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Abstract 

Background Lung cancer is the deadliest type of cancer in the world and the search for compounds that can treat 
this disease is highly important. Lawsone (2-hydroxy-1,4-naphtoquinone) is a naphthoquinone found in plants 
from the Lawsone genus that show a high cytotoxic effect in cancer cell lines and its derivatives show an even higher 
cytotoxic effect.

Methods Sulforhodamine B was used to evaluate the cytotoxic activity of compounds on tumor cells. Clonogenic 
assay was used to analyze the reduction of colonies and wound healing assay to the migratory capacity of A549 cells. 
Apoptosis and necrosis were analyzed by flow cytometer and Giemsa staining. Hemolysis assay to determine toxicity 
in human erythrocytes.

Results Lawsone derivatives were evaluated and compound 1 (O-propargyllawsone) was the one with the highest 
cytotoxic effect, with  IC50 below 2.5 µM in A549 cells. The compound was able to reduce colony formation and inhibit 
cell migration. Morphological changes and cytometry analysis show that the compound induces apoptosis 
and necrosis in A549 cells.

Conclusions These results show that O-propargyllawsone show a cytotoxic effect and may induce apoptosis in A549 
cells.
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Background
Lung cancer is one of the cancers with the highest inci-
dence in the world, leads the first position in mortal-
ity and represents a total of 18% of the causes of death 
from cancer [1]. Tobacco is the main cause of lung 
cancer and about 80% of cases are associated with its 
use [2]. The adenocarcinoma type comprises about 
60% and it is the most common type of lung cancer in 
non-smokers [3, 4]. This type is highly aggressive due 
to a high propensity to metastasize to the brain, liver, 
bone marrow and adrenal glands [5]. Furthermore, 
lung cancer develops chemoresistance mechanisms to 
the drugs used which difficult its treatment [6]. In this 
context, new treatment strategies are needed and some 
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studies show that natural products have the potential 
to treat resistant tumors [7].

Medicinal plants are a great source of compounds 
with biological activity. These compounds show great 
potential for the treatment of cancer [8–10]. About 
65% of approved drugs with antitumor activity are nat-
ural products or derivatives of natural products [11]. 
Several classes of compounds present in plants such 
as quinones, terpenes and alkaloids are the source of 
chemotherapeutics that are already used in the treat-
ment of cancer [12, 13].

Lawsone is a quinone, which belongs to the naph-
thoquinone class, and has been shown to have a great 
antibacterial, antifungal and antitumor activity [14–16]. 
It is the main component of the Lawsonia inermis Linn 
species, a plant popularly known as henna [17]. As pre-
viously reported, lawsone was capable of inhibiting 
cell growth of breast cancer (MCF-7), ovarian cancer 
(SKOV-3) and colon cancer (DLD-1) through enhanced 
expression of p53 and reducing NF-kB activity [17–19]. 
Studies with synthetic derivatives of lawsone show an 
increase in cytotoxic activity in tumor cell lines [20, 21]. 
For example, glycosidic derivatives of lawsone are more 
cytotoxic compared to lawsone against several types 
of breast cancer (SKBR-3, MDA-MB-231 and MCF-
7) [22]. Besides, lawsone derivatives are also highly 
cytotoxic against doxorubicin-resistant leukemia cells 
(CEM/ADR5000) [23]. Lawsone stands out for being an 
important source for the synthesis of new compounds 
[22].

Recently, we described [24] the synthesis of classi-
cal glycosides and glycosyl triazoles derivatives of law-
sone and their activity against melanoma (B16-F10), 
glioma (C6) and lung adenocarcinoma (A549) cancer 
cell lines. Lawsone, the starting material for the syn-
thesis of the classical glycosides and O-propargyllaw-
sone, starting material for the synthesis of the glycosyl 
triazoles as well as its isomer 3-C-propargyllawsone 
and two non-glycosidic triazole derivatives of lawsone 
were included in the study for comparison purposes. 
In the preliminary screening the percentage of cell 
growth inhibition at a single concentration of 25 μM of 
all compounds was determined as a guide to select the 
more interesting compounds for  IC50 determination 
and further studies. Although the study was directed 
to the carbohydrate-based derivatives of lawsone, we 
noticed that O-propargyllawsone displayed one of the 
highest growth inhibitions. This leaded us to study this 
compound more deeply and our results are disclosed 
in this paper which shows the potential of O-propar-
gyllawsone in inhibiting cell proliferation and death 
induction in A549.

