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A B S T R A C T   

Quinones are plant-derived secondary metabolites that present diverse pharmacological properties, including 
antibacterial, antifungal, antiviral, anti-inflammatory, antipyretic and anticancer activities. In the present study, 
we evaluated the cytotoxic effect of a new naphthoquinone 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d] 
furan-5,6 (9aH)-dione) (CNFD) in different tumor cell lines. CNFD displayed cytotoxic activity against 
different tumor cell lines, especially in MCF-7 human breast adenocarcinoma cells, which showed IC50 values of 
3.06 and 0.98 μM for 24 and 48 h incubation, respectively. In wound-healing migration assays, CNFD promoted 
inhibition of cell migration. We have found typical hallmarks of apoptosis, such as cell shrinkage, chromatin 
condensation, phosphatidylserine exposure, increase of caspases-9 and-3 activation, increase of internucleosomal 
DNA fragmentation without affecting the cell membrane permeabilization, increase of ROS production, and loss 
of mitochondrial membrane potential induced by CNFD. Moreover, gene expression experiments indicated that 
CNFD increased the expression of the genes CDKN1A, FOS, MAX, and RAC1 and decreased the levels of mRNA 
transcripts of several genes, including CCND1, CDK2, SOS1, RHOA, GRB2, EGFR and KRAS. The CNFD treatment 
of MCF-7 cells induced the phosphorylation of c-jun N-terminal kinase (JNK) and p38 mitogen-activated protein 
kinases (MAPKs) and inactivation of extracellular signal-regulated protein kinase 1/2 (ERK1/2). In a study using 
melanoma cells in a murine model in vivo, CNFD induced a potent anti-tumor activity. Herein, we describe, for 
the first time, the cytotoxicity and anti-tumor activity of CNFD and sequential mechanisms of apoptosis in MCF-7 
cells. CNFD seems to be a promising candidate for anti-tumor therapy.   

1. Introduction 

Despite advances in the drug discovery field, cancer prevention and 

control still represent a challenge, due to the unique characteristics of 
each type of cancer, resistance mechanisms, and wide spectrum of side 
effects. Among the many natural and synthetic compounds explored by 
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their anticancer potential, compounds containing quinone moieties have 
aroused interest in investigations [1,2]. 

Quinones are biologically active compounds found throughout na
ture. Naphthoquinone and its derivatives have a variety of biological 
responses, which include antiallergic, antibacterial, antifungal, anti- 
inflammatory, antithrombotic, antiplatelet, antiviral, antipyretic and 
anticancer properties [3]. The general mechanism of quinone toxicity 
may be correlated with the chemical behaviors of these compounds, 
such as redox cycling, arylation, interleaving, induction of DNA breaks 
and generation of free radicals [4–7]. Alternatively, reactive oxygen 
species (ROS) can activate a number of signaling pathways and are 

mediators of apoptosis via mitochondria-dependent mechanisms. In this 
context, the generation of ROS into the mitochondria, which occurs 
during quinone redox cycling, modifies membrane permeability, 
resulting in mitochondrial depolarization, Bax relocalization, cyto
chrome c release and caspase activation [8,9]. 

Previous studies have shown that the mitogen-activated protein ki
nases (MAPKs) pathways are critical in to convey diverse extracellular 
signals to biological responses, including ROS, and they modulate many 
cellular processes, such as cell proliferation, differentiation, and 
apoptosis [10]. Activated MAPKs play key roles in the activation of 
transcription factors and downstream kinases, leading to the induction 

Table 1 
Cytotoxic effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) (CNFD) against different cell lines after 24 and 48 h incubation.  

Cell lines Histotypes IC50 (μM) 

CNFD Doxorubicin 

24 h 48 h 24 h 48 h 

HCT-116 Human colon carcinoma 3.13 
2.69–3.64 

3.01 
2.30–3.95 

3.32 
1.83–6.02 

1.00 
0.78–1.27 

MCF-7 Human breast adenocarcinoma 3.06 
2.77–3.37 

0.98 
0.27–1.08 

1.97 
0.95–2.09 

1.39 
0.56–2.45 

SK-MEL-19 Human melanoma 7.25 
5.48–9.61 

3.43 
3.14–3.75 

1.2 
0.84–1.69 

0.72 
0.51–1.01 

SK-MEL-28 Human melanoma 2.28 
1.49–3.50 

3.04 
1.88–4.90 

2.13 
1.70–2.67 

0.27 
0.17–0.42 

SK-MEL-103 Human melanoma 3.28 
2.15–5.01 

2.11 
1.63–2.73 

1.09 
0.33–3.52 

0.53 
0.35–0.80 

MESA/Dx5 Human sarcoma 2.8 
2.26–3.47 

2.35 
1.98–2.75 

8.23 
6.67–10.16 

3.91 
3.56–4.39 

B16F10 Murine melanoma 3.77 
3.09–4.61 

1.24 
0.92–1.68 

1.95 
1.71–2.22 

0.55 
0.29–1.05 

MRC-5 Human lung fibroblast 4.39 
2.64–7.31 

3.44 
3.13–3.77 

3.90 
3.15–4.83 

1.00 
0.59–1.71 

Data are presented as IC50 values, in μM, and their 95% confidence interval obtained by nonlinear regression from two independent experiments performed in triplicate 
measured by the alamar blue assay after 24 h and 48 h incubation. Doxorubicin was used as the positive control. 

Fig. 1. Effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) (CNFD) on viability/morphology/motility of MCF-7 human breast adeno
carcinoma cells. (A) Cell viability determined by trypan blue dye exclusion method after 12, 24 and 48 h incubation. (B) The cells were stained with hematox
ylin–eosin and analyzed by optical microscopy after 24 h and 48 h incubation with CNFD at different concentrations. Negative control was treated with the vehicle 
(0.2% DMSO) used for diluting the substance tested. Paclitaxel (3 μM) was used as the positive control. (C) Wound healing assay was performed to evaluate the 
migration potential of MCF-7 cells after treatment with CNFD. (D) The relative migration of each sample was calculated from the difference in area of unclosed 
wound region measured between 0 and 48 h as compared to those of untreated control. Data are presented as mean values ± S.E.M. from three independent ex
periments performed in duplicate. *p < 0.05 compared to negative control by ANOVA followed by Student-Newman-Keuls test. 
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of immediate-early gene expression and subsequent changes in other 
cellular processes [11]. MAPKs can be grouped into three subfamilies, 
specifically, extracellular signal-related kinases 1/2 (ERK1/2), c-jun 
N-terminal kinase (JNK) and p38 MAP kinase [12,13]. ERK1/2 behaves 
mainly as mitogen-activated and proliferation/differentiation factor, 
whereas JNK and p38 MAP kinase are mainly stress-activated proteins 
related to apoptotic cell death [14,15]. 

