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Abstract: A series of chalcones substituted by a quinoxaline unit at the B-ring were synthesized
and tested as inhibitors of breast cancer resistance protein-mediated mitoxantrone efflux. These
compounds appeared more efficient than analogs containing other B-ring substituents such as
2-naphthyl or 3,4-methylenedioxyphenyl while an intermediate inhibitory activity was obtained
with a 1-naphthyl group. In all cases, two or three methoxy groups had to be present on the phenyl
A-ring to produce a maximal inhibition. Molecular modeling indicated both electrostatic and
steric positive contributions. A higher potency was observed when the 2-naphthyl or 3,4-meth-
ylenedioxyphenyl group was shifted to the A-ring and methoxy substituents were shifted to the
phenyl B-ring, indicating preferences among polyspecificity of inhibition.

Keywords: ABC transporters, breast cancer resistance protein (BCRP)/ABCG2, quinoxaline
derivatives, structure—activity relationships, drug efflux

Introduction

According to the World Health Organization, cancer is a leading cause of death
worldwide.! Despite the high incidence of cancer, anticancer chemotherapy is limited
by cross resistance of tumor cells to these drugs, a phenomenon which is named
multidrug resistance (MDR). It is often associated with the overexpression of ATP-
binding cassette (ABC) transporters such as P-glycoprotein, also known as ATP-
binding cassette, subfamily B, member 1 (ABCB1);> multidrug resistance protein 1
(MRP1), also known as ATP-binding cassette, subfamily C, member 1 (ABCC1);? and
ATP-binding cassette, subfamily G, member 2 (ABCG2), which is also called breast
cancer resistance protein or mitoxantrone-resistance protein.* These transporters use
ATP hydrolysis as a source of energy to transport chemotherapeutics outside the cell,
significantly reducing their intracellular accumulation.’

ABCG?2 was the most recently discovered among the three main multidrug ABC
transporters, as isolated from a MCF7/AdrVp cell line in 1998.4 It is expressed in
different physiological membrane barriers protecting brain, placenta, and other
sensitive organs. This efflux transporter also plays an important role in MDR of a
number of cancer cells such as leukemias and solid tumors.® For this reason, new and
specific ABCG2 inhibitors are being investigated for use in improving the efficiency
of chemotherapy of resistant tumors.

Several classes of ABCG?2 inhibitors have been characterized: 1) ABCBI inhibitors
such as elacridar and tariquidar were found to be also active toward ABCG2;’ 2) selective
inhibitors such as fumitremorgin C, from Aspergillus fumigatus, were developed, but
their neurotoxicity prevented any clinical assays;®’ 3) new-generation inhibitors
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included flavonoid derivatives and chemical derivatives of
compounds known as ABCG?2 inhibitors.'%¢

More than 80% of current drugs are obtained from natural
sources or are based on natural compounds.'” Chalcones,
containing two phenyl A-ring and B-ring moieties, are
essential intermediate compounds in flavonoid biosynthesis
in plants and have been recently studied for their effects
against drug resistance. They were found to inhibit ABCG2
with a marked polyspecificity toward the A-ring moiety
where the standard phenyl group could be partly substituted
by 2’-OH-naphthyl,'® and quite efficiently by indole'® as well
as by 3’,4"-methylenedioxyphenyl or 2’-naphthyl groups.?
Interestingly, indole also appeared to be efficient at the
B-ring position when methoxy substituents were present on
the phenyl A-ring."

The aim of this work was to investigate a new series
of chalcones containing a quinoxaline unit as B-ring, and
to compare the quinoxaline efficiency to other bicyclic
B-rings such as a 2-naphthyl or 3,4-methylenedioxy-phenyl
unit as inhibitors of ABCG2. The results indicate that
quinoxaline potently contributes to inhibition, together
with methoxy groups on the other side of the molecule. The
intermediate potency of a 1-naphthyl group and functional
asymmetry of chalcones further documented the inhibition
polyspecificity.

Material and methods

Chemistry

Synthesis of quinoxaline-substituted chalcones

All reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA) or Oakwood Products (West Columbia, NC,
USA), and solvents from Merck (Whitehouse Station,
NJ, USA) or Vetec (Duque de Caxias, RJ, Brazil). The
quinoxaline-6-carbaldehyde was synthesized directly from
the methyl-quinoxaline as previously described,?! with a
yield of 80%. The quinoxaline-substituted chalcones (1-12)
were prepared by aldol condensation between quinoxaline-6-

N CH, N CHO
N S
N N

Figure | Synthesis of quinoxaline-substituted chalcones.

carbaldehyde and corresponding acetophenones in methanol
and potassium hydroxide 50% w/v, under magnetic stirring
at room temperature (Figure 1). Distilled water and 10%
hydrochloric acid were added to the reaction for total pre-
cipitation of the compounds, which were then obtained by
vacuum filtration and recrystallized in dichloromethane/
hexane or ethanol. The purity of the synthesized compounds
was analyzed by thin-layer chromatography using Merck
silica-precoated aluminum plates of 200 wm thickness, with
a hexane/ethyl acetate 1:1 system. Compounds were visual-
ized with ultraviolet light (A=254 nm and 360 nm) and using
sulfuric anisaldehyde solution followed by heat application
as the developing agent. Compounds 1-4 were previously
published by our group,? and 512 were newly synthesized
chalcones obtained with yields between 79% and 92%.

