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Breast cancer is the world’s leading cause of death among women. This situation imposes an urgent
development of more selective and less toxic agents. The use of natural molecular fingerprints as sources
for new bioactive chemical entities has proven to be a quite promising and efficient method. Here, we
have demonstrated for the first time that dillapiole has broad cytotoxic effects against a variety tumor
cells. For instance, we found that it can act as a pro-oxidant compound through the induction of reactive

I{eywords: oxygen species (ROS) release in MDA-MB-231 cells. We also demonstrated that dillapiole exhibits anti-
I;ﬁf;p?gfé neum proliferative properties, arresting cells at the GO/G1 phase and its antimigration effects can be associated
Antitumoral with the disruption of actin filaments, which in turn can prevent tumor cell proliferation. Molecular
Apoptosis modeling studies corroborated the biological findings and suggested that dillapiole may present a good
Cell cycle pharmacokinetic profile, mainly because its hydrophobic character, which can facilitate its diffusion

ROS through tumor cell membranes. All these findings support the fact that dillapiole is a promising anti-
Molecular modeling cancer agent.
© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Breast cancer is one of the most common human malignancies
and the second leading cause of cancer-related deaths among
women [1]. Despite substantial improvements in survival, resis-
tance to therapy and subsequent progression of disease are still
observed in metastatic patients [2]. Therapeutic regimens against
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breast cancer include both chemo- and radiotherapy, and in
advanced stages of the disease surgery intervention can be required
[3]. In spite of the many advances achieved in breast cancer treat-
ment during the last ten years, many patients still succumb to this
illness and new therapeutic approaches are needed [4]. Therefore,
investigation of the molecular mechanisms involved in the devel-
opment and progression of breast cancer is crucial for the discovery
of effective and non-cytotoxic compounds for chemoprevention
and treatment [5].

Natural products, mostly plant-derived products, occupy an
important place in cancer chemotherapy [6]. Substances derived from
medicinal plants are known to be effective chemo-preventive and/or
antitumoral agents in experimental models of carcinogenesis [7]. The
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bioactive compounds from the Piperaceae family, for instance, which
comprises a large variety of species [8,9], can be used as models for
promising molecular modifications envisaging more specific thera-
peutic responses. Covering approximately three thousand species, the
Piper genus is prominent for having distinct biological activities. Dil-
lapiole (1) (Fig. 1), a phenylpropanoid, is the main component of Piper
aduncum [10,11] essential oil and is also present in other Piper species
such as: Piper banksii [12], Piper guineense [13,14], Piper novae hollan-
diae [15] and Piper marginatum [16]. Previous studies revealed its
antileishmanial [17], anti-inflammatory [18], antifungal [10] and
acaricidal [19] activity, nevertheless its cytotoxic effect have not been
studied yet.

Safrole (2), a phenylpropanoid structural-related to dillapiole, is
also found in Piper genus [20], which presents some interesting
biological properties [21—24]. Previous research indicates that
safrole (2) can induce apoptosis in human oral cancer cells [25] as
well as cell cycle arrest and apoptosis in human leukemia cells
through the endoplasmic reticulum (ER) stress-associated signaling
based on the production of ROS [26]. The structural similarity of
safrole and dillapiole is obvious, but there is no previous reports
addressing a potential antitumor activity of dillapiole.

The current study was designed to evaluate the in vitro anti-
tumor activity of dillapiole in MDA-MB-231 breast cancer cells. Our
results have revealed that this molecule is cytotoxic to a variety of
tumors cells. Also, dillapiole inhibited proliferation and migration
of MDA-MB-231 cells by arresting them at the GO/G1 phase and the
disruption of the cytoskeleton contributed to the inhibition of cell
migration. Furthermore, the dillapiole apoptotic effects coincided
with the increase in ROS production by the mitochondria, which is
in agreement with the data showing that dillapiole induces mito-
chondrial depolarization, increasing the transient intracellular
Ca*, cytochrome c release, caspase-3 activity in MDA-MB-231
cells. Additionally, the calculated molecular properties support
the suitable pharmacokinetic and pharmacodynamic profiles of
dillapiole. Overall, dillapiole is a compound with potential anti-
tumor effects on MDA-MB-231 cells, suggesting that this molecule
is a potential hit for the design of novel anticancer drugs.

2. Materials and methods
2.1. General procedures

Reagents and solvents were commercial grade, used as supplied.
Chromatography separations were performed using 70—230 mesh
silica gel. Thin-layer chromatography was carried out on Merck
silica plates (0.25 mm layer thickness). NMR spectra were recorded
using a Bruker AC-300 Spectrometer at 300 MHz ('H) and 75 MHz
(3C) with tetramethylsilane as an internal reference and CDCl3 as a
solvent. Chemical shifts are given in parts per million (ppm),
coupling constants in Hertz (Hz), and splitting patterns were
designated as follows: s, singlet; br s, broad singlet; d, doublet; t,
triplet; q, quartet, and m, multiplet. Gas chromatography-mass
spectrometry (GC—MS) was performed using a 17A/QP5050A
Shimadzu-brand GC—MS apparatus: Class 5000 software; column:
BXP5-30 m, 0.25 mm ID; helium as carrier gas (flow rate 2.5 mL/
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Fig. 1. Chemical structures of dillapiole (1) and safrole (2).

min). The ionization mode was EL at 70 eV. Temperature program
was from 60 °C (rate 8 °C/min) to 320 °C (35 min). The detector and
injector temperatures were both 250 °C.

