JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY
2022, VOL. 37, NO. 1, 1389-1403
https://doi.org/10.1080/14756366.2022.2070744

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

Discovery of new nicotinamides as apoptotic VEGFR-2 inhibitors: virtual screening,
synthesis, anti-proliferative, immunomodulatory, ADMET, toxicity, and molecular
dynamic simulation studies

Reda G. Yousef®, Albaraa Ibrahim?® Mohamed M. Khalifa®

, Wagdy M. Eldehna®<, Ibraheem M. M. Gobaara®,
Ahmed B. M. Mehany®, Eslam B. Elkaeed®, Aisha A. Alsfouk'

, Ahmed M. Metwaly?" and Ibrahim H. Eissa®

®Pharmaceutical Medicinal Chemistry & Drug Design Department, Faculty of Pharmacy (Boys), Al-Azhar University, Cairo, Egypt; bSchool of
Biotechnology, Badr University in Cairo, Badr City, Egypt; “Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Kafrelsheikh
University, Kafrelsheikh, Egypt; “Zoology Department, Faculty of Science (Boys), Al-Azhar University, Cairo, Egypt; “Department of
Pharmaceutical Sciences, College of Pharmacy, AlMaarefa University, Riyadh, Saudi Arabia; ‘Department of Pharmaceutical Sciences, College of
Pharmacy, Princess Nourah Bint Abdulrahman University, Riyadh, Saudi Arabia; 9Pharmacognosy and Medicinal Plants Department, Faculty of
Pharmacy (Boys), Al-Azhar University, Cairo, Egypt; "Biopharmaceutical Products Research Department, Genetic Engineering and Biotechnology

8 OPEN ACCESS ‘ M) Check for updates

Research Institute, City of Scientific Research and Technological Applications (SRTA-City), Alexandria, Egypt

ABSTRACT

A library of modified VEGFR-2 inhibitors was designed as VEGFR-2 inhibitors. Virtual screening was con-
ducted for the hypothetical library using in silico docking, ADMET, and toxicity studies. Four compounds
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exhibited high in silico affinity against VEGFR-2 and an acceptable range of the drug-likeness. These com-

pounds were synthesised and subjected to in vitro cytotoxicity assay against two cancer cell lines besides
VEGFR-2 inhibitory determination. Compound D-1 showed cytotoxic activity against HCT-116 cells almost
double that of sorafenib. Compounds A-1, C-6, and D-1 showed good ICs, values against VEGFR-2.
Compound D-1 markedly increased the levels of caspase-8 and BAX expression and decreased the anti-
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apoptotic Bcl-2 level. Additionally, compound D-1 caused cell cycle arrest at pre-G1 and G2-M phases in
HCT-116 cells and induced apoptosis at both early and late apoptotic stages. Compound D-1 decreased the
level of TNF-o and IL6 and inhibited TNF-« and IL6. MD simulations studies were performed over 100 ns.

1. Introduction

During the journey of the search and discovery of novel potent anti-
cancer agents, the anti-angiogenic class of drugs has gained much
attention in the last few decades'. These agents were proved to hin-
der the uncontrolled development of new capillaries from the pre-
existing blood vessels, a process known as angiogenesis®™®.
However, understanding, as well as management of the angiogenic
mechanism, is still a promising approach to tackling cancer
development.

The role of growth factors in angiogenesis control has been
emphasised. Among them, vascular endothelial growth factors
(VEGFs) were evidenced to be the key players to regulate angio-
genesis®. VEGFs exert their action upon binding to three different
tyrosine kinase (TK) receptors, namely, VEGFR-1, VEGFR-2, and
VEGFR-3°. Activation of these receptors regulates the angiogenic
process via the development of the essential blood vessel networks
needed to supply nutrition and oxygen for tumour growth’.
VEGFR-2 tyrosine kinase plays a superior role over the other sub-
types in promoting tumour angiogenesis. Focussing on its effect,
VEGFR-2 initiates downstream signal transduction pathway via
dimerisation followed by autophosphorylation of tyrosine

receptor®. This pathway results finally in angiogenesis®. Thus,
obstruction of the VEGF/VEGFR-2 signalling path or even decreas-
ing its response is one of the topmost targets in anti-angiogenic
drug discovery and cancer treatment'®''. Meanwhile, a consider-
able number of small molecules with diverse chemical structures
have been clinically approved to antagonise this angiogenic path-
way and, thus, serve as anticancer agents'?. Unfortunately, the
development of resistance to TK inhibitors besides their side effects
were the main drawbacks of the currently known drugs. With the
influence of these findings, the discovery of more effective and
safer anticancer agents become a more approachable concept.
Over the last few years, our research co-workers have developed
a promising project concerning the discovery of new TK inhibitors,
particularly with VEGFR-2 inhibitory activity'>°. In this regard, we
have introduced several small molecules that were efficiently
proved to possess strong VEGFR-2 inhibitory activities that were, in
some cases, higher than that of the reference drugs. One of the
most promising skeletons in our research project was the pyridine
scaffold’. Pyridine was the backbone of several well-known VEGFR-
2 inhibitors?>2* Taking sorafenib 1, the pyridine-based FDA-
approved VEGFR-2 inhibitor, as a lead compound, different studies
were developed to discover new inhibitors with higher potency
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Figure 1. The three active site regions of the VEGFR-2 receptor with the native inhibitor, sorafenib.

