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Abstract
In the present study, the effects of a large series of flavonoids on multidrug resistance proteins (MRPs) were studied in MRP1 and MRP2

transfected MDCKII cells. The results were used to define the structural requirements of flavonoids necessary for potent inhibition of

MRP1- and MRP2-mediated calcein transport in a cellular model. Several of the methoxylated flavonoids are among the best MRP1

inhibitors (IC50 values, ranging between 2.7 and 14.3 mM) followed by robinetin, myricetin and quercetin (IC50 values ranging between

13.6 and 21.8 mM). Regarding inhibition of MRP2 activity especially robinetin and myricetin appeared to be good inhibitors (IC50 values

of 15.0 and 22.2 mM, respectively). Kinetic characterization revealed that the two transporters differ marginally in the apparent Km for the

substrate calcein. For one flavonoid, robinetin, the kinetics of inhibition were studied in more detail and revealed competitive inhibition

with respect to calcein, with apparent inhibition constants of 5.0 mM for MRP1 and 8.5 mM for MRP2. For inhibition of MRP1, a

quantitative structure activity relationship (QSAR) was obtained that indicates three structural characteristics to be of major importance

for MRP1 inhibition by flavonoids: the total number of methoxylated moieties, the total number of hydroxyl groups and the dihedral angle

between the B- and C-ring. Regarding MRP2 mediated calcein efflux inhibition, only the presence of a flavonol B-ring pyrogallol group

seems to be an important structural characteristic. Overall, this study provides insight in the structural characteristics involved in MRP

inhibition and explores the differences between inhibitors of these two transporters, MRP1 and MRP2. Ultimately, MRP2 displays higher

selectivity for flavonoid type inhibition than MRP1.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Membrane proteins belonging to the ATP-binding cas-

sette family of transport proteins play a central role in the

defense of organisms against toxic compounds [1,2]. The

multidrug resistance proteins (MRPs) belong to this family,

consisting of nine members, which differ widely in sub-

strate specificity, tissue distribution and intracellular loca-
Abbreviations: MRP, multidrug resistance protein; GSH, glutathione;

GS-X, glutathione conjugate; IC50, 50% inhibition concentration; P-gp, P-

glycoprotein; QSAR, quantitative structure activity relationship
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tion [3]. The first cloned member of this family, MRP1

(ABCC1) has a broad substrate specificity including glu-

tathione S-conjugates, glucuronide conjugates, sulphate

conjugates, anticancer drugs, heavy metals, organic anions

and lipid analogues [4–6]. MRP1 is considered a prototype

GS-X pump because of the important role of glutathione

(GSH) for its transport action. Besides the transport of

glutathione S-conjugates, the efflux of many substrates,

like the oxyanions arsenite and antimonite and some drugs

like vincristine and daunorubicin, are stimulated by or co-

transported with glutathione [7–10]. MRP2 (ABCC2), the

major canalicular multispecific organic anion transporter,

is closely related to MRP1 [3,11]. Nevertheless, the tissue

localization of these two transporters differs. Whereas
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MRP1 is localized in the basolateral membranes of polar-

ized cells and is present in all tissues, MRP2 is found in the

apical membranes of polarized cells and is mainly

expressed in the liver, intestine and kidney. Comparison

of both transporters shows that human MRP1 and MRP2

are composed of 1531 and 1545 amino acids, respectively.

They exhibit an amino acid identity of 49% with the

highest degree of amino acid identity in the carboxyl-

terminal domain and in both nucleotide-binding domains

[2,12]. Despite this limited amino acid identity, the spec-

trum of substrates transported by MRP1 and MRP2 overlap

to a large extent although MRP1 seems to be less specific

[13–15]. It has been shown that over-expression of not only

MRP1, but also MRP2, confers multidrug resistance char-

acterized by resistance to a broad spectrum of anticancer

agents (reviewed in [16]). Identification of MRP1 and

MRP2 mediated transport as important mechanisms in

multidrug resistance during cancer treatment led to the

search for agents that could reverse resistance due to the

activity of these transporters. One of the possible strategies

for reversal of MRP mediated multidrug resistance is

inhibition of the activity of these proteins. Several inhibi-

tors of MRP1 and MRP2 have been described in the

literature. These inhibitors are mostly relatively non-spe-

cific inhibitors of organic anion transport, like sulfinpyr-

azone, benzbromarone and probenecid [3,11]. Many

MRP1 inhibitors, like certain tricyclic isoxazoles, do inhi-

bit MRP1 in intact cells at micromolar concentrations but

they are much less active against MRP2 [17,18]. Another

important feature is that some inhibitors, like the leuko-

triene D4 receptor antagonist MK571, is an excellent

MRP1 inhibitor in vesicular transport experiments, but

is less efficient regarding MRP1 inhibition in intact cells

[17].

