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ARTICLE INFO ABSTRACT

Keywords: Chalcones are biosynthetic precursors of flavonoids and are considered potential anticancer drugs. Here, twenty-
Apoptosis two chalcones were synthesized and evaluated for their effects on the viability of eight human leukaemia cells.
Caspase This series of chalcones was characterized by the presence or absence of a benzyloxy group on the A ring and one
g;ﬂlgﬁl: or two substituents on the B ring including halogen, methoxy, trifluoromethyl, benzyloxy, morpholine and
Cytotoxicity pyridine in the chalcone skeleton. Chalcones with the lowest ICsy values against leukaemia cells contained a

benzyloxy group at position 2’ on the A ring and one or two halogens, or a 2-pyridyl group at position 4 on the B
ring. The chalcone 6-benzyloxy-2-hydroxy-4-(2-pyridyl)chalcone (BHP) exhibited potency comparable to the
antitumor agent etoposide against U-937 cells while showing lower toxicity against human peripheral blood
mononuclear cells. BHP-induced viability inhibition was not linked to cell cycle arrest but was associated with
apoptosis. Overexpression of the antiapoptotic protein Bcl-2 and the P-glycoprotein did not prevent its activity.
In U-937 and HL-60 cells, BHP triggered mitochondrial cytochrome c release, activation of caspases and poly
(ADP-ribose) polymerase cleavage and increased annexin-V positive cells. Cell death triggered by BHP was (i)
blocked by a pan-caspase inhibitor and by a specific caspase-9 inhibitor, (ii) associated with the phosphorylation
of the mitogen-activated protein kinases and (iii) dependent of the generation of reactive oxygen species.

1. Introduction myeloid progenitors [4]. The first-line treatment for acute myeloid

leukaemia has remained largely unchanged for the past fifty years [5].

Leukaemia is used to reference a broad array of hematopoietic ma-
lignancies characterized by excess white blood cells in the bloodstream
[1]. It is the most common childhood cancer however the majority of
patients (93 %) are diagnosed at age 20 years and older [2]. Leukaemia
is classified using two criteria: (i) myeloid or lymphoid lineage and (ii)
acute or chronic. The latter refers to the speed of clinical onset [3]. The
most common leukaemias among children and adolescents are acute
lymphocytic leukaemia/lymphoma, whereas acute myeloid leukaemia,
chronic myeloid leukaemia and chronic lymphocytic leukaemia/small
lymphocytic lymphoma are much more common in older adults [3].
Acute and chronic myeloid leukaemias are clonal haematologic malig-
nancies driven by key mutations arising in hematopoietic stem cells and
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However, since 2017, nine agents—including several targeted ther-
apies—have been approved for this disease [6]. Although many patients
achieve complete remission, approximately half experience relapse.
According to cancer survivorship statistics published in 2025, the 5-year
relative survival rate is 70 % for children and adolescents but declines to
11 % for patients aged 65 years and older [7]. Many chronic myeloid
leukaemia patients have benefitted from tyrosine kinase inhibitors,
which improve the 5-year survival rate to above 80 % [8]. This survival
rate may drop to 20 % if chronic myeloid leukaemia changes from
chronic phase to blast phase [9]. According to the GLOBOCAN database,
the estimated global incidence and mortality from leukaemia in 2022
were 487,294 and 305,405 cases, respectively. These figures underscore
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that mortality rates for these haematological malignancies remain high
[10] which highlights the urgent need for novel therapies to improve
treatment efficacy.

Despite new-targeted therapies against haematological malignancies
the appearance of resistance mechanisms is one of the main limitations.
Resistance to cell death is considered a core hallmark of cancer and
represents a severe problem in clinical management [11,12]. Apoptotic
cell death is a form of regulated cell death mediated by aspartate-specific
cysteine proteases of the caspase family [13]. Two major signalling
pathways initiate apoptosis: the intrinsic and extrinsic pathways [14].
The intrinsic or mitochondrial pathway is initiated by microenviron-
mental perturbations, and characterized by increased permeability of
the mitochondrial outer membrane, leading to the cytosolic release of
proapoptotic factors, sequential activation of the initiator caspase-9, and
then executioner caspases, caspase-3 and caspase-7 [14]. The extrinsic
pathway is initiated by death receptors upon binding to their cognate
ligands, leading to caspase-8 activation and subsequent proteolytic
activation of executioner caspases, primarily caspase-3 [15].

There is growing interest in identifying chemical entities inspired by
naturally occurring compounds as potential novel anti-cancer agents,
particularly for haematological malignancies [16]. Plant flavonoids,
secondary metabolites with a wide range of biological activities [17],
are polyphenolic compounds that modulate multiple signal transduction
pathways involved in angiogenesis, proliferation, metastasis, and
apoptosis [18]. Chalcones, 1,3-diphenyl-2-propen-1-one derivatives,
can be considered flavonoids with an open-chain structure. Both natu-
rally occurring and synthetic chalcones exhibit diverse biological ac-
tivities, including significant cytotoxicity against various cancer cell
types while sparing normal human cells [19-21]. The chalcone scaffold
serves as a central framework for introducing simple substituents with
minimal synthetic steps. Recent efforts have focused on designing
chalcones that can be synthesized efficiently, interact effectively with
biological targets, and comply with principles of functional synthesis
and green chemistry [22]. In this study, we investigated the influence of
different substituents on both aromatic rings of the chalcone scaffold on
the viability of eight human leukaemia cell lines.
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OH NaOH
—_—
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Ry O
1.R4=H; R,=F; Rs=H
2.R4=H; R,=Cl; R3=H
3.R=H; R Br; R=H
4. Ri=H; R,=OMe; Ry=H
5. Ry=H; R,= OBn; Ry= H
6. R1= H, R CF3, R3— H
7. R1= H; Ry= Morpholinyl; Rz=H
8. R4=H; Ry= 2-pyridyl; R;=H
9. R1= H R2— F R3— F
10. Ri= H; R,= OMe; R3=F

11. Ry= H; Ry= OBn; R3= OBn
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The aim of this study was (i) to synthesize a collection of chalcone
derivatives characterized by the presence of a 2-hydroxy and the pres-
ence/absence of a benzyloxy group on the A ring and the presence of
halogens (F, Cl, Br, CFs, two atoms of fluoride, a methoxy and a fluo-
ride), a methoxy, one or two benzyloxy radicals, a morpholinyl and a 2-
pyridyl on the B ring and, (ii) to determine their effects on cell viability
in eight human leukaemia cells. We also investigated the signal trans-
duction pathways of cell death induced by 6-benzyloxy-2"-hydroxy-4-(2-
pyridyl)-chalcone (BHP), the most potent viability inhibitor against
human leukaemia cells in this group. U-937 and HL-60 cells are often
used in biomedical research to determine the cytotoxic potency of
compounds with potential therapeutic activity and were selected as
models [23,24].

2. Results
2.1. Chemistry

The chalcones (1-22) were prepared following a standard aldol
condensation procedure and combining three different benzaldehydes
with three different acetophenones (Scheme 1) [25].

2.2. Biology

2.2.1. Screening of synthetic chalcones reveals that 6-benzyloxy-2'-
hydroxy-4-(2-pyridyl)-chalcone (BHP) is the most potent inhibitor of
viability of human leukaemia cells

The structure-activity relationships (SARs) of a series of chalcones
were investigated for their ability to inhibit the viability of human
leukaemia cells. These compounds were characterized for the absence or
the presence of a benzyloxy radical on the A ring and different sub-
stitutions on the B ring of the chalcone scaffold (Scheme 1). Human
leukaemia cells used in this study were U-937 (pro-monocytic, human
myeloid leukaemia), U-937/Bcl-2 (a cell line overexpressing human Bcl-
2), HL-60 (acute myeloid leukaemia), K-562 (chronic myeloid
leukaemia), K-562/ADR (a cell line resistant to doxorubicin), MOLT-3
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12. R4= OBn; R,= F; Ry= H
13. R4= OBn; Ry= CI; Ry= H
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Scheme 1. Synthesis of chalcones.
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(acute lymphoblastic leukaemia), JURKAT (acute lymphoblastic
leukaemia) and NALM-6 (human B cell precursor leukaemia). To eval-
uate the effects of chalcones on viability, cells were incubated with
increasing concentrations of each compound for 72 h and the ICs values
(the concentrations that induce a 50 % inhibition of viability) deter-
mined by the MTT colorimetric method (Table 1).

