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Six prenyl (=3-methylbut-2-en-1-yl) chalcones (=1,3-diphenylprop-2-en-1-ones), 2—7, and one
natural non-prenylated chalcone, 1, have been synthesized and evaluated for their in vitro growth-
inhibitory activity against three human tumor cell lines. A pronounced dose-dependent growth-
inhibitory effect was observed for all prenylated derivatives, except for 7. The chalcone possessing one
prenyloxy group at C(2'), i.e., 2, was the most active derivative against the three human tumor cell lines
(5.9< GI5 <77 pum). The majority of compounds caused an increase in percentage of apoptotic cells and/
or they interfered with cell cycle distribution in the MCF-7 cell line.

Introduction. — Flavonoids represent an outstanding class of naturally occurring
compounds with interesting biological activities, with the antitumor effect being one of
the most reported in the literature [1-4]. Chalcones (=1,3-diphenylprop-2-en-1-ones),
which are intermediate precursors to all flavonoid compounds, have been widely
reported for their antitumor activity against a variety of tumor cell lines [5][6]. Among
flavonoids, prenylated derivatives have been attracting the attention of the scientific
community because of their myriad biological activities [7-9]. In fact, it has been
demonstrated that isoprenylation of flavonoids significantly increased their growth
inhibitory effect on human tumor cell lines [7-13]. Regarding O-substitutions, an
aliphatic chain in the ortho-position of the phenyl residue adjacent to the C=O group
seems to contribute significantly to increase this activity [12]. Natural prenylated
chalcones, such as xanthohumol, although being structurally simple, exhibit numerous
pharmacological properties [14]. Indeed, xanthohumol has been considered as a cancer
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chemopreventive agent with an exceptionally broad spectrum of inhibitory mecha-
nisms which influence carcinogenesis [15]. In the extensive range of biological activities
that prenylchalcones may exert, inhibition of cell cycle and induction of apoptotic cell
death are among the most intensively studied strategies for this family of compounds
regarding cancer prevention and therapy [16-19].

Although the prenylation pattern may play an important role with respect to the
biological activities [7—12], the pharmacological properties of chalcones were found to
be also related to the presence, number, and position of OH and MeO groups in both
the A and B rings [20]. In fact, MeO groups in ring A commonly occur in several natural
and synthetic flavonoids, probably constituting a key element for their growth-
inhibitory activities against tumor cell lines, since compounds with a higher degree of
methoxylation are significantly more potent than the less methoxylated ones [21]. In
addition, the presence of at least three adjacent MeO groups in the molecule appeared
to be favorable for this activity [12]. Moreover, several studies have revealed an
interesting correlation between cell-cycle regulation and methoxylation pattern. In
fact, polymethoxyphenyl moieties are commonly found in a number of naturally
occurring anticancer agents, such as colchicine and combretastatin A [20].

Considering this, we decided to synthesize prenylated chalcones with polymethoxy-
phenyl moieties. Here, we report the synthesis of a naturally occurring chalcone, 1, and
six prenylated analogs, 2—7 (Fig. 1). All synthesized compounds were evaluated for
their ability to inhibit the in vitro growth of three human tumor cell lines, MCF-7
(breast adenocarcinoma), NCI-H460 (non-small cell lung cancer), and A375-CS5
(melanoma). Further studies were also carried out to clarify if the growth inhibitory
effect was associated with cell-cycle arrest and/or induction of apoptosis. Chalcone 1
was previously isolated from several plants [22-24] and synthesized by other groups
[25][26], but, to the best of our knowledge, no studies related to tumor cell-growth
inhibition have been conducted. As far as we know, four of the six prenylchalcones, 2, 3,
5, and 7, are described here for the first time.

Results and Discussion. — Synthesis. One naturally occurring chalcone, 1, and six
prenyl analogs, 2—7, were synthesized. The synthetic strategies applied for the synthesis
of new chalcones were outlined in Schemes 1-3.

Chalcone 1 was synthesized in analogy to the procedures described in [25][26] by
base-catalyzed aldol condensation of suitable acetophenone with 3,4,5-trimethoxybenz-
aldehyde to afford the desired chalcone in 90% yield. Compound 1 was then used as
precursor for the synthesis of the O-prenylated derivatives 2 and 3. This synthetic
approach was based on the O-alkylation of 1 with prenyl or geranyl bromide in
presence of tetrabutylammonium hydroxide (TBAOH; Bu,NOH) at room temper-
ature [12] (Scheme 1), leading to (prenyloxy)chalcone 2 (35% yield) and (geranyl-
oxy )chalcone 3 (62% yield), respectively.

