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Abstract
Selective induction of apoptosis in cancer cells barring the normal cells is considered as an

effective strategy to combat cancer. In the present study, a series of twenty-two (22) syn-

thetic 3,3'-(aryl/alkyl-methylene)bis(2-hydroxynaphthalene-1,4-dione) bis-lawsone deriva-

tives were assayed for their pro-apoptotic activity in six different cell lines (five cancerous

and one normal) using MTT assay. Out of these 22 test compounds, 1j was found to be the

most effective in inducing apoptosis in human glioma cells (CCF-4) among the different cell

lines used in the study. The activity of this compound, 1j, was then compared to a popular

anticancer drug, cisplatin, having limited usage because of its nephrotoxic nature. In this

study, 1j derivative showed much less toxicity to the normal kidney cells compared to cis-

platin, thus indicating the superiority of 1j as a possible anticancer agent. This compound

was observed to induce apoptosis in the glioma cells by inducing the caspase dependent

apoptotic pathways via ROS and downregulating the PI3K/AKT/mTOR pathway. Estimation

of different oxidative stress markers also confirms the induction of oxidative stress in 1j

exposed cancer cells. The toxicity of 1j compound toward cancer cells was confirmed fur-

ther by different flow cytometrical analyses to estimate the mitochondrial membrane poten-

tial and cell cycle. The sensitivity of malignant cells to apoptosis, provoked by this synthetic

derivative in vitro, deserves further studies in suitable in vivomodels. These studies not

only identified a novel anticancer drug candidate but also help to understand the metabo-

lism of ROS and its application in cancer treatment.
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Introduction
Cancer is one of the leading causes of death in most of the countries. Cancer develops when
somatic cells mutate and escape the restraints that normally restrict them from their problem-
atic expansion [1–3]. Despite the presence of remarkably effective tumor-suppressing mecha-
nisms that can discriminate between abnormally growing (neoplastic) and normal cellular
states and competently suppress the former irrespective of the later, cancer develops. Different
environmental conditions such as pollution, certain infections, radiation, etc. [4], and human
habits, like the use of tobacco, are a few examples that increase the risk of cancer [5]. At the
molecular level, a distinct difference lies in the redox metabolism of carcinomas and normal
healthy tissues. The enhanced levels of intracellular reactive oxygen species (ROS) are usually
observed in cancer cells [6,7]. Moreover, reductive features, like hypoxia and high metabolic
activity are also reported to be associated with such tumor cells [8]. Thus, for cancer therapy,
interfering with the redox homeostasis of these cancer cells appears as a promising approach.
Based on this fact, numerous efforts have been made to design chemotherapeutic drugs. These
molecules have shown to interfere with the redox balance within the cancer cells, specifically
by targeting their altered redox conditions [9]. In addition, inhibitors of different growth fac-
tors involved in cancer signalling cascades, (e.g. RAS/ERK, PI3k/Akt, JAK/STAT, etc.) are
promising in preventing cancers. Moreover, some genes that regulate apoptosis have been
observed to be defective in malignant cells [10]. Recent research reports suggest that induction
of apoptosis by modulating the expression of different apoptosis regulatory genes is very effec-
tive in mitigating cancer. Onset of apoptosis has substantial impact on the initiation, progres-
sion as well as metastasis of tumour [11,12].

In this study, we comprehensively analyzed the cytotoxicity of a series of synthetic bis-law-
sone compounds. Lawsonia inermis Linn. (Lythraceae), also known as Henna or Mehndi, tra-
ditionally used all over the world as cosmetics and herbal remedies in treating various ailments
[13], is a major natural source of lawsone (2-hydroxy-1,4-naphthoquinone). This chemical
entity has been reported to exhibit a wide range of promising biological and pharmacological
activities including antioxidant [14], antimicrobial [15,16], trypsin enzyme inhibition [17],
anticoagulant [18] and antidiabetic [19,20]. Under this preview, one of our group members has
recently synthesized a series of novel 3,3'-(aryl/alkyl-methylene)bis(2-hydroxynaphthalene-
1,4-dione) scaffolds from the reaction of lawsone and different aldehydes following a novel
protocol [21] with an intention that the synthetic bis-lawsone derivatives bearing lawsone as a
sub-structure, may exhibit certain promising biological activities. Again, hydroxynapthalene
[22] and arylmethylene [23,24] derivatives are reported to possess effective antimicrobial, her-
bicidal and antioxidant activities. Development of diverse hydroxynapthalene and arylmethy-
lene scaffolds with anticancer activity could, thus, be expected to have clinical importance.

Most of the test compounds in the series of twenty-two bis-lawsone derivatives exhibited
cytotoxicity to all types of cancer cells screened in our present study. Interestingly, few of these
compounds were found to be non-toxic to the normal cells as well. Among the test compounds,
1j [i.e. 3,3'-((4-(trifluoromethyl)phenyl)methylene)bis(2-hydroxynaphthalene-1,4-dione)], was
observed prominently cytotoxic to the cancer cells but not to the normal cells. Compound 1j
contains a trifluoromethyl group (-CF3), a strong electron-withdrawing group, substituted at
the 4-position of the phenyl ring (Fig 1). This kind of fluorinated moieties in heterocyclic com-
pouds are belived to interfer with the lipophilicity, metabolic stability and bioavailability of the
compund. This selected derivative (1j) was found to be the most cytotoxic to glioma cells and
significantly non-toxic to the normal kidney cells. Later, we compared the proapoptotic activity
of this 1j derivative against a well-known anticancer drug, cisplatin or cis-diamminedichloro-
platinum(II) (CDDP). Cisplatin is a very popular platinum-containing chemotherapeutic drug,
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clinically used to treat various types of cancers [25,26]. Currently used chemotherapeutic treat-
ments are apparently effective but showing the severe side effects of these agents impose
restrictions in their use. Besides, increasing evidence of the relapse of mammalian tumors are
the limitations of most of the anticancer agents that are presently in use and CDDP is no excep-
tion to it. This provokes scientists around the globe to develop novel anti-cancer drugs with
insignificant side effects. The present study was, therefore, designed to explore the cytotoxic
effect of aforementioned napthaquinone derivatives and after the identification of the effective
one(s) in the series, further experiments were also planned to determine the molecular path-
ways through which the identified derivative(s) exerts cytotoxicity in cancer cells. MTT cell
viability assay was initially performed to assess the cytotoxic potentials of the 22 bislawsone
derivatives and finally the study was continued with the most effective cytotoxic derivative, 1j,
to evaluate its mode of action. Wound healing and clonogenic assays were also performed to
assess the anticancer property of this compound. Further, this study is expected to shed some
light in understanding the role of oxidative stress in cancer biology.

Materials and Methods

Chemicals
RPMI-1640 media, DMEMmedia and other necessary chemicals like antibiotics, amino acids,
etc. were purchased from HIMEDIA (Mumbai, India). Fetal bovine serum (FBS) was pur-
chased from HyClone (Thermo Scientific Hy-Clone, Logan, Utah, USA). Methylthiazolyldi-
phenyl-tetrazolium bromide (MTT) was purchased from Sisco Research Laboratory (Mumbai,
India). Cisplatin, ribonuclease, Fluorescein isothiocyanate (FITC) conjugated Annexin V, apo-
ptosis detection kit, Z-vad FMK, RNaseA, Bradford reagent, luminol and coumaric acid were
purchased from Sigma (Missouri, USA). Antibodies were purchased from abcam (Cambridge,
UK) and Cell Signaling Technology (Danvers, MA, USA). Other essential chemicals used in
this study were of the analytical grade.

Bis-lawsone compounds
All the bis-lawsone derivatives (i.e. 3,3'-(aryl/alkyl-methylene)bis(2-hydroxynaphthalene-
1,4-dione) derivatives; 1a-1u) and one tetrakis-lawsone derivative 1v were synthesized from
lawsone (i.e. 2-hydroxynaphthalene-1,4-dione) and aldehydes in aqueous ethanol at room tem-
perature using commercially available sulfamic acid as an inexpensive and environmentally
benign organo-catalyst following the methodology as reported earlier [21]. All the synthesized
compounds were fully characterized based on their analytical and spectral studies (FT-IR, 1H

Fig 1. Chemical structures of the synthesized bis-lawsone compounds.

doi:10.1371/journal.pone.0158694.g001
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NMR, 13C NMR and TOF-MS) and comparison of these data with those reported in the litera-
ture [21].

Cell lines
In the present study, five cancerous cell lines [namely, human glioblastoma multiforme cell
line (CCF-4), human kidney carcinoma epithelial cell line (A498), human cancerous lung epi-
thelial cell line (A549), human cervix adenocarcinoma epithelial cell line (HeLa) and human
renal cell carcinoma (RCC) line SK-RC-45] and one normal cell line [namely, human normal
kidney epithelial cell line (NKE)] were used. A498, A549 and HeLa cell lines were obtained
from NCCS, Pune. CCF-4, SK-RC- 45 and NKE cell lines were obtained as a gift from Dr.
Kaushik Biswas, Bose Institute. The cells were cultured in a T-75 flask with RPMI-1640 (for
A498, SK-RC-45, CCF-4, NKE) or DMEM (for HeLa, A549) supplemented with 10% FBS and
antibiotics (100 U mL−1 of penicillin, 100 μg mL−1 of streptomycin, 50 μg mL−1 gentamicine
and 2.5 μg mL−1 amphotericin B) at 37°C in a humidified incubator with 5% CO2.

