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Abstract Sophora interrupta Bedd, (Fabaceae) is used in
Indian folk medicine to treat cancer. Angiogenesis is one of
the crucial characteristics of cancer metastasis and is regulated
by vascular endothelial growth factor (VEGF). In this study,
we examined the antiangiogenic properties of the root ethyl
acetate extract of Sophora interrupta by various methods.
In vitro antioxidant activity (100-600 pg/ml) of S. interrupta
ethyl acetate (SEA) extract was evaluated by DPPH and
ABTS, anti-inflammatory activity (50, 100 and 150 pg/ml)
by estimating nitric oxide (NO) levels, anti-angiogenic
activity (200 and 500 pg/ml) was validated by chorio allantoic
membrane (CAM) assay and in silico molecular dynamic
(MD) simulations analyses (25 ns) were performed to identify
the anti-angiogenic compounds extracted from root extract.
The antioxidative activity of SEA extract at ICsy (200
+0.6 png/mL) is equal to that of ascorbic acid at ICso (50
+0.6 pug/mL), and the anti-inflammatory activity of SEA
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extract at ICso (150+0.2 pg/mL) was inhibited significantly
by nitric oxide (NO) production. The SEA extract significant-
ly reduced the sprouting of new blood vessels at IDsq 500
+0.13 pg/mL in the CAM assay. Gas chromatography—mass
spectrometry analysis of the SEA extract detected 34
secondary metabolites, of which 6a,12a-dihydro-
6H-(1,3)dioxolo(5,6)benzofuro(3,2-c)chromen-3-o0l
(maackiain) and funiculosin formed strong hydrogen bond
interactions with Lys 920, Thr 916 and Cys 919 (2H), as
well as Glu 917 of VEGFR2, and these interactions
were similar to those of the anti-angiogenic compound
axitinib. Significant findings in all the assays performed
indicate that SEA extract has potential anti-angiogenic
compounds that may interfere with VEGF-induced cancer
malignancy.

Keywords Fabaceae - Angiogenesis - Mass spectroscopy -
Molecular dynamic simulations

Introduction

Angiogenesis is the action of contemporary blood vessels
growing from preceding capillaries and post-capillary venules
[1]. Tt occurs in several physiological and pathological circum-
stances, such as during embryonic development and wound
healing, as well as in patients with chronic inflammatory
diseases and various metastatic tumor growths [2]. The
process of angiogenesis is regulated mainly by vascular endo-
thelial growth factor (VEGF)—a secretory dimeric glyco-
protein of approximately 40 kDa. The VEGF family com-
prises five members: VEGF-A, —B, —C, and -D and placenta
growth factor (PGF). VEGF-A was found to be an important
regulatory factor for both vasculogenesis and angiogenesis
through the stimulation of various cells, including leukocytes
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and endothelial cells [3]. When VEGF binds to tyrosine kinase
receptors (R1 and R2) on the cell surface, homodimers formed
through transphosphorylation stimulate a variety of cellular
responses ranging from generating signal outputs to the
recruitment and proliferation of endothelial cells. Hence, the
triggered development of angiogenesis can be seen in this
process. Generally, VEGF expression levels in serum are
below the level of detection. The enhanced expression of
VEGF leads to several vascular diseases, such as bronchial
asthma, diabetes mellitus, diabetic retinopathy, rheumatoid
arthritis, angiosarcoma, preeclampsia, and cancer [4].
Therefore, for such diseases, it is essential to regulate the
expression of VEGFs using inhibitors to reduce angiogenesis.
Several inhibitors, such as apigenin, bevacizumab (Avastin),
sunitinib (Sutent), sorafenib (Nexavar), axitinib (Inlyta), and
pazopanib (Votrient), are used to treat VEGF-associated
pathologies like cancer [5]; however, they have been shown
to cause several side effects in humans including the impair-
ment of digestive and neurological functions [6]. Despite the
known side effects, these drugs are still used for their anti-
cancer activity. From among these drugs, we have chosen
axitinib as a standard drug with which to identify the similar
structural, functional activity relationship from secondary
metabolites of Sophora interrupta.

