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Four bisabolanes 1-4, including perezone (1) and triacetyl perezone (2), were isolated through a bioassay-
guided fractionation of the extract obtained from the Caribbean gorgonian coral Pseudopterogorgia rigida
collected during an expedition cruise to the Bahamas. All isolated compounds showed to be cytotoxic
toward panel of four human tumor cell lines, as quantified by the MTT assay after 72 h incubation. Pere-
zone (1), the most active one, was further analyzed, showing to be cytotoxic, but not selective, in a 12-cell
line panel comprising tumor and non-tumor, as well as human and murine cells. Additionally, 1 was
assayed for cytotoxicity against HL-60 leukemic cells. Pre-treatment with an acute free radical scavenger
C . (L-NAC) before exposure of cells to perezone virtually eliminated the generation of intracellular ROS and
ytotoxicity . L. R R R R

Quinone lessened its severe cytotoxicity. The protective effect delivered by L-NAC evidences that the mechanism
ROS of perezone-induced cytotoxicity is partially associated to production of ROS and a consequent induction
of oxidative stress.

© 2015 Sociedade Brasileira de Farmacognosia. Published by Elsevier Editora Ltda. All rights reserved.
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Introduction

Natural or synthetic quinones perform various functions in
organisms, as some are tightly involved in the cell’s biochemi-
cal mechanisms (Asche, 2005). Nevertheless, quinones have been
extensively studied for their cytotoxic potential and, currently,
are an important group of anticancer drugs. Many quinoid com-
pounds, such as the anthracyclines doxorubicin and daunorubicin
and the antibiotic mitomycin, are successfully applied in vari-
ous cancer chemotherapy schemes (Asche, 2005; Vasquez et al.,
2010).

Perezone (1) was first isolated in 1852 from roots of Perezia
mangrove plants (renamed Accourtia). This quinone showed insec-
ticide activity against Leptinotarsa decemlineata and Myzus persicae
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(Burgueiio-Tapia et al., 2008) and several pharmacological activ-
ities, such as laxative and anti-parasitic (Rubio et al., 1997). The
study by Garcia et al. (1995) evaluated the effects of 1 on intesti-
nal contractility of smooth muscle of rats and showed that this
quinone seems to increase the availability of intracellular Ca*2. Con-
versely, De la Pefia et al. (2001) disclosed 1 as an inhibitor of platelet
aggregation and suggested that this feature was associated to the
impairment in Ca2* mobilization of internal stores. Furthermore,
1 was considered to be a hit in a 96 drug in vitro screen directed
against neuroblastoma cells, a tumor that remains incurable in over
60% of cases (Gheeya et al., 2009). More recently, Sanchez-Torres
etal.(2010)evaluated the cytotoxic properties of perezone on K562
cells and demonstrated that the apoptotic effects may be dependent
orindependent of caspases activation, depending on concentration.

The present study describes the isolation of 1, along with
other known compounds 2-4, from the Caribbean gorgonian Pseu-
dopterogorgia rigida and the respective cytotoxic activity on a
panel of tumor cell lines. Additionally, we used HL-60 cells (acute
promyelocytic leukemia) to characterize the respective mode of

0102-695X/© 2015 Sociedade Brasileira de Farmacognosia. Published by Elsevier Editora Ltda. All rights reserved.
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action, which largely involves the generation of reactive oxygen
species.

O OAc OH
HO
| HO | AcO 10
O OAc OH
1 2 3, 4 (epimers at C-10)

Materials and methods
General procedures

High-performance liquid chromatography was carried out using
a semipreparative normal phase (silica gel) Dynamax column
(15cm length, i.d. 10 mm), a Waters M6000 pump and a Waters
R401 differential refractometer. NMR spectra were recorded in
CDCl5 solution on a Varian Unity 500 MHz spectrometer. IR spectra
were recorded on a Perkin-Elmer model 1600 (FTIR) spectrometer.
Mass measurements were obtained on a HP5989A spectrometer.
Vacuum liquid chromatography (VLC) was performed with silica
gel for thin layer chromatography. Isolation procedures were mon-
itored using thin-layer chromatography (TLC) on pre-coated silica
gel plates (Merck, Kieselgel 60 F-254) through UV inspection and
HZSO4/heat.

