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Abstract
Purpose ATP-binding cassette (ABC) transporters,
such as P-glycoprotein (P-gp), breast cancer resistance
protein (BCRP), and multidrug resistance-related pro-
tein 1 (MRP1), confer resistance to various anticancer
agents. We previously reported that some Xavonoids
have BCRP-inhibitory activity. Here we show the
reversal eVects of an extensive panel of Xavonoids
upon BCRP-, P-gp-, and MRP1-mediated drug resis-
tance.
Methods Reversal eVects of Xavonoids upon BCRP-,
P-gp-, or MRP1-mediated drug resistance were exam-
ined in the BCRP- or MDR1-transduced human leuke-
mia K562 cells or in the MRP1-transfected human
epidermoid carcinoma KB-3-1 cells using cell growth
inhibition assays. The IC50 values were determined from
the growth inhibition curves. The RI50 values were then
determined as the concentration of inhibitor that causes
a twofold reduction of the IC50 in each transfectant. The
reversal of BCRP activity was tested by measuring the
Xuorescence of intracellular topotecan.

Results The BCRP-inhibitory activity of 32 com-
pounds was screened, and 20 were found to be active.
Among these active compounds, 3�,4�,7-trimeth-
oxyXavone showed the strongest anti-BCRP activity
with RI50 values of 0.012 �M for SN-38 and 0.044 �M
for mitoxantrone. We next examined the eVects of a
panel of 11 compounds on P-gp- and MRP1-mediated
drug resistance. Two of the Xavones, 3�,4�,7-trimeth-
oxyXavone and acacetin, showed only low anti-P-gp
activity, with the remainder displaying no suppressive
eVects against P-gp. None of the Xavonoids that we
tested inhibited MRP1.
Conclusion Our present results thus indicate that
many Xavonoids selectively inhibit BCRP only. More-
over, we examined the structure–BCRP inhibitory
activity relationship from our current study.

Keywords BCRP/ABCG2 · P-glycoprotein/ABCB1 · 
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Abbreviations
ABC ATP-binding cassette
BCRP Breast cancer resistance protein
MDR Multidrug resistance
P-gp P-glycoprotein
MRP1 Multidrug resistance-related protein 1
SN-38 7-Ethyl-10-hydroxycamptothecin (the active 

metabolite of irinotecan)
VP-16 Etoposide

Introduction

Tumor cells often acquire multidrug resistance, charac-
terized by cross-resistance to other structurally unrelated
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agents [1]. Multidrug-resistant cells express ABC
transporters, such as the MDR1 gene product P-glyco-
protein (P-gp)/ABCB1, breast cancer resistance protein
(BCRP)/ABCG2, and multidrug resistance-related
protein 1 (MRP1)/ABCC1, that pump out various
structurally unrelated anticancer agents in an ATP-
dependent manner. In the 1980s, verapamil was Wrstly
found to increase the intracellular concentration of
anticancer agents in multidrug-resistant cells by bind-
ing P-gp and inhibiting the P-gp-mediated drug eZux
[2, 3]. Subsequently, many P-gp inhibitors such as vals-
poder (PSC-833), dofequidar fumarate (MS-209), tari-
quidar (XR9576), and thiose-micarbazone derivative
(NSC73306) have been developed that also interact with
P-gp and reverse P-gp-mediated drug resistance [4–7].
Clinical trials using such P-gp inhibitors have shown an
in vivo increase in the intracellular concentration of
coadministered anticancer agents in P-gp-positive tumor
cells [8]. However, phase III trials of these agents have
not been successful and no signiWcant survival beneWt of
P-gp inhibition has yet been achieved [9, 10]. Further
clinical studies using new P-gp inhibitors and new
combination treatment regimens have been devised
however, and some are now ongoing.