and lower side effects, as well. Investigation of the binding of sora-
fenib to the VEGFR-2 active site gave us a brief about the main
three pockets in which sorafenib interacts to perform its action>.
However, the first pocket of the VEGFR-2 active site is an ATP
pocket to which the pyridine moiety of sorafenib binds*®. The
second pocket is the DFG motif of the enzyme that interacts with
the urea part of sorafenib via different H-bonding interactions®.
While the last pocket is an allosteric lipophilic site where the ter-
minal substituted phenyl ring of sorafenib occupies® (Figure 1).

1.1. Rationale and structure-based design

In continuation of our recent work regarding the discovery of
potent pyridine-based VEGFR-2 inhibitors, our research team has
performed a targeted computational screening study for different
suggested pyridine-containing scaffolds in the hope of getting
more potent congeners. However, four pyridine scaffolds were
included in the current study. A set of derivatives was then pro-
posed corresponding to each scaffold. The proposed derivatives
were evaluated computationally using the molecular docking tool
to get insights into their binding with the VEGFR-2 active site. The
best member of each scaffold was detected depending on its free
binding energy and the similarity of its binding pattern to that of
the reference compound, sorafenib. The best members were then
synthesised and biologically assessed for their VEGFR-2 inhibition
as well as their cytotoxic effects.

The suggested scaffolds were precisely chosen to possess the
four main pharmacophoric features of the VEGFR-2 reported inhibi-
tors namely, a “hinge-binding” heteroaromatic head to bind to the
receptor ATP pocket, a “spacer” that links the hinge-binding segment
with the hydrogen-bonding moiety, a “hydrogen-bonding moiety” to
occupy the DFG motif of the enzyme, and a hydrophobic “tail”
directed towards the enzyme allosteric site. Guiding by our previous
study, the “hinge-binding” head of the suggested structures was
conserved to be a pyridine ring. Similarly, the “spacer” moiety was
decided to remain a phenyl carbamoyl group. Conversely, four differ-
ent hydrogen-bonding moieties, as well as four different hydropho-
bic tails, were incorporated into the suggested structures.

2. Results and discussion
2.1. Virtual screening

2.1.1. Docking studies
A set of compounds corresponding to each suggested scaffold
was computationally screened using molecular docking tools

aiming to observe the way by which they interact with the
VEGFR-2 TK active pocket. As so, VEGFR-2 TK crystal structure PDB
ID: 4ASD with its native inhibitor, sorafenib, was adopted for this
current study. However, six structures were evaluated regarding
scaffold A, in addition to ten members for scaffold B, nine for
scaffold C, and four compounds for scaffold D.

The downloaded protein was then prepared for docking.
Following, the protocol used has been validated through a
redocking process of the native legend onto the active pocket.
The applicability of the used protocol was, thus, established
because of its capability to reproduce a binding pattern identical
to that of the native ligand in the active pocket including Cys919
in the hinge region, Glu885 in the o-C helix, and Asp1046 in the
DFG motif. Based on the later finding as well as the low result in
RMSD (0.56 A), the effectiveness of the suggested docking proto-
col was confirmed. (Figure 2).

Tables 1-4 demonstrated the suggested scaffolds A, B, C, and
D and the proposed derivatives. The free energy of binding, as
well as the essential amino acid residues that participated in the
binding process, were also illustrated. Upon investigation of the
proposed binding mode of sorafenib (affinity value of —20.77 kcal/
mol) we can observe that it interacted with the VEGFR-2 active
site via the formation of five H-bonding interactions. The
Sorafenib’s urea moiety was directed towards the receptor DFG
motif and was stabilised by three H-bonds, two with Glu885 and
one with Asp1046. Regarding the hinge region, sorafenib has
bound through its substituted pyridine moiety with Cys919 by
two H-bonds. In addition, two hydrophobic interactions with
Phe918 and Phe1047 potentiated sorafenib stabilisation in the
active site (Figure 3).

Examination of the suggested structures revealed that most of
them occupied the same orientation achieved by sorafenib.
However, the noticed variation of the binding patterns between
the structures and the active site besides the different free bind-
ing energies allowed us to detect the most preferred poses. The
best structure of each series was then synthesised and biologic-
ally evaluated.

