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ABSTRACT: A series of novel 3,6-disubstituted pyridazine derivatives were designed, synthesized, and biologically evaluated as
preclinical anticancer candidates. Compound 9e exhibited the highest growth inhibition against most of the NCI-60 cancer cell lines.
The in vivo anticancer activity of 9e was subsequently investigated at two dose levels using the Ehrlich ascites carcinoma solid tumor
animal model, where a reduction in the mean tumor volume allied with necrosis induction was reported without any signs of toxicity
in the treated groups. Interestingly, compound 9e was capable of downregulating c-jun N-terminal kinase-1 (JNK1) gene expression
and curbing the protein levels of its phosphorylated form, in parallel with a reduction in its downstream targets, namely, c-Jun and c-
Fos in tumors, along with restoring p53 activity. Furthermore, molecular docking and dynamics simulations were carried out to
predict the binding mode of 9e and prove its stability in the JNK1 binding pocket.

1. INTRODUCTION
Being the second cause of death worldwide, substantial efforts
remain underway to develop therapeutic modalities for cancer
with ample safety and efficacy profiles.1 In addition to
conventional chemotherapy, targeted therapy and immuno-
therapy have indeed enriched the therapeutic options for
cancer patients to improve prognosis.2 However, pressing
paramount challenges to achieve the desired therapeutic
outcomes from using conventional chemotherapy or immuno-
therapy are chemoresistance,3 toxicity,4 and poor response
rates.5 Given a better understanding of the molecular basis of
cancer, there is an unceasing demand for targeted, more potent
therapies that can overcome emerging resistance and toxicity.
The tendency of kinases to activate multiple signaling pathways
of cancer cell survival, proliferation, and metastasis has made
them a promising molecular target for cancer treatment.6

C-jun N-terminal kinases (JNKs) belong to the mitogen-
activated protein kinase (MAPK) family of serine-threonine

kinases.7 Also, JNKs are known as stress-activated protein
kinases (SAPKs) that are triggered in response to radiation,
environmental stress, and growth factors.8 The JNK family
consists of three proteins (JNK1, JNK2, and JNK3) that are
encoded by three different genes jnk1 (Mapk8), jnk2 (Mapk9),
and jnk3 (Mapk10), respectively, and are alternatively spliced
to produce at least ten variants.9 While JNK1 and JNK2 are
found in almost all tissues, JNK3 is only found in the brain,
heart, and testes.10 Upon the binding of JNK to a phosphate-
donating molecule, typically adenosine triphosphate (ATP),
JNK is phosphorylated and activated.11 JNK then passes the
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signal by translocating from the cytosol to the nucleoplasm
phosphorylating various transcription factors of the activator
protein 1 (AP-1) family.12 JNK activates AP-1 through
phosphorylation of the transcription factor c-Jun, the
prototypical downstream target of JNK.13 The Ser63 and
Ser73 phosphorylated c-Jun then heterodimerizes to c-fos,
another member of the AP-1 family, forming a transcriptionally
competent AP-1 complex.14 Inhibiting c-Jun activity was
reported to prevent colony formation and inhibit the
proliferation of the MCF-7 breast cancer cell line.15 Besides
the activation of the AP-1 family, JNKs phosphorylate and
activate a variety of nuclear and non-nuclear proteins,
including c-Myc, activating transcription factor 2, NFAT,
Elk1, and cell death regulators of the Bcl-2 family in the
mitochondria.10 It was also found that persistent activation of
JNKs is involved in carcinogenesis and tumor progression.16 In
addition, JNK1 activation was found to downregulate the
tumor suppressor p53 protein expression predisposing to a
broad spectrum of cancers.17,18 Besides, cyclin D1, another
downstream target of the JNK pathway, was reported to drive
proliferation through the induction of cell cycle progression.19

These findings stimulate the need to design and synthesize
chemical libraries of compounds that can act as JNK inhibitors.

The pyridazine nucleus has a broad range of biological
activities including anticancer,20−23 analgesic/anti-inflamma-
tory,24,25 antimicrobial,26 antihypertensive,27,28 and antifungal
activities29 and can also be utilized to link other pharmaco-
phoric groups.30 In addition, several pyridazine-containing

targeted inhibitors with amide moieties (Figure 1) are now in
clinical practice for the treatment of different cancers.31−34

Ensartinib (I), an orally bioavailable tyrosine kinase inhibitor,
has shown efficacy in patients with nonsmall cell lung cancer
(NSCLC) targeting the anaplastic lymphoma kinase.32

Ponatinib (II), an oral pan-inhibitor of breakpoint cluster
region-Abelson kinase (BCR-ABL), is also used in chronic
myeloid leukemia.33 Telaglenastat (III), a selective glutami-
nase inhibitor, has demonstrated efficacy against triple-negative
breast cancer (TNBC) and renal cell carcinoma (RCC).31

These compounds acknowledge the fact that pyridazine
derivatives exhibit favorable therapeutic potential in cancer.

In parallel, several compounds with varied heterocyclic rings
were reported to have JNK1 inhibitory activity.35−37

Surprisingly, JNK1 inhibitors IV and V bearing a 4-
fluorophenyl group were found to possess exceptionally high
inhibitory activity compared to other derivatives of the same
series (Figure 2). This has been attributed to occupying an
induced fit binding pocket in JNK1 formed by Glu73 and
Arg69 that was not found in the apo structures of other JNK
isoforms.36,37

Accordingly, the current study sought to design a series of
novel target compounds based on the scaffold hopping of
JNK1 inhibitor V by ring expansion of the pyrazole ring into a
pyridazine ring and the bioisosteric replacement of the amide
linker by hydrazide, semicarbazide, and thiosemicarbazide
moieties. Additionally, the impact of hybridization between the
pyridazine ring with its potent anticancer effect and the 4-

Figure 1. Some pyridazine-containing anticancer targeted inhibitors (I−III) with amide moieties.

Figure 2. JNK1 inhibitors bearing a 4-fluorophenyl group.
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fluorophenyl group responsible for the explicitly high JNK1
inhibitory activity was investigated. Afterward, the designed
series of 3,6-disubstituted pyridazine derivatives were synthe-
sized and screened against NCI-60 human tumor cell lines.
The most active compound was then evaluated for its in vivo
anticancer and JNK1 inhibitory activities. Finally, molecular
docking and dynamics predicted and confirmed the binding
mode of the most active compound in silico.

2. RESULTS AND DISCUSSION
2.1. Chemistry. The intermediate and target compounds’

synthetic pathways are outlined in Schemes 1 and 2,
respectively. First, glyoxylic acid (1) was reacted with
acetophenones 2a,b, followed by treatment with hydrazine
hydrate to yield 6-substituted phenyl-3(2H)-pyridazinones

3a,b.38 Then, compounds 3a,b were refluxed with phosphorus
oxychloride to obtain 3-chloro-6-substituted phenyl pyrida-
zines 4a,b39 that were then reacted with hydrazine hydrate to
give 6-substituted phenylpyridazin-3-yl hydrazines 5a,b40 as
illustrated in Scheme 1.

The IR spectra of compounds 5a,b showed two bands of
NH and NH2 stretching vibrations at 3197−3560 cm−1. 1H
NMR spectrum of 5b revealed two singlet peaks of the
hydrogens of methoxy groups at C-3 and C-4 in the phenyl
ring at 3.80 and 3.84 ppm, along with two D2O exchangeable
broad singlet signals at 4.35 and 7.96 ppm corresponding to
NH2 and NH protons, respectively. The target compounds
were obtained from the reaction of the appropriate 3-
hydrazinylpyridazine derivatives 5a,b with either 4-toluenesul-
fonyl chloride (6), substituted benzoyl chlorides 8a−d, or

Scheme 1. Synthesis of Intermediate Compounds 5a,ba

aReagents and conditions: (i) acetophenone (2a), 110 °C, 2h; NH2NH2.H2O, reflux, 2 h; (ii) 3′,4′-dimethoxyacetophenone (2b), acetic acid,
reflux, 10 h; NH2NH2.H2O reflux, 2 h; (iii) POCl3, 100 °C, 2 h; and (iv) NH2NH2.H2O, 130 °C, 1 h.

Scheme 2. Synthesis of Target Compounds 7, 9a−g, and 11a−ga

aReagents and conditions: (i) 4-toluenesulfonyl chloride (6), DCM, TEA, rt, 3 h; (ii) Et2O, TEA, rt, 1 h; and (iii) DCM, TEA, rt, 6 h.
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substituted isocyanates and isothiocyanates 10a−d (Scheme
2).

Compound 7 was prepared by the reaction of 5a with 4-
toluenesulfonyl chloride (6) in dichloromethane and triethyl-
amine. The IR spectrum revealed the characteristic bands of
the sulfonyl group at 1415 (forked peak) and 1165 cm−1.
Moreover, the 1H NMR spectrum of compound 7 showed a
singlet signal of a methyl group at 2.38 ppm together with two
singlet signals at 9.17 and 9.92 ppm corresponding to two NH
protons, which were exchanged with D2O. In the 13C NMR
spectrum, the methyl group signal appeared at 21.5 ppm.

Compounds 9a−g were obtained from the reaction of
compounds 5a−b with substituted benzoyl chlorides 8a−d in
diethyl ether and triethylamine. The structures of compounds
9a−g were confirmed by the appearance of two bands of NH
stretching vibrations at 3140−3506 cm−1, as well as the
carbonyl stretching vibrations at 1651−1681 cm−1 in the IR
spectra. Moreover, 1H NMR showed two broad, singlet signals
of NH protons at 8.98−9.18 and 10.43−10.67 ppm that
disappeared upon deuteration. In addition, a homogeneous
pattern of pyridazine’s protons was observed.

The pyridazine’s proton at carbon 4 was detected with or
without overlapping with another aromatic proton at 7.02−
7.09 ppm. However, the other proton at carbon 5 appears
downfield around 8.06−7.93 ppm with or without overlapping
with other aromatic protons. The shielding of the pyridazine’s
proton at carbon 4 can be attributed to the + M effect of the
hydrazino group. In 13C NMR spectra, methoxy group signals
appeared between 55.87 and 56.02 ppm and carbonyl group
signals appeared between 166.21 and 166.90 ppm.

