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1 | INTRODUCTION

Angiogenesis is the formation of new blood vessels from pre-existing
ones, representing an important tool for tumor growth and cancer
progression.l'”¥ Initially, the tumor cells' energy supply is provided

] However, when the tumor reaches a

by nearby blood vessels.
certain size, the oxygen and nutrient supply is no longer sufficient
and new blood vessels are required to ensure tumor progression.“‘él
The acquisition of an angiogenic phenotype by tumor cells may occur
through genetic or tumor environment alterations, leading to the
activation of endothelial cells, that is, blood vessel constituent
cells.”®! One way of activating endothelial cells is by expression of
proangiogenic growth factors, for example, VEGFs (vascular en-
dothelial growth factors), which then activate the corresponding re-
ceptors and stimulate angiogenesis.>?"!

Vascular endothelial growth factor receptor 2 (VEGFR-2) is a tyr-
osine kinase (TK) that mediates a large number of cell responses as-
sociated with angiogenesis.""? The association of this receptor and
the progression of solid tumors are well established in the literature and
well validated by experiments.'®"'®! For this reason, modulation of
VEGFR-2 has been considered a strategical druggable oncology ap-

proach.!"”-?"1 Moreover, targeting tumor angiogenesis confers relative

Vascular endothelial growth factor receptor 2 (VEGFR-2) is a tyrosine kinase that
mediates a large number of cell responses associated with angiogenesis. The control
of the angiogenic pathway in tumorigenesis by the inhibition of VEGFR-2 is con-
sidered a promising therapeutic strategy for the prevention and control of solid
tumor growth. In this study, the design, synthesis, and biological evaluation of a
novel series of VEGFR-2 inhibitors with an N-acylhydrazone (NAH) scaffold (9a-h)
are reported. The molecular design is validated by docking studies and by in vitro
inhibitory activity assays. Compounds 9b, 9c, 9d, and 9f effectively inhibited neo-
vascularization induced by VEGF in the chorioallantoic membrane assay. Thus, these

NAH derivatives are promising antiangiogenic prototypes.

angiogenesis inhibitor, kinase inhibitor, LASSBio-2027, N-acylhydrazone, VEGFR-2

selectivity to tumor tissues, which are more sensitive to antiangiogenic
effects, and enables targeting a wide range of heterogeneous tumors
that share in common an intensified angiogenic signaling.?%~%

For these reasons, VEGFR-2 inhibitors, whether combined or not
with other therapies, such as chemotherapy and radiotherapy, are
employed in the treatment of different types of solid tumors.[®”24-2¢]

Several VEGFR-2 inhibitors have already been reported in the
literature, showing different molecular patterns and distinct pharma-
cological profiles.?”?®] The US Food and Drug Administration (FDA)
has already approved 48 small molecular entities with kinase

s,[>?) among which there are several VEGFR-2 in-

inhibitory propertie
hibitors, for example sorafenib°®*! 1, sunitinib®? %> 2, axitinib®¢-=*!
3, and cabozantinib®®**! 4 (Figure 1).[4%4%!

Vatalanib (5; PTK787; Figure 1) is one of the most potent and se-
lective first-generation VEGFR inhibitors, consisting of an aminophtha-
lazine derivative synthesized in 2000 by Novartis.“>**! This derivative (5)
has ICso values of 110, 43, and 195nM for VEGFR-1, -2, and -3,
respectively.">*! Through theoretical studies of the binding mode of
vatalanib (5) with VEGFR-2, Manley and colleagues proposed the
alteration of the aminophthalazine moiety to the anthranilamide system,
creating AAL-993 (6; Figures 1-32).”*®) The anthranilamide scaffold of 6

is able to form an intramolecular hydrogen bond involving aniline (NH)

Arch Pharm. 2020;e2000130.
https://doi.org/10.1002/ardp.202000130

wileyonlinelibrary.com/journal/ardp

© 2020 Deutsche Pharmazeutische Gesellschaft I 1 of 12


http://orcid.org/0000-0003-1759-0038
mailto:ejbarreiro@ccsdecania.ufrj.br
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fardp.202000130&domain=pdf&date_stamp=2020-07-15

PAULI ET AL

2 of 12 ARCH DPhG

Archiv der Pharmazie

(0]
Me\N)S/\j/OO\
H
N
= J\H

Me o] rMe
F
LX i
Me
0“ N CFs NS0
H 2

FIGURE 1 VEGFR-2 inhibitors (1-8)
previously described in the literature
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and benzanilide carbonyl (C=0), producing a pseudo-bicyclic mimetic
system.7*%! |n these derivatives, the intramolecular hydrogen bond is
stable under biological conditions and promotes a conformational con-
straint that could mimic the bicyclic system of 5 during ligand-target
recognition.ms’sol Motesanib (7; AMG 706; Figure 1) is also a VEGFR-2
inhibitor>%5%! (IC50=3 nM)3 with similar structural characteristics.>”!

Compound OSI-930 (8; Figure 1), bearing a thiophene moiety, is a

v

OH H-bond donor

OCH,

H-bond acceptor H-bond acceptor

AAL-993 9a-h

9a: R = H; R' = CF; (LASSBi0-2026)
9b: R = H; R' = H (LASSBi0-2027)
9c: R =F; R' = H (LASSBIi0-2028)
9d: R = Cl; R' = H (LASSBi0-2029)
9e: R = CgHs; R' = H (LASSBi0-2051)
9f: R = CF3; R' = H (LASSBi0-2052)
9g: R = NOy; R' = H (LASSBi0-2053)
9h: R = CN; R' = H (LASSBi0-2054)

FIGURE 2 The structural design of the novel N-acylhydrazone
derivatives as VEGFR-2 inhibitors

0SI-930

VEGFR-2 inhibitor prototype (ICso = 9 nM),"*! which is also able to form
a similar intramolecular hydrogen bond.*¢°7!

Compound 6 has an ICsg value of 23 nM for VEGFR-2, 130 nM for
VEGFR-1, and 18 nM for VEGFR-3, and it also inhibits PDGFR-f with an
ICso value of 640 nM*7! In addition, AAL-993 (6) presents in vivo oral
bioavailability and proven blockade of VEGF-induced angiogenesis, pre-
venting tumor growth in a range of rodent models® X-ray crystal-
lography studies have shown that compound 6 is a type Il inhibitor, which
interacts with VEGFR-2 in DFG-out inactive conformation, as observed in
crystallographic complex available in PDB (5EW3; Figure 3a)l8

Therefore, considering our continuous research interest in the
discovery of new bioactive N-acylhydrazone (NAH) derivatives,°”!
we have identified compound 6, bearing an aryl-benzamide moiety, as
an attractive molecular scaffold for the design of novel NAH deri-
vatives as VEGFR-2 inhibitor candidates. Herein, were described the
in silico design, synthesis, and bioevaluation of a new series of NAH
derivatives (9a-h; Figure 2) as VEGFR-2 inhibitors.

