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Abstract. Cancer cell resistance to chemotherapy is often
mediated by overexpression of P-glycoprotein, a plasma
membrane ABC (ATP-binding cassette) transporter
which extrudes cytotoxic drugs at the expense of ATP hy-
drolysis. P-glycoprotein (ABCBI1, according to the hu-
man gene nomenclature committee) consists of two ho-
mologous halves each containing a transmembrane do-
main (TMD) involved in drug binding and efflux, and a
cytosolic nucleotide-binding domain (NBD) involved in
ATP binding and hydrolysis, with an overall (TMD-
NBD), domain topology. Homologous ABC multidrug
transporters, from the same ABCB family, are found in
many species such as Plasmodium falciparum and Leish-
mania spp. protozoa, where they induce resistance to an-
tiparasitic drugs. In yeasts, some ABC transporters in-
volved in resistance to fungicides, such as Saccha-
romyces cerevisiae PdrSp and Snq2p, display a different
(NBD-TMD), domain topology and are classified in an-
other family, ABCG. Much effort has been spent to mod-

ulate multidrug resistance in the different species by us-
ing specific inhibitors, but generally with little success
due to additional cellular targets and/or extrusion of the
potential inhibitors. This review shows that due to simi-
larities in function and maybe in three-dimensional orga-
nization of the different transporters, common potential
modulators have been found. An in vitro ‘rational screen-
ing’ was performed among the large flavonoid family us-
ing a four-step procedure: (i) direct binding to purified re-
combinant cytosolic NBD and/or full-length transporter,
(i1) inhibition of ATP hydrolysis and energy-dependent
drug interaction with transporter-enriched membranes,
(iii) inhibition of cell transporter activity monitored by
flow cytometry and (iv) chemosensitization of cell
growth. The results indicate that prenylated flavonoids
bind with high affinity, and strongly inhibit drug interac-
tion and nucleotide hydrolysis. As such, they constitute
promising potential modulators of multidrug resistance.
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Cancer cell resistance to chemotherapy
and overexpression of P-glycoprotein

Chemotherapy occupies an important place among strate-
gies to fight cancer. Unfortunately, tumor cells frequently
continue to grow by developing resistance mechanisms,
which constitutes a major problem for cancer treatment
[1]. Among the different resistance mechanisms, a
pleiotropic resistance against a series of drugs, or cellular
MDR (multidrug resistance) phenotype, is often found. It
is either intrinsic and immediate, or progressively devel-
ops during chemotherapeutic treatment [2].

The emergence of MDR phenotype is often correlated to
overexpression of a membrane ATPase, P-glycoprotein
[3] [ABCBI according to the new nomenclature of ABC
(ATP-binding cassette) proteins as defined on the Web
site http://www.gene.ucl.ac.uk/users/hester/abc.html].
Other ABC transporters more recently discovered, such
as MRP1 (multidrug resistance-associated protein 1,
ABCC1) [4], MRP2 (ABCC2) and MRP3 (ABCC3) [5]
as well as BCRP/MXR1 (ABCG2) [6, 7], also contribute
to MDR, but P-glycoprotein is overexpressed to the high-
est level and plays the major role. It uses energy from ATP
hydrolysis to extrude cytotoxic drugs out of cancer cells,
causing them to become resistant to chemotherapy [8]. P-

Meambrane

TMD1

Flavonoid modulation of multidrug resistance

glycoprotein belongs to a small family of two isoforms in
humans: MDR3 [ABCB4] selectively translocates phos-
phatidylcholine [9], whereas MDR1, which is constitu-
tively involved in cellular detoxification [10] and respon-
sible for the MDR phenotype, is also able to transport
various phospholipids [9] and to catalyze hormone efflux.
In rodents, MDRI1 is replaced by two isoforms, Mdrla
and Mdrlb, whereas Mdr2 is equivalent to human
MDR3 [11].

P-glycoprotein is located inside plasma membranes. It
displays the schematic structural organization illustrated
in figure 1 A, with two homologous halves each contain-
ing a transmembrane domain (TMD) preceding a cytoso-
lic nucleotide-binding domain (NBD). Each TMD is
composed of six transmembrane a-helix segments in-
volved in drug binding and efflux [12]. Each NBD con-
tains a nucleotide binding site with four consensus se-
quences: in addition to the well-known Walker A and B
motifs [13] involved in the binding of the phosphate chain
and the chelated magnesium ion, respectively, are found
the ABC-transporter signature [14, 15] the role of which
is still discussed, and a Q-containing loop recently re-
ported to interact with the phosphate chain in Rad50
[16]. Both N- and C-terminal halves are linked by a phos-
phorylatable linker peptide.
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Figure 1. Schematic domain topology of cancer cell P-glycoprotein and related multidrug transporters from other species. Each transporter
contains two cytosolic, N-terminal and C-terminal, nucleotide-binding domains (NBD1 and NBD2, respectively) and two hydrophobic
transmembrane domains (TMD1 and TMD?2, respectively). The domain topology within the sequences of cancer cell P-glycoprotein
and Leishmania tropica Ltrmdrl, where NBDs follow TMDs (4, ABCB family), differs from that of yeast Pdr5p and Snq2p, where NBDs

precede TMDs (B, ABCG family).
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Up to now, only a rather low-resolution structure at 25 A
has been obtained for P-glycoprotein by electron mi-
croscopy and image analysis [17], mainly providing in-
formation about the overall domain spatial organization.
In contrast, high-resolution structures have been obtained
for several ATP-binding subunits of bacterial ABC pro-
teins, such as HisP [18], MalK [19] and Rad50 [16].
Apart from the Walker A and B motifs, which always dis-
play the same interactions with bound nucleotide, the two
other consensus sequences, ABC signature and Q-loop,
exhibit protein-specific interactions, and the adenine-in-
teracting residues vary in identity and position within the
sequences. The ‘dimeric’ NBD/NBD interactions also di-
verge among the different bacterial proteins. Structurally
unrelated substrates, histidine, maltose and double-
stranded DNA, evidently have different protein structural
requirements for function.

The two ATP binding sites in P-glycoprotein appear to be
strictly cooperative and to alternate during pump turnover
[20], with a maximal rate of a few pmoles of ATP hy-
drolyzed/min X mg of protein and a K,,(MgATP) in the
millimolar range. Ortho-vanadate is a strong inhibitor of
ATP hydrolysis, by mimicking phosphate and preventing
the release of ADP, which is a rate-limiting step [21]. In
this way, vanadate stabilizes a catalytic transition state of
the enzyme, which has been used both to quantify ‘nu-
cleotide trapping’ after photolabeling with radioactive
8-azido-ATP [22] and to identify a derivatized amino
acid [23].

Cancer cells overexpressing P-glycoprotein exhibit cross-
resistance to a number of structurally divergent drugs [2,
3, 8], including vinca-alkaloids, anthracyclins, taxans,
epipodophyllotoxins, antibiotics, other cytotoxic com-
pounds, peptides, hormones, human immunodeficiency
virus (HIV) protease inhibitors. Most of these substrates
share three common parameters: hydrophobicity, large
size and positively charged nitrogen atom at neutral pH
[24]. Two positively cooperative sites, with overlapping
specificities, appear to be involved in drug binding and
transport in P-glycoprotein [25], as well as in LmrA,
a bacterial hemitransporter described below [26]. Drug
extrusion from the inner leaflet of the membrane favors
a ‘hydrophobic vacuum cleaner’ mechanism [8, 27].
MDRI1 P-glycoprotein is able to translocate the NBD de-
rivatives of various lipids [9, 28], but it remains to be seen
whether normal phospholipids are indeed transported. A
flippase mechanism has been proposed [29] and demon-
strated for the human MDR3 [9] and mouse Mdr2 [30]
isoforms, which are specific for phosphatidylcholine. A
number of mutations have been introduced within the
transmembrane « helices and the connecting loops to un-
derstand drug-substrate specificity, as summarized in a
recent review [31]. Both mutations and affinity labelings
have shown that the two last pairs of transmembrane seg-
ments, 5 and 6 within TMDI together with 11 and 12
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within TMD2, constitute major sites for drug interaction
[32, 33]. A stoichiometry close to one-to-one for the cou-
pling between hydrolyzed ATP and transported drugs has
been found with a series of substrate drugs [22, 34].
P-glycoprotein homologous transporters are found in
many species. In plants, such as Arabidopsis thaliana,
AtPGPI is involved in detoxification and in hypocotyl
elongation in light-grown seedings [35]. In parasites,
Pghl is responsible for Plasmodium falciparum resis-
tance to multiple antimalarials [36], and mdr1-type trans-
porters play similar roles in Leishmania [37,38]. Ltrmdr1
from Leishmania tropica displays the same domain topol-
ogy (TMD-NBD), as cancer cell P-glycoprotein (fig.
1 A). In bacteria, the hemitransporter LmrA from Lacto-
coccus lactis, which functions as a homodimer [26] and
confers the same phenotype as P-glycoprotein in human
transfected cells [39], has been involved in bacterial re-
sistance to antibiotics [40]. A number of bacteria also
contain a highly homologous ABC hemitransporter [41].
In contrast, no obvious P-glycoprotein homologue is
found in yeasts [42—44], whereas a number of ABC
transporters such as Pdr5p [45, 46], Snq2p [47, 48], and
probably also PdrlOp, Pdrllp and Pdrl5p in Saccha-
romyces cerevisiae, belong to the PDR (pleiotropic drug
resistance) subfamily, among the ABCG family, charac-
terized by a mirror domain topology (NBD-TMD), as il-
lustrated in figure 1 B. Despite such a variation in domain
topology and significant differences in NBD1 Walker A
and B motifs, and in NBD2 ABC-transporter signature
[45], PdrSp, which is overexpressed to a high level in
strains with pdri-3 gain-of-function mutations and con-
fers resistance to multiple antifungals, is able to bind
and/or transport similar drugs and modulators as cancer
cell P-glycoprotein [49]. Single-point mutations have
been identified to either induce overexpression of PdrSp
[50] or to alter the drug-efflux activity of the transporter
[51]. Very close homologues, Cdrlp and Cdr2p, are
found in pathogenic Candida albicans [52, 53].