With respect to scaffold A, compound A-1 displayed the high-
est binding energy Table 1. Moreover, it bound to the VEGFR-2
active pocket in a manner that was identical to that of sorafenib.
A detailed investigation showed that one of its pyridine moieties
occupied the hinge region with the formation of an H-bond with
Cys919. Also, the hydrazineyl moiety interacted with the DFG
motif of the enzyme by three H-bonds with Glu885 and Asp1045.
Additionally, two pi interactions were formed between the com-
pound and Phe918 and Phe1047 active site residues (Figure 4).
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Figure 2. Superimposition of the native ligand (green) and the obtained pose (red) of the same ligand onto the VEGFR-2 TK active pocket.
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Figure 3. docking pose of sorafenib inside VEGFR-2 TK pocket.

For scaffold B, the highest binding energy was observed for
congener B-1. Although members B-2,3 and B-7 to B-10 pos-
sessed the same binding pattern of sorafenib, the elevated bind-
ing energy of B-1 gave it the advantage over other members
(Table 2 and Figure 5) explaining the similarity of the binding
mode of B-1 to that of sorafenib.

Regarding scaffold C, in which the hydrophobic tails are all ali-
phatic chains, compound C-6 was distinguished among other
members in that it had the same binding pattern as the reference
drug in addition to an extra H-bond interaction with Lys868 resi-
due Figure 6. However, its high affinity to the active site was also
confirmed by its elevated free binding energy among the rest of
the derivatives (Table 3).

Lastly in this regard, derivatives of scaffold D all displayed the
same orientation and binding pattern inside the active pocket.
They are all bound to the receptor by three H-bonds with
Asp1046, Glu885, and Cys919 residues. They only differ in the val-
ues of the free binding energy. Accordingly, compound D-1, with
the highest energy, was identified to be the most potent one
(Table 4 and Figure 7).

2.1.2. In silico ADME study

The pharmacokinetic properties of the four selected structures
were then investigated using Discovery Studio 4.0 ADME protocol.
Sorafenib was co investigated as well. The four members were
predicted to have good absorption percentages with low to
medium BBB penetrating ability. On the other hand, all congeners
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exhibited good solubility levels with a cytochrome P2D6 non-
inhibitory effect (Figure 8 and Table 5).

2.1.3. Toxicity studies

The four selected congeners as well as sorafenib were investigated
for their toxicity profile using a model constructed in Discovery
studio software version 4.0%%. Minimal toxicity prediction was
observed for the four members. Moreover, the four members
were neither carcinogenic nor mutagenic. The carcinogenic
potency TDso values ranged from 19.559 to 108.919g/kg body
weight which was more than that of sorafenib (14.244 g/kg body
weight). In addition, all values of maximum tolerated dose, rat
oral LDsg, ana rat chronic LOAE of the tested compound were
higher than of the reference drug. Furthermore, such compounds
were expected to be non-irritant for skin with mild irritants for the
eye (Table 6). The four compounds were predicted to have min-
imum toxicity. All compounds were predicted to be non-carcino-
genic and non-mutagenic with

2.2. Chemistry

The pyridine-based derivatives A-1, B-1, C-6, and D-1 were syn-
thesised according to the reactions illustrated in Scheme 1.
Nicotinic acid 2 underwent a chlorination reaction with thionyl
chloride to give nicotinoyl chloride 3%'. Nicotinoyl chloride 3 was
then reacted with 4-aminoacetophenone to afford N-(4-acetylphe-
nyl)nicotinamide 4. Compound 4 was then condensed with
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Table 1. The suggested scaffold A and the screened derivatives.

CH,

Hoeooe
5 \N,N\"-‘:,.A\‘r’;::>
O

Heteroaromatic ri'

N N
H
Z Scaffold A
N
Comp. ID Ar AG Residues (H-bond)
A-1 /N —19.82 ASP1046, Glug85, Cys919
L
A-2 =N —16.29 ASP1046, Glug8s
S |
A-3 N7 —14.42 ASP1046, Glug8s
|
A-4 (@] \ —17.19 ASP1046, Glu8ss
~
A-5 HN \ —12.74 ASP1046, Glug8s
NN
A-6 S \ -10.73 ASP1046, Glu8ss
~

different amino-containing derivatives namely, nicotinohydrazide,
benzohydrazide, hydroxylamine, and phenylhydrazine to give the
final derivatives A-1, B-1, C-6, and D-1, respectively.

Spectral analyses for the synthesised compounds confirmed
their structures. The '"H NMR of the new derivatives revealed the
presence of a single signal at a range of ¢ 2.15-2.39 ppm corre-
sponding to the CH3 group found in all derivatives. Additionally,
"H NMR of congeners A-1, B-1, and D-1 exhibited the appearance
of two NH proton singlet signals for each member at a range of
9.25-10.95 ppm. While the presence of an OH signal at ¢
11.20 ppm confirmed the structure of compound C-6. On the
other hand, "*C NMR spectra of each derivative showed a charac-
teristic upfield peak ranging from 6 11.89 to 14.87 ppm corre-
sponding to the methyl group carbon (Scheme 1).