Finally, the reaction of 3-hydrazinylpyridazines 5a−b with
the appropriate isocyanates or isothiocyanates 10a−d in
dichloromethane and triethylamine yielded the target com-
pounds 11a−g. The IR spectra revealed the presence of the
NH stretching vibration as three bands in the range of 3113−
3332 cm−1. Furthermore, the semicarbazide derivatives 11a, c,
and e showed carbonyl stretching vibrations at 1658−1674

cm−1, while the thiosemicarbazide derivatives 11b, d, f, and g
showed thiocarbonyl stretching vibrations at 1219−1222 cm−1.
1H NMR spectra of semicarbazide derivatives 11a, c, and e
confirmed the obtained structures through the presence of
three D2O exchangeable, singlet peaks of NH hydrogens at
8.24−8.43, 8.75−8.93, and 8.88−9.10 ppm, respectively. On
the other hand, thiosemicarbazide derivatives 11b, d, f, and g
showed more deshielded ranges for the corresponding three
singlet peaks of NH protons at 9.11−9.25, 9.74−9.88, and
9.86−10.01 ppm due to increased magnetic anisotropy of the
thiocarbonyl moiety resulting from the high polarizability of
the thiocarbonyl bond.41 Singlet peaks of the hydrogens of
methoxy groups occur at 3.70−3.86 ppm. The homogeneous
pattern of pyridazine’s protons was also observed in this series.
For 13C NMR spectra, methoxy group signals were detected
between 55.59 and 56.05 ppm. Additionally, the semicarbazide
derivatives 11a, c, and e showed carbonyl group signals
between 160.37 and 160.92 ppm, while the thiosemicarbazide
derivatives 11b, d, f, and g showed thiocarbonyl signals
between 181.95 and 182.24 ppm.

2.2. In Vitro Antiproliferative Screening against NCI-
60 Cell Lines. 2.2.1. NCI Single-Dose Testing. All of the
synthesized compounds 7, 9a−g, and 11a−g were screened
against NCI-60 human cancer cell lines by the Developmental
Therapeutic Program (DTP), National Cancer Institute
(NCI).42 The tested compounds showed low to moderate
inhibitory activity at a concentration of 10 μM (Figures S35−
S49) except for compound 9e, which demonstrated the highest
growth inhibition percent against most of the 60 cell lines with
a mean growth inhibition percentage of 37.91% (Figures 3 and
S40).

Compound 9e showed 53.12% inhibition on the leukemia
cell line HL-60(TB), and 63.82, 58.88, and 79.98% inhibition
on MDA-MB-231/ATCC, HS 578T, and T-47D breast cancer
cell lines, respectively. Moreover, it exhibited 91.82, 55.80, and
77.88% inhibition on CNS SNB-75, Melanoma LOX IMVI,
and ovarian cancer IGROV1 cell lines, respectively. Interest-

Figure 3. Heat map illustrating the growth percentage of compounds 7, 9a−g, and 11a−g (y-axis) at a concentration of 10 μM against the NCI-60
cell lines (x-axis). The color ranges from dark blue (low growth %) to yellow color (high growth %).
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ingly, 9e showed superior inhibitory activity on renal and
nonsmall cell lung cancer cell lines, where it demonstrated
97.91, 82.70, 80.52, 56.31, and 65.23% inhibition on A498,
CAKI-1, RXF 393, TK-10, and UO-31 renal cancer cell lines,
as well as 91.51 and 59.52% inhibition on HOP-92 and EKVX
nonsmall cell lung cancer cell lines, respectively (Figure 4).

2.2.2. NCI Five-Dose Testing. Compound 9e that
demonstrated promising results in single-dose testing was
then examined in a five-dose mode to assess the molar
concentration required to cause 50% growth inhibition (GI50)
over all 60 human cancer cell lines representing the nine tumor
subpanels. The 60 cell lines were incubated with five different
concentrations of compound 9e (0.01, 0.1, 1, 10, and 100 μM)
(Table S1).

Compound 9e showed significant antiproliferative activity
against most of the cell lines evaluated with GI50 values in the
micromolar range. As shown in Table 1, the overall highest
activity was observed with the NSCLC subpanel, with a GI50
value of 17.8 μM on the HOP-92 cell line, followed by the

breast, CNS, renal, and leukemia cancer subpanels (Figure
S50).

Remarkably, the micromolar potency seen in the cellular-
based assays of compound 9e conforms with numerous
previously reported ATP-competitive JNK inhibitors.43−46

These studies showed that the relatively high ATP
concentration in cells, rather than the limited cell penetration,
might account for their micromolar cellular potency.43−45

Cross-talk between cells in the tumor microenvironment seems
to operate to account for the higher activity of some JNK
inhibitors in vivo despite their moderate in vitro results.47−49

These findings, together with the fact that the phosphory-
lated JNK/c-Jun axis is specifically activated in multiple cancer
cell lines and tissue samples,50−56 have instigated the in vivo
investigation of whether compound 9e could exhibit its
anticancer potential via JNK1 inhibition.

2.3. Evaluation of the In Vivo Anticancer Activity and
Safety of 9e. The promising in vitro results of 9e prompted
further evaluation of its in vivo anticancer activity at two dose
levels (15 and 30 mg/kg) in an Ehrlich ascites carcinoma
(EAC) solid tumor animal model using Sorafenib (SOR) as a
reference at a dose of 30 mg/kg. Sorafenib was chosen as a
reference since it is a multiple kinase inhibitor with a well-
known anticancer activity against different types of cancers
including kidney, liver, breast, colon, NSCLC, and acute
myelocytic leukemia.57,58

2.3.1. Effect of 9e on Body Weight and Its Overall Safety
Profile on Multiple Organs. As demonstrated in Figure 5A,
there was no observed change in body weights among all of the
animal groups. Moreover, neither mortality nor acute signs of
toxicity were reported in the treated groups over the
experimentation period. The animals’ excitability and vitality
were also normal. Additionally, to confirm the safety of
compound 9e, a histopathological examination of its effect on
several organs was performed. As shown in Figure 6, H&E-
stained liver sections from the 9e-treated group showed normal
hepatic architecture with hepatocytes appearing in thin plates
and normal morphology and distribution of sinusoids.
Moreover, 9e did not show any notable changes in lung
tissues, where normal alveoli with thin interalveolar septum
and type I and type II pneumocytes were seen. Kidney sections
also demonstrated renal cortex showing renal corpuscle with
normal glomerulus and normal pattern of proximal and distal
convoluted tubules with no remarkable differences from the
untreated normal group. Additionally, H&E-stained heart

Figure 4. Growth inhibition percent of compound 9e against the 15 most sensitive 15 cell lines from the NCI-60 cell lines that show a percent
inhibition range from 49.67 to 97.91%.

Table 1. GI50 (μM) Values for Compound 9e against the
Most Sensitive Cell Lines

panel/cell line GI50 (μM) panel/cell line GI50 (μM)

leukemia ovarian cancer
CCRF-CEM 38 IGROV1 63.3
HL-60(TB) 33.5 OVCAR-3 79.7
K-562 58.7 OVCAR-4 55.3
MOLT-4 40.6 NCI/ADR-RES 43.2
RPMI-8226 35.3 renal cancer
nonsmall cell lung cancer CAKI-1 34.3
A549/ATCC 99.5 RXF 393 63
HOP-62 91.7 UO-31 31.8
HOP-92 17.8 prostate cancer
NCI-H226 71.8 PC-3 50.6
NCI-H522 54.3 breast cancer
colon cancer MCF7 93.4
HCT-15 65.5 MDA-MB-231/ATCC 93
CNS cancer HS 578T 63.9
SF-268 79.8 BT-549 22.9
SNB-75 26.9 T-47D 28.1
melanoma MDA-MB-468 64.3
LOX IMVI 67.6
SK-MEL-5 45
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sections from the 9e-treated group showed a normal
morphological appearance with normal myocardial muscle
fibers. Spleen sections also showed a normal morphological
appearance with white and red pulps. Histological sections
from the small intestine of the 9e-treated group were also
comparable to that from the normal group, where the mucosa
was lined by columnar mucin-secreting cells with normal
villous pattern and goblet cells, submucosal structure, and
muscle layer. These results indicate the safety of 9e on multiple
organs; however, further toxicity studies are recommended to
warrant further identification of potential adverse effects in
humans.

2.3.2. Effect of 9e on Tumor Volumes. Tumor volumes
were recorded over fixed intervals to evaluate the anticancer
activity of 9e in vivo. Measurements were taken 3, 6, 9, 12, and
15 days after treatment initiation. Significant changes started to
be evident on day 12, where 9e (15 mg/kg) showed an 80.9%
reduction in tumor volume, as compared to the control
untreated group. On the 15th day, SOR (30 mg/kg), 9e (15
mg/kg), and 9e (30 mg/kg) demonstrated regressions in
tumor volumes reaching 64.6, 71.1, and 64.8% from control,
respectively (Figure 5B−D).

2.3.3. Effect of 9e on Histopathological Changes and
Necrotic Indices. Tumor sections from untreated control
EAC-bearing mice demonstrated sheets of small and large
malignant epithelial cells with enlarged nuclei and increased
nucleocytoplasmic ratio with mitosis and with no areas of

necrosis (Figure 7A,7B). The SOR-treated group, however,
showed sheets of malignant cells with moderate areas of
necrosis and apoptosis (Figure 7C). Tumor sections from mice
treated with 9e at a dose of 15 mg/kg showed small sheets of
malignant cells, extensive necrosis, and multiple apoptotic
bodies (Figure 7D). Additionally, as shown in Figure 7E,
tumor sections from 9e (30 mg/kg) displayed sheets of
malignant cells, large areas of necrosis and apoptosis, multiple
apoptotic bodies, and scattered macrophages. Regarding
necrosis assessment in histological sections, treatment with
SOR (30 mg/kg) caused an increase in the necrotic index
reaching 42-fold compared to control, whereas 9e at low and
high doses elicited a 66- and a 72-fold upsurge in the mean
index, as compared to the control untreated group,
respectively. Interestingly, a high dose of 9e depicted a
significantly higher elevation in the necrotic index than that
observed with SOR by 1.72 folds (Figure 7F). Accordingly, the
current findings may suggest that the antiproliferative effect of
9e in vivo was at least in part via enhancing necrosis of
malignant cells.