Problems in MDR modulation

Much effort has been spent to find out efficient modula-
tors, or chemosensitizers, able to inhibit P-glycoprotein-
mediated drug efflux and to restore drug cytotoxic effects
in cancer cells. A number of modulators are able to re-
verse MDR in vitro, such as calcium channel blockers,
calmodulin antagonists, hydrophobic peptides, protein
kinase inhibitors, antibiotics, hormone derivatives and
flavonoids [2, 8, 54]. Some of these modulators have in
common a nitrogen atom and two planar aromatic rings
[55]. More precise structure-activity relationships have
been defined within the different classes of compounds
by studying derivatives of quinacrine [55], phenothiazine
[56], reserpine [57], phenoxazine [58], colchicine [24],
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verapamil [59], prenylcysteine [60], propafenone [61],
staurosporine [62, 63] or peptides [64, 65]. Some reviews
have dealt with the classification of all the compounds re-
ported to behave as modulators [66, 67].

A problem with most modulators is that they also become
transported by P-glycoproteins. Therefore, their in-
hibitory effect is through competition, and the concentra-
tion has to be extremely high to be effective in vivo gen-
erating unendurable side effects, such as cardiotoxicity
for verapamil or immunosuppression for cyclosporin A.
It is also remarkable that these classical P-glycoprotein
modulators are not able to efficiently overcome in vivo
MDR in Leishmania spp. at noncytotoxic concentrations
for the parasites [38]. A few modulatory compounds do
not appear to be transported. This is the case for hy-
drophobic steroids like progesterone, megestrol acetate
or medroxyprogesterone, which strongly modulate vin-
blastine efflux, as opposed to more hydrophilic deriva-
tives, which are transported [68]. The antiprogestin
RUA486 is a potent modulator in vitro [69, 70], but due to
its hormonal properties, clinical use might be at risk.
Similarly, hydrophobic antiestrogens such as tamoxifen
and derivatives bind with high affinity to P-glycoprotein
and are not transported [71]. They are being tested in clin-
ical trials against breast cancer, but have been reported to
behave as agonists in some ovarian cells and are therefore
suspected to favor endometrial cancers [72].

Another interesting, and promising, family of compounds
as efficient modulators are the flavonoids.

Flavonoids: a large family of natural compounds
with a number of healthy properties

A total of more than 6500 different flavonoids have been
identified from plant sources [73] of which at least 400
appear to be prenylated [74]. Flavonoid compounds are
particularly abundant in fruits (especially in Citrus [75]),
vegetables, nuts, stems, flowers, wine and tea, and consti-
tute important components of normal human food, with
an average of 200 mg consumed in the daily Western diet
[76]. The structures of a number of flavonoid classes and
substituents are indicated in figure 2. Flavones are con-
stituted of three conjugated rings, A and C being juxta-
posed and B branched at position 2. Flavonols addition-
ally contain a hydroxyl substituent at position 3 of C-ring,
and dehydrosilybin is further substituted by a high-size
monolignol unit consisting of two additional rings
branched at positions 3" and 4’ of B-ring. In isoflavones,
the B-ring is branched at position 3, whereas the 2,3-bond
of flavanones is reduced, thereby losing electron conjuga-
tion and ring planarity. In chalcones, the C-ring is open
and the numbering is different. Apart from halogens and
O-alkyl groups, all the other indicated substituents are
natural, including glycosylation and prenylation.

Flavonoid modulation of multidrug resistance

Flavonoids are known to exhibit a number of beneficial
properties for human health due to their interactions with
a number of cellular targets [77], such as antioxidant and
free-radical scavenger activities, as well as antiinflamma-
tory, antiviral and especially anticancer properties.

The anticarcinogenic properties are of different natures:
antimutagenic effects related to the ability of polyphenols
to absorb ultraviolet radiation, inhibitory effects of car-
cinogenic cell invasion due to lowered cell motility and
especially antiproliferative effects [75, 77]. The latter
effects are mediated through two types of action: anti-
estrogen activity [78] due to mimicking of hormones
(flavonoids are therefore often considered as ‘phytoestro-
gens’), and inhibition of a series of protein kinases and
ATP(adenosine 5’-triphosphate)ases due to mimicking of
the ATP-adenine base. Among the latter are serine/threo-
nine kinases [79, 80], tyrosine kinases [81, 82], topoiso-
merase I [83], myosin [84] as well as various membrane
ATPases: mitochondrial H*-ATPase [85], Na*/K"-ATPase
[86], Ca**-ATPase [87] or H'/K*-ATPase [88].

Different flavonoid structure-activity relationships
for distinct cellular targets

The multiple cell targets for flavonoids are not recognized
by the same types of flavonoid and therefore display
specific structure-function relationships. For example,
flavonoid binding to estrogen receptors responsible for
cell proliferation requires hydroxyl groups at B-ring po-
sitions 2’ and 3’, a double bond at C-ring positions 2—3,
and the absence of any hydrophobic prenylated sub-
stituent [78]. In contrast, the free-radical scavenger activ-
ity is dependent on a hydroxyl at A-ring position 7, but
not at C-ring position 3, which excludes flavonols [89].
Recognition of the ATP-binding site in various ATPases
requires the presence of three hydroxyl groups at A-ring
positions 5 and 7, and C-ring position 3, which favors
some flavonols [88]. On the contrary, protein kinases ex-
hibit different requirements: an isoflavone structure for
tyrosin kinases [81], or flavones substituted at A-ring po-
sition 8 for CDK2 [80].

Flavonoid modulation of MDR in cancer cells,
and interaction with multidrug transporters

Various and contradictory results have been reported for
flavonoid effects on MDR and its reversal and on the pro-
teins themselves, depending on the type of cancer cells
and the chemotherapeutic drug used. Flavonols such as
quercetin, kaempferol and galangin were reported to in-
crease adriamycin efflux from HCT-15 colon cancer cells
[90], whereas a hydrophobic quercetin derivative was
able to both inhibit rhodamine 123 efflux from MCF-7
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Figure 2. Different classes and substituents of the studied flavonoids. The main classes of flavonoids studied here, with the corresponding
numberings, are shown in the left panel. Their main substituents are described in the right panel.
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breast cancer cells and abolish their MDR phenotype
[91], and various favonols inhibited drug efflux from he-
patocytes overexpressing P-glycoprotein [92]. The iso-
flavone genistein at higher concentration was also report-
ed to inhibit drug efflux [93].

This discrepancy was probably, at least partly, related to
multiple cellular targets, as detailed above. An alternative
possibility might be the existence of different flavonoid
binding sites within the same multidrug transporter. In-
deed, quercetin was found not only to inhibit P-glycopro-
tein ATPase activity [94] but also to prevent the binding of
transported drugs such as colchicin or Hoechst 33342, or
on the contrary, to activate the binding of rhodamine 123
[25]. This further demonstrates the involvement of several
interacting binding sites for drugs and modulators.

Flavonoid molecular interactions with
P-glycoprotein and related multidrug transporters

We have investigated a large number of flavonoids, as
listed in table 1, for their direct binding either to the
NBD2 cytosolic domain of mouse P-glycoprotein or
Leishmania Ltrmdrl, or to the whole Pdr5p yeast trans-
porter by quenching of protein intrinsic fluorescence.
This fluorescence was due to tryptophan residues: 1 in P-
glycoprotein NBD2 [95, 96], 3 in Ltrmdrl NBD2 [97]
and 22 in Pdr5p [45].

An extensive study of flavonoids was performed with
mouse P-glycoprotein NBD2. First, different classes of
flavonoids were investigated for their binding ability, as
estimated by determining K, with the Grafit program
(Erithacus software), the maximal quenching of fluores-
cence being generally high (80—100%). The following

Flavonoid modulation of multidrug resistance

sequence in affinity was obtained: dehydrosilybin > chal-
cone > flavonol > flavone > isoflavone > flavanone, when
comparing, for example, dehydrosilybin to 2°,4%,6’-
triOH-chalcone, galangine or kaempferol, chrysin or api-
genin, genistein, and naringenin or silybin, respectively
[96, 98, 99]. Second, inside the same class, the following
efficiency of substituents was observed: alkoxyl, geranyl
> dimethylallyl > halogen > monolignol > methoxy > hy-
droxyl > glycosyl. Hydrophobicity of the substituents
was an important parameter since (i) alkoxylation up
to 8—10 carbon atoms gradually increased the chalcone
binding affinity [100], (ii) geranylation was better than
prenylation in both chrysin and dehydrosilybin [98, 101]
and (iii) halogens were better than H or OH in chalcones
and the sequence [ > Br > Cl > F correlated to increase in
lipophilicity [99]. The positive effects of n-octyl and io-
dine substituents were also observed in galangin deriva-
tives [102]. The positive effects of prenylation were ob-
served in all classes, including flavones [101] and chal-
cones [103], as well as in other polyphenol compounds
such as xanthones [104]. Other hydrophobic substituents
were studied, such as isopropyl and benzyl, but gave more
variable effects [101]. A positive effect was produced by
the high-size monolignol unit when comparing silybin to
taxifolin and dehydrosilybin to galangin [98]. Slightly
positive effects were produced by methyl/methoxy
groups, for example at either position 6, 7 or 8 of chrysin,
position 4’ of galangin or position 4 of chalcone, but not
at position 3 of galangin. The hydroxyl groups appeared
to be important at position 3, when comparing flavonols
to flavones, and at position 5 [96]. In contrast, all forms
of glycosylation at different positions dramatically al-
tered the binding affinity, as observed for rutin [86], and
as well for apigenin-7-O-glucoside and vitexin.

