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Abstract

Chalcones are a group of molecules with a broad spectrum of biological activities, being especially appealing for their
antiproliferative effects on several cancer cell lines. For this reason, we synthesized 23 chalcones with good to excellent
yields and assessed their effect on the viability of the SH-SYS5Y neuroblastoma cell line and on primary human fibroblasts.
The results indicated that 18 of these compounds were more active than 5-fluorouracil in the cancer cell line and one of them
was more selective than this reference drug. To identify structural features related to the antiproliferative activity of these
compounds, as well as, the selectivity on the cancer cell line, a 2D-QSAR analysis was performed. The QSAR model (¢ =
0.803; 7 = 0.836) showed that lipophilicity (CLogP) is the most important factor to increase their cytotoxicity on the cancer
cell line. On the other hand, the selectivity QSAR model (¢ =0.917; * =0.916) showed that changes in the Mulliken’s
charge of the carbonyl group and at the C4’ position in the chalcone core can increase the selectivity for SH-SY5Y cell line

compared to normal fibroblasts.

Keywords Chalcones * Antiproliferative activity * 2D-QSAR * SH-SYS5Y - Cancer * Neuroblastoma

Introduction

Cancer is one of the principal causes of death in the world.
According to the World Health Organization, in 2008, 7.6
million deaths were caused by cancer, and in 2030 this
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number is projected to be 11 million (WHO 2015).
Worldwide cancer of the lungs, liver, colon, stomach, and
breasts cause the majority of cancer deaths each year (WHO
2015). Most of cancer chemotherapies are cytotoxic with
levels of toxicity that limit their usefulness (Ramalho et al.
2013). In recent years, therapies directed at certain mole-
cular targets have been developed for cancer treatments to
reduce their toxic effects and damage to by stander normal
tissues. Nevertheless, there is still a need for novel antic-
ancer drugs (Ramalho et al. 2013).
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Neuroblastoma is a neoplasia derived from neuron cells
from the sympathetic nervous system. It is considered one
of the most common extracranial tumors and represents
15% of all childhood cancer deaths (Dodurga et al. 2014).
Treatment for this neoplasia is diverse according to the age
and the state of development of the disease. The Interna-
tional Neuroblastoma Staging System (INSS) states that
tumors above stage II are those that require mandatory
chemotherapeutic intervention due to the poor efficiency of
surgery for tumor remission (Navarro et al. 2006). For this
reason, it is relevant to find new highly effective and
selective molecules that offer new therapeutic choices to
control this devastating disease (Citish et al. 2015).

In this sense, natural products have been a wide source of
therapeutic agents. The most studied family of natural
products is polyphenols, mainly flavonoids and related
compounds due to their multiple pharmacological applica-
tions on cancer and other diseases (Agrawal 2011; Pandey
and Rizvi 2009). Chalcones are open chain flavonoids,
which exhibit several biological properties such as anti-
inflammation, anti-mutagenesis, and cytotoxicity (Alegaon
et al. 2014; Anto et al. 1994; Avila et al. 2008; Kamal et al.
2011; Luo et al. 2012; Pilatova et al. 2010; Yadav et al.
2011). Examples of natural chalcones (1la—g) and flavonoids
(2a—c) with antiproliferative activity on cancer cell lines are
shown in Fig. 1. Flavokawain A (1la) and B (1b) have
antiproliferative and pro-apoptotic effects on bladder cancer
cells (Zi and Simoneau 2005), while xanthoangelol (1c)
shows the same effects on liver cancer cell lines (Moon
et al. 2010); xanthohumol (1d) exhibits anticancer effects in
breast and prostate cancer cell lines (Vanhoecke et al. 2005;
Vene et al. 2012); butein (1e) has shown antiproliferative
and pro-apoptotic effects on the neuroblastoma IMR-23 cell
line (Tabata et al. 2005). Other compounds such as apigenin
(2a), apigenin-7-O-P-p-glucopyranoside (2b), and brac-
flavone (2¢), isoliquiritigenin (1f) and their derivative 2’-O-
methyl-isoliquiritigenin (1g) have shown antiproliferative
effects on the SH-SYSY cancer cell line, however, with a
half inhibitory concentration (ICsy) above 30 uM, similar

la Rl:OH’ R2:R6: H, R3:R,4:R5: OMe
1b R,= OH, Ry=Rs=R = H, Rs=R,~ OMe
1c R|=Rs= OH, R,= Geranyl, R;= OMe, R;=R(=H
1d R1:R5: OH, RZZRGZH, R3:R4: OMe
le R1=R5=R6= OI‘I7 R2=R4= H, R3: OMe
1f R1=R5= OH, R2=R4=R6= H, R3= OMe
1g R,=OMe, R,~R,~R,= H, R;=Rs= OH

performance was shown by luteolin 7-O—f-p —glucopyr-
anosiduronicacid- (1—2)-p-b-glucopyranoside (2d), and
chrysoeriol 7-O-f- p-glucopyranosiduronicacid- (1—-2)-p-b-
glucopyranoside (2e)with ICsy around 30 pM on the same
cancer cell line (Conrad et al. 2009; Chan et al. 2007; Hu
et al. 2014; Tabata et al. 2005; Yu et al. 2007).

The structure—activity relationship analysis has shown
that the stereo-electronic properties play an important role
on the antiproliferative activity (Lessa et al. 2010; Montana
and Batalla 2009; Singh et al. 2011), for instance the
cytotoxicity on primary skin melanoma (WM-115), human
leukemia promyelocytic cell line (HL-60), and lympho-
blastic lines (NALM-6) have been linked to the electronic
properties of the molecules (Kupcewicz et al. 2014).
Despite the above, there are no reports of quantitative
structure—activity analysis for chalcone or flavonoids
nucleus on the cytotoxicity for the neuroblastoma SH-
SYSY cancer cell line.

The antiproliferative activity of chalcones on diverse
cancer cell lines, encouraged us to pursue the synthesis and
characterization of 23 chalcones, as well as, the assessment
of their effect on the SH-SYS5Y cancer cell line (neuro-
blastoma) and a non-neoplastic human primary culture
(fibroblasts) viability. The Hanch’s analysis technique (2D-
QSAR) was utilized to distinguish the structural require-
ments responsible for biological activity and accordingly
propose new derivatives with improved activity and
selectivity.

