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Abstract

Chalcones containing amino or acetamide groups on ring A and electron donating/withdrawing groups on ring B have been
shown to have great cytotoxic potential against human cancer cell lines. In this work, a series of twenty chalcones, including
nine 1-(4’-aminophenyl)-3-(substituted aryl)-2-propen-1-ones (1-9), nine 1-(4’-acetamidophenyl)-3-(substituted aryl)-2-
propen-1-ones (1la-9a), and two 1-(3’-methoxy-4’-hydroxyphenyl)-3-(substituted aryl)-2-propen-1-ones (10, 11), were
synthesized and submitted for initial biological screening using HCT-116 cells. Among the evaluated compounds, chalcone
6a showed strong and selective activity against HCT-116 cells (IC5o =2.37 +0.73 uM). The preliminary structure—activity
relationship analysis indicated that the cytotoxic effect of these compounds might be attributed to the combined effect of two
electron withdrawing groups: the nitro group (NO,) at the meta-position of ring B and the acetyl group at the para-position
of ring A. Moreover, chalcone 6a was able to induce G2/M cell cycle arrest and apoptosis at a concentration of 10 uM after
24 h of incubation. These data reinforce that compound 6a could be a promising lead compound for the future exploration of

selective anti-colon carcinoma cancer agents.
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Introduction

Chalcones are open chain flavonoids that are characterized
by two aromatic rings joined by a three-carbon «,
B-unsaturated carbonyl system (Fig. 1). These compounds
can be isolated from natural sources due to their widespread
distribution in fruits, vegetables, and tea or they can be
synthesized by chemical processes (Abbas et al. 2014; Di
Carlo et al. 1999).

Over the last several years, chalcones have instigated the
interest of chemical and pharmacological researchers due to
their simple chemical structure and varied biological
activities. The chalcone biological activity spectrum
includes antinociceptive, anti-inflammatory (Padaratz et al.
2009; Corréa et al. 2001; De Campos-Buzzi et al. 2007,
Nowakowska 2007; de Campos-Buzzi et al. 2006), anti-
tumor (Zingales and Moore 2016; Cabrera et al. 2007),
antibacterial, antifungal (Karaman et al. 2010), antil-
eishmanial (Boeck et al. 2006), and antioxidant activity
(Prasad et al. 2013). This wide range of activity is mainly
due to the numerous substitution possibilities on the chal-
cone aromatic rings. Moreover, the synthesis of chalcones
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based on the Claisen—Schmidt condensation reaction allows
a vast number of compounds to be obtained, providing the
desired structural variety (Ducki et al. 1998).

There is a continuous scientific effort that has been
expended on the design and development of anticancer
chalcones that has resulted in many novels and chemically
diverse chalcones with therapeutic potential against differ-
ent types of cancer (Karthikeyan et al. 2015). In this con-
text, chalcones are able to induce cell cycle arrest and
apoptosis in various human cancer cell lines. These abilities
can be attributed, in part, by tubulin polymerization inhi-
bition and/or the capacity to bind at the DNA minor groove
of neoplastic cells. The antimetastatic potential and anti-
angiogenic actions are related to flavokawain B, a chalcone
isolated from the root extracts of kava-kava plants (Linda-
mulage et al. 2017; Hassan et al. 2017; Shankaraiah et al.
2017; Rossette et al. 2017).

Recent studies have shown the cytotoxic anticancer
potential of chalcones that contain an amino or acetamide
group on ring A (Santos et al. 2017; Jardim et al. 2015;
Tristdo et al. 2012.). Chalcones with hydroxyl, methoxy,
and halogen groups on the B ring have also presented
effective cytotoxic potential against human cancer cell lines
(Karthikeyan et al. 2015). Based on this information,
chalcones containing amino or acetamide groups on ring A
and electron donating/withdrawing groups on ring B were
synthesized, and their cytotoxicity was evaluated in the
present work.

Fig. 1 Fundamental structure of a chalcone
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Fig. 2 Molecular structures of
the synthesized chalcones
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This study describes the synthesis and characterization of
twenty chalcones, including nine 4’-aminochalcones, nine
4'-acetamidechalcones, and two 3’-hydroxy-4’-methox-
ychalcones. Figure 2 shows the molecular structures of
these twenty chalcones. Among these compounds, a new
chalcone (11) is being reported for the first time. After the
initial cytotoxic screening for all synthesized compounds,
we explored the cytotoxic effect of chalcone 6a against a
panel of the tumor and nontumor cell lines. In addition, we
evaluated the induction of apoptosis and cell cycle pro-
gression in HCT-116 cells incubated with chalcone 6a for
24 h.

Materials and methods
Synthesis of the chalcones

The description of the procedure of the synthesis of the
twenty chalcones are shown in Fig. 3. The 4’-ami-
nochalcones (1-9) and 3’-methoxy-4'-hydroxy chalcones
(10, 11) were synthesized by a Claisen—Schmidt con-
densation reaction in basic medium (Bhat et al. 2005). An
ethanol solution of 4-aminoacetophenone (2 mmol) and 3-
methoxy-4-hydroxyacetophenone (2 mmol) were added to a
solution of benzaldehyde and the derivatives (2 mmol),
followed by the addition of ten drops of 50% w/v aq. NaOH
with stirring for 48 h. The solid that formed was filtered
under reduced pressure, washed with cold water, and ana-
lyzed by TLC, giving yields of 25.65-69.85%. The 4'-
acetamidechalcones (1a—9a) were prepared by the acetyla-
tion reaction of the 4’-aminochalcones (2 mmol) with acetic
anhydride (2 mmol) in a buffered medium (5 mL) at pH =
5.0 with AcOH/AcONa (de Campos-Buzzi et al. 2007). The
reaction mixture was refluxed for 1h. The product was
filtered under vacuum and washed with cold water, giving
yields of 22.27-88.92%.

The structural data of the twenty chalcones which were
synthesized in this work are given below.

(o] (@]
O T
R R
8 R=NH,
8aR=NHCOCH3

9R = NH,
9a R = NHCOCH,

p-OCH,CH;,m-NO,; p-N(CH,),

10R = OH ; R, = OCHj ; R,= p-Cl

11R=0H;R, = OCH, ; R,= m-NO,
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Fig. 3 Description of the
procedure of the synthesis of the
chalcones (1-11) and (1a-9a).
a NaOH,q. 50% w /v, ethanol, r.
t., 48 h. b (CH;CO),, (AcOH
/AcONa), r.t. *Novel chalcone

Chalcone R
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(2E)-1-(4’-aminophenyl) -3-(phenyl)-prop-2-en-1-one
(1

Yellow amorphous powder (25.65 %), m.p. 109.3-109.9 °C;
FT-IR (KBr) vpay 3522, 3434, 1623, 1578, 1554 cm ™! 'H-
NMR (CD;0D, 300 MHz): § = 7.40-7.42 (3H, m, H-3,H-5,
H-4), 7.93 (2H, d, J = 8.7 Hz H-2, H-6'), 6.73 (2H, d, J =
8.7Hz, H-3', H-5), 7.69-7.72 (4H, m, H-2/H-6, H-at, H-p).
BC-NMR (CD;OD, 75MHz): §=136.8 (C, C-1), 129.6
(CH, C-2, C-6), 130.1(CH, C-3, C-5), 131.4 (CH, C-4),
128.2 (C, C-1"), 132.6 (CH, C-2’, C-6), 115.1 (CH, C-3', C-
5'), 154.8 (C, C-4), 123.3 (CH, C-a), 144.4 (CH, C-p),
190.3 (C, COBz); EIMS m/z; (M*' 223), caled for
CysH3NO/223.

