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A B S T R A C T

Even with all improvements in both diagnostic and therapeutic techniques, lung cancer remains as the
most lethal and prevalent cancer in the world. Therefore, new therapeutic drugs and new strategies of
drug combination are necessary to provide treatments that are more efficient. Currently, standard
therapy regimen for lung cancer includes platinum drugs, such as cisplatin, oxaliplatin, and carboplatin.
Besides of the better toxicity profile of oxaliplatin when compared with cisplatin, peripheral neuropathy
remains as a limitation of oxaliplatin dose. This study presents LabMol-12, a new pyridinyl carboxamide
derivative with antileishmanial and antichagasic activity, as a new hit for lung cancer treatment, which
induces apoptosis dependent of caspases in NCI-H1299 lung cancer cells both in monolayer and 3D
culture. Moreover, LabMol-12 allows a reduction of oxaliplatin dose when they are combined, thereby, it
is a relevant strategy for reducing the side effects of oxaliplatin with the same response. Molecular
modeling studies corroborated the biological findings and suggested that the combined therapy can
provide a better therapeutically profile effects against NSCLC. All these findings support the fact that the
combination of oxaliplatin and LabMol-12 is a promising drug combination for lung cancer.
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1. Introduction

Lung cancer is the most deadly and the second most incident
cancer both in men and women in the United States [1,2]. Non-
small cell lung cancer (NSCLC), which mainly includes adenocar-
cinoma, squamous cell carcinoma and large cell carcinoma,
Abbreviations: NSCLC, Non-small cell lung cancer; VS, virtual screening; EGFR,
epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; FDA, Food and
Drug Administration; PBS, phosphate buffered saline; DMSO, dimethyl sulfoxide;
MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; PI, Propidium
Iodide; FBS, fetal bovine serum; CI, combination index; MEP, molecular electrostatic
potential maps; HOMO, highest occupied molecular orbital; LUMO, lowest
unoccupied molecular orbital; ClogP, calculated octanol/water partition coefficient.
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accounts for nearly 84% of lung cancers cases. Unfortunately, even
with improvements in both diagnostic and therapeutic techniques,
the overall 5-year survival rate remains poor [2]. Therefore, new
therapeutic options and new strategies, as well as drug combina-
tion are necessary to provide treatments that are more efficient.

Currently, standard therapy regimen for advanced NSCLC
includes a platinum drug associated with third-generation agents
[3]. In this regard, oxaliplatin is a platinum analog that inhibits
DNA replication and is effective against NSCLC [4–8]. Furthermore,
oxaliplatin has fewer toxicity effects than its prototype, cisplatin
[9]. However, oxaliplatin has a dose limitation to clinical use by
peripheral neuropathy induction, and new strategies must be
developed to overcome this common side effect [10].

Besides toxicity issue of current NSCLC therapy, distinct biology
and clinical outcomes in this disease are another substantial
hindrance [11]. Therefore, several targeting therapies approved are
helpful is some cases to overcome this biological disparity, such as
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the use of epidermal growth factor receptor (EGFR) or anaplastic
lymphoma kinase (ALK) tyrosine kinase inhibitors, but there are no
Food and Drug Administration (FDA) approved drugs that target
the most common driver oncogenic driver, mutant KRAS [12].
Mutations in ras gene are highly prevalent in human cancers,
especially in lung cancer, and associated with a poor prognosis.
Thus, Ras pathway is an attractive target for antitumor drug
development [13,14]. Ras proteins are farnesylated, a critical step,
since c-terminal farnesylation enables Ras membrane association
and transformation, therefore, the inhibition of this step prevents
chronically activated Ras proteins in cancer [15].

Several research groups discovered a correlation between some
antitumor drugs with antichagasic activity due to CYP51 inhibition
[16]. Furthermore, some CYP51 inhibitors also inhibit human
protein farnesyltransferase (PFT), thereby they block Ras trans-
duction pathway signal and stop cell growth [17–19]. In this
context, we have been interested in investigating anti-tumor
activity of LabMol-12, a new pyridinyl carboxamide derivative
identified in a virtual screening (VS) campaign in LabMol as a new
leishmanicidal hit [20]. This compound was previously described
as an inhibitor of sterol 14a-demethylase (CYP51) in Trypanosoma
cruzi [21], referenced previously as LP-10 [22,23]. CYP51 enzyme is
involved in ergosterol biosynthesis and catalyzes a three-step
reaction resulting in the oxidative removal of 14a-methyl group of
lanosterol, a precursor of ergosterol [24]. Moreover, it was shown
that LabMol-12 has antichagasic activity both in vitro and in vivo
models [21,23]. Driven by the information that tipifarnib, an
anticancer drug candidate that is an inhibitor of human protein
farnesyltransferase (PFT), was also described as an inhibitor of
CYP51 of T. cruzi [25] and also based on the similarity between this
tipifarnib and LabMol-12, we decided to test if LabMol-12 has anti-
tumor activity.

