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Synthesis of novel bioactive pyrido[2,3-d]
pyrimidine derivatives with potent cytotoxicity
through apoptosis as PIM-1 kinase inhibitorsT
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Direct synthesis and cytotoxicity activity of new series of pyrido[2,3-dlpyrimidine was described.
Nicotinamide 2 was synthesized via cyclization of N-cyclohexyl derivative with cyanoacetamide. The o-
aminonicotinonitrile 2 was subjected to acylation or thio acylation process followed by intramolecular
heterocyclization to afford the desired pyrido[2,3-d]pyrimidine (3—10) and pyrido triazine 11. Compounds
4 and 11 exhibited remarkable cytotoxicity against MCF-7 cells with ICsq values of 0.57 uM and 1.31 uM
and ICsq values of 1.13 uM and 0.99 uM against HepG2 cells. Interestingly, compounds 4 and 10 had
potent PIM-1 kinase inhibition with ICsq values of 11.4 and 17.2 nM, respectively, with inhibition of 97.8%
and 94.6% compared to staurosporine (ICsqo = 16.7 nM, with 95.6% inhibition). Moreover, compound 4

significantly activated apoptosis in MCF-7 cells, increasing the cell apoptosis by 58.29-fold by having
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Accepted 30th March 2024 36.14% total apoptosis in treated cells compared to 0.62% for control. Moreover, it arrested the cell cycle

at the G1 phase. PIM-1 kinase inhibition was virtually elucidated by the molecular docking study,
highlighting binding interactions of the lead compound 4 towards the PIM-1 protein. Accordingly,
compound 4 was validated as a promising PIM-1 targeted chemotherapeutic agent to treat breast cancer.
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1 Introduction

Cancer is among the worst diseases that people face today. It
ranks as the world's second-leading killer.»” Cancer ranks high
among the leading causes of mortality on a global scale,
according to global statistics.*>* Modern medicine increasingly
relies on medicinal chemists to identify targeted chemotherapy
drugs.>® By binding to specific molecular targets, these medi-
cations cause severe damage to cancer cells, therefore inhibit-
ing their proliferation.”® Because of their many biological uses,
pyridine nuclei are significant nitrogen-containing heterocyclic
systems. Important biological processes include anticancer,’
anti-Alzheimer's disease,’ antibacterial,"™ antitubercular,?
antifungal,” anti-inflammatory** activities, and the manage-
ment of several cardiovascular disorders, including hyperten-
sion and angina.* In addition, pyridine derivatives were shown
to halt the proliferation of human MCF-7 and HepG-2 cancer
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cells by increasing JNK levels and causing G2/M phase arrest via
a p53-p21-driven pathway. Among the many well-known phar-
macophores in medicinal chemistry are pyridopyrimidines and
other bicyclic nitrogen-containing heterocyclic compounds. A
great deal of research has focused on pyrido[2,3-d]pyrimidines.
There have been reports of their anticonvulsant, antibacterial,
anticancer, antipyretic, and analgesic properties. PIM-1 is
highly expressed in many different types of cancer and has an
impact on carcinogenesis, cell cycle progression, cell prolifera-
tion, cell death, and cell migration, making it a promising target
for the development of new cancer drugs. The phosphorylation
and regulation of several proteins involved in cell survival,
proliferation, and apoptosis are crucial functions of PIM-1
kinase, which is why it is associated with numerous cancer
forms.' It has been shown to be excessively expressed in
numerous forms of solid tumors such as prostate as well as
hematological malignancy such as leukemia, multiple
myeloma, and diffuse large B cell lymphomas (DLBCL)."” Fig. 1
shows a number of pyridine and pyridopyrimidine (I-IV)
compounds that have potent anticancer effects, and it also
includes some of our earlier publications on cyanopyridine-
based compounds that have been demonstrated to be effec-
tive PIM-1 kinase inhibitors that induce cell death."*>°
Accordingly, new series of pyridines and pyridopyrimidines
were rationally designed and synthesized, as highlighted Fig. 2,
where the three pharmacophoric regions of lipophilic, hydro-
philic moieties with the main scaffold of pyridopyrimidine were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Biologically active pyridine and pyridopyrimidines containing anti-cancer agents (I-V) and cyanopyridine-based compounds (VI-VIII) as
PIM-1 kinase inhibitors.

Cl
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Fig. 2 (A) Molecular modeling of PIM-1 binding site (PDB 20BJ) and the interaction pose with the co-crystallized ligand as a cyano-pyridine
derivative (yellow-colored). (B) Design strategy of the target compound with the anchored pharmacophoric groups; lipophilic moiety (green) and
hydrophilic (red) with the main scaffold (square circled).
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highlighted. It was our intention to synthesize new derivatives
with the same scaffold and different incorporated derivatives
and to assess the anticancer activity of new substituted pyridine
and pyridopyrimidines derivatives for more effective and target-
oriented chemotherapeutics, as well as to study their molecular
target, cytotoxicity, and cell death mechanism in both in situ
and in vitro studies.

It was reported that incorporating pyridine derivatives
exhibited potent anticancer activity against cancer cell lines
such as HepG2 and MCF-7."

