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A B S T R A C T

β-Lapachone is a natural naphthoquinone originally obtained from the bark of the purple Ipe (Tabebuia avel-
lanedae Lor, Bignoniaceae) and its therapeutic potential in human cancer cells has been evaluated in several
studies. In this study, we examined the effects of β-lapachone and its 3-iodine derivatives (3-I-α-lapachone and
3-I-β-lapachone) on cell proliferation, cell death, and cancer-related gene expression in human oral squamous
cell carcinoma cells. β-Lapachone and its 3-iodine derivatives showed potent cytotoxicity against different types
of human cancer cell lines. Indeed, treatment with these compounds induced cell cycle arrest at G2/M phase,
followed by internucleosomal DNA fragmentation, and caused significant increases in phosphatidylserine ex-
ternalization, caspase-8 and -9 activation, mitochondrial membrane depolarization, reactive oxygen species
(ROS) production, and apoptotic cell death morphology. The apoptosis induced by the compounds was pre-
vented by pretreatment with a pan-caspase inhibitor (Z-VAD-FMK) and an antioxidant (N-acetyl-L-cysteine). In
vivo, β-lapachone and its 3-iodine derivatives significantly reduced tumor burden and did not alter any of the
biochemical, hematological, or histological parameters of the animals. Overall, β-lapachone and its 3-iodine
derivatives showed promising cytotoxic activity due to their ability to induce cell cycle arrest at G2/M phase and
promote caspase- and ROS-mediated apoptosis. In addition, β-lapachone and its 3-iodine derivatives were able to
suppress tumor growth in vivo, indicating that these compounds may be new antitumor drug candidates.
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1. Introduction

Oral cancer is the sixth most frequent cancer worldwide, and oral
squamous cell carcinoma (OSCC), as a major type of malignant neo-
plasm affecting the oral cavity, is the most common histological sub-
type, accounting for 95% of cases [1,2]. OSCC is a serious global health
issue, and it is estimated that more than 500,000 new cases of OSCC are
diagnosed and 350,000 OSCC-related deaths occur annually [3].

Recent oncological research has focused on the pathogenesis of
cancer, therapeutic targets in cancer, and new pharmacological groups
for anticancer treatment. Within this context, natural products re-
present an important source of new anticancer drugs. Among the
pharmacological classes, naphthoquinones such as β-lapachone have
attracted the attention of the pharmaceutical industry owing to their
diverse biological effects, including cytotoxicity in neoplastic cells
[4,5].

β-Lapachone is a natural naphthoquinone originally obtained from
the bark of the purple Ipe (Tabebuia avellanedae Lor, Bignoniaceae)
found in South America. This compound has promising biological ac-
tivities, including antimicrobial, anti-inflammatory, antimalarial, and
anticancer effects [6,7]. β-Lapachone has been evaluated in several
studies investigating its therapeutic potential in human cancer cells,
and its anticancer activity and mechanisms of action have been ex-
tensively studied in several types of cancers, including breast adeno-
carcinoma [8,9], lung carcinoma [10–12], esophageal carcinoma [4],
prostate carcinoma [13,14], hepatocarcinoma [15,16], colorectal car-
cinoma [17,18], melanoma [19,20], and oral squamous cell carcinoma
[21]. Importantly, β-lapachone 3-iodine derivatives such as 3-I-α-la-
pachone and 3-I-β-lapachone [22,23] have been shown to have anti-
inflammatory and antimicrobial properties; however, no studies have
demonstrated their anticancer effects.

Therefore, the aim of this study was to evaluate the effects of β-
lapachone and its 3-iodine derivatives on cell proliferation, cell death,
and cancer-related gene expression in OSCC cells.

2. Materials and methods

2.1. Preparation of β-lapachone and its 3-iodine derivatives

β-Lapachone and its 3-iodine derivatives were obtained as pre-
viously described [22,23]. Fig. 1 depicts the chemical structure of β-
lapachone and its 3-iodine derivatives.

2.2. Cell culture

Human OSCC cell lines (HSC3, SCC4, SCC9, SCC15 and SCC25),
from American Type Culture Collection (ATCC, Manassas, VA, USA),
were used in this study. For comparative analysis, we used two im-
mortalized but not transformed cell lines, i.e., HaCaT human normal

keratinocytes [24] and MRC5 normal human fibroblasts [25]. In addi-
tion to OSCC cell lines, other cell types were also used, as described in
Table S1. The cells were cultured in RPMI 1640 medium (Thermo
Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Waltham, MA, USA) and 50 µg/mL
gentamicin (Novafarma, Anápolis, GO, Brazil) at a temperature of 37 °C
in an atmosphere containing 5% CO2. All cell lines were tested for
mycoplasma using a mycoplasma stain kit (Sigma-Aldrich, St. Louis,
MO, USA) to validate the use of cells free from contamination.

2.3. PBMC preparation

Human peripheral blood mononuclear cells (PBMCs) were obtained
from the peripheral blood of healthy nonsmokers (age 25–35 years),
who had not used any drugs or medications for at least 15 days prior to
collection. The research ethics committee of the Oswaldo Cruz
Foundation (Salvador, Bahia, Brazil) approved the experimental pro-
tocol (Approval no. 031019/2013). All participants provided informed
consent for participation in the study. Blood collection was performed
in heparinized flasks by trained professionals at Fiocruz, Bahia, using
sterile and disposable syringes, in a final volume of 5mL.

PBMCs were isolated by a standard protocol using a Ficoll density
gradient (Ficoll-Paque Plus, GE Helthcare Bio-Sciences AB, Sweden).
After separation, the cells were washed twice with saline and re-
suspended (0.3× 106 cells/mL) in RPMI medium supplemented with
20% FBS, 2mM glutamine, and 50 μg/mL gentamicin. To induce T
lymphocyte cell division, 10 μg/mL concanavalin A (Sigma Chemical
Co., St. Louis, MO, USA) was used as a mitogen.

2.4. Cytotoxic activity assay

Cells were cultured in 96-well plates with varying concentrations of
β-lapachone and its 3-iodine derivatives for 72 h. Cell viability was
measured using Alamar Blue assays, as describe by Ahmed et al. [26],
and the absorbance at 570 and 600 nm was measured using a micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA).

2.5. Three-dimensional multicellular spheroid culture

HSC3 cells were cultured in a three-dimensional (3D) model of
multicellular cancer spheroids as described by Carvalho et al. [27].
Briefly, cells were seeded in 100-μL aliquots into 96-well plates with a
cell-repellent surface (Greiner Bio-One, Kremsmünster, Austria) at a
density of 0.5× 106 cells/mL and cultured in complete medium con-
taining 3% Matrigel (BD Biosciences, San Jose, CA, USA). Spheroids
with stable structures had formed after 3 days. The spheroids were then
exposed to a range of drug concentrations for 72 h, and cell viability
was quantified as described above.

Fig. 1. Chemical structure of β-lapachone and its derivatives, 3-I-α-lapachone and 3-I-β-lapachone.

R.B. Dias et al. Free Radical Biology and Medicine 126 (2018) 87–100

88



2.6. Trypan blue exclusion assay

Cellular viability was assessed using trypan blue exclusion assays.
Briefly, HSC3 cells were treated with β-lapachone and its 3-iodine de-
rivatives for 12, 24, 48, or 72 h. The numbers of viable and nonviable
cells (the latter of which take up trypan blue) were counted. Briefly,
90 μL was removed from the cell suspension, and 10 μL trypan blue
(0.4%) was added. Cell counting was performed using a light micro-
scope with a hemocytometer filled with an aliquot of the homogenized
cell suspension.