The C-prenylated derivatives 4—7 were prepared by base-catalyzed aldol con-
densation of different prenylacetophenones with 3,4,5-trimethoxybenzaldehyde. The
treatment of 2'4',6'-trihydroxyacetophenone with prenyl or geranyl bromide was
performed as reported in [27][28] to yield, as major products, the expected C-
prenylated acetophenones [27-30]. These acetophenones were then regioselectively
protected with CICH,0OMe according to the method described in [27][28] to give the
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Fig. 1. Structures of non-prenylated and prenylated chalcones (1 and 2-7, resp.; the numbering used for
NMR assignments)

predictable protected compounds [27][28][30][31] in ca. 30% yield. The condensation
of the partially protected acetophenones with 3,4,5-trimethoxybenzaldehyde was
attempted by treatment with several bases, for instance, NaOH in EtOH, and NaH in
THF; however, such strategies failed (data not shown). Hence, the synthesis of 4 and 5
was achieved by aldol condensation of the corresponding protected acetophenones
with 3,4,5-trimethoxybenzaldehyde, using an excess of (‘Pr),NLi (LDA) [32], to afford
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Scheme 1. Synthesis of O-Prenylated Derivatives 2 and 3
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a) Prenyl bromide (=1-bromo-3-methylbut-2-ene), BuNOH (TBAOH), CH,Cl,/toluene, r.t., 20 h.
b) Geranyl bromide (= (E)-1-bromo-3,7-dimethylocta-2,7-diene), TBAOH, CH,Cl,/toluene, r.t., 20 h.

the prenylated chalcones 4 [33] and 5 (Scheme 2) in reasonable yields (46 and 47%,
resp.).

Compounds 6 and 7 were also prepared by base-catalyzed aldol condensation of the
appropriately substituted acetophenones with 3,4,5-trimethoxybenzaldehyde. First, 2'-
hydroxy-4',6'-dimethoxyacetophenone was prenylated by the reaction with prenyl
bromide in alkaline medium in analogy to [29] to afford 2'-hydroxy-4',6'-dimethoxy-3'-
prenylacetophenone [34], or with geranyl bromide using ‘BuONa as a base to afford 3'-

Scheme 2. Synthesis of the C-Prenylated Chalcone 5
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a) (PPr),NLi (LDA), THF, —78°, r.t., overnight.
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geranyl-2'-hydroxy-4',6'-dimethoxyacetophenone. Then, these isoprenylated acetophe-
nones were condensed with 3,4,5-trimethoxybenzaldehyde by treatment with LDA [32]
to give the prenylated chalcones 6 [34] and 7 (in 17 and 14% yield, resp., Scheme 3).

Scheme 3. Synthesis of C-Prenylated Chalcone 7
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a) Geranyl bromide, ‘BuONa, DMF, 80°, overnight. b) LDA, THF, —78°, r.t., overnight.

The structures of compounds 1-7 were established on the basis of IR, NMR, and
HR-MS techniques. *C-NMR Assignments were achieved by 2D heteronuclear single
quantum correlation (HSQC) and heteronuclear multiple bond correlation (HMBC)
experiments. For chalcone 7, the signal of the OH group did not appear, probably due to
some exchange with DCI in the solvent used (CDCl;). The coupling constants of the
vinylic system (J/=15.5-16.0 Hz) confirmed the (E)-configuration of the chalcone
moiety.

Biological Activity. The effects of the synthesized chalcones on the in vitro growth of
three human tumor cell lines, MCF-7 (breast adenocarcinoma), NCI-H460 (non-small
cell lung cancer), and A375-C5 (melanoma), were evaluated according to the
procedure adopted by the National Cancer Institute (NCI, USA) that uses the protein-
binding dye sulforhodamine B (SRB) to assess cell growth [35][36]. By this procedure,
a dose—response curve was obtained for each cell line and each test compound. The
concentration that caused cell growth inhibition of 50% (Gls)) was determined as
described in [36]. The results are compiled in Table 1 and discussed below.

From 7Table 1, it can be seen that, among all prenylated derivatives, the 2'-
(prenyloxy)chalcone 2 exhibited the lowest Gls, values (<8 um) against the three
human tumor cell lines studied. Comparing the prenylated chalcones 2, 3, and 6 with
the non-prenylated chalcone 1, it can be concluded that the presence of a prenyl or
geranyloxy group at C(2') (compounds 2 and 3) or a prenyloxy group at C(3')
(compound 6) of the chalcone scaffold was associated with an increase in the growth-
inhibitory effect on the MCF-7 cells, and an appearance of activity against NCI-H460
and A375-C5 cells. On the contrary, the presence of a geranyl group at C(3") of
compound 7 was associated with a complete loss of activity (Gls,> 150 um) against the
MCEF-7 cell line.
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Table 1. Effect of Chalcone 1 and Prenylated Chalcones 2—T on the Growth of Human Tumor Cell

Lines®)
Compound Gl5") [pm]
MCF-7 NCI-H460 A375-C5

1 33.0+4.1 >150 >150

2 62+0.8 59405 7.7+0.6
3 242+1.6 22.0+1.6 28.0+0.8
4 8.5+0.6 21.0+3.1 20.3+4.2
5 15.0+1.8 >150 >150

6 193+1.1 13.5+2.6 53.0+6.1
7 >150 >150 >150
Doxorubicin®) 68.8+15.2 86.0+9.6 86.0+9.6

) Data represent mean+SEM from at least three independent experiments performed in duplicate.
®) Concentration that was able to cause 50% of cell growth inhibition after a continuous exposure of
48 h. ©) Doxorubicin was used as positive control, and the concentrations are presented in nM.

