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Abstract

Quercetin, kaempferol, and isorhamnetin were the most important flavonoid constituents in extracts

from Ginkgo biloba leaves. Transport studies of Ginkgo flavonols were performed in Caco-2 cell mono-

layers. Their apparent permeability in absorptive and secretiondirectionswas determined, andquercetin,

kaempferolandisorhamnetindisplayedpolarizedtransport,withthePapp,B-AbeinghigherthanthePapp,A-B
(P<0.01 for quercetin, P<0.001 for kaempferol and isorhamnetin, Student’s t-test ). Bcap37/MDR1 cells,

whichwere transfectedwith a P-glycoprotein (P-gp) gene construct,were treatedwith quercetin, kaemp-

ferol or isorhamnetin. TheconcentrationsofGinkgo flavonol in Bcap37/MDR1 cellswere lower than those

inparent cells (P<0.05 forquercetin,P<0.01 for isorhamnetin,Mann–WhitneyU test). The concentrations

ofthe flavonol in transfectedcells increasedwhen incubatedwith theP-gpinhibitor verapamil (P<0.05 for

kaempferol,Mann–WhitneyUtest).AcolorometricassayforATPaseactivitywasappliedtothedetectionof

interaction of flavonol with P-gp. Quercetin and kaempferol inhibited the ATPase activity, and

isorhamnetin stimulated theATPase activity (P<0.05 for isorhamnetin,MannWhitney U test). The results

indicatedthatGinkgoflavonolsquercetin,kaempferoland isorhamnetinwere substratesofP-gp.TheP-gp

type efflux pumpmight limit thebioavailability ofGinkgo flavonols.

Introduction

For centuries, extracts from the leaves of the Ginkgo biloba tree have been used in
Chinese herbal medicine to treat a variety of medical conditions. In recent decades,
Europe and some Asian countries have taken standardized extracts from Ginkgo biloba
leaves to treat a wide range of disorders, including Alzheimer’s disease, failing mem-
ory, age-related dementia, poor cerebral and ocular blood flow and congestive symp-
toms of premenstrual syndrome and also to prevent altitude sickness (McKenna et al
2001; Zimmermann et al 2002; Ahlemeyer & Krieglstein 2003; Lin et al 2003; Zhang
et al 2004). Now it has become one of the best selling herbal products in the world. The
medical benefits of Ginkgo biloba extract are attributed primarily to two groups of
active constituents: the ginkgo flavone glycosides and the terpene lactones. Ginkgo
flavone glycosides, which typically make up approximately 24% of the extract, mostly
include quercetin, kaempferol and isorhamnetin (Oh & Chung 2004). Pharmacokinetic
studies carried out in healthy subjects have shown that the extract has a low bioavail-
ability, particularly with regard to the flavonoidic components (Ross & Kasum 2002).

In the past few years, it has become clear that transport proteins play an important
role in preventing the uptake of toxic compounds from the gut into the body, including
many drugs and food components. P-glycoprotein (P-gp) is the most thoroughly
studied of these transporters and has received considerable attention recently. P-gp is
an ATP-driven efflux pump capable of transporting a wide variety of structurally
diverse compounds from the cell interior into the extracellular space (Borst &
Elferink 2002; Hochman et al 2002; Loo & Clarke 2002). In addition to tumour cells,
P-gp is present in normal tissues. Immunohistochemical studies detected P-gp in the
adrenal glands and on the apical side of the epithelial liver cells (bile canaliculi), kidney
(proximal tubule), pancreas and intestine. P-gp is also found in endothelial brain cells,
where it is likely to participate in the blood–brain barrier function (Wacher et al 2001;



Lin 2003). The anatomical localization of P-gp suggests
that it may play an important role in the processes of
absorption, distribution, metabolism and excretion of
drugs in man, and be a potential source for variability in
drug pharmacokinetics and pharmacodynamics.