6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)- 
dione) (CNFD) is a furan naphthoquinone synthesized from 2-hydroxy- 
1,4-naphthoquinone (Lawsone). Previous studies showed that CNFD 
displays antifungal activity against dermatophytes and yeasts. Further
more, CNFD showed no hemolytic activity or cytotoxicity in murine fi
broblasts [16,17]. Although the reports demonstrate the antifungal 
activity exercised by CNFD, its anti-tumor potential was not previously 
investigated. In the current study, CNFD was found to induce cytotoxic 
effect in different tumor cell lines, including MCF-7 human breast 
adenocarcinoma cells in a concentration- and time-dependent manner. 
Furthermore, CNFD induced apoptotic cell death in MCF-7 cells. The 
results of the present study will provide a molecular basis for under
standing the anticancer activity of CNFD. 

2. Materials and methods 

2.1. Synthesis of naphthoquinone 

CNFD (purity > 90%) was synthesized and identified as previously 
described by Freire et al., [2010]. Briefly, the furan naphthoquinone was 
obtained by oxidative [3 + 2] cycloaddition of 2-hydroxy-1,4-naphtho
quinone (Lawsone) to the alkene, mediated by cerium (IV) ammonium 
nitrate. 

2.2. In vitro cytotoxic activity assay 

2.2.1. Alamar blue assay 
HCT-116 (human colon carcinoma), MCF-7 (human breast adeno

carcinoma), SK-MEL 19, 28 and 103 (human melanoma), MES-SA/Dx5 
(human sarcoma), B16F10 (murine melanoma), and MRC-5 (human 
lung fibroblast) cell lines obtained from the American Type Culture 
Collection (ATCC), were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) (Gibco by Life Technologies), supplemented with 10% fetal 
bovine serum (FBS, Gibco by Life Technologies), 100 U/mL penicillin, 
and 100 μg/mL streptomycin (Gibco by Life Technologies) at 37 ◦C with 
5% CO2. An equal number of cells (5 × 103) were incubated in 96-well 
plates and treated with different concentrations of CNFD (0.156–10 μM) 
for 72 h. Cell growth was measured by alamar blue assay [18]. Stock 
solutions of CNFD were prepared in DMSO and diluted in cell culture 
medium, with non-cytotoxic concentration of DMSO (0.2%). Negative 
control received the vehicle that was used for diluting the compound 
tested (0.2% DMSO). Doxorubicin (purity >99%; Sigma-Aldrich) was 
used as the positive control (0.156–10 μM). The determination of the 
50% inhibitory concentration (IC50) was performed by nonlinear 
regression. 

2.2.2. Trypan blue exclusion assay 
MCF-7 cells were seeded (7 × 104 cells/mL) in the absence or pres

ence of different concentrations of CNFD (1, 3 and 10 μM). After each 
incubation period (12, 24, and 48 h), growth curves were established. 
Analysis of cells that were excluded from trypan blue was counted using 
a Neubauer chamber. Negative control was treated with the DMSO 
(0.2%) used for diluting the substance tested. Paclitaxel (purity >97%; 
Sigma-Aldrich), clinically useful as a chemotherapeutic agent, was used 
as positive control at a concentration of 2 μM due its high cytotoxicity 
and its use to induce apoptosis with high reproducibility of the results. 

2.3. Morphological analyses using hematoxylin–eosin staining 

In order to evaluate the cellular morphology, cells were harvested, 
transferred to cytospin slides, fixed with methanol for 30s, and stained 
with hematoxylin–eosin. Morphological changes were analyzed by light 
microscopy (Eclipse Ni, Nikon) using NIS-Elements 4.30.01 software 
(Nikon). 

2.4. Wound-healing assay 

Wound-healing assay was performed as reported by Liang et al., 
[2007] [19]. Briefly, MCF-7 cells were seeded in 12-well plates (4 × 105 

cells per well) and incubated overnight to allow the cells to adhere on 
the surface of the plate. After cells reached to 80% of confluence, a 
straight line was made, to create a scratch, on the confluent monolayer 
of cells using a 200-μL sterile pipette tip. In order to remove debris and 
smooth the edge of the scratch, the cells were washed with 2 mL 
serum-free DMEM. Then, the cells were treated with low concentrations 
of CNFD (0.1, 0.5, and 1 μM). Untreated cells were used as negative 
control. Images were taken at 0, 6, 24, and 48 h after the scratch, and 
captured at × 100 magnification using a light microscopy (Axiovert.A1, 
Carl Zeiss). The quantification of uncovered areas was carried out using 
Zen 2 software (Carl Zeiss). 

2.5. Cell cycle distribution and internucleosomal DNA fragmentation 
analysis 

MCF-7 cells were deprived of FBS for 24 h for cell cycle synchroni
zation. After treatment with 1, 3, and 10 μM of CNFD for 24 and 48 h, the 
cells were harvested in a permeabilization solution containing 0.1% 
Triton X-100 (SigmaAldrich), 2 μg/mL propidium iodide (Sigma-Aldrich 
Chemical), 0.1% sodium citrate, and 100 μg/mL RNAse (Sigma-Aldrich). 
Also, the cells were incubated in the dark for 15 min at room 

Table 2 
Effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) 
(CNFD) on the DNA distribution of MCF-7 human breast adenocarcinoma cells 
after 24 h and 48 h incubation.  

Treatment Concentration 
(μM) 

DNA distribution (%)   

sub-G1 G0/G1 S G2/M 

After 24 h incubation     
Negative 

control 
0.2% DMSO 0.4 ±

0.44 
42.2 ±
2.16 

42.5 ±
0.11 

14.9 ±
1.78 

Paclitaxel 3 25.3 ±
2.31* 

13.3 ±
1.30* 

4.8 ±
1.54* 

56.6 ±
3.51* 

CNFD 1 41.2 ±
0.97* 

12.8 ±
0.38* 

31.7 ±
1.12 

14.4 ±
1.61  

3 38.0 ±
0.69* 

10.8 ±
1.5* 

35.0 ±
0.82 

16.3 ±
1.01  

10 69.3 ±
2.10* 

13.5 ±
1.66* 

3.2 ±
1.77* 

14.0 ±
2.0 

After 48 h incubation     
Negative 

control 
0.2% DMSO 9.7 ±

1.36 
36.6 ±
5.32 

27.7 ±
8.61 

26.0 ±
4.65 

Paclitaxel 3 9.5 ±
1.67 

14.0 ±
1.65* 

1.1 ±
0.98* 

75.4 ±
4.03* 

CNFD 1 35.6 ±
8.04* 

25.2 ±
0.96* 

23.6 ±
2.76 

15.6 ±
4.78*  

3 63.7 ±
4.77* 

20.0 ±
7.20* 

8.2 ±
5.22* 

8.1 ±
2.80*  

10 72.2 ±
8.81* 

10.9 ±
5.31* 

2.8 ±
2.42* 

14.2 ±
6.13* 

Data are presented as mean values ± S.E.M. from three independent experiments 
performed in duplicate. Negative control was treated with the vehicle used for 
diluting the substance tested. Paclitaxel was used as the positive control. Ten 
thousand events were evaluated per experiment and cellular debris was omitted 
from the analysis. Each phase was calculated using Flowjo v.10 program. *p <
0.05 compared to negative control by ANOVA followed by Student-Newman- 
Keuls test. 
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temperature [20]. Finally, the cell fluorescence was determined by flow 
cytometry on a BD LSRFortessa cytometer (BD Biosciences) using the BD 
FACSDiva Software (BD Biosciences) and Flowjo Software 10 (Flowjo 
LCC). 

