28) or endothelin (31), as well as spontaneously hyperten-
sive rats (SHR; see Ref. 30), compared with normotensive
control rats. Generally, O, is involved in cellular signaling in
a variety of tissues under normal and in pathological condi-
tions, where its inappropriate generation may contribute to the
pathophysiology of hypertension. Recent reports support a
direct renal vasoconstrictor and antinatriuretic effect of O, in
vivo (15, 16, 18) as well as an effect on sodium transport in
vitro (23). These results suggest an integral role of O, in
regulation of kidney function in hypertension associated with
elevated levels of ANG II.

In the present study, we examined the hypothesis that ANG
II-induced O, generation influences renal vascular and tubular
function, leading to sodium retention, and thus plays a role in
the pathogenesis of hypertension. We evaluated the renal
functional responses to a O, scavenger, tempol (4-hydroxy-
tetramethylpiperidime-1-oxyl), infused directly in the left renal
artery of anesthetized male Sprague-Dawley rats treated chron-
ically with ANG II. Normal Sprague-Dawley rats served as
control animals. Tempol is a low-molecular-weight nitroxide
compound that is membrane permeable and that reduces en-
dogenous O, levels, as shown by many in vitro and in vivo
studies (3, 15, 17, 18, 29). Because it has been suggested that
administration of tempol may enhance the H,O, level in the
kidney (4, 19), we also evaluated the responses to coinfusion of
catalase with tempol to delineate between the effects resulting
from scavenging of O, from those due to possible enhance-
ment of H,O, during administration of tempol. In these exper-
iments, native catalase, which is poorly cell permeable, and the
more cell-permeable polyethylene glycol (PEG) catalase were
used to readily reduce H,O, to water and thus minimize the
action of H>O; in the tissue (25). Intra-arterial administration
of drugs was made directly in the kidney, allowing determina-
tion of their direct renal effects without alterations in blood
pressure (12).
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METHODS

Animal preparation. The study was performed in male Sprague-
Dawley rats (Charles River Laboratories, Wilmington, MA) in accor-
dance with the guidelines and practices established by the Tulane
University Animal Care and Use Committee. After 3 days acclima-
tion, rats (220-250 g) were randomly divided into nontreated groups
and ANG II-treated groups. ANG Il-treated rats were implanted with
osmotic minipumps (model 2002; Alzet, Cupertino, CA) subcutane-
ously under anesthesia (pentobarbital sodium, 50 mg/kg ip; Sigma, St.
Louis, MO). The osmotic minipumps were employed for chronic
continuous infusion of a low dose of synthetic ANG II (Sigma) at a
rate of 65 ng/min, which leads to the progressive development of
hypertension during the course of 2 wk (2, 5, 34). In the present study,
nontreated control groups were not implanted with the minipumps,
since previous studies have reported that sham-operated (implanted
minipump with saline) control rats do not show any differences in
systemic and renal parameters compared with nonimplanted control
groups (5, 36). Systolic blood pressure (SBP) was measured one time
every 2-3 days by tail-cuff plethysmography to monitor blood pres-
sure changes during a 2-wk period before acute experiments.

At the end of 2 wk of chronic ANG II treatment, acute clearance
experiments were performed to determine renal responses to tempol
and catalase in anesthetized (pentobarbital sodium, 50 mg/kg ip) ANG
[I-infused hypertensive and nontreated normotensive rats. The right
jugular vein was catheterized for intravenous administration of solu-
tions. The right femoral artery was cannulated to allow continuous
monitoring of arterial blood pressure (AcqKnowledge data acquisition
system; Biopac) and blood sampling. The left kidney was exposed via
a flank incision and placed in a Lucite cup, and the ureter was
cannulated with a PE-10 catheter for urine collection. A tapered PE-10
catheter was inserted in the renal artery via the left femoral artery to
allow intra-arterial administration of drugs directly in the kidney (12).
This catheter was kept patent by a continuous infusion of heparinized
isotonic saline at a rate of 5 pl/min throughout the experiment.

An ultrasonic flow probe (Transonic System) was placed on the left
renal artery to measure total renal blood flow (RBF). Laser-Doppler
needle flow probes (500 wm OD; Periflex 4001; Perimed) were used
to measure the relative changes in cortical (CBF) and medullary
(MBF) blood flow, as reported earlier (5). Zero flow was determined
when the renal artery was completely occluded at the end of the
experiment.

Experimental protocol. Acute experiments were conducted in the
following groups of rats: A) a nontreated normotensive group with /)
vehicle (saline) infusion (n = 8); 2) tempol infusion (n = 9); and 3)
tempol + native catalase coinfusion (n = 6) or B) ANG Il-treated
hypertensive groups receiving 4) vehicle infusion (n = 9); 5) tempol
infusion (n = 9); 6) tempol + native catalase coinfusion (n = 6); and
7) tempol + PEG-catalase coinfusion (n = 4).

After 60-min stabilization, the experimental protocol was started
with a 30-min control clearance period to assess baseline control
values of renal hemodynamic and excretory parameters. Next the
intra-arterial infusion of tempol was given for 75 min to determine
renal functional responses during drug administration. After the ini-
tiation of tempol infusion, an equilibration 15-min period was allowed
before two 30-min clearance experimental periods in these experi-
ments. Tempol (Sigma Chemical) was infused at a dose 50
g -min~'-100 g body wt~'. This dose of tempol was selected based
on findings in our earlier acute studies in dogs (17, 18) that showed
significant reductions in urinary 8-isoprostane excretion rate (UsoV;
marker for endogenous O activity). Catalase (both native and PEG
form; Sigma Chemical) was coinfused with tempol at a rate of 1500
U-min~'-100 g body wt™! (11, 24). At the midpoint of the clearance
collection period, an arterial blood sample was collected from the
femoral arterial cannula to measure plasma inulin and sodium con-
centrations.

Urine volume was measured gravimetrically. Plasma and urine
sodium and potassium concentrations were determined by flame
photometry, and inulin concentrations were measured colorimetrically
to determine glomerular filtration rate (GFR). Renal vascular resis-
tance (RVR) and fractional sodium excretion (FEn,) were calculated
according to standard formulas. The enzyme immunoassay kit was
used to measure urinary 8-isoprostane concentration (Assay Design,
Ann Arbor, MI; see Refs. 17 and 18). Urinary H,O» concentration was
measured by colorimetric assay (Cayman Chemical, Ann Arbor, MI;
see Refs. 13 and 18).

Data are expressed as means *= SE. Statistical comparisons be-
tween control and experimental values in the same group were
conducted by paired Student’s #-test. Statistical comparisons among
the groups were conducted by two-way ANOVA for repeated mea-
surements, followed by the Newman-Keuls test. P = 0.05 was
considered statistically significant.

RESULTS

Chronic infusion of a prolonged low dose of ANG II caused
a slow progressive increase of SBP from 132 = 7 to 188 £ 9
mmHg (n = 28; P < 0.001) during the 2-wk period of ANG II
administration compared with normotensive nontreated rats in
which SBP was not changed (134 = 6 to 137 = 7 mmHg; n =
23). These results are similar to those reported in previous
studies (5, 33, 38).

In acute experiments in anesthetized animals, baseline val-
ues of mean arterial pressure (MAP), renal hemodynamics, and
excretory parameters were assessed in all groups during the
control period. Baseline MAP and RVR were significantly
higher in ANG II-treated hypertensive rats and than in normo-
tensive rats (156 = 5 vs. 125 £ 2 mmHg and 25 £ 2 vs. 20 =
I mmHg-ml~!'-min-g, respectively). However, there were no
significant differences in other renal parameters in either hy-
pertensive or normotensive rats. Intra-arterial infusion of ve-
hicle (saline) did not change MAP and renal function in either
time control normotensive or hypertensive rats.

Renal hemodynamic and excretory responses to intra-arte-
rial infusion of tempol. In normotensive rats, tempol infusion
did not cause significant changes in RBF and RVR (Fig. 1). In
contrast, tempol significantly increased RBF (A9 = 2%; P <
0.05) and decreased RVR (A8 = 1%; P < 0.05) in the ANG
[I-infused hypertensive groups (Fig. 1). As shown in Fig. 2,
CBF and MBF were not changed significantly during infusion
of tempol in normotensive rats. In hypertensive rats, tempol did
not cause many changes in CBF [A5 & 2%; P = not significant
(NS); Fig. 2A] but caused a significant increase in MBF
(A13 = 2%; P < 0.05; Fig. 2B). As shown in Fig. 3A, GFR
was not significantly altered by tempol in normotensive rats;
however, it was significantly increased (A9 * 2%; P < 0.05)
in the hypertensive rats during tempol infusion. Likewise, urine
flow (V) responses to tempol were increased significantly
(A17 = 4%; P < 0.05) only in the hypertensive rats but not in
normotensive rats (Fig. 3B). Similar responses were also ob-
served for sodium excretion (Un,V; Fig. 4). In normotensive
rats, tempol did not significantly affect absolute or FE,.
However, in hypertensive rats, there were significant increases
in both Una.V (A26 *+ 5%; P < 0.05) and FEn, (A19 * 4%;
P < 0.05) during tempol infusion.