2 | RESULTS AND DISCUSSION
2.1 | Design of the novel NAH derivatives
The molecular design of the novel NAH derivatives 9a-h (Figure 2) as

VEGFR-2 inhibitors was based on the binding mode of ALL-993 (6)
with VEGFR-2, which was observed in the crystallographic complex
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FIGURE 3 (a) The cocrystal structure of AAL-993 in complex with
human VEGFR-2 (PDB code: 5EW3); (b) predicted binding interactions
of 9a (green) with VEGFR-2; (c) predicted binding interactions of 9c
(yellow) with VEGFR-2; (d) predicted binding interactions of 9e
(yellow) with VEGFR-2. Docking studies were performed with the
GOLD 5.1 program. The images were generated with PyMol software
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available in Protein Data Bank with code 5EW3l®! (Figure 3a). The
molecular recognition of 6 by the kinase domain of VEGFR-2 is based
primarily on three hydrogen-bond (H-bond) interactions: (a) pyridine
N with backbone NH of hinge cysteine (Cys919); (b) anthranilamide-
C=0 core with backbone NH of DFG aspartate (Asp1046); (c) amide
NH of 6 with carboxylate of glutamate side chain (Glugss).*®! To
optimize this interaction mode with VEGFR-2, the first work hy-
pothesis of this study was based on the introduction of a molecular
modification in 6 to include additional interaction points in molecular
recognition. This approach was envisaged by exploring the glutamate
(Glu917) residue placed next to the hinge cysteine (Cys919) of
VEGFR-2 ATP-binding site (Figure 3). As Glu917 residue could in-
teract as a hydrogen-bond acceptor, we decided to replace the pyr-
idine ring of 6 by the isovanillin system.l°®°*! The isovanillin scaffold
could participate as an H-bond acceptor, similar to the pyridine ring
of 6; also, this oxygenated scaffold has a supplementary H-bond
donor at the meta position of the phenyl ring, enhancing interactions
with Glu917 (Figure 2).

In the novel NAH derivatives (9a-h), the anthranilamide moiety
of prototype 6 was preserved and the amide linker was replaced by
the NAH scaffold.>”¢?! The exchange of the amide spacer of 6 by
NAH function in the novel derivatives (9a-h) conserves the H-bond
donor and acceptor properties,[59] essential for the recognition of
these ligands by the ATP-binding site of VEGFR-2. Finally, substitu-
tions on the phenyl ring adjacent to the NAH imine carbon were
also planned on the basis of the sufficient space available in this
allosteric binding region.[f’a] Initially, derivative 9a bearing a meta-
trifluoromethyl group at the original position of 6 was designed.
Derivative 9b was also planned to evaluate the eventual contribution
of ring substituents toward the VEGFR-2 inhibitory profile. As the
inductive and mesomeric effects primarily depend on the nature of
the substituent, different groups were evaluated at the phenyl ring,
aiming to explore additional interactions with the hydrophobic
pocket adjacent to the DFG of VEGFR-2. The para-substitution of the
phenyl ring was chosen, as it could potentially present a greater
contribution in electronic effects as compared with the meta position.
The derivative 9f, bearing the trifluoromethyl substituent at the para
position (o =0.54) of the phenyl group; the derivatives 9c (para-F,
o =0.06) and 9d (para-Cl, o = 0.23), with halogenated substituents; 9g
and %9h, having electron-withdrawing substituents with a distinct
o-value (e.g., para-NO,, o = 0.78; para-CN, o = 0.66); and 9e, bearing a
biphenyl group (para-Ph, o =-0.01), were designed to evaluate the
contribution of potential hydrophobic interactions with the allosteric
adjacent binding site of VEGFR-2 (Figure 2).

2.2 | Molecular docking studies

A docking study of this new series of NAH ligands with the TK do-
main of VEGFR-2 was performed to validate the structural design.
According to the results obtained with the semirigid docking ap-
proach, the novel NAH derivatives 9a-h interact with the VEGFR-2

ATP-binding site in a similar conformation as 6 in the reference
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TABLE 1 Distances (in A) for the H-bond interactions between the
amino acid residues of VEGFR-2 and the atoms present in the NAH
derivatives

Asp1046 Asp1046

Derivatives Cys919 Glu917 (C=0) (NH) Glu885
9a 21 2.3 2.8 1.7 1.7
9b 21 2.1 20 = 20
9c 24 2.3 1.8 1.7 1.8
9d 2.3 2.3 21 1.9 1.9
9e 24 - 1.9 20 -
9f 2.2 21 34 2.1 1.9
9g 1.8 21 20 3.0 1.7
%9h 2.6 3.5 2.1 = =
6 21 - - 1.9 20

Note: Only H-bond interactions lower than 3.5 A lengths were considered.

crystallographic structure (PDB: 5EW3), as shown in Figure 3b,c for
compounds 9a and 9c, respectively.

Hydrogen bonds are observed between the isovaniline-OCHj3
and the backbone NH of the Cys919; the isovaniline-OH and the
backbone CO of Glu917; and the NH of the NAH group and the side-
chain carboxylate of Glu885. Some derivatives also showed interac-
tions involving the carbonyl of the NAH scaffold and the backbone
NH of the DFG aspartate residue (Asp1046; Figure 3b,c). Very re-
cently, the binding mode of NAH function with Glu885 and Asp1046
has also been observed by Abdel-Mohsen et al.l*!

In turn, the biphenyl derivative 9e was not able to form an
additional H-bond with Glu917, probably due to steric limitations
caused by its larger substituent, as depicted in Figure 3d. Table 1

describes the binding lengths of the H-bond interactions observed

o)
(j\)kocm3 a (j\)kow3 b
e b
NO, NH,
10 11

Compounds 9 and 14:
a:R=H; R =CF;3
b:R=H;R'=H
c:R=F,R=H
d:R=CIR'=H

e:R=CgHs; R =H o
f.R =CFy R =H OH
g:R=NOy R =H H
h:R=CN;R'=H OCH3 R
e
9a-h 14a-h

between each NAH compound and the amino acid residues of
VEGFR-2.

It is worth mentioning that the results obtained by molecular
docking indicate that the replacement of the amide function by the
NAH scaffold did not alter the expected bioactive conformation,
preserving the pseudo ring with the intramolecular hydrogen bond
observed in the prototype 6 for the designed NAH derivatives, ex-
cept 9h (Figure S34). Moreover, the isovanillin moiety was shown in
silico to be able to introduce an additional hydrogen bond with the
VEGFR-2 hinge, validating the molecular design of these novel deri-
vatives (9a-h).