2.6. Evaluation of apoptosis induction 

For apoptosis detection, a FITC Annexin V Apoptosis Detection Kit I 
(BD Biosciences) was used. The analyses were performed according to 
the manufacturer’s instructions. Briefly, the treated cells were collected 
after the indicated time, washed twice with cold PBS, and resuspended 
in 300 μL of binding buffer. Then, 5 μL of Annexin V-FITC staining buffer 
and 5 μL of propidium iodide were added to the cell suspension. The 
mixture was incubated in the dark at 37 ◦C for 15 min. Cell fluorescence 
was determined by flow cytometry on a BD LSRFortessa cytometer using 
BD FACSDiva Software and Flowjo Software 10. 

2.7. Evaluation of caspases-8 and-9 activation 

Caspase-8 and-9 activities were measured using colorimetric 

protease assay kits (Merck Millipore) according to the manufacturer’s 
instructions. An aliquot of cell lysates (50 μL) was incubated with 
caspase-8 or caspase-9 substrate at 37 ◦C for 2 h. The samples were 
analyzed at 405 nm in SpectraMax 190, a microplate reader (Molecular 
Devices). The dosage of protein was performed in cell lysate using the 
Bradford method. The results were expressed as activity/mg protein. 

2.8. Measurement of ROS production 

ROS levels were measured according to previously described by 
Armstrong et al., [2002] [21] using 2′,7′-dichlorofluorescin diacetate 
(DCFDA) (Sigma-Aldrich). In brief, cells were treated with CNFD (1, 3, 
and 10 μM), hydrogen peroxide (500 μM), and paclitaxel (3 μM) for 3 h. 
Then, the cells were collected, washed with saline, and resuspended in 
FACS tubes with PBS containing 5 μM of DCFDA for 30 min. Finally, the 
cells were washed with saline and the cell fluorescence was determined 
by flow cytometry on a BD LSRFortessa cytometer using BD FACSDiva 
Software and Flowjo Software 10. Ten thousand events were evaluated 
per experiment and cellular debris was omitted from the analysis. 

Fig. 2. Effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) (CNFD) in the induction of apoptosis in MCF-7 human breast adenocarci
noma cells. (A) Representative flow cytometric dot plots showing the percentage of cells in viable, early apoptotic, late apoptotic and necrotic stages. (B) Quanti
fication of the cell viability determined by flow cytometry using annexin V/PI, after 24 h and 48 h incubation. Negative control was treated with the vehicle (0.2% 
DMSO) used for diluting the substance tested. Paclitaxel was used as the positive control. Ten thousand events were evaluated per experiment and cellular debris was 
omitted from the analysis. Data are presented as mean values ± S.E.M. from three independent experiments performed in duplicate. *p < 0.05 compared to negative 
control by ANOVA followed by Student-Newman-Keuls test. 
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2.9. N-acetyl-L-cysteine (NAC) protection assay 

The protection assay using the antioxidant NAC was performed as 
described by Yedjou and Tchounwou [2007] [22]. In brief, prior to the 
viability assay, the cells were treated for 1 h with 10 mM NAC (Sig
ma-Aldrich), then incubated with CNFD in the established concentra
tions for 24 and 48 h. After, the cells were thoroughly trypsinized and 
the trypan blue exclusion assay was conducted as described above. 

2.10. Measurement of the mitochondrial transmembrane potential 

JC-1 is a sensitive fluorescent probe used as an indicator of mito
chondrial potential in a variety of cell types. A mitochondrial depolar
ization was measured by MitoScreen JC-1 Kit (BD Biosciences) 
according to the manufacturer’s instructions. MCF-7 cells were seeded in 
24-well plates and treated with CNFD (1, 3 and 10 μM). After 24 h in
cubation, the culture medium was replaced by a medium containing 0.5 
mL JC-1 dye and incubated for 15 min at 37 ◦C in the dark. Cell fluo
rescence was determined by flow cytometry on a BD LSRFortessa cy
tometer using BD FACSDiva Software and Flowjo Software 10. Ten 
thousand events were evaluated per experiment and cellular debris was 
omitted from the analysis. 

2.11. Gene expression analysis by PCR array 

MCF-7 cells were plated in culture bottles (7 × 104 cells/mL). After 
incubation for 12 h with CNFD 3 μM and paclitaxel, total RNA was 
isolated from the cells using RNeasy Plus mini kit (Qiagen) according to 
the manufacturer’s instructions. The RNA was evaluated using a fluo
rimeter (QuBit™, Life Technologies). Reverse transcription of RNA was 
performed using Superscript VILO™ (Invitrogen Corporation). A 96- 
well plate, TaqMan® Array Human Molecular Mechanisms of Cancer 
(ID 4418806, Applied Biosystems™), was used for gene expression study 

by qPCR. The reactions were conducted on the ABI ViiA 7 (Applied 
Biosystems™). The conditions comprised a cycle at 50 ◦C for 2 min, at 
95 ◦C for 20 s, then 40 cycles at 95 ◦C for 3 s, and at 60 ◦C for 30 s. The 
relative quantities (RQs) of mRNA expression were calculated by the 
ΔΔCT method (Livak and Schmittgen, 2001) using the Gene Expression 
Suite™ Software (Applied Biosystems™) and the cells were treated with 
the negative control (0.2% DMSO) as calibrator. The 18S and HPRT1 
genes were used for gene expression normalization. All experiments 
were performed in DNase/RNase free conditions. The genes were 
considered to be upregulated if RQ ≥ 2, which means that the gene 
expression in CNFD-treated cells was at least twice higher than the 
negative control-treated cells. Similarly, the genes were considered to be 
downregulated if RQ ≤ 0.5, which means that the gene expression in 
CNFD-treated cells was half or less than half in comparison to the 
negative control-treated cells. 

