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ABSTRACT ARTICLE HISTORY
Pathological angiogenesis plays a critical role in tumorigenesis and tumor pro- Received 16 June 2022
gression, and anti-angiogenesis therapies have evinced promising antitumor Accepted 5 January 2023
effects in solid tumors. Chalcone skeleton has been regarded as a potential
antitumor agent that also targets angiogenesis. In this study, we designed
twenty-one non-fluoro-substituted chalcones (13-18, 24-27) and saturated activity; anti-proliferative
chalcone derivatives (19-23, 28-33) as anti-angiogenic compounds. During activity; RT-qPCR; molecular
the initial stage, these compounds were assessed for their anti-cancer activities docking

against MCF-7 cancer cell lines according to the MTT assay. The compounds

revealed satisfactory anti-proliferative capability. An ex vivo fertilized hens’

egg-chorioallantoic membrane (HET-CAM) angiogenic study was conducted

for the compounds to gauge their mortality and toxicity, which, in turn,

revealed a potent anti-angiogenic effect. Eight compounds (16, 17, 21, 24, 26,

27, 29, and 31) significantly reduced densities of capillaries on CAM, whereas

compounds 27 and 29 were the most effective anti-angiogenic agents, when

compared with Suramin. Moreover, RT-qPCR analysis demonstrated that the

anti-angiogenic activity was associated with the fold changes of VEGFR2.

Molecular docking studies were conducted for compounds to investigate their

mode of interaction within the binding site of VEGFR-2 kinases. This work pro-

vided a basis for further design, structural modification, and development of

chalcone derivatives as new anti-angiogenic agents.
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Introduction

As cancer chemotherapy has not reached the desired level, continual intensive studies are being
conducted to develop more potent and less toxic novel anticancer drugs. In anticancer drug
development studies, the effect of novel compounds on antiangiogenic activity is of paramount
importance. Antiangiogenic therapy has been extensively accepted as a feasible and efficacious
approach for anticancer drug development recently.’

Angiogenesis, a physiological process through which new capillary blood vessels are formed,
plays a critical role in various other physiological processes, such as embryonic development,
wound healing, and the reproductive cycle. It is a highly regulated phenomenon under different
physiological conditions. However, pathological angiogenesis is an abnormal and unregulated pro-
cess, which is considered a key step in tumor growth and progression.” Thus, suppression of
pathological angiogenesis may provide therapeutic strategies for cancer treatment. Various pro-
angiogenic factors, including vascular endothelial growth factor (VEGEF), exert their action
through endothelial receptor tyrosine kinases (RTKs). Although antiangiogenic therapy has made
considerable progress in protracting the survival of patients with cancer, only a few satisfactory
results have been reported due to certain limitations, including insignificant clinical effects, con-
cerns about safety, tumor recurrence, and drug resistance.” Such factors have necessitated the
development of ingenious, safer, and multi-targeted inhibitors. In particular, the use of small-
molecule angiogenesis inhibitors proves to be an efficacious approach for cancer treatment and
plausible prevention. Extensive efforts have been directed toward antiangiogenic therapies that
combat cancer by preventing it from accessing the blood supply that is critical for tumor growth
and survival.”” The antiangiogenic inhibitors approved by the FDA can be classified into three
groups, as depicted in Figure 1.* Chalcones, a group of plant-derived compounds, have been
regarded as potential antitumor agents that mainly target angiogenesis. Antiangiogenic properties
of naturally occurring and synthetic chalcones continue to amass considerable interest."" !>
Moreover, several rigorous studies with diversified cellular and animal models have suggested
that certain chalcones can inhibit tumor initiation as well as tumor progression."”™"*

Based on previous pharmacological investigation of chalcones, it was found that there were
certain reports on the antiangiogenic activities of substituted chalcones. These studies have pro-
vided us with an impetus to explore its chemical constituents and bioactivities further. The
rational design of our fluoro-substituted chalcone derivatives primarily depends on the aforemen-
tioned significant inhibitory activities of chalcones and flavonoids against VEGFR-2 and the pro-
cess of angiogenesis, as shown in Figure 2.'>'¢

In a previously conducted study, we reported a series of fluoro-substituted chalcone derivatives
with potent cytotoxic activities in various tumor cell lines; some of them exhibited modest select-
ivity toward cancer cell lines.'””'® Those compounds with selective cytotoxicity may have the
potential to be selective angiogenesis inhibitors.
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Figure 1. The antiangiogenic inhibitors approved by FDA.
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Figure 2. List of some chalcone derivatives as VEGF inhibitors.