During administration of tempol in the renal artery, it was
possible that some degree of spillover in the systemic circula-
tion occurred. We did not measure other parameters, indicating
extrarenal actions of tempol; however, there was minimal
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Fig. 1. Renal blood flow (RBF; A) and renal vascular resistance (RVR; B)
responses to intra-arterial infusion of tempol in normotensive (O; n = 9) and
ANG II-treated hypertensive (®; n = 9) rats and coinfusion of tempol +
catalase in normotensive (v; n = 6) and hypertensive (a; n = 10) rats. P <
0.05 vs. corresponding control values (*) and vs. values in normotensive rats

(#).

effect of intrarenal tempol administration on systemic arterial
pressure either in normotensive control (126 * 2 to 124 = 3
mmHg; P = NS) or in ANG II-induced hypertensive (157 * 5
to 152 £ 5 mmHg; P = NS) rats in the present study.

Renal hemodynamic and excretory responses to intra-arte-
rial infusion of tempol + catalase. The observed renal re-
sponses to tempol infusion alone in both hypertensive and
normotensive rats were not significantly altered by coadmin-
istration of catalase in these rats (Figs. 1-4). Renal hemody-
namic and excretory responses to coinfusion of native catalase
with tempol were similar to those observed during PEG-
catalase with tempol in the experiments conducted in hyper-
tensive rats. Table 1 provides the comparison of the responses
to native catalase and PEG-catalase given with tempol in ANG
II-induced hypertensive rats. These responses were not signif-
icantly different from each other; therefore, data were com-

bined for the presentations in Figs. 1-5. In ANG IlI-infused
rats, there were decreases in RVR (Fig. 1B) and increases in
RBF (Fig. 14), MBF (Fig. 2B), GFR (Fig. 3A), V (Fig. 3B),
UnaV, and FEn, (Fig. 4) during coadministration of tempol and
catalase. CBF was not significantly increased in response to
coadministration of tempol and catalase. MAP also remained
unaltered during intra-arterial infusion of tempol + catalase in
normotensive (123 * 2 to 122 = 2 mmHg; P = NS) and in
hypertensive (154 = 3 to 151 = 2 mmHg; P = NS) animals.

Urinary excretion rate of 8-isoprostane and H>O> responses
to tempol and tempol + catalase coinfusion. As shown in Fig.
5A, basal control values of the U,V were significantly higher
in hypertensive rats compared with normotensive rats. Tempol
infusion decreased Uj,,V significantly (A—39 * 6%; P <
0.01) in hypertensive rats, and the similar reductions were
observed during coinfusion of tempol and catalase in hyper-
tensive rats. There were also decreases in U,V (A—24 *= 5%;
P < 0.05) in normotensive rats during tempol administration;

however, the magnitude was smaller than that in hypertensive
rats. Basal control urinary H»O, excretion rates (Uy,o,V) were

not different between normotensive and hypertensive groups of
rats (Fig. 5B). In both hypertensive and normotensive rats,
infusion of tempol alone did not cause any significant changes
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Fig. 2. Cortical blood flow (CBF; A) and medullary blood flow (MBF; B)
responses to intra-arterial infusion of tempol in normotensive (O; n = 9) and
hypertensive (®; n = 9) rats and coinfusion of tempol + catalase in normo-
tensive (V; n = 6) and hypertensive (a; n = 10) rats. PU, perfusion units. *P <
0.05 vs. corresponding control values.

AJP-Renal Physiol - VOL 290 « JANUARY 2006 «+ www.ajprenal.org

/00Z ‘/ lagwada uo Bio AbojoisAyd-jeuaidle woiy papeojumod



http://ajprenal.physiology.org

SUPEROXIDE AND RENAL FUNCTION IN ANG II HYPERTENSION F83

1.1
—_
D 1.0
£
£
=
£
&
0.9
(O)
0.8 T T
control experimental
10
9 -
B
£ 87
£
=
=
= 7
>
6 -
5 T T

control experimental

Fig. 3. Glomerular filtration rate (GFR; A) and urine flow (V; B) responses to
intra-arterial infusion of tempol in normotensive (O; n = 9) and hypertensive
(®; n = 9) rats and coinfusion of tempol + catalase in normotensive (v; n =
6) and hypertensive (a; n = 10) rats. *P < 0.05 vs. corresponding control
values.

in Uy o,V. However, coinfusion of catalase with tempol led to
signiﬁcant decreases in Uy,V in both hypertensive rats
(A—41 = 6%; P < 0.05) and normotensive rats (A—28 = 5%;
P < 0.05), as shown in Fig. 5B.

DISCUSSION

In this present investigation, we assessed renal hemody-
namic and excretory responses to tempol, a O, scavenging
agent administered directly in the renal artery, in ANG II-
induced hypertensive rats. Intra-arterial administration of tem-
pol allowed us to evaluate its direct effect in the kidney without
appreciable changes in blood pressure that are usually associ-
ated with systemic administration of tempol, as reported earlier
(22, 29, 34). To our knowledge, no previous study except a
recent investigation by Welch et al. (34) addressed this specific
issue of determining the role of O, in the modulation of renal
function in ANG II-induced hypertension. However, the study
of Welch et al. (34) used chronic treatment of tempol, which
was associated with marked reduction in arterial pressure and
thus complicated the proper assessment of direct O, scaveng-
ing effects on renal function. In the present study, tempol was

infused directly in the renal artery, which minimized its effects
on systemic blood pressure and thus allowed more direct
assessment of the responses to O, scavenging on renal hemo-
dynamics and excretory function. It was observed that acute
administration of tempol caused significant increases in RBF,
GFR, V, and Un,V in ANG II-induced hypertensive rats but
not in normotensive control rats. Acute administration of
tempol ameliorated the chronic ANG II-induced increases in
UrsoV (marker for endogenous O, activity; Fig. 5A4), indicating
that O, activity is increased in these ANG Il-treated rats, as
reported previously (2, 28). Prolonged administration of tem-
pol in ANG II-induced hypertensive rats was also shown to
ameliorate the enhanced renal cortical NADPH oxidase activ-
ity as well as mRNA and protein expression for p22Phox
subunits of NADPH oxidase (34). Increases in RBF, GFR, and
UnaV in response to tempol in ANG II-treated rats indicate that
enhanced O, production in these animals modulates renal
function. An antinatriuretic effect of acute administration of
ANG II was also shown to be partly mediated by concomitant
generation of O, (15, 18). Thus these present data indicate that
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Fig. 4. Absolute sodium excretion (UnaV; A) and fractional sodium excretion
(FEna; B) responses to intra-arterial infusion of tempol in normotensive (O;
n = 9) and hypertensive (®; n = 9) rats and coinfusion of tempol + catalase
in normotensive (v; n = 6) and hypertensive (a; n = 10) rats. *P < 0.05 vs.
corresponding control values.
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Table 1. Comparison of the responses to native catalase and PEG-catalase coinfusion with

tempol in ANG Il-infused hypertensive rats

Native Catalase + Tempol

PEG-Catalase + Tempol

Parameter Control Experimental A, % Control Experimental A, %
MAP, mmHg 155+3 152+2 —2*1 152+2 150*+2 —1%1
RVR, mmHg'ml~*min-g 25*1 22*+1 —11*2 24+1 20=1 —11%x2
RBF, ml'min~!-g~! 6.36+0.28 6.94+0.36 10£2 6.61*0.18 7.24%0.19 9+2
CBF, perfusion units 18614 197*12 6=*3 191+18 199*14 5*2
MBEF, perfusion units 47+3 55=*3 163 51%+3 59=*5 15+4
GFR, ml'min~!-g~! 0.96+0.05 1.05%+0.05 10x2 0.94%+0.02 1.01+0.03 7+2
V, pl'min~t-g™! 7.68+0.43 9.02+0.45 18*3 7.87%+0.69 8.94%0.74 14=*2
UnaV, pmol'min~'-g~! 0.77+0.12 0.98+0.13 29%5 0.83+0.11 0.83*+0.11 233
FEnNa, % 0.55+0.09 0.64£0.09 20=*4 0.58+0.07 0.67%+0.08 15*4
Un,0,V, nmol'min™~'-g ™! 2.8+0.3 1.6+0.3 —44+9 24+0.2 1.5*0.1 —39+6

Values are means = SE; n = 6 rats in native catalase group and 4 rats in polyethylene glycol (PEG)-catalase group. MAP, mean arterial pressure; RVR, renal
vascular resistance; RBF, renal blood flow; CBF, cortical blood flow; MBF, medullary blood flow; GFR, glomerular filtration rate; V, urine flow; UnaV, absolute
sodium excretion; FEna, fractional sodium excretion, Un,0.V, urinary hydrogen peroxide excretion rate. The responses to native catalase with tempol were not
significantly different from those of PEG-catalase with tempol. Because the responses were similar, data were combined for presentation in Figs. 1-5.

ANG II-induced hypertension could be, at least in part, the
result of the sodium-retaining effect of enhanced O, activity.

