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 Benzimidazole anthelmintics albendazole (ABZ), fenbendazole (FBZ) and ﬂubendazole (FLU) were not toxic for harebell cells.
 Harebell cells transformed ABZ, FLU and FBZ into 24, 18 and 29 metabolites, respectively.
 The schemes of metabolic pathways of these anthelmintics were proposed.
 Substantial part of some metabolites could be decomposed to biologically active substances.
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Benzimidazoles anthelmintics, which enter into environment primarily through excretion in the feces or
urine of treated animals, can affect various organisms and disrupt ecosystem balance. The present study
was designed to test the phytotoxicity and biotransformation of the three benzimidazole anthelmintics
albendazole (ABZ), fenbendazole (FBZ) and ﬂubendazole (FLU) in the harebell (Campanula rotundifolia).
This meadow plant commonly grows in pastures and comes into contact with anthelmintics through the
excrements of treated animals. Suspensions of harebell cells in culture medium were used as an in vitro
model system. ABZ, FLU and FBZ were not found to be toxic for harebell cells, which were able to
metabolize ABZ, FLU and FBZ via the formation of a wide scale of metabolites. Ultrahigh-performance
liquid chromatography coupled with high mass accuracy tandem mass spectrometry (UHPLC-MS/MS)
led to the identiﬁcation of 24, 18 and 29 metabolites of ABZ, FLU and FBZ, respectively. Several novel
metabolites were identiﬁed for the ﬁrst time. Based on the obtained results, the schemes of the metabolic pathways of these anthelmintics were proposed. Most of these metabolites can be considered
deactivation products, but a substantial portion of them may readily be decomposed to biologically active
substances which could negatively affect ecosystems.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Benzimidazoles (e.g. albendazole, ABZ; fenbendazole, FBZ and
ﬂubendazole, FLU) represent the most popular class of anthelmintics, the drugs against parasitic worms. Anthelmintics are
widely used especially in veterinary medicine for the treatment of
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various forms of helminthoses. In addition to treatment of diseases,
anthelmintics are often used prophylactically in farm animals,
which signiﬁcantly increase the global consumption of these drugs
(Harhay et al., 2010) (Sutherland and Leathwick, 2011). According
to the annual report of the Institute for State Control of Veterinary
Biologicals and Medicines, 1, 244 kg of benzimidazole anthelmintics
were sold in Czech Republic in 2014. The efﬁcacy of treatment with
anthelmintic drugs is uncontested, however they represent a clear
risk to the environment.
Anthelmintics administered to animals enter into the environment primarily through excretion in feces or urine. Following
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excretion, anthelmintics and their metabolites persist in the environment and may affect various organisms and disrupt terrestrial
as well as aquatic ecosystems (Boxall et al., 2003; Boxall and Long,
2005; Floate et al., 2005; Boxall et al., 2012; Arnold et al., 2013).
Understandably, free-living helminths along with other invertebrates rank among the most endangered groups of organisms,
with several studies having documented the strong negative effects
of the anthelmintics on these animals (e.g (Floate et al., 2005; Gao
et al., 2007).). Moreover, the exposure of lower development stages
of parasitic helminths to low concentrations of anthelmintics in
manure and soil may also encourage the development of drugresistant strains of helminths (Horvat et al., 2012). Ecological hazards of benzimidazole anthelmintics in aquatic ecosystems have
been studied with results documenting acute as well as chronic
toxicity of ABZ, FBZ and FLU against the freshwater invertebrate
Daphnia magna, with FBZ being the most toxic (Oh et al., 2006). Also
exposure of Chironomus riparius larvae to FBZ resulted in a significant toxic effect (Park et al., 2009).
In addition to animals, plants have also been identiﬁed as other
organisms which may be affected by anthelmintics in the environment. Plants come in contact with anthelmintics and other
veterinary drugs in pastures used by treated animals, in ﬁelds
fertilized with dung from treated animals or in aquatic ecosystems.
But in contrast to the situation regarding animals, information
about the toxicity and fate of anthelmintics in plants is very limited,
despite the fact that this knowledge is vital in the complex evaluation of ecotoxicological impacts.
Anthelmintic which have entered plant cells may be metabolized via the action of biotransformation enzymes. The biotransformation of drugs and other xenobiotics in plants occurs in two
phases, with the oxidation, reduction or hydrolysis of the drugs
comprising phase I of the process. In this step, reactive and hydrophilic groups are inserted or uncovered in the structures of the
xenobiotics. In phase II, xenobiotics or their phase I metabolites can
undergo conjugation reactions with endogenous compounds e.g.
glutathione, glucose, amino acids; the transport and storage of
xenobiotics metabolites in vacuoles or cell walls represent an
important part of xenobiotics metabolism (Gonzalez-Mendoza,
2007; Doran, 2009; Verkleij et al., 2009; Cummins et al., 2011). As
some drug metabolites can be even more toxic than the parent
compound, there is a certain risk that not only parent drugs but also
their metabolites could affect plant growth and physiology. Moreover, the consumption of these contaminated plants could affect
invertebrates or other animals (Doran, 2009; Verkleij et al., 2009).
In spite of this fact, the biotransformation of drugs in plants has
only rarely been studied.
To begin to address this lack of information, the present study
was designed to test phytotoxicity and biotransformation of the
three benzimidazole anthelmintics ABZ, FLU and FBZ in harebell
(Campanula rotundifolia). This meadow plant grows commonly in
pastures and comes into contact with anthelmintics from the excrements of treated animals. Suspensions of harebell cells in culture
medium were used as an in vitro model system, and the metabolites
of anthelmintics were identiﬁed using UHPLC-MS/MS. Based on the
obtained results, the schemes of ABZ, FBZ and FLU metabolic
pathways in harebell were proposed.
2. Materials and methods
2.1. Chemicals and reagents
ABZ and FBZ were purchased from Sigma-Aldrich (St. Louis, MO,
USA). FLU was obtained from Janssen Pharmaceutica (New Brunswick, NJ, USA). All other chemicals (UHPLC, MS, or analytical grade)
were obtained from Sigma Aldrich (St. Louis, MO, USA).