(2E)-1-(4’-aminophenyl)-3-(4-fluophenyl)-prop-2-en-
1-one (2)

Yellow amorphous powder (28%), m.p. 161.5-162.5 9 °C;
FT-IR (KBr) sy 3600, 1660, 1590, 1570 cm™'; '"H-NMR

—R«

Ry R; Chalcone R,

H H 1a H

H 4-F 2a 4-F

H 4-OCH; 3a 4-0OCHs

H 4-OCH,CH; 4a 4-0OCHCH;
H 4-Cl 5a 4-Cl

H 3-NO: 6a 3-NO:

H 4-N(CH:): 7a 4-N(CH:s):
H 8a

H 9a

OCH;, 4-Cl

OCH; 3-NO:

(CD;0D, 300 MHz): 6="7.76 (2H, dd, J= 8.8, 2.1 Hz, H-
2,H-6), 7.14 2H, t, J = 8,8 Hz, H-3, H-5), 7.91 (2H, d, J =
6.93 Hz H-2',H-6), 6.73 (2H, d, J=8.8. Hz, H-3’, H-5'),
7.67 (1H, d, J=12.1 Hz, H-a), 7.74 (1H, d, J=14.2 Hz,
H-p). BC-NMR (CD;0OD, 75MHz): §=132.6 (C, C-1),
132.6 (CH, C-2, C-6), 116.1 (CH, C-3,C-5), 163.8 (C, C-4),
128.1 (C, C-1"), 131.8 (CH, C-2’, C-6"), 114.9 (CH, C-3',C-
5, 155.0 (C, C-4'), 123.2 (CH, C-a), 142.9 (CH, C-p),
190.1 (C, COBz); EIMS m/z (Mt 241), caled for
CsH,NOF/241.

(2E)-1-(4’-aminophenyl)-3-(4-methoxyphenyl)-prop-
2-en-1-one (3)

Yellow amorphous powder (38%), m.p.148-148,5°C; FT-
IR (KBr) Umax 1628, 1570, 1560 1555, 1480, 1240 cm™!;
"H-NMR (CDCls, 300 MHz): §=7.92 (2H, d, J = 8.61 Hz,
H-2,H-6), 6.70 (2H, d, J = 8.58 Hz, H-3,H-5), 7.59 (2H, d,
J=28.64 Hz, H-2' H-6"), 6.93 (2H, d, J=8.67 Hz,H-3' H-
5", 742 (1H, d, J=15.57Hz, H-a), 7,76 (1H, d, J=
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15.39 Hz, H-), 3.89 (3H, s, OCH;). >*C-NMR (CDCl;,
75MHz): §=128.3 (C, C-1), 131.1(CH, C-2,C-6), 114.2
(CH, C-3,C-5), 161.5 (C, C-4), 127.8 (C, C-1"), 130.2 (CH,
C-2/,C-6"), 114.5 (CH, C-3/,C-5"), 151.1 (C, C-4"), 120.1
(CH, C-a), 143.2 (CH, C-p), 188.4 (C, COBz), 55.8 (CHj,
OCH,); EIMS m/z (M 253), caled for C;¢H;sNO»/253.

(2E)-1-(4’-aminophenyl)-3-(4-ethoxyphenyl)-prop-2-
en-1-one (4)

Yellow amorphous powder (33.89%), m.p. 140-140,8 °C;
FT-IR (KBr) Vpye 1634, 1600, 1588, 1575, 1480, 1167 cm
- 'TH.NMR (CD;OD, 300 MHz): 6§=7.90 (2H, d, J=
8.70 Hz, H-2,H-6), 6.69 (2H, d, J = 8.73 Hz, H-3,H-5), 7.63
(2H, d, J =7.98 Hz, H-2' H-6'), 6.94 (2H, d, J=8.70 Hz,
H-3',H-5"), 7.58 (1H, d, J=15.57 Hz, H-a), 7.65 (1H, d,
J=15.06 Hz, H-p), 4,08 (2H, q, J = 6.96, OCH,CHj3), 1.39
(3H, t, J=6.99Hz, OCH,CH;). "*C-NMR (CD;OD,
75 MHz): 6 =129.3 (C, C-1), 132.5 (CH, C-2, C-6), 114.6
(CH, C-3, C-5), 155.5 (C, C-4), 127.9 (C, C-1"), 131.4 (CH,
C-2/,C-6"), 116.1 (CH, C-3',C-5"), 162.6 (C, C-4"), 120.7
(CH, C-a), 144.4 (CH, C-p), 199.3 (C, COBz), 64.8 (CH,,
OCH,CH3), 15.2 (CH3, OCH,CHj3); EIMS m/z (M- 267),
calcd for: C17H17;NO,/267.

(2E)-1-(4’-aminophenyl)-3-(4-clorophenyl)-prop-2-
en-1-one (5)

Yellow amorphous powder (53.59%), m.p. 162,9-163,3 °C;
FT-IR (KBr) vm. 3555, 3350, 1621, 1570, 1550,
1490 cm™!; '"H-NMR (CD;0D, 300 MHz): § = 7.91 (2H, d,
J=8.73Hz, H-2,H-6), 7.69 (2H, d, J=8.79, H-3,H-5),
7.42 (2H, d, J=8.46Hz, H-2' H-6), 6.68 (2H, d, J=
8.76 Hz, H-3', H-5"), 7.70 (1H, d, J = 14.28 Hz, H-x), 7.74
(1H, d, J=15.60 Hz, H-p). '*C-NMR (CD;0D, 75 MHz):
5=135.6 (C, C-1), 132.7 (CH, C-2, C-6), 130.9 (CH, C-3,
C-5), 137.5 (C, C-4), 127.6 (C, C-1"), 130.8 (CH, C-2",C-
6""), 114.6 (CH, C-3/,C-5"), 155.8 (C, C-4"), 124.3 (CH, C-
«), 142.9 (CH, C-p), 189.9 (C, COBz); EIMS m/z (M*
257.5), calcd for: C;5H;,NOCI1/257.5.

(2E)-1-(4’-aminophenyl) -3- (3-nitrophenyl) prop-2-
en-1-one (6)

Orange amorphous powder (69.85%), m.p. 208-208,7 °C;
FT-IR (KBr) vy 3400, 1640, 1600, 980 cm™!; '"H-NMR
(CD;COCD3, 300 MHz): 6 =8.26 (1H, d, J=1.95 Hz, H-
2), 7.98-8.26 (2H, m, H-4,H-5), 7.75 (2H, d, J=7.89 Hz,
H-2',H-6"), 6.74 (2H, d, J = 8.67 Hz, H-3’ H-5"), 7.72 (1H,
d, J=1596Hz, H-)), 7.80 (1H, d, J=17.34 Hz, H-p).
BC-NMR (CD;COCD;, 75MHz): §=138.6 (C, C-1),
124.9 (CH, C-2), 149.9 (C, C-3), 126.3 (CH, C-4), 132.2
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(CH, C-5), 135.2 (CH, C-6), 127.6 (C, C-1"), 132.3 (CH, C-
2/, C-6'), 114.2 (CH, C-3',C-5"), 154.7 (C, C-4"), 123.9
(CH, C-a), 140.0 (CH, C-pB), 186.9 (C, COBz); EIMS m/z
(M+' 268), calcd for C15H12N203/268.