Collection and identification of biological material

Fourteen colonies of the gorgonian were collected by scuba
diving at 15-20m depth at Sweating Cays, Bahamas, during an
expedition onboard the research vessel Seward Johnson in June
1996. The colonies were labeled and air-dried for 2h. A small
amount of each colony was extracted with CH;,Cl,, and the extracts
compared by TLC analysis were further classified as a single species,
P. rigida, as identified by Dr. Frederick M. Bayer (National Museum
of Natural History, Smithsonian Institution, and a voucher speci-
men (ATPH/MO/57) has been deposited at the Herbarium of the
Department of Pharmacognosy and Chemistry of Natural Products,
University of Athens.

Extracts, fractions and pure compounds from P. rigida

Gorgonian tissues (300ml, about 25-30g of dry weight)
were cut in to small pieces and extracted with a mixture of
MeOH-CH;Cl,, 1:1 (once), and pure CH;Cl; (twice). The extracts
were combined and evaporated under reduced pressure afford-
ing a brownish gum (12 g). The crude extract was fractionated by
vacuum liquid silica gel chromatography (VLC), employing a gra-
dient ranging from 0 to 100% of EtOAc in (CHj3)3CCH,;CH(CHs),
(TMP: 2,2,4-trimethylpentane) and MeOH to yield eleven frac-
tions (F1-F11). Fraction 5 (2.67¢g) was purified by successive
re-crystallizations using mixtures of hexane and ethyl acetate,
yielding pure perezone (1) (0.64 g) as intense yellow crystal with
mp 102 °C. Fraction 7 (1.56 g) and 11 (39 mg) were further purified
by normal phase semi-preparative HPLC using hexane or TMP and
ethyl acetate mixtures to give, respectively, compound 2 (10.7 mg)
and compounds 3 (8 mg) and 4 (9 mg).

Compound 1 (perezone; (R)-3-hydroxy-5-methyl-2-(6-
methylhept-5-en-2-yl)cyclohexa-2,5-diene-1,4-dione). Mp 102 °C,
TH NMR (CDCl3, 300 MHz): & 1.19 (3H, d, ]=7.0Hz), 1.53 (3H, sl),
1.57 (1H, m), 1.65 (3H, d, J=1.8Hz), 1.82 (2H, m), 1.90 (1H, m),
2.06 (3H, d, J=1.8Hz), 3.05 (1H, m), 5.07 (1H, mt, J=7.2 Hz), 6.48
(1H, q, J=1.8Hz), 7.00 (1H, s); 3C NMR (CDCl3, 75 MHz): & 14.6
(CH3), 17.5 (CH3), 18.1 (CH3), 25.6 (CH3), 26.6 (CH3), 29.2 (CH),

34.0 (CHy), 124.5 (CH), 124.5 (C), 131.3 (C), 135.5 (CH), 140.4 (C),
150.9 (C), 184.2 (C), 187.3 (C).

Compound 2 (triacetyl perezone; (R)-6-methyl-3-(6-
methylhept-5-en-2-yl)benzene-1,2,4-triyl triacetate). Colorless
oil, TH NMR (CDCl3, 300 MHz): 1.20 (3H, d, ]=7.1Hz), 1.54 (3H,
sl), 1.59 (2H, m), 1.64 (3H, d, J=1Hz), 1.87 (2H, dd, J=15.0Hz;
J=7.5Hz), 2.14 (3H, d, J=0.7Hz), 2.29 (3H, s), 2.29 (3H, s), 2.28
(3H, s),2.82 (1H, ddq, J=7.2Hz; J=7.2Hz; ]=7.2 Hz), 5.04 (1H, tdq,
J=7.1Hz;]=1.4Hz,]=1.4Hz),6.82 (1H, d, 0.7 Hz); '3C NMR (CDCls,
75MHz): & 16.0 (CH3), 17.5 (CH3), 18.8 (CH3), 20.2 (CH3), 20.3
(CH3), 21.0 (CH3), 25.6 (CH3), 26.2 (CH3), 30.9 (CH), 35.2 (CH;),
124.0 (CH), 129.5 (C), 129.9 (C), 131.7 (C), 139.2 (C), 141.4 (C),
146.3 (C), 167.6 (C), 167.8 (C), 168.9 (C). EI-MS m/z 376 (M+).