Drug Exposure
All the compounds were dissolved in DMSO and added to the cells at different concentrations.
After the treatment with the desired compounds for specified time, the extent and nature of
toxicity was determined. Finally, the toxicological assessment of CDDP and 1jmolecules on
both CCF-4 and NKE cell lines was carried out with their respective LC50 values.

Cell viability assay & determination of LC50
At first, the cells were seeded in flat-bottomed 96-well plates at a density of 0.1 × 106 cells per
well. For dose dependent study, the cells were exposed to 5, 10, 20 and 40 μM of the com-
pounds for 24h. The optimum time of exposure and assay conditions were chosen appropri-
ately based on the time dependent assay (data not shown). After the incubation period, the cell
viability was measured by MTT assay following the method as described elsewhere [27,28].
The LC50 values for individual compounds were then determined. Later, this experiment was
repeated with the most effective molecule (derivative) on the CCF-4 cells and the result was
compared with another potent anticancer drug CDDP. The most effective compound was cho-
sen on the basis of their effect on both the cancer cell lines and the normal cell line.

LDH cytotoxicity assay
Lactate dehydrogenase (LDH) release from cells was determined using LDH assay kit to con-
firm cell damage [29]. The experiments were carried out following the manufacturer’s protocol
(Lactate Dehydrogenase Activity Assay Kit (MAK066) manufactured by Sigma-Aldrich).

Apoptosis detection and quantification
CCF-4 and NKE cells (80% confluency) were cultured in 6-well plates and incubated with 1j in
separate wells. After 24h treatment, the cells were scraped and centrifuged at room temperature
(300 x g, 5 minutes). The cell pellets were washed with PBS, and were suspended in Annexin V
Binding Buffer to which 1 μl of Annexin V/FITC was added and incubated for 5 minutes in
dark (at room temperature). Immediately after incubation, the samples were analyzed flow
cytometrically in FACS Verse with an excitation of 488 nm and emission of 520 nm [30].
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Determination of the intracellular ROS
This assay was done following the method of Cossarizza [31]. Briefly, the CCF-4 and NKE cells
were incubated separately with the 1j derivative and CDDP at their optimum toxic dose. Then
after scrapping, cells were pelleted down by centrifugation (300 x g, 5 minutes, room tempera-
ture). After that, these pellets were dissolved in PBS and incubated with H2DCFDA (2 μM).
Following incubation in the dark for 20 minutes at 37°C, the samples were analyzed by FACS
Verse at excitation and emission wavelengths of 488 nm and 520 nm respectively [32]. In addi-
tion, intracellular ROS was measured using fluorescent microscope by following the method
described elsewhere [28]. Briefly, both the cells were cultured overnight on coverslip, followed
by the incubation with the 20 μM 1j and 5mMNAC. After 24 h of incubation, cells were incu-
bated with H2DCFDA as mentioned earlier. Then cells were washed with PBS and mounted
with fluorescent medium in a glass slide and observed under a fluorescent microscope at 20X
magnification.

Estimation of the intracellular GSH and GSSG
The level of GSH was determined following the protocol described elsewhere using Ellman’s
reagent [33–35]. Briefly, after treatment with desired compounds, the cells were sonicated and
then centrifuged (12000 rpm, 15 minutes) for total protein isolation. DTNB solution (Ellman’s
reagent) was added to the protein containing supernatant and spectrophotometrically the
absorbance at 412 nm was measured. The method of Hissin and Hilf (1976) was used to mea-
sure the level of GSSG [36]. Samples were mixed with 0.04 M NEM to prevent the oxidation of
GSH to GSSG and incubated for 30 minutes at room temperature. Then 300 mMNa2HPO4

and Ellman’s reagent were added. Finally, the absorbance was recorded at 420 nm.

Estimation of lipid peroxidation
To ensure the occurrence of oxidative stress in the cancer cells, the extent of lipid peroxidation
was determined by estimating the level of malondialdehyde (MDA) in the cells. Briefly, the
control and treated cells from different experimental group was collected and subjected to soni-
cation. Each of the sonicated samples were then mixed with 20% trichloro acetic acid and
0.67% thiobarbituric acid. After that, the mixtures were heated at 100°C for 1 hour and then
kept in a ice bucket for cooling. Finally, the solutions were centrifuged and the absorbance was
measured at 535 nm using a spectrophotometer [37].

Assessment of antioxidant enzymes
The activities of the antioxidant enzymes, superoxide dismutase (SOD) and catalase (CAT)
were measured using spectrophotometer following the protocol as described elsewhere [38].

Determination of mitochondrial membrane potential
The mitochondrial membrane potential was determined following the method of Salvoli et al
[39,40]. Following proper treatments for each set, cells were incubated separately with 5 mM
JC-1 dye (at 37°C for 30 minutes) followed by centrifugation (5 minutes, 300 x g) and suspen-
sion in PBS. The fluorescence-labeled cells were analyzed flow-cytometrically at the excitation
and emission wavelengths of 530 nm and 590 nm respectively by BD FACS Calibur Flow
Cytometry System (BD Biosciences).
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Immunoblotting
The treated cells were washed with PBS and lysed using RIPA buffer containing 150 mM
sodium chloride, Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS (sodium dodecyl sulfate),
50 mM Tris and protease and phosphatase inhibitors at pH 8.0. The lysed cells were centri-
fuged at 12,000 rpm at 4°C for 10 minutes. The supernatant was collected, and protein content
was measured using BCA method. The protein samples were stored at -80°C for further use.
To perform the immunoblot analysis, 50 μg of protein from each sample was resolved by
SDS-PAGE and then transferred to PVDF membranes. The membranes were blocked using
1% BSA in TBST buffer for two hours at room temperature. The membranes were then incu-
bated overnight with respective primary antibody at 4°C. Next, the membranes were washed
with wash buffer (50 mM/L Tris–HCl, pH 7.6, 150 mM/L NaCl, 0.1%Tween 20) and incubated
with specific HRP-conjugated secondary antibody for 2 hours at room temperature. Finally,
the membranes were developed by the HRP substrate ECL solution (1 M Tris-HCl, pH 8.5, 250
mM Luminol, 90 mM Coumaric acid and 30% Hydrogen peroxide). In this study, we have
investigated the expression of the key molecules involved in the mitochondrial and extra-mito-
chondrial apoptotic pathway [41].

Effect of caspase inhibition on the pro-apoptotic activity of 1j
The effect of caspase inhibition on the pro-apoptotic activity of 1j was evaluated by the MTT
cell viability assay [42]. Prior to 1j exposure, the cells were pre-treated with Z-VAD-FMK pan-
caspase inhibitor (50 μM) for 1 hour. The cells were then treated with 20μM 1j for 24 hours.
In another set, cells were treated with 1j only (without the pre-treatment of Z-VAD-FMK).
Finally, cell viability was determined as described earlier.

Flow cytometric analysis of cell cycle
Cell cycle progression of CCF-4 cells was determined flow cytometrically following the proto-
col of Riccardi et al. [43]. Briefly, the cells were synchronized and cultured in RPMI medium.
Then the cells were exposed to 1j and CDDP respectively, at desired concentrations. Next, the
cells were harvested after 24 hours, washed with cold PBS and fixed for 4 hours in 70% ethanol
(at 4°C). The cells were then subjected to centrifugation (1500 rpm, 4 minutes)followed by
washing (with cold PBS containing 2% FBS) and treatment with ribonuclease. Finally the cells
were incubated for 30 minutes with 50 μg/ml propidium iodide at 37°C. The fluorescence was
measured using a flow cytometer and analyzed by the Cell Quest program.

Wound healing assay
CCF-4 cells were seeded in a 6 well plate under proper conditions as mentioned above. After
24 hours of plating, a wound was gently made by scratching the surface with the help of a
200 μl pipette tip. Then half the wells were left untreated and half were treated with 20 μM of
1j. The cells were photographed by a phase contrast microscope after 0, 8, 16 and 24 hours of
1j exposure [44–46]. The data was quantified using the Image J software.

Colony forming assay
Colony forming assay or the clonogenic assay was performed to evaluate the ability of the can-
cer cell to grow into a colony after the desired treatment with the 1j. The assay was performed
according to the protocol of Franken et al [47]. Briefly, 0.3 x 106 cells were plated in a culture
dish. After treatment, the CCF-4 cells were trypsinized and replated under normal culture
condition. The culture dish was then incubated for 14 days under normal culture conditions.

Selective Pro-Apoptotic Activity of Novel Bislawsone Derivatives

PLOS ONE | DOI:10.1371/journal.pone.0158694 July 5, 2016 6 / 22



Finally the cells were washed with PBS and stained with a 0.5% crystal violet solution containg
6.0% glutaraldehyde. The culture dish was then photographed and quantified using the Image J
software.

Statistical analysis
After performing three independent experiments, results have been expressed as their mean
data (±SD). The statistical evaluation has been done by the means of one-way analysis of vari-
ance (ANOVA), and Tukey test was used to compare the group means. A p-value less than
0.05 were considered as statistically significant.

