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Abstract—This study investigated the effect of naturally occurring flavonoids and synthetic aurone derivatives on the formation of

cardiotoxic doxorubicinol and transport of doxorubicin in breast cancer cells.

uercetin significantly inhibited the formation of

doxorubicinol. Quercetin and aurones did not significantly affect transport of ['*C]doxorubicin in human resistant breast cancer
cells. In conclusion, quercetin should be further tested for its potency to decrease doxorubicin-mediated toxicity.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Anthracyclines are among the most effective and widely
used cytotoxic agents in the treatment of solid and
hemopoietic tumors.! The leading anthracycline doxo-
rubicin (DOX) is used predominantly in the chemother-
apy of breast cancer and leukemia.>® The main
mechanisms of the anticancer effects of DOX include
DNA intercalation and strand breakage and inhibition
of topoisomerase I1.*> The dose-limiting side effect of
DOX is the development of acute and chronic cardio-
toxicity leading to arrhythmia and congestive heart fail-
ure.®” Another impediment to successful chemotherapy
with DOX is the development of multidrug resistance.®
DOX shows reduced effectiveness against tumor cell
populations that exhibit the typical P-glycoprotein (EC
3.6.3.44, P-gp) multidrug resistance phenotype.’

The chronic phase of DOX toxicity is probably medi-
ated by preferred metabolic conversion of DOX to
doxorubicinol.” The DOX metabolism to doxorubicinol
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occurs by cytoplasmic NADPH-dependent aldose
(AKRI1BI1; EC 1.1.1.21), aldehyde (AKRI1Al; EC
1.1.1.2), and carbonyl (CBR1; EC 1.1.1.184) reductases.
The main mechanism of doxorubicinol toxicity is its
interaction with iron and subsequent formation of
ROS affecting biomacromolecules.”

Flavonoids are the most abundant polyphenolic compo-
nents of human diet present in fruits, vegetables, and
plant-derived beverages such as tea and red wine. Flavo-
noids possess a variety of biochemical and pharmaco-
logical activities such as antioxidant, antiviral,
anticarcinogenic, and anti-inflammatory effects believed
to be beneficial for human health.! Several flavonoids
have been shown to be able to increase accumulation
of anticancer drugs in resistant human cancer cells.
Quercetin and its methoxylated derivative inhibited the
efflux of rhodamine-123 and restored sensitivity to
DOX in MCF-7 breast cancer cells.!' Quercetin was
shown to bind to purified P-gp and efficiently inhibit
its activity.!> Morin, biochanin A, phloretin, and
silymarin increased the accumulation of [*H]-daunomy-
cin in P-gp overexpressing MCF-7/ADR cells.!* The
antioxidant properties of flavonoids and their ability
to chelate free iron could also be effective in reducing
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the cardiotoxicity of DOX. To potentiate the beneficial
properties of natural flavonoids, new synthetic ana-
logues based on their structure are being tested as anti-
oxidants or resistance reversal agents. Structures of
these derivatives belong to different subclasses of natural
flavonoids and include: aurones, chalcones, flavones,
flavonols, chromones, and isoflavones. Those flavonoid
analogues, which successfully interact with the NBD2
domain of P-gp, are potential resistance modulators
and reversing agents of tumor resistance to cytotoxic
drugs.'*1® Moreover, some of these flavonoids effec-
tively decreased uptake of another typical P-gp sub-
strate, paclitaxel.!”

In general, the aim of this study was to find potentially
effective inhibitors of mechanisms leading to DOX toxic-
ity and test new promising P-gp modulators, which could
increase the therapeutic effect of DOX in resistant tu-
mors. The specific objectives of this investigation were:
(1) to determine the effect of several naturally occurring
flavonoids and their synthetic derivatives (4-hydroxy-6-
methoxyauron and 4-iodochalcon) on the formation of
the DOX metabolite doxorubicinol and cytoplasmic
NADPH dependent aldo-keto reductase activity in hu-
man cytosolic liver fractions and (2) to determine the ef-
fect of P-gp inhibitor verapamil and MRP1/2 inhibitor
MK-571 as well as the effects of a natural flavonoid quer-
cetin and synthetic flavonoid derivatives, namely auro-
nes, on P-gp mediated DOX accumulation and efflux in
sensitive (MDA-MB-435) and resistant (NCI-ADR-
RES) human breast cancer cell lines. Previously, we
found that NCI-ADR-RES cells express high levels of
P-gp protein, which the MDA-MB-435 cells are lack-
ing.!” Therefore, we expected to find significant differ-
ences in DOX transport between the two cell lines.