2.3 | Chemistry

The synthesis of the novel NAH derivatives 9a-h was realized
through the methodology depicted in Scheme 1. In the initial reaction
of the synthetic route, methyl 2-nitrobenzoate (10) was reduced to
the methyl 2-aminobenzoate (11), using iron and ammonium chloride
in a mixture of ethanol/water at reflux.*? Next, the benzylaniline
derivative 12 was prepared through reductive amination reaction of
11 with 4-methoxy-3-hydroxybenzaldehyde, using sodium cyano-
borohydride (NaBH3;CN) and zinc chloride in methanol at room
temperature.*>® Then, ester 12 was converted to the respective
hydrazide 13 by hydrazinolysis reaction in ethanol under reflux.t®”!
Finally, the NAH derivatives 9a-h were synthesized by acid-
catalyzed condensation between the key intermediate compound 13
and the respective aldehydes 14a-h.1°%¢7]

For all synthetized NAH derivatives, a single NH amide peak at §
12-11ppm in H nuclear magnetic resonance (NMR) spectrum (see
Supporting Information Data) suggests that only one diastereoisomer
of the NAH group was obtained. However, there is strong experi-
mental evidence for the E-isomer formation in the condensation step
of the NAH's synthetic route.[*?¢®!

SCHEME 1 The synthetic route employed for
the preparation of the designed N-acylhydrazone
compounds 9a-h. Reagents and conditions: (a)
Fe®, NH,4CI, /H,0, 80°C, 1hr, 74%; (b)
4-methoxy-3-hydroxybenzaldehyde, ZnCl,,
NaBH3;CN, MeOH, room temperature (r.t.), 48hr,
80%; (c) NoH4-H,0, EtOH, 80°C, 71%; (d)
aromatic aldehydes, cat., EtOH, r.t.,

4-8hr, 40-85%

K@EOH
OCH;

13
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2.4 | Biology
2.4.1 | VEGFR-2 inhibition

NAH derivatives 9a-h were evaluated for their VEGFR-2 inhibitory
activity employing the TR-FRET (Cerep-FR®) assay at a screening
concentration of 1uM. From the eight novel chemical entities syn-
thetized in this series, six NAHs have demonstrated a percentage of
inhibition >85%, highlighting 9b, 9¢, and 9h derivatives, which induced
98% inhibition (Figure S35) in the screening assay. In turn, derivatives
9e and 9f did not reach 50% inhibition at this concentration. For
compound 9e, the bulky biphenyl residue prevents its accommodation
at the ATP-binding site, which could explain the poor activity. In turn,
for derivative 9f, although the docking study has indicated a favorable

(@)

VEGF + 9f

(b

16

Percentage of area
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interaction with the VEGFR-2 hinge region, this ligand-target re-
cognition was not culminating in a potent inhibition of the kinase ac-
tivity in vitro. However, in general, the results obtained in the VEGFR-
2 inhibition assay are in accordance with those obtained in the docking
study, suggesting that the designed NAH derivatives are favorable for
the development of VEGFR-2 inhibitors with a novel chemical scaffold.

2.4.2 | Antiangiogenic activity

Considering the key role of VEGFR-2 signaling in angiogenesis, the
novel series of NAH derivatives was assayed to evaluate its anti-

angiogenic activity through chick embryo chorioallantoic membrane
(CAM) assay.
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AAL-993 9a 9b

FIGURE 4

+ + + + +
9d 9e of 9g 9h

(a) Ilustrative images obtained from chorioallantoic membrane (CAM) assays using a stereomicroscope (magnification, x2). (b)

The quantitative analysis of the CAM assays. Different letters indicate significant differences (p <.05) according to analysis of variance with

post-hoc comparisons by the Holm-Sidak multiple comparison test
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CAM is an extraembryonic membrane formed on Days 3-4 of
chicken development by the fusion of the chorion and the allantois
that contain a blood vessel network. Between Days 8 and 10, the
developing CAM vasculature is ready to sprout in response to ad-
ditional proangiogenic stimuli, which, in turn, is very responsive to
antiangiogenic factors.[®”! Thus, NAH derivatives 9a-h or AAL-993
(6) were inoculated on CAM in the presence of VEGF in chicken
embryos with 8 days of development, and the area of the blood
vessels was evaluated on the 10th day.

The amount of NAH derivatives used in CAM assays was defined
from the dose-response curve using the substance LASSBio-2027
(9b) at 0.1, 1, and 10 ng/CAM for 48 hr. Reduction in blood vessels
area was observed only in samples treated with 0.1 and 1 ng/CAM
combined with VEGF as compared with the VEGF group (Figure S44).
Thus, further CAM assays were carried out using 1ng/CAM
(equivalent to 0.1 ymol/l) of NAH derivatives. There was no cytotoxic
effect of these substances on human umbilical vein endothelial cells
(HUVECs) when they were used at 0.1 umol/l for 48 hr (data not
shown). The amount of proangiogenic (VEGF) and antiangiogenic
(AAL-993) agents used in CAM assays was defined from cell viability
assay using HUVEC cells (Figure S45).

Among the eight substances tested, 9b, 9¢c, 9d, and 9f effectively
inhibited neovascularization induced by VEGF (Figure 4) in the CAM
assay. These substances apparently reduced the formation of new
blood vessels induced by VEGF. We observed a lower percentage of
vessel area in samples treated with 9b, 9¢, 9d, or 9f combined with

(@) DMSO

(b)
250- 80-
5 g1 S
E 150- 2
c -] 404 =2 .
3 100- S
2 g
% wf W
ol i 0
DMSO 9e of DMSO
FIGURE 5

VEGF as compared with the group treated only with VEGF where
sprouting of microvessels was widely observed. The antiangiogenic
activity of 9b, 9¢, 9d, and 9f was equivalent to that observed for AAL-
993 (Figure 4). There were no significant differences in samples
treated with 9a, 9e, 9g, or 9h combined with VEGF in comparison
with the VEGF group (Figure 4) in tested experimental conditions.
These findings showed some inconsistencies regarding results ob-
tained from biochemical assay. For example, 9a, 9g, and 9h were
unable to inhibit neovascularization in the CAM assay, but they in-
hibited VEGFR-2 activity in the biochemical assay. Discrepancies
between the enzymatic assay and cell-based models are not un-

common!’%74

and may be related to the high complexity of the in
vivo model, compared with biochemical assays where purified kinase
domain of VEGFR-2 is used.