Table 1. Direct binding of flavonoids to purified multidrug transporters or cytosolic domains, as monitored by quenching of intrinsic

fluorescence.
Flavonoids Kp (1M)
P-glycoprotein NBD2 Ltrmdrl NBD2 Full-length Pdr5p
Flavones
7-OH-flavone 349+45 83.7+15.5
Chrysin (5,7-di-OH-flavone) 89+0.3 17.6 £5.9 93+1.8
6-Methyl-chrysin 3.1+0.97
Tectochrysin (5-OH,7-methoxy-flavone) 63+43
6,7-Dimethyl-chrysin 1.3+0.35
Apigenin (4’-OH-chrysin) 10.1+1.9 157+1.0 77+1.4
Apigenin-7-O-glucoside low quenching*
Vitexin (apigenin-8-C-glucoside) low quenching
Acacetin (4’-methoxy-chrysin) 20.9+2.0

63+0.5
22+04

3’,4’-Difluoro-chrysin
4’-Todo-chrysin
6-Isopropyl-chrysin
7-O-Isopropyl-chrysin
6,7-Diisopropyl-chrysin

low quenching
1.3+£0.34
low quenching
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Table 1. continued
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Flavonoids Ky (uM)

P-glycoprotein NBD2 Ltrmdrl NBD2 Full-length Pdr5p
6,7,8-Triisopropyl-chrysin low quenching
6-Benzyl-chrysin 0.34 +£0.04
8-Benzyl-chrysin 0.99 £0.14
6,8-Dibenzyl-chrysin low quenching
7-O-Benzyl-chrysin low quenching
6-Prenyl-chrysin 0.30 £ 0.03 1.1+0.1
7-O-Prenyl-chrysin low quenching
8-DMA-chrysin 0.20 = 0.05 14+0.2
8-Prenyl-chrysin 0.28 £ 0.04 29+0.3 3.1+0.2
6,8-Diprenyl-chrysin low quenching low quenching
6-Geranyl-chrysin 0.045 +0.005 34405
8-Geranyl-chrysin 0.025 £+ 0.005 4.6+04
8-DMA-apigenin 0.7+0.1 0.7+0.1
Flavonols and 3-methyl derivatives
3-OH-flavone 10.1+2.5 18.7+3.2
Galangin (3,5,7-triOH-flavone) 53+0.1 92+1.0 6.3+0.5
Kaempferol (3,5,7,4’-tetraOH-flavone) 6.7+0.3
Kaempferide (3,5,7-tetraOH,4’-methoxy-flavone) 45+0.2 13.6+23 5.1+£0.6
Quercetin (3,5,7,3",4’-pentaOH-flavone) 7.0+£0.5 13.0+£2.9
8-DMA-kaempferide 0.20 +£0.08 0.7+0.1 1.6+0.2
8-DMA-galangin 0.45£0.07 0.34 £0.09
6-Prenyl-galangin 0.21 £0.06 1.6 £ 0.1
8-Prenyl-galangin 0.22 £ 0.05 0.62 +0.24 22402
4’-Fluoro-galangin 6.8+0.28
2’ 4’-Dichloro-galangin 4.0+0.23
4’-lodo-galangin 1.1 £0.08
4’-n-C4H,;-galangin 0.06 +0.02
Rutin (quercetin-3-O-rutinose) low quenching low quenching low quenching
3-methyl-galangin 8.9+0.6 6.4+1.1
8-Prenyl-3-methyl-galangin 26+03
8-DMA,3,7-dimethyl-galangin 0.15+0.02
Dehydrosilybin derivatives
Dehydrosilybin 22+0.1 23+0.2
6-Prenyl-dehydrosilybin 0.37+0.02 0.27 £0.05
8-Prenyl-dehydrosilybin 0.25+0.01 0.11+0.02
6-Geranyl-dehydrosilybin 0.18 £0.01 0.67 £ 0.06
8-Geranyl-dehydrosilybin 0.12 £ 0.01 0.31 £0.05
Isoflavones
Genistein 26.5+5.5 64.2 + 15 30.0+7.8
Flavanones
Naringenin (5,7,4’-triOH-flavanone) 36.5+3.5 59.7 +18.6 26.5+5.1
Taxifolin (3,5,7,3",4’-pentaOH-flavanone) 374+33
Silybin (3,5,7-triOH,3’,4’-monolignol-flavanone) 6.8 +0.3 92+1.0
Chalcones
Chalcone (2°,4",6’-triOH) 46+03
4-OH-chalcone 4.8+0.5
4-Methoxy-chalcone 23+0.2
4-Fluoro-chalcone 36+04
4-Chloro-chalcone 1.3+0.1
4-Bromo-chalcone 0.57 £0.08
4-lodo-chalcone 0.25+0.06
4-n-C,H;-chalcone 2.1+0.2
4-n-C,H,-chalcone 1.0 £ 0.08
4-n-C¢H ;-chalcone 0.27 £ 0.05
4-n-Cyclohexyl-chalcone 0.53 £0.07
4-n-CgH,,~chalcone 0.02 £ 0.04
4-n-C,,H,,-chalcone 0.06 + 0.04
4-n-C,,H,y-chalcone 142+25
4-OH-3-prenyl-chalcone 0.53 +£0.09
Broussochalcone A (3,4-diOH,5’-prenyl-chalcone) 0.44 +0.07

* When the quenching was low (<40 %), the K}, was not determined.
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Slightly lower affinities were obtained with the N-termi-
nal cytosolic domain, NBD1, of mouse P-glycoprotein
for quercetin and dimethylallyl derivatives of apigenin,
kaempferide and ermanin [105]. However, the experi-
ments were performed at pH 9.0 instead of 6.8 for NBD2,
due to the much higher solubility of NBD1 at alkaline
pH [106, 107]. Such an increase in pH lowered the
kaempferide binding affinity for NBD2 [108]; therefore,
both NBD1 and NBD2 exhibited similar binding affini-
ties for flavonoids under comparable conditions. The
same preference for prenylated flavonoids as compared
with unsubstituted compounds was observed for the hu-
man P-glycoprotein NBD2 [109].

Similar structure-activity relationships were obtained
with parasite Ltrmdrl NBD2, despite a lower solubility
of the recombinant protein which required (i) renatura-
tion from inclusion bodies, (ii) a need for a residual
10-mM imidazole concentration and (iii) a requirement
to perform excitation at 288 nm instead of 295 nm [97].
In addition, the 1,1-dimethylallyl (DMA) isomer ap-
peared to be better than the 3,3- one (prenyl) in both
chrysin and galangin, prenylation at position 8§ was found
slightly more efficient than at position 6 and prenylation
appeared better than geranylation [110]. The recombinant
NBD from the Bacillus subtilis YvcC ABC transporter,
highly homologous to Lactococcus lactis LmrA [26], also
bound the 8-dimethylallyl derivative of kaempferide with
much higher affinity than unsubstituted kaempferide
[111].

The prenylation effects produced in full-length Pdr5p
from yeast were qualitatively comparable, but quantita-
tively much lower [112]. This might be attributable, at
least partly, to the presence of residual detergent, 0.02%
n-dodecyl B-p-maltoside, required to keep the transporter
soluble, which is expected to lower protein interactions
with hydrophobic ligands.

Both NBD1 [107] and NBD2 [96] from P-glycoprotein,
as well as NBD2 from Ltrmdr1 [97], contain a region in-
teracting with hydrophobic steroid derivatives such as
RU486. This region is probably located in close proxim-
ity to the ATP binding site since RU486 completely pre-
vents or displaces the hydrophobic nucleotide derivative
2’(3’)-methylanthraniloyl-ATP (MANT-ATP) [107]. The
binding of kaempferide to P-glycoprotein NBD2 was
partly prevented by preincubation with either ATP or
RU486, or additively by both ATP and RU486, which
suggests that kaempferide displays bifunctional inter-
actions with the ATP binding site and the hydropho-
bic steroid-interacting region [96]. The binding of
flavonoids to the ATP binding site was also monitored by
studying their ability to prevent photoaffinity labeling by
[y-32P]TNP-8azido-ATP, which was shown to label the
ATP site of Ca’-ATPase [113]. Table 2 shows that
kaempferide indeed bound to the ATP binding site since
it prevented NBD2 photolabeling with a IC;, value (con-
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centration producing 50 % inhibition of labeling) similar
to the K, for direct binding [114]. However, among a to-
tal of 29 flavonoids tested, only 3 were found to bind to
the ATP site. Galangin and dehydrosilybin are also
flavonols, indicating that the hydroxyl at position 3 is
critical; the higher IC,, value for dehydrosilybin as com-
pared with the K|, for direct binding suggests that exten-
sion of B-ring is possible but that the high size of the
monolignol unit might produce some steric hindrance. In
addition to the importance of hydroxyl group at position
3, since neither flavones nor chalcones had any preven-
tive effect, the oxidation of the 2, 3-bond was critical
since silybin was inefficient. These requirements are
similar to those observed for quercetin binding to the
Hck tyrosine kinase as demonstrated by cocrystallization
[82], and for other ATPases by inhibition kinetics [88]. In
contrast, they differ from those concerning the cyclin-
dependent CDK2, the crystal structure of which was de-
termined with bound chrysin derivatives [80]. Interest-
ingly, hydrophobic substitution by prenylation at either
position 6 or 8, which considerably increased the binding
affinity for P-glycoprotein NBD2, shifted flavonol bind-
ing outside the ATP binding site as it did not compete
anymore with nucleotides. It is likely that the binding of
prenyl-flavonols might better overlap the hydrophobic
steroid-interacting region than the binding of unsubsti-
tuted ones.