2. Results
2.1. In vitro metabolism of doxorubicin

Metabolism of DOX was investigated in human liver
cytosolic and microsomal fractions. Approximately
4.5% (4.63% % 0.53%) of the amount of DOX incubated
with liver microsomes was converted to DOX aglycon.
Doxorubicinol or its aglycone was not detected in
microsomal incubations. The cytosolic incubations of li-
ver preparations catalyzed the reductive conversion of
DOX to doxorubicinol in accordance with data reported
in the literature.'® About 15% (15.10% % 3.09%) of
DOX was converted to its main human metabolite
doxorubicinol. No other significant metabolites (DOX
aglycone or doxorubicinol aglycone) were detected in
cytosolic incubations.

2.2. The effect of flavonoids and their synthetic derivatives
on doxorubicin metabolism

The effect of naturally occurring flavonoids quercetin,
fisetin, and eriodictyol and their synthetic derivatives,
4-hydroxy-6-methoxyauron and 4-iodochalcon, on the
formation of doxorubicinol in human liver cytosolic
fractions is shown in Figure 2. The data indicate marked

differences in the effects of the tested flavonoids. Querce-
tin proved to be the most efficient inhibitor of DOX
metabolic transformation to doxorubicinol (ICsy=
16.25 uM). Synthetic flavonoid derivatives, 4-hydroxy-
6-methoxyauron and 4-iodochalcon, exerted significant
inhibition only at higher concentrations (30 uM), while
fisetin and eriodictyol did not have any significant effect
on DOX metabolism.

2.3. The transport of doxorubicin in breast cancer cell
lines

The uptake and efflux of DOX and its modulation were
investigated in sensitive (MDA-MB-435) and resistant
(NCI-ADR-RES) human breast cancer cell lines. Dur-
ing 4 h incubation, MDA-MB-435 cells accumulated a
3 times higher amount of ["*C]JDOX than NCI-ADR-
RES cells (Fig. 3A). The subsequent efflux of 100 nM
['*C]JDOX within 120 min reached 66% in NCI-ADR-
RES cells compared to 23% efflux in MDA-MB-435
cells. The efflux of ['*C]DOX was 2.3 times lower from
the MDA-MB-435 cells than from the NCI-ADR-RES
cells after 120 min (Fig. 3B).

2.4. The effect of verapamil and MK-571 on doxorubicin
transport

The presence of 10 uM verapamil did not influence the
accumulation of ['*C]DOX in sensitive and resistant
cells. In contrast, the presence of 100 uM verapamil in-
creased [*C]DOX intracellular concentration 7.6 times
in NCI-ADR-RES cells and 3.7 times in the MDA-
MB-435 cells (Fig. 4A). The efflux of ['*C]DOX after
120 min loading with 100 nM ['*C]JDOX was signifi-
cantly inhibited by 100 uM verapamil in NCI-ADR-
RES cells. In contrast, the efflux of ["*CJDOX from
MDA-MB-435 cells was not significantly influenced by
verapamil (Fig. 4B). The presence of 100 uM MK-571
did not influence the accumulation of [*CJDOX in
MDA-MB-435 cells and only slightly (1.27 times) en-
hanced the accumulation of the drug in the NCI-
ADR-RES cells. The efflux of ['*CJDOX after 120 min
loading with 100 nM ['*C]DOX was significantly influ-
enced by 100 uM MK-571 neither in MDA-MB-435
nor in NCI-ADR-RES cells (data not shown).

2.5. Cytotoxicity of tested flavonoid derivatives in breast
cancer cell line

The tested flavonoids (10-30 uM) did not exert signifi-
cant cytotoxicity in resistant breast cancer NCI-ADR-
RES cells but they were (except 4’-chloro-4-hydroxy-6-
methoxyauron) significantly (P <0.05) cytotoxic in
sensitive MDA-MB-435 cells. Therefore, MDA-MB-
435 cells were not used in further experiments to assess
the effects of flavonoids on DOX transport.

2.6. The effect of quercetin and synthetic flavonoid
derivatives on doxorubicin transport in resistant breast
cancer cell line

We initially investigated the effect of quercetin
(5-30 uM) on ["*C]DOX accumulation in NCI-ADR-
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Figure 1. The chemical structure of doxorubicin and its main metabolites.
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Figure 2. The effect of quercetin, fisetin, eriodictyol, 4-hydroxy-6-methoxyauron, and 4-iodochalcon on the formation of doxorubicinol in human
liver cytosolic fractions. Concentrations of DOX (10 uM) and flavonoids were as follows: 5, 10, and 30 uM quercetin, fisetin, and eriodictyol, and 10
and 30 uM 4-hydroxy-6-methoxyauron and 4-iodochalcon, respectively. Inhibition experiments were performed as described in Section 5. Data are
expressed as the percentage of remaining activity relative to the control sample. Means + SD of individual experiments (n > 2) with pooled human

liver samples are displayed. “P < 0.05, *"P < 0.01 by Student’s ¢ test.

