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Abstrakt

ABSTRAKT

Rostlinné alkaloidy aristolochové kyseliny (AA) jsou prokazatelné lidské
karcinogeny, které vyvolavaji dvé zavaznd onemocnéni ledvin: nefropathii vyvolanou
aristolochovou kyselinou (Aristolochic Acid Nephropathy, AAN) a Balkanskou
endemickou nefropathii (Balkan Endemic Nephropathy, BEN). Charakteristickym znakem
obou onemocnéni je vyvoj urothelidlnich nadort (Upper Urothelial Carcinoma, UUC).
Ackoliv jsou ob¢ nefropathie vyvolané stejnou latkou, AA, neni jejich klinicka manifestace
zcela totozna. Rozdily mohou byt vysvétleny jak vystavenim riznym davkam AA, tak
interindividudlnimi rozdily v expresnich hladinach a aktivitich enzymi, které AA
V organismu metabolisuji. Detailni znalost téchto enzymt mtze ptispét k objasnéni rozdilt
v pribéhu AAN a BEN a ke snizeni risika spojené¢ho s AA. V piedkladané disertacni préci
byly studovany enzymy, které participuji jak na oxida¢ni detoxikaci AAI, hlavni slozky
prirodni smési AA, tak na reduk¢ni aktivaci, ktera resultuje v tvorbu adukti AAI s DNA.
V modelu laboratorniho  potkana byla za vyuziti specifického inhibitoru
NAD(P)H:chinonoxidoreduktasy 1(NQOT1), dikumarolu, studovéna jeji uloha v redukéni
aktivaci AAI in vivo. Oxidaéni detoxikace AAI, kterd vede k tvorbé demethylovaného
derivatu, AAla (8-hydroxyaristolochové kyseliny), byla studovdna za vyuziti indukce
cytochromi P450 (CYP) 1Al a 1A2, enzym, které tuto reakci nejucinngji katalysuji.
Nicméng, CYP1A1/2 mohou rovnéz redukéné aktivovat AAI za tvorby aduktt in vivo a
ex vivo. Proto bylo cilem piedkladané disertacni prace urcit, ktera z obou metabolickych
drah v organismu ptevlada. V ramci studie byla rovnéz zkoumana aetiologie BEN/UUC,
konkrétné vliv dalSich suspektnich environmentalnich faktort na vyvoj tohoto zdvazného
ledvinného onemocnéni. V modelovém organismu laboratorniho potkana byl studovan vliv
ochratoxinu A (OTA) na metabolismus AA s cilem zodpovédét otazku, zda muize tento
nefrotoxicky mykotoxin ovliviiovat BEN/UUC vyvolanych ptisobenim AA. V naSich
studiich byl rovnéz zkouman vliv ostatnich hypothetickych faktort (ionti toxickych kovt a
organickych latek uvolnovanych zlignitového podlozi oblasti s vyskytem BEN)
na oxidacni detoxikaci AAI na AAla, potazmo na vyvoj BEN/UUC. Vysledky ziskané
Vv disertaéni praci demonstruji zasadni ulohu NQO1 v bioaktivaci AAI nejen in vitro, ale
rovnéz v podminkach in vivo a majoritni alohu CYP1A1/2 v oxida¢ni detoxikaci AAI
invivo. Vysledky ziskané ze studie zkoumajici aetiologii BEN/UUC poprvé ukazuji

schopnost OTA potencialné ovlivilovat metabolismus AA, a tim i vyvoj BEN/UUC.



Uvod

1. UvoD

1.1 Teorie chemické karcinogenese

Spojitost mezi vyvojem nadorového onemocnéni a pisobenim chemickych latek
byla pozorovana jiz na sklonku 18. stoleti. Prvni prace tohoto druhu byly formulovany
londynskymi 1ékaii Johnem Hillem a Percivallem Pottem (Hill, 1761; Pott, 1775).
Nasledujici dekddy byly ve znameni intensivniho studia vztahi mezi plsobenim
chemickych latek a procesem karcinogenese. Zasadni pievrat ovSem pfisel az v poloviné
20. stoleti, kdy byla manzely Millerovymi pfednesena hypothesa, ze chemické karcinogeny
podstupuji aktivaci katalysovanou enzymy za vzniku ,proximalniho*“ karcinogenu
(proximate carcinogen), ktery je nasledné¢ enzymové transformovan na tzv. ,,okamzity*
karcinogen (ultimate carcinogen), a pravé tento ,,okamzity“ karcinogen je svou povahou
elektrofilni agens, které mize tvofit adukty s proteiny, RNA a/nebo DNA (Miller et al.,
1966a; Miller & Miller, 1966b, 1981). Vedle organickych slouc¢enin se mezi chemické
karcinogeny fadi rovnéz anorganické latky (napft. ionty arsenu, chromu, beryllia a kadmia)
a latky pfirodniho pivodu. Mezi témito latkami lze nalézt metabolity produkované
plisnémi (napf. aflatoxiny) a rostlinné produkty (safrol, aristolochova kyselina). VSechny
tyto karcinogeny jsou kazdorocné predmétem odbornych studii publikovanymi
Mezinarodni agenturou pro vyzkum rakoviny (International Agency for Research
on Cancer, 1ARC). Vorganismu podstupuji chemické karcinogeny v ramci
biotransformace enzymovou ptemeénu, jejiz primarni vysledek je detoxikace xenobiotika
z organismu. Nicméné, tento proces milZe rovnéz vést k bioaktivaci téchto latek a ty pak
mohou genotoxicky poskozovat DNA. Zilezi tedy téZ na rovnovaze mezi detoxikaci a

aktivaci karcinogenu.

1.2 Aristolochové Kyseliny

Aristolochové kyseliny (AA) pifedstavuji smés derivath nitrofenanthrenovych
karboxylovych kyselin, které jsou ptfitomny v rostlinné celedi Aristolochiaceae
(Podrazcovité). Smés téchto alkaloidi je tvofena nékolika desitkami derivatd, z nichz
ptevazuji dva, aristolochova kyselina I (AAI) — 8-methoxy-6-nitro-fenanthro-(3,4-d)-1,3-
dioxolo-5-karboxylova kyselina — a aristolochova kyselina Il (AAIl) — 6-nitro-fenanthro-
(3,4-d)-1,3-dioxolo-5-karboxylova kyselina (Obr. 1) (Mix et al., 1982; Kumar et al.,
2003). AA vykazuji vyrazné protizanétlivé ucinky, pro néz rostliny obsahujici AA byly a
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Obr. 1: Struktura aristolochové kyseliny I a I1.

nadale jsou vyuzivany v tradicnim léCitelstvi. Vedle toho byly AA rovnéz studovany jako
potenciadlni 1éCivé latky s cilem zafadit tyto latky do medicindlni praxe (Mdse, 1966,
1974a, 1974b). Nicméné zanedlouho byly objeveny a prokazany jejich toxické ucinky,
které spocivaji v silné nefrotoxicité¢ a karcinogenité. AAI a AAII jsou jednémi z mala
prokazatelnych lidskych karcinogenti, které genotoxicky interaguji s DNA za tvorby
persistentnich kovalentnich aduktt (Bieler et al., 1997; Stiborova et al., 2012). Ty nasledné
vedou K vyvoji mutaci v kli¢ovych genech (p53, H-ras) resultujicich v tvorbu malignanci
(Arlt et al., 2007). Proto byly tyto rostlinné alkaloidy klasifikovany IARC
jako karcinogenni pro ¢lovéka (skupina 1) (IARC, 2012).

1.3 Pathologie vyvolané aristolochovymi kyselinami

Aristolochové kyseliny jsou rovnéZ odpovédné za vyvoj dvou zavaznych
ledvinnych onemocnéni. Prvnim z nich je nefropathie vyvolana aristolochovou kyselinou
(Aristolochic Acid Nephropathy, AAN), poprvé popsana u vice nez 100 belgickych
pacientek na zacatku 90. let 20. stoleti (Vanherweghem et al., 1993; Nortier et al., 2000).
Tato zvlastni ledvinna nedostatecnost je charakterisovana velice rychlym pribéhem, ktery
vede az ke kone¢nému rendlnimu selhani. Zahy po popsani prvnich piipadi bylo
prokazano, ze onemocnéni bylo vyvolano pisobenim AA, které se k pacientkam dostaly
vramci kiry pro redukci télesné hmotnosti, a to zaménou dvou botanickych druhti
¢inskych bylin: neskodné Stephania tetrandra (Cinsky Fangji) a toxické Aristolochia
fangchi (¢insky Fangchi). Jedinou efektivni 1éébou je nasazeni glukokortikoidl
(prednisolonu), nicméné tyto medikamenty nelé¢i piivodni pfi¢inu, ale pouze zpomaluji
vyvoj AAN nez dosahne kone¢ného stadia (Martinez et al., 2002). Vedle totalniho selhani

ledvin je AAN spojena rovnéz S vyvojem urothelidlnich nadord (Upper Urothelial
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Carcinoma, UUC), ktery je pfimym dusledkem karcinogenniho ptisobeni AA (Nortier et
al., 2000; Chen et al., 2012).