Experimental procedure

Material and methods

Melting point was measured in a Fischer Scientific appa-
ratus. Infrared spectra were recorded in Buck Scientific
M500. The recorded range was 600 to 4000 cm” !, all

samples were registered on an ATR system (Attenuated
Total Reflectance). 'H and '*C-NMR, 2D-HSQC, and 2D-

2a R1:R2:R3: H R3

2b R;=Glu, R,=R;=H

2¢ R;=H, R,= O-iso-butenyl, R;= OH

2d R,=Glucoside-(1-2)-Glucuronic acid, R,= H, R;= OH
2e R ;= Glucoside-(1-2)-Glucuronic acid, R,= H, R3= OMe

Fig. 1 Natural chalcones and flavonoids with antiproliferative activity on several cancer cell lines, including neuroblastoma SH-SY5Y
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HMBC spectra were recorded on a Bruker Advance 400
NMR spectrometer, operating at 400.13 MHz for 'H and
100.6 MHz for '*C, respectively. Chemical shifts were
reported in 6 (ppm downfield from the TMS resonance) and
coupling constants (J) are given in Hz. GC-MS was carried
out using Agilent Technologies 6890 model with automatic
ALS, mass detector HP MD 5973 in splitless mode (5 min).
All reagents and reactants were purchased from commercial
suppliers and were either of analytical reagent grade or
chemically pure: Acetophenone (3) Benzaldehyde (4a), 2-
methylbenzaldehyde (4b), 2-methoxybenzaldehyde (4¢), 3-
methybenzaldehyde (4d), 3-methoxybenzaldehyde (4e), 4-
methylbenzaldehyde (4f), 4-methoxybenzaldehyde (4g), 4-
N,N-dimethylaminebenzaldehyde  (4h),  2,5-dimethox-
ybenzaldehyde (4i), 2,4,5-trimethoxybenzaldehyde (4j),
3,4-dimethoxybenzaldehyde (4k), 3,4-dioxomethyl-benzal-
dehyde (41), 2-hydroxy-3-methoxybenzaldehyde (4m), 4-
hydroxybenzaldehyde (4n), 2,5-dihydroxybenzaldehyde
(40), 4-hydroxy-3-methoxybenzaldehyde (4p) were pur-
chased from Aldrich and Merck. The compounds 2-
hydroxy-3-methoxy-5-nitro-benzaldehyde (4q), 2-hydroxy-
3-nitro-benzaldehyde (4r) were obtained by nitration (see
Electronic  Supplementary Material); 2-O-hexyloxy-3-
methoxybenzaldehyde (4s), 2-O-hexyloxy-benzaldehyde
(4t), bis 2,5-0O-hexyloxy-benzaldehyde (4u), 3-methoxy-4-
O-hexyloxy-benzaldehyde (4v) were obtained by alkylation
as described in a previous a report (see Electronic Supple-
mentary Material); 2,5-dimethoxy-4-bromobenzaldehyde
(4w) was synthesized according to a previous report (Tapia
et al. 2014).

General procedure for synthesizing chalcones (5a-
w)

Saturated ethanolic NaOH (20 mL) was added under stirring
to a solution of acetophenone (3; 250 mg, 2.08 mmol) and
appropriate benzaldehydes (4a-w; 2.70 mmol) in ethanol
(2.5mL). The mixture was stirred for 48 h at room tem-
perature. After, the reaction mixture was neutralized with
HCl 5% until pH = 7 and extracted with ethyl acetate (3 x 50
mL). Then, the organic layer was dried, concentrated, and
purified by flash column chromatography using hexane:
EtOAc (1:0-1:1) as eluent, to obtain the corresponding
chalcones (Sa-w). The compounds 6o-r were obtained
using acidic media (see Electronic Supplementary Material).

(2E)-1,3-diphenylprop-2-en-1-one (5a)

Yellow solid (99% yield). MP: 65-69 °C. IR (vm,y): 3134,
1669, 1592, 1548, 1514 cm™!. All spectroscopic data (‘H-
NMR, 13C-NMR, and EI-MS) are consistent with previous
report (Zhang et al. 2015) (see Electronic Supplementary
Material).

(2E)-3-(2-methylphenyl)-1-phenylprop-2-en-1-one (5b)

Orange oil (88% yield). IR (vy,x): 3069, 2970, 1682, 1606,
1518, 1420 cm™!. All spectroscopic data (‘H-NMR, '*C-
NMR, and EI-MS) are consistent with previous report
(Zhang et al. 2015) (see Electronic Supplementary
Material).

(2E)-3-(2-methoxyphenyl)-1-phenylprop-2-en-1-one (5c)

Orange solid (97% yield). MP: 58—60 °C. IR (vyay): 3068,
2961, 2934, 1662, 1618, 1544, 1483, 1224cm™'. All
spectroscopic data (lH—NMR, 13C—NMR, and EI-MS) are
consistent with previous report (Suwito et al. 2014) (see
Electronic Supplementary Material).

(2E)-3-(3-methylphenyl)-1-phenylprop-2-en-1-one (5d)

Yellow solid (69% yield). MP: 63-65 °C. IR (vy.x): 3086,
2988, 2926, 1663, 1572, 1500, 1449 cm~'. All spectro-
scopic data ('"H-NMR, >C-NMR, and EI-MS) are con-
sistent with previous report (Zhang et al. 2015) (see
Electronic Supplementary Material).

(2E)-3-(3-methoxyphenyl)-1-phenylprop-2-en-1-one (5e)

Yellow oil (55% yield). IR (vax): 3112, 2918, 2859, 1666,
1584, 1539, 1502, 1453, 1222 cm ™. All spectroscopic data
('"H-NMR, ®C-NMR, and EI-MS) are consistent with pre-
vious report (Zhang et al. 2015) (see Electronic Supple-
mentary Material).

(2E)-3-(4-methylphenyl)-1-phenylprop-2-en-1-one (5f)

Yellow solid (43% yield). MP: 87-91 °C. IR (vp,): 3000,
2936, 2899, 1662, 1592, 1542, 1512, 1455cm™'. All
spectroscopic data (lH-NMR, BC.NMR, and EI-MS) are
consistent with previous report (Zhang et al. 2015) (see
Electronic Supplementary Material).

(2E)-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (5g)

Yellow solid (99% yield). MP: 70-72 °C. IR (vpa): 3066,
2929, 1662, 1596, 1546, 1511, 1466, 1239, 1214cm ™. All
spectroscopic data (lH-NMR, BC.NMR, and EI-MS) are
consistent with previous report (Zhang et al. 2015) (see
Electronic Supplementary Material).

(2E)-3-[4-(dimethylamino)phenyl]-1-phenylprop-2-en-1-one
(5h)

Orange solid (82% yield). MP: 109-111 °C. IR (¥ynay): 3062,
2966, 1644, 1564, 1532, 1486, 1460, 1228, 1167 cm ™. All

@ Springer
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spectroscopic data (lH-NMR, BC.NMR, and EI-MS) are
consistent with previous report (Batovska et al. 2007) (see
Electronic Supplementary Material).

(2E)-3-(2,5-dimethoxyphenyl)-1-phenylprop-2-en-1-one (5i)

Orange oil (68% yield). IR (v,.x): 3042, 2958, 1653, 1601,
1502, 1441, 1233 cm™!. All spectroscopic data ("H-NMR,
BC-NMR, and EI-MS) are consistent with previous report
(Suwito et al. 2014) (see Electronic Supplementary
Material).