It could be argued that a possible increase in intrarenal H,O»
concentration during tempol administration (4, 19) influenced
the observed changes in renal function in this study. Although
we did not measure the tissue level of H>O; in the kidney, the
present results demonstrate that Uy,o,V was not altered during
acute tempol administration in these rats. Previous studies also
reported that tempol treatment acutely in dogs (18) or chroni-
cally in rats (13) did not alter Uy, V. It was also shown that
chronic tempol treatment did not alter Uy, V in rats with

normal salt intake but only in rats that were given a high-salt

diet (35). However, in our earlier study (13), we have observed
that high-salt intake alone in rats increased Uy,,,V but not

because of chronic administration of tempol. It is also known
that as a modulatory agent, tempol can enhance heme proteins’
catalase-like activity, facilitating degradation of H,O, (14).
Supporting evidence from in vitro studies indicates that tempol
decreased rather than increased H,O» in renal proximal tubule
cell cultures and moreover protected the cells against the
cytotoxic effects of H,O5 (3, 8). Another point also needs to be
considered that, although a modest change in renal medullary
tissue concentration of H,O» during tempol administration was
reported earlier (4, 19), the effects of such changes in H,O, on
renal function are yet to be clearly defined. H,O» was shown to
act as a vasoconstrictor in renal medulla (4), but it has also
been described as a vasodilator in renal cortical microcircula-
tions (1). In the present study, cotreatment of catalase (both
native and the PEG form) with tempol, although it caused
significant reduction in Uy ,,V, did not lead to any differences
in the responses of renal hemodynamics and excretory function
caused by tempol treatment alone. Thus the present findings do
not support a significant involvement of HO, in the renal
responses to tempol and implicate an involvement of O,
generation in the regulation of renal hemodynamics and excre-
tory function in ANG II-induced hypertensive rats.

Tempol did not cause any significant alterations in the renal
parameters in normotensive control rats (Figs. 1-4). This
indicates that O, activity remains minimal in these animals.
Other studies have also demonstrated that systemic adminis-
tration of tempol caused MAP reduction in ANG II-infused rats
but had no significant effect in normotensive control animals
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Fig. 5. Urinary 8-isoprostane excretion rate (U, V; A) and urinary H>O- excretion
rate (Uy,0,V; B) responses to intra-arterial infusion of tempol in normotensive
(0; n = 9) and hypertensive (®; n = 9) rats and coinfusion of tempol + catalase
in normotensive (v; n = 6) and hypertensive (a; n = 6,10) rats. P < 0.05 vs.
corresponding control values (*) and vs. values in normotensive rats (#).
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(22, 34). Similar results were observed in Wistar-Kyoto rats
compared with SHR (30). Although O, is a constant product
of cellular metabolism under normal conditions, its basal tissue
concentration is kept to a minimal level because of efficient
activity of endogenous antioxidant systems. Besides SOD and
other antioxidative enzymes, endogenous NO is also known to
exert a potent antioxidative effect (17). An appropriate physi-
ological balance in oxidative status of the kidney during
normal conditions is critically dependent on endogenous NO
generation. As reported previously, chronic ANG II infusion
significantly reduced extracellular SOD expression (2, 34);
thus, the ability of enzymatic O, degradation may be reduced
in hypertensive compared with normotensive rats. Chronic
administration of tempol ameliorated the suppressed extracel-
lular SOD and moreover normalized enhanced NADPH oxi-
dase activity in ANG II-induced hypertension (34). These
findings indicate that the O, level is increased in ANG II-
infused hypertensive animals even though endothelial NO
synthase activity may have increased in this model, as reported
earlier (20).

In this study, the regional RBF responses to tempol infusion
in ANG Il-treated rats showed greater increases in MBF than
in CBF; cumulatively, however, total RBF was increased. This
indicates that concomitant generation of O, during chronic
ANG I infusion had a greater effect on medullary circulation
than on cortical circulation. Previous studies to assess regional
blood flow responses to tempol also suggest higher involve-
ment of O, in the renal medulla (7, 37). The diuretic and
natriuretic effects of tempol in ANG Il-infused hypertensive
rats were modulated by increases in GFR and alterations of
sodium reabsorption in the tubules. Because fractional excre-
tion of sodium is significantly increased during tempol admin-
istration in ANG II-treated rats, it is also notable that enhanced
O, activity directly modulates tubular reabsorptive function as
has been reported previously in in vitro (23) and in vivo studies
(15, 16). O, may exert its direct action in the kidney (14) or
indirectly by reducing NO bioavailability (5, 17, 29), thus
causing renal vasoconstriction and antinatriuresis. The ob-
served renal responses to tempol in hypertensive rats could be
due either to reduction of O, activity, an increase in the
bioavailability of NO, or both. In an earlier study in dogs (18),
we observed that renal responses to acute administration of
ANG 1II were ameliorated by tempol infusion both in intact
conditions and under conditions of NO synthase inhibition. In
isolated thick ascending limb preparations, tempol decreased
NaCl absorption without increasing NO levels; that suggests
the direct effect of O, -modulated NaCl absorption in thick
ascending limb is independent of NO (23). Thus these results
provide further evidence that an increase in O, generation
modulates renal hemodynamics and excretory function during
chronic administration of ANG II.

Because it was reported that tempol exerts an inhibitory
effect on sympathetic nerve activity (36), it could be argued
that a neural factor was involved in the observed renal re-
sponses to tempol in the present study. However, it was also
demonstrated that enhanced O, activity by SOD inhibition
caused stimulation of renal sympathetic activity, a response
that was shown to be ameliorated by tempol (32), indicating
that tempol-induced inhibition of sympathetic activity could be
related to its ability to scavenge O, in the neural tissue. In the
present study, tempol infusion in the renal artery did not cause

any changes in systemic arterial pressure in either normoten-
sive or hypertensive rats, indicating a minimal neural involve-
ment in the observed responses to tempol. Moreover, the renal
artery was isolated from surrounding tissue by severing the
visible renal nerve fibers; thus, the kidney was mostly dener-
vated during these acute experiments. In our earlier studies,
where a denervated kidney preparation was conducted in dogs,
tempol was also shown to induce changes in renal function
during treatment with ANG II and NO inhibition (17, 18). The
vasodilator and natriuretic responses to tempol may indicate an
involvement of natriuretic factors in these responses. However,
marked changes in circulating factors, such as atrial natriuretic
peptide induced by tempol administration, were not expected,
since there was no indication of any changes in circulatory
volume during tempol administration. Moreover, tempol did
not cause any effects in normotensive rats; thus, a marked
involvement of sympathetic activity and circulating natriuretic
factors seems unlikely in the renal responses to tempol ob-
served in the present study.

In conclusion, these data indicate that the generation of O,
due to ANG II administration modulates renal hemodynamic
and excretory function, possibly leading to sodium retention
and thus contributing to the development of ANG II-dependent
hypertension.
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Enhanced Superoxide Activity Modulates Renal Function in
NO-Deficient Hypertensive Rats

Libor Kopkan, Dewan S.A. Majid

Abstract—An enhancement of superoxide (O,") activity was shown to contribute to the development of hypertension
induced by NO deficiency. To better understand the mechanistic role of O, in this NO-deficient hypertension, we
evaluated the renal responses to acute intraarterial administration of an O, scavenger, tempol (50 wg/min per 100 g of
body weight) in anesthetized male Sprague-Dawley rats treated with NO synthase inhibitor nitro-L-arginine methyl ester
(15 mg/kg per day in drinking water, n=7) for 4 weeks, which caused increases in mean arterial pressure (1463 versus
1242 mm Hg) compared with normotensive control rats (n=6). Hypertensive rats had higher renal vascular resistance
(29£2 versus 201 mm Hg/mL per minute per gram), as well as lower renal blood flow (5.2%+0.3 versus 6.3+0.2
mL/min per gram; cortical blood flow, 153%13 versus 191£8 perfusion units; medullary blood flow, 43£2 versus
51%3 perfusion units) and glomerular filtration rate (0.69+0.04 versus 0.90*£0.05 mL/min per gram) without a
significant difference in urinary sodium excretion (0.81%=0.07 versus 0.86*=0.12 wmol/min per gram) compared with
normotensive rats. Urinary 8-isoprostane excretion rate (6.8*0.7 versus 4.5=0.3 pg/min per gram) was higher in
hypertensive than normotensive rats. Intraarterial infusion of tempol did not alter renal function in normotensive rats.
However, tempol significantly decreased renal vascular resistance by 12+2% and urinary 8-isoprostane excretion rate
by 24+4% and increased renal blood flow by 10+2%, cortical blood flow by 9£2%, medullary blood flow by 15+6%),
glomerular filtration rate by 11+3%, and urinary sodium excretion by 19+5% in hypertensive rats. These data indicate
that enhanced O, activity modulates renal hemodynamics and excretory function during reduced NO production and,
thus, contributes to the pathophysiology of the NO-deficient form of hypertension. (Hypertension. 2006;47[part
2]:568-572.)