2 Material and methods

2.1. Chemistry

All melting points were uncorrected and were measured using an
Electrothermal IA 9100 apparatus. The IR spectra (KBr discs) were
recorded on a Pye Unicam Sp-3-300 or a Shimadzu FTIR 8101 PC
infrared spectrophotometer “Cairo University, Cairo, Egypt”. The
operation frequency was 400 MHz for "H NMR and 100 MHz for
3C NMR using BRUKER 400 MHz spectrometer at Zagazig
University, Faculty of Science, Zagazig, Egypt “Nucleic Acid
Center Research”. Elemental analyses were determined using
PerkinElmer 240 “Cairo University, Cairo, Egypt”. The coupling
constants (/) are given in hertz. The chemical shifts are expressed
on the 6 (ppm) scale using TMS as the standard reference.

3-(4-Chlorophenyl)-2-cyano-N-cyclohexylacrylamide (1) was
synthesized as reported method.* Mp = 178-180 °C. yield 95%
[reported mp = 169-170 °C].

2.1.1. 2-Amino-4-(4-chlorophenyl)-5-cyano-1-cyclohexyl-6-
oxo-1,6-dihydropyridine-3-carboxamide (2). A mixture of
compound 1 (0.01 mol) and cyanoacetatamide (0.01 mol) in
absolute ethanol (25 mL) and piperidine (5 drops) was heated
under reflux for 18 h. The reaction mixture was cooled, and the
obtained solid was filtrated off and washed with ethanol 95%.
White crystals (ethanol), mp = 348-350 °C. Yield 91%. IR (KBr)
spectrum, », cm™ : 3325, 3300 (2NH,), 2210 (C=N) and 1665,
1650, (2C=0, amide). 'H NMR (DMSO-d,), 6 (ppm): 0.72-1.46
(m, 11H, Heyclohexyl), 6-96 (s, 2H, NH,, exchange with D,0), 7.29
(d, 2H, J = 8.80 Hz, Ar-H), 7.51 (d, 2H, ] = 8.80 Hz, Ar-H), 11.45
(s, 2H, NH,, exchange with D,0). *C NMR (DMSO-d;), 6 (ppm):
23.72, 25.04, 25.35, 32.10, 81.61, 116.3 (C=N), 118.6, 128.4,
128.7,129.9, 130.4, 132.8, 133.1, 160.9 and 166.0. Anal. caled for
C10H;4CIN,O, (370.83): C, 61.54; H, 5.16; N, 15.11. Found: C,
61.53; H, 5.14; N, 15.10.

2.1.2. General method for synthesis of pyrido[2,3-d]pyrim-
idine (3-5). To a cold solution of N-cyclohexyl pyridone 2 (0.01
mol) in pyridine (20 mL), the acid chloride (0.01 mol), namely,
(benzoyl chloride; 2,4-dichlorobenzoyl chloride or 2-furoyl
chloride) was added gradually. The reaction mixture was stirred
at r.t. for 2 h (monitored by TLC). The mixture was diluted with
water (20 mL), and the stirring was continued for an additional
30 min. The formed precipitate was filtered off and recrystal-
lized from EtOH.

2.1.3. 5-(4-Chlorophenyl)-8-cyclohexyl-4,7-dioxo-2-phenyl-
3,4,7,8-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile (3)-
White powder, mp = 226-228 °C. Yield 59%. IR (KBr) spectrum,
v, em™": 3279 (NH), 2211 (C=N) and 1664 (2C=0, amide). 'H
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NMR (DMSO-ds), 6(ppm): 1.08-1.66 (m, 11H, Heyeiohexy), 7-25 (d,
2H, ] = 8.40 Hz, Ar-H), 7.32 (d, 2H, J = 8.48 Hz, Ar-H), 7.38 (m,
2H, Ar-H), 7.50 (t, 1H, J = 7.69 Hz, Ar-H), 8.17 (d, 2H, J =
8.40 Hz, Ar-H), 11.48 (s, 1H, NH, exchange with D,0). Anal.
caled for C,6H,,CIN,0, (456.92): C, 68.34; H, 4.63; N, 12.26.
Found: C, 68.32; H, 4.64; N, 12.27.

2.1.4. 5-(4-Chlorophenyl)-8-cyclohexyl-2-(2,4-dichlor-
ophenyl)-4,7-dioxo-3,4,7,8-tetrahydropyrido[2,3-d]pyrimidine-6-
carbonitrile (4). Colorless crystals, mp = 166-168 °C. Yield 57%.
IR (KBr) spectrum, », cm ™ ': 3280 (NH), 2230 (C=N) and 1698,
1676 (2C=0, amide). "H NMR (DMSO-d) 6 (ppm): 1.08-1.71
(m, 11H, Heyclohexyt)s 7-08-7.95 (m, 7H, Ar-H), 11.60 (s, 1H, NH,
exchange with D,0). "*C NMR (DMSO-d), 6 (ppm): 23.72, 24.14,
25.38, 34.29, 85.10, 100.3, 104.7, 117.5 (C=N), 127.9, 128.0,
128.7, 129.9, 133.4, 133.8, 135.2, 153.2, 155.3, 157.2, 159.7,
160.0, 162.3, 163.2. Anal. caled for CysH;oCl3N,0, (525.81): C,
59.39; H, 3.64; N, 10.66. Found: C, 59.28; H, 3.60; N, 10.71.

