Society of

SOT | sy

www.toxsci.oxfordjournals.org

OXFORD

TOXICOLOGICAL SCIENCES, 168(2), 2019, 394-404

doi: 10.1093/toxsci/kfy303
Advance Access Publication Date: December 21, 2018
Research Article

Placental BCRP/ABCG2 Transporter Prevents Fetal
Exposure to the Estrogenic Mycotoxin Zearalenone

John T. Szilagyi,* Ludwik Gorczyca,* Anita Brinker,” Brian Buckley,’
Jeffrey D. Laskin,"* and Lauren M. Aleksunes™5*

*Joint Graduate Program in Toxicology, Rutgers University School of Graduate Studies, Piscataway, New Jersey
08854; and 'Environmental and Occupational Health Sciences Institute, *Department of Environmental and
Occupational Health, School of Public Health, and SDepartment of Pharmacology and Toxicology, Rutgers

University, Piscataway, New Jersey 08854

1To whom correspondence should be addressed at Department of Environmental and Occupational Health, School of Public Health, Rutgers University,
170 Frelinghuysen Rd, Piscataway, NJ 08854. Fax: 732-445-0915; E-mail: aleksunes@eohsi.rutgers.edu.

ABSTRACT

In the placenta, the breast cancer resistance protein (BCRP)/ABCG2 efflux transporter limits the maternal-to-fetal transfer of
drugs and chemicals. Previous research has pointed to the estrogenic mycotoxin zearalenone as a potential substrate for
BCRP. Here, we sought to assess the role of the BCRP transporter in the transplacental disposition of zearalenone during
pregnancy. In vitro transwell transport assays employing BCRP/Bcrp-transfected Madine-Darby canine kidney cells and
BeWo trophoblasts with reduced BCRP expression were used to characterize the impact of BCRP on the bidirectional
transport of zearalenone. In both models, the presence of BCRP protein increased the basolateral-to-apical transport and
reduced the apical-to-basolateral transport of zearalenone over a 2-h period. In vivo pharmacokinetic analyses were then

performed using pregnant wild-type and Berp ™~

mice after a single tail vein injection of zearalenone. Zearalenone and its

metabolite a-zearalenol were detectable in serum, placentas, and fetuses from all animals, and B-zearalenol was detected
in serum and fetuses, but not placentas. There were no significant differences in the maternal serum concentrations of any

analytes between the two genotypes. In Berp ™/~

mice, the free fetal concentrations of zearalenone, a-zearalenol, and B-

zearalenol were increased by 115%, 84%, and 150%, respectively, when compared with wild-type mice. Concentrations of
free zearalenone and a-zearalenol were elevated 145% and 78% in Bcrp ™~ placentas, respectively, when compared with
wild-type placentas. Taken together, these data indicate that the placental BCRP transporter functions to reduce the fetal
accumulation of zearalenone, which may impact susceptibility to developmental toxicities associated with in utero

zearalenone exposure.
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During pregnancy, the placenta develops from the blastocyst and
regulates the flow of nutrients, waste, and gases between the ma-
ternal and fetal circulations. Trophoblasts, the parenchymal cells
of the placenta, fuse to form a syncytium that inhibits direct con-
tact of the two blood supplies providing a physical and biochemi-
cal protective barrier for the developing fetus (Gupta et al., 2016).
The breast cancer resistance protein (BCRP/ABCG2) is an efflux
transporter enriched on the maternal-facing surface of syncytio-
trophoblasts. On the apical membrane, BCRP prevents the

transepithelial passage of xenobiotics. Substrates of BCRP include
endogenous chemicals, such as certain steroids and bile acids,
pharmaceuticals, such as the diabetes drug glyburide and the an-
tibiotic nitrofurantoin, as well as dietary contaminants, such as
the plasticizer bisphenol A and phytoestrogen genistein.
Compromised BCRP function in the placenta may consequently
increase the risk of the fetus to chemical exposures during preg-
nancy. It is therefore critical to characterize the interaction of en-
vironmental and dietary contaminants with placental BCRP.
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Recently, in vitro screening performed by our laboratory
identified zearalenone as a substrate of the human BCRP trans-
porter (Xiao et al., 2015). Zearalenone is an estrogenic mycotoxin
produced by Fusarium fungi that grows on cereal crops in moist
climates. The European Union has established the acceptable
maximum for zearalenone in food at 4pg/kg (European
Commission, 2006), but multiple studies worldwide have dem-
onstrated that commonly consumed foods often exceed this
level (Igbal et al., 2014; Lahouar et al, 2018; Ok et al., 2014;
Tralamazza et al., 2016). Furthermore, analysis of urine from a
cohort of prepubescent girls in New Jersey demonstrated that
free zearalenone was present in the range of 0.2-8.4ng/ml and
was correlated with delayed puberty onset (Bandera et al., 2011).
It should also be noted that «-zearalanone, a zearalenone me-
tabolite marketed under the tradename Ralgro, is commonly
used to increase feed-to-weight ratios in cattle. Ralgro is cur-
rently used as a growth promoter in the United States but has
been banned by the European Union. Exposure to xenoestro-
gens in utero is well-understood to induce adverse developmen-
tal effects (Hines, 2011). Specifically, in utero exposure to
zearalenone causes precocious puberty and mammary prolifer-
ation in both female Wistar rats and C57BL/6 mice (Belli et al,,
2010; Hilakivi-Clarke et al., 1998). Zearalenone exposure is po-
tentially common during pregnancy, with one study reporting
detectable levels of zearalenone in the urine of 11 out of 30 preg-
nant women tested (Fleck et al., 2016).

