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Anthelmintic and other xenobiotic biotransformation in helminths and its contribution to

resistancelevelopment

Parasitic helminths such as tapeworms, flukes or nematodes pose a threat for domestic,
farm and wild living animalsHelminths causesignificant health problems in animals.
Moreover they cause economical losses to farmers due to produld@reaseand treatment
costs. The treatment with veterinary anthelmintics isablsic method tdight off helminth
infections. Howeverthe long-term use of anthelmintics causademergence of resistance to
anthelmintics.The increasing incidencaf multiresistant strains of many helminth spedges
the greatest problentherefore, research of drug resistance mechanisms bacaaatuafield
of study. Increased biotransformatiasf anthelmintics transport out of parasiteodiesand
contact of lower developmental stages with anthelminticthe environmenare some of
possiblemechanisms that lead decrease of anthelmintic theragffectivity and resistance

development

The presented thesis focuseghe studyof these mechanisms in three helminth species.
High performance liquid chromatography coupled with mass spectrometry was used in drug
and their metabolite analysis. lab ar b e r wosm (faenhorchus contortystudy, we
focused on differences in metabolism and transpog afug flubendazole in resistant and
susceptible strains. We studied metabolism of benzimidazole anthelmintiectantes of
xenobioticmetabolising enzymes iasheep tapewormMoniezia expangaanda giant liver
fluke (Fascioloides magryaas well Another parof the thesisvas focused omeasurement of
albendazol and its metabobtdevelsin sheep faeces and relationship to helminth resistance
development. @mmarising the knowledge about novel aminoacetonitrile anthelmintic

monepantel tareview article was another partial task.



The results oH. contortusstudies show that flubendazaetsto H. contortusbodies
via passive diffusion. Flubendazole appeaos to be asubstrate of any transport protein.
H. contortus is able to biotransform flubendazole and many other model xenobiotics.
Multiresistant strain creates more metabolites and has higher enzyme activities compared to
susceptible one. These diffeoes might participate iresistance developmetat other drugs
Studies withasheep tapeworm arajiant liver fluke determine both helminth species are able
to reduce carbonyl groupf mebendazole or flubendazole and both are able to oxidise
albendazoleo sulphoxide. However, no conjugates of studied drugs were fdMirekpansa
is able to oxidise albendazdalphoxideto sulphone. This reaction is not present in the fluke
andneitheroxidation of triclabendazol@ocumented in liver flukEasciola hepatais present
The pharmacokinetic study of albendazole in sheep sh@wsoncentrations of albendazole
and its active metabolite in faeces are ovicidal and larvicidd feontortus Preincubation of
eggs and larvae ¢1. contortuswith sublethal doseof albendazole did not increase resistance

of adults to albendazole.

Obtained results contribute to better understanding of mechanisms that helminths use to
protect themselves against anthelmintics and other xenobiotics. This knowledge could be used

to prevent further spread and emergence of resistance.
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1 Introduction

During evolution many life forms decided tbve together withother organismso
mutualbenefit However somdimes this profit wasjust one sidedTheseparasites exist iall
kingdomsas well as their host$arasitic helminthsare oneof a common parasitegroup
consistingof tapeworms, flukes and rowvdrms Theyare one othemost widespreaparasite
groups and they affect wide range of hosts from molluscs to insects and up to all vertebrae
species includinfuman. These parasites are not aflgnedical concern, but also economical

as they decreasgelds from farm animals like sheep and cattle.

Anthelminticsof various classes were develogedreat parasitic infectionslowever,
over time strains resistant to particular anthelmimtcergedspecially in veterinary important
roundworms. Withfurther use of different classes of anthelmintipsrasites developed
resistance tthoseas well. These multiresistant straibb@came a thredhat limited treatment
of affected animalsA few yearsago,newclasses of anthelmintics were introducddwever
there are concerns about their effectivityielong run,somechanisms of resistance and their
overcomingoecame more intensivelgtudiedfield. Apart frommutations in target gengug
metabolism is one of limiting factors agletermins how long the parasitevould be affected
by the treatmentin mammalsmostly enzymes in liver tissue perform metabolism of foreign
compoundsParastesare trying to protecthemselvedy metabolising drugs to less$fective
compounds or bgxpdling drugs fromtheir bodiedoy membrane transporters

Massspectrometrys a very usefulmethodto study these mechanisnits begiming
dates tahe previous century angraduallyit developed int@ versatile method for qualitative
and quantitative analysi#it first, it was coupled withgas chromatographybut with the
development ofon sources working in atmospheric pressirstarted to beoupledwith high
performance liquid chromatograpHmally, mass spectromatbecamehemostused detector
for high perfomance liquid chromatographit enablesus to determine mass of unknown
metabolitesas well asa partial structure of these molecules.relatively smallamountof
sampless requirel compared to methods like nuclear magnetic reson&w®sesitivity of mass
spectrometry igin advantage akelminth parasitearesmallin sizeanddo not poducelarge
amountof metabolitesApart from qualitative analysist givesus anopportunity to quantify
found metaboliteswith propersamplepre-treatmenindHPLC sepaationmass spectrometry

can detect metaboliteven in very complex matrices.
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All in all, drug metabolism and membrane transport cararbenportant factor in
existenceof multiresistantstrains ofparasites antiigh-performancediquid chromatography
with mass spectrometry gives @scellent opportunityo studythese mechanisms.
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2 Theoretical part

2.1. Parasitic helminths

Parasitic helminths are usually considered as representatplegybfelminthdrom classes
Trematoda Cestoda and Monogeneand also nenatodes from class Nematoda and
Acantocephalg Vol f and .HParas#ik helmnmthg) lave )various life cycles with
development stagestherin the environment and/an up tofour host organism This work
focused on parasites that have mammals as their definitive hostshemed are various
invertebratesn arole of intermediate Isis Diseases caused by parasitic helminthssarae
of worldwide presentday problems. Parasites that affect humans during their life cycle are
threat for populationg developing countries, especially in tropical ardgasites affecting
animals threten the welfare of animals and cause significant economisel®sn breeding
worldwide (Charlieret al, 2014)

2.1.1.Trematodes

Flukes areaclass of platyhelminthaffecting wide range of intermediate agefinitive
hosts.Flukesusually haveat least one intermediate host andhamajority of casesthe first
one isa member oMolluscaphylum. They havebilateralbodes with surface covered with
tegumentwhich has various functionsthemost importantunctionis protectionandapart from
thattegumentcarriesorgansfor attachment to hosiodes in thesubclass Digenea those are
mainly two suckerswhose position andmorphologyare determiningeatures for parasite
(Wilsonet al, 2011) Most oftheclass are hermépodites except for Schistosomatidedere
thereis adistinct sexual dimorphism with bigger makesd small filiform femalesThar life
cycles haveseveral stageddiracidia are hatchedfrom egg andbeginto search for the first
intermediate hostmosty from Mollusca phylum. Therethey undergo transformation to
sporocyss, rediae and finally ta next infective stage cercariae which leavertt@luscbody
and either infect another ammediate host wherdey developfurther or they encyst inthe
environment creating metacercari@2xon, 1966; Souzatal, 2002; Vol f .and
When ingested bg next host metacercariaexcyst andnigrate ina definitive host body to

afinal organ, where adult flulsslevelop.

2.1.1.1. Fasciola hepatica
Even thought is not directly mentioned in this workliver fluke (Fig. 1;A) is one of
the most studied flukes and has great impact on animal popsldtibwasa two-host cyde;
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with snailsGalba truncatulabeing common intermediate hosts in Czech RepuanidGalba
truncatula and Lymneaspeciesare hostsvorldwide (Rondeédudet al, 2007) The spread of
infectionis limited by the fact thasnail hosts are usually semiaquafiefinitive hoss are
various herbivoresr omnivores like sheef®vis arie$, cattle Bos tauru}, red deef(Cervus
elaphu, fallow deer Dama dama), rat Rattus norvegicysand even huma(Saleha, 1991;
V e n gat 8l,t2003; MasComa et al, 2005) A liver fluke finishes its development in bile
ducts and liver tissue afefinitive hosts. It has impact on sheep and cattle heath and their
production, therefore it causesignificant economic loseéSaleha, 1991; Kaplan, 2001)
Its habitat spreads across all continghtsvever in Asiathereare othedominantiver flukes

It also poses threat to humans, as they can serve agMastSomaet al, 1999, 2005; Wt
al., 2012)

2.1.1.2. Fascioloides magna

A giant liver fluke (Fig. 1;B) is one of the most abundant flukes in wild living animals
in the CzechRepublic.lt is largerthanF. hepatica but in many other featurélsey resemble
each other(Swales, 1935)It hasa two-host cycle andshares hostsvith F. hepaticaand
thereforeits habitat However it becomesan adultin wild living cervids like redfallow and
roedeer(Capreolus capreolysDomestic animals like cattle sheep are dead endaberrant
hosts but their hetll and condition can be dramatically affectadflukes migrating in liver
tissue(Foreyt and Todd, 1976)its origin is in North America and was importedo Italy in
the 19" century with game animals. In Eurggieis very common in Central European states
like the Czech Republic, Slovakia, Hungary amelghbouringstatesespecially arond Danube
River, it alsospreads with migration afefinitive hosts(Majoros and Sztojkov, 1994; Pybus,
2001; Rlanjektaal, i ¢2 0 0 8 ;-H rKor ndd dtoala®011; Kasnyet al, 2012;
Sattmanret al, 2014)

2.1.2.Cestodes

Cestodes are anothefassof platyhelminh parasiteswith several subclasse$he
biggest and most typical the subclass Eucestoda. Tapeworms from this subblags their
body segmented. Thereadrontal* head” segment <cal l eghnsand ol e x
a“ b o degmentgalled strobilus, which is divided to multiple segmisgiismaturegradually
(Smyt h, 1946 ; Heyneman, .Ilt8sQréaée;s cokaree with teguohenfA s p 6 ¢
syncytium from multiple cellsvhosefunctions are to protect parasite, absoubrientsfrom
surrounding environment anekxcrete various compounds (Oaks and Holy, 1994)

An absorption is direct fronah o sintéstgre withouthe use ofadigestive systentxcretion

13



is performed by protonephridia in each segmiéntestoda are hmaphrodites with both male
and female sexual organs in each segntatilization is usual between two tapeworms, but
could be also between two segmesftthe same individual. The most mature segmevtigch
contain eggsare on the end attrobilus When theg mature enougbggsare fertilizel, released
and leave body of the host with fae¢daaget al., 1999) In the environment larvagatch from
eggsand find hosin whichthey undergo developmentapeworms have up to two intermediate
hosts and mature tapeworms live in intestines of various animwdisre they can reach
considerabléengths(Haukisalmiet al, 1998; Ito, 2015)

2.1.2.1. Moniezia expansa

The mature tapeworms of this spexdige in intestine of sheep, goats and catti it
is commonly calleda sheep tapewornFig. 1; C). It has twehost cycle withoribatid mites
living in soil as intermediate hastind various ruminants agfinitive hosts. It has typical
tapeworm body and capread up to several met¢rsSt unkar d, 1938; .Vol f &
It is equipped wh inteproglotidal glands which can produce regulatory peptitlescoex
lacks hooksin its attachmenibrganso it does notseriouslydamageh o s ihtéssnal wall.
M. expansahabitatspreadsvorldwide andthis tapewornis a threat mainly for young cabs
and lambs, especially when the infestation is magferegriet al, 1998) Apart fromthese
cases thre are doubts about iisk (Elliott, 1984, 1986)

2.1.3.Nematodes

In contrastto previous two groups, @matode parasites doot belong among
platyhelminthdutamongroundwormslt could be determineilom thenamethere are distirtc
differences between these groups. Nematbdeses ardilaterally symmetric andircularin
the crosssedion and therés usuallyconsiderable sexual dimorphidgratween male and female
worms They areconsideredyonochorists with 4 larval stagesowever some members can
also usenther reproductive strategies like parthenogenesis or hermaphro(Biesxer, 1998;
Vol f and Hoheiadody suzfdr® ig rovered withcuticle consisting mostly of
collagenwith lipids andglycosaminoglycanandwith outer layembeingglycocaly (Sood and
Kalra, 1977; Johnstone, 1994hese layers have protective aitderfunctiors, like excretion
or parasitehost interactionsExcretion is provided by systems consisting of small convergent
tubules orit is unicellular, both variants enavith excretion poes Nematodedave tubular
digestive system witimnouth, pharynx and intestine endingainanal orifice or cloaca&Some
nutrientscanalsobe transferred through cuticle and body surfa¢eir moutls have various

organsthat alow themto get to ancconsumetheir food. Nematodes can bgherparasites or

14



free living in soil or water-ree livingCaenorhabditileganss one ofthe most studied model
organisms and it wakhe first nematode to have its genome sequer(gahyon, 1988; C.
elegans Sequencing Consortium, 19€8)nsideringparasitesmanyspecies affecting animals,

humans and evegnants belong to this group.