2.7. Internucleosomal DNA fragmentation and cell cycle distribution

Determination of the nuclear DNA content of the cell, which reflects
the phases of the cell cycle, was performed by flow cytometry using
propidium iodide (PI) as a fluorogenic agent [28]. Cells were harvested
in a permeabilization solution containing 0.1% Triton X-100 (Sigma
Chemical Co.), 2 µg/mL PI (Sigma Chemical Co.), 0.1% sodium citrate,
and 100 µg/mL RNAse (Sigma Chemical Co.) and incubated in the dark
for 15min at room temperature. The fluorescence intensity resulting
from attachment of the fluorochrome propidium iodide to DNA is di-
rectly proportional to amount of genetic material present in the cell
nucleus, representing the distribution of populations cells in different
phases of cell cycle. The internucleosomal DNA fragmentation is re-
presented by the amount of cells in sub-G1, being an indicator of cell
death. Finally, cell fluorescence was measured by flow cytometry on a
BD LSRFortessa cytometer using BD FACSDiva Software (BD Bios-
ciences) and Flowjo Software 10 (Flowjo LCC, Ashland, OR, USA). Ten
thousand events were evaluated per experiment, and cellular debris was
omitted from the analysis.

2.8. Morphological analysis

To evaluate alterations in morphology, cells were cultured under
coverslips and stained with May-Grunwald-Giemsa. Morphological
changes were examined by light microscopy using Image-Pro software.
In addition, light scattering features were determined by flow cyto-
metry as described above.

2.9. Annexin V/PI staining assay

For detection of apoptosis, we used a FITC Annexin V Apoptosis
Detection Kit (BD Biosciences), according to the manufacturer's in-
structions. Cell fluorescence was determined by flow cytometry, as
described above.

Protection assays using the pan-caspase inhibitor Z-VAD(Ome)-FMK
(Cayman Chemical, Ann Arbor, MI, USA) and the antioxidant N-acetyl-
l-cysteine (NAC) (Sigma-Aldrich Co.) were also performed. Briefly, the
cells were pretreated for 2 h with 50 µM Z-VAD(Ome)-FMK or for 1 h
with 5mMNAC, and the pretreated cells were then incubated with β-
lapachone and its 3-iodine derivatives for 72 h. The treated cells were
trypsinized, and FITC Annexin V Apoptosis Detection assays were
conducted as described above.

2.10. Measurement of the mitochondrial membrane potential with
rhodamine 123

Mitochondrial membrane potential was determined by retention of
rhodamine 123. Briefly, HSC3 cells were treated with β-lapachone and
its 3-iodine derivatives for 24 or 48 h. The cells were then incubated
with rhodamine 123 (5 μg/mL; Sigma-Aldrich Co.) at 37 °C for 15min
in the dark and washed with saline. Finally, the cells were incubated in
saline at 37 °C for 30min in the dark, and cell fluorescence was de-
termined by flow cytometry as described above.

2.11. Caspase-8 and -9 activation assays

A caspase-8 colorimetric assay kit (BioVision Inc., Milpitas, CA,
USA) and a caspase-9 colorimetric assay kit (Invitrogen, Frederick, MD,
USA) were used to investigate the activation of caspase-8 and -9 in
HSC3 cells treated with β-lapachone and its 3-iodine derivatives. The
analyses were performed according to the manufacturers’ instructions.

2.12. Analysis of intracellular reactive oxygen species levels

Intracellular reactive oxygen species (ROS) production was de-
termined using 2′,7′-dichlorofluorescin diacetate (DCF-DA; Sigma-
Aldrich Co.). Briefly, HSC3 cells were treated with β-lapachone and its
3-iodine derivatives for 1 or 3 h. The cells were then collected, washed
with saline, and resuspended in FACS tubes with saline containing 5 μM
DCF-DA for 30min. Finally, the cells were washed with saline, and the
fluorescence was determined by flow cytometry as described above.

Additionally, protection assays using the antioxidants NAC (Sigma-
Aldrich Co.) and catalase (Sigma-Aldrich Co.) were also performed.
Briefly, the cells were incubated with 5mM NAC or 2000 UI catalase for
1 h and then incubated with β-lapachone and its 3-iodine derivatives
for 1 h.

2.13. Measurement of cellular superoxide anion levels

Hydroethidine (Sigma-Aldrich Co.) was used to detect cellular su-
peroxide levels after 1 h of treatment with β-lapachone and its 3-iodine
derivatives [29]. The cells were labeled with 10 μM hydroethidine for
30min. Finally, the cells were washed with saline, and fluorescence was
determined as described above.

2.14. Measurement of nitric oxide production

Nitric oxide generation was detected with 4-amino-5-methylamino-
2′-,7′-difluofluorescein diacetate (DAF-FM diacetate; Molecular Probes,
Eugene, OR, USA) after 1 h of treatment with β-lapachone and its 3-
iodine derivatives [30]. The cells were labeled with 3 μM DAF-FM
diacetate for 60min at 37 °C. Following staining, cells were washed
with saline and incubated for an additional 15min at 37 °C to allow for
complete deesterification of the intracellular diacatates. The nitric
oxide radical was then detected by flow cytometry as described above.

2.15. DNA intercalation assay

DNA intercalation was assessed by examining the ability of the
compounds to displace ethidium bromide from calf thymus DNA
(ctDNA) (Sigma-Aldrich Co.) [31]. Sextuplicate assays (100 μL) were
conducted in 96-well plates and contained 15 μg/mL ctDNA, 1.5 μM
ethidium bromide, and 5, 10, or 20 µM β-lapachone and its 3-iodine
derivatives in 100 μL saline solution. The vehicle (0.2% dimethyl sulf-
oxide [DMSO]) used for diluting the compounds was also used as the
negative control. Doxorubicin (20 μM) was used as the positive control.
Fluorescence was measured using excitation and emission wavelengths
of 320 and 600 nm, respectively, on a spectraMax Microplate Reader
(Molecular Devices).

2.16. Gene expression analysis using a quantitative polymerase chain
reaction (qPCR) array

HSC3 cells were plated in tissue culture bottles (7× 104 cells/mL).
After 12 h of incubation with 1 µM β-lapachone, 9 µM 3-I-α-lapachone,
or 2 µM 3-I-β-lapachone, total RNA was isolated from the cells using an
RNeasy Plus mini kit (Qiagen, Hilden, Germany) according to the
manufacturer's instructions. The RNA was evaluated by fluorimetry
(QuBit; Life Technologies, Camarillo, CA, USA). RNA reverse tran-
scription was performed using Superscript VILO (Invitrogen
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Corporation, Waltham, MA, USA). TaqMan Array Human Molecular
Mechanisms of Cancer 96-well plates (ID 4418806; Applied Biosystems,
Foster City, CA, USA) were used for gene expression analysis with
qPCR. The reactions were conducted on an ABI ViiA7 instrument
(Applied Biosystems). The cycle conditions included 2min at 50 °C, 20 s
at 95 °C, and 40 cycles of 3 s at 95 °C and 30 s at 60 °C. The relative
quantification (RQ) of mRNA expression was calculated by the 2-ΔΔCT

method using Gene Expression Suite Software (Applied Biosystems),
and cells treated with the negative control (0.2% DMSO) were used as a
calibrator. The GAPDH, 18S, and HPRT1 genes were used for normal-
ization. All experiments were performed under DNase/RNase-free
conditions. The genes were considered to be upregulated if the RQ was
greater than or equal to 2 and downregulated if the RQ was less than or
equal to 0.5.

2.17. In vivo study with OSCC xenografts

In total, 118 C.B-17 SCID mice (female, 25–30 g) were obtained and
maintained at the animal facilities of Gonçalo Moniz Institute-FIOCRUZ
(Salvador, Bahia, Brazil). 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 local Animal Ethics Committee ap-
proved the experimental protocol (Approval number 06/2015).

In vivo antitumor efficacy was evaluated in a heterotopic xenograft
model by inoculation of mice with HSC3 cells (1× 107 cells/500 μL/
animal) implanted subcutaneously in the left axilla of the mice. The
compounds were dissolved in 5% DMSO and diluted in distilled water.
The treatment was started 72 h after inoculation and was performed
intraperitoneally once daily for 27 consecutive days. The mice were
divided into seven groups, as follows: negative control group, animals
treated with the vehicle (5% DMSO); positive control group, animals
treated with doxorubicin (0.1 mg/kg); and experimental groups, ani-
mals treated with β-lapachone (20mg/kg), 3-I-α-lapachone (20 or
40mg/kg), or 3-I-β-lapachone (20 or 40mg/kg). At the end of the
treatment, peripheral blood samples from the mice were collected from
the retro-orbital plexus for biochemical and hematological analysis
after anesthesia, as described below. The animals were then euthanized
by anesthesia overdose. The tumors were excised and weighed, as were
the liver, lungs, heart, and kidneys of the mice. The effects of the
compounds were expressed as percent inhibition relative to the control.

