DISERTACNI PRACE

Metabolismus, transport
a protinadorové acinky

klasickych a novych taxanu

Mgr. Radka Vaclavikova

Skolitel: MUDr. Ivan Gut, DrSc.
Odborny konsultant: Doc. RNDr. Marie Stiborova, DrSc.

Katedra Biochemie Odborna Skupina Biotransformaci

Ptirodovédecka fakulta University Karlovy Statni zdravotni Gstav Praha

Praha 2006



Radka Vaclavikovd Podékovini

PODEKOVANI

Na tomto misté¢ bych rada vyjadfila sviij dik vSem lidem, ktefi pfispéli k realizaci této

prace. V prvé fadé bych rada pod¢kovala mému Skoliteli MUDr. Ivanu Gutovi DrSc. za

prilezitost pracovat pod jeho laskavym vedenim po celou dobu mého postgraduélniho studia.

Soucasné¢ bych rada pod€kovala vSem dal$im ¢lenim laboratoti Odborné Skupiny

Biotransformaci SZU za jejich odbornou pomoc a vytvofeni pratelského pracovniho prostiedi.

My dik patfi rovnéZz pani Doc. RNDr. Marii Stiborové DrSc. z Prirodovédecké fakulty

University Karlovy za jeji odborné rady a neocenitelnou pomoc béhem mého studia.

Dale bych rada pod€kovala:

Prof. Iwao Ojimovi (University of New York at Stony Brook, N.Y., USA) za syntézu a
poskytnuti série SB-T taxanl, které jsou novymi syntetickymi analogy znamych
protinadorovych 1é¢iv taxanti.

Ing. Marii Ehrlichové, Mgr. Jaroslavu Truksovi PhD. a Doc. Janu Kovafovi z laboratofe
regulace bun&ného ristu Ustavu Molekularni genetiky AV CR v Praze Kréi za jejich
spolupraci pii sledovani cytotoxicity a transportu taxanil v sensitivnich a resistentnich
buné&énych liniich rakoviny prsu.

Dr. Petru Simkovi z Entomologického tstavu AV CR v Ceskych Bud&jovicich za
identifikaci vSech metaboliti klasickych a novych taxani pomoci hmotnostni
spektroskopie.

Ahcenu Boumendjelovi PhD (Department de Pharmacochimie Moléculaire, Faculte de
Pharmacie de Grenoble, Meylan, Francie) za syntézu a poskytnuti série derivati
flavonoidti pro sledovani jejich vlivu na metabolismus a transport taxani.

mym rodi¢im a celé rodiné za jejich podporu

vSem mym prateltiim

Zvlastni dik pak patfi mému pfiteli Petru Neuschlovi za jeho moralni podporu a trpélivost

béhem celého mého studia.

Tato prace byla podporovana granty Ministerstva zdravotnictvi Ceské Republiky

(NL/7567-3, NL-6517-3 a 1A/8248) a grantem Grantové agentury AV CR (305/04/03).



Radka Vaclavikovd Obsah

OBSAH
Seznam pouzZitych zkratek a Symboll............cooiiiiiiiiiiiiiii i 6
1. UVOD A PREHLED LITERATURY .....cceeeeeeeeeeeeeieeeereeeeanesesesssssssesnnes 8
1.1. Nadorova onemocnéni a jejich terapie. ... .....o.oveeiinuiiiiiiniiiiiiiainneneanannns 9
1.1.1. Rozvoj a pti€iny nddorovych onemocnéni.............ccoevvveenienninanen.... 10
1.1.2. Klasifikace nddorovych onemocn€ni............couvveveeieiininenniienninnnnn. 11
1.1.3. MozZnosti terapie nadorovych onemocnéni.............c..coeeveveininnnn.... 12
1.1.4. VyuZiti cytostatik v chemoterapeutické 1€Cbé...............coooveiviiinai.. 13
| BN -3 | 1| PP 14
1.2.1. Mechanismus U€inku taxani..........c.ocoiiiiiiiiiiiiii i, 15
1.2.2. Metabolismus taxant za G¢asti cytochromt P450.............................. 16
1.2.2.1. Cytochromy P450.......cooiniiiiiiiiiiii e 17
1.2.2.2. Funkce cytochromu P450 v MFO systému.............c.ccceeuenen.. 18
1.2.2.3. Formy cytochromui P450...........cooiiiiiiiiiiiiiiiiiiiiiiienes 19
1.2.3. Metabolismus paclitaxelu...............oooiiiiiiiiiiiiiiiens 21
1.2.4. Metabolismus docetaxelu. ... .....oooieiiiiiiiiiiiiiiiiiiiiii i 22
1.2.5. Vyuziti klasickych taxani v protinadorové terapii...............ccveuennn.... 24
1.2.6. NOVE derivaty taXanul. .. ......co.eeuineineinineaniaeeneeiiaeeneeneaeaeenneneanennn 25
1.3. Fenolické antioxidanty.............c.oviiiiiiiiiiiii e 28
1.3.1. Rozdéleni a vyskyt pfirodnich fenolickych antioxidanti...................... 28
1.3.2. Vlastnosti a ¢inky piirodnich fenolickych antioxidantu...................... 31
1.3.3. Syntetické derivaty flavonoidii................cooiiiiiiiiiiiiiiiii 32
1.4. Resistence NAOTT. .......oueneiniiiiit ittt 34
1.4.1. Studium resistence nadordi vi€i chemoterapeutikiim........................... 34
1.4.2. Resistence nadort vii¢i taxanim a moZnosti jejiho potlaceni.................. 38
CIL DISERTACNE PRACE........uceireeerereeerennereseersnncessnesssssesessessssesns 41
3. MATERIAL A METODY........ccceecruuiirirueirisnnersssnncessssnessssnesesssnsscoane 43
3.1. Priprava a charakterizace experimentalnich preparati........................ooeil. 43
3.2. Studium metabolismu taxani jednotlivymi enzymovymi preparaty.................. 44
3.3. Studium vlivu fenolickych antioxidant na metabolismus klasickych taxani...... 45

3.4. Studium transportu taxant v lidskych bunéénych liniich rakoviny prsu...............46
3.5. Sledovani uéinki klasickych taxanti in vivo v organismu potkana s implantovanymi

T-bunénymi lymfomy...........co.oiiiniiriiii i 48

Strana 3



Radka Vaclavikovd Obsah

3.6. Zpracovani vysledkil............c..oiii i 50

4. VYSLEDKY A DISKUSE......ccccuvuuueeeeeeeereeneeieeeeeesessssesessssssssssecsesssnes 51
4.1. Studium metabolismu taxanll i72 VifFo...........c..cooviiiiiiiiiiiiniiiiiiiieiinaanans 51

4.1.1. Metabolismus paclitaxelu in vitro Zivo€isnymi cytochromy P450............ 51

4.1.2. Metabolismus docetaxelu in vitro Zivo€isnymi cytochromy P450............ 55

4.1.3. Metabolismus analogti taxanu in vitro Zivo€isnymi cytochromy P450.........56
4.1.4. Enzymaticka kinetika metabolismu klasickych a novych taxant in vitro.... 63

4.2. Vliv fenolickych antioxidanti na metabolismus klasickych taxand.................. 65
4.2.1. Vliv fenolickych antioxidantii na metabolismus paclitaxelu
v lidskych a potkanich jaternich mikrosomech .............................. 65
4.2.2. Vliv fenolickych antioxidantii na metabolismus docetaxelu v lidskych
jaternich mikrosomech. ... 67
4.3. Studium transportu taxanu v lidskych buné¢nych liniich rakoviny prsu............. 68

4.3.1. Cytotoxicita a transport klasickych a novych taxani v sensitivnich
a resistentnich bun€énych liniich rakoviny prsu...........cc.ccooviieiiinann. 69
4.3.2. Vliv Verapamilu a novych taxanii na transport [**C]paclitaxelu v lidskych
bunéénych liniich rakoVIny prou........co.veieiiiiiiiiiiiiiiiiii e, 72
4.3.3. Vliv fenolickych antioxidanti a jejich syntetickych derivati na transport
[**C]paclitaxelu v lidskych bun&&nych liniich rakoviny prsu.................. 74

4.4. In vivo GCinky klasickych taxant na T-buné¢né lymfomy v modelovém organismu

4.4.1. Sledovani hladiny taxani a jejich metabolit v krvi potkan po i.p. podani
V Organismu POtKaNa. .........ovuiuiiiiiiiii it 78

4.4.2. Studium vlivu taxant na rozvoj T-bunéénych lymfomi in vivo v modelovém

Organismu POtKana. ..........ooviiiiiii i 79

4 Y 7. ) L SRR 82
Seznam pouZite LIteratury.......o.oiiuiieiiiiii it at it eeeeeie e enaeeenann 86

5. PRILOHY — SEZNAM PUBLIKACT......ccceevtiriiiereeeireereeeeeceeeeesneeeeenns 92

Strana 4



Radka Vaclavikovd Obsah

PRILOHY
Piiloha I: Vaclavikova R., Horsky S., Simek P. and Gut L.: Paclitaxel metabolism in rat and

human liver microsomes is inhibited by phenolic antioxidants. Naunyn-Schmiedeberg’s Arch
Pharmacol 368: 200-209, 2003.

Priloha II: Vaclavikova R., Horsky S. and Gut I.: New in vitro metabolites of paclitaxel in

humans, rats, minipigs and regular pigs and CYP involved in their formation. In: Cytochrome
P450, Biochemistry, Biophysics and Drug Metabolism (Anzenbacher P. and Hudecek J., eds.),
pp.- Monduzzi Editore, Bologna, 2003.

P¥iloha III: Viclavikova R., Sougek P., Svobodova L., Anzenbacher P., Simek P., F.P.

Guengerich and Gut I.: Different in vitro metabolism of paclitaxel and docetaxel in humans,

rats, pigs and minipigs. Drug Metab Dispos 32: 666-674, 2004.

Priloha IV: Ehrlichova M., Vaclavikova R., Ojima I., Pepe A., Kuznetsova LV., Chen J.,
Truksa J., Kovaf J. and Gut I.: Transport and cytotoxicity of paclitaxel, docetaxel and novel

taxanes in human breast cancer cells. Naunyn-Schmiedeberg’s Arch Pharmacol 372(1): 95-
105, 2005.

Piloha V: Gut I, Ojima L., Vaclavikova R., Simek P., Horsky S., Linhart I., Souéek P.,

Kondrova E.: Metabolism of new generation taxanes in human, pig, minipig and rat liver

microsomes. PfedloZeno k recenzi v Xenobiotica.

Publikace VI: Viclavikova R., Boumendjel A., Ehrlichovda M., Kovatf J. and Gut I.:
Modulation of Paclitaxel Transport by Flavonoid Derivatives in Human Breast Cancer Cells.
Is there a Correlation Between Binding Affinity to NBD of P-gp and Modulation of
Transport? Bioorg Med Chem Mar 1: [Epub ahead of print], 2006.

Priloha VII: Otova B., Vaclavikova R., Ehrlichova M., Horsky S., Souéek P., Simek P. and
Gut I.: Antitumor Efficiency and Pharmacokinetics of Paclitaxel and Docetaxel upon

Repeated Administration in Rats. PfedloZeno k recenzi v Eur J Pharm Sci.

Priloha VIII: Ehrlichova M, Koc M., Truksa J., Nad'ova Z., Vaclavikova R. and Kovar J.:

Cell death induced by taxanes in breast cancer cells: cytochrome C is released in resistant but

not in sensitive cells. Anticancer Res 25(6B): 4215-4224, 2005.

Strana 5



Radka Vaclavikova Seznam pouZitych zkratek a symboli

SEZNAM POUZITYCH ZKRATEK A SYMBOLU

ABC transportni proteiny rodiny ABC vazajici ATP (ATP binding casette proteins)

ACN acetonitril

ATP adenosintrifosfat

Bcl-2 antiapoptoticky gen

C2-OHPCT C2-hydroxypaclitaxel

C3’-OHPCT C3’-hydroxypaclitaxel

cDNA komplementarni DNA

CcSw Chromatography Station for Windows

CYP cytochrom P450

di-OHPCT dihydroxypaclitaxel

DMSO dimethylsulfoxid

DNA deoxyribonukleova kyselina

ECL zvy$ena chemiluminiscence (enhanced chemiluminiscence)

EDTA kyselina ethylendiamintetraoctova

ER endoplasmatické retikulum

FBS fetalni bovinni sérum (fetal bovine serum)

GIT gastrointestinalni trakt

HPLC vysokotlaka kapalinova chromatografie (high-pressure liquid
chromatography)

ICso koncentrace inhibitoru zpusobujici padesatiprocentni sniZeni aktivity

i.p. intraperitonealni aplikace

i.v. intravenosni aplikace

K; inhibi¢ni konstanta

Km Michaelisova konstanta

LDL lipidy s nizkou hustotou

LRP protein resistence plicni tkané (lung resistance-related protein)

M mol/]

M1 -Ml1 metabolity SB-T-taxani eluujici pfi HPLC jako 1., 2. az 11. v poradi

MDR mnohocetna 1ékova resistence (multidrug resistance)

MDRI1 gen mnoho&etné 1ékové resistence kddujici P-glykoprotein
(multidrug resistance gene 1)

MFO monooxygenasovy systém se smiSenou funkci (mixed function oxidases)

Milli-Q voda prvniho stupné kvality ziskana preci$ténim destilované vody

mRNA mediatorova RNA

Strana 6



Radka Viclavikova

Seznam pouZitych zkratek a symbolii

MRP

MS

MTT

NAD' (NADH)
NADP" (NADPH)
NADPH-GS
NBD2

NS

OHDTX
OHPCT
6a-OHPCT
ORL

p

PAH

PBS

rRNA
SB-T-taxany
SDS

protein mnohocetné 1ékové resistence (multidrug resistance protein)
hmotnostni spektrometrie
(3-4,5-dimethylazol-2-yl)-2,5-diphenyl tetrazolium
nikotinamidadenindinukleotid oxidovany (redukovany)
nikotinamidadenindinukleotidfosfat oxidovany (redukovany)
NADPH - generujici systém
nukleotid vazajici doména 2 (nucleotide binding domain 2)
nizkospinovy stav
hydroxydocetaxel
hydroxypaclitaxel s neznamou polohou OH skupiny
6alfa-hydroxypaclitaxel
otorhinolaryngologie
hladiny vyznamnosti statistického testu
polycyklické aromatické uhlovodiky
sodny fosfatovy pufr s obsahem NaCl — izotonicky roztok (Phosphate Buffer
with Salt)
pregnenolon-16a-karbonitril
polymerasova fetézova reakce
P-glykoprotein
NADPH:CYP reduktasa
substrat cytochromu P450
ribonukleova kyselina
hydroxylovany produkt
poclet otacek za minutu
ribosomaini RNA
Stony-Brook-taxany (syntetické analogy klasickych taxant)
dodecylfosfat sodny
sulfhydrylova skupina
Statni zdravotni Gstav
tetrahydrofuran
retenCni Cas
tris(hydroxymethyl)-aminomethan
vysokospinovy stav
maximalni rychlost enzymové reakce
peroxosloucenina

vinova délka
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. UVOD A PREHLED LITERATURY

Nddorovd onemocnéni patfi v souasné dobé mezi nejzavazné&jsi onemocnéni a Casté
pficiny Gmrti v lidské populaci. Vétsina pfipadi vzniku rakoviny je ddna kombinaci faktord
genetickych a faktori Zivotniho prostfedi jako je nevhodny Zivotni styl, sloZeni potravy a
kontaminujici slozky Zivotniho prostfedi. VSechny tyto faktory oslabuji lidsky imunitni
systém, ktery pak neni schopen dostate¢né fungovat a dochéazi krozvoji nadorovych
onemocnéni.

Lééba nddorovych onemocnéni kombinuje chirurgické zakroky, radioterapii a
chemoterapeutickou 1é¢bu. Chemoterapie je zaloZena na podavani cytostatik, tedy latek,
které jsou schopny usmrtit nddorové buriky. Jejich pouziti je ale Casto v terapeuticky
uéinnych davkach doprovazeno fadou zavaznych neZadoucich udinki plynoucich z
poskozeni zdravych lidskych tkani a organti nebot chemoterapie poskozuje i normalni
buriky, zejména rychle se délici jako jsou buiiky kostni diené, sliznic apod. Stale Cast&jsi
prekazkou usp€3né chemoterapie je navic rozvoj resistence nadori viéi konvenénim
cytostatikiim vedouci k selhani 1é€by.

Proto je v soucasné dob¢ vénovana velkd pozornost hledani zcela novych 1é¢iv nebo
uéinngj$ich derivatd znamych cytostatik, které by mély vyssi farmakologickou uéinnost,
méné nezadoucich G¢inkd a co nejsirsi spektrum terapeutického pouZiti zejména v 16&bé
resistentnich nadord. Zaroven jsou hledany mozZnosti jak zvySit u€innost konvenénich
cytostatik ovlivnénim procesi probihajicich po vstupu cytostatik do organismu jako je jejich
distribuce a biotransformace.

Vyznamnou skupinou vysoce G¢innych protinddorovych 1é€iv jsou taxany, které jsou
v klinické praxi hojné pouZivany. BohuZel metabolismus taxand vede k jejich
farmakologické inaktivaci a proto detailni poznani tohoto procesu a moZnosti zpomaleni
metabolickych pfemén taxani by mohly zvyS$it jejich terapeutickou u¢innost, sniZit
nezadouci ucinky a ptispét tak k u¢inné€jsi protinadorové 16¢bé viude tam, kde jsou taxany
vyuzivany. Jako dal$i problém souvisejici s terapii taxand se v nedavné dobé& ukazal rozvoj
resistence fady nadord vici témto 1é¢iviim. SniZeni resistence viiéi klasickym taxantim nebo
nalezeni novych derivati taxanti G€innych v terapii resistentnich nadori by umoZnilo

uspé&sné aplikovat chemoterapeutickou lé¢bu taxany i tam, kde dosud selhava.
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1.1 Nadorova onemocnéni a jejich terapie

Nédorové onemocnéni lze charakterizovat jako neregulovany rast bun€k s autonomni
povahou bunééné proliferace spojeny s poruchou kontrolnich mechanismi a s alteraci
bunééné diferenciace. Nekontrolovany rist vede u solidnich nadort ke zvétSeni postizené
tkané, ktera muze stlacovat okolni struktury nebo vést k postupné invazi do okolnich struktur
a k metastasovani./* Ceska republika dr2i evropské prvenstvi v poétu nemocnych rakovinou
koneéniku a ledvin. Mezi nejéastéjsi nadorova onemocnéni v Evropé - patfi rakovina kuze,
prsu a plic. U Zen je nejéastéj$im nadorovym onemocnénim rakovina prsu. Tvofi 22% vSech
diagnostikovanych typt rakoviny v Zenské populaci.*”! V CR se vyskytne kolem 5000
novych pfpadii rotn& a toto onemocnéni roéné piipadne na 95 ze 100.000 Zen.**'*]
V muzZské populaci je pak nejéastéj$im typem nadorovych onemocnéni rakovina plic.

Dnes pohlizime na zhoubné nadory jako na genmetické onmemocnéni, které vznika
nasledkem patologickych zmén v molekule DNA. Od ostatnich genetickych chorob se lii
tim, Ze mutace zplsobujici rakovinu jsou pfevazné somatické. V soucasné dobé se vieobecné
pfijima teorie mechanismu buné¢éné transformace, kde rozhodujici ulohu hraje aktivace
onkogenii a inaktivace tumor supresorovych genii na zakladé genetickych zmén."”! Jako
onkogeny oznafujeme geny, které prostfednictvim svych proteinovych produkti phsobi
transformaci normalniho bunééného fenotypu v nadorovy. Jde o patologicky alterované
varianty normalnich bunéénych genl. Produkuji proteiny, které si sice zachovavaji svou
zakladni funkci, ale bud’ jsou produkovany v nadmérmém mnoZstvi nebo jsou kvalitativné
odli$né a maji zvySenou aktivitu. Naopak geny potlacujici nador tzv. tumor supresorové geny
prostfednictvim svych proteinovych produkti omezuji bunéénou transformaci a proliferaci.
Maji tedy opa¢ny u¢inek neZ onkogeny a ztrata jejich funkce , kterd je disledkem mutaci
pfislusného genu usnadiiuje bunénou transformaci. Bylo identifikovano pfes 50
antionkogenti napf. geny Rb-1 (retinoblastoma 1), p53 (gen proteinu 53), WT-1 (Wilms’
tumor suppressor gene), APC (adinomatous polyposis coli gene), BRCA-1/2 (breast cancer
1/2 genes), pl6 (gen proteinu 16), VHL (Von Hippel-Lindau syndrome suppressor gene),
DCC (tumor suppressor gene Deleted in Colorectal Cancer), PTEN (phosphatase and tensin
homolog) ¢i gen pro E-cadherin. Ve vSech buiikach zarovei existuji kontrolni mechanismy,
kterymi se opravuji chyby vznikajici v pribéhu replikace. Systém opravnych mechanismi je

zajistovan produkty reparaénich genii a jejich porucha usnadiiuje maligni transformaci.’®!
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Obvykle je oviem potfeba péti nebo Sesti nezavislych mutaci, které se musi odehrat v jediné
burice, aby ziskala karcinogenni genotyp. Mutace vedouci ke vzniku nadorii se neobjevuji
najednou, ale postupné se hromadi v pribéhu mnoha let. Nékteti jedinci maji vrozenou
zarode¢nou mutaci v tumor supresorovém genu nebo protoonkogenu a mnoZstvi dalSich
mutaci potfebnych pro rozvoj rakoviny je u nich mensi, coz souvisi s vy3si frekvenci a

&asn&jim vékem mozného vzniku nadorového onemocnéni u takto postizenych jedinci.”)

1.1.1. Rozvoj a priciny nadorovyceh onemocenéni

Cely proces vzniku nadoru tedy kancerogenese probihd v né€kolika relativn€ dobfte
charakterizovanych etapach. Zahdjeni procesu (iniciace) nastava G¢inkem zevnich a vnitfnich
faktord. Dojde sice ke genetické poruse, ale ta miZe zistat bez funkénich disledkt po fadu
let. Teprve spoluti¢asti dal$ich podnétt dochazi k naslednému vyvoji (promoce), pti které se
objevuji poruchy diferenciace. V tomto obdobi existuje jest¢ mozZnost zastaveni tohoto
abnormalniho vyvoje. V opa¢ném ptiklad¢ proces pokraduje, méni se zasadnim zpisobem
fenotyp bunék a vznika maligni klon (stadium konverse ¢&i transformace). Transformované
buriky ztraceji schopnost odpovédi na regula¢ni mechanismy, dochazi k lokalnimu ristu
nadoru (stadium progrese) a posléze k Sifeni nadoru mimo prvotni loZisko (stadium
metastasovdni).

Spoustécim mechanismem celého procesu mohou byt nejriznéj$i kancerogenni faktory,
jejichz spole€nou vlastnosti je ptisobeni genetickych zmén, na jejichz podkladé dochézi
k aktivaci onkogenli nebo inaktivaci antionkogent.. Faktory zevniho prostiedi, které se
podileji na vzniku nadorh lze dle jejich povahy rozdélit na faktory fyzikdini, chemické a
biologické. Za nejvyznamnéjsi z fyzikalnich faktori se povaZuje zafeni (ionizujici,
ultrafialové, Rentgenovo zafeni). Z dalSich fyzikalnich faktori prokazaly kancerogenni u€inek
pusobeni azbestovych vlaken, lokalni tepelné zmény &i chronické draZzdéni. Mezi prokazané
chemické kancerogeny ze zevniho prostedi patii té¢Zké kovy (Cd, Be, Co, Ce, Ni, Cov”),
arsen, polycyklické aromatické uhlovodiky (benzo(a)pyren, methylcholatren aj.) obsaZené
v dehtu, tabakovém koufi nebo v priumyslovych exhalacich. Z dalich chemickych slou¢enin
fadime do kancerogenii aromatické aminy (2-naftylamin, benzidin), nitrosaminy, benzen,
chlorované uhlovodiky, hydraziny a triaziny, dale pak rizné léky a n€které piirodni latky jako
aflatoxin B, aktinomycin D ¢i diestery forbolu. Vét$ina chemickych kancerogeni se pfimo &i

svymi metabolity vaZze na DNA a vytvati kovalentni adukty, méné Castéji dochazi k apurinaci
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a apyrimidinaci DNA, pfi¢nému propojeni (cross-linking), vzniku cyklickych adukti,
interkalati nebo pyrimidinovych dimert. Vedle pfimého genotoxického u¢inku mohou
chemické kancerogeny poskodit geneticky materiél také nepfimo (napf. u¢inkem kyslikovych
radikald vznikajicich jejich plsobenim). Mezi biologické faktory kancerogenese patii
predevsim RNA a DNA viry; herpesviry (virus Epsteina-Barrové), papilomaviry, hepadnaviry
a vomezeném méfitku nekteré bakterialni a parazitarni infekce. Od karcinogenu je tfeba
odligit pomocné faktory (kokarcinogeny, promotory), které maji schopnost jiz existujici

genetické zmény prohloubit, nikoli je samostatng vyvolat.[*¥

1.1.2. Kiasifikace nidoroy Ych onemoenéat

Klasifikace naddori vychazi z jejich histologické skladby, anatomické lokalizace, biologické
povahy a histogenese. Z histologického hlediska rozliujeme nadory na diferencované, méné
diferencované, popr. anaplastické. Podle biologického chovani se nadory déli na benigni
(nezhoubné) a maligni (zhoubné). Nezhoubné nadory vyristaji z déloZni svaloviny, tukové ¢&i
vazivové tkan€. Mohou se vyskytovat v riznych mistech t¢la, vEetné€ Zenskych prsii (m4 je asi
50% Zen), a riznych velikostech. Nejsou-li krvacivé nebo pfili§ nenartstaji neni nutné a ani
vhodné je operovat (kazdy chirurgicky zékrok sniZuje imunitu a nasledna jizva vytvaii hraz v
lymfatickém systému). Nezhoubné nddory nevytvafi metastasy (druhotné nadory v dalSich
¢astech téla) a nikdy se nemohou rozvinout v rakovinu. Typickym znakem zhoubnosti je
tvofeni druhotnych nadori — metastas v dileZitych organech (jatra, plice, kosti, mozek).
Postihuji bud’ celé t&€lo (tzv. generalisace) — tyto jsou jen velmi téZko léCitelné, nebo jsou
ojedin¢lé (napf. v uzlinich nebo jatrech). Koneiné histogenetickda klasifikace pfihlizi
k pivodu nadori dle zakladnich typi tkani. Tak rozeznavame nadory epitelové,
mezenchymové, neuroektodermové, germindilni a smiSené. Epitelové nidory mohou byt
benigni (papilom, adenom) nebo maligni (karcinom). Mezenchymové nadory se tfidi podle
vychozi tkan¢ na benigni (fibrom, myxom, lipom, hemangion, leiomyom, rabdomyom,
chondrom, osteom a synovialom). Maligni pojivové nadory nazyvame sarkomy. Nadorova
onemocnéni krvetvorné tkané vychdzeji zkrevnich bun€k riznych vyvojovych fad.
Zjednodu$ené je lze rozdélit na leukémie difuzné infiltrujici organy a na maligni leukémie.
Do neuroektodermovych nadori fadime jednak nadory centrdlniho nervového systému a
perifernich nervii, jednak nadory znévovych bun€k. Germinalni nadory jsou nadory ze

zarode¢nych bunék. Histologicky mohou byt zna¢né heterogenni (napf. embryondlni
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karcinom, nador ze Zloutkového vacku, choriokarcinom a teratomy). Posledni skupinou jsou
smiSené¢ nadory, které se skladaji zriznych mezenchymovych slozek, epitelovych a
neuroektodermovych tkani riizné vyzralosti a biologické povahy vyskytujici se v dané

oblasti.[®¥

1.1.3. Moznosti terapic nadorovyeh onemocenéni

Ve vétsing ptipadi nestadi k 16€b€ naddorovych onemocnéni jen jedind 1é¢ebna metoda, ale
je nutny komplexni ptistup kombinujici chirurgickou léCbu s radioterapii a uZivdnim
chemoterapeutik. Chirurgie se vyuZiva jednak k diagnostickym t¢elim a jednak je tzv.
paliativni chirurgie dtleZitou sou¢asti komplexni 1é¢by. Jde o opera¢ni odstranéni primarniho
nadoru, kterym se minimalizuje mnoZstvi nadorovych buné€k, zabrdni se komplikacim
bezprostiedné ohroZujicim Zivot a dochazi zpravidla ke zlepSeni kvality Zivota nemocného.
Ve zvlastnich ptipadech se rovnéz uskutedituje chirurgicka lé¢ba metastas za ptedpokladu, ze
nejsou pifitomny metastasy v riznych dalSich organech. Z modernich chirurgickych pfistupa
se vyuZiva plisobeni laseru (napf. u karcinomu jicnu, hrtanu, bronchogenniho karcinomu) a
kryochirurgie. Radioterapie vyuZiva pro lé¢bu nadorti letalnich G¢inkti rtiznych druht
ionizujiciho zafeni. Je to zafeni korpuskularni (¢asticové) a elektromagnetické (fotonové),
pfiCemzZ nejcastéji se pouzZiva elektromagnetické zafeni X (rentgenové, brzdné) o rtizném
nap&tovém rozsahu. V fasnych stadiich ma lé¢ba zafenim kurativni cil, jehoZz zamérem je
uplna eradikace nadoru, oviem je také vyznamnou metodou paliativni. Cilovou strukturou pro
vznik radia¢niho poSkozeni je DNA. Interakce zafeni s DNA probiha jednak pfimo
pisobenim fotonii zéfeni poskozujicim fetézce DNA a jednak nepfimo prostfednictvim
radikali biomolekul. Uginek zafeni se pfitom projevuje jak na urovni molekularni, tak na
urovni buné&¢né zejména zménou proliferadni aktivity a indukci programované smrti buiiky
(apoptosy). Ozafit v3ak nelze celé télo, tim by vznikla nemoc z ozafeni a proto se ozafuje
lokéln€ s pfesn€ vymezenou dobou tak, aby neodumfel i pfirozeny organismus, ale i tak je
nutné pocitat s fadou nezadoucich G¢inkd. Chemoterapie je metoda, ktera vyuZiva k 1écbe
nadorovych onemocnéni u¢inek chemickych slou€enin nazyvanych cytostatika. Hlavnim
kritériem pro vyuZiti chemoterapie jako 1é¢ebné metody je citlivost nadort
k chemoterapeutikim. U zvlasté sensitivnich onemocnéni ma chemoterapie #lohu primdrni
(1étebnou), dale mize mit charakter adjuvantni (dopliikovy k zdkladni lécebné metodé —
chirurgie, radioterapie) pfipadné neoadjuvantni (zlep$uje operabilitu nadort) &i paliativni

(dopliikova, udrzovaci) terapie. U nékterych typid nadori se uplatiiuje také imunoterapie[53 64
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nebo hormondlni terapie. K hormonélni terapii se pouZivaji adrenokortikosteroidy,
estrogeny, antiestrogeny, progesterony a androgeny. Tyto latky se pouZivaji v terapii nadort,
kde hormony a jejich exprese hraje duleZitou roli vrozvoji naddoru napf. tamoxifen je
pouZivan jako anti-estrogen v terapii rakoviny prsu, kde je prokdzanym rizikovym faktorem
prodlouZena exposice estrogentim, které stimuluji proliferaci prsnich bun€k a tim zvySuji
pravdépodobnost, Ze se bude délit builkka s potencidlni nadorovou mutaci.®"*¥ Py
chemoterapii chemickymi cytostatiky v§ak dochazi nejen k niéeni rychle se mnozicich bun€¢k
nadorovych, ale i k nieni pfirozenych rychle se mnozicich bun€k jako jsou buriky jaterni
tkané, bilé krvinky, ervené krvinky, spermie, vajicka. Pro organismus pacienta je lécba
cytostatiky vzdy toxicka. Naptiklad derivaty platiny jsou téZce jedovaté pro ledviny, jiné
pusobi toxicky na nervy, mo¢ovy méchyt, srdce nebo plice. Cytostaticka 1é¢ba pisobi rovnéz
velmi nepfiznivé na psychiku zejména mladSich lidi a zptsobuje i dal$i problémy napf.

drastické sniZeni imunity.

4D Vivaziti ey tostatik v chemoterapeuticke léché

Cytostatika jsou zékladnim kamenem chemoterapie nadorovych onemocnéni. Mezi hlavni
zdroje cytostatik patii syntéza novych latek, fermentace plisni s néslednou izolaci
protinaddorovych antibiotik a extrakce latek ptirozeného ptivodu — zrostlin, mofskych hub
apod. Farmakokinetika cytostatik zahrnuje fadu dil¢ich pochodi, které spolu velmi uzce
souvisi a vzajemné na sebe navazuji. Je to resorpce, distribuce cytostatika v organismu, jeho
biotransformace a vylu€ovani. Resorpce cytostatika zavisi na aplika¢ni cesté (nejucinngjsi je
parenteralni aplikace), form¢ podani a priniku cytostatika membranami. Prinik cytostatika
membranami se miZe dit riznym zpisobem: filtrace membranovymi pory, pasivni difiize
membranami nebo aktivni transport prostfednictvim specifického prenasece. Idealni situace
nastava, pokud je cytostatikum transportovano specificky pouze do transformovanych bun¢k,
v kterych pisobi, ale vsou€asné dob€ neni specifita pouZivanych cytostatik ideédlni a
selektivniho uéinku je €asto dosaZeno diky rozdilné ristové kinetice normalnich a nadorovych
bunék. V nekontrolované proliferujici populaci naddorovych bun¢k se pocet bun€k rychle
zvétSuje, ale jejich regenera¢ni ¢as je ve srovnani s normalnimi butikami — v zavislosti na
pokrocilosti onemocnéni — prodlouZzen. Ke stimulaci déleni bun€k dochazi naptiklad po
chirurgickém odstranéni okolnich buné€k. Je pak nutné zvolit optimalni kombinaci a
naasovani davek cytostatik. Jako pomé&mé Gspé$né se jevi pouZiti vysokodavkové terapie,

kterou byvaji zasaZeny i buniky v klidové fazi napf. kombinace vysokych davek cytostatik

Strana 13



Radka Vaclavikovd Uvod a prehled literatury

s antidotem, naslednou transplantaci kostni dfené nebo aplikaci hematopoetickych ristovych

faktort mezi jednotlivymi davkami cytostatik.**)

Jednotliva cytostatika se liSi ¢asti buné¢ného cyklu, ve které plsobi a mechanismem
ucinku, ktery zasahuje nejriznéj$i systémy a pochody v buitkkdch. V soucasné dobé je
cytotoxicky uc¢inek chemoterapeutik vysvétlovan nékolika zakladnimi mechanismy:[63 ]

o Prfimé poskozeni nukleovych kyselin (napt. alkylace, interkalace, inhibice
topoisomeras, roz$tépeni DNA), vedouci k poruse jejich funkce a nésledné apoptose.
Priklady alkylujicich cytostatik jsou cyklofosfamid, karmustin, lomustin. Latkami,
které se rovnéZ vazou na DNA a zabratuji syntéze RNA jsou protinddorova
antibiotika jako doxorubicin (adriamycin), mitomycin-C &i bleomycin.

o Inhibice klicovych enzymi metabolismu vedouci k poSkozeni nukleovych kyselin.
Timto zpsobem pusobi tzv. antimetabolity. Lé¢iva této skupiny zasahuji do S faze
bunééného cyklu. Jednad se o analoga metaboliti inhibujici diléi reakce biosyntézy
nukleovych kyselin (analoga kys. listové, methotrexat) nebo analoga nukleotidi, ktera
jsou inkorporovana do nukleovych kyselin, coZz vede k jejich defektni funkci (6-
merkaptopurin, 5-fluorouracil) ¢i inhibitory topoisomeras napf. camptotheciny
(irinotecan, topotecan)[l n

e Alterace mikrotubuldrniho proteinu vedouci k zastaveni mitosy bunééného cyklu
inhibici tvorby nebo depolymerisaci mikrotubuli (vinka-alkaloidy) ¢i naopak tvorbou
abnormdlnich mikrotubuli a inhibici jejich depolymerisace (taxany). V obou
pfipadech je naruSena rovnovdha mezi volnym tubulinem a tubulinem vazanym
v mikrotubulech.

e Porucha syntézy proteinii - mén¢ ¢asto (aminoglykosidy, tetracykliny)

e Poskozeni bunééné membrdny - méné Casto (peniciliny, cefalosporiny)
1.2. Taxany

Taxany ptedstavuji jednu z nejvyznamnéj$ich skupin protinadorovych 1é¢iv s Sirokym
spektrem terapeutického vyuZiti. Jejim zakladem jsou dvé 1é¢iva vyuZivana v terapeutické
praxi paclitaxel a docetaxel.”™"

Paclitaxel (TAXOL®, obr.1) byl poprvé extrahovan zkiry Pacifického tisu Taxus

brevifolia béhem intenzivniho vyzkumu pfirodnich slouéenin jako antineoplasickych latek na

Strana 14



Radka Vaclavikovd Uvod a prehled literatury

konci dedesatych let."** Neni produkovan p#imo tisem, ale endofytickou houbou Taxomyces

[62]

andrenae parazitujici na tisu,”~ ovSem dnes je pfipravovan semisyntetickou cestou.

Docetaxel (TAXOTERE®, obr.1) je semisyntetickym analogem paclitaxelu, pfipravovanym
z 10-deacetylbaccatinu III, inaktivniho prekursoru izolovaného z jehli¢i Evropského tisu

Taxus baccata.”'*"

Paclitaxel Docetaxel
[47,121]

Obr.1: Chemicka struktura paclitaxelu a docetaxelu.

1.2.1. Mechanismus Gc¢inku taxanu

Paclitaxel a docetaxel jsou tzv. mitotické jedy, to znamena, Ze puisobi cytotoxicky
v pribéhu mitosy buné&¢ného cyklu. Interferuji se systémem mikrotubuld a tubulinu
v eukaryotickych butikdch. Tubulin je bilkovina tvofend podjednotkami o a B a jejich
sttidavym fazenim se formuje do protofilament. Tiinact protofilament vytva¥i duty valec,
mikrotubulus o priméru 20nm. Mikrotubuly hraji kli¢ovou ulohu pro spravnou migraci
chromosomi pfi mitose, dale se podileji na udrZeni tvaru buriky, sekreci hormond, transportu
granuli, buné¢né motilit€ a na pfenosu signalii mezi povrchovymi membranovymi receptory a
jadrem.["**? Za normalnich podminek existuje v butice rovnovaha mezi tubulinem volnym a
vazanym v mikrotubulech.!"* Taxany svou interakci s mikrotubuly posunuji rovnovahu mezi

.....

vytvofené mikrotubuly a brani jejich depolymerizaci na volny tubulin &imZ narusuji

rovnovéhu mezi tubulinem volnym a vazanym v mikrotubulech a tim i prib&h mitosy.[''*!3!

Plsobeni taxani v burikach je znazornéno na obr.2.
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Obr.2: Utinek taxanii na mikrotubularni systém v eukaryotickych burikach.['"2
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Obr.3: Jednotlivé faze bunéiného cyklu eukaryotickych buné¢k a ptisobeni taxani

v konkrétnich fazich bunééného cyklu.

Dal3im mechanismem u¢inku taxant je indukce programované smrti busiky — apoptosy.

Tlumi totiZ expresi onkogenu bcl-2 a jeho fosforylaci inhibuji zaroven jeho funkci.
Funkci genu bcl-2 je kédovani membranovych proteint, které inhibuji apoptosu.

Inaktivace bcl-2 tak vede k indukci procesu apoptosy.

1.2.2. Metabolismus taxanu za acasti evtochromu P4560

: [45,46]

[13,62]

Taxany jsou metabolisovany a vyluGovany hlavné hepatobilidrni cestou za tucasti

vyznamné skupiny biotransformadnich enzym@ nazgvanych cytochromy P450. Uginnosti

cytochromt P450 v metabolismu lé¢iv se vénuje zna¢na pozornost a to jak jejich podilu na
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tvorbé findlnich metabolitd 1é¢iv, tak i na reakcich vedoucich ke zvySeni jejich
farmakologické aktivity nebo vyvolavajicich toxické ucinky. Identifikace isoforem
cytochromti P450 metabolizujicich jednotliva 1é¢iva a informace o jejich vyskytu u €loveéka a
jinych Zivoéisnych druhi je z klinického hlediska nepostradatelna s ohledem na stanoveni
ucinki a toxicity 1€¢iv. Poznani metabolismu 1é¢iv také potencidln€é umoziiuje zvySovat nebo
modulovat jejich witinek nebo naopak snizovat vedlejsi u¢inky.!'%13 Rozdilné metabolické
profily taxani jsou dany mezidruhovymi, pohlavnimi a rovnéZ individudlnimi rozdily
vexpresi a obsahu jednotlivych cytochromii P450. MnoZstvi cytochromi v jednotlivych
tkanich totiz nelze brat absolutné. Rada vyznamnych forem cytochromi P450, které
metabolizuji xenobiotika, patii k siln€¢ inducibilnim enzymim tzn., Ze pusobenim latek
zvanych induktory CYP dochazi ke zvySeni mnoZstvi a aktivity enzymu.[1°6] Nékteré CYP lze
u zvifat indukovat aplikaci xenobiotik jako jsou polycyklické aromatické uhlovodiky (3-
methylcholanthren,  B-naftoflavon,  2,3,7,8-tetrachlorodibenzo-p-dioxin),  barbiturdty
(fenobarbital), steroidy (pregnenolon 16a-karbonitril, dexamethason), jednoduché uhlovodiky
s aromatickymi Fetézci (ethanol, aceton), hypolipidemicka léciva (klofibrat) nebo makrolidova
antibiotika. Indukovat CYP lze i potravou, alkoholem, kourenim, hladovénim apod.m’m]
Regulace je velmi komplexni a zahrnuje zvySeni transkripce, stabilizaci mRNA, stabilizaci
proteinu i ovlivnéni jeho degradace.?" Jiné latky se chovaji jako inhibitory funkce P450 a to
bud’ kompetitivni (soutéZi se substratem o stejné aktivni misto) nebo nekompetitivni (vaZi se
na jiné misto enzymu nez substrat CYP). Nékteré latky ireversibilné poskozuji hem (tzv.
substraty sebevrazdy = suicide substrates), nebo se ireversibiln€ vazi na protein P450.
Specifické inhibitory CYP lze vyuzit ke studiu podilu ur¢itého P450 na metabolismu riznych
substratd & k inhibice jeho katalytické funkce.”'*® Inhibici cytochromt P450 lze ovlivnit
rovnéZ metabolismus taxani. Z tohoto hlediska jsou vyznamné ptredev§im selektivni
inhibitory CYP3A ovliviiujici metabolismus paclitaxelu a docetaxelu a selektivni inhibitory
CYP2C8 majici vliv na pfeménu paclitaxelu. Znamymi inhibitory CYP3A jsou ketokonazol,

[145] 391

troleandomycin, naringenin,®” gestogen,**! mezi selektivni inhibitory CYP2C8 fadime

sulfafenazol,!'®®! kvercetin a kaempferol."*”!

1.2.2.1 Cytochromy P450

vvvvvv

redukce xenobiotik u Zivocicht a podileji se také na metabolismu fady latek t€lu vlastnich

jako steroidd, mastnych kyselin ¢i prostaglandini. Obecné plisobi tyto hemoproteiny jako
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koncové oxidoreduktasy v enzymatickych komplexech monooxygenas se smiSenou funkci (z
angl. mixed-function oxidases, ddle jen MFO) ptitomnych u Zivoc€ichu i rostlin. V lidském
téle se vyskytuji pfedev§im v jatrech, nicméné vyznamné jsou i jejich hladiny v plicich,
ledvinach, tenkém stfev€, kuZzi, mozku, nadledvinkach, nosni sliznici, varlatech a placenté.
V burikach jsou lokalizovany pievazné v membranach hladkého i drsného endoplasmatického
retikula (déle jen ER), nékteré rovnéZz v membranach mitochondrii jako nezbytné slozky MFO
systému.*"1%] " Slougeniny, které jsou substraty takovych enzymil, jsou v organismu
biotransformovany za vzniku polarnéjSich produktd, které pak mohou byt vyloufeny a
nedochézi tak k bioakumulaci pfislusnych xenobiotik. Vedle detoxikace téchto sloucenin
miZe dochazet i ke vzniku takovych derivati, které jsou biologicky aktivné}si; fyziologicky i

farmakologicky puisobi pfiznivé, jiné mohou byt toxické, mutagenni ¢i karcinogenni [*-1%132]

1.2.2.2. Funkce cytochromu P450 v MFO systému

Cytochrom P450 plni jako zékladnimi sloZka enzymatickych komplexi monooxygenas se
smiSenou funkci vlastni oxidasovou funkci MFO systému tim, Ze zprostfedkovava vazbu
molekularniho kysliku, jeho aktivaci a zabudovani jednoho atomu kysliku do molekuly
substratu, pfiCemz druhy atom kysliku je redukovan na vodu. Obecny mechanismus

monooxygenasové reakce 1ze shrnout Masonovou rovnici :

RH+NADPH+H +0, > ROH+NADP + H,0

Kde RH predstavuje substrat oxidovany MFO systémem.!'*!

