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ABSTRACT - Purpose. Flavonoids have been
used as antioxidant, chemopreventive and
chemosensitizing agents. In this study, eleven
flavonoids containing a variety of hydroxy (OH)
and/or methoxy (OMe) groups were evaluated for
their antioxidant, cytotoxic and chemosensitizing
effects to create a structure-activity relationship
(SAR). Methods. 1,1-Diphenyl-2-picrylhydrazyl
(DPPH) radical solution-based chemical assay
and and 2',7'-dichlorofluorescin  diacetate

(DCFH-DA) cellular-based assay were used to
compare the free radical scavenging activity on
the same molar concentration basis using the
AML-2/DX100 cells which are characterized by
the down-regulated expression of catalase and
resulting supersensitiviy to hydrogen peroxide.
The chemosensitization and cytotoxicity were
determined by the MTT assay in the presence or
absence of an anticancer drug using the P-
glycoprotein-overexpressing AML-2  subline
AML-2/D100 cells. Results. The antioxidant
activity of the flavonoid (3,5,7,3°,4’-OH) was
higher than that of the flavonoid (5,7,3,4’-OH).
Flavonoids substituted with the various number of
OMe decreased antioxidant activity. Flavonoids
with 7-OH or 5,7-OH groups have the highest
cytotoxicity, and flavonoids with 5,7-OMe group
intermediate cytotoxicity. The ICsy values of
flavonoid (5,7-OMe, 3°,4°,5’-OMe) and flavonoid
(5,7-OMe, 4’-OMe), 0.4 uM and 1.4 uM. The ICs,
values of flavonoid (5,6,7-OMe, 3’,4’-OMe) and

flavonoid (5,6,7-OMe, 3°,4°,5’-OMe), 3.2 uM and

0.9 uM, respectively, and those of flavonoid
(5,6,7-OMe, 3’,4°,5°-OMe) and flavonoid (5,7-
OMe,3°,4°,5’-OMe) were 0.9 uM and 0.4 uM,
respectively. Conclusions. These results suggest
that flavonoids with 3-OH group play a positive
role in antioxidant activities, flavonoids with 5-
OH and/or 7-OH groups show the higher
cytotoxicity, and flavonoids with 3’-OMe and/or

5’-OMe groups plays positive but 6-OMe groups

negative roles in the P-glycoprotein (Pgp)
inhibition. It is believed that these SAR results

can be taken into account for the development of
flavonoids with high therapeutic index.

INTRODUCTION

Flavonoids are constituents of fruits, vegetables,
nuts, plant-derived beverages, traditional eastern
medicines and herb-containing dietary
supplements. Flavonoids have been used as
antioxidants, chemopreventive or anticancer
drugs and chemosensitizers (1, 2). Oxygen free
radicals and their by-products, which are capable
of causing oxidative damage, are collectively
referred to as reactive oxygen species (ROS).
ROS have been implicated in the pathogenesis of
a wide variety of human diseases when produced
in excess quantities (3). Cells possess antioxidant
systems to protect themselves against dangerous
ROS. Therefore, a delicate balance between
intracellular oxidants and antioxidants can
influence health and aging (4). Because ROS are
produced continually, antioxidants must be
continually present at their sites of production at
high concentrations. A temporary decrease in the
antioxidant concentration at a susceptible location,
results in the accumulation of oxidative damage,
which cannot be prevented or repaired by the late
addition of the antioxidants (5). The
chemopreventive effects of flavonoids are
believed to result from their ability to scavenge
ROS whereas the pro-oxidant effect of flavonoids
has been shown to be responsible for their
anticancer and apoptosis-inducing effects (6-8).
Accordingly, exogenous antioxidants have been
used for long time. The development of multidrug
resistance (MDR) by tumor cells is a major

impediment to the success of cancer
chemotherapy.
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Overexpression of membrane transporters have
been believed as major mechanisms of MDR.

These include the P-glycoprotein (Pgp)
(9), the multidrug resistance-associated protein
(MRP) (10), and the breast cancer resistance
protein (BCRP) (11) that are members of the ATP-
binding-cassette  superfamily of membrane
transporters.  Chemosensitizers have  been
screened and developed in order to circumvent
MDR by concomitant administration with
anticancer drugs. Flavonoids are considered to be
a new class of chemosensitizers that interact with
the cytosolic domains of Pgp as well as its ATP
binding site (12).

