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Abstract
Angiogenesis, i.e. formation of new blood vessels, is a key hallmark 
of tumor growth and progression. The tyrosine kinase (TK) domain 
of vascular endothelial growth factor receptor (TK-VEGFR-1) is 
reported as the key intracellular domain responsible for the downstream 
signalling leading to angiogenesis. Therefore, targeting TK domain 
of VEGFR-1 and blocking downstream signalling is considered as a 
promising approach in cancer therapy. Furthermore, in view of severe 
side effects exhibited by present day synthetic drugs, directed against 
TK domain of VEGFR-1, there is a worldwide effort to identify safer 
alternatives drugs, especially coming from natural sources. Keeping 
this perspective in mind, in the present paper, we have evaluated 
the anti-angiogenic potential of ADMET screened 18 alkaloids, 26 
flavonoids and 9 terpenoids against TK domain of VEGFR-1 through 
molecular docking approach. Results of the analyses revealed that 
the alkaloid liriodenine (-7.10 Kcal/Mol), flavonoid glabridin (-9.85 
Kcal/mol) and terpenoid sarsasapogenin (-9.58 Kcal/mol) were found 
to be the best among respective classes. However, across the three 
classes, flavonoid glabridin was found to be the most potent inhibitor. 
An assessment of anti-angiogenic potential of the flavonoid glabridin 
with that of FDA approved drug regorafenib revealed comparable 
results. Results of docking were further validated using molecular 
dynamics simulation (MDS) analyses. Thus, the present study makes 
a foundation for further investigations based on the experimental data 
(wet laboratory data) for therapeutic application of screened secondary 
metabolites in general and glabridin and sarsasapogenin in particular.
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signalling cascades [1]. One of the key growth factor which is primarily 
responsible for angiogenesis is vascular endothelial growth factor-A 
(VEGF-A) [2,3]. VEGF-A has been reported to bind on its receptor 
namely, vascular endothelial growth factor receptor (VEGFR-1) (also 
known as fms-like tyrosine kinase (Flt-1) [4,5]. Human VEGFR-1, 
made up of 1,338 amino acids, has four characteristics domains 
namely, namely, the extracellular (immunoglobin-like) domain, 
transmembrane (TM), domain, intracellular kinase (TK) domain, 
followed by carboxyl terminal (CTD) domain [6]. The binding of a 
ligand to the extracellular domain of VEGFR-1 leads to dimerization 
and subsequent activation of tyrosine kinase (TK) domain [7,8]. 
The activated TK domain further mediates downstream signalling 
leading to the exposure of ATP binding site of the intracellular TK 
domain, kinase activation and subsequent auto/transphosphorylation 
of tyrosine residues on the receptor [9]. Further downstream signal 
transduction includes the activation of Ras–extracellular regulated 
kinase (ERK), mitogen activated (MAP) kinase pathway, the 
phosphoinositide 3-kinase (PI 3-kinase)–Akt and the JAK/STAT 
pathway subsequently leading to modulation of various subsets of 
genes. These activation cascades ultimately result in the establishment 
of biological responses such as cell proliferation, migration and 
arrangement in three dimensions to form vascular vessels [10].

TK domain of VEGFR-1 has been exploited for therapeutic 
applications based on the observation that drugs binding at TK 
domain leads to inhibition of further downstream signalling [11]. 
Therefore, TK domain of VEGFR-1 has emerged as the promising 
target for the anti-angiogenesis cancer therapeutics [12,13]. Thus, 
monoclonal antibodies (VEGF mediated), antibodies conjugates, small 
molecules as well as plant derived phytochemicals have been tested 
for their potential for inhibition of the signalling cascades [14,15]. 
Bevacizumab, (a humanised monoclonal antibody), approved anti-
angiogenic drug for patients with metastatic colorectal cancer (CRC), 
non-small cell lung cancer and metastatic breast cancer is being used 
in combination with chemotherapy [16,17]. Likewise, FDA approved 
drugs such as sorafenib and sunitinib, are being used in patients with 
advanced renal cell carcinoma (RCC) and hepatocellular carcinoma 
(HCC) [18,19]. Axitinib, a multi-kinase inhibitor has been shown 
to inhibit angiogenesis, vascular permeability and blood flow [20]. 
Similarly, pazopanib, another FDA approved drug, a potent inhibitor 
of VEGFR-1, (also VEGFR-2 and VEGFR-3), is being used for the 
treatment of RCC and ovarian cancer [21].

Although these drugs, directed against VEGFR-1, have displayed 
delayed tumor progression, leading to overall cell survival compared 
with standard chemotherapy, however, their long term use has been 
reported to cause toxicities such as severe bleeding, disturbed wound 
healing, gastro-intestinal perforation, hypertension, and fatigue 
[22]. Therefore, there is an urgent need to look for safer drugs with 
lesser toxicity in their long term use. In this direction, drugs derived 
from natural sources such as plants have attracted the attention of 
people worldwide. Thus, phytochemicals such as alkaloids (non-
protein nitrogen-containing compounds), flavonoids (polyphenolic 
compounds) and terpenoids (polymeric isoprene derivatives) have 
been strategically used in cancer therapeutics as they have little or 
no side effects in their long term use. Furthermore, plant derived 
phytochemicals offer additional advantages of being cheap, stable and 

Introduction
Angiogenesis, i.e. the formation of new blood vessels, key feature 

for growth and development of solid tumors, comprises of series of 
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Preparation of ligand structure

