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Abstract

Several grapefruit juice bioflavonoids, including quercetin, are reported to stimulate P-glycoprotein-mediated drug efflux from
cultured tumor cells. To see whether these bioflavonoids alter the permeation of vincristine across the blood–brain barrier, we conducted

Ž .experiments with cultured mouse brain capillary endothelial cells MBEC4 cells in vitro and ddY mice in vivo. The steady-state uptake
w3 xof H vincristine by MBEC4 cells was decreased by 10 mM quercetin, but increased by 50 mM quercetin. Similarly, the in vivo

w3 xbrain-to-plasma concentration ratio of H vincristine in ddY mice was decreased by coadministration of 0.1 mgrkg quercetin, but
w3 xincreased by 1.0 mgrkg quercetin. Kaempferol had a similar biphasic effect on the in vitro uptake of H vincristine. Other aglycones

Ž . w3 x Žtested chrysin, flavon, hesperetin, naringenin increased H vincristine uptake in the 10–50 mM range, and glycosides hesperidin,
.naringin, rutin were without effect. We then addressed the mechanism of the concentration-dependent biphasic action of quercetin.

w3 xVerapamil, a P-glycoprotein inhibitor, inhibited the efflux of H vincristine from MBEC4 cells, while 10 mM quercetin significantly
w3 xstimulated it. The uptake of H vincristine by MBEC4 cells was increased by inhibitors of protein kinase C, but decreased by phorbol

Ž .12-myristate-13-acetate PMA , as well as by 10 mM quercetin. The phosphorylation level of P-glycoprotein was increased in the
Ž Ž .presence of 5 mM quercetin or 100 nM PMA, but decreased by the protein kinase C inhibitor H7 1- 5-isoquinolinesulfonyl -2-methyl-

. w3 xpiperazine, 30 mM . We conclude that low concentrations of quercetin indirectly activate the transport of H vincristine by enhancing the
Ž .phosphorylation and hence activity of P-glycoprotein, whereas high concentrations of quercetin inhibit P-glycoprotein. Our results

indicate that patients taking drugs which are P-glycoprotein substrates may need to restrict their intake of bioflavonoid-containing foods
and beverages, such as grapefruit juice. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Large amounts of bioflavonoids are ingested because of
their abundance and wide distribution in foods and bever-
ages. Recently, it has been reported that co-administration
of grapefruit juice with various drugs led to an increase in
the plasma concentration of the drugs, and these drug–
grapefruit juice interactions may be caused by

Žbioflavonoids Bailey et al., 1991, 1993, 1995; Benton et
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al., 1994; Ducharme et al., 1995; Kupferschmidt et al.,
.1995 . For example, the bioavailability of dihydropyridine

2q ŽCa channel blockers felodipine, nifedipine, nicardipine
. Žand manidipine , an immunosuppressive agent cyclo-

. Ž .sporine A , a benzodiazepine narcoleptic midazolam and
Ž .an antiallergic agent terfenadine was significantly in-

Žcreased by the co-administration of grapefruit juice Bailey
et al., 1991, 1993, 1995; Benton et al., 1994; Ducharme et

.al., 1995; Kupferschmidt et al., 1995 . Among several
possible mechanisms for the above interactions such as
enhanced absorption, altered plasma protein binding or
impaired hepatic metabolism by grapefruit juice, impaired
first-pass metabolism due to the inhibition of the intestinal

Ž .enzyme CYP cytochrome P450 -3A was considered the
most plausible.

0014-2999r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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P-glycoprotein actively pumps out various drugs, such
as vincristine and digoxin, from the intracellular space to

Ž .the outside Juliano and Ling, 1976; Kartner et al., 1983 .
This protein is expressed in various multidrug-resistant
tumor cell membranes, but also in normal tissues such as
brain capillary endothelial cells, the adrenal cortex, the
brush-border membrane of renal proximal tubules, the
apical membrane of the colon and jejunum, the bile

Žcanalicular membrane of the liver, etc. Thiebau et al.,
.1987; Bradley et al., 1990 . P-glycoprotein expressed on

brain capillary endothelial cells is a key component of the
Žblood–brain barrier Croop et al., 1989; Schinkel et al.,

.1994; Ohnishi et al, 1995 . Recently, Phang et al. reported
that some bioflavonoids, such as kaempferol, galangin and
quercetin, stimulate P-glycoprotein-mediated drug efflux in
tumor cells derived from human mammary adeno-

Ž .carcinoma MCF-7 cells or cultured human colon tumor
Ž . Žcells HCT-15 Phang et al., 1993; Critchfield et al.,
.1994 . Because many substrates or inhibitors of P-glyco-

Žprotein are metabolized by CYP3A4 Zhou-Pan et al.,
.1993; Zhou et al., 1993; Wacher et al., 1995 , it is thought

that the drug-grapefruit juice interactions mentioned above
may be associated in part with the functional alteration of
P-glycoprotein by the bioflavonoids in grapefruit juice.

In this study, we investigated the effects of various
bioflavonoids on the blood–brain barrier transport of vin-
cristine, using both in vitro transport experiments with

Žcultured mouse brain capillary endothelial cells MBEC4
. Ž .cells Tatsuta et al., 1992, 1994 and in vivo brain distri-

bution experiments in mice.

2. Materials and methods

2.1. Regents and animals

Quercetin, naringin, naringenin, hesperetin, hesperidin,
flavon, chrysin, rutin, phorbol 12-myristate-13-acetate
Ž . ŽPMA and staurosporine were purchased from Sigma St.

