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Abstract: Thiosemicarbazones are known for their biological and pharmacological activities. In this
study, we have synthesized and characterized 3-Methoxybenzaldehyde thiosemicarbazone (3-
MBTSc) and 4-Nitrobenzaldehyde thiosemicarbazone (4-NBTSc) using IR, "THNMR and *C NMR.
The compound’s in vitro anticancer activities against different cell lines were evaluated. Molecular
docking, Insilco ADMET, and drug-likeness prediction were also done. The test compounds
showed a comparative ICso and growth inhibition with the standard drug Doxorubicin. The ICso
ranges from 2.82 pg/mL to 14.25 ug/mL in 3-MBTSc and 2.80 pg/mL to 7.59 ug/mL in 4-NBTSc
treated cells. The MTT assay result revealed, 3-MBTSc inhibits 50.42 and 50.31 percent of cell growth
in B16-F0 and EAC cell lines, respectively. The gene expression showed that tumor suppressor genes
such as PTEN and BRCAL1 are significantly upregulated in 7.42 and 5.33 folds, and oncogenes, PKC,
and RAS are downregulated -7.96 and —7.64 folds, respectively in treated cells. The molecular dock-
ing performed on the four targeted proteins (PARP, VEGFR-1, TGF-31, and BRAFV¢E) indicated
that both 4-NBTSc and 3-MBTSc potentially bind to TGF-31 with the best binding energy of —42.34
Kcal/mol and -32.13 Kcal/mol, respectively. In addition, the test compound possesses desirable AD-
MET and drug-likeness properties. Overall, both 3-MBTSc and 4-NBTSc have the potential to be
multitargeting drug candidates for further study. Moreover, 3-MBTSc showed better activity than
4-NBTSc.

Keywords: molecular docking; in silico ADMET; 3-Methoxybenzaldehyde thiosemicarbazone;
4-Nitrobenzaldehyde thiosemicarbazone; cancer; B16-FO melanoma; MCEF-7
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1. Introduction

Cancers arise due to the accumulation of mutations in essential genes that can induce
cellular alteration and malignant transformation [1]. Cancer affects all ages and all social
classes, and it was the second most common cause of death worldwide in 2018, with 18.1
million new cases and 9.6 million deaths in the same year. There will be about 29-37 mil-
lion cancer cases by 2040 [2]. Breast cancer is the most common malignancy diagnosed
(11.7%) in 2020 among women worldwide. Breast cancer affected 2.26 million women in
2020, killing an estimated 684 996 of them and accounting for approximately 6.9 percent
of all cancer deaths [3,4]. Furthermore, there has been an increasing incidence of non-mel-
anoma and melanoma skin cancers over the past few decades [5]. Non-melanoma skin
cancer accounted for 6.2% of all cancer cases in 2020 and was the fifth most common type
of cancer, affecting 1.198 million people in 2020 [3,6].

The mitogen-activated protein kinase/extracellular signal regulated kinase
(MAPK/ERK) signaling pathway (also known as the RAS-RAF-MEK-ERK pathway) me-
diates cellular responses to extracellular stimuli [1,7]. BRAF is a serine/threonine protein
kinase activating the MAP kinase/ERK-signaling pathway [8]. Different types of human
cancers are associated with mutations in MAPK/ERK signaling pathways and the B-RAF
proto-oncogene (BRAF) gene [7,9]. MAPK/ERK signaling is essential for melanoma devel-
opment and progression [10]. Hence, the RAS/RAF/MEK/ERK pathway has been reported
to be activated in over 80% of all cutaneous melanomas [11] and about 50% of melanomas
harbor activating BRAF mutations [8]. The most common mutations in the BRAF gene
encode the V60OE mutant (class I) caused by an amino acid substitution at position 600 in
the BRAF protein, from valine (V) to a glutamic acid (E), as a result of the transversion
¢.1799T>A in exon 15 [1]. This mutation causes continuous activation and signal transduc-
tion of BRAF kinase regardless of external stimulus leading to enhanced cell proliferation
and invasion [7].

TGEF-f is a large growth factor family member including activins/inhibins and bone
morphogenic proteins (BMPs) that play essential roles in cell growth, differentiation,
apoptosis, migration, normal skin homeostasis, epidermal stem cells regulation, angio-
genesis, and inflammation as well [12,13]. The transforming growth factor-f (TGE- ) has
attracted much attention as a therapeutic target since it plays an important and pleiotropic
role in melanoma progression [14,15].

Genomic stability is maintained by intricate and highly complex biochemical path-
ways regulated by a multitude of proteins. When one or more of these pathways is dis-
rupted by biological, physical, or chemical means, cells are at risk of mutagenesis and, as
a result, carcinogenesis [16,17]. The DNA damage response (DDR) pathway coordinates
the identification, signaling, and repair of DNA damage caused by different factors. Poly
(ADP-ribose) polymerase (PARP) is the best-known element of the DDR [17]. The poly
(ADP-ribose) polymerases (PARPs) are DNA-binding enzymes that play a vital role in
DNA repair. The use of PARP inhibitors is a rational therapeutic approach to cause apop-
tosis in cancer cells lacking DNA repair pathways [18,19]. Poly (ADP-ribose)-polymerase
inhibitors (PARPi) are of particular interest in treating hereditary breast cancers occurring
in patients with germline BRCA1/2 (gBRCA1/2) mutations [20]. Indeed, the US Food and
Drug Administration (FDA) has recently approved PARP inhibitors to treat breast and
ovarian cancers. Despite the proven efficacy of these agents in improving progression-free
survival, cancer cells inevitably developed resistance. The primary and secondary re-
sistance make long-term use of PARP inhibitors difficult [16,21]. Hence finding a better
inhibitor with less resistance from cancer cells is essential in the fight against cancer.

Tumor angiogenesis is an essential process for tumor growth and metastasis [22,23],
which is controlled by vascular endothelial growth factors (VEGFs) and their receptors
(VEGFRs) [24]. Vascular endothelial growth factor (VEGF) is a mitogen that plays a crucial
role in angiogenesis and lymphangiogenesis [25]. Vascular endothelial growth factor
(VEGF) promotes breast cancer progression by inducing angiogenesis via VEGF receptors
on endothelial cells but also signals directly through receptors such as VEGFR-1 (Flt-1)
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expressed on tumor cells [26]. In addition, reduced or lost VEGFR1 expression may serve
as a marker for poor prognosis in patients with breast cancer, who might not optimally
benefit from endocrine therapy [24]. Overall, VEGEF is involved in tumor survival by in-
ducing tumor angiogenesis and increasing chemoresistance through autocrine signaling
[25].

A high-quality drug candidate should exhibit a strong interaction, adequate efficacy
against the therapeutic target, and appropriate ADMET properties at a therapeutic dose
[27]. For this purpose, computational approaches such as molecular dynamics simula-
tions, drug-likeness prediction, in silico ADMET analysis, molecular docking, etc., help
identify potential drugs/molecules from various databases and reduce time and experi-
mental costs in drug discovery [28]. Molecular docking could effectively predict the bind-
ing mode and binding energy of the protein-ligand complexes [29] and, ADMET predic-
tion used to determine the absorption, distribution, metabolism, excretion, and toxicity
(ADMET) property of a potent molecule [27].

Thiosemicarbazones are an important class of compounds known for their versatile
biological and pharmacological activities. They are valuable intermediates in synthesizing
pharmaceutical and bioactive materials and are thus widely used in medicinal chemistry
[30,31]. In recent years, derivatives of thiosemicarbazones have demonstrated a broad
range of biological and pharmacological activities (viz. antifungal, anticancer, antimicro-
bial, and antiviral) [32—41]. In line with this, we found no research on the in silico ADMET
and drug-likeness prediction, as well as the anticancer activity of the same compound
presented in our study. However, there have been few studies on their structure [42,43],
antifungal activity [44], and anti-parasite activity [45,46]. Therefore, this study aimed to
synthesize, characterize, evaluate the in-vitro anticancer activity, perform molecular dock-
ing, and predict the ADMET and drug likeness property of 3-Methoxybenzaldehyde thi-
osemicarbazone and 4-Nitrobenzaldehyde thiosemicarbazone.

2. Materials and Methods
2.1. Materials

Analytical grade chemicals obtained from Sigma-Aldrich (Sigma Aldrich, St. Louis,
Missouri, USA) were used to synthesize the ligands steps presented below. Structural
analysis was done through FTIR, 'H-NMR, and #C-NMR spectral studies.

2.2. Molecular Docking

Molecular docking calculations were carried out using Patch dock server-Bioinfo 3D
[47]. Four targeted proteins, BRAF, TGF-31, PARP, and VEGFR-1 were selected based on
their role in different cellular signaling pathways for the development and progression of
breast and skin cancers. BRAFV6"F js a common mutation in BRAF protein of melanoma
cells [8]. Pro-Transforming Growth Factor-beta 1 (TGF-31) plays a pleiotropic role in mel-
anoma progression [14,15] and it is also an important regulator of normal mammary gland
development as well as it leads to the progression of breast cancers [48]. While poly (ADP-
ribose) polymerase (PARP) is a nuclear enzyme that facilitates DNA repair and play an
imperative role in germline mutations [20]. Further, Vascular Endothelial Growth Factor
Receptor-1 (VEGFR-1) plays a significant role in tumor-associated angiogenesis, tissue in-
filtration, and metastasis development [49]. All structures of BRAFV60E (PDB ID: 6V34),
TGF-p1 (PDBID: 3RJR), PARP (PDB ID: 1A26), and VEGFR-1 (PDB ID: 5ABD) were down-
loaded as PDB file from Protein Data Bank database (https://www.rcsb.org/. Last accessed
12 February 2021). All protein structures were cleaned of inhibitors and water molecules
to avoid their interference during docking. Chem Sketch was used to draw and clean the
structures of the synthesized compounds (3-MBTSc and 4-NBTSc). Then, the mol file was
generated and converted to PDB format. After that, both compounds were docked to the
active sites of the enzymes. Patch dock generated 20 best compound-enzyme interactions
in various positions; then, using Fire dock, 10 more refined results were selected based on
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global energy (binding energy of the solution), attractive and repulsive van der Waals
energy, atomic contact energy, geometric shape complementarity score, and approximate
interface area.

