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ABSTRACT
New quinoline and isatin derivatives having the main characteristics of VEGFR-2 inhibitors was synthesised.
The antiproliferative effects of these compounds were estimated against A549, Caco-2, HepG2, and MDA-
MB-231. Compounds 13 and 14 showed comparable activities with doxorubicin against the Caco-2 cells.
These compounds strongly inhibited VEGFR-2 kinase activity. The cytotoxic activities were evaluated
against Vero cells. Compound 7 showed the highest value of safety and selectivity. Cell migration assay
displayed the ability of compound 7 to prevent healing and migration abilities in the cancer cells.
Furthermore, compound 7 induced apoptosis in Caco-2 through the expressive down-regulation of the
apoptotic genes, Bcl2, Bcl-xl, and Survivin, and the upregulation of the TGF gene. Molecular docking
against VEGFR-2 emerged the interactions of the synthesised compounds in a similar way to sorafenib.
Additionally, seven molecular dynamics simulations studies were applied and confirmed the stability of
compound 13 in the active pocket of VEGFR-2 over 100ns.
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1. Introduction

The WHO estimated the number of global deaths because of can-
cer to be more than ten million humans in 2020. Among them,
935,000 people died because of colon and rectum cancer1. Colon
cancer was described by the NHS as one of the four most com-
mon cancer types2. It was estimated that from 2007 to 2016 both
incidence and mortality of colorectal cancer increased in countries
that have medium and high Human Development Index as well as
in the younger people3. The global number of new cases diag-
nosed with colorectal cancer was 1,096,601 in 20184.

Apoptosis originated from a Latin word that means “to fall off”
and scientifically can be defined as programmed cell death. In the
early stages of growth, apoptosis is the mechanism that the body
uses to get rid of unwanted cells such as the soft tissues between
the fingers of the growing hand5. Apoptosis is the main mechan-
ism utilised by the human body to eliminate damaged cells.
Apoptosis plays a crucial role in the process of cancer prevention
and treatment. The blockage of apoptosis in a cell resulted in its

uncontrolled division and subsequently its development to be
malignant6. In order to survive and expand, malignant cells utilise
various strategies to modulate the apoptotic signals inhibiting
apoptosis at both protein and genetic levels7.

Vascular Endothelial Growth Factor (VEGF) family exhibited
strong antiapoptotic activities in addition to its effect as angiogen-
esis promoters8–10. VEGF is described as the strongest pro-angio-
genic protein. VEGF potentiates the proliferation as well as the
tube formation of endothelial cells11. Also, VEGF induces endothe-
lial nitric oxide synthase causing vasodilatation12. VEGF exhibits its
effect via binding with certain receptors on the cell surface. These
receptors are the tyrosine kinase receptors including VEGF recep-
tor-1 (VEGFR-1) besides VEGFR-213. The interaction of VEGF to the
receptor’s extracellular domain results in the activation of a cas-
cade of downstream enzymes. VEGFR-2 was identified as the
major key receptor that mediates the pro-angiogenic activities
of VEGF14.

The utilisation of computers (in silico) in the fields of drug
design and discovery appeared as a relevant approach that can
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be employed in the discovery of active and safe candidates.
Computational chemistry has the privilege of limiting time, efforts,
and costs in addition to saving animal lives15–17. Various in silico
methods were employed successfully in drug design, discovery,
DFT, ADMET, and toxicity of new drugs18.

Our teamwork employed the in silico drug design approach to
discover various novel VEGFR-2 inhibitors. The designed candi-
dates were synthesised and examined against the VEGFR-2
enzyme. These candidates were belong to various chemical classes
such as quinazoline19, quinoxaline-2 (1H)-one20, and thieno[2,3-
d]pyrimidine21.

Based on our attempts to develop potent anti-VEGFR-2 inhibi-
tors, two novel sets of quinoline-thiazolidine-2,4-dione and isatin-
thiazolidine-2,4-dione hybrids were produced through the modifi-
cation of some reported inhibitors of VEGFR-2. The targeted candi-
dates were designed to maintain the key pharmacophoric
characteristics of inhibitors of VEGFR-2, and they were tested to
demonstrate their cytotoxic activities against human malignant
cell lines as well as their inhibitory activities against the VEGFR-
2 protein.

1.1. Rationale

VEGFR-2 inhibitors have four key pharmacophoric features, accord-
ing to prior publications. (i) A hetero aromatic ring structure cap-
able of engaging Cys917 at the hinge region22. (ii) A spacer
moiety capable to be directed in the spacer region of the active
site23. (iii) A pharmacophore moiety (e.g. amide or urea) that can
bind to Glu883 and Asp1044 at the DFG motif region. (iv) A
hydrophobic group resides in the allosteric pocket of the VEGFR-2
binding site24.

Quinoline, isatin, and thiazolidine-2,4-dione are three scaffolds
that have great interest in the field of drug synthesis and discov-
ery. These scaffolds were observed in many reported anticancer
agents, especially VEGFR-2 inhibitors. Three FDA VEGFR-2 inhibi-
tors (lenvatinib, 2, tivozanib, 3, and lucitanib, 4) comprise the
quinoline moiety as a hetero aromatic system. Another FDA
VEGFR-2 (sunitinib, 5) comprises the isatin moiety. In addition,
sunitinib, 5, comprises the 2,4-dimethyl-1H-pyrrole moiety as a
linker (Figure 1).