Axitinib has been shown to exhibit anticancer properties
by downregulating the production of HIF-1x and VEGF [7].
Recent focus has shifted from traditional treatments to the
target-specific inhibition of VEGF with low side effects [§]
and identifying natural products that downregulate expres-
sion of VEGF. In the continuing effort to identify medicinal
plants against cancer, one widely distributed medicinal plant
S. interrupta Bedd, is used to treat the VEGF-associated
disorders. S. interrupta is a woody perennial shrub, and
species of this genus are distributed widely across the globe.
It has been shown to possess various pharmacological
properties, including antioxidant [9], anticancer [10], anti-
asthmatic, antineoplastic, antimicrobial [11], antiviral, anti-
dote, antipyretic, cardiotonic, anti-inflammatory and diuretic
activities. It has also been used in the treatment of skin
diseases such as eczema, colitis and psoriasis [12]. The
methanol extract from the leaves of S. interrupta (MESI)
significantly inhibited tumor volumes and enhanced the
survival rates of mice with Dalton’s ascitic lymphoma
(DAL), and it does not affect the hemoglobin content in
red blood cell (RBC) and white blood cell (WBC) counts
[13]. On the other hand, it was shown recently that Sophora
flavescens exhibits anti-angiogenesis activity by decreasing
the expression of VEGF [14]. Thus it will be interesting to
identify secondary metabolites from the same family and
their anti-angiogenic activities against cancer. In the present
study, we studied the inflammatory and angiogenic activity
of S. interrupta ethyl acetate (SEA) root extract in vitro, and
validated results via in silico approaches.
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Materials and methods
Chemicals, materials and software

Ethyl acetate (EtOAc) solvent was purchased from Merck
Millipore (Mumbai, India); DPPH (1, 1-diphenyl-2-picryl
hydrazyl hydrate) was purchased from Hi-Media (Mumbai,
India). Fertilized chicken eggs were obtained from local vendors.
Cisplatin was purchased from KEMOPLAT, Fresenius Kabi;
Batch no: 881FP009. The Schrodinger Maestro, Desmond soft-
ware systems were used for docking and molecular dynamics
(MD) studies and AngioQuant Toolbox, MATLAB 6.5 software
was used to quantify blood vessels. All other chemicals used in
the study were analytical grade products.

Methods
Measuring antioxidants by DPPH and ABTS assay

The radical scavenging potential of the SEA extract was de-
termined against free radical DPPH and ABTS standard pro-
tocols [15]. Various concentrations of extract (100, 200, 300,
400, 500 and 600 pg/mL) were added to the DPPH methanol
stock solution (100 uM) and 2 mL of ABTS radical cation
solution (2 mM), respectively. The samples were incubated for
15 min at room temperature and the color change from deep
violet to light yellow for DPPH, and blue color to colorless for
ABTS, was observed. Absorbance was measured at 517 nm
and 734 nm, respectively, against a blank using a UV-vis
spectrophotometer (DYNAMICA Halo DB20; Australia).
Ascorbic acid was used as a standard antioxidant (1 mg/
mL). All experiments were carried out in triplicate, and the
results represented as mean + SD. The percentage of free rad-
ical scavenging is determined by the following expression:

Percentage (%)Free radical scavenging

_ (OD of Control)—(OD of test) 100
N (OD of Control)

where, OD is optical density. ICs, values were calculated
using linear regression analysis. The ICs, values signify the
concentration of the sample that can scavenge 50 % of the
DPPH and ABTS free radicals.

Anti-inflammatory activity on RAW 264.7 cell lines

The macrophage (RAW 264.7) cell line was initially
established from a tumor induced in Balb/c mice by Abelson
murine leukemia virus [16]; these cells were maintained in
DMEM with 10 % heat-inactivated FBS, 100 U/mL penicil-
lin, and 100 mg/mL streptomycin and incubated in 5 % CO, at
37 °C. The RAW 264.7 cells are semi-adherent; while a few
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cells grow in suspension, some cells loosely adhere to the
surface and others flatten out and attach to the flask. Extract
dissolved in DMSO was added to cells at final concentrations
of 50, 100 and 150 pg/mL in the presence and absence of
yeast (5 107 cells/mL) for 24 h. The final concentration of
DMSO was adjusted to <0.1 % of all treatments.

Nitric oxide assay by Griess reagent

Nitric oxide (NO) yield was ascertained by quantifying the
amount of nitrite accumulation in the culture supernatant by
Griess reagent [17]. Briefly, RAW 264.7 cells (1 x 10° cells/
well) were seeded in 96-well plates and incubated for 6 h.
Cells were treated in the presence and absence of yeast (5 x
107 cells/mL) at various concentrations of the SEA extract for
24 h, and then 100 puL culture supernatant from each sample
was combined with 50 uL Griess reagent and incubated at
37 °C for 10 min. The optical density was read at 550 nm
on a plate reader. The NO concentration was determined using
dilutions of sodium nitrite (NaNO,) as standard.