These results revealed the following. In the case of chalcones con-
taining only an atom of halogen at position 4 on the B ring (chalcones 1,
2 and 3), the 2-hydroxychalcones containing a bromine or fluorine atom
were the most potent inhibitors of viability and the order of potency was
Br ~ F > Cl in four human leukaemia cells, except for U-937, U-937/Bcl-
2, JURKAT and NALM-6 cells. In U-937 cells, the monohalogenated
compounds were almost equally potent, while in U-937/Bcl-2, JURKAT
and NALM-6 the order of potency was Br ~ Cl > F. Substitution of a Br or
a F by a Cl led to a significant increase in the ICsg values in HL-60, K-562,
K-562/ADR and MOLT-3. These differences in the ICsy values of halo-
genated chalcones were minimized by the introduction of a benzyloxy
group at position 6’ on the A ring. Chalcones 12, 13 and 14 containing a
fluorine, a chlorine and a bromine, respectively, show a similar cell
viability inhibition in the leukaemia cells assayed, except in NALM-6,
whose ICs values were >10 pM.

The results shown here emphasize the importance of the bromine
atom in monohalogenated 2-hydroxychalcones and the benzyloxy
group in determining cell viability inhibition independent of the type of
halogen.

Substitution of a F or a Br (chalcones 1 and 3) for a methoxy group
(chalcone 4) implicated a decrease in the inhibition of cell viability
except in HL-60. A similar and even greater decrease in cell viability
inhibition was observed following substitution of the methoxy group
(chalcone 4) for a benzyloxy group (chalcone 5). The trifluoromethyl
derivative (chalcone 6) displayed similar ICsy values to those of the
chlorine derivative (chalcone 2). In general, the ICs( values for chalcone
6 were >10 pM, except for U-937 cells (ICsg = 4.6 £ 1.5 pM).

Substitution of the atom of Br (chalcone 3) by a morpholinyl (chal-
cone 7), a 2-pyridyl (chalcone 8), two atoms of fluorine (chalcone 9), a
fluorine and a methoxy (chalcone 10) or two benzyloxy radicals (chal-
cone 11) on the B ring in 2-hydroxychalcones did not amplify the in-
hibition of cell viability. Although substitution of a benzyloxy group
(chalcone 5) by a 2-pyridyl (chalcone 8) increased cytotoxicity in all cell
lines assayed, the presence of two atoms of fluorine (chalcone 9) or the
pair 3-F, 4-MeO- (chalcone 10) did not enhance cytotoxicity relative to
the fluorochalcone (chalcone 1). The only exception was in U-937 and
MOLT-3, whose ICs values were lower in chalcone 9 (containing two
atoms of fluorine in ortho position on the B ring) than chalcone 1
(containing an atom of fluorine in para position on the B ring).

The presence of a methoxy (chalcone 15), a benzyloxy (chalcone 16)
or a morpholinyl (chalcone 18) group instead of halogen did not affect
inhibition of viability. Surprisingly, the trifluoromethyl derivative
(chalcone 17) retained the same capacity of viability inhibition as the
monohalogenated chalcones containing a benzyloxy radical (12, 13 and
14) in HL-60, K-562, K-562/ADR, MOLT-3, JURKAT and NALM-6.

Chalcone 19, BHP, containing a pyridine ring and a benzyloxy
radical was the most potent inhibitor of viability and showed ICs( values
that were lower than those for monohalogenated chalcones containing a
benzyloxy radical in the eight human leukaemia cell lines.

The last three compounds of this series contained two substituents in
ortho positions on the B ring: two atoms of fluorine (chalcone 20), a
fluorine and a methoxy group (chalcone 21) and two benzyloxy radicals
(chalcone 22). Chalcone 20 displayed very similar ICsg values to the
corresponding monofluorine chalcone (chalcone 12), except for
JURKAT and NALM-6. However, substitution of the fluorine at position
4 on the B ring (chalcone 20) by a methoxy group (chalcone 21)
decreased the activity in the majority of cell lines, but not in JURKAT
and NALM-6. Chalcone 22 exhibited very low cytotoxicity against the
leukaemia cells assayed, probably due to low solubility originating from
the presence of the three benzyloxy groups. In these experiments,
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etoposide, an antineoplastic agent and topoisomerase II poison, was
included as a positive control.

These results suggest that the main determinant of viability inhibi-
tion in this series of chalcones is the presence of a benzyloxy radical on
the A ring, one or two halogens in ortho position or a heterocycle of
pyridine on the B ring, and that BHP was the most potent inhibitor in all
human leukaemia cell lines assayed (Table 1).

The SAR of chalcone analogues is shown in Fig. 1. In summary, in-
hibition of cell viability was enhanced by (i) the presence of a benzyloxy
group on the A ring, (ii) one halogen atom or two fluorine atoms on the B
ring, and (iii) the combination of a benzyloxy group on the A ring with a
2-pyridyl substituent at position 4 on the B ring, which yielded the most
potent compound in the series.

Since cell viability inhibition assays revealed that BHP was the most
potent inhibitor, it was selected for additional experiments using U-937
and HL-60 cells as models. Fig. 2a represents an example dose-response
curve for the inhibition of viability. Phase-contrast microscopy images
revealed that BHP caused an important decrease in the number of cells
and induced significant morphological changes (Fig. 2b). U-937 cells
were more sensitive to the effects on viability of BHP than human pe-
ripheral blood mononuclear cells obtained from healthy donors
(Fig. 2c). These results indicate that BHP inhibited the viability of
leukaemia cells while normal quiescent lymphocytes showed no
appreciable toxicity even after exposure to 30 pM of chalcone for 24 h.

2.2.2. BHP induced apoptosis in human myeloid leukaemia cells

Flow cytometric analyses were performed to determine whether the
reduced viability induced by BHP was caused by apoptosis induction. To
this end, U-937 cells were treated with BHP (10 pM) for different times
(6-24 h) and analyzed by flow cytometry after staining with propidium
iodide. As shown in Fig. 3a, BHP was able to induce a seven-fold increase
in the percentage of sub-G; cells (2.8 % vs. 19.1 %) after 24 h of treat-
ment and this increase in the percentage of sub-Gj cells was time-
dependent (Fig. 3b). A similar trend was observed in HL-60 cells (Sup-
plementary material, Fig. A.1a). The quantification of cell death ob-
tained by measurement of the percentages of sub-G; cells by flow
cytometry reveals that maximum levels of apoptosis induction were
obtained after treatment for 24 h in both cell lines (Fig. 3b and
Fig. A.1b). In accordance with the experiments of flow cytometry, nuclei
of U-937 and HL-60 cells incubated with 10 uM of BHP for 24 h dis-
played condensation and fragmentation of chromatin and appearance of
apoptotic bodies (Fig. 3c and Fig. A.1c). BHP-induced apoptotic cell
death was also assayed and assessed using propidium iodide and
annexin V-FITC staining in U-937 and HL-60 cells (Fig. 3d and
Fig. A.1d). The percentage of apoptotic cells, determined by the flow
cytometric annexin V-FITC assay (Fig. 3d), increased 6.3-fold in U-937
cells treated with BHP for 24 h, and 3.6 times in HL-60 cells (Fig. A.1d).
These results indicate that BHP induces apoptosis in human myeloid
leukaemia cell lines U-937 and HL-60.