Methods
Reagents
Dulbeccos’s Modified Eagle Medium (DMEM), Trypsin, 
Triton X-100, Dimethyl sulfoxide (DMSO) and Sul-
forhodamine B (SRB) from Sigma Aldrich (Saint Louis, 
MO, USA), Fetal Bovine Serum (FBS) and antibiotic 
(penicillin 10,000 U/mL; streptomycin 10,000  mg/mL) 
from Gibco (Life Technologies, India), EDTA (Promega 
Corporation, Madson U.S.A.), Doxorubicin Hydro-
chloride (Rubidox, Bergamo), Trichloroacetic acid and 
Giemsa (NEON), Acetic acid (Synth), Tris (Inlab Trust, 
Brazil), Propidium iodide, AnnexinV and Accutase 
(Invitrogen, Life Technologies, India).

Lawsone derivatives
Lawsone and its synthetic derivatives were obtained 
through a partnership made with PhD Ricardo José 
Alves from the Pharmaceutical Chemistry Laboratory 
of the Pharmacy Course at the Federal University of 
Minas Gerais. Lawsone derivatives compounds 1, 2 and 
3 (Fig. 1) were selected for this work due to the similar-
ity of the chemical structure. Thus, stock solutions of 
100 mM in Dimethyl sulfoxide (DMSO) of the synthetic 
derivatives of lawsone were prepared to be used in the 
in vitro experiments.

Cell Lines
The cell lines of lung adenocarcinoma (A549), mela-
noma (B16-F10) and glioma (C6) were purchased from 
the Federal University of Rio de Janeiro. Cells were 
maintained in cell culture flasks in Dulbeccos’s Modi-
fied Eagle Medium (DMEM) supplemented with 10% 
Fetal Bovine Serum (FBS) and 1% antibiotic (10,000 
U/mL penicillin; 10,000  mg/mL streptomycin) and 
incubated at 37ºC in an atmosphere of 5%  CO2. After 
reaching the necessary confluence for carrying out the 
experiments, the medium was removed, and the cells 
detached from the bottle using a 0.25% Trypsin–EDTA 
solution for a period of 1 to 15 min. After this step, the 
Trypsin–EDTA solution was inactivated with culture 
medium and the cells were centrifuged, with rotation of 
153 G for 10 min at 4ºC. The pellet formed was resus-
pended in culture medium and the cells were counted 
in a Neubauer chamber to carry out the experiments.

Sulforhodamine B assay
For this experiment, A549, B16-F10 and C6 cells were 
seeded in 96-well plates at a density of 1 ×  104 cells/
well. After an incubation period of 24  h in a humidi-
fied incubator at 37ºC with 5%  CO2 atmosphere for 
adhesion, the cells were treated with lawsone and law-
sone derivatives (compounds 1, 2 and 3) for 72 h with 
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concentrations from 25 µM to 0.8 µM. Cells were fixed 
with 100 μL of 30% trichloroacetic acid for 1  h in a 
refrigerator at 4ºC. Then, the plate was washed 4 times 
with water and set to dry. After the drying period, 100 
μL of 0.057% Sulforhodamine B (SRB) solution (w/v) 
dissolved in 1% acetic acid was added for 30  min at 
room temperature. Then the plate was washed 4 times 
with 1% acetic acid to remove excess dye. After drying, 
200 μL of TRIS 10 mM pH 10.5 was added to dilute the 
SRB for 30  min. The reading was made in a spectro-
photometer (Biotek—H1 Synergy) with a wavelength 
of 510 nm.

Based on the inhibitory degree of the derivatives, the 
 IC50 of the compounds were calculated. The  IC50 is the 
concentration capable of inhibiting 50% of cell growth 
[25]. The compound that presented the lowest  IC50 
was compound 1, being selected for evaluation in the 
following experiments. For this,  IC50 values   were used 
as a basis to define concentrations of half of the  IC50, 
the  IC50 value and twice the  IC50.