2.12. Lysate preparation and western blot analysis 

Cells were lysed using the lysis buffer (50 mM tris-Cl, pH 8.0, 150 
mM NaCl, 0,5% nonidet P-40,10% glycerol, 0.1 mM EDTA) in the 
presence of a mixture of protease and phosphatase inhibitors. Protein 
amounts were quantified with the Bradford assay reagent from Bio-Rad 
(Bio-Rad). Extracts (50 μg) were separated by electrophoresis on a 
denaturing 10–12% polyacrylamide-SDS gel and electrotransferred to 
nitrocellulose membranes. Membranes were blocked for 1 h with PBS 
containing 5% (w/v) nonfat dry milk and 0.1% tween 20, washed three 
times with PBS containing 0.1% tween 20 and, then, incubated with 
specific primary antibodies phospho-ERK1/2 (Thr202/Tyr204), 
phospho-p38 (Thr180/Tyr182), phospho-SAPK/JNK (Thr183/Tyr185), 
cleaved caspase-3 (Asp 175) and anti-β-actin (Cell Signaling 
Technology), using a dilution of 1:1000 in PBS buffer containing 5% 
(w/v) BSA and 0.1% tween 20. After washing, the membranes were 
incubated with appropriated HRP-conjugated secondary antibody (Cell 

Fig. 3. Effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) (CNFD) on the activation of caspases in MCF-7 human breast adenocarci
noma cells (A–B) Activity of caspase 8 and caspase 9 determined by colorimetric protease assay kits. (C) Western blot analyses of caspase-3 cleaved from the whole 
cell lysates performed after CNFD and paclitaxel treatment for 24 h. (D) Responses (arbitrary units) of cleaved-caspase 3 and its respective beta-actin. Negative 
control was treated with the vehicle (0.2% DMSO) used for diluting the substance tested. Paclitaxel (3 μM) was used as the positive control. Data are presented as 
mean values ± S.E.M. from three independent experiments performed in duplicate. *p < 0.05 compared to negative control by ANOVA followed by Student-Newman- 
Keuls test. 
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Signaling Technology) (1:3000). Immunoreactive bands were visualized 
using ECL detection system, as described by the manufacturer (GE 
Healthcare) densitometry analyses. 

2.13. Evaluation of anti-tumor activity 

2.13.1. Animals 
A total of 44 specific pathogen-free C57BL/6 mice (females, 20–30 g) 

were obtained and maintained at the animal facilities of Gonçalo Moniz 
Institute-FIOCRUZ/BA (Salvador, Bahia, Brazil). The animals were 
housed in cages with free access to food and water. All animals were kept 
under a 12:12 h light–dark cycle (lights on at 6:00 a.m.). The animals 
were treated according to the ethical principles for animal experimen
tation of SBCAL (Brazilian Association of Laboratory Animal Science), 
Brazil. The Animal Ethics Committee of Oswaldo Cruz Foundation 
(Salvador, Bahia, Brazil) approved the experimental protocol (number 
001/2013). 

2.13.2. Experimental protocol 
The in vivo anti-tumor effect was evaluated in C57BL/6 mice. The 

animals were inoculated with B16–F10 melanoma as previously 
described by Costa et al., [2015] [23]. Tumor cells (2 × 106 cells per 
500 μL) were implanted subcutaneously into the left hind groin of the 
mices. The animals were divided into five different groups: group 1 - 
animals that received injections of the vehicle (2% DMSO plus 2% 
kolifor in saline, negative control, n = 9); group 2 - animals that received 
injections of doxorubicin (0,5 mg/kg/day, positive control, n = 9); 

group 3 - animals that received injections of CNFD solution (10 
mg/kg/day, n = 10); group 4 - animals that received injections of CNFD 
solution (30 mg/kg/day, n = 8); group 5- animals that received in
jections of CNFD solution (60 mg/kg/day, n = 8). The treatments were 
initiated one day after tumor injection. The animals were treated 
intraperitoneally (200 μL per animal) once daily for 13 consecutive 
days. Peripheral blood samples were collected from the retro-orbital 
plexus under anaesthesia for biochemical and haematological analysis 
on day 14, as described below. Animals were euthanized by cervical 
dislocation and tumors were excised and weighed. Drug effects were 
expressed as the percentage of inhibition in comparison to the negative 
control. 

2.13.3. Systemic toxicological evaluation 
Systemic toxicological effects were investigated as previously 

described by Costa et al., [2015]. The mice were weighed at the 
beginning and end of the experiment. The animals were observed 
whether there were signs of abnormalities throughout the study. Livers, 
kidneys, lungs, and hearts were removed, weighed, and examined for 
any signs of gross lesions or color changes and hemorrhage. Biochemical 
analyses of serum samples were performed using a Vet-16 rotor and 
quantified using an Analyst benchtop clinical chemistry system 
(Hemagen Diagnostics Inc.). Haematological analyses were performed 
using light microscopy. After macroscopic examination, tumors, livers, 
kidneys, lungs and hearts were fixed in 4% formalin buffer and 
embedded in paraffin. Tissue sections were stained with hematoxylin 
and eosin, and a pathologist performed the analysis under light 

Fig. 4. Effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) (CNFD) on mitochondrial membrane potential and production of ROS in 
MCF-7 human breast adenocarcinoma cells. (A) Representative flow cytometric dot plots showing the percentage of mitochondrial depolarization. (B) Quantification 
of mitochondrial membrane potential determined by flow cytometry using JC-1 probe. Carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP, 100 μM), after 3 
h of incubation, was used as the positive control. (C) ROS production measured by the DCFDA method. H2O2 (500 μM) was used as the positive control. (D) Cell 
viability determined by trypan blue dye exclusion method after 24 and 48 h incubation. (E) Viability cell after cotreatment with 10 mM of NAC for 60 min before the 
treatment of the CNFD at different concentrations for 24–48 h. Data are presented as mean values ± S.E.M. from three independent experiments performed in 
duplicate. For the flow cytometry experiments, ten thousand events were evaluated per experiment and cellular debris was omitted from the analysis. *p < 0.05 
compared to negative control by ANOVA followed by Student-Newman-Keuls test. 
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microscopy. 

2.14. Statistical analysis 

Data are presented as mean ± SEM/SD or IC50 values and their 95% 
confidence intervals (CI 95%), which was obtained by nonlinear 
regression. Differences between experimental groups were compared 
using analysis of variance (ANOVA) followed by the Stu
dent–Newman–Keuls test (p < 0.05). All statistical analyses were per
formed using GraphPad (Intuitive Software for Science, San Diego, CA, 
USA). 

3. Results 

3.1. CNFD displayed cytotoxicity against different tumor cell lines 

Several tumor cell lines were treated with increasing concentrations 
of CNFD for 24 and 48 h and analyzed by alamar blue assay. CNFD 
displayed cytotoxicity against all tumor cell lines, showing IC50 values in 
the micromolar range. Table 1 shows the IC50 values obtained. Doxo
rubicin was used as the positive control and also presented cytotoxicity 
against all tumor cell lines tested with IC50 values in the micromolar 
range. Similarly to doxorubicin, CNFD also showed cytotoxic effect 
against non-tumor cell line MRC-5. The selectivity indexes (SI) were 3.5 
and 0.7 for CNFD and doxorubicin, respectively, after 48 h incubation 
(the SI was calculated using the following formula: SI––IC50 [MRC-5]/ 
IC50 [MCF-7]). Since MCF-7 cells were especially sensitive to the cyto
toxic effect of CNFD, further studies were performed using this cell line. 