Quercetin and kaempferol are the most abundant poly-
phenolic compounds present in the human diet in fruits
and vegetables (Michael et al 1992, 1993). Published stu-
dies suggest that quercetin and kaempferol interact with
some clinical drugs (Mitsunaga et al 2000; Hsiu et al 2002;
Ikegawa et al 2002; Dupuy et al 2003; Patel et al 2004).
Despite evidence for a potential role of quercetin in mod-
ulation of P-gp, the conclusion was drawn from the inter-
action between P-gp substrates and flavonol (Phang et al
1993; Critchfield et al 1994; Shapiro & Ling 1997a; Zhou
et al 2004). There is limited information available on the
role of P-gp in transporting single Ginkgo flavonols. The
role of P-gp in affecting the cellular level of Ginkgo fla-
vonol bioavailability, however, has not been reported pre-
viously. In this study, we used monolayer cultures of a
human colon adenocarcinoma cell line, Caco-2 cells
(Fricker et al 1999; Mathieu et al 2003), which exhibit
enterocyte-like characteristics, as an in-vitro model of
intestinal absorption by epithelial cells. The effects of
P-gp on the accumulation of Ginkgo flavonol were deter-
mined in Bcap37/MDR1 cells, which were transfected
with a recombinant plasmid containing MDR1 cDNA
and high expressing P-gp (Wang et al 2004). A coloro-
metric assay for ATPase activity was applied to the detec-
tion of interaction of flavonol with P-gp. Herein, we
report the results of this study and discuss implications
for the bioavailability of Ginkgo flavonols.

Materials and Methods

Materials

Quercetin,kaempferol, isorhamnetin,morinand(�)-verapamil
hydrochloride (purity>99.6%) were purchased from the
China National Institute for the Quality Control of
Pharmaceutical and Biological Products. Lucifer yellow CH
dilithium salt was from J&K Chemical Limited Company.
Mes hydrate, EGTA, L-ascorbic acid, sodium orthovana-
date, ATP and Antifoam A concentrate were supplied by
Sigma. Caco-2 cells (passage 18) were purchased from the
ChineseAcademyofMedical Sciences.Bcap37humanbreast
cancer cells were obtained from the Cancer Institute of
Zhejiang University. Bcap37/MDR1 cells (Bcap37 cells
infected with a recombinant plasmid containing MDR1
cDNA and high expressing P-gp) were developed by our
laboratory (Wang et al 2004). Dulbecco’s Modified Eagle’s
medium (DMEM) containing 4.5 gL�1 glucose, RPMI 1640
medium, nonessential amino acids (NEAA), fetal calf serum
(FCS) and newborn calf serum were purchased from
Invitrogen Life Technologies. Transwell clear polyester
membrane inserts (0.4�m pore diameter, 12mm diameter)
were purchased from Corning Inc. Millicell-ERS voltohm-
meter was fromMillipore Corp. Bio-Rad DC Protein Assay
kit was purchased from Bio-Rad Laboratories. A Platinum

EPS C18 100A column (250� 4.6mm i.d., 5�m) was pur-
chased from Alltech Associates, Inc. All other reagents were
obtained from commercial sources.

Cell culture

This study was approved by the Ethics Committee of the
College of Pharmaceutical Sciences, Zhejiang University.

Caco-2 cells were cultured in DMEM supplemented
with 10% heat-inactivated FCS, 1% NEAA, 100 IUmL�1

penicillin and 100�gmL�1 streptomycin at 37�C in a humi-
dified atmosphere of 5% CO2–95% air. Cells were pas-
saged every 3–4 days (at 70–80% confluence) by
treatment with 0.25% trypsin and 0.02% EDTA (Hidalgo
et al 1989; Deferme et al 2002).

Bcap37 cells and Bcap37/MDR1 cells were grown in
RPMI 1640 medium supplemented with penicillin
(100 IUmL�1), streptomycin (100�gmL�1) and 10%
heat-inactivated newborn calf serum. Cells were incubated
at 37�C in a humidified atmosphere with 5% CO2 in air,
and were subcultured every 3 days with 0.25% trypsin.

