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Abstract

Purpose The soy isoflavone genistein has been described
to up-regulate breast cancer resistance protein (BCRP) and,
thus, enhance chemoresistance in breast cancer cells. The
aim of this work was to assess the effect of long- and short-
term incubation with daidzein, the second most abundant
soy isoflavone and its metabolite equol on the expression and
activity of P-glycoprotein, multidrug resistance-associated
proteins 1 and 2 (MRP1 and MRP2) and BCRP in breast
cancer cells.

Methods MCF-7 and MDA-MB-231 cells were treated
with phytoestrogen concentrations within the range achieved
in individuals with a high isoflavone intake. Transporter
expression was evaluated at protein and mRNA level through
western blot and qRT-PCR, respectively. Transporter activ-
ity was determined using doxorubicin, mitoxantrone and
carboxy-dichlorofluorescein as substrates.

Results Daidzein (5 uM) up-regulated MRP2- and down-
regulated MRP1 protein expressions in MCF-7 and MDA-
MB-231 cells, respectively. Both effects were ER-depend-
ent, as determined using the antagonist ICI 182,780. The
decrease in MRP1 mRNA in MDA-MB-231 cells indi-
cates a transcriptional mechanism. On the contrary, MRP2
induction in MCF-7 cells takes place post-transcription-
ally. Whereas changes in the transporter expression had a
minor effect on the transporter activity, acute incubation
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with daidzein, R-equol and S-equol led to a strong inhibi-
tion of BCRP activity and an increase in the IC5, of BCRP
substrates.

Conclusions In contrast to previous reports for genistein,
daidzein and equol do not provoke a major up-regulation of
the transporter expression but instead an inhibition of BCRP
activity and sensitization to BCRP substrates.
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Introduction

Breast cancer constitutes one of the most common and
aggressive cancers with more than 1.3 million cases and
500,000 deaths per year worldwide [1, 2]. Chemotherapy
with cytostatic agents represents one of the main treatment
strategies and, moreover, constitutes the only pharmacologi-
cal approach available in the triple negative disease. Nev-
ertheless, therapy failure and recurrences appear in at least
25% of the cases and contribute to breast cancer being one
of the two most frequent causes of cancer-related death in
women [1].

Drug transporters of the ABC (ATP-binding cassette)
superfamily are transmembrane proteins mediating the
active efflux of a wide range of substrates, including thera-
peutic drugs. Intrinsic ABC transporter overexpression is
a frequent mechanism underlying cancer multidrug resist-
ance, characterized by reduced intracellular accumulation
and diminished therapeutic efficacy of multiple cytostatic
agents [3]. Similarly, transporter expression can be up-
regulated during the course of the disease, also leading to
a higher efflux of chemotherapeutic agents [4]. In breast
cancer, higher levels of P-glycoprotein (P-gp/ABCB1) [5],
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multidrug resistance-associated protein 1 (MRP1/ABCC1)
[6], multidrug resistance-associated protein 2 (MRP2/
ABCC2) [7] and breast cancer resistance protein (BCRP/
ABCG?2) [8] were correlated with a reduced efficacy of
chemotherapy and poorer outcome in breast cancer patients.

To date, most attempts to counteract multidrug resistance,
either by down-regulation or inhibition of ABC transporters,
have yielded poor results. For instance, the use of transporter
inhibitors, although showing promising results in vitro, has
been associated with high toxicity and side effects in vivo,
so hindering a potential application in the clinical practice
[9, 10]. On the contrary, multidrug resistance induction by
xenobiotics up-regulating the transporter expression was
reported [11, 12]. Dietary compounds like p-carotene and
tangeritin increased P-gp and MRP2 expression and activity
in cancer cells [13, 14]. Similarly, treatment of a colon can-
cer cell line with grapefruit juice resulted in a marked P-gp,
MRP1, MRP2 and BCRP up-regulation [15]. Further inter-
actions of dietary compounds with drug transporters and an
impact on the chemotherapy efficacy cannot be ruled out.

Phytoestrogens are compounds present mainly in soy-
beans and red clover used as hormone replacement therapy,
for example, to counteract menopause-associated symptoms.
The most abundant compounds within this group are gen-
istein and daidzein [16, 17]. Daidzein can be metabolized
by the intestinal flora yielding S-equol, a compound with a
higher estrogenic activity than the parent substance [18].
Noteworthy, not all the individuals have the capacity to pro-
duce S-equol. The frequency of equol producers oscillates
between 25-30% in western countries and 50-60% in east
Asiatic countries [18]. Although only S-equol can be formed
in vivo after daidzein intake, the chemical synthesis process
applied in the production of equol supplements leads to a
racemic mixture of both R-equol and S-equol. Most of the
biological effects of phytoestrogens in mammalians arise as
a consequence of their binding to ERa and ERf [18]. Evi-
dence regarding the risk and benefits of phytoestrogens in
relation with breast cancer is highly controversial [16, 19].
Although several studies pointed out a decrease in mortality
and recurrence of breast cancer patients consuming soy-rich
food or phytoestrogen supplements [20, 21], in vitro evi-
dence has shown both stimulatory and inhibitory effects on
breast cancer cell proliferation [16, 22, 23].

In a previous work from our group, we have demonstrated
the induction of the expression and activity of BCRP by
genistein in the breast cancer cell lines MCF-7 and MDA-
MB-231. The increase in BCRP expression correlated with
reduced intracellular accumulation and increased resistance
to doxorubicin and mitoxantrone. Additionally, our results
indicated an acute inhibition of MRP1 activity by genistein
[24], an observation also reported in a pancreatic cancer cell
line [25]. Currently, there is scarce information concern-
ing the modulatory potential of daidzein, the second most
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abundant soy isoflavone and its metabolite equol, especially
at pharmacologically relevant concentrations, on the expres-
sion and activity of ABC transporters in breast cancer cells.

The aim of the current work was to assess the effect of
daidzein, R-equol and S-equol on the expression and activ-
ity of P-gp, MRP1, MRP2 and BCRP in breast cancer cells.
Furthermore, we evaluated the acute effect of the phytoes-
trogens on the transporter activity. Our results suggest an
acute inhibition of BCRP activity and a concomitant che-
mosensitizing effect towards substrates of this transporter
by all phytoestrogens tested.

Materials and methods
Materials

Culture media, supplements, MK571, 5(6)-carboxy-2',7'-
dichlorofluorescein diacetate (CDFDA), mitoxantrone, and
the p-actin antibody (A2228) were from Sigma-Aldrich
(Taufkirchen, Germany). Daidzein, R-equol, S-equol, puro-
mycin and the anti-GAPDH antibody (G-9) were from Santa
Cruz Biotechnology (Heidelberg, Germany). Doxorubicin
was from Biotrend (Cologne, Germany). Crystal violet and
dimethylsulfoxide (DMSO) were from Applichem (Darm-
stadt, Germany). Fumitremorgin C (FTC) and the anti-P-gp
antibody (C-219) were from Merck (Darmstadt, Germany).
ICI 182,780 (fulvestrant) was from Tocris (Bristol, UK). The
anti-MRP1 antibody (MC-898) was from Kamiya Biomedi-
cal Company (Tukwila, USA), the anti-MRP2 (M2-111-6)
and the anti-BCRP (BXP-21) antibodies were from Enzo
Life Sciences (Lorrach, Germany). All chemicals were of
analytical grade quality.