2.2. Extraction of dillapiole from P. aduncum

P. aduncum leaves were collected in March and August, 2011, in
Ubatuba, Sdo Paulo, Brazil. Identification was carried out at the
Botanical Laboratory of Mackenzie Presbyterian University (MPU).
The P. aduncum leaves exsiccate was stored in the MPU herbarium
(no. 01092). The collected vegetable material underwent extraction
of its essential components through hydrodistillation, using a
modified Clevenger-type apparatus. The crude essential oil was
extracted with dichloromethane, then dried with anhydrous
Na,S0y, filtered, and kept in a freezer (—15 °C), using an amber
glass flask [18].

2.3. Purification of dillapiole (1)

Pure dillapiole was used to carried out the bioassays. Purifica-
tion and isolation procedures were perform as previously reported
in Refs. [17,18]. Briefly, the crude essential oil was obtained by
hydrodistillation and diluted with dichloromethane. GS—MS chro-
matography was carried out to determine the percentage of dilla-
piole in crude extract. The results showed that dillapiole is the
majority compound and represents for almost 89% of the essential
oil. Mass spectrometry data analysis together with hydrogen nu-
clear magnetic resonance spectroscopy ('H NMR) confirmed that
dillapiole was the main component of the crude extract. After that,
dillapiole was isolated and purified by column chromatography
using hexanes/ethyl acetate (1:1), as solvent system. Additionally,
the isolated sample was characterized by GC—MS and was further
used to evaluate the cytotoxic activity. Viscous yellow liquid. (1.5 g
yield) "TH NMR (CDCls, 300 MHz, § = ppm): 3.31 (d, 2H, H-8); 3.81 (s,
3H, H-11); 4.08 (s, 3H, H-12); 5.05—5.15 (m, 2H, H-10); 5.88—6.05
(m, 1H, H-9); 5.98 (s, 2H, H-1); 6.40 (s, 1H, H-6). >C NMR (CDCI3,
75 MHz, 6 = ppm): 34.5 (C8); 60.3 (C11); 60.8 (C12); 101.5 (C1);
102.4 (C6); 115.9 (C10); 122.1(C5); 132.3 (C2); 136.5 (C9); 142.0
(C7); 143.6 (C4); 145.1 (C3).

2.4. Molecular modeling approach

The three-dimensional (3D) molecular model of dillapiole was
built, in its neutral form, using the HyperChem 7.0 MM -+ force field
(Hypercube, Inc., 2002), without any constrains, and employing the
crystal data from 6-[1-(4-ethoxyphenyl)ethyl]-5-methoxy-1,3-
benzodioxole [27] as starting geometry. Partial atomic charges
were computed with AM1 semiempirical method [28], also
implemented in HyperChem 7.0 (Hypercube, Inc., 2002). MOLSIM
3.2 software [29] was used to carry out energy-minimization
(steepest descent and conjugate gradient methods; convergence
criterion of 0.01 kcal/mol) and molecular dynamics (MD) simula-
tions (1 ns; step size of 1 fs). Output trajectory file was recorded
every 20 ps resulting in a conformational ensemble profile (CEP) of
50,000 conformers. The lowest-energy conformation was selected
from the CEP equilibrium region, and the total potential energy (Er)
of that conformation corresponds to the summation of the
following intramolecular energy contributions: stretching (Estretch)s
bending (Epend), torsional (Etrs), Lennard-Jones or 1—4 interactions
(E1—4), electrostatic (Echarge), van der Waals (Eyqw), hydrogen
bonding (Eyp), and solvation (Esely). Then, the lowest-energy
conformation was energy-minimized [29] and, subsequently,
used as starting geometry to calculate molecular properties of
distinct nature. Electronic properties as partial atomic charges from
electrostatic potential using a grid based method [30] and the
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related electrostatic potential (EP) were computed with the B3LYP
(Becke, three-parameter, Lee—Yang—Parr) [31] hybrid functional
and 6-31(d,p) basis set [32]. EP maps were calculated onto a Con-
nolly molecular surface, using a color scheme ranging from —0.046
(intense red) to 0.046 (intense blue). Negative values of EP (higher
electronic density distribution) are depicted in red and positive
values in blue (lower electronic density distribution) [33]. Also, the
calculated n-octanol/water partition coefficient (ClogP), which is a
measure of molecular hydrophobicity, was computed based upon
the Viswanadhan and co-workers method [34], implemented in
Marvin 5.8.0 package, Calculator Plugins [35].

2.5. Cell lines and cell culture

The human breast adenocarcinoma (MCF-7 and MDA-MB-231)
and the melanoma (Sbcl-2; Mel-85; SK-MEL-28) cell lines were
purchased from the American Type Culture Collection (Manassas,
VA, USA). The cells were maintained in RPMI-1640 medium sup-
plemented with 10% fetal calf serum (FCS) (Cultilab, Campinas, SP,
Brazil), containing penicillin (100 units/mL) and streptomycin
(100 pg/mL, Cultilab, Campinas, SP, Brazil). All cells were cultured at
37 °Cin a fully humidified incubator with 5% CO,. All experiments
described were performed at least three times using cells in the
exponential growth phase.