2.3. Drug-Likeness Prediction

Drug-likeness evaluates the likelihood of a molecule becoming an oral drug in terms
of bioavailability [50]. The drug-likeness was predicted using the OSIRIS Property Ex-
plorer (http://www.organic-chemistry.org/prog/peo/. Last accessed on 20 July 2021). The
OSIRIS Property Explorer uses chemical structures and calculates the drug-related prop-
erties whenever a structure is valid [51]. Similarly, SwissADME predicts the drug-likeness
by filtering and excluding molecules with incompatible properties with an acceptable
pharmacokinetic profile. SwissADME uses five different rule-based filters, with diverse
ranges of properties inside of which the molecule is defined as drug-like [50]. The Lipinski
filter (Pfizer) rule of five is the pioneer in this regard that characterize small molecules
based on physicochemical property profiles which include molecular weight (MW) less
than 500, N or O <10 (H-bond acceptors), NH or OH <5 (H-bond donors) [52,53]. Hence,
we analyzed Lipinski’s rule of screening medicinal chemistry property of the test com-
pound using SwissADME (http://www.swissadme.ch/index.php. Last accessed on 20 July
2021) [50].

2.4. ADMET Prediction

ADMET stands for absorption, distribution, metabolism, excretion, and toxicity of
the test compound. The molecular structure of the test compound was submitted to the
admetSAR server (http://Immd.ecust.edu.cn/admetsarl. Last accessed on 20 July 2021)
[54]. The sever uses 47 different models to predict more than 50 ADMET properties of the
query molecules [54,55]. The different pharmacokinetic and pharmacodynamic properties
predicted in our study include blood-brain barrier penetration (BBB), human intestinal
absorption (HIA), Caco-2 permeability, cytochrome P450 solubility, cytochrome P (CYP)
inhibitory promiscuity, renal organic cation transportation, carcinogenesis, Ames toxicity,
and rat acute toxicity.

2.5. Synthesis of 3-Methoxybenzaldehyde Thiosemicarbazone (3-MBTSc)

3-Methoxybenzaldehyde thiosemicarbazone (CoH11N3OS; (2E)-2-(3-methoxybenzyli-
dene) hydrazine carbothioamide) (3MBTSc) was prepared by using the previous proce-
dure with slight modifications [43]. It was prepared by refluxing a mixture of thiosemi-
carbazide (2.0 g, 0.01 mmol) and 3-Methoxybenzaldehyde (2.67 mL, 0.01 mmol) in a mix-
ture of 20 mL distilled water and 20 mL methanol as the solvent medium in the presence
of glacial acetic acid (2-3 mL). The reaction mixture was refluxed for about 3—4 h. After
cooling, the yellow crystalline solid separated was filtered, washed, and dried. The yield
of the compound was 2.16 g and the obtained compound was insoluble in CHCls, CCls,
CHsCN, H20, ethanol, and methanol but it was soluble in DMSO and DHF/THF. The fol-
lowing characterization was carried out to confirm the synthesis of 3-Methoxybenzalde-
hyde thiosemicarbazone by FTIR (cm™): v(NH?2) 3403s; 3287s; v(-NH) 3150s; 1599s v(C=N);
v(C=S) 1246s, 836s, 'H-NMR (DMSO-d¢, ppm): 11.40 (s, 1H); 8.19 (s, 2H); 6.95-7.44 (m, ar-
H); 3.80 (s, 3H), and *C-NMR (DMSO-d¢, ppm): 178.9 (s, C=S), 55.76 (s, OCH3), 111-143
(m-Ph-C), 159.6 (s, C=N).

2.6. Synthesis of 4-Nitrobenzaldehyde Thiosemicarbazone (4-NBTSc)

4-Nitrobenzaldehyde thiosemicarbazone ((2E)-2-(4-nitrobenzylidene) hydrazine car-
bothioamide) (4NBTSc) was synthesized using earlier reported methods with slight mod-
ifications [46,56]. A mixture of 1.51 g (0.01 mmol) of 4-Nitrobenzaldehyde, and 0.914 g
(0.01 mmol) thiosemicarbazide was stirred for 2 h using 15 mL of methanol and 15 mL of
distilled water as a solvent medium. The resulting yellow solution was allowed to cool.
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Then, a yellow crystalline solid separated was filtered, washed with diethyl ether and
dried. The yield of the compound was 2.30 g and the obtained compound was insoluble
in CHCIs, CCls, CHsCN, H20, ethanol, and methanol but it was soluble in DMSO and
DHEF/THF. The following characterization was carried out to confirm the synthesis of 4-
Nitrobenzaldehyde thiosemicarbazone by FTIR (cm™): v(NH2) 3499m; 3373s; v(-NH)
3197s; 1588s; 1343s (v(NO2); v(C=N); v(C=S) 1137s, 750s, 'H-NMR (DMSO-d¢, ppm): 11.66
(s, 1H); 8.38 (s, 2H); 8.32-8.03 (m, ar-H), and *C-NMR (DMSO-d¢, ppm): 179 (s, C=S), 128-
141 (m-Ph-C), 148.06(s, C=N), 124.23 (s, CH).

2.7. Cell Lines and Cell Culture

The in vitro anticancer activities of the synthesized compounds were conducted us-
ing different cancerous and non-cancerous cell lines viz B16-FO (Mouse melanoma), mouse
Ehrlich Ascites Carcinoma (EAC), MCF-7 (Human breast cancer), MCF-10A (Human
breast epithelial cells), and NIH/3T3 (Mouse fibroblast cells). All cell lines were procured
from the National Centre for Cell Science, Pune, India. The procured cells were cultured
in a six-well culture plate with Dulbecco’s Modified Eagle’s Medium (DMEM) supple-
mented with 10% fetal bovine serum in a humid CO: incubator with 5% carbon dioxide at
37 °C.

2.8. Anti-Cancer Potential and Cytotoxicity Analysis

The anti-cancer effect and cytotoxicity of both 3-MBTSc and 4-NBTSc compounds
were evaluated against different cancerous (MCF-7, EAC, B16-FO0 cells) and noncancerous
cells (MCF-10A, NIH-3T3 cells) using MTT test [57,58]. In brief, the stock solutions of both
the tested compounds were prepared by dissolving 1 mg of each compound in 1 mL of
DMSO separately. Then, four different concentrations (5, 10, 12, and 20 ug/mL) of both
compounds were used during the test along with the negative control. Also, 10 pg/mL of
doxorubicin (Dox) was used as the positive control during the experiment. Both untreated
and treated cells were incubated for next 24 and 48 h. Then, all the steps during the whole
experiment were carried out by our earlier reported procedure [59-61]. Later, the absorb-
ance values were measured by an ELISA reader (Biorad, Hercules, California, USA) at 570
nm wavelength using secondary wavelength as a reference at 620 nm and the percentages
of cell viability was calculated using the following formula [59-61].

. 7 :1: Mean absorbance of treated cells
Cell viability (%) = ! x 100
Mean absorbance of untreated cells

Based on the cell viability data, the ICso values of both compounds were calculated
on different cancer cells by plotting their corresponding dose-responsive graphs.

2.9. Gene Expression Analysis

Total mRNA was isolated and extracted by Trizol reagent as described in an earlier
method [62,63]. RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA) was used to synthesize cDNA in a total reaction volume of 20
pL containing oligo-dT primers, RiboLock RNase inhibitor, and reverse transcriptase.
Gene-specific primers were used to amplify cDNAs in RT-qPCR machine (Applied
Biosystems, Waltham, Massachusetts, USA).

2.10. Statistical Analysis

The obtained data were statistically analyzed. The descriptive analysis was done and
the ICs0 values were calculated by fitting the sigmoidal dose responsive graph using
GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). Also, two-way ANOVA
and Tukey multiple comparison tests were used. The statistical significance between the
control and treated cells was considered when a="*p <0.05, b="**p <0.01, c="***p <0.001,
d =***p <0.0001
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3. Results
3.1. Molecular Docking

To rationalize the therapeutic potential of the test compound and determine their
binding modes, a molecular docking study was performed using Patch dock server-Bio-
info 3D [47]. The best binding mode of docked compounds, 3-MBTSc and 4-NBTSc with
different targeted proteins are presented in Figure 1 and Table 1. Based on the output we
synthesized and tested the in vitro anticancer activity of the 3-MBTSc and 4-NBTSc in
breast and skin cancer cell line.