2.1.3.1. Haemonchus contortus

Commonl y lar@wsn @ac!l” &uevcappearance demalewormswhere
white ovaries and red blood filled digestive tube creagiral,whichlooks likeatypical sign
in front of abarber shofFig. 1;D). This parasitéas only onedefinitive host its three larval
stages develop in soil withlarval stagd.3 moving atop of grass to be eatenaayminant in
which it undergestransformation t@stagel.4 and its maturation tanadult stage anthenit
stats toreproducgVeglia, 1916; Anderson, 2000). contortuscould alsoenter hypobiotic
state and waifor better conditionslt is dioecious withapparentsexual dimorplem where
females are bigger with distinctive ovaresdcloaca endingand malegan be distinguished
by bursa copulatorix Y shaped dorsal rAylults live in abomasum of ruminants, where they
suck blood from abomasal wall. One individual can intake upa® ml of sheep bloogber
day, causinganaemiawhichis life-threatening especially for young lambs and weakened sheep
(Roweet al, 1988) H. contortusposses®ne lancet ints oral cavity to penetratenabomasal
wall, where it causes additional damage, as it leads to permanent changes in wall s&ilicture.
in all, H. contortuscauses serious harm to anisiahd significant economic loses well To
determine level odnaemia special FAMACHA (stands for FAffa MAlan CHArt) system was
created; it uses changes of coloration tortheeous membrang¥an Wyk and Bath, 2002)
H. contortusis also one of nematode parasitesich develoged strairs resistant to multiple
anthelmintics(van Wyk and Malan, 1988MoreoverH. contortusgenome haslreadybeen

sequencedLainget al, 2013)
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Fig. 1: Helminth parasites AFasciola hepaticaB) Fascioloidesmagia; C) Moniezia expansaD) Haemonchus

contortus top male, bottom femalphotgraphsbyL e nka Leaov ¥ 0k ¥ &1 and Ji Fi Lamke:

2.2. Animal hosts

Because this work deals with adult parasites fdafimitive hosts, there iashort notice on
them. Intermediate hoster flukes and tapewormare left out, becausgefinitive hosts were

naturally infected and tinefore intermediate hosts could not be identified.

2.2.1.Domestic Beep Qvis arieg

Belonging tophylum Chordata, clade Synapsida, cl&smalia, order Artiodactyla,
family Bovidaesheep is one of the most widespread mammals in the world iarichportant

for agriculture and economy of regions where it is b&tkep are quadrupedaminants still,
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due to intensive begling, there are many breediffering in many aspestof appearancdor
examplecoloration,physicalbuild, presence of horretc as well @& their productivity They
live up to 1012 years, wh maturityreachingn 5-9 months and their production peaks in about

3 to 6 years.

Sheep were domesticated frovild mouflons Qvis orientalisor Ovismusimon during
the Neolithic agricultudarevoluion most probably in the Middle Eastern regigredrosaet
al., 2005; Tapioet al, 2006; Meadowset al, 2007) Sheep were subjected tongterm
breeding and hybridization to develop breeds with tvags (Terrill, 1958; Rydeet al,, 1964)
Sheep are bred for their meat, milk and waoul &reedraits are usuallyfocused only orone
of these product®ritish Naional SheepAssociation lists 65 breedsthe UK (National Sheep
Association | NSAandthewebsite Bieep10lSchoenian Susah$ts over 200 different breeds.

Belonging amongruminants, sheephave complex digestive system to disintegrate
cellulose present in thematuraldiet consisting of various plan{dlicholson and Sutton, 1969;
Mo b aekal, 2012) Their digestive tractonsists o4 c ompar t me n tpeceadedl “ st o
by oesophagus and followed by small and large intestineredigestion andabsorption
continuesThe firg part of stomactareareticulumandarumen which gave name to thvéhole
group in these two compartments ruminati@apeated regurgitation and grinding with teeth)
and food fermentatioperformed by various microbéske place. Thedgvo partsare fdlowed
by omasumwhere water, fatty acids and ions are absoavetifinally bythe®* t r ue st omac
abomasunwhich secrete enzymes hydrochloric acidand perforns further grindingof food
similarly to humanstomach(Gray et al, 1954; McLeayet al, 1973; Francoise Dominguet
al., 1991; Freer and Dove, 2002; Stiversbal, 2011)

Sheep are not usual model or experimental anjndalks to their size and time to born
or maturehowever they were used for cloning researéhsheep named Dolly was the first
mammal to be cland f r o m a(Gampbelletsl, 1©36) 2D0&)From theparasitology
point of view sheep are hosti variety of helminth parasites includingoundworms
Haemonchus sppTeladorsag spp, Strongyloidespp, Trichostrongylus sppparasiting in
their gastrointestinal tracBictyocaulusliving in their lungs,flukesF. hepaticaandFasciola
giganticain their liver and bile ducts and tapeworms IMeniezialiving in their intestines
There arealsomany ectoparasites like flies, mosquitoes, botflies, ticks and mites preying on
sheep(Schwartz, 1921; Rose, 1973; Elliott, 1986; Zhahgl, 2 005 ; efl, Z066) n o r
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2.2.2.Wild hosts

Apart fromdomesticated animalparasites arathreat for wid living animals as well. In
case of game animalsconomiclosses are similar to those domesticones. Howeverwild
animals can spreadparasites froman outbreak of infection tanew placeswith suitable
conditions(presence of intermediate host). This could be seen ithe case ofF. magna
spread in central Eurogde N o v o et al, 8007 Kasnyet al, 2012) In my work mouflon
(Ovis mousimaonis mentionedlt is one ofwild sheepspeciegRezaeiet al, 2010)that have
many common traits with domesticatidms, however there are stilpresent traits lost with
domesticationAll mouflons for example have horns, whmimsistof keratin and especially in
malesthey arewell developedBesidegshesecommon traits wild sheeganshare the parasites

of domestic ones living ithe samearea(Meanaet al, 1996; Magietal., 2002)

Apart from that parasites affect wide range of game animals fédkow deer, red deer
white-tailed deer(Odocoileus virginiandsandother members of family Cervidae. Cervidae
belong amonguminants they are quite close tBovidaefamily (sheep, cattle.); however
there arestill vastdifferences. For examplehey have antlersvhich consistof hard bony
substancénstead of hornand theyshedthemannually.There are also distinct differences in
parasites and their development eeer ad sheep arbothhoss for F. magna Still, while in
O. virgianus D. damaand otherdefinitive hostsF. magnawould fully mature and stagto
produce eggsn sheep(deadend host)t does not finish itdife cycle andonly causs severe
damageby migraion in sheepliver tissue(Foreyt and Todd, 1976BesidesF. magna there
are other trematodes liledancet fluke Dicrocoelium dendritiom) parasiting in wild animals
(Duchac¢ek and Lamka, 2 0 0 3 Haen®@mnchua placeand athed Tr av
Haemonchuspeciesvhich arecommon in cattle can aldmefound in dee(Lichtenfelset al,
1997) Other @strointestinal nematodes are comniomeeras well( Pa c o 1-99 4 ; S
D u r € al, 2004; BalickaRamisz and Pilarczyk, 2005)

2.3. Treatment of parasitic infections

It is apparenparasites can damage health of their hosts in many ways and affect their
welfare and production in economically important specThereforgthere is constamffort to
eradicate parasites and treat their host. i sort of endless struggle as parasites develop
aresistance to new treatments. There are two main ways to deal with parasites, the most

common one is to treat hgswith antiparasitic drugghe other gives solutions based on
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nonpharmaceuticahterventions to the environment or breeding stratediesparasitic drugs
can be divided in several different ways, by their effectivity, structoeehanisnof actionetc
There are broad spectrum drugs that are effective against all classes of helrattitiese are
also drugs that havevery narrow spectrum, only orodassor even certain parasitéMartin,
1997)

2.3.1.Benzimidazoles

Benzimidazoles (BZD) are one of the most used classof anthelmintics.
Benzimidazole ng, which gave the name to the groigalwayspresent in their structul&ig
2; A-D). History of BZD starts with thiabendazole, which wiasroducedto the markeat the
begi nni (Cgckler,fl1965)Dhdr mechanism of action is based on bindingmbulin
subunitson the same spot as colchi@ncalled capping ansoit stopstubulin polymerization
andformation of newmicrotubules. It leads to errors in vesitknsport and energy metabolism
which finally leads t@nenergydepletion anédeath ofaparasitLubega and Prichard, 1991;
Martin, 1997) Its effectis notimmediate pecauset takes time to depleteibulin and energy
reservesof a parasite Due to its selectivity and i f f e r e-tulwuknsin parasiteg and
mammalstoxicity of BZD to thedefinitive hostsis quite low(Dawsonet al, 1984; Horton,
2000) However BZD could haveaneffect on othemvertebrates ithe environmentasBZD
could affect theircondition (Wagil et al, 2015) BZD alsohave wide spectrum @fffectivity
affecting manyspeciess well as most dheir developmental stages/en eggBZD areactive
against unicellular parasit@sdlindet al, 1990) All in all, these properties makBZD widely
used, but also very prone tesistancalevelopmentivan Wyk and Malan, 1988; Thomaz
Soccolet al, 2004) The goupis represented by albendazdfBZ), mebendazoléMBZ),
flubendazolgFLU), triclabendazol€TCBZ), fenbendazoleandmanyothes.

2.3.1.1. Albendazole

Albendazole gtructureFig. 2; C)was developed about forty years ago stitibelongs
to BZD usedin both humanandanimals. It is oxidised to sulphoxide, called ricobendazole,
which seems to be the true effective compound. Further oxidation to sulphonelossanfats
anthelmintic propertiesNetobimineis a prodrug which is turned toABZ (Lanusse and
Prichard, 1990; Venkatesan, 1998BZ is used against variety of roundworms, tapeworms
and flukes as well as gastrointestinal protofBamalingamet al, 1983; Bauer, 1990;
Venkatesan, 1998; Fairwéatr and Boray, 1999)
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2.3.1.2. Mebendazole
Mebendazole(structureFig. 2; A) is anotherBZD used mainly against nematode
infectionsin humars, sheep, goatdorses and other animalsutit is effectiveagainst other
helminthclasses as we(lGoldsmid, 1974; Hutchisoat al, 1975; Lanusset al, 2013a) In
the CzechRepublic it iscurrentlythe only registered anthelmintfor use in humans except for

specific treatment programmésS U K L )

2.3.1.3. Flubendazole
FlubendazoldstructureFig. 2; B)is fluorinated derivave of MBZ; it is used mainhas
atreatment of nematodal infections in pigs and poiBradleyet al, 1983; Willemsen, 2009)
It also showed in vitro activity as acombination treatment déukaemiaand othertypes of

cancer(Spagnuoleet al, 2010; Howet al, 2015)

2.3.1.4. Triclabendazole

TriclabendazoledtructureFig. 2; D)is quite outstanding in the benzimidazole graup
hasslightly different structuregs well as itanthelminticspectrum. While other drugs could be
called broaespectrum antinematodal drugeBCBZ howeveris effective exclusivelyagainst
liver flukes (F. hepatica, F. gigantica, F. maghalCBZ shows effectivityagainstearly
developmentaktagescompared toother flukicidal benzimidazol&BZ which is effective
mainly inmatureflukes On the other hand ABZ shows activity against fluke eggsh TCBZ
does not posseg¢€oles, 1986; Fairweather, 2005; Alvaetzl, 2009; Lanusset al, 2013b)
A mechansm of action offCBZ is notfully understood yet. It might be binding to tubulin or
uncouplingof oxidative phosphorylatigrt also influences protein synthegtSarret al, 1993;
Stitt and Fairweather, 1994; Fairweather, 2005ksence dhioether groupn the molecule
allows its oxidation as ABZ molecule However TCBZ keepseffectivity against flukes even
as sulphoxide or sulphori8titt and Fairweather, 1994; Halferty al, 2009) Unfortunately,
its extensive use againkt hepaticacaused some of the parasitto develop resistance to
thedrug(Brennaret al, 2007)

2.3.2.Salicylanilides

Salicylanilides are mother group of anthelminticessayed in this work. These
halogenated compounds are used as preferably antitrematodal Alrogshanismof their
action is that they uncouple oxidative phosphorylation in mitochondria of parasites.
Saligylanilides are very lipophilicompoundsand they carrya hydrogen proton which they

release and thea proton gradient ora mitochondrial membrane becombalanced and
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aphosphorylation stopg\part fromthis mechanisnelosantel is reported to haaaeffect on
intrategumental pPax and Bennett, 1989; Martin, 199TFhis direct disruption causes dea
of aparasite much faster thanth BZD. The dfectivity of salicylanilidesdepends on the drug
the groupincludesdrugs effective on flukes, tapeworms ameimatodesstill, one drughas
usually effect onlyon one or sometimes twolassesof helminths They are used to treat
parasiic infectionsin ruminants, except for niclosamide which is also used in cats and dogs.
With theirlipophilicity, they pass easily through membranestaede isarisk that treated host
could be affectedby toxic effects. Itcould manifest aa lossof appetiteor damage of sight
paresis andt could be fatal(Swan, 1999) Among the most important membdigere are
closantel and rafoxanidstructuresFig. 2; E and F)then theres oxyclozanide, which slowly
becomes obsolete, but is effective against rumen flukes likeParamphistomumor
Calicophoronspp and niclosamide which is effective against tapewdMearson and Hewlett,
1985; Parauet al, 2009)

2.3.2.1. Closantel
This member of the group is one of drugs veitiroader spectrum. It is effective against
fascioliasis in maturing F. hepatica from about the sixth weé after infection. Apart
from aflukicidal effect it is effective againgdtl. contortusand other nematode parasitlss
alsoused against larvae affly Oestrus ovigSwan, 1999; Lanuss al, 2013b) From these
commonly treate@arasites onl{d. contortusvas able to develagsistance to closantgolfe
et al, 1990)

2.3.2.2. Rafoxanide
While less effective againstematodes and ectoparasites, this salicylantialey is
effective against younger stages of liver fluk8san, 1999)In the Czech Republic it issed
in a combination withMBZ (Rafendazd) to treat wild living ruminants fronF. magna

infection howeveratreatment might fail due to reinfectigasnyet al, 2012)
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Fig. 2: Structures of anthelmintics AjnebendazoleB) flubendazole; C) albendazole; Diclabendazole;