The molecular files of FDA approved drugs namely, axitinib, 
lenalidomide, lenvatinib, motesanib, regorafenib, sunitinib, 
thalidomide, vandetanib and vatalanib as well as selected plant 
derived secondary metabolites belonging to alkaloids, flavonoids 
and terpenoids were retrieved from NCBI PubChem database. 
Among selected plant derived secondary metabolites there were 18 
alkaloids (anonaine, aristolactam, canthin-6-one N-oxide, coptisine, 
corydine, crebanine, dehydrocorydaline, dicentrine, eleuthrin, 
glaucine, liriodenine, lunacridine, lycorine, noscapine, oliveroline, 
oxostephanine, piperine, protopine), 26 flavonoids (acacetin, apigenin, 
baicalein, cajanol, chrysin, curcumin, deguelin, galangin, genkwanin, 
glabridin, helichrysetin, lethedocin, licochalcone, morindone, 
mucronulatol, nobiletin, pongavilleanine, pseudobaptigenin, 
rotenolone, rotenone, sinensetin, tangeretin, tephrosin, velutin, 
wogonin, zapotin) and 9 terpenoids (carnosol, cynaropicrin, 
limonene, mansononeE, menthol, salvicine, sarsasapogenin, sclareol, 
tanshinone) which were previously pharmacokinetic (ADMET) 
screened [37-39]. All the mol files of these ligands (drugs and 
secondary metabolites) were converted to Protein Data Bank (PDB) 
format using Open Babel [40].

Molecular docking

Docking analyses of the selected drugs and secondary metabolites 
were performed using Autodock 4.2 software, a tool based on 
Lamarckian Genetic Algorithm (LGA), for estimating binding energy 
and inhibitory constant [41]. Before starting the molecular docking, 
the structure of the target protein, TK domain of VEGFR-1, was 
prepared by adding polar hydrogen atoms and Gasteiger charges 
were calculated for each atom of the target protein. Likewise, the 
ligand structures were also prepared as per default settings. After 
preparation of target and ligand files the active site for the interaction 
of ligand with protein was defined. For this, AutoGrid program was 
used to set grid maps 80 × 80 × 80 A°(x, y and z) for ligands (i.e. 
drugs and secondary metabolites) with 0.375 A° spacing. The docked 
model in the lowest energy cluster was considered for all further 
interaction studies. The binding energy and inhibition constant (Ki) 
are expressed as kcal/mol and micromolar (μM) units, respectively.

MD Simulation

Interactions of the best identified secondary metabolite flavonoid 
glabridin along with the best docked drug regorafenib, at the active 
site of TK domain of VEGFR-1 were investigated through 25 ns 
molecular dynamics (MD) simulation analyses using GROMACS 
4.5.5 package with CHARMm27 force field. The docking poses of TK 
domain of VEGFR-1 with best docked flavonoid and drug regorafenib 
were prepared for MD simulation through mild minimization and 
salvation within a water-filled 3D cube of 1 A° spacing. System was 
neutralized and further minimized. The complex structure was heated 
to 300 K and equilibrated for 100 psin NVT ensemble and another 100 ps 
in NPT ensemble. After heating and equilibration, the complex structure 
of TK domain of VEGFR-1 with its ligands were subjected to production 
run of 25 ns in NPT ensemble. PRODRG web server was used to generate 
topologies and co-ordinations of ligands [42].

Active site mapping of best docked complexes of TK domain 
of VEGFR-1 with secondary metabolites and drugs

Regiospecificity of interactions of best docked secondary 
metabolites (belonging each of alkaloids, flavonoids and terpenoids) 

easy to procure. Therefore, these aforesaid phytochemicals can offer 
excellent leads for drug discovery.

A number of alkaloids have been reported to possess potent 
antineoplastic properties. Thus, alkaloids namely, taxol and camptothecin 
have been used for the treatment of metastatic ovarian cancer [23]. 
Among the different alkaloids exhibiting anti-cancerous properties, 
pyridocarbazoles (ellipticines) have also been reported for their property 
to suppress p53 activity, one of the hallmarks of cancer [24,25]. 

Similarly, flavonoids and their synthetic analogs have been 
extensively investigated in the treatment of ovarian, breast, cervical, 
pancreatic, and prostate cancers. Flavonoids such as curcumin, 
possesses anti-inflammatory, anti-oxidant, anti-proliferative, anti-
angiogenic, and antineoplastic properties [26]. It is also reported 
that curcumin in combination with drug tamoxifen has been used 
in the treatment of melanoma [27]. Furthermore, curcumin has also 
been reported to block the expression of  EGFR (epidermal growth 
factor receptor), VEGFR-1, VEGFR-2 and VEGFR-3, and the kinase 
activity of proto-oncogenes such as Src, which are responsible for the 
induction of angiogenic  genes  as well as endothelial cell migration 
and proliferation [28]. Also, flavonoids like genistein and luteolin 
have been reported to have inhibitory effect on cancer cells [29,30]. 
The flavonoid apigenin, has also been reported to suppress the 
expression of HIF-1 and VEGF via PI3K/AKT/p70S6K1 and HDM2/
p53 signalling path-ways, blocking the signalling pathways in cancer 
cells under both normal and hypoxic conditions; thus, preventing 
formation of new blood vessels via CAM [31]. Terpenoids like 
D-limonene also possess anti carcinogenic properties and hence, 
quiet used in cancer preventive therapy against mammary, liver, 
skin, lung, colon, stomach, prostate, and pancreatic cancer [32,33]. 
Likewise, betulinic acid, a triterpenoid has also been reported to 
exhibit anti carcinogenic activity against several human tumor cells, 
including melanoma and glioma [34]. In addition, salvicine has been 
reported to possess significant anti-tumor activity, against malignant 
tumors, especially solid tumors such as lung and gastric cancers [35]. 
Withaferin A, a key steroidal lactone, has been reported to exert 
potent anti-angiogenic activity [36]. 

In the present paper, selected plant secondary metabolites 
belonging to alkaloids, flavonoids and terpenoids (ADMET screened 
18 alkaloids, 26 flavonoids and 9 terpenoids) and ten FDA approved 
known inhibitors (i.e. drugs) have been investigated and compared 
for their inhibitory potential against TK domain of VEGFR-1, a 
crucial therapeutic angiogenic cancer target, using molecular docking 
approach [37-39]. The result of the best docked secondary metabolite 
was finally validated and compared with the FDA approved drug 
regorafenib (taken as control) using molecular dynamics (MD) 
simulation analyses. The finding of the present investigation is a step 
towards use of safer and efficient therapeutics derived out of natural 
compounds.