Cytochrom P450 se sklada z apoproteinové slozky a prostetické skupiny, kterou je hem
typu b navazany koordina¢né kovalentni vazbou atomu Zeleza (ve svém centru) na
sulfhydrylovou skupinu (SH) aminokyseliny cysteinu v primarni struktufe apoproteinu
P450.%9 Dalgimi slozkami MFO systému jsou NADPH-P450 reduktasa (EC 1.6.2.4.)
dodavajici elektrony potfebné k redukci a frakce membranovych lipida. Fosfolipidy MFO,
které nejsou nezbytné nutné pro vazbu substratu interaguji z&asti specificky s P450 (zptisobuji
posun rovnovahy smérem k vysokospinové formé (VS) a konformaéni zmény zvySujici
afinitu P450 k substratu). Zaroveii stimuluji tvorbu funkéné aktivniho komplexu tim, Ze
vytvati vesikularni utvary, které usnadiiuji interakce P450-reduktasy a jsou zasobarnou
substrati pro P450.*" Fakultativnimi slozkami jsou pak cytochrom bs a cytochrom bs
reduktasa (EC 1.6.2.2.).'**
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Ve schématu (obr.4) je shrnut obecny mechanismus reakéniho cyklu cytochromu P450
v MFO systému.
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Obr. 4: Reakéni cyklus cytochromu P450 (RH — substrat, ROH — hydroxylovany produkt,
XOOH - peroxosloucenina)

1.2.2.3. Formy cytochromu P450

Cytochromy P450 tvoti tzv. superrodinu hemoproteinti typu b s identickou prostetickou
skupinou i mechanismem katalyzy, ale riznou strukturou apoproteinové &asti, ktera je
zodpovédna za rozdily v substratové specifit€.!'?®! Tyto riizné formy (isoformy) jsou fazeny na
zaklad¢ podobnosti aminokyselinové sekvence do genetickych rodin (sekvenéni homologie
Vvétsi nez 40%) a podrodin (homologie v&tsi neZ 55%).!'>! V sougasnosti bylo jiz popsano na
500 isoenzymii P450, které nalezi do 74 rodin, 14 z nich jsou rodiny savéich cytochromi
P450. Téchto 14 rodin obsahuje 26 podrodin, z nich 20 bylo nalezeno v lidském genomu.
Rodiny cytochromti P450 jsou oznacovany prvnim ¢islem za zkratkou P450. Nasleduje velké
pismeno oznacujici podrodinu. Jednotlivé isoenzymy jsou pak oznadeny ¢islem za pismenem

podrodiny. Pro zjednoduseni Nebert a spol.’¥) navrhli oznageni forem P450 zkratkou CYP
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(cytochrom P450), za niZ pak nasleduje oznaCeni rodin a podrodin podle vySe uvedenych
kriterii.?®%%9%132) Jednotlivé isoformy P450 mohou byt rozpoznany na zikladé jejich
struktury, substratové specifity nebo reakcemi sriiznymi typy induktort.®®! Mezi lidmi a
jinymi Zivo¢iSnymi druhy existuji genetické a indukci vyvolané rozdily jejich exprese.
Napiiklad nékteré formy CYP potkani pouZivanych jako nejb&éZnéjSich experimentalnich
zvifat nejsou pritomny u ¢loveéka a naopak i ortologni (analogické) formy potkanich a
lidskych forem maji ptes fadu katalytickych podobnosti vyrazné rozdily.lgo] Z tohoto pohledu
jsou perspektivnimi experimentalnimi modely pro farmakologické a toxikologické studie bez
potieby indukce biotransformadnich enzymi miniprasata a prasata,'®® jejich? enzymaticka
vybava je velmi podobna lidské. Napt. pro nejvyznamnéjsi lidsky CYP3A4 byla nalezena
ortologni forma CYP3A29 u prasat[6°] i miniprasat.m Organy a tkané z transgennich jedincd
obou zminovanych zivo€isnych druhlii jsou navic potencidlnimi kandidity pro vyuZiti
v humanni terapii hlavng xenotransplantacich.”®! Z t&chto divodii je jejich vyuZiti jako
experimentalniho modelu studia metabolismu xenobiotik tolik aktualni. V predkladané praci
byla vénovana pozornost cytochromim P450 podilejicim se na metabolismu taxand. Jedna se
o podrodinu CYP 3A u lidi, potkanti, prasat i miniprasat a cytochrom P450 2C8, ktery je
pfitomen pouze u lidi a prokazatelné se ucastni metabolismu paclitaxelu.

Cleny podrodiny lidskych CYP3A4 jsou CYP3A4, CYP3A5 a CYP3A7. Cela podrodina je
velmi dileZita v katalyze metabolismu riznych 1é¢iv, karcinogenll a endogennich substrati.
Jsou nejrozsifenéj$imi formami CYP (20 — 60%) v jatrech a jsou i v jinych tkanich. Mezi
substraty CYP 3A4 patii testosteron, progesteron a androstenedion.!"*® Z 1é&iv to jsou
quinidin, nifedipin, lidokain, erythromycin, troleandomycin, roxithromycin, cyklosporin,

warfarin, triazolam, midazolam, diazepam atd. a ddle mnoho prokarcinogeni napf. aflatoxin
B,.[835103,106]

CYP2C podrodiny jsou u Elovéka hojné zastoupeny a maji Sirokou substratovou specifitu.
V metabolismu a u€innosti fady 1é€iv hraji velmi vyznamnou roli. Je pro né totiz typicky
vyrazny geneticky polymorfismus, ktery zpusobuje, Ze u ur€itych skupin lidské populace je
zcela zabranéno chemoterapeutickému G¢inku nékterych 1é€¢iv, které jsou na cytochromech
P450 podrodiny 2C metabolicky zavislé. U lidi byly identifikovany ¢&tyfi formy tohoto
enzymu (2C8, 2C9, 2C18 a 2C19). Jsou exprimovany vylu¢né v jatrech. O metabolické uloze
samotného CYP2C8 je znamo pomé&mé¢ malo. Substrdtem pro tento CYP je napiiklad
paclitaxel a také tolbutamid a benzfetamin, které jsou substraty rovnéz pro CYP2C9. CYP2C8

ma také svou roli v metabolismu endogennich latek jako retinol a retinova kyselina.[**!4"!

Strana 20



Radka Vdclavikova Uvod a prehled literatury

1.2.3. Metabolismus paclitaxelu

Metabolismus paclitaxelu probiha v jdtrech a spoliva v oxida¢nich reakcich, pivodni

(81]

1é¢ivo a metabolity se vylucuji Zlu¢i a zaZivacim traktem," - pro coZ svéd¢i i to, Ze paclitaxel

byl objeven u pacientli v plasmé&, moci a Zluci, zatimco jeho metabolity pouze ve Zlugi. 142
Hlavnimi pozicemi molekuly paclitaxelu, kde probihaji metabolické ptemény za ucasti CYP

jsou para-pozice C-3’-fenylu, meta-pozice C-2 benzoatu, polohy C-6 a C-10.°%%)

U lidi je v in vitro podminkéch s lidskymi jaternimi mikrosomy zakladni biotransforma¢ni
reakci oxidace v C6 pozici na taxanovém kruhu za vzniku hlavniho lidského metabolitu 6a-
hydroxypaclitaxelu (6a-OHPCT). Dalsi metabolit odpovida hydroxylaci v para pozici na
C3’ postranniho fetézce, pfiCemz mnoZstvi 6a-hydroxypaclitaxelu vyrazn€ prevySuje C3 -
hydroxypaclitaxel (C3-OHPCT).**'"! V in vivo podminkich byly objeveny ve Zludi
pacienti oba monohydroxylované metabolity detegované in vitro, dale dihydroxypaclitaxel
(8182841 3 navic 7 minoritnich metaboliti, znichz 3 byly identifikovany jako 10-
deacetylpaclitaxel, 10-deacetylbaccatin III a baccatin IIl. V pokusech s cDNA
exprimovanymi lidskymi CYP!'" bylo zjisténo, Ze tvorbu C3’-hydroxypaclitaxelu katalyzuje
CYP3A44, tvorbu 6a-hydroxypaclitaxelu katalyzuje CYP2C8. Velké individudlni rozdily
v metabolismus paclitaxelu u lidi jsou dany interindividualnimi rozdily v expresi CYP2C8 a
CYP3A4 proteini v jatrech a rovn&z genetickym polymorfismem CYP2C8.!"** Metabolismus
paclitaxelu je zaroveni jeho detoxikaci a metabolity jsou mnohem méné€ cytotoxické nez

pivodni 1é&ivo.l761]

Pfeména paclitaxelu se 1i8i u lidi, potkant a dal$ich Zivo¢iSnych druhii. U potkana byly
v in vitro podminkach detegovéany dvé fenolické slouc¢eniny odpovidajici C3 -OHPCT a C2 -

B v in vivo

hydroxypaclitaxelu(C2-OHPCT) a dvé neznamé fenolické slouceniny.
podminkach bylo objeveno ve Zlu¢i potkani kromé paclitaxelu 9 jeho metabolitl, z nichz
byly identifikovany C3-OHPCT a C2-OHPCT a minoritni baccatin II1. Tvorby metabolitt
se ucastni CYP3A1/2.1 6a-OHPCT vznikajici u lidi nebyl v krysi Zlugi viibec nalezen.®* U
jinych experimentélnich zvifat byl detegovan vzdy C3'-OHPCT, 6a-OHPCT vznikal také u
morcat, kde se tvofil navic jesté jeden neznamy metabolit a u pst, kde vznikaly navic dva

metabolity s neznamou strukturou. Opice tvoii stejné metabolity jako ¢lovek. [26]
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1.2.4. VMetabolismus docetaxelu

Docetaxel se narozdil od paclitaxelu pfeméfiuje stejnym zplisobem u lidi a jinych
Zivodisnych druhii (my$, potkan, kralik, pes).’?**! Metabolismus probiha vyluéng v jdtrech a
metabolity jsou vyluovany pies Zlu¢ do vykalu, kde piedstavuji aZ 75% pivodniho 1é¢iva.
Pouze méné nez 10% bylo objeveno ve vykalech jako nezménény docetaxel. Ackoli je
docetaxel strukturn€¢ velmi podobny paclitaxelu, metabolismus probihd odli$nym

zpﬁsobem.m L131]

Hlavni metabolickou cestou jsou postupné oxidace terc-butyl esterové
skupiny na postrannim fetézci. Docetaxel je oxidovan na primarni alkohol hydroxydocetaxel
(OHDTX) a nasledn€ oxidovan pies nestdly aldehyd na dva diastereomerické
hydroxyoxazolidinony A a B. Jinou oxida¢ni cestou hydroxydocetaxel poskytuje pies

odpovidajici karboxylovou kyselinu oxazolidindion *>'*!:13!]

Dal3imi metabolickymi cestami docetaxelu jsou 7-epimerizace na diastereomer docetaxelu,
ktery podléhd stejnym metabolickym pfemé&nam jako docetaxel. V in vitro podminkach
s cDNA exprimovanymi CYP 3A4 a lidskymi jaternimi mikrosomy Shou M. a kol.[*!]
detegoval ¢tyfi metabolity, pficemZ hydroxydocetaxel byl hlavnim metabolitem, minoritnimi
byly oxazolidinony. Vznikal také 7-epimer docetaxelu a to i pokud nebyl do inkuba¢ni smési
pfidan NADPH generujici systém. Vin vivo podminkach byly v lidskych vykalech
detegovany stejné metabolity jako in vitro, kromé 7-epimeru, zato oxazolidindion vznikal
jako hlavni metabolit, hydroxydocetaxel a oxazolidinony byly pouze minoritnimi
produkty."*!! Metabolismu docetaxelu se Gdastni cytochromy P450, z nichZ nejaktivnéjsi byly
CYP3A4 a 3A5 zejména zahrnuté v pfeméné docetaxelu na hydroxydocetaxel, nasledné
oxidace jsou katalyzovény pfedevsim CYP3A4 a Caste¢né 3AS. Epimer docetaxelu je také
metabolizovan obéma CYP podrodiny 3A. Modifikace postranniho fetézce docetaxelu v C2,
C4 a C13 pozicich vyznamné redukuji cytotoxicitu docetaxelu. Na druhé strané primérna

uginnost 7-epimeru byla in vitro a in vivo srovnatelna s docetaxelem. 2311

Kompletni in vitro charakterizace metabolismu substrati jakymi jsou taxany zahrnuje
urCeni kvalitativniho profilu a kvantitativnich parametri. To pfedstavuje identifikaci
cytochromi P450 ucastnicich se metabolickych reakci a detailni identifikaci produkti
pfemény. Kvantitativni parametry vseobecné zahrnuji stanoveni maximadlni rychlosti
metabolismu (Vnay) a Michaelisovy konstanty (K,), jejichZ znalost je duleZitd pro odhad
intracelularnich koncentraci substrati a produktd. Z praktického hlediska slouzi ke zjisténi

optimalnich podminek pro kvantitativni stanoveni aktivity enzymu in vitro nebo k odhaleni
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mechanismu uginku mnohych 16&iv."*! V nasledujici tabulce 1 jsou uvedeny kinetické

parametry premény paclitaxelu a docetaxelu cytochromy P450 tak, jak byly nalezeny

v literatufe.

Tabulka 1: Kinetické parametry metabolismu taxanii u lidi v podminkdch in vitro.

Preparat Koane. CYP Sledovana tvorba metabolitu Citace
PACLITAXFEL C3"-OHPCT 6a-OHPCT
Km Vllll! l(III Vlllll
pM  pmolV/mgP/min pM  pmol/mgP/min
Lidské 0.3
) . 15 53+14 15 120+ 30 [24]
jaterni mikrosomy  nmol CYP/ml
Lidské
. . “.“%]/ | 16-21  830-930 [47]
jaterni mikrosomy ~ Proteinuw/m
Lidské 0.18
jaterni mikrosomy  nmol CYP/ml 40+10 870160
cDNA 10 [113]
exprimovany pmol CYP/ 54+ 10 10.4
CYP 2C8 inkubaci
Lidské
. . 18 19.3 [65]
Jaterni mikrosomy
Lidské
, _ Img 3.3 16.0 12.1 32.0 [134]
jaterni mikrosomy ~ Proteinu/ml
DOCETAXFEL Hydroxydocetaxel
Km Vinax
uM  pmol/mgP/min
091+£0.14 1.17+0.08
Lidské 20 — 100 pro CYP 3A4 5
121
jaterni mikrosomy ~ PmOlCYP/ml g 7g 11 86 136+0.17 21l
pro CYP 3AS
Lidské
. . 2.1+03 26106 [117]
Jaterni mikrosomy
Lidské
. . 10 80-120 [18]
Jjaterni mikrosomy
Lidské
. ) 1.1 9.2 {75]
Jjaterni mikrosomy
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1.2.5. Vyvuziti klasickych taxanu v protinadorové terapii

Paclitaxel byl poprvé pouzit v roce 1992 v 1é¢b& rakoviny vajeniki.’® V roce 1994 byl
schvalen pro vyuZiti v terapii rakoviny prsu a dnes je také vyuZivan v terapii karcinomu plic a
Kaposiho sarkomu.!*”$%!13155] proviiuje se u&innost paclitaxelu u karcinomu esofagu a
nadoru ORL oblasti, prostaty a kreku.'" paclitaxel je podavan intravenosni (i.v.) cestou
v davkach 135mg/m’ v tiihodinové infizi. Pod4vani paclitaxelu je spojeno s celou fadou
nezédoucich u¢inkt zejména alopecie (ztrata vlast) nastupujici po podéani paclitaxelu u viech
nemocnych a neutropenie (sniZzeni hladiny neutrofilnich bilych krvinek v krevnim obrazu).
Dale to jsou gastrointestindlni potize, myelosuprese, ktera ma za nasledek neutropenii a také
vysoka detnost hypersensitivnich reakci, ktera byla béhem podavani paclitaxelu sniZena
zménou rezimu, podavanim paclitaxelu v dlouhodobych infuzich a profylaktickym
podavanim kortikoidd a blokatord histaminovych receptord (H, a H,). Pfi dodrZeni
doporucenych postupti se etnost téchto nepiijemnych hypersensitivnich reakci sniZila na 5 —
10%. Vedlejsi uéinek kardiovaskuldrni toxicita se projevuje poruchami srde¢niho rytmu,
neurotoxicita zase sensorickymi poruchami, ale vdavkich pod 200mg/m® zpravidla
neurotoxicita nebyva zavazna. Tyto piiznaky byly nejCastéji popsany pfi pouZiti kombinace
paclitaxelu s cisplatinou a u nemocnych s diabetem. Jsou vyrazné&$i pifi konzumaci
alkoholu.[% 14413

Docetaxel se pouziva v terapii rakoviny prsu i dalich nddorovych onemocnéni, kde se
ukazal klinicky G¢inny napt. bronchogenni karcinom, karcinom ovaria aj. Provéfovana je
jeho indikace u karcinomu pankreatu, Zaludku, sarkomi mékkych tkani a maligniho
melanomu. Dévkovani docetaxelu je obvykle 100mg/m® v jednohodinové infuzi.
Nezadoucimi uinky jsou alopecie a neutropenie, gastrointestindini toxicita, myelotoxicita,
ktera je zavaZznym nezadoucim u¢inkem a retence tekutin projevujici se perifernimi edémy
nebo vypotky. Docetaxel viak nezplisobuje zdvazné hypersensitivni reakce tak Casto jako

paclitaxel a 1ze jim zamezit premedikaci dexamethasonem. [6%104114.144]

Jak jiz bylo uvedeno, taxany jsou CcCasto v terapiich kombinovdny s dal$imi
protinddorovymi latkami a k prevenci nezadoucich u¢inkd jsou soutasné podavany kortikoidy
a antihistaminika 1'% Uginnost docetaxelu se mirné sniZuje v kombinaci s cisplatinou a
doxorubicinem, naopak stoupa v kombinacich s etoposidem, cyklofosfamidem, 5-
fluorouracilem a methotrexatem. Premedikace dexamethasonem nema vliv na udinky

docetaxelu, stejné jako dal§i lé¢iva mitomycin C, vinkristin a navelbin.”) Pro sniZeni
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neutropenie je podavan faktor G-CSF (granulocyte-colony stimulating factor) pfed samotnou
1é&bou i béhem ni.!'"!

Utinnost taxand muZe byt vyznamné ovlivnéna soutasnym plsobenim induktoriz &
inhibitoru enzymu GcCastnicich se metabolismu taxani. Pfi souasném podavani barbiturati
byla vyznamné€ stimulovdna hydroxylace postrannich fetézct paclitaxelu a docetaxelu.®!!
Steroidy a benzodiazepiny stimulovaly tvorbu metaboliti C3 -hydroxypaclitaxelu, méné 6a.-
hydroxypaclitaxelu.[* Inhibitory tvorby obou metaboliti paclitaxelu v lidském organismu
byly pfedevsim ketokonazol, felodipin, gestoden, a-naftoflavon, mikonazol, terfenadin a
testosteron.!*”*¥ Selektivnimi inhibitory tvorby C3’-hydroxypaclitaxelu byly substraty CYP
3A jako je troleandomycin, orfenadrin, erythromycin a cyklosporin. Tvorbu 6a-
hydroxypaclitaxelu inhibovaly naringenin, kvercetin, kaempferol, diazepam, retinova kyselina
a mimé tolbutamid.?**"'"3] Mefenytoin, hexobarbital a sulfafenazol oviem tvorbu 6a-
hydroxypaclitaxelu neovliviiuji, alkoli jsou b&nymi inhibitory podrodiny CYP 2C.1'3

Cimetidin, ranitidin, dexamethason a difenylhydramin metabolismus taxanii neovliviiuji,*®

mimné inhibuji vinka-alkaloidy a antracykliny.**%")

Jednou z nejvaznéjSich prekazek v uspé$né terapii nadorovych onemocnéni, kde jsou
vyuZivany taxany je rozvoj resistence nadori vuéi témto IéCiviim obecné nazyvany
mnohocetnd lékova resistence (multidrug resistance, MDR).P"* proto je v soucasné dobe
vénovana velkd pozornost vyvoji novych latek na bézi taxant, které by méli méné
nezadoucich ucinku, lepsi farmakologické vlastnosti a zejména vys$$i protinddorovou aktivitu

zvl4asté u resistentnich nadorq.

1.2.6 Nové derivaty taxanu

Na zakladé¢ rozsdhlych strukturné-aktivitnich studii byla syntetizovana fada novych
derivatl klasickych taxanid paclitaxelu a docetaxelu. Nékteré z téchto derivati jsou z hlediska
biologické aktivity vyznamné G¢innéj$i nez klasické taxany v riiznych typech nadorovych
bunétnych liniich a to zejména resistentnich. Resistentni buné¢né linie vykazuji genotyp
MDR dany zvySenou expresi membranového transportéru P-glykoproteinu a nékterych
dalsich ABC transportnich proteini (vice viz. kap. 1.4). Analogy klasickych taxani uéinné
v resistentnich liniich se zdaji byt perspektivnimi pro dal$i studium a jejich potencidlni vyuZiti

v terapii resistentnich nadora.
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Vyznamné skupiny novych taxanovych analogu:

Taxany druhé generace (derivaty syntetizované =z prekursoru paclitaxelu 10-
deacetylbaccatinu III): Tyto derivaty pusobi velmi silné cytotoxicky proti resistentnim

nadorovym buné&nym liniim exprimujicich genotyp MDR.["®]
Zastupci:

SB-T-1103, SB-T-1214 a SB-T-1216 - velmi u¢inné v resistentnich bunéénych liniich

rakoviny prsu.®®

SB-T-101187, SB-T-1213 a SB-T-1250 - plsobi cytotoxicky a zaroveil inhibuji P-

glykoproteinovou effluxni pumpu.*!

Per-ordiné dostupné taxany druhé generace:

SB-T-1213 - 135x aktivnéj$i neZ paclitaxel v MCF-7-R resistentnich buné&énych liniich

rakoviny prsu, inhibuje transportni funkci P-gp effluxni pumpy.*>*!

Ortataxel (IDN-5109, BAY 59-8862) - v soufasné dobé€ ve druhé fazi klinického
testovani, vyznamné u¢innéj$i nez paclitaxel v inhibici ristu P-gp-exprimujicich nadori a
bun&&nych liniich.?*” Ortataxel neni na rozdil od paclitaxelu substratem P-gp a neni jim
tedy pfed¢asné z nadorovych bunék vyluovan. Navic tento derivat je schopny inhibovat
nadorovy rist po peroralnim podani u mysi na rozdil od paclitaxelu, ktery peroralné neni
ucinny vzhledem k tomu, Ze je vylu€ovan diky expresi P-gp v tenkém stfevé do stfevniho
obsahu. Také vedlej$i G¢inky jako neurotoxicita a dal$i u¢inky jsou u ortataxelu
redukovany."' Tento taxanovy analog mtZe byt diky své aktivité vhodnou alternativou
pro terapii nadort resistentnich viéi paclitaxelu a muZe rozsifit spektrum vyuZiti taxand

napf. v terapii nadora stiev.['*!]

Ortataxel i SB-T-1213 indukuji zvy$enou polymerizaci mikrotubult a tvorbu neobvyklych
mikrotubuli napf. otevienych vladken mikrotubuli nebo mikrotubulii s protofilamenty
navic. Jejich pusobeni na systém mikrotubuli je silnéj$i nez v pfipadé paclitaxelu a
pravdépodobné jde o jiny typ interakce s mikrotubuly neZ u paclitaxelu, protoze dochazi
k jinym konfirma¢nim zménadm mikrotubuli po vazbé téchto novych taxanid, ovSem

mechanismus tohoto pasobeni jesté neni plné objasnén.™

Fluorotaxany: syntetizovany jsou inkorporaci fluoru do molekuly taxanu. Vznikaji tak

derivaty, kde jsou C-H vazby v mistech podléhajicich obvykle hydroxylaci pfi
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metabolismu (para-poloha C-3° fenylu, meta-poloha C-2 benzoatu, C-6 methylen)
nahrazeny vazbou C-F, ktera zabraiiuje ataku CYP béhem metabolismu. Nedochézi tak
k metabolické inaktivaci typické pro klasické taxany.

Zastupci:

3 °-(4-fluorophenyl)paclitaxel a 2-(3-fluorobenzoyl)paclitaxel — nepodléhaji hydroxylaci
v poloze C-3" a jsou tak u¢innéj$i neZ paclitaxel

2-(3-fluorobenzoyl)docetaxel naopak podléhal obvyklé hydroxylaci béhem metabolismu.

3°-CFs-taxany - mnohonasobné u¢innéj$i nez klasické taxany v resistentnich nadorovych
liniich MCF-R, LCC6-MDR (bunééné linie rakoviny prsu) a H-460 (bunétna linie

rakoviny vaje¢niki).['"!

e Imunokonjugaty taxami; Existence specifickych antigentt na povrchu nadorovych
bun€k nabizi moZnost vyuziti protilatek selektivné rozpoznéavajicich maligni tkan od
zdravé tkané. Toto zjisténi vedlo ksyntéze konjugati taxanii s monoklondlnimi
protilatkami se silnou vazebnou afinitou k nadorové specifickym antigenim. Nicméné
tyto derivaty nebyly v obvyklych davkach taxand u¢inné in vivo. V soucasné dobé€ jsou
syntetizovany a sledovany konjugaty, které jsou vazany na protilatku pfes disulfidovy
mustek. Cely konjugat se po vazbé protilatky k niddorovému antigenu dostiva
endocytosou do nitra bun€k, kde je disulfid $t€pen intracelularnim glutathionem a

umoziuje uvolnéni aktivni formy taxanu.!'!

e Derivity taxanii bez postranniho C-13 Fetézce: Témto derivatim byl odstranén cely
postranni fetézec v poloze C-13 taxanového kruhu a zistala jen baccatinova zakladni

struktura. Diky tomu derivaty sice nejsou cytotoxické, ale jsou schopné modulovat funkci
P-gp.
Zastupci:

tRA96023 — neni cytotoxicky, ale sniZuje resistenci vi¢i chemoterapeutikim napft.
taxanim a antracyklinim zptsobenou pravé nadmérnou expresi P-gp.[79]

tRA 98006 moduluje vyluovani mitoxantronu z resistentnich bun&nych liniich
exprimujicich P-gp, MRP-1 a BCRP a rovnéZ neni sam cytotoxickou latkou.!!”?

Ne vSechny derivaty klasickych taxand vedou ke zvy$eni protinddorovych ucinki;
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e Cyklohexylové analogy docetaxelu a paclitaxelu: VSechny cyklohexylové derivaty byly
syntetizovany modifikaci paclitaxelu a docetaxelu v polohach C-2 a C-3° postranniho
fetézce C-13 a to konkrétné zavedenim fenylu nebo aromatického uhlovodikového zbytku.
JelikoZ protinadorova aktivita téchto derivatd neni vét$i neZ klasickych taxanti, nejsou
substituce ve zminénych polohach nezbytné pro silnou vazbu taxani na jejich tubulinovy

receptor. %]

1.3 Fenolické antioxidanty

V pfirodé¢ se vyskytuje velké mnoZstvi fenolickych sloucenin. Na lidsky organismus maji
silné, Casto pfiznivé biologické u€inky a proto stoji ve sttedu zajmu perspektivniho vyuZiti ve
vyZivé a farmakoterapii. Syntetizovany jsou v rostlinaich zfenylalaninu za u&asti
kondenza¢nich reakci. V soufasné dobé je zndmo vice nez 8000 latek se strukturou

flavonoida.'®!

1.3.1. Rozdéleni a v¥skyt prirodnich fenolickyeh antioxidantu

Chemicky jsou fenolické antioxidanty aromatické sloufeniny sjednou ¢&i vice
hydroxyskupinami pfimo na kruhové struktufe.!"?”! D&lime je na flavonoidy a non-flavonoidy,
kam patii dvé odliSné skupiny sloucenin trihydroxystilbeny a derivaty kyselin.[76"27] Piehled
nejznaméjSich zastupct fenolickych antioxidantd, jejich struktura a vyskyt v pfirod¢ jsou
uvedeny v tabulce 2A-B.

Flavonoidy jsou charakterizovany jako molekuly majici dva fenyly spojené pyranovou
kruhovou strukturou. Existuji volné ¢i konjugované s dal§imi flavonoidy, cukry (glykosidy),
non-flavonoidy (acylderivaty) a kombinacemi téchto slougenin."*"! F lavonoidy nalezneme
v zeleniné (napf. Cesnek a cibule), dale v ovoci hlavné jablkach a napojich jako je ¢aj, vino a

[30,50.76] Celkovy pfijem flavonoidi dle Hertoga a kol®% pfedstavuje 23 mg

pivo.
flavonoidiVden u dospélého <¢loveéka, pifiCemZ pievliddajicim flavonoidem v potravé je
kvercetin. Vyznamnym zdrojem veskerych fenolickych antioxidanti je vino a to zejména
¢ervené, kde je koncentrace fenolickych antioxidanti mnohem vy38i neZ ve viné bilém.!'?"]
Vyrazné nizZ3i koncentrace v bilych vinech je dusledkem odstranéni slupek a jader z mo$tu

pred fermentaci bilych vin, minimalizujici vstup fenolickych a lipidickych slozek. Fenolické
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antioxidanty maji ve viné vliv na vzhled, chutové vjemy, vini a antimikrobidlni vlastnosti

vin."® V &erveném viné tvoii flavonoidy > 85% celkového obsahu fenold > 1000 mg/L.["

Tabulka 2A: Rozdéleni, struktura a vyskyt flavonoidi v potrave.’%74114
v

5 4
o]
Flavanon Anthokyanidin
Trida Zastupce ChemickyV nazev Viskvt v potravé
FLAVONOIDY
flavonoly Fisetin 3,7,3°,4" - tetrahydroxyflavon Brokolice, kapusta, kfen,
Galangin 3,5,7-trihydroxyflavon grapefruit, Cerny &aj, cibule,
Kaempferol 3,5,7,4’-tetrahydroxyflavon slupka  jablek, olivy,
Kvercetin 3,5,7,3",4 -pentahydroxyflavon Cervené vino, porek,
Morin 3,5,7,2° ,4’-pentahydroxyflavon hlavkovy salat, brusinky,
Myricetin 3,5,7,3",4°,5 -hexahydroxyflavon fazole
Isorhamnetin 3,5,7,4"-tetrahydroxy-3 -
methoxyflavon
Rhamnetin 3,5,3",4 -tetrahydroxy-7-
methoxyflavon
Rutin 3,5,7,3",4’-pentahydroxyflavon-3-
rutinosid
flavanony Eriodictyol 5,7,3°,4 -tetrahydroxyflavanon
Hesperetin 5,7,3 trihydroxy-4 "-methoxyflavanon
Hesperidin 5,7,3 trihydroxy-4'-methoxyflavanon- Slupka a duZina citrusovych
7-rhamnoglukosid plodu
Naringenin 5,7,4’-trihydroxyflavanon
Naringin 5,7,4 -trihydroxyflavanon-7-
rhamnoglukosid
flavony Apigenin 5,7,4 -trihydroxyflavon
Chrysin 5,7-dihydroxyflavon Celer, petrZel, paprika,
Luteolin 5,7,3",4"-tetrahydroxyflavon mrkev, slupky ovoce
Nobiletin 5,6,7,8,4",5’-hexamethoxyflavon
Tangeretin 5,6,7,8,4 -pentamethoxyflavon
flavanoly Gallokatechin
(+)-katechin 3,5,7,3",4’-flavanpentol
(-)-epikatechin cis-forma (+)-katechinu Zeleny a &erny ¢aj, Eervené
Taxifolin 3,5,7,3",4"-pentahydroxyflavanol vino, jablka
Kondenzované
tanniny
anthokyanidiny Kyanidin 3’-anthokyanidin Grapeftuit, vino, tfe$né,
jahody, maliny a jiné

¢ervené ovoce
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Tabulka 2B: Rozdéleni, struktura a vyskyt non-flavonoidi v potravé.’%74114
COOH COH
1 1
3
(oo
5 4 4
Stilben Kys. benzoova Benzaldehyd
COOH
CH
CH
1
4
Kys. skorFicova a-tokoferol
T'iida Zastupee Chemicky ngzes Vishyt v potravd
NON-FLAVONOIDY
stilbeny Astringin 3,5,3°4’-tetrahydroxystilben-3-O-p-
glukopyranosid
Piceid 3,5,4’-trihydroxystilben-3-O--
glukopyranosid Podzemnice olejna, ne¢které
Piceatannol 3,5,3",4"-tetrahydroxystilben druhy ovoce a zeleniny
Polydatin 4,3",5 -trihydroxystilben-3-O-B-D-
glukopyranosid
Pterostilben 3,5,-dimethoxy-4"-hydroxystilben

Rhapontigenin 4’-methoxy-3,5,5 -trihydroxystilben
Rhaponticin 4’-methoxy-3,5,5 -trihydroxystilben-
5-0- B-glukopyranosid

Resveratrol 3,5,4 -trihydroxystilben
Oxyresveratrol 3,5,2",4’-tetrahydroxystilben
Resveratrolosid 3,5,4’-trihydroxystilben-4"-O$-
glukopyranosid
Derivity kyselin
derivaty Kkys. Gallova 3,4,5-trihydroxybenzoova kys.
benzoové
Vanilkova 4-hydroxy-3-methoxybenzoova kys.
Gentisova 2,5-dihydroxybenzoova kys.
derivaty Vanilin 3-methoxy-4-hydroxybenzaldehyd
benzaldehydu Obili, ryze, raj¢ata, Spenat,
Aldehyd kys. Aldehyd 3,5-dimethyletheru kys. kapusta, bilé vino, olivy,
syringové gallové kéva, jablka, $vestky,
derivaty kys. Kavova 3,4-dihydroxyskoticova kys. broskve, meruiiky, boriivky,
skoFicové hrusky
p-kumarovi 4-hydroxyskofticova kys.
Ferulova 4-hydroxy-3-methoxyskoticova kys.
a-tokoferol 3,4,-dihydroxy-2,5,7,8-tetramethyl-2-

(4,8,12-trimethyldecyl)-2H-1-
benzopyranol-6-ol
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Non-flavonoidy jsou strukturné jednodussi nez flavonoidy a zahrnuji stilbeny a derivaty
kyselin. Jde o fadu sloudenin, které se liSi mnoZstvim a polohou hydroxylovych skupin.
Derivaty kys. skoficové jsou b&Zné esterifikovany cukry, organickymi kyselinami nebo
riznymi alkoholy. Nezbytnym strukturnim skeletem stilbeni jsou dva aromatické kruhy
spojené methylenovym mustkem. Non-flavonoidy se stejné jako flavonoidy vyskytuji ve ving,
kde jsou primarné uloZeny ve vakuolach hroznii a odtud pak snadno extrahovany jejich
rozdrcenim. Nejvyznamnéj$im non-flavonoidem je stilben resveratrol, ktery se naléza ve
formé cis a trans v né€kterych druzich ovoce a zeleniny. Jednim z nejbohatSich zdroji je
rdesno (Polygonum cuspidatum), vinna réva (Vitis viniferum) ¢i podzemnice olejna (Arachis
hypogea). Z kvetoucich rostlin pak miZeme resveratrol nalézt ve dvou druzich lilii (Veratrum

grandiflorum a Veratrum formosanum) a nékterych dalSich druzich rostlin.!!26:127]

1.2.2. Viastnosti a u¢inky prirodnich fenolickyeh antioxidantu

Jednotlivé fenolické antioxidanty se 1i§i svymi fyzikalnimi vlastnostmi zejména
rozpustnosti, kterd je vyznamnym faktorem pro jejich vyuZiti. Obecné jsou fenolické
antioxidanty Spatné rozpustné ve vodé. Zpravidla je tfeba vyssich teplot pro jejich Gspé$né
rozpusténi.

Fenolické antioxidanty hraji nezastupitelnou roli v lidské vyZiv€. Nejuniverzalné&jsi
vlastnosti je jejich antioxidaéni piisobeni projevujici se vychytavanim volnych radikalti a
v blokovani oxidace bunéénych 1 nebunéénych sloZek jako jsou membrany a lipidy s nizkou
hustotou (Low density lipoproteins, LDL).!"?"! Urité fenolické antioxidanty brani & sniZuji
shlukovani krevnich desti¢ek ovlivnénim rovnovahy mezi syntézou tromboxani a
prostacyklinii, ovliviiuji pritok krve arterialnim systémem, plsobi pfiznivé na progresi i
regresi aterosklerosy a svymi antioxidaénimi u¢inky ptsobi proti dal§im procestm
souvisejicich s tvorbu reaktivnich forem kysliku a peroxidaci lipidi v plasmé a
membranach.l’%'*"! Antioxidagni u&inky fenolickych antioxidanti fadi flavonoidy mezi latky
dilezité pro prevenci nemoci spojenych s oxidativnim po$kozenim membran, proteinii a
DNA.BY K vyznamnym uginkim fenolickych antioxidanti patii i jejich protinddorové
pusobeni, pficemz jejich vliv na rovnovahu aktivace a inaktivace karcinogeni se projevuje ve
dvou smérech:!'”! i) inhibice CYP (ovSem byla popsana i stimulace); ii) indukce
detoxikacnich enzymu (glutathiontransferasy, glukuronyltransferasy apod.) Inhibice

nékterych enzymovych aktivit zahrnutych v procesu aktivace karcinogenti €i stimulace
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dalSich enzymt procesu detoxikace byla povaZovana za duleZitou v chemické prevenci
rozvoje rakoviny. Tyto G€inky se ale ¢asto 1isi ve studiich provadénych in vitro a in vivo.[124]
Schopnost fenolickych antioxidant ovlivilovat enzymatickou aktivitu né€kterych CYP je
intenzivné sledovana a byla vyuZita v pfedkladané praci pro studium vlivu vybranych
fenolickych antioxidantl in vitro na aktivitu podrodiny lidskych a potkanich CYP3A enzymii
a CYP2C8 Gcastnicich se metabolismu taxanl. V tabulce 3 je znazornéno inhibi¢ni ptisobeni
riznych fenolickych antioxidantii na CYP u potkanti a lidi v podminkach in vitro tak, jak byly

nalezeny v literatufe.

Tabulka 3: Priklady pisobeni fenolickych antioxidantii jako inhibitori aktivity CYP v in
vitro podminkdch v potkanim a lidském organismu.

Fenolicky Inhibovany CYP 1Ce Ki Tvyp inhibice Citace
antioxidant (tM) (n'™)
Apigenin 6.0 1.12 smiSeny
Chrysin 0.8 0.17 smiSeny
Fisetin Potkani CYP1A1/2 9.0 1.15 smiSeny
Morin 18.5 4.5 smiseny [85]
Myricetin 15.0 20 smiseny
Hesperetin 68.0 4.27 smiSeny
Kaempferol Potkani CYP1A1/2 4.0 1.8 smieny [47,85]
Lidsky CYP2C8 9.0
Potkani CYP1A1/2 15.0 2.0 smiSeny [47,85,1
Kvercetin Lidsky CYP1A2 36]
Lidsky CYP2C38 9.0
Potkani CYP1A1/2 58.0 24 smiSeny [34,47,8
Naringenin Lidsky CYP1A2 7-29 kompetitivni 5]
Lidsky CYP2C8
Xanthohumol Lidsky CYPIA1 50nM  nekompetitivni [49]
Lidsky CYP1BI1 kompetitivni
Resveratrol Lidsky CYP1A2 smieny 149]
CYPI1Al CYP1A2
Flavon 0.14 0.066
3-hydroxyflavon <0.1 <03
S5-hydroxyflavon Potkani CYP1A1/2 <0.1 <03 [150]
7-hydroxyflavon <0.1 <03
3,7-dihydroxyflavon <0.1 <03
Galangin

1.3.3 Syinteticke derivaty flavonoidu

Diky pozitivnimu plsobeni pfirodnich fenolickych antioxidanti na lidské zdravi byla
v posledni dobé€ syntetizovana fada jejich derivata vychazejicich zejména z tfidy flavonoidii.
V pifedkladané praci byly zvoleny pro studium vlivu derivati flavonoidi na transport taxant
v sensitivnich a resistentnich bunéénych liniich rakoviny prsu syntetické derivaty odvozené
od flavont, chalkonil, auront, chromont a azaisoflavonti. Pravé tyto derivaty flavonoida byly

vybrany, protoZze se jedna o slibné modulatory P-gp zprostiedkovaného transportu 1éCiv.
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Spoleéna je pro viechny zastupce vazba k cytosolarni NBD2 doméné P-gp, diky které jsou
tyto latky schopné zvratit resistenci nadorovych bunék vici cytostatikﬁm.[”"“ﬂ Struktura
sledovanych syntetickych derivati flavonoidi a jejich vazebna afinita k NBD2 doméné P-gp

je uvedena v tabulce 4.

Tabulka 4: Struktura sledovanych derivati flavonoidii a vazebna afinita k cytosoldrni NBD2
doméné P-gp.

[11,14-16]

Azaisoflavon
Irida/mizes Substituenty Ky (uMy
Aurony
CB-285 4,6-OMe; 4'-Cl 0.99+0.2
CB-284 4,6-OMe; 4"-Br 0.82+0.08
CB-287 4,6,3°,4,6'-OMe 92 +43
ML-50 4-OH; 6-OMe 1.32+0.33
ND-285 4-OH; 6-OMe; 4'-Cl 0.46 + 0.08
ML-30 4-OH; 6-OMe; 4'-CH,CH; 10+ 0.15
A-55B 4-OH; 6-OMe; 7-1; 4'-CN ND
Chalkony
FBB-14 4-1;2°,4°,6"-OH 0.25 +0.06
Flavony
CB-436 3-OMe; 5,7-OH; 4’-Br > 100
Flavonoly
Kaempferid 3,5,7-OH; 4-OMe 50+02
AB-2DE 3,5,7-OH; 4°-1 1.06 + 0.08
Chromotll)y
MH-11 T\ > 100
2-CO—NL_/N CHj3: 5-OH
Azaisoflavony
A-12° 3-phenyl; 5,7-OH > 100

*Disocia¢ni konstanta vazby k P-gp; "MH-11 a A-12 (1pM) zvySovaly akumulaci rhodaminu-
123 v K562R resistentnich bunéénych liniich 5-krat a 2-krat vice neZ inhibitor P-gp prvni
generace cyklosporin A.[*¥
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1.4 Resistence nadoru

1.4.1. Studium resistence nadoru vudi chemoterapeutikum

Resistence malignich nadori vu¢i chemoterapeutikim je v soucasné dobé jednim ze
zasadnim problémi a piekazek v uspé$né chemoterapii nadorovych onemocnéni.l*”)
Resistence pfitom nevznik4 jen na jedno lé¢ivo, ale zpravidla na celou skupinu 1é€iv, které se
li§i strukturou i mechanismem u¢inku a diky tomu se tento fenomén nazyva mnohocletnd
lékovd resistence neboli multidrug resistence (MDR)."'*) Mezi 16&iva, na ktera vznika
resistence patéi antracykliny (doxorubicin, daunomycin), vinka-alkaloidy, actinomycin D,
valinomycin, gramicidin D, puromycin a také taxany (paclitaxel a docetaxel).[su MDR
genotyp malignich bunék miiZze byt vrozeny nebo ziskany po pisobeni protinddorovych
1égiv.[1%°]

Jednim ze zadkladnich mechanismid vzniku MDR je transportni funkce né€kterych
transmembranovych transportnich proteinti ze skupiny tzv. ABC-transportnich proteinii
(ATP binding cassete proteins). Tyto proteiny zplsobuji pfedCasné a velmi GCinné
vyluéovani (efflux) protinadorovych 1é¢iv znadorovych bunék, kde jich pak nejsou
dostate¢né koncentrace pro cytotoxicky ucinek.[®) V soutasné dob& je znamo 49 lidskych
ABC-transportnich proteini, které jsou rozdéleny na zakladé sekvenéni homologie do sedmi
podrodin; ABCA, ABCB, ABCC, ABCD, ABCE, ABCF a ABCG (az 80% sekven¢ni
homologie mezi né€kterymi ¢leny jednotlivych podrodin napi. ABCB)[IS‘”. Piehled vsech

podrodin lidskych ABC transportnich proteint a jejich nejvyznamnéjSich zastupci je uveden

@ v tabulce 5. Pro rozvoj resistence jsou
@ & substinp-gp vyznamné zejména P-glykoprotein

S P-glykoprotein ) )
5 (P-gp), MRP protein (multidrug
3:5:4:#:_5;‘525:f:i:f:‘:f:f:? resistence associated protein) a
l::::ﬁf:;‘ anal ; 4 i c¢cMOAT (canalicular multiple organic

0800600080000 0000
anion  transporter). P-gp  je
Cytoplasma i , .

