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Abstract—A library of chalcones with basic functionalities were screened for inhibition of P-glycoprotein (Pgp, ABCB1) by the cal-
cein-AM accumulation assay on MDCKII/MDRI1 cells. Three members that had ring A substituted with 5-(1-ethylpiperidin-4-yl)
and 2,4-dimethoxy groups were found to increase calcein-AM accumulation to a greater extent than verapamil, a Pgp inhibitor.
These compounds were subsequently shown to enhance the uptake of doxorubicin by MCF-7 cells that over-expressed Pgp. How-
ever, when tested for inhibition of the breast cancer resistance protein (BCRP, ABCG2) by the mitoxantrone uptake assay, the same
compounds fared poorly. In comparison, a non-basic chalcone (5-14, 3-(4-chlorophenyl)-1-(2,4-dimethoxyphenyl)prop-2-en-1-one)
increased mitoxantrone uptake by BCRP over-expressing MCF-7 cells (MCF-7/MX) by more than 300% at 5 pM. Thus, introduc-
ing a basic group on the chalcone template enhanced Pgp inhibition at the expense of BCRP inhibition. The basic chalcones were
also better Pgp inhibitors than their non-basic counterparts which may in turn be better BCRP inhibitors. Structure activity analysis
showed that lipophilicity of the chalcones was not the overriding factor for Pgp inhibitory activity. Rather, good activity was asso-
ciated with appropriately placed electron donor atoms, of which the meta-disubstituted dimethoxy motif on either ring A or B was
of particular relevance. In spite of differing structural requirements for inhibition of Pgp and BCRP, chalcone 3-100 [3-(2,4-dime-
thoxyphenyl)-1-(4-(piperazin-1-yl)phenyl)prop-2-en-1-one] inhibited both Pgp and BCRP to a reasonable extent and may be a useful

starting point for the design of dual inhibitors.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Drug efflux transporters of the ATP binding cassette
(ABC) family of proteins play a critical role in determin-
ing the pharmacokinetic and pharmacodynamic proper-
ties of drugs, in particular those for the treatment of
cancers.!> Multidrug resistance (MDR) in which tumor
cells become resistant to different anti-cancer drugs has
been attributed in part to the over-expression of efflux
transporters such as P-glycoprotein (Pgp, ABCBI),
MRP1 (ABCCI) and breast cancer resistance protein
(BCRP, ABCG?2). These proteins actively efflux anti-can-
cer drugs out of the target cells and thus limit their thera-
peutic efficacies. Several compounds have been evaluated
as inhibitors of ABC transporters in recent years.>* It is
anticipated that co-administration of these inhibitors
and anti-cancer drugs will improve the oral bioavailabil-

Keywords: Chalcones with basic functionalities; Inhibition of ABC

transport proteins; P-glycoprotein; Breast cancer resistance protein;

Structure-activity analysis.

* Corresponding author. Tel.: +65 65162654; fax: +65 67791554;
e-mail: phagoml@nus.edu.sg

0968-0896/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2007.10.006

ity and tumor-targeting of the anti-cancer agent. Re-
cently, a proof-of-concept study showed that the co-
administration of an anti-cancer drug topotecan with
elacridar, an inhibitor of Pgp and BCRP, significantly in-
creased the bioavailability of topotecan and reduced in-
ter-patient variability.> Recent transport inhibitors like
elacridar and biricodar inhibited multiple ABC transport-
ers. Since most cells express a host of transporters and not
just a specific member, dual or broad spectrum inhibitors
may offer advantages not found in compounds that target
a single transport protein. On the other hand, broad spec-
trum inhibitors may give rise to more side effects.® Hence,
the relative merits of specific versus multiple inhibitors are
still widely debated.!

Flavonoids and its derivatives have received considerable
attention as ABC transporter inhibitors.*’” The flavonol
quercetin potentiated the action of doxorubicin on a mul-
tidrug resistant cell line® and this led to the proposal that
it might be an inhibitor of Pgp-ATPase.” Growing inter-
est in the potential of flavonoids as Pgp inhibitors led to
the synthesis of flavonoid derivatives with N-benzylpiper-
azine side chains!® and C-isoprenyl substituents,'! as well
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as investigations on flavonoid subfamilies like aurones!>'#

and chalcones.'>'® More recently, several flavonoids
were found to be inhibitors of the breast cancer resistance
protein BCRP.'7'° A comparison of the structural
requirements for flavonoid—-BCRP interactions showed
that they were similar but not identical to those estab-
lished for flavonoid—Pgp interactions.!” Boumendjel
and co-workers proposed that active flavonoids had a
strong affinity for the nucleoside binding domain of Pgp
because their chromenone ring bore some similarity to
the adenine moiety of ATP. 7 But their efforts to enhance
the resemblance to adenine by replacing the intracyclic
oxygen of the chromenone ring with nitrogen resulted
in compounds with diminished activity.” It may be that
the nitrogen atom in the resulting compounds was not
extensively protonated at physiological pH. The impor-
tance of a cationic centre like a protonated tertiary amino
function had been emphasized in several structure activ-
ity relationship (SAR) studies.?%-!