PARP (PDB ID 1A26) VEGFR (PDB ID 5ABD) TGF-B1 (PDB ID 3RIR) BRAFVS%E (PDB ID 6V34)

w0E

G ssam (Asns128

3-MBTSc

B \ D
/ WTE
O i he fr2E X
p J \ d Aprmse

PrOATIE

4-NBTSc

ThezoD

Figure 1. Interaction of 3-MBTSc and 4-NBTSc with (A,B) PARP: Poly (ADP-ribose) polymerase; (C,D) VEGFR-1: Vascular
endothelial growth factor receptor-1 (E,F) TGF-f1: pro- transforming growth factor beta 1 (G,H) BRAFV®E, (A) 3-MBTSc
(Red) formed one hydrogen bonding with Tyrosine 907 (Midnight blue) and Serine 854 (Royal). (B) 4-NBTSc (green) in-
teracted with four amino acids, Serine 681(Honey), Lysine 684 (light blue), Threonine 866 (Royal) and Methionine 675
(Yellow). (C) 3-MBTSc (Yellow) made three hydrogen bonds with Tyrosine 199 (Midnight blue) amino acid. (D) 4-NBTSc
(Bronze) has interacted with Proline 173 (Cantaloupe), Aspartate 175 (Red) and Tyrosine 199 (Midnight blue) with one
hydrogen boding and lysinel71 and Lysine 200 (light blue) in three hydrogen bonds. (E) 3-MBTSc (Pink) formed two
hydrogen bonds with Leucine amino acid (Leu 218 and Leu 129) (Green). (F) Amino acid- Alanine 219 (White), Leucine
218(Green), Aspartate 217 (Red) and Serine 228 are involved in one hydrogen bond with the synthesized compound 4-
NBTSc (Carmine). (G) 3-MBTSc (Yellow) formed one hydrogen bond with Glutamate 586 (Red) and three hydrogen
bonds with Threonine 589 (Royal). (H) The test compound 4-NBTSc (Green) formed four hydrogen bonds with Threonine
589 (Royal) amino acid.

Table 1. Molecular docking results of 3-MBTSc and 4-NBTSc with targeted proteins expressed in breast and skin cancers.

Type of Hydrogen Bond Interaction Binding Free

Compound (C) Pr:;:;i:t(m Am(llr;oAz)kmd (Compound-Protein Complex) (C--A.A Energy Bonc&;ngth
) of P) (K Cal/mol)
3-MBTSc 1A26 Ser 854 N-H---O-H 3004 2.702
Tyr 907 S-H---O=C ' 2.5665
4-NBTSc 1A26 Lys 684 N-H---N-H 3.380
Lys 684 N-H---N-H 2.7266
Thr 866 N-H---O-H 3.4682
Ser 681 N-H---O-H -33.0 2.5093
Ser 681 N-H---O-H 3.2158
Ser 681 N-H---O-H 2.3759
Met 675 S-H---O=C 3.0379
3-MBTSc 5ABD Tyr 199 N-H---O-H 2.9587

Tyr 199 N-H---O-H 3033 26311
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4-NBTSc

3-MBTSc

4-NBTSc

3-MBTSc

4-NBTSc

5ABD

3RJR

3RJR

6V34

6V34

Tyr 199 N-H-—O-H 2.8478
Pro 173 S-H---O=C 2.3968
Asp 175 S-H---O=C 3.385
Lys 171 N-H--N-H 33 3.3874
Lys 171 N-H--N-H 2.8633
Tyr 199 O-H--0-C 3.1201
Lys 200 N-H--N-H 3.1493
Leu 218 S-H--0-C 13 2.6683
Leu 129 S-H--O-C 3.4729
Ala219 N-H--N-H 3.5020
Asp 217 -§-H--0=C 3 2.6237
Leu 218 N-H--N-H 3.1209
Ser 228 N-H-—O-H 3.3725
Glu 586 N-H--O-C 3.5768
Thr 589 N-H--O-H 3069 2.5020
Thr 589 H-N--O-H ‘ 3.0345
Thr 589 N-H--O-H 2.3331
Thr 589 N-H-—O-H 3.1137
Thr 589 H-N--O-H 046 2.7631
Thr 589 N-H-—O-H ‘ 2.7257
Thr 589 H-N--O-H 3.2469

3.2. Drug Likeness Prediction

Drug-likeness evaluates the chance for a molecule to become an oral drug with re-
spect to bioavailability [50]. The drug-likeness and medicinal chemistry properties of the
test compounds were predicted using OSIRIS Property Explorer (http://www.organic-
chemistry.org/prog/peo/. Last accessed on 20 July 2021) and SwissADME
(http://www.swissadme.ch/index.php. Last accessed on 20 July 2021) [50]. The drug-like-
ness prediction result is presented in Table 2. 4-NBTSc showed a lower Clog P than 3-
MBTSc, indicating better hydrophilicity and, thus, good absorption and permeation. A
log S value indicates solubility; the higher the log S value, the lower the solubility which
would reduce the absorption [51]. In terms of solubility, 4-NBTSc is more soluble in blood
than 3-MBTSc. Similarly, a lower TPSA is associated with higher membrane permeability,
and thus a lower TPSA is favorable for drug-like properties [64]. According to Lipinski’s
rule of five, TPSA ranges from 0-140 A2, and the studied compounds have TPSA in the
acceptable range with 3-MBTSc having a lower value than 4-NBTSc. The two compounds
did not violate the Lipinski rule of five with respect to molecular weight, TPSA, number
of rotatable bonds, H-bond acceptors, H-bond donors [52,53]. The bioavailability score in
SwissADME predicts the probability of a compound having at least 10% oral bioavailabil-
ity in rat or measurable Caco-2 permeability based on total charge, TPSA, and violation to
the Lipinski filter [50]. Both 3-MBTSc and 4-NBTSc showed a good and similar bioavaila-
bility score (Table 2 and Figure S1).

Table 2. Comparison of drug-likeness and medicinal chemistry properties of 3-MBTSc and 4-NBTSc
from OSIRIS Property Explorer and SwissADME.

Properties 3-MBTSc 4-NBTSc
Molecular weight 209.27 g/mol 224.24 g/mol
clog P 1.46 0.61
Solubility log S -2.92 -3.36
No. of rotatable bonds 4 4
No. of H-bond acceptors 2 3

No. of H-bond donors 2 2
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TPSA 91.73 Az 128.3 A2
Molar Refractivity 59.69 62.02
Drug likeness Yes Yes
Lipinski rule of five (RO5) 0 violation 0 violation
violation
Drug score 0.96 0.45
Bioavailability Score 0.55 0.55
Synthetic accessibility 2.13 2.28

3.3. ADMET Properties

The ADMET properties of the test compounds are predicted using admetSAR
(http://Immd.ecust.edu.cn/admetsarl. Last accessed on 20 July 2021) [54] and presented in
Figure 2 and Table S3. Blood-brain barrier (BBB) penetration, human intestinal absorption
(HIA), Caco-2 cell permeability, and AMES toxicity along with LD50 and additional AD-
MET properties were calculated. A blood-brain barrier and human intestinal absorption
value closer to 1 represents better permeability and absorption through BBB and intestine
[65]. Both 3-MBTSc and 4-NBTSc have high intestinal absorption and BBB permeability.
When predicting the efflux by P-glycoprotein (P-gp), they prove to be both non-substrate
and non-inhibitor. Also, both the test compounds exhibit non-substrate and non-inhibitor
behavior on most of the CYP450 isoforms. AMES toxicity and carcinogenicity test helps
to identify a potential mutagenic and cancer-causing molecule. Lethal Dose 50 (LD50) is
the quantity of a drug that can kill 50% of the test organisms’ population [65]. Both the
test compounds are non-carcinogenic and have a good LD50.
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Figure 2. Comparative ADMET properties of 3-MBTSc and 4-NBTSc compounds.

3.4. Synthesis and Characterization of 3-MBTSc and 4-NBTSc Compounds

3-MBTSc and 4-NBTSc compounds were synthesized by the following steps as illus-
trated in Scheme 1. The chemical structural analysis was carried out by FT-IR, 'H-NMR
and C-NMR spectral studies and it has confirmed the purity of the synthesized com-
pounds. As depicted in Figure 3, the vibrational peaks between 3208-3499 cm™" and 3147-
3197cm™ correspond to the v(-NHz) and v(-NH) for 3-MBTSc and 4-NBTSc, respectively.
A sharp peak between 1588-1599cm™" was assigned to v(C=N). Further, the peak between
1246-1343 cm™' and 750-832 cm are due to v(C=S). The presence of these peaks confirmed
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the linkage between the aldehydes and thiosemicarbazide indicating the formation of
both the compounds. The peak at 1343 cm™ corresponds to v(N=0O). The obtained peaks
are consistent with previous reports with minor changes [43,66,67]. The peaks between
1451-1454 cm are due to the aromatic C=C stretching. Also, other peaks in the FTIR spec-
tra of the ligands mainly fall in the fingerprint region.

o) __REFLUXING S
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3-Methoxybenzaldehde 3-Methoxybenzaldehyde thiosemicarbazone
NO, o
.
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4-Nitrobenzaldehyde 4-Nitrobenzaldehyde thiosemicarbazone

Scheme 1. Schematic representation of the synthesis of 3-MBTSc and 4-NBTSc compounds.