Transport experiments

For transport studies, Caco-2 cells were seeded in 12mm i.d.
Transwell inserts in 12-well plates at a density of 105 cells/cm2

(Jeong et al 2004). The basolateral and apical compartments
contained 1.5 and 0.5mL of culture medium, respectively.
Culture medium was replaced three times a week for 14 days
and daily thereafter. Caco-2 cells in Transwells at passage
30–50 were used for transport experiments 21–25 days post
seeding. The integrity of the monolayers was determined by
measuring the transepithelial electrical resistance (TEER)
with a Millicell-ERS voltohmmeter. Inserts with TEER
values >350�cm2 were used. The paracellular transfer of
lucifer yellow CH was determined and served as an addi-
tional control for monolayer integrity. Lucifer yellow CH
(50�gmL�1) in phosphate-buffered saline (PBS) was incu-
bated on the apical side of the monolayers. The percentage
of paracellular transfer through the monolayer was deter-
mined by measuring the fluorescence (excitation 485nm,
emission 530nm) recovered on the basolateral side of the
monolayers. The cell monolayers with apparent permeabil-
ity coefficients of lucifer yellow CH flux of less than
0.5� 10�6 cm s�1 were used in the transport experiments.

The inserts were washed twice for 30min with warm
transport buffer, phosphate-buffered saline (PBS), pH 7.4.
The transepithelial permeability of quercetin, kaempferol
and isorhamnetin was measured at a 50�molL�1 concen-
tration. Transport buffer containing quercetin, kaempferol
or isorhamnetin was added to either the apical (0.5mL) or
basolateral (1.5mL) side of the inserts, whereas the receiv-
ing chamber contained the corresponding volume of trans-
port buffer. Upon the end of the 2-h incubation at 37�C,
samples were collected for immediate analysis.

Cellular uptake studies

To evaluate the effect of P-gp on Ginkgo flavonols’ uptake
by cells, Bcap37/MDR1 and Bcap37cells were separately
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seeded at a density of 7.5� 105/well to 35mm i.d. tissue
culture wells. After 24h, the culture medium was aspirated
and replaced by the medium containing 25�molL�1 quer-
cetin, kaempferol or isorhamnetin. After 10, 20, 30 and
40min, the mediumwas aspirated and the cells were washed
3 times with ice-cold PBS (pH 7.4) to stop further uptake.
One millilitre of 0.1% Triton X-100 was added to each well
to lyse the cells. The drug concentration in the lysis solution
was determined by HPLC and normalized with cellular
protein content. Protein content was determined using a
Bio-Rad DC Protein Assay kit, with bovine serum albumin
as the standard (Fukushima et al 1998; Takara et al 1999;
Batrakova et al 2001).

Inhibition of cellular uptake

Bcap37/MDR1 and Bcap37 cells were separately seeded at
a density of 7.5� 105/well to 35mm i.d. tissue culture
wells. After 24 h, the culture medium was aspirated and
replaced by the medium containing 25�molL�1 Ginkgo
flavonols in the absence and presence of 6.6�molL�1

verapamil (Plumb et al 1990). After 30min, the media
were aspirated and the cells were washed 3 times with
ice-cold PBS (pH 7.4) to stop further uptake. The drug
concentration in lysis solution was determined by HPLC
and normalized with cellular protein content.