Ry O Ry R, O
/‘:V\‘ m o
O |O Ry O e Ry |O |O R
Ry Rs Ry Rs Ry Ry

13:R, =R, =Ry = OMe, Ry =H tri/di/mono methoxy chalcones o _ trifdi saturated methoxy chalcones tri/mono hydroxy chalcones
14:R; =R, =R; = OMe, Ry = 2-F J9:Ry =R =Ry = OMe, Ry=H 24:R; =R, =Ry = OH,R; = 2-F

15: Ry = R; = R3 = OMe, R, = 2,5-diF 25:R{=R;=R3=0H, Ry =4-F

16:R; =R, = OMe, Ry =H, Ry =2-F 26: Ry = Ry = Ry = OH, R, = 2,5-diF

17: Ry = R, = OMe, Ry =H, Ry =2,5-diF 27:Ry= OH, Ry =Ry =H, Ry = 2-F

18:R, = OMe, R; = Ry =H, Ry = 4-F

Rq
Ry Ry Ry R

trifdi/mono saturated hydroxy chalcones

trifdi/mono saturated hydroxy chalcones.

=R3=OH,R;=H
=OH, Ry 31:Ry =R, = OH, Ry = H, Ry = 2,5-dFF
H, Ry =H, 32:R, = OH, R =Ry =H, Ry =2-F

=R3=H,Ry

Figure 3. Structures of synthesized chalcone and saturated chalcone derivatives.

In this study, we conducted a bioactivity-guided investigation of 21 fluoro-substituted chalcone
derivatives and saturated chalcone derivatives, as shown in Figure 3, to evaluate their ex vivo anti-
angiogenic activities using hen’s egg-chorioallantoic membrane (HET-CAM) method. The princi-
pal objective of the study was to assess the role of these compounds in antiangiogenic activities,
as the linkers responsible for molecule flexibility markedly affect both the selectivity and potency
positively or negatively. It is worth noting that the prediction of the interaction of VEGF receptor
activities of all the compounds and molecular docking studies were also performed. In addition,
the anti-angiogenic activity of active molecules was shown to be correlated with VEGFR2 by RT-
qPCR analysis.

Material and methods
Chemistry

The synthesis of the chalcone/saturated chalcone derivatives was performed according to the pro-
cedure described in our previous studies.'’ ™!
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Pharmacological/biological assays

Cell culture

HEK-293 cell line was selected to determine the cytotoxicity of compounds. The anticancer drug
studies have been carried out on the concentrations that were determined as non-cytotoxic.
MCEF-7 cell lines (human breast adenocarcinoma cells) were obtained from the Department of
Virology, Faculty of Veterinary, Ankara (Turkey). The cell cultures were maintained in RPMI-
1640 media supplemented with 10% fetal calf serum, 100 pg/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in an atmosphere of 5% CO,.

Experimental design

The control cells (HEK-293) and cancer cells (MCF-7) were exposed to various concentrations of
compounds for a period of 96h. At the end of the incubation period, cell morphology, as well as
cytotoxic responses of the cells, were assessed using an MTT assay.

Compounds and culturing

The compounds were not completely soluble in maintaining media; therefore, stock solutions of
all compounds were dissolved in the nontoxic dimethyl sulfoxide (DMSO) concentration. DMSO
concentration of 1% was detected as non-cytotoxic. The final concentration of chemicals reached
at 10, 5, 2.5, 1.25, 0.625, 0.312, 0.156 and 0.078 ug/mL in micro plaques. In order to evaluate the
effects of the compounds, the cells of cancer lines were inoculated into well flat bottom plates at
a density of 1 x 105 cells per plate. The cells were then incubated for 8 h in the attachment plates.
Finally, chemicals were inoculated at different concentrations into each well to grow for add-
itional 96 h. All experiments were performed thrice.

