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Abstract

Flubendazole (FLBZ) is a broad-spectrum benzimidazole kmnititéc compound used in pigs,
poultry and humans. Its potential for parasite control in ruminantiegpes under
investigation. The objective of the work described here was tuifigehe main enzymatic
pathways involved in the hepatic and extra-hepatic biotransformatidtLBZ in sheep.
Microsomal and cytosolic fractions obtained from sheep liver doddenal mucosa
metabolised FLBZ into a reduced FLBZ metabolite (red- FLBHg keto-reduction of FLBZ
led to the prevalent (~98%) stereospecific formation of onatemaeric form of red-FLBZ.
The amounts of red-FLBZ formed in liver subcellular fractiovere 3 to 4-fold higher
(P<0.05) compared to those observed in duodenal subcellular fractioissolIservation
correlates with the higher (P<0.05) carbonyl-reductase (CBiRjtes measured in the liver
compared to the duodenal mucosa. No metabolic conversion was obs#wyeing FLBZ
or red-FLBZ incubation with sheep ruminal fluid. Sheep liverrosomes failed to convert
red-FLBZ into FLBZ. However, this metabolic reaction occuriadliver microsomes
prepared from phenobarbital-induced rats, which may indicajgoaltwome P450-mediated
oxidation of red-FLBZ. A NADPH-dependent CBR is proposed as the manymatic
system involved in the keto-reduction of FLBZ in sheep. CBRstsates such as menadione
and mebendazole (a non fluoride analogue of FLBZ), inhibited thes Iicrosomal
enzymatic reaction, which may confirm the involvement of aRC&nzyme in FLBZ
metabolism in sheep. This research is a further contributiathetounderstanding of the
metabolic fate of a promissory alternative compoundadiatiparasitic control in ruminant
species.

Keywords: flubendazole; anthelminsg biotransformation; microsomes; carbonyl reductase;

sheep.
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1. Introduction

Livestock animals are continuously exposed to a variety of xenobigéiots (i.e.: veterinary
drugs, feed-additives, pesticides, pollutants, etc.) dutirer production cycles. These
compounds are likely to be metabolised by different enzymatieragsfrom both hepatic and
extra-hepatic tissues. The metabolic activity of differphiise 1 and phase 2 xenobiotic
metabolising enzymes play a major role in determining thaespemse of therapeutically used
drugs in target species, which may additionally impose la tasthe consumers as a
consequence of the permanence of drug residue levels in edhlestidletabolic interactions
with such enzymatic systems may drastically affect thgodifon kinetics of different drugs
used in animal production, which will have a relevant impact be pattern of

drug/metabolites residues in tissues, a major concern for gndalith and consumer's safety.

Xenobiotic biotransformation takes place predominantly in ther, liséhough metabolic
activity is apparent in extra-hepatic tissues, such as theigdsstinal tract. In addition to its
primary role in the absorption of nutrients and water, the intes$ a major route of entry
into the body for many xenobiotics. The intestinal mucosa constitntabsorptive barrier in
the uptake of toxic compounds and/or orally administered therapfuticsdd drugs. In
addition, the gut mucosa has the ability to metabolise at gnember of xenobiotic

compounds by numerous pathways involving both phase 1 and phase 2 rg¢aftions

Ruminants nutritional physiology has been widely studied and a greatber of
investigations focused on the metabolic activity of the miierafpresent in the rumen (the
largest forestomach cavity in these species). Howevest rasearch has mainly examined the

fermentation of dietary components and much less attention has dgieen to the

3

Page 3 of 43



O©CO~NOOOTA~AWNPE

biotransformation of compounds without nutritional relevance [2]. Rumhiaaimals have a
symbiotic relationship with their ruminal microflora (bactenmotozoa and fungi) which
allows them to digest fibrous plant materials [3]. Anaeroloicd@ions predominate in the
ruminal environment and substrates are only partially oxidisediefidre, while oxidative

metabolism predominates in the liver and in the intestinal naycesiuctive and hydrolytic
reactions are of primary importance in the rumen. For instameninal microorganisms are
very active in reductive reactions of foreign compounds, partlgulanse containing -nitro

[4, 5] and -sulphoxide [6, 7] groups. Thus, drug metabolic procedseg fdace in the rumen

are particularly important in ruminant therapeutics.

Flubendazole (FLBZ), methyl ester of [5-(4-fluorobewl)-1H-benzimidalzol-2-yl]carbamic
acid, is a broad-spectrum benzimidazole (BZD) methylcarbam@uathelmintic available for
use in human and veterinary medicine. FLBZ is a fluoride dérevaf mebendazole (MBZ)
and is widely used for parasite control in pigs, chicken, turkegsgame birds. Unlike other
commonly used BZD anthelmintics such as albendazole (aliphdastitition at position -5)
and fenbendazole (aromatic substitution at position -5), MBZ and FldBAot contain a
sulphur atom at the same position. Instead, a ketone group isitpredsoth anthelmintic
molecules, which may have implications in their metabolic pattgthin the host. While
sulphur-containing BZDs are sequentially oxidised to their sulphoxidd sulphone
metabolites by both flavin-monooxygenase (FMO) and cytochrome P450 (B4%ns in
the liver [8 - 12], carbonyl reductases (CBRs) are thought asntie enzymatic system

involved in the metabolism of MBZ and FLBZ [13, 14].

