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Abstract: The present study explored anti-tubercular pyrrole derivatives against cancer targets using
different in silico and in vitro approaches. Initially, nineteen anti-tubercular pyrrolyl benzohydrazide
derivatives were screened against a potent cancer target PLK1 using an AutoDock Vina approach.
Out of the nineteen derivatives, the two most potent derivatives C8 [N′-(4-(1H-pyrrol-1-yl) benzoyl)-
3-chlorobenzohydrazide] and C18 [N′-(4-(1H-pyrrol-1-yl) benzoyl)-4-nitrobenzohydrazide], were
subjected to molecular simulation analysis for a 100 ns trajectory. Further, these two derivatives were
tested against A549, MCF-7, and HepG2 cell lines using an MTT proliferation assay. Apoptotic cell
cycle and DAPI assays were also performed for C8 on A549 cell lines. Molecular dynamic analysis
revealed that the stability of the C8–PLK1 protein complex during the 100 ns trajectory run was better
than that of the C18–PLK1 protein complex. In addition, C8 showed lower IC50 values against the
tested cell lines, in comparison to C18. Thus, C8 was selected for cell cycle, apoptosis, and DAPI
analysis. Interestingly, C8 resulted in the significant cell cycle arrest of A549 cells at the G2/M phase,
and annexin V-FITC/PI showed a significant increase (from 6.27% to 60.52%) in the percentage of
apoptotic A549 cells. The present findings suggest that the anti-tubercular compound (C8) could be
translated into a potent repurposed candidate against lung cancer. Nevertheless, in vivo assessment
is necessary to further confirm the outcome and its clinical translation.

Keywords: anti-tubercular; anti-cancer; drug repurposing; PLK1; pyrrolyl benzohydrazide derivative

1. Introduction

Onco-therapy is a major concern for the scientific community due to the multifactorial
features of cancer disease. According to a report, every year, 50 billion dollars are spent
on cancer research and development to develop new onco-drug candidates [1], but the
WHO reported 10 million cancer-associated deaths worldwide in the year 2020 [2]. In
addition, the cancer-linked deaths are increasing at an alarming rate with time [3]. Thus,
solutions are urgently warranted to cope with the current grave situation. However, drug
repurposing has opened a new avenue for effective cancer treatment [4,5]. Repurposing can
reduce the developmental cost, timeline, processing, and approval requirements. In other
words, repurposing can overcome the bottlenecks associated with cancer drug development.
Several reports have suggested that anti-tubercular agents could be repurposed for cancer
therapy [6–11]. Bedaquiline, isoniazid, ethionamide, prothionamide, and thioacetazone
are some examples of anti-tubercular drugs/agents that were successfully repurposed
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for cancer treatment. These findings prompted us to explore anti-tubercular pyrrolyl
benzohydrazide derivatives as anti-cancer agents.

Earlier, in the year 2017, several pyrrolyl benzohydrazide derivatives were synthe-
sized and tested for anti-tubercular potential [12]. In the present study, the same pyrrolyl
benzohydrazide derivatives [12] were used, to obtain deeper insight into their anticancer po-
tential, with the reason being the well-reported potent anticancer activity of pyrrole analogs
and benzohydrazide derivatives [13,14]. The pyrrole scaffold has its due relevance while
designing important medicinal drugs. Pyrrole has a typical aromatic nitrogen-containing
heterocycle, and the existence of nitrogen atom significantly improves the polarity of the
pyrrole analogs [15]. In addition, the pyrrole ring is an important component of plant
chlorophyll and animal vitamin B12, hemin, and myoglobin [14]. Moreover, their deriva-
tives have shown a valuable pharmacological profile and potent anticancer activities in
different investigations [14–19]. In fact, some of marketed drugs already have pyrrole
moieties in them to enhance their potency [14,15]. On the other hand, there are a plethora of
reports suggesting the potent anticancer activities of benzohydrazide derivatives [13,20–25].
Benzohydrazide derivatives might follow different mechanisms of action against different
cancer cells; they could act as inhibitors of VEGFR-2 [21], lysine-specific histone demethy-
lase 1A [22], tubulin polymerization [23], Bcl-2/Bcl-xL [24], and CD44 [25]. However,
reports [13,20–25] clearly suggest that benzohydrazide derivatives could be applied for
a variety of cancer cells. Taking into consideration the pharmacological and anticancer
activities of benzohydrazide and pyrrole derivatives, the compounds derived from them
via a hybridization approach [12] were used in the present study to assess their anticancer
potential.