The effects of flavonoids on nucleoside triphosphate hy-
drolysis was studied in vitro, on the yeast PdrSp trans-
porter [112] within enriched plasma membranes (table 3).
Chrysin and quercetin behaved as poor inhibitors, but
flavonoid prenylation markedly increased the efficiency
of inhibition, up to a ICy, value of 4.9 uM for 6-prenyl-
galangin towards UTP(uridine 5’-triphosphate)ase activ-
ity; the inhibition appeared to be noncompetitive. In the
case of cyclic AMP-dependent kinase, a prenylated de-
rivative, waranglone, also behaved as a much more potent
inhibitor than the corresponding unsubstituted flavonoid,
and produced a noncompetitive inhibition with respect to
ATP [115].

The same flavonoids and prenylated derivatives were
very efficient for inhibiting the energy-dependent inter-
action of rhodamine 6G with the Pdr5p-enriched plasma
membranes [112]. Here, also, the prenylated derivatives
were much more potent inhibitors than the unsubstitut-
ed flavonoids for both chrysin, kaempferide, 3-me-
thyl-galangin and galangin. The best affinity was also
obtained for 6-prenyl-galangin, with a IC,, value of
0.24 pM, indicating a 200-fold higher inhibition effi-
ciency than for ATPase activity. In addition, the inhibition
was always found to be competitive with respect to
rhodamine 6G. Therefore, prenyl-flavonoids exhibit a
marked preference for binding to the drug binding site(s)
of Pdr5p over the ATP binding site(s).
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Table 2. Effects of flavonoid substituents on binding to the ATP site of P-glycoprotein NBD2, as monitored by protection against photo-

labeling of the recombinant domain by radioactive TNP-8N;-ATP.

The purified domain was preincubated with increasing concentrations of each flavonoid and then photolabeled by the ATP derivative.

Flavonoids Substituents 1Cy, of
TNP-8N,-ATP
3 5 6 7 8 3 4 photolabeling™*
Flavones
Chrysin OH OH n.if
6-Prenyl-chrysin OH prenyl OH n.i.
7-Prenyl-chrysin OH O-prenyl n.i.
Tectochrysin OH OCH, n.i
8-DMA-chrysin OH OH DMA n.i.
8-Prenyl-chrysin OH OH prenyl n.i.
6,8-Diprenyl-chrysin OH prenyl OH prenyl n.i
6-Geranyl-chrysin OH geranyl OH n.i.
8- Geranyl -chrysin OH OH geranyl n.i.
4’-Fluoro-chrysin OH OH F n.i
4’-lodo-chrysin OH OH 1 n.i.
Flavonols
Galangin OH OH OH 20 uM
6-Prenyl-galangin OH OH prenyl OH n.i.
8-Prenyl-galangin OH OH OH prenyl n.i.
Kaempferide OH OH OH OCH, 1.9 uM
8-DMA-kaempferide OH OH OH DMA OCH, n.i.
8-DMA-3-Me-kaempferide OCH; OH OH DMA OCH, n.i.
Dehydrosilybin derivatives
Dehydrosilybin OH OH OH monolignol unit 32 uM
6-Prenyl-dehydrosilybin OH OH prenyl OH monolignol unit n.i.
8-Prenyl-dehydrosilybin OH OH OH prenyl monolignol unit n.i.
Silybin (reduced 2,3-bond) OH OH OH monolignol unit n.i
2 3 4 5 6 3 4
Chalcones
4-OH-chalcone OH OH OH OH n.i.
4-C,H;-chalcone OH OH OH C,H; n.i.
4-C,H,-chalcone OH OH OH C,H, n.i.
4-CgH,;-chalcone OH OH OH CeHy; n.i.
4-C4H,,-chalcone OH OH OH CeH,; n.i.
4-Fluoro-chalcone OH OH OH F n.i.
4-lodo-chalcone OH OH OH I n.i.
4-OH-3-prenyl-chalcone OH OH OH prenyl OH n.i.

* The 1Cy, corresponds to the flavonoid concentration producing a 50 % inhibition of labeling.
n.i. meams that no inhibition was observed up to a 50 uM concentration.

Cellular effects of flavonoids

Prenyl-flavonoids produced an efficient inhibition of P-
glycoprotein-mediated drug efflux within leukemic
K562/R7 cells [101], as monitored by flow cytometry
(fig. 3). The greatest effect was produced by 8-prenyl-
chrysin, but significant effects were also produced by 6-
prenyl, 8-geranyl, 6-geranyl and 6,8-diprenyl derivatives.
Clearly, although hydrophobicity is a critical parameter
for both binding affinity towards NBD2 and inhibition of
cellular P-glycoprotein activity, other determinants are
also important for the inhibition. Indeed, the most effi-
cient inhibitor, 8-prenyl-chrysin, is a moderately hy-
drophobic compound, characterized by a high-affinity
binding for, and a high maximal fluorescence quenching

(>80%) of, P-glycoprotein NBD2. In contrast, more hy-
drophobic compounds with lower inhibitory effects, such
as isopropyl-, diprenyl- and geranyl- derivatives, proba-
bly bound differently to NBD2 since the maximal
quenching was significantly lower [101]. Hydrophobic
substitution at position 7 with a N-benzylpiperazine chain
was also found to increase the potency of inhibiting P-
glycoprotein, and overall lipophilicity was also con-
cluded to be an important determinant, although not the
only one [116].

Prenylation was also critical in vivo to improve flavonoid
inhibiton in the case of the Leishmania tropica multidrug
transporter Ltrmdrl since 8-DMA-kaempferide was a
better modulator than either cyclosporin A or verapamil
[97], whereas apigenin produced a significant but much
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Table 3. Inhibition by flavonoids of nucleotide hydrolysis by, and energy-dependent rhodamine 6G interaction with, yeast plasma mem-

branes enriched with PdrSp.

Flavonoids IC;, nucleotide hydrolysis (uM)

ATPase UTPase I5, rhodamine 6G

activity activity interaction (uM)
Chrysin high* high* 85+0.6
8-Prenyl-chrysin 0.94 +0.05
6,8-Diprenyl-chrysin 0.39+£0.01
8-Geranyl-chrysin high* 180 1.5+0.01
6-Geranyl-chrysin 0.43 +0.05
Quercetin high* 450 1.5+£0.01
Kaempferide 1.3+0.1
8-DMA-kaempferide high* 38.6+53 0.33 £0.04
3-Methyl-galangin 59+0.2
8-Prenyl-3-methyl- galangin 80.4+5.6 144 +£5.1 0.67 +0.05
8-DMA-3-methyl-galangin 0.49 £0.02
Galangin 2.2+0.1
8-Prenyl-galangin 0.57+0.03
8-DMA-galangin 0.39+£0.01
6-Prenyl- galangin 5010 49+0.8 0.24 £0.03
* High ICy, was due to insufficient inhibition, preventing accurate determination of a precise value.

Chrysin substituents

1.479
1.350
1.296
1.288
1.248
1.076
1.060
0.898
0.853
0.842
0.812
0.754
0.754
0.719
0.608
0.512
0.358

Hydrophobicity index

50

Daunomycin accumulation (% cyclosporin A effect)

100

150

6,7 8-trisopropyl
8-geranyl
6,8-diprenyl
6-geranyl
6,7-diisopropy!
7-O-benzyl
6,8-dibenzyl
7-O-isopropyl
B-preny!
6,7-dimethyl
G-prenyl
8-benzy!
6-benzyl
7-O-methy|
G-isopropyl
6-methyl

none

Figure 3. Intracellular daunomycin accumulation in leukemic K562/R7 human cells upon addition of chrysin derivatives. P-glycoprotein-
overexpressing K562/R7 cells were preincubated with 10 uM of each chrysin derivative, mixed with daunomycin and assayed by flow
cytometry for the intracellular remaining fluorescence. The modulatory effect was expressed with respect to that produced by 2 pM
cyclosporin A. The hydrophobicity index of each chrysin derivative was determined by thin-layer chromatography on C18 reverse-phase

silica gel [91].
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less effect, and no inhibition at all was observed with
rutin (table 4). Therefore, prenylation appears to be im-
portant for both increasing the binding affinity towards
the cytosolic domain of this parasite transporter and in-
hibiting drug efflux to the extracellular medium.

Finally, prenylation was quite determinant for chemosen-
sitizing the parasite growth [110] to the presence of cyto-
toxic drugs such as daunomycin at high concentration
(table 5). This was true for any flavonoid tested such as
chrysin, galangin or dehydrosilybin, as well for DMA,
prenyl and geranyl, at either position 6 or 8. The best ef-
fect was produced by 8-prenyl-dehydrosilybin at 10 pM,
since almost no growth inhibition was observed for the
wild-type strain, whereas a marked effect was seen with
the drug-resistant strain. However, the DMA isomer sub-
stituent was better in chrysin and galangin, suggesting
that DM A-dehydrosilybin would be expected to behave
as an even stronger chemosensitizer. Unsubstituted dehy-
drosilybin appeared to be highly cytotoxic, as compared
with silybin; this might be attributable to its ability to in-
teract with ATP binding sites which are present on a
number of other cellular targets.

