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Abstract
Breast cancer resistance protein (BCRP) is a newly identified ABC transporter, which plays an important role in drug disposition and

represents an additional mechanism for the development of MDR. Flavonoids, a major class of natural compounds widely present in foods

and herbal products, have been shown to be BCRP inhibitors. The objective of the present study was to elucidate the SAR and derive a

QSAR model for flavonoid–BCRP interaction. The EC50 values for increasing mitoxantrone accumulation in MCF-7 MX100 cells for 25

flavonoids, from five flavonoid subclasses, were determined in this study or obtained from our previous publication [Zhang S, Yang X,

Morris ME. Combined effects of multiple flavonoids on breast cancer resistance protein (ABCG2)-mediated transport. Pharm Res

2004;21(7):1263–73], and ranged from 0.07 � 0.02 mM to 183 � 21.7 mM. We found that the presence of a 2,3-double bond in ring C,

ring B attached at position 2, hydroxylation at position 5, lack of hydroxylation at position 3 and hydrophobic substitution at positions 6, 7,

8 or 40, are important structural properties important for potent flavonoid–BCRP interaction. These structural requirements are similar but

not identical to those for potent flavonoid–NBD2 (P-glycoprotein) interaction, indicating that inhibition of BCRP by flavonoids may

involve, in part, the binding of flavonoids with the NBD of BCRP. In addition, a QSAR model consisting three structural descriptors was

constructed, and both internally and externally validated, suggesting the model could be used to quantitatively predict BCRP inhibition

activity of flavonoids. These findings should be useful for predicting BCRP inhibition activity of other untested flavonoids and for guiding

the synthesis of potent BCRP inhibitors for potential clinical application.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Flavonoids (Fig. 1) are a large class of polyphenolic

compounds, which are ubiquitously present in the green

plant world, and they are also integral components abun-

dant in our common diet, such as vegetables, fruits and
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tance protein; FTC, fumitremorgin C; MDR, multidrug resistance; MRP1,

multidrug resistance-associated protein 1; MRP, multidrug resistance-asso-

ciated protein 2; MX, mitoxantrone; QSAR, quantitative structure activity

relationship; SAR, structure activity relationship; NBD, nucleotide binding

domain
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plant-derived beverages. Over 6500 flavonoids have been

described and the average intake of total flavonoids from

the Western diet was estimated to be 200 mg to 1 g per day

[2]. A number of studies [3–6] have suggested that flavo-

noids may play a protective role in the prevention of

cancer, coronary heart diseases, bone loss and many other

age-related diseases. Due to these perceived health bene-

ficial activities and their low toxicity [4,7], hundreds of

herbal preparations containing flavonoids are available in

the market as over-the-counter dietary supplements, and

the consumption of these products are becoming more and

more widespread, along with the burgeoning public inter-

est in alternative medicine and in disease prevention.

However, since these products are classified as dietary

supplements and their marketing does not require FDA
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Fig. 1. Basic structure of flavonoids.
approval, the potential interactions of these herbal pre-

parations with conventional drugs, in general, have not

been carefully evaluated, leading to a serious concern

about the safety of using these products. These concerns

are relevant because significant or even life-threatening

pharmacokinetic interactions of flavonoids or flavonoid-

containing food/herbal products with conventional drugs

have been observed in animals or patients [8–10]. There-

fore, elucidating the interactions of flavonoids with mole-

cular determinants that are important for drug disposition,

such as drug transporters and drug metabolizing enzymes,

as well as an understanding of the potential clinical con-

sequences of these interactions, is very important.

One of the drug transporters for which flavonoid–drug

interactions have been described is breast cancer resistance

protein (BCRP, MXR, ABCP, ABCG2) [11,12], a newly

identified membrane efflux transporter belonging to the

ABC (ATP binding cassette) transporter superfamily [13–

15]. This transporter extrudes its substrates out of the cells

by using the energy derived from ATP hydrolysis. Since the

transporter only has six transmembrane domains and one

ATP binding site, distinct from other ABC proteins,

which typically have a core structure of 12 transmembrane

domains and two ATP binding sites, BCRP is considered

an ABC half transporter and its transport activity may

require the formation of a homodimer [16]. Many

important drugs have been shown to be BCRP substrates

including anthracyclines, topoisomerase I inhibitors,

mitoxantrone (MX), methotrexate, flavopiridol, and

nucleoside HIV reverse transcriptase inhibitors [17]. The

expression of BCRP has been detected in a number of

human tumors [18–21], and may represent an additional

multidrug resistance (MDR) mechanism [22,23]. There-

fore, potent inhibitors of BCRP may have the potential to

reverse MDR in the treatment of cancer. High levels of

BCRP are also present in excretory organs and tissues with

barrier functions, such as liver canalicular membranes, the

luminal surface of intestine, blood brain barrier, and human

placenta [24–26]. This normal tissue localization profile

indicates that BCRP may have an important role in drug

disposition. This indication was subsequently confirmed

by the observation that co-administration of GF120918

(a BCRP inhibitor) altered the disposition of topotecan (a

BCRP substrate), including increase in bioavailability and

decrease in biliary excretion, in mdr1a/1b (�/�) mice

and in humans [27,28]. Therefore, BCRP inhibitors could

potentially alter the pharmacokinetics of the drugs that are

BCRP substrates, resulting in beneficial or adverse drug

interactions.
We [11] and other investigators [12,29] have demon-

strated that many naturally occurring flavonoids can inhibit

BCRP. The EC50 values of the flavonoids chrysin, biocha-

nin A and apigenin for BCRP inhibition (measured as the

concentration of flavonoids for producing 50% of the

maximal increase in MX (a BCRP substrate) accumulation

in BCRP-overexpressing MCF-7 MX100 cells) were

shown to be within the sub- or low micromolar range

(0.39 � 0.13, 1.62 � 1.02 and 1.66 � 0.55 mM, respec-

tively) [1]. These EC50 values are likely much lower than

the intestinal concentrations of these flavonoids after

ingestion of food or herbal preparations [1]; thus, clinically

relevant flavonoid–drug interactions may occur through a

BCRP-mediated mechanism. In addition, flavonoids have

little toxicity, and therefore, flavonoids with potent BCRP

inhibition activities could be potentially used as reversal

agents, or as the lead compounds for developing reversal

agents, for BCRP-mediated MDR.

