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1. Introduction

Discovery of new pyridine heterocyclic hybrids;
design, synthesis, dynamic simulations, and in vitro
and in vivo breast cancer biological assaysT

Menna M. Abdelshaheed,? Hussein I. El Subbagh,® Mohamed A. Tantawy,%9
Reem T. Attia,® Khairia M. Yousseff and Iten M. Fawzy @ *f

Pyridine is a nitrogen bearing heterocyclic scaffold that shows a wide range of biological activities. The
pyridine nucleus has become an interesting target for medicinal chemistry researchers worldwide.
Several pyridine derivatives exhibited good anticancer effects against diverse cell lines. Therefore, to
explore new anticancer pyridine entities, novel pyridine derivatives were designed and synthesized and
evaluated for their anticancer abilities in vitro and in vivo. All of the target compounds were evaluated
against three different human cancer cell lines (Huh-7, A549 and MCF-7) via MTT assay. Most of the
compounds exhibited significant cytotoxic activities. Compounds 3a, 3b, 5a and 5b showed superior
antiproliferative activities to Taxol. Where, compound 3b showed ICsq values of 6.54, 15.54 and 6.13 uM
compared to Taxol (6.68, 38.05, 12.32 pM) against Huh-7, A549 and MCF-7, respectively. Also, tubulin
polymerization assay was carried out. The most potent compounds 3a, 3b, 5a and 5b could significantly
inhibit tubulin polymerization with ICsq values of 15.6, 4.03, 6.06 and 12.61 uM, respectively. Compound
3b exhibited the highest tubulin polymerization inhibitory effect with an ICsq value of 4.03 pM compared
to combretastatin (A-4) (1.64 pM). Molecular modeling studies of the designed compounds confirmed
that most of the compounds made the essential binding interactions compared to the reference
compound which assisted in the prediction of the structure requirements for the detected anticancer
activity. Finally, in vivo studies showed that compound 3b could significantly inhibit breast cancer.

chemotherapeutic agents cause severe side effects due to their
cytotoxic and mutagenic effects on healthy cells. Notably, pyri-

Cancer, uncontrolled cell growth, is a fatal disease. It is also one
of the top leading causes of death worldwide. Cancer deaths are
predicted to increase from 7.6 million in 2008 to 13 million in
2030."* Despite improved diagnostic techniques, cancer still
affects millions of patients worldwide.? Although chemotherapy
is the most common treatment of cancer, many
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dine has been used as a key pharmacophore in drug design with
an improved safety profile and less toxicity to non-tumorigenic
cells. Several pyridine derivatives were reported to inhibit
enzymes, receptors, and other targets to control and cure
cancer. Therefore, researchers are currently focusing on the
development of pyridine-based novel derivatives for cancer
treatment.*®

Literature survey showed that different fused rings bearing
pyridine moiety exhibited anticancer activity such as pyrano
[3,2-c] pyridine, pyrido[4,3-d]-pyrimidine and pyrazolo[4,3-c]
pyridine derivatives*® (Fig. 1). These reported fused rings were
proved to be potent and selective antitumor agents.

Dynamic microtubules play an essential role in variable
cellular processes such as intracellular trafficking, cell migra-
tion, cell skeleton development and cell division."***

Tubulin polymerization inhibitors are increasingly being
investigated as anti-cancer drugs. Whereas microtubule target-
ing agents (MTAs) can interfere with microtubule dynamics and
arrest cancer cells in the G2/M phase, therefore cancer cells
undergo apoptosis.””*’

Compounds that bind to the colchicine site (Fig. 2) have
been widely studied to find new agents that can deal with the

RSC Adv, 2023, 13, 15689-15703 | 15689


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra02875e&domain=pdf&date_stamp=2023-05-23
http://orcid.org/0000-0001-9246-2875
https://doi.org/10.1039/d3ra02875e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02875e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013023

Open Access Article. Published on 24 May 2023. Downloaded on 3/1/2026 12:16:48 AM.

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

(cc)

RSC Advances

b: Combrestatin (CA-4)

a: Colchicine ICgy =7 nM [£]
ICsq = 2.68 pm [ o
SOASAPS
~0 N 0"

d: ICgp=60 pM ']

A

HyC™ 0
c: IC5q =0.246 p 12

5

HN’J'L‘NH
o~ o N o~ ™o

1
CH,

e: 99.5% free radical
scavenging effect ['1]

&

N—N

U
SASAS

N ol

1
CHy

f: 1C5o= 0.013 pM 12

View Article Online

Paper

Fig. 1 Reported antitumor agents with fused rings-pyridine bearing nucleus.”’-*2

limitations of existing tubulin-targeted drugs.”® Disruption of
tubulin polymerization is an old anticancer target, however, this
target is still one of the hit targets for discovery of anticancer
agents. Several new anticancer drugs have been discovered via
the microtubule/tubulin interaction-based drug design. Taxol
has been a popular representative for tubulin-interactive

targeting drugs which was used for many years as anticancer.
Meanwhile, there have been emerging scaffolds of tubulin-
interactive natural products as combretastatin A-4, epothi-
lones A and B, halichondrin B, thiazole alkaloid, phenylahistin,
diketopiperazine and dolastatin 10 peptide.*

Fig. 2 Colchicine binding site.
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Fig. 3 Essential structural features of piperidone analogues.

Combretastatin A-4 (CA-4) (Fig. 1) is a strong antitumor agent
which was isolated from Combretum caffrum family. CA-4 acts by
inhibiting polymerisation of tubulin at colchicine binding site.
Trimethoxyphenyl (TMP) moiety in CA-4 was found to be
essential for activity as the methoxy group is responsible for the
critical hydrogen bond with Cys 12.>*?* Therefore, methoxy
groups were preserved in most anticancer agents targeting
colchicine binding site.

In this study new pyridine heterocyclic hybrids were devel-
oped using pyran, pyrimidine and pyrazole rings. The synthe-
sized hybrids were evaluated for their antiproliferative activity
against three types of cancer cell lines: hepatocyte derived
carcinoma, lung, and breast cancer cell lines. Meanwhile, the
compounds were tested for their depolymerization ability

towards tubulin. This was deeply illustrated via molecular
docking and dynamic simulation studies. The most active
compound was selected for in vivo activity investigation against
breast cancer.