Cell lines and treatments

MCEF-7 cells were used as a model of ERa* positive breast
cancer. MDA-MB-231 cells were used as a model of tri-
ple negative breast cancer, characterized by the absence of
ERa™, human epidermal growth factor receptor 2 and pro-
gesterone receptor [26]. Both cell lines express ERp [27,
28]. Regarding ABC transporter expression, MCF-7 cells
express MRP1, MRP2 and BCRP, while MDA-MB-231
express P-gp, MRP1 and MRP2 [29-31]. Cell lines are
available at the European Collection of Authenticated Cell
Cultures (Salisbury, UK). Cells were cultured as previously
described [32]. Treatment medium consisted of phenol-
red free Dulbecco’s modified Eagle Medium (for MCF-7
cells) or phenol-red free RPMI1640 (for MDA-MB-231
cells) supplemented with charcoal-dextran treated FCS. For
expression studies (protein and mRNA) cells were seeded
in T-25 flasks (5 x 10° cells/flask). Daidzein, R-equol and
S-equol were added at concentrations related to plasma
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concentrations reported for individuals consuming a soy-rich
diet or phytoestrogen-rich formulations with up to 100 mg
of isoflavones (0.05, 0.5 and 5 uM for daidzein; 0.1, 1 and
10 uM for R-equol and S-equol) [18, 33, 34]. Since equol-
containing formulations may contain both enantiomers, both
R-equol and S-equol were tested. Cells were incubated with
the phytoestrogens or the vehicle (DMSO) for 48 h. The
participation of the ERs in the regulation of the transporter
expression was assessed by coincubation with ICI 182,780,
an ERa and ERf antagonist (1 uM) [35]. To assess whether
alterations in the transporter expression by phytoestrogens
lead to changes in the transporter activity (i.e. efflux of a
substrate), cells were seeded in 6-well plates (3.5 x 10° cells/
well) and treated with the phytoestrogen concentrations
above mentioned. Then, drug efflux assays were performed
(see “Drug efflux assays”). For cell viability assays, MCF-7
or MDA-MB-231 cells were seeded at a density of 1x 10*
cells/well or 3.5x 10 cells/well, respectively, in 96-well
plates. Then medium was replaced by treatment medium
containing daidzein (10 uM), R-equol (10 uM), S-equol
(10 uM) or DMSO (control cells). After 24 h of incuba-
tion, treatment medium was supplemented with doxorubicin
(DOX, 0-10 mM) or mitoxantrone (MXR, 0-10 mM). Cells
were further incubated for 24 h. Following, crystal violet
staining was performed (see “Cell viability assays”).
MDA-MB-231 BCRP* cells were generated by sta-
ble transfection of parental MDA-MB-231 cells with the
pLZRS-MS-BCRP-IRES-GFP plasmid, constructed as pre-
viously described [36]. Transfection was performed by elec-
troporation using a Nucleofector™ 2b device and the Cell
Line Nucleofector® Solution V (Lonza, Basel, Switzerland).
Transfected cells were selected by addition of puromycin to
the culture medium. BCRP overexpression was evaluated at
the protein level (see “Protein expression analysis”). Follow-
ing, the acute effect of the phytoestrogens on MXR efflux
and the impact on the cell viability assays were assessed.

Protein expression analysis

Western blot studies were performed as already described
[24]. GAPDH and B-actin were used as loading controls.
Immunoreactive bands were developed with the Pierce
ECL Western Blotting Substrate (Thermo Fisher Scien-
tific, Waltham, USA) using a FluorChem Q device (Pro-
tein Simple, San Jose, USA). MRP2 expression in plasma
membranes of MCF-7 cells was evaluated by western blot
as previously described [37].

mRNA expression analysis
mRNA expression was evaluated through qRT-PCR for

transporters and treatments for which a significant effect
at the protein level was observed. RNA was isolated using

the GenElute Mammalian Total RNA Miniprep Kit (Sigma-
Aldrich, Taufkirchen, Germany). cDNA synthesis and qPCR
were performed using the Revert Aid H Minus First Strand
cDNA Synthesis Kit and the Absolute QPCR SYBR Green
Mix (Thermo Fisher Scientific, Waltham, USA), respec-
tively. f2-microglobuline (f2mg) and p-glucuronidase (GU)
were used as housekeeping genes in MCF-7 and MDA-
MB-231 cells, respectively. Primer sequences and thermal
profiles have been described previously [24, 38].

Drug efflux assays

We assessed the efflux of doxorubicin (DOX) and mitox-
antrone (MXR), as model drugs used in breast cancer. DOX
is transported by P-gp, MRP1, MRP2 and BCRP [3, 39],
while MXR is a BCRP and P-gp substrate [3, 40]. DOX
efflux was evaluated after a 48-h pre-exposure to the phy-
toestrogens (conditions leading to changes in transporter
expression) or with phytoestrogen addition only during the
efflux phase (acute effect, not associated with changes in the
transporter expression). Since no effects on BCRP or P-gp
expression by phytoestrogens were observed, MXR efflux
was evaluated only with phytoestrogen addition during the
efflux phase (acute effect).

For experiments with phytoestrogen pre-exposure, cells
were treated with the corresponding substance for 48 h,
washed with PBS and incubated in fresh medium with DOX
(10 uM) for 2 h. A set of cells was immediately lysed to
assess intracellular DOX accumulation. Another set of cells
was rinsed with PBS and incubated with Hank’s balanced
saline solution (HBSS) for 1 h (eflux medium). The MRP
inhibitor MK571 (10 uM) was used to confirm MRP1 and
MRP2 participation in DOX efflux [41]. DOX was quanti-
fied in cell lysates and efflux media by spectrofluorometry
(Aexcitation =485 nm, Agpicsion =38 nm). In addition, we eval-
uated the effect of pretreatment with phytoestrogens on the
efflux of carboxy-dichlorofluorescein (CDF), a model sub-
strate specific for the MRP family [42]. Cells were incubated
with the precursor CDFDA (10 uM, 60 min), which pas-
sively diffuses into the cell, where it is hydrolyzed by intra-
cellular esterases to yield the fluorescent CDF [42]. Then,
supernatants samples were taken and CDF was measured by
spectrofluorometry (A.ygitation =485 nm, 4 =538 nm).