Cytotoxicity assay

Cell viability was determined by quantitative colorimetric MTT assay. The assay is based on the
principle of the cleavage of the MTT tetrazolium ring in active mitochondria.”” 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method, first described by Mosmann, is a
practical method commonly used to determine cell viability. MTT is a substance that actively
absorbs into cells and is reduced to a colored insoluble formazan product due to activity in mito-
chondria. The color intensity of the Forazman dye is correlated to the number of viable cells. In
the study, effects on cell proliferation were assessed by MTT cell proliferation method in cell cul-
tures treated with chemical synthesis at different concentrations.

In MTT method, after adding chemicals to the cell cultures, the cells were incubated at 37°C
in an atmosphere of 5% carbon dioxide for 96h. MTT solution of 10 mL was added to each well,
and plates were incubated under the same condition for 4h. Absorbance measurements were
made at 570 nm. Proliferation rate was expressed as the ratio of cells in the wells treated with
chemicals in proportion to the control group. ICs, values were calculated using Statistical
Package for the Social Science (SPSS. Inc, Chicago).

Ex vivo anti-angiogenesis assay

A chick chorioallantoic membrane (HET-CAM) assay was conducted to evaluate the anti-angio-
genic activities of synthesized compounds. Antiangiogenic effects of samples were carried out on
fertile Leghorn chicken eggs weighing 50-60g obtained from commercial sources (Izmir
Veterinary Control Institute, Izmir, TURKEY) by using the HET-CAM method modified by
Giiner et al.*® Fertilized hens’ eggs were placed in an incubator with a conveyor rotation system
at 37+1°C and 80+ 2% humidity for six days. On day 6, the eggs were opened on the snub side,



POLYCYCLIC AROMATIC COMPOUNDS . 55

Table 1. Semi-quantitative score system of anti-angiogenic effect on CAM after treatment.

Scores Anti-angiogenic effect Effects observed on CAM after treatment

0 Inactive No change (normal embryo growth)

0.50 Weak No capillary free area. Area with reduced density of capillaries
around the pellet not larger than its own area

1 Strong Small capillary free area or area with significantly reduced

density of capillaries. Effects not larger than double the
size of the pellet

2 Very strong Capillary free area around the pellet at least doubles the size
of the pellet

and before that, 10 mL of albumin was sucked off through a hole on the pointed side, and then a
round piece of shell (3-4cm diameter) was removed carefully with forceps. The opened Cavity
was sealed with laboratory film and incubated in same condition. When reaches 2 cm the diam-
eter of CAM (approximately 72h), the freshly prepared sample that dissolved in DMSO (0.05%)
was placed onto it as 1,25mg/100 uL (1 pellet/egg). The eggs were incubated for one additional
day, and scores were calculated using a formula for scoring, as shown in Table 1. According to
the results of the formula, a score of < 0.5 indicated that there was no antiangiogenic effect, 0.5-
1 showed a low antiangiogenic effect, and > 1 showed a strong antiangiogenic effect. Scores were
evaluated as the average of 3 eggs. All samples were tested in triplicate at different intervals. Also,
0.9% NaCl as negative control, and 0.1 N NaOH and Suramin (50 pg/pellet) as an antiangiogenic
agent approved by the Federal Drug Administration (FDA) as a positive controls were tested.

Isolation of RNA and cDNA synthesis

The total RNA was extracted from MCEF-7 cell lines collected by using the RNA isolation kit
(GeneAll, Hybrid-R, Cat 305-101) according to the manufacturer’ recommendations (1 mL
RiboEx was added on 1 x 107 culture cells and mixed by pipetting). It was incubated 5min at
room temperature. The mixture was centrifuged at 11.000 rpm, 10 min, 4°C and the supernatant
was transferred to another tube. 200 uL of chloroform was added to the mixture and mixed,
2min. incubated. It was centrifuged at 4+ 4 °C at 12,000xg for 15 min. The supernatant was trans-
ferred to a clean tube. RB1 Buffer was added as much as the volume of the supernatant. It was
mixed by pipetting. 700 uL of the mixture was transferred to the column. 30s at 10,000xg centri-
fuge was done. Collection tube was replaced with a new one. Processes 7 and 8 were repeated in
case of remaining amount from the mixture. 500 pL of SW1 Buffer was added on the column.
30s at 10.000xg centrifuge was done. Collection tube was replaced with a new one. 500 uL of
RNW Buffer was added onto the column. 30s at 10,000xg centrifuge was done. Collection tube
was replaced with a new one. 1 min at 10,000xg to remove wash solutions remaining in the col-
umn and centrifuge was done. The column was then moved into a clean tube. 50 uL of RNase-
free water was added onto the column and 1 min. kept at room temperature. Then at 10,000xg
for 1 min. mRNA samples obtained by centrifugation were frozen at —80 °C]. The obtained RNA
samples were frozen at —80°C until the cDNA synthesis step. cDNA synthesis using a hyper-
script first strand synthesis kit (Wizbio; WizScript™ c¢DNA Synthesis Kit (High Capacity);
W2211), according to manufacturer’s protocols.

