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Discovery of new VEGFR-2 inhibitors based on bis([1, 2, 4]triazolo)[4,3-a:3",4'-c]
quinoxaline derivatives as anticancer agents and apoptosis inducers
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Department of Pharmaceutical Chemistry, College of Pharmacy, King Saud University, Riyadh, Saudi Arabia; ®Pharmaceutical Medicinal
Chemistry & Drug Design Department, Faculty of Pharmacy (Boys), Al-Azhar University, Cairo, Egypt

ABSTRACT

Herein, a new wave of bis([1, 2, 4ltriazolo)[4,3-a:3',4'-clquinoxaline derivatives have been successfully
designed and synthesised. The synthesised derivatives were biologically investigated for their cytotoxic
activities against HepG2 and MCF-7. Also, the tested compounds were further examined in vitro for their
VEGFR-2 inhibitory activity. The most promising derivative 23j was further investigated for its apoptotic
behaviour in HepG2 cell lines using flow cytometric and western-plot analyses. Additional in-silico studies
were performed to predict how the synthesised compounds can bind to VEGFR-2 and to determine the
drug-likeness profiling of these derivatives. The results revealed that compounds 23a, 23i, 23j, 23l, and
23n displayed the highest antiproliferative activities against the two cell lines with 1Cs, values ranging
from 6.4 to 19.4 uM. Furthermore, compounds 23a, 23d, 23h, 23i, 23j, 23|, 23 m, and 23n showed the
highest VEGFR-2 inhibitory activities with 1Csy values ranging from 3.7 to 11.8 nM, comparing to sorafenib
(ICsp = 3.12nM). Moreover, compound 23j arrested the HepG2 cell growth at the G2/M phase and
induced apoptosis by 40.12% compared to the control cells (7.07%). As well, such compound showed a
significant increase in the level of caspase-3 (1.36-fold), caspase-9 (2.80-fold), and BAX (1.65-fold), and
exhibited a significant decrease in Bcl-2 level (2.63-fold).
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1. Introduction drugs that inhibit the kinase activity of VEGF receptors through
binding to the ATP binding site. Hence, TKIs hinder the phosphor-
ylation of the tyrosine residue and subsequent transmission of sig-
nalling down the intercellular pathway. Among this class of
agents, sorafenib 1 and sunitinib 2 are the prototypes'. There
have been numerous known tyrosine kinase receptors such as vas-
cular endothelial growth factor receptors (VEGFRs) and endothelial
growth factor receptors (EGFRs)'>.

It has been stated that the vascular endothelial growth factor
(VEGF) can stimulate the production and movement of vascular
endothelial cells and regulate the formation of blood vessels'*'®.
There are three main vascular endothelial growth factor receptors
(VEGFR-1, VEGFR-2, and VEGFR-3), which are strategic intermedi-

Cancer is a rebound system represented by unrestricted cell
growth'. Cancer originates in the humanoid body from the
buildup of genetic and epigenetic variations in the normal cells?.
In spite of the huge efforts directed towards cancer treatment and
prevention, cancer remains one of the foremost public health
problems all over the world®. Consequently; increasing interest in
the current medicinal chemistry has been dedicated to the design
and synthesis of more effective anticancer agents with low
side effects®.

Angiogenesis is a multi-stage process to produce new vessels
from quiescent pre-existing ones®”. It is interrelated to several
physiological functions and also, it is a fundamental step in

numerous diseases including cancer®. Furthermore, it has a signifi-
cant role in tumour progression and development®'°.

At present, there are main approaches in targeting angiogen-
esis that has been verified in clinical trials and officially approved
in clinical practice'": i) monoclonal antibodies which bind to vas-
cular endothelial growth factor-A (VEGF-A) e.g. bevacizumab'?; ii)
VEGF-trap e.g. aflibercept which binds to VEGF-A, VEGF-B, and pla-
cental growth factor (PGF)'3; iii) monoclonal antibodies targeting
VEGF receptors and block the binding of natural VEGFR ligands
e.g. ramucirumab, iv) tyrosine kinase inhibitors (TKIs) which are

ates in angiogenesis and in the construction of new networks of
blood vessels required to hoard oxygen and nourishment for can-
cer growth'”.

Vascular endothelial growth factor receptor-2 (VEGFR-2) is the
most critical regulator of angiogenic factors that plays a significant
role in tumour survival, angiogenesis, and migration'®. Binding of
VEGFR-2 to VEGF leads to inspiration of downstream signalling
pathway and certain endothelial reactions, such as improved per-
meability of vascular cells and increased endothelial cell multiply-
ing and propagation, consequently, lead to angiogenesis'®. Hence,

CONTACT Hazem Elkady @ Hazemelkady@azhar.edu.eg @ Pharmaceutical Medicinal Chemistry & Drug Design Department, Faculty of Pharmacy (Boys), Al-Azhar
University, Cairo 11884, Egypt; Nawaf A. Alsaif @ nalsaif@KSU.EDU.SA @ Department of Pharmaceutical Chemistry, College of Pharmacy, King Saud University,
Riyadh, Saudi Arabia; Alaa Elwan @ alaaelwan34@azhar.edu.eg @ Pharmaceutical Medicinal Chemistry & Drug Design Department, Faculty of Pharmacy (Boys), Al-
Azhar University, Cairo 11884, Egypt

@ Supplemental data for this article can be accessed here.