In this study, eleven flavonoids
containing hydroxyl (OH) and/or methoxy (OMe)
groups (Figure 1) along with four well-known
antioxidants were compared for their in vitro
antioxidant  activity using  1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical solution-based
chemical assay and 2',7'-dichlorofluorescein
diacetate (DCFH-DA) cellular-based assay,
cytotoxic and chemosensitizing effects and then
their structure-activity relationships (SAR) were
discussed.

MATERIALS AND METHODS
Materials

Flavonoids were purchased from Indofine
Chemical Co. (Hillsborough, NJ, USA), the
Enhanced chemiluminescence (ECL®) detection
kit from Amersham (Piscataway, NJ, USA), the
TRI reagent LS™ from Molecular Research
Center (Cincinnati, OH, USA), the sheep
polyclonal antibody for catalase from Biodesign
International (Saco, ME, USA), the mouse C219
antibody for Pgp from Signet (Dedham, MA,
USA), and the anti-mouse Ig G horseradish
peroxidase linked whole antibody from
Amersham (Piscataway, NJ, USA).
N-acetyl-L-cysteine (NAC), pyrrolidine
dithiocarbamate (PDTC), Vitamin C (Vit C),
Vitamin E (Vit E) and others were obtained from
Sigma Chemical Co. (ST. Louis, MO, USA).

Cell culture

The acute myelogenous leukemia cell line, OCI-
AML-2 line, from the Ontario Cancer Institute
(Toronto, Canada), was cultured at 37°C in a 5%
(v/v) CO, atmosphere using minimum essential
medium alpha (a-MEM) medium (GibcoBRL,
Gland Island, NY, USA) with 10% (v/v) heat

inactivated fetal bovine serum. The drug-resistant
AML-2 sublines were selected from the parental
cell line (AML-2/WT) after chronic exposure to
either doxorubicin or daunorubicin. The cells
were finally cultured in a fixed concentration (100
ng/ml) of each selecting drug. The AML-
2/DX100 and AML-2/D100 cells were
characterized by the down-regulation of catalase
and overexpression of Pgp, respectively (13, 14),

and were used for the determination of
antioxidant and  chemosensitizing  effects,
respectively.

Determination of the gene expression for
catalase and Pgp

The total cellular RNA was isolated from the cells
using a TRI reagent LS™ according to the
manufacturer’s protocol. Catalase expression was
detected with using the 5’ and 3’ primers
corresponding to the nucleotides 314-333 (5'-
TTTGGCTACTTTGAGGTCAC-3") and 734-753
(5'-TCCCCATTTGCATTAACCAG-3") respectively,
of the published cDNA sequence (15). Pgp
mRNA expression was detected with 5° and 3’
primers corresponding to nucleotides 907-930 (5'-
CTGGTTTGATGTGCACGATGTTGG-3") and
1179-1201  (3'-GTCATCGACTTCTCCAGAACC
GT - 5"), respectively, of the published cDNA (16).
Western blotting analysis was performed using a
slight modification of the method described
previously (17). The proteins transferred onto a
nitrocellulose membrane were incubated with the
primary antibodies (diluted 1:1000) and the sheep
polyclonal antibody for catalase and the mouse
C219 antibody for Pgp. The membrane was
incubated with the horseradish peroxidase-
conjugated secondary antibodies (diluted 1:1000)
against each IgG of the hosts of the primary
antibodies for 1 hr. The membrane was then
stained using the detection reagent of the ECL
detection kit. For activity staining of catalase,
enzyme samples were separated on a 7%
nondenaturing polyacrylamide gel, and the
catalase activity was visualized on the gel using
an in situ staining technique (18).

Functional drug accumulation assay

Cell suspensions (1 x 10° cells/ml) in phosphate-
buffered saline (PBS) were exposed to
daunorubicin (5 pg/ml) with or without verapamil
(5 uM), at 37°C for 30 min.
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Figure 1. Chemical structure of flavonoids. The numbers of F1 to F11 were designated according to antioxidant
activities obtained from the DPPH assay (Figure 3). The number of carbon is labeled only on F1.

Cells were subsequently analyzed for their
cellular drug fluorescence by a flow cytometer
(Becton Dickinson, San Jose, CA, USA), in
which a focused argon laser beam (488 nm)
excited cells in a laminar sheath flow and their
fluorescence emissions (575 nm) were collected
to generate a histogram.