2.6. Cell viability assay

Tumor cells in the logarithmic growth phase were plated at a
density of 10% cells/100 pL into 96-well plates and allowed to
adhere overnight. For the evaluation whether caspases are involved
with the cytotoxic effects of dillapiole, cells were pre-treated with a
specific inhibitor of cyclophilin and with 40 pM Z-VAD-fmk, a pan-
caspase inhibitor, for 2 h. Subsequently, the culture medium was
replaced with medium containing different concentrations of dil-
lapiole. After 24 h of treatment, cell viability was determined by
MTT (3-[4,5 dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide). Briefly, 20 uL of MTT reagent (Sigma—Aldrich, St. Louis, USA)
were added to each well at a final concentration of 5 mg/mL,
incubated for 4 h at 37 °C and centrifuged at 2000 rpm for 10 min.
The medium was discarded and 100 pL of dimethylsulfoxide were
added to each well. Each experiment was performed using six
replicates for each drug concentration and was repeated in tree
independent experiments.

2.7. Wound-healing assay

MDA-MB-231 (2.5 x 10° cells) were grown to confluence in a 12-
well plate, placed in medium containing 1% serum for 24 h at 37 °C
in an atmosphere of 5% CO,. Upon reaching confluence, the cell
layer was scratched with a sterile plastic tip and then washed twice
with culture medium. Next, serum was increased to 5% to facilitate
cell migration and the cells were treated with 25 uM or 50 uM
dillapiole for 48 h. Cell migration was recorded using a Nikon
TE2000E microscope system (Nikon Instrument). The area of
wound healing was calculated using WimScratch software.

2.8. Cell cycle analysis

MDA-MB-231 cells were synchronized by deprivation of serum
for 24 h and induced to reenter the cell cycle by the subsequent
addition of serum. Cells were treated for 24 h with 25, 50 and
100 uM dillapiole. Next, cells were collected and fixed with cold 70%
ethanol and stored at —20 °C. Cells were washed, re-suspended in
PBS and incubated at 37 °C for 45 min with 10 mg/mL RNase and
1 mg/mL propidium iodide (PI) (SIGMA, St. Louis, MO). Flow

cytometric analysis was performed using a FACScalibur flow cy-
tometer (Becton Dickinson, San Jose, CA). Cell DNA content in the
different cell cycle phases was determined using Modfit LT software
(Verity Software House, Topsham, ME).

2.9. Evaluation of apoptosis by flow cytometry

For the detection and evaluation of apoptosis, MDA-MB-231
cells were treated with 25, 50 and 100 puM dillapiole for 24 h,
then washed with PBS (500 pL/well), harvested (including sus-
pension cells) and incubated with 2 uM YO-PRO-1 (Life Technolo-
gies Eugene, Oregon, USA) and 10 pM of Pl in PBS for 30 min at room
temperature in the dark. The cells were immediately analyzed by
flow cytometry using 488 nm excitation in a FACScalibur flow cy-
tometer (Scalibur-Becton Dickinson, San Jose, CA). Data from three
independent experiments were analyzed using the Flow]o
software.

2.10. Measurement of the mitochondrial transmembrane potential

The mitochondrial membrane potential (A¥m) was evaluated
using the tetramethyl-rhodamine ethyl ester (TMRE) probe (Invi-
trogen-Molecular Probes). Briefly, MDA-MB-231 cells (10° cells/
well) were seeded in 6-well plates and incubated for 24 h. After
24 h of treatment with 25 and 50 uM dillapiole, 20 nM TMRE were
added to cell cultures maintained at 37 °C for 45 min. Fluorescence
was measured using a FACScan flow cytometry system (Becton
Dickinson, San Jose, CA). A total of 10,000 cells/sample were
analyzed and the mean fluorescence intensity and percentage of
cells in each population were recorded.

2.11. Measurement of changes in free intracellular calcium
concentration ([Ca®* i) by microfluorimetry

Changes in [Ca**]i were determined by microfluorimetry using
FlexStation III (Molecular Devices Corp., Sunny Valley, CA). MDA-
MB-231 cells were seeded at a density of 5 x 10* cells per well in
black-well plates with clear bottom in serum-free medium. Cells
were then incubated for 60 min at 37 °C with the Flexstation Cal-
cium Kit in the presence of 2.5 mM probenecid in a final volume of
200 mL/well. Samples were excited at 485 nm, and fluorescence
emission was detected at 525 nm. Samples were read at 1.52 s in-
tervals for 120 s with a total of 79 read-outs per well. After Basal
fluorescence intensity for [Ca®*]i levels in non-stimulated cells
were monitored for 20 s, then 25 uM dillapiole or 50 mM ATP
(positive control) or 50 mM H,O0 (negative control), were added to
the cells. Next, the induction of transient [Ca®*]i was monitored for
up to 100 s. Responses to agonist addition were determined as peak
fluorescence minus the basal fluorescence intensity using the
SoftMax1Pro software (Molecular Devices Corp.).

2.12. Caspase-3 activity assay

After 12 h of treatment with 25 or 50 uM dillapiole, the cells
were washed twice with cold PBS and then scraped in 5 mL of cold
protease assay buffer (25 mM HEPES, pH 7.5, 5 mM EDTA, 2 mM
dithiothreitol, and 0.1% detergent) and sonicated to lyse the cells.
The lysates were collected and stored at —70 °C until analyzed.
Briefly, 50 uL of 1x reaction buffer were added to each well used in
the assay and incubated at 37 °C for 5 min. Caspase activity was
measured using the substrate Ac-YVAD-AMC using the caspase-3
fluorometric assay kit from Biovision. Flow cytometric analysis
was performed using a FACScan flow cytometry system (Becton
Dickinson, San Jose, CA). Data from three independent experiments
were analyzed using the FlowJo software.
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Fig. 2. GC—MS analysis of pure dillapiole. (A) Chromatogram and (B) mass spectrum obtained for the pure compound.