.Louis, MO, USA . Fisetin was purchased from Ald-
Ž .rich Chemical Milwaukee, WI, USA . Verapamil,

Ž Ž X X X .K252a 9,1-epoxy-1H-diindolo 1,2,3-fg :3 ,2 ,1 -kl pyrro-
Ž .Ž .lo 3,4-i 1,6 benzodiazocine-10-carboxylic acid,2,3,9,

10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-, methyl
Ž . . Ž w w Žester, 9-a ,10-b,12-a - and Ro31-8220 3- 1- 3- amidino-

. x x Ž .thio propyl -3-indolyl -4- 1-methyl-3-indolyl -1H-pyrrole-
.2,5-dionemethanesulfonate were purchased from Nacalai

Ž . Ž .Tesque Kyoto, Japan . 1- 5-Isoquinolinesulfonyl -2-meth-
Ž .ylpiperazine H-7 and protein kinase C inhibitor peptide

Ž . Ž .19–31 were purchased from Seikagaku Tokyo, Japan .
w3 x Ž . w14 xH Vincristine 8.7 Cirmmol , C 3-O-methylglucose
Ž . w14 x Ž .11 mCirmmol , C phenylalanine 448 mCirmmol and
32 Ž .Pi 10 mCirmmol were purchased from Amersham

Ž .International Buckinghamshire, UK . The C219 mono-
Žclonal antibody was purchased from Centocor Malvern,

.PA, USA . Anti-mdr serum was purchased from Oncogene

Ž .Research Products Cambridge, MA, USA . Alkaline phos-
phatase-conjugated goat anti-rabbit immunoglobulin G
Ž . ŽIgG was purchased from Organon Teknika West Chester,

.PA, USA . p-Nitrophenyl phosphate was purchased from
Ž .Life Technologies Gaithersburg, MD, USA . All other

chemicals used in the experiments were of reagent grade.
Ž .The ddY mice 20–25 g were purchased from Seac

Ž .Yoshitomi Fukuoka, Japan .

2.2. Cell culture

Cells of the MBEC4 cell line were cultured in Dul-
Žbecco’s modified Eagle’s medium Nikken Bio Medical

.Laboratory, Kyoto, Japan supplemented with 10% fetal
calf serum, 100 unitsrml penicillin G and 100 mgrml
streptomycin under the conditions of 378C and 5%

Ž .CO r95% air Tatsuta et al., 1992 . For the uptake study,2

the cells were seeded at 4=104 cellsrml in a well
Ž .four-well multidish, Nunc, Denmark . The cells were
grown for 3 days and used for the uptake study.

[3 ]2.3. Cellular uptake of H Õincristine by MBEC4 cells

The culture medium was removed and cells were washed
Žtwice with 1 ml of incubation buffer 141 mM NaCl, 4

mM KCl, 2.8 mM CaCl , 1 mM MgSO , 10 mM D-glu-2 4
.cose, 10 mM HEPES; pH 7.4 at 378C. Uptake experi-

ments were performed in incubation buffer containing 30
w3 xnM H vincristine in the presence or absence of

bioflavonoids, verapamil, protein kinase C inhibitors or
PMA at 378C. The cells were washed three times with 1
ml of ice-cold buffer to stop uptake. Cells were dissolved

Ž .with 3 N NaOH 200 ml , then neutralized with 6 N HCl
Ž . Ž100 ml , and scintillation cocktail Clear-sol I, Nakalai

.Tesque, Kyoto, Japan was added. The radioactivity of
w3 xintracellular H vincristine was then determined with a

Žliquid scintillation counter LS6500, Beckman Instruments,
.Fullerton, CA, USA . The amount of protein in the cells

Ž .was measured by Lowry’s method Lowry et al., 1951 .
w3 xThe uptake of H vincristine is expressed as uptake per

mg protein of the cells relative to the drug concentration
Ž .mlrmg protein .

[3 ]2.4. Efflux of H Õincristine from MBEC4 cells

Cells were preincubated with the medium containing
w3 x100 nM H vincristine in the presence or absence of 10

mM quercetin or 10 mM verapamil for 60 min. The
incubation medium was then replaced by fresh medium
with or without 10 mM quercetin or 10 mM verapamil and
the cells were incubated for appropriate times. The cells
were washed twice with 1 ml of ice-cold buffer to stop the

w3 xefflux of H vincristine. The radioactivity of intracellular
w3 xH vincristine was measured by the method described for
the uptake experiment.
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[3 ]2.5. In ÕiÕo plasmarbrain distribution of H Õincristine

w3 x Ž .H Vincristine 1.0 mgrkg or 1.5 mgrkg was admin-
Žistered with or without quercetin 0.1 mgrkg or 1.0

.mgrkg into the tail vein of ddY mice. Brain and plasma
samples were taken at 30 min after intravenous administra-

w3 xtion of H vincristine. Brain samples were dissolved in 1.5
Ž .ml of Solvable Packard, Meriden, CT, USA , and then

Ž .neutralized. For the plasma sample 50 ml , 2 N KOH–iso-
Ž .propanol solution 0.2 ml was added and the mixture was

Ž .neutralized with 10% acetic acid 0.4 ml . The radioactiv-
ity of the brain or plasma samples was measured with a

w3 xliquid scintillation counter. The K value of H vincris-p

tine was obtained from the brain-to-plasma concentration
ratio.