Determination of the scavenging activity
using DPPH radicals

The antioxidant activity was assessed according
to the radical-scavenging effect of the stable
DPPH free radical (13). A 100 uM DPPH radical
solution was dissolved in 100% ethanol. The
mixture was shaken vigorously and allowed to
stand for 10 min in the dark. The test materials
(100 pL each) were added to 900 pL of the
resulting dark-blue DPPH radical solution in a

cuvette. The absorbance at 517 nm was measured.

Determination of antioxidant activity using
DCFH

DCFH was wused to measure the ROS
concentration (19). After DCFH diacetate crossed
the membrane, it was de-esterified to DCFH,
which was oxidized to fluorescent DCF by the
ROS. The reaction took place with 1 x 10° of the
AML-2/DX100 cells and 1 uM DCFH diacetate
in 2 ml PBS. The cells were exposed to 700 uM
H,O, for 2 h after preincubation with the
flavonoids and the known antioxidants for 30
min. The fluorescence intensity was determined
using a spectrofluorometer (Perkinelmer, Boston,
MA, USA). at an excitation wavelength of 485
nm and an emission wavelength of 530 nm.
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Cytotoxicity and chemosensitization assays

It is well known that microtubule-disrupting drugs
such as vincristine have antimitotic and apoptosis
activity (20). The in vitro cytotoxic and
chemosensitizing activities of the flavonoids and
verapamil were determined by MTT assays with
AML-2/D100 cells in the presence or absence of
vincristine (100 ng/ml) (21). The ICs, was defined
as the drug concentration that resulted in a 50%
reduction in the number of cells compared with
untreated control cells, after 3-day treatment. The
ICso values were determined directly from the
semi-logarithmic  dose-response curves. The
chemosensitizing index was defined as the ratio
of the ICso value in the absence of vincristine to
the ICs, value in the presence of vincristine.

Statistical analysis

The results are expressed as a mean + standard
error of the mean. The statistical comparisons
were made using a Student t’ test. A p-value <
0.05 was considered significant.

RESULTS

Eleven flavonoids (Table 1 and Figure 1)
containing a variety of OH and/or OMe groups
were evaluated for their in vitro antioxidant,
cytotoxic and chemosensitizing activities and then
SAR were created.

Antioxidant activities of flavonoids and SAR

Two methods using DPPH and DCFH were used
to compare the free-radical scavenging activity on
the same molar concentration (100 uM) basis
using the AML-2/DX100 cells which are
characterized by the down-regulated expression of
catalase and resulting supersensitivity to H,0,
(Figure 2). In the DPPH assay, flavonoids showed
various antioxidant activities according to
chemical structures. In advance, the numbers of
flavonoids (F1-F11) used in this study were
designated from the lowest (F1) to the highest
(F11) antioxidant activities obtained from the
DPPH assay (Table 1 and Figure 3). As shown in
Table 1 and Fig. 3, F11 (3,5,7,3°,4” -OH) and F10
(5,7,3',4-0OH) showed highest, F9 (3,5,7-OH-
3'4'5'-OMe) intermediate and other flavonoids
(F2-F8) low antioxidant activities in the DPPH
assay. In the DPPH assay, the antioxidant
activities of F11 and F10 were higher than four

positive control antioxidants, NAC, PDTC, Vit C
and Vit E. The antioxidant activities of F9 were
comparable to that of Vit C and Vit E whereas
antioxidant activities of other flavonoids (F1-F8)
were comparable to those of the two chemically
distinct antioxidants, NAC or PDTC (Figure 3).
In the DCFH assay, the antioxidant activities of
F11, F10 and F9 were similar to the results
obtained using the DPPH assay whereas other
flavonoids (F1 and F2), NAC and Vit C showed
quite different results (Figure 4).

As shown in Figure 4, the antioxidant
activities of F11 and F10 were comparable with
that of PDTC, and those of F3-F8 with that of Vit
E. The antioxidant activity of F1 increased to the
comparable level with that of F9. However, F2,
NAC and Vit C even increased the level of ROS
generation in the DCFH assay, suggesting their
possible roles as pro-oxidants.