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2021.1915303&domain=pdf&date_stamp=2021-05-27
http://orcid.org/0000-0001-9215-1380
http://orcid.org/0000-0003-0630-709X
http://orcid.org/0000-0002-0483-8113
http://orcid.org/0000-0002-7532-6318
http://orcid.org/0000-0001-8711-3873
http://orcid.org/0000-0003-4270-616X
http://orcid.org/0000-0003-0893-6703
https://doi.org/10.1080/14756366.2021.1915303
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com

1094 N. A. ALSAIF ET AL.

blockage of VEGF/VEGFR-2 system is considered a favourable
approach for anti-angiogenic therapy in retarding cancer
growth?>?', Additionally, VEGFR-2 has been confirmed to motivate
apoptosis in cancer cells which synergistically enhances the antitu-
mor effect? 2>,

Apoptosis has two major pathways; the intrinsic pathway
which is controlled by the Bcl-2 family (involve BAX and Bcl-2)
and the extrinsic pathway which is controlled by a subgroup
of tumour necrosis factor receptors superfamily (TNFR)Z.
Immediately as the apoptosis process is instigated, caspases, a
family of protease enzymes, are activated. Caspases are classified
into initiator caspases as caspases 8 and 9, effector caspases as
caspases 3, 6, and, 7 and inflammatory caspases as caspases 1, 4,
5, 11, and 12%°. Caspase 9 is the initiator of intrinsic apoptosis
while caspase 3 plays a central role in the execution phase of
apoptosis®’. Cancer cells can avoid apoptosis by hindering caspase
function, decreasing BAX expression level or increasing the gene
expression level of anti-apoptotic Bcl-227%%,

A literature study revealed that VEGFR-2 inhibitors have main
pharmacophoric features®®™. (i) A flat heteroaromatic ring system
that can accommodate the hinge region®’. (i) A central spacer
moiety that can occupy the linker region between the hinge
region and DFG domain of the enzyme®2 (iii) A pharmacophore
moiety consists of an H-bond acceptor (HBA) and an H-bond
donor (HBD). Such pharmacophore moiety can interact with the
two vital amino acid residues (Asp1044 and Glu883) in the DFG
motif region®3. (iv) A terminal hydrophobic moiety that occupies
the allosteric hydrophobic pocket via numerous hydrophobic
interactions®* (Figure 1).

Also, a literature review revealed that many VEGFR-2 inhibitors
have been approved as potent anticancer agents such as sorafe-
nib 13°, Sunitinib 23, lenvatinib 3378, lucitanib 43”8, and fruqui-
nitinib 5°°. All of them fulfilled the main pharmacophoric features
of VEGFR-2 inhibitors (Figure 2).

1.1. Rationale of molecular design

Based on facts mentioned above and in the extension of our
efforts to discover novel molecules with potential anticancer activ-
ity>*°~*8, we design and synthesise a new wave of bis([1, 2, 4]tria-
zolo)[4,3-a:3',4'-c]quinoxaline derivatives having the basic crucial
pharmacophoric features of VEGFR-2 inhibitors.

At first, bis([1, 2, 4]triazolo)[4,3-a:3',4’-clquinoxaline moiety was
selected as a heteroaromatic ring system to occupy the hinge

Central

spacer

Figure 1. The essential structural requirements of reported VEGFR-2 inhibitors.

region in the ATP binding site. Such moiety was accomplished to
attain more rigid structures that could increase binding affinity
against the active site. Then, sulfanyl-N-phenylacetamide moiety
was utilised as a central spacer to occupy the linker region. Such
spacer was expected to increase the flexibility of the designed
compounds. Regarding the DFG-motif region, we used two differ-
ent moieties having the essential HBA/HBD features to play the
role of the pharmacophore. The pharmacophores were designed
to be amide moiety (compounds 23a-n), or diamide moiety (com-
pounds 24a-c). Finally, the allosteric hydrophobic region can be
occupied by different terminal aliphatic moieties (23a-f) or ter-
minal aromatic moieties (23 g-n and 24a-c). These wide varieties
of modifications helped us to study the SAR of these compounds
as efficient anticancer agents with potential VEGFR-2 inhibitory
activities. All modification pathways and molecular design ration-
ale were illustrated and summarised in Figure 3. As shown in
Figure 4, the target compounds achieved the essential pharmaco-
phoric requirements of VEGFR-2 inhibitors.

To attain our aim of this work, cytotoxicity and VEGFR-2 inhibi-
tory effects of the synthesised compounds were assessed. Besides,
flow cytometric analyses were carried out for the most active can-
didate to estimate its potential against apoptosis induction and
cell cycle arrest. Furthermore, such a compound was examined
against several apoptotic markers include caspase 3/9 and BAX,
and Bcl-2.