In this investigation, several chalcones with basic func-
tionalities were evaluated as inhibitors of Pgp and
BCRP. Chalcones are bioprecursors of flavonoids and
have been associated with Pgp inhibitory activity. '>1°
One chalcone was reported to inhibit BCRP as well. '°
Lipophilicity of chalcones is commonly cited as an
important parameter for Pgp inhibitory activity.'>!¢ In
comparison, little is known of the inhibitory potential
of chalcones with cationic functionalities, in spite of
the acknowledged importance of this motif for activity.
The structural requirements for BCRP inhibitory activ-
ity have received even less attention. Thus, our objective
is to assess how cationic functionalities in the chalcone
template will affect the ability of these compounds to in-
hibit Pgp and BCRP and to show if different structural
requirements are required for the inhibition of these
functionally related proteins. To achieve these objec-
tives, a library of chalcones with basic functionalities
were evaluated for the inhibition of Pgp by the in vitro
calcein-AM assay carried out on Mardin—Darby canine
kidney (MDCK) cells that were transfected with human
MDRI ¢cDNA. Compounds found to have promising
inhibitory activities were further evaluated for their abil-
ities to increase doxorubicin accumulation in a human
breast cancer cell line (MCF-7) selected for over-expres-
sion of the Pgp protein. Finally, the same compounds
were tested for BCRP inhibition by the mitoxantrone
accumulation assay carried out on MCF-7 cells selected
for over-expression of BCRP.

2. Results
2.1. Chalcones tested for inhibitory activities

The synthesis of the library of chalcones has been de-
scribed in an earlier report.?*>>* Briefly, their synthesis
was achieved by the base-catalyzed Claisen—Schmidt
condensation of appropriately substituted benzaldehy-
des and acetophenones. Compounds were characterized
and purified to >95% purity (confirmed by HPLC anal-
ysis) for biological testing. The structures of the library
members are given in Table 1. Except for compound 13,

Table 1. Structures of chalcones investigated for inhibition of Pgp and
BCRP efflux activities

Compound?® Ring A® R;

1-120 Group 1 4’-pyridinyl®
1-121 3’-pyridinyl®
1-122 2’-pyridinyl®
1-123 4'-Mp*
2-124 Group 2 4'-Mp?
3-100 Group 3 2',4’-(OCHs),
3-101 2'-Cl

3-102 4'-Cl

4-105 Group 4 4'-Cl

4-106 H

4-107 2/ 4/-(OCHs),
5-14 Group 5 4'-Cl

5-18 4'-CF,

5-19 2',4’-(OCHs;),
5-113 4-MP?
6-130 Group 6 2'-Cl

6-131 H

6-132 4'-Cl

6-133 4’-pyridinyl®
6-134 4'-mp¢
7-140 Group 7 2'-Cl

7-142 H

7-143 4-Mp*
10-10 Group 10 H

13 2, 3,4-(OCHs3); phenyl 2/, 4/-(OCHs),

#Syntheses of compounds are described in Refs. 22-24.
> Groups have the following substituents on ring A:

H,CO H;CO
H,CN @ OCHz; H4CN @ OCHs
HO
Group 1 Group 2
o) (A
Group 3 Group 4
OCH; HsCO
Group 5 Group 6
H3;CO
H4CN N @ OCH; HsCN @ OCH;
3
S
Group 7 Group 10

¢ Pyridine was substituted in place of ring B.
44/-MP = 4'-(4-Methylpiperazin-1-yl).
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the other compounds are arranged in Groups (1-7 and
10) based on the substitution pattern on ring A. Com-
pound 13 and members in Group 5 have no basic func-
tionalities on ring A, unlike the compounds in the other
groups. For some compounds, ring B is substituted with
a basic group (4-methylpiperazin-1-yl) or is replaced by
the basic pyridine ring. Chalcones with basic groups on
either one (ring A or B, monobasic chalcone) or both
rings (dibasic chalcones) are represented in this library.

2.2. Effects on calcein-AM uptake in MDCKII/MDR1
cells

Calcein acetoxymethyl ester (calcein-AM) is a substrate
of Pgp. It is non-fluorescent, extremely lipid soluble and
gains rapid entry into cells. Once in the cell, calcein-AM
is hydrolyzed by endogenous esterases to give the hydro-
philic and intensely fluorescent calcein, which is not a
substrate of Pgp and is thus retained in the cytosol. Cells
expressing high levels of Pgp rapidly extrude non-fluo-
rescent calcein-AM from the plasma membrane, leading
to reduced accumulation of fluorescent calcein in the
cytosol.?® On the other hand, cells that do not over-ex-
press Pgp accumulate high levels of fluorescent calcein.
In this way, the ability of a compound to inhibit Pgp
activity can be assessed by measuring the increase in
intracellular calcein fluorescence when incubated with
a Pgp over-expressing cell line as compared to the paren-
tal, non-over-expressing cell line.

MDCKII/MDR1

Actin M. A

MDCKII/WT

PP s e

Figure 1. Western blot analyses of Pgp expression in MDCKII/WT
and MDCKII/MDRI1 cells. The protein loading for each sample was
40 pg as determined by protein assay. Actin was used as positive
control.
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The two cell lines used in this assay were the parental
MDCKII/WT and its transfected clone MDCKII/
MDRI1 which expressed higher levels of Pgp. The
expression of Pgp in these cell lines wes determined by
Western blotting (Fig. 1). Constitutive levels of Pgp
were detected in the parental cell line but a stronger
band was observed in the MDCKII/MDRI1 cells for
the same protein load. Thus, MDCKII/MDRI1 cells
had higher levels of Pgp and would accumulate less cal-
cein-AM than the parental cells.