In the next step, we performed an additional assay to evaluate a
better antiangiogenic activity of the substance 9f. For this tube for-
mation assay using HUVECs with compounds 9e and 9f, which dis-
played negative and positive effect on neovascularization in CAM
assay, respectively. We observed a dense and regular network with
long wide branches in HUVEC control cultures. A similar pattern was
observed in cultures treated with 9e, indicating that VEGF induced
the formation of capillary-like structures in these samples. By con-
trast, we observed a broken network and dispersed cell clusters in
cultures treated with 9f, demonstrating that this substance effec-
tively interfered in capillary-like tube formation of HUVECs on the
Matrigel surface (Figure 5). Thus, we demonstrated that 9f

of

40+
§ 0l —T
3
2
w 207
o
]
ek g 10+ b

9e of DMSO 9e of

(a) Nlustrative images of the tube formation assays (x10 magnification). HUVECs were plated on Matrigel and treated for 18 hr

with substances 9e or 9f at 0.1 umol/l. (b) The tube formation assay analysis: The ability of HUVECs to form capillary-like structures was
evaluated considering the number of nodes, junctions, and meshes formed. These parameters were determined using Angiogenesis Analyzer
from ImageJ Program. ***p <.001 according to analysis of variance, followed by Dunnet's post-test. DMSO, dimethyl sulfoxide; HUVEC, human

umbilical vein endothelial cell
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effectively acted on endothelial cells, inhibiting cell proliferation and
migration, thereby acting as an antiangiogenic agent.

In the last few decades, many efforts have been made to identify
new angiogenesis inhibitors'’?! due to tumor resistance and toxicity as-
sociated with the use of currently available antiangiogenic treatment.””!
Our findings revealed that 9b, 9¢c, 9d, and 9f are promising prototype
derivatives for antiangiogenic therapy once they effectively reduce the
neovascularization induced by VEGF. Curiously, antiangiogenic effect
was observed when very low doses of these substances were used. It
has been reported that low doses of antiangiogenic agents may con-
tribute to tumor vessel normalization and reduction of tumor growth
and metastasis.”*! Further studies should be carried out to evaluate the
clinical applicability of these NAH derivatives.

3 | CONCLUSION

In conclusion, in this study, we have described the molecular design,
the synthesis, and biological evaluation of a novel series of NAH
derivatives (9a-h), as -N=CH- homologs of compound 6 and VEGFR-
2 inhibitors. The performed docking studies have shown that the
designed NAH compounds could potentially form an additional hy-
drogen bond with the glutamate residue of VEGFR-2 ATP-binding
site, validating the molecular design. Furthermore, the enzymatic
inhibitory assay and the antiangiogenic activity have shown that the
novel NAH derivatives represent a new chemical scaffold for VEGFR-
2 inhibitors. Compounds 9b, 9c, 9d, and 9f effectively inhibited
neovascularization induced by VEGF in the CAM assay, highlighting
9f that showed an equivalent antiangiogenic activity as that observed
for the prototype AAL-993.

4 | EXPERIMENTAL
4.1 | Chemistry
4.1.1 | General

Commercial reagents were obtained from commercial suppliers and
were used without pretreatment. The reactions were monitored by
thin-layer chromatography on silica gel (chromate aluminum sheets
Kieselgel 60 F245; Merck), and the visualization of the CCD plates was
performed with ultraviolet (UV) light at wavelengths of 254 and
365 nm. For the *H and *3C NMR spectra, the samples were dissolved
in dimethyl sulfoxide (DMSO)-d¢ and placed in a 5-mm diameter tube.
The NMR spectra were obtained in a Bruker DPX-200 (200 and
50MHz), DRX-300 (300 and 75MHz), Varian 400-MR (400 and
100 MHz), and 500MR (500 and 125 MHz) spectrometer. The che-
mical shifts (6) are reported in parts per million (ppm) from the internal
standard tetramethylsilane, and the coupling constant values (J) are
given in Hertz (Hz; Figures S1-516). The areas of the peaks were
obtained by electronic integration, and their multiplicities are de-
scribed as follows: s, singlet; d, doublet; dd, double doublet; ddd,

Archiv der Pharmazie

double double doublet; t, triplet; m, multiplet, sl, single long. For some
of the novel NAH derivatives, solubility limitations hampered the clear
observation and attribution of the carbonyl carbon in *C NMR
spectra. However, structures were properly elucidated through *H
NMR and electrospray ionization-mass spectra (ESI-MS), and the
presence of the NAH carbonyl was confirmed by infrared (IR) spectra
(v, 1,633-1,639cm™Y) for all NAH derivatives. IR spectra were ob-
tained on an IR Thermo Scientific Nicolet iS10 Smart FT-IR spectro-
meter, and the absorption values were recorded in wavenumber using
the reciprocal centimeter (cm™2) as the unit (Figures S17-524). High-
performance liquid chromatography with photodiode array detection
(HPLC-PDA) was performed in Shimadzu-LC20AD apparatus, using
the Kromasil 100-5C18 (4.6 x 250 mm) column, SPD-M20A detector
(diode array) at wavelengths of 294-338 nm for analyte quantification
and constant flow of 1 ml/min (Figures $25-532). The mobile phase
used was 60% acetonitrile and 40% water. The solvents used for
analysis by HPLC-PDA have HPLC purity (TediaBrazil®). The melting
points (mp.) of all compounds were determined on a Quimis model
Q340.23. The molecular ions of the compounds were detected using
the Esquire 6000-ESI lon Trap MSn System Bruker Daltonics mass
spectrometer in positive mode.

The InChl codes of the investigated compounds are provided as

Supporting Information Data.

4.1.2 | The synthesis of methyl 2-aminobenzoate
intermediate (11)

In a 50-ml flask, methyl 2-nitrobenzoate (10; 43.2 g, 11 mmol) was added
in an EtOH/H,O (12:6 ml) mixture, along with 5 equivalents of iron
(30g; mmol) and 1.6 equivalents of ammonium chloride (0.94g,
17.60 mmol). The reaction mixture was maintained under reflux at 80°C
and was constantly stirred for 1 hr. Then, the reaction mixture was fil-
tered hot through Celite, and the isolation was carried out with se-
paration funnel extraction, using ethyl acetate and water at pH 9
(adjusted with 10% NaOH solution). The organic phase was dried over
sodium sulfate, filtered, and the solvent was evaporated under reduced
pressure. The final product 11 is a colorless oil obtained in 74% vield. *H
MNR (400 MHz, DMSO-ds) § (ppm): 3.78 (s, 3H, OCHg), 6.5 (ddd, 1H,
J=1Hz, 7Hz, and 8 Hz, H2), 6.64 (s, 2H, NH,), 6.76 (dd, 1H, J=8Hz,
7Hz, H4), 7.24 (t, 1H, J=8Hz, 7Hz, 2Hz, H3), 7.68 (dd, 1H, J=8Hz,
2Hz, H1). IR (attenuated total reflection [ATR] cm™): 3479,
3,370, 1,687.