Anti-angiogenesis activity using chorio allantoic membrane

The ability of the SEA extract to inhibit angiogenesis was
determined using a modified chorio allantoic membrane
(CAM) assay as described by Foubert et al. [18]. Fertilized
eggs on day 1 were purchased from the local vendors, shell
surface disinfected using 70 % ethanol, and transferred to an
incubator (GENEI, Bangalore, India) at 37 °C with 75 % hu-
midity to provide optimal growth conditions. For equal distri-
bution of blood vessels, the eggs were turned over twice a day.
On day 8, the eggs were again disinfected with ethanol (70 %),
and a square shaped window of 1 cm?® was opened in the
eggshell with a saw blade, exposing the white inner shell
membrane. The plant extract was dissolved in (DMSO) at
variable concentrations and applied to a sterile Whatman
membrane sheet. The extract was air dried on a disinfected
surface, and implanted on the outer one-third of the growing
CAM blood vessels. Controls were treated with blank DMSO
discs. The distinct allantoic blood vessels around the DMSO
discs were examined 15 min and 30 min after implantation.
The angiogenic responses were captured using a high resolu-
tion (Nikon, Tokyo, Japan) camera. The images were
imported into AngioQuant software to score the number, size,
and length of the blood vessels. Black and white skeleton
pruned images were generated corresponding to the corrected
color images. The intensity of individual vessels was quanti-
fied by densitometry using AngioQuant software [19]. Values
represented total length and size of tubules as well as mean
length and size of tubules corresponding to the kernel size 1,
segment not to remove edge tubules, prune size 10 according
to AngioQuant software. The results are presented as a mean
percentage of inhibition compared to the control = SD, (n = 3).

Gas chromatography—mass spectrometry separation
conditions

Gas chromatography—mass spectrometry (GC-MS) analysis
of EtOAc extract was performed using a GC-MS-QP 2010
(SHIMADZU, Kyoto, Japan) equipped with electron impact
(EI) mode (ionizing potential =70 eV) as well as a capillary
column (VF-5 ms) (length 30 m x diameter 0.25 mm, film
thickness 0.25 um) packed with 5 % phenyl dimethyl silicone.
The ion source temperature was maintained at 240 °C, and
helium was utilized as a carrier gas with 99.99 % purity.
Samples were injected at a temperature of approximately
240 °C with a split ratio of 10:1 and a flow rate of 1.51 ml/
min. A mass analyzer was used in full scan mode from 45 m/z
to 1000 m/z, with a total MS running time of 36 min; electron
impact ionization was used at 70 eV.

Identification of phyto-constituents

The interpretation of phytoconstituents obtained from GC-
MS analysis were compared with those available in the in-
house mass spectral library (NIST-2005). The molecular
mass, name and structure of the components in the extract
were determined.

Protein and ligand preparation

The 3D protein structural coordinates of VEGFR1 (PDB ID:
3HNG) and VEGFR2 (PDB ID: 3U6J) with a resolution of
2.7 A and 2.15 A, were retrieved from PDB [20]. A protein
preparation wizard in the Schrodinger suite, version 9.6, [21]
was used to prepare the proteins by adding hydrogens, optimiz-
ing and minimizing with force field OPLS 2005 [22]. The
S. interrupta plant metabolites and compounds characterized
through GC-MS were sketched using Chembiosuite [23]. The
chemical structures of all compounds were imported into the
Schrodinger Maestro suite and further prepared using the Lig
Prep module, version 2.6 [24]. Lig Prep module was used to
neutralize, desalt, correct the Lewis structure and check for
metal binding sites. “Retain the specified chiralities” option
was chosen as stereo isomers are not accessible; 3D geometries
of all ligands were minimized using an OPLS 2005 force field.

Molecular docking

GLIDE module version 6.1 in the Schrodinger suite, a grid-
based ligand docking method with energetics, was used for
ligand docking [25]. A grid box with the size 72 A x 72 A x
72 A with coordinates X =12.188, Y =20.152, and Z=
48.922 were generated at the centroid of the crystal ligand,
as the grid based protocol requires a grid for ligand docking
[26]. Using the Extra precision (XP) mode in the ligand
docking protocol [27] the prepared metabolites (ligands) were
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docked into the active pockets of VEGFR1 and VEGFR2. The
ligands were ranked and the interactions between amino acids
of protein and ligand were analyzed based on the G-scores.
The interactions were depicted using Ligplots [28]. Top
ranked molecules were further analyzed using molecular dy-
namic (MD) simulations.