We also evaluated cell viability by trypan blue dye exclusion method 
after 12, 24, and 48 h incubation, and it was observed that CNFD 
reduced the number of the viable cells after 12 h incubation (p < 0.05, 
Fig. 1A). After 24 and 48 h incubation, CNFD reduced the number of the 
viable cells in 45% and 95%; 58% and 98% at the concentrations of 3 
and 10 μM, respectively (p < 0.05, Fig. 1A). 

During morphological examination of the cells, severe drug- 
mediated changes were detected. CNFD-treated MCF-7 cells showed a 
morphology consistent with apoptosis in all concentrations tested 
(Fig. 1B), which included reduction in cell volume, chromatin conden
sation, and fragmentation of the nucleus. Paclitaxel also induced cell 
shrinkage, chromatin condensation and nuclear fragmentation, which 
displayed a morphology of apoptosis. 

Furthermore, we demonstrated that CNFD was able to retard the 
migration of MCF-7 cells in the wound-healing assay. The ability of the 
cells to move and repopulate the wound region was suppressed by CNFD 
(Fig. 1C and D). At 0.5 μM, CNFD treatment reduced wound closure by 
40% compared to untreated cells. 

3.2. CNFD treatment causes internucleosomal DNA fragmentation in 
MCF-7 human breast adenocarcinoma cells 

In order to further investigate the mechanisms involved in the 
cytotoxic activity of CNFD, its effect on the cell cycle progression was 
evaluated using flow cytometry. Table 2 shows the cell cycle distribution 
obtained. CNFD treatment, in all concentrations, resulted in a significant 
increase in the number of cells in sub-G1 compared to the negative 
control (p < 0.05). In the control group, the percentages of cells corre
sponding to G0/G1 phases were 42.2 and 36.6%, to S phase were 42.5 
and 27.7%, and to G2/M phases were 14.9 and 26% at 24 and 48 h, 
respectively. Cells with internucleosomal DNA fragmentation (sub-G1) 
corresponded to 0.4 and 9.7%, respectively, for the same times. For 
CNFD-treated cells, the percentages of cells corresponding to sub-G1 
were 41.2 and 35.6% (1 μM), 38 and 63.7% (3 μM), and 69.3 and 72.2% 
(10 μM) at 24 and 48 h, respectively, which corresponds to an increase in 
internucleosomal DNA fragmentation. Herein, paclitaxel led to cell cycle 
arrest in G2/M phases. 

3.3. CNFD treatment induces apoptosis in MCF-7 human breast 
adenocarcinoma cells 

Externalization of phosphatidylserine on CNFD-treated cells was 
measured by flow cytometry using annexin V assay as well. In addition, 
propidium iodide staining was used to detect necrotic cells. CNFD 
treatment induced an increase of the percentage of apoptotic cells. As 
shown in Fig. 2A, CNFD induced apoptosis in a time-dependent manner 
(p < 0.05). The quantitative analysis showed the apoptosis rates 
(including early and late apoptosis), which were 38 and 60% after 24 h 
and 55 and 69% after 48 h of treatment, at the concentrations of 3 and 
10 μM, respectively (p < 0.05, Fig. 2B). 

Table 3 
The effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)- 
dione) (CNFD) on gene expression.  

Gene 
symbol 

Description RQ 

CNFD Paclitaxel 

Genes downregulated   
AKT1 AKT serine/threonine kinase 1 0.2360 0.2509 
BCAR1 BCAR1, Cas family scaffolding protein 0.3289 0.1230 
BCL2 BCL2, apoptosis regulator 0.0000 0.219 
BID BH3 interacting domain death agonist 0.2939 0.0000 
CCND1 cyclin D1 0.3860 0.6869 
CDK2 cyclin dependent kinase 2 0.4560 0.3919 
CYCS cytochrome c, somatic 0.0000 0.0000 
DVL1 dishevelled segment polarity protein 1 0.2599 0.2890 
E2F1 E2F transcription factor 1 0.3470 0.3740 
EGFR epidermal growth factor receptor 0.3580 0.4749 
ELK1 ELK1, ETS transcription factor 0,424 0326 
FADD Fas associated via death domain 0,354 0.0000 
FGF2 fibroblast growth factor 2 0,180 0.0000 
FZD1 frizzled class receptor 1 0.1430 0.2240 
GRB2 growth factor receptor bound protein 2 0.3070 0.3569 
ITGAV integrin subunit alpha V 0,359 0233 
ITGB1 integrin subunit beta 1 0,447 0392 
KRAS KRAS proto-oncogene, GTPase 0.4839 0.3269 
LEF1 lymphoid enhancer binding factor 1 0.3230 0.2049 
MAP3K5 mitogen-activated protein kinase kinase 

kinase 5 
0.2809 0.4230 

MAPK1 mitogen-activated protein kinase 1 0.4530 0.3429 
MAPK14 mitogen-activated protein kinase 14 0.1620 0.3330 
MAPK3 mitogen-activated protein kinase 3 0.3000 0.1469 
MDM2 MDM2 proto-oncogene 0.3659 0.4079 
NRAS Neuroblastoma RAS viral oncogene 

homolog 
0.2310 0.8050 

PIK3CA phosphatidylinositol-4,5-bisphosphate 3- 
kinase catalytic subunit alpha 

0.1850 0.2630 

PIK3R1 phosphoinositide-3-kinase regulatory 
subunit 1 

0.1729 0.4189 

PTK2 protein tyrosine kinase 2 0.3050 0.5260 
RHOA ras homolog family member A 0.0000 0.0000 
SOS1 SOS Ras/Rac guanine nucleotide exchange 

factor 1 
0.4169 0.8700 

TCF3 transcription factor 3 0.2259 0.2520 
Genes upregulated   
CDKN1A cyclin dependent kinase inhibitor 1A 3.0829 2.0539 
FOS Fos proto-oncogene, AP-1 transcription 

factor subunit 
5.2459 1.7519 

MAX MYC associated factor X 3.2269 122,650.406 
RAC1 ras-related C3 botulinum toxin substrate 1 

(rho family, small GTP binding protein 
Rac1) 

2.5859 1.0620 

MCF-7 cells were treated with 3 μM of CNFD or paclitaxel for 12 h. After 
treatment, total RNA was isolated and reverse transcribed. Gene expression was 
detected using the TaqMan® Array Human Molecular Mechanisms of Cancer 96 
plate. 18S e HPRT1 genes were used as endogenous gene for normalization. 
Values represent the relative quantitation (RQ) compared with the calibrator 
(negative control, 0.2% DMSO, RQ = 1.00). The genes were considered to be 
upregulated if RQ ≥ 2 and were considered to be downregulated if RQ ≤ 0.5. 
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3.4. CNFD led apoptosis by mitochondrial pathway 