2.3.4. Effect of 9e on JNK1 Gene and Protein Expression
in Solid Tumors. As shown in Figure 8A, 9e at a dose of 30
mg/kg was capable of downregulating JNK1 gene expression
by 47.3% when compared to the control untreated group.
Comparatively, the SOR at 30 mg/kg was superior to 9e at the
two dose levels tested in reducing the gene expression of JNK1.
On the other hand, protein levels of p-JNK were curtailed in

Figure 5. Effect of 9e on body weights and tumor volumes in EAC-bearing mice. (A) Body weights in control, SOR (30 mg/kg)-, 9e (15 mg/kg)-,
and 9e (30 mg/kg)-treated groups. (B) Tumor volumes of mice belonging to control and treated groups, measured at 3, 6-, 9-, 12-, and 15-days
post-treatment. Bar charts showing changes in tumor volumes in control and treated groups on day 15 post-treatment were represented as (C)
tumor volumes (mm3) and (D) tumor growth inhibition (%). Values are presented as mean ± SD. One-way ANOVA followed by Tukey’s post hoc
test was applied for statistical analysis. P-values less than 0.05 were considered statistically significant.
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SOR-, 9e (15 mg/kg)-, and 9e (30 mg/kg)-treated groups
reaching 68.3, 52.5, and 67.7% reductions, respectively, relative
to the control untreated group, where the differences were not
significant between the treated groups (Figure 8B).

2.3.5. Effect of 9e on c-Jun and c-Fos Protein Levels in
Solid Tumors. To confirm JNK modulation by 9e, levels of its

downstream targets, c-Jun and c-Fos, were determined in
tumor tissues. 9e at 15 and 30 mg/kg dose levels elicited a 42
and 60% reduction in c-Jun levels in tumors compared to the
control group, where the higher dose of 9e achieved a
comparable reduction to that of SOR (Figure 9A). Likewise,
9e at 15 and 30 mg/kg caused 51.6 and 72.4% reduction in c-

Figure 6. H&E-stained sections (×200) from the liver, lung, kidney, heart, spleen, and small intestine belonging to (A) normal and (B) 9e-treated
groups. Liver sections from parts (A) and (B) show normal architecture, hepatocytes arranged in thin plates (black arrow), sinusoids (yellow
arrow), and central veins (red arrow). Lung sections from parts (A) and (B) show normal alveoli with thin interalveolar septum (black arrow), type
I and type II pneumocytes (red arrow), bronchus (yellow arrow), and blood vessels (green arrow). Kidney sections from parts (A) and (B) show
normal renal cortex with normal renal corpuscle and glomerulus (red arrow), normal pattern of proximal convoluted (black arrow), and distal
convoluted (yellow arrow) tubules. Heart sections from both groups show normal morphological appearance with normal myocardial muscle fibers.
Spleen sections in both groups show a normal morphological appearance with normal white pulp (black arrow), red pulp (red arrow), and central
arteriole (yellow arrow). Small intestine sections show normal mucosa lined by columnar mucin-secreting cells with normal villous pattern and
goblet cells (black arrow), normal sub mucosa (yellow arrow), and muscle layer (red arrow).
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Fos levels compared to the control untreated group,
respectively, yet the effect of the higher dose of 9e on c-Fos
was commensurate to that of SOR (Figure 9B). These findings
might imply that inhibition of c-Jun and c-Fos was downstream
of JNK inhibition.

2.3.6. Effect of 9e on Cyclin D1 and p53 Gene Expression
in Solid Tumors. To investigate the effect of 9e-mediated JNK
inhibition on cell cycle progression, the gene expression of

both cyclins D1 and p53 was sought. As demonstrated in
Figure 9C, unlike SOR, neither a small dose nor a high dose of
9e was capable of changing cyclin D1 gene expression levels
relative to the positive control. P53, on the other hand, was
upregulated by all treatments relative to the control group,
where 9e at low and high doses caused a 2- and a 3-fold
increase in its gene expression levels, respectively (Figure 9D).
These results may imply that the anticancer potential of 9e is

Figure 7. Effect of 9e on histopathological changes and necrotic indices. Photomicrographs of H&E-stained tumor sections from the control group
at (A) ×200 and (B) ×400, (C) SOR-, (D) 9e (15 mg/kg)-, and (E) 9e (30 mg/kg)-treated groups. Black arrows indicate malignant cells; red
arrows indicate increased cytoplasm-to-nucleus ratio in part (B) and areas of necrosis or apoptosis in parts (C-E); yellow arrows indicate apoptotic
bodies; and green arrows indicate scattered macrophages. (F) Necrotic indices in control and treated groups. Values are presented as mean ± SD.
One-way ANOVA followed by Tukey’s post hoc test was applied for statistical analysis. P-values less than 0.05 were considered statistically
significant.
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due to the restoration of p53 activity rather than the inhibition
of cyclin D1. The proposed anticancer mechanism of
compound 9e is illustrated in Figure 10.

In summary, the higher dose of 9e (30 mg/kg)
demonstrated enhanced effects on JNK gene expression, c-
Fos, cyclin D1, and p53; however, it failed to alter other
parameters such as tumor volume, necrotic index, JNK protein
levels, and c-Jun, compared to the lower dose (15 mg/kg).
These findings therefore highlight the inherent challenges in
targeting JNK for inhibition. JNK inhibition is complicated by
several factors intertwined with its interaction within particular
cellular signaling pathways. The JNK family encompasses
multiple isoforms, namely, JNK1, JNK2, and JNK3, each
playing distinct roles across different tissues, which leads to
variable efficacy and potential off-target effects depending on
the targeted isoform. Additionally, JNK’s involvement in
apoptosis and cell survival introduces additional complexities,
as prolonged inhibition can disrupt normal cellular functions
and might promote resistance to apoptosis in tumor cells.59

Moreover, the JNK pathways are altered by redundancy and
compensatory mechanisms within the MAP kinase family;
thus, inhibiting JNK may activate alternative pathways such as
ERK or p38, diminishing the overall therapeutic impact.60

Moreover, compensatory feedback regulation within the JNK
signaling cascade adjusts the activity of both upstream and
downstream components, adding layers of complexity to how
cells respond to inhibition. On the other hand, JNK’s crucial
role in mediating inflammatory responses cannot be over-
looked, as inhibiting JNK can alter immune function, leading
to immunomodulatory effects that might be therapeutically
undesirable in cancer contexts, especially at earlier stages.61

These aforementioned aspects underscore the necessity for
meticulous consideration of these dynamics in both the
development and clinical applications of JNK inhibitors.

2.4. Molecular Docking. A molecular docking study was
conducted to predict the binding mode of compound 9e
within the ATP binding pocket of human JNK1 (PDB ID:
4L7F).37 In this crystal structure, the cocrystallized ligand

AX13587 (PDB ID: 1 V5) displayed the following key
molecular interactions with the JNK1 binding pocket: dual
hydrogen bonds with Met111 of the hinge region, a hydrogen
bond with the catalytic Lys55, and another with the solvent-
exposed Gln117.

FRED module of OpenEye software was used to simulate
the docking experiment.62−64

First, docking validation for the software was performed by
redocking the cocrystallized ligand AX13587 in the binding
site and evaluating the root-mean-square deviation (RMSD)
between the cocrystallized and docked poses. The pose
predicted by Fred showed a relatively high RMSD value of
2.739 Å with some deviation from the cocrystallized ligand and
only reproduced one of the hydrogen bonds with Met111, one
with Lys55, and another one with Asn114 instead of that with
Gln117 (Figure 11B). Subsequently, the docking experiment
was performed using AutoDock Vina.65 Interestingly, Auto-
Dock Vina succeeded in reproducing the same interactions of
the cocrystallized ligand with an RMSD value of only 0.284 Å
(Figure 11A). This finding gave AutoDock Vina better
reliability in pose prediction of designed compound 9e over
FRED.

Since self-docking validation runs with RMSD between 2
and 3 Å may be considered acceptable,66 the two docking
programs were used to predict the binding mode of 9e. As a
result, two distinct binding modes of 9e inside the binding
pocket of JNK1 were obtained. The pose predicted by
AutoDock Vina shows that the 3-methoxy group is pointing
toward the hinge region, forming a hydrogen bond between
the oxygen atom of the 3-methoxy group and the NH of
Met111 amino acid, while the 4-methoxy group is pointing
toward the solvent-exposed Gln117. On the other side, the 4-
fluorophenyl group forms hydrophobic interactions with
Glu73, Arg69, and Gln37 and occupies the aforementioned
induced fit binding pocket formed by Glu73 and Arg69. The
docking score of this pose was −9.4 kcal/mol, while that of the
cocrystallized ligand is −11.2 kcal/mol. In comparison to the
pose predicted by AutoDock Vina, the pose obtained from

Figure 8. Effect of 9e on JNK gene expression and protein levels in solid tumors. (A) Gene expression analysis of JNK in solid tumors of the
control and treated groups. (B) P-JNK protein levels in tumors of the control and treated groups. Relative gene expression (fold change from the
control) was determined using qRT-PCR following normalization to the housekeeping GAPDH gene. Protein levels of p-JNK were estimated using
ELISA. Values are presented as mean ± SD. One-way ANOVA followed by Tukey’s post hoc test was applied for statistical analysis. P-values less
than 0.05 were considered statistically significant.
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FRED is flipped, where the 4-fluorophenyl group is directed
toward the solvent-exposed Gln117. It shows a hydrogen bond
between the oxygen atom of the carbonyl group and the NH of
Met111 amino acid, with a docking score of −9.1 compared to
−17.8, the docking score of the cocrystallized ligand. Figure 12
illustrates the 3D poses acquired from both docking experi-
ments. Based on these results, the two distinct poses of
docking of 9e obtained from both software were subjected to
molecular dynamics (MD) simulations.