Molecular dynamic simulations

All MD simulations to study the stability of protein—ligand
complexes were performed with Desmond version 2013 [29].
In the present study, prepared protein—ligand complex was sub-
jected to the TIP4P water model in an orthorhombic periodic
boundary box of size 376,702 A for 3HNG complexes and
440,055 A for 3U6J complexes under solvated conditions
using the system builder. To neutralize the system, three Cl
ions were added based on the total charge of the system, and
also a salt concentration of 0.15 M was added to maintain the
charge of the complex. After building the prepared model sys-
tem, the total number of atoms present in the built system was
calculated, and the system was minimized up to a maximum of
5000 iterations. Further MD simulations studies were carried
out with a periodic boundary condition in NPT ensemble, tem-
perature at 300 K, 1 atmospheric pressure, and the model was
relaxed using the default relaxation protocol integrated in
Desmond. The simulation was carried out on all the VEGFR1
and VEGFR2 complexes along with a standard over a time
period of 25,000 ps at 5-ps intervals, and a time step of 5 ps.
The final trajectory file was taken for calculating the RMSD,
RMSF and total energy of the complexes.

Statistical analysis

All results are expressed as mean + SD, and significant differ-
ences between the treatment and control groups were evaluat-
ed by one-way analysis of variance (ANOVA); differences
were considered significant at P < 0.05.

Results
Antioxidant (DPPH and ABTYS) activity of SEA extract

To investigate the antioxidant activity of root extract, roots
were collected, washed twice, milled to a fine powder that
was then soaked in EtOAc solvent for 48 h. The resulting
crude extract was tested for the presence and absence of phy-
tochemicals (Fig. S1). The values obtained for antioxidant
assays are represented as percentages of free radical scaveng-
ing activities at various concentrations, as given in Fig. 1. The
results revealed dose-dependent inhibition of DPPH and
ABTS scavenging activity at increasing concentrations of
SEA extract (Fig. 1a, ¢). Interestingly, a 2-fold change in the
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inhibitory activity of SEA extract against DPPH was noticed
at 500 pg/mL, when compared with the 400 pg/mL concen-
tration. According to these data, 500 £0.13 pg/mL and 400 +

0.11 pg/mL SEA extract was required for 50 % inhibition of
DPPH and ABTS activity, respectively. We used the well-
known antioxidant ascorbic acid (5-50 pg/mL) as a standard.
The 20 % DPPH and 75 % ABTS scavenging activity by SEA
extract at 200 £ 0.6 pg/mL and 500 +0.13 pg/mL was similar
to that of ascorbic acid at 50+ 0.5 ug/mL concentration
(Fig. 1b,d). The higher percentage of ABTS scavenging activ-
ity was due to the fact that the antioxidants of aromatic plants
scavenge the cation radical ABTS™ more effectively than
DPPH". Overall, these results suggest that SEA extract con-
tains bioactive phytochemical constituents with potential anti-
oxidant activity.

Anti-inflammatory effects of SEA extract on Candida
albicans-induced RAW 264.7 cells

The RAW 264.7 cells were washed and morphological changes
captured using an optical inverted microscope (Fig. 2a—c).
Untreated cells showed an elongated smooth form of spreading
whereas Candida-induced cells showed an irregular and rough
form of spreading. But no measurable cell death was noticed,
which was evident from the percentage of cell viability as com-
pared to untreated cells (Fig. 2d). On contrary, SEA extract
treated cells showed variant intermediate morphology com-
pared to untreated cells. NO production was used as an index
of inflammation [17], and the production of NO was seen
across all samples. As shown in Fig. 2e, Candida-treated cells
showed 100 % production of NO, whereas SEA extract-treated
cells significantly inhibited Candida-stimulated NO production
in a dose-dependent manner and the concentration of NO (150
+0.81 pug/mL) was similar to that of control cells, reporting an
ICs50 50£0.35 pg/mL. It was concluded that SEA extract can
inhibit inflammatory Candida-mediated cell injury.

CAM assay for anti-angiogenesis activity

An in ovo CAM assay was performed to confirm the anti-
angiogenic activity of SEA extract. As represented in Fig. 3a,
applying SEA extract on blood vessels resulted in less thick-
ness without bulging appearance, reflecting an anti-angiogenic
activity that was similar to that of cisplatin, a positive control.
Moreover, SEA extract effectively inhibited angiogenesis in a
time- and dose-dependent manner in the chick embryo model.
The length and size of the blood vessels was calculated using
AngioQuant software [19]. As depicted in Fig. 3b, the length
and size of the blood vessels decreased gradually in dose-
dependent manner. At IDsq 500+ 0.13 pg/ml, the number of
vessels was reduced (2-fold decrease) to half compared to the
control. Overall, these results suggest that SEA extract inhibits
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Fig. 1a—d Determination of
DPPH and ABTS free radical
scavenging activities of Sophora
interrupta ethyl acetate (SEA)
extract at different extract
concentrations. a, b DPPH
scavenging activity of SEA
extract (a) and standard ascorbic
acid (b) (ng/ml). ¢, d ABTS
radical cation scavenging activity 00 200
of SEA extract (¢) and standard
ascorbic acid (d) (pg/ml)
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sprouting of new blood vessels from chicken aorta, and
microvessel formation in the CAM model.

