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, biological evaluation, and
docking studies of novel triazolo[4,3-b]pyridazine
derivatives as dual c-Met/Pim-1 potential inhibitors
with antitumor activity†

Mohamed E. Mahmoud,a Eman M. Ahmed,b Hamdy M. Ragab,b

Rania Farag A. Eltelbanyc and Rasha A. Hassan *b

Interest has been piqued in c-Met and Pim-1, potential new cancer treatment targets. A variety of triazolo

[4,3-b]pyridazine derivatives were synthesized to create powerful dual c-Met/Pim-1 inhibitors having the

pharmacophoric elements of both enzyme inhibitors. All derivatives were screened for their cytotoxic

effects on 60 cancer cell lines. Compounds 4g and 4a, had strong antiproliferative cytotoxic impacts on

tumor cells, with mean GI% values of 55.84 and 29.08%, respectively. Research revealed that 4g has

more powerful inhibitory activity against c-Met and Pim-1, with IC50 of 0.163 ± 0.01 and 0.283 ± 0.01

mM, respectively than the reference and derivative 4a. Moreover, compound 4g was the subject of an

additional investigation into biological processes. The findings showed that compound 4g caused MCF-7

cells to arrest in the S stage of the cell cycle. Also, it accelerated the progress of apoptosis 29.61-fold

more than the control. Compound 4g demonstrated a significantly higher level of caspase-9 and

a decreased level of p-PI3K, p-AKT, and p-mTOR compared to staurosporine. Later, analysis of 4g

showed good drug-ability and pharmacokinetic properties. A similar mode of interaction at the ATP-

binding site of c-Met and Pim-1 compared to the docked ligands was suggested by additional docking

studies of compound 4g.
1. Introduction

Breast cancer is the most prevalent cancer in women diagnosed
globally.1 Most of them can be identied early enough to be
successfully treated; nevertheless, many patients may not
benet from the medication, and metastasis ultimately
contributes to death.2 The life expectancy of patients with breast
cancer has not been substantially raised by the now-available
therapeutics, which include surgery, radiotherapy, and
chemotherapy, and they frequently have detrimental side
effects. Most pharmaceutical cancer therapies are cytotoxic.
Additionally, multiple complications, such as neuropathy,
axillary vein thrombosis, and cardiovascular disease, may
develop aer radiation or surgical treatments for breast cancer.3

Hepatocyte growth factor (HGF) binding stimulates the
tyrosine kinase receptor c-Met kinase, which leads to receptor
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dimerization and subsequent signaling.4 This pathway is crucial
for healthy adult wound healing and normal embryonic devel-
opment in normal cells.5 Based on reports, the overexpression
of the c-Met kinase receptor deregulates the c-Met kinase
pathway in several human cancers. Poor prognosis, tumor
proliferation, angiogenesis, and metastasis are all attributed to
this deregulation.6 The analogous proto-oncogenic serine/
threonine protein kinases known as Pim kinases 1, 2, and 3
are positive controllers of cell cycle progression and constitu-
tively active enzymes.7 As oncogenic survival factors, they can
inhibit apoptosis. They are crucial in controlling cell prolifera-
tion, differentiation, migration, and survival.8 Pim kinases are
abnormally overexpressed in a wide range of solid (including
prostate and breast tumors) and hematologic (including
multiple myeloma) tumors.9 Ultimately, this leads to cancer
progression, metastasis, drug resistance, and, frequently, a poor
prognosis. Notably, drug efflux transporter expression, activa-
tion, and stabilization have all been linked to Pim kinases,
which contribute to multidrug resistance. Moreover, Pim-1
phosphorylates the breast cancer-resistant protein, which
promotes its multimerization and stable membrane expres-
sion.10 Furthermore, due to the duplicated functions of the
three Pim isoforms, plenty of interest is shown in developing
pan-Pim inhibitors.11
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cellular signaling pathways are closely correlated with one
another to enable multicellular functions like cell division, cell
fate determination, and cell migration. Pathologies, including
cancer, may result from erroneous signal transfer within the
cell, and this dysregulation results in the incorrect signaling of
many other protein degradation pathways, such as PI3K/AKT/
mTOR (phosphoinositide 3-kinase/AKT/mechanistic target of
rapamycin) signaling.12

One of the most frequent genomic mutations in breast
cancer across different subtypes is imperfections in the PI3K/
AKT/mTOR pathway, which ultimately fosters tumor-cell
growth.13 The PI3K/AKT/mTOR signaling pathway, which is
frequently dysregulated in cancer, is essential for regulating cell
metabolism, proliferation, and survival.13,14 PI3Ks are available
in 4 isoforms (a, b, d, and g) and are heterodimers made up of
regulatory (p85) and catalytic (p110) subunits.13 The agonist
effect of receptor tyrosine kinases initiates PI3K activation,
which in turn causes phosphorylation of AKT and mTOR
complex 1 (mTORC1) to trigger the process. mTOR is an
abnormal serine/threonine protein kinase made up of mTOR
complex 1 (mTORC1) and mTOR complex 2 (mTORC2).15

Although several genes participate in apoptosis, caspases are
the principal mediators of the process. The carboxyl side of the
aspartate residue is where caspases, aspartate-specic cysteine
proteases, fragment their substrates. At present, it is known that
there are at least 14 different types of caspases, of which 2/3 are
involved in apoptosis. The two primary groups of caspases
involved in apoptosis are the upstream initiator caspases (such
as caspases 2, 3, and 6) and the downstream effector caspases
(such as caspases 8, 9, and 10). The representatives of the latter
class are responsible for the morphological changes that occur
during apoptosis and destroy numerous cellular proteins.3

1,2,4-Triazolo[4,3-b]pyridazine derivatives exhibit substantial
therapeutic properties like anxiolytic,16,17 anticonvulsant,18 anti-
microbial,19,20 and antiviral properties.21,22 Additionally, they are
used as various enzyme inhibitors, such as leucine-rich repeat
kinase 2 (LRRK2),23,24 phosphodiesterase (PDE4),25 and TRAF6 E3
Fig. 1 Some reported 1,2,4-triazolo[4,3-b]pyridazine derivatives as c-Me

© 2024 The Author(s). Published by the Royal Society of Chemistry
ligase in autoimmune diseases.26 During the past twenty years,
more attention has focused on the use of triazolopyridazine to
design ligands that could be potential anticancer drugs by tar-
geting enzymatic pathways involved in the different pathogenesis
stages adopted in the progression of cancer, including metas-
tasis, angiogenesis, and others. The c-Met and Pim-1 enzymes are
the most promising novel targeted enzymes for designing new
antitumor compounds. The therapeutic potential for c-Met and
Pim-1 inhibitors is signicant due to their critical roles in cancer
progression and therapy resistance. Dual inhibition of c-Met and
Pim-1 produces a synergistic effect, where a dual inhibitor can
target multiple pathways simultaneously. This can result in
greater therapeutic efficacy than targeting either kinase alone.
Also, a dual c-Met/Pim-1 inhibitor can minimize the chances of
resistance development and offer a promising strategy to
enhance anticancer efficacy.27

A promising c-Met and Pim-1 inhibitory activity was reported
for the previously synthesized compounds I–III (ref. 28) and IV–
VI (ref. 29) (Fig. 1).