Materials and Methods
Structure preparation of TK domain of VEGFR-1

The 3D crystal structure of intracellular tyrosine kinase 
domain (TK domain) of VEGFR-1 receptor in complex with N-(4-
Chlorophenyl)-2-((pyridin-4-ylmethyl) amino) benzamide (PDB 
ID: 3HNG) was retrieved from Protein Data Bank (PDB). The 3D 
structure of TK domain of VEGFR-1 was refined by removing the 
bound ligand i.e.N-(4-Chlorophenyl)-2-((pyridin-4-ylmethyl) 
amino) benzamide with the help of molecular viewer UCSF Chimera. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/epidermal-growth-factor-receptor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/epidermal-growth-factor-receptor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nested-gene
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/withaferin-a
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and the best drug with that of the TK domain of VEGFR-1 were 
visualised using a molecular viewer Chimera, developed and 
maintained by the University of California, San Francisco, CA, USA 
[43].

Results 
Molecular docking analyses of drugs with TK domain of 
VEGFR-1

The TK domain of VEGFR-1 was docked with ten FDA approved 
drugs. Results of docking analyses are presented in Table 1. It is 
noteworthy that on the basis of binding energy and Ki, regorafenib 
(Ki=5.02 ×10-4 µM) was found to be most potent while that of 
pegaptanib (Ki=3800 µM) was the weakest. 

Active site mapping of docked complex of TK domain of 
VEGFR-1 with drugs 

The interaction of drugs with the TK domain of VEGFR-1, at 
the active site within 5 A°, was analysed and compared (Table 1). 
From the data, it is evident that all the drugs are binding at more 
or less same binding pocket within the active site of the TK domain 
of VEGFR-1 as evident by the fact that majority of the interacting 
residues are common. From the (Figure 1A) it can be concluded, that 
the most potent drug regorafenib, interacts with total eleven residues, 
namely, Ala859, Val860, Val861, Cys1018, Ile1019, His1020, Arg1021, 
Ile1038, Cys1039, Asp1040, Phe1041. Out of these residues, residues 
namely, Cys1018, Arg1021 and Asp1040 are involved in four H-bond 
interactions. It is also noteworthy that the residues namely, Cys1039 
and Asp1040 are common for all ten drugs. Similarly, residues like 

ILE1019 and HIS1020 are common for the five drugs such as axitinib, 
lenalidomide, motesanib, regorafenib and thalidomide. Drugs like 
regorafenib and vandetanib have two common residues such as 
ALA859 and VAL860. In drugs, vandetanib and vatalanib no H-bond 
interaction was found.

Molecular docking analyses of selected alkaloids, flavonoids 
and terpenoids with TK domain of VEGFR-1

The selected 18 alkaloids, 26 flavonoids and 9 terpenoids, fulfilling 
the ADMET criteria, were analysed for their inhibitory potential 
against the TK domain of VEGFR-1 by molecular docking approach. 
Data depicting binding energy and Ki, are presented in Table 2. The 
data revealed that out of 18 alkaloids, liriodenine (Ki=6.30 µM) was 
found to be the most potent inhibitor of TK domain of VEGFR-1 while 
that of oliveroline (Ki=86.35 µM) was found to be weakest. Similarly, 
in case of flavonoids, out of 26 flavonoids, glabridin (Ki=0.060 µM) 
was found to be the most potent inhibitor while that of tangeretin 
(Ki=633.83 µM) was found to be weakest. Furthermore, out of 9 
terpenoids, sarsasapogenin (Ki=0.095 µM) was found to be the most 
potent inhibitor while that of menthol (Ki=121.39 µM) was weakest.

Active site mapping of docked complex of TK domain of 
VEGFR-1 with selected alkaloids, flavonoids and terpe-
noids.

The interaction of selected alkaloids, flavonoids and terpenoids 
with the TK domain of VEGFR-1, at the active site within 5A°, was 
analysed and compared. Results in terms of interacting residues, 
hydrogen bond formation, their distance and atoms involved 

S.No Name of the 
drug

Binding 
energy 
(Kcal/mol)

Ki  (µM) Interacting residues at 
the active site Hydrogen donor atom Hydrogen acceptor 

atom Distance(A°)

1 Axitinib -7.41 3.73
Ile 1019, His 1020, Cys 
1039, Asp 1040, Phe 
1041, Gly 1042

Axitinib:H39 ASP 1040:OD1 1.69805

2 Lenalidomide -6.9 8.82
Ile 1019,His 1020, Arg 
1021, Cys 1039, Asp 
1040, Phe 1041

CYS1018:SG ARG1021:NH2  
Lenalidomide :H27 Lenalidomid
e:H31Lenalidomide:H31

Lenalidomide:OD1            
Lenalidomide:O3 ILE 
1019:O,  GLU 878:OE2 
ASP 1040:O

3.50775 2.78229 
2.03957 3.02604 
2.23548

3 Lenvatinib -9.14 0.201 Ile 1038, Cys 1039, Asp 
1040 Lenvatinib:H49 ASP 1040:OD1 1.89093

4 Motesanib -6.61 14.25 Ile 1019,His 1020, Cys 
1039, Asp 1040

CYS 1018:SG, 
Motesanib:H31Motesanib:H31

Motesanib:N6, HIS 
1020:OASP 1040:OD1

3.01791   2.6665   
2.31529

5 Pegaptinib -3.3 3800 Cys 1039, Asp 1040, Phe 
1041, Gly 1042, Leu 1043

ASP1040:N Pegaptinib:H56     
Pegaptinib:H70

UNK0:O8 
ASP1040:OD1 
ASP1040:O

3.15359 
1.72805 1.941

6 Regorafenib -9.96 5.02 ×10-4

Ala 859, Val 860, Val 
861,Cys 1018, Ile 1019, 
His 1020, Arg 1021, Ile 
1038, Cys 1039, Asp 
1040, Phe 1041