Prior to wet lab investigations, nineteen anti-tubercular pyrrolyl benzohydrazide
derivatives were screened through computational analysis to select the best compounds
out of them. This computational study was performed using molecular docking interac-
tion analysis and molecular dynamics. Further, the selected compounds (C8 [N′-(4-(1H-
pyrrol-1-yl) benzoyl)-3-chlorobenzohydrazide] and C18 [N′-(4-(1H-pyrrol-1-yl) benzoyl)-4-
nitrobenzohydrazide]) were investigated using different cell lines i.e., A549, MCF-7, and
HepG2. Moreover, compound C8 was further subjected to cell cycle, apoptosis, and DAPI
analysis using A549 cells. The repurposing of anti-tubercular compounds into anticancer
drugs, as well as against lung cancer, seems to be an appealing approach. It is like hitting
two birds with one stone, as tuberculosis is one of the strong risk factors of lung cancer.

2. Materials and Methods
2.1. Synthesis of Pyrrolyl Benzohydrazide Derivatives

Nineteen pyrrolyl benzohydrazide derivatives were selected from the prior study [12]
conducted for anti-tuberculosis potential. In the study [12], the Pall–Knorr pyrrole syn-
thesis approach, as shown in Scheme 1, was used to synthesize the derivatives. The
most active compound, C8 [N′-(4-(1H-pyrrol-1-yl) benzoyl)-3-chlorobenzohydrazide], was
synthesized by using ethyl 4-amino benzoate as a starting material, which was refluxed
with 2,5-dimethoxy tetrahydrofuran at 150–160 ◦C for 45 min. The formed pyrrolyl es-
ter was hydrazide by using hydrazine hydrate, and the formed hydrazide was stirred at
room temperature for 24–30 h with 3-chlorobenzaldehyde with the help of HBTU [2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyl uronium hexa fluorophosphate] and DIEA (diiso-
propyl ethylamine), a coupling agent and a catalyst to form C8.

2.2. Dry Lab Investigations
2.2.1. Ligand Preparation for Molecular Docking

Three dimensional structures of these compounds were prepared using ChemDraw
software and saved in .pdb format. Further, all the ligands, including the positive con-
trol (BI2536; DrugBank ID: DB16107) and native ligand (DrugBank ID: DB07186), were
converted into .pdbqt format using the OpenBabel tool [26].
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2.2.2. Target Preparation for Molecular Docking

The three-dimensional structure of the target protein PLK1 (PDBID: 2OWB) was
retrieved from the Protein Data Bank database in .pdb format. Further, it was prepared for
docking via the AutoDock 4.2 tool [27], which included the addition of polar hydrogen,
Kollman charges, and solvation parameters. Moreover, the target protein was converted
and saved in .pdbqt format.

2.2.3. Molecular Docking Interaction Study

AutoDock Vina was applied for molecular docking of all the ligands with the PLK1
target protein [28]. Prior to docking, grid co-ordinates were set on the specified active
kinase domain of the PLK1 protein [29]. Grid center coordinates were kept as x = 0.069,
y = 23.58, and z = 66.741, and the grid box was set at 40 × 40 × 40. The results showed
affinity in terms of kcal/mol, and the algorithm divided the results in descending order of
the 10 modes. Further, the Pymol tool was used to save the complex of best conformation
based on the affinity results for each docked structure. Moreover, the Discovery Studio
Visualization tool was used to analyze and visualize the complex in more detail.

2.2.4. Molecular Dynamics (MD) Simulation Study

Out of nineteen pyrrolyl benzohydrazide derivatives, two derivatives, i.e., C8 [N′-(4-
(1H-pyrrol-1-yl)benzoyl)-3-chlorobenzohydrazide] and C18 [N′-(4-(1H-pyrrol-1-yl)benzoyl)-
4-nitrobenzohydrazide] were screened out through molecular docking interactions, and
MD simulations were performed on them to obtain better insight into C8 and C18 inter-
actions with PLK1 under solvated states with respect to time. The GROMACS 5.1.5 [30]
platform applied with a CHARMM27 [31] forcefield was used for executing simulation
runs on PLK1 in an undocked native state and docked (with C8 and C18) complex state.
Ligand C8 and C18 topology files were created through the SwissParam server by applying
all atoms of the CHARMM force field [32]. A cut-off distance of 1 nm was set for estimating
Van der Waal and columbic interactions. However, neutrality of the system was maintained
by adding counter ions, and the TIP3P water model was used to solvate the system. Peri-
odic boundary conditions were applied by keeping a distance of 1 to 1.5 nm from the wall
for the simulation run [33]. Energy minimization was performed with a 1000 kJ/mol/nm
tolerance by applying the steepest descent algorithm, and position restrains were applied
on the complex to equilibrate the system. NPT and NVT ensembles were used for 200 ps at
1 bar of pressure and a temperature of 300 K. Maxwell distribution was used to generate
primary velocities, and a 0.1 ps coupling constant was used for velocity rescaling. The
Parrinello–Rahman algorithm was used for temperature–pressure coupling with a 2 ps
coupling constant. The system after equilibration was subjected to a 100 ns simulation run
with a 2 fs time-step integration [34]. After each 500 steps, the trajectory was saved and
analyzed using XMGRACE-5.1.22 and GROMACS analysis tools.
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2.3. Wet Lab Investigations
2.3.1. Materials

The cancer cell lines (breast cancer MCF-7, lung cancer A549, and liver cancer HepG2)
were procured from NCCS, India. Chemicals pertinent to cell culture were obtained from
BD Biosciences (Franklin Lakes, NJ, USA). Solvents, chemicals, and MTT dye were pur-
chased from HiMedia (Thane, India), whereas doxorubicin (standard drug) was procured
from Sigma-Aldrich.