In order to analyse the underlying mechanism of CNFD-induced 
apoptosis, we have examined the activation of caspases (caspases-8, -9 
and-3) and the lost of mitochondrial transmembrane potential. Caspase- 
8 activation remained unchanged (p > 0.05, Fig. 3A); however, caspase- 
9 activation was increased in CNFD-treated cells (p < 0.05, Fig. 3B), 
suggesting the involvement of the intrinsic apoptosis pathway. 
Furthermore, it was observed an increased expression of cleaved 
caspase-3 (p < 0.05, Fig. 3C and D) after treatment with CNFD at con
centrations of 3 and 10 μM. Additionally, CNFD induced mitochondrial 
depolarization in MCF-7 cells, as measured by JC-1 probe, suggesting 
intrinsic mitochondrial-dependent apoptosis (Fig. 4A). The mitochon
drial depolarization occurred in 44 and 64% of the cells at concentra
tions of 3 and 10 μM, respectively (p < 0.05, Fig. 4 B). 

In order to assess whether there is participation of ROS in CNFD- 
induced cell death, we evaluated ROS generation in MCF-7 cells. 
Treatment of MCF-7 cells with CNFD by 3 h promoted a concentration- 
dependent increase in ROS (p < 0.05, Fig. 4C). Interesting, cell death 
was prevented when the cells were co-treated with the antioxidant NAC 
(p < 0.05, Fig. 4D and E), enhancing cell survival in 18.0 and 12.1% (3 
μM of CNFD), 33.7 and 9.4% (10 μM of CNFD) after treatment by 24 h 
and 48 h, respectively. Taken together, the data suggest that CNFD in
duces cytotoxic effects by the generation of oxidative radicals. However, 
this is not the only mechanism by which CNFD promotes cell death. 

3.5. Effect of CNFD on gene expression 

The effect of CNFD on the expression of genes involved in different 
cellular mechanisms, including cell proliferation, cell cycle, apoptosis, 
metastasis, and angiogenesis, was detected using TaqMan® Array 
Human Molecular Mechanisms of Cancer. Table 3 shows downregulated 
and upregulated genes in CNFD-treated MCF-7 cells. In the gene 
expression of cyclins (CCNDs), molecules that are involved in cell cycle 
progression [24], were observed downregulation of CCND1 (RQ =
0.386) after CNFD treatment, whereas the positive control, paclitaxel, 
was not able to reduce the expression of this gene (RQ = 0.687). In 

tumors, amplification and hyperactivation of cyclin dependent kinases 
(CDKs) are mechanisms that contribute to the dysregulation of the cell 
cycle, culminating in cell proliferation [25]. The treatments with CNFD 
and paclitaxel caused similar downregulation of CDK2 (CNFD RQ =
0.456; paclitaxel RQ = 0.392). Furthermore, cyclin dependent kinase 
inhibitor 1A (CDKN1A) was upregulated in CNFD-treated cells (RQ =
3.083), at higher extension than the paclitaxel treatment (RQ = 2.054). 

MAPKs family play an important role in complex cellular programs 
such as proliferation, differentiation, development, transformation, and 
apoptosis [26]. Treatment with CNFD and paclitaxel reduced the 
expression of important oncogenes of this family, including MAPK1 
(CNFD RQ = 0.453, paclitaxel RQ = 0.343), MAPK3 (CNFD RQ = 0.300, 
paclitaxel RQ = 0.147), MAPK14 (CNFD RQ = 0.162, paclitaxel RQ =
0.333), and MAP3K5 (CNFD RQ = 0.281; paclitaxel RQ = 0.423). 

The RAS family is composed of oncoproteins GTPases, that partici
pate in the regulation of pathways involved in cell growth and motility 
[27]. SOS1, a member of this family, was downregulated in cells treated 
with CNFD (RQ = 0.417), whereas paclitaxel did not alter the expression 
of this gene (RQ = 0.870). In addition, treatment with CNFD and 
paclitaxel inhibited the expression of the RHOA gene (CNFD RQ = 0.0; 
paclitaxel RQ = 0.0), which encodes a protein involved in cell motility. 

The treatments with CNFD and paclitaxel also caused a sub regula
tion of genes related to the cell survival, as such AKT1 (CNFD RQ =
0.236; paclitaxel RQ = 0.251), PIK3R1 (CNFD RQ = 0.173; paclitaxel 
RQ = 0.419) and PIK3CA (CNFD RQ = 0.185, paclitaxel RQ = 0.263). 
Cells treated with CNFD showed lower expression of the anti-apoptotic 
gene BCL2 (RQ = 0.219), whereas no transcripts were detected for this 
gene after treatment with paclitaxel. However, the pro-apoptotic gene 
BID, a BCL2 antagonist, was downregulated in the cells treated with 
CNFD (RQ = 0.294) and was not detected in paclitaxel-treated cells. 

CNFD treatment also induced upregulation of the genes FOS (RQ =
5.24) and MAX (RQ = 3.22). FOS gene is related to immediate response 
and quickly expressed [28], while MAX gene is capable of forming 
homodimers and heterodimers with family members, which include 
MAD, MXL1, and MYC, these transcriptionally active dimer can promote 
cell proliferation as well as apoptosis [29]. 

Fig. 5. Effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) (CNFD) on expression of phosphor-MAP kinases in MCF-7 cells. (A) Western 
blot analyses of phospho-p38, phospho-JNK and phospho-Erk1/2 from the whole cell lysates were performed after CNFD (3 μM) and Paclitaxel (3 μM) treatment 
indicated times. (B) Responses (arbitrary units) of phospho-p38 and its respective beta-actin. (C) Phospho-JNK and its respective beta-actin. (D) Phospho-ERK 1/2 
and its respective beta-actin. Top: scanned image of one of three separate experiments. Bottom: semi-quantitative summary of three separate experiments using 
values obtained by densitometric analysis using Image J software. *p < 0.05 compared to negative control by ANOVA followed by Student-Newman-Keuls. 
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3.6. CNFD induces the activation of JNK and p-38 MAPK signaling 
pathways 

Subsequently, we explored the upstream signaling pathways 
involved in CNFD-induced apoptosis. ERK1/2 is preferentially activated 
by growth factors, whereas c-jun NH2-terminal protein kinase (JNK) and 
p38 MAPK are preferentially activated by cell stress-inducing signals, 
such as oxidative stress, environmental stress and toxic chemical insults 
[11]. Thus, we queried whether CNFD-mediated apoptosis would be 
regulated by stress-activated protein kinases, JNK or p38 MAP kinase. 
We determined the effect of CNFD on the phosphorylation (as a mea
surement of activation) of the JNK, p38 and ERK1/2 MAPKs (Fig. 5A). 
Phosphorylation of JNK and p38 in CNFD-treated MCF-7 cells by a short 

time (15–45 min) showed a significant difference compared to untreated 
MCF-7 cells. The increase in phospho-p38 and phospho-JNK protein 
levels in MCF-7 cell treated with CNFD peaked at 30–45 min 
post-treatment (p < 0.05, Fig. 5B and C), afterwards the phosphoryla
tion levels decreased gradually (data not shown). On the other hand, it 
was observed ERK inactivation at 45 min after CNFD treatment (p <
0.05 Fig. 5D). Thus, the results showed that exposure of MCF-7 cells to 
CNFD resulted in rapid activation of both JNK and p38 signaling and 
decreased ERK1/2 pathway. 