Following the above data, it was interesting to continue our
research to create potent new anticancer drugs with high ther-
apeutic equivalence.30–37 The main goal of the current study was
to generate new 1,2,4-triazolo[4,3-b]pyridazine derivatives that
are dual inhibitors of the c-Met and Pim-1 kinases with anti-
cancer activity. The NCI (USA) 60-panel cell line was used as
a model to assess the anticancer activities of the developed
derivatives, and in vitro inhibitory studies using c-Met and Pim-
1 enzymes were conducted on the most promising derivatives.
We investigated the total concentration and phosphorylated
concentration of the PI3K-Akt-mTOR pathway, assessed
through the derivatives produced, to delve deeper into the
mechanistic pathways of antiproliferative activity. In addition,
the effects of these substances, including their impact on the
typical cell cycle prole, caspase-9 activity, and apoptosis
induction, have been studied in the breast cancer cell line
MCF7. In a concluding study, molecular docking conrmed
these molecules' binding modes and action targets.
t (I–III) and Pim-1 (IV–VI) inhibitors.

RSC Adv., 2024, 14, 30346–30363 | 30347

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04036h


Fig. 2 Basic structural elements of compounds I and IV and modifications to the newly synthesized derivatives.
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The primary objective of the molecular design was to
customize the lead compounds I and IV to generate new anti-
proliferative drugs that target c-Met and Pim-1 and have greater
dual inhibitory activity. The triazolopyridazine core, which
30348 | RSC Adv., 2024, 14, 30346–30363
formed crucial interactions with important amino acids in the
c-Met and Pim-1 active pockets, was preserved as part of the
modication strategy (Fig. 2). The replacement of the 3-
hydroxybenzyl group in compound I and the 3-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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triuoromethylphenyl group in compound IV was accom-
plished using a phenyl group (4a–c, 5, and 6a) or divergent para-
substituted phenyl groups, ranging from hydrophilic groups
like OCH3 (4e–g and 6b) to hydrophobic substituents like CH3 in
compound 4d. On the other hand, the phenyl ring at C6 in
compound I and the cyclohexyl ring in compound IV were
replaced by different para-substituted phenyl groups in deriva-
tives 4, the dimethyl pyrazole group in derivative 5, or the acetyl
group in derivatives 6. Finally, the amino linker in compound IV
was replaced by an amino azomethine group in derivatives 4,
a hydrazine group in compounds 6a,b, or removed as in
compound 5. Such replacements were adopted so that the tri-
azolopyridazine core was retained in the proper position inside
the active pockets of the two enzymes. The enzymatic interac-
tions were enhanced by the different groups located in position
6, either the donating groups (OH and N(CH3)2) or the with-
drawing groups (NO2). Finally, hydrogen bond donors and
acceptors were incorporated through the OH and NH in various
positions or the carbonyl group in acetohydrazide derivatives
6a,b.

2. Experimental
2.1 Chemistry

2.1.1 General. Starting materials and solvents were
acquired from commercial suppliers and were used without
extra purication. Melting points were obtained on a Griffin
apparatus and were uncorrected. Microanalyses for C, H, and N
were carried out at the Regional Center for Mycology and
Biotechnology, Faculty of Pharmacy, Al-Azhar University. IR
spectra were recorded on Shimadzu IR 435 spectrophotometer,
Faculty of Pharmacy, Cairo University, Cairo, Egypt, and values
were represented in cm−1. 1H NMR spectra were carried out on
Bruker 400 MHz (Bruker Corp., Billerica, MA, USA) spectro-
photometer, Faculty of Pharmacy, Cairo University, Cairo,
Egypt. The chemical shis were recorded in ppm on d scale,
coupling constants (J) were given in Hz, and peak multiplicities
are designed as follows: s, singlet; d, doublet; dd, doublet of
doublet; t, triplet; m, multiplet. 13C NMR spectra were carried
out on Bruker 100 MHz spectrophotometer, Faculty of Phar-
macy, Cairo University, Cairo, Egypt. Progress of the reactions
was monitored by TLC using precoated aluminum sheet silica
gel MERCK 60F 254 and was visualized by UV lamp. The original
IR and NMR spectra of the investigated compounds are
provided in the ESI.† 6-Chloro-3-hydrazinopyridazine, 3-(2-(4-
arylidene)hydrazinyl)-6-chloropyridazine 1a–c, 6-chloro-3-aryl-
[1,2,4]-triazolo[4,3-b]pyridazine 2a–c and 6-hydrazino-3-aryl-
[1,2,4]-triazolo[4,3-b]pyridazine 3a–c were prepared as reported
in literature.38–40

2.1.1.1 General procedure for the preparation of 6-arylidene-
hydrazino-3-aryl-[1,2,4]triazolo[4,3-b]pyridazine (4a–g). 6-Hydra-
zineyl-3-(4-aryl)-[1,2,4]triazolo[4,3-b]pyridazine derivatives 3a–c
(0.68 g (3a), 0.72 g (3b), or 0.76 g (3c), 0.003 mol) was heated in
15 mL of absolute ethanol for 10 min. Following complete
dissolution, the appropriate aromatic aldehyde such as benz-
aldehyde, 4-hydroxybenzaldehyde, 4-nitrobenzaldehyde, 4-
methylbenzaldehyde or N,N-dimethylbenzaldehyde (0.003 mol)
© 2024 The Author(s). Published by the Royal Society of Chemistry
was added and the reaction mixture was reuxed at 80 °C for
4 h. The reaction was cooled, the crude product was collected
through ltration and puried via recrystallization from hot
ethanol.

2.1.1.2 3-((2-(3-Phenyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)
hydrazono)methyl)phenol (4a). Dark yellow solid: 72% yield; m.p.
229–230 °C; IR (KBr, cm−1) 3425 (OH), 3298 (NH), 3051 (CH
aromatic), 1631 (C]N), 1604 (C]C); 1H NMR (400 MHz, DMSO-
d6) d 11.65 (s, 1H, NH, D2O exchangeable), 9.97 (s, 1H, OH, D2O
exchangeable), 8.47 (s, 2H, Ar–H), 8.09 (s, 2H, Ar–H), 7.56–7.49
(m, 6H, Ar–H), 6.86 (s, 2H, Ar–H); 13C NMR (100 MHz, DMSO-d6)
d 159.4, 153.8, 143.6, 130.6, 130.2, 129.1 (2C), 128.7 (2C), 127.8,
127.5 (2C), 126.0, 125.3, 116.2 (2C), 114.2, 109.8. Anal. calcd for
C18H14N6O (330.35): C, 65.44; H, 4.27; N, 25.44; found, C, 65.31;
H, 4.52; N, 25.70%.

2.1.1.3 6-(2-(4-Nitrobenzylidene)hydrazinyl)-3-phenyl-[1,2,4]
triazolo[4,3-b]pyridazine (4b). Canary yellow solid: 70%; m.p.
226–227 °C; IR (KBr, cm−1) 3390 (NH), 3051 (CH aromatic), 1631
(C]N), 1554 (C]C), 1530, 1338 (NO2);

1H NMR (400 MHz,
DMSO-d6) d 12.15 (s, 1H, NH, D2O exchangeable), 8.45 (d, J =
7.6 Hz, 2H, Ar–H), 8.31 (d, J = 8.0 Hz, 1H, Ar–H), 8.24 (s, 1H, CH
= N), 8.22 (d, J = 6.4 Hz, 2H, Ar–H), 7.95 (d, J = 8.0 Hz, 2H, Ar–
H), 7.67 (d, J = 8.0 Hz, 1H, Ar–H), 7.63–7.59 (m, 2H, Ar–H), 7.56
(d, J = 7.6 Hz, 1H, Ar–H); 13C NMR (100 MHz, DMSO-d6) d 160.7,
153.8, 147.6, 146.4, 141.4, 130.3, 130.0, 129.1 (2C), 127.6 (2C),
127.4 (2C), 126.9, 126.0, 124.4 (2C), 113.9. Anal. calcd for
C18H13N7O2 (359.35): C, 60.16; H, 3.65; N, 27.29; found, C, 60.37;
H, 3.84; N, 27.11%.