Key Words: nitric oxide m oxidative stress m hypertension, renal

A n imbalance between the production and the degradation
of reactive oxygen species such as superoxide anion
(0,7) leads to the condition termed as “oxidative stress.” It
has been suggested that oxidative stress is involved in the
pathophysiology of many forms of hypertension.!-> Treat-
ment with an O,  scavenging agent, tempol (4-hydroxy-
tetramethylpiperidime-1-oxyl), significantly reduces blood
pressure in different hypertensive models*> indicating that
O, plays a role in the development of hypertension. Re-
cently, we also demonstrated that chronic treatment with
tempol attenuated the development of hypertension and salt
sensitivity in rats induced by chronic inhibition of NO
synthase (NOS) in rats.® These results indicate that an
enhanced O, generation is involved in the pathogenesis of an
NO-deficient form of hypertension. However, the exact
mechanistic role of O,  in mediating the salt sensitivity and
hypertension in the condition of NO deficiency has not yet
been clearly defined.

NO acts as an endogenous antioxidative agent by reacting
with O, generated in the living tissues, thus it provides a
protective function against the action of O,  in many organs,

including the kidney.®” Previous studies have indicated that
an increasing accumulation of O, in biological tissues can
occur in the condition of NO deficiency that can lead to
alterations in organ function.?# In an earlier study in dogs, we
observed that tempol treatment before NOS inhibition did not
cause any functional changes in the kidney but caused
diuresis and natriuresis during NOS inhibition indicating that
an enhancement of O,  activity because of NO deficiency
influences renal tubular function.” Previous studies also
provided evidence that an exaggerated impairment of kidney
function occurred in hypertensive animals during NO inhibi-
tion.°~!! The findings in these studies support the notion that
an interaction between NO and O, has a role in regulating
normal function in the kidney, an imbalance of which would
lead to the development of hypertension.

In the present study, we examined the hypothesis that
increased O,  activity because of chronic NOS inhibition
influences renal vascular and tubular function that compro-
mises the ability of the kidney to excrete sodium appropri-
ately and, thus, plays a role in the pathogenesis of the
NO-deficient form of hypertension. We evaluated the renal
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functional responses to tempol, infused directly into the left
renal artery of anesthetized male Sprague-Dawley rats treated
chronically with the NOS inhibitor nitro-L-arginine methyl
ester (L-NAME) for 4 weeks. Normal Sprague-Dawley rats
served as control animals. To our knowledge, no previous
study addressed this specific issue of determining the role of
O, in modulating renal function in L-NAME-induced hy-
pertensive rats. As we reported previously,'? intraarterial
administration of tempol provides a more direct assessment
of the responses to O, scavenging on renal hemodynamics
and excretory function without appreciable changes in blood
pressure that are usually associated with systemic adminis-
tration of tempol.!3.14

Methods

The study was performed in male Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA) in accordance with the guide-
lines and practices established by the Tulane University Animal Care
and Use Committee. After 3 days acclimation, rats (250 to 270 g)
were randomly divided into the nontreated groups (n=6) and the
L-NAME-treated groups (n=7). L-NAME (Sigma) at a dose of 15
mg/kg per day'> was given in drinking water for a 4-week
experimental period.

At the end of 4 weeks of chronic L-NAME treatment, acute
clearance experiments were performed to determine renal responses
to tempol in anesthetized (pentobarbital sodium, Sigma; 50 mg/kg
IP) L-NAME-treated hypertensive and nontreated normotensive rats
as described previously.'? The right jugular vein was catheterized for
intravenous administration of solutions. The cannula introduced into
the right femoral artery was connected with the AcqKnowledge data
acquisition system Biopac to allow continuous monitoring of arterial
blood pressure. The left kidney was exposed via a flank incision and
placed in a Lucite cup, and the ureter was cannulated with a PE-10
catheter for urine collection. A polyethylene tube PE-10 (OD,
0.61 mm) catheter, which was tapered ~40% to 50%, was inserted
~2 to 3 mm deep into the renal artery from the aorta via the left
femoral artery to allow intraarterial administration of drugs directly
into the kidney at a rate of 5 uL/min.'? This procedure of inserting
the tapered catheter usually does not compromise the renal blood
flow (RBF) measurements, because it was observed in pilot exper-
iments that there was no significant alteration of baseline RBF before
and after the catheter insertion.

An ultrasonic flow probe (Transonic System) was placed on the
left renal artery to measure total RBF. Laser-Doppler needle flow
probes (500 wm OD, Periflex 4001, Perimed) were used to measure
the relative changes in cortical blood flow (CBF) and medullary
blood flow (MBF). Zero flow was determined when the renal artery
was completely occluded at the end of the experiment.

After a 60-minute stabilization, the experimental protocol was
started with two 30-minute control clearance periods to assess the
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baseline control values of renal hemodynamic and excretory param-
eters. Then, the intraarterial infusion of tempol was given for 75
minutes to determine the renal functional responses during drug
administration. After the initiation of tempol infusion, a 15-minute
equilibration period was allowed before two 30-minute clearance
experimental periods in these experiments. Tempol (Sigma) was
infused at a dose of 50 pg/min per 100 g of body weight. This dose
of tempol was selected based on findings in our earlier acute studies
in rats'? and dogs”-'¢ that showed significant reductions in the urinary
8-isoprostane excretion rate (UyoV; marker for endogenous O,
activity). At the midpoint of the clearance collection period, an
arterial blood sample was collected from the femoral arterial cannula
to measure plasma inulin and sodium concentration.

Urine volume was measured gravimetrically. Plasma and urine
sodium concentrations were determined by flame photometry, and
inulin concentrations were measured colorimetrically to determine
glomerular filtration rate (GFR). Renal vascular resistance (RVR)
and fractional sodium excretion (FEy,) were calculated according to
standard formulas. An enzyme immunoassay kit was used to mea-
sure urinary 8-isoprostane concentration (Cayman Chemical).*¢

Data are expressed as mean=SE. Statistical comparisons between
control and experimental values in the same group were conducted
by paired Student ¢ test. Statistical comparisons among the groups
were conducted by 2-way ANOVA for repeated measurements,
followed by Newman—Keuls test. P value =0.05 was considered
statistically significant.

Results
In acute experiments, baseline values of mean arterial pres-
sure and renal hemodynamics and excretory parameters were
assessed in anesthetized animals during the control period.
Baseline mean arterial pressure was significantly higher in
L-NAME-treated hypertensive rats than in normotensive rats
(146%=2 versus 124+2 mm Hg). Baseline RBF (Figure 1A)
was lower, and baseline RVR (Figure 1B) was higher in
L-NAME-treated hypertensive rats compared with normoten-
sive rats. Comparisons of the baseline values of CBF and
MBF between hypertensive and normotensive rats were not
made, because these were measured as relative blood flow
using laser-Doppler flowmetry and expressed as the percent-
age of the control value (taken as 100%; Figure 2 A and 2B).
However, GFR (Figure 3A) measured by the inulin clearance
technique was lower compared with normotensive control
rats. There were no significant differences in urine flow (V;
Figure 3B) and sodium excretion (Figure 4) between hyper-
tensive or normotensive rats. However, it was observed that
the baseline plasma sodium concentration was slightly but
significantly higher in L-NAME-treated hypertensive rats

Figure 1. RBF (A) and RVR (B)
responses to intraarterial infusion of
tempol in normotensive (O; n=6) and
L-NAME-treated hypertensive (A; n=7)
rats. *P<0.05 vs corresponding control
values; #P<0.05 vs values in normoten-
sive rats.
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* Figure 2. CBF (A) and MBF (B)
responses to intraarterial infusion of
tempol in normotensive (O; n=6) and
L-NAME-treated hypertensive (A; n=7)
rats. These responses are expressed in
percent of the control value (taken as
100%), as these are relative measures of
regional blood flow. *P<0.05 vs corre-
sponding control values.
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than in normotensive control rats (148.0%=0.4 versus
146.1+0.6 mmol/L; P<<0.03).

Figures 1 to 4 illustrate the effects of acute tempol adminis-
tration on the renal function in both hypertensive and normoten-
sive rats. Tempol administration did not significantly alter renal
hemodynamic and excretory function in normotensive rats as we
demonstrated previously.'> However, in L-NAME—treated hy-
pertensive rats, tempol infusion caused a significant increase in
RBF (A10+2%; P<0.05; Figure 1A) and decreased RVR
(A12£2%; P<0.05; Figure 1B). There were also increases in
regional blood flow to the renal cortex (CBF; A9+2%; P<<0.05;
Figure 2A) and to the renal medulla (MBF; A 15£6%; P<<0.05;
Figure 2B) during tempol infusion in L-NAME-treated rats. As
illustrated in Figure 3A, GFR was also significantly increased by
tempol in L-NAME-treated hypertensive rats (A11+2%;
P<0.05). Although the increases in urine flow during tempol
infusion were of borderline significance statistically (A9+4%;
P<0.07; Figure 3B), the absolute urine sodium excretion
(A19+5%; P<0.05) and FE,, (A11+4%; P<0.05) were
significantly increased as illustrated in Figure 4A and 4B.
During administration of tempol in the renal artery, there was
a minimal effect on systemic arterial pressure either in
normotensive control (124*2 to 1223 mm Hg; P value not
significant) or in L-NAME-treated hypertensive rats (146*2 to
143+3 mm Hg; P value not significant).

