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ARTICLE INFO ABSTRACT

Worldwide, Hepatocellular Carcinoma (HCC) endures to be a prominent cause of cancer death. Treatment of
HCC follows multiple therapies which are not entirely applicable for treatment of all patients. HCC usually arises
HCC contextual to chronic liver diseases and is often discovered at later stages which makes treatment options more
VEGFR-2 inhibitors complex. The present study aimed at design, synthesis & evaluation of new pyridazinoquinazoline derivatives as

Keywords:
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](;e;sciai;e potential nontoxic anti-hepatocellular carcinoma (HCC) agents, through inhibition of Vascular endothelial
Ra diatiin growth factor -2 (VEGFR-2). Novel Pyridazino[3, 4, 5-de]quinazoline derivatives (2-6) were designed & syn-

thesized. Their structures were confirmed via spectral and microanalytical data. They were tested for their in
vitro VEGFR-2 inhibition & anticancer activity against human liver cancer cell line (HEPG-2). Molecular docking
was investigated into VEGFR-2 site. In vivo studies of VEGRF-2 inhibition and the anti-apoptotic effect of the new
compounds were determined in liver of irradiated rats. Toxicity of synthesized compounds was also assessed.
The results showed that compounds 3-6 have significant antitumor activity and proved to be non-toxic. The
ethoxy aniline derivative 6, exhibited the highest activity both in vitro and in vivo compared to the reference drug
used, sorafenib. Compound 6 could be considered a promising nontoxic anti HCC agent and this could be
partially attributed to its VEGFR-2 inhibition. Future preclinical investigation would be carried out to confirm
the specific and exact mechanism of action of these derivatives especially compound 6 as an effective phar-

maceutical agent after full toxicological and pharmacological assessment.

1. Introduction

Globally, Hepatocellular Carcinoma (HCC), the destructive and in-
vasive malignancy, is the second leading cause of cancer-related mor-
talities [1]. HCC incidence will continue rising in the future century,
and unfortunately mortality remains high for most of patients [2]. At
present, limited treatment regimens are available for this challenging
disease. HCC treatment landscape is rising in complexity. The biggest
challenge is that up to 80-90% of HCC patients suffers also liver cir-
rhosis due to different etiologies. Another challenge is the unexpected
response toward different treatments. Currently, there is a necessity for
refining treatment options for HCC patients [3]. Radiation therapy (RT)
is adopted as one of the main modalities for cancer treatment. His-
torically, RT was regarded as ineffective treatment tool in HCC because
of the of RT dose limitation. This is attributed to the sensitivity of
surrounding non-malignant liver parenchyma toward radiation, leading
to limited RT techniques [4]. Beside RT, chemotherapy constitutes one
of the modalities of cancer treatment, either alone or in conjunction
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with other treatment regimens. Angiogenesis inhibitors have become
important agents in treatment of HCC patients [5]. Nowadays, vascular
endothelial growth factor (VEGF) is a crucial angiogenic factor ex-
pressed in tumors of all types of cancer analyzed. Putting this in con-
sideration, researchers were encouraged for exploring the potential role
of VEGF in immune modulation, and its role in combating most cancer
types. [6]. Extensive studies on VEGF and its receptors over the past
10 years have revealed that this system is a major regulator for angio-
genesis. VEGF has been reported to act as a survival factor for several
tumor cells as well as normal cells by protecting against apoptosis-in-
ducing treatments, such as chemotherapy and irradiation [7]. These
treatments induce apoptosis through Caspase-3 expression, the main
key component of apoptosis, which is responsible for the proteolytic
cleavage of many crucial proteins. On the contrary, if a cell is not
capable of undergoing apoptosis because of a mutation or a biochemical
inhibition, it can continue dividing and develops to become a tumor
[8].

Sorafenib (Nexavar) ® (4-[4-[[4-chloro-3-(trifluoromethyl) phenyl]
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carbamoylamino] phenoxy]-N-methyl-pyridine-2-carboxamide), the 1st
line oral treatment in advanced HCC. It was approved as antiangiogenic
chemotherapeutic drug targeting tyrosine kinase receptor [9]. Besides,
Kim and coworkers explored sorafenib mechanism of action through
inhibition of VEGFR-2, VEGFR-3, and platelet-derived growth factor
receptor-B activities [10]. However, sorafenib is not widely prescribed
as it is expensive drug, not potent for treating metastasis cases, and
expression of severe adverse side-effects, cardiovascular of which could
be fatal [11]. Although, the prognosis of advanced HCC patients with
early stage liver disease, was improved upon use of sorafenib, limited
survival benefits were reported due to drug resistance and low response
rates [12]. Bayer has developed regorafenib (Stivarga) ©. It is developed
by adding a fluorine atom in the centered phenyl ring of sorafenib. It is
prescribed for HCC patients whose disease progressed while treated
with sorafenib. It was approved by US food & drug administration on
April 27, 2017 [13] for use as second line treatment in HCC [14]. It
provided survival benefit over sorafenib use, but unfortunately, serious
side effects were reported [15].

Sorafenib

Other chemically related compounds were investigated as second
line HCC treatment (Fig. 1), but reported to be non-significantly potent
to Sorafenib at the same time didn’t show better therapeutic index.