Figure 2 shows the output from a representative assay in
which calcein-AM accumulation was concurrently mon-
itored in MDCKII/WT cells and MDCKII/MDRI1 cells
over a period of 40 min. Linear increases in fluorescence
were noted over this time period. A faster rate of in-
crease was observed for the parental MDCKII/WT cells
(average of 8.3 fluorescent units/min from all runs) as
compared to the transfected MDCKII/MDRI1 cells
(average of 1.5 fluorescent units/min from all runs),
which was in keeping with the over-expression of Pgp
in the transfected cells. Two known Pgp inhibitors,
verapamil and cyclosporin A, were used as positive con-
trols for both cell lines. Both inhibitors increased calce-
in-AM accumulation in the two cell lines, but in general,
greater increases were observed in the transfected cell
line compared to the parental cell line. These control
determinations were routinely carried out in each 96-
well plate, along with the test compounds, which for
screening purposes, were tested at a fixed concentration
of 10 pM. The effect of the test compound on the trans-
fected cell line was monitored over 40 min and two
parameters were determined from the plot: (i) % accu-
mulation of calcein-AM after 40 min using Eq. 1, and
(ii) the rate of uptake over the 40 min time interval. Re-
sults are given in Table 2. These two parameters were
found to be significantly correlated to each other (Pear-
son correlation coefficient r = 0.848, p < 0.05, n = 25).

% Calcein-AM accumulation

= [FMDCK /MDRI +test compound / Fmpek /mpri) x 100 (1)

Only three compounds (6-130, 6-131, 6-132) were
found to increase calcein-AM accumulation to a

—o— MDCKII/MDR1
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Figure 2. Calcein-AM accumulation in MDCKII/WT and MDCKII/MDRI cells over 40 min with or without the presence of cyclosporin A (CSA)

and verapamil (VER).
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Table 2. Effects of test compounds on % calcein-AM accumulation in
MDCKII/MDRI cells and their ClogP values

Compound % Calcein Rate of calcein-AM  ClogP*®
accumulation®  uptake®
1-120 117 1.74 2.45
1-121 170 2.48 2.45
1-122 164 2.96 2.45
1-123 102 0.98 3.85
2-124 118 1.53 3.78
3-100 216 (13) 3.96 (0.55) 3.39
3-101 139 2.11 4.09
3-102 135 1.96 4.09
4-105 103 1.34 5.49
4-106 112 1.66 4.77
4-107 178 (25)° 3.51 4.78
5-14 101 (8) 0.91 (0.11) 4.58
5-18 103 (4) 1.05 4.75
5-19 172 (10)° 2.92 3.88
5-113 159 (16) 2.60 3.77
6-130 280 (25)¢ 5.32(0.97) 5.36
6-131 256 (14)¢ 4.43 (0.71) 4.65
6-132 247 (23)¢ 4.39 (0.49) 5.36
6-133 151 (6) 2.26 (0.09) 3.15
6-134 120 1.40 (0.12) 4.55
7-140 222 (45) 4.26 (1.38) 4.56
7-142 176 (31)° 3.04 (0.87) 3.84
7-143 107 (2) 1.16 3.74
10-10 178 (32) 1.90 (0.91) 5.03
13 174 (23)° 3.41 3.13
Verapamil 188 (18) 3.34 (0.46) 4.47
Cyclosporin A 437 (57) 9.68 (0.71) 14.57

#Compounds were tested at 10 uM. % Calcein-AM accumula-
tion = [FMDCK/MDRI + test compound/ FMDCK/MDR1] X 100, Where F is
fluorescence of calcein at 40th minute. Values are mean of 2 or more
separate determinations. SD in brackets for » > 3 determinations.

®Rate of uptake was assessed from the plot of calcein fluorescence
versus time. Values are means + SD, with SD given for >3
determinations.

©ClogP was determined from Sybyl 7.0 (Tripos Inc., St. Louis, MO).?

4 Significantly different from verapamil, ANOVA, 1 way, post-hoc
Tukey (Origin 7.5, OriginLab, MA).

®No significant difference in uptake in calcein-AM among the indi-
cated compounds (4-107, 5-19, 7-142, 13), ANOVA, 1 way, post-
hoc Tukey (Origin 7.5, OriginLab, MA).

significantly greater degree than verapamil. Two of these
compounds (6-130 and 6-131) were further investigated
for their concentration dependent effects on the accumu-

200+ —=—6-130 ——6-131

lation process, and their ability to increase doxorubicin
(DOX) levels in human breast cancer cells (MCF-7) se-
lected for over-expression of Pgp. They were also tested
for inhibition of BCRP as described in the following sec-
tions. Compound 6-132 was not included in spite of its
good activity because it is structurally similar to the
other two compounds. Instead, we included 3-100
which is comparable to verapamil in terms of ability
to accumulate calcein-AM, as one of the compounds
for further investigation. Ring A of 3-100 has a basic
ring only and no methoxy group. Thus it is different
from the other compounds and it would be of interest
to see if this difference affects activity.

2.3. Concentration dependent effect of selected compounds
on calcein-AM accumulation

Figure 3 shows the effect of different concentrations of
promising compounds (3-100, 6-130, and 6-131) on
the accumulation of calcein-AM. The latter is expressed
using Eq. 2, which measures the extent to which the test
compound increases calcein-AM uptake in the transfec-
ted cell line, compared to the maximum increase in up-
take that can be expected from the assay system.