2.3. Biological testing

2.3.1. In vitro anti-proliferative activity against HepG-2 and
HCT-116

The in vitro anti-proliferative effects of the four synthesised mem-
bers were assessed against two cancer cell lines namely, hepato-
cellular carcinoma (HepG-2) and colorectal carcinoma (HCT-116)
cell lines, by the standard MTT test**. HepG-2 and HCT-116 cell
lines were precisely selected relying on their VEGF overexpression.
Sorafenib, a potent TK inhibitor anticancer drug, was also assayed

as a positive control. The cytotoxicity results were established in
Table 7.

Results of the performed test revealed that compound D-1
possessed a supreme cytotoxic effect against the tested cell lines.
Its cytotoxic activity against HCT-116 cells (ICso = 3.08 uM) was
almost double that of sorafenib (ICsq = 7.28 uM), while, the com-
pound’s activity against HepG-2 (ICso = 4.09 uM) was about 1.2-
fold more than sorafenib (ICso = 5.28 uM). Compounds A-1, B-1,
and C-6 exhibited moderate cytotoxic activities compared to sora-
fenib with 1Cso values ranging from 19.6 to 34.9 uM for HCT-116
cells and 15.9-18.07 uM regarding HepG-2 cells.

Comparing the in vitro anti-proliferative activity of compound
D-1 (the most active member) with the previously published lead
compounds?', indicated that compound D-1 showed a higher
cytotoxic effect against HCT-116 and HepG-2. The cytotoxicity of
our published compounds were ranging from 1.94 to 31.70 uM
against HCT-116 and from 2.23 to 31.45uM against HepG-2. The
produced activity by the current compounds is higher than most
of the previously published ones except compound A-1.

2.3.2. Assessment of VEGFR-2 inhibition

The designed congeners were, also, subject to an in vitro investi-
gation against VEGFR-2 in HCT-116 cells. Sorafenib was used as a
reference drug. HCT-116 cells were treated with the synthesised
compounds in concentrations equal to their cytotoxic ones. The
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Table 2. The suggested scaffold B and the screened derivatives.

CHs H
> N LArS I:>| (Un) Substituted phenyl .
0 N \n“
(0]
N N
_ H
N Scaffold B
Comp. ID Ar AG Residues (H-bond)
B-1 \/@ —21.62 ASP1046, Glugss, Cys919
B-2 \;(j’ —19.87 ASP1046, Glu885, Cys919
B-3 l —19.73 ASP1046, Glug8s, Cys919
B-4 \(@/ —15.22 ASP1046, Glu8s5
B-5 —15.71 Glugss
B-6 O/ —14.59 ASP1046, Glug8s
B-7 —17.73 ASP1046, Glug8s, Cys919
v©/o
B-8 CI; : —10.43 ASP1046, Glu885, Cys919
B-9 Cl —9.65 ASP1046, Glug8s, Cys919
B-10 \/©/CI —16.33 ASP1046, Glug8s, Cys919
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Table 3. The suggested scaffold C and the screened derivatives
O)\ ;R |:> Allphatlc chai
O me
(j)L
NG Scaffold C

Comp. ID R AG Residues (H-bond)

C-1 %CHS —8.61 ASP1046, Cys919

C-2 z«,{C2|-|5 -7.39 ASP1046, Cys919

3 %{CH(CH3)2 —9.44 ASP1046, Cys919

C4 %CHZCH(CH3)2 —7.22 -

C5 }\/CHZC(CHs)g, —11.21 -

6 %OH —19.09 ASP1046, Gluggs, Cys919, Lys868
C7 %CHZCHZOH —15.21 ASP1046, Cys919

8 %{CHZCH2CH20H -11.33 ASP1046, Cys919

(e} %CHZCHZCHZCHZOH —12.79 ASP1046, Cys919

Table 4. The suggested scaffold D and the screened derivatives.

(j)L ©)\ . Ar 'I:>l(Un Substituted phenyl .

Comp. ID Ar AG Residues (H-bond)
D-1 —18.21 ASP1046, Glu885, Cys919
D-2 —-17.29 ASP1046, Glu885, Cys919

D-4 —16.41 ASP1046, Glu885, Cys919

D-3 $ —17.01 ASP1046, Glu885, Cys919




Figure 6. Docking pose of C-6 inside VEGFR-2 TK pocket.

VEGFR-2 inhibitory 1Cs, values of the synthesised compounds
were summarised in Table 7. Compounds A-1, C-6, and D-1 were
noticed to possess low ICso values (22.05, 15.65, and 23.13nM,
respectively) which were close to that of sorafenib (24.93 uM)
referring to their high activities. While member B-1 showed a
moderate activity with an ICso value of 79.99 nM.

It is worth mentioning that compounds A-1 and C-6 showed
good VEGFR-2 inhibitory activities but showed fewer anti-prolifera-
tive activities. the decreased anti-proliferative activities of these
compounds may be attributed to the low hydrophobicity since
compound A-1 has a pyridine moiety that has less hydrophobic

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1395

characters compared to the phenyl ring of compound D-1.
Additionally, compound C-6 has a terminal hydroxyl amine which
increases the hydrophilicity of this compound.