2. Results and discussion
2.1. Chemistry

The general synthetic pathways adopted for the synthesis of the
designed compounds are illustrated in Schemes 1-3. Scheme 1
depicts the synthesis of potassium bis[1, 2, 4ltriazolo[4,3-alqui-
noxaline-4-thiolate 14. Initially, o-phenylenediamine 6 was
refluxed with oxalic acid 7 in the presence of 4N HCl to afford
2,3-(1H,4H)-quinoxalinedione 8*°. Chlorination of compound 8 was
done by refluxing with thionyl chloride yielding 2,3- dichloroqui-
noxaline 9*°. Subsequent treatment of the latter with hydrazine
hydrate in absolute ethanol afforded 2-chloro-3-hydrazinylqui-
noxaline 10°°. Heating of compound 10 with triethyl orthoformate
gave 4-chloro[1, 2, 4ltriazolo[4,3-alquinoxaline 11°°. The obtained
compound 11 was heated with hydrazine hydrate to afford 4-
hydrazinyl-[1, 2, 4] triazolo[4,3-a]lquinoxaline 12°7. Moreover, reflux
of 12 in an alcoholic mixture of carbon disulphide and potassium
hydroxide afforded bis[1, 2, 4]triazolo[4,3-a:3',4-clquinoxaline-3-
thiol 13*%. Heating compound 13 with an alcoholic solution of
potassium hydroxide gave the corresponding potassium salt 14%,
(Scheme 1)

Scheme 2 was carried out to prepare the key intermediates
(18a-n and 22a-c). At first, acetylation of p-amino benzoic acid
15 with chloroacetyl chloride in DMF in the presence of NaHCO3;
provided the key product 4-(2-chloroacetamido)benzoic acid 16.
Compound 16 was acylated using thionyl chloride to produce the
benzoyl chloride derivative 17°2 Furthermore, stirring of com-
pound 17 with commercially available amines namely, ethylamine,
n-butylamine, sec-butylamine, tert- butylamine, cyclopentylamine,
cyclohexylamine, 4-aminoacetophenone, 3-chloroaniline, 4-chlor-
oaniline, 2,5-dichloroaniline, 4-fluoroaniline, 2-hydroxyaniline, 4-
hydroxyaniline, and 2-hydroxy-4-nitroaniline at room temperature
in acetonitrile/TEA mixture afforded the corresponding intermedi-
ates 18a-n, respectively. On the other hand, to prepare the ester
derivatives 20a-c, appropriate acid derivatives 19a-c namely, 2-
chlorobenzoic acid, 3-chlorobenzoic, and 2-hydroxybenzoic acid
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Figure 4. The target compounds fulfilled the pharmacophoric features of VEGFR-2 inhibitors.

were refluxed in methanol in the presence of sulphuric acid
according to the reported procedures**>*>*, In addition, reflux of
20a-c with hydrazine hydrate afforded the corresponding acid
hydrazides 21a-c**. In the end, in acetonitrile and TEA mixture,
compound 17 was stirred with the acid hydrazides 21a-c to pro-
duce the corresponding diamide derivatives 22a-c (Scheme 2).

The structures of compounds 18a-n and 22a-c were con-
firmed by spectral and elemental data. IR spectra of such com-
pounds showed strong bands around 3370—3100cm™’
corresponding to NHs. Also, IR spectra showed strong C=O
absorption bands at a range of 1770 — 1624cm™'. Moreover, 'H
NMR spectra showed singlet signals around ¢ 10.50 and 8.35 ppm
corresponding to the two amidic NHs. Additionally, CH, protons
appeared at around § 4.30 ppm. Matching with such results, '*C
NMR spectra also confirmed the validity of suggested structures
where characteristic peaks were displayed around o6 165.60,
165.05, and 44.00 ppm corresponding to the two C=0 and CH,
groups, respectively.

Scheme 3 demonstrated the synthetic pathway of the final tar-
get compounds (23a-n and 24a-c). Compound 14 was heated
with the formerly synthesised intermediates (18a-n and 22a-c) in
dry DMF using Kl to furnish the titled compounds 23a-n and
24a-c, respectively.

The spectral and elemental data supported the structures of
the obtained derivatives, where the 'H NMR spectra of com-
pounds 23a-n and 24a-c displayed characteristic downfield sing-
let signals around J 10.75ppm. The mass spectra were also
consistent with the expected structures. Taking compound 23d as
a representative example, the IR spectrum demonstrated

stretching bands at 2968 and 2929cm™' corresponding to ali-
phatic CH bonds. The 'H NMR spectrum of this compound
showed an up-field singlet signal at é 1.38 ppm corresponding to
tertiary butyl moiety. Furthermore, ">*C NMR spectrum showed the
presence of two peaks at ¢ 51.16 and 29.11 corresponding to CH
and three CHs of tert-butyl moiety.