RES cells. The highest concentration of this flavonoid
weakly decreased ["*C]JDOX accumulation (max 51.3%
reduction at 120 min) in these cells (Fig. 5) and it
did not influence the efflux of ["*CIDOX from
NCI-ADR-RES cells (data not shown). We subse-
qluently incubated NCI-ADR-RES cells with 100 nM
['*CIDOX without or with 5-30 uM synthetic flavo-
noid derivatives of natural flavonoid auron, namely:

4,6,3',4',6'-pentamethoxyauron, 4’-chloro-4-hydroxy-6-
methoxyauron, 4'-ethyl-4-hydroxy-6-methoxyauron,
and 4-hydroxy-6-methoxyauron. The accumulation of
['*CIDOX was measured after 30, 60, and 120 min.

None of the tested flavonoid derivatives exerted
any significant effect on the accumulation of
[*CIDOX in NCI-ADR-RES cells (results not

shown).
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Figure 3. Uptake and efflux of doxorubicin by NCI-ADR-RES and MDA-MB-435 cells. (A) Uptake of 100 nM ['*C]DOX after 30, 60, 120, and
240 min incubation. (B) Efflux of ['*CJDOX after 120 min loading at 100 nM concentration. Effflux times were 15, 30, 60, 90, and 120 min. The levels
of DOX were measured by liquid scintillation. Data are shown as means of duplicate determinations + SD and expressed as dpm units/500000 cells/

well.

3. Discussion

We investigated the possible modulating effect of flavo-
noids and their synthetic derivatives on DOX metabo-
lism and transport as important mechanisms of DOX
toxicity in various model systems. The major goal of this
study was to find potentially effective inhibitors of mech-
anisms leading to DOX toxicity and find some new
promising P-gp modulators, which could increase the
therapeutic effect of DOX in resistant tumors.

The main DOX metabolite detected in liver cytosolic
fractions was doxorubicinol. This metabolite is consid-
ered to be responsible for chronic cardiotoxicity of
DOX, because it was found to be accumulated in strips
of atrial or ventricular cardiac tissues after a multiple
dosing regimen in rabbits.!” In addition, an increased
cardiotoxicity with accompanying iron overload and de-
creased cardiotoxicity after use of iron chelators sup-
ported the view that iron-DOX redox cycling is
involved. The fact that doxorubicinol has markedly
higher toxic effects than the parent drug suggests that
inhibition of DOX transformation to doxorubicinol
could significantly decrease the toxicity of DOX. The
natural flavonoid quercetin, common in human diet,?°

exerts antioxidant effects and it is well known to influ-
ence the activity of different biotransformation enzymes,
for instance cytochromes P450.%! In our study, quercetin
strongly inhibited the formation of doxorubicinol in hu-
man liver cytosolic fractions. The ability of quercetin to
inhibit the formation of doxorubicinol suggested that
this flavonoid might influence the catalytic activity of
human reductases. This finding supports the beneficial
role of antioxidant flavonoid quercetin in the prevention
of DOX toxicity due to the metabolism of this drug.
Synthetic flavonoid derivatives (4-iodochalcon and 4-
hydroxy-6-methoxyauron) inhibited doxorubicinol for-
mation as well, but their effects were notable at the high-
est concentration (30 uM), so those synthetic flavonoid
derivatives are not good candidates for the study of
DOX metabolism modulation in vivo. Although the
plasma concentrations of these derivatives have not yet
been characterized, it is highly probable that 30 uM lev-
els can hardly be reached by nutritional intervention.
For instance, the mean human plasma concentration
of quercetin from high-vegetable diet was found to be
0.052 uM.2? Olthof et al.?3 estimated that the mean plas-
ma concentration of quercetin after ingestion of querce-
tin-3-glucoside and quercetin-4’-glucoside by human
volunteers was 5.0 £ 1.0 and 4.5 £ 0.7 uM, respectively.
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Figure 4. Effect of verapamil on doxorubicin uptake and efflux in NCI-ADR-RES and MDA-MB-435 cells. (A) The effect of 10 and 100 pM
verapamil on uptake of 100 nM [*C]DOX after 0, 30, 60, and 120 min. incubation. (B) The effect of 100 pM verapamil on efflux of 100 nM

[*C]IDOX. Eflux times were 0, 15, 30, 60, 90, and 120 min. The levels of DO
duplicate determinations + SD and expressed as dpm units/500000 cells/well.
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Figure 5. The effect of quercetin on doxorubicin accumulation in NCI-ADR-RES cells. Incubation of 100 nM ['*C]DOX in the presence of 0, 5, 10,
20, and 30 pM quercetin lasted 30, 60, 90, and 120 min. The levels of DOX were measured by liquid scintillation. Data are shown as means of
duplicate determinations + SD and expressed as dpm units/500000 cells/well.