Compound 3 (2-((2R)-5-hydroxy-6-methylhept-6-en-2-yl)-5-
methylbenzene-1,4-diol). Yellowish oil. IV (film, CH,Cl,) vmax
3339, 2958, 1650, 1423, 1191 e 1006cm~!; 'H NMR (CDCls,
300MHz): 6 1.20(3H,d,J=7.0Hz), 1.26 (1H, m), 1.48-1.59 (3H, m),
1.66 (3H, s), 2.16 (3H, s), 2.76 (1H, sl), 3.13 (1H, m), 4.14 (1H, m),
4.81(1H,s),4.94(1H,s), 6.58 (1H, s) € 6.60 (1H, s); 3C NMR (CDCls,
75MHz): 8 15.5(CH3), 17.6 (CH3), 21.1 (CH3), 30.8 (CH), 31.9 (CH>),
34.8(CH,),76.8(CH),110.9 (CH;), 113.0(CH), 118.4(CH), 122.1 (C),
131.5(C),146.8(C), 147.6 (C) e 147.8(C); HR-ESIMS (positive mode)
m/z 273.1467 [M+Na*] (calcd for Cy5H,1 03, 272.1388).

Compound 4 (2-((2R)-5-hydroxy-6-methylhept-6-en-2-yl)-5-
methylbenzene-1,4-diol). Yellowish oil. IV (film, CH,Cl;) vmax
3334, 2956, 1651, 1442, 12195 e 1001cm~!; TH NMR (CDCls,
300MHz): § 1.15 (3H, d, ] = 7.0 Hz), 1.26 (1H, m), 1.42-1.55 (3H, m),
1.66 (3H,s),2.14(3H,s),2.66 (1H, s1),3.03 (1H, m),4.05(1H, m), 4.82
(1H,s),4.93 (1H, s) e 6.57 (2H, s); '3C NMR (CDCls, 75 MHz): 8 15.6
(CH3),17.9(CH3),21.2(CH3),31.7 (CH), 32.1 (CH;), 33.3 (CH;), 76.2
(CH),110.8 (CH;),113.2(CH), 118.1 (CH), 122.1(C), 131.5(C), 146.7
(C), 147.2 (C) e 147.8(C); HR-ESIMS (positive mode) m/z 273.1467
[M+Na*] (calcd for C;5H,103, 272.1388).

Cytotoxicity assay

Human tumor cells (HL-60, SF 295, MDA MB435, MDA MB
231 and MX 1) and the murine cell line B16 were obtained from
the National Cancer Institute, Bethesda, USA. HCT-8 cell line was
donated by the Children’s Mercy Hospital, Kansas City, MO, USA.
Non-tumor cells, L929 e ]J744, were kindly donated by Dr. C.L
Oliveira (Centro de Pesquisa Gongalo Muniz, Fiocruz, Bahia, Brazil).
Cells were maintained in RPMI 1640 medium supplemented with
10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and
100 g/ml streptomycin at 37 °C with 5% CO,. For all experiments,
cells were plated in 96-well plates (10° cells/well for adherent cells
or 0.5 x 10° cells/well for suspended cells in 100 .l of medium).
After 24 h, crude extract, fraction and pure compounds were dis-
solved in DMSO, added to each well using a high-throughput
screening system (Biomek 3000-Beckman Coulter, Inc. Fullerton,
CA, USA), and incubated for 72 h. B-lapachone was used as a pos-
itive control. Negative control groups received the same amount
of DMSO. Alternatively, perezone-treated cells were pre-incubated
with L-NAC (N-acethyl-L-cystein), an antioxidant widely used as an
experimental tool to increase intracellular free radical scavengers,
during 1 h then washed with PBS prior to addition of the compound.
In these circumstances, cells were subsequently exposed during 24
or 72 h. Cell growth was quantified by the ability of living cells to
reduce the yellow dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) to a purple formazan product. At
the end of the incubation period, plates were centrifuged and
then medium was replaced with fresh medium (150 1) containing
MTT (0.5 mg/ml). Three hours later, the plates were centrifuged,
the MTT-formazan product was dissolved in 150 ul DMSO, and
the absorbance was measured using a multiplate reader (Spectra
Count, Packard, Ontario, Canada). The drug effect was quantified
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as the percentage of the control absorbance of the reduced dye at
595 nm. Data are presented as mean + S.E.M. The ICsq values and
their 95% confidence intervals (CI 95%) were obtained by non-linear
regression using the GraphPad Software 4.0 (Intuitive Software for
Science).

Phenotypic characterization of perezone effects

Flow cytometry was used to further characterize the cytotox-
icity of perezone on the human promyelocitic cell line HL-60.
Perezone (1) was tested at 2, 4 and 8 wM. Doxorubicin 0.5 uM was
used as the positive control and DMSO 1%, the dilution vehicle of
all samples, served as the negative control.