2. Experimental

The 'H NMR spectra were recorded on JEOL 500 MHz spec-
trometer at the faculty of science, Mansoura University whereas
13C NMR spectra were recorded on JEOL 125 MHz spectrometer
in which TMS was used as an internal standard and chemical
shifts were expressed as ppm and coupling constants (J) were
given in Hz. Chemical shifts are given on the delta (d) scale in
parts per million (ppm). Mass spectrometer (Hewlett Packard
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i: Conc. HCI, 2h, r.t., ii: malononitrile, butanol, 5h, reflux, yield: 82-70%, iii: thiourea, Na metal, butanol,
10h, reflux, yield: 80-78%, iv: phenylhydrazine, Na metal, ethanol, 10h, reflux, yield: 72-74%

Scheme 1 Synthetic scheme of pyridine heterocyclic hybrids target compounds.
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Table 1 ICso of new target compounds tested on three different cancer cell lines®
Human hepatoma Lung cell cancer Michigan cancer foundation-7

Compounds (Huh-7) ICs0 in pM adenocarcinoma (A549) IC5, in pM breast cancer (MCF-7) ICs in pM

3a 3.88 31.59 8.87

3b 6.54 15.54 6.13

3c 17.70 61.25 6.38

3d 20.72 ND ND

4a 2.48 46.90 8.01

4b 7.27 42.34 15.97

5a 5.47 20.26 5.27

5b 2.23 15.15 9.04

Taxol 6.68 38.05 12.32

“ ND = not defined.

150 a clear solution was gained, then 4 ml of concentrated HCI was

2 3a added dropwise while stirring for 5 min. The reaction mixture
E 100 3b was eventually stirred at room temperature for 2 h. The mixture
3 Sa was left standing for 2 days, then it was treated with cold AcOH/
3 % . Sh water (1: 1) and filtered. The solid obtained was then dried well
*
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Fig. 4 Toxicity effect of selected compounds on (MDCK) cells as non-
cancerous cell line.

5988) was utilised to record on spectrometer at Regional Centre
for Mycology and Biotechnology, Al-Azhar University. Elemental
analyses (%C, H, N, S) were also performed using (Thermo
Scientific ¢ Flash 2000 elemental analyser) at the Regional
Center for Mycology and Biotechnology, Al-Azhar University and
the results were in accordance with the proposed structures.
Melting points were determined using capillary tubes with
a Stuart SMP30 apparatus and are uncorrected. Progression of
the reactions was monitored using TLC Merck Kieselgel 60 F254
aluminum packed plates.

2.1. General procedure for synthesis of (2a-d) intermediates

The intermediate compounds 2a-d were prepared with
a procedure similar to a condensation reaction obtained from
literature where (0.02 mol) of the appropriate aldehyde was
added and condensed with (0.01 mol/1.41 ml) of N-acetyl-4-
piperidone and then heated in a water bath at 25-30 °C until

15692 | RSC Adv, 2023, 13, 15689-15703

and recrystallized from methanol/ethanol. The obtained inter-
mediates were reported® & their characterization coincided
with those in literature.

2.2. General procedure for synthesis of (3a-d) target
compounds

A mixture of diarylidene compounds 2a-d (0.01 mol) and
malononitrile (0.7 g, 0.01 mol) in butanol (50 ml) was heated
under reflux for 5 h. Evaporation of the solvent yielded the
target compounds which were then washed, filtered off, dried,
and recrystallized from ethanol.*

2.2.1 (E)-6-Acetyl-2-amino-3-cyano-8-(4-hydroxy-3-methox-
ybenzylidene)-4-(4-hydroxy-3-methoxyphenyl)-5,6,7,8-tetrahy-
dro-4H-pyrano[3,2-c]pyridine: (3a). The titled compound was
crystallised from ethanol and separated as yellow powder with:
yield%: 76%, melting point: 205-207 °C. FT-IR (Vmax, cm ™ Y):
3550-3000 broad band of (O-H), 3400 & 3300 two bands of (N-
H), 3010 (Ar C-H), 2250 (C=N), 1680 (alkenic C=C-) and 1715
(C=O0 of amide). Ms: m/z%: 475.50 [M+] (45.73%). "H-NMR (400
MHz, DMSO-dg) 6 9.70 (s, 2H, OH, D,O exchangeable), 7.61 (s,
1H, CH=C), 7.58 (dd, J = 7.5, 8.9 Hz, 2H, ArH), 7.11-7.09 (dd, J
= 8 Hz, 2H, ArH), 7.00 (s, 1H, ArH), 6.87 (s, 2H, NH, D,0
exchangeable), 6.86 (s, 1H, ArH), 6.85 (s, 1H, C4-H), 4.77 (s, 2H,
CH,-N), 4.75 (s, 2H, CH,-N), 3.80 (s, 3H, CH;-0), 3.78 (s, 3H,
CH;-0), 1.87 (s, 3H, CH;). “C-NMR (300 MHz, DMSO-d):
6 185.76(C=0), 168.75 (C-NH,), 148.60 (ArC), 148.58 (C=C),
136.71, 136.50, 129.97, 129.79, 126.02, 125.78, 124.47 (ArC),
124.42 (C=C), 115.84 (C=C), 115.80 (C=C), 115.09 (CN),
115.01 (C-CN), 55.72 (O-CHj) 47.11 (C4), 42.43 (CH,NCH,),
20.93 (CHj3). Anal. caled. for C,¢H,5N304 (475.50): C, 65.68; H,
5.30; N, 8.84, found: C, 65.82; H, 5.41; N, 9.07.

2.2.2. (E)-6-Acetyl-2-amino-3-cyano-4-(3-ethoxy-4-hydroxy-
phenyl)-8-(3-ethoxy-4-hydroxy-benzylidene)-5,6,7,8-tetrahydro-
4H-pyrano[3,2-c]pyridine: (3b). The titled compound was crys-
tallised from ethanol and separated as yellowish green powder
with: yield%: 82%, melting point:200-202 °C. FT-IR

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Morphological assessment for (A549) cells: (A) control untreated cells, (B) (A549) treated cells with 100 uM of compound “3b" at 48 h (C)

(A549) treated cells with 100 uM of Taxol at 48 h.