As illustrated in Figure 5, baseline control values of UgoV
were significantly higher in hypertensive rats compared with
normotensive rats. Tempol administration decreased the UV
as reported previously.®'>4 In hypertensive rats, tempol infu-
sion decreased U0V by 24+4% (P<<0.01; Figure 5). There was

control

tempol

also a decrease in UV by 11£3% (P<<0.05; Figure 5) in
normotensive rats during tempol administration; however, the
magnitude was smaller than that in hypertensive rats.

Discussion
In the present study, it has been demonstrated that acute
treatment with an O, scavenger, tempol, increases the RBF,
GFR, and urinary excretion rate of sodium in chronic
L-NAME-induced hypertensive rats but not in normotensive
control rats. Because tempol was infused directly into the
renal artery that minimized its effect on systemic blood
pressure,”-!216 a more direct assessment of O, scavenging
effects on renal hemodynamics and excretory function was
possible in these experiments. The results clearly indicate that
an enhancement of O, activity modulates renal hemodynam-
ics and excretory function during NOS inhibition in rats. This
assessment is additionally supported by the fact that chronic
L-NAME treatment in these rats caused higher UoV (marker
for endogenous O, activity; Figure 5) compared with non-
treated animals, which was ameliorated by such acute intra-
renal administration of tempol. Earlier, we also demonstrated
that chronic treatment with tempol attenuated the develop-
ment of salt sensitivity and hypertension in rats that were
given L-NAME for a 4-week period.® Taken together, these
results demonstrate that enhanced O, activity in the condi-
tion of NO deficiency modulates renal hemodynamics and
excretory function, which contributes to the development of
salt sensitivity and hypertension induced by chronic NOS
inhibition. Previous studies also suggested that the hyperten-

Figure 3. GFR (A) and urine flow (B)
responses to intraarterial infusion of tem-
pol in normotensive (O; n=6) and
L-NAME-treated hypertensive (A; n=7)
rats. *P<0.05 vs corresponding control
values; #P<0.05 vs values in normoten-
sive rats.
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Figure 4. Absolute sodium excretion
(UNaV; A) and FEy, (B) responses to
intraarterial infusion of tempol in normo-
tensive (O; n=6) and L-NAME-treated
hypertensive (A; n=7) rats. *P<<0.05 vs
corresponding control values.

control tempol

sion observed in Dahl salt-sensitive rats was linked to
enhanced O, activity.!”

In rats, both acute and chronic administration of an NOS
inhibitor causes renal vasoconstriction and a decrease in GFR
as reported previously.®!!-18.19 The present investigation also
confirms that chronic L-NAME treatment induces decreases
in total and regional blood flow to the kidney, as well as GFR,
as compared with the values obtained from nontreated control
animals. As observed with chronic tempol treatment in
our earlier study,® acute intrarenal infusion of tempol in
L-NAME-hypertensive rats in the present study also in-
creased GFR. This finding indicates that an enhancement of
0, modulates glomerular hemodynamics in the condition of
NO deficiency, possibly by altering preglomerular vascular
resistance as suggested earlier.? Because tempol infusion
caused increases in absolute, as well as fractional excretion of
sodium in L-NAME-treated rats but not in intact animals
(Figure 4), it is reasonable to speculate that enhanced O,
activity because of NOS inhibition directly modulates tubular
reabsorptive function. A similar observation was also re-
ported in our earlier studies using dogs” in which intraarterial
administration of tempol caused natriuretic response during
NO inhibition but not in intact condition. The exact tubular
segment in which O,  exerts its effect was not possible to
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Figure 5. U,V responses to intraarterial infusion of tempol in
normotensive (O; n=6) and L-NAME-treated hypertensive (A;
n=7) rats. *P<<0.05 vs corresponding control values; **P<0.01
vs corresponding control values; #P<0.05 vs values in normo-
tensive rats.

control

tempol

determine from our in vivo experiments; however, a previous
in vitro study by Ortiz and Garvin?! reported that O,
enhances sodium reabsorption in a thick ascending limb of
the loop of Henley. Chronic administration of tempol also
showed increases in sodium excretion, as well as attenuation
of the hypertensive responses in rats treated with L-NAME
for 4 weeks.¢ In the present study, we also observed that mean
baseline plasma sodium concentration was significantly
higher in L-NAME-treated rats than in nontreated control
rats. These findings may indicate that a degree of sodium
retention has occurred in rats because of L-NAME treatment.
Collectively, these results support the hypothesis that sodium
retention resulting from oxidative stress—induced enhance-
ment in tubular sodium reabsorption plays a mechanistic role
in the development of an NO-deficient form of hypertension.
However, additional comprehensive studies may be required
to confirm this hypothesis, because our present study was not
designed to assess the sodium balance or volume status in
these rats treated chronically with or without L-NAME.
Although O, is a constant product of cellular metabolism
under normal condition, its basal tissue concentration is kept
to a minimal level because of efficient activity of endogenous
antioxidant systems. It is increasingly evident that endoge-
nous NO also exerts a potent antioxidative effect and that an
appropriate physiological balance in the oxidative status of
the kidney during normal condition is critically dependent on
endogenous NO generation.”® We have demonstrated earlier
that RBF, GFR, and excretory function in anesthetized dogs
remain appreciably well protected during acute treatment
with an inhibitor of O, dismutase enzyme in intact animals
but not in NO-blocked dogs.?? It was also shown that acute
treatment with the O, scavenger tempol increased urine flow
and sodium excretion in NO-blocked dogs but not in intact
animals.” In the present study, tempol treatment did not cause
any appreciable changes in renal parameters in normotensive
control rats but only in rats subjected to chronic NO defi-
ciency. These findings clearly indicate a powerful antioxida-
tive function of endogenous NO that protects critical organ
function from the adverse effects of continually released
endogenous O, both in physiology, as well as in pathophys-
iology of many disease processes. It is conceivable that in any
condition of NO deficiency, tissue O,  concentration would
increase because of a lack of NO-mediated antioxidant action.
Supporting this notion, previous studies also demonstrated
that NOS inhibition enhances vascular O,  release in rats,?3
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mice,?* and humans.?> Although we did not measure directly
the O, level in the present study, we observed that UgoV
increased in L-NAME-treated rats, which was significantly
reduced by acute tempol infusion. In our previous study in
dogs,” we also observed an increase in UgoV during acute
NOS inhibition in the kidney that was ameliorated by
coadministration of tempol. In conclusion, these data demon-
strate that the enhanced O, activity because of chronic NOS
inhibition contributes to the impairment of renal function that
compromises the ability of the kidney to excrete sodium
appropriately and, thus plays a role in the pathogenesis of the
NO-deficient form of hypertension.

Perspectives

The findings of this present study, as well as our earlier
observations,®”-'® emphasize an important role of the interac-
tion between O,  and NO in the regulation of renal function
and blood pressure. These observations suggest that de-
creased NO availability can also induce an imbalance be-
tween oxidative and antioxidative mechanism in living tis-
sues, which is involved in many pathophysiologic processes
in the body. Thus, additional emphasis should be given in
future experimental studies to determine the interactive role
of O,” and NO in the regulation of many organ functions to
increase our understanding of physiological as well as patho-
physiological processes of many cardiovascular and renal
diseases that are commonly associated with NO deficiency.
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Superoxide and its interaction with nitric oxide modulates
renal function in prehypertensive Ren-2 transgenic rats

Libor Kopkan®P®, Zuzana Huskova®®, Zderika Variourkova®®, Monika Thumova®,
Petra Skaroupkova®, Ludék Cervenka®® and Dewan S.A. Majid®

Objective The present study was performed to examine
the role of superoxide (O, ) and its interaction with nitric
oxide (NO) in the regulation of renal function in
prehypertensive heterozygous Ren-2 transgenic rats (TGR).

Methods Renal responses to the O, scavenger, tempol
(150 pg/min per 100 g), and/or the NO synthase inhibitor,
nitro-L-arginine methylester (.-NAME; 5 pwg/min per 100g),
infused alone or in combination directly into the renal artery
were evaluated in anesthetized heterozygous male TGR
and aged-matched Hanover Sprague-Dawley rats
(HanSD).