NH

o O*@i
FN)\é/_{ 0
kN 7

N

Brivanib
\ O>‘“<‘ /( /
FO__,.yOH

Sunitinib

Bioorganic Chemistry 92 (2019) 103251

Some of them reported inferior potency and more severe toxicity to
sorafinib as sunitinib [16]. While, brivanib, erlotinib & tivantinib did
not significantly improve overall survival in advanced HCC patients
treated previously with sorafenib [17-19]. Linifanib was also in-
vestigated but studies favored sorafenib in safety [20]. Subsequently,
clinical trials of all above mentioned compounds were stopped.

In recent decades, 1,4-disubstituted phathalazine moiety emerged
as promising scaffold as potent VEGFR-2 inhibitor and anticancer agent
[21]. Accordingly extensive investigations have been carried out for
designing and synthesizing of different molecules comprising phatha-
lazine as potential VEGFR-2 inhibitors, but unfortunately no approved
drug has been marketed clinically for use till now.

Vatalanib, a 1-anilino-4-substituted phthalazineamine based struc-
ture was developed as specific VEGFR-2 inhibitor for colorectal cancer
treatment. It was discontinued in phase III clinical investigations.
Valatanib failed to reveal any clinical benefit for patients suffering
metastatic colorectal cancer and didn’t improve the overall survival for
them, besides emerged side effects as hypertension, hyperlipidemia and

i
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nausea were reported [22]. Behalo and coworkers reported recently
some new phthalazine based molecules as potential anticancer agents
against human cancer cell lines [23].

Linifanib

Tivantinib

Fig. 1. Structure of compounds evaluated and failed as second line HCC treatment.
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Luminol (5-amino-2,3-dihydrophthalazine-1,4-dione), a bifunc-
tional phthalazine reactive precursor-based molecule. It is a chemical
exhibiting chemiluminescence. It is commonly used in forensics as a
diagnostic tool for the detection of blood stains [24].

Fused pyrimidine with phthalazine yields pyridazinoquinazoline
tricyclic molecule. Fused pyridazinoquinazoline is a well-known moiety
for its diverse biological activities. Some derivatives were reported re-
cently by Vaseghi and coworkers [25], for their anticancer activity on
Melanoma and Prostate Cell Lines. Interestingly pyridazinoquinazoline,
was not investigated as anti HCC via VEGFR-2 inhibition.

Based on all the previous findings, and as continuation of our pre-
vious work aimed at synthesizing novel promising anticancer agents
[26,27], we were inspired to design and synthesize a novel series of
Pyridazino[3, 4, 5-de]lquinazoline derivatives starting from Luminol
with the prime aim of developing agents targeting VEGFR-2 with po-
tential anticancer activity towards hepatocellular carcinoma -cells
(HepG2), by performing in vitro, in vivo inhibitory evaluation, molecular
docking study and acute toxicity assessment.

1.1. Rationale and design

Vatalanib (N-(4-chlorophenyl)-4-(pyridin-4-ylmethyl)phthalazin- 1-
amine), is an oral angiogenesis inhibitor being developed by Schering
(in collaboration with Novartis), used for solid tumors treatment in
metastatic colon cancer and non-small cell lung cancer (NSCLC) [28].
Vatalanib inhibits crucial angiogenesis enzymes involved in tumor
growth and metastasis. The following three tyrosine kinase domains;
vascular endothelial growth factor (VEGF) receptors, platelet-derived
growth factor (PDGF) receptor and c-kit were reported as target sites
into which vatalanib selectively bound [29]. Many attempts in medic-
inal chemistry were performed to produce novel tyrosine kinase in-
hibitors by designing tricyclic compounds or ring addition to stabilize
the structure of known scaffolds. These attempts led to promising and
potent derivatives by providing additional binding within the target
enzymes [30-33].

Inspired by these facts, and due to our interest in the treatment of
liver cancer being the second cause of cancer mortality worldwide, we
decided to perform structural modifications on vatalanib by introducing
a third ring on phthalazine main scaffold aiming to obtain a more rigid
structure that could increase binding affinity to the essential amino
acids into VEGFR2 active binding site of (Fig. 2). Moreover, varying p-
substitutions on the aniline moiety will result in various binding in-
teractions within the hydrophobic back pocket leading to different in-
hibitory activity.
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2. Materials and methods
2.1. Chemistry

2.1.1. General

A Stuart melting point apparatus (Stuart Scientific, Redhill, UK) was
used for recording of uncorrected melting points and were carried in
open capillary tubes. FTIR Shimadzu spectrometer (Shimadzu, Tokyo,
Japan) was used for recording Infrared (IR) spectra of the compounds.
A Varian Mercury Plus Oxford (400 MHz for 1H NMR and 100 MHz for
13C NMR) spectrometer (Varian Inc., Palo Alto, CA) was used for re-
cording 'H NMR and '3C NMR spectra, using TMS as an internal
Standard and DMSO-dg as solvent. Mass spectra were run on HP Model
MS-5988 (Hewlett Packard, Palo, Alto, California, USA). A Carlo Erba
1108 Elemental Analyzer (Heraeus, Hanau, Germany), was used for
obtaining microanalyses values. Pre-coated SiO2 gel (HF254, 200
mesh) aluminum plates (Merk, Darmstadt, Germany) were used as TLC
for checking of reactions’ Completion, where a developing solvent
system of chloroform/methanol (7:3) was used and the spots were vi-
sualized under UV light. IR, 'H NMR, '°C NMR, Mass and elemental
analysis were consistent with the assigned structures. All reagents used
were purchased from Sigma (St. Louis, MO) of analytical grade.