105 :

"H-NMR spectra are recorded in d®-DMSO and presented in Figures S2 and S3 (Sup-
plementary Information). In 'H-NMR spectra of 3-MBTSc, the prominent proton signal
peaks at 8.19 ppm and 11.40 ppm were assigned to the hydrogen atom of NH2 and NH
groups. The higher proton signals found for NH group (Figure S2A) could be due to the
intermolecular hydrogen bonding [42]. Further, a proton signal peak at 3.80 ppm and be-
tween 6.95-7.44 ppm was due to -OCHs and C-Ph groups, respectively, in 'TH-NMR spec-
tra of 3-MBTSc that were similar to the reported values [42]. Moreover, in "H-NMR spectra
of 4-NBTSc, NH: and NH protons were assigned to 8.38 ppm and 11.66 ppm peaks re-
spectively (Figure S3A). The obtained results were similar to those observed in 'TH-NMR
spectra of 2-nitrobenzaldehyde thiosemicarbazone [44]. The *C-NMR spectrum of both
compounds showed the carbon peaks at 178-179 ppm and 55.29 ppm for C=5S and -OCHjs
groups respectively (Figures S2B and S3B). The C=N signal peak was observed at 159.6
ppm and 148.14 ppm for both 3-MBTSc and 4-NBTSc compounds, respectively. The sig-
nals for aromatic carbon atoms were observed in the range of 111-143 ppm which were
corroborated with previous reports [44].
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Figure 3. FTIR spectra of 3-MBTSc and 4-NBTSc compounds in the wavenumber range of 600-4000 cm™.
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3.5. Anticancer Potential of 3-MBTSc and 4-NBTSc Compounds

Both 3-MBTSc and 4-NBTSc compounds were evaluated for their anticancer potential
against MCF-7, B16-F0, and EAC cells in dose-dependent manner till 48 h. The ICso values
for 3-MBTSc compound on MCF-7, B16-F0, and EAC cells were calculated to be 2.821 +
0.008 ug/mL, 2.904 + 0.013 pg/mL, and 3.355 + 0.012 pug/mL, respectively (Table 3). From
the obtained results, the anticancer potential of 3-MBTSc compound was more potent
against MCF-7 cells followed by B16-FO and EAC cells (Figure 4a—c). Further, The ICso
values for 4-NBTSc compound on MCF-7, B16-F0, and EAC cells were calculated to be
7.102 £0.010 ug/mL, 7.129 + 0.012 ug/mL, and 3.832 + 0.014 ug/mL, respectively. From the
obtained results, the anticancer potential of 4-NBTSc compound was more potent against
EAC cells followed by MCF-7 and B16-FO cells (Figure 4d-f, Table 3). Moreover, the 3-
MBTSc compounds showed higher anticancer therapeutic effects compared to 4-NBTSc
compound (Table 3). To validate the anticancer potential of both compounds, the DOX
was used as a positive control. The calculated ICso value of DOX on MCEF-7 cells was 3.162
+0.018 pg/mL, respectively (Figure 54).
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Figure 4. Anticancer potential of (a—c) 3-MBTSc and (d—f) 4-NBTSc compounds on B16-F0, EAC, and MCF-7 cells. The
toxicity was measured by MTT in a dose-dependent manner till 48 h. All the experiments were conducted three independ-
ent times and each treatment was kept in triplicates (n = 3). ¢, ¢’ =** p <0.001.

Table 3. ICso values of 3-MBTSc and 4-NBTSc compounds on different cancer cells.

) ICs0 Values
Cell Lines 3-MBTSc 4-NBTSc
MCE-7 2.821+0.008 7.102 = 0.010
B16-F0 2.904 +0.013 7.129 + 0.012
EAC 3.355 + 0.012 3.832 + 0.014
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3.6. Cytotoxicity Study of 3-MBTSc and 4-NBTSc Compounds

The toxicity of both 3-MBTSc and 4-NBTSc compounds was analyzed by MTT test on
MCE-10A and NIH-3T3 cells for 48 h. We observed that both compounds displayed more
than 80 % viability on both cells and showed toxicity less than 20% indicating the biocom-
patible nature of both compounds with normal cells (Figure 5).
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Figure 5. Cytotoxicity of (a,b) 3-MBTSc and (c,d) 4-NBTSc compounds on MCF-10A and NIH-3T3 cells. The toxicity was
measured by MTT in a dose-dependent manner till 48 h. All the experiments were conducted three independent times
and each treatment was kept in triplicates (n=3). a, a’ =* p <0.05; b, b’ =** p <0.01; ¢, ¢ =** p <0.001.

3.7. Effects of 3-MBTSc and 4-NBTSc Compounds on Gene Expression of B16-FO Melanoma,
EAC and MCF-7 Human Breast Cancer Cells

The RT-qPCR was performed on RNA isolated from B16-FO melanoma, EAC and
MCF-7 human breast cancer cells treated with 3-MBTSc and 4-NBTSc. Interestingly, the
gene expressions of treated cells are significantly different from untreated and control
cells (p < 0.001) (Figures 6 and 7 and Tables 54-59). Tumor suppressor genes are upregu-
lated, and oncogenes are downregulated significantly. The activity of both ligands varied
with respect to cell line type. In general, 3-MBTSc treated cells showed a significant up-
regulation of BRCA1, Dmpl, and MTS1 in MCF-7, EAC, and B16-FO0 cells, where they are
upregulated in 5.33, 4.75, and 4.25 folds, respectively (Figure 6 and Tables S4-56). The
effect of the 3-MBTSc varied with respect to cell line and type of genes. In line with this,
BRCA1, p19Arf, and p53 genes in MCF-7 breast cancer cells; MTS1, p19Arf, and p53 genes
in B16-FO melanoma, and Dmp1, p21, and BCI2 genes in EAC cell lines are among signif-
icantly upregulated tumor suppressor genes. On the contrary, with respect to untreated
cells, the activities of oncogenes in 3-MBTSc treated cells are significantly (p <0.001) down-
regulated. Along with this line, the expression of oncogenes like PKC, RAS, and Fos with
-7.96, -5.66, and —-4.31 folds in B16-F0 cells; PKC, RAS, and Myc with -7.64, -5.92, and
-4.02 folds in MCF-7 tumor cells are significantly downregulated (Tables 54-5S6). Con-
versely, the expression of Caspase-3, an apoptosis-inducing gene, is upregulated by 3.50
and 1.53 folds in B16-FO0 melanoma and MCEF-7 tumor cells, respectively.
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Figure 6. Selected gene expression after 3-MBTSc treatment (a) EAC and B16-FO melanoma and (b) MCF-7 breast cancer.

Similarly, 4-NBTSc treated cells, most tumor suppressor genes showed a significant
upregulation. Notably, PTEN, BRCA1, and pRB are highly activated with 7.42, 5.13, and
4.19 folds in EAC, respectively (Figure 7 and Tables S7-59). Likewise, PTEN, Dmpl, and
Bax are upregulated with 4.82, 4.7 and 3.35 folds in B16-FO melanoma. Also, in MCEF-7
breast cancer cell lines, PTEN, pRB, and BRCA2 are upregulated with 2.95, 2.21, and 2.195
folds, respectively. In comparison, the expressions of oncogenes are significantly down-
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regulated in 4-NBTSc treated cells. In MCF-7 tumor cells, PKC, RAS, and Myc are down-
regulated by -7.0, -5.88 and -5.1 folds, respectively. Likewise, PKC, RAS, and Fos genes
are downregulated with 5.95, 5.68, and 4.54 in B16-F0 cells. Similarly, Fos, RAS, and PKC
are downregulated with 5.0, 3.81, and 3.0 folds in EAC cells, respectively (Tables S7-59).
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Figure 7. Effect of 4-NBTSc on gene expression (a) EAC and B16-FO0 melanoma and (b) MCF-7 breast cancer.

4. Discussion

The structure, substituents, cancer types, and the dose used have all been reported to
influence the compound’s activity [68-71]. The ICso and cell viability results from this
study showed that the activities of the test compound vary depending on cell line type,
concentration used, and substituent type. According to the results, the test compounds
exhibited a good anticancer activity, with ICso values less than 10 pig/mL. The lowest ICso
value of MCEF-7 in our study is lower than previous reports for the standard drugs of cis-
platin and carboplatin [72,73], and higher than Doxorubicin [74]. Also, it is lower than
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other bioactive molecules such as Organotin (IV) derivative, Diphenyl Sn (IV)) [73]. In
contrast, the result is higher than a palladium (II) thiosemicarbazone complexes [75].
Moreover, the current result is comparable to the ICso of pyrazole-naphthalene derivative
bearing ethoxy at the 4-position of the phenyl ring [72].

Our study showed cell growth inhibition increased with respect to an increase in
concentration of treatment increased. In line with this, the test compound showed a com-
parative cell growth inhibition activity with the standard drug Doxorubicin against MCEF-
7 breast cancer cell line. Theoretically, the highest ICso is associated with the lowest anti-
cancer activity and the lowest cell growth inhibition [76]. Likewise, in our study, the cell
viability and the ICso results support each other. Overall, the test compounds showed a
significant (p < 0.05 *) growth inhibition activity indicating their therapeutic potential as
anticancer agents for further study.

A well-known tumor suppressor gene, p53, plays an essential role in numerous sig-
naling pathways to maintain genome integrity [77]. As a result, most tumorigenesis are
associated with the mutation of p53 genes [78]. We found an upregulated expression of
different tumor suppressor genes that interact with p53 in various signaling pathways in
treated cells than control. Genes such as PTEN, a positive regulator p53 [79]; BRCA1, a co-
activator of p53 [80,81]; and Dmpl, a transcription factor that interacts directly with p53
[82] are upregulated in 3-MBTSc and 4-NBTSc treated tumor cells than untreated. Also,
p19Arf and p21, the transcriptional targets of p53, an inhibitor of cyclin-dependent kinases
and Mdm?2, are upregulated. In addition, pRB, one of the transcription regulators and a
negative regulator of cell proliferation [83], is upregulated in treated MCF-7 and EAC tu-
mor cells. Likewise, Caspase-3, a cysteine—aspartic acid protease that cleaves cellular tar-
gets and executes cell death [84] is upregulated in treated cell with both compounds. This
could be associated with a potent pro-apoptotic effect of the test drug through p53-de-
pendent pathways [85]. However, further detailed studies should be conducted to sup-
port this conclusion.