Results There were no differences in arterial pressure
(122 £ 3 versus 115 =2 mmHg), renal plasma flow

(RPF; 2.09 + 0.1 versus 2.07 = 0.1 ml/min per g), glomerular
filtration rate (GFR; 0.73 £ 0.1 versus 0.74 = 0.1 ml/min
per g) or sodium excretion (0.63 = 0.13 versus

0.67 £ 0.16 umol/min per g) between TGR and HanSD.
Tempol alone caused significant increases in RPF and GFR
(10 + 4% and 12 * 2%, respectively) in TGR but not in
HanSD. Tempol also caused greater sodium excretory
responses in TGR compared to HanSD (112 = 16%
versus 43 * 7%; P<0.05). 8-Isoprostane excretion was
significantly higher in TGR than in HanSD (10.2 + 0.8 versus
6.5+ 0.7 pg/min per g), which was attenuated by tempol.
L.-NAME caused greater decreases in RPF and GFR in TGR
(—34 £ 4% and —22 + 4%, respectively) than in HanSD

Introduction

The transgenic rat strain for the mouse Rez-2 renin gene
(T'GR) represents a monogenetic model of angiotensin II
(ANG II)-dependent hypertension. The development of
hypertension in this model is attributed to a mouse Ren-2
renin gene insertion into the genome of normotensive
background Hannover Sprague—Dawley (HanSD) rats
[1]. Although the hypertension that occurs in this
strain is considered to be related to the activation of the
renin—angiotensin system, the exact pathophysiological
mechanisms responsible for the development of hyperten-
sion remain unclear. We have found that plasma and
kidney ANG II levels are elevated in conscious T'GR at
early age, even before a rise in blood pressure [2,3]. It is
suggested that chronically elevated ANG II levels cause
alterations in renal vascular and tubular function, leading
to the development and maintenance of hypertension

0263-6352 © 2007 Wolters Kluwer Health | Lippincott Williams & Wilkins

(—19+ 3% and —10 £ 4%, respectively). Co-infusion of
tempol partially attenuated the renal hemodynamic and
excretory responses to L-NAME in TGR.

Conclusions These data suggest that the enhanced

0O, activity and its interaction with NO during the
prehypertensive phase in TGR modulates renal
hemodynamic and excretory function, which may contribute
to the development of hypertension in this transgenic rat
model. J Hypertens 25:2257-2265 © 2007 Wolters Kluwer
Health | Lippincott Williams & Wilkins.
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in this T'GR model [2—4]. ANG II has been shown to
increase the production of superoxide anion (O, ) via
activation of nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase, which is an important enzymatic
source of O,  in the body [5,6]. Recent studies
indicate that O,  exerts a direct renal vasoconstrictor
and antinatriuretic effect [7—10]. It has also been demon-
strated that O, activity is increased in TGR in the
prehypertensive phase [11]. Thus it is possible that an
enhanced O,  generation modulates kidney function
and plays a mechanistic role in the development of hyper-
tension in this model.

Although ANG Il induces an enhancement of O, activity,
it also increases nitric oxide (NO) production, which plays
an important renoprotective role in the regulation of
kidney function during an increase in endogenous ANG
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IT level [12—14]. NO exhibits renal vasodilatation and
inhibits tubular reabsorptive function, leading to diuresis
and natriuresis [15]. It also serves an antioxidative function
by reducing O,  molecules [16,17]; however, an inter-
action between NO and O, can cause a reduction in
bioavailability of NO and, thus, can impair renal vascular as
well as tubular function, which may contribute to the
development of hypertension induced by ANG IIL

In the present study, we examined the hypothesis that
enhanced O, generation due to elevated ANG Il level in
TGR influences renal vascular and tubular function,
directly and/or indirectly by diminishing NO level, leading
to sodium retention, and thus plays a role in the patho-
genesis of hypertension in this model. The renal functional
responses to the O, scavenger, tempol (4-hydroxy-tetra-
methylpiperidime-1-oxyl), and NO synthase inhibitor,
nitro-L-arginine methyl ester (L-NAME), administered
alone or in combination directly into the left renal artery
of anesthetized prehypertensive heterozygous male TGR
and age-matched HanSD rats, were evaluated in the
present study. These experimental procedures with direct
administration of tempol/L-NAME in the renal artery
using anesthetized rats are preferred over systemic admin-
istration of drugs in awake animals to ensure proper
assessment of specific changes in renal hemodynamics
and excretory function during the experimental period.

Methods

Animal preparation

Studies were performed in accordance with guidelines
established by the Institute for Clinical and Experimen-
tal Medicine and Use Committee and in accordance with
animal protection laws in the Czech Republic. All animals
used in the present study were bred at the Center for
Experimental Medicine from stock animals supplied
from the Max Delbriick Center for Molecular Medicine,
Berlin. Animals were fed standard rat chow containing
0.4% sodium chloride (SEMED, Prague, Czech
Republic) and had free access to tap water.

The animals used in this study were aged 35-36 days,
during which time heterozygous TGR remain normoten-
sive. TGR usually develop hypertension after 40 days of
age and this model represents an ANG II-dependent
form of hypertension [2,3,11]. The development of
hypertension in this strain can be compared with other
experimental rat strains, such as spontaneously hyperten-
sive rats, a model of essential hypertension [18], and in
contrast to homozygous TGR, a model of malignant
hypertension [19]. Systolic blood pressure (SBP) was
measured every alternate day from 30 days of age by
tail-cuff plethysmography, as described previously [2,3].

Acute clearance experiments
Acute clearance experiments were performed as described
previously [2,9,10,11]. Briefly, the rats were anesthetized

with thiopental sodium (60 mg/kg intraperitoneally). They
were placed on a thermoregulated table to maintain body
temperature at 37—-37.5°C. A tracheostomy was performed
to maintain a patent airway and the exterior end of the
tracheal cannula was placed inside a small plastic chamber
into which humidified 95% O,/5% CO, mixture was
continuously passed. The right jugular vein was catheter-
ized for intravenous administration of isotonic saline
solution containing bovine serum albumin (6%). The right
femoral artery was cannulated to allow continuous
monitoring of arterial blood pressure by a data acquisition
system (PowerL.ab; ADInstuments, Oxfordshire, UK) and
blood sampling. The left kidney was exposed via a flank
incision and placed in a Lucite cup and the ureter was
cannulated with a PE-10 catheter for urine collection. A
tapered PE-10 catheter was inserted into the renal
artery via the left femoral artery to allow intra-arterial
administration of drugs directly into the kidney [2,9,10].
A continuous infusion of heparinized saline (250U of
heparin/ml of isotonic saline) at a rate of 5 pul/min was
made to maintain the patency of the tapered catheter
used in the renal artery throughout the experiment. This
practice of low-dose infusion of heparin was also employed
in our earlier studies [2,9,10] and was noted without
any significant effects on basal renal hemodynamics
and excretory function. Although the other catheter
(for measurement of arterial pressure) contained
heparinized saline, it was not for infusion. After surgery,
isotonic saline solution containing bovine serum albumin
(1%), p-aminohippurate sodium (PAH; Merck, Sharp &
Dohme, West Point, Pennsylvania, USA) (1.5%), and
polyfructosan inulin (Inutest, Laevosan, Austria) (7.5%)
was infused at a rate of 20 pl/min [2,11].

Experimental protocol
Acute experiments were conducted in the following
groups of rats:

(1) HanSD group

(a) vehicle (saline) infusion (7 = 8),

(b) tempol infusion (z=11),

(¢) L-NAME infusion (z=11),

(d) L-NAME + tempol co-infusion (z=11);
(2) 'TGR group

(a) vehicle infusion (7 =10),

(b) tempol infusion (7 =10),

(¢) L-NAME infusion (z=11),

(d) L-NAME + tempol co-infusion (z=12).

After 60-min stabilization, the experimental protocol was
started with a two 30-min clearance periods to assess
baseline control values of renal hemodynamic and
excretory parameters. The intra-arterial infusion of tem-
pol (150 pg/min per 100g body weight (BW); Sigma
Chemical Co., St Louis Missouri, USA) and/or L-NAME
(5 pg/min per 100 g BW; Sigma Chemical Co.) was given
for 80 min directly into the left renal artery to determine
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renal functional responses during drug administration.
After the initiation of drug infusion, a 20-min equili-
bration period was allowed prior to two 30-min clearance
collections. An arterial blood sample was collected from
the femoral arterial cannula to measure plasma inulin,
PAH and sodium concentration at the end/mid-point of
control and experimental clearance collection periods.

Analysis

Urine and plasma inulin and PAH concentrations were
determined colorimetrically. Inulin and PAH clearances
were calculated according to standard formulas where
urinary concentration and urinary volume are divided by
plasma concentration and calculated per minute and
gram of kidney weight. Inulin clearance was used as an
index of glomerular filtration rate (GFR) and PAH clear-
ance as an index of renal plasma flow (RPF) [2]. Urinary
8-isoprostane concentration (a marker for O,  activity)
was measured by enzyme immunoassay kit (Assay
Design Inc; Ann Arbor, Michigan, USA) [10,11].

Data are expressed as means & SE. Statistical comparisons
between control and experimental values in the
same group were conducted by paired Student’s 7-test.
Statistical comparisons among the groups were conducted
by two-way analysis of variance (ANOVA) for repeated
measurements, followed by Newman—Keuls test. A P
value < 0.05 was considered statistically significant.