2.3.2. Cell Culture

A549, MCF-7, and HepG2 cell lines were cultured in DMEM medium, supplemented
with 100 IU/mL penicillin, 100 µg/mL streptomycin, and 10% inactivated fetal bovine
serum, in 5% CO2 saturated conditions at 37 ◦C until confluence occurred. However, the
viability of the cells was examined periodically.

2.3.3. Stock Solution of Tested Compounds

The stock solutions (20 mM) of pyrrolyl benzohydrazide derivatives and the positive
control doxorubicin were prepared using a DMSO solvent.

2.3.4. Cytotoxic In Vitro MTT Assay

An MTT assay was applied to calculate the cytotoxic concentration of compounds (C8
and C18) [35]. For this, 100 µL of cells (50,000 cells) was added to each well of a microtiter
plate and treated with a medium containing 0.78, 1.56, 3.125, 6.25, 12.5, 25, 50, and 100 µM
concentrations of C8, C18, and doxorubicin. Further, the plates were kept in an incubator
(with 5% CO2) for 24 h at 37 ◦C. After that, MTT dye, 20 µL from the stock (5 mg MTT in
1 mL PBS), was inoculated in each well and kept in an incubator under the same condition
again for 4 h. The supernatant after treatment was collected and centrifuged, and DMSO
(200 µL) was added to the pellet. Furthermore, this solution was added to its respective
well, and formazan crystals were dissolved by shaking the plates. A microplate reader was
used to measure the absorbance at 590 nm. The following formula was applied to calculate
the % inhibition of growth for each cell line:

%Inhibition = 100 − (OD of Sample ÷ OD of Control) × 100
%Cell Viability = 100 − %Inhibition

2.3.5. Cell Cycle Analysis

A 6-well plate with a density of 2 × 105 cells/2 mL was incubated in a CO2 incubator,
which was kept overnight at 37 ◦C for 24 h. The cells educed were treated with C8 (10 µM)
in a 2 mL culture medium and incubated for 24 h. The medium was given a PBS wash,
trypsinized, and harvested into a 5 mL storage vial. After 2 steps of PBS washes, the cells
were fixed and permeabilized in 1 mL of pre-chilled 70% ethanol, added drop-wise with
continuous stirring, to avoid the clumping of cells. The cells were incubated for 30 min
in a −20 ◦C freezer. The cells educed were obtained and washed with PBS. Further, the
cells were stained using 400 µL Propidium Iodide/RNase staining buffer that stains the
DNA [36]. Again, the cells were incubated for 15 to 20 min at room temperature in the dark.
The samples were analyzed using flow cytometry. A minimum of 10,000 cells was counted
for each group.

2.3.6. Cell Apoptosis Assay

An apoptosis study was performed to understand Annexin V/PI expression using the
A549 cell line [37]. A 6-well plate with a density of 0.5 × 106 cells/2 mL was incubated in a
CO2 incubator and kept overnight at 37 ◦C for 24 h. The cells educed were treated with C8
(10 µM) in a 2 mL culture medium and incubated for 24 h. The medium was given a PBS
wash; further, 200 µL of the trypsin–EDTA solution was added and again incubated for
a few minutes. Subsequently, the cells were harvested in 12 × 75 mm polystyrene tubes
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with an additional 2 mL of culture media. The tubes were centrifuged for 5 min at 300× g
at 25 ◦C. Later, the supernatant layer was decanted. Again, a PBS wash was given, and a
further 5 µL of FITC Annexin V was added. Gentle stirring of the cells was performed, and
they were incubated in the dark for 15 min at room temperature (25 ◦C). Then, 5 mL of PI
and 400 µL of 1X Annexin Binding Buffer was added to each tube and stirred gently. The
sample was analyzed using flow cytometry.

2.3.7. DAPI Assay

A 96-well glass-bottom plate with a density of 1 × 104 cells/200 µL was incubated in
a CO2 incubator and kept overnight at 37 ◦C for 24 h. The cells educed were treated with
C8 (10 mM) in 200 µL of culture medium and incubated for 24 h. The medium was given
a PBS wash. Further, the cells were stained by adding 200 µL of DAPI staining solution
for 10 min in the dark [38]. The cells were observed under a ZEISS, LSM 880 Fluorescence
live-cell Imaging System (Confocal Microscopy, Jena, Germany) with a filter cube, with
excitation at 358 nm and emission at 461 nm for DAPI.

