UNIVERZITA KARLOVA YV PRAZE

FARMACEUTICKA FAKULTA V HRADCI KRALOVE

katedra biochemickych véd

METABOLISMUS
ANTHELMINTIK U HELMINTU

disertacni prace

Hradec Kralové, 2008 Mgr. Viktor Cvilink



Prace prezentované¢ v teto disertacni praci vznikly za finanéni podpory Grantove
agentury Ceské republiky (grant Cislo 524/06/1345), Grantové agentury Univerzity
Karlovy (grant ¢islo 71808/B/2008) a Fondu mobility Univerzity Karlovy.

ProhlaSuji, ze tato prace je mym puvodnim autorskym dilem, které jsem
vypracoval samostatné. Veskera literatura a dals$i zdroje, z nichz jsem pii zpracovani
Cerpal, jsou uvedeny v seznamu pouzité literatury a v praci fadné citovany.

Na tomto misté¢ chci podékovat v prvni fad¢ své skolitelce doc. RNDr. Lence
Skalové, Ph.D., za zastiténi mého studia na katedfe biochemickych véd, za jeji mily,
ptatelsky a optimismem naplnény piistup, za védecké nadSeni a plany, toleranci,
trpélivost a laskavou vSestrannou péci, kterou mi nezistné vénovala. Dékuji.

Dé&kuji prof. Jifimu Lamkovi, CSc., za ochotu pii zajistovani biologického
materidlu a doc. Ing. Barboie Szotikové, Ph.D., za obétavou pomoc pii piipravé
experimentd.

Specialni pod¢kovani patti Alené Pakostove, za uméni hbité pomoci v jakékoli
situaci, za jeji lidsky postoj a permanentné dobrou naladu.

De¢kuji svym koleglim a ptatelim z fad byvalych ¢i soucasnych Ph.D. studentl
z katedry biochemickych véd, Markovi, Helen¢, Romané, Bohunce, Michalovi, Iv¢,
Yogeete, Lad’ce, Veronice, Lucce a Lucce, Pavling, Anicce, Adamovi a Hance, stejné
tak vSem ostatnim pracovnikiim katedry biochemickych véd za vytvofeni prostiedi, ve
kterém jsem se citil dobfe a doma.

Dé&kuji doc. Ing. Michalu Hol¢apkovi, Ph.D., za to, Ze mé predstavil zdhad¢
jménem hmotnostni spektrometrie.

Dé&kuji prof. Ristovi Kostiainenovi a assoc. prof. Raimovi A. Ketolovi za
oteviené dvefe ve Viikki v Helsinkach.

V neposledni fadé¢ d€kuji svym rodi¢im za podporu, kterou mi poskytovali po
celou dobu studia, a sm&ju se na malou Alenku, ze vstoupila do Rise divl a chytila se
prstl mé ruky.



OBSAH

LA g T T T = =] S -4-4
L Y0 ] 0 PSRRI -5-5
2. TEORETICKA CAST ..ot -6-6
2.1. Biotransformace XenobiotiK U SAVCE ...........ccccvireiieriiieiese s -6-6

2.1.1. Prvni faze DIOtranSTOrMACE .......vviiiiieiii ettt e e s earee e s sarree s -71-7

2.1.2. Druha faze biotransSformaCe .......cviverieriiierieise ettt ettt snns -10-10
2.2. Biotransformace xenobiotik u helmintii................ccccoiiiiiiiii -12-12
2.3  HEIMINTOZY ..ottt bbbt -13-13

2.3.1. HACMONCHOZA ...ttt ettt b et b et sbe e sbeesbe e -13-13

B I 1 (o1 Tc] LG 2 TSP OPORPRTTRN -13-13
2.4. Benzimidazolova anthelmintiKa................cooviiiiiiiiiiiii e e -14-14
2.5. Hmotnostni spektrometrie p¥i studiu biotransformace............ccocoovinvniniinncinec, -15-15

2.5. 1. PHIPIAVA VZOTKU ...ttt bbb bbb b b -17 -7

2.5.2. Tonizalni teChNIKY ......c.ccuiiiiiic et re e -18-18

2.5.3. HMOtNOSNT ANALYZATOTY ...evviiieiiieiiieiie ettt -21-2%
2.6, LITEIATUNE ..o -24 -24
3. CILE PRAGCE .......c.coiiiiiiiieieteeetees et - 28 -28
4. EXPERIMENTALNI CAST ..o -29 -29
4.1. Biotransformace xenobiotik u helmintii.................ccccooiiiiiiiiii e -29-29
4.2. Prvni faze biotransformace anthelmintik u vlasovky slézové ...................c..occooiiiiinins -29-29
4.3. Prvni a druha faze biotransformace anthelmintik u vlasovky slézové................................. -30-30
4.4. Prvni faze biotransformace anthelmintik u motolice kopinaté.................c.ccccoovrvirinnnenn. -31-3%
4.5. Prvni a druha faze biotransformace anthelmintik u motolice kopinaté ........................... -32-32
5. ZAVER ..ottt -34-34
6. CONCLUSION ..o -36 -36
7. PRILOHY ..ot - 38 -38
7.1. Publikace vztahujici se k tématu disertacni prace..............ccccooceeiiiiiiniiiniiici e, -38-38
7.2. Seznam vSech PUDLIKACT ............ccoooiiiiiiiii -122 -122
7.3. Seznam prezentaci na védeckych setkanich ...............ccocooviiiiiinn -123 -123



Seznam zkratek

ABZ
ABZSO
ABZSO,;
CoA
CYP 450
FMO
FLU
FLUR
FT-ICR
GSH
GST
HPLC
LLE
MALDI
MEB
MEBR
MS
MS/MS
MSs"
m/z
NADH
NADPH
NAT
PAPS
ppm
SPE
SPME
SRM
SULT
TOF
UGT
uv

albendazol

albendazol sulfoxid

albendazol sulfon

koenzym A

cytochromy P450

flavinové monooxygenasy

flubendazol

redukovany flubendazol

iontova cyklotronova rezonance s Fourierovou transformaci
glutathion

glutathion S-transferasa

vysokoucinna kapalinovéa chromatogafie
extrakce kapalina-kapalina

ionizace laserem za pouziti matrice
mebendazol

redukovany mebendazol

hmotnostni spektrometrie

tandemova hmotnostni spektrometrie
tandemova hmotnostni spektrometrie do vyssiho stupné
pomér hmotnosti a naboje iontu
nikotinamidadenindinukleotid
nikotinamidadenindinukleotidfosfat
N-acetyltransferasa
3’-fosfoadenosin-5’-fosfosulfat

jedna miliontina celku, tisicina promile
extrakce na pevné fazi

mikroextrakce na pevné fazi

selected reaction monitoring
sulfotransferasa

analyzator doby letu
uridindifosfatglukuronosyltransferasa
ultrafialovy



1. Uvod

Hlavni cestou v boji s helmintickymi parazitbzami jsou farmakoterapie a
farmakoprofylaxe provadéné v ohrozenych ¢i napadenych chovech prostfednictvim
dostupnych vhodnych anthelmintik. Celosvétoveé zavaznou otazkou pii 1écbé helmintoz
je vyvoj rezistence parazitujicich Cervli vi¢i pusobeni anthelmintik. Mechanismus
vzniku rezistence neni dosud u vétSiny anthelmintik objasnén. Jednim z dtvodua jsou
nedostate¢né znalosti o vlastnich biotransformacnich enzymech helmintt.

Biotransformacni enzymy jednotlivych helmintii a jejich role, kterou mohou v
detoxikaci anthelmintik hrat, nejsou zatim dukladné&ji zmapovany a popsany. Jsou to ale
pravé biotransformacni enzymy, které mohou do ur¢it¢ miry chranit organismus
parazita pied pusobenim anthelmintik (a xenobiotik jako ptedstaviteli chemického
stresu pro organismus obecné). Schopnost zapojit své vlastni biotransformacni enzymy
a metabolizovat jimi podané anthelmintické 1é¢ivo na netcinny metabolit mize pro
parazita v tomto sméru piedstavovat vyhodny obranny mechanismus.

Krokem k blizs$i charakterizaci enzymi potencialné metabolizujicich urcité
anthelmintikum ve vybraném Zivo¢isném druhu je urceni vS§ech metabolitil, na které je
xenobiotikum danym druhem transformovéano. Kapalinovad chromatografie ve spojeni
s hmotnostné spektrometrickou detekci je pro nalezeni a identifikaci metabolitii velmi
vhodnym nastrojem. Diky selektivité¢ a vysoké citlivosti hmotnostnich analyzétort, a
také diky moznosti predseparace latek na koloné chromatografického systému, dosahuje
toto spojeni vynikajicich vysledkli 1 pfi analyze latek v slozitych biologickych

matricich.



2. Teoreticka cast

2.1. Biotransformace xenobiotik u savcu [1, 2]

Zivé organismy béhem Zivota neustile piichizeji do kontaktu s chemickymi
latkami z okolniho prostfedi. Latky mohou do organismu vstoupit a byt vyuzity
naptiklad jako zdroje energie Ci stavebni kameny pro syntézu dalSich sloucenin. Na
takové je pohlizeno jako na latky télu vlastni, tzv. eobiotika. Organismus se vSak
setkava i s latkami, které jsou télu cizi, tzv. xenobiotiky. I xenobiotika, z naseho
pohledu nejcéastéji 1é¢iva, mohou do organismu vstupovat.

Biotransformace xenobiotik je zdkladnim mechanismem pro udrzeni homeostazy
organismil. Probihd za ucasti velkého poctu enzymdu, které se vyznacuji nizkou
substratovou selektivitou. Syntéza biotransformacnich enzymid muze sice byt
stimulovana pfimo pfitomnosti xenobiotika v organismu (proces enzymové indukce),
vétSinou jsou ale biotransformacni enzymy syntetizovany neustile a nezavisle na
aktualni expozici organismu xenobiotickému stimulu. Selektivita téchto enzymu je
nizka a mohou se ucastnit metabolickych pfemén celé Skaly xenobiotickych substratd.
Kromé toho mnoho biotransformacénich enzymu katalyzuje také reakce endogennich
latek, napt. steroidnich hormonti, vitamint, bilirubinu, eikosanoidi a Zlucovych a
mastnych kyselin.

Biotransformacnimi enzymy katalyzované reakce xenobiotik se obecné déli do
dvou skupin: reakce prvni faze a druhé faze biotransformace. Jako nulta a treti faze
metabolismu xenobiotik byvaji oznacovany procesy spojené s transportem xenobiotika
do bunky, respektive pozménéného xenobiotika z buriky. Prvni faze zahrnuje oxidacni,
redukéni a hydrolytické pochody. Obvykle pii téchto reakcich dochéazi k zavedeni
funkénich skupin do struktury xenobiotika (napf. hydroxyskupiny, aminoskupiny,
thiolové skupiny, karboxyskupiny) nebo jejich odhaleni, ,,demaskovani® (napf.
dealkylace). Reakce prvni faze vétSinou pfinaseji jen maly nartst hydrofility substratu.
Béhem reakci druhé faze mohou byt tyto substraty v mistech odhalenych ¢i vnesenych
funk¢nich skupin konjugovany s endogennimi, ptevazné velmi polarnimi konjugacnimi
¢inidly, ¢imZ je dosazeno vyrazného zvySeni hydrofility xenobiotického substratu a
usnadnéni jeho exkrece z organismu. Biotransformacni procesy se odrazi v pozménéné
struktufe xenobiotika a potazmo tedy i v jeho modifikované biologické aktivité. Mélo-li

xenobiotikum pted vstupem do biotransformacnich reakci biologickou aktivitu, mohlo
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dojit k jeho deaktivaci nebo detoxikaci. Biotransformaéni pochody mohou naopak
zpusobit 1 aktivaci plivodné biologicky neaktivni molekuly xenobiotika, poptipadé
navozeni Ci zvySeni jeji toxicity. Tyto disledky jsou zavislé na struktufe xenobiotika a

mezi jednotlivymi typy xenobiotik existuji v tomto ohledu velké rozdily.

2.1.1. Prvni faze biotransformace [1, 2, 3, 4, 5, 6]
2.1.1.1. Oxidace

2.1.1.1.1. Cytochromy P450

Pro cytochromy P450 je typicky univerzalni vyskyt. Nalézaji se prakticky ve
vSech organismech napfi¢ spektrem. Jsou to klicové enzymy v metabolismu 1éciv a
dalsich xenobiotik a plni dilezité funkce i v eobiotickych metabolickych drahach
(zejména v drahach lipofilnich latek, napt. zlu¢ovych a mastnych kyselin, cholesterolu a
prostaglandinii). Existuje vysoky pocet isoforem (cca 3700 — rok 2007) katalyzujicich
pfeménu obrovského mnozstvi substrati a taktéz disponujicich Sirokym rejstiikem
enzymatickych aktivit (kofaktorem je NADPH). Strukturn€ se jednd o velice
rozmanitou skupinu hemoproteint; pro jejich klasifikaci byla vyvinuta nomenklatura
postavena na stupni shody aminokyselinové sekvence mezi jednotlivymi isoformami.
Isoformy s homologii v sekvenci ptesahujici 40% jsou fazeny do stejné rodiny (napf.
CYP3) a isoformy se sekvenéni homologii nad 70% do stejné podrodiny (napf.
CYP3A). Kazda individualni isoforma je dale oznacena dislici (napi. CYP3A4,
CYP3AS5). U eukaryotnich organismu jsou cytochromy P450 vazany v komplexech
s NADPH cytochrom P450 reduktasou na membranu endoplasmatického retikula (tzv.
mikrosomalni cytochromy). S cytochromem P450 souvisi dal$i enzymy, cytochrom b5 a
cytochrom b5 reduktasa, které se ti€astni pfenosu elektronti z alternativniho kofaktoru
NADH na mikrosomdlni cytochrom P450. Ferredoxin zavislé¢ isoformy CYP 450
zapojené do metabolismu eobiotickych substrati je mozno nalézt navazané na
membranu mitochondrii. Pro funkci cytochromu P450 maji kli¢ovy vyznam
membranové fosfolipidy, zejména fosfatidylcholin, které udrzuji nativni konformaci
enzymu.

Cytochromy P450 jsou obecné znamé jako systémy s monooxygenasovou ¢i

oxytransferasovou aktivitou. Vuci nekterym xenobiotikim mohou vsak vykazovat i



aktivitu reduktasovou. Reduktasovou aktivitu mize u nékterych substratl za urcitych
podminek doprovazet tvorba volnych radikali a mit znac¢ny toxikologicky vyznam.
Kromé CYP 450 se oxidacnich reakci xenobiotik a eobiotik ucastni téZz dalsi oxidaéni
enzymy. Jako piiklady je mozno uvést NAD' zavislé alkoholdehydrogenasu a
aldehyddehydrogenasu, dale xanthinoxidasu a monoaminooxidasu. Do metabolismu
xenobiotik jsou u ¢lovéka zapojeny zejména rodiny CYP1, CYP2 a CYP3, isoformy
z ostatnich rodin jsou zaméiené na eobiotické substraty. NejvyznamnéjSimi jsou
CYP1Al, CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYPZ2EL,
CYP3A4 a v prenatalnim stavu i CYP3A7. Az 50% vSech léCiv je u cloveka
pfeméinovano prostiednictvim CYP3A4. Tento fakt je mozné vysvétlit Siroce otevienym
aktivnim mistem isoformy enzymu a tudiz vysokym stupném univerzality ve vybéru

substratu.

2.1.1.1.2. FMO

Flavinové monooxygenasy (FMO) jsou pfitomny v mnoha tkanich, ovSem
nejvyssi hladiny FMO byly nalezeny ve tkani jaterni a plicni. Podobné jako cytochromy
P450 jsou lokalizovany na membranach hladkého endoplasmatického retikula. Jako
prostetickou skupinu obsahuji flavinové monooxygenasy flavinadenindinukleotid. Ke
své funkci dale potiebuji ptisun elektronti (donorem NADPH nebo NADH) a
molekularni kyslik. Pasobenim FMO je metabolizovana fada 1éCiv, typicky latky
obsahujici ve své molekule pouze jedno nukleofilni centrum, napt. dusik, siru nebo
fosfor. Eobiotika v drtivé vétsiné obsahuji nukleofilnich center vice, proto jsou ze
spektra substratlh pro FMO vyjmuty, a tudiZz vii¢i ptisobeni FMO chranény. Substraty
FMO byvaji Casto soucasné téZz substraty cytochromt P450, produkty reakci
katalyzovanych FMO se vSak mohou od produktii reakci katalyzovanych CYP 450 lisit.
Mezi reakce katalyzované FMO patii napf. N-oxidace sekundarnich a terciarnich
amin®, hydroxylaminii, iminti a hydrazinl, S-oxidace thiold, disulfidfi, thioamidd,
thiomoCoviny a analogické reakce na fosforu.

Skupina FMO je nadrodinou enzymut zahrnujici fadu isoforem majicich rtiznou
substratovou specifitu. Clenéni FMO je analogické &lenéni cytochromil. V soudasné
dobé je rozlisSovano pét isoforem FMO1-FMO5. Hlavni jaterni isoformou u ¢loveka je

FMO3.



2.1.1.2. Hydrolyza

Hydrolytické enzymy katalyzuji rozklad kovalentnich vazeb, které vznikly
kondenzaci, tj. reakci v jez vedly ke vzniku produktu za odstépeni molekuly vody. Pii
hydrolyze substratu ¢asto dochdzi k odStépeni velké ¢asti molekuly substratu, a tim k
rozsahlé zméné jeho struktury. Mezi substraty hydrolytickych enzymut patii estery,
amidy, hydrazidy, karbamaty, hydroxamové kyseliny a dalsi. Hydrolytické enzymy jsou
vSudyptitomné a vyskytuji se v krevni plasmé, erytrocytech i buiikach tkani. Jako
piiklady hydrolas mohou byt uvedeny arylesterasy, karboxyesterasy, acetylesterasy a
cholinesterasa. Zvlastni formou hydrolyzy je hydratace, kdy dochazi k zavedeni

molekuly vody do molekuly substratu, aniz by souc¢asné doslo k jejimu rozkladu.

2.1.1.3. Redukce

Navzdory faktu, ze v zivych organismech, jako aerobnich systémech, jsou
upfednostiiovany spiSe oxida¢ni reakce, rozsahla skupina latek v nich muaze podléhat
enzymatické ¢i neenzymatické redukci. Pro fadu IéCiv je redukéni mechanismus
dilezitou a vyznamnou cestou biotransformace. Reduktasy jsou enzymy cytosolické i
membranové vazané, NADH i NADPH zavislé, existuji téZ mitochondrialni reduktasy.
Pro organismus je vyznamnd reduk¢ni role stfevni mikroflory, zejména pii redukcich
nékterych alkent (kyselina skoficova) nebo latek obsahujicich azo- nebo nitroskupinu.
Mezi hlavni enzymové systémy redukujici xenobiotika patii reduktasy/dehydrogenasy
s kratkym ftetézcem (SDR), aldo/keto reduktasy (AKR), reduktasy/dehydrogenasy se
sttednim fetézcem (MDR), nitrochinonreduktasy, cytochromy P450, NADPH-
cytochrom P450 reduktasa a NADH-cytochrom b5 reduktasa. Reduk¢ni procesy
zahrnuji redukce nésobnych vazeb mezi uhlikovymi atomy, deoxygenaci arenoxidd,
redukci chinonii a hydroperoxidii. Nékteré halogenované uhlovodiky, napt. halothan,
mohou byt redukéni cestou dehalogenovany (moZna je i oxidacni cesta, za katalyzu
téchto pfemén je pak zodpovédny cytochrom P450). Do redukénich reakci mohou
vstupovat i slouceniny obsahujici dusik (azoslou¢eniny, N-oxidy, nitroslouceniny), siru
(disulfidy, sulfoxidy) nebo selen, dale organokovové a anorganické slouceniny. Nekteré
funkéni skupiny mohou byt jak redukovany, tak oxidovany. Napiiklad aldehydické
latky mohou byt redukovany za vzniku alkoholl, ¢i oxidovany za vzniku ptislusné
karboxylové kyseliny. Latka typu sulfoxidu mize byt oxidativné pfeménéna na sulfon

nebo redukovana na sulfid.



2.1.2. Druha faze biotransformace [1, 2, 4]

Mezi reakce druhé faze biotransformace xenobiotik patii glukuronidace,
sulfatace, acetylace, methylace a konjugace s glutathionem nebo aminokyselinami. Pro
prabéh konjugacni reakce je nutnd energeticka aktivace substratu ¢i kofaktoru (spotieba
energie). Aktivovany kofaktor (¢i substrat) pak dale reaguje s vhodnymi funkénimi
skupinami substratu (¢i kofaktoru). Vhodné funkéni skupiny mohou byt pfitomny
v molekule od zacitku nebo byt do molekuly vneseny béhem prvni faze
biotransformace. Ve¢tSina reakci druhé faze vede k velkému zvySeni hydrofility

substratu a vyrazn¢ tak usnadnuje jeho vylouceni z organismu.

2.1.2.1. Glukuronidace

Glukuronidace je hlavni metabolickou cestou druhé faze biotransformace u
¢loveka. Je katalyzovana uridindifosfatglukuronosyltransferasami (UGT) a zahrnuje
pfenos aktivované o-D-glukuronové kyseliny na substrat. UGT jsou mikrosomalni
enzymy hojn¢ zastoupené ve tkanich, napft. v jatrech, ledvindch, stfevech a dalSich.
V bunécném cytosolu dochazi k dvoukrokové syntéze aktivované UDP-glukuronové
kyseliny, kterd je pak transportnim systémem piendSena do lumen endoplasmatického
retikula. Substraty UGT jsou piedev§im molekuly obsahujici nukleofilni heteroatom,
napt. alkoholy, fenoly, thioly, aminy, z eobiotickych latek predevs§im bilirubin, steroidni
a thyroidni hormony. Produkty reakci jsou O-glukuronidy, N-glukuronidy a S-
glukuronidy, které se vzajemné lisi stabilitou v kyselém prostfedi a citlivosti viici
pusobeni B-glukuronidas. Nomenklatura UGT je obdobna jako u cytochromii P450. U
lidi jsou zatim objeveny 2 ttidy UGT: UGT1 a UGT?2.

2.1.2.2. Sulfatace

Sulfatace je velice bézna konjugaéni reakce. Enzymy se ji GiCastnici se nazyvaji
sulfotransferasy (SULT), energeticky aktivovanym kofaktorem je 3’-fosfoadenosin-5'-
fosfosulfat (PAPS), jehoz sifi¢itanova skupina je sulfotransferasami pifenaSena na
hydroxylovou skupinu substratu. Sulfotransferasy jsou cytosolické enzymy, vyznacuji
se relativné vysokou afinitou k substratu, avSak maji niz§i reakéni kapacitu, a to
z divodu nizké pohotovostni endogenni koncentrace PAPS. Nejcastéjsimi substraty

jsou latky obsahujici hydroxylovou skupinu: alkoholy, fenoly. Z endogennich substrati
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jsou to naptiklad steroidni a thyroidni hormony. Sulfataci mohou podstupovat i aminy.
Vznikajici organické sulfaty jsou hydrofiln€jsi nez ptivodni latky a velmi snadno se
vyluCuji z organismu. Nomenklatura SULT je opét zalozena na stupni shody v

aminokyselinové sekvenci a rozifazuje SULT do tfi rodin: SULT1, SULT2 a SULT4.

2.1.2.3. Konjugace s glutathionem

Reakce s glutathionem jsou katalyzovany glutathion S-transferasami (GST).
GST jsou ptevazné¢ cytosolické enzymy, které vyuzivaji jako kofaktor tripeptid
glutathion (y-L-glutamyl-L-cysteinyl-glycin, GSH). V¢tSina konjugaénich reakcei
probihd za ucasti GST, avsak GSH obvykle byva v bunkach pfitomny v tak vysoké
koncentraci, ze muze dochazet i k neenzymatické konjugaci substrati. Konjugaci
S glutathionem podléhaji hlavné slouceniny elektrofilniho charakteru, napt. latky
halogensubstituované,  nitrosubstituované¢  nebo  sulfosubstituované, pfipadné
heterocyklické slouceniny. Nomenklatura a tfidéni GST do skupin znovu stoji na mife
podobnosti aminokyselinové sekvence.

Konjugace s glutathionem téz hraje dilezitou roli pti biosyntéze leukotriend.

Tyto reakce jsou katalyzovany mikrosomalnimi glutathion S-transferasami.

2.1.2.4. Konjugace s aminokyselinami

Do konjugaci s aminokyselinami vstupuji prevazn€ xenobiotika ¢i eobiotika
obsahujici  karboxylovou skupinu. Samotné konjugaci piedchdzi aktivace
xenobiotického substratu reakci s acetylkoenzymem A za puasobeni mitochondrialni
acyl-CoA syntetasy. V druhé fazi je acyl aktivovaného karboxyl nesouciho xenobiotika
pfenesen na aminoskupinu aminokyseliny. Tato reakce je katalyzovana N-
acyltransferasou. Mezi aminokyseliny zapojujici se do konjugacnich reakci patii glycin,
taurin nebo glutamin. Konkrétni za¢astnéna aminokyselina zavisi na druhu xenobiotika
podstupujiciho konjugaci. Témi jsou, jak uz bylo zminéno, rizné alifatické, aromatické
¢i heterocyklické karboxylové kyseliny. Typicka je pro nesteroidni antiflogistika.

Z eobiotik konjugaci s aminokyselinami podstupuji hlavné zlu¢ové kyseliny.
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2.1.2.5. Acetylace

Koenzymem acetyla¢nich reakci je podobné jako v ptipadé¢ konjugace
s aminokyselinami acetylkoenzym A. Enzymy katalyzujici acetylace se nazyvaji N-
acetyltransferasy (NAT). Jsou to cytosolické enzymy katalyzujici pienos acetylové
skupiny. V prvni fazi dochazi k acetylaci enzymu a posléze pienosu acetylu do
molekuly substratu. NejcastéjSimi substraty jsou latky obsahujici aminoskupinu, napft.
aromatické aminy nebo latky shydrazinovou skupinou. Latky s alifatickou
aminoskupinou nejsou NAT bézné metabolizovany. U clovéka byly nalezeny 2 druhy
N-acetyltransferas: NATI1 a NAT2. Zatimco NAT1 je ptfitomna ve vétsing tkani, NAT2
byla nalezena pouze v jaterni a nepatrné ve sttevni tkani. U NAT2 byl nalezen vyrazny

geneticky polymorfismus (vyskytuji se tzv. rychli a pomali acetylatofi).

2.1.2.6. Methylace

Je pomérné zvlastni konjugacni reakei, ve které dochdzi ke zvyseni lipofility
xenobiotika, navic se methylaci obvykle maskuji hydrofilni funkéni skupiny vnesené do
struktury latky béhem prvni faze biotransformace. Methylace katalyzuji mikrosomalni 1
cytosolické enzymy nazyvané methyltransferasy. Kofaktorem reakci je S-
adenosylmethionin. Substraty se rozdéluji podle mista kone¢ného pienosu
methylskupiny. Ta mulze byt pfenesena na atom kysliku (O-methyltransferasy
preménujici fenoly, katecholaminy, dopamin), na atom dusiku (N-methyltransferasy
metabolizujici nikotin, rizné aminy xeno- i eobiotického puvodu) nebo na atom siry (S-
methyltransferasy methylujici thioly, merkaptopurin). Detekovana byla 1 methylace
pifimo na atomu uhliku xenobiotika (u benzo[a]pyrenti), jedna se vSak o vzacnou

metabolickou pfeménu. Pro methyltransferasy je opét typicky geneticky polymorfismus.

2.2. Biotransformace xenobiotik u helmintu

Biotransforma¢nim procesim xenobiotik u helmintd bylo Vv porovnani
S biotransformacnimi pochody u savcii vénovano mnohem méné pozornosti. NaSimi
pracemi jsme se snazili ptispét k prohloubeni znalosti této problematiky. Soucasny stav
védeéni na tomto poli jsme shrnuli v prehledném c¢lanku, ktery je pfilohou této disertacni

prace.
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2.3. Helmintozy [7, 8, 9]

Helmintézy, nemoci zpusobené parazitujicimi cervy, piedstavuji jednu
Z nejrozsifenéjSich piicin ohrozeni zdravotniho stavu hospodarskych, domacich 1 volné
zijicich zvifat. Chovatelim hospodaiskych zvifat plsobi tyto nemoci znacné
ekonomické ztraty, samotnym zvifatim pak zhorSeni zdravotniho stavu, které vede
v mnoha ptipadech k pred¢asnému tthynu.

Jako modelové parazitujici druhy pro studium metabolismu vybranych
benzimidazolovych 1éCiv byly pro ucely naSich experimenti vybrany vlasovka slézova

(Haemonchus contortus, Trichostrongylidae, Nematoda) a motolice kopinata

(Dicrocoelium dendriticum, Dicrocoeliidae, Trematoda).

2.3.1. Haemonchoéza

Vlasovka slézova (Haemonchus contortus) je Casty a relativné velmi patogenni
parazit domacich i volné zijicich pfezvykavci (hlavné ovci, koz). Je to obly cCerv,
gonochorista, délky zhruba 10-20 mm (samci) a 20-30 mm (samice). U zvitat Zije
ve slézu, pfichycen ustnim otvorem k mukédze zaludecni stény. Infekce vlasovkami,
jako krev sajicimi parazity, se projevuje anémii a hypoproteinémii. Nakazena zvifata
jsou slaba, apatickd, ztraci na vaze. I relativné maly pocet jedincl (v fadu nékolika
desitek az set) muze zapii¢init doprovodné krvaceni do Zaludku z 1ézi zptusobenych
prichycenim parazita na Zalude¢ni sténu (cca 50 ml denn¢). Pokud je hostitel vystaven
pusobeni velkého poctu jedinct parazita béhem kratké doby, muze se vyskytnout tzv.
hyperakutni forma haemonchézy. Hostitel pak umira zhruba za 7 dni kvili masivnim
ztratam krve (aZ 600 ml denné, pfispiva téZ krvaceni do Zaludku z 1ézi). U chronické
haemonchoézy, kterd muaze trvat nékolik mésicii, nebyva anémie tak razantné vyjadiena

z diivodu kompenzace zvySenim krvetvorby.