Moreover, motivated by the need of reduction of oxaliplatin’s
dose with improvement of its activity, we investigated the effects
related to the association of oxaliplatin and LabMol-12 in NCI-
H1299, a NSCLC cell line, as well as performed molecular modeling
studies to investigate whether the combined therapy can provide a
better therapeutically profile effects against NSCLC.

2. Material and methods

2.1. Drugs and chemicals

Oxaliplatin was provided by Eurofarma (São Paulo, SP, Brazil)
and diluted in phosphate buffered saline (PBS). LabMol-12 [N-(3-
(1H-indol-3-yl)-1-oxo-1-(pyridin-4-ylamino)propan-2-yl)-4-
methylcyclohexane-1-carboxamide] was purchased from Chem-
Div (C155-0123) (San Diego, CA, USA) and diluted in dimethyl
sulfoxide (DMSO) before the experiments. Annexin V-FITC
apoptosis detection kit was obtained from BD Biosciences (Franklin
Lakes, NJ, USA). Whereas the 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), RNase and Propidium Iodide
(PI) and Tetramethylrhodamine ethyl ester (TMRE) were acquired
from Sigma-Aldrich (MO, USA). Growth factor reduced Matrigel
was purchased from BD Bioscience (Franklin Lakes, NJ, USA). The
anti-caspase 3 and bactin primary antibodies used (Cell Signaling,
Technology, Beverly, MA, USA) at a 1:1000 dilution and secondary
antibodies were purchased from Cell Signaling (Technology,
Beverly, MA, USA).

2.2. Cell culture

Human lung carcinoma cell line NCI-H1299 was purchased
from Rio de Janeiro Cell Bank (Duque de Caxias, RJ, Brazil). These
cells were maintained in RPMI-1640 (Sigma-Aldrich, MO, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco,
Karlsruhe, Germany) and 1% penicillin-streptomycin at 37 �C under
a humidified atmosphere of 5% CO2.

2.3. Cell viability assay

Cells were seeded into 96-well plates with 1 �104 cells/well in
0.1 mL of medium with 10% FBS and allowed to adhere for 2 h. In
other to evaluate well-known apoptosis phenomena, caspases
activity, and DNA fragmentation, first, a pretreatment with 50 mM
of BAPTA, 100 mM of Z-VAD or vehicle (control group) was
performed for 2 h. Then, varying the concentration of oxaliplatin
(10, 5 and 2.5 mM) alone or combined with 10 mM of LabMol-12
were used to treat the cells for 24 h. Afterward, MTT solution (5 mg/
mL in PBS) was added to each well, and the plate was incubated for
an additional 3 h at the same conditions previously described.
Subsequently, the plate was centrifuged, and formazan crystals
formed by viable cells was dissolved in 100 mL DMSO. The
absorbance was measured on a microplate reader at 538 nm.

2.4. Growth inhibition assay

Cells were seeded into 96-well plates at the density of 1 �104

cells/well in 0.1 mL of medium allowed to adhere for 2 h. Next, cells
were treated with oxaliplatin at concentrations of 10, 5 and 2.5 mM
alone or combined with 10 mM of LabMol-12 diluted in medium
with varying concentration (1, 10 or 20%) of FBS to evaluate
treatments effects in cell with different proliferations levels. After
three days of treatment, cell growth was determinate by cell count
in Neubauer chamber. Cell growth inhibition was expressed as 50%
of growth inhibition (GI50) compared to counted cells in the control
group with 1% of FBS.

2.5. Drug combination study

The combination index (CI) was calculated by the Chou-Talalay
equation using CompuSyn software v. 1.0 [26], which takes into
account both potency (IC50) and the shape of the dose-effect curve
of each drug. The general equation for the classic isobologram is
given by: CI = (D)1/(Dx)1 + (D)2/(Dx)2 + [(Dx)1/(Dx)2]/[(D)1 + (D)2],
where (Dx)1 and (Dx)2 are the doses of D1 (drug 1) and D2 (drug
2) alone that gives x% of cell viability inhibition, whereas (D)1 and
(D)2 are the doses of drug 1 and drug 2 in combination that also
inhibited x% of cell viability. Hence, CI <1, CI = 1, and CI >1 indicate,
respectively, synergism, additive and antagonism effect of the
drugs association.

2.6. Apoptosis assay

For apoptosis measurements, cells were plated in 6-well culture
plates and exposed to oxaliplatin (10, 5 and 2.5 mM) alone or
combined with 10 mM of LabMol-12 for 24 h. Then 5 mL of Annexin
V-FITC and 1 mL of the 100 mg/mL PI were added to each 100 mL of
cell suspension in an appropriated buffer. The analysis was
performed by flow cytometry (FACSCalibur, BD Biosciences, CA,
USA), measuring the fluorescence emission at 530 nm and >575 nm
and flow data was analyzed using FlowJo software (Tree Star, OR,
USA).