2.18. Toxicological evaluation

Mice were weighed at the beginning and at the end of the experi-
ment. In addition, the animals were observed for signs of changes
throughout the study. The liver, kidneys, heart, and lungs were re-
moved, weighed, and observed for any signs of severe injury or changes
in color and bleeding.

Hematological analyses were performed by light microscopy.
Hematological parameters, including total erythrocyte and leukocyte
counts, as well as differential counts of leukocytes, such as neutrophils,
lymphocytes, monocytes, eosinophils, and basophils, were quantified.

Biochemical analyses of serum samples were performed using a Vet-
16 rotor (Hemagen Diagnostics Inc., Columbia, MD, USA). Glutamic-
oxalacetic transaminase, glutamic-pyruvic transaminase, amylase, ni-
trogen urea, glucose, phosphorus, calcium, uric acid, creatine kinase,
total proteins, and globulin were analyzed.

After fixation in 4% formaldehyde, tumors, livers, kidneys, hearts,
and lungs were examined for size, color, and hemorrhage. Histological
analyses were performed under optical microscopy using hematoxylin-
eosin and Periodic acid-Schiff (liver and kidney) staining, by an ex-
perienced pathologist.

2.19. Statistical analysis

The results were compiled into a database organized in spreadsheets
in Microsoft Excel, and statistical analysis was performed using
GraphPad Prism. The data were analyzed according to the distribution
in the normal Gaussian curve. The half-maximal inhibitory concentra-
tion (IC50) values were obtained by nonlinear regression from three
independent experiments performed in duplicate. The differences be-
tween groups were evaluated by analysis of variance followed by
Student-Newman-Keuls tests (p < 0.05).

For gene expression analysis, after amplification and dissociation
runs, the relative quantity values were obtained with the aid of the
Gene Expression Suite program (Applied Biosystems) according to the
comparative Cq method (ΔΔCQ) [32].

Table 1
Cytotoxic activity of β-lapachone and its 3-iodine derivatives.

Cells IC50 in µΜ

DOX β-lapachone 3-I-α-lapachone 3-I-β-lapachone

Cancer cells
HSC3 0.34 1.02 4.39 0.98

0.05–0.66 0.70–1.52 3.13–6.19 0.70–1.40
SCC4 0.07 16.22 7.47 1.84

0.05–0.09 10.70–25.06 6.31–9.11 1.40–2.1
SCC9 0.77 0.16 8.43 2.50

0.14–1.26 0.03–0.56 5.42–13.15 1.17–5.61
SCC15 1.49 0.06 4.34 0.81

0.42–1.57 0.03–1.29 3.11–6.07 0.47–1.64
SCC25 1.40 2.78 8.08 2.50

0.61–2.92 2.05–3.74 6.50–10.04 2.10–3.04
HepG2 0.01 0.99 11.77 0.44

0.01–0.04 0.50–1.95 9.44–14.65 0.23–0.93
HL-60 0.01 0.09 4.04 0.02

0.01–0.03 0.03–0.60 3.22–5.07 0.02–0.12
K562 0.05 1.35 2.17 0.74

0.04–0.09 0.36–2.22 0.77–5.47 0.23–1.64
AGP-01 1.89 20.33 8.43 0.72

0.45–2.34 14.77–27.98 6.82–10.40 0.23–1.64
ACP-02 6.82 48.94 11.30 1.40

0.56–24.31 34.17–70.13 9.70–13.15 1.17–1.64
ACP-03 2.35 15.49 4.79 0.74

0.51–3.20 10.76–22.28 3.57–6.40 0.47–1.17
HT-29 0.27 25.03 6.61 1.12

0.26–0.44 18.14–34.60 5.34–7.90 0.93–1.40
HCT-116 0.18 5.62 3.03 0.44

0.12–0.42 4.67–6.75 2.52–3.67 0.23–0.47
Non cancer cells
HaCaT 0.11 0.43 8.01 1.82

0.01–0.30 0.10–1.95 4.44–14.46 0.93–3.55
MRC5 0.82 37.71 4.32 1.25

0.48–1.25 19.67–72.18 4.26–5.72 0.77–1.87
PBMC 5.17 82.78 14.79 33.69

1.39–5.67 53.7–90.8 5.02–18.62 12.54–38.70

Data are presented as IC50 values in μM and their respective 95% confidence
interval obtained by nonlinear regression from at the least three independent
experiments performed in duplicate, measured by alamar blue assay after 72 h
incubation. Cancer cells: HSC3 (human oral squamous cell carcinoma); SCC4
(human oral squamous cell carcinoma); SCC9 (human oral squamous cell car-
cinoma); SCC15 (human oral squamous cell carcinoma); SCC25 (human oral
squamous cell carcinoma); HepG2 (human hepatocellular carcinoma); HL-60
(human promyelocytic leukemia); K562 (human chronic myelogenous leu-
kemia); AGP-01 (human ascitic gastric adenocarcinoma); ACP-02 (human
gastric adenocarcinoma); ACP-03 (human gastric adenocarcinoma); HT-29
(human colon adenocarcinoma) and HCT-116 (human colon carcinoma). Non-
cancer cells: MRC5 (human lung fibroblast), HaCaT (human keratinocyte) and
PBMC (human peripheral blood mononuclear cells). Doxorubicin (DOX) was
used as positive control.
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3. Results

3.1. β-Lapachone and its 3-iodine derivatives exhibited potent cytotoxicity
against a panel of human cancer cell lines

The cytotoxic effects of β-lapachone and its 3-iodine derivatives
were assessed in different human cancer cell lines using Alamar Blue
assays after 72 h of incubation. Table 1 shows the IC50 values obtained
from this analysis. β-Lapachone showed cytotoxicity with IC50 values
ranging from 0.06 to 48.9 μM for SCC15 and APC02 cells, respectively.
Additionally, 3-I-α-lapachone had IC50 values ranging from 2.2 to
11.8 μM for K562 and HepG2 cells, respectively, whereas 3-I-β-la-
pachone had IC50 values ranging from 0.02 to 2.5 μM for HL-60 and
SCC9/SCC25 cells, respectively. Interestingly, 3-I-α-lapachone showed
more potent cytotoxicity than β-lapachone in SCC4 (2-fold), AGP-01
(2.4-fold), ACP-02 (4.3-fold), ACP-03 (3.2-fold), and HT-29 (3.8-fold)
cells. In contrast, 3-I-β-lapachone showed more potent cytotoxicity than
β-lapachone in SCC4 (9-fold), HepG2 (2.5-fold), AGP-01 (29-fold), ACP-
02 (35-fold), ACP-03 (22-fold), HCT-29 (27-fold), and HCT-116 (14-
fold) cells.

In HaCaT cells, MRC5 cells, and PBMCs, as representative noncancer
cell lines, β-lapachone showed IC50 values of 0.4, 37.7, and 82.7 μM,
respectively; 3-I-α-lapachone showed IC50 values of 8.0, 4.3, and
14.8 μM, respectively; and 3-I-β-lapachone showed IC50 values of 1.8,
1.2, and 33.8 μM, respectively. The results for the selectivity index (SI)
analysis are shown in Table 2. β-Lapachone and its 3-iodine derivatives
showed greater selectivity of cytotoxicity for cancer cells than PBMCs.
In HSC3 cells, β-lapachone, 3-I-α-lapachone, and 3-I-β-lapachone
showed SIs of 82.7, 3.3, and 33.8, respectively, and doxorubicin, which
was used as a positive control, also showed cytotoxic activity, with IC50

values ranging from 0.01 to 6.8 μM for HL-60/HepG2 and APC02 cells,
respectively. In noncancer cells, doxorubicin exhibited IC50 values of
0.1, 0.8, and 5.2 μM for HaCaT cells, MRC5 cells, and PBMCs, respec-
tively.

