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In veterinary field, drug exposure during milk production in dairy cattle is considered 
a major health problem which concerns dairy consumers. The induced expression 
of the ABC transporter G2 (ABCG2) in the mammary gland during lactation plays 
a significant role in the active secretion of many compounds into milk. The 
main objective of this study was to determine the involvement of ABCG2 in the 
secretion into milk of the antiparasitic clorsulon in sheep as well as the possible 
effect of the coadministration of model ABCG2 inhibitors such as macrocyclic 
lactones on this process. Cells transduced with the ovine variant of ABCG2 were 
used to carry out in vitro transepithelial transport assays in which we  showed 
that clorsulon is a substrate of the ovine transporter. In addition, ivermectin and 
abamectin significantly inhibited clorsulon transport mediated by ovine ABCG2. In 
vivo interactions were studied in Assaf sheep after coadministration of clorsulon 
(in DMSO, 2  mg/kg, s.c.) with ivermectin (Ivomec®, 0.2  mg/kg, s.c.) or abamectin 
(in DMSO, 0.2  mg/kg, s.c.). After ivermectin and abamectin treatment, no relevant 
statistically significant differences in plasma levels of clorsulon were reported 
between the experimental groups since there were no differences in the area 
under the plasma concentration-curve (AUC) between clorsulon treatment alone 
and coadministration with macrocyclic lactones. With regard to milk, total amount 
of clorsulon, as percentage of dose excreted, did not show statistically significant 
differences when macrocyclic lactones were coadministered. However, the 
AUC for clorsulon significantly decreased (p <  0.05) after coadministration with 
ivermectin (15.15  ±  3.17  μg  h/mL) and abamectin (15.30  ±  3.25  μg  h/mL) compared 
to control group (20.73  ±  4.97  μg  h/mL). Moreover, milk parameters such as half-
life (T1/2) and mean residence time (MRT) were significantly lower (p <  0.05) after 
coadministration of macrocyclic lactones. This research shows that the milk 
pharmacokinetics of clorsulon is affected by the coadministration of ABCG2 
inhibitors, reducing drug persistence in milk.
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1. Introduction

Helminth infections are responsible for the most relevant diseases 
of livestock globally due to their negative impact on production 
efficiency in livestock systems. Consequently, control of helminth 
infections is essential and is mainly based on the use of anthelmintic 
drugs (1–3). Fascioliasis, a zoonotic disease, causes high economic 
loses in meat and milk production in livestock throughout the world 
(4). A number of existing anthelmintic drugs have been used to treat 
fascioliasis, among them clorsulon (4, 5).

Clorsulon is an antiparasitic drug that belongs to the 
benzenesulphonamide antiparasitic family used for treatment against 
adult and mature liver flukes (6). Blocking energy-producing pathways 
in the fluke is the main mode of action of clorsulon; specifically, it 
inhibits two enzymes involved in glycolysis of the parasite: 
3-phosphate-glyceratekinase and phospho-glyceromutase (6, 7). 
Regarding its pharmacokinetics, clorsulon is well absorbed after oral 
administration and eliminated by renal excretion without being 
metabolized (7, 8). Several previous studies have reported its plasma 
pharmacokinetics in sheep, goats, cattle and rats (6, 8–10). Commonly, 
clorsulon is marketed with the macrocyclic lactone ivermectin, 
combining nematicide and flukicide effects (11, 12). The effectiveness 
of this combination has been reported in sheep, rats and cattle 
(13–17).

In veterinary field, potential mechanisms or factors that could 
modify drug exposure and impact on efficacy as well as on the 
appearance of drug residues in milk are vital to study. Drug–drug 
interactions may be  one of these factors and must be  taken into 
consideration. Transporter-based interactions in particular have been 
reported to affect the pharmacokinetics of drugs (17, 18). These 
interactions are related to coadministration of a drug that is an 
inhibitor or an inducer of the transporter which may affect the 
transport of another drug described as a substrate (19). ATP-binding 
cassette (ABC) transporters are some of the transporters involved in 
drug–drug interactions and Breast Cancer Resistance Protein (BCRP/
ABCG2) is one of the proteins included in this superfamily of 
transporters, which is the focus of our study.