9-benzyl-3-chloro-7H-pyridazino[3,4,5-de]quinazoline-8(9H)-
thione (2)

An equimolar concentration of compound 1 [27] and benzyl iso-
thiocyanate was refluxed in ethanol for 4 h. The solvent was removed
under reduced pressure. The precipitate formed was washed with die-
thyl ether, dried and recrystallized from dioxane to afford compound 2
Yield, 81%; m.p.; 198-199 °C; IR (KBr, ecm™1): 3287 (NH), 3088 (CH
arom.), 2945, 2839 (CH aliph.), 1570 (C=S). MS (m/z): 326 (M+,
15.65%), 129 (100% base peak). '"H NMR (DMSO-d, 8§, ppm): 5.25 (s,
2H, CH2 benzyl), 7.18-7.26 (m, 5H, Ar—H), 7.62-7.75 (m, 3H, Ar—H),
8.11 (s, 1H, NH, D,0 exch.). '*C NMR (DMSO-dg, 8, ppm): 53.68 (CH,
benzyl), 117.29, 126.35, 126.68, 126.8, 127.97 (2), 128.43, 128.59 (2),
128.92, 136.74, 141.71, 150.08, 153.92, 177.16 (C=S). MS (m/z): 326
M+, 15.78%), 129 (100%). Analysis calculated for: C;gH;;CIN4S
(326.04): C, 58.81; H, 3.39; Cl, 10.85; N, 17.14; S, 9.81; found: C,
58.98; H, 3.43; Cl, 10.91; N, 17.09; S, 10.03.

2.1.2. General procedure for the synthesis of compounds 3-6

An equimolar concentration of compound 2 and each of the corre-
sponding aromatic amine p-fluoroaniline p-chloroaniline, p-methox-
yaniline and p-ethoxyaniline, was refluxed in ethanol for 4 h. The sol-
vent was removed under reduced pressure. The precipitate formed was
washed with diethyl ether, dried and recrystallized from dioxane to
afford compounds 3-6, respectively.

Ring closure to obtain
more rigid structure and
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Fig. 2. Design of target compounds based on the lead compound vatalanib.
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2.1.2.1. 9-benzyl-3-((4-fluorophenyl)amino)-7H-pyridazino[3,4,5-de]
quinazoline-8(9H)-thione (3). Yield % 80; m.p.; > 280°C; IR (KBr,
em ™) 3291, 3282 (2NH), 3100 (CH arom.), 2940, 2833 (CH
aliph.),1572 (C=S); 'H NMR (DMSO-de, 8, ppm): 5.24 (s, 2H, CH,
benzyl), 7.14-7.26 (m, 5H, Ar—H), 7.81-7.96 (m, 3H, Ar—H), 7.82,
7.83 (d, 2H, Ar—H, J = 8.0Hz), 7.89, 7.91 (d, 2H, Ar—H, J = 8.0 Hz)
8.23, 8,85 (25, 2H, 2NH, D,0 exch.). *C NMR (DMSO-de, 8, ppm):
53.68 (CH, benzyl), 117.02 (2), 117.29, 118.72 (2), 120.58, 126.35,
126.68, 127.97 (2), 128.43, 128.59 (2), 128.92, 136.74, 139.52,
141.71, 153.92 (2), 160.46, 177.16 (C=S). MS (m/z): 401 (M,
24.32%), 91 (100%). Analysis calculated for: C5,H;6FNsS (401.46): C,
65.82; H, 4.02; F, 4.73; N, 17.44; S, 7.99; found: C, 65.97; H, 4.17; F,
4.59; N, 17.29; S, 7.76.

2.1.2.2. 9-benzyl-3-((4-chlorophenyl)amino)-7H-pyridazino[3,4,5-de]
quinazoline-8(9H)-thione (4). Yield % 80; m.p.; > 280°C; IR (KBr,
cm™1): 3267, 3242 (2NH), 3094 (CH arom.), 2938, 2828 (CH aliph.),
1567 (C=S), 567 (C—Cl). '"H NMR (DMSO-ds, 8, ppm): 5.24 (s, 2H, CH2
benzyl), 7.18-7.26 (m, 5H, Ar—H), 7.38, 7.41 (d, 2H, Ar—H,
J = 8.0Hz), 7.55, 7.57 (d, 2H, Ar—H, J = 8.0 Hz), 7.81-7.95 (m, 3H,
Ar—H), 8.13, 8,82 (25, 2H, 2NH, D,0 exch.) '*C NMR (DMSO-ds, 8,
ppm): 53.68 (CH, benzyl), 117.29, 119.81 (2), 120.58, 126.35, 126.68,
127.97 (2), 128.43, 128.59 (2), 128.92, 129.18, 129.88 (2), 136.74,
139.52, 141.71, 153.92 (2), 177.16 (C=S). MS (m/z): 417 (M,
24.32%), 91 (100%). Analysis calculated for C,5H;6CINsS (417.92):
C, 63.23; H, 3.86; Cl, 8.48; N, 16.76; S, 7.67; found: C, 63.41; H, 3.90;
Cl, 8.25; N, 16.53; S, 7.59.