Table 2 Results of in vitro tubulin inhibition assay

Inhibition
Compound (%) ICs0 in pg ml™*
3a 79 15.6
3b 81 4.03
5a 76 6.06
5b 70 12.61
CA-4 86 1.64

(Vmax, cm ™~ 1): 3550-3000 broad band of (O-H), 3300 (N-H), 3010
(Ar C-H), 2250 (C=N),1680 (alkenic C=C-) and 1715 (C=0 of
amide). Ms: m/z%: 504.21 [M+] (30.3%). "H-NMR (400 MHz,
DMSO-dg) 6 9.61 (s, 2H, OH, D,O exchangeable), 7.56 (s, 1H,
CH=C), 7.07 (dd, = 7.9, 8.5 Hz, 2H, ArH), 6.98 (s, 2H, NH, D,0
exchangeable), 6.99 (s, 1H, ArH), 6.95 (s, 1H, ArH), 6.87 (dd, J =
8 Hz, 2H, ArH), 4.75 (s, 2H, CH,-N), 4.74 (s, 2H, CH,-N), 4.07 (s,
1H, C4-H), 4.01-4.06 (q,J = 8 Hz, 4H, O-CH,-CH3), 1.87 (s, 3H,
CH3), 1.31 (t,J = 7.5 Hz, 6H, CH;-CH,-0). ">*C-NMR (300 MHz,
DMSO-dg): & 185.69 (C=O0), 168.65 (C-NH,), 148.82 (ArC),
146.76 (C=C), 146.73, 136.66, 136.46, 129.87, 129.71, 125.96
(ArC), 125.72 (C=C), 124.48 (C=C), 116.21 (C=C), 116.12(CN),
115.87 (C-CN), 63.92 (CH,~CH3), 63.86 (CH,-CHj,) 47.05 (C4),
42.37 (CH,-N-CH,), 20.90 (CHj3) 14.71 (CH3-CH,). Anal. calcd.
for CygH,oN304 (503.56): C, 66.79; H, 5.81; N, 8.34, found: C,
66.82; H, 5.77; N, 8.29.

© 2023 The Author(s). Published by the Royal Society of Chemistry

2.2.3. (E)-6-Acetyl-2-amino-3-cyano-8-(4-chlor-
obenzylidene)-4-(4-chlorophenyl)-5,6,7,8-tetrahydro-4 H-pyrano
[3,2-c]pyridine: (3c). The titled compound was crystallised from
ethanol and separated as yellow powder with: yield%: 76%,
melting point: 198-200 °C. FT-IR (Vyay, cm ™ '): 3400 & 3300 two
bands of (N-H), 3010 (Ar C-H), 2250 (C=N), 1680 (alkenic C=
C-) and 1650 (C=O0 of amide), 850 (C-Cl). Ms: m/z%: 453.08
[M+] (63.9%). 'H-NMR (400 MHz, DMSO-dg) 6 7.63 (s, 1H, CH=
C), 7.58 (dd, ] = 8, 7.7 Hz, 2H, ArH), 7.57 (dd, ] = 7.5, 8.2 Hz, 2H,
ArH), 7.55 (dd,J = 8, 7.4 Hz, 2H, ArH), 7.54 (dd,J = 8, 7.6 Hz, 2H,
ArH), 7.53 (s, 2H, NH, D,0 exchangeable), 7.52 (s, 1H, C4-H)
4.75 (s, 2H, CH,-N), 4.74 (s, 2H, CH,-N), 1.84 (s, 3H, CH,). *C-
NMR (300 MHz, DMSO-d¢): 6 185.3(C=0), 161.4 (C-NH,),
148.58 (ArC), 142.9 (C=C),142.4, 136.8, 134.4, 130.8, 129.1,
129.0, 128.7 (ArC), 124.42 (C=C), 115.84 (C=C), 115.80 (C=C),
115.09 (CN), 115.01 (C-CN), 55.72 (CH,-CH3), 47.11 (C4), 42.43
(CH,-N-CH,), 20.93 (CH3). Anal. caled. for C,4H;9CN30,
(452.34): C, 63.73; H, 4.23; Cl, 15.67; N, 9.29, found: C, 63.53; H,
4.25; Cl, 15.70; N, 9.20.

2.2.4. (E)-6-Acetyl-2-amino-3-cyano-8-((E)-3-phenyl-
allylidene)-4-((E)-styryl)-5,6,7,8-tetrahydro-4 H-pyrano[3,2-c]pyri-
dine: (3d). The titled compound was separated as green powder
with yield%: 70%, melting point: 168-170 °C. FT-IR (Vmax,"
em™Y): 3400 and 3300 two bands of (N-H), 3010 (Ar C-H), 2250
(C=N), 1680 (alkenic C=C-) and 1715 (C=0 of amide). Ms: m/
2%: 436.20 [M+] (30.3%). "H-NMR (400 MHz, DMSO-d¢) 6 7.68
(dd, J = 7.4, 8 Hz, 2H, ArH), 7.41 (dd, J = 7.5, 8.4 Hz, 2H, ArH),

RSC Adv, 2023, 13, 15689-15703 | 15693
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Fig. 6 Photomicrograph of mammary gland from control group showing normal (A) histological structure, with (B) a major duct lined with
cuboidal epithelium and (C) a normal duct and few acini embedded in adipose tissue (HGE).

7.37 (t,J = 8 Hz, 4H, ArH), 7.34 (t,] = 7.4 Hz, 2H, ArH), 7.30 (t, ]
= 7.6 Hz, CH=CH), 7.28 (d, ] = 8 Hz, 1H, CH=CH), 7.24 (d,] =
8 Hz, 1H, CH=CH), 7.22 (s, 2H, NH,, D,0 exchangeable), 7.21
(d,J = 8 Hz, 1H, CH=CH), 7.18 (t,J = 7.5 Hz, 1H, CH=CH), 7.15
(d,J = 7.5 Hz, 1H, C4-H), 4.72 (s, 2H, CH,-N), 4.71 (s, 2H, CH,~
N), 2.10 (s, 3H, CH;). "*C-NMR (300 MHz, DMSO-dg): 6 185.23
(C=0), 168.79 (C-NH,), 142.60, 142.49 (ArC), 136.27 (C=C),
136.17 (ArC) 135.70 (C=C), 135.29, 131.78, 131.44 (ArC), 129.34,
128.88, 128.53 (C=C), 127.70, 127.31 (ArC), 123.04 (CN), 60.37
(C-CN), 45.62 (1C, C4) 41.58 (1C, CH,-N), 34.70 (CH,-N), 21.21
(1C, CHj). Anal. caled. for C,3H,5N30, (435.53): C, 77.22; H,
5.79; N, 9.65 found: C, 67.05; H, 5.97; N, 8.50.

2.3. General procedure for synthesis of (4a, b) target
compounds

To a mixture of the diarylidene compound 2a/b (0.01 mol) and
thiourea (0.8 g, 0.01 mol), sodium butoxide was added (Na
metal (0.5 g) in butanol (50 ml)) and heated under reflux for
10 h.”” The solvent used was evaporated in vacuo, water (20 ml)
was then added, and the mixture was neutralized to pH 6. The
separated solid was then filtered, washed, dried, and recrystal-
lized from ethanol.