The ABCG2 transporter extrudes a wide range of drugs from cells 
due to its localization in the apical membrane of epithelial cells in 
several tissues such as intestine, kidney, liver, brain and testicles. The 
main biological function of ABCG2 is to limit toxin accumulation in 
cells and to modulate of pharmacokinetic processes such as xenobiotic 
absorption, distribution and elimination (20, 21). Moreover, ABCG2 
is expressed in alveolar epithelial cells of the mammary gland during 
lactation and is one of the main factors involved in active secretion of 
many compounds into milk (22, 23). Consequently, drugs described 
as ABCG2 substrates can accumulate in milk, posing a health risk to 
dairy consumers. Drug–drug interactions mediated by the ABCG2 

transporter that lead to the inhibition of ABCG2 affecting drug 
secretion into milk or plasma availability have been reported (24–30).

Clorsulon has been characterized as an in vitro substrate of 
murine and human variants of ABCG2, and its involvement in the 
secretion of clorsulon into milk has been reported using ABCG2-
knockout mice; furthermore, a drug–drug interaction with the 
macrocyclic lactone ivermectin has been shown given that its 
coadministration decreased secretion of clorsulon into milk by 
ABCG2 in mice (31). However, interaction with the ovine variant of 
ABCG2 and its potential role in the secretion of clorsulon into milk 
in sheep is unknown. The purpose of this study was to determine 
whether clorsulon is an in vitro substrate of ovine ABCG2 and to 
explore its role in the secretion of this flukicide into milk. The effect 
of macrocyclic lactones, ivermectin and abamectin, on the 
pharmacokinetics of clorsulon in sheep was also evaluated.

2. Materials and methods

2.1. Standards and chemicals

Clorsulon and abamectin were purchased from Biosynth 
Carbosynth (Berkshire, United  Kingdom) and albendazol-2 
aminosulfone from LGC Standards (Molsheim, France). Ivermectin 
and Lucifer Yellow were obtained from Sigma-Aldrich (St. Louis, MO, 
United States). For in vivo assays, ivermectin (Ivomec®) was purchased 
from Boehringer Ingelheim (Barcelona, Spain). All the additional 
chemicals used were reagent grade and were available from 
commercial suppliers.

2.2. Cell cultures

This study employed Madin-Darby Canine Kidney (MDCKII) 
cells that had been previously transduced with ovine ABCG2. The 
conditions for culturing have been previously described (32). Briefly, 
cells were grown in DMEM (Dulbecco’s modified Eagle’s medium) 
enriched with glutamax (Life Technologies, Inc., Rockville, MD, 
United  States) and supplemented with penicillin (50 units/mL), 
streptomycin (50 μg/mL), and 10% (v/v) fetal calf serum (MP 
Biomedicals, Solon, OH, United States) at a temperature of 37°C and 
5% of CO2. Every 3 to 4 days, cells were trypsinized for subculturing.

2.3. Transcellular transport studies

Transcellular transport experiments using ovine ABCG2-
transduced cells were conducted following the method previously 
described (33). Cells were seeded onto microporous polycarbonate 
membrane filters (3.0 μm pore size, 24 mm diameter; Transwell 3414; 
Costar, Corning, NY) at a density of 1.0 × 106 per well. The tightness 
of the monolayer was assessed by measuring its transcellular resistance 
using Millicell ERS (Millipore Burlington, MA).