2.3.3. Apoptotic markers analysis

2.3.3.1. Assessment of caspase-8, Bax and Bcl-2 expression. Since
one of the most important pathways for the anticancer agent
to exert its effects is the induction of apoptosis, the most active
compound D-1 was herein tested against apoptosis-related
genes including proapoptotic genes, caspase-8, and BAX, and the
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Figure 8. The ADME plot of the synthesised compounds.

Table 5. ADME results of the designed congeners.

BBB Solubility Absorption CYP2D6 PPB
Comp. level® level® level prediction® prediction®
A-1 3 3 0 x J
B-1 3 3 0 x J
c-6 3 3 0 x J
D-1 2 3 0 x J
Sorafenib 4 1 0 X N

BBB penetrating levels in which 0 =very high, 1=high, 2=medium, 3 =Ilow,
and 4 =very low.

PSolubility level in which 1=very low, 2 =low, 3 =good, and 4 = optimal.
“Absorption level in which 0 =good, 1=moderate, 2= poor, and 3 =very poor.
d4CYP2D6 is the cytochrome P2D6. The compound might be CYP2D6 inhibitor ()
or non-inhibitor (x).

PPB is the plasma protein binding that might be below than 90% (x) or above
than 90% (,).

anti-apoptotic gene Bcl2*°. Compound D-1 markedly increased
the levels of caspase-8 and BAX expression by 10.41-fold and
9.52-fold, respectively. On the other side, it significantly decreased
the anti-apoptotic Bcl-2 level to 0.23-fold (Table 8). Upregulation
of the proapoptotic genes in addition to the downregulation of
the anti-apoptotic ones, thus, confirmed the apoptotic behaviour
of the designed compound.

2.3.3.2. Cell cycle analysis. Aiming to obtain a further understand-
ing of the mechanism that triggers the anticancer activity of D-1,
the cell cycle progression was investigated using flow cytometry
in HCT-116 cells. The effects of D-1 on the cell cycle and the per-
centage of cells in each phase are demonstrated in Table 9 and
Figures 9 and 10.

The obtained data indicated that D-1 causes a dramatic eleva-
tion of the apoptotic cells at the pre-G1 phase (23.68%) compared
to that of the control HCT-116 cells (3.05%). Additionally, accumu-
lation of cells was also noticed at the G2-M phase for D-1 to be
30.37% versus 12.91% accumulation for control HCT-116 cells. The
later results were accompanied by a reduction of the S phase per-
centage of the treated cells (28.37%) in comparison to the
untreated cells. Such findings indicate the high activity of com-
pound D-1 to arrest HCT-116 at both Pre-G1 and G2-M phases.

2.3.3.3. Detection of apoptosis. Since the induction of apoptosis is
a key determinant in the drug’s therapeutic outcome, the ability
of the best cytotoxic member D-1 to induce apoptosis in colorec-
tal carcinoma (HCT-116) cells was evaluated using Annexin-V/pro-
pidium iodide (PI) staining assay. Compound D-1 was observed to
induce apoptosis in both early and late apoptotic stages in a dose



Table 6. Toxicity study of the designed compounds.
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FDA rodent Carcinogenic

Rat maximum

carcinogenicity Ames potency tolerated dose Rat oral Rat chronic Skin Ocular
Comp. (Mouse- Female)? prediction® TDs, (Rat) (Feed) LDs,? LOAELY irritancy irritancy
A-1 X X 19.559 0.103462 2.546 0.331 None Mild
B-1 X X 108.919 0.114862 1.593 0.515 None Mild
C-6 X X 75.514 0.254838 1.981 0.283 None Mild
D-1 X X 65.876 0.197452 1.605 0.259 None Mild
Sorafenib X X 14.244 0.088543 0.823 0.005 None Mild
®Non-carcinogen (x) or carcinogen ().
bNon—mutagen (x) or mutagen (\).
Unit: mg/kg body weight/day.
dUnit: g/kg body weight.
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Scheme 1. General procedure for the synthesis of target compounds A-1, B-1, C-6, and D-1; Reagents and conditions: (i) Thionyl chloride (SOCl,), dichloroethane,
reflux, 2 h, (i) 4-aminoacetophenone, triethylamine (TEA), acetonitrile, stirring, rt, (iii) absolute ethanol, few drops g. acetic acid, reflux, 6 h.

Table 7. In vitro cytotoxic activities of the assessed compounds against HCT-116
and HepG-2 cell lines and their inhibitory effects VEGFR-2 TK.

In vitro cytotoxicity 1Cso (LM)

VEGFR-2 protein

Comp. ID HCT-116 HepG-2 concentration (nM)
A-1 34.9+0.084 18.07 £0.052 22.05
B-1 19.6 £0.052 17.4+0.05 79.99
C-6 21.8+0.057 15.9 £0.045 15.65
D-1 3.08 +£0.002 4.09+£0.005 23.13
Sorafenib 7.28+0.58 5.28+£0.21 2493

Table 8. Caspase-8 concentrations, BAX, Bcl-2 expression levels in treated HCT-
116 cells with the tested compound.