4.1.3 | The synthesis of methyl
2-[(3-hydroxy-4-methoxybenzyl)amino]benzoate (12)

In a 50-ml flask, methyl 2-aminobenzoate (11; 0.86 ml, 6.60 mmol)
was added with 1 equivalent of 3-hydroxy-4-methoxybenzaldehyde
(41.0 g, 6.60 mmol) and 0.5 equivalent of zinc chloride (ZnCl,, 0.45 g,
3.30 mmol). The reaction mixture was stirred at room temperature.
After 24 hr, 1 equivalent of sodium cyanoborohydride (NaBH5CN,
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0.41g, 6.60 mmol) was added in three portions every half hour. The
reaction was terminated after 24 hr of the addition of the reducing
agent NaBH3CN. For isolation, the reaction mixture was kept in an
ice bath, and then the precipitate formed was filtered and washed
with distilled water. The product is a light gray solid, obtained in 80%
yield; mp. 87-89°C. *H NMR (400 MHz, DMSO-dy) § (ppm): 3.78 (s,
3H, H8), 3.79 (s, 3H, H7), 4.29 (d, 2H, J = 5 Hz, CH,), 6.57 (dd, J = 8 Hz,
1Hz, H2), 6.69-6.76 (m, H1’, H3’, and H4), 6.87 (d, J=8Hz, H4'),
7.33 (ddd, J=1Hz, 8 Hz, 7 Hz, 2 Hz, H3), 7.80 (dd, J = 8 Hz, 2 Hz, H1),
7.99 (t, J= 5 Hz, NH). **C NMR (100 MHz, DMSO-de) & (ppm): 45.59
(CH,), 51.54 (C7), 5.68 (C8), 109.28 (C6), 111.95 (C4’), 112.40 (C2),
114.44 (C4), 114.45 (C1), 117.79 (C3), 131.59 (C2’'), 134.68 (C3),
146.65 (Cé'), 146.74 (C5'), 150.45 (C5), 168.19 (C=0). IR (ATR,
cm™): 3,502, 3,360, 1,685.

414 | The synthesis of 2-[(3-hydroxy-4-
methoxybenzyl)amino]benzohydrazide (13)

In a 50-ml flask, intermediate 12 (1 g, 3.48 mmol) was added in 10 ml of
ethanol and 20 equivalents of 80% hydrazide hydrate (3.39ml,
69.60 mmol). The reaction mixture was maintained under reflux at 80°C
and was stirred. After 12 hr, the reaction was finished and the solvent
was evaporated under reduced pressure. The precipitate formed was
washed with distilled water to give a light brown solid product in 71%
yield; mp. 171-172°C. *H NMR (400 MHz, DMS0-d¢) § (ppm): 3.73 (s,
3H, OCHj3), 419 (d, 2H, J=5Hz, CH,), 441 (s, 2H, NH,), 6.52 (t, 1H,
J=7Hz, 2H), 6.62 (d, 1H, J = 8 Hz, H4), 6.70-6.77 (m, 2H, H1’, H3'), 6.86
(d, 1H, J=8Hz, H4'), 7.20 (t, 1H, J=8Hz, H3), 7.47 (d, 1H, J=8 Hz, H1),
7.96 (t, 1H, J=5Hz, NH), 8.94 (s, 1H, OH), 9.58 (s, 1H, NH). 13C NMR
(100 MHz, DMSO-dg) & (ppm): 45.84 (CH,), 55.70 (C8), 111.36 (C4'),
112.37 (C2), 114.11 (C6), 114.37 (C4), 114.55 (CY1’), 117.38 (C3), 127.79
(C1), 131.98 (C2), 132,05 (C3), 146.59 (C6'), 146.65 (C5'), 148.77 (C5),
168.63 (C=0). IR (ATR, cm™Y): 3,393, 3,315, 3,272, 1,633.

4.1.5 | General procedure for the synthesis of the
NAH derivatives

The intermediate 13 (0.30g, 1.0 mmol) was added to a 20-ml flask
with 15 ml of ethanol and 1 equivalent of the respective aldehyde
(1.0 mmol) and one drop of 37% HCI as a catalyst. The reaction
mixture was stirred at room temperature for 4-8 hr until precipita-
tion was observed. For insulation, the solvent was then partially
concentrated at reduced pressure and the flask was placed in an ice
bath. The precipitate was filtered and dried under vacuum to obtain
the NAH derivatives. When necessary, purification was performed, as
described in the specifications of the following items.

N’-[3-(Trifluoromethyl)benzylidene]-2-[(3-hydroxy-4-
methoxybenzyl)-amino]benzohydrazide (9a)
Derivative 9a was obtained by condensation of intermediate 13 with 1

equivalent of aldehyde 14a (0.14 ml, 1.0 mmol) in 65% vyield. 9a was

purified by recrystallization with ethanol to give a pale-yellow solid; mp.
172-173°C; purity (HPLC; Figure S25): 99.1%. H NMR (400 MHz,
DMSO-dy) & (ppm; Figure S1): 3.73 (s, 3H, OCHg), 4.24 (d, 2H, J=5Hz,
CH,), 6.63 (t, 1H, J=7Hz, 2H), 6.69 (d, 1H, J =8 Hz, H4), 6.74-6.79 (m,
2H, H1, H3'), 6.87 (d, 1H, J=8Hz, H4), 7.29 (t, 1H, J=7Hz, H3),
7.64-7.71 (m, 2H, H1”, H2"), 7.78 (d, 1H, J=8Hz, H1), 7.88 (s, 1H,
ArNH), 8.00 (d, 1H, J =7 Hz, H6"), 8.05 (s, 1H, H3"), 8.48 (s, 1H, N=CH),
8.96 (s, 1H, OH), 11.91 (s, 1H, O=CNH). 3C NMR (100 MHz, DMSO-dj)
& (ppm; Figure S2): 45.80 (CH,), 55.67 (C8), 111.72 (C4'), 112.38 (C2),
113.63 (Cé), 114.36 (C4), 114.56 (C1’), 117.88 (C3’), 122.81 (C4"),
125.13 (CF3), 126.13 (C6”), 128.70 (C1), 128.70 (C1), 129.78 (C1"),
130.05 (C5”), 131.02 (C2”), 131.80 (C3), 133.01 (C2'), 135.69 (C3"),
145.18 (C=N), 146.63 (C6’), 146.70 (C5), 149.42 (C5'). IR (ATR, cm™%;
Figure S17): 3,213, 3,051, 1,633. ESI-MS (Figure S33) calculated for
Ca3H20N305F3: [M]" = 443,14. Found: [M+H]" = 444.04.

