646

Praca oryginalna

DOI: dx.doi.org/10.21521/mw.6440

Med. Weter. 2020, 76 (11), 646-651

Original paper

Investigation of the transport of aflatoxin M1
by the transporter ABCG2 in bovine mammary
epithelial cells”

YANYING ZHANG, NA ZHANG, DAN CHEN, GUANG HUANG, HUI CAO

The Key Laboratory of Dairy Science of Education Ministry, Northeast Agricultural University, Harbin 150030, China

Received 30.04.2020

Accepted 28.05.2020

Zhang Y., Zhang N., Chen D., Huang G., Cao H.

Investigation of the transport of aflatoxin M1 by the transporter ABCG2
in bovine mammary epithelial cells

Summary

Aflatoxin M1 (AFM1), a hydrogenated metabolite of aflatoxin B1 (AFB1), is one of the most common and
threatening aflatoxins found in milk and dairy products. The ATP-binding cassette G2 efflux transporter
(ABCG?2) plays an important role in the mammary transport of drugs and toxins in animals, but whether
ABCG?2 could affect the transport of AFM1 in bovine mammary epithelial cells (BMECs) has not been clarified.
Therefore, this study aimed to investigate the effects of AFM1 on tight junctions (TJs), lactation and cells
proliferation in BMECs, and explored the regulatory role of ABCG2 in AFMI1 transport in vitro in BMECs.
The results showed that the integrity of the TJs of BMECSs was not permanently compromised after exposure
to AFM1. AFM1 exposure had no obvious effects on lactation or cell proliferation in BMECs. Gene function
study revealed that ABCG2 was a positive regulator of AFM1 transport. These results demonstrate that it has
little effect on TJs, lactation or cell proliferation in BMECs exposed to a small dose of AFM1, and ABCG?2 is

a critical regulator for AFM1 transport in BMECs.
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Aflatoxin (AF) is a type of mycotoxin produced by
Aspergillus fungi that is classified according to the fol-
lowing categories: AFB1, AFB2, AFG1, and AFG2 (9,
17). AFM1, as a 4-hydroxy metabolite of AFB1, has
been classified as a carcinogen II (3). AFM1 has strong
carcinogenicity and mutagenicity and is the most toxic
AF after AFBI1 (20). It can cause liver necrosis, lung
cancer, stomach cancer, colon cancer, and kidney tu-
mors (28). AFMI is a common aflatoxin in milk and
dairy products, and it enters cow milk mainly through
the consumption by cows of feed contaminated with
AFBI1 (26).

There is a wide variation in AFMI levels among
milk and other dairy products in different geographical
regions (12, 21). Compared to the extensive study of
the toxicities and metabolism of AFB1, there is limited
data on the potential risk of exposure to AFM1 from
milk and other dairy products and on the metabolism,
toxicity, and transport of this molecule, particularly
in dairy cows.

! This study was supported by Project of the Ministry of the University Nursing
Program for Young Scholars with Creative Talents in Heilongjiang Province of
China (Project No. UNPYSCT-2016147).

Tight junctions (TJs) between bovine mammary
epithelial cells (BMECs) are a natural barrier against
AF after ingestion of contaminated food. TJs between
adjacent epithelial cells, which are composed of tight
junction proteins, such as ZO-1, linked adhesion mol-
ecules, and occludin, form an effective barrier (1, 6).
In epithelial tissues, the initial toxic effects of some
substances have a direct effect on molecules involved
in junction complexes. Because the dynamic structure
of TJs can respond rapidly to several physiological
and pathological stimuli, modulation of the barrier
properties is often reflected by changes in specific TJ
protein components.

Because of its low molecular weight, AFM1, after
ingestion, can cross the cytomembrane into cells by
a passive mechanism (30). However, previous stud-
ies have demonstrated that AFBI1 is secreted into
milk through ABCG2 transport in murine mammary
epithelial cells (8). Because the ligand transported
by ABCG2 has many similarities to AFM1, AFMI,
as a metabolite of AFB1, may also be carried by the
transporter ABCG2 (24, 25).
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The ATP-binding cassette G2 efflux transporter
(ABCG?2), also called breast cancer resistance protein
(BCRP), is expressed in epithelial cells in many tis-
sues, including the liver, kidneys, intestine, placenta
and several blood-tissue barriers (16), and it mediates
the disposition and excretion of numerous endogenous
drugs and toxins (11, 31). It is expressed in mammary
glands, including those in humans, cows, and mice, and
mediates the secretion of some veterinary drugs and
food contaminants into milk (10). It also plays a key
regulatory role in cellular protection and detoxification.
However, specific mechanisms mediated by ABCG2 in
bovine mammary epithelial cells have not been com-
pletely clarified. To date, a number of model systems
have been developed to study the ability of aflatoxins
to serve as substrates of ABCG2.