Giemsa staining
A549, B16-F10 and C6 cells were seeded on coverslips 
in 24-well plates at a density of 2 ×  104 cells/well. After 
24  h, cells were treated with the compound 1 deriva-
tive using 1.1, 2.2 and 4.4  μM for A549 and C6, and 
0.75, 1.5 and 3  µM for B16-F10 for 24  h. After treat-
ment, cells were washed twice with phosphate-buff-
ered saline (PBS) and fixed with methyl alcohol for 
3 min. Then cells were stained with Giemsa for 1 min. 
The slides were evaluated under an optical micro-
scope (Olympus) and the images were captured at 
400 × magnification.

Hemolytic assay
The hemolytic activity of the compound 1 was tested 
using human erythrocytes from healthy volunteers. 
Erythrocytes were seeded into 96-well plates (2% per 
well in 0.2 ml of 1X PBS) and exposed to concentrations 
of 13.75, 27.5, 55 and 110  µM, the highest concentra-
tion tested was 50 times the  IC50. Triton X 100 (0.1%) 
and Dimethyl sulfoxide (0.1%) were used as positive and 
negative hemolysis controls, respectively. Erythrocytes 
were kept under agitation at a temperature of 37  °C for 
1 h. After this time, the plate was centrifuged at 405 × g 
for 5 min and 0.15 mL of the transferred supernatant was 
read in a spectrophotometer (Biotek—H1 Synergy) with 
an absorbance of 540 nm.

Clonogenic assay
A549 cells were seeded in a 6-well plate at a density of 
150 cells/well and incubated in an incubator with 5%  CO2 
atmosphere at 37  °C. After 24 h, cells were treated with 
the compound 1 at concentrations of 1.1, 2.2 and 4.4 µM 
for 72  h. Dimethyl sulfoxide 0.02% and Doxorubicin 
0.2 μM were used as negative control and positive control 
respectively. The treatment was removed and replaced 
with a supplemented DMEM medium. The cells were 
incubated in an atmosphere of 5%  CO2 at 37ºC. After 
6 days, cells were fixed with methanol + acetic acid (3:1) 
for 5 min and stained with 0.5% crystal violet in water for 
30  min. The plates were photographed, and the images 
were analyzed using ImageJ 1.46 software.

Wound‑healing assay
A549 cells were seeded in a 12-well plate at a density of 
4 ×  105 cells/well and incubated in an incubator with 5% 

Fig. 1 Compounds. Molecular structure of lawsone and compounds 1, 2 and 3
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 CO2 atmosphere at 37  °C for 24 h. After the incubation 
period, a straight-line wound was made with the aid of 
a p200 tip, the supernatant was discarded, and the wells 
were washed twice with 1 × PBS to remove loose cells. 
Cells were treated with compound 1 at concentrations of 
1.1, 2.2 and 4.4 µM. 0.02% Dimethyl sulfoxide and 0.2 μM 
Doxorubicin were used as a negative control and posi-
tive control, respectively. Images of wound closure were 
acquired at 0, 24 and 48 h of treatment with an Olympus 
microscope. The images were analyzed using the ImageJ 
software version 1.46.

Annexin V‑FITC/PI assay
A549 cells were seeded in 12-well plates in DMEM 
medium supplemented with FBS and 1% antibiotic 
(10,000 U/ml penicillin; 10,000  mg/ml streptomycin) 
with a density equal to 2 ×  105 cells/well and incubated for 
24 h. Then, the cells were treated with the compound 1 at 
concentrations of 1.1, 2.2 and 4.4 µM, for 24 h. Dimethyl 
sulfoxide 0.02% was used as negative control and 0.2 μM 
Doxorubicin were used as positive control. After treat-
ment, cells were detached with Accutase solution, trans-
ferred to tubes, and washed with PBS. After washing the 
cells were stained with Annexin V-FITC/PI according to 
the manufacturer. Samples were analyzed by flow cytom-
etry (Attune NxT Acoustic Focusing Cytometer, Thermo 
Fisher Scientific). Cells without labeling were considered 
viable, cells positive only for Annexin V/FITC were con-
sidered cells in apoptosis, cells with double labeling for 
Annexin V/FITC and propidium iodide were considered 
cells in late apoptosis and cells positive only for iodide 
propidium were considered cells in necrosis [26].

Statistical analysis
All results were evaluated by performing three independ-
ent experiments, except the Giemsa assay which only two 
experiments were performed. For all experiments, p val-
ues    < 0.05 were considered statistically significant. Ana-
lyzes and graphs as well as  IC50 were obtained using the 
GraphPad Prism 8 program. Shapiro–Wilk normality test 
was applied to assess the normal distribution of the data. 
Statistical analysis was made by running ANOVA.

