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Abstract

Drug delivery in a safe manner is a major challenge in the drug development process.
Growth factor receptors (GFRs) are known to have profound roles in the growth and pro-
gression of cancerous cells making these receptors a therapeutic target in the effective
treatment of cancer. This work focused on exploring bioactive compounds that can target
GFRs using in silico method. In this study, 50 bioactive compounds from different plant
sources were screened as anticancer agent against GFRs using drug likeness parameters
of Lipinski’s rule of five. The molecular docking was performed between phytochemicals
and GFRs. Ligands with acceptable drug likeness and binding energy comparable to the
standard drugs were further screened to determine their pharmacokinetic activities. This
study showed phytochemicals with the binding energy comparable with the standard drugs
(Dovitinib and Gefitinib), while ADME, bioactivity score, and bioavailability radar analy-
sis gave further insight on these compounds as potent anticancer agents.

Keywords GFR - Drug delivery - ADMET - Molecular docking - Cancer

Introduction

Multiple alterations in the gene expression lead to imbalance in cellular proliferation
resulting in abnormal growth of cells called cancer. Over the years, cancer has been a
persistent public health problem recorded as the major cause of death in both devel-
oped and developing countries worldwide [1, 2]. Research shows that an estimated
number of 23.6 million new cases of cancer are likely to be recorded per year by 2030
[3]. Cancerous cells have special ability of survival, immortality, self-sufficiency of
growth signals, unlimited replication, gene instability, evading programmed cell death,
continuous angiogenesis, and diverse mutations [4]. Growth factor receptors (GFRs)
are proteins that have profound roles in tumor growth of cell, metastasis, angiogenesis,
cell survival, cell death, cell migration, differentiation, organogenesis, neovasculari-
zation, and chemoresistance, activated by binding with their ligands (growth factors)
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[5-7]. These receptors highly involved in cancer progression include epidermal growth
factor receptors (EGFRs), insulin-like growth factor receptor (IGFR), vascular
endothelial growth factor receptor (VEGFR), transforming growth factor-beta receptor
(TGF-BR), fibroblast growth factor receptor (FGFR), and platelet-derived growth fac-
tor receptor (PDGFR). In some cancer, these receptors are often overexpressed leading
to uncontrolled proliferation and differentiation [8], and their amplification activates
both inherent and acquired resistance to cancer treatments. Overexpression of HER-2
gene was found in breast, bladder, lung, and glial carcinomas; HER-3 gene in aggres-
sive metastatic breast, ovarian, lung, gastric, invasive urothelial bladder, and endo-
metrial carcinomas; VEGFR1-3genes found in large number of tumors like bladder,
colon, breast, lung, brain, prostate, gastric, kidney, thyroid, and ovarian cancer cells;
FGFR-2 gene in gastric, breast, endometrial, and lung carcinomas [6, 9]. The role of
these receptors in cancer progression has made them a necessary therapeutic target for
effective cancer therapy.

Presently, the treatment of cancer involves the use of chemotherapy, radiotherapy,
immunotherapy, surgery, and anticancer drugs, all of which have been proven to be
less effective due to disadvantages of recurrence, drug resistance, effect on non-tar-
geted cell, and other various side effects and toxicity that accompanies them [2, 4].

Studies have shown that phytochemicals are powerful anticancer agents, with ben-
efits greater than synthetic compounds, ranging from less toxicity, ease of extraction,
to large abundance [10]. About 35% of cancer cases can be addressed by establishing
a proper dieting which largely involves the consumption of plant-derived foods such as
vegetables, fruits, and whole grains that contains carotenoids, flavonoids, and pheno-
lics [11-13]. Phytochemicals possess various mechanisms to shut down or slow down
cancer growth and progression by reducing oxidative stress, suppressing proliferation
of cells, causing programmed cell death, preventing angiogenic process, and cell cycle
arrest [2, 11]. Studies showed that not less than 60 phytochemicals are currently in the
pipeline as potential anticancer agents [14—16]. Developing anticancer drug requires
blocking one or more proteins or pathways involved in cancer development. In this
present study, 50 phytochemicals were evaluated against EGFRs (HER-2 and HER-3),
VEGFR (VEGFR-2 and VEGFR-3), and FGFR (FGFR-2) to determine potential lead
agents for the development of anticancer drugs.