RT-qPCR

After the cDNA was obtained, the Real-Time qPCR stage was started. The brand, name and cata-
log number of the kit used for Real-Time qPCR are indicated (Wizbio; WizPure™ qPCR Master
(SYBR); W1711). The Real-Time qPCR reaction was performed on the Applied Biosystems ™
7500 Fast Real-Time PCR instrument. The quantitation of RNA expressions was normalized to
the control group using the ACTB transcript as a reference. The following primers were used:
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VEGFR2 forward primer 5-GTGACCAACATGGAGTCGTG —3', VEGFR2 revers primer 5'-CC
AGAGATTCCATGCCACTT-3, ACTB-F forward primer 5-GGCTGTATTCCCCTCCATCG-3,
ACTB-F revers primer 5-CCAGTTGGTAACAATGCCATGT-3'. All genes expression levels were
normalized to the amount of ACTB in the same sample. The PCR reaction mixtures were incu-
bated at 95°C for 10 min, followed by 40 cycles of 95°C for 15s and 60°C for 45s. Ct (threshold
cycle) values were determined by the 27*4“P Ct method.**

Statistical analysis
Kolmogorov-Smirnov test was used to test compatibility with normal distribution. All statistical
analysis was performed by SPSS 22.0, and significant difference was set at p < 0.05.

Molecular docking

3D models of the compounds were designed in 2D Sketcher of Maestro 11.8 (Schrodinger, LLC,
NY) software and MacroModel (Schrodinger, LLC, NY) software using OPLS-2005 force field
parameters and optimized by conjugate gradient method. Later, the enantiomers of the ligand
models with appropriate tautomer and ionization conditions (if any) were determined using
LigPrep (Schrédinger, LLC, NY) software.”>*® Crystal structures of the 3EWH PBD encoded pro-
tein (Crystal structure of the VEGFR-2 kinase domain in complex with a pyridyl-pyrimidine ben-
zimidazole inhibitor) were downloaded from the RCSB Protein Data Bank (www.lrcsb.org).27
Maestro version of protein preparation wizard was used for docking studies. In this context,
unwanted solvent molecules in crystal structures, ligands, and segments were deleted, missing
amino acid atoms and hydrogens (if any) were added, charges assigned, orientations of polar
hydrogens, and waters were adjusted. Grid maps of proteins were created using Maestro’s recep-
tor grid generation module. Ligands were docked on these maps 100 times in extra precision
mode using Glide (Schrodinger, LLC, NY) software. Ligand protein interactions were obtained
using Schrodinger’s XP visualizer.>>*%%®

Results and discussion
Chemistry

We previously reported the synthesis of nonsubstituted and fluoro-substituted/saturated chalcone
derivatives.'” ' The condensation reaction of appropriate acetophenones (34-36) with benzalde-
hydes (37-40) in an aqueous solution of KOH resulted in related chalcones (13-18) in 80-98%
yields by adopting a general synthesis protocol. Hydrogenation of trimethoxychalcones 13, 15, 16,
42, and 43 over Pd/C gave related fully saturated chalcones (19-23) in 74%-87% yields, as
described in Scheme 1'%,