CYS 1018:SG  ARG1021:NE 
ARG1021:NHE  
Regorafenib:H45

Regorafenib:O6 
Regorafenib:O8 
Regorafenib:N11 
ASP1040:OD1

2.68932 2.75537 
3.13925 2.0852

7 Sunitinib -8 1.38
Tyr 911, Cys912, Ile 1038, 
Cys 1039, Asp 1040, Phe 
1041

CYS 912:N ASP1040:N  
Sunitinib:H34

Sunitinib:F1 
Sunitinib:O3   ILE 
1038:O

2.71848 2.97853 
2.76497

8 Thalidomide -6.95 8.11
Ile 1019, His 1020, Arg  
1021, Cys 1039, Asp 
1040

ARG1021:NH2, Thalidomide 
:H25 Thalidomide:H25

Thalidomide:O4 ILE 
1019:O     HIS 1020:O

3.15659 2.70627 
2.09873

9 Vandetanib -9.56 0.098
Cys 1018, Ile 1019, His 
1020, Cys 1039, Asp 
1040

- - -

10 Vatalanib -7.55 2.93
Glu 878, Thr 877, Ile 1038, 
Cys 1039, Asp 1040,Phe 
1041

- - -

Table 1: Result of docking of FDA approved drugs with TK-VEGFR-1 depicting binding energy, Ki, interacting residues, hydrogen bond donor and acceptor atoms 
involved in bonding and their distance at the active site of TK domain of VEGFR-1. Amino acid residues in bold letters represent common residues.
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S.No Secondary metabolites Binding energy
(Kcal/mol)

Ki value
(µM) S.No Secondary metabolites Binding energy

(Kcal/mol)
Ki value
(µM)

Alkaloids 27 Genkwanin -7.67 2.83 
1 Anonaine -7.05 6.82 28 Glabridin -9.85 0.060
2 Aristolactam -6.87 9.23 29 Helichrysetin -7.32 4.29 
3 Canthin-6-one N-oxide -6.21 27.96 30 Lethedocin -5.64 73.51 
4 Coptisine -5.92 46.02 31 Licochalcone -6.90 8.73 
5 Corydine -6.01 39.23 32 Morindone -7.21 5.13 
6 Crebanine -6.56 15.48 33 Mucronulatol -7.39 3.84 
7 Dehydrocorydaline -6.17 29.88 34 Nobiletin -7.83 1.82 
8 Dicentrine -6.65 13.36 35 Pongavilleanine -7.29 4.52 
9 Eleuthrin -6.89 8.97 36 Pseudobaptigenin -7.10 6.21 
10 Glaucine -6.36 21.60 37 Rotenolone -7.64 2.52 
11 Liriodenine -7.10 6.30 38 Rotenone -7.43 3.60 
12 Lunacridine -6.19 29.07 39 Sinensetin -7.90 1.62 
13 Lycorine -6.87 9.20 40 Tangeretin -4.36 633.83 
14 Noscapine -5.69 66.93 41 Tephrosin -8.16 1.04 
15 Oliveroline -5.54 86.35 42 Velutin -7.11 6.18
16 Oxostephanine -6.89 8.89 43 Wogonin -6.50 17.17
17 Piperine -6.02 38.35 44 Zapotin -5.83 53.60                     
18 Protopine -5.91 46.65 Terpenoids
Flavonoids 45 Carnosol -7.96 1.46
19 Acacetin -7.11 6.13 46 Cynaropicrin -8.33 0.787
20 Apigenin -7.59 2.75 47 Limonene -5.44 102.67 
21 Baicalein -6.31 23.73 48 MansononeE -6.43 19.23 
22 Cajanol -6.79 10.59 49 Menthol -5.34 121.39 
23 Chrysin -6.83 9.87 50 Salvicine -6.87 9.20 
24 Curcumin -6.55 15.70 51 Sarsasapogenin -9.58 0.095
25 Deguelin -7.31 4.36 52 Sclareol -8.43 0.662
26 Galangin -6.50 17.27 53 Tanshinone -7.51 3.10 

Table 2: Results of docking depicting binding energy and Ki of selected secondary metabolites (alkaloids, flavonoids and terpenoids) with TK domain of VEGFR-1. 
Amino acid residues in bold letters represent common residues

are shown in Tables 3-5 for alkaloids, flavonoids and terpenoids, 
respectively. It is noteworthy that two interacting residues namely, 
Cys1039 and Asp1040, which were found to be common to the 
drugs (Table 1), were also found to be common for all the eighteen 
docked alkaloids (Table 3). Furthermore, seven alkaloids namely, 
corydine, eleuthrin, glaucine, lunacridine, lycorine, noscapine and 
oxostephanine exhibited hydrogen bond interactions of varying 
numbers, while other eleven alkaloids, including liriodenine, were 
found to exhibit none. It is noteworthy that liriodenine, the most 
potent alkaloid, exhibited other interactions such as π-anion, π-alkyl 
and van der Waals (Figure 1B). 

In case of flavonoids, the two interacting residues namely, Cys1039 
and Asp1040 were found to be common for most of the flavonoids 
except glabiridin, rotenolone, rotenone, sinensetin and tephrosin 
(Table 4). Glabridin, the most potent flavonoid, was found to 
interact with six residues namely, Ala859, Val 860, Lys861, Val907, 
Ile908, Val909 and exhibited three H-bond interactions with Ala859, 
Val907and Glu878 (Figure 1C). The remaining flavonoids, except 
sinensetin, also exhibited H-bond interactions of varying numbers. 
Glabridin and sinensetin interacted in a similar manner as residues 
namely, Ala859, Val860 and Lys861 were common amongst them. 
In case of rotenolone, rotenone and tephrosin, residues namely, 
Gly1042, Leu1043, Ala1044, Arg1045, Asp1046, Ile1047, Tyr1048 
were found to be common amongst them. All the flavonoids were 
found to interact with hydrogen bonds except sinensetin which 
exhibited π-bonds and van der Waals interactions.