The quest for transport inhibitors showed that many

natural constituents, including plant polyphenols like fla-

vonoids were promising candidates for possible MRP1

inhibition [19–24]. Flavonoids are a large group of poly-

phenolic antioxidants found in fruits and vegetables.

Although the literature points at possible inhibition of

MRP1 activity by flavonoids, the relation between the

chemical structure and the MRP1 inhibitory potency has

hardly been described. For MRP2, up to date no studies

regarding the effects of flavonoids on its activity have been

described.

In the present study, the effects of a large series of

flavonoids (Fig. 1) on either the MRP1, or MRP2 mediated

efflux of calcein in transfected MDCKII cells were exam-

ined. The results were used to derive quantitative structure

activity relationships (QSAR) to quantitatively describe

the structural requirements of flavonoids necessary for

potent MRP1 and MRP2 inhibition in a cellular model

system. These results provide insight in the structural

characteristics involved in MRP inhibition and explore

the differences between inhibitors of these two transpor-

ters, MRP1 and MRP2.
2. Materials and methods

2.1. Materials

The Madin-Darby canine kidney (MDCKII) cell lines,

stably expressing either a control vector (hereafter called

control cells), human MRP1 cDNA (hereafter called MRP1

cells) [25] or MRP2 cDNA (hereafter called MRP2 cells)

[15] were kindly provided by Prof. P. Borst (NKI, Amster-

dam).

Dulbecco’s minimum essential medium (DMEM) with

GlutaMax, fetal calf serum, penicillin/streptomycin and

gentamycin were all from Gibco. MK571 was obtained

from BioMol; PSC833 was a kind gift from Novartis

Pharma AG. Cyclosporin A was from Fluka. Calcein

acetoxymethyl ester (calcein-AM) was obtained from

Molecular Probes. Morin, 3-hydroxyflavone, galangin,

flavone and apigenin were purchased from Aldrich. Taxi-

folin, chrysin, naringenin, acacetin, 30-hydroxyflavone, 40-
hydroxyflavone, 3,30-dihydroxyflavone, 3,30,40-trihydrox-

yflavone, robinetin, isorhamnetin and catechin were

obtained from Indofine. Luteolin, myricetin and quercetin

were purchased from Sigma Chemical Co. HPLC grade

methanol was obtained from Labscan and HPLC

grade trifluoro acetic acid (TFA) was obtained from Baker.

Eriodictyol, kaempferol, baicalein, kaempferide, 5,7,30,40-
tetramethoxyluteolin, diosmetin, chrysoeriol, tamarixetin

were purchased from Extrasynthese.

2.1.1. MDCKII cell culture

The Madin-Darby canine kidney cell lines (control and

MRP1 or MRP2 transfected) were cultured in Dulbecco’s

minimum essential medium (DMEM) with GlutaMax

(4.5 g glucose per liter), 10% fetal calf serum and

0.01% penicillin/streptomycin, and were grown in a humi-

dified atmosphere of 5% CO2 at 37 8C.

For transport experiments 4 � 105 cells/cm2 were grown

on microporous polycarbonate filters (0.4 mm pore size,

4.7 cm2; Costar Corp.). It was shown earlier that in these

polarized cell lines MRP1 routes to the basolateral plasma

membrane, whereas MRP2 routes to the apical plasma

membrane. Culturing MDCKII cells on a filter in trans-

wells provides the opportunity to study both the MRP1- or

MRP2-mediated efflux of the parent compound and/or its

metabolites to either the apical or basolateral side of intact

cells. The volume of media in the basolateral and apical

compartments was 1.8 and 0.5 ml, respectively. Cells were

cultured to confluency for three days and medium was

replaced every 24 h. Confluency of the monolayers was

checked by transepithelial electric resistance (TEER) mea-

surement. TEER-values of each monolayer were measured

using a Millicell-ERS epithelial volt/ohm meter (Milli-

pore). The TEER-value of a confluent monolayer of

MDCKII cells ranged between 200–250 V cm2 as reported

before [26]. The leukotriene D4 receptor antagonist MK-

571 was used as a typical MRP1 inhibitor [27] and
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Fig. 1. The model flavonoids used in the present study.
cyclosporin A was used as a typical MRP2 inhibitor

[13].

2.1.2. Efflux of calcein in MDCKII cells

The efflux of calcein, which is a good substrate for

MRP1 and MRP2, was determined using confluent mono-

layers of control, MRP1 and MRP2 cells. First cells

cultured on 12 mm diameter transwells (Costar Corp.)

were loaded with the calcein-AM at a final concentration

of 1 mM in DMEM without phenol red for 2 h at 7 8C.