From prior in vivo rodent studies, zearalenone does cross
the placenta into the fetal compartment, but the transplacental
transfer of zearalenone appears to be limited (Appelgren et al.,
1982; Bernhoft et al., 2001; Koraichi et al., 2012). Although multi-
ple factors can regulate xenobiotic disposition, these data could
point to placental efflux as a potential mechanism for regulat-
ing fetal exposure to zearalenone. To date, no studies have eval-
uated the ability of the BCRP transporter to regulate the
fetoplacental disposition of zearalenone. Therefore, the purpose
of this study was to comprehensively assess whether BCRP
restricts the maternal-to-fetal transfer of zearalenone using
in vitro and in vivo models of the human placental barrier.

MATERIALS AND METHODS

Chemicals. Unless stated otherwise, all chemicals were pur-
chased from Sigma-Aldrich (St. Louis, Missouri).

Cell culture and lentiviral knockout of BCRP. All cell culture and
transport experiments were performed in an incubator at 37°C
with 5% CO, in HEPA-filtered air. Marine-Darby canine kidney
(MCDK) cells (passages 3-15), transfected with human (hBCRP) or
mouse (mBcrp) BCRP constructs or empty vector, were provided
by Dr Alfred Schinkel (Netherlands Cancer Institute) and main-
tained in DMEM (Life Technologies, Carlsbad, California) supple-
mented with 10% fetal bovine serum (Atlantic Biologicals,
Frederick, Maryland) and 1% penicillin-streptomycin (Durmus
et al., 2012). BeWo-b30 human choriocarcinoma cells (passages
25-45) were provided by Dr Nicholas Illsley (Hackensack
University Medical Center) and maintained in DMEM: F12 (Life
Technologies) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin (Vardhana and Illsley, 2002). Stable BeWo
knockdown cells were generated using ABCG2 (sc-41151-V, Santa
Cruz) or control (sc-108080) lentiviral sShRNA particles. Cells were
grown to 70% confluence on a 96-well plate before incubation for
24h in DMEM:F12 containing 5 ug/ml polybrene (Santa Cruz) and
2 viral particles per cell (60 000 particles/well). Subsequently, cells
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were subcultured in a 24-well plate, and stable transfected clones
were selected using 6.5 ug/ml puromycin over 48 h.

Animal treatment. Bcrp™~ mice were obtained from Taconic
Biosciences (Taconic, New York) and backcrossed to the C57BL/6
background (027 strain, Charles River Laboratories, Wilmington,
Massachusetts) until >99% congenic (Rutgers RUCDR Infinite
Biologics, Piscataway, New Jersey). Adult female and male
C57BL/6 wild-type and Berp™~ mice were mated overnight with
the same genotype. The presence of the sperm plug denoted
gestational day 0. Mice were provided phytoestrogen-free food
and water ad libitum. At gestation day 14, mice were adminis-
tered 10mg/kg zearalenone dissolved in DMSO:PEG400:Saline
(1:5:4 v/v) by tail vein injection (n =4-5 dams per genotype). Two
additional dams per genotype received vehicle to generate tis-
sue matrices used for standard curves. At 1 h post injection,
blood (cardiac puncture), placentas, and fetuses were collected.
Blood samples were centrifuged for 15min at 600 x g to isolate
sera. All samples were stored at —80°C until analysis by LC-MS.
Animal studies were approved by the Rutgers IACUC
Committee.

Western blotting. MDCK and BeWo cell lysates for Western blot
were collected and stored in buffer containing 20 mM Tris-HCl,
150 mM NaCl, 5mM ethylenediamine tetraacetic acid, 1% Triton
X-100 and a protease inhibitor cocktail (Sigma P8340, 1%, v/v).
Mouse placenta homogenates were prepared in sucrose-Tris-
HCI buffer (250 mM sucrose and 10 mM Tris-HCl, pH 7.5) supple-
mented with protease inhibitor cocktail (Sigma P8340, 1%, v/v)
using a bead homogenizer (Tissue-Lyser LT, Qiagen) for 3min at
40Hz. Unless indicated otherwise, all Western blotting was per-
formed with equipment from BioRad (Hercules, California) as
described previously (Zheng et al., 2013). All samples were spun
down at 1000 x g for 10min. Thirty micrograms of protein
homogenates were loaded onto 4%-12% Tris-HCI gels, electro-
phoretically separated, and transferred to nitrocellulose mem-
branes. After blocking in 5% nonfat milk for 2h, membranes
were incubated overnight at 4°C in 2% nonfat milk containing
primary antibodies used to detect BCRP (BXP-53, 1:5000; Enzo
Life Sciences, Farmingdale, New York), B-actin (ab8227, 1:2000,
Abcam, Cambridge, Massachusetts), or glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH, 1:2000, ab9485, Abcam), followed
by incubation with either HRP-linked rabbit or HRP-linked rat
secondary antibodies (1:1000, 2h, Cell Signaling Technologies,
Danvers, Massachusetts). After incubating membranes briefly
with Luminata Forte Western HRP substrate (Millipore, Billerica,
Massachusetts), protein-antibody complexes were visualized
using a Fluorchem Imager (ProteinSimple, Santa Clara,
California).