Maximum plasma concentration of kaempferol 6 h after
endive consumption was 0.1 £ 0.01 pM.?*

The development of multidrug resistance in cancer cells
decreases the overall uptake of DOX as a result of in-
creased efflux, increased intracellular sequestration,
and decreased membrane permeability.?> Resistance is
mostly associated with the expression of P-gp encoded
by MDR1 gene but another ATP-binding transport pro-

tein MRP has also been found elevated in multidrug
resistant cell lines.>> The objective of this study was to
confirm the different pattern of DOX accumulation
and efflux in cell lines sensitive (MDA-MB-435) and
resistant (NCI-ADR-RES) to DOX and to test poten-
tially efficient modulators of DOX transport in resistant
tumor cell line. The NCI-ADR-RES cell line differs
from sensitive cell line in high expression of the ABC
transporter genes, especially MDRI1.!7 Our results
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suggest that human breast cancer cell line NCI-ADR-
RES was threefold more resistant to DOX than the P-
gp non-expressing MDA-MB-435 cell line. This result
supports the very important role of P-gp transporter
expression in cell membranes of tumor cells and its role
in sensitivity of tumors to DOX. A P-gp modulator,
verapamil, significantly increased ['*CIDOX uptake
and decreased its efflux in NCI-ADR-RES cells. The
fact that verapamil increased the accumulation of
['*CIDOX in MDA-MB-435 (Pgp non-expressing) cells
3.7-fold suggests that the resistance to DOX is caused
not only by P-gp overexpression. On the other hand,
verapamil did not have any significant effect on the ef-
flux of ["*C]DOX in MDA-MB-435 cells. Thus, verapa-
mil may potentiate the antitumor effect of DOX on
cancer cells highly expressing P-gp but also slightly influ-
ence the sensitive MDA-MB-435 cells. It is possible that
DOX forms an intracellular chemical complex with
verapamil, which is not a suitable substrate for the P-
gp transport pump. MRP proteins are other membrane
transporters involved in the development of multidrug
resistance potentially responsible for the efflux of
['*CIDOX. However, we have not found any significant
effect of an MRP1/2 inhibitor, MK-571, on ["*C]DOX
transport in sensitive and resistant human breast cancer
cell lines. Thus, MRP1/2 transporters are probably not
involved in the development of resistance to DOX.

In a previous study,?® we found that synthetic flavo-
noids, especially aurones, increased the accumulation
and decreased the efflux of ['*C]paclitaxel, another P-
gp substrate, in NCI-ADR-RES cells. Moreover, syn-
thetic flavonoid derivatives exerted effective binding
affinity toward the nucleotide binding-domain (NBD?2)
of P-gp.!*16 Therefore, we investigated the potential
modulatory effect of the natural flavonoid, quercetin,
and synthetic flavonoid derivatives: 4,6,3',4',6’-pentam-
ethoxyauron, 4’-chloro-4-hydroxy-6-methoxyauron,
and 4'-ethyl-4-hydroxy-6-methoxyauron, 4-hyroxy-6-
methoxyauron on DOX transport. In this study how-
ever, none of the tested auron derivatives as well as
quercetin exerted any significant effect on the accumula-
tion of ["*C]DOX in NCI-ADR-RES cells. Thus, the
tested flavonoids cannot be considered appropriate
modulators of DOX transport in human resistant breast
cancer cells, although they effectively decreased uptake
of another typical P-gp substrate paclitaxel.?® The mod-
ulating effect of synthetic flavonoid derivatives on P-gp-
mediated transport therefore strongly depends on the
type and structure of P-gp substrate.

4. Conclusions

Our study revealed the inhibition of DOX metabolism
to toxic doxorubicinol by naturally occurring flavo-
noid quercetin and determined its ICsy value in hu-
man liver cytosolic fractions. Quercetin did not
significantly inhibit the accumulation of DOX in resis-
tant human breast cancer cell line. Synthetic flavonoid
derivatives from auron class did not significantly mod-
ify DOX accumulation and efflux in a resistant human
breast cancer cell line, and their use in combating the

resistance to DOX is thus limited. Finally, MRP1/2
transporters did not significantly participate in DOX
transport as shown by the lack of effect of a specific
inhibitor, MK-571.