Druhym onemocnénim je Balkanska endemicka nefropathie (Balkan Endemic
Nephropathy, BEN), ktera se projevuje jako chronicka intersticialni fibrosa. Zvlastnim
znakem tohoto renalniho onemocnéni, které bylo poprvé popsano v roce 1956 (Bamias &
Boletis, 2008), je jeji vyskyt pouze v uritych, endemickych oblastech, ba vesnicich
v povodi Dunaje (Obr. 2) (Toncheva et al., 1998; Hranjec et al., 2005; Jelakovi¢ et al.,
2015). Od prvniho popsani BEN bylo diskutovano nékolik hypothes jeji aetiologie, které
zahrnovaly pusobeni AA, ochratoxinu A (OTA), tézkych kovii a organickych latek
uvolnovanych z lignitovych podlozi (Ivi¢, 1969; Tatu et al. 1998; Long et al., 2001;
Pfohl-Leszkowicz & Manderville, 2007; Maharaj et al., 2014), nicméné actiologie BEN
neni dosud zcela jasna. Nedavné studie sice jednoznaéné prokazaly majoritni alohu AA
ve vyvoji BEN, a to na zaklad¢ detekce kovalentnich adukti AA s DNA a charakteristické
transversni mutace AT—TA V tumorovém supresorovém genu p53 (Arlt et al., 2002;
Grollman et al., 2007; Hollstein et al., 2013), otazkou vSak zustava, zda ostatni faktory
nemohou k vyvoji BEN/UUC néjakym zptisobem pfispivat. Ac¢koliv miizeme mezi AAN a
BEN nalézt mnoho shodnych klinickych rysi (zdvazna anemie, proteinurie, intersticialni
fibrosa, UUC apod.), existuje zékladni rozdil mezi BEN a AAN: rychlost vyvoje obou
onemocnéni. Zatimco AAN je charakterisovdna jako rychle postupujici fibrosa, BEN je

znama svym velmi pomalym vyvojem.

B Endemic regions

Romania

Danube River

Bulgaria

Adriatic Sea

Obr. 2: Mapa svyznaenymi endemickymi oblastmi BEN v Chorvantsku, Bosné a
Hercegoving, Stbsku, Bulharsku a Rumunsku (pfevzato z Grollman, 2013).
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1.4 Metabolismus aristolochovvch kyselin

Aristolochové kyseliny, podobné jako ostatni xenobiotika, podstupuji v organismu
metabolickou pfeménu (Obr. 3), ktera primarné¢ vede k jejich detoxikaci. Nicméng,
jak bylo uvedeno v kapitole 1.1, nékteré latky, ne jinak AA, mohou podstoupit reakce,
které vedou k pravému opaku, tj. k metabolické aktivaci resultujici v tvorbu reaktivnich
agens, ktera jsou podstatné toxi¢téjsi (Miller et al., 1966a; Miller & Miller, 1981).

AKTIVACE DETOXIKACE
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ODbr. 3: Schema biotransformace AAI v organismech; UGT, UDP-glukuronosyltransferasa;
SULT, sulfotransferasa. (upraveno dle Barta ez /., 2015).

V organismu muize byt AAI oxidaéné detoxikovana za vzniku O-demethylovaného
produktu, AAla (8-hydroxyaristolochové kyseliny) (Arlt et al., 2011; Levova et al., 2011
Stiborova et al., 2012). AAII, dalsi slozka piirodni smési AA, tuto reakci nepodstupuje a
zda se, ze je v organismu pouze redukéné aktivovana za tvorby N-hydroxyaristolaktamu 11
(Schmeiser et al., 1986, Chan et al., 2006). Oxidaé¢ni reakce resultujici v tvorbu AAla je
katalysovana vyhradné¢ hemovymi enzymy, cytochromy P450 (CYP). Nejucinngjsi
isoformy detoxikujici AAI jak v lidském, tak potkanim organismu jsou CYP1A a 2C.

Vedle detoxikacnich reakci CYP katalysuji rovnéZ redukeni aktivaci AAI, kterd
vede ke vzniku aduktt s deoxyadenosinem a deoxyguaninem (Stiborova et al., 2005,
2011a). Nejefektivnéjsi  enzym v nitroredukci  AAI  vedoucim ke  vzniku
N-hydroxyaristolaktamu 1 je cytosolarni NAD(P)H:chinonoxidoreduktasa 1 (NQOI)
(Stiborova et al., 2011b). Pravé tvorba N-hydroxyaristolaktamu I je zdsadnim krokem
bioaktivace AAI nebot’ tento produkt se snadno rozpadd na N-acylnitreniovy ion, ktery

interaguje s purinovymi basemi DNA za vzniku persistentnich kovalentnich aduktt.
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2. CIL DISERTACNI PRACE

Cilem predkladané disertacni prace bylo studium enzymii metabolisujicich
aristolochové kyseliny (AA), kterd je pivodcem dvou zavaznych onemocnéni, a to
nefropathie vyvolané AA (AAN) a Balkanské endemické nefropathie (BEN), u nichz rovnéz
dochazi k tvorbé urothelidlnich nadori. Cile prace byly rozdéleny na dvé zakladni oblasti.

Prvni oblast cili prace se soustfed’uje na poznani molekularniho mechanismu AAN
ve snaze prinést nové poznatky o procesu redukéni bioativace a oxidacni detoxikace AAI a
0 enzymech, které tento rostlinny alkaloid metabolisuji. K poznani funkce cytosolarni
reduktasy NQO1 v redukéni aktivaci AAI resultujici v tvorbu adukti s DNA in vivo bylo
vyuzito inhibitoru tohoto enzymu, dikumarolu. Konkrétné bylo studovano, zda dikumarol
mize ovliviiovat genotoxicitu AAI in vivo a zda jeho podani moduluje funkci enzymi
biotransformujicich AAI, véetné¢ NQO1 a CYPIA1/2. Jako experimentalni modely byli
pouziti potkani a mysi, tj. organismy, které jsou v souc¢asné dobé hojné pouzivany jako
vhodné experimentalni modely pro studium AAN.

Dal$im cilem diserta¢ni prace bylo urceni redlnych ptispévkl jednotlivych CYP
k oxida¢ni detoxikaci AAI v lidskych a potkanich jatrech, v hlavnim organu metabolismu
xenobiotik v organismu. Cilem bylo i poznani, které enzymy participuji na oxidacni
detoxikaci AAI in vivo. Zejména pak CYP1AL a 1A2 v této funkci, nebot’ oba enzymy jsou
v oxidacéni detoxikaci AAI in vitro nejaktivngj$i. Vzhledem ke skutecnosti, ze oba CYP
rovnéz katalysuji redukéni aktivaci AAI za tvorby aduktd s DNA in vitro, bylo cilem
zodpovédét, kterd z metabolickych drah katalysovanych CYP1A1/2 ptevlada v podminkéach
in vivo.

DalSim cilem ptedkladané diserta¢ni prace bylo studium participace ochratoxinu A
(OTA) na aetiologii BEN. Cilem této oblasti studia bylo zhodnotit vliv OTA
na metabolismus, resp. genotoxicitu rostlinného extraktu AA a participaci OTA na vyvoji
BEN/UUC. Poslednim cilem diserta¢ni prace bylo studium ulohy ostatnich suspektnich
environmentalnich faktori ve vyvoji BEN/UUC, konkrétné vlivu toxickych iontl téZkych
kovl a polokovil, vybranych organickych latek uvoliiovanych z lignitu endemickych oblasti

a OTA, na detoxikaci AAI v podminkach in vitro.
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3. MATERIAL A METODY

Pouzity material a metody, které byly vyuzity pfi vypracovani piedkladané
disertacni prace, jsou detailn¢ popsany v publikacich, které¢ laskavy c¢tendf nalezne
Vv seznamu publikaci na konci tohoto autoreferatu (Publikace 4-9 a 11). Pro plnou
srozumitelnost vysledkové Casti jsou nékteré metody kratce charakterisovany zde.

V ramci experimentii in Vvivo byly podany laboratornimu potkanovi vybrané
chemikalie, které bylo lze pouzit jako nastroje pro studium enzymu participujicich
na metabolismu AAL. V prvni studii byl podan dikumarol (inhibitor NQO1) a/nebo AAI,
v dalsi studii byl podan Sudan I (induktor CYP1A) a/nebo AAI a v posledni studii byl
podan OTA a/nebo smés AAl a AAIL

Enzymové aktivity NQO1, NADPH:CYP reduktasy (POR), CYP1A1/2 a 2C6/11
byly stanoveny dle standardnich protokolti. Aktivita NQO1 jako schopnost redukovat
menadion Vv piitomnosti NADH (Ernster, 1967), POR jako schopnost redukovat cytochrom
¢ (Sottocassa et al., 1967), CYP1A1 jako schopnost oxidovat Sudan | (Stiborova et al.,
2002) a aktivita CYP1A1/2 byla urCena fluorimetricky (Burke et al., 1994). Aktivita
CYP2C6 byla uréena jako schopnost specificky hydroxylovat diklofenak (Kaphalia et al.,
2006) a aktivity CYP2C11 jako schopnost oxidovat testosteron v poloze 16a (Baltes et al.,
1998).

Analysa tvorby AAla in vitro byla provedena metodou RP-HPLC v gradientovém
usporddani, kdy se slozeni mobilni fiaze ménilo z80 % elucniho roztoku A
(100 mM triethylaminacetat, pH = 7,4) a 20 % elu¢niho roztoku B (80% acetonitril)
na konec¢né slozeni 40 % A a 60 % B. Separace byla provedena na kololon¢ C18 pfi teploté
35° C a pratoku mobilni faze 0,5 ml/min. Jedna eluce probihala 55 minut a separované
latky byly analysovany pti vlnové délce 250 nm.