Previous work carried out in our laboratory degsatilan integrated pharmacological assessment

of the disposition kinetics and the liver microsoimatransformation of FLBZ in sheep, as well
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as it's ex vivo diffusion through the tegument of testode parasit®loniezia benedeni [15].
The parent drug and its reduced (red-FLBZ) anddiyded (h-FLBZ) metabolites were found
in the bloodstream of FLBZ-treated sheep. In aoldjtsheep liver microsomes were able to
metabolise FLBZ into red-FLBZ. The proposed pattern for ZlbBotransformation is shown
in Figure 1. Considering the potential of FLBZ asraad-spectrum anthelmintic for use in
ruminant species, the work reported here was addrassegin further insight into the
identification of the specific metabolic pathways involved-ItBZ metabolism in the host.
The involvement of the ruminal microflora in either the reductiohyalrolysis of FLBZ was
also assessed. Overall, this research contributes to ah@sadhe patterns of hepatic and
extra-hepatic biotransformation of this anthelmintic drug ireph&hich may be considered

critical to optimise its pharmacological activity.

2. Material and methods

2.1. Reagents. Reference standards (99.5 % pure) of FLBZ and dsaed (red-FLBZ) and

hydrolyzed (h-FLBZ) metabolites were kindly provideg Janssen Animal Health (Beerse,
Belgium). Stock solutions (2.5 mM) of each molecwiere prepared in methanol (Baker Inc.,
Phillipsburg, USA). Albendazole sulphoxide (ABZSO3ed as internal standawas provided

by Schering Plough (Kenilworth, New Jersey, USA). Bhanbital (PB) was purchased from
J anvier (Buenos Aires, Argentina). Mebendazole (yBiiercetin (QRC), menadione (MEN),
warfarin (WRF), piperonyl butoxide (PBO), chlorpheniiae maleate salt, oleandomycin
triacetate, aminopyrine, nicotinamide adenine dentile phosphate (NADP+) and trypsin
inhibitor (Type II-S: soybean) were purchased fromgn&i-Aldrich Chemical Company (St.

Louis, USA). Glucose-6-phosphate and glucose-6-platsptiehydrogenase were purchased
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from Roche Applied Science (Buenos Aires, Argentiiaythromycin was obtained from the
local market (Parafarm, Buenos Aires, Argentina)e T$olvents used for the chemical
extraction and chromatographic analysis were HPt&tig (Baker Inc., Phillipsburg, USA).
Buffer salts (KCI, NaHC@ NaHPQ,, NaHPO,, K;HPQ,, KH,PO, and CHCOONH,) were

purchased from Baker Inc. (Phillipsburg, USA).

2.2. Animals: Five (5) healthy Corriedale x Merino cross-breed rams saaficed to obtain
samples of liver parenchyma and duodenal mucosa for preparatibe aficrosomal and
cytosolic fractions. Ruminal fluid was collected from threeg@)mals. Sheep were fed with

high quality lucerne hay and water ad libitum.

Eight (8) female rats (280-310 g) were randomly allocated im éwperimental groups
(control and PB-induced) of four (4) animals each other. Bothraoahd PB-treated rats
received food and water ad libitum. Drinking water in PBtaganimals was supplied with
the drug (1 mg/mL) during 1 week. The average dose of PB astarienl (68 mg/kg of body
weight) was estimated by recording the quantity of water indgstr day. Animal procedures
and management protocols were carried out according to the AnWe#hre Policy
(Academic Council Resolution 087/02) of the Faculty of Veterinagdigine, Universidad
Nacional del Centro de la Provincia de Buenos Aires (UNCPBRNdil, Argentina

(http://www.vet.unicen.edu.ar). Animals were stunned and exsanguinated immediately in

agreement with these institutional and internationalbepted animal welfare guidelines [16].

2.3. Preparation of subcellular fractions. These procedures were adapted from the

methodology described by Nebbia et al., (2003) [17]. After seerifthe abdomen was

opened and the liver (sheep and rats) was removed. Savgresinsed with ice-cold KCI
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1.15 % and then stored in aluminium foils, chilled in ice and trangptotihe laboratory. All
subsequent operations were performed between 0 &@d diver samples (8 g) from each

experimental animal were cut into small pieces with scissors

Segments (40-50 cm) of sheep duodenum were also obtained. The gut ewag discarded
and the segment was opened through a longitudinal incision. Themuttesa was washed
with ice-cold KCI 1.15 %, blotted dry and thereafter scraped usimicroscope glass slide.
All samples were transported to the laboratory in iced cold homaiemzbuffer (0.1 M
potassium phosphate, pH 7.4, 0.1 M Tris acetate, 0.1M KCI, HBWA, 18 uM butylated

hydroxytoluene, and 1 mg/mL trypsin inhibitor) at@.

Microsomal and cytosolic fractions from both liver and intestisslues were isolated by
differential ultracentrifugation. Tissue samples were higid and homogenised using a
Potter-Elvenjem tool (four to six passes) with two volumes@tild homogenisation buffer.
Homogenates were filtered through a hydrophilic gauze, éaeged at 10 00@ for 20 min
and the resulting supernatant at 100 @Ofor 65 min. Aliquots of supernatants (cytosolic
fractions) were frozen in liquid nitrogen an stored at 2 0Pellets (microsomal preparations
from both tissues) were suspended in a 0.1 M potassium phobpiffete(containing 0.1 mM
of EDTA and 20 % of glycerol), frozen in liquid nitrogen and stored?@fC until used for
incubation assays. An aliquot of each subcellular fraction wad ts determine protein

content using bovine serum albumin as a control standard [18].