Two hours before the beginning, preincubation was carried out 
replacing medium in both compartments with 2 mL of transport 
medium [Hanks’ balanced salt solution supplemented with HEPES 
(25 mM)] with or without the macrocyclic lactones (10 μM ivermectin 
and 2.5 μM abamectin). The experiment began with the replacement 

Abbreviations: ABC, ATP-binding cassette; AP-BL, Apical to basal transport; AUC, 

Area under concentration-time curves; BCRP/ABCG2, Breast cancer resistance 

protein/ATP-binding cassette transporter G2; BL-AP, Basal to apical transport; 

Cmax, Maximum peak concentration; HPLC, High-performance liquid 

chromatography; LOD, Limit of detection; LOQ, Limit of quantification; MDCKII, 

Madin-Darby canine kidney; MRT, Mean residence time; s.c., Subcutaneous; Tmax, 

Time to maximum concentration; T1/2, Half-life.
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of the medium in either the apical or basal compartment with 
transport medium containing clorsulon (10 μM), with or without the 
same concentration of macrocyclic lactones. Aliquots of 100 μL at 1, 2 
and 3 h in the opposite compartment were taken, this volume being 
replaced with fresh medium. At 4 h, 600 μL aliquots were taken in both 
compartments. Until analysis by high-performance liquid 
chromatography (HPLC), samples were stored at −20°C. After 
concluding the experiment, the confluence of the monolayer was 
evaluated by means of the Lucifer Yellow permeability assay (34). 
Transport proficiency of these cells was consistently verified through 
the evaluation of a typical ABCG2 substrate, danofloxacin (25).

The apparent permeability coefficients (Papp) across MDCKII 
parent and MDCKII oABCG2 cells monolayers in both apical to basal 
(A-B) (Papp A-B) and basal to apical (B-A) (Papp B-A) directions were 
calculated using following equation: Papp = (ΔQ/Δt)*(1/A*Co), where 
ΔQ/Δt is the rate of corresponding clorsulon appearing in the receiver 
chamber, which was obtained as the slope of the regression line on the 
transport time profile of clorsulon across the cell monolayers (from 0 
to 4 h); Co is the initial concentration of drug; A is the cell monolayer 
surface area (4.67 cm2). The efflux ratio is the Papp B-A/Papp 
A-B quotient.

2.4. Pharmacokinetic experiments with 
Assaf sheep

Studies with sheep were carried out on the Experimental Farm of the 
University of León, following institutional guidelines in accordance with 
European legislation (2010/63/EU). Procedures were also approved by 
the Animal Care and Use Committee of the University of León ULE-008-
2019 (25/09/2019). Eighteen lactating sheep (3–4 months in lactation) of 
between 77–83 kg were used. Animals were previously dewormed and 
they had ad libitum access to drinking water. Sheep were randomly 
distributed in three experimental groups. All received a subcutaneous 
(s.c.) injection of clorsulon at 2 mg/kg (dissolved in DMSO, 80 mg/mL); 
one group coadministrated with another s.c. injection of ivermectin at 
0.2 mg/kg (Ivomec® 1%, Merial, France) and another group with another 
s.c. injection of abamectin at 0.2 mg/kg (dissolved in DMSO, 8 mg/mL). 
Blood samples were taken from the jugular vein, while milk samples 
were obtained after completing milking of the gland before each 
treatment and at intervals of 1, 2, 4, 6, 8, 10, 12, 24, 30, 48, 72, 96, 120 and 
168 h thereafter. Plasma was separated by centrifuging at 1200 g 15 min. 
Samples were stored at −20°C until analyzed.

2.5. High performance liquid 
chromatography analysis

Samples were analyzed by HPLC under conditions which have 
been previously described (31). Briefly, the chromatographic system 
used included a Waters 2695 separation module and a Waters 2998 
UV photodiode array detector. Separation was performed on a 
reversed-phase column (4 mm particle size, 250 × 341 4.6 mm, 
Max-RP 80Å, 362 Phenomenex®, Torrance, CA, United States). The 
mobile phase consisted of potassium phosphate 0.01 M (pH 7): 
acetonitrile (75:25). The flow rate was set at 1.20 mL/min, with UV 
absorbance measured at 225 nm, and the column temperature 
maintained at 35°C.