2.1.2.3. 9-benzyl-3-((4-methoxyphenyl)amino)-7H-pyridazino[3,4,5-de]
quinazoline-8(9H)-thione (5). Yield % 82; m.p.; > 280°C; IR (KBr,
cm ™) 3291, 3287 (2NH), 3067 (CH arom.), 2932, 2823 (CH aliph.),
1578 (C=S); 'H NMR (DMSO-dg, 6, ppm): 3.76 (s, 3H, OCH3), 5.24 (s,
2H, CH, benzyl), 6.59, 6.62 (d, 2H, Ar—H, J = 8.8 Hz), 6.99, 7.02 (d,
2H, Ar—H, J = 8.8 Hz), 7.18-7.26 (m, 5H, Ar—H), 7.81-7.95 (m, 3H,
Ar—H), 8.33, 8,85 (25, 2H, 2NH, D,0 exch.). *C NMR (DMSO-ds, §,
ppm): 53.68 (OCH3), 55.46 (CH2 benzyl), 114.42 (2), 117.29, 120.10
(2), 120.58, 126.35, 126.68, 127.97 (2), 128.43, 128.59 (2), 128.92,
136.74, 139.52, 141.71, 153.92 (2), 156.89, 177.16 (C=S). MS (m/z):
413 (M+, 18.95%), 122 (100%). Analysis calculated for C;3H;9N50S
(413.50): C, 66.81; H, 4.63; N, 16.94; O, 3.87; S, 7.75; found: C, 66.89;
H, 4.70; N, 16.87; O, 3.69; S, 7.71.

2.1.2.4. 9-benzyl-3-((4-ethoxyphenyl)amino)-7H-pyridazino[3,4,5-de]
quinazoline-8(9H)-thione (6). Yield % 85; m.p.; > 280 °C; IR (IR (KBr,
em™ 1) em™1): 3298, 3224 (2NH), 3090 (CH arom.), 2945, 2812 (CH
aliph.), 1577 (C=S), '"H NMR (DMSO-d, §, ppm): 1.21-1.25 (t, 3H,
CH3, J = 7.2Hz), 3.99-4.04 (q, 2H, CH,, J = 7.2 Hz), 5.24 (s, 2H, CH,
benzyl), 6.61, 6.63 (d, 2H, Ar—H,J = 8.8Hz), 7.03, 7.05 (d, 2H,
Ar—H, J = 8.8Hz), 7.18-7.26 (m, 5H, Ar—H), 7.81-7.95 (m, 3H,
Ar—H), 8.23, 8,75 (2, 2H, 2NH, D,0 exch.). **C NMR (DMSO-dg, 8,
ppm): 14.73 (OCH,CH3), 53.68 (CH, benzyl), 63.69 (OCH,CHj),
114.43 (2), 117.29, 120.10 (2), 120.58, 126.35, 126.68, 127.97 (2),
128.43, 128.59 (2), 128.92, 136.74, 139.52, 141.71, 153.92 (2),
156.19, 177.16 (C=S). MS (m/z): 427 M+, 29.12%), 121 (100%).
Analysis calculated for Cy4H21Ns5OS (427.53): C, 67.43; H, 4.95; N,
16.38; O, 3.74; S, 7.50; found: C, 67.51; H, 5.02; N, 16.27; O, 3.79; S,
7.56.

2.2. Biological evaluation

2.2.1. Animals

Male Wistar rats (150-180g) were used for Enzyme-Linked
Immunosorbent Assay (ELISA), whereas adult male swiss albino mice
(25-35 g) were used for acute toxicity test. The animals were purchased
from the animal breeding unit of the National Research Centre, Giza,
Egypt, and acclimatized in the animal facility of the National Centre for
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Radiation Research and Technology (NCRRT), Atomic Energy
Authority, Cairo, Egypt, for one week before being used. Animals were
housed at a temperature of 25 + 5 °C, humidity of 60 = 5% and 12/
12-h light-dark cycle. They were fed standard laboratory chow and
water ad libitum. The study was conducted folloeing the guidelines set
by the European Economic Community (EEC) regulations (Revised
Directive 86/609/EEC)

2.2.2. Irradiation

Animals were exposed to whole body irradiation at an acute dose
level of 6 Gy [34] at the NCRRT using the Gamma Cell-40 biological
irradiator with a Caesium137 source (Atomic Energy of Canada Ltd;
Sheridan Science and Technology Park, Mississauga, Ontario, Canada).
The radiation dose rate was 0.46 Gy/min.

2.2.3. In-Vitro studies

2.2.3.1. Estimation of anti-cancer activity against HepG2 cell line using
MTT assay. For monitoring in vitro cytotoxicity, the MTT method was
used with multiwell plates. The entire synthesized compounds were
prepared each in stock concentration of 10 mM in DMSO which was
then used to prepare the working dilution. The final working
concentration used in the experiments was <0.5% in DMSO. Human
liver cancer cell line (HepG2) was cultured according to the
manufacturer’s instructions. The compounds in serial dilutions (0.01,
0.1, 1.0, 10 and 100 uM) were added after 24 h of culture and the cells
were cultured for another 24h at 37°C. The cell viability was
determined in each experiment using MTT (3-(4, 5-dimethylthiazol-2-
yD)-2, 5-diphenyltetrazolium bromide) colorimetric assay. A microplate
reader was utilized to measure the optical density at 540 nm. The
experiment was conducted in triplicate. Data was calculated as cell
viability percentage.

2.2.3.2. VEGFR-2 enzyme inhibition assay. VEGFR-2 kinase activity was
measured by use of the RayBio Human VEGFR2 ELISA (Enzyme-Linked
Immunosorbent Assay) kit according to manufacturer's instructions.
The optical density was measured at 450nm. The results were
expressed as IC50 and presented in Table 1.