BCRP is a half-molecule ABC transporter with an
NH2-terminal ATP-binding site and COOH-terminal
transmembrane domain [11–15]. Recently, we reported
that BCRP forms homodimers via a disulWde bridge
between Cys603, a residue on the third outer-mem-
brane domain of the BCRP monomer [16, 17]. The
homodimeric BCRP complex acts as an eZux pump
for various anticancer agents including SN-38, mitox-
antorone, and topotecan, and thus prevents the build
up of high intracellular concentrations of such antican-
cer agents and decreases their cytotoxic eVects. BCRP
is reportedly also expressed in various normal human
tissues and cells, such as the placenta, liver, brain, spi-
nal code, adrenal gland, testes, prostate, uterus, kidney,
heart, bone marrow, and small intestine [18]. Further-
more, BCRP is expressed in hematopoietic stem cells
and is thought to be a stem cell marker [19]. We previ-
ously reported that estrone and 17�-estradiol inhibit
BCRP-mediated drug transport and resistance. In
addition, we have found from our studies that BCRP
transports sulfated estrogens as physiologic substrates
but not as free estrogens [20, 21]. We further demon-
strated that some Xavonoids, such as genistein and
naringenin, diminished the function of BCRP as an
eZux pump and reversed BCRP-mediated resistance
to anticancer agents [22]. Flavopiridol, a Xavonoid-
derived antitumor agent, is a substrate of BCRP [23],
and Xavonoids and estrogenic compounds thus possess
BCRP inhibitory properties.

In our current study, we screened a further panel of
Xavonoids possessing inhibitory activity for BCRP,
including 29 Xavonoids and 3 Xavonoid-related com-
pounds (total 32), by cell growth inhibition assay. We
Wnd that 20 of these compounds harbor inhibitory
activity against BCRP. However, although two of the
Xavonoids that we tested induced a weak reversal of
P-gp-mediated multidrug resistance, none of the other
compounds displayed any inhibitory properties toward
P-gp. Additionally, none of the Xavonoids screened in
this study were found to inhibit MRP1. We thus con-
clude that they selectively target BCRP only.

Materials and methods

Reagents

Flavonoid compounds were purchased from Funakoshi
(Tokyo, Japan). Fumitremorgin C (FTC) was pur-
chased from Alexis (San Diego, CA, USA). Anti-
BCRP polyclonal antibody (3488) was raised by
immunizing rabbits with a KLH-conjugated 20-mer
peptide corresponding to the amino acid region 340–359
of the human BCRP protein [16]. The anti-P-gp mono-
clonal antibody (C219) was purchased from Zymed
(South San Francisco, CA, USA), and the anti-MRP1
monoclonal antibody (MRPm6) was obtained from
Nichirei (Tokyo, Japan).

Cells and cell culture

K562/BCRP and K562/MDR cells were established
from human leukemia K562 cells in our laboratory
[22], and grown in RPMI 1640 medium supplemented
with 7% fetal bovine serum at 37°C in 5% CO2.
Human epidermoid carcinoma KB-3-1 cells were cul-
tured in DMEM supplemented with 7% fetal bovine
serum at 37°C in 5% CO2. KB/MRP1 cells were estab-
lished using the following procedures: KB-3-1 cells
were transfected with the pCAL-MRP1 construct bear-
ing the human MRP1 cDNA insert by the use of the
Mammalian Transfection Kit (Stratagene, La Jolla,
CA, USA). This was followed by selection with
increasing concentrations of etoposide (VP-16). The
cells were subcloned, and the MRP1 expression levels
of each clone was conWrmed by western blotting with
an anti-MRP1 monoclonal antibody. The western blot-
ting procedure used has been described previously
[16]. Subclone 14 showed the highest expression of
MRP1 and these cells were thus further selected with
increasing concentrations of doxorubicin for 4 weeks
and designated as KB/MRP1 cells.
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Growth inhibition assay

The eVects of Xavonoids on the sensitivity of cells to
various cytotoxic agents were evaluated by measur-
ing cell growth inhibition after incubation at 37°C for
5 days in the absence or presence of various concen-
trations of anticancer drugs in combination with the
test compounds. Cell numbers were determined with
a Coulter counter. The IC50 values (drug dose caus-
ing 50% inhibition of cell growth) were determined
from the growth inhibition curves. The RI50 values
were then determined as the concentration of inhibi-
tor that causes a twofold reduction of the IC50 in each
transfectant. RI50

¡1, the reciprocal value of RI50, was
also used as a reverse activity measurement of drug
resistance.

Topotecan uptake

The intracellular accumulations of topotecan were
determined by measuring the Xuorescence spectropho-
tometrically. K562 or K562/BCRP cells (2 £ 106 cells)
were suspended in 1 ml of RPMI 1640 medium con-
taining 0.5 �M topotecan and appropriate concentra-
tions of the compounds. The cells were incubated at
37°C for 30 min, and washed with ice-cold PBS. The
intracellular topotecan was extracted from the cells
with 1 ml of ethanol. The intensity of topotecan Xuo-
rescence was measured using a Xuorescent spectropho-
tometer.

