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Substituted lawsone Mannich bases 2aee, 3aee and 4aee were prepared and tested for their biological
activities. The new fatty alkyl substituted compounds 2aec exhibited strong and selective growth
inhibitory activities in the low one-digit micromolar and sub-micromolar range against a panel of human
cancer cell lines associated with ROS formation. In addition, compounds 2aec revealed sub-micromolar
anti-trypanosomal activities against parasitic Trypanosoma brucei brucei cells via deformation of the
microtubule cytoskeleton. The N-hexadecyl compound 2c was also highly active against locally isolated
Entamoeba histolytica parasite samples exceeding the activity of metronidazole.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Naphthoquinones feature a large group of secondary plant and
lichen metabolites with a broad range of properties including
antioxidant, anti-inflammatory, anticancer, antibacterial, and try-
panocidal activities [1e5]. Lawsone, 2-hydroxy-1,4-
naphthoquinone (Fig. 1), is a constituent of the Henna plant (Law-
sonia inermis) applied mainly for the treatment of skin diseases in
Ayurveda and Unani medicine in South Asia [3e7]. Its biological
properties are only fragmentarily explored, and in contrast to other
natural naphthoquinones such as plumbagin and juglone, lawsone
only showed weak toxicity both to hepatocytes and to various tu-
mor cell lines [8e12]. Lawsone is a potentially useful starting ma-
terial for the preparation of other p-quinones with proven or
conceivable bioactivity such as atovaquone or lapachol [3,4]. The
readiness with which naphthoquinone derivatives undergo redox
Biersack).

served.
reactions and chelation of metal ions is presumably responsible for
the greater part of their biological activities [4]. Ferrocenic ami-
nohydroxynaphthoquinones derived from lawsone were reported
to inhibit the growth of Toxoplasma gondii parasites [13]. O-Allyl
and C-allyl lawsone derivatives and the naphthofuranquinone
cyclization products of the latter showed distinct activity against
Trypanosoma cruzi parasites [14,15]. Some phenyl ethers of lawsone
exhibited potent activity against Trypanosoma brucei rhodesiense
and Leishmania donovani [16]. Fatty alkyl substituted lawsones
revealed trypanocidal activity against the infective blood stream
form of T. cruzi [17]. Pronounced anti-plasmodial activity against
Plasmodium falciparum was observed for phenylsulfanylmethyl
naphthoquinones based on lawsone [18]. A series of anticancer
active 3-aminomethyl-naphthoquinones readily obtained from
lawsone via a one-pot Mannich reaction was disclosed recently
(e.g., 1, Fig. 1) [19e22]. We now refined the structural motif of 1 by
elongation of the N-alkyl side chain since long-chained alkyl resi-
dues were frequently found to confer enhanced bioactivity [23]. In
addition, we explored the feasibility of other molecular fragments
such as the vanillyl moiety that occurs in many bioactive natural

mailto:bernhard.biersack@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejmech.2016.11.043&domain=pdf
www.sciencedirect.com/science/journal/02235234
http://www.elsevier.com/locate/ejmech
http://dx.doi.org/10.1016/j.ejmech.2016.11.043
http://dx.doi.org/10.1016/j.ejmech.2016.11.043
http://dx.doi.org/10.1016/j.ejmech.2016.11.043


Fig. 1. Lawsone and its anticancer active derivative 1.
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products (e.g., in curcumin and ferulic acid), and the isosteric 3,4-
difluorophenyl moiety. It was recently disclosed that certain
naphthoquinone derivatives possessed multi-targeting properties
including potent anticancer, anti-Alzheimer's and anti-
trypanosomal activities [24e26]. Thus, the anticancer and anti-
parasitic activities of the new lawsone derivatives were evaluated
Scheme 1. Reagents and conditi
on a panel of human cancer cell lines, in parasitic Trypanosoma
brucei brucei cells that differ strongly from T. cruzi parasites con-
cerning cell surface structure, and in Entamoeba histolytica samples
isolated from amoebiasis patients.
2. Results and discussion

2.1. Chemistry

TheMannich bases 2aeewere prepared via Mannich reaction of
lawsone, 2-pyridylcarboxaldehyde and the corresponding amine,
in detail, dodecyl amine for 2a, tetradecyl amine for 2b, hexadecyl
amine for 2c, 3,4-difluorobenzylamine for 2d, and 2-
pyridylmethylamine for 2e [27] in moderate to good yields
(Scheme 1). The desired products precipitated as racemic orange-
red solids from the reaction mixture after stirring in EtOH for a
few hours.

In addition, closely related vanillyl and 3,4-difluorophenyl de-
rivatives 3aee and 4aeewere prepared (Scheme 2). Analogously to
the synthesis of compounds 2aee, theMannich reaction of lawsone
with vanillin and the corresponding primary amine in EtOH gave
the Mannich bases 3aee as orange-red solids. In addition, reaction
of lawsone with 3,4-difluorobenzaldehyde and various primary
amines led to compounds 4aee (orange-red solids). These target
compounds were obtained in moderate to high yields.
2.2. Anticancer activity

Compounds 2aee, 3aee and 4aeewere initially tested for their
growth inhibitory activity against human triple-negativeMDA-MB-
231 breast carcinoma, gemcitabine-sensitive BxPC-3 pancreas car-
cinoma, and androgen-refractory PC-3 prostate cancer cells and
compared with the activity of 1 (Fig. 2, Figs. S1eS6, Supporting
information). Compound 2c with a long aliphatic hexadecyl side-
ons: EtOH, r.t., 5 h, 44e71%.



Scheme 2. Reagents and conditions: EtOH, r.t., 5 h, 39e93%.
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chain exhibited the highest activity of this series in these three
cancer cell lines (IC50 ¼ 1.1 ± 0.09 mM for MDA-MB-231,
0.82 ± 0.04 mM for BxPC-3, and 0.67 ± 0.04 mM for PC-3 cells)
and revealed significantly higher growth inhibitory activity than
the known compound 1 at low concentrations (1 mM) (Fig. 2,
Figs. S1 and S2). 2cwas particularly active against the PC-3 prostate
cancer cells. In addition, compound 2c was virtually inactive
against non-malignant human MCF-10A breast epithelial cells at
doses as high as 50 mM (Fig. 3). Thus, compound 2c exhibited
distinct tumor selectivity.

The fatty alkyl vanillyl compounds 3aec exhibited a similar
activity pattern with the N-hexadecyl derivative 3c as the most
active compound against these cancer cells and activities compa-
rable with 2a and 2bwhile the N-heptyl derivative 3awas virtually
inactive at concentrations above 25 mM (Fig. 2, Fig. S3). The benzyl-
and 2-pyridyl derivatives 3d and 3e showed no activity below
25 mM either (Fig. S4). The 3,4-difluorobenzyl analogs 4aee were
the least active compounds and only revealed growth inhibitory
activity at concentrations above 10e25 mM (Figs. S5 and S6). In
addition, the influence of the length of the alkyl chains of com-
pounds 4aed on the growth inhibitory activity of the compounds
depended on the cell line. While in the PC-3 cells longer alkyl
chains led to increased activities (4c, 4d), in the BxPC-3 cells N-
dodecyl derivative 4b was most active. Again, the heterocyclic 2-
pyridyl-substituted compound 4e showed no activity below 25 mM.