Comp. ID. BAX (Pg/mL) Bcl-2 (Pg/mL) Caspase-8 (Pg/mL)
D-1 401.79 1.274 523.61
Control 42.19 5.603 50.317

equivalent to its cytotoxic ICsq value. The percentage of early and
late apoptotic populations elevated from 0.7% and 1.73% in the
untreated cells to 4.36% and 17.62% in the D-1 treated cells
(Table 10 and Figures 11 and 12).

Table 9. Flow cytometry analysis for cell cycle distribution of HCT-116 cells
treated with D-1 in a concentration of 3.08 uM for 48 h.

Sample %G0-G1 %S %G2-M %Pre-G1
D1/HCT-116 41.26 28.37 3037 23.68
HCT-116 55.62 31.47 1291 3.05

2.3.4. In vitro immunomodulatory assay

Compounds C-6 and D-1 were further assayed for their immuno-
modulatory effect on HCT-116 cells. Two immunity-related markers
were measured namely, human tumour necrosis factor alpha
(TNF-o), and interleukin 6 (IL6). Dexamethasone, a potent inhibitor
of both TNF-o and IL6, was used as a positive control. The
obtained results revealed that compound D-1 strongly decreased
the TNF-a and IL6 levels by 91.19% and 85.64%, respectively.
While compound C-6 inhibited TNF-o by 86.48% and IL6 by
75.21% (Table 11).

2.4. Molecular dynamic simulation

Molecular dynamics (MD) simulations methods almost become a
usual computational procedure in drug design as well as drug
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Cell Cycle Analysis
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Figure 10. Cell cycle analysis of HCT-116 cells treated with compound D-1.

Table 10. Induced apoptosis in HCT-116 cells treated with D-1 in a concentra-
tion of 3.08 uM for 48 h.

Apoptosis
Sample Total Early Late Necrosis
D1/HCT-116 23.68 436 17.62 1.7
HCT-116 3.05 0.7 1.73 0.62

discovery®'. The major two strength points of MD methods are
first, its accurate ability to track both entropic and structural
changes in the ligand as well as the target enzyme. Also, those
changes were tracked for ligand and enzyme over a specific time
every very-short period at an extremely high resolution of atomic
level®. In consequence, MD methods can precisely calculate the
changes that resulted from the ligand-protein binding in the kin-
etics and thermodynamics levels®3. The mentioned strengths rep-
resented the MD as an efficient tool to identify the nature of the
structure-function of the examined ligand-protein complex. It
reveals essential factors such as the stability of the examined com-
plex, ligand binding free energy, and kinetics®*.

We here in reported several MD simulations studies for com-
pound D-1-VEGFR-2 complex. At first, the conformational changes
that occurred in the D-1-VEGFR-2 complex after binding were
investigated for D-1, VEGFR-2, and D-1-VEGFR-2 complex through
the calculation of RMSD values over 100ns in atomic resolution
(Figure 13A). It was observed that VEGFR-2, D-1 and the

Number

200

100

Te0 80 00 120
FL2A

D1/HCT-116

20 40

D-1-VEGFR-2 complex exhibited low RMSD values without major
fluctuations. Although the complex has slightly fluctuated till
40 ns~, it got stabled later. Such results indicate the great stability
of the D-1-VEGFR-2 complex. Secondly, the flexibility of VEGFR-2
was examined in terms of RMSF. The results (Figure 13B) indicated
that D-1 binding to VEGFR-2 didn't cause dramatic changes in the
flexibility. Followingly, the compactness of the D-1-VEGFR-2 com-
plex was indicated by exhibiting low values of radius of gyration
(Rg) indicating a lower degree of fluctuation and greater compact-
ness of the D-1-VEGFR-2 complex (Figure 13C). Figure 13D shows
the calculated values of solvent accessible surface area (SASA).
SASA examined the interaction between D-1-VEGFR-2 and sol-
vents was over 100ns to analyse the degree of conformational
changes in VEGFR-2 after D-1 binding. Interestingly, VEGFR-2 fea-
tured a reduction of SASA values at the end of simulations than
the starting period indicating a lower degree of conformational
changes and more stability. The hydrogen bonding in the D-1-
VEGFR-2 complex was computed over 100ns and the highest
number of hydrogen bonds between VEGFR-2 and D-1was four
(Figure 13E).

2.4.1. Molecular mechanics poisson-boltzmann surface area
(MM-PBSA)

The Molecular Mechanics Poisson-Boltzmann surface area (MM-
PBSA) assay was applied to estimate the free binding energy of
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Figure 12. Compound D-1 induces apoptosis in HCT-116 cells.