2.3.2. Dikrocelidza

Dikrocelioza, helmintéza zpusobena motolici kopinatou, je V soucasnosti
povazovana za celosvétové vyznamné, avSak dosud méné prozkoumané onemocnéni
domaécich 1 voln€ Zijicich zvifat a téz relativné vzacnou chorobu c¢lovéka. Jedna se o
jednu z Sesti nejcastéji se vyskytujicich helmintéz hospodaiskych prezvykavcu, ale
postihuje také volné Zijici zvitata. Vyskyt helmintdzy je celosvétovy. Motolice kopinata
je plochy €erv s pruhlednym télem dosahujicim délky 5 az 15 mm a Sitky 1,5 az 3 mm.

Parazituje zejména ve zlu€ovych cestach, ZluC¢ovém méchyii a ve vyvodu pankreatu
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svého hostitele. U definitivniho hostitele plisobi zanét zlucovodi, ktery postupné
pfechdzi na chronickou formu s typickymi znaky, kterymi jsou rozsifeni duktd,

hyperplazie, proliferace a deskvamace mukodzy.

2.4, Benzimidazolova anthelmintika [10, 11, 12, 13, 14, 15, 16]

Mezi 1éCivy pouzivanymi k terapii helmint6z, tj. anthelmintiky, hraji vyznamnou
roli benzimidazolova anthelmintika. Benzimidazolova anthelmintika patii mezi 1é¢iva
ve veterinarni i humanni mediciné celosvétové hojné vyuzivana. Spektrum Géinku je
pomérné Siroké, lisi se u konkrétnich zastupcii. U vétSiny derivath zahrnuje tasemnice 1
hlistice, nékteré Sirokospektré derivaty navic pusobi i na motolice, ¢i vykazuji navic
antimykotickou aktivitu. VétSina benzimidazolovych anthelmintik plisobi nejen proti
dospélym helmintim, ale i proti vyvojovym stadiim parazitd, néktera z nich maji
toxicky ucinek i na jejich vajicka.

Ve veterinarni mediciné hraji benzimidazolova anthelmintika velmi vyznamnou
roli jak v prevenci, tak i v terapii parazitarnich infekci a jsou podavana mnoha zvifecim
druhim. K nejcastéji pouzivanym patii albendazol, fenbendazol, flubendazol,
mebendazol, triklabendazol a tiabendazol (Obrazek 1). Anthelminticka aktivita 1é¢iv je
zavisla na dobé& udrZeni terapeutickych koncentraci v télnich tekutinach a tkanich. U
polygastrickych zvitat a dalSich bylozravci (napt. skot, ovce, kin) lze benzimidazoly
podavat jednorazove, u monogastrickych zvitat (napt. pes, kocka, prase, dribez) je
vétSinou nutné opakované podani. K typickym indikacim patfi nematoddzy
gastrointestinalniho traktu, plic, pfip. 1 dalSich orgdnt a tkani. Albendazol,
triklabendazol a fenbendazol vykazuji antitrematodni aktivity a pouzivaji se pii lécbé
fasciolozy a dikrocelidozy. Anticestodni aktivitu maji albendazol, fenbendazol,
mebendazol a flubendazol. Mechanismus U¢inku benzimidazolovych anthelmintik
spoc¢iva v selektivni vazbé na B-podjednotku tubulinu paraziti. Touto vazbou je
zabranéno polymerizaci monomerii a vzniku mikrotubuldi, které tvofi strukturni
jednotky mnoha bunéénych organel a které jsou nezbytné pro fadu bunéénych pochodi
véetné mitdzy. Po jejich podani bylo u paraziti pozorovano poskozeni struktury a
funkce tegumentu, hypodermis, svalovych vrstev a stieva. Také dochazelo k blokovani
vzniku gamet. Dale muze byt plisobenim benzimidazolovych anthelmintik narusen
energeticky metabolismus a pozorovano snizeni piijmu glukdézy, coz nékdy byva

uvadéno jako dalsi mechanismus ucinku.
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Benzimidazolova anthelmintika vykazuji pouze mirné nezddouci Uc¢inky na
organismy hostitelti. Toto specifické plisobeni, selektivni toxicita benzimidazolovych
anthelmintik, je dusledkem mnohem niZsi reverzibility jejich vazby na tubulin parazita
oproti tubulinu hostitele. Rezistence na 1é¢bu, ktera se u nékterych kment vyskytuje, ma
Casto podstatu v bodové mutaci genu pro B-tubulin vedouci k syntéze proteinu

s odlisnymi vlastnostmi.
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Obrazek 1. Chemické struktury vybranych benzimidazolovych anthelmintik

2.5. Hmotnostni spektrometrie pri studiu biotransformace [4, 17,
18, 19, 20, 21, 22, 23, 24, 25]

Hmotnostni spektrometrie se ukazala jako uziteCnd technika pro identifikaci
strukturn€ rozmanitych latek. Jeji online spojeni s HPLC separaci piedstavuje efektivni
a citlivou techniku s dostate¢nou robustnosti. Kombinace HPLC s tandemovou
hmotnostni spektrometrii (HPLC-MS/MS) se stala jednou z hlavnich technik pro
identifikaci nezndmych latek. Ur€eni totoZnosti neznamé latky ale ziistdva narocnym
ukolem. Data totiz Casto neposkytuji dostatecné jednozna¢nou moznost interpretace,
neziidka jsou nejasnd a malo zfejma, a interpretace takovych dat je potencialné
problematickym mistem.

Pfi studiu metabolismu latek a identifikaci jejich metaboliti je ovSem parentni

latka vzdy znama a obycejné byva dostatek prostoru studovat jeji fragmentacni chovani,
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pfipadné¢ fragmenta¢ni chovani synteticky pfipravenych a teoreticky ocekavanych
metabolitli. Kazdd metabolickd zména v molekule latky s sebou nese urcitou zménu
v molekulové hmotnosti vzniklého metabolitu, adekvatni poctu atomit vnesenych ¢i
odtrzenych od struktury puvodniho, nezménéného 1éCiva. Srovnani fragmenta¢niho
chovani neznamého metabolitu a parentni latky (popfipadé synteticky pfipravené¢ho
standardu metabolitu) 1ze poté per analogiam vyuzit pii identifikaci, mista a druhu
metabolické zmény.

Primérni snahou pfi studiu metabolismu xenobiotika je zachyceni vSech
pfitomnych vytvofenych metabolitti z parentni latky a jejich strukturni charakterizace.
Dalsim ptfipadnym krokem muze byt jejich kvantifikace. K naplnéni téchto tkolu je
Casto vyuzivdno spojeni kapalinové chromatografie a hmotnostni spektrometrie.
Obvyklym postupem pii ziskavani dat je porovnani vysledku tzv. ,full scan“ analyz
slepych vzorkd a skuteénych vzorkt ziskanych pii in vitro, in vivo ¢i ex vivo
experimentech. Toto porovnani by manudlné bylo nesmirné ¢asové narocné, a proto se
provadi s vyuzitim specidlnich pocitaovych programi. Software porovna
chromatogramy jednotlivych vzorkli a oznac¢i vSechny ionty, které jsou piitomné ve
skuteCnych vzorcich a chybi ve vzorcich slepych. Program také na zaklad¢ rozdilu
molekulovych hmotnosti pravé zkoumaného iontu a iontu parentni slouceniny navrhne
pro analyzovany ion moznou metabolickou zménu, a to podle tabulky pfedpokladanych
metabolickych modifikaci, kterd je soucésti softwaru a je uzivatelem editovatelna.
Vybrané ionty lze podrobit dal§im analyzadm, které mohou pfinést blizsi informace o
zkoumaném jedinci a pfipadné potvrdit identitu metabolitu. Pravé takova data dovoluje
ziskat tandemova hmotnostni spektrometrie. Behem tandemové hmotnostni analyzy je
V jednom experimentu uskute¢néna analyza vybraného iontu do druhého nebo vyssiho
stupn€. Zahrnuje fadu typt skenti, mezi které fadime skeny produktovych iontd, skeny
prekurzorovych iontd a skeny neutralnich ztrat.

Pomoci hmotnostniho spektrometru lze nejprve vybrany ion izolovat a poté
podrobit fragmentaci v tzv. kolizni cele (u n€kterych typl analyzator probiha izolace a
fragmentace iontu v jednom kompartmentu). Kolizni cela je naplnéna inertnim plynem,
Casto argonem nebo heliem. Dochazi v ni ke srazkam zkoumaného iontu s molekulami
inertniho plynu za Stépeni chemickych vazeb a vzniku fragment zkoumaného iontu. Ty
jsou zaznamenany jako spektrum produktovych iontd. Takto ziskana spektra
produktovych iontl obsahuji pouze ionty vzniklé Stépenim daného vybraného

prekurzoru a lze z nich usuzovat na strukturni charakter prekurzoru. V ptipadé MS"
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analyz lze vybrany produktovy ion znovu izolovat a podrobit jej dal$imu koliznimu
Stépeni, které piinese dodate¢né strukturni informace tykajici se jiz jen iontu
analyzovaného V poslednim stupni. Fragmentovat ionty lze i pfimo v iontovém zdroji,
zde vSak odpada moznost vybéru prekurzorového iontu. V ptipad¢, Ze je zvolen takovy
pribéh analyzy, ve kterém dochazi k vybéru iontu (krok 1), jeho fragmentaci (krok 2) a
zaznamenani vysledného spektra (krok 3), nazyvame takovy sken skenem produktovych
iontl a ziskdvame jim produktové spektrum. V piipadé skenu prekurzorovych ionti je
nastaveni vybéru iontu provadéno az v kroku 3 (vybirdan je pozadovany produktovy
ion). Zaznamenavany pak jsou vsSechny prekurzorové ionty, které svou disociaci
poskytuji pravé vybrany produktovy ion. Vysledkem je spektrum prekurzorovych ionti.
Pii skenu neutralnich ztrat jsou vybirany sledované ionty jak v kroku 1, tak v kroku 3, a
to takovym zpusobem, Ze rozdil v m/z hodnotach (pomér hmotnost iontu vs. naboj
iontu) pro oba ionty vybrané v Krocich 1 a 3 zidstava konstantni (z iontu se odstépuje
charakteristickd neutrdlni skupina). Naptiklad se ovétuje, zda ve vybraném intervalu
hodnot m/z dochazi k neutralni ztraté 80 u (ztrata typicka pro sulfaty), tedy zda ion o
hodnoté m/z 380 poskytuje produktovy ion o hodnoté m/z 300. Nasleduje sken, ktery
toto zjistuje pro hodnotu 381, hleda se produktovy ion m/z 301, poté 382 a 302 atd.
Velikost neutralni ztraty, pro kterou ma spektrometr skenovat, je samoziejmé volitelna.
Nekteré piistroje diky své vysoké piesnosti méfeni umoziuji stanovit m/z iontl
S ptesnosti na nekolik desetinnych mist, tj. bézné s pfesnosti pod 5 ppm (analyzatory
doby letu). Analyzatory vyuzivajici Fourierovu transformaci jsou schopny dosahnout i
hodnot mensich nez 1 ppm. Diky znalosti pfesné molekulové hmotnosti je mozné zjistit
elementalni sloZeni analyzované latky. Znalost elementdlniho sloZeni miZe vyrazné
napomoci pii strukturni identifikaci analytu a byva tim faktorem, ktery ze skupiny
navrhlt moZnych struktur vybere tu jednu spravnou, eventudlné potvrdi ¢i vyvrati
hypotézu metabolické modifikace v dané casti molekuly. DuleZitou roli pii méfenich
S pfesnym urc¢enim hmoty hraje spravna kalibrace hmotnostni stupnice. Idealné se pii
meéfenich vyuziva interni kalibrace, kdy se béhem analyzy vzorku soubézné sprejuje

kalibrant, nejlépe pomoci dalsi sprejujici kapilary.

2.5.1. Priprava vzorku [17, 18, 20, 26, 27,28]

Ackoli jsou HPLC-MS(/MS) analyzy velmi citlivé a selektivni, jistd pfiprava
vzorkll, obzvlasté pokud se jedna o praci s komplexnimi biologickymi matricemi, byva

vyhodna a je dalezitym krokem pfi zisku platnych analytickych dat. Dikladnym a
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peclivym zpracovanim vzorku Ize nejen docilit zlepSené citlivosti, ale lze i predejit
zaneseni chromatografick¢é kolony ¢i dalSich ¢asti chromatografického systému
balastnimi latkami pfitomnymi v biologické matrici (soli, proteiny, jiné
makromolekuly). Nejbéznéjsi metody dnes pouzivané zahrnuji homogenizaci vzorku,
eventudlni vysrazeni proteinii a centrifugaci, pfipadné filtraci nebo upravu pH, které
jdou ruku v ruce s naslednou extrakci kapalina-kapalina (LLE), extrakci na pevnych
fazich (SPE) nebo mikroextrakci na pevné fazi (SPME) Cilem je co mozna
nejefektivnéjsi extrakce analytu z matrice. Pii srazeni proteinll je nutné pamatovat na
fakt, ze eventudlni pouziti kyseliny za timto uUCelem mulze mit za nasledek napf.
hydrolyzu nékterych konjugatt a zkreslit tak vysledek analyzy. Elegantné se lze tomuto
vyhnout pouzitim organickych rozpoustédel v precipitacnim kroku. Taktéz pti SPE je
tteba vhodnou volbou sorbentu zajistit, aby nedoslo k Uiniku latek z4jmu. VySe zminéné
techniky patii mezi zavedené a dlouhodobé uzivané. V posledni dobé je snaha o

automatizaci a urychleni pfipravy vzorku.

2.5.2. lonizaéni techniky [4, 17,19, 20, 21,22, 23, 29]

Tato kapitola se omezuje pouze na struéné piedstaveni ioniza¢nich technik
vyuzivanych pti studiu metabolismu 1é¢iv.

Rané ionizacni techniky (moving belt, particle-beam, termosprej), a¢ nebyly
vzdy snadné a praktické na pouziti a trpély nizkou robustnosti a citlivosti, jist¢ nasly ve
specifickych aplikacich své uplatnéni. Ulohou ionizaéni techniky je pievést molekuly
analytu do stavu, ktery je vhodny pro zavedeni do hmotnostniho analyzatoru, tj.
zionizovat neutrdlni molekuly analytu, pfipadn€ odpafit kapalné nosné médium.
Intenzivni vyvo; hmotnostné spektrometrickych aplikaci, hlavné ve spojeni
ionizacnich technik za atmosferického tlaku (API). Jako API jsou souhrnné oznacovany
vSechny ionizacni techniky, pfi kterych jsou ionty tvofeny bez nutnosti pfitomnosti
vakua. V HPLC-MS metabolomickych aplikacich nachazeji uplatnéni zejména ionizace
elektrosprejem (ESI) a chemicka ionizace za atmosferického tlaku (APCI). Velmi blizka
APCI je fotoionizace za atmosferického tlaku (APPI). Ionizace laserem za pouziti

matrice (MALDI) nachazi vyznamné vyuziti pfevazné pii analyze biopolymeri.
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2.5.2.1. lonizace elektrosprejem

Elektrosprej (ESI) je v soucasnosti nejbéznéji pouzivanou API ioniza¢ni technikou. ESI
1ze uspeésné kombinovat s riznymi typy analyzatorQ, je vyuzivan pii analyze polarnich
az stiedné polarnich latek, latek termalné nestabilnich a latek s vysokou molekulovou
hmotnosti. Jedna se o ,mékkou’, velice Setrnou ioniza¢ni techniku: minimum
fragmentaci b&hem procesu ionizace zaruCuje, ze vazby v molekule zlstanou
neporusené a nedojde degradaci molekuly (labilnich vazeb konjugatii). Pro elektrosprej
je charakteristicky vznik vicendsobné nabitych iont analytu. Vicenasobn¢ nabity ion je
detekovan na nové hodnoté m/z, dojde k posunu na stupnici m/z smérem dold. Timto
zpusobem je umoznéna analyza latek o vysoké molekulové hmotnosti, které by nesouci
jediny naboj ptesahovaly svou hodnotou m/z dynamicky rozsah piistroje. Elektrosprej je
technikou volby pro online spojeni kapalinové chromatografie a hmotnostniho
spektrometru. Analyt je v proudu mobilni faze pfivadén do kovové kapilary v iontovém
zdroji. Na kapilaru je vlozeno vysoké napéti (nékolik kV), které je zodpoveédné za vznik
nabitych Castic z molekul analytu. Za pomoci zmlzujiciho a susiciho plynu je z proudu
kapaliny vytvafen proud miniaturnich analyt nesoucich kapek, které dale podstupuji tzv.
»coulombické Stépeni” (rozpad kapky nesouci nabité molekuly na mensi kapky) a
»Vyparovani ionti“, které vedou k ptevedeni nabitych Castic analytu z kapaliny do stavu
izolovanych nabitych molekul v plynné fazi. U ionizace elektrosprejem, stejné jako u
ostatnich ,,m&kkych® ionizacnich technik, je Casty vyskyt addukti analyzovanych
molekul s ionty sodnymi, draselnymi ¢i amonnymi (v zavislosti na druhu mobilni faze
pouzité pii predchézejici chromatografické separaci). Vyskytnout se mohou téz addukty
S neutralnimi molekulami rozpoustédel (napt. methanol, acetonitril, voda). Pro podporu
ionizace analytu je mozné piidavat keluentu v nizkych koncentracich vhodny
modifikator, pfi zaznamu kladnych iontl obvykle kyselinu octovou ¢i mravenci,
pfipadné pii zdznamu zépornych iontl hydroxid amonny. Nevhodné jsou piisady
jakychkoli netékavych sloucenin (soli, netékavé pufry v mobilni fazi), které ve vyssich
koncentracich mohou vyrazné potlacit signal analytu. Miniaturizovanou variantou
elektrospreje je nanoelektrosprej, ktery vynika svou citlivosti a téz lepsi toleranci

k obsahu soli ve vzorku, ztraci ovS§em co se tyce robustnosti.
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2.5.2.2. Chemicka ionizace za atmosferického tlaku, fotoionizace za
atmosferického tlaku

Lepsi toleranci k obsahu soli v mobilni fazi nez elektrosprej ma téz chemicka
ionizace za atmosferického tlaku (APCI). Tato mékka ioniza¢ni technika je vhodna pro
latky jak nepolarni, tak polarni, obzvlasté opét ve spojeni s HPLC-MS (APCI pojme az
2 ml eluentu za minutu). Tzv. koronarnim vybojem (napéti na koronarni jehle v fadu
nekolika kV) dojde k ionizaci molekul zmlzené mobilni faze a posléze ionizované
molekuly mobilni faze ion molekularnimi reakcemi ionizuji molekuly analytu (v tento
moment jiz v plynné fazi). Molekuly mobilni faze a analytu jsou béhem procesu
ionizace zahfivany na relativné vysoké teploty (cca 500°C). Proto se tato technika
nehodi pro ionizaci termolabilnich latek jako jsou napt. glukuronidy, sulfaty a N-oxidy.
Obdobou APCI je fotoionizace za atmosferického tlaku (APPI), jen misto koronarniho
vyboje se pro ionizaci vyuziva ultrafialového zafeni. Je vhodna i pro ionizaci latek

nepolarniho charakteru.

2.5.2.3. Ionizace laserem za ucasti matrice

Ionizace laserem za ucasti matrice (MALDI) je mékka ioniza¢ni technika a
pouziva se kionizaci riznych druhti biopolymert, nejcastéji proteintt a peptidd,
ptipadné oligonukleotidii nebo sacharidii. Casté je spojeni MALDI s analyzatorem doby
letu (TOF). Desorpce a ionizace analytu je v MALDI dosazeno jedinym laserovym
pulsem. Analyzovany vzorek je pfipraven smisenim s vhodnou matrici, vybranou tak,
aby dovedla absorbovat zafeni o vinové délce dan¢ho laseru, odpatfen a poté vystaven
kratkému laserovému pulsu, jehoz energii matrice absorbuje a je ionizovana. Matrice
preda Cast své absorbované energie molekulam analytu: dojde k ionizaci a desorpci
molekul analytu. Jako matrice slouzi nejcastéji hydroxysubstituované aromatické
kyseliny, které¢ siln€¢ absorbuji v UV oblasti (pouziti dusikovych UV laserti) a zaroven
diky svému kyselému charakteru podporuji ionizaci analytu jako donor protont.
Typické MALDI spektrum obvykle obsahuje pfevazné jednou nabité ionty
(protonované molekuly analytu), mohou se vyskytnout dvojnasobné nabité, ziidka i

vicenabité.
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2.5.3. Hmotnostni analyzatory [4, 17, 19, 20, 21, 23]

Aby se minimalizovala moznost nechténych kolizi molekul analytu s dal$imi
molekulami, pracuji vSechny hmotnostni analyzatory za vysokého vakua. Jakakoli
srazka by mohla zpiisobit fragmentaci analytu, tvorbu adduktt ¢i shluki, eventuelné
deionizaci analytu, a negativn¢ by ovlivnila hmotnostni spektrum. Proto jsou
hmotnostni spektrometry evakuovany, obvykle na 102 — 10® Pa, v zavislosti na
pfistroji. Evakuace probihd na nékolika urovnich. V prvni linii mechanickd vakuova
pumpa poskytuje hrubé vakuum cca 0,1 Pa. V druhé linii se vyuzivaji difuzni nebo
turbomolekularni pumpy, které jiz dosahnou vysokého vakua. U pfistroji typu FT-ICR,
majicich jeSt€¢ vyssi ndroky na vakuum, dochédzi k nasazeni vysoce vykonnych
kryogennich pump. V této kapitole jsou kratce zminény vybrané hmotnostni analyzatory

a jednoduse vysvétlen princip jejich fungovani.

2.5.3.1. Kvadrupolovy analyzator, trojity kvadrupolovy analyzator

Kvadrupélovy analyzator je jeden z nejbéznéjSich hmotnostnich analyzétord.
Byva stolnich rozméri, schopen rychlého skenovani, cenové dostupny, rozliSeni se
pohybuje v fadu nékolika jednotek tisic. Sklada se ze Ctyf rovnob&zné umisténych
elektrod, nejlépe hyperbolického prifezu, na které je vloZeno stejnosmérné napéti a
vysokofrekvenéni stfidavé napéti (béhem cyklu maji vzdy dvé protilehlé elektrody
kladny potencial, zbylé dvé zaporny, na vSechny je vloZeno vysokofrekvencni stiidavé
napéti). Po opusténi iontového zdroje jsou pred vstupem do kvadrup6lu ionty urychleny
elektrickym polem. Béhem pruletu kvadrupdlem jsou pomoci na elektrody vkladanych
napéti jednotlivé ionty filtrovany podle svych hodnot m/z tak, ze vzdy je umoznén
uspésny prilet celou délkou kvadrupolu jen iontim o jedné hodnoté m/z. Pouzita napéti
totiz zplsobuji oscilaci leticich iontll a pravé pouze ionty se stabilni oscilaci mohou
dosahnout detektoru, ostatni ionty s nestabilni oscilaci koliduji s elektrodami
kvadrup6lu. Plynulou zménou hodnot napéti 1ze postupné umoznit dosazeni detektoru
iontim o vSech hodnotach m/z. V praxi se Castéji vyskytuje trojity kvadrupol (tfi
jednoduché kvadrupdly v sérii), ktery umoznuje provadet nekteré vyhodné typy skenii
(napt. sken produktovych iontd, sken prekurzorovych iontl,, sken neutralnich ztrat,
SRM skenovani...). Prostfedni kvadrupél je pfitom pouzit jako kolizni cela, ktera je
naplnéna koliznim plynem. Analyzétory typu trojitého kvadrupdlu jsou diky vysoké

citlivosti a selektivit¢ v SRM modu vhodné€ vyuzivany pro kvantifikaci latek.
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2.5.3.2. Kvadrupdlova iontova past

Analyzatory typu iontovych pasti umoznuji detailn¢ studovat fragmentaéni
mechanismy molekul. V principu se jedna o trojrozmérny trojity kvadrupol. Analyzator
se sklada ze dvou koncovych elektrod hyperbolického tvaru a jedné kruhové elektrody
s hyperbolickym prifezem umisténé mezi dvéma koncovymi. Na elektrody je vkladano
stejnosmérné a vysokofrekvencni stiidavé napéti, vytvari se trojrozmérné pole, které
umoziuje zadrzeni iontd o urlitych vybranych hodnotach m/z (majici za danych
podminek stabilni oscilaci), zatimco ostatni ionty diky svym nestabilnim trajektoriim
koliduji s elektrodami. Do iontové pasti vstupuji ionty o raznych hodnotach m/z, které
jsou posléze podle hodnot m/z, zvySovanim amplitudy vysokofrekvenéniho napéti
vkladaného na kruhovou elektrodu, vypuzovany na detektor. lonty o vybrané m/z
mohou byt v pasti zachyceny, jejich oscilace utlumeny tlumicim plynem (nejcastéji
helium) a ,,zakoncentrovany* ve stiedu iontové pasti. Zachycené ionty pak mohou byt
podrobeny fragmentaci, a to do druhého (MS/MS) ¢&i vyssiho stupng (MS"). V praxi
byvaji obvykle detekovany ionty do cca MS>.

Linearni iontova past je typ iontové pasti, kde jsou ionty zachytavany uvniti
linedrniho kvadrupdlu vhodnym nastavenim hodnot napéti v jeho koncovych castech.

Vyhodou linearni iontové pasti je jeji vyssi iontova kapacita a dynamicky rozsah.

2.5.3.3. Magneticky analyzator, magneticky analyzator s dvoji fokusaci

Magneticky analyzator rozliSuje ionty v magnetickém poli podle jejich kinetické
energie a naboje. Po opusténi iontového zdroje je ion urychlen elektrickym polem a
sméiuje do magnetického analyzatoru. JelikoZ nese néboj, dochdzi v magnetickém poli
k zaktiveni jeho drahy letu. Mira zakfiveni zavisi na kinetické energii daného iontu,
dale na naboji iontu a sile magnetického pole. Ionty s nizsi kinetickou energii, tedy
ionty s niz§i hodnotou m/z, maji vys$§i miru zakfiveni trajektorie (pisobici odstfediva
sila je mensi nez u iont s vys$si hodnotou m/z). Zatazeni elektrostatického analyzatoru
za magneticky dalo vzniknout magnetickému analyzatoru sdvoji fokusaci.
V elektrostatickém analyzatoru dochazi, poté co ionty opusti magneticky analyzétor,

vree

k zaktiveni drah ionti podle hodnot jejich kinetickych energii, ¢imz ,,se zaostii* ionty o
stejné kinetické energii na stejnou troven a docili se tak zvySeného rozliSeni az v fadech
nekolika desitek tisic. Existuje néckolik variant uspotaddni magnetického a

elektrostatického analyzatoru: 1i§i se pofadim zapojenych analyzatorii a propojovacimi
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uhly mezi analyzatory. Magneticky sektorovy analyzator s dvoji fokusaci je pomérné
rozmérné zafizeni, avSak lze na ném dosdhnout méteni s vysokou piesnosti a vysokym
rozliSenim. V soucasné dob¢ jsou vSak pfistroje tohoto typu vytlatovany bud’ pfistroji

typu TOF, ptipadné FT-ICR.

2.5.3.4. Analyzator doby letu

Svou stavbou a principem je analyzator doby letu (TOF) nejjednodussim hmotnostnim
analyzatorem. Jelikoz se jedna o pulzni analyzator, je vyhodné a cCasté jeho spojeni
S MALDI. Ionty desorbované ze vzorku jsou urychleny napétovym pulsem, ¢imz
ziskavaji priblizné stejnou kinetickou energii, a leti dale jiz nijak neurychlovany
smérem k detektoru. Cas, za ktery dany ion urazi vzdalenost odpovidajici délce letové
trubice a dopadne na detektor, slouzi k uréeni m/z daného iontu. Vychazi se pfitom
z faktu, Ze ionty s niz§i hodnotou m/z (plati zminény predpoklad stejné kinetické energie
udélené vSem iontiim) dorazi na detektor za krats$i ¢as nez ionty s vys$i hodnotou m/z.
Vyhodou analyzatorii doby letu je prakticky neomezeny dynamicky rozsah a schopnost
velice rychle skenovat, ktera je limitovana jen dobou, za jakou ,nejtézsi“ z
analyzovanych iontli dosdhne detektoru. Dals$i vyhodou analyzatori doby letu je
schopnost méfeni s pfesnym uréenim hmoty (s pfesnosti cca 5 ppm), coz muze
vyznamn¢ napomoci pfi ziskani sumarniho vzorce pfti identifikaci nezndmé slouceniny.
Reflektron (téz reflektor, iontové zrcadlo) je prvek slouzici ke zvySeni rozliSeni
TOF analyzatoru. Proud iontl je po priniku do reflektronu vystaven plisobeni
elektrického pole, které méni trajektorii iontlh a vraci ionty zp&t smérem, kterym
priletély. V iontovém zrcadle dochazi ke kompenzaci drobnych rozdila mezi
kinetickymi energiemi ud€lenymi jednotlivym iontim o stejné hodnoté¢ m/z béhem
urychleni. Ionty s vy$8imi kinetickymi energiemi proleti do reflektronu hloubé&ji; urazi
tak del$i vzdalenost nez ionty o stejné m/z, ale sniz§i kinetickou energii. Timto
zpusobem dochazi ke srovnani délky drah, které ionty se stejnou hodnotou m/z urazi, a
razantnimu zvySeni rozliSeni. RozliSeni miZe byt jesté dale zvySeno, naptiklad pouzitim
techniky opozdéné extrakce iontl. V soucasnosti dosahuji v praxi TOF pfistroje

rozliSeni v fadu desitek tisic.