Next, the compounds 1, 2aee and 3c were tested for their
antiproliferative activity in additional four different metastatic and/
or drug-resistant human cancer cell lines 518A2 melanoma, HCT-
116 colon carcinoma, KB-V1(Vbl) cervix carcinoma, and Panc-1
pancreatic carcinoma (Table 1). Indeed, the new N-hexadecyl de-
rivative 2c performed better than the known heptyl compound 1 in
three out of four tested cancer cell lines (518A2, HCT-116, Panc-1).
In the vinblastine-resistant KB-V1(Vbl) cervix carcinoma cells
overexpressing the Pgp transporter responsible for drug efflux as
well as in the gemcitabine-resistant Panc-1 pancreas cancer cells
the N-dodecyl derivative 2a performed best. Compounds 1 and
2aec are strikingly more active in the multidrug-resistant KB-
V1(Vbl) cancer cells with IC50 values in the nanomolar range when
compared with the other three cancer cell lines. The vanillyl de-
rivative 3c showed distinctly lower activity when compared with
2aec in these four cancer cell lines.

The tumor selectivity index (SI) of 2c is of importance for the
potential clinical applicability of the compound. The SI features the
ratio of the IC50 value against non-malignant MCF-10A breast
epithelial cells (IC50 > 50 mM) and the tested cancer cell lines
(Table 2). The greater the SI, the more selective is compound 2c.



Fig. 2. Growth inhibition of compounds 1, 2c and 3c after 96 h when applied to cells of human MDA-MB-231 breast carcinoma, BxPC-3 pancreas carcinoma, and PC-3 prostate
carcinoma (MTT assay). X-axis: concentrations in mM.
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Excellent SI values of more than 20 were calculated for 2c in the
tested cancer cell lines, and the PC-3 prostate carcinoma cells
exhibited the best SI value (more than 75) for 2c.

Since themechanism of action of naphthoquinones is associated
with the generation of reactive oxygen species (ROS), we also
determined the ROS levels in 518A2melanoma cells after treatment
with compounds 1 and 2aec for 24 h by using the NBT assay (Fig. 4)
[28e31]. 518A2 cells were incubated with 0.1 mM and 0.5 mM of the
test compounds (i.e., non-toxic concentrations after 24 h). The ROS
level in cells exposed to 0.1 mM of the test compounds was on
average increased by 50% when compared with untreated control
cells. The ROS production in cells treated with 0.5 mM of the test
compounds 1 and 2aeb was on average even increased by 70%,
whereas the ROS level in cells treated with 0.5 mM of 2c stayed
approximately on the same level when compared with the effect at
a dose of 0.1 mM.



Fig. 3. Growth inhibition of compound 2c after 96 h when applied to human MCF-10A
breast epithelial cells (MTT assay).

Table 1
Inhibitory concentrations IC50 [mM] of compounds 1, 2aee and 3c when applied to
cells of human 518A2 melanoma, HCT-116 colon carcinoma, vinblastine-resistant
KB-V1(Vbl) cervix carcinoma, and Panc-1 pancreas carcinoma after 72 h (MTTassay).

Cell line/Compd. 518A2 HCT-116 KB-V1(Vbl) Panc-1

1 2.58 ± 0.26 6.39 ± 0.26 0.41 ± 0.19 6.41 ± 1.10
2a 2.57 ± 0.77 3.46 ± 0.21 0.32 ± 0.04 1.79 ± 0.00
2b 3.03 ± 0.22 2.41 ± 0.21 0.43 ± 0.04 3.93 ± 0.31
2c 1.41 ± 0.33 2.08 ± 0.00 0.83 ± 0.05 2.19 ± 0.04
2d 3.05 ± 0.00 5.68 ± 0.00 1.56 ± 0.02 7.72 ± 0.46
2e 6.98 ± 0.26 6.77 ± 0.24 8.61 ± 0.20 17.61 ± 4.50
3c 12.25 ± 1.08 11.38 ± 1.33 16.76 ± 0.58 7.94 ± 1.33

Fig. 4. Effects of compounds 1 and 2aec on the relative ROS level in 518A2 melanoma
cells after incubation for 24 h as to NBT assays. The relative ROS production was ob-
tained as the mean ± SD of six independent experiments with respect to vehicle
(DMSO) treated control cells (100% ROS production).

Table 3
Inhibitory concentrations IC50 (72 h) [mM] of compounds 1, 2aec, and pentamidine
(positive control) from AB assays against cells of T. b. brucei. Mean of three values,
standard deviation <±15%.

Compd. IC50 [mM]

1 3.73
2a 0.646
2b 0.350
2c 0.303
Pentamidine 0.005
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2.3. Antitrypanosomal activity

The most promising anticancer active lawsone derivatives 1 and
2aec were selected and also tested for their trypanocidal activity
against bloodstream-form T. b. brucei parasites by the Alamar Blue
(AB) assay (Table 3). In contrast to 1, compounds 2aec exhibited
IC50 values in the sub-micromolar range. Compound 2c was the
most active compound of this series of lawsone derivatives closely
followed by 2b, and both compounds were about 10-times more
active than 1. Thus, the compound with the longest alkyl chain (2c)
performed best against T. b. brucei cells just like in most tested
cancer cell lines. The approved anti-leishmanial drug miltefosine
also harbors a hexadecyl residue and it is possible that compound
2c and miltefosine have certain modes of action in common (e.g.,
modulation of ether-lipid biosynthesis, inhibition of protein ki-
nases and cytochrome-C-oxidase, induction of programmed cell
death, cytoskeleton disruption) [32,33].
Table 2
Tumor selectivity index (SI), IC50 (MCF-10A, >50 mM)/IC50 (cancer cells) of com-
pound 2c.

