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a b s t r a c t

The cytotoxicity of nine naphthoquinones (NQ) was assayed against HL-60 (leukaemia), MDA-MB-
435 (melanoma), SF-295 (brain) and HCT-8 (colon), all human cancer cell lines, and peripheral blood
mononuclear cells (PBMC), as representatives of normal cells, after 72 h of incubation. 5-Methoxy-1,4-
naphthoquinone was the most active compound, showing IC50 values in the range of 0.31 (1.7 �M) in
HL-60 to 0.88 �g/mL (4.7 �M) in SF-295 and IC50 of 0.69 �g/mL (3.7 �M) against PBMC. With the intro-
duction of a bromo-substituent in position 2 or 3 of juglone, the IC50 significantly decreased, regardless
aphthoquinones
uglone
ytotoxicity
poptosis
aspases
ell cycle

of the position on the NQ moiety. However, compared with juglone methyl ether, the halogen sub-
stitution decreased the activity. To further understand the mechanism underlying the cytotoxicity of
5-methoxy-1,4-naphthoquinone, studies involving DNA fragmentation, cell cycle analysis, phosphatidyl
serine externalization, mitochondrial depolarization and activation of caspases 8 and 3/7 were performed
in HL-60 cell line, using doxorubicin as a positive control. The results indicate that the cytotoxic 5-
methoxy-1,4-naphthoquinone activates caspases 8 and 3/7 and thus induces apoptosis independent of

mitochondria.

. Introduction

Quinones still account for one of the largest families of antitumor
gents. Although most current anticancer drugs were discovered
mpirically, considerable insight has been gained into the mecha-
isms by which many of these compounds affect cellular growth
1–3]. The basic knowledge on quinone studies has been used to
esign new anticancer drugs [4–6], improving selectivity and pro-
iding a more rational therapeutic application of these agents.

Juglone (5-hydroxy-1,4-naphthoquinone) is a natural 1,4-

aphthoquinone found in the Juglandaceae family, particularly

n the roots, leaves, bark and wood of Juglans regia (English
alnut, Persian walnut and California walnut), J. cinerea (butter-
ut and white walnut), and J. nigra (black walnut). Juglone has

∗ Corresponding author at: Departamento de Fisiologia e Farmacologia, Univer-
idade Federal do Ceará, Rua Cel. Nunes de Melo, 1127, P.O. Box 3157, 60430-270
ortaleza, CE, Brazil. Tel.: +55 85 3366 8255; fax: +55 85 3366 8333.

E-mail address: rc montenegro@yahoo.com.br (R.C. Montenegro).

009-2797/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2010.01.041
© 2010 Elsevier Ireland Ltd. All rights reserved.

shown cytotoxic effects against various tumor cells [7–11] and
also has antifungal, antibacterial and antiviral activities, as well
as allelophatic activities [12]. Sugie et al. [13] found that juglone
reduced the formation of azoxymethane induced intestinal tumors
in F344 rats and concluded that juglone could be a promising
chemopreventive agent. Several proposals have been made to
explain the mode of action underlying cytotoxicity of juglone [9,11].
Although this molecule has multiple effects, including apoptosis
[9,14,15], it is well known that these effects are cell-type-specific
[14] and the exact mechanism remains unclear. Very recently,
Aithal et al. [16] demonstrated cytotoxic and genotoxic potentials
of juglone, which can be attributed to mechanisms including the
induction of oxidative stress, cell membrane damage, and a clasto-
genic action leading to cell death by both apoptosis and necrosis.

Bromo-juglone derivatives are very useful from the synthetic

standpoint because they have been used as synthons for the regios-
elective preparation of anthraquinones [17], angucyclines [18] and
benz[b]phenantridines [19], among other classes of natural prod-
ucts. To the best of our knowledge, so far, only one recent study on
their biological properties has been published [20].

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:rc_montenegro@yahoo.com.br
dx.doi.org/10.1016/j.cbi.2010.01.041
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Fig. 1. Chemical structures of

In the search for new quinone-derived anticancer compounds,
n this paper, the cytotoxic effects of juglone (1) and some
erivatives (2–9) (Fig. 1) toward four tumor cell lines are

eported, using the anthraquinone doxorubicin as a positive con-
rol (Table 1). Also, in a second set of experiments, the effects
f the most active derivative, 5-methoxy-1,4-naphthoquinone
3), were assessed using HL-60 cell line and then compared

able 1
ytotoxic activity of juglone and its derivatives on tumor cell lines, on peripheral blood m

MTT IC50 �g/mL (�M)*

HL-60 MDAMB 435 SF-295

1 >5 (28.7) >5 (28.7)
2.97 (17.0)
2.01–4.38

2
1.98 (9.2) 1.35 (6.2) 1.82 (8.4)
1.69–2.33 1.03–1.77 1.6–2.07

3
0.31 (1.7) 0.72 (3.8) 0.88 (4.7)
0.23–0.43 0.62–0.95 0.72–1.07

4
1.08 (4.3) 1.39 (5.5) 1.6 (6.3)
0.93–1.23 1.06–1.82 1.29–1.99

5
2.31 (7.8) 1.85 (6.3) 1.81 (6.1)
1.86–2.89 1.37–2.5 1.47–2.23

6
2.99 (11.2) 2.36 (8.8) 2.2 (8.2)
2.4–3.7 1.84–3.03 1.02–4.71

7
1.52 (6.0) 2.26 (8.9) 2.92 (11.5)
1.04–2.25 1.48–3.42 2.31–3.69

8
2.33 (7.9) 2.48 (8.4) 2.30 (8.6)
1.79–3.04 1.84–3.35 1.82–2.91

9
1.93 (7.2) 1.73 (6.5) 1.41 (5.3)
1.54–2.42 1.38–2.16 1.18–1.67

Dox
0.02 (0.03) 0.48 (0.8) 0.23 (0.4)
0.01–0.02 0.34–0.66 0.19–0.25

* Data are presented as IC50 values and 95% of confidence interval for leukaemia (HL-6
nd peripheral blood mononuclear cells (PBMC). Doxorubicin (Dox) was used as a positiv
e (1) and its derivatives (2–9).