The objective of the present study was to elucidate the

structure-activity relationship (SAR), and to derive a quan-

titative structure-activity relationship (QSAR) of flavo-

noid–BCRP interactions, in order to predict the BCRP

inhibition activities of many other untested flavonoids, and

to direct the synthesis of flavonoid compounds with higher

potency for potential clinical application. To achieve this

goal, a panel of 25 flavonoids, covering five flavonoid

subclasses (flavones, isoflavones, chalcones, flavonols and

flavanones), were selected and their EC50 values for BCRP

inhibition were obtained from our previous report [1], or

measured in the present study. The structural features of

flavonoids important for BCRP inhibition were identified

by comparing the EC50 values of flavonoids with and

without a particular structural element. In addition, a

QSAR model was constructed using a genetic algorithm

coupled with multiple linear regression, and the model

could be used to predict BCRP inhibition activities of

flavonoids.
2. Materials and methods

2.1. Materials

MX and the flavonoid silybin were purchased from

Sigma-Aldrich (St. Louis, MO). The other flavonoids were

purchased from Indofine (Hillsborough, NJ). RPMI 1640,

fetal bovine serum (FBS) and phosphate buffered saline

(PBS) were purchased from Gibco BRL (Buffalo, NY).

Human breast cancer MCF-7/sensitive and MCF-7 MX100

(MCF-7 cells selected with MX) and fumitremorgin C

(FTC) were the kind gifts from Dr. Susan E. Bates

(National Cancer Institute, Bethesda, MD). MCF-7

MX100 cells have been shown to over-express wild-type

BCRP with no detectable expression of P-glycoprotein,

MRP1, or MRP2 [1,11,30]; MCF-7/sensitive cells have no

significant expression of any of these transporters [1,11].
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2.2. Cell culture

MCF-7 cells (both sensitive and resistant) were cultured

in 75 cm2 flasks with RPMI 1640 culture media supple-

mented with 10% fetal bovine serum at 37 8C in a humi-

dified atmosphere with 5% CO2/95% air. The culture

media also contained 100 units/ml penicillin and

100 mg/ml streptomycin. For MCF-7 MX100 cells, the

culture media also contained 100 nM of MX.

2.3. MX accumulation studies

The accumulation studies were performed using flow

cytometric analysis as described previously [11]. Briefly,

cells grown in 75 cm2 flasks with �90% confluence were

trypsinized and washed with FBS-free RPMI 1640 and

resuspended in this medium with a cell density of

�106 cells/ml. The accumulation of MX was performed

by incubating 1 ml of cells with various concentrations of

the test compounds or the vehicle (0.1% DMSO) at 37 8C
for 15 min, followed by addition of 3 mM of MX. FTC

(10 mM), a specific BCRP inhibitor [31,32], was used as a

positive control. After incubation for another 30 min, the

MX accumulation was stopped by adding 3 ml of ice-cold

phosphate buffered saline (PBS) and centrifugation.

The cells were then washed twice with ice-cold PBS

again and the intracellular level of MX was analyzed

using a FACScan flow cytometer (Becton Dickinson

Immunocytometry Systems, San Jose, CA) equipped with

a standard argon laser for 488 nm excitation, and 670 nm

bandpass filter was used to detect MX fluorescence.

Preliminary studies demonstrated that the fluorescence

of all the tested flavonoids at this setting is negligible

(Data not shown). The accumulation of MX was

expressed as percent of the control (in the presence of

0.1% of DMSO).

2.4. Calculation of EC50 in accumulation studies

The EC50 values of the flavonoids for increasing MX

accumulation in MCF-7 MX100 cells were obtained by

fitting the fraction (F) of the maximal increase in MX

accumulation by the following equation, using WinNonlin

(Pharsight, Mountain View, CA) as previously described

[1]

F ¼ Cg

EC
g
50 þ Cg

F was calculated as the ratio of the net increase of MX

accumulation by the test compounds (A � A0) to the

maximal net increase represented by the net increase of

MX accumulation in the presence of 10 mM FTC

(Aftc � A0) measured in parallel. FTC at 10 mM concen-

tration was shown to inhibit BCRP completely in MCF-7

MX100 cells [1]. Aftc, A and A0 are the MX accumulation in

the presence of 10 mM FTC, the test compounds and 0.1%
DMSO (control), respectively. C is the concentration of

flavonoids; g is a slope factor. The EC50 values are

expressed as mean � S.D. from three independent experi-

ments and in each experiment, triplicate measurements

were obtained for each sample.

2.5. QSAR analysis

2.5.1. Datasets

For the QSAR analysis, the whole dataset of 25 flavo-

noids was randomly divided into a train set and a test set

before any analysis was performed. The train set had 19

flavonoids and the test set had six compounds. A total of

115 structural descriptors were calculated for these flavo-

noids, among which log P values were calculated using the

online version of KowWin program developed by Syracuse

Research Corporation (http://www.syrres.com/esc/est_-

kowdemo.htm) and the other 114 structural descriptors

were calculated using the QSARis# version 1.2 software

(SciVision-Academic Press, San Diego, CA). These struc-

tural descriptors include molecular connectivity Chi

indices, Kappa shape indices, electrotopological state

indices, information indices, subgraph count indices, mole-

cular polarizability, weight and volume.

2.5.2. Genetic algorithm coupled with multiple linear

regression

The selection of the independent variables (structural

descriptors) in the QSAR model was accomplished by a

genetic algorithm coupled with MLR using QSARis#

version 1.2 software. A population of 32 subsets called

‘‘chromosomes’’ was randomly generated. Each chromo-

some was encoded by a binary string of digits called

‘‘genes’’, with the length equal to the total number of

descriptors (115 in the present study). The values of ‘‘1’’

and ‘‘0’’ indicate the selection and non-selection of the

corresponding structural descriptors, respectively. The fit-

ness function was defined as 1/LOF, and LOF represents

Friedman’s lack of fit defined as follows (QSARis# ver-

sion 1.2)

LOF ¼ Rss � p=N

ð1 � ðdð p þ 1Þ=NÞÞ2

where Rss is the residual sum of squares; p the number of

the selected independent variables, and N the total number

of cases (compounds) in the train set; d a smoothing factor

used to prevent overfitting, which was set to ‘‘2’’ in the

present study. The genetic operation includes crossover

and mutation. Two chromosomes were selected as the

‘‘parent’’ chromosomes from the population by the ‘‘tour-

nament’’ selection method and crossed-over at a predefined

probability of 0.5 to produce two ‘‘offsprings’’. The off-

spring chromosomes were subjected to mutation at a

probability of 0.1. A new population of the same size

(32 chromosomes) was then obtained by replacing the less

fit chromosome(s) in the initial population with the fitter

http://www.syrres.com/esc/est_kowdemo.htm
http://www.syrres.com/esc/est_kowdemo.htm
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Table 1