2.7. Cell cycle

Cells were seed in 6-well plates and, after their adhesion, they
were treated for 24 h with oxaliplatin (10, 5 and 2.5 mM) alone or
combined with 10 mM of LabMol-12 for 24 h. Then, cells were
collected, fixed with cold 70% ethanol and stored at �20 �C. Cells
were washed, resuspended in PBS and incubated at 37 �C for
45 min with 10 mg/mL of RNase and 1 mg/mL of PI. Flow cytometric
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analysis was performed using a FACScan flow cytometry system
(FACSCalibur, BD Biosciences, CA, USA). Cellular proliferation
analysis was carried out using WinMDI Version 2.8. The percentage
of cells in the different cell cycle phases was determined using
Modfit LT software (Verity Software House, Topsham, ME).

2.8. Mitochondrial membrane potential

Cells were seeded in 6-well plates and treated with oxaliplatin
(10, 5 and 2.5 mM) alone or combined with 10 mM of LabMol-12 for
24 h after their adhesion. Tetramethylrhodamine ethyl ester
(TMRE) was used to assess changes in mitochondrial membrane
potential (DYm) observed in apoptotic cells. Cells were incubated
for 20 min at 37 �C with 25 mg/mL TMRE before analysis performed
by flow cytometry in FACSCalibur, measuring the fluorescence
emission and flow data were analyzed using FlowJo software (Tree
Star, OR, USA).

2.9. 3D matrigel culture

Cell culture plate was coated with 50 mL of Matrigel per well
and then placed at 37 �C for 30 min. Cells were plated at a
concentration of cells 105/well in complete culture medium and
incubated for 2 days. Afterward, cells were treated with oxaliplatin
(10, 5 and 2.5 mM) alone or combined with 10 mM of LabMol-12 for
24 h. The culture was examined and photographed under the
microscope.

2.10. Western blot

Cells were exposed to oxaliplatin (10, 5 and 2.5 mM) alone or
combined with 10 mM of LabMol-12 for 24 h. Following treat-
ments, cells were collected, centrifuged, washed twice with ice-
cold PBS and whole-cell lysates were obtained by suspending the
cells in a lysis buffer at 4–8 �C. Lysates were centrifuged at
13,000 � g for 10 min at 4 �C, and the supernatant fractions were
collected. Protein concentrations were determined by the Bradford
assay. Aliquots of each sample were subjected to SDS-PAGE with a
4% to 20% gradient for protein separation and electro-transferred
to polyvinylidene difluoride (PVDF) membranes. The membranes
were blocked with blocking buffer (0.1% Triton X-100 with 5%
nonfat dry milk in TBS-Tween 20) for 60 min. After washing with
TBS-T, membranes probed with the following primary caspase-3
antibody or bactin (diluted in TBS-Tween 20 solution containing
Fig. 1. The combination of LabMol-12 and oxaliplatin inhibits cellular viability of NCI-H1
note, oxaliplatin 10 mM also reduced the cell viability of lung cancer cells. (B) When comb
cellular viability for each dose was calculated in relation to the control (cells treated only 

(n = 3). ** p < 0.001 versus control and *** p < 0.01 versus control.
2.5% dry milk, and incubated at 4–8 �C overnight). After washing in
TBS-Tween 20, the membranes were incubated with horseradish
peroxidase conjugated anti-rabbit or anti-mouse secondary
antibody. The blots were visualized with a FluorChem 8900
Imager and quantified by a densitometer using the Alpha Imager
application program (Alpha Innotech, San Leandro, CA).

2.11. Statistical analysis

Statistical analysis was performed in Graph-Pad Prism software,
version 5.04 (LaJolla, CA, USA). Differences with p < 0.05 were
considered statistically significant. The results are expressed as the
mean � SD. The one-way ANOVA followed by Turkey’s was
performed to compare differences between three or more groups.

2.12. Molecular modeling approach

The three-dimensional (3D) molecular model of LabMol-12 was
built in its neutral form using Spartan 080 software (Wavefunction,
Inc. Irvine, CA). The 3D crystal structure available of oxaliplatin in
Protein Data Bank (PDB entry: 1PG9) [27] was employed as the
starting geometry. The software ORCA 3.0.2 [28] was used to
perform the geometry optimization and energy minimization.
Each structure was fully optimized in vacuum at the DFT level,
without imposing constraints, using B3LYP [29] hybrid functional
with the 6–31G* [30] basis set for H, C, N, O atoms and LANL2DZ
[31] pseudopotential and associated basis set for the transition
metals (Pt).