Results
Lawsone derivatives show a high percentage of growth 
inhibition
Lawsone derivatives compounds 1, 2 and 3 were used to 
assess the potential to inhibit the growth of lung carci-
noma (A549), melanoma (B16-F10) and glioma (C6) cell 
lines (Fig.  2). Data of percentage of growth inhibition 
from Lawsone and Doxorubicin see Additional file  1. 
In this work, we used the classification described by 
Mahmoud et al., 2011 which categorizes the inhibitory 

activity as: high inhibition when above 75%, medium 
between 75 and 50% and low when below 50%  [27]. 
Compound 1 showed a high inhibition in A549, B16-
F10 and C6 cells at concentrations from 25 to 6.3  µM 
(Fig. 2A). Compound 2 at concentrations 12.5 to 0.8 µM 
showed a low inhibition for the three cell lines studied 
and a medium inhibition for A549 and B16-F10 at a 
concentration of 25 µM (Fig. 2B). Compound 3 showed 
a low inhibitory effect in all the cell lines at all concen-
trations tested (Fig. 2C).

The results of the SRB were used to calculate the maxi-
mum inhibitory concentration of 50% of cell growth 
 (IC50) which are shown in Table 1. Compound 1 was the 
most cytotoxic compared to lawsone and compounds 
2 and 3, with  IC50 values   below 2.2 µM in the three cell 
lines. The compound 2 showed  IC50 above 14 µM in the 
cell lines tested and the  IC50 values for compound 3 could 
not be determined since none of the concentrations 
tested was able to inhibit cell growth by 50%. Lawsone 
showed  IC50 values   of 22.6  µM for C6 and 53 for A549 
cell lines. Doxorubicin, a compound used as a positive 
control, showed an  IC50 below 0.6  µM in the A549 and 
B16-F10 cell lines (Table 1). Considering that compound 
1 had the lowest  IC50 among the compounds tested, it 
was selected for the evaluation of its activity in the other 
experiments.

Compound 1 induces morphological changes similar 
to apoptosis
For the analysis of morphological changes, compound 1 
was used in concentrations referring to 0.5xIC50,  1xIC50 
and  2xIC50 in A549, B16-F10 and C6 cell lines. Therefore, 
the concentration used for treatment were 1.1, 2.2 and 
4.4 µM to A549 and C6 cell lines and 0.75, 1.5 and 3 µM 
to the B16-F10 cell line (Fig.  3). After 24  h treatment 
with compound 1 at a concentration of 1.1 and 0.75 µM, 
it was possible to observe morphological changes such 
as reduced cytoplasmic volume and the appearance of 
apoptotic cells in the C6 and B16-F10 lines, respectively 
(Fig. 3J and F). At the concentrations of 2.2 and 4.4 μM 
for A549 and C6 and 1.5 and 3  µM for B16-F10 it was 
possible to observe a reduction in cytoplasm and apop-
totic cells for the A549, B16-F10 and C6 cells (Fig.  3C, 
D, H, K and L). The results observed in the cytotoxicity 
assay and morphological analysis show that compound 1 
has a high cytotoxic effect in the A549 cell line. Therefore, 
based on the cytotoxic effect and the highest incidence of 
lung cancer in the world, compound 1 was selected for 
the next assays in the A549 cells.

Compound 1 shows low toxicity in human erythrocytes
The toxic effect of compound 1 was evaluated through 
the hemolytic assay in human erythrocytes (Fig.  4). 
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Fig. 2 Percentage of growth inhibition of lawsone synthetic derivatives. Results obtained after 72 h treatment with compounds 1 (A), 2 (B) and 3 
(C) in A549, B16-F10 and C6 cell lines. The graph represents the mean and standard deviation of three independent experiments
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The compound 1 showed no hemolytic effect at the 
concentrations of 13.75, 27.5 and 55 µM and showed low 
hemolysis percentage at 110 µM, standing below 0.5%. 
Compared with the negative control, it did not show any 
statistical significance in all the concentrations tested 
(p > 0.0001) which indicates that the compound is not 
toxic to human erythrocytes.