The effects of flavonoids on mitoxantrone (MX) accumulation in MCF-7/sensitive and MCF-7 MX100 cells

Flavonoid Flavonoid

concentration

(mM)

MCF-7/sensitive MCF-7 MX100

MX accumulation

(% of control)

MX accumulation

(% of control)

MX accumulation

(% of the maximal accumulation)

Control 100 � 6.97 100 � 8.62

5,7-Dimethoxyflavone 30 85.3 � 7.16 314 � 109*** 89.6 � 8.28

6,20,30-Trimethoxyflavanone 50 115 � 12.5* 340 � 80.0*** 101 � 19.2

7,8-Benzoflavone 5 141 � 8.80*** 435 � 64.3*** 100 � 17.8

Baicalein 30 83.5 � 5.91 300 � 123*** 84.9 � 13.1

5,6,7-Trimethoxyflavone 30 100 � 13.7 322 � 98.4*** 92.4 � 6.70

7,8-Dihydroxyflavone 50 89.7 � 8.75 313 � 54.0*** 78.5 � 1.87

Chalcone 50 108 � 32.6 495 � 140*** 111 � 19.4

Flavanone 100 130 � 8.41*** 394 � 23.0*** 86.5 � 9.25

Flavone 50 121 � 9.52*** 306 � 60.7*** 88.9 � 9.02

Galangin 10 102 � 6.76 386 � 27.8*** 95.0 � 20.0

7-Hydroxyflavanone 50 108 � 6.70 310 � 60.2*** 87.6 � 7.23

20-Hydroxy-a-naphthoflavone 5 98.0 � 7.98 336 � 18.8*** 101 � 17.4

6,40-Dimethoxy-3-hydroxyflavone 5 95.7 � 5.30 312 � 22.4*** 94.4 � 18.0

Kaempferide 10 101 � 4.47 373 � 64.1*** 86.4� 3.77

7-Methoxyflavanone 50 109 � 14.3 345 � 39.8*** 80.4 � 11.6

8-Methylflavone 5 111 � 9.50 469 � 120*** 102 � 10.9

MX accumulation in MCF-7/sensitive (n = 3) and MCF-7 MX100 (n = 9) cells was examined in the presence of the specified concentrations of flavonoids or

0.1% DMSO (control) as described in Section 2, and expressed as percent of the control. In addition, the MX accumulation in the MCF-7 MX100 cells in the

presence of flavonoids was also normalized by the maximal accumulation represented as the MX accumulation in the presence of 10 mM FTC measured in

parallel. Data are expressed as mean � SD.
* p < 0.05, ANOVA followed by Dunnett test.

*** p < 0.001, ANOVA followed by Dunnett test.
offspring(s) and the creation of such a new population is

referred as a ‘‘generation’’. The model optimization was

accomplished after 7000 generations and the fitness of the

population reached a plateau. The structural descriptors

represented by the fittest chromosome in the final popula-

tion were then selected as the independent variables for

MLR over the train data set to construct a QSAR model.

The co-linearity of the selected variables was checked and

no significant correlations were found between any of these

variables.

The performance of the constructed model was evalu-

ated by crossvalidation using the ‘‘leave-one-out’’ method

and by testing the predictability of the model applied to an

external test dataset. In the ‘‘leave-one-out’’ method, the

model was re-constructed over the train set with one

compound excluded and the target properties of the

removed compound was then predicted by the recon-

structed model. This process was repeated until every

compound in the train set was excluded once; the Q2 value

of the crossvalidation was computed by the following

equation

Q2 ¼ 1 �
P

iðyi � yðiÞÞ2

P
iðyðiÞ � ymeanÞ2

where yi is the predicted value for the ith compound using

the model constructed with the ith compound excluded; y(i)

the observed value for the ith compound and ymean the

mean value of the dataset. A good model will have a Q2

value close to unity.
3. Results

3.1. MX accumulation in MCF-7/sensitive and

MCF-7 MX100 cells

In order to test that the flavonoids selected for this study

are BCRP inhibitors, and to ensure that the increase of MX

accumulation in the BCRP-overexpressing MCF-7 MX100

cells by the flavonoids can be ascribed to the inhibition of

BCRP by these compounds, we first evaluated the effects

of the flavonoids on MX accumulation in both MCF-7/

sensitive and MCF-7 MX100 cells. The flavonoids daid-

zein and silybin had already been shown [11] to be BCRP

inhibitors, and produce significant increases in MX accu-

mulation in MCF-7 MX100 cells with no significant effects

in MCF-7/sensitive cells. As shown in Table 1, all the

tested flavonoids increased the MX accumulation by more

than 300% compared with the control in MCF-7 MX100

cells, and the tested concentration for each flavonoid was

able to produce about 80% or more of the maximal MX

accumulation (the MX accumulation in the presence of

10 mM FTC measured in parallel) in these resistant cells.

Most of the tested flavonoids had no significant effects on

MX accumulation in MCF-7/sensitive cells when tested at

the same concentrations (Table 1). Although flavonoids

6,20,30-trimethoxyflavanone, 7,8-benzoflavone, flavanone

and flavone produced slight but statistically significant

increases in MX accumulation in MCF-7/sensitive cells,

the extent of these increases was much lower than their

effects in MCF-7 MX100 cells (Table 1) (MCF-7/sensitive
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Fig. 2. Dose-response curves of the flavonoids for increasing mitoxantrone (MX) accumulation in MCF-7 MX100 cells. The accumulation of MX in MCF-7

MX100 cells in the presence of 0.1% DMSO (control), various concentrations of the test compounds, and 10 mM FTC was determined, and the increase of MX

accumulation by the test compounds was calculated as described in Section 2. Presented are typical dose-response curves of some flavonoids for increasing MX

accumulation. The circles represent the observed data and the solid lines represent the predicted data by fitting a Hill equation as described in Section 2. Data are

expressed as mean � S.D. from a typical triplicate experiment. Three separate experiments were conducted.