2.2.3. BHP induced caspase activation and poly(ADP-ribose) polymerase
cleavage

To determine whether BHP is able to induce poly(ADP-ribose) po-
lymerase (PARP) cleavage, considered to be a hallmark of apoptosis and
indicative of caspase activation, nuclear fractions of treated cells for
different time periods were analyzed by immunoblotting. As shown in
Fig. 4a, BHP induced PARP cleavage into a 85 kDa fragment generated
from the full-length PARP protein after 6 h exposure at a concentration
of 10 pM. Processing of caspases in cells treated with BHP was also
analyzed by immunoblotting to determine the temporal relationship
between caspase activation and PARP cleavage. Executioner caspase-3
was processed, as detected by a decrease in the proenzyme. Initiator
caspases were also processed: procaspase-9 and procaspase-8 showed
reduced levels of their respective proenzymes starting at 6 h in U-937
cells (Fig. 4a), whereas in HL-60 cells, a decrease in procaspase-8 was
observed after 12 h of treatment (Fig. A.2a). The levels of cleaved
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Table 1
Effects on viability of synthetic chalcones on human leukaemia cells.
Compound ICso (LM)
U-937 U-937/Bcl-2 HL-60 K-562 K-562/ADR MOLT-3 JURKAT NALM-6
1 OH F 85+1.2 15.6 +£ 3.8 10.5£1.5 13.9 £ 0.7 145 £ 3.1 8.0 £0.8 24.0 £ 1.0 33.4+5.2
SN
o
2 OH cl 45+1.8 9.0 + 4.6 28.5 + 0.7 28.0+1.4 25.5+ 0.9 16.3 £ 2.0 9.3+21 9.1 +3.2
CC D
o
3 OH Br 5.6 +1.0 6.2+ 0.9 7.9+08 109 +1.8 7.4+ 2.0 7.7 +1.9 95+1.6 8.5+ 3.1
CL
o
4 OH OMe 21 £1.4 21.1 +£3.5 7.5+0.9 199 +1.3 249 +1.2 12.7 £0.9 42.4 +£12.7 42.7 £ 6.9
C 3
o
5 OH OBn 23.7 £ 0.8 28.8 £ 6.4 21.4 + 4.0 43.0 £ 4.2 284+ 1.5 20.3 £ 0.6 38.6 £ 2.2 46.3 £ 6.0
SONG
o
6 OH CFy 46 +1.5 15.0 £ 2.4 149 £ 6.8 25.5+ 4.9 28.0 + 3.0 154 £0.1 19.4 £ 4.3 16.6 £ 2.5
C 3
o
7 (\;o 26.8 + 2.8 23.5+ 6.0 25.8 £ 0.3 298 £1.7 30.6 + 3.7 23.8+ 0.9 >100 >100
OH N
L
o
8 = ‘ 10.3 + 4.0 222+ 4.7 16.8 + 1.6 19.5 + 0.7 23.1 £2.2 10.7 £ 2.2 23.2+7.2 36.5 £ 3.8
CcC
.
o]
9 OH F 4.7 £ 2.2 22+ 3.2 27.1 £8.3 25.0 + 3.0 20.0 £ 1.0 3.4+0.1 25.5+9.2 40.1 £ 2.6
O L
o
10 OH OMe 8.2+ 0.6 123+ 2.4 7.5+08 17.0 £ 0.5 12.1 £ 2.7 5.8+ 0.7 21.1 £ 6.6 27.5 + 6.0
SUNes
o]
11 OH OBn 41.2 £+ 24.6 63.8+7.4 >100 76.0 + 28.3 79.0 + 25.5 22.3+ 3.8 33.4 £16.9 >100
O,
o
12 OH F 6.9 +1.2 49 +1.7 6.1+1.1 4.8+ 0.1 9.1 +3.2 45+1.5 8.1+24 14.7 £ 3.3
C QO
OBn O
13 OH cl 4.7 + 3.0 4.7 +£3.3 5.6 +£0.7 48 +0.4 7.8+ 3.3 51+0.2 6.8+ 1.5 16.0 + 4.3
SN
OBn O
14 OH Br 4.4 +1.1 5.0 £0.2 49+0.5 7.2+0.8 89+1.8 43 +0.4 6.9 +1.2 12.3 £ 4.0
C
OBn O
15 OH OMe 22.2+ 4.7 >100 >100 183+ 75 386 £7.7 9.2+1.0 >100 >100
SN
OBn O
16 OH OBn >100 >100 >100 >100 >100 >100 >100 >100
SN
OBn O
17 OH CFy 30.1 £ 2.4 30.0 £ 4.3 6.8 +0.1 54 +0.1 10.8 + 4.7 5.9+ 3.2 6.9 +1.0 11.8 +1.2
C 3
OBn O
18 @ >100 >100 >100 >100 >100 >100 >100 >100
OH N
CCLD
OBn O
19 7 3.4+£05 22+1.2 3.4+038 41+0.8 4.8 £23 6.7 £0.8 5.3+0.8 4.9 +0.7

(continued on next page)
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Table 1 (continued)
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Compound ICso (1M)
U-937 U-937/Bcl-2  HL-60 K-562 K-562/ADR ~ MOLT-3 JURKAT NALM-6
20 OH F 48+1.8 9.4+21 3.6 +0.3 5.3+ 0.7 3.9+ 0.6 3.5+ 0.6 33.2+9.7 345+5.9
oeNgd
OBn O
21 OH OMe 14.2 £ 5.2 54.9 £ 5.4 8.7 £ 0.5 18.6 + 4.9 7.6 +1.1 129+1.5 13.8+4.1 17.0 + 2.0
X,
OBn O
22 OH OBn >100 >100 >100 >100 >100 >100 >100 >100
O L,
OBn O
Etoposide 1.2+0.3 0.6 £ 0.4 0.4+0.1 0.6 £ 0.1 54+ 28 0.2+0.1 23.3+ 3.8 41 +0.8

Cells were cultured for 72 h and the ICs, values were determined as described in the Material and methods Section. Data are expressed as means + SEM from the dose-response curves of

3-5 independent experiments with three determinations in each.

Benzyloxy group
enhances the activity
OH X
= Y
O O
X Y
\ F;CLBr H !
Together with BnO- i X i
group improves activity | | _ H !
N |
. F F o
. OMe  H |
e |
Decreased activity [ j ;
independent on ! H !
BnO- group ! ’T‘ :
. BnO- H
! BnO-  BnO-

Fig. 1. Structure-activity relationship of chalcone analogues.

caspase-3 peaked at 12 h coinciding with the peak of cleaved caspase-8
(Fig. 4a). These processing patterns in U-937 cells suggest that the early
PARP cleavage before caspase-3 processing might be due to caspase-9/
caspase-7 cleavage, and then caspase-3 activation could enhance
PARP hydrolysis. In HL-60 cells the processing of procaspase-3 and
procaspase-9 were detected at 6 h of treatment suggesting that caspase-3
might be involved in PARP cleavage (Fig. A.2a). Caspase-3 processing
was also done together with etoposide (3 pM) as a positive control in
both U-937 (Fig. 4b) and HL-60 cells (Fig. A.2b).

To investigate whether caspase activation is associated in the
mechanism of cell death triggered by BHP in human leukaemia cells, the
enzyme activity of cell lysates on specific tetrapeptide substrates was

determined after treatment with 10 pM compound for 24 h. As shown in
Fig. 4c and Fig. A.2c, caspase-3/7, —8 and —9 activities were detected in
U-937 and HL-60 cells. In the caspase-3/7 activation assays, etoposide
was included as a positive control in both U-937 (Fig. 4c¢) and HL-60 cells
(Fig. A2c). To confirm that caspase activation plays a key role in the
mechanism of regulated cell death, additional experiments were per-
formed using general and specific caspase inhibitors. Cells were pre-
treated with 100 pM z-VAD-fmk and then exposed to BHP for 24 h,
followed by flow cytometry analysis. The results showed that the pan-
caspase inhibitor led to sub-G; cells being almost completely lost
(Fig. 4c and Fig. A.2c). The experiments with specific inhibitors also
revealed that inhibitors for caspase-3/7 and caspase-8 decreased
apoptotic cells and the most potent was the caspase-9 inhibitor, indi-
cating that this initiator caspase plays a main role in the mechanism of
action at least in U-937 cells.