2.5. Molecular Dynamics Simulations. Molecular
dynamics (MD) simulations were performed to compare the
stability of 9e binding modes predicted by both docking
programs, the FRED pose (referred herein as FRED) and
AutoDock Vina pose (referred herein as Vina). AX13587 was
also subjected to MD simulations as a reference for pose and
protein dynamics (referred to as the control), resulting in three
MD runs. All MD runs were performed for 50 ns at the NPT
ensemble for minimization and equilibration. For the three

MD runs, the RMSD, a measure of structural stability over
time, is calculated for the protein backbone atoms (Figure 13).
After a very short time, the RMSD showed stability, with no
significant fluctuations afterward across the three MD runs.
The average RMSD was 1.85 ± 0.24, 2.00 ± 0.25, and 1.89 ±
0.39 Å (mean ± SD) for control, FRED, and Vina proteins,
respectively. These findings indicate protein stability through-
out the three production runs.

The root-mean-square fluctuation (RMSF) of protein
residues revealed the protein’s flexible sections. Generally,
The RMSF graphs are overlapping, and most of the binding
site residues have RMSF < 1.65 Å, indicating minimal local
conformational changes in the binding site. As illustrated in
Figure 14, the Vina complex showed three distinct flexible
regions. The first region is depicted in Arg59 - Arg65, close to
the binding site, with an average RMSF value of 2.30 Å. This
movement might have been induced by ligand binding.
However, the other fluctuating regions represented in

Figure 9. Effect of 9e on c-Jun and c-Fos protein levels as well as the gene expression of cyclin D1 and p53. (A) c-Jun and (B) c-Fos protein levels,
as well as the gene expression analysis of (C) Cyclin D1 and (D) P53 in solid tumors of the control and treated groups. Protein levels of c-Jun and
c-Fos were estimated using ELISA. Relative gene expression (fold change from the control) of cyclins D1 and P53 was determined using qRT-PCR
following normalization to the housekeeping GAPDH gene. Values are presented as mean ± SD. One-way ANOVA followed by Tukey’s post hoc
test was applied for statistical analysis. P-values less than 0.05 were considered statistically significant.
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Cys245 with an RMSF value of 2.19 Å and Asp326 - Pro334
with an average RMSF value of 2.52 Å are far from the binding
site and not involved in the binding process. On the other
hand, the FRED complex showed flexibility at the β sheet of
Ile32 and Gly33 with an average RMSF value of 2.45 Å, which
is also far from the binding site.

Additionally, protein conformation stability was also
confirmed by the radius of gyration (Rg), a measure of the
compactness of the protein structure. Rg values were found to
be 22.41 ± 0.13, 22.42 ± 0.12, and 22.27 ± 0.24 nm (mean ±
SD) for control, FRED, and Vina proteins, respectively (Figure
15). Rg values revealed that the Vina mode of 9e shows a lower
Rg than the control and FRED modes, indicating more
compactness and hence stability.

Furthermore, ligand RMSD analysis (Figure 16) assessed for
the three MD runs demonstrated that AX13587 had the least
deviation with an RMSD value of 0.89 ± 0.24 Å (mean ± SD).
On comparing the RMSD of both binding modes of 9e, the
FRED binding mode significantly revealed a greater deviation
with an average RMSD value of 7.60 ± 1.48, while that of the
Vina binding mode was 2.29 ± 0.18 Å (mean ± SD). This
suggests that the FRED binding mode of 9e has been moved
from its initial pose. Careful investigation of the trajectories
revealed that after about 10 ns, the FRED binding mode of 9e
started to abandon its initial place and moved outside the
binding site (Figure 17). Conversely, the lower RMSD of the
Vina binding mode for 9e confirmed its stability. Detailed
analysis of the Vina binding mode throughout all of the

Figure 10. Schematic diagram illustrating the potential mechanism of action of 9e on the JNK pathway. Activation of the JNK pathway was
previously reported to support cancer cell survival and proliferation. JNK phosphorylation leads to the activation of c-Jun and c-Fos, which
consequently turn on the cell cycle by inducing the transcription of cyclin D1 and “break the brake” by suppressing P53. Our findings demonstrated
a potential inhibitory effect of 9e on JNK along with its downstream targets, c-Jun and c-Fos, to enhance necrosis in tumors, likely via restoring p53
activity rather than curbing cyclin D1. Created with BioRender.com.

Figure 11. Results of docking validation. (A) AutoDock Vina predicted pose of AX13587 (yellow) is superimposed on the cocrystallized ligand
AX13587 (cyan) with RMSD = 0.284 Å, while the pose predicted by FRED (pink) (B) shows some deviation with RMSD = 2.739 Å. Hydrogen
bonds (yellow dashed lines) of the cocrystallized ligand with Met111 (bidentate), Lys55, and Gln117 are conserved by the AutoDock Vina docked
pose, while the FRED docked pose reproduced only one of the hydrogen bonds with Met111, one with Lys55, and another one with Asn114
instead of that with Gln117.
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trajectories showed that at the very first nanoseconds, the 4-
fluorophenyl group has slightly moved to adopt almost the
same orientation as the cocrystallized ligand (Figure 18).
Finally, the effect of hydrogen bonding on the overall binding
interactions was investigated between the ligands and their
proteins (Figure 19). AX13587, FRED, and Vina had 1.07 ±
1.12, 0.60 ± 0.95, and 1.20 ± 0.78 (mean ± SD) hydrogen
bonds through the 50 ns simulation time. The higher average
number of hydrogen bonds of Vina mode compared to the
number of hydrogen bonds of AX13587 and FRED mode
indicates its binding stability. In conclusion, from the results
obtained from the docking studies together with comparing the
number of hydrogen bonds during the entire MD simulation
and RMSD of both docked poses, the Vina binding mode is

suggested to be the binding mode adopted by 9e inside the
JNK1 protein. Furthermore, it correlates with the results of the
in vitro antiproliferative screening studies, where all of the
derivatives lacking either the 3-methoxy or the 4-fluorophenyl
groups are relatively less active.

3. CONCLUSIONS
Novel 3,6-disubstituted pyridazine derivatives were designed
and synthesized. Subsequently, the NCI-60 cancer cell line
screening of the 15 synthesized compounds identified the
broad-spectrum antiproliferative activity of compound 9e with
the highest inhibitory activity on renal and breast cancer cell

Figure 12. Binding mode of 9e predicted by AutoDock Vina (yellow), showing one hydrogen bond with Met111 (yellow dashed line). In addition,
the 4-fluorophenyl group occupies the induced fit binding pocket formed by Glu73 and Arg69. While the flipped pose of FRED (green) shows one
hydrogen bond with Met111 (green dashed lines), the 4-fluorophenyl group is directed toward the solvent-exposed Gln117.

Figure 13. Protein RMSD of the three MD runs.

Figure 14. Per residue RMSF of the studied complexes throughout
the MD runs.

Figure 15. Protein radius of gyration (Rg) of the three MD runs.

Figure 16. RMSD of heavy ligand heavy atoms.
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lines, where it demonstrated 97.91 and 79.98% inhibition on
A498 renal cancer cell line and T-47D breast cancer cell line,
respectively. Furthermore, the NCI five-dose testing of
compound 9e revealed the most potent antiproliferative
activity against the NSCLC subpanel, with a GI50 value of
17.8 μM on the HOP-92 cell line, followed by the breast, CNS,
renal, and leukemia cancer subpanels.

The in vivo anticancer activity of 9e was then evaluated,
demonstrating tumor volume regression and enhanced
necrosis. Additionally, a potential inhibitory effect on JNK1
and its downstream targets, c-Jun and c-Fos, was evident,
mirroring an upregulation in p53 in solid tumors. Molecular
docking and dynamics simulations have proposed the binding
mode of 9e inside the JNK1 binding pocket and confirmed its
stability in the binding site. These findings imply that our best
hit 9e could be a promising scaffold to probe JNK1 as a
molecular target for the development of novel anticancer
agents. Further investigation into compounds featuring the p-
fluorophenyl moiety for JNK inhibition is recommended.
Furthermore, benchmarking the current findings against
established JNK inhibitors, such as SP600125, would provide
a more robust validation of the results and enhance the
comparative understanding of efficacy.

4. EXPERIMENTAL SECTION
4.1. Chemistry. Melting points were measured with a

Stuart SMP 30 apparatus and were uncorrected. IR spectra
were recorded on a Shimadzu FT-IR 8400S infrared
spectrophotometer. 1H NMR spectra were run at 400 MHz,
and 13C NMR spectra were run at 100 MHz in deuterated

Figure 17. Comparing the FRED binding mode of 9e in the first frame of the MD simulation (green) and the last frame (orange) showing its
movement outside the binding site.

Figure 18. Comparing the Vina binding mode of 9e at the first frame of the MD simulation (yellow) and the last frame (purple) with the binding
mode of the cocrystallized ligand (orange).

Figure 19. Number of hydrogen bonds between the ligands and
protein during the MD production runs.
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dimethyl sulfoxide (DMSO-d6) on a Bruker Ascend 400/R
instrument at the Microanalytical Unit, Faculty of Pharmacy,
Cairo University. Chemical shifts (δ) were reported relative to
TMS as an internal standard (Figures S1−S34). All coupling
constant (J) values are given in Hz. Elemental analyses
performed on a Thermo Scientific Flash 2000 elemental
Analyzer and mass spectrometry recorded on a Thermo
Scientific GCMS model ISQ mass spectrometer were carried
out at the Regional Center for Mycology and Biotechnology,
Al-Azhar University, Cairo, Egypt. Thin layer chromatography
(TLC) carried out on silica gel plates purchased from Merck
was employed routinely to follow the course of reactions and
to check the purity of products. All reagents and solvents were
purified and dried by standard techniques. Compounds 3a,38

4a,39 and 5a40 were synthesized according to the reported
procedures.