2.1.5. 5-(4-Chlorophenyl)-8-cyclohexyl-2-(furan-2-yl)-4,7-
dioxo-3,4,7,8-tetrahydropyrido[2,3-d]pyrimidine-6-carbonitrile
(5). Off white powder, mp = 302-304 °C. Yield 54%. IR (KBr)
spectrum, », cm ™ : 3310 (NH), 2208 (C=N) and 1649 (br, 2C=0
amide). '"H NMR (DMSO-ds) 6 (ppm): 1.05-1.47 (m, 11H,
Heyelohesyt), 6:98 (8, 1H, Hpury1), 7.29-7.52 (m, 6H, Ar-H), 11.49 (s,
1H, NH, exchange with D,0). *C NMR (DMSO-dg), 6 (ppm):
22.39, 24.13, 25.04, 31.88, 67.40, 117.6 (C=N), 128.0, 128.3,
128.4, 128.6, 128.7, 129.9, 130.9, 131.5, 133.7, 135.3, 155.6,
160.8, 163.3, 166.9. Anal. Caled for C,,H;4CIN,O; (446.89): C,
64.50; H, 4.29; N, 12.54. Found: C, 64.59; H, 4.30; N, 12.49.

2.1.6. 2-(Chloromethyl)-5-(4-chlorophenyl)-8-cyclohexyl-
4,7-dioxo-3,4,7,8-tetrahydropyrido[2,3-d]pyrimidine-6-
carbonitrile (6). A mixture of nicotinamide 2 (0.01 mol) and
chloroacetyl chloride (0.01 mol) in acetonitrile (15 mL) and
pyridine (5 mL) was heated under reflux for 8 h. The reaction
mixture was poured into crushed ice and the formed precipitate
was filtered off. White powder (EtOH), mp > 300 °C. Yield 65%.
IR (KBr) spectrum, », cm™': 3429 (NH), 2215 (C=N) and 1665
(br, 2C=0, amide). "H NMR (DMSO-d) 6 (ppm): 0.70-1.84 (m,
11H, Heyelohew)s 4-73 (s, 2H, CH,), 7.49 (d, 2H, ] = 8.28 Hz, Ar-
H), 8.14 (d, 2H, J = 8.28 Hz, Ar-H), 11.88 (s, 1H, NH exchange
with D,0). Anal. calcd for C,1H;5Cl,N,0, (429.30): C, 58.75; H,
4.23; N, 13.05. Found: C, 58.64; H, 4.21; N, 13.10.

2.1.7. Ethyl  5-(4-chlorophenyl)-6-cyano-8-cyclohexyl-4,7-
dioxo-3,4,7,8-tetrahydropyrido[2,3-d]pyrimidine-2-carboxylate
(7). A mixture of N-cyclohexyl pyridone 2 (0.01 mol) with diethyl
oxalate (0.01 mol) in the presence of (20 mL) DMF was refluxed
for 3 h, after completion of the reaction (monitored by TLC).
The reaction mixture was poured into crushed ice, and the
formed precipitate was filtered off. Colorless crystals (EtOH),
mp = 278-280 °C. Yield 56%. IR (KBr) spectrum, v, cm ™ ': 3271
(NH), 2223 (C=N) and 1718, 1659, (3C=0 ester and amide). 'H
NMR (DMSO-d), 6 (ppm): 1.18 (t, 3H, °] = 5.72 Hz, CH,CH,),
1.29-1.79 (m, 11H, Hyeohexyt)y 4-37 (q, 2H, *J = 5.72 Hz,
CH,CHa;), 7.63 (d, 2H, J = 8.48 Hz, Ar-H), 7.93 (d, 2H, J =
8.48 Hz, Ar-H), 8.10 (s, 1H, NH, exchange with D,0). Anal. caled
for C,3H,,CIN,0, (452.89): C, 61.00; H, 4.67; N, 12.37. Found: C,
61.02; H, 4.70; N, 12.35.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.1.8. 5-(4-Chlorophenyl)-8-cyclohexyl-2-ethoxy-4,7-dioxo-
3,4,7,8-tetrahydropyrido|2,3-d]pyrimidine-6-carbonitrile (8)-
Compound 2 (0.01 mol) and triethylorthoformate (0.01 mol)
were dissolved in acetic anhydride (25 mL) and heated with
reflux for 6 h (monitored by TLC), the reaction mixture was
cooled and diluted with cold water, and the formed precipitated
was filtered off. Beige powder (EtOH), mp = 236-238 °C. Yield
65%. IR (KBr) spectrum, », cm ™ ': 3441 (NH), 2225 (C=N) and
1647, 1668 (2C=0, amide). 'H NMR (DMSO-d), 6 (ppm): 1.14 (t,
3H, ¥ = 12.68 Hz, CH,CH,), 1.25-1.80 (m, 11H, Heyclohexy1); 4-31
(q, 2H, %] = 11.84 Hz, CH,CHj,), 7.33 (d, 2H, J = 8.24 Hz, Ar-H),
7.51 (d, 2H, J = 8.24 Hz, Ar-H), 13.22 (s, 1H, NH exchange with
D,0). *C NMR (DMSO-dg), 6 (ppm): 25.00, 25.82, 31.68, 54.10
(O-CH,), 101.5, 105.2, 115.4 (C=N), 128.4, 128.7, 129.5, 133.8,
135.7, 153.7, 155.8, 156.9, 160.1 and 160.5. Anal. caled for
Cy,H,,CIN,O; (424.88): C, 62.19; H, 4.98; N, 13.19. Found: C,
62.22; H, 4.97; N, 13.18.