Cell line SI

518A2 >35
HCT-116 >24
KB-V1(Vbl) >60
Panc-1 >22
MDA-MB-231 >46
BxPC-3 >61
PC-3 >75
The effects of the lawsone derivatives 1 and 2aec on the T. b.
brucei cytoskeletonwere analysed via fluorescence microscopy and
the observed results harmonized well with the data obtained from
the AB assays. At concentrations of 1 mM and 10 mM, derivative 2c
caused a deformation of the T. b. brucei microtubule cytoskeleton.
While after 1 h many vital T. b. brucei cells were visible, after 3e6 h
flagellae were separated from the cells and T. b. brucei cells were
strongly deformed and rounded when compared with untreated
T. b. brucei cells (Fig. 5, Fig. S7, Supporting information). Similar
effects were observed for T. b. brucei cells treated with 2a and 2b
(Figs. S8 and S9, Supporting information). In addition, reduced
motility was observed from treated T. b. brucei cells when compared
with untreated cells. Interestingly, compounds 2aec did not affect
the cytoskeleton of human HeLa cells at high doses of 10 mM and
the treated human HeLa cells remained viable at this dose
(Figs. S10eS12, Supporting information). Thus, compounds 2aec
changed the cytoskeletal morphology of T. b. brucei cells in a se-
lective way. In contrast to the active compounds 2aec, derivative 1
caused no significant changes of the T. b. brucei cell morphology at
high doses (10 mM, Fig. S13, Supporting information) which is in
line with its weaker IC50 value when compared with 2aec. Pro-
longed incubation (12e24 h) of T. b. brucei cells with high dose 2b
(10 mM) only revealed cell debris of the dead and lysed T. b. brucei
cells (Fig. S14, Supporting information).
2.4. Antiamoebic activity

The antiamoebic activity of 2c was investigated over three days
against Entamoeba histolytica samples isolated from patients of the
IbrahimMalik Hospital of Khartoum, Sudan (Table 4). Compound 2c
exhibited strong time- and dose-dependent antiamoebic activity
when compared with untreated cells (control). In addition, 2c was
distinctly more active (up to more than 20% higher growth



Fig. 5. Immunofluorescence images of MeOH-fixed T. b. brucei cells after incubation with 2c (1 mM) for 1 h (top row), 3 h (both central rows), and 6 h (bottom row) (bars ¼ 10 mm).
Signals of DAPI (DNA), ATTO 550 (tubulin), the overlay of both (DAPI ¼ blue, ATTO 550 ¼ red) and the phase contrast (phase) are shown. White arrows indicate tubulin anomalies,
red arrows mark flagellae. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Growth inhibition (in %) of locally isolated strains of Entamoeba histolytica treated
with 2c over three days and comparison with untreated samples (control). Metro-
nidazole (200 mg/mL) was applied as positive control. Mean of three values,
(P < 0.05).

Compd. 24 h 48 h 72 h

2c (100 mg/mL) 77.8 80.9 82.8
2c (50 mg/mL) 66.6 82.1 85.3
2c (25 mg/mL) 60.0 66.0 70.6
Metronidazole 54.1 58.7 60.4
Control 0 5.1 11.9
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inhibition) than the approved anti-parasitic drug metronidazole
against the applied Entamoeba histolytica samples. Even the lowest
dose of 2c (25 mg/mL) showed stronger antiamoebic activity (6e10%
higher growth inhibition) than metronidazole (200 mg/mL).
3. Conclusions

Lawsone was successfully employed for the synthesis of new
Mannich bases that are active against a variety of cancer cell lines
and parasites. The N-alkyl chain length is decisive for the anti-
proliferative activity. While N-dodecyl and N-tetradecyl derivatives
2a and 2b already performed better than N-heptyl compound 1, the
N-hexadecyl compound 2c was most active. Exceptions are the
vinblastine-resistant cervix carcinoma KB-V1(Vbl) and the Panc-1
pancreas cancer cells where the N-dodecyl derivative 2a was
more active than the N-hexadecyl 2c and the N-heptyl derivative 1.
Compounds 2aec increased the formation of ROS in cancer cells
significantly. The benzyl- and 2-pyridylmethyl-amino derivatives
were generally less active. A similar activity profile was observed
for the vanillyl compounds 3aee. The reason for the particularly
high activity of compounds 2aec in the androgen receptor-negative
PC-3 prostate cancer cells remains to be elucidated. Compound 2c
also exhibited distinct antiparasitic activity, associated with a
marked deformation of themicrotubule cytoskeleton of treated T. b.
brucei parasites. This was a selective effect since human HeLa cells
did not show any anomalies upon treatment with 2c. In addition,
the distinctly higher activity of 2c in E. histolytica cells when
compared with the antiparasitic drug metronidazole justifies
further investigations of 2c and related analogs in this field of
tropical diseases. Given their simple preparation the new lawsone
Mannich bases 2aec appear to be promising multi-targeted drug
candidates for the treatment of tumor and parasitic diseases.
4. Experimental

4.1. Chemistry

All starting compounds were purchased from Aldrich. Com-
pounds 1 and 2ewere prepared according to a literature procedure
[19,27]. The following instruments were used: melting points
(uncorrected), Gallenkamp; IR spectra, Perkin-Elmer Spectrum One
FT-IR spectrophotometer with ATR sampling unit; nuclear mag-
netic resonance spectra, BRUKER Avance 300 spectrometer;
chemical shifts are given in parts per million (d) downfield from
tetramethylsilane as internal standard; mass spectra, Varian MAT
311A (EI), UPLC/Orbitrap (ESI); microanalyses, Perkin-Elmer 2400
CHN elemental analyzer. All tested compounds are >95% pure by
elemental analysis.
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4.1.1. 3-[(Dodecylamino)(2-pyridyl)methyl]-2-hydroxy-1,4-
naphthoquinone (2a)

2-Hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol) was sus-
pended in EtOH (15 mL), dodecylamine (510 mg, 2.75 mmol) was
added and the resulting solution was stirred at room temperature
for 5 min. Pyridine-2-carboxaldehyde (287 mL, 3.0 mmol) was
added and the reaction mixture was stirred at room temperature
for 5 h. The formed precipitate was collected, washed with EtOH
and dried in vacuum. Yield: 800 mg (1.78 mmol, 71%); orange-red
solid of mp 140e141 �C; nmax (ATR)/cm�1 3117, 2956, 2921, 2851,
1682, 1582, 1530, 1506, 1471, 1434, 1409, 1387, 1272, 1230, 1155,
1145, 1092, 1064, 1044, 990, 920, 889, 867, 844, 822, 793, 770, 748,
733, 697, 665; 1H NMR (300 MHz, CDCl3) d 0.85 (3H, t, J ¼ 6.5 Hz),
1.2e1.4 (18H, m), 1.8e1.9 (2H, m), 3.0e3.1 (1H, m), 3.2e3.3 (1H, m),
5.70 (1H, s), 7.1e7.2 (1H, m), 7.3e7.4 (2H, m), 7.44 (1H, dd,
J ¼ 7.5 Hz), 7.57 (1H, dd, J ¼ 7.7 Hz), 7.7e7.8 (2H, m), 8.4e8.5 (1H,
m), 9.4e9.6 (1H, br s); 13C NMR (75.5 MHz, CDCl3) d 14.1, 22.7, 26.6,
26.9, 29.1, 29.3, 29.4, 29.5, 29.6, 31.9, 47.1, 59.1, 111.0, 122.4, 122.9,
125.4, 126.2, 131.0, 131.4, 133.6, 134.2, 137.6, 147.6, 155.4, 170.9, 181.1,
184.7; m/z (%) 274 (12), 218 (37), 174 (27), 119 (100), 92 (32).