2.13. Determination of cytochrome c by flow cytometry

MDA-MB-231 cells were treated with 25 or 50 uM dillapiole for
12 h and stained with PE-labeled anti-human antibody or isotype
control IgG (Santa Cruz, CA, USA). Cells were first fixed with 3.7%
paraformaldehyde and permeabilized with Triton X-100 0.02%,
then stained with FITC labeled anti-cytochrome c or isotype control
antibody (Santa Cruz, CA, USA). The percentages of cells expressing
Bcl-2, Cyclin D1 and p53 was determined using a FACScalibur flow
cytometer (Becton Dickinson, San Jose, CA). Data from three inde-
pendent experiments were analyzed using the Flow]Jo software.

A

dillapiole

2.14. Confocal laser scanning microscopy

MDA-MB-231 cells were seeded onto sterile glass cover slips in
24-well plates. Next, cells were treated with dillapiole at the con-
centration of 25 pM or 50 puM. After treatment, the cells were fixed
with 3.7% paraformaldehyde and permeabilized in 0.02% triton-x
diluted in PBS containing 10% bovine fetal serum. To analyze the
effect of dillapiole on actin filaments, cells were labeled with FITC-
phalloidin (Invitrogen-Molecular Probes, Eugene, OR) in a buffer
containing 0.5% Triton X-100, 1 mg/mL RNase in 2x PBS. For
mitochondria studies, the cells were stained with MitoTracker® red
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Fig. 3. Molecular modeling findings for dillapiole. (A) Plot of energy value versus steps for an equilibration region of the dillapiole CEP (100 ps) from the MD simulation (1 ns): (A-1)
the lowest-energy conformer selected (dark blue stick molecular model); (A-2) superimposition of the three more frequent conformers (light blue, cyan, and dark blue stick
molecular models), including the selected conformation (dark blue). (B) Map of lipophilic potential and calculated n-octanol/water coefficient partition (ClogP) for the selected
conformer from the MD simulation. Hydrophilic regions are in blue and the hydrophobic in green. (C) Map of the electrostatic potential (MEP) for the selected conformer from the
MD simulation [color range: —0.04 (red) to 0.04 (blue)]. Dillapiole is presented in ball-tube molecular model (carbon atoms in gray, oxygen in red, and hydrogen in white) in B and C.
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Fig. 4. Cytotoxic effects of dillapiole on tumor cell lines. Cells were plated at a density of 10*/well and treated with dillapiole for 24 h. Cell viability was evaluate by MTT colorimetric
assay. Cell viability is expressed as the percentage of cells comparing the optical density (540 nm) of the treated cells with the optical density of the untreated cells. The data are

representative of three independent experiments performed in triplicate.

for 45 min under growth conditions. For ROS detection, cells were
incubated with 2’,7'-dichlorofluorescein diacetate (H2DCFH-DA,
Sigma, St Louis MO) (5 mM), for 10 min at 37 °C in the dark. Image
analysis was performed with a confocal laser scanning microscope
(Carl Zeiss LSM 700; Leica, Mannheim, Germany). Post-acquisition
image processing, background correction, adjustment of brightness
and contrast and export to tiff format were done with Image ]
software (version 14.1) National Institutes of Health (Bethesda,
Maryland, USA).

2.15. Statistical analysis

All values were expressed as mean + SD. Each value is the mean
of at least three independent experiments in each group. For sig-
nificance analyses Student’s t-tests and One way analysis of vari-
ance (ANOVA) were calculated using GraphPad Prism 4.0. p
values < 0.05, 0.01 and 0.001 were considered significant.

3. Results
3.1. GC—MS analysis of dillapiole

After purification, GC—MS analysis revealed the presence of only
one compound (Fig. 2). The gas chromatogram, presented in Fig. 2A,
shows that dillapiole was successfully isolated and purified from its
essential oil (purity ~ 100%). Furthermore, according to the mass
spectra analysis (Fig. 2B), the content had a molecular mass cor-
responding to that found for dillapiole (m/z 222 [M™]).

3.2. Molecular modeling findings

The purpose of a theoretical approach was to find a more
energetically favorable conformation for dillapiole, to calculate its
molecular properties and, finally, to provide some insights
regarding structure-activity relationships. The findings from MD
simulations are presented in Fig. 3A. MD simulations of dillapiole

reached the thermodynamic equilibrium in approximately
300,000 simulation steps. Part of the CEP (100 ps) from where the
lowest-energy conformation (dark blue; A-1) was chosen as well
as the superimposition of the more frequent 3D conformers (A-2)
can be visualized (stick or tube molecular models). The side chain
of dillapiole, which has a double bond between the Cy; and Cy;
positions, did not remain in the same plane of the benzodioxole
ring. The more frequent conformers present the side chain turned
to the back side of the benzodioxole ring, and the total potential
energy (Er) found for the selected conformer from CEP was
35.35 kcal/mol.