Compound 1 inhibit cell proliferation reducing colony 
formation
The ability of compound 1 to inhibit colony formation 
was evaluated through clonogenic assay. In this assay, 
A549 cells were treated with the compound 1 at 
concentrations of 1.1, 2.2 and 4.4  µM for 72  h. After 
treatment, the compound 1 was able to inhibit the 
formation of colonies in a concentration-dependent 
manner. Compound 1 at a concentration of 1.1  µM 
was able to inhibit colony formation by 31.1%, at a 
concentration of 2.2  µM the compound was able to 
inhibit 82.1% while at a concentration of 4.4  µM the 
compound was able to inhibit 98.1% compared to the 
negative control (p < 0.001). Doxorubicin inhibited 96.1% 
of colony formation, similar to the higher concentration 
of the compound 1 (Fig. 5).

Compound 1 reduces wound closure after treatment
The assay was performed to assess the ability of the 
compound to inhibit cell migration. After performing 
the wound, it was possible to observe that the com-
pound 1 significantly inhibited cell migration in A549 
cells. In the concentration of 1.1  µM no significant 
reduction of migration was observed in 24 or 48  h. 
However, at 2.2 µM, the compound was able to inhibit 

cell migration, reducing the wound closure by 33% at 
48 h. The concentration of 4.4 µM showed the highest inhib-
itory capacity, with only 18% wound closure at 24  h 
and 56% at 48 h. In the negative control, at the end of 
the experiment, the wound was closed in 99% while the 
positive, doxorubicin, 78% of the wound was restored in 
48 h (Fig. 6).

Compound 1 induces apoptosis and necrosis in A549 cells 
after treatment
To analyze the possible type of death induced by 
the compound 1, the Annexin V FITC/PI assay was 
performed. After treatment for 24 h, it was possible 
to observe at the concentration of 4.4 µM a significant 
reduction in the percentage of living cells (12.4%), as 
well as an increase in cells undergoing apoptosis (47.8%) 
and necrosis (39.7%) compared to the negative control. 
The 1.1  µM and 2.2  µM concentrations were not able to 
induce significant changes in the percentage of living, 
apoptotic or necrotic cells. It was also not possible 
to observe changes in the 0.2  µM concentration of 
doxorubicin (Fig. 7).

Discussion
Lawsone has been a source of inspiration for the 
production of derivatives in order to improve its 
cytotoxic potential [21]. In this work, lawsone derivatives 
were evaluated for their cytotoxic activity in lung 
adenocarcinoma (A549), melanoma (B16-F10) and 
glioma (C6) cell lines. SRB results show that the three 
compounds were able to inhibit cell growth in the tested 
cell lines. Among them, compound 1 showed the greatest 
inhibitory potential compared to compounds 2 and 3, 

Table 1 IC50 of compounds 1, 2 and 3. Data in the table show the maximum 50% inhibitory concentration of cell growth (IC50) and 
the 95% confidence interval

ND  Not determined
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showing  IC50 values below 2.2 µM in the three cell lines. 
It is important to notice that compound 2 and 3 showed 
a high variability of data, which could potentially be 
attributed to the solubility or structural degradation of 
these compounds. Consequently, it is possible that these 
compounds may be excluded from future assessments. In 
addition, compound 1 stands out for having an inhibitory 
potential at least 10 times greater than lawsone. 
Compounds considered potent in cancer treatment must 
have an  IC50 below 10 µM after 72 h of treatment [28]. 
The ability of a compound to be cytotoxic in types of 
cancer with distinct histological characteristics makes 
it promising in the treatment of neoplasms [29]. The 
compound 1 was able to inhibit the cell growth of three 
histologically different types of cancer, it is suggested 
that it has great cytotoxic potential. Similar results with 
glycosidic derivatives of lawsone show effect when used 

against glioma, carcinoma and melanoma and different 
breast cancer cell lines [22, 24].

Based on our results and the data found in the litera-
ture, some synthetic derivatives show a higher inhibitory 
effect than their original compound. Although com-
pound 1 showed a high inhibitory effect in all the cancer 
cell lines tested, the results in the hemolysis assay dem-
onstrated that this compound was not toxic to erythro-
cytes even in the highest concentration tested of 110 µM. 
Erythrocytes are constituted by a fragile cell membrane 
that may be easily damaged by drug activity and it is 
regularly used as an indicator of toxicity against non-
tumoral cells [25, 30, 31]. It reveals that compound 1 has 
a high inhibitory effect in tumoral cells while shows low 
cytotoxicity in non-tumoral cells. Therefore, compound 
1 was selected for evaluation in the other cytotoxicity 
assays.