2.2. Biological evaluation

2.2.1. In vitro anti-proliferative activity

All newly prepared compounds were assessed for their in vitro
cytotoxic efficiencies via standard MTT method>>’, against breast
cancer (MCF-7) and hepatocellular carcinoma (HepG2) cell lines.
Sorafenib was applied as a standard anticancer drug. The growth
inhibitory concentration (ICsp) values were concluded for each
final compound and depicted in Table 1.

Overall, HepG2 cells were more sensitive to the tested com-
pounds than MCF-7 except for compound 23k. Among the series,
compound 23j showed the highest anti-proliferative activities
against MCF-7 and HepG2 cell lines with ICso values of 10.3 and
6.4 UM, respectively. In addition, compounds 23a, 23i, 231, and
23n exhibited good anti-proliferative activities against the tested
cell lines with 1Csq values ranging from 7.1 to 19.4 uM, comparing
to sorafenib (ICso = 3.51 and 2.17 uM against MCF-7 and HepG2,
respectively). Moreover, compounds 23d, 23h, 23m, 24a, 24b,
and 24c displayed moderate anti-proliferative activities against
the tested cell lines with 1Cs, values ranging from 15.2 to 48.3 uM.
On the other hand, the rest of the compounds displayed weak
anti-proliferative activities against the tested cell lines.
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2.2.2. In vitro VEGFR-2 enzyme assay inhibition

All the synthesised compounds were subjected to further assay
for their ability to inhibit VEGFR-2 using sorafenib as a positive
control. The results were stated as growth inhibitory concentration
(ICs0) values and illuminated in Table 1.

Compound 23j was the most potent VEGFR-2 inhibitor with an
ICso value of 3.7nM, nearly equal to that of sorafenib (ICsq =
3.12nM). Moreover, compounds 23a, 23d, 23h, 23i, 23l, 23m, and
23n showed promising activities with 1Cs, values ranging from 5.8
to 11.8nM. On the other hand, compounds 23c, 23e, 23f, 23k,
and 24a-c exhibited moderate to weak activity with 1Cs values
ranging from 20.7 to 49.6nM. Finally, compounds 23b and 23g
exhibited the lowest anti VEGFR-2 activities with ICsy values of
71.6 and 62.7 nM, respectively.

2.2.3. Structure-activity relationship (SAR)
Inspecting the results of different biological analyses (anti-prolif-
erative activity and VEGFR-2 assay); we concluded a valuable SAR.

At First, the effect of pharmacophore moiety on the activity
was explored. It was noticed that the amide derivatives 23h (ICsq
= 37.2 and 223 puM against MCF-7 and HepG2, respectively &
11.7nM against VEGFR-2) and 231 (IC;o = 194 and 11.3uM
against MCF-7 and HepG2, respectively & 5.8 nM against VEGFR-2)
displayed higher activities than the corresponding diamide deriva-
tives 24b (ICsp = 42.7 and 30.3puM against MCF-7 and HepG2,
respectively & 22.3nM against VEGFR-2) and 24c (ICso = 40.7 and
29.8 UM against MCF-7 and HepG2, respectively & 20.7 nM against
VEGFR-2).

Next, we investigated the effect of the terminal hydrophobic
moiety. With respect to the terminal aliphatic hydrophobic moi-
eties, it was found that the VEGFR-2 inhibitory activities decreased

in the order of ethyl (23a, ICsq = 7.1 nM) > tert-butyl (23d, ICsq =
11.8nM) > cyclohexyl (23f, IC5o = 39.5nM) > cyclopentyl (23e,
ICso = 39.8nM) > sec-butyl (23¢, ICso = 47.1 nM) > n-butyl (23b,
ICso = 71.6nM). In addition, the effect of the substitution on the
aromatic hydrophobic moieties has been examined. For the amide
derivatives, it was found that the VEGFR-2 inhibitory activities
decreased in the order of 2,5-dichloro (23}, ICso = 3.7nM) >2-
hydroxy (23l, ICso = 5.8nM) >2-hydroxy —4-nitro (23n, IC5y =
7.4nM) >4-chloro (23i, ICs, = 9.4nM) >4-hydroxy (23m, IC5q =
9.7 nM) >4-fluoro (23k, ICso = 49.6 nM). While the diamide deriva-
tives revealed decrease in VEGFR-2 inhibitory activities in the
order of 2- hydroxy (24c, ICs, = 20.7 nM) >3-chloro (24b, 1C5, =
22.3nM) > 2-chloro (24a, IC5o = 23.9nM).

2.2.4. Correlation of cytotoxicity with VEGFR-2 inhibition

From the aforementioned results, we can conclude that our tested
compounds can inhibit VEGFR-2 in the tested cell lines. To prove
that inhibition of VEGFR-2 is the major prominent cause of cell
mortality, we compared the cytotoxicity results of the synthesised
candidates with their corresponding VEGFR-2 inhibitory activities
utilising a simple linear regression analysis. The coefficients of
determination (R?) were determined. The R? values for MCF-7 and
HepG2 were 0.881 (p values >.0001) and 0.800 (p values > .0001),
respectively (Figure 5). Such high values of R? indicate the high
correlation between the dependent variable (VEGFR-2 inhibition)
and the independent one (cytotoxicity).