GC-MS analysis of SEA extract

The powdered root of the S. interrupta plant was carefully
macerated in the presence of EtOAc. Excess EtOAc removed
by a simple distillation technique, and the finalized form of the
crystalline powder was analyzed by GC-MS analysis. The spec-
trum profile of the GC-MS data of the Sophora were compared
with the mass spectrum of known components stored in the

Fig. 2a—e In vitro anti-
inflammatory activity of SEA
extract using RAW264.7
macrophage cell lines. Images
showing phenotypic
characteristics of RAW cells. a
Control. b Yeast-induced
inflammation. ¢ SEA extract
treated RAW264.7 cells. d
Percentage of cell viability. e
Nitric oxide (NO) concentration
at various concentrations of SEA
extract
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National Institute of Standards and Technology (NIST) library
[30]. Thirty-four compounds were identified in SEA extract,
which is evident from the GC-MS chromatogram (Table S1).

Docking studies

The plant-derived molecules were docked into the active
pocket of VEGFR1 and VEGFR2; the lead molecules along
with the standard axitinib are listed in Table 1, and the remain-
ing molecules in Table S2. Out of 34 metabolites, only 1
(maackiain) showed a higher G-score (—7.8) than axitinib.
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Fig. 3a,b Effect of SEA extract
on chorio allantoic membrane
(CAM). a Left panel Effect of
SEA extract on CAM at

200 pg/ml and 500 pg/ml
concentrations with time, right
panel (grey images) Software
(AngioQuant)-generated blood
vessel densities in CAM. b
Graphs depicting the length (leff)
and size (right) of blood vessels.
n=23, mean+SD

Maackiain formed a single hydrogen bond (H-bond) with the
active site residue Asp 1040 (O--*HO 2.25 A) and a -7
stacking with Phe 1041 residue of the receptor. The binding
energy between the VEGFR1 and maackiain showed

Table 1 Predicted Glide scores
for the binding of maackiain,
funiculosin and axitinib to
vascular endothelial growth factor
(VEGF) R1 and R2
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—13.6 K cal mol'. Standard inhibitor axitinib was initially
docked in both receptors for analyzing the important residues
present inside the active pocket. Axitinib formed H-bonds
with Glu 878 (HN*--O 1.91 A), Asp 1040 (O---H 2.22 A),

Protein Compounds G-Score Ligand interactions

VEGFR1 Axitinib -14.2 Glu 910, Glu 878, Cys 912, Asp1040
Maackiain -7.8 Asp 1040 (H-bond), Phe 1041(7t- 7r)

VEGFR2 Axitinib =79 Cys 919 (H-bond), Lys 838
Funiculosin 94 Cys 919 (3 H-bonds),Glu 917 (H-bond), Phe 1047(7t- 7r)
Maackiain —8.5 Thr 916 (H-bond), Lys 920 (H-bond), Phe 1047(7t- )
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Glu 910 (HN---0 2.18 A) and Cys 912 (N---H 1.88 A) amino
acids of the VEGFRI1 receptor. Also, a 7=—7t stacking with Phe
1041 and a 7—cation interaction with Lys 861 were observed
in the VEGFR 1—axitinib complex. The energy and G-score of
the complex was —83.3 kcal mol ' and —14.2 kcal mol ", re-
spectively (Fig. 4).

In VEGFR2, of the 34 metabolites tested, funiculosin and
maackiain exhibited the highest G-scores compared with
Axitinib. Funiculosin interacted with Cys 919 (HO---SH
1.99 A; O---SH 1.94 A; HO"--SH 2.43 A), Glu 917 (HO"--O

Fig. 4a—e Binding poses and
Ligplots panel of active
molecules. a 3D and 2D
orientation of Axitinib in the
binding pocket of VEGFR1. b 3D
and 2D orientation of Maackiain
in the binding pocket of
VEGFRI. ¢ 3D and 2D
orientation of Axitinib in the
binding pocket of VEGFR2. d 3D
and 2D orientation of Funiculosin
in the binding pocket of
VEGFR2. e 3D and 2D
orientation of Maackiain in the
binding pocket of VEGFR2. The
proteins are displayed in green
ribbon and ligand molecules are
in yellow ball and stick notation.
The interacting residues are
labeled and shown in different
colors. @@ as -7t stacking,
=@ as 7T-cation, = as H-
bond back bone, ==#» as H-bond
side chain