2.1.9. 5-(4-Chlorophenyl)-8-cyclohexyl-4,7-dioxo-3,4,7,8-tet-
rahydropyrido[2,3-d]pyrimidine-6-carbonitrile (9). A mixture of
N-cyclohexyl pyridone 2 (0.01 mol) and formamide (25 mL) was
refluxed for 4 h (monitored by TLC), the reaction mixture was
cooled, and the formed precipitate was filtered off and dried.
Pale yellow (EtOH), mp = 280-282 °C. Yield 45%. IR (KBr),
v, em™': 3390 (NH), 2222 (C=N) and 1681 (br, 2C=0, amide).
'H NMR (DMSO-de), 6 (ppm): 1.23-1.87 (m, 11H, Heyclohexyl),
7.35 (m, 4H, Ar-H), 7.95 (s, 1H, Ar-H), 13.22 (s, 1H, NH
exchange with D,0). Anal. caled for C,,H,,CIN,O, (380.83): C,
63.08; H, 4.50; N, 14.71. Found: C, 63.04; H, 4.51; N, 14.73.

2.1.10. 5-(4-Chlorophenyl)-8-cyclohexyl-4,7-dioxo-2-thioxo-
1,2,3,4,7,8-hexahydropyrido[2,3-d]pyrimidine-6-carbonitrile
(10). A mixture of N-cyclohexyl pyridone 2 (0.01 mol) and carbon
disulfide (0.011 mol) in abs. EtOH (20 mL) was refluxed in the
presence KOH (0.012 mol.) for 10 h. The completion of the
reaction was monitored by TLC. The reaction mixture was
cooled to room temperature, then poured into crushed ice then
neutralized with HCl, and the formed precipitate was filtered off
and dried. Dark brown powder (EtOH), mp = 310-312 °C. Yield
85%. IR (KBr) spectrum, », cm™': 3326 (2NH), 2208 (C=N) and
1670, 1643 (2C=0, amide) and 1323 (C=S). 'H NMR (DMSO-d;)
6 (ppm): 1.08-1.66 (M, 11H, Heyelohexyt)s 7-25 (d, 2H, J = 8.32 Hz,
Ar-H), 7.38 (d, 2H, J = 8.20 Hz, Ar-H), 11.20, 12.60 (s, 2H, 2NH,
exchange with D,0). **C NMR (DMSO-dg), 6 (ppm): 23.48, 24.14,
25.06, 32.10, 107.7, 116.7 (C=N), 128.2, 129.3, 130.3, 130.7,
131.5, 132.7, 133.1, 134.8, 148.5, 161.5. Anal. caled for C,oH;-
CIN,0,S (412.89): C, 58.18; H, 4.15; N, 13.57. Found: C, 58.09; H,
4.17; N, 13.52.

2.1.11. 5-(4-Chlorophenyl)-8-cyclohexyl-4,7-dioxo-3,4,7,8-
tetrahydropyrido[2,3-d][1,2,3]triazine-6-carbonitrile (11). To
a suspended solution of N-cyclohexyl pyridone 2 (0.01 mol) in
conc. HCI (30 mL) at 0-5 °C, a solution of NaNO, (3.0 g in
10 mL H,0) was added over 20 min. After 2 h of stirring at r.t.,
the formed precipitate was collected by filtration, then washed
with ice-cold water and dried. Orange powder (EtOH),
mp = 162-164 °C. Yield 97%. IR (KBr) spectrum, v, cm ™ ': 3233
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(NH), 2223 (C=N), 1681 (2C=0, amide) and 1549 (N=N). 'H
NMR (DMSO-dg), 6 (ppm): 1.04-1.58 (m, 11H, Heyelohexyt) 7.18
(d, 2H,J = 8.32 Hz, Ar-H), 7.29 (d, 2H, J = 8.32 Hz, Ar-H), 11.81
(s, 1H, NH exchange with D,0). Anal. caled for C;9H;CIN;0,
(381.82): C, 59.77; H, 4.22; N, 18.34. Found: C, 59.78; H,
4.25; N, 18.35.