E) rafoxanide; F) closantel; G) monepantel; structures were made with ChemSketch Freeware software

2.3.3.Macrocyclic lactones

Only afew yearsagq this was thanost noveklass of anthelminticSheir mechanism
of action is based on interactionth glutamateandgammaaminobutyric acicdjated chloride
channels and paralysis of various muscle structures, negohigiryngeal pump anduscles of
wall (Gearyet al, 1993; HolderDye and Walker, 2014Apart from theuse against parasitic
nematodesthere isgood effectivity against arthropod ectoparasifess ¢ h retatl, 4985)
These drugs are produced by biosynthesisemisynthetially. Avermectins are products of
Streptomyces avermitiligshile mylbemicins are produced Byreptomyce cyaneogriseudhe
spectrum of treated animals goes from ruminants, pigs, horses to small predators like dogs and
cats. Howeverthere are breeds of dogs for example booddres, which show vulnerability
to toxic effects of macrocyclicakctonesApart from thesebreedstherapeutic window is quite
large and wittacorrectdosageit makes macrocyclic lactones safe driacrocyclic lactones
have a highly lipophilic structurethat enables them to accumulate in adipose tissuesm
where they arslowly releasd, sowithdrawalperiods for meat and millare longer.Theycan
negatively influence netarget species living in dodue totheir effedivity on insects and

nematodesThemost important member of avermectins is ivermectin, used for variety of
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organisms, sometimes combined with drugs to treat cestodes and trematodes to provide
complete anthelmintic effect. Moxidectin represents milbemycin gradgh similar use as
ivermectin, buit appears to havesafer profile(Pauletal, 2 0 0 O et alM2@12;d anusse

et al, 2013c)

2.3.4.0ther* o |adthelmintics

Apart fromthese groupghere are othevery important anthelmintic©One of them is
imidazothiazoldevamisole. It isan agonist of cholinergic receptors; it ogechannels and
causs spastic paralysis @parasitelt is effective against margpecies ohematode parasites
and theirlarvae yet, it is limited in use by its toxicity and tolerancEhereare pyrantel and
morante] members of tetrahydropyrimidine growjth thesame mode of actioifhey are safer
to use butstill limited to be nematocidabnly. Praziquantel should be mentiondtbm
anticestodal and antitrematodal drufjsnfluences calcium ions penetration to muscles and
tegument of parasiteand causes rapid muscle contractions @englyze parasies. It hasan
actvity against cestodes and trematodeslis considered safét is used in variety of hosts
often in combination with antinematodal drugs. There are many other; dhagsver with
increasing resistance especially in ruminant gastroinegéstematodesneed for new drugs
with novel mechanismappearedMartin, 1997; Lanusset al, 2013a; b; Holdeiye and
Walker, 2014)

2.3.5.Monepantel

One of themost novel drugss aminocacetonitrile derivatéAAD-1566 later named
monepante(structure Fig. 2; G)it was discovereth thelast decad¢Kkaminskyet al, 2008a;
b). It came witha novel target for its mechanism; hias an affinity to nematodespecific
nicotinic acetylcholine receptordVith activating those, ibpers ion channels and leads to
muscle depolarization and paralysfsiematod€éKaminskyet al, 2008a; Rufenegt al, 2009)
This was an answeo resistant worms likéd. contortusas it is effective even againastiults
and an L4 larvae stadium ofmulti resistant strains othese wormsas well as other
gastrointestinal nematodes speciesTikehostrongylus sp@ndTeladorsagia spgKaminsky
et d., 2008a; Epe and Kaminsky, 201Blowever in past years resistant parasites started to
appear (details in chapter 2.Bue to its selectivity tmematodeeceptor MPTLL, it also has
very pleasant safety profii@ hostsand in production animal$ hasvery shortwithdrawal
period(Epe and Kaminsky, 2013)lowadays it is used to treamly sheep, but in initial studies

of amincacetonitrile derivavestheyappeared to have effect on cattle paessds well; also

23



it is promisingfor treatment resistamtematodestrains in horses and other anim@sdaket

al., 2013; Epe and Kaminsky, 2018)is metabolised mainly to sulphongetabolite whichin

contrasto ABZ sulphonekeeps its anthelmintic activitNumerous less abundambnepantel
metabolitesn both hosts and paiitsshas been identifieddl St u ¢ hetal, RO&4y &

2.3.6.New anthelmintics

Apart from monepargl there are at least two otheovel anthelmintics andeveral
potential candidate®erquantel isa derivatve of paraherquamide spiroindole produced by
Penicillium paraherqueor P. roqueforti.lt interferes with nicotinic acetylcholine recepteas
a competitive antagonisand causes paralysis of worm@Voods et al, 2012; Epe and
Kaminsky, 2013; Holdeidye and Walker, 2014)t is used in combination with abamectin
(Startec?) in sheep against similar spectrum of parasites as monep&hi®lcombination
howeveris toxic for horseanda derquatel precursor paraherquamide is unsuitable for dogs
(Woodset al, 2012; Epe and KaminskyD23).

Cyclooctadepsipeptide emodepside another novel drugthat deservesa brief
introduction It is produced by fungudycelia sterilia It has two modes of action, one of them
is binding toa latrophilin-like receptor and the other asinterferencewith calcium activated
potassium channelbpth finallyleading tanhibition of apharyngeal pump, paralysis and death
of the parasit¢ Kr U ethklg2012; Epe and Kaminsky, 2013; Holdege and Walker, 2014)

It is used to control nematode parasiiles Toxocaraspp in smallpredators e.g. cats and dogs;
it is combined withanticestodalpraziquantel to mhance antiparasitispectrum(Epe and
Kaminsky, 2013)

2.3.7.0ther ways to treat and prevent infections

Besidespharmacological intervention in hostthere are other ways to deal with
infections.Hosts shoud be ina good shape and with sufficient nutrition which makesm
more resilient to infections and decrease final worm co(Wvislls, 1999; Getachewt al,
2007) Apart fromthat, there are ways to improuae environmentfor examplerotation of
pagures Bankset al. (1990)showedH. contortusand Trichostrongyluscolubriformislarvae
survive about nine weeks @asturesThere isalso apotential touse hematophagous fungi to
destroy nematode eggs dineleliving larvae(Waller and Faedo, 1996; Getachetial, 2007;
de Souza Maia Filheet al, 2017) Prevention might aim to vectors like snailstremato@
infections(Berg, 1973; Sunita and Singh, 20ITheexperimentsvith vaccines againstarious

helminth proteins from allhelminth classesare conducted Taenia spp Schistosoma
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japonicum F. hepaticaand nematodes likel. contortus however resultsare still unclear
(Lightowlerset al, 2003; McManus and Dalton, 2006; Meetral, 2016)

2.4. Biotransformation of xenobiotics

Everyorganism encountec®mpoundsn its environmenthat can have various effects
on it. The compoundscould befrom various sources; natural, coming from lahgdoms:
animals, plants, fungior they could beartificial, produced by various sources of human
activities It could be plant alkaloids, flavonoids, pigments, hormones, fungal antibiotics and
mycotoxins, animal poisons and excretory products; artificial sources conmpisstrial
pollutants,someother chemicals from food additives to illegal drugs and of course meslici
and their residuesAll these compoundshave one thing in common they are foreign to
organism They are called xenobiotickdtin xene meansstrange, alierforeign). Compounds
own to the organism are called eubioti¥enobioticscan havevarious efécts on organism:
toxic, pharmacologicattc; it oftendepend on their concentration in organis@rganism has
to deal withthe compounabr it would accumulate somewhereits body It can excrete the
compoundunchanged or it can transformvien enzyméc systems present in various parts of
its body. This process is callddotransformation or metabolisrthese terms are commonly
interchangeable in th topic (Khojastehet al, 2011) The scietific discipline dealing with
thetopic is called xenobiochemistrferm detoxification could be used in many situations,
however it is not universal as some reactions catalysed bydhegmegroduce more toxic

products for example highly reactive epoxidéBuhler and Williams, 1988)

In case of drugthatarethe main topic of this thesis metabolism is important because it
influences bioavailability of drugin atarget compartment and/oraparasite. Bugs can enter
abody inaform of aprodrug and thethey carbe activated via metabolic change; example of
this is netobimine as a precursor ABZ. Mentioneddeactivation ofirugs is more important
Drugs lose their physical as well as pharmacologiqaioperties.Lipophilicity of drugsis
influenced and therefore distribution in tissues and eliminatioom body is changed
Xenobioticmetabolizingenzymes are present in most tissues, even thibegtarenot equally
distributed Liver is the most impoant organ, followed byntestinal tissues, kidneys, lungs,
brain tissue and otherslicrobes present in the gastrointestinal tractadseimportant in this
process, especially in ruminants, where th@yction asimportant metabolisersin plants
biotrarsformedxenobiotics do not leaviear body, but are accumulatéd vacuoles or in cell
walls. Flants have slightly different enzymatic capabias/well (Lanusseet al,, 1992; Correia,
2011; Bealt20lk)o v a
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Enzymes that perform biotransformationxanobiotics usually have lower affinity to
substrateshowever they aremore universal andble to metabolize wide variety of them.
Enzymes can also metabolize endogenous substraggsart from xenobiotics, often
physiologicallyrelated compound, for exaue carbonylreducing enzymethat metabolises
steroidg( L u n etaly 2016) Metabolism oftertaindrug can influence metabolism of other
drugs in many ways like blocking the enzythee to higher affinitydepleting cofactor needed
for reaction or overexpression and inhibitioraalenzyme(Correia, 2011)

Biotransformationand transport of drugs can playsignificant role in resistance
developmentlike in F. hepaticaresistance tofCBZ due to transporind metabolismor
expre s s i o-lactamdse ifp bacteria teave bonds in penicillin antibiotic®r transport
proteins that protedumour cells against treatmerfLivermore, 1995; Alvarezt al, 2005;
Merino et al, 2006)

Biotransformationis usually divided into two phases] phase loxidation, reduction
andhydrolysis take place and phase lidrugs or their metabolites are conjugated with various
endogenousubstratesPhasel reactions usubl add ormodify functional groups adirugs,
often enhancing their hydrophdity. These metabolites can leéher excreted or they can
undergo another metabolic reactiorpbfasd or Il. In the phasd the drug or its metabolite is
conjugated with end@mous substrase sugas like glucose,amino aci@ as glycine, acidic
glucuronates, sulphates and oth@ransportwvassomeimesplaced ashephasdll; however

it is much more common to exclude it frdmotransformatiorsoit stands on its own.
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Fig. 3: Drug metabolisndiagram(Correia, 2011; Khojasteét al, 2011; Sklovaet al, 2011)

2.4.1.Phasd of biotransformation

2.4.1.1. Oxidationenzymes
Oxidation is fairly conrmon reation in human and other mammaxehydrogenations,
hydroxylations, epoxidation, -ON-, S- dealkylations, deamination, desulphuration, oxidative

dehalogenations,Nand S oxidation all belong among oxidative reactions.

Cytochrome P450 system

Cytochromes P450 (CYRre members atgroup of enzymes that contains hem group
with an atom of ironin the centre Wavelengths o#50nm is the absorption maximum of
reduced ironboundwith carbon monoxidelron is vital in transferring electrons and thus
enaling an enzymeits metabolic functionEnzymes arelependent omeduced nicotinamide
adenine dinucleotide phosphatéADPH) and CYP reductase which regeneraté' e Fe”.
Enzymes aréocatedonthecytosol side ohnendoplasmiceticulum(ER) and theréore could
be found in microsomal fractionShere are many types of CYP and they are located
dominantlyin liver and then in intestines, lungs, brain, kidney and other organs and tiksues
placenta, heart, skietc. In humans the most important isof@nare CYP1A2, CYP2A6,
CYP2B6, CYP2C9, CYP2D6, CYP2E1 and CYP3kojastehet al, 2011)

Flavin monooxygenasg$MOS)

FMOs are the second most important groafpoxidases. They also use NADPH as
acofactor however their reactions are performmd the flavin part of flavin adenine
dinucleotide and ithwydroxyperaxyflavin form. They arelocalised onER in metabolically
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important tissues like liver, kidney, lungsdanthers. There are differerstoforms and their
localisation caralsovary amongspeces FMOs perform similar reactions as many CYPs, but
there are significant differences in their properties and possibility of inhibition or inducibility.

Apart from thee two families there are other groups of oxidation enzymes like
monoamineoxidases, which are importatargets for many drugs affecting nervous system;
alcohol and aldehyde dehydrogenases which protect body from exedsshol intake; group
of molybdenum hydroxylases consisting of xanthimxidasesand dehydrogenases and
aldehyde oxidasg€orreia, 2011; Khojastedt al, 2011; Sklovaet al, 2011) Also, enzynes
that protect cells from oxidative stress can have enzymatic activity to xenobiotics

e.g.peroxidase, and catalag@alabrese and Canada, 1989; Hollenberg, 1992)

2.4.1.2. Reductases
Even thoughreducton is often considered less important in xenobiotic metabolism
compared tooxidation, reduchasesare still present and importarfor correct functionof
organism In contrastto microsome-bound oxidases, reductases are more often soluble and
free in cytosol, but still there are several transmembrane members of this Apawipfrom
typical metabolicorgans like liver or intestines, reductionaisoperformed bya microbiome
in a gastrointestinal tracReductasg perform reduction of various groups e.g. aldehydes and

ketones, azoand nitroreductions, sulphoreductions, reductive dehalogenations.