Results

On the day prior to the acute experimental procedure,
SBP was 135+ 6 mmHg in TGR and 129 £4mmHg in
HanSD, which are not statistically different, indicating
the prehypertensive stage of TGR used in this study.
Table 1 illustrates the baseline values of mean arterial
pressure (MAP) and renal hemodynamics, as well as
excretory parameters of all groups during the control
period. The baseline in MAP was not significantly differ-
ent in the two groups — T'GR and HanSD rats. There
were also no significant differences in baseline values of
renal parameters in 'T'GR and HanSD rats, except in

Table 1
TGR and HanSD rats
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8-isoprostane excretion (UjgoV), which was significantly
higher in TGR compared to HanSD rats (Table 1).
Intra-arterial infusion of vehicle (saline) did not change
MAP and renal function in either TGR or HanSD during
the control period (data are not presented). During acute
administration of tempol and L-NAME, we recorded
MAP via the right femoral artery, which allowed
continuous monitoring of arterial blood pressure in
anesthetized animals. Compared to control periods, the
intra-arterial infusion of tempol directly into the renal
artery caused no significant changes in MAP in either
TGR (120 £3 to 117 £3 mmHg) or HanSD rats (115+3
to 114 £ 2 mmHg). Similarly, L-NAME administration did
not cause significant changes in MAP either in TGR
(122+3 to 125+ 3mmHg) or HanSD rats (11743 to
119+ 4 mmHg).

Tempol infusion increased RPF in TGR (10 + 3%) but not
in HanSD rats, as illustrated in Fig. 1. L-NAME admin-
istration significantly decreased RPF in both TGR and
HanSD rats. However, the responses in RPF were greater
in TGR compared to HanSD rats (—31+4% versus
—18+3%; P<0.05; Fig. 1). Co-infusion of tempol did
not significantly attenuate the responses to L-NAME in
either TGR or HanSD rats (Fig. 1). Administration of
tempol increased (8+2%) and L-NAME reduced GFR
(=16 +4%) in TGR but not in HanSD rats (Fig. 2). More-
over, co-infusion of tempol significantly attenuated the
responses to NO inhibition observed in TGR (-2 +3%).

Infusion of tempol caused a diuretic effect in both TGR
and HanSD rats (Fig. 3); however, the responses were
greater in 'T'GR compared to HanSD rats (594 10%
versus 31£7%; P<0.05). The antidiuretic responses
to L-NAME were not statistically different in TGR
and HanSD rats (—24 £4% and —16 + 5%, respectively).
Co-administration of tempol reversed the antidiuretic
responses to L-NAME in both groups of rat (Fig. 3).
The natriuretic responses to tempol were also
greater in T'GR compared to HanSD rats (112 +16%
versus 43+7%; P <0.05). L.-NAME-induced reduction

Basal values of mean arterial pressure, renal hemodynamics and sodium excretion (average from two control clearance periods) in

Group n  MAP (mmHg) RPF (ml/min per g) GFR (ml/min per g) V (wl/min per g) UnaV (umol/min per g)  FEna (%)  UisoV (pg/min per g)
HanSD
vehicle 8 118+2 1.81+0.11 0.72+0.08 10.8+1.0 0.70+£0.13 0.61+0.14 6.6 + 0.6
tempol 11 115+3 2.07 £0.09 0.74 £0.06 10.3+1.1 0.67+0.16 0.56+0.10 6.5+0.7
L.-NAME 11 11748 1.92+0.10 0.72 £0.04 95+1.3 0.66+0.18 0.57+0.19 6.3+0.6
L-NAME + tempol 11 119+2 1.97+0.12 0.71 £0.03 93+1.2 0.69+0.11 0.58+0.10 6.8+0.8
TGR
vehicle 10 121+£3 1.98+0.16 0.72 £0.05 9.7+1.3 0.65+0.11 0.51+0.09 10.5+0.6*
tempol 10 122+3 2.09+0.13 0.73+£0.07 10.1+1.1 0.63+0.13 0.57£0.11 10.2+0.8*
L.-NAME 11 120+3 1.99+0.10 0.70+0.08 89+0.9 0.64 +£0.20 0.59+0.13 9.840.8%
L-NAME + tempol 12 1256+ 2 2.07+0.14 0.71£0.04 9.6+1.3 0.62+0.15 0.55+0.18 10.5+0.9*

FEna, fractional sodium excretion; GFR, glomerular filtration rate; HanSD, transgene-negative Hannover Sprague—Dawley rats; L-NAME, nitro-L-arginine methyl ester;
MAP, mean arterial pressure; RPF, renal plasma flow; TGR, prehypertensive Renin-2 transgenic rats; UisoV, urinary 8-isoprostane excretion; Uy,V, absolute sodium

excretion; V, urine flow. Values are mean+ SEM. * P < 0.05 versus HanSD rats.
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Renal plasma flow (RPF) responses to intra-arterial infusion of tempol and/or L-NAME in transgene-negative Hannover Sprague—Dawley rats
(HanSD) and prehypertensive Renin-2 transgenic rats (TGR). Exp., experimental. *P < 0.05 versus basal values; ®P < 0.05 versus tempol alone.

in sodium excretion was greater in TGR compared to
HanSD rats (—=39+6% versus —21+4%, P<0.05) as
shown in Fig. 4. Co-infusion of tempol also reversed the
responses in sodium excretion responses to L-NAME in
both rat strains. Similarly, in TGR, tempol increased
fractional sodium excretion to a greater extent than in
HanSD rats (89 4 14% versus 31 +8%; P < 0.05; Fig. 5);
however, L-NAME reduced fractional sodium excretion
equally in TGR and HanSD rats (-30£4% and
—27 £ 5%, respectively). Co-administration of tempol also
reversed the responses to L-NAME in both TGR and
HanSD rats (Fig. 5). As illustrated in Fig. 6, tempol
caused significant decreases in UgoV in TGR
(—40+£3%), without significant changes in UjgoV in
HanSD rats. L-NAME infusion increased UjgoV in
HanSD (47+6%), but not in TGR (Fig. 6); however,
co-administration of tempol also decreased UjsoV in
TGR (—294+4%) and tempol attenuated increases in

Fig. 2

UisoV observed during NO inhibition in HanSD rats
(Fig. 6). The ratio between urinary 8-isoprostane and
creatinine excretion was not considered in the present
study as it is assumed that the plasma creatinine level
remained mostly unchanged and the water intake or fluid
infusion was maintained constant during the experimental
protocol period of nearly 2 h in these acute experiments. It
should be mentioned here that the variations in fluid
volume intake may alter UjgoV and thus may limit its
interpretation as an index of oxidative stress marker. In
such cases of variations in fluid intake and consequent
urine output, it is essential to normalize 8-isoprostane
to creatinine concentration, which is usually filtered at
a constant rate into urine; however, as fluids were
administered at a constant rate in animals in our
present experiments, it was unlikely that the variations
in UgoV were influenced by factors other than alterations
in oxidative stress level in these animals.
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Glomerular filtration rate (GFR) responses to intra-arterial infusion of tempol and/or L-NAME in transgene-negative Hannover Sprague—Dawley rats
(HanSD) and prehypertensive Renin-2 transgenic rats (TGR). Exp., experimental. *P < 0.05 versus basal values; *P < 0.05 versus .-NAME alone.
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Urine flow (V) responses to intra-arterial infusion of tempol and/or L-NAME in transgene-negative Hannover Sprague—Dawley rats (HanSD) and
prehypertensive Renin-2 transgenic rats (TGR). Exp., experimental. *P < 0.05 versus basal values; P < 0.05 versus tempol alone; *P < 0.05 versus

L.-NAME alone.

Discussion

In a previous investigation [11], the renal responses to
systemic administration of a NO synthase inhibitor,
L-NAME, with or without co-administration of a O,
scavenging agent, tempol, were evaluated in prehyperten-
sive TGR at an early age and compared to those in aged,
matched transgene, negative control HanSD rats.
Interpretation of the renal effects of L-NAME/tempol in
those experiments [11] was complicated due to the altera-
tion in blood pressure due to systemic administration of
these agents. Thus, uniquely, in the present study, the
administration of tempol and L-NAME was made directly
into the renal artery [2,9,10] to allow a more direct assess-
ment of kidney function, avoiding the complications
resulting from their systemic effects, particularly the
changes in arterial pressure which have a direct influence
on modulating renal hemodynamics and kidney function

Fig. 4

[15,20]. Thus, this is the first study in prehypertensive
TGR model to assess specific renal responses to reductions
in endogenous O, and NO levels.

The results in the present study clearly demonstrate that
O, scavenging in the kidney caused increases in blood
flow and glomerular filtration rate in TGR but not in
HanSD rats. The natriuretic response to tempol was also
greater in T'GR than in HanSD rats. NO blockade in the
kidney also caused comparatively greater decreases in
blood flow, glomerular filtration rate and sodium excretion
in TGR than in HanSD rats, which were partially reversed
by scavenging O, by tempol administration. These
results clearly indicate that renal hemodynamic and
excretory function are modulated by an enhanced
O, activity in normotensive T'GR which contributes to
the development of hypertension in this rat model.
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Absolute sodium excretion (Un,V) responses to intra-arterial infusion of tempol and/or L-NAME in transgene-negative Hannover Sprague—Dawley
rats (HanSD) and prehypertensive Renin-2 transgenic rats (TGR). Exp., experimental. *P < 0.05 versus basal values; ®P < 0.05 versus tempol alone;
#P < 0.05 versus L-NAME alone.
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Fractional sodium excretion (FEy,) responses to intra-arterial infusion of tempol and/or L-NAME in transgene-negative Hannover Sprague—Dawley
rats (HanSD) and prehypertensive Renin-2 transgenic rats (TGR). Exp., experimental. *P < 0.05 versus basal values; #P < 0.05 versus L-NAME

alone.