Concentration measurements

All the concentrations of the compounds were determined
by HPLC. To samples containing quercetin, kaempferol or
isorhamnetin was added 50�L of 0.02mgmL�1 morin as an
internal standard in transport experiments, and 50�L of
0.01mgmL�1 morin as an internal standard in uptake
experiments. One millilitre of 6molL�1 hydrochloric acid
was added to samples to precipitate proteins. The mixture
was extracted with 3.0mL of ether and acetone (14:1; v/v),
vortexed for 2min then centrifuged for 15min at 600g. The
upper organic layer was quantitatively transferred into
another test tube and evaporated to dryness with N2. The
residue was reconstituted in 80�L mobile phase before
analysis. Twenty microlitres of the sample was injected
into the HPLC system. Chromatographic determination of
the three Ginkgo flavonols was performed by using Agilent
1100 System equipped with a Platinum EPS C18 100A
column. The mobile phase consisted of phosphate buffer–
tetrahydrofuran–methanol–isopropanol (65:15:10:20, v/v/v/v)
at a flow rate of 0.5mLmin�1, and the wavelength of the
UV detector was set at 380nm (Wang et al 2003). The con-
centration was determined by comparing with standard.

Preparation of purified native membrane vesicle

Bcap37/MDR1 cells were cultured in 150-cm2 flasks. After
being grown to confluence, cells were twice washed by PBS
and harvested by PBS scraping. Cells were suspended in
PBS with antiproteases, washed twice in PBS containing
1mmolL�1 dithiothreitol (DTT) and 1mmolL�1 phenyl-
methylsulfonyl fluoride (PMSF), and collected by centrifu-
gation (1000 g, 10min, 4�C). They were then separately

suspended in PBS with DTT and PMSF and disrupted by
sonication for 10 s at 10% maximum power. The resulting
homogenate was centrifuged (1400 g, 15min, 4�C). The
supernatant was then layered on a 46% w/w sucrose cush-
ion in PBS containing 2mmolL�1 MgCl2 and 1mmolL�1

DTT, and centrifuged (7000 g, 20min, 4�C). The layer at
the sucrose interface was collected, diluted twice with PBS,
MgCl2, and DTT, and washed three times (95 000 g,
15min, 4�C). Membranes were finally resuspended in
PBS, MgCl2, and DTT at a total membrane protein con-
centration of 2mgmL�1 and passed through a tip to elim-
inate aggregates. Samples were prepared and frozen at
�80�C (Sarkadi et al 1992; Garrigues et al 2002). Protein
concentration was determined by using the Bio-Rad DC
protein assay kit, with bovine serum albumin as a standard.

P-gp ATPase activity

Stimulation of P-gp ATPase catalytic activity was
measured in membranes of Bcap37/MDR1 cells. The P-gp
ATPase assay method used was a modification of the assay
described by Sarkadi et al (1992) and as directed in the
Gentest product insert.A0.06-mL reactionmixture, contain-
ing 30�g membranes, 20�molL�1 verapamil (positive
control) or 100�molL�1 flavonol, and 4mmolL�1

MgATP, in buffer containing 50mmolL�1 Tris-MES,
2mmolL�1 EGTA, 50mmolL�1 KCl, 2mmolL�1 dithio-
threitol and5mmolL�1 sodiumazide,was incubated at 37�C
for 30min. An identical reaction mixture containing
100�molL�1 sodiumorthovanadate was assayed in parallel.
The reaction was stopped by the addition of 30�L 10%
sodium dodecyl sulfate (SDS)þAntifoam A. Two addi-
tional reaction mixtures (þ and� orthovanadate), but with-
out MgATP, were also prepared and incubated with the
others, and then supplemented with SDS and MgATP, to
represent time¼ 0min of reaction. The incubations were
followedwithadditionof 200�Lof 35mmolL�1 ammonium
molybdate in 15mmolL�1 zinc acetate–10% ascorbic acid
(1:4) and incubated for an additional 20min at 37�C.
The liberation of inorganic phosphate was detected by its
absorbance at 650nm and quantitated by comparing the
absorbance with a phosphate standard curve (Drueckes
et al 1995; Kim & Benet 2004).

Data analysis

Apparent permeability coefficients (Papp) were calculated
using the following equation:

Papp ¼ V=AC0 � dC=dt ðcm s�1Þ ð1Þ

Where V is the volume of the solution in the receiving
compartment, A is the membrane surface area, C0 is the
initial concentration in the donor compartment and dC/dt
is the change in drug concentration in the receiver solution
over time.