Calcein-AM uptake and intracellular conversion to calcein

in these MDCKII cell lines has been described before [28].

For the kinetic characterization of calcein efflux inhibition

by flavonoids, several calcein-AM concentrations were

used: 1, 0.5, 0.1 and 0.05 mM. At these calcein-AM

concentrations the efflux of calcein by MRPs is not satu-

rated since the calcein efflux was a linear function of the

calcein-AM concentration. The calcein-AM concentration

used for the QSAR studies (1 mM) was based upon pre-

vious studies by our group where 1 mM calcein-AM
appeared to be a very suitable concentration for inhibition

studies [28]. Essodaigui et al. described that calcein-AM

equilibrates very rapidly over the cellular plasma mem-

brane, resulting in similar inside and outside concentra-

tions of calcein-AM [29]. Once inside the cells, cleavage of

this non-fluorescent calcein-AM ester by intracellular

esterases leads to formation of the fluorescent derivative

calcein. The non-fluorescent calcein-AM, is a good sub-

strate for both P-glycoprotein (P-gp) and MRP1 [30]. To

diminish the MRP-dependent efflux of calcein-AM—and

because it was preferred to use no MRP inhibitors during

loading time—cells were loaded with calcein-AM at a

temperature of 7 8C. In addition, PSC833 (0.1 mM) was

added as P-gp inhibitor. After the 3-h loading, the cells

were washed three times with DMEM without phenol red

(37 8C) during approximately 10 min. The efflux experi-

ments were started by exposing the cells to fresh medium

(37 8C) containing 0.1 mM PSC833 and different concen-

trations of flavonoids (1, 10, 20, 30, 40 and 50 mM) or

50 mM MK571 (as a typical MRP1 inhibitor), or 30 mM
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Fig. 2. Typical time-dependent efflux patterns of calcein by MDCKII-

MRP1 (A) and MDCKII-MRP2 cells (B). Open symbols (&) represent

efflux to the apical compartment, closed symbols (&) represent efflux to the

basolateral compartment. Each point represents the average � S.D. from

triplicate measurements.
cyclosporin A (as a typical MRP2 inhibitor) in both, apical

and basolateral, compartments. Fig. 1 lists the various

flavonoids tested. Cells receiving vehicle only (0.5%

DMSO, v/v) served as control. The highest flavonoid

concentrations tested were 50 mM, because some flavo-

noids are either cytotoxic or poorly soluble at concentra-

tions above 50 mM. Efflux of calcein was measured in

media samples from both the apical and basolateral com-

partment at t = 0, 25 and 45 min and the level of calcein in

the intracellular compartment before and after the efflux

experiments. Fluorescence of the samples was determined

using a Varian Cary Eclipse (Varian) with excitation at

485 nm and emission at 530 nm. The fluorescence of the

samples was corrected for the minor changes in back-

ground fluorescence caused by the flavonoids. Analysis of

the calcein concentrations in the apical, basolateral and

intracellular compartments at t = 0 and 45 min of the efflux

experiments showed that during the efflux experiments no

significant increase in total calcein amounts was observed

(data not shown). Apparently, all calcein-AM taken up in

the cells during loading is converted into calcein during the

loading period and/or the period for washing of the cells

before the efflux experiments start.

IC50 values were obtained via curve fitting using the

Microsoft Excel data analysis V1.1 toolpack.

2.1.3. High Performance Liquid Chromatography

(HPLC) analysis of flavonoid lipophilicity

To determine the relative lipophilicity of the flavonoids,

HPLC was carried out using a Thermo Finnigan HPLC

system equipped with a P200 pump and an AS 3000

autosampler. Flavonoids were freshly prepared at a final

concentration of 100 mM in DMEM without phenol red,

and 50 ml of this solution were injected onto a

150 mm � 4.6 mm Alltech Alltima C18 column. The iso-

cratic mobile phase consisted of 0.1% trifluoroacetic acid

and methanol (4.5:5.5 v/v) and elution was carried out at a

flow rate of 1 ml/min. Detection was performed by mea-

suring the absorbance at 254 nm using a Thermo Finnigan

UV 100 detector. The lipophilicity of the flavonoids was

calculated using the capacity factor (K0), calculated by:

K0 = (tr � to)/to, in which: K0 = capacity factor, tr = reten-

tion time of the flavonoid (min) and to = retention time of

unretained substances (min).