Therefore, we observed a strong correlation between the
affinity of in vitro binding to the Leishmania Ltrmdrl
NBD2, and the efficiency of both in vivo modulation of
drug accumulation and reversion of the resistant pheno-
type in the MDR L. tropica line [97, 110].

A tentative mechanism for the interaction of flavonoids
with P-glycoprotein and related multidrug transporters is
proposed on figure 4. Unsubstituted flavonols, such as
galangin, kaempferol, kaempferide or dehydrosilybin,
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Figure 4. Schematic interaction of flavonoids with P-glycoprotein
and related multidrug transporters. Flavonols, such as kaempferide,
galangin or dehydrosilybin, display bifunctional interactions with
NBDs, at both the ATP binding site and a vicinal sequence interact-
ing with hydrophobic steroids such as RU486. Prenylation would
strongly increase flavonoid interaction with both the NBD steroid-
interacting sequence and the TMD drug binding site, while pre-
venting overlapping of the ATP binding site.

appear to interact bifunctionnally with cytosolic NBDs:
the hydroxyl groups at positions 3 and 5, in addition to the
ketone at position 4, would bind to the ATP binding site,
whereas other parts of the molecule would bind to a vici-
nal region able to interact with hydrophobic steroid de-
rivatives. Prenylation at either position 6 or 8 of the A-
ring would increase hydrophobic interactions with both
the cytosolic steroid-interacting region and the mem-

Table 4. Inhibition of Leishmania tropica multidrug transporter activity, as monitored by intracellular daunomycin accumulation in drug-

resistant parasites measured by flow cytometry.

Modulator Concentration Intracellular daunomycin accumulation
(uM)
% of the control % cyclosporin A
value* effect?
None - (100)
Cyclosporin A 75 221 (100)
Verapamil 75 270 122
Apigenin 75 133 60
100 168 75
150 259 117
200 272 123
8-DMA-kaempferide 15 169 76
25 295 133
50 384 173
75 389 176
Rutin 75 100 45
100 78 35
200 67 30
300 67 30

*The control was performed in the absence of any modulator.

 The results are expressed with respect to the effect produced by 75 uM cyclosporin A.
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Table 5. Chemosensitization to 150 uM daunomycin, as monitored by differential inhibition of parasite cell growth.

Flavonoid Concentration % cell growth inhibition
(MM)
Wild-type Drug-resistant Differential
strain strain inhibition

Chrysin 75 28.5 54.0 25.5
8-Prenyl-chrysin 20 9.3 11.4 2.1
30 29.7 46.6 16.9
40 37.1 71.5 34.4
8-DMA-chrysin 20 12.6 314 18.8
30 254 87.9 62.5
Galangin 75 15.3 354 20.1
8-Prenyl-galangin 40 14.3 50.9 36.6
50 31.7 79.4 47.7
8-DMA-galangin 10 0.5 31.5 31.0
20 22.1 81.6 59.5
8-DMA-kaempferide 25 3.1 28.2 25.1
50 22.5 78.6 56.1
Silybin 100 8.4 159 7.5
200 9.7 27.8 18.1
300 29.2 55.8 26.6
Dehydrosilybin 20 61.8 43.7 —18.1
8-Prenyl-dehydrosilybin 2.5 5.5 34.7 29.2
5 9.7 64.0 543
10 15.2 95.3 80.1
6-Prenyl-dehydrosilybin 10 39 13.5 9.6
20 0.5 41.0 40.5
30 12.3 89.2 76.9
8-Geranyl-dehydrosilybin 10 6.6 38.8 322
20 0.9 51.5 50.6
30 61.1 94.7 33.6
6-Geranyl-dehydrosilybin 10 4.1 35.6 31.5
20 0.7 62.3 61.6
30 30.8 98.2 67.4

brane drug binding site of the full-length transporter. This
would produce a significant shift in flavonoid position-
ing, in such a way that overlapping of the ATP binding
site would no longer occur. Such a prenyl-flavonoid posi-
tioning appears to be efficient enough to directly inhibit
drug binding and transport, while indirectly interfering
with ATP hydrolysis or energy transduction. In this way,
prenyl-flavonoids appear to be quite promising modula-
tors of MDR, as mediated by P-glycoprotein in cancer
cells and related ABC transporters in other species.

Since P-glycoprotein is located in the apical membrane of
anumber of epithelial cells, including jejunum and colon,
its activity is now recognized to limit the oral absorption
of drugs by mediating their secretion from blood to in-
testinal lumen [117, 118]. However, drug bioavailability
also depends on the activity of cytochrome P450 (CYP)
phase I enzymes which are expressed in the intestine
[119]. Interestingly, the two enzymes share many sub-
strates [120] and inhibitors [119], and both appear to be
regulated by similar compounds [121]. This raised the
question whether some diet components could act as P-

glycoprotein and CYP inhibitors, and enhance drug
bioavailability [122]. Increased concentration of many
drugs has been demonstrated when coadministrated with
grapefruit juice. However, this might be due to inhibition
of either CYP enzymes, presumably by naringenin [123],
or P-glycoprotein by another compound [124]. On the
contrary, it has been shown that grapefruit juice signifi-
cantly activates the efflux of drugs that are P-glycoprotein
substrates [125]. Thus the activating effect of grapefruit
juice on P-glycoprotein would partially counteract its
CYP3A-inhibitory effect, which contrasts with the earlier
assumption that intestinal CYP3A share common in-
hibitors with P-glycoprotein. In conclusion, the involve-
ment of food components on drug bioavailability cer-
tainly deserves more attention. For example, flavonoids
like naringenin may in fact inhibit CYP phase I enzymes
more than P-glycoprotein. In addition, the link between
CYP and P-glycoprotein activities is still a matter of de-
bate. There are reports on independent regulation of the
two enzymes [119], and increasing evidence for differen-
tial inhibition [126, 127], such as polymethoxylated
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flavones from orange juice, which inhibit P-glycoprotein
but not CYP3A4 [128].

Acknowledgements. This research was supported by the CNRS
(UMR 5086 and PCV97-129);

Université Claude Bernard-Lyon I;

the Fondation de France (grant 96003891);

Région Rhone-Alpes (Emergence 97027309, and a EURODOC fel-
lowship to G.C.);

the Association pour la Recherche contre le Cancer (grant 9147);
the Ligue Nationale Contre le Cancer, et Comités du Rhone, Loire
et Haute-Savoie;

the Fondation pour la Recherche Médicale (grant 20000400-01);
French CNRS-Belgian CGRI/FNRS agreements;

French CNRS-Spanish CSIC agreements;

French CNRS-South African FRD agreements and

the European Union FW5 (Polybind Project QLK 1-1999-00505).

10

11

12

13

Simon S. M. and Schindler M. (1994) Cell biological mecha-
nisms of multidrug resistance in tumors. Proc. Natl. Acad. Sci.
USA 91: 3497-3504

Leveille-Webster C. R. and Arias 1. M. (1995) The biology of
the P-glycoprotein J. Membrane Biol. 143: 89—102

Endicott J. A. and Ling V. (1989) The biochemistry of P-gly-
coprotein-mediated multidrug resistance. Annu. Rev.
Biochem. 58: 137-171

Cole S. P. C., Bhardwaj G., Gerlach J. H., Mackie J. E., Grant
C. E., Almquist K. C. et al. (1992) Overexpression of a trans-
porter gene in a multidrug-resistant human lung cancer cell
line. Science 258: 1650—1654

Borst P, Evers R., Kool M. and Wijnholds J. (1999) The mul-
tidrug resistance protein family. Biochim. Biophys. Acta
1461: 347-357

Doyle L. A., Yang W., Abruzzo L. V,, Krogmann T., Gao Y.,
Rishi A. K. et al. (1998) A multidrug resistance transporter
from human MCF-7 breast cancer cells. Proc. Natl. Acad. Sci.
USA 95: 15665—15670

Miyake K., Mickley L., Litman T., Zhan Z., Robey R.,
Cristensen B. et al. (1999) Molecular cloning of cDNAs which
are highly overexpressed in mitoxantrone-resistance cells:
demonstration of homology to ABC transport genes. Cancer
Res. 59: 8—13

Gottesman M. M. and Pastan 1. (1993) Biochemistry of mul-
tidrug resistance mediated by the multidrug transporter. Annu.
Rev. Biochem. 62: 385—-427

van Helvoort A., Smith A. J., Sprong H., Fritze 1., Schinkel A.
H., Borst P. et al. (1996) MDR1 P-glycoprotein is a lipid
translocase of broad specificity, while MDR3 P-glycoprotein
specifically translocates phosphatidylcholine. Cell 87:
507-517

Cordon-Cardo C., O’Brien J. P, Casals D., Rittmann-Graue
L., Bielder J. L., Melamed M.R. et al. (1989) Multidrug-resis-
tance gene (P-glycoprotein) is expressed by endothelial cells
at blood-brain barrier sites. Proc. Natl. Acad. Sci. USA 86:
695-698

Gros P. and Buschman E. (1993) The mouse multidrug resis-
tance gene family: structural and functional analysis. Int. Rev.
Cytol. 137C: 169-197

Kast C., Canfield V,, Levenson R. and Gros P. (1996) Trans-
membrane organization of mouse P-glycoprotein determined
by epitope insertion and immunofluorescence. J. Biol. Chem.
271: 9240-9248

Walker J. E., Saraste M., Runswick M. J. and Gay N. J. (1982)
Distantly related sequences in the alpha- and beta-subunits of
ATPsynthase, myosin, kinases and other ATP-requiring en-
zymes and a common nucleotide-binding fold. EMBO J. 1:
945-951