Similar to alkaloids and flavonoids, terpenoids were also found to 
be interacting with the TK domain in a similar fashion, as it is revealed 
by the data in Table 5. All the nine terpenoids exhibited common 
residues namely, Cys1039 and Asp1040 similar to alkaloids (Table 3), 
flavonoids (Table 4) and drugs (Table 1) as well. Except the terpenoids, 
limonene and tanshinone, all the other terpenoids were found to be 
involved in hydrogen bond interaction. Sarsasapogenin, the most 
potent flavonoid, interacted with total five residues namely, Thr877, 
Glu878, Ile1038, Cys1039, Asp1040. However, sarsasapogenin only 
exhibited two H-bond interaction with residues namely, Ala874 and 
Ile1038 (Figure 1D). Except limonene and tanshinone, the remaining 
terpenoids exhibited H-bond interactions of varying numbers.

Thus, from the data presented in Tables 3-5, it is evident that all 
the secondary metabolites (alkaloids, flavonoids and terpenoids) are 
binding at more or less same binding pocket within the active site of 
the TK domain of VEGFR-1, as revealed by the fact that majority of 
the interacting residues are common.

MD simulation analyses

The stability of the best docked complex of flavonoid glabridin 
with that of TK-VEGFR-1 was further validated by MDS analyses. 
For comparison, the best docked drug regorafenib complexed 
with TK domain of VEGFR-1 was also analysed by MDS analyses 
under similar conditions. The results of MDS analyses for 25 ns are 
presented in (Figure 2). It is noteworthy that the average root mean 
square deviation (RMSD) values of the flavonoid glabridin complexed 
with TK domain of VEGFR-1 was found to be 0.34 nm and for that 
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S.No Alkaloids Interacting residues at the active site Hydrogen donor atom Hydrogen acceptor
atom Distance(A°)

1 Anonaine Ile 1019, His 1020, Cys 1039, Asp 1040 - - -

2 Aristolactam Ile 1038, Cys 1039, Asp 1040 - - -

3 Canthin-6-one N-oxide Val 891, Val 892, 1018, Ile 1019, His 
1020, Ile 1038, Cys 1039, Asp 1040 - - -

4 Coptisine Ile 1019, His 1020, Cys 1039, Asp 1040, 
Phe 1041 - - -

5 Corydine 1018, Ile 1019, His 1020, Cys 1039, Asp 
1040,Phe 1041, Gly 1042, Leu 1043 LYS861:NZCorydine:H Corydine:OASP1040:O 3.29993, 2.11225

6 Crebanine 1018, Ile 1019, His 1020, Ile 1038, Cys 
1039, Asp 1040, - - -

7 Dehydrocorydaline Val 891, Val 892, Ile 1019, His 1020, Ile 
1038, Cys 1039, Asp 1040 - - -

8 Dicentrine Cys 1018, Ile 1019, His 1020, Cys 1039, 
Asp 1040 - - -

9 Eleuthrin Ile 1038, Cys 1039, Asp 1040 CYS1018:SG Eleuthrin:O 3.54168

10 Glaucine Cys 1018, Ile 1019, His 1020, Cys 1039, 
Asp 1040 CYS1018:SG Glaucine:O 2.71085

11 Liriodenine Ile 1038, Cys 1039, Asp 1040 - - -

12 Lunacridine Ile 1038, Cys 1039, Asp 1040 ASP1040:N 
Lunacridine:H

Lunacridine:O 
ASP 1040:OD1 2.9648, 1.76345

13 Lycorine Ile 1019, His 1020, Ile 1038, Cys 1039, 
Asp 1040

ARG 1021:NH2 
Lycorine:H Lycorine:H

Lycorine:O ASP 
1040:OD1 ILE 1019:O

3.19148, 1.89336, 
1.79408

14 Noscapine Ile 1019, His 1020, Arg 1021, Ile 1038, 
Cys 1039, Asp 1040 ARG 1021:NH2 Noscapine:O 3.32611

15 Oliveroline Cys 1039, Asp 1040, Phe 1041, Gly 1042 - - -

16 Oxostephanine Cys 1039, Asp 1040 CYS1018:SG Oxostephanine:O 3.33203

17 Piperine Cys 1039, Asp 1040, Phe 1041 - - -

18 Protopine Cys 1039, Asp 1040, Phe 1041 - - -

Table 3: Interacting residues, hydrogen bond formation, their distance and atoms involved in binding of selected alkaloids at the active site of TK domain of VEGFR-1 
Amino acid residues in bold letters represent common residues.

of drug regorafenib was found to be 0.30 nm. Thus, the data revealed 
that the complex of flavonoid glabridin was stabilized around 10 ns 
of simulation while that of drug regorafenib was stabilized around 20 
ns of simulation

Binding free energy analyses

The stability of the docked complexes of flavonoid glabridin and 
drug regorafenib with TK domain of VEGFR-1, is further analysed 
by calculating free binding energies using MM/PBSA (molecular 
mechanics Poisson-Boltzmann surface area) method. Results of 
the analyses of the above mentioned complexes, for the 20-25 ns of 
MD simulation are presented in Table 6. From the Table 6, it can be 
concluded, that flavonoid glabridin and drug regorafenib, complexed 
with TK domain of VEGFR-1, exhibited binding energy (ΔGbind) of 
-203.932 kJ/Mol and -177.632 kJ/Mol, respectively. Thus, based on 
these observations, it can be concluded that MM/PBSA binding 
free-energy analyses corroborated well with the results of molecular 
docking and MD simulation analyses, and revealed significantly lower 
binding energy for drug regorafenib as compared to that of flavonoid 
glabridin. Thus, based on analyses conducted in the present study, 
it may be concluded that the flavonoid, glabridin, qualifies for its 
further testing, using in vivo/in vitro studies, to develop as a potential 
anti-angiogenic drug.

