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ABSTRACT Albendazole (ABZ) is an anthelmintic with a broad-spectrum activity,
widely used in human and veterinary medicine. ABZ is metabolized in all mammalian
species to albendazole sulfoxide (ABZSO), albendazole sulfone (ABZSO,) and alben-
dazole 2-aminosulphone (ABZSO,-NH,). ABZSO and ABZSO, are the main metabolites
detected in plasma and all three are detected in milk. The ATP-binding cassette
transporter G2 (ABCG2) is an efflux transporter that is involved in the active secre-
tion of several compounds into milk. Previous studies have reported that ABZSO was
in vitro transported by ABCG2. The aim of this work is to correlate the in vitro inter-
action between ABCG2 and the other ABZ metabolites with their secretion into milk
by this transporter. Using in vitro transepithelial assays with cells transduced with
murine Abcg2 and human ABCG2, we show that ABZSO, and ABZSO,-NH, are in
vitro substrates of both. In vivo assays carried out with wild-type and Abcg2~"'~ lac-
tating female mice demonstrated that secretion into milk of these ABZ metabolites
was mediated by Abcg2. Milk concentrations and milk-to-plasma ratio were higher
in wild-type compared to Abcg2~/~ mice for all the metabolites tested. We conclude
that ABZ metabolites are undoubtedly in vitro substrates of ABCG2 and actively
secreted into milk by ABCG2.

KEYWORDS ABCG2, albendazole, metabolites, substrates, milk, knockout mice, milk
secretion

BZ is a benzimidazole drug with a broad-spectrum anthelmintic activity, com-
monly used in human and veterinary medicine (1). It is effective against lung-
worms, gastrointestinal nematodes, tapeworms (Echinococcosis spp.), and liver flukes
(Fasciola hepatica) (2). In humans, it is widely used against soil-transmitted helminths,
which are responsible for high diseases burdens and are still endemic in some coun-
tries (3, 4). It also is the election drug in programs to eliminate lymphatic filariasis (5).
Deworming, with anthelmintic drugs such as ABZ, is extensively recommended in
women in reproductive age, including pregnant and lactating women, who are
infected with hookworm which causes malabsorption of nutrients, loss of appetite,
chronic blood loss and iron deficiency anemia (4). Recent studies have reported antitu-
mor activity of ABZ (6-9). This drug is well tolerated in humans but some minor to
moderate adverse effects such as headaches, fever and gastrointestinal upset have
been reported (5).
ABZ is metabolized in all mammalian species studied (10). After its oral administra-
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(15-18). The sum of ABZSO, ABZSO, and ABZSO,-NH, is used as a marker residue in
milk, kidney, liver, fat, and muscle from livestock (19). Regarding the transfer of drugs
into milk, the ATP-binding cassette (ABC) transporter ABCG2 is an important and
widely described mechanism. The ABCG2 protein behaves like a pump that extrudes a
broad range of xenotoxins from cells due to its expression at the apical membrane of
epithelial cells in several organsm, such as intestine, kidney, liver, brain, testicles,
among others (20-22), limiting drug accumulation in cells and modulating absorption,
distribution and elimination. Moreover, ABCG2 is located in the apical membrane of
alveolar epithelial cells in the lactating mammary gland (23) and is the only ABC trans-
port involved in active secretion of its substrates into milk (24). Several natural com-
pounds (25, 26), carcinogens, antitumoral (27), antibiotic (28, 29), anti-inflammatory
(30, 31), hypertensive (32), and antiparasitic drugs (33) have been reported to be
actively secreted into milk by ABCG2.

ABCG2 in vitro interaction with ABZ and ABZSO has been shown in preceding stud-
ies. ABZSO was efficiently transported by murine Abcg2 and moderately by human
ABCG2 (34). However, the in vitro interaction of ABZSO, and ABZSO,-NH, with ABCG2
using ABCG2-transduced cells and its correlation with the in vivo effect of ABCG2 on
active secretion of these ABZ metabolites into milk using Abcg2~—/~ mice have not yet
been investigated and are the main aims of our study.

RESULTS

In vitro transport of ABZ metabolites ABZSO, and ABZSO,-NH,. To determine
whether ABZ metabolites are efficiently transported in vitro by ABCG2, we used Madin-
Darby Canine Kidney (MDCK-II) cell line and its subclones transduced with murine
Abcg2 and human ABCG2 to conduct transepithelial transport assays. The parental and
subclones cell lines were grown to confluent polarized monolayers, and vectorial trans-
port of tested drugs at 5 uM across the monolayers was determined. As stated before,
ABZSO has been previously tested in vitro using murine and human subclones cell
lines, being a substrate of both (34).

For ABZSO,, the outcome obtained in the MDCK-II parental cells for apical and basal
translocation was similar (Fig. 1A and Table 1). Nevertheless, basal to apical transport
in cells transduced with murine Abcg2 (Fig. 1B) was higher than apical to basal trans-
port, with an efflux ratio significantly higher (5.47 * 0.32) than in the parental cells
(0.97 = 0.08; P = 0.05) (Fig. TA). When human ABCG2-transduced cells were used (Fig.
10), the difference with parental cells in apically directed translocation was lower com-
pared to apical directional transport in the case of murine cells. A significant difference
between the efflux ratio obtained for human ABCG2-transduced cells and for parental
cells was observed (1.35 * 0.16 vs 0.97 = 0.08; P < 0.05). To confirm that this effect is
caused by ABCG2, the specific ABCG2 inhibitor Ko143 was used (35) (Fig. 1D to F), caus-
ing a similar efflux ratio in the transduced cells compared to the MDCK-Il parental cell
line (Fig. 1A).

In the same way, for ABZSO,-NH,, the apical and basolateral translocations in
MDCK-II parental cells were similar (Fig. 2A). Apical directional transport in murine
Abcg2 (Fig. 2B) and human ABCG2-transduced cells (Fig. 2C) was higher (efflux ratio of
4.48 * 0.53 and 3.58 = 0.79; respectively) than in parental cells (Fig. 2A), showing in
both cases, a significant difference in efflux ratio compared to parental cells
(1.02 = 0.12; P = 0.05). Similarly, the ABCG2 inhibitor Ko143 was used (Fig. 2D to F) to
confirm the Abcg2 specific transport effect. The results also show a similar efflux ratio
between murine and human subclones compared to the MDCK-II parental cell line
(Fig. 2A) with the use of Ko143. From this, it is evident that ABZSO, and ABZSO,-NH,
are in vitro substrates of murine Abcg2 and human ABCG2.

Secretion of ABZ metabolites into milk in Abcg2~/~ and wild-type female mice.
To determine whether Abcg2 is involved in the secretion of ABZ metabolites into milk,
Abcg2~/~ and wild-type lactating female mice were used. Intravenous (i.v.) administra-
tion of 2 mg/kg of tested compounds was made, and blood and milk samples were col-
lected 30 min after administration.