[32 ]2.6. P Labeling and immunoprecipitation of P-glyco-
protein

w32 xP Labeling and immunoprecipitation of P-glyco-
Žprotein were done as described previously Chambers et

.al., 1990 . Cultured cells were incubated with medium
32 Ž .containing Pi 200 mCirml in the presence or absence
Ž .of quercetin 0–50 mM , 30 mM H-7 and 100 nM PMA

for 60 min in 5% CO r95% air at 378C. After incubation,2

the cells were washed three times with 1 ml of ice-cold
Žbuffer, dissolved in 1 ml of cell lysis buffer 50 mM

Tris–HCl, 140 mM NaCl, 5 mM NaF, 2 mM sodium
vanadate, 0.2 mM phenylmethylsulfonyl fluoride, 25
mgrml aprotinin, 4 mM EDTA, and 0.5% sodium deoxy-

.cholate at pH 8.0 and centrifuged at 15,000 rpm for 30
min. P-glycoprotein was then immunoprecipitated by C219
monoclonal antibody from cell extracts. In the immuno-
precipitation experiments, 50 ml of Protein A-Sepharose

Ž .FF Pharmacia Biotech, Uppsala, Sweden was added to
the cell extracts in order to remove the proteins nonspecifi-
cally binding to IgG antibody and the mixture was mixed
with a minidisk rotor at 48C for 60 min. After centrifuga-
tion at 5000 rpm for 1 min, the supernatants were col-
lected, mixed with 100 mgrml of C219 monoclonal anti-

Ž .body 100 ml , and allowed to stand at 48C for 60 min.
Ž .Protein A-Sepharose FF 100 ml was then added and

mixed with a minidisk rotor at 48C for 60 min. The
32 P-labeled sample was size-fractionated by electrophore-

Ž .sis on a 7.5% sodium dodecyl sulfate SDS -polyacryl-
amide gel. Labeled samples were analyzed by autoradiog-
raphy. To quantitate the relative amounts of labeled P-
glycoprotein in each gel, autoradiograms of 32 P-labeled

ŽP-glycoprotein were scanned on an imaging analyzer BAS
.2000, FUJIX, Tokyo, Japan .

2.7. Quantification of P-glycoprotein by ELISA

ŽThe ELISA procedure was described previously Tatsuta
. Ž 2 .et al., 1994 . MBEC4 cells 6.0=10 cells in a well were

seeded in a 96-well plate. Three days after seeding, each

well was washed three times with 300 ml of phosphate-
buffered saline and the MBEC4 cells were treated with

Ž .200 ml of quercetin 1–50 mM for 60 min. The cells were
then washed three times with 300 ml of phosphate-buffered
saline, fixed with 100 ml of 10% formalin neutral buffer

Ž .solution pH 7.4 for 4 h at room temperature, washed
three times with 300 ml of phosphate-buffered saline, and
incubated with 200 ml of RPMI 1640 containing 100 mM
glycine, 1% bovine serum albumin, and 0.05% NaN3
Ž .blocking solution for 12 h at room temperature. After
aspirating the blocking solution, we treated the wells with

Ž60 ml of the first antibody solution phosphate-buffered
saline containing 3 mgrml of anti-mdr serum and 3%

.bovine serum albumin for 2 h at room temperature. The
wells were washed five times with 300 ml of phosphate-
buffered saline and treated with 100 ml of the second

Žantibody solution alkaline phosphatase-conjugated goat
anti-rabbit IgG at 1:12,500 dilution in phosphate-buffered

.saline containing 3% bovine serum albumin for 60 min at
room temperature. The wells were washed five times with
300 ml of phosphate-buffered saline, and then we added
100 ml of substrate solution containing 4.0 mgrml of

Ž .p-nitrophenyl phosphate, 10% vrv diethanolamine, and
Ž .0.5 mM MgCl pH 9.8 . After incubation at room temper-2

ature for 60 min, absorbance at 405 nm in each well was
Žmeasured with a micro plate reader Model 450, Biorad,

.Tokyo, Japan . The absorbance of the wells without the
first antibody in each group was subtracted as the back-
ground.

2.8. HPLC analysis for determination of quercetin in
plasma

Quercetin was determined by high-performance liquid
Ž .chromatography HPLC . For HPLC analysis we injected

50 ml of the extracted sample onto a COSMOSIL 5C18-AR
Žcolumn 4.6=150 mm, 5 mm; Nacalai Tesque, Kyoto,

.Japan with acetonitrilermethanolr0.025 M phosphate
Ž .buffer pH 2.4, 8.75r33.25r58 vrvrv as the mobile

phase at a flow rate of 1 mlrmin. Chromatograms were
recorded at 370 nm.

Standards were prepared with drug-free mouse plasma
to give final concentrations of 0.01, 0.02, 0.05, 0.1, 0.5, 1
and 5 mgrml of quercetin. Standard curves were generated
following extraction, as described below.

2.9. Solid-phase extraction procedure

Plasma sample extraction was as described previously
Ž . Ž .Liu et al., 1995 . Samples of mouse plasma 800 ml were

Ždiluted and acidified with sodium phosphate buffer pH
. Ž2.0, 0.33 M, 4 ml . Fisetin 60 ml, 1 mgrml methanol

.solution was added as an internal standard. Sep-Pak car-
Ž .tridges Waters, Watford, UK were pre-equilibrated with
Ž .methanol 2 ml and conditioned using sodium phosphate

Ž .buffer as above; 6 ml . The diluted plasma samples were
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Ž . Ž . w3 x w3 x Ž .Fig. 1. Effect of quercetin panel A or kaempferol panel B on the uptake of H vincristine by MBEC4 cells. The uptake of H vincristine 30 nM by
MBEC4 cells at 378C was measured as described in Section 2 in the presence or absence of quercetin or kaempferol. Each value represents the mean"SE
Ž . Ž) . Ž . Ž .ns3–4 . Significant differences were determined by Student’s t-test P-0.05 . A `: control 0.1 % DMSO , v: with 10 mM quercetin, B: with