& transmembranovy glykoprotein o

velikosti 170kDa  tvofeny 1280

aminokyselinami. Jde o ATP-fizenou

effluxni pumpu, kterd Obr.S:

Umisténi P-glykoproteinu v bunééné membrané

a jeho transportni funkce.
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vyuZiva pro svou transportni funkci energii z hydrolyzy ATP.USH Transportni funkce P-gp je
znazornéna na obr. 5. Je exprimovan v jatrech, ledvinach, sttevech, mozku, déloze, varlatech
a placents.5*"! Z toho vyplyva 1 jeho fyziologickd funkce, kterou je piedevsim fizeni
absorpce, distribuce a exkrece celé fady xenobiotik a klinicky vyznamnych 1é¢iv. Brani také
priniku xenobiotik do mozku ¢&i reproduktivnich orgénﬁ.“%’m] Vysoka exprese P-gp
v naddorovych bunkach napf. nadori prsu, slinivky, stfev, jater, ledvin, vajecnikd,
nemalobunééného karcinomu plic ¢i v leukemickych buiikach ovSem vede k rozvoji resistence
nadorti diky predtasné a nadmémé exkreci 16&iv do extracelularniho prostoru.”¢”! Mezi
substraty P-gp fadime tato protinadorova léCiva; vinka-alkaloidy (vincristin, vinblastin),
antracykliny (doxorubicin, daunorubicin), epipodophylotoxiny (etoposid, teniposid), taxany
(paclitaxel, docetaxel), kolchicin a actinomycin D.[71.66.67]

Za dal$i moZné mechanismy pfispivajici k rozvoji MDR se povazuji inhibice apoptosy
zvy3enou expresi Bcl-2 nebo Bcl-X;, proteind, mutace tumor-supresorového genu p53, zména
v expresi a aktivité topoisomerasy II, zvySend hladina glutathionu, zvysSena aktivita
glutathion-S-transferasy a zmé&ny v reparaci DNA.['251EN619) yoyor novych 16&iv, na ktera
by resistence nevznikala ¢i pouziti modulatori ABC-transportnich proteini téastnicich se

vzniku MDR je v posledni dob¢ intenzivné studovan.
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Radka Viaclavikovd Uvod a prehled literatury

1.4.2. Resistence niddora vudi taxanum a moznosti jejiho potlaceni

Vyuziti taxani jako protinadorovych 1é¢iv je &asto limitovano rozvojem resistence
nadorovych bunék viigi t&mto cytostatikiim.”?”! Nadorové buiiky pfitom ziskavaji resistenci
proti taxaniim riznymi mechanismy; i) existence resistentnich isomerti mikrotubull ¢i mutace
B-tubulinové podjednotky mikrotubuldi v blizkosti vazebného mista pro paclitaxel,!'*'*? ij)
vysoka exprese ABC membranovych transportnich proteini zejména P-gp kédovaného genem
MDR-1 a dale MRP-1 proteinu ¢i BCRP proteinu.m’m] Zvlasté v terapii rakoviny prsu, kde
jsou taxany a také vinblastin obvykle pouZivany, dochézi ¢asto k rozvoji resistence viuci témto
16¢iviim, které jsou substraty P-gp.!"! Také Mechetner a kol'””! nasel vyznamnou korelaci mezi
zvySenou expresi P-gp a resistenci vii¢i taxantim a doxorubicinu u pacientl s rakovinou prsu.
K resistenci nadort prsu pfispiva oviem také vysoka exprese proteini BCRP, MXR, ABCP a
ABCG?2. BCRP neboli Breast Cancer Resistance Protein je také znam jako placentarni ABC
transportér, ktery zpusobuje resistenci vici flavopiridolu, mitoxantronu, daunorubicinu a
inhibitoriim topoisomerasy 1.1%¢%7)

Latky ovliviiujici transportni funkci P-gp lze terapeuticky vyuZit pro zvySeni koncentrace
1é¢iv v nadorech. V sou€asné dob¢ byla popsana fada modulatorti P-gp a jejich mnoZstvi stale
roste. Moduldtory P-gp rozd€lujeme na modulatory 1. a II. generace a ostatni modulétory
(Tabulka 6). Moduldtory 1. gemerace U¢inné inhibuji transportni funkci P-gp a jsou
vyuZivany v klinické praxi. Nejznaméj$imi modulatory P-gp 1. generace jsou cyklosporin A a
verapamil. Ob¢ tyto latky jsou substraty P-gp a proto pisobi mechanismem kompetitivni
inhibice. BohuZel pouZiti téchto latek je ¢asto doprovazeno fadou zavaznych neZidoucich
ucinkd v koncentracich, které jsou pro 1é¢bu vyuiivé.ny.”o’m] Napt. cyclosporin A ma
v davkach potiebnych pro potladeni resistence zavazné imunosupresivni a neurotoxické
utinky.?¥ Na zakladé modulatort 1. generace jsou vyvijeny moduldtory P-gp Il. generace,
které maji vétsi vazebnou specifitu k P-gp a jsou tedy siln€j$imi inhibitory jeho funkce.
Zaroveni jsou u nich redukovany zavazné nezddouci G¢inky typické pro modulatory I.
generace.!'"! Typickym zastupcem inhibitord P-gp II. generace je derivét cyclosporinu PSC-
833, ktery je v druhé fazi klinickych testd. Tato latka nema nezidouci imunosupresivni a
neurotoxické u¢inky typické pro cyklosporin A. V kombinaci s paclitaxelem PSC-833 zvySuje
hladiny paclitaxelu i 6a-OHPCT v plasmé. To je dano pravdépodobné inhibici CYP3A4
potlacujici tvorbu C3’-OHPCT a zabrarujici dal§imu metabolisnssOHPCT. PSC-833
rovnéZ miiZze sniZovat vylu€ovéni do stievniho obsahu a tim zvySovat absorpci paclitaxelu a

jeho metabolitii ze stfeva prostfednictvim inhibice P-gp ve stievni sliznici pfi entero-hepatarni
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cirkulaci.P*®! PSC 833 je asi 10x uginn&jsi nez cyklosporin A nebo verapamil a piisobi jinym
mechanismem u¢inku. Neni totiZ substratem P-gp a proto pisobi jako nekompetitivni
inhibitor P-gp vazbou na jiné misto P-gp neZ transportovany substrat. V soucasnosti probiha
I1I. faze klinického testovani vyuZiti tohoto inhibitoru v terapii akutni myeloidni leukémie,
karcinomi vaje¢nikd ¢i myelomu. Dexniguildipin G¢inkuje velmi siln€ in vitro, oviem
zistava zde neZadouci ukinek bradykardie. GF120918 je nyni v I. fazi klinickych testi.['>)

Vyvoj dalSich novych ucinnych moduldtori transportni funkce je velmi aktualni. Nékteré
ptirodni flavonoidy a resveratrol diky svym u¢inkim lze povaZovat za vhodné potencialni
modulétory P-gp. Tyto latky se vyskytuji jako b&Zna sloZka potravy, vazi se k P-gp a zaroven
maji protinddorové uéinky. Flavonoidy pfedstavuji novou tiidu tzv. bifunkénich modulatort,
které piekryvaji ATP-vazebné misto na P-gp a hydrofobni oblast interagujici se steroidni ¢asti
substrati v cytosolarni doméné P-gp.m] V literatufe byla nalezena fada udajii o pisobeni
flavonoidt na transportni funkci P-gp. Flavonoidy kaemferol, galangin, kvercetin a genistein
moduluji transport 1é¢iv v MDR exprimujicich nadorovych buiikach, pfi¢emz se vazi k NBD2
cytosolarni doméné P-gp. Pouze flavonoidy s touto vlastnosti jsou pfitom schopné zvysit
akumulaci 16¢iv.?*'%] Kvercetin a jeho methoxylované derivaty napk. inhibovaly vazbu k P-
gp a vyluCovani P-gp substratu rhodaminu-123 a zvy3ovaly tak sensitivitu MCF-7 bun¢k
rakoviny prsu viti adriamycinu.!"? Z daliich antioxidantd, fenolické latky v zeleném &aji
hlavné (-)-epigallokatechin gallat inhibovaly vazbu a vylu€ovani dvou substratd P-gp,
rhodaminu 123 a [’H]-vinblastinu v CHRCS resistentnich buiikich vaje¢nikii kiedka a
lidskych Caco-2 buiikach.®® Na druhé strang kvercetin, kaempferol a galangin zvySovaly
exkreci adriamycinu v HCT-15 stfevnich burikach stimulaci transportni funkce P-gp.[25 I Na
zékladé nalezenych protichtidnych vysledki pisobeni piirodnich fenolickych antioxidantt
jsou syntetizovany ruzné syntetické derivaty flavonoidd, které se vazi siln€ k NBD2 doméné
P-gp a jsou potencidlnimi modulatory P-gp s moZnym vyuZitim v potlaCeni rozvoje resistence
nadord. V pfedkladané praci byl sledovan vliv tfindcti zastupcd syntetickych derivatt
flavonoidii na transport ['*C]-paclitaxelu v sensitivnich a resistentnich lidskych buiikach
rakoviny prsu.

Dal$imi moZnostmi jak ovlivnit funkci P-gp je vyuZiti anti-P-gp protildtek. Dnes je znama
monoklonalni protilatka MRK-16, ktera se vaZe k P-gp a ptisobi jako jeho nekompetitivni
inhibitor. Celosvétovy vyzkum se také zaméfuje pfimo na ovlivnéni exprese MDR1 genu a
tim i nasledné exprese P-gp pouZitim antisense MDRI oligonukleotidii. V in vitro studiich na

mySich 3T3 fibroblastech antisense MDRI1 oligonukleotid sniZoval expresi P-gp a zvySoval
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intracelularni akumulaci 1égiva.”! Modulatory P-gp ovSem nemusi ovliviiovat jen transport
1é¢iv, ale rovnéz jejich farmakokinetiku ovlivnénim exkrece z jater, ledvin i stfev, kde se
vyskytuje P-gp a mohou také ovlivnit dal$i transportéry 1é¢iv nebo metabolické cesty moZnou
interakci s enzymy metabolismu napf. CYP3A4.01%! Specifitu konkrétnich modulatort k P-gp
a moZnosti jejich interakce s dal§imi 1é¢ivy ¢i enzymy metabolickych drah je nutné pii studiu
novych potencidlné farmakologicky vyuZitelnych modulatori P-gp brat v Gvahu a detailné

stanovit.
Tabulka 6: Prehled moduldtorii transportni funkce P-gp.!'*’
Modulatory P-gp
Typ modulatoru Skupina Zastupci
Verapamil
. ., (1o Nifedipin
Blokatory kalciovych kandli Bepridil
Nicardipin
Amiodaron
Kardiovaskuldrni léciva Dipyridamol
Quinidin
Chinin
Antimalarika Chinacrin
Cinchonin
Cefoperazon
Antibiotika Cefriaxon
Modulitory P-gp 1. - En om)"cm
generace Cyklosporiny Cyklosporin A
L Trifluoperazin
Fenothiaziny Fluphenazin
Tamoxifen
Metabolity tamoxifenu:
Hormo N-desmethylramoxifen a 4-
k4 hydroxytamoxifen®
Toremifen
Progesteron
Terfenadin
Kremophor
Ostatni Benzquinamid
Estramustin
FK 506
Derivaty cyklosporinu PSC 833
Modulatory P-gp 1L Blokdtory kalciovych kandli Dexniguildipin, Dexverapamil
generace Ostami S9788, GF120918, SR33557,
nt ~ Rapamycin
Kvercetin a jeho methoxylované derivaty
Kaempferol
Fenolické antioxidanty a jejich Galangin
derivd -)-epigallokatechin gallat
Jiné modulétory v Crepig Genistein g
Syntetické derivaty flavonoidi
Protilatky Monoklonadlni protilatka MRK-16
Oligonukleotidy Antisense MDR-1 oligonukleotidy
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2. CIL DISERTACNI PRACE

Cilem této studie bylo rozsifeni soufasnych znalosti v oblasti metabolismu a transportu
protinadorovych 1é€iv ze skupiny taxani paclitaxelu a docetaxelu. Dal§im cilem bylo poznani
metabolickych cest a transportu novych syntetickych analogt na bazi taxanti SB-T-1103, SB-
T-1214 a SB-T-1216 jako potencidlnich 1é¢iv vyuZitelnych v terapii resistentnich nadord.
Soucasné byly hledany moZnosti ovlivnéni sledovanych procesti metabolismu a transportu
fenolickymi antioxidanty s cilem zvysit G¢innost taxant. Poslednim cilem této prace bylo
studium in vivo G¢inkl taxant na T-bunééné lymfomy v modelovém organismu potkana.

V ramci prace byly FeSeny nasledujici problemati

a) Metabolismus taxani in vitro

e Detailni studium metabolismu klasickych a novych taxan jejich interakcemi
s cytochromy P450 vramci jaternich mikrosomalnich frakcich. Znalost vsech
metabolickych pfemén taxani je velmi dileZitd z hlediska jejich u€inkii nebot’
metabolismus taxanG vede k inaktivaci pavodnich 1é¢iv a jejich vyloudeni

Z organismu.

e  Studium metabolismu klasickych i novych taxant v sérii cDNA exprimovanych
lidskych CYP (CYP1A2, 1B1, 2A6, 2C9, 2E1 a 3A4) pro identifikaci konkrétnich

isoforem cytochromi P450 zodpovédnych za biotransformaci taxanti.

e Stanoveni mezidruhovych rozdili  metabolismu klasickych a novych taxani
vizolovanych jaternich mikrosomdlnich frakcich &lovéka, potkana, prasete a
miniprasete. U&elem této &asti studie bylo zjistit, jaké jsou rozdily v metabolismu
taxant vriznych Zivo€iSnych druzich sohledem na vybér nejvhodnéjsiho
experimentalniho modelu zvlasté prase€ich a miniprase¢ich jaternich mikrosomalnich

frakci diky jejich enzymatické vybavé, ktera je velice blizka lidem.

e Stanoveni parametri enzymatické kinetiky metabolismu klasickych a novych taxant

v jaternich mikrosomalnich frakcich — uréeni K, @ Vmax oxidaci taxant
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e Studium pusobeni fenolickych antioxidanti na metabolismus klasickych taxani
v izolovanych jaternich mikrosomalnich frakcich ¢lovéka a potkana z hlediska mozZné

inhibice metabolismu taxand, ktera by vedla ke zvy$eni jejich €inkd.

b) Transport taxanii v lidskych sensitivnich a resistentnich bunéénych liniich rakoviny

prsu

e Studium transportu neradioaktivnich forem klasickych a novych taxani a 'C-
znateného paclitaxelu lidskymi buné&nymi liniemi rakoviny prsu. Ugelem této &asti
studie bylo stanoveni rozdilu v transportu klasickych a novych taxant v sensitivnich a

v adriamycin-resistentnich buné¢nych liniich rakoviny prsu.

e Stanoveni vlivu verapamilu, syntetickych analogli taxant a dale vybranych pfirodnich
a syntetickych fenolickych antioxidanti na transport '*C-znageného paclitaxelu
v bunéénych liniich rakoviny prsu scilem modulovat transport '*C-znateného

paclitaxelu zejména v resistentnich nadorovych burikach.

¢) In vivo uclinky paclitaxelu a docetaxelu na T-bunécné lymfomy v modelovém

organismu potkana

e Studium uCinkii riznych davkovych schémat paclitaxelu, docetaxelu a jejich
kombinaci na rozvoj T-bunéénych lymfomu v organismu laboratorniho potkana. Cilem
této studie bylo stanoveni rozdili v u¢innosti paclitaxelu a docetaxelu na T-bunééné
lymfomy a zji$téni, zda kombinace obou lé¢iv nepovedou k indukci jejich cytotoxického

pusobeni.
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3. MATERIAL A METODY

Veskeré pouzité chemikalie, metody a postupy jsou detailn€ popsany v piiloZzenych

publikacich a rukopisech.

3.1 Priprava a charakterizace experimentalnich preparitu

Experimentalni preparaty pouZité ke studiu metabolismu taxani;

Ke studiu metabolismu klasickych a novych taxani byly pouZity izolované jaterni

mikrosomalni frakce riznych experimentdlnich druhd. Udaje o premedikaci zvifat, izolaci

mikrosomalnich frakci a charakteru jednotlivych preparati shrnuje tabulka 7.

Tabulka 7: PouZité experimentdini prepardty riznych Zivocisnych druhu, premedikace zviFat
a charakteristika preparadti z hlediska specifického obsahu cytochromu P450.

Premedikace Specificky
Experimentdini preparat Zdroj preparatu experimentalnich obsah CYP?
zvitat
Kontrolni potkani mikrosomy Bez premedikace 0.39
(N°=5)
Benzen — inhalace benzenu
Potkani mikrosomy s indukci (4II(;(g)/bmu 1; i?l:zdll:h(;?:;i po
CYP2EI(N =35) Potkani kmene Wistar aparatufe. Usmrceni ihned.
(vaha 280-300g), Pregnenolon-16a-karbonitril
aklimatizace 23 dni pfed | (PCN) - aplikace per os sondou
zabitim ve zvefinci do zaludku v DMSO (25 mg
Potkans mi . . | SZU,stravaavodaad |  PCN/2.5 ml DMSO/kg) po
otkani mikrosomy s indukci libitum dobu 3 dndi v 12t hodinovych
CYP3A1/2 (N =5) . . 0.95-1.16
intervalech. Usmrceni 16hod
po posledni aplikaci.
Samci bilé varianty
Miniprase¢i mikrosomy Goettingen miniprasat, .
(N=2) stati 6 mésicd, vaha 22 Bez premedikace 0.23
-31kg
Prase¢i mikrosomy (N = 3) Samci prasat Bez premedikace 0.36-0.50
Lidské mikrosomy (N = 10) Nahodni dérci Bez premedikace 0.13-0.31
Membrény izolované z
E.coli transformovanych ,
. expresnimi vektory CYP1A2: 6.83
_CDNA exprimované CYP-NPR® ziskanych CYPIBI: 3.71
bicistronické systémy CYP- .
d od prof. P.F. . CYP2C9: 3.45
NPR®: G «ch Bez premedikace CYP2A6: 2.12
CYP1A2, 1B1, 2A6, 2C9, 2E1 uengeriche e
? 3,A 4 ’ ’ > | (Vanderbilt University CYP2ELI: 9.56
School of Medicine, CYP3A4:3.08
Nashville, Tenessee,
USA)

*Pomér koncentrace CYP a bilkoviny v daném preparatu; nmol CYP/mg proteinu. "nmol
CYP/ml, °N = poéet jedincti daného experimentalniho druhu, ®NPR =NADPH-CYP reduktasa
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K izolaci mikrosomélnich frakci byli pouZiti; samci potkani kmene WISTAR SPF -
zakoupeni od firmy VELAZ (Praha, CR) a drZeni pted zabitim ve zvifetniku SZU Praha.
Lidské vzorky jater pochéazeli od nahodnych darcd. Jednalo se o vzorky ziskané od 10 muzi
ve véku 16 — 42 let, ktefi zemfeli na nasledky dopravnich nehod ¢i stfelnych poranéni. Jatra
miniprasat byla ziskdna darem prof. RNDr. Pavla Anzenbachera, DrSc. (Palackého
Universita, Olomouc). Jdtra prasat byla ziskana z jatek (Cesky brod, CR) a z Vyzkumného
Gstavu Zivoéigné vyroby (Praha — Uhtingves, CR). Mikrosomalni frakce byly ptipraveny

(4143,

zjater vSech pouzitych druhii metodou diferencidlni centrifugace. 11 1z0lované

mikrosomalni frakce i1 jednotlivé exprimované CYP byly uskladnény v 0.5 — 1.0 ml
alikvotech pti -80°C. Koncentrace mikrosomalniho proteinu byla méfena podle Lowryho!™!
s hovézim sérovym albuminem jako standardem. Koncentrace cytochromu P450 byla méfena
spektrofotometricky podle Omury a Sata!'® s pouZitim molarniho absorpéniho koeficientu

0.091 cm™ .pmol™.I".

3.2 Studium metabolismu taxanu jednotlivvmi enzvmovymi preparaty
Inkubace:
SloZeni inkubacnich smési (Iml): 150mM KCI/50mM Tris-HCI pufr (pH = 7.4), enzymovy
prepardt o koncentraci 1mg/ml mikrosomalniho proteinu nebo 150 pmol/ml cDNA
exprimovaného CYP (CYP1A2, 1B1, 2A6, 2E1, 2C9 a 3A4) s NADPH-CYP reduktasou,
substrat paclitaxel (2.5 — 25uM), docetaxel (2 - 25uM) nebo nové taxany SB-T-1214, SB-T-
1216 a SB-T-1103 (2.5-50uM). Reakce byla zapocata pfidanim 100ul. NADPH-generujiciho
systému (1ImM NADP", 10mM glukosa-6-fosfat, 10mM MgCl; a 0.5 U/ml glukosa-6-fosfat
dehydrogenasa) a probihala za tfepani 30 min pii 37°C. Roztoky taxani byly pfidavany do
inkubaéni smési ve formé¢ 10mM roztoku taxanu v methanolu. Maximalni koncentrace
organického rozpoustédla ve finalni inkuba¢ni smési byla < 0.5%, v/v, ktera neovliviiovala
pfeménu substratu. Kontrolni vzorky neobsahovaly NADPH-generujici systém. Inkubace
byla ukonéena zchlazenim a okamZzitou extrakci organické faze 2 x 3.5 ml ethylacetatu.
Ethylacetatové extrakty byly odpateny pod proudem dusiku a uloZeny pfi -80°C do analyzy
HPLC.
HPLC analyza:
Odparky ethylacetatovych extraktii byly rozpustény v 200pul mobilni faze a analyzovany za
isokratickych podminek pomoci HPLC na pfistroji Agilent Serie 1100 s automatickym
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davkovatem. Podminky HPLC pouZité pro analyzu a detekci metaboliti jednotlivych taxani

jsou shruty v tabulce 8.
Tabulka 8: Podminky HPLC analyzy metabolitu taxani
Taxan Kolona Mobilni faze Pn]to.k Standardy
a detekce
1.2 m/min
Macherey-Nagel . ) . .
Paclitaxel Nucleosil 100-5 C18 “’1(2‘2?3“5"13/{:;) 22om 3 hydroxypactiaxel
(5 um, 4x250 mm) 9% yaroxyp
Hydroxydocetaxel
Macherey-Nagel Acetonitril:Methanol: 1.0 ml/min 2stereomerni
Docetaxel Nucleosil 100-5 C18  Tetrahydrofuran:H,0 '23 0 nm hydroxyoxazolidinony
(5 pm, 4x250 mm) (21:35:2:42) oxazolidindion
7-epidocetaxel
Nové taxany(SBT- Macherey-Nagel . .
1103, SBT-1214,  Nucleosil 100-5 C18 “’t‘;‘g‘;‘:ﬁ'ﬁgo 19 ml/min +
SBT-1216) (5 pm, 4x250 mm) %

*Standardy metaboliti novych taxani nejsou dostupné vzhledem k tomu, Ze metabolismus
téchto taxanovych analoghi dosud nebyl nikde sledovan. Proto byla tvorba metabolitii
kvantifikovana s vyuZitim samotnych novych taxani jako standardd diky jejich podobnému
absorpnimu koeficientu ptfi 230nm. Stejného postupu bylo vyuZito pro kvantifikaci
minoritnich a novych metaboliti detekovanych pfi studiu metabolismu klasickych taxanu.

Data byla analyzovana s vyuZitim CSW softwaru (Chromatography Station for Windows
verze 1.7, DataApex, CR). Metabolity byly identifikovany a kvantifikovany na zaklad&
hmotnostni spektroskopie a porovnanim s autentickymi standardy.

Identifikace metabolitii MS/MS analyzou (mé&feno na pracovisti RNDr. Petra Simka
v Entomologickém ustavu AV CR v Ceskych Budgjovicich):

Definované HPLC frakce metabolitli paclitaxelu, docetaxelu, SB-T-1103, SB-T-1214 a SB-T-
1216 byly sbirany a vysuSeny pod proudem dusiku. Vzorky byly pfed MS analyzou
rozpustény ve 125pul smési 10mM mravenéanu amonného a methanolu (1:1). Podminky MS
analyzy byly nasledujici: kolona Synergi Hydro-RP, 85x2mm, 4pum, teplota kolony 35°C,
mobilni faze methanol:H,O (70:30) s 10mM mraven¢anem amonnym, pritokova rychlost

200pul/min na LCQ hmotnostnim spektrometru (ThermoFinigan, USA).

3.3 Studium vlivu fenolickych antioxidantu na metabolismus klasickych
taxanu

Byl sledovan viiv deviti pFirodnich fenolickych antioxidantii na metabolismus paclitaxelu

a docetaxelu v PCN-indukovanych mikrosomech potkana a vlidskych jaternich
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mikrosomech. Konkrétni sledované fenolické antioxidanty a jejich koncentrace jsou shrnuty
v tabulce 9. Byly méfeny vznikajici mnoZstvi metabolitii taxanti dle postupti uvedenych
v kapitole 3.2, bez a spifidavkem fenolickych antioxidantli v inkuba¢nich smésich (5 -
40uM). Koncentrace fenolickych antioxidanti byly voleny s ohledem na jejich rozpustnost,
farmakologicky dosaZitelnou hladinu a jejich G¢innost. Tam, kde se ukdzala vyznamna
inhibice metabolismu 10uM paclitaxelu a docetaxelu, byly dale stanoveny ICsy pro jednotlivé
fenolické antioxidanty a sledovdna enzymaticka kinetika této inhibice ur¢enim inhibi¢nich
konstant (K;) a typu inhibice pfi stoupajici koncentraci taxand (2.5 - 20uM) i fenolickych
antioxidantd (5 — 40uM). K inhibi¢nim experimentim byl pouZit rovnéZ znamy specificky
inhibitor CYP3A podrodiny troleandomycin, ktery byl stejné jako fenolické antioxidanty
pfidavan do inkubaénich smési v koncentracich 30, 60 a 100uM.

Tabulka 9: Prehled sledovanych fenolickych antioxidantii na metabolismus paclitaxelu a

docetaxelu v PCN-indukovanych jaternich mikrosomech potkana a v lidskych jaternich
mikrosomech.

Trida fenolickych Testovany . - Pouzité koncentrace
L. " » - Systematicky nazev Ly L L
antioxidantu zastupcee g N fenolickych antioxidantd (nM)

FLAVONOIDY

Flavanoly (+)-katechin 3,5,7,3",4’-flavanpentol 30°
(-)-epikatechin cis-3,5,7,3",4’-flavanpentol 30°
Flavonoly fisetin 3,7,3",4 -tetrahydroxyflavon 10,20,40
morin 3,5,7,2",4"-pentahydroxyflavon 5,15,20
myricetin 3,5,7,3",4°,5 -hexahydroxyflavon 5, 10, 20, 30
kvercetin 3,5,7,3",4"-pentahydroxyflavon 5,10, 20, 30
Flavanony naringenin 5,7,4'-trihyroxyflavon 10, 20, 30, 40
NON-FLAVONOIDY
Stilbeny resveratrol 3,5,4"-trihydroxystilben 5,15, 20, 30
Derivity kyseliny kyselina gallova 3,4,5-trihydroxybenzoova 30°
benzoové kyselina

*fenolické antioxidanty, jejichZ u¢inek se neprojevil ani v 30uM koncentraci a proto nebyl
dale jejich vliv sledovan

3.4 Studium transportu taxanu v lidskych bunéénych liniich rakoviny prsu

Transport klasickych i novych taxani byl sledovan na pracovidti Laboratofe regulace
bun&éného ristu (UMG AV CR, Praha-Kr&) v lidské sensitivni (MDA-MB-435) bun&éné linii
rakoviny prsu a linii (NCI/ADR-RES) resistentni vi¢i doxorubicinu (adriamycinu), ktera
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vykazovala resistenci rovnéz vici taxanim. Tyto bunééné linie se li8i expresi nékterych ABC
transportnich proteinti zejména P-gp, kterd byla stanovena na urovni mRNA na pracovisti
Laboratofe regulace bun&éného ristu UMG AV CR metodou RT-PCR tedy kvantitativni PCR
po reversni transkripci. Imunohistochemicky byla na wrovni proteinu sledovana exprese P-gp
metodou Western blot s naslednou chemiluminiscen¢ni detekci P-gp pomoci Pierce ECL

Western Blotting Chemiluminiscence Substrate (Genetica, CR).
Inkubace taxanu s lidskymi bunéénymi linemi rakoviny prsu

Bunééné linie byly inkubovany v intervalech 15 — 240 min s RPMI mediem obsahujicim
paclitaxel (1-5uM), docetaxel (1-4puM), SB-T-taxany (1-5uM) nebo radioaktivn€ znaceny
["*C]paclitaxel (0.02 — 0.5uM). Taxany byly rozpustény v DMSO (maximalni koncentrace
organického rozpou$tédla v inkubaéni smési byla 0.1%, v/v). Po inkubaci bylo medium
odebrano, buiikky promyty ledovym PBS a uvolnény 2x400 ml trypsinu a EDTA.
K uvolnénym butikam byl ptidén pfed méfenim 10% SDS pro lyzu bunék a k uvolnéni 1é¢iva.

Sledovdni akumulace taxaniu pomoci HPLC

Taxany byly extrahovany zdvakrat promytych a pak uvolnénych bun€k 2x3.5 ml
ethylacetatu, extrakty byly odpafeny do sucha pod proudem dusiku a jejich akumulace byla
analyzovana za stejnych podminek HPLC jako pfi sledovani metabolismu taxanil (viz. tabulka
8). Jako standardy byly pouzZity vzorky taxanti (1uM) v RPMI mediu s 10% FBS.

Sledovdni transportu [’ ‘Clpaclitaxelu bunéénymi liniemi rakoviny prsu

K méfeni transportu v bunéénych liniich rakoviny prsu byl pouzit paclitaxel v radioaktivné
znatené formé jako [14C]paclitaxel. Pfi stanoveni mnoZstvi akumulovaného paclitaxelu byl
k uvoln&nym butikdm po jejich inkubaci s ['*C]paclitaxelem a nasledném promyti p¥idan
kapalny scintilator Bray a nasledné byla méfena kapalnéd scintilace. V piipadé sledovani
vyluovani ["*C]paclitaxelu ze sensitivnich i resistentnich bungk byl nejprve ["*C]paclitaxel
inkubovan 120min s bufikami, poté odebran a nahrazen ferstvym mediem. Burky byly
promyty a uvolnény po 10 — 90min intervalu trvani effluxu stejnym zptisobem jako v pfipadé

sledovani akumulace lé¢iva.

Sledovdni vlivu vybranych pFirodnich fenolickych antioxidantii a syntetickych derivitii

flavonoidii na transport [V Clpaclitaxelu bunéénymi liniemi rakoviny prsu

Dva vybrané piirodni antioxidanty a 13 syntetickych derivati antioxidantt zvolenych na

zaklad¢ jejich schopnosti modulovat P-gp zprostfedkovany transport bylo pouZito ke studiu
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jejich vlivu na transport ['*C]paclitaxelu v lidskych sensitivnich (MDA-MB-435) a
resistentnich (NCI/ADR-RES) buiikach rakoviny prsu. Vliv antioxidanti byl sledovéan dle
postupt uvedenych v kapitole 3.4 bez a s pfidavkem fenolickych antioxidantii v inkubaénich
smésich (5 — 40uM). Jako zastupci ptirodnich fenolickych antioxidanti byly vybrany
kvercetin a resveratrol, které G¢inn¢ in vitro inhibuji metabolismus paclitaxelu. Série
syntetickych derivati flavonoidi pouZita ke sledovani ovlivnéni transportu ['*C]paclitaxelu
bunéénymi liniemi byla ziskdna darem Ahcena Boumendjela PhD. (Department de

Pharmacochimie Moléculaire, Faculte de Pharmacie de Grenoble (Meylan, France);

o Derivaty auronu: CB-284 (4'-bromo-4,6-dimethoxyauron), CB-285 (4’-chloro-4,6-
dimethoxyauron), CB-287 (4,6,3",4",6 -pentamethoxyauron), ND-285 (4'-chloro-4-hydroxy-6-
methoxyauron),  ML-30  (4’-ethyl-4-hydroxy-6-methoxyauron), = ML-50  (4-hydroxy-6-
methoxyauron), A-55B (4’-kyano-7-iodo-4-hydroxy-6-methoxyauron)

e Deriviaty chalkonu: FBB-14 (4-iodo-2°,4",6 -trihydroxychaikon)

e Derivaty flavonu: CB-436 (4'-bromo-3-methoxy-5,7-dihydroxyflavon)

e Derivaty flavonolu: kaempferid (4'-methoxy-3,5,7,trihydroxyflavon), AB-2DE (4’-iodo-
3,5,7,trihydroxyflavon)

e Derivaty chromonu: MH-11 (5-hydroxy-2-karbopyrazol-methyl-chromon:
e Derivaty azaisoflavonu: A-12 (3-phenyl-5,7-hydroxy-4-chinolon)

Pro vSechny sledované fenolické antioxidanty (10uM) byla stanovena cytotoxicita v MDA-
MB-435 i NCI/ADR-RES bunéénych liniich MTT metodou na pracovisti Laboratofe regulace
bun&éného ristu (UMG AV CR, Praha-Kr¢).

3.5, Sledovini uéinku klasickveh taxanu in vive v organismu potkana
s implantovanymi T-bunéénymi lvmfomy

Jako modelovy organismus pro sledovani novych aplikaci cytostatik taxanid byly pouzity
samice potkanit Sprague-Dawley/Cub s transplantovanymi T-bunéénymi lymfomy.
Suspenze bungk lymfomi v mnozstvi 10° bunk/potkana byly aplikovany subkutinné na
pracovidti doc. RNDr. Berty Otové CSc. (Ustav biologie a lékafské genetiky, 1.LF a VFN
UK, Praha, CR). Déle byly aplikovdny taxany paclitaxel a docetaxel v riznych davkovych
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schématech a kombinacich a sledovany jejich hladiny vkrvi a zmény parametri T-

buné&énych lymfomu po aplikaci taxani, jak popisuje tabulka 10.

Tabulka 10: Ddvkové schéma taxani, odbér krve a vzorkii pro sledovani ucinki paclitaxelu a
docetaxelu na T-bunécné lymfomy v organismu experimentalniho potkana.

Sledovana skupina a

Lo . Davkové schéma taxani Odbér vzorki a fasové intervaly odbéru
pocet jedinci ve skupiné

Sledovani hladin paclitaxelu a docetaxelu v krvi potkanu v ruznych davkovych schématech

. Odbeér 200pL krve pod narkosou z ocasu
Paclitaxel 20mg/kg tlesné vahy | G0 lech: 0, 10, 20, 30, 60, 120, 180,

LP- 240, 300 a 360min®

Odbér 200pL krve pod narkosou z ocasu
Docetaxel 20mg/kg telesné vahy | o olech: 0, 10, 20, 30, 60, 120, 180,

P 240, 300 a 360min®
Odbér 200uL krve pod narkosou z ocasu

L.skupina (N = 4)

I1.skupina (N = 4)

. _ Paclitaxel 3x tydn¢ 6mg/kg . )
I11.skupina (N = 4) nésledovano davkou 20mg/kg \Y lntervaleczl‘11.00,3i)(z), ;2(;,6 ia)(l)l,1 :1(3, 120, 180,
. Odbér 200uL krve pod narkosou z ocasu

. _ Docetaxel 3x tydné 6mg/kg . ;
IV.skupina (N =4) nésledovéno dévkou 20mg/kg v intervalech: 0, 10, 20, 30, 60, 120, 180,

240, 300 a 360min®
Vi opakovaneho podani pachitaxelu a docetavelu na télesnou vaha, velikost a vahu lymfomu

Ve stejny den jako premedikované

Lskupina (N = 5) Kontrolni skupina skupiny byli potkani zvaZeni a zabiti

17 dni po posledni aplikaci byli potkani
zvéZeni, zabiti a zvaZené lymfomy byly
zmraZeny pti -80°C

17 dni po posledni aplikaci byli potkani
zvaZeni, zabiti a zvaZené lymfomy byly
zmraZeny pti -80°C

Paclitaxel i.p. 4 davky 10,6,6 a

IL.skupina (N = 5) 6mg/kg v tydennich intervalech

. _ Docetaxel i.p. 4 davky 10, 6,6 a
IIL.skupina (N = 5) 6mg/kg v tydennich intervalech
Kombinace dvé& dévky docetaxelu
10 a 6mg/kg v tydennim intervalu
nasledovano dvéma davkami
paclitaxelu po 6ti mg/kg

17 dni po posledni aplikaci byli potkani
zvéZeni, zabiti a zvaZené lymfomy byly
zmraZeny pii -80°C

IV.skupina (N = 5)

Kombinace dv& davky paclitaxelu
10 a 6mg/kg v tydennim intervalu
nésledovano dvéma davkami
docetaxelu po 6ti mg/kg

17 dnf po posledni aplikaci byli potkani
zvaZeni, zabiti a zvaZené lymfomy byly
zmraZeny pfi -80°C

V.skupina (N = 5)

Vv opakovaného poddni paclitaxelu a docetaxelu na télesnou viahu. velikost a vihu lvinfomu v péti
davkovém schématu taxanu

Ve stejny den jako premedikované

I.skupina (N = 6) Kontrolni skupina skupiny byli potkani zvaZeni a zabiti

1 den po posledni aplikaci byli potkani
zvéZeni, zabiti a zvaZené lymfomy byly
zmraZeny pti -80°C

. _ Paclitaxel i.p. 5 davek 10,6,6,6 a
I1.skupina (N = 6) 6mg/kg v tydennich intervalech
1 den po posledni aplikaci byli potkani
zvéZeni, zabiti a zviZené lymfomy byly
zmraZeny pfi -80°C

Docetaxel i.p. 5 davek 10,6,6,6 a

llL.skupina (N =6) 6mg/kg v tydennich intervalech

K odebrané krvi bylo pfidano 0.5 ml Milli-Q H,O a 3.5 ml ethylacetatu.
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Kromé téchto sledovanych skupin potkanid byli pouZity dal§i dvé zcela odli$né skupiny
potkani s T-bunéénymi lymfomy, kde nebyl aplikovan in vivo Zadny z taxand. Jednalo se o
kontrolni skupinu bez premedikace a skupinu premedikovanou PCN (induktor CYP3A1/2)
1.g. v davce 25 mg/kg v olivovém oleji v 12ti hodinovych intervalech béhem 3dni. Z té&chto
zvifat byla po usmrceni izolovana jatra a pfipraveny jaterni mikrosomalni frakce. Ty byly
vyuZity ke studiu metabolismu taxani in vitro dle postupii popsanych v kap.3.2. Dale byly
ziskdny nadory a stfeva téchto potkani, ze kterych byly izolovany post-mitochondrialni
frakce s obsahem plasmatickych membran. V post-mitochondrialnich frakcich byla stanovena

[102]

koncentrace proteinu dle Omura a Sato a 30pg proteinu/15uL. frakce bylo pouZito pro

stanoveni exprese P-gp na urovni proteinu dle postupu uvedeného v kapitole 3.4.

3.6. Zpracovani vvsledku

Ziskané vysledky byly statisticky hodnoceny. Veskera data jsou prezentovana jako praméry
+ SD (smeérodatné odchylky) stanoveni. Signifikantni rozdily vlivu fenolickych antioxidantt
na metabolismus a transport taxanti byly hodnoceny s vyuzitim oboustranného Studentova t-
testu. Za statisticky vyznamné byly povaZzovany vysledky s hodnotou P < 0.05 a P < 0.01. PFi
sledovdni metabolismu paclitaxelu, docetaxelu a novych taxani in vitro byly z linearich
zavislosti sestrojenych metodou linearni regrese zreciprokych Lineweaver-Burkovych
vynost rychlosti tvorby metaboliti vypocitany kinetické parametry metabolismu paclitaxelu
tedy Michaelisovy konstanty (K,) a maximalni rychlosti reakce (Vmax) z prisedikd s osami.
P¥i sledovdni vlivu fenolickych antioxidantii a troleandomycinu na metabolismus taxani in
vitro byly pocitany ICso G¢inné inhibujicich antioxidantt a troleandomycinu z poklesu tvorby
metaboliti (v % zbyvajici aktivity) s rostouci koncentraci antioxidanti a troleandomycinu.
Inhibi¢ni konstanta K; a typ inhibice byly uréovany z Dixonovych vynosi,®® kde se vynasi
pievracené hodnoty rychlosti metabolické reakce proti koncentraci inhibitoru a z Lineweaver-
Burkovych vynost, kde se vynasi pfevracené hodnoty rychlosti metabolické reakce proti
pfevracenym hodnotam koncentraci substratu.!'*”! Cytotoxicita klasickych a novych taxanii
v lidskych sensitivnich a resistentnich bunéénych liniich rakoviny prsu byla hodnocena na

zakladé stanoveni ICso po 96hod vystaveni bun€k plisobeni taxanti.
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4. VYSLEDKY A DISKUSF,

4.1. Studium metabolismu taxanu in vitro

K testovani interakci klasickych taxanti (paclitaxel, docetaxel) i novych taxanovych
analogii (SB-T-1103, SB-T-1214 a SB-T-1216) scytochromy P450 byly pfipraveny
subceluldrni systémy mikrosomd jaternich buné€k lidi, miniprasat, prasat a potkant.
V ptipad€¢ potkani se jednalo o skupinu nepremedikovanych zvifat a skupiny potkanii
premedikovanych znamymi induktory konkrétnich isoforem cytochromu P450. K indukci
CYP3A1/2 byl pouZit pregnenolon 16a-karbonitril (PCN), k indukci CYP2E1 benzen.
Mikrosomalni frakce byly charakterizovany z hlediska koncentrace mikrosomalniho
proteinu a cytochromu P450. ZvySeni obsahu majoritn€ indukovanych forem bylo ovéfeno
pomoci specifickych aktivit cytochromi P450 a zvySenim hladin jejich apoproteinti

pomoci imunodetekce.*?

4.1.1. Metabholismus paclitaxelu in vitro zivocisnymi evtochromy P4350

Z literatury jsou znamy pfedevsim mezidruhové rozdily metabolismu paclitaxelu u lidi a
potkanti. Proto byla sledovana pfeména paclitaxelu Zivocisnymi cytochromy P450
v podminkéch in vitro za pouziti mikrosomalnich frakci izolovanych z jater &loveka,
potkana, miniprasete a prasete a cDNA exprimovanych lidskych cytochromt P450
(CYP1A2, 1BI1, 2A6, 2C9, 2E1 a 3A4). Bylo sledovano, jaké metabolity vznikaji po
inkubaci paclitaxelu s jaternimi mikrosomy a cDNA exprimovanymi CYP a které z nich
jsou hlavni a které minoritni produkty pfemény paclitaxelu. Vznikajici metabolity byly
detekovany pomoci HPLC. VSechny vyznamné vznikajici metabolity byly identifikovany
pomoci hmotnostni spektrometrie mé&fené v Entomologickém ustavu AV CR v Ceskych
Budéjovicich RNDr. Petrem Simkem. Vzhledem k tomu, Ze hlavni metabolity taxant in
vitro a in vivo se shoduji, podminky in vifro adekvatné reprezentuji situaci v Zivém
organismu.

V nepremedikovanych potkanich mikrosomech byl jako hlavni metabolit detekovan
C3 -hydroxypaclitaxel (C3°-OHPCT), dale C2-hydroxypaclitaxel a obtiZzn¢ detekovatelny
minoritni metabolit di-hydroxypaclitaxel (di-OHPCT). C3’-OHPCT byl identifikovan
porovnanim s autentickym standardem a hmotnostni spektroskopii. C2-OHPCT a di-

OHPCT byly identifikovany rovnéz MS analyzou a také porovnanim retencnich Cast

Strana 51



Radka Vaclavikovd Vysledky a diskuse

s literaturou.[*'*! Kromé¢ téchto metabolitd byl identifikovan novy minoritni metabolit
charakterizovany HPLC-MS jako hydroxypaclitaxel (OHPCT). Tento metabolit ma velmi
podobny, nicméné odliSny eluéni retenéni ¢as (tg = 80.40 + 0.15% eluce paclitaxelu) jako
lidsky 6a-hydroxypaclitaxel (tg = 79.55 £ 0.15% eluce paclitaxelu). Metabolity
nevznikaly, pokud nebyl pfidan do inkubaéni smési NADPH generujici systém nezbytny
pro funkci CYP systému. Indukce CYP2EI benzenem nezvysila rychlost metabolismu
paclitaxelu v mikrosomech potkana, coz vyluCuje ucast CYP2E1 na metabolismu této
latky. Indukce CYP3A1/2 pomoci PCN naopak vyznamné zvySovala rychlost metabolismu
paclitaxelu v mikrosomech potkana, ¢imz se potvrdila Gcast CYP3A podrodiny na jeho
pfeméné. Tvorba hlavniho C3’-OHPCT byla v PCN-indukovanych mikrosomech navysena
7 — 30x vice v riznych experimentech, minoritnich metabolitd vznikalo rovnéz vice a to
C2-OHPCT 11-45x vice, neznamého OHPCT 5-15x vice a di-OHPCT 2-13x vice nez
v kontrolnich mikrosomech potkana. Charakteristika vSech nalezenych metabolitli
paclitaxelu v jaternich mikrosomech sledovanych experimentdlnich druh@ je uvedena
v tabulce 11.

Profil metabolismu paclitaxelu v jaternich mikrosomech prasat a miniprasat byl stejny,
ale li§il se v poméru tvorby jednotlivych metaboliti. V obou typech mikrosomi byl
hlavnim metabolitem nezndmy OHPCT C(itajici 95% z celkového mnozZstvi metabolit
paclitaxelu. C3-OHPCT byl minoritnim metabolitem stejné jako C2-OHPCT, ktery
vznikal v jaternich mikrosomech miniprasat, ale ne konvencnich prasat (Tabulka 11).

V lidskych jaternich mikrosomech byl hlavnim metabolitem 6a-hydroxypaclitaxel (6a-
OHPCT), ktery byl unikatnim lidskym metabolitem a nevznikal v Zadném jiném
sledovaném Zivo¢isném druhu. Byl identifikovan na zaklad€ porovnani s autentickym
standardem a pomoci hmotnostni spektroskopie. Minoritnimi metabolity v lidskych
mikrosomech byly C3-OHPCT a C2-OHPCT charakterizované pomoci HPLC-MS
(Tabulka 11). Chemicka struktura vSech metaboliti paclitaxelu nalezenych v jednotlivych
jaternich mikrosomalnich frakcich potkand, miniprasat, prasat a lidi je znazornéna v obr.6.

Pro identifikaci cytochromii P450 ucastnicich se metabolismu paclitaxelu byla
sledovana pfeména paclitaxelu v sérii lidskych cDNA exprimovanych cytochromii P450
(CYPIA2, 1B1, 246, 2CY9, 2E1 a 344). Z celé pouzité série cytochromi P450 byl aktivni
pouze CYP3A4, ktery metabolisoval paclitaxel na C3’-OHPCT (1.38 + 0.2 pmol/min/nmol
CYP) a C2-OHPCT (0.15 £ 0.1 pmol/min/nmol CYP). Tento vysledek potvrdil vyznamnou

ulohu CYP3A4 na metabolismu paclitaxelu v lidském organismu.
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Radka Viclavikova Vysledky a diskuse

Ke konetnému potvrzeni uCasti konkrétnich cytochromii P450 v metabolismu
paclitaxelu u vSech sledovanych experimentalnich druhti byl sledovan vliv
troleandomycinu (30, 60 a 100uM, specificky inhibitor CYP3A) a fisetinu (30uM,
inhibitor CYP2C8) na metabolismus paclitaxelu. Fisetin jednozna¢n¢ inhiboval tvorbu -
OHPCT v lidskych jaternich mikrosomech, &imz se potvrdila ucast CYP2C8 na
metabolismu paclitaxelu v lidském organismu. Troleandomycin inhiboval in vitro tvorbu
C3’-OHPCT a C2-OHPCT u potkani, prasat, miniprasat i lidi (Pfiloha &.III). Dale
inhiboval také tvorbu di-OHPCT u potkanti a neznamého OHPCT u potkanti, prasat a
miniprasat. Tyto vysledky jsou jasnym dikazem t¢asti CYP3A podrodiny na metabolismu
paclitaxelu u vSech sledovanych Zivo¢i$nych druhli. Velké mezidruhové rozdily nalezené
ve sledovanych experimentalnich druzich plynou zejména zvyznamu CYP2C8
v biotransformaci paclitaxelu. Tento cytochrom P450 je vyznamnym lidskym enzymem,
ktery nema ortologni formu u Zadného ze sledovanych Zivo&i$nych druhti. Neptfitomnost
CYP2C8 je vyznamna zejména u miniprasat a prasat, jejichZ enzymatickéa vybava je jinak
velmi blizka ¢lovéku a jsou dokonce povazovany za potencidlni déarce transplantatd pro
¢lovéka. OvSem fakt, Ze nemaji odpovidajici formu lidského CYP2C8 muZe mit zasadni

vyznam pro biotransformaci vSech latek, kterych se lidsky CYP2C8 ucastni.