The permeability ratio was calculated according to the
following equation:

Pratio ¼ Papp;B�A=Papp;A�B ð2Þ
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Where Papp,B-A is the permeability from the basolateral
to the apical side (cm s�1) and Papp,A-B the permeability
from the apical to the basolateral side (cm s�1).

All values were presented as a mean� standard deviation
(s.d.) throughout the paper. Differences between Papp,B-A
and Papp,A-B of flavonol were evaluated using Student’s
t-test (Walgren et al 1998). Nonparametric data were ana-
lysed by the Kruskal–Wallis test followed by the Nemenyi
test, or by the Mann–Whitney U test. P<0.05 was consid-
ered to be statistically significant.

Results

Transepithelial transport of Ginkgo flavonols

Table 1 shows the permeability coefficients (Papp) of the
Ginkgo flavonols (50�molL�1) in the Caco-2 cell mono-
layers determined during 2h incubation. The Papp of flavo-
nols were significantly different from each other (P<0.001,
Nemenyi’s test). Whether from the apical to basolateral
transport or the basolateral to apical, the Papp of kaempferol
was the highest, and isorhamnetin was the lowest. Secretion
(basolateral to apical) rates of transport (Papp,B-A) of the
three Ginkgo flavonols were higher than absorptive (apical
to basolateral) rates of transport (Papp,A-B) (P<0.01 for
quercetin, P<0.001 for kaempferol and isorhamnetin,
Student’s t-test). The Pratio of quercetin, kaempferol and
isorhamnetin were between 1.56 and 1.93.

Cellular accumulation of Ginkgo flavonols

The stable over expression of P-gp in Bcap37/MDR1 cells
was confirmed by western blot analysis (Wang et al 2004).
The accumulation of Ginkgo flavonols in Bcap37 and
Bcap37/MDR1 cells was measured at 10, 20, 30 and 40min
incubation time (Figure 1). During the investigation period,
the three flavonols showed less accumulation in Bcap37/
MDR1 than in Bcap37 cells. Especially, quercetin and
isorhamnetin showed that the accumulation differences
between the two cell lines were statistically significant at

each investigated time point. In Bcap37 cells, the accumula-
tions of Ginkgo flavonols was linear for up to 30min and
accumulation saturation was observed after 30min for
quercetin and kaempferol. In Bcap37/MDR1 cells, querce-
tin and kaempferol showed linear accumulation up to

Table 1 Permeability coefficients of Ginkgo flavonols across Caco-2

cell monolayers

Quercetin Kaempferol Isorhamnetin

Papp,B-A� 10�6

(cm s�1)

6.71� 0.78**y 13.7� 0.07***y 2.55� 0.14***y

Papp,A-B� 10�6

(cm s�1)

4.29� 0.32# 7.11� 0.57# 1.44� 0.11#

Pratio 1.56 1.93 1.78

The bidirectional transport (n¼ 5) of Ginkgo flavonols

(50 �mol L�1) were examined across Caco-2 cell monolayers

individually as described in Materials and Methods. Data are

shown as mean� s.d. **P<0.01, ***P<0.001, compared with

Papp,A-B (Student’s t-test); yP<0.001, compared with unity

(Nemenyi’s test); #P<0.001, compared with unity (Nemenyi’s test).
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Figure 1 Accumulationof quercetin (A), kaempferol (B) and isorham-

netin (C) in Bcap37 and Bcap37/MDR1 cells. Bcap37 and Bcap37/

MDR1 cells were separately incubated with quercetin (25�molL�1),

kaempferol (25�molL�1) and isorhamnetin (25�molL�1), individ-

ually, for 10, 20, 30, 40min. Cell lysates were prepared as described in

Materials andMethods; intracellularGinkgo flavonolswere analysedby

HPLC. Each column represents the mean� s.d. Data were analysed by

using the non-parametric Mann–Whitney U test. *P<0.05,

**P<0.01, compared with Bcap37.
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30min and isorhamnetin accumulation decreased after
20min. The accumulation of quercetin was much more
than that of the other Ginkgo flavonols in either Bcap37
or Bcap37/MDR1 cells.