Materials and Method
Selection and Preparation of Ligands

Fifty bioactive compounds from different plant sources collated from public database
and published research papers were downloaded from https://pubchem.ncbi.nlm.nih.
gov in SDF format (Fig. 1). Also, two standard drugs Dovitinib and Gefitinibwith Pub-
med IDCID_135398510 and CID_123631 respectively were downloaded in 3D Sdf
format for comparism with the phytochemicals. Using the software open babel (http://
openbabel.org/wiki/Main_Page), these ligands were changed to PDB format which
makes them suitable for docking analysis. This was followed by setting the torsion
requirements for proper binding using Autodock 4.2.6 parameters.
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Fig. 1: 3D Structures of 50 phytochemicals used in this study. (1) 6-Shogaol, (2) a-Zingiberene, (3) Andro-
grapholide, (4) Apigenin, (5) Bassic acid, (6) Linoleic acid, (7) Berberine, (8) Chlorogenic acid, (9) Chry-
sin, (10) Colchicine, (11) Corydine, (12) Crocetin, (13) Crocin 3, (14) Curcumin, (15) Curdione, (16)
Cyanidin, (17) Decursinol, (18) Ellagic acid, (19) Emodin, (20) Epicatechin, (21) Epigallocatechin, (22)
Eriodyctiol, (23) Etoposide, (24) Eugenol, (25) Fisetin, (26) Genkwanin, (27) Ginkgetin, (28) Isorhamnetin,
(29) Kaempferol, (30) Licochalcone A, (31) Luteolin, (32) Hispidulin, (33) Nectandrin B, (34) Niaziminin,
(35) Nimbolide, (36) Oleanolic acid, (37) Panaxadiol, (38) Panaxatriol, (39) Plumbagin, (40) Podophyl-
lotoxin, (41) Quercetin, (42) Salvicine, (43) Silibinin, (44) Tetrandrine, (45) Theaflavin, (46) Tylophorine,
(47) Ursolic acid, (48) Withaferin A, (49) Yuanhuanin, (50) Hecogenin

Proteins Preparation

3D structures of human endothelial receptor (HER-1 and HER-2), vascular endothelial
growth factor receptor (VEGFR-2 and VEGFR-3), and fibroblast growth receptor (FGFR-
2) were downloaded from RCSB protein data bank (http://www.rcsb.org/pdb/home/
home.do) with PDB ID 3PPO for HER-2, 60P9 for HER-3, 3VHE for VEGFR-2, 4BSJ
for VEGFR-3, and 2PVF for FGFR-2. Using Autodock 4.2.6, removal of water molecules
and addition of polar hydrogen and Kollman’s charges were done, and these proteins were
saved in PDBQT format.

Docking Analysis

After the proteins and ligands preparation, molecular docking was executed using Autodock
4.2.6. For binding to take place, X, y, and z dimensions were set at 60 X 60x 60 with a resolu-
tion of 0.500 A and grid box centered to obtain favorable docking conformations. The grid
file was saved as (.gpf) file and run autogrid. Docking calculation was then carried out using
the Lamarckian genetic algorithm with the default at 10 runs. Dock file was saved as dpf
and after running autodock, final docked results were obtained in (.dlg) file which showed
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information such as binding residues, binding energy, and inhibition constant. The structures
showing interaction between ligands and proteins were viewed using Discovery Studio.

Rule of Five (RO5)

Lipinski’s ROS5 is used for evaluation of drug likeness of a compound, a necessary step in
drug discovery which helps to determine if a certain compound is likely to be orally active.
In this study, ligands were screened for the RO5 using the Supercomputing facility for bio-
informatics and computational biology (http://www.sctbio-iitd.res.in/software/drugdesign/
lipinski.jsp) [17, 18]. Bioactive compounds with binding energy comparable to standard
drugs were subjected to this analysis.

In Silico ADME Analysis

Pharmokinetics parameters such as Absorption, Distribution, Metabolism, and Excretion were
evaluated in the ligands using SwissADME (http://www.swissadme.ch/index.php). The essence
of this assay is to provide insights that will be useful in drug research and development process.