Aldo-keto reductasgAKR)

It is a very important superfamily of reducing enzymA&Rs are localised in liver
cytosol and reduc&eto- and aldehydegroups with nicotinamide adenine dinucleotide and
nicotinamide adenine dinucleotide phosphate as cofadameng ther substratesthereare
endogenousompound®f steroid nature, variodgids anddrugs like dolasetron, doxorubicin,
oracinetc.(Khojastehet al, 2011; Sklovaet al, 2011)

Short chain dehydrogenases/reductdSexR)

SDRs formthe biggessuperfamilyof enzymeswith up to 47000 memberandabout
50 human familieswhile similar to AKR in many functions and cofactors, they have different
structure. They arexpressedn different parts of body and organ system depending on their
isoform Some of thémportant memberare carbonyl reductases 1 and 3 metaboliguigone
compounds$ike menadione, anthracycline drugs or warfarin whicddsugwith averynarrow

therapeutic windowBesides 1 1-lfdydroxysteroid dehydrogenaseasnember of this group;
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unlike others it isbound to membrane of microsomes. It tmmsactivity towards steroid

hormones like cortisone amsémilar drugs(Skalovaet al, 2011).

Medium chain dehydrogenases
This is alsabig andheterogeneougroup of enzymes, metabolising many endogenous
compoundsalso alcohols anthey are part cdnoxidative phosphorylation chai@ne or more

Zn?* ionsareoftenpresent irthe molecule (Hedlundet al, 201Q Skdlovaet al, 2017).

NADPH quinone oxidoreductases 1 and 2 are important metabolisers of guinone
containing structuresn drugs or their metabolites to less toxic, fradical products.
Thioredoxin reductases are another group of quinoneciregienzymesSome drugs caibe

reduced by CYP systenas well

2.4.1.3. Hydrolytic enzymes

There are many enzymes waHunction to cleave ester, amide and epoxide bonds in
various molecules witladditionof water moleculeThey are localised mainly in liver tiss
still, there are important members amervous system and they are present in microbes in
agastrointestinatract often cleavingnetabolitef phase llandenabling parent molecules to
recirculate Also, -lactamase in penicillinesistant bacteria emember of this group. Among
important members there are peptidases, acetylcholine m@seldocholinesterases
paraoxonases, epoxide hydrolase®] carboxylesterases

2.4.2.Phasédll of biotransformation

In phasell aparent molecule or itghasel metaboliteareconjugated with endogenous
compoundusually creating more polar and soluble metabolite which igreasexcrete from
body. The enzymes are called transferas&mjugation isa mears to metabolise andxerete
someendogenousompounddike bile acids and lipidandtherefore they can compete with
xenobiotics forcofactors.Conjugation with glucuronic acid, glutathione, [shdte, acetyl,
methyl and conjugation with amino acigiee he most common reactisfn humansin plants
there are alsaommon glycosyltransferases, whicbonjugate substrates withariety of

saccharides.

2.4.2.1. Uridine diphosphate glucuronosyltransferase$3()
These enzymes use uridine diphosphate glucuronic abidddonucleophilic pats of
a substratemolecule(alcoholic, phenolic, carboxyl, amine, thiol and other groupkgy are
localised mainly inumen of ER inliver and then in other systerflddneys, brain, intestines)
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UGTSs conjugate bile acids and othendogenous substratas well addrugs. Most important
isoformsare UGT1A1, 1A4 and 2B7Glucuronic conjugates are prone to hydsidywith
B-glucuronidases inntestines, enabling enterohepatic circulatigthojastehet al, 2011;
Skalovaet al, 2011)

2.4.2.2. Uridine diphosphate gtosyltransferases
They areoften considereg@lantanalogue®f UGTs mentioned aboy@owever, they are also
present in helminthsThey share localisation on lumen of ER, but instead of activated
glucuronic acid they transfer uridine diphosphate activated sugars. Most common one is
glucose, however there could be otegarslike xylose or rhamnose, multipkugars are
sometimesound toone substratéRossetal, 200 1 ; Mteal, 20163 k o v &

2.4.2.3. Glutathione Sransferases (GST)

GSTs are importargnzymes performing range fainctionsin organismThey transfer
reduced glutathione to eand xenobiotic substrates. They are dominantly soluble and present
in cytosol, buthere are isoforms bourtd mitochondria peroxisomes or ER. They conjugate
steroids and bile acids, prostaglandins and leukotrienes and huge amount of xenobiotics and
drugs mainly electrophilic compounds. Thelay arole inprostaglandin synthesis and enable
cell communicatiorfHandyet al, 2009; SElovaet al, 2011) They are alsoonsideredaccine
candidates against parasi{®orrisonet al, 1996)

2.4.2.4. Sulphotransferases (SULT)

These cytosolic enzymes work by transferriagsulphone group donated by
3-phosphoadenosirg-phosphosulfatéo substrateThree families of SULTs are important in
human biotransformatio SULT1 conjugates phenols, SULT2 focuses on alcohols and
hydroxysteroids and SULT3 procesamines; no SULT conjugatearboxylic acids.

2.4.2.5. Methyltransferases

Compared to othgrhase llenzymegroups methyltransferases do not bring hydrophilic
structureto a substrate molecule. Methyl transferred to the molecule comes frader®syl
methionine. They can form-@ethylated compounds from phenolsm8thylated ones from
thiols and Nmethylated from amines and heterocycles. They are present in both cyaosblic
microsomal fractioa An important member of transferasedos examplecatechol Gmethyl
transferasenetabolising catecholamine neurotransmitters and similar comp@8kéaleva et
al., 2011)
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2.4.3.Transporiproteins

Biotransformation enzymes as well as ypantential targets for xenobiotics are located
insideacell, therefore xenobiotics have to permedteougha cytoplasmiomembrane to have
an effect or to be metabaled Lipophilic molecules with adequate siaee ableto permeate
through membrangsasively without any means of active transport into or out of cefgrt
from size it depends on their charge and as mentiahedetheir lipophiicity, which could be

expresseas Log P, partitio coefficient between solventsctanol/watefLiu et al, 2011)

For the resof the moleculesthere are systems to facilitatieeir permeation.These
transport proteins are localized aimembrane of cell or organelleMost of them transport
preferably eubiotic compoundsowever thereareseveral types thdtansportxenobioics as
well; they areusually called drug transporters. They can facilitate uptakeoofpounds

into cells or excrete them out of cells.

There are two bigclasses adenosine triphosphat@TP) binding cassette (ABC)
transporters and solute carrier (SL@nisportersABC transporters have ATP binding sites
use ATP hydrolysis agn energy source and are mostly ddesed active transporters.
Thegroup contains transporteitske massively studied 4glycoprotein (P-gp), multidrug
resistance protein or breastncer resistarprotein; these are more often considered efflux
transporters as they transport xenobiotics oatasil.

In contrast to ABC,SLCs does not contain ATP binding sites and they facilitate
substrate permeatiarsingenergywhich isgeneratd by electrochemical potential difference
in substrates in syror antiport, or by ion gradiemn membraneMembers of this group are
influx transportes andimportant memberamong them are organic cation transporters, organic
anion transporting polypepes, organic anion transporteasmd oligopeptide transporters
(Khojastehet al, 2011; SKovaet al, 2011)

2.4.3.1. P-glycoprotein
Known also as ABCB1, P-gp is localised onan apical side of epithelial cells in
intestines, liverkidneys brain and placentaSix transmembranelomainscreatea channel
through membrane with two ATP biimg) sites to powerfux of substrates out of cell#is
expression in brawblood barrier and placenta shows its miémportant protective protein of
these highly sensitive orgarsgpis one of proteins that allow cancer cells to survive therapy.
Its substrates are dominantly lipophilic compousdshas digoxin antihistaminic cetirizine,

several antibioticsor anthelmintic ivermectin which cause thatP-gp deficient dogs are
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susceptibldo toxicity of thisanthelmintiq Edwards, 2003)There are also xenobiosor drugs
that inhibitthis efflux transporter foexample verapaméndcyclosporine Theseareoftenused
for inhibition testsin assaygY asuiFurukoriet al, 2005; Rauticet al, 2006; Sklova et al,
2011)

2.4.4 Helminths and anthelmintic biotransformations

Biotransformation reactions take place in all living organisms from bacteria to humans,
therefore it is performed by parasites as welhosts and many anthelmintics are metabolised
by these organisms. This work is focused on these interadtmssereis a brief introduction

to metabolismn helminths

2.4.4.1. Oxidationsin helminths
CYPs are much less investigated in helmirth® paredo their hostsSome CYPsvere

provenin genomes of several helminths like elegns, H.contortusandfluke Opisthorchis
felineus(Laing et al, 2015; Pakharukovat al, 2015; Mtaat, 2006 Rrasence of
CYPs aso depend ora developmentalstage of parasite afseeliving larvae stages of
H. contortushave more CYPs than adults living in hofitaing et al, 2015) In many cases
activity was proventowards oneof CYP substrate especially their monooxygenase activity
(Saeeckt al, 2002; Cvilinket al, 2009a)

In addition toCYPs there are peroxidases present in parasites, which could contribute
to oxidative metabolism of xenobioti@i§otze, 1999)Aside fromthose FMOs or antioxidant
enzymescancontributeto theformationof oxidised metabolitefCvilink et al, 2009a; Brophy
et al, 2012)

Considering anthelmiits metabolismoxidativeproducts of ABZ and TCBZ are very
important. Sulphoxidationsignificantly change their pharmacological effectivity from very
potent ABZ sulphoxide tcharmless ABZ sulphone. TCBZ undergoes sulphoxidation in
F. hepaticaand it migh be performed by CY4tke enzyme ther@ottier et al, 2004; Cvilink
et al, 2009a; Devineet al, 2010) St u cdtlali (RO&4Y a@so describeds-oxidised
metabolites of novel drug monepantel in both sheegHamdntortus thisinformaion isquite

interesting as sulphone was formed onlynultiresistanWWhite River strain

2.4.4.2. Reduction and hydrolysis helminths
Reductases and hydrolases seem to be more common and active in helminth metabolism

than oxidasesin H. contortus, D. dendritumandH. diminutathere were found reduction

32



activities against severahthelmintics andnodel substrateCvilink etal, 2008 aet Sk al

al., 2010; etBB 2012) Aso,ge&eral AKR proteins were found in various parasites
as F. hepaticaor S. mansoniBrophy et al, 2012) Hydrolysis of esters and amides in
xenobiotics is also quite common in helmin(@wilink et al, 2009a) Anthelmintics FLU and
MBZ are drugsthat have their carbonyl group redudeglthe variety of parasites and their
hosts ABZ sulphoxide was reverted to ABZ M. expansdCvilink et al, 20093.

2.4.4.3. Phasell biotransformationn helminths

There is not muchnformation about phasell xenobiotic metabolising enzymes
helminths Activities towards specific substrates were proaad activities towards eubiotic
substrates wer@undas well Conjugates with glucose were formedich is rather surprising
asUDP-glucosyl transferase should peesenin plantsor bacterigCvilink et al, 2009a) In
exvivo experiments H. contortus formed Nglucosylated metabolite ofFLU and
O-glucosylated metabolite of reduced Fbd also anthermetaboliteof ABZ (Cvilink et al,
2008b) Moreover methylation of previously reduced FLU was observed in rat tapeworm
H. diminuta( B & r t eit &,2018) Neverthelesshiere isone exception and/hich is GST;
this enzyme was studied very deeply in various helmjrsiswinghigh activities with model
substrates (usually-dhloro-2,4-dinitrobenzene)Brophy et al, 1989, 1990b, 20125everal
classeof GSTwere identified Ma t o uef d, @048 GSTwasalsoconsideredo beone
of the vaccine candidates asentioned in previous chapte&everal eubiotic and xenobiotic
substrateswere found as well asaffinity to anthelmintics however theconjugate of
ananthelmintic with glutathione igetto be foundDouch and Buchanan, 1978; Bropétyal,
1990a, 2012; Brophy and Barrett, 1990)

2.4.4.4. Transport in helminths

Helminths need to excrete toxdompound®ut of their bodiess any other organisms
ABC-transporters sequences were found in their gen@Brephyet al, 2012; Lespinet al,
2012) The most studietransporters arB-gp and multidrug resistance associated protag
they areconnected to nitidrug resistance in cancer cells areh beconsidered to influence
resistance to nitiple anthelmintics inparasitesSubstrategxportedby these transporters are
for examplavermectin in roundworms and TCBZ in hepatica(Devineet al, 2012; Ardelli,
2013) As anthelmintics areftenvery lipophiliccompoundsheir entryinto aparasite isisually

passive through membrandAlvarezet al, 2007)
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2.5. Anthelmintic r esistance

With widespreadise of anthelminticparasites tharenot affectecby them started to
appear.Thiswas nota serious problendue to rapiddevelopment of newer and newer classes
of anthelmintics in the padtieverthelessvhen multiresistant stins of especially roundworms
emergedthis anthelmintic resistance started todfeconcern. Anthelmintic lesistanceccurs
when parasitesreated withanthelmintics are no longeensitive to itand this condition is
inherited in next generations. ¢ase of side resistancthe parasite isat affected by drugs of
entireclass of anthelmintic€Sangster, 1999)

Resistancetarts with mutation im geneof a small number of parasiteghich makes
the drug inefficient However with repeated drenching withow-notso-efficient drug and
continuous reinfection with surviving parasites these genes become evolutional advamtage an
are futher selected bylrenching The process is finishebly creation of resistant strain of
aparasite. Once resistance is established population, it was neveobserved taevert
Clinical resistanceccurswhen reduction of worm burdeafter treamentis lower than 95 %.
Resistance is developing in parasitesh&majority of domestic animals with most concern
focused on small ruminants like sheep and g&iil$, otheranimalslike cattle and horses are
also affectedThe higheshumber of reistant isolates comes frothe group ofgastrointestinal
roundworms parasitizing these animaMowadays resistance iliver flukes is becoming

aproblemtoo.