11

2.2. Plant cell cultivation
The harebell seeds (Campanula rotundifolia) were provided by
the Botanical Institute in Pr
uhonice (Czech Republic). The seeds
were cleaned in 70% ethanol for 1 min and sterilized by 1% sodium
hypochlorite for a period of 10 min. After this they were rinsed 3
times in sterile water and grown on hormone-free solid MS medium (Murashige and Skoog, 1962) with 30 g L1 sucrose, with the
germination beginning after 7 days. Callus culture was achieved
from primary callus rising on the cut blade and petiole segments of
harebell seedlings after replanting them in solid MS medium supplemented by 2,4 -dichlorophenoxyacetic acid and kinetin in concentration (0.225 mg L1) and (0.215 mg L1) resp., used previously
for callus induction of another species. Suspension cultures derived
from this callus were grown in the dark at 24  C on a rotary shaker
at 100 rpm in 250 mL ﬂasks containing 100 mL MS medium supplemented with identical growth regulators. The suspension culture was subcultured at 2-week interval (Podlipna et al., 2015).
2.3. Phytotoxicity assay
The suspension cultures were incubated in MS medium with
10 mM ABZ, FLU or FBZ (pre-dissolved in DMSO) for 1, 4 and 10 days
under the conditions described above, with the suspensions supplemented with DMSO without drugs representing the controls.
} chnner
After incubation, the suspensions were ﬁltered using a Bu
funnel, with 1 gram of the cells placed into test tubes with 0.8%
2,3,5-triphenyltetrazoliumchloride (TTC) solution in phosphate
buffer and left in the dark for 6 h. The rest of the cells were dried
and the dry matters weighed; the viable cells produced red formazan via the oxidation of TTC. The cells were ﬁltered again and
put into tubes with ethanol; the absorbance of the extracted formazan was measured at 485 nm (Podlipna et al., 2008).
2.4. Incubation of cells with benzimidazole anthelmintics
Ten grams of aseptically ﬁltered cell mass was inoculated into
100 ml of fresh medium in each ﬂask. After 5 days of growth, the
medium was supplemented with benzimidazole anthelmintic
(ABZ, FLU, FBZ). Prior the addition to the medium, the tested anthelmintics were pre-dissolved in a small amount of DMSO. The
ﬁnal concentration of anthelmintics in medium was 10 mM. The
samples (in triplicates) were collected after 24-h incubation, after
which the cell suspensions were ﬁltered; the cells were repeatedly
washed, transferred into tubes and lyophilized. In the chemical
blank samples, medium containing the anthelmintics but not the
cell suspension was incubated. In the biological blank samples, the
cell suspensions were incubated in a drug-free medium.
2.5. Sample preparation and extraction for analysis
The cell suspensions were homogenized using the FastPrep-24
homogenizer (Santa Ana, CA, USA); homogenized cell suspensions were subjected to liquid-liquid extraction (LLE) according to
l et al. (2012) and
the method described previously by Vokra
Podlipna et al. (2013). The obtained supernatants were evaporated
to dryness using the concentrator Eppendorf (30  C). Dry samples
were quantitatively reconstituted in a mixture of acetonitrile/water
(70/30, v/v) by sonication and ﬁltrated through syringe ﬁlters with
GHP membrane. Two microliters of samples were injected into the
UHPLC-MS system.
2.6. UHPLC-MS/MS conditions for untargeted analysis
The