Research on the regulatory mechanisms of drugs
and toxins transported in BMEC:s is relatively novel.
Therefore, the present study investigated the possible
damage caused by AFM1 to tight junctions of BMECs
and its effects on lactation and cell proliferation. We
also investigated whether the transport of AFMI is
mediated through ABCG?2. These results may provide
basic data and a theoretical basis for reducing the
amount of contaminated milk and dairy products and
ensuring the safety of dairy production.

Material and methods

Cell culture. BMECs were isolated from the mammary
gland tissues of Holstein dairy cows according to protocols
described in previous reports (7). The purity of the cells
was evaluated by immunofluorescence detection of the
expression of cytokeratin 18. The BMECs were cultured
in DMEM-F12 (Gibco, Thermo Fisher Scientific, Waltham,
USA) supplemented with 10% FBS (Gibco, Thermo Fisher
Scientific, Waltham, USA), penicillin (100 U/mL), and
streptomycin (0.1 mg/mL). The cells were grown in a basal
DMEM/F12 medium containing 10% FBS in a humidi-
fied chamber at 37°C. To observe the effects of AFM1 on
the expression of ABCG?2, the cells were divided into two
groups, and the cells in each group were counted. One
group was incubated with different concentrations of AFM 1
(Sigma—Aldrich, St. Louis, USA) (0.16, 0.32, 1.6, 3.2 and
16 nM) for 12 h. The other group was treated with AFM1
at 0.32 nM for different periods (1, 6, 12, 18, 24, 48 and
96 h). Then, the cells were subjected to different assays, as
described below.

Cell morphology under scanning electron microscopy.
BMECs were seeded on glass coverslips at 80-90% conflu-
ence in six-well plates. The cells were rinsed twice with PBS
and fixed in pH 7.2 glutaraldehyde at 4°C for 60 min. The
slides were rinsed three times with 0.1 M PBS (pH 7.2) for
10 min. Then, the cells were dehydrated with 50%, 70%
and 80% ethanol for 15 min each time and dehydrated with
absolute ethyl alcohol for 15 min three times. The cells were
incubated with a mixed solution of 10% ethanol and tert-
butyl alcohol (ethanol: tert-butyl alcohol 1 : 1) for 15 min
at room temperature, and then treated with pure tert-butyl
alcohol for 15 min at 37°C. We removed coverslips from
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the 6-well plate, placed each in a small dish, added pure
text-butyl alcohol, and incubated them at —20°C for 30 min;
then, we placed the dish in an es-2030 freeze-dryer (Hitachi,
Tokyo, Japan) to dry the sample for 4 h. A metal film of
100 x 150 A a was coated on the surface of the sample by an
e-1010 ion sputter coating instrument. The coverslips were
visualized with a scanning electron microscope.

Immunofluorescence. BMECs were seeded on glass
coverslips and grown to 30-50% confluence in six-well
plates. The cells were rinsed twice with PBS and fixed in 4%
(w/v) ice-cold formaldehyde at 4°C for 10 min. The slides
were rinsed three times with PBS/T for 5 min. To detect
Z0-1 and endogenous cytokeratin 18 (CK18), the fixed
BMECs were incubated in blocking buffer for 1 h at 37°C
and then incubated with anti-CK 18 (Bioss, Beijing, China)
or anti-ZO-1 primary antibody (Abbiotec, San Diego, USA)
at a 1 : 100 dilution overnight at 4°C. After rinsing three
times in PBS/T, the specimens were incubated in the dark
with FITC-conjugated secondary antibodies at a 1 : 200
dilution for 1 h at 37°C and incubated with PI or DAPI for
15 min at 37°C. Finally, after rinsing three times in PBS/T,
the coverslips were visualized with a Leica TCS-SP2 AOBS
confocal laser scanning microscope (15).

Western blotting. Western blotting assays were carried
out as previously described (23). The primary antibodies
were as follows: anti-BCRP/ABCG2 antibody (Abcam,
Cambridge, USA), B-casein antibody (Santa Cruz Bio-
technology, CA, USA), and B-actin antibody (Bioss, Bei-
jing, China). Next, the membranes were incubated at 37°C
for 1 h with the corresponding horseradish peroxidase
(HRP)-conjugated secondary antibodies (Biosharp, Hefei,
China) after extensive washing. Finally, protein bands
were detected using enhanced chemiluminescence (ECL)
reagents (Biosharp, Hefei, China) and analyzed by the
Imagel software. Protein levels were normalized to B-actin.