2.2. Biology

2.2.1. Cytotoxicity. Both breast cancer (MCF-7) and liver
cancer (HepG2) and normal (MCF-10A) cells were purchased
from the National Research Institute, Egypt, and maintained in
RPMI-1640 medium t-glutamine (Lonza Verviers SPRL, Bel-
gium, cat#12-604F). All cells were incubated at 37 °C in a 5%
carbon dioxide atmosphere (NuAire). Cells were plated at
a density of 5 x 10 cells in triplicates in 96 wells. On the second
day, cells were treated with the compounds with concentrations
of (0.01, 0.1, 1, 10, and 100 pM). Cell viability was assessed using
the MTT assay.”*?*

2.2.2. PIM-1 kinase inhibitory assay. Compounds 4, 6, 10,
11, and staurosporine were evaluated for the PIM-1 kinase
inhibition using “HTScan® PIM-1 Kinase Assay Kit #7573”.
They were dissolved in DMSO (0.1%), and four serial concen-
trations were prepared following Abdelaziz et al. 2018 (ref. 24)
and the manufacturer's instructions.?

2.2.3. Investigation of apoptosis

2.2.3.1. Annexin V/PI staining and cell cycle analysis. MCF-7
cells were seeded into 6-well culture plates (3-5 x 10° cells
per well) and incubated overnight. Cells were treated with
compound 4 at their ICs, values for 48 h. Next, media super-
natants and cells were collected and rinsed with ice-cold PBS.
Then, cells were suspended the cells in 100 uL of annexin
binding buffer solution “25 mM CaCl,, 1.4 M NacCl, and 0.1 M
Hepes/NaOH, pH 7.4” and incubated with “annexin V-FITC
solution (1:100) and propidium iodide (PI)” at a concentra-
tion equals 10 pg mL ™" in the dark for 30 min. Stained cells were
then acquired by BD FACSCalibur™ Flow Cytometer.>**

2.2.3.2. Real time-polymerase chain reaction for the selected
genes. Gene expression of Bcl-2, the anti-apoptotic gene, and the
pro-apoptotic genes P53, Bax, and caspases-3,8,9 were examined
to delve deeper into the apoptotic pathway. MCF-7 cells were
treated with compound 4 at their ICso values for 48 h. After
treatment, the RT-PCR reaction was carried out following
routine work. Then, the C, values were collected to calculate the
relative genes' expression in all samples by normalization to the
B-actin housekeeping gene.>**’

2.2.4. Molecular docking. The protein structure of PIM-1
kinase (PDB 20B]J) was obtained from the protein data bank
and was optimized by adjusting the amino acids, and ligand
structures were built, optimized, and energetically favored
using Maestro. A molecular docking study was carried out using
AutoDock Vina software following routine work,* and finally,
docking with binding activities in terms of binding energies and
ligand-receptor interactions. Chimera was used to analyze the
binding disposition and interactive analysis.

RSC Adv, 2024, 14, 1098-111 | 11101
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Scheme 1 The plausible mechanism for the formation of 1,6-dihydropyridine-3-carboxamide 2.

Fig. 3 The plausible cyclization of pyrimidine nucleus.

3 Results and discussion

3.1. Chemistry

The synthesis of the target o-aminonicotinoamide 2 was out-
lined in (Scheme 1) via Michael type addition of cyanoaceta-
mide to 2-cyano-N-cyclohexyl acrylamide (1) followed by
intramolecular cyclization in the presence of piperidine as
a mild catalytic base. The reaction smoothly proceeded in
ethanol, and the product was obtained in high yield (91%).

The characteristic IR bands of 2 show the presence of
stretching bands at 3325, 3300, 2210, 1665 and 1650 cm ™" for
2NH,, CN, and 2C=0, which evidence the formation of the
structure. The 'H NMR signals confirm its formation via the
presence of cyclohexyl protons as multiplet at 0.72-1.46 ppm,
and the two amino groups appeared as two main singlets at oy
6.96 and 11.45 ppm, which exchange with D,O. Furthermore,
the aromatic protons split into two doublets at 7.29 and
7.51 ppm with a coupling constant (J = 8.80 Hz). The nicotin-
amide 2 contains o-amino-amide functions that enable such
compounds to act as trapping for an electron-deficient carbon
atom, resulting in cyclization and formation of a new annulated
pyrimidine nucleus Fig. 3.

The acylation of nicotinamide 2 with acid chloride, namely,
(benzoyl chloride, 2,4-dichloro benzoyl chloride, furoyl chlo-
ride, chloroacetyl chloride) and ester (e.g. diethyl oxalate),
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triethylorthoformate and formamide or thio acylation with
carbon disulfide afforded the corresponding pyrido[2,3-d]
pyrimidine 3-10 according to (Schemes 2 and 3). The structure
of the desired compound is agreed with their spectral analysis.
For example, the IR confirms the disappearance of the primary
NH, groups and the presence of secondary NH between 3441
and 3271. The "H NMR spectra are another evidence for the
formation of the target pyrimidines.