2.1.1.4 N,N-Dimethyl-4-((2-(3-phenyl-[1,2,4]triazolo[4,3-b]
pyridazin-6-yl)hydrazono)methyl)aniline (4c). Reddish brown
solid: 72%; m.p. 271–272 °C; IR (KBr, cm−1) 3425 (NH), 3061
(CH aromatic), 2966, 2893 (CH aliphatic), 1612 (C]N), 1566
(C]C); 1H NMR (400 MHz, DMSO-d6) d 11.36 (s, 1H, NH, D2O
exchangeable), 8.50 (d, J= 6.8 Hz, 2H, Ar–H), 8.20 (d, J= 9.2 Hz,
1H, Ar–H), 8.05 (s, 1H, CH = N), 7.61–7.55 (m, 6H, Ar–H), 6.76
(d, J = 8.0 Hz, 2H, Ar–H), 2.98 (s, 6H, N(CH3)2);

13C NMR (100
MHz, DMSO-d6) d 151.6, 146.4, 144.1, 130.1, 129.1 (2C), 128.3
(2C), 127.3 (2C), 125.6, 122.5, 121.6, 114.1, 113.0, 112.4 (2C),
106.1, 40.4 (2C). Anal. calcd for C20H19N7 (357.42): C, 67.21; H,
5.36; N, 27.43; found, C, 67.43; H, 5.50; N, 27.69%.

2.1.1.5 6-(2-Benzylidenehydrazinyl)-3-(p-tolyl)-[1,2,4]triazolo
[4,3-b]pyridazine (4d). Yellow solid: 74% yield; m.p. 269–270 °C;
IR (KBr, cm−1) 3429 (NH), 3151, 3028 (CH aromatic), 2920, 2893
(CH aliphatic), 1631 (C]N), 1562 (C]C); 1H NMR (400 MHz,
DMSO-d6) d 11.68 (s, 1H, NH, D2O exchangeable), 8.39 (d, J =
6.8 Hz, 2H, Ar–H), 8.25 (d, J = 9.5 Hz, 1H, Ar–H), 8.17 (s, 1H, CH
= N), 7.76 (d, J = 6.4 Hz, 2H, Ar–H), 7.60 (d, J = 8.0 Hz, 1H, Ar–
H), 7.47–7.41 (m, 5H, Ar–H), 2.42 (s, 3H, CH3);

13C NMR (100
MHz, DMSO-d6) d 153.9, 146.5, 144.5, 142.9, 139.8, 135.1, 129.8,
129.7 (2C), 129.3 (2C), 127.2 (2C), 127.0 (2C), 126.0, 124.5, 113.6,
21.5. Anal. calcd for C19H16N6 (328.38): C, 69.50; H, 4.91; N,
25.59; found, C, 69.67; H, 5.05; N, 25.78%.

2.1.1.6 6-(2-Benzylidenehydrazinyl)-3-(4-methoxyphenyl)-
[1,2,4]triazolo[4,3-b]pyridazine (4e). Off-white solid: 75% yield;
m.p. 267–268 °C; IR (KBr, cm−1) 3425 (NH), 3151, 3039 (CH
aromatic), 2997, 2920 (CH aliphatic), 1631 (C]N), 1556 (C]C);
1H NMR (400 MHz, DMSO-d6) d 11.67 (s, 1H, NH, D2O
RSC Adv., 2024, 14, 30346–30363 | 30349
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exchangeable), 8.42 (d, J= 8.4 Hz, 2H, Ar–H), 8.22 (d, J= 9.8 Hz,
1H, Ar–H), 8.16 (s, 1H, CH = N), 7.75 (d, J = 6.8 Hz, 2H, Ar–H),
7.58 (d, J = 9.8 Hz, 1H, Ar–H), 7.47–7.39 (m, 3H, Ar–H), 7.14 (d, J
= 8.8 Hz, 2H, Ar–H), 3.86 (s, 3H, OCH3);

13C NMR (100 MHz,
DMSO-d6) d 160.7, 153.9, 146.4, 144.4, 142.8, 135.1, 129.8, 129.3
(2C), 128.9 (2C), 127.0 (2C), 125.9, 119.7, 114.5 (2C), 113.4, 55.8.
Anal. calcd for C19H16N6O (344.38): C, 66.27; H, 4.68; N, 24.40;
found, C, 66.09; H, 4.79; N, 24.63%.

2.1.1.7 3-(4-Methoxyphenyl)-6-(2-(4-methylbenzylidene)hydra-
zinyl)-[1,2,4]triazolo[4,3-b]pyridazine (4f). Dark brown solid: 72%
yield; m.p. 230–231 °C; IR (KBr, cm−1) 3425 (NH), 3151, 3036
(CH aromatic), 2916, 2893 (CH aliphatic), 1616 (C]N), 1562
(C]C); 1H NMR (400 MHz, DMSO-d6) d 11.60 (s, 1H, NH, D2O
exchangeable), 8.43 (d, J= 4.8 Hz, 2H, Ar–H), 8.20 (d, J= 6.4 Hz,
1H, Ar–H), 8.13 (s, 1H, CH = N), 7.63–7.53 (m, 3H, Ar–H), 7.26
(d, J = 4.8 Hz, 2H, Ar–H), 7.15 (d, J = 5.6 Hz, 2H, Ar–H), 3.87 (s,
3H, OCH3), 2.34 (s, 3H, CH3);

13C NMR (100 MHz, DMSO-d6)
d 160.7, 153.9, 152.4, 146.5, 142.9, 139.5, 132.4 (2C), 129.9 (2C),
128.9 (2C), 126.9, 125.9, 119.7, 114.5 (2C), 113.5, 55.8, 21.5. Anal.
calcd for C20H18N6O (358.41): C, 67.02; H, 5.06; N, 23.45; found,
C, 67.23; H, 5.29; N, 23.73%.

2.1.1.8 4-((2-(3-(4-Methoxyphenyl)-[1,2,4]triazolo[4,3-b]
pyridazin-6-yl)hydrazono)methyl)phenol (4g). Yellow solid: 70%
yield; m.p. 224–225 °C; IR (KBr, cm−1) 3491 (OH), 3332 (NH),
3055 (CH aromatic), 2966, 2931 (CH aliphatic), 1631 (C]N),
1562 (C]C); 1H NMR (400 MHz, DMSO-d6) d 11.42 (s, 1H, NH,
D2O exchangeable), 9.96 (s, 1H, OH, D2O exchangeable), 8.42 (d,
J = 8.8 Hz, 2H, Ar–H), 8.17 (d, J = 9.6 Hz, 1H, Ar–H), 8.07 (s, 1H,
CH = N), 7.58 (d, J = 8.4 Hz, 2H, Ar–H), 7.52 (d, J = 9.6 Hz, 1H,
Ar–H), 7.14 (d, J = 8.4 Hz, 2H, Ar–H), 6.85 (d, J = 8.4 Hz, 2H, Ar–
H), 3.86 (s, 3H, OCH3);

13C NMR (100 MHz, DMSO-d6) d 160.7,
159.3, 153.9, 146.4, 144.3, 143.5, 129.0 (2C), 128.7 (2C), 126.1,
125.6, 119.6, 116.2 (2C), 114.5 (2C), 113.8, 55.8. Anal. calcd for
C19H16N6O2 (360.38): C, 63.32; H, 4.48; N, 23.32; found, C, 63.57;
H, 4.41; N, 23.60%.