To study the cytotoxic potential of β-lapachone and its 3-iodine
derivatives in OSCC cells, a new set of experiments was performed to
evaluate the effects and mechanisms of action of these compounds in
HSC3 cells, which showed high sensitivity to the compounds. The cy-
totoxic effects of β-lapachone and its 3-iodine derivatives were con-
firmed in vitro in a three-dimensional (3D) model of multicellular

cancer spheroids. Fig. 2a shows the morphological alterations in
spheroids treated with β-lapachone and its 3-iodine derivatives, in-
dicating drug permeability in the 3D culture. The IC50 value of β-la-
pachone was 9.8 μM after 72 h of incubation (Fig. 2b), and 3-I-α-la-
pachone and 3-I-β-lapachone showed IC50 values of 8.1 and 2.3 μM,
respectively. Doxorubicin presented an IC50 value of 43.5 μM.

Next, we performed the trypan blue exclusion assay to assess the
effects of β-lapachone and its 3-iodine derivatives on cell viability after
incubation for different times (Fig. S1). The results demonstrated that
treatment with the compounds significantly reduced the number of
viable cells compared with the negative control (0.2% DMSO) after 12,
24, 48, and 72 h of exposure. Doxorubicin also reduced the number of
viable cells during the time course of treatment. There were no sig-
nificant differences in the number of nonviable cells among groups.

Treatment with β-lapachone, its 3-iodine derivatives, and doxor-
ubicin in HSC3 cells caused cell volume reduction, chromatin con-
densation, apoptotic bodies, and nuclear fragmentation, which became
more evident at higher concentrations and after longer incubation times
(Fig. S2). Furthermore, β-lapachone and its iodine derivatives caused
cell shrinkage, as revealed by the decrease in forward light scatter, and
nuclear condensation, as shown by a transient increase in side scatter,
suggesting induction of apoptosis (Fig. S3).

3.2. β-Lapachone and its 3-iodine derivatives failed to induce DNA
intercalation

β-Lapachone and its 3-iodine derivatives failed to induce DNA in-
tercalation in ethidium bromide displacement assays using ctDNA (data
not shown). In contrast, doxorubicin, a known DNA intercalator, was
able to displace ethidium bromide from ctDNA.

3.3. β-Lapachone and its 3-iodine derivatives promoted G2/M phase arrest
and increased internucleosomal DNA fragmentation in HSC3 cells

Next, we measured the DNA content by flow cytometry to de-
terminate the internucleosomal DNA fragmentation and cell cycle dis-
tribution. All DNA that was sub-diploid in size (sub-G1) was considered
fragmented, which can be used as an indicator of apoptosis when the
cell membrane remain integrity. After 24 h of incubation, a significant
increase in the percentage of HSC3 cells at G2/M phase was observed

Table 2
Selectivity index of β-lapachone and its 3-iodine derivatives.

Cancer cells Non-cancer cells

HaCaT MRC5 PBMC

DOX β-lap 3-I-α-lap 3-I-β-lap DOX β-lap 3-I-α-lap 3-I-β-lap DOX β-lap 3-I-α-lap 3-I-β-lap

HSC3 0.3 0.4 1.8 1.8 2.7 37.7 0.9 1.2 17.3 82.7 3.3 33.8
SCC4 1.4 0.02 1.1 1.0 11.4 2.3 0.6 0.7 74.3 5.1 2.0 18.8
SCC9 0.1 2.0 1.0 0.7 1.0 188.5 0.5 0.5 6.5 413.5 1.8 13.5
SCC15 0.07 6.7 1.9 2.3 0.5 628.3 1.0 1.5 3.5 1378.3 3.4 42.3
SCC25 0.07 0.1 1.0 0.7 0.6 13.4 0.5 0.5 3.7 29.5 1.8 13.5
HepG2 10.0 0.4 0.7 4.5 80.0 37.7 0.4 3.0 520.0 82.7 1.3 84.5
HL-60 10.0 4.0 2.0 90.0 80.0 377.0 1.1 60.0 520.0 827.0 3.7 1690.0
K562 2.0 0.3 3.6 2.6 16.0 29.0 1.9 1.7 104.0 63.6 6.7 48.3
AGP-01 0.05 0.02 1.0 2.6 0.4 1.8 0.5 1.7 2.7 4.1 1.8 48.3
ACP-02 0.01 0.01 0.8 1.3 0.1 0.8 0.4 0.8 0.7 1.7 1.3 24.1
ACP-03 0.04 0.03 1.6 2.6 0.3 2.4 0.9 1.7 2.3 5.3 3.1 48.3
HT-29 0.3 0.02 1.2 1.6 2.7 1.6 0.6 1.9 17.3 3.3 2.2 30.7
HCT-116 0.5 0.07 2.7 4.5 4.0 6.8 1.4 3.0 26.0 14.8 4.9 84.5

Data are presented as the selectivity index (SI) calculated using the following formula: SI = IC50[non-cancer cells]/IC50[cancer cells]. Cancer cells: HSC3 (human oral
squamous cell carcinoma); SCC4 (human oral squamous cell carcinoma); SCC9 (human oral squamous cell carcinoma); SCC15 (human oral squamous cell carci-
noma); SCC25 (human oral squamous cell carcinoma); HepG2 (human hepatocellular carcinoma); HL-60 (human promyelocytic leukemia); K562 (human chronic
myelogenous leukemia); AGP-01 (human ascitic gastric adenocarcinoma); ACP-02 (human gastric adenocarcinoma); ACP-03 (human gastric adenocarcinoma); HT-
29 (human colon adenocarcinoma) and HCT-116 (human colon carcinoma). Non-cancer cells: MRC5 (human lung fibroblast), HaCaT (human keratinocyte) and
PBMC (human peripheral blood mononuclear cells). Doxorubicin (DOX) was used as positive control.
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Fig. 2. Effects of the β-lapachone and its 3-
iodine derivatives in 3D in vitro model of
cancer multicellular spheroids formed from
HSC3 cells. a. Cells in the 3D in vitro model
examined by light microscopy. b. IC50 values,
in μM, and their respective 95% confidence
interval obtained by nonlinear regression from
at the least three independent experiments
performed in duplicate, measured by alamar
blue assay after 72 h of incubation. The nega-
tive control (CTL) was treated with the vehicle
(0.5% DMSO) used for diluting the compounds
tested. Doxorubicin (DOX) was used as the
positive control.

Table 3
Effect of β-lapachone and its 3-iodine derivatives in the cell cycle distribution of HSC3 cells.

Treatment Concentration (μM) DNA content (%)

Sub-G0/G1 G0/G1 S G2/M

After 12 h incubation
CTL – 2.8 ± 1.1 51.5 ± 3.7 11.5 ± 2.4 25.7 ± 1.0
DOX 0.5 8.0 ± 3.0 48.1 ± 9.2 9.7 ± 1.7 42.3 ± 7.2
β-lapachone 1 5.7 ± 1.6 32.0 ± 4.0* 21.9 ± 3.9* 37.5 ± 6.2
3-I-α-lapachone 4.5 8.4 ± 3.0 36.2 ± 2.6 24.8 ± 3.3* 27.8 ± 2.8

9 8.1 ± 2.3 36.8 ± 1.1 25.8 ± 1.2* 30.2 ± 6.3
3-I-β-lapachone 1 7.7 ± 4.3 33.9 ± 3.8* 18.1 ± 1.1 34.5 ± 4.5

2 14.9 ± 4.8 33.1 ± 1.8* 16.5 ± 3.3 29.2 ± 5.2
After 24 h incubation
CTL – 5.2 ± 0.8 55.0 ± 3.3 16.4 ± 1.6 20.0 ± 1.9
DOX 0.5 18.9 ± 1.9 31.8 ± 2.9* 10.9 ± 1.5 37.2 ± 4.1*
β-lapachone 1 4.6 ± 10 33.0 ± 6.2* 17.3 ± 3.0 40.6 ± 5.7*
3-I-α-lapachone 4.5 8.3 ± 2.3 42.0 ± 4.5 16.0 ± 1.2 32.2 ± 3.7

9 8.7 ± 1.4 33.1 ± 6.3* 16.6 ± 3.8 41.5 ± 3.9*
3-I-β-lapachone 1 9.2 ± 2.9 41.8 ± 2.5 14.1 ± 2.8 33.5 ± 3.7