4.1.2. 3-[(Tetradecylamino)(2-pyridyl)methyl]-2-hydroxy-1,4-
naphthoquinone (2b)

Analogously to the synthesis of 2a, compound 2b was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), tetra-
decylamine (587 mg, 2.75 mmol) and pyridine-2-carboxaldehyde
(287 mL, 3.0 mmol) in EtOH (15 mL). Yield: 790 mg (1.66 mmol,
66%); red solid of mp 116e118 �C; nmax (ATR)/cm�1 3120, 2920,
2851, 1682, 1589, 1581, 1528, 1503, 1469, 1434, 1409, 1384, 1272,
1232, 1157, 1145, 1092, 1060, 1044, 991, 965, 907, 894, 844, 821, 793,
769, 747, 733, 697, 664; 1H NMR (300 MHz, CDCl3) d 0.85 (3H, t,
J ¼ 6.6 Hz), 1.2e1.4 (22H, m), 1.8e2.0 (2H, m), 3.0e3.1 (1H, m),
3.2e3.3 (1H, m), 5.71 (1H, s), 7.0e7.1 (1H, m), 7.3e7.4 (3H, m), 7.54
(1H, dd, J ¼ 7.9 Hz), 7.7e7.8 (2H, m), 8.4e8.5 (1H, m), 9.4e9.6 (1H,
br s); 13C NMR (75.5 MHz, CDCl3) d 14.1, 22.6, 26.6, 26.8, 29.0, 29.3,
29.4, 29.5, 29.6, 31.9, 47.1, 58.9, 111.5, 122.3,122.7, 125.3, 126.1, 130.8,
131.2, 133.5, 134.2, 137.4, 147.7, 155.5, 170.6, 180.9, 184.8;m/z (%) 302
(7), 246 (23), 119 (100).

4.1.3. 3-[(Hexadecylamino)(2-pyridyl)methyl]-2-hydroxy-1,4-
naphthoquinone (2c)

Analogously to the synthesis of 2a, compound 2c was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), hex-
adecylamine (664 mg, 2.75 mmol) and pyridine-2-carboxaldehyde
(287 mL, 3.0 mmol) in EtOH (15 mL). Yield: 780 mg (1.55 mmol,
62%); orange-red solid of mp 125e126 �C; nmax (ATR)/cm�1 3125,
2919, 2850, 2607, 1682, 1580, 1567, 1528, 1498, 1469, 1434, 1420,
1411, 1390, 1333, 1271, 1230, 1159, 1145, 1058, 1044, 987, 969, 912,
891, 843, 821, 792, 768, 746, 732, 697, 665; 1H NMR (300 MHz,
CDCl3) d 0.85 (3H, t, J ¼ 6.5 Hz), 1.2e1.4 (26H, m), 1.8e2.0 (2H, m),
3.0e3.1 (1H, m), 3.2e3.3 (1H, m), 5.70 (1H, s), 7.0e7.1 (1H, m),
7.2e7.4 (3H, m), 7.5e7.6 (1H, m), 7.7e7.8 (2H, m), 8.4e8.5 (1H, m),
9.4e9.5 (1H, br s); 13C NMR (75.5MHz, CDCl3) d 14.1, 22.7, 26.7, 26.9,
29.1, 29.3, 29.4, 29.5, 29.6, 29.7, 31.9, 47.2, 58.9, 111.6, 122.4, 122.7,
125.3,126.1, 130.8,131.2, 133.5,134.2,137.4, 147.7, 155.5,170.6, 180.9,
184.8; m/z (%) 330 (8), 274 (20), 119 (100).

4.1.4. 3-[(3,4-Difluorobenzylamino)(2-pyridyl)methyl]-2-hydroxy-
1,4-naphthoquinone (2d)

Analogously to the synthesis of 2a, compound 2d was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), 3,4-
difluorobenzyl amine (325 mL, 2.75 mmol) and pyridine-2-
carboxaldehyde (287 mL, 3.0 mmol) in EtOH (5 mL). Yield:
442 mg (1.09 mmol, 44%); orange-red solid of mp 148 �C; nmax
(ATR)/cm�1 3032, 2959, 2326, 1682, 1611, 1589, 1560, 1518, 1470,
1454, 1434, 1385, 1374, 1351, 1315, 1288, 1274, 1262, 1210, 1206,
1164, 1151, 1141, 1118, 1099, 1077, 1045, 995, 953, 934, 906, 879, 834,
820, 813, 789, 774, 754, 735, 716, 699, 661; 1H NMR (300 MHz,
DMSO-d6) d 4.1e4.2 (2H, m), 5.65 (1H, s), 7.3e7.6 (6H, m), 7.6e7.8
(2H, m), 7.8e8.0 (2H, m), 8.5e8.6 (1H, m), 9.4e9.6 (1H, br s); 13C
NMR (75.5 MHz, DMSO-d6) d 47.4, 57.3, 109.4, 117.4e117.6 (m),
119.4e119.6 (m), 121.5, 122.8, 125.1e125.5 (m), 127.5, 129.9, 130.9,
131.7, 133.7, 134.7, 137.4, 147.7, 156.9, 171.2, 178.8, 184.0;m/z (%) 406
[Mþ] (1), 388 (3), 265 (22), 263 (25), 237 (17), 232 (16), 216 (75),192
(38),180 (57),174 (34),142 (32),127 (100),105 (52), 76 (49), 52 (53).

4.1.5. 3-[(Heptylamino)(4-hydroxy-3-methoxyphenyl)methyl]-2-
hydroxy-1,4-naphthoquinone (3a)

Analogously to the synthesis of 2a, compound 3a was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), heptyl-
amine (408 mL, 2.75mmol) and vanillin (456mg, 3.0mmol) in EtOH
(15 mL). Yield: 717 mg (1.69 mmol, 68%); orange-red solid of mp
165e166 �C; nmax (ATR)/cm�1 3326, 2932, 2858, 2600, 1671, 1609,
1588, 1567, 1516, 1459, 1436, 1365, 1264, 1238, 1219, 1160, 1128,
1037, 962, 824, 804, 775, 740, 696, 660; 1H NMR (300 MHz, CDCl3/
DMSO-d6) d 0.76 (3H, t, J ¼ 6.9 Hz), 1.1e1.3 (8H, m), 1.5e1.7 (2H, m),
2.8e2.9 (3H, m), 3.73 (3H, s), 5.36 (1H, s), 6.72 (1H, d, J ¼ 8.2 Hz),
6.98 (1H, dd, J ¼ 8.2 Hz, 1.8 Hz), 7.11 (1H, d, J ¼ 1.8 Hz), 7.3e7.4 (1H,
m), 7.4e7.6 (1H, m), 7.8e7.9 (2H, m), 8.02 (1H, s), 8.9e9.0 (1H, br s),
10.6e10.7 (1H, br s); 13C NMR (75.5 MHz, CDCl3/DMSO-d6) d 13.4,
21.8, 25.8, 25.9, 28.0, 30.8, 45.8, 55.3, 60.2, 111.0, 111.8, 114.7, 120.4,
124.8, 125.3, 128.8, 130.3, 131.1, 133.0, 133.9, 146.2, 146.9, 170.0,
180.1, 184.3; m/z (%) 308 (14), 280 (36), 249 (23), 220 (47), 206
(100), 178 (61), 164 (71), 151 (38), 137 (57), 41 (48).

