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In humans, the ATP-binding cassette efflux transporter ABCG2 contributes to the fetoprotective barrier function
of the placenta, potentially limiting the toxicity of transporter substrates to the fetus. During testing of chemicals
including pesticides, developmental toxicity studies are performed in rabbit. Despite its toxicological relevance,
ABCG2-mediated transport of pesticides in rabbit placenta has not been yet elucidated. We therefore generated
polarized MDCK II cells expressing the ABCG2 transporter from rabbit placenta (rbABCG2) and evaluated inter-
action of the efflux transporter with selected insecticides, fungicides, and herbicides. The Hoechst H33342 accu-
mulation assay indicated that 13 widely used pesticidal active substances including azoxystrobin, carbendazim,
chlorpyrifos, chlormequat, diflufenican, dimethoate, dimethomorph, dithianon, ioxynil, methiocarb,
propamocarb, rimsulfuron and toclofos-methyl may be rbABCG2 inhibitors and/or substrates. No such evidence
was obtained for chlorpyrifos-methyl, epoxiconazole, glyphosate, imazalil and thiacloprid. Moreover, chlorpyri-
fos (CPF), dimethomorph, tolclofos-methyl and rimsulfuron showed concentration-dependent inhibition of
H33342 excretion in rbABCG2-transduced MDCKII cells. To further evaluate the role of rbABCG2 in pesticide
transport across the placenta barrier, we generated polarized MDCKII-rbABCG2 monolayers. Confocal microsco-
py confirmed correct localization of rbABCG2protein in the apical plasmamembrane. In transepithelialflux stud-
ies, we showed the time-dependent preferential basolateral to apical (B NA) directed transport of [14C] CPF across
polarizedMDCKII-rbABCG2monolayers whichwas significantly inhibited by the ABCG2 inhibitor fumitremorgin
C (FTC). Using this novel in vitro cell culture model, we altogether showed functional secretory activity of the
ABCG2 transporter from rabbit placenta and identified several pesticides like the insecticide CPF as potential
rbABCG2 substrates.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pesticides are used in conventional agriculture tomanageweeds, in-
sects or fungi while non-agricultural pesticides (biocides) have a wider
range of applications as disinfectants, preservatives, and in pest control.
Consumers are continuously exposed to pesticides mainly through res-
idues in the diet (Hamilton et al., 2004). In addition, users and by-
standers can be directly exposed during pesticide and biocide applica-
tion. However, recent human biomonitoring suggests that consumer
exposure to agricultural pesticides is mostly through dietary sources
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even for residents living near agricultural land (Galea et al., 2015). Be-
cause of their inherent activity and toxicity, chronic pesticide exposure
is considered as a potential public health risk specifically to susceptible
sub-populations such as pregnant women and their fetuses. From the
mechanistic perspective, developmental toxicity in the fetus resulting
frommaternal pesticide exposure can occur, among others, through en-
docrine disruption, placenta or neuronal cell defects, and oxidative
stress (Ewence et al., 2015; Mostafalou and Abdollahi, 2013; Saulsbury
et al., 2008). Thus, depending on the underlying mechanism, materno-
fetal transfer of the active substance can be essential for developmental
toxicity.

Generally, during gestation the placenta serves as a protective barri-
er to fetal exposure of potentially harmful compounds like pesticides.
Interestingly, the ATP-binding cassette (ABC) efflux transporter ABCG2
is highly expressed in human syncytiotrophoblast cells (Allikmets et
al., 1998) that form the placenta barrier between the maternal and the
fetal blood circulations. Therefore, ABCG2 was initially named ABCP
(ABC transporter in placenta) (Allikmets et al., 1998). The efflux
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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transporter is also known as breast cancer resistance protein (BCRP) or
multixenobiotic resistance (MXR) transporter due to its initial isolation
from multidrug-resistant breast cancer MCF-7 (Doyle et al., 1998) or
mitoxantrone-resistant colon carcinoma cells (Miyake et al., 1999). In
syncytiotrophoblast cells, ABCG2 is localized in the apical plasmamem-
brane facing the maternal side and mediates cellular excretion of vari-
ous drugs and toxins (Vähäkangas and Myllynen, 2009; Lindner et al.,
2013). Hence, ABCG2 substantially contributes to the protective barrier
function of the placenta by limiting the placental penetration and there-
by fetal exposure to potential harmful xenobiotics (Robey et al., 2009).
However, no detailed information is so far available on active transport
of pesticides including ABCG2 in the placenta barrier.

Due to similar hemomonochorialmorphology and placenta function
(Fischer et al., 2012), the rabbit is the preferred non-rodent species to
test the prenatal developmental toxicity of chemicals including pesti-
cides in human (OECD, 2011). Accordingly, developmental toxicity
studies in rabbits are included in legislative data requirements for pesti-
cides (e.g. Regulation (EU) No. 283/2013). We have recently cloned the
ABCG2 transporter from placenta tissues of a chinchilla rabbit that was
subsequently referred to as rabbit ABCG2 (rbABCG2). Using MDCKII
cells stably expressing rbABCG2, we demonstrated functional efflux ac-
tivity of the ABCG2 transporter from rabbit placenta (Halwachs et al.,
2016). Moreover, rbABCG2 was shown to interact with several drugs
that are known human ABCG2 substrates indicating a comparable
drug substrate specificity of the rbABCG2 and the human ABCG2 efflux
transporter supporting the choice of the rabbit as a model for develop-
mental toxicity testing of chemicals. However, there is no information
so far available on the role of rbABCG2 in placental transport and fetal
disposition with potential harmful environmental chemicals like
pesticides.