2.3.1. (E)-6-Acetyl-8-(4-hydroxy-3-methoxybenzylidene)-4-
(4-hydroxy-3-methoxyphenyl)-1,3,4,5,7,8-hexahydro-2 H-pyrido
[4,3-d]pyrimidin-2-thione: (4a). The titled compound was crys-
tallised from methanol and separated as yellow powder with:
yield%: 80%, melting point: 188-190 °C. FT-IR (Vmay, €M '):
3550-3000 broad band of (O-H), 3300 (N-H), 3010 (Ar C-H),
1680 (alkenic C=C-) and 1715 (C=0 of amide). Ms: m/z: 468.15
[M+] (26.0%). "H-NMR (400 MHz, DMSO-d,) 6 9.70 (s, 2H, OH,
D,0 exchangeable), 7.61 (s, 1H, NH-CH, D,0O exchangeable),
7.58 (s, 1H, NH, D,O exchangeable), 7.10 (s, 1H, CH=C), 7.08 (s,

15694 | RSC Adv, 2023, 13, 15689-15703

1H, ArH), 7.01 (s, 1H, ArH), 6.99-6.97 (dd, J = 8, 7.1 Hz, 2H,
ArH), 6.87-6.85 (dd, J = 8, 7.2 Hz, 2H, ArH), 4.77 (d, 1H, C4-H),
4.77 (s, 2H, CH,-N), 4.75 (s, 2H, CH,-N), 3.80 (s, 3H, CH;-0),
3.78 (s, 3H, CH;-0), 1.87 (s, 3H, CH;). *C-NMR (300 MHz,
DMSO0-d,) 6 184.61 (C=S), 169.04 (C=0), 157.14, 149.75, 149.58
(ArC), 137.60 (C-NH), 126.99, 126.87, 126.18 (ArC), 121.66 (C=
C), 121.01, 117.70, 117.52, 114.82, 114.69 (ArC), 55.76 (CH;3-0),
55.71 (CH-NH), 47.72 (CH,-N), 43.09 (1C, CH,-N), 21.42 (1C,
CH3;). Anal. caled for C,4H,5N305S (467.54): C, 61.66; H, 5.39; N,
8.99; S, 6.86 found: C, 63.24; H, 6.08; N, 8.70; S, 6.53.

2.3.2. (E)-6-Acetyl-8-(3-ethoxy-4-hydroxybenzylidene)-4-(3-
ethoxy-4-hydroxyphenyl)-1,3,4,5,7,8-hexahydro-2 H-pyrido[4,3-d]
pyrimidin-2-thione: (4b). The titled compound was separated
from methanol as greenish yellow powder with: yield%: 78%,
melting point: 208-210 °C. FT-IR (Vmax, cm ™ ): 3550-3000 broad
band of (O-H), 3300 (N-H), 3010 (Ar C-H), 1680 (alkenic C=C-)
and 1715 (C=O0 of amide). Ms: m/z: 495.71 [M+] (34.0%). 'H-
NMR (400 MHz, DMSO-d¢): 6 7.50 (s, 1H, OH, D,O exchange-
able), 7.49 (s, 1H, OH, D,O exchangeable), 6.89 (s, 1H, NH-CH,
D,0 exchangeable), 6.86 (s, 1H, NH, D,0 exchangeable), 6.85 (s,
1H, CH=C), 6.57 (s, 1H, ArH), 6.55 (s, 1H, ArH), 6.53 (dd, J = 8,
7.2 Hz, 2H, ArH), 6.51 (dd, J = 8.2, 8.7 Hz, 2H, ArH) 4.73 (s, 1H,
C4-H), 4.70 (s, 2H, CH,-N), 4.67 (s, 2H, CH,-N), 3.99-3.97 (dd, J
=7.0,7.2 Hz, 4H, CH,-CHj;),1.88 (s, 3H, CH3), 1.28 (t,/ = 6.9 Hz,
6H, CH3;~CH,). ">C-NMR (300 MHz, DMSO-d): 6 184.61 (1C, C=
S), 169.04 (1C, C=0), 157.14,149.75, 149.58 (ArC), 137.60 (C-
NH), 126.99 126.87 126.18 (ArC), 121.66 (1C, C=C), 121.01,
117.70, 117.52, 114.82, 114.69 (ArC), 55.76 (CH;3-0), 55.71 (CH-
NH), 47.72 (CH,-N), 43.09 (CH,-N), 21.42 (1C, CHj3). Anal. caled.
for CyeHoN305S (495.59): C, 63.01; H, 5.90; N, 8.48; S, 6.47
found: C, 73.25; H, 6.08; N, 9.16; S, 7.61.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Photomicrograph of mammary gland from breast cancer (BC) group showing (A) invasion of the neoplastic cells admixed with mono-
nuclear cells and necrotic debris. (B) Heavy mononuclear inflammatory cells infiltrating the dermal layer. (C) Invasion of the neoplastic cells into
the adjacent tissue with numerous mononuclear cells infiltration (arrow). (D) Photomicrograph of mammary gland from (BC) group showing
heavy mononuclear inflammatory cells infiltrating the adjacent muscle bundles. (E) Taxol treatment group, showing fewer mononuclear
inflammatory cells infiltration with less congested blood vessels (HGE). (F) Photomicrograph of mammary gland from 3b treated group showing

minimal inflammatory reactions (H&E).

2.4. General procedure for synthesis of 5a, b target
compounds

In a flask containing phenyl hydrazine (4.3 g, 0.04 mol) and
diarylidene compound 2a/b, (0.01 mol), sodium butoxide
prepared (Na metal (0.5 g) in ethanol (50 ml)) was added and
subjected to reflux for 10 h.”® The solvent was then removed
under reduced pressure and the remaining residue was chro-
matographed on silica gel (CHCl;) to furnish compounds 5a, b.
2.4.1. (E)-5-Acetyl-7-(4-hydroxy-3-methoxybenzylidene)-3-

(4-hydroxy-3-methoxyphenyl)-2-phenyl-2,3,3a,4,6,7-hexahydro-

5H-pyrazolo[4,3-c]pyridine (5a). The titled compound was
separated as yellow powder with: yield%: 72%, melting point:
190-192 °C. FT-IR (Vnay, cm ™~ '): 3550-3000 broad band of (O-H),
3010 (Ar C-H),1680 (alkenic C=C-) and 1715 (C=0 of amide).
Ms: m/z%: 501.22 [M+] (2.0%). "H-NMR (400 MHz, DMSO-d,):