Several factorgontributeto resistance development; they can be conaimdifferent
ways anccaninfluenceanemergencer aspread of resistanck.can beasurvival of eggs and
larvae inthe environment or hypobiotic stages, underdosing of anthelmiatida frequency
of treatmerd (Jackson and Coop, 200@Anthelmintic esistance can be detected by several
tests; classical are faecal egg count reduction test, egg hatch testnicroagar larval
development tesHowever today more and more tests are based on moldaolagy findings,

either polymerase chain reactionpyrosequencin¢Coleset al, 2006; Beeclet al, 2011)

There areseveraldifferent mechanisms for anthelminticsigtance. One of the most
studied isH. contortusresistance t@®ZD, which is caused by changeisoforms 1 and 2 of
B-tubulin moleculesChangesre presenin acodon 200 iranisotype 1 and iracodon 167 in
anisotype 2 that replace phenylalanine wittosine One or both of these mutations have been

found in other helminths resistant8@D (Wolstenholmeet al, 2004) In F. hepaticaresistance
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to TCBZ, ABC transporters and increased metabolism to sulphone are probably to be blamed
(Robinsm et al, 2004; Devineet al, 2012; Scarcellat al, 2013)

Theresistancéo macrocyclic lactoness aresult of increased expression efp and/or
differences in glutamate and gamma amino acid gated chloride ch{Wtettaker et al,
2016) Lossor decrease of receptor numbetsich aretargets fordrugsis aprobable caustor
levamisole and other drugs irgeting with nicotinic receptors foacetylcholine channels
(Wolstenholmeet al, 2004; Whittakeet al, 2016)

Today, the resistance problem isaused bylongterm stagnation in novel drug
devel opment. OrganopBZDapd at esamiamel eni 1960" ,
early 70’ and finally i n 8 @perionaherratiec pa@ditesc | ac
lost susceptibilityto one drug itwas replaced with another and parasites gradually acquired
more and more resistargz¢his was leading to using pasture management stratégiasnent
plans and other noipharmacological methods to control worm populations in hdsts.
contortusis one of parasites that developed multiresistant strains in.ghbappened irareas
heavily focusedn sheepreedingsuchas South Africa or Australivan Wyk and Malan,

1988; Gillet al, 1991; Le Jambret al, 1995) In this work multiresistant White RiveH.
contortusstrain was used igeveralexperimentslts origin lies inthe Transvaakreain South
Africa. There are many othdrelminth speciesespeciallyamong ematodes that developed
resistance to at least one anthelmintic grappearing in all regions ahe world (Sangster,

1999; Sargisoet al, 2010; Traversa and von Samddmmelstjerna, 2016)

In new millennium new drugs with effectivity again$tese resistanstrainswere
invented and brought to practice like monepantel and derqu&atelinskyet al, 2008a; Epe
and Kaminsky, 2013)However, while it took almost 20 years for parasites to develop
resistance to macrocyclic lactones, there were reports of monepantel reBisalursagia
circumcinctaand Trichostrongylus colubriformisn 2013 and aboutesistantH. contortus
in 2014(Scottet al, 2013; Van den Broret al, 2015. Mechanisrs of resistance to monepantel
as well as some other drugs remaiysteryand need to be thoroughly studied to fully

understandt and preventurther spread.

2.6.  High performance liquid chromatography

High performance liquid chromatography (HPLE&xnanalytical method that separates
compoundsan dependence on their distributi@md interactions with stationagnd mobile

phasesCompared to classical “l ow pressimhgh” | i gt
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pressure up to S0IPa (Meyer, 2013) Systems that operate with higher pressure are called
ultra-high performanceliquid chromatography (UHPLC) systems. Higher pressure allows
theuseof columns with sméér particleghat improves separation resolutemmdallowsgreater

flows of mobile phases

In HPLC techniquesnobile phase is liquid and stationary phasasually solid it can
be alsdiquid bonded to some sort of sorbprmroperties of botlthe staionary phaseaswell
asthemobile phase can dramatically iméince separatioA preserdayHPLC system consists
usually of a degasserpumps an autosamplera column oven and a detector(usually U\-

detector, fluorescenedetector or mass spectrometer).

When dissolved sample is injectedatsystem it is driven toachromatographicolumn
and there it interacts with stationary phase according s3ze, functional groupshargeand
other properties accordingly to the chosen colu@wmpoundsecometrapped andstartto
accumulate in different parts of column and tkiegy areelutedin short time from olumn to
detector Results come in a form @ chromatogram whereéme is on the horizontal axis and
intensity of observed valus on the vertical og elued compoundsare visible as peaks

Example of chromatogram is Fig. 4below.

In our researchHPLC is used to: 1¥eparate compounds before mass spectrometry
analysis; 2) gahformation about presence and behavimiyparent drugs and themetaolites
in sample.
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Fig. 4: HPLC-MS chromatogram fronanalysis of. magnaABZ metabolismpeak in 1483 minrepresent&BZ,

peak in 1115 minrepresent®\BZ sulphoxide metabolite
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2.6.1.Mobile phase

Mobile phase could be almost any liquwhich does not irgrfere with parts of the
system.Composition of mobile phasguring analysiscan beconstant(isocratic elutiof, or
variable (gradient elutioip Selection of mbile phasas dependent on used colunfe.g. for
reverse phase colursnsed in this workmixtures of organic solventand aqueous solutions

are usell Solvents should be fully miscible.

Buffers arausuallyusedas anaqueous part of mobile phasesttsure pH stability during
analysis however they must not interfere witkignal detectionBuffers should be chosen
carefullyfor gradient elutiorto prevent precipitation or recrystallization inside the system and
its clogging.In case of coupling HPLC with mass spectromeinffers need to be volatile and
should not contain inorganic ions or for exale quarter ammonium salts that tend to

contaminate mass spectrometer and are hard to wash out.

Organic solvents are usess nonpolar pastof mobile phaseln reverse phase
chromatographyheseare alcohols, acetonitrile or for example tetrahydrofuFar. normal
phase chromatographgliphatic hydrocarbons are used as less polar solvent and hydrocarbons
with polar groups (e.g. propanol) are more polar divesyer, 2013; Nogkova and Dosa,

2013)

Mobile phases need to be filterdmbfore useto prevent undissolved particles
impurities to clog capillaries dhe column.Mobile phases shouldlsobe degassed before use
to get rid of dissolved gases and to save work of degasser in the inst{iMegat, 2013)

2.6.2.HPLC columnand stationary phase

The olumn isan essential part of the systeBasically it has two ma parts;abody
which is usually stainless steel hollow tube filled with whatever stationary phase and column
terminatos, which hold stationary phase inside and enable to connect column to capitigirie
ferules(Novakova and Dowa, 2013) Apart from stee| there are other materials as glass or
plasticused on inner walls of columBiameter of colummetermineghe use ofthe column
Columns with a dhmeter greater thaimmareusually used for preparative emi preparative
chromatographygcolumns withdiameterbetween 5 mm are typically used for analytical
HPLC andcolumns with2.1 mm and smallediameters arenainly used in UHPLC analysis.
In terminatorsthere are friteenclosingstationary phase in ¢hcolumnbody and preventing

largeimpurities entering and plugging the column.
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Frits or guard columns arnagsuallyinstalledat the front ofcolumnto protectit. They
catchimpurities andcan beeasily replaced once théecomedirty. Guard columns usiig
containthe same stationary phase as main coluBisadvantag®f using guard columns and

frits could be increase afead volume of the system.

Column efficiency is characterised bg number of theoretical platesvhere higher
number means less peako&idening.To compare differentolumns Height Equivalent to
aTheoretical Plate is usell is calculated aaratio of column length and number of theoretical
plates. Another quantity determine efficiencgf thecolumnis peak symmetry, as ideal peaks
are those that are symmetrical without tailing or front{hgpvakova and Dowa, 2013)
Resolution of chromatographic separation is a quantity term@te two neighbouring peaks
one from another. Resolution of 1 means it is visible there are two different peaks; resolution
1.5 means that they afelly separategdthough when one peak is much smaller than the other

higherresolutionmight be needefMeyer, 2013)

Various stationary phases and stationary phase forms are used today based on
anintended usePorous particles of varioumaterias arethe most commondrm today Their
sizerangefom 18to10um wi t h p o r em osangstoms§.L rv m=nL Bhere are
other possibilitiesin use as well e.gsmall nonporous particles used Wiopolymer
chromatography, porous layer beads, perfusive particlede & crosslinked styrene
divinylbenzenewith two pore typesoated in active stationary phadéonolithic columnis
interesting stationary phase. Téationary phases made from one piece of silica or organic
polymer in a form of porous rod filling colunn body(Meyer, 2013) Recently porous shell
particleswere developedhey combinenonporous core coated with porous siliteey appear
to have improved abilities fanany HPLC analyseg#ovakovaand Dosa, 2013; Hayest al,
2014)

The material is very importandif statonary phaseSilica is the sk of moststationary
phases This inorganiccompoundis used either alone in normal phase or size exclusion
chromatography or becaaisf its many silanol groups as a matrix where dilneetional groups
can be chemically bonded. pH limit feilica based columnis betweerl and8. The silica can
be modifiedusing many functional groups of various hydrophobicity and other properties.
Bonds can be formed by esterification (obsolete, unstable in water), reactibnthaonyl
chloride (enabling SN bonds) oreaction with monddichlorsilane, creating 8b-Si-C bonds,
which are the most stableand the most widespread. The reaction mightsa lead to
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polymerization and creatioof polysiloxanes, which provideover to silica corand improve

stability.

Remaining free silanols can bendcapped by trimethylchlorosilane, to reduce
hydrophilicity and interferenceThemost usedalkyl modifier is octadecylsilanole (ODS or
Cig), apart from thionethere are other lengths alkylsilanoles like &, Czo. Other stationary
phases can havéonded phenyl nitropheny] pentafluorophenyl(PFP) which enable
i nteraction of 1 PEFRalsodnteractions with fludrineiimanatytddore o f
polar groupsrerepresented by aminopropyl, cyanopropyl and diols. Silica also enables to bond

phases for ion exchange or chiral anal{slsyer, 2013; Noskovaand Doga, 2013)

From nonsilica based stationary phaséisere are polymeras mentioné styrene
divinylbenzene resins, which hauseble pH range from 1to 13 and permit creation of
alkylated or ion exchanging phase&&imilarly, methacrylate gels and agarose can be.used
Among inorganic stationary phaséisere arealumina (aluminium oxide titanium (titanium
oxide), zirconia (zirconium oxidgnd porous graphite carbon or controlfeute glasg¢Meyer,
2013)

2.6.3.Modes of chromatography

Chromatography caie performed inseveral modes which differ iprinciples of
separation antherefore therrangement ahe chromatographic system likesedcolumnand
mobile phasesvery common modes are normal and reversed phase chromatography and then
hydrophilic intgaction chromatography (HILIC) size exclusion and ion exchange

chromatographyre also popular

Manyothermethodsare availableThere canbe interactionsaused baffinity of bound
bio-specific ligand and substrate in sample (affinity chromatograptsation of ion pairs and
their interaction with nonpolar stationary phase, partition of chiral compataddovakova
and Doga, 2013) Ideaof green chromatographsamewith environmental concern of last
decadesThis approach focuses on ecology and sustainability with reducing solvents and other
environmentally unfriendly compounds, decrease of energyuoguitonetc ( Pt et ak a
2013)

2.6.3.1. Normal phasehromatography
It is based on adsorption @olar stationary phase with mobile phase being less polar
organic solvents and their mixtures. Interacsioan be performed bgipole-induced dipole,

dipole-dipole, hydrogedo o ndi ng o (Meyrr,20I8)n di ng
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Using normal phasenore polarcompounds are highly absorbed compared to nonpolar
or less polar. The absorpticanbealsoinfluenced bystericprotection oisomerism. However
normal phases are currently on the descdmy areused mainly in chromatography of

lipophilic compound®r division of isomergNovakovaand Dosa, 2013)

2.6.3.2. Reversed phasshromatography
As could be determined from the namiethe techniquehe phases aréunctionally
reversed to normal phasaromatography. t&tionary phase is nonpolar and molpleaseis
based onpolar liquids often aqueoyswith addition of well miscible organic solvent

(acetonitrile, methanpandacetong

Reversed phase chromatographhesmost widespread atite mospopulartechnique
today and Cyg stationary phasean be conslered ashe most popular stationary phasa
reversed phase chromatograpWater is very weak eluent for angmpound that ikess polar
These less polar compounds are therefetained on nonpolar phaséhich water can not
interfere withand are slowl eluted.Organic additives decreasime to elute compounds from

columrs.

Apart from organic additives, othemdditives are added to mobile phase to improve
deposition or elution of compounds of specific properties (acidic, basic). Retention can be
changed with changing length of side chain or by using other modified pfdsger, 2013;
Novékova and Dowa, 2013) All research performed in my workised reverse phase

chromatographysing Gs andPFP columns.

2.6.3.3. Hydrophilic interactionchromatography
HILIC have things in common with both previously mentioned modes of
chromatogaphy. It uses polar stationary phases as normal phase chromatofirapleyer
columns need to be manufactured for HILIBYt as eluent there are mobile phases with large

portion of acetonitrilendwater. It isbest suitable for polar compounds.