2.1.1.9 Preparation of 6-(3,5-dimethyl-1H-pyrazol-1-yl)-3-
phenyl-[1,2,4]triazolo[4,3-b]pyridazine (5). Acetyl acetone (0.7 g,
0.007 mol) was added to a solution of 6-hydrazineyl-3-(4-aryl)-
[1,2,4]triazolo[4,3-b]pyridazine derivatives 3a–c (0.007 mol) in
absolute ethanol (10 mL), and the reaction mixture was reuxed
at 80 °C for 6 h. The mixture was allowed to cool at room
temperature, and the product was ltered, dried, and recrys-
tallized from ethanol to give a buff solid: 80% yield; m.p. 139–
140 °C; IR (KBr, cm−1) 3047 (CH aromatic), 2962, 2927 (CH
aliphatic), 1624 (C]N), 1543 (C]C); 1H NMR (400 MHz, DMSO-
d6) d 8.48 (d, J= 9.2 Hz, 1H, Ar–H), 8.29 (s, 2H, Ar–H), 7.96 (d, J=
8.8 Hz, 1H, Ar–H), 7.62 (d, J = 3.6 Hz, 3H, Ar–H), 6.26 (s, 1H, CH
pyrazole), 2.63 (s, 3H, CH3), 2.23 (s, 3H, CH3);

13C NMR (100
MHz, DMSO-d6) d 151.5, 150.4, 147.8, 144.3, 142.1, 130.7, 129.2
(2C), 127.8 (2C), 127.1, 126.3, 117.3, 111.3, 14.8, 13.8. Anal. calcd
for C16H14N6 (290.33): C, 66.19; H, 4.86; N, 28.95; found, C,
65.98; H, 5.02; N, 29.17%.

2.1.1.10 General procedure for the preparation of [1,2,4]tri-
azolo[4,3-b]pyridazine acetohydrazide (6a,b). Acetic anhydride
(0.714 g, 0.007 mol) was added to a solution of 6-hydrazineyl-3-
(4-aryl)-[1,2,4]triazolo[4,3-b]pyridazine derivatives 3a–c (0.007
mol) in glacial acetic acid (10 mL), and the reaction mixture was
30350 | RSC Adv., 2024, 14, 30346–30363
heated under reux at 120 °C for 6 h. The mixture was poured
into 20 mL of ice-cold water. Aer ltration, drying, and
recrystallization from ethanol, the nal crude product was
produced.

2.1.1.11 N0-(3-Phenyl-[1,2,4]triazolo[4,3-b]pyridazin-6-yl)
acetohydrazide (6a). Buff solid: 75% yield, m.p. 159–160 °C; IR
(KBr, cm−1) 3383, 3232 (2 NH), 3097 (CH aromatic), 2993 (CH
aliphatic), 1685 (C]O), 1631 (C]N), 1589 (C]C); 1H NMR (400
MHz, DMSO-d6) d 9.72 (s, 1H, NH, D2O exchangeable), 8.44 (d, J
= 7.6 Hz, 3H, Ar–H), 8.11 (d, J= 9.8 Hz, 1H, Ar–H), 7.59–7.53 (m,
3H, Ar–H + NH, D2O exchangeable), 6.97 (d, J = 9.8 Hz, 1H, Ar–
H), 2.01 (s, 3H, CH3);

13C NMR (100 MHz, DMSO-d6) d 174.3,
169.4, 154.8, 146.3, 144.4, 130.1, 129.1 (2C), 127.2 (2C), 125.2,
115.0, 21.0. Anal. calcd for C13H12N6O (268.28): C, 58.20; H,
4.51; N, 31.33; found, C, 58.47; H, 4.63; N, 31.50%.

2.1.1.12 N0-(3-(4-methoxyphenyl)-[1,2,4]triazolo[4,3-b]
pyridazin-6-yl)acetohydrazide (6b). Brown solid: 75% yield m.p.
164–165 °C; IR (KBr, cm−1) 3483, 3240 (2 NH), 3008 (CH
aromatic), 2947, 2908 (CH aliphatic), 1685 (C]O), 1620 (C]N),
1577 (C]C); 1H NMR (400 MHz, DMSO-d6) d 9.83 (s, 1H, NH,
D2O exchangeable), 8.39 (d, J = 8.4 Hz, 3H, Ar–H + NH, D2O
exchangeable), 8.10 (d, J= 9.8 Hz, 1H, Ar–H), 7.12 (d, J= 8.4 Hz,
2H, Ar–H), 6.96 (d, J = 9.8 Hz, 1H, Ar–H), 3.85 (s, 3H, OCH3),
2.02 (s, 3H, CH3);

13C NMR (100 MHz, DMSO-d6) d 174.1, 169.5,
160.7, 154.7, 146.3, 144.1, 128.8 (2C), 125.3, 119.7, 114.5 (2C),
55.8, 21.1. Anal. calcd for C14H14N6O2 (298.31): C, 56.37; H,
4.73; N, 28.17; found, C, 56.70; H, 4.95; N, 28.41%.
2.2 Biological testing

The biological assays were completed using the previously dis-
closed methods, and they are included in the ESI;† anti-
proliferative activity screening by NCI,41–45 MTT assay,46 PI3K-
Akt-mTOR pathway evaluation,31 caspase-9 activity assay,47 cell
cycle analysis,48 and apoptosis assay.49
2.3 In silico studies

2.3.1 Docking studies. Protein Data Bank was used to
obtain the crystal structures of c-Met (PDB ID: 3CCN, resolution:
1.90 Å) and Pim-1 (PDB ID: 3BGQ, resolution: 2.00 Å). The
MOE2014 program was implemented to achieve the docking
investigation. First, water molecules were taken out of the
crystal structures of c-Met and Pim-1. The proteins were then
protonated and put through an energy-minimization process.
The target proteins' active sites were consequently outlined.
ChemBioDraw Ultra 14.0 was applied to construct the structures
of the synthesized derivatives, compounds I and IV (used as
reference standards), and the les were saved in MDL-SD
format. The MOE program was used to open the le to display
the protonated and energy-minimized 3D structures. Previ-
ously, the co-crystallized ligands were docked against the iso-
lated pocket of the relevant enzymes' active sites to validate the
docking procedure. The generated RMSD value demonstrated
the process's viability. The tested compounds were nally
docked using the dock option that was added to the computed
window. Using the Triangle Matcher placement method and the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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London dG scoring function, 30 docked poses were developed
for each docked molecule.

2.3.2 Prediction of physicochemical, pharmacokinetic, and
ADME properties. For the most efficacious compounds 4a and
4g, the physicochemical descriptors, pharmacokinetic charac-
teristics, ADME, and drug-like nature were calculated using the
SwissADME web tool, which is offered by the Swiss Institute of
Bioinformatics (SIB). The structures were uploaded as SMILES
notations to the web server for calculation.