4.1 .1 . Procedure for Preparat ion of 6- (3 ,4-
Dimethoxyphenyl)pyridazin-3(2H)-one (3b). A mixture of
3′,4′-dimethoxyacetophenone (2b) (1.0 mmol, 2.16g), glyox-
ylic acid monohydrate (1) (1.3 mmol, 1.15g), and acetic acid
(24 mL) was refluxed for 10 h. After that, the reaction mixture
was cooled in an ice bath, and 60 mL of water and aqueous
ammonia (25%) were added until the medium pH became 8.
Then, the reaction mixture was extracted with methylene
chloride (3 × 25 mL). To the ammoniacal solution, hydrazine
hydrate (99%, 10 mmol, 6 mL) was added, and the reaction
mixture was heated under reflux for 2 h. After completion, the
reaction mixture was cooled down. The obtained precipitate
was filtered, washed with water, and used without further
purification. Yield: 93% (0.213 g), m.p.= 219−221 °C. IR
(KBr disk) (cm−1): 3201 (NH), 3012−2962 (CH aromatic),
2931−2835 (CH aliphatic), 1678 (C�O), 1600 (C�N),
1581 (C�C). 1H NMR (400 MHz, DMSO-d6): δ 13.00 (s,
1H, NH), 8.02 (d, J = 10 Hz, 1H, H pyridazinone), 7.41−7.39
(m, 2H, Ar−H), 7.02 (d, J = 8.2 Hz, 1H, Ar−H), 6.96 (d, J =
10 Hz, 1H, H pyridazinone), 3.82 (s, 3H, OCH3), 3.78 (s, 3H,
OCH3). MS: m/z (%) 232.87 (M+, 63), 109 (100). Anal.
Calcd for C12H12N2O3 (232.24): C, 62.06; H, 5.21; N, 12.06
Found: C, 61.87; H, 5.43; N, 12.3.

4.1.2. Procedure for Preparation of 3-Chloro-6-(3,4-
dimethoxyphenyl)pyridazine (4b). A mixture of the appro-
priate pyridazinone 3b (0.0175 mol, 4.06g) and phosphorus
oxychloride (17 mL, 0.182 mol) was refluxed at 100 °C for 2 h.
After it was cooled, the reaction mixture was poured on ice (20
mL), and its pH was brought to 7 by sodium carbonate. The
formed precipitate was filtered, washed with water, and dried
under reduced pressure. Yield: 94% (4.1 g), mp 155 °C. 1H
NMR (400 MHz, DMSO-d6): δ 8.32 (d, J = 9.0 Hz, 1H, H
pyridazine), 7.94 (d, J = 9.0 Hz, 1H, H pyridazine), 7.75−7.71
(m, 2H, Ar−H), 7.12 (d, J = 8.4 Hz, 1H, Ar−H), 3.87 (s, 3H,
OCH3), 3.84 (s, 3H, OCH3). 13C NMR (100 MHz, DMSO):
δ 158.30, 155.03, 151.40, 149.57, 129.52, 127.48, 120.57,
112.33, 110.20 (Ar−C), 56.06, 56.04 (OCH3). Anal. Calcd for
C12H11ClN2O2 (250.68): C, 57.50; H, 4.42; Cl, 14.14; N,
11.18 Found: C, 57.47; H, 4.59; N, 11.41.

4.1 .3 . Procedure for Preparat ion of 6- (3 ,4-
Dimethoxyphenyl)pyridazin-3-yl Hydrazine (5b). A mixture
of 3-chloro-6-(3,4-dimethoxyphenyl)pyridazine (4b) (52.5
mmol, 13.16g) and hydrazine hydrate (99%, 51.4 mL, 1049
mmol) was stirred at 130 °C for 1 h. The reaction mixture was
cooled and then concentrated under reduced pressure. The
resultant product was filtered, washed with plenty of water,
dried, and then crystallized from isopropanol. Yield: 97% (12.5

g), mp 95−100 °C. IR (KBr disk) (cm−1): 3560−3259 (NH,
NH2), 3093−3012 (CH aromatic), 2939−2843 (CH ali-
phatic), 1604 (C�N), 1512 (C�C). 1H NMR (400 MHz,
DMSO-d6): δ 7.96 (s, 1H, NH, D2O exchangeable), 7.86 (d, J
= 9.4 Hz, 1H, H pyridazine), 7.63 (d, J = 2.1 Hz, 1H, Ar−H),
7.49 (dd, J = 8.3, 2.1 Hz, 1H, Ar−H), 7.09 (d, J = 9.4 Hz, 1H,
H pyridazine), 7.03 (d, J = 8.4 Hz, 1H, Ar−H), 4.35 (br s, 2H,
NH2, D2O exchangeable), 3.84 (s, 3H, OCH3), 3.80 (s, 3H,
OCH3). MS: m/z (%) 246 (M+, 100). Anal. Calcd for
C12H14N4O2 (246.27): C, 58.53; H, 5.73; N, 22.75. Found: C,
58.76; H, 5.86; N, 22.98.

4.1.4. Procedure for Preparation of N′-(6-phenylpyrida-
zin-3-yl)-4-toluenesulfonohydrazide (7). Compound 5a
(0.558 g, 3 mmol) was dissolved in dry methylene chloride
(5 mL), and then triethylamine (0.5 mL) was added at room
temperature. After cooling the solution to 0 °C, 4-
toluenesulfonyl chloride (0.572 g, 3 mmol) was then added
dropwise. The reaction mixture was allowed to come to RT,
stirred for 3 h, dried under reduced pressure, and then the
residue was crystallized from ethanol. Yield: 62% (0.63 g), mp
212−215 °C. IR (KBr disk) (cm−1): 3213−3136 (NH, NH),
3059(CH aromatic), 2958−2924 (CH aliphatic), 1608 (C�
N), 1550 (C�C aromatic), 1446, 1415 (forked peak) and
1165 (SO2). 1H NMR (400 MHz, DMSO-d6): δ 9.92 (s, 1H,
NH−SO2, D2O exchangeable), 9.17 (s, 1H, NH, D2O
exchangeable), 7.99−7.96 (m, 3H, Ar−H + H pyridazine),
7.76 (d, J = 8.2 Hz, 2H, Ar−H), 7.49 (t, J = 8.2 Hz, 2H, Ar−
H), 7.44 (d, J = 8.0 Hz, 1H, Ar−H), 7.40 (d, J = 8.8 Hz, 2H,
Ar−H), 7.19 (d, J = 9.4 Hz, 1H, H pyridazine), 2.38 (s, 3H,
CH3). 13C NMR (100 MHz, DMSO): δ 161.05, 152.84,
143.96, 136.94, 136.06, 130.04, 129.3, 129.29, 128.23, 126.25,
113.46(Ar−C), 21.50(CH3). MS: m/z (%) 340 (M+, 23), 156
(100). Anal. Calcd for C17H16N4O2S (340.40): C, 59.98; H,
4.74; N, 16.46; S, 9.42. Found: C, 60.12; H, 4.86; N, 16.63; S,
9.58.

4.1.5. General Procedure for Preparation of N′-(6-
substituted phenylpyridazin-3-yl)-4-substituted Benzenecar-
bohydrazides (9a−g). To a stirred solution at 0 °C of the
appropriate 6-substituted phenylpyridazin-3-yl hydrazine (5a−
b) (7.14 mmol) in diethyl ether (29 mL) and triethylamine
(1.0 mL, 0.72 g, 7.14 mmol), substituted benzoyl chloride
(8a−d) (7.14 mmol) was added dropwise. After stirring at RT
for 1 h, the formed precipitate was filtered, washed with water
and then hexane, and finally with ethanol, and dried under
reduced pressure to provide the corresponding hydrazides 9a−
g.

4.1.5.1. N′-(6-Phenylpyridazin-3-yl)benzohydrazide (9a).
Yield: 83% (1.716 g), mp 202−205 °C. IR (KBr disk) (cm−1):
3255−3170 (NH, NH), 3047 (CH aromatic), 1651 (C�O),
1600 (C�N), 1577 (C�C aromatic). 1H NMR (400 MHz,
DMSO-d6): δ 10.64 (s, 1H, NH-C�O, D2O exchangeable),
9.18 (s, 1H, NH, D2O exchangeable), 8.03−7.96 (m, 5H, Ar−
H+ H pyridazine), 7.63−7.41 (m, 6H, Ar−H), 7.09 (d, J = 9.3
Hz, 1H, H pyridazine). 13C NMR (100 MHz, DMSO): δ
166.87 (C�O), 160.53, 152.69, 137.12, 133.09, 132.35,
129.30, 129.21, 128.98, 127.97, 126.27, 126.22, 113.68 (Ar−
C). MS: m/z (%) 290 (M+, 12), 105 (100). Anal. Calcd for
C17H14N4O (290.33): C, 70.33; H, 4.86; N, 19.30. Found: C,
70.61; H, 5.67; N, 19.52.

4.1.5.2. 4-Methoxy-N′-(6-phenylpyridazin-3-yl)-
benzohydrazide (9b). Yield: 90% (2.06 g), mp 219−220 °C.
IR (KBr disk) (cm−1): 3302−3248 (NH, NH), 3062−3005
(CH aromatic), 2912−2839 (CH aliphatic), 1681 (C�O),
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1647 (C�N), 1577 (C�C aromatic). 1H NMR (400 MHz,
DMSO-d6): δ 10.47 (s, 1H, NH-C�O, D2O exchangeable),
9.08 (s, 1H, NH, D2O exchangeable), 8.02−7.94 (m, 5H, Ar−
H+ H pyridazine), 7.52−7.41 (m, 3H, Ar−H), 7.06 (m, 3H,
Ar−H+ H pyridazine), 3.84 (s, 3H, OCH3). 13C NMR (100
MHz, DMSO): δ 166.45 (C�O), 162.54, 160.68, 152.65,
137.09, 129.86, 129.31, 129.21, 126.28, 126.20, 125.16, 114.22,
113.66 (Ar−C), 55.88 (OCH3). MS: m/z (%) 320 (M+, 36),
258 (100). Anal. Calcd for C18H16N4O2 (320.35): C, 67.49;
H, 5.03; N, 17.49. Found: C, 67.70; H, 5.14; N, 17.63.