Synthesis of |-naphthyl-, 2-naphthyl-, and 3,4-
methylenedioxyphenyl-substituted chalcones

The chalcones 13-61 were prepared by the same
procedure described above and previously published by
our group.?2*

Physicochemical data of the compounds

The structures were confirmed by melting point (mp), proton
("HNMR) and carbon (*C NMR) nuclear magnetic resonance
spectroscopy. The mps were determined with a Microquimica
MGAPF-301 apparatus (Microquimica Equipamentos Ltda.,
Palhoga, SC, Brazil) and were uncorrected. NMR ('H and
13C) spectra were recorded on a Varian Oxford AS-400
(Agilent Technologies, Santa Clara, CA, USA) (400 MHz)
or on a Bruker Ac-200F instrument (Bruker, Billerica, MA,
USA) (200 MHz), using tetramethylsilane as internal stan-
dard. '"H NMR spectra revealed that all the structures were
geometrically pure and E configured (JHo—Hp =16 Hz).
High-resolution mass spectra (HRMS) were recorded on a
micrOTOF-QII mass spectrometer (Bruker) equipped with
an automatic syringe pump (KD Scientific, Holliston, MA,

1 R=4"-OCH,
2 R=2'5"diOCH,

o}
2' " =2' A'_Ai
3 AL Ny, 3R=3.4-diOCH,
R 4 R=2'4"diOCH,
4 6 N© 5 R=3'4.5-riOCH,
s

R=3-OCH,,4-OH
R=2'4'5-triOCH,
R=3'5"diOCH,
R=2-OCH,

10* R=3'5"-diOCH,, 4-OH
11* R=3-OCH,

12* R=2',3,4'4riOCH,

© 0 N O
* % x

Notes: (A) Step |: selenium dioxide, 180°C, 3 hours; step 2: 210-230°C, 3—4 minutes. (B) Corresponding acetophenone, 50% potassium hydroxide, methanol, room

temperature, 24 hours. *Represents novel compounds.
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USA) for sample injection (constant flow of 3 puL/minute)
by positive mode of electron spray ionization technique (4.5
kV and 180°C). The instrument was calibrated in the range
of 50-3,000 m/z using an internal calibration standard (low
concentration tuning mix solution) (Agilent Technologies).
An acetonitrile/methanol mixture was used as solvent of the
compounds. Data were processed via Bruker Data Analysis
Software (version 4.0).

Compound 5: (2E)-1-(3",4",5 -trimethoxyphenyl)-
3-(quinoxalin-6-yl)-2-propen- | -one

Light yellow solid, mp 90°C-92°C; '"H NMR (CDCl,)
8 3.96 (s, 3H, p-OCH,), 3.97 (s, 6H, m-OCH,), 7.33
(s, 2H, H2’, H6'), 7.70 (d, 1H, J=16.0 Hz, Hor), 8.01 (d, 1H,
J=16.0 Hz, HP), 8.07 (dd, 1H, J=8.0/1.0 Hz, H3), 8.16
(d, 1H, J=8.0 Hz, H4), 8.35 (d, 1H, J=1.0 Hz, H1), 8.88
(dd, 2H, J=8.0/1.0 Hz, H6, H7) ppm; “C NMR (CDCl,)
8 56.41 (m-OCH,), 60.97 (p-OCH,), 106.25 (C2’, C6’),
124.18 (Cav), 128.73 (C3), 130.07 (C1), 130.16 (C4), 133.02
(C1"),136.64 (C2), 142.74 (CP), 143.06 (C4a), 143.87 (C8a),
145.54 (C6), 145.78 (C4, C7), 153.22 (C3’, C5’), 188.53
(C=0) ppm; HRMS (ESI+) m/z: calculated for C,;H [N,O,
[M*]: 351.1339; found, 351.1338. Yield: 89%.

Compound 6: (2E)- | -(3’-methoxy,4’-hydroxy-phenyl)-
3-(quinoxalin-6-yl)-2-propen- | -one

Light yellow solid, mp 179°C-181°C; 'H NMR (CDCl,)
6 4.01 (s, 3H, m-OCH,), 6.26 (sl, 1H, OH), 7.03
(d, 1H, J=8.0 Hz, H5’), 7.67 (d, 1H, J=2.0 Hz, H2), 7.71
(dd, 1H, J=8.0/2.0 Hz, H6"), 7.76 (d, 1H, J=16.0 Hz, Ho),
7.99 (d, 1H, J=16.0 Hz, HP), 8.08 (dd, 1H, J=8.0/1.0 Hz,
H3), 8.15(d, 1H, J=8.0 Hz, H4), 8.33 (d, 1H, J=1.0 Hz, H1),
8.88 (dd, 2H, J=8.0/1.0 Hz, H6, H7) ppm; *C NMR (CDCl,)
855.43 (m-OCH,), 111.06 (C2"), 114.53 (C5"), 123.34 (C6),
124.07 (Cov), 128.12 (C3), 129.18 (C1’), 129.37 (C4), 129.69
(C1),136.29(C2), 1402.80 (CB), 142.44 (C4a), 143.08 (C8a),
145.06 (C6), 145.35(C7), 147.49 (C3"), 151.73 (C4"), 186.83
(C=0) ppm; HRMS (ESI+) m/z: calculated for C, ;H N,O,
[M*]: 307.1077; found, 307.1076. Yield: 86%.