3. Results and discussion
3.1 Chemistry

The new series of triazolo[4,3-b]pyridazine compounds 4a–g, 5,
and 6a,b is depicted in Scheme 1. First, 3-(2-
arylidenehydrazinyl)-6-chloropyridazine derivatives 1a–c were
generated by reuxing 3-chloro-6-hydrazinopyridazine with the
relevant aromatic aldehydes in absolute ethanol and glacial
acetic acid.38 Moreover, 6-chloro-3-arylidene-[1,2,4]triazolo[4,3-
b]pyridazine derivatives 2a–c were obtained by heating
compounds 1a–c under reux at 80 °C in a mixture of ferric
chloride and ethanol.39 Compounds 2a–c were heated under
reux at 80 °C with hydrazine hydrate in absolute ethanol to
yield 6-hydrazinyl-3-arylidene-[1,2,4]triazolo[4,3-b]pyridazine
derivatives 3a–c.40 New derivatives of 6-(2-arylidenehydrazinyl)-
3-aryl-[1,2,4]triazolo[4,3-b]pyridazine (4a–g) were delivered by
Scheme 1 Synthetic pathway of novel triazolo[4,3-b]pyridazine 4a–g, 5

© 2024 The Author(s). Published by the Royal Society of Chemistry
heating compounds 3a–c under reux at 80 °C with the appro-
priate aromatic aldehydes in absolute ethanol. Besides, 6-(3,5-
dimethyl-1H-pyrazol-1-yl)-3-phenyl-[1,2,4]triazolo[4,3-b]pyr-
idazine (5) was created by reacting compounds 3a with acety-
lacetone in absolute ethanol.50 Finally, [1,2,4]triazolo[4,3-b]
pyridazine acetohydrazide compounds (6a,b) were obtained by
reuxing acetic anhydride with the key intermediates 3a and 3c
at 120 °C, respectively, in glacial acetic acid.

The retrieved derivatives' structures were supported by
spectral and elemental data. The 1H NMR spectra of
compounds 4a–g showed distinctive downeld singlet signals
corresponding to the NH group of the hydrazone moiety, with
d values ranging from d 11.36 to 12.15 ppm. As a stark example,
the stretching bands in the IR spectrum for compound 4a were
located at 3425 cm−1 for the OH group and 3298 cm−1 for the
NH group. Two downeld singlet signals, corresponding to the
NH and OH groups, were noticed in the 1H NMR spectrum of
compound 4a at d = 11.65 and 9.97 ppm, respectively. On the
other hand, the 1H NMR spectrum of compound 5 demon-
strated a sharp singlet peak at d = 6.26 ppm representing the
CH of the pyrazole ring, in addition to two strong up-eld peaks
at d = 2.63 and 2.23 ppm corresponding to the two CH3 groups
attached to the pyrazole ring, which were conrmed by the 13C
NMR spectrum showing two peaks at d = 14.8 and 13.8 ppm.
Moreover, the 1H NMR spectra of derivatives 6a,b exhibited one
singlet peak at d= 9.72 ppm, corresponding to one of the NH of
, and 6a,b.

RSC Adv., 2024, 14, 30346–30363 | 30351
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Table 1 GI% of the synthesized compounds 4a–g, 5, and 6a,b against 60 tumor cell lines at 10 mMac

Panel/cell lines

Compounds 4a 4b 4c 4d 4e 4f 4g 5 6a 6b

Leukemia
CCRF-CEM 82.45 — — — — — 85.88 — — —
RPMI-8226 72.66 — — 19.37 — — 86.88 — — —

NSC lung cancer
A549/ATCC 24.99 — — — 21.90 66.62 41.49 — — —
EKVX 37.00 — 21.18 23.07 — 31.76 62.20 — — —
HOP-62 — — — — — 29.57 — — — —
HOP-92 31.71 — 29.78 29.46 29.15 81.11 68.67 — — —
NCI-H226 — — — — 42.42 45.38 22.48 — — —
NCI-H23 27.96 — 38.62 39.55 — 49.25 67.47 — — —
NCI-H322M 17.16 — — — — — 38.06 — — —
NCI-H460 25.61 — 18.89 31.51 — 48.83 55.73 — — —
NCI-H522 31.41 — 40.80 — — — 53.35 25.34 — —

Colon cancer
COLO-205 — — — — — 20.07 43.51 — — —
HCC-2998 — — — — — 20.85 85.07 — — —
HCT-116 37.12 — — — — 21.17 72.71 — — —
HCT-15 34.22 — 19.56 30.81 — 50.02 73.30 — — —
HT29 — — — — — 17.40 — — — —
KM12 46.62 — 28.28 42.77 — 31.89 71.51 — — —
SW-620 — — — — — — 32.85 — — —

CNS cancer
SF-268 34.95 — 57.96 42.23 — 40.91 64.19 — — —
SF-295 16.99 — — 47.66 — 43.09 56.41 — — —
SF-539 43.13 — — 19.19 17.17 38.74 63.61 — — —
SNB-19 21.93 — 30.50 — 17.10 — 32.46 — — —
SNB-75 25.31 — 65.40 >100 62.97 >100 46.38 — — —
U251 — — 24.58 24.9 22.16 55.13 32.41 — — —

Melanoma
LOX IMIV 51.37 — 62.55 52.47 29.87 76.27 >100 22.70 — —
MALME-3M — — — — — — 35.83 — — —
M14 — — — 32.66 — 16.52 43.64 — — —
MDA-MB-435 37.50 — — 23.87 — 35.32 54.20 — — —
SK-MEL-2 — — — — — — 26.79 — — —
SK-MEL-28 — — — — — — 30.86 — — —
UACC-257 — — — — — — 17.70 — — —
UACC-62 16.98 — — — — — 41.19 — — —

Ovarian cancer
IGROV1 21.21 — — — — — 60.66 — — —
OVCAR-3 35.66 — 34.65 69.65 — 84.42 62.40 — — —
OVCAR-4 26.85 — 41.36 30.86 — 63.09 52.11 — — —
OVCAR-5 — — — — — — — — — —
OVCAR-8 25.02 — 57.57 — 34.25 58.61 54.60 — — —
NCI/ADR-RES 41.13 — 55.19 15.93 30.10 74.21 73.98 23.93 — —
SK-OV-3 — — — — — 20.16 — — — —

Renal cancer
786-0 46.01 — 18.27 — — 43.09 77.10 — — —
A498 — — — — — — — — — —
ACHN 25.31 — 21.61 — — 41.02 56.52 — — —
CAKI-1 57.00 — 32.25 16.69 — 45.37 78.54 25.28 — —
RXF 393 22.59 — 15.29 — — 37.84 57.34 — — —
SN12C 39.51 — — — — 23.07 57.71 — — —
TK-10 30.62 — — — — 17.28 61.05 — — —
UO-31 49.79 — 18.89 15.52 — 66.50 69.74 >100 — —

30352 | RSC Adv., 2024, 14, 30346–30363 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Panel/cell lines

Compounds 4a 4b 4c 4d 4e 4f 4g 5 6a 6b

Prostate cancer
PC-3 27.08 — 18.94 — — 27.83 59.52 — — —
DU-145 — — 26.64 24.06 — 60.93 48.11 — — —

Breast cancer
MCF7 71.51 — 34.47 52.06 28.54 42.84 86.77 — — —
MDA-MB-231/ATCC — — — — 34.41 34.65 39.44 — — —
HS 578T — — 33.19 53.45 17.35 70.93 53.18 — — —
T-47D 16.17 — 22.66 — — 24.01 54.64 — — —
MDA-MB-468 30.50 — — — — — 51.76 — — —
Mean inhibitionb 29.08 <0 17.68 18.27 7.15 34.83 55.84 <0 — <0

a — GI% is below 15%. b Mean inhibition: GI% values over all NCI-60 cell lines. c Bold: GI% from 70 to 100%.
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the acetohydrazide group in addition to a strong singlet peak at
d = 2.01 ppm in 6a and 2.02 ppm in 6b representing the CH3

group of the acetohydrazide part. The previously mentioned
data were conrmed by the IR spectra, which showed two bands
at the range of 3483–3232 cm−1 for the two NH groups and
1685 cm−1 for the amidic C]O group in 6a,b, in addition to the
13C NMR spectra, which displayed characteristic peaks at d =

174.3 ppm in 6a and 174.1 ppm in 6b corresponding to the
amidic C]O and a peak at d = 21.0 ppm corresponding to the
CH3 groups in 6a,b.
3.2 Biological evaluation