% Increase in calcein-AM accumulation

_ FMpeki/MDR1 with drug — F'MDCKII/MDR1 without drug

FMDCKI/WT without drug — £ MDCKII/MDR!1 without drug
(2)

The denominator (FMpckiywT without drug — FMDCKIN
MDRI without drug) Was determined on the parental and
transfected cell lines and represented the maximum dif-
ference (=~100%) in calcein fluorescence (F) under the
prevailing experimental conditions. The numerator rep-
resented the increase in calcein fluorescence in
MDCKII/MDRI cells due to the inhibitory effect of
the test compound. Measurements were made at the
40th minute.

Figure 3 shows fairly linear increases in fluorescence
with increasing concentrations of compounds 3-100,
6-130, and 6-131. The sustained rise in fluorescence
associated with compound 6-130 (>100% at 50 uM)
suggests that it is more potent than 6-131 and 3-100.
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Figure 3. % Increase in calcein-AM accumulation in MDCKII/MDRI cells at the 40th minute in the presence of test compounds.
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Two less active compounds (4-107, 7-142) were in-
cluded for comparison and they showed gradual
increases with concentration.

2.4. Effect of compounds 3-100, 6-130, and 6-131 on the
accumulation of doxorubicin in MCF-7 cells that over-
expressed Pgp (MCF-7/Adr)

The cell line MCF-7/Adr was selected for over-expres-
sion of Pgp by continuous exposure to doxorubicin.
Western blot analyses (Fig. 4) confirmed the presence
of Pgp, but not BCRP in this cell line. The parental cell
line had no detectable levels of Pgp and BCRP. These
results served to confirm the appropriateness of these
cell lines as models to assess the effects of the com-
pounds on the Pgp transporter.

In Section 2.2, the compounds were tested at 10 pM for
their effects on calcein-AM uptake in MDCKII/MDRI1
cells. Since a different cell line (MCF-7/Adr) and repor-
ter molecule (DOX instead of calcein-AM) were used in
this section, a different concentration may be required.
Hence, we determined the anti-proliferative ICsy values
of the test compounds and doxorubicin, to arrive at
the concentration to be used.

DOX is a substrate of Pgp, and its ICsy on the MCF-7/
Adr cells was approximately 150-fold higher (p < 0.01)

MCF-7/Adr MCF-7/WT
Actin F

BCRP

MCF-7/WT MCF-7/MX

Pgp me——agge

Figure 4. Western blot analyses of Pgp and BCRP expression in MCF-
7/WT, MCF-7/Adr, and MCF-7/MX cells. The protein loading for
each sample was 20 pg as determined by protein assay. Actin was used
as positive control.
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than its ICsy on the parental cell line (Fig. 5a). On the
other hand, the ICs, values of the test compounds on
the two cell lines did not differ significantly, implying
that they were not likely to be substrates of Pgp. Based
on the ICsy determinations, a low concentration of 1 uM
was used in the subsequent experiments.

The uptake of DOX into cells was readily monitored by
measuring its intrinsic fluorescence in the intracellular
compartments. Using a calibration curve, the level of
fluorescence was correlated to the amount of DOX ta-
ken up into the cells. As shown in Figure 5b, about five
times more doxorubicin was accumulated in the parental
MCF-7/WT cells than in MCF-7/Adr cells. When the
cells were pre-incubated with cyclosporin A or verapa-
mil (1 M) for 1 h, and then exposed to DOX for an-
other hour, uptake of DOX increased significantly in
the MCF-7/Adr cells and was almost comparable to lev-
els in the parental cells. Similar observations were made
for cells pre-incubated with test compounds 3-100, 6—
130, and 6-131 tested at 1 uM. These results further con-
firmed the Pgp inhibitory properties of the chalcones.

2.5. Effect of compounds 3-100, 6-130, and 6131 on the
accumulation of mitoxantrone (MX) in mitoxantrone
resistant MCF-7 cells (MCF-7/MX)

MCF-7/MX cells were selected for over-expression of
BCRP by continuous exposure to mitoxantrone. Wes-
tern blot analysis confirmed the BCRP expressing status
of MCF-7/MX (Fig. 4). No detectable level of Pgp was
observed in this cell line. As stated earlier, neither Pgp
nor BCRP was detected in the parental cell line.

Mitoxantrone (MX) is a substrate of BCRP. Its cellular
accumulation was determined by a semi-quantitative
method involving flow cytometry using a fluorescence-
activated cell sorter. In a typical experiment (Fig. 6),
the following were monitored: (i) autofluorescence of
the MCF-7/WT cells (curve D), (ii)) MX fluorescence

(o2

OMCF-7/Adr @ MCF-7/WT
0.70

0.60 ®
0.50
0.40
0.30
0.20
0.10
0.00

Dox (ug/10+%6 cells)

3-100 6-130 6-131 VER CSA CTR
Compounds (1pM)