© 2023 The Author(s). Published by the Royal Society of Chemistry

6 9.69 (s, 2H, OH, D,0 exchangeable), 7.11 (s, 1H, CH=C), 7.09
(dd, ] = 7.2, 8 Hz, 2H, ArH), 7.01 (t, / = 7.8 Hz, 1H, ArH), 6.99-
6.99 (t,] = 8 Hz, 2H, ArH), 6.97 (dd, ] = 8, 7.9 Hz, 4H, ArH), 6.88
(s, 2H, ArH), 6.85 (d, 1H, C3-H), 4.77 (s, 2H, CH,-N), 4.76 (d, 2H,
CH,-N), 3.79 (s, 6H, CH;-0), 3.77 (q, J = 7.4 Hz, 1H, C3a-H),
1.88 (s, 3H, CH;). ">*C-NMR (300 MHz, DMSO-d,): 6 186.19 (C=
0), 169.15 (C=N), 137.11, 136.91 (ArC), 130.41 (C=C), 130.23
(C=C), 126.45, 126.21, 124.90, 124.84, 116.27, 115.55 (ArC),
115.47 (C=C), 56.17 (1C, C3), 47.53 (1C, C3a), 42.87 (CH,-N-
CH,), 21.36 (CHj). Anal. caled. for C,oH,9N305 (499.57): C,
69.72; H, 5.85; N, 8.41, found: C, 69.72; H, 5.85; N, 8.41.

2.4.2. (E)-5-Acetyl-7-(3-ethoxy-4-hydroxybenzylidene)-3-(3-
ethoxy-4-hydroxyphenyl)-2-phenyl-2,3,3a,4,6,7-hexahydro-5H-
pyrazolo[4,3-c]pyridine (5b). The titled compound was sepa-
rated as green powder with: yield%: 73%, melting point: 218-

RSC Adv, 2023, 13, 15689-15703 | 15695
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Fig.8 Rats tumour size. Tumour size in diseased rats after treatment at day 0, day 21 and day 42 with the (A) Taxol and (B) synthetic drug 3b. Data
are presented as mean + SEM (n = 6). Statistical analysis was carried out using one-way ANOVA followed by Tukey's multiple comparison test at

p-value < 0.05.

220 °C. FT-IR (Vjnax, €m '): 3550-3000 broad band of (O-H),
3010 (Ar C-H), 1680 (alkenic C=C-) and 1650 (C=O0 of amide).
Ms: m/z%: 528.25 [M+] (33.5%). "H-NMR (400 MHz, DMSO-dy):
4 9.61 (s, 2H, OH, D,O exchangeable), 7.56 (s, 1H, CH=C), 7.07
(dd, J = 8, 7.9 Hz, 2H, ArH), 7.08 (dd, J = 7.5, 7.9 Hz, 2H, ArH),
7.01 (t, ] = 8.7 Hz, 2H, ArH), 6.99 (t, J = 8.2 Hz, 1H, ArH), 6.98
(dd, J = 8.1, 7.6 Hz, 2H, ArH), 6.96 (s, 2H, ArH), 6.86 (d, J =
8.1 Hz, 1H, C3-H), 4.75 (s, 2H, CH,-N), 4.74 (d, ] = 8.5 Hz, 2H,
CH,-N), 4.06 (s, 4H, CH,~CHj,) 4.05 (q, J = 8 Hz, 1H, C3a-H),
1.87 (s, 3H, CH3), 1.31 (t, ] = 7.5 Hz, 6H, CH;~CH,).

BC-NMR (300 MHz, DMSO-de): 6 186.11 (C=0), 169.13 (C=
N), 136.94, 130.30, 130.15 (ArC), 126.21(C=C), 124.93 (C=C),
116.66, 116.56 (ArC), 116.35 (C=C), 64.41 (1C, C3), 64.35 (CH,-
CH;), 47.51 (1C, C3a), 42.86 (CH,-N-CH,), 21.31 (CH3), 15.15

ey
Ale
4T a1v HE
& GLN Acaan Aras
ALY Azizd Azal
. ey
Azidd ALA
LR Ease AER F CHT
AL 178 5 ATE 7 <
AsR7L . ALA
" % A3
ASHy AT . \
a !
WAL o
"ne anry ~
Pt N
& \ ASH
o ik Aoy an
b ATTrR ) ¥l
SER w
Ay =4 Aoy ALA
Az ay ALED
ALA GEAE
ALLE Ansl
- WAL
AL ISy ALLEZ
AL28 AlLay

Fig. 9

LA
AP

(CH3-CH,). Anal. caled. for C3;H33N305 (527.62):C, 70.57; H,
6.30; N, 7.96, found: C, 70.50; H, 6.33; N, 7.99.

2.5. Biological evaluation

2.5.1. Cytotoxic in vitro studies against cell lines. The newly
synthesized compounds (3a-d), (4a, b) & (5a, b) were screened
for their anti-tumor properties against; human hepatoma (Huh-
7), lung cell cancer adenocarcinoma (A549), Michigan Cancer
Foundation-7 breast cancer (MCF-7), and for toxicity against
Madin-Darby Canine Kidney cells (MDCK cell line) as a model
of normal cell line, employing Taxol as standard drug positive
reference and utilizing the MTT (3-[4, 5-dimethylthiazol-2-yl]-2,
5 diphenyl tetrazolium bromide) assays reported previously.
Four different concentrations of each compound 0.1, 1, 10 and

(A) 2D binding mode of compound 3b, (B) 3D binding mode of compound 3b inside tubulin active pocket. Green dotted lines; H-bond,

light green dotted lines; van der Waals interactions, purple dotted lines; Pi-alkyl bonds.
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Fig. 11 Graph plot of AMDET study results for all compounds. 3b is
highlighted in yellow.

100 uM were prepared to obtain a dose-response curve inter-
preted as % of cell viability on y-axis versus concentration in pM
on x-axis. The drug sensitivity or the concentration needed to
reach 50% growth inhibition in comparison with the growth of

Table 3 Results of ADME studies among all compounds

the untreated control (half maximal inhibitory concentration,
IC5o) was calculated. For nondividing (primary) cells, drug
sensitivity is evaluated as increased cell kill of processed cells in
comparison with the loss of cells already usually seen in
untreated cells (50% lethal concentration, LCs).>**°

2.5.2. Tubulin polymerization assay method. Tubulin
fluorescence assay was carried out where, the most active
compounds from the in vitro cell lines assay were selected (3a,
3b, 5a and 5b) and combrestatin (CA-4) was utilized as a refer-
ence drug. The starting material was 2 mM solution of each
compound in DMSO which were then diluted with water to get
different concentrations 0.1, 1, 10 and 100 uM for each
compound.