Results

Bis-lawsone derivatives are cytotoxic to cancer cells
To find out the optimum cytotoxic effect of these compounds (1a-1v), we have carried out the
dose dependent MTT cell viability assay and the results have been presented in Fig 2. Out of 22
napthaquinone derivatives tested for their toxicity on different cell lines, six compounds 1b, 1c,
1d, 1e, 1j and 1n showed significant toxicity at less than 50 micromolar concentration in differ-
ent cancer cells when compared to the normal NKE cells. Mostly CCF-4, HeLa and SK-RC-45
cell lines were sensitive to the compounds where as A498 and A549 cells remained less sensitive
(Fig 2a–2e). The compounds 1b, 1c, 1d, 1e, 1j and 1n demonstrated remarkable anti-prolifer-
ative activity (low LC50 value) in CCF-4 and SK-RC-45 cells within a range of 7.29–17.96 μM
and 16.98–43.14 μM respectively as calculated from the graph. Rest of the cell lines, exhibited
LC50 at varying doses ranging from 30.49 to 83.54 μM. In renal carcinoma cell line, SK-RC-45,
the anti-proliferative and/or cytotoxic effect of the compounds 1b-1g, 1j, 1n, 1q, 1s and 1q is
very significant. At 20 μM dose, approximately 60% cell viability was observed and that was
reduced to approximately 20–30% at 40 μM. Compounds 1i, 1k, 1o, and 1p on the other hand,
did not affect the viability of these cells (Fig 2d). In case of A498, most of the compounds, how-
ever, did not show any significant effect except 1n, 1q, 1t and 1v which were found to be toxic
only at the highest dose (40 μM), showed cell viability below 40% (Fig 2e). In CCF-4, 1b, 1q
and 1s shows around 50–60% cell viability at 40 μM dose. All other compounds in the series
showed the LC50 at the dose of 10–20 μM (Fig 2a). Compound 1i and 1j exhibited the most sig-
nificant anti-proliferative effect in CCF-4 cells. In case of A549, most of the compounds had
moderate cytotoxic effect as they exhibited approximately 20% inhibition in cell viability at the
highest dose (40 μM). All the working concentrations of 1c, 1d, 1g 1q, 1s and 1t showed almost
no effect on A549 (Fig 2b). Upon exposure of 1a, 1b, 1d, 1e, 1i, 1j, 1m, 1o, 1r & 1v, the HeLa
cells showed gradual decrease in cell viability up to 40 μM concentration. Compounds 1f, 1g,
1p, 1s, 1t & 1u did not show any drastic change in cell viability in the HeLa cells (Fig 2c).

Effect of bis-lawsone derivatives on normal cells
Most of the compounds remained relatively non-toxic in NKE cells (the normal kidney cell
line) showing LC50 values above 90.80 μM (to as high as in the range of millimolar; Fig 3),
whereas compounds such as 1a, 1g, 1h, 1i, 1m, 1o, 1r-1u exhibited toxicity to NKE cells with
LC50 values as low as 51.31 μM.

Differential cytotoxicity of 1j to the cancer cells
From the results of the rapid screening of the naphthoquinone derivative, 1j derivative was
found to be the most effective on the CCF-4 cells and it was not toxic to the normal cells. The
calculated LC50 value of 1j derivative on the CCF-4 cells is 17.18 μM, whereas in case of NKE
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cells the LC50 value is 222.12 μM. LC50 values of 1j derivative on different cancer cells and NKE
cells are comprehensively presented in Table 1.

Furthermore, the cytotoxicity of 1j derivative was compared with CDDP. It was found that
1j derivative is selectively toxic to the glioma cells compared to NKE cells (Fig 4a). When CCF-
4 and NKE cells were treated with CDDP, the LC50 dose of CDDP was found to be 25 μM for
both the cells (Fig 4b).

This result was further confirmed by assaying the level of LDH leakage from the cells. It was
observed that the exposure of 1j caused a leakage 89.5 U/l LDH from the CCF-4 cells. On expo-
sure to CDDP, CCF-4 cells also exhibited significantly higher amount of LDH leakage (Fig 4c).
In case of NKE cells, 1j does not cause any cytotoxicity but exposure to CDDP causes a leakage
of 81.8 U/l LDH.

1j differentially induces apoptosis in cancer cells and normal cells
Annexin-V mediated FACS assay was done to confirm the mode of cell death induced by 1j.
The increase in the number of annexin-V tagged CCF-4 cells in 1j and CDDP-exposed groups
indicated that both the compounds induced apoptosis in these cells. In line with the previous

Fig 2. The dose dependent effect on cell viability of all the 22 bis-lawsone derivatives on the 5 human cancer cell lines. The
derivatives were exposed to the different cells at a dose of 5, 10, 20 & 40 μM. a. CCF-4 cells, b. A549 cells, c. HeLa cells, d. SKRC-45 cells,
e. A498 cells. Each point represents mean ±SD, n = 3 (number of plates).

doi:10.1371/journal.pone.0158694.g002
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observations, when NKE cells were treated with both of these molecules, unlike CDDP treated
cells, 1j exposed cells exhibited no such significant indication of apoptosis (Fig 5).

1j specifically induces intracellular ROS in cancer cells
The level of intracellular ROS was measured in the control, 1j and CDDP-treated both CCF-4
and NKE cells using flow-cytometric analysis. It was observed that the intracellular ROS level
in the 1j-exposed CCF-4 cells increased enormously compared to the control group and 1j-
exposed NKE cells. Elevation in the level of intracellular ROS was also observed in the case of
CDDP-treated glioma cells and normal kidney cells (Fig 6a and 6b). When the experimental
cells were pre-treated with 5 mMNAC, a potent antioxidant that scavenges ROS, the elevation
in the ROS level was inhibited in the 1j treated CCF-4 cells (Fig 6c and 6d). This data was fur-
ther confirmed by the fluorescent micrographs. These micrographs also indicate that 1j selec-
tively enhanced the level of intracellular ROS in glioma cells compared to the normal cells. We
found that the intensity of green fluorescence (produced due to ROS) was significantly less in
NKE cells compared to CCF-4 cells treated with 1j. For both the cell types, NAC pre-treatment
inhibited the elevation in intracellular ROS level (Fig 6e). Finally to confirm the role of oxida-
tive stress in 1jmediated CCF-4 cell death, cell viability assay was performed. We found that
the NAC pre-treatment significantly inhibited the cytotoxic effect of 1j in CCF-4 cells (Fig 6f).

1j exposure alters the activity of antioxidant enzymes in CCF-4 cells
1j and CDDP exposure caused a significant reduction in the activity of antioxidant enzymes
superoxide dismutase (SOD) and catalase (CAT) in CCF-4 cells. In NKE cells, the activities of
these enzymes were not significantly affected upon 1j exposure. In CCF-4 cells 5mMNAC pre-

Fig 3. The dose dependent effect on cell viability of all the 22 bis-lawsone derivative on the human normal kidney epithelial cell line (NKE).
The derivatives are exposed to the cell at a dose of 5, 10, 20 & 40 μM. Each point represents mean ±SD, n = 3 (number of plates).

doi:10.1371/journal.pone.0158694.g003

Table 1. IC50 of the synthesized 1j derivative on six different cell lines.

Cell lines CCF-4 A549 HeLa SKRC-45 A498 NKE

IC50 value of 1j (μM) 17.18 ± 0.53 29.57 ± 1.77 34.32 ± 1.80 30.31 ± 3.66 27.47 ± 12.33 222.12 ± 6.30

doi:10.1371/journal.pone.0158694.t001
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Fig 4. The dose dependent cytotoxic effect of 1j bis-lawsone derivative and CDDP on CCF-4 and NKE cells. a.
Effects of different concentrations of 1j ranging from 0 μM to 50μM, on both the cells viability by MTT assay. b. Effects of
different concentrations of CDDP ranging from 0 μM to 50μM, on both the cells viability by MTT assay. c. Cytotoxic effect
of both 1j and CDDP on both the cancerous and normal cell line by LDH leakage assay. Each point represents mean ±SD,
n = 3 (number of plates). ‘‘*” represents the significant difference compared to the control cells. (P* < 0.05).

doi:10.1371/journal.pone.0158694.g004

Fig 5. Detection of 1j and CDDP induced apoptosis on both the CCF-4 and NKE cells via Annexin V-FITC staining.
The cells were incubated separately with desired molecules (20 μM 1j and 25 μMCDDP) followed by staining with
Annexin V-FITC and then the cells were flow cytometrically analyzed. Dual parameter dot plot of FITC-labelled Annexin V
fluorescence (x-axis) has been shown in logarithmic fluorescence intensity. Data are representative of three independent
experiments.

doi:10.1371/journal.pone.0158694.g005
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treatment inhibited the cytotoxic effect of 1j and maintained the activities of these enzymes
compared to the untreated cells (Fig 7).

1j exposure alters the oxidative stress markers in CCF-4 cells
1j and CDDP exposure caused a significant reduction in the level of reduced glutathione
(GSH) along with an increased level of oxidized glutathione (GSSG) in CCF-4 cells. NKE cells
upon being exposed to 1j did not result in any oxidative stress conditions, whereas CDDP
exposure resulted reduced GSH-GSSG ratio in NKE cells (Fig 8a and 8b). In line with this data,
it was observed that 1j exposure significantly increased the level of malondialdehyde (MDA) in
the glioma cells barring the normal cells (Fig 8c and 8d), which clearly indicates that 1j could
selectively induce oxidative stress in the glioma cells.