Fig. 3 Morphological aspects of the cell lines after 24-h treatment with compound 1. Cells were treated with different concentrations 
of Compound 1. A – A549 cells without treatment. B-D – A549 cells treated with compound 1 in the concentrations of 1.1, 2.2 and 4.4 µM 
respectively. E – B16-F10 cells without treatment. F–H – B16-F10 cells treated with compound 1 in the concentrations of 0.75, 1.5 and 3 µM 
respectively. I – C6 cells without treatment. J-L – C6 cells treated with compound 1 in the concentrations of 1.1, 2.2 and 4.4 µM respectively. Solid 
arrow indicates the position of apoptotic cells and dotted arrows indicate the position of cells with reduced cytoplasm. Bar—50 µm. Representation 
of two independent experiments
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Recently the importance of a terminal alkyne moiety 
for the activity of some compounds has been the subject 
of attention of several groups. It has been suggested that 
the alkyne can serve as a latent electrophile. We specu-
late that the propargyl group in compound 1 (O-pro-
pargyllawsone) can contribute to the activity of this 
compound by in  vitro alkylation of important biomol-
ecules such as the cysteine protease cathepsin K (CatK) 
by forming an irreversible covalent bond between the 
active-site cysteine thiol and the internal carbon of the 
alkyne moiety [32]. CatK is known to be upregulated in 
many types of cancer which promotes cell proliferation, 
invasion and migration and its inhibition has been dem-
onstrated as an approach to cancer treatment [33, 34].

Tumor cells have high proliferation rates due to the 
accumulation of mutations that favor cell division and 
reduce death. A single mutated cell can divide count-
less times, forming tumors, which is one of the impor-
tant aspects for the establishment of cancer [35]. The 
clonogenic assay allows evaluating the capacity of a cell 
to resist the exposed treatment and to proliferate form-
ing colonies [36]. In this study, it was possible to observe 
that the compound 1 significantly inhibited the forma-
tion of colonies in the lung carcinoma at all concentra-
tions tested. The inhibitory effect of tumor clones by 
compound 1 corroborates the results of cytotoxicity by 
SRB in which the compound showed a high inhibitory 
potential.

Fig. 4 Percentage of hemolysis after treatment with compound 1. The graphics show the results of the Hemolysis assay after treatment 
with compound 1 with the concentrations of 13.75, 27.5, 55 and 110 µM for 1 h. Triton-X100 positive control and DMSO 0.1% negative control. Data 
were submitted to One-way ANOVA followed by Dunnett’s post-test was used for the comparison between treatments and negative control. (****) 
P < 0.0001

Fig. 5 Reduction of A549 colony formation by the compound 1. A – Representation of an experiment showing the formation of colonies. B – 
Percentage of colony formation. Cnt = negative control and Dox = doxorubicin. Data were submitted to One-way ANOVA followed by Dunnett’s 
post-test for the comparison between treatments and control and comparison between treatments Tukey’s post-test was used. (****) P < 0.001 
treatments compared to the negative control and (#) P < 0.001 for comparisons between treatments
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Studies with the compound 1,4-naphthoquinone 
demonstrated that this naphthoquinone was able to 
inhibit the formation of melanoma colonies [37]. Sad-
hukhan [38] tested a total of twenty-two lawsone-
derived compounds in human glioblastoma multiforme 
lines. They observed that one of the compounds was 
able to inhibit colony formation compared to the nega-
tive control. β-lapachone, a lawsone-like naphthoqui-
none, can inhibit the formation of colonies in the lung 
carcinoma by its ability to produce reactive oxygen spe-
cies [39]. Thus, compounds derived from lawsone have 

a high capacity to inhibit the formation of tumor cell 
colonies.

The 1,4-naphthoquinone antitumor activity is gener-
ally attributed to a variety of mechanisms which may dif-
fer depending on the cell type. Among Others, the redox 
potential of these compounds, leads to the production of 
reactive oxygen species (ROS) via one-electron-reduc-
tase-mediated redox cycling [40]. This can account, at 
least in part, for the activity of the compounds described 
herein.