2.06 A) via four H-bonds and one 7—7t stacking with Phe 1047.
The binding energy of the complex was —39.2 kcal mol ' and
the G-score was —9.4 kcal mol ', Another VEGFR2-maackiain
complex displayed two H-bonds and one 7—rt interaction. H-
bond interactions were observed with Thr 916 (O---HO
1.95 A) and Lys 920 (HO"-O 1.82 A). Active pocket residue
Phe 1047 showed 77t stacking with the maackiain molecule.
Energy and G-score of the complex were —34.9 kcal mol " and
—8.5 keal mol ™!, respectively. In the VEGFR2—axitinib com-
plex, axitinib formed two H-bonds. One H-bond was observed

Maackiain

Axitinib
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with Lys 838 (O--"NH 2.11 A) and another with Cys 919
(HN---O 2.41 A). The binding affinity of the VEGFR2-
axitinib complex showed energy and G-scores of
—74.3 keal mol ' and —7.9 kcal mol ™', respectively.

The docking results show that three compounds can act as a
potential anti-angiogenic leads; therefore, an in silico ADME
parameter screening study was performed using QikProp v3.5.
Axitinib, maackiain and funiculosin were calculated with stan-
dard parameters of ADME (Table 2). The ADME results re-
vealed no violations in their physiochemical properties except
for an aqueous solubility parameter—a common factor that can
be rectified by techniques such as particle size reduction, salt
formation, solid dispersion, use of surfactants, complexation
etc. [31]. One more point to be noted was that this parameter
for these molecules was far better than the standard.

Molecular dynamic simulations

The ligand—protein complexes were subjected to MD simula-
tions for 25,000 ps using the Desmond module. Van der Waal
forces, hydrogen bondings, 7—mt and 7t—cation interactions
play an important role in maintaining the stability of pro-
tein—ligand complexes. The interactions in VEGFR1 and
VEGFR2 complexes with ligands were monitored for consis-
tency throughout the simulation time interval. The H-bond
interactions of receptor and ligand complexes before and after
simulations are reported in Table 3.

Simulation analysis of VEGFRI1

The total energy of the VEGFR1-maackiain and —axitinib
complexes was stable; that of the R1-maackiain complex
was between —130 kcal mol ! and —140 kcal mol !, and for
the R 1—axitinib complex it was between —220 kcal mol ™" and
—230 kcal mol ™ throughout the simulation (Fig. S2a,b). The
RMSD scale for VEGFR1 with maackiain started initially at
0.0 A; a deviation of 2.5 A was observed from 10 ps to
10,000 ps, and stability was then sustained until 25,000 ps,

with an RMSD between 2.0 A and 3.0 A, and no deviations
were noted in the last picoseconds of the simulations. Axitinib
RMSD started initially at 0.0 A, rose to 2.0 A at 2000 ps and
sustained stability throughout the simulations (Fig. 5a). The
RMSF of amino acids in VEGFRI in the presence of
maackiain was below 4.0 A, and for axitinib it was below
3.5 A. Maackiain exhibited 31 % and 30 % H-bond formation
with Lys 861 and Cys 912 of VEGFR1. Axitinib showed 99 %
H-bonds formation with Glu 910 and Glu 878, 87 % and 83 %
of H-bonds were also formed with Asp 1040 and Cys 912 of
VEGFRI (Fig. 6a).

Simulation analysis of VEGFR2

The total energy of VEGFR2—Funiculosin, R2—-maackiain and
R2-axitinib interactions were between — 235 and —
240 keal mol ™", =135 kcal mol" and ~140 keal mol ', and —
220 keal mol " and —230 keal mol " throughout the simulation
(Fig. S3a—c). The deviations in R2—funiculosin were between
2.0 A and 2.5 A throughout the molecular simulations.
Minimum deviations around 2.5 A were observed between
the 5000 ps and 21,000 ps intervals. The natural compound
maackiain showed an initial RMSD at 1.2 A with the
VEGFR2 binding pocket, reaching 2.5 A at 2000 ps and sus-
taining stability until the last frame. The deviations in the
VEGFR2-axitinib complex were maintained between 0.0 A
and 2.5 A. Stability was obtained after 2000 ps and stability
sustained until the last frame. The deviations for the VEGFR2
complexes are depicted in Fig. Sb. The RMSF of amino acids
in VEGFR2 in the presence of funiculosin and maackiain were
below 3.5 A, and that of axitinib was below 2.5 A. The hydro-
gen interaction percentage of the VEGFR2—funiculosin com-
plex was 99 % and 94 % with Glu 917 and Cys 919. Another
metabolite, maackiain, showed 38 % interactions with Cys 919
active amino acid residue of VEGFR2. The VEGFR2—axitinib
complex showed similar bonding of 83 % and 43 % of H-
bonds with Cys 919 and Asn 923. The interaction percentages
of VEGFR2 complexes are illustrated in Fig. 6b.