For the synthesis of trihydroxy chalcone derivatives (24-26), compound 44 was first treated
with chloromethyl methyl ether (MOMCI) to obtain compound 45. Then, MOM-protected chal-
cone derivatives (46-48) were obtained by condensation of benzaldehydes (38-40) with com-
pound 45. Finally, by removing the protecting group in an acidic medium, trihydroxy chalcone
derivatives (24-26) were obtained in 40%-70% yields. Preparation of fluoro-substituted monohy-
droxy chalcone (27) was summarized in Scheme 2. For this, we did not need any protecting
group to protect the hydroxyl group. Condensation of 49 with benzaldehydes 38 gave related
chalcone 27 in 40% yield. Hydrogenation of trihydroxy chalcones 26, 27, 52, 53, 54, and 55 on
Pd/C afforded related fully saturated chalcone derivatives 28-33 in 74%-87% yields, as summar-
ized in Scheme 2'7'%,
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Scheme 1. Preparation of tri/di/mono methoxy chalcones and tri/di saturated methoxy chalcones. Reagents and conditions:
(i) 50% KOH aqueous solution, MeOH, room temperature, 15h (i) 50% KOH aqueous solution, MeOH, room temperature, 15 h,
(iii) Hy, Pd-C, EtOH, room temperature, 16 h.
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Scheme 2. Preparation of tri/mono hydroxy chalcones and tri/di/mono saturated hydroxy chalcones. Reagents and conditions:
(i) MOMCI, DIPEA, DCM, 0°C, 3 h; (i) KOH, MeOH, room temperature, 15 h; (i) HCl, room temperature, 12h; (iv) KOH, MeOH,
room temperature, 15 h; (v) KOH, MeOH, room temperature, 15 h; (vi) Hy, Pd-C, EtOH, room temperature, 16 h.

Biology

A plethora of studies targeting VEGFR-2 and angiogenesis have garnered immense interest, which
prompted us to synthesize a series of fluoro-substituted chalcones, as shown in Schemes 1 and 2.
The synthesized compounds include two groups of chalcone derivatives with the mono/di/tri
OMe ring A or non/F ring B attached to the chalcone structures.
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Table 2. Cytotoxicity of synthesized chalcones in MCF-7 tumor cell line.

Cytotoxicity (ICso, LM)

Compound no HEK-293 MCF-7

13 1.12+0.02 0.45+0.01
14 1.99+0.04 1.67 £0.03
15 1.79+0.06 1.57+0.04
16 2.99 £0.04 0.87 £0.04
17 13.51+0.15 3.27£0.02
18 3.99+£0.07 17.09+0.17
19 581+0.17 34.08+0.74
20 499+0.16 0.86 £0.04
21 4.81+0.18 1.19+0.02
22 5.99+0.16 24.15+£0.16
23 4.01+0.19 13.80+0.15
24 6.99+£0.13 0.35+£0.01
25 8.69+0.04 15.80+0.42
26 7.99+0.03 1.47+0.16
27 10.65+0.17 2.13+0.03
28 8.99+£0.18 47.22+1.89
29 1.16£0.04 0.21+0.04
30 9.99+£0.13 2.48 +0.07
31 433+0.11 1.07 £0.02
32 10.99+0.21 44.56 + 1.54
33 10.73+0.27 19.51+£1.23
Tamoxifen 11.99+0.14 1.47 £0.04

The experiments were run with six (n = 6) repetitions and standard deviations were calculated and given as =.

Table 3. Anti-angiogenic effects of compounds on HET-CAM. Scores are presented mean + SEM.

Compound no Scores Anti-angiogenic effect Compound no Scores Anti-angiogenic effect
13 0.87 £0.01 Mild 25 0.10£0.01 No effect
14 0.30+0.01 No effect 26 1.67£0.11 Very Strong
15 0.65 +0.04 Mild 27 2.01£0.16 Very Strong
16 1.84 £0.06 Very Strong 28 0.44+0.01 No effect
17 1.95+0.11 Very Strong 29 2.14+0.02 Very Strong
18 0.30+0.01 No effect 30 0.86 +0.08 Mild

19 0.30£0.01 No effect 31 1.80%+0.11 Very Strong
20 0.96+0.12 Mild 32 0.20+0.01 No effect
21 1.58+0.10 Very Strong 33 0.62+0.02 Mild

22 0.60+0.02 Mild NacCP® 0.10+0.01 No effect
23 0.20+0.01 No effect NaOH® 221+0.15 Very Strong
24 146 +0.18 Very Strong Suramin® 1.32+0.05 Very Strong

NaCl (0.9%): negative control; °0.1N NaOH and Suramin (50 pg/pellet): positive controls.

A HET-CAM assay was conducted to evaluate the antiangiogenic activities of the synthesized
compounds. First, these compounds were investigated for their cytotoxic activity by the MTT
assay in a two-cell panel, as shown in Table 2. After that, the compounds were screened by the
HET-CAM assay to check their antiangiogenic effects Table 3, Figure 4). Then, VEGFR2 inhibi-
tory activities of the most active molecules (27 and 29) were investigated by RT-qPCR analysis
(Figure 5).