In this study, we therefore aimed to explore the MDCKII-rbABCG2
cell line as in vitro model to test active transport of pesticides in rabbit
placenta. In afirst step, a range of herbicides, fungicides, and insecticides
were screened for interaction with rbABCG2 using the Hoechst H33342
assay. Only those active substances were included that are approved in
the EU (Lewis et al., 2015), repeatedly exceeded the legalmaximum res-
idue levels (MRLs) in food monitoring studies (BVL reports, 2013) or
were considered of high environmental significance due to combined
extensive use in agriculture and inherent toxicological hazard
Table 1
The selectedpesticides chemicalswere obtained at analytical grade from Sigma-Aldrich (Deisen
prepared with specified solvents. In this study, the applied pesticide concentrations (highlighte
pesticides data base available at: http://ec.europa.eu/food/plant/pesticides/eu-pesticides-data
Here, the respective higher pesticide MRL was used and cells were incubated with the respect

No. Pesticide Substance group Solvent Maximum MRL (mg/k

cereals [molar
concentration]

1 Azoxystrobin Strobilurin Toluene 0.30 [744.00 nM]
2 Carbendazim Benzimidazole DMF 2.00 [10.50 μM]
3 Chlormequat-chloride Quarternary

ammonium
Milli Q 2.00 [12.65 μM]

3 Chlorpyrifos Organophosphate Toluene 0.02 [57.00 nM]
4 Chlorpyrifos-methyl Organophosphate Toluene 3.00 [9.30 μM]
5 Diflufenican Carboxamide Methanol 0.01 [25.00 nM]
6 Dimethoate Organophosphate Methanol 0.01 [44.00 nM]
7 Dimethomorph Morpholine Methanol 0.05 [129.00 nM]
8 Dithianon Quinone Toluene 0.05 [169.00 nM]
9 Epoxiconazole Thiazole Toluene 1.50 [4.55 μM]
10 Glyphosate Phosphonate Milli Q 10.00 [59.50 μM]
11 Imazalil Imidazole Toluene 0.05 [168.00 nM]
12 Ioxynil Hydroxybenzonitrile Methanol 0.05 [135.00 nM]
13 Methiocarb Carbamate Xylene 0.10 [444.00 nM]
14 Propamocarb Carbamate Methanol 0.10 [531.00 nM]
15 Rimsulfuron Sulfonylurea Ethyl-

acetate
0.05 [116.00 nM]

16 Thiacloprid Neonicotinoid Ethyl-
acetate

1.00 [3.96 μM]

17 Tolclofos-methyl Chlorophenyl Methanol 0.05 [166.00 nM]
(Schmidt and Gutsche, 2000). We further established functional mono-
layers of polarized MDCKII-rbABCG2 cells. In subsequent transport
studies including transepithelial flux studies, we examined functional
rbABCG2 secretory activity and evaluated selected pesticides like the or-
ganophosphorus insecticide chlorpyrifos as potential rbABCG2
substrates.

2. Materials and methods

2.1. Chemicals

Bisbenzimide Hoechst H33342 was purchased from AppliChem
(Darmstadt, Germany). Methiocarb was obtained from Dr. Ehrenstorfer
Inc. (Augsburg, Germany) and all other substances including all tested
pesticides were purchased from Sigma-Aldrich (Deisenhofen, Germa-
ny) at analytical grade (Table 1). Mouse monoclonal anti-ABCG2 anti-
body BXP-21 was obtained from Calbiochem (Darmstadt, Germany)
and polyclonal anti-ZO-1 (TJP-1) antibody from Sigma-Aldrich. Second-
ary antibodies were from Invitrogen (Darmstadt, Germany).

2.2. Cell culture

Madin-Darby canine kidney (MDCKII) cells stably expressing ABCG2
from rabbit placenta (rbABCG2) including culture conditions of
MDCKII-rbABCG2 and parental MDCKII cells (wild type, WT) were de-
scribed recently (Halwachs et al., 2016). Cells (1 × 104 per well) were
seeded on Polyester Transwell®-Clear inserts (0.33 cm2 growth area,
0.4 μm pore size, Corning, Wiesbaden, Germany) and cultured to polar-
ized monolayers using 0.3 and 0.7 ml culture medium for the inner and
outer chamber, respectively. Formation of barrier functionwas followed
bymeasurement of the transepithelial electrical resistance (TEER) using
a low-impedance volt-ohmmeter equipped with a Chopstick electrode
(Millipore, Schwalbach, Germany).

2.3. Cell proliferation assay

We evaluated the short-term (4 h) cytotoxicity of all tested pesti-
cides using the WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]-1,3-benzene disulfonate) cytotoxicity assay (Roche Applied
hofen, Germany)with the specified purity as provided in the table and stock solutionswere
d in grey) reflected the MRL in cereals or vegetables. MRL values were taken from the EU
base/public/?event=activesubstance.selection&language=EN (last access: 12/18/2015).
ive 0.1- or one-fold MRL concentration.

g) Maximum MRL (mg/kg) Lot/batch-no Specified
purity

Solvent

vegetables [molar
concentration]

[concentration]

15.00 [37.18 μM] SZBB130XV 99.40% 0.10%
0.10 [523.00 nM] SZBA347XV 99.20% 0.04%
0,05 [316.00 nM] SZB8248XV 99.1% 0.10%

1.00 [2.85 μM] SZBA141XV 99.90% 0.10%
0.50 [1.55 μM] SZBC109XV 99.90% 0.25%
0.05 [127.00 nM] SZBC048XV 97.90% 0.10%
0.02 [87.00 nM] SZBC243XV 99.50% 0.04%