2 27.1 ± 9.8* 38.2 ± 6.5 13.3 ± 2.9 21.1 ± 2.0
After 48 h incubation
CTL – 10.6 ± 1.7 56.1 ± 5.2 14.3 ± 2.3 13.7 ± 1.4
DOX 0.5 65.7 ± 3.3* 14.4 ± 2.5* 5.7 ± 1.7* 8.8 ± 1.1
β-lapachone 1 25.6 ± 4.5 38.1 ± 4.1* 12.2 ± 3.1 23.7 ± 4.0
3-I-α-lapachone 4.5 15.9 ± 1.4 49.8 ± 2.6 10.3 ± 1.6 18.9 ± 2.5

9 18.8 ± 1.5 47.6 ± 3.0 9.7 ± 1.4 23.2 ± 3.8
3-I-β-lapachone 1 32.3 ± 10.1* 38.9 ± 5.5* 8.0 ± 1.6 20.6 ± 4.5

2 80.8 ± 5.5* 11.6 ± 4.3* 2.9 ± 1.0* 4.7 ± 1.5
After 72 h incubation
CTL – 17.3 ± 1.7 62.4 ± 6.0 7.6 ± 0.9 10.3 ± 2.6
DOX 0.5 69.5 ± 10.1* 12.9 ± 4.3* 4.9 ± 1.6 13.8 ± 4.9
β-lapachone 1 22.4 ± 1.5 39.3 ± 5.1* 10.4 ± 2.2 29.1 ± 2.5*
3-I-α-lapachone 4.5 26.0 ± 4.1 44.6 ± 5.2* 8.1 ± 2.1 20.3 ± 8.0

9 27.3 ± 3.1 40.3 ± 3.9* 10.3 ± 1.9 19.0 ± 2.8
3-I-β-lapachone 1 34.7 ± 3.2 39.1 ± 4.3* 11.0 ± 1.9 13.6 ± 1.5

2 80.8 ± 6.3* 12.7 ± 4.6* 2.0 ± 0.5 4.3 ± 1.4

Data are presented as the mean ± S.E.M. of three independent experiments performed in duplicate. The negative control (CTL) was treated with the vehicle (0.2%
DMSO) used for diluting the compounds tested. Doxorubicin (DOX) was used as positive control. Ten thousand events were evaluated per experiment and cellular
debris were omitted from the analysis. * p < 0.05 compared with the negative control by ANOVA followed by Student Newman-Keuls Test.
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(40.6% for treatment with β-lapachone at 1 μM, and 41.5% for treat-
ment with 3-iodine-α-lapachone at 9 μM, compared with 20.0% for the
negative control; Table 3). Cell cycle arrest at the G2/M phase was
followed by an increase in internucleosomal DNA fragmentation, as
observed after 48 or 72 h of incubation with 3-iodine-β-lapachone.
Doxorubicin induced cell cycle arrest at G2/M phase within 24 h of
incubation. After 48 h of incubation, the treatment increased inter-
nucleosomal DNA fragmentation, as observed by the significant in-
crease in the number of cells in sub-G1 (Table 3).

3.4. β-Lapachone and its 3-iodine derivatives induced caspase- and
mitochondria-dependent apoptosis in HSC3 cells

Evaluation of cell death profiles was verified by the externalization
of phosphatidylserine and permeability of the cytoplasmic membrane
using annexin V-fluorescein isothiocyanate (FITC) and propidium io-
dide (PI) staining (Fig. 3). The results demonstrated significant ex-
posure of phosphatidylserine in HSC3 cells treated with 2 μM 3-I-β-la-
pachone, at all time points, when compared with the negative control
group (0.2% DMSO). β-Lapachone and 3-I-α-lapachone showed sig-
nificant phosphatidylserine exposure only after 72 h of incubation.

Fig. 3. Effects of the β-lapachone and its 3-iodine derivatives on the induction of apoptosis in HSC3 cells after 12, 24, 48 and 72 h of incubation, as
determined by flow cytometry using annexin V-FITC/PI staining. a. Representative flow cytometry dot plots show the percent cells in the viable, early apoptotic,
late apoptotic and necrotic stages. b. Quantification of apoptotic HSC3 cells. The negative control (CTL) was treated with the vehicle (0.2% DMSO) used for diluting
the compounds tested. Doxorubicin (DOX, 0.5 μM) was used as positive control. Data are presented as the means ± S.E.M. of three independent experiments
performed in duplicate. Ten thousand events were evaluated per experiment and cellular debris were omitted from the analysis. * p < 0.05 compared with the
negative control by ANOVA, followed by the Student–Newman–Keuls test.
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Doxorubicin, used as a positive control, induced a significant increase
in phosphatidylserine externalization at all time points when compared
with the negative control group (0.2% DMSO). An increase in PI-only
labeling was also observed in doxorubicin-treated cells, indicating
membrane damage without external exposure of phosphatidylserine.

β-Lapachone and its 3-iodine derivatives induced mitochondrial
depolarization in HSC3 cells 48 h after treatment, as measured by in-
corporation of rhodamine 123 using flow cytometry (Fig. 4a). Ad-
ditionally, a significant increase in the activation of caspase-8 and -9 in
HSC3 cells treated with β-lapachone and its 3-iodine derivatives was
observed (Fig. 4b and c). Moreover, treatment with the positive control
(doxorubicin) induced significant activation of caspase-8 and -9, and
cotreatment with the pan-caspase inhibitor Z-VAD(OMe)-FMK atte-
nuated the effects of the compounds on apoptosis (Fig. 4d and S4).

The cytotoxic activity of β-lapachone and its 3-iodine derivatives

was evaluated in murine immortalized embryonic fibroblasts isolated
from Bad -knockout mice (BAD-KO SV40 MEFs). As a control, wild-type
embryonic fibroblasts (WT SV40 MEFs) were used. The IC50 values for
β-lapachone were 0.7 and 0.5 μM for WT SV40 MEFs and BAD-KO SV40
MEFs, respectively; those for 3-I-α-lapachone were 5.1 and 3.5 μM in
WT SV40 MEFs and BAD-KO SV40 MEFs, respectively; and those for 3-I-
β-lapachone were 4.0 and 1.7 μM for WT SV40 MEFs and BAD-KO SV40
MEFs, respectively. Cells treated with doxorubicin showed IC50 values
of 0.04 and 0.41 μM in WT SV40 MEFs and BAD-KO SV40 MEFs, re-
spectively.

3.5. β-Lapachone and its 3-iodine derivatives increase reactive oxygen
species levels in HSC3 cells

Treatment with β-lapachone and its 3-iodine derivatives for 1 h

Fig. 4. Effects of the β-lapachone and its 3-
iodine derivatives on the mitochondrial
membrane potential, caspase-8 and 9 ac-
tivity and effects of pan-caspase (Z-VAD
(Ome)-FMK) inhibitor in the apoptosis in-
duced by the compounds in HSC3 cells. a.
Mitochondrial membrane potential determined
by flow cytometry using rhodamine 123
staining after 24 and 48 h of incubation. b.
Caspase-8 activity determined by colorimetric
assay after 72 h of incubation. c. Caspase-9
activity determined by colorimetric assay after
72 h of incubation. d. Effects of pan-caspase (Z-
VAD(Ome)-FMK) inhibitors in the apoptosis
induced by β-lapachone and its 3-iodine deri-
vatives in HSC3 cells after 72 h of incubation,
determined by flow cytometry using annexin
V-FITC/PI. For the protection assay, the cells
were pretreated for 2 h with 50 μM Z-VAD
(Ome)-FMK and then incubated with 1 μM β-
lapachone, 9 μM 3-I-α-lapachone and 1 μM 3-I-
β-lapachone for 72 h. The negative control
(CTL) was treated with the vehicle (0.2%
DMSO) used for diluting the compounds tested.
Doxorubicin (DOX, 0.5 μM) was used as posi-
tive control. Data are presented as the
means ± S.E.M. of three independent experi-
ments performed in duplicate. For flow cyto-
metry analysis, 10,000 events were evaluated
per experiment and cellular debris was omitted
from the analysis. * p < 0.05 compared with
the negative control by ANOVA, followed by
the Student–Newman–Keuls test. # p < 0.05
compared with the respective treatment
without inhibitor by ANOVA followed by
Student Newman-Keuls test.
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caused a marked increase in ROS levels (Fig. 5a). In addition, cotreat-
ment with the antioxidant NAC fully prevented the increase in in-
tracellular ROS levels induced by β-lapachone and its 3-iodine deriva-
tives (Fig. 5b). Moreover, cotreatment with catalase, which induces of
hydrogen peroxide decomposition, prevented the increase in in-
tracellular ROS level after treatment with the compounds, indicating
the induction of hydrogen peroxide production by treatment with β-
lapachone and its 3-iodine derivatives (Fig. 5c). Importantly, cotreat-
ment with NAC prevented the increase in the cell death by apoptosis
induced by β-lapachone and its 3-iodine derivatives (Fig. 5d and S5).