4.1.2. Metabolismus docetaxelu in vitro Zivocisnymi evtochromy P430

Byla sledovana pfeména docetaxelu Zivo&isnymi cytochromy P450 v podminkach in
vitro za pouZziti mikrosomalnich frakci izolovanych z jater ¢lovéka, potkana, miniprasete a
prasete a cDNA exprimovanych lidskych cytochromi P450 (CYP1A2, 1B1, 2A6, 2C9,
2E1 a 3A4). Opét bylo sledovano, jaké metabolity jsou hlavnimi a jaké minoritnimi
produkty piemény docetaxelu. Vznikajici metabolity byly detekovany pomoci HPLC a
charakterizovany pomoci hmotnostni spektrometrie.

Oproti paclitaxelu byl profil metabolismu docetaxelu shodny ve vSech sledovanych
zivo¢i$nych druzich. Hlavnim metabolitem byl hydroxydocetaxel (OHDTX) nasledovany
dvéma minoritnimi metabolity odpovidajicimi  strukturou diastereoisomernim
hydroxyoxazolidinoniim A a B. Tyto dva minoritni metabolity byly ovSem v mikrosomech
potkana, miniprasete a prasete obtizné detekovatelné. Jediny mezidruhovy rozdil v
metabolismu docetaxelu byl nalezen v PCN-indukovanych mikrosomech potkana. V téchto
mikrosomech byly dominantni oba diastereoisomerni hydroxyoxazolidinony A a B . Tento

rozdil 1ze pfi€ist indukci CYP3A1/2, ktery se podili na metabolismu docetaxelu a ve
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Radka Viclavikovd Vysledky a diskuse

velkém mnoZstvi indukuje rychlejsi oxidaci hydroxydocetaxelu na hydroxyoxazolidinony.
ProtoZze metabolity byly efektivné tvofeny mikrosomy PCN-premedikovanych potkanu
s indukci CYP3A1/2 a z literatury je znamo, Ze se ho u¢astni CYP3A podrodina,m] nebylo
tieba provadét dal$i identifikace konkrétnich forem CYP ucastnicich se metabolismu
docetaxelu. Charakteristika vSech nalezenych metaboliti docetaxelu v jaternich
mikrosomech sledovanych experimentalnich druhl je uvedena v tabulce 11. Chemicka
struktura metaboliti docetaxelu nalezenych v jednotlivych jaternich mikrosomalnich
frakcich potkanti, miniprasat, prasat a lidi je znazornéna v obr.7. Vzhledem k tomu, Ze
metabolismus docetaxelu se mezi jednotlivymi druhy nelisil, lze fici, Ze prasata a
miniprasata jsou vhodnym experimentilnim modelem pro studium metabolismu

docetaxelu.

4.1.3. Metabolismus analogu taxanu in vitro ZivodiSnymi cvtochromy P430

RovnéZ u novych taxanovych analogi SB-T-1103, SB-T-1214 a SB-T-1216, které jsme
méli k dispozici, byla sledovana pfeména Zivo¢i$nymi cytochromy P450 v podminkach in
vitro za pouZiti mikrosomalnich frakci izolovanych z jater ¢lovéka, potkana, miniprasete a
prasete a cDNA exprimovanych lidskych cytochromi P450 (CYP1A2, 1B1, 2A6, 2C9, 2E1
a 3A4). JelikoZ metabolismus téchto latek i mezidruhové rozdily metabolismu byly dosud
zcela neznamé, byly vSechny metabolity detekované pomoci HPLC vznikajici
v dostate€ném mnoZstvi charakterizovany pomoci MS analyzy.

SB-T-1103 byl metabolisovdn na 11 produktii oznacovanych M1-M11, SB-T-1214 na
9 metabolitii oznacovanych M1-M9 a SB-T-1216 tvoFil 8 metaboliti M1-M8 dle jejich
rostoucich reten¢nich ¢asi. MS analyzou metabolitu M1 taxanu SB-T-1214 byl odhalen
jako piimés tohoto metabolitu dal$i velmi minoritni metabolit (M10), takZe konec¢né
mnoZstvi metaboliti SB-T-1214 je deset. Nasledujici metabolickd schémata znazormiuji
cely proces pfemény véetné reanalyz metaboliti SB-T-1103 (obr.84), SB-T-1214 (0obr.8B)
a SB-T-1216 (0br.8C) v jednotlivych jaternich mikrosomalnich frakcich potkant,
miniprasat, prasat a lidi. Hlavnimi polohami, kde probihala oxidace byly C-13 postranni
feté€zec, C-2 aromaticka €ast a poloha C-10 na taxanovém kruhu. Detailni charakteristiky
viech nalezenych metabolith SB-T-1103, SB-T-1214 a SB-T-1216 v jaternich
mikrosomech sledovanych experimentalnich druhti jsou uvedeny v tabulkdach 12,13 a 14.
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Radka Vdclavikovd Vysledky a diskuse

Jak je z tabulek ¢.12-14 patrné, metabolicky profil vSech téi novych taxanu se lisil od
ostatnich druhii v PCN-indukovanych mikrosomech potkana. Diky zvySenému mnozstvi a
aktivit¢ CYP3A1/2 ve zminénych potkanich mikrosomech zde viibec nevznikaly né€které
minoritni metabolity a na druhé strané obvyklé majoritni metabolity byly v téchto
mikrosomech déale oxidovany. Tyto vysledky sv&déi o roli CYP3A podrodiny
v metabolismu SB-T-1103, SB-T-1214 a SB-T-1216.

V sérii cDNA exprimovanych lidskych CYP1A2, 1B1, 2A6, 2C9, 2E1 a 3A4 se pouze
CYP3A4 Gcastnil metabolismu novych taxani (obr.9). Témito experimenty bylo potvrzeno,
Zze CYP3A4 je vyznamnym cytochromem P450 podilejicim se na metabolické pfeméné
taxanovych analogi SB-T-1103, SB-T-1214 a SB-T-1216.

Obr. 9: Tvorba metaboliti SB-T-taxanti cDNA exprimovanym CYP3A4. Vysledky jsou
uvedeny jako prumérné hodnoty + SD (n= 3).

\
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50
& 40 1
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E |
= 20 A .
£ |
E 10 i D
0 - l |
M M8 MO M M5 M MI M5 M8 M Ml
Detekované metabolity SB-T-taxant
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4.1.4. [nzy maticka Kinetika metabolismu Klasickyeh a novveh taxanu in vitro

Ze sledované premény paclitaxelu a docetaxelu byla odhadnuta afinita taxant
k cytochromu P450 stanovenim K, a také uréenim maximalni rychlosti enzymové reakce
Vmax pro hlavni metabolické ptemény paclitaxelu a docetaxelu v jaternich mikrosomalnich
frakcich potkana, prasete, miniprasete a ¢lovéka (Tabulka 15). Km @ Vipax byly uréeny
z odpovidajicich Lineweaver-Burkovych vynosa zavislosti pfevracenych hodnot rychlosti

tvorby metabolitii na pfevracenych hodnotach koncentrace taxanu.

Tabulka 15: Kinetické konstanty majoritnich oxidacnich reakci v jaternich mikrosomech
clovéka, potkana, prasete a miniprasete. Koncentrace paclitaxelu 2.5 — 25uM, docetaxelu
2.0 -25uM. Vysledky jsou vyjadreny jako prumérné hodnoty + SD (n > 2).
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. Oxidaéni i Kn \% ; ,
. ‘ max
Mlkrosomy reakce Ccyp (uM) {(pmol/min/mg plrotcinu) v m“/km
PACLITAXEL ,
Potkani C3-hydroxylace ~ CYP3A1/2  16.1£2.4 19.7£11.7 12
Potkan{ PCN- C3"-hydroxylace ~ CYP3A12  24.5:4.3 184.5+ 11.1 7.5
indukované
Miniprasedi Hydroxylace CYP3A29  15.0£2.0 29.0+4.0 1.9
neznama poloha
Prasei Hydroxylace CYP3A29  17.0+3.0 14.0+3.0 038
neznama poloha
Lidské 6a-hydroxylace CYP2CS 9.3+4.7 60.9+ 39.7 6.5
DOCETAXFL"
Potkani Hydroxylace CYP3A1/2 5.6 52 9.1
docetaxelu
. . Hydroxylace
Miniprasedi docetaxelu CYP3A29 8.1 23 29
Praseti Hydroxylace CYP3A29 5.1 21 4.0
docetaxelu
Lidské Hydroxylace CYP3A3/4 5.4 17.4 32
docetaxelu

*Cytochromy P450 odpovédné za oxidaéni reakci, bV)’/sledky jsou vyjadfeny jako pruméry dvou nezavislych
duplicitnich mé&feni

Pro v3echny tfi nové taxanové analogy SB-T-1103, SB-T-1214 a SB-T-1216 byly
stanoveny kinetické parametry v lidskych jaternich mikrosomalnich frakcich. Kinetické
parametry byly uréeny metodou nelinearni regrese s vyuZzitim programu GraphPad Prism
verze 4.0 (GraphPad Software, San Diego, CA, USA) a porovnany s klasicky ur¢enymi
konstantami Ky, @ Ve z linearnich transformaci (Tabulka 16). Vysledky ukazuji dobrou
shodu stanovenych parametrt, ale parametry stanovené linearni regresi jsou zatizené vétsi
chybou, protoZze v Lineweaver-Burkové transformaci dat ma nejvétSi vyznam oblast
nejnizSich koncentraci a tak nepfesnosti vyskytujici se v nizkych koncentracich mohou
znaéné€ ovlivnit kone¢né hodnoty kinetickych konstant. Proto se také v souasnosti od
pouZiti té€chto transformaci ustupuje a do popiedi se dostdvaji metody stanoveni
kinetickych parametri nelinearni regresi s vyuZitim modernich poc¢ita¢ovych softward.

Tabulka 16: Kinetické konstanty majoritnich oxidacnich reakci SB-T-taxani v lidskych
Jjaternich mikrosomech. Koncentrace novych taxaniu 2.5 — 50uM. Vysledky jsou vyjddieny
Jjako priaméry dvou nezavislych méreni.

Taxan Oxidacni Kn V max

reakce Cyp (M) (pmol/min/mg proteinu) Vm“/Km
Typ regresc pouZity ke stanoveni Nelin. Lin. Nelin. Lin. Nelin. Lin.
Kinetickych parametru regrese  regrese  regrese regrese regrese  regrese
SB-T-1103 Tvoma  cypsas 771 12.15 3636 54.55 472 4.49
SB-T-1214 Tvoma = cypaas 711 1012 8562 10514 1204 1039
SB-T-1216  ‘voha o CyPsad 2285 2690 16520 17857 723 6.4
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4.2 Vliv fenolickych antioxidantu na metabolismus klasickych taxanu

4.2.1. Vv fenolickveh antioxidantu na metabolismus  paclitaxelu v lidskveh a
potkanich jaternich mikrosomech

Metabolickd pieména paclitaxelu v Zivém organismu vede k inaktivaci tohoto
1é¢iva.*"81 Proto jsou hledany inhibitory metabolismu paclitaxelu, které by sniZovaly
tvorbu inaktivnich metaboliti a tim zvySovaly cytotoxické pilsobeni paclitaxelu.
V predkladané praci byl studovan vliv deviti fenolickych antioxidanth (fisetin, katechin,
epikatechin, kvercetin, kys. gallovd, morin, myricetin, naringenin a resveratrol) na tvorbu
metaboliti paclitaxelu v jaternich mikrosomech potkana indukovanych PCN a v lidskych
jaternich mikrosomech. Jednotlivé fenolické antioxidanty byly pfidavany do inkuba¢nich
smési a pomoci HPLC bylo sledovano, zda ovliviluji tvorbu metaboliti paclitaxelu. Mezi
jednotlivymi sledovanymi antioxidanty byly nalezeny znaéné rozdily v jejich pisobeni na
metabolismus paclitaxelu v lidskych a potkanich jaternich mikrosomech. V potkanich
mikrosomech, kde se Uastni metabolismu paclitaxelu pouze CYP3A1/2 podrodina, byl
vyznamnym inhibitorem metabolismu paclitaxelu resveratrol. Fisetin také uCinné
inhiboval tvorbu metaboliti ovSem aZ ve vysSich a farmakologicky obtizné dosaZitelnych
hladinach (obr.10A).

V lidskych jaternich mikrosomech katalyzuji tvorbu metaboliti dva cytochromy P450;
CYP3A4 a CYP2CS8. Pravé CYP2C8 je zde dilezZity, protoZze se podili na hlavni
metabolické cesté paclitaxelu 6a-hydroxylaci. V literatufe byly nalezeny udaje o pisobeni

851371 3 také v této praci byl

fenolickych antioxidanti na aktivitu tohoto lidského enzymu
zjistén silny a¢inek né&kterych fenolickych antioxidanti na aktivitu CYP2CS8. Fisetin,
morin, kvercetin a resveratrol byly u€innymi inhibitory tvorby 6a-hydroxypaclitaxelu
katalyzované pravé CYP2C8. Mimym inhibitorem byl naringenin. Tvorbu C3'-
hydroxypaclitaxelu, ktery je druhym lidskym hlavnim metabolitem, jehoZ vzniku se
ucastni CYP3A4, inhiboval resveratrol ndsledovany morinem (obr.10B). Fisetin opét
uc¢inkoval aZ ve vy$§i 40uM koncentraci.

Utinné fenolické antioxidanty byly charakterizovany stanovenim ICsy z poklesu tvorby

metaboliti paclitaxelu pfi rostouci koncentraci inhibitoru, dale byla urCena inhibiéni
konstanta (K;) a typ inhibice (Tabulka 17).
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Obr.10: Vliv fenolickych antioxidanti na tvorbu metabolitd paclitaxelu v PCN
indukovanych mikrosomech potkana (A) a v lidskych jaternich mikrosomech (B). Konc.
paclitaxelu 10uM, konc. fenolickych antioxidanti 30pM. Data jsou vyjadiena jako
primémé hodnoty + SD (n > 2). Jako statisticky vyznamné jsou dle oboustranného
Studentova t’testu hodnoceny vysledky s hodnotami *p<0.05 a **p<0.01.

A

f
Vliv fenolickych antioxidantii na tvorbu metaboliti paclitaxelu - PCN indukované mikrosomy
potkana
OC3’-hydroxylace 0O C2-hydroxylace ® Hydroxylace v neznamé poloze
T - I L T
Katechin  Epikatechin Fisetin Kys. Gallova Morin Myricetin Naringenin  Kvercetin  Resveratrol
Fenolické antioxidanty
- J
B
4 Vliv fenolickych antioxidantlii na tvorbu metabolitii paclitaxelu - Lidské mikrosomy
0O C3'-hydroxylace M 6alfa-hydroxylace
140 -

= 120

§ 100 | E3) B i

; 80 - ¥ {- Ed *

é 60 b %

= 40 %

2 20 1

*

Katechin  Epikatechin  Fisetin Kys. Morin Myricetin  Naringenin ~ Kvercetin  Resveratrol
Gallova

L Fenolické antioxidanty

Uvedené vysledky ukazuji silné inhibi¢ni G€inky nékterych fenolickych antioxidanti na
metabolismus paclitaxelu zejména na tvorbu jeho hlavniho metabolitu v lidském organismu
6a-hydroxypaclitaxelu. Zvlast¢ v pfipadé fisetinu silné inhibujiciho aktivitu lidského
CYP2C8 jde o dfive neuveiejnéné pusobeni fisetinu, které miZe mit velky vyznam
zhlediska moZného ovlivnéni metabolismu substrati tohoto dilezitého lidského
cytochromu P450. Uginky fenolickych antioxidantti na metabolismus paclitaxelu je tfeba
v budoucnu ovéfit ve studiich in vivo. V pfipadé potvrzeni nalezenych in vitro aktivit
fenolickych antioxidantii, by mohly byt tyto latky podavany souéasné s paclitaxelem a vést
k potenciaci jeho u€inkd zamezenim ztraty biologické u¢innosti paclitaxelu zpisobené jeho

metabolickou inaktivaci.
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Tabulka 17: Charakteristiky inhibice metabolismu paclitaxelu fenolickymi antioxidanty
v lidskych a v potkanich PCN-indukovanych jaternich mikrosomech. Hodnoty jsou
vyjadieny jako prumérné hodnoty + SD (n > 2). PouZité koncentrace fenolickych
antioxidantu; 0 — 40uM, paclitaxelu 0 — 15uM.

Inhibitor Mikrosomy lnhlbovz'ma reakce Typ inhibice ICso K;
’ paclitaxelu : (uM) (nM)
Fisetin Lidské 6a-hydroxylace SmiSeny 10.8+22 1.3-6.0
Morin Lidské 6a-hydroxylace Smi3eny 17.3+24 73-123
Kvercetin Lidské 6a-hydroxylace SmiSeny 159+13 4.0-13.0
C3’-hydroxylace Smi3eny 18.7+28 12.2-163
Resveratrol P ;%3:;5;1:- C2-hydroxylace’ Nekompetitivni  26.3 + 6.5
Hydroxylace, neznima SmiZeny 272421 98-157
poloha
Lidské 6a.-hydroxylace Smifeny 26.5+2.0 16.5-20.7
C3’-hydroxylace 28.5+4.6 :

? Vzhledem k slabé inhibici nebyly K; a typ inhibice uréovany

mikrosemech

Byl sledovan vliv dvou pfirodnich fenolickych antioxidantti na metabolismus docetaxelu
a to kvercetinu a resveratrolu v lidskych jaternich mikrosomech. Vzhledem k tomu, Ze
docetaxel nevykazuje mezidruhové rozdily metabolismu (Pfiloha &.III), byl rovnéz vliv
fenolickych antioxidanti sledovan pouze v lidskych jaternich mikrosomech. Resveratrol
byl vybran na zéklad€ jeho vyse uvedené¢ho pisobeni na aktivitu CYP3A4, ktery se u€astni
metabolismu docetaxelu. Kvercetin byl pak vybran na zaklad¢ jeho vyznamu jako
fenolického antioxidantu nejbéZnéji se vyskytujiciho jako slozka lidské stravy. Resveratrol
ucinné inhibujici tvorbu C3’-hydroxypaclitaxelu metabolismus docetaxelu neovliviioval,
coz naznacuje jeho velkou selektivitu vici jednotlivym substratiim lidského CYP3A4,
protoZe i strukturné velmi podobné latky jako jsou paclitaxel a docetaxel jsou
resveratrolem po metabolické strance odli$né ovliviiovany. Kvercetin inhiboval pouze
tvorbu hlavniho lidského metabolitu docetaxelu hydroxydocetaxelu a to az ve 30uM
koncentraci. Ani v této koncentraci ale nedosahoval 50% inhibice. Dochéazelo k inhibici
tvorby hydroxydocetaxelu pouze ze 41%. Sledované fenolické antioxidanty G¢inn€ inhibuji
zejména tvorbu lidského CYP2C8 (viz. vySe), zatimco aktivita lidského CYP3A4 je
ovlivilovina mnohem méné, jak je potvrzeno touto studii pisobeni resveratrolu a

kvercetinu na metabolismus docetaxelu v lidskych jaternich mikrosomech.
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4.3, Studium transportu taxanu v lidskveh bunéénych liniich rakoviny
prsu

V tvodni ¢asti bylo zminéno, Ze ¢astym problémem uspé$nosti terapie taxany je rozvoj
mnohocetné lékové resistence nddori (multidrug resistence, MDR). V této studii byl
sledovan transport klasickych a novych taxant lidskou sensitivni buné¢nou linii rakoviny
prsu (MDA-MB-435) a linii resistentni vii¢i adriamycinu (NCI/ADR-RES). Tyto buné¢né
linie se li§i expresi nékterych ABC transportnich membranovych proteint zejména P-gp,
ktery hraje vyznamnou roli v transportu antracyklinti, taxant a dal$ich xenobiotik. Proto se
dalo o¢ekavat, Ze pouzitd buné¢na linie bude resistentni kromé& adriamycinu také vici
taxanim. Rozdilnd exprese 11 ABC transportéri na iurovni mRNA byla sledovana
metodou semikvantitativni RT-PCR v Laboratofi regulace bun&&ného ristu (UMG AV CR,
Praha-Kr¢).

Hlavni rozdil byl nalezen v expresi MDR1 genu koédujiciho tvorbu P-gp, ktery byl
exprimovan ve vysokych hladinach v resistentnich buiikach, zatimco v sensitivnich nebyl
vibec detekovan. Z dalSich ABC transportnich proteind byl nalezen rozdil v expresi
ABCB4 a ABCC6 mRNA, které byly detekovany pouze v resistentnich buiikach, naopak
ABCBS a ABCC2 mRNA byly exprimovany v sensitivnich butikach (obr.114). Produkty
téchto gend by rovnéZ mohly mit vliv na vznik resistence nddorovych bunc¢k vuci
cytostatikim. Nejvyznamnéj$i rozdil pozorovany v expresi MDR1 genu byl potvrzen
imunodetekci P-gp také na urovmni proteinu pomoci Western blotu s naslednou
chemiluminiscen¢ni detekci P-gp (obr.11B).

A B MDA-MB-435 NCI/ADR-RES

| o —

Obr.11: (A) Exprese mRNA
ruznych ABC transportéra, LRP a
kontrolniho genu 18S rRNA. Cisla
v zavorkach znamenaji pocet cykla
T T o @B s 5 pii PCR reakci. (B) Exprese proteinu

P-gp chemiluminiscen¢ni detekei.
Exprese byla stanovena v MDA-MB-
- ABCC 3% - ABCHS OO 435 a NCIADR-RES bun&nych
liniich rakoviny prsu. Jako positivni

MDA -MB -435
NCI -ADR -RES
MDA -MB -43§
NCI -ADR -RES

Caco -2
Caco -2

- e ABCC2 (25x) — @ ABCBM4 (351)

e kontrola exprese ABC transportéri

e —— ABCC5 (1) - oun w17 (0) byly poui.ity lidské stfevni buriky
adenokarcinomu (CaCo-2).

- @ A\BCC6 (35%)

@D Sum» S |3 RNA (1)

18 S rRNA (RT)
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4.2 1. Cytotonicita a  transport Klasickyeh a novyeh faxanu v sensitivnich  a
resistentnich bunécénych liniich rakoviny prsu

Byla sledovana cytotoxicita klasickych a novych taxanii v sensitivni (MDA-MB-435) a
resistentni (NCI/ADR-RES) bunééné linii rakoviny prsu uréenim davek ICsp nutnych
k dosazeni 50% toxického G¢inku taxant. Cytotoxicita byla stanovovana v Laboratofi
regulace bunééného rlistu (I:TMG AV CR, Praha-Kr¢) Ing. Marii Ehrlichovou. ICsy
paclitaxelu a docetaxelu byly 1000x a 600x vy3$i v resistentnich liniich neZ v sensitivnich
bunéénych liniich. Naopak hodnoty ICsy novych taxani byly srovnatelné v sensitivnich
liniich s docetaxelem, ov§em v resistentnich liniich byly mnohonasobné niZ3i nez v ptipadé
obou klasickych taxant (Tabulka 18). Resistentni nadorové buiiky jsou tedy mnohem
citlivgj$i vici novym taxanim, coZ poukazuje na jejich potencialni vyuZiti zejména pfi

rozvoji resistence nadoru.

Tabulka 18: Stanoveni cytotoxickych davek ICsy (nM) klasickych a novych taxanu
v sensitivni (MDA-MB-435) a resistentni (NCI/ADR-RES) lidské bunécné linii rakoviny
prsu. Hodnoty ICsy byly stanoveny po 96hod vystaveni bunék taxanim nebo samotnému
mediu s hovézim sérum albuminem jako kontrolou. Hodnoty jsou vyjadreny jako primér
osmi nezavislych stanoveni.

Taxany Bunélné linie
MDA-MB-435 NCI/ADR-RES
Klasické I1Csy  Sledovany koncentracni  1Cs Sledovany koncentraéni
taxany (nMh) rozsah taxanu (nM) (ndl) rozsah taxanu (nM)
Paclitaxel 1.0 0.1-1000 1000 0.1-1000
Docetaxel 0.5 0.1-1000 300 0.1-1000
Nové taxany
SB-T-1103 05 0.01-10 1.0 0.03-30
SB-T-1214 03 0.003-3 5.0 0.03-30
SB-T-1216 02 0.003 -3 3.0 0.1-100

Déle byla sledovana akumulace klasickych i novych taxand v obou typech bunéénych
linii. Paclitaxel byl pouZzit jednak v neradioaktivni formé a jednak jako radioaktivné
znacena forma [”C]paclitaxel. Akumulace 1é¢iv, ktera nebyla radioaktivné znaena, bylo
méfeno po promyti bun€k, jejich sklizeni a nasledné extrakci taxani ethylacetatem pomoci
HPLC (viz. kap.3.4). MnoZstvi [MC]paclitaxelu akumulovaného bunéénymi linemi byla
méfeno po inkubaci bundk se ['*C]paclitaxelem v promytych a sklizenych burikach
metodou kapalné scintilace (viz. kap.3.4). Vtabulce 19 jsou uvedena mnoZstvi
akumulovanych 1é¢iv v obou typech sledovanych bunéénych liniich. Z vysledki je patrné,

Zze akumulace klasickych taxanli se mezi obéma typy buné¢nych linii vyrazné lisi.
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Resistentni linie absorbuje az 6.8x méné docetaxelu, 3.9x méné paclitaxelu a dokonce 9.7x
méné ["*C]paclitaxelu. Rozdil mezi neradioaktivnim a radioaktivnim paclitaxelem je dan
tim, Ze pouziti ["*C]paclitaxelu umoznilo sledovéni pfi niZSich koncentracich, kdy je rozdil
mezi sledovanymi liniemi vét$i. Vyuziti radioaktivnim forem 1é¢iv pro sledovani
transportu je velmi citlivé, ¢asové nenaro¢né a umoziiuje jak bylo ukazano, pouZiti velmi
nizkych koncentraci lé¢iv s velkou presnosti. Proto v pfipadech, kde je k dispozici
radioaktivné¢ znacend forma léCiva, je tato forma piednostné pouZivana ke sledovani
transportu 1é¢iv. Z tohoto divodu byla také k dal$im studiim tykajicich se ovlivnéni
transportu paclitaxelu pouZivana pravé jeho radioaktivné znac¢ena forma. Nové taxany jsou
na rozdil od klasickych taxani absorbovany ve zhruba stejné mife resistentnimi i
sensitivnimi buiikami, coZ potvrzuje citlivost resistentnich nadorovych bunék rakoviny

prsu NCI/ADR-RES vii¢i témto potencialnim lé¢ivim.

Tabulka 19: Porovndni mnoZstvi taxanii absorbovanych sensitivnimi (MDA-MB-435) a
resistentnimi (NCI/ADR-RES) burikami rakoviny prsu po 60, 120 a 240min inkubaci.
Hodnoty jsou vyjadreny jako priumér a odchylka dvou nezadvislych méreni.

Taxan Koncentrace % absorbovaného léciva
(pM) v MDA-MB-435/ NCI/ADR-RES buiikach
e othmin inkubace 120 min inkubace 240 min inkubace
Paclitaxel 1 6.3+0.8/1.6+0.2 5.7+1.1/1.6+0.2 4.5+0.3/1.6+0.1
['*C]paclitaxel 0.1 9.3+0.4/1.9+0.1 14.4+3.52240.1  18.4+1.1+/1.90.1
Docetaxel 1 5.6+0.1/1,4+1.4 5.440.7/0.8+0.1 -
SB-T-1103 1 4.0£0.1/6.10,5 5.2+1.3/6.7+0.6 -
SB-T-1214 1 5.7+0.1/6.2+0.1 4.0+0.2/5.5+0.1 -
SB-T-1216 1 7.6£0.1/4.5+0.2 6.1+£0.4/2.8+0.4 -

V sensitivnich i resistentnich burikach rakoviny prsu byl sledovan rovnéz vylu¢ovani

[14C]paclitaxelu po jeho predchazejicim 120min akumulaci v burikach. Z resistentnich

[
(=)

—
(7]
. .. R

7]

pmol/50 000 bun&k
e
—l

tas (min)

MDA-MB-43S buitky
o NCI/ADR-RES buiiky

NCI/ADR-RES bungk byl [*C]paclitaxel vyludovan

z 50% jiz po 25min, zatimco ze sensitivnich MDA-

MB-435 bun¢k az po 90min (obr.12).

Obr.12: Vylutovani [“C]paclitaxelu z NCI/ADR-
RES a MDA-MB-435 bun¢k méfeny v intervalech
10, 20, 30, 60 a 90min po pfedchazejici 120min
akumulaci a pfi 200nM koncentraci [14C]paclitaxelu.
Data jsou prezentovana jako primérné hodnoty a
rozptyl ze dvou nezavislych méfeni a vyjadfena
v pmol ["*C]paclitaxelu/500000 bungk.
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Se studiem transportu souvisi rovnéZ studium mechanismu piisobeni taxanti po jejich
vstupu do intracelularniho prostoru. O taxanech je velmi dobfe znamo, jakym
mechanismem W¢inku pisobi na systém bun&nych mikrotubul.®**!31B1 Krom¢ toho
taxany také vedou k indukci apoptosy ziejmé pres aktivaci Bcl-2 genu, oviem jaké
bunééné procesy probihaji pii indukci programované smrti buiiky pisobenim taxanl neni
zcela znamo. Proto byly kromé transportu taxand sledovany také bun&&né procesy indukce
apoptosy vyvolané plsobenim taxani a piipadné rozdily v plsobeni taxani mezi
sensitivnimi a resistentnimi bunéénymi liniemi rakoviny prsu. Byla sledovana fada
bunéénych charakteristik typickych pro pribéh apoptosy jako vyplavovini cytochromu c
2 mitochondrii, aktivita kaspas-3 a 9, zména exprese proteinii p53 a p21 a fragmentace
DNA. Vyplavovani cytochromu ¢ z mitochondrii po ptivodnim piisobeni proapoptotickych
faktori vede k aktivaci kaspasy-9. Kaspasa-9 se za ucasti dal$ich kaspas podili na aktivaci
kaspasy-3, ktera vstupuje do bunééného jadra. Dochazi k aktivaci DNAas, fragmentaci
DNA a apoptose.[!>”- Priloha EVIL grom& této mitochondridlni indukce apoptosy se na
aktivaci bunééné smrti podili i tumor supresorovy protein p53, které po aktivaci,
zplisobené napt. pusobenim chemoterapeutik spousti fadu bunéCnych drah a procest
vedoucich k apoptose. K inhibici bunééného cyklu dochézi po stimulaci exprese p21
ucinkem aktivovaného p53.“58] Studie mechanismu induce apoptosy pisobenim taxani
v sensitivnich (MDA-MB-435) a resistentnich (NCI/ADR-RES) lidskych burtikach
rakoviny prsu byly provadény v Laboratofi regulace bun&éného ristu (UMG AV CR,
Praha — Kr¢), kde maji dlouholeté zkuSenosti se studiem bunétné apoptosy a jejich
mechanisml. Detailni popis pouzitych metod pro studium apoptosy i souhrn viech
dosazenych vysledki je obsahem Prilohy & VIII. Hlavnimi vysledky bylo zjisténi, Ze
taxany svym pisobenim uvnitf bun€k aktivuji kaspasy-9 a -3, coZ je pro apoptosu typické,
oviem neni pozorovana oligonukleosomélni fragmentace DNA a mnavic se lisi
mechanismus indukce bunééné smrti u sensitivni a resistentni buné¢né linie. Zatimco
resistentni buiiky vyplavuji cytochrom ¢ zmitochondrii klasickym zptsobem,
v sensitivnich liniich zistdva cytochrom ¢ v mitochondriich , coZ je dikazem odlisného
mechanismu indukce bun€éné smrti vyvolané taxany v té€chto typech naddorovych bunék.
Hladiny p53 a p21 se plisobenim taxani neméni v sensitivnich ani resistentnich buriikach a
nejsou tedy taxany nijak ovliviiovany. Studium mechanismu indukce smrti plisobenim
taxand a rozdily plisobeni taxani v resistentni a sensitivni bun&¢né linii vyZaduji dalsi

podrobné studium. Stejnym zplisobem je Zadouci sledovat mechanismus indukce apoptosy
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vyvolané novymi taxanovymi analogy, které se mohou diky odli3né struktufe a transportu
podilet na indukci programované smrti buiiky jinym zpisobem neZ klasické taxany.

4.3.2. Viiv Verapamilu a novyveh taxanu na transport ["*Cpaclitaxetu v lidskych
bunéény ch liniich rakoviny prsu

Pro potvrzeni vyznamu P-gp v transportu taxand, byl sledovan vliv specifického
inhibitoru P-gp prvni generace verapamilu na transport radioaktivné znaceného
['*C]paclitaxelu v sensitivnich MDA-MB-435 i resistentnich NC/ADR-RES buitkach
rakoviny prsu. Verapamil je znamym inhibitorem transportni funkce P-gp pouZivanym
v klinické praxi.’*'%® V této studii byl pfidavan do roztokd ['*Clpaclitaxelu a media
pfidavanych k burikam a transport byl sledovan za podminek popsanych v kap.3.4.
Pfitomnost 100uM Verapamilu zvySovala intracelularni koncentraci [**C]paclitaxelu
v NC/ADR-RES bunééné linii s vysokou expresi P-gp az 8x a vyrovnavala tak
intracelularni hladiny ['*C]paclitaxelu detekované v sensitivnich MDA-MB-435 burikach,
kde se ptitomnost verapamilu vyrazné neprojevila, dochdzelo k naristu akumulace
[**C]paclitaxelu pouze 1.4x oproti vzorkim bez verapamilu (obr.134-B). Jak se dalo
oCekavat, 100uM verapamil rovnéZz inhiboval efflux [14C]paclitaxelu z resistentnich
NCUADR-RES bundk (obr.I13C). Naproti tomu, vylutovani ['*Clpaclitaxelu ze
sensitivnich MDA-MB-435 bunék inhibovano nebylo, ba naopak vlivem verapamilu
dochazelo ke stimulaci vylucovani [14C]paclitaxelu z téchto bun€k a to v zavislosti na
vzristajici koncentraci verapamilu (obr.13D). Nalezené vysledky ukazuji, Ze verapamil je
ucinnym inhibitorem resistence vi€i paclitaxelu v prsnich nadorovych buiikach, ale
v sensitivnich burikdch nadord mtze naopak zvy$ovat vylu€ovani paclitaxelu a tim praveé
v tomto typu bunék sniZzovat u¢inek paclitaxelu. Tato data jsou prvnim zvefejnénym
vysledkem rozdilného plsobeni verapamilu na transport paclitaxelu sensitivnimi a
resistentnimi naddorovymi burikami, které miZe mit vyznamny vliv na uspéSnost
chemoterapie v kombinaci s timto cytostatikem. Zaroven je nutné brat v ivahu pomémé
zavazné nezadouci uUCinky, které verapamil ma a vSechna tato kritéria zohlednit

v ptipadech terapeutického vyuZiti verapamilu v kombinované terapii s cytostatiky.
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Obr.13: Vliv 100uM verapamilu na akumulaci 100 nM ["*C]paclitaxelu v (A) NCI/ADR-
RES butikach a (B) MDA-MB-435 buitkach. Casové intervaly inkubace byly 0, 15, 30 a
60min. (C) Vliv 100 nM verapamilu na efflux 100 nM [**C]paclitaxelu z NC/ADR-RES
bun€k. (D) Vliv rostouci koncentrace verapamilu (100, 200 a 400 pM) na efflux
['*C]paclitaxelu z MDA-MB-435 bundk. Vsechna data jsou znézornéna jako prumérné

hodnoty a rozptyl dvou nezavislych méfeni a vyjadiena v pmol [14C]paclitaxelu/500 000
bunék.

Obdobn¢é jako verapamil i né€které derivaty klasickych taxand u¢inné modulovaly
transportni funkci P-gp (viz. Kap.1.2.6). Proto byla sledovdna schopnost novych taxand
SB-T-1103, SB-T-1214 a SB-T-1216 modulovat transport ['*C]paclitaxelu v sensitivnich i
resistentnich butikdch rakoviny prsu. Pfitomnost novych taxani ovSem neovliviiovala
akumulaci paclitaxelu v resistentnich a sensitivnich burikach, SB-T-1214 dokonce sniZoval
akumulaci ['*C]paclitaxelu v obou typech linii a stimuloval vyluovéani ze sensitivnich

bunék, coZ nasvédéuje, Ze sledované nové taxany, jeZ nejsou substraty P-gp nejsou ani
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modulétory jeho transportni funkce a nemaji pravdépodobné vyuziti v kombinovaném
podani s klasickymi taxany, ¢i jinymi lécivy, které jsou substraty P-gp. Nové taxany
nejspid ztéZzuji vstup klasickych taxani do bunék. OvSem silné G¢inky samotnych novych
taxanovych analogu v resistentnich nadorovych buiikach je upfednosttiuji jako potencialni

alternativu v terapii resistentnich nadorti namisto klasickych taxant.

4.2.2. Vv fenolickyveh antioxidantu a jejich svatetickveh derivatu na transport
["Cpaclitaxelu v lidskych bundéényeh liniich rakoviny prsu

V soucasné dobé€ jsou intenzivné sledovany moznosti ovlivnéni transportu fady latek
prostiednictvim P-gp. Hledaji se nejvhodnéj$i moduldtory P-gp, které by byly ve
farmakologickych indikacich G¢inné a zaroveni nebyly zatizeny fadou vaznych
neZadoucich ucinkd, tak jako modulatory I. generace. V predkladané praci byl sledovan
vliv 2 pfirodnich fenolickych antioxidantii a 13 syntetickych derivati flavonoidi z hlediska
mozné modulace transportu ['*C]paclitaxelu v resistentni (NC/ADR-RES) ale i sensitivni
(MDA-MB-435) lidské bunééné linii rakoviny prsu. Z ptirodnich fenolickych antioxidanti
byly vybrany dva zastupci; resveratrol - \ispé$né inhibujici metabolismus paclitaxelu in
vitro (viz.kap.4.2) a kvercetin, u kterého byly jiZ popsany G€inky na transportni funkci P-
gp. 221181200 Japo zastupei syntetickych fenolickych antioxidantii byly vybrany latky,
které se vazi k cytosolarni doméné P-gp a byla u nich nalezena schopnost modulovat P-gp
zprosttedkovany transport.!' 161 §1o o tyto latky;
Derivdaty auronu: CB-284 (4'-bromo-4,6-dimethoxyauron), CB-285 (4'-chloro-4,6-
dimethoxyauron), CB-287 (4,6,3",4°,6 -pentamethoxyauron), ND-285 (4’-chloro-4-
hydroxy-6-methoxyauron), ML-30 (4’-ethyl-4-hydroxy-6-methoxyauron), ML-50 (4-
hydroxy-6-methoxyauron), A-55B (4°-kyano-7-iodo-4-hydroxy-6-methoxyauron)

Derivdty chalkonu: FBB-14 (4-iodo-2",4",6 -trihydroxychalkon)
Derivdty flavonu: CB-436 (4’ -bromo-3-methoxy-5,7-dihydroxyflavon)

Derivity flavonolu: kaempferid (4'-methoxy-3,5,7-trihydroxyflavon), AB-2DE (4'-iodo-
3,5,7-trihydroxyflavon)

Derivaty chromonu: MH-11 (5-hydroxy-2-CO-pyrazol-methyl-chromon)

Derivaty azaisoflavonu: A-12 (3-phenyl-5,7-dihydroxy-4-chinolon)
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Mnozstvi absorbovaného ["*C]paclitaxelu v bun&énych liniich a jeho vyplavovéani ze
sensitivnich i resistentnich bunék byly meéfeny bez a s piidavkem antioxidantd do

inkubaénich smési dle postupii popsanych v kap.3.4.

Prirodni fenolické antioxidanty aZ do 25uM koncentrace nemély na transport
[““Clpaclitaxelu Zddny udinek v sensitivni ani resistentni bun&né linii. Jejich vliv se
projevil az ve vysokych (100uM) farmakologicky ztéZi dosaZitelnych hladinach. Kvercetin
v této koncentraci mirn& zvy$oval akumulaci ["*C]paclitaxelu v NC/ADR-RES butikéch i
MDA-MB-435 buiikach, resveratrol ani vtéto vysoké koncentraci v NCI/ADR-RES
butikach nepiisobil, ale v MDA-MB-435 buitkach akumulaci ['*C]paclitaxelu z30%
inhiboval pravdépodobng inhibici aktivniho transportu ['*C]paclitaxelu dovnité bun&k.
Nicméné¢ ve farmakologicky dostupnych koncentracich tyto pfirodni antioxidanty
transportni funkci P-gp nijak neovliviiuji a jejich vliv na P-gp v in vivo podminkach je
nepravdépodobny.

V sérii syntetickych derivati flavonoidi celkem Sest derivdti silné zvySovalo akumulaci
[“Clpaclitaxelu v resistentnich NCUADR-RES buiikich rakoviny prsu jiz po 30 min
inkubaci a v 10uM koncentraci a to v tomto pofadi: CB-287 2 ML-50 > CB-284 2 CB-
285 > CB-436. Azaisoflavon A-12, chalkon FBB-14, flavonol AB-2DE, aurony ND-285 a
ML-30 pisobily mirné zvySeni akumulace, chromon MH-11, auron A-55B a kaempferid
akumulaci paclitaxelu v resistentnich buiikach neovliviiovaly (obr.14).

Obr.14: Vliv derivati flavonoidd na akumulaci [“C]paclitaxelu v NCI/ADR-RES
lidskych bunéénych liniich rakoviny prsu. NCI/ADR-RES byly inkubovany se
[**C]paclitaxelem 30 a 60 min v pfitomnosti derivatd flavonoidt (10 pM) nebo DMSO
(0.1%) jako kontrolou. Data jsou znazornéna jako prumérné hodnoty a rozptyl (n = 2) a

vyjadfena v procentech stimulované akumulace. Za statisticky vyznamné jsou povaZovany
podle oboustranného Studentova ttestu vysledky s hodnotami *p < 0.05 a **p <0.01.
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Sest iginnych derivati flavonoid bylo sledovano z hlediska moZné inhibice effluxu
["*Clpaclitaxelu v NCI/ADR-RES resistentni bun&tné linii. Flavonoidy CB-287, CB-284,
CB-285 a ML-50 mirné inhibovaly efflux [”C]paclitaxelu, latky A-12 a CB-436 nemély
na efflux zadny vliv (obr.15).

Obr.15:

Vliv vybranych syntetickych derivata flavonoidi na efflux ['*C]paclitaxelu z NCI/ADR-
RES bunék. Buriky byly inkubovany se [”C]paclitaxelem 120min a nasledné byl sledovan
efflux po 15 a 30min v pfitomnosti derivati flavonoidi (10uM) nebo DMSO (0.1%) jako
kontrolou. Vysledky jsou prezentovany jako primémé hodnoty a rozptyl n = 2) a
vyjadfeny v % zbytkové aktivity ['4C]paclitaxelu ve sledovanych intervalech effluxu. Za
statisticky vyznamné jsou povaZovany vysledky s hodnotami rozdilu od 100% akumulace
*p<0.05 a ***p<0.01 s vyuzitim Studentova ttestu.
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Ctyfi nejvhodnéjsi moduldtory P-gp CB-287, CB-284, CB-285 a ML-50 byly také
sledovany z hlediska jejich vlivu na transport ['*C]paclitaxelu MDA-MB-435 sensitivnimi
burikami. Na rozdil od NCI/ADR-RES bunék, zde dochazelo ke sniZeni akumulace
['4C]paclitaxelu a naopak stimulaci jeho effluxu témito latkami, jak je zndzorn€éno na
obr.164-B. Nalezeny protichidny vysledek ptsobeni syntetickych derivati flavonoida
muZe znamenat jejich pisobeni na rizné transportni proteiny podilejici se na transportu
paclitaxelu v obou typech bunéénych linii. Zaroveii se tak ukazuje, jak velky vyznam ma
stanoveni exprese genll, zvlast¢ téch, které prispivaji k rozvoji resistence, protoze ureni
jejich exprese v nadorovych burikach napomtize ve vybéru nejvhodnéjsich 1é€iv a pouZiti
vhodnych moduldtori membranovych transportéri podle individudlni exprese gent.
Rozdilné chovéni derivati flavonoidd podporuji rovnéZ vysledky stanoveni cytotoxicity
samotnych derivatli v obou typech buné¢nych linii. Zatimco v NCI/ADR-RES bunéénych
liniich neptsobi samy o sobé flavonoidy cytotoxicky, v MDA-MB-435 jsou vSechny
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s vyjimkou ND-285 se signifikanci p<0.05 cytotoxické. Z hlediska chemické struktury jsou
vSechny uc¢inné derivaty flavonoidd velmi hydrofobni methoxyaurony. Praveé tyto latky se
zdaji byt nejvhodnéj$imi modulatory transportni funkce P-gp s potencidlnim vyuZzitim pii

vyskytu resistence nadorovych bun¢k zptisobené nadmémou expresi P-gp.