1j induces a disruption of mitochondrial membrane potential
After confirming apoptosis as a mode of cell death in the 1j-exposed CCF-4 cells, the mito-
chondrial membrane potential (MMP) was determined with the help of FACS using JC-1 dye.
An increase in green fluorescence with a concurrent decrease in the red fluorescence was
observed in the 1j and CDDP exposed CCF-4 cells. This observation indicated a significant
decrease of MMP in the glioma cells. Unlike cisplatin exposed NKE cells, 1j did not cause any
significant change in the oxidation–reduction potential of mitochondria in NKE cells. From
this data, we could infer that 1j derivative was likely to induce apoptotic cell death via mito-
chondrial dysfunction (Fig 9).

Fig 6. Effect of 20 μM 1j and 25 μMCDDP on ROS production in the cancerous and normal cells. a-b.
DCFH-DA staining shows increased ROS production upon exposure of both the compounds in CCF-4 and NKE
cells. c-d. Differential induction of ROS on CCF-4 and NKE cells upon exposure to 20 μM 1j and 5mMNAC. e.
Intracellular ROS production was detected by changes in the fluorescence intensity of DCF by fluoroscent
microscopy (20X). Data are representative of three independent experiments. f. Effect on cell viability of CCF-4
cells upon exposure to 20 μM 1j and 5mMNAC. Each column represents mean ±SD, n = 6. ‘‘*” represents the
significant difference between the normal control and 1j treated cells (P* < 0.05).

doi:10.1371/journal.pone.0158694.g006

Selective Pro-Apoptotic Activity of Novel Bislawsone Derivatives

PLOS ONE | DOI:10.1371/journal.pone.0158694 July 5, 2016 11 / 22



1j differentially modulates the expression of the regulatory proteins of
intrinsic and extrinsic pathway of apoptosis
When a cell undergoes apoptosis, intracellular Bax/Bcl2 ratio increases, as the expression of
Bax increases and Bcl2 decreases. It was observed that 1j and cisplatin-exposed CCF-4 cells
had potentially increased Bax/Bcl2 ratio than the untreated cells. Unlike CDDP, the Bax/ Bcl2
ratio was positively maintained in 1j exposed NKE cells. It was previously observed that 1j
caused an alteration in the mitochondrial membrane potential (MMP) differentially in CCF-4
and NKE cells, and in line of this data we found that 1j exposure elevated the level of cytosolic
cytochrome C, but 1j exposure did not make any significant change for the same in NKE cells.

Moreover, on exploring the molecules of the extrinsic pathway we observed that 1j-exposure
induced the expression of caspase 8, and thus a decreased level of Bid was observed in its down-
stream. We also found an increased expression level of different proapoptotic caspases like cas-
pase 9 followed by caspase 3. Downstream of caspase 3, we observed an increased expression of
cleaved PARP, which indicated the DNA damage and eventually cell death (Fig 10a).

The pro apototic activity of the novel derivative was found to be dependent upon caspase
activation (Fig 10d). Exposure to 1j derivative reduced the cell viability by 53.4% than the

Fig 7. a. Effect of 20 μM 1j derivative on SOD activity activities in CCF-4 and NKE cells. b. Effect of 1j
derivative on CAT activity activities in CCF-4 and NKE cells. Each column represents mean ±SD, n = 6.
‘‘*” represents the significant difference between the normal control and 1j treated cells and ‘‘#” represents
the significant difference compared to the CDDP treated cells. (P* < 0.05).

doi:10.1371/journal.pone.0158694.g007
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control cells, but when the CCF-4 cells were subjected to the same treatment in presence of the
pan caspase inhibitor (z-vad) the effect was almost reversed and cell viability was found to be
93.7%. These results suggested that exposure of 1j induced a caspase dependent apototic path-
way in the glioma cells.

Fig 8. a. Effect of 20 μM 1j and 25 μMCDDP on Glutathione (GSH), oxidized Glutathione (GSSG), and their
ratio in CCF-4 cells. b. Effect of 1j and CDDP on Glutathione (GSH), oxidized Glutathione (GSSG), and their
ratio in NKE cells. c-d. Effect of 1j and CDDP on lipid peroxidation in both CCF-4 and NKE cells. Each column
represents mean ±SD, n = 6. ‘‘*” represents the significant difference between the normal control and 1j
treated cells and ‘‘#” represents the significant difference compared to the CDDP treated cells. (P* < 0.05).

doi:10.1371/journal.pone.0158694.g008

Fig 9. Effect of 20 μM 1j and 25 μMCDDP onmitochondrial membrane potential in CCF-4 cells and
NKE cells as shown by the monomeric green fluorescence of the JC-1 dye.Data are representative of
three independent experiments.

doi:10.1371/journal.pone.0158694.g009
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1j differentially activates p53 and cell cycle regulatory proteins in
cancerous and normal cell lines
Development of cancer is a multistep process that involves an activation and inactivation of
different oncogenes and tumor suppressor genes respectively. Hence, we checked the expres-
sion of p53, a tumor suppressor protein and Cyclin D1 that regulates the cell cycle. In this
study, we observed that 1j induced the expression of p53 in the CCF-4 cells. The induced
expression of p53 in 1j treated cells was found similar to cisplatin exposed cells, However,
unlike cisplatin, 1jmolecule did not induce the expression of p53 in NKE cells.

Cyclin D1 is responsible for the progression of the cell cycle at the G0/G1 stage. It was
observed that cisplatin and 1j exposure down-regulated the expression of Cyclin D1 in CCF-4
cells. However, exposure to 1j derivative in NKE cells did not cause any change in cyclin D1
expression (Fig 10a).

1j potentially arrests the cell cycle progression
Flow cytometric analysis demonstrated inhibitory effects of 1j and cisplatin on cell cycle pro-
gression in CCF-4 cells. CCF-4 cells were treated with desired concentration of 1j and cisplatin,
as mentioned earlier. It was observed that both the compounds significantly induced cell cycle
arrest in G0-G1 phase in the glioma cells (Fig 11).

1j inhibits the cellular motility of CCF-4 cells
To investigate whether proliferative changes in 1j treated cells affected the cellular motility of
CCF-4 cells, wound healing assay and colony forming assay were performed. It was observed

Fig 10. a. Immunoblot analysis of different signalling molecules considered in the study. β actin was used as an internal control. Data are
representative of three independent experiments. b-c. Densitometric analysis of the respective immunoblots. d. Effect on cell viability upon 1j
exposure in the presence or absence of the pan-caspase inhibitor z-VAD-fmk. All data are mean ± SD, for 3 independent experiments and were
analyzed by one-way ANOVA. ‘‘*” represents the significant difference between the normal control and 1j exposed cells. e. The schematic
representation of the regulation of various signaling molecules due to 1j and CDDP exposure in CCF-4 and NKE cells.

doi:10.1371/journal.pone.0158694.g010
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that the untreated cells gradually grew up and filled the wounded region (Fig 12), whereas cells
exposed to 20 μM 1j derivative did not grow much in the wounded region and the cell density
was significantly decreased (Fig 12). Thus, it can be inferred from this observation that the
wound healing ability or the movement of the glioma cells was decreased after 1j exposure. As
expected, exposure to 1j significantly reduced the colony formation in the CCF-4 cells com-
pared with the cells in control group (Fig 13). Compared to the well-developed colonies

Fig 11. Effect of 20 μM 1j and 25 μMCDDP on cell cycle progression in CCF-4 cells. It was observed that 1j derivative and CDDP induces cell
cycle arrest at G0-G1 phase. Data are representative of three independent experiments. All data are mean ± SD, for 3 independent experiments
and were analyzed by one-way ANOVA. ‘‘*” represents the significant difference between the normal control and 1j exposed cells.

doi:10.1371/journal.pone.0158694.g011

Fig 12. Effect of 20 μM 1j derivative on cell migration was observed by a phase contrast microscope (100X). a. untreated CCF-4 cells b. 1j
exposed CCF-4 cells. Data are representative of three independent experiments. All data are mean ± SD, for 3 independent experiments and were
analyzed by one-way ANOVA. ‘‘*” represents the significant difference between the normal control and 1j exposed cells.

doi:10.1371/journal.pone.0158694.g012

Selective Pro-Apoptotic Activity of Novel Bislawsone Derivatives

PLOS ONE | DOI:10.1371/journal.pone.0158694 July 5, 2016 15 / 22



observed in control cells, 1j treated cells formed fewer colonies and were relatively smaller in
size. Therefore, these results suggest that exposure to 1j is critical for the oncogenic property of
glioma cells.

1j alters the PI3K/Akt/mTOR protein expressions in CCF-4 cells
PI3K/AKT/mTOR signalling pathway proteins play significant role in cell proliferation and
metabolism and in cancer associated pathophysiological conditions. These proteins facilitate
angiogenesis, cellular invasion and metastasis. In order to evaluate the effect of 1j on the
expression of these cell survival proteins in CCF-4 cells, immunoblotting experiments was per-
formed. It was observed that 1j significantly downregulated the expression of these proteins
compared to the control cells (Fig 14).