(2E)-3-(2,4,5-trimethoxyphenyl) 1-phenyl-prop-2-en-1-one
(5))

Yellow solid (74% yield). MP: 85-89 °C. IR (vyax): 3016,
2916, 2846, 1661, 1593, 1494, 1214cm~'. All spectro-
scopic data (lH-NMR, BC.NMR, and EI-MS) are con-
sistent with previous report (Shenvi et al. 2013) (see
Electronic Supplementary Material).

(2E)-3-(3,4-dimethoxyphenyl)-1-phenylprop-2-en-1-one (5k)

Orange 0il (79% yield). IR (cm’l): 3042, 2964, 1658, 1590,
1508, 1470, 1242 cm™". All spectroscopic data (‘H-NMR,
BC.NMR, and EI-MS) are consistent with previous
report (Tran et al. 2012) (see Electronic Supplementary
Material).

(2E)-3-(1,3-benzodioxol-5-yl)-1-phenylprop-2-en-1-one (5I)

Pale yellow solid (95% yield). MP: 48-50 °C. IR (vyax):
3085, 2958, 2920, 1659, 1607, 1578, 1468, 1225 cm ™. All
spectroscopic data (‘"H-NMR, '3C-NMR, and EI-MS) are
consistent with previous report (Zhang et al. 2015) (see
Electronic Supplementary Material).

(2E)-3-(2-hydroxy-3-methoxyphenyl)-1-phenylprop-2-en-1-
one (5m)

Orange solid (68% yield). MP: 107-109 °C. IR (¥max):
3383, 2914, 1665, 1598, 1479, 1249, 1222cm ' All
spectroscopic data (‘"H-NMR, '3C-NMR, and EI-MS) are
consistent with previous report (Batovska et al. 2007) (see
Electronic Supplementary Material).

(2E)-3-(4-hydroxyphenyl)-1-phenylprop-2-en-1-one (5n)

Orange solid (85% yield). MP: 183-187 °C. IR (¥max):
3421, 3024, 1647, 1594, 1566, 1513, 1180cm™ ' All
spectroscopic data (‘"H-NMR, '3C-NMR, and EI-MS) are
consistent with previous report (Batovska et al. 2007) (see
Electronic Supplementary Material).
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(2E)-(3-ox0-3-phenylprop-1-en-1yl)1,4-phenylene diacetate
(50)

White solid (17% yield). MP: 121-125 °C. IR (tynay): 3089,
2932, 1765, 1678, 1608, 1512, 1488, 1235, 1211, 1170 cm
~!1. TH.NMR (CDCl;, 400 MHz): § =7.99 (2H, d, J = 8.4
Hz, H-2+H-6), 7.81 (1H, d, J=15.8 Hz, H-p), 7.57 (1H,
dd, J=7.3, 7.3 Hz, H-4), 7.49 (1H, d, J=7.8 Hz, H-3"),
7.47 (2H, d, J=8.4Hz, H-3+H-5), 7.49 (1H, d, J=15.8
Hz, H-a), 7.15 (2H, d, J = 1.2 Hz, H-4+H-6,), 2.35 3H, s,
CH3C0,-C-2), 2.30 (CH3CO,-C-5"). *C-NMR (CDCl,,
100 MHZ): & =189.8 (C, CO), 169.0 (C, CH3;CO,-C-2’),
168.9 (C, CH3C0O,-C-5), 148.3 (C, C-5°), 147.0 (C, C-2"),
137.7 (C, C-1), 136.9 (CH, C-), 132.9 (CH, C-4), 128.6
(4xCH, C-2+4C-3+C-5+C-6), 1284 (C, C-1°), 124.5
(CH, C-3"), 124.2 (CH, C-4"), 124.0 (CH, C-6"), 120.0 (CH,
C-a), 20.9 (CH3, CH;CO,-C-5"), 20.8 (CH3;, CH3CO,-C-
2). EI-MS m/z 324 [MT1(2), 240 (100). M" calc. for
C1oH160s.

(2E)-3-(4-hydroxy-3-methoxyphenyl)-1-phenylprop-2-en-1-
one (5p)

Pale orange solid (81% yield). MP: 81-83 °C. IR (vyax):
3220, 2932, 2897, 1687, 1617, 1511, 1474, 1242 cm™'. All
spectroscopic data (1H-NMR, BC.NMR, and EI-MS) are
consistent with previous report (Batovska et al. 2007) (see
Electronic Supplementary Material).

(2E)-3-(2-hydroxy-3-methoxy-5-nitrophenyl)-1-phenylprop-
2-en-1-one (59)

Yellow solid (46% yield). MP: <260 °C. IR (va): 3062,
2928, 2894, 1678, 1609, 1566, 1546, 1479, 1367, 1236,
1182cm~!. 'H-NMR (Acetone d6, 400 MHz): & = 8.41
(1H, d, J=2.5Hz, H-4"), 8.17 (2H, d, J = 7.4 Hz, H-2+H-
6),8.17 (1H, d, J = 15.8 Hz, H-p), 8.08 (1H, d, J = 15.8 Hz,
H-o), 7.83 (1H, d, J = 2.5 Hz, H-6"), 7.65 (1H, dd, J = 7.3,
7.4 Hz, C-4), 7.57 2H, d, J = 7.4 Hz, H-3+H-5), 4.05 (3H,
s, CH;0-C-3"). '*C-NMR (Acetone d6, 100 MHZ): 6=
190.0 (C, CO), 152.9 (C, C-2), 148.8 (C, C-3"), 139.0 (C,
C-1), 137.6 (C, C-5"), 133.8 (CH, C-4), 129.6 (2xCH, C-2
+ C-6), 129.4 (2xCH, C-3 +C-5), 125.0 (CH, C-f), 122.2
(CH, C-a), 117.2 (CH, C-4’), 107.9 (CH, C-6), 57.1 (CH3,
CH;0-C-3°). EI-MS m/z 299 [M'] (100). M* calc. for
Ci6H13NOs.