July 2022 Volume 66 Issue 7

Antimicrobial Agents and Chemotherapy

10.1128/aac.00062-22

2


https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00062-22

Albendazole Metabolites and ABCG2 Transporter Antimicrobial Agents and Chemotherapy

A MDCK-II &0 D MDCK-II + Ko143
60
= < 40
I 40 =
= b=
§ 8 20
2 20 5
= s
= =
0 0
0 1 2 3 4 0 1 2 3 4
Time (h) Time (h)
B MDCK-Il Abcg2 E MDCK-Il Abcg2 + Ko143
60
60
3 40 * 40
g g
2 20 2 20
9 ©
= (=
0 0
0 1 2 3 4 0 1 2 3 4
Time (h) Time (h)
c MDCK-Il ABCG2 60 F MDCK-Il ABCG2 + Ko143
60
< 40 g%
o =
bt 5
3 73
2 20 g 20
o =
}_
0 0
0 1 2 3 4 0 1 2 3 4
Time (h) Time (h)

FIG 1 Transcellular transport assay of ABZSO, (5 uM) with or without Ko143 (ABCG2 inhibitor) in parental MDCK-II
cells (A and D, respectively) and MDCK-II cells transduced with murine Abcg2 (B and E, respectively) and with human
ABCG2 (C and F, respectively). The assay was started by changing the medium in apical or basolateral compartment
with fresh culture medium with or without Ko143 at 1 uM and 5 uM ABZSO,. The appearance of ABZSO, in the
opposite compartment measured by HPLC, was related to the total drug added at the beginning of the experiment.
The mean and error bars indicate S.D. (@) transport from basal to the apical compartment; (O) transport from apical
to the basal compartment (n = 3-6).

After ABZSO administration (Fig. 3A), a similar concentration of ABZSO was
obtained in plasma from wild-type and Abcg2~/~ mice (1.95 = 0.29 wg/mL versus
2.11 = 0.41 pg/mL). In contrast to plasma, milk concentration of ABZSO was higher in
wild-type than in Abcg2~/~ mice (2.19 * 0.33 wg/mL versus 1.83 = 0.21 ug/mL;
P = 0.05). Moreover, the milk-to-plasma ratio of ABZSO in wild-type was 1.3-fold higher
compared to Abcg2~/~ mice (1.13 = 0.14 ng/mL versus 0.89 = 0.17 ug/mL; P = 0.05).
ABZSO, was detected in plasma and milk at very low levels and no differences were
found between both types of mice (data not shown).

Likewise, similar assays were carried out by administrating ABZSO, and ABZSO--
NH,_After ABZSO, administration (Fig. 3B), plasma concentrations of ABZSO, were simi-
lar in wild-type and Abcg2~/~ mice (1.25 = 0.46 wg/mL versus 1.30 = 0.41 wg/mL).
However, milk concentration of ABZSO, was also higher in wild-type than in Abcg2~/~
mice (1.78 = 0.50 ug/mL versus 1.34 £ 0.41 ug/mL; P = 0.05). Therefore, the milk-to-
plasma ratio of ABZSO, in wild-type was 1.4-fold higher compared to Abcg2~/~ mice
(1.52 * 0.49 ug/mL versus 1.09 * 0.32 ug/mL; P = 0.05). In this case, ABZSO,-NH, was
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TABLE 1 Apparent permeability (Papp) coefficients for transepithelial transport of ABZSO, (5 uM) and ABZSO,-NH, (5 uM) with or without the
inhibitor Ko143 (1 uM)?

BL-AP, x10°> cm/s AP-BL, x10~° cm/s Efflux ratio
Drug Subclones® (Papp B-A) (Papp A-B) Papp B-A / Papp A-B
ABZSO, MDCK-II 1.27 £ 0.36 1.32 +0.37 0.97 = 0.08
MDCK-Il Abcg2 1.94 = 0.54 0.36 = 0.11 547 =032*
MDCK-Il ABCG2 1.35 *+0.29 1.02 = 0.26 135+0.16*
ABZSO, MDCK-II 0.99 = 0.08 0.96 = 0.11 1.03 £0.10
+ MDCK-Il Abcg2 1.03 = 0.08 0.98 + 0.08 1.04 = 0.07
Ko143 MDCK-Il ABCG2 1.08 = 0.06 1.04 £ 0.12 1.04 £ 0.10
ABZSO, -NH, MDCK-II 038 = 0.14 037 £0.12 1.02 = 0.12
MDCK-Il Abcg2 0.70 £ 0.14 0.16 £ 0.03 448 +0.53*
MDCK-Il ABCG2 0.50 £ 0.05 0.14 £ 0.02 3.58 +0.79*
ABZSO,-NH, MDCK-II 0.28 = 0.07 0.31 £0.08 0.92 £ 0.1
+ MDCK-Il Abcg2 0.28 £ 0.08 0.28 = 0.07 1.01 £ 0.06
Ko143 MDCK-Il ABCG2 0.28 = 0.08 0.27 = 0.08 1.05 = 0.06

“Results are expressed as mean values and standard deviations from at least three experiments. *, Significant differences from parental group (MDCK-II), P < 0.05.
®AP-BL: apical to basal, BL-AP: basal to apical. Abcg2: murine Abcg2, ABCG2: human ABCG2.

detected in milk and plasma at low levels and no differences were found between
both types of mice.

Finally, after administration of ABZSO,-NH, (Fig. 3C), wild-type and Abcg2~/~
plasma concentrations were not different (0.43 * 0.12 wg/mL versus 0.48 = 0.08 ug/
mL). Nonetheless, there were differences in milk concentrations between wild-type
and Abcg2~/~ mice (2.62 = 0.79 ug/mL versus 1.45 * 0.34 ug/mL; P =< 0.05). The milk-
to-plasma ratio of ABZSO, -NH, in wild-type was 2.2-fold higher compared to Abcg2~/~
mice (6.60 * 2.61 ng/mL versus 3.00 = 0.25 wg/mL; P < 0.05).

These results show that ABCG2 is clearly involved in the active secretion of ABZ
metabolites into milk.

DISCUSSION

Widely validated in vitro-in vivo correlation approaches have shown the in vitro
interaction between ABCG2 and ABZ metabolites and the in vivo role of Abcg2 in the
secretion of these compounds into milk.

In vitro transepithelial assays using MDCK-II cells transduced with murine Abcg2
and human ABCG2 show that ABZSO, (Fig. 1) and ABZSO,-NH, (Fig. 2) are in vitro sub-
strates of murine Abcg2 and human ABCG2, and that they are both efficiently trans-
ported by murine Abcg2 (efflux ratio of 5.47 = 0.32 for ABZSO, and 4.48 =+ 0.53 for
ABZSO,-NH,). However, ABZSO, is moderately transported by human ABCG2 (efflux ra-
tio of 1.35 = 0.16) compared to ABZSO,-NH, (efflux ratio of 3.58 = 0.79). This differ-
ence in efficiency of transport between murine and human has been previously shown
in other tested drugs. A difference in the affinity/selectivity of murine Abcg2 and
human ABCG2 for substrates could be a possibility (31, 34, 36). In this regard, the con-
centration used in the present study (5 M) is similar to the in vivo plasma concentra-
tions achieved in rats and in livestock after therapeutic dosing (2, 11, 13, 37, 38).