Discussion
In this study, 1j-exposure significantly inhibited the proliferation of human glioblastoma cells
in a dose-dependent manner and exhibited relatively much lower toxicity in normal cells com-
pared to cisplatin. The bis-lawsone derivative, 1j, dose-dependently induces cytotoxicity in all
types of cancer cells used in this study, and is found to be most effective on the glioma cells.
Apart from the MTT cytotoxicity assay, we have confirmed the cytotoxic nature of 1j derivative
by performing LDH cytotoxicity assay. The cytotoxic nature of this bis-lawsone derivative has
also been compared to another potent anti-cancer drug, cisplatin [48,49]. By performing both
the cytotoxicity assays, we found that 1j caused 50% cell death at 20 μM dose while the same
level of cytotoxicity is induced by cisplatin at 25 μM. Interestingly, we found that the screened
bis-lawsone derivative is selectively toxic to the cancer cells but cisplatin is toxic to both the
cancer and normal cells. For NKE cells, the LC50 dose was calculated as 90.80±12.33 μM (Fig
3). After confirming the cytotoxic nature of 1j derivative, we wanted to determine the mode of
cell death it induced in the CCF4 cells. It is a well-established fact that during the early onset
of apoptosis, cells translocate the phosphatidylserine (PS) moieties present on the inner surface
of the plasma membrane to its exterior. Once on the outer cell surface, PS moieties can be
detected flow cytometrically by staining with a fluorescent conjugate of a protein (Annexin V)
with high affinity for PS [50]. Detection of Annexin V by FACS analysis indicated that 1j spe-
cifically inhibited cell proliferation in CCF-4 cells by the induction of apoptosis. In this experi-
ment, we again found that the bis-lawsone derivative can effectively differentiate between the

Fig 13. Effect of 20 μM 1j derivative on colony forming ability of CCF-4 cells post treatment.Data are representative of three independent
experiments. All data are mean ± SD, for 3 independent experiments and were analyzed by one-way ANOVA. ‘‘*” represents the significant
difference between the normal control and 1j exposed cells.

doi:10.1371/journal.pone.0158694.g013
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normal and cancer cells although cisplatin fails to do the same. While exploring the molecular
mechanism behind the cytotoxicity of 1j derivative, intracellular ROS level was measured to
determine if oxidative stress is playing a role in inducing apoptosis in CCF-4 cells [51,52]. It
was observed that like cisplatin, 1j derivative also induced the elevation of ROS in the glioma
cells, but it did not make any significant change in the ROS level in the normal cells. The oxida-
tive stress mediated cytotoxic effect of 1j derivative was further confirmed by pre-exposure to
NAC, a well-known antioxidant molecule. Intracellular ROS level and cell viability were mea-
sured to investigate the role of oxidative stress in 1j induced cell death in the glioma cells. It
was found that NAC pre-treatment does not have any effect on the NKE cells but it reduces the
cytotoxic effect of 1j derivative in CCF-4 cells. From these results we can infer that 1j induced
cell death in CCF-4 is mediated by oxidative stress. The same inference is reflected again when
we determined the redox status of the cells by quantifying the GSH-GSSG and MDA level in
both the cell types [53–55]. Next, to observe the mitochondrial health and the role of mito-
chondria in inducing apoptosis [56,57], we determined the mitochondrial membrane potential
by using JC-1 stain employing a flow cytometer. By quantifying the intensity of green and red
fluorescence, we found that 1j specifically decreased the MMP in glioma cells but not in NKE

Fig 14. a. Immunoblot analysis of different signalling molecules considered in the study. β actin was used as an internal control. Data are
representative of three independent experiments. Control: untreated cells, 1j: 20 μM 1j exposed cells. b. Densitometric analysis of the
respective immunoblots. All data are mean ± SD, for 3 independent experiments and were analyzed by one-way ANOVA. ‘‘*” represents
the significant difference between the normal control and 1j exposed cells. c. Schematic representation of the most probable signalling
cascade moduated due to 1j exposure.

doi:10.1371/journal.pone.0158694.g014
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cells. From this data, it was also indicated that mitochondria might play a crucial role in the
progression of apoptotic pathway induced by the bis-lawsone derivative [58].

Literature suggests that most of the antitumor therapies induce apoptosis of cancer cells
[59]. Between the two pathways of apoptosis, the intrinsic pathway is mediated by mitochon-
dria and the extrinsic pathway is mediated by the death receptors [60]. Mitochondria mediated
apoptotic signaling pathway can be activated via the modulation of several antiapoptotic and
proapoptotic proteins of the Bcl-2 family [60] and is regulated by maintaining the balance
between the expression of antiapoptotic Bcl-2 and proapoptotic Bax proteins. A decreased Bcl-
2/Bax ratio indicates an enhanced pro-apoptotic effect [61]. In our study, following the 1j
exposure, we found a decreased Bcl-2 and an increased Bax expressions. Moreover, we found
that upon exposure of 1j to the CCF-4 cells, caspase-8 was activated and the expression of Bid
was down-regulated. The decreased expression of Bid indicates the formation of active t-Bid
[62]. Downstream of it, other caspases like caspase 9 and caspase 3 are activated [63]. Finally,
we also observed an increased level of cleaved PARP in the 1j exposed CCF-4 cells. Combining
all these results, we conclude that this bis-lawsone derivative 1j is inducing both the mitochon-
drial and extramitochondrial pathways of apoptosis in glioma cells. While observing the same
molecular pathway on NKE cells, we found that the chosen derivative could not effectively
induce any sort the apoptosis in them.

Cancer is a complex physiological disorder which disrupts the balance betwwen the activa-
tion of different oncogenes and the reversal of different tumor suppressor genes [64,65]. p53 is
tumor suppressor gene and can be activated by different intrinsic and extrinsic factors, and
activation of p53 is important for cell viability. Activation of p53 results in the induction of cel-
lular differentiation and apoptosis. In addition, p53 can also modulate the activity of different
downstream molecules. Most of theese downstream molecules are associated with the activity
of different death receptors and molecules of mitochondria-dependent apoptotic pathways
[66–68]. Following 1j exposure, we observed an elevated expression level of p53 and down-reg-
ulation of a cell cycle regulatory molecule cyclin D1. The expression of different signaling inter-
mediates due to exposure of 1j and CDDP has been summarized schematically in Fig 9c.

From the above results and discussion, we got an indication that 1j derivative might interfere
with the progression of the cell cycle. Analyzing the cell cycle, we observed that the derivative
potentially induces an arrest at G0/G1 checkpoint [69–71]. The effect of the bis-lawsone deriva-
tive on cell migration of the CCF-4 cells was found to be deleterious. Whereas untreated cells
almost filled up the wounded space within a span of 24 hours, 1j exposed cells were not able to
migrate and fill up the wounded region. Further functional studies showed that 1j exposure
inhibited colony formation in CCF-4 cells. These results again indicated that this derivative may
affect the microfilament network and anchorage dependent growth of the glioma cells [72].

To evaluate the anticancer potential of this novel bislawsone derivative (1j) further, the role of
PI3K/ AKT/ mTOR pathway proteins were studied. Literature suggest that PI3K/ AKT/ mTOR
pathway proteins are critical for the progession of cancer. Under normal circumstances these pro-
teins facilitates cell proliferation, growth, differentiation, migration, and angiogenesis in all cell
types [39]. From our experimental data, it can be said that 1j derivative significantly downregu-
lates the phosphorylations of PI3K, Akt, and mTOR compared to the control cells [73]. Combin-
ing, results from the present in vitro studies confirmed the proapoptotic nature of the compound,
1j. In other words, 1j significantly inhibited CCF-4 cell growth via the induction of apoptosis
mediated by oxidative stress although it exhibits no significant toxicity to the normal cells.

In this connection, it is worth mentioning that the outcome of our experimental results is
quite in accordance to the literature report indicating considerable pharmacological potential
of a trifluoromethyl (-CF3) structural motif present in numerous bioactive compounds and
functional materials [74–78]. It has also been observed that introduction of a trifluoromethyl
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group into organic compounds usually leads to improvement of their biological and physiolog-
ical characteristics attributed to developing and/or improving unique physical and chemical
properties (such as chemical and metabolic stability as well as bioavailability) in the trifluoro-
methyl-substituted derivatives by the incorporated trifluoromethyl group [78–82].

With all these properties, this 1jmolecule bearing a trifluoromethyl (-CF3) moiety can thus
be considered as an anticarcinogenic agent and deserves further research with appropriately
controlled in vivo experiments. Its fate to be used in the treatment of cancer finally depends on
the clinical trial in future.

Author Contributions
Conceived and designed the experiments: PS SS KS GB PCS. Performed the experiments: PS SS
KS PCS. Analyzed the data: PS SS KS PCS. Contributed reagents/materials/analysis tools: PS SS
KS GB PCS. Wrote the paper: PS SS KS GB PCS.

References
1. Cerqueira BB, Lasham A, Shelling AN, Al-Kassas R. Nanoparticle therapeutics: Technologies and

methods for overcoming cancer. European journal of pharmaceutics and biopharmaceutics. eV. 2015.

2. Saha S, Sadhukhan P, Sil PC. Genistein: A Phytoestrogen with Multifaceted Therapeutic Properties.
Mini reviews in medicinal chemistry. 2014; 14: 920–940.