2.2.4. BHP induced the release of cytochrome c and a decrease in the
mitochondrial membrane potential

The release of cytochrome c from the mitochondrial intermembrane
space to cytosol initiates caspase-9 activation. Cells were treated for
different periods of time and cytosolic fractions were analyzed by
western blotting to determine whether BHP induced cell death involves
cytochrome c release. As shown in Fig. 5a and Fig. A.2a, cytochrome ¢
release to the cytosol was detected after 6 h of treatment with BHP (10
pM) in U-937 and HL-60 cells. To investigate whether a dissipation of
the mitochondrial membrane potential (A¥m) was associated with cy-
tochrome c release, cells were treated with vehicle (DMSO) or BHP for 6
h and 12 h, and analyzed by flow cytometry after staining with the
fluorochrome JC-1. The results showed that A¥m decreased after 6 h of
treatment, suggesting that the reduction of the mitochondrial membrane
potential was implicated in BHP-induced cell death (Fig. 5b and c and
Fig. A.2d).

Inhibition experiments with the specific caspase-9 inhibitor revealed
that the intrinsic pathway plays a key role in the mechanism of BHP-
induced cell death. However, the over-expression of Bcl-2 did not
block the inhibition of cell viability triggered by BHP in U-937/Bcl-2
cells as indicated above in Table 1. To determine whether the inhibition
of viability initiated by BHP was associated with changes in the
expression of the Bcl-2 family proteins, cells were incubated with
increasing concentrations of BHP for 24 h and whole cell lysates were
analyzed by western blotting. As shown in Fig. A.3, changes in the
expression of the survival protein Bcl-2 or in the levels of the pro-
apoptotic Bax were not observed, at least for U-937 cells. The expres-
sion of death receptor 4 (DR4), which is implicated in the extrinsic
pathway of cell death, was also explored. As shown in Fig. A.3, BHP
failed to affect the expression levels of DR4, also for U-937 cells.
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Fig. 2. BHP inhibited viability of human U-937 cells. (a) Cells were incubated with increasing concentrations of BHP for 72 h and viability was determined by the
MTT assay. (b) Phase-contrast microscopy images of cells treated with the indicated concentrations of BHP for 24 h; original magnification 20x. (c) Differential effect
of BHP on viability of U-937 vs. normal peripheral blood mononuclear cells (PBMC) and phytohemagglutinine (PHA, 2 pg/mL)-activated human PBMC. Cells were
incubated with the indicated concentrations of BHP for 24 h and viability was determined by the MTT assay. Bars represent means + SEs of three independent
experiments each performed in triplicate. *Significant difference from the untreated control (P < 0.05).

2.2.5. BHP increased production of reactive oxygen species and cell death
was decreased by N-acetyl-i-cysteine and reduced 1-gluthatione

An increase in reactive oxygen species (ROS) may induce death in
leukaemia cells [26]. To explore whether BHP induces ROS, cells were
treated with BHP, stained with the fluorescent probe 2/,7-dichlor-
odihydrofluorescein diacetate (HyDCF-DA) and analyzed by flow
cytometry. BHP induced an increase in DCF fluorescence in U-937 and
HL-60 treated cells as detected by a rightward shift in fluorescence, but
not in PBMC (Fig. 6a and Fig. A.2f and A.2g). To investigate whether
oxidative stress triggered by BHP is essential for cell death, U-937 cells
were pre-treated with N-acetyl-L-cysteine (NAC, 5 mM) or reduced
L-glutathione (GSH, 5 mM). As shown, these antioxidants were able to
reduce the increase in the percentage of sub-G; cells and ROS generation
(Fig. 6b and c).

2.2.6. BHP activated the MAPK pathway and cell death was partially
blocked by the specific inhibitor of p38¥AFPK

Since ROS can activate the mitogen-activated protein kinase (MAPK)
cascade [26-29], the possibility that BHP was able to activate this
pathway was also examined. As shown (Fig. 7a), BHP led to phosphor-
ylation of p38MAPK, extracellular signal-regulated kinases 1/2 (ERK1/2)
and c-jun N-terminal kinases/stress-activated protein kinases
(JNK/SAPK) in U-937 cells. To investigate whether phosphorylation of
MAPKs plays a key role in the mechanism of regulated cell death trig-
gered by BHP, additional experiments were done using specific in-
hibitors. Inhibition of the p38MAPX using SB203580 led to a 35.3 %
decrease in BHP-induced cell death. In contrast, the mitogen-activated
extracellular kinases 1/2 (MEK1/2) inhibitors, PD98059 and U0126,
did not affect BHP-induced cell death. However, a small increase in the
percentage of sub-G; cells was observed with the JNK/SAPK inhibitor,

SP600125, in the combination group (Fig. 7b).
3. Discussion

A PubMed search indicated that little is known about chalcone an-
alogues combining halogens or pyridine with a benzyloxy group that
selectively inhibit cancer cell viability [30]. Synthetic chalcones with
substituted aromatic rings have been previously reported as ATP binding
cassette G2 inhibitors [31]. The presence of methoxy groups in cyclized
chalcones confers greater potency to inhibition of cancer cell prolifer-
ation than their corresponding nonmethoxylated analogues [32].
Cyclized chalcones containing lipophilic moieties and/or methoxy
groups are more bioavailable, stable and potent, and have greater
effectiveness than those lacking such groups [33-36]. Previous studies
on U-937 cells revealed that the 2-hydroxychalcone derivative con-
taining a bromine atom at para position and a benzyloxy at position 6' is
a greater inhibitor of cell viability (ICso = 4.4 M) than the 2-hydrox-
ychalcone (ICso = 42.0 pM) derivative containing a bromine atom at
position 4 (ICso = 17.0 uM). In addition, the 2-hydroxychalcone con-
taining a benzyloxy group at position 6' shows a similar cell viability
inhibition to the derivative containing an additional bromine atom at
position 4 (IC50 = 5.0 pM) [37].

Here, we found that the introduction of one or two halogens and a
heterocycle of pyridine on the B ring together with a benzyloxy group,
improved inhibition of human leukaemia cell viability. SAR analysis
revealed that the chalcone bearing both a 2-pyridyl group at position 4
on the B ring and a benzyloxy group on the A ring (BHP) was the most
potent inhibitor of cell viability across the eight leukaemia cell lines
tested. The U-937 cells were more sensitive to this chalcone compared to
normal peripheral blood mononuclear cells (PBMC). The ICsq values
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Fig. 3. BHP induced regulated cell death by apoptosis in human U-937. (a) Cells were cultured with 10 pM BHP for 24 h and cell death was assayed using
propidium iodide staining and FACS. Apoptotic cells (sub-G; cells) are shown in region marked with a bar. (b) Cells were treated as above for increasing periods of
time and the percentage of sub-G; was determined as above. Bars represent means + SEs of three independent experiments each performed in triplicate. *P < 0.05,
significantly different from the untreated control. (c) Photomicrographs of representative fields of cells treated as in (a) and nuclear staining was performed with
Hoechst 33258 and visualized with a microscope of fluorescence. (d) Cells were treated as in (a), and apoptosis was assayed using Annexin V-FITC/propidium iodide

staining and FACS.

were very similar in the cell lines and, in the case of U-937, was 3.4 +
0.5 pM and therefore similar to the value obtained with the topoisom-
erase II inhibitor and antineoplastic agent etoposide (IC5p = 1.2 £+ 0.3
puM). Moreover, the human leukaemia cell line overexpressing Bcl-2
protein (U-937/Bcl-2) was also sensitive to this chalcone. The ICsg
value in U-937/Bcl-2 cells was 2.2 + 1.2 pM, similar to the value ob-
tained for U-937 cells. This suggests that this compound might inactivate
the protection conferred by Bcl-2.

We analyzed the human chronic myelogenous leukaemia K-562 and
found that this cell line is also sensitive to BHP. This is noteworthy given
that K-562 cells are reported to be highly resistant to apoptosis induced
by 1-p-p-arabinofuranosylcytosine, etoposide, paclitaxel, and campto-
thecin [38-42]. Moreover, this chalcone inhibited the K-562/ADR
viability while its ICs( value was similar to the value obtained for K-562.
This result is also of note because this chalcone might block the multi-
drug resistance conferred by P-glycoprotein that is a major limitation of
the clinical efficacy of microtubule-targeting agents.