(2E)-1-(4’-aminophenyl) -3-(4-dimethyaminophenyl)
-prop-2-en-1-one (7)

Orange amorphous powder (35.66%), m.p. 169-170 °C;
FT-IR (KBr) Vpmax 3500, 3460, 1610, 1570, 1350, 1160,
980 cm ™ !; 'H-NMR (CD;0D, 300 MHz): 6 =7.57 (2H, d,
J =8.85Hz, H-2, H-6), 6.69 (2H, d, J = 8.76 Hz, H-3,H-5),
7.89 (2H, d, J=8.73Hz, H-2’,H-6"), 6.76 (2H, d, J=
8.88 Hz, H-3",H-5), 7.46 (1H, d, J = 15.39 Hz, H-a), 7.68
(1H, d, J = 15.39 Hz, H-p)), 3.02 (6H, s, 2CHj3). *C-NMR
(CD;0D, 75 MHz): § = 124.7 (C, C-1), 131.5 (CH, C-2, C-
6), 113.3 (CH, C-3, C-5), 153.8 (C, C-4), 40.4 (C, N(CH5)
,), 128.4 (C, C-1"), 132.3 (CH, C-2’, C-6'), 114.6 (CH, C-
3',C-5"), 155.2 (C, C-4"), 117.6 (CH, C-a), 145.8 (CH, C-
B), 190.8 (C, COBz); EIMS m/z (M' 266), calcd for
C,7H,5N,0/266.

(2E)-1-(4’-aminophenyl) -3- (furan-2-yl-prop-2-en-1-
one (8)

Orange amorphous powder (69.85%), m.p. 118-118,3 °C;
FT-IR (KBr) vn., 3447, 3434, 1640, 1584, 1545,
1173 cm™!; 'TH-NMR (CD;0D, 300 MHz): § = 6.78 (1H, d,
J=3.36Hz, H-3), 6.55 (1H, m, H-4); 7.62 (1H, s, H-5),
7,85 (2H, d, J=8.73Hz, H-2', H-6'), 6.68 (2H, d, J=
8.73 Hz, H-3',H-5'), 7.50-7.62 (2H, s broad, H-a, H-p).
3C-NMR (CD;OD, 75MHz): §=153.4 (C, C-2), 113.7
(CH, C-3), 116.5 (CH, C-4), 146.3 (CH, C-5), 127.6 (C, C-
1), 132.4 (CH, C-2', C-6), 114.6 (CH, C-3',C-5"), 155.5
(C, C-4"), 130.5 (CH, C-a), 120.5 (CH, C-p), 189.7 (C,
COBz); EIMS m/z (M™ 213), caled for Cy3H;;NO,,213

(2E,4E)-1-(4-aminophenyl)-5-phenylpenta-2,4-dien-
1-one (9)

Orange amorphous powder (34.00%), m.p. 151,8-152 °C;
FT-IR (KBr) vpnax 3458, 3376, 1635, 1611, 1576 1564 cm ™!
'H-NMR (CD;0D, 300 MHz): § = 7.26-7.35 (5H, m, Ar),
7.84 (2H, d, J=8.79Hz, H-2’' H-6'), 6.67 (2H, d, J=
8.76 Hz, H-3’ H-5), 7.00-7.25 (3H, m, H-a, H-7, H-8),
7.38 (1H, ddd, J=15.96, 8.43, 1.65Hz, H-). '*C-NMR
(CD;0D, 75 MHz): 8 =138.0 (C, C-1), 128.7 (CH, C-2, C-
6), 130.0 (CH, C-3, C-5), 128.4 (C, C-4), 126.8 (CH, C-7),
142.6 (CH, C-8), 127.7 (C, C-1"), 132.5 (CH, C-2',C-6"),
114.6 (CH, C-3',C-5"), 155.6 (C, C-4"), 130.5 (CH, C-w),
144.6 (CH, C-p), 190.3 (C, COBz); EIMS m/z (M* 253),
calcd for C7H5sNO/253.
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N-(4'[(2E)-3-(phenyl)-1-(phenyl) prop-2-en-1-one])
acetamide (1a)

Yellow amorphous powder (88.92%), m.p. 158-158.5 °C;
FT-IR (KBr) vma 3330, 1658, 1600, 1310, 980 cm™';
'H-NMR (CD;0D, 300 MHz): § = 7.40-7,72 (5H, m, Ar),
8.06 (2H, d, J=8.79Hz, H-2', H-6'), 7.71-7.75 (2H, s
broad, H-a, H-p), 2.14 (3H, s, COCH;). '*C-NMR
(CD;0D, 75 MHz): §=136.5 (C, C-1), 129.8 (CH, C-2,
C-6), 131.8 (CH, C-3, C-5), 131.1 (C, C-4), 134.6 (C, C-1"),
130.2 (CH, C-2/,C-6"), 123.0 (CH, C-3’,C-5"), 144.9 (C, C-
4"),24.2 (CH;, COCHj3), 120.4 (CH, C-a), 145.9 (CH, C-B),
191.0 (C, COBz), 172.1 (C, N-C=0); EIMS m/z (M1 265),
calcd for C|7H|5N02 /265.

N-(4'[(2E)-3-(4-flurophenyl) -1-(phenyl) prop-2-en-1-one])
acetamide (2a)

Yellow amorphous powder (88.21%), m.p. 178.4-179 °C;
FT-IR (KBr) vpnax 3430, 1650, 1615, 1500, 1300, 980 cm ™ ';
'H-NMR (CD;0D, 300 MHz): 6 =7.76 (2H, m, H-2,H-6),
7.16 (2H, t, J=8.70Hz, H-3,H-5)), 8.07 (2H, d, J=
8.67 Hz, H-2’ H-6"), 7.73 (2H, m, H-3',H-5"), 7,72-7.81
(2H, s broad, H-a, H-p), 2.16 (3H, s, COCH3). '*C-NMR
(CD;0D, 75 MHz): 6 = 133.1 (C, C-1), 131.1 (CH, C-2, C-
6), 116.9 (CH, C-3, C-5), 164.0 (C, C-4), 132.1 (C, C-1),
131.1 (CH, C-2',C-6"), 122.9 (CH, C-3',C-5"), 144.9 (C, C-
4"), 120.4 (CH, C-a), 144.5 (CH, C-p), 190.8 (C, COBz),
172.1 (C, N-C=0); EIMS m/z (M' 283), calcd for
C7H14NO,F/283.