samples

were

analyzed

using

UHPLC-MS/MS

with
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electrospray ionization (ESI) on a hybrid quadrupole-time-of-ﬂight
mass analyzer (micrOTOF-Q, Bruker Daltonics, Germany). UHPLC
was performed on an Agilent 1290 Inﬁnity liquid chromatograph
(Agilent Technologies, Waldbronn, Germany) using a Kinetex Luna
C18 column 150  2.1 mm, 1.7 mm (Phenomenex, Torrance, CA,
USA), temperature 40  C, ﬂow rate 0.4 ml/min and the injection
volume 2 ml. The mobile phase consisted of water (A) and acetonitrile (B), both with the addition of 0.1% formic acid. The linear
gradient was as follows: 0 mine15% B, 8 mine40% B, 10 mine95% B
followed by 1 min of isocratic elution. The washing and reconditioning of the column were carried out after linear gradient for all
separations. The QqTOF mass spectrometer with average resolving
power higher than 13,000 was used with the following setting of
tuning parameters: capillary voltage 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 formate clusters before individual measurements. ESI mass
spectra were recorded in the range of m/z 50e1000 in the positiveion mode. The isolation width Dm/z 2 and the collision energy 20 eV
(found as optimal energy for fragmentation of studied metabolite
ions) using argon as the collision gas were employed for MS/MS
experiments.
2.7. UHPLC/MS conditions for targeted analysis
A Nexera UHPLC system coupled with a LCMS-8030 triple
quadrupole mass detector (both from Shimadzu, Japan) operating
in ESI positive mode was used for the targeted analysis of the main
metabolites of anthelmintics formed by harebell cells. The acquired
data were processed using LabSolutions software (v. 5.60 SP2, 2013,
Shimadzu, Japan). UHPLC was performed using a Zorbax RRHD
Eclipse Plus C18 column 150  2.1 mm, 1.8 mm (Agilent Technologies, Waldbronn, Germany), temperature 40  C, ﬂow rate 0.4 ml/
min and injection volume 1 ml. The mobile phase and linear
gradient were the same as previous qualitative analyses. MS was
used with the following settings of tuning parameters: capillary
voltage 4.5 kV, heat block temperature 400  C, DL line temperature
250  C, and ﬂow rate of nitrogen 12 l/min. Argon was used as
collision gas. The relative peak areas of the metabolites were integrated using the internal standard mebendazole (MBZ). Values
were expressed as percentages, with the sum of relative peak areas
for individual anthelmintics representing 100%.
2.8. Statistical analysis
Data analysis was performed using 2way ANOVA with a Bonferroni post hoc test (comparisons of multiple groups against a
corresponding control) (GraphPad Prism Software, La Jolla, CA,
USA). All values were expressed as mean ± SD. A probability of
p < 0.05 was considered statistically signiﬁcant.
3. Results
3.1. Test of the potential phytotoxicity of benzimidazole
anthelmintics
Incubation of the harebell cells with the benzimidazole anthelmintics ABZ, FLU and FBZ (at concentrations 10 mM) for 1, 4 and
10 days did not signiﬁcantly affect the growth and viability of cell
suspensions (see Fig. 1).
3.2. Biotransformation of benzimidazole anthelmintics in harebell
cells
The biotransformation of ABZ, FLU and FBZ was studied in

Fig. 1. The effect of benzimidazole anthelmintics (10 mM) on harebell cell viability after
1-, 4- and 10-day incubations. The data expressed in percentages represent the
mean ± S.D. of untreated controls (¼100%).