2.2.5. Cellular mechanistic study
Compound 23j which demonstrated remarkable cytotoxic potency
and significant inhibitory activity against VEGFR-2 was nominated
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Scheme 2. Synthetic pathway for compounds 18a-n and 22a-c; Reagents and conditions: (i) CICH,COCI/DMF/NaHCO;/r.t./1h, (ii) SOCI,/DCE/DMF/reflux/4 h, (i) RNH,/
acetonitrile/TEA/r.t./8 h (iv) methanol/conc.H,S0,/reflux/8 h, (v) NH,NH,.H,O/ethanol/reflux/8 h, (vi) acetonitrile/TEA/r.t./8 h.

for further cellular mechanistic study. This involved study of its
influence on cell cycle progression and induction of apoptosis in
HepG2 cells.

2.2.5.1. Effect on cell cycle progression. In this work, HepG2 cell
line was treated with compound 23j at a concentration of 6.4 uM
(the 1Cso value of compound 23j) and incubated for 24 h. Then,
the cells were stained with propidium iodide and analysed for cell
distribution during the various phases of the cell cycle against
untreated HepG2 cells. Flow cytometry results exhibited that the
percent of HepG2 cells decreased at the Sub-G1, G1 and S phases.
For Sub-G1 phase, it decreased from 1.46% to 1.21%, for G1 phase
it decreased from 57.75 to 37.34% while for S phase it decreased
from 28.65% to 25.79%. On the other hand, the percentage of

HepG2 cells significantly increased at G2/M phase from 12.13% to
35.64%. Such results indicated that compound 23j inhibited prolif-
eration of HepG2 cells via cessation of the growth of the cell cycle
at G2/M phase (Table 2 and Figure 6).

2.2.5.2. Apoptosis analysis. To confirm the apoptotic ability of
compound 23j, a flow cytometry technique was performed. In
such technique, HepG2 cells were stained with annexin V/propi-
dium iodide (Pl) and incubated for 24h with compound 23j
(6.4 uM). It was revealed that compound 23j triggered more apop-
totic cells comparing to untreated control cells. In details, com-
pound 23j induced apoptosis by 40.12% (early apoptosis =
39.97% & late apoptosis = 0.15%), compared to 7.07% in the con-
trol cells (early apoptosis = 6.88% & late apoptosis = 0.19%).
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24a X= 2-chloro
24b X= 3-chloro
24c X= 2-hydroxy

Scheme 3. Synthetic pathway for compounds 23a-n and 24a-c; Reagents and conditions: (i) DMF/KI/reflux/6 h.

Table 1. In vitro anti-proliferative activities of the tested compounds against
MCF-7 and HepG2 cell lines, and in vitro enzymatic inhibitory activities against
VEGFR-2.

a

Coo (W) ICso (NM)?
Comp. MCF-7 HepG2 VEGFR-2
23a 17.7+15 11.3+09 71+04
23b 78.9+6.1 69.1 £6.1 71.6+£5.2
23c 76.2+6.9 69.8+5.9 47.1+4.2
23d 216+18 175+1.2 11.8+0.8
23e 783 +6.5 748+6.9 39.8+3.1
23f 74.1+6.7 70.4+58 395+29
23g 813+74 80.7+7.1 62.7+5.7
23h 37.2+3.2 223+1.8 11.7+09
23i 183+1.2 10.8+0.9 94+0.7
23j 10.3+0.8 6.4+0.5 3.7+£0.2
23k 68.2+5.2 71.8+6.3 496+4.1
231 19.4+1.1 11.3+0.7 58+0.3
23m 21.6+1.7 15.2+1.2 9.7+0.7
23n 16.5+1.3 12.7+09 74+05
24a 483+39 345+28 239+1.9
24b 427 +3.7 303+27 223+1.8
24c 40.7 £3.7 298+ 2.1 20.7+1.6
Sorafenib 3.51+0.22 2.17+£0.14 3.12+0.1

?ICsp values are the mean +SD of three separate experiments.

Such findings revealed that compound 23j could induce apoptosis
in HepG2 cells (Table 3 & Figure 7).

2.2.5.3. Caspase 3/9 assay. To study the effect of compound 23j,
the most promising member, on caspase-3 and caspase-9 levels,
western blot technique was carried out. HepG2 cells were treated
with 23j (6.4 uM) for 24 h. The results revealed that compound 23j
produced a significant increase in the cellular levels of caspase-3
(1.36-fold) and caspase-9 (2.80-fold) compared to the control cells
(Table 4 and Figure 8).