Bioactivity Score and Bioavailabilty Radar

The bioactivity score of ligands was determined employing online Molinspiration software
(http://www.molinspiration.com/). This was done by applying canonical SMILES of ligands
obtained from PubChem. Properties analyzed include G-protein coupled receptors (GPCR),
enzyme inhibitors (EI), kinase inhibitors (KI), nuclear receptors ligands (NRL), and ion
channel modulators (ICM). The bioavailability radar ligands were determined by using
Swiss ADME (http://www.swissadme.ch/index.php) which instantly shows if a compound
is orally bioavailable.

Table 1 Binding parameters between ligands and target protein HER-2

Phytochemicals Binding Inhibition =~ Number of = Amino acids involved in hydrogen
energy (Kcal/ constant hydrogen bonding
mol) (uM) bond
Andrographolide —-6.77 10.87 3 ASP 950, ASP 871, ILE 872
Bassic acid -7.19 5.37 2 ASP 769, ARG 985
Crocetin -6.73 11.76 2 ARG 968, ASP 950
Curdione -6.72 11.89 1 ILE 714
Nimbolide -8.11 1.13 3 ARG 968, LYS 765, LYS 954
Oleanolic acid —7.84 1.78 1 ASP 871
Panaxadiol -8.73 0.395 2 LYS 765, LEU 870
Panaxatriol —8.41 0.685 2 LEU 870, LYS 765
Ursolic acid —-8.05 1.25 1 ASP 871
Withaferin A -9.55 0.998 1 ASP 950
Hecogenin —-7.93 1.54 2 ASP 950
Dovitinib (Standard drug) —7.45 3.48 3 GLU 971, SER 963, ARG 966
Gefitinib (Standard drug) —6.58 15.08 1 LYS 765
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Fig.2 2D Interaction of ligands with HER-2. (1)Andrographolide, (2) Bassic acid, (3) Crocetin, (4) Curdi-
one, (5) Nimbolide, (6) Oleanolic acid, (7) Panaxadiol, (8) Panaxatriol, (9) Ursolic acid, (10) Withaferin A,
(11) Hecogenin, (12) Dovitinib, (13) Gefitinib

Results and Discussion

Docking Analysis

Due to the roles growth factor receptors play in the development and progression of cancer,
it is necessary to develop suitable drug candidates that can effectively inhibit growth factors
at the sites of receptors with little or no effects. Binding affinity between ligands and recep-
tors is determined by the binding energy, the lower the energy, the higher the binding affin-
ity [9]. For this purpose, 50 bioactive compounds (Fig. 1) were screened against ERRB2/
HER-2, ERRB3/HER-3, VEGFR-2, VEGFR-3, and FGFR-2. Commonly used anticancer
drugs (Dovitinib and Gefitinib) that have activities against the target receptors were docked
against the proteins and their binding energies used as comparison with the binding ener-
gies of the selected. After docking, the binding energy(kcal/mol), number of hydrogen bond,
inhibitory constant (1M/nM), and amino acids involved in hydrogen bonding were noted.
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Fig.3 2D Interaction of ligands with HER-3. (1) Andrographolide, (2) Bassic acid, (3) Crocetin, (4) Cur-
dione, (5) Etoposide, (6) Genkwanin, (7) Licochalcone A, (8) Nectandrin B, (9) Nimbolide, (10) Oleanolic
acid, (11) Panaxadiol, (12) Panaxatriol, (13) Salvicine, (14) Tetrandrine, (15) Theaflavin, (16) Tylophorine,
(17) Ursolic acid, (18) Withaferin A, (19) Hecogenin, (20) Dovitinib, (21) Gefitinib

Out of the 50 phytochemicals, 14 have binding energy comparable to the stand-
ard drug for HER-2 (Table 1 and Fig. 2). Dovitinib and Gefitinib have binding energies