to juglone (1). To further understand the mechanism under-
lying the cytotoxicity of compound 3, studies involving DNA
tion and mitochondrial depolarization were performed. In search
for selectivity, the cytotoxicity of compounds 1 and 3 was also
evaluated in human peripheral blood mononuclear cells (PBMC)
(Table 1).

ononuclear cells and erythrocytes.

Hemolysis EC50 (�g/mL)

HCT-8 PBMC

1.33 (7.6)
>5 (28.7)

>200
0.74–2.39

1.11 (5.1) nd >200
0.77–1.6

0.85 (4.5) 0.69 (3.7) >200
0.71–1.05 0.49–0.99

1.62 (6.4) nd >200
1.12–2.35

1.58 (5.3) nd >200
1.32–1.86

2.35 (8.8) nd >200
1.59–3.46

2.23 (8.8) nd >200
1.78–2.79

2.61 (7.8) nd >200
1.81–3.77

1.54 (5.8) nd >200
1.08–2.19

0.01 (0.02) 0.97 (1.7) nd
0.01–0.02 0.52–1.80

0), melanoma (MDAMB-435), nervous system (SF-295), colon (HCT-8) cancer cells
e control. Experiments were performed in triplicate. nd – not determined.
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Compounds 1–3 and several bromo-derivatives were recently
R.C. Montenegro et al. / Chemico-Bi

. Materials and methods

Melting points were measured with a Reichert-Jung Kofler
ot-stage microscope and are uncorrected. Infrared spectra were
ecorded with a Shimadzu IR-435 and the 1H and 13C NMR spectra
ith Varian Gemini 200 (200 MHz), Bruker 300 (300 MHz), Varian

nova 400 (400 MHz) and/or Bruker Avance 400 (400 MHz) spec-
rometers. Chemical shifts are reported in ppm on the delta scale,
sing chloroform-d as internal standard, and coupling constants
J) are given in Hz. Data processing was performed off-line with
he TOPSPIN (Bruker) program package. Mass spectra (electronic
mpact) were recorded with a Hewlett-Packard 5973 MSD instru-

ent.

.1. Synthesis of juglone derivatives

All the naphthoquinone derivatives 1–9 used in this study are
nown compounds and were prepared according to the methods
escribed in the literature.

Juglone (1) is a commercial material (Sigma–Aldrich, St. Louis,
SA) and, when needed in large scale, was prepared according to

he method by Tietze [21] and was purified by flash chromatog-
aphy (chloroform). The spectroscopic data are compatible with
hose already reported [21]. Orange-red needles; 154–162 ◦C, lit.
21] 154–161 ◦C. IR (KBr) �: 3062, 1665 (free C O), 1643 (chelated

O), 1600, 1451, 1363, 1337, 1290 (C–O), 1225. 1H NMR (400 MHz,
DCl3): ı 6.96 (s, 2 H, 2-H, 3-H), 7.29 (dd, J = 6.3, J = 2.9 Hz, 1 H, 6-H),
.64 (m, 2 H, 7-H, 8-H), 12.01 (s, 1 H, OH) ppm. 13C NMR (100 MHz,
DCl3): ı 114.92 (C-4a), 119.13 (C-6), 124.47 (C-8), 131.70 (C-8a),
38.62 (C-7), 136.54, 139.56 (C-2, C-3), 161.40 (C-5), 184.22, 190.25
C-1, C-4) ppm. EI-MS m/z (%) 174.1 (M+,100), 158.1 (4), 146.1 (8),
18.1 (22), 92.0 (16), 63.0 (10) [21].

.1.1. 5-Acetoxy-1,4-naphthoquinone (2)
Yellow prisms; mp 145–151 ◦C, lit., mp 150–151 ◦C [22]; mp

53–154 ◦C [23]. Acetylation of juglone under standard condi-
ions afforded juglone acetate (2) [23]. IR (KBr) �: 1758 (ester),
662, 1610,1594, 1444, 1367, 1331, 1296, 1274. 1H NMR (400 MHz,
DCl3): ı 2.46 (s, 3 H, –CH3), 6.88 (d, J = 10.26 Hz, 1 H, H-3), 6.95
d, J = 10.26 Hz, 1 H, H-2), 7.41 (dd, J = 7.78, J = 1.26, 1 H, H-6), 7.78
t, J = 7.78, 1 H, H-7), 8.07 (dd, J = 7.78, J = 1.26, 1 H, H-8). 13C NMR
100 MHz, CDCl3): ı 21.30 (COCH3), 124.27 (C-4a), 125.23 (C-8),
29.98 (C-6), 133.78 (C-8a), 135.09 (C-7), 137.58 (C-2), 140.13 (C-3),
49.79 (C-5), 169.68 (COCH3), 183.89 (C-4), 184.43 (C-1). EI-MS m/z
%) 216 (M+, 6); 174 (100); 146 (7); 118 (12); 92 (7). Mass spectrum
as similar to the one reported by Bowie et al. [24].