The optimized 3D structure of both compounds was used as
starting geometries to calculate the molecular properties. Single
point calculations were performed in Spartan 080 (Wavefunction,
Inc. Irvine, CA). For LabMol-12, the calculations were executed in
vacuum using B3LYP [29] hybrid functional with 6–311G* [30] basis
set, setting the program to compute orbitals and energies, atomic
charges and converge the result. For oxaliplatin, the chosen basis
was 6–31 + G* [30], which include LANL2DZ [31] and associated
basis set for transition metals, to perform the calculations for Pt
atom present in this structure; the software was configured to
compute orbitals and energies, atomic charges, pseudopotential
and converge the result [32]. Single point calculations provided the
following properties: dipole moment (m), molecular orbital
energies (EHOMO, energy of the highest occupied molecular orbital;
ELUMO, energy of the lowest unoccupied molecular orbital), and the
surfaces: molecular orbital maps HOMO and LUMO, electron-
299 cells. (A) LabMol-12 10 mM inhibits the cellular viability of NCI-H1299 cells, of
ined with LabMol-12 10 mM, oxaliplatin 2,5 mM shows a synergy. The percentage of
with the vehicle, a solution of DMSO 0,1% in PBS 1�). All these data are mean of � SD
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density maps for HOMO and LUMO orbitals and molecular
electrostatic potential maps (MEP). Also, we calculated octanol/
water partition coefficient (ClogP), which is a hydrophobicity
measure, using a Calculator Plugin implemented on Marvin 6.3.1,
2014, Chem Axon (http://www.chemaxon.com).

3. Results

3.1. LabMol-12 inhibits cellular viability of NCI-H1299 cells

To evaluate cytotoxic effects of LabMol-12 on NCI-H1299 cells, a
colorimetric MTT assay was performed. Our finding shows that
LabMol-12 alone at the concentration of 10 mM is capable of
reducing the cellular viability in NCI-H1299 cells. Of note,
oxaliplatin also reduces cell viability of NCI-H1299 cells at all
concentrations tested (Fig. 1). Importantly, the combination of
LabMol-12 10 mM with oxaliplatin in all doses tested induced
cytotoxicity. Notably, oxaliplatin at the concentration of 2.5 mM
shows the maximum effect when used with LabMol-12. These
results suggest that oxaliplatin can be combined with LabMol-12 in
lower doses with no loss of cytotoxicity effects.

3.2. LabMol-12 inhibits NCI-H1299 cells growth

We also evaluated whether LabMol-12 inhibits NCI-H1299
cellular growth. For this purpose, NCI-H1299 cells were growing in
medium supplied with 10%, 20% or serum starvation. As shown in
Table 1 LabMol-12 inhibits cell growth after 72 h of treatment. Of
interest, LabMol-12 produces inhibitory effects of NCI-H1299 cells
in all cell culture conditions. Indeed, oxaliplatin in all concen-
trations tested inhibits cells growth in those cells supplied with
10% and 20%. In contrast, cells treated with oxaliplatin 10 mM with
serum starvation, oxaliplatin did not inhibit their growing.
Importantly, we observed that when cells were cultured in 20%
of FBS, the combination of LabMol-12 and oxaliplatin notably
inhibits the growth of NCI-H1299 cells. These findings provide
preliminary evidence that the combination is more sensitive to the
cells in higher proliferation.
Table 1
NCI-H1299 cells’ growth through the treatments, using 1, 10 or 20% of FBS.

Condition FB

Untreated 1 

LabMol-12 10 mM 

Oxaliplatin 10 mM 

Oxaliplatin 5 mM 

Oxaliplatin 2.5 mM 

Oxaliplatin 10 mM + LabMol-12 10 mM 

Oxaliplatin 5 mM + LabMol-12 10 mM 

Oxaliplatin 2.5 mM + LabMol-12 10 mM 

Untreated 10
LabMol-12 10 mM 

Oxaliplatin 10 mM 

Oxaliplatin 5 mM 

Oxaliplatin 2.5 mM 

Oxaliplatin 10 mM + LabMol-12 10 mM 

Oxaliplatin 5 mM + LabMol-12 10 mM 

Oxaliplatin 2.5 mM + LabMol-12 10 mM 

Untreated 20
LabMol-12 10 mM 

Oxaliplatin 10 mM 

Oxaliplatin 5 mM 

Oxaliplatin 2.5 mM 

Oxaliplatin 10 mM + LabMol-12 10 mM 

Oxaliplatin 5 mM + LabMol-12 10 mM 

Oxaliplatin 2.5 mM + LabMol-12 10 mM 
3.3. LabMol-12 induces arrest at G0/G1 phase of cells cycle in the NCI-
H1299 cells

We also evaluated if LabMol-12 and oxaliplatin have effects
over the cellular distribution through the cell cycle. The cells were
previously pre-treated with serum starvation for 12 h, which
synchronizes cells in G0/G1 and, then, the cells were treated for
24 h. Interestingly, LabMol-12 induced G0/G1 phase arrest in NCI-
H1299 cells, but oxaliplatin 5 mM had no effect on cellular
distribution through cell cycle phases. None of the associations of
LabMol-12 and oxaliplatin improved this effect of LabMol-12
(Fig. 2).