Cell Viability Assay. Cell viability was determined with
a CASY-TT Analyser System (Scharfe System GmbH,
Reutlingen, Germany), which was used for automated cell
counting and measurement of viability according to the size
of the cells. Live cells with an intact cell membrane could
be considered as electrical isolators, and the resistance
measurement reflected the true size of the living cell, while
dead cells were identified by the size of their nucleus. Cell
debris was less than 7.63 mm, the dead cells were between
7.63 and 11.75 mm, and the live cells were larger than
11.75 mm. After calibration with dead and live cells, the
cursor positions were set to 11.75 to 50.00 mm (evaluation
cursor) and 7.63 to 50.00 mm (standardization cursor) for
the analysis of cell viability.

RNA Extraction and Real-Time Quantitative PCR.
BMECs total RNA was isolated using TRIzol reagent
(Thermo Fisher Scientific, Waltham, USA). Reverse tran-
scription was performed with a total RNA sample (1 pg)
and Thermoscript reverse transcriptase (TaKaRa, Dalian,
China). qRT-PCR reactions were performed with a qRT-
PCR System (ABI PRISM 7 300, Applied Biosystems,
Foster City, CA, USA) with B-actin mRNA, which was
used as an internal control. The primers used to amplify
the ABCG?2 transcript were as follows: sense 5’-TAGCAG-
CAGGTCAGAGTGTGG-3’, antisense 5’-CATGACAAC-
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CAAGGCACGAC-3". The primers used to amplify f-actin
were the following: sense 5’-AAGGAAATCTACGCCAA-
CACG-3’, antisense 5’-TTTGCGGCGGACGGTAGAG-3’.
The relative expression of ABCG2 mRNA was calculated
by the 274¢T method.

ABCG?2 overexpression. The CDS sequence of bovine
ABCG2 (NM 001082424.1) was amplified from the
BMECs ¢DNA and subcloned into an expression vector,
which was completely sequenced. This work was com-
pleted by the GenePharma Company (Suzhou, China).
Cells were transfected with the recombinant plasmid using
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
USA). The primers used for amplification were as follows:
sense, 5’-GGAATTCCCTGAAGGAGCTGTGTTAAG-3’
(EcoR I); antisense, 5’-CGAGCTCGTGCCACTTTATC-
CAGACCT-3’ (Sal I). Cells transfected with the empty
vector (EV) and untransfected cultured cells were both used
as controls. Cells were harvested at 24 h post-transfection.

ABCG?2 knockdown. Three specific siRNAs against dif-
ferent sequences of ABCG2 mRNA and the negative control
siRNA (NC) were synthesized by the GenePharma Com-
pany. The most effective siRNA of the three was selected
by transfection experiments using Lipofectamine 2000.
The selected ABCG2 siRNA sequences were as follows:
sense, 5’-CCUACUUAGUCUCUUUATT-3’, antisense,
5’-UAAAGAGACUAAGUAGGCTT-3". Cells transfected
with the NC and untransfected cultured cells were used as
controls. Cells were harvested at 24 h post-transfection.

HPLC. AFMI1 standards were detected by HPLC at
different concentrations of 0.016, 0.032, 0.064, 0.128 and
0.256 nM. The cell lysis solution and culture supernatants

A DAPI B Control

CK18

DAPI

Control

AFMI1

Fig. 1. Effects of AFM1 on the cellular structure. A, B— The morphology of BMECs under a scan-
ning electron microscope. C — Expression of ZO-1 in cells observed by immunofluorescence staining
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were then filtered through a 0.22 pm membrane. The
detection conditions of HPLC were as follows: The chro-
matographic column was C18 (@150 x 4.6 mm, 5 um), the
column temperature was 35°C, the detection wavelength
was 435 nm, the mobile phase was 5% to 0.1% formic
acid solution and acetonitrile-methanol solution (1 : 1), the
sample was treated by filtration with a 0.22 pm membrane
and ultrasonic degasification, the constant current was
0.3 mL/min, and the injection volume was 10 pL.

Statistical analysis. All data are presented as the mean
+ standard error from three independent experiments. Sta-
tistical analysis was performed by the IBM SPSS Statistics
21 software. Student’s t-test or one-way analysis of variance
was used to determine differences between means. Statisti-
cal significance was set at p < 0.05 or p <0.01.