15.00 [38.67 μM] SZB9069XV 99.00% 0.02%
0.60 [2.02 μM] SZBA327XV 97.40% 0.10%
0.10 [303.00 nM] SZBD099XV 99.00% 0.10%
0.50 [2.97 μM] SZBC164XV 99.90% 0.04%
3.00 [10.09 μM] SZB9016XV 99.70% 0.10%
3.00 [8.09 μM] SZB8114XV 99.80% 0.15%
1.00 [4.44 μM] 10,630 99,5% 0,10%

50.00 [265.50 μM] SZB9168XV 99.3% 0.10%
0.05 [115.00 nM] SZBC047XV 99.90% 0.05%

5.00 [19.79 μM] SZBC180XV 99.90% 0.10%

2.00 [6.64 μM] SZBA323XV 97.90% 0.20%

http://ec.europa.eu/food/plant/pesticides/eu-pesticides-database/public/?eventctivesubstance.selection&language=N
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Science,Mannheim, Germany) as described previously (Halwachs et al.,
2007). The IC50 values of the selected compounds were defined as the
substance concentration that reduced the absorbance by 50% and
were determined using Prism 5.04 (GraphPad Software Inc., San
Diego, CA).

2.4. Immunocytochemical analysis

For indirect immunolocalization of ABCG2,MDCKII-rbABCG2 or -WT
cells were grown on microporous filter inserts for 5 days. Polarized cell
monolayers were fixed with 2% (v/v) paraformaldehyde and unspecific
binding was blocked with 3% (v/v) BSA in phosphate-buffered saline.
We detected ABCG2 protein with anti-ABCG2 MAb (BXP-21; 1:50)
overnight at 4 °C followed by incubation with goat anti-mouse Alexa
594 IgG (1:500) for 2 h at room temperature. Tight-junction-associated
zona occludens 1 (ZO-1) proteinwas detected using polyclonal anti-ZO-
1 antibody (TJP-1; 1:100) overnight at 4 °C and stained with goat anti-
rabbit Alexa 488 IgG (1:400) for 2 h at room temperature. Cell nuclei
were visualized using 4′,6-diamidino-2-phenylindole (DAPI; 0.5 μg/
ml). Samples were mounted on slides with FluorSave reagent
(Calbiochem). Confocal images (x-z plane) of MDCKII-rbABCG2 or -
WT cells were taken by sequential scanning of optical sections of
about 0.17 μm thickness as defined recently (Wassermann et al.,
2014b) on an inverted confocal laser scanning microscope Leica TCS
SP5 equipped with an HCX PL APO 63 × 1.4 oil immersion objective
(Leica Microsystems, Wetzlar, Germany). Image stacks were processed
and analysed with LAS AF1.7.0 software (Leica Microsystems) and
Adobe Photoshop CS2.

2.5. Hoechst H33342 accumulation assays in MDCKII-rbABCG2 and
MDCKII-WT cells

MDCKII-rbABCG2 or -WT cells were seeded (8 × 103) in 96-well cul-
ture plates and grown to confluence.Monolayerswere incubated for 4 h
with the pesticides specified in Table 1. Pesticide stock solutions were
prepared using the solvents delineated in Table 1 and vehicle concen-
trations were ≤0.25% for all experiments. In the absence of suitable bio-
monitoring data on pesticide levels in human plasma, tested
concentrationswere based onmaximum residue limits (MRL) in cereals
or vegetables and included levels corresponding to 0.01, 0.1 or 10-fold
the MRL. Following equilibration with the pesticide, we incubated the
cells with the fluorescent dye Hoechst H33342 (20 μM) for 15 min as
described recently (Wassermann et al., 2013a). Protein concentration
of cells was determined using the bicinchoninic acid (BCA) assay
(Pierce, Rockford, IL, USA) according to the manufacturer's instructions.
The intracellular H33342 accumulationwas assessed as relative fluores-
cence units (RFU) per mg protein in relation to untreated control cells.
Finally, the functional rbABCG2 efflux activity was defined as the ratio
in H33342 accumulation of MDCKII-rbABCG2 cells compared to that
found in MDCKII-WT control cells.

2.6. Transepithelial chlorpyrifos transport studies

MDCKII-rbABCG2 or -WT cells were grown on microporous mem-
brane filters as delineated above. Flux studies were conducted in
5 day-old cell cultures (Wassermann et al., 2013b). Before the start of
the transport assays, culture medium was replaced by medium with
or without FTC (10 μM). After 2 h, MDCKII monolayers were washed
with Hank's balanced salt solution (HBSS, PAA) supplemented with
20 mM glucose and 20 mM hydroxyethylpiperazineethane sulfonic
acid (HEPES; pH 7.8). Transport experiments were initiated by addition
of HBSS transport buffer containing 10 μM [14C] chlorpyrifos (CPF;
6.6 × 105 dpm/ml; specific activity: 1.11 × 103 MBq/mmol; purity:
99%; lot number: 140,718; Biotrend, Cologne, Germany) with or with-
out 10 μM FTC to either the apical (for determination of apical to
basolateral transport, A N B) or the basolateral (for determination of
basolateral to apical transport, B N A) compartment. Aliquots (10 μl)
from the apical (for determination of basolateral to apical transport,
B N A) or the basolateral (for determination of apical to basolateral
transport, A N B) compartment were taken and replaced by fresh trans-
port buffer at 30, 60, 120, 180 and 240min. Radioactivity of sampleswas
measured by liquid scintillation counting (LS 6500, Beckman, Fullerton,
CA). Total cellular protein was determined by BCA assay and CPF trans-
port across MDCKII monolayers was expressed in pmol per mg protein.
The apparent permeability coefficient (Papp) was calculated using the
following equation: Papp [cm/s] = flux [pmol/h]/3600 [s/h]/S[pmol/
cm3]/0,33 [cm2] where S defines the initial substrate concentration.
The efflux ratio (ER) represents the ratio of the Papp in the basolateral-
to-apical direction (Papp B N A) to the Papp in the apical-to-basolateral di-
rection (Papp A N B).