Lipophilicity, expressed through the calculated n-octanol/water
partition coefficient (ClogP) and visualized through the maps of
lipophilic potential (MLP), was also considered (Fig. 3B). Dillapiole
presented a ClogP value of 2.38, indicating a hydrophobic character,
meaning the ability to cross hydrophobic barriers such as cell
membranes in order to reach their target, for instance. Even when
no barriers are to be crossed (such as in in vitro studies), the drug

150~ o
¢ Dillapiole+Z-VAD-fmk

> 4 Dillapiole+Trolox®
S £ 100- z
SE
> 0
e O
$%
3 A
32 50
oL

0 T T ) ) T 1

0.0 0.5 1.0 1.5 2.0 25

Log (uM)

Fig. 5. Cytotoxic effects of Dillapiole on MDA-MB-231. Cells were plated at a density of 10%/
well and pre-treated with 40 pM z-VAD-fmk, a pan-caspase inhibitor and an antioxidant
agent, Trolox®, followed by the addition of dillapiole. The MTT shows that z-VAD-fmk and
Trolox® reduce the cytotoxic potency of dillapiole on MDA-MB-231 after 24 h of treatment.
The data are representative of three independent experiments performed in triplicate.
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has to interact with a target system such as an enzyme or receptor
where the binding site is usually hydrophobic. Otherwise, the drug
should not be so hydrophobic that it would be poorly soluble in the
aqueous phase such that it might get ‘trapped’ in fat depots and
never reach the intended interaction site. In addition, a hydrophilic/
hydrophobic molecular balance is needed to provide suitable
pharmacodynamics and pharmacokinetic profiles. The MLP prop-
erty gives the information regarding that balance and can be
explained using a color scheme, where blue corresponds to hy-
drophilic regions and green to hydrophobic regions.

Regarding the partial atomic electrostatic potential charges (ESP,
CHELPG), the Cq¢ atom (attached to aromatic ring) in dillapiole is
positively charged (0.3254). This datum indicates that dillapiole

A Untreated

JAPOPTOSI

Dillapiole 25 uM

could likely suffer a nucleophilic attack, but only in the opposite
face of its side chain direction where there is no steric hindrance.
The electronic density distribution can be visualized through the EP
map (Fig. 3C), and a more neutral/positive region can be visualized
on the side chain, particularly on the Cyp atom (green). The elec-
tronic properties are also fundamental in the molecular recognition
process, and are more strictly related to the pharmacodynamics
profile (ligand—receptor interactions).

3.3. Dillapiole induces cytotoxic effects on tumor cell lines

The cytotoxic properties of dillapiole were investigated using the
MTT assay, a well-documented method to assess cell viability. Tumor
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Fig. 6. Dillapiole induces apoptotic and morphological alterations on MDA-MB-231 cells. (A) Apoptosis (sub-G1) and DNA profile induced after treatment with dillapiole for 24 h at
different concentrations (25 and 50 pM) analyzed, after propidium iodide staining, by flow cytometry (arrow indicates sub-G1 peak). (B) Cluster bar chart of cell cycle showing the
percentage distributions of the cell cycle phases in the three cell groups. (C) MDA-MB-231 cells morphological changes after treatment with dillapiole. After 24 h of incubation,
morphological changes such as appearance of inner vacuoles and apoptotic bodies, characteristic signals of apoptosis, were observed under the inverted phase-contrast microscope
and were also photographed. The data are representative examples for duplicate tests. Original magnification, x200.
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cells were incubated for 24 h with different concentrations of the
compound. The results show that dillapiole presents cytotoxic ef-
fects, reducing cell viability in all tumor cells tested in this work. The
IC5q values of dillapiole on MDA-MB-231, SK-MEL-28, MEL-85 and
Sbcl2 were 25 pM, 27 uM, 28 pM and 26 puM, respectively. These
results indicate that there is no difference between tumor cell lines
in response to dillapiole (Fig. 4). Next, we evaluated its anticancer
effects using MDA-MB-231 cells as a model. Prior to treatment with
dillapiole, cells were pre-incubated with a pan-caspase inhibitor, z-
VAD-fmk, and an antioxidant agent, Trolox®. Interestingly, the in-
hibitors dramatically decreased cytotoxic effects of dillapiole on
MDA-MB-231 cells. The ICsq value of dillapiole on cells pre-treated
with z-VAD-fmk is 63 pM, and with Trolox® is 82 pM (Fig. 5). An
unanticipated finding is that dillapiole is cytotoxic in a caspase-
dependent manner. Additionally, the release of ROS indicates a
possible mechanism of action of dillapiole on MDA-MB-231 cells.

3.4. Cell cycle changes induced by apoptotic effects of dillapiole on
MDA-MB-231 cells

In this study, we investigated the anti-proliferative effects of
dillapiole on MDA-MB-231 cells. Our data clearly show that the
cytotoxic effects of dillapiole correlate with its ability to induce
apoptosis as evidenced by the sub-G1 apoptotic peak. As shown in
Fig. 6A, induction of apoptosis in MDA-MB-231 cells was more
efficient (**p < 0.01) at 50 uM than at 25 pM, reducing the number
of tumor cells between the S and G2/M phases of the cell cycle.
Additionally, treatment with 25 pM dillapiole does not induce
apoptosis, but exhibits a higher potency in blocking cell progression
by arresting cells at the GO/G1 phase (**p < 0.01) (Fig. 6B). When
treated with 50 uM dillapiole, typical apoptosis morphological
changes, such as the retraction of membrane and nuclei, were also
observed (Fig. 6C). These findings further support the hypothesis
that dillapiole, at 50 pM, induces apoptosis in MDA-MB-231 cells.