To our knowledge, this is the first time to date that this specific
chalcone has been described in relation to its toxic effects on leukaemia
cells. Our results show that BHP induced chromatin condensation and
fragmentation together with increases in annexin V positive cells and
sub-G; cells, without causing significant arrest in any phase of the cell
cycle. Cell death triggered by this chalcone was associated with the
activation and processing of initiator and executioner caspases.

A known substrate for caspase-3/7 like proteases is poly(ADP-ribose)
polymerase (PARP) protein that is involved in DNA repair and the
cleavage of PARP is a sensitive marker of caspase-mediated apoptosis
[43]. The temporal relationship between caspase activation and PARP
cleavage after BHP treatment suggests that the early PARP fragmenta-
tion might be caused firstly by activation of caspase-9 and then

caspase-3, which might amplify PARP processing. Cell death triggered
by BHP was dependent on caspases since (at least in U-937 cells) the
pan-caspase inhibitor z-VAD-fmk and also the specific caspase-9 inhib-
itor z-LEHD-fmk were able to significantly reduce the percentage of
sub-G; cells. Contrary to expectations, the caspase-3/7 inhibitor only
partially reduced BHP-induced cell death. Nevertheless, our results
clearly demonstrate that BHP activates caspase-3/7 in a manner similar
to etoposide, which served as a positive control for caspase activation.
Previous studies have shown that this competitive inhibitor is more
effective against caspase-3 than caspase-7 [43]. A plausible explanation
for its limited effect is that other executioner caspases, such as caspase-7
or caspase-6, also contribute to BHP-induced cell death. BHP induced an
early release of cytochrome ¢ which was accompanied by mitochondrial
transmembrane potential dissipation. Collectively, the results highlight
that the intrinsic pathway is a major contributor to the mechanism of
cell death.

Overexpression of the anti-apoptotic protein Bcl-2 did not block the
inhibition of cell viability suggesting that this protein might be a po-
tential target in the mechanism of cell death. Moreover, this chalcone
failed to down-regulate the Bcl-2 protein nor did it increase Bax levels
after 24 h of treatment. The lack of protection of Bcl-2 overexpression
could be explained by the activation of the extrinsic pathway or inac-
tivation of Bcl-2. Cell death induction in leukemic cells overexpressing
Bcl-2 might have clinical potential since elevated anti-apoptotic Bcl-2 is
associated with chemoresistance in hematological cancers [44]. Future
studies will be needed to determine the involvement of additional Bcl-2
members in the mechanism of cell death.

ROS generation is a key trigger of oxidative stress and cell death
[45]. Our data show that BHP rapidly elevates ROS in U-937 and HL-60
cells, but not in PBMC, suggesting that the selective sensitivity of
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Fig. 4. BHP induced caspase activation in human U-937 cells. (a) Time-course of poly(ADP-ribose) polymerase (PARP) cleavage and caspase processing. Cells
were treated with 10 uM BHP, harvested at indicated times and lysates were analyzed by Western blot. p-Actin was used as a loading control. (b) Immunoblotting for
the cleavage of caspase-3 after 24 h incubation with 10 pM BHP. Etoposide (Eto, 3 pM) was included as a positive control. Tubulin was used as a loading control. (c)
Cells were treated with 10 pM BHP for 24 h and lysates were assayed for caspase activity using the specific substrates DEVD-pNA, IETD-pNA and LEHD-pNA for
caspase-3/7, caspase-8 and caspase-9, respectively. Etoposide (Eto, 3 tM) was included as a positive control for caspase-3/7 activation. Results are expressed as fold
increases in enzyme activity in comparison with control. Bars represent means + SEs of two independent experiments performed in triplicate. *P < 0.05 from
untreated control. (d) Cells were treated with BHP (10 pM, 24 h) in the absence or the presence of the specific caspase inhibitors iC3 (z-DEVD-fmk, 50 pM), iC8 (z-
IETD-fmk, 50 pM), iC9 (z-LEHD-fmk, 50 pM) or the pan-caspase inhibitor z-VAD-fmk (100 pM) and the percentage of sub-G; cells was quantified by flow cytometry
after staining with propidium iodide. Bars represent means + SE of two independent experiments performed in duplicate. *Significant difference from the untreated

control (P < 0.05). *Significant difference from BHP treatment (P < 0.05).

leukaemia cells may relate to their oxidative status. Mitochondrial
dysfunction in leukaemia cells—characterized by increased proton leak
and reduced coupling efficiency—has been associated with heightened
vulnerability to drugs targeting mitochondrial pathways [46]. Future
studies should clarify the specific death mechanisms engaged by BHP in
malignant versus normal cells. Another noteworthy point is that ROS
generation and an increase in sub-G; cells was greatly blocked by the
antioxidants N-acetyl-i-cysteine and glutathione suggesting that oxida-
tive stress is involved in cell death. Furthermore, BHP was able to
activate the mitogen-activated protein kinase (MAPK) pathway that is
involved in cell proliferation, survival and death [47]. Specifically, BHP
induced phosphorylation and activation of p38™APK ERK1/2 and

JNK/SAPK and inhibition of p38MAPX led to a partially reduction of cell
death.

4. Conclusions

In summary, we synthesized a series of chalcones with or without a
benzyloxy group on the A ring and different substituents on the B ring
and explored their inhibition of the viability of leukaemia cells. The
SARs against leukaemia cells revealed that: (i) the presence of a bromine
atom in 4-halogen-chalcone generated a more potent compound than a
corresponding 2-hydroxy group; (ii) the introduction of a benzyloxy
radical in position 6 as an ether group enhanced the activity
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Fig. 5. BHP induced cytochrome c release and decreased the mitochon-
drial membrane potential. (a) Representative immunoblots show the time-
dependent cytochrome c release by BHP. Cells were cultured with 10 uM
BHP for the indicated times and cytosolic fractions were obtained and analyzed
on Western blots. Tubulin was used as a loading control. (b) Cells were incu-
bated with 10 uM BHP for 12 h, and A¥m was analyzed by flow cytometry after
staining with the JC-1 probe. Similar results were obtained in two independent
experiments each performed in triplicate. The protonophore carbonyl cyanide
m-chlorophenylhydrazone (CCCP, 50 pM) was used as a positive control. (c)
Cells were treated as in (b) for the indicated times, stained with JC-1 and the
percentages of cells with reduced A¥m were quantified by flow cytometry. Bars
represent means + SEs of two independent experiments performed in duplicate.
*P < 0.05 from untreated control.

independent on the halogen atom; and (iii) the simultaneous presence of
a heterocycle of pyridine or two fluorine atoms in an ortho position on
the B ring and a radical benzyloxy at 6' position on the A ring amplified
the cytotoxicity. The 4-(2-pyridyl)-chalcone containing a benzyloxy
group at 6' on the A ring (BHP) was the most potent cytotoxic compound
tested against the eight human leukaemia cell lines. BHP showed low
cytotoxicity against quiescent and proliferating human peripheral blood
mononuclear cells, suggesting that this compound may have therapeutic
potential. Flow cytometry experiments showed that this chalcone
induced cell death rather than arresting the cells in any specific phase of
the cell cycle. BHP-induced cell death was associated with caspase
activation, PARP cleavage, mitochondrial cytochrome c¢ release to
cytosol, reactive oxygen species generation and activation of the MAPK
pathway.
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5. Material and methods
5.1. General method and reagents