In contrast, a downregulated gene expressions are found in oncogenes. Among the
tested oncogenes, PKC and RAS are highly downregulated in both 3-MBTSc and 4-NBTSc
treated tumor cells. The interaction between p53 and RAS signaling regulates cancer
chemoresistance. And p53 and RAS inversely regulate apoptosis through AKT- and ERK-
mediated signaling pathways [86]. In our study, p53 is upregulated while RAS is down-
regulated in treated cell lines. Also, Mdm?2, a potent negative regulator of p53 gene [78,87],
and C Myc, transcriptional targets of p53 are downregulated. These results indicates that
the test compounds can be a potential candidate to inhibit oncogenes expression.

The best binding modes of the docked ligand, 3-Methoxybenzaldehyde thiosemi-
carbazone (3-MBTSc) and 4-Nitrobenzaldehyde thiosemicarbazone (4-NBTSc) with PARP
(PDB ID: 1A26), VEGFR-1 (PDB ID: 5ABD), TGF-p1 (PDB ID: 3RJR), BRAFV6E (PDB ID:
6V34), are depicted in Figure 1 and Table 1. As presented in Table 1, 3-MBTSc interacted
with the active site of 1A26 (Figure 1A) by forming two hydrogen bonding with Ser854
and Tyr 907 amino acid and released -32.04 KCal/Mol. Likewise, 4-NBTSc interacted with
four amino acid residues of 1A26 (Figure 1B) and released -33.0 KCal/mol binding energy.
The hydrogen atom of the compound interacted with the oxygen atom of Ser 681 amino
acid and formed three hydrogen bonds. Also, two hydrogen bonds with the nitrogen atom
of Lys 684, one hydrogen bond with each oxygen atom of Thr 866 and Met 675 are formed.
Additionally, 3-MBTSc strongly interacted with 5ABD (Figure 1C) in three hydrogen
bonds with Tyrosine 199 and released -30.33 KCal/mol of binding energy. Whereas, when
4-NBTSc interacted with 5ABD (Figure 1D), it has involved in six hydrogen bonding and
released —22.33 KCal/mol of binding energy. The hydrogen atom of 4-NBTSc interacted
with the oxygen atom of Pro 173, Asp 175, Tyr 199 to form one hydrogen bond with each
amino acid. Simultaneously, the hydrogen atom of the test compound formed three hy-
drogen bonds with the nitrogen atom of Lysine at Lys 171 and Lys 200.
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A strong interaction is observed when the test compound 3-MBTSc interacted with
3RJR (Figure 1E) and released -32.13 KCal/mol of energy. The hydrogen atom of the com-
pound interacted with the oxygen atom of Leucine (Leu 218 and Leu 129) to form two
hydrogen bonds. In comparison, the best interaction is found when 4-NBTSc extended
into the active site of 3RJR which released -42.34 KCal/mol of energy. The hydrogen atom
of the compound has interacted with the nitrogen atom of Ala 219 and Leu 218 amino
acids and the oxygen atom of Ser 228 and Asp 217 amino acids (Figure 1F). On the other
hand, Thr 589 amino acid is involved in making three hydrogen bonds with 3-MBTSc
(Figure 1G). Similarly, the hydrogen atom of 4-NBTSc interacted with 6V34 and formed
four hydrogen bonds through the oxygen atom of Threonine 589 amino acid (Figure 1H).
A total of =30.69 and —29.46 KCal/mol of energy is released during the interaction of 6V34
with 3-MBTSc and 4-NBTSc, respectively. Besides, Glu 586 formed one hydrogen bond
with 3-MBTSc through its oxygen atom.

The ADMET prediction revealed that both test compounds have high intestinal ab-
sorption and BBB+ property (permeable) but cannot penetrate Caco-2. When predicting
the efflux by P-glycoprotein (P-gp), they prove to be both non-substrate and non-inhibitor.
Cytochrome P450 enzymes are essential for the metabolism and elimination of drugs. Alt-
hough there are many isoforms, 90% of drugs are metabolized by six of them, with
CYP3A4 and CYP2D6 being the two most significant enzymes [88]. Both the test com-
pounds exhibit non-substrate and non-inhibitor behavior on most of the CYP450 isoforms.
However, 3-MBTSc inhibits CYP450 1A2 isoform, and 4-NBTSc inhibits CYP450 1A2 and
CYP450 2C19 isoforms indicating that it may affect the activity of these enzymes during
biotransformation of drugs. Moreover, both compounds presented low CYP inhibitory
promiscuity properties. AMES toxicity and carcinogen results showed that the test com-
pounds have mutagenic and non-carcinogenic natures. Chemical acute oral toxicity is an
important endpoint in drug design [89]. Based on the acute oral toxicity (ADMET predic-
tion profile), compounds are categorized into four groups. category I = LD50 < 50mg/kg,
category Il = 50 < LD50 < 500mg/kg, category III = 500 < LD50 < 5000mg/kg and category
IV = LD50 > 5000 mg/kg [89]. In this study, acute oral toxicity of 3-MBTSc falls in Category
III and 4-NBTSc in category II. Based on the admetSAR predicted LD50 dose in rat model
3-MBTSc has a better LD50 value than 4-NBTSc. Overall, the ADMET properties of the
two compounds were very interesting, but 3-Methoxybenzaldehyde demonstrated a bet-
ter ADMET property with less toxicity and less inhibition to normal cell function.

5. Conclusions

In this study, we have successfully synthesized 3-Methoxybenzaldehyde thiosemi-
carbazone and 4-Nitrobenzaldehyde thiosemicarbazone and characterized their struc-
tures using IR, THNMR and *C NMR. The in vitro anticancer activities of the tested com-
pounds are selective, substituent, dose- and cell line dependent. Tumor suppressor genes
are upregulated more than seven-fold, and oncogenes are downregulated close to eight-
fold more in treated tumor cells than untreated cells. The in silico computational study
was consistent with the experimental work. The molecular docking showed that the test
compounds strongly bind with the amino acid residue of the targeted proteins. The com-
pounds have a favorable ADMET and drug-likeness profile. Overall, 3-MBTSc and 4-
NBTSc have the potential to be multitargeting drug candidates for further studies. More-
over, 3-MBTSc has better activity than 4-NBTSc.

Supplementary Materials: The following are available online at www.mdpi.com/article/10.3390/bi-
omedicines9101375/s1. Figure S1: Bioavailability Radar of (A) 3-MBTSc and (B) 4-NBTSc com-
pounds; Figure S2: (A) 'H-NMR and (B) ®*C-NMR spectra of 3-MBTSc; Figure S3: (A) 'H-NMR and
(B) ®C-NMR spectra of 4-NBTSc; Figure S4: Anticancer effect of DOX on MCEF-7 cells as a positive
control. The toxicity was measured by MTT in a dose-dependent manner till 48 h. All the experi-
ments were conducted three independent times and each treatment was kept in triplicates (n = 3).
C, €' =**p <0.001; Table S1: List of genes and primers used in MCF-7 and MCF-10A cells; Table
S52: List of primers used in EAC, B16-F0 and NIH-3T3 cells; Table S3: ADMET properties of the test
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compound from admetSAR; Table S4: Effect of 3-MBTSc on expression of different genes in EAC
cells; Table S5: Effect of 3-MBTSc on genes expression in B16-FO cells; Table S6: Effect of 3-MBTSc
on different genes expression in MCF-7 cells; Table S7: Effect of 4-NBTSc on selected genes expres-
sion in EAC cells; Table S8: Effect of 4-NBTSc on genes expression in B16-FO0 cells; Table S9: Effect of
4-NBTSc on genes expression in MCF-7 cells.

Author Contributions: Conceptualization, writing—original draft preparation, writing—review
and editing, B.Z.S.; writing—review and editing, P.T., P.S. (Paratpar Sarkar), S.P. (Sanya Pachisia),
N.K]., K.D., SK.S., S.P. (Sadanand Pandey), and A.A K.; supervision, project administration, art-
work, and schemes, P.K.G., S.K,, P.S. (Petr Slama), KK.K,, and S.R. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would like to acknowledge Sharda University for their material
support. Also, we would like to thank Richa Tandon in NIFTEM for her support during RT-qPCR
work. Sonia Khanna and Piyush Kumar Gupta is also thankful to the School of Basic Sciences and
Research, Sharda University, India for providing the infrastructure and facility for research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.].; Bottomley, W.; et
al. Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949-954, doi:10.1038/nature00766.

2. WHO. WHO Report on Cancer: Setting Priorities, Investing Wisely and Providing Care for All; WHO: Geneva, Switzerland, 2020;
ISBN 9789240001299.

3. The Global Cancer Observatory, Cancer Today, 2020. Available online: https://gco.iarc.fr/today/fact-sheets-cancers (accessed 1
February 2021).

4. Leo, C;Leo, C; Szucs, T.D. Breast cancer drug approvals by the US FDA from 1949 to 2018. Nat. Rev. Drug Discov. 2020, 19, 11,
doi:10.1038/d41573-019-00201-w.

5. World Health Organization. Radiation: Ultraviolet (UV) Radiation and Skin Cancer. Available online:
https://www.who.int/news-room/qg-a-detail/radiation-ultraviolet-(uv)-radiation-and-skin-cancer (accessed on 1 February 2021).