2.4. Determination of carbonyl reductase (CBR) activities. CBR activities were measured
in liver and duodenal subcellular fractions by incubating MEN\ asibstrate and recording

the consumption (oxidation) of NADPH at 37 °C in a spectrofluorophotoniStemadzu
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Corporation, Kyoto, Japan, RF-5301PC) at an excitation agth of 380 nm and a
maximum of emission wavelength of 460 nm. Briefly, each subcelftd&tion was pre-
incubated at 37 °C over 5 min and then the NADPH disappearancenavatored for 5
minutes in presence of MEN at an acquisition rate of 1 readirsg/@ihds. Typical reaction
mixtures performed for determination of the kinetic paramétgrsand Vinay contained: 250
MM NADPH, 0.75 mg of liver microsomal protein, 0.1 M potassiphosphate buffer (pH
7.4) and variable concentrations of MEN (62.5 to 1000 in a final volume of 3 mL.
Comparative CBR activities in cytosolic and microsomaltioas from liver and duodenal
mucosa were performed using 5 MEN. Inhibition studies of CBR activity in liver
microsomes were carried out by incubation of &% MEN in presence of quercetin (20

pM). All metabolic reactions started with the additiontw# specific substrate.

2.5. Enzyme assaysin liver and duodenal microsomal and cytosolic fractions: FLBZ keto-
reductase enzymatic biotransformation was assessed in eaddlludabdraction by the
amount of red-FLBZ formed in the presence of a NADPH geingralystem. Incubations
using red-FLBZ as substrate were also carried out in fvierosomes. A typical reaction
mixture contained (in a final volume of 0.5 mL): phosphate buffeM (pH 7.4), 0.5 mg of
microsomal or cytosolic protein diluted in 50 pL of the same buNM&DPH-generating
system (NADP 0.32 mM, glucose-6-phosphate 6.4 mM, Mg&ImM, EDTA 0.8 mM and
1.25 U of glucose-6-phosphate dehydrogenase irpphate buffer) and 40 uM of FLBZ or red-
FLBZ dissolved in 10 pL methanol. All incubation mixtures werevedld to equilibrate (5
min at 37°C) and the reaction started with the addition of the NADPH-g&ngraystem.
Incubations (15 or 30 min at 3C) were carried out in polypropylene vials in an oscillating

water bath under aerobic conditions.
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The biotransformation of FLBZ in sheep liver microsomes was &lsioesl in the presence of
MEN and WRF (known CBR substrates), mebendazole (MBZ, a non fluandmgue of
FLBZ) and piperonyl butoxide (PBO, known as a P450 inhibitor). Micros@megarations
containing MEN (40, 80 and 160 pM), WAR (40, 80 and 160 pM), MBZ (40 pivBBO
(100 and 200 uM) were pre-incubated (5 min at 37 °C) in the presendd3af(B0 uM).
Then, each reaction was initiated by the addition of the NAIQPkerating system. MEN and
WRF were dissolved in 0.1 M phosphate buffer; while MBZ and PR@wlissolved in 10

L of methanol (parallel control tubes contained the same vabditiie solvent).

Blank samples, containing all components of the reaction reixéxcept the NADPH-
generating system, were also incubated under the same condliws® incubations were
used as controls for possible non enzymatic drug conversion. Alloeadtiere stopped by

the addition of 0.2 mL of acetonitrile and stored at*QQuntil analysis.

2.6. Cytochrome P450-mediated demethylase activities in rat liver microsomes. The
response to PB treatment was assessed by the quantification ofdépEstlent N-
demethylase activities towards several substrates, whicbhmans and in other laboratory or
livestock animal species [17, 19] are believed to be markerthe expression of different
P450 forms (CYPs), based on molecular models of mammalagmes [20]. Thus,
oleandomycin triacetate and erythromycin were selectedCdB3A substrates, whilst
aminopyrine and chlorfeniramine were markers of CYP2C-atedi activity. All enzyme
activities were determined by aerobic incubations under conditieiding zero order rates
with respect to cofactor and substrate concentrations and ensuriagtyirveth respect to

time and protein concentrations. Oxidative P450-dependent N-dentigtydativities toward
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oleandomycin triacetate (0.3 mM), erythromycin (1 mM), rapyrine (5 mM) and

chlorfeniramine (1mM) were assayed using the NADPH-generaystem and 1 mg of
microsomal protein. After a suitable incubation time, reactiwaee quenched with chilled
trichloroacetic acid (10 %, w/v) and, after centrifugatione tamount of the released
formaldehyde was determined fluorometrically on an aliquot of bar supernatant with
Nash’s reagent as detailed by Werringloer, (1978) [21]. Incubatibtise same substrates

with liver microsomes from untreated rats were used asaient

2.7. Incubation assays with sheep ruminal fluid: Aliquots (1.96 mL) of sheep ruminal fluid
were incubated under anaerobic conditions with 40gilALBZ or red-FLBZ during 15, 30 and
60 min following previously described procedures][lBcubations containing 40 uM of
ABZSO were used as positive controls since thisemoeé is extensively reduced by the ruminal

fluid under in vitro conditions [22].

2.8. Drug/metabalites extraction: Twenty (20) uL of the internal standard (IS) ABZ&50
nmol/mL) were added to the inactivated microsonracytosolic incubation mixture. Then,
samples were mixed with 2 mL acetonitrile, vortexeding 20 min and centrifuged at 4080
for 15 min at 10 °C. The supernatant was recovered and ei&bdcadryness using an
Automatic Environmental Speed Vac System (Savaoihridok, USA). The dry residue was re-

dissolved in 40 % acetonitrile in water and 50 perevinjected into the HPLC system.