2.2.5.4. Evaluation of BAX and Bcl-2 expressions. BAX and Bcl-2
cellular levels were assessed for compound 23j after 24h of its
application on HepG2 cells using western blot technique. The
results showed that compound 23j produced an increase of the
pro-apoptotic factor BAX by 1.65-fold while anti-apoptotic protein
Bcl-2 demonstrated a concentration decreased by 2.63-fold.
Moreover, compound 23j increased BAX/Bcl-2 ratio to be 4.34
which indicates the efficiency of compound 23j on apoptosis cas-
cade (Table 4 and Figure 8).
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Table 2. Effect of compound 23j on cell cycle progression in HepG2 cells after
24 h treatment.

Cell cycle distribution (%)*

Sample %Sub-G1 %G1 %S %G2 / M

HepG2 146+0.17 57.75+234  28.65+2.74 12.13+0.80
Compound 23j/HepG2 1.21+0.15 37.34+2.50*%* 2579+1.21 35.64+2.16%**

Values are given as mean =+ SEM of three independent experiments. **p < .01
and ***p < .001.

2.3. Molecular modelling study

2.3.1. Docking study

Molecular docking study was accomplished to get further insight
into the binding modes and orientations of the newly synthesised
compounds into the ATP binding site of VEGFR-2 enzyme.
Sorafenib was used as a reference ligand. Validation of the dock-
ing procedure was achieved via re-docking of the co-crystallised
ligand against the active pocket of VEGFR-2. The results revealed
that the RMSD value between the re-docked pose and the co-crys-
tallised one was 1.02. This value revealed the validity of the dock-
ing process (Figure 9). The calculated AG (binding free energies)
of the synthesised compounds and the reference drug against
VEGFR-2 were summarised in Table 5.

Sorafenib interactions with the amino acids of the active site
have been studied and displayed in 2D and 3D style in Figure 10.
The proposed binding mode of sorafenib revealed an affinity
value of —22.48kcal/mol. The N-methylpicolinamide moiety
formed five hydrophobic interactions with Val846, Alag64,
Phe1045, Leu1033, and Leu838. Likewise, it formed one hydrogen
bond with Cys917. Moreover, the phenyl moiety was buried in the
linker region forming five hydrophobic interactions with Phe1045,
Cys1043, Val846, Val914, and Val897. Furthermore, the pharmaco-
phore moiety (urea group) formed three hydrogen bonds with the
two crucial amino acids Glu883 and Asp1044. Finally, the 1-chloro-
2-(trifluoromethyl)benzene  moiety conquered the allosteric
hydrophobic region forming many hydrophobic and electrostatic
interactions with 11886, Leu887 Leu1017, His1024, 11e890, and
Asp1044°+°8,

Docking simulation of compound 23i revealed that it has a
good fitting into the enzyme active sites with docking score of
—23.63 kcal/mol. In DFG region, the amide moiety (pharmaco-
phore) formed two hydrogen bonds with carboxylate moiety of
Glu883 (1.50 A) and NH group of Asp1044 (1.82A). Furthermore,
the phenyl ring (central spacer) occupied the linker region form-
ing five hydrophobic interactions with Cys1043, Phe1045, Valg897,
and Val914. Also, the bis([1, 2, 4]triazolo)[4,3-a:3',4’-clquinoxaline
moiety occupied the hinge region forming two hydrophobic and

one hydrogen bond interactions with Leu838. Additionally, the
terminal hydrophobic (4-chlorophenyl) moiety formed three
hydrophobic interactions with [1e886 and Leu887 and one electro-
static interaction with Asp1044 (Figure 11).

The docking findings of compound 23j revealed affinity value
of —23.87kcal/mol. The amide moiety formed two hydrogen
bonds with Glu883 (COO, 1.75A) and Asp1044 (NH, 2.20A).
Additionally, in the hinge region, the docked compound formed
four hydrophobic interactions via its bis([1, 2, 4]triazolo)[4,3-a:3',4'-
clquinoxaline moiety with Leu838 and Phe916. Also, the central
phenyl ring moiety formed three hydrophobic interactions with
Val914, Val897, and Cys1043. Finally, the 2,5-dichlorophenyl moi-
ety formed electrostatic and hydrophobic interactions with
Asp1044, 11e890, and Leu 887 (Figure 12).

Compound 23l (affinity value of —23.26 kcal/mol) combined
with the receptor protein as follows; In DFG domain, the amide
moiety formed two hydrogen bonds with Glug83 (distance: 2.28 A)
and Asp1044 (distance: 1.76 A). Moreover, in the hinge region,
bis([1, 2, 4]triazolo)[4,3-a:3’,4'-c]quinoxaline moiety formed three
hydrophobic interactions with His814 and 11e886. Also, in the
linker region, the central phenyl ring moiety formed two hydro-
phobic interactions with Asp1044 and Leu887. Additionally, the
terminal hydrophobic (2-hydroxyphenyl moiety) formed three
hydrophobic interactions with Val897, Val914, and Lys866
(Figure 13).