Table 2

The EC50 values of flavonoids for increasing mitoxantrone (MX) accumu-

lation in MCF-7 MX100 cells

Flavonoids EC50 (mM) pEC50

Apigenin* 1.66 � 0.55 5.78

Chrysin* 0.39 � 0.13 6.41

Flavone 3.99 � 1.78 5.4

Galangin 1.21 � 0.27 5.92

Kaempferol* 6.04 � 0.09 5.22

5,7-Dimethoxyflavone 1.41 � 0.26 5.85

7,8-Benzoflavone 0.07 � 0.02 7.14

Trimethoxyflavanone 5.67 � 4.74 5.25

Baicalein 1.21 � 0.35 5.92

5,6,7-Trimethoxyflavone 1.09 � 0.41 5.96

7,8-Dihydroxyflavone 20.1 � 4.30 4.7

6,40-Dimethoxy-3-hydroxy-flavone 0.45 � 0.25 6.35

20-Hydroxy-a-naphthoflavone 0.09 � 0.05 7.05

Kaempferide 1.02 � 0.33 5.99

8-Methylflavone 0.61 � 0.15 6.21

Biochanin A* 1.62 � 1.02 5.79

Daidzein 57.3 � 15.8 4.24

Genistein* 14.9 � 2.69 4.83

Flavanone 24.6 � 5.21 4.6

Hesperetin* 12.4 � 2.21 4.91

6,20,30-7-Hydroxyflavanone 14.2 � 1.48 4.85

Silybin 183 � 21.7 3.74

7-Methoxyflavanone 16.3 � 4.25 4.79

Naringenin* 32.0 � 3.22 4.49

Chalcone 11.7 � 2.17 4.93

MX accumulation in the presence of different concentrations of each

flavonoid or 10 mM FTC was evaluated and the EC50 values of the

flavonoids for increasing MX accumulation was calculated as described

in Section 2. Data are expressed as mean � S.D., n = 3 independent

experiments and in each experiment, triplicate measurements were per-

formed for each flavonoid. pEC50 is defined as ‘‘�log (EC50 � 10�6)’’.
* Data were obtained from our previous study [1].
versus MCF-7 MX100: 115 � 12.5% versus 340 � 80.0%

for 6,20,30-trimethoxyflavanone, 141 � 8.80% versus

435 � 64.3% for 7,8-benzoflavone, 130 � 8.41% versus

394 � 23.0% for flavanone and 121 � 9.52% versus

306 � 60.7% for flavone). In summary, all the tested

flavonoids produced substantial increases in MX accumu-

lation in BCRP-overexpressing MCF-7 MX100 cells with

no or minimal effects in MCF-7/sensitive cells, which

express negligible BCRP, indicating that the tested flavo-

noids are BCRP inhibitors and the increase of MX accu-

mulation in MCF-7 MX100 cells by these flavonoids can

be attributed to the inhibition of BCRP.

3.2. EC50 values for increasing MX accumulation in

MCF-7 MX100 cells

To carry out the SAR and QSAR analysis, a measure of

the potency of the flavonoids for inhibiting BCRP is

required. In the present study, the potency for inhibiting

BCRP was represented by the EC50 values of the flavo-

noids for increasing MX accumulation in the BCRP-over-

expressing MCF-7 MX100 cells. For accurate estimation

of these EC50 values, the concentration range examined for

each flavonoid was carefully selected (Fig. 2) by perform-

ing preliminary studies, and the estimated EC50 values are

listed in Table 2. The EC50 values of flavonoids apigenin,

biochanin A, chrysin, genistein, kaempferol, hesperetin

and naringenin for increasing MX accumulation in

MCF-7 MX100 cells had been obtained in a previous

study [1] and are also listed in this table. As we can
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Table 3

Summary of the structure-activity relationships of flavonoid–BCRP inter-

actions

Structural elements BCRP inhibition

activity

2,3-Double bond in ring C Increase

Hydroxylation at:

Position 3 Decrease

Position 5 Increase

Position 6 Decrease

Position 7 Increase moderately

Position 8 Decrease

Position 20 No effect

Position 40 Decrease

Methylation of the hydroxyl group at:

Position 5 Decrease

Position 6 Increase

Position 7 No effect

Position 40 Increase

Substitution of a methyl group or addition

of a benzene ring to position 7 or 8

Increase

B-ring attached at position 3 (isoflavones) Decrease

Fig. 3. Effect of the 2,3-double bond on BCRP inhibition activity.

(A) comparison of the structures and EC50 values (in parentheses) with

and without the 2,3-double bond. (B) comparison of the pEC50

(�log (EC50 � 10�6)) values of all the six test flavanones (without the

2,3-double bond) with those of all the 14 tested flavones (including

flavonols, with the 2,3-double bond). The mean EC50 value of the flavones

(including flavonols) was 1.15 � 0.38 mM, much lower ( p < 0.001) than

that of the flavanones (15.3 � 2.87 mM).
see, these EC50 values ranged from 0.07 � 0.02 mM for

7,8-benzoflavone to 183 � 21.7 mM for silybin, demon-

strating a 2614-fold difference in the BCRP inhibition

activities of these flavonoids.

3.3. Structure-activity analysis

The influence of some structural elements of flavonoids

on BCRP inhibition activity was elucidated by comparing

the EC50 values of flavonoids possessing or lacking a

particular structural element. These structure-activity rela-

tionships are summarized in Table 3.

3.3.1. The 2,3-double bond in ring C

The important impact of the 2,3-double bond in ring C

for the flavonoid–BCRP interaction was demonstrated in

Fig. 3A. The EC50 value of flavanone (24.6 � 5.21 mM)

was shown to be 6.17-fold higher ( p < 0.01) than that of

flavone (3.99 � 1.78 mM), and the EC50 value of narin-

genin (32.0 � 3.22 mM) was shown to be 19.3-fold higher

( p < 0.001) than that of apigenin (1.66 � 0.55 mM). The

only structural difference between these two pairs of

compounds is that flavone and apigenin both have a 2,3-

double bond in ring C but their counterparts, flavanone and

naringenin, do not, indicating that the presence of the 2,3-

double bond in the C ring of flavonoids is critical for potent

BCRP inhibition. Consistent with this finding is the obser-

vation that among all the tested flavonoids, flavanones (the

double bond in ring C is saturated), in general, have lower

pEC50 values (equivalent to higher EC50) than flavones

(including flavonols) (Fig. 3B), and the mean EC50 value of

all the tested flavanones (15.3 � 2.87 mM, calculated as

the average of the EC50 values of 7-hydroxyflavanone and

7-methoxyflavanone, n = 6 compounds) is 13.3-fold higher
( p < 0.01) than that of the flavones (1.15 � 0.38 mM,

calculated as the average of the EC50 values of baicalein

and 5,6,7-trimethoxyflavone, n = 14 compounds).