ABZSO has been described in preceding studies as an in vitro substrate of murine
Abcg2 and human ABCG2, but ABZ has not been found to be an in vitro Abcg2 sub-
strate (34). Interactions with ABCG2 are closely related to physicochemical properties
of drugs, especially hydrophobicity (39). In our case, ABZ is metabolized to more hydro-
philic metabolites (2), ABZSO, ABZSO, and ABZSO,-NH, which are efficiently trans-
ported by ABCG2, in contrast to ABZ. In addition, ABZSO, ABZSO, and ABZSO,-NH,,
described as ABCG2 substrates, have a lower octanol-water partition coefficient com-
pared to ABZ (Table S1). Other benzimidazoles previously identified as substrates of
ABCG2, such as oxfendazole or pantoprazole, with transport ratios of around 6 (34, 40),
have similar octanol-water partition coefficients. However, ABCG2 is inhibited by more
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FIG 2 Transcellular transport of ABZSO,-NH, (5 uM) with or without Ko143 (ABCG2 inhibitor) in parental MDCK-II cells
(A and D, respectively) and MDCK-II cells transduced with murine Abcg2 (B and E, respectively) and with human
ABCG2 (C and F, respectively). The assay was started by changing the medium in apical or basolateral compartment
with fresh culture medium with or without Ko143 at 1 uM and 5 uM ABZSO,-NH,. The appearance of ABZSO,-NH, in
the opposite compartment measured by HPLC was related to the total drug added at the beginning of the
experiment. The mean and error bars indicate S.D. (@) transport from basal to the apical compartment; (O) transport
from apical to the basal compartment (n = 3-7).

hydrophobic benzimidazoles with higher lipid-water partition coefficients such as tri-
clabendazole metabolites, with inhibitory potencies between 40 and 55% (41).
Furthermore, substrate binding with ABCG2 transporter increases with the number of
hydrogen bond acceptors (HBAs) (42) and, in our case, ABZSO and ABZSO, have one
more HBA than ABZ and the same as oxfendazole (Table S1).

In vivo assays with lactating Abcg2~/~ and wild-type lactating female mice were
carried out to determine whether Abcg?2 is involved in the secretion of ABZ metabo-
lites into milk and whether the drug levels in milk could be affected by Abcg2. The
dose chosen was 2 mg/kg because milk concentrations achieved with this dose were
similar to those in ovine milk in a former study (43). Our results show that after i.v.
administration of ABZSO (Fig. 3A), ABZSO, (Fig. 3B) and ABZSO,.NH, (Fig. 3C), milk lev-
els and milk-to-plasma ratios were higher in wild-type compared to Abcg2~/~ mice.
Pilot attempts to administer the parent drug ABZ failed to show differences in milk lev-
els and milk-to-plasma ratios for metabolites between both types of mice (data not
shown), probably due to the difficulty in obtaining the appropriate parameter settings,
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FIG 3 (A) Plasma and milk concentration and milk-to-plasma ratio of ABZSO in wild-type and Abcg2™’/~ lactating females after i.v.
administration at a dose of 2 mg/kg. (B) Plasma and milk concentration and milk-to-plasma ratio of ABZSO, in wild-type and Abcg2~/~
lactating females after i.v. administration at a dose of 2 mg/kg. (C) Plasma and milk concentration and milk-to-plasma ratio of ABZSO,-NH,
in wild-type and Abcg2~/~ lactating females after i.v. administration at a dose of 2 mg/kg. Milk and plasma were collected 30 min after
administration, and metabolite concentrations were determined by HPLC. Results are means * SD (n = 4-11). (*) P = 0.05 significant

differences between both groups of mice.

including ABZ metabolism, for ABCG2 interaction in these kinds of assays. Future
experiments on target species are needed. In fact, we cannot discard those changes in
administration route, dose rate and sampling points may alter the final outcome.

Most drugs pass into milk from blood by passive diffusion, and the milk-to-plasma
ratio can be affected by the composition of the milk or by the physicochemical proper-
ties of the drug. However, drugs actively transported into milk by ABCG2 present
higher milk-to-plasma ratios than predicted by diffusion, usually higher than 1 (44-46).
In fact, in these experiments the milk-to-plasma ratios pointed to a specific role for
ABCG2 in transport because in all cases the ratio was higher than 1 in the presence of
the transporter (Fig. 3). It should be noted that the milk-to-plasma ratio in wild-type
mice for ABZSO,-NH, is the highest (6.60 * 2.61) in all the drugs tested, despite its in
vitro ratio transport in murine-Abcg2 transduced cells being the lowest (4.34 £ 0.68,
Fig. 2B) compared to ABZSO, higher than 10 (34), and ABZSO, (5.59 = 0.40, Fig. 1B).
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Probably, in this case, passive diffusion or another transport mechanism (24) play an
important role in its transfer into milk, since the milk-to-plasma ratio is also higher
than 1 in the Abcg2 =/~ mice (3.00 = 0.25).

Regarding plasma levels, no significant differences were noted at the doses and collec-
tion times tested in female mice (Fig. 3). Comparable results have been reported for other
ABCG2 substrates such as danofloxacin (47), ciprofloxacin (36), flunixin and its metabolite
(30), and meloxicam (31) between wild-type and Abcg2~/~ lactating female mice. A sex-
dependent effect of ABCG2-mediated transport has been reported (48), so a systemic
effect of Abcg2 cannot be ruled out in other experimental settings. In fact, sex dimorphism
in plasma pharmacokinetics of ABZ metabolites has been reported in humans (49).

The role of ABCG2 in ABZ metabolite secretion into milk may have significant conse-
quences in human and veterinary medicine, although this needs to be proven. In veteri-
nary medicine, helminth infections are the main factor cause of significant problems and
losses in livestock, and chemotherapy with anthelmintics is essential for parasite control
(50, 51). Despite the benefits, drug therapy in dairy cows constitutes a public health and
food-safety issue owing to the unwanted disposition of drug residue in milk. It is essential
to prevent unacceptable levels of residues from those medicines entering the food chain
within a welfare-friendly livestock industry (52). To protect consumers from the presence
of risky concentrations of ABZ and its metabolite residues, which are potentially embryo-
toxic and teratogenic, maximum residue limits have been established at 100 wg/kg for the
milk of all ruminants, and withdrawal periods of 3 days (10-12, 19, 43, 53). ABZ metabolites
have been reported in routine milk samples from dairy farms that produce and supply
milk to the markets and dairy food producers (54). Although levels do not exceed the lim-
its, any change in ABCG2 activity may affect this outcome. However, further in vivo studies
are needed to confirm this hypothesis.

There are several factors that could modify the expression and function of ABCG2, such
as co-administration of drugs and dietary compounds (45, 47, 55-57). ABCG2 polymor-
phisms such as the bovine Y581S have been associated with changes in transfer of ABCG2
substrates into milk (28-30), thus providing evidence that genetic factors can alter drug
concentrations in milk and consequently drug exposure to dairy consumers.