Compound 3 shows the presence of phenyl group in its 'H
NMR spectrum as doublet, multiplet, and triplet at 7.32, 7.38,
and 7.50 ppm, respectively. Cyclization of 2-amino-1,6-
dihydropyridine-3-carboxamide 2 with chloroacetyl chloride
yielded pyridopyrimidinone 6. The IR spectrum revealed the
absorption band of NH at 3429 cm ' and C=N function at
2215 cm™'. While the two carbonyl amide groups appeared as
broad band at 1665 cm ‘. The '"H NMR spectrum showed
a singlet signal at 4.73 ppm assigned for the two protons of CH,
and a singlet signal at 6 = 11.88 ppm for NH proton. On the
other hand, compound 2 underwent refluxing with diethyl
oxalate in DMF to afford the pyridopyrimidine ester derivative 7.
Compound 7 shows the presence of ethyl ester group via the
presence of C=0 ester in its IR at 1718 cm™~ ' and ethyl group of
ester as triplet and quartet at 1.18 and 4.37 ppm in its '"H NMR,
in addition to NH proton at 8.10 ppm. Also, the structures of 8,
9, and 10 were confirmed by the usual spectroscopic techniques

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of 2-arylpyrido[2,3-d]pyrimidines 3-7.

and elemental analysis. The IR spectra of compound 8 displayed
a lack of the significant two amino group bands and the pres-
ence of a strong stretching NH group at 3441 cm ™. Addition-
ally, the "H NMR spectra for the same compound 8 assigned
specific triplet and quartet signals for ethoxy protons at § 1.14
and 4.31 ppm, respectively, as well as, NH proton at ¢ 13.22 as
a singlet. The IR spectrum of compound 9 showed characteristic
absorption bands at 3390 cm ™" for (NH). Another evidence for
pyrimidine ring formation is the significant singlet signal cor-
responding to (CH) at 7.95 ppm.

Finally, the pyrido[2,3-d]triazine 11 was obtained in high
yield (97%) via diazotization of nicotinamide 2 with nitrous
acid. The expected structure was elucidated through the IR
spectrum, in which a significant band for (NH), (2C=0), and
(N=N, triazine) stretched at » 3233, 1681, and 1549 cm ’,
respectively. Moreover, the 'H NMR spectrum displayed

© 2024 The Author(s). Published by the Royal Society of Chemistry

=
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significant signals at ¢ 1.04-1.58 ppm for cyclohexyl protons,
and the aromatic protons appeared as doublets at 7.18 and
7.29 ppm, in addition to the characteristic singlet at 11.81 ppm
for NH group.

3.2. Biology

3.2.1. Cytotoxicity. The MTT test evaluated the synthesized
compounds for their cytotoxicity against MCF-7 and HepG2
cells. As seen in Table 1, compounds 4, 6, 9, 10, and 11 exhibited
potent cytotoxicity against MCF-7 cells with ICs, values range
(0.57-3.15 pM) compared to staurosporine (IC5, = 6.76 uM).
Additionally, compounds 2, 5, 7, and 8 exhibited promising
cytotoxicity with ICs, values range (16.9-29.6 pM). At the same
time, other compounds were non-toxic with higher ICs, values.

Against HepG2 cells, compounds 4, 6, 9, 10, and 11 exhibited
potent cytotoxicity against HepG2 with ICs, values range (0.99-

RSC Adv, 2024, 14, 1098-1111 | 11103
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Scheme 3 Synthesis of pyridopyrimidines and triazine (8—10 and 11).

Table1l Cytotoxic ICsg values of the tested compounds against MCF-
7, HepG2, and MCF-10A cell lines using the MTT assay*

ICso 4 SD [uM]

Compounds no. MCF-7 HepG2 MCF-10A
2 16.9 + 0.45 15.6 £+ 0.69 NT

3 =50 1.17 £ 0.24 NT

4 0.57 £ 0.14 1.13 £ 0.19 47.6 £ 3.1
5 11.2 £ 0.54 13.4 +£ 0.27 NT

6 1.29 + 0.23 2.1 +£0.24 43.5 £ 2.9
7 29.6 £ 0.8 =50 NT

8 9.6 = 0.24 8.1+ 0.24 NT

9 3.15 £ 0.14 4.6 +0.34 NT

10 1.4 £ 0.24 1.79 £ 0.14 =50

11 1.31 £ 0.28 0.99 £ 0.17 =50
Staurosporine 6.76 £ 0.51 5.07 £ 0.36 NT

% Values are expressed as mean + SD of three independent triplets (n =
3). NT: non-tested. Staurosporine is a potent anticancer agent as
a potent PIM-1 kinase inhibitor.*
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4.16 uM) compared to staurosporine (IC5, = 5.07 puM). Addi-
tionally, compounds 2, 5, and 8 exhibited promising cytotoxicity
with ICs, values range (8.1-15.6 uM). At the same time, other
compounds were non-toxic with higher ICs, values.

As shown in Fig. 4 for the dose-response curve of cell
viability versus the tested concentration of compound 4 against
MCF-7, HepG2 and MCF-10A cells. It caused the highest
percentage of cell viability of cancer cells at the highest
concentration, while it caused the lowest viability of normal
cells; this highlighted the selectivity profile of compound 4.
Furthermore, compounds 4, 6, 10, and 11 were worthy of
investigation for their cytotoxicity against normal MCF-10A
cells, and they were non-toxic with much higher IC;, values.