Ž . Ž .50 mM quercetin, B `: control 0.1 % DMSO , v: with 10 mM kaempferol, B: with 50 mM kaempferol. Inset: Effect of quercetin on the uptake of
w3 x Ž .H vincristine by MBEC4 cells at 60 min. Each value represents the mean"SE ns4–8 . Significant differences were determined by Student’s t-test
Ž) .P-0.05 .

slowly loaded onto the cartridges. Following a wash with
Ž .sodium phosphate buffer as above; 1.6 ml , quercetin and

Žfisetin were eluted with aqueous acetone 3.2 ml, 50% vrv
acetone, containing 250 mM NaH PO and 0.1% vrv2 4

.diethylamine, adjusted to pH 3.5 with Pi , dried in N and2
Žredissolved in aqueous acetone 300 ml of 45% vrv

acetone in 250 mM NaH PO , then adjusted to pH 3.52 4
.with Pi . The increased osmolarity due to salts in the pellet

promoted phase separation of the aqueous acetone, with
bioflavonoids remaining in the water-saturated acetone

Ž .layer. Following centrifugation 13,200=g, 5 min , the
Žacetone layer was used directly for HPLC analysis sample

.size 50 ml .

2.10. Statistical analysis

All of the data are expressed as means"SE Statistical
analysis was performed by using Student’s t-test. The
differences between means were considered to be signifi-
cant when P values were less then 0.05.

w14 x Ž . w14 x Ž .Fig. 2. Effect of quercetin or kaempferol on the uptake of C 3-O-methylglucose panel A and C phenylalanine panel B by MBEC4 cells. The
w14 x Ž . w14 x Ž .uptake of C 3-O-methylglucose 1 mM and C phenylalanine 500 nM by MBEC4 cells at 378C was measured as described in Section 2 in the

Ž . Ž . Ž .presence or absence of quercetin 10 mM or kaempferol 10 mM . Each point represents the mean"SE ns3–4 . Significant differences were
Ž) . Ž .determined by Student’s t-test P-0.05 . `: control 0.1% DMSO , B: with quercetin, ': with kaempferol.
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3. Results

3.1. Effect of quercetin or kaempferol on the uptake of
[3 ]H Õincristine

Fig. 1 shows the time profiles of the uptake of
w3 xH vincristine by MBEC4 cells in the presence or absence

Ž . Ž .of quercetin panel A or kaempferol panel B . The
w3 xuptake-time profile of H vincristine reached steady-state

at 60 min after initiation of incubation. The uptake of
w3 xH vincristine was significantly decreased by 10 mM
quercetin or kaempferol at the steady state, while 50 mM
quercetin or kaempferol increased it. The inset in Fig. 1
shows the concentration-dependent biphasic effect of

w3 xquercetin. The uptake of H vincristine by MBEC4 cells
at 60 min was significantly decreased in the presence of 5
mM or 10 mM quercetin but was increased in the presence
of 25 or 50 mM quercetin.

3.2. Effect of quercetin and kaempferol on the uptake of
[14 ] [14 ]C 3-O-methylglucose and C phenylalanine

w14 xFig. 2 shows the time profiles of C 3-O-methylglu-
Ž . w14 x Žcose uptake panel A and C phenylalanine uptake panel

. Ž .B by MBEC4 cells in the presence or absence control of
10 mM quercetin or kaempferol. There was no change in
the uptake of these compounds in the presence of quercetin

w14 xor kaempferol. The initial rate of C 3-O-methylglucose

w3 xFig. 4. Efflux of H vincristine from MBEC4 cells in the presence or
absence of quercetin or verapamil. Cells were preincubated in growth

w3 x Ž .medium containing H vincristine 100 nM in the presence or absence
Ž . Ž .of quercetin 10 mM or verapamil 10 mM for 60 min. The incubation

medium was then aspirated and cells were incubated in growth medium
Ž . Ž . Ž .1 ml with or without quercetin 10 mM or verapamil 10 mM . At

w3 xintervals, the amount of H vincristine retained in the cells was deter-
mined as described in Section 2. Each point represents the mean"SE
Ž .ns3–4 . Significant differences were determined by Student’s t-test
Ž) . Ž .P -0.05 . `: control 0.1% DMSO , ': with quercetin, B: with
verapamil.

w14 xor C phenylalanine uptake was not changed in the pres-
Žw14 xence of 10 mM quercetin or kaempferol C 3-O-methyl-

glucose: control, 0.53; with quercetin, 0.43; with
w14 xkaempferol, 0.56 mlrmg proteinrmin. C phenylalanine:

control, 133.2; with quercetin, 113.4; with kaempferol,
.110.0 mlrmg proteinrmin .

Ž . Ž . Ž . Ž . Ž . Ž .Fig. 3. Effect of various bioflavonoids, hesperidin panel A , naringin panel B , rutin panel C , chrysin panel D , flavon panel E , hesperetin panel F
Ž . w3 x w3 x Ž .or naringenin panel G , on the uptake of H vincristine by MBEC4 cells. The uptake of H vincristine 30 nM by MBEC4 cells at 378C at 60 min was

Ž .measured as described in Section 2 in the presence or absence of various concentrations of bioflavonoids 5, 10, 25, 50 mM . Each value represents the
Ž . Ž) .mean"SE ns3–4 . Significant differences were determined by Student’s t-test P-0.05 .
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Table 1
w3 xPlasma and brain concentration and K value of H vincristine in thep

presence or absence of quercetin
w3 x Ž .H Vincristine 1.0 or 1.5 mgrkg was administered with or without

Ž .quercetin 0.1 or 1.0 mgrkg into the tail vein of ddY mice. Brain and
plasma samples were taken at 30 min after intravenous administration of
w3 x w3 xH vincristine. The K value of H vincristine was obtained from thep

brain-to-plasma concentration ratio.
Ž .Each value represents the mean"SE ns3 . Significant differences from

the values obtained after the administration of 1.0 mgrkg vincristine
without quercetin were determined by the Student’s t-test.