In conclusion, our results support the fact that ABCG2 is clearly involved in the active
in vitro transport of ABZ metabolites by both murine and human variants. In addition, we
demonstrate the crucial role of Abcg2 in the secretion into milk of ABZ metabolites using
Abcg2~/~ mice.

MATERIALS AND METHODS

Reagents and drugs. ABZ metabolites were purchased from LGC Standards (Teddington, Middlesex,
UK). Lucifer Yellow, danofloxacin, and oxfendazole were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ko143 was acquired from Tocris (Bristol, UK). For in vivo studies, isoflurane (Isovet) was obtained
from B. Braun VetCare (Barcelona, Spain) and oxytocin (Facilpart) from SYVA (Ledn, Spain). All the other
compounds used were reagent grade and were available from commercial sources.

Cell cultures. The polarized cell line Madin-Darby Canine Kidney (MDCK-II) was used in the transport
assays. Murine Abcg2 and human ABCG2-transduced subclones were provided by Dr. A.H. Schinkel from
the Netherlands Cancer Institute (Amsterdam, The Netherlands). Culture conditions have been previ-
ously reported (20). Briefly, cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 1% mixture of antibiotics (penicillin and streptomycin) and 10% fetal calf serum at 37°C in
the presence of 5% CO,. Cells were trypsinized every 3 to 4 days for subculturing.

Transport assays. Transport assays were carried out as previously described by Merino et al. (58)
with minor variations. Cells were seeded on microporous membrane filters (3.0 wm pore size, 24 mm di-
ameter; Transwell 3414; [Costar, Corning, NY]) at a density of 1.0 x 10° cells per well. Cells were grown
for 3 days and medium was replaced every day. Two hours before the start of the experiment, medium
in both compartments, apical and basal, was replaced with 2 mL of Opti-MEM medium (Invitrogen,
Carlsbad, CA), with or without 1 ©M Ko143. The experiment began by replacing the medium on both
sides with fresh Opti-MEM medium, with or without 1 uM Ko143 and 5 uM ABZSO, or ABZSO,-NH,.
Cells were incubated at 37°C in 5% CO, and 100 uL aliquots were taken at 1, 2 and 3 h on the opposite
side where drugs were added; this volume was replaced with fresh medium. Finally, 600 uL aliquots
were taken at 4 h on both sides of the well. Aliquots were stored at ~20°C until analysis by high perform-
ance liquid chromatography (HPLC) as described below.

The appearance of ABZ metabolites in the opposite compartment was related to the total drug
added at the beginning of the experiment. At the beginning and the end of the experiment, transepi-
thelial resistance was measured to check the tightness of the monolayer using Millicell ERS (Millipore
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Burlington, MA). Lastly, at the end of the experiment, confluence of the monolayer was also measured
with Lucifer Yellow permeability assays (33). Transport proficiency of these cells is constantly checked by
testing a typical ABCG2 substrate like danofloxacin (47).

The apparent permeability (Papp) coefficient across MDCK-II parent, MDCK-Il Abcg2 and MDCK-II
ABCG2 cells monolayers in both apical to basal (AP-BL) (Papp A-B) and basal to apical (BL-AP) (Papp B-A)
directions were calculated using following equation:

~AQ 1
Papp = At ACo
Where AQ/At is the rate of corresponding ABZ metabolite appearing in the receiver chamber, which
was obtained as the slope of the regression line on the transport-time profile of ABZ metabolite across
the cell monolayers; C, is the initial concentration of drug; A is the cell monolayer surface area (4.67
cm?). The efflux ratio is the Papp B-A/Papp A-B quotient.

Animals. Mice were housed and handled according to institutional and ARRIVE guidelines comply-
ing with European legislation (2010/63/EU). Experimental procedures were approved by the Animal Care
and Use Committee of the University of Ledn and the Junta de Castilla y Leén (ULE_011_2019). Animals
used were lactating female Abcg2 ™/~ and wild-type mice, all were > 99% FVB genetic background
between 8 and 17 weeks of age. Animals, generated (59) and kindly provided by Dr. A. H. Schinkel (The
Netherlands Cancer Institute), were kept in a controlled temperature environment with 12 h of light and
12 h of darkness, and received a standard diet and water ad libitum.

For milk secretion experiments, pups of approximately 10 days old were separated from their mothers
4 h before starting the experiment. To stimulate milk secretion, 200 uL of oxytocin (1 1U/mL) was adminis-
tered subcutaneously to lactating mice 10 min before sample collection. ABZSO, ABZSO, or ABZSO,-NH,
(2 mg/kg) were administered in the tail vein to wild-type and Abcg2 ™/~ lactating female mice as a solution
of 10% ethanol, 40% PEG400, and 50% saline. Intravenous administration consisted of 150 uL of solution per
30 g of body weight. Blood was collected 30 min after administration from the retro-orbital sinus under anes-
thesia with isoflurane, and then milk was collected from the mammary glands by pressing around the nipple
using capillaries. Heparinized blood samples were centrifuged immediately at 3000 g for 15 min to obtain
plasma. Finally, animals were sacrificed by cervical dislocation. Milk and plasma were stored at —20°C until
the HPLC analysis. Four to 11 animals were used for each group of mice.

HPLC analysis. The conditions for HPLC analysis of ABZ metabolites were based on a previously
described method (10, 34, 38) with minor modifications. To each 100 uL aliquots of milk and plasma, 10 uL
of internal standard (oxfendazole 10 wg/mL) and 100 ulL of acetonitrile were added in a 1.5 mL reaction
tube. The mixture was vortexed horizontally for 15 min and then the samples were centrifuged at 6000 g for
6 min at 4°C. The supernatant was collected and evaporated to dryness under N, at 40°C. Samples were
resuspended in 100 uL of cold methanol (Merck, Darmstadt, Germany) and injected into the HPLC system.
Samples from the transport assays were not processed, and 100 uL of the culture media was directly injected
into the HPLC system. The chromatographic system used in samples analysis consisted of a Waters 2695 sep-
aration module and a Waters 2998 UV photodiode array detector. Separation was performed on a reversed-
phase column (4 mm particle size, 250 x 4.6 mm, Max-RP 80 A, Phenomenex, Torrance, CA, USA). The mobile
phase used was ammonium acetate 0.025 M pH 5: acetonitrile (76:24). The flow rate of the mobile phase
was set to 0.8 mL/min and UV absorbance was measured at 292 nm.

For culture samples, standard samples of ABZSO, and ABZSO,-NH, for calibration curves were pre-
pared at concentrations of 0.039-10 nwg/mL, with coefficients of correlation >0.99. Precision coefficients
of variation were <15%, and accuracy values were <20%. LOD (limit of detection) and LOQ (limit of
quantification) were calculated as described by Taverniers et al. (60). LOQ was 0.006-0.018 wg/mL and
the LOD 0.002-0.008 wg/mL for cell culture samples.

