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Abstract: The approach of using existing drugs initially developed for one disease to treat other
indications has found success across medical fields. This article emphasizes the drug repurposing of
9H-thioxanthene based on FDA-approved drugs for anticancer agents precisely targeting VEGFR-2 and
COX-2. The investigated 9H-thioxanthene drugs 1-4 were analyzed for Lipinski's drug-likeness rule
and ideal ADME parameters. The results show that all calculated physicochemical descriptors and
pharmacokinetic properties are within the expected range. 9H-thioxanthene drugs 1-4 were subjected
to molecular docking to determine their molecular interactions at the active sites of VEGFR-2 and COX-
2. The molecular docking study revealed that all four 9H-thioxanthene drugs 1-4 were able to target
VEGFR-2 and COX-2. In the future, these findings will be greatly favorable in augmenting the utility
of the development of the investigated drugs 1-4 for cancer therapeutics specifically targeting VEGFR-
2 and COX-2.
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1. Introduction

According to WHO's global cancer profile, ~9.6 million deaths have occurred
worldwide due to cancer (https://www.who.int/health-topics/cancer). Cancer is a generic term
used for a group of diseases characterized by an abnormal growth of cells beyond their usual
boundaries, which may spread to adjoining parts or other organs [1]. Cancer originates due to
genetic adaptations, but there might be other factors, including oncogenes activation,
inactivation of both tumor suppressor genes, genes accountable for apoptotic activity, and
chemically, physically, and biologically induced mutations. Cancer is characterized by loss of
function due to the absence of differentiation, uncontrolled proliferation, invasiveness of
adjacent tissues, and metastasis [2]. The mechanism of cancer is not yet understood completely.
Presently existing anticancer drugs display poor selectivity that causes cytotoxicity for dividing
cells leading to serious side effects, viz., immunosuppression, anemia, diarrhea, nausea, and
alopecia [3]. Additionally, the acquired resistance of different cancer types is a major setback
to cancer treatment approaches [4]. These factors necessitate discovering new, more active,
and selective anticancer drugs.
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The new drug development, preclinical research, and approval course are time-
consuming. These long discovery methods unlock the doors for drug repurposing, also known
as drug repositioning and reprofiling, as an alternate approach for reducing the time required
to develop a drug [5-10]. Although drug repurposing is not novel, it has gained extensive
motivation in the past decade: about one-third of the drug approvals in recent years corresponds
to the drug repurposing approach, creating ~25% of the annual revenue for the pharmaceutical
industry [11]. Pharmacophore-based procedures are currently a significant part of various
computer-aided drug design plans. They have been productively utilized for assignments, viz.
virtual screening, lead optimization, and de novo design [12].

Keeping this in mind, the present work intends on a drug repurposing approach of
previously approved antipsychotic 9H-thioxanthene-based drugs, 1-4, to explore their
anticancer potential (Figure 1). They act as dopamine-2 (D2) receptor antagonists, suppressing
dopamine's function in the brain. Antipsychotics containing thioxanthene are used to treat
schizophrenia [13]. Neuroleptics such as phenothiazine and thioxanthene derivatives are
commonly utilized. However, they exhibit various other fascinating qualities, such as
antibacterial activity, anticancer properties, and the ability to suppress the growth of cancer

cells [14].

9H-thioxanthene

N(\N ~_OH (\N ~_OH
(\/ \)

Figure 1. Structure of 9H-thioxanthene and its based FDA approved drugs; Zuclopenthixol (1), Flupentixol (2),
Chlorprothixene (3), and Pimethixene (4).

Several enzymes and metabolic pathways have been implicated in the development of
cancer. The enzymes most frequently involved in carcinogenesis are vascular endothelial
growth factor receptor-2 (VEGFR-2), cyclooxygenase-2 (COX-2). VEGFR-2 is a member of
the VEGF tyrosine kinase receptor family (VEGFR-TK). It is responsible for normal and

pathological changes in vascular endothelial cells [15]. The VEGFR-2 signaling pathway is
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responsible for blood vessels' formation, function, and maintenance, all physiological
processes that contribute significantly to nutrient supply in healthy tissues and tumors [16].
Due to its critical role in cancer angiogenesis, the VEGFR-2 receptor is the most important
antiangiogenic target [17]. Several antiangiogenic inhibitors of VEGFR-2 have been
discovered that target the ATP-binding site [18]. Angiogenesis is a progression of the
production of new blood vessels from pre-existing ones. It is an indispensable physiological
process for solid tumor cell proliferation by providing oxygen and nutrients to the tumor cells
to boost their growth and metastasis [19,20]. VEGFR-2 is a tyrosine kinase receptor expressed
in endothelial cells [21]. VEGFR-2 plays a crucial role in anti-angiogenesis and is an efficient
target for inhibiting tumor cell proliferation and metastasis [22,23].