Results and discussion

Effect of AFM1 on cellular structures. The purity
of the primary BMEC:s isolated by the tissue block
method was verified by immunofluorescence observa-
tion of the strong positive signal of CK18, a marker
protein expressed by epithelial cells (Fig. 1A). To see
whether AFM1 caused damage to the cells, the mor-
phology of the BMECs treated with AFM1 at 0.32 nM
for 12 h was observed under a scanning electron mi-
croscope. The results showed the cells were shaped
like irregular polygons and formed a cobblestone-like
appearance (Fig. 1B), indicating that the addition of
AFM1 caused no distinct damage to cell structures.
Then, we detected the expression of ZO-1. After the
12 h treatment with
AFM1 at 0.32 nM, no
loss of ZO-1 was ob-
served, indicating it
had not damaged the
integrity of TJs (Fig.
1C). These findings
indicate that there
were no apoptotic
changes induced by
the 12 h exposure to
AFM1at a concentra-
tion of 0.32 nM.

Effect of AFM1
on lactation function
and proliferation of
BMEC:s. The effects
of AFM1 on lactation
function and cell pro-
liferation were also
determined. Western
blotting analysis
showed that treat-
ment with AFM1 had
no significant effect
(p > 0.05) on the
protein expression of
B-casein (Fig. 2A to

AFM1

ZO-1 Merge
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A B . D). The results of the cell viability assay
, _— z showed that the treatment with AFM1
[f-casein m £ o.6- had no significant effect (p > 0.05) on
£, cell proliferation either (Fig. 2E and F).
. § >4 These results indicate that a low dose of
GAPDH - 2 0z AFM1 caused only minor damage to the
= cells, which was not sufficient to affect
& 0.0-

AFM1  0.16 032  1.60 oM : P PR P Y lactation function or cell proliferation.
Effect of AFM1 on the expression of
the exogenous compound transporter
015 ABCG22 in BMECs. To determine the
effects of AFM1 on the expression of
0.10 ABCG2 in BMECs, the cells were di-
vided into two groups. One group was
0.05- incubated with different concentrations
of AFM1 (0.16,0.32, 1.6, 3.2 and 16 nM)
0.00- for 12 h. The other group was treated
AFM1 6 12 18h ¢ rvent ;i h"’ with AFM1 at 0.32 nM for different pe-
E F reated times () riods (1, 6, 12, 18, 24, 48 and 96 h). As
the AFM1 concentration increased, the
mRNA levels of ABCG2 in the BMECs
initially increased, peaked at 0.32 nM
(p <0.05), and then decreased gradually
(Fig. 3A). As the AFM1 incubation time
increased, the mRNA levels of ABCG2
in the BMEC:s initially increased, peaked
Blank  DMSO  AFM1 at 12 h (p < 0.05), and then decreased
gradually (Fig. 3D). The results of the
western blotting were consistent with the
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Fig. 2. Effects of AFM1 on lactation and proliferation of BMECs. A, B — The
protein levels of f-casein measured by western blotting. C, D — Relative folds

of B-casein quantified by grayscale scanning. E, F — The number and viability %er,;_}}; CR reliultﬁ (Fltgh %]31 and C.’ E la nfgi
of cells determined by an automatic cell counter ). The results show that the maximal ef-
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Fig. 3. Effects of AFM1 on ABCG2 expression. A, D — ABCG2 mRNA levels in treated cells measured i€ membrane. The
by qRT-PCR. B, E — The protein levels of ABCG2 measured by western blotting analysis. C, F — Re- cells were trans-
lative folds of ABCG2 quantified by grayscale scanning fected to overex-
Explanations: as in Fig. 2. press ABCG2, or



it was knocked down by transfection A
with a siRNA against ABCG2 mRNA
for 24 h. Then, 0.32 nmol/L AFMI1
was added to the lower chamber of the
Transwell chamber, and we collected
the BMECs and the culture medium
from the upper chamber 12 h later (Fig.
4A). The content of AFMI in the cells
and supernatant culture was measured
by HPLC. The results of HPLC showed ©
that ABCG2 overexpression signifi-
cantly increased (p < 0.05) the content
of AFM1 in the BMECs (Fig. 4C) and
in the supernatant culture (Fig. 4D). The
results of ABCG2 knockdown had the
opposite effect (p < 0.05) with regard to
the level of AFM1 in the cells (Fig. 4E).
The AFMI1 content in the supernatant
culture showed no significant differences
(p > 0.05) across all treatment groups
(Fig. 4F). These data reveal that ABCG2
is a positive regulator of AFM1 transport
in BMECs.