In a new set of experiments using fluorescent probes specific for
individual species of ROS, the compounds were not able to produce
intracellular superoxide anion (Fig. S6a). In contrast, addition of dox-
orubicin and hydrogen peroxide, used as positive controls, caused

significant increases in superoxide anion levels in HSC3 cells 1 h after
incubation. Fig. S6b shows the results of nitric oxide production after
1 h of treatment with β-lapachone and its 3-iodine derivatives in HSC3
cells, in which significant increases in nitric oxide levels were observed
after 1 h for cells treated with 9 μM 3-I-α-lapachone, but not with the
other compounds tested.

3.6. β-Lapachone and its 3-iodine derivatives altered gene expression in
HSC3 cells

In total, 92 genes were investigated in HSC3 cells treated with β-
lapachone and its 3-iodine derivatives for 12 h (Table 4). The expres-
sion was up-regulated on 44 genes for β-lapachone, 79 for 3-I-β-la-
pachone, 10 genes for 3-I-α-lapachone and 72 genes for doxorubicin.

Fig. 5. Effects of β-lapachone and its 3-io-
dine derivatives in the levels of reactive
oxygen species (ROS) of HSC3 cells and
protection by N-acetyl-L-cysteine (NAC) and
catalase, determined by flow cytometry. a.
ROS levels of HSC3 cells after 1 and 3 h in-
cubation using DCF-DA staining. b. ROS levels
of HSC3 cells pre-treated with the antioxidant
NAC, then treated with the compounds. c. ROS
levels of HSC3 cells pre-treated with the anti-
oxidant catalase, then treated with the com-
pounds. For the protection assay, the cells were
pre-treated for 1 h with 5mM NAC or 2,000UI
catalase, then incubated with the compounds
for 1 h. d. Effects of NAC in the apoptosis in-
duced by β-lapachone and its 3-iodine deriva-
tives in HSC3 cells, determined by flow cyto-
metry using annexin V-FITC/PI. For the
protection assay, the cells were pre-treated for
1 h with 5mM NAC and then incubated with
1 μM β-lapachone, 9 μM 3-I-α-lapachone and
1 μM 3-I-β-lapachone for 72 h. The negative
control (CTL) was treated with the vehicle
(0.2% of DMSO) used for diluting the com-
pounds tested. Hydrogen peroxide (H2O2,
200 µM) and doxorubicin (DOX, 0.5 µM) were
used as positive controls. Data are presented as
the mean ± S.E.M. of three independent ex-
periments performed in duplicate or triplicate.
Ten thousand events were evaluated per ex-
periment and cellular debris were omitted
from the analysis. * p < 0.05 compared with
the negative control by ANOVA followed by
Student Newman-Keuls test. # p < 0.05 com-
pared with the respective treatment without
inhibitor by ANOVA followed by Student
Newman-Keuls test.
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Downregulated genes was observed for only 2 genes for β-lapachone
and for one gene for 3-I-α-lapachone (Table S2). Among the genes in-
vestigated, the pro-apoptotic genes BAX (relative quantification [RQ]
= 3.2 for β-lapachone; RQ = 37.8 for 3-I-β-lapachone; RQ = 1346.1
for doxorubicin), BCL2L11 (RQ = 4.7 for β-lapachone; RQ = 27.0 for
3-I-β-lapachone; RQ = 3037.1 for doxorubicin), and E2F1 (RQ = 5.6
for β-lapachone; RQ = 44.1 for 3-I-β-lapachone; RQ = 1744.0 for
doxorubicin) were upregulated. Additionally, the cell cycle control (G1/
S transition)-related genes CCND1 (RQ = 4.3 for β-lapachone; RQ =
41.3 for 3-I-β-lapachone; RQ= 1645.5 for doxorubicin), CCND3 (RQ=
11.6 for β-lapachone; RQ = 42.1 for 3-I-β-lapachone; RQ = 1382.3 for
doxorubicin), CCNE1 (RQ = 12.8 for β-lapachone; RQ = 41.6 for 3-I-β-
lapachone; RQ = 1776.4 for doxorubicin), CDK2 (RQ = 5.0 for β-la-
pachone; RQ = 32.3 for 3-I-β-lapachone; RQ = 1826.0 for doxor-
ubicin), and CDKN1A (RQ = 8.0 for β-lapachone; RQ = 2.8 for 3-I-α-
lapachone; RQ = 80.8 for 3-I-β-lapachone; RQ = 4302.5 for doxor-
ubicin) were also upregulated. At least three genes related to the mi-
togen-activated protein kinase (MAPK) pathway, including JUN (RQ =
4.5 for β-lapachone; RQ = 51.8 for 3-I-β-lapachone; RQ = 6603.6 for
doxorubicin), MAPK3 (RQ = 5.3 for β-lapachone; RQ = 25.7 for 3-I-β-
lapachone; RQ = 545.6 for doxorubicin), and MAPK8 (RQ = 3.2 for β-
lapachone; RQ = 37.7 for 3-I-β-lapachone; RQ = 682.4 for DOX), were
upregulated. Among the genes associated with the Ras oncogene family,
HRAS (RQ = 3.0 for β-lapachone; RQ = 28.1 for 3-I-β-lapachone; RQ
= 392.2 for doxorubicin) and SOS1 (RQ = 3.6 for β-lapachone; RQ =
49.9 for 3-I-β-lapachone; RQ = 781.0 for doxorubicin) were upregu-
lated. Genes related to cancer immunology, including NFKB1 (RQ =
3.0 for β-lapachone; RQ = 11.7 for 3-I-β-lapachone; RQ = 536.3 for
doxorubicin), TCF3 (RQ = 3.3 for β-lapachone; RQ = 58.3 for 3-I-β-
lapachone; RQ = 146.8 for doxorubicin), and TGFB1 (RQ = 4.8 for β-
lapachone; RQ = 52.2 for 3-I-β-lapachone; RQ = 1930.2 for doxor-
ubicin) were upregulated. In contrast, β-lapachone induced down-
regulation of the PIK3R1 gene (RQ = 0.4 for β-lapachone; RQ = 32.1
for doxorubicin), whereas 3-I-β-lapachone treatment yielded levels si-
milar to those of the control (RQ = 2.4). 3-I-α-Lapachone treatment

Table 4
Effect β-lapachone and its 3-iodine derivatives on gene expression of HSC3
cells.