Obr.16: Vliv derivati flavonoidii na akumulaci (A) a efflux ["*C]paclitaxelu (B) v MDA-
MB-435 lidskych sensitivnich bun€k rakoviny prsu. Buiiky byly inkubovéany v pfitomnosti
derivati flavonoidd (10uM) nebo DMSO (0.1%) jako kontrolou. Vysledky jsou
prezentovany jako primérmé hodnoty a rozptyl (n = 2). Za statisticky vyznamné jsou
povazovany vysledky s hodnotami rozdilu od kontroly *p<0.05 a ***p<0.01 s vyuZitim
Studentova t’testu.
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4.4. /n vivo ucinky klasickveh taxanu na  T-bunééné Ilvmfomy
v modelovém organismu potkana

Paclitaxel a docetaxel jsou v terapii vyuZivany pfedev§im u karcinomi prsu, vajeénikd a
bronchogennich karcinomi. Vzhledem k jejich unikatnimu mechanismu u¢inku a silné
protinaddorové aktivit¢ jsou ovSem sledovany i dal§i mozné aplikace téchto 1éCiv.
V predkladané praci byl sledovan ug¢inek taxant a jejich kombinaci na T-bunééné lymfomy
v organismu laboratorniho Sprague-Dawley/Cub potkana pouZitého jako zvifeci model
tohoto typu hematologickych nadorti. T-bunéénych lymfomy jsou ve své podstaté maligni
expansi klont atypickych T-lymfocyti projevujici se jako akutni lymfocytarni maligni
leukémie.['™ "> V predkladané studii byly sledovany hladiny taxand v krvi potkand, jejich
vliv na t€lesnou véahu, pteZiti a dva hlavni parametry nadori velikost a vahu. Oba
sledované klasické taxany maji stejny mechanismus u¢inku, ale pisobi kazdy v jiné fazi

bunécného cyklu. Paclitaxel ovliviiuje butiky v G2/M interfazi, zatimco docetaxel pisobi
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v S fazi.® Na zakladé tohoto pusobeni v riznych fazich buné&éného cyklu bylo sledovano,
zda je kombinace obou lé¢iv G¢innéjsi na T-bunééné lymfomy neZ podani jednoho taxanu

a tim potencialné vyuzitelna v protinadorové terapii T-buné¢nych lymfomi.

4.4.1. Sledovini hladiny taxanu a jejich metabolitu v krvi potkanu po ip. podani

v organismu potkana

Hladiny paclitaxelu a docetaxelu byly sledovany pomoci HPLC ze vzorku krve (200uL)
odebranych v ¢asovych intervalech 0, 10, 20, 30, 60, 120, 180, 240, 300 a 360min po i.p.
aplikaci taxanu. Potkani byli rozdéleni do étyt skupin po Etyfech potkanech podle zpisobu
davkovani taxani (viz.kap.3.5); Lsk. (i.p. paclitaxel 20mg/kg), Il.sk. (i.p. docetaxel
20mg/kg), II1.sk. (i.p. paclitaxel 3x tydn€¢ 6mg/kg + 1x 20mg/kg) a IV.sk. (i.p. docetaxel 3x
tydné 6mg/kg + 1x 20mg/kg). Zjisténé hladiny taxani v krvi potkani jednotlivych skupin
(uM) v pribéhu ¢asu jsou znazornény na obr.174,B. Ve skupinach L. a II., kde byla pouZita
pouze jedna davka taxant byly dosaZzené hladiny pro paclitaxel i docetaxel podobné a
dosahovaly 1.3uM koncentrace, ovéem v pfipadé podani docetaxelu bylo takto vysokych
hladin dosaZeno diive. Opakované davkovani paclitaxelu (skupina III.) vedlo ke sniZeni
hladin paclitaxelu v krvi potkanti, zatimco opakované davkovani docetaxelu nemélo na
jeho dosazené hladiny v krvi vliv. Kromé samotnych taxanti byly pomoci HPLC
detekovany po i.p. podani paclitaxelu také velmi minoritni piky (plocha 0.1% plochy
taxanu) odpovidajici tfem metabolitim, z nichZ dva byly identifikovany HPLC-MS jako
C3’-hydroxypaclitaxel a deacetylpaclitaxel. Po i.p. podani docetaxelu byly HPLC
detekovany tfi hydroxyderivaty docetaxelu vznikajici opét ve velmi malych mnoZstvich.
Obr.17: Hladiny paclitaxelu a docetaxelu v krvi podavanych i.p. v riznych davkovych
schématech &tyfem skupinam potkand s T-bunéénymi lymfomy. (A) I.skupina (i.p.
paclitaxel 20mg/kg) a Ill.skupina (i.p. paclitaxel 3x tydné 6mg/kg + 1x 20mg/kg). (B) II.

skupina (i.p. docetaxel 20mg/kg), a IV.skupina (i.p. docetaxel 3x tydné 6émg/kg + 1x
20mg/kg). Data jsou vyjadfena jako pruimémé hodnoty + SD ze tyt nezavislych méfeni.
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4.4.2. Studium viiva taxanu a jejich kombinaci na rozvoj T-bunéénveh Ivmfomu in

vivo v modelovém organismu potkana

Po i.p. aplikaci taxani a jejich kombinaci v riznych davkovych schématech byly
sledovany parametry tykajici se lymfomu jako je jejich velikost a vdha a také byla
sledovana doba pieziti potkanid. Potkani byli rozdéleni do péti skupin po péti potkanech
podle zpiusobu davkovani taxant (viz.kap.3.5); Lskupina (kontrolni), II. Skupina ( i.p.
paclitaxel 1x tydné davky 10, 6, 6 a 6mg/kg), IIL.skupina (i.p. docetaxel 1x tydné& davky 10,
6, 6 a 6mg/kg), IV.skupina (kombinace: i.p. docetaxel 10 a 6mg/kg a nasledné i.p.
paclitaxel 2 x 6mg/kg) a V.skupina (kombinace: i.p. paclitaxel 10 a 6mg/kg a nasledné i.p.
docetaxel 2 x 6mg/kg).

Sledované parametry;

e Velikost lymfomu: Subkutanni lymfomy se objevily u potkanli nejpozdéji 17 den
po inokulaci a rostly aZ do 34. dne, kdy dosahly primérné velikosti v kontrolni
skuping 23cm?. Ve skupinach potkant, kde byly podany taxany, doslo k redukci
velikosti lymfomi (obr.18). Nejmensi byly lymfomy ve IIl.skupiné potkani, kde
byl pouzit samotny docetaxel, ktery je tak jasné u¢inn&j§im cytostatikem pro T-

bunééné lymfomy nez paclitaxel.
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Obr.18:
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docetaxel 1x tydné€ davky 10, 6, 6 a 6mg/kg), IV.skupina (kombinace: i.p. docetaxel 10 a
6mg/kg + i.p. paclitaxel 2 x 6mg/kg) a V.skupina (kombinace: i.p. paclitaxel 10 a 6mg/kg
+ i.p. docetaxel 2 x 6mg/kg). Uvedené hodnoty jsou vyjadfeny jako primérna velikost

lymfomu + SD z péti potkani v jedné skuping.

o Viha lymfomi: véha lymfomu byla signifikantné niZ$i mezi 24. a 34. dnem po

inokulaci lymfom@ pouze ve dvou skupinach potkant. Slo o IILskupinu, kde byl

aplikovan pouze docetaxel a o IV.skupinu, kde byla aplikovany kombinace dvou

davek docetaxelu nasledované dvéma davkami paclitaxelu. V téchto dvou

skupinach doslo také k vyznamné redukci velikosti nadori oproti kontrolni

skupiné.

e Viiv taxanu na prefiti potkaniu: viechna zvifata v kontrolni skupiné Zila jesté 20

den po inokulaci lymfomi a posledni z potkanti uhynul 48 den po inokulaci.

V3echny ostatni skupiny potkani, kde byly pouZity taxany pteZivaly déle nez

kontrolni skupina (Tabulka 20), pfiCemz potkani IIl.skupiny, kde byl aplikovan

pouze docetaxel pieZivali nejdéle.

Tabulka 20: PreZiti péti riznych skupin potkanii s inokulovanymi T-bunécnymi lymfomy;
Iskupina (kontrolni), II. skupina ( ip. paclitaxel Ix tydné ddvky 10, 6, 6 a 6mg/kg),
Il skupina (i.p. docetaxel 1x tydné davky 10, 6, 6 a 6mg/kg), IV.skupina (kombinace: i.p.

docetaxel 10 a 6mg/kg +
paclitaxel 10 a 6mg/kg + i.p. docetaxel 2 x 6mg/kg).

i.p. paclitaxel 2 x 6mg/kg) a V.skupina (kombinace: i.p.
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Visledky a diskuse

Priamérny podet

Statisticky vyznamné

Skupm? MnoZstvi Uhynuti dni pFeZiti rozdtl): v piei‘m"
potkani , : . potkani jednotlivych
. sledovanych  posledniho potkant oproti . .
(dle aplikace o , ] sledovanych skupin
. potkanit  potkana (dny) kontrolni o e :
taxanu) . viadi kontrolni
skupiné . 8
skupiné
L.LKontrolni 20 48 - -
IL.Paclitaxel 41 66 21 p=0.05
91 — dva potkani, 35
IIL.Docetaxel 55 180° — posledni p=0.01
potkan
91 - dva potkani,
IV.Docetaxeh 45 180° — posledni 25 p=0.05
Paclitaxel potkan
V.Paclitaxel+
41 77 21 =0.06
Docetaxel P

*statisticka vyznamnost rozdilii pfeZiti potkant jednotlivych skupin vi¢i kontrolni skuping
byla zji§tovana oboustrannym Studentovym t’testem. btyto potkani byli stale zdravi a bez
vyskytu lymfomu

Jako dal$i mozné davkové schéma byla pouzita opakovana pétidavkova i.p. aplikace
paclitaxelu nebo docetaxelu. Opét byli potkani rozdéleni do skupin po 3esti potkanech
podle zptisobu davkovani taxani (viz.kap.3.5); L.skupina (kontrolni), Il.skupina (i.p.
paclitaxel 10, 6, 6, 6 a 6mg/kg), Ill.skupina (i.p. docetaxel 10, 6, 6, 6 a 6mg/kg). V
kontrolni skupin€¢ se objevily lymfomy po 17 dnech po inokulaci bun€k lymfomu,
v prub¢hu 17 — 20 dne se objevily lymfomy v II.skuping, kde byl aplikovan paclitaxel. Ve
III.skupiné, kde byl aplikovan docetaxel se vyvinuly lymfomy pouze u dvou ze Sesti
potkanti. Vaha lymfomu byla po 32 dnech po inokulaci v kontrolni skupin€ 10.3 + 2.1g, ve
IL.skuping (i.p. paclitaxel) byla vaha jednozna¢né niZ§i 4.7 + 2.2g se signifikanci oproti
kontrolni skupiné¢ p<0.05. Nejniz8i vaha lymfoma byla nalezena ve tfeti skupin€ (i.p.
docetaxel) pouze 3.2 + 2.4 se signifikanci oproti kontrolni skupiné p<0.05. Fakt, Ze u 2/3
sledovanych potkanu se po i.p. aplikaci docetaxelu viibec lymfomy nevyvinuly ukazuje
vétsi ucinnost docetaxelu na tento typ nadord a jeho potencialni vyuZiti v terapii T-
buné&¢nych lymfomu. Pt posuzovani kombinované terapie obéma taxany bylo zjisténo, Ze
ucinky samotného docetaxelu jsou vét$i nez pii pouziti v kombinaci s paclitaxelem.
Kombinace taxanti pisobicich v riznych fazich bunééného cyklu tedy nevedou k zesileni

vzajemnych G€inkid taxant na T-bunééné lymfomy.
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S.ZAVER
Poznatky ziskané vramci predkladané disertatni prace pfispivaji k rozsifeni znalosti
v oblasti metabolismu a transportu taxani a moZnych ovlivnéni té€chto procest. Pfinasi
zarovenl informace o metabolickych pfeménach a transportu novych syntetickych analogt

klasickych taxant jako potencialnich protinadorovych 1é€iv.

e Detailni studium metabolismu klasickych taxani, stanoveni mezidruhovych rozdili

metabolismu a detekce nového metabolitu paclitaxelu

Byla sledovana in vitro pfeména paclitaxelu a docetaxelu jaternimi mikrosomalnimi
frakcemi potkana, prasete, miniprasete a ¢lovéka. Pfeména paclitaxelu byla ve sledovanych
Zivo€iSnych druzich kvalitativné i kvantitativné velmi odli$nd. V mikrosomélnich systémech
potkani byly nalezeny a identifikovany ¢&tyfi metabolity: hlavni C3’-hydroxypaclitaxel,
minoritni C2-hydroxypaclitaxel, dihydroxypaclitaxel a nov€ objeveny neznamy
hydroxypaclitaxel, ktery dosud nebyl v literatufe popsén. V jaternich mikrosomalnich
systémech prasat a miniprasat neznamy OHPCT piedstavoval 95% z celkového mnozZstvi
metaboliti paclitaxelu. C3’-hydroxypaclitaxel byl minoritnim metabolitem stejné jako C2-
hydroxypaclitaxel, ktery vznikal pouze v jaternich mikrosomech miniprasat. V lidskych
jaternich mikrosomech byly pti sledovani metabolismu paclitaxelu nalezeny tfi metabolity:
hlavni lidsky metabolit 6a-OHPCT, jen nebyl detekovan v Zadném jiném sledovaném
ZivoCiSném druhu. Nejvhodnéj§im in vitro experimentilnim modelem pro studium
metabolismu paclitaxelu jsou tedy pouze jaterni mikrosomy ¢lovéka.

Metabolicky profil docetaxelu byl na rozdil od paclitaxelu ve vSech sledovanych
Zivo¢isnych druzich shodny. Hlavnim metabolitem byl hydroxydocetaxel nasledovany dvéma
minoritnimi metabolity odpovidajicimi strukturou diastereoisomernim

hydroxyoxazolidinonim A a B.

o Identifikace forem cytochromu P450 zodpovédnych za tvorbu jednotlivych metaboliti
paclitaxelu a docetaxelu
Pfi studiu Zivo€isnych forem interagujicich s paclitaxelem a docetaxelem byly jako
modelové enzymové systémy pouZity mikrosomdlni frakce potkanii premedikovanych
znamymi induktory jednotlivych forem cytochromu P450 a v dal$im pfibliZzeni téZ lidské
rekombinantni cytochromy P450 v ramci rekonstituovaného systému a specifické inhibitory

konkrétnich isoforem cytochromu P450. Z potkanich mikrosomalnich preparat tvofily
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vSechny identifikované metabolity paclitaxelu a docetaxelu nejvy3si rychlosti mikrosomy
potkani premedikovanych PCN (induktor CYP3A1/2), coZ dokéazalo uast podrodiny
CYP3A1/2 na metabolismu paclitaxelu in vitro mikrosomy potkana. Ugast CYP3A podrodiny
na metabolismu paclitaxelu u vSech sledovanych Zivo&isnych druht potvrdila inhibice
metabolismu paclitaxelu v jaternich mikrosomech potkant, prasat. miniprasat a ¢lovéka
troleandomycinem jako specifickym inhibitorem CYP3A podrodiny cytochromu P430.
V neposledni fadé¢, v sérii lidskych cDNA exprimovanych cytochromti P450 (CYP1A2, 1B1,
2A6, 2C9, 2E1 a 3A4) byl aktivni pouze CYP3A4, ktery metabolisoval paclitaxel na C3°'-
OHPCT a C2-OHPCT, coz potvrdilo vyznamnou Glohu CYP3A4 na metabolismu paclitaxelu
v lidském organismu. V lidskych jaternich mikrosomech byla navic prokazana vyznamna role
CYP2C8 na tvorb€ hlavniho lidského metabolitu 6a-OHPCT, ktera byla vyznamne

inhibovéna silnym inhibitorem tohoto lidského enzymu fisetinem.

e Detailni studium metabolismu novych syntetickych analogu klasickych taxani: SB-T-
1103, SB-T-1214 a SB-T-1216, wurceni mezidruhovych rozdilii metabolismu a
identifikace forem cytochromu P450 ucastnicich se metabolismu novych taxanu

Byla sledovana dosud zcela neznama in vitro pteména tfech novych taxanovych analogi
jaternimi  mikrosomalnimi frakcemi nepremedikovaného potkana, PCN-indukovaného
potkana, prasete, miniprasete, Clovéka a rovnéZz sérii lidskych c¢cDNA exprimovanych

cytochromti P450 v ramci rekonstituovaného systému. SB-T-1103 byl metabolisovan na 11

produkti oznaCovanych M1-M11, SB-T-1214 na 9 metabolitu oznacovanych M1-MY a SB-1-

1216 tvofil 8 metabolith M1-M8. Metabolicky profil vSech tii novych taxani vykazoval

zna¢né odlis$nosti v PCN-indukovanych mikrosomech potkana, kde diky zvySenému mnoZstvi

CYP3A1/2 vibec nevznikaly nékteré minoritni metabolity a na druhé strané obvyklé majoritni

metabolity byly dale oxidovany. Tyto vysledky potvrdily roli CYP3A podrodiny

v metabolismu SB-T-1103, SB-T-1214 a SB-T-1216. Ze série lidskych cDNA exprimovanych

CYP1A2, 1B1, 2A6, 2C9, 2E1 a 3A4 se ucastnil metabolismu novych taxanli pouze CYP3A4,

ktery se podilel na vzniku vSech majoritnich metabolitd novych taxant a je tak vyznamnym

cytochromem P450 t¢astnicim se metabolismu taxanovych analogli SB-T-1103, SB-T-1214 a

SB-T-1216.

e Stanoveni fenolickych antioxidantit jako inhibitorii metabolismu klasickych taxanii

paclitaxelu a docetaxelu
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Pomoci inhibiénich experimentii bylo prokdzano, Ze nékteré fenolické antioxidanty
ptirodniho pGvodu ovliviiuji metabolismus paclitaxelu in vitro mikrosomalnimi systémy
potkana a €loveka. U takto ucinnych latek byly stanoveny jejich ICsg a pro nejvice u¢inné také
inhibi¢ni konstanta a typ inhibice. Neju€inn€j$imi latkami inhibujicimi metabolismus
paclitaxelu v mikrosomadlnich systémech potkana a ¢lovéka byly resveratrol a fisetin. Z
dalsich fenolickych antioxidantti inhibovaly pfedev§im tvorbu hlavniho lidského metabolitu
60-OHPCT katalyzovanou CYP2C8 morin, kvercetin a mirn€ pisobici naringenin. V pfipadé
docetaxelu byla v lidskych jaternich mikrosomech inhibovana tvorba hlavniho metabolitu
docetaxelu hydroxydocetaxelu kvercetinem, oviem jen mimé. Sledované fenolické
antioxidanty tedy G¢inné inhibuji pfedev§im enzymatickou aktivitu lidského CYP2CS,

zatimco aktivita lidského CYP3A4 je ovliviilovana mnohem mén¢.

e Stanoveni cytotoxicity a transportu klasickych taxani v lidské sensitivni bunééné linii

rakoviny prsu a linii resistentni vii adriamycinu

Vzhledem k €astému rozvoji resistence nadorovych bun€k viéi taxantim byl sledovan
transport a cytotoxicita klasickych taxani v lidské bunééné linii rakoviny prsu MDA-MB-
435, ktera je sensitivni viiéi cytostatikim a NCI/ADR-RES linii resistentni vii¢i adriamycinu.
Tyto dvé linie se 1i§i expresi nékterych membranovych ABC transportnich proteind zejména
expresi P-glykoproteinu, ktery je v nadmémé mife exprimovan v resistentnich liniich, zatimco
uplné chybi v sensitivnich burikach. Klasické taxany paclitaxel a docetaxel byly 1000x
respektive 600x cytotoxi¢t&jsi v sensitivnich nadorovych burikach. Zna¢né rozdilny byl také
transport obou sledovanych klasickych taxani. Akumulace paclitaxelu a docetaxelu byla
fadov€ vys$8i sensitivnimi bufikami rakoviny prsu a naopak dochazelo k vyznamné
rychlej$imu vyplavovani paclitaxelu zresistentnich bun€k.  PouZitd bunéfna linie
s prokazanou resistenci vi¢i adriamycinu je tedy zna¢né resistentni rovnéZ vici klasickym
taxanim. Také bun&né procesy indukce apoptosy vyvolané pisobenim taxant se liily
v sensitivni a resistentni buné&né linii rakoviny prsu. Taxany vobou liniich aktivovaly
kaspasy-9 a -3, ale pouze resistentni buiiky vyplavovaly cytochrom ¢ z mitochondrii jako pti
klasické mitochondrialni indukci apoptosy. Tento vysledek naznacuje odliSny mechanismus

indukce buné¢né smrti vyvolané taxany ve sledovanych typech nadorovych bun€k

e Studium cytotoxicity a transportu novych taxanovych analogi v lidské sensitivni

bunééné linii rakoviny prsu a linii resistentni vici adriamycinu
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Cytotoxicita a transport byly sledovany stejné jako v piipadé¢ klasickych taxani v lidskych
sensitivnich (MDA-MB-435) a resistentnich (NCI/ADR-RES) buiikach rakoviny prsu. Na
rozdil od paclitaxelu a docetaxelu byla ovSem cytotoxicita i akumulace v3ech tfech
sledovanych derivati taxant (SB-T-1103, SB-T-1214 a SB-T-1216) stejna v sensitivnich i
resistentnich burikach, ¢imZ byla dokadzana citlivost resistentnich nadorovych bunék rakoviny
prsu vuéi témto potencidlnim léCiviim, které by se tak mohly stit vhodnou léEebnou
alternativou v pfipadech rozvoje resistence nadord prsu vié€i klasickym taxanim dané

vysokou expresi P-glykoproteinu.

o Verapamil a nékteré syntetické derivdty flavonoidia ucinné ovliviiuji transport

paclitaxelu v lidské sensitivni a resistentni bunécné linii rakoviny prsu

Byl sledovan vliv verapamilu a série tfinacti syntetickych derivatd flavonoidd s velkou
vazebnou afinitou k P-glykoproteinu jako moZnych moduldtori transportni funkce P-
glykoproteinu zodpovédné za resistenci. Verapamil byl ufinnym inhibitorem transportu
zodpovédného za resistenci vi¢i paclitaxelu v prsnich nadorovych buiikach. Na druhou
stranu, v sensitivni buné¢né linii zvySoval vyplavovani paclitaxelu a tim by mohl pravé
vtomto typu bunék sniZovat U€inek zminéného cytostatika. Ze syntetickych derivatd
flavonoidii celkem Sest derivati silng zvySovalo akumulaci ['*C]paclitaxelu v resistentnich
burikach rakoviny prsu v tomto pofadi: CB-287 2 ML-50 > CB-284 = CB-285 > CB-436 >
A-12. Flavonoidy CB-287, CB-284, CB-285 a ML-50 inhibovaly zarovenl i vylu¢ovani
[*C]paclitaxelu z resistentnich bunek. V sensitivni bun&né linii byl @&inek téchto

flavonoidti opa¢ny, coZ pfedstavuje zajimavy vysledek z hlediska mechanismu transportu.

o In vivo ucinky taxanit na T-bunééné lymfomy v modelovém organismu laboratorniho
potkana
Byly sledovany aplikace paclitaxelu, docetaxelu a jejich kombinaci v riznych davkovych
schématech na T-buné¢né lymfomy implantované laboratornimu potkanu. Ze vSech
sledovanych davkovych schémat neju¢inngji plsobil opakované podavany docetaxel, ktery
byl u¢inn&j§i neZ paclitaxel nebo jejich vzajemnd kombinace. Docetaxel je tak vhodnym
potencialnim lé¢ivem v terapii T-bunénych lymfomi. Kombinace taxanti putsobicich
v riznych fazich bunééného cyklu naopak nevedou k zesileni vzajemnych G¢inkid taxani na

T-bunééné lymfomy.
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Abstract Paclitaxel is an important, recently introduced
anti-neoplastic drug. Paclitaxel metabolites are virtually
inactive in comparison with the parent drug. The study in-
vestigated whether phenolic antioxidants could inhibit
metabolic inactivation sufficiently to increase paclitaxel
effects. Cytochrome P450 (CYP)-catalysed metabolism of
paclitaxel was investigated in rat and human liver micro-
somes. In rat microsomes, paclitaxel was metabolised
mainly to C3’-hydroxypaclitaxel (C3’-OHP), less to
C2-hydroxypaclitaxel (C2-OHP), di-hydroxypaclitaxel (di-
OHP) and another monohydroxylated paclitaxel. In hu-
man liver microsomes, 6a-hydroxypaclitaxel (6a-OHP),
formed by CYP2C8, was the main metabolite, while
C3’-OHP, C2-OHP and another product different from
di-OHP were minor metabolites, formed by CYP3A4. In
individual human livers 60.-OHP was formed at 1.8-fold
to 13-fold higher rates than C3’-OHP. Kinetic parameters
(K., and V,.,) of production of various metabolites in rat
and human liver microsomes revealed differences between
species as well as human individual differences. Nine
phenolic antioxidants ((+)-catechin, (-)-epicatechin, fisetin,
gallic acid, morin, myricetin, naringenin, quercetin and
resveratrol) were tested for inhibition of paclitaxel metab-
olism. In rat microsomes, resveratrol was more inhibitory
than fisetin; the other phenolic antioxidants were without
effect. In human microsomes, the inhibiting potency de-
creased in the order fisetin >quercetin >morin >resvera-
trol, while the other phenolic antioxidants were not in-
hibitory; the formation of 60-OHP (CYP2C8) was gener-
ally more inhibited than that of C3’-OHP. The inhibition
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was mostly mixed-type. The results suggest that oral
administration of some phenolic substances might in-
crease paclitaxel blood concentrations during chemother-

apy.

Keywords Paclitaxel - Cytochrome P450 - Rat - Human -
Liver microsomes - Pharmacokinetics - Inhibition -
Phenolic antioxidants

Introduction

Paclitaxel (Taxol) belongs to a rather new class of anti-
cancer drugs, originally extracted from the bark of Pacific
yew (Tuxus brevifolia) (Wani et al. 1971), and now manu-
factured in a partly synthetic process. It was approved for
human therapy in 1994 and it has been successful in the
therapy of breast, ovarian and lung cancer (Rowinsky et
al. 1992; Klener 1995). Its efficiency in the therapy of
oesophageal, head and neck cancers is presently under in-
vestigation. Taxanes are mitotic poisons, stimulating poly-
merisation of microtubuli and inhibiting their depolymeri-
sation (Spencer and Faulds 1994). Instead of the forma-
tion of the mitotic spindle, they cause the formation of de-
formed structures — asterisks and stars (Schiff et al. 1999).
Paclitaxel also induces apoptosis by various mechanisms
(Fan 1999; Aoudjit et al. 2001).

Paclitaxel is metabolised primarily in the liver and the
metabolites are excreted in the bile (Monsarrat et al. 1990,
1993). Considerable, but not fully documented species
differences in paclitaxel metabolism have been reported
in a meeting abstract (Desai et al. 1996).

The same two major metabolites have been determined
in rat liver microsomes and isolated hepatocytes in vitro
as well as in intact rats in vivo. Major in vitro product was
paclitaxel hydroxylated at C3’of the phenyl in the side
chain of C13 (C3’-OHP) and the second detected metab-
olite was C2-OHP (Anderson et al. 1995; Walle et al. 1993).
Three other metabolites were found in the dexamethasone
treated rats, two were identified as deacetylpaclitaxel and
deacetylated C2-OHP (Anderson et al. 1995). Nine me-



tabolites were detected in vivo, C3’-OHP, C2-OHP and
baccatin III were identified (Monsarrat et al. 1990).

In humans, two products of paclitaxel were detected in
liver microsomes and isolated hepatocytes in vitro. The
main metabolite, absent in rats, was 60.-OHP with an
OH group at C6 of the taxane ring. In contrast to rats
C3’-OHP was the minor metabolite (Cresteil et al. 1994,
Rahman et al. 1994; Kumar et al. 1994; Walle 1996). In
human microsomes and liver slices there was found an-
other minor metabolite di-OHP, formed from 60-OHP
(Harris et al. 1994a). In an in vivo study these and seven
other metabolites were detected in the bile of patients,
with 10-deacetylpaclitaxel, 10-deacetylbaccatin III and
baccatin III being identified. Six detected metabolites of
paclitaxel were identified in the urine too, and 6a-OHP,
C3’-OHP, di-OHP and 10-deacetylpaclitaxel were also
identified in plasma (Monsarrat et al. 1998). In human
liver 60-OHP is formed by CYP2C8 (Rahman et al. 1994)
which is not present in rats. C3’-OHP is produced by
CYP3A4 (Rahman et al. 1994; Harris et al. 1994a) in hu-
mans. The formation of di-OHP results from stepwise
catalysis by these separate enzymes (Rahman et al. 1994).
In rats, metabolites are produced by CYP3A1/2 (Ander-
son et al. 1995; Walle et al. 1993).

60-OHP was about 30-fold less active in tumour cell
lines in vitro (Harris et al. 1994b), C3’-OHP, C2-OHP and
baccatin III were less cytotoxic than paclitaxel on in vitro
L1210 leukaemia growth (Monsarrat et al. 1990). Taxol
effects were also diminished by P-glycoprotein, the only
known multidrug resistance (MDR) transporter for effi-
cient Taxol efflux from tumour cells (Dantzig et al. 2001).
The effect of paclitaxel can be modulated by overexpres-
sion of tubulin B1 isotype (Kyu-Ho et al. 2000) and by
various genes of cell cycle regulation.

Phenolic antioxidants possess various favourable prop-
erties. These compounds include flavonoids, hydroxy-
stilbenes and derivatives of phenolic acids (Soleas et al.
1997; Matéjkovd and Gut 2000). Phenolic antioxidants
are present in various kinds of fruit and vegetable, tea,
fruit juices and, especially in red wine (Soleas et al. 1997,
Hertog et al. 1992, 1993). They efficiently quench various
free radicals, inhibit oxidation of membranous and LDL
lipids and proteins and act against other processes (Soleas
et al. 1997). Several rat and human in vitro studies (Guen-
gerich and Kim 1990; Obermeier et al. 1995; Buening et
al. 1981; Dai et al. 1997) indicate that phenolic antioxi-
dants inhibit or stimulate activities of CYP enzymes.
They efficiently inhibited CYP1A1/2 activities (Moon et
al. 1998; Zhai et al. 1998), and some flavonoids also in-
hibited CYP2C8 (Rahman et al. 1994; Harris et al. 1994a)
or CYP3A4 (Guengerich and Kim 1990; Buening et al.
1981) activities.

This study investigated in vitro microsomal formation
of paclitaxel metabolites including those which have been
so far determined only in vivo, with the aim to analyse
differences between humans and rats and enzyme kinetics,
and to estimate human interindividual variability. More-
over, we studied the inhibition of CYP3A and CYP2C8-
catalised paclitaxel metabolism in rats and humans by a
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large series of phenolic antioxidants. The aim was to re-
veal, whether inhibition of paclitaxel metabolism by phe-
nolic antioxidants could be sufficient to provide signifi-
cant inhibition in vivo and thereby to cause a marked en-
hancement of paclitaxel tumour suppressing action or to
enable a decrease in doses required for maintaining thera-
peutic drug concentrations. The observation that certain
polyphenols also inhibit the activity of conjugation en-
zymes (de Santi et al. 2000) offers a further substantiation
of such hypothesis.

Methods

Chemicals. Paclitaxel (TAXOL) and myricetin were obtained from
Fluka (Buchs, Switzerland); 6a-hydroxypaclitaxel was purchased
from Gentest Corporation (Woburn, MA, USA); naringenin and
fisetin were from Sigma-Aldrich Chemie (Steinheim, FRG); gallic
acid, morin, catechin, epicatechin, quercetin, resveratrol, preg-
nenolon-160a-carbonitril (PCN), NADP, glucose-6-phosphate and
benzene were from Sigma Chemical Co. (St. Louis, USA); glu-
cose-6-phosphate dehydrogenase was from Boehringer (Mannheim,
FRG). The basic structure and the chemical and common names
of naturally occurring phenolic antioxidants tested are given in
Table 1.

Preparation and characterisation of microsomes. Male Wistar rats
(weight 280-300g), purchased from VELAZ, CZ, were main-
tained on pellet diet and tap water ad libitum a week before use.
The animals were sacrificed by decapitation, livers were rapidly
excised and chilled in ice-cold physiological saline and ho-
mogenised in ice-cold 150mM KCIi/50 mM Tris-HCI, pH 7.4. Hu-
man liver samples were obtained from transplantation donors in
accordance with the law. Livers were collected from 10 male pa-
tients with unknown drug history, who invariably died from head
injury (gun shot, traffic accidents). The age of the donors ranged
from 16 to 42 years. During the heart or kidney transplantation
procedure the corpses were infused with cold physiological saline
and as soon as the hearts or kidneys were excised, the liver sam-
ples were excised and immediately frozen in liquid nitrogen and
maintained there until use. The time period between the beginning
of blood exchange and freezing the liver in liquid nitrogen was
9—46 min and this period as well as the age did not correlate with
various CYP activities and immunochemical levels (Nedelcheva et
al. 1999). These human liver samples were homogenised in the
same way as the rat livers.

Microsomes were prepared by differential centrifugation as de-
scribed in detail previously (Gut et al. 1993). CYP concentration
was estimated according to Omura and Sato (1964) with the use of
molar extinction coefficient 91,000. The concentration of microso-
mal protein was determined according to Lowry et al. (1951) with
bovine serum albumin as standard. Specific induction of CYP2EI
by benzene inhalation, that of CYP3A1/2 by pregnenolon 16ct-car-
bonitrile pretreatment in rats and immunochemical characterisa-
tion of the induction was performed as described previously (Gut
et al. 1993, 2000; Nedelcheva et al. 1998).

Incubation of paclitaxel with isolated microsomes. The incubation
mixture included microsomal protein, 1 mg/ml, in 150 mM KCl/50
mM Tris buffer, pH 7.4, paclitaxel added as 10 mM solution in
methanol, with variable final paclitaxel concentrations and metha-
nol at maximum concentration 0.24% (w/v, i.e., 0.3% v/v), which
were proved not to influence paclitaxel metabolism. The reaction
was initiated by adding an NADPH-generating system (final con-
centration | mM NADP, 10 mM glucose-6-phosphate, 10 mM MgCl,
and 0.5 U/ml glucose-6-phosphate dehydrogenase). The samples were
incubated at 37°C for 30 min in a shaking water bath. The reaction
was stopped and paclitaxel and the metabolites were extracted by
addition of ethyl acetate (two subsequent extractions, 2x3 ml).
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Table1l Chemical structure of

tested phenolic antioxidants Flavonoids

Flavanon

Non-flavonoids

o
Flavonol

Flavanol

Resveratrol Gallic acid
Class of phenolic Common name Chemical name
antioxidants
Flavonoids

Flavanols (+)-catechin 3,5.7,3".,4’-Flavanpentol
(-)-epicatechin cis-3,5,7,3",4"-Flavanpentol

Flavonols fisetin 3.7.3",4"-Tetrahydroxyflavone
morin 3,5.7,2°,4"-Pentahydroxy{lavone
myricetin 3,5.7,3°.4°,5"-Hexahydroxyflavone
quercetin 3,5.7,3",4"-Pentahydroxyflavone

Flavanons naringenin 5,7,4"-Trihydroxyflavone

Non-flavonoids
Stilbens resveratrol 3,5.4 -Trihydroxystilbene
Derivates gallic acid 3,4,5-Trihydroxybenzoic acid

of benzoic acid

HPLC analysis. Ethyl acetate extracts were evaporated to dryness
under a mild nitrogen stream. The dry extracts were dissolved in
200 pl of the mobile phase (methanol: water, 65:35, v/v) as de-
scribed by Cresteil et al. (1994) and analised on HPLC. The fol-
lowing HPLC conditions were used: HPLC Hewlett-Packard Se-
ries 1100 with autosampler, 20l sample loop. The Macherey-
Nagel column 4x250 mm with Nucleosil 10-5 C18, the above mo-
bile phase, flow 1.2 ml/min, detection 232 nm. The records were
analised by CSW software (Chromatography Station for Win-
dows), version 1.7. Initially, only products formed in the presence
of paclitaxel and NADPH and not present in absence of either of
them were considered as paclitaxel metabolites. Four metabolites
of paclitaxel were formed in untreated and PCN-pretreated rat mi-
crosomes (Fig. 1); these were characterised as three monohydrox-
ylated and one dihydroxylated product by MS/MS. The fractions
(metabolites of paclitaxel) obtained by collecting defined peaks
during HPLC analysis were dried under a mild nitrogen stream.

For the analysis by MS the samples were dissolved in 4x125 ul
10mM ammonium formate and methanol (1:1), transferred into
autosampler vials and measured by the HPLC-ESI MS method,
column Luna 3 p, C18, 1501 mm, mobile phase methanol/10 mM
ammonium formate 7:3.

The metabolites were quantitated with the use of paclitaxel as
standard, assuming similar molar extinction coefficients. 6a-OHP
was identified by HPLC-MS analysis and by comparison with an
authentic standard obtained from Gentest Corporation, USA. The
molecular weight of C3’-OHP was identified by HPLC-MS analy-
sis; the fact that this represented the main metabolite of paclitaxel
in rats and quantitatively second metabolite in humans confirmed
position of the hydroxyl group. Hydroxyl position of C2-OHP and
di-OHP could not be characterised, since low amounts of these
products did not permit to obtain amounts sufficient for NMR
analysis, but presence of C2-OHP could be surmised from reports
of Anderson et al. (1995) and Walle et al. (1993).

Fig.1 Chemical structure of

paclitaxel and its metabolites. Compound MW R, R, Ry
n.d. position of the hydroxyl
group could not be identified paclitaxel 854 H H H
by mass spectrometry 6a-hydroxypaclitaxel 870 H OH H
C3’-hydroxypaclitaxel 870 OH H H
C2-hydroxypaclitaxel 870 H H OH
dihydroxypaclitaxel 886 OH OH H
unknown
hydroxypaclitaxel 870 nd nd. nd




Kinetic analysis. For kinetic assays we used paclitaxel concentra-
tions in the range of 2.5-25 uM. The apparent V,,, a K, values
were calculated from double reciprocal plots in the Microsoft Ex-
cel software. The kinetic and inhibition experiments were per-
formed with the sample of H6 human liver microsomes, which ex-
hibited the highest enzyme activity and thus provided the best pre-
cision and enabled analysis of all four metabolites detected in hu-
man microsomes. PCN-pretreated rats were the source of hepatic
microsomes for enzyme kinetics and inhibition studies in rats, be-
cause those microsomes displayed the highest activity in the me-
tabolism of paclitaxel (see Results).

Chemical inhibition. Inhibition studies were performed in the pres-
ence of 30uM catechin, epicatechin, fisetin, gallic acid, morin,
myricetin, naringenin, quercetin and resveratrol. Phenolic antioxi-
dants were diluted in methanol. Stock solutions (1 mM) were added
to the tubes, evaporated to dryness under a nitrogen stream and re-
dissolved in the incubation mixtures by sonication at 40-80°C.
The concentration of paclitaxel was 10 uM. The kinetics of inhibi-
tion were determined in the concentration range of resveratrol
0-30puM, morin 0-20puM, fisetin 0-20 pM, quercetin 0-30 uM
and paclitaxel 0—15uM. The constants characterising inhibition
(K;) were determined by the use of Dixon plots; the type of inhibi-
tion was analised by using double reciprocal plots (Lineweaver-
Burk) using Microsoft Excel software.

Statistics. All data are presented as means * SD of estimates. Sig-
nificant differences (p<0.05 and p<0.01) in the effects of phenolic
antioxidants were estimated with Student’s r-test. Those data are
the mean of separate determinations (#22) and the activity was ex-
pressed as a percentage of the control+SD.

Results
Metabolism of paclitaxel in rat liver microsomes

Under MS conditions, the following characteristics were
obtained for the respective products: paclitaxel authentic
standard, RT=6.52 min, MH+=854.3; 60-OHP, RT=6.12 min,
MH+=870.3. The metabolites characterised in the col-
lected peaks were as follows: RT=3.16 min, MH+=886.3,
concluded to be di-OHP; RT=3.92min, MH+=870.3,
OHP; RT=4.73 min, MH+=870.3, OHP; RT=5.56 min,
MH+=870.3, OHP which was different from 6c-OHP and
concluded to be a precursor of di-OHP.

C3’-OHP was identified by molecular weight and due
to its known predominance in the rat and by being quanti-
tatively second to 6a-OHP in human microsomes. The
position of hydroxyls in di-OHP cannot be identified from
MS/MS spectra. C2-OHP was identified by being quanti-
tatively next to C3°-OHP in rat liver microsomes in ac-
cordance with results of Anderson et al. (1995) and Walle
et al. (1993). Another monohydroxylated OHP, which was
not reported before, was characterised by MS analysis,
with the OH position not yet characterised. In the metha-
nol: water 65:35 (v/v) mobile phase, their RT in % rela-
tive to paclitaxel RT (100%) were reproducible in all
(more than 40) experiments: di-OHP: 41+0.15%, C3’-OHP
51.720.2%, C2-OHP 62.8+0.3%, unknown-position OHP
80.410.15%. Full characterisation of this metabolite iso-
lated from a large-scale incubation is presently under way.
This metabolite has a close, but reproducibly different RT
(and %RT) from the human 60-OHP (see below), and in
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Fig.2 Effect of CYP induction on paclitaxel metabolism in rat
liver microsomes. Paclitaxel 10uM was incubated with liver mi-
crosomes from uninduced, benzene-treated and PCN-treated rats
as indicated in Materials and methods. Data were means + SD
from three different experiments and expressed as pmol metabo-
lites in 1 min by 1 mg microsomal protein

the 40 analyses, %RT proved to give higher reproducibil-
ity than absolute RT values in minutes. Moreover, %RT re-
mained almost unchanged, whether 250x4 or 125x4 HPLC
column was used, although RT in min were two-fold dif-
ferent.

CYP2E1 induction by benzene did not modify the
metabolic rates and ratios between these four metabolites
(Fig.2). Induction of CYP3A1/2 by PCN increased the
formation of all four metabolites. In relation to paclitaxel
concentration the formation of C3’-OHP was 7- to 30-fold
higher, C2-OHP 11- to 45-fold higher, di-OHP 2- to 13-fold
higher and OHP with unknown hydroxyl position 5- to
15-fold higher than in the untreated microsomes, yet their
order of representation remained unchanged.

Metabolism of paclitaxel in human liver microsomes

Four metabolites were formed: 60-OHP was the main
metabolite (RT=79.55+0.15% of paclitaxel), C3’-OHP
being quantitatively second. C2-OHP with % RT identical
to the rat C2-OHP and the next minor metabolite, which
was not yet reported in microsomal studies, was formed
too and its RT (44+0.2% of paclitaxel) was reproducibly
different from that of di-OHP (41£0.15%), which was
present only in rat microsomes. In 10 different human mi-
crosomes, the formation of C3’-OHP significantly corre-
lated with production of this metabolite (r=0.914) as well
as with C2-OHP (r=0.871) indicating that all three were
formed by CYP3A4. The rates of formation of 6a-OHP
and C3’-OHP in individual human microsomes were 6 to
7-fold different, their ratio being 1.8 to 13. Examples of
their different ratios can be seen in Fig. 3.
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Fig.3 Interindividual variabil- 80 ;
ity of paclitaxel metabolism in
different human liver micro- 70 A '

somes. Paclitaxel (10 uM) was
incubated with 10 different hu-
man liver microsomes as indi-
cated in Materials and meth-
ods. Empty bars present the
formation of C3’-OHP and
dark bars present the forma-
tion of 6a-OHP. Data were
means * SD from three differ-
ent experiments and expressed
as pmol metabolites in 1 min
by 1 mg microsomal protein
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Table2 Kinetic rate constants of paclitaxel oxidation in rat and human liver microsomes (n=3). Substrate concentrations used for pac-
litaxel oxidation were 2.5-25 uM. Results are presented as means + SD

Microsomes Enzyme reaction CYP catalysts K, (uUM) Viax* VimaKin
Untreated rats C3’-hydroxylation CYP 3A1/2 16.1+ 2.4 19.7£11.7 1.2
PCN-treated rats C3’-hydroxylation CYP 3A1/2 24.5% 4.3 184.5%11.1 7.5
C2-hydroxylation CYP 3A12 32.6x13.5 40.2+11.1 1.2
Unknown hydroxylation CYP 3A12 17.1+ 4.5 26.4+ 5.8 1.5
Humans C3’-hydroxylation CYP 3A4 19.9+ 1.9 143+ 1.9 0.7
6a-hydroxylation CYP 2C8 9.3+ 4.7 60.9+39.7 6.5

*V max in pmol/min/mg of mg microsomal protein

Kinetic parameters

The formation of various paclitaxel metabolites in rat and
human microsomes mostly obeyed the Michaelis-Menten
kinetics, as documented in the Lineweaver-Burk plots (data
not shown). The kinetic characteristics, K,, (Michaelis
constant) and V., (maximum velocity) for paclitaxel ox-
idation are displayed in Table 2 and results of typical ex-
periments may be seen in Fig.4A, B.

Chemical inhibition studies

Significant inhibition of the formation of paclitaxel me-
tabolites in rat and human microsomes by some phenolic
antioxidants is shown in Fig.5A, B. The data indicate
marked differences in the effects of the tested phenolic
compounds.

In rat microsomes, where CYP3A1/2 are apparently
the only CYP enzymes metabolising paclitaxel, resvera-
trol proved to be the most efficient inhibitor of paclitaxel
metabolism (Fig. 5A), whereas fisetin exerted significant
inhibition only at higher, pharmacologically hardly rele-
vant concentrations (data not shown).