Drug/metabolites physico-chemical extraction fromminal fluid samples was performed

following previously reported procedures [12].
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2.9. Chromatographic analysis. Samples were analysed for ABZSO (IS), FLBZ, re@®Eland
h-FLBZ by HPLC. Fifty microlitres (50 uL) of eachtexcted sample were injected through an
autosampler (Shimadzu SIL-10 A Automatic Samplecboyg into a Shimadzu 10 A HPLC
system (Shimadzu Corporation, Kyoto, Japan) fittét a Selectosil ¢ (5 pm, 250 mm x 4.60
mm) reverse-phase column (Phenomenex, CA, USA) andlélector (Shimadzu, SPD-10A
UV detector) reading at 292 nm. The mobile phase (4@%0) acetonitriie/ammonium acetate
(0.025 M, pH 5.3). The analytes were identified witle retention times of pure reference
standards. Chromatographic peak areas of the analytes veasumad using the integrator

software (LCsolution, Shimadzu Corporation, Kyotpah) of the HPLC system.

The red-FLBZ chromatographic peak fractions were collectedangtass tube by using a
fraction collector (FRC-10A Shimadzu Corporation, Kyotapah). The collected fractions
were evaporated to dryness and redissolved with 28@@panol in water. Fifty microlitres (50
pL) of each sample were injected into the HPLC sydiietled with a chiral stationary phase
column (5 um, 100 mm x 4.0 mm) (Chiral-AGP columnyd@hTech, Hagersten, Sweden). This
chiral chromatographic method was adapted from #hadelogy described previously for the
chiral separation of ABZSO [23]. Reduced FLBZ ermaners were identified after the
chromatographic analysis of a pure racemic stanafaedich molecule. The relative proportions

(%) of each antipode were obtained using the iategsoftware of the HPLC system.

2.10. Drugs/metabalites quantification: Validation of the analytical procedures for exti@t

and guantification of FLBZ and their metabolitesswrerformed before starting the analysis of
the experimental samples from the incubation triKilsown amounts of each analyte (2-60
nmol/mL) were added to aliquots of boiled (inactaht microsomal preparations and ruminal

fluid samples. The fortified samples were extractetli analysed by HPLC (triplicate
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determinations) to obtain calibration curves andgmaages of recovery. Calibration curves were
prepared using the least squares linear regressialysis (Instat 3.00, Graph Pad Software,
Inc., San Diego, USA) of HPLC peak area ratios of deslynternal standard and nominal
concentrations of spiked samples. A lack-of-fit tgas also carried out to confirm the linearity
of the regression line of each analyte. The conagoms in the experimental samples were
determined following interpolation of peak areaamtof analytes/internal standard into the
standard curves. Absolute recoveries were establibly comparison of the detector responses
(peak areas) obtained for spiked microsomal sanBlel) and 20 nmol/mL) and those of direct
standards prepared in mobile phase. The correlatiofficterts, percentages of recovery,
precision and accuracy values determined for FLBZ and red-FLBiZeinmicrosomes and

ruminal fluid are summarized in Table 1.

2.11. Data and statistical analysis: The reported data are expressed as mean = SD. Metabolic
rates are expressed in nmol of metabolic products formed pemgiof microsomal or
cytosolic protein (nmol/min.mg). Statistical comparisons wexeied out using the Instat
3.00 software (Graph Pad Software, Inc., San Diego, USA)aldét rates were compared
using Student-test except for inhibition experiments of FLBZ metabolisntevANOVA

was the selected statistical test. A value of P<0.Gbomasidered statistically significant.

3. Reaults

3.1. Characterization of CBR activitiesin liver and duodenal subcellular fractions: The

time-dependent oxidation of NADPH was monitored fluorometricalling MEN as a

specific CBR substrate. The Eadie-Hofstee plot of CBR ifictin sheep liver microsomes

and the mean K and \hax values of the metabolic reaction are shown in Figure 2. The
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enzyme contained in the liver microsomal fraction shows &moe-site Michaelis—Menten
kinetics. The K, and \hnhax values ranged from 131.7 to 2681 and 68.26 to 80.95
nmol/min.mg, respectively. Quercetin (20 pM) inhibited (35.7 %@ (CBR-mediated

microsomal keto-reduction of 125 uM MEN (Figure 2) in sheep.live

The CBR-mediated activity in microsomal and cytosolic foadiobtained from sheep liver
and duodenal mucosa is shown in Table 2. Hepatic metabolic iastivitere 4.3-fold
(microsomes) and 3.4-fold (cytosolic fraction) higher (P<0.05) thase measured in the

duodenal mucosa.

3.2. Hepatic and extra-hepatic biotransformation of FLBZ: The viability and metabolic
capacity of the ruminal microflora was corroborated following ith@ibation of ABZSO

under anaerobic conditions. These metabolic assays were used as pusitrols, where
ruminal fluid was able to sulphoreduce ABZSO into ABZ. After 60 mnicubation, the

amount of ABZ formed represented 54.6 = 6.18 % of the totayimsatecovered from the
incubation mixture. Both FLBZ and red-FLBZ were metabolicatgble in ruminal content
under the same incubation conditions. No metabolic conversion anefmiceth degradation

were observed following FLBZ or red-FLBZ incubation witlesp ruminal fluid (Figure 3).