2.5.3.5. Iontova cyklotronova rezonance s Fourierovou transformaci

Cyklotronové hmotnostni spektrometry s Fourierovou transformaci (FT-ICR) jsou

V soucasné dob¢é pfistroje velmi nakladné a provozné narocné, avSak nabizejici
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ultravysoké rozliSeni (v fadu statisicll) a nejvyssi presnost urceni hmoty (pod 1 ppm).
lonty z iontového zdroje kolmo vstupuji do silného magnetického pole detekéni cely,
jehoz vlivem se zacnou S urCitou frekvenci, ktera zavisi na m/z iontu, pohybovat po
cyklické trajektorii (opét kolmo ve vztahu ke sméru svého ptivodniho pohybu). Excitaci
iontll vysokofrekvencnim napétim se zvétsi polomér jejich cyklického pohybu, ionty se
priblizi destickdm detek¢éniho systému a dojde k indukei proudu v detekénim systému
cely. Tento proud je zaznamenavan a pomoci Fourierovy transformace pieveden na

frekvencni spektrum, ze kterého se ziské spektrum hmotnostni.
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3. Cile prace

Hlavnim cilem naSi prace bylo pfinést nové informace a poznatky tykajici se
metabolismu benzimidazolovych anthelmintik u parazitujicich ¢ervii vlasovky slézové a
motolice kopinaté, ptispét tak ke snahdm zefektivnit anthelmintickou 1é¢bu a porozumét

mechanismum rezistence vuéi anthelmintikiim obecné.
Dil¢imi cili bylo:

1) Zkoumat prvni fazi biotransformace flubendazolu in vitro a ex vivo u vlasovky
slézové (Haemonchus contortus), zabyvat se téZ stereospecifitou piipadné detekovanych

pochodt

2) ldentifikovat metabolity prvni i druhé faze biotransformace albendazolu a
flubendazolu u vlasovky slézové (Haemonchus contortus) s vyuzitim hmotnostné

spektrometrické detekce

3) Zkoumat prvni fazi biotransformace albendazolu a albendazol sulfoxidu in vitro a ex
vivo U motolice kopinaté (Dicrocoelium dendriticum), zabyvat se téZ stereospecifitou

piipadné detekovanych pochodi
4) Identifikovat metabolity prvni i druhé faze biotransformace albendazolu,

flubendazolu a mebendazolu u motolice kopinaté (Dicrocoelium dendriticum)

s vyuzitim hmotnostné spektrometrické detekce
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4. Experimentalni ¢ast

4.1. Biotransformace xenobiotik u helmintd

Cvilink, V., Lamka, J., Skalova, L. - Xenobiotic metabolizing enzymes and metabolism

of anthelminthics in helminths (submitted)

Cilem prace bylo shrnout soucasny stav znalosti na poli biotransformacnich
enzymi u helmintli, G¢ast téchto enzyml v metabolickych pfeménach xenobiotickych
substratil, dale zhodnotit moZznou ulohu téchto biotransformacénich enzymovych systémi
pfi vzniku a vyvoji rezistence viici pisobeni anthelmintickych 1é€iv. Tato prace je prvni
praci tohoto typu tykajici se biotransformacnich systému parazitickych cervi. Blizsi

informace lIze nalézt v praci samotné Vv sekci Prilohy.

4.2. Prvni faze biotransformace anthelmintik u vlasovky slézové
(Haemonchus contortus)

Cvilink, V., Kubicek, V., Nobilis, M., Ktizova, V., Szotdkova, B., Lamka, J., Varady,
M., Kubénova, M., Novotna, R., Gavelova, M., Skéalova, L. (2008). Biotransformation
of flubendazole and selected model xenobiotics in Haemonchus contortus. Vet
Parasitol. 151:242-248.

V tomto projektu bylo cilem zkoumat prvni fazi biotransformace anthelminticky
ucinného benzimidazolového 1é¢iva flubendazolu parazitickym cervem vlasovkou
slézovou (Haemonchus contortus) s dirazem na redukéni enzymy parazita. Za ucelem
studia biotransformace byli izolovani jedinci H. contortus ze slézu hostitele, v tomto
ptipadé byla hostitelem ovce domaci. Cast izolovanych helminti byla pouzita na
piipravu subcelularnich frakci pro in vitro experimenty, ¢ast byla uzita pro ex Vivo
inkubace. Ziskané vzorky byly po extrakci analyzovany pomoci HPLC s UV detekci.
Prvni faze biotransformace flubendazolu byla hodnocena také z pohledu stereospecifity.
Reduktasova aktivita biotransformacnich enzym@ H. contortus vic¢i karbonylové
skupiné xenobiotika byla dale testovdna pomoci dalSich modelovych substrath

nesoucich karbonylovou skupinu: metyraponu, acenaphthenolu, D,L-glyceraldehydu,
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daunorubicinu a oracinu, které jsou pomérné specifickymi substraty pro
karbonylreduktasy clovéka.

V provedenych experimentech byla detekovdna vyznamna reduktasova aktivita
biotransformacnich enzymut H. contortus vici flubendazolu. Jak v in vitro, tak v ex vivo
pokusech doslo k redukci karbonylové skupiny flubendazolu za vzniku metabolitu —
redukovaného flubendazolu (FLUR). Tato aktivita byla in vitro striktné NADPH
zavisla. Reduk¢éni pochod neprobihal byl-li jako koenzym pouzit NADH. Redukci
karbonylové skupiny flubendazolu vznikala chirdlni molekula redukovaného
flubendazolu, byla nalezena vyznamna stereospecifita enzymové aktivity pozorovana
jako preferen¢ni tvorba (-)-FLUR. Pomér (-)-FLUR k (+)-FLUR ¢inil 9:1. Reduktasova
aktivita enzymt vlasovky slézové byla potvrzena schopnosti redukovat karbonylovou
skupinu testovanych modelovych substrati. In vitro experimenty ukazaly, ze enzymy
obsazené¢ v cytosolické frakci homogenatu parazita ucinné redukovaly vsechny
modelové substraty, enzymy mitochondrialni frakce vSak in vitro redukovaly pouze

daunorubicin.

4.3. Prvni a druha faze biotransformace anthelmintik u vlasovky
slézove (Haemonchus contortus)

Cvilink, V., Skalova, L., Szotakova, B., Lamka, J., Kostiainen, R., Ketola, R. A. (2008).
LC-MS-MS identification of albendazole and flubendazole metabolites formed ex vivo
by Haemonchus contortus. Anal Bioanal Chem. 391:337-343.

Ukolem v této praci bylo nalézt a identifikovat v§echny metabolity prvni a druhé
faze biotransformace anthelmintik albendazolu a flubendazolu parazitickym helmintem
vlasovkou slézovou (Haemonchus contortus). Po ziskani jedincii parazita byly
provedeny ex Vvivo inkubace parazitti s vybranymi 1é¢ivy. Pro nalezeni metabolitd bylo
po extrakci na pevné fazi analyzovéano jak zivné médium z inkubaci, tak homogenat t¢l
inkubovanych parazitd. K uréeni metabolického profilu jsme vyuZili hmotnostné
spektrometrickou detekci (trojity kvadrupol).

V ex vivo pokusech byly nalezeny metabolity prvni i druhé faze
biotransformace. Identifikace metaboliti probéhla na zakladé shody retencnich Cast
daného metabolitu a jeho standardu pii LC separaci (byl-li K dispozici) a na zakladé

kombinace informaci ziskanych z ptislusnych full scan spekter a produktovych spekter
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iontl. Z reakci prvni faze byla u albendazolu (m/z 266) zaznamenana S-oxidace, za
tvorby albendazol sulfoxidu (m/z 282). Dalsi oxidace sulfoxidu na sulfon detekovana
nebyla. Flubendazol (m/z 314) byl biotransformovan na redukovany flubendazol (m/z
316). Nalezena byla i vyznamnd konjugacni aktivita enzymi parazita. V piipadé
albendazolu byly na zéklad¢ retencnich ¢asu identifikovany dva rizné konjugaty (m/z
428) shexosou (glukosou), patrn¢ lisici se od sebe mistem navazani glukosy na
aglykon. Tvorba glukosovych konjugati ex vivo nepfimo ukazuje na pfitomnost jak
glukosyltransferas, tak pro konjugacni reakci nutného kofaktoru v parazitickém
organismu. Albendazol sulfoxid do konjugacnich reakci nevstupoval, nebyly
zaznamenany zadné ionty, které by na toto ukazovaly. Konjugaci s glukosou naopak ve
velké mife podléhal redukovany flubendazol (tvorba O-konjugatu, m/z 478) a
flubendazol (konjugat m/z 476). Pfi MS/MS experimentech byla pro glukosid
redukovaného flubendazolu typicka ztrata 180 wu. Tato neutrdlni ztrata je
charakteristicka pro benzylglukosidy ¢i acylglukosidy. Toto poslouzilo k identifikaci
mista konjugace. Detekovany O-glukosid redukovaného flubendazolu, jako
benzylglukosid, tuto ztratu velmi ochotné vykazoval. U konjugati albendazolu i
flubendazolu dochézelo pii MS/MS experimentech ke ztraté 162 u, coz napovidalo, ze
hexosova jednotka byla na aglykon vazana jinym zplsobem nez pies kyslik. Z divodu
lability glykosidické vazby vSak nebylo mozné ani pfiblizné ur€it misto metabolické
modifikace. Tvorba konjugatl s hexosou byla potvrzena skeny neutrdlnich ztrat, kdy u
vSech konjugatli dochazelo k zminénym charakteristickym neutralnim ztrdtam (162 u a

180 u).

4.4. Prvni faze biotransformace anthelmintik u motolice

kopinaté (Dicrocoelium dendriticum)

Cvilink, V., Szotakova, B., Ktizova, V., Lamka, J., Skalova, L. (2008). Phase I
biotransformation of albendazole in lancet fluke (Dicrocoelium dendriticum). Res Vet

Sci. (in press)

Cilem tohoto projektu bylo studovat prvni fazi biotransformace
benzimidazolového anthelmintika albendazolu (ABZ) a jeho metabolitu albendazol

sulfoxidu (ABZSO) parazitickym c¢ervem motolici kopinatou (Dicrocoelium
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dendriticum). Prvni faze biotransformace albendazolu byla hodnocena i po strance
stereospecifity. Jako zdroj motolice kopinaté byl pouzit piirozen¢ infikovany hostitel,
ovce muflon (Ovis musimon). Cast ziskanych dospélych jedincti D. dendriticum byla ex
vivo inkubovana s pfisluSnym anthelmintikem, ¢ast byla pouzita pro piipravu
subcelularnich frakci, které byly nasledn¢ vyuzity pro in vitro experimenty. Analyza
vzorkl byla po pfislusné extrakci analyti provadéna pomoci HPLC s fluorimetrickou
detekci.

In vitro pokusy ukazaly striktné NADPH dependentni sulfoxidaci albendazolu, a
to jak v mikrosomalni, tak Vv mitochondrialni frakci. Detekovana byla také
dvoustupniova oxidace albendazolu, davajici vznik albendazol sulfonu. Tento proces byl
vSak pozorovan jen V mitochondridlni subcelularni frakci. Pfesto jde 0 prvni dikaz, ze
paraziticky Cerv je schopen deaktivovat albendazol sulfonaci na albendazol sulfon
(albendazol sulfoxid je sdm anthelminticky G¢inny). Cytosolicka frakce nevykazovala
vicéi albendazolu Zadnou oxidaéni aktivitu. Byl-li jako substrat pouzit albendazol
sulfoxid, byla detekovana jeho oxidace na albendazol sulfon, opét ale pouze
V mitochondrialni subcelularni frakci. Sulforedukce albendazol sulfoxidu nebyla
pozorovana v zadné z frakci. V ex vivo experimentech byl jedinym detekovanym
metabolitem albendazol sulfoxid, a to v zivném médiu z inkubace i homogenatu
inkubovanych tél paraziti. Sulfoxidace ani sulforedukce albendazol sulfoxidu nebyla
pozorovana. Albendazol sulfoxid ve své molekule obsahuje chirdlni centrum. Chirélni
analyza enantiomerti in vitro tvofené¢ho albendazol sulfoxidu ukazala na nepfili$
vysokou specifitu tvorby enantiomerti: pomér (+)-ABZSO : (-)-ABZSO byl 55:45. Ex
vivo vysledky ukazaly pfevahu tvroby (-)-ABZSO. Tento posun oproti in vitro

wrwe

parazita.

4.5. Prvni a druha faze biotransformace anthelmintik u motolice
kopinaté (Dicrocoelium dendriticum)

Cvilink, V., Szotakova, B., Kiizova, V., Lamka, J., Skalova, L. - LC-MS identification
of benzimidazole anthelminthics metabolites formed ex vivo by Dicrocoelium

dendriticum (submitted)
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V feSeném projektu bylo cilem testovat metabolismus benzimidazolovych
anthelmintik albendazolu (ABZ), flubendazolu (FLU) a mebendazolu (MEB) u
motolice kopinaté (Dicrocoelium dendriticum) v podminkach ex vivo a in vitro. Dale
pomoci spojeni kapalinové chromatografie a hmotnostni spektrometrie zkoumat prvni a
druhou fazi biotransformace, identifikovat metabolity, popsat biotransformacéni cesty
vybranych anthelmintik a charakterizovat hlavni biotransformaéni enzymy parazita.
Ziskani jedinci parazita byli vystaveni ptisobeni anthelmintika pfi ex vivo inkubacich
v zivném médiu. Po extrakci na pevné fazi byly analyzovany homogenat t¢l
inkubovanych parazitl i zivné médium z inkubaci.

Vysledky ukazaly, ze enzymy D. dendriticum byly schopné katalyzovat oxidacni
1 redukéni reakce prvni faze, stejné jako konjugaéni reakce druhé faze biotransformace.
Albendazol byl oxidovan na albendazol sulfoxid (m/z 282), coz byl také jediny
detekovany ABZ metabolit. Karbonylova skupina flubendazolu byla redukovana za
vzniku  redukovaného  flubendazolu (m/z  316). Detekovany byly dva
monomethylkonjugaty redukovaného flubendazolu (m/z 330). Diky vyskytu
produktovych iontd na m/z 174 a m/z 146 bylo na zékladé MS" analyz urceno, Ze se
jednd v prvnim pfipadé o methylaci na benzimidazolovém jadie a v druhém na
postrannim fetézci flubendazolu. Pomoci MS" analyzy byla téz detekovéana tvorba
deoxydimethylflubendazolu (m/z 328). Mebendazol byl enzymy motolice redukovan za
vzniku redukovaného mebendazolu (m/z 298). Jediny detekovany metabolit druhé faze
biotransformace mebendazolu byl nalezen na m/z 326 a po sérii MS" experimentii uréen
jako dimethylderivat redukovaného mebendazolu. Ugast parentnich latek albendazolu,
flubendazolu, mebendazolu ani ABZSO jako metabolitu prvni faze nebyla v
konjugacnich reakcich detekovéna.

Zajimavym vysledkem, do jist¢ miry piekvapivym, vSak bylo, Ze
biotransformacni enzymy motolice kopinaté vykazovaly piekvapivou selektivitu ve
vybéru substratli a téz necekanou specifitu ve tvorbé produktd. A¢ je flubendazol
V podstaté fluorsubstituovany mebendazol, nedochazelo k monomethylaci derivéatu
mebendazolu, pozorovan byl pouze dimethylderivat; albendazol nebyl methylovan
vibec. Detekované methylované derivaty ukazaly, ze Dicrocoelium dendriticum
pravdépodobné disponuje enzymovymi systémy schopnymi methylace i syntézy

kofaktoru methyla¢nich procest, S-adenosylmethioninu.
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5. Zaver

Terapie anthelmintiky je v sou¢asné dob¢ hlavni metodou v boji s parazitickymi
cervy. Znalost a pochopeni detoxikacnich systémd, kterymi tyto organismy disponuji a
které jsou jimi vyuzivany k obran¢ proti piisobeni xenobiotik, jsou dilezité pro
porozuméni pochodiim ovlivitujicim hladinu Ié¢iva v téle parazita a rozhodujicim tak o
vysledku anthelmintické 1é¢by. Nedosazeni efektivni koncentrace 1é¢iva v organismu
parazita nevyhnuteln¢ vede ke snizeni ucinnosti 1écby, mize vést k indukei pfitomnych
biotransformacnich enzymu parazita a vyustit ve vznik rezistence vici podavanému
1é¢ivu. Biotransformaéni enzymy helmintii jsou vSak doposud jen mélo prostudovany a
Casto je neziejmé, zda je jimi dany druh vibec vybaven a zda je dovede v tomto ohledu
vyuZzit.

V predkladané praci bylo nasim cilem popsat biotransformacni cesty vybranych
anthelmintik ve vybranych druzich helmintl, identifikovat vytvafené metabolity a
charakterizovat biotransforma¢ni enzymy zkoumanych paraziti. Pozornost jsme
zamé&fili na dva druhy helmintd, vlasovku slézovou (Haemonchus contortus) a motolici
kopinatou (Dicrocoelium dendriticum) a jejich schopnost biotransformovat
benzimidazolova anthelmintika albendazol, flubendazol a mebendazol.

Vysledky experimentil jednoznacné ukézaly, Ze oba druhy helmintd disponuji
enzymatickymi systémy schopnymi zasahnout do metabolismu léciv. Prostfednictvim
online spojeni kapalinové chromatografie a hmotnostné spektrometrické detekce jsme
zkoumali prvni a druhou fazi biotransformace benzimidazolovych anthelmintik.
Enzymy studovanych parazitickych druhti vykazovaly oxidasovou i reduktasovou
aktivitu: byly schopny katalyzovat sulfoxidaci albendazolu na albendazol sulfoxid a
albendazol sulfon a redukovat karbonylovou skupinu flubendazolu a mebendazolu. U
obou druhi jsme na zaklad¢ detekce konjugatti parentnich 1€¢iv i1 produktii prvni faze
jejich biotransformace nalezli aktivitu enzymut druhé faze biotransformace. Zatimco u
druhu Haemonchus contortus je jednalo o konjugaci albendazolu, flubendazolu a
redukovaného flubendazolu s hexosou (piedpokladame glukosou), druh Dicrocoelium
dendriticum biotransformoval molekuly flubendazolu, mebendazolu a redukovaného
flubendazolu methylmodifikaci na piislu§né monomethyl- a dimethylderivaty. Zadny
z nalezenych procesti druhé faze biotransformace xenobiotik u helminti nebyl do této

doby publikovan. Metabolické zmény ve struktuie poddvaného léCiva vyznamné
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ovliviuji jeho ucinnost je z hlediska zkoumaného parazita povazovat za detoxikacni,
obranné a xenobiotikum neutralizujici. Selektivity biotransformacnich enzymui druhé
faze se navic mezidruhové velmi lisily, coz bylo jen potvrzenim, Ze poznatky nacerpané
u jednoho druhu nelze spolehlivé pienaset na druh jiny.

Hlubsi a podrobnéjsi znalost metabolismu anthelmintik v cilovych druzich
helmintd a také znalost rozdild mezi biotransformacnimi enzymy hostitele a parazita
mohou pomoci zefektivnit anthelmintickou 1écbu, vést ke zmirnéni dopada
helmintorezistence a byt cenné v potencialnim vyvoji novych druhové specifickych

1éCiv.
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6. Conclusion
Anthelminthic drugs are presently the principal method for the control of

helminth diseases. Knowledge of detoxification mechanisms that helminths possess is
important for understanding the processes that affect the drug concentration within a
helminth organism and may be crucial in the treatment efficacy. When the drug
concentration in a target organism does not reach the therapeutic level, it results in a
decreased efficacy of pharmacotherapy which may further lead to the induction of
helminth biotransformation enzymes and eventually issue in resistance development to
the administered drug.

Present knowledge of helminth biotransformation enzymes is insufficient. Often
it is not known whether a given individual helminth species possesses such enzymes or
whether it is capable of employing them in treatment evasion.

In the presented thesis, the objective was to investigate the biotransformation
pathways of selected anthelminthics in model helminth species, identify the formed
metabolites and characterize biotransformation enzymes of the studied parasites. Our
research was focused on two species, the barber pole worm (Haemonchus contortus)
and the lancet fluke (Dicrocoelium dendriticum) and their ability to metabolize selected
benzimidazole anthelminthics albendazole, flubendazole and mebendazole.

The results showed unambiguously that both helminth species have enzymatic
systems capable of engaging in the xenobiotic metabolism. By means of liquid
chromatography in conjunction with mass spectrometry, the investigation of phase | and
phase Il biotransformation in selected helminths showed that the studied parasitic
species possessed an ability to oxidize and reduce given anthelminthic substrates.
Sulfoxidation of albendazole to albendazole sulfoxide and albendazole sulfone and
reduction of flubendazole and mebendazole carbonyl groups occurred. Formation of
second phase biotransformation products indicated presence of conjugation enzymes in
examined helminths. Glucose conjugates of albendazole, flubendazole and reduced
flubendazole were found in experiments with H. contortus. Methylmodification of
flubendazole, mebendazole and reduced flubendazole was observed in experiments with
D. dendriticum. None of the identified conjugation reactions of xenobiotics in helminths
has been published until now. Such metabolic modifications of drugs can substantially

affect their anthelminthic action and can be considered a detoxication and defense
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mechanisms. Substantial interspecies differences in the second phase enzyme
selectivities were observed. This finding confirmed the fact that data valid for one
species cannot be easily extrapolated to another.

Deeper and more detailed knowledge of anthelminthic biotransformation in
helminths, and also the knowledge of differences in host and parasite biotransformation
enzymes, can contribute to render the anthelminthic treatment more effective, can help
to cushion the impact of helminth resistance development and have implicatons for the

design of new anthelminthic drugs.
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Abstract

Anthelminthics remain the only accessible means in the struggle against
helminth parasites which cause significant morbidity and mortality in man and farm
animals. The treatment of helminthic infections has become problematic because of
frequent drug resistance of helminth parasites. The development of drug resistance can
be facilitated by the action of xenobiotic metabolizing enzymes (XME). In all
organisms, XME serve as an efficient defense against the potential negative action of
xenobiotics. The activities of XME determine both desired and undesired effects of
drugs and the knowledge of drug metabolism is necessary for safe and effective
pharmacotherapy. While human and mammalian XME have been intensively studied
for many years, XME of helminth parasites have undergone relatively little
investigation so far. However, many types of XME including oxidases, reductases,
hydrolases, transferases and transporters have been described in several helminth
species. XME of helminth parasites may protect these organisms from toxic effects of
anthelminthics. In case of certain anthelminthics, metabolic deactivation was reported in
helminth larvae and/or adults. Moreover, if a helminth is in the repeated contact with an
anthelminthic, it defends itself against the chemical stress by the induction of
biotransformation enzymes or transporters. This induction can represent an
advantageous defense strategy of the parasites and may facilitate the drug resistance

development.

Key words: drug metabolism, helminth parasites, biotransformation enzymes,

resistance, xenobiotics, anthelminthic treatment
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1. Introduction

1.1. Position of helminths in parasitology and possibilities of their

control

The coexistence of millions of species in nature (unicellular organisms, algae,
fungi, plants, animals) has resulted from the course of their evolution in development of
several types of mutual relationships: predator-prey, phoresis, mutualism,
commensalism and parasitism. A parasitic relationship, common in both plant and
animal kingdoms, is characterized by an association of two organisms of different
species. The parasite, living on or within the host, is metabolically dependent on the
host. Parasites generally do harm to a host, but they also play an important role in
species evolution (Hendrix, 2006).

Disorders caused by parasites affect and trouble man and animals all over the
world. Seven out of the 10 most serious human diseases belong to parasitoses and eight
of them are spread by human parasites (World Health Organisation, WHO,
www.who.int/whosis/whostat/2007). Human parasitosis is frequent especially in
tropical and subtropical territories. Approximatelly 1.3 million people die of a
parasitosis each year and 3.8 million people are simultaneously infected (Molyneux,
2006; Hotez, 2007). Thirty-two out of 81 serious animal diseases (cattle, sheep, goat,
equine, avian, swine, bee and lagomorph) listed by World Organisation for Animal
Health  (OIE) are directly caused or  supported by  parasites

(www.oie.int./eng/maladies/en_classification2008). Numerous parasitoses are also

zoonoses; this means the transmission of the causative agent from an infected animal to
man. Human or animal parasites live either within the host body (endoparasites) or on
the host surface (ectoparasites). The causative agents are classified in regnum Animalia
in two subregna Metazoa and Protozoa (Mehlhorn, 2001). The first one contains the
especially parasitically important Platyhelminths of three classes (primitive and true
tapeworms, flukes), Nematoda (roundworms) and Arthropoda of two classes (ticks and
mites, insects). The subregnum Protozoa contains parasitically significant subphylum
Mastigophora and phyla Apicomplexa, Microspora and Ciliophora.

A number of helminth species (Platyhelminths and Nematoda) affect man and/or

animals causing a disease termed helminthosis. Man is affected by a helminthosis
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directly (as a host of a helminth) or indirectly as a breeder of parasitized farm and other
animals. Helminthic impacts are of a definitive (death of the human or animal host,
culling of livestock) or a temporary character (losses in general yield and especially in
the production of farm animals, decreased immunity to other infectious diseases).
Human and veterinary medicine fight with helminthic infections over the world. Several
approaches have been historically used, such as regulations of vectors in populations,
zootechnical strategies, breeding of animals for parasitic resistance and treatment with
drugs of antiparasitic effect. The last mentioned possibility is the most practiced
approach in the last four decades in the form of pharmacotherapy and
pharmacoprophylaxis. However, the situation is complicated by the fact that the number
of available anthelminthic agents is relatively low, they are long term used and their
efficacy decreases. Helminths have developed mechanisms that protect them against the
toxic effects of anthelminthics and the resistance of many helminths to common
antiparasitic drugs has become a worldwide problem. There are a number of drug
resistance mechanisms in helminths, some of them have been well recognized and
understood, but many others remain to be elucidated. Recently it has been pointed out
that the drug resistance development can be partly related to systems of enzymes and
transporters which protect an organism from the potential negative action of xenobiotics
(Kerboeuf, 2003; Robinson, 2004).

1.2. Introduction to xenobiotic metabolizing enzymes

Many xenobiotic compounds, e.g., environmental contaminants, drugs or food
additives, permanently enter animal bodies. In an organism, most of these xenobiotics
are metabolized by unique enzymes into more polar metabolites that are easier to
excrete. Xenobiotic metabolism is considered to occur in three phases. Oxidation,
reduction or hydrolysis of drugs represent phase | of metabolism. In this step, reactive
and hydrophilic groups are inserted or uncovered in the structures of xenobiotics. In
phase Il, xenobiotics or their phase | metabolites can undergo conjugation reactions
with endogenous compounds. Glutathione, glucuronic acid, amino acids and sulphates
represent the main conjugation agents. The active transport of substrates, metabolites or
conjugates through membranes mediated by special protein transporters is now

considered to be the third phase of xenobiotic metabolism.
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The most important enzymes involved in phase | biotransformation are
cytochromes P450 (CYPs), heme-proteins ubiquitous in living organisms. Thousands of
different CYPs have been identified and classified into several families and subfamilies
on the basis of the sequence homology of the genes. CYPs commonly catalyze
monooxygenation of substrates, but they are also able to act as peroxidases or
reductases. In addition to xenobiotic biotransformation, CYPs play a very important role
in endogenous metabolism of steroids, fatty acids and prostaglandins. Flavin-containing
monooxygenases (FMO) mediate the oxidation of a large number of xenobiotics,
preferring substrates with nucleophilic nitrogen or sulphur atoms. The FMO gene
family is much smaller than the CYP family, and the FMO physiological functions are
poorly understood. In spite of this fact, FMO activities are important in
biotransformation of many xenobiotics (Krueger, 2005). Peroxidases, monoamine
oxidase and xanthine oxidase represent other enzymes which can catalyze the oxidation
of xenobiotics (Uetrecht, 2007). Alcohols, aldehydes and ketones are often metabolized
via the action of reductases/dehydrogenases. These enzymes are classified into three
protein classes: medium chain dehydrogenases (MDR), short chain dehydrogenases
(SDR) and aldo-keto reductases (AKR) (e.g., Jez, 2001). The substrates of
reductases/dehydrogenases are not only xenobiotics but also a number of endogenous
substances. Reductive biotransformation is less frequent than the oxidative one, but in
case of ketones, aldehydes, quinones, nitro compounds, N-oxides or S-oxides the
reduction can represent the main metabolic pathway. Many xenobiotics, such as esters,
amides and epoxides, undergo hydrolytic biotransformation. Several hydrolases (e.g.,
acetylcholine esterases, peptidases), the primary function of which lies in endogenous
metabolism, can participate in hydrolysis of these xenobiotics (Testa, 2003, 2007).

Most of the metabolites formed in phase | and appropriate functional groups
containing xenobiotics are conjugated with certain endogenous compounds.
Conjugation usually introduces hydrophilic ionizable functional groups to the molecule
of a xenobiotic thus making it more polar and facilitating renal excretion.
Glucuronidation is the most common conjugation pathway in mammals. The enzymes
involved are UDP-glucuronosyl transferases (UGT) of two gene families. Typical UGT
substrates are xenobiotic or eobiotic alcohols, phenols or carboxylic acids. Electrophilic
compounds are mostly conjugated with glutathione through the action of glutathione S-
transferases (GST). These ubiquitous conjugation enzymes, found in all organisms

which were tested for their presence, protect biomolecules against harmful
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electrophiles. Carboxylic acids or amines serve as substrates for conjugation with amino
acids. Aromatic amines or hydroxylamines can also undergo acetylation by N-
acetyltransferases (NAT). Sulfation mediated by sulfotransferases (SULT) represents
another important type of conjugation reaction (Uetrecht, 2007).

As hydrophilic conjugates or metabolites are not able to pass through a lipid
membrane they must be transported by means of specific transport proteins. ATP-
binding cassette (ABC) transporters play a key role in the efflux of xenobiotic as well as
eobiotic compounds. Some of these transporters, e.g., P-glycoprotein (ABCB1) or
multi-drug resistance proteins (ABCC1-6), are important for drug resistance of cancer
cells or insect (Ouellette, 2003).

All three systems: phase | enzymes, conjugation enzymes and transporters serve
for detoxication of potentially harmful xenobiotics and their activities are crucial for the
effect and/or efficacy of drugs and other xenobiotics.

Generally, the parent substance and the metabolite or conjugate differ in both
physico-chemical properties and pharmacodynamic effect as well as in toxicity and
pharmacokinetic behaviour (Testa, 2007). The occurrence and activity of xenobiotic
metabolizing enzymes (XME) determines the way and extent in which a drug or a
xenobiotic is metabolized. Hence the XME fundamentally affect the biological effects
(both desired and undesired) of an administered drug. Thus in the case of
anthelminthics, the activity of XME of both the helminth parasite and the host
substantially affects the efficacy of pharmacotherapy of a helminthosis.

If an organism is in increased contact with xenobiotics, it may defend itself
against the chemical stress by increasing the activity (expression) of XME (e.g., Testa,
1995; Nebbia, 2001). This induction of XME can have significant pharmacological and
toxicological consequences. In case of helminthosis treatment, with increased activity of
host biotransformation enzymes (e.g., farm animals) the plasmatic levels of
anthelminthics are decreased, which can result in failure of pharmacotherapy. This
decrease in plasmatic levels of active substances increases the parasites’ chances of
survival after the application of a drug. It is well known that just the contact of parasites
with low doses of anthelminthics results in the activation of parasite defense
mechanisms and a subsequent reduction of drug sensitivity of the parasites (Geerts,
2000). The induction of host XME can thus indirectly contribute to the development of

the parasite’s drug resistance.
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The biotransformation enzymes and transporters may to a certain extent protect
the parasites from toxic effects of anthelminthics and the induction of XME can
represent an advantageous defense strategy (Robinson, 2004). With respect to this fact,
metabolism of drugs in helminth parasites and helminth XME deserve more attention

and a better understanding.