For chalcones 4 and 5, the results revealed a pronounced growth-inhibitory effect
against MCF-7 cells (GI5, <15 pum), but a lower activity (compound 4) or an absence of
activity (compound 5) against NCI-H460 and A375-C5 cell lines.

The comparison of the G5, values of prenylated compounds 2, 4, and 6 with those of
the corresponding geranylated derivatives 3, 5, and 7 indicates that the prenylation
instead of geranylation is a better strategy to improve cell growth-inhibitory activity of
this family of compounds.

To clarify the mechanism of action of the most active compounds (Gl5, <25 um),
flow cytometric analysis of the cell-cycle profiles and of levels of apoptosis in the MCF-
7 cells treated with those compounds was carried out. Regarding the cell-cycle analysis,
results showed that all tested compounds interfered with the normal cell-cycle
distribution of the MCF-7 cell line. All the compounds increased the sub-G1 peak,
indicating DNA degradation, characteristic for apoptosis (Fig. 2). Among all the
compounds studied, § was the most potent, increasing the sub-G1 peak more than 20%
with respect to the DMSO control. To confirm this observation, the most active
compounds, 2—6, were evaluated concerning their capability to induce apoptosis in the
MCEF-7 cell line. Results showed that all the compounds studied (except 4) increased
the levels of apoptosis. The geranylated derivative 5 was the most active chalcone, with
the levels of apoptosis rising from 15.9% (DMSO control) to 30.6% after treatment
with the GI;, concentration of this compound (7able 2).

Conclusions. — Prenylchalcone-type compounds 2—7 were synthesized by molecular
modification of the naturally occurring chalcone 1 or via base-catalyzed aldol
condensation of prenylated acetophenones with 3,4,5-trimethoxybenzaldehyde. These
synthetic routes provided six biologically interesting prenylchalcones in reasonable
yields. Greater insights into the antitumor mechanism of the action of prenylchalcones
were achieved. Regarding the cell-cycle profile studies, all the tested compounds
caused an increase in the levels of the sub-G1 population of cells when compared with
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Fig. 2. Cell-cycle analysis of MCF-7 cells treated with the chalcones with Gls, values <25 pum. Cells were

cultured with the indicated GIy, concentrations of the tested compounds 2—6 for 48 h. Appropriate

controls were included: untreated cells (blank) and cells treated with the highest concentration of

DMSO used to dissolve the compounds. Results represent the mean+SEM of three independent

experiments. *: p <0.05. and **: p <0.01, when comparing the effect of each compound with the blank
(control).

Table 2. Apoptosis Levels of MCF-7 Cells Treated with the Chalcones with Gls, values <25 um

Compound?) Apoptotic cells®) (% of total cells)
Blank®) 129+1.29

DMSO°¢) 15.9+3.03

2 (6.2 um) 20.8+£2.61%

3(24.2 um) 19.3+3.14

4 (8.5 M) 133+3.54

5 (15.0 pm) 30.6+0.49%+

6 (193 um) 20.8-£1.12%*

) Cells were cultured with the indicated GI5, concentrations of the tested compounds 2-6 for 48 h.
b) Results represent the mean+ SEM of three independent experiments. *: p <0.05 and **: p <0.01, when
comparing the effect of each compound with the blank (control). ¢) Appropriate controls were included:
untreated cells (blank) and cells treated with the highest concentration of DMSO used to dissolve the
compounds.

DMSO control, which was in accordance with the results obtained by the annexin-V-
FITC/PI double staining assay. Using the MCF-7 cells, it was possible to conclude that
the effect of these compounds on cellular growth could be at least in part caused by an
apoptotic response. These results have confirmed the pro-apoptotic properties of
prenylated chalcones, supporting their further study as possible chemopreventive and
therapeutic agents against cancer.
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Experimental Part

Chemistry. General. All reagents were from commercial sources and used without purification.
Column chromatography (CC): Macherey-Nagel silica gel 60 (SiO,; 0.04—0.063 mm), GraceResolv® SiO,
cartridges (5 g/25 ml). TLC: Macherey-Nagel SiO, 60 (GF,s,) plates. M.p.: Kofler microscope;
uncorrected. IR Spectra: ATI Mattson Genesis series FI-IR (software: WinFirst, v. 2.10) spectropho-
tometer; KBr microplates; 7 in cm~'. 'H- and *C-NMR spectra: Bruker Avance 300 and 500 instruments;
at r.t. in CDCl;; 0 in ppm rel. to Me,Si as internal standard, / in Hz. HR-EI-MS: GC-TOF mass
spectrometer (Waters); in m/z; HR-ESI-MS: APEX-Qe FT-ICR MS mass spectrometer (Bruker
Daltonics) or microTOF (focus) mass spectrometer (Bruker Daltonics); in m/z.