4.1.6. 3-[(Dodecylamino)(4-hydroxy-3-methoxyphenyl)-methyl]-2-
hydroxy-1,4-naphthoquinone (3b)

Analogously to the synthesis of 2a, compound 3b was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), dode-
cylamine (510 mg, 2.75 mmol) and vanillin (456 mg, 3.0 mmol,
dissolved in 2 mL hot EtOH) in EtOH (15 mL). Yield: 840 mg
(1.70 mmol, 68%); orange-red solid of mp 165e166 �C; nmax (ATR)/
cm�1 3354, 2924, 2852, 2583, 1668, 1610, 1588, 1569, 1517, 1459,
1435, 1365, 1264, 1236, 1217, 1158, 1129, 1064, 1037, 978, 883, 824,
801, 775, 738, 720, 695, 660; 1H NMR (300 MHz, DMSO-d6) d 0.84
(3H, t, J ¼ 6.5 Hz), 1.1e1.3 (18H, m), 1.5e1.6 (2H, m), 2.81 (2H, t,
J¼ 7.8 Hz), 3.74 (3H, s), 5.38 (1H, s), 6.70 (1H, d, J¼ 8.2 Hz), 6.96 (1H,
dd, J ¼ 8.2 Hz, 2.0 Hz), 7.21 (1H, d, J ¼ 2.0 Hz), 7.5e7.6 (1H, m),
7.7e7.8 (1H, m), 7.8e7.9 (2H, m), 9.0e9.1 (1H, br s); 13C NMR
(75.5 MHz, DMSO-d6) d 13.9, 22.1, 25.5, 25.9, 28.4, 28.7, 28.9, 29.0,
31.3, 45.4, 55.7, 58.8, 111.5, 112.6, 115.1, 120.8, 125.1125.3, 129.4,
130.8, 131.5, 133.7, 134.7, 146.5, 147.3, 170.6, 178.5, 184.4;m/z (%) 319
(22), 308 (18), 280 (43), 234 (17), 220 (52), 206 (100), 178 (53), 164
(63), 151 (32), 137 (53), 105 (34), 76 (15), 55 (21), 44 (23).

4.1.7. 3-[(Hexadecylamino)(4-hydroxy-3-methoxyphenyl)-methyl]-
2-hydroxy-1,4-naphthoquinone (3c)

Analogously to the synthesis of 2a, compound 3c was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), hex-
adecylamine (664 mg, 2.75 mmol) and vanillin (456 mg, 3.0 mmol,
dissolved in 2 mL hot EtOH) in EtOH (15 mL). Yield: 910 mg
(1.66 mmol, 66%); orange-red solid of mp 159e160 �C; nmax (ATR)/
cm�1 3375, 2918, 2850, 1671, 1612, 1589, 1575, 1517, 1450, 1365,
1267, 1237, 1215, 1162, 1126, 1038, 988, 924, 887, 869, 844, 832, 806,
794, 777, 738, 719, 694, 661; 1H NMR (300 MHz, DMSO-d6) d 0.84
(3H, t, J ¼ 6.5 Hz), 1.1e1.3 (26H, m), 1.5e1.6 (2H, m), 2.81 (2H, t,
J¼ 7.6 Hz), 3.73 (3H, s), 5.38 (1H, s), 6.70 (1H, d, J¼ 8.2 Hz), 6.96 (1H,
dd, J ¼ 8.2 Hz, 2.0 Hz), 7.21 (1H, d, J ¼ 2.0 Hz), 7.5e7.6 (1H, m),
7.6e7.7 (1H, m), 7.8e7.9 (2H, m), 9.0e9.1 (1H, br s); 13C NMR
(75.5 MHz, DMSO-d6) d 13.9, 22.1, 25.4, 25.8, 28.4, 28.7, 28.9, 29.0,
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31.3, 45.4, 55.7, 58.9, 111.5, 112.6, 115.1, 120.8, 125.1125.3, 129.3,
130.8, 131.5, 133.7, 134.7, 146.6, 147.3, 170.6, 178.5, 184.4; m/z (%)
550.35 (100) [Mþ], 242.28 (87).

4.1.8. 3-[(Benzylamino)(4-hydroxy-3-methoxyphenyl)-methyl]-2-
hydroxy-1,4-naphthoquinone (3d)

Analogously to the synthesis of 2a, compound 3d was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), benzyl-
amine (300 mL, 2.75 mmol) and vanillin (456 mg, 3.0 mmol, dis-
solved in 2 mL hot EtOH) in EtOH (15 mL). Yield: 450 mg
(1.08 mmol, 43%); orange-red solid of mp 180e181 �C; nmax (ATR)/
cm�1 3117, 3070, 3030, 2965, 2590, 1675, 1618, 1590, 1552, 1519,
1478, 1456, 1429, 1370, 1329, 1279, 1254, 1225, 1154, 1125, 1089,
1064, 1031, 979, 948, 934, 918, 869, 818, 795, 759, 736, 703, 662; 1H
NMR (300 MHz, DMSO-d6) d 3.72 (3H, s), 4.0e4.1 (2H, m), 5.39 (1H,
s), 6.71 (1H, d, J ¼ 8.2 Hz), 6.91 (1H, dd, J ¼ 8.2 Hz, 2.0 Hz), 7.14 (1H,
d, J ¼ 2.0 Hz), 7.3e7.4 (5H, m), 7.5e7.8 (2H, m), 7.8e8.0 (2H, m),
9.0e9.1 (1H, br s); 13C NMR (75.5 MHz, DMSO-d6) d 48.9, 55.7, 58.8,
111.3, 112.6, 115.2, 120.9, 125.0, 125.3, 128.5, 128.7, 129.0, 129.9,
130.8, 131.6, 132.4, 133.6, 134.6, 146.7, 147.3, 170.5, 178.6, 184.2; m/z
(%) 416.15 [Mþ] (100), 309.08 (90).

4.1.9. 3-[(2-Pyridylmethylamino)(4-hydroxy-3-methoxy-phenyl)-
methyl]-2-hydroxy-1,4-naphthoquinone (3e)

Analogously to the synthesis of 2a, compound 3e was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), 2-
pyridylmethylamine (280 mL, 2.75 mmol) and vanillin (456 mg,
3.0 mmol, dissolved in 2 mL hot EtOH) in EtOH (15 mL). Yield:
400 mg (0.98 mmol, 39%); orange-red solid of mp 153e155 �C; nmax
(ATR)/cm�1 3131, 3071, 2956, 1677, 1614, 1591, 1553, 1520, 1477,
1429, 1387, 1369, 1280, 1249, 1229, 1162, 1132, 1038, 996, 953, 871,
836, 799, 774, 757, 739, 696, 660; 1H NMR (300 MHz, DMSO-d6)
d 3.72 (3H, s), 4.2e4.3 (2H, m), 5.54 (1H, s), 6.72 (1H, d, J ¼ 8.2 Hz),
6.97 (1H, dd, J¼ 8.2 Hz, 2.0 Hz), 7.21 (1H, d, J¼ 2.0 Hz), 7.3e7.4 (2H,
m), 7.5e7.6 (1H, m), 7.6e7.7 (1H, m), 7.8e7.9 (3H, m), 8.6e8.7 (1H,
m), 9.0e9.1 (1H, br s), 9.9e10.1 (1H, br s); 13C NMR (75.5 MHz,
DMSO-d6) d 48.8, 55.6, 59.1, 111.4, 112.8, 115.2, 121.0, 122.1, 122.2,
123.3, 125.1125.3, 128.7, 130.8, 131.6, 133.7, 134.6, 137.3, 146.7, 147.3,
148.9, 152.6, 170.7, 178.6, 184.3; m/z (%) 417.14 [Mþ] (55), 309.08
(100).