N-(4'[(2E)-3-(4-methoxyphenyl) -1-(phenyl) prop-2-en-1-
one]) acetamide (3a)

Yellow amorphous powder (49.40%), m.p. 202.5-202.8 °C;
FT-IR (KBr) vpax 3260, 1640, 1600, 1310, 1160, 970 cm™;
'H-NMR (CD;0D, 300 MHz): § =7.71 (2H, m, H-2,H-6),
7.00 (2H, d, J=8.70HzH-3,H-5), 8.00 (2H, d, J=
8.70 Hz, H-2',H-6")), 7.74 (2H, d, J = 8.55 Hz, H-3',H-5’),
7,72 (1H, d, J=15.63 Hz, H-a), 7.76 (1H, d, J = 16.47 Hz,
H-p), 3.85 (3H, s, OCH3), 2.16 (3H, s, COCH3). *C-NMR
(CD;0D, 75 MHz): 6=129.1 (C, C-1), 1314 (CH, C-2,
C-6), 115.7 (CH, C-3,C-5), 163.6 (C, C-4), 132.6 (C, C-1),
131.8 (CH, C-2',C-6’), 120.4 (CH, C-3',C-5"), 146.2 (C,
C-4'), 120.4 (CH, C-w), 144.7 (CH, C-p), 191.1 (C, COBz),
172.1 (C, N-C=0), 56.1 (C, OCH3); EIMS m/z (M 295),
calcd for C13H17NO3/295.

N- (4'- [(2E) -3- (4-ethoxyphenyl) -1- (phenyl) prop-2-en-1-
one]) acetamide (4a)

Yellow amorphous powder (38.02%), m.p. 134-135 °C;
FT-IR (KBr) vy, 3310, 1650, 1670, 1600, 1310, 1155,

980 cm'; '"H-NMR (CDCl;, 300 MHz): 8 =7.57 (2H, d,
J=8.50Hz, H-2,H-6), 6.91 (2H, d, J = 8.45 Hz, H-3,H-5),
8.00 (2H, d, J = 8.40, H-2'H-6"), 7.66 (2H, d, J =7.75 Hz,
H-3',H-5"), 7.39 (1H, d, J = 15.55Hz, H-a), 7.78 (1H, d,
J=15.60 Hz, H-p), 4.08 (2H, q, J = 6.85 Hz, OCH,CH3),
1.43 (3H, t, J = 6.90 Hz, OCH,CHj), 2.21 (3H, s, COCH3)
BC-NMR (CDCl;, 75MHz): §=127.6 (C, C-1), 130.0
(CH, C-2, C-6), 115.1 (CH, C-3, C-5), 161.3 (C, C-4),
134.2 (C, C-1"), 130.5 (CH, C-2’, 6'), 119.2 (CH, C-3',5"),
1423 (C, C-4), 639 (CH,, OCH,CH;), 14.9 (CH;,
OCH,CH3), 25.0 (CH;, COCH3), 119.5 (CH, C-a), 144.8
(CH, C-p), 189.4 (C, COBz), 168.9 (C, N-C=0); EIMS m/
z M 309), caled for C;oH;9NO3/309.

N-(4'[(2E)-3-(4-clorophenyl-1-(phenyl) prop-2-en-1-one])
acetamide (5a)

Yellow amorphous powder (54.02%), m.p. 198.5-199 °C;
FT-IR (KBr) vpax 3270, 1650, 1600, 1310, 980 cm™'; 'H-
NMR (CD;OD, 300 MHz): 6 =7.42 (2H, d, J=8.49 Hz,
H-2,H-6), 7.90 (2H, d, J = 8.76 Hz, H-3,H-5), 8.00 (2H, d,
J=8.79 Hz, H-2' H-6"), 6,69 (2H, d, J = 8,76 Hz, H-3’ H-
5, 7.40 (1H, d, J=17.04Hz, H-a,), 8.71 (1H, d, J=
14.88 Hz, H-p), 2.15 (3H, s, COCH3). *C-NMR (CD;0D,
75MHz): § = 134.5 (C, C-1), 130.4 (CH, C-2, C-6), 131.0
(CH, C-3, C-5), 137.5 (C, C-4), 135.3 (C, C-1"), 132.7 (CH,
C-2',6"), 120.4 (CH, C-3'5"), 142.6 (C, C-4"), 130.3 (CH, C-
), 145.0 (CH, C-B), 190.0 (C, COBz), 172.1 (C, N-C=0),
242 (CH;, COCH3); EIMS m/z (Mt 283.5), calcd for
C,7H,4NOC1/283.5.

N- (4'- [(2E) -3- (3-nitrophenyl) -1- (phenyl) prop-2-en-1-
one]) acetamide (6a)

Orange amorphous powder (51.29%), m.p. 198-198,3 °C;
FT-IR (KBr), wvm.x 3330, 1610, 1660, 1580, 1340,
970 cm™'; 'TH-NMR (CD;SOCD3, 300 MHz): 6 = 8.17-7.75
(2H, m, H-4, H-5), 8,17 (1H, d, J=10.53 Hz, H-6), 7.96
(2H, d, J=7.41Hz, H-2' H-6"), 6.63 (2H, d, /= 7.32 Hz, H-
3", H-5"), 8.00 (1H, d, J = 17.04, H-a), 8.71 (1H, d, 14.88 Hz,
H-p), 2.09 (3H, s, COCH;). NMR de '*C (CD;SOCD:;,
75MHz): 6 =134.9 (C, C-1), 122.8 (CH, C-2), 148.4 (C, C-
3), 122.6 (CH, C-4), 130.1 (C, C-5), 134.7 (CH, C-6), 137.1
(C, C-1"),131.4 (CH, C-2', C-6), 112.9 (CH, C-3",5'), 144.0
(C, C-4"), 1229 (CH, C-a), 144.0 (C, C-p), 187.4 (C, COBz),
169.2 (C, N-C=0), 24.2 (CH;, COCH3); HRESIMS, m/z:
310.1445(CoHoNO3) [M+H]" (caled. 310.1443).

N-(4'[(2E)-3-(4-dimetilaminophenyl) -1-(phenyl) prop-2-en-
1-one]) acetamide (7a)

Yellow amorphous powder (60.40%), m.p. 207-207.5 °C;
FT-IR (KBr) vy, 3410, 1680, 1650, 1580, 1380, 1030 cm
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~I. TH.-NMR (CDCls, 300 MHz): §=7.66 (2H, d, J=
8,20 Hz, H-2,H-6)), 7.53 (2H, d, J=8.65 Hz H-3,H-5),
8.00 (2H, d, J = 8.30 Hz, H-2",H-6"), 6.71 (2H, d broad, H-
3'/H-5"), 7.34 (1H, d, J = 15.45 Hz, H-o), 7.78 (1H, d, J =
15.45 Hz, H-p), 3.04 (6H, s, 2CH3), 2.21 (3H, s, COCHj3).
BC-NMR (CDCl;, 75MHz): §=134.6 (C, C-1), 130.1
(CH, C-2, C-6), 112.3 (CH, C-3,C-5), 152.0 (C, C-4), 40.5
(C, N(CHj3),), 133.0 (C, C-1), 130.6 (CH, C-2/,C-6'), 116.9
(CH, C-3',C-5"), 145.7 (C, C-4'), 24.9 (CH;, COCHj),
119.2 (CH, C-), 142.0 (CH, C-p), 189.5 (C, COBz), 169.0
(C, N-C=0), 40.5(C, N(CHjs),), 24.9(CH;, COCH,); EIMS
m/z (1\/[+ 308), calcd for C19H20N202/308.