Figure 5. (a) ICs of test compounds on MCF-7/Adr and MCF-7/WT. (b) Uptake of doxorubicin in MCF-7/Adr and MCF-7/WT cells in presence of
test compounds at 1 uM: 3-100, 6-130, 6-131, verapamil (VER), cyclosporin A (CSA). CTR, control cells exposed to DOX in absence of test
compound. (a) “Significant difference (p < 0.01) between ICsy of DOX in MCF-7/WT and MCF-7/Adr cells (One-way ANOVA followed by Tukey).
ICsp of test compounds on the two cell lines was not found to differ significantly. (b) “Significant difference in uptake of DOX in MCF-7/Adr cells
treated with test compound, as compared to untreated control (CTR) MCF-7/Adr cells (One-way ANOVA followed by Tukey). Bars represent

mean * SD for 3 determinations.
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Figure 6. Flow cytometry analysis of MX in MCF-7/WT and MCF-7/MX cells: (A) MCF-7/WT + MX; (B) MCF-7/MX + MX; (C) MCF-7/
MX + MX + FTC 10 uM; (D) MCF-7/WT. R2 is the vertical marker and area to the right of it is defined as the % area of defined region.

in MCF-7 or MCF-7/MX cells, exposed to MX (curves
A and B, respectively), (iii)) MX fluorescence in MCF-7/
MX cells, in the presence of the BCRP inhibitor (fumi-
tremogin, FTC) which was used as a positive control
(curve C), and (iv) similar to (iii), but in the presence
of test compound (not depicted).

As shown in Figure 6, a vertical marker was arbitrarily
set on the autofluorescence curve of MCF-7/WT cells
(curve D) in the FACS plot. The marker was adjusted
so that the area to the right of it was <5%. This area
is referred to as the ‘area of defined region’. The parental
cells (MCF-7/WT) accumulated more MX than MCF7/
MX cells, resulting in a stronger fluorescent signal, and
thus a larger area of defined region. This is shown for
curves A and C. FTC caused more MX accumulation
in MCF-7/MX cells (curve C) and this caused a right
hand shift in the position of the fluorescent peak com-
pared to curve B.

Table 3. Accumulation of mitoxantrone (MX) in MCF-7/MX cells in
the presence of test compounds

Cell line + test compound®  Area of defined % Accumulation
region (%)° of mitoxantrone®

MCF-7/WT (no MX) 247+0.74 16.1
MCF-7/WT + MX 6747 £15.64 4392
MCF-7/MX + MX 15.36 + 1.78 100
MCF-7/MX + MX +3-100 28.94 + 5.80 188.4
MCF-7/MX + MX + 6-130 21.00 + 6.29 136.7
MCF-7/MX + MX + 6-131 18.12 £ 5.27 118.0
MCF-7/MX + MX +5-14  53.54 + 9.96 348.69

MCF-7/MX + MX + FTC  42.16 274.5¢

# Concentrations used were MX 3 uM; test compound 5 uM; FTC
10 uM.

®The area of defined region is that part of the curve on the right of the
vertical marker on the autofluorescence curve of MCF-7/WT cells
(no MX). Values are mean £ SD for n = 4, except for FTC (n = 2).

¢Given by Eq. 3: % MX accumulation = Am““X;‘;ﬁ;;’z‘_ﬁ,‘:jx&‘i"““ﬂX1004

9 MX uptake in presence of test compound was significantly different
from uptake in untreated MCF-7/MX cells (p < 0.05) when tested by

ANOVA, 1 way, post-hoc Tukey (Origin 7.5, OriginLab, MA).

Table 3 lists the % area of the defined region for the
accumulation of MX by MCF-7/MX cells in the pres-
ence of compounds 3-100, 6-130, 6-131, and 5-14.
The data were analyzed for significant difference from
the control untreated MCF-7/MX cells by 1-way ANO-
VA followed by post-hoc Tukey. No statistical differ-
ence was observed for compounds 6-130 and 6-131. A
marginally greater uptake was detected for 3-100 com-
pared to the control (p = 0.058). Only the non-basic
chalcone 5-14 and FTC caused significant increases in
MX accumulation compared to control untreated cells
(p <0.05). The chalcone 5-14 increased accumulation
to 348% of the control, as compared to 275% for FTC.

3. Discussion
3.1. Pgp inhibitory properties of the chalcone library

Of the chalcones investigated for enhancing calcein-AM
accumulation (Table 2), only three compounds (6-130,
6-131, 6-132) significantly increased calcein-AM uptake
to a greater degree than the known inhibitor verapamil.
These compounds belonged to Group 6 in which ring A
was substituted with two methoxy groups and a 1-ethyl-
piperidin-4-yl ring. Since there were also less active com-
pounds (6-133, 6-134) in Group 6, the presence of this
ring A motif per se did not ensure good inhibitory activ-
ity. Both 6-133 and 6-134 had basic substituents (4-
methylpiperazin-1-yl or pyridine in place of phenyl) on
ring B. A check on other compounds in Table 2 showed
that having basic groups on ring B consistently led to
poor activity irrespective of the substitution on ring A.
On the other hand, the role of the basic functionality
on ring A was less clear-cut. The present findings
showed that it was a necessary, but not sufficient, feature
for Pgp inhibitory activity. For example, there were
more active compounds in Groups 6 and 7 than Groups
3 and 4, although they were all basic chalcones. In addi-
tion, non-basic chalcones like compounds 5-19 and 13
had uptake levels that were not significantly different
from basic chalcones like 4-107 and 7-142 (Table 2).
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To have a better understanding of the differences exhib-
ited in the library, we considered the lipophilicity of
these compounds since this property has been widely ci-
ted as an important requirement for Pgp inhibitory
activity.?®?! The Clog P values of the compounds were
determined in silico (Table 2) and the correlation be-
tween ClogP and rates of uptake was assessed. We
found no significant correlation (Pearson correlation
r=0.101, p > 0.05, n =25) but noted that compounds
with basic groups on both rings were among the least
lipophilic in their respective Groups, which may account
in part for their poor Pgp inhibitory activities.