Cytotoxic and chemosensitizing activities of
flavonoids and SAR

The chemosensitizing and cytotoxic activities
were determined by the MTT assay in the
presence or absence of vincristine, a good
substrate for Pgp, respectively, using the AML -
2/D100 cells. The AML-2/D100 cells overexpress
MDR1 mRNA and Pgp, confirmed by RT-PCR
and Western blot analyses, which was responsible
for the resistance to daunorubicin and decreased
intracellular accumulation that could be inhibited
by a Pgp inhibitor verapamil (Figure 5). Four
flavonoids (F1, F2, F3 and F5) less than 400 uM
did not show cytotoxicity and others showed
differential cytotoxic activities (Table 1 and
Figure 6). As shown in Table 1 and Figure 6, four
flavonoids containing OH groups (F4 and F9-
F11) have higher cytotoxic activity than others,
suggesting an important role of the number of OH
groups in cytotoxicity. However, two flavonoids
with OMe groups (F6 and F7) showed relatively
high cytotoxicity. These results suggested the
number and/or site of OMe groups could be
responsible for cytotoxicity, whose SAR was not
clear in this study.

Flavonoids have been shown to have
bifunctional interactions of their A and C rings at
the ATP-binding site and the hydrophobic B-ring
at a steroid-interacting hydrophobic sequence of
Pgp (12). The chemosensitizing activity of
flavonoids was determined using the AML-
2/D100 cells in the presence of vincristine.
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(A) MTT assay using AML-2/D100 cells was performed in the presence or absence of verapamil (VP, 10 pM) as the
function of danourubicin concentrations. (B) Fluorescent intensity of intracellular danourubicin was determined by
flow cytometry. Inserts show the profiles of Pgp expression in the AML-2/WT and AML-2/D100. *P < 0.05.
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Figure 6. Comparison between ICs, values in the absence of vincristine and DCFH fluorescence-scavenging activity of
the flavonoids. ICsy values were obtained in the absence of vincristine using Pgp-overexpressing AML-2/D100 cells.
DCFH fluorescence-scavenging activity was determined using AML-2/DX100 cells as described in “Materials and

Methods.” VCR, vincristine.

As shown in Table 1 and Figure 7, the ICs, values
of F2 (5,7-OMe, 3°,4,5’-OMe) and F7 (5,7-OMe,
4’-OMe), 0.4 uM and 1.4 uM, respectively. The
ICs values of F3 (5,6,7-OMe, 3’,4’-OMe) and F6
(5,6,7-OMe, 3°,4°,5’-OMe), 3.2 uM and 0.9 puM,
respectively. The ICsy values of F6 (5,6,7-OMe,
3°,4’,5-OMe) and F2 (5,7-OMe, 3°,4°,5’-OMe)
were 0.9 uM and 0.4 uM, respectively. In addition,
ICsy values of flavonoids in the presence of
vincristine were positively related to their DCFH-
scavenging activities (Figure 7).

DISCUSSION

Flavonoids/phenolics can not only be anti-
oxidative but also pro-oxidative, which suggests
that the flavonoids can be potentially more of an
oxidative risk than a benefit (22). However, the
pro-oxidant effect of flavonoids may be a more
important mechanism for their anticancer and
apoptosis-inducing  properties  than  their
antioxidant effect (23, 24). The antioxidant
activities of NAC and Vit C showed pro-oxidant

activities in the DCFH were comparable to those
of PDTC and Vit E, respectively, in the DPPH
assay. The former result is consistent with reports
showing that Vit C or NAC behave as a pro-
oxidant rather than an anti-oxidant (25, 26). Since
the big difference between the both assays is with
or without cells, the DCFH assay has the
advantage in being able to interpret the
permeability of the compounds through the
plasma membrane of the cells. Thus, the DCFH
assay represents the antioxidant activity of
intracellular amounts permeable across the
membrane whereas the DPPH assay shows
antioxidant activity itself. It is therefore thought
that a combination of the DPPH and DCFH
methods is more effective in elucidating the
differences in the antioxidant activity than that
alone. The propensity of a flavonoid to inhibit
free-radical mediated events is governed by its
chemical structure. The number and positions of
the substitutes of the flavone-based compounds
can influence the radical-scavenging activity (27).
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Table 1. Antioxidant, cytotoxic and chemosensitizing activities of the flavonoids