Following each flux assay, MDCKII monolayer barrier function was
confirmed by measuring the paracellular flux of Lucifer yellow (LY)
added at 60 μM to the apical compartment over 1 h at 37 °C. LY levels
were assessed in aliquots (10 μl) from the apical or the basolateral com-
partment using a fluorescence microplate reader (480/530 nm, Tecan,
Crailsheim, Germany).

2.7. Statistics

Analysis of data was carried out using Microsoft Excel software (Of-
fice 2010). Curvefittings for the transepithelial CPF fluxwere performed
by nonlinear regression bymeans of SigmaPlot 10 (Systat Software Inc.)
We assessed differences betweenmean values of MDCKII-rbABCG2 and
-WT cells as well as differences between pretreated MDCKII cultures
compared to untreated control cells by two-way ANOVA and the Fisher
LSD as post hoc test using SigmaPlot 10. A p-value of b0.05 was consid-
ered as statistically significant.

3. Results

3.1. Effect of selected pesticides on Hoechst H33342 accumulation in
MDCKII-rbABCG2 or MDCKII-WT cells

Before initiation of Hoechst H33342 transport assays, acute cytotox-
icity of the chosen pesticides in MDCKII-rbABCG2 cultures was deter-
mined by the WST-1 assay. Dimethomorph significantly reduced
WST-1 conversion at a concentration of 39 μM, corresponding to the
maximum MRL in vegetables (not shown). Therefore, concentrations
of 0.01, 0.13, 1.3 and 13 μM, were used in subsequent studies with
dimethomorph. An IC50-value of ~11mMwasobtained for the fungicide
propamocarb. For all other tested pesticides, IC50-values could not be
obtained as cell viability remained N50% of vehicle control after short-
term incubation (4 h) with the highest applied concentration of
azoxystrobin (1860 μM), carbendazim (525 μM), chlorpyrifos
(285 μM), chlorpyrifos-methyl (31 μM), chlormequate chloride
(1260 μM), diflufenican (13 μM), dimethoate (22 μM), dimethomorph
(26 μM), dithianon (202 μM), epoxiconazole (455 μM), glyphosate
(148 μM), imazalil (109 μM), ioxynil (540 μM), methiocarb (440 μM),
rimsulfuron (12 μM), thiacloprid (396 μM) and tolclofos-methyl
(17 μM).

The effect of 18 selected pesticides on accumulation of the ABCG2
model substrate Hoechst H33342 (Hegedus et al., 2009) in MDCKII-
rbABCG2 cells was tested to identify potential ABCG2 substrates and/
or inhibitors. Substrates as well as inhibitors can be identified in the in-
direct Hoechst screening assay through their inhibition of cellular
H33342 excretion (Wassermann et al., 2013a), resulting in elevated in-
tracellular H33342 levels. Unspecific effects on substrate accumulation
were taken into account by normalization to H33342 accumulation in
MDCKII-WT cells. Overall, 13 pesticides showed inhibition of H33342
excretion in MDCKII-rbABCG2 cells but not in MDCKII-WT control
cells at the selected maximum concentrations. This is illustrated by
the 1.5- to 2-fold significant increase in the cellular H33342
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accumulation rbABCG2 to WT ratio compared to the untreated control
shown in Fig. 1. Among these 13 pesticides, lower concentrations of
chlorpyrifos and dimethomorph (Fig. 1A) as well as rimsulfuron and
tolclofos-methyl (Fig. 1B) corresponding to one tenth of the reference
MRL also showed an inhibitory effect on H33342 excretion comparable
to that of the higher concentration (Fig. 1). Altogether, the screening
level assay identified 13 of 18 selected pesticidal active substances as
potential rbABCG2 substrates and/or inhibitors.

3.2. Concentration-dependent effect of selected pesticides onH33342 excre-
tion in MDCKII-rbABCG2 and -WT cells

In subsequent studies, we examined the concentration-dependency
of the effect of chlorpyrifos, dimethomorph, rimsulfuron, and tolclofos-
methyl on cellular H33342 accumulation in more detail. As described in
thematerials andmethods section, test concentrationswere selected on
basis of the highest available MRL, corresponding to 0.03–28.5 μM
Fig. 1. Impact of selected pesticides onHoechst H33342 accumulation inMDCKII-rbABCG2
or MDCKII-WT cells. Cells were pre-treated (4 h) with the pesticides azoxystrobin,
carbendazim, chlormequat chloride, chlorpyrifos, chlorpyrifos-methyl, diflufenican,
dimethoate, dimethomorph or dithianon (A) and the pesticides epoxiconazole,
glyphosate, imazalil, ioxynil, methiocarb, propamocarb, rimsulfuron, thiacloprid or
tolclofos-methyl (B). Pesticide concentrations reflected the 0.1- or one-fold MRL in
cereals or vegetables as specified in Table 1. In case of dimethomorph, we used the one-
or ten-fold MRL in cereals as stated in the results section. Hoechst assays were initiated
by addition of H33342 (10 μM) in presence or absence of the respective pesticide and
cells were incubated for 15 min. Cellular H33342 accumulation was assessed as
delineated in the Materials and methods Section. ABCG2 efflux activity was defined as
the ratio in H33342 accumulation in the rbABCG2 clone compared to that determined in
MDCKII-WT cells and expressed as RFU per mg protein. Data represent the mean ± SEM
(*p b 0.05 significance to untreated control cells, two-way ANOVA, Fisher LSD post hoc
test, n = 18).
chlorpyrifos, 0.01–13 μM dimethomorph, 1.16–1160 nM rimsulfuron
and 0.07–66.4 μM tolclofos-methyl. For all four substances, a concentra-
tion-dependent increase in the H33342 accumulation rbABCG2 to WT
ratio was observed (Fig. 2). The lowest concentration of chlorpyrifos
(Fig. 2A), dimethomorph (Fig. 2B), rimsulfuron (Fig. 2C) or tolclofos-
methyl (Fig. 2D) did not cause any statistically significant elevation of
cellular H33342 levels. At the next concentration level, intracellular
H33342 was significantly increased for all substances. For rimsulfuron
(Fig. 2C) and tolclofos-methyl (Fig. 2D) there was no significant further
increase ín H33342 accumulationwhen comparing the 3rd and 4th con-
centration level. This was not the case for chlorpyrifos (Fig. 2A) and
dimethomorph (Fig. 2B), where the highest concentration level was as-
sociated with a further significant increase in cellular H33342 levels. Al-
together, our results demonstrated a concentration dependency of
effect of chlorpyrifos, dimethomorph, rimsulfuron, and tolclofos-methyl
on H33342 accumulation in MDCK-rbABCG2 cells.