Fig. 6. In vivo anti-tumor effect of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) (CNFD). (A). Mice were injected with B16–F10 melanoma 
(2.0 × 106 cells/animal, s. c.). The animals received intraperitoneal drug administration for 13 consecutive days, beginning one day after tumor implantation. (B) 
Histopathology of excised tumors, lungs, liver and kidney of control and CNFD-treated mice. Representative photographs of H&E staining. Light microscopy 
magnification, 400x. Scale bar 100 μm. Doxorubicin (0.5 mg/kg/day) was used as the positive control. Negative control (control) were treated with the vehicle used 
for diluting the substance tested (2% DMSO plus 2% Kolifor in saline). Data are presented as the mean ± S.E.M. of 8–10 animals. *p < 0.05 compared to the negative 
control group using ANOVA followed by Student-Newman-Keuls test. 
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3.7. CNFD inhibits tumor growth in murine model of experimental 
melanoma 

C57BL/6 mice were subcutaneously inoculated with B16–F10 mel
anoma cells and treated (intraperitoneally) daily for 13 consecutive days 
with CNFD to investigate its anti-tumor activity (p < 0.05, Fig. 7A). In 
vivo tumor growth was inhibited by the treatment with the CNFD (in
hibition of 46, 50, and 52% at doses of 10, 30 and 60 mg/kg/day, 
respectively). The positive control, doxorubicin, at the dose of 0.5 mg/ 
kg/day inhibited the tumor growth by 24%. Fig. 6B shows histopatho
logical analyses of the excised tumors from all experimental groups that 
showed typical tumoral proliferation, consisting of round and oval cells, 

intense pleomorphism, large nuclei, irregular or multiple nucleoli, and 
atypical mitoses. Some of these neoplastic cells also presented intra
cellular melanin pigment. The stroma was scarce but displayed many 
areas of congested vessels and inflammation. In all groups, muscle in
vasion was observed. In CNFD (10, 30 and 60 mg/kg/day) and doxo
rubicin treated groups, extensive tumor necrosis, inflammation and even 
microabcession areas were visualized. In addition, in the CNFD (60 mg/ 
kg/day) group, the tumor cells were well organized, and the tumor was 
more delimited. Systemic toxicological parameters were also examined 
in CNFD-treated mice. No significant changes in body or organ weight 
(liver, kidney, lung, and heart) were observed in CNFD-treated groups 
(p > 0.05, data not shown). No significant changes in peripheral blood 

Fig. 7. The proposed mechanism of the action of 6b,7-dihydro-5H-cyclopenta [b]naphtho [2,1-d]furan-5,6 (9aH)-dione) (CNFD). CNFD promoted cell death by 
apoptosis with possible involvement of the intrinsic pathway and activating JNK and p38 MAPKs. 

Table 4 
Effect of CNFD on hematological parameters of peripheral blood from mice inoculated with B16F10 cells.  

Treatment Dosage (mg/Kg/ 
day) 

N Erythrocytes (106 cell/ 
μL) 

Total leukocytes (103 cell/ 
μL) 

Differential leukocyte count (%) 

Basophils Eosinophils Neutrophils Lymphocytes Monocytes 

Vehicle – 9 4,06 ± 0,80 2,70 ± 2,03 0,0 ± 0,0 0,2 ± 0,44 25,8 ± 4,26 71,6 ± 2,60 2,4 ± 2,50 
Doxorubicin 0,5 9 2,73 ± 0,57* 2,96 ± 1,02 0,0 ± 0,0 0,0 ± 0,0 27,6 ± 5,54 71,6 ± 6,54 0,8 ± 1,09 
CNFD 10 10 3,72 ± 1,56 2,34 ± 5,53 0,0 ± 0,0 0,2 ± 0,44 27,0 ± 6,28 68,8 ± 6,76 4,0 ± 1,87 
CNFD 30 8 3,67 ± 2,27 2,44 ± 6,69 0,0 ± 0,0 0,0 ± 0,0 31,0 ± 9,84 67,6 ± 10,06 1,4 ± 2,60 
CNFD 60 8 3,60 ± 0,82 3,35 ± 1,73 0,0 ± 0,0 0,2 ± 0,44 29,0 ± 13,3 66,8 ± 10,8 4,0 ± 2,0 

The values correspond to the mean ± standard deviation. The negative control was treated with the vehicle (saline + DMSO 2% + Koliffor 2%) used to solubilize and 
dilute the test substances. Doxorubicin was used as a positive control. *p < 0.05 when compared to the negative control group by ANOVA (analysis of variance) 
followed by Student Newman-Keuls. 
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biochemistry (p > 0.05, data not shown) and as shown in Table 4, no 
changes in hematological parameters were observed in the groups 
treated with CNFD. Histopathological analyses of livers revealed an 
architectural disruption in all livers analyzed, including dilatation of 
vessels that make up the portal system. Other well-known and frequent 
findings were: centrilobular coagulative necrosis, congestion, inflam
mation and hydropic degeneration. In the groups treated with CNFD 
(10, 30, and 60 mg/kg/day) the histological changes (necrosis, inflam
mation, congestion) were less evident when compared to the positive 
and negative controls (Fig. 6B). There was no difference between the 
negative control group, doxorubicin, and CNFD (10, 30 and 60 mg/kg/ 
day) in the kidneys. The changes described in this organ were: focal 
congestion, hemorrhage, glomerular sclerosis, tubular dilatation, focal 
inflammation, and vacuolization of tubular epithelial cells, and 
glomerular and tubular necrosis. These characteristics were less pro
nounced in the doxorubicin and CNFD (10 mg/kg/day) groups (Fig. 6B). 
Atelectasis, focal hemorrhage, and vascular congestion were observed in 
the lungs of all animals. Histopathological analyses of hearts did not 
show alterations in any group (Fig. 6B). The histopathological features 
in this study (hydropic change, vascular congestion and focal areas of 
inflammation) are acute cellular responses to non-lethal treatment- 
related stimuli, and the injured cells may return to a homoeostatic state 
when the aggression ends. 