Cellular accumulation of Ginkgo flavonols

affected by P-gp inhibitor

In the presence of 6.6�molL�1 verapamil (a known P-gp
inhibitor), the accumulation of the three Ginkgo flavonols
was increased in Bcap37/MDR1 cells, and the uptake of
kaempferol was significantly greater (Figure 2). In Bcap37
cells, 6.6�molL�1 verapamil did not cause a statistically
significant increase in flavonols uptake in Bcap37 cells.
When quercetin, kaempferol and isorhamnetin were added
together to Bcap37/MDR1 cells, the pattern of accumula-
tion caused by this P-gp inhibitor was similar to that when
these compounds were added individually (data not shown).

Effect of Ginkgo flavonols on P-gp ATPase

activity

Drug efflux associated with P-gp is ATP dependent and
expression of P-gp results in the appearance of a vanadate-
sensitive drug-stimulated ATPase activity. Membranes
from Bcap37/MDR1 cells had a vanadate-sensitive
ATPase activity, attributable to P-gp ATPase, of 6.9 nmol
(mg membrane protein)�1min�1. This activity was stimu-
lated, with 3.0-fold increase, by incubating with verapamil.
This showed membranes of Bcap37/MDR1 cells had P-gp
ATPase activity (Garrigos et al 1997). Quercetin and
kaempferol inhibited the ATPase activity of P-gp with a
0.8-fold of basal activity (Figure 3). Isorhamnetin achieved
1.9-fold stimulation of ATPase activity (P<0.05, Mann–
Whitney U test).

Discussion

The first study of the disposition of quercetin in man was
reported in 1975 (Gugler et al 1975), in which quercetin was
not detected in the plasma and urine of subjects receiving 4 g
of quercetin orally, and quercetin was thought not to be
absorbed. Hollman et al (1995) demonstrated that quercetin
showed 24% absorption in ileostomy patients. Wang et al
(2003) reported that the bioavailability of quercetin and
kaempferol was low in man following an oral administra-
tion of Ginkgo biloba extract tablets. The researchers were
concerned about degradation of quercetin in the stomach
and small intestine, and tested this by placing quercetin in a
solution of gastric juices in-vitro, which showed no loss of
quercetin. However, there is still a possibility that the quer-
cetin was degraded in-vivo by gastrointestinal secretions or
by small-intestinal bacteria. For other flavonoid aglycones,
there is very limited information on their absorption and
bioavailability in man.

Caco-2 cells were derived from human colorectal adeno-
carcinoma. They are useful not only for prediction of
absorption in man but also for the study of several transport

systems. In culture, P-gp was expressed on the apical
(luminal) membrane of polarized epithelial Caco-2 cells
and transports compounds from the cytosolic compartment
to the luminal side. P-gp transport poses resistance to
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mean� s.d. Data were analysed using the non-parametric Mann–