(2E )-1-{2,4-Dimethoxy-6-[ (3-methylbut-2-en-1-yl)oxy [phenyl}-3-(3,4,5-trimethoxyphenyl)prop-2-
en-1-one (2). To a soln. of chalcone 1 (0.20 g, 0.53 mmol) [25][26] and TBAOH-30 H,O (0.87 g,
1.07 mmol) in CH,Cl,/toluene 10:7 (17 ml) was added prenyl bromide (93.4 ul, 0.80 mmol), and the
reaction was allowed to proceed for 20 h at r.t. under gentle stirring. The reaction was quenched with H,O
and the mixture was extracted with AcOEt (3 x 50 ml). The combined org. layers were washed with H,O,
dried (Na,SO,), and evaporated under reduced pressure [12]. The resulting residue was purified by flash
column chromatography (FC; SiO,, hexane/AcOEt) and then by prep. TLC (SiO,; toluene/AcOEt 8:2)
to afford 2 (0.08 g, 35%). M.p. 95-99°. IR (KBr): 2996, 2927, 2840, 1643, 1602, 1580, 1500, 1456, 1415,
1380, 1336, 1314, 1271, 1244, 1221, 1200, 1154, 1121. '"H-NMR (300 MHz, CDCL): 7.24 (d, J=16.0,
H-C(B)); 6.86 (d, J=16.0, H-C(a)); 6.74 (s, H-C(2,6)); 6.16 (br. s, H-C(3',5)); 5.36-5.32 (m,
H-C(2")); 4.50 (d, J=6.5, CH,(1")); 3.87 (25, MeO—C(3,5)); 3.85 (s, MeO—C(4)); 3.79 (s, MeO—C(4'));
3.76 (s, MeO—C(6')); 1.68 (s, H-C(5")); 1.65 (s, H-C(4")). 3*C-NMR (75 MHz, CDCl;): 194.3 (C=0);
162.2 (C(4)); 158.8 (C(6)); 158.1 (C(2)); 153.3 (C(3,5)); 144.2 (C(B)); 140.0 (C(4)); 137.5 (C(3")); 130.6
(C(1));128.6 (C(a)); 119.6 (C(2")); 111.6 (C(1')); 105.4 (C(2,6)); 92.0 (C(3')); 90.8 (C(5')); 65.8 (C(1"));
60.9 (MeO—C(4)); 56.1 (MeO—C(3,5)); 55.9 (MeO—C(6); 55.4 (MeO—C(4)); 25.7 (C(5")); 182
(C(4")). HR-ESI-MS: 443.2064 ([M +H] ", CysH;,07 ; calc. 443.2070).

(2E)-1-(2-{[ (2E)-3,7-Dimethylocta-2,6-dien-1-yl]oxy}-4,6-dimethoxyphenyl)-3-(3,4,5-trimethoxy-
phenyl)prop-2-en-1-one (3). To a soln. of 1 (0.14 g, 0.40 mmol) and TBAOH - 30 H,O (0.66 g,
0.80 mmol) in CH,Cl,/toluene 1:1 (20 ml) was added geranyl bromide (115.0 pl, 0.60 mmol), and the
reaction was allowed to proceed for 20 h at r.t. under gentle stirring. The reaction was quenched with
H,O0, and the mixture was extracted with AcOEt (3 x 50 ml). The combined org. layers were washed with
H,0, dried (Na,SO,), and evaporated under reduced pressure [12]. The resulting residue was purified by
FC (SiO,, petroleum ether (PE)/AcOEt 8 :2) to afford 3 (0.13 g, 62%). IR (KBr): 2926, 2843, 1645, 1599,
1500, 1456, 1418, 1381, 1333, 1268, 1244, 1152, 1120. 'H-NMR (300 MHz, CDCL;): 7.24 (d, J=15.6,
H-C(B)); 6.87 (d, J=15.6, H-C(a)); 6.74 (s, H-C(2,6)); 6.16 (br. s, H-C(3',5)); 5.36-5.32 (m,
H-C(2")); 5.04-4.99 (m, H-C(7")); 4.53 (d, J=62, CHy(1")); 3.87 (s, MeO—-C(3,5)); 3.85 (s,
MeO-C(4)); 3.79 (s, MeO—C(4)); 3.77 (s, MeO—C(6')); 2.05-1.95 (m, CH,(5",6")); 1.65 (s, Me(4"));
1.63 (s, Me(9")); 1.55 (s, Me(10”)). BC-NMR (75 MHz, CDClL;): 194.3 (C=0); 162.1 (C(4)); 158.7
(C(6)); 158.0 (C(2)); 153.3 (C(3,5)); 144.2 (C(B)); 140.6 (C(3")); 139.9 (C(4)); 131.7 (C(8")); 130.5
(C(1)); 128.6 (C(a)); 123.6 (C(77)); 119.5 (C(2")); 112.0 (C(1)); 105.4 (C(2,6)); 92.0 (C(3)); 90.8
(C(5)); 65.8 (C(17)); 60.9 (MeO—C(4)); 56.1 (MeO—C(3,5)); 55.9 (MeO—C(6')); 55.4 (MeO—C(4'));
39.4 (C(5")); 26.2 (C(6")); 25.6 (C(9")); 17.6 (C(10”)); 16.6 (C(4")). HR-ESI-MS: 511.2706 ([M +H]*,
C30H3007 ; calc. 511.2696).