In human microsomes, where CYP3A4 and CYP2C8
take part in paclitaxel oxidation, phenolic antioxidants in-
fluenced particularly the formation of 6a-OHP, catalysed
by CYP2CS8. Fisetin, morin, quercetin and resveratrol were

the effective inhibitors, naringenin was a mild inhibitor
and the other phenolic antioxidants were not inhibitory.
The production of C3’-OHP was influenced less, being
inhibited by resveratrol, less by morin (Fig. 5B), whereas
fisetin exerted a mild inhibition at 40 UM concentration
only (data not shown).

For those phenolic antioxidants, which exerted sig-
nificant inhibition, ICsy values and K; constants and the
type of inhibition were also established (Table 3). The
strong inhibition of the formation of 60-OHP by morin,
fisetin (not characterised before) was of particular inter-
est, since it is the main metabolite of paclitaxel in humans
(Fig. 4A, B).

Discussion

Paclitaxel is an important recently introduced anti-neo-
plastic agent. A detailed knowledge of its human metabo-
lism and of the enzymes involved may help to understand
individual differences in response to treatment, rat metab-
olism being useful in understanding the effects of modu-
lation of paclitaxel metabolism under in vivo conditions.
Previous studies showed the role of CYP2C8 and CYP3A4
in enzyme-catalysed human metabolism of paclitaxel
(Cresteil et al. 1994; Rahman et al. 1994; Harris et al.
1994a) and CYP3A1/2 in that of the rat (Anderson et al.
1995; Walle et al. 1993).
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Fig.4 Effect of A morin and B fisetin on 6a-hydroxylation of pac-
litaxel by human liver microsomes. Inhibition experiments were
performed as detailed in Materials and methods. Results are the
mean of individual experiments (n=2). The estimated K; values
were determined with Dixon Plot analysis using Microsoft Excel
to fit the curves using linear regression. Types of inhibition were
determined with Lineweaver-Burk Plot analysis using Microsoft
Excel to fit curves using linear regression

In vitro and in vivo studies revealed 60.-OHP as the
major human metabolite of paclitaxel, while C3’-OHP
(Cresteil et al. 1994; Rahman et al. 1994) was a minor
product which was formed in human liver microsomes
and slices at about a 5-fold lower rate, and di-OHP even at
a 15- to 20-fold lesser one, with the two OH groups ap-
parently in the C6a and C3’ positions (Harris et al.
1994a). Sonnichsen et al. (1995) reported that in some hu-
man microsomes more C3’-OHP than 60-OHP was
formed, apparently due to relative CYP3A4/CYP2C8 ex-
pression. Other metabolites of paclitaxel were detected
only in the bile, blood, urine or faeces in vivo (Monsarrat
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et al. 1998). Our data support the data, that the ratio be-
tween 6a-OHP and C3’-OHP varies significantly, but, in
our liver microsomes from different human individuals,
60-OHP was invariably the main metabolite, C3’-OHP
was second, and C2-OHP and another so far unidentified
metabolite whose RT markedly differed from our rat
di-OHP, were minor products.

In previous in vitro rat microsomal studies with pacli-
taxel, C3’-OHP was the main metabolite, and C2-OHP
was a minor product (Anderson et al. 1995; Walle et al.
1993). We have shown, however, that rat microsomes
form di-OHP and another hydroxypaclitaxel, both charac-
terised by MS/MS. The position of the hydroxyl group in
the new metabolite is now under study on the basis of a
bulky incubation and characterisation by NMR. The me-
tabolite has a RT (80.410.15%), which has close, yet re-
producibly different RT from the human 6ca-OHP metabo-
lite (79.5+£0.15%) in at least 40 experiments.

Our previous study with rat microsomes co-incubated
with paclitaxel and P388d1 or HeLa cells suggested that
CYP2E1 might be involved in paclitaxel metabolism,
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are expressed as the percentage of remaining activity relative to

Fig.5 Effect of phenolic antioxidants on the formation of pacli-

control incubate and are means + SD of individual experiments

(n22) with pooled samples from rat and human livers. *p<0.05,

**p<0.01 for Student’s r-tests

taxel metabolites in PCN-treated A rat liver microsomes and B hu-

man liver microsomes. Paclitaxel concentration was 10 M, con-
centration of phenolic antioxidants was 30 uM. Inhibition experi-
ments were performed as detailed in Materials and methods. Data



Table3 Characterisation of inhibited paclitaxel oxidation by phe-
nolic antioxidants in human liver microsomes and by resveratrol in
PCN-treated rat liver microsomes (n122). Phenolic antioxidants con-
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centrations were 0—40 uM. Paclitaxel concentration was 0—-15uM
in all cases

Inhibitor Source of microsomes Inhibited reaction of paclitaxel Type of inhibition IC5o (UM) K; (uM)
Fisetin Human 6a-hydroxylation Mixed 10.8+2.2 1.3-6.0
Morin Human 60at-hydroxylation Mixed 17.312.4 7.3-12.3
Quercetin Human 60-hydroxylation Mixed 15.9+1.3 4.0-13.0
Resveratrol PCN-treated rat C3’-hydroxylation Mixed 18.7+2.8 12.2-16.3
C2-hydroxylation Uncompetitive 26.316.5
Unknown hydroxylation Mixed 27.2%2.1 9.8-15.7
Human 6a-hydroxylation Mixed 26.5+2.0 16.5-20.7
C3’-hydroxylation ~a 28.5+4.6 —a

“Because of limited inhibition, kinetic characterisation was not performed

since uninduced microsomes did not change the effect
of the drug, whereas CYP2El-induced microsomes in-
creased its cytotoxicity. Co-incubation with CYP3A1/2-in-
duced microsomes obviously decreased its cytotoxicity
(Gut et al. 2000), since CYP3A1/2 is the main rat enzyme
in paclitaxel oxidation (Anderson et al. 1995; Walle et al.
1993), which generally gives less active products. A sev-
eral-fold higher rate of paclitaxel metabolism in CYP3A1/
2-induced microsomes enabled a reliable characterisation
of the unknown metabolite as hydroxypaclitaxel by MS
and to perform a kinetic analysis of the minor metabolites.
The kinetic behaviour mostly appeared to follow the
Michaelis-Menten kinetics. In human microsomes, K, for
60-OHP formation (by CYP2C8) was 9.34+4.72 uM,
i.e. significantly less than for other paclitaxel metabolites.
For a marked variability, K,,, of C2-hydroxylation (32.62+
13.51 pM) was less reliable.

The observation that paclitaxel metabolites have
markedly lower therapeutic potency suggests that inhibi-
tion of paclitaxel metabolism could increase the effects of
the drug. Natural phenolics seem to be potentially useful
chemicals, since they exert anti-neoplastic effects of their
own and were shown to inhibit, among others, CYP2C8
(Rahman et al. 1994; Harris et al. 1994a, 1994b) and
CYP3A4 activity (Guengerich and Kim 1990). The pub-
lished data (Harris et al. 1994a) enabled calculations of
ICsy for the inhibition of 60-OHP formation in human
liver microsomes for quercetin (9 uM) and kaempferol
(9 uM), while IC;, for naringenin was reached at unrealis-
tically high concentrations.

In our study, resveratrol inhibited the oxidation of pac-
litaxel in rat and human liver microsomes, inhibiting both
60.-OHP and C3’-OHP formation in the latter. Harris et al.
(1994a) presented data on the inhibition of 60-OHP pro-
duction by quercetin, which could be used to estimate
ICs as being 9 uM and Rahman et al. (1994) reported 1.1
to 1.3uM K, for quercetin, but we observed an ICs, of
15.90+1.32 uM for quercetin. Harris et al. (1994a) used
up to 2% ethanol in the incubation, but Busby et al. (1999)
reported significant inhibition of CYP3A4 by 3% ethanol
and Palamanda et al. (2000) observed 50-60% inhibition
of CYP2C9 at 1-2% ethanol. We found significant con-
centration-related inhibition of paclitaxel metabolism by

0.5-2% ethanol (v/v, i.e., 0.4-1.6% w/v), and even this
level would be irrelevant in vivo. Ethanol might have con-
tributed to the low K, reported in the literature. The use of
organic solvents poses significant interpretation problems.
Although ethanol is used in paclitaxel and docetaxel infu-
sion mixtures, its concentration then reached in vivo is be-
low 0.05%, even if metabolism and elimination is not
considered. The use of up to 2% ethanol in the in vitro in-
cubations is meaningless, since most humans would not
survive even 5-fold lower concentrations. Moreover, 2%
ethanol can dissolve hydrophobic chemicals at levels un-
attainable without it — for example, 100 uM quercetin re-
quires 90°C to be dissolved in water, yet 50 UM quercetin
was studied in inhibition of paclitaxel oxidation (Kumar
et al. 1994; Harris et al. 1994a). Moreover, up to 200 uM
paclitaxel was reportedly used (Rahman et al. 1994), but
our detailed investigation proved that, without ethanol or
methanol, paclitaxel concentration above 10 uM could not
be reached in water, and the addition of higher levels of
paclitaxel resulted in lower absolute levels, since the drug
was apparently precipitated. These questions are mostly
not properly addressed in some in vitro studies. We there-
fore used up to 0.2% concentration of methanol, although
it did not inhibit paclitaxel metabolism at up to 1% con-
centration. Ethanol seemed unsuitable for the above rea-
sons. Moreover, of the commonly used solvents, methanol
is most similar to water.

In the present study, we investigated the role of the
structure of phenolic antioxidants. The CYP3A-produced
C3’-OHP, C2-OHP and di-OHP metabolites in rat and hu-
man microsomes were markedly inhibited by resveratrol,
whereas flavonoids were less effective. Among the fla-
vonoids, only 40 uM flavonol fisetin inhibited paclitaxel
metabolism in rat microsomes and C3’-OHP formation in
human microsomes, whereas the flavonols quercetin and
myricetin, flavanone naringenin and flavanols catechin
and epicatechin, were not significantly inhibitory. The
CYP2C8-produced 60-OHP was significantly inhibited
by the stilbene resveratrol and particularly by flavonols
fisetin, quercetin and morin. Apparently, flavonoids lack-
ing C2-C3 double bond, OH group at C3 of the C ring
(naringenin) and oxo group on C4 of B ring (catechin and
epicatechin) were not significantly inhibiting at the rele-
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vant concentrations we have used. Flavonols possessing
these structural characteristics exerted significant inhibi-
tion. The hexaflavonol myricetin with a OH group at C5’
of the B ring which the other flavonols do not have, ex-
erted only slight inhibition of paclitaxel metabolism. This
result indicates that this hydroxyl could diminish the in-
hibitory effects of phenolic antioxidants on the activity of
human CYP2C8.

These structural requirements for the inhibition of pac-
litaxel metabolism mostly resemble those required for the
inhibition of CYP1A1/2 activities by flavonoids, where
the C2-C3 double bond, a OH group at C3 of the C ring
(naringenin) and an oxo group on C4 of B ring were pre-
requisites for the most efficient inhibitors (Moon et al.
1998; Tsyrlov et al. 1997). There is still the question,
whether the inhibition of CYP activity might be due to
phenolic antioxidant binding to the CYP active site(s). In
a study to follow we are investigating this hypothesis with
the use of CYP-CYP reductase bicistronic system (Parikh
et al. 1997), which should decrease possible interference
of other unknown factors related to the use of the rather
complex microsomal system.

Additional investigation will be needed to determine
whether these phenolic antioxidants can influence CYP-cat-
alysed metabolism of paclitaxel in vivo. These studies are
important, since many phenolic antioxidants are naturally
occurring constituents of the human diet and posses inter-
esting anti-tumour properties of their own.

In conclusion, the study

1. Revealed new microsomal metabolites of paclitaxel,
specifically di-OHP and an unknown hydroxypaclitaxel
in rats, which were specified by MS, and C2-OHP and
another metabolite of paclitaxel in humans

2. Determined the inhibition of paclitaxel metabolism by
some flavonoids and the stilbene resveratrol and their
Ki values

3. Indicated the structural requirements for their inhibit-
ing properties

Acknowledgements This work was supported by grant IGA
NL/6715-3 and NL/7567-3. All the experiments complied with the
current laws of the Czech Republic.

References

Anderson CD, Wang J, Kumar GN, McMillan JM, Walle UK,
Walle T (1995) Dexamethasone induction of taxol metabolism
in the rat. Drug Metab Dispos 23:1286-1290

Aoudjit F, Vuori K (2001) Integrin signaling inhibits paclitaxel-in-
duced apoptosis in breast cancer cells. Oncogene 20:4995—
5004

Buening MK, Chang RL, Huang M-T, Fortner JG, Wood AW,
Conney AH (1981) Activation and inhibition of benzo(a)pyrene
and Aflatoxin B; metabolism in human liver microsomes by
naturally occurring flavonoids. Cancer Res 41:67-72

Busby WF Jr, Ackermann JM, Crespi CL (1999) Effect of metha-
nol, ethanol, dimethylsulfoxide, and acetonitrile on activities of
cDNA-expressed human cytochromes P-450. Drug Metab Dis-
pos 27:246-249

Cresteil T, Monsarrat B, Alvinerie P, Tréluyer JM, Vieira I,
Wright M (1994) Taxol metabolism by human liver micro-
somes: identification of cytochromes P450 isozymes involved
in its biotransformation. Cancer Res 54:386-392

Dai R, Jacobson KA, Robinson RC, Friedman FK (1997) Differ-
ential effects of flavonoids on testosterone-metabolizing cyto-
chrome P450s. Life Sci 61:75-80

Dantzig AH, Law KL, Cao J, Starling JJ (2001) Reversal of mul-
tidrug resistance by the P-glycoprotein modulator, LY335979,
from the bench to the clinic. Curr Med Chem 8:39-50

Desai P, Zhu Y, Duan J, Kouzi S (1996) Interspecies variation in
paclitaxel metabolism in rat, guinea pig, dog, monkey and hu-
man. 7th North American ISSX Meeting, San Diego, Califor-
nia

De Santi C, Pietrabissa A, Spisni R, Mosca F, Pacifici GM (2000)
Sulphation of resveratrol, a natural compound present in wine,
and its inhibition by natural flavonoids. Xenobiotica 30:857-
866

Fan W (1999) Possible mechanisms of paclitaxel-induced apopto-
sis. Biochem Pharmacol 57:1215-1221

Guengerich FP, Kim DH (1990) In vitro inhibition of dihydropyri-
dine oxidation and aflatoxin B1 activation in human liver mi-
crosomes by naringenin and other flavonoids. Carcinogenesis
11:2275-2279

Gut I, Terelius Y, Frantik E, Linhart 1, Soucek P, Filipcovd B,
Kluckovd H (1993) Exposure to various benzene derivatives
differently induces cytochromes P450 2B1 and P450 2EI in rat
liver. Arch Toxicol 67:237-243

Gut I, Danielova V, Holubova J, Soucek P, Kluckovd H (2000)
Cytotoxicity of cyclophosphamide, paclitaxel, and docetaxel
for tumor cell lines in vitro: effects of concentration, time and
cytochrome P450-catalyzed metabolism. Arch Toxicol 74:437-
446

Harris JW, Rahman A, Kim B-R, Guengerich FP, Collins JM
(1994a) Metabolism of Taxol by human hepatic microsomes
and liver slices: participation of cytochrome P450 3A4 and an
unknown P450 enzyme. Cancer Res 54:4026—4035

Harris JW, Katki A, Anderson LW, Chmurny GN, Paukstelis JV,
Collins JM (1994b) Isclation, structural determination, and bio-
logical activity 6 alpha-hydroxytaxol, the principal human
metabolite of Taxol. J Med Chem 37:706-709

Hertog MGL, Hollman PCH, Katan MB (1992) Content of poten-
tially anticarcinogenic flavonoids of 28 vegetables and 9 fruits
commonly consumed in The Netherlands. J Agric Food Chem
40:2379-2383

Hertog MGL, Hollman PCH, van de Putte B (1993) Content of po-
tentially anticarcinogenic flavonoids of tea infusions, wines,
and fruit juices. J Agric Food Chem 41:1242-1246

Klener P (1995) [Taxanes — a new group of anticancer chemothera-
peutic agents] (in Czech). Remedia 5:154-160

Kumar GN, Walle UK, Walle T (1994) Cytochrome P450 3A-me-
diated human liver microsomal taxol 6a-hydroxylation. J Pharm
Exp Ther 268:1160-1165

Kyu-Ho HE, Gehrke L, Tahir SK, Credo RB, Cherian SP, Sham H,
Rosenberg NGS (2000) Modulation of drug resistance by al-
pha-tubulin in paclitaxel-resistant human lung cancer cell lines.
Eur J Cancer 36:1565-1571

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the folin phenol reagent. J Biol Chem 193:
265-275

Mat&jkova S, Gut 1 (2000) [Food phenolics as protective com-
pounds against atherosclerosis] (in Czech). Remedia 10:272-
281

Monsarrat B, Mariel E, Cros S, Garés M, Guénard D, Gueritte-
Voegelein F, Wright M (1990) Isolation and identification of
three major metabolites of Taxol in rat bile. Drug Metab Dis-
pos 18:895-901

Monsarrat B, Alvinerie P, Wright M, Dubois J, Gueritte-Voegelein
F, Guenard D, Donehower RC, Rowinsky EK (1993) Hepatic
metabolism and biliary excretion of taxol in rats and humans.
J Natl Cancer Inst Monogr 15:39-46



Monsarrat B, Chtelut E, Royer I, Alvinerie P, Dubois J, Dezeuse
A, Roche H, Cros S, Wright M, Canal P (1998) Modification of
paclitaxel metabolism in a cancer patient by induction of cyto-
chrome P450 3A4. Drug Metab Dispos 26:229-233

Moon J-Y, Lee D-W, Park K-H (1998) Inhibition of 7-ethoxy-
coumarin O-deethylase activity in rat liver microsomes by nat-
urally occurring flavonoids: structure-activity relationships.
Xenobiotica 28:117-126

Nedelcheva V, Gut I, Soucek P, Frantik E (1998) Cytochrome P450
catalyzed oxidation of monochlorobenzene, 1,2- and 1,4-di-
chlorobenzene in rat, mouse and human liver microsomes.
Chem Biol Interact 115:53-70

Nedelcheva V, Gut I, Soucek P, Tichavskd B, Tynkova L, Mraz J,
Guengerich FP, Ingelman-Sundberg M (1999) Metabolism of
benzene in human liver microsomes: individual variations in
relation to CYP2E1 expression. Arch Toxicol 73:33—40

Obermeier M, White RE, Yang CS (1995) Effects of bioflavonoids
on hepatic P450 activities. Xenobiotica 25:575-584

Omura T, Sato R (1964) The carbon monooxide-binding pigment
of liver microsomes: evidence for its haemoproteine nature.
J Biol Chem 239:2370-2378

Palamanda J, Feng W-W, Lin C-C, Nomeir AA (2000) Stimulation
of tolbutamide hydroxylation by acetone and acetonitrile in hu-
man liver microsomes and in a cytochrome P-450 2C9-recon-
stituted system. Drug Metab Dispos 28:38—43

Parikh A, Gillam EMJ, Guengerich FP (1997) Drug metabolism by
Escherichia coli expressing human cytochrome P450. Nat Bio-
technol 15:784-788

Rahman A, Korzekwa KR, Grogan J, Gonzalez J, Harris JW
(1994) Selective biotransformation of Taxol to 6a-hydroxy-
taxol by human cytochrome P450 2C8. Cancer Res 54:5543—
5546

209

Rowinsky EK, Onetto N, Canetta RM, Arbuck SG (1992) Taxol:
the first of the taxanes, an important new class of antitumor
agents. Semin Oncol 19:646-662

Schiff PB, Fant J, Horwitz SB (1979) Promotion of microtubule
assembly in vitro by taxol. Nature 22:665-667

Soleas GJ, Diamandis EP, Goldberg DM (1997) Wine is a biolog-
ical fluid: history, production, and role in disease prevention.
J Clin Lab Anal 11:287-313

Sonnichsen DS, Liu Q, Schuetz EG, Schuetz JD, Pappo A, Relling
MYV (1995) Variability in human cytochrome P450 paclitaxel
metabolism. J Pharm Exp Ther 275:566-575

Spencer MC, Faulds D (1994) Paclitaxel: a review of its pharma-
codynamic and pharmacokinetic properties and therapeutic po-
tential in the treatment of cancer. Drugs 48:795-845

Tsyrlov IB, Mikhailenko VM, Gelboin HV (1994) Tsozyme- and
species-specific susceptibility of cDNA-expressed CYP1A
P-450s to different flavonoids. Biochim Biophys Acta 1205:
325-335

Walle T (1996) Assays of CYP2CS- and CYP3A4-mediated me-
tabolism of Taxol in vivo and in vitro. In: Johnson EF, Water-
man MR (eds) Methods in enzymology. Academic, New York,
p 145

Walle T, Kumar GN, McMillan JM, Thomnburg KR, Walle UK
(1993) Taxol metabolism in rat hepatocytes. Biochem Pharma-
col 46:1661-1664

Wani MC, Taylor HL, Wall ME, Coggon P, McPhail AT (1971)
Plant antitumour agents. VI. The isolation and structure of
Taxol, a nove! antileucemic and antitumour agent from Taxus
brevifolia. ] Am Chem Soc 93:2325-2327

Zhai S, Dai R, Friedman FK, Vestal RE (1998) Comparative inhi-
bition of human cytochromes P450 1Al and 1A2 by flavo-
noids. Drug Metab Dispos 26:989-992



Priloha Il

Vaclavikova R., Horsky S. and Gut I.:

New in vitro metabolites of paclitaxel in humans, rats, minipigs
and regular pigs and CYP involved in their formation.
In: Cytochrome P450, Biochemistry, Biophysics and Drug
Metabolism (Anzenbacher P. and Hudecek J., eds.), pp.
Monduzzi Editore, Bologna, 2003.




New In Vitro Metabolites of Paclitaxel in
Humans, Rats, Minipigs and Regular Pigs

R. Viaclavikova, S. Horsky and 1. Gut

National Institute of Public Health,
Center of Occupational Diseases, Prague 10, Czech Republic

Summary

We investigated in vitro interspecies variability in the metabolism of
important anticancer drug paclitaxel. In the rat microsomes, paclitaxel
was metabolized mainly to C3’-hydroxypaclitaxel (C3°-OHP), C2-
hydroxypaclitaxel (C2-OHP), di-hydroxypaclitaxel (di-OHP) and an
unknown hydroxypaclitaxel. In the minipig microsomes, this unknown
hydroxypaclitaxel was the main metabolite, whereas C3’-OHP and C2-
OHP were minor products; in the regular pig microsomes, the same
metabolic pattern was demonstrated. In human liver microsomes 60-
hydroxypaclitaxel (6a-OHP) was the main metabolite, followed by C3’-
OHP, C2-OHP ant two other metabolites not yet fully characterized.

Introduction

Paclitaxel (Taxol®) i1s an important recently introduced antineoplastic
drug. It is used in the therapy of breast and ovarian cancer [1]. Paclitaxel is
mainly eliminated by the hepatobiliary route[2]. Rat liver microsomes and
hepatocytes hydroxylated paclitaxel to C3'-OHP, less to C2-OHP,
deacetylpaclitaxel and deacetylated C2-OHP[3.4]. Nine metabolites were
detected in vivo in the rat bile and C3’-OHP, C2-OHP and baccatin III were
identified [2]. In rats, the hydroxylated metabolites are produced by CYP3A1/
2 [3.,4]. In vitro, human liver microsomes metabolized paclitaxel mainly to
60-OHP and less to C3°-OHP and di-OHP [5,6]. In vivo these and scveral
other metabolites were detected in the bile, urine and plasma of patients, while
10-deacetylpaclitaxel and 10-deacetylbaccatin III and baccatin III were iden-
tified [7]. 6a-OHP is formed by human liver CYP2C8 [5]. C3’-OHP is pro-
duced by CYP3A4 [5,6].
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This study investigated in vifro microsomal paclitaxel metabolic
differences in minipigs, regular pigs, humans and rats. It seemed of
particular interest, since metabolism in pigs supposedly resemble closely
that of humans and pig livers have been even considered future candi-
dates for human transplantation.

Materials and Methods

Microsomes from male Wistar rats (weight 280-300g) were prepared
by homogenization and differential centrifugation as described in detail
before [8]. Specific induction of CYP2E1l by benzene inhalation and
that of CYP3A1/2 by pregnenolon 16a-carbonitrile pretreatment in rats
and immunochemical characterization of the induction was performed
as described before [8,9].

Incubations. The incubation mixture included microsomal protein,
Img/ml, in 150mM KCI/50mM Tris-HCI buffer, pH 7.4 and 10 puM
paclitaxel. The reaction was initiated by adding NADPH-generating system,
final concentrations: 1mM NADP; 10mM glucose-6-phosphate; 10mM
MgCl; 0.5 U/ml glucose-6-phosphate dehydrogenase. The samples were
incubated at 37°C for 30 min in a shaking water bath. For the kinetic
assays 2.5 — 25 uM paclitaxel was used.

Sample preparation and HPLC analysis. Paclitaxel and its metabolites
were extracted with 2 x 3.5 ml of ethyl acetate. Extracts were evapo-
rated to dryness under mild nitrogen stream and reconstituted in 200 pL
of the mobile phase (methanol: water, 65:35, v/v) and analyzed by
HPLC with flow rate 1.0 ml/min and detection 232 nm. 6a-OHP and
C3’-OHP were identified by MS analysis and by comparison with au-
thentic standards.

Identification of other paclitaxel metabolites by MS/MS. Elution fraction
samples were measured by the HPLC-ESI MS method, column Luna 3
p, C18, 150x1 mm, mobile phase methanol/10 mM ammonium formate
(7:3, viv).

Results and Conclusions

The following products of paclitaxel were obtained (Figure 1). Rats
formed primarily C3'-OHP, C2-OHP being quantitatively second and a
minor so far unreported di-OHP was also produced. Morecover, rat
microsomes metabolized paclitaxel to a so far unreported hydroxypaclitaxel,
which was characterized by HPLC-MS. This unknown OHP was quan-
titatively the third rat metabolite; it was observed in CYP3A1/2-induced
as well as in uninduced rat liver microsomes. The minipig and regular
pig microsomes produced predominantly (95% of all metabolites) the
so far unknown OHP, which was a minor product in rats. C3'-OHP was
a minor metabolite in minipigs and box sexes of regular pigs, but C2-
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Paclitaxel metabolites in different species
DOPCN treated rat O Minipig @ Female pig 8 Male pig & Human

R DR 11 1 R 1™

di-OHP C3-OHP C2-OHP Unknown 6alpha-
Metabolites OHP OHP

Figure 1: Interspecies variability in the formation of paclitaxel metabolites. Data
were means and SD expressed as pmol metabolites in 1 min by 1 mg microsomal
protein.

OHP was detected only in minipigs. The overall metabolic rates in
minipigs were similar to untreated rats, while regular pigs metabolized
paclitaxel at less than half of that. Only in human liver microsomes, 60.-
OHP was formed. The other metabolites were C3-OHP, C2-OHP and
a minor di-OHP, which was previously detected in human microsomes
in vitro [6]. The kinetic data of the formation of various paclitaxel
metabolites in rat, minipig, regular pig and human microsomes, respec-
tively, obeyed the Michaelis-Menten kinetics. The kinetic characteris-
tics, K (Michaelis constant) and V__ (maximum velocity) for paclitaxel
oxidation are displayed in Table 1.

In conclusion, several new hydroxylated metabolites were detected
in human, rat, pig and minipig microsomes. It became obvious that
despite various similarities between human and pig or minipig metabo-
lism, and even similarities of their CYP3A orthologues, these enzymes
form significantly different products of paclitaxel in regular pigs and

Table 1: Kinetic parametres of paclitaxel oxidation in different species. Data are
presented as means and SD (n = 3).

Microsomes | Paclitaxel CYP Ku Voo Von
hydroxy-  enzymes (uM) (pmoliminy /Ky
lation mgP)

PCNra C3 3A172 245+43 1845111 75
C2 326+135 402+11.1 1.2
Unknown 171+£45 264+538 1.5

Minipig Unknown 3429 14722 287+39 2.0

Regularpig | Unknown 3A29 16827 13527 0,38

Human Cc3 3A4 199+19 14319 0,7
6alpha 2C8 9347 609+£397 65
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minipigs in contrast to humans. Moreover, pigs are apparently lacking
a CYP2C8 orthologue, which would be able to form the apparently
unique human 64-OHP metabolite.
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ABSTRACT:

We investigated cytochrome P450 (P450)-catalyzed metabolism of the
important cancer drugs paclitaxel and docetaxel in rat, pig, minipig,
and human liver microsomes and cDNA-expressed P450 enzymes. In
rat microsomes, paclitaxel was metabolized mainly to C3’'-hydroxypa-
clitaxel (C3’-OHP) and to a lesser extent to C2-hydroxypaclitaxel (C2-
OHP), di-hydroxypaclitaxel (di-OHP), and another unknown monohy-
droxylated paclitaxel. In pig and minipig microsomes, this unknown
hydroxypaclitaxel was the main metabolite, whereas C3'-OHP was a
minor product. In minipigs, C2-OHP was the next minor product. In
human liver microsomes, 6a-hydroxypaclitaxel (6a-OHP) was the main
metabolite, followed by C3’'-OHP and C2-OHP. Among different cDNA-
expressed human P450 enzymes (CYP1A2, 1B1, 2A6, 2C9, 2E1, and
3A4), only CYP3A4 enzyme formed C3'-OHP and C2-OHP. Docetaxel
was metabolized in pig, minipig, rat, and human liver microsomes

mainly to hydroxydocetaxel (OHDTX), whereas CYP3A-induced rat
microsomes produced primarily diastereomeric hydroxyoxazolidino-
nes. Human liver microsomes from 10 different individuals formed
OHDTX at different rates correlated with CYP3A4 content. Troleando-
mycin as a selective inhibitor of CYP3A inhibited the formation of
C3'-OHP, C2-OHP, and di-OHP, as well as the unknown OHP produced
in rat, minipig, and pig microsomes. In human liver microsomes, trole-
andomycin inhibited C3’-OHP and C2-OHP formation, and a suitable
inhibitor of human CYP2CS8, fisetin, strongly inhibited the formation of
6a-OHP, known to be catalyzed by human CYP2C8. In conclusion, the
metabolism of docetaxel is the same in all four species, but metabo-
lism of paclitaxel is different, and 6ax-OHP remains a uniquely human
metabolite. Pigs and minipigs compared with each other formed the
same metabolites of paclitaxel.

Paclitaxel (Taxol) and docetaxel (Taxotere) are mitotic poisons
stimulating polymerization of microtubuli and inhibiting their depo-
lymerization (Spencer and Faulds, 1994). These drugs cause the
formation of deformed tubulin structures, e.g., asterisks and stars
(Schiff et al.,, 1979), and induce apoptosis (Fan, 1999; Aoudjit and
Vuori, 2001). They have been successfully used in breast, ovarian,
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and lung cancer therapy (Rowinsky et al., 1992; Huizing et al., 1995;
Klener, 1995).

Paclitaxel is metabolized primarily in liver, and its metabolites are
excreted in the bile (Monsarrat et al., 1990, 1993). Four metabolites
have been identified in rat liver microsomes and hepatocytes, mainly
paclitaxel hydroxylated at the phenyl C3’ at the side chain of C13
(C3'-OHP') and, to a lesser extent, C2-OHP (Walle et al., 1993;
Anderson et al., 1995) (Fig. 1). Three other metabolites were found in
dexamethasone-treated rats, two of which were identified as
deacetylpaclitaxel and deacetylated C2-OHP (Anderson et al., 1995).
Nine metabolites were detected in vivo in rat bile, and C3’'-OHP,
C2-OHP, and baccatin III were identified (Monsarrat et al., 1990). In
rats, the hydroxylated metabolites are produced by CYP3A1/2 (Walle
et al., 1993; Anderson et al., 1995). In human liver microsomes, three

! Abbreviations used are: C3'-OHP, C3'-hydroxypaclitaxel; P450, cytochrome
P450; C2-OHP, C2-hydroxypaclitaxel; di-OHP, di-hydroxypaclitaxel; 6x-OHP,
6a-hydroxypaclitaxel; TAO, troleandomycin; PCN, pregnenolon-16«-carbonitrile;
MS, mass spectrometry; MS/MS, tandem MS; tg, retention time; HPLC, high
performance liquid chromatography; NPR, NADP(H)-cytochrome P450 reduc-
tase;
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FiG. 1. Chemical structures of paclitaxel, docetaxel, and their metabolites.

metabolites were identified in vitro; 6a-OHP (with a OH group on the
phenyl at C6 of the taxane ring) was the main metabolite, whereas
C3'-OHP was formed to a lesser extent (Cresteil et al., 1994; Kumar
et al, 1994; Rahman et al., 1994). A minor di-OHP metabolite,
formed from 6a-OHP, was found in human liver slices and micro-
somes (Harris et al., 1994b). In an in vivo study, these and seven other
metabolites were detected in the bile of patients, and 10-deacetylpa-
clitaxel, 10-deacetylbaccatin III, and baccatin III were also identified
(Monsarrat et al., 1998). Six metabolites of paclitaxel were identified
in urine and 6a-OHP, C3’-OHP, di-OHP, and 10-deacetylpaclitaxel
were also identified in plasma (Monsarrat et al., 1998). 6a-OHP is
formed by human liver CYP2C8 (Rahman et al., 1994). CYP2C8 also
oxidizes other clinically important drugs such as the antidiabetic
troglitazone, the antiarrhythmic amiodarone, the 3-hydroxy-3-meth-
ylglutaryl-CoA reductase inhibitor cerivastatin, retinoids, and arachi-
donic acid (Nakajima et al., 2003). C3’-OHP is produced by CYP3A4
(Harris et al., 1994b; Rahman et al., 1994). The formation of di-OHP
results from stepwise catalysis by CYP2C8 and CYP3A4 (Harris et
al,, 1994b). 6a-OHP was about 30-fold less active than paclitaxel in
tumor cell lines in vitro (Harris et al., 1994a), and C3'-OHP, C2-OHP,
and baccatin III were also less cytotoxic (Monsarrat et al., 1990).
Human CYP1A2, 2E1, 3A4, and 3A5 expressed in Escherichia coli,
HepG2, or human lymphoblastoid cells catalyzed only C3’'-OHP
formation (Harris et al., 1994b).

Docetaxel is metabolized to the same products in humans and rats
in vitro and in mice, rabbits, and dogs in vivo. The main metabolite
formed in vivo is hydroxylated at C13 of the fert-butyl side chain. It
is further oxidized and cyclized via an unstable aldehyde to two
stereomeric hydroxyoxazolidinones. Hydroxydocetaxel can also be
oxidized, via an unstable carboxylic acid, to oxazolidinedione (Marre
et al.,, 1996; Royer et al., 1996; Monsarrat et al.,, 1997). CYP3A4/5
dominates human metabolism of docetaxel (Shou et al., 1998), indi-
cating that their different individual expression might result in differ-
ent metabolism of docetaxel among individuals.

We investigated in vitro metabolism of paclitaxel and docetaxel in
pig and minipig microsomes in comparison with humans and rats.
Metabolism of taxanes has not yet been investigated in pigs or
minipigs. The aim was to determine whether pigs metabolize pacli-
taxel and docetaxel in a similar way and whether their metabolism
resembles that in humans, who had been considered the only species
to form 6a-OHP. Minipigs and pigs might be suitable experimental
animals to predict metabolic pathways in humans, because the most
important human P450 isoform (CYP3A) has ortholog isoform
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present in minipigs at comparable levels and activities, and there is no
need to induce P450 enzyme levels (Anzenbacher et al., 1998).
Moreover, CYP3A29 has been identified in the pig according to
European Molecular Biology Laboratory/GenBank/DNA Data Bank
of Japan databank submissions (Jurima-Romet et al., 2000) as an
ortholog of human CYP3A4. Furthermore, metabolism in pigs sup-
posedly closely resembles that of humans, and pig livers have even
been considered future candidates for human transplantation.

Materials and Methods

Chemicals. Paclitaxel was obtained from Fluka (Buchs, Switzerland); 6a-
OHP was purchased from BD Gentest (Woburn, MA). C3’-OHP, pregnenolon-
16a-carbonitrile (PCN), and fisetin were from Sigma-Aldrich Chemie (Stein-
heim, Germany). Docetaxel, hydroxydocetaxel, two stereomeric
hydroxyoxazolidinones, oxazolidinedione, and 7-epidocetaxel were generous
gifts of Aventis (Strasbourg, France).

Preparation and Characterization of Microsomes. Male Wistar SPF rats,
purchased from VELAZ (Prague, Czech Republic) (weight 280-300 g), were
kept on a pellet diet and tap water ad libitum 1 week before experiments. For
induction of CYP3A1/2, PCN was given in five intragastric intubations, 25
mg/kg in olive oil, in 12-h intervals during 3 days. Animals were killed 24 h
after the last PCN dose, giving high CYP3A1/2 induction as described before
(Nedelcheva et al., 1998). They were euthanized by decapitation, and livers
were rapidly excised and chilled in ice-cold physiological saline and homog-
enized in an ice-cold solution of 150 mM KCV/50 mM Tris-HCl, pH 7.4.
Human liver samples were obtained from transplantation donors in accordance
with Czech law. Livers were collected from 10 male organ donors with
unknown drug history who had died from head injury (gun shot, traffic
accidents) at the age of 16 to 42 years. During the heart or kidney transplan-
tation procedure, the liver samples were excised and immediately frozen and
then maintained in liquid nitrogen. The time period between the beginning of
blood exchange and freezing the liver in liquid nitrogen was 9 to 46 min; this
period, as well as age, did not correlate with various P450 activities and
immunochemical levels (Nedelcheva et al., 1999). These liver samples were
homogenized in the same way as the rat livers. Untreated castrated male
minipigs (Bmo White variety of Goettingen minipig; Research Institute of
Veterinary Medicine, Brno, Czech Republic) weighing 22 to 31 kg and 6
months old, were kept in a breeding facility of The Palacky University
(Olomouc, Czech Republic). Untreated castrated male pigs and female pigs
(Czech Markedly Fleshy breed) were obtained from Slaughter House Cesky
Brod (Cesky Brod, Czech Republic) and the Research Institute of Animal
Production (Prague-Uhrineves, Czech Republic). All pigs were fed regular
commercial pig food. The livers from pigs and minipigs were obtained 10 min
after electrocution, followed by exsanguination. Microsomes were prepared by
differential centrifugation as described previously (Gut et al., 1993). P450
concentration was estimated according to the method of Omura and Sato
(1964). The concentration of microsomal protein was determined according to
the method of Lowry et al. (1951), with bovine serum albumin as standard.
Specific induction of CYP3A1/2 in rats by pregnenolone 16a-carbonitrile
pretreatment (inducing higher levels than dexamethasone) was immunochemi-
cally characterized as described previously (Nedelcheva et al., 1998; Gut et al.,
2000). Specific P450 contents are shown in Table 1.

Incubations. The incubation mixture included 150 mM KCUV/50 mM Tris-
HCI buffer (pH 7.4), | mg/ml microsomal protein, and 10 uM paclitaxel or
docetaxel, added as 10 mM solutions in methanol (up to 0.1% v/v). Even a 1%
concentration of methanol did not inhibit metabolism of paclitaxel or docetaxel
in our experiments (data not shown). Selection of a 10 uM concentration was
related to K|, values reported and observed by us, and these levels are close to
Cax levels during infusion. Samples with microsomes from different species
were incubated at the same time in several experiments to exclude interex-
periment variability. The reaction was initiated by adding an NADPH-gener-
ating system (final concentrations 1 mM NADP, 10 mM glucose 6-phosphate,
10 mM MgCl, 0.5 U/ml glucose-6-phosphate dehydrogenase. The samples
were incubated at 37°C for 30 min in a shaking water bath. The incubation was
stopped by chilling the samples and immediate extraction with ethyl acetate.
Control samples were incubated in the absence of the NADPH-generating
system.
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TABLE |

P450-specific contents in liver microsomes from different species

P450-Specific Content

Unurcated rat PCN-Treated Rat Minipig Pig (Femalcs) Pig (Males) Human
(n=2395) (n=25) n=2) (n=3) (n=3) (n=10)
nmol P450/mg of protein
0.39 0.95-1.16 0.23 0.39-0.44 0.36-0.50 0.13-0.31

Metabolite Formation by ¢cDNA-Expressed Human P450 Enzymes. E.
coli membranes with simultaneously expressed CYP3A4 or several other
P450s and NPR [NADP(H)-cytochrome P450 reductase] were used for anal-
ysis of paclitaxel metabolism. Plasmids based on the bicistronic system were
obtained from F. P. Guengerich (preparation described by Parikh at al., 1997).
Samples of 1.0 ml total volume contained CYP3A4-NPR (150 pmol of
P450/incubation and NPR at similar levels) with 10 uM paclitaxel (added as
1 pl of 10 mM solution in methanol) and were incubated as described above.

Sample Preparation and HPLC Analysis. After the reactions with micro-
somes and cDNA-expressed CYP3A4, paclitaxel or docetaxel and their me-
tabolites were extracted into distilled ethyl acetate (two times at 3.5 ml). These
ethyl acetate extracts were evaporated to dryness under a nitrogen stream. The
dry extracts were dissolved in 200 ul of the mobile phase methanol/water,
65:35 (v/v) for paclitaxel (Cresteil et al., 1994). The mobile phase for docetaxel
(acetonitrile/methanol/tetrahydrofuran/water, 21:35:2:42) gave better resolu-
tion of metabolites than the previously used mixture of acetonitrile/methanol/
water (26:32:42) or the previously mentioned mixture of methanol/water, or a
mixture ¢f ammonium acetate/acetonitrile (43:57, v/v) (Garg and Ackland,
2000). The HPLC conditions were as follows: HPLC Agilent Series 1100
system with autosampler, 20-ul sample loop; Macherey-Nagel column (4 X
250 mm with Nucleosil 10-5 C18), flow rate 1.2 mI/min, detection wavelength
232 nm (paclitaxel) and 230 nm (docetaxel). The data were analyzed by CSW
software (Chromatography Station for Windows, version 1.7; DataApex, Pra-
gue, Czech Republic). Only products formed in the presence of paclitaxel or
docetaxel and NADPH and not present in the absence of either of them were
considered as drug metabolites. 6a-OHP was identified by MS analysis and by
comparison with an authentic standard (BD Gentest). C3’'-OHP was identified
by means of MS and by comparison with authentic standard (Sigma-Aldrich,
St. Louis, MO). Both these metabolites were quantified according to calibra-
tion curves, which were linear in the range of 0.1 to 100 uM concentrations.
Commercial standards are not available for C2-OHP and for the unknown
metabolite of paclitaxel; therefore, paclitaxel was used as a standard, assuming
an identical molar extinction coefficient, as described in Vaclavikova et al.
(2003). Docetaxel metabolites were detected and quantified according to the
signal of authentic standard products generously provided by Aventis.

Identification of Other Paclitaxel Metabolites by MS/MS. HPLC elution
fractions, representing metabolites of paclitaxel, were collected as defined
peaks during HPLC analysis and dried under a nitrogen stream. For analysis by
MS, the samples were dissolved in 125 ul of 10 mM ammonium formate/
methanol (1:1), transferred into autosampler vials, and measured using an
HPLC-electrospray ionization MS method, with a Luna 3-um C18 column,
1 X 150 mm, mobile phase methanol/10 mM ammonium formate (7:3 v/v).
The structures of taxanes and their metabolites are shown in Fig. 1. The
characteristics of the respective products of paclitaxel are listed in Table 2.

Enzyme Kinetic Assays. For kinetic assays, 2.5 to 25 uM paclitaxel or
docetaxel concentrations were used. The apparent V., and K, values were
calculated from equations fitting the data in double-reciprocal plots in the
program Microsoft Excel (Microsoft, Redmond, WA). The H6 human liver
microsomal sample, exhibiting the highest enzyme activity, provided the best
precision and enabled analysis of all four detectable human metabolites.
Microsomes from control and PCN-pretreated rats were used for the same
purpose, because of high activity.

Inhibition Studies. Inhibition studies of paclitaxel metabolism were per-
formed in the presence of 20, 30, 60, or 100 uM troleandomycin (inhibitor of
CYP3A) and 30 uM fisetin (inhibitor of CYP2C8) (Vaclavikova et al., 2003)
in the incubation mixtures. Troleandomycin was preincubated for 5 min at
37°C (Nedeicheva et al., 1998) with the microsomes or cDNA-expressed
CYP3A4 in the presence of the NADPH-generating system before the addition

of paclitaxel (10 uM). Fisetin (1 mM stock solution in methanol used to make
30 1M concentration in the incubation mixture) was added to the tubes, the
methanol was evaporated to dryness under a nitrogen stream, and fisetin was
redissolved in 150 mM KCVl/50 mM Tris-HCI buffer (pH 7.4) by sonication at
80°C for 20 min. After the 20-min sonication, fisetin had not lost its activity.
The other components of incubation were added subsequently, and the incu-
bations and HPLC analysis were performed as described above. Inhibition
studies were not done with docetaxel, because CYP3A enzymes apparently
formed all the metabolites studied.

Statistics. Data are presented as means * S.D. of the experimental values.
Analysis of statistical significance (*p < 0.05 or **p < 0.01), where appro-
priate, was performed using a one-sided Student’s ¢ test. The p values corre-
sponded to at least two separate determinations.

Results

Microsomal Metabolism of Paclitaxel. The metabolites isolated
from incubations with rat liver microsomes were characterized: 1z =
3.16 min, MH + 886.3, di-OHP; fz = 3.92 min, MH + 870.3, OHP;
tg = 4.73 min, MH + 870.3, OHP; #; = 5.56 min, MH + 870.3, OHP
(which was different from 6a-OHP and was concluded to be a
precursor of di-OHP with the OH position not yet characterized)
(Table 2). Rats formed, primarily, C3’-OHP; less, C2-OHP and a
minor, previously not reported di-OHP, whose exact positions of
hydroxyls could not be identified from MS/MS spectra. C3'-OHP was
identified by MS as OHP (#z = 3.92 min) and by comparison with an
authentic standard. C2-OHP was identified as OHP (1 = 4.73 min)
by MS and specifically as C2-OHP, because it was the second most
abundant product next to C3'-OHP found in rat liver microsomes
(Table 3), in accordance with Walle et al. (1993) and Anderson et al.
(1995). HPLC conditions used by Anderson and Walle (1993) are
described in the legend for Table 2. Moreover, rat microsomes me-
tabolized paclitaxel to a previously not reported OHP (#; = 5.56 min),
which was characterized by HPLC-MS. This unknown OHP was
quantitatively the third most abundant rat metabolite and was ob-
served in CYP3A1/2-induced as well as in uninduced rat liver micro-
somes (Table 3). This metabolite has a close, but reproducibly differ-
ent 1, (80.40% * 0.15% of paclitaxel) from that of 6a-OHP found in
human microsomes (fz = 79.55 * 0.15% of paclitaxel), and the
percentage f, proved to give higher reproducibility than absolute 7,
values in minutes.