Table 11. TNF-o and IL6 percent inhibition in treated HCT-116 cells with the
tested compounds C-6 (21.8 uM) and D-1 (3.08 uM) for 48 h.

Comp. % Inhibition of TNF-o % Inhibition of IL6
-6 86.48 75.21
D-1 91.19 85.64
Dexamethasone 82.47 93.15

the D-1-VEGFR-2 complex on a dynamic base. The MM-PBSA has
several advantages over other analysis methods that are used for
the same purpose as thermodynamic integration and the free
energy perturbation. These advantages are being simpler, faster,
and producing uniform results®>. The binding free energy of the
D-1-VEGFR-2 complex was estimated at the final stable 20ns of
the MD experiment run with a time interval of 100 ps. The MM/
PBSA method, as well as MmPbSaStat.py script, were utilised to
investigate the average free binding energy in addition to its
standard deviation/error (SD). Compound D-1 exhibited a low
binding free energy average of —124KJ/mol with the VEGFR-2
(Figure 14A). The binding energy of the examined D-1-VEGFR-2
complex was stable through the 20 ns of examination.

2.4.2. Free energy decomposition

Followingly, the total binding free energy of the D-1-VEGFR-2
complex was analysed (decomposed) to figure out the different
components of the obtained binding energy. In addition, to
explore the participation of each amino acid residue of the

1 03 10 1 05
annexin-V FITIC

D1/HCT-116

VEGFR-2 in the binding with compound D-1. This experiment
revealed the basic amino acid residues with an advantageous con-
tribution to the binding. The following amino acid residues (VAL-
899, LEU-1035, CYS-1045, and LEU-1049) of VEGFR-2 contributed
higher than —7 KJ/mol binding energy and believed as vital resi-
dues in the binding with compound D-1 (Figure 14B).

3. Conclusion

In a recent study, the ability of four compounds to inhibit the
VEGFR-2 enzyme was emphasised. The tested compounds were
selected and synthesised after a computational screening of four
corresponding series. Cytotoxic evaluation of the synthesised
members was performed against HepG-2 and HCT-116 cell lines.
In vitro VEGFR-2 inhibitory assay was, additionally, carried out for
the four compounds. Congener D-1 was the most potent cyto-
toxic member with 1C5, values of 4.09uM against HepG-2 cells
and 3.08 uM regarding HCT-116 cells. Compound D-1 inhibited
VEGFR-2 enzyme at a concentration of 23.13nM. The capability of
compound D-1 to induce apoptosis was then assayed. It caused a
significant elevation of both caspase-8 and BAX expression with
10.41-fold and 9.52-fold, respectively, in comparison to the refer-
ence drug. While it decreased Bcl-2 level to 0.23-fold. Compound
D-1 arrested cell growth in HCT-116 cells at G2-M and pre-G1
phases via accumulation of cells by 30.37% with induction of
apoptosis. The MD simulation revealed that compound D-1 has
the greatest potential to fit in the active site of VEGFR-2.
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4, Materials and methods
4.1. Virtual screening

4.1.1. Docking studies

Computational virtual screening for the four sets of compounds
was performed using MOE.14 software against VEGFR-2 TK (PDB
ID:  4ASD, resolution: 2.05A)'° using as shown in
Supplementary data.

4.1.2. ADME studies
ADME studies were carried out using Discovery studio 4.0 follow-
ing the reported procedure®**” (Supplementary data).

4.1.3. Toxicity studies
The toxicity parameters of the four congeners were calculated
using Discovery studio 4.0 as described in Supplementary data.

4.2. Chemistry

4.2.1. General

All the reagents, chemicals, and apparatus were described in
Supplementary data. Compounds 3 and 4 were prepared accord-
ing to the reported procedures?’.

4.2.2. General procedure for preparation of the target compounds
A-1, B-1, C-6, and D-1

A mixture of N-(4-acetylphenyl)nicotinamide 4 (0.24g, 0.001 mol)
and the appropriate amino-containing derivatives namely, nicoti-
nohydrazide, benzohydrazide, hydroxylamine, and phenylhydra-
zine (0.001 mol) was refluxed in absolute ethanol (25ml) in the
presence of few drops glacial acetic acids for 6 h. Following, the
mixture was cooled to room temperature then, the formed pre-
cipitate was filtered, dried, and recrystallized from ethanol.

4.2.2.1. N-(4-(1-(2-Nicotinoylhydrazineylidene)ethyl)phenyl)
nicotinamide A-1. Yield: 76%; Melting point: 240-242°C; IR vmay/
cm™': 3348, 1648, 1597; '"H NMR (DMSO-d6, 400 MHz) § ppm: 2.39
(s, 3H), 7.54-7.60 (m, 2H), 7.90 (m, 4H), 8.23 (d, J=7.6Hz, 1H), 8.31
(d, J=7.6Hz, 1H), 8.77 (d, J=7.6Hz 2H), 9.05 (s, 1H), 9.13 (s, 1H),
10.61 (s, 1H), 10.95 (s, TH); *C NMR (DMSO-d6)  (ppm): 14.43,
120.29 (2C), 123.98 (2C), 127.17 (2C), 130.94, 133.78, 135.99 (20),
136.16 (2C), 140.67, 147.75 (2C), 152.45, 152.68 (2C), 164.66.