Vincristine Quercetin Plasma conc. Brain conc. Kp
Ž . Ž . Ž . Ž . Ž .mgrkg mgrkg ngrml ngrg brain mlrg brain

1.0 0 89.04"4.08 17.66"1.45 0.198"0.013
a b1.5 0 221.7"30.6 39.71"3.80 0.182"0.012

a b1.0 0.1 97.24"4.45 12.42"0.88 0.128"0.005
b a a1.0 1.0 114.2"1.74 31.23"1.56 0.274"0.018

aP -0.05.
bP -0.01.

3.3. Effect of Õarious bioflaÕonoids on the uptake of
[3 ]H Õincristine

Fig. 3 shows the effect of various bioflavonoids on the
w3 xuptake of H vincristine. There was no effect of glyco-

Ž . Ž .sides, such as hesperidin panel A , naringin panel B and
Ž . w3 xrutin panel C , on the uptake of H vincristine, but the

Župtake increased in the presence of the aglycones 50
. Ž . Ž .mM , such as chrysin panel D , flavon panel E , hes-

Ž . Ž .peretin panel F and naringenin panel G .

[3 ]3.4. Effect of quercetin on the efflux of H Õincristine

Fig. 4 shows the effect of quercetin or verapamil on the
w3 x w3 xefflux of H vincristine from 100 nM H vincristine-pre-

Ž .loaded MBEC4 cells for 60 min. Verapamil 10 mM
w3 xsignificantly inhibited the efflux of H vincristine, while

Ž .quercetin 10 mM significantly stimulated the efflux of
w3 xH vincristine.

3.5. Effect of quercetin co-administration on the brain
[3 ]distribution of H Õincristine in mice

Table 1 shows the plasma and brain concentrations and
Ž .the brain to plasma concentration ratio K value ofp

w3 xH vincristine at 30 min after intravenous administration
to mice with or without quercetin. The brain concentration

w3 xof H vincristine after administration of 0.1 mgrkg
quercetin was significantly reduced compared with that of
the control, while there was no change in the plasma

w3 xconcentration. The K value of H vincristine after ad-p

ministration of 0.1 mgrkg quercetin was significantly
lower than that of the control. However, the K valuep

after administration of 1.0 mgrkg quercetin was signifi-
cantly increased. This phenomenon may be due to satura-
tion of the efflux transport process due to the high plasma

w3 xconcentration of H vincristine. Therefore, we re-ex-
w3 xamined the K value of H vincristine after the adminis-p

w3 xtration of 1.5 mgrkg H vincristine without quercetin.
w3 xThere was no difference in the K values of H vincris-p

tine with low and high concentrations of vincristine in
plasma.

3.6. Effect of inhibitors and actiÕator of protein kinase C
[3 ]on the uptake of H Õincristine by MBEC4 cells

w3 xAs shown in Fig. 5A, the uptake of H vincristine by
MBEC4 cells was significantly increased in the presence

Ž . Ž . Ž . Ž .Fig. 5. Effect of inhibitors of protein kinase C, H-7 30 mM , staurosporine 1 mM , Ro31-8220 10 mM , K252a 10 mM and protein kinase C inhibitor
Ž . Ž . Ž . Ž . Ž . w3 x w3 x Ž .peptide 19–31 10 mM panel A , or PMA 100 nM panel B , on the uptake of H vincristine by MBEC4 cells. The uptake of H vincristine 30 nM

by MBEC4 cells at 378C was measured as described in Section 2 in the presence or absence of the inhibitors of protein kinase C or PMA. Each value
Ž . Ž) .represents the mean"SE ns3–4 . Significant differences were determined by Student’s t-test P-0.05 .
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Ž . Ž . 32Fig. 6. Effect of quercetin panel A , H-7 and PMA panel B on the phosphorylation of P-glycoprotein. Pi was added to a final concentration of 200
mCirml in the absence or presence of quercetin, H-7 or PMA. MBEC4 cells were incubated at 378C in a CO incubator for 60 min. The 32 P-label2

radioactivity of P-glycoprotein was analyzed after electrophoresis on a SDSr7.5% polyacrylamide gel.

Ž .of inhibitors of protein kinase C, such as H-7 30 mM ,
Ž . Ž . Žstaurosporine 1 mM , Ro31-8220 10 mM , K252a 10

. Ž . ŽmM and protein kinase C inhibitor peptide 19–31 10

. ŽmM , whereas it was significantly decreased by PMA 100
. Ž .nM , an activator of protein kinase C Fig. 5B .

3.7. Effect of quercetin or protein kinase C modulators on
32P-labeling of P-glycoprotein

Fig. 6A shows the effect of quercetin on the 32 P-label-
ing of P-glycoprotein in MBEC4 cells. An increase in the
phosphorylation of P-glycoprotein was observed in the
presence of 5 mM quercetin. However, there was no
change in the phosphorylation of P-glycoprotein at a high

Ž . Ž .concentration 25, 50 mM or low concentration 1 mM of
quercetin. PMA increased the phosphorylation of P-glyco-
protein, while the phosphorylation of P-glycoprotein was

Ž .reduced in the presence of H-7 Fig. 6B .

3.8. Effect of quercetin on P-glycoprotein expression

We examined the effect of quercetin on P-glycoprotein
Ž .expression in MBEC4 cells data not shown . There was

no change in P-glycoprotein expression in the presence of
1–25 mM quercetin, though it was significantly decreased
in the presence of 50 mM quercetin.