Comparing the structure and the cytotoxicity of tested
compounds, a valid SAR model can be generated as summa-
rized in Fig. 5. Incorporating hydrophilic, aromatic, hydrogen
bond donors and acceptors caused an increase in cytotoxicity,
particularly in compounds 4, 6, 10 and 11.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Structure—activity relationship (SAR) model for the activity of the designed derivatives. Substituents anchored on the main scaffold with
cytotoxic activities.
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Table 2 1Cs5q values of PIM-1 kinase inhibition of the most cytotoxic
compounds

% of PIM-1 ICso + SD*
Compound inhibition (nM)
4 97.8 + 1.8 11.4 £+ 0.13
6 89.6 + 2.1 34.6 £0.18
10 94.6 + 2.1 17.2 £ 0.20
11 92.1 +£1.9 21.4 +0.24
Staurosporine 95.6 + 2.4 16.7 £+ 0.32
Pyrido[4,3-d]pyrimidine-derivative — 123 + 14

inhibitor (SKI-0-068)**

“ Values are expressed as an average of three independent replicates.
“ICso values were calculated using sigmoidal non-linear regression
curve fit of percentage inhibition against five concentrations of each
compound”.

3.2.2. PIM-1 kinase inhibitory assay. To identify their
molecular targets, compounds 4, 6, 10, and 11 were evaluated
against the PIM-1 inhibitory activities. These compounds had

Annexin V/PI staining

View Article Online

Paper

the highest cytotoxic activity against MCF-7 cells. As seen in
Table 2, the tested compounds showed promising PIM-1 kinase
inhibition activity; interestingly, compounds 4 and 10 had ICs,
values of 11.4 and 17.2 nM, respectively, with inhibition of
97.8% and 94.6%, compared to staurosporine (IC5o = 16.7 nM,
with 95.6% inhibition). Additionally, compounds 6 and 11
exhibited promising PIM-1 inhibition with ICs, values of 34.6
and 21.4 nM with inhibition activity of 89.6% and 92.1%,
respectively. As a result, compound 4 was studied for its ability
to inhibit PIM-1 kinase and induce apoptotic cell death in MCF-
7 cells. Additionally, the tested compounds exhibited potent
PIM-1 kinase inhibition more than a previously reported pyrido
[4,3-d]pyrimidine-derivative with ICs, of 123 nM that was
deposited in a crystal structure of PIM-1 kinase protein.*?

3.2.3. Apoptotic investigation

3.2.3.1. Annexin V/PI staining with cell cycle analysis. The
apoptotic activity of compound 4 (ICs, = 0.57 uM, 48 h) was
determined by using flow cytometric analysis of annexin V/PI
staining to investigate apoptotic cell death in both untreated
and treated MCF-7 cells. Fig. 6 (top panel) showed compound 4
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Fig. 6 Cryptographs of annexin-V/propidium iodide staining of untreated and 4-treated MCF-7 cells with (ICsg = 0.57 uM, 48 h). Percentage of
cell population at each cell cycle "G, S, and G2/M" using DNA content-flow cytometry aided cell cycle analysis.
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Fig. 7 Quantitative RT-PCR results analysis of the apoptosis-related genes; P53, Bax, caspases-3,8,9, Bcl-2 and PIM-1 kinase, respectively in
MCEF-7 cells treated with compound 4 with (ICsq = 0.57 uM, 48 h). The data illustrated is the average of 3 independent experimental runs (mean £+

SD). The red dashed line represents the fold change of control = 1.

dramatically induced apoptotic cell death in MCF-7 cells,
increasing the death rate by 58.3-fold; it induced total apoptosis
by 36.14% (14.03% for late apoptosis, 22.11% for early
apoptosis) compared to the untreated control group (0.62%).
The cell population in each cell phase after cytotoxic agent
treatment was then determined by DNA flow cytometry. As seen
in Fig. 6 (bottom panel), compound 4 treatment significantly
increased the cell population at the Gi1-phase by 56.36%
compared to control 48.37%, while cells in the G2/M-phase were
decreased (4.47% compared to 18.86%). Compound 4 caused
cell death in MCF-7 cells, stopping their growth in the G1 phase.
3.2.3.2. RT-PCR. By comparing the RT-PCR levels of the
apoptosis-mediated genes P53, Bax, caspase-3,8,9, and Bcl-2 in
both the untreated and treated MCF-7 cells, we could confirm
that compound 4 caused cell death in these cells. As seen in
Fig. 7, compound 4 upregulated caspase-3,8,9 levels by 11.2,

© 2024 The Author(s). Published by the Royal Society of Chemistry

1.23, and 8.9-fold, Bax by 6.7-fold, and P53 by 7.9-fold, while it
downregulated the Bcl-2 expression by 0.11-fold and inhibited
the PIM-1 expression by 0.31-fold. Consequently, our results
demonstrated that compound 4 treatment caused cell death by
apoptosis via an intrinsic mechanism through inhibition of
PIM-1 kinase.

The ubiquitous PIM kinases regulate various biological
events, including cell proliferation, cell differentiation, and cell
death. When expressed in ways that worsen cancer, these genes,
which function as weak oncogenes, cause a variety of human
cancers. Thus, PIM kinase inhibition may be a valuable thera-
peutic target for cancer.®® Among heterocycles, pyridine deriv-
atives showed cell cycle stop and apoptosis induction
capabilities and could be considered a potential PIM-1 kinase
inhibitor. These compounds could be explored as potential
treatments for breast cancer.** Compound 4 as concluded from

RSC Adv, 2024, 14, 1098-1m11 | 11107
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Fig. 8 Molecular docking of 4 towards PIM-1 protein (PDB 20BJ). (A) Surface disposition of the co-crystallized ligand (yellow-colored) and the
docked compound (cyan-colored) and (B) interactive view of the compound with the highlighted key amino acids. 3D images were generated by
Chimera-UCSF software.