Flubendazole (4@M) was incubated (30 min at 37° C) with the cytosolic and micrasom
fractions obtained from sheep liver and duodenal mucosa. Both suliciHetzons of each
tissue were capable to convert FLBZ into red-FLBZ (FigtireThe production of the FLBZ
hydrolysed metabolite (h-FLBZ) was not observed under these expéaingenditions. The
amount of red-FLBZ production ranged from 4 to 12.7 nmol/mg (lmerosomes) and 6.86

to 14.6 nmol/mg (liver cytosolic fraction). The amounts of re@®ELformed in liver
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subcellular fractions were 3-fold (microsomes) and 4-foldogfic fraction) higher (P<0.05)
compared to that observed in duodenal subcellular fractions.obs&rvation is consistent
with the higher CBR activities measured in the liver compavetthdse observed in the gut

mucosal tissue (see Table 2).

Representative chromatograms obtained following the chiral atographic analysis of red-
FLBZ are shown in Figure 5. Two enantiomeric forms were cotiete after the
chromatographic analysis of a racemic standard of red-FERZIe 5A). The keto-reduction
of the pro-chiral FLBZ led to the prevalent (~98%) sterecifipeproduction of one red-
FLBZ enantiomeric form (RT = 7.4 — 7.6 min) in both liver suhdat fractions (Figure 5B

and 5C).

Sheep liver microsomes failed to oxidise red-FLBZ into FLBZhi& presence of NADPH.
However, a NADPH-dependent oxidation produced FLBZ (0.40 £ 0.09 nmol/otgimy
from red-FLBZ in rat liver microsomes. Therefore, chanaza¢ion of the enzymatic pathway
involved on red-FLBZ oxidation was performed in rat liver mioross. The effect of PB
chronic administration on CYP2C and CYP3A-mediated N-demethyldsd&tias measured
in rat liver microsomes are shown in Table 3. These metahdivities were 2.3 to 3.6-fold
higher in PB-induced compared to control rats. Consistently, kB&Fxidation to FLBZ
resulted 8.6-fold higher in PB-induced compared to control liveramienes, while this

metabolic reaction was inhibited (84 %) in the presence G PlRble 4).

3.3. Modulation of FLBZ keto-reduction in theliver: The effects of MEN, WRF, MBZ and
PBO on the liver microsomal keto-reduction of FLBZ are showkignre 6. The presence of

40 uM MEN in the incubation medium led to a 33.3 % inhibition of FLBZ ketduction

14

Page 14 of 43



O©CO~NOOOTA~AWNPE

compared to control assays. Higher concentrations of MEN see&mhence the inhibitory
effect. WRF did not inhibit the production of red-FLBZ. A sigedifint inhibition of FLBZ
reduction was also observed in the presence ofjubb0®/BZ (46.8 %) and 100 and 2QM

PBO (56.1 — 57.7 %, respectively).

4. Discussion

The BZD anthelmintics require extensive hepatic oxidative Inaditan to achieve sufficient
polarity for excretion [24]. Their metabolic pattern and the testl pharmacokinetic
behavior are relevant in the attainment of high and sustainedemations of
pharmacologically active drug/metabolites at the targesparg25]. An integrated assessment
of the pharmacological properties of FLBZ and itéeptial development for use in sheep was
previously undertaken in our laboratory [15]. A dlei follow up study addressed to identify
the metabolic pathways implicated on the extensive FLBZ boé$an in sheep is described

here.

The metabolic fate of FLBZ was studied in microsomal and olrtosubcellular fractions
obtained from liver and duodenal mucosa of adult male sheep. Butblkilar fractions were
able to convert FLBZ into red-FLBZ. Similarly, the keto-retion of FLBZ led to the
production of the reduced metabolite in both cytosolic and microsometidins obtained
from liver tissue and intestinal mucosa of pigs and pheasddfs Following FLBZ
administration to sheep, red-FLBZ was the main metabglited in the systemic circulation.
An efficient first-pass metabolism of FLBZ after itssgaintestinal absorption accounted for
the early detection of red-FLBZ in the bloodstrdas]. The results presented here confirm that

FLBZ reduction both in the duodenal mucosa andha liver parenchyma contribute to the
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observed pre-systemic metabolism of FLBZ. Convgrseminal fluid failed to reduce FLBZ,
which discards the involvement of the rumen microflora as a sofine-FLBZ prior to its
gastrointestinal absorption (see Figure 3). Thiglifig is opposed to that shown for other
sulphur-containing BZD anthelmintics, such as aflaeole sulphoxide and oxfendazole, which

are sulphoreduced to their respective thioetheitseeimumen [22, 26].

CBRs belong to a class of oxidoreductase proteins enclosed withiantilg 6f short chain
dehydrogenases/reductases. They are ubiquitous in nature and damliedDPH-mediated
reduction of a large number of biologically and pharmacologieallive substrates, including
a variety of endogenous and xenobiotic carbonyl compounds. Generallys @RRce
aldehyde and ketone groups of many endo- and xenobiotics such as prostagtaadiins,
biogenic amines, and quinones [27]. Considering that CBRs melateduction of many
compounds with a ketone group (including FLBZ), this enzymaticigctiv both liver and
duodenal mucosa from sheep was characterised here. The rat8HN\oxidation in the
presence of the substrate MEN is a good marker of CBRitact28]. Both cytosolic and
microsomal fractions obtained from sheep liver and duodenal mucosed CBR-mediated
reduction of MEN. A typical Michaelis—Menten kinetics claegised the CBR activity in the
hepatic microsomal fraction (see Figure 2). In addition, mdtahotivities measured in liver
subcellular fractions were 3.4 to 4.3-fold higher compared to thosenau in duodenal
mucosa subcellular fractions (see Table 2). These resulis ageeement with a 3 to 4-fold
higher metabolic reduction of FLBZ in the liver compared to gdbe mucosal tissue (see
Figure 4). A higher ability for FLBZ reduction was previouslyetyed in the liver compared
to the small intestine in both pigs and pheasants [14]. Altogétiese observations may
indicate that CBR-mediated reduction is the major pathway ingolwe FLBZ