2.3.8. Statistical Analysis

Statistical analysis was performed using one-way ANOVA and a Student t-test using
Graph Pad Prism version 8.

3. Results and Discussion

De novo drug development for cancer is a tedious and multi-step process. This is due
to the high heterogenicity and complexity associated with the cancer disease. In fact, cancer
drug development is a time-, resource-, and labor- intensive job, and it has been observed
that only a few drugs could pass the initial phases of the clinical trial after spending too
much effort. Hence, drug repurposing has come up as a savior, wherein established drugs
are proposed for new avenues in the field of cancer medication [5,39]. Even big pharma
industries are investing in drug repurposing, and the drug repurposing market size has
reached 25.2 billion US$ in the year 2021 [40]. Thus, this current research study attempted
to assess the repurposing potential of anti-TB pyrrolyl benzohydrazide derivatives [12]
(Figure 1) as anti-cancer agents.

3.1. Molecular Interaction of Pyrrolyl Benzohydrazide Derivatives with PLK1

Polo Like Kinase 1 is a well-established cancer target [41], and its overexpression is
observed in several cancer cells, such as lung, pancreatic, ovarian, prostate, colorectal,
and breast. Importantly, its expression is very low in normal cells, while it significantly
increases in cancer cells [41,42]. In addition, PLK1 inhibition has been considered one of the
potent strategies against cancer [43–45]. Thus, in the present study, nineteen pyrrolyl benzo-
hydrazide derivatives (Table 1) that have been reported for anti-tuberculosis potential [12]
were screened against the PLK1 enzyme.

Table 1. Docking results of pyrrolyl benzohydrazide derivative, control, and native ligand interactions
with the target PLK1.

Compound
Code Name of Compound Binding Affinity

C1 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2,4-dichlorobenzohydrazide −9 kcal/mol

C2 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2-aminobenzohydrazide −8.8 kcal/mol

C3 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2-bromobenzohydrazide −8.9 kcal/mol

C4 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2-chlorobenzohydrazide −9 kcal/mol
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Table 1. Cont.

Compound
Code Name of Compound Binding Affinity

C5 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2-methylbenzohydrazide −8.9 kcal/mol

C6 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-acetylbenzohydrazide −9 kcal/mol

C7 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-aminobenzohydrazide −7.8 kcal/mol

C8 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-chlorobenzohydrazide −9.7 kcal/mol

C9 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-methylbenzohydrazide −9.1 kcal/mol

C10 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-nitrobenzohydrazide −9 kcal/mol

C11 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-aminobenzohydrazide −8.8 kcal/mol

C12 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-bromobenzohydrazide −8.9 kcal/mol

C13 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-chlorobenzohydrazide −9 kcal/mol

C14 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-fluorobenzohydrazide −8.8 kcal/mol

C15 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-hydroxybenzohydrazide −8 kcal/mol

C16 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-methoxybenzohydrazide −8.9 kcal/mol

C17 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-methylbenzohydrazide −8.7 kcal/mol

C18 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-nitrobenzohydrazide −9.6 kcal/mol

C19 N′-benzoyl-4-(1H-pyrrol-1-yl)benzohydrazide −9 kcal/mol

Control
(BI2536)

4-{[(7R)-8-cyclopentyl-7-ethyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-
yl]amino}-3-methoxy-N-(1-methylpiperidin-4-yl)benzamide −9.3 kcal/mol

Native Ligand 4-(4-methylpiperazin-1-yl)-N-{5-[2-(thiophen-2-yl)acetyl]-1H,5H-pyrrolo[3,4-
c]pyrazol-3-yl}benzamide −8.6 kcal/molProcesses 2023, 11, x FOR PEER REVIEW 6 of 18 
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Figure 1. Structures of nineteen pyrrolyl benzohydrazide derivatives used in the present study.