5. Experimental
5.1. Chemicals

DOX hydrochloride and daunorubicin hydrochloride,
solvents, quercetin, fisetin, B-NADP, and glucose-6-
phosphate were purchased from Sigma—Aldrich (Prague,
CR). Radiolabeled DOX (['"*C]Doxorubicin hydrochlo-
ride=['*C]Adriamycin, 925 kBq, 25 uCi) was obtained
from Amersham Biosciences (New Jersey, USA). Verap-
amil was purchased from Sigma—Aldrich (Prague, CR)
and MK-571 sodium salt was product of Calbiochem
(San Diego, CA, USA). Fetal bovine serum (FBS) was
purchased from J. Kysilka (Brno, CR), L-glutamine,
Hepes, penicillin, streptomycin, and trypsin were ob-
tained from PAN Biotech GmbH (Aidenbach, Ger-
many). Glucose-6-phosphate dehydrogenase was from
Boehringer (Mannheim, Germany). Eriodictyol was a
generous gift of Yune-Fang Ueng (National Research
Institute of Chinese Medicine, Taipei, Taiwan, Republic
of China). Synthetic flavonoid derivatives, 4-hydroxy-6-
methoxyauron, pentamethoxyauron, 3-phenyl-5-7-
dihydroxyazaisoflavon, and 4-iodochalcon were pre-
pared according to Bois et al.'* and Boumendjel
et al.'® The structures of DOX and its metabolites are
shown in Figure 1. The chemical and common names
of examined naturally occurring flavonoids and their
synthetic derivatives are given in Table 1.

5.2. Preparation and characterization of human micro-
somal preparations

Human liver samples were obtained from transplanta-
tion donors in the period 1992-1997. The use of human
liver samples was in accordance with the law. Livers
were collected from male patients (N = 14) with un-
known drug history, who invariably died from head in-
jury. During the heart or kidney transplantation
procedure the corpses were infused with cold physiolog-
ical saline and the liver samples were frozen in liquid
nitrogen immediately after excision and maintained
there until use. The time period between the beginning
of blood exchange and freezing the liver in liquid nitro-
gen was 9-46 min and this period as well as the age of
the donor did not correlate with various cytochrome
P450 (EC 1.14.14.1) activities and immunochemical
levels.?” Microsomal and cytosolic fractions of the
liver were prepared by differential centrifugation as de-
scribed in detail previously.?® The concentrations of
microsomal and cytosolic protein were determined
according to Lowry et al.?® with bovine serum albumin
as standard.

5.3. Assay of doxorubicin metabolism

The incubation mixture contained human microsomal
or cytosolic protein, 1 mg/ml, in 0.1 M phosphate buffer
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Table 1. Structures of tested natural flavonoids and synthetic flavonoid derivatives

Aurone Chalcone
Class Name Substituents
Natural flavonoids

Flavanones Eriodictyol (5,7,3',4'-tetrahydroxyflavon) 5,7,3',4’-OH

Flavonols Fisetin (3,7,3',4’- tetrahydroxyflavon) 3,7,3',4'-OH
Quercetin (3,5,7,3' ,4'-pentahydroxyflavon) 3,5,7,3',4’-OH

Synthetic flavonoid derivatives

Aurones 4,6,3',4',6'- pentamethoxyauron 4,6,3',4',6'-OMe
4-Hydroxy-6-methoxyauron 4-OH; 6-OMe
4'-Chloro-4-hydroxy-6-methoxyauron 4-OH; 6-OMe; 4'-Cl1
4’-Ethyl-4-hydroxy-6-methoxyauron 4-OH; 6-OMe; 4’-CH,CH;

Chalcones 4-Todochalcon 4-1; 2’ 4',6’'-OH

(pH 7.4) and DOX (5-25 uM) added as | mM aqueous
solution in a total volume of 1 ml. The reaction was ini-
tiated by adding an NADPH-generating system
(NADPH-GS, final concentration 1mM NADP,
10 mM glucose-6-phosphate, 10 mM MgCl,, and
0.5 U/ml glucose-6-phosphate dehydrogenase). The
samples were incubated at 37 °C for 60 min in a shaking
water bath. The reaction was stopped by addition of
500 pl of ice-cold ethanol. Samples were then centri-
fuged for 15 min at 12000 rpm and their supernatants
were analyzed by HPLC with daunorubicin as internal
standard. HPLC analysis was performed with fluores-
cence detection using the Agilent HP1100 system (Agi-
lent Technologies, Santa Clara, CA, USA) equipped
with fluorescence detector type HP 1046A (Agilent
Technologies, Santa Clara, CA, USA). The
4 x 125 mm column with Nucleosil 100-5 C18 (Mache-
rey-Nagel, Diiren, Germany) and 0.05M ammonium
formate buffer (pH = 7.4):acetonitrile (70:30, v/v) as
the mobile phase was used for the separation of metab-
olites. Flow rate was 1.0 ml/min and the injection vol-
ume was 40 pul. For the determination of DOX,
doxorubicinol, aglycon of DOX, and the internal stan-
dard (daunorubicin), fluorescence with excitation at
233 nm and emission at 550 nm was used. Chromato-
grams were analyzed by CSW software version 1.7
(Chromatography Station for Windows, DataApex,
Prague, CR) and the peak height was used for quantifi-
cation. The metabolites were identified by comparing

their known retention time ratios to daunorubicin and
were quantified assuming similar molar extinction coef-
ficients of DOX and daunorubicin.