3.5. Dillapiole attenuates MDA-MB-231 cell migration in response
to wound scratch

To examine the effect of dillapiole on MDA-MB-231 cell migra-
tion, we employed an in vitro assay. Here, we show that 50 uM of
dillapiole induces apoptosis on MDA-MB-213 cells. However, we
used 25 uM dillapiole to investigate whether the anti-proliferative
effects correlate with the inhibition of cell migration. Cell migration
was significantly (***p < 0.001) inhibited by 25 pM dillapiole when
compared to untreated cells and an increased rate of wound heal-
ing could be observed at all time points examined (Fig. 7A and B).

3.6. Dillapiole induces apoptosis in MDA-MB-231 cells

Apoptosis is a strategy of tumor elimination involving a number
of signal pathways. To investigate the molecular mechanism of
dillapiole-mediated cell apoptosis, we evaluated whether the
externalization of phosphatidylserine (PS), a hallmark of early
apoptosis, might be involved. In comparison with untreated cells,
the treatment with dillapiole at 25 pM induces apoptosis in MDA-
MB-231 cells. Of note, the exposure of PS residues on the outer
surface of the plasma membrane was more significant
(***p < 0.001) upon treatment with 50 uM dillapiole. Interestingly,
we also demonstrate that dillapiole, at the higher concentration,
significantly induces necrosis instead of apoptosis (Fig. 8A and B).
These results corroborate the data showing that dillapiole-induced
apoptosis is mediated by a mitochondria-dependent pathway. It is
interesting to note that inhibition of cancer cell growth occurs most
likely by apoptosis instead of via cytostatics mechanisms.
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Fig. 7. Effect of dillapiole on MDA-MB-231 cell migration. (A) MDA-MB-231 cells were
seeded in a 12-well plate, then scraped to create a clean 1 mm wide wound area. Cells
then were treated for 24 h with dillapiole at concentrations 25 uM and photographed and
measured at 0 (t0), 6,12, and 24 h after wounding. The wound areas were then analyzed
and calculated using online image analysis software Wimasis. (B) Significant differences
are indicated as: ***p < 0.001 statistically different from the dillapiole versus untreated.

3.7. Dillapiole induces mitochondrial membrane potential (4ym)
disruption in MDA-MB-231 cells

To evaluate whether apoptosis induced by dillapiole in MDA-MB-
213 cells is associated with the changes in Aym, cells were stained
with mitotracker, a cationic fluorophore that accumulates in mito-
chondria and treated with 25 uM or 50 pM dillapiole for 6 h. The
percentage of stained cells and the total fluorescence intensity were
determined by flow cytometry. In untreated cells, red mitochondria
could be seen by confocal laser scanning microscopy throughout the
cytoplasm without morphological changes indicating a high A¢m. In
contrast, cells treated with both concentrations of dillapiole showed a
reduction in the intensity of fluorescent staining and the formation of
peripheral clusters could be observed (Fig. 9A). Our investigation by
flow cytometry confirms that dillapiole 24 h reduces significantly
(***p < 0.001) Aym in MDA-MB-213 cells, which can lead to an in-
crease mitochondrial permeability transition (MPT). It demonstrates
that dillapiole can induce apoptosis trough the mitochondrial pathway
(Fig. 9B and C).
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3.8. Treatment with dillapiole induces transient [Ca®* i in MDA-
MB-231 cells

Calcium is an important second messenger involved in several
intracellular responses that can determined the fate of cells, such as
NO production or ER stress, and a number of pro-apoptotic drugs
induce mobilization of this ion. Our results show that 25 uM dil-
lapiole induce a transient influx of extracellular calcium from
intracellular compartments. Notably, we observed that treatment
with dillapiole promotes calcium release increasing fluorescence by
around 30 units in MDA-MB-231 cells (Fig. 10).

3.9. Dillapiole triggers a rapid disruption of the cytoskeleton and
increases ROS production during apoptosis of MDA-MB-231 cells

To further evaluate the details of the apoptotic effects of dilla-
piole on MDA-MB-231 cells, the cytoskeleton and nuclei were
stained with phalloidin and PI, respectively. In untreated cells, an
examination of the cytoskeleton and nuclei after 12 h of dillapiole
treatment showed a large number of long actin filaments. In
addition, several tumor cells containing multiple nuclei could be
seen. In MDA-MB-231 cells treated with 25 puM dillapiole, an
important retraction of actin filaments with formation of short
filaments and an increase of ROS production were observed in the
cytoplasm. This can cause a disruption of focal adhesions, which, in
turn, inhibits binding of cells to the matrix, triggering apoptosis. In
contrast, treatment with 50 uM dillapiole led to nuclear fragmen-
tation and complete disruption of actin filaments. Notably, stained

microfilaments were observed clustered at the sites of apoptotic
bodies formation (Figs. 11 and 12).