It has been observed that the administration of tempol
significantly increased RPF and GFR in TGR but not in
HanSD rats. Moreover, tempol caused greater diuretic
and natriuretic responses in TGR compared to HanSD
rats. These data indicate that an enhancement of
O, activity modulates renal hemodynamics and tubular
function in prehypertensive T'GR. It has also been
reported that T'GR exhibits elevated plasma and kidney
levels of ANG II in the prehypertensive phase [2,3].
ANG II activates NADPH oxidase, which is one of the
major O, generating enzymes in the body, including the
kidney [5,6,21,22]. In agreement, higher expression of
NADPH oxidase in the kidney was also observed in TGR
[23]. Although we have not tested directly whether or
not ANG II type 1 (AT,) receptor blockade or angioten-
sin-converting enzyme (ACE) inhibition reduces O,~
production in TGR, it has been demonstrated that
administration of candesartan (AT receptor blocker)

Fig. 6

reduced 8-isoprostane excretion (marker of endogenous
O, activity) in Cyplal-RenZ TGR with inducible
hypertension [24]. Thus these results support the notion
that ANG II enhances O, production which contributes
in the regulation of renal hemodynamic and excretory
function in prehypertensive TGR, directly and also by
diminishing the NO level.

In TGR, inhibition of NO synthase by intra-arterial
L-NAME administration into the kidney led to greater
attenuation of RPF and GFR compared to HanSD rats.
The larger RPF and GFR responses to L-NAME in TGR
could be due to the fact that renal hemodynamics were
maintained by a higher NO activity in TGR, as reported
previously [11]; that opposes the action of higher
O, activity in this animal model. NO inhibition by
L-NAME facilitated the unopposed action of O, in
the TGR kidney and led to greater attenuation of RPF
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Urinary 8-isoprostane excretion (UisoV) responses to intra-arterial infusion of tempol and/or L-NAME in transgene-negative Hannover Sprague—
Dawley rats (HanSD) and prehypertensive Renin-2 transgenic rats (TGR). Exp., experimental. *P < 0.05 versus basal values; ®P < 0.05 versus

tempol alone.
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and GFR compared to HanSD rats. L-NAME also
reduced sodium excretion to a greater extent in TGR
than HanSD rats. Similar to our earlier findings [10,17],
NO inhibition led to an increase in UjgoV in HanSD
rats in the present study, indicating an increase in
O, activity due to NO inhibition; however, UjgoV in
"T'GR was not increased further during L-NAME infusion.
In 'TGR, basal UgnV is already at a higher level than that
in HanSD rats, indicating that O,  activity in TGR is
higher than in HanSD rats and may be at a maximal
level from which further increment during L-NAME
administration was limited.

In a previous study [11], RPF and GFR responses to
systemic L-NAME administration were not significantly
different between prehypertensive TGR and HanSD
rats. The reason for this discrepancy in the results of
that previous study [11] and our recent observation could
be related to changes in arterial pressure due to systemic
administration of the drug. However, greater renal
responses to NO inhibition have been reported in other
ANG II-dependent hypertensive models, such as ANG
II-infused rats and Goldblatt hypertensive rats [13,25,26].
These data indicate that NO plays a renoprotective role
in the maintenance of appropriate renal hemodynamic
and tubular function in the prehypertensive stage in
TGR.

With regard to the origin of 8-isoprostane that appears in
the urine, it should be mentioned here that our present
experiments may not be appropriately designed to
address this; however, as we observed the changes in
UjsoV during the manipulations of intrarenal O, and
NO levels by infusing tempol and L-NAME directly into
the kidney, it can be assumed that these changes in
UjsoV are mainly of renal origin.

Co-infusion of tempol with L-NAME did not cause
any significant changes in RPF compared to L-NAME
treatment alone in both TGR and HanSD rats. This is
not unexpected as a similar observation was also noted in
previous studies in dogs [17]. It should be emphasized
here that the expected vasodilator effect of scavenging
O, is primarily due to the action of increased bioavail-
ability of NO in the vasculature [9,18,27]. Thus
scavenging O, by tempol during effective blockade
of NO synthase by L-NAME will not produce any
significant reverse vasodilatory effect. Tempol attenu-
ated the reductions in GFR in response to L-NAME in
TGR, suggesting that the O, and NO interact with each
other in regulating the glomerular hemodynamic,
possibly by altering preglomerular vascular resistance
[10,22,28] in these animals. In NO-inhibited anesthe-
tized dogs, the marked reduction in GFR in response to
acute administration of ANG II was also shown to be
attenuated by tempol administration [14]. In the present
study, tempol also reversed the antinatriuretic effect of
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NO inhibition in both TGR and HanSD rats. Similar
results were also observed in the previous studies in dogs
[17] and in L-NAME-induced hypertensive rats [10].
Moreover, tempol attenuated increases in UpgpV
observed during NO inhibition in HanSD rats and also
reduced U;goV in TGR. These data further demonstrate
a renoprotective effect of NO against the action of O,
influencing renal tubular function [8,10,14,17,27,29].

It may be argued thata nitroxide compound such as tempol
may have nonspecific effects other than scavenging
O, [30]. In previous studies [17,31] this issue of selectiv-
ity was tested by comparing the effects of tempol with
that of 3-carbamoyl-proxyl (3-CP), another nitroxide
compound chemically similar to tempol but lacking
O, scavenging effects. In those studies [17,31] it was
observed that, in the condition of enhanced oxidative
stress, tempol exerts renal and systemic vasodepressor
actions as well as diuresis and natriuresis but such effects
were absent with administration of equimolar concen-
trations of 3-CP. There was a decrease in UjgoV during
tempol but not during 3-CP administration [17], confirm-
ing thatamong other nitroxide compounds tempol has high
selectivity as a scavenger of O, . At present, no agent
other than tempol is known to have more selectivity as a
O, scavenger and can be used systemically iz vivo
without cytotoxicity [11,18,24,32,33].

It may also be argued that there is the possibility of a
chemical interaction between the agents tempol and
L-NAME during combined infusion that may have influ-
enced the results of these experiments. This possibility is
unlikely as the tempol and L-NAME co-infusion has been
used in many previous studies from our laboratory
[11,14,17,31] as well as others [18,24,29], and these results
did not indicate any such chemical interaction between
these two agents that could affect the findings of the
experiments.

Although we have not determined the enzymatic activities
producing O, and NO in these prehypertensive TGR,
previous studies have shown that chronic ANG II admin-
istration activates NADPH oxidase, leading to enhanced
O,~ generation in many organs, including the kidney
[5,6,21-23,27]. Morecover, extracellular  superoxide
dismutase (SOD), catalase and glutathione peroxidase
expression in the kidney is significantly reduced in
ANG Il-infused rats [6,32,34] and thus the ability of
enzymatic O, degradation, as well as the degradation
of other reactive oxygen species, may also be reduced in
TGR. Further experiments are needed to assess the
activities of these enzymes in TGR.

Although our present acute experiments to study kidney
function do not address the regulation of systemic
blood pressure directly, we realize the dire importance
of conducting these experiments with a chronic set-up in
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conscious animals, to see the impacts of renal NO and
O, interactions on systemic blood pressure. In previous
studies, chronic systemic administration of tempol has
been shown to ameliorate hypertension induced by
chronic ANG II administration in rats and mice
[32,33], and acute systemic administration of tempol
reduced arterial pressure in Cyplal-Ren2 transgenic rats
with inducible malignant hypertension [24], implicating a
role for oxidative stress in the ANG II-dependent form of
hypertension. In the present study, we demonstrated an
interactive role of NO/O,™ in the kidney that modulates
the renal hemodynamics and excretory function at the
prehypertensive stage of TGR. In our earlier study in
ANG II-induced hypertensive rats [9], we also observed
such an interactive role of NO/O, ™ in modulating kidney
function. Such modulation of renal function leads to
progressive sodium retention, which could be linked
mechanistically to the development of hypertension
under conditions of elevated endogenous ANG II, as
in the T'GR model.

How much of the renal action of NO is due to decreasing
O, and how much is due to other actions of NO still
remains to be resolved. The present experiment is not
appropriately designed to address this issue quantitatively;
however, the results of the present study and also our
earlier studies [9,10,14,17] have generally shown that the
effects of tempol on reversing the renal and systemic
responses to L-NAME are quantitatively variable, depend-
ing on the underlying production status of both the
endogenous factors (NO and O, ). These results
indicate that an interaction between these factors
determines the final status of their endogenous levels,
which vary under different conditions (normal or oxidative
stress) to produce a resultant biological action. Under
normal conditions, the actions of NO other than decreasing
O, have a major contributory role in regulating kidney
function; however, under conditions of oxidative stress,
such relative contributory roles of endogenous NO may
differ widely, depending on the production levels of both
these factors (NO and O, ). Thus, more comprehensive
experiments are needed to resolve this issue in future
studies.

In conclusion, these data suggest that the enhanced
generation of O,  and its interaction with NO in
prehypertensive TGR modulate renal hemodynamics
and excretory function, and thus may play a role in
the development of hypertension in this transgenic rat
model.
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