5.4. Chemical inhibition of doxorubicin metabolism

Inhibition studies were performed in the presence of 0,
10, 20, and 30 uM fisetin, quercetin, eriodictyol, 4-hy-
droxy-6-methoxyauron, and 4-iodochalcon in the incu-
bation mixtures. Required volumes of stock solutions
(1 mM in methanol) were evaporated under nitrogen
stream and redissolved in the incubation mixtures by
sonication at 80 °C for 10 min. The concentration of
DOX was 10 uM. The incubation and HPLC conditions
were the same as mentioned above.

5.5. Cells and culture conditions

The human breast carcinoma cell lines MDA-MB-435
and NCI-ADR-RES were obtained from the National
Cancer Institute (Frederick, MD, USA). Cells were
maintained in the basic medium supplemented with
10% FBS at 37 °C in a humidified atmosphere of 5%
CO,. RPMI 1640 medium containing extra L-glutamine
(300 pg/ml), sodium pyruvate (110 pg/ml), Hepes
(15mM), penicillin (100 U/ml), and streptomycin
(100 pg/ml) was used as a basic medium. The cells were
trypsinized before use by 0.2% trypsin and 0.02% EDTA
in phosphate-buffered saline (PBS).
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5.6. Cell growth and survival—MTT assay

Cells maintained in 10% FBS medium were harvested by
low speed-centrifugation, washed with FBS medium, and
seeded at 10 x 10% cells/100 pl of medium into wells of a
96-well plastic plate. Cell growth and survival were eval-
uated under control conditions (FBS medium) or after
exposure to flavonoid derivatives (10 pM) for 96 h. Then
10 ul  of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT, 5 g1~ ") was added to the cells
in each well, and incubated for 2 h at 37 °C in a humidi-
fied incubator (5% CO,). After the incubation, 80 pl of
medium was aspirated, 150 pl of 0.04 N HCl in isopropa-
nol was added, and the mixture was resuspended. Absor-
bance was measured at 570 nm using a Spectra Sunrise
microplate reader (Tecan, Salzburg, Austria).

5.7. Transport of [**C]doxorubicin

For the uptake assay, cells were exposed to fresh medium
or medium containing 10-100 nM ["*C]DOX, dissolved
in PBS. After incubation for 30-240 min, medium was
quickly aspirated and the adherent cells were washed
three times with ice-cold PBS. The cells were released
by 2 x 400 pl of trypsin and EDTA (humid atmosphere,
37 °C, 15 min) and then ejected into scintillation vials
using Bray solution. Sodium dodecyl sulfate (200 pl)
was added up to 2% final concentration for lysis of cells
and release of the drug. The efflux measurements were
performed after a 2 h loading with 100 nM ['*C]DOX.
Cells were then washed twice with PBS, placed in fresh
medium, and analyzed after 15, 30, 60, 90, and 120 min.
The releasing of cells was the same as described above.

5.8. Effect of verapamil, MK-571 and flavonoids on
[**C]doxorubicin transport

For the study of ['*C]JDOX uptake modulation, cells
were preincubated for 30 min with fresh medium or
medium containing 10 and 100 pM verapamil, 100 uM
MK-571 or 10-30 uM flavonoid (quercetin, 4,6,3’.4,
6’-pentamethoxyauron,  4’-chloro-4-hydroxy-6-meth-
oxyauron, 4'-ethyl-4-hydroxy-6-methoxyauron, 4-hyr-
oxy-6-methoxyauron) dissolved in DMSO (maximum
concentration in medium 0.3%, v/v). The medium was
ra4pidly replaced by fresh medium with 100 nM
['*CIDOX or 100 nM ['*C] DOX with the above-speci-
fied modulators. Cells were incubated for 30, 60, 90,
120, and 240 min. Cells were then rapidly washed three
times with ice-cold PBS, released and dissolved as de-
scribed above. In the efflux assays, cells were preincu-
bated for 120min with 100nM ['*C] DOX. The
medium was then replaced with lukewarm fresh medium
with or without 100 uM verapamil or medium contain-
ing MK-571 and cells were incubated at 37 °C for 15,
30, 60, 90, and 120 min. Cells were then rapidly washed
three times with ice-cold PBS, released, and dissolved as
described above.

5.9. Effect of quercetin on ['*C]doxorubicin efflux

In the efflux assays, MDA-MB-435 and NCI-ADR-RES
cells were preincubated with 100 nM ['*C] DOX for 2 h.

The medium was then replaced with lukewarm fresh
medium or medium with 30 uM quercetin and the cells
were incubated at 37 °C for time periods specified in
the figures. The cells were then rapidly washed 3 times
with ice-cold PBS, released, and dissolved as described
above for measurement of radioactivity.