3.3. Formation of a functional MDCKII cell monolayer

Epithelial barrier characteristics of polarized MDCKII-rbABCG2 or
MDCKII-WT cell monolayers are pre-requisite for Transwell-based flux
studies and were thus monitored by TEER measurements. Cell cultures
reached confluencewithin three days after seeding onmembrane filters
involving a steep increase in TEER values to 126.0 ± 2.2 Ohm × cm2
(not shown). The following stationary culture phasewas generally asso-
ciatedwith a drop of TEER values to a plateau level over amaximumcul-
ture period of six days (not shown). In 5 day-old cultures, wemeasured
TEER values of 64 ± 4Ω × cm2 in MDCKII-rbABCG2 cells and of 76 ± 2
Ω × cm2 in MDCKII-WT cells. Formation of functional MDCKII mono-
layerswas further assessed by immunostaining of the TJ-associated pro-
tein ZO-1. As shown in Fig. 3, ZO-1 protein was localized by confocal
microscopy at the apical and lateral side between adjacent cells in
both cell lines.

Integrity of the MDCKII monolayer barrier was additionally moni-
tored after each flux assay by measuring the permeability of the trans-
cellular flux marker LY (Irvine et al., 1999). In this study, we
determined a mean Papp value for LY of 3.55± 0.73 × 10−6 cm/s across
MDCKII-rbABCG2 monolayers. In MDCKII-WT cells, the mean LY Papp
valuewas 5.42±1.01 × 10−6 cm/s. In regard to the initial LY concentra-
tion added, the paracellular LY permeability across MDCKII monolayers
was b1% in all experiments.

3.4. Subcellular localization of rbABCG2 in polarized MDCKII monolayers

To determine the subcellular distribution of the ABCG2 protein from
rabbit placenta (rbABCG2) in MDCKII-rbABCG2, cells were cultured on
microporous filter inserts. Five day-old immunostained polarized
monolayers were examined via X–Z sectioning by confocal microscopy.
As shown in Fig. 3A, rabbit ABCG2 was detected at the apical plasma
membrane and apical parts of the lateral membrane. There, it localized
in proximity to ZO-1 protein. In MDCKII-WT cells, only a weak and
mostly diffuse ABCG2 signal was observed (Fig. 3B).

3.5. Transepithelial transport of chlorpyrifos

In order to elucidate the involvement of ABCG2 in active pesticide
transport in the rabbit placental barrier, we representatively examined
transepithelial transport of the insecticide chlorpyrifos (CPF) across
MDCKII-rbABCG2 and -WT monolayers. The flux studies were per-
formed in 5 day-old polarized monolayers. The epithelial barrier func-
tion was monitored by TEER measurements and paracellular LY
permeability.

Initially, time-dependent vectorial transport of [14C] CPF (10 μM)
was determined. The apically (B N A) directed or the basolaterally di-
rected (A N B) pesticide transport was calculated as the flux of [14C]
CPF into the receiver compartment. In regard to B N A directed CPF



Fig. 2. Concentration-dependent effect of selected pesticides on Hoechst H33342 accumulation in MDCKII-rbABCG2 or MDCKII-WT cells. Cells were pre-treated (4 h) with different
concentrations of the pesticides chlorpyrifos (A), dimethomorph (B), rimsulfuron (C) or tolclofos-methyl (D). Pesticide concentrations reflected the 0.01-, 0.1-, one- or ten-fold MRL in
cereals or vegetables as specified in Table 1. Cellular H33342 accumulation and ABCG2 efflux activity was determined as described in the figure legend of Fig. 1. Values are mean ±
SEM (* p b 0.05, **p b 0.01, ***p b 0.001 to vehicle control, Fig. 2A: #p b 0.05 to 2.85 μMCPF, Fig. 2B #p b 0.05 to 1.3 μMdimethomorph, two-way ANOVA, Fisher LSD post hoc test, n=12).
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transport, an uptake phase over up to 120 min was generally observed
in MDCKII-rbABCG2 and in MDCKII-WT cells (Fig. 4). This uptake
phase was followed by an equilibrium plateau phase in both cell lines.
Compared to the WT control, we observed a significantly higher [14C]
CPF B N A flux in rbABCG2-transduced MDCKII cells (Fig. 4). In this
study, only a slight time-dependent basolaterally directed (A N B) pesti-
cide flux was detected which did not significantly differ between the
cell lines (Fig. 4).