6.  World Cancer Research Fund International Skin Cancer Statistics. Available online: https://www.wcrf.org/dietandcancer/can-
cer-trends/skin-cancer-statistics (accessed on 1 February 2021).

7. Smiech, M,; Leszczynski, P.; Kono, H.; Wardell, C.; Taniguchi, H. Emerging BRAF mutations in cancer progression and their
possible effects on transcriptional networks. Genes 2020, 11, 1342, doi:10.3390/genes11111342.

8.  Ascierto, P.A.; Kirkwood, ].M.; Grob, J.J.; Simeone, E.; Grimaldi, A.M.; Maio, M.; Mozzillo, N. The role of BRAF V600 mutation
in melanoma. . Transl. Med. 2012, 10, 85, doi:10.1186/1479-5876-10-85.

9.  Cantwell-Dorris, E.R.; O’Leary, ].; Sheils, O. BRAFV600E: Implications for carcinogenesis and molecular therapy. Mol. Cancer
Ther. 2011, 10, 385-394, d0i:10.1158/1535-7163.mct-10-0799.

10. Savoia, P.; Fava, P.; Casoni, F.; Cremona, O. Targeting the ERK signaling pathway in melanoma. Int. J. Mol. Sci. 2019, 20, 1483,
doi:10.3390/ijms20061483.

11. Wang, A.-X;; Qi, X.-Y. Targeting RAS/RAF/MEK/ERK signaling in metastatic melanoma. IUBMB Life 2013, 65, 748-758,
doi:10.1002/iub.1193.

12. Zhao, M.; Mishra, L.; Deng, C.X. The role of TGF-3/SMAD4 signaling in cancer. Int. . Biol. Sci. 2018, 14, 111-123,
doi:10.7150/ijbs.23230.

13. Glick, A.B. The role of TGFf3 signaling in squamous cell cancer: Lessons from mouse models. ]. Skin Cancer 2012, 2012, 1-12,
doi:10.1155/2012/249063.

14. Wu, F,; Weigel, K.J.; Zhou, H.; Wang, X.-J. Paradoxical roles of TGF-f signaling in suppressing and promoting squamous cell
carcinoma. Acta Biochim. Biophys. Sin. 2017, 50, 98-105, d0i:10.1093/abbs/gmx127.

15. Busse, A.; Keilholz, U. Role of TGF-§ in melanoma. Curr. Pharm. Biotechnol. 2011, 12, 2165-2175,
https://doi.org/10.2174/138920111798808437.

16. Patel, M.; Nowsheen, S.; Maraboyina, S.; Xia, F. The role of poly (ADP-ribose) polymerase inhibitors in the treatment of cancer
and methods to overcome resistance: A review. Cell Biosci. 2020, 10, 1-12, d0i:10.1186/s13578-020-00390-7.

17.  Gourley, C.; Balmana, J.; Ledermann, J.A.; Serra, V.; Dent, R.; Loibl, S.; Pujade-Lauraine, E.; Boulton, S.J. Moving from poly
(ADP-Ribose) polymerase inhibition to targeting DNA repair and DNA damage response in cancer therapy. J. Clin. Oncol. 2019,
37, 2257-2269, doi:10.1200/jco.18.02050.

18.  Sulai, N.H.; Tan, A.R. Development of poly (ADP-ribose) polymerase inhibitors in the treatment of BRCA-mutated breast can-
cer. Clin. Adv. Hematol. Oncol. 2018, 16, 491-501.

19. Faraoni, I.; Graziani, G. Role of BRCA mutations in cancer treatment with poly (ADP-ribose) polymerase (PARP) inhibitors.

Cancers 2018, 10, 487, d0i:10.3390/cancers10120487.



Biomedicines 2021, 9, 1375 17 of 19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Stringer-Reasor, E.M.; May, J.E.; Olariu, E.; Caterinicchia, V.; Li, Y.; Chen, D.; Della Manna, D.L.; Rocque, G.B.; Vaklavas, C.;
Falkson, C.I; et al. An open-label, pilot study of veliparib and lapatinib in patients with metastatic, triple-negative breast cancer.
Breast Cancer Res. 2021, 23, 30, d0i:10.1186/s13058-021-01408-9.

Kim, D.-S.; Camacho, C.V.; Kraus, W.L. Alternate therapeutic pathways for PARP inhibitors and potential mechanisms of re-
sistance. Exp. Mol. Med. 2021, 53, 42-51, d0i:10.1038/s12276-021-00557-3.

Behelgardi, M.F.; Zahri, S.; Shahvir, Z.G.; Mashayekhi, F.; Mirzanejad, L.; Asghari, S.M. Targeting signaling pathways of
VEGFR1 and VEGFR2 as a potential target in the treatment of breast cancer. Mol. Biol. Rep. 2020, 47, 2061-2071,
doi:10.1007/s11033-020-05306-9.

Modi, S.J.; Kulkarni, V.M. Vascular Endothelial Growth Factor Receptor (VEGFR-2)/KDR Inhibitors: Medicinal chemistry per-
spective. Med. Drug Discov. 2019, 2, 100009, doi:10.1016/j.medidd.2019.100009.

Lebok, P.; Huber, J.; Burandt, E.-C.; Lebeau, A.; Marx, A.H.; Terracciano, L.; Heilenkétter, U.; Janicke, E.; Miiller, V.; Palu-
chowski, P.; et al. Loss of membranous VEGFR1 expression is associated with an adverse phenotype and shortened survival in
breast cancer. Mol. Med. Rep. 2016, 14, 1443-1450, d0i:10.3892/mmr.2016.5430.

Gardner, V.; Madu, C.O,; Lu, Y. Anti-VEGF therapy in cancer: A double-edged sword. In Physiologic and Pathologic Angiogenesis-
Signaling Mechanisms and Targeted Therapy; InTech: London, UK, 2017; pp. 385-410. http://dx.doi.org/10.5772/66763.

Schmidt, M.; Voelker, H.-U.; Kapp, M.; Diet], J.; Kammerer, U. Expression of VEGFR-1 (Flt-1) in breast cancer is associated with
VEGEF expression and with node-negative tumour stage. Anticancer Res. 2008, 28, 1719-1724.

Guan, L; Yang, H.; Cai, Y.; Sun, L,; Di, P.; Li, W.; Liu, G.; Tang, Y. ADMET-score-a comprehensive scoring function for evalu-
ation of chemical drug-likeness. Med. Chem. Comm. 2019, 10, 148-157, d0i:10.1039/c8md00472b.

Vardhan, S.; Sahoo, S.K. In silico ADMET and molecular docking study on searching potential inhibitors from limonoids and
triterpenoids for COVID-19. Comput. Biol. Med. 2020, 124, 103936, doi:10.1016/j.compbiomed.2020.103936.

Chen, G.; Seukep, A.; Guo, M. Recent advances in molecular docking for the research and discovery of potential marine drugs.
Mar. Drugs 2020, 18, 545, doi:10.3390/md18110545.

Alomar, K.; Khan, M.A,; Allain, M.; Bouet, G. Synthesis, crystal structure and characterization of 3-thiophene aldehyde thio-
semicarbazone and its complexes with cobalt (II), nickel (II) and copper (II). Polyhedron 2009, 28, 1273-1280,
doi:10.1016/j.poly.2009.02.042.

Tada, R.; Chavda, N.; Shah, M.K. Synthesis and characterization of some new thiosemicarbazide derivatives and their tran-
sition metal complexes. ]. Chem. Pharm. Res. 2011, 3, 290-297.

Devi, J.; Yadav, M.; Jindal, D.; Kumar, D.; Poornachandra, Y. Synthesis, spectroscopic characterization, biological screening and
in vitro cytotoxic studies of 4-methyl-3-thiosemicarbazone derived Schiff bases and their Co (II), Ni (II), Cu (II) and Zn (II)
complexes. Appl. Organomet. Chem. 2019, 33, e5154, d0i:10.1002/aoc.5154.

Galczynska, K.; Ciepluch, K.; Madej, L.; Kurdziel, K.; Maciejewska, B.; Drulis-Kawa, Z.; Wegierek-Ciuk, A.; Lankoff, A.; Arabski,
M. Selective cytotoxicity and antifungal properties of copper (II) and cobalt (II) complexes with imidazole-4-acetate anion or 1-
allylimidazole. Sci. Rep. 2019, 9, 1-13, doi:10.1038/s41598-019-46224-6.

Yu, P,; Deng, J.; Cai, J.; Zhang, Z.; Zhang, J.; Khan, M.H.; Liang, H.; Yang, F. Anticancer and biological properties of a Zn-2,6-
diacetylpyridine bis(thiosemicarbazone) complex. Metallomics 2019, 11, 1372-1386, d0i:10.1039/c9mt00124g.

Bisceglie, F.; Orsoni, N.; Pioli, M.; Bonati, B.; Tarasconi, P.; Rivetti, C.; Amidani, D.; Montalbano, S.; Buschini, A.; Pelosi, G.
Cytotoxic activity of copper(ii), nickel(ii) and platinum(ii) thiosemicarbazone derivatives: Interaction with DNA and the H2A
histone peptide. Metallomics 2019, 11, 1729-1742, doi:10.1039/c9mt00166b.

Palamarciuc, O.; Milunovi¢, M.N.M.; Sirbu, A.; Stratulat, E.; Pui, A.; Gligorijevi¢, N.; Radulovi¢, S.; Kozisek, J.; Darvasiova, D.;
Rapta, P.; et al. Investigation of the cytotoxic potential of methyl imidazole-derived thiosemicarbazones and their copper(ii)
complexes with dichloroacetate as a co-ligand. New J. Chem. 2019, 43, 1340-1357, d0i:10.1039/c8nj04041a.

