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Abstract Monepantel (MOP) belongs to a new class of
anthelmintic drugs known as aminoacetonitrile derivatives.
It was approved for use in veterinary practice in Czech
Republic in 2011. So far, biotransformation and transport
of MOP in target animals have been studied insufficiently,
although the study of metabolic pathways of anthelmintics
is very important for the efficacy of safety of therapy and
evaluation of the risk of drug–drug interactions. The aim of
this study was to identify MOP metabolites and to suggest
the metabolic pathways of MOP in sheep. For this purpose,
primary culture of ovine hepatocytes was used as a model in
vitro system. After incubation, medium samples and homo-
genates of hepatocytes were extracted separately using
solid-phase extraction. Analysis was performed using a

hybrid quadrupole-time-of-flight analyzer with respect to
high mass accuracy measurements in full scan and tandem
mass spectra for the confirmation of an elemental composi-
tion. The obtained results revealed S-oxidation to sulfoxide
and sulfone and arene hydroxylation as MOP phase I bio-
transformations. From phase II metabolites, MOP glucur-
onides, sulfates, and acetylcysteine conjugates were found.
Based on the obtained results, a scheme of the metabolic
pathway of MOP in sheep has been proposed.
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Introduction

A major problem facing the agriculture industry and human
health is the battle against parasitic helminths. Anthelmintics
remain the sole accessible means in helminthoses therapy, but
only a limited number of chemical groups of broad-spectrum
anthelmintics is available. The treatment of helminthoses is
mainly based on the administration of anthelmintic drugs from
the following groups: benzimidazoles (e.g., flubendazol,
albendazol, and fenbendazol), imidazothiazoles (e.g., levami-
sole), and macrocyclic lactones (e.g., ivermectin) [1]. The
frequent use of similar anthelmintics over many years has
inevitably led to the development of drug resistance in some
helminths [2, 3]. This phenomenon is a serious problem
worldwide and causes extensive economic losses. Therefore,
the development of new class of anthelmintics is extremely
important [2, 4].

In 2008, the preparation and promising anthelmintic ef-
ficacy of amino-acetonitrile derivatives (AADs) has been
reported. AADs, low-molecular-mass compounds, were pre-
pared by the alkylation of phenol with chloroacetone fol-
lowed by Strecker reaction on the resulting ketone and a
final acylation step of the amino group using an acid chlo-
ride [5, 6]. These compounds have aryloxy and aroyl moi-
eties on an amino-acetonitrile core [7]. AADs have met
requirements for the treatment of helminthoses in livestock:
low toxicity, favorable pharmacokinetic properties, and
broad-spectrum efficacy against sheep and cattle nematodes
[5]. At this time, one AADs representative—monepantel—
has been approved for use in veterinary practice (Fig. 1). For
the determination of AADs including monepantel in biolog-
ical samples, high-performance liquid chromatography with

tandem mass spectrometry (HPLC/MS/MS) method with
the negative-ion electrospray ionization (ESI) was employed
[7, 8].

Safe and effective therapy and limitation of drug–drug
interactions require not only information about pharmaco-
kinetic of parent drug but also detailed knowledge of drug
metabolism in target species. HPLC/MS/MS is usually a
method of choice for the metabolic studies due to high
sensitivity and structural information even for trace metab-
olites in highly complex matrices [9]. The ongoing devel-
opment on HPLC/MS/MS including ultrahigh-performance
liquid chromatography (UHPLC) has opened up new strat-
egies for the veterinary drug residue analysis [7, 10–12].
Several strategies, such as the use of selected tandem mass
spectrometry (MS/MS) scans [9, 13–15], online hydrogen/
deuterium exchange HPLC/MS/MS [13], accurate mass
measurements [9, 15], radio-labeling of parent-drugs [16],
chemical derivatization to determine the metabolite position
or to improve ionization efficiency [13, 14], and software
dedicated to the metabolite prediction or detection [15] can
be applied for this purpose.