N’-Benzylidene-2-[(3-hydroxy-4-methoxybenzyl)amino]benzo-
hydrazide (9b)

Derivative 9b was obtained by condensation of intermediate 13 with
1 equivalent of aldehyde 14b (0.10 ml, 1.0 mmol) in 78% yield. The 9b
is a pale-yellow solid; mp. 200-201°C; purity (HPLC; Figure S26):
97.7%. *H NMR (400 MHz, DMSO-d) & (ppm; Figure S3): 3.73 (s, 3H,
OCHjg), 4.24 (d, 2H, J=5Hz, CHy), 6.62 (t, 1H, J=7 Hz, 2H), 6.68 (d,
1H, J=8Hz, H4), 6.73-6.79 (m, 2H, H1’, H3'), 6.87 (d, 1H, J=8 Hz,
H4'),7.28 (t, 1H, J =7 Hz, H3), 7.43-7.48 (m, 3H, H1”, H2", H6"), 7.63
(d, 1H, J=8Hz, H1), 7.70 (d, 2H, J=8Hz, H2", H4"), 7.87 (s, 1H,
ArNH), 8.40 (s, 1H, N=CH), 8.97 (s, 1H, OH), 11.72 (s, 1H, O=CNH).
13C NMR (100 MHz, DMSO-d¢) & (ppm; Figure S4): 45.81 (CH,),
55.68 (C8), 111.67 (C4’), 112.38 (C2), 113.95 (Cé), 114.37 (C4),
114.53 (C1'), 117.87 (C3), 126.29 (C6”), 128.57 (C1), 128.88 (C1”,
C5”), 129.95 (C2”, C4”), 131.86 (C3), 132.82 (C2’), 134.48 (C3"),
146.64 (C=N), 146.70 (Cé'), 147.11 (C5), 149.34 (C5'). IR (ATR, cm™%;
Figure S18): 3,349, 3,279, 2,840, 1,638. ESI-MS (Figure S34): calcu-
lated for Cy5H21N3O3: [M]* = 375.16. Found: [M+H]" = 376.09.

N’-(4-Fluorobenzylidene)-2-[(3-hydroxy-4-methoxybenzyl)amino]-
benzohydrazide (9c)

Derivative 9¢ was obtained by condensation of intermediate 13 with 1
equivalent of aldehyde 14c (0.11ml, 1.0 mmol) in 69% yield. 9c is a
white solid; mp.176-177°C; purity (HPLC; Figure $27): 99.2%. H
NMR (400 MHz, DMSO-d¢) § (ppm; Figure S5): 3.73 (s, 3H, OCHp),
4.24 (d, 2H, J=5Hz, CHy), 6.62 (t, 1H, J=7Hz, 2H), 6.68 (d, 1H,
J=8Hz, H4), 6.73-6.79 (m, 2H, H1’, H3'), 6.87 (d, 1H, J=8Hz, H4'),
7.28 (t, 1H, J =7 Hz, H3), 7.43-7.48 (m, 3H, H1", H2", H6"), 7.63 (d, 1H,
J=8Hz, H1),7.70 (d, 2H, J=8 Hz, H2", H4"), 7.87 (s, 1H, ArNH), 8.40
(s, 1H, N=CH), 8.97 (s, 1H, OH), 11.72 (s, 1H, O=CNH). **C NMR
(100 MHz, DMSO-d¢) 8§ (ppm; Figure S6): 45.79 (CH,), 55.69 (C8),
111.64 (C4'), 112.64 (C2), 113.93 (Cé), 114.34 (C4), 11453 (C1),
115.75 (C1”, C5”), 117.85 (C3’), 128.59 (C1), 129.14 (C2", C4"),
131.09 (C3”), 131.85 (C3), 132.79 (C2), 145.94 (C=N), 146.63 (C¢'),
146.68 (C5), 149.31 (C5), 163.01 (d, J = 249 Hz, C6"), 165.62 (C=0)
IR (ATR, cm™%; Figure $19): 3,297, 3,145, 1,633. ESI-MS (Figure $35)
calculated for CyH20N3O5F: [M]* = 393.08. Found: [M+H]* = 394.08.
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N’-(4-Chlorobenzylidene)-2-[(3-hydroxy-4-methoxybenzyl)amino]-
benzohydrazide (9d)

Derivative 9d was obtained by condensation of intermediate 13 with
1 equivalent of aldehyde 14d (0.14 g, 1.0 mmol) in 68% yield. 9d is a
white solid; mp. 168-169°C; purity (HPLC; Figure $28): 98.9%. H
NMR (400 MHz, DMSO-dq) & (ppm; Figure S7): 3.73 (s, 3H, OCHg),
4.24 (d, 2H, J=5Hz, CHp), 6.62 (t, 1H, J=7Hz, 2H), 6.68 (d, 1H,
J=8Hz, H4), 6.73-6.79 (m, 2H, H1’, H3'), 6.87 (d, 1H, J =8 Hz, H4),
7.28 (t, 1H, J=7 Hz, H3), 7.52 (d, 2H, J = 9 Hz, H1", H5"), 7.63 (d, 1H,
J=8Hz, H1),7.73 (d, 2H, J= 9 Hz, H2", H4"), 7.86 (s, 1H, ArNH), 8.38
(s, 1H, N=CH), 8.96 (s, 1H, OH), 11.77 (s, 1H, O=CNH). °C NMR
(100 MHz, DMSO-d) & (ppm; Figure S8): 45.78 (CH,), 55.72 (C8),
111.68 (C4), 112.37 (C2), 113.80 (Cé), 114.35 (C4), 114.51 (C1),
117.88 (C3'), 128.59 (C1” and C5”), 128.93 (C1, C2” and C4"),
131.83 (C3), 132.88 (C2’), 133.43 (C6"), 134.34 (C3"), 145.72 (C=N),
146.63 (C6'), 146.68 (C5), 149.35 (C5'). IR (ATR, cm™%; Figure S20):
3,403, 3,213, 3,048, 1,638. ESI-MS (Figure S36): calculated for
CooHpoN305Cl: [M]F =409.12. Found: [M+H]" = 410.06.