Addition of the specific ABCG2 inhibitor FTC (10 μM) (Rabindran et
al., 2000) resulted in a significant reduction of the B N A directed [14C]
CPFflux inMDCKII-rbABCG2 cells (Fig. 5A) to the level of theWT control
(Fig. 5B). In the MDCKII-WT cell line, FTC had no relevant effect on CPF
flux (Fig. 5B). In both cell lines, the time-dependent A N B directed [14C]
CPF flux was not significantly altered by FTC (Fig. 5). To further charac-
terize efflux activity of rabbit ABCG2, we calculated Papp values for the
B N A and A N B flux of [14C] CPF within the initial phase (120 min) in
MDCKII-bABCG2 and MDCKII-WT cells. As shown in Fig. 6, CPF showed
a preferential transepithelial B N A flux across polarized monolayers of
both cell lines. In rbABCG2-transduced MDCKII cells, the B N A Papp
values were significantly higher than in MDCKII-WT cells. The ABCG2
inhibitor FTC caused a significant decrease in [14C] CPF Papp values in
MDCKII-rbABCG2 (Fig. 6A) but not in -WT cells (Fig. 6B). In both cell
lines, Papp values for the basolateral (A N B) directed CPF flux were not
significantly altered by FTC in relation to untreated control cells (Fig.
6). Concordantly, significantly higher transepithelial CPF flux ratios
(B N A/A N B) were observed in MDCKII-rbABCG2 (4.52 ± 0.12) com-
pared to WT cells (2.80 ± 0.04) (Fig. 6C). In relation to the untreated
control, FTC caused a significant decrease in CPF flux ratios in
rbABCG2-transduced cells to the level of MDCKII-WT control cells
(2.90 ± 0.04) (Fig. 6C). In contrast, the ABCG2 inhibitor FTC had no
relevant effect on the flux ratio of CPF in MDCKII-WT monolayers
(2.83 ± 0.05) (Fig. 6C).

4. Discussion

In the first part of this study, we screened 18 widely used pesticidal
active substances including insecticides, fungicides or herbicides for in-
teraction with the ABC-transporter ABCG2 from rabbit placenta
(rbABCG2) (Halwachs et al., 2016). Various approaches can be followed
when selecting appropriate concentrations. Ideally, concentrations test-
ed in vitro would reflect measured levels in blood or target tissue. Un-
fortunately, such information is rarely available for pesticides.
Published biomonitoring studies at best report the urinary excretion
of metabolites or other biomarkers (Galea et al., 2015). Another com-
mon approach is to test the highest attainable concentrations, usually
determined either by solubility limits or cytotoxicity in the assay sys-
tem. However, positive outcomes in such a setting are likely to be unre-
lated to the situation at “realistic” concentrations and may thus be
misleading when it comes to the selection of candidates for follow-up.
Therefore, we chose pesticide concentrations based on the maximum
residue limit (MRL) in vegetables or cereals. MRLs are set based on
knowledge about the actual agricultural practice, the resulting residue
level as well as the mammalian toxicity. Consumers including pregnant
womenmay regularly be exposed to pesticide residues through the diet
specifically through consumption of vegetables that are frequently con-
sumed raw or semi-processed. Therefore, vegetables are expected to
contain high pesticides residues compared to other food groups
(MAFF, 2000), although detected levels usually remain below the MRL
(EFSA, European Food Safety Authority, 2013). With exception of
40 μM dimethomorph, none of the 18 tested pesticides exhibited



Fig. 3. Subcellular localization of ABCG2 and detection of ZO-1 in MDCKII-rbABCG2 cells. 5 day-old polarized MDCKII-bABCG2 (A) or MDCKII-WT (B) cell monolayers were fixed and
stained for rabbit ABCG2 and ZO-1. Cell nuclei (blue) were visualized using DAPI. Optical XY sectioning with the corresponding XZ- or YZ-section was performed by confocal laser
scanning microscopy (A and B). ABCG2 protein (red) was localized at the apical surface of MDCKII-rbABCG2 cells where ABCG2 co-localized with tight junction protein ZO-1 (green).
In the WT control, a faint ABCG2 signal was observed mainly in the lateral membrane adjacent to MDCKII-WT cells (B). Control incubations included omission of primary antibody.
Representative cells are shown from two independent experiments.
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acute cytotoxicity in MDCKII-rbABCG2 cells at concentrations up to 10
times theMRL for vegetables or cereals. Interestingly, in dimethomorph
toxicity studies the dogwas themost sensitive specieswith a converted
no observed adverse effect level (NOAEL) of ~12 μM based on hepato-
cellular alterations in the 1-yr study (EFSA, European Food Safety
Authority, 2006). In all subsequent studies non-toxic concentrations of
dimethomorph were used.
Fig. 4. Time-dependent transepithelial transport of chlorpyrifos across MDCKII-bABCG2
and MDCKII-WT monolayers. Polarized MDCKII monolayers were obtained by culture on
porous membrane filters for 5 days. Transport experiments were initiated by addition of
10 μM [14C] chlorpyrifos (CPF) in the respective compartment and aliquots were taken
at 30, 60, 120, 180, and 240 min as described in the Material and Methods section.
Vectorial [14C] CPF transport across MDCKII monolayers was determined as the apically
directed B N A or the basolaterally directed A N B flux of CPF. Radioactivity was
measured by liquid scintillation counting and CPF transport was expressed in pmol per
mg protein. Values are mean ± SEM (*p b 0.05 significantly different to B N A flux of
[14C] CPF in rbABCG2-transduced MDCKII cells; two-way ANOVA, Fisher LSD post-hoc
test; data are shown from six monolayers with each n = 3 as technical replicates).
The screening identified 13 of 18 substances of diverse chemical
structure as inhibitors or substrates of rbABCG2 in the Hoechst
H33342 assay. Similarly, earlier studies demonstrated interaction of
ABC efflux transporter P-glycoprotein (P-gp) with structural diverse
pesticides (Bain and LeBlanc, 1996; Georgantzopoulou et al., 2014;
Leslie et al., 2005). Interestingly, chlorpyrifos (CPF) increased H33342
excretion in MDCKI-rbABCG2 cells at concentrations of 2.85 and
0.285 μM, but chlorpyrifos-methyl did not when tested at higher con-
centrations of 9.3 and 0.93 μM. Hence, our results indicate that CPF
but not chlorpyrifos-methyl interact with rbABCG2. Both substances
have similar physico-chemical properties (Lewis et al., 2015) but
while CPF represents a diethyl-organophospoester, chlorpyrifos-methyl
corresponds to the respective dimethyl-ester. Likewise, an absence of a
relation between lipophilicity and potential for pesticide-transporter in-
teraction was reported for the P-gp efflux transporter (Pivčević and
Zaja, 2006; Georgantzopoulou et al., 2014). For the insecticide CPF as
well as the fungicides dimethomorph and tolclofos-methyl and the her-
bicide rimsulfuron, we performed additional assays to investigate the
concentration-response relationship. A clearly concentration-depen-
dent increase H33342 accumulation in MDCKII-rbABCG2 cells for all
four substance provides confirmatory evidence for an interaction with
rbABCG2.