Column chromatography was carried out on silica gel 60 (Merck
230-400 mesh) and analytical thin layer chromatography was per-
formed using silica gel aluminum sheets. 'H and '*C NMR spectra were
recorded on a Bruker Ascen 400 spectrometer model with standard pulse
sequences operating at 400 MHz in 'H and 101 MHz in '3C NMR.
Chemical shifts (5) are given in ppm upfield from tetramethylsilane as
internal standard, and the spectra were recorded in appropriate
deuterated solvents, as indicated. Coupling constants (J) are reported in
hertz. EIMS and HREIMS were recorded on a Micromass model Autospec
(70 eV) spectrometer. The general inhibitor of caspases z-VAD-fmk
[#627610, benzyloxycarbonyl-Val-Ala-Asp(OMe) fluoromethyl ketone]
was from Calbiochem (Darmstadt, Germany). The inhibitors z-DEVD-
fmk [#550378, benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)
fluoromethyl ketone], z-IETD-fmk [#550380, benzyloxycarbonyl-Ile-
Glu-Thr-Asp(OMe) fluoromethyl ketone], and z-LEHD-fmk [#550381,
benzyloxycarbonyl-Leu-Glu-His-Asp(OMe) fluoromethyl ketone] were
purchased from BD Pharmingen (San Diego, CA, USA). The inhibitors
U0126 (#1144), PD98059 (#1213), SP600125 (#1496), and SB203580
(#1202) were purchased from Tocris (Bristol, UK). Ammonium persul-
fate (#161-0700), acrylamide, bisacrylamide (#1610146 40 % acryl-
amide/Bis solution 29:1) and N,N,N,N-tetramethylethylenediamine
(#161-0800) were from Bio-Rad (Hercules, CA, USA). Poly(vinylidene
difluoride) membranes (#IPVH00010) and Immobilon Western Chem-
iluminiscent HRP Substrate (#WBKLS0500) were from Millipore (Bur-
lington, MA, USA). All other chemicals were obtained from Sigma (Saint
Louis, MO, USA). The primary antibodies used for immunoblots were
obtained from the following companies (all at 1:1000 dilution): anti-
caspase-3 (#ADI-AAP-113) was from Enzo (Ann Arbor, MI, USA); anti-
caspase-9 (#9502), anti-caspase-8 (#9746), anti-Bcl-2 (#4223), anti-
Bax (#2772), anti-phospho-JNK/SAPK (phosphor T183 -+ Y185)
(#9251), anti-JNK/SAPK (#9252), anti-phospho-p44/42 MAPK (Erkl/
2) (Thr202/Tyr204) (#9101), anti-p44/42 MAP Kinase (ERK1/2)
(#9102), anti-phospho-p38MAPX (T180,/Y182) (#9211), anti-p38MAPK
(#9212), and anti-a-tubulin (#2125) antibodies from Cell Signaling
Technology (Beverly, MA, USA). Anti-PARP [poly(ADP-ribose) poly-
merase] (#551024) and anti-cytochrome c¢ (#556433) were from BD
Pharmingen (San Diego, CA, USA); anti-DR4 (ab8414) was from Abcam
(Cambridge, UK). Anti-B-actin (clone AC-74, #A2228) was from Sigma-
Aldrich (Saint Louis, MO, USA); Horseradish peroxidase-conjugated
secondary antibodies (#NA9310 and #NA9340) from GE Healthcare
(Little Chalfont, UK) were used at 1:10,000 dilution.

5.2. General procedure for the synthesis of chalcones (1-22)

A mixture of the acetophenone (5-10 mmol, 1 equiv) and the cor-
responding benzaldehyde (1 equiv) in EtOH (20-40 mL) with 50 %
aqueous solution of NaOH (5-8 mL) was stirred at room temperature
until the starting materials had been consumed. Then HCl (10 %) was
added until neutrality. Precipitated chalcones were generally filtered
and crystallized from MeOH or purified using column chromatography.

5.3. Spectroscopic data of compounds 2, 5, 8-12, 17-22

Spectroscopic data for 1, 3, 4, 6, 7, 13:15, 14 and 16 have been
previously described in Refs. [37,48-54], respectively.

(E)-1-(2-hydroxyphenyl)-3-(4-(pyridin-2-yl)phenyl)prop-2-en-
1-one (8): 'H NMR (400 MHz, CDCls) 5 12.82 (s, 1H), 8.78-8.70 (m,
1H), 8.15-8.06 (m, 2H), 8.03-7.97 (m, 1H), 7.96 (d, J = 2.1 Hz, 1H),
7.84-7.76 (m, 4H), 7.73 (d, J = 15.4 Hz, 1H), 7.52 (ddd, J = 8.6, 7.1, 1.6
Hz, 1H), 7.32-7.27 (m, 1H), 7.05 (d, J = 8.4 Hz, 1H), 7.01-6.92 (m, 1H).
13¢ NMR (101 MHz, CDCl3) 6 193.65, 163.65, 156.08, 149.60, 144.77,
141.2,137.29,136.50, 135.28, 129.71, 129.19, 127.55, 122.81, 120.91,
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Fig. 6. BHP induces ROS. (a) Representative histograms of fluorescence obtained by flow cytometry after treatment with 10 pM BHP for 3 h. (b) U-937 cells were
preincubated with N-acetyl-L-cysteine (NAC, 5 mM) or reduced r-glutathione (GSH, 5 mM) for 1 h and then treated for 24 h with 10 pM BHP and the percentages of
sub-G; cells were determined by flow cytometry. (c) Cells were pretreated with N-acetyl-L-cysteine (NAC, 5 mM) or reduced 1-glutathione (GSH, 5 mM) for 1 h and
then incubated for 3 h with 10 pM BHP and the fluorescence of oxidized H,DCF was determined by flow cytometry. *Significant difference from the untreated control

(P < 0.05). *Significant difference from BHP treatment (P < 0.05).

120.61, 120.06, 118.92, 118.69. HRMS (ESI-FT-ICR) m/z: 302. 118
[M+H]; caled. for CogH16NO5: 302.1181.
(E)-3-(3,4-difluorophenyl)-1-(2-hydroxyphenyl)prop-2-en-1-
one (9): 'H NMR (400 MHz, CDCl3) 6 12.68 (s, 1H), 7.90 (dd, J = 8.1,
1.6 Hz, 1H), 7.81 (d, J = 15.5 Hz, 1H), 7.61-7.45 (m, 3H), 7.39 (ddt, J =
8.1, 3.9, 1.7 Hz, 1H), 7.29-7.18 (m, 3H), 7.04 (dd, J = 8.4, 1.2 Hz, 1H),
6.96 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H). *C NMR (101 MHz, CDCl3) § 193.2,
163.6,136.7,129.6,125.60 (dd, J = 6.6, 3.5 Hz), 121.13 (d, J = 2.6 Hz).
193.25, 163.67, 142.95, 136.71, 129.61, 125.64 (d, J = 3.51 Hz),
125.57 (d, J = 3.61 Hz), 121.13, (d, J = 2.59 Hz), 119.85, 118.99,
118.77,118.13, 117.96, 116.78, 116.61. 19F NMR (377 MHz, CDCl3) §
—132.93 (d, J = 20.7 Hz), —136.21 (d, J = 21.2 Hz). HRMS (ESI-FT-ICR)
m/z: 259.0572 [M — H]; caled. for C15HgO2F5: 259.0571.
(E)-3-(3-fluoro-4-methoxyphenyl)-1-(2-hydroxyphenyl)prop-2-
en-1-one (10): '"H NMR (400 MHz, CDCl3) 5 12.82 (s, 1H), 7.91 (dd, J =
8.1,1.6 Hz, 1H), 7.84 (d, J = 15.4 Hz, 1H), 7.56-7.47 (m, 2H), 7.45 (dd,
J=12.0, 2.1 Hz, 1H), 7.38 (dt, J = 8.4, 1.7 Hz, 1H), 7.07-6.97 (m, 2H),
6.95 (td, J = 7.7, 7.2, 1.2 Hz, 1H), 3.95 (s, 3H). 13¢ NMR (101 MHz,
CDCl3) 6 193.4, 163.6, 153.7, 151.2, 150.1 (d, J = 11.0 Hz), 144.1 (d, J
= 2.5 Hz), 136.4, 129.5, 127.8 (d, J = 6.6 Hz), 126.5 (d, J = 3.2 Hz),
120.0, 118.9,118.8,118.6, 114.9 (d, J = 18.6 Hz), 113.20 (d, J = 2.1
Hz), 112.4, 56.32. 19F NMR (376 MHz, CDCl3) § —134.35. HRMS (ESI-
FT-ICR) m/z: 271.0768 [M — H]; calcd. for C1¢H;2,03F: 271.0770.
(E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-3-(4-fluorophenyl)
prop-2-en-1-one (12): H NMR (400 MHz, CDCl3) 6 7.82 (d, J = 15.6
Hz, 1H), 7.71 (d, J = 15.6 Hz, 1H), 7.53 (d, J = 7.3 Hz, 2H), 7.49-7.39
(m, 4H), 7.08 (dd, J = 8.4, 5.6 Hz, 2H), 6.91 (t, J = 8.5 Hz, 2H), 6.68 (d,
J = 8.4 Hz, 1H), 6.58 (d, J = 8.3 Hz, 1H). 13¢ NMR (126 MHz, CDCl3) &