harebell cell suspensions. Suspension cultures were grown in medium supplemented with ABZ, FLU and FBZ for 24 h. After incubation, samples of cells were collected, extracted and consequently
analyzed using UHPLC-MS/MS.
All measurements were carried out in the positive-ion mode for
increased sensitivity. Detected metabolites were identiﬁed based
on the presence of protonated molecules [MþH]þ and the interpretation of their product ion spectra. In some cases, the position of
the hydroxyl and methyl group nor the position of glucose conjugation or O-acetylglucoside conjugation could be determined on
the basis of the fragmentation ions, see Figs. 2e4.
High mass accuracy measurement allows the conﬁrmation of
elemental composition and the types of metabolic reactions according to exact mass defects (Hol
capek et al., 2008). The obtained
experimental values of [MþH]þ differ from the theoretical values
by less than 4 ppm calculated according to the deﬁnition of mass
accuracy. Retention times, theoretical m/z values of elemental
composition, product ions of metabolites and concentration of
metabolites after 24 h of FLU, ABZ and FBZ are summarized in
Tables 1e3, respectively.
3.2.1. Flubendazole
Three type of reactions were identiﬁed as FLU phase I
biotransformation: carbonyl reduction, hydroxylation or epoxidation and hydrolysis. FLU with reduced carbonyl groups (M9FLU)
represented the main FLU metabolite phase I biotransformation.
Additional FLU metabolite was formed via arene hydroxylation
(M15FLU, M16FLU). These I metabolites of FLU possessed the characteristic neutral loss (NL) of methanol Dm/z 32. Hydrolysis of the
peptide bond in the FLU structure led to the formation of FLU
metabolites without a side chain.
Regarding phase II of FLU biotransformation, conjugation with
UDP-glucose predominated. The parent FLU as well as FLU metabolites formed via phase I biotransformation underwent N-glucosidation, leading to formation of M11FLU, M13FLU (the main FLU
metabolite of phase II biotransformation), M17FLU, M1FLU, M5FLU
and M18FLU. The NLs of Dm/z 162, characteristic for glucose, and
Dm/z 32, characteristic for methanol (with the exception of
hydrolysed metabolites), were observed in tandem mass spectra of
all these conjugates. M9FLU was conjugated with glucose in two
ways, N-glucosidation (M11FLU, M13FLU and M17FLU) and/or O-glucosidation (M2FLU and M3FLU). The different position of glucose
conjugations is recognized based on typical NL Dm/z 162 of glucose
for N-glucosides, and Dm/z 162 of glucose plus Dm/z 18 of H2O for
N- or O-glucosides. Methylation represented the second type of
M9FLU conjugation as its methyl-derivative (M12FLU) was found.
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Fig. 2. Scheme of metabolic pathways of FLU in harebell cells Campanula rotundifolia. FLU metabolites that have not been found in other species are highlighted in bold rectangles.

Fig. 3. Scheme of metabolic pathways of ABZ in harebell cells Campanula rotundifolia. ABZ metabolites that have not been found in other species are highlighted in bold rectangles.

Some glucosides of M15FLU metabolites were consequently acetylated, leading to the formation of M8FLU and M10FLU with the
characteristic NL Dm/z 220 (O-acetyl-glucoside).

Overall, the harebell cells were shown to form 18 metabolites of
FLU. The scheme of proposed metabolic pathways is presented in
Fig. 2.
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Fig. 4. Scheme of metabolic pathways of FBZ in harebell cells Campanula rotundifolia. FBZ metabolites that have not been found in other species are highlighted in bold rectangles.

Table 1
List of main peaks for FLU biotransformation samples detected by UHPLC-MS/MS with their retention times, theoretical values of [M þ H]þ ions in ESI positive-ion mode,
elemental composition, product ions, and description of present metabolites.
tR
Theoretical m/z values of
[min] [M þ H]þ ions

Elemental
composition

2.65
2.71
2.96
3.1
3.13
3.21
3.6
3.85

418.1409
478.1620
478.1620
478.1620
418.1409
478.1620
478.1620
476.1464

C20H20FN3O6
C22H24FN3O8
C22H24FN3O8
C22H24FN3O8
C20H20FN3O6
C22H24FN3O8
C22H24FN3O8
C22H22FN3O8

3.91
4.07

316.1092
476.1464

C16H14FN3O3
C22H22FN3O8

4.34
4.59
4.66
4.78

476.1464
330.1248
476.1464
476.1464

C22H22FN3O8
C17H16FN3O3
C22H22FN3O8
C22H22FN3O8

4.96
5.04
5.15
5.40
7.03

330.0885
346.0833
476.1464
492.1428
314.0935

C16H12FN3O4
C16H12FN3O5
C22H22FN3O8
C22H22FN3O9
C16H12FN3O3

Description of metabolite formation
Phase I

Phase II

Hydrolysis
Carbonyl reduction
Carbonyl reduction
Carbonyl reduction
Hydrolysis
Carbonyl reduction
Carbonyl reduction
Hydrolysis,
hydroxylation
Carbonyl reduction
Hydrolysis,
hydroxylation
e
Carbonyl reduction
e
Hydrolysis,
hydroxylation
Hydroxylation
2*hydroxylation
e
Hydroxylation

N-glucosidation
Glucosidation
Glucosidation
N-glucosidation
N-glucosidation
N-glucosidation
N-glucosidation
Glucosidation, Oacetylation
e
Glucosidation, Oacetylation
N-glucosidation
Methylation
N-glucosidation
Glucosidation, Oacetylation
e
e
N-glucosidation
N-glucosidation
e