.1.2. 5-Methoxy-1,4-naphthoquinone (3)
Bright yellow prisms; mp 186–190 ◦C (lit. mp 182–185 ◦C [23];

84–189 ◦C [21]) was prepared by methylation of juglone (methyl
odide, silver (I) oxide) [21,23,26]. IR (KBr) �: 1655 (C O), 1614,
583, 1470, 1443, 1377, 1336, 1298 (C–O), 1275, 1253. 1H NMR
400 MHz, CDCl3): ı 4.02 (s, 3 H, –OCH3), 6.88 (s, 2 H, H-2, H-3), 7.33
dd, J = 8.01, J = 1.28 Hz, 1 H, H-6), 7.70 (t, J = 8.01, 1 H, H-7), 7.75 (dd,
= 8.01, J = 1.28 Hz, 1 H, H-8), 13C NMR (100 MHz, CDCl3): ı 56.70
OCH3), 118.14 (C-6), 119.15 (C-8), 119.58 (C-4A), 134.25 (C-8A),
35.22 (C-7), 136.43 (C-2), 141.11 (C-3), 159.84 (C-9), 184.59 (C-4),
85.44 (C-1). EI-MS m/z (%): 188.1 (M+,100), 174.1 (20), 159.1 (18),
30 (16), 104 (18), 76 (20), 63 (12). Mass spectrum corresponds to
ata reported by Bowie et al. [24].
.1.3. 2-Bromo-5-hydroxy-1,4-naphthoquinone (4)
Orange needles; mp 130–135 ◦C, lit. 135–136 ◦C [27] was

repared according to reported procedure by hydrolysis of the cor-
esponding acetate 5 [27]. The data are compatible to those already
eported [27,28]. IR (KBr) �: 1683, 1644, 1590, 1460, 1365, 1308,
l Interactions 184 (2010) 439–448 441

1255, 1176, 1097, 905, 815 cm−1. EI-MS m/z (%): 254 (M′, 100.0),
252 (M′, 98.1), 173 (90.31, 145 (44.1), 89 (35.5), 63 (54.0), 62 (22.2),
53 (29.1) [28]. 1H NMR (400 MHz, CDCl3): ı 7.32 (dd, J = 8.3, J = 1.4,
1 H, H-6), 7.50 (s, 1 H, H-3), 7.64 (dd, J = 8.3, J = 7.4, 1 H, H-7), 7.75
(dd, J = 7.4, J = 1.4, 1 H, 8-H), 11.77 (s, 1 H, OH), 13C NMR (100 MHz,
CDCl3): ı 114.6 (C-4a), 121.0 (C-8), 125.1 (C-6), 130.7 (C-8a), 136.4
(C-7), 140.3 (C-3), 140.9 (C-2), 161.7 (C-5), 176.0 (C-1), 187.5 (C-4).

2.1.4. 5-Acetoxy-2-bromo-1,4-naphthoquinone (5)
Yellow needles mp 159–161 ◦C, lit. 155–156 ◦C [27].

Obtained from 4 by standard acetylation [29,30]. IR (KBr) �:
1682,1600,1370,1330,1270,1190, 1098, EI-MS m/z (%): 296 (1.7).
(M+), 294 (0.8) (M+), 254 (70.9), 252 (67.5), 173 (35.5), 145 (10.6),
63 (12.9), 43 (100.0). Data are compatible with those already
published [27].

2.1.5. 2-Bromo-5-methoxy-1,4-naphthoquinone (6)
Yellow needles, mp 127–130 ◦C, lit.132–133 ◦C [31] were

synthesized by standard methylation of 4 that led to the corre-
sponding methyl ether 6 [31,32]. IR (KBr) �: 2975, 1680, 1650,
1595,1475,1458,1293,1245,1120, 1042, 908, 813 cm−1. EI-MS m/z
(%): 268 (100.0) (M+), 266 (98.0) (M+), 187 (35.9), 159 (24.9), 157
(43.5), 131 (27.4), 129 (40.9), 116 (37.9), 101 (31.2), 76 (33.0), 75
(28.0), 74 (25.2), 63 (23.2), 62 (31.6), 53 (23.7). 1H NMR (400 MHz,
CDCl3): ı 4.03 (s, 3 H, OCH3), 7.36 (dd, J = 7.68, J = 1.13, 1 H, H-6),
7.42 (s, 1 H, H-3), 7.71 (t, J = 7.68, H-7), 7.85 (dd, J = 7.68, J = 113,
1 H, H-8), 13C NMR (100 MHz, CDCl3): ı 56.81 (OCH3) 118.49 (C-
6), 118.67 (C-4a), 120.88 (C-8), 135.08 (C-7), 135.34 (C-8a), 137.11
(C-2), 142.54 (C-3), 160.24 (C-5), 178.54 (C-4), 182.78 (C-1).

The 3-bromo-juglone derivatives were prepared by selective
bromination of juglone according to Brimble [28], which yielded
7 as the major isomer.

2.1.6. 3-Bromo-5-hydroxy-1,4-naphthoquinone (7)
Dark red needles; mp 171–174 ◦C, lit. mp 172 ◦C [27]. Data are

compatible to those reported [27,28].