For acute inhibition experiments, cells were loaded with
DOX as described above, washed and incubated in efflux
medium supplemented with daidzein, R-equol and S-equol
(10 uM, 1 h). Control cells were exposed to DMSO. MK571
and FTC (10 uM) were used as positive controls of MRP and
BCRP inhibition, respectively [24, 40]. DOX was quantified
as described above. MXR efflux was quantified in MCF-7,
MDA-MB-231 and MDA-MB-231 BCRP?* cells as pub-
lished before [24, 43]. Briefly, cells were trypsinized and
incubated for 30 min in medium with MXR (10 pM, 37 °C).

emission
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Following, a set of cells was rinsed, resuspended and sub-
jected to quantification of basal intracellular MXR using a
BD LSR II flow cytometer (Becton Dickinson, Heidelberg,
Germany). Another set of cells was further incubated for 2 h
in the presence of daidzein, R-equol and S-equol (10 pM,
1 h). FTC was used as a positive control of BCRP inhibition
[24]. Finally, remaining intracellular MXR was measured.
MXR efflux was calculated as the difference between basal
intracellular MXR and remaining intracellular MXR after
2 h.

Cell viability assays

Cell viability was determined after treatment with the differ-
ent phytoestrogens and exposure to DOX or MXR using the
crystal violet method [24]. Daidzein, R-equol and S-equol
per se had no intrinsic effect on the cell growth within the
duration of the experiment up to the maximum concentration
tested (data not shown).

Statistical analysis

All data are presented as means + SD. Statistical compari-
sons were performed using the Student’s 7 test or one-way
ANOVA with the Tukey’s post-hoc test for two or more than
two experimental groups, respectively. Experiments were
performed at least in triplicates. Cell viability data were
fitted to a sigmoidal curve and ICy, were calculated using
GraphPad Prism 7.02 (GraphPad Software, La Jolla, USA).

Results

Effect of daidzein, R-equol and S-equol on ABC
transporter expression

MCEF-7 cells showed a significant induction in MRP2 protein
expression (+ 56%) after exposure to daidzein (5 uM, 48 h)
(Fig. 1a). No changes were observed in MRP1 or BCRP
expression (data not shown). Likewise, the expression of
MRP1, MRP2 and BCRP remained unchanged in R-equol
and S-equol treated cells (data not shown). MDA-MB-231
cells exhibited a decrease in MRP1 expression (—59%) by
daidzein (5 uM, 48 h) (Fig. 1b). The expression of P-gp
and MRP2 showed no changes after treatment with this
phytoestrogen. No alterations in P-gp, MRP1 or MRP2 pro-
tein expression were observed after exposure to R-equol or
S-equol (data not shown). These results indicate a selective
effect of daidzein on MRP1 and MRP?2 protein expression.

To gain a better insight into the molecular mechanism of
MRP?2 increase and MRP1 decrease by daidzein, we evalu-
ated the expression of the transporters at the mRNA level
under the same conditions that resulted in a modulation of
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Fig. 1 Effect of daidzein (5 pM, 48 h) on ABC transporter protein
expression in MCF-7 and MDA-MB-231 cells. a MRP2 protein
expression was quantified in MCF-7 cells after treatment with daid-
zein. b MRP1 protein expression was quantified in MDA-MB-231
cells after treatment with daidzein. Quantifications were performed
through western blot with GAPDH as a loading control. Representa-
tive blots are shown at the bottom. Expression in treated groups was
normalized to expression in control cells. *Different from control,
p<0.05,n=3

the protein expression. Treatment with daidzein (5 uM, 48 h)
resulted in a slight but significant down-regulation of ABCC2
mRNA (—22%, Fig. 2a) in MCF-7 cells, indicating an opposite
modulation at the mRNA and protein levels and suggesting a
non-transcriptional mechanism. MDA-MB-231 cells exhib-
ited a down-regulation of ABCCI mRNA expression by daid-
zein (—34%, Fig. 2b), agreeing well with the above described
decrease in the protein expression and suggesting a transcrip-
tional down-regulation.

Participation of the ER in ABC transporter modulation

To evaluate whether the effects of daidzein on MRP1 and
MRP?2 expression are mediated by the classical ERs, cells
were incubated with the phytoestrogen (5 uM, 48 h) in the
presence of the antagonist ICI 182,780 (1 uM). In fact, coin-
cubation with ICI 182,780 totally prevented MRP2 induc-
tion and MRP1 decrease by daidzein in MCF-7 (Fig. 2c) and
MDA-MB-231 cells (Fig. 2d), respectively, thus indicating a
participation of the classical ERs.



Eur J Nutr

a MCF-7 b MDA-MB-231
1.5- 1.5-
c c
Rl Rl
[2) (2]
2 2 '|'
5 1.04 L S 104
P * 3 *
<C <C
P4 P4
e e
E 054 E 05+
(@] (@]
O O
Q Q
< <<
0.041 0.041
A
S SRS
& o
SV &y
N N

Fig. 2 Molecular mechanisms involved in ABC transporter modula-
tion by daidzein. Cells were treated with daidzein under conditions
resulting in transporter modulation at the protein level (5 uM, 48 h).
mRNA expression was evaluated for ABCC2 (MRP2 codifying gene)
in MCF-7 cells (a) and for ABCC! (MRP1 codifying gene) in MDA-
MB-231 cells (b) through qRT-PCR. The expression of the target
genes was normalized to B2mg and GU expression, respectively.
Expression in treated groups is expressed relative to the expression

Effect of daidzein, R-equol and S-equol on drug efflux
Long-term incubation

The functional relevance of MRP1 and MRP2 modulation
by daidzein was evaluated assessing the efflux of doxoru-
bicin (DOX), a substrate of MRP1 and MRP2 used in breast
cancer chemotherapy. Unexpectedly, neither MRP2 up-reg-
ulation nor MRP1 down-regulation by daidzein resulted in
a significant alteration of DOX efflux in MCF-7 (Fig. 3a) or
MDA-MB-231 cells (Fig. 3b), respectively. MK571 resulted
in a significant inhibition of DOX efflux in both cell lines
(Fig. 3a, b) thus confirming the specificity of the method to
assess MRP activity. To rule out a possible interference by
other transporters involved in the efflux of DOX different that
MRP1 and MRP2 that may be also regulated by daidzein,
we used CDF as a specific MRP model substrate. Daidzein
resulted in significant but very slight increase in CDF efflux
(+7%), probably lacking biological relevance (Fig. 3c). No
changes in CDF efflux by daidzein were observed in MDA-
MB-231 cells (Fig. 3d). Total intracellular DOX and CDF
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in control cells. *Different from control, p <0.05, n=4. To evalu-
ate the participation of the ER, Cells were treated with daidzein and
coincubated with ICI 182,780 (1 uM, 48 h), as ER antagonist. Protein
expression was evaluated for MRP2 in MCF-7 cells (c) and for MRP1
in MDA-MB-231 cells (d) through western blot. GAPDH was used
as a loading control. Expression in treated groups was normalized to
expression in control cells. Representative blots are shown at the bot-
tom. n=3

were not affected by the phytoestrogen pretreatment in either
cell line (data not shown). Unlike results obtained with cell
lysates (Fig. 1a), analysis of MRP2 expression in plasma
membrane of MCF-7 cells showed a significant decrease by
daidzein 5 pM (—40%) compared to control cells (Fig. 3e).
These observations may explain the absence of an enhanced
DOX and CDF efflux in these cells (Fig. 3a, c).