N-(4'[(2E)-3- (furan-2-il) -1-(phenyl) prop-2-en-1-one])
acetamide (8a)

Orange amorphous powder (76.17%), m.p. 122-122.4 °C;
FT-IR (KBr) vy 3470, 1690, 1640, 1600, 1375, 1005 cm
~1. TH.NMR (CDCl,, 300 MHz): § = 6.51 (1H, s broad, H-
3), 6.70 (1H, d, J = 3,09 Hz, H-4), 7.46 (1H, s, H-5), 8.00
(2H, d, J = 8,55 Hz, H-2", H-6"), 7.66 (2H, d, J = 8,31 Hz,
H-3', H-5"), 7.33 (1H, d, J = 15.33 Hz, H-a), 7.51 (1H, d,
J=17.58Hz, H-p), 221 (3H, s, COCH;). '3C-NMR
(CDCl;, 75MHz): §=151.9 (C, C-2), 112.7 (CH, C-3),
116.2 (CH, C-4), 145.1 (CH, C-5), 133.9 (C, C-1"), 130.0
(CH, C-2/, C-6), 119.3 (CH, C-3’, C-5'), 24.8 (CH;,
COCHj3), 119.4 (CH, C-a), 130.7 (CH, C-p), 188.8 (C,
COBz), 169.0 (C, N-C=0), 24.9 (CH;, COCHj3); EIMS m/
Z (M+ 239), calcd for C15H13N02/239.

N-(4'[(2E)-5-[phenylpenta-2,4-dien) -1-(phenyl) prop-2-en-1-
one]) acetamide (9a)

Orange amorphous powder (22.27%), m.p. 176.5-177 °C;
FT-IR (KBr) vms 3300, 1670, 1650, 1600, 1300,
1000cm™'; 'H-NMR (CDCl;, 300 MHz): 6 =7.33-7.40
(5H, m, Ar), 7.98 (2H, d, J = 8,64 Hz, H-2" . H-6'), 7.01 (2H,
d, J=7.71Hz, H-3' H-5"), 7.19 (1H, d, J = 14.79 Hz, H-«),
751 (1H, dd, J=17.40, 8.76 Hz, H-p), 7.02-7.07 (2H,
m, H-7,H-8), 2.23 (3H, s, COCH;). *C-NMR (CDCl;,
75MHz): § = 136.4 (C, C-1), 127.5 (CH, C-2, C-6), 129.1
(CH, C-3,C-5), 129.4 (C, C-4), 134.1 (C, C-1"), 130.0 (CH,
C-2’, C-6'), 119.2 (CH, C-3’, C-5'), 142.1 (C, C-4"), 24.9
(CH3, COCHj3), 127.2 (CH, C- o), 144.8 (CH, C-p), 125.4
(CH, C-7), 142.0 (CH, C-8), 189.2 (C, COBz), 168.8 (C,
N-C=0), 24.9 (CH;, COCHj3); EIMS m/z (M** 291), caled
for C19H17N02/291.

(2E)-1-(3’-methoxi-4’-hidroxiphenyl)-3-(4-
clorophenyl)-prop-2-en-1-one (10)

Yellow amorphous powder (20.89%), m.p. 141-141.3 °C;
FT-IR (KBr) vpnax 3390, 1640, 1590, 1290, 1180, 970 cm ™
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'H-NMR (CD;COCD;, 300 MHz): §=7.50 (2H, d, J=
7,50 Hz, H-2,H-6), 7.70 (2H, d, J=8.73 Hz, H-3, H-5),
7.76 (1H, d, J=1.92 Hz, H-2"), 6.70 (1H, d, J=8.22 Hz,
H-5'), 7.74 (1H, dd, J = 8.85, 2.01 Hz, H-6"), 7.73 (1H, d,
J=17.90Hz, H-a), 7.91 (1H, d, J = 15.48 Hz, C-B), 3.90
(3H, s, OCH;). '*C-NMR (CD;COCD;, 75MHz): § =
135.3 (C, C-1), 129.9 (CH, C-2,C-6), 130.9 (CH, C-3, C-5),
136.9 (C, C-4), 136.2 (C, C-1°), 112.6 (CH, C-2"), 148.7 (C,
C-3"), 152.7 (C, C-4"), 115.6 (CH, C-5'), 124.6 (CH, C-6),
123.7 (CH, C-a), 142.2 (CH, C-B), 56.5 (C, OCHj3), 187.9
(C, COBz); EIMS m/z (M 288.5), calcd for C;¢H;3NO;Cl
/288.5.

(2E) -1- (3’-methoxy-4’-hydroxyphenyl) -3- (3-
nitrophenyl) prop-2-en-1-one (11)

Yellow amorphous powder (46.33%), m.p. 179.4-180 °C;
FT-IR (KBr) vpa, 3425, 1621, 1575, 1350, 990 cm™'; 'H-
NMR (CD;COCD;3, 300 MHz): 6 = 6.96-8.26 (5SH, m, Ar),
8.65 (1H, s, H-2"), 7.73 (1H, m, H-5"), 8.23 (1H, d, J=
6.36 Hz, H-6"), 7.82 (1H, d, J = 15.35 Hz, H-a), 7.87 (1H,
d, J=15.35Hz, H-p), 3.90 (3H, s, OCH;) *C-NMR
(CD3;COCD3, 75MHz): §=131.1 (C, C-1), 1249 (CH,
C-2), 1529 (C, C-3), 125.1 (CH, C-4), 131.2 (CH, C-5),
135.4 (CH, C-6), 138.3 (C, C-1"), 124.9 (CH, C-2'), 148.8
(C, C-3), 149.9 (C, C-4'), 115.6 (CH, C-5'), 125.8 (CH,
C-6"), 123.5 (CH, C-w), 141.1 (CH, C-p), 56.5 (C, OCH3),
187.8 (C, COBz); HRESIMS m/z: 300.0867 (C;cH3NO3)
[M-+H]" (caled. 300.0872).