4.2.2.2. N-(4-(1-(2-Benzoylhydrazineylidene)ethyl)phenyl)nicotinamide
B-1. Yield: 73%; Melting point: 258-260°C; IR Umax/CM ™ 3269,
1667, 1599; 'H NMR (DMSO-d6, 400 MHz) § ppm: 2.39 (s, 3H), 7.53
(d, J=7.6Hz, 2H), 7.59 (d, J=8.0Hz, 2H), 7.90 (m, 6H), 8.34 (d,
J=8.0Hz, 1H), 8.79 (s, 1H), 9.05 (s, 1H), 10.64 (s, 1H), 10.79 (s, 1H);
13C NMR (DMSO-d6) & (ppm): 14.87, 120.30 (2C), 123.99 (20),
127.48, 12833, 128.81, 129.84, 130.96, 131.95, 133.95, 134.61,
136.00 (2C), 140.55, 149.20 (2C), 152.67, 155.73, 164.67.
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Figure 14. MM-PBSA study of D-1-VEGFR-2 complex.

4.2.2.3.  N-(4-(1-(Hydroxyimino)ethyl)phenyl)nicotinamide  C-6.
Yield: 69%; Melting point: 243-245°C; IR vpax/cm
3187, 1676, 1599; 'H NMR (DMSO-d6, 400 MHz) & ppm: 2.15 (s,
3H), 7.67 (d, J=8.8Hz, 2H), 7.87 (d, /J=8.8Hz, 2H), 8.07 (dd,
J=7.6, 7.6Hz, 1H), 896 (d, J=8.4Hz, 1H), 9.02 (d, J=5.2Hz, 1H),
9.47 (s, TH), 10.40 (s, TH), 11.20 (s, TH); ">C NMR (DMSO-d6) &
(ppm): 11.89, 120.60 (2C), 126.42 (2C), 126.67, 133.13, 133.30,
139.36, 143.19, 143.78, 146.19, 152.87, 162.02.

4.2.2.4. N-(4-(1-(2-Phenylhydrazineylidene)ethyl)phenyl)nicotinamide
D-1. Yield: 70%; Melting point: 235-237°C; IR Umax/CM ™ 3248,
1648, 1597; 'H NMR (DMSO-d6, 400 MHz) & ppm: 2.27 (s, 3H), 6.76
(t, J=6.8Hz, 1H), 7.21-7.28 (m, 4H), 7.58 (dd, J=7.6, 8.0Hz, 1H),
7.83 (m, 4H), 8.32 (d, J=8.0Hz, 1H), 8.78 (d, 1H), 9.14 (s, 1H), 9.25
(s, TH), 10.54 (s, TH); "*C NMR (DMSO-d6) 6 (ppm): 13.18, 113.27
(2C), 119.23, 120.50 (2C), 123.98, 125.98 (2C), 129.37 (2C), 130.78,
135.35, 135.96, 138.77, 140.76, 146.62, 149.17, 152.57, 164.46.

4.3. Biological testing

4.3.1. In vitro anti-proliferative activity against HepG-2 and
HCT-116

The anti-proliferative activity of the four members was estimated
by the MTT protocol as described®®™*' (Supplementary data).

4.3.2. Assessment of VEGFR-2 inhibition
The four selected members were further assessed to measure their
inhibitory activities against the VEGFR-2 enzyme following the
protocol shown in Supplementary data.

—1. 3450, 3298,
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3.3.3. Apoptotic markers analysis

4.3.3.1. Assessment of the expression of caspase-8, Bax and Bcl-2.
Estimation of caspase-3 levels after treatment of cells with com-
pound D-1 was performed according to the protocol described by
M. Andersson et al.*2. While Bax and Bcl-2 cellular levels were
evaluated for D-1 in HCT-116 cells according to the reported
protocol®® (Supplementary data).

4.3.3.2. Cell cycle analysis. Based on the protocol referred to by
Léonce et al., the flow cytometric analysis for congener D-1 was
done'®***¢ (Supplementary data).

4.3.3.3. Detection of apoptosis. Annexin-V-FITC assay for com-
pound D-1 on HCT-116 cells according to the reported proced-
ure'>*~%9 (Supplementary data).

4.3.4. In vitro immunomodulatory assay

The level of TNF-o and IL6 in cell culture supernatants was
assessed by the ELISA technique according to the reported
procedure®®",

4.4. Molecular dynamic (MD) simulation and MM/PBSA

MD simulation experiments and MM/PBSA (Molecular Mechanics/
Poisson Boltzmann Surface Area) were carried out using
GROMACS as reported in Supplementary data®?>>,
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