On the other hand, COX-2 enzymes are known to play a well-defined role in
malignancies associated with chronic inflammation. The role of COX-2 overexpression in
cervical cancer is well supported by evidence [24]. COX-2 is a highly inducible isoform that
is rapidly upregulated in response to various pro-inflammatory agents, including cytokines,
tumor promoters, and mitogens, especially in cells involved in inflammation, pain, fever, and
tumors [25]. COX-2 plays important roles in tumor progressions, such as cell proliferation,
inhibition of apoptosis, angiogenesis, invasiveness, and immunosuppression [26]; COX
inhibitors may have a positive impact on reducing the development and growth of malignant
tumors, thereby effectively promoting the development of anticancer drugs [27]. COX-2 is
released by cancer-associated fibroblasts, macrophage type 2 (M2) cells, and cancer cells in
the tumor microenvironment. It induces cancer stem cell-like activity and promotes apoptotic
resistance, proliferation, angiogenesis, inflammation, invasion, and metastasis of cancer cells.
It exerts most of its functions through its metabolite; thus, it appears to play the predominant
role in initiating and promoting cancer progression [24].

Considering the above research findings, the current work focuses on the drug
repurposing of 9H-thioxanthene drugs 1-4 for cancers, specifically targeting VEGFR-2 and
COX-2 via molecular docking approaches. This study's outcome will help optimize the use of
9H-thioxanthene drugs 1-4 as anticancer drugs by contributing to the understanding of its yet
unexplored molecular mechanisms of action.

2. Materials and Methods

2.1. In silico ADME profile.

In silico screening of pharmacological properties (ADME) and drug likeliness of the
investigated drugs were performed by SwissADME (http://www.swissadme.ch/index.php)
[28]. The analysis of distinct descriptors viz., calculated octanol/water partition coefficient,
molecular weight, molecular volume, and the number of hydrogen bond donor and acceptor
groups of all the drugs revealed that their penetrating ability in the biological membranes, as
determined by the Lipinski rule of five [29]. Computational analyses to predict the core
pharmacokinetics parameters such as blood-brain barrier (BBB) permeability, gastrointestinal
(GI) absorption, P—glycoprotein—mediated efflux (Pgp) were also performed.

2.2. Molecular docking.

The molecular docking studies were performed by using AutoDock Vina [30]. The
crystal structures of target proteins VEGFR-2 (PDB ID: 4ASD) [31] and COX-2 (PDB ID:
1CX2) [32] were downloaded from the Protein Data Bank (http://www.rcsb.org/pdb) in PDB
https://biointerfaceresearch.com/ 30f12
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format and were prepared by AutoDock Tools [33]. The chosen grid parameters were x=
42.332, y=33.590, z= 36.010 with 40-40-40 grid dimensions with COX-2 and x=-21.981, y=
-1.141, z= -3.791 with 40-40-40 grid dimensions with VEGFR-2. The docked pose has been
visualized using CHIMERA (www.cgl.ucsf.edu/chimera) and Discovery Studio visualizer.

3. Results and Discussion

3.1. In silico ADME profile

The chief considerations for pharmacokinetics are absorption, distribution, metabolism,
and excretion [34]. The projected Lipinski's parameters molecular weight (MW), number of
rotatable bonds (nrotb), number of hydrogen bond acceptors (nON), number of hydrogen bond
donors (NOHNH), and lipophilicity (mLogP) and topological polar surface area (TPSA) for
investigated drugs are shown in Table 1.

Table 1. Selected calculated physicochemical and pharmacokinetic properties of 9H-thioxanthene drugs, 1-4.

Parameters Drugs

1 2 3 4
mLogP (lipophilicity) 3.48 4.28 4.89 5.12
TPSA (A2?) (Total Polar Surface Area) 52.01 52.01 28.54 28.54
Molecular Weight (g/mol) 366.52 43452 315.86 327.87
nHBA (number of hydrogen bond acceptors) 3 6 1 1
nHBD (number of hydrogen bond donors) 1 1 0 0
n violations (number of violated drug-likeness rules) 0 1 1 1
Nrotb (number of rotating bonds) 5 6 3 0
Gl absorbtion (gastrointestinal) High High High High
BBB permeant (blood—brain barrier) Yes Yes Yes No
Pgp substrate (p-glycoprotein) Yes Yes No Yes

The outcomes of in silico properties of the drugs 1-4 displayed no noteworthy violations
of Lipinski's rule of five (mLogP<4.15, MW<500, Hydrogen bond donors<5, and Hydrogen
bond acceptors<10) [29], since all calculated physicochemical descriptors and pharmacokinetic
properties are within the expected thresholds. TPSA measured the bioavailability of the drug
molecule and is closely related to the hydrogen bonding potential and should be <160 A [35].
According to this model, the chosen drugs showed satisfactory oral bioavailability in
combination with lipophilicity, MW, polarity, solubility, saturation, and flexibility in an
acceptable range, as shown in radar plots [36]. Drug likeness was determined by the number
of free rotatable bonds and Lipinski's rule. Computational analyses were performed to predict
the core pharmacokinetics parameters, such as gastrointestinal absorption and P-glycoprotein-
mediated efflux, and the results are displayed in Table 1.