3.10. Dillapiole induces caspase-3 activity and cytochrome c release
in MDA-MB-231 cells

Ac-YVAD-AMC, a specific caspase-3 substrate, was used to
determine whether the mitochondrial pathway cascade is involved
in the induction of apoptosis by dillapiole on MDA-MB-231 cells.
Cells were treated for 12 h with dillapiole at the concentration of
25 uM or 50 pM. After treatment, caspase-3 activity was measured
through a fluorometric assay. Here, we demonstrated that dillapiole
caused a marked induction of apoptosis in MDA-MB-231 cells by
increasing caspase-3 activity. Next, we investigated whether the
release of cytochrome ¢ was accompanied by an increase of
caspase-3 activity. Interestingly, this correlation was observed with
the treatment with dillapiole at both concentrations tested
(Fig. 13A). Additionally, dillapiole is able to induce apoptosis
through the intrinsic mitochondrial pathway in MDA-MB-231 cells.
However, 50 uM dillapiole was significantly (***p < 0.001) more
effective in the induction of cytochrome c release than 25 pM
(**p < 0.01) (Fig. 13A).

4. Discussion
Therapeutic regimens, aiming at cancer eradication, encompass

both radiotherapy and chemotherapy and, in advanced cases, when
traditional treatment fails, tumor resection figures as the last
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Fig. 10. Characterization of dillapiole-induced [Ca®*]i elevations in MDA cells. Changes
of maximal peak heights of [Ca®*]i responses induced by dillapiole 25 uM were
measured in MDA cells by microfluorometry. ATP was used as a positive control and
H,0 as a negative control.

option [36]. In those advanced cases, eventually, tumor resection
might not bring good prognosis, contributing to a decline in life
quality, or even lead to death. Therefore, the search for and the
development of new therapeutics targeting cancer cells must
continue [37]. Here, we used several methods to describe the
antitumor effects of dillapiole on MDA-MB-231 cells. Moreover,
molecular modeling findings helped us to elucidate some relevant
properties that make dillapiole as an excellent hit for anticancer
drug discovery.

Regarding to the calculated molecular properties, they support
the hydrophilic/hydrophobic balance of dillapiole (ClogP = 2.38),
particularly the MLP property (color scheme, Fig. 3B). The positive
ClogP value also indicates a more hydrophobic character for this
molecule. Regarding the MEP property, dillapiole molecular surface
is more neutral/positively (green to blue) than negatively (yellow to
red) charged (Fig. 3C). In conclusion, this property could facilitate
the interaction with the tumor cell, which has generally a more
negatively charged membrane.

Regarding our antitumoral assays, one of our most important
results shows that dillapiole is cytotoxic to all tumor cell lines
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Fig. 11. Confocal microscopy of the cytoskeleton of dillapiole-treated MDA-MB-231 cells. Actin filaments are labeled in green (Phalloidin-FITC) and the nucleus in red (PI). Dose-
dependent failure in actin polymerization/depolymerization dynamics induced by dillapiole, compared to control, leading to cell morphology changes (Magnification 60x ).

screened. Interestingly, the different levels of dillapiole cytotoxicity
did not correlate with the obtained ICsq values. This finding, though
preliminary, suggests that dillapiole can be cytotoxic to the tumor
cells tested independently of their sensitivity level. Furthermore,
cytotoxic potency of dillapiole on MDA-MB-231 cells was reduced
when cells were pre-treated with the pan-caspase inhibitor, z-VAD-
fmk, and the inhibitor of ROS production, Trolox®. It was the first
evidence that dillapiole could be acting as a pro-oxidant agent,
mediating an increase of intracellular concentration of ROS, which
in turn would induce cell damage and cell death in a caspase-
dependent manner. In order to complement our results showing
that dillapiole induces ROS release in MDA-MB-231 cells, we also

Untreated '.25 M

demonstrate that ROS accumulates in the cytoplasm, subsequently
inducing cell death [38]. Of note, increase of ROS in cytoplasm and
in mitochondrial compartment is considered a key step in the in-
duction of cell death. It can also induce caspase activation, which in
turn leads to apoptosis. These data suggest that the decrease in the
cytotoxic effects of dillapiole could be associated with caspases
inhibition. Indeed, the presence of ROS and caspases may play a
crucial role in the antitumor activity of dillapiole on MDA-MB-231
cells. However, ROS can also induce cell death by necrosis through
ATP depletion [39,40]. This led us to investigate whether dillapiole
induces apoptosis in MDA-MB-231 cells. The first evidence that
dillapiole has apoptotic effects on MDA-MB-231 cells is an increase

Dillapiole

50 pM |

Fig. 12. Confocal microscopy of ROS production in dillapiole-treated MDA-MB-231 cells. ROS are labeled in green (H2DCFH-DA) in the cytoplasm. Dillapiole induced an increase in
ROS release after 24 h of treatment, as compared to the untreated cells. (Magnification 60x ).
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Fig. 13. Dillapiole induces apoptosis through the mitochondrial pathway in MDA-MB-231 cells. Cells were treated with dillapiole for 24 h, then collected as described in Materials
and methods. (A) Expression of cytochrome ¢ was detected through fluorescence intensity analysis by FACS, while (B) caspase-3 activity was measured through a fluorometric assay,
using a specific substrate, Ac-YVAD-AMC. Data are the means + SD. ***p < 0.001 and **p < 0.001 from at least three independent experiments.

of the sub-G1 peak. Apoptotic cells can display drastic alterations,
with loss of cytoplasmic membrane integrity, and then appear in
sub-G1 [41]. We also show that dillapiole exerts an anti-prolifera-
tive activity on MDA-MB-231 cells by arresting them in the GO/G1
phase, though a thorough investigation of the mechanism involved
is still needed.