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Review Article 319

Ames G. F.-L., Mimura C. S., Holbrook S. R. and Shyamala V.
(1992) Traffic ATPases: a superfamily of transport proteins
operating from Escherichia coli to humans. Adv. Enzymol.
Relat. Areas Mol. Biol. 65: 1-47

Holland I. B. and Blight M. A. (1999) ABC-ATPases, adapt-
able energy generators fuelling transmembrane movement of
a variety of molecules in organisms from bacteria to humans.
J. Mol. Biol. 293: 381-399

Hopfhner K. P, Karcher A., Shin D. S., Craig L., Arthur L. M.,
Carney J. P. et al. (2000) Structural biology of Rad50 ATPase:
ATP-driven conformational control in DNA double-strand break
repair and the ABC-ATPase superfamily. Cell 101: 789—800
Rosenberg M. F,, Callaghan R., Ford R. C. and Higgins C. F.
(1997) Structure of the multidrug resistance P-glycoprotein to
2.5 nm resolution determined by electron microscopy and im-
age analysis. J. Biol. Chem. 272: 10685—10694

Hung L.-W., Wang I. X., Nikaido K., Liu P-Q., Ames G. F.-L.
and Kim S.-H. (1998) Crystal structure of the ATP-binding
subunit of an ABC transporter. Nature 396: 703—707
Diederichs K., Diez J., Greller G., Miiller C., Breed J., Schnell
C. etal. (2000) Crystal structure of MalK, the ATPase subunit
of the trehelose/maltose ABC transporter of the archeon Ther-
mococcus litoralis. EMBO J. 22: 5951-5961

Senior A. E. and Bhagat S. (1998) P-glycoprotein shows
strong catalytic cooperativity between the two nucleotide
sites. Biochemistry 37: 831-836

Kerr K. M., Sauna Z. E. and Ambudkar S. V. (2001) Correla-
tion between steady-state ATP hydrolysis and vanadate-in-
duced ADP trapping in human P-glycoprotein. Evidence for
ADP release as the rate-limiting step in the catalytic cycle and
its modulation by substrates. J. Biol. Chem. 276: 8657—-8664
Urbatsch 1. L., Sankaran B., Weber J. and Senior A. E. (1995)
P-glycoprotein is stably inhibited by vanadate-induced trap-
ping of nucleotide at a single catalytic site. J. Biol. Chem. 270:
19383-19390

Sankaran B., Bhagat S. and Senior A. E. (1997) Photoaffinity
labelling of P-glycoprotein catalytic sites. FEBS Lett. 417:
119-122

Tang-Wai D. F., Brossi A., Arnold L. D. and Gros P. (1993) The
nitrogen of the acetamido group of colchicine modulates P-
glycoprotein-mediated multidrug resistance. Biochemistry
32: 6470-6476

Shapiro A. B. and Ling V. (1997) Positively cooperative sites
for drug transport by P-glycoprotein with distinct drug speci-
ficities. Eur. J. Biochem. 250: 130—137

van Veen H. W., Margolles A., Muller M., Higgins C. F. and
Konings W. N. (2000) The homodimeric ATP-binding cassette
transporter LmrA mediates multidrug transport by an alter-
nating two-site (two-cylinder engine) mechanism. EMBO J.
19: 2503-2514

Bolhuis H., van Veen H. W., Poolman B., Driessen A. J. M. and
Konings W. N. (1997) Mechanisms of multidrug transporters.
FEMS Microbiol. Rev. 21: 55-84

Romsicki Y. and Sharom F. J. (2001) Phospholipid flippase ac-
tivity of the reconstituted P-glycoprotein multidrug trans-
porter. Biochemistry 40: 6937—6947

Higgins C. F. and Gottesman M. M. (1992) Is the multidrug
transporter a flippase? Trends Biochem. Sci. 17: 18—21
Ruetz S. and Gros P. (1994) Phosphatidylcholine translocase:
a physiological role for the mdr2 gene. Cell 77: 10711081
Ambudkar S. V,, Dey S., Hrycyna C. A., Ramachandra M.,
Pastan I. and Gottesman M. M. (1999) Biochemical, cellular
and pharmacological aspects of the multidrug transporter.
Annu. Rev. Toxicol. 39: 361-398

Greenberger L. M. (1998) Identification of drug interaction
sites in P-glycoprotein. Methods Enzymol. 292: 307-317
LooT. W. and Clarke D. M. (1997) Identification of the drug-
binding site of human P-glycoprotein using a thiol-reactive
substrate. J. Biol. Chem. 272: 31945-31948



320

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

A. Di Pietro et al.

Stein W. D. (1997) Kinetics of the multidrug transporter (P-
glycoprotein) and its reversal. Physiol. Rev. 77: 545-590
Sidler M., Hassa P, Hasan S. and Dudler R. (1998) Involve-
ment of an ABC transporter in a developmental pathway reg-
ulating hypocotyl cell elongation in the light. Plant Cell 10:
16231636

Reed M. B., Saliba K. J., Caruana S. R., Kirk K. and Cowman
A. F. (2000) Pgh1l modulates sensitivity and resistance to mul-
tiple antimalarials. Nature 403: 906—909

Hendrickson N., Sifri C. D., Allen T., Wirth D. F. and Ullman
B. (1993) Molecular characterization of the ldmdr] multidrug
resistance gene from Leishmania donovani. Mol. Biochem.
Parasitol. 60: 53—64

Chiquero M. J., Perez-Victoria J. M., O’Valle E, Gonzales-
Ros J. M., del Moral R. G., Ferragut J. A. et al. (1998) Altered
drug membrane permeability in a multidrug-resistant Leish-
mania tropica line. Biochem. Pharmacol. 55: 131-139

van Veen H. W,, Callaghan R., Soceneantu L., Sardini A., Kon-
ings W. N. and Higgins C. F. (1998) A bacterial antibiotic-re-
sistance gene that complements the human multidrug-resis-
tance P-glycoprotein gene. Nature 391: 291-295

Putman M., van Veen H. W., Degener J. E. and Konings W. N.
(2000) Antibiotic specificity resistance: era of the multidrug
pump. Mol. Microbiol. 36: 772—-774

van Veen H. W. and Konings W. N. (1998) The ABC family of
multidrug transporters in microorganisms. Biochim. Biophys.
Acta 1365: 31-36

Decottignies A. and Goffeau A. (1997) Complete inventory of
the yeast ABC proteins. Nat. Genet. 15: 137—145

Wolfger H., Mamnun Y. M. and Kuchler K. (2001) Fungal
ABC proteins: pleitropic drug resistance, stress response and
cellular detoxification. Res. Microbiol. 152: 375-389
Rogers B., Decottignies A., Kolaczkowski M., Carvajal E.,
Balzi E. and Goffeau A. (2001) The pleiotropic drug ABC
transporters from Saccharomyces cerevisiae. J. Mol. Micro-
biol. Biotechnol. 3: 207214

Balzi E., Wang M., Leterme S., Van Dyck, L. and Goffeau, A.
(1994) PDRS5, a novel yeast multidrug resistance conferring
transporter controlled by the transcription regulator PDRI. J.
Biol. Chem. 269: 22062214

Bissinger P. H. and Kuchler K. (1994) Molecular cloning and
expression of the Saccharomyces cerevisiae STS1 gene prod-
uct. A yeast ABC transporter conferring mycotoxin resistance.
J. Biol. Chem. 269: 4180—4186

Decottignies A., Lambert L., Catty P,, Degand H., Epping E.
A., Moye-Rowley W. S. et al. (1995) Identification and char-
acterization of Snq2, a new multidrug ATP binding cassette
transporter of the yeast plasma membrane. J. Biol. Chem. 270:
18150-18157

Mahe Y., Lemoine Y. and Kuchler K. (1996) The ATP binding
cassette transporters PdrSp and Snq2 of Saccharomyces cere-
visiae can mediate transport of steroids in vivo. J. Biol. Chem.
271: 25167-25172

Kolaczkowski M., van der Rest M., Cybularz-Kolaczkowska
A., Soumillion J.-P.,, Konings W. N. and Goffeau A. (1996) An-
ticancer drugs, ionophoric peptides and steroids as substrates
of the yeast multidrug transporter Pdr5p. J. Biol. Chem. 271:
31543-31548

Carvajal E., van den Hazel H. B., Cybularz-Kolaczkowska A.,
Balzi E. and Goffeau A. (1997) Molecular and phenotypic
characterization of yeast PDR1 mutants that show hyperactive
transcription of various ABC multidrug transporter genes.
Mol. Gen. Genet. 256: 406415

Egner R., Bauer B. E. and Kuchler K. (2000) The transmem-
brane domain 10 of the yeast PdrSp ABC antifungal efflux
pump determines both substrate specificity and inhibitor sus-
ceptibility. Mol. Microbiol. 35: 1255—1263

Prasad R., De Wergifosse P, Goffeau A. and Balzi E. (1995)
Molecular cloning and characterization of a novel gene of

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

Flavonoid modulation of multidrug resistance

Candida albicans, CDR1, conferring multiple resistance to
drugs and antifungals. Curr. Genet. 27: 320—329

Sanglard D., Ischer F., Monod M. and Bille J. (1997) Cloning
of Candida albicans genes conferring resistance to azole an-
tifungal agents: characterization of CDR2, a new multidrug
ABC transporter gene. Microbiology 143: 405—-416

Sikic B. 1. (1997) Pharmacologic approaches to reversing
multidrug resistance. Semin. Hematol. 34: 40—47

Zamora J. M., Pearce H. L. and Beck W. T. (1988) Physiolog-
ical-chemical properties shared by compounds that modulate
multidrug resistance in human leukemic cells. Mol. Pharma-
col. 33: 454-562