Utilising ligand-based drug design, especially the molecular
hybridisation strategy that entails the connection of two or more
groups with significant biological capabilities25, Two series of
VEGFR-2 were design new hybrids of quinoline-thiazolidine-2,4-
dione (compounds 7, 8, and 9) and isatin-thiazolidine-2,4-dione(-
compounds 13 and 14). As shown in Figure 2, the heteroaromatic
system was designed to be quinoline or isatin moieties. The liker
group was the thiazolidine-2,4-dione moiety as a ring equivalent
for 2,4-dimethyl-1H-pyrrole of sunitinib with increased the advan-
tage of being a good centre for hydrogen bonding interactions
and enhancement of water solubility of the synthesised com-
pounds. The pharmacophore moiety was kept to be an amide
group in all the designed compounds. The terminal hydrophobic
moiety was kept to be different substituted aromatic structures.

2. Results and discussion

2.1. Chemistry

The synthetic pathways adopted to obtain the target compounds
are presented in Schemes 1 and 2. Firstly, the synthesis of the key
starting compound 2 (2-chloro-6-methoxyquinoline-3-carbalde-
hyde) (Scheme 1) was achieved through chlorination, formylation,

and cyclisation of N-(4-methoxyphenyl)acetamide 1 using DMF/
POCl3 to give 2-chloro-6-methoxyquinoline-3-carbaldehyde 2,
according to the reported procedure26. On the other hand, reflux-
ing the thiourea 3 with 2-chloroacetic acid 4 in water contains 4N
HCl, afforded thiazolidine-2, 4-dione 527. The condensation of
compound 5 with 2-chloro-6-methoxyquinoline-3-carbaldehyde 2
in glacial acetic acid/sodium acetate mixture in accordance with
the Knoevenagel condensation28, furnished the final benzylidine
product 6. Treatment of compound 6 with 2-chloroacetamide
derivatives in refluxing DMF using anhydrous K2CO3 as base and

Figure 1. Reported VEGFR-2 inhibitors and their essential inhibitory
charachterstics.

Figure 2. The strategy of molecular design.
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KI as a nucleophilic catalyst to afford the target derivatives 7, 8,
and 9.

1H NMR spectra 7, 8, and 9 showed the appearance of ali-
phatic protons of the methylenes as shielded singlet signals at
4.49� 4.55 ppm, and singlet signals around d 3.50 ppm of the
methoxy group. In addition, the benzylidene methine protons
exhibited singlet signals in the range of d 7.98� 7.99 ppm. This
methine was also detected in the 13C NMR spectra at d of
142.0 ppm. Moreover, their 1H NMR spectra revealed the presence
of two NH protons at d ranges of 10.24� 10.43 ppm and
12.15� 12.16 ppm. In addition, 13C NMR showed the presence of a
methylene carbon in the d range of 46.73–56.03 ppm. Two amide
carbonyls were displayed in the 13C NMR spectrum at the d range
of 166.1–160.5 ppm.

Synthesis of compound 11 (Scheme 2) was achieved via reflux-
ing of thiazolidine-2,4-dione 4 with isatin 10 in glacial acetic acid
and anhydrous sodium acetate. Consequent treatment of 11 with
alcoholic potassium hydroxide provided the corresponding salt
12. Heating of 12 with 2-chloroacetamide derivatives in dry DMF
afforded the target compounds 13 and 14. 1H NMR spectra data
showed shielded singlet signals of the methylene protons (ali-
phatic) at the d range of 4.55� 4.59 ppm. In addition to2NH pro-
tons at the d ranges of 10.38� 10.49 ppm and 11.31� 11.34 ppm.

2.2. Biological evaluation

2.2.1. In-vitro anticancer effects
To assess the antiproliferative effects of the targeted candidates,
an MTT assay29–31 was performed against four cancer cell lines:
lung carcinoma epithelial (A549), colon cancer (Caco-2), hepatocel-
lular cancer (HepG2), and breast cancer (MDA-MB-231). The results
were listed in Table 1 as IC50 values.

The results revealed that Caco-2 cells are the most sensitive
cell line against the targeted candidates. In descending pattern,
compounds 14, 13, and 7 are the most active candidates against
Caco-2 cells with IC50 values of 5.7, 9.3, and 93.5mM, respectively.
Interestingly, compounds 13 and 14 showed comparable activity
with that of doxorubicin against Caco-2 cells (IC50 ¼ 8.2mM).
Compounds 13 and 14 are 0.88 and 1.44 times as active as doxo-
rubicin. In addition, compound 14 was the most active member
against MDA-MB231 cells showing an equal IC50 value (9 mM) to
that of doxorubicin.

From the results of cytotoxicity against the four cell lines, it
can be deduced that isatin derivatives (13 and 14) are more cyto-
toxic than quinoline derivatives (7, 8, and 9) against three cell
lines (A549, Caco-2, and MDA-MB-231). Furthermore, by compar-
ing the cytotoxicity of the tested compounds against the Caco-2

Scheme 1. Synthetic pathways of compounds 7, 8, and 9.
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cell line, we can reach available structure-activity relationships
regarding the hydrophobic tail. It was found that the phenyl ring
is more advantageous as a hydrophobic tail than p-methoxy-
phenyl moiety, and the latter is more beneficial for activity than
o-tolyl moiety.

2.2.2. VEGFR-2 inhibition
As the main target in this work is the design and synthesis of
promising VEGFR-2 inhibitors, we subjected the synthesised com-
pounds to in vitro VEGFR-2 inhibitory assay to assess the ability of
these compounds to obstacle the kinase activity of VEGFR-2. The
results were summarised in Table 2 as IC50 values in a nanomo-
lar unit.