Compound 7: (2E)-1-(2",4’,5 -trimethoxyphenyl)-
3-(quinoxalin-6-yl)-2-propen-|-one

Yellow solid, mp 159°C-161°C; '"H NMR (CDCl,) 8 3.84 (s,
3H, 0-OCH,), 3.92 (s, 3H, m-OCH,), 3.98 (s, 3H, p-OCH,),
6.56 (s, 1H, H3"), 7.44 (s, 1H, H6"), 7.86 (d, 1H, J=16.0 Hz,
Ha), 7.91 (d, 1H,J=16.0 Hz, Hp), 8.06 (dd, 1H, J=8.0/1.0 Hz,
H3),8.12 (d, 1H, J=8.0 Hz, H4), 8.29 (d, 1H, J=1.0 Hz, H1),
8.86 (dd, 2H, J=8.0/1.0 Hz, H6, H7) ppm; *C NMR (CDCl,)

8 56.09 (m-OCH,), 56.18 (p-OCH,), 56.75 (0-OCH,), 96.75
(C3"),113.10(C6"), 119.94 (C1), 127.32 (Cav), 129.79 (C3),
129.99 (C1), 131.01 (C4), 137.49 (C2), 139.74 (CB), 142.71
(C5"), 143.18 (C4a), 144.42 (C8a), 145.27 (C6), 145.65 (C7),
153.83 (C2%), 154.67 (C4’), 186.62 (C=0) ppm; HRMS
(ESI+) m/z: calculated for C,)H ,N,O, [M*]: 351.1339; found,
351.1339. Yield: 89%.

Compound 8: (2E)-1-(3",5’-dimethoxyphenyl)-
3-(quinoxalin-6-yl)-2-propen- | -one

Cream solid, mp 87°C-88°C; 'H NMR (CDCl,) 6 3.88
(s, 6H, m-OCH,), 6.70 (t, 1H, J=2.0 Hz, H4"), 7.19 (d, 2H,
J=2.0 Hz, H2’, H6"), 7.67 (d, 1H, J=16.0 Hz, Ho), 7.99
(d, 1H, J=16.0 Hz, HP), 8.06 (dd, 1H, J=8.0/1.0 Hz, H3),
8.15(d, 1H, J=8.0 Hz, H4), 8.32 (d, 1H, J=1.0 Hz, H1), 8.87
(dd, 2H, J=8.0/1.0 Hz, H6, H7) ppm; *C NMR (CDCl,) &
55.63 (m-OCH,), 105.36 (C4’), 106.41 (C2’, C6), 124.54
(Cav), 128.48 (C3), 130.16 (C4), 130.42 (C1), 136.61 (C2),
139.76 (C1"), 142.96 (CB), 143.10 (C4a), 143.91 (C8a),
145.27 (Co), 145.78 (C7), 160.99 (C3’, C5"), 189.53 (C=0)
ppm; HRMS (ESI+) m/z: calculated for C ;H,\N,O, [M']:
321.1234; found, 321.1236. Yield: 79%.

Compound 9: (2E)- 1-(2’-methoxyphenyl)-
3-(quinoxalin-6-yl)-2-propen- | -one

Cream solid, mp 93°C-95°C; '"HNMR (CDCl,) 6 3.86 (s, 3H,
0-OCH,), 7.07 (m, 1H, H3’), 7.38 (m, 1H, H5"), 7.66 (m, 1H,
H4"),7.76 (d, 1H, J=16.0 Hz, Ho), 8.03 (d, 1H, J=16.0 Hz,
HP), 8.04 (m, 1H, H3), 8.13 (d, 1H, J=8.0 Hz, H4), 8.35
(s, 1H, H1), 8.64 (m, 1H, H6"), 8.77-8.84 (m, 2H, H6, H7)
ppm; “C NMR (CDCL,) & 55.58 (0-OCH,), 107.45 (C3’),
119.71(C5’), 124.55 (Cov), 128.02 (C6"), 129.68 (C3), 130.31
(C1), 130.45 (C4), 133.50 (C4"), 136.70 (C2), 138.22 (C1"),
145.62 (C6), 145.85(C7), 142.87 (CP), 143.16 (C4a), 144.02
(C8a), 160.02 (C27), 189.90 (C=0) ppm; HRMS (ESI+) m/z:
calculated for C ;H,,N,O, [M*]: 291.1128; found, 291.1130.
Yield: 81%.