Ford J. M., Prozialeck W. C. and Hait W. N. (1989) Structural
features determining activity of phenothiazines and related
drugs for inhibition of cell growth and reversal of multidrug
resistance. Mol. Pharmacol. 35: 105—-115

Pearce H. L., Winter M. A. and Beck W. T. (1990) Structural
characteristics of compounds that modulate P-glycoprotein-
associated multidrug resistance. Adv. Enzyme Regul. 30:
357-373

Thimmaiah K. N., Horton, J. K., Qian X. D., Beck W. T,
Houghton J. A. and Houghton P. J. (1990) Structural determi-
nants of phenoxazine type compounds required to modulate
the accumulation of vinblastine and vincristine in multidrug-
resistant cell lines. Cancer Commun. 2: 249-259

Toffoli G., Simone F., Corona G., Raschack M., Cappelletto
B., Gigante M. et al. (1995) Structure-activity relationship of
verapamil analogs and reversal of multidrug resistance.
Biochem. Pharmacol. 50: 12451255

Zhang L., Sachs C. W,, Fu H. W,, Fine R. L. and Casey P. J.
(1995) Characterization of prenylcysteines that interact with
P-glycoprotein and inhibit drug transport in tumor cells. J.
Biol. Chem. 270: 22859-22865

Chiba P, Ecker G., Schmid D., Drach J., Tell B., Goldenberg
S. et al. (1996) Structural requirements for activity of
propafenone-type modulators in P-glycoprotein-mediated
multidrug resistance. Mol. Pharmacol. 49: 1122—-1130
Budworth J., Davies R., Malkhandi J., Gant T. W., Ferry D. R.
and Gescher A. (1996) Comparison of staurosporine and four
analogues: their effects on growth, rhodamine 123 retention
and binding to P-glycoprotein in multidrug-resistant MCF-
7/Adr cells. Br. J. Cancer 73: 1063—1068

Conseil G., Perez-Victoria J. M., Jault J.-M., Gamarro F., Gof-
feau A., Hofmann J. et al. (2001) Protein kinase C effectors
bind to multidrug ABC transporters and inhibit their activity.
Biochemistry 40: 2564—2571

Sarkadi B., Muller M., Homolya L., Hollo Z., Seprodi J., Ger-
mann U. A. et al. (1994) Interaction of bioactive hydrophobic
peptides with the human multidrug transporter. FASEB J. 8:
766770

Sharom F. J., Yu X., DiDiodato G. and Chu J. W. (1996) Syn-
thestic hydrophobic peptides are substrates for P-glycoprotein
and stimulate drug transport. Biochem. J. 320: 421-428
Scala S., Akhmed N., Rao U. S., Paull K., Lan L.-B., Dickstein
B. etal. (1997) P-glycoprotein substrates and antagonists clus-
ter into two distinct groups. Mol. Pharmacol. 51: 1024—1033
Seelig A (1998). A general pattern for substrate recognition by
P-glycoprotein. Eur. J. Biochem. 251: 252—-261

Barnes K. M., Dickstein B., Culter G. B., Fojo T. and Bates S.
E. (1996) Steroid transport, accumulation and antagonism of
P-glycoprotein in multidrug-resistant cells. Biochemistry 35:
4820-4827

Gruol D. J., Zee M. C., Trotter J. and Bourgeois S. (1994) Re-
versal of multidrug resistance by RU 486. Cancer Res. 54:
3088-3091

Lecureur V,, Fardel O. and Guillouzo A. (1994) The antiprog-
estatin drug RU486 potentiates doxorubicin cytotoxicity in
multidrug resistant cells through inhibition of P-glycoprotein
function. FEBS Lett. 355: 187191



CMLS, Cell. Mol. Life Sci.

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Vol. 59, 2002

Callaghan R. and Higgins C. F. (1995) Interaction of tamox-
ifen with the multidrug resistance P-glycoprotein. Br. J. Can-
cer 71: 294-299

Cohen I., Bernheim J., Azaria R., Tepper R., Sharony R. and
Beyth Y. (1999) Malignant endometrial polyps in post-
menopausal breast cancer tamoxifen-treated patients. Gy-
necol. Oncol. 75: 136141

Harborne J. B. and Williams C. A. (2000) Advances in
flavonoid research since 1992. Phytochemistry 55: 481—-504
Barron D. and Ibrahim R. K. (1996) Isoprenylated flavonoids-
a survey. Phytochemistry 43: 921-982

Benavente-Garcia O., Castillo J., Marin F. R., Ortuno A. and
Del Rio J. A. (1997) Uses and properties of Citrus flavonoids.
J. Agric. Food Chem. 45: 4505-4515

Scalbert A. and Williamson G. (2000) Dietary intake and
bioavailability of polyphenols. J. Nutr. 130: 2073S—-2085S
Middleton E. Jr, Kandaswami C. and Theoharides T. C. (2000)
The effects of plant flavonoids on mammalian cells: implica-
tions for inflammation, heart disease and cancer. Pharmacol.
Rev. 52: 673-751

De Vicenzo R., Scambia G., Benedetti Panici P., Ranelletti F.
0., Bonnano G., Ercoli A. et al. (1995) Effect of synthetic and
naturally occurring chalcones on ovarian cancer cell growth:
structure-activity relationships. Anti-Cancer Drug Des. 10:
481-490

Hagiwara M., Inoue S., Tanaka T., Nunoki K., Ito M. and Hi-
daka H. (1988) Differential effects of flavonoids as inhibitors
of tyrosine protein kinases and serine/threonine protein ki-
nases. Biochem. Pharmacol. 37: 2987-2992

De Azevedo, W. F. Jr, Mueller-Dieckmann H.-J., Schulze-
Gahmen U., Worland P. J., Sausville E. and Kim S.-H. (1996)
Structural basis for specificity and potency of a flavonoid in-
hibitor of human CDK2, a cell cycle kinase. Proc. Natl. Acad.
Sci. USA 93: 2735-2740

AkiyamaT., Ishida J., Nakagawa S., Ogawara H., Watanabe S.,
Itoh N. et al. (1987) Genistein, a specific inhibitor of tyrosine-
specific protein kinases. J. Biol. Chem. 262: 5592—5595
Sicheri F., Moarefi 1. and Kuriyan J. (1997) Crystal structure
of the Src family tyrosine kinase Hck. Nature 385: 602—609
Robinson M. J., Corbett A. H. and Osheroff N. (1993) Effects
of topoisomerase II-targeted drugs on enzyme-mediated DNA
cleavage and ATP hydrolysis: evidence for distinct drug inter-
action domains on topoisomerase II. Biochemistry 32:
3638-3643

ZymaV. L., Miroshnichenko N. S., Danilova V. M. and En Gin
E. (1988) Interaction of flavonoid compounds with contractile
proteins of skeletal muscle. Gen. Physiol. Biophys. 7:
165175

Di Pietro A., Godinot C., Bouillant M.-L. and Gautheron D. C.
(1975) Pig heart mitochondrial ATPase: properties of purified
and membrane-bound enzyme. Effects of flavonoids.
Biochimie 57: 959-967

Hirano T., Oka K. and Akiba M. (1989) Effects of synthetic
and naturally occurring flavonoids on Na*, K*-ATPase: as-
pects of the structure-activity relationship and action mecha-
nism. Life Sci. 45: 1111-1117

Thiyagarajah P, Kuttan S. C., Lim S. C., Teo T. S. and Das N.
P. (1991) Effect of myricetin and other flavonoids on the liver
plasma membrane Ca?* pump. Kinetics and structure-function
relationships. Biochem. Pharmacol. 41: 669—675

Murakami S., Muramatsu, M. and Tomisawa K. (1999) Inhi-
bition of gastric H*, K*-ATPase by flavonoids: a structure-
activity study. J. Enzyme Inhib. 14: 151-166

Cos P, Ying L., Calomme M., Hu J. P, Climanga K., Van Poel
B. et al. (1998) Structure-activity relationship and classifica-
tion of flavonoids as inhibitors of xanthine oxidase and super-
oxide scavengers. J. Nat. Prod. 61: 71-76

Critchfield J. W., Welsh C. J., Phang J. M. and Yeh G. C. (1994)
Modulation of adriamycin in accumulation and efflux by

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

Review Article 321

flavonoids in HCT-15 colon cells. Activation of P-glycopro-
tein as a putative mechanism. Biochem. Pharmacol. 48:
14371445

Scambia G., Ranelletti F. O., Panici P. B., De Vincenzo R., Bo-
nanno G., Ferrandina G. et al. (1994) Quercetin potentiates the
effect of adriamycin in a multidrug-resistant MCF-7 human
breast-cancer cell line: P-glycoprotein as a possible target.
Cancer Chemother. Pharmacol. 34: 459—-464

Chieli E., Romiti N., Cervelli F. and Tongiani R. (1995) Ef-
fects of flavonols on P-glycoprotein activity in cultured rat he-
patocytes. Life Sci. 57: 1741-1751

Castro A. F. and Altenberg G. A. (1997) Inhibition of drug
transport by genistein in multidrug-resistant cells expressing
P-glycoprotein. Biochem. Pharmacol. 53: 89—93

Shapiro A. B. and Ling V. (1997) Effect of quercetin on
Hoechst 33342 transport by purified and reconstituted P-gly-
coprotein. Biochem. Pharmacol. 53: 587—-596
Baubichon-Cortay H., Baggetto L. G., Dayan G. and Di Pietro
A. (1994) Overexpression and purification of the carboxyl-
terminal nucleotide-binding domain from mouse P-glycopro-
tein. Strategic location of a tryptophan residue. J. Biol. Chem.
269: 22983-22989