The screening results depicted that N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-chlorobenzohydr-
azide (C8) and N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-nitrobenzohydrazide (C18) were the most
potent among the nineteen tested derivatives against PLK1 (Table 1). Both C8 and C18
showed significant interactions with the ‘kinase domain’ of PLK1. The Gibbs free energy
(∆G) of the ‘C8-PLK1 interaction’ was −9.7 kcal/mol, whereas ∆G of the ‘C18-PLK1
interaction’ was −9.6 kcal/mol. To obtain a deeper insight into C8 and C18 interactions,
the results were compared with the interactions of the positive control (BI2536) with PLK1
(Figure 2; Table 2). A redocking native ligand experiment was performed to validate the
protocol, wherein the re-docked native ligand bound to the same vicinity of the PLK1
‘active site’ as the native ligand [46]. A superimposition image (Figure 2b) established
the protocol standardization; in addition, all of C8, C18, and the positive control were
also bound to the same domain of PLK1 (Figure 2a). However, the ∆G values (Table 2)
suggested that C8 and C18 showed better interactions with PLK1 than the positive control
(−9.3 kcal/mol) and native ligand (−8.6 kcal/mol). Insights into amino acids involved
in the individual ligand interactions with PLK1 were shown through LigPlot analysis
(Figure 2d). LigPlot analysis for both C8 (Figure 2(d1)) and C18 (Figure 2(d2)) showed
that 13 amino acid residues, (i.e., Leu59, Cys67, Ala80, Val114, Leu130, Glu131, Leu132,
Cys133, Arg134, Arg136, Phe183, Gly193, Asp194) interacted with the ‘kinase domain’
of PLK1. Here, Cys133 interacted through strong hydrogen bonding, while other amino
acids showed hydrophobic interactions. However, the positive control (BI2536) displayed
strong hydrogen bonding with Lys82, involving a total of 10 amino acid residues of PLK1
during the interaction (Figure 2(d3)). Strong hydrogen bonding interactions of C8 and C18
with the Cys133 amino acid residue of PLK1 (Figure 2(d1,d2)) have their due relevance,
as Cys133 serves as a crucial part of the ATP-binding pocket, and it is considered a novel
covalent site of PLK1 for drug discovery [41,47]. In addition, Shakil et al. [41] reported
that Leu59, Cys67, Leu130, Cys133, Arg136, and Phe183 played an important role in PLK1
binding with different inhibitors. In fact, Leu132 formed the hinge region, and Cys67
and Phe183 configured the top/bottom of the ATP binding pocket. Importantly, both
compounds C8 and C18 became associated with all these critical amino acid residues of
the PLK1 ATP-binding pocket. The activation loop of PLK1 (2OWB) consists of Val210
(i.e., Thr210 a primary phosphorylation site of wild-type Plk1) and Ser137 (a secondary
phosphorylation site). Neither of these two amino acids showed an interaction with C8
and C18. However, to confirm their dynamic behavior with respect to time, both of these
compounds were further subjected to molecular dynamics analysis.

Table 2. Interacting amino acids and binding energy of substrate docked with the active site of PLK1.

Ligands Binding Energy Interacting Amino Acids of PLK1

C8 −9.7 kcal/mol Leu59, Cys67, Ala80, Val114, Leu130, Glu131, Leu132,
Cys133 *, Arg134, Arg136, Phe183, Gly193, Asp194

C18 −9.6 kcal/mol Leu59, Cys67, Ala80, Val114, Leu130, Glu131, Leu132,
Cys133 *, Arg134, Arg136, Phe183, Gly193, Asp194
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Table 2. Cont.

Ligands Binding Energy Interacting Amino Acids of PLK1

Positive control (BI2536) −9.3 kcal/mol Gly60, Lys61, Gly62, Gly63, Phe64, Lys82 *, Val84, Lys97,
Phe183, Asp194

Redocked
Native ligand (DB07186) −8.6 kcal/mol Lys61, Gly62, Gly63, Phe64, Cys67, Lys82, Val114,

Glu131, Cys133, Arg136, Phe183, Asp194, Gly 196

* Hydrogen bonded amino acids are represented in bold.
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Figure 2. Ligand-docked active site images of PLK1 (PDB ID: 2OWB). (a) All the docked ligands (C8:
red color; C18: yellow color; positive control (BI2536): magenta color; native ligand (DB07186): green
color) in the catalytic active site of PLK1. (b) Enlarged overlay image of native ligand and redocked
native ligand. (c) Enlarged image of (c1) C8 docking, (c2) C18 docking, (c3) BI2536 docking, and
(c4) DB07186 docking. (d) Molecular interaction analysis of all the compounds ((d1): C8; (d2): C18;
(d3): BI2536; (d4): DB07186) with PLK1 amino acid residues.
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3.2. Molecular Dynamic (MD) Analysis of C8 and C18 with PLK1

The dynamic behavior of ‘C8-PLK1’ and ‘C18-PLK1’ complexes, under solvated con-
ditions, was studied through an MD simulation/mimicking study with respect to time.
The best docking pose for each complex was mapped for stability under a mimicable
environment. The outcomes of the mimicking study, with various constraints helping us to
understand the binding mode and stability, were reported in terms of the solvent accessible
surface area (SASA), radius of gyration (Rg), number of hydrogen bonds, root mean square
deviation (RMSD), and root mean square fluctuation (RMSF). All these parameters were
mapped during the mimicking study time, and deviation of the secondary structure pattern
between the protein and their complexes was measured.