Results

To screen the various Xavonoids under analysis, we
used MDR1, BCRP, and MRP1 cDNA transfectants.
The expression of the ABC transporters in each trans-
fectant was Wrst conWrmed by western blot. The paren-
tal cells, K562 or KB-3-1, did not express any of the
three ABC transporters, whereas the K562/BCRP,
K562/MDR, and KB/MRP1 cells expressed exogenous
BCRP, P-gp, and MRP1, respectively (Fig. 1). These
transfectants did not express any of other transporters
(Fig. 1). We next examined the degree of resistance to
various anticancer agents in the K562/BCRP, K562/
MDR, and KB/MRP1 cells, compared with the corre-
sponding parental cells. K562/BCRP cells showed a 21-
fold higher resistance to SN-38 than K562 cells
(Table 1). K562/MDR cells showed 160-fold higher
resistance to vincristine than K562 cells (Table 1). In
addition, the KB/MRP1 cells that we established in
this study showed resistance to VP-16, doxorubicin,
vincristine, and SN-38 (Table 1), which is similar to

the cross-resistant patterns in other MRP-expressing
cells [23–25].

The structures, symbols, and compound names of
the Xavonoids and their related agents used in this
study are shown in Fig. 2. Each compound itself
showed no or only marginal growth inhibitory eVect
on the cells in the concentrations used in this study
(data not shown). We examined the eVects of these
compounds on SN-38 and mitoxantrone (MXR) resis-
tances in K562/BCRP cells (Figs. 3, 4). The results
shown in Fig. 3a indicate that 3�,4�,7-trimethoxyXav-
one (Fig. 2; 1-a) strongly suppressed BCRP-mediated
multidrug resistance. This is evident from the growth
inhibition curves of the K562/BCRP cells treated with
this Xavonoid at low concentrations (0.03 and 0.1 �M;
closed triangle and lozenge, respectively) as they are
well shifted to the left compared with the untreated
cells (closed circle). The growth inhibition curve of
K562/BCRP cells treated with 1 �M apigenin (Fig. 2;

Fig. 1 Analysis of the expression levels of BCRP, P-gp, and
MRP1 in stably transfected cells by western blot. Cell lysates
(20 �g/lane) were resolved by SDS-PAGE and transferred onto
nitrocellulose membranes. The expression levels of BCRP, P-gp,
or MRP1 were then detected by incubation of the membrane with
anti-BCRP polyclonal antibody (3488), anti-P-gp monoclonal
antibody (C219), or anti-MRP1 monoclonal antibody (MRPm6),
respectively
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Table 1 Drug resistance of each resistant cells

Parental or resistant cells were cultured for 5 days with increasing
concentrations of the indicated drugs. Cell numbers were counted
with a Coulter counter, and IC50 was determined. Relative resis-
tance factor is the ratio of IC50 for the resistant cells divided by
that for the parental cells

VCR Vincristine, Dox doxorubicin, ND not determined

Resistant 
protein

Resistant 
cells

Relative resistance factor

SN-38 VCR Dox VP-16

BCRP K562/BCRP 21 ND ND ND
P-gp K562/MDR ND 160 ND ND
MRP1 KB/MRP 2.6 25 8.8 12
123



792 Cancer Chemother Pharmacol (2007) 60:789–797
1-d) (closed upward triangle) was also found to have
shifted to the left compared with cells treated with
0.3 �M apigenin (closed downward triangle) or
untreated (closed circle). This indicated that apigenin
inhibits BCRP-mediated resistance to SN-38 and
MXR (Fig. 3b). In contrast, diosmin (Fig. 2; 1-i) did
not suppress BCRP-mediated drug resistance at any
concentration (Fig. 3c). The reversal indices (RI50) for
SN-38 of 3�,4�,7-trimethoxyXavone, apigenin, and
diosmin were measured as 0.012, 0.39, and >3 �M,
respectively, and those for MXR were measured as
0.044, 0.62, and >3 �M, respectively. Other com-
pounds were also examined using identical analyses,
and the RI50 values for SN-38 were obtained from
each growth inhibition curve. The RI50