In vitro samples were injected directly into the HPLC system. In 
vivo samples, milk and plasma, were extracted following a formerly 
described method (31) with minor modifications. For milk and 
plasma samples, 10 μL of albendazole-2-aminosulfone (6.25 μg/mL) 
as internal standard and 200 μL of ethyl acetate were added to each 
100 μL. Then, the mixture was vortexed horizontally for 1 min and 
centrifuged at 8000 g for 10 min at 4°C. The resulting supernatant was 
collected and subjected to evaporation under N2 at 30°C until dryness. 
To the evaporated samples, 500 μL of hexane and 300 μL of acetonitrile 
was added, the mixture was again vortexed horizontally for 1 min and 
centrifuged at 3000 g for 10 min at 4°C. Hexane was removed and the 
rest was evaporated to dryness under nitrogen stream. After being 
resuspended in 100 μL of cold methanol, samples were injected into 
the HPLC system.

Standard samples of clorsulon in the appropriate drug-free matrix 
were prepared at concentrations of 0.078–10 μg/mL for culture 
samples, 0.078–2.5 μg/mL for plasma samples, and 0.078–5 μg/mL for 
milk samples. Correlation coefficients for clorsulon ranged between 
0.98–0.99. Precision coefficients of variation were ≤20%, and relative 
standard deviations (accuracy) values were ≤20%. Determination of 
the limit of detection (LOD) and limit of quantification (LOQ) was 
carried out in accordance with the procedure explained by Taverniers 
et al. (35). LOD was 0.01 μg/mL for cell culture samples and sheep 
plasma and 0.03 μg/mL for sheep milk. LOQ was 0.02 μg/mL for 
culture samples, 0.04 μg/mL for sheep plasma and 0.09 μg/mL for 
sheep milk.

2.6. Pharmacokinetic calculations and 
statistical analyses

Plasma and milk concentrations for each animal were analyzed 
using PK solution 2.0 computer program (Summit Research Services, 
Ashland, OH) to calculated pharmacokinetic parameters as previously 
described (27).

Statistical analysis for significant differences was performed using 
SPSS Statistics software (v. 26.0; IBM, Armonk, New  York, NY, 
United  States). Normal distribution of data was analyzed by the 
Shapiro–Wilk test. The ANOVA and Kruskal–Wallis tests were applied 
for normally and not normally distributed data, respectively. A 
probability of p ≤ 0.05 was considered to be statistically significant.

3. Results

3.1. In vitro transport of clorsulon: 
inhibition by ivermectin and abamectin

To determine the in vitro role of ovine ABCG2 in transport of 
clorsulon, MDCKII parental cells and subclone transduced with ovine 
ABCG2 were used, transepithelial translocation of clorsulon across 
monolayers on porous membrane filters was measured (Figure 1) and 
relative efflux ratios were calculated (Table 1).

MDCKII parental cells showed a similar transport in both 
directions, basolateral and apical (Figure 1A), which is also reflected 
in the relative efflux ratio, 1.07 ± 0.06. However, translocation in the 
apical direction was significantly higher (p < 0.05) than translocation 
in the basolateral direction in MDCKII ovine ABCG2 cells 
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(Figure 1B), with a relative efflux ratio significantly higher (p < 0.05) 
in comparison to MDCKII parental cells (Table 1). Specific transport 
by ABCG2 was checked using a specific inhibitor of ABCG2, Ko143 
(36), resulting in a complete inhibition of clorsulon transported by 
ovine ABCG2-transduced cells. These results reveal that clorsulon is 
efficiently transported by ovine ABCG2.