10

194.34, 165.60, 164.73, 162.74, 160.29, 141.99, 136.15, 135.63,
131.37 (d, J = 3.2 Hz), 130.35 (d, J = 8.4 Hz), 128.96, 128.75, 128.64,
127.97, 127.44 (d, J = 2.4 Hz), 115.81 (d, J = 21.8 Hz), 102.23, 71.45.
19F NMR (376 MHz, CDCl3) 6§ —109.74. HRMS (ESI-FT-ICR) m/z:
371.1050 [M — H]J; caled. for CooH1703FNa: 371.1059.
(E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-3-(4-(trifluoromethyl)
phenyl)prop-2-en-1-one (17): 'H NMR (400 MHz, CDCl3) 6 13.36 (s,
1H), 7.88 (d, J = 15.6 Hz, 1H), 7.67 (d, J = 15.6 Hz, 1H), 7.52-7.46 (m,
2H), 7.45-7.33 (m, 6H), 7.13 (d, J = 8.3 Hz, 2H), 6.67 (dd, J = 8.4, 0.9
Hz, 1H), 6.61-6.50 (m, 1H), 5.12 (s, 2H), 1.55 (s, 1H). 13C NMR (101
MHz, CDCl3) 6§ 194.19, 165.59, 160.33, 140.74, 138.67, 136.39, 135.51,
130.21, 128.93, 128.70, 128.34, 125.60, 125.57, 125.53, 125.49,
111.70, 111.50, 102.27, 71.55. HRMS (ESI-FT-ICR) m/z: 397.1058
[M+Nal; caled. for Ca3H;603F3: 397.1052.
(E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-3-(4-morpholino-
phenyl)prop-2-en-1-one (18): IH NMR (400 MHz, CDCl3) &
13.84-13.43 (m, 1H), 7.86-7.74 (m, 2H), 7.58-7.50 (m, 2H), 7.46-7.35
(m, 4H), 7.12 (d, J = 8.4 Hz, 2H), 6.73 (d, J = 8.6 Hz, 2H), 6.67 (d, J =
8.4 Hz, 1H), 6.55 (d, J = 8.3 Hz, 1H), 5.16 (s, 2H), 3.93-3.86 (m, 4H),
3.30-3.22 (m, 4H). 1°C NMR (101 MHz, CDCls) § 194.18, 165.43,
160.15, 152.49, 143.91, 135.97, 135.46, 130.25, 128.85, 128.38,
128.25, 126.27, 124.28, 114.48, 112.09, 111.41, 102.38, 77.31, 66.65,
48.08. HRMS (ESI-FT-ICR) m/z: 438.1688 [M+Na]; caled. for
C26H25NO4Na: 438.1681.
(E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-3-(4-(pyridin-2-yl)
phenyl)prop-2-en-1-one (19): H NMR (400 MHz, CDCl3) 6 13.38 (s,
1H), 8.62 (ddd, J = 4.8, 1.7, 1.0 Hz, 1H), 7.82 (d, J = 15.6 Hz, 1H),
7.77-7.73 (m, 2H), 7.71-7.64 (m, 2H), 7.62 (dt, J = 8.0, 1.2 Hz, 1H),
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Fig. 7. BHP induced MAPK activation. (a) Representative western blots show
the time-dependent phosphorylation of MAPK. Cells were treated with 10 pM
BHP for the indicated times and MAPK phosphorylation was detected by
immunoblotting. Membranes were stripped and reprobed with total ERK, total
JNK, total p38MAPK and tubulin antibodies as loading controls. (b) Cells were
pretreated with SB (SB203580, 2 yM), U0126 (UO, 10 uM), PD98059 (PD, 10
pM) and SP600125 (SP, 10 uM) for 1 h and then incubated with 10 uM BHP for
24 h and apoptotic cells were quantified by flow cytometry. *P < 0.05 from
untreated control. *P < 0.05 significantly different from BHP treatment.

7.40 (dd, J = 7.6, 1.7 Hz, 2H), 7.34-7.26 (m, 4H), 7.15 (ddd, J = 7.2,
4.9,1.4Hz, 1H), 7.12 (d, J = 8.3 Hz, 2H), 6.55 (dd, J = 8.4, 0.9 Hz, 1H),
6.44 (dd, J = 8.3, 0.7 Hz, 1H), 5.03 (s, 2H). 13C NMR (126 MHz, CDCl3) &
194.41, 165.51, 160.30, 142.70, 136.13, 135.86, 135.60, 129.45,
129.15, 129.03, 129.01, 128.72, 128.66, 128.59, 128.18, 127.31,
127.24,122.61,120.85,111.85, 111.41, 102.32, 71.48. HRMS (ESI-FT-
ICR) m/z: 430.1413 [M+Nal; calcd. for Co7H1NO3sNa: 430.1419.
(E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-3-(3,4-difluorophenyl)
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prop-2-en-1-one (20): 1H NMR (400 MHz, CDCl3) 6 13.38 (s, 1H), 7.73
(d,J=15.6 Hz, 1H), 7.58 (d, J = 15.6 Hz, 1H), 7.48 (dd, J = 7.5, 2.0 Hz,
2H), 7.45-7.33 (m, 4H), 7.05-6.94 (m, 1H), 6.84 (tq, J = 7.5, 3.0, 2.6
Hz, 2H), 6.66 (d, J = 8.4 Hz, 1H), 6.55 (d, J = 8.2 Hz, 1H), 5.11 (s, 2H).
3¢ NMR (126 MHz, CDCl3) (126 MHz, CDCl3) § 194.1, 165.5, 160.3,
152.3, 151.4, 150.3, 149.3, 140.6, 136.40, 135.44 (d, J = 7.4 Hz),
132.34,129.05, 129.0, 128.7, 128.6, 125.2, 117.5, 116.3, 111.4, 102.2
(d, J = 6.0 Hz), 71.58. 19 NMR (376 MHz, CDCl3) 6 —134.44 (d, J =
20.7 Hz), —136.57 (d, J = 21.2 Hz). HRMS (ESI-FT-ICR) m/z: 365.0990
[M — HJ; caled. for CooHy5F203: 365.0989.

(E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-3-(3-fluoro-4-methox-
yphenyl)prop-2-en-1-one (21): H NMR (400 MHz, CDCl3) 6 13.50 (s,
1H), 7.73 (d, J = 15.5 Hz, 1H), 7.69-7.60 (m, 1H), 7.49 (dd, J = 7.0, 2.6
Hz, 2H), 7.44-7.34 (m, 4H), 6.99-6.93 (m, 1H), 6.86-6.74 (m, 2H), 6.65
(dd, J = 8.5, 1.1 Hz, 1H), 6.55 (dd, J = 8.3, 1.1 Hz, 1H), 5.12 (s, 2H),
3.91 (s, 3H). °C NMR (101 MHz, CDCl3) § 194.20, 165.50, 160.26,
153.45,151.00, 149.47 (d, J = 11.1 Hz), 142.20 (d, J = 2.5 Hz), 136.01,
135.52,128.99, 128.89, 128.47, 126.57, 126.44 (d, J = 3.1 Hz), 114.50
(d, J =18.5Hz), 112.86 (d, J = 2.1 Hz), 111.79, 111.41, 102.4, 71.49,
56.24. HRMS (ESI-FT-ICR) m/z: 401.1172 [M+Na]; caled. for
Co3Hy9FO4Na: 401.1165.