Acute inhibition

In addition, we evaluated whether the presence of the phy-
toestrogens during the efflux phase could lead to an acute
effect on drug efflux. In fact, daidzein (10 uM), R-equol
(10 uM) and S-equol (10 uM) resulted in a significant inhi-
bition of DOX efflux in MCF-7 cells. MK571 and FTC were
used as positive controls of MRP and BCRP inhibition,
respectively (Fig. 4a). Furthermore, the three phytoestro-
gens studied also inhibited mitoxantrone (MXR) efflux in the
same cell line. Considering that MCF-7 cells do not express
detectable levels of P-gp, the other transporter involved in
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Fig. 3 Effect of transporter induction by daidzein on MRP activity
and MRP2 expression in plasma membranes. Cells were treated with
daidzein under conditions resulting in transporter modulation at the
protein level (5 uM, 48 h). Following the efflux of DOX was quan-
tified by spectrofluorometry in MCF-7 (a) and MDA-MB-231 cells
(b). Similarly, CDF was quantified in MCF-7 (¢) and MDA-MB-231
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Fig. 4 Acute effect of daidzein, R-equol and S-equol on DOX and
MXR efflux. MCF-7 (a, b) and MDA-MB-231 cells (¢, d) were
loaded with DOX and MXR, respectively. Following, cells were incu-
bated with daidzein (10 uM), R-equol (10 uM) or S-equol (10 uM).
Control cells were exposed to DMSO. MK571 (10 uM) and FTC
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cells (d). MK571 (10 uM) was used to confirm the participation of
the MRPs. Efflux in treated groups was normalized to the efflux in
control cells. MRP2 expression was evaluated in plasma membranes
of MCF-7 cells through western blot. f-actin was used as a loading
control (e). *Different from control, p <0.05, n=3-4
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(10 uM) were used as positive controls of MRP and BCRP inhibition,
respectively. Efflux of DOX and MXR were assessed by spectrofluor-
ometry and flow cytometry, respectively. All data were normalized to
the efflux in control cells. *Different from control, p <0.05, n=4
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MXR efflux [40], the observed decrease in the drug efflux
suggests an acute inhibition of BCRP (Fig. 4b).

On the contrary, in the BCRP~ MRP1* MRP2" MDA-
MB-231 cell line, none of the phytoestrogens resulted in an
inhibition of DOX (Fig. 4c) or MXR (Fig. 4d) efflux. Like-
wise, the well-known BCRP inhibitor FTC had no effect on
the efflux of MXR in MDA-MB-231 cells (Fig. 4d). These
observations further support an inhibition of BCRP-medi-
ated efflux by daidzein, R-equol and S-equol in human breast
cancer cells. In addition, our data indicate the absence of a
significant inhibition of MRP1 or MRP2, the proteins medi-
ating the efflux of doxorubicin in MDA-MB-231 cells, by
daidzein or equol (Fig. 4c¢).

Effect of daidzein, R-equol and S-equol on resistance
to doxorubicin and mitoxantrone

To evaluate whether the above-described inhibition of
BCRP by phytoestrogens has an impact on drug resistance,
we performed cell viability assays in MCF-7 and MDA-
MB-231 treated with DOX and MXR and coincubated with
daidzein (10 uM), R-equol (10 uM) and S-equol (10 puM).
Phytoestrogen-coincubated MCF-7 cells exhibited a signif-
icant chemosensitization towards DOX (ICs,: 0.91 £0.22,
0.98 +0.22 and 0.99+0.21 uM for daidzein, R-equol and
S-equol, respectively, vs. control: 1.61 +0.23 uM, Fig. 5a).
A similar effect was observed for MCF-7 cells exposed to
MXR (ICs: 12.12+4.24, 8.43 +2.97 and 14.28 +0.74 uM
for daidzein, R-equol and S-equol, respectively, vs. control:
36.36 +7.83 uM, Fig. 5b). On the contrary, no effect on
resistance towards DOX or MXR was observed in MDA-
MB-231 cells (Fig. 5c, d, respectively).
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Fig. 5 Effect of daidzein, R-equol and S-equol on the resistance to
DOX and MXR. MCF-7 (a, b) and MDA-MB-231 cells (c, d) were
treated with daidzein (10 uM), R-equol (10 uM) or S-equol (10 pM)
for 48 h. During the last 24 h of exposition, increasing concentrations
of DOX or MXR (0-10 mM) were added to the culture media. Cell

Effect of daidzein, R-equol and S-equol
on mitoxantrone efflux and chemoresistance in BCRP
expressing MDA-MB-231 cells

To confirm BCRP inhibition by phytoestrogens, we used
MDA-MB-231 BCRP* cells, stably expressing BCRP
(Fig. 6a). BCRP expression restored the inhibition of MXR
efflux by daidzein, R-equol and S-equol (Fig. 6b), contrarily
to the results previously shown in parental cells (Fig. 4d).
Moreover, inhibition by FTC further confirms BCRP media-
tion in MXR transport (Fig. 6b). In relation with these find-
ings, we observed a chemosensitization of MDA-MB-231
BCRP* cells towards MXR (ICs,: 79.6 +13.0, 96.4 + 6.6 and
86.6+4.0 uM for daidzein, R-equol and S-equol, respec-
tively, vs. control: 117.5 +4.6 uM, Fig. 6¢). These data indi-
cate a selective interaction potential of daidzein, R-equol
and S-equol, depending on the presence of BCRP in each
particular cell line.

Discussion

Phytoestrogens are abundant components of the Asiatic diet,
also exhibiting increasing propagation in western countries.
The risk vs. benefit ratio of phytoestrogens in association
with breast cancer is unclear. ABC transporters, in particular
P-gp, MRP1, MRP2 and BCRP, have been related to breast
cancer chemoresistance [3, 6—-8]. The expression of ABC
transporters is subject to a positive and negative modula-
tion by several dietary compounds, which may result in an
enhanced or decreased chemoresistance [3, 12]. An up-regu-
lation of BCRP by genistein with a simultaneous increase in
MXR efflux and chemoresistance has been already described
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Fig. 6 Effect of daidzein, R-equol and S-equol on MXR efflux and
drug resistance in MDA-MB-231 BCRP" cells. BCRP overexpres-
sion was confirmed through western blot. f-actin was used as a load-
ing control (a). MXR efflux was determined in the presence of daid-
zein (10 uM), R-equol (10 pM) and S-equol (10 uM). Control cells
were exposed to DMSO. FTC (10 uM) was used as positive control
of BCRP inhibition. Efflux in treated groups was normalized to the