Table 2 Predicted ADME

properties (QikProp 2.3 module) Compound QPlogPo/w* QPlogS® QPPCaco® QPPMDCK* Percent human
of lead compounds oral absorption®
Axitinib 4.585 —6.196 602.586 382.726 100
Maackiain 2.586 -3.063 3003.556 1624.118 100
Funiculosin 1.847 -3.034 265.626 118.047 81.084

? Predicted octanol/water partition coefficient (recommended range —2.0 to 6.5)

® Predicted aqueous solubility, log S. S in mol/dm® in the concentration of the solute in a saturated solution that is
in equilibrium with the crystalline solid (recommended range —2.0 to 6.5)

¢ Predicted apparent Caco-2 cell permeability in nm/sec (recommended range <25 poor to >500 great)

4 Predicted apparent MDCK cell permeability in nm/sec (recommended range <25 poor to >500 great)

¢ Percentage of human oral absorption (recommended range <25 % poor to >80 % high)

@ Springer



J Mol Model (2016) 22: 247

Page 9 of 12 247

Table 3 Percentage of hydrogen

(H)-bond interaction between Protein Aminoacids interactions H-bond formation
active amino acid residues of
protein and ligands. MD Before MD After MD Before/after MD
Molecular dynamic simulation
VEGFR1
Axitinib Cys 912; Glu 910; Cys912; Glu 910; 2/2
Asp 1040; Glu 878 Asp 1040; Glu 878 1/2
Maackiain Asp 1040 Lys861; Cys912
VEGFR2
Axitinib Cys 919; Lys 838 Cys919; Asn 923 2/2
Funiculosin Glu 917; Cys 919 Glu 917; Cys 919 4/4
Maackiain Thr916; Lys920 Cys919 2/1

Discussion

S. interrupta belongs to the family of Fabaceae. Species in
this family are distributed across the world, and have been
shown to have many pharmacological actions [32]. The
results of S. interrupta phytochemical analysis demon-
strate that SEA extract is not only positive for terpenoids
and alkaloids, but also showed a significant antioxidant
and anti-inflammatory activity. Free radicals are noted
for their vital role in pathological manifestations. The an-
tioxidants from SEA extract scavenge free radicals like
DPPH and ABTS, and the degree of discoloration indi-
cates the scavenging potency of the plant extract. In the
present study, 200 pg/mL and 500 pg/mL concentrations
had the capacity to neutralize DPPH and ABTS, respec-
tively. The antioxidant and anti-inflammatory potential of

phytoconstituents has been shown to reduce the risk of
blood vessel-associated cancer [33]. NO has been impli-
cated in many conditions such as inflammation and carci-
nogenesis [34]. Overproduction of NO during inflamma-
tion is a target for the development of new therapeutic
molecules. Thus, inhibitors from SEA extract significantly
suppressed NO production from RAW 264.7 cells when
compared with induced cells, and has shown good corre-
lation with antioxidant assays. Along these lines, we iden-
tified one member of the Sophora family (S. flavescens)
that has been shown to arrest the cell cycle and inhibit
angiogenesis by downregulating the expression of VEGF
[14]. Our results suggest that compounds present in the
SEA extract can have powerful physiological effects that
make them useful as phytomedicine. However, to date,
there were no such documented secondary metabolites

Fig. 5a,b Pictographical a —
representation of root mean - A‘“t""b.
squared deviations (RMSDs). a 3.5 — Maackaian
RMSD for VEGFR1 with -l = 3.0
maackiain (blue) and axitinib 2| 3S,s
) £ 25
(red). b RMSD for VEGFR2 with % 2 A
funiculosin (green), maackiain = "
(blue) and axitinib (red) > =15
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Fig. 6a—e Percentage of compound interactions with amino acid residues
in the molecular dynamics (MD) simulations study. a Interactions of
axitinib in the binding pocket of VEGFRI1. b Interactions of maackiain

from S. interrupta or allied species. To evaluate the anti-
angiogenic activity of SEA extract, a CAM assay was
performed. The development of avascular zone, or a zone
of inhibition, at the site of application is considered indic-
ative of anti-angiogenesis. Our results suggest that SEA
extract markedly inhibited the growth of blood vessels,
and had angiogenesis-inhibiting activity similar to that
of cisplatin.