Fig. 6 Inhibitory effect on migration of A549 cells after treatment with compound 1. A – Representative experiment of a wound-healing 
after treatment with compound 1 for 0 h, 24 h and 48 h. B – Percentage of wound closure. Data shows mean and SD of three independent 
treatments. Cnt = negative control and Dox = doxorubicin. Data were submitted to Two-way ANOVA followed by Dunnett’s post-test was used 
for the comparison between treatments. (****) P < 0.001 and (*) P < 0.01

Fig. 7 Percentage of A549 cells undergoing apoptosis and necrosis after treatment with compound 1. A – Representation of the analysis by flow 
cytometry. In the quadrants: viable cells (Annexin V − /PI-), early apoptosis (Annexin V + /PI-), late apoptosis (Annexin V + /PI +) and necrosis (Annexin 
V − /PI +). B – Percentage of viable cells in apoptosis and necrosis after treatment with compound 1. Cnt = negative control and Dox = doxorubicin. 
Data were subjected to statistical analysis One-way ANOVA followed by Dunnett’s post-test to compare treatments with the negative control. (****) 
P > 0.0001, (***) P < 0.001, and (*) < 0.01

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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Lung adenocarcinoma is a cancer with a high mortal-
ity rate and highly metastatic, in which cell migration 
plays an important role in tumor progression [41, 42]. 
Compounds with the ability to prevent proliferation are 
of great relevance for the treatment of this cancer [43]. 
As observed in the wound-healing assay, the compound 
1 has a high capacity to inhibit cell migration in lung 
carcinoma. These results corroborate the data shown 
above, making the compound antiproliferative capacity 
evident. Literature results show that lawsone derivatives, 
like those studied in this work, also demonstrate the abil-
ity to inhibit cell migration. Hong [44] demonstrated 
that a naphthoquinone known as shikonin also showed a 
high inhibitory effect in cell migration in breast cancer. 
Oliveira [21] observed that ruthenic compounds com-
plexed with lawsone were also able to inhibit cell migra-
tion. After 48 h these compounds inhibited about 70% of 
cell migration in the lung adenocarcinoma lineage.

The morphological changes observed in apoptosis 
may be the loss of the fibroblast aspect or cell rounding, 
reduction of the cytoplasmic volume, usually accom-
panied by the condensation and fragmentation of the 
nucleus [45]. In the results obtained by Giemsa staining, 
the compound 1 induced morphological changes charac-
teristic of apoptosis in A549, such as cytoplasm reduc-
tion and cells with a round appearance, indicating that 
the compound may induce apoptosis.

Activation of caspase pathways in apoptosis induces 
exposure to membrane phospholipids such as phosphati-
dylserine [46]. Phosphatidylserine is found inside the lipid 
bilayer and after induction of apoptosis, it is externalized 
in the plasma membrane where it will serve as a phago-
cytosis signal for cells such as macrophages [47, 48]. The 
results found in the Annexin V/PI assay showed that at a 
concentration of 4.4 µM, the compound 1 may induce cell 
death by apoptosis and necrosis. This result corroborates 
the morphological analysis observed by Giemsa staining, 
in which alterations such as reduced cytoplasm and apop-
totic cells were seen.

Lawsone and several other quinones induce death by 
apoptosis in a variety of tumor cells. One of the apop-
tosis mechanisms described for naphthoquinones is the 
inactivation of topoisomerases I and II, as demonstrated 
in the in  vitro and in  vivo glioma model (C6), in which 
lapachol was able to induce apoptosis after treatment 
[49]. Lawsone-containing ruthenium complexes induce 
apoptosis in prostate cancer cells, breast cancer and lung 
cancer with cell cycle arrest in the G1 phase [21]. Glyco-
sidic derivative of lawsone was able to induce apoptosis 
in melanoma cells, however the mechanism of action has 
not yet been described [24].

Conclusions
The results obtained suggest that the compound O-pro-
pargyllawsone was able to inhibit cell growth, as well as 
induce morphological changes in the A549 cells. The 
compound also inhibited the formation of clones in 
the A549 and the death mechanism is suggested to be 
apoptosis. Although further evaluation of the mecha-
nism of action is needed, the O-propargyllawsone 
seems to be a promising compound in the treatment of 
lung adenocarcinoma.
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