in breast cancer cells [24]. Here, we assessed the effect of
daidzein, the second most abundant soy phytoestrogen, and
its metabolite equol on the expression and activity of the
above-mentioned transporters. Our data demonstrated the
modulation of the transporter expression by a concentration
of daidzein within the plasma range reached in individu-
als with a high soy intake [34]. In particular, we observed
an induction of MRP2 at the protein level in MCF-7 cells
(Fig. 1a) with a simultaneous decrease in the ABCC2 mRNA
levels (Fig. 2a). Thus, the induction in MRP2 protein expres-
sion is unlikely to result from a direct effect on the MRP2
promoter but instead from a prevailing translational or post-
translational modulation by daidzein. As a consequence,
higher proteins levels, in spite of decreased mRNA expres-
sion, are observed. Noteworthy, dissociation between mRNA
and protein expression of ABC transporters after exposure to
xenoestrogens has been already described. Treatment with
the mycoestrogen zearalenone resulted in an increase in P-gp
protein expression and a down-regulation of the mRNA lev-
els in rat testes [44]. Similarly, treatment of a hepatic cell
line with genistein (1 uM) resulted in an increase in MRP2
protein expression, without changes in the mRNA levels.
The effect was attributed to a down-regulation of the micro-
RNA (miR-379) by genistein [45]. Daidzein was demon-
strated to decrease the expression of 11 different microR-
NAs (miRNAs) in prostate cancer cell lines, which could be
associated with an increase in the protein expression of their
targets mRINAs [46]. Among the down-regulated miRNAs,
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efflux in control cells. *Different from control, p<0.05, n=3 (b).
MDA-MB-231 BCRP* cells were treated with daidzein (10 uM),
R-equol (10 uM) or S-equol (10 uM) for 48 h. During the last 24 h of
exposition, MXR (0-10 mM) was added to the culture medium. Cell
viability was determined by staining with crystal violet. Displayed are
the ICs,, for MXR. *Different from control, p <0.05, n=3 (¢)

miR-136 was pointed out as an ABCC?2 regulating miRNA
using the TargetScan platform (http://www.targetscan.org)
[47]. In our experimental setting, we observed no changes in
miR-136 expression by daidzein in MCF-7 cells, thus ruling
out a role of this miRNA as a mediator of MRP2 increase
(unpublished results). A down-regulation of other miRNAs
or another translational or post-translational process could
be postulated as the mechanism underlying the increase in
MRP?2 protein levels by daidzein. Contrarily to the obser-
vations in MCF-7 cells, daidzein repressed MRP1 expres-
sion in MDA-MB-231 cells, both at the protein (Fig. 1b)
and mRNA level (Fig. 2b), suggesting a transcriptional
down-regulation.

Experiments with ICI 182,780 (fulvestrant), a compound
reported to prevent the activation of ERa and ERp [35],
showed a total prevention of MRP2 induction and MRP1
down-regulation by daidzein in MCF-7 and MDA-MB-231
cells, respectively (Fig. 2c, d), thus indicating a mediation of
the effects by the classical ERs. Since MCF-7 cells express
ERa and ERp, both receptors could be involved in the effects
observed. The modulation of several miRNAs by the ERs
is well-known [48] and represents a possible explanation
for the ER-dependent increase in MRP2 by daidzein at
the translational level. In the case of MDA-MB-231 cells,
only ERp is expressed [28]. Thus, the prevention of MRP1
down-regulation by ICI 182,780 suggests mediation by this
particular receptor (Fig. 2d). Interestingly, ABC transporter
down-regulation by estrogens via ERf has already been
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described. For instance, primary human brain endothelial
cells exposed to Sa-androstane-3f,17p-diol exhibited an
ERp-dependent decrease in P-gp protein expression [49].
Likewise, 17f-estradiol and 17a-ethinylestradiol down-reg-
ulated BCRP expression at the mRNA and protein levels in
rat brain endothelial cells, also through an ERp-dependent
mechanism [50, 51]. Thus, our data agree with previous
reports indicating binding of phytoestrogens to ERf and a
modulation of target genes by this isoform [52].

Despite the observed increase in MRP2 and decrease in
MRP1 expression by daidzein in MCF-7 and MDA-MB-231
cells, respectively, our results do not show a consequent
alteration in the efflux of DOX, substrate of both MRP1 and
MRP2 (Fig. 3). The absence of a significant effect could
be attributed to other transporters not affected by daidzein
also contributing to the efflux of DOX. Noteworthy, P-gp
and BCRP have been reported as DOX transporters [3, 29].
To rule out possible interferences by other transporters we
measured CDF as a specific MRP substrate, also without
observing notable changes (Fig. 3). The absence of a mark-
edly enhanced MRP activity in MCF-7 cells could be attrib-
uted, for instance, to an improper localization of the up-
regulated MRP2 in the plasma membrane. In this regard, the
transporter allocation constitutes a dynamic process charac-
terized by the exocytic insertion of newly synthesized trans-
porter molecules or molecules from subapical reservoirs and
the retrieval of apically expressed transporters to subapi-
cal compartments [53]. Indeed, we observed a significant
decrease in MRP2 expression in the plasma membrane of
daidzein-treated MCF-7 cells (Fig. Se), probably accounting
for the majorly unchanged efflux of DOX and CDF, in spite
of the higher transporter expression observed in total lysates.
These observations highlight the importance of evaluating
the expression of drug transporters at different levels as well
as the efflux activity. Additionally, MRP inhibition by daid-
zein (or its metabolites) as observed for genistein in MCF-7
cells [24] cannot be ruled out. In MDA-MB-231 cells, the
remaining MRP1 after daidzein treatment may be enough
to transport DOX and CDF efficiently, thus not leading to a
significant decrease in their efflux. In contrast to the well-
known inducing potential on ABC transporter expression
and activity by genistein [24, 44], our data indicate a neg-
ligible effect of daidzein and equol as long-term inducers
of the transport activity and thus the absence of a negative
impact on chemotherapy efficacy. These findings highlight
the importance of analyzing the individual components of
the nutrition (i.e. individual isoflavones in soy and soy-
derivatives) as perpetrators in pharmacological interactions.