3.2.2. Albendazole
The S-oxidation (the main pathway of phase I biotransformation) and hydrolysis are two initial steps of ABZ metabolism leading
to formation of ABZ sulfoxide (M10ABZ) and hydrolyzed ABZ
(M24ABZ). M10ABZ was consequently converted via second Soxidation to sulfone (M14ABZ). MS/MS spectra contained typical NL
of Dm/z 32 (methanol) and Dm/z 42 (propene) for M10ABZ and
M14ABZ. Hydroxylation and hydrolysis were other type of phase I
reaction in ABZ biotransformation (M6ABZ, M23ABZ).
The main pathway of phase II biotransformation, N-glucosidation of various metabolites of phase I ABZ biotransformation
occurred (M1ABZ, M3ABZ, M5ABZ, M7ABZ, M9ABZ, M11ABZ, M13ABZ

Product ions of
[M þ H]þ, m/z

Metabolite
designation

Relative peak
area [%]

256,
298,
298,
316,
256
316,
316,
256

M1FLU
M2FLU
M3FLU
M4FLU
M5FLU
M6FLU
M7FLU
M8FLU

0.01
1.53
0.03
0.37
<0.01
0.02
0.01
0.01

123
266
266
284
284
284

284, 238
256

M9FLU
M10FLU

4.81
0.64

314, 282, 123
298, 174
314, 282, 123
256

M11FLU
M12FLU
M13FLU
M14FLU

0.78
0.01
7.56
<0.01

298
314
314, 282
330, 298
282, 123

M15FLU
M16FLU
M17FLU
M18FLU
FLU (parent drug)

<0.01
<0.01
0.09
<0.01
84.13

M17ABZ, M20ABZ and M22ABZ). The presence of conjugation with
UDP-glucose is characterized by the NLs of Dm/z 162 for glucose,
Dm/z 32 for methanol, and Dm/z 42 for propene. In addition, Oacetylation was observed in several metabolites (M12ABZ and
M15ABZ). Conjugation with O-acetyl-glucosides were found (M2ABZ,
M4ABZ, M8ABZ, M16ABZ, M19ABZ and M21ABZ). NL of Dm/z 220 corresponds to O-acetyl-glucoside and Dm/z 204 corresponds to Oacetyl-N-glucoside for metabolites with acetylation.
In total, 24 metabolites of ABZ were formed in harebell cells. The
scheme of proposed metabolic pathways of ABZ is presented in
Fig. 3.
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Table 2
List of main peaks for ABZ biotransformation samples detected by UHPLC-MS/MS with their retention times, theoretical values of [M þ H]þ ions in ESI positive-ion mode,
elemental composition, product ions, and description of present metabolites.
tR
Theoretical m/z values of
[min] [M þ H]þ ions

Elemental
composition

1.52

444.1435

1.62

Description of metabolite formation
Phase I

Phase II

C18H25N3O8S

S-oxidation

N-glucosidation

460.1384

C18H25N3O9S

1.76
1.79

444.1435
460.1384

C18H25N3O8S
C18H25N3O9S

1.91
1.92
2.15

444.1435
314.0805
460.1384

C18H25N3O8S
C12H15N3O5S
C18H25N3O9S

2*S-oxidation, hydrolysis,
hydroxylation
Hydroxylation
2*S-oxidation, hydrolysis,
hydroxylation
S-oxidation
2*S-oxidation, hydroxylation
2*S-oxidation

Glucosidation, Oacetylation
N-glucosidation
Glucosidation, Oacetylation
N-glucosidation
e
N-glucosidation

2.36

460.1384

C18H25N3O9S

2.54

460.1384

C18H25N3O9S

2*S-oxidation, hydrolysis,
hydroxylation
2*S-oxidation

Glucosidation, Oacetylation
N-glucosidation

2.6
2.92
3.21

282.0907
370.1431
486.1541

C12H15N3O3S
C16H23N3O5S
C20H27N3O9S

S-oxidation
Hydrolysis
S-oxidation

3.55
4.11
4.26

370.1431
298.0856
502.1490

C16H23N3O5S
C12H15N3O4S
C20H27N3O10S

Hydrolysis
2*S-oxidation
2*S-oxidation

4.30

428.1486

C18H25N3O7S

þO, hydrolysis

4.46
4.69

428.1486
412.1537

C18H25N3O7S
C18H25N3O6S

e
Hydrolysis

4.78

428.1486

C18H25N3O7S

þO, hydrolysis,

4.89
5.27

428.1486
428.1486

C18H25N3O7S
C18H25N3O7S

e
þO, hydrolysis,

5.42
6.26
7.85
9.80

428.1486
266.0958
224.0850
208.0902

C18H25N3O7S
C12H15N3O2S
C10H13N3OS
C10H13N3S

e
e
þO, hydrolysis,
Hydrolysis

e
N-glucosidation
N-glucosidation, Oacetylation
N-glucosidation
e
N-glucosidation, Oacetylation
Glucosidation, Oacetylation
N-glucosidation
N-glucosidation, Oacetylation
Glucosidation, Oacetylation
N-glucosidation
Glucosidation, Oacetylation
N-glucosidation
e
e
e