¡1 of the total
panel of 32 compounds that we screened in this study

are presented in Fig. 4, which shows that 20 of these 32
compounds can reverse BCRP-mediated SN-38 resis-
tance. The lack of any reversal properties of the
remaining 12 compounds was conWrmed by treatments
at the highest concentrations used in these experi-
ments (data not shown). We also examined the rever-
sal eVects of a well-known BCRP inhibitor, FTC, as a
positive control on BCRP-mediated drug resistances
(Fig. 3d). As expected, FTC suppressed these resis-
tances at the concentrations of 0.3 and 1 �M. The RI50
of FTC for SN-38 and that for MXR were measured as
0.24 and 0.23 �M, respectively.

We then examined the eVects of the compounds on the
BCRP-mediated eZux of topotecan. The intracellular
topotecan in K562/BCRP cells was threefold lower than
that in K562 cells (Fig. 5). 3�,4�,7-TrimethoxyXavone

Fig. 2 Chemical structures of the Xavonoids tested in the present
study. a The structures of the Xavones (9 compounds), Xavonols
(10 compounds), Xavanones (4 compounds), isoXavones (2 com-
pounds), and chalcones (2 compounds) screened in the present

study. G1, O-neohesperidoside; G2, O-rutinoside; G3, O-gluco-
side; G4, O-arabinoglucoside. b Core structures of the Wve groups
of compounds screened in the present study. c The Xavonoid-
related agents tested in the present study
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(1-a) at 1 �M increased the intracellular topotecan in
K562/BCRP cells to a similar level as that in K562 cells
(Fig. 5). Apigenin (1-d) at 10 �M also increased the
intracellular accumulation of topotecan in K562/BCRP
cells (Fig. 5). Diosmin (1-i) treatment did not alter the
intracellular levels of topotecan (Fig. 5). These results
clearly indicate that 3�,4�,7-trimethoxyXavone (1-a)
and apigenin (1-d) increase the intracellular concentra-
tions of BCRP substrate anticancer agents, but diosmin
(1-i) does not.

We next examined whether any of the compounds
showing reversal eVects against BCRP-mediated drug
resistance showed any cross-reactivity against other
ABC transporter-mediated drug resistance pathways.
As shown in Fig. 6a and b (left panels), 3�,4�,7-trimeth-
oxyXavone (1-a) weakly suppresses P-gp- but not
MRP1-mediated drug resistance. In addition, apigenin
(1-d) and diosmin (1-i) do not reverse either P-gp- or
MRP1-mediated drug resistance (Fig. 6a, b, middle and
right panels). Among the representative 11 compounds
that we chose to analyze in this experiment from the 32
compound panel, only two (1-a and -b) in fact inhibited
P-gp-mediated drug resistance and none suppressed
MRP1-mediated drug resistance (Table 2). These com-
pounds also did not show growth inhibitory eVects
against K562 and KB-3-1 cells at the highest concentra-

tions used in these experiments (data not shown).
These data indicate that many Xavonoids are select
inhibitors of BCRP only.

Discussion

Estrogens such as estrone and 17�-estradiol have been
found to contain inhibitory activity against the BCRP-
mediated multidrug resistance pathways [20]. In addi-
tion, sulfated estrogens are found to be physiological
substrates of BCRP, suggesting that they compete with
anticancer agents on eZux from cells [21]. Synthesized
estrogen antagonists and agonists have also been dem-
onstrated to reverse drug resistance and have struc-
tural similarities that can directly inhibit BCRP
function and/or reduce its expression levels [26]. It is
noteworthy also that some Xavonoids have structures
that somewhat resemble the estrogens and display
weak estrogenic activity [27]. SigniWcantly, we and oth-
ers have now shown that Xavonoids possess anti-BCRP
activity [22, 28–31].