2.6.3.4. lon exclange chromatography
This chromatography uses electrostatic interaction of ions@dpoundswith ion
exchangerswhich are part ofstationary phaser bound toit. The compoundin flow is
exchanged forarmother ion or interacts with chargaedn exchangeipreviously boundto
stationary phasand afterwards is eluted using change in giianion powerof mobile phase.
Density of ion exchanger groups determines maximum ion exchange capacity of phase. lon

exchangers are divided according to poladiyl ion power: strong anionic exchangers
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(quaternary amine), weak anionic exchangers (diethylamine), weak cationic exchangers
(carboxymethyl) and strong cationic exchangsutf@nicacid). This method is used in ansiky

of ionic or easily charged compouna@spea@lly amino acidgMeyer, 2013; Nogkova and

Dousa, 2013)

2.6.3.5. Size exclusion chromatography

It is known also as gel chromatography, because gyeised as stationary phase.
Thesample is divided according to size of presanteculesWhile bigger molecules bypass
the particles, maller molecules entgrores in particles and diffuse throutite gel. The gl
should be inert to prevent any other interactions with sample or mobile phase that could distort
results.The most common gels are made of methacrylate, acrylamide, stgireinglbenzene,
agaroseand dextraor modified silica. They are uséalstudy larganolecules like biopolymers
to purify them or to determine their molecular wei¢lNbvakova and Dosa, 2013)

2.6.4.Detectors useth connectiorwith HPLC

After compoundsn sample areseparatedind eluted froncolumn their presencén
mobile phase I&to be determinedrhis processs performed by detector Most of detectors
are based omeasuing various physical properties of flowing mobghase Some of them can
be considered universal detectors (e.g.)U8bme of themmeasure specifipropertes of

analyseccompounds

Ideal detector should be universsénsitive, give stable response, linear, reliable and
easy to use, independent on asin temperature or mobile phase, not destructivelzoad
give qualitative information about detecteaimpoundsHowever no detector can do all this
and therefore it is necessary to choosearmmbinatiorthe mossuited for intended samples
(Novékovaand Dowa, 2013)

2.6.4.1. Spectrophotometric detector

This was the most popular detector to use with HRuGa long time losing only to
mass spectrometryjowadays Its principle is based on absorption of light of specific
wavelengthby compound passing through the cell of the detecfbnis absorptions caused
by different functional groups and structures molecule like carbongl aromatic circles,
conjugated bonds and othgMeyer, 2013) Detector workingange of wavelengthis from
190 to 800 nn(from ultraviolet to visible spectra therefore calledJV/VIS). There can be
instruments with one or more fixed wavelersggtih they carbe adjusted inthe certain range

(photodiodearray detecto)gNovakovaand Dosa, 2013) Two lamps can be used femitting
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light; adeuterium lamp for UV and lower visible wavelengths atuhgsten halogen lamp for
visible spectra up to 850 nrin this work UV/VIS detector was placed before other more

sensitive detectorg¢fluorescence detector or mass spectroméiovakovaand Dosa, 2013)

2.6.4.2. Refractometric detectors
These detectomre based on detectiagy changes in refractive index compared to pure
mobile phase. They are universal, but about 1000 times less sensitive compared to UV/VIS
detector{Novékovaand Dowsa, 2013)

2.6.4.3. Fluorescence detectsr
This detector is based on detecting light that is emitted by compounexaietion by
light of certain wavelength, produced by mercuapour lamp. This transition is usually
specific foreachcompoung however as with UV/VIS, certain structur@sfunctional groups
must be presenh detected compound€ompared to UV/VIS this method is much more
sensitive(Meyer,2013 Novakovaand Dowa, 2013.

2.6.4.4. Electrochemical detectors
Principle of these detectorsabange of current while oxidation or reduction occurs on
electrodes. Usuallthemeasurement is with positive potential as it could analyse many organic
compounds via oxidation and is not heavily influenced by dissolved oxygen or metallic ions
like reductive measurement. In amperometric detection @siall portion ofthe analyte is
consumed by oxidation or reduction, while agoulometric detection alanalyte in cell is
oxidised/reduced. Sensitivity is similar to the fluorimetric detector, but it suffersdtionited

life of electrodes and their contaminatidieyer, 2013; Noskovaand Dosa, 2013)

2.6.4.5. Aerosol based detectors
These detectors are based on nebulisird)than drying solverst with particles of
studied analytelt is detected by onef three ways: light scattering, ionisation or nucleation
technology where analyte particles are condensed with water vapours and then analysed via

light scattering. These detectors are universal, but prone to mobile phase composition and
purity.
Other deectors work with measuring conductivitghemiluminescencgeinfrared

absorptionor radioactivity HPLC canbe also coupled with mass spectrometry or nuclear

magnetic resonand®&lovakovaand Dosa, 2013)
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2.7.  Mass spectrometry

Mass spectrometryMS) is anadvanced analytad methodwhich allows to determire
themass ofpositively or negativelgharged moleculegased on polarity modefResults are
produ@d asa massto-charge ratiorfi/2, which in casehe molecule has only one charge is

same as its molecular weight.

MS allows both, qualitative and quantitative analysis and can provide important
information about analysedompounds structure Informatian about the structures very
helpful especiallyin metabolite analysis

MS history runs back caumedwit®dachromatogaphy.i t
Connectiorwas simple a both techniques use gas phaseLC works with liquid phase and
therefore ittook longer to develop interphase to connect these two technijoesdays
HPLC/MSbecome most utilised detection method for HPLC anafsisakova and Doisa,
2013)

MS can beiodaycoupled with variouseparatiortechniquesApart fromHPLC and gas
chromatography it igapillary electrophoresis and ion mobility or their combinations. It can
also workfor direct analysis without separationith simply injectingthe sampledirectlyinto
amass spectrometer, or with various offline methgtisffmann and Stroobant, 2007; Kaeu
al., 2008)

Mass spectmmetes consist ofanion sourcewhere ions suitable for MS analysis are
producedat least one mass analysdrere ions are separated and graded according to desired
parameterandadetectomwhich register ions incoming from analys€he mostcommon type
of detectortodayis an electron multiplier where particle hits conversion dynode of opposite
polarity and causesnemission of secondary particles, which again causes another emissions
and therefore amplify the signal and finally ends vd#tectorwhich digitalises the signal.
(Hoffmann and Stroobant, 2007)

2.7.1.lon source

The first $ep in mass spectrometry is to turn simple molecules to charged ions in gas
phase. In coupling gas chromatography and mass spectrotheteyare two main approaches:
Electron ionizationrwhere electrons give their energy to molecofesampleand chemical
ionizationwhere donor of energy is charged molecule of reagentBy#h are called hard

ionization techniques as they produce significant fragmentatioparent compoursl To
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simplify and speed up identification procdssge fragment spectrigbraries are available

nowadaysThese hard ionization techniquemed to be performed in vacuum.

On the contraryto previous techniquesoft ionisation techniquealso exist These
techniques work in atmospheric pressaléow transfer of liquid phase to gasagle are used
in HPLC-MS connectiorand keep moleculesnostly unfragmentedAs HPLGMS coupling

was dominantly used in my research | focus on those.

2.7.1.1. Electrospray ionisation

Electrospray ionisation (ESI) is based on applying high potential to §qud praying
themin aform of aerosofrom atip of a capillary. With evaporation of solveftan be eased
by stream of neutral gasroplets carrying charges as@rinkingand breakingCoulombic
explosion)until theytransfer charge tthe moleculeof the samplein adroplet leading to the
stream of ions that are directed itanass analyser via ion optids. case ofargemolecules
(5-10 thousand Dathere is usually only one molecule per drogisdreover,especiallylarge
molecules that have more ioalde groups can be charged multiple times influenaivig
measuredHoffmann andStroobant, 2007)Iit also possess capability to work in very small
volumes for rare samples and ionisation of specific hydrophilic samples as nanoelectrospray
(Schmidtet al, 20@). ESI can be used for ionic compounds, neutral and polar comgthatd
can be protonated or deprotonasedifor nonpolarcompoundshat are oxidised or reduced on
thetip of ESI needle. In the ESI source addwétparenimoleculeswith ions presenti solvent
(mobile phasgecan be formedin positivemode,mostlyNa" and K" adductscan be observed.
Adductswith carboxylic aci@ are typical for negative ion modardrey, 2003)

2.7.1.2. Atmospheric pressure chemical ionisation

Atmospheric pressure chemical ionisation (APCI) is another commomdietPLG
MS. It resemblethechemical ionisation used in gas chromatogragistream of mobile phase
is nebulisedn nebuliserby a stream of nebulising gas (usually nitrogen) and then the fog is
traveling througha tempered chamber where desiccatiaturs. After desiccation flying
molecules are subjected to corona discharge, which make them charged ions desired for MS.
Particles from mobile phase haaeole of ionising gas as they are primary charged and then
they pass their charge the moleculesfodissolved sampk(Hoffmann and Stroobant, 2007)
APCIl is suitable for polaand nonpolacompoundsWhile it issofterthan electron or chemical
ionisation it is not very suitable fdarge molecules above 2000 D&lso, thermolabile

compoundsshouldbe handled with car&Compared to ESIit copes better with buffers and
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additivesin mobile phaseAs well as in ESIso APClcan create adducts both polarities
(Ardrey, 2003)

2.7.1.3. Atmospheric pressure photoionisation

Atmospheric pressure photoionisation (APPIxmethod very similar to the previous
APCI, thoughinstead of creating iongsinga corona discharge it hags (usually krypton)
discharge lamp, which emits UV photorhotons react with dopamholeculesemitting
electrors andcreating highly reactive positive radicaRadicals then ionisslventmolecules
by transferring protonghat are finallypassed onralysed compoundf the ionisation energy
of studied compounds lower than that of dopant it can be ionised dire@tigffmann and
Stroobant, 2007; Lee and Zhu, 201ye to its dependency on dopants it is more sensitive to
composition oimobile phase than APChowever it enables analysis for especially nonpolar
compoundshat are hard to ionise with two previous methdtisan work in both positivas
well asnegative modéKauppilaet al, 2004; Hoffmann and Stroobant, 2007)

2.7.1.4. Other ionisation techniques
There are moreéonisationtechniguesised inMS. Many are based daserdesorption
ionisation(MALDI - Matrix assisted lagedesorption ionisabins) or can analyse surface of
sample like DESI (desorption ESI) or DART (Direatalysis in real time)Others us plasma
or fastatombombardment.

2.7.2.Types of mass analysers

After ions are created and directdttough ion opticsthey areanalysedin mass
analyser Analysisis performed in high vacuunto preventthe influence of air compositian
Variety of mass analyars differing in accuracy, robustnesgggularity ofservice and other

parametersare used

There are severalaim characteristic¢hat describe mass analyser. One of thosgass
range limit which determinasinge ofm/zover which mass analyser deteénalysis speed is
another characteristic; it determines how fast analyaerscara rangeof m/z Transmission
describes portion of ions that are enabled to reactetectorMass accuracghowsdifference
between observeh/zand theoreticain/z And finally there isresolution which tells us how
precisely mass analyser can distinguish two compounds with sizllfference(Hoffmann
and Stroobant, 2007Ysually analysers working with more than two decimals resolution are
considered high resolution analyséfeese can determine@urate mass of molecubéhichis

asum of acctate masses of all atoms in the molecule. Compared to nominal mass which is in
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unit Da (Dalton) accurate mass is accuratethmusandth of DaMass defectalculation is
enabled by determination of accurate mass diifference between nominal mass amnaa
mass, based on elemental composition. It is unique for every molecutasansgually in mDa
( Ho | Cetap 20K8; Lee and Zhu, 2011)

2.7.2.1. Quadrupole analysers

Quadrupole analyser consists of four rotlacircular or hyperbolic crossection. Two
oppositerodsare connected to direct current while others have radiofrequency current brought
to them. Each ion with particulan/zhavea stable trajectory through analyseradetector.
Changing currents will enable to separate ions in the sa(ptiey, 2003) Quadrupole
analysers are considered low resolution analy3émsycan be used in various configurations.
Probably most usedoafiguration istriple quadrupolevhere first and thirdquadrupolesare
separation analysers and central one is used as collisiorit @dh be coupled with other

analysers like time of flight (TOF) detectas well

2.7.2.2. lon trap analysers
There are two ma types of ion trap analysers. 3D ion trap and 2D ion 8Bgon trap
sometimes consideres$ 3D quadrupolehas ring electrode and two cap electroddsese cap
electrodeses nabl e t o keep ithenos trap.tChamge pgtdntialon nap i d e
electrodegeleasdrapped iongo adetector.

Linear ion trap is called 2D trap and resemiaetassical quadrupoléoweverdirect
current is sent on ends of ctllprevent escape of ions. Compared ta@itrap there is more

space insidandefficiency of ion trapping is bettdt.ee and Zhu, 2011)

Both ion trap typesare considered low resolution and baite capabldéo perform
tandem spectrometrin addition,theycan be combined with otherassanalysersuchas time

of flight or orbital ion trap.

2.7.2.3. Time of flight detectors
Time of flight (TOF) detector is Bsed on a principle that if ions are dosed into analyser
in the same time with same enetiggntheir speed of passage to detector is equivalent to their
m/zwith lighter ions traveling faster than heaviks ability to determine small differences
m/zis based omlength ofananalyser tubeAn ion mirror called reflectron is placed to the end
of tubeto increase the length effectively doubleshe distancealong whichions can separate.

Modern machinesan havemorereflectronsandlength can be prolonged even further. This
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givesTOF detectors ability to work in high resoluti¢Ardrey, 2003; Hoffmann and Stroobant,
2007)

2.7.2.4. Orbitrap
In the meantime most novel type of mass analyser, descridecaih e 9 0’ by Ma
(2000) It consiss of two electrodesinner and outercreatingan orbital cell. In thetrap ions
oscillaein cyclotron and magnetron motiai@@enerated arrentis measuredby detection plates
and then transformed to mass spectra by Fourier transformation. Orbitrap sdfigive
resolution and mass accuracy witluchreduced dimension$ioffmann and Stroobant, 2007;
Lee and Zhu, 2011)Another detector operaty with Fourier transformation is iacyclotron

resonanc¢ICR).