Cell density and viability

HL-60 cells were seeded in a 24-well plate (3 x 10° cells/ml),
cultured for 24 h to initiate cell growth and treated, as previously
described. Cells were harvested after 3, 6, 12, 24, 28 and 72 h of
exposure, centrifuged and resuspended in a 5 pg/ml propidium
iodide (PI) solution (Sigma-Aldrich). After 5 min incubation in the
dark, five thousand events were acquired using the Guava EasyCyte
Mini flow cytometer (Guava Technologies) and the Guava Express
Plus software on a gated region to exclude debris and doublets from
the analysis. Concentration of cells in each treatment and mem-
brane integrity were evaluated and plotted in an XY graph using
GraphPad Software 4.0 (Intuitive Software for Science).

Cell cycle and DNA fragmentation

HL-60 cells were seeded in a 24-well plate (3 x 10° cells/ml),
cultured for 24 h to initiate cell growth and treated, as previously
described. After exposure for 3 or 24 h, cells were harvested, cen-
trifuged and resuspended in a solution containing 5 wg/ml PI, 0.1%
citrate and 0.1% Triton X-100. After 30 min incubation in the dark,
five thousand events were acquired using the Guava EasyCyte Mini
flow cytometer (Guava Technologies) and the Guava Express Plus
software on a gated region to exclude debris and doublets from the
analysis. Cell cycle histograms were acquired using the FL3 channel
(excitation at Amax 488 nm and emission Amax 620 nM) to cap-
ture the red fluorescence emitted from PI-DNA complexes. The cell
cycle profile (G1/Gp-S-G, /M) was analyzed in linear scale with the
ModFit LT 4.0 software (Verity Software House). Sub-G4 cells were
pondered as having fragmented DNA. The differences between neg-
ative control and experimental groups were determined by analysis
of variance (ANOVA) followed by Dunnet post-test on GraphPad
Software 4.0 (Intuitive Software for Science). The minimal signifi-
cance level was set at p <0.05.

Analysis of the mechanisms involved in the cytotoxic activity of
perezone

Further experiments were carried out to evaluate the influence
of reactive oxygen species (ROS) in the cytotoxicity induced by 1 on
human promyelocitic cell line HL-60. Perezone was tested at 2, 4
and 8 wM. B-lapachone 2 WM was used as the positive control and
DMSO 1%, the dilution vehicle of all samples, served as the negative
control. Before exposure, cells were pre-treated with L-NAC 5 uM
during 1 h.

Morphological analysis with May-Grunwald-Giemsa staining

HL-60 cells were seeded in a 24-well plate (3 x 10° cells/ml), cul-
tured for 24 h to initiate cell growth and pre-treated and treated,
as previously described. After exposure for 24 h to all treatment
types, cells were harvested, transferred to cytospin slides, fixed

with methanol for 10s and stained with May-Grunwald-Giemsa
(Bioclin, Brazil). Slides were examined for morphological changes
via light microscopy (Olympus, Tokyo, Japan).

Trypan blue exclusion

HL-60 cells were seeded in a 24-well plate (3 x 10 cells/ml), cul-
tured for 24 h to initiate cell growth and pre-treated and treated,
as previously described. After exposure for 24 h to all treatment
types, cells were harvested, dyed with Trypan blue and differen-
tially counted for viable (not dyed) or non-viable (dyed) counted
in a Neubauer chamber. The differences between groups were
determined by analysis of variance (ANOVA) followed by Student
Newman-Keuls post-test on GraphPad Software 4.0 (Intuitive Soft-
ware for Science). The minimal significance level was set at p < 0.05.

Measurement of reactive oxygen species generation

HL-60 cells were seeded in a 24-well plate (3 x 10° cells/ml), cul-
tured for 24 h to initiate cell growth and pre-treated and treated, as
previously described. After exposure for 1 h to all treatment types,
cells were loaded with H,-DCF-DA and incubated for 30 min in the
dark at 37°C. Cells were then harvested, washed, resuspended in
PBS and immediately analyzed. Five thousand events were acquired
using the Guava EasyCyte Mini flow cytometer (Guava Technolo-
gies) and the Guava Express Plus software on a gated region to
exclude debris and doublets from the analysis, using excitation
and emission wave lengths of 490 and 530 nm, respectively. The
differences between groups were determined by analysis of vari-
ance (ANOVA) followed by Student Newman-Keuls post-test on
GraphPad Software 4.0 (Intuitive Software for Science). The mini-
mal significance level was set at p <0.05.