3. Vidak M, Rozman D, Komel R. Effects of Flavonoids from Food and Dietary Supplements on Glial and
GlioblastomaMultiforme Cells. Molecules. 2015; 20(10): 19406–19432. doi: 10.3390/
molecules201019406 PMID: 26512639

4. Kamiya K, Ozasa K, Akiba S, Niwa O, Kodama K, Takamura N, et al. Long-term effects of radiation
exposure on health. Lancet. 2015; 386(9992): 469–478. doi: 10.1016/S0140-6736(15)61167-9 PMID:
26251392

5. Warren GW, Sobus S, Gritz ER. The biological and clinical effects of smoking by patients with cancer
and strategies to implement evidence-based tobacco cessation support. The Lancet Oncology. 2014;
15(12): e568–e580. doi: 10.1016/S1470-2045(14)70266-9 PMID: 25439699

6. Liou GY, Storz P. Reactive oxygen species in cancer. Free radical research. 2010; 44(5): 479–496.
doi: 10.3109/10715761003667554 PMID: 20370557

7. Dho SH, Kim JY, Kwon ES, Lim JC, Park SS, Kwon KS. NOX5-L can stimulate proliferation and apopto-
sis depending on its levels and cellular context, determining cancer cell susceptibility to cisplatin. Onco-
target. 2015; 6(36): 39235–39246. doi: 10.18632/oncotarget.5743 PMID: 26513170

8. Li J, Ai Y, Wang L, Bu P, Sharkey CC, Wu Q, et al. Targeted drug delivery to circulating tumor cells via
platelet membrane-functionalized particles. Biomaterials. 2015; 76: 52–65. doi: 10.1016/j.biomaterials.
2015.10.046 PMID: 26519648

9. Sadhukhan P, Saha S, Sil P. Targeting Oxidative Stress: A Novel Approach in Mitigating Cancer. Bio-
chem Anal Biochem. 2015; 4: 236.

10. Philchenkov A, Zavelevich M, Kroczak TJ, Los M. Caspases and cancer: mechanisms of inactivation
and new treatment modalities. Experimental oncology. 2004; 26(2): 82–97. PMID: 15273659

11. Chai EZ, ShanmugamMK, Arfuso F, Dharmarajan A, Wang C, Kumar AP, et al. Targeting transcription
factor STAT3 for cancer prevention and therapy. Pharmacology & therapeutics. 2015; 162: 86–97.

12. Tetsu O, Phuchareon J, Eisele DW, Hangauer MJ, McCormick F. AKT inactivation causes persistent
drug tolerance to EGFR inhibitors. Pharmacological research. 2015; 102: 132–137. doi: 10.1016/j.
phrs.2015.09.022 PMID: 26453958

13. Pratibha G, Korwar G. Estimation of lawsone in henna (Lawsonia inermis). Journal of medicinal and
aromatic plant sciences. 1999; 21: 658–660.

14. Didry N, Dubreuil L, Pinkas M. Activity of anthraquinonic and naphthoquinonic compounds on oral bac-
teria. Die Pharmazie. 1994; 49(9): 681–683. PMID: 7972313

15. Dixit S, Srivastava H, Tripathi R. Lawsone, the antifungal antibiotic from the leaves of Lawsonia inermis
and some aspects of its mode of action. Indian phytopathol. 1980; 31: 131–133.

16. Sauriasari R, Wang D-H, Takemura Y, Tsutsui K, Masuoka N, Sano K, et al. Cytotoxicity of lawsone
and cytoprotective activity of antioxidants in catalase mutant Escherichia coli. Toxicology. 2007; 235
(1): 103–111.

Selective Pro-Apoptotic Activity of Novel Bislawsone Derivatives

PLOS ONE | DOI:10.1371/journal.pone.0158694 July 5, 2016 19 / 22

http://dx.doi.org/10.3390/molecules201019406
http://dx.doi.org/10.3390/molecules201019406
http://www.ncbi.nlm.nih.gov/pubmed/26512639
http://dx.doi.org/10.1016/S0140-6736(15)61167-9
http://www.ncbi.nlm.nih.gov/pubmed/26251392
http://dx.doi.org/10.1016/S1470-2045(14)70266-9
http://www.ncbi.nlm.nih.gov/pubmed/25439699
http://dx.doi.org/10.3109/10715761003667554
http://www.ncbi.nlm.nih.gov/pubmed/20370557
http://dx.doi.org/10.18632/oncotarget.5743
http://www.ncbi.nlm.nih.gov/pubmed/26513170
http://dx.doi.org/10.1016/j.biomaterials.2015.10.046
http://dx.doi.org/10.1016/j.biomaterials.2015.10.046
http://www.ncbi.nlm.nih.gov/pubmed/26519648
http://www.ncbi.nlm.nih.gov/pubmed/15273659
http://dx.doi.org/10.1016/j.phrs.2015.09.022
http://dx.doi.org/10.1016/j.phrs.2015.09.022
http://www.ncbi.nlm.nih.gov/pubmed/26453958
http://www.ncbi.nlm.nih.gov/pubmed/7972313


17. Yogisha S, Samiulla D, Prashanth D, Padmaja R, Amit A. Trypsin inhibitory activity of Lawsonia iner-
mis. Fitoterapia. 2002; 73(7): 690–691.

18. Rao V, Kumar R, Rao T. Synthesis and Anticoagulant Activity of Some New Phenoxazines from Law-
sone. ChemInform. 1993; 32: 903–904.

19. Sultana N, Choudhary MI, Khan A. Protein glycation inhibitory activities of Lawsonia inermis and its
active principles. Journal of enzyme inhibition and medicinal chemistry. 2009; 24(1): 257–261. doi: 10.
1080/14756360802057500 PMID: 18825553

20. Biradar S, Veeresh B. Protective effect of lawsone on L-Arginine induced acute pancreatitis in rats.
2013; 51(3): 256–261.

21. Brahmachari G. Sulfamic acid-catalyzed one-pot room temperature synthesis of biologically relevant
bis-lawsone derivatives. ACS Sustainable Chemistry & Engineering. 2015; 3(9): 2058–2066.

22. Gonec T, Kos J, Zadrazilova I, Pesko M, Keltosova S, Tengler J, et al. Antimycobacterial and herbicidal
activity of ring-substituted 1-hydroxynaphthalene-2-carboxanilides. Bioorganic & medicinal chemistry.
2013; 21(21): 6531–6541.

23. Saadeh HA, Mosleh IM, El-Abadelah MM. New synthesis and antiparasitic activity of model 5-aryl-1-
methyl-4-nitroimidazoles. Molecules (Basel, Switzerland). 2009; 14(8): 2758–2767.

24. Ayhan-Kilcigil G, Gurkan S, Coban T, Ozdamar ED, Can-Eke B. Synthesis and evaluation of antioxi-
dant properties of novel 2-[2-(4-chlorophenyl) benzimidazole-1-yl]-N-(2-arylmethylene amino) acet-
amides and 2-[2-(4-chlorophenyl) benzimidazole-1-yl]-N-(4-oxo-2-aryl-thiazolidine-3-yl) acetamides-I.
Chemical biology & drug design. 2012; 79(5): 869–877.

25. Fetoni AR, Paciello F, Mezzogori D, Rolesi R, Eramo SL, Paludetti G, et al. Molecular targets for anti-
cancer redox chemotherapy and cisplatin-induced ototoxicity: the role of curcumin on pSTAT3 and Nrf-
2 signalling. British journal of cancer. 2015; 113(10): 1434–44. doi: 10.1038/bjc.2015.359 PMID:
26469832

26. Rapoport BL, Chasen MR, Gridelli C, Urban L, Modiano MR, Schnadig ID, et al. Safety and efficacy of
rolapitant for prevention of chemotherapy-induced nausea and vomiting after administration of cis-
platin-based highly emetogenic chemotherapy in patients with cancer: two randomised, active-con-
trolled, double-blind, phase 3 trials. The Lancet Oncology. 2015; 16(9): 1079–1089. doi: 10.1016/
S1470-2045(15)00035-2 PMID: 26272769

27. Sinha K, Sadhukhan P, Saha S, Pal PB, Sil PC. Morin protects gastric mucosa from nonsteroidal anti-
inflammatory drug, indomethacin induced inflammatory damage and apoptosis by modulating NF-kap-
paB pathway. Biochimica et biophysica acta. 2015; 1850(4): 769–783. doi: 10.1016/j.bbagen.2015.01.
008 PMID: 25603542

28. Das J, Sarkar A, Sil PC. Hexavalent chromium induces apoptosis in human liver (HepG2) cells via
redox imbalance. Toxicology Reports. 2015 Dec 31; 2:600–608.

29. Fotakis G, Timbrell JA. In vitro cytotoxicity assays: comparison of LDH, neutral red, MTT and protein
assay in hepatoma cell lines following exposure to cadmium chloride. Toxicology letters. 2006; 160(2):
171–177. PMID: 16111842

30. Ghosh J, Das J, Manna P, Sil PC. Cytoprotective effect of arjunolic acid in response to sodium fluoride
mediated oxidative stress and cell death via necrotic pathway. Toxicology in vitro. 2008; 22(8): 1918–
19126. doi: 10.1016/j.tiv.2008.09.010 PMID: 18845235

31. Cossarizza A, Ferraresi R, Troiano L, Roat E, Gibellini L, Bertoncelli L, et al. Simultaneous analysis of
reactive oxygen species and reduced glutathione content in living cells by polychromatic flow cytome-
try. Nature protocols. 2009; 4(12): 1790–1797. doi: 10.1038/nprot.2009.189 PMID: 20010930

32. Sadhukhan P, Saha S, Sil PC. Anti-Oxidative Effect of Genistein and Mangiferin on Sodium Fluoride
Induced Oxidative Insult of Renal Cells: A Comparative Study. Biomarkers Journal. 2016; 2(1): 1.