Discussion 
VEGFR signalling is tightly regulated at different levels such 

as receptor expression, the availability and affinities for binding of 
its different ligands, the presence of VEGF-binding co-receptors, 
non-VEGF-binding auxiliary proteins and inactivating tyrosine 
phosphatases. Targeting TK domain of VEGFR-1 has been 
considered as a promising approach in cancer therapeutics. VEGFR-1 
small kinase inhibitors (drugs) are more effective along with the 
combination therapies. Furthermore, in preclinical studies, various 
FDA approved drugs directed against VEGFR-1, have been reported 
to block antitumor activity. Small-molecule inhibitors are largely 
hydrophobic and can easily enter the cell where they can interact 
with the intracellular domain of receptors and thereby, block the 
activation of various downstream signalling pathways intracellularly. 
The small-molecule tyrosine kinase inhibitors namely, axitinib, 
lenvatinib, pazopanib, regorafenib, sorafenib, sunitinib, vandetanib, 
are all noncovalent ATP competitive inhibitors, inactivate all 
VEGFRs and are considered as multi-targeted agents since they 
inhibit several tyrosine kinase growth factor receptors (e.g., c-KIT, 
platelet derived growth factor and FGF receptors). In literature, 
regorafenib, a multi-kinase inhibitor, has been reported to efficiently 
inhibit tumor growth and angiogenesis in both preclinical and 
clinical phase I to III trials [44,45]. Regorafenib, potently inhibits 
other angiogenic and stromal factors such as, TIE2 and PDGFR-b 
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S.No Flavonoids Interacting residues at the active site Hydrogen donor atom Hydrogen acceptor atom Distance(A°)

1 Acacetin Val 891, Val 892, Ile 1019, His 1020, 
Cys1039, Asp 1040, Phe 1041 Acacetin:H ASP 1040:O 2.017

2 Apigenin Val 891, Val 892, Ile 1019, His 1020, Ile 
1038, Cys 1039, Asp 1040, Phe 1041

Apigenin:HApigenin:HApigenin:HApig
enin:H

ILE1019:O ILE1038:O 
GLU878:OE2 
ASP 1040:O

1.82215 2.11495 
2.92904 1.93145

3 Baicalein Val 891, Val 892, Ile 1038, Cys 1039, 
Asp 1040 Baicalein:HBaicalein:H ILE 1038:O ILE 1038:O 2.02079 2.26283

4 Cajanol Ile 1019, His 1020, Cys 1039, Asp 1040 Cajanol:H ILE 1019:O 1.87604

5 Chrysin Ile 1038, Cys 1039, Asp 1040, Phe 1041 Chrysin:H Chrysin:H Chrysin:H ILE 1038:O GLU 878:OE2
 ASP 1040:O

2.15211 2.79743 
2.06705

6 Curcumin Ile 1019, His 1020, Ile 1038, Cys 1039, 
Asp 1040 Curcumin:H ILE 1019:O 2.00349

7 Deguelin His 1020, Arg 1021, Asp 1022, Ile 1038, 
Cys 1039, Asp 1040 ARG1021:NE Deguelin:O 3.1772

8 Galangin Ile 1038, Cys 1039, Asp 1040,Phe 1041 CYS1018:SG Galangin:H 
Galangin:HGalangin:H

Galangin:O ILE1038:O 
GLU878:OE2 ASP1040:O

3.17445 2.16006 
2.74078 2.07247

9 Genkwanin Val 891, Val 892, Ile 1019, His 1020, Ile 
1038, Cys 1039, Asp 1040

Genkwanin:H
Genkwanin:H ILE1019:O ILE 1038:O 1.87614 2.15797

10 Glabridin Ala 859, Val 860, Lys 861, Val 907, Ile 
908, Val 909 Glabridin:HGlabridin:HGlabridin:H ALA859:O VAL907:O 

GLU878:OE2
2.55172 2.25974 
1.88071

11 Helichrysetin Val 891, Val 892, Ile 1019, His 1020, Ile 
1038, Cys 1039, Asp 1040, Phe 1041

Helichrysetin:H Helichrysetin:H 
Helichrysetin:H

ILE1019:O ILE 1038:O ASP 
1040:O

1.82937 1.89417 
2.06257

12 Lethedocin Val 891, Val 892, Cys 1018, Ile 1019, His 
1020, Cys 1039, Asp 1040 CYS1018:SG Lethedocin:H Lethedocin:OILE 1019:O 3.15792 2.0246

13 Licochalcone Cys 1018, Ile 1019, His 1020, Arg 1021, 
Cys 1039, Asp 1040, Phe 1041 Licochalcone:H Licochalcone:H ASP 1040:O ILE 1019:O 2.28442 1.77287

14 Morindone Cys 1018, Ile 1019, His 1020, Cys 1039, 
Asp 1040, Phe 1041

CYS1018:SG,         CYS 1018:SG 
Morindone:H Morindone:H Morindone:H

Morindone:OMorindone:OASP 
1040:O ILE 1019:O ILE 1019:O

3.57105  3.11884 
2.14614 1.70721 
1.87148

15 Mucronulatol Ile 1019, His 1020, Ile 1038, Cys 1039, 
Asp 1040 Mucronulatol:H Mucronulatol:H ILE 1038:O ILE 1019:O 2.07534 2.029212