The results revealed that the isatin derivatives (compounds 13
and 14) are the most active members exhibiting strong IC50 values
of 69.11 and 85.89 nM, respectively. Compounds 13 and 14 were
0.78 and 0.70 times as active as sorafenib (IC50 ¼ 53.65 nM).
Additionally, compound 9 showed moderate VEGFR-2 inhibitory
activity with an IC50 value of 98.53 nM (0.54 times of sorafenib).
On the other hand, compounds 7 and 8 showed weak activities
with IC50 values of 137.40 and 187.00 nM, respectively.

2.2.3. Cytotoxicity against normal cell lines
The cytotoxic activities of the synthesised against normal cells
were evaluated against the Vero cell line utilising an MTT assay.
The results were summarised in Table 3.

The results disclosed that the quinoline derivatives (com-
pounds 7, 8, and 9) have very low cytotoxicity against Vero cells
with IC50 values of 440, 150, and 196 mM, respectively. Although
the isatin derivatives (compounds 13 and 14) expressed higher
cytotoxicity against the normal cells with IC50 values of 26.5 and
30 mM, respectively, the obtained results were safer than doxorubi-
cin which showed an IC50 value of 25mM. These results indicated
the higher safety of quinoline derivatives over the isatin.

2.2.4. Selectivity index (SI)
For further evaluation of the toxicity of the synthesised com-
pounds, the selectivity index (SI) of these compounds was calcu-
lated. SI is the ratio of the IC50 value on normal cells to the IC50
value on cancer cells32. A compound with SI lower than 1 is con-
sidered to be toxic33,34.

From the results of SI presented in Table 4, it can be observed that
the SI of quinoline derivatives (7 and 9) are higher than 1 in the exam-
ined cell lines. Also, compound 8 revealed safe results against HepG2
and MDA-MB231 cell lines. On the other hand, the isatin derivatives
showed SI values lower than 1, indicating their lower selectivity against
normal cells (Figure 3). Accordingly, compound 7 of the highest select-
ivity index was selected for further biological analysis.

2.2.5. Wound healing assay (migration assay)
In-vitro scratch assay35 was performed for compound 7 as it was
the safest compound exhibiting the highest selectivity index.

Scheme 2. Synthetic pathways of compounds 13 and 14.
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In this test, Caco-2 cells were allowed to grow then, a wound was
formed on the cell layer. Next, the cells were incubated with the
sub IC50 dose of compound 7. The results of wound healing were
compared to the untreated cell line. Figure 4 illustrates the degree

of wound healing caused by compound 7 compared to the con-
trol cells.

From Figure 4(A) (the treated cells), it can be noticed that the
diameter of the wound is equal to 0.3058mm. on the other hand,
Figure 4(B) (the control cells) showed a diameter of 0.276mm. The
wound was completely closed within 24 h as appeared in Figure
4(C). Such findings indicate the ability of compound 7 to prevent
wound healing in the cancer population at a low concentration.

Apoptosis is an important mechanism for fighting the tumour.
The apoptosis process comprises many gene families such as p53,
caspases, and Bcl-2. The apoptosis mechanism is controlled by the
balance between the pro-apoptotic and anti-apoptotic mediators.
The Bcl-2 family (Bcl2 and Bcl-xl) is a well-known example of anti-
apoptotic mediators36. Moreover, Survivin is an example of the
overexpressed pro-survival protein in various cancer cells.
Furthermore, the transforming growth factor (TGF) is an example
of a pro-apoptotic mediator that suppresses and controls prolifer-
ation of malignant cells in its early stages37.

RT-qPCR technique was applied to assess the expression levels
of Bcl2, Bcl-xl, Survivin, and TGF in Caco-2 cells after treatment
with compound 7 for 24 h. As shown in Figure 5, compound 7
exhibited an expressive down-regulating potentialities against of
Bcl2, Bcl-xl, and Survivin genes. On the other hand, such a com-
pound produced an upregulation effect of the TGF gene. Taking
these results into consideration, it can be concluded that com-
pound 7 can induce apoptosis in Caco-2.

2.2.7. Cell cycle analysis
Employing the flowcytometry technique, the cell cycle pattern of
the untrated Caco-2 cancer cells (Figure 6(A)) was compared with
that of the treated cells with compound 7. The cell cycle pattern
of Caco-2 cell line after treatment (Figure 6(B)) showed a decrease
in the cell population in G0/G1 and S phases (46.4 and 13.1%,
respectively) compared with the untreated cells (51.7 and 24.7%,
respectively) which means the considered compound caused a
cellular arrest in sub G0 (Apoptotic phase).

2.3. In silico (computational) studies

2.3.1. Molecular docking
Molecular docking experiments were applied for the considered
compounds to clarify their proposed binding modes against
VEGFR-2 (PDB ID: 2OH4) using sorafenib as a reference. Table 5
summarises the calculated binding energies (DG) of the tested
compounds and sorafenib.

To verify the docking procedure, sorafenib was docked alone
against the active site. As shown in Figure 7, the re-docked pose
showed a high degree of superimposition on the original ligand
with an RMSD value of 0.98 A indicating the docking pro-
cess validity.