3.3.2. Hydroxylation

The effects of flavonoid hydroxylation on BCRP inhibi-

tion activity are demonstrated in Fig. 4, and these effects

appear to be variable depending on the positions where the

hydroxyl groups are attached. As shown in Fig. 4A, attach-

ing a hydroxyl group at position 40 of the flavonoids

resulted in an average 4.63-fold decrease in BCRP

inhibition activity since the EC50 of apigenin (1.66 �
0.55 mM) is 4.26-fold higher ( p < 0.05) than that of

chrysin (0.39 � 0.13 mM), and the EC50 of kaempferol

(6.04 � 0.09 mM) was 4.99-fold higher ( p < 0.001) than

that of galangin (1.21 � 0.27 mM). Similarly, hydroxyla-

tion at position 3 of the flavonoids also decreased BCRP

inhibition activity by an average of 3.37-fold (Fig. 4B), as

demonstrated by the 3.64-fold higher EC50 value

( p < 0.001) of kaempferol (6.04 � 0.09 mM) in com-

parison to that of apigenin (1.66 � 0.55 mM), and the

3.10-fold higher EC50 value ( p < 0.01) of galangin
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Fig. 4. Effects of hydroxylation on BCRP inhibition activity. Shown in this figure are the effects of structural modification by (A) 40-hydroxylation,

(B) 3-hydroxylation, (C) 5-hydroxylation and/or 7-hydroxylation, and (D) 6-hydroxylation, 20-hydroxylation or 7,8-hydroxylation on BCRP inhibition activity.

The EC50 values are presented in parentheses.
(1.21 � 0.27 mM) in comparison to that of chrysin

(0.39 � 0.13 mM) (Fig. 4B). Additionally, hydroxylation

at position 6 may also decrease BCRP inhibition activity

because the EC50 of baicalein (1.21 � 0.35 mM) was

shown to be 3.10-fold higher ( p < 0.05) than that of

chrysin (0.39 � 0.13 mM), which only differs structurally

from the latter by an additional hydroxyl group at position

6 (Fig. 4D). Instead of the aforementioned depressing

effects of hydroxylation on BCRP inhibition activity,

attachment of hydroxyl groups to both position 5 and

position 7 increased BCRP inhibition activity (Fig. 4C).

As shown in Fig. 4C, the EC50 of genistein (14.9 �
2.69 mM) decreased by 3.86-fold ( p < 0.05) by hydroxy-

lation at position 5 in comparison to that of daidzein

(57.3 � 15.8 mM), and the EC50 of 7-hydroxyflavanone

(14.2 � 1.48 mM) decreased by 1.73-fold ( p < 0.05) by
hydroxylation at position 7 in comparison to that of

flavanone (24.6 � 5.21 mM). Furthermore, simultaneous

hydroxylation at both positions 5 and 7, as seen in chrysin

(EC50: 0.39 � 0.13 mM), decreased EC50 value by 10.2-

fold ( p < 0.05) in comparison to that of flavone

(3.99 � 1.78 mM) (Fig. 4C), and the level of this decrease

in EC50 (10.2-fold) is higher than the decreases by either

hydroxylation at position 5 alone (3.86-fold) or hydroxyla-

tion at position 7 alone (1.73-fold). This provides addi-

tional support for the enhancing effects of hydroxylation at

position 5, or 7 on BCRP inhibition activity. Hydroxylation

at position 20 seems to have no significant effect, since the

EC50 of 7,8-benzoflavone (0.07 � 0.02 mM) was not sig-

nificantly different from that of 20-hydroxy-a-naphthofla-

vone (0.09 � 0.05 mM), which only structurally differs

from the former by possessing a hydroxyl group at position
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20 (Fig. 4D). Lastly, hydroxylation at position 8 may

decrease BCRP inhibition activity because the presence

of hydroxyl groups at both position 7 and 8 in the flavonoid

7,8-dihydroxyflavone (EC50: 20.1 � 4.30 mM) increased

the EC50 by 5.04-fold ( p < 0.01) when compared with that

of flavone (3.99 � 1.78 mM) (Fig. 4D); however, hydro-

xylation at position 7, as aforementioned, was expected to

decrease the EC50 value instead of increasing it. Therefore,

the elevated EC50 of 7,8-dihydroflavone compared with

that of flavone can be most likely attributed to the presence

of the hydroxyl group at position 8.

3.3.3. O-Methylation (methoxylation)

The effects of O-methylation (methylation of hydroxyl

groups) on flavonoid BCRP inhibition activity were also

analyzed in this study. As shown in (Fig. 5A), methylation

of the hydroxyl group at position 40 as in biochanin

A (EC50: 1.62 � 1.02 mM) and in kaempferide (EC50:

1.02 � 0.33 mM) decreased the EC50 by 9.20-fold

( p < 0.01) and 5.92-fold ( p < 0.001) when compared

with genistein (EC50: 14.9 � 2.69 mM) and kaempferol

(EC50: 6.04 � 0.09 mM), respectively, indicating that

methylation of the hydroxyl group at position 40 can

substantially increase BCRP inhibition activity; however,

methylation of the hydroxyl group at position 7 may have

no significant effect, since 7-methoxyflavanone and

7-hydroxyflavanone were shown to have very similar

EC50 values (16.3 � 4.25 mM and 14.2 � 1.48 mM,
Fig. 5. Effects of methylation of the hydroxyl groups attached to the flavonoids on B

of hydroxyl groups at position 40 (A) and at position 7, at positions 5 and 7, or at

presented in parentheses.
respectively, p > 0.05) (Fig. 5B). Simultaneous methyla-

tion of the hydroxyl groups at both position 5 and 7 as in

5,7-dimethoxyflavone (EC50: 1.41 � 0.26 mM) resulted in

3.61-fold lower EC50 value ( p < 0.01) when compared

with that of flavone (3.99 � 1.78 mM); however, simulta-

neous methylation of the hydroxyl groups at position 5, 6

and 7 as in 5,6,7-trimethoxyflavone did not change the

EC50 value (1.21 � 0.35 mM, p > 0.05) significantly when

compared with that of baicalein (1.09 � 0.41 mM)

(Fig. 5B). Since methylation of the hydroxyl group at

position 7 appears to have no significant effect on BCRP

inhibition activity, the increased EC50 of 5,7-dimethoxy-

flavone in comparison of flavone, therefore, is most likely

due to the methylation of the hydroxyl group at position 5.