3.4. LabMol-12 presents synergism with oxaliplatin in lower doses

To further evaluate the combination index (CI), we performed
the MTT assay using LabMol-12 and oxaliplatin. Of note, data from
MTT assay were analyzed by the Compusyn software. The plotted
graphics show the fraction of NCI-H1299 cells affected by the
treatment (Fa), in other words, cells which had a reduction of the
cell viability. Indeed, the logarithmic of this graphic is shown
(Fig. 3). According to Compusyn analysis, there is a synergic effect
between oxaliplatin 2.5 and 5 mM when combined with LabMol-
12. In contrast, LabMol-12 and oxaliplatin 10 mM had an antagonist
effect (Table 2). Altogether, these findings suggest that LabMol-12
and oxaliplatin have synergic effects against NCI-H1299 cells.

3.5. LabMol-12 induces cell death in the NCI-H1299 cells

To further investigate the mechanism of cytotoxicity induced by
LabMol-12, externalization of phosphatidylserine was evaluated.
As shown in Fig. 4A, LabMol-12 and their combination with
oxaliplatin induced apoptosis of NCI-H1299 cells. Of note, the
treatment with oxaliplatin 2.5 mM and the LabMol-12 10 mM also
induced cell death by apoptosis in NCI-H1299 cells. In order do
better evaluate if apoptosis induced by LabMol-12 and oxaliplatin
is caspase-dependent, then we pre-treated the cells with a pan-
caspase inhibitor, Z-VAD-FMK. We found that the lack of caspases
reduced cytotoxic effects of LabMol-12 and oxaliplatin against NCI-
S (%) Percentage of cell growth � SD

100.00 � 3.2
0 � 0.2
28.58 � 1.1
35.71 � 0.3
128.58 � 5.3
42.86 � 1.3
64.28 � 2.6
85.71 � 1.6

 207.14 � 7.0
0 � 0.1
78.57 � 1.4
42.86 � 0.9
57.14 � 0.5
35.71 � 2.6
42.86 � 0.7
92.86 � 4.0

 150.00 � 1.2
0 � 0.5
21.43 � 2.7
28.57 � 2.0
28.57 � 0.8
21.43 � 1.8
42.86 � 2.7
28.57 � 3.0

http://www.chemaxon.com


Fig. 2. LabMol-12 and oxaliplatin inhibit cell cycle progression. NCI-H1299 cells treated for 24 h with LabMol-12 and oxaliplatin or their combination reduces cellular
proliferation by arresting the cells at G0/G1 and S phases, respectively. The cytostatic activity of LabMol-12 is kept even when associated to oxaliplatin. The data shown are the
means � SD from three independent experiments. * p < 0.05 and *** p < 0.01 versus the same cell cycle phase of control group.

Fig. 3. LabMol-12 synergically enhances the activity of oxaliplatin against NCI-
H1299 lung cancer cells. NCI-H1299 cells were seed at a density of 104 cells/well in
96-wells plates and treated for 24 h with LabMol-12 and oxaliplatin in monotherapy
or combined with different concentrations. The cell viability was evaluated using
MTT assay. The data were analyzed using the software Compusyn resulting in the
combination index (CI) values and the normalized isobologram. Normalized
isobologram for the combination of LabMol-12 10 mM with oxaliplatin 2.5, 5 and
10 mM in NCI-H1299 cells shows the association of LabMol-12 10 mM with
oxaliplatin 2.5 and 5 mM, represented as a green triangle and a red square
respectively, result in a CI value under 1, which represents a synergic association.
Though, LabMol-12 10 mM with oxaliplatin 10 mM, represented as a blue circle,
resulted in a CI value superior a 1, which is related to an antagonistic association. All
these data are mean of three independent experiments.

Table 2
Combination Index (CI) of LabMol-12 (10 mM) associated to oxaliplatin (2.5, 5 and
10 mM) in NCI-H1299 cells.