N’-[(1,1'-Biphenyl)-4-methylene]-2-[(3-hydroxy-4-methoxybenzyl)-
amino]benzohydrazide (9e)

Derivative 9e was obtained by condensation of intermediate 13 with 1
equivalent of aldehyde 13e (0.18 g, 1.0 mmol) in 85% vyield. 9e is a light-
yellow solid; mp. 204-205°C; purity (HPLC; Figure $29): 99.3%. *H NMR
(400 MHz, DMSO-dy) & (ppm; Figure S9): 3.74 (s, 3H, OCHg), 4.25 (d, 2H,
J=5Hz, CHy), 6.63 (t, 1H, J=7Hz, 2H), 6.69 (d, 1H, J=8Hz, H4),
6.74-6.80 (m, 2H, H1’, H3'), 6.87 (d, 1H, J=8Hz, H4'), 7.29 (t, 1H,
J=7Hz,H3),7.39 (t, 1H, J=7 Hz, H6"), 7.49 (t, 2H, J =7 Hz, H1”, H5"),
7.66 (d, 1H, J=8Hz, H1), 7.72-7.82 (m, 6H, H1”, H2", H4", H5", H2",
H4"), 7.90 (s, 1H, ArNH), 8.44 (s, 1H, N=CH), 8.97 (s, 1H, OH), 11.75 (s,
1H, O=CNH). **C NMR (100 MHz, DMSO-dy) & (ppm; Figure S$10): 45.80
(CH,), 55.72 (C8), 111.65 (C4’), 112.39 (C2), 113.92 (C6), 114.36 (C4),
114.52 (C1'), 117.82(C3'), 126.65 (C2” and C4”), 127.04 (C1” and C5”),
127.58 (C1” and C5”), 127.86 (C6”), 128.58 (C1), 129.02 (C2” and C4"),
131.85 (C3), 132.81 (C2'), 133,59 (C3"), 139.33 (Cé"), 141.31 (C=N),
146.63 (C6'), 146.69 (C5), 149.34 (C5'). IR (ATR, cm™%; Figure S21):
3,408, 3,224, 3,054, 1,639. ESI-MS (Figure S37): calculated for
CagH25N303: [M]* =451.19. Found: [M+H]" =452.17.

N’-[4-(Trifluoromethyl)benzylidene]-2-[(3-hydroxy-4-methoxybenz-
yl)amino]benzohydrazide (9f)

Derivative 9f was obtained by condensation of intermediate 13 with
1 equivalent of aldehyde 14f (0.14 ml, 1.0 mmol) in 63% vyield. 9f is a
light-yellow solid; mp. 172-173°C; purity (HPLC; Figure S30): 99.1%.
*H NMR (400 MHz, DMSO-de) § (ppm; Figure S11): 3.73 (s, 3H,
OCHj3), 4.24 (d, 2H, J=5Hz, CH,), 6.63 (t, 1H, J=7 Hz, 2H), 6.69 (d,
1H, J=8Hz, H4), 6.73-6.79 (m, 2H, H1’, H3’), 6.87 (d, 1H, J=8Hz,
H4'), 7.30 (t, 1H, J =7 Hz, H3), 7.65 (d, 1H, J=8 Hz, H1), 7.81 (d, 2H,
J=8Hz,H1",H5"),7.79 (d, 3H, J = 8 Hz, H2", H4", ArNH), 8.46 (s, 1H,
N=CH), 8.97 (s, 1H, OH), 11.91 (s, 1H, O=CNH). *3C NMR (100 MHz,
DMSO-dq) & (ppm; Figure $12): 45.05 (CH,), 55.72 (C8), 112.09 (C4),
112.37 (C2), 113.90 (C6), 114.76 (C4), 114.60 (C1’), 117.96 (C3),
125.22 (CF3), 125.72 (C1” and C5”), 127.54 (C2” and C4"), 128.77
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(C1), 129.67 (C3”), 131.59 (C3), 133.03 (C2), 138.49 (C¢”), 145.31
(C=N), 146.65 (C¢'), 146.75 (C5), 149.10 (C5). IR (ATR, cm™%; Figure
S22): 3,408, 3,221, 3,048, 1,638. ESI-MS (Figure S38): calculated for
Ca3H20N305F3: [M]* = 443.14. Found: [M+H]" = 444.09.

N’-(4-Nitrobenzylidene)-2-[(3-hydroxy-4-methoxybenzyl)amino]-
benzohydrazide (9g)

Derivative 9g was obtained by condensation of intermediate 13 with
1 equivalent of aldehyde 14g (0.15 g, 1.0 mmol) in 40% vyield. 9g was
purified by recrystallization with ethanol to give an orange solid; mp.
188-189°C; purity (HPLC: Figure $31): 98.9%. *H NMR (400 MHz,
DMSO-d¢) § (ppm; Figure S13): 3.73 (s, 3H, OCHs), 4.25 (d, 2H,
J=5Hz, CH,), 6.63 (t, 1H, J=7 Hz, 2H), 6.70 (d, 1H, J=8Hz, H4),
6.74-6.80 (m, 2H, H1’, H3’), 6.87 (d, 1H, J=8Hz, H4'), 7.30 (t, 1H,
J=7Hz, H3), 7.66 (d, 1H, J=8Hz, H1), 7.90 (s, 1H, ArNH), 7.97 (d,
2H, J=9Hz, H2", H4"), 8.30 (d, 2H, J=8Hz, H1", H5"), 8.49 (s, 1H,
N=CH), 8.98 (s, 1H, OH), 12.01 (s, 1H, O=CNH). **C NMR (100 MHz,
DMSO0-d,) § (ppm; Figure S14): 45.78 (CH,), 55.72 (C8), 111.79 (C4),
112.41 (C2), 113.42 (Cé), 114.39 (C4), 114.53 (C1’), 117.87 (C3),
124.08 (C1” and C5”), 127.86 (C2” and C4"), 128.75 (C1), 131.79
(C3), 133.16 (C2’), 140.84 (C3"), 144.45 (C=N), 146.63 (C6), 146.71
(C5), 147.77 (C6"), 149.51 (C5'). IR (ATR, cm™?; Figure $23): 3,393,
3,229, 1,638,1,520, 1,306. ESI-MS (Figure S39): calculated for
C2oH2oN,4O05: [M]* = 420.14. Found: [M+H]" = 421.04.