4. Discussion

In this study, we found a concentration-dependent
w3 xbiphasic effect of quercetin on the uptake of H vincris-

Žtine, a substrate of P-glycoprotein, in MBEC4 cells Fig.
. w3 x1 : the efflux of H vincristine was activated by 10 mM

Ž .quercetin Fig. 4 , but inhibited by 50 mM quercetin.
Although the direct effect of 50 mM quercetin on the

w3 xefflux of H vincristine was not examined, the initial
uptake rate was not changed in the presence of 50 mM

Žquercetin control, 0.885"0.045 mlrmg proteinr30 s;
with 50 mM quercetin, 0.726"0.049 mlrmg proteinr30
.s , as shown in Fig. 1. Therefore, it is considered that the

w3 xincreased uptake of H vincristine by MBEC4 cells is
caused by the inhibition of efflux. Quercetin did not affect

w14 x w14 xthe uptake of C 3-O-methylglucose or C phenyl-
Ž .alanine Fig. 2 . 3-O-Methylglucose is transported through

the blood–brain barrier via facilitated diffusion in a
Ž .sodium-independent manner Pardridge, 1983 , and

phenylalanine is transported via the L-system in a sodium-
Ž .independent manner Pardridge, 1986 . These findings in-

dicate that quercetin did not affect the glucose and amino
acid transporters in MBEC4 cells, suggesting the specific
inhibition of the P-glycoprotein-mediated efflux of
w3 xH vincristine from MBEC4 cells by quercetin. Other
bioflavonoids such as hesperidin, naringin and rutin did

w3 x Ž .not affect the uptake of H vincristine Fig. 3A–C . At
high concentration the aglycones, chrysin, flavon, hes-
peretin and naringenin, significantly increased the uptake

w3 x Ž .of H vincristine Fig. 3D–G . These findings indicate
that the aglycone-type bioflavonoids modify the blood–

w3 xbrain barrier transport of H vincristine. It is considered
w3 xthat the increased uptake of H vincristine was due to

inhibition of P-glycoprotein by high concentrations of
bioflavonoids other than glycosides.

It is generally accepted that phosphorylation of P-glyco-
protein by protein kinase C is a determinant of the trans-

Žport activity of P-glycoprotein Chambers et al., 1990,
1993; Hamada et al., 1987; Ma et al., 1991; Yu et al.,

.1991 . Therefore, we investigated the effect of protein
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Žkinase C inhibitors H-7, staurosporine, Ro31-8220, K252a
Ž ..and protein kinase C inhibitor peptide 19–31 or an

Ž . w3 xactivator PMA on the uptake of H vincristine. Uptake
was increased by protein kinase C inhibitors, but decreased

Ž .by PMA Fig. 5 , suggesting that protein kinase C activity
is also an important determinant of the functional activity
of P-glycoprotein in MBEC4 cells. We examined the
change in the phosphorylation of P-glycoprotein in the
presence of H-7 or PMA to directly clarify the relationship
between the functional activity of P-glycoprotein and the
phosphorylation of P-glycoprotein. The phosphorylation of
P-glycoprotein was increased by PMA, whereas it was

Ž .reduced in the presence of H-7 Fig. 6B . The phosphory-
lation of P-glycoprotein was enhanced in the presence of 5

Ž .mM quercetin Fig. 6A . These findings indicate that there
is a close relationship between the enhancement of the
phosphorylation of P-glycoprotein by quercetin and the

w3 xtransport of H vincristine. As shown in Fig. 6, there was
no effect on the phosphorylation of P-glycoprotein in the
presence of 25 and 50 mM quercetin. There are two
possible explanations for these phenomena. One is the

Žinactivation of protein kinase C by high concentrations 25
.and 50 mM of quercetin. It has been reported that protein

kinase C is activated by acute treatment with PMA, an
activator of protein kinase C, while it is inactivated by

Ž .long-term treatment with PMA Ahn et al., 1996 . There-
fore, it is plausible that a high concentration of quercetin
may inactivate protein kinase C in a biphasic manner. The
other possibility is that a phosphatase, a dephosphorylation
enzyme, is activated in the presence of a high concentra-
tion of quercetin. There was no effect of quercetin on the

Žexpression of P-glycoprotein measured by ELISA data not
.shown . Although 50 mM quercetin significantly decreased

P-glycoprotein expression, this finding could not fully
w3 xexplain the increase in H vincristine uptake. Therefore, a

high concentration of quercetin may inhibit the function of
P-glycoprotein. However, it is unclear whether the de-
crease in the P-glycoprotein-mediated efflux of
w3 xH vincristine is due to altered phosphorylation of P-
glycoprotein or due to the direct inhibition of P-glyco-
protein by the inhibitors.

w3 xThe K value of H vincristine was significantly de-p

creased by the co-administration of 0.1 mgrkg of quercetin,
Ž .but it was increased by 1.0 mgrkg of quercetin Table 1 .

w3 xIt is likely that the increased K value of H vincristinep

was due to the inhibition of P-glycoprotein function andror
w3 xalteration of the unbound fraction of H vincristine in

plasma by the co-administration of 1.0 mgrkg quercetin.
w3 xHowever, the unbound fraction of H vincristine in plasma

Ž . w3 xwas large 0.4 , and the protein binding of H vincristine
Ž .was constant at concentrations lower than 10 mM 31 .