Muralisankar, M.; Dheepika, R.; Haribabu, J.; Balachandran, C.; Aoki, S.; Bhuvanesh, N.S.P.; Nagarajan, S. Design, synthesis,
DNA/HSA binding, and cytotoxic activity of half-sandwich Ru (II)-Arene complexes containing triarylamine—thiosemicarba-
zone hybrids. ACS Omega 2019, 4, 11712-11723, doi:10.1021/acsomega.9b01022.

Aguirre, A.R,; Parrilha, G.L.; Diniz, R.; Ribeiro, B.C.; Dos Santos, R.G.; Beraldo, H. Cytotoxic effects of indium (III) complexes
with 2-acetylpyridine-N(4)-ortho-fluorophenylthiosemicarbazone and their radioactive 114mIn analogues against human gli-
oma cells. Polyhedron 2019, 164, 219-227, doi:10.1016/j.poly.2019.02.055.

Polo-Ceroén, D. Cu (II) and Ni (II) complexes with new tridentate nns thiosemicarbazones: Synthesis, characterisation, DNA
interaction, and antibacterial activity. Bioinorg. Chem. Appl. 2019, 2019, doi:10.1155/2019/3520837.

Ferrari, M.B.; Bisceglie, F.; Pelosi, G.; Sassi, M.; Tarasconi, P.; Cornia, M.; Capacchi, S.; Albertini, R.; Pinelli, S. Synthesis, char-
acterization and X-ray structures of new antiproliferative and proapoptotic natural aldehyde thiosemicarbazones and their
nickel (II) and copper (II) complexes. J. Inorg. Biochem. 2002, 90, 113-126, doi:10.1016/s0162-0134(02)00428-2.

Chandra, ].S.; Kumari, Y.A.S.J.P,; Rani, P.N.V.V.L.P.; Sunandamma, Y. Anthraquinone benzylthiosemicarbazone Cr(III) com-
plex as a potential anti-cancer drug-characterization and activity. Indian ]. Adv. Chem. Sci. 2013, 2, 32-37.

Guin, M,; Khanna, S.; Elavarasi, S.B.; Sarkar, P. DFT calculations, Hirshfeld surface analysis and docking studies of 3-anisalde-
hyde thiosemicarbazone. J. Chem. Sci. 2020, 132, 81, doi:10.1007/s12039-020-01793-2.

Zhang, J.; Wu, L.-P.; Zhuang, L.-H.; Wang, G.-W. 3-Methoxybenzaldehyde thiosemicarbazone. Acta Crystallogr. Sect. E Struct.
Rep. Online 2009, 65, 0884, doi:10.1107/5160053680901040X.



Biomedicines 2021, 9, 1375 18 of 19

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Fatondji, H.R.; Kpoviessi, S.; Gbaguidi, F.; Poupaert, J. Structure—Activity relationship study of thiosemicarbazones on the fungi
candida albicans. | Pharm Chem Biol Sci. 2018, 6, 42-51.

Britta, E.A.; Scariot, D.B.; Falzirolli, H.; Da Silva, C.C.; Ueda-Nakamura, T.; Filho, B.P.D.; Borsali, R.; Nakamura, C.V. 4-Nitro-
benzaldehyde thiosemicarbazone: A new compound derived from S-(-)-limonene that induces mitochondrial alterations in epi-
mastigotes and trypomastigotes of trypanosoma cruzi. Parasitology 2015, 142, 978-988, doi:10.1017/s0031182015000141.

Britta, E.A.; Scariot, D.B.; Falzirolli, H.; Ueda-Nakamura, T.; Silva, C.C.; Filho, B.P.D.; Borsali, R.; Nakamura, C.V. Cell death
and ultrastructural alterations in Leishmania amazonensis caused by new compound 4-Nitrobenzaldehyde thiosemicarbazone
derived from S-limonene. BMC Microbiol. 2014, 14, 236, doi:10.1186/s12866-014-0236-0.

Schneidman-Duhovny, D.; Inbar, Y.; Nussinov, R.; Wolfson, H.J. PatchDock and SymmDock: Servers for rigid and symmetric
docking. Nucleic Acids Res. 2005, 33, 363-367, doi:10.1093/nar/gki481.

Zhang, M.; Wu, J.; Mao, K,; Deng, H.; Yang, Y.; Zhou, E.; Liu, ]. Role of transforming growth factor-p1 in triple negative breast
cancer patients. Int. J. Surg. 2017, 45, 72-76, doi:10.1016/j.ijsu.2017.07.080.

Ceci, C,; Atzori, M.G,; Lacal, P.M.; Graziani, G. Role of VEGFs/VEGFR-1 signaling and its inhibition in modulating tumor inva-
sion: Experimental evidence in different metastatic cancer models. Int. J. Mol. Sci. 2020, 21, 1388, d0i:10.3390/ijms21041388.
Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717, d0i:10.1038/srep42717.

Nisha, C.M.; Kumar, A.; Nair, P.; Gupta, N.; Silakari, C; Tripathi, T.; Kumar, A. Molecular docking and in silico ADMET study
reveals acylguanidine 7a as a potential inhibitor of 3-secretase. Adv. Bioinform. 2016, 2016, 1-6, d0i:10.1155/2016/9258578.
Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J]. Experimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3-26, doi:10.1016/s0169-
409x(00)00129-0.

Mahanthesh, M.; Ranjith, D.; Yaligar, R.; Jyothi, R.; Narappa, G.; Ravi, M. Swiss ADME prediction of phytochemicals present in
Butea monosperma (Lam.) Taub. ]. Pharmacogn. Phytochem. 2020, 9, 1799-1809.

Cheng, F.; Li, W.; Zhou, Y,; Shen, J.; Wu, Z; Liu, G.; Lee, P.W.; Tang, Y. admetSAR: A comprehensive source and free tool for
assessment of chemical ADMET properties. ]. Chem. Inf. Model. 2012, 52, 3099-3105, doi:10.1021/ci300367a.

Yang, H.; Lou, C; Sun, L,; Li, J; Cai, Y.; Wang, Z,; Li, W,; Liu, G.; Tang, Y. admetSAR 2.0: Web-service for prediction and
optimization of chemical ADMET properties. Bioinformatics 2018, 35, 1067-1069, doi:10.1093/bioinformatics/bty707.

Wu, D.-H,; Li, Z.-F.; Zhang, Y .-H. 3-Nitrobenzaldehyde thiosemicarbazone. Acta Crystallogr. Sect. E Struct. Rep. Online 2008, 65,
0163, doi:10.1107/51600536808042645.

Dhahagani, K.; Kumar, S.M.; Chakkaravarthi, G.; Anitha, K.; Rajesh, J.; Ramu, A.; Rajagopal, G. Synthesis and spectral charac-
terization of Schiff base complexes of Cu(Il), Co(Il), Zn(II) and VO(IV) containing 4-(4-aminophenyl)morpholine derivatives:
Antimicrobial evaluation and anticancer studies. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2014, 117, 87-94,
doi:10.1016/j.saa.2013.07.101.

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55-63, d0i:10.1016/0022-1759(83)90303-4.

Gupta, P.K; Tripathi, S.K,; Pappuru, S.; Chabattula, S.C.; Govarthanan, K.; Gupta, S.; Biswal, B.K.; Chakraborty, D.; Verma, R.S.
Metal-free semi-aromatic polyester as nanodrug carrier: A novel tumor targeting drug delivery vehicle for potential clinical
application. Mater. Sci. Eng. C 2020, 107, 110285, doi:10.1016/j.msec.2019.110285.

Gupta, P.K; Pappuru, S.; Gupta, S.; Patra, B.; Chakraborty, D.; Verma, R.S. Self-assembled dual-drug loaded core-shell nano-
particles based on metal-free fully alternating polyester for cancer theranostics. Mater. Sci. Eng. C 2019, 101, 448-463,
doi:10.1016/j.msec.2019.03.041.

Kummari, A.; Pappuru, S.; Gupta, P.K.; Chakraborty, D.; Verma, R.S. Metal-free Lewis pair catalyst synergy for fully alternating
copolymerization of norbornene anhydride and epoxides: Biocompatible tests for derived polymers. Mater. Today Commun.
2019, 19, 306-314, doi:10.1016/j.mtcomm.2019.02.007.

Thomas, J.M.; Bryson, K.M.; Meier, J.L. Nucleotide Resolution Sequencing of N4-Acetylcytidine in RNA, 1st ed.; Elsevier: Amster-
dam, The Netherlands, 2019; Volume 621, pp. 31-51.

Sibuh, B.Z.; Khanna, S.; Taneja, P.; Sarkar, P.; Taneja, N.K. Molecular docking, synthesis and anticancer activity of thiosemi-
carbazone derivatives against MCF-7 human breast cancer cell line. Life Sci. 2021, 273, 119305, doi:10.1016/j.1fs.2021.119305.
Blake, J. Chemoinformatics—predicting the physicochemical properties of “drug-like” molecules. Curr. Opin. Biotechnol. 2000, 11,
104-107, doi:10.1016/s0958-1669(99)00062-2.

Nisha, C.M.; Kumar, A.; Vimal, A.; Bai, B.M.; Pal, D.; Kumar, A. Docking and ADMET prediction of few GSK-3 inhibitors
divulges 6-bromoindirubin-3-oxime as a potential inhibitor. ]. Mol. Graph. Model. 2016, 65, 100-107,
doi:10.1016/j.jmgm.2016.03.001.