(2E)-1-{3-[ (2E)-3,7-Dimethylocta-2,6-dien-1-yl]-2-hydroxy-4,6-bis(methoxymethoxy)phenyl}-3-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (5). To a soln. of LDA (3 mmol) in dry THF (14 ml) was added
a soln. of acetophenone 8 (1 mmol) in THF (3 ml) at —78°. The mixture was stirred at —78° for 1 h, and
3,4,5-trimethoxybenzaldehyde (9; 3 mmol) in THF (3 ml) was added at —78°. The resulting mixture was
stirred at —78° for 1 h, and then allowed to reach r.t. overnight. Sat. NH,Cl soln. (30 ml) was added
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dropwise, and the aq. layer was extracted with AcOEt (3 x50 ml). The combined org. layers were
washed with brine, dried (Na,SO,), and evaporated under reduced pressure [32]. The resulting residue
was purified by CC (SiO, cartridges; hexane/AcOEt) to afford 5 (0.14 g, 47%). IR (KBr): 3600-3300,
2959, 2923, 2841, 1618, 1578, 1499, 1451, 1412, 1313, 1273, 1124. '"H-NMR (300 MHz, CDCl;): 13.81 (s,
HO-C(2)); 7.87 (d, J=15.5, H-C(a)); 7.72 (d, J=15.5, H-C(B)); 6.87 (s, H-C(2,6)); 6.38 (s, H-C(5"));
5.29 (s, CH,0-C(6)); 5.26 (s, CH,0—-C(4")); 5.26-5.22 (m, H-C(2")); 5.14-5.07 (m, H-C(7")); 3.96 (s,
MeO-C(4)); 3.92 (s, MeO—C(3,5)); 3.54 (s, MeOCH,0—C(6')); 3.50 (s, MeOCH,0—-C(4')); 3.36 (d, J=
7.0, CH,(1")); 2.12-2.03 (m, CH,(6")); 2.00-1.95 (m, CH,(5")); 1.81 (s, Me(4")); 1.67 (s, Me(9")); 1.60 (s,
Me(10")). BC-NMR (75 MHz, CDCl;): 193.0 (C=0); 163.8 (C(2')); 160.8 (C(4')); 158.1 (C(6)); 153.4
(C(3,5)); 1422 (C(B)); 140.0 (C(4)); 135.0 (C(3")); 131.2 (C(8")); 131.1 (C(1)); 1271 (C(a)); 124.4
(C(77); 122.3 (C(2); 1122 (C(3Y)); 1077 (C(1")); 105.5 (C(2,6)); 95.7 (CH,0—C(6)); 93.9
(CH,0-C(#)); 92.3 (C(5)); 61.0 (MeO—C(4)); 57.0 (MeOCH,0—C(6)); 56.3 (MeOCH,0—-C(4));
56.0 (MeO—C(3,5)); 39.8 (C(5")); 26.7 (C(6")); 25.7 (C(9")); 17.6 (C(10")); 16.1 (C(4")). HR-ESI-MS:
571.2889 ([M+H] ", C;,H,;04; cale. 571.2907).

1-{3-[ (2E)-3,7-Dimethylocta-2,6-dien-1-yl]-2-hydroxy-4,6-dimethoxyphenyljethanone (11). A mix-
ture of acetophenone 10 (0.34 g, 1.53 mmol), geranyl bromide (0.6 ml, 3.06 mmol), and ‘BuONa (0.31 g,
3.06 mmol) in dry DMF (10 ml) was gently stirred at 80° overnight. The mixture was acidified to pH of ca.
2 (10% HC(l), and diluted with H,O (30 ml), and the aq. layer was extracted with AcOEt (3 x 50 ml).
The combined org. layers were washed with brine, dried (Na,SO,), and evaporated under reduced
pressure. The resulting residue was purified by FC (SiO,; PE/Et,0 6:4) to afford 11 (0.24 g, 47%). IR
(KBr): 3600-3200, 2953, 2910, 2838, 1605, 1580, 1444, 1407, 1352, 1258, 1204, 1141, 1100. 'H-NMR
(300 MHz, CDCL,): 14.05 (s, HO—C(2')); 5.95 (s, CHx(5)); 5.29-5.19 (m, H-C(2")); 5.17-5.08 (m,
H-C(7")); 3.89 (s, MeO—C(6")); 3.85 (s, MeO—C(4)); 3.26 (d, J =711, CH,(1")); 2.61 (s, Me(1)); 2.11-1.91
(m, CHy(5",6")); 1.76 (s, Me(4")); 1.68 (s, Me(9")); 1.60 (s, Me(10”)). *C-NMR (75 MHz, CDCl,): 203.1
(C=0); 163.6 (C(2)); 163.2 (C(4)); 162.8 (C(6')); 134.9 (C(3")); 131.2 (C(8")); 124.5 (C(7")); 122.4
(C(27)); 109.8 (C(3')); 105.9 (C(1)); 85.7 (C(5)); 55.4 (MeO—-C(4',6')); 39.7 (C(5")); 33.1 (C(1)); 26.7
(C(6")); 25.6 (C(97)); 21.2 (C(1”)); 17.6 (C(10")); 16.0 (C(4")). HR-ESI-MS: 333.2059 ([M+H]",
CyH,07 ; calc. 333.2066).