2.1.4. Molecular characteristics of flavonoid structures

To quantify the relative effects of the C2–C3 double

bond, hydroxyl and methoxylated moieties on the planarity

of the flavonoid molecules the dihedral angle between the

B- and C-ring was calculated using computational model-

ing carried out on a Silicon Graphics Indigo workstation

using Spartan 5.0 (Wavefunction Inc.). Each molecule was

built in Spartan and its geometry was optimized by the

semi-empirical PM3 method. After optimization, the C3–

C2–C10–C20 dihedral angles were measured. Other

descriptors evaluated besides the dihedral angle were:
lipophilicity (determined experimentally as K0), total num-

ber of hydroxyl groups, the number of hydroxyl groups on

the A-, B- or C-ring of the flavonoid, the presence of

catechol moieties (two adjacent hydroxyl groups) or pyr-

ogallol moieties (three adjacent hydroxyl groups) and the

number of methoxylated groups on the flavonoid.

2.1.5. Data analysis

Descriptive and inferential statistical analyses were

performed. The hypothesis of normality was evaluated

by the Shapiro-Wilks test. Correlation analysis was eval-

uated by Spearman’s non-parametric correlation analysis.

Stepwise multiple regression analysis was used to describe

the relation between the percentage MRP inhibition and

the main important descriptors in a regression model

(QSAR). Models obtained were statistically tested by

variance analysis using ANOVA (P < 0.05). Least square

regression analysis was used to determine the correlation

between the measured data and the expected (calculated)

data from the model (adapted from [31]). All analyses have

been performed using SPSS 10.1.0 software from SPSS

Inc.
3. Results

3.1. MRP1 and MRP2 efflux characteristics and

inhibition

The inhibition of MRP1 and MRP2 activity was studied

using the fluorescent calcein as a model substrate. After



J.J. van Zanden et al. / Biochemical Pharmacology 69 (2005) 699–708 703

Table 1

The percentage inhibition after exposure to 25 mM of the tested flavonoids and determined IC50 values for both MRP1 and MRP2

MRP1 MRP2

Inhibition at 25 mM (%) IC50 (mM) Inhibition at 25 mM (%) IC50 (mM)

Flavone 36 >50 5 >50

3-Hydroxyflavone 3 >50 2 >50

30-Hydroxyflavone 13 >50 0 >50

40-Hydroxyflavone 15 >50 1 >50

Chrysin 10 >50 2 >50

3,30-Dihydroxyflavone 4 >50 1 >50

30,40-Dihydroxyflavone 57 24.4 � 4.1 16 >50

Galangin 43 35.3 � 7.3 0 >50

Baicalein 48 30.9 � 4.4 28 >50

Apigenin 47 35.1 � 9.6 2 >50

Naringenin 2 >50 0 >50

3,30,40-Trihydroxyflavone 26 >50 17 >50

Kaempferol 72 19.4 � 3.6 2 >50

Fisetin 2 >50 1 >50

Luteolin 53 22.4 � 4.8 17 >50

Eriodictyol 31 >50 13 >50

Morin 30 49.0 � 7.6 8 >50

Quercetin 63 21.8 � 3.5 5 >50

Taxifolin 8 >50 3 >50

Catechin 15 >50 0 >50

Robinetin 75 13.6 � 3.9 76 15.0 � 3.5

Myricetin 63 20.2 � 4.3 68 22.2 � 3.9

Acacetin 18 >50 1 >50

Kaempferide 40 >50 2 >50

5,7,30,40-Tetramethoxyflavone 76 7.9 � 1.5 20 >50

Diosmetin 84 2.7 � 0.6 17 >50

Chrysoeriol 85 4.0 � 0.7 31 >50

Tamarixetin 68 7.4 � 3.4 8 >50

Isorhamnetin 60 14.3 � 2.8 10 >50

When no IC50 values could be obtained using concentrations up to 50 mM this is indicated by >50. Values were obtained by curve fitting analysis using data

measured in triplo.
loading the cells with the non-fluorescent calcein-AM that

is converted to the fluorescent MRP-substrate calcein by

intracellular esterases, the efflux of calcein was measured

in the absence or presence of flavonoids. Fig. 2 shows the

typical time-dependent efflux patterns of calcein by

MDCKII-MRP1 and MDCKII-MRP2 cells. In MRP1 cells,

calcein is predominantly excreted to the basolateral side

(eight times higher than apical efflux), whereas in MRP2

cells the efflux of calcein is predominantly to the apical

side (11 times higher than basolateral efflux). The presence

of the P-gp inhibitor PSC833 did not affect the efflux of

calcein by MRP1 and MRP2 (data not shown).