Compound 10: (2E)-1-(3’,5’-dimethoxy,4’-hydroxy-
phenyl)-3-(quinoxalin-6-yl)-2-propen- | -one

Gold yellow solid, mp 83°C-84°C; 'H NMR (CDCl,) 6
8 4.01 (s, 6H, m-OCH,), 6.26 (sl, 1H, OH), 7.39 (d, 2H,
J=2.0 Hz, H2’, H6'), 7.72 (d, 1H, J=16.0 Hz, Ha), 8.01
(d, 1H, J=16.0 Hz, HP), 8.07 (d, 1H, J=8.0 Hz, H3), 8.17
(d, 1H, J=8.0 Hz, H4), 8.36 (s, 1H, H1), 8.89 (dd, 2H,
J=8.0/1.0 Hz, H6, H7) ppm; C NMR (CDCl,) 6 56.60
(m-OCH,), 106.16 (C2’, C6"), 133.70 (C1’), 124.20 (Cv),
129.93 (C3), 130.14 (C4), 130.90 (C1), 136.82 (C2), 139.06
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(CB), 143.32 (C4a), 142.90 (C8a), 145.30 (C6), 145.75
(C4’, C7), 147.03 (C3’, C5’), 194.90 (C=0) ppm; HRMS
(ESI+) m/z: calculated for C ;H, N,O, [M*]: 337.1183; found,
337.1180. Yield: 88%.

Compound | |: (2E)-1-(3’-methoxyphenyl)-
3-(quinoxalin-6-yl)-2-propen- | -one

Beige solid, mp 108°C-109°C; 'H NMR (CDCl,) 6 3.90
(s, 3H, m-OCH,), 7.16 (d, 1H, J=8.0 Hz, H6"), 7.44 (t, 1H,
J=8.0 Hz, H5"), 7.58 (s, 1H, H2"), 7.65 (d, 1H, J=8.0 Hz,
H4"), 7.71 (d, 1H, J=16.0 Hz, Ho), 7.99 (d, 1H, J=16.0 Hz,
HP), 8.07 (d, 1H, J=8.0 Hz, H3), 8.15 (d, 1H, J=8.0 Hz, H4),
8.32 (s, 1H, H1), 8.87 (d, 2H, J=8.0 Hz, H6, H7) ppm; "*C
NMR (CDCl,) 6 55.52 (m-OCH,), 112.83 (C2"), 119.71 (C5),
121.12(C4’), 124.49 (Cov), 128.44 (C6"), 129.70 (C3), 130.21
(C1), 130.52 (C4), 136.61 (C2), 139.19 (C1"), 142.91 (CB),
143.13 (C4a),143.95 (C8a), 145.58 (C6), 145.81 (C7), 159.98
(C3%), 189.64 (C=0) ppm; HRMS (ESI+) m/z: calculated for
CH,N,O, [M']: 291.1128; found, 291.1123. Yield: 80%.
Compound 12: (2E)-1-(2’,3’,4’-trimethoxyphenyl)-
3-(quinoxalin-6-yl)-2-propen- | -one

Beige solid, mp 146°C-148°C; 'H NMR (CDCl,) 6 3.93
(s,3H, 0-OCH,), 3.94 (s, 3H, m-OCH,), 3.95 (s, 3H, p-OCH,),
6.78 (d, 1H, J=8.0 Hz, H5"), 7.56 (d, 1H, J=8.0 Hz, H6"), 7.74
(d, 1H, J=16.0 Hz, Ho), 7.88 (d, 1H, J=16.0 Hz, HP), 8.05
(dd, 1H, J=8.0/1.0 Hz, H3), 8.12 (d, 1H, J=8.0 Hz, H4), 8.28
(s, 1H, H1), 8.86 (dd, 2H, J=8.0/1.0 Hz, H6, H7) ppm; "*C
NMR (CDCl,) & 56.16 (m-OCH,), 61.09 (p-OCH,), 62.13
(0-OCH,), 107,46 (C5’), 119.88 (C1"), 126.12 (Cav), 128.60
(C6"), 129.12 (C3), 130.09 (C1), 130.16 (C4), 137.10 (C2),
140.71 (CP), 143.16 (C4a), 143.81 (C8a), 145.38 (C6),
145.69 (C7), 154.05 (C3"), 156.51 (C2"), 157.50 (C4"), 190.07
(C=0) ppm; HRMS (ESI+) m/z: calculated for C,;H \N,O,
[M*]: 351.1339; found, 351.1340. Yield: 92%.

Biology and biochemistry

Compounds

Mitoxantrone was purchased from Sigma-Aldrich. All com-
mercial reagents were of the highest available purity grade.
The chalcones were dissolved in dimethyl sulfoxide and then
diluted in Dulbecco’s Modified Eagle’s Medium (DMEM)
high glucose medium. The stock solutions were stored
at —20°C and warmed to 25°C just before use.

Cell cultures
The human fibroblast HEK293 cell lines transfected with
ABCG2 (HEK293-4BCG2) or with the empty vector

(HEK293-pcDNA3.1) were obtained as previously
described.!® The cells were maintained in DMEM (high
glucose) supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin, and 0.75 mg/mL geneticin.