In evaluation of rbABCG2-pesticide interactions in MDCKII cells, in-
trinsic H33342-transporting efflux transporters as canine ABCG2 or ca-
nine P-gp have to be taken into account (Kneuer et al., 2007). However,
we did not detect a relevant alteration in H33342 accumulation in
MDCKII-WT control cells by the tested pesticides. Moreover, we recent-
ly showed that the P-gp inhibitor verapamil did not block the initial
(20 min) H33342 efflux in MDCKII-rbABCG2 cells (Halwachs et al.,
2016). Therefore, H33342 excretion in MDCKII-rbABCG2 cells can be
clearly attributed to functional rbABCG2 efflux activity. Altogether, our
results suggested the pesticidal active substances CPF, dimethomorph,



Fig. 5. Effect of FTC on time-dependent vectorial transport of chlorpyrifos in MDCKII-
rbABCG2 cells. We pre-treated 5 day-old polarized MDCKII-bABCG2 (A) or MDCKII-WT
(B) cell monolayers with FTC (10 μM) for 2 h. Then, transport experiments were
initiated by addition of [14C] CPF (10 μM) in the respective donor compartment and
time-dependent vectorial CPF transport was measured in the absence or presence of FTC
as delineated in the figure legend of Fig. 4. The results represent the mean ± SEM
(*p b 0.05 significantly different to B N A flux of [14C] CPF in rbABCG2-transduced
MDCKII cells; two-way ANOVA, Fisher LSD post-hoc test; data are shown from six
monolayers with each n = 3 as technical replicates).

Fig. 6. Impact of FTC on CPF flux in MDCKII-rbABCG2 or MDCKII-WT cells. Polarized
MDCKII monolayers were pre-incubated with FTC (10 μM) for 2 h. Then, [14C] CPF
(10 μM) transport was determined as described in the figure legend of Fig. 5. Papp values
for CPF in MDCKII-rbABCG2 (A) or -WT (B) cells as well as CPF efflux ratios (C) in the
absence or presence of FTC in both cell lines were calculated as described in the Material
and methods section. Values are mean ± SD (*p b 0.05 significantly different to
untreated control cells, two-way ANOVA, Fisher LSD post-hoc test; data are shown from
six monolayers with each n = 3 as technical replicates).
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tolclofos-methyl, and rimsulfuron as substrates and/or inhibitors of
rbABCG2-mediated transport.

Nevertheless, the Hoechst screening assay is an indirect setup and
therefore does not clearly distinguish between rbABCG2 substrates
and inhibitors (Hegedus et al., 2009). Hence, in the second part of this
study we performed representative transepithelial transport studies
using [14C]-labeled CPF as potential rbABCG2 substrate. For this pur-
pose, we generated polarized MDCKII-rbABCG2 monolayers as in vitro
placenta barrier model. The placenta represents an epithelial barrier
composed of tight-junctioned syncytiotrophoblast cells exhibiting
ABCG2 expression in the apical plasma membrane (Vähäkangas and
Myllynen, 2009; Lindner et al., 2013). In agreement with these reports,
we detected rbABCG2 efflux transporter in the apical surface of the
MDCKII-rbABCG2 monolayer model. In five-day old MDCKII-rbABCG2
cultures, obtained TEER values were in the same range of ~100
Ω× cm2 formerly reported for functionalMDCKIImonolayers in the sta-
tionary culture phase (Irvine et al., 1999; Wassermann et al., 2013b).
Furthermore, the average Papp value of the paracellular flux marker Lu-
cifer yellow (LY) corresponded with the previously reported LY perme-
ability in MDCK monolayers with Papp values of ≤5 × 10−6 cm/s (Irvine
et al., 1999). Moreover, we detected tight-junction (TJ)-associated zona
occludens 1 (ZO-1) protein between adjacent MDCKII-rbABCG2 cells
suggesting a direct involvement of this TJ protein in cell barrier forma-
tion. Likewise, in normal human placentae of first and third trimester
gestation, ZO-1 was localized in the apical part of the syncytium, in
cell–cell contacts between syncytium and villous cytotrophoblastic
cells as well as between the latter (Marzioni et al., 2001). Hence, our
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results demonstrated epithelial barrier characteristics of our MDCKII-
rbABCG2 cell culture model comparable to the placenta epithelial
barrier.