Next, we sought to determine whether dillapiole blocks MDA-
MB-231 cells migration. Interestingly, suppression of MDA-MB-
231 cancer cells migration by dillapiole was probably caused by
arrest at the GO/G1 phase of the cell cycle. Therefore, our major
finding was that dillapiole inhibits the migration of tumor cells,
which is an important step required for breast cancer metastasis
[42]. Since dillapiole inhibits cell migration, the next step was to
investigate whether the disruption of the cytoskeleton might be
mechanistically involved in the antimigration activity. We found
that dillapiole does affect the cytoskeleton organization, inducing a
remarkable cytoplasm retraction, which, in turn, affects cell archi-
tecture, growth, motility and survival. Indeed, the two latter events
are crucial steps for tumor spreading as well as are related to poor
outcomes in cell survival and motility [43]. Whether this process
results from the direct effect of dillapiole on actin fibers or it is due
to ROS generation remains under investigation. Nevertheless, we
suggest that dillapiole is able to inhibit tumor proliferation through
the disruption of actin filaments in MDA-MB-231 cells.

To further investigate MDA-MB-232 cells death induced by
dillapiole, the cells were stained with YO-PRO-1/PI and subjected to
flow cytometry. Dillapiole induces apoptosis at all concentrations
tested, and that kind of action can in turn be associated with its pro-
oxidant effects. Accordingly, the number of cells dead by apoptosis
increased when cells were treated with 50 pM dillapiole. Addi-
tionally, morphological changes related to apoptosis, such as cell
detachment and cell rounding, shrinkage and blebbing formation
were observed. In contrast, dillapiole at 100 pM concentration
induced necrosis, indicating that its apoptotic effects depend on
concentration. It is therefore likely that such effects could be
mediated by a strong ROS production when dillapiole is used at
higher concentrations (100 pM). Also, an imbalance between the

production and neutralization of ROS may cause catastrophic ef-
fects to cells, such as the inactivation of proteins, the degradation of
lipids and DNA, culminating in necrosis [44]. Moreover, it is note-
worthy that dillapiole, at a lower concentration (25 pM), induces
apoptosis of MDA-MB-231 cells, which are known to be resistant to
apoptosis [45].

The induction of cell death by apoptosis is a well-known strat-
egy for the development of chemotherapeutic agents in the fight
against cancer [46]. As discussed above, our findings show that
dillapiole has antitumor effects on MDA-MB-231 cells through the
induction of apoptosis. Our investigations regarding ROS release
induced by dillapiole, indicate that it is a sufficient condition to
trigger apoptosis through the mitochondrial pathway in MDA-MB-
231 cells. Accordingly, the collapse of AYm and the simultaneous
increase in [Ca®*]i can result in the activation of a wide variety of
Ca’*-sensitive enzymes [47,48]. It may generate signaling mole-
cules for the recruitment of the mitochondrial apoptotic pathway in
MDA-MB-231 cells and, consequently, trigger the activation of
effector caspases. In this study, using Ac-YVAD-AMC, a specific
caspase-3 substrate, we confirmed that dillapiole induces apoptosis
through the mitochondrial-dependent pathway in MDA-MB-231
cells. Indeed, the release of cytochrome c to the cytosol from the
mitochondria during apoptosis induced by dillapiole can, in turn,
provoke rearrangement and heptaoligomerization of Apaf-1,
namely, the apoptosome [49,50]. The apoptosome is responsible
for activation of the initiator caspases, such as caspase-9, which
sequentially can directly activate caspase-3, an enzyme responsible
for the inter-nucleosomal DNA fragmentation, an important feature
of apoptotic cell death that can be associated with our in vitro
outcome. Based on these data, it is reasonable to suggest that the
increase in caspase-3 activation induced by dillapiole is mediated
by the release of cytochrome c.

In conclusion, we have demonstrated here, for the first time,
that dillapiole has broad cytotoxic effects against a variety of tumor
cells. For instance, we found that dillapiole can act as a pro-oxidant
compound through the induction of ROS release in MDA-MB-231
cells. We also demonstrate that dillapiole exhibits anti-
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Fig. 14. Hypothesis for the mechanism of apoptosis induction by dillapiole in MDA-MB-231 cells through the mitochondrial pathway. Once in the cytoplasm, dillapiole increases
ROS production, which induces depolarization of the mitochondrial membrane (A¢m) and increases mitochondrial permeability transition-pore (PTP). The consequent release of

cytochrome c into the cytoplasm induces apoptosis through the activation of caspase-3.

proliferative properties, arresting cells at the GO/G1 phase. Addi-
tionally, its antimigration effects can be associated with the
disruption of actin filaments, which in turn can prevent tumor cell
metastasis. A model of the mechanisms of dillapiole-induced cell
death by apoptosis is presented in Fig. 14. Dillapiole stimulates ROS
production, that subsequently induces mitochondrial dysfunction,
cytochrome c release, triggering caspase-3 activation, which results
in cell apoptosis. Further investigations are needed to more pre-
cisely understand the mechanism of dillapiole-induced ROS release
in MDA-MB-231 cells. The next step is to perform an evaluation of
dillapiole antitumor effects in a preclinical model to establish a
therapeutic hypothesis. Overall, dillapiole is a compound that has
potential in vitro anticancer effects, suggesting that it is a promising
hit in the fight against cancer.
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