16 Nobiletin Ala 859, Val 860, Lys 861, Ile 1038, Cys 
1039, Asp 1040,Phe 1041 VAL 892:N Nobiletin:O 3.31694

17 Pongavilleanine Cys 1039, Asp 1040,Phe 1041, Gly 1042, 
Leu 1043 LYS861:NZ Pongavilleanine:O 2.94262

18 Pseudobaptigenin Ile 1019, His 1020, Cys 1039, Asp 1040 Pseudobaptigenin:H ILE 1019:O 1.7829

19 Rotenolone
Gly 836, Ala 837, Phe 838, Gly 839, Gly 
1042, Leu 1043, Ala 1044, Arg 1045, Asp 
1046, Ile 1047, Tyr 1048

ILE1047:N TYR1048:NRotenolone:H Rotenolone:O Rotenolone:
O            LEU 1043:O

2.99641 3.17141 
2.21351

20 Rotenone Gly 1042, Leu 1043, Ala 1044, Arg 1045, 
Asp 1046, Ile 1047, Tyr 1048 ARG1045N           ILE 1047:N Rotenone:O Rotenone:O 3.28795, 3.03127

21 Sinensetin Ala 859, Val 860, Lys 861 - - -

22 Tangeretin Cys 1018, Ile 1019, His 1020, Cys 1039, 
Asp 1040 CYS1018:SG Tangeretin:O 3.18936

23 Tephrosin
Gly 836, Ala 837, Phe838,Gly 1042, Leu 
1043, Ala 1044, Arg 1045, Asp 1046, Ile 
1047, Tyr 1048

ARG1045NILE1047:N 
TYR1048:NTephrosin:H

Tephrosin:OTephrosin:OTephro
sin:O LEU 1043:O

3.28455, 2.90119, 
3.15989, 2.15608

24 Velutin Ile 1019, His 1020, Cys 1039, Asp 1040, 
Phe 1041 Velutin:H ILE 1019:O 2.21837

25 Wogonin Ile 1019, His 1020, Ile 1038, Cys 1039, 
Asp 1040, Phe 1041

LYS861:NZWogonin:HWogonin:HWo
gonin:H

Wogonin:O GLU876:OE2              
ASP 1040:O ILE 1038:O

3.25402, 2.74851, 
1.96777, 2.15419

26 Zapotin Cys 1039, Asp 1040 ASP1040:N Zapotin:O4 3.16682

Table 4: Interacting residues, hydrogen bond formation, their distance and atoms involved in binding of selected flavonoids at the active site of TK domain of VEGFR-1.
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S.No Terpenoids Interacting residues at the active site Hydrogen donor atom Hydrogen acceptor atom Distance(A°)
1 Carnosol Ile 1038, Cys 1039, Asp 1040 Carnosol:H Carnosol:H HIS1020:O HIS 1020:O 2.12813 2.60024

2 Cynaropicrin Ile 1038, Cys 1039, Asp 1040, Phe 
1041

ARG1021:NH2 Cynaropicrin
 :H   Cynaropicrin
:H

Cynaropicrin:O                ILE 
1019:O ASP 1040:O 3.03039 1.92452 2.76579

3 Limonene Cys 1039, Asp 1040, Phe 1041 - - -
4 MansononeE Cys 1039, Asp 1040 LYS 861:NZ MansononeE:O 3.36718

5 Menthol Val 891, Val 892,Asn 893, Ile 1038, 
Cys 1039, Asp 1040 Menthol:H VAL 892:O 1.74392

6 Salvicine Ile 1019, His 1020, Ile 1038, Cys 1039, 
Asp 1040

CYS1018:SGARG1021:NE            
ARG1021:NH2   Salvicine:H 
Salvicine:H

Salvicine:O Salvicine:O 
Salvicine:O ILE 1019:O HIS 
1020:O

3.15973 2.94908 3.31484 
2.16707 2.12479

7 Sarsasapogenin Thr 877, Glu 878, Ile 1038, Cys 1039, 
Asp 1040

Sarsasapogenin:H 
Sarsasapogenin:C ILE1038:O ALA 874:O 1.8845 3.77462

8 Sclareol Ile 1019, His 1020, Arg 1021, Ile 1038, 
Cys 1039, Asp 1040 ARG1021:NESclareol:HSclareol:H Sclareol:O  ILE 1019:O   

ASP1040:OD1 3.09214, 1.90063, 2.09362

9 Tanshinone Ile 1038, Cys 1039, Asp 1040 - - -

Table 5: Interacting residues, hydrogen bond formation, their distance and atoms involved in binding of selected terpenoids at the active site of TK domain of VEGFR-1. Amino 
acid residues in bold letters represent common residues.

Figure 1: Active site mapping showing interacting residues and various non-covalent interactions at the active site of TK domain of VEGFR-1 with (A) 
Regorafenib (drug); (B) Liriodenine (alkaloid); (C) Glabridin (flavonoid); (D) Sarsasapogenin (terpenoid).
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Figure 2: Root mean square deviations of flavonoid glabridin (black) and drug regorafenib (red) complexed with TK domain of VEGFR-1 during 25 ns of MD simulation.

Energy components Drug (Regorafenib) Flavonoid (Glabridin)
 ΔEvdw

a -274.926 -228.753
ΔEele

b -89.949 -5.839
ΔGpol

c 208.997 47.629
SASA energyd -21.753 -16.968
ΔGbind

e -177.632 -203.932
avan der Waals interaction energies.
             bElectrostatic interaction energies.
                    cPolar solvation free energy.
             dSolvent-accesible surface area
                    eBinding energies

Table 6: Binding energies (kJ/mol) for drug regorafenib and flavonoid glabridin complexed with TK-VEGFR-1, during 20-25 ns (equilibrium phase) of MD simulation 
trajectory.

that contribute in tumor neovascularization, vessel stabilization and 
lymphatic vessel formation and play an important role in the tumor 
microenvironment, which ultimately leads to tumor development 
and metastasis formation [46,47]. Furthermore, sunitinib, a type-
1 tyrosine kinase inhibitor, targeting VEGFR-1 and 3, has been 
reported to block PDGFR-α, KIT, fms-related tyrosine kinase 3 (FLT-
3), colony stimulating factor-1 receptor (CSF-1R) [48]. 