NMR, GC-MS, and IR measurements

The chemical reagents were from Sigma-Aldrich. 'H and
3C NMR spectra were obtained using a Bruker Spectro-
meter, either model Avance DPX-300 or model Avance
DRX-500 operating at frequencies of 300 or 500 MHz for
hydrogen, and 75 or 125 MHz for carbon, respectively. The
spectra were measured in the solvents CD;0D,
CDs;COCD3, and CDCl3, and chemical shifts are reported as
0 values in parts per million (ppm) relative to tetra-
methylsilane (6 0.00) as the internal standard. The mass
spectra were obtained with a Shimadzu QP201 GC-MS (gas
chromatography coupled to mass spectrometry) using an
RTX-5MS capillary column (30.0 m x 0.25 mm x 0.30 mm)
for compounds within the literature record, and UPLC-
QTOF-MS was performed with an ACQUITY UPLC BEH
column (150 x 2.1 mm, 1.7 um; Waters Co.) on a Waters
Acquity UPLC system. The column temperature was set at
40 °C. The binary gradient elution system consisted of 0.1%
formic acid in water (A) and 0.1 % formic acid in acet-
onitrile (B), with a linear gradient from 2 to 95% B
(0—15 min), with a flow rate of 0.4 mL.min"! for the new
compound (11). The high mass spectra of the chalcone 11
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was obtained with LC-MS on an Acquity UPLC system
coupled with quadrupole/TOF mass analyzers (Waters)
equipped with an ESI source operated in the negative
ionization mode (UPLC-ESI-qTOF). The chromatographic
separations were performed using a Waters Acquity UPLC
BEH column (150.0x2.1 mm x 1.7 um) at 40 °C. Water
and acetonitrile were used for the mobile phase, both with
0.1% formic acid. The gradient ranged from 95 to 2% water
in 15min at a flow rate of 0.4 mL/min and an injection
volume of 5.0 L. The desolvation gas was N, at 350 °C at a
flow rate of 350 L/h and a source temperature of 120 °C.
The capillary voltage was set to 2.600 V. The collision
energies/cone voltages were set to 6eV/I5V (low) and
30-50eV/30V (high) to achieve sufficient fragmentation.
The MS spectra were acquired in negative ionization mode
between 100 and 1180Da in MSE tandem mode. The
samples were prepared by filtering 1 mL of the chalcones
directly through a 0.22 ym PTFE syringe filter (Simple
Pure, USA). Infrared spectra were determined on a Perkin
Elmer FT/IR 1000 spectrophotometer and reported as the
wavenumber (cm™'). The melting point was determined
with the MQAPF-302 apparatus (microchemistry) with a
heating rate of 3.0 °C/min.

Cell culture

The human cancer cell lines (HCT-116, colon carcinoma; PC-
3, prostate adenocarcinoma; HL-60, promyelocytic leukemia;
K-562, chronic myeloid leukemia; and KASUMI-1, acute
myeloid leukemia) were obtained from the National Cancer
Institute, Bethesda, MD, USA. The L-929 (murine fibroblasts)
nontumor cell line was purchased from ATCC” and deposited
in the Rio de Janeiro cell bank. The cell lines were maintained
in RPMI-1640 medium or DMEM (Gibco) supplemented with
10% fetal bovine serum, 2mM glutamine, 100 U/mL peni-
cillin, and 100 pg/mL streptomycin at 37 °C in a humidified
atmosphere with 5% CO,.

Determination of cytotoxic activity

The cytotoxicity of the compounds was determined using the
MTT assay (Mosmann 1983). Briefly, cells were seeded in 96-
well plates (0.7 x 10* cells/well for adherent cells and 0.3 x
10° cells/well for suspended cells). The compounds dissolved
in DMSO were added to each well using high-throughput
screening with a Biomek 3000 (Beckman Coulter, Inc. Full-
erton, California, USA) and incubated for 3 days (72 h). The
control group received the same amount of vehicle, and the
final concentration of DMSO in the culture media was con-
stant (below 0.5%). After incubation, the supernatant was
replaced by fresh medium containing MTT (0.5 mg.mL ™).
Three hours later, the MTT formazan product was dissolved in
150 L of DMSO, and the absorbance was measured at

595 nm (DTX 880 Multimode Detector, Beckman Coulter,
Inc. Fullerton, California, USA).

To carry out a structure-activity relationship analysis, all
compounds were tested against HCT-116 cells at different
concentrations (0.04—20 uM) to determine the half-maximal
inhibitory concentration (ICsg) after 72 h of incubation. In
addition, the ICsy value of the most active compound was
determined for four other human tumor cell lines (PC-3,
HL-60, K-562, and KASUMI-1) and one nontumor cell line
(L-929) after 72h of incubation. Doxorubicin
(0.07-8.6 uM; Sigma Chemical Co. St. Louis, MO, USA)
was used as a positive control.

Study of the mechanism of cytotoxicity

In this stage, the study aimed to describe the chalcone 6a-
induced cytotoxicity against HCT116 cells (chosen based
on the preliminary cytotoxicity screening). For this purpose,
the cells (0.7 x 10° cells/well) were incubated with the
chalcone 6a for 24 h at three different concentrations (2.5, 5
and 10 uM; chosen based on the ICs, values obtained by the
MTT assay), and the experiments below were performed
(Pereira et al. 2016). The control group received the same
amount of vehicle whose concentration was kept constant
(below 0.5%). Cell treatments were carried out in triplicate.
Doxorubicin (2 pM; Sigma Chemical Co. St. Louis, MO,
USA) was used as a positive control due to its known
cytotoxic effects, as well as its ability to induce cell cycle
arrest in the G2/M phase. Stock solutions of the compounds
tested were prepared in DMSO and diluted in culture
medium to obtain the desired concentrations.

Morphological analysis

The morphological features of HCT116 cells were assessed
using light microscopy (Olympus, Tokyo, Japan). Cells
were harvested, transferred to Cytospin slides, and stained
using a quick panoptic kit (Laborlin, Brazil). Cells were
fixed with methanol and counterstained with 0.1% xan-
thanes and 0.1% thiazines before the analysis.

Apoptosis assay

Apoptosis was examined by Annexin V/7-AAD staining
followed by flow cytometry. Briefly, HCT116 cells were
collected (both floating and attached cells) and stained using
an Annexin V-PE/7-AAD apoptosis detection kit. Annexin
V binds to phosphatidylserine (PS) in cells undergoing
apoptosis due to the translocation of PS from the inner
leaflet to the outer leaflet of the cytoplasmic membrane. 7-
AAD is a fluorescent intercalator of DNA impermeant to the
cell, indicating membrane integrity. Double staining is used to
distinguish between viable, early apoptotic cells, and necrotic
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or late apoptotic cells. The resulting fluorescence (Annexin V-
PE at 583 nm and 7-AAD at 680nm) of all samples was
analyzed with BD FACSVerse™. 7-AAD-positive and
annexin V-negative cells were considered necrotic. Annexin
V-positive cells (both 7-AAD positive and negative cells)
were considered apoptotic cells. 7-AAD-negative and
Annexin V-negative cells were considered viable.

Determination of cell viability and membrane
integrity

Cell viability and cell membrane integrity analyses were per-
formed with propidium iodide (5 pg/mL, Sigma Aldrich Co.,
St. Louis, MO, USA) exclusion using flow cytometry.
HCT116 cells were plated in 24-well plates and treated with
PJOV56. After cell harvesting, the treated and untreated cells
were incubated with propidium iodide in the dark for 5 min.
Then, the fluorescence was measured by flow cytometry with
BD FACSVerse™ (BD Biosciences, San Jose, CA).

DNA fragmentation and cell cycle analysis

The DNA content of HCT116 cells was assessed by pro-
pidium iodide DNA staining followed by flow cytometry
analysis. Briefly, cells were treated with PIOV56, harvested
and incubated in the dark with a solution containing 5 pg.
mL~! propidium iodide, 5 ug.mL~' RNase, 0.1 % sodium
citrate, and 0.1 % Triton X-100 at room temperature for
40 min. The DNA fragmentation and cell cycle profile were
obtained by cell counting and fluorescence measurements
using a BD FACSVerse™ flow cytometer (BD Biosciences,
San Jose, CA). Data were analyzed by ModFit LT software
(Verity Software House, Inc., Topsham, ME).