Genes DOX β-lapachone 3-I-α-lapachone 3-I-β-lapachone

ABL1 364.4 1.5 0.7 10.7
AKT1 570.9 3.6 1.3 42.9
AKT2 211.0 1.5 0.7 17.1
APC 356.3 2.1 0.7 69.8
BAX 1346.1 3.2 0.8 37.8
BCAR1 658.9 4.0 2.6 90.5
BCL2 372.3 N.d. 1.5 14.8
BCL2L1 263.9 1.4 0.6 12.3
BCL2L11 3037.1 4.7 1.7 27.0
BID N.d. 0.9 2.9 3.9
BRAF 147.4 1.7 1.4 48.3
CASP8 40.1 0.9 0.7 4.9
CASP9 N.d. 1.6 N.d. 104.9
CCND1 1645.5 4.3 1.4 41.3
CCND2 658.4 2.6 0.6 25.8
CCND3 1382.3 11.6 1.5 42.1
CCNE1 1776.4 12.8 1.5 41.6
CDC42 N.d. 0.8 0.8 6.2
CDH1 318.8 2.4 1.3 21.0
CDK2 1826.0 5.0 0.6 32.3
CDK4 383.9 2.6 1.0 22.4
CDKN1A 4302.5 8.0 2.8 80.8
CDKN1B 335.8 1.6 0.6 22.4
CDKN2A 12.8 1.5 1.1 10.0
CDKN2B N.d. N.d. N.d. N.d.
COL1A1 1624.5 5.6 1.5 19.2
CRK N.d. 0.9 1.4 3.0
CTNNB1 45.1 2.5 1.2 12.3
CYCS N.d. 1.0 1.3 N.d.
DVL1 246.7 4.3 1.9 72.0
E2F1 1744.0 5.6 1.1 44.1
EGFR 121.2 2.2 0.9 42.0
ELK1 12.4 1.4 1.1 12.5
ERBB2 1748.6 4.7 1.4 64.2
FADD N.d. 0.8 1.5 9.9
FAS 34.2 0.8 0.9 4.2
FASLG N.d. N.d. N.d. N.d.
FGF2 228.3 1.5 1.7 22.7
FN1 911.1 1.7 1.0 19.4
FOS 1065.4 1.8 1.7 27.0
FYN 99.8 1.1 0.9 23.0
FZD1 1221.6 5.5 1.0 47.9
GRB2 297.1 1.2 0.6 20.8
GSK3B 63.6 1.3 0.6 14.1
HGF N.d. N.d. N.d. N.d.
HRAS 392.2 3.0 1.1 28.1
IGF1 N.d. N.d. N.d. N.d.
IGF1R 1398.5 3.5 0.7 22.1
ITGA2B N.d. N.d. N.d. N.d.
ITGAV 497.3 2.8 1.0 24.2
ITGB1 449.1 1.7 0.8 19.4
ITGB3 N.d. N.d. N.d. N.d.
JUN 6603.6 4.5 1.9 51.8
KDR N.d. N.d. N.d. N.d.
KIT N.d. N.d. N.d. N.d.
KRAS N.d. 2.7 2.9 13.3
LEF1 371.2 2.1 1.1 13.3
MAP2K1 18.7 1.4 1.3 20.2
MAP3K5 0.8 1.4 N.d. 0.8
MAPK 353.2 2.1 1.1 23.9
MAPK14 243.9 2.8 1.6 39.8
MAPK3 545.6 5.3 1.2 25.7
MAPK8 682.4 3.2 0.8 37.7
MAX N.d. N.d. N.d. N.d.
MDM2 466.6 2.5 1.2 36.6
MYC 662.5 1.7 0.7 26.0
NFKB1 536.3 3.0 0.7 11.7
NFKB2 1563.6 2.9 1.9 65.8
NFKBIA 782.3 2.3 1.6 36.5
NRAS 84.4 0.9 0.8 16.1
PIK3CA 210.2 0.7 0.8 22.1
PIK3R1 32.1 0.4 0.2 2.4
PTEN N.d. 0.6 0.6 1.1

Table 4 (continued)

Genes DOX β-lapachone 3-I-α-lapachone 3-I-β-lapachone

PTK2 381.3 2.7 1.3 37.0
PTK2B 651.0 2.8 0.9 42.5
RAC1 24.8 0.8 0.7 2.2
RAF1 140.0 0.8 0.6 9.6
RB1 269.1 2.0 1.1 16.2
RELA 383.3 2.3 0.8 20.4
RHOA 255.9 2.0 1.0 25.9
SHC1 3.7 1.4 2.1 5.3
SMAD4 151.5 1.4 0.8 19.3
SOS1 781.0 3.6 2.9 49.9
SPP1 N.d. N.d. 13.3 89.9
SRC 904.0 3.6 1.7 52.8
TCF3 146.8 3.3 2.8 58.3
TGFB1 1930.2 4.8 1.1 52.2
TGFBR1 358.7 1.9 1.2 27.1
TGFBR2 330.9 0.1 0.8 55.4
TP53 95.5 2.5 2.9 2.8
VEGFA 605.9 1.7 2.8 50.5
WNT1 N.d. N.d. N.d. N.d.

HSC3 cells were treated with 1 µM of β-lapachone, 4.5 µM of 3-I-α-lapachone
and 1 µM of 3-I-β-lapachone for 12 h. The negative control was treated with the
vehicle (0.2% DMSO) used for diluting the compound tested. Doxorubicin
(DOX, 0.5 µM) was used as positive control. After treatment, total RNA was
isolated and reverse transcribed. Gene expression was detected using the 96-
well plate TaqMan® Array Human Molecular Mechanisms of Cancer. GAPDH,
18S and HPRT1 genes were used as endogenous genes for normalization. Values
represent the relative quantitation (RQ) compared with the calibrator (cells
treated with the negative control, RQ = 1.0). The genes were considered to be
up-regulated if RQ≥ 2 and were considered to be down-regulated if RQ≤ 0.5.
N.d. Not determined.
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upregulated the SPP1 gene (RQ = 13.3 for 3-I-α-lapachone; RQ = 0 for
doxorubicin) and downregulated the PIK3R1 gene (RQ = 0.2 for 3-I-α-
lapachone; RQ = 32.1 for doxorubicin). The levels of other genes were
similar to those of the control after treatment with 3-I-α-lapachone.

3.7. β-Lapachone and its 3-iodine derivatives reduced HSC3 cell growth in a
xenograft model

The CB17 SCID mice were inoculated with HSC3 cells. Seventy-two
hours later, treatment was initiated for 27 consecutive days. The ani-
mals were treated with β-lapachone at a dose of 20mg/kg and its 3-
iodine derivatives at doses of 20 and 40mg/kg. Fig. 6a shows tumor
weights and inhibition percentages after treatment with β-lapachone
and its 3-iodine derivatives. Notably, significant reductions in tumor
growth were observed for animals treated with doxorubicin (positive
control), β-lapachone, and its 3-iodine derivatives, at a dose of 40mg/
kg, when compared with the negative control group (5% DMSO).

Histological analysis demonstrated that tumors showed a solid
pattern with infiltrative borders and intense cellularity in all groups.
Neoplastic cells exhibited large, central, and often vesiculous nuclei
with several nucleoli and prominent cytoplasm, which were arranged to
form proliferating islands. In addition, lower frequencies of tumor
embolism and inflammation were observed in groups treated with the
compounds when compared with the negative control (Fig. 6b).

The systemic toxic effects of β-lapachone and its 3-iodine deriva-
tives were evaluated after 27 days of daily treatment. No significant
differences were found in body weights and organ wet weights (liver,
kidneys, lungs, and heart; Table S3) or in hematological (Table S4) and

biochemical (Table S5) parameters after treatment.
Morphological analyses of the liver, kidneys, lungs, and heart in all

groups were unremarkable. In the liver, the acinar architecture and
centrilobular vein were also preserved in all groups. The chronic in-
flammation observed in the liver portal space was discrete in most
animals. In addition, a lower frequency of inflammatory cells was ob-
served in animals treated with 3-iodine derivatives. Other findings,
such as congestion, hydropic degeneration, and steatosis were found in
all groups, ranging from mild to moderate (Fig. S7). In the kidneys,
tissue architecture was maintained in all experimental groups. In the
kidneys of animals, histopathological changes included vascular con-
gestion and glomerular hyalinization, which were observed in all
groups treated with the compounds (Fig. S8). In the lungs, the archi-
tecture of the parenchyma ranged from partially maintained to mod-
ified in all groups. Histopathological changes in all animals ranged from
mild to severe. Significant acute inflammation, edema, congestion,
hemorrhage, and increased airspace were frequently observed. Im-
portantly, the groups treated with the compounds had a lower fre-
quency of tumor nodules than the negative control group (Fig. S9).
Histopathological analysis of animal hearts did not show alterations in
any group. Some histopathological features in this study (hydropic
degeneration, vascular congestion, and focal areas of inflammation)
were acute cellular responses to stimuli unrelated to the treatment, and
the injured cells were able to return to a homoeostatic state when the
stimulation ended.