ABCG2-mediated mitoxantrone efflux

Cells were seeded at a density of 1.5x10° cells/well into
24-well culture plates. After a 48-hour incubation period,
they were exposed to 5 UM mitoxantrone for 30 minutes
at 37°C, in the presence or absence of 5 UM of each com-
pound and then washed with phosphate buffer saline and
trypsinized. The intracellular fluorescence was monitored
with a FACSCalibur cytometer (BD Biosciences, San Jose,
CA, USA), using the FL4 channel, and at least 10,000 events
were collected. The percentage of inhibition was calculated
by using the following equation:

% inhibition = (C — M)/(C,, — M) x 100 (1)

where C is the intracellular fluorescence of resistant cells
(HEK293-4BCG2) in the presence of compounds and mitox-
antrone, M is the intracellular fluorescence of resistant cells
with only mitoxantrone, and C_, corresponds to the intracel-
lular fluorescence of control cells (HEK293-pcDNA3.1) in
the presence of compounds and mitoxantrone.

Statistical analysis

Each experiment was performed at least in triplicate.
The data are presented as mean * standard deviation.
Statistical significance was assessed by two-tailed
Student’s #-test. A P-value lower than 0.05 was considered
significant.

Molecular modeling and predictions of absorption,
distribution, metabolism, excretion and toxicity

The 61 molecules were modeled using the Sybyl X2.1
suite software (Tripos International, St Louis, MO, USA).
Molecules were minimized with the MMFF94 forcefield,?
using a dielectric constant of 80 and an electrostatic cutoff
of 16 A. Minimized molecules were aligned on the central
common core and put in a database. Lateral chains were
manually checked and aligned on a common position, and
the modified conformation was minimized. The differences in
internal energy between the two conformations must be lower
than 20 kcal -mol™" to validate the aligned conformations.
A three dimensional-quantitative structure—activity relation-
ship using comparative molecular similarity index analysis*
was initiated with the concentration producing 50% inhibi-
tion (IC, ) values of all 61 molecules. Grids of electrostatic
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and steric, hydrogen bond acceptor/donor, and hydrophobic
potential fields were computed. The grid was filtered with
2.0 kcal - mol™" as a minimal variation to select probes, and
validation by the leave-one-out method was chosen.”” With
an optimal number of 12 components, the partial least
squares algorithm found coefficients of 0.806 for correlation
and 0.912 for calibration. There was no outlier molecule in
the calculation. For predicting some ADMET properties
(absorption, distribution, metabolism, excretion, and toxic-
ity) of quinoxaline-containing chalcones, ACD/Percepta
14.0.0 software (Advanced Chemistry Development, Inc.
[ACD/Labs], Toronto, ON, Canada) was used, including a
Passive Absorption Module (five rules of Lipinski, capacity
to cross the blood—brain barrier, intraperitoneal tolerance in
mice) and an Ames Test Module (genetic toxicity, carcino-
genicity, ability to bind to estrogen receptor).

Results

A new series of 12 chalcones containing a quinoxaline unit
as B-ring, among a total of 61 studied, showed significant
inhibitory effects toward the MDR-conferring protein
ABCGQG2, depending on the number and position of methoxy
groups present on the phenyl A-ring (Table 1). The highest
potencies of inhibition, given their IC, values, were obtained
with compounds containing two or three methoxy groups at
the A-ring. The best derivatives were 4 (2°,4’-diOCH,) and 7
(2°,4,5"-triOCH,), with an IC,  of 1.4+1.0 uM, by comparison
to compounds containing a single methoxy group such as 1
(4- OCH,), 9 (2’-OCH,), and 11 (3’-OCH,). A very similar
potency was observed with 2 (2°,5’-di OCH,), 3 (3",4’-di
OCH,), 5 (3’,4’,5"-tri OCH,), and 8 (3",5"-di OCH,), the only
exception being 12 (2’,3",4’-tri OCH,), with a lower potency.
By contrast, a hydrophilic hydroxyl group at the 4" position
negatively contributed to the inhibition by 6 (3"-OCH,,
4’-OH) versus 3 (8-fold decrease) and by 10 (3’,5’-diOCH,,
4’-OH) versus 5 (5-fold decrease).

The quinoxaline unit replacing the B-ring was more,
or much more, active than 3,4-methylenedioxyphenyl or
2-naphthyl, regardless of the number of methoxy groups on
the A-ring: in 5 versus 16 and 24 (three methoxy groups); in
2 versus 14 and 22, in 3 versus 15 and 23, and in 8 versus 19
(two methoxy groups); in 1 versus 13 and 21, in 6 versus 25,
and in 11 versus 20 (one methoxy group). The only excep-
tions were 6 versus 17, and 7 versus 18 and 26.

The polyspecificity at the B-ring position was further
evaluated with 1-naphthyl, which displayed an intermediate
potency between quinoxaline on the one hand, and 2-naphthy]l
or 3,4-methylenedioxyphenyl on the other hand, regardless

of the number of methoxy groups on A-ring (Table 2): the
potency of 27 (12.5+2.6 uM) was higher than 30 or 31 (three
methoxy groups), the potency of 28 (3.5+1.0 uM) was lower
than 2 and higher than 14 (two methoxy groups), and the
potency of 29 (13.613.1 uM) was lower than 1 and higher
than 13 (one methoxy group). An increase in potency was
observed for 28 versus 22 and for 29 versus 21, but it was
too low to be statistically significant.

ADMET predictions performed on a set of nine selected
compounds (1-8, 12) indicated mostly optimal values for
the five rules of Lipinski, suggesting ability to cross the
blood—-brain barrier, and a negative Ames tests, related
to genotoxicity, carcinogenicity, and binding to estrogen
receptor, with a high intraperitoneal tolerance in mice. These
quinoxaline-containing compounds therefore display good
drug candidate profiles.