Sorafenib exhibited a binding energy of �21.11 kcal/mol.
Sorafenib occupied the four essential regions on the active site
forming two hydrogen bonds (H.Bs) with Cys917 and three hydro-
phobic interactions (H.Is) with Leu1033, Leu838, and Ala864 at the
hinge region. The central phenyl ring formed six H.Is with Val846,
Val914, Phe1045, and Cys1043. The urea group formed three H.Bs
with Glu883 and Asp1044. The 1-chloro-2-(trifluoromethyl)benzene
moiety formed five H.Is with Leu1017, His1024, cys1043, and
Leu887. In addition, The 1-chloro-2-(trifluoromethyl)benzene moi-
ety formed an electrostatic interaction (E.I) with Asp104424,38

(Figure 8).

Table 1. In vitro anti-proliferative activities.

Compounds

Anti-proliferative activity (IC50 mM)
a

A549 Caco-2 HepG-2 MDA-MB231

7 159 ± 14 93.5 ± 0.71 150 ± 7.07 122.5 ± 7.01
8 196 ± 70 189.5 ± 9.11 134 ± 1.41 130 ± 5.60
9 51 ± 4.20 167 ± 4.20 145 ± 3.50 188 ± 7.01
13 49.5 ± 0.70 9.3 ± 0.421 149 ± 9.80 28 ± 0.50
14 54 ± 1.40 5.7 ± 0.07 149 ± 7.01 9 ± 0.51
Doxorubicin 7 ± 0.22 8.2 ± 0.21 2.8 ± 0.07 9 ± 0.77
aThe results were the mean of three replicates.

Table 2. VEGFR-2 inhibitory assay for the targeted candidates and sorafenib.

Compounds VEGFR-2 inhibitory activity IC50 (nM)
a

7 137.40
8 187.00
9 98.53
13 69.11
14 85.89
Sorafenib 53.65
aThe results were the mean of three replicates.

Table 3. Cytotoxicity of the targeted candidates against the Vero cell line

Compounds Cytotoxicity (IC50 mM)

7 440 ± 14.10
8 150 ± 14.10
9 196 ± 2.80
13 26.5 ± 1.71
14 30 ± 1.35
Doxorubicin 25 ± 1.41

Table 4. Selectivity index of the synthesised compounds.

Compounds A549 Caco-2 HepG2 MDA-MB231

7 2.77 4.71 2.93 3.59
8 0.77 0.79 1.12 1.15
9 3.84 1.17 1.35 1.04
13 0.54 2.85 0.18 0.95
14 0.06 0.61 0.02 0.39
Doxorubicin 3.57 3.05 8.93 2.78
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Figure 3. Selectivity indices of the synthesised compounds.
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Compound 7 showed a binding mode like the reference mol-
ecule with a docking energy of �21.94 kcal/mol. The quinolin-
2(1H)-one moiety formed five H.Is in the hinge region with

Leu838, Leu1033, Ala864, and Cys917. The thiazolidine-2,4-dione
(linker) moiety formed two H.B with Cys1043 and Asp1044. Also, it
formed three hydrophobic bonds with Val914, Phe1045, and
Val897. The pharmacophore (amide) moiety occupied the DFG
region forming two H.Bs with Glu883 and Asp1044. The terminal
phenyl ring occupied the allosteric pocket forming two H.I with
Leu887 and Val897 (Figure 9).

Compound 8 showed docking energy of �21.84 kcal/mol. The
quinolin-2(1H)-one moiety formed five H.Is in the hinge region
with Ala864, Leu838, Leu1033, and Val846. The thiazolidine-2,4-
dione (linker) moiety formed an extra H.B with Lys866 in addition
to three hydrophobic bonds with Val846, Val914, and Lys866. The
pharmacophore (amide) moiety occupied the DFG region forming
two H.Bs with Glu883 Asp1044. The terminal phenyl ring occupied
the allosteric pocket forming two H.I with Leu887 and Val897
(Figure 10).

Compound 9 showed docking energy of �21.53 kcal/mol. The
quinolin-2(1H)-one moiety formed five H.Is in the hinge region
with Ala864, Leu838, and Leu1033. The thiazolidine-2,4-dione
(linker) moiety formed two extra H.Bs with Cys1043 and Asp1044
in addition to three hydrophobic bonds with Val897, Val914, and
Phe1045. The pharmacophore (amide) moiety occupied the DFG
region forming two H.Bs with Glu883 Asp1044. The terminal phe-
nyl ring occupied the allosteric pocket forming two H.I with
Leu887 and Val897 (Figure 11).

Figure 4. Effect of compound 7 on wound healing of Caco-2 cells at a concentration of 90mM. (A) The treated cells with a diameter of 0.3058mm. (B) the control cells
with a diameter of 0.276mm. (C) The treated cells after 24 h showing complete closure of wound. (D) Diagram of the wound healing test. Determination of apoptotic
and anti-apoptotic gene expression.

Figure 5. Relative expression of BCL2, BCLXL, Survivin, and TGF levels in Caco-2
cell line after treatment with 90mM of compound 7 for 24 h showing an expres-
sive down-regulation potential on the Bcl2, Bcl-xl, and Survivin apoptic genes as
well as an upregulation potential on the TGF gene.
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Compound 13 showed a good binding mode like that of sora-
fenib with a docking energy of �17.44 kcal/mol. The indolin-2-one
moiety formed eight H.Is in the hinge region with Cys917, Ala864,
Leu838, Leu1033, Phe1045, and Val846. The thiazolidine-2,4-dione
(linker) moiety formed one H.B with Lys866, and two hydrophobic

bonds with Val914, and Val846. The pharmacophore (amide) moi-
ety occupied the DFG region forming two H.Bs with Glu883
Asp1044. The terminal phenyl ring occupied the allosteric pocket
forming one H.I with Leu887 and one E.Iwith Asp1044 (Figure 12).