Cytotoxicity assays
The cytotoxicity activities of 21 chalcone derivatives (13-18, 24-27 and 19-23, 28-33) were eval-
uated. The primary objective of the synthesis of the chalcone derivatives was to determine their
potency against MCF-7 cancer cells compared with tamoxifen.

To appraise the specificity of the compounds, their toxicity was tested against normal cells
using human embryonic kidney cells (HEK-293). The nontoxic concentrations of all the com-
pounds were determined on the HEK-293 cell line; after that, the cytotoxicity activity studies
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Figure 4. Anti-angiogenic effects of compounds on HET-CAM. NT: Non-treated, T: treated. NaCl (0.9%): negative control; NaOH
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Figure 5. Kolmogorov-Smirnov gene expression analysis of VEGFR2 by RT-qPCR. The compound 29 down-regulated VEGFR2
(**p < 0.01).
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were conducted at nontoxic concentrations on the MCF-7 cell line. The compounds and tamoxi-
fen were exposed for a period of 0-96h for each cancer cell line. At the end of the incubation, all
cells were evaluated and subjected to the assessment of their cytotoxic responses using an MTT
[3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay.>’

The synthesized compounds were methoxy- or hydroxyl-substituted analogs of chalcone with
varying components: fluorine atoms, ketone groups, or alkyl chains. Accordingly, a structure-
activity relationship (SAR) was established by comparing the cytotoxic activities of the different
chalcone groups. Among these compounds, 13-16, 20, 21, 24, 26, 27, 29, and 31 exhibited the
most potent activity. In contrast, compounds 17-19, 22, 23, 25, 28, 30,32 and 33 with saturated
or non- or mono-substituted compounds displayed the weakest activity against all the tested can-
cer cells. The resultant data are presented in Table 2, which demonstrates that all the active com-
pounds had significant activity against the cancer cell line with 0.21-2.13 ug/mL. The most active
agent against MCF-7 cells was 29 with an ICs, value of 0.21 pg/mL. Almost all the tri-fluoro-sub-
stituted compounds (13-15, 20, 21, 25, 26 and 29), except compound 19, 22, 25 and 28 exhib-
ited improved activity against the cancer cell lines compared with mono- or non-fluoro
compounds (17, 18, 23, 30, 32 and 33). Also, the saturated chalcone derivatives (19-23, and 28-
33) did not considerably improve the activities against the cancer cell line except the di and tri
methoxy or hydroxyl-substituted compounds (20, 21, 29, and 31).

Effect of compounds on chick embryonic angiogenesis

The 21 chalcone analogs were examined for antiangiogenic and vascular disrupting properties
using the HET-CAM assay.” In this test, the vascular system of a fertilized chick embryo is used
as a model. Figure 4 demonstrates the effects of compounds 23, 25, 27, and 29 on the develop-
ment and densities of embryonic blood vessels compared to negative and positive controls.

All the compounds showed promising scores in the HET-CAM assay, as shown in Table 3.
The results suggest that some compounds (16, 17, 21, 24, 26, 27, 29, and 31) are potent inhibi-
tors of angiogenesis, with compound 29 being more effective than others and antiangiogenic
agent Suramin in suppressing new vessel growth, but it could reflect potential in transport or
other pharmacokinetic differences of the analogs. The respective impacts of the inactive, strong,
and very strong antiangiogenic compounds in the study are illustrated in Figure 4.

Isolation of RNA, cDNA synthesis and quantitative RT-PCR (RT-qPCR) studies

The quantitative Real-time Polymerase Chain Reaction (RT-qPCR) is the most common tech-
nique used to compare the expression levels of genes under different experimental conditions. In
this study, the total RNA (GeneAll, Hybrid-R, Cat 305-101) was extracted from MCF-7 cell lines
and were frozen at —80°C until the cDNA synthesis step (Wizbio; WizScript™ cDNA Synthesis
Kit (High Capacity); W2211). After the cDNA was obtained, the Real-Time qPCR stage was
started.