Liveira, A.B.D.O.; Eck, ].B.; Aniels, ].D.; Regina, B.; Eitosa, S.F. Crystal Structure of 4-Hydroxy-3-methoxybenzaldehyde-4- me-

thylthiosemicarbazone. X-Ray Struct. Anal. Online. Acta Cryst. E Cryst. Commun. 2015, 31, 5-6, d0i:10.2116/xraystruct.31.5.
Ilavenil, K.K.; Dhamodharan, M. Synthesis, structure and characterisation of Cr (III) and Fe (III) complexes of m-nitro benzal-
dehyde thio semicarbazone. J. Chem. Pharm. Sci. 2016, 9, 1458-1462.

Lobana, T.S.; Khanna, S.; Hundal, G.; Kaur, P.; Thakur, B.; Attri, S.; Butcher, R.J. Coinage metal derivatives of salicylaldehyde
thiosemicarbazones: Synthesis, structures, bond isomerism and H-bonded networks. Polyhedron 2009, 28, 1583-1593,
doi:10.1016/j.poly.2009.03.019.



Biomedicines 2021, 9, 1375 19 of 19

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Bal-Demirci, T.; Congur, G.; Erdem, A.; Erdem-Kuruca, S.; Ozdemir, N.; Akgtin-Dar, K.; Varol, B.; Ulkiiseven, B. Iron(iii) and
nickel(ii) complexes as potential anticancer agents: Synthesis, physicochemical and structural properties, cytotoxic activity and
DNA interactions. New J. Chem. 2015, 39, 5643-5653, doi:10.1039/c5nj005%4a.

Afrasiabi, Z.; Sinn, E.; Chen, J.; Ma, Y.; Rheingold, A.L.; Zakharov, L.N.; Padhye, S. Appended 1,2-naphthoquinones as anti-
cancer agents 1: Synthesis, structural, spectral and antitumor activities of ortho-naphthaquinone thiosemicarbazone and its
transition metal complexes. Inorg. Chim. Acta 2004, 357, 271-278, d0i:10.1016/s0020-1693(03)00484-5.

Atasever, B.; Ulkiiseven, B.; Bal-Demirci, T.; Erdem-Kuruca, S.; Solakoglu, Z.; Atasever, B. Cytotoxic activities of new iron (III)
and nickel(II) chelates of some S-methyl-thiosemicarbazones on K562 and ECV304 cells. Investig. New Drugs 2010, 28, 421-432,
do0i:10.1007/s10637-009-9272-2.

Wang, G.; Liu, W.; Peng, Z.; Huang, Y.; Gong, Z.; Li, Y. Design, synthesis, molecular modeling, and biological evaluation of
pyrazole-naphthalene derivatives as potential anticancer agents on MCF-7 breast cancer cells by inhibiting tubulin polymeriza-
tion. Bioorg. Chem. 2020, 103, 104141, doi:10.1016/j.bioorg.2020.104141.

Ullah, H.; Previtali, V.; Mihigo, H.B.; Twamley, B.; Rauf, M.K,; Javed, F.; Waseem, A.; Baker, R.]J.; Rozas, I. Structure-activity
relationships of new Organotin(IV) anticancer agents and their cytotoxicity profile on HL-60, MCF-7 and HeLa human cancer
cell lines. Eur. J. Med. Chem. 2019, 181, 111544, do0i:10.1016/j.ejmech.2019.07.047.

Zhang, L.-N.; Xia, Y.-Z.; Zhang, C.; Luo, J.-G.; Yang, L.; Kong, L.-Y. Vielanin K enhances doxorubicin-induced apoptosis via
activation of IREla- TRAF2-JNK pathway and increases mitochondrial Ca2 + influx in MCF-7 and MCF-7/MDR cells. Phytomed-
icine 2020, 78, 153329, doi:10.1016/j.phymed.2020.153329.

Hernandez, W.; Paz, J.; Carrasco, F.; Vaisberg, A.; Manzur, ]J.; Spodine, E.; Hennig, L.; Sieler, J.; Beyer, L. Synthesis and charac-
terization of new palladium (II) complexes with ligands derived from furan-2-carbaldehyde and benzaldehyde thiosemicarba-
zone and their in vitro cytotoxic activities against various human tumor cell lines. Z. Fur. Naturforsch. -Sect. B ]. Chem. Sci. 2010,
65, 1271-1278, doi:10.1515/znb-2010-1015.

Matuszewska, A.; Jaszek, M.; Stefaniuk, D.; Ciszewski, T.; Matuszewski, t.. Anticancer, antioxidant, and antibacterial activities
of low molecular weight bioactive subfractions isolated from cultures of wood degrading fungus Cerrena unicolor. PLoS ONE
2018, 13, 0197044, doi:10.1371/journal.pone.0197044.

Denisenko, T.V.; Pivnyuk, A.D.; Zhivotovsky, B. p53-autophagy-metastasis link. Cancers 2018, 10, 148, doi:10.3390/can-
cers10050148.

Hickman, E.S.; Moroni, M.C.; Helin, K. The role of p53 and pRB in apoptosis and cancer. Curr. Opin. Genet. Dev. 2002, 12, 60-66,
doi:10.1016/s0959-437x(01)00265-9.

Mayo, L.D.; Donner, D.B. A phosphatidylinositol 3-kinase/Akt pathway promotes translocation of Mdm?2 from the cytoplasm
to the nucleus. Proc. Natl. Acad. Sci. USA 2001, 98, 11598-11603, doi:10.1073/pnas.181181198.

Chai, Y.; Cui, J.-Q.; Shao, N.; Reddy, E.S.P.; Rao, V.N. The second BRCT domain of BRCA1 proteins interacts with p53 and
stimulates transcription from the p21WAF1/CIP1 promoter. Oncogene 1999, 18, 263-268, doi:10.1038/sj.onc.1202323.

Xu, X,; Qiao, W,; Linke, S.; Cao, L.; Li, W.-M.; Furth, P.A.; Harris, C.C.; Deng, C.-X. Genetic interactions between tumor sup-
pressors Brcal and p53 in apoptosis, cell cycle and tumorigenesis. Nat. Genet. 2001, 28, 266-271, d0i:10.1038/90108.

Frazier, D.P.; Kendig, R.D.; Kai, F.; Maglic, D.; Sugiyama, T.; Morgan, R.L.; Fry, E.A.; Lagedrost, S.].; Sui, G.; Inoue, K. Dmp1l
Physically Interacts with p53 and Positively Regulates p53's Stability, Nuclear Localization, and Function. Cancer Res. 2012, 72,
1740-1750, doi:10.1158/0008-5472.can-11-2410.

Dyson, N.J. RB1: A prototype tumor suppressor and an enigma. Genes Dev. 2016, 30, 1492-1502, do0i:10.1101/gad.282145.116.
Ponder, K.G.; Boise, L.H. The prodomain of caspase-3 regulates its own removal and caspase activation. Cell Death Discov. 2019,
5, 1-10, doi:10.1038/s41420-019-0142-1.

Taha, H.; Mohamed, S.H.; Al-sawaf, H.; Hassan, Z. Evaluation of roscovitine anticancer agent as a reference compound for
cancer and apoptosis studies. J. Innov. Pharm. Biol. Sci. 2019, 6, 53-56.

Zhang, X.; Qi, Z.; Yin, H.; Yang, G. Interaction between p53 and Ras signaling controls cisplatin resistance via HDAC4- and
HIF-1a-mediated regulation of apoptosis and autophagy. Theranostics 2019, 9, 1096-1114, doi:10.7150/thno.29673.

Gupta, A.; Shah, K.; Oza, M.; Behl, T. Reactivation of p53 gene by MDM2 inhibitors: A novel therapy for cancer treatment.
Biomed. Pharmacother. 2019, 109, 484-492, doi:10.1016/j.biopha.2018.10.155.

Lynch, T.; Price, A. The effect of cytochrome P450 metabolism on drug response, interactions, and adverse effects. Am. Fam.
Physician 2007, 76, 391-396.

Li, X,; Chen, L.; Cheng, F.; Wu, Z; Bian, H,; Xu, C.; Li, W.; Liu, G.; Shen, X,; Tang, Y. In silico prediction of chemical acute oral
toxicity using multi-classification methods. J. Chem. Inf. Model. 2014, 54, 1061-1069, doi:10.1021/ci5000467.



	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Molecular Docking
	2.3. Drug-Likeness Prediction
	2.4. ADMET Prediction
	2.5. Synthesis of 3-Methoxybenzaldehyde Thiosemicarbazone (3-MBTSc)
	2.6. Synthesis of 4-Nitrobenzaldehyde Thiosemicarbazone (4-NBTSc)
	2.7. Cell Lines and Cell Culture
	2.8. Anti-Cancer Potential and Cytotoxicity Analysis
	2.9. Gene Expression Analysis
	2.10. Statistical Analysis

	3. Results
	3.1. Molecular Docking
	3.2. Drug Likeness Prediction
	3.3. ADMET Properties
	3.4. Synthesis and Characterization of 3-MBTSc and 4-NBTSc Compounds
	3.5. Anticancer Potential of 3-MBTSc and 4-NBTSc Compounds
	3.6. Cytotoxicity Study of 3-MBTSc and 4-NBTSc Compounds
	3.7. Effects of 3-MBTSc and 4-NBTSc Compounds on Gene Expression of B16-F0 Melanoma, EAC and MCF-7 Human Breast Cancer Cells

	4. Discussion
	5. Conclusions
	References