Analysa adukti AAI, AA ¢i OTA s DNA byla provedena Skolitelkou prof. RNDr.
Marii Stiborovou, DrSc., metodou ,,32P-p0stlabelling“ na spolupracujicim pracovisti
v Némeckém centru pro vyzkum rakoviny (Deutsches Krebsforschungszentrum)

vvvvvv

Bieler et al., 1997; Stiborova et al., 2005).
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4. \/YSLEDKY A DISKUSE

4.1 Studium molekularniho mechanismu vvvoje nefropathie vyvolané AA

V prvni ¢asti predkladané disertacni prace byl studovan metabolismus AAI
vV organismu laboratorniho potkana. Konkrétné byla studovana tiloha biotransformacnich
enzymu (NQO1, CYP1A1/2 a CYP2C6/11) v metabolismu AAI jak in vitro, tak in vivo.
Jako nastroj byla pouzita modulace exprese téchto enzymu a jejich aktivit in vivo, které
bylo dosazeno vyuzitim inhibitori a induktori uvedenych enzymu. Konkrétné¢ byl pouzit

dikumarol, silny inhibitor NQO1, a efektivni induktor CYP1A1/2, Sudan I.

4.1.1 NQO1 diktuje bioaktivaci AAI in vivo

Analysa tvorby adukti AAI s DNA v jatrech a ledviné potkanti premedikovanych
dikumarolem a/nebo AAI demonstrovala 11nasobné, resp. Snasobné zvySeni tvorby
mnozstvi aduktd s DNA po podani dikumarolu (Obr. 4). Toto zjisténi bylo piekvapivé,
nebot’ dikumarol je znam jako silny inhibitor NQO1 (Ernster, 1967), ktera bioaktivaci AAI
katalysuje s nejvétsi Gc¢innosti (Stiborova et al., 2011b). Proto bylo o¢ekavano, ze tvorba
adukti AAI s DNA bude rovnéz snizend. Nicméné, nésledné stanoveni enzymovych aktivit
a proteinovych expresi NQOI1 v obou studovanych organech prokazaly, ze dikumarol
indukoval NQO1. Tento poznatek, tedy ze dikumarol je nejen inhibitorem NQOL1 in vitro a
in vivo, ale rovnéz induktorem tohoto enzymu, je originalnim vysledkem, ktery nebyl
Vv literatufe dfive popsan. Jednim z vysvétleni tohoto unikatniho zjisténi muize byt
dostupnost dikumarolu v riznych tkanich a délka exposice AAI a dikumarolu a forma
jejich podani. Studie rovnéz prokazala, ze NQO1 je majoritnim enzymem, ktery participuje

na redukeni aktivaci AAI nejen in vitro, ale rovnéz v podminkach in vivo.

Obr 4: Schematické shrnuti ilustrujici vliv podani dikumarolu (DC) na metabolismus AAI
v potkanech (nasledujici strana). Indukce NQO1 vyvolana pasobenim dikumarolu
resultovala ve vyssi tvorbu aduktd AAI s DNA po redukci cytosoly ex vivo. Inhibice
CYP2C vyvolana dikumarolem vedla ke snizeni oxidacni detoxikace AAI na AAla
v jaternich mikrosomech. Jak indukce NQO1, tak inhibice CYP2C vedla k vy$simu
mnozstvi aduktd AAI s DNA v jatrech 7z vivo. Tvorba aduktd AAI s DNA /n vive byla
v ledvine ovlivnéna pouze indukci NQOI1. F, faktor pfedstavujici ndsobek zvyseni
oproti mnozstvi adukti u zvifat premedikovanych pouze AAI Porovnani bylo
analysovano Studentovym #testem: **p < 0,01 a ***p < 0,001. RAL, relativni
znaceni aduktu.
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Analysa enzymt detoxikujicich AAI na AAla v organech testovanych laboratornich
potkanti (CYP1A1/2 a CYP2C6/11) demonstrovala vyznam CYP2C, které jsou majoritné
zastoupeny V potkanich jatrech (Nedelcheva & Gut, 1994). Podani dikumarolu vedlo
k inhibici tvorby AAla (Obr. 4), a tim i k poklesu detoxikace AAI. Nasledné stanoveni
enzymovych aktivit CYPIA a 2C ukazalo, ze zatimco CYP1A1/2 byly indukovany,
CYP2C6/11 byly ptisobenim dikumarolu inhibovany. Je tedy pravdépodobné, ze zvysena
tvorba adukti AAI s DNA v jatrech tedy mohla byt vysledkem nejen indukce NQOI, ale
rovnéz snizené miry detoxikace AAI na AAla, kterd byla vyvolana inhibici CYP2C6/11.
Nadto je pravdépodobné, ze CYP1A1/2 piispivaji v tomto piipadé spiSe k nitroredukci
AAI vedouci k tvorbé adukti s DNA, nez k oxida¢ni detoxikaci na AAla.

4.1.2 Prispévky jednotlivych lidskych a potkanich cytochromii P450 k oxidacni
detoxikaci AAI

V dalsi ¢asti studie zkoumajici oxidac¢ni detoxikaci AAI na AAla byly uréeny
realné piispévky lidskych a potkanich CYP k této reakci, a to s pfihlédnutim jak jejich
vlastni aktivité, tak i proteinové expresi téchto enzymu v lidskych a potkanich jatrech.
V lidskych jatrech nejvice pfispiva k detoxikaci AAI CYPIA2 (~47,5 %), ktery je
nasledovan CYP2C9 (~15,8 %), CYP3A4 (~10,5 %) a CYP1A1 (~8,3 %) (Obr. 5A).
Takové vysledky jsou Casteéné prekvapivé, nebot’ nejvyssi aktivitu oxidovat AAI na AAla
mél praveé lidsky rekombinantni CYP1A1, nicméné jeho nizka exprese Vv jatrech (<0,7 %)
(Stiborova et al., 2002) je divodem tak malého realného piispévku k oxidacni detoxikaci
AAI a to dokonce niz8iho nez jsou piispévky CYP1A2, 2C9 a 3A4. V potkanich jatrech
nejvice prispivaji k detoxikaci AAI na AAla CYP2C (~83 %) (Obr.5B), které byly
nasledovany CYPI1A (~17 %). Ackoliv aktivita oxidovat AAI na AAla potkanimi CYP2C
je velice nizk4, jejich redlny pfispévek je majoritni, nebot exprese této podrodiny
Vv potkanich jatrech je az 55% (Nedelcheva & Gut, 1994).

CYP1A2
47,5 %

CYP2C9
15,8 %

CYP2C11
42 %

Obr. 5: Redlné piispévky jednotlivych lidskych (A) a potkanich (B) CYP k oxidaéni
detoxikaci AAI na AAla v jatrech téchto organismu.
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4.1.3 Indukce cytochromit P450 141/2 sniZuje tvorbu aduktii AAI s DNA

Cilem nésledujici ¢asti predkladané disertaéni prace bylo zjistit, kterd ze dvou
popsanych metabolickych cest katalysovanych CYP1A1/2, tj. oxidacni detoxikace a
reduk¢ni bioaktivace AAI, pievazuje v podminkach in vivo. K dosazeni tohoto cile bylo
pouzito modulace exprese téchto enzymi prostiednictvim jejich induktoru, Sudanu 1.
Laboratornimu potkanovi byl poddvan Sudan I, AAI a jejich kombinace. Podani Sudanu I
vedlo nejen K silné indukci proteinové exprese CYP1A1/2 a jejich enzymovych aktivit, ale
také ke sniZeni tvorby adukti AAI s DNA (Obr. 6). Indukce CYP1A1/2 Sudanem | tedy
vysledné vedla ke sniZzeni genotoxicity AAI a to i navzdory skutecnosti, ze Sudan I je
rovnéz induktorem NQOI, tj. enzymu ktery nejucinngji redukuje AAI za tvorby adukth
s DNA. Na zakladé téchto vysledki a vysledka diive publikovanych studii vyuzivajicich
geneticky modifikovanych zvitat (Arlt et al., 2011a; Stiborova et al., 2012) je ziejmé, zZe
oxida¢ni detoxikace AAI na AAla katalysovand CYP1A1/2 pfevazuje nad jejich funkci

v redukéni aktivaci AAI vedouci k tvorbé aduktt s DNA in vivo.

B AAI [ ] Sud I+AAl

RAL na 10" nukleotidi
[87]
L

Jatra Ledviny

Obr. 6: Tvorba aduktt AAI s DNA v jitrech a ledviné potkanii premedikovanych AAI a
kombinaci Sudanu I (Sud I) a AAIL Stanoveni byla provedena metodou
., ’P-postlabelling”. Hodnoty jsou pramérem ze tif stanoveni; ***p < 0,001. RAL,
relativni znaceni aduktt. F, faktor pfedstavujici nasobek zvyseni mnozstvi adukta
s DNA oproti mnozstvi aduktd u zvifat premedikovanych pouze AAI Vlozeny
obrazek pfedstavuje autoradiogram adukta AAI s DNA vjatrech potkana
vystavenych AAL
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4.2 Studium aetiologie Balkanské endemické nefropathie

Druhé oblast studovana v predkladané disertacni praci byla zaméfena na ptispévek
k dal$imu poznani aetiologic BEN. V obdobi minulych 60 let byla aetiologic BEN detailné
studovana celou fadou pracovist a mezi potencidlnimi ptivodce tohoto onemocnéni byly
fazeny nejen AA, ale i mykotoxiny (OTA), toxické ionty tézkych kovii a organické latky
uvolnované z lignitovych podlozi endemickych oblasti. Na zdkladé poslednich
komplexnich studii byla jednozna¢né prokazéana klicova uloha AA ve vyvoji BEN/UUC a
zejména v UUC. Nicméné je rovnéz pravdépodobné, Zze K vyvoji tohoto onemocnéni

mohou pfispivat i dalsi faktory.