Monepantel sulfone is the only metabolite of monepantel
reported so far. In sheep, monepantel sulfone was found in
milk and muscle [7]. Detection of monepantel sulfoxide,
presumable intermediate of monepantel sulfone, in the pre-
liminary study was mentioned (unpublished data of Jung et
al., see in [8]). No information about phase II metabolites of
MOP has been available yet. Therefore, the goal of present
study is the identification of all phase I and phase II metabo-
lites in sheep using the primary culture of ovine hepatocytes.
For this purpose, the extraction procedure for MOP and its
metabolites was developed and UHPLC/MS/MS method for
the identification of MOP metabolites was optimized.

Materials and methods

Animals

Sheep (Ovis sp.) were bred in the farm Běleč (Czech
Republic). For experiments, male castrated lambs (body
weight approximately 20 kg; age 9 months) were used. All
experimental procedures were undertaken in accordance
with the Czech guidelines for the care and use of farm and
experimental animals and were performed under the super-
vision of Ethical Committee of the Charles University in
Prague, Faculty of Pharmacy in Hradec Králové.

Chemicals and reagents

Monepantel was prepared at the Department of Organic
Chemistry (Faculty of Pharmacy in Hradec Králové, Charles
University in Prague, Czech Republic) according to
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Kaminsky et al. [5] with minor modifications. The starting
hydroxyacetone was firstly converted to tetrahydropyran-2-
yl (THP) ether in 79 % yield followed by Strecker reaction
employing potassium cyanide, ammonium chloride, and
ammonia solution in ethanol affording the product in 70 %
yield. The resultant amino-acetonitrile was converted to its
(4-trifluoromethylsulfanyl) benzamide derivative by the re-
action of appropriate benzoyl chloride (71 % yield), and
then THP protecting group was cleaved in slightly acidic
conditions (pyridinium p-toluenesulfonate (PPTS)/methanol,
97 % yield). The last step involved nucleophilic aromatic
substitution with 4-fluoro-3-trifluoromethylbenzonitrile and
alcoholate, in situ released by the fresh solution of t-BuOK
in THF from AAD (27 %). The structure and purity of pre-
pared substance was tested using NMR and liquid chroma-
tography with mass spectrometry. Liquid sterile-filtered
medium Ham F12, Williams’medium, bovine serum albumin
(BSA), ethylene glycol-bis(β-amino-ethyl ether)N, N, N´,N´-
tetra acetic acid (EGTA), and other chemicals (UHPLC, MS,
or analytical grade) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Collagenase was purchased from
Sevapharma (Prague, Czech Republic).

Preparation of primary culture of ovine hepatocytes

Lamb was stunned and exsanguinated in agreement with
Czech slaughtering rules for farm animals. After removal
of the liver from the abdominal cavity (up to 5 min), the
liver was flushed with Euro Collins solution (15 mM
KH2PO4, 42.5 mM K2HPO4, 15 mM KCl, 10 mM
NaHCO3, and 0.2 M glucose) through the main veins and
transported to the laboratory on ice (within 60 min). The
ovine hepatocytes were obtained from the ovine liver by
two-step collagenase method [17, 18]. Briefly, left lobe
(100–150 g) was perfused with salt solution (0.14 M
NaCl, 5.0 mM KCl, 0.8 mM MgSO4) in Na+/K+ phosphate
buffer (0.2 mM, pH 7.4) containing a calcium binding
component (0.4 mM EGTA). Consequently, the lobe was
perfused with phosphate buffer containing calcium chloride
(1.46 mM) and collagenase (30 mg/100 mL) at 37 °C. The
collagenase perfusion was proceeded 8–10 min. After

perfusion, the lobe was transferred to medium containing
BSA, and the hepatocytes were released. The obtained sus-
pension was filtered through a nylon mesh and centrifuged
at 40×g for 5 min at 4 °C. The pellet was re-suspended in
chilled buffer, and the washing procedure was twice
repeated. Finally, three millions of viable (75–80 %) cells in
3 mL of culture medium ISOM (1:1 mixture of Ham F12 and
Williams’ E) were placed into 60 mm plastic dishes pre-coated
with collagen. The fetal calf serum was added in the culture
medium (5 %). Cultures were maintained without the substrate
for 4 h at 37 °C in a humid atmosphere of air and 5 % CO2.