ŽFurthermore, quercetin mainly bind to albumin Boulton et
.al., 1998 , while the binding of vincristine to albumin is
Ž . Ž .quite low 10% Donigian and Owellen, 1973 . Therefore,

the alteration of the K value by the co-administration ofp

quercetin may not be due to a change in the unbound

fraction of vincristine in plasma. The biphasic effect of
w3 xquercetin on the uptake of H vincristine was also seen in

the brain-tissue distribution study in vivo. To investigate
whether the concentration of quercetin in the in vivo
experiment corresponded to that in the in vitro study, we
determined the plasma concentration of quercetin after
intravenous administration of quercetin. The plasma con-
centration of quercetin at 30 s to 30 min after intravenous
administration of 0.1 mgrkg or 1.0 mgrkg quercetin
ranged from 0.006"0.0016 to 0.405"0.014 mM or
0.017"0.008 to 4.57"0.82 mM, respectively. Thus, the
plasma concentration of quercetin at 30 s was approxi-
mately 10 times lower than the concentration in the in
vitro experiments. It is not clear what caused this differ-
ence. One of the possibilities is a difference in affinity for
quercetin andror vincristine among the mdr isoforms.
Mdr1a mRNA is mainly expressed in mouse brain in vivo,
while only mdr1b mRNA is found in MBEC4 cells in

Ž .vitro. Indeed, it has been reported that 1 mdr1a P-glyco-
protein is a more efficient efflux pump than mdr1b P-

Ž .glycoprotein, 2 a single class of vinblastine binding sites
is present in mdr1b P-glycoprotein-expressing cells,
whereas there appear to be two classes of such sites

Ž .in mdr1a P-glycoprotein-expressing cells, and 3 pro-
gesterone inhibits vinblastine efflux and increases drug
sensitivity to vinblastine with more potency in mdr1b
P-glycoprotein-expressing cells than in mdr1a P-glyco-

Ž .protein-expressing cells Yang et al., 1990 .
Since P-glycoprotein is distributed not only in brain

capillary endothelial cells, which form the blood–brain
barrier, but also in the liver, kidney and other normal

Ž .tissues Thiebau et al., 1987; Bradley et al., 1990 , care
may be needed to avoid the consumption of meals contain-
ing bioflavonoids concomitantly with the administration of
drugs that are substrates of P-glycoprotein, since the drug-
bioflavonoid interaction may change drug pharmacokinet-
ics and give rise to unexpected side effects.

In conclusion, we found a biphasic, concentration-de-
pendent effect of quercetin on the blood–brain barrier

w3 xtransport of H vincristine. Efflux was indirectly activated
as a result of an increased phosphorylation of P-glyco-
protein at a low concentration of quercetin, while it was
inhibited because of inhibition of P-glycoprotein at a high
concentration of quercetin.

References

Ahn, C.-H., Kong, J.-Y., Choi, W.C., Hwang, M.-S., 1996. Selective
inhibition of the effects of phorbol ester on doxorubicin resistance and

ŽP-glycoprotein by the protein kinase C inhibitor 1- 5-isoquinoline-
. Ž .sulfonyl -2-methylpiperazine H7 in multidrug-resistant MCF-7rdox

human breast carcinoma cells. Biochem. Pharmacol. 52, 393–399.
Bailey, D.G., Spence, J.D., Munoz, C., Arnold, J.M., 1991. Interaction of

citrus juices with felodipine and nifedipine. Lancet 337, 268–269.
Bailey, D.G., Arnold, J.M., Strong, H.A., Munoz, C., Spence, J.D., 1993.



( )Y. Mitsunaga et al.rEuropean Journal of Pharmacology 395 2000 193–201 201

Effect of grapefruit juice and naringin on nisoldipine pharmacokinet-
ics. Clin. Pharmacol. Ther. 54, 589–594.

Bailey, D.G., Arnold, J.M., Bend, J.R., Tran, L.T., Spence, J.D., 1995.
Grapefruit juice-felodipine interaction: reproducibility and characteri-
zation with the extended release drug formulation. Br. J. Clin. Phar-
macol. 40, 135–140.

Benton, R.E., Honig, P.K., Zamani, K., Canfflena, L.R., Woosley, R.L.,
1994. Grapefruit juice alters terfenadine pharmacokinetics resulting in

Ž .prolongation of QTc. Clin. Pharmacol. Ther. 55, 146, PI-91 .
Boulton, D.W., Walle, U.K., Walle, T., 1998. Extensive binding of the

bioflavonoid quercetin to human plasma proteins. J. Pharm. Pharma-
col. 50, 243–249.

Bradley, G., Georges, E., Ling, V., 1990. Sex-dependent and independent
expression of the P-glycoprotein isoforms in Chinese hamster. J. Cell.
Physiol. 145, 398–408.

Chambers, T.C., McAvoy, E.M., Jacobs, J.W., Eilon, G., 1990. Protein
kinase C phosphorylates P-glycoprotein in multidrug resistant human
KB carcinoma cells. J. Biol. Chem. 265, 7679–7686.

Chambers, T.C., Pohl, J., Raynor, R.L., Kuo, J.F., 1993. Identification of
specific sites in human P-glycoprotein phosphorylated by protein
kinase C. J. Biol. Chem. 268, 4592–4595.

Critchfield, J.W., Welsh, C.J., Phang, J.M., Yeh, G.C., 1994. Modulation
of adriamycin accumulation and efflux by flavonoids in HCT-15
colon cells. Biochem. Pharmacol. 48, 1437–1445.

Croop, J.M., Raymond, M., Haber, D., Devault, A., Arceci, R.J., Gros,
P., Housman, D.E., 1989. The three mouse multidrug resistance
Ž .mdr genes are expressed in a tissue-specific manner in normal
mouse tissue. Mol. Cell. Biol. 9, 1346–1350.