(E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-3-(3,4-bis(benzyloxy)
phenyl)prop-2-en-1-one (22): 'H NMR (400 MHz, CDCl3) 6 13.40 (s,
1H), 7.76 (d, J = 15.5 Hz, 1H), 7.70 (d, J = 15.5 Hz, 1H), 7.52-7.19 (m,
19H), 6.96 (d, J = 1.9 Hz, 1H), 6.82-6.70 (m, 2H), 6.70-6.63 (m, 1H),
6.55 (d, J = 8.3 Hz, 1H), 5.23 (s, 2H), 5.16 (s, 2H), 4.96 (s, 2H). 13C NMR
(101 MHz, CDCl3) § 194.31, 165.17, 160.09, 150.93, 148.76, 143.34,
136.90, 136.87, 135.85, 135.76, 128.85, 128.61, 128.52, 128.33,
127.98, 127.91, 127.82, 127.31, 127.14, 125.94, 122.71, 114.98,
114.43, 112.13, 111.38, 102.53, 71.24, 71.14, 71.01. HRMS (ESI-FT-
ICR) m/z: 565.1990 [M-+Na]; caled. for C3gH3gOsNa: 565.1991.

5.4. Cell culture

The human leukaemia U-937 (#ACC 5, pro-monocytic, human
myeloid leukaemia), HL-60 (#ACC 3, acute myeloid leukaemia), K-562
(#ACC 10, chronic myeloid leukaemia), MOLT-3 (#ACC 84, acute
lymphoblastic leukaemia), JURKAT (#ACC 282, acute lymphoblastic
leukaemia) and NALM-6 (#ACC 128, human B cell precursor leukaemia)
cells were obtained from the German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany). U-937/Bcl-2 cells were pro-
vided by Dr. Jacqueline Bréard (INSERM U749, Faculté de Pharmacie
Paris-Sud, Chatenay-Malabry, France) and K-562/ADR, a cell line
resistant to doxorubicin was provided by Dr. Lisa Oliver (INSERM,
Nantes, France). Cells were maintained in a humidified atmosphere at
37 °C with 5 % CO2 in RPMI 1640 medium supplemented with 10 % (v/
v) fetal bovine serum, 2 mM r-glutamine, 100 pg/mL streptomycin and
100 U/mL penicillin as described [37]. K-562/ADR cells were cultured
in presence of 200 ng/mL doxorubicin. Human peripheral blood
mononuclear cells (PBMC) were isolated by centrifugation with
Ficoll-Paque Plus (GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
from blood anticoagulated with heparin of healthy donors. PBMC were
also stimulated with phytohemagglutinine (2 pg/mL) for 48 h before the
experimental treatment. Viability was always greater than 95 % in all
experiments as determined by the trypan blue exclusion method.

5.5. Cell viability assays

Synthetic chalcones were dissolved in DMSO (dimethyl sulfoxide)
and kept under dark conditions at —20 °C. Before each experiment,
chalcones were dissolved in culture media at 37 °C. The final concen-
tration of DMSO did not exceed 0.3 % (v/v). The effects of chalcones on
human leukaemia cell viabilities were evaluated by colorimetric MTT
[3-(4,5-dimethyl-2-thiazolyl-)-2,5-diphenyl-2H-tetrazolium  bromide]
assays as described [55]. Cells (5000 per well) were incubated with
increasing concentrations of chalcones for 72 h into a 96-well plate.
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Supernatants were removed and MTT (0.5 mg/mL) was added and
incubated at 37 °C for 4 h and the reaction products were solubilized
overnight under dark conditions with sodium dodecyl sulfate (10 %
w/v) in 0.05 M HCl. Absorbance was measured at 570 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA) and the ICsq values
were determined graphically using nonlinear regression implemented
within the curve-fitting routine in the software Prism 5.0 (GraphPad, La
Jolla, CA, USA).

5.6. Quantification of apoptosis by fluorescence microscopy and flow
cytometry

Fluorescence microscopy experiments were carried out as previously
described. Briefly, following BHP treatment, cells (7 x 10%) were har-
vested, collected and washed with PBS, fixed in 3 % paraformaldehyde,
incubated with Hoechst 33258 (bisbenzimide trihydrochloride, 20 pg/
mL) and visualized with a Zeiss-Axiovert fluorescence microscope. Flow
cytometric analysis using single staining with propidium iodide or
double staining with annexin V-fluorescein isothiocyanate and propi-
dium iodide was performed using a BD FACSVerse™ cytometer (BD
Biosciences, San Jose, CA, USA) as previously described [37].

5.7. Assay of caspase activity

Caspase activity was measured using specific colorimetric substrates.
Briefly, cells were treated with 10 pM BHP for 24 h, harvested by
centrifugation (1000xg for 5 min at 4 °C) and homogenized in lysis
buffer (50 mM HEPES, pH 7.4, 1 mM dithiothreitol, 0.1 mM EDTA, 0.1 %
Chaps), spun (17,000xg for 10 min at 4 °C) and the resulting superna-
tants normalized by protein concentration were assayed for caspase
activity. The net increase in absorbance at 405 nm after incubation at
37 °C was indicative of enzyme activity. The colorimetric substrates
were from Calbiochem (Darmstadt, Germany): DEVD-pNA (#235400, N-
acetyl-Asp-Glu-Val-Asp-p-nitroaniline), IETD-pNA (#368057, N-acetyl-
Ile-Glu-Thr-Asp-p-nitroaniline) and LEHD-pNA (#218805, N-acetyl-Leu-
Glu-His-Asp-p-nitroaniline) for caspase-3/7, —8 and —9 activities,
respectively.

5.8. Subcellular fractionation and Western blot analysis

Cytosolic fractions and whole cell lysates and were subjected to
immunoblot analysis as previously described. For subcellular fraction-
ation, harvested cells were washed twice with PBS and then resuspended
and incubated on ice for 15 min in lysis buffer [20 mM HEPES (pH 7.5),
1.5 mM MgCly, 10 mM KCI, 1 mM EGTA, 1 mM EDTA, 250 mM sucrose
and 1 mM dithiothreitol containing protease inhibitors (0.1 mM phe-
nylmethylsulfonyl fluoride and 1 pg/mL aprotinin, leupeptin and pep-
statin A)]. Cells were lysed by pushing them several times through a 22-
gauge needle and the lysates were centrifuged at 1,000xg for 5 min at
4 °C. These pellets were used as nuclear fractions. The supernatant
fractions were centrifuged at 105,000xg for 45 min at 4 °C, and the
resulting supernatants were used as the cytosolic fractions.

For whole cell lysates, cells were washed twice in PBS and pellets
were resuspended in lysis buffer [20 mM Tris-HCIl (pH 7.4), 137 mM
NaCl, 20 mM sodium f-glycerophosphate, 10 mM sodium fluoride, 2
mM EDTA, 2 mM tetrasodium pyrophosphate, 2 mM sodium orthova-
nadate, 10 % glycerol, 1 % Triton X-100 plus the protease inhibitors 1
mM phenylmethylsulfonyl fluoride, aprotinin, leupeptin and pepstatin A
(1 pg/mL each)], homogenized by a sonifier (five cycles) and centri-
fuged at 11,000xg for 10 min at 4 °C. Equal amounts of proteins from
supernatants were loaded on a SDS/PAGE (sodium dodecyl sulfate-
polyacrylamide gel, 10 % for MAPKs and 12.5 % for caspases and Bcl-
2 family proteins). Proteins were electrotransferred to poly(vinylidene
difluoride) membranes and detected by enhanced chemiluminescence.
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5.9. Analysis of mitochondrial membrane potential A¥p, and reactive
oxygen species (ROS) determination

The mitochondrial membrane potential and intracellular ROS pro-
duction were determined by flow cytometry using the fluorochromes
5,5,6,6-tetrachloro-1,1',3,3- tetraethylbenzimidazolylcarbocyanine io-
dide (#T4069, Sigma-Aldrich, JC-1, 5 pg/mL) and 2',7-dichlorodihy-
drofluorescein diacetate (#35847, Sigma-Aldrich, Ho-DCF-DA, 10 pM),
respectively. Flow cytometric analysis was performed using a BD
FACSVerse™ cytometer (BD Biosciences, San Jose, CA, USA) and has
been described in detail elsewhere [56].

5.10. Statistical methods

Statistical differences between means were tested using (i) Student’s
t-test (two samples) or (ii) one-way analysis of variance (ANOVA) (3 or
more samples), followed by Tukey’s post-hoc tests. A significance level
of P < 0.05 was used.
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