2.3.2. In silico ADME analysis
Discovery Studio 4.0 software was used to investigate ADMET
parameters of the synthesised compounds utilising sorafenib as a
reference. The results were summarised in Table 6. The tested
compounds 7, 8, and 9 showed very low BBB penetration levels
while compounds 13 and 14 exhibited low BBB penetration
power. Hence, these compounds may be devoid of CNS toxicity.
The aqueous solubility (A-S) of the tested compounds was pre-
dicted to be low while the intestinal absorption (I-A) levels were
anticipated to be optimal. All examined compounds were
expected to be non-inhibitors for the cytochrome P450 (CYP-2D6).
So, the incidence of liver side effects is not expected upon their
use. Except for compounds 8 and 14, all the tested members
were predicted to bind plasma protein more than 90%
(Figure 13).

2.3.3. Toxicity studies
Discovery studio software version 4.0 was utilised to compute the
predicted toxicity profile of the synthesised candidates as shown
in Table 7.

Figure 6. Flow cytometric cell cycle analysis of Caco-2 before (A) and after (B) a 24 h treatment with a 90mM compound 7. (A) the cell cycle of the untreated cells
showed 51.7 and 24.7% for G0/G1 and S phases, respectively. (B) the cell cycle of the treated cells showed 46.4 and 13.1 for G0/G1 and S phases, respectively.

Table 5. The computed DG values of the considered compounds and sorafenib
against VEGFR-2.

Comp. DG [kcal. mol�1]

7 �21.94
8 �21.84
9 �21.53
13 �17.44
14 �19.34
Sorafenib �21.11

Figure 7. Superimposition of sorafenib (green) and the redocked one (pink) in
the VEGFR-2 active site (RMSD ¼ 0.98 Å).
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Starting with the Ames prediction model, all candidates were pre-
dicted to be non-mutagen. The carcinogenic potency TD50 in mice of
the synthesised compounds ranged from 37.833 to 97.051g/kg,
which was safer than sorafenib (17.535g/kg). The rat maximum toler-
ated doses (R-MTD) of these candidates were less than that of sorafe-
nib (0.077g/kg) with the range of 0.018� 0.048g/kg. Candidates 13
and 14 showed higher rat oral LD50 values of 1.404 and 1.21g/kg,
respectively than sorafenib (0.890g/kg) while the other members
showed lower oral LD50 values were in the range of 0.509–0.838g/
kg. For the rat chronic LOAEL model, except compound 8, the tested
compounds showed LOAEL values in the range of 0.005–0.040g/kg.
These were safer than sorafenib (0.004g/kg). All candidates were
computed to be non-irritant and mildly irritant against the skin and
the eyes, respictivly (Table 7).

2.3.4. MD simulation
The Molecular dynamics (MD) simulations experiments are very
close to being a routine computational approach in drug

discovery39. There are two main strengths in the MD studies.
Firstly, it can accurately examine both structural and entropic
changes in both ligand and target. Secondly, it can track that
changes over a definite time and every ultra-short period at an
atomic resolution for ligand as well as protein target40.
Accordingly, MD experiments can accurately estimate the thermo-
dynamics as well as kinetics changes that are associated with lig-
and-protein binding41. These points implemented the MD
simulations as a successful tool to examine the structure-function
nature of the certain ligand-target complex. It identifies essential
areas such as the stability of the certain ligand-target complex, lig-
and binding energy, and kinetics42.

First, the interaction of a compound with a protein’s active site
results in structural changes in the protein43. Consequently, con-
formational changes, as well as dynamics of the compound 13-
VEGFR-2 complex, were studied as RMSD to understand stability
after binding. The results (Figure 14(A)) demonstrated that the

Figure 8. 3D, 2D, and surface mapping of the binding mode of sorafenib into
VEGFR-2. The hydrogen bonds were presented in green colour with Cys917,
Glu883, and Asp1044. The hydrophobic bonds were presented in orange colour
with Leu1033, Leu838, Ala864, Val846, Val914, Phe1045, Cys1043, Leu1017,
His1024, and Leu887.

Figure 9. 3D, 2D, and surface mapping of compound 7 into VEGFR-2. The hydro-
gen bonds were presented in green colour with Cys1043, Asp1044, and Glu883.
The hydrophobic bonds were presented in orange colour with Leu838, Leu1033,
Ala864, Cys917, Val914, Phe1045, Leu887 and Val897.
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compound 13-VEGFR-2 complex slightly fluctuated to 80 ns� and
got stabled in the last 20 ns of the MD run. The flexibility of the
compound 13-VEGFR-2 complex was examined by RMSF to pre-
dict the regions of changes of VEGFR-2 that were affected through
the applied MD simulation experiment. Figure 14(B) demonstrates
that the binding of compound 13 didn’t make the VEGFR-2 much
more flexible. Based on the change in protein volume, Rg identi-
fies the 3D changes of a protein besides its compactness, and the
degree of fluctuation during the simulation time. The Rg is
inversely proportional to the stability and compactness of the sys-
tem44,45. The computed Rg values of the compound 13-VEGFR-2
complex in the MD run (Figure 14(C)) remained slightly less than
the starting time. Such results indicate the stability and compact-
ness of the compound 13-VEGFR-2 complex. As well as that, SASA
calculations were used to determine the compound 13-VEGFR-2
complex’s interaction with the solvents surrounding it. The result-
ing SASA values reveal how the complex’s conformation changed
during the simulation study. Analogously, the SASA values of the
compound 13-VEGFR-2 complex were less than the starting period
of expermint (Figure 14(D)), indicating that the surface area was

reduced and therefore the stability of the compound 13-VEGFR-2
complex was increased. H.Bing is an essential factor capable of
stabilising a complex. Therefore, MD simulation experiments were
allpied to explore the H.Bing through the compound 13-VEGFR-2
complex. Figure 14(E) revealed that compound 13 formed up to
two H.Bs with VEGFR-2.