It has been experimentally shown that the six best
derivatives (2, 3, 4, 5, 7, and 8), displaying IC, values in
the range 1.4-2.2 uM, appeared not to be transported since
no evidence of cross-resistance (leading to lower toxic-
ity in ABCG2-transfected cells versus control cells) was
observed in cell survival using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, data not shown).

To complete the examination of structure—activity
relationships at the B-ring position, two other series of
chalcones with a wide panel of substituents on B-ring were
investigated (Table 3). The first contained a 3’,4’-methyl-
enedioxy-phenyl unit as A-ring while the second contained
a 2’-naphthyl unit.

The following substitutions at the B-ring were identified
to positively contribute to ABCG2 inhibition:

1. At least two methoxy groups were required in all stud-
ied chalcones for optimal inhibition when comparing
to compounds with only one, or without any, methoxy
group. The better inhibitory effects were produced by
compounds containing at least two methoxy groups at
the B-ring, such as 32, 33, 35, 52, 53, and 59, whereas
the contributions were lower in 50.

2. By contrast, all other tested substituents on the B-ring
were poorly efficient, such as chlorine (Cl) (in 40, 43, 44,
46, 47, 48, 51, 58, and 61), bromine (Br) (in 45 and 57),
trifluoromethyl (CF,) (in 40, 41, 42, 46, 54, and 55), nitro
group (NO,) (in 37, 49, and 60), cyano group (CN) (in 39
and 56), and hydroxyl (OH) (in 38, 25, 17, 6, and 10).
Although the B-ring could accommodate bicyclic rings

(accompanied by OCH, substituents on the phenyl A-ring)

as well as OCH,-substituted phenyl (with bicyclic rings

instead of A-ring), the inhibitors were not equivalent in

Drug Design, Development and Therapy 2014:8

submit your manuscript

613

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Winter et al

Dove

Table | Potent inhibition of ABCG2-mediated mitoxantrone efflux by chalcones containing a quinoxaline group at the B-ring compared

to 2-naphthyl and 3,4-methylenedioxyphenyl groups

B-ring = quinoxaline®

B-ring = 2-naphthyl®

B-ring = 3,4-methylenedioxyphenyl®

IC50 (uM)- IC50 (uM)© ICso (uM)-
| 13 21
2.84+0.5 >50%# 18.618.1%
(0] 0] 0
Z Ny Z = o
HgCON/j H3CO O OO H3000>
2 14 22
1.74£0.2 17.0+1.9%# 5.6+ 1.4%#
OCHp OCHL OCHO
7 Ny Z 7 o
sanse sasee Saavs
OCH; OCH3 OCH;
3 15 23
1.9+0.7 4.1£0.7% 3.5+0.4%
o] o] o
HsCO = Ny H3CO. = H3CO = o
HgCON/j HaCO O OO cho 0>
4
1.4£1.0
OCHD
= N\
H3CO O O N/j
5 16 24
2.2£1.5 11.24+0.8%# 6.110.1%
(0] (0] (0]
H,3CO % Ny, H3CO. = H3CO = o
H300N/j H3CO O OO HyCO O O 0>
OCHj3; OCH3 OCH3
6 17 25
16.1£].5%* 5.8+1.2%%# 48.5+9.2%#
o} T o}
H3c0Nj H4CO. O 7 OO H4CO. O -z O o>
HO' N HO' HO' 0
7 18 26
1.4+1.0 2.5+0.9 0.94+0.23
OCHD OCHL OCHP
= Ny 7 Z 0
chDN/] H3CO O OO H3€OO>
OCH, OCH; OCH3
8 19
2.1+1.3 23.343.|##
(0] (0]
H3CO. F N\ H3CO. I =
saave
OCHjg OCHg
9
14.3+£3.2 uM*
OCHO
Z N\
Shate
10
I1.4+].5%*
(0]
H4CO. Z Ny
pEaase
OCH3
Il 20
5.0+0.6 uM* >50 uM##

d

(e}
U0

(Continued)
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Table | (Continued)

B-ring = quinoxaline®

B-ring = 2-naphthyl®

B-ring = 3,4-methylenedioxyphenyl®

IC,, (LM)* IC,, (LM)*

IC,, (LM)*

12
115404 uMs

OCHL

H3CO! % Ny
SARee
H3CO N

Notes: *Quinoxaline-substituted chalcones were synthesized; ®2-naphthyl- and 3,4-methylenedioxyphenyl-chalcones were obtained as previously described;?* “the efficiency
of each chalcone to inhibit mitoxantrone efflux from ABCG2-transfected HEK-293 cells was determined by flow cytometry, relatively to control HEK-293 cells transfected by
the empty pcDNA3.| vector giving maximal mitoxantrone accumulation; the IC values were determined by using increasing inhibitor concentrations up to 20 UM or 50 uM;
*P<0.01 and *¥<0.001 when comparing the IC,; value of compounds 4 and 7 with each compound of the same series using Student’s t-test; “P<0.05; *P<<0.01; and *#P<<0.00
when comparing the IC,; values of each quinoxaline-containing compound with corresponding compounds containing either a 2-naphthyl and a 3,4-methylenedioxyphenyl

using Student’s t-test.