4.2.1 Uloha ochratoxinu A ve vyvoji Balkdinské endemické nefropathie

V prvni Casti studie zkoumajici vliv suspektnich faktori na aetiologii BEN byl
studovan vliv . OTA na metabolismus AA in vivo, a to Vv experimentdlnim modelu
laboratorniho potkana. Laboratornimu potkanovi byla poddvana smés AAIl a AAll
(Vv pomé&ru pfirozené se vyskytujicim v rostlinich ¢eledi Aristolochiaceae, 33:64) a/nebo
OTA po dobu 5 dnti. Nasledn¢ byla studovana jak na redukéni aktivace (tvorba aduktd AA
s DNA), tak oxidacni detoxikace tohoto rostlinného alkaloidu.

Analysa tvorby adukti AA a OTA s DNA demonstrovala, ze zatimco adukty AA
s DNA byly tvofeny jak v jatrech, tak v ledviné studovanych zvitat, adukty s DNA
odvozené od OTA nebyly nalezeny (Obr. 7). To naznacuje, ze OTA nereaguje jako
klasické genotoxické agens, které je schopné pifimé modifikace DNA. Mnozstvi aduktt
AA sDNA vledviné bylo vy$§i nez vjatrech a jejich mnozstvi bylo zvyseno
kombinovanym podénim. Na zakladé téchto vysledki 1ze predpokladat, Ze OTA ovliviiuje
metabolismus AA, ktery pak resultuje ve vyssi tvorbu adukti s DNA. Nasledné bylo
zjisténo, Ze podani OTA resultovalo ve zvySené proteinové exprese NQOI, které

korespondovaly se zvySenymi enzymovymi aktivitami tohoto enzymu.

ODbr. 7: Schematické shrnuti ilustrujici vliv podini OTA na metabolismus AA v potkanech
Inhibice CYP1A1 a CYP2C6/11 v jaternich mikrosomech a inhibice CYP1A1
ledvinnych mikrosomech vyvolana kombinovanym podanim OTA a AA resultovala
ve snizeni tvorby AAla v obou organech, coz vedlo ke zvysenym koncentracim AAI
v organismu. Tato nedetoxikovana AAI mohla byt nasledné aktivovana za tvorby
aduktd s DNA 77 wivo. Tvorba aduktt AA s DNA ex wvivo potkanimi cytosoly
nevykazovala signifikantni zmény. F, faktor pfedstavujici nasobek zvyseni oproti
mnozstvi aduktd u zvifat premedikovanych pouze AA. Porovnani bylo analysovano
Studentovym #testem: ***p < 0,001. RAL, relativni znaceni adukta.

-11 -



Vysledky a Diskuse

Vystaveni AA Vystaveni OTA+AA
4 N (oot o o)
L Y . (L e UL,
& ‘ "2 % ‘ Moz | cypial 310 CYP1AL 0 ‘
cvPcil | 2 g |_ cypaC O O
O O 13 I~ miflftee il
OCHs 26 inhi AAI AAIl
AAI AAI "E:, 4 COOHO OH OI
- T
‘= NH o
\ -2- 2 s,
= /CH,
€04 r o @ /
AA OTA+AA
Tvorba AAla — ex vivo inhibice
CYP1Al a CYP2C
\4
200 1 L 200 1
s 180 A =] 3 180 A
T = S
£ 160 g15 £ 160
£ 140 A E 2 140 A
2 120 A 2 10 T 2 120 - 5”‘@
“é 100 A S “‘83 100 e
E gg 1 S s g 804
4 E < - 60 A
é 40 A = § 40 4
20 - & ; 20 1
0 _ﬁ_ AA OTA+AA B
AA adukty AA s DNA - ex vivo OTA+AA
adukty AA s DNA -in vivo T adukty AA s DNA -in vivo
[ \ | ( COOH cb
<o COOH COOH <o O NO2 <o 0 NO,
e, (IO CARDE
® * o 2| cypiar | 10 CYP1AL
S 3 F=0.67*** &
< 8 N OCH3
% inhibice AAI AAIl
OChis 2 6 COOHO OH O
AAI AAIl £ |
\ 3 4 NH o
2
g2 el o
5
NN
AA OTA+AA o's
Tvorba AAla — ex vivo eo inhibice CYP1A1
v
*
200 1 20 3
180 - e 2007 A
3 g 5 180 1
= 160 A =15 g
3 140 A H = 160 A
= x 8 140 A
2 120 A H x
2 E10 S 120 A
% 100 A =) =i =
= — 2 100 A
< 80 © )
< =S 80 -
S 60 A 4 g
< < 60
g 40 @ g
20 4 0 : x 40 1
0 - AA OTA+AA 28 1
. AA adukty AA s DNA — ex vivo OTA+AA
adukty AA s DNA -in vivo
Y adukty AA s DNA - in vivo

ODbr. 7: Legenda k obrizku je umisténa na pfedchozi strané.
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Nésledné analysy proteinovych expresi a aktivity enzyml detoxikujicich AAI
odhalily, ze OTA vede k inhibici aktivity jak CYP1A, tak CYP2C6/11, tzn. enzymd, které
ucinn¢ detoxikuji AAI na AAla. Nadto bylo zjiSténo, ze podani OTA rovnéz inhibovalo
aktivitu POR, enzymu, ktery je dulezitym reakénim partnerem CYP. Tyto skute¢nosti
signalisuji, Ze OTA vede k inhibici aktivit zakladnich potkanich enzymii detoxikujicich
AA, ¢imz snizuje miru oxida¢ni detoxikace AAI, resp. AA na AAla (Obr. 7).

Na zaklad¢ téchto vysledkd soudime, Ze zvySena tvorba kovalentnich adukti AA
s DNA v jatrech a ledviné potkant vystavenych kombinaci OTA a AA in vivo mize byt
vysledkem nejen zvysené proteinové exprese NQOI ve zminénych organech, ale rovnéz
inhibici enzyml oxidacné detoxikujicich AA, tj. CYPIA1, 1A2 a zejména CYP2C6 a
2C11, ktera byly vyvolana pisobenim OTA. Vzhledem ke sniZené detoxikaci AA (tvorbé
AAla), ziistava v organismu vyssi koncentrace AA, kterd miize byt redukéné aktivovana
za tvorby kovalentnich aduktd s DNA in vivo. Vysledky ziskané v této studii poprvé
demonstruji schopnost OTA ovlivnit metabolismus AA, a tim pfispivat k vysSimu risiku
vyvoje BEN/UUC. A to navzdory skutecnosti, Ze podavané davky OTA byly podstatné
vys$$i nez davky, kterym jsou vystaveni obyvatelé z postizenych oblasti (Yordanova et al.,

2010), protoze jejich vystaveni je dlouhodobé, ba chronické.

4.2.2 Studium dalSich hypothetickych faktorii ovliviiujicich vyvoj Balkdnské endemické

nefropathie

V dalsi casti studie zkoumajici aetiologii BEN byl studovan vliv ostatnich
suspektnich environmentalnich faktorti na oxida¢ni O-demethylaci AAI na AAla in vitro,
konkrétn¢ toxickych iontt tézkych kovl, vybranych organickych slouc¢enin a OTA.
Studovan byl rovnéz vliv téchto latek na biotransformacni enzymy zahrnuté do oxidac¢niho
metabolismu AAI, tj. na CYP1A1/2 a CYP2C6/11.

Na zéklad¢ publikovanych epidemiologickych studii byly vybrany ionty téZkych
kovd, resp. polokovii a organickych latek, jejichz koncentrace v endemickych oblastech
byly podstatné zvysené (Karmaus et al., 2008; Yordanova et al., 2010; Maharaj et al.,
2014). V ptedkladané disertacni praci byly testovany ionty kadmia (CdCly), olova
[Pb(CH3COO0),], selenu (Na,SeOs) a arsenu (Na;HAsO47H,0). Z organickych latek
uvoliovanych  zlignitového  podlozi  byly  vybrany  dibutylftalat  (DBP),
butylbenzylftalat (BBP) a bis(2-ethylhexyl)ftalat (DEHP).

Oxidacni detoxikace AAI na AAla in vitro byla ¢astecné inhibovana ptisobenim

toxickych iontd kadmia a selenu, dale pak BBP, nejvice vsak inhiboval tuto reakci OTA.
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Proto byl testovan potencial téchto latek ovlivnit aktivity enzymi, které majoritné
participuji na detoxikaci AAI v potkanich jatrech, tj. CYP1A1/2 a CYP2C6/11 (Tab. 1).
Ziskané vysledky sice demonstrovaly schopnost testovanych polutantii inhibovat enzymy
detoxikujici AAI na AAla, ale pouze pii vysokych koncentracich (100 uM). Na zakladé
téchto vysledkil 1ze konstatovat, Ze snizeni tvorby AAla v pfitomnosti CdCl,, Na,SeOs,
BBP a OTA je mozné, a to alesponl ¢asteéné vysvétlit inhibici enzymt, které majoritné

participuji na oxidacni detoxikaci AAL tj. CYP1A1/2 a CYP2C6/11.

Tabulka 1: Vliv CdCl,, Na,SeO,, BBP a2 OTA na enzymové aktivity CYP1A1/2 2 2C6/11
v potkanich jaternich mikrosomech.