(2E)-3-(2-hydroxy-3-nitrophenyl)-1-phenylprop-2-en-1-one
(5n)

Yellow solid (66% yield). MP: 134-138°C. IR (Vpay):
3211, 1687, 1607, 1534, 1322, 1234cm~'. 'H-NMR
(Acetone d6, 400 MHz): 6 =28.33 (1H, d, J=7.6 Hz, H-
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4),8.22 (14, d, J=7.6 Hz, H-6"), 8.15 (2H, d, J = 6.8 Hz,
H-2+H-6), 8.14 (1H, d, J = 15.9 Hz, H-p), 8.00 (1H, d, J =
15.9 Hz, H-), 7.65 (1H, dd, J=7.2, 7.2 Hz, H-4), 7.56
(2H, dd, J=7.2, 7.2 Hz, H-3+H-5), 7.18 (1H, dd, J = 7.2,
7.2Hz, H-5"). C-NMR (Acetone d6, 100 MHZ): &=
189.8 (C, CO), 154.2 (C, C-2°), 138.8 (C, C-1), 136.9
(2xCH, C-p+ C-4), 135.5 (C, C-3"), 133.8 (CH, C-6"),
129.6 (2xCH, C-2 + C-6), 129.3 (2xCH, C-3 + C-5), 127.6
(CH, C-4’), 127.1 (C, C-1"), 125.2 (CH, C-a), 120.8 (CH,
C-5"). EI-MS m/z 269 [M "] (100). M" calc. for C;sH;;NO,.

(2E)-3-[2-(hexyloxy)-3-methoxyphenyl]-1-phenylprop-2-en-
1-one (5s)

Yellow oil (62% yield). IR (vax): 3076, 2937, 2903, 1663,
1601, 1580, 1548, 1474, 1224 cm™'. '"H-NMR (CDCl, 400
MHz): 6 =8.11 (1H, d, J=16.0Hz, H-p), 795 2H, d, /=
7.1 Hz, H-2+H-6), 7.51 (1H, d, J = 16.0 Hz, H-«), 7.46 (1H,
dd, /=8.6, 8.6 Hz, H-4), 7.39 (2H, dd, /J="7.1, 7.1 Hz, H-3
+H-5), 7.20 (1H, d, J=8.0 Hz, H-6’), 6.97 (1H, dd, J = 8.0,
8.0Hz, H-5’), 6.84 (1H, d, /J=8.0Hz, H-4’), 3.93 2H, t, J =
6.7 Hz, OCH,CH,CH,CH,CH,CHj3), 3.75 (3H, s, CH;0-3"),
1.72 2H, q, J=6.7Hz, OCH,CH,CH,CH,CH,CH3), 1.40
(2H, m, OCH2CH2C22CH2CH2CH3), 1.26 (4H, m,
OCH,CH,CH,CH,CH,CH3), 0.83 (3H, t, J=6.7Hz,
OCH,CH,CH,CH,CH,CHj). BC-NMR (CDCl, 100 MHZ):
0=190.1 (C, CO), 152.8 (C, C-2’), 147.8 (C, C-3°), 139.6
(CH, C-p), 1379 (C, C-1), 132.1 (CH, C-4), 128.7 (C, C-1),
128.1 (2xCH, C-2 + C-6), 128.0 (2xCH, C-3 +C-5), 123.5
(CH, C-6’), 122.8 (C, C-4°), 118.9 (CH, C-a), 113.8 (CH, C-
5%, 73.6 (CH,, OCH,CH,CH,CH,CH,CHj3), 55.3 (CHj,
CH;0), 31.2 (CH,, OCH,CH,CH,CH,CH,CH3), 29.8 (CH,,
OCH,CH,CH,CH,CH,CHs), 25.2 (CH,, OCH,CH,CH,CH,
CH,CH;), 22.2 (CH,, OCH,CH,CH,CH,CH,CHj), 13.6
(CH;, OCH,CH,CH,CH,CH,CHj3). EI-MS m/z 324 M'-14]
(5), 240 (100). M™ calc. for CpyHycOs5.

(2E)-3-[2-(hexyloxy)phenyl]-1-phenylprop-2-en-1-one (5t)

Orange oil (77% yield). IR (vmay): 3115, 2949, 1655, 1587,
1542, 1491, 1239 cm™!. '"H-NMR (CDCl;, 400 MHz): 6 =
8.11 (1H, d, J= 15.8 Hz, H-p), 8.03 (2H, d, J=7.6 Hz, H-2
+H-6), 7.73 (1H, d, J = 15.8 Hz, H-a), 7.61 (1H, d, J=7.6
Hz, H-4), 7.56 (1H, d, J=7.1 Hz, H-6"), 7.49 (2H, dd, J =
7.6, 7.6 Hz, H-3+H-5), 7.34 (1H, dd, J=7.6, 7.6 Hz, H-4"),
6.98 (1H, dd, J=7.6, 7.6 Hz, H-5"), 6.92 (1H, d, /= 7.6 Hz,
H-3"), 4.05 (2H, t, J = 6.4 Hz, OCH,CH,CH,CH,CH,CH3),
1.88 (2H, q, J = 6.4 Hz, OCH,CH,CH,CH,CH,CH3), 1.52
(ZH, m, OCH2CH2CH2CH2CH2CH3), 1.34 (4H, m,
OCH,CH,CH,CH,CH,CH;), 091 (3H, t, J=64Hz
OCH,CH,CH,CH,CH,CH3). *C-NMR (CDCl;, 100 MHZ):
8=191.0 (C, CO), 158.4 (C, C-2"), 140.8 (CH, C-p), 138.5
(C, C-1), 132.4 (CH, C-6"), 131.6 (CH, C-4), 130.0 (CH, C-

4), 1284 (2xCH, C-2+C-6), 1284 (2xCH, C-3 4 C-5),
123.8 (C, C-1), 1229 (CH, C-a), 122.5 (CH, C-5"), 112.0
(CH, C-3’), 68.4 (CH,, OCH,CH,CH,CH,CH,CHz), 31.5
(CH,, OCH,CH,CH,CH,CH,CH;), 292 (CH,, OCH,
CH,CH,CH,CH,CH3), 259 (CH, OCH,CH,CH,CH,
CH,CH3), 225 (CH,, OCH,CH,CH,CH,CH,CH;), 13.9
(CH3, OCH,CH,CH,CH,CH,CHj). EI-MS m/z 308 [M*] (3),
207 (100). M™ cale. for Cy;H,,0,.

(2E)-3-[2,5-bis(hexyloxy)phenyl]-1-phenylprop-2-en-1-one
(5u)