4. Discussion 

Natural quinones are effective anticancer compounds both in vitro 
and in vivo [30]. In this study, we investigated the anticancer potential of 
CNFD, a new naphthoquinone synthesized from Lawsone. CNFD 
dramatically inhibited the proliferation of seven cancer cell lines, 
particularly in MCF-7 cells with an IC50 of less than 1 μM. In contrast, 
CNFD exhibited less toxic effect against noncancerous cells. Besides that, 
the growth inhibitory effect of CNFD towards MCF-7 cells was rapid in a 
short period of time, as the viability of MCF-7 cells was significantly 
reduced after 12 h of CNFD exposure. 

Apoptosis is a regulated process under the control of several 
signaling pathways, such as caspases and mitochondrial pathways. 
Moreover, apoptotic cell death pathways can include the extrinsic or 
death receptor pathway and the intrinsic or mitochondrial pathway [31, 
32]. In the present study, the apoptosis induced by CNFD was confirmed 
by phosphatidylserine externalization, internucleosomal DNA frag
mentation without affecting the cell membrane permeabilization, and 
activation of the caspase-9 and-3. The intrinsic pathway is initiated with 
loss of membrane potential in mitochondria and, then, there is the 
release of cytochrome c from the mitochondria into the cytosol and 
binding to the adaptor protein Apaf-1 following activation of caspase-9, 
which is a caspase initiator of the intrinsic apoptosis pathway [33,34]. 
The loss of mitochondrial membrane potential and the activation of 
caspase-9 observed in our study suggest the involvement of intrinsic 
apoptosis pathway in cell death induced by CNFD. 

CNFD increases intracellular ROS, suggesting that ROS accumulation 
contributes to CNFD-induced cytotoxicity. In addition, the effect of 
CNFD on cell viability was partially protected by the antioxidant NAC, 
corroborating this hypothesis. As previously cited, quinone participates 
in a redox cycle, which reduces to hydroxynaphthoquinone and subse
quently reduces the oxidation that generates ROS and, thus, it leads to 
oxidative stress [35]. The oxidative stress is considered an important 
condition to promote cell death in response to the activation of a number 
of signaling pathways as well as mediators of apoptosis by a mechanism 
dependent on mitochondria [36,37]. Indeed, quinones and naph
thoquinones, including juglone, plubagin, shikonin and menadione have 
shown to promote the generation of ROS in other types of cell lines 
[38–41]. 

In addition to the mechanism of cell death induced by CNFD in MCF- 
7 cells mediated by ROS, we investigated the MAPK pathways. The 
family of MAPKs including ERK1/2, stress-activated protein kinase/c- 

jun N-terminal kinase (SAPK/JNK) and p38-MAPKs play central roles 
in signaling pathways of cell proliferation, survival and apoptosis [42]. 
ERK1/2 are activated by mitogens and growth factors leading to cell 
growth and survival, whereas JNK and p38 MAPK are preferentially 
activated by proinflammatory cytokines and oxidative stress resulting in 
cell differentiation and apoptosis [15,43,44]. In this study, we observed 
that JNK and p38 MAPK were phosphorylated, whereas the phosphor
ylation of ERK1/2 decreased after 30 min exposure with CNFD. 

Gene expression experiment indicated that CNFD increased the 
expression of CDKN1A, FOS, MAX and RAC-1, and reduced the expres
sion of BCL2, an apoptosis inhibitory gene. Constitutive expression of 
activated RAC induces activation of Jun N-terminal kinase (JNK), which 
phosphorylates and activates the transcription factor Jun [45]. The 
cellular genes c-FOS and c-JUN dimerize to form the transcription factor 
AP-1 (activator protein-1). These genes can be expressed minutes after 
drug exposure, chemical agents or growth factor deprivation, and the 
resulting products participate in several metabolic processes [46–49]. 
The MAX gene encodes a protein that interacts specifically with the Myc 
protein to form a heterodimer with high affinity for the specific cognate 
DNA binding site of Myc [50]. Our results corroborate with those of 
Kalra and co-workers [2004] [51], which found evidence that cFos is a 
mediator of the c-myc-induced apoptotic signaling via the p38 
mitogen-activated protein kinase pathway. 

The effect of CNFD on inhibition of migration in MCF-7 cells may be 
related to the downregulation of genes involved in RAS signaling such as 
SOS1, GRB2, and KRAS. SOS1 encodes a protein that exchanges guanine 
nucleotides and prepares the GTP binding site for Ras proteins that bind 
to the epidermal growth factor receptor (EGFR) pathway. Generally, 
stimulation in the EGFR pathway would initiate the activation of 
adapter proteins such as the SH-2 containing protein and the growth 
factor-2 receptor (GRB2) linked protein that recruits the SOS1 protein to 
the cell membrane. The association between GRB2 and SOS1 activates 
KRAS and further activates both RAF kinases, PI3Ks, MAPK and PI3K/ 
AKT pathways, respectively [42,52]. The treatment with CNFD also 
caused downregulation of the AKT, PIK3, and MAPK family genes. 

Furthermore, we observed upregulation of the RAC-1 gene and 
downregulation of RHOA, both of which are also involved in cell 
migration. RAC-1 drives oriented mesenchymal motility, leading edge 
protrusion and lamellipodia formation, and it is a key molecular player 
of regulated intracellular ROS sources. RHO activation is responsible for 
ameboid motility, a non-oriented movement which enables the cell to 
move between gaps of extracellular matrix instead of proteolytically 
degrade it [45,53]. The antagonistic effect on the regulation of RAC-1 
and RHOA may be explained by the presence of ROS induced in the 
treatment of CNFD. Our studies continue to evaluate the possible anti
metastatic effects induced by CNFD. 

Evidence of cytotoxicity in a cell culture system is property possessed 
by most clinically used anti-tumor agents [54]. In addition to the cyto
toxic effect of CNFD in vitro, this compound also demonstrated beneficial 
effects in a clinically relevant B16F10 murine melanoma model. CNFD 
showed significant reduction of tumor growth and tumor weight in vivo 
without significant effect in systemic toxicity. Regression of tumors in 
animals, growth reduction of sensitive tumors and/or increase in life 
expectancy are factors directly related to the antineoplastic activity 
[55]. The anticancer potential of naphthoquinones has also been 
determined in xenografts models in vivo, such as plumbagin, an exten
sively studied naphthoquinone, that it has been shown to exert signifi
cant anticancer potential in several animal models and in vitro protocols 
[56–59], including breast cancer [60–62]. 

In summary, our data showed that CNFD-mediated cytotoxicity is 
based on its ability to induce apoptosis (Fig. 7). Briefly, it occurs an 
increase of ROS production, loss of mitochondrial membrane potential, 
activation of caspase-9 and-3, internucleosomal DNA fragmentation, 
upregulation of the genes CDKN1A, FOS, MAX and RAC1, and down
regulation of several genes, including CCND1, CDK2, SOS1, RHOA, 
GRB2, EGFR and KRAS, and activation of JNK and p38 MAPKs. These 
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results may provide sequential mechanisms of apoptosis induced by 
CNFD in MCF-7 cells. 
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