2.2.4. In-vivo studies

2.2.4.1. Experimental design. Rats were blindly allocated into seven
groups, consisting of 8 rats each (n = 8). Group 1: served as control
non-irradiated animals, Group 2: rats were irradiated at 6 Gy but left
untreated, Group 3: rats were given sorafenib (60 mg/kg) as a reference
drug, Group 4, 5, 6, 7: rats were given the newly synthesized
compounds 3, 4, 5 and 6 respectively in a dose of (60 mg/kg) similar
to the reference dose of Sorafenib [35]. All compounds were delivered
orally after one hour of irradiation and treatment continued for 2 days
further. On the third day, the rats were sacrificed by decapitation. The
liver tissue was separated and stored at —80 °C in order to prepare later
liver homogenates in appropriate media according to the parameters to
be measured using a Glas Col®homogenizer (Terre Haute, IN, USA).

Table 1
In vitro Anticancer Activity against HepG2 Cell Line, in vitro VEGFR2 Inhibitory
Activity and Docking Scores of the Synthesized Compounds.

Cpd. No. 1C50 (HEPG2) 1C50 (VEGFR2) DockingScore (Kcal/mol)
(uM) (uM)

1 20.8 - -8.92

2 7.8 - —-13.12

3 0.68 0.21 —14.35

4 0.9 0.53 -14.41

5 0.82 0.43 —14.75

6 0.22 0.03 —-15.21

Sorafenib  1.06 0.03 —17.45

Vatalinib  17.43 0.18 -17.12
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2.2.4.2. VEGFR-2 engyme inhibition assay. Liver homogenates were
prepared in phosphate buffer saline PBS (pH 7.0-7.2). The
homogenates were centrifuged for 5min at 5000 X g. The
supernatant was removed and assayed immediately for Vascular
Endothelial Growth Factor Receptor 2 (VEGFR2) using ELISA Kit
specific for rats according to manufacturer’s instructions, obtained
from Koma Biotech Inc., Korea. This assay depends on binding
VEGFR2 antigen to a specific immobilized antibody. The formed
immune complex binds to avidin-peroxidase conjugate, and a color
developed in proportion to the amount of VEGFR2 bound. An ELISA
plate reader set at 450 nm was used to measure the optical density of
each sample. Values were expressed as ng/g tissue.

2.2.4.3. Caspase-3 activity. Measurement of liver caspase-3 activity was
performed using ELISA Kit specific for rats (Axxora, Lorrach, Germany),
which was performed according to the manufacturer’s guidelines. An
ELISA plate reader set at 450 nm was used to measure the optical
density of each sample. Values were expressed as pg/g tissue.

2.2.4.4. Acute toxicity. The approximate 50% lethal dose (ALD50) of
the compounds (3, 4, 5 and 6) was determined. Adult male Swiss albino
mice (3-4 months) weighing 25-35g were obtained from the animal
breeding unit of the National Research Centre, Giza, Egypt.

A total of 40 mice were allocated into 5 groups (n = 8) in labeled
cages. Compounds under investigation were injected intraperitoneally
(i.p.) at different dose levels (30, 60, 100, 400 and 800 mg/kg. b.wt).
Animals were kept under observation for 24-48h during which any
mortality in each group was recorded. After drug administration, all the
animals had free access to food and water. The ALD50 was calculated
from the data obtained, according to the method of Smith [36].

3. Statistical analysis

All data were expressed as mean values *+ standard error of the
mean (SEM). One-way analysis of variance (ANOVA) was used for
statistical comparisons between different groups followed by Tukey-
Kramer multiple comparison test. Probability values less than or equal
to 0.05 (P < 0.05) were considered statistically significant.

4. Molecular docking

Molecular Operating Environment (MOE) software version
2014.0901, was used for performing the molecular docking studies.
Structures of the synthesized compounds were drawn on MOE.
Hamiltonian-Force Field-MMFF94x was used to minimize structures’
energy. The force field partial charges were calculated for each com-
pound. Default settings were utilized for analysis of conformational
Stochastic of compounds. The most stable 4 conformers for each com-
pound were retained. The X-ray crystal structure of VEGFR-2 in com-
plex with sorafenib was downloaded from http://www.rscb.org/pdb
(PDB ID: 4ASD). The protein-ligand complex obtained from the protein
data bank (pdb) was prepared for docking as follows: 1-The enzyme was
3D protonated, then optimization of the system was done. 2- Chain B of
the protein along with co-crystallized water molecules were deleted. 3-
Determination and isolation of the binding pocket took place, then
hiding the back bone. MOEDOCK was used to determine Flexible
docking of ligand-rigid receptor of the most stable conformers. Scoring
was performed using alpha triangle placement method and London dG
as a function. Force field refinement was applied to the obtained poses
using the same scoring function. Retaining thirty of the most stable
docking models for each ligand with the best scored conformation was
done. Sorafenib was re-docked into the active binding site of 4ASD for
validation of the docking procedures. The validation results showed a
near perfect alignment with the original ligand and displayed the same
binding interactions as obtained from the X-ray crystallography pdb file
with RMSD of 0.411A with docking score (S = —17.45kcal/mol).
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Docking results are shown in Table 1.
5. Results & discussion
5.1. Chemistry