Bioavailability radar of investigated 9H-thioxanthene drugs, 1-4 given bySwissADME
showed that they demonstrate favorably predicted physicochemical properties for oral
bioavailability (Figure 2). The ideal space of six physicochemical parameters, size, polarity,
lipophilicity, solubility, flexibility, and saturation for oral bioavailability, is located in the pink-
colored area [36,37]. All four investigated 9H-thioxanthene drugs 1-4 are in the pink area.
Ligand-based target prediction has proven highly performant and fast in predicting correct
protein targets of compounds in drug discovery [38,39].
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Figure 2. Bioavailability radar plot of 9H-thioxanthene drugs, 1-4. POLAR (polarity), LIPO (lipophilicity),
INSOLU (solubility), FLEX (flexibility), and INSATU (saturation).

3.2. Molecular docking.

Molecular docking is used in identifying and developing drug candidates and is a
computational method to study the molecular activity of complexes at the molecular level [40—
47]. The interactions between the structures of biological targets viz., protein or nucleic acid
minimized at the molecular level with the molecular docking, and the drug candidate can be
examined at the molecular level. Molecular docking gives binding energies, binding modes,
and types of secondary chemical interactions between the target protein and the complex
examined [48]. The Docking studies were performed to study the molecular binding pattern of
9H-thioxanthene-based FDA-approved drugs 1-4 within the active pocket of the crystal
structures of the anticancer targets. The targets used for docking analysis with 9H-thioxanthene
drugs 1-4 are VEGFR-2 and COX-2, which have been extensively revealed to contribute to
apoptotic regulation, cell-cycle progression, transcriptional regulation, DNA damage repair,
stem-cell self-renewal, metabolism, spermatogenesis, and neuronal function and anti-
angiogenesis [19,20,22,23,49-54]. The ligand binding in the active site of a target is suggestive
of the possibility that the ligand may be capable of driving functional alteration of the target
molecules [55,56]. Drug-target interactions were also deciphered in terms of interacting amino
acid residues, hydrogen bonding, docking energy analysis, and comparisons of active site
amino acid residues and probable binding sites. The docking assessment of investigated drugs
1-4 within the active binding sites of targets is shown in Table 2.

Hydrogen bonding was also evaluated for the interaction of investigated drugs 1-4 with
these three targets. Table 2 summarizes the amino acid residues involved in the hydrogen

bonding of 9H-thioxanthene drugs 1-4 within the binding sites of VEGFR-2 and COX-2.
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Overall binding strength is the result of various bonds, consisting of ionic, hydrophobic
interactions, and Vander Waals forces, hydrogen bonds being the major contributors [57,58].
Hydrogen bonding also depends on the composition and 3D alignment of contacting amino
acid residues at the prominent and active binding sites [59].

Table 2. Binding energies (kcal/mol) and amino acid residues involved in hydrogen bonding of 9H-
thioxanthene drugs 1-4 within the binding sites of VEGFR-2 and COX-2.

Drug Targets Amino acids in the binding pockets Receptor residues Binding
involved in Hydrogen energy
bonding (kcal/mol)
1 VEGFR-2 A|a1°5°'11°3; Arg842,929,1032,1051; Asn923; Ser925; ASplOSZ; G|y1102 75

Asp1052,1056,1058; G|y841,1102; Leu840; LySIOSS;
Phe1047; Pr01057,1105; Ser925,1104; Thr926; Trp107l
COX-2 Ala%2; Arg®ll; AsnS0; Asp?68; Cys®69; GIn?70; Sers6s -7.6
G|u308,339- Hi5242- ”9558‘343' Leu246,567- Ly5243,253-

Phe?47: Ser563,566; T 269,561
2 VEGFR-2 A|a1031,1050,1103; Ar9929,1032,1051; Asn923; A5p1052; Glylos7 -83
Asp1052,1056,1058- G|u1097- G|u84l,1102- Leu840-