Table 3 Binding parameters between ligands and target protein VEGFR-2

Phytochemicals Binding Inhibition =~ Number of =~ Amino acids involved in hydrogen
energy (Kcal/ constant hydrogen bonding
mol) (uM) bond
Oleanolic acid -9.05 0.231 2 ARG 1027, 1LE 1044
Panaxadiol —-9.51 0.106 3 ARG 1027, HIS 1026, ILE 1044
Panaxatriol -9.13 0.202 3 ARG 1027, HIS 1026, 1LE 1044
Ursolic acid -9.11 0.210 3 ASP 814, ARG 1027, ILE 1044
Withaferin A -9.53 0.103 2 GLU 885, ILE 1025
Hecogenin -9.82 0.314 2 ARG 1027, GLU 818
Dovitinib (Standard drug) —8.84 0.332 1 GLU 917
Gefitinib (Standard drug) —8.70 0.423 2 ASP 1046, CYS 919
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Fig.4 2D Interaction of ligands with VEGFR-2. (1) Oleanolic acid, (2) Panaxadiol, (3) Panaxatriol, (4)
Ursolic acid, (5) Withaferin A, (6) Hecogenin, (7) Dovitinib, (8) Gefitinib

of — 6.03 kcal/mol and — 6.59 kcal/mol, respectively, with amino acid involved in hydrogen
bond as LYS1326 and GLLN1329 for Dovitinib and LEU1291 for Gefitinib.

Table 4 Binding parameters between ligands and target protein VEGFR-3

Phytochemicals Binding Inhibition =~ Number of = Amino acids involved in hydrogen
energy (Kcal/ constant hydrogen bonding
mol) (uM) bond
Bassic acid -6.14 31.80 2 GLU 344, ASN 515
Nectandrin B -6.08 34.69 3 GLY 513, ASN 515, THR 394
Nimbolide —6.58 15.08 1 LEU 454
Oleanolic acid -7.59 2.75 3 SER 537, SER 455, LEU 454
Panaxadiol -7.11 6.10 1 LEU 454
Panaxatriol -6.79 10.49 1 ASN 515
Tetrandine —6.44 19.13
Ursolic acid —-7.42 3.65 2 LEU 452, GLY 513
Withaferin A -17.27 4.72 3 LEU 452, VAL 418, THR 394
Hecogenin —745 3.44 1 LEU 452
Dovitinib (Standard drug) —6.07 35.59 3 SER 455, GLN 457, LEU 454
Gefitinib (Standard drug) —5.94 44.14 3 ASN 515, TYR 448, GLU 391
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Fig.5 2D Interaction of ligands with VEGFR-3. (1) Bassic acid, (2) Nectandrin B, (3) Nimbolide, (4)
Oleanolic acid, (5) Panaxadiol, (6) Panaxatriol, (7) Tetrandine, (8) Ursolic acid, (9) Withaferin A, (10)
Hecogenin, (11) Dovitinib, (12) Gefitinib

Nineteen phytochemicals for HER-3 as shown in Table 2 and Fig. 3 have Dovi-
tinib and Gefitinib with binding energies of — 8.77 kcal/mol and — 6.89 kcal/mol, with
amino acid involved in hydrogen bond as LEU771 for Dovitinib and CYS721 and
LEU771 for Gefitinib.

Six phytochemicals for VEGFR-2 as shown in Table 3 and Fig. 4 have — 8.84 kcal/mol
and — 8.70 kcal/mol binding energies for Dovitinib and Gefitinib respectively and amino
acids GLU917 for Dovitinib and ASP1046 and CYS919 for Gefitinib.

Ten phytochemicals for VEGFR-3 as seen in Table 4 and Fig. 5 have binding energies
of —6.07 kcal/mol and—5.94 kcal/mol for Dovitinib and Gefitinib, respectively, having
amino acid SER455, GLN457, and LEU454 for Dovitinib and ASN515, TYR448, and
GLU391 for Gefitinib.

Lastly, 19 phytochemicals have binding energy comparable to standard drug for FGFR-2
(Table 5 and Fig. 6); Dovitinib has an energy of —6.72 kcal/mol with amino acid involved
in hydrogen bond as ASN571, while Gefitinib has a binding energy of —7.84 kcal/mol and
amino acid ALA567. From these results, we selected 13 phytochemicals with the lowest
binding energy comparable to standard drugs found in at least three of the target proteins;
these were used for further in silico studies.
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Fig. 6. 2D Interaction of ligands with FGFR-2. (1)Andrographolide, (2) Bassic acid, (3) Chrysin, (4) Cur-
dione, (5) Emodin, (6) Eriodyctiol, (7) Isorhamnetin, (8) Nectandrin B, (9) Nimbolide, (10) Oleanolic acid,
(11) Panaxadiol, (12) Panaxatriol, (13) Salvicine, (14) Tetrandrine, (15) Theaflavin, (16) Tylophorine, (17)
Ursolic acid, (18) Withaferin A, (19) Hecogenin, (20) Dovitinib, (21) Gefitinib