2.1.7. 5-Acetoxy-3-bromo-1,4-naphthoquinone (8)
Yellow needles, mp 145–149 ◦C, lit. 149–150 [27] obtained from

7 by standard acetylation [29,30]. Data match those already pub-
lished [27]. EI-MS m/z (%): 253.9, 251.9 (42,40), 173.0 (32), 145.0
(30), 95.1 (22), 81.1 (53), 69.1 (100), 57.1 (52). 1H NMR (400 MHz,
CDCl3): ı 2.45 (s, 3 H, –COCH3), 7.42 (dd, J = 8, J = 1.5, 1 H), 7.53 (s, 1
H, H-2), 7.75 (t, J = 8, 1 H, H-7), 8.01 (dd, J = 8, J = 1.5, 1 H, H-8). 13C
NMR (100 MHz, CDCl3): ı 20.9 (COCH3), 122.9 (s), 125.4 (d), 130.3
(d), 133.9 (s), 135.7 (d), 139.5 (d), 141.2 (s), 150.9 (s), 169.3 (s), 176.3
(s), 181.6 (s).

2.1.8. 3-Bromo-5-methoxy-1,4-naphthoquinone (9)
Yellow needles, mp 150–153 ◦C, lit. 154–155 ◦C [25,33],

obtained from 7 by standard methylation (methyl iodide, silver (I)
oxide) [33]. IR (KBr) �: 3043, 1673,1652,1581, 1470, 1444, 1336,
1311, 1276, 1212. 1H NMR (400 MHz, CDCl3): ı 4.04 (s, 3 H, –OCH3),
7.34 (dd, J = 2.37, J = 7.25, 1 H, H-6), 7.46 (s, 1 H, H-2), 7.72 (t, J = 7.25,
H-7), 7.75 (m, 1 H H-8). 13C NMR (100 MHz, CDCl3): ı 56.78 (OCH3),
118.31 (C-4a), 118,31 (C-6), 119,73 (C-8), 133.74 (C-8a), 135.80 (C-
7), 138.56 (C-2), 142.84 (C-3), 160.65 (C-5), 176.20 (C-4), 182.87
(C-1). The spectral data are in agreement with those already pub-
lished [33].
used as starting materials for the synthesis of benzo-fused 1,4-
quinones [34].

Each compound was dissolved in DMSO to obtain a concentra-
tion of 5 mg/mL. For the experiments, the vehicle concentration,
DMSO, was kept at a maximum of 0.1%.
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.2. Cell line and cell culture

The tumor cell lines used in this work were HL-60 (leukaemia),
CT-8 (colon carcinoma), MDA-MB 435 (melanoma) and SF-295

nervous system) kindly provided by the National Cancer Insti-
ute (Bethesda, MD, USA). Also, peripheral blood mononuclear cells
PBMC) were tested, for chosen compounds. Heparinized blood
from healthy, non-smoker donors who had not taken any drug
t least 15 days prior to sampling) was collected and PBMC were
solated by a standard method of density-gradient centrifugation
ver Ficoll-Hypaque. PBMC were washed and resuspended at a
oncentration of 3 × 105 cells/mL and platted in a 96-well plate
ith RPMI 1640 medium supplemented with 20% fetal bovine

erum, 2 mM glutamine, 100 U/mL penicillin, 100 �g/mL strepto-
ycin at 37 ◦C with 5% CO2. Phytohemagglutinin (3%) was added at

he beginning of culture. After 24 h, the compound (0.01–10 �M)
issolved in DMSO 1% was added to each well and incubated
or 72 h. All cancer cells were maintained in RPMI 1640 medium
upplemented with 10% fetal bovine serum, 2 mM glutamine,
00 U/mL penicillin, 100 �g/mL streptomycin at 37 ◦C with 5%
O2.

.3. MTT assay

The cytotoxicity of all compounds was tested against four tumor
ell lines using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
etrazolium bromide (MTT) (Sigma Aldrich Co., St. Louis, MO/USA)
eduction assay [35]. For all experiments, cells were plated in 96-
ell plates (105 cells/well for adherent cells or 3 × 105 cells/well

or suspended cells in 100 �L of medium). Compounds 1–9
0.01–5 �g/mL) dissolved in DMSO 1% were added to each well
using the HTS – high-throughput screening – biomek 3000 – Beck-

an Coulter, Inc. Fullerton, California, USA) and incubated for 72 h.
ontrol groups received the same amount of DMSO. After 69 h of

ncubation, the supernatant was replaced by fresh medium con-
aining MTT (0.5 mg/mL). Three hours later, the MTT formazan
roduct was dissolved in 150 �L of DMSO, and absorbance was
easured at 595 nm (DTX 880 Multimode Detector, Beckman Coul-

er, Inc. Fullerton, CA, USA). Doxorubicin (0.01–5 �g/mL) was used
s positive control.

.4. Alamar Blue assay

In order to investigate the selectivity of compounds 1 and 3
oward a normal proliferating cell, the Alamar Blue assay was
erformed with peripheral blood mononuclear cells (PBMC) after
2 h drug exposure [36]. Briefly, PBMC were plated in 96-well
lates (2 × 104 cells/well in 100 �L of medium). After 24 h, com-
ounds 1 and 3 (0.01–25 �g/mL) dissolved in DMSO 1% were
dded to each well using the HTS and incubated for 72 h. Dox-
rubicin (0.009–5 �g/mL) was used as a positive control. Control
roups received the same amount of DMSO. Twenty-four hours
efore the end of incubation, 10 �L of stock solution (0.436 mg/mL)
f the Alamar Blue (resazurin – Sigma Aldrich Co., St. Louis,
O/USA) was added to each well. The absorbance was measured

sing a multiplate reader (DTX 880 Multimode Detector, Beckman
oulter, Inc. Fullerton, California, USA). The drug effect was quan-
ified as the percentage of control absorbance at 570 and 595 nm
36].