As illustrated in Figure 15, the conformational change analysis
of the compound 13-VEGFR-2 complex was performed through
the 1(Figure 15(A)), and 100 ns (Figure 15(B)) of the MD produc-
tion in order to understand the changes caused by binding. The
results indicated that minor conformational changes have taken
place. Most importantly, compound 13 showed a high degree of
binding stability and integrity inside VEGFR-2.

2.3.5. MM-PBSA study
Using the MM/PBSA method to calculate the free binding energy
from the MD trajectories through the last 20 ns of the MD run
applying a 100 ps time interval of, compound 13 demonstrated a
very low free binding energy of �74 KJ/mol with VEGFR-2.

Figure 10. 3D, 2D, and surface mapping of compound 8 into VEGFR-2. The
hydrogen bonds were presented in green colour with Lys866, Asp1044, and
Glu883. The hydrophobic bonds were presented in orange colour with Ala864,
Leu838, Leu1033, Val846, Val914, Lys866, Leu887, and Val897.

Figure 11. 3D, 2D, and surface mapping of compound 9 into VEGFR-2. The
hydrogen bonds were presented in green colour with Cys1043, Glu883, and
Asp1044. The hydrophobic bonds were presented in orange colour with Ala864,
Leu838, Leu1033, Val897, Val914, Phe1045, and Leu887.
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Interestingly, the binding energy remained stable throughout the
entire 20 ns of analysis, showing the accurate binding of the com-
pound 13-VEGFR complex (Figure 16(A)).

Secondly, a total binding free energy analysis of the compound
13-VEGFR-2 complex was performed (Figure 16(B)) to unravel the

various components of the obtained binding energy, revealing the
particular contributions of amino acids in VEGFR-2 to the binding
process. Six residues (VAL-846, ILE-890, VAL-914, LEU-1017, CYS-
1043 and PHE-1045) contributed higher binding energy than
�4 KJ/mol and are considered key (vital) residues during binding
with compound 13.

3. Conclusion

In this work, five new quinoline and isatin derivatives were
designed to possess the main features of VEGFR-2. These com-
pounds were synthesised in good yields (74–88%) and confirmed
using IR, 1H NMR, and 13C NMR. In vitro anti-proliferative activities
were determined against four cancer cell lines (A549, Caco-2,
HepG2, and MDA-MB-231). Compounds 13 (IC50 ¼ 9.3 mM) and 14
(IC50 ¼ 5.7mM) showed comparable activity with doxorubicin (IC50
¼ 8.2mM) against Caco-2 cells. Structure-activity relationship
revealed that isatin derivatives (13 and 14) are higher cytotoxic
agents than quinoline derivatives (7, 8, and 9) against three cell
lines (A549, Caco-2, and MDA-MB-231). Furthermore, it was found
that the phenyl ring is more advantageous as a hydrophobic tail
than p-methoxyphenyl moiety, and the latter is more beneficial
for activity than o-tolyl moiety. Compounds 13 and 14 exhibited
strong inhibitory effects against VEGFR-2 with IC50 values of 69.11
and 85.89 nM, respectively. The selectivity index test revealed that
compound 7 is the safest member. The wound healing assay for
compound 7 exhibited the ability of such compound to prevent
healing and migration in the cancer population. Compound 7
exhibited a significant down-regulation of Bcl2, Bcl-xl, and Survivin
genes, and an upregulation of the TGF gene in Caco-2. The flow-
cytometric analysis confirmed the ability of compound 7 to arrest
the cellular growth of Caco-2 in sub G0 (apoptotic phase).
Computational studies (docking, ADMET, toxicity, and MD simula-
tions) revealed the good binding mode of the synthesised com-
pounds, an acceptable range of pharmacokinetic properties, and
stability in the active site of VEGFR-2 at 100 ns.

4. Experimental

4.1. Chemistry

4.1.1. General
All solvents, reagents, and devices were explained intensely in
Supplementary data.

Compounds 2, 5, and 6 were obtained in accordance with the
reported protocol41–44. The 1H NMR and 13C NMR analyses were
carried out at 400 and 100MHz, respectively in DMSO-d6 as a solv-
ent. the chemical shifts were presented as ppm. The infra-red
analyses were carried out using KBr disc and the results were pre-
sented as cm�1. Table 8 showed the colours, yields, and meting
points of the target compounds

4.1.2. Synthesis of compounds 7, 8, and 9
Amixture of compound 6 (0.30 g, 0.001mol) and anhydrous
K2CO3(0.276 g, 0.002mol) in DMF (30ml) was heated in a water
bath with the appropriate 2-chloroacetamide derivatives
(0.001mol) for a period of 8 h. Then, the reaction mixture was
cooled and poured onto crushed ice. The obtained precipitate
was filtered and recrystallized from absolute ethanol to afford
compounds 7, 8, and 9, respectively.