The percentage inhibition upon exposure to 25 mM

flavonoid was determined in both cell lines (t = 45 min),

and is presented in Table 1. This reveals that most flavo-

noids are able to inhibit MRP1 activity with varying

relative inhibitory potencies. Strikingly, the methoxylated

flavonoids 5,7,30,40-tetramethoxyflavone, diosmetin, chry-

soeriol, tamarixetin and isorhamnetin are among the best

MRP1 inhibitors, except for kaempferide and acacetin

which are less potent inhibitors than the other methoxy-

lated flavonoids. Other flavonoids able to inhibit more than

50% of the MRP1 activity at 25 mM concentrations, were

30,40-dihydroxyflavone, luteolin, quercetin, robinetin and

myricetin. Some of the flavonoids tested inhibited MRP1
activity less than 20%. This group consists of 3-hydroxy-

flavone, 30-hydroxyflavone, 40-hydroxyflavone, chrysin,

3,30-dihydroxyflavone, naringenin, fisetin, taxifolin and

catechin.

In contrast to the wide variety of MRP1 inhibiting

flavonoids, only a few of the tested flavonoids inhibited

MRP2 mediated calcein efflux at 25 mM concentrations.

Most profound effects were found for robinetin and myr-

icetin, which inhibited MRP2 activity more than 50% at

25 mM concentrations.

Fig. 3 shows inhibition curves for the MRP1 mediated

basolateral calcein efflux by two flavonoids: robinetin and

taxifolin. Robinetin shows a typical concentration depen-

dent inhibition of calcein efflux, whereas taxifolin does not

inhibit MRP1 activity. From these and similar curves

obtained for all other flavonoids, IC50 values for the

MRP1 and MRP2 activity were determined using flavonoid

concentrations up to 50 mM (Table 1). In some cases for

MRP1, and almost all for MRP2, it was not possible to

derive an IC50 due to limited inhibition. Again, the meth-

oxylated flavonoids are among the best MRP1 inhibitors

with IC50 values between 2.7 (diosmetin) and 14.3 mM

(isorhamnetin). Other potent MRP1 inhibitors were robi-

netin and myricetin (IC50 values of 13.6 and 20.2 mM),

kaempferol (IC50 of 19.4 mM) as well as quercetin, luteolin
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Fig. 3. Inhibition of calcein efflux by MDCKII-MRP1 cells after 45 min

exposure to robinetin (&) and taxifolin (~) as examples of the effects of

flavonoids on MRP1 activity. Cells were loaded with calcein-AM at a final

concentration of 1 mM for 2 h at 7 8C after which calcein efflux was

measured at 37 8C. The results are the mean � S.D. from triplicate mea-

surements.

Fig. 4. Lineweaver-Burk plots for MRP-mediated transport activity in the

presence of six different robinetin concentrations in MDCKII-MRP1 (A)

and MDCKII-MRP2 (B) cells. The reciprocal assumed calcein concentra-

tion (mM) is plotted on the x-axis, the reciprocal velocity (in A.U. of

fluorescence/min/monolayer in the medium) is plotted on the y-axis. The

results are the means from duplicate measurements.
and 30,40-dihydroxyflavone (IC50 of 21.8, 22.4, 24.4 mM,

respectively). Especially the flavonoids with only a few or

no hydroxyl groups, and the flavonoids lacking a C2–C3

double bond are the least potent MRP1 inhibitors. For

MRP2, only robinetin and myricetin were able to inhibit

the activity by more than 50% with IC50 values of 15.0 and

22.2 mM. All other flavonoids did not reach 50% MRP2

inhibition using concentrations up to 50 mM. Clearly, the

presence of the flavonol B-ring pyrogallol group results in

potent MRP2 inhibition as seen for robinetin and myrice-

tin. Also the presence of an A-ring pyrogallol group, as

seen in baicalein, results in minor inhibition (28% at

25 mM).

3.2. MRP1 and MRP2 efflux kinetics

To gain more insight in the mechanism of inhibition, the

kinetic parameters (apparent Km and apparent Ki) for

inhibition of calcein efflux by robinetin were determined

using Lineweaver-Burk plots based on calcein-AM con-

centrations used during loading of the cells. Robinetin was

taken as a model inhibitor because it appeared to be the

flavonoid that most effectively inhibits both MRP1 and

MRP2. Fig. 4 shows the Lineweaver-Burk plots for calcein

efflux at six different robinetin concentrations in MDCKII-

MRP1 (A) and MDCKII-MRP2 (B) cells. These plots

reveal a typical competitive inhibition pattern. Using these

plots the apparent Km calcein and apparent Ki robinetin for

both transporter proteins were calculated. For MRP1, the

apparent Km calcein was 0.13 � 0.1 mM. The apparent

Km calcein of MRP2 was 0.40 � 0.2 mM. The calculated

inhibition constants for robinetin, apparent Ki, were

5.0 � 1.0 mM for MRP1 and 8.5 � 1.3 mM for MRP2.