Whitney U test. The concentration of kaempferol in Bcap37/MDR1

cells incubated with verapamil was significantly higher than that

without verapamil (*P<0.05).
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transcellular transport in the apical to basolateral direction
and facilitates transport in the basolateral to apical direc-
tion. Thus, P-gp efflux resulted in higher basolateral to
apical transport than apical to basolateral transport. This
assay, where the Pratio was compared with a value of 1, was
regarded as the standard for identifying P-gp substrates.
Involvement of a P-gp-mediated efflux mechanism was indi-
cated if the Pratio was >2. Additional experiments would be
carried out on a compound with a Pratio of 1.5–2.0 (Polli et al
2001). In this study, the secretion rate of transport of the
three flavonols was 1.5–1.9 fold greater than the absorptive
rates of transport (P<0.01 for quercetin, P<0.001 for
kaempferol and isorhamnetin, Student’s t-test). As Caco-2
cells were also expressing other membrane transporters (i.e.
multidrug resistant associated protein (MRP) and lung can-
cer associated resistance protein (LRP)), Ginkgo flavonols
transported by P-gp did not manifest. Comparing the Papp
of the Ginkgo flavonols, the Papp of kaempferol was the
highest (P<0.001, Nemenyi’s test). Based on previous
observations by Yee (1997), examining the relationship
between Papp values obtained from Caco-2 cells and
human in-vivo oral absorption for a number of drugs, our
finding would suggest that oral absorption of kaempferol
was more in man than that of other flavonols. Recently, it
was shown that kaempferol was absorbed more efficiently
than quercetin in man, even at low oral doses (DuPont et al
2004), which was in agreement with what we reasoned.

In cellular drug accumulation assays, the accumulation
of P-gp substrate in cells that over-express P-gp was
restricted by P-gp-mediated efflux of the compound back
into the extracellular fluid. Drug accumulation increased
under conditions where P-gp was inhibited, such that the
difference in accumulation in P-gp deficient cells and P-gp
over-expressing cells became smaller. In this research,
Bcap37/MDR1 cells were Bcap37cells transfected with
recombinant plasmid containing MDR1 cDNA and stable
high expressing P-gp. As in the case of drug transport, the
influence of P-gp on drug accumulation is not only a func-
tion of P-gp activity but is also influenced by passive diffu-
sion of the molecule. Under steady-state conditions, the rate
of drug entering the cell by passive membrane diffusion
equals the rate of drug leaving the cell by passive diffusion
plus the rate of active drug efflux by P-gp. Thus, the relative
contribution of P-gp decreases with increasing passive dif-
fusion. An incubation concentration of 25�molL�1 was
chosen to decrease the influence of passive diffusion. After
30min, the concentration of flavonols in cells did not
increase and it went into a steady state. So a 30-min incuba-
tion time was chosen in the cellular uptake inhibition study.
The accumulation concentrations of Ginkgo flavonols in
Bcap37 cells were more pronounced than those in Bcap37/
MDR1 cells at 10, 20, 30 and 40min. Concentrations of
quercetin and isorhamnetin in the two cell lines showed the
differences were statistically significant. When Bcap37/
MDR1 cells were incubated with the P-gp inhibitor verapa-
mil, the uptake of kaempferol was significantly greater. The
results suggest that quercetin, kaempferol and isorhamnetin
were substrates of P-gp. Interestingly, kaempferol had the
highest permeable rate for transport across cell monolayers
in the transport experiment, but in the cellular accumulated
assay it had the lowest accumulated rate in cells. In addition
to the different contents of cell membranes, it was possible
that kaempferol transport through Caco-2 cell monolayers
involved paracellular transport. Since the molecular weight
of kaempferol was the lowest among the three flavonols, the
possibility was that the effect on paracellular transport of
flavonol was most remarkable. The mechanism is to be
explored in the future.

Orthovanadate inhibits P-gp by trapping MgADP in the
nucleotide binding site. Thus, ATPase activity measured in
the presence of orthovanadate represents non-P-gp ATPase
activity and can be subtracted from the activity generated
without orthovanadate to yield vanadate-sensitive ATPase
activity. Preliminary studies using phosphate buffer stan-
dards demonstrated that 100�molL�1 flavonol did not
interfere with the phosphate assay. Our results showed
that quercetin and kaempferol inhibited the ATPase activity
of P-gp, but that isorhamnetin stimulated the ATPase activ-
ity of P-gp. The difference between the ATPase activity in
the absence and presence of isorhamnetin was statistically
significant. However, these differences for quercetin and
kaempferol were not statistically significant (P>0.05,
Mann–Whitney U test). On the other hand, we detected
the prominent effect of flavonols on P-gp constitutive
ATPase activity when the concentration of flavonol was
increased to 100�molL�1. This may be due to the limited
sensitivity of the assay because the P-gp constitutive
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Figure 3 Effect of Ginkgo flavonols on P-gp ATPase activity.