Results
Bioassay-guided fractionation of P. rigida

The CH,Cl,/MeOH extract of P. rigida exhibited a strong cyto-
toxicity with ICsq values ranging from 8.8 pg/ml in SF-295 cells to
43.2 pg/ml in MDA-MB-435 cells (Table 1). Crude extract was puri-
fied by vacuum liquid chromatography in silica gel using a gradient
of increasing polarity of TMP/EtOAc/MeOH yielding eleven frac-
tions (F1-F11). Fractions F5 and F6 were the most active (Table 1)
and analysis by TLC and 'H NMR revealed the presence of an almost
pure compound that when crystallized with hexane/ethyl acetate
give pure intense yellow crystals with mp 102 °C. Spectrometric
and spectroscopic datarevealed that this compound is perezone (1).
From F8, the major component was isolated by semi-preparative
normal phase HPLC (EtOAc/hexane), yielding triacethyl perezone 2
as a colorless oil. ICsqg for this compound ranged between 23.1 and
49.8 WM across a four human tumor cell line panel (Table 2). The
most polar fraction, F11, was also purified by normal phase HPLC
(EtOAc/TMP), yielding two pure bisabolanes 3 and 4. 'H and 3C
NMR data of these compounds are almost identical, and revealed
them to be epimers at C-10 stereochemistry. The ICsq value calcu-
lated for 3 varied from 10.8 to 59.8 .M, while 4 retained nearly half
the cytotoxicity strength of his epimer (Table 2).

Cytotoxicity of perezone

Perezone (1) showed cytotoxicity against all cell lines after 72 h
incubation. For tumor cells, IC5¢ values ranged from 8.7 to 32.9 uM,
while, for the normal murine cell lines L929 and ]774, IC5g was cal-
culated within that range, 16.3 and 11.5 M, respectively (Table 2).
Further studies on HL-60 cells showed that 1 induced a time and
concentration decrease in cell density and viability (Fig. 1A and
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I1Cs0 (C195%) (g/ml) of total extract and 11 fractions obtained from chemical fractionation of a Pseudopterorgia rigida organic extract on tumor cell lines in culture determined

by the MTT assay over 72 h incubation.

Sample HL-60 HCT-8 SF-295 MDA-MB435
P. rigida crude extract 14.73 9.28 8.80 43.12
9.87-21.98 8.46-10.18 6.45-12.02 29.76-62.47
P. rigida F1 11.06 11.90 13.36 12.38
n.d. n.d. 9.87-18.08 7.93-19.33
P. rigida F2 >100,0 >100,0 >100,0 >100,0
P. rigida F3 >100,0 >100,0 >100,0 n.d.
P. rigida F4 65.41 37.32 29.62 79.83
34.55-123.8 30.82-45.18 27.96-31.38 51.25-124.3
P. rigida F5 4.81 4.85 2.09 8.31
4.27-5.43 4.31-5.47 1.86-2.35 7.72-8.94
P. rigida F6 1.75 4.12 2.03 8.91
1.58-1.93 3.67-4.62 1.32-3.13 7.14-11.13
P. rigida F7 13.10 14.49 7.12 33.49
9.42-18.22 11.86-17.70 5.878-8.62 18.56-60.44
P. rigida F8 2.28 8.43 20.35 5.96
1.81-2.88 6.66-10.67 17.11-24.22 5.20-6.83
P. rigida F9 7.53 28.25 32.63 20.89
5.61-10.10 22.99-34.72 27.88-38.18 19.38-22.52
P. rigida F10 41.37 47.20 59.38 33.86
32.87-52.07 35.06-63.56 49.25-71.59 18.38-62.36
P. rigida F11 15.91 39.39 21.00 13.98
13.59-18.62 33.15-46.79 16.71-26.38 12.38-15.79

n.d., not determined or not rated.

Table 2

ICs0 (tM) and 95% confidence intervals of compounds 1-4 obtained from a Pseudopterorgia rigida organic extract on tumor cell lines in culture determined by the MTT assay

over 72 h incubation. The results are presented as ICso (M) values, with 95% confidence intervals. 3-lapachone was used as positive control.