(2E)-1-{3-[ (2E )-3,7-Dimethylocta-2,6-dien-1-yl]-2-hydroxy-4,6-dimethoxyphenyl}-3-(3,4,5-trimeth-
oxyphenyl)prop-2-en-1-one (7). To a soln. of LDA (1.0 ml, 1.81 mmol) in dry THF (10 ml) was added a
soln. of 11 (0.21 g, 0.60 mmol) in THF (3 ml) at —78°. The mixture was stirred at —78° for 1 h, and 9
(0.36 g, 1.81 mmol) in THF (3 ml) was added at —78°. The resulting mixture was stirred at —78° for 1 h
and then allowed to reach r.t. overnight. Sat. NH,Cl soln. (30 ml) was added dropwise, and the aq. layer
was extracted with AcOEt (3 x50 ml). The combined org. layers were washed with brine, dried
(Na,SO,), and evaporated under reduced pressure [32]. The resulting residue was purified by CC (SiO,
cartridges; PE/AcOEt 7:3) to afford 7 (0.04 g, 14%). M.p. 183-186°. IR (KBr): 3500-3200, 2953, 2923,
2841, 1624, 1573, 1498, 1455, 1406, 1376, 1316, 1269, 1237, 1216, 1113. 'H-NMR (500 MHz, CDCl;): 7.80
(d, J=15.5, H-C(a)); 770 (d, J=15.5, H-C(p)); 6.86 (s, H-C(2,6)); 6.03 (s, H-C(5")); 5.22 (¢, /=170,
H-C(2")); 5.12-5.07 (m, H-C(7")); 3.96 (s, MeO—C(6")); 3.93 (s, MeO—C(3,4',5)); 3.92 (s, MeO—-C(4));
3.33 (d, /=70, CH,(1")); 2.09-2.04 (m, CH,(6")); 2.00-1.98 (m, CH,(5")); 1.80 (s, Me(4")); 1.67 (s,
Me(9")); 1.60 (s, Me(10")). BC-NMR (125 MHz, CDCl;): 192.7 (C=0); 164.1 (C(2')); 163.4 (C(4)); 161.2
(C(6)); 153.4 (C(3,5)); 141.9 (C(B)); 139.9 (C(4)); 134.9 (C(3")); 131.2 (C(1)); 131.1 (C(8")); 1273
(C(a)); 1245 (C(7")); 122.4 (C(2")); 110.3 (C(3')); 106.5 (C(1")); 105.4 (C(2,6)); 86.5 (C(5')); 61.0
(MeO—C(4)); 56.1 (MeO—C(3.5)); 55.8 (MeO—C(6')); 55.5 (MeO—C(4)); 39.8 (C(5")); 26.7 (C(6"));
25.7(C(9"));21.3 (C(1)); 17.7 (C(10")); 16.1 (C(4")). HR-ESI-MS: 511.2704 ([ M + H] +, C3)H3,07 ; calc.
511.2696).

Biological Activity. Stock solns. of compounds 2—7 were prepared in DMSO and stored at —20°.
Appropriately diluted solns. were freshly prepared just prior to the assays. Three human tumor cell lines
were used: MCF-7 (breast adenocarcinoma, ECACC, UK), NCI-H460 (non-small cell lung cancer, a
kind gift from NCI, Bethesda, USA), and A375-C5 (melanoma, ECACC, UK). The human tumor cell
lines were grown as monolayer and routinely maintained in RPMI-1640 medium supplemented with 5%
heat-inactivated fetal bovine serum (FBS) at 37° in a humidified atmosphere containing 5% CO,.
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Growth-Inhibition Assay. The effect of chalcones on the in vitro growth of three human tumor cell
lines, MCF-7, NCI-H460, and A375-C5 (melanoma), was evaluated according to the procedure adopted
by the National Cancer Institute (NCI, USA) that uses the protein-binding dye sulforhodamine B (SRB)
to assess cell growth [35][36]. Cells were plated in 96-well plates at appropriate densities to ensure
exponential growth throughout the experimental period (5.0 x 10° cells/well for MCF-7 and NCI-H460,
and 7.5 x 103 cells/well for A375-C5) and then allowed to adhere overnight. Attached cells were exposed
for 48 h to five serial dilutions of each compound (150, 75, 37.5, 18.75, and 9.37 um for compounds 1, 6, and
7, or 150, 50, 16.67, 5.56, and 1.85 pm for compounds 2-5). After this incubation period, adherent cells
were fixed in situ with CLCCOOH (TCA), washed, and stained with SRB [36][37]. The bound stain was
solubilized, and the absorbance was measured at 492 nm with a plate reader (Biotek Instruments Inc.
PowerWave XS, Winooski, USA). A dose—response curve was obtained for each cell line with each test
compound, and the concentration that caused cell-growth inhibition of 50% (G, i.e. concentration of
compound that inhibited 50% of the net cell growth), was determined as described in [36]. The effect of
the vehicle solvent (DMSO) on the growth of these cell lines was evaluated in preliminary experiments
by exposing untreated control cells to the maximum concentration of DMSO used in each assay. Final
concentrations of DMSO did not interfere with the biological activity tested (data not shown).