Incubation of hepatocytes with monepantel and solid-phase
extraction

After the attachment of hepatocytes, the medium was
replaced with a fresh serum-free one with monepantel
(10 μM in 3 mL of fresh medium). Monepantel was pre-
dissolved in dimethyl sulfoxide (DMSO). The final concen-
tration of DMSO in the medium did not exceed 0.2 %. After
24 h, the hepatocytes were scraped and homogenized.
Samples were centrifuged at 3,000×g for 5 min. The super-
natant was extracted using the solid-phase extraction (SPE)
method. The sample was loaded onto the Phenomenex
Strata X (3 mL, 60 mg, 33 μm; Phenomenex, Torrance,
California, USA) extraction cartridge, which was precondi-
tioned by washing with 1 mL of acetonitrile and 1 mL of
purified water. In the next step, the cartridge was washed out
with 2 mL of 10 % (v/v) acetonitrile. Compounds of interest
were eluted with 1 mL of acetonitrile. Samples were evap-
orated to dryness using vacuum concentrator. Dry samples
were quantitatively reconstituted in the mixture of acetoni-
trile/water (30:70, v/v) by sonication. The solutions were
mixed using a vortex for 5 min. One microliter of reconsti-
tuted samples was injected into the UHPLC/MS system.

UHPLC/MS/MS conditions

UHPLC/MS/MS chromatograms of samples were measured
in the negative-ion ESI mode on a hybrid quadrupole-time-
of-flight mass analyzer (micrOTOF-Q, Bruker Daltonics,

Fig. 1 Chemical structure
of monepantel (MOP), N-[(1S)-
1-cyano-2-(5-cyano-2-trifluoro-
methyl-phenoxy)-1-methyl-
ethyl]-4-trifluoromethylsulfanyl-
benzamide, product ions, and
substituents of metabolites of
phase I and II biotransformation
(see Table 2)
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Germany). UHPLC was performed on an Agilent 1290
Infinity liquid chromatograph (Agilent Technology,
Waldbronn, Germany) using Zorbax Eclipse C18 column
150×2.1 mm, 1.8 μm (Agilent Technology, Waldbronn,
Germany), temperature 25 °C, flow rate 0.3 mL/min, and
the injection volume 1 μL. The mobile phase consisted of
0.5 mM ammonium acetate adjusted to pH04.0 (A) and
acetonitrile (B). The linear gradient was as follows—
0 min, 30 % B; 11 min, 95 % B; 12 min, 95 % B; and
finally washing and reconditioning of the column. The
quadrupole-time-of-flight (QqTOF) mass spectrometer with
average resolving power higher than 13,000 was used with
the following setting of tuning parameters—capillary volt-
age, 4.5 kV; drying temperature, 220 °C; the flow rate and
pressure of nitrogen were 8 L/min and 1.3 bar, respectively.
The external calibration was performed with sodium for-
mate clusters before individual measurements. ESI mass
spectra were recorded in the range of m/z 50–1,000 in the
negative-ion mode. The isolation width Δm/z 4 and the
collision energy 20 eV (found as optimal energy for frag-
mentation of studied metabolite ions) using argon as the
collision gas were used for MS/MS experiments.