We also studied the effect of two macrocyclic lactones, 
ivermectin and abamectin on the ovine ABCG2-mediated 
transport of clorsulon and performed transepithelial transport 

assays in the presence of ivermectin 10 μM (Figures 1C,D) and 
abamectin 2.5 μM (Figures 1E,F) using MDCKII parental and 
ovine ABCG2 cells. For ovine ABCG2-transduced cells, clorsulon 
transport was effectively inhibited in the presence of ivermectin 
(Figure 1D) and abamectin (Figure 1F), resulting in a similar 
apical and basolateral translocation, with efflux ratios similar to 
those in the parental cells (Table 1). These results demonstrate a 
highly effective in vitro inhibitory effect of ivermectin and 
abamectin on clorsulon transport mediated by ovine ABCG2.

FIGURE 1

Transepithelial transport assays of clorsulon (10  μM) in MDCKII (parental) cells and its subclones transduced with ovine ABCG2 (oABCG2) (A,B), in 
presence of ivermectin 10  μM (C,D) and abamectin 2.5  μM (E,F). The assay was started with the addition of medium in either the apical or basal 
compartment with fresh transport medium containing clorsulon with or without ivermectin or abamectin. Results are represented as mean  ±  SD. 
Closed circles represent basal to apical (B-A) transport rate and open circles represent apical to basal transport rate (A-B) (n  ≥  3).
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For MDCKII parental cells with ivermectin (Figure  1C) and 
abamectin (Figure  1E), we  showed that clorsulon apical and 
basolateral translocation were similar. Moreover, relative efflux ratios 
were comparable to previous efflux ratios obtained in clorsulon alone 
treatment in MDCKII parental cells (Table 1), thus indicating no effect 
of these macrocyclic lactones on the parental cells.

3.2. Plasma and milk clorsulon 
pharmacokinetics in sheep

To evaluate the potential in vivo drug–drug interactions between 
macrocyclic lactones and secretion into milk of clorsulon, its 
coadministration with ivermectin and abamectin was carried out 
in sheep.

Mean plasma concentrations are shown in Figure 2A. Clorsulon 
plasma concentrations were significantly lower (p  < 0.05) at 8 h 
(1.59 ± 0.20 μg/mL) after coadministration with ivermectin compared 
to clorsulon alone treatment (1.95 ± 0.24 μg/mL). Regarding plasma 
pharmacokinetics parameters (Table 2), T1/2 and MRT values were 
lower (p < 0.05) after coadministration with abamectin compared to 
clorsulon administration. However, no significant differences were 
reported on comparing the AUC for clorsulon between clorsulon 
alone treatment and coadministration with ivermectin and abamectin. 
These data indicate that plasma availability was not affected by 
coadministration of macrocyclic lactones.

Regarding milk, mean concentrations (Figure  2B) and 
pharmacokinetic parameters of clorsulon (Table 3) were calculated. 
No differences were reported in mean milk concentrations between 
clorsulon alone administration and coadministration with ivermectin 
or abamectin (Figure 2B). Nevertheless, the milk AUC for clorsulon 
was around 25% lower (p  < 0.05) after coadministration with 
ivermectin and abamectin compared to clorsulon alone treatment 
(Table 3). No differences were reported for the AUC milk-to-plasma 
values or total amount of clorsulon as percentage of dose excreted 
between clorsulon alone treatment and ivermectin or abamectin 
coadministration (Table  3). With regard to pharmacokinetics 

parameters, the T1/2 values were lower (p < 0.05) after coadministration 
with ivermectin and abamectin compared to clorsulon administration. 
Furthermore, the MRT showed a reduction (p < 0.05) in milk values 
after coadministration of ivermectin and abamectin compared to 
clorsulon alone treatment.

These results indicate that milk pharmacokinetics of clorsulon is 
modified following its simultaneous administration with the 
macrocyclic lactones ivermectin and abamectin in sheep. In addition, 
a reduction in the persistence of clorsulon in milk was reported.