b c d
Drugs* DPOPH D(‘I)FH ICs” (uM) or
(%) (%) VCR-° VCR+°®
F1 (3,6,3',4' — tetramethoxyflavone) 9.6 45.5 >400.0 1.9 >210.5
F2 (5,7,3',4',5' — pentametoxyflavone) 9.9 -5.0 >400.0 0.4 >1000.0
F3 (5,6,7,3',4' — pentamethoxyflavone) 10.1 26.2  >400.0 3.2 >125.0
F4 (3,7 — dihydroxy-3',4' — dimethoxyflavone) 10.4 30.3 74 6.3 1.2
F5 (7,3',4' — trimethoxyflavone) 10.4 37.1  >400.0 1.2 >333.3
F6 (5,6,7,3',4',5' — hexamethoxyflavone) 10.8 36.0 64.7 0.9 71.9
F7 (5,7,4' — trimethoxyflavone) 10.9 19.6 72.6 14 51.9
F8 (3',4' — dimethoxyflavone) 11.0 24.4 386.0 1.2 321.7
F9 (3,5,7 — trihydroxy-3',4',5' — trimethoxyflavone) 24.5 69.0 126 3.2 3.9
F10 (5,7,3',4' — tetrahydroxyflavone) 43.2 83.7 32.7 19.6 1.7
F11 (5,7,3',4' — pentahydroxyflavone) 50.2 85.4 61.0 52.5 1.2
NAC (N — acetyl —L — cysteine) 13.2 -125.7
PDTC (pyrrolidine dithiocarbamate) 15.2 82.5
Vit C (Vitamin C) 29.9 -20.8
Vit E (Vitamin E) 324 334
Verapamil 61.0 0.4 152.5

*Number of flavonoids was designated from the lowest to the highest antioxidant activities on the basis of the DPPH
assay. ®The DPPH radicals-scavenging activity (%) was calculated with using the equation (As7, control - As5,
sample)x100/As;7, control. © The DCFH fluorescence-scavenging activity (%) was calculated with using the equation
(Fluorescence control — Fluorescence sample) x 100 / Fluorescence control. ¢ Drug concentrations with inhibit 50%
growth of the cells. ©In the presence (+) or absence (-) of vincristine (VCR) "Chemosensitizing index = ICs, (VCR-)/
ICso (VCRH).
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Flavonoids used in this study are characterized by
various combinations of OH and/or OMe groups.
F11 showing the highest antioxidant activity was
a just addition of 3-OH to F10, suggesting an
important role of the number of OH groups and/or
3-OH of the ring B in the antioxidant activity of
flavonoid. With the exception of F4 with two OH
groups, antioxidant activities of flavonoids (F9-
F11) with more than three OH groups showed
higher than those of other flavonoids, suggesting
more positive roles of OH groups in the
antioxidant activity than OMe groups. These
results are consistent with reports showing that
multiple OH groups on the molecule have a
substantial antioxidant activity and that OMe
groups introduce unfavorable steric effects and
increased lipophilicity and membrane partitioning
(27). However, F4 with 3,7-OH and 3’,4’-OMe
showed lower antioxidant activity than two
analogues, F5 and F6 without OH groups did.
These results suggest that OH groups are not
always related to the favorable antioxidant
activity.

The SAR combining cytotoxicity with
chemosensitization was created as follows. Firstly,
Flavonoids with the increased number of OH
groups show the higher cytotoxicity. Secondarily,
Flavonoids with 3’-OMe and/or 5’-OMe groups
play positive but 6-OMe groups negative roles in
the Pgp inhibition. The latter suggests that 6-OMe
might provide steric hindrance or steric repulsion
by the walls of the Pgp pocket. This hypothesis
could be supported not only by the finding that
the CI values of three flavonoids (F1, F3 and F6)
with 6-OMe are less than those of three
flavonoids (F2, F5 and F8) without 6-OMe but
also by a report that extensions at position 6 of
ring A prevent the flavonoid from binding to the
ATP site of Pgp (28). On the basis of the above
SAR, flavonoids containing 3’-OMe and/or 5’-
OMe groups without OH and 6-OMe groups
include F2, F5 and F8, which are consistent with
their high chemosensitization indexes. Finally,
there was inverse relation between Pgp inhibition
and antioxidant activity (Figure 7).

Taken together, these SAR studies
indicate that the OH derivatives of the flavonoids
are more likely to have higher antioxidant and
cytotoxic effects than their OMe counterparts, and
vise versa with respect to the chemosensitizing
effect although there are a few exceptions. It is
believed that these SAR results can be taken into
account for the development of flavonoids with
high therapeutic index.
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