Results and discussion

Detected in vitro metabolites were identified based on the
presence of deprotonated molecules [M-H]− and the inter-
pretation of their product ion spectra. The standards of
potential metabolites were not synthesized due to their
difficult synthesis. High mass accuracy measurement allows
the confirmation of elemental composition and the type of
metabolic reactions according to exact mass defects.
Structures of possible metabolites were predicted using the
MetabolitePredict software (Bruker Daltonics) and the
knowledge of fragmentation behavior associated with
metabolic reactions [9, 14, 15]. Various phase I metabolites
can be expected in hepatocytes according to our previous in
vitro studies [10, 11, 19, 20].

The total ion current chromatogram of sheep in vitro
sample is shown in Fig. 2. Retention times, m/z values,

molecular weights, elemental composition, and key frag-
ment ions of MOP metabolites detected in MS/MS experi-
ments are summarized in Table 1. All measurements
discussed below were carried out in the negative-ion ESI
mode, because this mode provides a better sensitivity for
studied metabolites.

MS/MS spectrum of deprotonated molecule of parent
drug (retention time, 8.5 min) at m/z 472 resulted in the
abundant product ion at m/z 186. Similar results were
reported by Kinsella et al. [7]. Key fragmentation patterns
of all MOP metabolites formed during phases I and II
biotransformation in sheep are summarized in Table 2 and
Fig. 1. These product ions allow distinguishing of present
substituents on the B ring. The proposed main metabolic
pathways for MOP in ovine hepatocytes are shown in
Fig. 4.

Phase I metabolites of MOP

Phase I biotransformation exposes or introduces a functional
group and usually results in certain increase in the hydro-
philicity of xenobiotics. Various oxidation, reduction, or
hydrolysis reactions can be mentioned among possible
phase I reactions of xenobiotics [21]. In case of MOP,
products of S-oxidation, hydroxylation, and their combina-
tions were identified as phase I metabolites in sheep (Fig. 4).
All hydroxylation steps occur on the aromatic ring B. The
position of oxidation and hydroxylation can be determined
in different ways. The most reliable is the interpretation of
MS/MS spectra of detected metabolites.

The S-oxidation and arene hydroxylation are two initial
steps of MOP biotransformation. Sulfoxide of MOP
(MOP.SO) was detected at m/z 488 [M-H]− in the
negative-ion mode. This metabolite was converted to sul-
fone (MOP.SO2; m/z 504 [M-H]− in the negative-ion mode)
via further S-oxidation. MOP.SO2 is the main MOP metab-
olite in sheep, and it represents the only MOP metabolite
described previously by Kinsella [7]. Arene hydroxylation
(MOP.OH) represented the second way of MOP phase I
biotransformation. MOP.OH was detected at m/z 488
[M-H]− in the negative-ion mode. This metabolite was

Fig. 2 Total ion current
chromatogram of the sheep
hepatocytes extract. Arrows
show detected metabolites
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consequently converted via S-oxidation to form the second-
ary metabolite (MOP.SO.OH; m/z 504 [M-H]− in the
negative-ion mode). MS/MS spectra of two metabolites at
m/z 488 (MOP.SO and MOP.OH) and m/z 504 (MOP.SO2

and MOP.SO.OH) with the identical elemental composition
are shown in Fig. 3. The different position of oxidation is
easily recognized based on typical neutral losses. The pres-
ence of hydroxyl on the B ring is characterized by the
fragment ion at m/z 202, whereas the oxidation on sulfur
yields fragment ion at m/z 186 in accordance with the parent
drug fragmentation.

MOP sulfone with arene hydroxylation (MOP.SO2.OH)
in various positions was identified in sheep. These metabo-
lites, formed by two step S-oxidation and aromatic B
hydroxylation, provided identical deprotonated molecules
at m/z 520 [M-H]− in the negative-ion mode. In our experi-
ments, three types of positional isomers were found. All
positional isomers provide identical MS/MS spectra, and
the position of hydroxylation cannot be distinguished based
on mass spectra [22].