3.3. Molecular characteristics of flavonoid structures

To elucidate the structural characteristics of flavonoids

necessary for potent inhibition of MRP1 and MRP2 various

physical and chemical parameters were quantified. The
characteristics of interest were: lipophilicity, dihedral

angle between the B- and C-ring, total number of hydroxyl

groups, the number of hydroxyl groups on the A-, B- or C-

ring of the flavonoid, the presence of catechol moieties

(two adjacent hydroxyl groups) or pyrogallol moieties

(three adjacent hydroxyl groups) and the number of meth-

oxylated groups on the flavonoid. Fig. 1 summarizes

several of these parameters for the different flavonoids.

Table 2 lists two other parameters for all flavonoids tested:

the dihedral angle between the B- and C-ring and the

lipophilicity reflected by K0, derived from HPLC elution

profiles. The dihedral angle between the B- and C-ring of

a flavonoid quantifies the planarity of the flavonoid mole-

cules. These data confirm that saturation of the C2–C3

double bond results in a major change in the dihedral angle,

as seen for eriodictyol, taxifolin, catechin and naringenin.

3.4. Flavonoid characteristics for potent MRP1 inhibition

To identify and quantify the effects of the different

molecular descriptors (structural characteristics) for potent

MRP1 inhibition, stepwise multiple regression was per-

formed. The data of Fig. 1 and Tables 1 and 2 were used

to derive multiple parameter QSAR models. First, a one-

parameter model for each descriptor was derived. Table 3
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Table 2

The measured lipophilicity (K0) and calculated dihedral angle between the

B- and C-ring for all flavonoids tested

Lipophilicity

(K0)
Dihedral angle

(degrees)

Flavone 19.7 5.5

3-Hydroxyflavone 21.3 14.0

30-Hydroxyflavone 33.9 7.8

40-Hydroxyflavone 8.5 3.8

Chrysin 20.9 4.2

3,30-Dihydroxyflavone 9.5 13.1

3’,4’-Dihydroxyflavone 5.5 4.7

Galangin 18.3 14.5

Baicalein 9.1 5.4

Apigenin 11.0 5.7

Naringenin 3.8 39.9

3,30,40-Trihydroxyflavone 4.5 21.0

Kaempferol 8.8 14.4

Fisetin 2.4 14.4

Luteolin 6.1 7.3

Eriodictyol 2.1 41.9

Morin 2.8 19.3

Quercetin 4.4 14.7

Taxifolin 0.7 36.1

Catechin 2.9 38.8

Robinetin 1.0 15.4

Myricetin 2.1 14.2

Acacetin 28.0 6.7

Kaempferide 32.4 14.0

5,7,30,40-Teramethoxyflavone 20.4 9.1

Diosmetin 12.1 7.1

Chrysoeriol 11.1 2.3

Tamarixetin 7.2 11.9

Isorhamnetin 10.4 13.9
lists the partial correlation coefficients and P-values for

each one-parameter model. In this model, MRP1 inhibition

was best predicted by the number of methoxylated moieties

(R = 0.427, P = 0.021). Thereafter, two-parameter models

were derived based on the best one-parameter model. For

the two-parameter model, the second best descriptor

appeared to be the total number of hydroxyl groups

(R = 0.586, P = 0.040) (Table 3). Consecutively, three-

parameter models were derived based on the best two-

parameter model (Table 3). The optimal three-parameter

model (R = 0.766, P < 0.001) describing MRP1 inhibition

by flavonoids uses the following descriptors: the number of

methoxylated moieties, the number of hydroxyl groups and
Table 3

Partial correlation coefficients and P-values for the three consecutive multi-parame

model describing MRP1 inhibition by flavonoids

One-parameter model

Partial correlation

coefficient

P

No. of OCH3 groups 0.427 0.021

No. of OH groups 0.010 0.960

Log dihedral angle 0.296 0.118

Log K0 0.233 0.223

No. of pyrogallol and catechol moieties 0.031 0.872

The optimal three-parameter model obtained was: % inhibition = 45.466 + 18.936

angle).
the dihedral angle between the B- and C-ring and is

described by Eq. (1);

% inhibition ¼45:466 þ 18:936 ðno: of OCH3 moietiesÞ
þ 12:474 ðno: of OH groupsÞ
� 48:246 ðlog dihedral angleÞ: (1)

Other descriptors like lipophilicity and the presence of

catechol and pyrogallol moieties did not significantly

improve the model. Fig. 5 displays the relation between

the measured inhibition of MRP1 activity and the inhibi-

tion calculated by Eq. (1) for all flavonoids tested. Least

square regression analysis reveals a correlation coefficient

of 0.766.