Polutant EROD  Oxidace Sudanul  4’-hydroxylace  16a-hydroxylace

diklofenaku testosteronu
(CYP1A) (CYP1A1) (CYP2C6) (CYP2C11)
CdCl, 83+0,09* 464, 27** 89+0,44* NE
Na,SeOs3 95+0,83 NE 94+5,59 82+1,01**
BBP 83+1,24* 25+],27%** 740,26%** 68+12,48%*
OTA NE? NE NE 18+1,24%**

Hodnoty vyjadfeny jako procento kontroly bez polutantu. Inkubacni smési obsahovaly
10 uM AAL 100 uM polutant (CdCl, a Na,SeO, byly rozpustény v destilované vode; OTA
v0,1 M NaHCO,, pH 7 a BBP v acetonitrilu); 0,5 mg/ml mikrosomalnich proteing;
NADPH-generujici systém; fosfatovy pufr pH 7,4. Hodnoty jsou pramérem ze tif stanoveni,
*p < 0,05; ¥p < 0,01 a ¥**p < 0,001.

* NE, zadny efekt.

Ackoliv byly uvedené Ilatky detekovany ve vodach a lignitovém podlozi
endemickych oblasti (Karmaus et al., 2008; Maharaj et al., 2014), nejsou dosud znamé
jejich presné koncentrace v téchto vzorcich. Nelze tedy jednozna¢né fici, zda zjisté€né
koncentrace polutantl, které vykazovaly schopnost inhibovat detoxikaci AAI, predstavuji
koncentrace, kterym jsou vystavovani pacienti s BEN/UUC. Nicméné jejich koncentrace
resultujici v inhibici detoxikace AAI na AAla jsou obecné ndsobné vysSi nez jejich
koncentrace ve slozkach Zivotniho prostfedi, ergo jejich ptisobeni na vyvoj BEN/UUC je
tedy minimalni. To je také je v souladu i s vysledky diive publikovanych praci (Karmaus
et al., 2008).
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5. ZAVER

V piedkladané disertacni praci byl studovdn metabolismus AA, kterd je ptivodcem
dvou zavaznych ledvinnych onemocnéni: nefropathie vyvolané AA (AAN) a Balkanské
endemické nefropathie (BEN). Charakteristickym znakem obou nefropathii je vyvoj
urothelidlnich nadord. Ackoliv je jak AAN, tak BEN vyvoldna AA, neni jejich klinicka
manifestace totozna. Jednim z divodi této diskrepance mohou byt rozdilné odpovédi
pacienti na vystaveni této latce dané rozdilnou expresi enzymt, které participuji
na metabolismu AA. Predkladand disertacni prace se zaméfila na identifikaci téchto
enzymu, tj. enzymi redukéné aktivujicich AA za tvorby adukti s DNA a oxidacné
detoxikujicich tuto latku za tvorby AAla. V predkladané praci byla rovnéz studovana
actiologie BEN/UUC, konkrétné uloha ostatnich environmentéalnich faktorti, které by
mohly vyvoj tohoto onemocnéni ovliviiovat prostiednictvim modulace metabolismu AA.

Ziskané vysledky jednoznacné prokazuji zasadni ulohu cytosolarni reduktasy
NQO1 v bioaktivaci AAI resultujici v tvorbu adukti AAI s DNA nejen v podminkach
in vitro, ale rovnéz in vivo. V mensi mife jsou to pak mikrosomalni enzymy, cytochromy
P450 (CYP) 1A1 a 1A2. Origindlnim poznatkem, ktery nebyl v literatuie dosud popsan, je
zjisténi, Ze dikumarol je nejen inhibitorem NQOI1 in vitro a in vivo, ale rovnéz induktorem
tohoto enzymu. Na detoxikaci AAI na AAla participuji oxidacni reakce katalysované CYP.
V piedkladané praci bylo zjisténo, ze v lidskych jatrech ptispivaji k detoxikaci AAl
zejména CYP1A2 > CYP2C9 > CYP3A4 > CYP1Al, zatimco v potkanich jatrech je AAI
detoxikovana prevazné CYP2C (83 %). Dllezitym poznatkem je skutenost, ze CYP1A1/2
katalysuji v podminkach in vivo detoxika¢ni reakce, tzn. jejich potencial redukéné
aktivovat AAI za tvorby aduktid s DNA je in vivo potlacen.

V ramci studie zkoumajici aetiologiit BEN/UUC bylo zjisténo, Ze mykotoxin OTA
moduluje metabolismus AA Vv potkanim organismu, konkrétné potencuje tvorbu aduktt
AA sDNA in vivo a snizuje rovnéz detoxikaci tohoto rostlinného alkaloidu. Ostatni
studované suspektni environmentalni faktory, jmenovité ionty kadmia, olova, arsenu a
selenu a ftalaty (DBP, BBP a DEHP) ovliviiovaly metabolismus AAI minimalné.

Vysledky presentované v predkladané disertacni praci piedstavuji origindlni
poznatky o funkci enzymi, které metabolisuji rostlinny alkaloid AA, a vyznamné
pfispivaji k poznani molekularniho mechanismu vyvoje AAN a BEN a problematice AA
obecné. Nekteré vysledky jsou védecké obci predstavovany poprvé a jsou plné
publikovany ve védeckych ¢asopisech s impaktnim faktorem. Tyto publikace jsou uvedeny

v seznamu publikaci na konci autoreferatu (Publikace 4-9 a 11).
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Abstract

ABSTRACT

Plant alkaloid aristolochic acid (AA) is a proven human carcinogen which causes
two serious diseases: Aristolochic Acid Nephropathy (AAN) and Balkan Endemic
Nephropathy (BEN). One of the characteristic features of both AAN and BEN is their
close association with the development of upper urothelial carcinoma (UUC) in the renal
tissue of patients. Although both nephropathies are mediated by the same compound (i.e.
AA), their development differs slightly. The differences might be explained by a different
exposure schedule of patients or interindividual differences in expression levels and
activities of the enzymes metabolising AA in organisms. Detailed knowledge of these
enzymes can contribute to the elucidation of the interindividual susceptibility to AA. In
this thesis, enzymes participating in both oxidative detoxification of AAIl, a major
component of natural mixture of AA, and its reductive activation leading to the formation
of AA-DNA adducts were studied. In a rat experimental model (Rattus norvegicus),
NAD(P)H:quinone oxidoreductase 1 (NQO1) and its role in reductive bio-activation
of AALI in vivo were examined utilising a specific inhibitor of this enzyme, dicoumarol.
Oxidative detoxification of AAI resulting in formation of a demethylated derivative AAla
(8-hydroxyaristolochic acid) was studied using induction of cytochromes P450 (CYP) 1Al
and 1A2, the enzymes catalysing the formation of AAla most efficiently. Nevertheless,
CYP1A1/2 can also reductively activate AAI forming AAI-DNA adducts in vivo and ex
vivo. Therefore, one of the aims of the thesis was to evaluate which AAI biotransformation
pathway prevails in vivo. In this study, we aimed to clarify the aetiology of BEN/UUC,
particularly the effect of other suspect environmental factors on development of this life-
threatening renal disease. In the rat experimental model, we investigated the influence of
ochratoxin A (OTA) on AA metabolism to elucidate whether this nephrotoxic mycotoxin is
capable of affecting the AA-mediated BEN/UUC development. We also studied the effect
of other factors which are hypothesised to participate in BEN/UUC development (i.e. ions
of heavy metals and metalloids, and organic compounds being present in lignite deposits
located in BEN regions), namely on oxidative detoxification of AAI to AAla. The results
found in the thesis demonstrate the crucial role of NQO1 in AAI bio-activation not only
in vitro but also in vivo, and the major role of CYP1AL/2 in oxidative detoxification of
AAl in vivo. In the study investigating the aetiology of BEN/UUC, the results show for the
first time that OTA can be capable of influencing AA metabolism thereby potentiating
the development of BEN/UUC.

(In Czech)



Introduction

1. INTRODUCTION

1.1 Chemical Carcinogenesis

The relation between tumour development and effects of chemical compounds was
observed for the first time at the end of the eighteenth century. The first clinical
observations were formulated by London physicians John Hill and Percivall Pott (Hill,
1761; Pott, 1775). In following decades, a relation between the effect of chemical
compounds and carcinogenesis was studied extensively. However, there were no crucial
changes in this field until the half of the twentieth century. At that time, Elizabeth and
James Miller postulated their hypothesis which defines that chemical carcinogens are not
directly active but require enzymatic conversion to a proximate carcinogen which is,
subsequently, transformed to an ultimate carcinogen. Such an ultimate carcinogen being
electrophilic species can form adducts with proteins, RNA and/or DNA (Miller et al.,
1966a; Miller & Miller, 1966b, 1981). Besides organic compounds, there are also
inorganic compounds (e.g. arsenic, chromium, beryllium and cadmium ions) and natural
products belonging to chemical carcinogens. In the latter group mentioned, metabolites
produced by fungi (e.g. aflatoxins) and plant secondary metabolites (safrole, aristolochic
acids) can be found. All these carcinogens have been studied by the International Agency
for Research on Cancer (IARC) indetail. In organisms, the chemical carcinogens are
enzymatically biotransformed to metabolites that are usually detoxification products.
Nevertheless, there are also activation reactions which lead to genotoxic species that are
able to modify DNA. Therefore, the balance between detoxification and activation of

a carcinogen is of critical importance.