In this work, bifunctional luminol was used as a key precursor for
the synthesis of novel pyridazino[3,4,5-de]quinazoline derivatives
(2-6) which is outlined in Scheme 1. Structures of the newly obtained
compounds were entirely investigated via spectral and microanalytical
data, where results were in conformity with their postulated structures.
First, chlorination of luminol with thionyl chloride in refluxing ethanol,
afforded compound 1 [27]. We reported Compound 1 as the most po-
tent among a series of phthalazine, against HEPG2 cell line [27]. It was
then in our current research further cyclized to pyridazino[3,4,5-de]
quinazoline 2 upon its reaction with benzyl isothiocyanate in refluxing
ethanol. IR spectrum of compound 2 revealed a medium intensity band
at 3287 cm ™! due to NH stretch, and a band at 3088 cm ™! ascribed for
phenyl absorption. In addition to absorption band at 1570 cm™*' at-
tributed to (C=S). 'H NMR spectrum of compound 2, showed absorp-
tion singlet signal at § 5.25 ppm attributed to benzyl moiety, multiplet
signals at range 7.18-7.75ppm assigned for aromatic hydrogens. A
deuterium exchangeable singlet signal with D,O was displayed at
8.11 ppm for NH group, confirming cyclization to pyridazino quinazo-
line. *C NMR spectrum of compound 2 exhibited the most shielded
carbon atom at absorption 53.68 ppm ascribed for (CH, benzyl), while
the most deshieleded cabon atom of (C=S) was displayed at absorption
177.16ppm. In addition to signals displayed at range
117.29-153.92 ppm, attributed to phenyl carbons.

To mimic the structure of the lead compound vatalanib, the chlorine
group in compound 2 was used to introduce different aromatic amines
to afford compounds 3-6 in a very good yield, perceiving main struc-
tural features of vatalanib as VEGRF-2 inhibitor (Fig. 2). IR spectra of
compounds 3-6 revealed extra NH band, such that both NH bands for
each compound, were displayed at range 3224-3298 cm ~!. Moreover,
'H NMR spectra of compounds 3-6 displayed two singlet signals ex-
changeable with deuterium at range 8.13-8.33 ppm & 8.82-8.85 ppm
attributed for the 2 NH groups present. The benzyl protons were re-
vealed as singlet signal at 5.24 ppm. Aromatic protons were exhibited
as multiplet signals at range 7.10-7.83 ppm & 7.81-7.95 ppm for benzyl
and pyridazino quinazoiline moieties, respectively. While AB system
protons for the para substituted phenyl moiety were revealed as pair of
doublet of doublet signals at range 6.59-7.91 ppm, confirming in-
troduction of aromatic amine moieties at specified position. 'H NMR
spectrum of compound 5 revealed extra upfield singlet signal attributed
to methoxy group introduced. While "H NMR spectrum of compound 6
displayed extra upfield triplet and quartet signals at 1.21-1.25 &
3.99-4.04 ppm, respectively ascribed for ethoxy protons introduced.
13C NMR spectra of compound 3-6 revealed signal at 53.68 ppm for CH,
benzyl. While the most downfield signal appeared at 177.16 ppm as-
cribed for C=S. In addition to aromatic carbons which were displayed
at range 114.42-160.46 ppm. °C NMR spectrum of compound 5 dis-
played extra upfield signal at 53.68 ppm for the methoxy group in-
troduced. While '3C NMR spectrum of compound 6 showed extra 2
signals at 14.73 & 63.69 ppm attributed to CH; and CH,, respectively of
the ethoxy group introduced. Moreover, mass spectra and micro-
analytical data of compounds 2-6 were in agreement with their pro-
posed structures as listed in details in the material and methods section.

It is of added interest to mention that the newly obtained com-
pounds closely interpolating Lipiniski’s Rule of Five.

5.2. Biological evaluation
In this study, we investigated anti-cancer efficacy and activity of

novel Pyridazino[3, 4, 5-de] quinazoline derivatives against hepato-
cellular carcinoma (HCC) cells in vitro. The study was expanded into in
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Scheme 1. Synthetic pathway for compounds 1-6. i; thionyl chloride, ethanol, ii; benzyl isothiocyanate, ethanol, iii; aromatic amine, ethanol.

vivo normal liver tissue of irradiated rats to study its possible effect on
VEGFR-2 and their toxic effect on normal tissues when associated with
radiation as an adjuvant therapy.

5.2.1. In-vitro studies

The newly synthesized compounds (2-6) were evaluated for their in
vitro cytotoxic activity against HepG2 (Hepatocellular carcinoma) cell
line by the MTT assay method. Sorafenib, the only systemic agent
known to improve survival for hepatocellular carcinoma (HCC) [37],
was used as a reference drug in this study. In order to obtain the sur-
vival curves of the cancer cell lines, the relationship between surviving
fraction and drug concentration was plotted. Concentration required for
50% inhibition of cell viability (ICso) was calculated, (Table 1). From
the obtained results, it was obvious that most of the synthesized com-
pounds displayed excellent anticancer activity against HepG2 cell line.
In particular, compound 6 exhibited maximum -cytotoxic activity
against HepG2 cell line (IC50 = 0.22 pM) and is nearly 5 times more
active than standard sorafenib (IC50 = 1.06 pM). The other Pyridazino
[3, 4, 5-de] quinazoline derivatives (3-5) showed IC50 = 0.68, 0.9,
0.82 uM respectively, against HepG2 cell line (Table 1).