Orange oil (82% yield). IR (vyax): 3102, 3078, 2929, 2861,
1661, 1601, 1575, 1497, 1470, 1220, 1175 cm ™. '"H-NMR
(CDCl;, 400 MHz): 6=28.05 (1H, d, J=15.9Hz, H-p),
8,01 (2H, d, J=7.3 Hz, H-24+-H-6), 7.66 (1H, d, J=15.9
Hz, H-a), 7.57 (1H, dd, J = 7.3,7.3 Hz, H-4), 7.49 (2H, dd,
J=17.3,7.3Hz, H-3+H-5), 7.15 (1H, d, /= 3.0 Hz, H-6"),
6.92 (1H, dd, /=9.0, 3.0Hz, H-4’), 6.85 (1H, d, /J=9.0
Hz, H-3’), 400 (2H, t, J=64Hz, OCH,CH,CH,
CH,CH,CH;), 395 (2H, t, J=6.4Hz, OCH,CH,CH,
CH,CH,CH3), 1.85 (2H, q, J = 6.4 Hz, OCH,CH,CH,CH,
CH,CH3), 1.78 (2H, q, J=6.4Hz, OCH,CH,CH,CH,
CH2CH3), 1.49 (4H, m, 2XOCH2CH2C52CH2CH2CH3),
1.36 (8H, m, 2xOCH,CH,CH,CH,CH,CH3), 0.87 (6H, m,
2xOCH,CH,CH,CH,CH,CH;). “C-NMR (CDCls, 100
MHZ): 6 =191.2 (C, CO), 152.9 (2xC, C-2’ + C-5"), 140.7
(CH, C-B), 138.5 (C, C-1), 132.5 (C, C-4), 128.5 (4xCH, C-
2+ C3+C-5+C6), 1245 (C, C-1"), 123.2 (CH, C-a),
118.0 (CH, C-4’), 115.0 (CH, C-6’), 113.5 (CH, C-3’), 69.2
(CH,, OCH,CH,CH,CH,CH,CH3), 68.7 (CH,, OCH,
CH,CH,CH,CH,CH3), 31.6 (2xCH,, OCH,CH,CH,CH,
CH,CHs3), 29.4 (OCH,CH,CH,CH,CH,CH3), 29.3 (CH,,
OCH,CH,CH,CH,CH,CH3), 25.9 (CH,, OCH,CH,CH,
CH,CH,CH;), 25.7 (CH,, OCH,CH,CH,CH,CH,CH),
22.6 (2xCH,, OCH,CH,CH,CH,CH,CH3), 14.0 (2xCH,
OCH,CH,CH,CH,CH,CH;). EI-MS m/z 408 [M*] (100).
M+ calc. for C27H3603.

(2E)-3-[4-(hexyloxy)-3-methoxyphenyl]-1-phenylprop-2-en-
1-one (5v)

Yellow solid (80% yield). MP: 55-59 °C. IR (vpmay): 3014,
2937, 2864, 1662, 1585, 1546, 1509, 1470, 1247 cm™'. 'H-
NMR (CDCl;, 400 MHz): 6 = 8.00 (2H, d, /= 8.0 Hz, H-2
+H-6), 7.76 (1H, d, J = 15.6 Hz, H-p), 7.57 (1H, ddd, J =
8.0, 8.0, 1.4 Hz, H-4), 7.49 (2H, ddd, J=8.0, 8.0, 1.4 Hz,
H-3+H-5), 7.38 (1H, d, /= 15.6 Hz, H-a), 7.20 (1H, dd, J
=8.3, 1.9Hz, H-6°), 7.16 (1H, d, /J=19Hz, H-2’), 6.88
(1H, d, J=83Hz, H-5), 405 (2H, t, J=69Hz,
OCH,CH,CH,CH,CH,CH3), 3.92 (3H, s, CH;0-C-3’),
1.86 (2H, q, J=6.9 Hz, OCH2C22CH2CH2CH2CH3), 1.46
(2H, m, OCH,CH,CH,CH,CH,CH;), 134 (4H, m,
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OCH,CH,CH,CH,CH,CH3;), 0.90 (3H, t, J=69Hz,
OCH,CH,CH,CH,CH,CH;). '>C-NMR (CDCls, 100
MHZ): § = 190.8 (C, CO), 151.1 (C, C-4), 149.5 (C, C-3"),
145.1 (CH, C-B), 138.5 (C, C-1), 132.5 (C, C-4), 128.5
(2xCH, C-2 + C-6), 128.4 (2xCH, C-3 + C-5), 127.6 (C, C-
1), 123.1 (C, C-6’), 119.8 (CH, C-a), 112.3 (CH, C-5"),
110.6 (CH, C-2’), 69.0 (CH,, OCH,CH,CH,CH,CH,CHj),

56.0 (CHs, CH;0-C-3’), 31.5 (CH,, OCH,CH,CH,
CH,CH,CH3), 289 (CH,, OCH,CH,CH,CH,CH,CH3),
255 (CH, OCH,CH,CH,CH,CH,CH;), 225 (CH,,

OCH,CH,CH,CH,CH,CH,), 140 (CHs;, OCH,CH,CH,
CH,CH,CH3). EI-MS m/z 338 [M'] (100). M" calc. for
CoyHy60s.

(2E)-3-(4-bromo-2,5-dimethoxyphenyl)-1-phenylprop-2-en-
1-one (5w)

Yellow solid (55% yield). MP: 137-139 °C. IR (pay):
3052, 2986, 2940, 1654, 1577, 1490, 1394, 1212 cm ™. 'H-
NMR (CDCls, 400 MHz): 6 =7.97 (1H, d, J = 15.8 Hz, H-
B), 7.99 (2H, d, J =8.7Hz, H-2+H-6), 7.58 (1H, d, J=
15.8 Hz, H-), 7.57 (1H, dd, J = 8.7,8.7 Hz, H-4), 7.47 (2H,
dd, J=8.7, 8.7Hz, H-3+H-5), 7.10 (1H, s, H-3"), 7.09
(1H, s, H-6"), 3.88 (CH;0-C-5"), 3.83 (CH;0-C-2"). *C-
NMR (CDCls, 100 MHZ): 6 = 190.7 (C, CO), 153.1 (C, C-
2%), 150.0 (C, C-5"), 139.3 (CH, C-p), 138.1 (C, C-1), 132.6
(C, C-1"), 128.4 (4xCH, C-2+C-3+C-5+C-6), 1234
(CH, C-4), 123.1 (CH, C-a), 116.7 (CH, C-3"), 114.7 (C, C-
4%, 111.9 (CH, C-6"), 56.7 (CHs, CH;0-C-2’), 56.2 (CHj,
CH;0-C-5"). EI-MS m/z 347 [M'] (100), 349 [M' + 2]
(100) 1\/[+ calc. for C17H1503.

Bioactivity
Cell culture

Human neuroblastoma cell line SH-SYS5Y (ATTC CRL-
2266) and primary culture of human fibroblasts were
maintained in cell culture medium (CM) containing Dul-
becco’s Modified Eagle Medium (DMEM; Corning, Man-
assas, USA) supplemented with 10% fetal calf serum (FCS;
Biological Industries, Belt Haemek, Israel), 2 mM gluta-
mine (Gibco, Carlsbad, USA) and 1% antibiotic solution of
penicillin/streptomycin (Gibco, Carlsbad, USA). Cells were
grown in T-75 culture flasks in an incubator with a humi-
dified atmosphere at 37 °C and 5.0% CO,.