Besides a long-term modulation, phytoestrogens can
modulate transporter activity in an acute way independent
of changes in the transporter expression. In the present work
we observed a significant decrease in DOX and MXR efflux
by daidzein, R-equol and S-equol in MCF-7 cells (Fig. 4a,

b), while no changes were observed in MDA-MB-231 cells
(Fig. 4c, d). Moreover, the decreased DOX and MXR efflux
(i.e. higher intracellular accumulation) was associated with
an enhanced sensitivity towards both chemotherapeutic
agents (Fig. 5a, b). Breast cancer cells exhibit a differential
expression pattern of ABC transporters, with MCF-7 cells
expressing MRP1, MRP2 and BCRP and MDA-MB-231
cells expressing P-gp, MRP1 and MRP2 [29-31]. In fact,
DOX is a substrate of P-gp, MRP1, MRP2 and BCRP. Tak-
ing into consideration that the inhibition by phytoestrogens
takes place only in MCF-7 cells (BCRP* P-gp™) and not in
MDA-MB-231 cells (BCRP~ P-gp™), an acute inhibition of
BCRP could be suggested. Moreover, MXR is a BCRP and
P-gp substrate. The inhibition of MXR efflux by all phytoes-
trogens in MCF-7 cells (BCRP* P-gp™) and the absence of
an inhibitory effect in MDA-MB-231 cells (BCRP™ P-gp*)
further support the hypothesis of BCRP inhibition. Finally,
the inhibition of MXR efflux (Fig. 6b) and the chemosensi-
tization (Fig. 6¢) by daidzein and equol after expression of
BCRP in MDA-MB-231 cells confirm this transporter as the
main target of daidzein and equol. The inhibition of BCRP
activity could be attributed to a competitive mechanism,
since phytoestrogens and their conjugates can be transported
by this protein [17].

Previous reports described an inhibition of BCRP by
daidzein in breast cancer cells, although at concentrations
between 30 and 50 uM, notably higher than those achieved
in individuals with a high isoflavone intake [17, 34, 54].
BCRP inhibition by suprapharmacological concentrations
of equol has also been described [55], albeit in a model con-
sisting of kidney cells overexpressing bovine and caprine
BCRP. Our data support an inhibition of human BCRP in
breast cancer cells at biologically relevant concentrations
and thus highlight a potential clinical application of these
findings. To date, advances in the development of inhibi-
tors of ABC transporters exhibiting simultaneously efficient
transport inhibition and a high safety profile are limited [56].
In our study we have not observed a stimulation of cell pro-
liferation by the phytoestrogen treatment (data not shown).
Noteworthy, most studies showing stimulation on breast
cancer cell growth by soy isoflavones were performed using
genistein [57]. The antiestrogen tamoxifen is usually admin-
istered as part of long-term treatments and is also the only
drug approved by the FDA for breast cancer prevention [58].
BCRP plays a key role in the efflux of its active metabolite
4-hydroxy-tamoxifen, thus affecting its therapeutic efficacy
[58]. Similarly, MXR, DOX and 5-fluorouracil, all used in
breast cancer chemotherapy, are also substrates of BCRP [3,
29, 59]. Our results demonstrating an increased drug accu-
mulation suggest a beneficial effect of daidzein or equol
coadministration on chemotherapy efficacy. In support of
this hypothesis, daidzein intake was associated with a longer
time until recurrence in breast cancer patients treated with
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tamoxifen [20]; however, the causes leading to this obser-
vation were not investigated. If verified in vivo, an inhibi-
tion in the transporter activity by daidzein and equol and
the concomitant increase in the intracellular concentration
of chemotherapeutic agents could allow reducing the doses
required and thus the adverse effects frequently related to
cancer chemotherapy.

S-equol represents the only form synthesized by equol
producers and represents the most frequent enantiomer
found in nutritional supplements [18]. Although an anti-
proliferative role of ERf in breast cancer has already been
reported, ERa activation has been more predominantly asso-
ciated with increased proliferation [57, 60]. S-equol is char-
acterized by a high affinity for ERf, while R-equol displays
higher affinity for ERa [52]. To date the modulatory effect
of R-equol alone on ABC transporters was unknown. Our
data indicating a similar chemosensitizing effect by R-equol
and S-equol suggest a negligible benefit of R-equol-only or
racemic formulations and points to the advantage of daidzein
and S-equol-containing preparations in the case of a poten-
tial coadministration with chemotherapy.

In conclusion, we have demonstrated a minor effect of
long-term exposure to daidzein and equol on the expression
and activity of multidrug resistance-related ABC transport-
ers in breast cancer cells. However, our results indicate a
strong inhibition of BCRP and a chemosensitizing effect by
daidzein, R-equol and S-equol during an acute treatment.
Although the occurrence and the magnitude of these findings
must be validated in more complex models (e.g. animal mod-
els, clinical trials) and further studies should be performed
to confirm the safety of these particular phytoestrogens, our
data support a potential benefit of combining daidzein and
S-equol with chemotherapeutic agents substrates of BCRP.

Acknowledgements We would like to express our gratitude to Corina
Mueller for her excellent technical assistance. We thank Dr. Alfred
Schinkel for providing the pLZRS-MS-BCRP-IRES-GFP plasmid. This
work was supported by a grant from the National Agency for Science
and Technology Promotion (PICT 2015-0836). The position of Dr. J.
P. Rigalli was financed by the German Research Foundation (Grant
RI2673/1-1).

Compliance with ethical standards

Conflict of interest On behalf of all authors, the corresponding au-
thor states that there is no conflict of interest.

References

1. Martin HL, Smith L, Tomlinson DC (2014) Multidrug-resistant
breast cancer: current perspectives. Breast Cancer 6:1-13

2. Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser R, Mathers C
et al (2013) GLOBOCAN 2012 v1.0, cancer incidence and mor-
tality worldwide: IARC CancerBase no. 11. http://globocan.iarc.
fr. Accessed Dec 2013

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Klaassen CD, Aleksunes LM (2010) Xenobiotic, bile acid, and
cholesterol transporters: function and regulation. Pharmacol
Rev 62:1-96

Saxena M, Stephens MA, Pathak H, Rangarajan A (2011) Tran-
scription factors that mediate epithelial-mesenchymal transition
lead to multidrug resistance by upregulating ABC transporters.
Cell Death Dis 2:e179

Burger H, Foekens JA, Look MP, Meijer-van Gelder ME, Klijn
JG, Wiemer EA et al (2003) RNA expression of breast cancer
resistance protein, lung resistance-related protein, multidrug
resistance-associated proteins 1 and 2, and multidrug resist-
ance gene 1 in breast cancer: correlation with chemotherapeutic
response. Clin Cancer Res 9:827-836

Taheri M, Mahjoubi F (2013) MRP1 but not MDR1 is associ-
ated with response to neoadjuvant chemotherapy in breast can-
cer patients. Dis Markers 34:387-393

Maciejczyk A, Jagoda E, Wysocka T, Matkowski R, Gyorfty B,
Lage H, Surowiak P (2012) ABCC2 (MRP2, cMOAT) localized
in the nuclear envelope of breast carcinoma cells correlates with
poor clinical outcome. Pathol Oncol Res 18:331-342

Kim B, Fatayer H, Hanby AM, Horgan K, Perry SL, Valleley
EM et al (2013) Neoadjuvant chemotherapy induces expression
levels of breast cancer resistance protein that predict disease-
free survival in breast cancer. PLoS One 8:¢62766

Callaghan R, Luk F, Bebawy M (2014) Inhibition of the multi-
drug resistance P-glycoprotein: time for a change of strategy?
Drug Metab Dispos 42:623-631