Product ions of
[M þ H]þ, m/z

Metabolite
designation

Relative peak
area [%]

282, 240, 208, 191,
159
240

M1ABZ

0.70

M2ABZ

0.06

282, 250, 222
240, 198

M3ABZ
M4ABZ

1.28
0.03

282,
238,
298,
159
240,

240, 208
159
266, 224, 191,

M5ABZ
M6ABZ
M7ABZ

0.95
0.30
0.32

133

M8ABZ

0.58

298,
159
240,
208,
282,

266, 224, 191,

M9ABZ

0.02

208, 191,159
166
240

M10ABZ
M11ABZ
M12ABZ

61.18
3.26
0.11

208
266, 224, 159
298, 160

M13ABZ
M14ABZ
M15ABZ

<0.01
10.85
0.05

208

M16ABZ

0.51

266, 234, 191
e

M17ABZ
M18ABZ

4.35
<0.01

208

M19ABZ

0.10

266, 234
208, 250

M20ABZ
M21ABZ

4.36
0.89

266, 234
234
e
e

M22ABZ
ABZ
M23ABZ
M24ABZ

8.68
1.42
<0.01
<0.01

As the measured data does not allow for the distinguishing of S-oxidation and hydroxylation, the metabolites were recorded as eO.

3.2.3. Fenbendazole
In phase I, FBZ was biotransformed via S-oxidation (the main
pathway of phase I biotransformation), hydroxylation and hydrolysis (M13FBZ, M22FBZ and M27FBZ) with the characteristic NL Dm/z
32 (methanol) and Dm/z 18 (H2O) found only for M13FBZ. As the
measured data does not allow for the determination of S-oxidation
and hydroxylation, the metabolites were recorded as eO.
In phase II, FBZ underwent N-glucosidation, leading to the formation of M23FBZ and M29FBZ. In addition, the FBZ phase I metabolites were conjugated with UDP-glucose (M6-9FBZ, M11FBZ,
M14FBZ, M15FBZ and M19FBZ), the typical characterized NLs, Dm/z
162 for glucose and Dm/z 32 for methanol. An N-glucoside of hydrolyzed FBZ (M3FBZ, M10FBZ, M12FBZ and M18FBZ) was also found.
O-acetylation, the next step in the FBZ biotransformation pathway
(M1FBZ, M2FBZ, M5FBZ, M16FBZ, M17FBZ, M21FBZ and M26FBZ) showed
the characteristic NL Dm/z 220. In the harebell cells, two metabolites corresponding of hydrolysed M22FBZ (M20FBZ, M24FBZ) were
further detected and provided fragment ions at m/z 462, m/z 242.
The position of bound glucosylglucose (O- or N-) in these metabolites was not determined. In contrast to ABZ and FLU, two FBZ Oglucosyl-N-glucosides (M25FBZ and M28FBZ) were also identiﬁed,
thus is the main pathway of phase II biotransformation.
All in all, 29 metabolites of FBZ were identiﬁed in the harebell
cells. Fig. 4 presents the scheme of the proposed metabolic pathways of FBZ.

4. Discussion
Obviously most veterinary drugs have been present in the
environment for a long time, but only now are the resultant long
and short term effects being recognized, e.g. the fate, persistence
and impact of these substances still remain unclear. The environment is inundated with many veterinary drugs directly via the
treatment of animals at pasture or indirectly through the application of manure and other waste materials to land or its seepage into
water (Piotrowicz-Cieslak et al., 2012). Consequently, many veterinary drugs as well as other environmental contaminants enter
plant organisms, clearly representing a potential danger to them.
The majority of studies regarding the phytotoxicity of veterinary
drugs have been focused on veterinary antibiotics, with their
toxicity in plants varying among plant species and types of antibiotic compounds. Nevertheless, particular compounds have been
shown to possess signiﬁcant phytotoxicity in certain plants ((Du
and Liu, 2012) and (Kumar et al., 2012)). With regard to anthelmintics, no adverse effect from FLU and FBZ on the growth of
duckweed Lemna minor has been observed (Wagil et al., 2015). In
our study, ABZ, FBZ and FLU did not express signiﬁcant acute
toxicity on harebell cells.
Plants are able to uptake xenobiotics, including drugs, and
detoxify them via biotransformation as a result of sophisticated
detoxiﬁcation systems which plants have evolved against potentially toxic chemicals: following the uptake, the compounds formed
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Table 3
List of main peaks for FBZ biotransformation samples detected by UHPLC-MS/MS with their retention times, theoretical values of [M þ H]þ ions in ESI positive-ion mode,
elemental composition, product ions, and description of present metabolites.
tR
Theoretical m/z values of
[min] [M þ H]þ ions