5.10. Statistical analysis

All values are expressed as means * standard deviations
(SD) of the estimates. Differences in the effects of flavo-
noid derivatives on DOX metabolism were estimated
with unpaired two-tailed Student’s z-test ("p <0.05 and
*p <0.01 considered significant).

Acknowledgments

The study was supported by grants of the Internal Grant
Agency of the Czech Ministry of Health (No. 9426-3 to
1.G.); Czech Science Foundation (No. 305/07/P347 to
R.V.); National Institute of Public Health Young Scien-
tist Research Programme (to R.V.).

References and notes

1. Dobbs, N. A.; Twelves, C. J.; Gillies, H.; James, C. A.;
Harper, P. G.; Rubens, R. D. Gender affects doxoru-
bicin pharmacokinetics in patients with normal liver
biochemistry. Cancer Chemother. Pharmacol. 1995, 36,
423-476.

2. Booser, D. J.; Hortobagyi, G. N. Anthracycline antibiotics
in cancer therapy. Focus on drug resistance. Drugs 1994,
47, 223-258.

3. Coukell, A. J.; Faulds, D. Epirubicin. An updated review
of its pharmacodynamic and pharmacokinetic properties
and therapeutic efficacy in the management of breast
cancer. Drugs 1997, 53, 453-482.

4. Cutts, S. M.; Nudelman, A.; Rephaeli, A.; Phillips, D. R.
The power and potential of doxorubicin-DNA adducts.
IUBMB Life 2005, 57, 73-81.

5. Ramyji, S.; Lee, C.; Inaba, T.; Patterson, A. V.; Riddick, D.
S. Human NADPH-cytochrome p450 reductase overex-
pression does not enhance the aerobic cytotoxicity of
doxorubicin in human breast cancer cell lines. Cancer Res.
2003, 63, 6914-6919.

6. Hortobagyi, G. N. Anthracyclines in the treatment of
cancer. An overview. Drugs 1997, 54, 1-7.

7. Minotti, G.;Recalcati, S.; Menna, P.; Salvatorelli, E.; Corna,
G.; Cairo, G. Doxorubicin cardiotoxicity and the control of
iron metabolism, quinone-dependent and independent
mechanisms. Methods Enzymol. 2004, 378, 340-361.

8. van Asperen, J.; Tellingen, O.; Beijnen, J. H. Determina-
tion of doxorubicin and metabolites in murine specimens
by high-performance liquid chromatography. J. Chroma-
tography B 1998, 712, 129-143.

9. Danks, M. K.; Yalowich, J. C.; Beck, W. T. Atypical
multiple drug resistance in a human leukemic cell line
selected for resistance to teniposide (VM-26). Cancer Res.
1987, 47, 1297-1301.

10. Middleton, E., Jr.; Kandaswami, C.; Theoharides, T. C.
The effects of plant flavonoids on mammalian cells,
implications for inflammation, heart disease, and cancer.
Pharmacol. Rev. 2000, 52, 673-751.



2042

12.

13.

14.

15.

16.

17.

18.

19.

20.

R. Viclavikova et al. | Bioorg. Med. Chem. 16 (2008) 2034-2042

. Scambia, G.; Ranellett, F. O.; Benedetti, P.; De Vincenzo,

R.; Bonanno, G.; Ferrandina, G., et al. Quercetin poten-
tiates the effect of adriamycin in a multidrug-resistant
MCF-7 human breast-cancer cell line, P-glycoprotein as a
possible target. Chemother. Pharmacol. 1994, 34, 459-464.
Shapiro, A. B.; Ling, V. Effect of quercetin on Hoechst
33342 transport by purified and reconstituted P-glycopro-
tein. Biochem. Pharmacol. 1997, 53, 587-596.

Zhang, S.; Morris, M. E. Effects of the flavonoids
biochanin A, morin, phloretin, and silymarin on P-
glycoprotein-mediated transport. J. Pharmacol. Exp. Ther.
2003, 304, 1258-1267.

Bois, F.; Beney, C.; Boumendjel, A.; Mariotte, A. M.;
Conseil, G.; Di Pietro, A. Halogenated chalcones with
high-affinity binding to P-glycoprotein, potent modulators
of mediated multidrug resistance. J. Med. Chem. 1998, 41,
4161-4164.

Boumendjel, A.; Beney, C.; Deka, N.; Mariotte, A. M.;
Lawson, M. A.; Trompier, D., et al. 4-Hydroxy-6-
methoxyaurones with high-affinity binding to cytosolic
domain of P-glycoprotein. Chem. Pharm. Bull. 2002, 50,
854-856.

Boumendjel, A.; Di Pietro, A.; Dumontet, C.; Barron, D.
Recent advances in the discovery of flavonoids and
analogs with high-affinity binding to P-gp responsible for
cancer cell multidrug resistance. Med. Res. Rev. 2002, 22,
512-529.