Similarly, because methylation of the hydroxyl groups at

both position 5 and 7 are expected to lower the BCRP

inhibition activity, the insignificant alteration in the EC50

value produced by simultaneous methylation of hydroxyl

groups at position 5, 6 and 7 (5,6,7-trimethoxyflavone

versus baicalein) can be explained as follows: methylation

of the hydroxyl group at position 6 decreased EC50,

which compensated for the increase of EC50 by the simul-

taneous methylation of hydroxyl groups at position 5 and 7,

leading to no significant change. Therefore, methylation

of the hydroxyl group at position 5 may decrease

BCRP inhibition activity; however, methylation of the

hydroxyl group at position 6 may increase BCRP inhibition

activity.
CRP inhibition activity. Shown in the figure are the effects of O-methylation

positions 5, 6 and 7 (B) on BCRP inhibition activity. The EC50 values are
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Fig. 6. Effects of adding hydrophobic groups to flavonoids at position 7 or 8

on BCRP inhibition activity. Addition of a methyl group to position 8 of

flavone, as in 8-methylflavone, decreased EC50 value by 6.51-fold

( p < 0.05); addition of a benzene ring at position 7 and 8 of flavone, as

in 7,8-benzoflavone, decreased EC50 value by 54.9-fold ( p < 0.05).

Fig. 7. Different BCRP inhibition activity between flavones and isofla-

vones. The isoflavone genistein, which has the B-ring present at position 3,

had a significantly higher EC50 value ( p < 0.01) than the corresponding

flavone apigenin, which has the B-ring present at position 2.

Table 4

The structural descriptors included in the QSAR model

Symbol Descriptor

log P Calculated octanol–water partition coefficient

SdssC_acnt Count of all C groups in a molecule

Dy Moment of the displacement between the

center-of-mass and the center-of-dipole along

the inertial Y-axis

3.3.4. Substitution of hydrophobic groups to position 7

or 8

As shown in Fig. 6, addition of a methyl group to

position 8 as in 8-methylflavone and addition of an extra

aromatic ring to position 7 and 8 as in 7,8-benzoflavone

(see Fig. 6 for the structure) decreased the EC50 (0.61 �
0.15 mM and 0.07 � 0.02 mM for 8-methyflavone and

7,8-benzoflavone, respectively) by 6.51-fold ( p < 0.05)

and 54.9-fold ( p < 0.05), respectively, when compared

with that of flavone (3.99 � 1.78 mM). This finding

suggests that substitution of hydrophobic groups at posi-

tion 7 or 8 may dramatically increase BCRP inhibition

activity.

3.3.5. Flavones versus isoflavones

As shown in Fig. 7, the EC50 of genistein (14.9 �
2.69 mM), which is an isoflavone, was 8.98-fold higher

( p < 0.01) than that of apigenin (1.66 � 0.55 mM), indi-

cating that isoflavones, in which the B ring is attached at

position 3 instead of position 2, have lower BCRP inhibi-

tion activity than flavones with similar structures.

3.4. QSAR model

A QSAR model consisting of three structure descriptors

(Table 4) was constructed as follows

pEC50 ¼ 1:156 � log P þ 0:891 � SdssC acnt � 0:176

� Dy þ 0:480; ðR2 ¼ 0:852; p< 0:0001Þ

The pEC50 values predicted by the model correlated very

well with the observed pEC50 values for the train data set

with correlation coefficient (R2) equal to 0.852 (Fig. 8A).

The ‘‘leave-one-out’’ cross validation produced a Q2 value

equal to 0.784, which is close to the R2 value (0.852) and

close to unity, indicating the constructed model performs

stably. In addition, application of the model to an external

test data set consisting of six flavonoids demonstrated that
the model-predicted pEC50 values correlated well with the

observed pEC50 values for the test data set as well

( p < 0.01) with the R2 equal to 0.922 (Fig. 8B), indicating

that the constructed model is valid. Furthermore, as can

been seen from Fig. 8C, the constructed model seems to

predict the pEC50 values for all the five flavonoid sub-

classes reasonably well, since no subclasses are substan-

tially skewed from the prediction line (the solid straight

line in Fig. 8C). In summary, the constructed QSAR model

could be used to predict the BCRP-inhibition activities of

flavonoid compounds.
4. Discussion

In the past two decades, there has been a resurgence of

scientific interest in flavonoids due to the association of a

variety of health promoting activities with this class of

naturally occurring compounds and the increasing human

exposure. Numerous studies have indicated that flavo-

noids have anti-oxidant, anti-carcinogenic, anti-viral,

anti-inflammatory and anti-estrogenic (estrogenic) activ-

ities [4,7]. These multiple activities and the structural

diversity render this class of compounds a rich source for

identifying lead compounds with targeted pharmacologi-

cal properties, and both dietary and synthetic flavonoids

have been subjected to clinical trials for prevention of

post-menopausal symptoms or anticancer activities

[33,34]. As such, a number of studies have been con-

ducted to elucidate the structural requirements of flavo-

noids for their biological activities [35,36], in order to

predict the potency of these compounds with regards to

the targeted activity and to direct the synthesis of more

potent analogues.
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Fig. 8. Performance of the constructed QSAR model. (A) presents the correlation of the model-predicted pEC50 with the observed pEC50 for the train data set;