LabMol-12
(mM)

Oxaliplatin
(mM)

CI

10.0 10.0 1.118
10.0 5.0 0.664
10.0 2.5 0.47
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H1299 cells analyzed by MTT assay. It thus can suggest that
LabMol-12 and oxaliplatin can trigger apoptosis is caspase-
dependent manner (Fig. 4B). Additionally, we also investigated
whether caspase-3 is related to apoptosis induced by LabMol-12
and oxaliplatin or their combination. We also evaluated NCI-H1299
cells, by MTT assay, pretreated with BAPTA, a blocker of DNA
fragmentation and chromatin condensation, both downstream of
caspase-3 activation during apoptosis. Our finding indicates that
BAPTA did not significantly inhibit apoptosis induction by LabMol-
12 and oxaliplatin (Fig. 4C). Indeed, the detection of caspase-3 by
western blotting reveals that the treatment with LabMol-12 and
oxaliplatin increase the caspase-3 expression (Fig. 4D). Moreover,
we monitored changes in Dcm, then, NCI-H1299 cells were treated
and stained with TMRE, a cationic fluorophore that accumulates
into mitochondria in response to the negative Dcm (Fig. 4E). Of
interest, results show that the treatment with the combination by
LabMol-12 10 mM and oxaliplatin 10 mM trigger a collapse of Dcm,
an early event associated with apoptosis. These results indicate the
combination of LabMol-12 and oxaliplatin induces apoptosis.

3.6. LabMol-12 and the combination with oxaliplatin causes cytotoxic
effects in 3D culture of NCI-H1299 cells

Three-dimensional (3D) cell culture systems were employed to
take advantages in providing more physiologically relevant
information and more predictive data of cytotoxic effects of
LabMol-12 and the combination with oxaliplatin on NCI-H1299
cells. In agreement with the results in monolayer culture (2D), in
3D culture, cells exposed to LabMol-12 alone or associated to
oxaliplatin showed morphological features of apoptosis, such as
cytoplasm shrinks and cell swelling, which, its indicates cell
skeleton is disassembled, broken off bits of the membrane, and
apoptotic bodies as is it show by the black arrows (Fig. 5).

3.7. Molecular modeling findings

The purpose of molecular modeling approach was to find the
optimized geometries for LabMol-12 and oxaliplatin, to calculate
molecular properties, and to shed some light on the synergic effect
of the combination therapy and the structure-activity relation-
ships. Table 3 shows the results of the calculated molecular
properties [Etotal, EHOMO, ELUMO, GAP = EHOMO�ELUMO, m, and
lipophilicity (ClogP)] for LabMol-12 and oxaliplatin. The electronic
density distribution of LabMol-12 and oxaliplatin can be visualized
through the MEPs. The higher electronic density (yellow to red)
indicates negative regions (nucleophilic) while green to blue colors
indicate positive regions (electrophilic). It is possible to note that
the major electron density in oxaliplatin is around the oxalate
leaving group, showing how reactive this group is and its
importance on the reactivity of this anticancer compound. The
higher electron density in LabMol-12 is distributed on the pyridine
and indole rings, and on the carbonyl of the amide group bonded to
cyclohexane ring (Fig. 6A–D).

The molecular orbital energies (EHOMO and ELUMO; kcal/mol), as
well as the difference between them (GAP = EHOMO�ELUMO; kcal/
mol), were computed for the selected optimized-energy confor-
mation of each molecule and were listed in Table 3. The
distribution of the molecular orbital maps HOMO and LUMO are



Fig. 4. LabMol-12 and with oxaliplatin association trigger apoptosis in NCI-H1299 cells in a caspase-dependent manner. (A) Flow cytometry staining using Annexin V/PI of
NCI-H1299 cells was performed after 24 h treatment with LabMol-12, oxaliplatin or the association. LabMol-12 and oxaliplatin alone or combined induced apoptosis in all
tested concentrations. NCI-H1299 cells were pre-treated with Z-VAD-FMK (B), a pan-caspase inhibitor or BAPTA (C), an intracellular calcium chelator. (B) Cells pre-treated
with Z-VAD-FMK are more resistance to the treatment with LabMol-12 and with oxaliplatin association than the absence of Z-VAD-FMK. (C) In contrast, the calcium influx has
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Fig. 5. LabMol-12 and oxaliplatin induce changes typical of apoptosis in 3D culture. NCI-H1299 cells were seeded into plates precoated with Matrigel, and the bright field
images of cellular morphology were taken after 24 h treatment with LabMol-12 and oxaliplatin or their combination (original magnification, 100 and 200�). LabMol-12 in
monotherapy and associated to oxaliplatin induce cellular morphology alterations typical of apoptosis (black arrows): loss of alveolar structure, cellular shrinkage, and
cellular agglomeration. The images are representative of three independent experiments.

Table 3
Calculated molecular properties for LabMol-12 and oxaliplatin.

Etotal
(kcal/mol)

EHOMO

(kcal/mol)
ELUMO

(kcal/mol)
GAP
(kcal/mol)

m
(Debye)

ClogP

LabMol-12 �816342.02 �129.94 �16.73 �113.21 2.85 3.61
Oxaliplatin �528926.61 �119.95 �10.73 �109.22 10.65 1.73
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shown in Fig. 7A–D, whereas the electron-density maps HOMO
and LUMO are shown in Fig. 8A–D. The GAP value (EHOMO-ELUMO)
points out that LabMol-12 is more reactive than oxaliplatin due to
its electronegativity character. The hydrophobic property was
calculated through the n-octanol/water partition coefficient
(ClogP) and is an important physicochemical property in drug
discovery campaigns (Table 3).