.5. Analysis of possible mechanisms involved in the cytotoxic

ctivity of 5-methoxy-1,4-naphthoquinone

In order to study the mechanism involved in the activity of 1 and
, a second set of experiments was performed, where leukaemia
ells (HL-60 cell line) were incubated, for 24 h, with the tested com-
l Interactions 184 (2010) 439–448

pounds (1 and 3). Compound 1 was tested at 4 �M and compound 3
at 0.5, 1.0, 2.0, 4.0, 8.0 and 10 �M. In these experiments, doxorubicin
(0.5 �M) was used as a positive control.

2.5.1. Analysis of morphological changes
Untreated and treated HL-60 cells were examined for mor-

phological changes by light microscopy (Olympus, Tokyo, Japan).
To evaluate cell morphology, cells were harvested, transferred to
cytospin slides, fixed with methanol for 1 min and stained with
hematoxylin and eosin (HE) (Doles, Brazil). To evaluate nuclear
morphology, HL-60 cells were stained with May-Grunwald-Giemsa
(Bioclin, Brazil).

2.5.2. Acridine orange/ethidium bromide assay to determine cell
death

Cell death pattern was determined by differential staining
with acridine orange/ethidium bromide (AO/BE) (Sigma–Aldrich).
Briefly, cells were pelleted and resuspended in 25 �L in PBS.
Afterwards, 1 �L of aqueous solution of acridine orange/ethidium
bromide (AO/EB, 100 �g/mL) was added and the cells were
observed under a fluorescence microscope (Olympus, Tokyo,
Japan). Three hundred cells were analyzed using a fluorescence
microscope with filter for 470/40 nm. The cells were then classified
as follows: live cells, apoptotic cells and necrotic cells. The percent-
age of apoptotic and necrotic cells was then calculated as described
[37].

2.5.3. Flow cytometry analysis
For all tested compounds, five thousand events were evaluated

per experiment and cellular debris was omitted from the analysis.
HL-60 cell fluorescence was then determined by flow cytometry in
a Guava EasyCyte Mine using Guava Express Plus software. Inter-
nucleosomal DNA fragmentation and cell cycle were analyzed by
ModFit LT for Win32 version 3.1.

2.5.3.1. Cell membrane integrity. The cell membrane integrity was
evaluated by the exclusion of propidium iodide (50 �g/mL, Sigma
Aldrich Co., St. Louis, MO/USA). Briefly, 100 �L of treated and
untreated cells were incubated with propidium iodide (50 �g/mL).
The cells were, then, incubated for 5 min. Fluorescence was mea-
sured and analyzed for cell morphology, granularity and membrane
integrity [38].

2.5.3.2. Internucleosomal DNA fragmentation and cell cycle anal-
ysis. DNA fragmentation was analyzed by flow cytometry after
DNA staining with propidium iodide. Briefly, 100 �L of treated and
untreated cells were incubated for 30 min, in the dark, with hypo-
tonic solution containing 50 �g/mL propidium iodide, 0.1% sodium
citrate, and 0.1% Triton X-100. Fluorescence was measured and DNA
fragmentation and cell cycle were analyzed [39].

2.5.3.3. Phosphatidylserine (PS) externalization. PS externalization
was analyzed by flow cytometry after PS staining with Annexin V
according to the method described by Vermes et al. [40]. Guava
Nexin Assay Kit was used to determine early apoptosis. Cells were
washed twice with cold PBS and then resuspended in 135 �L
of PBS with 5 �L of 7-amino-actinomycin D (7AAD) and 10 �L
of Annexin V-PE. The cells were gently vortexed and incubated
for 20 min at room temperature (20–25 ◦C) in the dark. After-
wards, the cells were analyzed by flow cytometry (EasyCyte from

Guava Technologies). Annexin V is a phospholipid-binding pro-
tein that has a high affinity for PS. 7-AAD, a cell impermeant
dye, is used as an indicator of membrane structural integrity.
Fluorescence of Annexin V-PE was measured: yellow fluorescence-
583 nm and 7-AAD in red fluorescence-680 nm. The percentage of
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arly and late apoptotic cells and necrotic cells was then calcu-
ated.

.5.3.4. Mitochondrial transmembrane potential. Mitochondrial
epolarization was evaluated by incorporation of Rhodamine 123
Sigma Aldrich Co., St. Louis, MO/USA). Rhodamine 123 is a cell-
ermeable, cationic, fluorescent dye that is readily sequestered
y active mitochondria without inducing cytotoxic effects. Briefly,
ells were centrifuged at 2000 rpm for 5 min and the pellet
as resuspended in 500 �L of 1 �g/mL of rhodamine 123 for

5 min in the dark. After incubation, cells were centrifuged at
000 rpm for 5 min and the pellet was resuspended in 500 �L in
hosphate-buffered saline (PBS) and incubated for 30 min in the
ark. Fluorescence was measured and percentage mitochondrial
epolarization was analyzed [37].

.5.3.5. Caspases activity. Caspase 3/7 and 8 activities were ana-
yzed by flow cytometry, using Guava® EasyCyte Caspase Kit, after
4 h of incubation. HL-60 cells (3 × 105 cells/mL) were incubated
ith Fluorescent Labeled Inhibitor of Caspases (FLICA) and main-

ained for 1 h at 37 ◦C and 5% CO2. After incubation, 80 �L of washing
uffer were added and cells were centrifuged at 2000 rpm for 5 min.
he resulting pellet was resuspended in 200 �L of washing buffer
nd centrifuged again. Then the cells were resuspended in the
orking solution (propidium iodide 1:200 in 1× washing buffer)
nd analyzed immediately using flow cytometry.