Three mimicking studies with the protein (PLK1) alone (black color) and its complex
with ligand C8 (red color) and C18 (green color) were executed for a 100 ns time duration.
From the RMSD plot (Figure 3a), it was observed that the C8–PLK1 complex, after initial
fluctuation, reached equilibrium at approximately 10 ns of time. After that, the complex
displayed a constant trajectory with marginal deviation of ~0.1 nm, indicating that the
structural stability of the protein was preserved while in complex with C8. Results also
suggested that the unbound protein (PLK1 alone) also reached equilibrium after an initial
fluctuation, and it showed a similar pattern of stable trajectory as C8 bound PLK1. On the
other hand, C18-bound PLK1 was stable until 80 ns and started fluctuating in the range of
~0.3 nm until 90 ns. However, it also became stable at the end after this 10 ns fluctuation.
The Rg plot (Figure 3b) showed that all the entries (including the innate protein (PLK1)
and its complex forms with C8 and C18) exhibited a similar pattern of Rg during the entire
simulation time with minimal (0.05 nm) variation in different distance ranges. Hydrogen
bonding between the ligand and protein complex was evaluated, which in turn forecasted
the focalization of the ligand into the binding cavity of the protein. All the intermolecular
H-bonds among ligands and the protein were studied and plotted accordingly (Figure 3c).
From the plot, it is clear that the number of H-bonds involved in the simulation runs
fluctuated over time, but most strong H-bonds remained intact throughout the study time.
The disappearance and then reappearance of a few H-bonds indicate the vital nature of the
ligand inside the binding cavity. The solvent accessible surface area (SASA) determined the
area surrounding the hydrophobic core developed between the protein–ligand complexes
(Figure 3d). Reliable SASA values were obtained with a fluctuation of 10 nm2 area for PLK1
and the C8–PLK1 complex, whereas more fluctuations of a 15 nm2 area were observed in
case of the C18–PLK1 complex. The SASA plots for PLK1 and C8–PLK1 almost overlapped
with each other; however, C18–PLK1 complexes showed no overlap during 25 ns to 60 ns
and after 90 ns until the end of the simulation run. The residue-wise variations were
observed in the RMSF plot (Figure 3e,f), wherein the potentially interacting amino acids
stiffened in the complex forms (C8–PLK1 and C18–PLK1) in comparison to the normal
protein state (PLK1).

In addition, dynamic behavior of the ‘PLK1-BI2536 (control)’ complex under sol-
vated conditions were also studied through an MD simulation study with respect to time
(Figure S1 Supplementary Materials). From the RMSD plot (Figure S1a), it was observed
that the BI2536–PLK1 complex, after initial fluctuation, reached equilibrium at approxi-
mately 10 ns of time. After that, the complex displayed constant trajectory with marginal
deviation of ~0.09 nm, indicating that the structural stability of the protein was preserved
while in complex with BI-2536. On the other hand, the Rg plot (Figure S1b) showed that
the gyration of the protein–ligand complex (PLK1–BI2536) exhibited a similar pattern of Rg
during the entire simulation time with minimal (0.025 nm) variation in different distance
ranges after initial fluctuations. From the hydrogen bonding plot (Figure S1c), it was clear
that the number of H-bonds involved in the simulation runs fluctuated over time but most
strong H-bonds were intact during the study time. Furthermore, reliable SASA values
(Figure S1d) were obtained with an initial fluctuation of a 15 nm2 area for the PLK1–BI2536
complex up to 10 ns; however, minimal fluctuations of a 10 nm2 area were observed after
10 ns until the end of the simulation run. The residue-wise variations were observed in the
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RMSF plot (Figure S1e), where potentially interacting amino acids became stiffened in the
complex form (PLK1-BI2536) similar to PLK1–C8 and PLK1–C18 complexes. In fact, from
the findings of MD simulation results of PLK1–BI2536, it could be inferred that an almost
similar pattern was observed for the control compound (BI2536) as in the case of the tested
compounds (C8 and C18).
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Figure 3. Analysis of MD simulation trajectories against the function of the RMSD, Rg, hydrogen
bond, SASA, and RMSF of PLK1 (PDB ID: 2OWB) with synthetic compound C8 and C18 (lig-
and) complexes at 100,000 ps (100 ns). (a) RMSD; (b) radius of gyration (Rg); (c) hydrogen bonds;
(d) SASA; (e,f) RMSF plot of the protein in the presence of C8 and C18.