Cytotoxicity assay
The cytotoxic effect of synthetic compounds was evaluated
according to Ahmed et al. (1994), based on the reduction of

resazurin to resorufin by viable cells. Initially, fibroblasts
and SH-SYS5Y cells were seeded on wells of 96-wells plates
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at a density of 15,000 cells/em? and incubated for 24 h.
Then, both cell types were exposed to the synthetic chal-
cones at concentrations from 200 to 1.0 uM, using 0.1%
dimethylsulfoxide (DMSO) in DMEM as the solvent. Each
condition was tested in triplicate. Control cells were incu-
bated with 1% DMSO in DMEM. In addition, cells were
cultured in the presence of 5-fluorouracil (5-FU), an anti-
neoplastic drug. After 48 h, cell viability was assessed by
adding a 4mg/L resazurin® (Sigma-Aldrich, St. Louis,
USA) solution in cell culture media and measuring fluor-
escence after 4 h at an excitation and emission wavelength
of 544 and 590 nm, respectively.

Computational details

All structures shown in Scheme 1 were optimized using the
Gaussian 03 program (Frisch et al. 2004). To obtain the
different chemical properties, a DFT-B3LYP-6-311G + +
(d) optimization was performed. In addition, every opti-
mized geometry was verified by frequency calculations (no
imaginary frequency) in their potential energy surface. The
quantum reactivity descriptors as dipolar moment (DM),
Miilliken’s charges, highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO),
LUMO + 1 were obtained directly from output file, while
chemical potential («), hardness (#), and electrophilic global
index (w) were calculated with the following equations
(Barua et al. 2012).

_ (Erumo + Eromo) 1
= (1)
2
E —F
§ = (Erumo — Enomo) 2)
2
2
u
. 3
0=t ®)

In addition, steric descriptors as molecular surface (MS),
molecular volume (MV), lipophilicity index (CLogP), and
molar refractivity (MR), were obtained after molecular
mechanic (MM) optimization using the ChemDraw
software.

QSAR Study

The Quantitative Structure—Activity Relationship (QSAR)
Study was carried out using multiple linear regressions
according to a previous report of our research group with
small modifications (Mellado et al. 2018). We developed
several regression models between pICs, (-log;o(ICsg)) or
pSI (-log;o(SI)) values and the descriptors previously
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Claisen -

Shcemidt

—_—

- Condensation
3 4 (a-w) 5 (a-w)

5a R=H (99 %)  5i R=4'-N(CH;),, (82%)  5q R=2'-OH-3'-OCH;-5'-NO,, (46 %)
5b R=2-CH; (88%) 5j R=2-OH,3-OCH; (68%) 5r R=2'-OH-3-NO,, (66 %)
5¢ R=2'-OCH;, (97 %) SkR=2'5-(0CH3);, (68%) 55 R=2-OC4¢H;3-3-OCHj;, (62 %)
5d R=3'-CH;, (69%) Sl R=3"4-(OCHj3),  (79%) 5t R=2-OC¢H,s, (77 %)
S5e R=3"-OCHj, (55%) 5Sm R=3-OCH,0-4, (95%) 5u R=2',5-(0C¢H,3),, (82 %)
5f R=4-CH;, (43%) 5n R=2'4'5-(0OCHy);, (74%) 5v R=3-OCH;-4-OC(H,;, (80 %)
5g R=4-OH (85%) S0 R=2".5-(OAc),, (17 %) 5w R=2',5'-(OCHj),-4"-Br, (55 %)

5h R=4'-OCH;, (99 %)

5p R=3-OCH;-4-OH, (81 %)

Scheme 1 Chemical structures of chalcone synthesized through the Claisen-Schmidt condensation

mentioned above: molecular surface (MS) and substituent
molecular surface (SMS), molecular volume (MV) and
substituent molecular volume (SMV), molar refractivity
(MR) and substituent molecular refractivity (SMR), lipo-
philicity index (CLogP), squared lipophilicity index
(CLogPZ), dipole moments (DM), HOMO and LUMO
energies, LUMO+1 energy, energy difference between
LUMO and HOMO (L-H), chemical potential («), hardness
(), electrophilic global index (®), and Mulliken’s charges
at C1, C2, C3, C4, C5, C6, C17, C2’, C3’, C4’, C5°, C6’,
Ca, CB, CO and CO.

Cross-validation

To avoid a random correlation between pICsq or pSI values
and all descriptors, the cross-validation of the QSAR was
carried out by the Golbraikh methodology using the Eq. 4.
(Golbraikh and Tropsha 2002) A value of ¢* equal or higher
than 0.5 is considered acceptable.

E(yobs - /)7)2
Z(yobs - y)z
Where yq, is the experimental pICsq or pSI; y is the pICsq or

pSI calculated by the QSAR model, and y is the average
pICso or pSI of all the compounds used in QSAR model.

(4)

=1~

Results and discussion
Chemistry

The synthesis of chalcone derivatives (Sa—w) was per-
formed starting from acetophenone (3) and the corre-
sponding benzaldehyde through the Claisen-Schmidt
reaction in alkaline conditions (5a-n and S5s—w). In addi-
tion, due to poor yields obtained in compounds So-r,

different reaction conditions were studied (50-r, see Elec-
tronic Supplementary Material). Hence, the compound So
was obtained in acidic medium using concentrated sulfuric
acid, as usual reaction conditions reported by several
authors, to catalyze the synthesis of chalcone derivatives,
(Gharib et al. 2013; Kumar Akanksha 2007; Petrov et al.
2008; Rahmani et al. 2014; Rocchi et al. 2014) reaching
only a yield of 17%. Furthermore, the compounds 5q and Sr
were synthesized using p-toluenesulfonic acid (TsOH) in
dichloromethane with modest results (up to a yield of 66%).
Finally, Sp was synthesized by Lewis acid catalysis (AICl3),
which provided the proposed product with a yield of 81%
(see Scheme 1).

To confirm the structural assignation of the chalcones,
different spectroscopic assays were performed (IR, NMR,
and MS). In the infrared spectra, all the compounds pre-
sented an absorption peak at the zone of v~ 1665cm™!
corresponding to the stretching of the conjugated carbonyl
group (C=O0), (Silverstein et al. 2005) in addition to the
signals corresponding to other functional groups. The 'H-
NMR spectra showed two protons coupled (6= 7.5 and 7.9
ppm) corresponding to an unsaturated system with trans
geometry (J=15Hz), a typical feature of chalcone com-
pounds. In addition, other NMR experiments ('°C, 2D-
HSQC, and 2D-HMBC) allowed to determine connectivity
between the double bond, the carbonyl group, and two
aromatic rings. Furthermore, by mass spectrometry analysis,
characteristic signals of the molecular ion for each com-
pound were observed (Sa-w), followed by their respective
fragmentation pattern. Finally, it is important to highlight
that eight of the chalcones reported here are new com-
pounds (50, 5q—w).