Fluorescent substrate retention. For fluorescent substrate retention
transport studies, BeWo or MDCK cells were added to 96-well
round-bottom plates (100 000 cells/well). Uptake phase. Cells
were incubated in 100 ul DMEM (MDCK) or DMEM: F12 (BeWo)
containing 5 uM Hoechst 33342, a fluorescent BCRP substrate, or
10 uM Rhodamine 123, a fluorescent MDR1 substrate for 30 min.
A parallel treatment group included cells also incubated with
1uM Ko143, an established BCRP inhibitor (Bircsak et al., 2013),
or 5uM PSC833, an established MDR1 inhibitor (Wen et al., 2014).
Efflux phase. The substrate-containing media was removed and
replaced with substrate-free media. Cells were then incubated
an additional 1h. The cells were then washed and re-suspended
in 50l ice-cold HBSS and set on ice for analysis. A Cellometer
Vision automated cell counter (Nexcelom Bioscience, Lawrence,
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Massachusetts) fitted with a VB-450-302 filter (excitation/emis-
sion = 375/450nm) or VC-535-403 (excitation/emission = 470/
535nm) was used to quantify intracellular fluorescence of
Hoechst 33342 or Rhodamine 123, respectively. The total num-
ber of cells analyzed for each sample ranged from 500 to 2000,
and fluorescence was normalized for cell size.

Transwell transport. MDCK or BeWo cells were seeded at a density
of 100 000 and 200 000 cells per well, respectively, on a collagen-
coated 24-well multiwall insert system (cat. no. 351181, 1.0uM
pore, high-density PET membrane, Corning, Tewksbury,
Massachusetts). Transport assays were performed at 37°C with-
out agitation on days 3-4 post seeding on those wells with a
transepithelial electrical resistance (TEER) value greater than 250
Q*cm? for MDCK cells (Yang et al., 2016) and 80-160 Q*cm? for
BeWo cells (Li et al., 2013a) as measured immediately before and
after the experiment. Monolayer integrity was also assessed by
measuring the rejection percentage of Lucifer Yellow (20uM)
(Hidalgo et al., 1989) using % Rejection = (1 - C/(C; + Cg)) x 100,
where C, is the final concentration in the receiver compartment
and Cq4 is the final concentration in the donor compartment
(Nkabinde et al., 2012). On the day of experiments, media in both
the apical and basolateral compartment were replaced with
HBSS. The test compound (1 uM BODIPY-glyburide, 50 uM zearale-
none, or 10 uM Rhodamine 123) was added to the donor compart-
ment at time = 0 and a 100-pl aliquot was collected from the
receiver compartment every 30 min. Fluorescence was measured
using a SpectraMax M3 spectrophotometer (Molecular Devices,
San Jose, California). BODIPY-glyburide and Lucifer Yellow were
measured using Ex/Em: 428/540nm, and Rhodamine was mea-
sured using Ex/Em: 507/529 nm. Zearalenone was quantified by
HPLC-UV. Permeability coefficients were calculated using P,p,
(cm/s) = (Q/t)/(A * Co), where Q is glyburide (nmol) transported to
the receiver compartment at time t (s), A is the cell surface area
(cm?), and C, is the initial concentration of test substrate (uM)
(Li et al., 2013a). Flux ratios were calculated using the equation

(PappB — AY/(PappA — B).

Messenger RNA quantification. Mouse placentas were homoge-
nized using a bead homogenizer (Tissue-Lyser LT, Qiagen) for
4min at 40Hz in RNAzol RT. Total RNA was isolated from lysates
according to the manufacturer’s protocol. RNA content and purity
were determined by measuring absorbance at 260nm using a
NanoDrop (Fisher Scientific). cDNA was generated from total RNA
(1000 ng) with the High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher) and a MultiGene OptiMax Thermal Cycler (Labnet
International Inc., Edison, New Jersey) according to the manufac-
turer’s instructions. Quantitative PCR was performed with cDNA,
Sybr Green dye (Life Technologies), forward and reverse primers
(see Supplementary Table 1) (Integrated DNA Technologies, Inc.,
Coralville, Iowa), and a ViiA7 RT-PCR System (Life Technologies).
C; values were converted to AAC, values in comparison with the
housekeeping gene ribosomal protein 13A (Rpl13A).

Quantification of zearalenone and metabolites. Quantification of free
zearalenone (parent compound only) in aliquots from transwell
transport experiments was performed using an HPLC-UV sys-
tem (Jasco, Easton, Maryland) equipped with a PU-4185 binary
pump, UV 4075 detector (254 nm), AS-2055 autosampler, Zorbax
Eclipse 3mm x 15cm C18 column (Agilent, Santa Clara,
California) (adapted from De Baere et al., 2012). Peak areas were
quantified using ChromNav V2 and compared with a standard
curve. An isocratic mobile phase consisting of H,O:acetonitrile
(3:2, formic acid added to pH = 3.0) was used.

To quantify free and total zearalenone and metabolites from
in vivo experiments, analyte extracts were prepared from sera
and tissue and quantified by LC-MS. Neither zearalenone nor its
metabolites were detected in sera or tissues of vehicle-treated
dams (data not shown). For sera, samples were added onto
ChemeElut solid-phase extraction columns (1ml, unbuffered,
12198002, Agilent), and analytes were eluted using methyl tert-
butyl ether (3 x 2ml). Eluent samples were then dried under N,
re-dissolved in methanol, added onto preconditioned Discovery
DSC-NH, solid-phase extraction columns, and eluted with
methanol (1ml). Samples were dried again before being re-
dissolved in LC-MS mobile phase (see below). Placentas and
fetuses were first weighed and homogenized in sodium acetate
buffer (0.2M, pH 4.65) before incubating overnight in the pres-
ence or absence of B-glucuronidase (1000 U/sample) at 37°C with
gentle shaking. Liquid-liquid extraction was then performed on
the homogenates by adding methyl tert-butyl ether (3 x 2ml),
vortexed for 30s, and centrifuged at 1000 x g for 10min. The
ether phase was removed and the extraction was repeated 2
more times. Extracts were dried under N,, reconstituted in
n-hexane:dichloromethane (3:2, 1ml), and added onto precondi-
tioned silica Sep-Pak solid-phase extraction columns (500 mg/
3cc, 186004615, Waters, Milford, Massachusetts). Samples were
washed with ethyl acetate: n-hexane (6:94, 2ml), and then the
analytes were eluted with ethyl acetate:n-hexane (25:75, 2ml)
then ethyl acetate (neat, 3ml). Eluates were dried under N, be-
fore being re-dissolved in LC-MS mobile phase (see below).