2.3.2. In silico ADME analysis
To investigate pharmacokinetics properties of the prepared com-
pounds, computer aided ADME studies were accomplished using
Accelrys Discovery Studio 4.0 software. Sorafenib was used as a
reference molecule. These studies include the estimation of cer-
tain parameters. 1) Blood brain barrier penetration which meas-
ures the ability of molecule to diffuse through blood brain barrier.
2) Absorption level which determines human intestinal absorption
(HIA) of a chemical after its oral administration. A well-absorbed
compound is one that is absorbed at least 90% into the blood
stream”%°_ iii) Solubility level in which the solubility of a chemical
in water was predicted at 25°C. iv) CYP2D6 binding which ana-
lyzes cytochrome P450 2D6 enzyme inhibition®’®2, v) Plasma pro-
tein binding which predicts the fraction of drug bound to plasma
proteins in the blood®. The results were predicted and listed in
Table 6.

The results revealed that the estimated compounds have very
low BBB penetration levels.

Accordingly, the CNS side effects of all compounds were
expected to be low. Regarding absorption levels, compound 23a
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Figure 6. Cell cycle analysis of HepG2 cells treated with compound 23j. **p < .01 and ***p <.001.

Table 3. apoptotic effect of compound 23j against HepG2 cells.

Apoptosis®
Sample Viable® (left bottom) Early (right bottom) Late (right top) Necrosis® (left top)
HepG2 92.80+1.91 6.88+0.90 0.19+0.01 0.14+0.01
Compound 23j/HepG2 59.61+2.88 39.97 £2.93*** 0.15+0.01 0.24£0.07
Values are given as mean + SEM of three independent experiments. ***p < .001.
demonstrated good absorption level, compounds 23b-e and 23k tolerated dose®’ 8, 4) Developmental toxicity potential®®’°. 5) Rat

exhibited moderate absorption levels. On the other hand, com-
pounds 23f-j, 23l-n, and 24a-c showed poor and very poor
intestinal absorption. With respect to aqueous solubility, all com-
pounds demonstrated low and very low levels of aqueous solubil-
ity. Moreover, the effect on cytochrome P450 2D6 was
investigated. The results showed that all examined members were
non-inhibitors of CYP2D6. Consequently, liver side effect is not
expected upon their administration. The plasma protein binding
model exhibited that all compounds were anticipated to bind
plasma protein less than 90% (Figure 14).

2.3.3. Toxicity studies

Toxicity profile of the prepared candidates was assessed as stated
by the validated and constructed models in Discovery studio soft-
ware version 4.0%%%>. These models involve: 1) FDA rodent car-
cinogenicity. 2) Carcinogenic potency TDso®® 3) Rat maximum

oral LDsy’" 6) Rat chronic LOAEL™73,

Regarding FDA rodent carcinogenicity model, all the tested
candidates were forecasted to be non-carcinogenic. For carcino-
genic potency TDsq rat model, compounds 23a,b, 231,m, and 24c
showed TDsq values ranging from 33.907 to 44.001g/kg body
weight, which are higher than sorafenib (14.244). With respect to
rat maximum tolerated dose model, compounds 23a-c, 23 h-n,
and 24a-c demonstrated maximum tolerated dose with a range
of 0.099 to 0.391 g/kg body weight which are higher than that of
sorafenib (0.089g/kg body weight). On the other hand, com-
pounds 23d-g showed a maximum tolerated dose lower than
that of sorafenib with a range of 0.083 to 0.088 g/kg body weight.
Additionally, all compounds were predicted to be non-toxic
against developmental toxicity potential model. For rat oral LDsg
model, compounds 23a-d, 23g, 23i, 23m, and 24a-c revealed
oral LDso values in a range of 0.864 to 2.477 g/kg body weight
which are higher than that of sorafenib (0.823 g/kg body weight).
For rat chronic LOAEL model, the tested compounds exhibited
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Figure 7. Flow cytometric analysis of apoptosis in HepG2 cells exposed to compound 23j. ***p < .001.

Table 4. Effect of compound 23j on levels of BAX, Bcl-2, active caspase-9, and
active caspase-3 proteins expression

Protein expression (normalized to B-actin)?

Sample BAX Bcl-2 BAX/Bcl-2 ratio Caspases-9 Caspases-3

HepG2 1.00+£0.13 1.00+0.07 1.00+0.10 1.00+0.08 1.00+0.03
23j/HepG2 1.65+0.06% 0.38+0.03** 4.34+0.22*** 2.80+0.25%* 1.36+0.10*

Values are given as mean+SEM of three independent experiments. *p < .05,
**p <.01 and ***p <.001.

LOAEL values ranging from 0.064 to 0.329g/kg body weight.
These values are higher than sorafenib (0.005g/kg body weight)
Table 7.