4. Discussion

In fact, platinum drugs are critical tools in cancer therapy,
mainly in lung cancer cases. However, their toxic side effects
remain a huge obstacle to patient’s quality of life. Oxaliplatin, by its
turn, has the neurotoxicity as its major drawback, and this is often
the cause of treatment discontinuation [33,34]. In this regard, new
approaches for lung cancer therapy must be found to, at least,
reduce the doses of oxaliplatin, and, therefore, its side effects.
no correlation with the apoptosis induced by LabMol-12 and oxaliplatin. The data sho
oxaliplatin treatment upregulated caspase-3 in the NCI-H1299 cells. Western blot analysi
caspase-3. (E) The results are represented as histograms of the control (in red) and the tr
cell death observed. Of note, oxaliplatin 10 mM combined with LabMol-12 10 mM induced
independent experiments. * p < 0.05, ** p < 0.001 and *** p < 0.01 versus control.
In the present study, we investigated the cytotoxic effect of
LabMol-12 on NCI-H1299 cells in monolayer and 3D cell culture.
Our data showed that LabMol-12 10 mM by itself reduces cell
viability and induces cell death by apoptosis, as well as oxaliplatin.
Others inhibitors of also Raf-MEK-ERK signaling showed interest-
ing cytotoxic effects and they were evaluated clinically for
melanoma, leukemia and NSCLC [35]. Interestingly, the combina-
tion of LabMol-12 and oxaliplatin reduces cell growth of NCI-
H1299, which in its turn, indicates that LabMol-12 and oxaliplatin
show synergic effects to the cells in higher proliferation. These
findings provide preliminary evidence that the combination has a
cytostatic effect against to NCI-H1299 cells. LabMol-12 does not
present a strong activity in those cells with rapidly growing cells,
indicating that LabMol-12 is mainly cytotoxic. Importantly,
LabMol-12 and oxaliplatin at the concentration of 2.5 mM were
able to reduce cell viability of NCI-H1299 cells. Also, according to CI
data, the combination of LabMol-12 and oxaliplatin is synergistic
wn are the means � SD from three independent experiments. (D) LabMol-12 and
s revealed that LabMol-12 and oxaliplatin association increased the protein levels of
eated (in black). The data show that mitochondrial activity had no correlation to the

 the depolarization of mitochondria. The data shown are the means � SD from three



Fig. 6. 2D Oxaliplatin structure (a) and map of electrostatic potential (MEP) (b). LabMol-12 2D structure (c) and MEP (d). The blue color indicates low-density regions of
electrons and red colors denotes rich electronic regions.

Fig. 7. Distribution of molecular orbital maps. Oxaliplatin HOMO (a) and LUMO (b) maps; LabMol-12 HOMO (c) and LUMO (d) maps [color range: – 0.046 (intense red) to
0.046 (intense blue)]. The molecules are presented in ball and wire models (carbon atoms in gray, oxygen in red, nitrogen in blue, platinum in green and hydrogen in white).

Fig. 8. Electron-density HOMO and LUMO maps. Oxaliplatin (a) HOMO and (b) LUMO orbitals; LabMol-12 (c) HOMO and (d) LUMO orbitals. Color range: 0 (red) to 0.022
(blue).
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and also reduces the cellular viability of NCI-H1299 cells. It can
thus indicate that in this dose, the combination can affect the cells
growth. The first farnesyltransferase inhibitors to undergo clinical
testing, SCH66336, also have shown additive and synergistic
effects by enhancing apoptose in combination with a platina
derivative in sevral cancer cell lines [36].

It is noteworthy that 3D culture provides more relevant
information during drug-screening process, due to its closeness
to the physiological environment, such as, maintenance of the
morphology, the tissue-related functions, the biosynthesis of drug-
metabolizing enzymes and the cell–cell and cell-extracellular
matrix interactions [37,38]. Accordingly, the 3D culture data
corroborates with monolayer results. It shows that LabMol-12
alone and in association with different oxaliplatin doses could
produce a variety of apoptotic effects in in vitro three-dimensional
tumor microenvironment. These data taken together indicate
LabMol-12 as a promising hit for NSCLC treatment and a possible
drug for oxaliplatin doublet chemotherapy.