3.3. Cytotoxicity Analysis

Based on initial screening through molecular docking analysis and further confirma-
tion of the stability of the PLK1 docked complex based on molecular dynamics, C8 and
C18 appeared to be the most active compounds. Thus, the cytotoxicity of C8 and C18 was
assessed against three cancer cell lines (A549, MCF 7, and HepG2) via MTT assays. As
represented in Table 3 and Figure 4, compounds C8 and C18 exhibited significant inhibitory
activities against A549 cells with IC50 values of 9.54 µM and 10.38 µM, respectively. How-
ever, the reference compound (doxorubicin) showed a better IC50 (8.20 µM) than the tested
compounds. Moreover, the compounds C8 and C18 were tested on normal human lung
epithelial BEAS-2B cells, and the IC50 values for both were found to be more than 200 µM.
This showed a selectivity index of >10, which indicates that both C8 and C18 have more
efficacy against tumor cells than the toxicity against normal cells. It can also be inferred
from Table 2 that C8 was more potent than C18 against the tested cell lines. In addition,
both C8 and C18 were less active against MCF7 and HepG2 cells than A549 cells. The
lineage of A549 cells is the lung, MCF7 cells is the breast, and HepG2 cells is the liver;
thus, the more potent activity of tested compounds against A549 cells has its due relevance.
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There is a plethora of evidence that shows the correlation of tuberculosis with lung cancer,
and tuberculosis is considered an important risk factor for lung cancer [48–50]. Hence,
targeting lung cancer with anti-tubercular compound(s) seems to be an appealing strategy
and could provide a boon to a tuberculosis-infected lung cancer patient in the future. Based
on the cytotoxicity results, C8 was selected further for cell cycle, cell apoptosis, and DAPI
analysis against A549 cells to obtain deeper insight into the anticancer action.

Table 3. IC50 values of compounds against different tumor cell lines.

Compounds IC50 (µM)

MCF7 A549 HepG2

C8 10.51 ± 1.9 9.54 ± 1.1 10.82 ± 1.3

C18 12.34 ± 0.9 10.38 ± 1.7 11.41 ± 2.5

Doxorubicin * 10.96 ± 1.6 8.20 ± 0.9 9.21 ± 1.0
* Doxorubicin was used as a positive control.
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Figure 4. Cytotoxicity study of the test compounds C8 and C18 against MCF-7, A549, and HepG2
cells and their comparison with the positive control (doxorubicin). (a) Dose-response curve of test
compounds for % cell viability against MCF-7 cell lines. (b) Dose-response curve of test compounds
for % cell viability against A-549 cell lines. (c) Dose-response curve of test compounds for % cell
viability against HepG2 cells.

3.4. Cell Cycle Analysis

Cell cycle arrest could be correlated well with the growth inhibition of cancer cells.
Reports suggest that benzohydrazide derivatives stop cell progression at the G2/M phase
of the cell cycle [51–53]. However, in the present study, to explain the action of C8 on cell
cycle distributions, A549 cells were treated with 10 µM (C8) for 24 h, and the distributions
of A549 cells (treated and untreated) in various stages of the cell cycle were evaluated via
flow cytometry (Figure 5). Consistent with the earlier findings [51–53], C8 treatment led
to maximum accumulation of A549 cells at the G2/M phase (39.48%); however, untreated
A549 cells showed only 9.34% cells at the G2/M phase (Table 4). In addition, cell % was
markedly reduced from 88.79% to 31.22% at G0/G1 phase when A549 cells were treated
with C8. Obtained results suggested that C8 demonstrated a significant antineoplastic
effect and led to the stoppage A549 cell cycle progression at G2/M, metaphase, after the
gestation period of 24 h. These results were in accordance with the other recent research
conducted on A549 cells, wherein the anticancer effects were attributed to the blocking of
the G2/M phase [54–56].
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Figure 5. Flow cytometric histograms showing the phases of cell cycle distribution in the A549 cell
line treated with (a) C8 at a 10 µM concentration compared to the (b) untreated control.

Table 4. Effect of C8 compound on cell cycle distributions of A549 cells.

Cell Cycle Stage Untreated C8 (10 µM)

Sub G0/G1 0.53 1.63

G0/G1 88.79 31.22

S 1.03 12.44

G2/M 9.34 39.48

3.5. Cell Apoptosis Analysis

To further understand the role of apoptosis in the anticancer properties of C8, FITC
Annexin V/Propidium iodide staining was performed to evaluate the morphological
changes upon treatment of A549 cells with C8. The quadrant plot (Figure 6) generated
could distinguish live cells in the lower (left) quadrant (stained −ve for PI and FITC-
annexin V), early apoptotic cells in the lower (right) quadrant (stained −ve for PI and +ve
for FITC-annexin V), necrotic dead cells in the upper (left) quadrant (stained +ve for PI),
and late apoptotic cells in the upper (right) quadrant (stained +ve for PI and FITC-annexin
V). After treatment with C8, the percentage of apoptotic cells was moderately observed
in early and late apoptotic states. The observations suggested that the test compound, C8,
spurs reasonable apoptosis in human lung cancer A549 cells.

Figure 7 represents the bar graph for details of the percentage of cell stages observed
in the quadrant layout in the apoptosis study. Here, the apoptosis rate was 33.21% (14.64%
early apoptotic and 18.57% late apoptotic cells) in C8-treated A549 cells, whereas the
percentage of viable cells was reduced from 99.88% to 60.52% after C8 treatment of A549
cells, and 6.27% cells were reported as necrotic dead cells.