Pharmacokinetic and Drug Likeness Screening of Phytochemicals

Drug properties of the 13 selected phytochemicals were screened by Lipinski rule of five
and ADME, which was followed by determining the bioavailability radar and bioactive
score of the ligands. Lipinski’s rule of five checked parameters like molecular weight,
hydrogen donor, hydrogen acceptor, lipophilicity, and molar refractivity [17, 18]. Andro-
graholide, Bassic acid, Curdione, Nectandrin B, Nimbolide, salvicine, Withaferin A, and
Hecogenin satisfied all the five criteria of Lipinski; Tetrandine did not pass the criteria
while the others have deviation in at most one of the criteria which is still acceptable
(Table 6).

The phytochemicals were screened for ADME properties calculated from SwissADME,
a free web tool which predicts and evaluates pharmacokinetics and drug likeness of mol-
ecules and built on several models [19]. In silico pharmacokinetics of the ligands as shown
in Table 7 reveals that the drug likeness and pharmacokinetics of some of the phytochemi-
cals are comparable to the standard drugs. The estimated solubility (ESOL) showed the
phytochemicals curdione, andrographolide, and salvicine to be more soluble than the
standard drugs Dovitinib and Gefitinib with lipophilicity comparable to Dovitinib but less
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Table 6 Lipinski’s rule of 5

Phytochemicals Mass Hydrogen Hydrogen bond LOGP Molar refractivity
bond donor acceptor

Andrographolide 350 3 5 1.96 93.5
Bassic acid 486 4 5 4.305 135.46
Curdione 236 0 2 3.55 69.73
Nectandrin B 344 2 5 4.19 94.21
Nimbolide 466 0 7 3.74 119.39
Oleanolic acid 456 2 3 7.233 132.68
Panaxadiol 460 2 3 6.74 133.81
Panaxatriol 476 3 4 5.71 135.20
Salvicine 330 2 4 2.86 93.96
Tetrandine 622 0 8 7.16 177.68
Ursolic acid 456 2 3 7.09 132.61
Withaferin A 470 2 6 3.35 124.46
Hecogenin 430 1 4 4.92 118.11
Dovitinib (Standard drug) 392 4 6 2.23 111.83
Gefitinib (Standard drug) 446.5 1 7 4.28 118.15

than Gefitinib. Lipophilicity expressed as iLogP affects the absorption of drug, the lower
the iLOGP value, the higher the absorption, and vice versa. Gastrointestinal absorption
(GIA) and blood-brain barrier (BBB) permeation are predicted by BOILED model which
utilizes the polarity and lipophilicity of compounds [20]. GIA was high for all the ligands
except oleanolic acid and ursolic acid. In line with this, the bioavailability score of all the
ligands falls in the normal range except that of ursolic and oleanolic acids. Major thera-
peutic agents are substrates to p-glycoprotein, which in most cases have the potential to
reduce absorption, permeability, oral bioavailability, and retention time of drugs [21, 22].
P-glycoproteins are overly expressed in cancer cells, a major barrier in cancer treatment
that causes drug efflux and makes chemotherapy quite ineffective [22, 23]. Hence, ligands
that are non-substrate of p-gp are most preferable for cancer treatment.

As shown in Table 7, most of the phytochemicals are non-inhibitors of CYP3A4 and
CYP1A2, members of drug-metabolizing enzymes cytochrome P450, an enzyme that pos-
sesses important role in drug metabolism. The interaction of cytochrome 450 isoenzymes
with drug could result in either rapid metabolism when the drug is a substrate of any CYP
causing induction or accumulation of the drug when the drug is an inhibitor that causes
inhibition, which in both cases are undesirable [24]. Therefore in silico analysis in pre-
dicting the interaction of compounds or drugs with CYP isoenzymes is important in drug
development process.