We also considered a proposal by Seelig?® that Pgp
inhibitors were characterized by electron donor (hydro-
gen bond acceptor) groups that were separated by de-
fined distances, namely 0.25nm (£0.03, Type 1) or
0.46 nm (£0.06, Type II). In addition, compounds with
a larger number of these Type I and II recognition pat-
terns were generally associated with greater inhibitory
potencies. The compounds were examined for the pres-
ence of these recognition patterns and two Type II rec-
ognition patterns in ring A of Groups 1, 2, 6, and 7
were found. These involved the 2,4-dimethoxy groups
(0.48 nm between the oxygen atoms) and the carbonyl
oxygen and 2-methoxy oxygen (0.39-0.41 nm). The
nitrogen atoms in the piperidine or piperazine rings
are not electron donors because they are protonated at
pH 7.4 or their electrons are delocalized into the adjoin-
ing aromatic ring A. No Type I or II recognition pattern
was found in Groups 3 and 4, except for compounds 3—
100 and 4-107 which had 2,4-dimethoxy groups on ring
B. Coincidentally or otherwise, both compounds had the
fastest rates of calcein-AM uptake in their respective
groups. Compounds 13 and 5-19 also illustrated the
importance of the Type Il recognition pattern. Both
compounds had three Type II distances because they
had methoxy groups on both rings A and B. Yet again,
they caused the greatest degree of calcein-AM accumu-
lation among the non-basic chalcones.

A qualitative picture of the structural requirements for
Pgp inhibitory activities among the basic chalcones
may be summarized as follows. First, there is a clear
indication that basic groups should be present on only
one ring of the chalcone template, and this is preferably
ring A. Basic groups on both rings adversely affected
activity, possibly because the resulting compounds had
lower lipophilicities. Second, the meta-dimethoxy motif
on either ring A or B is an important feature for activity
because they are electron donors and comply with the
Type II spatial distance for Pgp inhibitors proposed by
Seelig. 2® When this motif was present on ring A, the dis-
tance between the oxygen atoms of the carbonyl moiety
and the 2-methoxy group also fell within the required
Type II spatial distance. For non-basic chalcones, hav-
ing two such features was not sufficient to ensure good
inhibitory activity as seen from the poor activities of
the Group 5 compounds (5-14, 5-18), but those with
three Type 11 features like compounds 5-19 and 13 were
comparable in activity to verapamil. In contrast, basic
chalcones required only one or two Type II features
for good calcein-AM accumulation, as evident from

compounds 6-130, 6-131, and 6-132 (significantly better
than verapamil) and compound 3-100 (comparable to
verapamil). However, at this stage, it is not clear why
Type 11 requirements should differ for basic and non-ba-
sic chalcones.

3.2. BCRP inhibitory properties of the chalcone library

Only four compounds were tested for BCRP inhibitory
activity on the MX accumulation assay. These com-
pounds were 3-100, 6-130, 6-131 which had good Pgp
inhibitory profiles and a non-basic chalcone 5-14 which
had poor Pgp inhibitory activity. The results showed
that in contrast to their marked effects on Pgp efflux
activity, compounds 3-100, 6-130, and 6-131 did not in-
crease MX accumulation in the BCRP over-expressing
cell line. Rather, it was compound 5-14 which signifi-
cantly increased MX accumulation.

There is keen interest in developing BCRP inhibitors be-
cause not many compounds are known to inhibit this
transporter.* Moreover, inhibitors of BCRP and the
other ABC transporter proteins seemed to have different
structural requirements.?® This was also observed in this
study, based on the contrasting activities of the basic
chalcones (6-130, 6-131) and the non-basic chalcone
5-14. However, more examples are required for further
confirmation. Notwithstanding these observations, com-
pound 3-100 may offer some potential as a dual inhibi-
tor of Pgp and BCRP. It was comparable to verapamil
in increasing calcein-AM uptake and nearly as efficient
as FTC in increasing MX accumulation. In order to de-
velop a molecule of pharmaceutical interest, it is desir-
able that the candidate compound should not present
significant cytotoxicity. Compound 3-100 has ICs, val-
ues of 16.3 and 13.4 uM against MCF-7 and HCT116
cells,?® and was able to increase DOX accumulation in
MCEF-7/Adr cells at a low concentration of 1 uM. In
comparison, compounds 6-130 and 6-131 were associ-
ated with greater cytotoxicities (ICsopcp.7 < 10 pM).23

4. Conclusion

In conclusion, we have identified several basic chalcones
that exhibited promising reversing effects on the trans-
port properties of Pgp. SAR showed that the basic
group was a necessary but not sufficient feature for
inhibitory activity. The presence of the meta-dimethoxy
motif on the chalcone framework was also required, pre-
sumably because it introduced electron donor atoms
with optimal spatial distances postulated to be impor-
tant for activity. The main difference between basic
and non-basic chalcones was that when a basic group
was present, fewer of these electron donor groups were
required and greater inhibition of Pgp efflux activity
was noted. One advantage associated with fewer elec-
tron donor groups may be improved permeability and
oral bioavailability, as stated in Lipinski’s Rule of
Five.?® According to this mnemonic, compounds with
more than 10 hydrogen bond acceptors (equivalent to
electron donor groups) are likely to have poor oral
absorption. We also found that chalcones that were
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good Pgp inhibitors were generally poor BCRP inhibi-
tors. The converse may be true but more compounds
are needed to confirm this trend. In spite of these con-
trasting structural requirements, one compound (3—
100) inhibited both transport proteins, suggesting that
with careful structural manipulation, dual inhibitors of
Pgp and BCRP may be developed from the chalcone
template.