The newly prepared compounds (2-6) have been further assayed for
their selectivity towards Sorafenib's crucial target, VEGFR2 indicated
by IC50 values. The results were reported as a 50% inhibition con-
centration value (IC50, determined in triplicate) Table 1. The tested
compounds 3-6 displayed good inhibitory activity with IC50 values
ranging from 0.03 to 0.9 mM compared to sorafenib ((ICso = 0.03 uM).
The current study revealed that the most potent cytotoxic derivative is
compound 6 since it might suppress angiogenesis by a decrease in the
expression of VEGFR2 with IC50 = 0.03 uM which is equivalent to that
of sorafenib (Table 1). VEGFR2-mediated activation of endothelial cells
(ECs) is critical for angiogenesis. This is attributed to its capability to
induce EC signaling pathways that regulate EC proliferation, migration,
and survival, therefore, serves as an important role during tumor
growth, invasion and metastasis. HCC and other tumors have been

characterized by overexpression of VEGF, a crucial growth factor con-
trolling angiogenesis, which has been associated with tumor progres-
sion, microvascular invasion, metastasis, and poor survival rate
[38,39]. The VEGFR2 inhibitory activities of sorafenib had led to the
inhibition of angiogenesis [40], which in turn is the possible me-
chanism of action for the newly synthetized compounds.

5.2.2. In-vivo studies

The second goal of this study was to investigate if the newly syn-
thetized compounds show any inhibitory effect on VEGFR-2 as that of
sorafenib in vivo as well as to find its possible toxic effect on normal
liver tissue. Our rationale for utilizing ionizing radiation arises from its
role in VEGFR2 activation. It is vital to maintain good liver function
upon HCC management, for this, radiotherapy could not be adopted on
wide basis. Therefore, if the newly synthetized compounds could guard
against radiation-induced liver toxicity, there will be a promising ap-
proach to be used as adjuvant with radiotherapy.

It has been observed that radiation upsurges VEGF release from
tumor cells in many types. Subsequently, the angiogenic response of the
tissue may increase. This reaction is considered as self-protection for
the tumor cells or a “survival mechanism” for damage caused by ra-
diation [41]. Therefore, radiation may induce a protective role for
tumor cells in the support of their associated vasculature that may be
down-regulated by co-administration of angiogenesis inhibitors. This
could rationalize the concurrent administration of angiogenesis in-
hibitors such as sorafenib and radiotherapy in cancer.

While sorafenib has rapidly become accepted as first-line treatment
for locally advanced and metastatic HCC, the survival benefit remains
modest at less than 3 months and sorafenib imparts no delay in time to
symptomatic progression. At the same time not appropriate to all HCC
patients [42]. Moreover, sorafenib has been proven to show drug re-
sistance attributed to the hypoxic microenvironment of liver, which
resulted in limited survival benefits because of low response rates [12].

All the tested compounds 3-6 were shown to be potent in-vitro
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Fig. 3. Effect of Pyridazino[3, 4, 5-de]quinazoline Derivatives (3-6) and sor-
afenib, on expression of VEGFR2 in liver of irradiated rats. Values are plotted as
means. *P < 0.05 compared to normal, P < 0.05 compared to irradiated rats.

VEGFR2 inhibitors. These compounds were subjected to in-vivo
VEGFR2 inhibition assay using sorafenib as a reference standard drug.
Exposure of rats to 6 Gy gamma radiation led to a dramatic increase in
expression of VEGFR2 in liver tissue by 8 folds after 3 days (Fig. 3). This
elevation in VEGFR2 expression after irradiation, is consistent with
previous research reporting elevated level of VEGF after irradiation
causing promoted hepatoma cell growth and enhanced intra tumor
angiogenesis and hence increased invasiveness [43]. Improved out-
comes were reported in preclinical studies through synergistic anti-
tumor activity as a result of the combination of VEGF inhibitors and
irradiation. Upon which, tumor growth was delayed for longer time and
higher control for local tumor was achieved rather than either treat-
ment alone in addition to maintaining cancer perfusion [44]. The oral
treatment with the novel synthesized Pyridazino[3, 4, 5-de] quinazo-
line derivatives 3, 4, 5 and 6 led to an inhibition in expression of
VEGFR2 in liver of irradiated rats by 42%, 55%, 48% and 66% re-
spectively (Fig. 3), thereby identifying a potential radiosensitizing
agent in liver cancer cells. It was clear from these results that the ethoxy
aniline derivative 6 was the most potent VEGFR2 inhibitor showing
equivalent efficacy as that of sorafenib which caused 70% inhibition of
VEGFR2 (Fig. 3).

The overall mechanism of the bimodal radiation-induced VEGFR
activation is currently unknown. Dent showed that the second peak of
receptor activation occurs due to radiation- induced autocrine pro-
duction of the VEGFR ligand, transforming growth factor alpha (TGF-a)
[45]. Bridges, postulates that early radiation-induced ‘activation’ ac-
tually results from inhibition of intracellular phosphatases, which under
normal homeostatic circumstances maintain VEGFR inactive [46]. In
this study, we elucidate the possible role of a novel synthetized Pyr-
idazino[3, 4, 5-de] quinazoline derivatives as an anti-VEGF which was
induced by exposure to ionizing radiation compared to Sorafenib, one
of the main monoclonal antibodies against generation of VEGF.