Table 3 Molecular properties and ADME pharmacokinetics of the promising compounds®

Molsoft Molinspiration 2018.10 SwissADME

# HBA HBD Solubility (mg L™") Drug score MWt (D) MV (A*) PSA (A?) Logp BBB score nygatons Drug likeness (Lipinski Pfizer filter)

4 4 1 1.25 0.84 490 507.4 65.99 5.0 3.84 0 Yes
6 4 1 134.68 0.12 394.12 433.08 66.27 3.23 3.71 0 Yes
10 4 2 91.36 0.0 378.12 430.63  67.20 3.12  2.74 0 Yes
1 5 1 230.53 —0.22 347.14 393.24 81.13 2.76  3.12 0 Yes

¢ “Mwt: molecular weight, MV: molecular volume, PAS: polar surface area, logp: logp: octanol-water partition coefficient, nrotb: number of
rotatable bonds, 7jolations: NUMber of violations, HBA: hydrogen bond acceptor, HBD: hydrogen bond donor, drug-likeness score, compounds
having negative or zero value should not be considered as drug-like”. Drug likeness (Lipinski Pfizer filter)/“yes, drug-like” MW = 500, logp =
4.25, HBA = 10 and HBD = 5”.

1108 | RSC Adv,, 2024, 14, 1098-111M © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00902a

Open Access Article. Published on 05 April 2024. Downloaded on 3/5/2026 7:49:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
Drug-likeness model score: 0.84
— Drugs
IP‘\ Non-drugs
} '-,. Your compound
\
a
-
)
/ \
/ \
\
/'/ \
o \
g b
r T T T % T T 1
-6.00 -4.,00 -2.00 0.00 2.00 4.00 6.00

View Article Online

RSC Advances

LIPO
FLEX /\ SIZE

INSATU N POLAR

INSOLU

Fig. 9 Drug likeness score of compound 4 using MolSoft “the green color means non-drug-like behavior, and those that fall under blue color
area are considered as drug-like. Those compounds having negative or zero value should not be considered as a drug like”. BOILED-Egg model
for compound 4 using SwissADME molecules projected to passively cross the blood—brain barrier (BBB) is positioned in the yolk of the BOILED-
Egg, while those predicted to be passively absorbed by the gastrointestinal tract (Gl) are in the white of the egg.

this study; it may solve some problems of pyridine and pyr-
idopyrimidine containing anticancer molecules by having more
potent and target-oriented chemotherapeutics (apoptosis-
induction) with selective profile against normal cells.

3.3. In silico studies

3.3.1. Molecular docking. As seen in Fig. 8, compound 4
was docked inside the PIM-1 binding site, having the same
binding mode as the co-crystallized ligand. Docking results
exhibited that the compound was properly docked inside the
PIM-1 active site with a binding energy of —20.84 kcal mol ,
and it formed one stable hydrogen bond interaction through
the cyano-group with Lys 67 amino acid with a bond length of
2.36 A. So, the molecular docking study validated the experi-
mental enzyme target activity of PIM-1 kinase inhibition, which
seems to be the effective target for apoptosis-mediated cell
death.

3.3.2. Physicochemical and pharmacokinetic properties.
The promising compounds 4, 6, 10, and 11 were investigated for
their physicochemical and drug-likeness properties. As seen in
Table 3 and Fig. 9, they exhibited promising values following
Lipinski's rule of five of “molecular weight, number of rotatable
bonds, H-bond donor, and acceptors along with a number of
violations”.

4 Conclusion and recommendations

New series of pyrido[2,3-d]pyrimidine was described. Nicotin-
amide 2 was synthesized via cyclization of N-cyclohexyl deriva-
tive with cyanoacetamide. The o-aminonicotinonitrile 2 was
subjected to acylation or thioacylation process followed by
intramolecular heterocyclization to afford the desired pyrido
[2,3-d]pyrimidine (3-11). Among these derivatives, compound 4
exhibited remarkable cytotoxic activities against MCF-7 and

© 2024 The Author(s). Published by the Royal Society of Chemistry

HepG2 cells with ICs, values of 0.57 uM and 1.13 uM, respec-
tively. Interestingly, compound 4 had potent PIM-1 kinase
inhibition with ICs, values of 11.4 nM, respectively, with inhi-
bition of 97.8% compared to staurosporine (ICs, = 16.7 nM,
with 95.6% inhibition). Moreover, compound 4 significantly
induced apoptosis in MCF-7 cells by 58.29-fold by having
36.14% total apoptosis in treated cells compared to 0.62% for
control. Moreover, arresting the cell cycle at the Gi-phase.
Accordingly, compound 4 was validated as a promising PIM-1
targeted chemotherapeutic agent to treat breast cancer.
Accordingly, the anticancer activity of compound 4 will be
further validated in the future using in vivo study as a real
animal model.
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