1.2 Aristolochic Acids

Avristolochic acid (AA) is a natural plant extract present in Aristolochiaceae spp.
consisting of a mixture of structurally related nitrophenanthrene carboxylic acids. This
mixture contains several tens of the derivatives of these compounds, however, two of them
prevail: aristolochic acid | (AAIl) 8-methoxy-6-nitro-phenanthro-(3,4-d)-1,3-dioxolo-5-
carboxylic acid — and aristolochic acid 1l (AAIl) — 6-nitro-phenanthro-(3,4-d)-1,3-dioxolo-
5-carboxylic acid (Fig. 1) (Mix et al., 1982; Kumar et al., 2003). AA show strong
anti-inflammatory properties which can explain the fact that plants containing AA were

and still are used in traditional medicine. Moreover, AA was investigated as potential
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Fig. 1: Structure of aristolochic acid I and II.

pharmaceutics in Germany (Mése, 1966, 1974a, 1974b). However, the toxicity of AA (i.e.
the strong nephrotoxicity and carcinogenicity) was observed among individuals utilising
this plant drug. AAI and AAII are one of a few human genotoxic carcinogens which
covanlently modify DNA resulting in the formation of persistent adducts (Bieler et al.,
1997; Stiborova et al., 2012). These AA-DNA adducts lead to mutations in several genes
(p53, H-ras) that are crucial for the development of malignancies (Arlt et al., 2007).
Hence, these plant alkaloids were classified as carcinogenic to humans (Group 1) by IARC
(IARC, 2012).

1.3 Pathologies Caused by Aristolochic Acids

Avristolochic acids are also responsible for the development of two renal diseases.
The first of them is aristolochic acid nephropathy (AAN) which was described for the first
time at the beginning of the nineties of the twentieth century in a group of Belgian patients
(Vanherweghem et al., 1993; Nortier et al., 2000). This interstitial renal fibrosis is
characterised by rapid progression leading to an end-stage renal disease. Soon after the first
reported cases, it was proved that this disease was caused by AA which was one of
components of a slimming regimen used for treatment of the patients. AA was present
in the regiment since two plant species were replaced: innocuous Stephania tetrandra
(in Chinese Fangji) for toxic Aristolochia fangchi (in Chinese Fangchi). The only effective
treatment of AAN is using of corticosteroid therapy (prednisolone), however, these
medicaments only slow the progression of AAN before the disease reaches its end-stage
(Martinet et al., 2002). Besides the total renal failure, AAN is associated with
the development of upper urothelial carcinoma (UUC) which is the direct consequence
of carcinogenic properties of AA (Nortier et al., 2000; Chen et al., 2012).
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Another disease associated with AA is Balkan endemic nephropathy (BEN) which
is defined as a chronic interstitial fibrosis. The specificity of this renal disease, which was
described for the first time in 1956 (Bamias & Boletis, 2008), is its localisation only
in specific endemic areas, particularly in villages near tributaries of the Danube River
(Fig. 2) (Toncheva et al., 1998; Hranjec et al., 2005; Jelakovi¢ et al., 2015). Since the first
description of BEN several hypotheses of its aetiology have been discussed including the
effects of AA, ochratoxin A (OTA), heavy metals and metalloids, and organic compounds
being released from lignite deposits of BEN areas (lvi¢, 1969; Tatu et al. 1998; Long et al.,
2001; Pfohl-Leszkowicz & Manderville, 2007; Maharaj et al., 2014). Nevertheless, the
aetiology of BEN is still a matter of debate. Recent studies have proved the major role of
AA in development of BEN unambiguously based on the presence of covalent AA-DNA
adducts and the characteristic AT—TA transversion mutations in tumour suppressor gene
p53 in BEN patients (Arlt et al., 2002; Grollman et al., 2007; Hollstein et al., 2013).
However, the question whether the other factors, to some extent, can contribute to the
development of BEN/UUC still remains to be answered. There are many similar clinical
features of AAN and BEN (serious anaemia, proteinuria, interstitial fibrosis, UUC);
however, there is an essential difference between BEN and AAN mainly in the rate of
progression of both diseases. AAN is defined as rapidly progressive fibrosis whereas BEN

is characterised by an insidious onset and slow gradual progression.

B Endemic regions

Romania

Bosniafand
Herzeg
Danube River

Adriatic Sea

Fig. 2: Map depicting BEN areas in Croatia, Bosna and Herzegovina, Setbia, Bulgaria and
Romania (Source: Grollman, 2013).
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1.4 Metabolism of Aristolochic Acids

Aristolochic acids are, similarly to the other xenobiotics, metabolically converted in
organisms (Fig. 3). These reactions result in detoxification of this plant product, however, as
it has been mentioned in Chapter 1.1, some compounds, including also AA, can be
metabolically activated to form reactive species which are more toxic than parental molecules
(Miller et al., 1966a; Miller & Miller, 1981).

ACTIVATION DETOXIFICATION

OH COOH

urothellal carcmoma UGT

co
? ‘ CVPlAl/Z SULT AAla- glucuronlde
l CYP2C AAla- sulfate
AT—’TA

OCH,
transversmn mutation
Aristolochic acid I (AAI) Aristolochic acid la (AAla) N hydroxyanstolactam la

T NQO1
TP53 CYP1A1/2
]
J o]
O o0
O oﬂ cypial2z  ©
_—
OO O
OCHj3 OCHj3 O

\N HN Aristolactam | Aristolactam la

UGT
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Aristolactam | sulfate
OCH,

7-hydroxyaristolactam |

anb dA-AAl adduct J
o

OCH;4

dG-AAl adduct Aristolactam |
nitrenium ion

Fig. 3: Scheme of detoxification and bio-activation of AAI in organisms; UGT, UDP-
glucuronosyl transferase; SULT, sulfotransferase (adapted from Barta ez a/., 2015).

In organisms, AAI can be oxidatively detoxified forming O-demethylated product,
AAla (8-hydroxyaristolochix acid) (Arlt et al., 2011; Levova et al., 2011 Stiborova et al.,
2012). AAII, the other component of the natural mixture of AA, is not converted to this
derivative and it seems to be only reductively activated to N-hydroxyaristolactam |1
(Schmeiser et al., 1986, Chan et al., 2006). The oxidative demethylation of AAI resulting
in the AAla formation is catalysed by heme enzymes, cytochromes P450 (CYP). In humans
and rats, CYP1A and 2C are the most efficient enzymes detoxifying AAI.

Besides the detoxification reactions, CYP enzymes can also catalyse reductive bio-
activation of AAIl to N-hydroxyaristolactam | which decomposes to a reactive
N-acylnitrenium ion binding to deoxyadenosine and deoxyguanosine in DNA forming
AAl-derived adducts (Stiborova et al., 2005, 2011a). The most efficient enzyme reductively
activating AALI is cytosolic NAD(P)H:quionone oxidoreductase (NQO1) (Stiborova et al.,
2011b).
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2. AIMS OF THIS STUDY

The target of this thesis was to study the enzymes metabolising aristolochic acids
(AA) which are the cause of two renal diseases, aristolochic acid nephropathy (AAN) and
Balkan endemic nephropathy. Moreover, both renal diseases are associated with the
development of urothelial malignancies. There are two basic areas in this study.

The first course of study was focused on knowledge of molecular mechanism
of AAN aiming to find new aspects of the reductive bio-activation and oxidative
detoxification of AAI and to identify the enzymes which are crucial for these metabolic
reactions converting this plant alkaloid in organism. In the order to elucidate the function
of cytosolic reductase NQO1 in the reductive activation of AAI to AA-DNA adducts
formation in vivo, an inhibitor of this enzyme, dicoumarol, was utilised in this study. It was
investigated whether dicoumarol can affect the genotoxicity of AAI in vivo and whether
this compound can modulate the function of the major enzymes metabolising AAI,
including NQO1 and CYP1A1/2. Rats and mice were used as experimental models since
they are generally used as suitable models to study AAN in experimental animals.

Another aim of the thesis was to determine the real contributions of individual CYP
enzymes to oxidative detoxification of AAI in human and rat liver, the main organ of the
metabolism of xenobiotics in organism. The aim was also to understand which enzymes
participate in the detoxification of AAI in vivo. Particularly, the function of CYP1A1 and
1A2, the enzymes that are most efficient in the detoxification of AAI invitro, was
investigated. Considering the fact that both mentioned enzymes catalyse also the reductive
activation of AAI forming AAI-DNA adducts in vitro, one of the aims was to answer the
question which of the metabolic pathways catalysed by CYP1A1/2 prevails in vivo.

Another target of the study was to investigate the participation of ochratoxin A
(OTA) in aetiology of BEN. The aim of this study was to evaluate the effect of OTA on the
metabolism of a natural mixture of AA metabolism, particularly, genotoxicity of this agent
and its contribution to the development of BEN/UUC. The last aim of this thesis was to
study the effect of other environmental factors suspected that might participate in the
development of BEN/UUC, particularly, the toxic heavy metal and metalloid ions, the
selected organic compounds leaching from lignite deposits in BEN areas and OTA on the
detoxification of AAI to AAla in vitro.
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3. MATERIAL AND METHODS

The material and methods used in this thesis are described in detail in the
publications which a reader kindly finds at the end of this summary (Publications 4-9 and
11). Nevertheless, to better understand the experiments shown in Chapter 4 (Results and
Discussion), some methods are shortly characterised here.

In our experiments, the rats were treated with selected chemicals which can be used
as suitable tools for the study of the enzymes participating in AAI metabolism. In the first
study, the rats were treated with dicoumarol (an inhibitor of NQO1) and/or AAL. In another
study, rats were exposed to Sudan I (an inducer of CYP1A) and/or AAI and in the last
in vivo experiment, rats were treated with OTA and/or the mixture of AAI and AAII.