Abbreviations: ABCG2, ATP-binding cassette super family G2 (also called breast cancer resistance protein); IC,, concentration producing 50% inhibition.

potency. Indeed, the compounds containing a 3’,4’-methyl-
enedioxyphenyl unit as A-ring and methoxy substituents on
B-ring were more, or much more, potent than the inverted
compounds containing a 3,4-methylenedioxyphenyl unit at
B-ring and methoxy substituents on the phenyl A-ring: in
38 versus 25 (12-fold increase), in 33 versus 31 or in D of
Figure 2 versus 24 (10-fold increase), and in C of Figure 2
versus 23 or in A of Figure 2 versus 22 (5-to-6-fold increase);
however, a slightly opposite effect was observed in 32 versus
26 (2-fold decrease). Moreover, the compounds containing a
2’-naphthyl unit as A-ring and methoxy substituents on phe-
nyl B-ring were more efficient than the inverted compounds
containing a 2-naphthyl unit as B-ring and methoxy substitu-
ents on phenyl A-ring: in 53 versus 14 (3-fold increase) as
well as in G of Figure 2 versus 18 (11-fold increase).

A three dimensional quantitative structure—activity rela-
tionship molecular model was constructed after structures
alignment from the IC, values of all compounds, as shown
on Figure 3. The positive contribution of quinoxaline at
B-ring position (as observed in Table 1) appears to be related
to electrostatic interactions of the two nitrogen heteroatoms
(blue volumes). The better contribution of 1-naphthyl over
2-naphthyl (as observed in Table 2) might correlate both steric
negative effects on the right edge of the site (yellow volume)
and electrostatic negative effects on the top (red volume).
Concerning methoxy contributions (as observed in Tables
1 and 2), the positive effects appear to be related to steric
effects (green volume) at position 2" and to both steric and
electrostatic (blue volume) contributions at positions 4" and
5’, whereas the negative contribution observed in some cases

Table 2 Inhibition efficiency of |-naphthyl group as chalcone B-ring to inhibit ABCG2-mediated mitoxantrone efflux by comparison

to other bicyclic groups

B-ring = quinoxaline B-ring = |-naphthyl

B-ring = 2-naphthyl

B-ring = 3,4-methylenedioxyphenyl

IC,, (LM)* IC,, (LM)* IC,, (1M)* IC,, (UM)*
27 30 31
12.5+2.6 24.0+2.5%* 39.0£1.0%F*
OCHD ‘ OCHH
2 7 7 o,
‘ “ )
H3CO' O OCH3 O H3CO O OCH3 OO H3CO O OCH3 O o
2 28 14 22
1.7£0.2% 3.5t1.0 17.0£].9%* 5.6x1.4
OCHH OCHH OCHp
“ SO e L P
SRAse SRAs o0 SRS
o
OCH; " OCHs OCH;3 OCH;
| 29 13 21
2.840.5%* 13.6£3.1 >50%F* 18.618.1

Q 0]
F Na = ‘
J SRA®
N H3CO

H3CO

H3CO

i =
o

H3CO

Notes: “The inhibitory efficiency of the chalcones was studied as above; *P<0.05, **P<<0.01 and **P<0.00| when comparing IC,; values of compounds containing |-naphthyl

with each compound of the other series using Student’s t-test. *P<<0.05; **P<<0.01.

Abbreviations: ABCG2, ATP-binding cassette super family G2 (also called breast cancer resistance protein); IC,, concentration producing 50% inhibition.

Drug Design, Development and Therapy 2014:8

submit your manuscript

615

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Winter et al

Dove

Table 3 Dependence of the inhibition of ABCG2-mediated
mitoxantrone efflux on B-ring substituents in chalcones containing

either a 3,4-methylenedioxyphenyl or 2-naphthyl group at the

Table 3 (Continued)

Compound B-ring IC,, (WM)*
48 Fo 24.6+1.9
1D
Cl N
49 o) 20.5+3.2
W
O,N
50 OCHs 11.6£1.7
e OCHj4
OCHs
Compound B-ring IC,, (WM)*
51 al 17.6+4.7
‘;é
52 OCH3 7.6%1.6
&
H3CO
53 OCHj3 5.54+0.3
#
OCHj3
30.6+0.7

54 ;;;O/ca
55 ;\CL >50

CF3
56 f\©\ >50
CN
57 §\©/Br 26.613.4
58 Cl >50
&
cl
59 OCH3 4.4+0.1
;f\@:ocm
OCH3
60 %) 12.4+1.9
W,
O,N
6l mowa 21.5+4.0
N

Note: “The inhibitory efficiency of the chalcones was studied as above.
Abbreviations: ABCG2, ATP-binding cassette super family G2 (also called breast
cancer resistance protein); IC,, concentration producing 50% inhibition.

at position 3’ (such as in 12) as well as negative effects of
hydroxyl at position 4" (in 6 and 10) might be due to electro-
static antagonism (red volume). Other electrostatic negative
effects related to B-ring positions 2 and 3 (red volume) appear
to correlate the low efficiency of compounds containing