Cell-Cycle Analysis. MCF-7 Cells were plated in 6-well plates (5.0 x 10* cells/ml) and incubated at
37° for 24 h. Exponentially growing cells were then incubated with the compounds 2—-6 at their respective
GIy, concentrations (previously determined with the SRB assay; cf. data in Table I). Untreated cells
(control) or cells treated with the compound’s solvent (DMSO) were included. DMSO was used at the
highest concentration used in the experiments. Following 48-h treatment, cells were centrifuged and fixed
in 70% EtOH at 4° for at least 12 h and subsequently resuspended in PBS containing 0.1 mg/ml RNase A
and 5 pg/ml propidium iodide. Cellular DNA content, for cell cycle distribution analysis, was measured
by flow cytometry with an Epics XL-MCL Coulter flow cytometer (Brea, CA, USA) plotting at least
20,000 events per sample, as described in [38]. The percentage of cells in the sub-G1, G1, S, and G2/M
phases of the cell cycle was determined by using the FlowJo 7.2 software (Tree Star, Inc., Ashland, OR,
USA) after cell-debris exclusion.

Analysis of Cellular Apoptosis. MCF-7 Cells were incubated with the compounds as described
previously for cell cycle-analysis assay. Cells were then harvested and the Human Annexin-V-FITC/PI
apoptosis kit (Bender MedSystems, A-Vienna) was used according to the manufacturer’s instructions to
detect apoptotic cells. Flow cytometry was carried out with an Epics XL-MCL Coulter flow cytometer
(Brea, CA, USA) plotting at least 20,000 events per sample. Data obtained from the flow cytometer was
analyzed by using the FlowJo 7.2 software ( Tree Star, Inc., Ashland, OR, USA) as described in [39][40].

Statistical Analysis. All exper. data are presented as means+ SEM from at least three independent
experiments (most of them performed in duplicate). Statistical analyses was carried out using an
unpaired Student’s t-test. All analyses were performed comparing cells treated with compounds with
blank cells (cells treated with medium only).

REFERENCES
1] M. Lopez-Lazaro, Curr. Med. Chem. — Anti-Cancer Agents 2002, 2, 691.
2] G. Brahmachari, D. Gorai, Curr. Org. Chem. 2006, 10, 873.

(1]

(2]

[3] E. Middleton Jr., C. Kandaswami, T. C. Theoharides, Pharmacol. Rev. 2000, 52, 673.

[4] M. Pedro, M. M. Ferreira, H. Cidade, A. Kijjoa, E. Bronze-da-Rocha, M. S. J. Nascimento, Life Sci.
2005, 77, 293.

[5] M. L. Go, X. Wu, X. L. Liu, Curr. Med. Chem. 2005, 12, 483.

[6] A.Boumendjel, X. Ronot, J. Boutonnat, Curr. Drug Targets 2009, 10, 363.

[7] H. Cidade, M. Neves, A. Kijjoa, ‘Natural Prenylated Flavones: Chemistry and Biological Activities
— An Overview’, in ‘Natural Products: Chemistry, Biochemistry and Pharmacology’, Ed. G.
Brahmachari, Narosa Publishing House PVT. Ltd., New Dehli, 2009, p. 463.

[8] B. Botta, A. Vitali, P. Menendez, D. Misiti, G. Delle Monache, Curr. Med. Chem. 2005, 12, 713.

[9] D. Barron, R. K. Ibrahim, Phytochemistry 1995, 43, 921.



CHEMISTRY & BIODIVERSITY - Vol. 9 (2012) 1143

[10] B. Botta, G. Delle Monache, P. Menendez, A. Boffi, Trends Pharmacol. Sci. 2005, 26, 606.

[11] F. Epifano, S. Genovese, L. Menghini, M. Curini, Phytochemistry 2007, 68, 939.

[12] J.-B. Daskiewicz, F. Depeint, L. Viornery, C. Bayet, G. Comte-Sarrazin, G. Comte, J. M. Gee, . T.
Johnson, K. Ndjoko, K. Hostettmann, D. Barron, J. Med. Chem. 2005, 48, 2790.

[13] M. P. Neves, H. Cidade, M. Pinto, A. M. S. Silva, L. Gales, A. M. Damas, R. T. Lima, M. H.
Vasconcelos, M. S. J. Nascimento, Eur. J. Med. Chem. 2011, 46, 2562.