In the search of anti-angiogenic compounds from
S. interrupta, methods like GC-MS and computational
techniques can be used to understand protein—ligand in-
teractions at the atomic level. The presence of 34 com-
pounds was reported from GC-MS analysis, had have be-
gun to be interpreted. For example, a thermopsine com-
pound highly responsible for antioxidant activity, and 1-
dodecanol were reported to have antiinflammatory prop-
erties. Computational methodologies have become a cru-
cial component in drug discovery approaches, from target
identification to lead development. The best hits obtained
after docking studies were calculated using the QikProp
module to access their pharmacological properties [35].
Both molecules maackiain and funiculosin did not violate
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in the binding pocket of VEGFR2. ¢ Interactions of axitinib in the binding
pocket of VEGFR2. d Interactions of funiculosin in the binding pocket of
VEGFR2. e Interactions of maackiain in the binding pocket of VEGFR2

Lipinski’s rule-of-five and other described properties.
Based on the docking results, a cysteine amino acid in
the active pocket of both the receptors was seen to have
great affinity towards the lead molecules. We used MD
simulations to examine the stability of some compounds
in the extract when bound to VEGF receptors.
Interestingly, during the total simulation time period, the
H-bond observed in the VEGFR1-maackiain complex af-
ter docking vanished in dynamic simulations, and new
interactions were observed with Lys 861 and Cys 912
residues, whereas in the VEGFR1- axitinib complex, the
interactions before and after MD simulations were similar.
Low deviations and fluctuations were observed, proving
the stability of the molecules against VEGFRI.

The VEGFR2—funiculosin complex showed the same type
of interactions before and after MD simulations. The interac-
tion profile of the VEGFR2-maackiain complex showed a H-
bond with Cys 919 that was not observed in the initial frames
of the simulation. Axitinib forms H-bonds with Cys 919 and
Lys 828 before simulations, and after MD simulation we ob-
served interaction with Cys 919 and Asn 923, but the interac-
tion with Lys 838 disappeared by forming a new interaction
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with residue Asn 923; this was due to the conformational
changes in the molecule.

From the docking scores, it was clear that the metabolites
showed better affinity towards VEGFR1 and VEGFR2. MD
simulations gave good results but the H-bonding interaction
networks of these high active molecules (maackiain and
funiculosin) were contradictory to previous observations since
the percentages of interactions were very low when compared
with the standard.

From this it was evident that, even though the H-bond
interaction percentages of maackiain and funiculosin were
low when compared to that of axitinib, high binding en-
ergies were observed. The energies (van der Waals, cou-
lombs, torsions, angle energies) of these compounds have
compensated for the H-bond energy, due to which the
metabolites have higher affinity. The consolidated result
from the computational analysis was that maackiain and
funiculosin showed good results and may have similar
activity when compared to axitinib.

We confirmed the cytotoxicity of SEA extract using
brine shrimp as an in vivo model. This well-known model
is similar to mouse models, and the results obtained with
brine shrimp (Fig. S4) have been found to correlate well
with acute oral toxicity data obtained in rodents and
humans [36]. These results suggest that the formation of
funiculosin and maackiain complexes may strongly and
selectively inhibit VEGFR2 and thereby inhibit angiogen-
esis. Plant compounds with similar/identical interaction
patterns to commonly used anti-angiogenic drugs such
as resveratrol and other anti-angiogenic compounds have
been identified; axitinib from traditional Korean medicine
was used as a reference compound [37].

Conclusions

The present research study demonstrated that the root eth-
yl acetate extract of S. interrupta Bedd, has good free
radical scavenging properties against DPPH and ABTS.
The in vitro antiinflammatory activity on RAW 264.7
cells was shown to significantly reduce NO production
without having any cytotoxic effect. The formation of
new blood vessels in CAM models was also inhibited
with SEA extract within acceptable ranges. GC-MS anal-
ysis identified 34 bioactive compounds that possess many
biological roles, such as anticancer, antioxidant, etc.
Molecular docking studies highlighted two molecules
(funiculosin and maackiain) showing better interactions
with VEGFR1 and VEGFR2 proteins. The results of
MD simulations of the lead molecules were significant
and stable. Thus, based on the results presented, it can
be concluded that these bioactive compounds may act as
a good inhibitors for VEGFRs. In future, derivatives of

S. interrupta may be developed for VEGFR inhibitors and
therapeutic agents against cancers.
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