Antiproliferative activity

All synthesized compounds (Sa-w) were evaluated as
antiproliferative agents against neuroblastoma SH-SY5Y
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Table 1 ICs, v of compounds

Sa—w on SH-SY5Y cell line and Compounds Substituent ICs9 SH-SY5Y (uM) ICs fibroblast (uM) Selective index (SI)*

fibroblast primary culture, and 5, H 38.58+1.73 41.84+1.20 1.1

selectivity index values
5b 2’-CH; 19.20 +0.69 37.28+1.11 1.9
Sc 2’0CH3; 28.28 +1.07 36.19+1.07 1.3
5d 3’-CH; 34.97 +0.50 18.26 £0.29 0.5
Se 3’-OCH; 37.57+0.89 35.66+0.16 0.9
5f 4’-CH; 44.10+0.61 41.31+1.60 0.9
5¢g 4’-OH 46.05+1.22 69.26 +0.12 1.5
5h 4’-OCH3; 34.04+0.70 44.66 +1.92 1.3
5i 4’-N(CHy), 17.64 +£0.27 109.5 £ 1.06 6.2
5j 2’-0OH-3’-OCH; 33.56 £0.15 18.61 £0.43 0.6
5k 2°,5’-(OCHs), 22.69+0.63 18.67 +0.22 0.8
51 3’,4’-(OCHj3) 33.17+0.80 21.64+0.40 0.7
Sm 3’-0OCH,0-4’ 98.50 +£3.33 37.82+0.53 0.4
5n 2’.4’.5°-(0OCHj3);3 50.03 = 1.48 40.56 +0.77 0.8
50 2’,5’-(0Ac), 13.76 £ 0.01 16.47+041 1.2
5p 3’-OCH;-4’-OH 33.37+1.02 35.82£2.27 1.1
5q 2’-OH-3’-OCH3-5’-NO, 67.12 +1.08 85.00 £ 1.40 1.3
5r 2’-0OH-3’-NO, 37.08 £0.49 26.46+1.52 0.7
5s 2’-0CgH 3-3’-OCHj; 44.30+0.13 39.55+0.18 0.9
5t 2’-0CeH ;3 64.65 +3.38 117.4+0.97 1.8
Su 2°,5’-(0OC¢Hj3), >200 >200 -
Sv 3’-OCHj3-4’-OC¢H;;3 47.5+0.90 20.47 +1.00 0.4
5w 2,5-(OCHj3),-4-Br 15.95+0.73 15.25+0.57 1.0
5-FU 47.42 +1.96 207+11.3 4.4

4SI = ICsqvalues on fibroblast /ICsy values on SH-SY5Y

cancer cell line, as well as, on non-cancer primary culture of
fibroblasts using the Ahmed method. 5-FU was used as
positive control. From this assay, ICsy values on both cell
cultures were calculated and summarized in Table 1.

As shown in Table 1, a wide-range of compounds are
more active on the SH-SYS5Y cancer cell line than the
positive control 5-FU (17 of 23 compounds have an ICs, <
47.42 uM), while only one compound (Su) is inactive. The
four most active compounds on the SH-SYSY cancer cell
line (Sb, 5i, 50, and 5w; IC55 <20 uM, see Table 1) have a
C2’ and/or C4’ electron-donor substituent in resonance with
the carbonyl group of the chalcone scaffold, therefore, the
antiproliferative activity of these compounds could be
related with their electronic properties, which is consistent
with a previous report (Kupcewicz et al. 2014).

Moreover, the compounds Sm, Sn, 5q, St, and Sv
showed lower antiproliferative activity than 5-FU. These
compounds present oxygenated functions (OH, OMe, and
others) on B ring, similar to compounds le and 2c—e (see
Fig. 1) that have good antiproliferative activity on neuro-
blastoma IMR-23 and SH-SY5Y cells (Moon et al. 2010;
Tabata et al. 2005; Vanhoecke et al. 2005; Vene et al. 2012;
Zi and Simoneau 2005). Therefore, the antiproliferative
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activity of these chalcones could be related with another
molecular feature (see QSAR model of SH-SYSY activity).

Altogether with the high antiproliferative activity elicited
by the most promising compounds, the selectivity is an
important feature for anticancer drug-development, due to
the undesirable side effect of chemotherapeutic agents in
normal cells (Ramalho et al. 2013). Subsequently, com-
pounds S5g, 5i, 5q, and S5t showed the lowest anti-
proliferative activity on the non-cancer cells (ICsq> 60 pM,
see Table 1). Interestingly, compound S5i is the only com-
pound with high activity on SH-SYS5Y cell line. This
compound showed a 1.4-folds better selectivity index than
5-FU. To understand the influence of substituents pattern in
the cytotoxicity and selectivity see the next section (QSAR
model of selectivity index).

QSAR model of SH-SY5Y activity

To determine the structural features that allow modulating
the antiproliferative activity on the SH-SYSY cancer cell
line, a Quantitative Structure—Activity Relationship
(QSAR) Study was performed. Several multivariable cor-
relations allowed to find that CLogP and (CLogP)* were the
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more important features for antiproliferative activity on the
SH-SYSY cell line (see Electronic Supplementary Mate-
rial). The Eq. 5 shows the result of the QSAR model for the
synthesized chalcones.

pICs) SH — SY5Y = —0.806( +0.745)

+2.43(+0.337)CLogP — 0.263( +0.036)CLogP> ©)
n=14; r=0914; = 0.836; SD = 0.086; F =28.0; ¢* =
0.803.

The Eq. 5 was developed using fourteen of twenty-three
compounds. Nine compounds were excluded as outliers.
The correlation of the partition octanol-water coefficient
calculated (ClogP) with the antiproliferative effect on SH-
SYS5Y cancer cell line is concordant with reports in the
literature, which indicate that the substituents that increase
lipophilia are necessary to pass through the cell membranes
and exert their antiproliferative effects. (Kadam et al. 2007;
Kubinyi 1993) Moreover, the lipophilicity descriptor
(CLogP) allowed to choose the most appropriate sub-
stituents to improve the pharmacokinetics properties of the
molecules. (Karcher and Devillers 1990). Nonetheless, the
maximum lipophilia value is CLogP = 4.63, because higher
values produce a decrease of the antiproliferative activity.

The excluded compounds of the first QSAR model
(compounds 5d, 5f, 5g, Sm, 5o, S5p, Sr, and 5v), despite
having the same structural nucleus were outliers. The
structural modifications in these compounds could be rela-
ted to a change on their pharmacological target. These
compounds might activate other cell death mechanisms,
which is coherent with a previous report in PC-3, H460, and
HeLa cell lines (Verma and Hansch 2005). Thus, using the
same procedure of the first QSAR study, after several
multivariable correlations we found that dipolar moment
(DM), LUMO + 1, and CLogP showed correlation with the
antiproliferative activity (see Electronic Supplementary
Material). The Eq. 6 shows the results of the QSAR model
for outlier compounds and the antiproliferative activity on
the SH-SYSY cancer cell line.

pICs, outlier = 3.57(+0.263) + 0.251(+0.115)CLogP

— 0.042(%0.013)CLogP?+0.056( 0.011)DM
—7.72(+1.85)LUMO-1

(6)

n=8; r=0.994; > =0.989; SD=0.038; F=66.5; ¢° =
0.983.