2. Xenobiotic metabolizing enzymes in helminths

2.1. Phase | enzymes

In phase | of metabolism, drugs or other xenobiotics undergo oxidative,

reductive or hydrolytic transformations.

2.1.1. Oxidases

The oxidation of numerous xenobiotics in bacteria, fungi, plants, insects and
vertebrates is mediated by cytochromes P450 (CYPs). Whilst CYP monooxygenase
activities are found widely distributed in the nature, attempts to detect them in
helminths were unsuccessful for many years, and the helminths were considered
exceptional organisms lacking CYP (Precious, 1989a; Barrett, 1997). The view has
changed with the progress in genetic analyses which provided the evidence that CYP
genes exist in the genome of Caenorhabditis elegans (C. elegans, extensively used
model roundworm without parasitic importance). The C. elegans genome contains over
80 CYP encoding genes, which are included in the CYP35 family (Menzel, 2001;
Lindblom, 2006), and a NADPH-CYP reductase gene (www.brenda-enzymes.info). The
expression of several CYP35 genes significantly increased when C. elegans adults had
been exposed to known CYP inducers, e.g., beta-naphtoflavone, clofibrate,
fluoranthene, atrazine, phthalate or heavy metals (Menzel, 2001; Menzel, 2005;
Reichert, 2005; Roh, 2006, 2007). In spite of this fact, very little is known about
involvement of corresponding CYP35 enzymes in biotransformation of xenobiotics
(Menzel, 2005). CYP-like gene has also been found in mitochondrial genome of the
ectoparasitic mosquito Romanomermis culicivorax (Azevedo, 1993). In present, the

genome sequencing of other helminths of high public importance, such as Schistosoma
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mansoni (S. mansoni, fluke, parasite of man and other vertebrates), Trichinella spiralis
(T. spiralis, roundworm, parasite of carnivores and man), Onchocerca volvulus (O.
volvulus, roundworm, parasite of man) and Ascaris suum (A. suum, roundworm, parasite
of pig and man) is almost completed and a new information on helminth CYP genes
may be expected soon (http://www.sanger.ac.uk/Projects/Helminths).

In addition to looking for CYP genes, the effort has been directed to the
detection of CYP activities and proteins. Kotze (1997) found typical CYP
monooxygenase activities, epoxidation of aldrin and deethylation of ethoxycoumarin in
microsomes isolated from L1 and L3 larvae of Haemonchus contortus (H. contortus,
roundworm of ruminants, important model for experimental parasitology). These
activities were NADPH dependent, inhibited by carbon monoxide and piperonyl
butoxide (CYP inhibitors) and induced by exposure to phenobarbital (typical CYP2B
inducer). While larvae possessed significant aldrin epoxidase as well as 7-
ethoxycoumarin deethylase activities, microsomes from adult H. contortus showed only
a very low level of aldrin epoxidation activity, 10000-fold less intensive than that
reported for rat liver microsomes (Kotze, 1997). Oxidative metabolism of model CYP
substrates, aldrin and ethoxycoumarin, has been examined also in H. contortus adults ex
vivo. Intact adults possessed only a low aldrin epoxidase activity (Kotze, 2000). It
remains to be proved if this aldrin epoxidase activity is really an activity of H. contortus
CYP. The CYP-mediated oxidative biotransformation pathways in adult parasites may
be expected to be of lower importance compared to the oxidative biotransformation
pathways in free living larval stages due to the reduced oxygen concentration in the
intestinal environment (Kotze, 2006).

However, in S. mansoni adults high CYP-like activities were observed. A
variety of CYP substrates (aminopyrine, ethylmorphine, benzphetamine, N-
nitrosyldimethylamine, aniline, ethoxyresorufin and pentoxyresorufin) were used to
identify CYP enzyme activites in adults extract (10000 g supernatant of homogenates).
All of the aforementioned specific activities were detected (with the exception of
ethoxyresorufin-O-deethylase and aniline hydroxylase) and were comparable with those
in rat liver microsomes. In the extract from other Schistosoma haematobium adults, only
aminopyrine N-dealkylase activity was detected. In both species, different anti — rat
CYP antibodies were used to detect the presence of CYPs. AntiCYP2E1l and
antiCYP2B reacted with Schistosoma proteins, while no immunoreactivity was
observed with anti-CYP1A, CYP4A, CYP3A (Saeed, 2002)
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Kerboeuf et al. (1995) demonstrated very low activities of aminopyrine N-
dealkylase in L1 and L2 larvae of Heligmosomoides polygyrus (H. polygyrus,
roundworm of experimental use without parasitic importance). This activity was
inhibited by benzylimidazole, a CYP inhibitor, which indicated the participation of CYP
in this reaction. In other experiments by Kotze et al. (2006), the toxicity of rotenone in
adults and larvae of H. contortus and larvae of Trichostrongylus colubriformis (T.
colubriformis, roundworm, parasite of ruminants and horse) was increased in the
presence of piperonyl butoxide. In mammals and insect, the detoxification of rotenone
is catalyzed by CYP. A CYP inhibitor piperonyl butoxide possessed no toxicity to
helminths when used alone. Synergism of rotenone and piperonyl butoxide toxicity is in
line with the assumption that CYP takes part in rotenone detoxification in helminths
(Kotze, 2006).

Although CYPs act mainly as monooxygenases (i.e., enzymes transferring one
oxygen atom from molecular oxygen to a substrate), they also possess additional
catalytic activities (e.g., oxytransferase or reductase activities). The oxytransferase
activity (the transfer of oxygen from one substrate to another substrate) was found in H.
contortus adults and larvae, utilizing cumene hydroperoxide for oxidative deethylation
of ethoxycoumarin (Kotze, 1999). The larval oxytransferase activity was inhibited by
typical CYP inhibitors (metyrapone, n-octylamine, chloramphenicol, piperonyl
butoxide) and unaffected by the peroxidase inhibitor salicylhydroxamic acid, while the
activity in adults was inhibited by both CYP and peroxidase inhibitors.

Peroxidases represent an additional group of enzymes that may be able to
oxidize xenobiotics in helminths (Kotze, 1999) as several peroxidases catalyze the
oxidation of xenobiotics in mammals (Testa, 1995, 2007). The involvement of
peroxidases in detoxification of xenobiotics in helminths has already been entertained in
a review by Barrett (1997). More detailed information on participation of these
primarily antioxidant enzymes in xenobiotic detoxification in helminths is not available
yet. Helminth peroxidases have been mostly studied only from the view of their
antioxidant function. The system which protects the helminths against oxidative stress is
relatively well understood. Helminth presence in host organism leads to the activation
of immune system and to an increase of the free radical production. It was well
documented that the concentration of reactive oxygen species correlated with parasites
expulsion. On the other hand, parasites possess a number of enzymes which protect

them from the host produced oxidants. The enzymes involved are superoxide dismutase
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(SOD), catalase, glutathione peroxidase, xanthin oxidase, cytochrome ¢ peroxidase and
peroxiredoxins (www.brenda-enzymes.info; Kotze, 2001). The said enzymes are able to

detoxify the reactive oxygen species produced during own parasite metabolism as well
as oxidants produced by the host immune system. Superoxide dismutase and
peroxiredoxins are probably the major hydrogen peroxide detoxifying enzymes in
helminths (Dzik, 2006). The protective role of catalase, peroxiredoxins and glutathione
peroxidase in defense of adult and larval H. contortus against hydrogen peroxide has
been demonstrated (Kotze, 2001; Bagnall, 2004). Ferredoxin NADPH oxidoreductase
protected S. mansoni adults against cumene hydroperoxide and superoxide generating
herbicide methyl viologen (Girardini, 2002b). Since some of the antioxidant enzymes
(e.g., peroxidases, xanthin oxidase) also oxidize xenobiotics in vertebrates (Testa, 1995,
2007), the participation of these enzymes in biotransformation of xenobiotics in
helminths can be considered.

The oxidation of xenobiotics in helminths could be mediated also by flavin-
containing monooxygenases (FMO). In vertebrates, the FMO represent important
biotransformation enzymes catalyzing oxidation of a heteroatom bearing nucleophilic
xenobiotics. FMO gene family is conserved and ancient, with representatives present in
almost all phyla examined so far. The genome of C. elegans contains five predicted
genes encoding putative homologs of mammalian FMOs. One of them was classified as
FMO15, but the function of the corresponding protein remains unknown (Petalcorin,
2005; www.brenda-enzymes.info).

Taking together, the present information on participation of helminth oxidases in
biotransformation of xenobiotics is still insufficient and unclear. Only the expanding
proteomic studies may finally answer the question about occurrence, function and

importance of oxidative biotransformation enzymes in helminths.

2.1.2. Reductases and hydrolases

In contrast to oxidases, reductases and hydrolases have been considered
important biotransformation enzymes of xenobiotics in helminths for many years
(Precious, 1989a; Barrett, 1997).

Reductive metabolism represents the main metabolic pathway of carbonyl group

bearing compounds. Homogenates of Hymenolepis diminuta (H. diminuta, tapeworm,
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parasite of rat and mouse) reduced effectively several aldehydes (acetaldehyde,
glyceraldehyde, p-nitrobenzaldehyde). NADPH was the preferred cofactor in this
reduction. On the other hand, no reductive activities were found toward xenobiotic
ketones in this helminth species (Munir, 1985).

The reduction of a carbonyl bearing compound was studied in subcellular
fractions of adult H. contortus (Cvilink, 2008a). For the evaluation of activities of
carbonyl reducing enzymes several model substrates were employed: D,L-
glyceraldehyde and daunorubicin (substrates of human AKR1A enzymes and carbonyl
reductase), acenaphthenol (a substrate of AKR1C subfamily), metyrapone (a substrate
of AKRIC, AKRIA and carbonyl reductase in cytosol and 11pB-hydroxysteroid
dehydrogenase in microsomes) and oracin (a substrate of almost all carbonyl reducing
enzymes tested). In H. contortus, all model substrates were metabolized and the specific
activities of carbonyl reducing enzymes were similar to the activities found in farm
animal species (Szotakova, 2004). As the reduction of a carbonyl group mainly
represents a deactivation pathway that protects organisms against the toxic effect of
reactive aldehydes and ketones, the significant activity of carbonyl reducing enzymes
may help H. contortus to counteract the effect of anthelminthics or other carbonyl group
bearing xenobiotics (Cvilink, 2008a).

In spite of this fact, the information on the carbonyl group reductases in
helminths is negligible: one can expect the existence of many carbonyl reducing
enzymes of different families and subfamilies as at least 68 genes encoding a short
chain dehydrogenases/reductases were detected in C. elegans genome (Lindblom,
2006).

Reductive transformation is an important metabolic pathway for azo- and nitro-
compounds. This type of xenobiotic metabolism has been detected also in several
species of parasites. Ascaris lumbricoides (A. lumbricoides, roundworm, parasite of
man) and Moniezia expansa (M. expansa, tapeworm, parasite of ruminants) were
capable of reducing aromatic nitro compounds, azobenzene, azo-dyes and sulphoxides
(Precious, 1989b). Homogenates of Hymenolepis diminuta (H. diminuta, tapeworm,
parasite of rat and mice) reduced effectively azo-compounds but no reductive activities
toward nitro-compounds were observed (Munir, 1985).

Xenobiotic esters, amides and cyclic compounds can be hydrolyzed during
phase | biotransformation. A wide range of hydrolases have been found in helminths

(Barrett, 1997). Parasites seem well equipped with estrases, including phosphatases
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capable of hydrolyzing nitrophenylphosphates and organophosphates. A. lumbricoides
and M. expansa possess esterases capable of hydrolyzing nitrophenyl, p-aminobenzoyl,
naphthyl and methylumbelliferyl esters and arylamides. In addition, the activities of
arylsulphatases and deacetylases were detected in these parasites. Homogenates of H.
diminuta hydrolyzed a number of organic phosphates, sulphates and esters (Munir,
1985).

Conjugates of xenobiotics, formed in phase Il of xenobiotic metabolism, may
undergo a cleavage by the action of hydrolases. A range of a- and B- glucosidases,
galactosidases and mannosidases was discovered in H. diminuta. N-deacetylase activity
was observed in A. lumbricoides, H. diminuta and M. expansa (Munir, 1985). Cysteine
conjugate B-lyase was found in H. polygyrus, M. expansa and Necator americanus (N.

americanus, roundworm, parasite of man) (Adcock, 1999).

2.2. Phase Il enzymes

Among the established phase Il reactions in mammals and plants belong, e.g.,
glucuronidation, sulfation, acetylation, methylation, glucosidation, glutathione
conjugation and conjugation with amino acids.

As distinct from mammals, to our knowledge, only a couple of papers dealing
with phase Il detoxification enzymes in helminths have been published, except for the
glutathione S-transferase family. While the helminth glutathione S-transferases are the
enzymes of a great interest, the rest of phase Il enzymes seem to be neglected and

overlooked by researchers.

2.2.1. Glutathione S-transferases

The superfamily of glutathione S-transferases (GST) comprises omnipresent,
multi-substrate, both cytosolic and membrane bound microsomal enzymes involved in
the biotransformation of endogenous and xenobiotic compounds, including drugs and
environmental pollutants, mostly by catalysing the conjugation of electrophilic
substrates to glutathione. These dimeric proteins (either homo- or heterodimers) also
neutralize and detoxify the substrates by peroxidase activity or passive binding (Salinas,
1999).
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The GST activity is also involved in tissue protection against oxidative damage
caused by formation of reactive peroxides (hydroperoxides of phospholipids, fatty acids
and DNA) (Hayes, 1995b), originating either from the parasite endogenous metabolism
or from the host’s immune system. Furthermore, GSTs take part in the non-catalytical
intracellular transport of hydrophobic substances and also play a role as a determinant
of cellular pathways of stress response (Wilce, 1994, Salinas, 1999).

Organisms express multiple forms of GSTs, as a likely consequence of their
diverse roles (Wilce, 1994). Initially, the individual GSTs classification was based on
biochemical and immunological properties (Mannervik, 1985) but due to wide and often
overlapping substrate specificities, the classes are assigned by the direct primary amino
acid sequence analysis. Up to now, mammalian Alpha (basic), Mu (near neutral), Pi
(acidic), Sigma, Theta, Kappa, Zeta, and Omega GST classes have been established
(Mannervik, 1985; Pemble 1996; Board, 1997; Tew, 1999; Board, 2000; Edwards,
2000; Hoque, 2007). Also a “MAPEG” class, a separate mammalian class of membrane
associated GST activity exhibiting proteins, is distinguished (Jakobsson, 1999, 2000).
Non-mammalian GSTs have been much less well characterized. Plants appear to
express the plant specific Phi and Tau classes of GST (Edwards, 2000). Expression of a
Beta class GST in bacteria (Vuilleumier, 1997), and a Delta class GST in insect (Zhou,
1997) has been reported.

All GST classes are involved in conjugation of 1-chloro-2,4-dinitrobenzene
(CDNB), except for the Theta class enzymes which exhibit high levels of activity with
1,2-epoxy-3-(4 nitrophenoxy)propane (EPNP) (Dowd, 1997). 1,2-dichloro-4-
nitrobenzene (DCNB) is a preferential substrate of the Mu class GST isoenzyme
(Lopez, 1994).

2.2.1.1 Structure and localization of GSTs

GSTs have been detected in many kinds of helminth organisms, including
roundworms, flukes and tapeworms. Among helminth species, the GSTs differ in
substrate specificities, catalytic activities, immunogenicity and exhibit, in general, a low
level of sequence similarity to both the helminth and the mammalian classes of GSTs.
Although helminths do express GSTs that resemble those of mammals there can be
found specific regions of structural difference in the helminth GSTs (Sheehan, 2001).

Clearly, enzyme activities vary in accordance with a helminth class. Highest GST
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activities were detected in tapeworms, and the activity appears to be higher in parasites
of the gut than in blood or tissue-dwelling parasites. This fact may be a reflection of the
cytoplasmic tegument of tapeworms, making them more susceptible to the xenobiotic
exposition. Relatively low GST activities were found in roundworms (Barrett, 1997).
Since GSTs are thought to act as protective detoxification enzymes, their occurrence in
tissues which come into contact with xenobiotics or which are crucial for reproduction
would be anticipated. However, the localization of GSTs shows a surprising interspecies
variability in species investigated.

Five forms of GSTs isolated from Fasciola hepatica (F. hepatica, fluke, parasite
of grazing vertebrates) had a catalytic activity with a number of hydrophobic ligands
and secondary lipid peroxidation products (Brophy, 1990c). The level of GSTs in F.
hepatica was approximately 4% of the total soluble protein (Brophy, 1990c). At least
seven isoforms were purified from F. hepatica extracts by Panaccio (1992) who found
that F. hepatica GSTs can be aligned to the mammalian Mu class. This is in agreement
with Rossjohn and associates (1997) who found that F. hepatica contains at least seven
GST isoforms, four of which had been cloned (Fh-1, Fh-7, Fh-47, and Fh-51). All four
cloned isoforms belong to the Mu class and share greater than 71% sequence identity
(Rossjohn, 1997). In F. hepatica the GST presence was associated with the lamellae of
the intestinal epithelium (Panaccio, 1992). In addition to that, Wijffels et al. (1992)
reported a GST activity in the tegument, muscular tissues and parenchymal cells. This is
consistent with the investigation conducted by Creaney et al. (1995) who localized Fh-
GST1 to the parenchyma of F. hepatica adults and demonstrated the presence of other
GSTs in the gut and subtegumental tissues of F. hepatica. A correlation between the
level of GST activity and development of resistance in F. hepatica was reported (Miller,
1994). Surprisingly, a decrease in GST activity was observed (in liver flukes which had
survived the exposure to salicylanilide anthelminthics) and associated with an increase
in drug resistance.

The GSTs isolated from S. mansoni have been reported as both monomeric and
dimeric proteins (O'Leary, 1988; Taylor, 1988). Six GST isoenzymes have been
identified in S. mansoni (O'Leary, 1988, 1992). Two major groups of S. mansoni GST
subunits, Sm28 and Sm26, have been shown to belong to the Alpha and Mu classes,
respectively (Brophy, 1994b). The highest activity observed toward the traditional GST
substrate CDNB was with the GST Sm28 (Taylor, 1988). An Omega class GST,

detected in all life stages of S. mansoni, was found by Girardini and colleagues
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(Girardini, 2002a) and showed a very low activity toward CDNB. Interestingly, the
investigated Omega class GST displayed a significant glutathione-dependent
dehydroascorbate reductase and thiol transferase enzymatic activities which might occur
due to a cysteine residue located in the GST active site, instead of in eukaryotic cells
usual serine and tyrosine. They also observed a higher expression of the Omega Sm-
GST in adults rather than in free-living developmental life stages. Its involvement in the
survival of the parasite within the host has been proposed (Vande Waa, 1993; Girardini,
2002a). Sm-26 and Sm-28 GSTs were reported to be found in the tegument and
subtegumental tissue of Schistosoma adults (Trottein, 1992). Immuno-electron
microscope studies of S. mansoni showed the Sm-GST presence in both tegument and
excretory epithelial cells. It was absent from the caecal epithelium and the flame cells
(Taylor, 1988). Sm-26GST and Sm-28GST were localized in parenchymal cells of
adults (Holy, 1989; Porchet, 1994) and were absent in the tegument, muscles, digestive
tract, neural mass, vitelline glands and mature gametes which were not immunoreactive
(Porchet, 1994).

A three-dimensional structure for the S. japonicum (parasite related to S.
mansoni) GST has been determined (Lim, 1994) and the enzyme has been found to be
closely related to the Mu class of mammalian GSTs. This finding is in agreement with
McTigue et al. who reported an overall structural similarity of Sj-GST with the rat Mu
class GSTs (McTigue, 1995). The structural resemblance of S. japonicum GST to the
structure of Fh-47 GST from F. hepatica, which belongs to the Mu class, has also been
observed (Rossjohn, 1997). Brophy (1994b) reported that the Sj-28GST family belongs
to the Alpha, and the Sj-26GST family to the Mu class. The Sm-28GST and Sj-28GST
have a high sequence similarity (75%), as do their respective Sm-26 and Sj-26 GST
analogues (over 80%).

A. lumbricoides and A. suum (roundworm, parasite of pig and man) are frequent

and dangerous parasites in tropical and subtropical areas. The recombinant A. suum
GST displayed a comparatively low level of sequence similarity to the human liver
Alpha (29%), pig lung Pi (37%), mouse liver Pi (34%) and human liver Mu class GSTs
(28%). A three-dimensional structural model of As-GST showed a topological
resemblance to mammalian Pi class GSTs (Liebau, 1997). In A. suum, the GST enzyme
activity has been localized to the intestinal epithelium (Douch, 1978; Liebau, 1997),
indicating the GST participation in metabolism of substances imported from the outer

environment or secreted to it. GST enzymatic activity was also found in intestinal and
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muscle tissue of A. suum (Douch, 1978). A glutathione transferase has been purified
from Ascaridia galli (A. galli, roundworm of poultry) (Meyer, 1996). According to the
analysis, the enzyme subunit exhibited structural identity to the Sigma class GSTs as the
N-terminal sequence and tryptic peptide sequences were similar to other nematode
Sigma class GSTs. The purified enzyme showed high activity and specificity in the
GSH-dependent isomerization of prostaglandin H to prostaglandin E (Meyer, 1996).
Much research on Onchocerca volvulus (O. volvulus, roundworm, parasite of
man) GST has been conducted by Liebau and colleagues. Three different GSTs have
been identified in O. volvulus: Ov-GST1, Ov-GST2, and Ov-GST3 (Liebau, 1994b;
Liebau, 1994c; Liebau, 2000; Krause, 2001). Ov-GST3 was found to be readily induced
in response to oxidative stress, providing a defense against both intracellular
metabolism derived and host immune system derived reactive oxygen species (Brophy,
2000; Kampkotter, 2003). The intensity of the up-regulation is dependent on the nature
of oxidative stress (Liebau, 2000). As of the structural analysis, it was possible to find
an Ov-GST1 relation to the Sigma class (Sommer, 2001, 2003). However, its low level
of sequence similarity to the rat Pi class GST has also been reported (Liebau, 1994a).
Ov-GST1 is a secretory GST located in the outer zone of the hypodermis, directly at the
parasite-host interface. It displays a GSH-dependent prostaglandin D synthase activity,
thus showing a potential to participate in modulation of immune cell functions
(Perbandt, 2005). Structurally, Ov-GSTL1 is a glycoprotein which is active as a non-
glycosylated dimer (Liebau, 1994c). A mass spectrometric study revealed that an Ov-
GST1 carries high-mannose type oligosaccharides on at least four glycosylation sites
(Sommer, 2001). Ov-GST2, the major cytosolic GST in O. volvulus, seems to be
topologically related to the mammalian Pi class, sharing 42% of sequence identity with
the human Pi class GSTs (Hoppner, 2004). The Ov-GST3 belongs to the Omega class
(Kampkotter, 2003; Hoppner, 2004; Perbandt, 2005). The Ov-GST3 analysis revealed a
low sequence identity with Ov-GST1 (14%) and Ov-GST2 (21%) (Liebau, 2000), but
demonstrated a significant resemblance to GST domain containing stress response
proteins (Kodym, 1999). In O. volvulus, the Ov-GST1 seems to be located at the
parasite-host interface, associated with the outer membrane of the hypodermis (Liebau,
1994c) while Ov-GST2 was observed all over the hypodermal cytoplasm and in uterine
epithelial cells (Liebau, 1996; Wildenburg, 1998). This corresponds with their
respective functions in the organism since Ov-GST1 is a secretory GST and Ov-GST2

acts as an intracellular “housekeeping” enzyme. The Ov-GST1 was also detected in L1,
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L2 and L3 larval stages (Wildenburg, 1998). Salinas et al. reported the GST localization
in the seminal receptacle and spermatozoa of Onchocerca adults (Salinas, 1994).

Four acidic GST forms were isolated from H. diminuta by Brophy and associates
(1990a). More than 95% of the GST activity with CDNB was detected in the tapeworm
cytosol compared to the microsomes. No activity with cumene hydroperoxide, a
mammalian alpha class GST substrate, and no activity with the Alpha/Pi class substrate
ethacrynic acid was detected (Brophy, 1990a).

Brophy et al. also resolved four forms of GSH transferase from M. expansa.
Three isolated GSTs showed no relationship to any of the GST classes, but the N-
terminal of the most abundant GST exhibited a mixture of characteristics of the Alpha
and Mu GST classes (Brophy, 1989b).

GSTs of Taenia solium (tapeworm, parasite of man and pig) were investigated
by Vibanco-Perez et al. (1999, 2002). The analysis of the N-terminal showed that both
Ts-GST subunits are related to mammalian Mu class. The further analysis revealed the
presence of typical features, including the Mu loop, similar to several previously
reported Mu class GSTs (Vibanco-Perez, 1999, 2002). A Ts-GST purified from T.
solium adults displayed significant CDNB, hexa-2,4-dienal and trans-non-2-enal
catalytic activities (Plancarte, 2004). The T. solium GSTs from interhost stages
(protoscoleces) exhibited much lower activities with the model substrates and the lipid
peroxidation products (Nava, 2007).

A 28kDa cytosolic GST transferase was isolated, purified and cloned by Hong et
al. (2000) from Paragonimus westermani (P. westermani, fluke, parasite of carnivores,
pig and birds). A high activity with CDNB, a relatively low activity with ethacrynic
acid and reactive carbonyls and no activity with epoxy-3-(p-nitrophenoxy)-propane was
observed. Biochemical and molecular studies suggested that Pw-28GST was classifiable
to the Sigma class of GSTs (Hong, 2000), the sequence similarity between Pw-28GST
and the Sigma class GSTs in the major catalytic domains was as high as 58%. In
contrast, bacterially generated recombinant 26kDa Pw-GST exhibited an activity toward
universal and Mu class specific substrates (Kim, 2007) and was found to be a Mu class
GST member.

Comparison of the cDNAs derived from Wuchereria bancrofti and Brugia
malayi GSTs (roundworms, parasites of man, monkeys, carnivores) revealed an
enormously high sequence identity (97%) (Rathaur, 2003). Lacking the extra helix of
the Alpha class and the loop characteristic of the Mu class GSTs, Wb-GST and Bp-GST
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were found to be topologically related to the Pi-class GSTs. Furthermore, ethacrynic
acid, a typical Pi class substrate, was preferentially conjugated by the Wb-GST
(Rathaur, 2003).

GST activity has been detected in Echinococcus granulosus (E. granulosus,
tapeworm, parasite of carnivores) interhost stages by Morello et al. (1982). A protein
fraction migrating as a M, band was isolated from the E. granulosus protoscoleces and
its N-terminal amino acid sequence most closely resembled the Mu class GSTs
(Fernandez, 1994). A GST cloned from E. multilocularis (tapeworm, parasite related to
E. granulosus) protoscoleces was found to be related to the Mu class GSTs and
possessed significant activities towards CDNB and lipid peroxidation products (Liebau,
1996). A recombinant Eg-GST showed striking sequence similarity to Em-GST (99%).
The sequence similarity of Eg-GST with other Mu class GSTs was up to 48% and with
the 26kDa trematode GSTs it was about 40% (Fernandez, 2000).

A recombinant Clonorchis sinensis (C. sinensis, fluke, parasite of vertebrates
including man) Cs-GST (28kDa) had enzymatic activity and was grouped into the
Sigma class (Hong, 2002) and a recombinant Cs-GST (26kDa) was classified as a Mu
class GST (Hong, 2001). The GST tissue localization in C. sinensis was examined by
Kang et al. using immunoelectron microscopy and immunohistochemical staining
(Kang, 2001). Cs-28GST was detected in several locations, including the tegument,
parenchyma, intra-uterine eggs and sperm tails, with major abundance in the cells of
subtegumental parenchyma (Kang, 2001).

In Brugia spp. the GSTs were predominantly associated with reproductive
organs of the adults which in females signalized a particular susceptibility of embryos to
oxidative stress (Rao, 2000).

The recombinant H. contortus GST protein (Hc-GST1) was investigated (van
Rossum, 2004) and displayed about 70% similarity to a predicted GST (Hc-GST-E)
demonstrated in the excretory-secretory products of H. contortus by Yatsuda et al.
(2003). It was also suggested that the Hc-GST1 and Hc-GST-E may form a new class of
roundworm GSTs. Some of GSTs predicted from the C. elegans proteome would also
belong to this class (van Rossum, 2004).

A C. elegans GST cDNA sequence found by Weston et al. shared about 28-40%
sequence similarity with the rat Pi class GST subunits (Weston, 1989). Campbell et al.
predicted over 30 GST isoforms in the C. elegans proteome and speculated that the

variety of recently discovered GSTs would require a new class nomenclature
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(Campbell, 2001). Campbell and colleagues successfully cloned a H. polygyrus bakeri
GST. It shared approximately 45-57% sequence identity with the GSTs predicted from
the roundworms C. elegans and H. contortus, all of which could be aligned to the new
class of helminth specific GSTs. Using H. polygyrus bakeri GST antisera, antigenic
cross-reactivity between the recombinant H. p. bakeri, H. contortus and C. elegans
GSTs was observed and supported this theory (Campbell, 2001). A relationship between
GSTs from H. contortus and C. elegans was reported (van Rossum, 2001b). Van
Rossum et al. (2001a) isolated 12 glutathione S-transferases from C. elegans and
employed mass spectrometry for their identification. Three GSTs could be classified as
members of the Alpha, one of the Pi and one of the Sigma GST class. Seven of the GST
proteins isolated, according to the classification of Campbell (2001), fell into the newly
proposed roundworm specific GST class. Searching the databases, Lindblom and Dodd
(2006) found 48 predicted genes that coded for GSTs in C. elegans genome, 46 of
which have documented mRNAs and one has a documented phenotype (Lindblom,
2006).

2.2.1.2. Role of GSTs

As it was previously pointed out, the substantial role of GSTs lies in protective
detoxification of potentially harmful substances, including reactive oxygen species and
products of lipid peroxidation. On the other hand, additional endogenous roles may be
attributed to a number of GSTs in helminth organisms.

The antioxidant activities of GSTs have been intensively studied. One of the
GSTs isolated from M. expansa by Brophy et al. (1989b) had the ability to conjugate
alka-2,4-dienals and especially alk-2-enals, well-known secondary products of lipid
peroxidation (Esterbauer, 1982). As the levels of other lipid peroxidation protective
enzymes (superoxide dismutase, catalase and glutathione peroxidase) are low in M.
expansa (Paul, 1980), the Me-GSTs may represent an ultimate component of the
protection system against toxic electrophilic and oxidative products.