3.2.1 In vitro antiproliferative assay on NCI 60-cell lines.
The National Cancer Institute (USA) evaluated the anti-
proliferative activity of ten newly synthesized triazolo[4,3-b]
Fig. 3 Structure–activity relationship (SAR) of the synthesized triazolo[4

© 2024 The Author(s). Published by the Royal Society of Chemistry
pyridazine derivatives (4a–g, 5, and 6a,b) as part of the devel-
opmental therapeutic program (DTP).41–45 One dose (10 mM) of
the substances was evaluated against 60 human tumor cell
lines. Different antiproliferative effects of the compounds are
shown in Table 1 as growth inhibition percentages (GI%). The p-
methoxy-p-hydroxy-triazolopyridazine hydrazone derivative 4g
was the most active compound against various numerous
cancer cell lines, with amean growth inhibition percent of 55.84
showing strong antiproliferative activity against 10 cell lines,
including leukemia (CCRF-CEM with GI% 85.88 and RPMI-8226
with GI% 86.88); colon cancer (HCC-2998 with GI% 85.07, HCT-
116 with GI% 72.71, HCT-15 with GI% 73.30, and KM12 with
GI% 71.51); ovarian cancer (NCI/ADR-RES with GI% 73.98);
renal cancer (786-0 with GI% 77.10, CAKI-1 with GI% 78.54),
and breast cancer (MCF7 with GI% 86.77).
,3-b]pyridazine derivatives.

RSC Adv., 2024, 14, 30346–30363 | 30353
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In addition, it displayed moderate activity against 35 cell
lines with a GI% range between 30.86 and 69.74 and lethal
activity against melanoma LOX IMIV. Substituting the p-
hydroxy group in 4g with the p-methyl group and maintaining
the p-methoxy group yielded the derivative 4f with a mean
growth inhibition percent of 34.83. Compound 4f demonstrated
strong antiproliferative activity against NSC lung cancer (HOP-
92 with GI% 81.11), ovarian cancer (OVCAR-3 with GI% 84.42
and NCI/ADR-RES with GI% 74.21), and breast cancer (HS 578 T
with GI% 70.93).

Moreover, it produced moderate activity against 22 cell lines
with GI% ranging from 31.76 to 66.62 and lethal activity against
the CNS cancer SNB-75. On the other hand, compound 4a,
which resulted from the removal of the p-methoxy group of 4g,
displayed a mean growth inhibition percent of 29.08 and dis-
played strong anticancer activity against leukemia (CCRF-CEM
with GI% 82.45 and RPMI-8226 with GI% 72.66) and breast
cancer (MCF7 with GI% 71.51) as well as moderate activity
against 18 cancer cell lines with GI% ranging from 30.62 to
57.00. The absence of both p-methoxy and p-hydroxy substitu-
ents resulted in derivatives with low to moderate cytotoxic
activity (compound 4b). Replacement of the hydrazone moiety
with either a pyrazole ring (compound 5) or acetohydrazide
group (derivatives 6a,b) resulted in compounds with demol-
ished cytotoxicity, which conrmed the importance of the
hydrazone part in the anticancer activity of the synthesized
compounds.

Structure–activity relationship studies (SAR) were studied for
the synthesized triazolo[4,3-b]pyridazine derivatives 4a–g, 5,
and 6a,b. The percentage inhibition pattern for the compounds
showed that the benzylidene group is essential for showing any
degree of antiproliferative activity, and methoxy substitution on
the phenyl ring shows the best cytotoxicity except for the
unsubstituted benzylidene derivative. Moreover, hydroxy
substitution on the benzylidene ring displayed optimal anti-
proliferative activity. Electron-donating groups on the benzyli-
dene moiety were required to show cytotoxic activity, while
substitution with electron-withdrawing groups resulted in
demolished cytotoxicity, as shown in Fig. 3.

3.2.2 MTT assay and selectivity index (SI) calculation.
Based on the NCI single-dose screening growth inhibition
percentages, a preliminary test was conducted to estimate
compounds 4a and 4g antiproliferative activity against the
breast cancer cell line MCF7. The Mosmann's MTT colorimetric
Table 2 In vitro cytotoxicity IC50 of compounds 4a and 4g against
breast cancer cell line MCF7 and normal cell line MCF-10a compared
to staurosporine

Compounds

Cytotoxicity IC50 mM � SDa

Selectivity indexMCF7 MCF10a

4a 2.97 � 0.18 15.80 � 2.92 5.32
4g 0.56 � 0.03 10.70 � 0.56 19.11
Staurosporine 8.04 � 0.48 18.32 � 8.03 2.28

a IC50 is presented as a mean of 3 experiments.

30354 | RSC Adv., 2024, 14, 30346–30363
assay protocol was followed.46 Moreover, the experiments were
conducted using staurosporine as a reference drug. Based on
the outcomes, growth inhibitory concentration (IC50) values
were calculated, indicating the concentration inhibited 50% of
cell growth aer 72 h (Table 2). According to cytotoxicity studies,
compound 4g had the greatest antiproliferative effect on the
MCF7 breast cell lines, followed by compound 4a with IC50 =

0.56 ± 0.03 and 2.97 ± 0.18 mM, respectively, compared to the
IC50 of staurosporine of 8.04 ± 0.48 mM. In addition, chemo-
therapeutic agents have undesirable side effects on normal
cells. This is attributed to the undistinguishable cytotoxicity of
anticancer drugs. Therefore, we assessed the effect of
compounds 4a and 4g on the human mammary epithelial cell
line (MCF10a) as a normal breast cell. Besides, the selectivity
index (SI) was calculated to measure the degree of toxicity of
these derivatives on normal breast cell lines. Table 2 shows the
results of SI against normal cells. The SI was calculated by
comparing the cytotoxicity (IC50) of the normal breast cell line
(MCF10a) with the breast cancer cell line (MCF7). The results
revealed that compound 4g was the most selective to breast
cancer cell line (MCF7) with an IC50 of 10.70± 0.56 mM and SI of
19.11. Compound 4a scored an IC50 value of 15.80± 2.92 mM for
MCF10a with SI = 5.32 compared to staurosporine, which
scored an IC50 value of 18.32 ± 8.03 mM with SI = 2.28.

3.2.3 Enzyme inhibitory assays. As compounds 4a and 4g
exhibited promising cytotoxic activity, their inhibitory nature as
dual c-Met and Pim-1 kinases was examined in vitro as part of
our attempts to understand the mechanism of these
compounds. The 4a and 4g proles against c-Met and Pim-1
kinases were estimated using standard assay procedures. The
results are presented in Table 3 and Fig. 4 as the 50% inhibition
concentration value (IC50) derived from the concentration
inhibition response curve compared with staurosporine.
Compound 4g inhibited both c-Met and Pim-1 kinases with IC50

of 0.163± 0.01 and 0.283± 0.01 mM compared to staurosporine,
which showed IC50 of 0.277 ± 0.017 and 0.468 ± 0.02 mM with
both c-Met and Pim-1 kinases, respectively. On the other hand,
compound 4a showed lower inhibition against c-Met and Pim-1
kinases with IC50 of 0.452 ± 0.028 and 0.712 ± 0.03 mM,
respectively. According to these biological ndings, compounds
can dually inhibit c-Met and Pim-1 kinases associated with its
antiproliferative activity.