biotransformation in these animal species.
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Enantioselectivity of metabolic products occurs when chiralabwdites are generated
differentially (in qualitative or quantitative terms) fronsiagle achiral compound through the
activity of any xenobiotic metabolising enzyme [29]. The CBR-miedi reduction of
haloperidol led to the predominant productiorSg) reduced haloperidol in human liver and
brain microsomes, which was also the main enantiomer recovenadne [30]. Similarly,
product enantioselectivity was also described for the CBR-neediakduction of
propiophenone in rats and rabbits, and idarubicin in various animal spexehumans [31,
32]. The current work showed that the reduction of FLBZ led he predominant
stereospecific production of one enantiomeric form of red-FuB&er subcellular fractions,
which had the largest retention time during the chiral chromepbgr analysis (see Figure 5).
Unfortunately, the analytical methodology necessary to discaiimibetween both red-FLBZ
enantiomers is not currently available in our laboratory. Howeber,(+) red-FLBZ was
characterised as the main enantiomeric form produced from FLEMg#[14]. Based on
these observations made in pigs, a close phylogenetical-relatdss(@@tiodactyla order), it
is possible to speculate that metabolic activity of liver €Bikay produced the (+) red-FLBZ

in sheep.

As it was explained above, red-FLBZ is the main metabolic prddutied from FLBZ both
in vitro and in vivo. Conversely, the hydrolysis of FLBZ was nbserved under these
experimental conditions in both liver and intestinal subcellulagtibras. In addition, this
metabolic reaction did not occur following FLBZ nor red-FLBZ indidra with sheep
ruminal fluid. Many other tissues of minor relevance for xenabiotetabolism, such as

blood, lung parenchyma and kidneys, may be involved in the hydrolysieB¥# kb vivo,
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which could account for the detection of traces of h-FLBZ in gstemic circulation of

FLBZ-treated sheep [15].

Reduced metabolites formed in a CBR-mediated reaction mayxibesed back to their
precursor by the P450 enzymatic system. For instance, it feas ¢b@own that reduced
haloperidol is oxidised to haloperidol by CYP2D6 and other P450 isofarrhnaman liver
microsomes [33]. Based in such observation, it was hypothesisethéh&450 system is
involved on red-FLBZ oxidation in sheep liver. However, sheep lnerosomes failed to
convert red-FLBZ into FLBZ in the presence of NADPH. Conelstsa NADPH-dependent
oxidation of red-FLBZ was observed in rat liver microsomes. ;Thosiplementary assays
were carried out to establish whether the P450 system is invoivediiFLBZ oxidation in
rat liver. PB is a well-known inducer of several P450 isoforngduding CYP2B, 2C and 3A
[34]. Thus, more than 2.3-fold increments on CYP2C and CYP3A-neediatetabolic
activities were observed in the liver of PB-induced rats (sd#e 3). These findings agree
with previous reported data showing that PB induced the expressioheaactivities of these
P450 isoforms [34 - 36]. In addition to the observed P450 induction, the oxidztired-
FLBZ to FLBZ resulted 8.6-fold higher in PB-induced comparedcemtrol rat liver
microsomes. Piperonyl butoxide, a well known P450 inhibitor, decreased)(84d%LBZ
oxidation in liver microsomes from PB-induced rats. Although this oxiglgpathway for red-
FLBZ is absent in sheep liver, the observations obtained imathafter both induction and
inhibition experiments, may confirm the involvement of the P450 systethis metabolic

reaction.

Interference with the liver oxidative metabolism has reslith pronounced modifications to

the pharmacokinetic behaviour of BZD parent drugs or their antetbolites. It has been
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shown that co-administration of sulphur-containing BZDs with known FBKPor P450 [38,
39] metabolic inhibitors enhance the plasma availabilities of gheent drug or its
metabolites. The higher plasma levels of anthelminticaitiv@a molecules may prolong the
plasma-tissue recycling process and increase their concemsratithe most important tissues
of parasite location [25], which may improve the clinical effi¢ of the administered
compound as a result of higher levels of active drug/metabdidesy presented to the
parasite for longer periods of time. It is well known that bictfamation of BZD
anthelmintics leads to more polar and less active metabdlitdact, in terms of parasite
uptake [40, 41] and mode of action (binding to nematode tubulin) [42halent drugs (such
as FLBZ) are more efficient than their respective mgites. Although there is not
information available on the anthelmintic activity of red-FLBZis metabolite is supposed to
be less potent (or may be inactive) compared to the parent Thiagefore, CBR-mediated
FLBZ metabolism may give rise to a considerable reduction oaniiselmintic efficacy.
Among the CBR substrates tested, MEN and MBZ inhibited FLB&-keduction in sheep
liver microsomes (see Figure 7), which may also confirminhelvement of this enzymatic
system on the production of red-FLBZ in sheep liver. Although FB&nown as a P450
inhibitor, this compound also reduced the formation of red-FLBZ. fiilntbng may indicate
that CBRs are also target enzymes for PBO. Interestiatilgr enzymes such as non-specific
esterases are also inhibited by PBO [43]. It is importantriphasise that this metabolic
inhibitor is widely used to improve the efficacy of some ectgpcade compounds such as
pyrethroids and rotenone [44, 45]. Despite of the selected inhillilomodulation of FLBZ
metabolism under in vivo conditions should be considered as a usefubtooprove its
systemic availability and clinical anthelmintic efficaitysheep as well as in other livestock