Quantification of zearalenone and its metabolites in extracts
prepared from mouse tissues and serum was performed using
an LC-MS system (Thermo Fisher) equipped with an Accela
UPLC pump and autosampler (4°C), a 100 x 4.6-mm betasil phe-
nyl hexyl column (35°C) (Phenomenex, Torrance, California),
and a Thermo Scientific LTQ XL mass spectrometer (Waltham,
Massachusetts) with an atmospheric pressure chemical ioniza-
tion (APCI) source. The mobile-phase gradient used was started
at water:methanol:(0.1% formic acid added):acetonitrile (2:1:1),
then ramped to 5:47.5:47.5 over 5-11min then back to initial af-
ter 15 min. Spiked sample matrices were used for quality control
(>80% recovery) and run with each sample batch. The inter/
intra-day variability (%RSD) was 4.5/4.0, 3.2/3.1, and 2.6/2.5 for
zearalenone, o-zearalenol, and B-zearalenol, respectively. The
detection limit for this method was 0.05ng/ml, the lowest used
in the standard curve (signal-to-noise ratio > 3). Peak areas
were quantified using Xcalibur and normalized to milliliter (se-
rum) or milligram (tissues).

Statistical analysis. Data are presented as mean * SD and ana-
lyzed using GraphPad Prism 5.0 software (GraphPad Software
Inc., La Jolla, California). Depending upon the number of com-
parisons, either 1-way or 2-way analysis of variance with
Newman-Keuls or Bonferroni posttest, respectively, or an un-
paired student’s t test was used to assess statistical significance

(p<.05).

RESULTS

Transporter Expression and Activity in Transfected hBCRP and
mBcrp MDCK Cells

The ability of human BCRP and mouse Bcrp proteins to trans-
port zearalenone was first assessed in MDCK cells transfected
with full-length BCRP/Bcrp plasmids (Durmus et al., 2012).
Western blot analysis of MDCK cells demonstrated that only the
hBCRP and mBcrp transfected cell lines expressed BCRP/Bcrp
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Figure 1. Characterization of BCRP expression and activity in hBCRP- and
mBcrp-transfected MDCK cells. A, Western blot of transfected and control MDCK
cells analyzing BCRP/Bcrp protein expression (72kDa). f-actin (42kDa) was used
as a loading control. B, Retention of H33342 (10 uM) in empty vector control and
transfected MDCK cells. Ko143 (1 uM) was used as a pharmacological inhibitor of
BCRP/Bcrp (n=6). Asterisks (') represent statistically significant differences
(p < .05) compared with control/vehicle. Daggers (t) represent statistically signif-
icant differences (p <.05) compared with vehicle within treatment group. Data
represent the mean + SD.

protein, with no detectable bands in the empty vector control
cells (Figure 1A). H33342, a fluorescent substrate of BCRP, was
used to assess BCRP activity using a cell accumulation assay.
The intracellular retention of H33342 was reduced 80%-90% in
MDCK cells transfected with hBCRP and mBcrp (Figure 1B).
Ko0143, an inhibitor of BCRP, increased the cellular accumulation
of H33342 by 20%, 1000%, and 425% in control, hBCRP, and
mBcrp MDCK cells, respectively (Figure 1B).

Transepithelial Transport of Zearalenone in Transfected hBCRP and
mBcrp MDCK Cells

As an efflux transporter that localizes to the apical membrane
of cells, BCRP/Bcrp enables the basolateral-to-apical transport of
chemicals in polarized epithelium. In transwell cultures,
BODIPY-glyburide was used as a probe BCRP/Bcrp substrate
(Bircsak et al., 2016; Gedeon et al., 2008; Hemauer et al., 2010;
Zhou et al., 2008) to confirm the polarization and transepithelial
activity of BCRP/Bcrp. For these experiments, BODIPY-glyburide
was added to the donor compartment and fluorescence quanti-
fied in the receiver compartment. The time-dependent increase
of glyburide in the receiver compartment was linear (Figure 2,
R? = 0.95-0.99). When grown in transwell inserts, MDCK cells
exhibited minimal apical-to-basolateral transport of glyburide
that was unaffected by the expression of BCRP/Bcrp (Figure 2A).
As expected, both hBCRP and mBcrp MDCK cells significantly in-
creased the basolateral-to-apical transport of glyburide
(Figure 2A).

Similar to experiments with glyburide, the increase of zeara-
lenone in the receiver compartment was linear and time depen-
dent (Figure 2B, R*=0.98-0.99). Although zearalenone was
transported in the apical-to-basolateral direction, this transfer
was minimally affected by expression of BCRP/Bcrp (Figure 2B).
By comparison, both hBCRP- and mBcrp-transfected MDCK cells
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exhibited significantly increased the basolateral-to-apical trans-
port of zearalenone (Figure 2B).