2.7.3.Tandem mass spectrometry

The ionisatiortechniquesnentioned above are considered softhey produce no, or
very low amount of parent molecule fragmerfEsagmentatiorof a parent moleculean help
to identify the moleculeand to determine structwef unknown compounddg-ragmentation
can occur irsource(e.g.ESI and APCI sourcgsor it can be performed in analyser as tandem
mass spectrometrdrey, 2003) In tandem mass spectromefapbreviated MVS or MS)
ions are fagmented byincreasing their energy due tmllision with inert collision gas,
commonlynoble gas likehelium, argon xenon this is called collision induced dissociation
(CID). MS-MS in triple quadrupolesan be described &sllows: thefirst quadrupolesolates
precursor ion(called parent ionwhich undergoes CID irthe second quadrupole and its
fragments or parent ions are analysethmthird quadrupole This approach when there are

moreanalysers to perform thask is called tandem MS in place.

Other approach is tandem MS in tima this techniqueons aretrapped, fragmented
and analysed the anayser(2D/3Dion traps andCR). These machines also enable to isolate
product ions and let them undergo fragmentation again leadimgltple staggandem mass
spectrometryMS") analysis(Hoffmann, 1996; Hoffmann and Stroobant, 200%art from

CID, fragmentation can be induced by other meansdiltésion with surface or laser beams.

2.7.4.Types of MS scans

Mass spectrometers can work in several modes or stdependence @nalysetype
(Novékovaand Doa, 2013.
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1) Basic scan: Spectrometer measure all iorsdhosen rangef m/z(total ion currert
TIC)

2) Selected ion monitoring (SIM): in thisiode spectrometer only measusgnals of
ion/ions of chosem/zin time

3) Product ion scan:can of all ions resulting from fragmentationasfion with chosen
m/z

4) Precursor ion scan: scan of all smould provideafragment of specifien/z

5) Neutral loss scan: scan of all precursor ions that praed®in neutral fragment; e.g.
difference 44 mss units mean€0; loss and is typical for carboxylic acids loss of
18 means loss of water in alcohd@ldoffmann and Stroobant, 200Rlovakova and
Dousa, 2013)

6) Single reaction monitoringSRM): in this case spectrometer analyses one particular
fragmentation paiof precursoiproduct ions. It can be helpful for quantitative analysis
using MS. Selectivity can be enlwaa by observingeverareactionof one parent ion
(multi reaction monitoring MRM).

Spectrometercan perform one or more of these tasks simultaneously depending on the
construction of spectrometeReactions & are available only for machines capable of at least
MS?. Neutral loss can be measured only with spectrometer performingI®$ space
(Hoffmann, 1996)

2.7.5.HPLC-MS in xenobiotic metabolismtudy

MS is a techniqueof high importancen identification ofdrug metabolitesand other
compoundsfrom the environment. Basically, it provides molecular weight of studied
compoundandlimited amount ofnformation abouther structue. In case of metabolisiS

can help to identifgtructural changes in moleculeat occur during metabolic pathways.

HPLC-MS connectiorincrease amount ahformationaboutstudied compoursl(UV
spectra, lipophilicity, etc.)HPLC separation alsallows study compoundsn very complex
matrices(blood, urine, faeces, body tissuedc.) As mentioned abovedrug metabolising
enzymesnfluencelipophilicity of parent compoundwvhichleads tochange in retentioriime
duringHPLC analysisMetabolsmcan everthange UV and fluorescence propertissitional
isomers and enantiomers oan be simply recognized using conventional columns and

HPLC-MS systems.Specialchiral columnsor ion mobility are neededfor their separation

48



Coupling HPLC to nuclear magnetic resonanedd information aboustudied compounds

(Wantet al,

2005;

etldlp20@p p e k

High resolutionmass analyser6TOF, Orbitraps and ICRare ideal for metabolite

detection as they provide us wikmowledgeof elemental composition via accteamass

measurement anghass defect detectioit. can determine righinolecular formulahowever

oftenit is not selfsufficient, but can narrow the searchH o | Cetgb, 2008; Lee and Zhu,

2011) High resolution mass analysgnovide uswith information about isotope composition

(Hoffmann and Stroobant, 2007)

Whena molecule is added to or removed from the structure mass defect is introduced

to the molecule, for example oxidation introduce mass defeeb ohDa, glucuronidation

+32mbDa. For most of biotransformation reactions mass defect is up meD&®f parent

molecule, therefore it enables to filter out masses from the matrix that do not suit it. There are

examples of elemental mass defectsTable 1 and examples of mass atg$ in common
metabolic reactions iable 2( Ho | Cetap 20K8; Lee and Zhu, 2011)

Table 1 Mass defects for chosen elementsl o | Cetap, 20K8)

Nominal atomic mass (Da) Element

Mass defect (mDa)

1

12
14
16
32

H

nw O 2 O

+7.825
0
+3.074
-5.085
-27.929
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Table 2: Examples of metabolic reactions and their MS spectra ch@nges | Cetap, e k
2008; Lee and Zhu, 2011)

Nominal Elemental Reaction Exact mass shift
mass shift ~ compositionchange (mDa)
(A Da)

-44 -CO Decarboxylation +10.2
-14 -CH: Demethylation -15.7
-2 -H2 Alcohol oxidation -15.7
+2 +H2 Aldehyde/Ketone reduction +157
+14 +CH: Methylation +15.7
+16 +0 Hydroxylation/Soxidation -5.1
+176 +CeHgOs Glucuronidation +321
+162 +C6H1006 Glucosylation +52.8

Other types of mass analyseae suitable to different tasks. lon traps are used in
structure identification due to possibility of M§pectres. Triple quadrupoles are very useful in
guantification of metabolites via single/multiple reaction itwing. Hybrid machines as
guadrupoleTOF can be used to observe fragmentations in high resoltimhs¢ a et alk
2008)
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4 List of abbreviations

4-PCA
ABC
ABZ
AKR
APCI
APPI
ATP
BR
BZD
Cis
CID
CYP
DART
DESI
ER
ESI
FAMACHA
FLU
FMOs
GST
HILIC
HPLC

HPLC-MS

4-pyridincarbxaldehyde

ATP binding cassette

Albendazole

Aldo-keto reductases

Atmospheric pressure chemical ionisation
Atmospheric pressure photoionisation
Adenosine triphosphate

Benzimidazole resistant strain ldf contortus
Benzimidazte

Octadecylsilanole stationary phase
Collision induced dissociation
Cytochrome P450

Direct analysis in real time

Desorption ESI

Endoplasmic reticulum

Electrospray ionisation

Faffa Malan Chart

Flubendazole

Flavin monooxygenase

Glutathione Sransferase

Hydrophilic interaction chromatography

High-performance liquid chromatography

High-performance liquid chromatography coupled with

mass spectrometry



ICR

ISE
ISE-S
MALDI
MBZ
MS
MS-MS or MS
Ms"
NADPH
PFP
P-gp
SDR
SIM
SLC
SRM
SULT
TCBZ
TIC
TOF
UDP
UGT
UHPLC
uv
UVIVIS

WR

lon cyclotron resonance

Susceptike strain ofH. contortus

Ivermectin resistant strain éf. contortus
Matrix assisted lased desorption ionisations
Mebendazole

Mass spectrometry

One stage tandem mass spectrometry
Multiple stage tandem mass spectrometry
Reduced nicotinamide adenine dinucleotide phosphate
Pentafluorophenyl

P-glycoprotein

Short chain dehydrogenases/reductases
Selected ion monitoring

Solute carrier

Single reaction monitoring
Sulphotransferases

Triclabendazole

Total ion current

Time of flight

Uridine diphosphate

Uridine diphosphate glucuronosyltransferase
Ultra-high performance liquid chromatography
Ultraviolet

Ultraviolet to visible spectra

White River strain oH. contortus(multiresistant)
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5 Aims

Themainaim of this work was to broaden the knowledge abwetabolism antbehaviour
of anthelminticsn parasites and their hostsinghigh performance liquid chromatography with
mass spectrometric detectidn addition the connection of these mechanigmanthelmintic

resistance developmewas studied.
Partial aims of this work:

1. Study of hotransformation and transport of anthelmintic drug flubendazole in
susceptible and resistant strainapfrasitic roundworniaemonchus contortus

2. Collection and evaluation of current information about monepantel, the novel
anthelmintic drug

3. Determination ofactivities of enobiotic metabolising enzymes and biotransformation
of anthelmintic drugén a sheep tapewormMoniezia expasg anda giant liver fluke
(Fascioloides magna

4. Analysis of albendazole and its metabolites in faeces from treated sheep and ahalysi
effects of these compounds on lower development stagées obntortusand on white

mustardseedgyermination
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6 Experimental part: results and discussion

6.1. Analysis of flubendazole trar
worm (Haemonchus contortussusceptibleand resistant

strains.
Barti kova, H. , Vokf al , Pichal, L.,K ulbal nckeak,, JV..,, \Sazroat (

Skal b.v2012). Import and efflux of flubendazole iHaemonchus contortustrains
susceptible and resistant to anthelmintic¥eterinary Parasitology 187, 473-9.
doi:10.1016/j.vetpar.2012.02.008201=2.381

In thiswork, we tried to determine transport of fkendazole into and out of bodies of
H. contortusin an ex vivostudy To examine variousypesof transport transport of FLU
betweendead andiving nematodesvascompared and effect eerapami) inhibitor of main
efflux ABCB1 transporter (Blycoproteir), on FLU accumulation in nematodes vessayed
as well,because theole of ABC transporters is suspected in resistance to other anthelmintics
All these parameters wepeossexamined among strains which were either susceptible to all
anthelmintics ISE) or resistant to benzimidazoles (BR) or to ivermectin {§§Br multi-
resistant (WR); these worms were obtained from experimentallyinfected sheep After
incubationsworms were homogeniseBLU andmetabolitesvere extracted and analysed by
HPLC with UVNIS detection.

The resultsshowedFLU is able to enteH. contortusadults directly due to high
lipophilicity of FLU, which was alsomeasuredduring the experimenflogP = 305).
Theamounts of flubendazole were steadily growing in both living and deadhtodesvith
increasing timeln efflux studiesthe results were similaReleasef flubendazole from worms
was constantin time and independent dhe state of parasiteéThe inhibition of Pgp with
verapamil did not have any effect on amount&ldfl found in worms and its participation on
FLU efflux can be excludedVhen the strains were compared to each other very similar results
werefound out, therefore the transport was not affected by any enzyme or transpqmtessed

in resistant strains.

All'in all, this study proveghassive diffusion is main and probalbhe only wayhow
flubendazole can enter or exit bodythfcontortusas it is independent on inhibition, presence

of body functions and strain of the worm.
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6.2. Reduction of xenobioticsand biotransformation of

flubendazolei n b ar ber 60 Hlaemanthes conntugn  (

Vokf al , | . ,PrcBaBh k.t i Etowah! iHk Qv a, L., Skal ov a,

Var ady, M. a (2612) KTinéb metaleoksm of\flubendazole and the actsvitie
selected biotransformation enzymesd@emonchus contortigrains susceptible and resistant
to anthelminticsParasitology139, 1309-16. doi:10.1017/S00311820120005%%01=2.355

This study was focused on biotransformation of flubendazole. icortortus strains
susceptible or resistant to anthelmintidfie fudy consists of several partd/orms were
collected fromexperimentally infected sheefin ex vivostudywas usedo determine which
metabolites are produced. Wins were cultivated for 24 h media with flubendazole and then
their homogenate and medium was extracted and analysed by-MBL&halysis. Part of
worms was homogenised and subcellular fractiwase preparedwith obtainedsubcellular
fractionsin vitro formationof reduced flubendae and its gicosylation were studieth vitro
specific  activities for model substrates (naloxone, metyrapone, menadione,
4-pyridinecarboxaldehyde4-PCA)were assayeith acytosotlike fractionand specific activity
of UDP-glucosyltransferase towardsngrophenolwas assayeth a microsomelike fraction.
Activities were compared amongtrains ofH. contortussusceptible (ISEand resistant to
anthelmintics (BR, WR, ISE).

It was found by HPLEMS analysis thaéex vivoH. contortusproduce four different
metabolites- phase lreduced flubendazgland phasél: reduced glucosylated flubendazole
and two glucosylatedflubendazole metabolites. Using tandenassspectrometry,it was
determined reduced flubendazole isioglsylated on newly formed hydroxgroup while
flubendazolas glucosylatedon both nitrogens in the benzimidazole structure.mdtabolites
were present in all strains amdboth, worm homogenate and medium. Resistant strains were

moreactivein metabolising than ISE strain.