The purified ES GST pool from N. americanus was able to metabolize one
group of potential peroxidation products (cumene hydroperoxide and linoleic acid
peroxides) (Brophy, 1995) whereas the GST pool from H. polygyrus could neutralize
model and lipid peroxides via peroxidase activity, but failed to show the activity with
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carbonyl breakdown products of lipid peroxides (trans-2-nonenal or trans, trans-2, 4-
decadienal) via glutathione transferase activity (Brophy, 1994a). The GST pool isolated
from P. westermani was able to conjugate the aldehyde products of lipid peroxidation
such as t-butyl hydroperoxide, trans-2-nonenal and trans, trans-decaenal (Hong, 2000).

A number of helminth GSTs may be involved in prostaglandin synthesis and
thus provide the parasite with a powerful tool able to effectively counteract and
suppress the host immune system response. Located at the parasite-host interface, as a
component of helminth  excretory-secretory  products, GST prostaglandin
synthetase/isomerase activity may help the helminth to survive within the host
organism. Meyer et al. (1996) purified a prostaglandin isomerase activity possessing
GST from A. galli. The enzyme showed a high and specific activity in glutathione
dependent PGH to PGE isomerization. Sommer et al. (2003) isolated an O. volvulus
GST, Ov-GST1, located in the outer hypodermal lamellae and in parts of the cuticle,
which exhibited prostaglandin D2 synthase activity. Both mentioned parasite GSTs
could be classed as Sigma class GST, and the prostaglandin production could then
possibly be attributed to the Sigma class H-site unique structure, which has a wide and
open cleft, distinct from other GST classes (Sommer, 2001).

The important protective and housekeeping roles of GSTs lie in the binding of
potentially toxic (or non-toxic) substrates, their intracellular transport and their
deactivation by conjugation with glutathione. The impact of these GSTs activities on

anthelminthics and other xenobiotics is discussed in Section 3.

2.2.1.3. Induction and inhibition of GSTs

There are many reports clearly showing the fact that the GST activity, including
helminth GST activity, can be easily modulated by exposure to xenobiotics. The
outcome of such an exposure depends on the nature of the modulating agent and may
lead to a decrease in enzyme activity or to an increased enzyme activity characterized
by increased protein level and typically accompanied by an increased steady state level
of mMRNA (Vande Waa, 1993).

The GST expression can be easily induced by treatment with a number of chemicals
including known or suspected carcinogens, drugs and oxidative stress metabolites

(Hayes, 1995a). A frequently used typical inducer phenobarbital induced GST activity
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in H. diminuta adults (Brophy, 1990a), protoscoleces (developmental stage) of E.
granulosus (Morello, 1982) and adults of S. mansoni (Vande Waa, 1993). 3-
methylcholanthrene and butylated hydroxyanisole were investigated by Vande Waa et
al. (Vande Waa, 1993) and both compounds significantly induced Sm-GST activity
against CDNB. An Ov-GST3 from O. volvulus represents an oxidative stress sensitive
GST which is considerably induced in presence of oxidative stress-related compounds
(Liebau, 2000; Perbandt, 2005).

Gupta et al. (2005) reported that GST of adult female Setaria cervi (S. cervi,
roundworm, parasite of ruminants) could be induced without difficulty by in vitro
exposure to diethylcarbamazine, butylated hydroxyanisole and phenobarbital. The
exposure of S. cervi microfilariae to butylated hydroxyanisole also yielded an increase
in GST activities. Conversely, a dramatic decrease in GST activity was observed after
exposure of S. cervi microfilariae to diethylcarbamazine. Moreover, an extra
electrophoretic band of GST activity was detected in extracts of diethylcarbamazine and
butylated hydroxyanisole treated adult worms, suggesting the presence of a chemical
stress responsive GST (Gupta, 2005).

The inhibition of helminth GST enzyme activity was reported in A. suum by
Liebau et al. (1997). The recombinant As-GST interacted with natural breakdown
products of haem, bile acids and a variety of model inhibitors (triphenyltin chloride,
bromosulphophthalein, cibacron blue) as well as with mammalian GST inhibitors and
several anthelminthic compounds. The anthelminthics bithionol and hexachlorophen
inhibited the GST activity significantly while the benzimidazole anthelminthic
albendazole displayed a low potential to inhibit rAs-GST (Liebau, 1997). After the
treatment of E. granulosus infected mice with mebendazole, Feng et al. (1995) reported
approximately 30% inhibition in the Ec-GST activity. The capability of inhibiting the
GST activity by anthelminthics was further demonstrated in F. hepatica (Brophy,
1990c) and N. americanus (Asojo, 2007). Inhibition of the P. westermani GST activity
by bromosulfophthalein, cibacron blue and albendazole (Hong, 2000), and inhibition of
activities of recombinant A. suum and recombinant O. volvulus GSTs by medicinal plant
extracts (Fakae, 2000) have also been reported. As demonstrated by Brophy et al.
(2000), glutathione conjugates can act as effective inhibitors of the GST activity and
even exhibit a slight selectivity to O. volvulus GST in comparison with the human Pi
class GSTs.
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However, although a variety of GST inhibitors is available, there is no specific
helminth GST inhibitor reported so far (Liebau, 1997), the advantage of which could be

taken to the selective treatment of a parasitosis.

2.2.2. Other conjugation enzymes

In addition to GSTs, other transferases (e.g., UDP-glucuronosyltransferases, N-
acetyltransferases, methyltransferases, sulfotransferases) can catalyze the conjugation
reactions of xenobiotics and eobiotics in mammals.

The presence of conjugation enzymes in helminths is often predicted in
compliance with the sequenced genome of C. elegans (Lindblom, 2006). However, the
MRNAs and phenotypes of such enzymes are documented sporadically. Certain
examined helminth species clearly exhibited various conjugation activities but the
reported reactions were mostly not associated with metabolism of xenobiotic
compounds and rather compounds of physiological character.

Isaac et al. (1990) demonstrated the ability of Brugia pahangi (B. pahangi,
roundworm, parasite of domestic carnivores and man) to N-acetylate several biogenic
amines such as serotonine, octopamine and dopamine. The enzymatic reaction required
the addition of acetyl-CoA. The same investigators detected another N-acetyltransferase
activity in A. galli (Isaac, 1991; Muimo, 1993), thus they showed the potential of
possible acetylation of xenobiotic substrates in the helminths investigated. A cytosolic
enzyme which in the presence of acetyl-CoA catalysed the acetylation of diamines
(putrescine, cadaverine, 1,3-diaminopropane and 1,6-diaminohexane) was purified from
A. suum (Wittich, 1989). Wittich and Walter (1990) then confirmed the N-acetylase
activity toward putrescine also in O. volvulus. Acetylation of naturally occurring
biogenic amines has also been described in F. hepatica (Aisien, 1992, 1993) and in C.
elegans (Abo-Dalo, 2004).

O’Hanlon et al. (1987, 1991a, 1991b) investigated the metabolism of
ecdysteroids, moulting hormones, in A. suum and Paraascaris equorum (roundworm,
parasite of horse) and reported the formation of 20-hydroxyecdysone-25-glucoside
conjugate and putative ecdysone-22-phosphate. Pica-Mattoccia et al. (2006) reported a
sulphotransferase-like activity involved in activation of the antitrematode oxamniquine
in S. mansoni. The activity was competitively inhibited by beta-estradiol and quercetin,

common sulfotransferase substrates. However, the exact nature of the enzyme was not
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established (Pica-Mattoccia, 2006). Sulfation of important structural protein
components was observed in C. elegans (Kim, 2005). A tyrosylproteinsulfotransferase,
which is responsible for this modification, was detected in the hypodermis of C. elegans
and was shown to be crucial for the cuticle formation (Kim, 2005). On the other hand,
no sulfotransferase activity was detected in H. diminuta: neither helminths nor helminth
extracts were able to sulfate various substrates (Raines, 1988).

Taking together, the current state of research in this field does not provide any
proof that any of the aforementioned conjugation enzymes, including GSTs, are actually
involved in the metabolism of xenobiotic compounds. A further and targeted
investigation on this issue is required in order to clarify the roles of the occurring

enzyme activities in xenobiotic metabolism in helminths.

2.3. Transporters

Transport of xenobiotics is now considered the phase Il of biotransformation.
Transporters, membrane-bound proteins transporting compounds across membranes,
represent an important tool in Xxenobiotics detoxification. Two main types of
transporters are recognized: transporters importing xenobiotics into the cells and
transporters exporting xenobiotics or their metabolites out of the cells. The second type
of transporters has been investigated much more because of its importance in drug
resistance. ATP-binding cassette (ABC) transporters are the major family of exporting
transporters. ABC transporters are omnipresent proteins, found in all cells of all species
from microbes to man. Their structure consists of four core domains, two
transmembrane domains and two nucleotide-binding domains. Transport clearly
involves major conformational changes and conventional enzyme-like mechanism. The
transport cycle is initiated by the interaction with a substrate, followed by ATP binding
which induces conformational changes leading to the transfer of the substrate. After the
ATP hydrolysis, the former state of a transporter is regenerated (Higgins, 2003).

In metabolism of xenobiotics, ABC transporters mediate an active efflux of both
lipophilic xenobiotics, which passed through plasmatic membranes, and hydrophilic
metabolites and conjugates, which were formed by the action of biotransformation
enzymes. Comprehensive information on the role of ABC transporters in veterinary

drug research and parasitic resistance was brought in a review by Alvarez and associates
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(2006). ABC transporters have been found in a number of helminth species. In C.
elegans genome, a large family of 60 genes encoding ABC transporter-like proteins was
identified (Lindblom, 2006). The research on drug transport has been mainly focused on
P-glycoprotein (Pgp, ABCB1), the best known ABC transporter and the major efflux
pump involved in xenobiotic metabolism. The first Pgp described in helminths was
identified in C. elegans (Lincke, 1992). Thereafter, the Pgp genes were found in several
flukes (e.g., S. mansoni, F. hepatica) as well as roundworms (e.g., H. contortus,
Onchocerca spp.) (Kerboeuf, 2003). The use of specific monoclonal antibodies allowed
the localization of Pgp proteins in helminth tissue. In H. contortus Pgp was
predominantly detected along the intestinal tract of the worms, with the most intense
presence in the pharynx and anterior intestine (Smith, 2002). Detailed information on
Pgp and other ABC transporters in helminths is available in a review by Kerboeuf and

associates (2003) and Alvarez and associates (2006).

3. Metabolism of anthelminthics

To the best of our knowledge, there are a handful of documented reports where a
xenobiotic compound is clearly metabolized by helminth XME and the metabolite is
then identified as a biotransformation product. The published papers deal with
metabolism of anthelmintically active agents, which is understandable, because XME
catalyzed deactivation or/and activation substantially affects the fate of an administered
anthelminthic. There are a number of anthelminthic drugs used for treatment of
helminthosis but only a few of them have been studied from this point of view.
Moreover, most researchers have studied only the phase | of the anthelminthic
metabolism or the interaction of anthelminthics with one selected enzyme (e.g., GST).
Therefore, the knowledge of a large proportion of metabolic pathways of anthelminthic
drugs in helminths still remains incomplete.

Phase | biotransformation of benzimidazole anthelminthics albendazole (ABZ)
and/or triclabendazole (TCBZ) was studied in several helminth species. The oxidation
of both drugs was detected in F. hepatica, M. expansa, A. suum, H. contortus and
Dicrocoelium dendriticum (D. dendriticum, fluke, parasite of ruminants) (Solana, 2001,
Mottier, 2004; Robinson, 2004; Alvarez, 2005; Cvilink, 2008b, 2008c). Although all the
above mentioned helminths possess the ability to oxidize ABZ and/or TCBZ, their
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metabolic activities and localization of helminth oxidases significantly differ among
helminth species.

In D. dendriticum ABZ sulphoxidation occurred in mitochondrial and
microsomal subcellular fractions, while no sulphoxidation was detected in cytosol
(Cvilink, 2008c). In the related species F. hepatica the sulphoxidation of ABZ in both
microsomes and cytosol occurred (Solana, 2001). Microsomal sulphoxidation of TCBZ
was described in F. hepatica (Mottier, 2004; Alvarez, 2005).

Ex vivo, when living D. dendriticum adults were incubated with ABZ, time- and
concentration-dependent formation of ABZ sulphoxide (ABZSO) and efflux of ABZSO
into the incubation medium was observed. The extent of ABZSO formation was as low
as only 2.5% of the initial ABZ concentration were metabolized during the incubation
(Cvilink, 2008c). Since ABZSO itself is an anthelmintically active compound, any
extent of ABZSO formation would not decrease the ABZ efficacy.

As ABZ is a prochiral substrate, chiral discrimination in its biotransformation
can be assumed. In D. dendriticum, a slight but significant predomination of (+)-
ABZ.SO was observed in vitro (Cvilink, 2008c) while in vitro ABZ sulphoxidation was
not stereospecific in F. hepatica, M. expansa and A. suum (Solana, 2001). On the other
hand, a pronounced stereospecificity in ABZ oxidation was described in mammalian
microsomes. (-)-ABZSO was preferentially formed in rat and deer species, while (+)-
ABZSO predominated in sheep, cattle, pig and mouflon (Delatour, 1990, 1991a, 1991b;
Velik, 2005). In mammals, the formation of (-)-ABZSO is catalyzed by cytochrome
P450 (particularly P4501A), whereas (+)-ABZSO formation depends on the activity of
flavin containing monooxygenases (Delatour, 1991a, 1991b; Moroni, 1995). It is likely
that oxidases of a different structure, less stereospecific, with a more open entry to the
binding place, participate in the ABZ sulphoxidation in helminths.

Chiral discrimination may also occur in binding and transport of ABZSO
enantiomers. Solana et al. (2002) described an enantioselective binding of ABZSO to
cytosolic proteins of F. hepatica, M. expansa and A. suum. An active efflux of
anthelminthics in these helminth species was also reported (Mottier, 2006a). On the
other hand, the ABZSO transfer into F. hepatica was not enantioselective, as the ratio of
ABZSO enantiomers found in helminth bodies corresponded to the ABZSO ratio
detected in plasma and bile of the hosts (Alvarez, 2000).
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The second step of ABZ oxidation, sulphonation, was observed in D.
dendriticum mitochondrial fractions (Cvilink, 2008c). This was the first piece of
evidence that helminth enzymes are able to deactivate ABZ via the formation of the
biologically inactive ABZ sulphone (ABZSO,). However, no ABZ sulphonation was
detected in ex vivo experiments and the rate of the in vitro sulphonation was so low that
any significant protective role of this reaction cannot be assumed. Similarly, the
formation of ABZSO, was not observed in ex vivo experiments with H. contortus
(Cvilink, 2008Db). In the case of TCBZ, very intensive sulphonation was reported in F.
hepatica (Robinson, 2004). The parasite was able to effectively convert TCBZ
sulphoxide to the inactive TCBZ sulphone and in this way F. hepatica might
significantly decrease the concentration of the toxic compound in its body. The
reduction of ABZSO back to ABZ occurred in M. expansa (Solana, 2001) but neither in
F. hepatica nor in D. dendriticum (Robinson, 2004; Cvilink, 2008c).

Phase Il of ABZ metabolism has been studied only in H. contortus ex vivo
(Cvilink, 2008b). Using mass spectrometry, two glucose conjugates of ABZ were
detected in incubation medium samples as well as in roundworm bodies samples and
tentatively assigned as N-glucosides. Although ABZSO was formed in the said
experiments too, no glucose conjugation of this metabolite was detected.

Biotransformation of the benzimidazole anthelminthic thiabendazole was
studied in Trichostrongylus colubriformis (T. colubriformis, roundworm, parasite of
ruminants). In ex vivo incubations with thiabendazole, no metabolite or conjugate was
detected. The conjugation of hydroxythiabendazole (probably with sulfate) was detected
when hydroxythiabendazole was used as a substrate (Sangster, 1986).

Alvinerie and associates (2001) revealed the formation of one phase | metabolite
of the antiparasitic drug moxidectin formed in H. contortus homogenate incubations.
The formation of this metabolite was inhibited by carbon monoxide which indicates the
participation of cytochromes P450 in this reaction. On the other hand, H. contortus was
not able to metabolize the anthelminthic closantel, neither in vitro nor ex vivo
(Rothwell, 1997).

A. suum metabolized the anthelminthic drug mebendazole via carbonyl reduction
and carbamate hydrolysis in vitro (Kohler, 1981). Metabolism of the benzimidazole
drug flubendazole (FLU) was investigated in H. contortus. Cvilink et al. (2008a)
studied the phase | biotransformation of FLU in vitro as well as ex vivo. The results

showed that cytosolic NADPH-dependent enzymes of H. contortus metabolized FLU
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via reduction of the carbonyl group. The reduction of FLU was stereospecific, the ratio
of (-) : (+) enantiomers of reduced FLU formed was 9 : 1. Reduced flubendazole was
the only phase |1 metabolite found. In mammals and birds, two phase | metabolites of
FLU (reduced FLU and hydrolyzed FLU) arise
(www.emea.europa.eu/pdfs/vet/mrls/Flubendazole.pdf). Reduction of flubendazole to

the reduced flubendazole was also detected in ex vivo incubation with M. benedeni
(Moreno, 2004).

A mass spectrometry study on phase | and 1l metabolism of FLU in H. contortus
ex vivo has proved the formation of reduced FLU and revealed the formation of glucose
conjugates of both parent drug FLU and reduced FLU. FLU was conjugated with
glucose forming a putative FLU-N-glucoside while O-glucoside was formed from the
reduced FLU (Cvilink, 2008b).

The glucosidation of anthelminthics is interesting as glucose conjugation, a
common metabolic pathway in plants, occurs rarely in the animal kingdom. Focusing on
helminths, only O’Hanlon and associates (1987, 1991a, 1991b) reported glucose
conjugation in metabolism of endogenous ecdysteroids in A. suum and P. equorum. The
anthelminthic metabolism via glucose conjugation requires further examination as nil is
known about glucosyltransferases involved in this reaction in helminths.

The inverse situation is in the case of glutathione S-transferases (GSTs): The
present knowledge of helminth GSTs is relatively large but the evidence of their action
in anthelminthic metabolism is still lacking.

Doubtless, helminth GSTs appear to have a potential to neutralize exogenous
toxic compounds including anthelminthics via binding and/or conjugation with
glutathione. GSTs are active non-covalent binding proteins for a range of lipophilic
ligands (Mannervik, 1988). The binding of an anthelminthic drug to GST proteins may
result in an inactivation of the pharmacologically active substance (Brophy, 1995). In A.
suum, the GSTs showed the potential to bind anthelminthics such as ABZ, bithionol and
hexachlorophen (Liebau, 1997). Tapeworm GSTs can bind to many anthelminthics
(Brophy, 1990b) and the high levels of GSTs in tapeworms could lead to reduced
concentrations of the anthelminthic agent (Milhon, 1997). Praziquantel was able to bind
to the dimer interface groove of a schistosomal GST which resulted in steric inhibition
of Sj-GST catalytic and transport activities for large ligands (McTigue, 1995). In

contrast, Milhon et al. (1997) observed that praziquantel did not competitively inhibit
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recombinant Sj-GST (McTigue, 1995). The GST activity in P. westermani was also not
affected by praziquantel even at high concentrations (Hong, 2000).

The main GSTs isolated from M. expansa, H. diminuta, S. mansoni and F.
hepatica were able to bind to several commercially available anthelminthics; in spite of
this fact, the experiments with purified GSTs did not prove any conjugation of
anthelminthic drugs with glutathione (Brophy, 1989a, 1989b, 1990b; Walker, 1993). On
the other hand, Lo and colleagues (Lo, 2007) showed that extracts from S. mansoni
efficiently conjugated an array of synthetically prepared electrophilic compounds with
glutathione. It has been demonstrated that some of the glutathione conjugates formed
served as substrates for further conjugation thus giving rise to bisglutathionyl
conjugates (Lo, 2007). The results of this study indicate the ability of helminth GSTs to
catalyze conjugation of certain compounds, but common anthelminthics appear not to
be the proper substrates. O’Leary et al. (1991) investigated the GST -catalyzed
biotransformation of the anthelminthic dichlorvos in S. mansoni. They surprisingly
detected the O-demethylation of dichlorvos and the formation of demethylated
dichlorvos and S-methylglutathione. The presence of both glutathione and dichlorvos in
the reaction mixture was essential as no metabolites were detected while one of the
components was omitted from the reaction mixture (O'Leary, 1991).

The detection of atypical metabolites indicates that the biotransformation of
anthelminthics in helminths is hardly predictable and may substantially differ from that
in mammals. Moreover, significant inter-species differences in anthelminthic
metabolism have been found among helminth parasites. These differences may be
relevant to the understanding of drug efficacy against different kinds of helminths. For
this purpose much more comprehensive information on biotransformation and transport
of anthelminthics is necessary.

The knowledge of transport mechanisms of anthelminthics is essential as the
action of the anthelminthics depends on the ability of the active drug to reach its
specific receptor within the target parasite. Passive drug transfer through external
helminth surfaces is the predominant entry mechanism for most widely used
anthelminthics. Despite the structural differences in the external surfaces of helminth
parasites, the mechanism of drug entrance depends mainly on the lipophilicity of the
anthelminthic agent (Mottier, 2006a; Alvarez, 2007). In the efflux of anthelminthics out
of the parasite body, the participation of helminth ABC transporters is assumed

(Alvarez, 2006). A direct proof is not available but many indirect evidences support this
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hypothesis: e.g., the interaction of many anthelminthics with several mammalian
transporters, the presence of transporter genes in helminth genomes, inhibition studies.

More information can be found in an excellent review by Alvarez et al. (2006).

4. Role of helminth XME in drug resistance development

The resistance of helminths to common anthelminthics represents a worldwide
problem. Most probably, there are many mechanisms of drug resistance in helminths,
some of which have been elucidated but a lot remains unclear. One can distinguish two
types of resistance mechanisms: pharmacokinetic-mediated mechanisms and
pharmacodynamic-mediated mechanisms. The first type includes processes such as a
decreased drug uptake, an accelerated drug efflux and an increased drug inactivation.
By these means the concentration of the active drug within parasite cells is decreased, a
lower number of drug molecules can bind to target macromolecules and the drug effect
is reduced. These unwanted processes can be overcome using higher doses of
anthelminthics. The pharmacodynamic-mediated mechanisms may involve an increase
in the amount of target macromolecules or changes in their structures that both cause
the reduction in drug efficacy. If an anthelminthic is not able to bind to altered target
molecules, a higher dose of a drug does not lead to a higher efficacy (Alvarez, 2005).
The individual mechanisms are often combined which makes the solving of the
resistance problem more difficult. Present knowledge of resistance mechanisms in
helminths is summarized and discussed in several reviews (e.g., Wolstenholme, 2004;
Gilleard, 2006; Brennan, 2007).

Pharmacokinetic-mediated drug resistance is based on an increase in activities of
drug transporters or/and biotransformation enzymes. In stable resistant strains, the
resistance might be caused by changes in genes for XME or in corresponding control
(regulatory) segments. In sensitive strains, the helminth XME may represent a tool
contributing to the development of resistance as the active efflux of a drug together with
its deactivation via biotransformation diminishes drug efficacy and may allow some
worms to survive the anthelminthic therapy. Moreover, contact of a helminth with a
given drug may lead to the induction (increased expression or protein stabilization) of
helminth XME and acceleration of drug deactivation can furthermore facilitate the

survival of some helminth individuals. Repetitive outliving of these “less-sensitive”
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helminths causes a gradual selection and may end up in development of a resistant
strain.

The induction of selected biotransformation enzymes by xenobiotics has been
intensively studied in C. elegans. The potential of the environmental pollutants (e.g.,
phthalates, polychlorobiphenyls, heavy metals) to significantly increase the expression
of several roundworm genes including CYPs (CYP35A) and GSTs has been described
(Roh, 2006, 2007; Menzel, 2007). Also, the well-known CYP1A inducers such as beta-
naphthoflavone or lansoprazol strongly induced CYP35A2 (Menzel, 2001). The
induction of CYP35A might be mediated via the aryl hydrocarbon receptor, the
xenobiotic sensor regulating the expression of certain biotransformation enzymes and
transporters. This receptor controls CYP1A expression in many animal species and it
was also found in C. elegans (Hahn, 2002). Using C. elegans whole genome DNA
microarray, the effects of beta-naphthoflavone, fluoranthene, atrazine, clofibrate and
diethylstilbestrol on the roundworm gene expression were investigated. The analysis
clearly showed an induction of 203 genes belonging to different families, e.g., CYPs,
GSTs, UDP-glucuronosyltransferases, carboxylesterases (Reichert, 2005).

Although these results indicate that the induction of XME as a response to
chemical stress may represent an important defense strategy, unequivocal examples of
XME induction in helminths are rare. Similarly, only insufficient evidence on a direct
association between XME and drug resistance in helminths is available.

The metabolism of triclabendazole (TCBZ) and TCBZ sulphoxide (TCBZSO)
was investigated in TCBZ-resistant and in TCBZ-susceptible strains of Fasciola
hepatica. A significantly faster oxidation of TCBZ and a greater conversion of
TCBZSO to the inactive TCBZ-sulphone were found in the resistant flukes (compared
with the susceptible individuals) (Robinson, 2004; Alvarez, 2005). The activity of
TCBZ and TCBZSO oxidases could be on the grounds of an increased expression of the
enzymes or changes in enzyme structures. Anyway, the increased deactivation of TCBZ
via sulphonation represents an efficient tool for the flukes to survive the attack of TCBZ
(Brennan, 2007).

Resistance—induced changes in TCBZ transport in F. hepatica have been studied
by Mottier et al. (2006b). The concentration of TCBZ and its main metabolite TCBZSO
was significantly lower within the TCBZ-resistant flukes than within TCBZ-susceptible
flukes. The performed inhibition study indicated that this decrease was caused by the

enhanced activity of P-glycoprotein (ABCB1) transporter in the resistant flukes. An
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altered efflux mechanism may account for the TCBZ resistance development in F.
hepatica.

Data from Xu et al. (1998) suggested that P-glycoprotein may play a role in
ivermectin resistance in Haemonchus contortus. The gene structures were altered and
expression of P-glycoprotein mRNA was higher in the ivermectin-resistant than
susceptible strains of H.contortus. Similarly, genetic polymorphism in P-glycoprotein
gene was detected in moxidectin-resistant H.contortus strain (Blackhall, 1998).

The abovementioned results demonstrate the importance of the enhanced drug
efflux in helminth drug resistance development. On the other hand, helminths are
probably not able to restrict the drug entry into their bodies; for most of the
anthelminthics the main way of drug transfer into the body is represented by the passive
drug transfer (Mottier, 2006a; Alvarez, 2007).

Taking together, drug-efflux transporters and biotransformation enzymes seem
to be crucial mechanisms in helminth resistance development. Further studies and

knowledge enhancement in this field are needful.

5. Conclusion

The anthelminthic drugs are presently the principal method for the control of
helminth parasites. Knowledge of the detoxification mechanisms that helminths possess
is very important for understanding the processes that affect the drug concentration
within the helminth parasites and may decrease the efficacy of pharmacotherapy.

Nevertheless, present information on the anthelminthic metabolism and XME in
helminths is insufficient. Moreover, the available data indicate that the structures,
presence, expression and activities of XME in helminths are distinct from most of the
animal XME, and that anthelminthics undergo different metabolization in helminths and
in mammals. Therefore it is not possible to employ the data obtained in mammals either
for the estimation of anthelminthic metabolism or for the prediction of helminth XME
properties. The helminth inter-species differences in XME and anthelminthic
metabolism occur and this fact limits the generalization and the extrapolation of data
obtained in one helminth species to other helminths.
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In conclusion, the XME and anthelminthic metabolism in helminths should
deserve more attention. More detailed information on anthelminthic metabolism in
helminths can contribute to rendering the pharmacotherapy more effective. More data
on the XME differences between parasites and their hosts might be valuable for the
design of new potential anthelminthics. Lastly, deeper knowledge of inter-species
differences among helminth species might help to clarify the diverse drug efficacies in

individual helminth parasites.
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Abstract

Haemonchus contortus is one of the most pathogenic parasites of small ruminants (e.g., sheep and goat). The treatment of
haemonchosis is complicated because of frequent resistance of H. contortus to common anthelmintics. The development of
resistance can be facilitated by the action of drug metabolizing enzymes of parasites that can deactivate anthelmintics and thus
protect parasites against the toxic effect of the drug. The aim of this project was to investigate the Phase I biotransformation of
benzimidazole anthelmintic flubendazole in H. contortus and to determine the biotransformation of other model xenobiotics. For
this purpose, in vitro (subcellular fractions of H. contortus homogenate) as well as ex vivo (live nematodes cultivated in flasks with
medium) experiments were used. The results showed that cytosolic NADPH-dependent enzymes of H. contortus metabolize
flubendazole via reduction of its carbonyl group. The apparent kinetic parameters of this reaction were determined
(Vlax = 39.8 £2.1 nM min L K|, =1.5+0.3 uM). The reduction of flubendazole in H. contortus is stereospecific, the ratio
of (—):(+) enantiomers of reduced flubendazole formed was 90:10. Reduced flubendazole was the only Phase I metabolite found.
Effective reduction of other xenobiotics with carbonyl group (metyrapon, daunorubicin, and oracin) was also found. Significant
activity of carbonyl-reducing enzymes may be important for H. contortus to survive the attacks of anthelmintics or other xenobiotics
with carbonyl group.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Drug metabolism; Anthelmintics; Helminthoses; Carbonyl-reducing enzymes; Stereospecificity

1. Introduction

Biotransformation enzymes in all organisms serve as
the efficient defense against potential negative action of
xenobiotics. These xenobiotics (drugs, food additives,
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and environmental contaminants) undergo biotransfor-
mation in organisms to achieve more easy excretion of
xenobiotics via their metabolites. The parent compound
and its metabolites generally differ in both physical—-
chemical properties and biological activity, as well as in
pharmacokinetic behavior. Thus, the activity of
biotransformation enzymes substantially affects both
the desired and undesired effects of any drug
administered or of other xenobiotics.