6a-Hydroxypaclitaxel (6a-OHP), formed as major metabolite in
human microsomes, was not formed by microsomes from pigs, minip-
igs, or rats. The human microsomes from different individuals also
formed C3'-OHP and C2-OHP (Table 3).

The pig and minipig microsomes produced predominantly the above-
mentioned unknown OHP, which created 95% of all detected products of
paclitaxel, whereas it was a minor product in rats. C3’'-OHP was a minor
metabolite in minipigs and both sexes of pigs; C2-OHP was a minor
product, which was detected only in minipigs. The overall metabolic rates
in minipigs were higher than in pigs and untreated rats (Table 3).

Kinetic Characterization of Paclitaxel Metabolism. We com-
pared the kinetic parameters of paclitaxel oxidation not previously
reported in pig and minipig microsomes with those of human and rat
microsomes. The formation of various paclitaxel metabolites in rat,
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TABLE 2
Identification and characterization of reported and tentative products of paclitaxel metabolism

Profiles Rats Humans
Known products di-OHP C3'-OHP C3'-OHP 6a-OHP Paclitaxcl
Tentative products C2-OHP OHP C2-OHP
Authentic standard na. Yes na. n.a. Yes na. Yes Yes
% ty of paclitaxcl” 41 £ 0.15 51.7+0.2 62.8 +0.3 80.4 £ 0.15 51.7+02 628 0.3 79.55 * 0.15 100
t for HPLC-UV? (min) 6.15 7.76 9.42 12.06 7.76 9.42 12.06 15
tx for HPLC-MS* (min) 3.16 3.92 4.73 5.56 3.92 4.73 6.12 6.52
MH + HPLC-MS“ 886.3 870.3 870.3 870.3 870.3 870.3 870.3 854.3
HPLC-MS di-OHP C3’-OHP OHP OHP C3'-OHP OHP 6a-OHP Paclitaxel
Order of amount, litcraturc? nr. 1 2 n.r. 2 1 nr.
Order of amount, our data 4 1 2 3 2 3 1
Inference di-OHP C3’-OHP C2-OHP OHP C3'-OHP C2-OHP 6a-OHP Paclitaxcl

n.a., not availablc; n.r., has not been reported before.
“ Our data.
* HPLC conditi

ons for d :rat

MC

[*H]Taxol HPLC scparation, mobile phase 35% acctonitrile, wavelength 229 nm, flow rate 1 ml/min (Walle ct al., 1993; Anderson ct al., 1995);

human microsomes, mobile phasc 35% acctonitrile, wavclength 229 nm, flow rate 0.6 ml/min (Kumar et al., 1994), mobilc phase methanol/H,0 (65:35), 235 nm, flow ratc 1 mUmin (Cresteil ct

al., 1994).

TABLE 3

Variability in the formation of paclitaxel metabolites

Oxidation of paclitaxcl was investigated in liver microsomes or in cDNA-cxpressed CYP3A4. Data arc means * S.D. (n = 3). Boldface indicates that this was thc main mctabolite

described in this study.

Paclitaxel Metabolites

Specics
di-OHP C3'-OHP C2-0HP 6a-OHP Unknown
pmol/min/mg microsomal protein
Untreated rat 1.0*05 316 £ 1.5 05*02 * 1002
Rat (PCN-induccd) 19*0.1 81.5+27 185+ 03 * 14408
Minipig * 04*02 03 *0.1 * 13.8+25
Regular pig (females) * 03*00 * * 5801
Regular pig (males) * 0.5%0.1 * * 59+12
Human * 15045 1.5*09 81.8 =212 *
CYP3A4 * 1.38 = 0.2¢ 0.15 = 0.1 * *
*, metabolitc was not d d in liver micr or CYP3A4.

“ Rates of formation of paclitaxcl metabolites in cDNA-cxpressed CYP3A4 are presented as pmol/min/nmol P450.

pig, minipig, and human microsomes all showed hyperbolic kinetics.
The sample curve of estimation of kinetic characteristics is shown in
Fig. 4A. The K, and V_,, values for major paclitaxel oxidation,
calculated from Lineweaver-Burk plots, are presented in Table 4.

Chemical Inhibition Studies with Paclitaxel. Inhibition of the
formation of paclitaxel metabolites by selective CYP3A inhibitor
TAO is shown in Fig. 2, A to C. In the CYP3A1/2-induced rat
microsomes from rats treated with PCN, TAO significantly inhibited
the conversion of paclitaxel to all four detected metabolites (Fig. 2A).
In minipig microsomes, TAO inhibited the formation of C3'-OHP,
C2-OHP, and the unknown OHP (# at 80.4% of paclitaxel) (Fig. 2B).
In the male and female pig microsomes, the formation of C3’'-OHP
and of the unknown OHP (80.4% 1) was inhibited by TAO (Fig. 2C);
inhibition of this unknown OHP in minipigs was stronger than in pigs.
In human microsomes, TAO strongly inhibited the production of
C3’-OHP and C2-OHP. As expected, TAO did not inhibit the forma-
tion of the major human metabolite 6«-OHP, which is catalyzed by
CYP2C8 (Rahman et al., 1994). Fisetin significantly inhibited the
formation of 6a-OHP in human liver microsomes and exerted only a
mild but significant effect on the formation of other paclitaxel me-
tabolites (Fig. 3).

Metabolism of Paclitaxel by ¢cDNA-Expressed P450s. Human
CYP3A4 expressed in E. coli metabolized paclitaxel to C3'-OHP and
C2-OHP (Table 3), indicating that CYP3A4 formed both these prod-
ucts. Moreover, TAO inhibited the formation of both metabolites by
=90% (Fig. 3). In contrast, fisetin, which significantly inhibited the
formation of the CYP2C8-produced 6a-OHP, inhibited the formation

of C3’-OHP and C2-OHP markedly less than did TAO, in a manner
similar to that of human microsomes.

Microsomal Metabolism of Docetaxel. In contrast to paclitaxel,
the rat, human, pig, and minipig microsomes formed the same me-
tabolites of docetaxel, with hydroxydocetaxel being the main product.
In contrast, CYP3A-induced microsomes from rats treated with PCN
produced a markedly different pattern of docetaxel metabolites when
analyzed under the same conditions (10 uM docetaxel, 30-min incu-
bation, 1 mg/ml microsomal protein), in that virtually all docetaxel
was consumed and both diastereomeric hydroxyoxazolidinones were
predominant metabolites. The difference was related to high CYP3A
expression in PCN microsomes. Identical data were obtained when the
incubation lasted only 10 min (Table 5). However, reduction of the
microsomal protein concentration to 0.1 mg/ml resulted in a pattern of
docetaxe! metabolites similar to that of untreated rats and the other
species used (data not shown).

Kinetic Characteristics of Docetaxel Metabolism. Docetaxel me-
tabolism in pig, minipig, human, and untreated rat microsomes re-
vealed differences in K, V.., and enzyme efficiency (V,,../K,.)
(Table 6). The sample curve of estimation of kinetic characteristics is
shown in Fig. 4B. Possible differences in metabolic rates and conse-
quent inactivation of docetaxel may also occur among the studied
species in vivo.

Discussion

This study compared metabolic profiles and rates of paclitaxel and
docetaxel in different species, especially in pigs and minipigs, both of
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TABLE 4

Kinetic constants of major paclitaxel oxidation in rat, minipig, regular pig, and human liver microsomes

Substrate concentrations uscd for paclitaxcl oxidation were 2.5 to 25 uM. Results are presented as means = S.D. (n = 3).

Microsomes Paclitaxcl 1lydroxytation P450 Enzymces K, Vnax Fonax/Kon
uM pmol/min/mg prolein
Untreated rat” C3’ CYP3A12 16 2 20* 12 1.2
PCN-treated rat” C3' CYP3Al12 25+4 184 £ 11 15
Minipig Unknown Possible CYP3A29 15+2 29+4 19
Pig Unknown Possible CYP3A29 17x3 143 0,8
Human sample H6“ 6a CYP 2C8 9=*5 61 x40 6.5

“ Kinctic parameters reported in Vaclavikova et al. (2003).

which have not been studied before in this context. Minipig liver
microsomes expressed activities characteristic of human CYP3A4
(nifedipine oxidation), 2A6 (coumarin 7-hydroxylation), 2D6é (bu-
furalol 1’-hydroxylation), 2C9 (tolbutamide hydroxylation), and 2E1
(p-nitrophenol hydroxylation) (Anzenbacher et al., 1998). The testos-
terone 6f3-hydroxylation activity of minipig microsomes also corre-
sponded to values for human liver microsomal activity (Anzenbacher
et al., 1998), and this enzyme activity was higher in minipigs than in
pigs (Skaanild and Trios, 1997). In pigs, we paid particular attention
to CYP3A and CYP2C8, which are important in the metabolism of
paclitaxel and docetaxel, and we have found great similarity between
the metabolic profiles of testosterone in human and pig livers in
comparison with rats and dogs. This correlated with the fact that
CYP3A4 is the major P450 isozyme in the human liver and suggested
that a CYP3A isozyme must also be the major hepatic P450 in the pig.
The same testosterone metabolic profile was found between pig and
human hepatocytes (Donato et al.,, 1999). The cross-reactivity of
human CYP3A4 antibodies with pig liver microsomal protein sug-
gests at least partial homology between the human CYP3A4 and its
equivalent isoform in pig liver. Furthermore, human cDNA probe for
CYP3A4 hybridized to pig liver mRNA indicated that the pig
CYP3A29 gene has considerable homology to the human gene (Ju-
rima-Romet et al., 2000). Minipigs also contained proteins similar to
human CYP3A4 and/or 3A5 as shown by immunoblotting (Anzen-
bacher et al., 1998). Moreover, the N-terminal amino acid sequences
of the minipig liver microsomal CYP3A and pig CYP3A29 were
identical and showed 60% identity with human CYP3A4 (Soucek et
al., 2001). Despite all of these similarities between minipigs, pigs, and
humans, we found marked species differences in paclitaxel metabo-
lism. The 40% difference between the amino acid sequence of human
CYP3A4 and CYP3A29 ortholog in pigs may result in large differ-
ences in substrate specificity. Therefore, it is not surprising that we
have found differences in paclitaxel metabolism. Minipig and regular
pig microsomes oxidized paclitaxel mainly to an OHP different from
all fully characterized OHP metabolites. It was a minor metabolite in
rats and absent in humans (Vaclavikova et al., 2003), and may be
4-hydroxypaclitaxel or 10-hydroxypaclitaxel (Slatter et al., 1997). The
results show that structurally and metabolically similar pig/minipig
and human P450 enzymes may form different products of paclitaxel
and suggest significant differences in their catalytic sites. 6a-OHP
was the main metabolite in human microsomes and C3'-OHP was the
main product in rats. Thus, the metabolic profile of paclitaxel in pigs
and minipigs differed completely from that in humans and also in rats.
Considering the fact that small differences between amino acid se-
quence of P450 orthologs may result in significantly different metab-
olism of xenobiotics, identical metabolic profiles of paclitaxel and
docetaxel found here suggest that pig and minipig CYP3A enzymes
are closely related. The overall metabolic rates in untreated pigs,
minipigs, and rats were similar but significantly lower than those in
most human microsomes due to the fact that humans metabolize

paclitaxel mainly using CYP2C8. The 10-fold higher metabolic rate in
microsomes of rats treated with PCN than in untreated rats corre-
sponded to CYP3A1/2 induction. The V,,,./K,, for 6a-OHP (6.5) was
significantly higher than that for any other metabolite in these species
except PCN-treated rats, which represent an artificial case with sev-
eralfold higher CY3A1/2 levels than in uninduced rats.

TAO is a known inhibitor of CYP3A activity in human (Harris et
al., 1994b), rat (Nedelcheva et al., 1998), and minipig (Anzenbacher
et al., 1998) microsomes. In this study we investigated the effect of
TAO on paclitaxel metabolism in pigs and minipigs in comparison
with its effect in rats and humans. Although human P450s and their
established markers and inhibitors are not always appropriate for
extrapolation to other animal P450s, TAO was found to be a good
inhibitor of human CYP3A4 ortholog form CYP3A29 in minipigs.
Harris et al. (1994b) observed that the formation of C3’-OHP was
inhibited by 20 uM TAO to 15% of control activity. In this work with
PCN-treated rat liver microsomes, TAO (30, 60, or 100 uM) caused
a concentration-related inhibition of C3’-OHP to 15% and that of
C2-OHP to 5% of control activity (Fig. 2A). The inhibition of C3’-
OHP and C2-OHP formation in minipig microsomes by 30 uM TAO
was virtually complete as well as that of C3’-OHP in male and female
pig microsomes. The formation of the unknown OHP was inhibited in
a dose-related manner by 30, 60, and 100 uM TAO to 10% of control
activity in minipigs and less in female (to 30%) and male (to 45%)
pigs; the inhibition in microsomes isolated from PCN-treated rats
reached 30% of control activity without evidence of a concentration
effect. In human liver microsomes and CYP3A4-containing mem-
branes, TAO significantly inhibited the production of C3’'-OHP and
C2-OHP but did not affect 6a-OHP formation, whereas the opposite
was true for the effect of fisetin. The role of human CYP3A4 in
C2-OHP formation was clearly demonstrated by its production with
cDNA-expressed CYP3A4 as well as its inhibition by TAO. The
formation of C3’'-OHP, C2-OHP in all four species, and unknown
OHP in minipigs, pigs, and rats was strongly inhibited by TAO.
Moreover, our data indicate that human CYP2C8 was the only P450
involved in the formation of 6a-OHP. These inhibition studies indi-
cated that the minor paclitaxel metabolite in human microsomes (44%
t of paclitaxel) was apparently not the di-OHP reported by Harris et
al. (1994a), since it was not sufficiently inhibited by fisetin, although
CYP2C8 is involved in di-OHP formation and fisetin was shown to
inhibit CYP2CS8.

The sensitivity of particular P450 enzymes to TAO was high in
pigs, minipigs, and humans, but significantly less in rats and also
varied for the different metabolites. In a previous study, TAO exerted
differential inhibition of nifedipine oxidation catalyzed by CYP3A in
minipig and human microsomes (Anzenbacher et al., 1998). It may be
due to structural differences in the CYP3A active sites of minipigs and
humans. Different sensitivity to inhibition by TAQO also supports the
idea that catalytic sites of CYP3A enzymes in these species differ.
Fisetin seemed to be a rather selective inhibitor of CYP2C8 in human
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FiG. 2. Inhibition of paclitaxel metabolism by TAO in rat, minipig, and pig liver microsomes.

TAO (30, 60, and 100 uM) was uscd to study its inhibitory cffect on the oxidation of paclitaxel (10 uM) in PCN-treated rat, minipig, and pig liver microsomes.
Incubation conditions were carricd out as described under Materials and Methods. Experimental samples with TAO were compared with activity of the particular P450
isoform without the presence of TAO but otherwise prepared in the same way. Data are presented as percentage of control activity of relevant liver microsomes in the
formation of paclitaxcl mctabolites. Each data point represents the mean (£S.D.) from at least two determinations. *, p < 0.05, **, p < 0.01 for Student’s ¢ tcsts.
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FiG. 3. Inhibition of paclitaxel metabolism by TAO and fisetin in human liver microsomes and cDNA-expressed CYP3A4.

Fisctin (30 #M) and troleandomycin (30, 60, and 100 M) were uscd to study their inhibition effects on the oxidation of paclitaxcl (10 uM) in human liver microsomes
(left side) and cDNA-expressed CYP3A4 enzymes (right side). Incubation conditions were carried out as described under Materials and Methods. Data arc presentcd as
percentage of control activity of relevant liver microsomes or cDNA-expressed CYP3A4 enzymes in the formation of paclitaxel metabolites. Each data point represents
the mean (+S.D.) from at lcast two detcrminations. *, p < 0.05, **, p < 0.01 for Studcnt’s ¢ tests.

TABLE 5

Variability in the formation of docetaxel metab

lites by liver micr

from different species

Docctaxcl concentration was 10 uM. Results arc means * S.D. of at least two determinations from 30-min incubations. In PCN microsomes, 10-min incubations that alrcady metabolized
docetaxcl completely were uscd. Values arc the rates of formation of docetaxcl metabolites in different liver microsomes.

Specics Hydroxydocctaxel

Hydroxyoxazolidinone ‘A’ Hydroxyoxazolidinone ‘B’

pmol of metabolite/min/mg protein

Untrecated rat 32+1 0.9 = 0.02 *
Rat (PCN induccd) * 2133 £ 82 2587 £ 13.6
Minipig 21+ 4 * *
Regular pig (females) 10 * *
Regular pig (males) 12x2 * *
Human sample H6 3515 0.7 +0.6 07x0.1
*, bolitc was not d d
TABLE 6
Kinetic constants of docetaxel oxidation to hyvdroxydocetaxel in rat, pig, minipig, and human liver microsomes
The results arc mcans of at Icast iwo cxperiments with microsomes pooled from six rats or one d pig, a repr ive regular pig of three males or three females, and (wo male
h Substrate uscd for docetaxcl oxidation were 2 to 25 uM.
Microsomcs P450 Enzymes K. Venax Vax/ K
uM pmol/min/mg protein
Untreated rat CYP3AL2 5.6 52 9.1
Minipig CYP3A29 35 52 15
8.1 (malcs) 23 (males) 29
Regular pig CYP3A29 5.1 (femalces) 21 (females) 4.0
Humans” CYP3A3/4 3.9-69 11.8-23 0.3-16.2

“ Interval of kinctic constants from two malc human microsmes.

microsomes. Fisetin (30 uM) inhibited CYP2C8-catalyzed formation
of 6a-OHP by more than 80%. This result was particularly interesting
since this 6a-hydroxylation of paclitaxel is used as a marker substrate
activity of human CYP2C8 (Projean et al., 2003). However, fisetin is
not a specific inhibitor of CYP2C8, since it also inhibited CYP3A-
catalyzed formation of C3'-OHP in human microsomes by up to 40%
in this study and by less than 20% in another study with human and
rat microsomes (Vaclavikova et al., 2003). Moreover, it was a good
inhibitor (IC5o = 9 uM) of CYP1A1/1A2-dependent 7-ethoxycouma-
rin O-deethylase activity in rat liver microsomes (Moon et al., 1998).
However, CYP1A1/1A2 do not participate in taxane metabolism.

In untreated rats, pigs, minipigs, and humans, docetaxel was me-
tabolized primarily to hydroxydocetaxel, and two diastereomeric hy-
droxyoxazolidinones were minor products, whereas CYP3A1/2-in-
duced rat microsomes metabolized docetaxel mainly to both
hydroxyoxazolidinones, and hydroxydocetaxel was a minor product.
Shorter incubations and less microsomal protein resulted in a meta-

bolic pattern similar to that of untreated rats or the other species. The
K, values and the metabolic rates of hydroxydocetaxel formation
were similar in all the tested species. However, some human livers
metabolized docetaxel at 10-fold lower rates than did the other spe-
cies, apparently due to great variability in CYP3A4/S expression. A
new mobile phase (acetonitrile/methanol/tetrahydrofuran/water, 21:
35:2:42 v/v) enabled isocratic separation of hydroxydocetaxel and
both diastereomeric hydroxyoxazolidinones within a reasonable time
of 33 min for complete analysis.

It seems interesting that humans metabolized paclitaxel at signifi-
cantly higher rates than the other species, but the opposite was true for
docetaxel. This phenomenon is partly due to the fact that paclitaxel
and docetaxel are metabolized by CYP3A orthologs, whereas pacli-
taxel is also oxidized by the uniquely human CYP2CS.

In conclusion, both taxanes are oxidized to products that are less
antineoplastic than the parent drug. The antineoplastic effects of
taxanes observed in vivo are apparently related to metabolic rates
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rather than to metabolic profiles. Humans (in vitro) metabolize pac-
litaxel at higher rates than do the other untreated species, and the
anticancer effects may, therefore, be less than might be observed in
the other species. CYP3A orthologs formed similar products of do-
cetaxel. In the case of paclitaxel, humans, pigs, minipigs, and rats,
respectively, formed different major metabolites, apparently due to
different catalytic sites of particular P450s and due to participation of
specific human CYP2C8, which is responsible for the human 6a-
hydroxylation of paclitaxel. Although inhibition studies with TAO
indicate participation of CYP3A ortholog forms in paclitaxel metab-
olism in different species, further studies are needed to fully charac-
terize pig, minipig, and human P450 orthologs. Knowledge of which
P450 enzymes form the respective metabolites enables extrapolation
of P450 expression in vivo to metabolic inactivation, and consequent
species and possibly human individual differences in the antineoplas-
tic effects of taxanes, which can help to predict pharmacological
interactions.
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Abstract The resistance of tumors to classic taxanes (pac-
litaxel and docetaxel) presents problems in chemotherapy.
Thus, new taxanes with higher antitumor activity in re-
sistant tumors are synthesized. This study compared cy-
totoxicity and transport of paclitaxel and docetaxel with
novel taxanes SB-T-1103, SB-T-1214, and SB-T-1216 in
adriamycin-sensitive (MDA-MB-435) and -resistant (NCLI/
ADR-RES) human breast cancer cells. The cell lines exam-
ined differ in adriamycin transport, suggesting different
expression of ABC membrane transporters. Reverse tran-
scription-polymerase chain reaction revealed that NCU/
ADR-RES cells expressed high levels of P-glycoprotein
mRNA, which was absent in MDA-MB-435 cells, while
the opposite was true for MRP2 mRNA. Both cell lines
shared or differently expressed eight other ABC transport-
ers and LRP. NCI/ADR-RES cells were 1,000-fold more
resistant to paclitaxel and 600-fold more resistant to do-
cetaxel in MTT assay than MDA-MB-435 cells, but almost
equally sensitive to SB-T-1103, SB-T-1214, and SB-T-
1216. This complied with the fact that NCI/ADR-RES cells
absorbed almost 20-fold less ['*C]paclitaxel, about 7-fold
less docetaxel, and almost equal amounts of SB-T-1103,
SB-T-1214, and SB-T-1216 as the MDA-MB-435 cells.
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Verapamil increased uptake of ['*CJpaclitaxel by NCI/
ADR-RES cells 7-fold and decreased its efflux 2.5-fold; in
contrast, it weakly influenced uptake and increased the ef-
flux in MDA-MB-435 cells. SB-T-1103 and SB-T-1216 did
not influence transport of paclitaxel, but SB-T-1214 de-
creased ['*CJpaclitaxel uptake in both cell lines indicating
inhibition of uptake. This suggests that the novel taxanes are
not inhibitors of P-glycoprotein. However, novel taxanes
exert much higher activity on resistant tumor cells than clas-
sic taxanes and seem to be potential drugs for therapy in
taxane-resistant tumors.

Keywords Taxanes - Multidrug resistence - Uptake -
Efflux - ABC transporters - Verapamil

introduction

Paclitaxel (Taxol) and docetaxel (Taxotere) are important
cytostatics in the therapy of breast, ovarian and other can-
cers (Vaclavikova et al. 2003). However, chemotherapy
often causes development of multidrug resistance (MDR) in
cancer cells (Ding et al. 2001). Effects of taxanes on MDR
tumors may be significantly decreased by high expression
of ABC transporters exporting drugs from tumors (Dean et
al. 2001). We have shown that cytochrome P450 (CYP)
metabolism decreased cytotoxicity of paclitaxel and do-
cetaxel for tumor cells (Gut et al. 2000). The efflux of
taxanes from tumors may decrease their anticancer ef-
ficiency even more significantly for protecting the target
cells directly. Paclitaxel and docetaxel are exported from
tumor cells by P-glycoprotein (P-gp), which belongs to the
ABC family transport proteins; it is encoded by the ABCB1
(MDR1) gene (Gottesman and Pastan 1993; Litman et al.
2001; Penson et al. 2004). Cancer cells over-expressing P-
gp have increased ability to extrude a wide variety of
chemically diverse cytotoxic drugs (Zhang 2001). Some
novel taxanes possess extremely high potency against drug-
resistant cancer cells expressing the MDR phenotype
(Miller and Ojima 2001). For instance, the structurally
similar SB-T-101187, SB-T-1213, and SB-T-1250 act as
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cytotoxic agents and also inhibit the P-gp efflux pump
(Ferlini et al. 2000). Based on those results we assumed that
the three novel taxanes SB-T-1214, SB-T-1216, and SB-T-
1103 may possess the same property.

Substrates of P-gp supposedly enter P-gp after partition-
ing into the membrane, rather than from the extracellular or
intracellular aqueous phase. The drug-binding pocket may
be large enough to accommodate two substrates simulta-
neously. P-gp was competitively inhibited by cyclosporin A
and allosterically by daunorubicin, epirubicin, gramicidin S
and D, vinblastine, amiodarone, and colchicines, but co-
operative stimulation was found with progesterone, dilti-
azem, amitriptyline, and propranolol (Litman et al. 1997).

As an ATP-driven efflux pump P-gp uses energy from
ATP hydrolysis (Zhang 2001). Although the binding and
hydrolysis of ATP transporters apparently provide the driv-
ing force for substrate transfer, the molecular physiology of
these proteins is still largely unknown (Cantiello 2001).
Drugs activate the P-gp ATPase activity and the released
energy drives their transport. Verapamil is an effective an-
tagonist of resistance to numerous drugs in most MDR cell
lines (Ford and Hait 1990). As verapamil is a P-gp sub-
strate, its binding to P-gp resulting in a conformational
change may competitively inhibit binding of other sub-
strates. As a modulator of P-gp, verapamil increases ATP
binding to P-gp (Shepard et al. 1998), which could increase
P-gp saturation with ATP, but this might rather result in
stimulation of P-gp transport. It reportedly stimulates
ATPase activity by an induced-fit mechanism in the drug-
binding pocket (Loo et al. 2003), which may actually limit
the availability of ATP for other substrates or cause ATP
hydrolysis and depletion as another mechanism of its in-
hibiting action.

The aim of this work was to show:

1. Whether two breast cancer lines, an adriamycin-sen-
sitive MDA-MB-435 and an adriamycin-resistant NCI/
ADR-RES would differ in sensitivity to paclitaxel,
docetaxel, SB-T-1214, SB-T-1216, and ST-T-1103

2. Whether such differences would be related to drug
transport

3. Possible involvement of ABCB1 or other transporters
measured by expression of their mRNAs

4. We also studied whether modulation of P-gp by
verapamil or these SBT drugs would inhibit paclitaxel
efflux and thereby reverse the resistance expected in
NCI/ADR-RES cells

Materials and methods
Materials

Paclitaxel for HPLC measurement was obtained from
Bristol-Myers Squibb (Princeton, NJ, USA). Paclitaxel for
measurement of the cell growth and survival: (Taxol, for
injection, 7 mM; MeadJohnson, Bristol-Myers Squibb), in
obtained form was used as a stock solution. Docetaxel for
HPLC measurement was a generous gift from Aventis (Paris,

France). Docetaxel for measurement of the cell growth and
survival: (Taxotere, for injection, 12.4 mM, Rhone-Poulenc,
Rorer, France) in obtained form was used as a stock so-
lution. Novel taxanes, SB-T-1214, SB-T-1216, and SB-T-
1103, were synthetized by Prof. I. Ojima (Stony Brook,
NY, USA). Chemical structures of the drugs examined are
shown in Fig. 1. ['*C]Paclitaxel was from Moravek Bio-
chemicals (Brea, CA, USA). Fetal bovine serum (FBS) was
from J. Kysilka (Brno, Czech Republic). L-glutamine,
HEPES, penicillin, streptomycin, and trypsin were obtain-
ed from PAN Biotech GmbH (Aidenbach, Germany). DMSO
was from J.T. Baker B.V. (Deventer, Holland). Phenol was
purchased from Merck (Darmstadt, Germany). All other
chemicals used were obtained from Sigma (St. Louis, MO,
USA).

Cell culture

Human breast carcinoma cell lines MDA-MB-435 and NCl-
ADR-RES were obtained from National Cancer Institute at
Frederick (MD, USA). Cells were maintained in the basic
medium supplemented with 10% fetal bovine serum (FBS
medium) at 37°C in a humidified atmosphere of 5% CO,.
RPMI 1640 containing extra L-glutamine (300 pg/ml),
sodium pyruvate (110 pg/ml), HEPES (15 mM), penicillin
(100 U/ml), and streptomycin (100 pg/ml) was used as a
basic medium. The cells were trypsinized before use (0.2%
trypsin and 0.02% EDTA in PBS).

Cell growth and survival

Cells maintained in FBS medium were harvested by low-
speed centrifugation, washed with FBS and seeded at
10,000 cells/100 pl of medium into the wells of a 96-well
plastic plate. SB-T analogs dissolved in DMSO (tissue
culture quality) were used as stock solutions. Stock so-
lutions of paclitaxel (7 mM) and docetaxel (12.4 mM), as
described in “Materials,” and SB-T analogs (1 mM) were
diluted with FBS medium to obtain the required concentra-
tions. Cell growth and survival were evaluated under control
conditions (FBS medium alone) or after exposure to pac-
litaxel or docetaxel (0.1-1,000 nM) or SB-T-analogs: (SB-T-
1103: 0.01-10 nM for MDA-MB-435 cells and 0.03-30 nM
for NCI/ADR-RES cells, SB-T-1214: 0.003-3 nM for
MDA-MB-435 cells, and 0.03-30 nM for NC/ADR-RES
cells, SB-T-1216: 0.003-3 nM for MDA-MB-435 cells and
0.1-100 nM for NCI/ADR-RES cells) in FBS medium.
Moreover, cells were exposed to paclitaxel (0.3 nM and
3 nM/MDA-MB-435; 0.03 uM and 0.3 uM/NCI-ADR-
RES) alone or with the addition of verapamil (1, 3, 10 and
30 uM) for 96 h. Ten microliters of (3-(4,5-dimethylthia-
zolyl-2)-2, 5 diphenyltetrazolium bromide (MTT, 5 g L™")
was added to cells in each well and the plate was incubated
for 2 h at 37°C in a humidified incubator. After the in-
cubation, 80 pl of medium was aspirated, 150 pl of 0.04 N
HCI in isopropanol was added and the mixture was re-
suspended. The absorbance was measured at 570 nm using a
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Fig. 1 Structures of taxanes examined. Asterisk marks the site of '*C radiolabel

microplate reader Spectra Sunrise (Tecan) according to
Mosmann (1983).

Assessment of the tumor cell volume

The volume of the tumor cells was assessed by centrifugation
(500xg for 10 min) of 5 ml cell suspension containing 2.5%10°
cells in graduated Falcon and then Eppendorf tubes and
comparing the volume of the cell with a series of volumes
within the relevant range.

Pacilitaxel and docetaxel transport

For the uptake assay, cells were exposed to fresh medium
or medium containing 1 uM paclitaxel, 1, 2, and 4 pM
docetaxel or 20-500 nM ['4C]paclitaxel, dissolved in di-
methylsulfoxide (DMSO) at maximum concentration 0.1%
(v/v). After incubation for 15-240 min, medium containing
the drug was quickly aspirated and the adherent cells were
washed three times with ice-cold phosphate buffer saline
(PBS). The cells were released by 2x400 pl of trypsin and

EDTA (humid atmosphere, 37°C, 15 min) and sucked three
times into the tip of an automatic pipette and then ejected
into a glass tube containing ethyl acetate (paclitaxel and
docetaxel for high performance liquid chromatography
[HPLC] analysis), or into a scintillation vial (['*C]pac-
litaxel for liquid scintillation) using Bray solution. Sodium
dodecyl sulfate (200 pl) was added up to 2% final con-
centration for lysis of cells and release of the drug. The
efflux measurements were performed after 2-h loading with
100 nM ["“C]paclitaxel. Cells were then washed twice with
PBS, placed in fresh medium and analyzed after 10, 20, 30,
60, and 90 min. Releasing of cells was the same as de-
scribed above.

Effect of verapamil and SB-T analogs on paclitaxel
transport

For the study of ["*C]paclitaxel uptake modulation, cells
were preincubated for 30 min with fresh medium or me-
dium containing 100 pM verapamil or SB-T-1214, -1216,
and -1103 (as specified in the figures). The medium was
rapidly replaced by fresh medium with 100 nM ['*C]
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paclitaxel or that containing 100 nM ['“C]paclitaxel plus
the above concentration of verapamil or SB-T analogs and
cells were incubated for different periods of time as spec-
ified in the figures. Cells were then rapidly washed with
ice-cold PBS three times, released, and dissolved as de-
scribed above. In the efflux assays, cells were preincubated
for 120 min with 100 or 200 nM ['*C]paclitaxel. The me-
dium was then replaced with lukewarm fresh medium with
or without verapamil or medium containing a relevant SB-
T analog and cells were incubated at 37°C for time periods
specified in Figs. 5 and 6. Cells were then rapidly washed
with ice-cold PBS three times, released, and dissolved as
described above.

Transport of SB-T-1103, SB-T-1214, and SB-T-1216

The uptake of these SB-T analogs was investigated in
MDA-MB-435 and NCI/ADR-RES cells exposed to 1 uM
concentrations for 15-120 min. Since radioactive analogs
were not available, concentrations were analyzed by HPLC
as described below.

HPLC determination of paclitaxel, docetaxel,
SB-T-1214, SB-T-1216 or SB-T-1103

After incubation, cells were released by trypsin and EDTA
(500 pl in a humid atmosphere at 37°C for 15 min) and
sucked and ejected three times by automatic pipette into the
wells and then into glass centrifuge tubes. Taxanes were
extracted into 2x3.5 ml of ethyl acetate (vortex mixer for
3x15 s). The test tubes were centrifuged (1,500xg for
10 min) and clear ethyl acetate extracts (6 ml each) were
evaporated to dryness under a mild nitrogen stream. The dry
extracts were dissolved in mobile phase and paclitaxel ana-

Fig. 2 Expression of mRNA for
various ABC transporters, LRP
and control gene-18S rRNA in
Caco-2, MDA-MB-435, and
NCI/ADR-RES cells. Caco-2-
cells were used as a positive
control of the expression of
different transporters. 18 S
rRNA was used as a house-
keeping gene. Numbers in pa-
rentheses show the number of
polymerase chain reaction
(PCR) cycles that were selected
so that PCR amplification was
interrupted in its exponential
phase
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lyzed by HPLC as described before (sample dissolved in
200 pl of the mobile phase methanol:water, 65:35 [v/v],
Macherey-Nagel column 4x250 mm with Nucleosil 100-5
C18, flow 1 ml/min (Vaclavikova et al. 2003). For the
determination of docetaxel the mobile phase containing
acetonitrile: 0.02 M ammonium acetate buffer, pH=5 (43:57,
v/v) was chosen (Garg and Ackland 2000). The following
HPLC conditions were used: HPLC Agilent 1100 with au-
tosampler, 20 ul sample loop, Macherey-Nagel column
4x250 mm with Nucleosil 100-5 C18, flow 1.0 ml/min,
detection at 230 nm (paclitaxel and SB-T taxanes) and
227 nm (docetaxel). We used a new sensitive method for SB-
T analogs (Macherey-Nagel column 2x125 mm with Nu-
cleosil 100-5 C18, flow 0.3 ml/min, the same mobile phase as
with docetaxel). Records were analyzed by CSW software
(Chromatography Station for Windows), version 1.7. SB-T-
1214, SB-T-1216 or SB-T-1103 (1 uM), added to 1 ml of
pure RPMI medium with 10% FBS were used as external
standards and processed in the same way as the samples.

Isolation of mMRNA and RT-PCR analysis

Approximately 10° cells per sample were harvested by
low-speed centrifugation and washed twice with PBS. The
cells were then lysed in 500 pl of lysis buffer (4 M
guanidium isothiocyanate, 0.5% sarcosyl, 25 mM sodium
citrate, pH=7.0) on ice. Lysate was frozen at —70°C for
further analysis. Total RNA was isolated by the modified
acid phenol method (Chomczynski and Sacchi 1987).
RNA (1 ug) was reversely transcribed by 120 U of M-MLV
(Moloney murine leukemia virus) reverse transcriptase
(Invitrogen, Carlsbad, CA, USA) per sample according to
the manufacturer’s instructions using random hexamer
priming. Prepared cDNA (one-tenth of prepared amount,
1 pl) was used for polymerase chain reaction (PCR).

NCI-ADR-RES
MDA-MB-435
NCI-ADR-RES

Caco-2

- @D ABCB! (25%)
(25x)

ABCC2 (25x) - A\BCB4 (35x)

ABCC3 (35x) - ABCBS (30x)
GEEED cumwe @R ARCG2 (30%)

b s Gl 1 RP (30x)

w——— ABCC6 (35x)

WD G G 13 S RNA (11x)

18 S rRNA (-RT)



Table 1 Determination of lethal concentrations of classical taxanes
and novel taxanes in sensitive (MDA-MB-435 cells) and resistant
(NCI/ADR-RES) cells

Cells
MDA-MB-435 cells
ICso (nM) Concentration

Taxanes

NCI/ADR-RES cells
ICso (nM) Concentration

range of taxanes range of
(nM) taxanes
Classical taxanes
Paclitaxel 1.0 0.1-1,000 1,000 0.1-1,000
Docetaxel 0.5 0.1-1,000 300 0.1-1,000
Novel taxanes
SB-T-1103 0.5 0.01-10 1.0 0.03-30
SB-T-1214 03 0.003-3 5.0 0.03-30
SB-T-1216 0.2 0.003-3 3.0 0.1-100

Cell growth and survival were evaluated under the control
conditions (fetal bovine serum {FBS]) or after exposure to taxanes
for 96 h. Effect of each concentration was assessed in eight
independent wells

For PCR amplification of all the genes tested, primers
provided by Life Technologies (Rockville, MD, USA were
used. PCR was carried out in a 25-pl volume using 0.625 U
of Taq polymerase according to the manufacturer’s in-
structions (Promega, Madison, WI, USA). Sequences of the
primers used have been published previously (Taipalensuu
et al. 2001) except for ABCB5 primers, which were de-
signed according to the NCBI database (5'forward-TTC
ATCCTCCGTGG-CTTATC-3' and S5'reverse-ACACGGC
TGTTGTCACCATA-3"). PCR reaction was run in the
Touchgene thermal cycler (Techne) using 2-min initial
denaturation at 95°C followed by 45-s denaturation at 94°C,

Table 2 The expression of the ABC transporter genes
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45-s annealing at 58°C (ABCG2, ABCC3, ABCC1), 60°C
(ABCBS5, LRP, ABCB1, ABCC2, ABCC3, ABCC4 and
ABCC6), and 66°C (18S rRNA), 35-s extension at 72°C for
11 (18S rRNA) 25 (ABCB1) or 30 (ABCB5, ABCC3)
cycles, 45-s extension at 72°C for 25 (ABCB1, ABCCS) or
30 (ABCB4, ABCG2) cycles, 1-min extension at 72°C for
25 (ABCC2, ABCC4) or 30 (LRP, ABCC6) cycles and
accompanied by a 10-min final extension at 72°C. PCR
products were analyzed by electrophoresis in 2% agarose
(Pharmacia, Peapack, NJ, USA) gel at constant 8 V/cm
using TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM
ethylendiaminotetraacetic acid). DNA, visualized by ethid-
ium bromide fluorescence, was photographed using the
LAS 1000 CCD camera (Fuji; Fig. 2). The amount of the
selected PCR product was densitometrically determined
using AIDA software. The calibration curve was calculated
from several DNA fragments of known mass/quantity.

Results

Sensitivity of MDA-MB-435 and NCI/ADR-RES
to paclitaxel, docetaxel and new taxane analogs

The NCI/ADR-RES breast cancer cell line was markedly
more resistant to paclitaxel and docetaxel than the MDA-
MB-435 one. The ICsq value of paclitaxel for NCI/ADR-
RES was 1,000-fold higher and the IC5, for docetaxel was
600-fold higher than for MDA-MB-435 cells (Table 1).

The ICs, concentrations of SB-T-1103, SB-T-1214, and
SB-T-1216 for the MDA-MB-435 were very similar to
docetaxel (Table 1). Their ICsy concentrations for NCI/
ADR-RES cells were significantly lower than for paclitaxel
and docetaxel.

Expression of genes for ABC membrane transporters in different cell lines

MDA-MB-435 cells NCI/ADR-RES cells

ABC genes Alias
Caco-2 cells

ABCBI MDRI, P-gp, PGY1 752160 (16)
ABCB4 MDR3, PFIC-3, PGY-3 0 (0)
ABCBS - 0 (0)
ABCCI MRPI1, MRP, GS-X 103£27 (2)
ABCC2 MRP2, cMOAT, cMRP 3,428+100 (73)
ABCC3 MRP3, MLP2, MOAT-D 4744 (1)
ABCC4 MRP4, MOAT-B 2,363+855 (50)
ABCC5S MRP5, SMRP, MOAT-C 70£18 (2)
ABCC6 MRP6, MLP1, ARA 2142 (0)
ABCG2 BCRP, MXR, ABCP 170+44 (4)
LRP* MVP, LRP/MVP 5318 (1)
18 S rRNA - 363£73 (7)

541 (0) 4,693+1,181 (100)

0 (0) 321 (0)

19£2 (0) 1£1 (0)
155+ 47 (3) 4864278 (10)
81714 (17) 1842 (0)
241 (0) 642 (0)
724£15 (15) 4534263 (10)
111432 (2) 257107 (5)
0 (0) 542 (0)

6+1 (0) 81 (0)
3125 (1) 90£17 (2)
297459 (6) 246242 (5)

Different expression of ABC membrane transporters and LRP protein was determined in sensitive MDA-MB-435 cells and resistant NCl/
ADR-RES cells. Caco-2 cells were used as a positive control of the expression of different transporters. The data represent the amount of
the PCR product (ng) after 25 cycles, calibrated according to several DNA fragments of defined molecular mass, using AIDA software.
Data in parentheses are in percent of ABCB1 expression in NCUADR-RES. Data are shown as mean £ SD (n=3)

“LRP is not a member of the ABC transporter family. LRP was identified as the major vault protein in humans and multidrug-resistant
cancer cells frequently overexpress this protein (Scheffer et al. 1995)
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Fig. 3 a Uptake of non-radioactive paclitaxel by NCI/ADR-RES
cells and MDA-MB-435 after 15, 30, 60, 120, and 240 min incubation
of 1 uM paclitaxel. The levels of paclitaxel were measured by HPLC.
b Uptake of radioactive labeled ['*Clpaclitaxel by NCI/ADR-RES
cellsand MDA-MB-435 after 15, 30, 60, 120, and 240 min incubation
with 100 nM paclitaxel. The levels of paclitaxel were measured by
liquid scintillation. Data are shown as means of duplicate determina-
tions = SD

mRNA expression of ABCB1 and other transporters

The two cell lines markedly differed in that NCI/ADR-RES
cells expressed high levels of ABCBl mRNA and almost
no ABCC2 and ABCBS5 mRNAs, whereas MDA-MB-435
cells lacked ABCBI1 and expressed markedly higher levels

of ABCC2 and several-fold higher levels of ABCBS
mRNA (Table 2). Both cell lines expressed rather similar
levels of ABCC1, ABCC4 mRNA, and ABCCS, low levels
of ABCG2 and medium levels of LRP mRNAs, and lacked
or expressed very low levels of ABCB4, ABCCS, and
ABCC6 mRNAs (Fig. 2).

Transport of paclitaxel and docetaxel

The uptake and efflux of paclitaxel and docetaxel were in-
vestigated to prove the hypothesis that P-gp-related efflux
was responsible for different sensitivities of MDA-MB-435
and NCI/ADR-RES cells. Intracellular concentrations dur-
ing uptake result from the sum of inward and outward
transport, but in the efflux experiments, the re-uptake prob-
ably plays a minor role due to very low drug levels in the
medium.

Paclitaxel uptake was initially determined in cells ex-
posed to 1 uM of non-radioactive paclitaxel with analysis
by HPLC. MDA-MB-435 cells absorbed up to 6-fold higher
levels than NCI/ADR-RES cells (Fig. 3a). The decreasing
intracellular levels of paclitaxel in the sensitive MDA-MB-
435 cells between 60 and 240 min of exposure could be
related to cytotoxicity, since 1 nM concentration was the
ICs, level in these cells after 96-h exposure and such a
decrease did not occur in NCI/ADR-RES cells, where the
ICs, after 96-h exposure was 1 uM. Docetaxel (1-2 uM)
uptake after 60—120 min was 4- to 6.8-fold higher in MDA-
MB-435 than in NCUADR-RES cells. The amounts of
imported paclitaxel and docetaxel in MDA-MB-435 cells
and NCI/ADR-RES cells exposed to 1 pM paclitaxel or
docetaxel are shown in Table 3.

The MDA-MB-435 cells constituted 0.4% of the in-
cubation volume and NCI/ADR-RES cells represented
0.6% of the volume. Thus, MDA-MB-435 cells, which ab-
sorbed 0.063 nmol from the available 1 nmol of [**C]pac-
litaxel, reached a 16-fold higher level than that of the
medium, whereas NCI/ADR-RES cells, which absorbed
0.018 nmol, reached a <3-fold higher level than the medium.