3. Conclusion

In the present study, a new series of bis([1, 2, 4]triazolo)[4,3-
a:3',4'-clquinoxaline derivatives were synthesised as potential cyto-
toxic agents and VEGFR-2 inhibitors. The anticancer efficiency of
these derivatives was evaluated against MCF-7 and HepG2 cancer
cell lines. Four compounds 23a (ICso = 17.7 and 11.3uM), 23i
(ICso = 18.3 and 10.8 uM), 23j (ICso = 10.3 and 6.4 uM), 231 (ICso
= 19.4 and 11.3uM), and 23n (ICsq =16.5 and 12.7 uM) were the
most active antiproliferative members against MCF-7 and HepG2,
respectively. The in vitro VEGFR-2 assay revealed that compounds
23a, 23d, 23h, 23i, 23j, 23, 23m, and 23n exhibited the highest

inhibitory activity versus VEGFR-2 with ICsy values of 7.1, 11.8,
11.7, 94, 3.7, 5.8, 9.7, and 7.4nM, respectively. SAR revealed that
the amide derivatives (compounds 23h and 23l) exhibited higher
activities than the corresponding diamide derivatives (compounds
24b and 24c). Furthermore, compound 23j, the most potent
member, arrested the HepG2 cell growth at G2/M phase and
induced apoptosis by 40.12% compared to the control cells
(7.07%). Moreover, caspase activation assay was performed for 23j
in HepG2 cell lines. The results showed significant increase of cas-
pase 3 (1.36-fold) and caspase 9 (2.80-fold). BAX and Bcl-2 concen-
tration levels were also evaluated and showed a titre increase of
the pro-apoptotic protein BAX (1.65-fold) and a decrease of Bcl-2
(2.63-fold). Additionally, compound 23j increased BAX/Bcl-2 ratio
to be 4.34. Finally, computational physicochemical assessment of
the synthesised compounds showed that they have favourable
properties with satisfactory drug-like profiles.

4, Experimental
4.1. Chemistry

All the reagents, chemicals, and apparatus were presented in
Supplementary data. Compounds 8, 9, 10, 11, 12, 13, 14, 16, 17,
20a-c, and 21a—c were prepared in accordance with the reported
prOCGdUres‘”'42'44'49'50'52.
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Table 5. The calculated AG of the synthesised candidates and sorafenib (AG in
kcal/mole).

Comp. No. AG [kecal mol™] Compound AG [kcal mol™]
23a -22.15 23j -23.87
23b -22.86 23k -22.98
23c -23.25 231 -23.26
23d -21.65 23m -22.88
23e -22.97 23n -22.98
23f -21.47 24a -21.30
239 -23.00 24b -21.71
23h -22.37 24c -22.76
23i -23.63 Sorafenib -22.48

4.1.1. General procedure for synthesis of compounds 18a-n

A mixture of 17 (2mmol) and appropriate amines namely, ethyl-
amine, n-butylamine, sec-butylamine, tert-butylamine, cyclopentyl-
amine, cyclohexylamine, 4-aminoacetophenone, 3-chloroaniline,

4-chloroaniline, 2,5-dichloroaniline, 4-flouroaniline, 2-hydroxyani-
line, 4-hydroxyaniline, and 2-hydroxy-4-nitroaniline (2 mmol) was
stirred in acetonitrile (50ml) in the presence of trimethylamine
(1 ml) for 8h. The obtained precipitates were filtered and crystal-
lised from ethanol to give the corresponding derivatives, 18a-n,
respectively.

4.1.1.1. 4-(2-Chloroacetamido)-N-ethylbenzamide (18a). Yellow
crystal (yield, 80%); m.p. = 190 — 192°C; FT-IR (Vmaxs cm™): 3376,
3273 (NH), 2971(C-H aliphatic), 1709, 1636 (C=0), 1605 (C=N); 'H
NMR (400 MHz, DMSO-dg) 6 10.49 (s, 1H), 836 (s, TH), 7.80 (d,
J=9.7Hz, 2H), 7.63 (d, J=8.3Hz, 2H), 4.26 (s, 2H), 3.29-3.21 (q,
2H), 1.14—1.05 (t, 3H); ">C NMR (101 MHz, DMSO-dg) & 165.73
(2C), 165.40 (2C), 141.29, 130.24, 128.37, 44.04, 34.42, 15.43, 15.20;
Anal. Calcd. for Cq1H;3CIN,O, (240.68): C, 54.89; H, 5.44; N, 11.64.
Found: C, 54.72; H, 5.20; N, 11.46%.
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Figure 10. (A) 3D binding mode of sorafenib into VEGFR-2. (B) 2D binding mode sorafenib into VEGFR-2.

4.1.1.2. N-Butyl-4-(2-chloroacetamido)benzamide (18b). White
crystal (yield, 85%); m.p. = 170 — 172°C; FT-IR (Vmax, €M '): 3369,
3263 (NH), 3185 (NH), 3099 (C-H aromatic), 2960 (C-H aliphatic),
1706, 1633 (C=0), 1606 (C=N); '"H NMR (400 MHz, DMSO-d¢) ¢
10.57 (s, 1H), 8.33 (s, 1H), 7.80 (dd, J=8.8, 1.8Hz, 2H), 7.6