The biotransformation enzymes of parasitic helminths
may to a certain extent protect these organisms against
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toxic effects of anthelmintics, and the ability to inactivate
anthelmintics via biotransformation can represent an
advantageous defense strategy of the parasites (Robinson
et al., 2004; Kotze et al., 2006). The biotransformation of
benzimidazole anthelmintics by parasitic worms has been
relatively little investigated so far. Oxidation of albenda-
zole and triclabendazole in Fasciola hepatica, Hae-
monchus contortus, Moniezia expansa, and Ascaris suum
was observed (Solana et al., 2001; Robinson et al., 2004;
Mottier et al., 2004). Although, all these helminths have
the ability to oxidize albendazole or triclabendazole, their
metabolic activities significantly differ among helminthic
species. Information about reduction or hydrolysis of
anthelmintics in worms is almost nil, although the
parasitic helminths possess a number of hydrolases,
including the O- and N-deacetylases, and reductases of
aldehydes and ketones, azoreductases, nitroreductases
(Barrett, 1997, 1998). Only sulforeduction of albendazole
sulfoxide was described in F. hepatica, M. expansa, and A.
suum (Solana et al., 2001). The present knowledge about
reductases or hydrolases in parasites is insufficient,
although their participation in biotransformation of some
veterinary drugs can be assumed. From among the
currently used anthelmintics, flubendazole and meben-
dazole are metabolised by reduction and hydrolysis in
target animal species (http://www.emea.europa.ecu/htms/
vet/mrls/a-zmrl.htm#, Moreno et al., 2004).

The present study was designed to evaluate the
biotransformation of flubendazole (FLU) in adult
nematodes of H. contortus. For this purpose, in vitro
(subcellular fractions of H. contortus homogenate) as
well as ex vivo (live nematodes cultivated in flasks with
medium) experiments were used.

2. Material and methods
2.1. Chemicals

Albendazole was purchased from Sigma-Aldrich
(Czech Republic). Albendazole sulfoxide and albenda-
zole sulfone were obtained from Toronto Research
Chemicals Inc. (Canada). Flubendazole and its two main
metabolites (reduced flubendazole and hydrolysed
flubendazole) were provided by Janssen Pharmaceutica
(Czech Republic). All other chemicals (HPLC or
analytical grade) were obtained from Sigma-Aldrich
(Czech Republic).

2.2. Collection of parasite material

H. contortus ISE strain used in this study is
anthelminthic-susceptible inbred strain of SE strain
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(Roos et al., 2004), which was isolated from the field
before benzimidazole anthelmintics were on the
market. Third stage larvae (L3) of ISE strain were
kind gift of Dr. Frank Jackson, Moredun Research
Institute, Edinburgh, UK. Six parasite-free lambs (3—4-
month old) were orally infected with 5000 L3 larvae
of H. contortus. Seven weeks after infection the
animals were stunned and exsanguined immediately
in agreement with Czech slaughtering rules for farm
animals. Adult nematodes were removed from sheep
abomasum using agar method described by Van Wyk
et al. (1980).

2.3. Preparation of subcellular fractions

Freshly isolated H. contortus adults were washed
repeatedly in 0.1 M phosphate-buffered saline pH 7.4
and rapidly homogenised at the w/v ratio of 1:6in 0.1 M
sodium phosphate buffer, pH 7.4, using a Potter—
Elvehjem homogeniser and sonication with Sonopuls
(Bandeline, Germany). The subcellular fractions were
isolated by fractional ultracentrifugation of the homo-
genate with the same buffer. Fraction A (20,000 x g
sediment) corresponds to mitochondrial fraction in
animal tissues fractionation. Fraction B and C consist of
105,000 x g sediment and supernatant (microsomes
like and cytosol like). A re-washing step (followed by a
second ultracentrifugation) was included at the end of
the Fraction B preparation procedure. Fraction A,
finally resuspended in 0.1 M sodium phosphate buffer,
pH 7.4, Fraction B, finally resuspended in this buffer
containing 20% glycerol (v/v), and Fraction C were
stored at —80 °C. Protein concentrations were assayed
using the bicinchoninic acid method according to the
Sigma protocol.

2.4. Cultivation of H. contortus in medium

Live nematodes were cultivated as described
Kotze and McClure (2001) with mild modification.
Isolated nematodes were washed three times by
phosphate buffer saline and held for 1h in RPMI
medium (pH 6.8, 38 °C) containing 2.5 ug ml~" ampho-
tericin B, 100 Uml™" penicillin, and 100 wg ml™"'
streptomycin. Groups of approximately 50 nematodes
were then placed into 5 ml of incubation medium (RPMI
medium, pH 6.8, containing 0.8% glucose, 10 mM N-[2-
hydroxyethyl]piperazine-N'-[4-butanesulfonic  acid]
(HEPES), 0.25 wgml™' amphotericin B, 10 Uml™!
penicillin, and 10 pgml~" streptomycin) in glass
flasks and incubated at 38 °C in a humid atmosphere
with 10% CO,.
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2.5. Biotransformation of FLU in vitro

The Fractions A—C were incubated with or without
FLU (10 wM). The reaction mixture (total volume of
0.3 ml) contained 50 pl of fractions containing 0.4—
0.6 mg of proteins, substrate pre-dissolved in dimethyl
sulfoxide (concentration of DMSO in reaction mixture
was 1%), NADPH or NADH (1 mM) and 0.1 M Na-
phosphate buffer, pH 7.4. The blank samples contained
50 plof 0.1 M sodium phosphate buffer, pH 7.4, instead
of fractions or 50 pl of 10-min-boiled fractions. In
kinetic study, concentrations range 0.25-25.0 uM of
FLU, 1 mM NADPH and 50 pl of Fraction C were used.
All incubations were carried out at 37 °C for 30 min
under aerobic conditions. The product formation was
linear up to 60 min. At the end of incubation, 30 pl of
ammonium solution (concentrated) and 700 wl of
cooled ethyl acetate were added, shaken (3 min, vortex)
and centrifuged (10 min, 10000 x g). Supernatants
were evaporated and stored under —20 °C until HPLC
analyses.

2.6. Biotransformation of FLU ex vivo

At the beginning of incubation, the 2.5 ml of medium
was removed from each flask with nematodes and the
same volume of fresh medium with FLU was added.
FLU was pre-dissolved in DMSO. The concentration of
DMSO in medium was 0.1%. Nematodes were
incubated in medium with FLU (2.0, 5.0, or
10.0 uM) for 24 h. In blank samples, medium with
FLU but without nematodes was incubated. After
incubation, medium was taken up, placed into plastic
tubes, frozen and stored under —80 °C. The nematodes
were repeatedly washed up, transfer into plastic tubes,
frozen and stored under —80 °C. Before analysis,
nematodes were quickly homogenised in 0.1 M
phosphate buffer (pH 7.4) using Sonopuls. Medium
or nematodes homogenate were alkalised and liquid—
liquid extraction followed by the same procedure as was
described above.

2.7. HPLC analysis of FLU and its metabolites

Chromatographic analyses were performed with
Shimadzu liquid chromatograph consisted of degasser
GT-154, solvent delivery module LC-10ADvp, auto-
injector SIL-10ADvp, column oven CTO-10Avp, UV/
VIS photodiode array detector SPD-M10Avp, spectro-
fluorimetric detector RF-10AXL and system controller
SCL-10Avp. The chromatograph was controlled by
Shimadzu software CLASS-VP. A LiChroCART
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250 mm x 4 mm chromatographic column packed with
LiChrospher 60 RP-select B, 5 um was used. The
column was protected with a pre-column 4 mm x 4 mm
packed with the same stationary phase. Following
chromatographic conditions were used: an isocratic
mobile phase was a mixture of acetonitrile and 0.025 M
KH,PO, buffer pH 3 (3:7) delivered at a flow rate of
0.7 ml/min. Using the photodiode array detector,
chromatograms were recorded at 246 and 300 nm (scan
195-380 nm). With spectrofluorimetric detector excita-
tion wavelength was 290 nm and emission wavelength
was 320 nm. FLU-H, FLU-R, albendazole (I.S.) and
FLU were detected with the photodiode array detector.
The spectrofluorimetric detector served for improving
the sensitivity of FLU-R detection (FLU-H and FLU are
not fluorescent). Fifty microlitre of each sample was
injected. Duration of the complete analysis was 22 min.

2.8. HPLC separation of FLU-R enantiomers

The chromatographic method used for the determi-
nation of flubendazole and its two metabolites has been
described previously (Nobilis et al., 2007). The
chromatographic system was composed of an
SCM1000 solvent degasser, P4000 quaternary gradient
pump, AS3000 autosampler with a 100-uI sample loop,
UV6000 LP photodiode array detector (UV-PDA) with
Light Pipe Technology, SN4000 system controller and a
data station (Intel-Pentium 4 CPU 1.6 GHz, RAM
256 MB, HDD 40 GB) with the ChromQuest 4
analytical software (Thermo Electron, Inc., San Jose,
CA., USA). A Daicel 250—4.6 mm chromatographic
column packed with Chiralcel OD-R (Daicel Chemical
Industries, Ltd., Japan) and mobile phase consisting of
acetonitrile—1 M aqueous NaClO, (4:6, v/v) were
employed for chiral chromatographic separations. Flow
rate was 0.5 ml min~'. UV detection was performed in
dual wavelength mode (246 and 300 nm).

2.9. Enzyme assays

Enzyme assays were tested in the fractions of H.
contortus homogenate. Each enzyme assay was
performed in triplicates. The amount of organic solvents
in the final reaction mixtures did not exceed 0.1% (v/v).

The activities of reductases of carbonyl group were
tested using the following substrates: metyrapone
(dissolved in redistilled water), b,L-glyceraldehyde
(dissolved in dimethylsulfoxide), and daunorubicin
(dissolved in redistilled water). The concentrations of
substrates, NADPH and potassium phosphate buffer, pH
6.0 (or 8.5 for daunorubicin) were 1 mM, 0.3 mM and
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0.1 M, respectively. The fractions (10-50 w1, containing
60—400 pg of protein) was added into reaction mixture
(total volume 1 ml). Spectrophotometric determination
(detection wavelength 340 nm, 25 °C) of NADPH
consumption in the reaction mixture served for the
assessment of reductase activities (Feldsted and Bachur,
1980; Maser and Oppermann, 1997; Palackal et al.,
2002; Ohara et al., 1995).

Reductases of oracin were assayed as described
(Wsol et al., 2003). Briefly, Fractions A, B or C (100 1)
were incubated with 0.3 mM oracin and 1 mM NADPH
in a total buffer volume of 0.3 ml. Incubations (37 °C,
30 min) were terminated by alkalisation and incubates
were extracted into ethyl acetate. The extracts were
evaporated to dryness and dry samples were dissolved
in the mobile phase prior to their HPLC injection. The
HPLC separation of dihydrooracin enantiomers was
performed using a 250 mm x 4.6 mm ODR Chiralcel
column. The mobile phase was prepared by mixing
buffer (0.3 M sodium perchlorate, pH 3.00 set by
HCl10O,) with acetonitrile (69:31, v/v). HPLC separation
was performed at 25 °C with a flow rate of 0.5 ml/min.
Dihydrooracin was detected with fluorescence detector
using an excitation wavelength of 340 nm, and an
emission wavelength of 418 nm. Oracin was detected
with UV-vis detector at a detection wavelength of
280 nm.

Enzyme activities for the model substrate 1-
acenaphthenol (substrate of dihydrodiol dehydro-
genases, ACNO) were determined using methods
described by Palackal et al. (2002) with modifications.
The velocity of substrate dehydrogenation was deter-
mined spectrophotometrically by measuring the change
in absorbance of a cofactor (NADP™) at 340 nm. A final
1.0 ml system contained 1 mM acenaphthenol dissolved
in DMSO (1% of organic solvent in final mixture),
2.0 mM NADP?*, 50 pl Fractions A, B or C and 0.1 M
Tris-HCI buffer pH 8.9.

3. Results

3.1. Biotransformation of flubendazole (FLU) in H.
contortus in vitro

All fractions of H. contortus homogenate were
incubated with FLU and coenzyme NADPH or NADH.
Only one FLU metabolite — FLU with reduced carbonyl
group (FLU-R) — was detected. Structure of FLU and
FLU-R is shown in Fig. 1. FLU-R arises solely in
Fraction C and its formation is strictly NADPH-
dependent. No metabolite was formed in samples where
NADH was used as coenzyme or in samples without
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Fig. 1. Structure of FLU and its main metabolite FLU-R.
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coenzymes. In blank samples (without H. contortus
fraction or with these fractions inactivated by 10-min
boiling) no traces of FLU-R were found.

3.2. Kinetics of FLU reduction in H. contortus in
vitro

FLU in various concentrations (0.25-25.0 uM) was
incubated with Fraction C of H. contortus homogenate
and coenzyme NADPH. The amount of FLU-R formed
in incubation mixture was expressed as reaction
velocity. The direct plot of reaction velocity versus
substrate concentration is presented in Fig. 2. The
curve fits well the Michaelis—Menten equation.
Using GraphPad Prism 5.0 software, the values of
basic kinetic parameters, apparent maximal velocity
V! . =39.8+2.1nMmin"', and apparent Michaelis
constant K| =1.5+0.3 uM were calculated. These
kinetic parameters allow characterization of enzyme
reaction in multi-enzymatic systems. Apparent max-

imal velocity V! . indicates the rate of product
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Fig. 2. Kinetics of FLU reduction in Fraction C from H. contortus
homogenate.
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formation at enzyme saturation with substrate, and
apparent Michaelis constant K/, expresses the affinity of
enzyme toward substrate. Ratio of these kinetic
parameters represents so-called intrinsic clearance.

3.3. Reduction of FLU in H. contortus ex vivo

The live nematodes were cultivated for 24 h in a
glass flask with medium. At the commencement of the
experiments, fresh medium with 2.0, 5.0, or 10.0 puM
initial concentrations of FLU were added, nematodes
were gently shaken and first medium samples were
taken (time 0) and analyzed. In time O samples,
approximately 50% of FLU initial concentration was
detected, probably because of FLU adsorption to flask
and nematodes’ surface and binding to medium
contents. During experiments, other medium samples
were collected (time 2, 8, and 24 h) and analyzed. The
results are demonstrated in Figs. 3 and 4. Time-
dependent decrease of parent drug FLU in medium with
nematodes was observed. The initial concentration of
FLU affected the velocity of decrease: the fastest
concentration decrease was found in samples with the
highest initial concentration of FLU. FLU-R was the
only Phase I metabolite of FLU found in medium with
H. contortus. Its formation increased with increasing
FLU concentration and increasing duration of incuba-
tion. No FLU reduction was detected in medium
without nematodes.

Chiral analyses showed considerable stereospecifi-
city of FLU reduction. Ex vivo H. contortus preferen-
tially formed (—)-FLU-R enantiomer. The average ratio
of FLU-R enantiomers 90:10 was found. This ratio did
not significantly change based on the incubation time or
initial concentration of substrate in the medium.

32h  N12h HW24h

concentration of FLU in medium (uM)

FLU10 FLUS FLU2

Fig. 3. Decrease of FLU concentration during 24-h incubation of live
H. contortus nematodes in medium with FLU. The initial concentra-
tions of FLU were 2.0, 5.0 or 10.0 uM.
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Fig. 4. Formation of FLU-R during 24-h incubation of live H.

contortus nematodes in medium with FLU. The initial concentrations
of FLU were 2.0, 5.0 or 10.0 pM.

3.4. Activity of carbonyl-reducing enzymes toward
model xenobiotics in H. contortus in vitro

Activities of carbonyl-reducing enzymes were tested
in subcellular fractions of H. contortus homogenate.
Metyrapone, acenaphenol, p,L-glyceraldehyde, daunor-
ubicin, and oracin, which are relatively specific for main
human carbonyl-reducing enzymes, were used as
substrates. The results (see Table 1) proved the extensive
ability of H. contortus enzymes to reduce the carbonyl
group of compounds. Different reduction potential of
separate fractions was observed: while Fraction C
transformed all substrates used, in Fraction A only
daunorubicin at pH 8.5 was reduced. The activities of H.
contortus enzymes toward individual substrates also
differed: p,L-glyceraldehyde and daunorubicin at pH 8.5
were the best substrates in Fraction C and Fractions A and
B, respectively. The stereospecificity of oracin reduction
was tested in Fraction C. The ratio of dihydrooracin
enantiomers was 63:37 with preferential formation of
(—)-dihydrooracin enantiomer.

4. Discussion

Metabolism of FLU either in H. contortus or in other
helminths has not been studied till now. In hosts the
biotransformation of FLU is extensive and follows
similar metabolic pathways in various animal species.
Ketoreduction and carbamate hydrolysis are the major
Phase I metabolic pathways in birds, pigs, or sheep
(http://www.emea.europa.eu/htms/vet/mrls/a-
zmrl.htm#; Moreno et al., 2004). The same biotrans-
formation pathways were described for mebendazole—
other benzimidazole anthelmintics with structures like
FLU without fluorine atom. In this project, biotrans-
formation of FLU was tested in H. contortus in vitro as
well as ex vivo. Results showed that only one of the two
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Table 1

Specific activities of reductases/dehydrogenases toward selected substrates tested in subcellular Fractions A (mitochondria like), B (microsomes

like), and C (cytosole like) of H. contortus homogenate

Specific activities (nmol min~' mg™")

Fraction A Fraction B Fraction C
Metyrapone reductase ND ND 1.07 £0.39
p,L-glyceraldehyde reductase ND 1.40 £ 0.21 5.62+043
Daunorubicin reductase (pH 6.0) ND ND 0.29 +0.08
Daunorubicin reductase (pH 8.5) 465+ 1.18 1.82+0.33 0.41 £0.09
Oracin reductase ND 0.07 £ 0.01 0.50 + 0.02
Acenaphthenol dehydrogenase ND ND 272 £0.43

The data represent the mean £ S.D. from 3-5 samples. ND = not detected.

known FLU metabolites — FLU with reduced carbonyl
group (FLU-R) - was formed. Thus, reduction
represents the main biotransformation pathway of
FLU in H. contortus. Reduction of albendazole
sulfoxide was observed in F. hepatica, M. expansa,
and A. suum subcellular fractions (Solana et al., 2001).
In all species tested these reactions were NADPH-
independent and almost the same activities in micro-
somal and cytosolic fractions were found. In the
experiments conducted by the authors, reduction of
FLU occurred only in Fraction C (like cytosol) and
strictly required coenzyme NADPH. Based on the
kinetic data, basic kinetic parameters of FLU reduction
were calculated. Their values indicate that this reaction
is not very fast (velocity approximately nM min "), but
reductases possess relatively high affinity to FLU. In
pigs and pheasants, the velocity was much higher
(approximately puM min ') but the affinity to FLU was
almost the same (Szotakova et al., submitted for
publication). Moreover, the reduction of FLU in H.
contortus was stereospecific with preferential formation
of (—)-FLU-R enantiomer. This finding is very
interesting because in pig or pheasant, (+)-FLU-R is
the only FLU-R enantiomer formed in vitro (Nobilis
et al., 2007).

Reduction of carbonyl group is generally considered
as a deactivation pathway that protects organisms
against the toxic effect of reactive aldehydes and
ketones. Because of reduced mebendazole lacked any
anthelmintic activity (Prieto et al., 1991; Dayan, 2003),
FLU reduction probably also represents deactivation,
although, no exact information about anthelmintic
activity of FLU-R is available. Also, the information
about reductases of carbonyl group of xenobiotics in
helminths is negligible. In mammals, carbonyl-reducing
enzymes are located both in cytosol and in membranes
of endoplasmatic reticulum, and they require NADPH
or NADH as coenzymes. The enzymes participating in
reduction of the carbonyl are classified into three
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protein classes: medium chain dehydrogenases (MDR),
short chain dehydrogenases (SDR), and aldo-keto
reductases (AKR) (Jez et al., 1997; Penning, 2004).
The substrates of reductases of the carbonyl group are
not only xenobiotics, but also a number of endogenous
substances. Hence, the study of the enzymes reducing
the carbonyl group is important not only for prediction
of metabolism of drugs with carbonyl group in the
organisms, but also for understanding the way in which
they can be affected (Bauman et al., 2004). Human
reductases of the carbonyl group are intensively studied
at present. For evaluation of activities of individual
families or subfamilies of carbonyl-reducing enzymes
several model substrates were commonly used. D,L-
glyceraldehyde and daunorubicin (at pH 8.5) are good
substrates for human AKR1A enzymes, while daunor-
ubicin at pH 6.0 is preferentially reduced by action of
carbonyl reductase and AKR1C enzymes. Acenaphthe-
nol represents the typical substrate for enzymes from
AKRIC subfamily. Metyrapone is reduced by AKR1C,
AKRI1A, and carbonyl reductase in cytosol and by 118-
hydroxysteroid dehydrogenase in microsomes (Kawa-
mura et al., 1999; Maser and Oppermann, 1997; Ohara
et al., 1995; Palackal et al., 2002). Almost all carbonyl-
reducing enzymes are able to reduce oracin in human
(Wsol et al., 2003; Martin et al., 2006).

In H. contortus, all model substrates were metabolised
and the specific activities of carbonyl-reducing enzymes
were similar to the activities found in farm animal species
(Szotakova et al., 2004). These results prove that H.
contortus is able to effectively reduce aldehydes or
ketones. In this way, carbonyl-reducing enzymes protect
H. contortus against the toxic effect of xenobiotics with
the carbonyl group. Inhibitors of these enzymes could
increase the efficacy of anthelmintics-bearing carbonyl
group (FLU or mebendazole) similar to synergism of
rotenone by piperonyl butoxide via the inhibition of
nematode oxidative detoxication pathways (Kotze et al.,
2006). Improving one’s knowledge about drugs bio-
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transformation and drug-metabolizing enzymes in
parasitic helminths could improve the pharmacotherapy
of helminthoses.
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Abstract Resistance of helminth parasites to common
anthelminthics is a problem of increasing importance. The
full mechanism of resistance development is still not
thoroughly elucidated. There is also limited information
about helminth enzymes involved in metabolism of
anthelminthics. Identification of the metabolites formed by
parasitic helminths can serve to specify which enzymes
take part in biotransformation of anthelminthics and may
participate in resistance development. The aim of our work
was to identify the metabolic pathways of the anthelminthic
drugs albendazole (ABZ) and flubendazole (FLU) in
Haemonchus contortus, a world-wide distributed helminth
parasite of ruminants. ABZ and FLU are benzimidazole
anthelminthics commonly used in parasitoses treatment. In
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our ex vivo study one hundred living adults of H. contortus,
obtained from the abomasum of an experimentally infected
lamb, were incubated in 5 mL RPMI-1640 medium with 10
umol L™ benzimidazole drug (10% CO,, 38 °C) for 24 h.
The parasite bodies were then removed from the medium.
After homogenization of the parasites, both parasite
homogenates and medium from the incubation were
separately extracted using solid-phase extraction. The
extracts were analyzed by liquid chromatography—mass
spectrometry (LC-MS) with electrospray ionization (ESI)
in positive-ion mode. The acquired data showed that /.
contortus can metabolize ABZ via sulfoxidation and FLU
via reduction of a carbonyl group. Albendazole sulfoxide
(ABZSO) and reduced flubendazole (FLUR) were the only
phase I metabolites detected. Concerning phase II of
biotransformation, the formation of glucose conjugates of
ABZ, FLU, and FLUR was observed. All metabolites
mentioned were found in both parasite homogenates and
medium from the incubation.

Keywords Mass spectrometry - Drug metabolism -
Xenobiotics - Glucose conjugation - Biotransformation -
Parasitic helminth

Abbreviations

ABZ Albendazole

ABZSO  Albendazole sulfoxide

ABZSO, Albendazole sulfone

DMSO Dimethyl sulfoxide

ESI Electrospray ionization

FLU Flubendazole

FLUH Hydrolyzed flubendazole

FLUR Reduced flubendazole

HEPES  N-(2-Hydroxyethyl)piperazine-N'"-(2-ethanesul-

fonic acid)
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HPLC High-performance liquid chromatography
LC-MS  Liquid chromatography—mass spectrometry
MS-MS  Tandem mass spectrometry

QqQ Triple-quadrupole mass spectrometer
RPMI Roswell Park Memorial Institute

SPE Solid-phase extraction

UDP- Uridine-5'-diphosphoglucose

glucose

Introduction

Benzimidazole anthelminthics, used to control worm infec-
tions in humans and animals, have been on the market for a
long time, as they were introduced in 1962 [1]. Metabolism
of albendazole ([5-(propylthio)-1H-benzimidazol-2-yl]
methylcarbamate) and flubendazole ([5-(4-fluorobenzoyl)-
1H-benzimidazol-2-yl] methylcarbamate; chemical struc-
tures in Fig. 1) has been investigated in humans [2, 3], rats
[4-7], poultry [8], sheep [9, 10] and cattle [11-13].
Although a great deal of information on the metabolism
of anthelminthics has been obtained in vertebrates, little is
known about their metabolism in parasitic helminths.

In parasitic helminths, oxidation of ABZ to ABZSO, and
triclabendazole sulfoxide to triclabendazole sulfone in
Fasciola hepatica [14-16], and epoxidase activities to-
wards aldrin in Haemonchus contortus [17], were reported.
In addition, ABZ sulfoxidation was reported in Moniezia
expansa and Ascaris suum [14]. Reduction of flubendazole
to the reduced flubendazole was detected in ex vivo
incubation with Moniezia benedeni [10]. Reduction of
albendazole sulfoxide was observed in Fasciola hepatica,
Moniezia expansa, and Ascaris suum subcellular fractions
[14].

Haemonchus contortus is a highly pathogenic world-
wide distributed helminth parasite of small ruminants. This
blood sucking parasite is found in the host’s abomasum and
causes significant production losses due to anaemia,
hypoalbuminaemia, and often depressed total protein
content [18].
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Fig. 1 Chemical structures of albendazole and flubendazole
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The anthelminthic action of benzimidazole compounds
in the parasite is based on binding to specific (-tubulin
receptors. This results in inhibition of tubuline assembly
and depolymerization of microtubules, ending in immobi-
lization and death of the parasite [19, 20]. Resistance to the
benzimidazole group of anthelminthics is mainly caused by
the structural changes of the P-tubulin receptor [21].
However, the influence and additive effects of other
mechanisms (altered drug influx—efflux or enzyme induc-
tion) may play a significant role in resistance development.

Liquid chromatography coupled with mass spectrometry
is a rapid, powerful, and flexible analytical technique which
plays an important role in identification, structural charac-
terization, and quantitative analysis of drugs and their
metabolites [22].

The objective of our work was to find and identify, by
use of liquid chromatographic-mass spectrometric tech-
niques, phase I and phase II metabolites of the anthelminthic
drugs albendazole and flubendazole formed in ex vivo
incubations by the parasitic helminth Haemonchus contor-
tus. Consequently, metabolic pathways of albendazole and
flubendazole in these incubations are proposed.

Experimental
Chemicals and reagents

ABZ was purchased from Sigma-Aldrich (Prague, Czech
Republic). ABZSO and ABZSO, were obtained from
Toronto Research Chemicals (Toronto, Canada). FLU and
its two metabolites (FLUR, FLUH) were provided by
Janssen Pharmaceutica (Prague, Czech Republic). All other
chemicals (HPLC or analytical grade) were obtained from
Sigma—Aldrich. Water was purified with a Milli-Q System
(Millipore, Bedford, USA).

Stock standard solutions were prepared in DMSO-
acetonitrile-water 5:40:55 (v/v) and stored at 4°C. Working
standard solutions were prepared by diluting the
corresponding volume of stock standard solution with 5%
(v/v) acetonitrile in water. The concentration of working
standard solution was 1 pg mL™" for all standards.

Collection of parasite

H. contortus ISE strain used in this study was an
anthelminthic-susceptible inbred strain of SE strain [23],
which was isolated from the field before benzimidazole
anthelminthics were on the market and had no history of
exposure to anthelminthics. Third stage larvae (L3) of ISE
strain were a kind gift from Dr Maridn Vérady, Parasitological
Institute, Slovak Academy of Sciences, Kosice, Slovakia. Six
parasite-free lambs (3—4 months old) were orally infected with
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5,000 L3 larvae of H. contortus. Seven weeks after infection
the animals were stunned and exsanguined immediately in
agreement with Czech slaughtering rules for farm animals.
Adult nematodes were removed from sheep abomasa using
the agar method described by van Wyk [24].

Cultivation of Haemonchus contortus in medium

Isolated H. contortus nematodes were washed three times
with phosphate-buffered saline and held for 1 h in RPMI-
1640 medium (pH 6.8, 38 °C) containing 2.5 ug mL™'
amphotericin B, 100 U mL™" penicillin, and 100 ug mL™
streptomycin. Groups of approximately 100 nematodes were
then placed in 5 mL incubation medium (RPMI-1640
medium, pH 6.8, containing 0.8% glucose, 10 mmol L!
HEPES, 0.25 g mL ™" amphotericin B, 10 U mL ™" penicillin,
and 10 ug mL™" streptomycin) in glass flasks and cultivated
at 38 °C in a humid atmosphere with 10% CO,.

Biotransformation of ABZ and FLU ex vivo

At the beginning of incubation of /. contortus, the 2.5 mL
medium from each flask with nematodes was replaced with
the same volume of fresh medium containing 10.0 pmol
L' ABZ or FLU (pre-dissolved in DMSO). The final
concentration of DMSO in medium was 0.1% (v/v). After
incubation for 24 h the medium was placed in plastic tubes,
frozen, and stored at —80 °C. The nematodes were
repeatedly washed, transferred into plastic tubes, frozen,
and stored at —80 °C. Before analysis, nematodes were
homogenised for 6x10 s in cooled 0.1 mol L' phosphate
buffer (pH 7.4) using Sonopuls (Bandelin, Germany).
Medium samples or nematode homogenates were extracted
using SPE. In biological blank samples, nematodes were
incubated in medium without anthelminthics; in chemical
blank samples, medium with ABZ or FLU but without
nematodes was incubated.

Sample preparation and solid-phase extraction

The sample (1 mL) was acidified with 1 uL 98% formic acid
and centrifuged at approximately 3000 g for 3 min. The
supernatant was loaded on to a Waters Oasis MCX (1 cc,
30 mg, 30 pum particles; Waters, Dublin, Eire) extraction
cartridge previously conditioned by washing with 1 mL
acetonitrile and 1 mL purified water. In the next step, the
cartridge was washed with 1 mL 2% (v/v) aqueous formic
acid and with 1 mL 1% aqueous ammonia in 30% (v/v)
acetonitrile. Compounds of interest were eluted with 1 mL
4% aqueous ammonia in 80% (v/v) acetonitrile. The eluate
was evaporated to dryness under a stream of nitrogen, redis-
solved in 100 pL 5% (v/v) acetonitrile in water, and 20 uL
of the final solution was injected into the analytical column.
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Liquid chromatography

Experiments were performed with an HP1100 series liquid
chromatograph (Agilent Technologies, Waldbronn, Ger-
many) consisting of a binary pump, an autosampler, and a
column compartment. The column employed was Symme-
tryShield RP18 (3x100 mm, 3.5 pm; Waters, Milford,
USA). The mobile phase consisted of solvent A (0.1% (v/v)
formic acid in water) and solvent B (0.1% (v/v) formic acid
in acetonitrile). A 500 L min ! flow rate linear gradient of
5-35% B was developed over 15 min. Eluent percentages
at various timepoints are presented in Table 1. The mobile
phase was postcolumn-split (ratio 1:10) prior to the MS
measurement.