(B) presents the correlation of the model-predicted pEC50 with the observed pEC50 for the test data set; the circles represent the locations (observed pEC50,

predicted pEC50) of individual compounds and the solid straight lines are the regression lines. (C) presents the relationship between the model-predicted pEC50

values with the observed values for the whole data set (including both train and test data sets). The symbols represent the locations (observed pEC50, predicted

pEC50) of flavonoids from different subclasses: (*) flavones; (&) flavanones; (~) isoflavones; (^) chalcones and (!) flavonols; the solid straight line is the

regression line.
The objective of the present study was to understand the

SAR and QSAR of flavonoid–BCRP interactions. To

achieve this goal, a valid measure of potency for flavo-

noid–BCRP interactions was required, and was repre-

sented by the EC50 values of the flavonoids for

increasing MX accumulation in MCF-7 MX100 cells in

the present study. The validity of this approach was con-

firmed by the observation that all the tested flavonoids can

produce more than a 300% increase of MX accumulation

(80% or more of the maximal accumulation) in MCF-7

MX100 cells at specified concentrations with no or mar-

ginal effects in MCF-7/sensitive cells. MCF-7 MX100

cells have been shown to overexpress BCRP, but MCF-

7/sensitive cells have no or very little BCRP expression by

Western blot analysis [11]. In addition, both MCF-7/sen-

sitive and MCF-7 MX100 cells have no detectable

P-glycoprotein, MRP1 or MRP2 expression [1,11]. There-

fore, the increase of MX (a known BCRP substrate)

accumulation in MCF-7 MX100 cells by the flavonoids

can be ascribed to the inhibition of BCRP in these cells,

and thus, the EC50 values of flavonoids for increasing MX

accumulation in MCF-7 MX100 cells should be a valid

measure of potency for flavonoid–BCRP interactions.

Flavonoids 6,20,30-trimethoxyflavanone (50 mM), 7,8-ben-

zoflavone (5 mM), flavone (50 mM) and flavanone
(100 mM) did produce slight but statistically significant

increases in MX accumulation in MCF-7/sensitive cells.

The exact reason(s) for these increases is currently

unknown, but could be due to the presence of a very

low level of BCRP in these sensitive cells because

BCRP mRNA was indeed detected, although very low,

in these cells by Northern blot analysis [32] and the BCRP

proteins in these cells were also detectable by flow cyto-

metry [21].

The EC50 values of the 25 flavonoids included in this

study for increasing MX accumulation in MCF-7 MX100

cells ranged from 0.07 � 0.02 mM for 7,8-benzoflavone to

183 � 21.7 mM for silybin, demonstrating a 2614-fold

difference in the ability of these compounds to inhibit

BCRP. The most potent flavonoids 7,8-benzoflavone and

20-hydroxy-a-naphthoflavone have EC50 values lower than

0.1 mM, indicating that these flavonoids are more potent

than the well-known potent BCRP inhibitor FTC, which

was shown to have an EC50 value of 0.215 � 0.008 mM

[1]. Therefore, these compounds could be used as potent

BCRP inhibitors, or as the lead compounds for developing

more potent BCRP inhibitors for potential clinical applica-

tion. The huge variation in the EC50 values of these

flavonoids indicates that some structural features of flavo-

noids must be critical for flavonoid–BCRP interactions,
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and a careful SAR analysis would be, therefore, very

interesting and worthwhile.

By comparing the EC50 values of the flavonoids posses-

sing or lacking a particular structural element, we have

elucidated the effects of some structural properties of

flavonoids on BCRP inhibition activity. The presence of

a 2,3-double bond in ring C, as in flavone and apigenin,

increased BCRP inhibition activity by 6.17- and 19.3-fold

in comparison to flavanone and naringenin, respectively,

indicating that the presence of the 2,3-double bond may be

critical for inhibiting BCRP. Because flavone and apigenin

have essentially a planar backbone structure due to the

conjugation of p electrons in the presence of a 2,3-double

bond and the carbonyl group at position 4, in contrast to a

non-planar conformation of flavanone and naringenin

lacking this double bond, it is very likely that a planar

conformation may be beneficial for the binding of flavo-

noids to the binding site(s) on BCRP. This notion is also

supported by the observation that among all the tested

flavonoids, flavanones (nonplanar structure), in general,

have lower BCRP inhibition activities than flavones (pla-

nar structure). In addition, the enhancing effects of the 2,3-

double bond on BCRP inhibition appear to depend on other

flavonoid substitutions as well, because the double bond in

flavone (no substitution) increased BCRP inhibition activ-

ity by 6.17-fold, while it increased BCRP inhibition activ-

ity by 19.3-fold in apigenin (5,7,40-hydroxylation). A

plausible explanation for this interesting observation is

that the conversion of a nonplanar conformation to a planar

backbone with the presence of a 2,3-double bond could

alter the orientation of other flavonoid substituents for

interacting with BCRP, and therefore, results in additional

changes in BCRP inhibition activity. This explanation is

also consistent with the important roles of the flavonoid

substitutions in determining BCRP inhibition activity,

which will be discussed later.

Hydroxylation represents a predominant flavonoid sub-

stitution, and the effects of hydroxylation on BCRP inhibi-

tion activity were shown to be variable depending on the

positions of hydroxylation. Hydroxylation at position 40,
position 3, position 6 or 8 decreases BCRP inhibition

activity, indicating that substitution of this polar group

at these positions is detrimental for BCRP inhibition and

the interaction of these sites of flavonoids with BCRP

might be mainly through hydrophobic interactions. Con-

sistent with this hypothesis is that increasing local hydro-

phobicity by O-methylation (demonstrated for position

6 and 40) or methylation (demonstrated for position 8)

substantially increased BCRP inhibition activity. In addi-

tion, the local hydrophobicity at or close to position 8

appears to correlate with BCRP inhibition activity, since

the EC50 values of flavone, 8-methylflavone and 7,8-

benzoflavone are 3.99 � 1.78 mM, 0.61 � 0.15 mM and

0.07 � 0.02 mM, respectively, inversely correlate with

their local hydrophobicity at position 8 (–H, –CH3 and

benzene ring, respectively). This latter observation pro-
vided additional support for the beneficial effects of high

local hydrophobicity at position 8 on BCRP interactions. In

contrast to the detrimental effects of hydroxylation at

positions 3, 6, 8 and 40 on the flavonoid–BCRP interac-

tions, hydroxylation at position 5 increased BCRP inhibi-

tion activity. This potentiating effect on BCRP inhibition

may be due to the formation of a hydrogen bond between

the 5-hydroxyl group and the flavonoid BCRP binding site.