Some Xavonoids have been reported to interact with
and competitively inhibit ABC transporters, including
P-gp, MRP1, MRP2, and cystic Wbrosis transmem-
brane conductance regulator [32–37]. In this regard,

Fig. 3 Reversal eVects of Xavonoids on BCRP-mediated antican-
cer drug resistance. K562 (open symbols) and K562/BCRP (closed
symbols) cells were cultured for 5 days in the absence (circle) or
presence of 0.03 �M (leftward triangle), 0.1 �M (lozenge), 0.3 �M
(downward triangle), 1 �M (upward triangle), or 3 �M (square) of
the indicated compounds under increasing concentrations of SN-
38. Cell numbers were determined with using a Coulter counter.

a EVects of 3�,4�,7-trimethoxyXavone (1-a) on the sensitivity to
SN-38 in K562 and K562/BCRP cells. b EVects of Apigenin (1-d)
on the sensitivity to SN-38 in K562 and K562/BCRP cells. c EVects
of Diosmin (1-i) on the sensitivity to SN-38 in K562 and K562/BCRP
cells. d EVects of Fumitremorgin C on the sensitivity to SN-38 in
K562 and K562/BCRP cells. Data points are the measurements of
the mean § SD from triplicate determinations
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genistein, naringenin, acacetin, kaempferol, quercetin,
and Xavopiridol have shown reversal eVects against
BCRP-mediated drug resistance in the previous studies
from our laboratory and from other groups [22, 28, 38].
We therefore set out to screen additional Xavonoids that
may also reverse the eVects of BCRP-mediated multi-
drug resistance in our present study. Of the 32 com-
pounds that we tested, including the above Xavonoids
except Xavopiridol, 20 compounds showed reversal
eVect for the resistance (Fig. 4). Of interest is that
3�,4�,7-trimethoxyXavone (1-a) has stronger inhibitory
activity against BCRP than acacetin (1-b) that has been
the strongest BCRP inhibitor in the Xavonoids demon-
strated in the previous study (Fig. 4). Almost all of the
Xavones, including 3�,4�,7-trimethoxyXavone, acacetin,
diosmin, apigenin, chrysin, luteolin, luteolin-4�-O-glu-
coside, show BCRP-reversing activity (Figs. 3, 4).
Moreover, many of the Xavones, isoXavones, and chal-
cones tested in this study also reverse BCRP-mediated

drug resistance, but 50% of the Xavonols examined had
no impact upon BCRP (Fig. 4).

From our present results, we propose a structure–
activity relationship for BCRP inhibition by Xavonoids
(Fig. 7). We postulate that: (a) The double bond
between position 2 and 3 of the C-ring is associated
with high inhibitory activity against BCRP (Fig. 7a).
As an example of this, apigenin (1-b) shows stronger
suppressive activity toward BCRP than naringenin
(3-c), and luteolin (1-f) is also more potent in this regard
than eriodictyol (3-d) (Figs. 2, 4). (b) The 4�-O-meth-
oxylation of the B-ring or the 4�-hydroxylation of the
B-ring is also associated with more potent BCRP inhi-
bition (Fig. 7b, c). In the former instance, hesperetin
(3-a) has stronger BCRP inhibitory activity than eri-
odictyol (3-d), diosmetin (1-c) is more strongly inhibi-
tory than luteolin (1-f), acacetin (1-b) is more potent
than apigenin (1-d), and kaempferide (2-a) is a better
inhibitor of BCRP than kaempferol (2-b) (Figs. 2, 4).
In the case of 4�-hydroxylation of the B-ring, apigenin
(1-d) showed slightly stronger BCRP suppression than
chrysin (1-e), and kaempferol (2-b) is marginally
more potent than galangin (2-c) (Figs. 2, 4). (c) The
3-hydroxylation of the C-ring or 3�-hydroxylation of the
B-ring reduce BCRP inhibitory activity (Fig. 7d, e). In
the former case, we mentioned our present results with
galangin (2-c) compared with chrysin (1-e), kaempferol
(2-b) compared with apigenin (1-d), kaempferide (2-a)
compared with acacetin (1-b), and quercetin (2-e) com-
pared with luteolin (1-f) (Figs. 2, 4). In the latter
instance, our available examples include, luteolin (1-f)
versus apigenin (1-d), eriodictyol (3-d) versus naringe-
nin (3-c), and quercetin (2-e) versus kaempferol (2-b)
(Figs. 2, 4). It is noteworthy also that in our present
study, some glycosilated Xavonoids showed anti-BCRP

Fig. 4 Inhibitory eVects of Xavonoids on BCRP-mediated SN-38
resistance. K562 and K562/BCRP cells were cultured for 5 days in
the absence or presence of the appropriate concentrations of
Xavonoids with increasing concentrations of SN-38. Cell numbers
were determined with a Coulter counter. RI50 values were ob-
tained graphically from the IC50 values of the K562 and K562/
BCRP cells as described in Materials and methods. RI50