Mass spectrometry

An API3000 (Applied Biosystems/MDS Sciex, Toronto,
Ontario, Canada) triple-quadrupole mass spectrometer with
a turbo ion-spray source, operated in positive-ion mode,
was used for analyte detection. Nitrogen produced by a
‘Whatman (Haverhill, USA) 75-72 generator was used as the
curtain and collision gas and purified air as the nebulizing
gas (Atlas Copco CD 2, Wilrijk, Belgium). Optimized ion-
source parameters were set for benzimidazole drug analysis
during sample data acquisition: declustering potential 45 V,
focusing potential 260 V, entrance potential 8.5 V, and
collision cell exit potential 15 V. The spraying capillary
voltage was 5000 V, the nebulizer gas flow rate was 1.5 L
minﬂ, and the curtain gas flow rate was 0.8 L min . Turbo
gas was heated to 300 °C. Data were acquired and
processed using Analyst software, version 1.4, the full-scan
data were processed using Metabolite ID software, version
1.3 (both Applied Biosystems/MDS Sciex).

Flow injection experiments
Flow injection MS and MS-MS experiments were per-
formed using a microsyringe pump (Harvard Apparatus,

Naticle, USA) with a flow rate of 15 uL min! of
benzimidazole working standard solution. The spectra were

Table 1 Eluent composition during LC-MS analysis

Timepoints Eluent percentages
0 min 5% B
0-15.0 min 5-35% B
15.0-16.0 min 35-70%
16.0-17.9 min 70% B
17.9-18.0 min 70-5% B
18.0-26.0 min 5% B
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Table 2 Parent drugs and their metabolites, retention times, produ
measurements of ex vivo experiments

ct ions, and precursor ion intensities detected in full-scan and MS-MS

Compound Precursor ion [M + H]" (m/z)  tg (min)  Product ions (m/z, relative abundance) Precursor ion intensity (cps)
ABZ 266 14.8 266(2), 234(89), 191(100), 159(32) 6.8x10°
ABZSO 282 9.1 240(0.8), 208(100), 191(20), 159(26) 8.5x10°
ABZ glucoside 1~ 428 14.1 266(100), 234(75), 191(10) 8.5x10°
ABZ glucoside 2 428 14.9 266(94), 234(100), 191(4) 7.2x10°
FLU 314 17.8 314(5), 282(100), 123(19), 95(4) 7.1x10°
FLUR 316 10.5 316(2), 284(100), 160(22), 125(16), 97(18)  5.5x10°
FLU glucoside 476 14.1 314(100), 282(79), 123(58) 5.1x10°
FLUR glucoside 478 9.1 298(100), 284(0.5), 266(42), 238(0.8) 4.4x10°

recorded over the mass range of m/z 100-650 in MS
experiments; for MS-MS experiments the range was m/z
50-350. The nebulizing gas and the curtain gas values, the
ion source voltages, and the ion optics parameters were
optimized to yield the maximum intensity of the protonated
molecules, and abundance of molecule-specific product
ions as high as possible. Full-scan spectra and MS-MS
fragmentation patterns of all six standard compounds were
measured and structures of the product ions were tentative-
ly elucidated (results not presented here).

Results and discussion

LC-MS detection of metabolites in samples

The search was carried out by comparing the chromato-
grams obtained from real samples with those of their

B XIC of +Q1: 266,0 amu from Sample 1 (ABZ no wash 009) of haem vzorky.wiff (Turbo Spray)
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respective biological and chemical blank samples. Full-scan
data were acquired over the mass range m/z 50-650,
processed with Metabolite ID software and sought for
possible metabolites according to the biotransformation
table of the software. The detected peaks were then selected
for MS-MS analysis, and the product ion spectra obtained
were examined and compared with the product ion spectra
of standards. The structures of metabolites were tentatively
elucidated by a combination of analysis of their full-scan
spectra, MS-MS spectra, and chromatographic behaviour
(retention times). Phase I metabolites ABZSO and FLUR
were detected in both the incubation medium samples and
parasite homogenate samples. In contrast, neither ABZSO,
nor FLUH were detected in the samples. Phase II
metabolites—glucose conjugates of ABZ, FLU, and
FLUR—were detected and their structures confirmed in
our experiments (see below). A summary of all metabolites
detected is presented in Table 2. Representative extracted ion
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Fig. 2 Representative extracted-ion chromatograms of ABZ and its metabolites detected: ABZ (m/z 266), ABZSO (m/z 282), and ABZ-

glucosides (m/z 428)
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chromatograms of parent compounds and their metabolites
detected in our experiments are shown in Figs 2. and 3.

Conjugation with glucose

Although conjugation with glucose cannot be considered a
common metabolic pathway and, compared with other
phase II conjugation reactions, is not generally labelled as a
major route of metabolism of xenobiotics, it has been
described in species across the animal and plant kingdoms.
Glucose conjugates as biotransformation products of
various xenobiotics have been detected in mice [25-30]
and humans [31, 32]. In plants, glucosidation plays a
substantial role in metabolism of both endogenous mole-
cules (e.g. plant hormones, secondary metabolism products)
regulating their bioactivity, stability, solubility, transport
properties [33], and of xenobiotics, including agricultural
chemicals [34-36]. Focussing on helminths only O‘Hanlon
reported glucose conjugation as a detoxification mechanism
in metabolism of ecdysteroids in nematodes Ascaris suum
and Parascaris equorum [37, 38]. Therefore in parasitic
helminths the significance and importance of metabolism
via glucose conjugation has not yet been evaluated. Here we
provide the evidence supported by LC-MS-MS analysis

that another nematode group member, H. contortus, is
capable of forming glucose conjugates as products of
metabolism of xenobiotics.

LC-MS-MS analysis of glucose conjugates

The LC-MS-MS analysis of m/z 428 (two peaks eluting at
14.07 min and 14.92 min) afforded product ions at m/z 266,
234, and 191. The ion at m/z 266 (M + H — 162]",
protonated ABZ) was formed by the loss of anhydroglu-
cose, the ions at m/z 234 and 191 were typical of the ABZ
product ion spectrum. We suggest that the two m/z 428 ions
are glucose conjugates of ABZ formed by the attachment of
a glucose molecule to two different sites of the parent
compound, thus forming two positional isomers, eluting at
different retention times. The product ion spectrum of m/z
476 (eluting at 14.11 min) yielded ions at m/z 314, 282, and
123. The ion at m/z 314 was formed by the loss of
anhydroglucose (M + H — 162]", protonated FLU), and
the ions at m/z 282 and 123 were characteristic of the product
ion spectrum of FLU. This metabolite could be assigned as a
glucoside of flubendazole. However, as in the case of ABZ
glucosides, it is not possible to determine the exact position
of the glucose moiety from the MS-MS data obtained.
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Fig. 3 Representative extracted ion chromatograms of FLU and its metabolites detected: FLU (m/z 314), FLUR (m/z 316), FLU-glucoside (m/z
476), and FLUR-glucoside (m/z 478)
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In addition, an abundant peak showing a protonated
molecule at m/z 478 (eluting at 9.06 min) was observed. In
the MS-MS analysis, product ions at m/z 298, 284, 266,
and 238 were observed. The loss of 180 u (m/z 478 — m/z
298) could be associated with acyl or benzylglucosides [39]
undergoing the loss of one glucose moiety. The product ion
at m/z 266 arose by loss of methanol from the ion at m/z
298. The product ion at m/z 238 (abundance 0.8%) was
formed by a loss of 60 u (HCOOCH;) from the ion at m/z
298. The ion at m/z 284 (abundance 0.5%) was formed by
concurrent loss of anhydroglucose and methanol from the
precursor ion at m/z 478. Based on these observations this
metabolite was assigned as reduced flubendazole O-
glucoside and its fragmentation in MS-MS experiments is
shown in Fig. 4. All glucose conjugates mentioned were
observed in both the incubation medium samples and
parasite homogenate samples.

Tang [32] reported that supplementation of human liver
cells with UDP-glucose resulted in involvement of UDP-
glucuronosyltransferase UGT2B7 in the glucosidation of a
new endothelin ET, receptor antagonist. In our experiments
only intact, not activated, glucose molecules were added
into the incubation medium. This implies that H. contortus

Fig. 4 Proposed fragmentation
pathways of FLUR-O-glucoside

|
O,
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possesses enzymatic systems capable of UDP-glucose
synthesis and of transporting the glucose moiety to the
aglycon, thus giving rise to glucoside metabolites.

Constant neutral loss scans

The finding that /. contortus is capable of glucose
conjugation was further supported by LC-MS-MS mea-
surements, using a constant neutral loss scans, where both
ions at m/z 428 (ABZ-glucoside) and m/z 476 (FLU-
glucoside) readily lost 162 u (anhydroglucose), and the ion
at m/z 478 (FLUR-O-glucoside), being a benzylglucoside,
easily lost 180 u (a glucose moiety). In contrast, in LC—
MS-MS measurements using a constant neutral loss scan of
176 u (a glucuronide moiety), glucuronide conjugates were
not observed, indicating that H. contortus lacks enzymatic
systems capable of glucuronidation.

Conclusions
The metabolic pathways of benzimidazole anthelminthics

albendazole and flubendazole in the parasitic nematode
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Haemonchus contortus were tentatively assigned and pre-
sented. The results demonstrated the ability of H. contortus
to metabolize albendazole and flubendazole using both phase
I and phase Il biotransformation enzymes. H. contortus
metabolized albendazole via sulfoxidation, and flubendazole
via reduction of the carbonyl group. The formation of
glucose conjugates represents phase II biotransformation of
albendazole, flubendazole, and reduced flubendazole in
H. contortus. Glucose conjugation of albendazole sulfoxide
was not detected. All detected metabolites were identified by
means of an LC-MS-MS technique, by comparison of mass
spectra of metabolites produced by H. contortus and
corresponding mass spectra of standard compounds (if
available), including their retention times in preceding LC
separation. The presence of glucose conjugates was con-
firmed by using constant neutral loss scans. This is the first
piece of evidence that glucose conjugation represents the
main conjugation pathway of benzimidazole anthelminthics
in a helminth parasite. Although no quantitation had been
performed, the extent of glucosidation was at least approx-
imately comparable with that of oxidation or reduction.
However, the significance of metabolism via glucose
conjugation requires further examination, and the detection
of the exact location of conjugation.
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Abstract

Dicroceliosis, a lancet fluke infection, is a frequent parasitosis of small ruminants and the anthelmintic drug albendazole (ABZ) is effective
in control of this parasitosis. The aim of our project was to study the metabolism of ABZ and ABZ sulphoxide (ABZ.SO) in lancet fluke. Both
in vitro (subcellular fractions of fluke homogenates) and ex vivo experiments (adult flukes cultivated in medium) were performed for this
purpose. ABZ was metabolised in vitro by lancet fluke NADPH-dependent enzymes by two oxidative steps (sulphoxidation and sulphona-
tion). The apparent kinetic parameters of these reactions have been determined. In the ex vivo experiments, only ABZ sulphoxidation was
observed. The stereospecificity in ABZ sulphoxidation in vitro was slight, with preferential formation of (+)-ABZ.SO enantiomer. In con-
trast (—)-ABZ.SO formation predominated in ex vivo experiments. Sulphoreduction of ABZ.SO occurred neither in vivo nor ex vivo. The

detection of ABZ oxidative metabolites indicates the presence of drug metabolising oxidases in lancet fluke.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Drug metabolism; Anthelmintics; Dicrocoeliosis; Stereospecificity

1. Introduction

Biotransformation enzymes serve as an efficient defence
against potential negative effects of xenobiotics. The xeno-
biotics (drugs, food additives, and environmental contam-
inants) usually undergo biotransformation and thus they
can be more easily excreted from the organism. The parent
compounds generally differ from their metabolites in phys-
ico-chemical properties, biological activity, and pharmaco-
kinetic behaviour. Therefore, the activity of the
biotransformation enzymes substantially affects both
desired and undesired effects of xenobiotics.

The biotransformation enzymes of parasitic helminths
may to a certain extent protect these organisms from toxic
effects of anthelmintics and the ability to metabolise anthel-
mintics can represent an advantageous defence strategy of
the parasites (Robinson et al., 2004; Kotze et al., 2006).

* Corresponding author. Tel.: +420 495067449; fax: +420 495067168.
E-mail address: viktor.cvilink@faf.cuni.cz (V. Cvilink).

0034-5288/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.rvsc.2008.05.006

rticle in pres

The biotransformation of benzimidazole anthelmintics by
parasitic worms has not yet been thoroughly investigated.
Oxidation of albendazole (ABZ, Fig. 1) and triclabendaz-
ole in Fasciola hepatica, Haemonchus contortus, Moniezia
expansa, and Ascaris suum was reported (Kotze, 2000; Sol-
ana et al., 2001; Mottier et al., 2004; Robinson et al., 2004).
Sulphoreduction of albendazole sulphoxide (ABZ.SO) to
ABZ was described in F. hepatica, M. expansa, and A.
suum (Solana et al., 2001). Clearly, metabolic activities
differed among the helminth species studied. There is a lack
of information on ABZ metabolism in Dicrocoelium den-
driticum, although this anthelmintic drug is an important
tool for the control of lancet fluke infections in small
ruminants.

In mammals, a pronounced stereospecificity in ABZ oxi-
dation has been described: (—)-ABZ.SO was preferentially
formed in rat and deer species, while (+)-ABZ.SO predom-
inated in sheep, cattle, pig, and mouflon (Delatour et al.,
1990, 1991a, b; Velik et al., 2005). In helminths, chiral
aspects of ABZ oxidation have not yet been studied.

0.1016/j.rvsc.2008.05.006.
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Fig. 1. Phase I biotransformation of ABZ.

The aim of the present study was to evaluate the in vitro
and ex vivo metabolic fate of ABZ in adult lancet flukes (D.
dendriticum).

2. Materials and methods
2.1. Chemicals

Albendazole was purchased from Sigma-Aldrich (Pra-
gue, Czech Republic). Albendazole sulphoxide and alben-
dazole sulphone were obtained from Toronto Research
Chemicals Inc. (Toronto, Canada). Liquid sterile-filtered
RPMI medium (Roswell Park Memorial Institute medium)
and all other chemicals (HPLC or analytical grade) were
obtained from Sigma-Aldrich.

2.2. Collection of parasite material

Dicrocoelium dendriticum adults were isolated from
naturally infected mouflon ewes (Ovis musimon, n = 5, aged
5-7 years) breeding in game enclosure Vlkov (Czech Repub-
lic), which is situated in Central Bohemia near to Podebrady
town. The game enclosure covers an area of 145 ha. The
principal wild ruminants are mouflon (120 heads), fallow
deer (Dama dama, 30 heads), and roe deer (Capreolus capre-
olus, 30 heads). The infected mouflon ewes were culled and
immediately exsanguined according to Czech law. After
the removal of liver from the abdominal cavity, the organs
were coated with polyethylene sac, immersed in the warm
saline solution (0.9% NaCl in water, 38 °C), and transported
to the laboratory (up to 60 min). The liver tissue was cut and
repeatedly flushed with a saline solution (38 °C) to collect
the fluke adults. All collected lancet flukes were combined
and used in the following experiments.

2.3. Preparation of subcellular fractions

Freshly isolated D. dendriticum adults were washed
repeatedly with 0.1 M phosphate buffered saline (pH 7.4)
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and quickly homogenised in 0.1 M sodium phosphate buf-
fer (pH 7.4, ratio 1:6, w/v) using a Potter-Elvehjem homog-
eniser and sonication with Sonopuls (Bandelin, Germany).
The subcellular fractions were isolated by the fractional
ultracentrifugation of the homogenate in the same buffer.
During the first centrifugation, un-homogenised pieces
and the nuclei were removed. Fraction A (20,000g sediment
of the second centrifugation) corresponds to the mitochon-
drial fraction in vertebrate tissues fractionation. Fractions
B and C correspond to 105,000g sediment and supernatant
(microsomes like and cytosol like). A re-washing step with
the same buffer (followed by the next centrifugation) was
included at the end of the Fraction B preparation proce-
dure. Fractions A and B were eventually resuspended in
0.1 M sodium phosphate buffer (pH 7.4) and in 0.1 M
sodium phosphate (pH 7.4) bufler containing 20% (v/v)
glycerol, respectively. All fractions were stored at —80 °C.
Protein concentrations were assayed using the bicinchoni-
nic acid method according to the Sigma protocol.

2.4. Cultivation of D. dendriticum in medium

Freshly isolated living flukes were washed three times
with a phosphate buffered saline (pH 7.4) and cultivated
at 38 °C in plastic flasks in 5 mL of RPMI medium (pH
7.4, containing 10 U mL ™! penicillin and 10 pg mL ™' strep-
tomycin) under humid atmosphere with 5% CO,.

2.5. Biotransformation of ABZ and ABZ.SO in vitro

Fractions A-C were incubated with either ABZ (10 pM)
or ABZ.SO (10 uM). The total volume of the reaction mix-
ture (0.3 mL) contained 50 pL of the Fraction (containing
0.4-0.6 mg of proteins), 3 uL of substrate pre-dissolved in
dimethylsulphoxide (DMSO), NADPH or NADH (1.0 mM),
and 0.1 M sodium phosphate buffer (pH 7.4). The blank
samples contained 50 uL of 10-min boiled Fraction or
50 uL of 0.1 M sodium phosphate buffer (pH 7.4) instead
of the Fraction. In the kinetic study, concentrations of
0.25-25.0 uM for ABZ, 1.0 mM for NADPH, and 50.0 pL
of Fraction A or B were used. The concentration of DMSO
in all reaction mixtures and blank samples was 1% (v/v) to
reach the precise concentration of ABZ and ABZ.SO which
are only slightly soluble in water. All incubations were
carried out under aerobic conditions at 37 °C for 30 min.
The product formation was linear up to 60 min. At the
end of the incubation, 30 pL of ammonium solution (con-
centrated) and 700 pL of cooled ethyl acetate were added,
the mixture was shaken (3 min, vortex) and centrifuged
(10 min, 10,000g). Supernatants were evaporated using an
Eppendorf 5310 concentrator (Hamburg, Germany) and
the residue was stored under —20 °C until HPLC analysis.

2.6. Biotransformation of ABZ and ABZ.SO ex vivo

At the beginning of the incubation, 2.5 mL of medium
was removed from each flask with flukes and the same vol-
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ume of fresh medium containing either ABZ or ABZ.SO
was added. ABZ was pre-dissolved in DMSO. The final
concentration of DMSO in medium was only 0.1% (v/v)
to prevent its harmful impact on living flukes. The flukes
were incubated in medium with ABZ (5.0, 10.0 or
20.0 uM) or ABZSO (10 uM) for 48 h. After the incuba-
tion, medium was taken up, placed into plastic tubes,
frozen, and stored under —80 °C. More than 60% of the
flukes were alive after the 48 h experiment. The vivid
flukes were suckered on to the flask walls. The flukes were
repeatedly washed up, transferred into plastic tubes, fro-
zen, and stored under —80 °C. In chemical blank samples,
medium containing either ABZ or ABZ.SO but not the
flukes was incubated. In biological blank samples, the
flukes were incubated in a drug-free medium. Prior to
the analysis, fluke bodies were quickly homogenised in
0.1 M phosphate buffer (pH 7.4) using Sonopuls. Medium
from the incubation and fluke homogenate were alkalised
and extracted under the same conditions as described in
Section 2.5.

2.7. HPLC analysis of ABZ and its metabolites

Achiral HPLC analysis was carried out using a Shimadzu
LC-10ADvp solvent delivery module, a Shimadzu SIL-
10ADvp autoinjector, a Shimadzu RF-10AxI fluorescence
detector (Agpx =290 nm, Zgym = 320 nm), and a Shimadzu
CTO-10ACvp column oven fitted with a LiChroCART
250-3 (LiChrospher 60 RP-select B, 250 mm x 3 mm,
S um) reverse-phase HPLC column (Hewlett Packard,
USA) equipped with a LiChroCART 4-4 (LiChrospher 60
RP-select B, 4 mm x 4 mm, 5 pum) guard column (Merck,
Germany). The mobile phase A consisted of acetonitrile
—25 mM potassium phosphate buffer (pH 3.0, 35:65, v/v).
The flow rate was 0.5mL min~! in isocratic mode. Data
were processed using the Shimadzu Class VP integrator soft-
ware, version 6.12 SP2. The compounds were identified
according to the retention times of reference standards. All
experiments were carried out at 25 °C.

2.8. Linearity, accuracy, precision of the analytical method

The linearity of the method was evaluated using
calibration samples of five different analyte concentra-
tions. Calibration curves in ranges 0.18-3.55 nmol mL ™"
(ABZ.S0O), 0.80-420.45 pmol mL~' (ABZ.SO,), and 7.54-
37.69 nmol mL~! (ABZ) have been constructed. The calibra-
tion curves were obtained by least-squares linear regression.

The control samples were prepared in order to obtain
accuracy (percentage of recovery) and precision (R.S.D.)
of the analytical method. Three kinds of control samples
at three different analyte concentrations (n = 5) were pre-
pared for this purpose: the spiked Fraction A samples,
the spiked biological blank samples, and the spiked RPMI
incubation medium. All control samples were prepared
as described in Section 2.5 (the incubation step was
skipped).

Please cite this article in press as:

2.9. HPLC separation of ABZ.SO enantiomers

During the achiral HPLC analysis, the ABZ.SO chro-
matographic peak fractions were collected into vials. The
collected fractions were evaporated to dryness using an
Eppendorf 5310 concentrator and redissolved in 120 pL
0.2% (v/v) 2-propanol in water.

One hundred microlitres of each sample were injected
into a Shimadzu HPLC system fitted with a Chiral-AGP
column (150 mm x 4 mm, 5 pm), equipped with a Chiral-
AGP guard column (10 mm x 4 mm, 5 pm; both Chrom-
Tech, Higersten, Sweden). The mobile phase B consisted
of 2-propanol — 0.01 M phosphate buffer (pH 6.9,
0.2:99.8, v/v). The flow rate was 0.9 mL min ' in isocratic
mode. All experiments were carried out at 25 °C. This chi-
ral chromatographic method was adapted from Delatour
et al. (1990).

3. Results

3.1. Biotransformation of ABZ and ABZ.SO in
D. dendriticum in vitro

All fractions of D. dendriticumm homogenate were sepa-
rately incubated with either ABZ or ABZ.SO and either
NADPH or NADH coenzyme. Using NADH, no metabo-
lites were formed in any incubation. Two main ABZ
metabolites of phase I biotransformation, ABZ.SO and
ABZ.SO,, were formed in Fraction A (mitochondria like)
incubations with NADPH. ABZ.SO was the only ABZ
metabolite detected in Fraction B (microsomes like) incu-
bations with NADPH. Neither of ABZ metabolites were
formed in Fraction C (cytosol like). When ABZ.SO was
used as a substrate, ABZ.SO, formation was observed,
but in Fraction A only. Sulphoreduction of ABZ.SO did
not occur in any Fraction. Trace amounts of ABZ.SO
(approximately 8-10-fold lower than in incubates) were
detected in blank samples. The amount of ABZ.SO formed
by this non-enzymatic conversion was subtracted from the
ABZ.SO amount detected in enzymatic incubations. No
ABZ.SO, was detected in blank samples.

3.2. Kinetics of ABZ sulphoxidation in D. dendriticum
in vitro

Fractions A and B were incubated with NADPH coen-
zyme and various concentrations of ABZ (0.25-25.0 uM).
The amounts of ABZ.SO and ABZ.SO, formed in the incu-
bation mixtures were expressed as reaction velocities. The
direct plots of reaction velocity vs. substrate concentration
are presented in Figs. 2-4. The curves fit well the Michaelis—
Menten equation. The values of basic kinetic parameters,
apparent maximal velocity ¥ and apparent Michaelis
constant K',,, were calculated using GraphPad Prism 5.0
software (see Table 1). Corresponding specific activities
for the ABZ sulphoxidation in Fractions A and B (under
substrate saturation) were 52.0 and 23.7 pmol min~' mg™!

doiz10.1016/j.rvsc. 2008.05.006
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from D. dendriticum homogenate. Data represent the mean £ SD (n = 4).
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Fig. 3. Kinetics of ABZ.SO formation in Fraction A (mitochondria like)
from D. dendriticum homogenate. Data represent the mean £ SD (n = 4).
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Fig. 4. Kinetics of ABZ.SO, formation in Fraction A (mitochondria like)
from D. dendriticum homogenate. Data represent the mean + SD (n = 4).

of protein, respectively, and 0.68 pmol min~' mg~" of pro-
tein for the ABZ.SO, formation (in Fraction A).

3.3. Biotransformation of ABZ and ABZ.SO in D.
dendriticum ex vivo

The living flukes were cultivated in glass flasks with
medium containing 5.0, 10.0, 20.0 uM ABZ, or 10.0 uM

| Please cite this article in press a
doi:10.1016/j.rvsc.2008.05.006
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Table 1
Apparent kinetic parameters of ABZ sulphoxidation in Dicrocoelium
dendriticum in vitro

Fraction A Fraction B
(mitochondria like) (microsomes like)
K Vi Ky Vinax
(M) (nmol L™" min™") (uM) (nmol L™" min™")
Formation of 109+ 1.1 326+ 1.6 474+0.794+05
ABZSO
Formation of 1.5+ 0.4 0.043 £ 0.003 ND ND
ABZSO,

ABZ.SO for 48 h. Medium samples were taken up 4, 8,
24, and 48 h from the beginning of the incubation and
analysed. A time-dependent consumption of ABZ was
observed. ABZ.SO was the only phase I ABZ metabolite
detected in medium from the incubation as well as in fluke
homogenates. In medium, its formation increased with
increasing ABZ concentration and increasing duration of
the incubation. The results are demonstrated in Fig. 5.
Time- and concentration-dependent ABZ sulphoxidation
was also observed in blank samples. However, the intensity
of this process was approximately five times lower than
that in medium from the incubation. Neither ABZ.SO fur-
ther sulphoxidation nor sulphoreduction was detected in
lancet fluke ex vivo. The amount of ABZ.SO formed by
the non-enzymatic conversion was subtracted from the
ABZ.SO amount detected in medium.

3.4. HPLC analysis of ABZ and its metabolites

Under given chromatographic conditions the retention
times were 5.1 min (ABZ.SO), 7.1 min (ABZ.SO,), and
17.2min (ABZ). Linearity of the method was con-
firmed using calibration samples over the ranges of
0.18-3.55 nmol mL™! (ABZ.SO), 0.80-420.45 pmol mL ™!
(ABZ.S0,), and 7.54-37.69 nmol mL~! (ABZ). The r*-val-
ues were 0.998 for ABZ.SO and ABZ.SO,. For ABZ it was
0.999. The lowest concentration level of each analyte on the
calibration curve has been accepted as its limit of quantifi-
cation (LOQ), meeting all LOQ designation requirements
(www.fda.gov/cder/guidance/4252fnl.htm). For ABZ.SO,
ABZ.SO,, and ABZ the LOQ were 0.18 nmol mL ',
0.84 pmol mL ™", and 7.54 nmol mL ™", respectively.

3.5. Accuracy, precision, recovery of the analytical method

Accuracy and precision for ABZ.SO and ABZ.SO,
were determined by performing replicate analysis of
spiked control samples (n = 5); three different concentra-
tion levels were used: for ABZ.SO they were 0.5 nmol
mL~' (140.6 ngmL™"), 1.0 nmol mL™! (281.3 ngmL™}),
2.0 nmol mL™" (562.6 ngmL™"), for ABZ.SO, the levels
were 30 pmolmL™! (891 ngmL™"), 100 pmol mL™!
(29.7 ng mL ™), and 300 pmol mL ! (89.2 ng mL ). Accu-
racy was calculated as a recovery of control samples anal-
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Fig. 5. Formation of ABZ.SO during the 48-h ex vivo incubation of D. dendriticum adults with ABZ (initial concentrations 5.0, 10.0, and 20.0 pM). Data

represent the mean &+ SD (n = 3).

Table 2

Intra-day precision and accuracy (spiked Fraction A control samples)

Concentration added (ng/mL) Concentration found Precision Accuracy n
ABZSO/ABZSO, (ng/mL) + SD (R.S.D.%) (%)

140.6/8.91 124.89 + 3.34/7.66 + 0.52 2.67/6.77 88.83/85.99 5
281.3/29.7 260.70 + 8.55/27.18 £ 1.46 3.28/5.37 92.68/91.52 5
562.6/89.2 504.70 + 10.92/80.60 + 2.87 2.16/3.56 89.71/90.36 5
Table 3

Intra-day precision and accuracy (spiked biological blank samples)

Concentration added Concentration found (ng/mL) & SD Precision (R.S.D.%) Accuracy (%) n
(ng/mL) ABZSO/ABZSO,

140.6/8.91 125.73 £3.24/7.72 £ 0.47 2.58/6.07 89.14/86.64 5
281.3/29.7 249.97 + 4.86/26.79 4+ 0.93 1.94/3.46 88.86/90.19 5
562.6/89.2 51522 £ 8.27/81.77 £ 1.42 1.61/1.73 91.58/91.67 5
Table 4

Intra-day precision and accuracy (spiked RPMI incubation medium)

Concentration added Concentration found (ng/mL) & SD Precision (R.S.D.%) Accuracy (%) n
(ng/mL) ABZSO/ABZSO,

140.6/8.91 120.54 +4.32/7.88 + 0.55 3.58/6.98 85.73/88.44 5
281.3/29.7 255.94 + 5.55/26.18 +0.78 2.17/2.98 90.98/88.15 5
562.6/89.2 508.39 + 13.48/81.19 £ 1.58 2.65/1.95 90.36/91.02 5

yses. Precision was determined as the R.S.D. of values
obtained. For ABZ the parameters were not assessed.
Intra-day accuracy and precision data are shown in Tables
2-4. Inter-day variation tests were not performed.