3.2.4 Evaluation of the PI3K-Akt-mTOR pathway. To
determine the molecular mechanism by which compound 4g
triggers apoptosis in cancer cells and identify this pathway's
target, we examined the PI3K-Akt-mTOR pathway. Several bio-
logical mechanisms are part of the PI3K-Akt-mTOR pathway
Table 3 IC50 values of compounds 4a and 4g on c-Met and Pim-1
enzymes compared to staurosporine as a reference drug

Compounds c-Met IC50
a (mM � SD) Pim-1 IC50

a (mM � SD)

4a 0.452 � 0.028 0.712 � 0.03
4g 0.163 � 0.01 0.283 � 0.01
Staurosporine 0.277 � 0.017 0.468 � 0.02

a IC50 is presented as the mean of three independent experiments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Graph showing IC50 inhibition of both c-Met and Pim-1 kinases of compounds 4a and 4g in comparison to staurosporine.
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that contribute to the spread of cancer, including cell division,
migration, angiogenesis, and metastasis. To assess the capa-
bility of compound 4g in inhibiting phosphorylation within the
PI3K-Akt-mTOR pathway in breast cancer cell lines MCF7, it was
evaluated at its IC50 value, which was determined to be 0.56 mM.
Compound 4g was found to strongly inhibit PI3K phosphory-
lation by 55.5% compared to MCF7 cells that were not treated
(Fig. 5). As compared with staurosporine, PI3K phosphorylation
was inhibited by 34.6%. Moreover, compound 4g suppressed
the phosphorylation of AKT and mTOR by 76.6% and 74.6%,
respectively, compared to staurosporine, which inhibited p-AKT
and p-mTOR by 69.02% and 71.16%, respectively. These
Fig. 5 The plot shows the down-regulation of phosphorylation of PI3K-
cation of compound 4g, versus staurosporine and untreated control cel

© 2024 The Author(s). Published by the Royal Society of Chemistry
ndings demonstrated that compound 4g down-regulated PI3K,
Akt, and mTOR protein phosphorylation.

3.2.5 Caspase 9 activity determination of compound 4g. A
caspase-9 assay was then conducted using the most active
compound, 4g, to detect whether this compound could induce
apoptosis in breast cancer MCF7 cells compared to control
untreated cells and staurosporine as the reference drug.47

Compound 4g signicantly boosted the level of apoptotic
caspase-9 by 11.6-fold, while staurosporine increased its level by
7.19-fold (Fig. 6). This suggested that compound 4g triggered
apoptosis through caspase-9 activation.
Akt-mTOR pathway in breast cell line MCF7 cells following the appli-
ls.
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Fig. 6 Graphical representation for active caspase-9 assays of
compound 4g compared to staurosporine as a control.
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3.2.6 Analysis of cell cycle. An antitumor agent can induce
apoptosis by activating signaling pathways in the cell, which
can cause an arrest in a particular cell cycle phase. An analysis
Fig. 7 Cell cycle analysis in the breast MCF7cell line. (A) Graphical diagram
Control MCF7. (C) Treatment with compound 4g.

30356 | RSC Adv., 2024, 14, 30346–30363
of the cell cycle was conducted through ow cytometry, which
monitors cell growth in different cell cycle phases (pre-G1, G1, S,
and G2/M) to distinguish between cells within different cell
cycle phases.48 An investigation into the cell cycle arrest phase
in the MCF7 breast cancer cell line was carried out by studying
the effect of the most active compound, 4g, on cell cycle
progression, and DMSO was used as a negative control. Fig. 7
shows the effects of compound 4g on the cell population of
MCF7 cells in different cell phases when treated with its IC50

value (0.56 mM). A drop in the cell population of MCF7 cells
exposed to compound 4g at the G0/G1 and G2/M phases was
recorded at 10.48% (from 59.14% to 52.94%) and 46.84% (from
7.778% to 4.13%), respectively. Additionally, in comparison
with the control (DMSO), a marked increase in the proportion of
cells in the S phase was observed (1.29-fold). Based on the
results of this study, it appears that the target derivative 4g has
caused an arrest in the proliferation of MCF7 cells in the S
phase.
for the distribution of cell cycle analysis in treated and control cells. (B)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 After treatment with compound 4g, the distribution of
apoptotic cells was determined using the annexin V/PI dual staining
assay in MCF7 cells

Compound

Apoptosis

NecrosisTotal Early Late

4g/MCF7 48.56 25.16 18.13 5.27
Cont. MCF7 1.64 0.36 0.18 1.1
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3.2.7 Evaluation of apoptosis by annexin V. The most
important mechanism of action of anticancer agents is the
induction of apoptosis in cancer cells. Dual staining for
annexin-V and propidium iodide (PI) permits discrimination
between different apoptotic stages of cells.49 The annexin-V/PI
dual-staining method was employed for cytometric analysis to
differentiate between apoptosis and necrosis modes of cell
death in MCF7 cells in response to the most potent compound,
4g. As shown in Table 4 and Fig. 8, aer 24 h of exposure to
compound 4g at its IC50 concentration (0.56 mM), a decrease in
the percentage of MCF7 cells that survived was observed. There
was an increase in the percentage of apoptotic cells in the early
apoptosis phase from 0.36% to 25.16% and a signicant
increase in the late apoptosis phase from 0.18% to 18.13%. It
corresponds to a 29.61-fold increase in the percentage of total
apoptosis (from 1.64% to 48.56%) compared to the control. The
outcomes of this study lead to the conclusion that the
Fig. 8 Annexin V positive staining in MCF7 breast cells after compound 4
and control cells. (B) Control MCF7. (C) Treatment with compound 4g.

© 2024 The Author(s). Published by the Royal Society of Chemistry
antiproliferative effects exhibited by the target derivative 4g are
attributed to its inherent apoptotic properties.

3.3 In silico studies

3.3.1 Molecular docking studies. Compound I was used as
a reference ligand in molecular docking studies against c-Met
(PDB ID: 3CCN) to look at potential binding interactions with
the target receptor. In this study, we also considered the
binding free energy (G) between the docked molecules and the
active sites in addition to the appropriate binding mode. The
reported binding mode against c-Met involves important
interactions with several crucial amino acid residues, including
a hydrogen bond interaction with Met 1160 and a stack inter-
action with Tyr1230. The binding free energies are presented in
Table 5. To validate the accuracy of the docking process, the
docking procedures were initially executed solely for the co-
crystallized ligand within the active pocket. The created RMSD
value between the docked molecule's new position and the
initial one is 1.29. This demonstrated that the docking proce-
dure was valid (Fig. 9). The binding mode of compound I with c-
Met as a reference ligand revealed a binding free energy of
−9.45 kcal mol−1.

One hydrogen bond was created between the amino acid
residue Asp1222 and the hydrogen bond acceptor (N1 of the
triazole ring). Due to the hydrophobic interaction, two hydro-
phobic bonds were formed between Tyr1230 and the tri-
azolopyridazine core group. Additionally, the phenol moiety
g treatment. (A) Diagram showing the apoptosis and necrosis in treated
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Fig. 9 2D and 3D diagrams of compound I interactions with c-Met (PDB ID: 3CCN) (in 3D figure hydrogen bonds are represented in red and
hydrophobic interactions in blue).