33. Sarkar A, Das J, Manna P, Sil PC. Nano-copper induces oxidative stress and apoptosis in kidney via
both extrinsic and intrinsic pathways. Toxicology. 2011; 290(2): 208–217.

34. Pal S, Pal PB, Das J, Sil PC. Involvement of both intrinsic and extrinsic pathways in hepatoprotection of
arjunolic acid against cadmium induced acute damage in vitro. Toxicology. 2011; 283(2): 129–139.

35. Manna P, Sinha M, Sil PC. Prophylactic role of arjunolic acid in response to streptozotocin mediated
diabetic renal injury: activation of polyol pathway and oxidative stress responsive signaling cascades.
Chemico-biological interactions. 2009; 181(3): 297–308. doi: 10.1016/j.cbi.2009.08.004 PMID:
19682444

36. Hissin PJ, Hilf R. A fluorometric method for determination of oxidized and reduced glutathione in tis-
sues. Analytical biochemistry. 1976; 74(1): 214–226. PMID: 962076

37. Sarkar K, Sil PC. A 43kDa protein from the herb Cajanus indicus L. protects thioacetamide induced
cytotoxicity in hepatocytes. Toxicology in vitro. 2006; 20(5): 634–640. PMID: 16403433

Selective Pro-Apoptotic Activity of Novel Bislawsone Derivatives

PLOS ONE | DOI:10.1371/journal.pone.0158694 July 5, 2016 20 / 22

http://dx.doi.org/10.1080/14756360802057500
http://dx.doi.org/10.1080/14756360802057500
http://www.ncbi.nlm.nih.gov/pubmed/18825553
http://dx.doi.org/10.1038/bjc.2015.359
http://www.ncbi.nlm.nih.gov/pubmed/26469832
http://dx.doi.org/10.1016/S1470-2045(15)00035-2
http://dx.doi.org/10.1016/S1470-2045(15)00035-2
http://www.ncbi.nlm.nih.gov/pubmed/26272769
http://dx.doi.org/10.1016/j.bbagen.2015.01.008
http://dx.doi.org/10.1016/j.bbagen.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25603542
http://www.ncbi.nlm.nih.gov/pubmed/16111842
http://dx.doi.org/10.1016/j.tiv.2008.09.010
http://www.ncbi.nlm.nih.gov/pubmed/18845235
http://dx.doi.org/10.1038/nprot.2009.189
http://www.ncbi.nlm.nih.gov/pubmed/20010930
http://dx.doi.org/10.1016/j.cbi.2009.08.004
http://www.ncbi.nlm.nih.gov/pubmed/19682444
http://www.ncbi.nlm.nih.gov/pubmed/962076
http://www.ncbi.nlm.nih.gov/pubmed/16403433


38. Sinha M, Manna P, Sil PC. Taurine, a conditionally essential amino acid, ameliorates arsenic-induced
cytotoxicity in murine hepatocytes. Toxicology in vitro. 2007; 21(8): 1419–1428. PMID: 17624716

39. Saha S, Sadhukhan P, Sinha K, Agarwal N, Sil PC. Mangiferin attenuates oxidative stress induced
renal cell damage through activation of PI3K induced Akt and Nrf-2 mediated signalling pathways. Bio-
chemistry and Biophysics Reports. 2016; 5: 313–327.

40. Sengupta D, Chowdhury KD, Sarkar A, Paul S, Sadhukhan GC. Berberine and S allyl cysteine medi-
ated amelioration of DEN+CCl4 induced hepatocarcinoma. Biochimica et biophysica acta. 2014; 1840
(1): 219–244. doi: 10.1016/j.bbagen.2013.08.020 PMID: 23999088

41. Monti D, Salvioli S, Capri M, Malorni W, Straface E, Cossarizza A, et al. Decreased susceptibility to oxi-
dative stress-induced apoptosis of peripheral blood mononuclear cells from healthy elderly and cente-
narians. Mechanisms of ageing and development. 2000; 121: 239–250. PMID: 11164477

42. Roy A, Manna P, Sil PC. Prophylactic role of taurine on arsenic mediated oxidative renal dysfunction
via MAPKs/NF-κ B and mitochondria dependent pathways. Free radical research. 2009; 43(10): 995–
1007. doi: 10.1080/10715760903164998 PMID: 19672740

43. Riccardi C, Nicoletti I. Analysis of apoptosis by propidium iodide staining and flow cytometry. Nature
protocols. 2006; 1(3): 1458–1461. PMID: 17406435

44. Takasu A, Masui A, HamadaM, Imai T, Iwai S, Yura Y. Immunogenic cell death by oncolytic herpes
simplex virus type 1 in squamous cell carcinoma cells. Cancer gene therapy. 2016; 23: 107–113. doi:
10.1038/cgt.2016.8 PMID: 26987291

45. Ghosh J, Das J, Manna P, Sil PC. The protective role of arjunolic acid against doxorubicin induced
intracellular ROS dependent JNK-p38 and p53-mediated cardiac apoptosis. Biomaterials. 2011; 32
(21): 4857–4866. doi: 10.1016/j.biomaterials.2011.03.048 PMID: 21486680

46. Yan H, Wang X, Niu J, Wang Y, Wang P, Liu Q. Anti-cancer effect and the underlying mechanisms of
gypenosides on human colorectal cancer SW-480 cells. PloS one. 2014; 9(4): e95609. doi: 10.1371/
journal.pone.0095609 PMID: 24752286

47. Franken NA, Rodermond HM, Stap J, Haveman J, van Bree C. Clonogenic assay of cells in vitro.
Nature protocols. 2006; 1(5): 2315–2319. PMID: 17406473

48. Lowe SW, Lin AW. Apoptosis in cancer. Carcinogenesis. 2000; 21(3): 485–495. PMID: 10688869

49. Eastman A. Activation of programmed cell death by anticancer agents: cisplatin as a model system.
Cancer cells. 1989; 2: 275–80.

50. ZhangW, Liang Z. Comparison between annexin V-FITC/PI and Hoechst33342/PI double stainings in
the detection of apoptosis by flow cytometry. 2014; 30(11):1209–1212.

51. Liu RM, Desai LP. Reciprocal regulation of TGF-beta and reactive oxygen species: A perverse cycle for
fibrosis. Redox biology. 2015; 6: 565–577. doi: 10.1016/j.redox.2015.09.009 PMID: 26496488

52. Banerjee S, Ghosh J, Sil PC. Drug Metabolism and Oxidative Stress: Cellular Mechanism and New
Therapeutic Insights. Biochemistry & Analytical Biochemistry. 2016; 5:255.

53. Das J, Ghosh J, Manna P, Sil PC. Taurine provides antioxidant defense against NaF-induced cytotoxic-
ity in murine hepatocytes. Pathophysiology. 2008; 15(3): 181–90. doi: 10.1016/j.pathophys.2008.06.
002 PMID: 18676123

54. Sinha M, Manna P, Sil PC. Aqueous extract of the bark of Terminalia arjuna plays a protective role
against sodium fluoride induced hepatic and renal oxidative stress. Journal of Natural Medicines. 2007;
61(3): 251–260.

55. Sinha M, Manna P, Sil PC. Terminalia arjuna protects mouse hearts against sodium fluoride-induced
oxidative stress. Journal of medicinal food. 2008; 11(4): 733–740. doi: 10.1089/jmf.2007.0130 PMID:
19053867

56. Mendez I, Vazquez-Martinez O, Hernandez-Munoz R, Valente-Godinez H, Diaz-Munoz M. Redox regu-
lation and pro-oxidant reactions in the physiology of circadian systems. Biochimie. 2015; 124: 178–
186. doi: 10.1016/j.biochi.2015.04.014 PMID: 25926044

57. Ravishankar D, Rajora AK, Greco F, Osborn HM. Flavonoids as prospective compounds for anti-cancer
therapy. The international journal of biochemistry & cell biology. 2013; 45(12): 2821–2831.