Ehrlichova, M.; Vaclavikova, R.; Ojima, I.; Pepe, A.;
Kuznetsova, L. V.; Chen, J., et al. Transport and cyto-
toxicity of paclitaxel, docetaxel, and novel taxanes in
human breast cancer cells. Naunyn-Schmiedebergs Arch.
Pharmacol. 2005, 372, 95-105.

Behnia, K.; Boroujerdi, M. Inhibition of aldo-keto
reductases by phenobarbital alters metabolism, pharma-
cokinetics and toxicity of doxorubicin in rats. J. Pharm.
Pharmacol. 1999, 51, 1275-1282.

Olson, R. D.; Mushlin, P. S.; Brenner, D. E.; Fleischer, S.;
Chang, B. K.; Cusack, B. J., et al. Doxorubicin cardio-
toxicity may be caused by its metabolite, doxorubicinol.
Proc. Natl. Acad. Sci. 1988, 85, 3585-3589.

Hertog, M. G.; Hollman, P. C. H.; Katan, M. B,
Kromhout, D. Intake of potentially anticarcinogenic

21.

22.

23.

24.

25.

26.

27.

28.

29.

flavonoids and their determinants in adults in The
Netherlands. Nutr. Cancer 1993, 20, 21-29.

Moon, J. Y.; Lee, D. W.; Park, K. H. Inhibition of 7-
ethoxycoumarin O-deethylase activity in rat liver micro-
somes by naturally occurring flavonoids, structure-activity
relationships. Xenobiotica 1998, 28, 117-126.

Erlund, I.; Silaste, M. L.; Alfthan, G.; Rantala, M.;
Kesidniemi, Y. A.; Aro, A. Plasma concentrations of the
flavonoids hesperetin, naringenin and quercetin in human
subjects following their habitual diets, and diets high or
low in fruit and vegetables. Eur. J. Clin. Nutr. 2002, 56,
891-898.

Olthof, M. R.; Hollman, P. C.; Vree, T. B.; Katan, M. B.
Bioavailabilities of quercetin-3-glucoside and quercetin-4'-
glucoside do not differ in humans. J. Nutr. 2000, 130,
1200-1203.

Dupont, M. S.; Day, A. J.; Bennett, R. N.; Mellon, F. A;
Kroon, P. A. Absorption of kaempferol from endive, a
source of kaempferol-3-glucuronide, in humans. Eur. J.
Clin. Nutr. 2004, 58, 947-954.

Wang, F.; Jiang, X.; Yang, D. C.; Elliott, R. L.; Head, J.
F. Doxorubicin-gallium-transferrin conjugate overcomes
multidrug resistance, evidence for drug accumulation in
the nucleus of drug resistant MCF-7/ADR cells. Antican-
cer Res. 2000, 20, 799-808.

Vaclavikova, R.; Boumendjel, A.; Ehrlichova, M.; Kovar,
J.; Gut, I. Modulation of paclitaxel transport by flavonoid
derivatives in human breast cancer cells. Is there a
correlation between binding affinity to NBD of P-gp and
modulation of transport?. Bioorg. Med. Chem. 2006 14,
4519-4525.

Nedelcheva, V.; Gut, I.; Soucek, P.; Tichavska, B.;
Tynkova, L.; Mraz, J., et al. Metabolism of benzene in
human liver microsomes, individual variations in relation
to CYP2EL1 expression. Arch. Toxicol. 1999, 73, 33-40.
Gut, I.; Terelius, Y.; Frantik, E.; Linhart, I.; Soudek, P.;
Filipcova, B., et al. Exposure to various benzene deriva-
tives differently induces cytochromes P450 2B1 and P450
2E1lin rat liver. Arch. Toxicol 1993, 67, 237-243.

Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R.
J. Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 1951, 193, 265-275.



	The effect of flavonoid derivatives on doxorubicin  transport and metabolism
	Introduction
	Results
	In vitro metabolism of doxorubicin
	The effect of flavonoids and their synthetic derivatives on doxorubicin metabolism
	The transport of doxorubicin in breast cancer cell lines
	The effect of verapamil and MK-571 on doxorubicin transport
	Cytotoxicity of tested flavonoid derivatives in breast cancer cell line
	The effect of quercetin and synthetic flavonoid derivatives on doxorubicin transport in resistant breast cancer cell line

	Discussion
	Conclusions
	Experimental
	Chemicals
	Preparation and characterization of human microsomal preparations
	Assay of doxorubicin metabolism
	Chemical inhibition of doxorubicin metabolism
	Cells and culture conditions
	Cell growth and survival mdash MTT assay
	Transport of [14C]doxorubicin
	Effect of verapamil, MK-571 and flavonoids on [14C]doxorubicin transport
	Effect of quercetin on [14C]doxorubicin efflux
	Statistical analysis

	Acknowledgments
	References and notes