3.6. Chiral analysis, stereospecificity in ABZ sulphoxidation

Under conditions described, the retention times were
6.7 min for (—)-ABZ.SO and 15.4 min for (+)-ABZ.SO.

The identity of enantiomers was determined according to
Lienne et al. (1989).

Chiral analysis showed moderate but significant stereo-
specificity in ABZ sulphoxidation. In in vitro incubations,
(+)-ABZ.SO was the preferentially formed enantiomer in
both microsomes like and mitochondria like subcellular
fractions. On the other hand, (—)-ABZ.SO was the domi-
nating enantiomer formed in ex vivo experiments. The ratio
of ABZ.SO enantiomers detected is shown in Table 5.
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Table 5
Ratio of ABZSO enantiomers formed during in vitro and ex vivo
experiments

(—)-ABZSO (+)-ABZSO SD
(%) (%)
In vitro Fraction A 44.4 55.6 04
(mitochondria like)
Fraction B 432 56.8 0.9
(microsomes like)
Ex vivo Fluke homogenate 66.9 33.1 2.7
Medium 529 47.1 1.2

4. Discussion

The oxidative metabolism of drugs and other xenobiotics
in helminths was unknown for a long time and helminth
parasites were considered to be the only organisms lacking
cytochrome P450 (Barrett, 1997, 1998). Later, several stud-
ies have brought unambiguous evidence in favour of
enzymatic oxidation of certain xenobiotics. Kotze (1997)
detected 7-ethoxycoumarin O-deethylase and aldrin epoxi-
dase activities in H. contortus subcellular fractions and
significant inhibition of these activities by common cyto-
chrome P450 inhibitors (carbon monoxide and piperonyl
butoxide). Alvinerie et al. (2001) demonstrated oxidative
metabolism of moxidectin in H. contortus homogenate
and reported its inhibition by carbon monoxide. Saced et
al. (2002) reported Schistosoma mansoni and Schistosoma
haematobium had been able to metabolise typical cyto-
chrome P450 substrates. Kotze et al. (2006) demonstrated
rotenone toxicity synergism by piperonyl butoxide in 7rich-
ostrongylus colubriformis and H. contortus which indirectly
suggested the role of cytochrome P450 in rotenone deactiva-
tion by nematodes. The oxidation of ABZ and triclabendaz-
ole was detected in F. hepatica, M. expansa, and A. suum
(Solana et al., 2001; Mottier et al., 2004; Robinson et al.,
2004; Alvarez et al, 2005). Although the examined
helminths were able to oxidise ABZ or triclabendazole, their
metabolic activities significantly differed among the hel-
minth species.

In our project, biotransformation of ABZ in D. dendrit-
icum was tested both in vitro and ex vivo. Sulphoxidation of
ABZ occurred in Fractions A (mitochondria like) and B
(microsomes like). The specific activity of ABZ oxidases
and apparent maximal velocity of ABZ sulphoxidation
were significantly higher in mitochondria than in micro-
somes. On the contrary, microsomal oxidases exerted a
higher affinity (lower apparent Michaelis constant K',,) to
ABZ than the mitochondrial ones. No ABZ.SO formation
was observed in D. dendriticum Fraction C (cytosol like)
while in a related species, F. hepatica, sulphoxidation of
ABZ in both microsomal and cytosolic fractions occurred
(Solana et al., 2001). Triclabendazole sulphoxidation by
F. hepatica microsomal fraction has also been reported
(Mottier et al., 2004; Alvarez et al., 2005). The specific
activity of triclabendazole sulphoxidation was comparable

| Please cite this article in press as: Cvilink
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with the specific activities of D. dendriticum ABZ oxidases
determined in our in vitro experiments.

Ex vivo incubations of living D. dendriticum adults with
ABZ yielded time- and concentration-dependent formation
of ABZ.SO. An efflux of ABZ.SO into medium was
observed. The extent of ABZ.SO formation was low as
only 2.5% of the initial ABZ concentration were metabo-
lised during the incubation. Since ABZ.SO itself is an
anthelmintically active compound, any extent of ABZ.SO
formation would not decrease the ABZ efficacy.

As ABZ is a prochiral substrate, a chiral discrimination
in its biotransformation in D. dendriticum can be assumed.
In in vitro experiments, a slight but significant predomina-
tion of (+)-ABZ.SO was observed. In F. hepatica, M.
expansa, and A. suum, the in vitro sulphoxidation of ABZ
was not stereospecific (Solana et al., 2001). On the other
hand, a pronounced stereospecificity in ABZ oxidation has
been described in mammalian microsomes. (—)-ABZ.SO
was preferentially formed in rat and deer species while
(+)-ABZ.SO predominated in sheep, cattle, pig, and mou-
flon (Delatour et al., 1990, 1991a, b; Velik et al., 2005). In
mammals, the formation of (—)-ABZ.SO is catalyzed by
cytochrome P450 (particularly P4501A), whereas (+)-
ABZ.SO formation depends on activity of flavin-contain-
ing monooxygenases (Delatour et al., 1991a, b; Moroni
et al., 1995). It is likely that oxidases of a different struc-
ture, less stereospecific, with a more open entry to the bind-
ing place, participate in the ABZ sulphoxidation in
helminths.

In ex vivo incubations, (—)-ABZ.SO was found to be the
prevailing enantiomer both in medium and particularly in
fluke homogenates. This shift in ABZ.SO enantiomer ratio
could stem from (+)-ABZ.SO stronger binding to the
flukes” macromolecules and/or from enantioselective efflux
via specific transporters. Solana et al. (2002) described the
ABZ.SO enantioselective binding to cytosolic proteins of
F. hepatica, M. expansa, and A. suum. An active efflux of
anthelmintics from these helminth species has also been
reported (Mottier et al., 2006). On the other hand, the
ABZ.SO transfer into F. hepatica was not enantioselective
as the ratio of ABZ.SO enantiomers found in helminth
bodies corresponded to the ABZ.SO ratio detected in
plasma and bile of the hosts (Alvarez et al., 2000).

The second step of ABZ oxidation, sulphonation, was
observed in D. dendriticum Fraction A (mitochondria like)
incubations. This is the first piece of evidence that helminth
enzymes are able to deactivate ABZ via the formation of
the biologically inactive ABZ.SO,. However, the rate was
so low that there cannot be assumed any significant protec-
tive role of this reaction. When ABZ.SO was used as a sub-
strate, ABZ.SO, was formed in Fraction A in vitro
incubations only; no sulphonation was detected in ex vivo
experiments. In the case of triclabendazole, much more
intensive sulphonation was reported in F. hepatica (Robin-
son et al., 2004). F. hepatica was able to effectively convert
triclabendazole sulphoxide to inactive triclabendazole sul-
phone and the extent of the reaction was significantly
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higher in the triclabendazole-resistant than in the suscepti-
ble strain. In contrast to M. expansa (Solana et al., 2001),
F. hepatica specimens were unable to reduce ABZ.SO to
ABZ. Neither in in vitro nor in ex vivo experiments with
D. dendriticum the sulphoreduction of ABZ.SO was
observed. It appears that reverse metabolism of ABZ.SO
does not occur in lancet flukes.

All the results demonstrate that drug metabolising
enzymes and their activities significantly differ among the
helminth species studied. This fact should be taken into
account when trying to understand the variable efficacies
of anthelmintics against different helminth parasites. Com-
plete knowledge of drug uptake and drug metabolism in
helminths is necessary so that the control of parasitoses,
including dicrocoeliosis, becomes more effective.
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Abstract
With further use of chemical agents in control of parasitic infections, an

increased number of drug resistance occurences to antiparasitic drugs has been reported.
Induction of enzymes responsible for detoxification of given drugs can contribute to
drug resistance development in a parasitic organism. The identification of formed
metabolites allows the characterization of the enzymes participating in
biotransformation and possibly in drug resistance development.

The objective of our work was to find and identify phase | and phase Il
metabolites of the anthelminthic drugs albendazole (ABZ), flubendazole (FLU) and
mebendazole (MEB) formed in ex vivo incubations by parasitic helminth Dicrocoelium
dendriticum, a parasite of wild ruminants and other grazing animals, using liquid
chromatography-mass spectrometric techniques.

In the ex vivo study, approximately 50 living D. dendriticum adults were
incubated in 5 mL RPMI-1640 medium in presence of 10.0 umol L™ benzimidazole
drug (5% CO,, 38°C) for 24 hours. The parasite bodies were then removed from the
medium. After homogenization of parasites, both parasite homogenates and medium
from the incubation were separately extracted using solid phase extraction. The extracts
were analyzed using liquid chromatography-mass spectrometry with electrospray

ionization.
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The results showed that D.dendriticum enzymatic systems are capable of phase |
oxidation and reduction as well as phase Il conjugation reactions. Detected phase |
metabolites comprised albendazole sulphoxide, reduced flubendazole and reduced
mebendazole. As for phase Il metabolites, methylderivatives of flubendazole, reduced
flubendazole and reduced mebendazole were observed. Employing phase | and 1l
enzymatic systems D. dendriticum can alter the structure of a given drug and potentially

decrease its therapeutic effect.

Keywords
Mass spectrometry, drug metabolism, xenobiotics, biotransformation, parasitic

helminth, albendazole, flubendazole, mebendazole

Abbreviations
ABZ: albendazole; ABZSO: albendazole sulfoxide; BZD: benzimidazole; DFLU:

deoxydimethylflubendazole; DMEBR: reduced dimethylmebendazole; DMSO:
dimethysulfoxide; ESI: electrospray ionization; FLU: flubendazole; FLUR: reduced
flubendazole; LC-MS: liquid chromatography-mass spectrometry; MEB: mebendazole;
MEBR: reduced mebendazole; MFLUR: reduced monomethylflubendazole; MS/MS:
tandem mass spectrometry; MS": multiple stage mass spectrometry; RPMI: Roswell
Park Memorial Institute; SPE: solid phase extraction
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Introduction
Benzimidazole anthelminthics represent a large group of agents used to combat

the parasitic infections of man and animals. Being marketed since 1960s, many
instances of resistance of parasitic helminths to benzimidazoles have been reported;
resistance negatively influences the efficacy of anthelminthic treatment. Various
mechanisms of resistance development may take place, some of which have been
clarified and some of which still remain equivocal or unknown. One of the possible
ways of resistance development is the induction (increased expression) of the enzymes
responsible for biotransformation of a drug which results in an accelerated
detoxification and prevents from reaching the desired therapeutic levels in given
organism. Moreover, it is well known that a repeated contact of an organism with
subtherapeutic drug levels significantly increases the activity of its biotransformation
enzymes either by the increased expression or protein stabilization.

In order to find out which enzymes are involved in BZD biotransformation, to
identify the responsible enzymatic systems, and thus uncover the site of possible
therapeutic counterattack, we investigated the BZD metabolism in a trematode
Dicrocoelium dendriticum, an endoparasite of wild ruminants. We employed the
versatile LC-MS technique, which plays a dominant role in metabolic profiling, to
elucidate the metabolic fate of selected benzimidazole anthelminthics in D. dendriticum.
In the presented project, metabolism of albendazole ([5-(propylthio)-1H-benzimidazol-
2-yl] methylcarbamate), flubendazole ([5-(4-fluorobenzoyl)-1H-benzimidazol-2-yl]
methylcarbamate) and mebendazole (5-benzoyl-1H-benzimidazol-2-yl)

methylcarbamate; chemical structures in Fig. 1) was investigated.

/@: />—N t—o- CH,
N"Ng albendazole

O O >—N C-0-cH,
flubendazole

O O />—N —&-o- CH,
mebendazole

o}

Fig. 1 Chemical structures of albendazole, flubendazole and mebendazole
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Experimental

Chemicals and reagents
ABZ was purchased from Sigma-Aldrich (Prague, Czech Republic). ABZSO

was provided by Toronto Research Chemicals Inc. (Toronto, Canada). FLU, FLUR,
MEB and MEBR were obtained from Janssen Pharmaceutica (Prague, Czech Republic).
All other chemicals (HPLC or analytical grade) were obtained from Sigma-Aldrich
(Prague, Czech Republic). Water was purified with a Milli-Q System (Millipore,
Bedford, USA).

Collection of parasite material
D. dendriticum adults were isolated from naturally infected mouflon ewes (Ovis

musimon, n = 5, aged 5-7 years) breeding in game enclosure Vlkov (Czech Republic).
The infected mouflon ewes were culled and immediately exsanguined according to the
Czech law. After the removal of liver from the abdominal cavity, the organs were
coated with polyethylene sac, immersed in the saline solution (0.9% NaCl in water,
38°C) and transported to the laboratory (up to 60 minutes). The liver tissue was cut and
repeatedly flushed with a saline solution (38°C) to collect the fluke adults. All collected

lancet flukes were combined and used in following experiments.

Biotransformation of BZD ex vivo
Freshly isolated living flukes were washed three times with a phosphate buffered

saline (pH 7.4) and cultivated in plastic flasks in 5 mL of RPMI-1640 medium (pH 7.4,
38°C, containing 10 U mL™ penicillin and 10 ug mL™ streptomycin) under humid
atmosphere with 5% CO..

At the beginning of incubation, 2.5 mL of medium from each flask with flukes
was replaced with the same volume of fresh medium containing ABZ, FLU or MEB
predissolved in DMSO. The final concentration of DMSO in medium was only 0.1%
(v/v) to prevent its harmful impact on living flukes. The flukes were incubated with
ABZ, FLU or MEB (10.0 umol L™) for 24 h. After the incubation, medium was taken
up, placed into plastic tubes, frozen, and stored under -80°C. The flukes were repeatedly
washed up, transferred into plastic tubes, frozen, and stored under -80°C. In chemical
blank samples, medium containing the BZD drug but not the flukes was incubated. In

biological blank samples, the flukes were incubated in a drug-free medium. Prior to the
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analysis, fluke bodies were homogenised in 0.1 M phosphate buffer (pH 7.4) using
Sonopuls (Bandelin, Germany). Medium from the incubation and the fluke homogenate

were extracted using SPE.

Solid phase extraction and sample preparation
Samples were extracted using two SPE methods: the method A was suited for

extraction of cationic compounds, the method B was designed to extract the anionic
compounds. In the method A, one mL of the sample was acidified with 1 pL 98%
formic acid and centrifuged at approximately 3000 g for 3 minutes. The supernatant was
loaded on to the Waters Oasis MCX (1cc, 30 mg, 30 um particles; Waters, Dublin,
Ireland) extraction cartridge previously conditioned by washing with 1 mL acetonitrile
and 1 mL purified water. In the next step, the cartridge was washed with 1 mL 2% (v/v)
aqueous formic acid. Compounds of interest were eluted with 1 mL 4% aqueous
ammonia in 80% (v/v) aqueous acetonitrile. Similarly, in the method B, 4 puL 25% (v/v)
aqueous ammonia were added to 1 mL of the sample, centrifuged and loaded on to the
preconditioned (1 mL acetonitrile and 1 mL water) Waters Oasis MAX (1cc, 30mg, 30
pum particles; Waters, Dublin, Ireland) extraction cartridge. The cartridge was rinsed
with 2% (v/v) agueous ammonia and the retained analytes were eluted with 2% (v/v)
formic acid in 80% (v/v) aqueous acetonitrile. The eluates were evaporated to dryness
using Eppendorf 5310 concentrator (30°C, Hamburg, Germany), reconstituted in 100
uL 10% (v/v) aqueous acetonitrile and 20 pL of the final solution were injected into the

analytical column,

Liquid chromatography
The LC system comprised a Surveyor MS pump and a Surveyor autosampler

(both  ThermoFinnigan, San Jose, CA, USA). The column employed was
SymmetryShield RP18 (2.1x100 mm, 3.5 um, Waters, Milford, USA). For the MS
measurements in positive ion mode, the mobile phase consisted of solvent A (0.1%
(v/v) aqueous formic acid) and solvent B (0.1% (v/v) formic acid in acetonitrile). For
the MS measurements in negative ion mode, the mobile phase consisted of solvent C
(0.1% (v/v) agueous ammonia) and solvent D (0.1% (v/v) ammonia in acetonitrile). A
120 uL min' flow rate gradient was developed over 25 minutes; see Table 1). Column

compartment temperature was set to 40°C.
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0 min 10% B or D
10.0 min 60% B or D
11.0 min 80% B orD
12.9 min 80% B or D
13.0min 10% B or D
25.0 min 10% B or D

Table 1. Eluent composition during the LC analysis

Mass spectrometry
The experiments were performed with an LCQ Advantage ion trap mass

spectrometer (ThermoFinnigan, San Jose, CA, USA), equipped with an electrospray ion
source. Following optimized ion source parameters were set for benzimidazole drug
analysis during sample data acquisition in positive ion mode (negative ion mode values
in brackets): spray voltage: 5.3 kV; capillary voltage: 25.0 V (-11.0 V); heated capillary
temperature: 200°C; tube lens offset voltage: 30.0 V (-19.0 V); sheath gas flow rate:
20.0 arbitrary units; auxiliary gas flow rate: 10.0 arbitrary units. lon optics settings were
as follows: multipole 1 offset voltage: -3.0 V (4.0 V); lens voltage: -16.0 V (10.0 V);
multipole 2% offset voltage: -8.0 V (2.0 V); multipole RF amplitude: 550 V. Nitrogen
was used as both sheath and auxiliary gas, helium was used as the damping gas. Data

acquisition and processing were carried out using Xcalibur software (version 1.2).

Fragmentation of parent BZD drugs
All BZD drug working standard solutions were introduced into the mass

spectrometer at a flow rate of 5 pL min™ using an inbuilt syringe pump. Stock standard
solutions were prepared in a mixture of DMSO:acetonitrile:water (5:40:55; v/v) and
stored at 4°C. Working standard solutions were prepared by diluting the corresponding
volume of stock standard solution with 10% (v/v) aqueous acetonitrile. The final
concentration of each working standard solution was 1 pg benzimidazole drug per mL.

The spectra were recorded over the mass range of m/z 100-650 in MS experiments, for
MS" experiments the range was variable. The MS and MS" spectra were measured in
order to obtain fragmentation patterns of all parent compounds and thus to facilitate the

spectra interpretation of novel unknown metabolites.
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Screening for metabolites
The screening was carried out by comparing the chromatograms obtained from

incubation samples with those of their respective biological and chemical blank
samples. Full-scan data were acquired over the mass range m/z 50-650 and processed
with Metabolite 1.D. software (ThermoFinnigan, CA, USA). The selected compounds,
present in incubation samples and absent in blank samples, were then subjected to MS"
analysis. The product ion spectra obtained were examined and compared with the
product ion spectra of the standards (if available). The structures of metabolites were
tentatively assessed by the combination of their corresponding full-scan spectra, MS"

spectra and chromatographic behaviour.
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Results and discussion
All the below discussed measurements were carried out in positive ion mode as

the analyte signal was approximately 3-4 fold higher than in the negative ion mode.

There were also no anionic metabolites detected when analyzing the samples using the

negative ion mode measurements. Retention times, m/z ratios and product ions of BZD

metabolites detected in MS" experiments are summarized in Table 2.

metabolite

ret.
time
(min)

m/z

MS
stage

product ions
(m/z, relative abundance)

ABZSO

9.5

282

MS?

159(20), 191(18), 208(100), 240(2)

FLUR

10.5

316

MS?

97(12), 125(33), 160(100), 284(48)

MFLUR1

111

330
298

MS?
MS®

174(4), 298(100)
97(2), 123(2), 125(3), 174(38), 280(4), 298(100)

MFLUR2

121

330
298
270

MS?
MS®
MS*

270(25), 298(100)

123(2), 270(100), 298(3)

97(20), 119(49), 123(40), 125(28), 146(100),
252(16), 270(5)

DFLU

9.6

328
296

281
186

MS?
Ms?

Ms?
ms?

123(4), 137(28), 160(58), 186(42), 281(89),
296(100)

94(10), 109(20), 121(6), 135(4), 137(52), 160(72),
186(83), 201(4), 264(19), 280(11), 281(100),
296(8)

160(100), 186(76), 264(53)

160(100)

MEBR

9.4

298

MS?

79(8), 107(28), 160(100), 266(42)

DMEBR

11.3

326
294

276
261

MS?
Ms?

Ms?
ms?

105(2), 107(10), 160(37), 276(3), 294(100)
91(14), 105(9), 107(34), 160(100), 261(22),
276(32), 294(1)

261(100)

246(100)

Table 2. MS" spectra and retention times of detected benzimidazole metabolites
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LC-MS" analysis of ABZ metabolism
Protonated albendazole, the parent drug, was observed at m/z 266 (elution time

12.6 min). A possible metabolite was detected at m/z 282 eluting at 9.5 min. The
MS/MS analysis of m/z 282 resulted in product ions at m/z 159, 191, 208 and 240 which
were typical for the product spectrum of ABZSO. The retention times of the metabolite
and ABZSO were identical; the metabolite was assessed as ABZSO. It was the only
ABZ phase | and phase Il metabolite detected in the incubations. As distinct from our
previous experiments with Haemonchus contortus [1] there were no glucose conjugates

observed in D. dendriticum incubations.

LC-MS" analysis of FLU metabolism
The only phase | metabolite of the parent drug FLU (elution time 14.0 min, m/z

314) detected in our experiments was FLUR (m/z 316, eluting at 10.5 min). FLUR was
determined on the grounds of the FLUR standard and found metabolite MS/MS spectra
identity which both featured typical product ions at m/z 97, 125, 160 and 284. Also the
retention times were the same.

Two ions at m/z 330 were detected eluting at 11.1 min (MFLUR1) and 12.1 min
(MFLUR?2). In both cases, MS/MS analyses revealed a ready loss of 32 u (methanol)
which was typical for all benzimidazole anthelminthics and signified a benzimidazole
origin. The m/z 330 would correspond to a methylderivative of FLUR. The analysis of
the ion formed at m/z 298 (MS® of m/z 330@298) yielded, in case of MFLURZ, product
ions at m/z 97, 123, 125, 174, 280, 281 and 298, almost all of which were characteristic
for the FLUR product ion spectrum. The FLUR and MFLURL spectra differed in the
ion at m/z 174, the m/z of which was 14 u larger than that of the FLUR most abundant
product ion (m/z 160, benzimidazol-2-ylcarbamoyl moiety). We tentatively suggest this
metabolite is a methylated FLUR metabolite, with the methyl modification located at
the benzimidazole core (see Fig. 2). The MS® analysis of another possible
methylmetabolite MFLUR2 (MS® of m/z 330@298) resulted in preferential formation of
one abundant ion at m/z 270. Further analysis of m/z 270 afforded product ions at m/z
97, 119, 123, 125, 146, 252 and 270. The ions at 97 and 125 were contained in the
FLUR product ion spectrum. This fact indicated these fragments were not methylated
and the methylation occurred in other parts of the molecule. The m/z 160 ion, the most
abundant ion for FLUR, was not detected in MFLUR2 measurements. The reason could

lie in the site of biotransformation: methylation at the side carbamoyl chain could affect
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m/z 160 stability, induce its fragmentation and produce different product ions, giving
rise to the ions at m/z 270 and m/z 146 which were not formed in MFLURL1 spectra. We
suggest MFLUR?2 is a methylderivative of FLUR with the site of methylation on the
side carbamoyl chain. A scheme of MFLUR2 proposed structure and MFLUR2 product
ions is depicted in Fig. 3.

An abundant ion at m/z 328 (retention time 9.6 min) was observed, in MS/MS
experiments readily losing 32 u, giving rise to an ion at m/z 296. MS® of m/z 296
resulted in product ions at m/z 94, 109, 121, 135, 137, 160, 186, 201, 264, 280 and 281.
MS* analysis of the ion at m/z 281 produced ions at m/z 160, 186 and 264. MS* analysis
of m/z 186 afforded an ion at m/z 160. MS* of other product ions were unsuccessful
either due to low ion signal or low fragmentation of the ion. Taking into account the
molecular weight of flubendazole, the potential possible modifications, the variety of
product ions and the observed emergence of radical cations, we tentatively proposed the
structure of this novel metabolite as deoxydimethylflubendazole (DFLU, Fig. 4).
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Fig. 3 Proposed structure and MS" product ions of MFLUR2
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Fig. 4 Proposed structure and MS" product ions of DFLU

LC-MS" analysis of MEB metabolism
Mebendazole (MEB) is basically defluorinated flubendazole and thus

similarities in fragmentation behaviour could be expected. The parent drug
mebendazole (m/z 296) eluted at 13.4 min. The major and only phase | metabolite
detected was reduced mebendazole (MEBR) at m/z 298 eluting at 9.4 min. MS/MS
spectra of MEBR contained ions at m/z 79, 107, 160 and 266 which, allowing for the
absence of fluorine, fully corresponded to FLUR MS/MS product ions. The MEBR
identity was confirmed by MS/MS analysis of MEBR standard, yielding identical
MS/MS spectra, and by the identity of their retention times. Concerning the phase 1l
metabolism, an ion at m/z 326 was observed (retention time 11.3 min). MS/MS
experiments showed the m/z 326 ion is prone to lose 32 u (methanol) giving rise to an
abundant ion at m/z 294. Further fragmentation of this ion (MS® of 326@294) yielded
product ions at m/z 91, 105, 107, 160, 261, 276 and 294. The ion at m/z 276 was formed
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by a commonly detected loss of 18 u (water) from the ion at m/z 294. MS* analysis of
the ion at m/z 276 gave rise to an ion at m/z 261 (a radical cation). The product ion at
m/z 261 emerged spontaneously even in the MS® analysis of m/z 294. MS* analysis of
the ion at m/z 261 resulted in formation of an ion at m/z 246. Two consecutive 15 u
losses were observed. Such a 15 u loss could be explained as a loss of a methylradical.
The two 15 u moieties were surprisingly readily cleaved from the molecule. This is
distinct from the monomethylderivatives of FLUR, where no such loss was observed,
and might indicate the difference in the site of MEB and FLU methylation. However,
the supposed methylradicals were cleaved from a relatively large mebendazole fragment
making impossible to estimate the site of methylation. Interestingly, no lower mass
product ions that contained a 14 u increment were detected. Also no methylradical loss
directly from the ion at m/z 294 was observed; the loss of 18 u (water) was a
prerequisite to allow the methylradical to cleave. This metabolite was assessed as a
dimethylderivative of reduced mebendazole (DMEBR). Proposed structures of DMEBR

and its product ions are shown in Fig. 5.

— CH — H

3

9
C
|
@)

m/z 326
H CH

3 —

CH,
Nooe N9
©\H /%H*C @\’ />_”_C
C N c N
H m/z 276
CB

1
m/z 294
OH CH, H

N9
H HD—N-C"
c N

- H _N 0 ’

i >—N—-C”

miz 107 OH m/z 160 o W H

H
CH,

+ . m/z 261

CH, c

m/z 91 m/z 105 5

Fig. 5 Proposed structure and MS" product ions of DMEBR
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Helminth xenobiotic metabolism
Generally, there is lack of detailed information on metabolism of xenobiotics in

parasitic helminths although much information on metabolism of anthelminthics has
been obtained in mammals. In parasitic helminths, phase | biotransformation mainly
involves oxidation [2-8]. Reduction and hydrolysis represent further phase I metabolic
routes detected in several helminth species [9-12]. Concerning phase 1l metabolism,
most information available is connected with glutathione transferases. Although
helminth glutathione transferases are well documented, conjugation of xenobiotics with
glutathione has not been reported yet in helminths. The only paper dealing with a
certain form of glutathione metabolite is by O’Leary et al. [13] who reported the O-
demethylation of dichlorvos and subsequent formation of demethylated dichlorvos and
S-methylglutathione. Helminth conjugation of eobiotics and xenobiotics with glucose
has been detected by O’Hanlon et al. [14,15] and Cvilink et al. [1], respectively. The
conjugation of hydroxythiabendazole (probably with sulfate) was detected when
hydroxythiabendazole was used as a substrate in incubations with Trichostrongylus
colubriformis [16].

The experiments in the presented study showed D. dendriticum has its own
enzymatic systems by the action of which it is able to actively modify, possibly
neutralize and eventually evade the effect of Xxenobiotics or administered
anthelminthics. In addition to phase | oxidation and reduction, which are documented in
several helminth species, BZD methylderivatives were detected. Methylation as a phase
Il metabolic pathway has not been reported in helminths yet. Moreover, the occurring
methylmodification indicates D. dendriticum also probably has enzymatic systems
capable of synthesizing S-adenosylmethionine, the essential cofactor of methylation in
mammals. In relation to previous research on Haemonchus contortus biotransformation
enzymes [1], also D. dendriticum was able to oxidize and reduce xenobiotic substrates.
H. contortus adults considerably metabolized BZD substrates via glucose conjugation;
this was not observed in the presented study. In D. dendriticum, methylation was the
main and only detected phase Il metabolic pathway. This finding indicates that there
exist substantial interspecies differences in enzymatic systems of parasitic helminths.

In this project, remarkable dissimilarities in metabolism of individual
benzimidazole drugs in D. dendriticum were demonstrated. Methylation enzymes
appeared to be selective, since ABZ remained unaffected by methyltransferases while

FLU and MEB were extensively methylated. Moreover, FLU derived metabolites were
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not methylated in the same fashion as the MEB derived metabolites. FLU/FLUR
methylation vyielded two monomethylderivatives with methylgroups in different
positions and one deoxydimethylderivative whereas only a dimethylmetabolite of
MEBR was found. Surprisingly, MEBR monomethylmetabolites as well as

methylderivatives of parent drugs FLU and MEB were not detected.

Conclusions
The presented project contributes to the knowledge of helminth

biotransformation enzymes and might help to render the anthelminthic therapy more
effective. In the presented study, metabolism of benzimidazole anthelminthics
albendazole, flubendazole and mebendazole was investigated by means of liquid
chromatography coupled with mass spectrometry. The results showed that
D.dendriticum biotransformation systems are able to oxidize and reduce xenobiotics as
well as further conjugate them with eobiotic compounds. Detected phase | metabolites
comprised albendazole sulfoxide, reduced flubendazole and reduced mebendazole. As
for phase Il metabolites, mono- and dimethylderivatives of reduced flubendazole and
dimethylderivatives of reduced mebendazole were observed. Up to our knowledge, this
is the first time methylation is reported to be a phase Il metabolic pathway in parasitic
helminths. Also the selectivities of D. dendriticum phase Il enzymes to the substrates
studied significantly differed. These facts should have implications on the design of new
anthelminthic agents to overcome the problem of anthelminthic resistance. D.
dendriticum has its own enzymatic systems and is ready to employ them in
counteracting the anthelminthic exposition. Modifying the structure of the given drug D.

dendriticum can potentially decrease the desired therapeutic effect.
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