4.1.10. 3-[(Heptylamino)(3,4-difluorophenyl)methyl]-2-hydroxy-
1,4-naphthoquinone (4a)

Analogously to the synthesis of 2a, compound 4a was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), heptyl-
amine (408 mL, 2.75 mmol) and 3,4-difluorobenzaldehyde (330 mL,
3.0 mmol) in EtOH (15mL). Yield: 960mg (2.32mmol, 93%); orange
solid of mp 155e157 �C; nmax (ATR)/cm�1 2960, 2935, 2865, 2841,
2362, 1673, 1612, 1591, 1568, 1528, 1514, 1464, 1451, 1434, 1366,
1331, 1270, 1243, 1226, 1116, 1083, 1070, 1014, 973, 944, 913, 890,
876, 862, 841, 823, 801, 786, 756, 731, 711, 690, 660; 1H NMR
(300 MHz, DMSO-d6) d 0.80 (3H, t, J ¼ 6.9 Hz), 1.0e1.1 (8H, m),
1.5e1.7 (2H, m), 2.84 (2H, t, J¼ 7.6 Hz), 5.50 (1H, s), 7.4e7.5 (2H, m),
7.5e7.6 (1H, m), 7.6e7.7 (2H, m), 7.8e7.9 (1H, m), 7.9e8.0 (1H, m);
13C NMR (75.5 MHz, DMSO-d6) d 13.9, 21.9, 25.5, 25.8, 28.1, 30.9,
45.7, 57.7, 110.6, 116.7e117.4 (m), 124.9e125.4 (m), 130.9, 131.5,
133.8, 134.6, 135.9, 136.3, 147.4, 170.7, 178.3, 184.2; m/z (%) 413 (1)
[Mþ], 378 (2), 298 (11), 271 (100), 270 (96), 242 (28), 214 (45), 196
(38), 104 (40), 76 (35).

4.1.11. 3-[(Dodecylamino)(3,4-difluorophenyl)methyl]-2-hydroxy-
1,4-naphthoquinone (4b)

Analogously to the synthesis of 2a, compound 4b was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), dode-
cylamine (510 mg, 2.75 mmol) and 3,4-difluorobenzaldehyde
(330 mL, 3.0 mmol) in EtOH (15 mL). Yield: 990 mg (2.05 mmol,
82%); orange-red solid of mp 157e158 �C; nmax (ATR)/cm�1 3126,
2927, 2856, 2686, 1681, 1605, 1576, 1510, 1475, 1427, 1397, 1381,
1347, 1274, 1227, 1158, 1141, 1120, 1094, 1048, 995, 957, 873, 832,
823, 800, 785, 762, 737, 722, 697, 657; 1H NMR (300 MHz, CDCl3)
d 0.82 (3H, t, J ¼ 6.6 Hz), 1.1e1.3 (18H, m), 1.6e1.8 (2H, m), 2.8e3.0
(1H, m), 3.1e3.2 (1H, m), 5.6e5.8 (1H, br s), 6.8e6.9 (1H, m), 7.1e7.2
(1H, m), 7.4e7.6 (3H, m), 7.9e8.0 (2H, m), 9.6e9.8 (1H, br s); 13C
NMR (75.5 MHz, CDCl3) d 14.1, 22.6, 26.6, 26.9, 29.0, 29.3, 29.4, 29.5,
29.6, 31.9, 46.8, 59.4, 112.1, 116.7e117.2 (m), 124.1, 125.8e126.2 (m),
131.2e131.5 (m), 134.0, 134.3, 134.9, 148.3, 151.6, 169.4, 181.7, 185.5;
m/z (%) 308 (3), 270 (17), 210 (22), 196 (100), 168 (33), 154 (54), 127
(55), 104 (8), 76 (9), 55 (17), 41 (22).

4.1.12. 3-[(Tetradecylamino)(3,4-difluorophenyl)methyl]-2-
hydroxy-1,4-naphthoquinone (4c)

Analogously to the synthesis of 2a, compound 4c was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), tetra-
decylamine (587 mg, 2.75 mmol) and 3,4-difluorobenzaldehyde
(330 mL, 3.0 mmol) in EtOH (15 mL). Yield: 600 mg (1.17 mmol,
47%); orange solid of mp 121e122 �C; nmax (ATR)/cm�1 2925, 2853,
2571, 2400, 1666, 1612, 1590, 1534, 1517, 1486, 1470, 1435, 1366,
1326, 1314, 1273, 1262, 1249, 1230, 1119, 971, 876, 868, 836, 825,
803, 758, 732, 710, 691, 660; 1H NMR (300MHz, CDCl3) d 0.83 (3H, t,
J ¼ 6.6 Hz), 1.0e1.3 (22H, m), 1.6e1.8 (2H, m), 2.9e3.0 (1H, m),
3.1e3.2 (1H, m), 5.6e5.8 (1H, br s), 6.8e6.9 (1H, m), 7.1e7.2 (1H, m),
7.4e7.6 (3H, m), 7.9e8.1 (2H, m), 9.6e9.8 (1H, br s); 13C NMR
(75.5 MHz, CDCl3) d 14.1, 22.6, 26.5, 26.9, 29.0, 29.3, 29.4, 29.5, 29.6,
31.9, 46.9, 59.3, 111.9, 116.9e117.1 (m), 124.0, 125.8e126.2 (m),
131.2e131.6 (m), 134.0, 134.3, 135.1, 145.1, 148.3, 151.5, 169.3, 181.9,
185.5; m/z (%) 512.30 [Mþ] (100).