.5.4. Statistical analysis
Data obtained from experiments are presented as means ± SEM

rom at least three independent experiments and evaluated by
ewman–Keuls test and the significance level was also set at 1%.

ig. 2. Microscopic analysis of hematoxylin/eosin-stained. HL-60 cells untreated (A) or trea
, 8 �M, H or 10 �M, I) were analyzed by light microscopy (400×). Doxorubicin (0.5 �M) w
emonstrated chromatin condensation. Black arrows show smaller cells with intact mem
l Interactions 184 (2010) 439–448 443

3. Results

3.1. Cytotoxicity of juglone (1) and its derivatives (2–9)

The MTT analysis showed that all compounds (1–9) exhibited
cytotoxic activity against all tested cancer cell lines. Based on data
collected from two independent experiments in triplicate, the IC50
values ranged from 1.7 to over 28.7 �M between cells after 72 h
of incubation (Table 1). Compound 3 was the most active among
all, with IC50 ranging from 1.7 to 4.7 �M in HL-60 and SF-295,
respectively, whereas for the prototype (compound 1), IC50 ranged
from 7.6 to over 28.7 �M in HCT-8 and HL-60 and/or MDA-MB435,
respectively. For normal PBMC, IC50 values for compounds 1 and
3 were over 28.7 and 3.7 �M, respectively. Compound 3 was, in
fact, generally more active than compound 1 for all tested cells,
including normal ones. While compound 3 was active more than
20 times in HL-60 cells, it was only 1.56 times more active against
HCT-8 cells. Additionally, the selectively was hardly affected, since
compound 3 was even more active to PMBC than to adherent tumor
cells (HCT-8, MDA-MB-435 and SF-295).

Based on these results, all subsequent experiments were con-
ducted to compare the cytotoxicity of juglone (compound 1) and
5-methoxy-1,4-naphthoquinone (compound 3) on the HL-60 cell
line.

3.2. Morphological changes and cell death pattern induced by
juglone (1) and its 5-O-methyl derivative (3)
Analysis by light microscopy of treated and untreated HL-60
cells revealed several drug-induced morphological changes. Con-
trol cells exhibited a typical non-adherent and vacuolization round
morphology after 24 h in culture (Fig. 2 A). Juglone (1) at 4 �M

ted with compound 1 (4 �M, C) and compound 3 (0.5 �M, D, 1 �M, E, 2 �M, F, 4 �M,
as used as positive control (B). At 2 �M (F) cells stained with May-Grunwald-Giemsa
branes.
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Fig. 3. Effects of compounds 1 and 3, in HL-60 cell viability by acridine orange and
ethidium bromide-stained (AO/EB) determined fluorescence microscope, after 24 h
incubation. The negative control (C) was the vehicle used for diluting the tested
substances. Doxorubicin (0.5 �M) was used as positive control (D). *p < 0.05 com-
pared to control by ANOVA, followed by Newman–Keuls multiple comparison test.
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id not induce any noticeable changes in treated cells (Fig. 2C).
n the other hand, HL-60 cells treated with 3 showed intense
hromatin condensation, internuclear vacuoles, cytoplasm protu-
erances, reduction of the cell and nuclear volume, chromatolysis
hat became more evident for incubations at higher concentra-
ions (Fig. 2E–I). Despite these typical apoptotic features, it was
lso observed an increasing number of cells with round shape, sug-
esting a preserved membrane, but smaller than a viable cell and
ith an intense staining, different from the viable ones (Fig. 2E–I)
hich were considered apoptotic cells. Doxorubicin (0.5 �M)

nduced cell shrinkage, chromatin condensation and nuclear frag-
entation, on HL-60 cells, being all them, features of apoptosis

Fig. 2B).
Fluorescence microscopy confirmed the results found by light

icroscopy. After 24 h, HL-60 treated with 3 showed a decrease

n cell viability in a dose-dependent manner, while the number of
poptotic cells increased with the concentration of compound 3,
orroborating the results reported above (Fig. 3). At the concentra-
ion of 1 and 2 �M of compound 3, the viable cells were reduced by

Data are presented as mean values ± S.E.M. from three independent experiments
performed in duplicate (n = 6).

ig. 4. Effects of juglone (1) and its 5-O-methyl derivative (3) at 2 and 4 �M in HL-60 cell population determined by flow cytometry using propidium iodide, after 24 h
ncubation. The negative control (C) was the vehicle used for diluting the tested substances. Doxorubicin (D) (0.5 �M) was used as a positive control. (A) The forward light
catter and side light scatter of the laser were used as indices of cell size and granularity, respectively. (B) Bars correspond to the means ± SEM of the percentage of viable
nd non-viable cells obtained from 3 independent experiments. Five thousand events were analyzed in each experiment. *p< 0.05 compared to control by ANOVA, followed
y Newman–Keuls multiple comparison test.
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Fig. 5. Effects of compounds 1 and 3 in internucleosomal DNA fragmentation in HL-
60 cells determined by flow cytometry using propidium iodide, Triton X-100 and
citrate after 24 h incubation. The negative control (C) was the vehicle used for dilut-
ing the tested substance. Doxorubicin (0.5 �M) was used as positive control (D).
Data are presented as mean values ± S.E.M. from three independent experiments
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9.3% and 37.7%, respectively, followed by a significant reduction
f 58.7% at 4 �M. No viable cells were observed at 8 or 10 �M, only
he apoptotic and necrotic cells previously described. Also, apopto-
is starts to occur, significantly, as early as 1 �M (29.1%) and it rises
ntil 10 �M (77.7%). In respect to necrosis, it was shown a discrete

ncrease in a dose-dependent manner, beginning at 4 �M (12.93%)
ollowing by 8 and 10 �M (12.9; 21% and 22.2%, respectively). No
ifference was observed after treatment with compound 1 at 4 �M
nd the negative control.