Bugde P, Biswas R, Merien F, Lu J, Liu DX, Chen M et al
(2017) The therapeutic potential of targeting ABC transport-
ers to combat multi-drug resistance. Expert Opin Ther Targets
21:511-530

Collado-Borrell R, Escudero-Vilaplana V, Romero-Jiménez R,
Iglesias-Peinado I, Herranz-Alonso A, Sanjurjo-Saez M (2016)
Oral antineoplastic agent interactions with medicinal plants and
food: an issue to take into account. J Cancer Res Clin Oncol
142:2319-2330

Rigalli JP, Tocchetti GN, Weiss J (2017) Modulation of ABC
transporters by nuclear receptors. Physiological, pathological
and pharmacological aspects. Curr Med Chem. doi:10.2174/09
29867324666170920141707

Riihl R, Sczech R, Landes N, Pfluger P, Kluth D, Schweigert FJ
(2004) Carotenoids and their metabolites are naturally occurring
activators of gene expression via the pregnane X receptor. Eur
J Nutr 43:336-343

Satsu H, Hiura Y, Mochizuki K, Hamada M, Shimizu M (2008)
Activation of pregnane X receptor and induction of MDRI1 by
dietary phytochemicals. J Agric Food Chem 56:5366-5373
Theile D, Hohmann N, Kiemel D, Gattuso G, Barreca D, Mikus
G et al (2017) Clementine juice has the potential for drug inter-
actions—in vitro comparison with grapefruit and mandarin
juice. Eur J Pharm Sci 97:247-256

Messina MJ, Wood CE (2008) Soy isoflavones, estrogen therapy,
and breast cancer risk: analysis and commentary. Nutr J 7:17
Bircsak KM, Aleksunes LM (2015) Interaction of isoflavones
with the BCRP/ABCG?2 drug transporter. Curr Drug Metab
16:124-140

Setchell KD, Clerici C (2010) Equol: history, chemistry, and
formation. J Nutr 140:13555-1362S

Russo M, Russo GL, Daglia M, Kasi PD, Ravi S, Nabavi SF et al
(2016) Understanding genistein in cancer: The “good” and the
“bad” effects: a review. Food Chem 196:589-600

Guha N, Kwan ML, Quesenberry CP Jr, Weltzien EK, Castillo
AL, Caan BJ (2009) Soy isoflavones and risk of cancer recur-
rence in a cohort of breast cancer survivors: the life after cancer
epidemiology study. Breast Cancer Res Treat 118:395-405


http://globocan.iarc.fr
http://globocan.iarc.fr
https://doi.org/10.2174/0929867324666170920141707
https://doi.org/10.2174/0929867324666170920141707

Eur J Nutr

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Alipour S, Jafari-Adli S, Eskandari A (2015) Benefits and harms
of phytoestrogen consumption in breast cancer survivors. Asian
Pac J Cancer Prev 16:3091-3096

Ju YH, Fultz J, Allred KF, Doerge DR, Helferich WG (2006)
Effects of dietary daidzein and its metabolite, equol, at physiologi-
cal concentrations on the growth of estrogen-dependent human
breast cancer (MCF-7) tumors implanted in ovariectomized
athymic mice. Carcinogenesis 27:856—-863

Onoda A, Ueno T, Uchiyama S, Hayashi S, Kato K, Wake N
(2011) Effects of S-equol and natural S-equol supplement (SES-
OH) on the growth of MCF-7 in vitro and as tumors implanted into
ovariectomized athymic mice. Food Chem Toxicol 49:2279-2284
Rigalli JP, Tocchetti GN, Arana MR, Villanueva SS, Catania VA,
Theile D et al (2016) The phytoestrogen genistein enhances mul-
tidrug resistance in breast cancer cell lines by translational regula-
tion of ABC transporters. Cancer Lett 376:165-172

Nguyen H, Zhang S, Morris ME (2003) Effect of flavonoids
on MRP1-mediated transport in Panc-1 cells. J Pharm Sci
92:250-257

Mauro L, Pellegrino M, Giordano F, Ricchio E, Rizza P, De
Amicis F et al (2015) Estrogen receptor-a drives adiponectin
effects on cyclin D1 expression in breast cancer cells. FASEB J
29:2150-2160

Sastre-Serra J, Nadal-Serrano M, Pons DG, Roca P, Oliver J
(2013) The over-expression of ERbeta modifies estradiol effects
on mitochondrial dynamics in breast cancer cell line. Int J Bio-
chem Cell Biol 45:1509-1515

Schiiler-Toprak S, Haring J, Inwald EC, Moehle C, Ortmann O,
Treeck O (2016) Agonists and knockdown of estrogen receptor 8
differentially affect invasion of triple-negative breast cancer cells
in vitro. BMC Cancer 16:951

Doyle LA, Yang W, Abruzzo LV, Krogmann T, Gao Y, Rishi
AK et al (1998) A multidrug resistance transporter from
human MCEF-7 breast cancer cells. Proc Natl Acad Sci USA
95:15665-15670

Ferreira MJ, Gyémant N, Madureira AM, Tanaka M, Koés K,
Didziapetris R et al (2005) The effects of jatrophane derivatives
on the reversion of MDR1- and MRP-mediated multidrug resist-
ance in the MDA-MB-231 (HTB-26) cell line. Anticancer Res
25:4173-4178

Zhang FY, Du GJ, Zhang L, Zhang CL, Lu WL, Liang W (2009)
Naringenin enhances the anti-tumor effect of doxorubicin through
selectively inhibiting the activity of multidrug resistance-associ-
ated proteins but not P-glycoprotein. Pharm Res 26:914-925
Pervaiz A, Zepp M, Adwan H, Berger MR (2016) Riproximin
modulates multiple signaling cascades leading to cytostatic and
apoptotic effects in human breast cancer cells. J Cancer Res Clin
Oncol 142:135-147

Setchell KD, Zhao X, Jha P, Heubi JE, Brown NM (2009) The
pharmacokinetic behavior of the soy isoflavone metabolite S-(-)
equol and its diastereoisomer R-(+)equol in healthy adults deter-
mined by using stable-isotope-labeled tracers. Am J Clin Nutr
90:1029-1037

van der Velpen V, Hollman PC, van Nielen M, Schouten EG,
Mensink M, Van’t Veer P et al (2014) Large inter-individual vari-
ation in isoflavone plasma concentration limits use of isoflavone
intake data for risk assessment. Eur J Clin Nutr 68:1141-1147
Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van
der Saag PT et al (1998) Interaction of estrogenic chemicals
and phytoestrogens with estrogen receptor beta. Endocrinology
139:1651-1656

Jonker JW, Smit JW, Brinkhuis RF, Maliepaard M, Beijnen JH,
Schellens JH et al (2000) Role of breast cancer resistance protein
in the bioavailability and fetal penetration of topotecan. J Natl
Cancer Inst 92:1651-1656