Another characteristic neutral losses for all phase I
metabolites (except for MOP.SO.OH) were the hydrogen
fluoride (Δm/z 20) from the aromatic ring (B ring), for
metabolites of MOP.SO and MOP.SO2, ion m/z 166 [186-
HF]−, and for arene hydroxylation metabolites, ion m/z 182
[202-HF]-, respectively. In case of MOP.SO.OH metabolite,
the product ion at m/z 435 (Fig. 3) was formed via loss of
trifluoromethyl group [504-CF3]

−. The neutral loss of HCN
(Δm/z 27) was observed for MOP.SO2.OH metabolite in the
fragment ion m/z 493 [520-HCN]−. MOP metabolites with
reduced carbonyl group were not found, although other
anthelmintics with carbonyl group (flubendazole, mebenda-
zole) undergo carbonyl reduction during biotransformation.
In MOP, carbonyl group is probably stabilized by peptide
bond and nitrile group.

All MOP phase I metabolites described above were found
in 24-h incubations of MOP with the primary culture of
ovine hepatocytes. Cytochrome P450 superfamily are the
main enzymes that could catalyze MOP arene hydroxyl-
ation. These enzymes together with flavine monooxyge-
nases could also be responsible for MOP S-oxidation [21],
but the specific identification of participating enzymes will
be matter of further study.

Phase II metabolites of MOP

Functional groups formed during phase I biotransformation
are often sites of phase II biotransformation. Most phase II
biotransformation reactions result in a significant increase in
the hydrophilicity of metabolites, which greatly promotes
the excretion of xenobiotics. In sheep in vitro samples, MOP
glucuronides, sulfate, and acetylcysteine conjugates were
found as products of MOP phase II biotransformationT
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(Fig. 4). The glucuronidation is a major pathway of xeno-
biotic biotransformation in mammalian species except for
the cat family. The glucuronidation requires the cofactor
uridine diphosphate–glucuronic acid, and the reaction is
catalyzed by UDP-glucuronosyltransferases. Glucuronide
conjugates of xenobiotics and endogenous compounds are
polar, water-soluble conjugates that are eliminated from the
body in urine or bile. Many of xenobiotics and endogenous
substrates that undergo O-glucuronidation also undergo sul-
fate conjugation. The sulfate conjugation generally produces
a highly water-soluble sulfuric acid ester. This reaction is
catalyzed by sulfotransferases, and the cofactor for the re-
action is 3´-phosphoadenosine-5´-phosphosulfate. Many xe-
nobiotic compounds are commonly conjugated with
tripeptide glutathione through the action of glutathione S-
transferases. Formed glutathione conjugates are unstable in
many cases, and they are converted to conjugates with
mercapturic acids (acetylcysteine) via the sequential cleav-
age of glutamic acid and glycine from the glutathione moi-
ety, followed by N-acetylation of the resulting cysteine

conjugate [21]. For the identification of MOP phase II con-
jugates, the similar fragmentation pattern as for phase I
metabolites fragmentation were expected due to the similar-
ity of molecular structures.

In ovine samples, the glucuronide of dihydroxylated
MOP sulfone, MOP.SO2.OH.OC6H9O6, with deprotonated
molecule at m/z 712 was found. Glucuronide of hydroxyl-
ated MOP sulfone, MOP.SO2.OC6H9O6, with m/z 696 [M-
H]− was another detected MOP metabolite. The compound
at m/z 665 [M-H]− was identified as MOP sulfone conjugat-
ed with acetylcysteine (MOP.SO2.SC5H8NO3). Two sulfates
of hydroxylated MOP sulfone, MOP.SO2.OSO3H, at m/z
600 [M-H]− with different elution times were also detected
in ovine hepatocytes.