LySlOSS- Phe1047- Pr01057,1105- Ser925,1104- Thr926-

Trp1071
COX-2 Ala%®Z; Arg253LL; Asn0; Asp88; Cys™9; GInZ'®; | GIu®%®; Arg3t; Glu®; -8.0
G|U308'339; Hi3242; ”6558; LeU246; Ly5243’253; Ph9247; Ser566; Asn570
Ser566; Thr269.561
3 VEGFR-2 Ala88l; Arglo2r; Aspl41046; G|yses; Gly104; - -6.4
HileZG; ||e888; Leu882’1°49; Ser884
COX_2 Argel; ASplZS; Gln37°’372~543; ”8124; LyS546; Ph8367; _ -6.2
pr0542; Ser121; Tyr122
4 VEGFR-2 ArglO32,1051; Asn923; Asp1052,1056,1058; Ly51055; Asp1052 81
Phel047
COX-2 Asp®8; Glu%3; Gly551:552; Cys57:58; His®20; Lys5; - -7.9

Met*8; Pro®’; Ser>; Thrs0; Val>
Ala- Alanine ; Arg-arginine ;Asn-Asparagine; Asp- Aspartic acid; Cys- Cysteine; GIn- Glutamine; Glu-
Glutamic acid; Gly- Glycine; His-histidine; lle- Isoleucine;Leu-leucine; Lys- Lysine; Phe-phenylalanine; Pro-
Proline; Ser-serine; Thr- Threonine;Trp- Tryptophan; Val-Valine.

Figure 3 displays the interacting amino acid residues between investigated 9H-
thioxanthene drugs 1-4 and their respective targets. Figure 3 reveals that all four 9H-
thioxanthene-based FDA-approved drugs 1-4 were found to bind to VEGFR-2 with binding
energies of -7.5, -8.3, -6.4, and -8.1 kcal/mol, respectively (Figure 4). These negative binding
affinities may explain the potent inhibition of compounds towards VEGFR-2 tyrosine kinases.
The negative values also indicate that inhibition is thermodynamically favorable and
spontaneous [60]. Figure 4 shows the 2D interaction of the drugs with amino acids of the
VEGFR-2 enzyme.

These drugs were able to bind to the VEGFR-2 enzyme firmly and, therefore, could
possibly inhibit its function. Table 2 summarizes the amino acid residues involved in the
hydrogen bonding of investigated 9H-thioxanthene drugs 1-4 inside the target binding sites.

Also, within the active pockets of the COX-2 enzyme, the investigated drugs 1-4,
displayed in figures 5 and 6, revealed that they bind with the amino acids in the enzyme pocket
with binding energies of -7.6, -8.0, -6.2, and -7.9 kcal/mol, respectively.

The results of AG values revealed that 9H-thioxanthene drugs 1-4 interacted with a
greater binding affinity with VEGFR-2 in comparison to COX-2. From these docking results,
we could suggest that the variations are due to the presence of amino acid residues mutual to
the active binding sites, with small relation to the hydrogen bonds. Therefore the presence of
the hydrogen bonds is independent of the mutual amino acid residues to active binding sites
and the docking strength.
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Figure 3. 3D alignment of the docked structures of 9H-thioxanthene drugs 1-4 (pink stick) in the corresponding
binding pockets of target VEGFR-2.
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Figure 4. The 2D interaction of 9H-thioxanthene drugs 1-4 with the amino acids of the active site of VEGFR-2
enzyme.
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Figure 5. 3D alignment of the docked structures of 9H-thioxanthene drugs 1-4 (pink stick) in the corresponding
binding pockets of target COX-2.
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Figure 6. The 2D interaction of 9H-thioxanthene drugs 1-4 with the amino acids of the active site of COX-2

enzyme.
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4. Conclusions

Computational approaches are evolving day by day to improve the drug discovery
process. The current study is based on drug repurposing of 9H-thioxanthene drugs against
anticancer chemotherapeutic targets, viz., VEGFR-2 and COX-2. The ADME properties and
drug-likeness of 9H-thioxanthene drugs 1-4 were also assessed, suggesting their good oral
bioavailability. 9H-thioxanthene drugs 1-4 were screened against VEGFR-2 and COX-2
through in-silico approaches to find more potent inhibitors. In structure-based drug discovery,
the binding site unlocks the active residues interacting with the small molecule and is
undoubtedly essential for molecular docking. Thorough data regarding the binding pocket is
obligatory for structure-based drug discovery. The molecular docking study showed that all
four investigated 9H-thioxanthene exhibited inhibitory effects on the chosen enzymatic targets.
The docking results revealed that all four 9H-thioxanthene drugs were able to bind to VEGFR-
2 with more affinity in comparison to COX-2. Thus, these drugs can be analyzed through
experiments in future clinical trials of drugs against VEGFR-2 and COX-2. However, it
requires further study to elucidate this hypothesis.
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