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rigalli JP, Perdomo VG, Luquita MG, Villanueva SS, Arias A,
Theile D et al (2012) Regulation of biotransformation systems and
ABC transporters by benznidazole in HepG2 cells: involvement
of pregnane X-receptor. PLoS Negl Trop Dis 6:¢1951

Theile D, Grebhardt S, Haefeli WE, Weiss J (2009) Involvement
of drug transporters in the synergistic action of FOLFOX combi-
nation chemotherapy. Biochem Pharmacol 78:1366—1373

Cui Y, Konig J, Buchholz JK, Spring H, Leier I, Keppler D (1999)
Drug resistance and ATP-dependent conjugate transport mediated
by the apical multidrug resistance protein, MRP2, permanently
expressed in human and canine cells. Mol Pharmacol 55:929-937
Shen F, Bailey BJ, Chu S, Bence AK, Xue X, Erickson P et al
(2009) Dynamic assessment of mitoxantrone resistance and
modulation of multidrug resistance by valspodar (PSC833) in
multidrug resistance human cancer cells. J Pharmacol Exp Ther
330:423-429

Zembruski NC, Biichel G, Jodicke L, Herzog M, Haefeli WE,
Weiss J (2011) Potential of novel antiretrovirals to modulate
expression and function of drug transporters in vitro. J Antimicrob
Chemother 66:802-812

Zamek-Gliszczynski MJ, Xiong H, Patel NJ, Turncliff RZ, Pollack
GM, Brouwer KL (2003) Pharmacokinetics of 5 (and 6)-carboxy-
2',7'-dichlorofluorescein and its diacetate promoiety in the liver. J
Pharmacol Exp Ther 304:801-809

Pavek P, Merino G, Wagenaar E, Bolscher E, Novotna M, Jonker
JW et al (2005) Human breast cancer resistance protein: inter-
actions with steroid drugs, hormones, the dietary carcinogen
2-amino- 1-methyl-6-phenylimidazo(4,5-b)pyridine, and transport
of cimetidine. J Pharmacol Exp Ther 312:144-152

Koraichi F, Inoubli L, Lakhdari N, Meunier L, Vega A, Mauduit C
et al (2013) Neonatal exposure to zearalenone induces long term
modulation of ABC transporter expression in testis. Toxicology
310:29-38

Rigalli JP, Ciriaci N, Arias A, Ceballos MP, Villanueva SS,
Luquita MG et al (2015) Regulation of multidrug resistance
proteins by genistein in a hepatocarcinoma cell line: impact on
sorafenib cytotoxicity. PLoS One 10:e0119502

Rabiau N, Trraf HK, Adjakly M, Bosviel R, Guy L, Fontana L
et al (2011) miRNAs differentially expressed in prostate cancer
cell lines after soy treatment. In Vivo 25:917-921

Agarwal V, Bell GW, Nam JW, Bartel DP (2015) Predicting effec-
tive microRNA target sites in mammalian mRNAs. Elife 4:e05005
Klinge CM (2015) miRNAs regulated by estrogens, tamoxifen,
and endocrine disruptors and their downstream gene targets. Mol
Cell Endocrinol 418:273-297

Zuloaga KL, Swift SN, Gonzales RJ, Wu TJ, Handa RJ (2012)
The androgen metabolite, Sa-androstane-3f,17p-diol, decreases
cytokine-induced cyclooxygenase-2, vascular cell adhesion
molecule-1 expression, and P-glycoprotein expression in male
human brain microvascular endothelial cells. Endocrinology
153:5949-5960

Mabhringer A, Fricker G (2010) BCRP at the blood-brain barrier:
genomic regulation by 17p-estradiol. Mol Pharm 7:1835-1847
Nickel S, Mahringer A (2014) The xenoestrogens ethinylestradiol
and bisphenol A regulate BCRP at the blood-brain barrier of rats.
Xenobiotica 44:1046-1054

Jiang Y, Gong P, Madak-Erdogan Z, Martin T, Jeyakumar M,
Carlson K et al (2013) Mechanisms enforcing the estrogen recep-
tor P selectivity of botanical estrogens. FASEB J 27:4406-4418
Roma MG, Crocenzi FA, Mottino AD (2008) Dynamic localiza-
tion of hepatocellular transporters in health and disease. World J
Gastroenterol 14:6786-6801

Cooray HC, Janvilisri T, van Veen HW, Hladky SB, Barrand MA
(2004) Interaction of the breast cancer resistance protein with
plant polyphenols. Biochem Biophys Res Commun 317:269-275

@ Springer



Eur J Nutr

55.

56.

57.

Wassermann L, Halwachs S, Baumann D, Schaefer I, Seibel P,
Honscha W (2013) Assessment of ABCG2-mediated transport of
xenobiotics across the blood-milk barrier of dairy animals using
a new MDCKII in vitro model. Arch Toxicol 87:1671-1682
Dash RP, Jayachandra Babu R, Srinivas NR (2017) Therapeutic
potential and utility of elacridar with respect to P-glycoprotein
inhibition: an insight from the published in vitro, preclinical and
clinical studies. Eur J Drug Metab Pharmacokinet. doi:10.1007/
s13318-017-0411-4

Duffy C, Perez K, Partridge A (2007) Implications of phytoestro-
gen intake for breast cancer. CA Cancer J Clin 57:260-277

@ Springer

58.

59.

60.

Selever J, Gu G, Lewis MT, Beyer A, Herynk MH, Covington
KR et al (2011) Dicer-mediated upregulation of BCRP confers
tamoxifen resistance in human breast cancer cells. Clin Cancer
Res 17:6510-6521

Yuan J, Lv H, Peng B, Wang C, Yu Y, He Z (2009) Role of BCRP
as a biomarker for predicting resistance to 5-fluorouracil in breast
cancer. Cancer Chemother Pharmacol 63:1103-1110

Helguero LA, Faulds MH, Gustafsson JA, Haldosén LA (2005)
Estrogen receptors alfa (ERalpha) and beta (ERbeta) differentially
regulate proliferation and apoptosis of the normal murine mam-
mary epithelial cell line HC11. Oncogene 24:6605-6616


https://doi.org/10.1007/s13318-017-0411-4
https://doi.org/10.1007/s13318-017-0411-4

	The phytoestrogens daidzein and equol inhibit the drug transporter BCRPABCG2 in breast cancer cells: potential chemosensitizing effect
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Materials
	Cell lines and treatments
	Protein expression analysis
	mRNA expression analysis
	Drug efflux assays
	Cell viability assays
	Statistical analysis

	Results
	Effect of daidzein, R-equol and S-equol on ABC transporter expression
	Participation of the ER in ABC transporter modulation
	Effect of daidzein, R-equol and S-equol on drug efflux
	Long-term incubation
	Acute inhibition
	Effect of daidzein, R-equol and S-equol on resistance to doxorubicin and mitoxantrone

	Effect of daidzein, R-equol and S-equol on mitoxantrone efflux and chemoresistance in BCRP expressing MDA-MB-231 cells

	Discussion
	Acknowledgements 
	References