Cel line Histotype 1Cs0 (95% CI) uM
1 2 3 4 B-lapachone

HL-60 Promyelocytic leukemia 8.7 33.2 23.7 38.4 1.6
7.5-10.2 n.d. 4.6-7.7 30.9-47.8 1.5-1.8

HCT-8 Colon 179 23.1 59.8 89.4 0.8
14.5-22.3 18.8-28.4 36.5-97.9 43.1-185.4 0.7-0.9

SF 295 Brain 15.4 49.6 10.8 16.9 0.9
13.8-17.1 34.2-71.7 8.2-14.2 12.4-23.2 0.7-1.1

MDA MB 435 Breast cancer 22.0 30.6 324 66.9 0.2
18.7-25.9 26.1-35.9 27.8-37.8 55.2-81.1 0.2-0.3

MDA MB 231 Breast cancer 13.2 n.d. n.d. n.d. n.d.
11.3-15.5

MX 1 Breast cancer 25.2 n.d. n.d. n.d. n.d.
n.d.

B 16 Murine melanoma 24.2 n.d. n.d. n.d. n.d.
19.1-30.8

J774 Murine macrophage 11.5 n.d. n.d. n.d. n.d.
9.8-13.5

L929 Murine fibroblast 16.32 n.d. n.d. n.d. n.d.
11.7-22.82

n.d., not determined or not rated.

B). Precisely, during the first 24 h, cultures exposed to 1 suffered
a rapid decline in cell number and membrane integrity, espe-
cially under higher concentrations. Alterations in the cell cycle of
perezone-treated cells with 4 and 8 uM were detectable after 24 h,
and showed a significant and rather striking increase of the G,/M
phase, accompanied by a decrease in the S phase (Fig. 1C). Inter-
nucleosomal fragmentation, however, was detected only in cells
treated with 1 at 8 uM (Fig. 1D).

Involvement of ROS generation in cytotoxicity induced by
perezone

Interestingly, cytotoxic activity of 1 on HL-60 cells proved
stronger after a shorter exposure time, as ICsg value increased
a 3.5-fold between 24 and 72 h. Nevertheless, when HL-60 cells
were pre-incubated with L-NAC, those became less sensitive to
perezone-induced cytotoxicity, as ICsg increased about 8 times

after 24h treatment and, after 72 h, toxicity was undetectable
(Table 3).

Substantial morphological changes were observed in HL-60 cells
treated with 1 or 3-lapachone, the later considered, herein, as the
positive control (Fig. 2A). In 3-lapachone-treated cells, vacuoles in
the cytoplasm could be observed, along with further character-
istics of apoptosis, such as reduced volume, membrane blebbing
and nuclear fragmentation. Additionally, a considerable number
cells resembling necrosis, were also observed after 24 h treatment.
Perezone-treated cells showed volume reduction and some cellular
aggregation. Little DNA fragmentation and some membrane rup-
ture were detected. Moreover, picnotic cells were widespread in
slides. Such characteristics seamed to retain concentration depen-
dency. Cells pre-treated with L-NAC prior to exposure to 1 showed
fewer signs of toxicity, especially those related to apoptosis, at all
tested concentrations.

Cell viability was assessment by exclusion of trypan blue dye
indicated that 1 reduced the number of viable HL-60 cells and
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Fig. 1. Characterization of perezone (1) cytotoxicity on HL-60 cells. (A) Depicts the effects on cell growth after 3, 6, 12, 24, 48 and 72 h exposure; (B) the effects on membrane
integrity after 3, 6, 12, 24, 48 and 72 h; (C) the effects on cell cycle after 24 h exposure; and (D) the effects on internucleossomal fragmentation after 3 and 24 h exposure.
Cells were either treated with DMSO 1% (), 0.5 wM doxorubicin (+), or with 1 at 2, 4 or 8 uM, and analyzed by flow cytometry after staining with PI. Data are presented as
mean values + standard error of the mean (S.E.M.) from three independent experiments, each conducted in triplicate. Five thousand events were acquired for each replicate
and compared with the respective controls by ANOVA and followed by Dunnett’s comparison test. In (C), * indicates statistically significantly different from (-) (p <0.05). In
(D), a, indicates statistically significantly different from (—) at 24 h (p <0.05); and b, indicates statistically significantly different from (-) at 3h (p <0.05).

Table 3

Cytotoxicity of perezone evaluated by the MTT assay in HL-60 cells after 24 or
72 h exposure, pre-treated or not pre-treated for 1h with L-NAC. The results are
presented as ICsq (M) values, with confidence interval 95%.