3.5. Flavonoid characteristics for potent MRP2 inhibition

Due to the limited number of flavonoids that were able to

inhibit MRP2 activity and the limited inhibition caused by

the flavonoids tested, the identification of structural char-

acteristics necessary for potent MRP2 inhibition is

straightforward but not complete. The presence of a fla-

vonol B-ring pyrogallol group results in potent MRP2

inhibition as seen for robinetin and myricetin. The pre-

sence of an A-ring pyrogallol group, as seen in baicalein,

results in minor inhibition (28% at 25 mM). As a conse-

quence, multiple regression analysis resulted in only one

significant model: a single-component model (R = 0.408,

P = 0.028) with the total number of pyrogallol and/or

catechol moieties as descriptor (Table 4).
4. Discussion

Theresults reported in thepresentstudydescribestructural

characteristics of flavonoids responsible for high potency

MRP1orMRP2inhibition.MRP1andMRP2arewellknown

members of the MRP family, all ATP-binding cassette trans-

porters. Despite the limited amino acid identity, the spectrum

of substrates transported by MRP1 and MRP2 overlap to a

large extent. The two transporters may differ in affinity

towards their substrates. As an example, MRP1 exhibits,

in comparison to MRP2, a 10-fold higher Km to leukotriene
ter models: one-parameter model, two-parameter model and three-parameter

Two-parameter model Three-parameter model

Partial correlation

coefficient

P Partial correlation

coefficient

P

1st Parameter – 1st Parameter –

0.586 0.040 2nd Parameter –

0.484 0.234 0.766 <0.001

0.210 0.047 0.607 0.080

0.466 0.041 0.586 0.013

(no. of OCH3 moieties) + 12.474 (no. of OH groups) � 48.246 (log dihedral
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Fig. 5. The relation between the measured inhibition and predicted (calcu-

lated) inhibition of MRP1 activity for all flavonoids tested (R = 0.766,

P < 0.001) using the equation: % inhibition = 45.466 + 18.936 (no. of

OCH3 moieties) + 12.474 (no. of OH groups) � 48.246 (log dihedral angle).
C4 (LTC4) and a five-fold higher Km to 17b-estradiol-(D-

glucuronide) [14]. The apparent Km of both proteins towards

the substrate used in this study, calcein, differs marginally,

being 0.13 � 0.1 mM for MRP1 and 0.40 � 0.2 mM for

MRP2, based on calcein-AM concentrations used during

loading of the cells.

The outcomes of this study show that MRP1 is far more

susceptible to inhibition by flavonoids than MRP2 (sum-

marized in Table 1). The methoxylated flavonoids 5,7,30,40-
tetramethoxyflavone, diosmetin, chrysoeriol, tamarixetin

and isorhamnetin are among the best MRP1 inhibitors as

indicated by their low IC50 values, ranging between 2.7 and

14.3 mM. Interestingly, these IC50 values are in the same

range or slightly above the IC50 value of 5 mM of the

typical MRP1 inhibitor MK571, measured in the same

cellular system [28]. Other flavonoids able to inhibit more

than 50% of MRP1 activity were 30,40-dihydroxyflavone,

luteolin, quercetin, robinetin and myricetin with IC50

values ranging between 13.6 and 24.4 mM. In contrast

to the wide variety of flavonoids able to inhibit MRP1,

only a few of the tested flavonoids were able to inhibit

MRP2 mediated efflux. Only robinetin and myricetin were

able to inhibit MRP2 activity more than 50%, with IC50

values of 15.0 and 22.2 mM, respectively. Again, these IC50
Table 4

Partial correlation coefficients and P-values for the one-parameter model

describing MRP2 inhibition by flavonoids

Partial

correlation

coefficient

P

No. of OCH3 groups 0.076 0.697

No. of OH groups 0.364 0.052

Log dihedral angle 0.107 0.579

Log K0 0.281 0.148

No. of pyrogallol and catechol moieties 0.408 0.028
values are in the same range as reported for the typical

MRP2 inhibitor, cyclosporine A, for which the IC50,

measured under identical experimental conditions, was

10 mM [28]. Apparently, robinetin and myricetin possess

comparable MRP2-inhibitory potencies as the typical

MRP2 inhibitor cyclosporin A.

The competitive nature of calcein efflux inhibition by

robinetin indicates that robinetin binds to the same binding

site on MRP1 and MRP2 as calcein. Competitive inhibition

of MRP1 by flavonoids has been reported before for LTC4

transport in reconstituted vesicles [21]. The kinetic studies

of MRP1 and MRP2 efflux inhibition by robinetin resulted

in calculated apparent inhibition constants Ki robinetin.