There is a worldwide demand for safer alternative therapeutic 
molecules coming from natural sources in view of the current 
synthetic drugs targeting TK domain of VEGFR-1 exhibiting severe 
side effects during their long term use [20]. In this context, the present 
work deals with identification of potent inhibitors of TK domain of 
VEGFR-1 coming from plant derived secondary metabolites. Thus, 
in the present paper, anti-angiogenic potential of ADMET screened 
18 alkaloids, 26 flavonoids and 9 terpenoids, targeted against TK 
domain of VEGFR-1, have been investigated through molecular 
docking approach. Results of the analyses revealed that the alkaloid 
liriodenine, flavonoid glabridin and terpenoid sarsasapogenin were 
found to be the best among each class of secondary metabolites 
analysed. However, across all the categories of the analysed secondary 
metabolites, flavonoid glabridin was found to be the most potent 
inhibitor. Liriodenine, the most potent alkaloid has been reported in 
literature, to induce DNA damage, suppress the expression of cyclin 

D1 and cyclin-dependent kinase and decreased phosphorylation of 
retinoblastoma protein in tumor cells leading to G1/S phase arrest 
[49-52]. 

The flavonoid glabridin has been reported to exhibit growth 
inhibition of a number of cancers in humans [53]. In addition, it has 
also been reported to exhibit multiple biological properties, such as 
antibacterial, neuroprotective, antiatherosclerotic, antiosteoporotic 
and immunomodulatory [54,55]. Because of its other beneficiary 
properties, glabridin also finds its applications in cosmetics and food 
industries. The glabridin is found in the roots of Glycyrrhiza glabra, 
commonly known as licorice and is readily available worldwide. 

The most potent terpenoid, sarsasapogenin has been reported to 
exhibit biological effects such as antimicrobial, anti-inflammatory, 
anti-proliferative and anti-apoptotic in various cancer cell lines. In 
literature, sarsasapogenin has been reported to be a potent inhibitor 
of the proliferation of human 1547 osteosarcoma cells and to arrest 
cell cycle in G2/M phase [56]. Sarsasapogenin has been reported to be 
present in many dietary products such as asparagus, herbs and spices 
and fenugreek (Indian spice). 

In order to compare anti-angiogenic potential of these secondary 
metabolites, results of docking has been compared with those of 
well-known anti-angiogenic drugs directed against VEGFR-1. 
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Thus, among the ten FDA approved drugs, regorafenib was found 
to be the best. It is also noteworthy, that the alkaloids, flavonoids 
and terpenoids in comparison to drugs, have interacted more or 
less at the same binding pocket of the TK domain of VEGFR-1 as 
evident from the results. Furthermore, the interacting residues at 
the active site namely Cys1039 and Asp1040 are common across the 
categories of secondary metabolites as well as drugs. In addition, the 
binding affinity of flavonoids and terpenoids with the TK domain of 
VEGFR-1, in comparison to alkaloids, was better as revealed by the 
docking scores. Also it is noteworthy, that the drug lenalidomide and 
flavonoid licochalcone exhibited same binding energy. In addition, 
some flavonoids like tephrosin, sinensetin, nobiletin, genkwanin and 
apigenin exhibited better binding energy in comparison to drugs 
such as axitinib, lenalidomide, motesanib, pegaptanib and vatalanib. 
Similarly, terpenoids, such as sclareol, cynaropicrin and carnosol 
exhibited comparable binding energy to drugs as stated above. 

However, with the long term use of the aforesaid drugs, certain 
toxicities have been observed like hypertension, bleeding, fatigue, 
diarrhoea, nausea and/or vomiting, hand foot syndrome, and 
myelosuppression [57,58]. Therefore, there is a need to look for safer 
alternatives in cancer therapy. It can be concluded that the secondary 
metabolite stated above can disrupt the downstream signalling of 
VEGFR-1, hence blocking angiogenesis. Also, the plant derived, 
secondary metabolites can provide safer alternative as compared to 
drugs without causing any side effects to the individuals.

Conclusion
Angiogenesis, one of the hallmarks of cancer, eventually leads 

to the formation of solid tumors. Targeting tumor angiogenesis 
has been one of the common approaches in cancer therapeutics. 
In the recent years, TK domain of VEGFR-1 has been exploited by 
researchers worldwide for its anti angiogenic potential. Therefore, 
any therapeutic approach to identify novel inhibitor against the TK 
domain of VEGFR-1 will be a key lead in the development of anti 
angiogenic drugs. Furthermore, the long term use of the synthetic 
drugs has been reported to develop toxicities and ill effects in 
individuals. Therefore, in cancer therapeutic interventions, there is a 
need to develop safer drugs, coming from natural sources as they will 
have little or no side effects. In the present paper, we have evaluated 
the inhibitory potential of ADMET screened secondary metabolites, 
belonging to alkaloids (18), flavonoids (26) and terpenoids (9), against 
the TK domain of VEGFR-1, by molecular docking approach and 
compared the results with those of FDA approved drugs. Results of 
docking, revealed that out of the ten drugs analysed, the most potent 
was found to be regorafenib. Among all the alkaloids, flavonoids 
and terpenoids analysed, liriodenine, glabridin, sarsasapogenin, 
respectively, were found to be best category wise. However, among 
all the secondary metabolites taken together, flavonoid glabridin was 
found to be most potent inhibitor of the TK domain of VEGFR-1. 
Thus, the present study makes a foundation for further investigations 
based on the wet lab experiments for therapeutic applications of 
screened secondary metabolites as anticancer drugs in general and 
glabridin and sarsasapogenin, in particular, as potent anti angiogenic 
molecules.
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