4. Discussion

Animal helminthic infections have an important unwanted 
impact not only on livestock production, but also on animal welfare, 
the environment and human health. Prevention or treatment of these 
diseases using chemotherapeutics is essential for their control. 
Nevertheless, there are undesired side-effects related to anthelmintic 
use such as anthelmintic resistance development and anthelmintic 
residues in the environment and animal-derived products (3). 
Moreover, antiparasitic combinations are often used to enhance the 
spectrum of activity. For example, clorsulon with the macrocyclic 
lactone ivermectin is a marketed combination used in veterinary 
medicine as a broad-spectrum anthelmintic formulation thanks to the 
association of a nematicide and a flukicide (11, 12). However, the 
administration of different anthelmintic drugs in combination can 
lead to unpredictable drug–drug interactions that must be considered. 
In particular, transporter-based interactions may affect plasma and 
milk pharmacokinetics parameters of drugs (19, 23, 37, 38).

Recently, we showed that clorsulon was efficiently transported in 
vitro by murine ABCG2 and human ABCG2, and also that ivermectin 
inhibited murine and human ABCG2-mediated transport of 
clorsulon. Moreover, we  reported a reduction in milk levels of 
clorsulon after coadministration of ivermectin in mice (31). In 
accordance with these outcomes, in the present study we show that 
clorsulon is an in vitro substrate for ovine ABCG2 and that there is an 
important effect of two macrocyclic lactones, ivermectin and 
abamectin, as model ABCG2 inhibitors, on the transfer of clorsulon 
into sheep milk.

In vitro transcellular transport assays using MDCKII cells 
transduced with ovine variant of ABCG2 showed that clorsulon is 
efficiently transported by ovine ABGC2 with an efflux transport ratio 
of 2.92 ± 0.93 (Table  1, Figure  1B). Similar ratios were previously 
obtained in murine ABCG2 (2.20 ± 0.13) and human ABCG2 
(1.63 ± 0.17) transduced cells lines (31). Beforehand, different 
compounds were described as substrates of ovine ABCG2 such as 
antibiotics and non-steroidal anti-inflammatories (28, 30, 32, 39).

We also demonstrate an efficient in vitro inhibition of ABCG2-
mediated transport of clorsulon in ovine variant by the macrocyclic 
lactones ivermectin and abamectin (Table  1). Ivermectin and 
abamectin are avermectin compounds known for their anthelmintic 
and insecticidal effects (40). Both of these have been described as 
inhibitors of the ABC transporter P-glycoprotein (41). Nevertheless, 
only ivermectin has been previously identified as an in vitro inhibitor 
of ABCG2, with an inhibition potency value of 45.9% at 25 μM in 
ovine ABCG2-transduced cells (32, 42). Furthermore, this inhibitory 
effect was confirmed using transport assays with well-known ABCG2 
substrates such as danofloxacin (25), albendazole sulphoxide (43) or 

TABLE 1 Apparent permeability (Papp) values for transepithelial transport 
of clorsulon (10  μM) across cells monolayers in MDCKII cells and the 
ovine-ABCG2 transduced cells (oABCG2) with or without ivermectin 
(10  μM), abamectin (2.5  μM) and Ko143 (1  μM) (n  ≥  3).

BL-AP, 
×10−6 
cm/s 
(Papp 
B-A)

AP-BL, 
×10−6 
cm/s 
(Papp 
A-B)