Vanadate-sensitive ATPase activity of 30�g of membrane protein

isolated from Bcap37/MDR1 cells was determined in the presence

of (hatched bars) or absence (open bars) of 100�molL�1 flavonol

(quercetin, kaempferol and isorhamnetin, individually). P-gp asso-

ciated ATPase activity was measured as inorganic phosphate release

from ATP as described in Materials and Methods. Each column

represents the mean� s.d. from three independent experiments.

Data were analysed using the non-parametric Mann–Whitney U

test. The difference between the ATPase activity in the absence and

presence of isorhamnetin was statistically significant (*P<0.05). Q,

quercetin; K, kaempferol; I, isorhamnetin.
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ATPase activity is not very high. Of known P-gp substrates,
some are reported to stimulate the ATPase activity of P-gp
(e.g., calcein-AM, demecolcine) and some can inhibit the
ATPase activity of P-gp (e.g., ciclosporin, Hoechst 33342).
Loo et al (2003) have explained why a substrate is a stimu-
lator or inhibitor of P-gp. Shapiro & Ling (1997a) found
that quercetin bound to purified P-gp and efficiently inhib-
ited its activity, which is in agreement with our findings.
Mitsunaga et al (2000) addressed the mechanism of the
concentration-dependent biphasic action of quercetin and
found that low concentrations of quercetin (10�M)
enhanced the phosphorylation and hence the activity of
P-gp, whereas high concentrations of quercetin (50�M)
inhibited P-gp. At the same time, kaempferol had a similar
biphasic effect. But in our experiment, we did not observe
this phenomenon. They found the biphasic effect of quer-
cetin by measuring the quantity of a P-gp substrate, and did
not determine the effect of the flavonols on the ATPase
activity of P-gp. These results illustrate the limitations of
using one type of assay system to extrapolate another type
of activity.

Flavonoids have been described as modulators, but con-
tradictory effects have been reported with different cells:
quercetin increased the accumulation of daunorubicin in
GLC4/ADR cells (Versantvoort et al 1993) and exhibited
a remarkable inhibition of P-gp-mediated efflux of ritonavir
by increasing its cellular uptake in MDR1-MDCK cells
(Patel et al 2004), whereas quercetin and kaempferol were
found to increase adriamycin efflux from HCT-15 colon
cells (Critchfield et al 1994) and to be potent stimulators of
P-gp-mediated efflux of 7,12-dimethylbenz(a)-anthracene
(Phang et al 1993). From our results, the phenomenon
that quercetin inhibited the P-gp substrate accumulation
in P-gp high expressing cells was caused not only by its
inhibition of P-gp ATPase activity, but also by its competi-
tive effects of P-gp substrates. Shapiro and colleagues found
that P-gp contained two distinct sites for drug binding and
transport, and these sites interact in a positively cooperative
manner (Shapiro & Ling 1997a, b; Walgren et al 1998).
They showed that quercetin stimulated rhodamine-123
transport and inhibited Hoechst 33342 transport in isolated
P-glycoprotein-rich plasma membrane vesicles from
Chinese hamster ovary CH(R) B30 cells. Because each
substrate stimulated the P-gp-mediated transport of the
other, the effect that quercetin and kaempferol increased
adriamycin and 7, 12-dimethylbenz(a)-anthracene efflux
was explained. This is consistent with what we concluded.

Conclusion

These results provide evidence that quercetin, kaempferol
and isorhamnetin are transported by P-gp. Quercetin and
kaempferol may inhibit the ATPase activity of P-gp, and
isorhamnetin may stimulate the ATPase activity. The
efflux of these compounds by P-gp might play a vital
role in limiting the bioavailability of Ginkgo flavonols
in-vivo. Further, the results suggest that co-administration
of the three flavonols with P-gp substrate agent may alter
drug pharmacokinetics and pharmacodynamics.
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