Apoptosis induction has become one of the approaches to drug
discovery in the field of chemotherapy. Tumor pathogenesis relies on
defects in the mechanisms of programmed cell death. Subsequently,
neoplastic cells are allowed to survive for extended time. This is con-
sidered a self-protective effect against oxidative stress and hypoxia
which occur upon increasing the tumor mass [47]. On the other hand,
apoptosis and necrosis led to cell death in the normal liver [48]. As the
caspase-3 activation is a common critical event for radiation induced
apoptosis [49], we studied the anti-apoptotic effect of novel synthetized
Pyridazino[3, 4, 5-de] quinazoline derivatives against radiation-in-
duced apoptosis in liver of normal rats. Whole body exposure of rats to
6 Gy gamma radiation caused a remarkable apoptosis in liver tissue
reflected by an elevation in caspase 3 by nearly 10 fold (Fig. 4). These
results were in agreement with El-sheikh and co-workers who reported
expression of caspase-3 in liver of rats after irradiation [34]. The
treatment with the novel synthesized compounds 3, 4, 5 and 6 for 3
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Fig. 4. Effect of Pyridazino[3, 4, 5-de]quinazoline Derivatives (3-6) and sor-
afenib, on liver caspase 3 of irradiated rats. Values are plotted as means.
*P < 0.05 compared to normal, TP < 0.05 compared to irradiated rats.

successive days after irradiation led to a decrease in caspase 3 by 67%,
61%, 74% and 83% respectively, thereby allowing the application of
radiation therapy without liver damage. Ethoxy aniline derivative 6
showed nearly the same potency as that of sorafenib which decrease
caspase by 85% (Fig. 4). These results are concurrent with Sonntag and
co-workers who found that sorafenib specifically activates caspase-3
and apoptosis in malignant hepatoma cells but not in non-malignant
hepatocytes, defining a strong tumor-specific effect of sorafenib [50].
Therefore, it might be suggested that the 4 novel synthetized Pyridazino
[3, 4, 5-de] quinazoline derivatives (3-6), might follow the same pat-
tern.

5.2.3. Toxicological study

Furthermore, all the potent tested compounds (3, 4, 5 and 6) as
VEGFR2 inhibitors, were subjected to study their acute toxicity in rats.
Smith's method [36] was used to determine the approximate 50% lethal
dose (ALD50) as presented in Table 2. The results revealed that the
tested compounds were relatively non-toxic in experimental rats
showing ALD50 > 800 mg/kg.

6. Molecular docking

Docking study was performed to predict the possible interactions of
the synthesized compounds within the active binding site of VEGFR-2.
Sorafenib and vatalanib were considered as reference drugs to compare
their binding interactions to our compounds.

The binding pattern of sorafenib to VEGFR-2 kinase active site was
found as reported with docking score (S = —17.45 kcal/mol) [51]; the
3-chloro-4-trifluoromethyphenyl group shares as a hydrophobic moiety
embedded in the allosteric site. The phenyl group between urea and
oxygen acts as hydrophobic moiety in the gate keeper region. On the
urea linker, the core scaffold, there are two essential hydrogen bonds
with Glu885 and Asp1046, in the extended channel which is located
directly adjacent to the ATP binding site. Cys919 is connected by two
hydrogen bonds to N-methylpicolinamide. Interaction with ASP1046 is

Table 2
Acute Toxicity Evaluation.

Compound no. Acute toxicity

ALD50(mg/kg bwt
Normal -
Irradiated -
Sorafenib -
3 > 800
4 > 800
5 > 800
6 > 800
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required for VEGFR2 inhibition [52].

Docking of vatalanib was investigated, where it forms one hydrogen
bond with Asp1046 through its pyridazine nitrogen, and with Cys919
through the chlorine atom Vatalanib also forms arene-cation interaction
with Phe1047 (S = —17.12kcal/mol). It is worth noting that binding
interaction with Asp 1046 into VEGFR-2 active binding site is common
among sorafenib & vatalanib (Supplementary data)

Docking simulation of the newly synthesized compounds (2-6)
showed that they fit into the enzyme active binding site almost at the
same positions of sorafenib and vatalanib (Supplementary data) with
comparable docking scores (—15.21 to —13.12kcal/mol) (Table 1).

It’s greatly notable that the most potent ethoxy aniline derivative 6
fits into VEGRF2 enzyme active binding site through binding interac-
tion with Lys 868 and Asp 1046 (Fig. 5) additionally, recording the best
docking score energy (-15.21 Kcal/mol), among the newly synthesized
compounds. It could be concluded that the ethoxy para substitution of
compound (6) occupied a hydrophobic region within the active binding
site which aids in more binding and VEGFR-2 inhibition.

7. Conclusion

The present study reported the design and synthesis of novel series
of Pyridazino[3, 4, 5-de] quinazoline based on vatalanib pharmaco-
phore as anti-VEGFR2. The synthesized compounds were evaluated for
their VEGFR2 inhibitory activity compared to Sorafenib as a reference
standard drug in-vitro and in-vivo. Ethoxy aniline derivative 6 was
found to be as potent as Sorafenib in inhibiting VEGFR2
(IC50 = 0.03 uM). All compounds were assessed for their anti-tumor
activity in-vitro, anti-apoptotic effect and toxicological studies in-vivo.
Interestingly, Ethoxy aniline derivative 6 is the most potent compound
in this study having antitumor activity close to that of sorafenib.
Moreover, the other pyridazino quinazoline derivatives 3-5 also showed
significant antitumor activity via VEGFR2 inhibition. All the tested
compounds were found to be potential non-toxic to normal liver of
experimental rats. The new compounds counteract the apoptotic effect
induced by ionizing radiation on normal cells. Future preclinical studies
will be performed on these compounds to explore a full kinase se-
lectivity profile other than VEGFR-2 using normal cell lines and other
tumor cell lines.
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