Moreover, Figure 8 shows the Annexin V histogram, obtained by using a BD FACS
CaliburTM that differentiates cells at the M1 and M2 stages. Here, M1 denotes the negative
expression/region, and M2 denotes the positive expression/region. The cells expressing
Annexin V (M2 region) were considered apoptotic cells. Consequently, it can be concluded
that the C8 treatment of A549 cells triggered a shift in the cells towards apoptosis. Hence,
it could be safely stated that C8 not only arrested the G2/M stage of the cell cycle, but
effectively induced apoptosis in A549 lung cancer cells.
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absence (a) and presence (b) of C8 at a 10 µM concentration.
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Figure 8. Histograms representing the Annexin V expression in A549 cells upon culture in the absence
(a) and presence (b) of C8 at a 10 µM concentration.

3.6. DAPI Assay

A DAPI staining assay was used to determine DNA fragmentation in C8-treated A549
lung cancer cells. Marked changes in the nuclear morphology and DNA fragmentation
within the nucleus of the treated cells were observed (Figure 9). Here, cell nuclei were
stained in blue, white arrows represent healthy DNA, and yellow arrows represent con-
densed and damaged DNA of the cells. In comparison to the untreated cells, C8-treated
A549 cells showed significant DNA damage, blebbing, and condensing of the nucleus after
the treatment period of 24 h; thus, confirming the DNA-damaging effect of C8 against lung
cancer A549 cells.
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Figure 9. Fluorescent microscope images depicting the nuclear damage of DAPI-stained A549 cells at
a magnification of 40×.

In the present investigation, compound 8 (C8) was found to be the most potent one
among all the tested compounds during in silico screening against a cancer target (PLK1),
which further showed a marked in vitro anticancer effect against A549 cell lines. Here, PLK1
was used as a biotarget for the initial screening of pyrrolyl benzohydrazide derivatives. In
fact, PLK1 is overexpressed in different cancer cells [41–45] and plays an important role in
mitosis initiation i.e., transition from G2 phase into the M phase [57]. The present study
indicated that compound C8, screened on the basis of PLK1 inhibition and cell cytotoxicity,
resulted in the marked arrest of A549 cells at the G2/M phase and induced apoptosis.
In accordance with our findings, several earlier studies have also reported the cell cycle
arrest of cancer cells at the DNA damage G2/M checkpoint and apoptosis after PLK1
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inhibition [58–60]. In fact, strong PLK1 associations with the A549 cells [61–63] further
strengthen the outcomes. However, it is too early to provide the conclusive remark on
the applicability of C8 as a dual therapeutic agent for tuberculosis and lung cancer. It
is noteworthy to mention that the authors have already started to work on deciphering
the exact molecular mechanism of the anticancer action and an in vivo evaluation of
C8. Nevertheless, present outcomes might help in the development of new anti-cancer
medications designed on anti-tubercular scaffolds, especially against lung cancer.

4. Conclusions

The present study evaluated the anti-cancer potential of anti-tubercular pyrrolyl
benzohydrazide derivatives. The initial screening of different anti-tubercular pyrrolyl
benzohydrazide derivatives was performed via computational approaches using dock-
ing and molecular dynamics studies. The compound N′-(4-(1H-pyrrol-1-yl) benzoyl)-3-
chlorobenzohydrazide (named as C8) was screened out as the most potent one, among all
the tested derivatives. However, an in vitro cytotoxicity assessment against cancer cell lines
confirmed the computational findings. Further, to obtain insight into the anticancer activity
of C8 against human lung cancer A549 cells, cell cycle, apoptosis, and DAPI analyses were
performed. Cell cycle and apoptosis analyses confirmed the arrest of the cell cycle at the
G2/M phase and the induction of apoptosis in A549 cells after treatment with C8. More-
over, DAPI analysis confirmed the DNA fragmentation in C8-treated A549 cells. Still, more
details of anti-cancer mechanistic aspects need to be studied along with in vivo assessments
to bring these findings into reality. Nevertheless, an anti-tubercular compound showing
potent anticancer potential, as well as against lung cancer, has its own due clinical relevance.
This study might pave the way for a therapeutic strategy for tuberculosis-infected lung
cancer patients in the near future.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr11071889/s1, Figure S1: Analysis of MD simulation
trajectories against the functions of RMSD, Rg, hydrogen bond, SASA, and RMSF of PLK1 (PDB ID:
2OWB) with the control compound BI2536 (ligand) complex at 100000 ps (100 ns). (a) RMSD; (b)
radius of gyration (Rg); (c) hydrogen bonds; (d) SASA; (e,f) RMSF plot of the protein in the presence
of BI2536.
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