Treatment 24h 72h

245 2.01-2.98 8.747.46-10.18
20.3313.29-30.6 >25

Perezone
Perezone + NAC

increased the number of non-viable ones in a concentration-
dependent manner (Fig. 2B). Pre-incubation with L-NAC for 1h
was effective in lessening perezone-induced cytotoxicity, but not
sufficient to reverse the effects prompted especially by higher
concentrations on neither viable and non-viable cell count. It is
noteworthy that the present data showed a reduction in the num-
ber of viable cells in control groups when incubated only with
L-NAC, which indicates that this antioxidant itself has a mild cyto-
toxicity.

Intracellular reactive oxygen species (ROS) accumulation
was monitored using 2,7-dichlorodihydrofluorescein diacetate
(H,-DCF-DA), which is converted to the highly fluorescent dichlo-
rofluorescein (DCF) in the presence of intracellular ROS. Perezone
(1) showed to be a strong producer of intracellular ROS, and this
effect could be perceived after merely 1h exposure (Fig. 2C). Pre-
incubation of cells with L-NAC, as expected, weakened most of this
effect.

Discussion

Marine secondary metabolites containing interesting biomedi-
cal properties have been isolated from many organisms, including

bacteria, algae, sponges, bryozoans, mollusks, ascidians, and
cnidarians (Costa-Lotufo et al., 2009). From a chemical standpoint,
within the cnidarians, the greatest attentions in this group are
sessile and soft body organisms, such as corals, gorgonians and
zoanthids. Marine Gorgonacea Octocorals are known to be a rich
source of biologically active terpenoids, which are an important
part in ecological relationships (Martins and Epifanio, 1998). Sev-
eral studies carried out with pseudopterosin, a diterpene glycoside
isolated from Pseudopterogorgia elisabethae species, demonstrated
a potent anti-inflammatory activity (Ata et al., 2003; Mayer et al.,
1998).

The Caribbean gorgonian P. rigida (Bielschowsky, 1929) belongs
to the phylum Cnidaria, class Anthozoa and it is known for produc-
ing a number of sesquiterpenes, of which most are quinones and
hydroquinones (McEnroe and Fenical, 1978; Freyer et al., 1997;
D’Armas et al., 2000). Some of these compounds seem to play
important ecological roles in the host organism, such as defense
against predation. In fact, curcuphenol and curcuhydroquinone
proved to be responsible for the feeding deterrent activity of
the crude extract obtained from P. rigida against generalist fishes
(Harvell etal., 1988).In plants, bisabolanes are also allelopatic com-
pounds with herbicidal and antifeedant activities, hence recruiting
agrochemical interests (Burguefio-Tapia et al., 2008).

Perezone (1) has been previously reported in extracts of P. rigida
(Georgantea et al., 2013), besides being isolated from the dry roots
of Perezia spp. (Enriquez et al., 1980). Its spectral data are also iden-
tical to those previously described (Joseph-Nathan et al., 1972).
Compound 2 has been described before as a semisynthetic deriva-
tive of 1, and is reported herein for the first time as a natural
product. The NMR data are according to the literature (Joseph-
Nathanetal., 1977). Compounds 3 and 4 have recently been isolated
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Fig. 2. Influence of reactive oxygen species (ROS) on the cytotoxicity induced by perezone (1) on HL-60 cells with or without 1h pre-treatment with 5 uwM L-NAC 5. (A)
Depicts representative structural effects on cell morphology by May-Griimwald-Giemsa staining after 24 h exposure; (B) the effects on cell viability by exclusion of trypan
blue dye after 24 h exposure; and (C) the effects on ROS generation by H,-DCF-DA staining and flow cytometry analysis after 1 h exposure. Cells were either treated with
DMSO 1% (-), 2 wM B-lapachone (+), or with 1 at 2, 4 or 8 WM. Data are presented as mean values + standard error of the mean (S.E.M.) from three independent experiments,
each conducted in triplicate, and compared by ANOVA followed by the Student Newman-Keuls test. a, indicates statistically significantly different from (—) with L-NAC
pre-treatment (p <0.05); b, indicates statistically significantly different from (—) without L-NAC pre-treatment (p <0.05); and c, indicates statistically significantly different

from their respective treatment counter part (p <0.05).

from this specie and the NMR data are also according to the litera-
ture (Georgantea et al., 2014).