The uptake of ['*C]paclitaxel at 100 nM concentration in
the medium showed a time course of intracellular levels
similar to non-radioactive paclitaxel, but the levels did not
decrease after 60 min (Fig. 3b), apparently due to a 10-fold

Table 3 Comparnison of proportions of taxanes absorbed into MDA-MB-435 and NCI/ADR-RES cells after incubation for 60, 120 or

240 min and HPLC detection

Taxane Concentration (pM) Percentage of absorbed drugs in MDA-MB-435/NCI/ADR-RES cells®

60 min incubation 120 min incubation 240 min incubation
Paclitaxel 1 6.3+0.8/1.6+0.2 5.741.1/1.640.2 4.5+0.3/1.6£0.1
[*C]paclitaxel 0.1 9.3+0.4/1.90.1 14.4+3.5/2.2+0.1 18.4+1.14/1.90.1
Docetaxel 1 5.6+0.1/1.4+1 .4 5.4+0.7/0.8+0.1 -
SB-T-1103 | 4.040.1/6.110.5 5.2+1.3/6.7+0.6 -
SB-T-1214 1 5.740.1/6.2+0.1 4.0+0.2/5.5+0.1 -
SB-T-1216 1 7.6+0.1/4.540.2 6.1+0.4/2.8+0.4 -

“The percentage of taxanes absorbed by the cells (0.5%10%/ml/well) during various periods of incubation selected in relation to their
cytotoxicity. (-), not analyzed. Variability is expressed as + differences of the two separate experimental values (n=2)



lower concentration. The uptake of ['“C]paclitaxel in the
resistant NCI/ADR-RES cells at 20, 50, 200, and 500 nM
concentrations respectively was proportional to the concen-
tration (Fig. 4a), suggesting that the elimination capacity of
P-gp at this concentration range was not capacity-limited. In
contrast, intracellular ['*C]paclitaxel levels in he sensitive
MDA-MB-435 cells increased tless than proportionally to
concentration (Fig. 4b) and the levels after 15-min exposure
were 9-fold higher than in the resistant NCI/ADR-RES cells,
but only 4.4-fold higher after 60 min, suggesting possible
capacity-limited inward transport. During 4-h incubation at
20 or 50 nM ['*C]paclitaxel-sensitive MDA-MB-435 cells
accumulated up to almost 13% of the available ["*C]pac-
litaxel, whereas resistant NCI/ADR-RES cells accumulated
about 1.3% of it. The above-mentioned different volumes of
the cells indicated that the MDA-MB-435 cells reached
about 33-fold higher concentration of ['“C]paclitaxel, where-
as NCI/ADR-RES cells—due to their larger volume and
lower accumulated amount—reached only a 2-fold higher
concentration than that in the medium.

In cells exposed to 200 uM [**C]paclitaxel for 120 min
and transferred into fresh medium (Fig. 4¢), the subsequent
efflux decreased ["*Clpaclitaxel levels in resistant NCV/
ADR-RES cells to 50% within 25 min, while in the MDA-
MB-435 cells the concentration decreased to 50% after
90 min. In the NCI/ADR-RES cells, the concentration at
the onset of efflux was 2.5-fold lower than in the sensitive
MDA-MB-435 cells and a 4-fold difference in concentra-
tion developed at 90 min of elimination.

Effect of verapamil on ['“C]paclitaxel transport
and cytotoxicity

The presence of 100 uM verapamil increased ['*C]pac-
litaxel intracellular concentration in NCVADR-RES cells
highly expressing P-gp 8-fold (Fig. 5a) reaching concentra-
tions similar to MDA-MB-435 cells. In the MDA-MB-435
cells not expressing P-gp, verapamil only increased the
intracellular levels of ['“C]paclitaxel 1.4-fold (Fig. 5b). As
expected, efflux of ['*Clpaclitaxel after 120 min loading
with 100 nM ['“C]paclitaxel was inhibited by 100 pM
verapamil in NC/ADR-RES cells (Fig. 5¢). In contrast, the
efflux of ["*C]paclitaxel from MDA-MB-435 cells was
stimulated in proportion to 100400 uM verapamil (Fig. 5d),
which has apparently not been reported before.

Cytotoxicity of 0.3 uM paclitaxel for NC/ADR-RES
cells (40% of the cells survived) in a 96-h assay was
increased about 30-fold by verapamil (only about 1% of the
cells survived), although verapamil (up to 10 uM) alone
was not cytotoxic, indicating that the effect on paclitaxel
transport was the crucial factor increasing paclitaxel cy-
toxicity. In contrast, cytotoxicity of 3 nM paclitaxel, killing
50% of MDA-MB-435 cells, was only doubled and cy-
totoxicity of 0.3 nM paclitaxel, the nearest non-cytotoxic
concentration, was not influenced by verapamil at all (data
not shown).
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Fig. 4 Effect of growing concentrations of ['*C]paclitaxel on its
uptake in a NCI/ADR-RES cells and b MDA-MB-435 cells. Incu-
bation periods were 0, 15, 30, and 60 min. ¢ ['*C]Paclitaxel efflux
from NCI/ADR-RES and MDA-MB-435 cells after 120 min loading
at 200 nM concentration of ['*C]paclitaxel. Efflux times were 10,
20, 30, 60, and 90 min. The levels of paclitaxel were measured by
liquid scintillation. Data are shown as means of duplicate determina-
tions + SD and expressed as pmol/500,000 cells/well
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Fig. 5 Effect of 100 pM verapamil on uptake of 100 nM ['*C]
paclitaxel in a NCI/ADR-RES cells and b MDA-MB-435 cells.
Incubation periods were 0, 15, 30, and 60 min. ¢ The effect of
verapamil on efflux of 100 nM ['“C)paclitaxel in NCI/ADR-RES
cells. d The effect of growing concentration of verapamil (100, 200,

Uptake of SBT analogs and its relation to cytotoxicity

The hypothesis that small differences in the toxicities of
SB-T-1214, SB-T-1216, and SB-T-1103 between MDA-
MB-435 and NCI/ADR-RES cells are due to their mod-
ulation of P-gp was investigated by measuring their uptake
by the two cell lines with greatly differing P-gp expression.
Both cell lines exposed to 1 uM SB-T-1103, SB-T-1214 or
SB-T-1216 absorbed, during 60 or 120 min of incubation,
similar amounts of the drugs (Table 3). This complies with
the fact that NCI/ADR-RES cells are much more resistant
to paclitaxel and docetaxel than MDA-MB-435, but their
sensitivity to SB-Ts is similar.

Effect of SB-T-1103, SB-T-1214 or SB-T-1216
on ["*C]paclitaxel transport

Contrary to our expectation that SB-T taxanes would en-
hance [*C]paclitaxel uptake in NC/ADR-RES line highly
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and 400 pM respectively) on [“C]paclitaxel efflux in MDA-MB-
435 cells. Efflux times were 0, 15, 30, and 60 min. The levels of
paclitaxel were measured by liquid scintillation. Data are shown as
means of duplicate determinations £ SD and expressed as
pmol/500,000 cells/well

expressing P-gp similar to verapamil, SB-T-1214 and SB-T-
1103 had no effect and SB-T-1214 even caused a dose-
dependent inhibition of [“*C]paclitaxel uptake in NCI/
ADR/RES cells highly expressing P-gp (Fig. 6a) and MDA-
MB-435 cells not expressing P-%P (Fig. 6b).

The expected inhibition of [ “C]paclitaxel efflux from
NCI/ADR-RES cells highly expressing P-gp by the P-gp
modulating SB-T-1214 was not observed (data not shown).
In contrast, SB-T-1214 appeared to stimulate efflux of
['*C]paclitaxel from MDA-MB-435 cells not expressing P-
gp (Fig. 6¢c). Subsequently, we observed that the ['*C]pac-
litaxel content in MDA-MB-435 cells pre-exposed for
120 min and rapidly washed with ice-cold PBS was pro-
portionally decreased by rinsing with increasing concen-
trations of SB-T-1214 in ice-cold PBS indicating that it did
not influence the ABC transport processes, but rather re-
leased ['“C]paclitaxel from the cell surface.
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Fig. 6 The effect of novel taxane SB-T-1214 on the uptake of
100 nM [**C]pactitaxel after 30 and 60 min of incubation in a NCI/
ADR-RES cells and b MDA-MB-435 cells. ¢ The effect of the novel
taxane SB-T-1214 on the efflux of 100 nM ['*C]paclitaxel in MDA-
MB-435 cells. Incubation periods were 0, 10, 20, 30, 60, and
90 min. The levels of paclitaxel were measured by liquid scin-
tillation and are expressed as pmol/500,000 cells/well. Data are
shown as means of duplicate determinations + SD
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Discussion

This study shows that the adriamycin-resistant NCI/ADR-
RES cells highly expressing P-gp were 1,000-fold more re-
sistant to paclitaxel and 600-fold more resistant to docetaxel,
but almost equally sensitive to SB-T-1103, SB-T-1214, and
SB-T-1216 than MDA-MB-435 cell lines not expressing P-
gp. The almost 20-fold lower uptake of [ “Clpaclitaxel and
significantly lower uptake of docetaxel in NCI/ADR-RES
were apparently responsible for their resistance compared
with MDA-MB-435 cells and the similar uptake of SB-Ts
was responsible for their similar sensitivity. This complies
with the fact that P-gp exports paclitaxel and docetaxel from
tumor cells (Gottesman and Pastan 1993; Litman et al. 2001),
but questions its role in the transport of SB-T taxanes.

The fact that NCI/ADR-RES cells accumulated ['*C]
paclitaxel in proportion to a 20-500 nM level, whereas
MDA-MB-435 cells accumulated less than proportionally
suggests that uptake in the latter cells could be capacity
limited, although the absolute amounts were much higher
than in the resistant cells. MDA-MB-435 cells in particular
accumulated a markedly lower proportion of paclitaxel at
I uM than at the 500-nM level (Fig. 4a, b; Table 3), but
capacity-limited uptake was evident in the whole concen-
tration range.

At clmlcally relevant concentrations the internal concen-
tration of [! C]paclltaxel in MDA-MB-435 cells was >30-
fold higher than in the medium, whereas in NCI/ADR-RES
cells this was only 2-fold higher. In this aspect NCI/ADR-
RES cells resemble conditions in tumors in the organism
more than the MDA-MB-435 cells. The capacity-limited
uptake in MDA-MB-435 cells at lower concentrations in-
dicates that sensitivity may not result only from weak drug
efflux, but also from efficient inward transport by tumor
cells. Obviously, the very high drug concentration observed
in the tumor cells is partly attributed to the fact that under in
vitro incubation conditions the drug concentration in the
medium during incubation remains virtually unchanged. In
contrast, tumor cells in the organism take advantage of the
drug elimination by metabolism and excretion, which de-
creases drug concentration in the extracellular space, and
the effluxed drug is rapidly drained from its surroundings by
blood and eventually urine and feces.

Although this difference in paclitaxel uptake between the
two cell lines (<20-fold) is less than the differences in ICs,
(1,000-fold), the fact that the multiplying of ICs, x time for
taxanes significantly decreases with time of cell exposure,
and the uptake lasted up to 2 h, whereas cytotoxicity was
evaluated after 96 h suggests that difference in uptake may
play a dominant role in the 1,000-fold different ICs values
between the two cell lines.

Verapamil significantly increased ['*C]paclitaxel uptake
(8-fold) and decreased its efflux in NCI/ADR-RES cells
highly expressing P-gp. In the MDA-MB -435 cells not
expressing P-gp verapamil increased ['*C]paclitaxel uptake
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marginally (1.4- fold) and unexpectedly induced a dose-
dependent increase in [' “Cpaclitaxel efflux. This suggests
that these cells may express another transporter that is
stimulated by verapamil. Since MDA-MB-435 cells are
lacking P-gp, but highly express ABCB5 and ABCC2
(Mrp2), which both export drugs from the cells (Huang et
al.2004; Ferguson et al. 2005), the concentration-related
stimulation of paclitaxel efflux could be due to stimulation
of either of these two transporters. Although the stimulation
of paclitaxel efflux occurred at rather high concentrations of
verapamil, this represents an interesting phenomenon. Mrp2
is a potential candidate for efflux of paclitaxel from MDA-
MB-435 cells, because Ferguson et al. (2005) reported sig-
nificantly higher resistance to paclitaxel in kidney cancer
cells highly expressing MRP2. Thus, verapamil may have a
potentially favorable antitumor effect on cancer cells highly
expressing P-gp, but a contrary effect in tumors highly ex-
pressing ABCB2 or ABCCS5, which might compromise its
clinical use in certain tumors. It should be re-emphasized,
though, that the stimulation occurred at rather high con-
centrations of verapamil.

Stimulation of active drug transport by another drug is not
a new phenomenon. P-gp-mediated transport can be stim-
ulated, e.g., by cooperativity, but in this case the export
mechanism is unrelated to P-gp, which is absent in MDA-
MB-435 cells. Moreover, we can speculate about a mech-
anism related to the binding of paclitaxel to beta-tubulin,
which effectively binds taxanes and may be partly re-
sponsible for the fact that MDA-MB-435 cells can accu-
mulate paclitaxel at an almost 20-fold higher concentration
than that in the medium in contrast to relatively uniform
distribution in the organism (Eisenhauer and Vermorken
1998). Verapamil releases vincristine from binding to
tubulin (Parekh and Simpkins 1996). Although the binding
site for paclitaxel is different from vincristine, such a mech-
anism could change the balance of intracellular levels of
paclitaxel between cytoplasm and beta-tubulin and thereby
diminish paclitaxel uptake from the extracellular space.

The fact that the novel taxanes SB-T-1103, SB-T-1214,
and SB-T-1216 modulate P-gp in a way described with the
structurally similar SB-T-101187, SB-T-1213, and SB-T-
1250 (Ojima et al. 1996; Ferlini et al. 2000) may explain
their observed 1,000-fold lower ICs, concentrations for
NCIADR-RES cells than that of paclitaxel. This complies
with the finding that both cell lines absorbed similar amounts
of SB-T-1103, SB-T-1214, and SB-T-1216 (Table 3).

The reported effective modulation of the P-gp efflux
pump by SB-T analogs (Ojlma et al 1996; Ferlini et al.
2000) was expected to increase [' C]paclltaxcl uptake,
especially in NCI/ADR-RES cells highly expressing P-gp.
However, SB T-1216 and SB-T-1103 did not significantly
influence ['*CJpaclitaxel uptake (data not shown) and SB-
T-1214 even inhibited it in both tumor cell lines irre-
spective of P-gp expression and did not influence efflux in
either type of cells. The effect may be due to inhibition of
inward transport, unrelated to P-gp, as the inhibition was
proportional to SB-T-1214 concentration in both tumor cell
lines. Moreover, inhibition of inward transport could be

due to strong binding of SB- T-l214 to beta-tubulin, pre-
venting efficient uptake of ['*C]paclitaxel as mentioned
above.

Finally, the MDA-MB-435 and NCI/ADR-RES cell lines
proved to be interesting models for the significantly dif-
ferent expression of ABCB1, ABCC2, and ABCBS genes
and for the expression of several other genes of ABC
transporters and LRP transporter. Semi-quantitative RT-
PCR was found to be a suitable and sufficiently sensitive
method for the detection of large series of ABC transporter
genes even in very small amounts. The application of this
method is supported by the finding that even very low
levels of MDR1 or MRP mRNA in human breast cancer
cell lines were successfully detected, whereas protein prod-
ucts were not detected by immunohistochemistry (Faneyte
etal. 2001a,2001b). Moreover, good correlation was found
in the expression of mRNA MDRI1 and MRP1 genes and
their protein detection and function (van der Kolk et al.
2000). In conclusion, MDA-MB-435 and NCI/ADR-RES
human breast cancer cells displayed markedly different
transport of paclitaxel and docetaxel, but similar uptake of
novel taxanes SB-T-1103, SB-T-1214, and SB-T-1216. The
1,000-fold higher cytotoxicity of novel taxanes for resistant
tumor cells than that of classical taxanes is potentially
useful for therapy for taxane-resistant tumors. Verapamil
predictably decreased P-gp-related efflux of paclitaxel and
increased cytotoxicity in NCI/ADR-RES cells, but it unex-
pectedly stimulated the efflux of paclitaxel in MDA-MB-
435 cells by a P-gp-unrelated mechanism in a phenomenon
that is still unknown. SB-T-1214, which effectlvely over-
came the P-gp efflux pump, did not mhlblt ['*C]paclitaxel
efflux in NCUADR-cells, but inhibited {'“C]paclitaxel up-
take, probably by inhibition of active inward transport.
Thus, higher sensitivity of a tumor line may not only be due
to lower active efflux, but possibly also be due to higher
inward active transport.
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ABSTRACT:

Novel taxanes, SB-T-1103, SB-T-1214 and SB-T-1216 are up to 1000-fold more cytotoxic for
resistant tumor cells than clinically used paclitaxel and docetaxel. We investigated their so far
unknown metabolism in human, rat, pig and minipig liver microsomes. Metabolites were
separated by HPLC and their structures were then characterized by HPLC/MS/MS analysis.
Metabolic pathways derived from their structures were confirmed by investigating further
metabolism of purified metabolites. SB-T-1103, SB-T-1214 and SB-T-1216 were metabolized to
11, 10 and 8 products, respectively. In contrast to docetaxel, side chain hydroxylation did not
occur at the terc-butyl, but on 2-methyl propane or 2-methylpronene and these metabolites of
structurally similar SB-T-1214 and SB-T-1216 were similar. There were significant qualitative
and quantitative species differences in their metabolism. For example human and untreated rat
microsomes hydroxylated SB-T-1216 more at the side chain, whereas pig and minipig
microsomes oxidized more the taxane core. The different metabolic patterns of SB-T-1103, SB-
T-1214 and SB-T-1216 in microsomes of rats with induced high expression of CYP3A1/2
compared to uninduced rats are compatible with the role of CYP3A in taxane metabolism. The
principal role of CYP3A orthologues in taxane metabolism was confirmed by the formation of all
significant metabolites by human cDNA expressed CYP3A4 and lack of metabolism by
CYP1A2, 1B1, 2A6, 2C9 and 2E1. Detailed knowledge of metabolic pathways of the examined
agents and their rates is extremely important due to possible metabolic inactivation of these three
novel potential drugs for therapy of taxane-resistant tumors. The relatively slowest metabolism of
SB-T-1103 could be important for its antitumor efficiency in vivo.



Paclitaxel (TAXOL®) and docetaxel (TAXOTERE®) are currently used as important
anticancer drugs in the therapy of breast and ovarian cancer (Rowinsky et al., 1992; Huizing et
al., 1995) as well as for the treatment of lung, head and neck, prostate, and cervical cancers.

Although both paclitaxel and docetaxel (Fig.1) possess strong antitumor activity, treatment
with these drugs often results in a number of undesirable side effects, as well as multidrug
resistance (MDR), often associated with high expression of the ABC transporter P-glycoprotein
(P-gp) (Gottesman & Pastan, 1993; Litman et al., 2001). Photo-affinity labeling of P-gp using
photo-reactive radiolabeled paclitaxel analogs along with molecular modeling revealed a unique
binding region for paclitaxel on the C-terminal half of P-gp (Geney et al., 2002).

Thus, it has become essential to develop new anticancer agents with higher activity against
other tumors, drug-resistant tumors and fewer side effects. This effort resulted in the development
of the second-generation taxoids (Miller & Ojima, 2001). These taxoids possess extremely high
potency against drug-resistant cancer cells expressing the MDR phenotype. For instance, SB-T-
110131 (IDN5109) has recently entered human clinical trials due to its high potency against a
variety of drug-resistant tumors, exceptional oral activity and reduced general toxicity,
neurotoxicity or cardiotoxicity (Miller & Ojima, 2001). Three of the second generation of taxanes
(SB-T-11033, 121303 and 121304) show the same activity in drug-resistant and drug-sensitive
cell lines (Ojima et al., 1999). A new group of 20 noncytotoxic synthetic taxane-based reversal
agents (tRAs) having the taxane baccatin backbone, but lacking the C-13 side chain of paclitaxel
modulated paclitaxel cytotoxicity in P-gp-overexpressing MDA435/LCC6-MDRI1 cells. Four of
them, especially tRA 98006, exerted broad-spectrum activity, modulating mitoxantrone efflux in
resistant cell lines overexpressing P-gp, MRP-1 and BCRP (Brooks et al., 2003).

This study investigated (1) in vitro metabolic profiles and rates of three newly developed
taxanes (SB-T-1103, SB-T-1214 and SB-T-1216) with modification at the C-10 and C-3" of the
taxane framework. These positions have been previously found critical to make taxanes highly
active against cells overexpressing the efflux pump P-glycoprotein (Ferlini et al.2000). All tested
taxanes possess extremely high potency against resistant human breast cancer cells (Ojima et al.,
1996) in comparison with classical taxanes suggesting great potential against taxane-resistant
tumors. We have recently shown (Ehrlichova et al. 2005) that uptake of these three novel taxanes
by P-gp highly expressing NCI/ADR-RES breast cancer cells was similar to sensitive MDA-MB-
435 cells, although the uptake of paclitaxel and docetaxel in the former cells was up to 20-fold
lower, indicating their great potential for P-gp related resistant tumors. We also investigated (2)
whether different species metabolize these taxanes similarly (such as in docetaxel) or whether
humans form specifically different metabolite (s) as is the case with paclitaxel and (3) compared
the in vitro rates of metabolism, which could diminish effects of the drugs, as shown with
paclitaxel and docetaxel and not detectable with metabolically poorly active tumors cell lines.

MATERIALS AND METHODS

Chemicals. The new generation taxanes were developed by prof. Iwao Ojima (Department of
Chemistry, State University of New York at Stony Brook, N.Y). Methanol, acetonitrile and
tetrahydrofuran were purchased from Merck (Darmstandt, FRG). Glucose 6-phosphate
dehydrogenase was from Boehringer (Mannheim, FRG) and all other chemicals were from
Sigma-Aldrich Chemie (Steinheim, FRG).

Preparation and Characterization of Microsomes. Male Wistar SPF rats purchased from
VELAZ, CZ (weight 280-300 g) were kept on pellet diet and tap water ad libitum one week
before experiments. For induction of CYP3A1/2, pregnenolone-16a -carbonitrile (PCN) was
given in five i.g. intubations, 25mg/kg in olive oil at 12h intervals for 3 days. Animals were killed
24h after the last PCN dose (Nedelcheva et al., 1998) giving higher CYP3A1/2 induction than



dexamethasone. They were euthanized by decapitation, and livers were rapidly excised and
chiiled in ice-cold physiological saline and homogenized in an ice-cold solution of 150 mM
KC1/50 mM Tris-HCI, pH 7.4. Human liver samples were obtained from transplantation donors
in accordance with Czech law. Livers were collected from 10 male organ donors with unknown
drug history who had died from head injury (gun shot, traffic accidents) at the age of 16 to 42
years. During the heart or kidney transplantation procedure the liver samples were excised and
immediately frozen and then maintained in liquid nitrogen. The time period between the
beginning of blood exchange and freezing the liver in liquid nitrogen (9 - 46 min) as well as age
did not correlate with various CYP activities and immunochemical levels (Nedelcheva et al.,
1999). Untreated castrated male minipigs (Brno White variety of Goettingen minipig, 22-31kg, 6
months old) were kept in a breeding facility of The Palacky University (Olomouc, CZ). Untreated
castrated male pigs (Czech Markedly Fleshy breed) were obtained from the Slaughter House,
VUZV, Ricany, CZ). All pigs were fed regular commercial pig food. The livers from pigs and
minipigs, obtained 10 min after electrocution and exsanguination, were kept on ice and
homogenized within 2 h. Human and pig microsomes were prepared by differential centrifugation
as described previously (Nedelcheva et al, 1998). CYP level was analyzed
spectrophotometrically (Omura & Sato, 1964) and concentration of microsomal protein according
to Lowry et al. (1951) with bovine serum albumin as standard.

Incubations. The incubation mixture (1.0m;) included 150 mM KCI/50 mM Tris-HCI buffer (pH
7.4), 1 mg of microsomal protein and 10uM SB-T-1103, SB-T-1214 or SB-T-1216 (added as 10
mM in methanol, up to 0.1%, v/v final concentration). Up to 1% concentration of methanol did
not inhibit the metabolism of SB-T-1103, SB-T-1214 and SB-T-1216 (data not shown). The
reaction was initiated by adding an NADPH-generating system (final concentrations 1 mM
NADP; 10 mM glucose 6-phosphate; 10 mM MgCly; 0.5 U/ml of glucose 6-phosphate
dehydrogenase). The samples were incubated at 37 °C for 30 min in a shaking water bath. The
incubation was stopped by chilling the samples and immediate extraction with ethyl acetate.
Control samples were incubated without the NADPH-generating system or without the SB-T
analogues. 10 ml incubations were used to obtain sufficient amounts for HPLC/MS/MS analysis
of the products. All the major metabolites isolated were subjected to further metabolism under
identical conditions.

Metabolite Formation by cDNA-expressed Human P450 Enzymes. E.coli membranes with
CYP bicistronic systems of CYP1A2, 1B1, 2A6, 2E1, 2C9 or 3A4 coupled with HOR (human
P450 oxidoreductase) (Parikh et al., 1997) were used for analysis of their participation in the
metabolism of SB-T-1103, SB-T-1214 or SB-T-1216. Plasmids containing the bicistronic system
of various cDNA enzymes were obtained from F.P. Guengerich. Incubations (1.0 ml) with
CYP3A4-HOR (150 pmol P450/ incubation and HOR present at a similar level) and 10 uM SB-
T-1103, SB-T-1214 or SB-T-1216 were processed as those with microsomes.

Sample Preparation and HPLC Analysis. Ethyl acetate extracts of SB-T-1103, SB-T-1214 or
SB-T-1216 and their metabolites were evaporated to dryness under a mild nitrogen stream. The
dry extracts were dissolved in 200 pl of the mobile phase of methanol: water, 70:30 (v/v). The
mobile phase previously used for optimal resolution of docetaxel oxazolidinediones (acetonitrile:
methanol: tetrahydrofuran: water, 21:35:2:42) was used alternatively to indicate, whether all
metabolites were resolved. HPLC conditions were as follows: HPLC Agilent Series 1100 HPLC
system with autosampler, 20 pl sample loop; Macherey-Nagel column (4 x 250 mm, Nucleosil
100-5 C18), flow rate 1.0 ml/min, detection wavelength 230 nm. The data were analyzed by
CSW software (Chromatography Station for Windows), version 1.7. Only products formed in the
presence of SB-T-1103, SB-T-1214 or SB-T-1216, and NADPH and not present in absence of
either of them were considered as drug metabolites. In some experiments, HPLC ECOM (Prague,



CZ) was used for analytical purposes and for collection of metabolite peaks for subsequent
HPLC/MS/MS analyses. The metabolite profiles were identical in both HPLC systems. Since all
detected metabolites contained the taxane ring and none of them is available commercially, the
metabolites were quantified assuming their similar signals in HPLC-UV detection.

Identification of metabolites of SB-T-1103, SB-T-1214 and SB-T-1216 by HPLC/MS/MS.
HPLC elution fractions, representing metabolites of SB-T-1103, SB-T-1214 or SB-T-1216 were
collected as defined peaks during HPLC analysis and dried under a mild nitrogen stream.
Reanalysis of aliquots confirmed tg and high purity of the collected metabolites (up to 98% in the
major metabolites). The conditions for MS analysis were as follows: Synergi Hydro-RP,
85x2mm, 4um, column tempareture 35 °C, mobile phase MeOH — deionized water 70:30 with 10
mM ammonium formate, flow rate 200ul/min an LCQ mass spectrometer (ThermoFinigan, USA)
equipped with an electrospray ionization probe and operated in data dependent fullscan and
MS/MS modes. Mass range 200-1100 mass units precursor isolation width, 5.normalized
collision energy, 22 %. The samples were dissolved in- 125 ul of 10 mM ammonium formate/
methanol (1:1), transferred into autosampler vials and Spl injected into the HPLC column.

RESULTS

The structures of the taxanes are shown in Fig.1. The HPLC characteristics (tg in min, tg as %
of the particular SB-T) of the respective metabolites of SB-T-1103, SB-T-1214 and SB-T-1216
are listed in Tables 2-4. Specific CYP contents are shown in Table 1.

Metabolism of SB-T-1103. SB-T-1103 was metabolized to 11 products. According to their
increasing peak retention characteristics on an HPLC reversed phase column, the metabolites
were designated consecutively as M1-M11 (Table 2). Metabolites representing at least 90% of all
products were subjected to HPLC/MS/MS analysis. Untreated rat (M4, M5, M7, M8, M9) and
PCN rat microsomes (M2, M3, M4, M6, M8), respectively, were suitable sources for collection
of the quantitatively most important metabolites.

M1 was a minor metabolite, present only in pig and rat microsomes. M2, found only in PCN
microsomes (25% of all detected metabolites) was double-hydroxylated at the C13/C3’. CID ESI
MS? spectra of fragment proved the hydroxylation of 2-methylpropane, positioned according to
chemical reactivity at the two backbone carbons (S+32, monoisotopic molecular mass 874.4).
The M2 peak contained a minor trihydroxylated S+48 metabolite (MM, 890.5, 9% of the M2
peak in MS analysis). M3 (T-57, MM 786.4) also detected only in PCN microsomes (12% of all
metabolites), represented a loss of the C-10 propionate at the taxane core; M3 peak also contained
a T-57/S+16 product hydroxylated as M7 or M8, i.e. at one carbon of the 2-methylpropane
backbone (MM, 802.4, 14% of M3 peak mass). M4 (S+16+T+16, MM 874.4) absent in humans,
constituted 5-6% of metabolites in pig and minipig microsomes. It was hydroxylated at the
C13/C3’ 2-methylpropane backbone as well as at the C-10 propionate of the taxane core.

M5 (+16, MM, 858.4) was a minor monohydroxylated product (position of OH not
determined) in all untreated microsomes and absent in PCN ones; the peak isolated from rat
microsomes contained a minor dihydroxylated metabolite (S+16+T+16, MM 874.4, 26% of MS
fraction). M6, another minor metabolite, showed isomeric structure to M4 (S+16+T+16, MM,
874.4). M6 is apparently hydroxylated on the C-2 benzyl of the taxane core. M7 (S+16, MM,
858.4), was hydroxylated at C13/C3’ 2-methylpropane backbone. It was absent in humans and
minipigs, constituted 15% of all rat metabolites. M8, hydroxylated on the other carbon of the
C13/C3’ 2-methylpropane backbone (S+16, MM, 858.4) was the main product in microsomes
from humans, untreated rats, pigs and minipigs (70% of all metabolites) and 50% in PCN
microsomes. The M-56 fragment in MS analysis of M7 and M8, respectively, indicating cleavage
of tert-butyl shows that hydroxylation proceeds on the 2-methylpropane structure, in contrast to



docetaxel, where hydroxylation occurs at terc-butyl. The proposed structure of the M7 and M8
isomers, derived from chemical reactivity allocates their hydroxyls to either carbon of the 2-
methylpropyl backbone rather than to the methyl groups. Since isolated M8 was metabolized to
M3 and M4, the same position was hydroxylated in all three products. M9 (T+16, MM, 858.4, -
OH position not identified) formed 13% of human products, 5% in rats being a minor metabolite
or absent in the other microsomes. M10 was a minor metabolite present only in rats. M11
accounted for 6-11% of sum of metabolites in human, pig and minipig microsomes, being a
minor product in rats and absent in PCN microsomes.

In a “THF” mobile phase (acetonitrile/methanol/H,O/tetrahydrofuran, 21:35:42:2, by volume)
we determined 13 metabolites, which corresponded to those found in the methanol mobile phase.
The total time of analysis was 72 min (tg of SB-T-1103) versus 21 min in the methanol: H-O
phase.

The sum of metabolites (pmol/mg protein/min) in pig microsomes (39.2) was comparable to
humans (27.1), but two-fold higher in minipigs (63.8) and 5-fold higher in rats (139.7).

The individual metabolic steps were further investigated by isolation of M5, M7, M8, M9 and
M10 formed from SB-T-1103 by untreated rat microsomes and M2, M3, M4, M6 and M8 from
PCN rat microsomes and subjecting them to further metabolism. All the purified metabolites
were metabolized further by PCN microsomes indicating their intermediate character; the
purified M8 metabolite (S+16) was metabolized to M2 (S+32) and M4 (S+16+T+16), indicating
that the alkyl site on a C-13 side chain in M4 was oxidized faster than the taxane ring.

Among cDNA-expressed CYPIA2, 1BI, 2A6, 2C9, 2El and 3A4, only CYP3A4
metabolized SB-T-1103 forming mainly M8, but also M1, M5, M9 and M11.

The proposed metabolic scheme (Fig.44) is based on the HPLC/MS/MS analysis and further
metabolism of purified metabolites.

Metabolism of SB-T-1214. SB-T-1214 produced 9 metabolites, named M1-M9 (Table 3)
according to increasing tg as detected at 230 nm. M1 metabolite, (S+16+14, MM, 884.4), a
hydroxylated and oxygenated minor product in human, pig and minipig microsomes, constituted
10% in untreated rats and was predominant in PCN rat microsomes (68% of SB-T-1214
metabolites). The MS-derived formal aldehyde structure at one methyl of C13/C3’° 2-
methylpropenyl would be in equilibrium with cyclic 2-hydroxy-3-methyl-2, 5-dihydropyrrol, but
the proposed structure considering chemical reactivity prefers hydroxylation of both methyl
groups and double bound oxygen at C2’ instead of original hydroxyl. The isomeric M2
(S+16+14) was present only in pig and minipig microsomes, but absent in humans and rats, and
formed 1% of the metabolites in PCN microsomes. M3 (S+32, MM, 885.4) is a dihydroxylated
metabolite at C13/C3’ 2’-methylpropene. It was found only in PCN microsomes. M4 and M5
were very minor metabolites found only in rats. Their structures were not elucidated. M6
(§+14+T+16, MM 883.4), formed only by PCN microsomes, was a minor product with formal
aldehyde modification at the C-13/C3’ 2-methylpropenyl as in M2 or M9, the proposed structure
being hydroxylation of one methyl and double bound oxygen at C2’ instead of original hydroxyl,
and another OH at the taxane core. M7 (structure not determined) constituted up to 7% in
human, pig and minipig metabolites, being absent in rat and PCN microsomes. M8 (S+16, MM,
869.4) was hydroxylated at one methyl of C13/C3’ 2’-methylpropene. It was apparently the
primary metabolite and the main product of SB-T-1214 in all species constituting about 8§0% of
all metabolites in microsomes from humans, untreated rats, pigs and minipigs, but only 11% in
PCN microsomes due to their high metabolic activity and its subsequent metabolism. In M9
(S+14, MM, 867.4), secondary MS fragmentation at m/z 887 (???) suggests an oxidation at 2-
methylpropeny! group of the side chain at C13. Unsaturated aldehyde formed may be stabilised
by ring closure yielding 2-hydroxy-3-methyl-2,5-dihydropyrrol-2-yl moiety which is in an



equilbrium with the ring opened form. Alternatively, hydroxylation at the methyl end along with
oxidation of hydroxyl at C2" to carbonyl group may explain observed MS fragmentation.

M9 was quantitatively significant in humans and rats, but a minor product in pigs and minipigs.
Thus, M8, M9 and M1 constituted almost 100% of all products in humans and rats, whereas M8,
M2 and M7 did so in pigs and minipigs. The detected 9 metabolites together with the variant
structure of S+OH+14 present as a small contaminant of the same formula in the M1 peak
fraction made up 10 metabolites of SB-T-1214.

The principal metabolic pathways (Fig.3B) were confirmed by purifying M8 and M9 from
untreated rat microsomes and subjecting them to metabolism in PCN microsomes, which formed
most actively M1. M8 indeed produced mainly M1 and partly M9, whereas M9 formed only M1
in accordance with their structures. In 10 min, M8 was metabolized mostly to M1 (70%) and M9
(15%), while after 30 min incubation, M1 was the only product, apparently via the M9
metabolite.

The analysis in the “THF” mobile phase required 49 min giving a metabolic profile identical
to the above methanol: H,O mobile phase (21 min sufficient for complete analysis).

The sum of metabolites (pmol/mg protein/min) in humans (256.6) were comparable to that in
rats (330.8), but 4.5-fold higher than in pigs (57.0) and 2.5-fold higher than in minipigs (100.7).

Among cDNA-expressed CYP1A2, 1B1, 2A6, 2C9, 2E1 and 3A4, only CYP3A4
metabolized SB-T-1214, producing predominantly M8, less M9 and a minor amount of M7.

Metabolism of SB-T-1216. SB-T-1216 was metabolized to M1-M8 numbered according to their
increasing tr as detected at 230 nm (Table 4).

In contrast to the two other SB-T’s, SB-T-1216 is attacked on the methyl of the
dimethylamino group at C-10. The side-chain alkyl is oxygenated in similar positions as SB-T-
1214.

The most hydrophilic M1 metabolite (S+14 +16+T+16, MM 901.4) has the MS-derived
structure of a hydroxylated aldehyde at C13/C3’ 2’-methylpropenyl, which is an unstable ebol
that would be more stable in the metabolically unusual keto form, and the proposed structure is
based on chemical reactivity is the dihydroxylated product at the methyl groups with double
bound oxygen at C2’ instead of the original hydroxyl. It it also hydroxylated at the methyl of the
C-10 dimethylaminogroup and represented only 2-4% of all metabolites in human, pig and
minipig microsomes, 6% in rats, but 63% of all products in PCN microsomes in accordance with
their high metabolic activity and probability that it was one of the final metabolites in vitro.

M2 (S+16+T+16, MM, 887.4) was hydroxylated at C13/C3’ 2’-methylpropenyl and
hydroxylated also at one methyl of the dimethylamino group at C-10. It was formed at low rates
and had similar relative representation in human, pig and minipig microsomes. It constituted 18%
of rat products, but was a minor product in PCN microsomes, suggesting its further metabolism,
apparently to M1. Only PCN microsomes formed M3 (not identified, 1% of all products) and M4
(S+14+T+16, MM, 885.4) which constituted 24% of products there. The MS analysis suggests a
formal aldehyde in equilibrium with cyclic 2-hydroxy-3-methyl-2, 5-dihydropyrrol, the proposed
structure related to chemical reactivity indicates more probable hydroxymethyl product with
double-bound oxygen atom at C2’ such as in M2. The second hydroxylation is at one methyl of
the dimethylamino group at C-10. M4 peak contained another very minor metabolite
(T+16+S+16, MM 888.4), representing 4% of the peak in HPLC/MS/MS analysis. MS (S+16,
MM, 872.4) hydroxylated at one methyl of C13/C3’ 2’-methylpropenyl was the main metabolite
in human (63%), untreated rat (50%) and PCN microsomes (63%) and quantitatively second
product in pigs (24%) and minipigs (23%), while a reverse ratio was observed with M8 (see
below). The M5 peak contained a very minor S+14+16 metabolite (0.4% of the peak in



HPLC/MS/MS analysis). M6 was detected in PCN microsomes only. In the oxygenated M7
(S+14, MM, 870.4) secondary MS fragmentation suggests an oxidation at 2-methylpropenyl
group of the side chain at C13. Unsaturated aldehyde formed may be stabilised by ring closure
yielding 2-hydroxy-3-methyl-2,5-dihydropyrrol-2-yl moiety which is in an equilbrium with the
ring opened form. Alternatively, hydroxylation at the methyl end along with oxidation of
hydroxyl at C2’ to carbonyl group may explain observed MS fragmentation.. It was significant in
rats (12%), less in humans (6%) and was missing or consisting less than 1% of products in pigs
and minipigs. The peak contained a minor dihydroxylated metabolite (MM, 888.4, 13% of the
peak in HPLC/MS/MS analysis, i.e. about 1% of all metabolites).

M8 (T+16, MM, 872.4) was hydroxylated at C-10 of the taxane core on the characteristic
dimethylaminocarbonyl group. M8 formed more than 70% of metabolites in pigs and minipigs,
but 18-19% in humans and rats giving a reverse order of M5:M8 in humans and rats versus pigs
and minipigs. Thus, humans and rats hydroxylate (oxidize) SB-T-1216 mainly at the side chain,
whereas pigs and minipigs at the C-10 dimethylamino group. Moreover, rats apparently
metabolize M5 significantly to M7, which is a minor or missing metabolite in pigs and minipigs.
Furthermore, PCN rat microsomes formed three specific metabolites, and did not form M8, which
was quantitatively very important in all other microsomes. The suggested metabolic pathways
(Fig.3C) are based on HPLC/MS/MS analysis and further metabolism of purified metabolites (see
below). Thus, SB-T-1216 was metabolized to 8 products as analyzed in the methanol: water
mobile phase and two additional minor metabolites found by HPLC/MS/MS made up a total of
10 metabolites.

The sum of metabolites (pmol/mg protein/min) in humans (103.6), pigs (94.8) and minipigs
(115.9) were almost identical, but 3-fold in higher in rats (329.1), suggesting that the rat may not
be a good model to study efficiency of SB-T-1216 metabolism and related antitumor action.

Analysis in the “THF” mobile phase gave an almost identical spectrum of metabolites as the
methanol: H,O phase. Five other minor metabolites were detected (making a total of 1S
metabolites), which constituted only about 4% of all metabolites in human, pig, minipig and
untreated rat microsomes. The “THF” mobile phase required 39 min for complete analysis versus
13 min in the methanol: H,O phase.

Further metabolism of SB-T-1216 metabolites was studied with M2, M5, M7 and M8 isolated
from incubations with untreated rat microsomes and M5 and M8 purified from minipig
microsomes. In PCN microsomes M5 produced M4, M1 and M2, possible precursor of M1 and
M4. M7 was metabolized to M6. M8 isolated as the main product from minipig microsomes, was
metabolized in untreated rat microsomes 56% to M2 and 35% to M4, while PCN microsomes
transformed M8 by 6% to M2, 25% to M4 and the rest was metabolized to M1.

Among cDNA-expressed CYP1A2, 1Bl1, 2A6, 2C9, 2E1 and 3A4, only CYP3A4
metabolized SB-T-1216, producing almost equally M2, M5 and M8.

DISCUSSION

Metabolism of SB-T-1103, SB-T-1214 and SB-T-1216 has not been studied yet. These drugs
are potentially promising for exerting up to 1000-higher antitumor activity than paclitaxel or
docetaxel in MDR-related resistant breast cancer cells. However, metabolism by human CYP
enzymes probably inactivates them efficiently and decreases their effects similarly as it occurs by
metabolism of paclitaxel and docetaxel. CYP-catalyzed metabolism of SB-T- analogs could
suggest a suitable animal model for studying drug efficiency in vivo. Moreover, the spectrum of
metabolites in different animal species provided new data for comparing catalytic similarity of
human, pig, minipig and rat CYP orthologs, specifically CYP3A.



SB-T-1103 was metabolized to 11 products, SB-T-1214 to 10 products and SB-T-1216 to 8
products, but only three or four of them usually formed 95% of all metabolites and even two
metabolites did so in case of SB-T-1216 metabolism in pigs and minipigs. One metabolite always
represented about 70% of all products in untreated animals and humans.

Purification of all significant metabolites and subjecting them to further metabolism
confirmed metabolic pathways assumed from hydrophobicity in reverse-phase HPLC analysis,
and especially from their structures disclosed by HPLC/MS/MS analyses.

It has become obvious that in contrast to docetaxel, the SB-T’s side chain was not
hydroxylated at the present tert-butyl, but on the more reactive 2-methylpropane (SB-T-1103) or
2-methylpropene SB-T-12141 and SB-T-1216, which produced similar metabolites of the two
latter taxanes. Moreover, loss of propionyl on C-10 (SB-T-1103) or hydroxylation of methyl on
the C-10 dimethylamino group (SB-T-1216) as well as hydroxylation on the C-2 aromatic ring
(SB-T-1103) occurred.

Species differences in the metabolism of the structurally similar SB-T-1103, SB-T- 1214 and
SB-T-1216 indicated that none of the animals is a generally preferable metabolic model for
human CYP-catalyzed metabolism. Specifically, M8 was the main metabolite of SB-T-1103 in
all four species, but the second human M9 metabolite was less significant in rats and virtually
missing in pigs and minipigs, whereas the second important rat metabolite M7 was missing in
humans and minipigs and a was very minor metabolite in pigs. Likewise, M8 was the main
product of SB-T-1214 in all four species, but M2 and M7 added to the sum of 95% in pig and
minipig metabolites, being absent in humans and rats, where similar conditions apply to M1 and
M9. SB-T-1216 was metabolized identically in pigs and minipigs to M5 and M8, which made up
95% of the products (ratio 1:3), but these metabolites were formed in the reverse ratio of 4:1 in
humans and rats and the second main product in rats was M2, which was a minor metabolite in
humans. Thus, metabolism in any animal species used was not generally similar to humans. The
major metabolites were produced in all species

PCN microsomes from rats with induced CYP3A produced different patterns of metabolites
of the three novel taxanes than all the other “untreated” ones. That was apparently due to a high
induction of CYP3A, the only so far known CYP form metabolizing taxanes except in humans,
where CYP2CS8 is also involved in the metabolism of paclitaxel (Rahman et al. 1994). It
suggested the important role of CYP3A in the metabolism of these new chemicals and also
complied with the step-wise metabolism revealed by structures of the metabolites. Obviously the
most important argument in favor of the role of CYP3A was provided by human cDNA-
expressed CYP enzymes, while CYP1A2, 1B1, 2A6, 2C9 and 2E1 were completely inactive.

The sum of metabolites (pmol/mg protein/min) of SB-T-1103 increased in the following
order, human (27.1) < pig (39.2) < minipig (63.8) <rat (139.7). The order in SB-T-1214 was pig
(57) < minipig (100.7) < human (256.6) < rat (330.8), and that of SB-T-1216 pig (94.8) = minipig
(115.9) = human (103.6) < rat (329.1). This also reveals that human microsomes metabolized the
three taxanes in almost ten-fold different rates. Thus, SB-T-1214 may be most extensively
metabolized and rapidly inactivated in the human liver. Rapid metabolism of novel taxanes may
significantly affect their anticancer action. Further studies on cytotoxicity of the main metabolites
should indicate the importance of metabolism in the anticancer effects of these promising agents.
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