HL-60 cells treated for 24 h with 3 showed a decrease on cell
ize and granularity in a dose-dependent manner as observed by
orward scatter and side scatter, respectively, but the membrane
ntegrity was essentially preserved (Fig. 4A), confirming the pre-
ious results described above. Disruption of membrane integrity
as observed only at concentrations equal or above 4 �M (Fig. 4B).
o difference was observed for doxorubicin or compound 1 when
ompared with the negative control.

.3. DNA fragmentation, cell cycle, PS externalization,
itochondrial depolarization and caspases activity

Since morphological changes indicated that treated cells are
ndergoing a possible apoptotic process, DNA fragmentation, PS
xternalization, mitochondrial depolarization and caspases acti-
ation were analyzed. The percentage of HL-60 cells with DNA
ragmentation was significantly increased by the treatment with
as early as 2 �M (21.29%) (p < 0.05), in a dose-dependent manner,
hile no difference was observed for 1 at 4 �M (Fig. 5). Doxoru-

icin at 0.5 �M, used as a positive control, induced 54.14% of DNA
ragmentation, comparable with data from compound 3 at 8 and
0 �M (68.10% and 70.68%, respectively). No cell cycle changes

ere observed (data not shown).

Based on PS externalization analysis, it can be demonstrated that
ompound 3, at all tested concentrations, induces significant apop-
osis. At the highest tested concentration (8 �M), 40.27% of treated
ells presented initial apoptotic features, while 52.78% could be

ig. 6. Effects of compound 3 at 1 �M (C), 4 �M (D) and 8 �M (E) in HL-60 PS external
ncubation. The negative control (C) was the vehicle used for diluting the tested substance
lot in which cell membrane integrity (7-AAD-y-axis) is plotted against PS externalization
re indicated.
performed in triplicate. Five thousand events were analyzed in each experiment.
*p < 0.01 compared to control by ANOVA, followed by Newman–Keuls multiple com-
parison test.

classified in the late apoptosis state (Fig. 6). Since all previous
results indicate that compound 3 induces cell death by apoptosis,
the pathway (intrinsic or extrinsic) triggering apoptosis was evalu-
ated. Except for compound 3 at 10 �M (12.57% depolarization), no
mitochondrial depolarization was observed for compound 1 and
3, at all tested concentrations, while doxorubicin showed 51.27%
of mitochondrial depolarization (Fig. 7). Activation of caspases 8
and 3/7 was also evaluated. The results showed that 66.07% and

82.57% of caspase 8 was activated at both concentrations tested (4
and 8 �M, respectively) (Fig. 8A) and 53.36% and 74.02% of caspase
3/7 was activated (Fig. 8B). All results presented herein, suggest
that compound 3 induces apoptosis independent of mitochondria
depolarization.

ization determined by flow cytometry, using Annexin V-PE and 7-AAD after 24 h
. Doxorubicin at 0.5 �M was used as positive control (D). Data are presented as dot
(Annexin V-PE-x-axis). Percentages of cells in early and late apoptosis and necrosis
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Fig. 7. Effects of compound 1 (4 and 8 �M, respectively) and compound 3 (0.5, 1, 2,
4, 8 and 10 �M) in HL-60 mitochondrial membrane depolarization, determined by
flow cytometry using rhodamine123 after 24 h incubation. Negative control (C) was
treated with the vehicle used for diluting the tested substance. Doxorubicin (0.5 �M)
was used as positive control (D). Data are presented as histograms in which the cell
number (y-axis) is plotted against cell membrane integrity (x-axis). Percentages of
cells with mitochondrial membrane depolarization are indicated at each histogram.

Fig. 8. Effects of compounds 1 and 3 in HL-60 caspase 3/7 (A) and caspase 8 (B)
activity, determined by flow cytometry after 24 h incubation. Negative control (C)
was treated with the vehicle used for diluting the tested substances. Doxorubicin
(
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the type of activated caspase may indicate the pathway involved
0.5 �M) was used as positive control (D). Data are presented as mean values ± S.E.M.
rom three independent experiments performed in triplicate. Five thousand events
ere analyzed in each experiment. *p < 0.01 compared to control by ANOVA, fol-

owed by Student–Newman–Keuls test.

. Discussion

The quinone moiety is present in many anticancer drugs such as
nthracyclines (daunorubicin, doxorubicin), mitomycin and mitox-
ntrone, which are used clinically in the therapy of solid tumors [1].
n structural terms, the nine compounds tested can be divided into
wo series, depending on the absence (I, 1–3) or presence of the
romo-substituent (II, 4-9) in their structures. In II, they can be clas-

ified in IIA (2-bromo-substituted) and IIB (3-bromo-substituted).
omparing with juglone (1), the prototype, all the compounds
2–9), showed higher toxicity except for HCT-8 (colon cancer), for
hich juglone presented its higher activity (7.6 �M) (Table 1). In
l Interactions 184 (2010) 439–448

series I, methylation of juglone, furnishing 3, led to a significant
increase of activity toward all cell lines. The acetyl derivative 2
was also more active than juglone but less than juglone methyl
ether 3. Previous studies by Phillips [41] in a set of cancer cell lines,
demonstrated that 1,4-naphthoquinone presented IC50 range from
0.6 to 690.4 �M in HT-29 (colon cancer) and H-460 (lung cancer),
respectively. In the same study, 5-methoxy-1,4-naphthoquinone
presented IC50 ranged from 2.5 to 12.9 �M in A459 and H460 (lung
cancer), respectively.