Consistently, O-methylation of this hydroxyl group

appears to decrease BCRP inhibition activity substantially,

suggesting that elimination of the oxygen-bonded hydro-

gen atom prevented the formation of the hydrogen bond,

and thus, decreased the interaction of position 5 with

BCRP binding site. Hydroxylation at position 7 was also

shown to increase BCRP inhibition activity, indicating that

there may be also a hydrogen bond formation between

7-hydroxyl group and the BCRP binding site; however, the

formation of a hydrogen bond between position 7 and

BCRP binding site may be not as important as the hydro-

gen bond between position 5 and BCRP binding site, and

this hydrogen bond interaction could be replaced by strong

hydrophobic interactions. This hypothesis is supported by

the data demonstrating that hydroxylation at position 7

increased BCRP inhibition activity to a lesser extent (1.73-

fold compared with 3.86-fold by hydroxylation at position

5) and attachment of a hydrophobic benzene ring, at

position 7 and 8 (7,8-benzoflavone) resulted in a very high

BCRP inhibition activity (EC50: 0.07 � 0.02 mM). In addi-

tion, O-methylation of the 7-hydroxyl group did not sig-

nificantly alter the BCRP inhibition activity, possibly since

the formation of a hydrogen bond between position 7 and

the BCRP binding site is not essential, as discussed above,

or that the 7-hydroxyl group acts as a hydrogen bond

acceptor, and therefore O-methylation does not affect

the hydrogen bond formation. Lastly, we also demon-

strated that isoflavonoids, which have B ring present at

position 3, may have lower BCRP inhibition activity than

flavonoids with a B ring present at position 2.

It is interesting to point out that the SAR for flavonoid–

BCRP interactions demonstrated in the present study share

considerable similarities with that established for flavo-

noid–P-glycoprotein interactions [35,37,38]. For example,

the presence of a 2,3-double bond in ring C, a B-ring

present at position 2 instead of position 3 (isoflavonoids),

hydroxylation at position 5 and hydrophobic substitution at

position 8 and 40, which are all structural features impor-

tant for potent flavonoid–BCRP interactions, have also

been shown to be important for potent interaction of

flavonoids with the C-terminal nucleotide binding domain

(NBD2) of mouse P-glycoprotein [35,37,38]. These simi-

lar structural requirements may indicate that the interaction

of flavonoids with BCRP may share a similar mechan-

ism(s) with flavonoid–P-glycoprotein interaction; more

specifically, because the similar structural requirements

for flavonoid BCRP inhibition and for flavonoid-NBD2 (P-

glycoprotein) binding, it is reasonable to speculate that
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flavonoids may inhibit BCRP by, at least partly, binding to

the nucleotide binding domain (NBD) of this transporter.

On the other hand, the SAR for flavonoid-BCRP and

flavonoid–P-glycoprotein interactions is by no means iden-

tical. A notable difference is that 3-hydroxylation was

shown to increase flavonoid–P-glycoprotein interaction

and O-methylation of this hydroxyl group markedly

decreased the interaction [38], in contrast to a negative

effect of this hydroxyl group on flavonoid–BCRP interac-

tion. In addition, although hydrophobic substitution at

position 40 increased both flavonoid-P-glycoprotein and

flavonoid–BCRP interactions, hydroxylation, as well as

methoxylation at this position appears to have no signifi-

cant effects on flavonoid–P-glycoprotein interactions [37];

however, hydroxylation at the same position markedly

decreased the flavonoid–BCRP interaction and O-methy-

lation essentially reversed the effect of the hydroxylation.

Furthermore, hydroxylation at position 7 did not produce

much effect on flavonoid–P-glycoprotein interaction [38],

but it did moderately increase the flavonoid–BCRP inter-

action (1.73-fold). All these differences in the SAR for

flavonoid-BCRP and flavonoid–NBD2 (glycoprotein)

interactions may reflect the distinct structural requirements

for binding to NBD(s) of BCRP and P-glycoprotein, or

may be due to the involvement of other interaction

mechanism(s) other than binding to the NBD of BCRP

for flavonoid BCRP inhibition.

In addition to the SAR analysis, we also constructed a

QSAR model for the quantitative prediction of flavonoid-

BCRP inhibition activity. The independent variables in the

QSAR model were selected from a large number of

calculated topological descriptors, log P and a limited

number of 3D descriptors (molecular volume and surface

area) by a genetic algorithm. This approach has been

already employed in a number of QSAR studies [39,40]

and was shown to be able to generate models superior or

comparable [39,40] to those constructed by 3D QSAR

analysis such as CoMFA (Comparative Molecular Field

Analysis), while avoiding ambiguities in the selection of

the most likely molecular conformation and molecular

alignment inherent in CoMFA process. The model pre-

dicted data correlated well (R2 = 0.852) with the experi-

mental data over the entire train data set, and internal

validation (leave-one-out cross validation) indicates that

the model performs stably (Q2 = 0.784). Since an accep-

table Q2 value in a leave-one-out cross validation is only a

necessary but not a sufficient condition for a model to have

high predictive power [41], the predictability of the model

was further tested on an external test data set consisting of

six compounds. It was found that the model predicted data

also correlated well with the experimental data over the

entire test data set (R2 = 0.922). Therefore, the constructed

QSAR model may be suitable for predicting the BCRP

inhibition activity of flavonoids. Interestingly, based on the

QSAR model, log P makes a positive contribution to the

BCRP inhibition activity, which is consistent with our SAR
analysis, where we demonstrated that increasing local

hydrophobicity at position 6, 7, 8 or 40 could increase

BCRP inhibition activity. Unfortunately, further connec-

tions of the other two structural descriptors in the QSAR

model (SdssC acnt and Dy) with the SAR are difficult,

mainly because of a lack of detailed interpretation of those

descriptors. However, such a detailed interpretation may be

unnecessary for a QSAR model to be used mainly for

prediction instead of for drug design.

In summary, the structural properties of flavonoids

important for inhibiting BCRP have been identified by

comparing the EC50 values of the flavonoids for increasing

MX accumulation in MCF-7 MX100 cells overexpressing

BCRP. The structural requirements for potent flavonoid-

BCRP, such as the presence of a 2,3-double bond in ring C,

ring B attached at position 2, hydroxylation at position 5,

lack of hydroxylation at position 3 and hydrophobic sub-

stitution at positions 6, 7, 8 or 40, were shown to be similar,

but not identical to those for flavonoid–P-glycoprotein

interaction. In addition, a QSAR model for flavonoid–

BCRP interaction was also constructed. Both internal

and external validations indicate that the model could be

used to predict BCRP inhibition activity of other untested

flavonoids. These findings should be very useful for devel-

oping potent BCRP inhibitors from flavonoid compounds

(e.g. 7,8-benzoflavone) for potential clinical application.
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