5. Experimental
5.1. Chalcone library

The synthesis of the chalcones has been reported in the lit-
erature. 2224 Compounds were characterized by 'H NMR
and '*C NMR, and purified to >95%, as confirmed by
HPLC analysis, by column chromatography and crystal-
lization. Details are provided in the cited papers.??-24

5.2. Materials

Calcein acetoxymethyl ester (calcein-AM), doxorubicin,
mitoxantrone, verapamil, cyclosporin A, 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and fumitremorgin C (FTC) were purchased from Sig-
ma-Aldrich Chemical Co, Singapore. Mouse monoclo-
nal antibodies for Western blot analyses of Pgp and
BCRP were from Signet Laboratories Inc, Dedham,
MA. Other reagents were of analytical grade.

5.3. Cell lines

Parental Mardin—Darby canine kidney cells (MDCKII/
WT) and MDCKII/MDRI1 cells transfected with human
MDRI cDNA were generous gifts from Dr Anton Berns
of the Netherlands Cancer Institute, Antoni van Leeu-
wenhoek Hospital, Amsterdam, Netherlands.
MDCKII/MDR1 and MDCKII/WT cells were grown
in DMEM containing 10% fetal bovine serum (FBS)
and 0.1 g/L penicillin G/streptomycin sulfate. Cells were
subcultured when they reached 80-90% confluency and
were used at passages 8-17 for the calcein-AM assay.
Human breast cancer MCF-7 cells were purchased from
American Type Cell Culture (Manassas, VA, USA),
while the drug selected doxorubicin (Adriamycin®) resis-
tant (MCF-7/Adr) and mitoxantrone resistant (MCF-7/
MX) cell lines were obtained from Dr. Rachel Ee,
Department of Pharmacy, National University of Singa-
pore. The cells were cultured in RPMI 1640 media sup-
plemented with 10% FBS and 0.1 g/LL penicillin G/
streptomycin sulfate. The media for MCF-7/Adr and
MCF7/MX cells contained 10 uM doxorubicin and
250 nM mitoxantrone, respectively. Western blot analy-
ses were used to determine Pgp levels in MDCKII/WT,
MDCKII/MDR1, MCF-7, MCF-7/Adr, and MCF-7/
MX cells. BCRP levels were similarly determined in
parental and drug selected MCF-7 cells.

5.4. Western blot analyses

Western blot analyses of Pgp were carried out on
MDCKII/WT, MDCKII/MDR1, MCF-7, MCF-7/

Adr, and MCF-7/MX cells. BCRP levels were similarly
determined in parental and drug selected MCF-7 cells.
Each cell line was grown to confluence, trypsinized,
transferred to Eppendorf tubes and rinsed with ice-cold
PBS. The contents of each tube were suspended in 100 pl
lysis buffer (Phosphatase™ extraction buffer, Novagen)
in the presence of protease inhibitors (15 pl, Protease
inhibitor cocktail, Roche). The cell suspension was incu-
bated for 20min (4 °C) and centrifuged (20 min,
10 K rpm) to give a clear supernatant. Aliquots were
prepared from the different cell lines in this way. Protein
content of each aliquot was determined by a commercial
reagent (Dye Reagent Concentrate, Bio-Rad). For Wes-
tern blot analysis, the protein extract was diluted with
Laemmli buffer (4x) and analyzed by SDS gel electro-
phoresis on appropriate polyacrylamide gels (6.5%) with
20 or 40 pg of protein loaded on each lane. The proteins
on the gels were then transferred to polyvinylidene dif-
louride (PVDF) membranes (Bio-Rad) by a semi-dry
transfer method. After blocking with Tris buffered saline
containing 5% low-fat milk and 0.1% Tween 20, the
membranes were probed with primary antibodies
against Pgp (Signet C219 mouse monoclonal antibody,
Cat No 8710-01, ABCB1) and BCRP (Signet mouse
monoclonal antibody (Cat No: 8822-01, clone BXP-21,
ABCG?2). The antibodies were purchased from Signet
Laboratories Inc, Dedham, MA, and were used at a
dilution of 1:1000. The membrane blots were then re-
acted (1 h) with secondary antibodies (horseradish per-
oxidase anti-mouse IgG or horseradish peroxidase
anti-rabbit IgG), washed extensively with Tris buffered
saline (0.1% Tween 20) and submerged (5 min) in a mix-
ture of horse radish peroxidase substrate (Luminol,
Supersignal West Pico, Pierce, IL). Membranes were
lightly hand-blotted to dry, exposed for varying periods
(10s to 5min) to an autoradiography film and devel-
oped to visualize the antibody—antigen complexes.

5.5. Determination of growth inhibitory ICs, values by the
microculture tetrazolium assay

A previously described method was followed.?? Briefly,
MCEF-7/WT and MCF-7/Adr cells were incubated with
the test compound for 72 h, after which the medium
was decanted, replaced with MTT solution and incu-
bated for another 3 h. The cells were washed with phos-
phate-buffered saline (PBS) and DMSO was added to
lyze the cells and to dissolve the purple formazan crys-
tals. Absorbances were read at 590 nm on a microplate
reader, with 3 determinations made for each concentra-
tion of test compound. ICsq values were determined with
Prism Graph Pad (San Diego, CA, USA).