BCRP shares an overlapping substrate profile with the multi-
drug resistance protein 1 (MDR1, P-glycoprotein). Notably,
MDCK cells express endogenous canine MDR1 (Li et al., 2013b)
(Supplementary Figure 1). We confirmed canine MDR1 activity
using the MDR1 substrate, Rhodamine 123. In MDCK cells, the
MDR1 inhibitor PSC833 significantly reduced the basolateral-to-
apical transport of Rhodamine 123 at all time points (Figure 3A)
but had no impact on the disposition of zearalenone (Figure 3B).
Interestingly, transfection of hBCRP reduced expression of en-
dogenous canine MDR1 protein mBcrp in MDCK cells
(Supplementary Figure 1). Taken together, these data point to
an ability for mouse and human BCRP, but not canine MDRI, to
transport zearalenone in MDCK cells.

BCRP Expression and Activity in Human Placental Cells Following
Lentiviral Knockdown

To recapitulate the human placental barrier, a second set of
studies were performed using human BeWo b30 trophoblast
cells that polarize when grown on transwell inserts. Consistent
with prior reports (Ceckova et al., 2006; Mitra and Audus, 2010),
BeWo cells highly express BCRP protein (Figure 4A). Lentiviral
knockdown of BCRP in BeWo b30 cells using targeted shRNA
particles reduced BCRP protein to levels below detection
(Figure 4A). Similarly, compared with BeWo b30 cells infected
with control shRNAs, BCRP mRNA expression was reduced 88%
(data not shown). As a result of BCRP knockdown, H33342 reten-
tion was increased by 53% in BeWo b30 cells (Figure 4B). The en-
hanced accumulation of H33342 in BCRP knockdown cells was
similar to the pharmacological inhibitor of BCRP, Ko143
(Figure 4B).

Transepithelial Transport of Zearalenone in Human Placental Cells
Following Lentiviral Knockdown of BCRP

In the placenta, BCRP mediates the fetal (basolateral) to mater-
nal (apical) translocation of xenobiotics. When grown in trans-
well inserts, BeWo b30 cells exhibited greater transfer of
BODIPY-glyburide in the basolateral-to-apical direction com-
pared with the apical-to-basolateral direction. Although there
was no difference in the apical-to-basolateral transport of gly-
buride between control and shBCRP BeWo cells (Figure 5A), the
basolateral-to-apical transport of glyburide was significantly de-
creased by 50% in shBCRP BeWo cells (Figure 5A). These data
confirm that BCRP was properly polarized to the apical surface
of BeWo b30 cells and functional in transferring the known sub-
strate glyburide. By comparison, the apical-to-basolateral trans-
port of zearalenone was significantly increased in shBCRP BeWo
cells compared with control cells (Figure 5B), and this difference
was observed when the starting concentration was as low as
5uM (Supplementary Figure 2). The basolateral-to-apical trans-
port of zearalenone also tended to decrease in shBCRP cells
(Figure 5B).

For all transwell experiments, the observed effects of BCRP
on glyburide and zearalenone transport were reflected in the re-
spective permeability coefficients and flux ratios, presented in
Table 1. Lucifer yellow was used in transwell experiments to
confirm monolayer integrity (determined by TEER values), and
the percent rejection of Lucifer yellow was 98.6% * 1.5% and
95.0% *+ 0.6% in MDCK and BeWo cell transwell cultures, respec-
tively. BCRP expression did not impact Lucifer yellow rejection
in either MDCK or BeWo cells (data not shown).
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Figure 2. Transport of glyburide and zearalenone by MDCK cells in transwell cultures. MDCK cells grown on transwell inserts were assessed for translocation of (A)
BODIPY-glyburide (1uM) and (B) zearalenone (50 uM) across cell monolayers for 2 h as described in the Materials and Methods. Data represent the mean pmol
detected in the receiver compartment + SD (n=3 independent experiments). Asterisks (*) represent statistically significant differences (p <.05) compared with

control cells.

Distribution of Zearalenone and Its Metabolites in Wild-Type and
Berp ™/~ Mice

After confirming that both mouse and human BCRP proteins
could transport zearalenone and that BCRP can influence the
directional transfer of the mycoestrogen in placental cells,
the transplacental transfer of zearalenone was assessed in
pregnant wild-type and Bcrp ™/~ mice. In placentas from ges-
tation day 14, Bcrp protein was detected in wild-type but
not Berp~/~ mice (Figure 6A). Placentas from Bcrp™~ mice
also displayed a>99% reduction in Bcrp mRNA (data not
shown).

After an IV injection of zearalenone to pregnant wild-type
and Berp ™/~ mice, zearalenone and its metabolites were quanti-
fied in mouse serum, placenta, and fetuses by LC-MS. After 1h,
serum concentrations of free zearalenone, a-zearalenol, and
B-zearalenol ranged from 108 to 588, 4 to 7, and 1 to 2ng/ml, re-
spectively (Figure 6B). There were no significant differences in
the serum concentrations of any analyte between wild-type and
Bcrp /™ mice (Figure 6B). For placental and fetal tissues, both
free and total (free + deconjugated) zearalenone and its metab-
olites were quantified. In fetal tissues of Bcrp/~ mice, free/total
zearalenone, a-zearalenol, and B-zearalenol concentrations in-
creased by 115%/118%, 84%/53%, and 150%/100%, respectively,
compared with wild-type mice (Figure 6C). In matched pla-
centas of Berp™~ mice, free/total zearalenone and o-zearalenol
concentrations were increased by 145%/99% and 122%/114%, re-
spectively, compared with wild-type mice (Figure 6D). p-zearale-
nol was not detected in placentas from either genotype (data
not shown). All samples were also assessed for the presence for
additional metabolites including zearalanone, a-zearalanol, and
B-zearalanol, but these analytes were below the detection limit
(data not shown).