AFM1 is one of toxins found in con-
taminated milk from dairy cows, but
the molecular mechanism of transport
of AFM1 in bovine mammary epithelial
cells is largely unknown.

TJs play an important role in prevent-
ing the entry of microorganisms and
endotoxins (2, 27). At the same time,
however, it can also be threatened by in-
fecting microorganisms and endotoxins,
which cause changes in the permeability
of the epithelial barrier (4). In the mammary tissue of
mice, the structures of TJs can change during delivery,
lactation, and degeneration (19). Therefore, changes
in the permeability of the epithelial barrier can be
regarded as an early indicator of adverse effects after
chemical exposure (23). The morphological examina-
tion by inverted scanning electron microscopy of TJs
between cells showed that there was no significant
difference between the control group and the AFM1-
treated group. The overall morphology of the cells
remained unchanged. Immunofluorescence assays
detected that ZO-1 showed strong peripheral label-
ing in the cellular compartments of the control and
AFMI-treated groups, indicating that AFM1 caused
little damage to the integrity of ZO-1. In these mono-
layer cells, all of their nuclei exhibited characteristic
uniform fluorescent staining, suggesting that AFM1 did
not induce apoptosis. This is consistent with previous
reports from intracellular studies on human intestinal
Caco-2/TC7 cells (5).

In some studies, AFB1 decreased cellular prolifera-
tion and induced apoptosis in an immortalized MAC-T
cell line (18). Our experimental data showed that, with
increases in the AFM1 concentration or treatment
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Fig. 4. Effects of ABCG2 overexpression or knockdown on AFMI1 transport. A
— The standard curve of AFM1 drawn by HPLC. B, C — The content of AFM1
in ABCG2 over-expression cells and the medium in the upper chamber of the
Transwell insert. D, E — The content of AFM1 in ABCG2 interference cells
and the medium in the upper chamber of the Transwell insert

Explanations: as in Fig. 2.

period, milk protein production and cell proliferation
showed no significant changes, suggesting that the
doses of AFM1 and the periods exposure to AFM1
used in this study may have little cytotoxic effect on
cells. However, Li et al. showed that AFM1 induced
apoptosis and decreased the proliferation of HEK293
cells (14). We believe that this difference may be due
to different doses of AFM1 used as well as the fact that
the cells came from diverse species and organs, which
may have different levels of toleration of AFM1. Our
results show that AFM1 is transported by BMECs, but
does not participate in the regulation of proliferation or
lactation in BMECs. Our results also indirectly prove
that the process of AFB1 being metabolized into AFM1
in BMECs may be an approach to toxicity reduction
(22). Therefore, our study further explored how AFM1
was transported in BMECs.

The transport of drugs in the body generally in-
volves transporters. Specialized transporter proteins
move exogenous compounds through membranes in
BMECs (13). Some transporters, such as ABCG2,
are involved in the transport of exogenous complexes
(29). AF, as an environmental pollutant, is a ligand
for ABCG2 and affects the expression of transporters
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(8). Our study demonstrates that AFM1 is a positive
regulator of ABCG2 expression in BMECs. When
the concentrations of AFM1 were below 0.32 nM,
AFM1 dose-dependently stimulated increased the
mRNA expression of ABCG2. With an increase in the
concentration of AFM1 (> 0.32 nM), the stimulatory
effect of AFM1 on the mRNA expression of ABCG2
gradually decreased. When cells were exposed to
AFM1 for less than 12 h, AFM1 time-dependently
stimulated the mRNA expression of ABCG2. With an
increase in the exposure period (> 12 h), the stimulatory
effect of AFM1 on the mRNA expression of ABCG2
gradually decreased. The results of western blotting
were consistent with those of qRT-PCR. Our experi-
mental data suggest that AFM1 can promote ABCG2
expression in BMECs at suitable concentrations and
exposure periods, indicating the possibility of ABCG2
participating in AFM1 transport. Gene function study
demonstrated that ABCG2 is a positive regulator of
AFMI1 transport, further revealing that ABCG2 is
required for AFM1 transport.

In summary, our study demonstrates that the trans-
porter ABCG?2 transports AFM1 in BMECs. AFM1
is only involved in transport by BMECs and does not
participate in the regulation of proliferation or lactation
by BMEC:s. This conclusion can provide basic data and
a theoretical basis for reducing the level of contamina-
tion in milk and dairy products, ensuring the safety of
dairy production. However, the detailed mechanism
of the transport of AFM1 by ABCQG?2 is uncertain and
needs to be studied further in the future.
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