4.1.13. 3-[(Hexadecylamino)(3,4-difluorophenyl)methyl]-2-
hydroxy-1,4-naphthoquinone (4d)

Analogously to the synthesis of 2a, compound 4d was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), hex-
adecylamine (664 mg, 2.75 mmol) and 3,4-difluorobenzaldehyde
(330 mL, 3.0 mmol) in EtOH (15 mL). Yield: 970 mg (1.80 mmol,
72%); orange solid of mp 127e128 �C; nmax (ATR)/cm�1 2923, 2853,
2420, 1667, 1613,1589,1534, 1517, 1468,1437,1364,1311,1258,1227,
119, 972, 875, 823, 803, 772, 758, 732, 710, 691, 660; 1H NMR
(300 MHz, CDCl3) d 0.84 (3H, t, J ¼ 6.5 Hz), 1.1e1.3 (26H, m), 1.6e1.8
(2H, m), 2.9e3.0 (1H, m), 3.1e3.2 (1H, m), 5.6e5.8 (1H, br s),
6.8e6.9 (1H, m), 7.1e7.2 (1H, m), 7.4e7.6 (3H, m), 7.9e8.1 (2H, m),
9.6e9.8 (1H, br s); 13C NMR (75.5 MHz, CDCl3) d 14.1, 22.7, 26.6,
26.9, 29.0, 29.3, 29.5, 29.6, 31.9, 46.9, 59.3, 111.9, 116.9e117.1 (m),
124.0, 125.8e126.2 (m), 131.2e131.6 (m), 134.0, 134.3, 135.2, 145.1,
148.3, 151.5, 169.3, 181.9, 185.5; m/z (%) 540.33 (100) [Mþ].

4.1.14. 3-[(2-Pyridylmethylamino)(3,4-difluorophenyl)methyl]-2-
hydroxy-1,4-naphthoquinone (4e)

Analogously to the synthesis of 2a, compound 4e was obtained
from 2-hydroxy-1,4-naphthoquinone (435 mg, 2.5 mmol), 2-
pyridylmethylamine (280 mL, 2.75 mmol) and 3,4-
difluorobenzaldehyde (330 mL, 3.0 mmol) in EtOH (15 mL). Yield:
500 mg (1.23 mmol, 49%); orange solid of mp 141e142 �C; nmax

(ATR)/cm�1 3055, 3003, 2976, 2324, 1679, 1591, 1565, 1513, 1474,
1437, 1369, 1320, 1271, 1246,1226,1162, 1147,1116,1075,1053,1025,
997, 962, 938, 873, 845, 822, 800, 769, 756, 733, 710, 690, 660; 1H
NMR (300 MHz, DMSO-d6) d 4.2e4.4 (2H, m), 5.67 (1H, s), 7.3e7.5
(4H, m), 7.6e7.8 (3H, m), 7.8e8.0 (3H, m), 8.6e8.7 (1H, m),
10.0e10.2 (1H, br s); 13C NMR (75.5 MHz, DMSO-d6) d 49.41, 58.0,
110.6, 117.0e117.6 (m), 122.3e122.5 (m), 123.1, 123.4, 125.1, 125.4,
125.7, 131.0, 131.6, 131.9, 133.7, 134.5, 137.2, 149.0, 152.3, 170.7, 178.5,
184.1; m/z (%) 388 (34), 386 (16), 321 (21), 300 (100), 286 (21), 181
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(27), 174 (34), 105 (37), 93 (35), 77 (30).

4.2. Cell lines and culture conditions

PC-3 prostate cancer cells, BxPC-3 pancreatic cancer cells and
MDA-MB-231 breast cancer cells were purchased from the Amer-
ican Type Culture Collection (Manassas, VA) and maintained in
Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad,
CA) supplemented with 10% fetal calf serum (FCS), 100 units/mL of
penicillin, and 100 mg/mL of streptomycin in a 5% CO2 atmosphere
at 37 �C. The human MCF-10A breast epithelial cells (obtained from
ATCC) were maintained in DMEM-F12medium supplemented with
0.1 mg/mL cholera toxin, 0.02 mg/mL epidermal growth factor, 10 mg/
mL insulin, 0.5 mg/mL hydrocortisone, 100 U/mL penicillin, 100 mg/
mL streptomycin and 5% horse serum in a humidified 5% CO2 at-
mosphere at 37 �C. The human melanoma cell line 518A2 was ob-
tained from the Department of Radiotherapy, Medical University of
Vienna, Austria. The KB-V1(Vbl) cells were obtained from the
Institute of Pharmacy of the University Regensburg, Germany, and
the colon HT-29 cells and HCT-116 cells from the University Hos-
pital Erlangen, Germany. The HCT-116 colon cancer cells were
grown in Roswell Park Memorial Institute medium 1640 (RPMI-
1640) supplemented with 10% FCS, 100 IU/mL penicillin G, 100 mg/
mL streptomycin sulfate, 0.25 mg/mL amphotericin B, and 250 mg/
mL gentamycin (all from Gibco, Eggenstein, Germany). The 518A2
and the KB-V1/Vbl cells were cultured in DMEM containing 10%
FCS, 100 IU/mL penicillin G, 100 mg/mL streptomycin sulfate,
0.25 mg/mL amphotericin B, and 250 mg/mL gentamycin. The cells
were maintained in a moisture saturated atmosphere (5% CO2) at
37 �C. They were serially passaged following trypsinization with
0.05% trypsin/0.02% EDTA (PAA Laboratories, Coelbe, Germany).
Mycoplasma contamination was routinely monitored, and only
mycoplasma-free cultures were used.

4.3. MTT assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; ABCR) was used to identify viable cells that reduce it to a
violet formazan [34]. The adherent 518A2 melanoma, HCT-116, and
KB-V1(Vbl) cells (5� 104 cells/mL), theMCF-10A cells (4� 103 cells/
well) and PC-3 cells (3 � 103 cells/well), BxPC-3 cells (3 � 103 cells/
well) and MDA-MB-231 cells (3 � 103 cells/well) were seeded and
cultured for 24 h on 96-well microplates. Incubation (5% CO2, 95%
humidity, 37 �C) of cells following treatment with the test com-
pounds (dilution series ranging from 0.0001 to 100 mM in DMSO)
was continued for 72 h or 96 h. Solvent controls were incubated
under identical conditions. In the case of PC-3, BxPC-3, MDA-MB-
231 and MCF-10A cells, 25 mL of MTT stock solution, containing
5 mg/mL in phosphate-buffered saline (PBS), was added to a final
concentration of 0.05% and incubated for further 2 h at 37 �C. The
supernatant was aspirated, and the formazan was dissolved in
isopropanol or DMSO (100 mL). The absorbance at 595 nm was
measured on an Ultra Multifunctional Microplate Reader (TECAN,
Durham, NC). In the case of KB-V1(Vbl) cells, a 5 mg/mL stock so-
lution of MTT in PBS was added to a final MTT concentration of
0.05% (518A2) or 0.1%. After 2 h, the microplates were swiftly
turned, flicked, and blotted to discard the medium whereupon the
precipitate of formazan crystals was redissolved in a 10% solution of
sodium dodecylsulfate in DMSO containing 0.6% acetic acid. The
microplates were gently shaken in the dark for 30 min and left in
the incubator overnight to ensure a complete dissolution of the
formazan. The absorbance at 570 and 630 nm was measured using
an automatic ELISA microplate reader (MWG-BIOTECH). All ex-
periments were carried out at least in triplicate, and the percentage
of viable cells quotedwas calculated as the mean SDwith respect to
the controls set to 100%.