With the introduction of a bromo-atom in position 2 or 3 on
the juglone (1 vs. 4 vs. 7, Table 1), the IC50 significantly decreased,
regardless the position on the NQ moiety. Comparing the methyl
and acetyl derivatives (2 vs. 5 vs. 8), there is some similarity. Com-
paring 3, 6 and 9, the presence of bromo was ineffective, removing
the original activity. In the series IIA (4 vs. 5 vs. 6), the –OH group
is the most active, except for SF295 (similar activity) and HCT-8,
whereas 5 presented a lower IC50. In IIB (7 vs. 8 vs. 9), the methoxy
9 is more active, but still less active than 3. Concerning to PBMC,
compound 1 showed IC50 over 28 �M whereas for compound 3,
the IC50 was 3.7 �M, which could suggest an increase in the unspe-
cific mechanisms of cytotoxicity. The selectivity index, obtained as
the ratio between the IC50 (�M) value against PBMC and different
cancer cell lines, ranged from ∼=1 (PBMC vs. HL-60 and PBMC vs.
MDA-MB-435) to 3.77 (PBMC vs. SF-295) for compound 1, and from
0.78 (PBMC vs. SF-295) to 2.17 (PBMC vs. HL-60) for compound 3.
These data suggested that compound 3 presented a low selectivity
to cancer cells.

Several studies have been performed to elucidate the mecha-
nism of action of juglone (1) and it is well known that juglone
exerts its effects by modifying sulphidryl groups [42] inhibiting
different kinds of enzymes. In 2001, Chao et al. [43] demon-
strated that juglone is an effective and rapid inhibitor of RNA
polymerase II transcription and that juglone treatment causes cells
to be refractory to lysis during stimuli. However, several studies
demonstrated that juglone can induce apoptosis and/or necrosis,
depending on dose-treatment [8,16,44]. Interestingly, compound
3 leads to severe morphological changes, markedly characterized
by smaller cells and intrinsic fluorescence, which could be related
to the refractoriness of membrane to lysis, keeping cell integrity
even in the late stages of apoptosis process. In spite of these alter-
ations, treated cells also presented morphological characteristics
of apoptotic cells, such as chromatin condensation, a reduction in
cell volume and fragmentation of the nuclei. Some authors con-
sider the distinction between apoptosis and necrosis difficult and
controversial, and the morphological definition of apoptosis and
necrosis could be based on membrane integrity [45]. According to
Dartsch et al. [46], there are two crucial points for the distinction
between apoptosis and necrosis: the former is characterized by the
occurrence of DNA and nuclear fragmentation with concomitant
maintenance of membrane integrity and involves the triggering
of phagocytic elimination of apoptotic bodies by the externaliza-
tion of phosphatidyl serine. Our data are in agreement with this
definition, since compound 3 leads to DNA fragmentation without
affecting membrane integrity, and also induces phosphatidyl serine
externalization.

The two major apoptosis signaling pathways in mammalian
systems are the “extrinsic” pathway initiated by activation of
membrane-bound death receptors leading to cleavage of caspase
[47] and the “intrinsic” pathway characterized by mitochondrial
depolarization, release of cytochrome c, and subsequent activa-
tion of caspases [48,49]. Thus, mitochondrial depolarization and
in apoptosis induction. Some naphthoquinones can induce apop-
tosis via caspase activation [44,50]. In a study by Li and co-workers
[44] it was demonstrated that a benzobijuglone induces apoptosis
via activation of caspases 8 and 3. Our results corroborates those
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f Li and co-workers [44]. HL-60 cells treated with compound 3
nduce DNA fragmentation, activation of caspase 8 and 3/7 and lack
f mitochondrial depolarization even in the higher dose, all known
eatures of extrinsic apoptosis pathway, induced by death receptors
hat are at the cell surface. Also, apoptosis began as early as 0.5 �M
ith compound 3, supporting all findings. It is clear that the recep-

ors transmit apoptotic signals initiated by specific ligands and they
lay an important role in apoptosis activating the caspase cascade
ithin seconds of ligand binding. Induction of apoptosis via this
echanism is therefore very rapid [51].
Death receptors have been proposed as a potential target for

ancer therapy. They can be activated and induce tumor cell to com-
it apoptotic suicide independently of tumor suppressor p53 being

seful in tumors that have lost p53 function. Targeting the death
eceptors in tumor cells might be a useful tool in cancer therapy,
specially in tumors that have been resistant to conventional ther-
py [52]. Interestingly, HL-60 cell, the model used in this work, lacks
53 [53] and this cell line was the most sensitive to compound 3.

In conclusion, the results presented herein reaffirm the cyto-
oxicity of simple quinones and demonstrate that the introduction
f a methoxy group at C-5, strongly increases the cytotoxicity
f juglone. Moreover, it was demonstrated that 5-methoxy-1,4-
aphthoquinone induces apoptosis by an extrinsic pathway, and

s, thus, independent of mitochondrial depolarization.
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