Efflux 
ratio 
Papp 

B-A/Papp 
A-B

MDCKII

Clorsulon 2.41 ± 0.46 2.27 ± 0.46 1.07 ± 0.06

Clorsulon + Ivermectin 2.83 ± 0.97 2.61 ± 0.71 1.09 ± 0.17

Clorsulon + Abamectin 2.29 ± 0.60 2.37 ± 0.93 0.99 ± 0.13

Clorsulon + Ko143 2.21 ± 0.40 2.15 ± 0.54 1.04 ± 0.08

MDCKII 

oABCG2

Clorsulon 3.23 ± 0.88 1.13 ± 0.16 2.92 ± 0.93*

Clorsulon + Ivermectin 1.43 ± 0.20 1.22 ± 0.15 1.17 ± 0.11#

Clorsulon + Abamectin 1.67 ± 0.26 1.48 ± 0.30 1.15 ± 0.17#

Clorsulon + Ko143 1.59 ± 0.29 1.50 ± 0.21 1.06 ± 0.09#

Results are mean ± SD. *p ≤ 0.05: significant differences from MDCKII cells. #p ≤ 0.05: 
significant differences from MDCKII oABCG2 clorsulon alone treatment.
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novel substrates like meloxicam (30). Apart from ivermectin, other 
avermectins have been reported to have inhibitory effects on ABCG2 
such as doramectin (32), eprinomectin (29) and selamectin (42). 
However, the interaction between abamectin and ABCG2 has not yet 
been described. Due to its similar structure with the rest of the 
avermectins, its hydrophobic properties, previously related as a 

common chemical feature of inhibitors of ABCG2 (44), as well as its 
current importance in the agriculture field (40), it was interesting to 
address the potential role of abamectin as an inhibitor of ovine ABCG2.

Following the meaningful inhibition obtained in the in vitro 
assays, the extent of in vivo ABCG2-mediated drug–drug interaction 
involving macrocyclic lactones and the ovine ABCG2 substrate 

FIGURE 2

Concentration in plasma (A) and milk (B) vs. time curves for clorsulon obtained from sheep after s.c. administration of clorsulon at dosage of 2  mg/kg 
and co-administered with ivermectin at 0.2  mg/kg (s.c.) and abamectin at 0.2  mg/kg (s.c.). Results are represented as mean  ±  SD (n  =  6). Lowercase 
letter (a) represents significant differences (p  ≤  0.05) between clorsulon alone dose and ivermectin coadministration.

TABLE 2 Pharmacokinetic parameters (mean  ±  SD) for clorsulon in plasma after s.c. administration at 2  mg/kg in sheep co-administrated with 
ivermectin (0.2  mg/kg, s.c.) and abamectin (0.2  mg/kg, s.c.) (n  =  6).

Parametersa Clorsulon Clorsulon  +  ivermectin Clorsulon  +  abamectin

Cmax (μg/mL) 2.13 ± 0.28 1.72 ± 0.19 1.70 ± 0.40

Tmax (h) 6.67 ± 1.93 6.00 ± 1.79 7.67 ± 0.82

T1/2 (h) 18.97 ± 2.38 15.74 ± 3.83 12.34 ± 2.65*

MRT (h) 25.00 ± 3.97 22.85 ± 5.20 18.82 ± 2.96*

AUC (0–∞) (μg h/mL) 43.27 ± 6.40 38.77 ± 6.10 33.68 ± 9.07

*p ≤ 0.05, significant differences from clorsulon alone treatment.
aCmax, maximum concentration; Tmax, time to maximum concentration; T1/2, half-life; MRT, mean residence time; AUC, area under the curve.
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clorsulon was determined carrying out the coadministration of 
clorsulon with ivermectin and abamectin in sheep. Clorsulon was 
administrated at the recommended dose of 2 mg/kg by the s.c. route, 
as is commonly used in cattle (6), and ivermectin and abamectin were 
tested at doses based on the recommended dose rate (45).