4.4. NBT assay

The NBT assay was used to determine the ROS levels in 518A2
melanoma cells after treatment with vehicle (DMSO) or the test
compounds (1, 2aec) as previously described [35]. 518A2 mela-
noma cells (1 � 105 cells/mL; 100 mL/well) were grown in 96-well
plates for 24 h at 37 �C. Then, the cells were exposed to test com-
pounds 1 and 2aec (0, 0.1, and 0.5 mM) for another 24 h. After
centrifugation (300 g; 5 min), the medium was aspirated and the
cells were incubated for 4 h at 37 �C with 25 mL of a 0.1% NBT so-
lution in PBS. Then, the supernatant was withdrawn and the cells
lysed in 25 mL of a 2 M KOH solution and the formazan dissolved in
33 mL DMSO. The absorbance at 630 nm (formazan) and at 405 nm
(background) were measured with a microplate reader (Tecan)
after 30 min of incubation at 37 �C. All experiments were done in
sextuplicate. The relative ROS production was calculated as the
mean ± SD relative to vehicle treated control cells, which were set
to 100%.

4.5. Trypanosoma and human HeLa cell lines and culture conditions

Cells of the T. b. brucei bloodstream trypomastigote cell line 65.3
were maintained in HMI-9 medium, pH 7.5, supplemented with
heat-inactivated 10% fetal bovine serum (FBS) and 5% Serum Plus
(Sigma-Aldrich) in a humidified 5% CO2 atmosphere at 37 �C. The
human HeLa cells were grown in DMEM medium, supplemented
with 4.5 g/L glucose þ 2 mM L-glutamine, 0.5% FBS, 0.05% strep-
tomycin and penicillin in a humidified 5% CO2 atmosphere at 37 �C.

4.6. Alamar Blue (AB) assay

The AB assay was used to identify viable cells after treatment
with drug candidates [36e39]. This assay bases on the irreversible
reaction of the blue dye resazurin and NADH to pink resofurin in
intact cells. T. b. brucei cells (4 � 105/well) were seeded on 96-well
microplates, treated with the test compounds (dissolved in DMSO)
and incubated for 72 h (5% CO2, 95% humidity, 37 �C).10 mL of the AB
reagent (500 mM resazurin sodium salt in PBS) was added and
incubated for further 4e8 h at 37 �C. The fluorescence (extinction at
544 nm, emission at 590 nm) was measured on an Omega Fluostar
(BMG Labtech) fluorescence plate reader.

4.7. Immunofluorescence staining of HeLa cells and trypanosomes

The DMEM medium was removed from HeLa cell cultures and
the cells were washed with phosphate-buffered saline (PBS).
Trypsin-EDTA (1 mL) was added and the cells were incubated for
2 min at 37 �C. The cells were taken up in DMEM medium (9 mL)
and centrifuged for 2 min at 1250�g. The supernatant was dis-
carded and the cell pellet suspended in DMEM medium (9 mL).
0.5 mL of the cell suspension was added to each well (containing
1.5 mL DMEM) of a 12-well plate at 37 �C (total volume in each
well¼ 2mL), then a round glass coverslip (diameter of 18 mm) pre-
treated with 70% ethanol was laid into the wells, and the cultures
were incubated for 12e24 h at 37 �C and 5% CO2 in order to achieve
cell attachment to the coverslip. Then, the cells were treated with
the test compounds (1 mM,10 mM) and incubated for 1 h, 3 h, 6 h, or
9 h at 37 �C and 5% CO2. The coverslips with the attached cells were
transferred into another 12-well plate containing PBS. After
washing with PBS for three times the PBS was removed from the
wells and the HeLa cells were fixed by treatment with ice-cold
methanol for 1 h at 4 �C. The methanol was removed and the
cells werewashed again for three times with PBS. Primary antibody
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(mouse anti a-tubulin monoclonal IgG (TAT), 1 mg/mL in PBS) was
added to the cells and incubated at room temperature in a humid
chamber in the dark for 1 h. The coverslips were washed with PBS
for three times and secondary antibody (Anti-Mouse IgG ATTO 550,
Sigma, 1.5 mg/mL in PBS) was added to the cells and incubated in a
humid chamber in the dark at room temperature for 1 h. After
washing with PBS for three times (5 min) and removal of the PBS
the cells were embedded with Vectashield Mounting Medium
(Vector Laboratories) containing DAPI (1.5 mg/mL) and analyzed via
fluorescence microscopy.

Similarly, trypanosome cells (3 � 106 cells/mL) were placed into
12-well plates containing supplemented HMI-9 medium (1 mL) at
37 �C. Test compounds (0.1 mM, 0.5 mM, 1 mM, 10 mM) were added
and the cells were incubated for 0.5 h, 1 h, 3 h, and 6 h at 37 �C and
5% CO2. After centrifugation at 3341�g for 1 min, the cell pellet was
resuspended in 500 mL PEME medium (0.1 M PIPES, 2 mM EGTA,
1 mM MgSO4, 0.1 mM EDTA, pH 6.9) and washed with PEME for
three times. The cells (150 mL, in PEME medium) were placed on
poly-lysine-coated glass microscope slides and incubated to attach
to the slide in a humid chamber for 10 min at room temperature.
After careful washing with PEME and extraction with ice-cold 1%
NP40 in PEME for 5 min the cells were briefly washed in PEME and
then fixed in ice-cold methanol for 1 h followed by treatment of the
fixed cells with PBS for 5 min. Staining with the primary and sec-
ondary antibodies and embedding as well as fluorescence analyses
were carried out analogously to the HeLa cell protocol described
above.
4.8. Isolation of Entamoeba histolytica and in vitro susceptibility

Entamoeba histolytica samples were taken from patients of the
Ibrahim Malik Hospital (Khartoum, Sudan). Positive samples were
identified by wet mount preparation. The positive samples were
transported to the laboratory in nutrient broth medium. Tropho-
zoites of the parasites were maintained in RPMI 1640 medium
containing 5% bovine serum at 37 ± 1 �C. The trophozoites were
maintained for the assays and were employed in the log phase of
growth. A stock solution of 2c in DMSO (1 mg/mL) was prepared
and diluted to final concentrations of 100, 50 and 25 mg/mL,
respectively, in microtiter well plates (total volume of 100 mL in
each well) with distilled water and culture medium containing the
trophozoites. Metronidazole (200 mg/mL) was applied as a positive
control, whereas untreated cells were used as negative controls
(i.e., culture medium plus trophozoites). For cell counting, the
samples were mixed with Trypan blue in equal volume. The final
number of parasites was determined with a hemocytometer for
three times after 24 h, 48 h, and 72 h. The mortality (in %) of par-
asites was calculated according to the following formula:

Mortality (%)¼ [(neg. control� tested sample)/neg. control]� 100;

Theoretically, no motile parasites are observed at 100%
inhibition.

Statistical analysis for all assay results was done using Microsoft
Excel program. Student t-test was applied to determine significant
differences between controls and test compounds (P < 0.05).
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