species.
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In conclusion, the hepatic and extra-hepatic metabolic fateFld3Z in sheep was
characterised in this work for the first time. CBR actgtmeasured in liver microsomal and
cytosolic fractions were higher compared to those observed in botlellsidrcfractions
obtained from the duodenal mucosa. This finding correlates wétthitther FLBZ ketone-
reduction observed in the liver compared to the small intéstmaosa. The reduction of
FLBZ in sheep liver was enantioselective, presumably to+hee@-FLBZ. While the P450-
mediated oxidation of red-FLBZ into FLBZ was observed in ratrlimicrosomes, this
metabolic pathway is absent in sheep liver. MEN, MBZ and PB®iiteli FLBZ reduction in
sheep liver microsomes. These metabolic interferences obsemnvi should be considered
as a useful tool to improve FLBZ systemic availability affcc&y. The research reported
here is a further contribution to the understanding of the metafadécof a promissory
anthelmintic drug to be used for parasite control in ruminantsar@iegs the relevance of the
specific drug substrate investigated here, the metabolic appfolowed in this work is
useful to be applied to assess the unknown pattern of biotransfornatetafge number of

xenobiotic compounds of pharmaco-toxicological relevance.
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Table 1: Validation parameters determined for the chromatographic analyflistoendazole

(FLBZ) and its reduced metabolite (red-FLBZ) in liver rogomes and ruminal fluid.

Liver microsomes Ruminal fluid
Validation FLBZ red-FLBZ FLBZ red-FLBZ
parameters
r 0.999 0.998 0.999 0.999
Recovery (%) 80.5-89.7 79.7-84.5 93.6-99.9 92.2-98.2
Precision (CV) 1.58-6.61 2.69-8.11 5.21-8.30 3.47-9.10
Accuracy (%) 0.15-8.10 0.10-9.59 0.39-11.0 0.09-11.8

Calibration curves were prepared by processing inactivated minedsand rumianl fluid

samples fortified with each analyte (3 replicates for eachertration). Recovery, precision

and accuracy were evaluated by processing replicates (n &F4B&f and red-FLBZ in each
biological sample at 5, 10 y 20 nmol/mL. r, correlation coeffiti CV, coefficient of

variation.

28

Page 28 of 43



O©CO~NOOOTA~AWNPE

Table 2: Carbonyl reductase (CBR) activities measured in microsandhtytosolic fractions

obtained from sheep liver and duodenal mucosa.

Liver Duodenal mucosa
Microsomal Cytosolic Microsomal Cytosolic
fraction fraction fraction fraction
CBRactivity 5581462 (*) 39.9+9.44(*)  12.1+2.09 11.7 +3.94

(nmol/min.mg)

Metabolic activities (nmol/min.mg of protein) were measuredgusienadione (50QM) as a
substrate and monitoring the oxidation rate of NADPH (see Mateaial Methods). Data are
expressed as mean = SD (n = 5 animals). (*): Mean valuesgaiécantly different (P<0.05)

compared to those measured in the same subcellular frérctiorihe duodenal mucosa.
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Table 3: Comparative N-demethylase activities measured in liverasomes obtained from

control and phenobarbital (PB) induced rats.

CYP subfamily Enzyme activity Control PB-induced
2C aminopyrine 11.6 + 1.92 27.0 + 4.30
N-demethylase (P =0.001)

2C chlorpheniramine 6.22 + 2.34 15.7 + 4.46
N-demethylase (P =0.009)

3A oleandomycin-triacetate 0.98 + 0.36 3.51+1.09
N-demethylase (P =0.020)

3A erythromycin 0.92 + 0.45 212 +1.17
N-demethylase (P =0.106)

Enzymatic activities (mean = SD) are expressed in nmoloohaldehyde released per

min.mg of microsomal protein (n = 4 animals). P values oldaiaier the statistical

comparison (Studemitest) between both experimental groups are shown in brackets.

30

Page 30 of 43



O©CO~NOOOTA~AWNPE

Table 4: In vitro oxidation of reduced flubendazole (red-FLBZ) into flubemdatFLBZ) by

control and phenobarbital (PB) induced rat liver microsomes.

PB-induced microsomes?

Control PB-induced Control Incubations with
microsomes  microsomes incubations PBO 100 pM
FLBZ % 100 861 + 315 (**) 100 15.8 £7.41 (**)

& Effect of the cytochrome P450 inhibitor, piperonyl butoxide (PBOYeohFLBZ oxidation

by PB-induced rat liver microsomes. Mean = SD values (n = dhag) are expressed as

percentage of FLBZ formed with respect to their respeciontrols (equal to 100 %).

(*): Significantly different (P<0.01) compared to control.
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Figure legends

Fig. 1. Proposed pattern of flubendazole (FLBZ) biotransformation.

Fig. 2. Eadie-Hofstee plot and Michaelis-Menten constants of carba@udctase (CBR)
activity in ovine liver microsomes. The inhibitory effectaqufercetin is shown in the inserted
table. Km (uM): substrate concentration giving half-maxingbeity. Vmax (nmol/min.mg):
maximal velocity of the metabolic reaction. Data are esggd as mean = SD (n = 5 animals).
(*): The mean value is significantly different (P<0.05) comgatee that obtained in control

incubations without quercetin.