Elemental
composition

Description of metabolite formation
Phase I

Phase II

2.05

478.1278

C21H23N3O8S

2.24

478.1278

C21H23N3O8S

2.57
2.62

404.1274
478.1278

C19H21N3O5S
C21H23N3O8S

2*(þO),
hydrolysis
2*(þO),
hydrolysis
Hydrolysis
þO

Glucosidation, Oacetylation
Glucosidation, Oacetylation
N-glucosidation
N-glucosidation

2.79

478.1278

C21H23N3O8S

3.08
3.25
3.42
3.75
3.83
3.91
4.13
4.29

478.1278
478.1278
478.1278
494.1227
404.1274
478.1278
404.1274
316.0750

C21H23N3O8S
C21H23N3O8S
C21H23N3O8S
C21H23N3O9S
C19H21N3O5S
C21H23N3O8S
C19H21N3O5S
C15H13N3O3S

2*(þO),
hydrolysis
þO
þO
Hydroxylation
2*S-oxidation
Hydrolysis
þO
Hydrolysis
Hydroxylation

Glucosidation, Oacetylation
N-glucosidation
N-glucosidation
N-glucosidation
N-glucosidation
N-glucosidation
N-glucosidation,
N-glucosidation
e

4.36
4.42
4.61

478.1278
478.1278
520.1384

C21H23N3O8S
C21H23N3O8S
C23H25N3O9S

þO
þO
þO

4.77

478.1278

C21H23N3O8S

4.8
4.87
4.96

404.1274
478.1278
624.1842

C19H21N3O5S
C21H23N3O8S
C27H33N3O12S

2*(þO),
hydrolysis
Hydrolysis
þO
þO, hydrolysis

5.57

462.1329

C21H23N3O7S

þO, hydrolysis

5.62
5.65
5.76

316.0750
462.1329
624.1825

C15H13N3O3S
C21H23N3O7S
C27H33N3O12S

þO
e
þO, hydrolysis

5.85
5.96

624.1839
462.1329

C27H33N3O12S
C21H23N3O7S

e
þO, hydrolysis

6.27
6.36
6.86
8.53

332.0699
624.1838
462.1329
300.0801

C21H23N3O9S
C27H33N3O12S
C21H23N3O7S
C15H13N3O2S

2*(þO)
e
e
e

N-glucosidation
N-glucosidation
N-glucosidation, Oacetylation
Glucosidation, Oacetylation
N-glucosidation
N-glucosidation
2*glucosidation,
O-acetylation
Glucosidation, Oacetylation
e
N-glucosidation
2*glucosidation,
O-acetylation
2*glucosidation,
Glucosidation, Oacetylation
e
2*glucosidation,
N-glucosidation
e

Product ions of [M þ H]þ, Metabolite
m/z
designation

Relative peak
area [%]

258, 133

M1FBZ

<0.01

258

M2FBZ

0.17

e
316, 284, 299, 267, 239,
191, 159
258, 300

M3FBZ
M4FBZ

<0.01
0.77

M5FBZ

0.13

316,
316,
316,
332,
242
284
242,
266,
131
316,
316,
316,
159
258

284, 191
284
284, 222, 192, 160
300

133
207, 191, 175, 159,

M6FBZ
M7FBZ
M8FBZ
M9FBZ
M10FBZ
M11FBZ
M12FBZ
M13FBZ

0.18
4.13
0.02
<0.01
0.08
0.38
6.79
2.32

284, 192, 160, 159
284, 191
299, 284, 207, 191,

M14FBZ
M15FBZ
M16FBZ

0.62
0.02
0.64

M17FBZ

0.03

242
316, 284, 160
462, 368, 242

M18FBZ
M19FBZ
M20FBZ

0.85
0.01
0.01

320, 242

M21FBZ

1.78

284, 238, 191, 160
300, 268, 159
462, 342, 242

M22FBZ
M23FBZ
M24FBZ

<0.01
<0.01
0.26

300, 268
242

M25FBZ
M26FBZ

0.06
2.86

300,
300,
300,
268,

M27FBZ
M28FBZ
M29FBZ
FBZ

0.02
42.45
19.16
16.25

159
268
268, 159
159, 131

As the measured data does not allow for the distinguishing of S-oxidation and hydroxylation, the metabolites were recorded as eO.