[14] C.L. Miranda, J. F. Stevens, A. Helmrich, M. C. Henderson, R. J. Rodriguez, Y.-H. Yang, M. L.
Deinzer, D. W. Barnes, D. R. Buhler, Food Chem. Toxicol. 1999, 37, 271.

[15] C. Gerhauser, A. Alt, E. Heiss, A. Gamal-Eldeen, K. Klimo, J. Knauft, . Neumann, H.-R. Scherf, N.
Frank, H. Bartsch, H. Becker, Mol. Cancer Ther. 2002, 1, 959.

[16] L. Pan, H. Becker, C. Gerhiuser, Mol. Nutr. Food Res. 2005, 49, 837.

[17] E. Szliszka, Z. P. Czuba, B. Mazur, L. Sedek, A. Paradysz, W. Krol, Int. J. Mol. Sci. 2010, 11, 1.

[18] S.-C. Fang, C.-L Hsu, Y.-S. Yu, G.-C. Yen, J. Agric. Food Chem. 2008, 58, 8859.

[19] E.C. Colgate, C. L. Miranda, J. F. Stevens, T. M. Bray, E. Ho, Cancer Lett. 2007, 246, 201.

[20] A. Boumendjel, J. Boccard, P.-A. Carrupt, E. Nicolle, M. Blanc, A. Geze, L. Choisnard, D.
Wouessidjewe, E.-L. Matera, C. Dumontet, J. Med. Chem. 2008, 51, 2307.

[21] K. Plochmann, G. Korte, E. Koutsilieri, E. Richling, P. Riederer, A. Rethwilm, P. Schreier, C.
Scheller, Arch. Biochem. Biophys. 2007, 460, 1.

[22] A.W. Fraser, J. R. Lewis, Phytochemistry 1974, 13, 1561.

[23] T. Kinoshita, K. Firman, Phytochemistry 1997, 45, 179.

[24] E. A.P. Passador, M. F. G. F. Silva, E. R. Fo, J. B. Fernandes, P. C. Vieira, J. R. Pirani, Phytochem-
istry 1997, 45, 1533.

[25] N.N. Mateeva, R. N. Kode, K. K. Redda, J. Heterocycl. Chem. 2002, 39, 1251.

[26] B. Srinivasan, T. E. Johnson, R. Lad, C. Xing, J. Med. Chem. 2009, 52, 7228.

[27] C. Huang, Z. Zhang, Y. Li, J. Nat. Prod. 1998, 61, 1283.

[28] Y. Wang, W. Tan, W. Z. Li, Y. Li, J. Nat. Prod. 2001, 64, 196.

[29] X. Dong, Y. Fan, L. Yu, Y. Hu, Arch. Pharm. Chem. Life Sci. 2007, 340, 372.

[30] Y. Zhang, J. Yang, H. Li, S. Jiang, Y. Li, W. Liu, Chin. J. Chem. 2011, 29, 521.

[31] X. Dong, J. Chen, C. Jiang, T. Liu, Y. Hu, Arch. Pharm. Chem. Life Sci. 2009, 342, 428.

[32] Y.R. Lee, D. H. Kim, Synthesis 2006, 4, 603.

[33] X. Dong, L. Qi, C. Jiang, J. Chen, E. Wei, Y. Hu, Bioorg. Med. Chem. Lett. 2009, 19, 3196.

[34] E. A. Sherif, R. K. Gupta, M. Krishnamurti, Tetrahedron Lett. 1980, 21, 641.

[35] P.Skehan, R. Storeng, D. Scudiero, A. Monks, J. McMahon, D. Vistica, J. T. Warren, H. Bokesch, S.
Kenney, M. R. Boyd, J. Natl. Cancer Inst. 1990, 82, 1107.

[36] A. Monks, D. Scudiero, P. Skehan, R. Shoemaker, K. Paull, D. Vistica, C. Hose, J. Langley, P.
Cronise, A. Vaigro-Wolff, M. Gray-Goodrich, H. Campbell, J. Mayo, M. Boyd, J. Natl. Cancer Inst.
1991, 83, 757.

[37] J. A. Vaz, S. A. Heleno, A. Martins, G. M. Almeida, M. H. Vasconcelos, I. C. F. Ferreira, Food
Chem. Toxicol. 2010, 48, 2881.

[38] M. H. Vasconcelos, S. S. Beleza, C. Quirk, L. F. Maia, C. Sambade, J. E. Guimaries, Cancer Lett.
2000, 752, 135.

[39] M.J. R. P.Queiroz, R. C. Calhelha, L. A. Vale-Silva, E. Pinto, R. T. Lima, M. H. Vasconcelos, Eur. J.
Med. Chem. 2010, 45, 5628.

[40] M. J. R.P. Queiroz, R. C. Calhelha, L. A. Vale-Silva, E. Pinto, G. M. Almeida, M. H. Vasconcelos,
Eur. J. Med. Chem. 2011, 46, 236.

Received May 31, 2011