Donigian, D.W., Owellen, R.J., 1973. Interaction of vinblastine, vin-
cristine and colchicine with serum proteins. Biochem. Pharmacol. 22,
2113–2119.

Ducharme, M.P., Warbasse, L.H., Edwards, D.J., 1995. Disposition of
intravenous and oral cyclosporine after administration with grapefruit
juice. Clin. Pharmacol. Ther. 57, 485–491.

Hamada, H., Hagiwara, K., Nakajima, T., Tsuruo, T., 1987. Phosphoryla-
tion of the Mr 170000 to 180000 glycoprotein specific to multidrug-
resistant tumor cells: effects of verapamil, trifluoperazine, and phor-
bol ester. Cancer Res. 47, 2860–2865.

Juliano, R.L., Ling, V., 1976. A surface glycoprotein modulating drug
permeability in Chinese hamster ovary cell mutants. Biochim. Bio-
phys. Acta 455, 155–162.

Kartner, N., Riordan, J.R., Ling, V., 1983. Cell surface P-glycoprotein
associated with multidrug resistance in mammalian cell lines. Science
221, 1285–1288.

Kupferschmidt, H.H.T., Ha, H.R., Ziegler, W.H., Meier, P.J., Krahen-
buhl, S., 1995. Interaction between grapefruit juice and midazolam in
humans. Clin. Pharmacol. Ther. 58, 20–28.

Liu, B., Anderson, D., Ferry, D.R., Seymour, L.W., de Takats, P.G.,
Kerr, D.J., 1995. Determination of quercetin in human plasma using
reversed-phase high-performance liquid chromatograph. J. Chro-
matogr. B 666, 149–155.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein

measurement with the Folin phenol reagent. J. Biol. Chem. 193,
265–275.

Ma, L.D., Marquardt, D., Takemoto, L., Center, M.S., 1991. Analysis of
P-glycoprotein phosphorylation in HL60 cells isolated for resistance
to vincristine. J. Biol. Chem. 266, 5593–5599.

Ohnishi, T., Tamai, I., Sakanaka, K., Sakata, A., Yamashima, T., Ya-
mashita, J., Tsuji, A., 1995. In vivo and in vitro evidence for
ATP-dependency of P-glycoprotein-mediated efflux of doxorubicin at
the blood–brain barrier. Biochem. Pharmacol. 10, 1541–1544.

Pardridge, W.M., 1983. Brain metabolism: a perspective from the
blood–brain barrier. Physiol. Rev. 63, 1481–1535.

Pardridge, W.M., 1986. Blood–brain-barrier transport of nutrients. Nutr.
Rev. 44, 15–25.

Phang, J.M., Poore, C.M., Lopaczynska, J., Yeh, G.C., 1993. Flavonol-
Ž .stimulated efflux of 7,12-dimethylbenz a anthracene in multidrug-re-

sistant breast cancer cells. Cancer Res. 53, 5977–5981.
Schinkel, A.H., Smit, J.J.M., van Tellingen, O., Beijnen, J.H., Wagenaar,

E., van Deemter, L., Mol, C.A.A.M., van der Valk, M.A., Robanus-
maandag, E.C., te Riele, H.P.J., Berns, A.J.M., Borst, P., 1994.
Disruption of the mouse mdr1a P-glycoprotein gene leads to a defi-
ciency in the blood–brain barrier and to increased sensitivity to drugs.
Cell 77, 491–502.

Tatsuta, T., Naito, M., Oh-hara, T., Sugawara, I., Tsuruo, T., 1992.
Functional involvement of P-glycoprotein in blood–brain barrier. J.
Biol. Chem. 267, 20383–20391.

Tatsuta, T., Naito, M., Mikami, K., Tsuruo, T., 1994. Enhanced expres-
sion by the brain matrix of P-glycoprotein in brain capillary endothe-
lial cells. Cell Growth Differ. 5, 1145–1152.

Thiebau, F., Tsuruo, T., Hamada, H., Gottesman, M.M., Pastan, I.,
Willingham, M.C., 1987. Cellular localization of the multidrug-resis-
tance gene product P-glycoprotein in normal human tissue. Proc. Natl.
Acad. Sci. U. S. A. 84, 7735–7738.

Wacher, V.J., Wu, C.Y., Benet, L.Z., 1995. Overlapping substrate speci-
ficities and tissue distribution of Cytochrome P450 3A and P-glyco-
protein: implications for drug delivery and activity in cancer chemo-
therapy. Mol. Carcinog. 13, 129–134.

Yang, C.-P., Cohen, D., Greenberger, L.M., Hsu, S.I., Horwitz, S.B.,
1990. Differential transport properties of two mdr gene products are
distributed by progesterone. J. Biol. Chem. 265, 10282–10288.

Yu, G., Ahmad, S., Aquino, A., Fairchild, C.R., Trepel, J.B., Ohno, S.,
Suzuki, K., Tsuruo, T., Cowan, K.H., Glazer, R.I., 1991. Transfection
with protein kinase C alpha confers increased multidrug resistance to
MCF-7 cells expressing P-glycoprotein. Cancer Commun. 3, 181–189.

Zhou, X.J., Zhou-Pan, X.R., Gauthier, T., Placidi, M., Maurel, P.,
Rahmani, R., 1993. Human liver microsomal cytochrome P450 3A
isozymes mediated vindesine biotransformation. Biochem. Pharmacol.
45, 853–861.

Zhou-Pan, X.R., Seree, E., Zhou, X.J., Placidi, M., Maurel, P., Barra, Y.,
Rahmani, R., 1993. Involvement of human liver cytochrome P450
3A in vinblastine metabolism: drug interactions. Cancer Res. 53,
5121–5126.