The assay volume was 100 pl and the spectrophotometer
pathlength was 0.5 cm. The tubulin concentration was 4 mg
ml~". The spectrophotometer was set in kinetic absorbance
mode at 340 nm wavelength. The spectrophotometer was set at
37 °C as polymerization reaction was started by the increase in
temperature from 4 °C to 37 °C upon transfer of the reaction to
a pre-warmed plate.>*

2.5.3. In vivo biological evaluation

2.5.3.1. Animals and experimental design. Eighteen Wistar
rats (180-200 g) were obtained from the National Research
Centre (Cairo, Egypt). Then rats were housed under normal
laboratory conditions (22 % 2 °C; 12 h/12 h light/dark cycle with

Compound ADMET solubility level Absorption level ADMET BBB level Hepatotoxicity PPB

3a 3 1 4 FALSE FALSE
3b 2 2 4 FALSE TRUE
3c 2 0 2 TRUE TRUE
3d 2 0 2 FALSE TRUE
4a 3 0 3 FALSE FALSE
4b 2 0 4 FALSE TRUE
5a 2 0 4 FALSE TRUE
5b 2 1 4 FALSE TRUE

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Results of toxicity studies among all compounds
TOPKAT TOPKAT
TOPKAT rat carcinogenic carcinogenic
oral TOPKAT Rat  potency potency
TOPKAT TOPKAT TOPKAT TOPKAT LDs,g per max. tolerated TDs, mouse g per TDs, Rat g per kg
TOPKAT Ames Ames Ames Ames skin kg body dose feed g per kg body weight per body weight per
Compound applicability prediction score probability irritancy  weight kg body weight day day
3a All properties and Non- —18.63 0.071 Non- 0.19 0.07 53.09 3.29
3b OPS components mutagen  —19.73  0.052 irritant ~ 0.40 0.11 36.50 22.30
3c are within expected —15.80 0.141 0.05 0.03 6.52 1.26
3d ranges —14.25 0.196 0.19 0.02 25.70 45.55
4a —15.50 0.151 0.25 0.09 75.43 3.20
4b —16.68 0.115 0.52 0.15 51.90 21.70
5a —12.45 0.270 0.41 0.11 44.64 5.55
5b —13.59 0.222 0.86 0.18 30.60 37.53

free access to food and water). Mammary tumors were induced
as previously described. Once the tumors volume reached 1
cm®, the rats were divided randomly into 2 different groups as
follows:

e Group 1: untreated control group (C) n = 6.

e Group 2: breast induced cancer group (BC) n = 12.

To induce breast cancer, 7,12-dimethylbenz[a]anthracene
(DMBA) supplied by Sigma-Aldrich company (St. Louis, MO,
USA) was used. Rats in (Group 2) were injected intraperitoneally
each with a single dose of 20 mg kg~ ' body weight of DMBA
dissolved in corn oil and given in a volume of 0.5 ml.>**

Rats were palpated weekly to check for tumor appearance;
the first detection of tumor was after three months (90 days).
After 120 days, (Group 2) was divided into 2 subgroups, one was
treated with Taxol and the other was treated with the synthetic
drug (3b) at the same dose.

At the end of treatment period, rats from all groups were
killed using a lethal dose of thiopental (IP 200 mg kg™").

2.5.3.2. Histopathology. Samples from autopsy were taken
from breast tissues of rats in different groups and fixed in 10%
formal saline for twenty-four hours. Washing was done using
tap water then serial dilutions of ethyl alcohol were used for
dehydration. Specimens were cleared in xylene and embedded
in paraffin at 56° in hot air oven for twenty-four hours. Paraffin
bees wax tissue blocks were prepared for sectioning at 4 um
thickness by sledge microtome. The obtained tissue sections
were collected on glass slides, deparaffinized, stained by
hematoxylin and eosin (H&E) stain for examination through
light electric microscope.*

2.5.3.3.  Tumor volume and body weight. Tumor volume and
body weight was recorded 3 times throughout the treatment,
once after the end of the induction (day 0), once at 3 weeks of
treatment (day 21) and at the end of treatment after 6 weeks of
treatment (day 42). Animal handling followed the Guide for the
Care and Use of Laboratory Animals.*® The experiments were
approved by the ethics committee in the Future University in
Egypt (REC-FPSPI-14/110).

2.6. Computational studies

In search for the mechanism of inhibition behavior presented
by the newly synthesized compounds for tubulin in the in vitro

15698 | RSC Adv,, 2023, 13, 15689-15703

assays, molecular docking studies were performed on tubulin-
podophyllotoxin: ~stathmin-like domain complex using
Discovery Studio 4.1. Using the same software, dynamic simu-
lation studies were also performed to check the stability of this
interaction inhibition. Moreover, to validate the pharmacoki-
netic properties from the points of absorption, distribution,
metabolism, and excretion ADME studies were performed side
by side to in silico toxicity studies to inform the safety of the new
structural compounds.

2.6.1. Molecular docking. The tubulin protein was down-
loaded from protein data bank with code: 1SA1. The protein was
prepared, and missing residues were supplied. Hydrogen atoms
were later added, and energy simulation was applied using
CHARMM forcefield and MMFF as partial charge. A heavy atom
of the protein was then built up and the whole atom constraints
were fixed to allow flexibility of ligands only. Energy minimi-
zation was applied, the receptor of the output molecule was
identified, and the active sites were determined as downloaded
from protein data bank.*® Similarly, to the in vitro studies CA-4
was used as a reference ligand and its structure was downloaded
from PUBCHEM as “.sd format”. The new molecules; 3a-d, 4a,
4b, 5a and 5b were drawn and checked on Chemdraw and saved
as “.mol format” file to be readable on Discovery Studio. Both
reference and the new compounds were subjected to same
forcefield of protein as simulation; CHARMM and MMFF and
prepared as ligands using software protocols. The output
molecules were allowed to dock within the prepared protein via
C-docker protocol to give 10 conformations for each compound
with various - (c-docker interaction energies). The visualization
of both 2D and 3D modes of interactions were applied also
using Discovery Studio.

2.6.2. Dynamic simulations. The dynamic simulation
studies were carried out using Discovery Studio 4.1 and applied
to CA-4 & 3b against tubulin. Standard Dynamic Cascades
protocol was applied, and minimization algorithm used was
(steepest descent) with maximum 2000 steps. RMS gradient was
set to be 1.0 and the second minimization algorithm used was
(conjugate gradient) with maximum 1000 steps. Initial
temperature was adjusted to be 50 °C and target temp. 300 °C
with maximum velocity 2000. Simulation time of Equilibration
phase was set 10 Ps and interval 2 Ps. The Implicit Solvent

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Model used was Generalized Born with Simple Switching
(GBSW) and LeapfroyVerlet protocol was used as the dynamic's
integrator.**

2.6.3. ADME & TOPKAT toxicity studies. ADMET protocol
was applied to prepared ligands of both CA-4 and the new
compounds. Graph plot and numerical schedules were
produced and presented.*”

Similarly, TOPKAT toxicity protocol was applied to previously
prepared ligands after selection of criteria to be measured;
Ames applicability, prediction, score, probability, skin irritancy,
rat oral LDsy, Rat Max. Tolerated Dose Feed Carcinogenic
Potency TDs, for both mouse and rat.