The enzymatic activities of NQO1, NADPH:CYP reductase (POR), CYP1A1/2 and
2C6/11 were determined according to standard protocols. The enzyme activity of NQO1
was determined as the capability of reducing menadione in the presence of NADH
(Ernster, 1967) and the enzymatic activity of POR was measured using cytochrome c as
a substrate (Sottocassa et al., 1967). The enzyme activity of CYP1Al was measured as
the capability of oxidising the azo dye Sudan | (Stiborova et al., 2002) and CYP1Al/2
activity was determined fluorimetrically (Burke et al., 1994) using 7-exthoxy- and/or
7-methoxyresorufine as substrates. The enzyme activities of CYP2C6/11 in rat hepatic
microsomes were characterised as well: the activity of CYP2C6 was measured with
diclofenac as a marker substrate (Kaphalia et al., 2006) and the activity of CYP2C11 was
determined as testosterone 16a-hydroxylation (Baltes et al., 1998).

AAI and its O-demethylated metabolite AAla were analysed by RP-HPLC using a
linear gradient of acetonitrile (20-60% acetonitrile in 55 min) in 100 mM triethylamonium
acetate with a flow rate of 0.5 ml/min. HPLC was performed with a C;g reversed phase
column and the separated compounds were detected at wavelength of 250 nm.

The analysis of the formation of AAI-, AA- or OTA-derived DNA adducts was
carried out by the supervisor prof. RNDr. Marie Stiborova, DrSc., using
the *2P-poslabelling method in the collaborating laboratory in German Cancer Research
Centre in Heidelberg (Deutsches Krebsforschungszentrum) as described previously
(Schmeiser et al., 1996; Bieler et al., 1997; Stiborova et al., 2005).
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4, RESULTS AND DISCUSSION

4.1 Study of Molecular Mechanism of Aristolochic Acid Nephropathy

In the first part of the thesis, AAIl metabolism was investigated in vivo using the
Wistar rats as a model. Furthermore, a role of biotransformation enzymes (NQO1,
CYP1A1/2 and CYP2C6/11) in the metabolism of AAI was studied both in vitro and
in vivo. The modulation of protein expression of these enzymes and their activities by
inhibitors and inducers of the above mentioned enzymes was used and found to be a
suitable tool for such a study. Particularly, dicoumarol, a strong inhibitor of NQO1, and

Sudan In, an effective inducer of CYP1A1/2, were utilised.

4.1.1 NQO1 Dictates the Bio-Activation of AAI in vivo
The formation of AAI-DNA adducts in liver and kidney of rats treated with AAI

and/or dicoumarol was 11- and 5-fold higher, respectively, after the exposure to
dicoumarol prior to AAI (Fig. 4). This finding was initially surprising for us since
dicoumarol is known to be a strong inhibitor of NQO1 (Ernster, 1967), the enzyme which
is most efficient in AAI reductive bio-activation (Stiborova et al. 2011b). Therefore, it was
expected that the formation of AAI-DNA adducts would be decreased by the treatmetn of
rats with this NQOL inhibitor. However, during investigations of the NQOL1 protein
expression and its enzymatic activities in both tested organs, it was found that dicoumarol
functions as an inducer of this enzyme. This discovery, i.e. the finding that dicoumarol is
not only the inhibitor of NQOL1 in vitro and in vivo, but also the inducer of this enzyme, is
a novel finding which has never been described before. One explanation of this unique
phenomenon might be a different bioavailability of dicoumarol by individual organs tested
and a length of exposure of rats to dicoumarol and AAI and the applied doses. This study
has definitely proved that NQO1 is the major enzyme participating in the reductive

activation of AAI not only in vitro but also in vivo.

Fig. 4: Schematic summary illustrating the effects of dicoumarol treatment in rats on AAI
metabolism (the next page). NQOT1 induction with dicoumarol prior to AAI
administration led to increased AAI-DNA adduct formation catalysed by rat hepatic
and renal cytosols. Inhibition of CYP2C by dicoumarol treatment led to a decrease in
AAla formation in hepatic microsomes. Both NQO1 induction and CYP2C
inhibition increase AAI-DNA adduct formation in liver, whereas only NQO1
induction impacts on AAI-DNA binding in kidney. ‘F” indicates fold increase in rats
pretreated with dicoumarol compared to animals treated with AAI itself. RAL,
relative adduct labelling. The comparison was performed by Student ~test analysis;
*p < 0.01, *+kp < 0.001.
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The analysis of the enzymes detoxifying AAI to AAla in organs of tested rats
(CYP1A1/2 and CYP2C6/11) demonstrated the importance of not only the CYP1A1/2, but
also of the 2C subfamily in AAI detoxification, enzymes whose content is up to 50% in rat
liver (Nedelcheva & Gut, 1994). The exposure to dicoumarol resulted in the inhibition of
AAla formation (Fig. 4) thereby decreasing the detoxification of AAI. The determination
of the enzymatic activity of CYP1A and 2C showed that CYP1A1/2 were induced whereas
CYP2C6/11 were inhibited by dicoumarol. The results found indicate that the increased
formation of AAI-DNA adducts in liver of rats treated with dicoumarol and AAI seems to
be caused not only by the induction of NQO1 but also by the inhibition of CYP2C6/11
resulting in decreased AAI detoxification to AAla (Fig. 4).

4.1.2 The Contributions of Individual Cytochromes P450 to Oxidative Detoxification

of AAI in Human and Rat Liver

In another part of the thesis studying oxidative detoxification of AAI to AAla,
contributions of individual CYP enzymes to this reaction were evaluated in rat and human
liver. Considering both efficiencies of the CYP enzymes on AAI O-demethylation to AAla
and their amounts expressed in human and rat liver, an impact of individual CYPs on AAla
formation was determined. The highest contribution to AAI oxidation in human liver was
attributed to CYP1A2 (~47.5%), followed by CYP2C9 (~15.8%), CYP3A4 (~10.5%) and
CY1Al (~8.3%) (Fig. 5A). The results found were rather unexpected for us since
the activity of human recombinant CYP1A1 to oxidise AAI is highest among all tested
human CYP enzymes (Stiborova et al. 2012). The low amounts of CYP1A1 in human
livers (< 0.7%) is responsible for its lower contribution to the reaction in this human organ
than the contributions of CYP1A2, 2C9 and 3A4. In rat liver, the highest contribution to
AAI detoxification to AAla was attributed to CYP2C subfamily (83%) (Fig. 5B), followed
by CYP1A (17%). Although the activity of CYP enzymes of the 2C subfamily to oxidise
AAIl to AAla was very low, their real contribution is predominant since the expression
level of CYP2C is up to 50% in rat liver (Nedelcheva & Gut, 1994).

A

CYP3A4
10.5%
CYP2C9
15.8%
CYP1A2
47.5%

Fig. 5: Real contributions of CYP enzymes to oxidative detoxification of AAI to AAla
in human (A) and rat (B) liver.

CYP2C11
42%
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4.1.3 The Induction of Cytochromes P450 1A1/2 Decreases AAI-DNA Adduct Formation

The aim of the following part of the study was to evaluate which metabolic
pathway of the two described in former studies catalysed by CYP1A1/2, i.e. the oxidative
detoxification and reductive bio-activation of AAI, prevails in vivo. Therefore, the
modulation of expression and activities of these CYP enzymes by their strong inducer
Sudan I was used and found as an available tool for such a type of study. Rats were treated
with Sudan I, AAI and with their combination. The exposure to Sudan | resulted not only
in considerable induction of the expression levels of CYP1A1/2 and their enzymatic
activities but also in a decrease in AAI-DNA adduct formation (Fig. 6). Interestingly,
the induction of the protein level of CYP1A1/2 by Sudan | led to a decrease in AAI
genotoxicity although Sudan | was found to be also the inducer of NQO1, the enzyme
which activates AAI to AA-DNA adducts. However, Sudan | is only a moderate inducer of
NQOL1 as compared with its induction efficacy on CYP1A1/2enzymes. Based on the recent
results and considering previous studies utilising genetic modified animals (Arlt et al.,
2011a; Stiborova et al., 2012), it is evident that the efficiency of the CYP1A family to
protectively oxidise AAI to AAla prevails over its reductive activation forming AAI-DNA

adducts in vivo.

10 +
|| EEEAA TTSud I+AA

RAL per 10° nucleotides

Liver Kidney

Fig. 6: Quantitative TLC *P-postlabilling analysis of AAI-DNA adduct levels in liver and
kidney isolated from rats treated with AAI and combination of AAI and Sudan I
(Sud I). ‘F’ indicates fold changes in DNA adduct levels in rats treated with Sudan I
and AAI compared to animals treated with AAI itself. RAL, relative adduct labelling.
The comparison was performed by Student #test analysis; ***p < 0.001, different
from animals treated with AAI itself. Insert: Autoradiographic profile of AAI-DNA
adducts formed in liver of rats treated with AAI, determined by the nuclease P1
enrichment version of the **P-postlabelling assay.
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4.2 Study on Aectiology of Balkan Endemic Nephropathy

The second area of the thesis was aimed to investigate aetiology of BEN. In the last
60 years, the aetiology of BEN has been studied at many laboratories in detail. Among
possible causes of this disease, AA, mycotoxins (OTA), toxic heavy metal ions and
metalloids, and the organic compounds leaching from lignite deposits located in BEN areas
were considered. Based on the recent complex studies, the crucial role of AA in the
development of BEN, particularly, UUC has been unambiguously proved. Nevertheless,
the statement whether the other factors might contribute to the development

of AA-mediated BEN/UUC has not, unfortunately, been confirmed yet.