During in vitro experimentsjt was found thaformation of reduced flubendazole is
mostly inhibited by menadione and partly byPZ€A, howevercarbonytreducing activity
towards menadione was not present in any strain. Cytosolic activities tow&@s 4nd
metyrapoe were present in all strains, but activity towards naloxone was present only in
ivermectin resistant WR and ISE& strains. Alspin vitro glucosylationof p-nitrophenol was
foundonly in resistant strain&lucosylationof reduced flubendazola vitro was foundin all

strains withresistant oneforming more glicosylatednetabolites.
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The metabolic pathways resistant strains di. contortusare more activeompared to
susceptible onand couldprotect helmintk from anthelmintic terapy. Resistantstrans are
fully capable of reducing flubendazole d@odming phasell glucosides.
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6.3. Insight and brief summary of information on novel

drug monepantel

Lecova, L., Psghalikc.hh itk &k a(Road. Monephantel: the most studied
new anthelmint drug of recent years. Parasitology 141,  1686-1698.
doi:10.1017/S00311820140014082014~2.560

This reviewis focused on monepantel, one of novel drugs against parasitic nematodes,
which wasthoroughly studied in last years. It brieflgescribesorigin o the drug and its
mechanisnof actionin comparisorto otheranthelmintics with similar effects. Next section is
focused on its toxicity, which i®und quitelow, and pharmacokinetistudies performed in
various animalg-urther paris focused on varimimetabolites produced in sheep as well as in
roundwormH. contortus It concludes most of the drug is metabolised via sulphoxidation and
in sheep it is conjugated with varioesdogenousubstrates. Next sectiaeals withefficacy
of monepantel orspectum of helminths and their life stagesjso, the possible use of
monepantel aanticancerdrugwith rather low toxicity isdiscussedinfluenceof monepantel
on nontarget organisms like various insects living on the pastures or even in sheép dung
mentianed as wellLast section discussesing resistance to monepantel in Australia and New

Zealandandproblemsof resistance and its preventionaashole.
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6.4.  Study of biotransformation enzymes and
biotransformation of benzimidazole anthelmintics in sheep

tapeworm (Moniezia expansa

Prchal, L., Bartikova, H. , Becanova, A., Jirasko,
Kubi cek, V., Lamka, J., Trejtnar, F. and Szo
anthelmintics and the activity of drugetabolizng enzymes in the tapewomoniezia
expansaParasitologyl42, 648659. doi:10.1017/S00311820140017F015=3.031

The studywasfocuseal on drug metabolism iasheep tapeworriloniezia expansand
its comparison with previous resultsafat tapewormHymenolepis diminutaThe study was
performedboth ex vivoandin vitro; tapeworms werebtainedfrom naturaly infectedsheep
Ex vivomeant cultivation ofapeworns with BZD anthelmintics(albendazole, mebendazole,
flubendazole)and subsequensearch for mebolites byLC-MS. In vitro, specific enzyme
activities towards range of substratesre determinedsingsubcellular fractionsbtainedby
centrifugationfrom tapeworm homogenateytosotlike, microsomesike and mitochondria
like fractions In vitro incubations with albendazole, flubendazole and mebendasoedone
as well Kinetic parameters wersayedfor production of reduced metabolites of mebendazole

and flubendazole.

In theex vivoexperimentsvl. expansahowed ability tdorm only oxidised oreduced
metabolitesuchas sulphoxide and sulphone of albendazole and carbonyl reduced mebendazole
and flubendazoleéNo conjugates as glycosides of albendazole or methylatidhgbendazole
were detectedcompared to previous works with parasitic heltmgnH. contortus and
H. diminuta All metaboliteswere proven in media anpavorm homogenate excegor
albendazole sulphone, which was found only inside the worm; it has to be effluxed in much
slower rate or not at all and it is stored ins&dd® o r mody. Inim vitro studies reductionf
anthelminticswas performed as expected @& cytosotlike fraction, while oxidation of
albendazole to sulphoxide was present in all fractions. Comparison of kinetic parasheters
M. expansawith H. diminutastudied prei ousl 'y showed sheep tapew
greater affinity (lower Kv value) towards mebendazole and are able to metabolise more
flubendazole(higher Vinaxvalue) The specific enzyme activities of different helminths are
summarized in Table 3; data for éiminutg H. contortusandD. dendriticurmare from previous
works (Cvilink et al, 2008a; b, Bt@A09R,01Bar t2ikhi29043)Vo k i & |
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Thetable is taken from the article and moreover includes dataflioke Fascioloides magna

which is going to be discussed below.

Table 3: Xenobiotic metabolisingnzymes and metabolites of anthelmintics in helminth

parasites
o D.
Enzyme/parent drug M. expansa H. diminuta H. contortus N F. magna
dendriticum

Peroxidase Cyt, Mic, Mit Cyt, Mic, Mit  Cyt, Mic, Mit  Cyt, Mic, Mit Cyt, Mic
Flavin monooxygenase - - n.d. n.d. Mic
Catalase Cyt, Mit Cyt, Mic, Mit  Cyt, Mic, Mit  Cyt, Mic, Mit Cyt, Mic
Superoxide dismutase Cyt, Mic, Mit Cyt, Mic, Mit  Cyt, Mic, Mit  Cyt, Mic, Mit -
Glutathione reductase Cyt, Mit - - Cyt, Mic -
Glutathioneperoxidase - - - - Cyt, Mic
Thioredoxin reductase Cyt, Mic, Mit - - Cyt, Mic -
Acenaphthenol dehydrogena:  Cyt, Mic, Mit Cyt Cyt Cyt Cyt, Mic
Menadione reductase Cyt, Mic, Mit Cyt - Cyt Cyt, Mic
4-PCA reductase Cyt Cyt, Mic, Cyt Cyt Cyt
Daunorubicine reductase Cyt Cyt Cyt, Mic, Mit - -
Metyrapone reductase n.d. n.d. Cyt Cyt Cyt
Oracin reductase - Cyt Mit, Cyt - -
UDP-glucosyl transferase Mic, Mit Mit Mic - Mit
UDP-glucuronosyl transferase  Cyt, Mic, Mit n.d. Cyt, Mic, Mit - Mit
Glutathione Sransferase Cyt, Mit Cyt Cyt Cyt Cyt
Albendazole sulphoxide Cyt, Mic, Mit, Ex n.d. Mic, Mit, Ex Mic, Mit, Ex  Cyt, Mic, Mit, Ex
Albendazole sulphone Ex n.d. Mic, Mit Mit n.d.
Albendazoleglucoside n.d. n.d. Ex - n.d.
Reduced melr@azole Cyt, Ex Cyt, Ex Cyt Cyt, Mic, Mit Cyt, Ex
Reduced flubendazole Cyt, Ex Cwt, Ex Cyt, Ex Cyt, Mic, Mit -
Flubendazolglucoside n.d. n.d. Ex - -
Methylatedreduced

n.d. Ex n.d. - -

flubendazole

Cwt, cytosoallike fraction; Mit, mitochondridike fraction; Mic, microsomegke fraction; Ex,ex vivqg n.d., not detected; not

tested

In M. expansaseverakarbonytreducingenzymes andntioxidantenzymegprotection

against oxidative stressre active Compared tdd. diminutg UDP-glucosyl tranterase and
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UDP-glucuronosyl transferase activities were determihetvever compared td1. contortus

no glucosidesf anthelmintics were found

Taken togethera sheep tapeworrhasavailable several ways how to lower the danger
of anthelmintic treatmentand is able to produce basic metabolites of benzimidazole

anthelmintics.
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6.5.  Study of biotransformation enzymes and
biotransformation of anthelmintics in giant liver fluke

(Fascioloides magnp
Prchal,L. , Vokfal, 1., KasSny, BdmkaRepPpsSko8kal bva,
L. and Sz (@Qalé Metabdlism oBdrugs and other xenobiotics in giant liver fluke
(Fascioloides magna Xenobiotica 46, 132-140. doi:10.3109/00498254.2015.1060370.
IF2015=1.723

This study isfocusel on metabolismof a giant liver fluke (Fascioloides magna
Thesamples werebtainedrom naturally infected fallow deefn ex vivostudy wagreceded
with preincubation period to let flukes get rid of excess blood, which could influence extractions
and analysis. Flukesere incubated witlBZD albendazole, mebendazole and triclabendazole
and salicylanilides closantel and rafoxanide, because these compouunsisadiseconstituents
of medicines used againgt. magna Closantel and rafoxanide were used in lower
concentratios comparedo benzimidazole drug®ecause of their toxicity for flukeb vitro
biotransformation study waperformed withBZD and specific activities of xenobiotic
metabolising enzymes were determinged microsomesdike and cytosclike subcellular
fractions A mitochondrialike subcellular fraction was prepares wel]l however due to
impurities probably from remaining digested blabdas unusable in enzyme activity studies
and was only used im vitro incubations Compared to previous work HPLC twiUV and

fluorimetric detection was replaced with UHPIMIS-MS analysis.

The obtainedresults of ex vivoincubations were disappointment, aknost none
metabolites were foundt Is known thatFasciola hepaticaoxidise triclabendazole up to
sulphone, inF. magnanone metabolitavas found;also, albendazole was oxidised only to
sulphoxide. Mebendazole was reduced on its carbonyl group like it was in previous studies in
various helminthsThere were no metabolites of closantel and rafoxanide found in flukes
media.ln vitro it was confirmed thateduced mebendazakeproduced in cytosdike fraction
and kinetic parameters for mebendazole reduction weéeendi@ed showing similar affinity as
in M. expansaut with much lower maximal velocity of reactionlb&ndazolewvasin vitro
metabolisednosty in a microsomal fraction compared &mitochondrialonein M. expansa
Enzymeactivitiesof F. magnafrom in vitro enzyme assays can be seen in TabMd@eover,

activities of sulfotransferase and quinone oxadluctasewere found in cytosol. Flavin
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monooxygenase activity wassofound still, asit was told it did notontribute to oxidation of

anthelmintics very much.

In conclusion it was found F. magna have enzymes capable of performing
biotransformation, dweveronly a few metabolites were actually formethis finding could
be promising for future therapy as triclabendazole resistance is oéesociated with

biotransformation and transport.
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6.6.  Analysis of albendazole and its oxided metabolites
levels insheep faeces and influence on free living stages of
bar ber 6s plaeme@chusaontortugand

germination of white mustard (Sinapis albg

Prchal, L,Podl i pna, R. , Lamka, J., Dédkova, T., S
T. and SR (@0e Allmendazple in environment: faecal concentrations in lambs and
impact on lower development stages of helminths and seed germiiati@@nmental science

and pollution research international23, 1301522. doi:10.1007/s1135616-64720.

IF2015=2.76

Veterinary anthelmintics represent riskttee environment as they may impact Ron
target organisms including plani&his study was focused on passage of albendazole through
sheepastrointestinal tract to faeces, wherecontortuseggs ardocatedand where larvae start
their developmentThis work representsort ofa shift to anthelmintieplant relations which is
nowadays studied iour research group. As we could not find faecal concentrations after
administration of albendazole to sheemvailable scientific literaturehis study wagproposed
and realizedLambs were treated with 10 mg per kgootly weight withalbendazole and then
the faeces were collectéd 1.5 h interval for the first 12 h and then ea@t until 72 h post
administration Samplesof faeceswvere then processed and analysed via UHPLC with tandem
mass spectrometry analysisooking for parent drug and its sulphoxide and sulphone.
Meanwhilea test for hatchingf susceptible ISE strain df. contortusandatest for larvae
development werecarriedoutin presence of albendazole and its sulphoxide in concentrations
found in faecesAlso, atestof influencing germination oBinapis albaseeds after exposure to
albendazole and its sulphoxide in different concentrations was done.

We were surprised how much albendazpéssedo the faecests concentratiomose
sharply til 12" hourpost administratiomnd then slowly decreasethe course of albendazole
sulphoxidewas very similar tahe parent drug, howeveulphoneconcentrationstarted to rise
slower and peaked in about 42 h post administration. Hatching and demelbpmentess
provedthere is very narrow window where worms or eggs adimact withsublethal doses
of anthelminticghat arecritical for resistance developnt. It may vary irpartially resistant
strains and also influences on the pasture can broademintiew. On the other hand
germination of white mustard was not affected by even highest tested concentrations.
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This study gave us information about pharolaeetics of albendazol® sheep after
oral administration andboutinfluence that it can have on lower sliving developmental
stages of parasites and plants in the environment.
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EXx vivo experiments
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7/ Summary

With a commercialuse of anthelminticsresistanceof helminthsto drugs started to
appear and became great problem. Drug metabolism and transportne of suspected
mechanismm of drug resistance developmenih my thesis, | focused omroadening
theknowledgeabout metabolism of anthelmintic drugsd other xenobioticen parasitic
helminths of different classesnd in their hosts The relationship beteen anthelmintics
metabolismandresistance developmentasstudied Several methods for UHPL®IS analysis

were introduced for #sestudes

In Haemonchus contortyszduction andjlycosylationof flubendazole were descrihed
Differences in these metalmlactivities were foundetween susceptible and anthelmintic
resistant strains athe parasite resistant strains hang higher activities and forming more
metabolites than susceptible onElsibendazole entsrand leavebody ofH. contortussolely

by passive diffusion angbarticipation of effluxtransporteiP-glycoprotein was excluded

Therecent information about novel anthelmintitilg monepantelvas summarisedn

the review article

In Moniezia expansaonly metabolites ofinthelmintics otiotransfamation phasel
were found Severalenzyme activities obiotransformation and antioxidaenzymes were
assayeds well The obtained results indicatd. expansas able to deactivate anthelmintics,
and thus protects itsedigainst their actiorF-ascioloices mangahowed veryjow metabolic
activities especially in oxidations compared dther helminths previously studie¥ery
interesting was inabilityof F. magnato deactivatetriclabendazoleand albendazole Only
reduced metabolite of mebendazole was fbum this parasiteF. magnapossesseower
xenobiotiemetabolizingsystemcomparedo other helminths

Pharmacokinetic studgf albendazole in sheep faeces showed there is doly ask
for transformingasusceptible strain ¢i. contortudo aresistat onewhen recommended doses
of anthelminticare usedOn the other hand, concentrationsfifendazolén faeces are so high
theymight affectnontarget soil invertebrates.
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