3. Results and discussion

3.1. Rational & chemistry

Literature studies exposed the structural activity relationship
carried out on curcumin piperidone analogues which revealed
that the 1,5-diaryl-3-oxo-1,4-pentadienyl pharmacophore is very
essential in activity of the compound as this group reacts with
cellular components at a specific binding site (primary binding
site)*® (Fig. 3). Alignment of the 1,5-diaryl-3-oxo-1,4-pentadienyl
group at the primary site may be affected by the nature of the
group attached to the heterocyclic nitrogen atom.***' This
group increased the cytotoxic potencies due to either extra
binding with cellular constituents at the auxiliary binding site
or by easing the interaction of the cytotoxin at the primary site.*
On the contrary, the group attached on the nitrogen atom may
result in potency reduction because of the repulsion between
this bulky group and the auxiliary site therefore, preventing
interaction between the 1,5-diaryl-3-oxo-1,4-pentadienyl moiety
and the primary binding site.*® Hence, bulky groups were
avoided in the novel compounds and acetyl group was added on
nitrogen instead.**

It was also discovered that the charged molecules may be
incapable of penetrating cell membranes and making a cyto-
toxic effect. Therefore, N-acylation was deemed a route to
pursue making nitrogen atom in a non-basic form. An oxygen
atom of the acyl group linked to the heterocyclic nitrogen atom
may enable hydrogen bonding with the auxiliary site.*>™**

The synthesis of the target compounds followed the pathway
outlined in Scheme 1. The intermediate compounds 2a-d were
prepared in one step. Briefly, aldol condensation of the appro-
priate aldehydes was carried out with N-acetyl-4-piperidone.
Subsequently, the target compounds 3a-d, 4a, 4b, 5a and 5b
were produced via cyclization of intermediate compounds using
either malononitrile for series 3, thiourea for series 4 or phe-
nylhydrazine for series 5. The chemical structures of newly
synthesized compounds were confirmed and characterized via
performing various elemental and spectral data.

3.2. Biological evaluation

3.2.1. In vitro antiproliferative activities and cytotoxicity
assay. All the newly synthesized pyridine heterocyclic hybrids
were examined against three types of cancer cell lines; hepato-
cyte derived carcinoma, lung cancer and breast cancer; (Huh-7),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A549) and (MCF-7) respectively. Cells were treated with
different concentrations of each compound, and the cell
viability was measured using MTT assay employing Taxol as the
positive reference standard drug (Table 1). Taxol displayed ICs,
= 6.68, 38.05, and 12.32 pM against Huh-7, A549 and MCF-7,
respectively. On the other hand, the new compounds showed
moderate to extremely potent activity against the three cell lines
except for compound 3d. Series 3 & series 5 compounds dis-
played activity on the three cell lines better than series 4 which
suggested that pyrano-pyridine and pyrazolo-pyridine hybrids
are more promising. Additionally, methoxy/ethoxy diarylidene
derivatives presented enhanced activity than p-chlorphenyl/
cinnmaldehyde derivatives. Compound 3b displayed superior
activity with IC5y = 6.54, 15.54, 6.13 uM against Huh-7, A549
and MCF-7, respectively.

According to the above analysis, some structure-activity
relationship (SAR) could be concluded: the introduction of
fused-heterocyclic moiety was found effective and almost all the
tested compounds showed moderate to potent antiproliferative
activity. Also, it could be observed that methoxy and ethoxy
groups attached to phenyl ring were an essential pharmaco-
phore for retaining bioactivities, which is consistent with
previously reported compounds.®*?

3.2.2. Cytotoxicity test against normal cells. Cytotoxic effect
of the most potent compounds; 3a, 3b, 5a and 5b was tested
against Madin-Darby Canine Kidney cells (MDCK) as non-
cancerous cells, and Taxol was used as positive control. As
shown in (Fig. 4), the data showed that the cytotoxicity of all the
tested compounds was obviously less than Taxol. Taxol dis-
played ICs, value of 0.85 pM against MDCK normal cells. While
compounds 3a, 3b, 5a and 5b possessed ICs, values of 3.97,
8.11, 6.53, and 6.02 uM respectively. The least toxic compound
was 3b.

3.2.3. Morphological assessment. Because of the impor-
tance of microtubules in the maintenance of cell morphology,
morphological assessment test was performed to reveal whether
compound 3b could affect microtubule morphology in living
cells. Cell morphology has been detected in comparison to
untreated control, and positive control treated with Taxol using
inverted light microscope. The morphological assessment for
the (A549) cells treated with the 100 uM of compound 3b or
Taxol for 48 h, compared to untreated control showed apparent
cell toxicity which was evident by loss of monolayer sheet (Red
arrow), increasing in cell lysis, and shrinkage of cells (Blue
arrow) as shown in (Fig. 5). The effect of compound 3b was
comparable to the effect of the reference drug Taxol at this
concentration. These results were in a good agreement with
MTT assay results, which depicted potential cytotoxic effect of
compound 3b on (A549) cells.*

3.2.4. Tubulin polymerisation assay. Highly dynamic
mitotic-spindle microtubules are amongst the most efficient
targets for anticancer therapy There are three diverse target sites
on the tubulin heterodimer, namely the colchicine, the vinca
alkaloids and paclitaxel binding sites. However, CA-4 is a class
of vascular disrupting agents that target existing tumor blood
through acting on B-subunit of tubulin at what is called the
colchicine site, and cause depolymerization of tubulin.

RSC Adv, 2023, 13, 15689-15703 | 15699
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To investigate whether the antiproliferative activities of
compounds; 3a, 3b, 5a and 5b is linked to the mechanism of
tubulin depolymerization, these agents were evaluated for their
inhibition of tubulin polymerization in comparison to CA-4 as
a reference depolymerizing agent.

The assay yielded results displayed in Table 2. All
compounds showed good ability to inhibit tubulin polymeri-
sation with ICs, values ranging from 4.03 to 15.60 pg ml~ " and
inhibition % ranging from 69% to 81%. Compound 3b had the
most inhibitory effect with IC5, of 4.03 pg ml~" and 81% inhi-
bition which is comparable to the reference drug CA-4 that
displayed inhibition of 86% and ICso = 1.64 pg ml ™.