Table 5 Table illustrating the docking energy scores (S) in kcal mol−1, the amino acids, and their interaction types, and the distance of the active
compounds 4a and 4g within the c-Met and Pim-1 active sites

Compound/enzyme S (kcal mol−1) Amino acids Interaction types Distance (Å)

4a/c-Met −7.49 Ile1084 p–H 4.49
Tyr1230 p–p 3.59
Met1160 HB acceptor 2.76
Pro1158 HB donor 2.70

4g/c-Met −8.55 Ile1084 p–H 4.24
Ile1084 p–H 3.93
Met1160 HB acceptor 3.11
Met1160 HB acceptor 3.20

I/c-Met −9.45 Tyr1230 p–H 4.08
Val1092 p–H 4.01
Tyr1230 p–p 3.95
Tyr1230 p–p 3.73
Met1160 HB acceptor 3.06
Asp1222 HB acceptor 3.40
Val1092 p–H 4.15
Met1211 p–H 3.68

4a/Pim-1 −7.97 Lys67 HB acceptor 3.42
Lys67 HB acceptor 3.44
Val52 p–H 3.91
Val52 p–H 4.27
Val52 p–H 3.99
Ile185 p–H 4.08
Ile185 p–H 4.09
Phe49 p–p 3.73
Asp128 HB donor 3.09

4g/Pim-1 −8.24 Lys67 HB acceptor 3.27
Val52 p–H 4.23
Val52 p–H 4.01
Asp128 HB donor 3.17
Asp131 HB donor 3.25

IV/Pim-1 −9.05 Lys67 HB acceptor 3.02
Lys67 HB acceptor 3.11
Val52 p–H 4.56
Ile185 p–H 4.04
Ile185 p–H 4.26
Ile185 p–H 4.46
Phe49 p–p 3.95

30358 | RSC Adv., 2024, 14, 30346–30363 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 2D and 3D interaction diagrams of derivative 4a and 4g interactions with c-Met in 2D and 3D diagrams.
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formed two hydrophobic interactions with Met1211 and
Val1092 through the phenyl ring, forming a hydrogen bond via
its O with Met1160. These results closely match the described
data.28 Similar to the vital interactions of compound I, the target
molecules interacted with the active site of c-Met in a manner
that demonstrated binding mode. The binding affinity of
Fig. 11 2D and 3D diagrams of compound IV interactions with Pim-1 (P

© 2024 The Author(s). Published by the Royal Society of Chemistry
compound 4a was −7.49 kcal mol−1. The critical amino acid
residue Tyr1230 formed a p–p stack interaction with the tri-
azolopyridazine core. The terminal phenol group formed
a bifurcated hydrogen bond interaction with Met1160 and
Pro1158 through the HBA/HBD (OH) substituent and was
incorporated in a hydrophobic interaction with Ile1084 through
DB ID: 3BGQ).

RSC Adv., 2024, 14, 30346–30363 | 30359
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its phenyl group. Compound 4g exhibited binding energy up to
−8.55 kcal mol−1. First, the N1 and N2 of the triazolo ring
functioned as hydrogen bond acceptors and formed two
hydrogen bonds with Met1160 which may contribute to its
potency. Second, the phenoxy side chain's triazolopyridazine
core and phenyl moiety formed three hydrophobic bonds with
Ile1084 and Val1092. Third, the phenyl group of the phenol
moiety formed a p–p stack interaction with the crucial amino
acid residue Tyr1230 (Fig. 10).

To prove the dual action of our derivatives, a docking study
was carried out on Pim-1 (PDB ID 3BGQ) using compound IV as
a reference ligand.29 The docking process was validated, and the
ligand achieved −9.05 kcal mol−1 binding free energy with an
RMSD value of 1.22. There were two crucial interactions,
a hydrogen bond with Lys67 and a hydrophobic interaction with
Val52 amino acid residues, besides other hydrophobic interac-
tions (Fig. 11). It was found that compound 4a bound to the
active pocket with a binding energy of−7.97 kcal mol−1 through
three hydrogen bond interactions, two with Lys67 via N1 of the
triazole moiety as HBA, and the third one between the Asp128
residue and the OH of the phenol ring as HBD. In addition to
the hydrogen bonds, the derivative 4a formed many hydro-
phobic interactions with Val52, Phe49, and Ile185 amino acids.
In the same context, compound 4g was effectively linked to the
active pocket through different types of hydrogen bonds with
Fig. 12 2D and 3D diagrams of compound 4a and 4g interactions with

30360 | RSC Adv., 2024, 14, 30346–30363
Lys67, Asp128, and Asp131, which could be the reason for its
potency, besides two hydrophobic interactions with Val52
(Fig. 12). The binding energy with the receptor was
−8.24 kcal mol−1.

3.3.2 Prediction of physicochemical, pharmacokinetic, and
ADME properties. The most potent triazolopyridazine deriva-
tives, 4a and 4g, are available from the Swiss Institute of Bio-
informatics (SIB) using the SwissADME online tool, which is
used to calculate the physicochemical properties, predict the
pharmacokinetic properties, and determine how drug-like they
are.51 By examining their pharmacokinetic characteristics and
biological efficacy, compounds 4a and 4g are promising
candidates. The ESI† shows the data that has been condensed.
The compounds 4a and 4g that were submitted displayed no
BBB permeability, a predicted WLOGP value of 2.75 and 2.76,
respectively, were moderately water-soluble, had a high GIT
absorption rate (high oral bioavailability), and did not exhibit
any expected CNS side effects. Fig. 13 shows the BOILED-egg
graph for the proposed compounds 4a and 4g of the WLOGP
vs. TPSA (Topological Polar Surface Area).52 In the region of
human intestinal absorption (HIA) with no BBB permeability,
compounds 4a and 4g have been identied.

Additionally, this graph demonstrates that compounds 4a
and 4g are not P-glycoprotein substrates (PGP), which means
they are immune to the transporter's efflux system, which many
Pim-1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Predicted boiled-egg plot from SwissADME online web tool for compounds 4a and 4g.
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tumor cell lines use as a mechanism for drug resistance.
Compounds 4a and 4g, according to the SwissADME online web
tool, fulll the criteria for drug-likeness established by the
major pharmaceutical companies due to their high molecular
weight and log P. According to the computational analysis of the
physicochemical and pharmacokinetic properties, compounds
4a and 4g have promising pharmacokinetic and biological
efficacy characteristics.
4. Conclusion

New series of triazolo[4,3-b]pyridazine derivatives 4a–g, 5, and
6a,b were successfully created. The NCI-60 human cancer cell
line panel was used to screen the synthesized compounds'
anticancer activity. Compounds 4a and 4g demonstrated
extensive antiproliferative activity on various cell lines. The
most effective derivatives against the breast cancer cell line
MCF7 were compound 4a and compound 4g, with IC50 values of
2.97 ± 0.18 and 0.56 ± 0.03 mM, respectively. While compound
4g displayed higher inhibition on c-Met with an IC50 of 0.163 ±

0.01 and Pim-1 with an IC50 of 0.283 ± 0.01 mM, compound 4a
displayed lower dual inhibition of c-Met and Pim-1 with IC50

values of 0.452 ± 0.028 and 0.712 ± 0.03 mM, respectively.
According to an annexin V-FITC/PI assay, the most potent
compound, 4g, signicantly increased the early and late
apoptosis phases in MCF-7 cells, respectively, from 0.36 to
25.16% and from 0.18 to 18.13%. An increase of 11.6-fold in the
amount of apoptotic caspase-9 served as additional support for
this evidence. In addition, cell cycle analysis results revealed
that derivative 4g ceased the proliferation of MCF-7 cancer cells
in the S phase. These ndings conrm 4g's cytotoxic potential
and could make it a candidate for additional biological testing.
According to the ndings of a molecular docking study, the
binding pattern of compound 4g is consistent with its dual c-
Met and Pim-1 inhibitory activity. Based on the promising
antiproliferative activities demonstrated by the synthesized
© 2024 The Author(s). Published by the Royal Society of Chemistry
benzylidene derivatives, future work will involve synthesizing
new derivatives by incorporating heteroaryl aldehydes such as
pyridine, pyrimidine, pyrazole, and imidazole. Additionally,
various aryl groups with electron-withdrawing and electron-
donating properties will be introduced to further explore and
test their biological activities.
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