For milk and plasma samples, standard samples of ABZSO, ABZSO, and ABZSO,-NH, for calibration
curves were prepared at concentrations of 0.156-10 ug/mL for milk and 0.078-10 ug/mL for plasma,
with coefficients of correlation >0.98. Precision coefficients of variation were <15%, and accuracy values
were <20%. LOQ was 0.102-0.155 pg/mL and LOD 0.038-0.06 wg/mL for milk samples and LOQ was
0.077-0.118 pg/mL and LOD 0.033-0.047 wg/mL for plasma samples.

Statistical analysis. The SPSS Statistics software v. 26.0 (IBM, Armonk, New York, NY, USA) was used
for the statistical analysis. Comparisons between groups were made using Student’s t test and Mann-
Whitney U test for normal or not normally distributed variables, respectively. P value = 0.05 indicates
that the differences were statistically significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS

We thank A.H. Schinkel (The Netherlands Cancer Institute, Amsterdam, The
Netherlands) who provided parental MDCK-II cells and its murine Abcg2 and human
ABCG2-transduced subclones; and Abcg2 knockout mice. We are grateful to James
McCue for assistance with language editing.

July 2022 Volume 66 Issue 7

Antimicrobial Agents and Chemotherapy

10.1128/aac.00062-22 8


https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00062-22

Albendazole Metabolites and ABCG2 Transporter

Antimicrobial Agents and Chemotherapy

This work was supported by the research projects AGL2015-65626-R (MCIN/AEI/
10.13039/501100011033/FEDER” Una manera de hacer Europa”) and RTI2018-100903-B-
100 (MCIN/AEI/10.13039/501100011033/FEDER” Una manera de hacer Europa”); and by
the predoctoral grants (FPU18/01559 grant to E.B.-P., FPU19/04169 grant to L.A.-F.)
from the Spanish Ministry of Education, Culture and Sport, and BES-2016-077235 grant
to A.M.G.-L. (MCIN/AEI/10.13039/501100011033 y FSE” El FSE invierte en tu futuro”).
E.B.-P.: conceptualization, methodology, data curation, formal analysis, investigation and
writing-original draft. LA-F. and AM.G.-L.: methodology, data curation, formal analysis,
and investigation. A.LA.: conceptualization, methodology, funding acquisition, validation,
supervision, writing-review & editing. G.M.: conceptualization, methodology, funding
acquisition, validation, project administration, supervision, writing—review & editing.

REFERENCES

1.

Siles-Lucas M, Casulli A, Cirilli R, Carmena D. 2018. Progress in the pharma-
cological treatment of human cystic and alveolar echinococcosis: Com-
pounds and therapeutic targets. PLoS Negl Trop Dis 12:e0006422. https://
doi.org/10.1371/journal.pntd.0006422.

. Alvarez LI, Sanchez SF, Lanusse C. 1999. In vivo and ex vivo uptake of

albendazole and its sulphoxide metabolite by cestode parasites: relation-
ship with their kinetic behaviour in sheep. J Vet Pharmacol Ther 22:77-86.
https://doi.org/10.1046/j.1365-2885.1999.00194.X.

. Schulz JD, Neodo A, Coulibaly JT, Keiser J. 2019. Pharmacokinetics of

albendazole, albendazole sulfoxide, and albendazole sulfone determined
from plasma, blood, dried-blood spots, and Mitra samples of hookworm-
infected adolescents. Antimicrob Agents Chemother 63:1-12. https://doi
.org/10.1128/AAC.02489-18.

. Mofid LS, Casapia M, Montresor A, Rahme E, Marquis GS, Vercruysse J,

Allen LH, Blouin B, Razuri H, Pezo L, Gyorkos TW. 2021. Maternal postpar-
tum deworming and infant milk intake: Secondary outcomes from a trial.
Matern Child Nutr 17. https://doi.org/10.1111/mcn.13183.

. Abdel-Tawab AM, Bradley M, Ghazaly EA, Horton J, El-Setouhy M. 2009.

Albendazole and its metabolites in the breast milk of lactating women
following a single oral dose of albendazole. Br J Clin Pharmacol 68:
737-742. https://doi.org/10.1111/j.1365-2125.2009.03524 x.

. Movahedi F, Li L, Gu W, Xu ZP. 2017. Nanoformulations of albendazole as

effective anticancer and antiparasite agents. Nanomedicine (Lond) 12:
2555-2574. https://doi.org/10.2217/nnm-2017-0102.

. Zhou F, Du J, Wang J. 2017. Albendazole inhibits HIF-1a-dependent gly-

colysis and VEGF expression in non-small cell lung cancer cells. Mol Cell
Biochem 428:171-178. https://doi.org/10.1007/s11010-016-2927-3.

. Liu H, Sun H, Zhang B, Liu S, Deng S, Weng Z, Zuo B, Yang J, He Y. 2020.

18F-FDG PET imaging for monitoring the early anti-tumor effect of alben-
dazole on triple-negative breast cancer. Breast Cancer 27:372-380.
https://doi.org/10.1007/s12282-019-01027-5.

. Chen H, Weng Z, Xu C. 2020. Albendazole suppresses cell proliferation and

migration and induces apoptosis in human pancreatic cancer cells. Anti-
cancer Drugs 31:431-439. https://doi.org/10.1097/CAD.0000000000000914.

. Moreno L, Imperiale F, Mottier L, Alvarez L, Lanusse C. 2005. Comparison

of milk residue profiles after oral and subcutaneous administration of
benzimidazole anthelmintics to dairy cows. Anal Chim Acta 536:91-99.
https://doi.org/10.1016/j.aca.2004.12.069.

. Batzias GC, Delis GA. 2004. Reversed-phase liquid chromatographic

method with fluorescence detection for the simultaneous determination
of albendazole sulphoxide, albendazole sulphone and albendazole 2-
aminosulphone in sheep plasma. J Chromatogr B Analyt Technol Biomed
Life Sci 805:267-274. https://doi.org/10.1016/j.jchromb.2004.03.012.

. Fletouris DJ, Botsoglou NA, Psomas IE, Mantis Al. 1998. Albendazole-

related drug residues in milk and their fate during cheesemaking, ripen-
ing, and storage. J Food Prot 61:1484-1488. https://doi.org/10.4315/0362
-028x-61.11.1484.

. Merino G, Molina AJ, Garcia JL, Pulido MM, Prieto JG, Alvarez Al. 2003. Intesti-

nal elimination of albendazole sulfoxide: pharmacokinetic effects of inhibitors.
Int J Pharm 263:123-132. https://doi.org/10.1016/s0378-5173(03)00369-7.

. Pensel PE, Ullio Gamboa G, Fabbri J, Ceballos L, Sanchez Bruni S, Alvarez

LI, Allemandi D, Benoit JP, Palma SD, Elissondo MC. 2015. Cystic echino-
coccosis therapy: Albendazole-loaded lipid nanocapsules enhance the
oral bioavailability and efficacy in experimentally infected mice. Acta
Trop 152:185-194. https://doi.org/10.1016/j.actatropica.2015.09.016.