Conseil G., Baubichon-Cortay H., Dayan G., Jault J.-M., Bar-
ron D. and Di Pietro A. (1998) Flavonoids: a class of modula-
tors with bifunctional interactions at vicinal ATP- and steroid-
binding sites on mouse P-glycoprotein Proc. Natl. Acad. Sci.
USA 95: 9831-9836

Pérez-Victoria J. M., Chiquero M. J.,, Conseil G., Dayan G., Di
Pietro A., Barron D. et al. (1999) Correlation between the affin-
ity of flavonoids binding to cytosolic site of Leishmania tropica
multidrug transporter and their efficiency to revert parasite
resistance to daunomycin. Biochemistry 38: 1736—1743
Maitrejean M., Comte G., Barron D., El Khirat K., Conseil G.
and Di Pietro A. (2000) The flavanolignan silybin and its
hemisynthetic derivatives, a novel series of potential modu-
lators of P-glycoprotein. Bioorg. Med. Chem. Lett. 10:
157-160

Bois F.,, Beney C., Boumendjel A., Mariotte A.-M., Conseil G.
and Di Pietro A. (1998) Halogenated chalcones with high-
affinity binding to P-glycoprotein: potential modulators of
multidrug resistance. J. Med. Chem. 41: 41614164

Bois F., Boumendjel A., Mariotte A.-M., Conseil G. and Di
Pietro A. (1999) Synthesis and biological activity of 4-alkoxy
chalcones: potential hydrophobic modulators of P-glycopro-
tein-mediated multidrug resistance. Bioorg. Med. Chem. 7:
2691-2695

Comte G., Daskiewicz J.-B., Bayet C., Conseil G., Viornery-
Vanier A., Dumontet C. et al. (2001) C-isoprenylation of
flavonoids enhances binding affinity towards P-glycoprotein
and modulation of cancer cell chemoresistance. J. Med.
Chem. 44: 763768

Boumendjel A., Bois F., Beney C., Mariotte A.-M., Conseil G.
and Di Pietro A. (2001) B-ring substituted 5,7-dihydrox-
yflavonols with high-affinity binding to P-glycoprotein re-
sponsible for cell multidrug resistance. Bioorg. Med. Chem.
Lett. 11: 75-77

Daskiewicz J.-B., Comte G., Barron D., Di Pietro A. and
Thomasson F. (1999) Organolithium-mediated synthesis of
prenylchalcones as potential inhibitors of chemoresistance.
Tetrahedron Lett. 40: 7095—-7098

Noungoué Tchamo D., Dijoux-Franca M.-G., Mariotte A.-M.,
Tsamo E., Daskiewicz J.-B., Bayet C. et al. (2000) Prenylated
xanthones as potential P-glycoprotein modulators. Bioorg.
Med. Chem. Lett. 10: 1343—1345

Dayan G. (1997) Glycoprotéine-P de résistance aux drogues
chimiothérapeutiques: fixation d’ATP et d’agents chimiosen-
sibilisants sur les domaines cytoplasmiques obtenus sous
forme recombinante et purifiée. PhD thesis, Université
Claude Bernard de Lyon, France



322

106

107

108

109

110

111

112

113

114

115

116

A. Di Pietro et al.

Dayan G., Baubichon-Cortay H., Jault J.-M., Cortay J.-C.,
Deléage G. and Di Pietro A. (1996) Recombinant N-terminal
nucleotide-binding domain from mouse P-glycoprotein: over-
expression, purification and role of cysteine-430. J. Biol.
Chem. 271: 11652—-11658

Dayan G., Jault J.-M., Baubichon-Cortay H., Baggetto L.G.,
Renoir J. M., Baulieu E.E. et al. (1997) Binding of steroid
modulators to recombinant cytosolic domain from mouse P-
glycoprotein in close proximity to the ATP site. Biochemistry
36: 1520815215

Conseil G. (2000) Les transporteurs ABC de mammifere et de
levure conférant la résistance a de multiples drogues: étude du
mécanisme moléculaire et recherche de flavonoides inhibi-
teurs. PhD thesis, Université Claude Bernard de Lyon, France
Trompier D. (1999). Préparation et étude des domaines C-ter-
minaux de deux transporteurs humains impliqués dans la ré-
sistance cellulaire aux drogues chimiothérapeutiques: la gly-
coprotéine-P et MRP. Diplome d’Etudes Approfondies de
Biochimie, Université¢ Claude Bernard de Lyon, France
Pérez-Victoria J. M., Pérez-Victoria F. J., Conseil G., Maitre-
jean M., Comte G., Barron D. et al. (2001). High-affinity
binding of silybin derivatives to the nucleotide-binding do-
main of a Leishmania tropica P-glycoprotein-like transporter
and chemosensitization of a multidrug resistant parasite to
daunomycin. Antimicrob. Agents Ch. 45: 439—-446

Steinfels E. (1998). Surexpression hétérologue d’un trans-
porteur ABC bactérien responsable de la résistance
pléiotropique aux drogues. Diplome d’Etudes Approfondies
de Biochimie, Université Claude Bernard de Lyon, France
Conseil G., Decottignies A., Jault J.-M., Comte G., Barron D.,
Goffeau A. et al. (2000) Prenyl flavonoids as potent inhibitors
of the Pdr5p multidrug ABC transporter from Saccharomyces
cerevisiae. Biochemistry 39: 6910—6917

McIntosh D. B., Wooley D. G. and Berman M. C. (1992) 2’,3"-
0-(2,4,6-trinitrophenyl)-8-azido-AMP and -ATP photolabel
Lys-492 at the active site of sarcoplasmic reticulum Ca(2-+)-
ATPase. J. Biol. Chem. 267: 5301-5309

De Wet H., Mclntosh D. B., Conseil G., Baubichon-Cortay H.,
Krell T., Jault J.-M. et al. (2001) Sequence requirements of the
ATP-binding site within the C-terminal nucleotide-binding
domain of mouse P-glycoprotein: structure-activity relation-
ships for flavonoid binding. Biochemistry 40: 10382—10391
Wang B. H., Ternai B. and Polya G. (1997) Specific inhibition
of cyclic AMP-dependent protein kinase by waranglone and
robustic acid. Phytochemistry 44: 787—796

Ferté J., Kuhnel J. M., Chapuis G., Rolland Y., Lewin G. and
Schwaller M. A. (1999) Flavonoid-related modulators of mul-

117

118

119

120

121

122

123

124

125

126

127

128

Flavonoid modulation of multidrug resistance

tidrug resistance: synthesis, pharmacological activity and
structure-activity relationships. J. Med. Chem. 42: 478—489
Hunter J. and Hirst B. H. (1997) Intestinal secretion of drugs.
The role of P-glycoprotein and related drug efflux systems in
limiting oral drug absorption. Adv. Drug. Deliv. Rev. 25:
129-157

Van Asperen J., Van Tellingen O. and Beijnen J. (1998) The
pharmacological role of P-glycoprotein in the intestinal ep-
ithelium. Pharmacol. Res. 37: 429-435

Lin J. H., Chiba M. and Baillie T. A. (1999) Is the role of the
small intestine in first-pass metabolism overemphasized?
Pharmacol. Rev. 51: 135-157

Wacher V. J., Wu C.Y., and Benet L. Z. (1995) Overlapping sub-
strate specificities and tissue distribution of cytochrome P450
3A and P-glycoprotein: implications for drug delivery and ac-
tivity in cancer chemotherapy. Mol. Carcinog. 13: 129—-134
Schuetz E. G., Beck W. T. and Schuetz J. D. (1996) Modula-
tors and substrates of P-glycoprotein and cytochrome P4503 A
coordinately up-regulate these proteins in human colon carci-
noma cells. Mol. Pharmacol. 49: 311-318

Evans A. M. (2000) Influence of dietary components on the
gastrointestinal metabolism and transport of drugs. Ther.
Drug. Monit. 22: 131-136

Fuhr U. and Kummert A. L. (1995) The fate of naringin in hu-
mans: a key to grapefruit juice-drug interactions? Clin. Phar-
macol. Ther. 58: 365-373

Takanaga H., Ohnishi A., Matsuo H. and Sawada Y. (1998) In-
hibition of vinblastine efflux mediated by P-glycoprotein by
grapefruit components in Caco-2 cells. Biol. Pharm. Bull. 21:
1062-1066

Soldner A., Christians U., Susanto M., Wacher V. J., Silverman
J. A. and Benet L. Z. (1999) Grapefruit juice activates P-gly-
coprotein-mediated drug transport. Pharm. Res. 16: 478—485
Edwards D. J., Fitzsimmons M. E., Schuetz E. G., Yasuda K.,
Ducharme M. P, Warbasse L. H. et al. (1999) 6",7"-Dihydrox-
ybergamottin in grapefruit juice and Seville orange juice: ef-
fects on cyclosporin disposition, enterocyte CYP3A4 and P-
glycoprotein. Clin. Pharmacol. Ther. 65: 237—-244

Dantzig A. H., Shepard R. L., Law K. L., Tabas L., Pratt S.,
Gillespie J. S. et al. (1999) Selectivity of the multidrug resis-
tance modulator, LY335979, for P-glycoprotein and effect on
cytochrome P-450 activities. J. Pharmacol. Exp. Ther. 290:
854-862

Takanaga H., Ohnishi A., Yamada S., Matsuo H., Morimoto
S., ShoyamaY. et al. (2000) Polymethoxylated flavones in or-
ange juice are inhibitors of P-glycoprotein but not cytochrome
P450 3A4. J. Pharmacol. Exp. Ther. 293: 230-236

To access this journal online:
http://www.birkhauser.ch