Statistical analysis

Data are presented as the mean =+ standard error of the mean
(SEM) from three independent experiments performed in
triplicate as calculated by Prism 8.0 (GraphPad/Intuitive
Software for Science, San Diego, CA). The ICsy values of
the compounds were obtained from the nonlinear regression
of the cytotoxicity curves. Statistical analyses for multiple
comparisons were performed using one-way ANOVA fol-
lowed by Turkey’s Test. A value of p < 0.05 was considered
statistically significant.

Results and discussion
Structural characterization

The structures of the twenty synthetic chalcones were elu-
cidated by spectroscopic methods, including 1D NMR for
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those chalcones registered in the literature, and 1D and 2D
(COSY, HSQC and HMBC) NMR for the new chalcone
(11), electron ionization mass spectrometry, high-resolution
electrospray ionization mass spectrometry (HRESIMS), and
Fourier-transform infrared spectroscopy (FT-IR). The 'H
(500 MHz) and '*C (125MHz) NMR spectra in CDCl;
(d, ppm, J/Hz) are presented in the Supplementary Material
in Figs S1-S44. The mass spectra of these chalcones are
shown in Figs S45-S64 and their infrared spectra are given
in Figs S65-S84. The values of the coupling constants
between H, and Hp (J=12.10-17.98 Hz) confirm that for
this reaction, the products generated were only E-isomers.

Cytotoxic activity against tumor and nontumor cells

The MTT assay was used to determine the cytotoxicity of
the synthesized chalcones. This test is extremely useful for
both determining cell viability studies and defining the
anticancer potential of new compounds (Kepp et al. 2011).
Table 1 displays the ICs, values of the investigated com-
pounds whose data were used for the structure—activity
relationship analysis.

Out of 20 compounds tested, only la (IC5y=4.96 +
0.03uM), 2a (IC50=7.05£0.02puM), 5a (IC5y=5.75+
0.44 M), and 6a (ICsy=3.56 +0.03 uM) showed a strong
cytotoxic effect (ICso<10uM) against HCT-116 cells,
revealing that small modifications to the chalcone chemical
structure were able to alter the biological activity. Careful
analysis of the structures suggests that the cytotoxicity can
be attributed to the combined effects of the two electron-
withdrawing groups in the structure of 6a (an amide group
on ring A and a nitro group on ring B). For the amide group
contribution, compound la (IC5y=4.96+0.03 uyM) pre-
sented higher cytotoxic activity when compared to 1 (ICs,
> 20 uM). Regarding the nitro group, compounds 6 (ICs5) =
13.96 £0.03 uM) and 6a (ICs5y = 3.56 +£0.03 uM) presented
greater activity when compared with 1 and 1a, respectively.
Moreover, the presence of an extended conjugated system
significantly reduced the cytotoxic effect. Compound 9a
(ICs5¢>20 uM) showed no cytotoxic effect when compared
to compound la (IC50=4.96+0.03 uM), and this effect
was influenced by the presence of an additional double
bond in the conjugated system. Another important structural
feature that reduced the cytotoxic activity was a high elec-
tronic density in ring B (ICs5y>20 pM) for compounds 3,
3a,4,4a,7 (% RCV=4.25+2.60 %), 7a (% RCV =0.00
%), 8 (% RCV =9.15+3.01 %), and 8a (% RCV =9.45 +
1.37 %). These data are corroborated by a review of the
anticancer activity of chalcones that states that the cytotoxic
properties of chalcones against cancer cell lines are mainly
influenced by the substituents on the two aryl rings of the
chalcone molecule simultaneously (Karthikeyan et al.
2015). Recent studies (Nazir et al. 2013; Guilherme et al.
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Table 1 Cytotoxicity of the chalcones 1-11 and 1a-9a at different
concentrations (0.02-20 uM) against HCT-116 cells (human colon
carcinoma) after 72 h of incubation using MTT assay

Chalcone Chemical groupb HCT-116
o
=
RZ
R
Rl
R R R ICsy+ S.EM.
(M)
1 NH, H Ph >20
la -NHCOCH; H Ph 4.96 +0.03
2 NH, H p-F-Ph 15.16 £0.06
2a -NHCOCH; H p-F-Ph 7.05+0.02
3 NH, H p-OCHj3-Ph >20
3a -NHCOCH; H p-OCHj3-Ph >20
4 NH, H p-OCH,CH3-Ph  >20
4a -NHCOCH; H p-OCH,CH3-Ph  >20
5 NH, H p-Cl-Ph >20
Sa -NHCOCH; H p-Cl-Ph 5.75+0.44
6 NH, H m-NO,-Ph 13.96 £0.03
6a -NHCOCH; H m-NO,-Ph 3.56+0.03
7 NH, H p-N(CH3),-Ph >20
7a -NHCOCH; H p-N(CH3),-Ph >20
8 NH, H Furan-2-il >20
8a -NHCOCH; H Furan-2-il >20
9 NH, H Phenylpenta-4-  >20
en
9a -NHCOCH; H Phenylpenta-4-  >20
en
10 OH OCH; p-Cl-Ph >20
11 OH OCH; m-NO,-Ph >20

Data are presented as half maximal inhibitory concentration (ICsq in
uM) + Standard Error of the Mean (S.E.M.) obtained from three
independent experiments performed in triplicate

“Specific  chemical

fundamental core

groups of each compound bonded to

2015) have also demonstrated the high cytotoxic effects of
nitro- and amide-containing chalcones against various types
of human cancer cell lines, including colon cancer. More-
over, Guo et al. (2018) showed that a synthetic compound
bearing the strongly electron-withdrawing NO, group dis-
played the highest anticancer activity (7.3 + 1.2 pM) against
the A549 cell line (lung cancer) compared with the other
synthesized compounds. All of these findings reinforce the
synthetic proposal of the present work. For these reasons,
chalcone 6a was selected for further ICsy value determina-
tion against four human tumor cell lines (PC-3, HL-60, K-
562, and KASUMI-1) and nontumor murine fibroblasts (L-
929 cells). Table 2 shows the cytotoxicity of chalcone 6a at
different concentrations (0.02-20 pM) against six cell lines
after 72h of incubation using MTT assay. Against the
tumor cells, the ICs5y values of 6a ranged from 5.65 to
10.52 uM (strong cytotoxic activity). Against L-929 cells,
compound 6a was not active (ICsq> 20 uM). This suggests
that there are specific characteristics of the tumor cells that
are being affected by compound 6a at the tested con-
centrations. In fact, cancer has six biological capabilities,
including sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative
immortality, inducing angiogenesis, and activating invasion
and metastasis (Hanahan and Weinberg 2011). In this
context, Karthikeyan et al. (2015) reported the cytotoxic
activity of chalcones through multiple mechanisms,
including cell cycle disruption, angiogenesis inhibition,
tubulin polymerization inhibition, apoptosis induction,
blockade of the NF-kB signaling pathway, and inhibition of
cell cycle regulatory kinases.