July 2022 Volume 66 Issue 7

20.

21.

22.

23.

24

25.

26.

27.

28.

. Ingold K, Bigler P, Thormann W, Cavaliero T, Gottstein B, Hemphill A. 1999.

Efficacies of albendazole sulfoxide and albendazole sulfone against In Vitro-
cultivated Echinococcus multilocularis metacestodes. Antimicrob Agents
Chemother 43:1052-1061. https://doi.org/10.1128/AAC.43.5.1052.

. Adas G, Arikan S, Kemik O, Oner A, Sahip N, Karatepe O. 2009. Use of

albendazole sulfoxide, albendazole sulfone, and combined solutions as
scolicidal agents on hydatid cysts (in vitro study). World J Gastroenterol
15:112-116. https://doi.org/10.3748/wjg.15.112.

. Stettler M, Siles-Lucas M, Sarciron E, Lawton P, Gottstein B, Hemphill A.

2001. Echinococcus multilocularis alkaline phosphatase as a marker for
metacestode damage induced by in vitro drug treatment with albenda-
zole sulfoxide and albendazole sulfone. Antimicrob Agents Chemother
45:2256-2262. https://doi.org/10.1128/AAC.45.8.2256-2262.2001.

. Rawden HC, Kokwaro GO, Ward SA, Edwards G. 2000. Relative contribu-

tion of P450 and FMO to the metabolism of ABZ by human liver micro-
somes. Br J Clin Pharmacol 49:313-322. https://doi.org/10.1046/j.1365
-2125.2000.00170.x.

. EMEA. 2004. Committee of medicinal products for veterinary use - Alben-

dazole. Emea/Mrl/865/03-Final :1-4.

Gonzélez-Lobato L, Real R, Herrero D, de la Fuente A, Prieto J, Marques M,
Alvarez A, Merino G. 2014. Novel in vitro systems for prediction of veteri-
nary drug residues in ovine milk and dairy products. Food Addit Contam
Part A Chem Anal Control Expo Risk Assess 31:1026-1037. https://doi.org/
10.1080/19440049.2014.908261.

Vlaming MLH, Lagas JS, Schinkel AH. 2009. Physiological and pharmaco-
logical roles of ABCG2 (BCRP): recent findings in Abcg2 knockout mice.
Adv Drug Deliv Rev 61:14-25. https://doi.org/10.1016/j.addr.2008.08.007.
Khunweeraphong N, Sz6ll8si D, Stockner T, Kuchler K. 2019. The ABCG2
multidrug transporter is a pump gated by a valve and an extracellular lid.
Nat Commun 10:5433. https://doi.org/10.1038/s41467-019-13302-2.

Van Herwaarden AE, Schinkel AH. 2006. The function of breast cancer re-
sistance protein in epithelial barriers, stem cells and milk secretion of
drugs and xenotoxins. Trends Pharmacol Sci 27:10-16. https://doi.org/10
.1016/j.tips.2005.11.007.

. Garcia-Lino AM, Alvarez-Fernandez |, Blanco-Paniagua E, Merino G,

Alvarez Al. 2019. Transporters in the Mammary Gland—Contribution to
Presence of Nutrients and Drugs into Milk. Nutrients 11:2372. https://doi
.org/10.3390/nu11102372.

Miguel V, Otero JA, Garcia-Villalba R, Tomas-Barberan F, Espin J, Merino G,
Alvarez Al. 2014. Role of ABCG2 in transport of the mammalian lignan
enterolactone and its secretion into milk in abcg2 knockout mice. Drug
Metab Dispos 42:943-946. https://doi.org/10.1124/dmd.113.055970.
Garcia-Mateos D, Garcia-Villalba R, Maraién JA, Espin JC, Merino G,
Alvarez Al. 2017. The Breast Cancer Resistance Protein (BCRP/ABCG2)
influences the levels of enterolignans and their metabolites in plasma,
milk and mammary gland. J Funct Foods 35:648-654. https://doi.org/10
.1016/}.jff.2017.06.038.

Jonker JW, Merino G, Musters S, Van Herwaarden A, Bolscher E, Wagenaar
E, Mesman E, Dale TC, Schinkel AH. 2005. The breast cancer resistance
protein BCRP (ABCG2) concentrates drugs and carcinogenic xenotoxins
into milk. Nat Med 11:127-129. https://doi.org/10.1038/nm1186.

Otero JA, Real R, De la Fuente A, Prieto J, Marqués M, Alvarez A, Merino G.
2013. The bovine ATP-binding cassette transporter ABCG2 Tyr581Ser single-
nucleotide polymorphism increases milk secretion of the fluoroquinolone

10.1128/aac.00062-22 9


https://doi.org/10.1371/journal.pntd.0006422
https://doi.org/10.1371/journal.pntd.0006422
https://doi.org/10.1046/j.1365-2885.1999.00194.x
https://doi.org/10.1128/AAC.02489-18
https://doi.org/10.1128/AAC.02489-18
https://doi.org/10.1111/mcn.13183
https://doi.org/10.1111/j.1365-2125.2009.03524.x
https://doi.org/10.2217/nnm-2017-0102
https://doi.org/10.1007/s11010-016-2927-3
https://doi.org/10.1007/s12282-019-01027-5
https://doi.org/10.1097/CAD.0000000000000914
https://doi.org/10.1016/j.aca.2004.12.069
https://doi.org/10.1016/j.jchromb.2004.03.012
https://doi.org/10.4315/0362-028x-61.11.1484
https://doi.org/10.4315/0362-028x-61.11.1484
https://doi.org/10.1016/s0378-5173(03)00369-7
https://doi.org/10.1016/j.actatropica.2015.09.016
https://doi.org/10.1128/AAC.43.5.1052
https://doi.org/10.3748/wjg.15.112
https://doi.org/10.1128/AAC.45.8.2256-2262.2001
https://doi.org/10.1046/j.1365-2125.2000.00170.x
https://doi.org/10.1046/j.1365-2125.2000.00170.x
https://doi.org/10.1080/19440049.2014.908261
https://doi.org/10.1080/19440049.2014.908261
https://doi.org/10.1016/j.addr.2008.08.007
https://doi.org/10.1038/s41467-019-13302-2
https://doi.org/10.1016/j.tips.2005.11.007
https://doi.org/10.1016/j.tips.2005.11.007
https://doi.org/10.3390/nu11102372
https://doi.org/10.3390/nu11102372
https://doi.org/10.1124/dmd.113.055970
https://doi.org/10.1016/j.jff.2017.06.038
https://doi.org/10.1016/j.jff.2017.06.038
https://doi.org/10.1038/nm1186
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00062-22

Albendazole Metabolites and ABCG2 Transporter

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

danofloxacin. Drug Metab Dispos 41:546-549. https://doi.org/10.1124/dmd
.112.049056.

Otero JA, Garcia-Mateos D, de la Fuente A, Prieto JG, Alvarez Al, Merino G.
2016. Effect of bovine ABCG2 Y581S polymorphism on concentrations in
milk of enrofloxacin and its active metabolite ciprofloxacin. J Dairy Sci 99:
5731-5738. https://doi.org/10.3168/jds.2015-10593.