Relative Expression of Transporters and Drug-Metabolizing
Enzymes in Wild-Type and Berp ™~ Mouse Placentas

To rule out compensatory changes in placental gene expression that
could impact the metabolism and disposition of zearalenone
in vivo, the mRNA expression of transporters and drug-metabolizing
enzymes were compared between wild-type and Berp ™/~ placentas
(Table 2). The majority of transcripts analyzed demonstrated no sta-
tistically significant difference between genotypes. Oatp2bl,
Oatp3al, and Oatp5al mRNA levels were significantly but minimally
altered in Berp /'~ placentas (+31%, +29%, and —27% compared with
wild-type placentas, respectively). Cyplal and sulfatase 1 were also
significantly altered in Berp™~ placentas (+37% and —24%, respec-
tively). Transcripts for Cyp3all, Oatpla5, and Oatp2al were also
analyzed but could not be detected.

DISCUSSION

In the placenta, BCRP protects the fetus from toxicant exposure
by preventing transport from the maternal to the fetal circula-
tion. Therefore, we sought to determine whether BCRP can pre-
vent the maternal-to-fetal transfer of the mycotoxin,
zearalenone. Previous work from our laboratory demonstrated
that zearalenone is a novel substrate of BCRP using basic
screening techniques including BCRP substrate retention and
ATPase activity (Xiao et al., 2015). Zearalenone inhibited BCRP
activity in membrane vesicles (using ATPase activity with sulfa-
salazine and Lucifer yellow uptake) and in BeWo cells (using the
H33342 retention assay) (Xiao et al, 2015). Furthermore, the
presence of the BCRP inhibitor Ko143 increased zearalenone re-
tention in BeWo cells (Xiao et al., 2015). Building on these initial
data, the current study employed complementary in vitro and
in vivo approaches to address whether BCRP could limit the


Deleted Text: i
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: &hx2013;
Deleted Text: &hx2014;
Deleted Text: &hx2014;
Deleted Text: mL
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: to 
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: to 
Deleted Text:  
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text:  
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: -
Deleted Text: to 
Deleted Text: <sup>-</sup>
Deleted Text: <sup>-</sup>
Deleted Text: -
Deleted Text: Discussion

A Rhodamine 123

9-

% DMSO

61 -« PSC833
©
E *
=5 3‘ . *

%
0 T T T

0 30 60 90 120
Time (min)

B Zearalenone
& DMSO
2001 -4 PSC833
©
£
2 100-

0 r T T T
0 30 60 90 120

Time (min)

Figure 3. Basolateral-to-apical transport of zearalenone and Rhodamine 123 in
MDCK cells in the presence of a MDR1 inhibitor. Control MDCK cells grown on
transwell inserts were assessed for translocation of (A) the MDR1 substrate
Rhodamine 123 (10 uM) and (B) zearalenone (50 uM) across cell monolayers for
2 h as described in the Materials and Methods. PSC833 (5 uM) was used as a phar-
macological inhibitor of MDR1. Data represent the mean pmol detected in the
receiver compartment *+ SD (n=3-4). Asterisks (*) represent statistically signifi-
cant differences (p <.05) compared with control cells.

transplacental transfer of zearalenone. We compared the trans-
port of zearalenone by mouse Berp and human BCRP isoforms,
utilized an in vitro model of the human placental barrier, and
quantified placental and fetal zearalenone concentrations in
wild-type and Berp ™/~ dams.

In order to determine whether BCRP prevents fetal exposure
to zearalenone, this study utilized techniques designed to more
accurately represent the human placental barrier than cell
retention-based transport methods. MDCK cells transfected
with the hBCRP and mBCRP genes were used to elucidate the
specific effect of BCRP on zearalenone disposition and to ac-
count for differences between homologs (human and mouse).
After establishing that BCRP was present and functional in
transfected MDCK cells, glyburide, a previously published sub-
strate of BCRP in BeWo cells (Bircsak et al., 2016), was used to
probe the impact of BCRP on vectoral transport. In MDCK cells,
BCRP greatly increased the basolateral-to-apical transport of
glyburide. The flux ratios of glyburide in control, hBCRP, and
mBcrp MDCK cells were 6.38, 14.87, and 17.70, respectively. Only
minimal glyburide was transported from the apical to the baso-
lateral compartment, which could account for a lack of differ-
ence between the transfected and nontransfected MDCK cells.
MDCK cells also express the canine Mdr1 transporter, which can
transport glyburide. In MDCK cells, the presence of BCRP in-
creased the basolateral-to-apical transport and decreased the
apical-to-basolateral transport of zearalenone. Importantly, the
MDR1 inhibitor PSC833 had no impact on the basolateral-to-
apical transport of zearalenone, indicating that our observa-
tions with MDCK cells were specific to BCRP/Bcrp.
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Figure 4. Characterization of BCRP protein and activity in BeWo shBCRP cells. A,
Western blot of BCRP protein (72kDa) in lysates from BeWo cells after treatment
with control or shBCRP lentiviral particles. GAPDH (37 kDa) was used as a load-
ing control. B, Retention of H33342 (5uM) in control and shBCRP BeWo cells.
Ko143 (1 uM) was used as a pharmacological inhibitor of BCRP (n=6). Asterisks
(*) represent statistically significant differences (p <.05) compared with control.
Data represent the mean + SD.