The two most active molecules (27 and 29) were selected for RT-qPCR analysis. The results
suggest that the compound 29 was observed to be very effective in VEGFR2 on (MCF-7) breast
cancer cells, by down- regulating it by half compared to the control group. There is a statistically
significant difference between control and compound 29 (**p <0.01) (Figure 5). Otherwise, the
effect of the compound 27 was not determined much in VEGFR2 according to control on (MCF-
7) breast cancer cells (p > 0.05).

Molecular docking

Angiogenesis plays an effective role in the metastasis and growth of tumors. The process is regu-
lated by various growth factors.’®** Among these factors, the most effective signal protein in
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stimulating angiogenesis is vascular endothelial growth factor (VEGF).*” The binding of VEGF to
its own receptor family (VEGFR) may stimulate proliferation, survival, and progression of cancer
cells. VEGFR-2, a part of the VEGF receptor family, is considered the most important receptor
that mediates the cellular responses to VEGF. Hence, antiangiogenic activities can be promoted
by means of VEGFR-2 inhibition.**?**

In molecular docking studies, the protein encoded 3EWH PDB (Crystal structure of the
VEGFR-2 kinase domain in complex with a pyridyl-pyrimidine benzimidazole inhibitor) was
used as a target protein.’® The interactions of the synthesized compounds with the target protein
were compared with 4-hydroxytamoxifen, the active metabolite of tamoxifen, (98% inhibition) a
potent angiogenesis inhibitor and sorafenib, validated VEGFR-2 inhibitor.®*” Maestro 11.8 was
used in all molecular modeling studies. In docking studies, native protein tyrosine kinase (PTK)
inhibitor (K11), a part of the crystal structure of the 3EWH encoded protein, was extracted,
randomized, and docked into the active site of the protein for validation, as shown in Figure 6.

The RMSD value of the K11 molecule was calculated as 1.37 A. A significant correlation was
found between the scoring system of antiangiogenic effects and docking scores with a correlation
coefficient of 0.8517, as shown in Figure 7.

Figure 6. Comparative docking modes of compounds 29 (blue), 4-hydroxytamoxifen (yellow) and K11 (pink) involving flexible
docking into VEGFR-2 kinase (3EWH).
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Figure 7. The correlation between anti-angiogenic effect docking scores for compounds.
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Although the docking score of 4-hydroxytamoxifen and sorafenib were —7.395kcal/mol and
—7.139 respectively, the docking scores of the synthesized compounds ranged between —6.061
and —7.994. The docking scores of the compounds 29, 31, 27, 16 were higher than the docking
score of both 4-hydroxytamoxifen and sorafenib. As shown in Table 4, with the docking score of
—7.994 kcal/mol, compound 29 presented a high potential binding affinity to the binding site of
the 3D VEGFR-2 kinase.

In addition, the interactions of compounds and tamoxifen with residues in the active region of
the protein were investigated. As shown in Figure 8, 4-hydroxytamoxifen had cation-pi inter-
action with LYS868; pi-pi stacking with PHE1047; had hydrogen bonding with CYS919; charged
(negative) interaction with ASP1046, GLUS885, charged (positive) interaction with ARG842;
hydrophobic interaction with PHE845, VAL848, CYS1045, LEU889, VAL899, LEU1035, PHE918,
CYS919, LEU840. Sorafenib had cation-pi interaction with LYS868; pi-pi stacking with PHE1047;
charged (negative) interaction with ASP1046, GLU885, GLU917; charged (positive) interaction
with LYS868; hydrophobic interaction with ILE888, ILE892, PHE918, VAL848, CYS1024,
LEU1044, LEU1019, LEU1035, CYS919, ALA866, LEU840.

Compound 29 had hydrogen bond with GLU885, LYS868, THR916; charged (negative) inter-
action with ASP1046, GLUB885; hydrophobic interaction with VAL848, CYS1045, LEU889,
VALS899, LEU1035, PHE918, CYS919, ALA866, LEU840, PHE1047. Compound 31 had hydrogen

Table 4. Docking scores of compounds (kcal/mol) against 3EWH PDB encoded protein.