Overall, tumor cells of different colonies can be more sensible to
chemotherapy agents. Although, proliferative tumor cells in a
continuous exponential phase, are more susceptible to drugs [39].
The results showed that, the effect of the combination of LabMol-
12 and oxaliplatin is more effective when the cells have a
proliferative capacity. Notably, the combination is more effective to
NCI-H1299 cells cultured in FBS 20%. This observation suggests
that the combination can kill cells more effectively during certain
phases of cells cycle [40]. Since, data of present study showed that
LabMol-12 and oxaliplatin inhibit cell growth, we next investigated
whether the progression of cells through cell cycle could be
affected. Taking this into account, it is reasonable to suggest that
therapeutic combination of LabMol-12 and oxaliplatin inhibits cell
cycle progression of NCI-H1299 cells. In agreement with our
hypothesis, the anti-proliferative effects of LabMol-12 and
oxaliplatin occur through the blockage at the G1/S transition. To
the best of our knowledge, the combination produced a cell cycle
specific effects. This assumption is based on the fact that some
chemotherapy drugs can kill tumor cells in sensitive phase of cells
cycle, such as S-phase. This finding has important implications for
the understanding of the synergic effects of LabMol-12 and
oxaliplatin. LabMol-12 effects in cell cycle are related to Ras-GTP
positive regulation of cell growth, stimulating S phase start which
was evidenciated preavisouly by genetic modulation [41].

Moreover, data demonstrated that NCI-H1299 cells were
arrested at G0/G1 phase by the combination of LabMol-12 and
oxaliplatin, we investigated if apoptosis is mechanism outcome.
Our data clearly showed that the reduction of Dcm in NCI-H1299
cells is a first evidence that LabMol-12 and oxaliplatin may trigger
apoptosis by the intrinsic pathway. Of note, the mitochondrial
membrane depolarization is followed by an increase of externali-
zation of phosphatidylserine, a hallmark of apoptosis [42]. Indeed,
in this study, the increase of caspase-3 correlates with the
reduction of Dcm, indicating that biochemical and morphological
changes, typical of apoptosis observed in the 3D culture can be
mediated by a caspase-3 [43]. Interestingly, Z-VAD-FMK, a pan-
caspase inhibitor, and BAPTA, a blocker of DNA fragmentation, we
confirmed that LabMol-12 and oxaliplatin induce apoptosis in a
caspase-dependent manner in the NCI-H1299 cells.

In the molecular modeling study, we aimed to calculate
molecular and electronic properties of LabMol-12 and oxaliplatin
to shed some light on the synergic effect of the combination
therapy and the structure-activity relationships. There are three
major parameters of critical importance in the intermolecular
interactions those underlies ligand-receptor binding: electronic,
hydrophobic and steric properties. Studies using electronic
parameters show that electronic profile of molecules is directly
related to their reactivities and biological activities. Molecular
orbital fields are useful quantum chemical descriptors when an
ionic or charge transfer reaction is part of the ligand-receptor
interaction.

The dipole moment (m) is related to the molecule's polarity.
Moreover, the dipole moment provides useful information for the
deduction of the molecular geometry of a molecule. From the
values listed in Table 1, one can infer that LabMol-12 is more
lipophilic and less polar than oxaliplatin, probably because the
latter presents an oxalate’ leaving group in its structure and is
known that its hydrophobicity was improved adding the diami-
nocyclohexane ring to its structure. In fact, the oxaliplatin
mechanism of action is uncommon, and the literature describes
a link between its efficacy against colorectal cancer and
particularities involving its interaction with proteins from diverse
transport system through the cell membrane [44–46].

The LUMO and HOMO density maps show the electron density
of HOMO and LUMO orbitals, describing the HOMO orbitals as an
electron-donor region and LUMO orbitals as an electron-acceptor
region of both molecules. Oxaliplatin's LUMO distribution map
presents a p-antibonding orbital spread over the oxalate leaving
group, which constitutes a particular electronic characteristic of
this compound, with its less electrophilic character in comparison
to cisplatin, could be related to its tumor selectivity and lack of
cross-resistance supposedly displayed by this antineoplastic agent
[45]. LabMol-120 LUMO distribution map is similar to the
p-antibonding orbital observed in oxaliplatin, described by Dans
and Coitiño (2009), indicating a possible synergic effect in their
combined biological action. The ELUMO negative values show that
both compounds can act as oxidants and can be reduced relatively
easily [47].

5. Conclusion

In summary, this work evaluated the efficacy of LabMol-12 on
NCI-H1299 cells as a new potential antineoplasic drug for NSCLC
treatment. Our data suggest that LabMol-12 as a new hit for lung
cancer treatment, once it, similarly to oxaliplatin, reduces cellular
metabolic viability and induces cell death in NCI-H1299 cells both
monolayer and 3D culture. Moreover, LabMol-12 allows reduction
of oxaliplatin’s doses when they are combined, thereby; it is a
relevant strategy for reducing the side effects of oxaliplatin with
the same response. Molecular modeling studies corroborated with
the biological findings and suggested that the combination of
LabMol-12 and oxaliplatin could have a synergistic effect.
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