Fig. 6. In vivo antitumor activity of the β-lapachone and its 3-iodine derivatives in C.B-17 SCID mice with HSC3 cell xenografts. a. Quantification of tumor
weight and tumor inhibition. The gray bars represent tumor weight (g) and the white bars represent tumor inhibition (%). Data are presented as the means ± S.E.M.
of 15–26 animals. * p < 0.05 compared with the negative control by ANOVA, followed by the Student–Newma–Keuls test. b. Representative histological analysis of
the tumors stained with hematoxylin and eosin and analyzed by light microscopy. HSC3 NT is the tumor without treatment. Tumors showed a solid pattern with
infiltrative borders and intense cellularity in all groups. Neoplastic cells exhibited large, central, and often vesiculous nuclei with several nucleoli and prominent
cytoplasm, which were arranged to form proliferating islands. The asterisks represent tumor necrosis. The negative control (CTL) was treated with the vehicle (5%
DMSO) used for diluting the compounds tested. Doxorubicin (DOX, 0.1 mg/kg) was used as positive control. Beginning 72 h after tumor implantation, the animals
were treated through the intraperitoneal route for 27 consecutive days.
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4. Discussion

Natural products are main sources of new compounds for the de-
velopment of drugs with anticancer potential [33]. Thus, in this study,
we aimed to evaluate the effects of β-lapachone and its 3-iodine deri-
vatives on cell proliferation, cell death, and cancer-related gene ex-
pression in OSCC cells. Importantly, the anticancer activities of the new
3-iodine derivatives were evaluated for the first time in this study.

Assessment of the cytotoxicity of β-lapachone and its derivatives
demonstrated that these drugs had promising cytotoxicity in several
human cancer cell lines, showing IC50 values of less than 4 μg/mL
[34,35]. In addition, differences in IC50 values between the different
cancer cell lines can be justified by tumor heterogeneity and molecular
complexity of many types of cancer. Conventional anticancer agents
accumulate in normal and cancer cells owing to the lack of specificity.
Therefore, the ultimate goal of cancer therapy is to reduce systemic
toxicity and improve patients’ quality of life [36]. In this regard, β-
lapachone and its 3-iodine derivatives showed more potent cytotoxicity
for cancer cells than for noncancer cells. Some cancer cells lines were
less sensitive to doxorubicin cytotoxicity than non-cancer cells. To
confirm the results of cytotoxicity assays, we evaluated viable cell
numbers via membrane integrity analysis. β-Lapachone and its 3-iodine
derivatives significantly reduced the number of viable HSC3 cells 12 h
after treatment. In addition, morphological changes, as assessed by
light microscopy and flow cytometry, demonstrated that the com-
pounds reduced the cell volume and increased nuclear fragmentation
and chromatin condensation.

The use of three-dimensional (3D) culture models, cell-repellent
surface plates, collagen gels, or more complex systems representing the
extracellular matrix, such as Matrigel, has been recommended to pro-
vide a better assessment of cytotoxicity in the tumor microenvironment
by mimicking in vivo models [37]. Thus, 3D model of sphere formatted
by HSC3 cells using plates with cell-repellent surfaces and Matrigel to
provide a better assessment of cytotoxicity in the tumor micro-
environment by mimicking in vivo models. The morphological changes
observed 72 h after treatment with β-lapachone and its 3-iodine deri-
vatives indicated that these drugs were cell permeable in the 3D culture
that mimics the in vivo cancer tissue. However, the IC50 values of the
tested compounds and doxorubicin were higher than the IC50 values of
the two-dimensional model. This higher drug resistance may be due to
the presence of the extracellular matrix. In fact, a higher resistance to
doxorubicin was also observed in a 3D model using osteosarcoma cells
and was associated with the presence of the extracellular matrix, which
hinders the release of the drug into the cell [38].

β-Lapachone and its 3-iodine derivatives induced cell cycle arrest at
G2/M phase, followed by increased internucleosomal DNA fragmenta-
tion. Similarly, in vitro studies with gastric carcinoma cells [39], lung
cancer cells [11], and OSCC cells [21] have demonstrated significant
increases in DNA fragmentation after treatment with β-lapachone.
Thus, our findings provided support for the mechanism of action of
these compounds, by acting on the cell cycle.

In tumors, the amplification and hyperactivation of cyclins and
cyclin-dependent kinases (CDKs) or the deregulation of inhibitors of
CDKs contribute to cell cycle dysregulation, culminating in cell pro-
liferation [40,41]. In this study, treatment with 3-I-α-lapachone
downregulated CCND2, but had no effect on CCND1, CCND3, and CDK4
transcripts compared with those in the control group. Some che-
motherapeutics inhibit the activities of cyclins and CDKs by activating
inhibitors of these proteins [42–44]. In this study, treatment with β-
lapachone promoted overexpression of the p21 gene, a CDK1A in-
hibitor, when compared with the negative control. Consistent with this
result, an increase in p21 protein expression was observed in β-la-
pachone-treated prostate cancer cells [45,46]. In addition, treatment
with 3-I-β-lapachone increased the expression of CDKN1A, CDKN1B,
and CDKN2A inhibitor transcripts.

Notably, we found that 3-I-β-lapachone also induced apoptosis in

OSCC cells. Additionally, overexpression of pro-apoptotic genes, such as
the extrinsic pathway receptor (FAS), BAX, and the initiator caspases-8
and -9, was observed compared with the negative control, suggesting
that apoptosis may be the main mechanism for 3-I-β-lapachone-induced
cell death. Cells treated with β-lapachone and 3-I-α-lapachone showed
significant annexin V labeling, further supporting that cell death oc-
curred via apoptosis in these cells. In addition, we observed that pre-
treatment with a pan-caspase inhibitor was able to significantly reduce
apoptosis in HSC3 cells 72 h after treatment with β-lapachone and its 3-
iodine derivatives. Importantly, mitochondria play key roles in the
physiology and survival of cancer cells, providing energy and metabo-
lites for proliferation and metastasis [47]. Our analysis also showed that
the compounds reduced mitochondrial membrane potential, thereby
indicating that the apoptosis observed in HSC3 cells was induced by the
intrinsic or mitochondrial pathway.

Increased ROS production is one of the main mechanisms of action
of many anticancer agents capable of inducing tumor cell death and
thus represents an effective strategy for cancer therapy [47]. Within
this context, we observed that β-lapachone and its 3-iodine derivatives
significantly increased the levels of ROS, particularly hydrogen per-
oxide, in HSC3 cells 1 h after treatment. In addition, pretreatment with
the antioxidant NAC prevented the apoptosis induced by the com-
pounds, indicating the occurrence of ROS-mediated apoptosis.

Some signaling pathways play a key role in the development and
progression of cancer. Because activation of Akt increases cell survival
by inhibiting pro-apoptotic proteins and activating anti-apoptotic pro-
teins, the phosphatidylinositol-3-kinase/serine-threonine kinase (PI3K/
AKT) signaling pathway has great importance as a therapeutic target in
cancer [39]. In the current study, cells treated with β-lapachone and 3-
I-α-lapachone showed downregulation of PIK3CA and PIK3R1 genes.
Furthermore, downregulation of AKT2, revealing inhibition of the
PI3K/AKT pathway, was observed in cells treated with 3-I-α-lapachone.
Thus, these findings provided important insights into the molecular
mechanisms through which these compounds exerted their anti-
proliferative and apoptotic effects.

Based on the promising in vitro results with β-lapachone and its 3-
iodine derivatives, we also evaluated the effects and in vivo efficacy of
these compounds using a xenograft model. Our results showed that
treatment with β-lapachone and its 3-iodine derivatives significantly
decreased tumor burden with no toxic effects. This result was consistent
with previous findings in mice transplanted with breast adenocarci-
noma cells and treated with β-lapachone [8,9].

In summary, our results suggested that β-lapachone and its 3-iodine
derivatives displayed promising in vitro and in vivo anticancer poten-
tial, contributing to pharmacological studies aimed at the development
of new chemotherapeutics drugs. Our findings further revealed the
mechanisms through which these compounds exerted their cytotoxic
effects, i.e., via promotion of cell cycle arrest at G2/M phase, inter-
nucleosomal DNA fragmentation and promote caspase- and ROS-
mediated apoptosis in HSC3 cells. In addition, β-lapachone and its 3-
iodine derivatives were able to suppress tumor growth in vivo, in-
dicating that these compounds may be new antitumor drug candidates.
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