Mechanism of cytotoxicity against human colon
cancer cells

Based on the initial data indicating the in vitro cytotoxic
potential of the chalcone 6a, we decided to investigate the
pattern of cell death induced by this chalcone in HCT-116
cells at three concentrations (2.5, 5, and 10 uM) after 24 h of

incubation. First, microscopic analysis showed that

Table 2 Cytotoxicity of -
chalcone 6a at different Chalcone Cell line
concentrations (0.02-20 uM) HCT-116 PC-3 HL-60 K-562 KASUMI-1 L-929
against six cell lines after 72 h of ICsp+ S.EM. (uM)*
incubation using MTT assay T

6a 3.56+£0.03 9.33+£0.05 5.65+0.41 7.49+1.35 10.52+0.10 >20

Dox’ 0.11+0.03 0.44 +£0.10 0.02 £0.002 0.46 £0.01 0.13 £0.007 0.66 +£0.17

“Data are presented as half maximal inhibitory concentration (ICs, in uM) + Standard Error of the Mean (S.E.
M.) for tumor cells (HCT-116, human colon carcinoma; PC-3, human prostate adenocarcinoma; HL-60,
human promyelocytic leukemia; K-562, human chronic myeloid leukemia; and KASUMI-1, human acute
myeloid leukemia), and nontumor cells (L-929, murine fibroblast), obtained from at least two independent

experiments performed in triplicate

®Doxorubicin (Dox, 0.07-8.6 uM) was used as positive control of the assay
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Fig. 4 Effect of chalcone 6a on the morphology of HCT-116 cells
determined by light microscopy (400x) using panoptic kit after 24 h of
incubation. Cells untreated (a) or treated with chalcone 6a (2.5 uM, c;
5uM, d; and 10 uM, e) were fixed with methanol and counter-stained

chalcone 6a was able to induce morphological changes in
HCT-116 cells that were characteristic of apoptosis (nuclear
fragmentation, chromatin condensation, apoptotic bodies,
and cell shrinkage), and these changes were more evident at
the concentrations of 5 and 10 uM (Fig. 4d, e) (Kroemer
et al. 2008).

Chalcone 6a-induced apoptosis was confirmed by the
externalization of phosphatidylserine accompanied by
maintenance of membrane integrity and a reduction in the
number of cells as determined by flow cytometry (Figs 5
and 6). At 10uM, chalcone 6a induced a significant
increase in apoptotic cells (9.60 + 1.68 %) when compared
with the negative control (1.55+0.18 %). At this con-
centration, we also observed 90.29 +0.62 % membrane

@ Springer

with 0.1% xanthanes and 0.1% thiazines before the analysis. Black
arrows show apoptotic cells (nuclear fragmentation, chromatin con-
densation, apoptotic bodies, and cell shrinkage)

integrity (no difference when compared with the negative
control value of 95.10 £0.55 %) and 4.21 £ 0.19 x 10° cells/
mL (statistically significant when compared with the
negative control, 7.34 +£0.35 x 10° cells/mL) after 24 h of
incubation. Corroborating these results, Das and Manna
(2016) highlighted the participation of apoptosis in the
anticancer activity of chalcones. Specifically, against human
colon cancer, apoptosis induction might be correlated with a
cell cycle arrest in the G2/M phase, involving disruption of
the microtubular network and/or DNA damage. The mitotic
spindle network is critical for the process of cell division,
whereas disruption leads to apoptosis (Bond et al. 2018).
In this work, we confirmed this effect for chalcone 6a
against HCT-116 cells (Fig. 7). Similar to the positive control
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Fig. 5 Effect of chalcone 6a on the PS externalization of HCT-116
cells determined by flow cytometry using Annexin V-PE/7-AAD after
24h of incubation. Data are presented as mean + S.E.M. from three
independent experiments performed in triplicate. *p <0.05 compared
with negative control (¢) by One-way ANOVA followed by the Tur-
key’s Test. Ten thousand events were analyzed in each experiment,
and menadione (M; 20 pM) was used as positive control

doxorubicin (2 uM; %G2/M =79.78 £ 1.35 %), chalcone 6a
induced significant G2/M arrest (59.87 +5.15 %) in HCT-
116 cells when compared with the negative control (treated
with only vehicle; %G2/M = 36.70 +2.47 %). This means
that compound 6a may interfere with the process of cellular
division that is detectable by cell cycle checkpoints (Das and
Manna 2016). Consequently, the cells are triggered to cell
death by apoptosis, as we can observe in the data shown
above (morphological and flow cytometry data). It is worth
mentioning that the chalcone 6a was not able to induce DNA
at the tested concentrations and incubation time (data not
shown). It seems that DNA fragmentation is not involved
with the chalcone 6a-induced cell cycle arrest in HCT-116
cells, at least not as a starting point. This evidence reinforces
the hypothesis of mitotic spindle network interference that
shall be investigated further. In fact, Martel-Frachet et al.
(2015) identified a new chalcone derivative that is capable of
inducing prometaphase arrest and subsequent apoptosis of
bladder cancer cells that acts as a microtubule inhibitor.
Finally, it is important to note that additional tests are
necessary to evaluate the specific mechanism of action

involved in the selective cytotoxicity of chalcone 6a against
HCT-116 cells.

Conclusions

A series of twenty E-isomer chalcones were synthetized by
the Claisen—Schmidt condensation reaction; nine 4’-ami-
nochalcones, nine 4’-acetamidechalcones, and two 3’'-
methoxy-4'-hydroxychalcones. Regarding cytotoxic activ-
ity, this work demonstrated that small changes in the
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Fig. 6 Effect of chalcone 6a on cell membrane integrity (a) and cell
number (b) of HCT-116 cells determined by flow cytometry using
propidium iodate (PI) after 24 h incubation. Data are presented as
mean + S.E.M. from three independent experiments performed in tri-
plicate. *p <0.05 compared with negative control (¢) by One-way
ANOVA followed by the Turkey’s Test. Ten thousand events were
analyzed in each experiment, and doxorubicin (d; 2 uM) was used as
positive control

m G0/Gl
80+ = S
= G2/M

DNA (%)
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Fig. 7 Effect of chalcone 6a on the DNA content of HCT-116 cells
determined by flow cytometry using propidium iodate (PI) after 24 h of
incubation. Data are presented as mean + S.E.M. from three indepen-
dent experiments performed in triplicate. *p <0.05 compared with
negative control (¢) by ANOVA followed by Turkey’s Test. Ten
thousand events were analyzed in each experiment, and doxorubicin
(d; 2 uM) was used as positive control
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structure of the chalcone are capable of improving the
in vitro effects against human cancer cells. In this context,
chalcone N-(4’-[(E)-3-(3-nitrophenyl)-1-(phenyl)prop-2-en-
1-one]) acetamide (6a) containing an amide group on ring A
and a nitro group on ring B showed a strong and selective
cytotoxic effect against HCT-116 cells and was able to
induce cell death by apoptosis related to G2/M cell cycle
arrest. These data provide us with the prospect of con-
ducting studies on the specific mechanism of action of
chalcone 6a using human cancer cell-based assays.
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