A natural product screening carried out by the National Cancer
Institute (NCI) has identified that quinones are an important phar-
macological element with cytotoxic activity (Pérez-Sacau et al.,
2007). Accordingly, 1 showed to be cytotoxic in a four-human
tumor cell line panel. Furthermore, bisabolanes 2-4 also showed
the same kind of activity, however to a lesser potency (Table 2).
Perezone (1) was not selective between tumor and non-tumor cells,
and its cytotoxicity seemed to be related to apoptosis inducing
properties in leukemia cells. These findings are in agreement with
a previous study from Sanchez-Torres et al. (2010) showing that
1 is cytotoxic to K562 leukemic cells and can cause mitochondrial
depolarization in a concentration dependent manner.

Quinoidal structures are widespread in nature and are highly
redox active molecules. Such reactivity leads to the produc-
tion of ROS (reactive oxygen species), a normal mitochondrial
metabolic by-product, which, in excess, triggers cellular oxida-
tive stress through the oxidation of macromolecules (Bolton et al.,
2000). These proprieties, nonetheless, can be explored for the
development of new drugs in cancer therapy. Production of ROS
is involved in induction of apoptosis and this death pathway
is considered the most appropriate when it comes to provok-
ing tumor cells death (Bironaite et al., 2004). One of the main
features responsible for quinone cytotoxicity is the alkylation
of cellular nucleophiles, such as DNA, lipids and proteins, and
therefore, their ability to generate ROS. The one electron reduc-
tion from a quinone compound produces a semi-quinone radical,
which, in turn, generates ROS while altering mitochondrial trans-
membrane potential. This alteration can interfere in some cell
signs associated with death pathways (Tudor et al., 2003). Pere-
zone (1) has been shown to be both, an electron-donor and an

electron-acceptor, and these oxido-reduction proprieties inhibit
mitochondrial electron transport at 50 wM (Carabez and Sandoval,
1988).

Glutathione is an acute free radical neutralizer due to its role
as a substrate to intracellular ROS scavenging enzymes (Circu and
Aw, 2008). L-NAC is a precursor of glutathione and, therefore, an
important antioxidant. Thus, L-NAC has been widely used as tool for
investigating the involvement of ROS in cytotoxicity (Sun, 2010).
Perezone (1) is a potent inducer of intracellular ROS in HL-60
cells, and this effect can be observed after as little as 1 h exposure
(Fig. 2C). Pre-treatment with L-NAC, on the other hand, showed
competence to virtually eliminate measurable ROS induction by 1
and -lapachone. Actually, L-NAC desensitized HL-60 to perezone-
induced cytotoxicity, and ICsq increased at least 8-fold after 24 h
exposure (Table 3). The protective effect delivered by L-NAC is
evidence that the mechanism of perezone-induced cytotoxicity is
partially associated to generation of ROS and a consequent induc-
tion of oxidative stress.

Generation of ROS can be linked with activation of apoptosis
pathways (Ozben, 2007) and many quinones share this mechanism.
Perezone-treated cells displayed structural features compatible
with the induction of apoptosis and, also, of necrosis. However,
these severe morphological alterations declined in the presence
of L-NAC. Conversely, cells exposed to [3-lapachone were clearly
not shielded by pre-treatment with L-NAC, although generation of
ROS was completely reversed in the later condition. Moreover, in
positive and negative controls alike, there were a number of cells
with reduced volume and highly stained nucleus. The decrease in L~
NAC protective effect at the higher concentration of 1 suggests that
necrosis, rather than apoptosis, may be the prevailing death path-
way in such circumstances, in which there is a smaller influence of
ROS (Zong and Thompson, 2006).
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Other quinones, such as that isolated from the roots of Cordia
leucocephala, also induce apoptosis and necrosis by a mechanism
involving oxidative stress. This naphthoquinone, rapidly induced
ROS-related death in HL-60 cells after only 3 h exposure (Marinho-
Filho et al.,, 2010). Studies also suggest that several cytotoxic
agents applied clinically in cancer chemotherapy, like doxorubicin,
bleomycin and cisplatin, induce stress through ROS generation in
tumor cells (Tiligada et al., 2002).

Conclusion

Perezone (1), isolated herein from the bisabolane-rich tropical
gorgonian P. rigida, is a cytotoxic quinone with low selectivity that
induces cells death trough a mechanism that is associated, though
incompletely, with the excessive generation of intracellular reac-
tive oxygen species and consequent induction of oxidative stress.
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