B30 cells, a subclone of the BeWo cell line that can form a
monolayer, were used to recapitulate syncytiotrophoblasts. It has
been previously demonstrated that BeWo cells secrete hormones,
including human chorionic gonadotropin, similar to syncytiotro-
phoblasts (Pattillo and Gey, 1968; Pattillo et al., 1968). After confirm-
ing that shBCRP knockdown successfully reduced BCRP protein
expression and activity, we examined the impact of BCRP on the
bidirectional transport of glyburide and zearalenone. Similar to our
observations with MDCK cells, BCRP knockdown reduced the
basolateral-to-apical transport of glyburide by BeWo cells but had
no effect in the opposite direction. In BeWo cells, the genetic
knockdown of BCRP decreased the basolateral-to-apical transport
and increased the apical-to-basolateral transport of zearalenone
pointing to BCRP as a determinant of the transplacental disposition
of this mycoestrogen.

In considering the data presented here, it is also important
to recognize the potential role of other uptake and efflux trans-
porters present at both the apical and basolateral membranes
of either cell line. BeWo b30 cells have been reported to express
MDR1 protein (Albekairi et al., 2015), but, contrary to those stud-
ies, we did not detect MDR1 transport of rhodamine (data not
shown). As aforementioned, our data demonstrate that MDR1
does not transport zearalenone (Figure 3). Instead, zearalenone
has also been shown to interact with MRP1-3, OAT1-4, OCT1,
and OCT2 in vitro (Tachampa et al., 2008; Videmann et al., 2009).
Because some of these transporters are also expressed in MDCK
and BeWo cells, they may impact the efflux ratios of probe sub-
strates as well as zearalenone (Table 1). This study focused spe-
cifically on the role of BCRP, and further work is needed to fully
characterize involvement by other transporters in the transpla-
cental disposition of zearalenone.

Pharmacokinetics studies with nitrofurantoin and glyburide
in Bcrp™/~ mice demonstrate that BCRP/Bcrp activity in the
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Figure 5. Transport of glyburide and zearalenone by BeWo cells in transwell cultures. BeWo cells grown on transwell inserts were assessed for translocation of (A)
BODIPY-glyburide (1 uM) and (B) zearalenone (50 uM) across cell monolayers for 2 h as described in the Materials and Methods. Data represent the mean pmol detected
in the receiver compartment *+ SD (n=3 independent experiments). Asterisks (*) represent statistically significant differences (p < .05) compared with control cells.

Table 1. Permeability Coefficients of Glyburide and Zearalenone in BeWo and MDCK Transwell Culture Experiments

Glyburide Zearalenone
Papp A-B Papp B-A Flux Ratio Papp A-B Papp B-A Flux Ratio
b30 1.4E-03 2.2E-03 1.58 2.3E-06 2.3E-06 0.98
b30 shBCRP 1.6E-03 1.2E-03 0.73 3.2E-06 1.9E-06 0.60
MDCK 2.2E-04 2.9E-03 13.03 3.2E-05 2.2E-05 0.68
MDCK hBCRP 2.1E-04 4.3E-03 20.39 2.8E-05 2.8E-05 1.01
MDCK mBcrp 2.2E-04 4.2E-03 19.45 2.7E-05 2.9E-05 1.07

Papp expressed in cm/s.

placenta prevents the fetal accumulation of BCRP substrates
(Zhang et al., 2007; Zhou et al., 2008). The findings from the
in vivo experiments in this study reflect those observed from
in vitro transwell assays. Bcrp ™/~ mice displayed greater placen-
tal retention and maternal-to-fetal transfer of zearalenone and
its metabolites compared with control without any significant
differences in sera concentrations, litter size, placental weights,
or fetal weights. It is therefore evident that Berp plays a role in
protecting the fetus from exposure to zearalenone present in
the maternal circulation. In considering the impact of BCRP on
zearalenone pharmacokinetics, it is also important to note any
compensatory transcriptional changes in other transporters
and enzymes that result from deleting the Bcrp gene. Berp ™/~
placentas displayed a similar transcriptional profile of trans-
porters to those of wild-type mice, with a few exceptions.
Oatp2bl and 3al were both slightly up-regulated (29%-31%) and
Oatp5al was slightly down-regulated (27%). Oatp2b1 is basolat-
eral transporter, and, if zearalenone is an Oatp2b1 substrate, an
increase in transcript levels would decrease the transplacental
transfer of zearalenone which was not observed in this study.
By comparison, the subcellular localization of Oatp3al and 5al

in mouse syncytiotrophoblasts and their contribution to zeara-
lenone disposition are not currently understood. It is also
unclear in this study if the metabolites of zearalenone cross the
placenta or are formed from fetal hepatic metabolism of the
parent compound. By gestation day 17, fetal livers of C57BL/6
mice do express a number of Cyps, including 2d26, 2d10, 2c68,
and 2c69, but these isoforms have not yet been shown to metab-
olize zearalenone (Peng et al.,, 2012). It is known that zearale-
none is metabolized to a-zearalenol and B-zearalenol by both
human and murine 30- and 3p-hydroxysteroid dehydrogenase,
and both the parent compound and its metabolites can be glu-
curonidated in humans by UGT 1A1, 1A3, 1A8, and 2B7. BCRP is
known to transport glucuronidated phase II metabolites of other
compounds (An and Morris, 2011; Imai et al., 2003; Kiessling and
Pettersson, 1978; Wu et al., 2012; Zamek-Gliszczynski et al.,
2011). Although the glucuronidated metabolites have not
been shown to be estrogenic, human fetal livers do express
glucuronidase enzymes that may deconjugate the glucuronide-
conjugated zearalenone metabolites. Additional work is there-
fore needed to thoroughly characterize the transport of these
metabolites individually.
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Figure 6. Quantification of zearalenone and its metabolites in pregnant wild-type and Bcrp /~ mice. A, Western blot of placental homogenates from pregnant

wild-type and Berp ™/~

mice analyzing BCRP protein expression (72kDa) on gestation day 14. GAPDH (37 kDa) was used as a loading control. B-D, Concentration of zeara-

lenone and its metabolites detected in serum (B), fetuses (C), and matched placentas (D) 1 h after tail vein injection as determined by LC-MS. Total concentration was
determined after incubation of samples with p-glucuronidase overnight at 37°C. Data represent the mean * SD (n=4-5). Asterisks (*) represent statistically significant

differences (p < .05) compared with wild-type mice.