Compounds Docking scores (kcal/mol) Compounds Docking scores (kcal/mol)
13 —6.557 25 —6.354
14 —6.175 26 —7.345
15 —6.606 27 —7.584
16 —7.420 28 —6.690
17 —7.376 29 —7.994
18 —6.089 30 —6.849
19 —6.061 31 —7.863
20 —6.661 32 —6.571
21 —7.104 33 —6.826
22 —6.744 4-Hydroxytamoxifen —7.395
23 —6.457 K11 —7.988
24 —7.282 Sorafenib —7.139
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Figure 8. 2D interaction compounds 29, 31, 27, 16, K11, 4-hydroxytamoxifen, and sorafenib with active site of protein (3EWH).
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bond with GLU885, THR916; had cation-pi interaction with LYS868, charged (negative) inter-
action with ASP1046, GLUS885, GLU917; hydrophobic interaction with VAL848, CYS1045,
LEU889, VAL899, LEU1035, PHE918, CYS919, ALA866, LEU840, PHE1047, VAL914. Compound
27 had hydrogen bond with THR919; cation-pi interaction with LYS868; charged (negative) inter-
action with ASP1046, GLU885, GLU917; hydrophobic interaction with VAL848, CYS1045,
LEU889, VAL899, LEU1035, PHE918, CYS919, ALA866, LEU840, PHE1047, VAL914. Compound
16 had hydrogen bond with THR919; had cation-pi interaction with LYS868, charged (negative)
interaction with ASP1046, GLU885, GLU917; charged (negative) interaction with LYS920; hydro-
phobic interaction with VAL848, CYS1045, LEU889, VAL899, LEU1035, PHE918, CYS919,
ALA866, LEU840, PHE1047, VAL914; polar interaction with THR916. It was determined that
compounds with the highest docking score 4-hydroxytamoxifen, and sorafenib have similar inter-
actions with residues in the active site of the protein. Interaction with residues of LYS868,
GLU885, THR916, ASP1046, PHE1047, and CYS919 was found to be very important in VEGFR-
2 kinase inhibition. Compounds 29, 31, 27, and 16 are thought to be candidate anticancer com-
pounds because of their high antiangiogenic effects and high VEGFR-2 kinase inhibition in in sil-
ico studies.

Conclusion

The current study aimed to synthesize chalcone derivatives due to their useful biological proper-
ties and lack of toxicity at reasonable plasma concentrations, have been used in the treatment of
various diseases.”® In addition, the antiangiogenic activities of synthetic chalcone derivatives have
also been reported.’® However, to the best of our knowledge, this is the first report regarding the
synthesis of fluoro- substituted chalcones using a simple and effective method, demonstrating
robust antiangiogenic activity mediated by RTK inhibition.

This study compared the antiangiogenic activities of fluoro-substituted chalcone derivatives.
The results revealed that fluoro-substituted chalcones are more potent antiangiogenic compounds
among the tested non-substituted chalcone derivatives. Furthermore, differences in antiangiogenic
activities of the compounds indicate the importance of the hydroxyl substitution at different posi-
tions on the phenyl ring in chalcone moiety. The analogs’ activities with 3-atom linker varied
widely depending on the phenyl ring substitutions, but the most potent compounds are exclusive
with the hydroxy-containing phenyl ring A and saturated linker configuration and two fluoro
substitutions in phenyl ring B. The progressive improvement of activity from 28, 24, and 26 to
29 demonstrates, at least qualitatively, that the 3-atom linker containing saturation and di-fluoro
atoms represent the more favorable linker structure.

RT-qPCR study shows that the compound 29 was observed to be very effective in VEGFR2 on
(MCEF-7) breast cancer cells, by down-regulating it by half compared to the control group.
Molecular modeling analysis indicates similar results that all three analogs bind to the VEGFR-2
active site with 16, 27, 29, and 31 showing greater binding affinity. Competitive binding assay
confirmed that the mono- or di-hydroxyl group on ring B and two OMe or tri OH group on
ring A analogs bind to the VEGFR-2 site with affinities similar to 4-hydroxytamoxifen.

The design and development of ingenious antitumor compounds with different mechanisms of
action are domains of persistent and exacting research for drug developers around the globe. The
use of small-molecule angiogenesis inhibitors promises to be an effective method for cancer treat-
ment and possible prevention. Many antiangiogenic compounds are currently at various stages of
laboratory evaluations and clinical trials.

The findings of the study suggest that the fluoro-substituted chalcones are worthwhile as anti-
angiogenic and anticancer agents. These research findings are anticipated to guide the search for
new chalcone derivatives with anti-proliferative and antiangiogenic attributes.
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