5.6. Uptake of calcein-AM in MDCKII/MDRI1 cells

A previously described method was followed with some
modifications.?®  Briefly, =~ MDCKII/MDR1  and
MDCKII/WT cells at 80-90% confluency were trypsini-
zed, seeded in 96-well plates at a cell density of 5.0 x 10*
cells/well, and incubated at 37 °C, 24 h, 5% CO, atmo-
sphere. The cell monolayer in each well was carefully
washed with PBS, followed by incubation with test com-
pound (10 uM, prepared in DMSO-Hank’s Buffered
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Saline Solution) for 30 min (37 °C, 5% CO, atmo-
sphere). After 30 min incubation, an aliquot of calcein-
AM in DMSO-HBSS was added to each well to give a
final concentration of 2 uM. The maximum concentra-
tion of DMSO per well was 1% v/v. After incubation
(10 min), the fluorescence of each well was measured
at 10 min intervals for 40 min on a microplate reader
with Aexcitation Of 485 nm, Aemission Of 535 nm. Concurrent
determinations were made with positive controls verap-
amil and cyclosporin A at 10 uM. The accumulation of
calcein-AM was calculated at the 40th minute using Eq.
3. The rate of calcein-AM accumulation in the presence
of test compound was also determined from the gradient
of the linear increase in calcein fluorescence with time
(Microsoft Office Excel 2003).

5.7. Doxorubicin accumulation in MCF-7/Adr cells

A previously described method was followed.?” Briefly,
MCEF-7/Adr (passage 5-15) and MCF-7/WT (passage
20-30) were grown in 75 cm” flasks to ~90% confluency.
Cells were trypsinized, resuspended in RPMI 1640 at a
cell density of ~10° cells/ml, seeded into 6-well plates
and incubated for 12 h (37 °C, 5% CO,) for attachment
as a monolayer. The test compound was added (1 uM in
2 ml of 0.1% v/v DMSO in FBS-free RPMI 1640 incuba-
tion) to the well, incubated for 1 h (37 °C), followed by
DOX (10 uM in 5.8 pl of distilled water) and incubated
for another hour. Uptake was stopped by washing each
well with ice-cold PBS (3 ml, thrice) and solubilizing the
cells with 1% v/v Triton X100 and 0.2% v/v SDS in PBS.
After incubation (30 min), an aliquot (200 pl) from each
well was transferred into a 96-well plate and the intracel-
lular level of DOX was determined by analyzing the cell
lysate on a fluorescence plate reader at wavelengths
Aexcitation 485 nm and Aemission 335 nm. To obtain the
DOX standard curve, cell lysates were prepared as de-
scribed above in the absence of test compound. The ly-
sates were transferred to 96-well plates to which were
added aliquots of freshly prepared doxorubicin in dis-
tilled water to give final concentrations ranging from
0.02 pg/ml to 2.0 ug/ml. The fluorescence intensities of
the solutions were determined as before. Calibration
curves were constructed with fluorescence intensity (y-
axis) and DOX concentration expressed as pg doxorubi-
¢in/10° cells (x-axis). Good linearity (+* = 0.995) was ob-
tained and the plot was used to determine the
intracellular levels of DOX.

5.8. Mitoxantrone accumulation in MCF-7/MX cells

The method described by Zhang et al.!® was followed.
The accumulation of mitoxantrone (MX) was investi-
gated on MCF-7/WT and MCF-7/MX cells by flow
cytometry. Briefly, cells were grown in 75 cm? flasks to
about 90% confluence, trypsinized, washed twice with
ice-cold PBS and resuspended in serum-free RPMI
1640 medium at a cell density of ~10°cells/ml. The
accumulation of MX was investigated by incubating
1 ml of cells with the test compound or the vehicle
(0.5% v/v DMSO in RPMI) in a Falcon tube for
37 °C, 15 min, followed by addition of MX. The final
concentrations of test compound and MX were 5 and

3 uM, respectively. After incubation for 30 min, uptake
was stopped by adding 5 ml of ice-cold PBS and centri-
fugation at 2000 rpm, 5min, 4°C. The cells were
washed twice with ice-cold PBS and the intracellular
concentration of MX was determined using a FACScan
flow cytometer (Coulter EPICS Elite ESP) equipped
with a solid state argon laser for excitation at 488 nm
and a bandpass filter at 670 nm to detect MX fluores-
cence. Data were processed with Summit version 4.2
software. The accumulation of MX was expressed by
Eq. 3 (Footnote to Table 3).

MX accumulation (% of control)

o AreaMCF7/MX+test compound X 100 (3)
AreaMCF7/MX

5.9. Molecular modeling

Chem 3D Pro 10.0 (CambridgeSoft, MA) and Sybyl 7.0
(Tripos Inc., St. Louis, MO) were used to determine
intramolecular distances and ClogP of the test com-
pounds, respectively. Measurements were made from
geometry optimized conformations of the compounds
using the standard force fields of the software.

5.10. Statistical analysis

Data were analyzed for significant differences using one-
way ANOVA followed by post-hoc Tukey’s test (Origin
7.5, OriginLab, MA).
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