Prior studies have demonstrated that zearalenone crosses
the placenta and impacts reproductive development in both fe-
male Wister rats and C57BL/6 mice (Belli et al., 2010; Hilakivi-
Clarke et al., 1998). Specifically, zearalenone (0.2-5000 ug/kg/day
for Wistar rats on GD9-PND5 and 2 pg/day for C57BL/6 mice on
GD15-20) induced precocious puberty and mammary prolifera-
tion in both studies, raising the concern that similar effects may
be seen in humans. Conversely, however, urinary zearalenone
concentration has been correlated to delayed puberty in a co-
hort of New Jersey girls (Bandera et al., 2011). It is possible, how-
ever, that urinary concentrations of zearalenone indicate an
increase in excretion rather than an increase in consumption.
Alternately, zearalenone may act as an antagonist to endoge-
nous estrogens. Zearalenone interacts with all three isoforms of
estrogen receptor (ERo, ERB, and GPR30) but is not as potent as
17p-estradiol (Kuiper-Goodman et al., 1987; Takemura et al,
2007; Zinedine et al., 2007). The specific effects of zearalenone
within the fetus and placenta, therefore, may depend on the
presence of endogenous estrogens.

There exist genetic, pathological, and toxicological factors
that decrease placental BCRP activity and may therefore in-
crease fetal exposure to zearalenone. The 421C > A (Q141K)
BCRP polymorphism, for instance, significantly decreases BCRP

protein expression (40%-50%) but not transcription (Bircsak
et al., 2018). The 421C > A allele varies between ethnic groups,
but is relatively common among Asian (32%) and Hispanic (28%)
populations (Bircsak et al., 2018). Previous in vitro experiments
with Q141K BCRP expressing human embryonic kidney cells
demonstrate increased retention of H33342, glyburide, and zear-
alenone compared with those expressing wild-type BCRP pro-
tein (Bircsak et al., 2016; Xiao et al., 2015). However, further
studies are needed to determine the impact of the 421C > A
(Q141K) polymorphism on fetal drug accumulation in vivo.
BCRP activity can also be directly inhibited by the previously
mentioned substrates glyburide, genistein, and bisphenol A,
which can all be encountered during pregnancy (Bircsak et al.,
2016; Dankers et al., 2013). Moreover, BCRP expression is reduced
by diseases of pregnancy involving placental dysfunction.
Placentas from pregnancies with preeclampsia and intrauterine
growth restriction, for instance, have demonstrated a marked
reduction in BCRP mRNA and protein expression (Evseenko
et al., 2007; Jebbink et al., 2015). Therefore, a number of factors
that reduce BCRP expression and/or function in the placenta
may alter fetal exposure to zearalenone.

Using a complement of in vitro and in vivo approaches, we
have demonstrated that zearalenone is a substrate of human
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Table 2. Expression of Uptake and Efflux Transporters and
Metabolism Genes in Bcrp/~ Mouse Placentas

Gene Fold Change p<.05
Slc Transporters

Octl 1.12 N
Oct2 0.87 N
Oct3 0.88 N
Oatl 0.95 N
Oat2 0.92 N
Oat3 1.13 N
Octnl 0.97 N
Octn2 0.97 N
Octn3 0.96 N
Entl 1.07 N
Matel 1.07 N
Mate2 0.96 N
Oatpla4 0.89 N
Oatp2bl 1.31 Y
Oatp3al 1.29 Y
Oatp4al 1.05 N
Oatp5al 0.73 Y
Abc Transporters

Abcal 1.19 N
Berp 2.70E-04 Y
Mdrla 1.08 N
Mdrlb 1.13 N
Mrp1 1.16 N
Mrp2 0.79 N
Mrp3 1.27 N
Mrp4 1.23 N
Mrp5 1.14 N
Mrp6 1.19 N
Mrp7 1.13 N
Phase I and Il Enzymes

Cyplal 1.37 Y
Cypla2 1.31 N
Cyp1bl 0.94 N
Cyp27al 1.01 N
Cyp2b10 1.19 Y
Cyp2el 1.57 N
Gusb 1.02 N
Sulfl 0.76 Y
Sulf2 1.02 N
Sultlal 1.09 N
Sultlel 1.03 N

Data represent the mean fold-changes in Berp ™/~ placentas compared with
wild-type placentas (n=6). Y represents statistically significant differences
(p < .05) compared with wild-type mice.

BCRP and mouse Bcrp and that BCRP/Bcrp in the placenta
reduces the maternal-to-fetal transfer of zearalenone. There are
a number of conditions in which placental BCRP function can be
compromised which could potentially increase the maternal-
to-fetal transfer of zearalenone. Taken together, these data sug-
gest that women with compromised BCRP efflux may be at risk
for higher fetal zearalenone exposure during pregnancy.
Therefore, further studies are needed to characterize the effects
of real world in utero exposure to zearalenone.
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online.
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