Garcia-Mateos D, Garcia-Lino AM, Alvarez-Fernandez |, Blanco-Paniagua
E, de la Fuente A, Alvarez Al, Merino G. 2019. Role of ABCG2 in secretion
into milk of the anti-inflammatory Flunixin and its main metabolite: in
vitro-in vivo correlation in mice and cows. Drug Metab Dispos 47:
516-524. https://doi.org/10.1124/dmd.118.085506.

Garcia-Lino AM, Blanco-Paniagua E, Astorga-Simon EN, Alvarez-Fernandez L,
Garcia-Mateos D, Alvarez-Fernandez |, Alvarez Al, Merino G. 2020. Abcg2
transporter affects plasma, milk and tissue levels of meloxicam. Biochem
Pharmacol 175:113924. https://doi.org/10.1016/j.bcp.2020.113924.

Malfara B, Benzi J, de Oliveira Filgueira G, Zanelli C, Duarte G, de Carvalho
Cavalli R, de Moraes N. 2019. ABCG2 c.421C>A polymorphism alters ni-
fedipine transport to breast milk in hypertensive breastfeeding women.
Reprod Toxicol 85:1-5. https://doi.org/10.1016/j.reprotox.2019.01.007.
Mahnke H, Ballent M, Baumann S, Imperiale F, Von Bergen M, Lanusse C,
Lifschitz AL, Honscha W, Halwachs S. 2016. The ABCG2 efflux transporter
in the mammary gland mediates veterinary drug secretion across the
blood-milk barrier into milk of dairy cows. Drug Metab Dispos 44:
700-708. https://doi.org/10.1124/dmd.115.068940.

Merino G, Jonker JW, Wagenaar E, Pulido M, Molina A, Alvarez A, Schinkel
A. 2005. Transport of anthelmintic benzimidazole drugs by breast cancer
resistance (BCRP/ABCG2). Drug Metab Dispos 33:614-279. https://doi
.org/10.1124/dmd.104.003319.

Allen JD, van Loevezijn A, Lakhai JM, van der Valk M, van Tellingen O, Reid G,
Schellens JHM, Koomen G-J, Schinkel AH. 2002. Potent and specific inhibition
of the breast cancer resistance protein multidrug transporter in vitro and in
mouse intestine by a novel analogue of fumitremorgin C. Mol Cancer Ther 1:
417-425.

Merino G, Alvarez Al, Pulido MM, Molina AJ, Schinkel AH, Prieto JG. 2006.
Breast cancer resistance protein (Bcrp/Abcg2) transports fluoroquinolone
antibiotics and affects their oral availability, pharmacokinetics, and milk
secretion. Drug Metab Dispos 34:690-695. https://doi.org/10.1124/dmd
.105.008219.

Sanyal PK, Rawte D, Kerketta AE, Kumbhakar NK, Kumar D, Pal S, Baghel
KR, Bisen S. 2016. Diet-induced modulation of pharmacokinetics of alben-
dazole in Sahiwal cattle. J Helminthol 90:555-560. https://doi.org/10
.1017/50022149X15000735.

Lanusse C, Gascon LH, Prichard RK. 1995. Comparative plasma disposition
kinetics of albendazole, fenbendazole, oxfendazole and their metabolites
in adult sheep. J Vet Pharmacol Ther 18:196-203. https://doi.org/10.1111/
j.1365-2885.1995.tb00578.x.

Egido E, Mdiller R, Li-Blatter X, Merino G, Seelig A. 2015. Predicting activa-
tors and inhibitors of the breast cancer resistance protein (ABCG2) and P-
glycoprotein (ABCB1) based on mechanistic considerations. Mol Pharm
12:4026-4037. https://doi.org/10.1021/acs.molpharmaceut.5b00463.
Breedveld P, Zelcer N, Pluim D, Sénmezer O, Tibben MM, Beijnen JH,
Schinkel AH, van Tellingen O, Borst P, Schellens JHM, van Tellingen O,
Borst P, Schellens JHM. 2004. Mechanism of the pharmacokinetic interac-
tion between methotrexate and benzimidazoles. Cancer Res 64:
5804-5811. https://doi.org/10.1158/0008-5472.CAN-03-4062.

Barrera B, Otero JA, Egido E, Prieto JG, Seelig A, Alvarez Al, Merino G.
2012. The anthelmintic triclabendazole and its metabolites inhibit the
membrane transporter ABCG2/BCRP. Antimicrob Agents Chemother 56:
3535-3543. https://doi.org/10.1128/AAC.06345-11.

Xu Y, Egido E, Li-Blatter X, Miller R, Merino G, Bernéche S, Seelig A. 2015.
Allocrite sensing and binding by the breast cancer resistance protein
(ABCG2) and P-glycoprotein (ABCB1). Biochemistry 54:6195-6206. https://
doi.org/10.1021/acs.biochem.5b00649.

De Liguoro M, Longo F, Brambilla G, Cinquina A, Bocca A, Lucisano A.
1996. Distribution of the anthelmintic drug albendazole and its major
metabolites in ovine milk and milk products after a single oral dose. J
Dairy Res 63:533-542. https://doi.org/10.1017/50022029900032076.

July 2022 Volume 66 Issue 7

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Antimicrobial Agents and Chemotherapy

Alvarez Al, Merino G, Molina AJ, Pulido MM, McKellar QA, Prieto JG. 2006.
Role of ABC transporters in veterinary drug research and parasite resistance.
Curr Drug Deliv 3:199-206. https://doi.org/10.2174/156720106776359195.
Pulido MM, Molina AJ, Merino G, Mendoza G, Prieto JG, Alvarez Al. 2006.
Interaction of enrofloxacin with breast cancer resistance protein (BCRP/
ABCG2): influence of flavonoids and role in milk secretion in sheep. J Vet
Pharmacol Ther 29:279-287. https://doi.org/10.1111/j.1365-2885.2006
.00744 x.

Ito S, Lee A. 2003. Drug excretion into breast milk-overview. Adv Drug
Deliv Rev 55:617-627. https://doi.org/10.1016/s0169-409x(03)00034-6.
Real R, Egido E, Pérez M, Gonzalez-Lobato L, Barrera B, Prieto JG, Alvarez
Al, Merino G. 2011. Involvement of breast cancer resistance protein
(BCRP/ABCG2) in the secretion of danofloxacin into milk: interaction with
ivermectin. J Vet Pharmacol Ther 34:313-321. https://doi.org/10.1111/j
.1365-2885.2010.01241.x.

Merino G, Van Herwaarden A, Wagenaar E, Jonker JW, Schinkel AH. 2005.
Sex-dependent expression and activity of the ATP-binding cassette trans-
porter breast cancer resistance protein (BCRP/ABCG?2) in liver. Mol Phar-
macol 67:1765-1771. https://doi.org/10.1124/mol.105.011080.
Mirfazaelian A, Dadashzadeh S, Rouini MR. 2002. Effect of gender in the
disposition of albendazole metabolites in humans. Eur J Clin Pharmacol
58:403-408. https://doi.org/10.1007/s00228-002-0488-8.