N’-(4-Cyanobenzylidene)-2-[(3-hydroxy-4-methoxybenzyl)amino]-
benzohydrazide (9h)

Derivative 9h was obtained by condensation of intermediate 13 with
1 equivalent of aldehyde 14h (0.13 g, 1.0 mmol) in 43% yield. 9h was
purified by recrystallization with ethanol to give a light-green solid;
mp. 191-192°C; purity (HPLC; Figure S32): 96.7%. 1H NMR
(400 MHz, DMSO-dy) & (ppm; Figure $15): 3.73 (s, 3H, OCHjs), 4.24 (d,
2H, J=5Hz, CH,), 6.63 (t, 1H, J=7 Hz, 2H), 6.70 (d, 1H, J = 8 Hz, H4),
6.73-6.79 (m, 2H, H1’, H3), 6.87 (d, 1H, J=8Hz, H4'), 7.29 (t, 1H,
J=7Hz, H3), 7.65 (dd, 1H, J=8 Hz, 2 Hz, H1), 7.89 (m, 5H, H1", H2",
H4”, H5", ArNH), 8.44 (s, 1H, N=CH), 8.95 (s, 1H, OH), 11.93 (s, 1H,
O=CNH). *3C NMR (100 MHz, DMSO-dj) & (ppm; Figure $16): 45.82
(CHy), 55.75 (C8), 111.17 (C6”), 111.81 (C4’), 112.44 (C2), 113.54
(Cé), 114.44 (C4), 114.56 (C1), 117.93 (C3'), 118.72 (C=N), 127.56
(C27, C4"), 128.77 (C1), 131.84 (C3), 132.78 (C1” and C5”), 133.15
(C2'), 139.00 (Cé"), 145.05 (C=N), 146.05 (C6’), 146.66 (C5), 149.51
(C5'). IR (ATR, cm™%; Figure S24): 3,378, 3,208, 3,031, 2,231, 1,638.
ESI-MS (Figure S40): calculated for Ci3HpoN4Os: [M]"=400.15.
Found: [M+H]" = 401.02.

4.2 | Pharmacological/biological assays
421 | VEGFR-2 inhibition assay
The enzymatic screening assay was performed by CEREP (France)

with the TR-FRET LANCE phosphorylation methodology (www.cerep.
fr) in 1 uM concentration. The standard used by CEREP was
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staurosporine, which has an ICsq value of 3nM for VEGFR-2. In-
hibition percentages are calculated by the ratio of the percent in-
hibition of the compound to the percent inhibition of the standard
(Figure S43). The assays are registered with the following study
numbers: 100033826 (February 2017) and 100040512 (June 2017).

4.2.2 | Angiogenesis investigation using in vivo and
in vitro models

CAM angiogenesis assay
Fertilized chicken eggs (Gallus gallus domesticus) were disinfected with
70% alcohol and incubated vertically (eggs were placed with the air
chamber up) at 37.5°C in a humidified incubator, and windowed at Day
8. The silicone rubber orthodontic o-ring (Morelli Ortodontia; 1/4”
Médio; REF: 60.08.112) was placed on the surface of the CAM. VEGF
(0.6 ng/CAM), with or without the studied substances (1.0 ug/CAM),
inside of the ring was added. Antiangiogenic AAL-993 (1.5 ug) was
combined with VEGF and used as a positive control. The eggs were
incubated for an additional 48 hr in the same experimental conditions.
The chicken embryos were euthanized by freezing (-20°C for 1 hr)
and the CAMs were fixed in formalin for 30 min. Then, the CAMs were
collected and color images were obtained using a stereomicroscope
(Zeiss STEMI 305). The angiogenesis quantification was performed ac-
cording to Mangir et all?! Briefly, the color images were converted into
black and white using Adobe Photoshop CSé. The magenta, blue, cyan,
and green colors were reduced to —-200% and yellow color to 0%;
however, red color was increased to 300%. In the next step, an area
inside the ring was selected and cropped (the same region area for all
images) using Fiji software (version 2.2.2-rc-69/1.52n). The background
was subtracted and vessels area was evidenced. The data are presented
as percentage of pixels in the analyzed + standard deviation from ima-
ges of the different groups, VEGF (n =42), VEGF plus AAL-993 (n=7),
VEGEF plus tested compounds (n = 7).

HUVEC tube formation assay

The capillary-like tube formation assay was performed using BD Ma-
trigel™ Matrix (BD Biosciences, Bedford, MA) and 96-well plates
(50 wl/well). Endothelial cells (1.5 x 10* cells/well) suspended in 100 pl
of RPMI medium supplemented with 1% of fetal calf serum were ad-
ded to each well in the presence of the compounds 9e and 9f at 0.1 uM
or vehicle (DMSO). The plates were incubated at 37°C for 18 hr, and
then images were captured at x10 magnification with a ProgRes C3
camera (Jenoptik, Germany) coupled to an inverted light microscope
(Zeiss, Germany). The number of nodes, junctions, and meshes from
three different wells was determined using Angiogenesis Analyzer
from ImageJ Program. The data are presented as mean + SD from two
independent experiments performed in triplicate.

Statistical analysis
The statistical analysis was carried out with Jandel SigmaStat 3.1

software (Jandel Corporation, San Rafael, CA), using analysis of

variance, followed by post-hoc comparisons by the Holm-Sidak

multiple comparison test or Dunnet's post-test.

4.3 | Molecular docking

In the molecular modeling study, a data collection of all the crystal-
lographic structures available in the Protein Data Bank database
(PDB; http://www.rcsb.org) for VEGFR-2 target proteins was carried
out, followed by the analysis of their active site. The crystallographic
structure of the VEGFR-2 enzyme with code 5EW358 and resolution
2.5 A for docking was selected. Then, a molecular reanalysis (vali-
dation) was performed using the GOLD 5.2 program (CCDC; License:
G/414/2006) with the four different punctuation functions available,
that is, ASP, ChemPLP, ChemScore, and GoldScore. All of the
aforementioned functions were evaluated by the reangling of the
cocrystallized ligands to identify the punctuation function most ap-
propriate to the study with the target protein. Validation of the
docking run method using VEGFR-2 (5EW3) was performed with and
without the water molecules of crystallization, spanning a set of
amino acid residues within a 10 A radius from the central amino acid
Val899 to the ATP-binding site. After the re-anchoring step, root
mean square deviation values between the best result of each scoring
function and the crystallographic structure were calculated (Table
S1). The ChemScore function showed the best performance (score:
0.3299; Figure S41). All the compounds were initially designed in
Spartan'08 program (Wavefunction Inc.; DQAIR, USB-HASP) for the
search of the lowest energy conformers using Hartree-Fock (calcu-
lation performed with base 3-21G) method. Docking runs were
performed keeping the parameters defined in the validation step: the
absence of water molecules, ChemScore function, and evaluation of a
set of amino acid residues in a radius of 10 A of distance from the
central amino acid Val899 to the ATP-binding site. The conformation
presenting the best mode of interaction and the best score value for
each compound was analyzed separately. To evaluate the results, the
PyMol program (License: 8588) was used, in which the graphical
analyses of the obtained conformations and the numerical measures
of the interatomic distances for the identified molecular interactions
were obtained. Docking results of the compounds can be seen in
Figures 3 and S42.
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