Bioavailability Radar

Bioavailability radar provides a rapid assessment of the drug likeness of a compound. As
seen in Fig. 6, the pink area shows the optimal range of each parameter; when considering
the parameters of a phytocompound, the radar plot of the compound has to fall in the pink
area in order to be considered drug-like; hence, the ligands are either predicted to be orally
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Fig. 7 Radar plots of ligands
Table 8 Bioactivity score of compounds using Molinspiration.com
Compound GPCR ICM KI NRL PI EIL
Andrographolide 0.32 0.17 -0.01 0.94 0.26 0.81
Bassic acid 0.23 —-0.28 -0.35 0.79 0.16 0.66
Curdione -0.26 —0.01 —-1.04 —0.05 —0.040 —0.33
Nectandrin B 0.08 -0.16 -0.16 0.20 -0.14 0.10
Nimbolide 0.22 0.22 -0.36 0.32 0.04 0.36
Oleanolic acid 0.26 —-0.06 —-0.40 0.77 0.15 0.65
Panaxadiol 0.16 0.15 —-0.26 0.54 0.19 0.66
Panaxatriol 0.19 0.16 -0.27 0.55 0.19 0.73
Salvicine 0.10 0.50 —-0.06 0.30 0.26 0.61
Ursolic acid 0.28 —0.03 -0.50 0.89 0.23 0.69
Withaferin A 0.07 0.14 -0.49 0.76 0.15 0.94
Hecogenin 0.05 0.04 -0.57 0.47 0.08 0.61
Dovitinib (Standard drug) 0.23 0.10 0.84 -0.01 —-0.06 0.27
Gefitinib (Standard drug) —-0.18 —-0.54 -0.07 -0.62 —-0.67 -0.26
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bioavailable or not orally bioavailable via the radar plot. Flexibility (FLEX) and polarity
(polar) are two essential properties that determine the bioavailability of compounds. Flexi-
bility is determined by rotatable bonds; compounds with rotatable bonds > 10 are predicted
to have low oral bioavailability while polarity as determined by topological polar surface
implies that compound with TPSA>20 A2<130 A2 have high oral bioavailability [24].
Seven of the phytochemicals (Andrographolide, Curdione, Nectandrin B, Nimbolide, Sal-
vicine, Withaferin A, and Hecogenic) under study are noted to satisfy the radar plot criteria
and hence can be suggested to be orally bioavailable (Fig. 7).

Bioactivity Score

Bioactivity score is used to calculate the drugability properties of ligands such as GPCR,
ICM, KI, NRL, PI, and EI. Molinspiration online server was used to predict the scores
of the ligands. Scores greater than 0.00 denote high activity, scores ranging from—0.5
to—0.00 show moderate activity, and scores lower than—0.5 imply inactivity [25]. The
phytochemicals under study showed a good score of high to moderate activity except for
Hecogenic that showed inactivity in KI with a score of —0.57 as shown in Table 8. For
GPCR and NRL, Andrographolide showed the highest score of 0.32 and 0.94, respectively;
salivicine showed the highest score of 0.50 for ICM; Withaferin A had the highest score
of 0.94 for EI; and Andrographolide and Salivicine both showed a high score of 0.26 for
PI. Comparing this to the standard drugs, Dovitinib has good scores for all the properties
while Gefitinib showed inactivity in some of the properties as seen in Table 8. Good bio-
activity scores revealed the potentials of these bioactives as potent therapeutic agents, the
higher the scores, the better the activity.

Conclusion

In silico study is carried out to explore the potentials of various phytochemicals to
inhibit cancer growth and progression through modulation of growth factor receptors.
Based on our analysis, seven phytochemicals (Andrographolide, Curdione, Nectandrin
B, Nimbolide, Salvicine, Withaferin A, and Hecogenic) possessed drug likeness and
pharmacokinetics activities that are comparable with the standard drugs (Dovitinib and
Gefitinib). This reveals that bioactive compounds have the ability to bind with GFRs
causing inhibition of growth factors which in turn hinders cancer cell proliferation. Fur-
ther investigation is needed to establish the pharmacodynamics and kinetic properties of
these phytochemicals; also, mechanism of action of these phytochemicals as nanoparti-
cle carrier of anticancer drug for effective cancer treatment can be found.
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