Th ree me t abo l i t e s (MOP.SO2 .OH.OC6H9O6 ,
MOP.SO2.OC6H9O6, MOP.SO2.SC5H8NO3) had similar
product ions as the parent drug (m/z 186), but these metab-
olites differed by substituents on the aromatic B ring, which
resulted in fragments m/z 394 for MOP.SO2.OH.OC6H9O6,
m/z 378 for MOP.SO2.OC6H9O6, and m/z 347 for

Table 2 List of product ions and substituents of MOP metabolites of phase I and II biotransformation

Metabolite Substituent R1 Substituent R2 Substituent R3 Substituent R4 Key fragment ions, m/z

MOP – – H H 186

MOP.SO O – – – 186

MOP.SO2 O O – – 186

MOP.OH – – OH – 202

MOP.SO.OH O – OH – 202

MOP.SO2.OH O O OH – 202

MOP.SO2.OH.OC6H9O6 O O OC6H9O6 OH 394

MOP.SO2.OC6H9O6 O O OC6H9O6 – 378

MOP.SO2.SC5H8NO3 O O SC5H8NO3 – 347

Fig. 3 Tandem mass spectra of [M-H]- ions m/z 488 and m/z 504 (see Table 1)
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MOP.SO2.SC5H8NO3 (Table 1). All metabolites of phase II
biotransformation had similar product ion with characteris-
tic losses of substituents on the aromatic B ring, at m/z 218
[394-C6H8O6]

− for MOP.SO2.OH.OC6H9O6, at m/z 202
[378-C6H8O6]

− for MOP.SO2.OC6H9O6, at m/z 186 [347-
SC5H8NO3]

− for MOP.SO2.SC5H8NO3. Two metabolites
(MOP.SO2.OH.OC6H9O6, MOP.SO2.OC6H9O6) had the
same neutral loss of the anhydroglucuronic acid Δm/z 176
from the aromatic B ring, at m/z 536 [712-C6H8O6]

− and at
m/z 520 [696-C6H8O6]

−, respectively. This is the character-
istic neutral loss for all types of glucuronides [9, 23]. The
identification of the conjugation site by MS is a difficult
task, and the distinction is mostly achieved only for conju-
gation sites on different aromatic rings. Both metabolites
had the characteristic neutral loss of hydrogen fluoride
(Δm/z 20) from the aromatic B ring, ion m/z 374 [394-HF]−,
and ion m/z 354 [374-HF]− for MOP.SO2.OH.OC6H9O6 and
ion m/z 358 [378-HF]− for MOP.SO2.OC6H9O6, respectively.

The product ion at m/z 520 [600-SO3]
− corresponds to

sulfate of MOP sulfone (MOP.SO2.OSO3H). Only conju-
gate with acetylcysteine MOP.SO2.SC5H8NO3 had the
neutral loss of HCN (Δm/z 27) at m/z 638 [665-HCN]−.

Conclusions

The aim of this study was to extend the knowledge of
biotransformation of a new anthelmintic drug MOP in
sheep. For this purpose, the incubation of MOP in the
primary culture of ovine hepatocytes followed by SPE was
used. All detected metabolites were identified using
UHPLC/ESI-MS/MS technique in the negative-ion mode.
The advantage of high mass accuracy measurements on
QqTOF analyzer is the determination of elemental compo-
sition according to accurate m/z values of deprotonated
molecules and their fragment ions. Typical neutral losses

Fig. 4 Scheme of metabolic pathways of MOP in sheep in vitro study
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allowed distinguishing the position of oxidation. Five MOP
phase I metabolites and four phase II metabolites were
detected in ovine hepatocytes. MOP biotransformation con-
sisted of two-step S-oxidation, hydroxylation, sulfation,
glucuronidation, and conjugation with glutathione followed
by hydrolysis and acetylation resulting in MOP-conjugate
with acetylcysteine. Obtained results demonstrate the ability
of ovine hepatocytes to extensively metabolize MOP using
both phase I and II phase biotransformation enzymes. Based
on these results, the scheme of metabolic pathway of MOP
in sheep has been proposed.
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