4.1 .5 .3 . 4-F luoro-N ′ - (6-phenylpyr idaz in-3-y l ) -
benzohydrazide (9c). Yield: 93% (2.05 g), mp 217−219 °C.
IR (KBr disk) (cm−1): 3506, 3410 (NH, NH), 3062 (CH
aromatic), 1666 (C�O), 1635 (C�N), 1593 (C�C
aromatic). 1H NMR (400 MHz, DMSO-d6): δ 10.65 (s, 1H,
NH-C�O, D2O exchangeable), 9.16 (s, 1H, NH, D2O
exchangeable), 8.06−7.96 (m, 5H, Ar−H + H pyridazine),
7.52−7.36 (m, 5H, Ar−H), 7.09 (d, J = 9.3 Hz, 1H, H
pyridazine). MS: m/z (%) 309 (M+, 11), 123 (100). Anal.
Calcd for C17H13FN4O (308.32): C, 66.23; H, 4.25; N, 18.17.
Found: C, 66.40; H, 4.17; N, 18.29.

4.1.5.4. N′-(6-(3,4-Dimethoxyphenyl)pyridazin-3-yl)-
benzohydrazide (9d). Yield: 53% (1.33 g), mp 196−198 °C.
IR (KBr disk) (cm−1): 3255−3140 (NH, NH), 3082−3055
(CH aromatic), 2962−2835 (CH aliphatic), 1666 (C�O),
1604 (C�N), 1519 (C�C aromatic). 1H NMR (400 MHz,
DMSO-d6): δ 10.58 (s, 1H, NH-C�O, D2O exchangeable),
9.04 (s, 1H, NH, D2O exchangeable), 7.97−7.95 (m, 3H, Ar−
H + H pyridazine), 7.65 (d, J = 2.1 Hz, 1H, Ar−H), 7.61 (t, J =
7.2 Hz, 1H, Ar−H), 7.56−7.52 (m, 3H, Ar−H), 7.07−7.03
(m, 2H, Ar−H + H pyridazine), 3.84 (s, 3H, OCH3), 3.81 (s,
3H, OCH3). 13C NMR (100 MHz, DMSO): δ 166.90 (C�
O), 160.10, 152.50, 150.07, 149.50, 133.11, 132.33, 129.75,
128.98, 127.93, 125.89, 118.78, 113.85, 112.31, 109.52 (Ar−
C), 56.02, 55.95 (OCH3). MS: m/z (%) 350 (M+, 17), 332
(100). Anal. Calcd for C19H18N4O3 (350.38): C, 65.13; H,
5.18; N, 15.99. Found: C, 65.07; H, 5.47; N, 16.23.

4.1.5.5. N′-(6-(3,4-Dimethoxyphenyl)pyridazin-3-yl)-4-flu-
orobenzohydrazide (9e). Yield: 69% (1.81 g), mp 186−188
°C. IR (KBr disk) (cm−1): 3286-3140 (NH, NH), 3074−
3008 (CH aromatic), 2951−2835 (CH aliphatic), 1674 (C�
O), 1651 (C�N), 1504 (C�C aromatic). 1H NMR (400
MHz, DMSO-d6): δ 10.63 (s, 1H, NH-C�O, D2O
exchangeable), 9.07 (s, 1H, NH, D2O exchangeable), 8.04
(dd, J = 8.5, 5.5 Hz, 2H, Ar−H), 7.95 (d, J = 9.3 Hz, 1H, H
pyridazine), 7.66 (d, J = 2.0 Hz, 1H, Ar−H), 7.52 (dd, J = 8.4,
2.0 Hz, 1H, Ar−H), 7.38 (t, J = 8.7 Hz, 2H, Ar−H), 7.06 (m,
2H, Ar−H + H pyridazine), 3.84 (s, 3H, OCH3), 3.81 (s, 3H,
OCH3). 13C NMR (100 MHz, DMSO): δ 165.86 (C�O),
163.46, 160.03, 152.55, 150.09, 149.50, 130.71, 130.62, 129.75,
129.62, 129.59, 125.88, 118.78, 116.07, 115.86, 113.92, 112.28,
109.53, (Ar−C), 56.00, 55.94 (OCH3). MS: m/z (%) 368
(M+, 26), 123 (100). Anal. Calcd for C19H17FN4O3 (368.37):
C, 61.95; H, 4.65; N, 15.21. Found: C, 62.18; H, 4.88; N,
15.47.

4.1.5.6. N′-(6-(3,4-Dimethoxyphenyl)pyridazin-3-yl)-4-
methoxybenzohydrazide (9f). Yield: 68% (1.85 g), mp
185−189 °C. IR (KBr disk) (cm−1): 3506−3332 (NH,
NH), 3070−3001 (CH aromatic), 2962−2839 (CH aliphatic),
1654 (C�O), 1604 (C�N), 1469 (C�C aromatic). 1H
NMR (400 MHz, DMSO-d6): δ 10.43 (s, 1H, NH-C�O,
D2O exchangeable), 8.98 (s, 1H, NH, D2O exchangeable),
7.95−7.93 (m, 3H, Ar−H + H pyridazine), 7.65 (d, J = 2.0 Hz,

1H, Ar−H), 7.52 (dd, J = 8.4, 2.1 Hz, 1H, Ar−H), 7.08−7.05
(m, 3H, Ar−H), 7.02 (d, J = 9.5 Hz, 1H, H pyridazine), 3.84
(s, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.81 (s, 3H, OCH3). 13C
NMR (100 MHz, DMSO): δ 166.53 (C�O), 162.52, 160.24,
152.48, 150.04, 149.46, 129.84, 129.70, 125.94, 125.16, 118.80,
114.21, 113.87, 112.28, 109.46(Ar−C), 56.00, 55.93, 55.87
(OCH3). MS: m/z (%) 381 (M+, 11), 44 (100). Anal. Calcd
for C20H20N4O4 (380.40): C, 63.15; H, 5.30; N, 14.73. Found:
C, 63.42; H, 5.47; N, 14.91.

4.1.5.7. 4-Bromo-N′-(6-(3,4-dimethoxyphenyl)pyridazin-
3-yl)benzohydrazide (9g). Yield: 81% (2.49 g), mp 168−
170 °C. IR (KBr disk) (cm−1): 3271, 3213 (NH, NH), 3070−
2958 (CH aromatic), 2935−2835 (CH aliphatic), 1674 (C�
O), 1589 (C�N), 1519 (C�C aromatic). 1H NMR (400
MHz, DMSO-d6): δ 10.67 (s, 1H, NH-C�O, D2O
exchangeable), 9.07 (s, 1H, NH, D2O exchangeable), 7.94
(d, J = 9.4, 1H, H pyridazine), 7.89 (d, J = 8.4, 2H, Ar−H),
7.74 (d, J = 8.4, 2H, Ar−H), 7.65 (d, J = 1.6 Hz, 1H, Ar−H),
7.52 (dd, J = 8.5, 1.7 Hz, 1H, Ar−H), 7.05−7.07 (m, 2H, Ar−
H + H pyridazine), 3.84 (s, 3H, OCH3), 3.81 (s, 3H, OCH3).
13C NMR (100 MHz, DMSO): δ 166.21(C�O), 159.83,
152.63, 150.07, 149.45, 132.18, 132.15, 132.05, 131.76, 130.03,
129.61, 126.14, 126.00, 118.85, 114.09, 112.27, 109.47 (Ar−
C), 56.00, 55.93 (OCH3). MS: m/z (%) 429 (M+, 11), 245
(100). Anal. Calcd for C19H17BrN4O3 (429.27): C, 53.16; H,
3.99; N, 13.05. Found: C, 53.43; H, 4.15; N, 13.21.

4.1.6. General Procedure for Preparation of N-(substi-
tuted phenyl)- 2-(6-substituted phenylpyridazin-3-yl)-
hydrazine-1-carboxamides (11a, c, e) and N-substituted
phenyl-2-(6- substituted phenylpyridazin-3-yl)hydrazine-1-
carbothioamides (11b, d, f, g). To a mixture of the
appropriate 3-hydrazinylpyridazines (5) (1.65 mmol) and
triethylamine (0.25 mL) in dry methylene chloride (5 mL) at 0
°C, the appropriate phenyl isocyanate or phenyl isothiocyanate
(10a-d) (1.65 mmol) was added dropwise. The reaction was
stirred at RT for 6 h, and the obtained precipitate was filtered
off and then washed with ethanol. All compounds were
purified by column chromatography.

4.1.6.1. N-(4-Chlorophenyl)-2-(6-phenylpyridazin-3-yl)-
hydrazine-1-carboxamide (11a). Yield: 76% (0.42 g), mp
217−219 °C. IR (KBr disk) (cm−1): 3221−3113 (NH, NH,
NH), 3051 (CH aromatic), 1666 (C�O), 1593 (C�N),
1535 (C�C aromatic). 1H NMR (400 MHz, DMSO-d6): δ
9.10 (s, 1H, NH-C�O, D2O exchangeable), 8.93 (s, 1H, NH-
C�O, D2O exchangeable), 8.43 (s, 1H, NH, D2O
exchangeable), 8.02−7.98 (m, 3H, Ar−H+ H pyridazine),
7.58 (d, J = 8.4 Hz, 2H, Ar−H), 7.50 (t, J = 7.4 Hz, 2H, Ar−
H), 7.44 (d, J = 7.2 Hz, 1H, Ar−H), 7.30 (d, J = 8.9 Hz, 2H,
Ar−H), 7.09 (d, J = 9.3 Hz, 1H, H pyridazine). 13C NMR
(100 MHz, DMSO): δ 160.79(C�O), 156.67, 152.84,
139.25, 137.11, 129.31, 129.23, 128.85, 126.25, 126.23,
125.90, 120.71, 113.87(Ar−C). MS: m/z (%) 339 (M+, 10),
186 (100). Anal. Calcd for C17H14ClN5O (339.78): C, 60.09;
H, 4.15; N, 20.61. Found: C, 60.27; H, 4.34; N, 20.89.