Plasma concentrations of clorsulon (Figure 2A) were in the same 
range as previous pharmacokinetics studies carried out in cattle in 
which after s.c. administration of 2 mg/kg of clorsulon, the maximum 
plasma concentration was 2.5 μg/mL at 6 h (6). We showed that plasma 
concentrations were lower at 8 h after coadministration with ivermectin. 
Differences in T1/2 and MRT after coadministration with abamectin 
were reported with lower values compared to clorsulon alone 
administration. Despite these differences in clorsulon plasma 
concentrations at certain single time points and pharmacokinetics 
parameters, no significant differences between AUC values in clorsulon 
alone treatment compared to coadministration of macrocyclic lactones 
were reported, although these differences tended to be lower after the 
coadministrations (Table 2). Lack of differences in clorsulon plasma 
availability in sheep after macrocyclic lactone coadministration is in 
agreement with the lack of differences in clorsulon plasma levels in mice 
after coadministration with ivermectin (31). In particular, there were no 
differences in plasma concentrations of clorsulon between wild-type 
and Abcg2−/− mice in the treatment either with clorsulon alone or with 
the combination of clorsulon and ivermectin. Even when comparing 
treatments with or without ivermectin in both types of mice, no 
differences in plasma concentrations of clorsulon were reported. 
Although our in vitro results evidently showed that clorsulon is a 
substrate of ovine ABCG2 and that this transporter can have an 
influence on the plasma disposition of its substrates (20), it is important 
to consider that other factors, including the potential involvement of 
other transporters in vivo, might conceal the effect of ABCG2 on the 
systemic disposition of clorsulon.

Focusing on milk pharmacokinetics of clorsulon, in our study the 
effect of ivermectin and abamectin on clorsulon pharmacokinetics in 
milk was also studied in Assaf sheep (Figure 2B and Table 3). Milk 
AUC values decreased following coadministration of ivermectin and 
abamectin compared to treatment with clorsulon alone (Table 3). 
Moreover, the values of the parameters T1/2 and MRT in milk were also 
lower after coadministration of macrocyclic lactones compared to 
clorsulon alone treatment (Table  3), showing a reduction in the 
persistence of clorsulon in milk. Previous studies reported a reduction 
in milk levels of ABCG2 substrates such as danofloxacin (25) or 
meloxicam (30) after coadministration of ivermectin in sheep, without 

any effect in plasma levels. In addition, the coadministration of 
different ABCG2 inhibitors in sheep, such as triclabendazole 
metabolites (28) or soy isoflavones (26) were also reported to affect 
milk pharmacokinetics parameters of moxidectin and danofloxacin, 
respectively.

Our results show no significant differences in AUC milk-to-
plasma values of clorsulon between experimental groups. We cannot 
rule out the possibility that the coadministration of macrocyclic 
lactones affected systemic exposure of clorsulon by some unknown 
mechanism since reduced AUC in plasma was also shown although 
not statistically significant, probably due to high interindividual 
variability. Consequently, reduction in milk AUC might be  a 
consequence of this potential plasma reduction. In any case, these 
results show that coadministration of macrocyclic lactones such as 
model ABCG2 inhibitors causes a reduction in the persistence of 
clorsulon in milk, limiting potential exposure of the offspring and 
consumers of dairy products to this xenobiotic and enhancing the 
understanding of the potential factors that could affect the 
pharmacokinetics of contaminants in milk.

5. Conclusion

Our study defined clorsulon as an in vitro substrate of ovine 
ABCG2 and showed the in vitro inhibitory effect of ivermectin and 
abamectin on clorsulon transport mediated by ovine ABCG2. In 
sheep, the coadministration of ABCG2 inhibitors such as macrocyclic 
lactones affected milk pharmacokinetics of clorsulon.
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TABLE 3 Pharmacokinetic parameters (mean  ±  SD) for clorsulon in milk after s.c. administration at 2  mg/kg in sheep co-administered with ivermectin 
(0.2  mg/kg, s.c.) and abamectin (0.2  mg/kg, s.c.) (n  =  6).
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Cmax (μg/mL) 0.65 ± 0.29 0.52 ± 0.12 0.57 ± 0.19
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AUC (0–∞) (μg h/mL) 20.73 ± 4.97 15.15 ± 3.17* 15.30 ± 3.25*

AUC milk/AUC plasma 0.49 ± 0.14 0.39 ± 0.03 0.47 ± 0.11
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aCmax, maximum concentration; Tmax, time to maximum concentration; T1/2, half-life; MRT, mean residence time; AUC, area under the curve.
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