Figure 12. 3D, 2D, and surface mapping of the compound 13 in the active site
of VEGFR-2. The hydrogen bonds were presented in agreen colour with Lys866,
Glu883 and Asp1044. The hydrophobic bonds were presented in orange colour
with Cys917, Ala864, Leu838, Leu1033, Phe1045, Val846, Val914, and Leu887.

Table 6. ADMET screening of the synthesised compounds.

Compounds BBBa A-Sb I-Ac CYP-2D6d PPBe

7 ���� þþ þ N-In Mr
8 ���� þþ þ N-In Ls
9 ���� þþ þ N-In Mr
13 ��� þþ þ N-In Mr
14 ��� þþ þ N-In Ls
Sorafenib ���� þ þ N-In Mr
aVery high (0), high (�), medium (��), low (���), very low (����).
bOptimal (þþþþ), good (þþþ), low (þþ), very low (þ).
cGood (þ), moderate (þþ), poor (þþþ), or very poor (þþþþ).
dInhibitor (In) or non-inhibitor (N-In).
ePPB means plasma protein binding which may be less than 90% (Ls) or more
than 90% (Mr).
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4.1.2.1. (Z)-2–(5-((6-Methoxy-2-oxo-1,2-dihydroquinolin-3-yl)methy-
lene)-2,4-dioxothiazolidin-3-yl)-N-phenylacetamide (7).

IR: 3282, 3141 (NH), 3001 (CH aromatic), 2922 (CH aliphatic), 1737,
1682 (C�O); 1H NMR: 12.16 (s, 1H), 10.43 (s, 1H), 8.23 (s, 1H), 7.99
(s, 1H), 7.58 (d, J¼ 8.0 Hz, 2H), 7.41 (d, J¼ 2.6 Hz, 1H), 7.34 (t,
J¼ 7.8 Hz, 3H), 7.30 (s, 1H), 7.28 (d, J¼ 2.6 Hz, 1H), 7.10 (t,
J¼ 7.4 Hz, 1H), 4.53 (s, 2H), 3.83 (s, 3H); 13C NMR: 168.60, 166.16,
164.33, 160.57, 155.08, 142.56, 138.90, 134.39, 129.36, 129.18,
129.08, 127.19, 125.39, 124.17, 123.18, 120.12, 119.64, 117.12,
110.30, 56.03, 31.17; Anal. Calcd. For C21H15N3O4S (405.43).

4.1.2.2. (Z)-2–(5-((6-Methoxy-2-oxo-1,2-dihydroquinolin-3-yl)methy-
lene)-2,4-dioxothiazolidin-3-yl)-N-(4-methoxyphenyl)acetamide (8).

IR: 3267, 3145 (NH), 3067 (CH aromatic), 2977 (CH aliphatic), 1735,
1681 (C�O); 1H NMR: 12.16 (s, 1H), 10.26 (s, 1H), 8.46 (s, 1H), 8.22
(s, 1H), 7.99 (s, 1H), 7.49� 7.47 (m, 2H), 7.33 (d, J¼ 1.8 Hz, 2H),
6.94� 6.88 (m, 2H), 4.49 (s, 2H), 3.83 (s, 3H), 3.74 (s, 3H); 13C NMR:
190.37, 161.55, 155.95, 154.99, 142.50, 142.23, 136.50, 134.37,
126.20, 124.16, 121.19, 119.17, 117.28, 114.45, 111.59, 56.04, 55.64,
31.17; Anal. Calcd. For C22H17N3O5S (435.45).

4.1.2.3. (Z)-2–(5-((6-Methoxy-2-oxo-1,2-dihydroquinolin-3-yl)methy-
lene)-2,4-dioxothiazolidin-3-yl)-N-(o-tolyl)acetamide (9).

IR: 3254, 3224 (NH), 2991 (CH aromatic), 2907 (CH aliphatic), 1722,
1668 (C�O); 1H NMR: 12.15 (s, 1H, NH), 10.24 (s, 1H, NH), 8.43 (s,
1H, H-4, quinolinone), 7.98 (s, 1H, C¼CH), 7.45 (m, 1H, 1H, H-8,
quinolinone), 7.38� 7.25 (m, 3H, Ar-H), 7.18� 7.10 (m, 3H, Ar-H),
6.95 (m, 1H), 4.55 (s, 2H, CH2), 3.35(s, 3H, OCH3), 2.23 (s, 3H, CH3);
13C NMR: 171.60, 164.59, 163.70, 161.55, 142.24, 137.75, 136.59,
134.39, 131.73, 131.02 (2), 129.43 (2), 129.31 (2), 126.98 (2), 124.16,
117.28, 111.59, 56.04, 46.73, 17.74; Anal. Calcd. For
C22H17N3O4S (419.46).

4.1.3. Synthesis of compounds 13 and 14
A mixture of 12 (0.28 g, 0.001mol), the appropriate 2-chloroaceta-
mide derivatives (0.001mol) namely, 2-chloro-N-phenylacetamide
and 2-chloro-N-(4-methoxyphenyl) acetamide and KI (0.067 g) in
DMF (50ml) was heated using a water bath for a period of 8 h.
Then, cooled and poured onto crushed ice. The obtained precipi-
tate was filtered and recrystallized from absolute ethanol to afford
the corresponding compounds 13 and 14 respectively.