These apparent constants were almost similar: 5.0 mM

for MRP1 and 8.5 mM for MRP2. Determination of appar-

ent Ki values for flavonoid mediated MRP1 or MRP2

inhibition in a cellular system has not been described

before. In a cellular system, the apparent Ki values might

be influenced by cellular processes including, among

others, uptake and metabolism. Nevertheless, Ki values

reported by Leslie et al. [21] on the competitive flavonoid

mediated inhibition of MRP1 activity in reconstituted

membrane vesicles, using LTC4 as substrate, were in

the same order of magnitude (2.4–21 mM).

Multiple regression analysis was used for the identifica-

tion and quantification of the effects of different structural

characteristics regarding potent inhibition of MRP1 and

MRP2 activity. For MRP1, an optimal multiple parameter

QSAR model was obtained. The resulting QSAR equation

(Eq. (1)) reveals that three-structural characteristics are of

major importance for MRP1 inhibition: the total number of

methoxylated moieties, the total number of hydroxyl

groups and the dihedral angle between the B- and C-ring.

Using this QSAR equation a correlation (R = 0.766) was

obtained between the predicted inhibition and the actual

measured inhibition (P < 0.001). Neither the lipophilicity

K0, nor the total number of catechol and/or pyrogallol

moieties significantly influence MRP1 inhibition by fla-

vonoids. Comparison of the flavonoid mediated effects on

MRP1 activity from this study with previous studies

[21,23,24,32], summarized in Table 5, reveal that both

the magnitude and the rank order of MRP1 inhibition by

flavonoids varies per study, possibly as a result of the

different MRP1 substrates used in the different studies

(Table 5). Besides the effect of different substrates, another

important difference between the present and the other

studies is the use of different in vitro model systems.

Regarding MRP2 mediated calcein efflux inhibition,

only the presence of a flavonol B-ring pyrogallol group

seems to be an important structural characteristic. Ulti-

mately, MRP2 displays a higher selectivity for flavonoid

type inhibition than MRP1.

Several mechanisms in which inhibitors might interact

with MRPs have been proposed in the literature. Interac-

tion of flavonoids with MRPs might affect: drug binding,

ATP binding, ATP hydrolysis, drug transport, and ADP
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release. Flavonoids are well known inhibitors (but some-

times also stimulators) of ATPase activity [21,22,33,34].

Possibly, more than one interaction/effect might take place

simultaneously. Another example of such an interaction of

flavonoids with MRPs can be found in studies reported for

human colonic carcinoma Caco-2 cells [35,36]. These

reports show that flavonoids as well as their glucuronide-

and sulphate-conjugates and their glycosylated forms can

act as MRP2 substrates and are efficiently transported by

this transporter. This observation suggests an interaction of

flavonoids with the substrate binding site of MRP2. The

competitive inhibition of MRP1 and MRP2 mediated

transport by robinetin demonstrated in the present study

corroborates this conclusion of interaction at the substrate

binding site.

In contrast to the possible beneficial use of flavonoids as

MDR modulators, the increased intake of extreme doses of

flavonoids via dietary supplementation might disturb phy-

siological processes. This increased intake of flavonoids

might affect the kinetics of other food constituents, pharma-

ceuticals, xenobiotics or endogenous substrates of MRPs.

Especially in the intestine, high flavonoid concentrations can

be expected upon supplementation, since quercetin supple-

ments are known to result in daily intakes up to 1 g/day,

plasma levels of up to 10 mM and intestine concentrations

that areevenhigher [37,38]. Comparing theseconcentrations

to the IC50 values and Ki values of the present study indicates

that the inhibitory effectsobserved in thepresent studycan be

expected to be relevant in vivo as well. Some flavonoids are

known to become cytotoxic at concentrations above 50 mM

[39,40].SincetheIC50valuesobtainedinthepresentstudyare

2–20timeslower, theinhibitionofMRPsbyflavonoidscanbe

obtainedat therapeuticnon-toxicconcentrations. Inaddition,

since the present study used calcein concentrations approxi-

mately 2.5–8 times higher than the apparent Km of MRPs for

calcein efflux, based on calcein-AM concentrations used

during loading of the cells, it can be expected that at lower

calcein concentrations the corresponding IC50 values for

inhibition by flavonoids will be even lower.

In summary, this study describes the inhibitory interaction

of flavonoids with MRP1 and MRP2. Moreover, this study

also shows that MRP2 displays a higher selectivity for

flavonoid type inhibition than MRP1. Molecular character-

istics responsible for these inhibitory actions on MRP1 and

MRP2wereidentifiedand,forMRP1,amodelwasdeveloped

quantitatively describing the MRP1 inhibitory potency of

flavonoids based on their molecular characteristics.
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