A comparison between Eq. 5 and 6 shows that in the
latter, the contribution of CLogP is significantly decreased
and other variables take relevance (DM and LUMO + 1),
confirming the potential allosteric effect of outlier com-
pounds (Verma and Hansch 2005). On the other hand, DM
is related to the molecular conformation, heterogeneity of

the charges, and molecular size (Chan et al. 2007; Stouch
and Gudmundsson 2002), while the LUMO descriptor is
related with the capacity to accept electrons (Lopez et al.
2013). Both descriptors have been related with anti-
proliferative activity on cancer and normal cell lines (Boiani
et al. 2004; Itokawa et al. 1989; Sabet et al. 2010).

QSAR model of selectivity index

A Quantitative Structure—Activity Relationship Model was
developed to determine the structural features that modify
the selectivity index. A multivariable correlation analysis
between pSI (-log(SI)) and several descriptors (mentioned
in the experimental section) showed that the Miilliken
charge on C4’ and CO explain the selectivity of the syn-
thesized compounds. The Eq. 7 shows the result of the
QSAR model using selectivity index as the dependent
variable.

pSI = 5.81(%0.512)47.47( +0.886)C4’ + 1.61(+0.290)CO
(7)

N=15;r=0.957; »=0916; SD=0.081; F=65.7; ¢* =
0.917.

Only fifteen compounds were used for this analysis.
From the physical point of view, Miilliken’s charge is a
descriptor related to electronegativity and charge of the
linked atom (Bultinck et al. 2004). It was found that elec-
tronegative groups attached directly to C4’ and carbonyl
group (CO) increase the selectivity index. Remarkably, the
use of the Miilliken charge as descriptor in QSAR studies
about chalcones and antiproliferative effect have been pre-
viously reported (Liu and Go 2007; Ng et al. 2016), as well
as, for other pharmacophore nucleus (Matysiak 2007;
Matysiak 2008; Nikolic and Agababa 2009; Nikolic 2008).

The summary of QSAR studies with proposal mod-
ifications to change the antiproliferative activity, as well as,
the selectivity on SH-SYSY cell lines is shown in Fig. 2.

ADME-Tox evaluation
In order to evaluate the pharmacokinetics and potential

toxicity of the most active chalcone derivatives, we per-
formed a calculation of several pharmacokinetic parameters

O
. . Electron
Lipophilic Withdrawing
substituent substituent
max increase
CLogP=4.63 )

Selectivity index

Fig. 2 Two-dimensional (2D) pharmacophore for the antiproliferative
activity and selectivity index of chalcone derivatives on the neuro-
blastoma SH-SYSY cell line

@ Springer
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Table 2 Calculated

pharmacokinetic parameters for Property” Compounds

the most active chalcone 5b 51 50 Sw 5t 5g

derivatives
BBB 1.55 1.03 0.01 0.38 6.69 1.15
Buffer solubility (mg/L)  17.31 30.22 18.47 4.27 1.43 93.30
Caco2 54.60 56.57 28.33 54.03 51.85 28.52
CYP2C19 inhibition Inhibitor Non Inhibitor Inhibitor Inhibitor Inhibitor
CYP2C9 inhibition Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor
CYP2D6 inhibition Non Non Non Non Non Non
CYP2D6 substrate Non Non Non Non Non Non
CYP3A4 inhibition Non Non Inhibitor Non Inhibitor Non
CYP3A4 substrate Non Weakly Non Weakly Non Non
HIA 100 100 98.78 98.78 100 95.82
MDCK 117.28 4.27 1.14 0.04 20.80 40.15
Pgp inhibition Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor
Plasma protein binding (%) 93.32 92.63 88.12 95.65 98.96 91.88
Pure water solubility (mg/ 5.76 7.29 4.55 0.71 0.15 28.86
L)
Skin permeability (cm/h)  -1.50 -2.00 -2.30 -2.22 -1.25 -1.93
SKlogP 4.21 391 3.12 4.51 5.94 3.32
hERG inhibition medium medium medium medium medium medium

risk risk risk risk risk risk

“BBB in vivo blood-brain barrier penetration (C.brain/C.blood), Caco?2 in-vitro Caco?2 cell permeability (nm/
s), HIA human intestinal absorption (%), MDCK in-vitro MDCK cell permeability (nm/s), Pgp inhibition in-
vitro P-glycoprotein inhibition, SKlogP Calculated logP by SK atomic types, hERG inhibition in-vitro
Human ether-a-go-go related gene channel inhibition

using PreAdmet online platform (https:/preadmet.bmdrc.
kr/adme/). As shown in Table 2, these selected compounds
5i, 5b, 5t, and 5g elicited a high penetration through the
blood-brain barrier. This is a very significant finding for the
in-vivo pharmacokinetic properties.

In addition, intestinal absorption (HIA, Caco2) is high,
which would allow oral administration. Moreover, these
molecules are not inhibitors of 2D6 cytochromes, nor are
they significant substrates of cytochrome 3A4. A probably
disadvantage of these compounds, related to this parameters
is their low water solubility according to high SKlogP
values. However, the solubility improves considerably in a
buffer medium especially for compound 5g, which has a
high value of solubility, due to hydroxyl group on C-5’.
Finally, they do not present a high risk of inhibition of the
hERG anti-target, so there is no increased risk of
cardiotoxicity.

Conclusions

Twenty-three chalcones were synthesized with different
substitutions in the B ring, changing their stereo-electronic
properties. All the synthetic chalcones were tested for
antiproliferative activity on the SH-SYSY cancer cell line
and a primary culture of human fibroblasts as non-cancer
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cells. These results indicated that 18 compounds were more
potent than a widely used anticancer agent (5-FU), and one
molecule exhibited higher selectivity index than this drug.
In addition, two 2D-QSAR models were developed, estab-
lishing the structural features that could be used to increase
their cytotoxicity on the SH-SY5Y neuroblastoma cell line,
as well as, to improve their selectivity. So, electron-
withdrawing groups in resonance with the carbonyl group
and / or C4’ should increase selectivity, while a lipophilic
group (a saturated chain with three carbons or a mono-
unsaturated chain with four carbons), should increase the
antiproliferative effect of chalcones on the SH-SYSY cancer
cell line. Finally, the most active compounds elicited pro-
mising ADME-Tox properties, determined by some calcu-
lated parameters: high penetration through the blood-brain
barrier, good oral absorption, and low probability of cardio-
toxic effects.
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