58. McConkey DJ, Choi W, Marquis L, Martin F, Williams MB, Shah J, et al. Role of epithelial-to-mesenchy-
mal transition (EMT) in drug sensitivity and metastasis in bladder cancer. Cancer metastasis reviews.
2009; 28:335–344. doi: 10.1007/s10555-009-9194-7 PMID: 20012924

59. HassanM,Watari H, AbuAlmaaty A, Ohba Y, Sakuragi N. Apoptosis and molecular targeting therapy in
cancer. BioMed research international. 2014; 2014: 150845. doi: 10.1155/2014/150845 PMID: 25013758

60. Sinha K, Das J, Pal PB, Sil PC. Oxidative stress: the mitochondria-dependent and mitochondria-inde-
pendent pathways of apoptosis. Archives of toxicology. 2013; 87(7): 1157–1180. doi: 10.1007/s00204-
013-1034-4 PMID: 23543009

Selective Pro-Apoptotic Activity of Novel Bislawsone Derivatives

PLOS ONE | DOI:10.1371/journal.pone.0158694 July 5, 2016 21 / 22

http://www.ncbi.nlm.nih.gov/pubmed/17624716
http://dx.doi.org/10.1016/j.bbagen.2013.08.020
http://www.ncbi.nlm.nih.gov/pubmed/23999088
http://www.ncbi.nlm.nih.gov/pubmed/11164477
http://dx.doi.org/10.1080/10715760903164998
http://www.ncbi.nlm.nih.gov/pubmed/19672740
http://www.ncbi.nlm.nih.gov/pubmed/17406435
http://dx.doi.org/10.1038/cgt.2016.8
http://www.ncbi.nlm.nih.gov/pubmed/26987291
http://dx.doi.org/10.1016/j.biomaterials.2011.03.048
http://www.ncbi.nlm.nih.gov/pubmed/21486680
http://dx.doi.org/10.1371/journal.pone.0095609
http://dx.doi.org/10.1371/journal.pone.0095609
http://www.ncbi.nlm.nih.gov/pubmed/24752286
http://www.ncbi.nlm.nih.gov/pubmed/17406473
http://www.ncbi.nlm.nih.gov/pubmed/10688869
http://dx.doi.org/10.1016/j.redox.2015.09.009
http://www.ncbi.nlm.nih.gov/pubmed/26496488
http://dx.doi.org/10.1016/j.pathophys.2008.06.002
http://dx.doi.org/10.1016/j.pathophys.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18676123
http://dx.doi.org/10.1089/jmf.2007.0130
http://www.ncbi.nlm.nih.gov/pubmed/19053867
http://dx.doi.org/10.1016/j.biochi.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/25926044
http://dx.doi.org/10.1007/s10555-009-9194-7
http://www.ncbi.nlm.nih.gov/pubmed/20012924
http://dx.doi.org/10.1155/2014/150845
http://www.ncbi.nlm.nih.gov/pubmed/25013758
http://dx.doi.org/10.1007/s00204-013-1034-4
http://dx.doi.org/10.1007/s00204-013-1034-4
http://www.ncbi.nlm.nih.gov/pubmed/23543009


61. Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apoptosis by the BCL-2 protein family:
implications for physiology and therapy. Nature reviews Molecular cell biology. 2014; 15(1): 49–63.
doi: 10.1038/nrm3722 PMID: 24355989

62. Li H, Zhu H, Xu CJ, Yuan J. Cleavage of BID by caspase 8 mediates the mitochondrial damage in the
Fas pathway of apoptosis. Cell. 1998; 94(4): 491–501. PMID: 9727492

63. Shalini S, Dorstyn L, Dawar S, Kumar S. Old, new and emerging functions of caspases. Cell death and
differentiation. 2015; 22(4): 526–539. doi: 10.1038/cdd.2014.216 PMID: 25526085

64. Canman CE, Kastan MB. Induction of apoptosis by tumor suppressor genes and oncogenes. Seminars
in cancer biology. 1995; 6(1): 17–25. PMID: 7548837

65. Benada J, Macurek L. Targeting the Checkpoint to Kill Cancer Cells. Biomolecules. 2015; 5(3): 1912–
1937. doi: 10.3390/biom5031912 PMID: 26295265

66. Cui Q, Yu JH, Wu JN, Tashiro S, Onodera S, Minami M, et al. P53-mediated cell cycle arrest and apo-
ptosis through a caspase-3- independent, but caspase-9-dependent pathway in oridonin-treated MCF-
7 human breast cancer cells. Acta pharmacologica Sinica. 2007; 28(7): 1057–1066. PMID: 17588343

67. Schuler M, Bossy-Wetzel E, Goldstein JC, Fitzgerald P, Green DR. p53 induces apoptosis by caspase
activation through mitochondrial cytochrome c release. The Journal of biological chemistry. 2000; 275
(10): 7337–7342. PMID: 10702305

68. Hattangadi DK, DeMasters GA, Walker TD, Jones KR, Di X, Newsham IF, et al. Influence of p53 and
caspase 3 activity on cell death and senescence in response to methotrexate in the breast tumor cell.
Biochemical pharmacology. 2004; 68(9): 1699–1708. PMID: 15450935

69. Tsukahara T, Haniu H, Matsuda Y. Cyclic phosphatidic acid induces G0/G1 arrest, inhibits AKT phos-
phorylation, and downregulates cyclin D1 expression in colorectal cancer cells. Cellular & molecular
biology letters. 2015; 20(1): 38–47.

70. Shan J, ZhaoW, GuW. Suppression of cancer cell growth by promoting cyclin D1 degradation. Molecu-
lar cell. 2009; 36(3): 469–476. doi: 10.1016/j.molcel.2009.10.018 PMID: 19917254

71. Choi YJ, Li X, Hydbring P, Sanda T, Stefano J, Christie AL, et al. The requirement for cyclin D function
in tumor maintenance. Cancer cell. 2012; 22(4): 438–451. doi: 10.1016/j.ccr.2012.09.015 PMID:
23079655

72. Chakraborty S, LakshmananM, Swa HL, Chen J, Zhang X, Ong YS, et al. An oncogenic role of Agrin in
regulating focal adhesion integrity in hepatocellular carcinoma. Nature communications. 2015; 6:
6184. doi: 10.1038/ncomms7184 PMID: 25630468

73. Wang H, Zhang C, Xu L, Zang K, Ning Z, Jiang F, et al. Bufalin suppresses hepatocellular carcinoma
invasion and metastasis by targeting HIF-1alpha via the PI3K/AKT/mTOR pathway. Oncotarget. 2016;
7:15.

74. HagmannWK. The many roles for fluorine in medicinal chemistry. Journal of medicinal chemistry.
2008; 51(15): 4359–4369. doi: 10.1021/jm800219f PMID: 18570365

75. Ojima I, Taguchi T. Fluorine in medicinal chemistry and chemical biology. Wiley Online Library. 2009.
doi: 10.1002/9781444312096

76. Kirsh P. Modern Fluoroorganic Chemistry. Synthesis, Reactivity, Applications. Wiley Online Library.
2004; doi: 10.1002/9783527651351

77. Kirk KL. Fluorine in medicinal chemistry: recent therapeutic applications of fluorinated small molecules.
Journal of Fluorine Chemistry. 2006; 127(8): 1013–29.

78. Ma JA, Cahard D. Asymmetric fluorination, trifluoromethylation, and perfluoroalkylation reactions.
Chemical reviews. 2004: 104(12): 6119–6146. PMID: 15584697

79. Corbett JW, Ko SS, Rodgers JD, Gearhart LA, Magnus NA, Bacheler LT, et al. Inhibition of clinically rel-
evant mutant variants of HIV-1 by quinazolinone non-nucleoside reverse transcriptase inhibitors. Jour-
nal of medicinal chemistry. 2000; 43(10): 2019–2030. PMID: 10821714

80. Caron S, Do NM, Sieser JE, Arpin P, Vazquez E. Process research and development of an NK-1 recep-
tor antagonist. Enantioselective trifluoromethyl addition to a ketone in the preparation of a chiral iso-
chroman. Organic Process Research & Development. 2007; 11(6): 1015–1024.

81. DesMarteau D. Fluorinated Heterocyclic Compounds: Synthesis, Chemistry, and Applications. Journal
of the American Chemical Society. 2010; 132(9): 3230–3230.

82. Liang T, Neumann CN, Ritter T. Introduction of Fluorine and Fluorine‐Containing Functional Groups.
Angewandte Chemie. 2013; 52(32): 8214–8264. doi: 10.1002/anie.201206566 PMID: 23873766

Selective Pro-Apoptotic Activity of Novel Bislawsone Derivatives

PLOS ONE | DOI:10.1371/journal.pone.0158694 July 5, 2016 22 / 22

http://dx.doi.org/10.1038/nrm3722
http://www.ncbi.nlm.nih.gov/pubmed/24355989
http://www.ncbi.nlm.nih.gov/pubmed/9727492
http://dx.doi.org/10.1038/cdd.2014.216
http://www.ncbi.nlm.nih.gov/pubmed/25526085
http://www.ncbi.nlm.nih.gov/pubmed/7548837
http://dx.doi.org/10.3390/biom5031912
http://www.ncbi.nlm.nih.gov/pubmed/26295265
http://www.ncbi.nlm.nih.gov/pubmed/17588343
http://www.ncbi.nlm.nih.gov/pubmed/10702305
http://www.ncbi.nlm.nih.gov/pubmed/15450935
http://dx.doi.org/10.1016/j.molcel.2009.10.018
http://www.ncbi.nlm.nih.gov/pubmed/19917254
http://dx.doi.org/10.1016/j.ccr.2012.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23079655
http://dx.doi.org/10.1038/ncomms7184
http://www.ncbi.nlm.nih.gov/pubmed/25630468
http://dx.doi.org/10.1021/jm800219f
http://www.ncbi.nlm.nih.gov/pubmed/18570365
http://dx.doi.org/10.1002/9781444312096
http://dx.doi.org/10.1002/9783527651351
http://www.ncbi.nlm.nih.gov/pubmed/15584697
http://www.ncbi.nlm.nih.gov/pubmed/10821714
http://dx.doi.org/10.1002/anie.201206566
http://www.ncbi.nlm.nih.gov/pubmed/23873766