Figure 13. The ADMET plot of the considered compounds. Each componud is plotted with the 2 D polar surface area (PSA_2D) against the computed partition coeffi-
cient (ALogP98). The compound that is encompassed by the ellipse has good absorption and doesn’t violate of the ADMET properties. The ellipses (95% and 99% con-
fidence limit)represent the blood–brain barrier penetration (BBB) and human intestinal absorption.

Table 7. Toxicity study of the synthesised compounds

Compounds Ames prediction TD50
a R-MTDb LD50

b LOAELb
Skin

irritancy
Ocular
irritancy

7 Non-mutagen 83.279 0.021 0.899 0.005 None Mild
8 37.833 0.021 1.320 0.003
9 97.051 0.018 0.405 0.007
13 74.651 0.048 1.404 0.040
14 93.189 0.023 1.21 0.019
Sorafenib 17.535 0.077 0.890 0.004
aUnit: mg/kg/day.
bUnit: g/kg.
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4.1.3.1. 2-[2,4-Dioxo-5–(3-oxoindolin-2-ylidene)thiazolidin-3-yl]-N-
phenylacetamide (13).

IR: 3293, 3175 (NH), 3060 (CH aromatic), 2943 (CH aliphatic), 1745,
1693 (C�O); 1H NMR: 11.34 (s, 1H, NH), 10.49 (s, 1H, NH), 8.79 (s,
1H, Ar-H), 7.59 (d, J¼ 7.20Hz, 2H, Ar-H), 7.36 (m, 1H, Ar-H), 7.34
(m, 2H, Ar-H), 7.11–7.10 (m, 2H, Ar-H), 6.99 (d, 1H, Ar-H), 4.59 (s,
2H, CH2);

13C NMR: 172.51, 170.24, 168.72, 165.71, 164.24, 144.64,
138.87, 133.56, 129.37(2), 128.43, 128.21, 127.19, 124.22, 122.66,
120.23, 119.68, 111.16, 44.13; Anal. Calcd. For
C19H13N3O4S (379.39).

4.1.3.2. 2–(2,4-Dioxo-5–(3-oxoindolin-2-ylidene)thiazolidin-3-yl)-N-
(4-methoxyphenyl) acetamide 14.

IR: 3269, 3274 (NH), 3059 (CH aromatic) 1744, 1691 (C¼O); 1H
NMR: 11.31 (s, 1H), 10.28 (s, 1H), 8.77 (d, J¼ 8.0 Hz, 1H), 7.49 (d,
J¼ 8.6 Hz, 2H), 7.46� 7.35 (m, 1H), 7.08 (t, J¼ 7.8 Hz, 1H), 6.98 (d,
J¼ 7.9 Hz, 1H), 6.91 (d, J¼ 8.5 Hz, 2H), 4.54 (s, 2H), 3.73 (s, 3H); 13C
NMR: 170.26, 168.70, 165.69, 163.71, 155.99, 144.61, 133.52,
131.96, 129.40, 128.42, 128.16, 122.64, 121.25, 120.22, 114.45,
111.13, 55.63, 44.01.

4.2. Biological testing

4.2.1. In vitro anti-proliferative activity
Anti-proliferative activities were assessed using the MTT assay31,46

and were explained intensely in Supplementary data.

4.2.2. In vitro VEGFR-2 kinase assay
Was tested using a VEGFR-2 ELISA kit and was explained intensely
in Supplementary data47.

4.2.3. Safety assay
The safety profiles were examined on Vero cells (non-cancerous
cell line) and was explained intensely in Supplementary data48.

4.2.4. Selectivity index (SI)
Was calculated and explained intensely in Supplementary data49.

Figure 14. M D simulations; (A) RMSD, (B) RMSF (C) Rg (D) SASA, and (E) H- bonding for compound 13-VEGFR-2 complex over the MD run (100 ns).

2202 E. B. ELKAEED ET AL.

https://doi.org/10.1080/14756366.2022.2110869
https://doi.org/10.1080/14756366.2022.2110869
https://doi.org/10.1080/14756366.2022.2110869
https://doi.org/10.1080/14756366.2022.2110869


4.2.4.1. Cell Migration assay. Was performed as the described
protocol50 and was explained intensely in Supplementary data.

4.2.4.2. Gene expression pattern. Bcl2, Bcl-xl, TGF and Survivin
genes levels were evaluated as reported51 and was explained
intensely in Supplementary data.

4.3. In silico studies

4.3.1. Docking studies
Were carried out using MOE software52 and were explained
intensely in Supplementary data.

4.3.2. ADMET studies
Were determined using Discovery studio 4.0 as reported method53

and were explained intensely in Supplementary data.

4.3.3. Toxicity studies
Were calculated using Discovery studio 4.0 as described54 and
were explained intensely in Supplementary data.

4.3.4. Molecular dynamics simulation
MD studies were performed through CHARMM-GUI interface55–57

using CHARMM36 force field58 and NAMD 2.13 package59 as
explained intensely in Supplementary data.

4.3.5. MM-PBSA studies
Was performed using MM-PBSA package of GROMACS and was
explained intensely in Supplementary data.
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No potential conflict of interest was reported by the author(s).

Figure 15. Compound 13-VEGFR-2 complex structures at (A) 1 ns, (b) 100 ns.

Figure 16. MM-PBSA outputs of the compound 13-VEGFR-2 complex.

Table 8. Colours, yields, and meting points of the target compounds

Compounds Colour Yield (%) Meting points (�C)
7 White crystals 87 260–262
8 Yellow crystals 88 257–259
9 White crystals 76 244–246
13 White crystals 87 249–251
14 White powder 74 265–267
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