4.2.1 A Role of Ochratoxin A in the Development of Balkan Endemic Nephropathy

In the experiments carried out during the PhD study, we investigated the effect of
OTA on AA metabolism in vivo. Experimental animals (Rattus norvegicus) were treated
with the natural mixture of AAI and AAII (33% AAI + 64% AAII mixture) and/or OTA
for five consecutive days. Subsequently, both reductive bio-activation (AA-DNA adduct
formation) and oxidative detoxification of AA were studied.

The formation of DNA adducts derived from AA and OTA was analysed. Whereas
DNA adducts derived from AA were detected both in liver and kidney of tested rats, DNA
adducts derived from OTA were not found in these organs (Fig. 7). These results indicate
that OTA is not a genotoxic species which can modify DNA directly. The levels of
AA-DNA adducts formed in vivo were higher in kidney than in liver of studied rats and
their formation was increased by combined treatment with AA and OTA. Based on the
results found, we supposed that OTA is capable of affecting AA metabolism resulting
in AA-DNA formation. In the following analyses, it was found that the exposure to OTA
had resulted in increased expression levels of NQO1 which correlated with its enzymatic

activities.

Fig. 7: Schematic summary illustrating the effects of OTA treatment in rats on AA
metabolism (the next page). Inhibition of CYP1A1l and CYP2C6/11 in hepatic
microsomes and that of CYP1A1 in renal microsomes by treatment of rats with AA
combined with OTA led to a decrease in AAla formation in microsomes of both
organs. Higher levels of AAI caused by this inhibition are available for its reductive
activation to form AA-DNA adducts 7z vivo. No significant changes in AA-DNA
adduct formation catalysed by rat hepatic and renal cytosols ex vivo were found. . ‘I’
indicates fold changes in rats treated with AA combined with OTA compared
to those found in animals treated with AA itself. RAL, relative adduct labelling.
The comparison was performed by Student ~test analysis; ***p < 0.001.
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The analysis of protein expression of enzymes detoxifying AAI and their activities
demonstrated that OTA led to inhibition of both CYP1A1/2 and CYP2C6/11, i.e. the
enzymes detoxifying AAI to AAla efficiently. Moreover, the enzymatic activity of POR,
an important reaction partner of CYPs, was inhibited by OTA as well. These findings
indicate that the exposure to OTA results in the inhibition of the essential detoxification
enzymes in rats thereby decreases the detoxification of AAI or AA to AAla (Fig. 7).

Based on these results, it is concluded that the increased AA-DNA adduct
formation in liver and kidney of rats treated with the combination of AA and OTA in vivo
might be caused not only by the increased NQOL protein expression in these organs, but
also by the inhibition of the enzymes oxidatively detoxifying AA, i.e. CYP1A1/2 and,
particularly, CYP2C6/11, which was mediated by treatment of rats with OTA. Considering
the decreased detoxification of AA to AAla, higher amounts of AA are available for its
reductive activation forming AA-DNA adducts in vivo. The doses to which humans are
exposed in BEN areas are orders of magnitude lower than the OTA dose administered to
rats in this study, and drug—drug interactions between AA and OTA at lower but chronic
and lifelong doses may be different (Yordanova et al., 2010). Collectively these results,
however, indicate for the very first time that the exposure of OTA combined with AA may
enhance the development of AA-induced UUC in BEN patients.

4.2.2 Study of Other Hypothetic Factors Affecting the Development of Balkan Endemic

Nephropathy

In another part of this study, the effect of the other suspect environmental factors,
which were hypothesised as the cause of BEN/UUC, on O-demethylation of AAI were
studied. The effect of toxic heavy metal ions and metalloids, the organic compounds
leaching from lignite deposits in BEN areas and OTA on biotransformation enzymes
involved in oxidative metabolism of AA (CYP1A1/2 and CYP2C6/11) was tested.

Based on the epidemiological studies, ions of heavy metals and metalloids, and
organic compounds, whose concentrations are increased in BEN areas, were selected
(Karmaus et al., 2008; Yordanova et al., 2010; Maharaj et al., 2014). In the thesis, ions of
cadmium (CdCl,), lead [Pb(CH3COO),], selenium (Na,SeO3;) and arsenic
(Na;HAsO,4-7H,0) were investigated. For the organic compounds leaching from lignite
deposits, dibutyl phthalate (DBP), butyl benzyl phthalate (BBP) and bis(2-ethylhexyl)
phthalate (DEHP) were selected.

-13-
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The oxidative detoxification of AAI to AAla in vitro was partially inhibited by
cadmium and selenium ions, BBP and the most efficient inhibition of this reaction was
caused by OTA. Hence, the capacity of these compounds to influence activities of enzymes
participating in AAI detoxification in rat liver (CYP1A1/2 and CYP2C6/11) was tested
(Tab. 1). The results found demonstrated that the studied pollutants were capable of
inhibiting the enzymes mentioned above, however, only under high concentrations
(100 uM). Concluding from these findings, the decreased AAla formation in the presence
of CdCl,, Na,SeO3, BBP and OTA might be explained, at least partially, by inhibition of
the enzymes predominantly participating in AAI detoxification, i.e. CYP1A1/2 and
CYP2C6/11.

Table 1: The effect of CdCl,, Na,SeO,, BBP a OTA on enzyme activities of CYP1A1/2 and
2C6/11 rat hepatic microsomes.

Pollutant EROD Sudan | Diclofenac Testosteronu
activity oxidation 4’-hydroxylation 16a-hydroxylation
(CYP1A) (CYP1A1) (CYP2C6) (CYP2C11)
CdCl, 83+0.09* 46+4.27** 89+0.44* NE
Na,SeO3 95+0.83 NE 94+5.59 82+1.01**
BBP 83+1.24* 25+1.27*** 7+0.26*** 68+12.48**
OTA NE® NE NE 18+1.24***

Data are expressed as % of control without pollutants. Values in the table are averages
T standard deviations of three experiments (n = 3). The incubation mixtures contained
0.5 mg/ml microsomal protein, 10 uM AAI (dissolved in distilled water), the NADPH-
generating system, and 100 uM pollutant [heavy metal ions dissolved in distilled water, OTA
dissolved in 0.1 M NaHCO; (pH 7) or BBP dissolved in acetonitrile]. Values significantly
different from control incubations without pollutants; *p < 0.1, **p < 0.01, ***p < 0.001
(Student’s t-test).

"NE, no effect.

Even though the tested compounds were detected in waters and lignite deposits of
endemic areas (Karmaus et al., 2008; Maharaj et al., 2014), their precise concentrations are
unknown. It is not taken for granted that the concentrations found to inhibit AAI
detoxification in this study are the concentration which BEN/UUC patients are exposed to.
In general, the concentrations inhibiting AAI detoxification to AAla are orders of
magnitude higher than their concentrations in the environment. Therefore, their
participation in BEN/UUC development is negligible. Moreover, these results are
in accordance with the results published previously (Karmaus et al., 2008).
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5. CONCLUSION

In this PhD thesis, metabolism of aristolochic acids (AA) was studied. This herbal
drug is a proven cause of two renal diseases: aristolochic acid nephropathy (AAN) and
Balkan endemic nephropathy (BEN). The characteristic feature of both nephropathies is
their close association with the development of upper urothelial carcinoma (UUC) in the
renal tissue of patients. Although both nephropathies are mediated by the same compound
(i.e. AA), their development differs slightly. One of the reasons for these discrepancies
might be interindividual differences in expression levels and activities of the enzymes
metabolising AA in organisms. In this thesis, the enzymes participating in both oxidative
detoxification of AA and its reductive activation leading to the formation of AA-DNA
adducts were studied. The aetiology of BEN was investigated as well, particularly, a role of
other environmental factors capable of affecting BEN by modulation AAI metabolism.

The results found in this study prove the crucial role of cytosolic reductase NQO1 in
bio-activation of AAI forming AAI-DNA adducts not only in vitro but also in vivo whereas
microsomal enzymes, cytochromes P450 (CYP), 1A1 and 1A2 play a minor role. The
unique and novel discovery, which has never been described before, represents the findings
that dicoumarol is not only the inhibitor of NQOZ1 in vitro and in vivo, but also the inducer of
this enzyme. The detoxification of AAI to AAla is catalysed by CYP enzymes. In this thesis,
the real contributions of the individual CYPs in human and rat liver were determined. In
human liver, CYP1A2 > CYP2C9 > CYP3A4 > CYP1A1 were most active whereas CYP2C
(83%) is predominantly responsible for AAla formation in rat liver. It was proved that
CYP1A1/2 play a major role in the catalysis of AAI detoxification reactions in rats in vivo
whereas their role in AAI nitroreduction to form AAI-DNA adducts is minimal in this
animal model.

The significant result shown in the thesis is the finding that mycotoxin OTA
modulates metabolism of AA in rats; particularly, OTA potentiates AA-DNA adduct
formation in vivo and decreases the detoxification of this plant alkaloid. The effect of the
other suspect environmental factors studied in this thesis, namely the ions of cadmium, lead,
selenium and arsenic, and phthalates (DBP, BBP and DEHP), on AAI detoxification was
negligible.

The results found in the PhD thesis are original scientific findings describing the
function of enzymes metabolising a herbal drug AA and contribute significantly to the
understanding of the molecular mechanism of AAN and BEN develompment and AA
generally. Some of the results found in the thesis were published as novel findings for the
very first time. The results have been published in seven original papers in scientific journals
with an impact factor. These publications are listed at the end of this summary
(see publication 4-9 and 11).
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