Charlier J, Hoglund J, Von Samson-Himmelstjerna G, Dorny P, Vercruysse
J. 2009. Gastrointestinal nematode infections in adult dairy cattle: impact
on production, diagnosis and control. Vet Parasitol 164:70-79. https://doi
.org/10.1016/j.vetpar.2009.04.012.

Frey CF, Eicher R, Raue K, Strube C, Bodmer M, Hentrich B, Gottstein B,
Marreros N. 2018. Apparent prevalence of and risk factors for infection
with Ostertagia ostertagi, Fasciola hepatica and Dictyocaulus viviparus in
Swiss dairy herds. Vet Parasitol 250:52-59. https://doi.org/10.1016/j
.vetpar.2017.12.004.

Statham JME. 2015. Control of liver fluke: an emerging issue in terms of
veterinary residues. Vet Rec 177:519-521. https://doi.org/10.1136/vr
.h6287.

Romero T, Althaus R, Moya VJ, Beltran M del C, Reybroeck W, Molina MP.
2017. Albendazole residues in goat’s milk: interferences in microbial in-
hibitor tests used to detect antibiotics in milk. J Food Drug Anal 25:
302-305. https://doi.org/10.1016/}.jfda.2016.08.007.

Tsiboukis D, Sazakli E, Jelastopulu E, Leotsinidis M. 2013. Anthelmintics
residues in raw milk. Assessing intake by a children population. Pol J Vet
Sci 16:85-91. https://doi.org/10.2478/pjvs-2013-0012.

Perez M, Otero JA, Barrera B, Prieto JG, Merino G, Alvarez Al. 2013. Inhibi-
tion of ABCG2/BCRP transporter by soy isoflavones genistein and daid-
zein: effect on plasma and milk levels of danofloxacin in sheep. Vet J 196:
203-208. https://doi.org/10.1016/j.tvjl.2012.09.012.

Otero JA, Garcia-Mateos D, Alvarez-Fernandez |, Garcia-Villalba R, Espin
JC, Alvarez Al, Merino G. 2018. Flaxseed-enriched diets change milk con-
centration of the antimicrobial danofloxacin in sheep. BMC Vet Res 14:14.
https://doi.org/10.1186/512917-018-1341-3.

Barrera B, Gonzalez-Lobato L, Otero JA, Real R, Prieto JG, Alvarez Al
Merino G. 2013. Effects of triclabendazole on secretion of danofloxacin
and moxidectin into the milk of sheep: role of triclabendazole metabo-
lites as inhibitors of the ruminant ABCG2 transporter. Vet J 198:429-436.
https://doi.org/10.1016/j.tvjl.2013.07.033.

Merino G, Jonker JW, Wagenaar E, Van Herwaarden AE, Schinkel AH.
2005. The breast cancer resistance protein (BCRP/ABCG2) affects pharma-
cokinetics, hepatobiliary excretion, and milk secretion of the antibiotic
nitrofurantoin. Mol Pharmacol 67:1758-1764. https://doi.org/10.1124/
mol.104.010439.

Jonker JW, Buitelaar M, Wagenaar E, Van der Valk MA, Scheffer GL, Scheper
RJ, Plésch T, Kuipers F, Oude Elferink RPJ, Rosing H, Beijnen JH, Schinkel AH.
2002. The breast cancer resistance protein protects against a major chloro-
phyll-derived dietary phototoxin and protoporphyria. Proc Natl Acad Sci
U S A 99:15649-15654. https://doi.org/10.1073/pnas.202607599.

Taverniers |, De Loose M, Van Bockstaele E. 2004. Trends in quality in the
analytical laboratory. Il. Analytical method validation and quality assur-
ance. Trends Anal Chem 23:535-552. https://doi.org/10.1016/j.trac.2004
.04.001.

10.1128/aac.00062-22 10


https://doi.org/10.1124/dmd.112.049056
https://doi.org/10.1124/dmd.112.049056
https://doi.org/10.3168/jds.2015-10593
https://doi.org/10.1124/dmd.118.085506
https://doi.org/10.1016/j.bcp.2020.113924
https://doi.org/10.1016/j.reprotox.2019.01.007
https://doi.org/10.1124/dmd.115.068940
https://doi.org/10.1124/dmd.104.003319
https://doi.org/10.1124/dmd.104.003319
https://doi.org/10.1124/dmd.105.008219
https://doi.org/10.1124/dmd.105.008219
https://doi.org/10.1017/S0022149X15000735
https://doi.org/10.1017/S0022149X15000735
https://doi.org/10.1111/j.1365-2885.1995.tb00578.x
https://doi.org/10.1111/j.1365-2885.1995.tb00578.x
https://doi.org/10.1021/acs.molpharmaceut.5b00463
https://doi.org/10.1158/0008-5472.CAN-03-4062
https://doi.org/10.1128/AAC.06345-11
https://doi.org/10.1021/acs.biochem.5b00649
https://doi.org/10.1021/acs.biochem.5b00649
https://doi.org/10.1017/s0022029900032076
https://doi.org/10.2174/156720106776359195
https://doi.org/10.1111/j.1365-2885.2006.00744.x
https://doi.org/10.1111/j.1365-2885.2006.00744.x
https://doi.org/10.1016/s0169-409x(03)00034-6
https://doi.org/10.1111/j.1365-2885.2010.01241.x
https://doi.org/10.1111/j.1365-2885.2010.01241.x
https://doi.org/10.1124/mol.105.011080
https://doi.org/10.1007/s00228-002-0488-8
https://doi.org/10.1016/j.vetpar.2009.04.012
https://doi.org/10.1016/j.vetpar.2009.04.012
https://doi.org/10.1016/j.vetpar.2017.12.004
https://doi.org/10.1016/j.vetpar.2017.12.004
https://doi.org/10.1136/vr.h6287
https://doi.org/10.1136/vr.h6287
https://doi.org/10.1016/j.jfda.2016.08.007
https://doi.org/10.2478/pjvs-2013-0012
https://doi.org/10.1016/j.tvjl.2012.09.012
https://doi.org/10.1186/s12917-018-1341-3
https://doi.org/10.1016/j.tvjl.2013.07.033
https://doi.org/10.1124/mol.104.010439
https://doi.org/10.1124/mol.104.010439
https://doi.org/10.1073/pnas.202607599
https://doi.org/10.1016/j.trac.2004.04.001
https://doi.org/10.1016/j.trac.2004.04.001
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00062-22

	RESULTS
	In vitro transport of ABZ metabolites ABZSO2 and ABZSO2-NH2.
	Secretion of ABZ metabolites into milk in Abcg2−/− and wild-type female mice.

	DISCUSSION
	MATERIALS AND METHODS
	Reagents and drugs.
	Cell cultures.
	Transport assays.
	Animals.
	HPLC analysis.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