in biotransformation are activated so that certain functional groups
can conjugate hydrophilic molecules. The resulting conjugates are
recognized by tonoplast transporters and sequestered into the
vacuoles or transferred to the apoplast (Puglisi et al., 2013).
Xenobiotic-metabolizing enzymes facilitate the detoxiﬁcation of
potentially harmful xenobiotics, with this enzyme activity being
crucial for the neutralization of the effects of xenobiotics both in the
exposed organism as well as in the environment on the whole.
Generally, the parent substance and the metabolite or conjugate
have different physico-chemical properties which differ in both
biological activity (including toxicity) and behavior in organisms.
Signiﬁcant inter-species differences in the occurrence, afﬁnity and
activity of xenobiotic-metabolizing enzymes determine dissimilarities regarding the biotransformation pathways of each xenobiotic in an individual species.
In a previous study of ours, the biotransformation of ABZ and
FLU was studied in vitro in the common reed (Phragmites australis),
a wetland species often used in phytoremediation studies. Our results showed that reed cells were able to metabolize both of these
anthelmintics: 5 metabolites of FLU and 10 metabolites of ABZ were
identiﬁed (Podlipna et al., 2013). In our present study, harebell was
chosen as an experimental plant because it represents a common

meadow species which is likely to come in contact with anthelmintics in grazing pastures. In addition to FLU and ABZ, FBZ was
also included in the study, as the negative impact of FBZ on invertebrates has already been reported (Oh et al., 2006) (Park et al.,
2009). Moreover, the relative peak area of each parent drug and its
metabolites in harebell cells have been measured to obtain more
complex information about benzimidazoles biotransformation.
Nevertheless, in comparing the existing studies of the biotransformation of anthelmintics in reed and in harebell cells, it must be
taken account that the detection and identiﬁcation of metabolites
were performed in different types of mass spectrometers with
differing resolving power.
In harebell, FLU, ABZ and FBZ were transformed into 18, 24 and
29 metabolites, respectively. After 24-h incubation, approx. 98%,
84% and 16% of parent ABZ, FBZ and FLU were transformed into
metabolites. These results show great differences in the ability of
plant cells to metabolize individual benzimidazoles. While almost
all the ABZ was metabolized, only 16% of the FLU was transformed
after 24-h incubation.
ABZ.SO, ABZ.SO2 and ABZ-N-glucosides represented the main
ABZ metabolites in harebells. Interestingly, some of ABZ metabolites (e.g. ABZ-glucosylglucosides, ABZ-xylosylglucoside) observed
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in reeds were not found in harebell. Conversely, harebell cells
metabolized ABZ via the second S-oxidation, hydrolysis and hydroxylation, however reed cells did not. As the formation of
anthelmintically inactive ABZ.SO2 and hydrolyzed ABZ denotes ABZ
deactivation, harebell seems to have a better potency for ABZ
detoxiﬁcation than does the reed.
The main metabolites of FLU were FLU with reduced carbonyl
group and FLU-N-glucosides. FLU hydrolysis and hydroxylation,
which characterized the other biotransformation ways of FLU in
harebell, were not observed in the reed. These ﬁndings serve to
underscore the great inter-species differences in the drug metabolism among plants.
Prior to the present work, the metabolism of FBZ had not been
studied yet in plants. Harebell cells were able metabolize FBZ via
two-step sulfoxidation or hydroxylation and hydrolysis followed by
N-glucosidation and O-acetylation. N-glucosides were the main FBZ
metabolites. Similarly to ABZ and FLU, most of the metabolites of
FBZ can be considered deactivation products. Nonetheless, the
consumption of harebells with accumulated anthelmintics and
their metabolites by herbivores and leaf-eating invertebrates may
present a clear risk of the animals being exposed to anthelmintics.
In addition, the inﬂuence of anthelmintics and their biotransformation on plant signaling and protective processes cannot be
excluded. For these reasons, after treatment with anthelmintics,
animals should not be grazed on pastures (especially on those with
a high ecological value) until such time as the drugs are no longer in
their system.
5. Conclusions
Benzimidazole anthelmintics ABZ, FLU and FBZ were not found
to be toxic for harebell cells; nevertheless, a possible inﬂuence of
chronic exposure cannot be excluded. Harebell cells transformed
ABZ, FLU and FBZ into 24, 18 and 29 metabolites, respectively. Soxidation, hydroxylation, carbonyl reduction and hydrolysis
comprised the phase I biotransformation of these anthelmintics. In
phase II, many various glucosides, acetylglucosides and glucosylglucosides were formed in the harebell cells. Most of these metabolites can be considered deactivation products, but a number of
them remain biologically active. Moreover, a substantial portion of
the metabolites were instable and could be easily decomposed back
to the parent anthelmintic. In any event, the grazing of treated
animals in pastures with valuable ecosystems should be limited.
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