To examine carrier-mediated placental transport in vitro, human
primary cytotrophoblasts or human choriocarcinoma BeWo, JEG-3 or
JAR cells have been used as model of the trophoblast layer. Primary
cytotrophoblasts, JEG-3 and JAR cells are generally not suggested as suf-
ficient barrier models for transepithelial flux studies (Prouillac and
Lecoeur, 2010). BeWO cells are able to form tight-junctioned mono-
layers on semipermeable membrane inserts. However, the barrier func-
tion significantly varies among different BeWo clones and cell culture
conditions (Prouillac and Lecoeur, 2010). In contrast, standardized ex-
perimental conditions for transepithelial transport studies in MDCK
cells exist (Braun et al., 2000). Moreover, MDCK cells express several
ABC multidrug efflux transporters similar to placenta tissue or BeWO
cells (Prouillac and Lecoeur, 2010). Genbacev et al. (2011) published a
protocol describing the isolation of proliferating progenitor trophoblast
cells and the generation of differentiated trophoblasts from these cells.
The later may provide an interesting model to study transplacental
transport in an environmentmore closely related to the in vivo situation
than the MDCK and other in vitro models. However, for the purposes
described here, we considered the polarized MDCKII-rbABCG2 mono-
layers as adequate to screen for substances potentially undergoing ac-
tive ABCG2-mediated transport across epithelial barriers like rabbit
placenta.

In agreementwith apicalmembrane localization of rbABCG2, we ob-
served a preferential apically directed saturable transport of the organ-
ophosphorus insecticide CPF across polarized MDCKII-rbABCG2
monolayers. This high net CPF efflux was illustrated by a CPF efflux
ratio (B N A/A N B) of ~4.5. Moreover, in rbABCG2-transduced MDCKII
cells the ABCG2 inhibitor FTC significantly reduced the CPF efflux ratio
to the level of MDCKII-WT cells. Thus, our results demonstrated specific
rbABCG2-mediated CPF transport. MDCKII-WT also showed apically di-
rected CPF transport with an efflux ratio of ~2 suggesting involvement
of intrinsic ABC efflux pumps (Giacomini et al., 2010) in CPF transport
acrossMDCKII-rbABCG2monolayers. However, FTCdid not significantly
alter the CPF efflux ratio inMDCKII-WT cells. Thus, relevant contribution
of canine ABCG2 to CPF transport is unlikely. Data on the role of other
ABC transporters in CPF efflux is rare and heterogeneous. Previous inhi-
bition studies indicated interaction of CPF with P-gp (Bain and LeBlanc,
1996). However, in this study P-gp-transduced murine melanoma cells
lacked actual P-gp-mediated CPF transport. Besides, results from com-
petitive binding studies suggested that the active CPF metabolite chlor-
pyrifos oxon but not the parent substance CPF interacts with P-gp
(Lanning et al., 1996). Overall, a significant role of P-gp in CPF transport
seems not likely. However, we cannot exclude the general involvement
of other endogenously expressed ABC transporters (Kneuer et al., 2007)
like multidrug-resistance associated proteins (MRPs) in the CPF efflux
in our MDCKII cell culture model.

One of the substances that did not show any indication for inhibition
of rbABCG2 in this study was glyphosate, a widely used herbicide. The
tested concentrations of 6 and 60 μMcover the range that can be expect-
ed in plasma based on biomonitoring data for urine from exposed
farmers and their families (Acquavella et al., 2004). In the ex-vivo per-
fused placenta model, low transplacental passage has been shown for
this highly hydrophilic substance and was quantified as 15% under the
specific experimental conditions (Mose et al., 2008). This was con-
firmed in a comparative in vitro study in BeWO cells (Poulsen et al.,
2009). Our results suggest, that the limited materno-fetal transfer was
not due to a potential active ABCG2-mediated extrusion in the opposite
direction, but other (presumably physicochemical) restriction. Thus, for
glyphosate unlike for chlorpyrifos, toxicokinetic interactions at the pla-
cental ABCG2 which may increase fetal exposures would not be
expected.

In conclusion, this is the first report on functional secretory activity
of the ABCG2 transporter cloned from rabbit placenta (rbABCG2). Our
results altogether indicate that 13 widely used pesticidal active sub-
stances including azoxystrobin, carbendazim, chlorpyrifos,
chlormequat, diflufenican, dimethoate, dimethomorph, dithianon,
ioxynil, methiocarb, propamocarb, rimsulfuron and toclofos-methyl
may be rbABCG2 inhibitors and/or substrates. No such evidencewas ob-
tained for chlorpyrifos-methyl, epoxiconazole, glyphosate, imazalil and
thiacloprid. For chlorpyrifos, dimethomorph, rimsulfuron and toclofos-
methyl, concentration-dependency of the effect was described,
confirming the initialfinding. In addition, Transwellflux studies showed
that chlorpyrifos is a rbABCG2 substrate. Maternal exposure to the in-
secticide chlorpyrifos causes developmental toxicity including intra-
uterine growth retardation and neurotoxicity in laboratory animals
(Muto et al., 1992). Besides, chlorpyrifos induced apoptosis of human
placental cells that may also negatively impact fetal development
(Saulsbury et al., 2008). In this study, we detected rbABCG2 interactions
with chlorpyrifos concentrations similar to reported residue levels in
food (EFSA, European Food Safety Authority, 2013). The in vivo rele-
vance of our data is further corroborated by the increase in placental
ABCG2 protein levels during gestation while expression of the other
broad efflux pump P-gp significantly decreased with gestational age
(Mathias et al., 2005). Hence, this study indicates that physiological
rbABCG2 efflux activity in the placenta barrier plays an important role
in fetal protection from pesticide-induced toxicity by limiting exposure
to ABCG2 pesticide substrates inmaternal circulation. Therefore, our re-
sults may overall help to understand the toxic effects of actively
transported pesticides. Moreover, the MDCKII-rbABCG2 cell line may
serve as a tool for in vitro screening andmechanistic studies in the con-
text of developmental toxicity testing.
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