¡1, the re-
ciprocal value of RI50, was used to show the extent of drug resis-
tance reversal of the compounds. These data are averaged from
triplicate experiments
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extracted from the cells with 1 ml of ethanol. The Xuorescence
intensity of topotecan was measured using a Xuorescence spectro-
photometer. Each vertical bar represents the mean § SD of the
measurements from triplicate determinations
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activity. Glycosilated Xavonoids may be useful for clin-
ical practice because they are soluble in water and we
would predict that both they and/or water-soluble

derivatives of Xavonoids will be developed as BCRP
inhibitors in the future.

Flavonoids are safe nutrients, being the most abun-
dant polyphenolic compounds present in the human
diet in fruits, vegetables, and plant-derived beverages.
It has been reported that a human adult normally
assimilates 200–300 mg of Xavonoids per day in their
diet [39]. For example, 100 g of soybean contains 100–
200 mg of isoXavones comprising genistein, daidzein,
glycitein, and their corresponding glycosides. In the
case of an intake of 50 mg of genistein, the peak
plasma concentration of this compound was reported
to reach a level of approximately 1 �M in healthy pre-
menopausal women [40]. Therefore, Xavonoids con-
tained in foods can be considered to have a positive
eVect on the pharmacokinetics of anticancer agents.
Hence, dietary controls will be necessary for patients
undergoing cancer chemotherapy and it will also be
important that the peak plasma concentrations of
anticancer agents are continually monitored in these
individuals.

In conclusion, we have shown that Xavonoids selec-
tively reverse BCRP-mediated drug resistance, that
these compounds may be useful as BCRP inhibitors,

Fig. 6 Reversal eVects of 
Xavonoids on P-gp- or MRP1-
mediated anticancer drug 
resistance. Parental cells 
(open symbols) and transfect-
ed cells (closed symbols) were 
cultured for 5 days in the ab-
sence (circle) or presence of 
1 �M (triangle), or 3 �M 
(square) of the speciWc com-
pounds indicated under 
increasing concentrations of 
anticancer agents. Cell num-
bers were determined using a 
Coulter counter. a EVects of 
Xavonoid treatment upon the 
sensitivity to vincristine 
(VCR) in K562 and K562/
MDR cells. b EVects of Xavo-
noid treatment on the sensi-
tivity to VP-16 in KB-3-1 and 
KB/MRP1 cells. Data points 
are measurements of the 
mean § SD from triplicate 
determinations
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   VCR (nM)

3’,4’,7-trimethoxy
flavone (1-a)

Apigenin (1-d)

   VCR (nM)

Diosmin (1-i)

   VCR (nM)

K562/MDR   3 M

K562/MDR   0 M
K562/MDR   1 M

K562   3 M

K562   0 M
K562   1 M

Apigenin (1-d)

   VP-16 (nM)

Diosmin (1-i)

   VP-16 (nM)

3’,4’,7-trimethoxy
flavone (1-a)

   VP-16 (nM)

C
el

ln
um

be
r 

(%
 o

f 
co

nt
ro

l)

KB/MRP1   3 M

KB/MRP1   0 M
KB/MRP1   1 M

KB-3-1   3 M

KB-3-1   0 M
KB-3-1   1 M

A

B

Table 2 Reversal of BCRP-, P-gp-, and/or MRP1-mediated anti-
cancer drug resistance by Xavonoids

Parental or resistant cells were cultured for 5 days with increasing
concentrations of anticancer drugs together with or without Xavo-
noids. Cell numbers were counted with a Coulter counter, and
RI50 was determined

RI50 (�M)

BCRP P-gp MRP1

1. Flavone
1-a 0.012 0.68 >3
1-b 0.11 1.5 >3
1-d 0.39 >3 >3
1-e 0.67 >3 >3
1-f 1.5 >3 >3
1-h >3 >3 >3
1-i >3 >3 >3

2. Flavonol
2-a 0.17 >3 >3
2-b 1.1 >3 >3
2-g >3 >3 >3
2-h >3 >3 >3
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and that they are likely to bring clinical beneWts via
more eVective and safer cancer chemotherapy treat-
ments.
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