4.1.6.2. N-Phenyl-2-(6-phenylpyridazin-3-yl)hydrazine-1-
carbothioamide (11b). Yield: 65% (0.33 g), mp 174−176
°C. IR (KBr disk) (cm−1): 3321−3151 (NH, NH, NH), 3016
(CH aromatic), 1597 (C�N), 1535 (C�C aromatic), 1219
(C�S). 1H NMR (400 MHz, DMSO-d6): δ 10.01 (s, 1H,
NH-C�S, D2O exchangeable), 9.88 (s, 1H, NH-C�S, D2O
exchangeable), 9.25 (s, 1H, NH, D2O exchangeable), 8.08−
8.03 (m, 3H, Ar−H + H pyridazine), 7.56−7.45 (m, 5H, Ar−
H), 7.32 (t, J = 7.7 Hz, 2H, Ar−H), 7.14 (t, J = 7.3 Hz, 1H,
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Ar−H), 7.04 (d, J = 9.3 Hz, 1H, H pyridazine). 13C NMR
(100 MHz, DMSO): δ 181.97 (C�S), 160.15, 153.37,
139.66, 136.98, 129.40, 129.37, 128.40, 126.41, 126.31, 125.92,
125.36, 114.18 (Ar−C). MS: m/z (%) 322 (M+, 16), 57 (100).
Anal. Calcd for C17H15N5S (321.40): C, 63.53; H, 4.70; N,
21.79; S, 9.98. Found: C, 63.79; H, 4.63; N, 22.05; S, 10.14.

4.1.6.3. N-(4-Methoxyphenyl)-2-(6-phenylpyridazin-3-yl)-
hydrazine-1-carboxamide (11c). Yield: 77% (0.42 g), mp
211−213 °C. IR (KBr disk) (cm−1): 3329, 3248, 3232 (NH,
NH, NH), 3062−3008 (CH aromatic), 2958−2935 (CH
aliphatic), 1658 (C�O), 1597 (C�N), 1539 (C�C
aromatic). 1H NMR (400 MHz, DMSO-d6): δ 8.88 (s, 1H,
NH-C�O, D2O exchangeable), 8.75 (s, 1H, NH-C�O, D2O
exchangeable), 8.24 (s, 1H, NH, D2O exchangeable), 8.02−
7.98 (m, 3H, Ar−H + H pyridazine), 7.52−7.40 (m, 5H, Ar−
H), 7.07 (d, J = 9.3 Hz, 1H, H pyridazine), 6.84 (d, J = 9.0 Hz,
2H, Ar−H), 3.70 (s, 3H, OCH3). 13C NMR (100 MHz,
DMSO): δ 160.92 (C�O), 156.94, 154.98, 152.78, 137.08,
133.11, 129.32, 129.23, 126.27, 126.21, 121.01, 114.22, 113.84
(Ar−C), 55.59 (OCH3). MS: m/z (%) 335 (M+, 9), 123
(100). Anal. Calcd for C18H17N5O2 (335.37): C, 64.47; H,
5.11; N, 20.88. Found: C, 64.58; H, 5.27; N, 20.71.

4.1.6.4. N-(4-Methoxyphenyl)-2-(6-phenylpyridazin-3-yl)-
hydrazine-1-carbothioamide (11d). Yield: 75% (0.42 g),
mp 178−188 °C. IR (KBr disk) (cm−1): 3313,3197, 3128
(NH, NH, NH), 3059−3001 (CH aromatic), 2966- 2835 (CH
aliphatic), 1597 (C�N), 1535 (C�C aromatic), 1219 (C�
S). 1H NMR (400 MHz, DMSO-d6): δ 9.89 (s, 1H, NH-C�
S, D2O exchangeable), 9.78 (s, 1H, NH-C�S, D2O
exchangeable), 9.22 (s, 1H, NH, D2O exchangeable), 8.08−
8.03 (m, 3H, Ar−H+ H pyridazine), 7.52 (t, J = 7.3 Hz, 2H,
Ar−H), 7.45 (t, J = 7.3 Hz, 1H, Ar−H), 7.37 (d, J = 8.9 Hz,
2H, Ar−H), 7.02 (d, J = 9.3 Hz, 1H, H pyridazine), 6.88 (d, J
= 8.9 Hz, 2H, Ar−H), 3.74 (s, 3H, OCH3). 13C NMR (100
MHz, DMSO): δ 182.23 (C�S), 160.17, 157.16, 153.31,
136.94, 132.48, 129.38, 127.83, 127.58, 126.43, 126.31, 114.17,
113.66 (Ar−C), 55.67 (OCH3). MS: m/z (%) 352 (M+, 7),
228 (100). Anal. Calcd for C18H17N5OS (351.43): C, 61.52;
H, 4.88; N, 19.93; S, 9.12. Found: C, 61.34; H, 5.06; N, 20.14;
S, 9.26.

4.1.6.5. N-(4-Chlorophenyl)-2-(6-(3,4-dimethoxyphenyl)-
pyridazin-3-yl)hydrazine-1-carboxamide (11e). Yield: 50%
(0.33 g), mp 221−223 °C. IR (KBr disk) (cm−1): 3332−3209
(NH, NH, NH), 3074 (CH aromatic), 2935- 2908 (CH
aliphatic), 1674 (C�O), 1593 (C�N), 1539 (C�C
aromatic). 1H NMR (400 MHz, DMSO-d6): δ 9.07 (s, 1H,
NH-C�O, D2O exchangeable), 8.83 (s, 1H, NH-C�O, D2O
exchangeable), 8.37 (s, 1H, NH, D2O exchangeable), 7.98 (d, J
= 9.4 Hz, 1H, H pyridazine), 7.66 (d, J = 2.1 Hz, 1H, Ar−H),
7.57 (d, J = 8.6 Hz, 2H, Ar−H), 7.53 (dd, J = 8.6, 2.0 Hz, 1H,
Ar−H), 7.29 (d, J = 8.9, 2H, Ar−H), 7.07−7.03 (m, 2H, Ar−
H + H pyridazine), 3.84 (s, 3H, OCH3), 3.81 (s, 3H, OCH3).
13C NMR (100 MHz, DMSO): δ 160.37 (C�O), 156.75,
152.66, 150.10, 149.51, 139.25, 129.74, 128.85, 125.90, 125.85,
120.69, 118.79, 114.00, 112.30, 109.54 (Ar−C), 56.01, 55.96
(OCH3). MS: m/z (%) 399 (M+, 5), 55 (100). Anal. Calcd for
C19H18ClN5O3 (399.84): C, 57.08; H, 4.54; N, 17.52. Found:
C, 57.24; H, 4.70; N, 17.64.

4.1.6.6. 2-(6-(3,4-Dimethoxyphenyl)pyridazin-3-yl)-N-phe-
nylhydrazine-1-carbothioamide (11f). Yield: 75% (0.46 g),
mp 187−189 °C. IR (KBr disk) (cm−1): 3267, 3205, 3143
(NH, NH, NH), 3062−2997 (CH aromatic), 2966−2835
(CH aliphatic), 1600 (C�N), 1550 (C�C aromatic), 1222

(C�S). 1H NMR (400 MHz, DMSO-d6): δ 9.97 (s, 1H, NH-
C�S, D2O exchangeable), 9.84 (s, 1H, NH-C�S, D2O
exchangeable), 9.14 (s, 1H, NH, D2O exchangeable), 8.05 (d, J
= 9.4 Hz, 1H, H pyridazine), 7.67 (d, J = 2.2 Hz, 1H, Ar−H),
7.54 (m, 3H, Ar−H), 7.31 (t, J = 7.7 Hz, 2H, Ar−H), 7.14 (t, J
= 7.4 Hz, 1H, Ar−H), 7.08 (d, J = 8.4 Hz, 1H, Ar−H), 6.99 (d,
J = 9.3 Hz, 1H, H pyridazine), 3.86 (s, 3H, OCH3), 3.82 (s,
3H, OCH3). 13C NMR (100 MHz, DMSO): δ 181.95 (C�
S), 159.71, 153.11, 150.22, 149.54, 139.67, 129.59, 128.38,
125.98, 125.31, 118.92, 114.27, 112.35, 109.60 (Ar−C), 56.05,
56.01(OCH3). MS: m/z (%) 381 (M+, 36), 233 (100). Anal.
Calcd for C19H19N5O2S (381.45): C, 59.83; H, 5.02; N, 18.36;
S, 8.40. Found: C, 59.94; H, 5.21; N, 18.62; S, 8.53.

4.1.6.7. 2-(6-(3,4-Dimethoxyphenyl)pyridazin-3-yl)-N-(4-
methoxyphenyl)hydrazine-1-carbothioamide (11g). Yield:
45% (0.3 g), mp 179−180 °C. IR (KBr disk) (cm−1): 3267,
3201, 3143 (NH, NH, NH), 3062−3005 (CH aromatic),
2966−2835 (CH aliphatic), 1604 (C�N), 1543 (C�C
aromatic), 1222 (C�S). 1H NMR (400 MHz, DMSO-d6): δ
9.86 (s, 1H, NH-C�S, D2O exchangeable), 9.74 (s, 1H, NH-
C�S, D2O exchangeable), 9.11 (s, 1H, NH, D2O exchange-
able), 8.05 (d, J = 9.4 Hz, 1H, H pyridazine), 7.68 (d, J = 2.0
Hz, 1H, Ar−H), 7.56 (dd, J = 8.4, 2.0 Hz, 1H, Ar−H), 7.36 (d,
J = 8.6 Hz, 2H, Ar−H), 7.08 (d, J = 8.5 Hz, 1H, Ar−H), 6.98
(d, J = 9.3 Hz, 1H,, H pyridazine), 6.88 (d, J = 8.8 Hz, 2H,
Ar−H), 3.86 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.74 (s, 3H,
OCH3). 13C NMR (100 MHz, DMSO): δ 182.24(C�S),
159.79, 157.11, 153.06, 150.21, 149.54, 132.52, 129.61, 127.52,
125.97, 118.91, 114.18, 113.62, 112.35, 109.59 (Ar−C), 56.05,
56.01, 55.66(OCH3). MS: m/z (%) 412 (M+, 38), 168 (100).
Anal. Calcd for C20H21N5O3S (411.48): C, 58.38; H, 5.14; N,
17.02; S, 7.79. Found: C, 58.50; H, 5.39; N, 17.26; S, 8.01.