A-ring
(0]
o) =
S0
O
Compound B-ring IC., (uM)*
32 OCHg 2.240.5
&
OCH3
OCHs
33 OCH3 3.8+1.2
35!
H3CO OCH3
34 g\@% >50
O
35 OCH3 1.5£0.2
0
H3CO
36 ;\© 27.6+4.5
37 NO, >50
o
38 ;g\@iocm 3.9+0.4
OH
39 ;\Q >50
CN
40 ;é\@[c& 23.748.7
Cl
41 ef\@\ 36.6£10.2
CF3
42 ;,S‘\©/CF3 21.613.6
43 3’\©/CI 22.0t4.1
Cl
44 cl 29.6£1.0
go!
Cl
45 ;\©/ Br 15.6+4.9
46 cl >50
S0
W
CF3
47 j N OCHj; 22.9+3.3
P
Cl N
(Continued)
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o
(@] / AN
: i
0 =
A R=2,5-diOCH,
B R=4-OCH,
C R=3,4-diOCH,
D R=3,4,5-triOCH,
o)
/ \
\ —R
/

E R=2,4,6-triOCH,
F R=4-OCH,
G R=2,4,5-riOCH,

Figure 2 Structure of chalcones with a 3,4-methylenedioxy-phenyl or a 2-naphthyl
group as A-ring, and methoxy substituents on the B-ring.

Note: Compounds previously identified in Rangel et al.

Abbreviation: R, ring.

hydrophilic substituents such as NO, (in 37), Cl (in 43, 44,
51, and 58), Br (in 45 and 57), or CF, (in 40, 42, or 54).

Discussion
The present work, performed on a total of 61 chalcones,
has allowed the identification of three new characteristic
structure—activity relationships of inhibitors toward ABCG2
drug-efflux activity.

Firstly, the polyspecificity at the B-ring position as a
consequence of the high efficiency of both newly-synthesized

Figure 3 3D-QSAR analyses.

quinoxaline- and 1-naphthyl-derivatives was shown by
comparison to that of 3,4-methylenedioxyphenyl- and
2-naphthyl-containing chalcones recently characterized.?’ In
agreement with previous observations showing that indole
was also quite efficient,” the polyspecific B-ring position
appears able to accommodate a number of bicyclic rings. The
preference for quinoxaline appears correlated to electrostatic
interactions of the two nitrogen heteroatoms. The increase in
affinity seems not to be related only to the hydrophobicity,
as monitored by logP, since for pairs of inverted compounds
(such as 26 versus 32, 31 versus 33, or 14 versus 53), the
logP values were the same, whereas the inhibitory activity
toward ABCG2-mediated drug-efflux was different. LogP
values were also the same among 1-naphthyl and 2-naphthyl
derivatives (such as 27 versus 30, 28 versus 14, or 29 versus
13) and among compounds of the same series containing the
same number of methoxy groups at different positions (such
as 2 versus 3 versus 4 versus 8) (data not shown), which
displayed differential inhibition activities.

The quinoxaline-containing chalcones appear not to be
transported, as is also observed for other types of chalcones'®
as well as for flavones,'® methoxylated trans-stilbenes,'* and
chromones.!®

Secondly, the requirement for at least two methoxy groups
on the phenyl A-ring (through both electrostatic and steric
contributions) while a bicyclic unit occupies the B-ring
position to provide maximal inhibition, is in agreement
with previous observations showing a positive contribution
of methoxy groups to the inhibition potency of flavones,'
rotenoids,'' and trans-stilbenes.'* The contribution of meth-
oxy groups at positions 2" and 4" was previously observed in
other types of chalcones,'32°?® whereas the effects produced
at positions 3" and 5" have been characterized here. Many
other types of substituents such as Cl, Br, NO,, OH, CN, or
CF, did not contribute to inhibition, likely due to their hydro-
philicity, as recently observed with other chalcones.?

Notes: Structure alignment of the 61 molecules (left panel). CoMSIA contribution volumes from all molecules (right panel); volumes were plotted with 80 for positive
contributions (green for steric and blue for electrostatic fields) and 20 for negative contributions (yellow for steric and red for electrostatic fields); the structure of

compound 7 is represented.

Abbreviations: 3D-QSAR, three dimensional quantitative structure—activity relationship; CoMSIA, comparative molecular similarity index analysis.
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Thirdly, a higher potency can be reached by shifting
the bicyclic unit to the A-ring and methoxy substituents
to the phenyl B-ring, as observed here with either 3’,4’-
methylenedioxy or 2-naphthyl, which indicates that the
chalcones are functionally asymmetric, and preferences exist
among polyspecificity. This is consistent with the high potency
previously observed with an indole at A-ring position."

In conclusion, it would be interesting to synthesize and
assay a new-generation of inhibitory chalcones containing
either a quinoxaline or 1-naphthyl unit at the A-ring, and
a phenyl B-ring substituted by either two or three meth-
OXy groups at various positions, or a p-bromobenzyloxy
group, which was recently shown to play a critical role in
both chromones' and chalcones.? Finally, this chalcone-
binding site should be differentiated from that of different
inhibitors such as chromones, also known as good drug
candidates.
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