Fig. 3. Metabolic stability of flubendazole (FLBZ) and reduced flubendaZotd-FLBZ)
observed after their incubation (between 15 and 60 min) with shedpatufiuid under
anaerobic conditions. The results are expressed as the percehtagdanged parent drug
recovered from the incubation medium compared with those dednin metabolically
inactive (boiled) ruminal fluid (control incubations). Data (mearSR) were obtained
following FLBZ or red-FLBZ incubations with ruminal fluid obtainéfdm 3 animals. The
insert shows typical chromatograms obtained following the anabjsisfortified (blank)
ruminal fluid sample (left panel), FLBZ-added (inactivated) inahfluid sample (middle

panel) and FLBZ incubated in experimental metabolicallwactiminal fluid (right panel).

32

Page 32 of 43



O©CO~NOOOTA~AWNPE

Fig. 4. Comparative biotransformation of flubendazole (FLBZ) by micradasnd cytosolic
fractions obtained from sheep liver and duodenal mucosa. The iniBa Eancentration was
40 uM. Data (mean + SD) are expressed in nmol of red-FLBZngeiof microsomal or
cytosolic protein (n = 4 animals). (*): Mean values are sigaifily different (P<0.05)

compared to those obtained in the same subcellular frdobionthe duodenal mucosa.

Fig. 5. Representative chromatograms obtained after the chiral ctogimphic analysis of a
racemic standard of reduced flubendazole (red-FLBZ) (A) and iexgetal samples obtained
after the incubation of flubendazole (FLBZ) with sheep lieygosolic (B) and microsomal

(C) fractions.

Fig. 6. Effects of menadione (MEN), warfarin (WRF), mebendazol®&{Mand piperonyl
butoxide (PBO) on the biotransformation of flubendazole (FLBZ) bysheer microsomes.
The initial FLBZ concentration was 40 uM. Data (mean + &i2)expressed in nmol of red-
FLBZ formed per min per mg of microsomal protein (n = 5 animd#gan values are

significantly different from control incubations at (*) P<0.05 &g P<0.01.
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Fig. 1
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Figure

Fig. 2
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Fig. 3
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Fig. 4
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Figure

Fig. 6
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Table

Table 1: Validation parameters determined for the chromatographic analysis of

flubendazole (FLBZ) and its reduced metabolite (red-FLBZ) in liver microsomes and

ruminal fluid.

Liver microsomes

Ruminal fluid

Validation FLBZ red-FLBZ FLBZ red-FLBZ
parameters
r 0.999 0.998 0.999 0.999
Recovery (%)  80.5-89.7 79.7-84.5 93.6-99.9 92.2-98.2
Precision (CV)  1.58-6.61 2.69-8.11 5.21-8.30 3.47-9.10
0.10-9.59 0.39-11.0 0.09-11.8

Accuracy (%) 0.15-8.10

Calibration curves were prepared by processing inactivated microsomal and rumianl

fluid samples fortified with each analyte (3 replicates for each concentration). Recovery,

precision and accuracy were evaluated by processing replicates (n = 4) of FLBZ and

red-FLBZ in each biological sample at 5, 10 y 20 nmol/mL. r, correlation coefficient;

CV, coefficient of variation.
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Table 2: Carbonyl reductase (CBR) activities measured in microsomal and cytosolic

fractions obtained from sheep liver and duodenal mucosa.

Liver Duodenal mucosa
Microsomal Cytosolic Microsomal Cytosolic
fraction fraction fraction fraction
CBRactivity 5y g, 460 (%) 399+944(*)  12.1+2.09 11.7+3.94

(nmol/min.mg)

Metabolic activities (nmol/min.mg of protein) were measured using menadione (500
uM) as a substrate and monitoring the oxidation rate of NADPH (see Materials and
Methods). Data are expressed as mean = SD (n = 5 animals). (*): Mean values are
significantly different (P<0.05) compared to those measured in the same subcellular

fraction from the duodenal mucosa.
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from control and phenobarbital (PB) induced rats.

Table 3: Comparative N-demethylase activities measured in liver microsomes obtained

CYP subfamily Enzyme activity Control PB-induced
2C aminopyrine 11.6+1.92 27.0 +4.30
N-demethylase (P =0.001)

2C chlorpheniramine 6.22+2.34 15.7 + 4.46
N-demethylase (P =0.009)

3A oleandomycin-triacetate 098 + 0.36 3514109
N-demethylase (P =0.020)

3A erythromycin 0.92 + 0.45 212+ 1.17
N-demethylase (P=0.106)

Enzymatic activities (mean + SD) are expressed in nmol of formaldehyde released per

min.mg of microsomal protein (n = 4 animals). P values obtained after the statistical

comparison (Student ¢-test) between both experimental groups are shown in brackets.
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Table 4: In vitro oxidation of reduced flubendazole (red-FLBZ) into flubendazole

(FLBZ) by control and phenobarbital (PB) induced rat liver microsomes.

PB-induced microsomes *

Control PB-induced Control Incubations with
microsomes microsomes incubations PBO 100 uM
FLBZ % 100 861 £ 315 (**) 100 15.8 £ 7.41 (**)

* Effect of the cytochrome P450 inhibitor, piperonyl butoxide (PBO), on red-FLBZ
oxidation by PB-induced rat liver microsomes. Mean = SD values (n = 4 animals) are
expressed as percentage of FLBZ formed with respect to their respective controls (equal
to 100 %).

(*): Significantly different (P<0.01) compared to control.
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