4.2. In Vitro Antiproliferative Screening against NCI-
60 Cell Lines. The synthesized target compounds were
screened for their antiproliferative activity against 60 cell lines
by the National Cancer Institute (NCI), NIH, Bethesda,
Maryland, under the Developmental Therapeutics Program
(DTP). This screening uses 60 distinct human tumor cell lines
including leukemia, colon, nonsmall cell lung cancer, prostate,
CNS, renal, ovarian, breast, melanoma, and renal cell
carcinoma. Detailed methods are described on NCI Web site
(www.dtp.nci.nih.gov).

4.3. Evaluation of the in Vivo Anticancer Activity and
Safety of 9e. To evaluate the in vivo anticancer activity of 9e,
an Ehrlich ascites carcinoma (EAC) solid tumor animal model
was used where EAC cells were withdrawn from the ascitic
fluid of a tumor-bearing female mouse. Cells were diluted with
sterile phosphate-buffered saline to produce almost 2.5 × 106

cells per 0.2 mL that was then injected i.m. in the left thigh of
40 female mice (10 mice per group). When palpable masses of
tumors were developed (app. = 100 mm3), treatment was
initiated. EAC-bearing mice were randomly divided into the
following four groups: (i) Control group where mice received
only drug vehicle; (ii) SOR group where mice received
sorafenib (LC laboratories) at a daily dose of 30 mg/kg, i.p;
(iii) 9e (15 mg) group were mice received 9e at a daily dose of
15 mg/kg, i.p.; and (iv) 9e (30 mg) group were mice received
9e at a daily dose of 30 mg/kg, i.p. SOR was herein used as a
reference drug. The doses were delivered in a 10% Tween 80.
Another group of untreated normal mice (n = 5) was included
in the present study for comparison with 9e to assess its safety
profile. Tumor volumes were measured at equal intervals using
a digital caliper, according to the following equation67
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Sacrifice was performed under anesthesia for all groups after 15
days of starting the treatment protocol. Tumors were excised
and collected for further analyses. The safety profile of 9e was
assessed in mice using the indicated doses, where short-term
acute signs of toxicity, excitability, and vitality along with
mortality were monitored and recorded for a duration of 14
days. Additionally, after sacrifice, multiple organs were
harvested for histopathological evaluation in comparison with
untreated mice. These organs included livers, hearts, spleens,
lungs, intestines, and kidneys. All experimental procedures
were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
were approved by the Ethical Committee of the Faculty of
Pharmacy, The British University in Egypt (EX-2203).

4.3.1. Histopathological Evaluation of 9e in Solid Tumors.
Tumors were fixed in 10% formalin and embedded in paraffin
for the preparation of histological sections. Staining with
hematoxylin and eosin (H&E) was then performed to evaluate
the histopathological changes in treated groups versus control.
Moreover, the necrotic indices for each group were determined
in 10 random fields per section per animal using the Leica
application computer analyzer system.

4.3.2. Evaluation of the Effect of 9e on JNK1, Cyclin D1,
and p53 Gene Expression. Total RNA was extracted from
tumor tissues using a Direct-zol RNA MiniPrep Plus Kit
(ZYMO RESEARCH CORP.). The quantity and quality of
extracted RNA were assessed afterward by calculating the
A260/A280 ratio. SuperScript IV One-Step RT-PCR kit
(ThermoFisher Scientific, MA) was then used for reverse
transcription (RT) of extracted RNA followed by PCR. 48-well
plate StepOne instrument (Applied Biosystems) was used in a
thermal profile as follows: 10 min at 45 °C for RT, 2 min at 98
°C for RT inactivation, and initial denaturation by 40 cycles of
10 s at 98 °C, 10 s at 55 °C, and 30 s at 72 °C for the
amplification step. After the RT-PCR run, the data were
expressed in the cycle threshold (Ct) for the target and
housekeeping genes. Values of ΔCt correspond to the relative
expression change for each gene of interest compared to that of
the housekeeping gene of the same sample. The ΔΔCt value
was then obtained by subtracting the ΔCt value of the control
group from the ΔCt value of each of the treated groups’
samples. The relative quantitation of each target gene
(expressed as fold change from control) was performed
according to the 2−ΔΔCt method.68 Primer sequences used
were as follows: forward 5′-GAACAGGATTGAG-
TAGCGGC−3′ and reverse 5′-TCATGATGGCAAGCAAT-
TAGTC-3′ for JNK1 gene; 5′-TAGCAGAGAGCTACA-
GACTTCG-3′ and reverse 5′-CTCCGTCTTGAG-
CATGGCTC-3′ for cyclin D1 gene; forward 5′-
ATAGGTCGGCGGTTCAT-3′ and reverse 5′-CCCGAG-
TATCTGGAAGACAG-3 ′ f o r p53 , f o rwa rd 5 ′ -
CGTCCCGTAGACAAAATGGT-3′ and reverse 5′-TCAAT-
GAAGGGGTCGTTGAT-3′ for GAPDH housekeeping gene.

4.3.3. Evaluation of the Effect of 9e on p-JNK-1 Protein
Levels. Excised tumors were homogenized as 10% (w/v) in
phosphate-buffered saline. Phospho-JNK-1 concentration was
then determined in tissue homogenates using a Phospho-JNK-
1 ELISA kit (Abcam), according to the manufacturer’s

instructions. Optical density was determined at 450 nm by
using a microplate reader.

4.3.4. Evaluation of the Effect of 9e on c-Jun and c-Fos
Protein Levels. Protein concentrations of c-Jun and c-Fos were
detected in tumor tissue homogenates using a mouse c-Jun
ELISA Kit (FineTest, China) and mouse c-Fos ELISA Kit
(MyBioSource), according to the manufacturers’ instructions.
Optical density was determined at 450 nm using a microplate
reader.

4.3.5. Statistical Analysis. Data are presented as mean ±
SD and analyzed by one-way analysis of variance (One-way
ANOVA), followed by Tukey’s post hoc test for multiple
comparisons using GraphPad Prism version 8 (GraphPad
Software, CA). Values of P < 0.05 were considered to be
statistically significant.

4.4. Molecular Docking. The ligands were drawn with
MarvinSketch,69 and energy was minimized with OpenBabel
software,70 using the steepest descent method with a
convergence criterion of 10−6 kcal/mol/Å and 10,000
iterations utilizing MMFF94s for energy evaluation at each
step. 3D conformations of Ligands were then prepared by
OMEGA 3.0.1.2 of OpenEye software for the docking
procedure using FRED.71 The human JNK1 protein structure
(PDB ID: 4L7F) was downloaded from the RCSB Protein
Data Bank.72,73 The protein structure was prepared using two
different programs, Make Receptor, a graphical utility of
OEDOCKING 3.2.0.2 module of OpenEye software, and
AutoDock Tools 1.5.6.74 For Make Receptor, the box of the
search area was determined around AX13587, and the
cocrystallized ligand (PDB ID: 1 V5) with the default
dimensions and a docking constrain with Met111 of the
hinge region as a hydrogen bond donor was applied. For
AutoDock Vina, the search box was centered on the
cocrystallized ligand and assigned a 25 Å box side. The
docking experiment was carried out by the FRED application
of the OEDOCKING 3.2.0.2 module of OpenEye software and
AutoDock Vina using PyRx as a graphical user interface.75 The
docking RMSD was calculated using DockRMSD.76 PyMOL
version 2.5.2 was used to generate the figures.77

4.5. Molecular Dynamics Simulations. OpenMM setup
utility was used to set up the simulation system.78 The
protein−ligand complex PDB file was cleaned up, the missing
atoms were inserted, and hydrogen atoms were added at pH
7.0. The complex was then placed in a cubic water box with a 1
nm padding distance across each axis of the complex molecule.
Sodium and chloride ions were added to neutralize the
complex and to bring the salt concentration to 0.1 Molar.
AMBER 14 force field79 was utilized to parametrize protein
molecules, while the TIP3P-FB model80 was employed for
water molecules. JNK1 crystal structure (PDB ID: 4L7F) was
used for MD simulation in complex with AX13587 (PDB ID:
1 V5), and both modes of 9e were treated by the same
parameters. For the three ligands, the generalized Amber force
field (GAFF) was used utilizing the RDKit cheminformatics
toolkit.81 Long-range electrostatic interactions were calculated
using the Particle Mesh Ewald (PME) method82 with an error
tolerance of 0.0005 for truncating the Ewald summation. The
cutoff distance of both PME direct space interactions and
Lennard-Jones interactions was set to 1.2 nm. For integrating
force equations, a Langevin integrator was used with a step size
of 2 fs, a temperature of 310 K, and a friction coefficient of 1
ps−1. For pressure coupling, a Monte Carlo barostat83 was
utilized, with 310 K as the constant temperature, 1 atm as the
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constant pressure, and 25 steps as the pressure update
frequency. The MD simulations were carried out using the
OpenMM 7.4.2 application layer, starting with an energy
minimization of 10 kJ/mol as an energy convergence criterion
and then 500,000 equilibration steps (1 ns) ending up with a
production run of 50 ns. RMSD, RMSF, radius of gyration
(Rg), ligand RMSD, and number of hydrogen bonds to the
protein were calculated using VMD.84
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(24) Banoğlu, E.; Şüküroğlu, M.; Ergün, B. Ç.; Baytas,̧ S. N.; Aypar,

E.; Ark, M. Synthesis of the Amide Derivatives of 3- [ 1- (3-
Pyridazinyl) −5-phenyl-1H-pyrazole-3-yl] propanoic Acids as Poten-
tial Analgesic Compounds. Turk. J. Chem. 2007, 31, 677−687.
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