3.2.5. In vivo biological evaluation. The antitumor effects
of compound 3b were evaluated in vivo. Mammary tumours
were induced in 18 female Wistar rats. The rats were divided
into 2 groups, group 1 as a (control untreated group) and group
2 as (breast cancer induced group). The first detection of
tumour was after three months (90 days) of induction. After 120
days, group 2 was divided into 2 subgroups, one was treated
with Taxol and the other was treated with the synthetic drug 3b
at a dose of 2 mg per kg per week.*>** Values were presented as
mean = SEM of 6 animals. Significant difference between
groups was carried out using analysis of variance (ANOVA) fol-
lowed by Tukey's post hoc test. Significance was taken as P <
0.05.

Microscopic examination of the control group (C) using
hematoxylin and eosin (H&E) stain showed normal histology
structure of mammary gland lobules which consisted of tubule-
alveolar glands that were formed of branched system of ducts
and secretory alveoli arranged in multiple lobules. Examination
of covering skin showed normal epidermis and dermis with
intact subcutaneous connective tissue (Fig. 6). The breast
cancer group (BC) showed necrosis of the epithelial covering
mammary gland. The mammary epithelia showed dysplastic
changes that revealed numerous proliferating neoplastic cells
that invaded surrounding tissues. The tumor cells showed
hyperchromatic nuclei with few prominent nucleoli which were
arranged in multilayer structure that narrowed the ductal
lumen.

Histopathology results showed that the intensity of inflam-
matory cells infiltrates decreased after treatment with both
Taxol and 3b (synthetic drug) as shown in (Fig. 7).

Mammary adenocarcinoma was observed in some examined
sections and was characterized by solid aggregations of
neoplastic cells associated with numerous mononuclear
inflammatory cells infiltration®* (Fig. 7).

Tumor size and body weight of Wistar rats were measured
and recorded 3 times throughout the treatment, once after the
end of the induction (day 0), once at 3 weeks of treatment (day
21) and once at the end of treatment/after 6 weeks of treatment
(day 42) to determine whether drug 3b could target breast
cancer cell growth. Both Taxol and 3b did not have a significant
effect on rats' body weights.

On the other hand, for the antitumor study, tumor size of the
3b-treated rats was significantly decreased by 79% at the end of
the treatment compared to the tumor size before initiation of
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the treatment at P < 0.05 as shown in (Fig. 8) which was
comparable to that of Taxol which showed 81% inhibition.

3.3. In silico studies

3.3.1. Molecular modeling studies. Based on the previously
obtained in vitro assay results of the tubulin inhibition assay, it
was essential to figure out the mechanism of binding of
compounds with tubulin. Tubulin was downloaded with PDB
code: 1SA1 (ref. 52) and prepared as previously discussed in
methodology. The prepared compounds were allowed to dock
into the active pocket of protein using C-docker protocol. The
obtained - (c-docker interaction energies) were sorted for each
10 obtained compound conformations and only least energy
with best conformer were presented in (Table S21 in ESI{)
together with its 2D binding mode. The results of our
compounds were compared to reference selected drug CA-4. CA-
4 displayed interaction with main key amino acids; GIn 11, Ala
12 and the most important Thr 145 via H-bond, 7-bond, and H-
bond respectively. The c-docker interaction energy of CA-4 was
—38.52 kcal mol *, while the new compounds were in the range
of (—45.44-54.83) kcal mol*. Compounds 3a and 3b displayed
same binding with key amino acids as reference compound
with extra favorable interactions and better energy for
compound 3b as shown in (Fig. 9). Compounds 3¢, 3d, 4a and
4b missed the essential H-bond with Thr 145. While
compounds 5a and 5b failed in the interaction with chain A but
displayed different mechanism through chain B interaction.
These findings coincide with the in vitro protein inhibition
assay where compounds 3a and 3b showed superior tubulin
inhibition over 5a and 5b owing to the pyrano-pyridine ring size
that formed correct orientation of the essential functional
groups into the active binding site.

3.3.2. Standard dynamic simulations. To re-ensure the
stability of ligands binding to protein and production of effec-
tive inhibition, molecular dynamic simulation studies are
applied. The best active conformer of the reference CA-4 ob-
tained from the docking study was selected for its dynamic
stability inside tubulin active site and compared to that of the
best active compound 3b. Results obtained in (Fig. 10) repre-
sented total energy produced during the production phase over
time, root mean square deviations (RMSD) and root mean
square fluctuations (RMSF) for ten best produced conforma-
tions of both CA-4 and 3b in the docked poses. The total energy
produced by CA-4 was (12 150-12275) kecal mol™" over time
range (16-24) ps and 9 new hydrogen bonds were formed
between CA-4 and tubulin. While over similar timeline 3b
produced comparable stable total energy (8325-
8450) kcal mol ™' and 8 new hydrogen bonds were formed
between 3b and tubulin. The total energy decreases overtime
which indicated interaction stability. On the other hand, RMSD
showed that the deviations of both CA-4 and 3b were similar
within the accepted. Steady fluctuations for both CA-4 and 3b
were similar and within accepted ranges, where most fluctua-
tions were below 3.5.

3.3.3. ADME studies. To get more in depth into the phar-
macokinetic properties of the designed compounds, ADMET

© 2023 The Author(s). Published by the Royal Society of Chemistry
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studies were performed using Discovery Studio 4.1. Intestinal
absorption, solubility, hepatotoxicity, ability to pass blood-
brain barrier (BBB) and ability to bind to plasma protein (PPB)
were all measured for all compounds (Fig. 11). Results were
tabulated in (Table 3) and as shown the solubility levels (2) for
most compounds stated that they were low soluble except
compounds 3a and 4a were found to be at level (3) meaning they
possessed good solubility. Intestinal absorption of compounds
was between good to moderate absorption. The ability to pass
BBB was at level 4 which reflected very low ability and hence less
expected side effects. All compounds were not hepatotoxic
except the probability of compound 3c. Most compounds have
the ability to bind to plasma protein which indicated their
prolonged duration of action except for compounds 3a and 4a.

3.3.4. Toxicity studies. TOPKAT Ames Toxicity protocol was
adopted to evaluate possible toxicities to all new compounds.
All TOPKAT Ames probabilities, applications & scores showed
that compounds are non-mutagenic, non-carcinogenic nor
irritant and were all within expected ranges (Table 4).

4. Conclusion

A series of novel pyridine heterocyclic hybrids were designed,
synthesized, and evaluated for their in vitro anticancer activity
against human hepatoma (Huh-7), lung cell cancer adenocar-
cinoma (A549), and breast cancer (MCF-7). Most of the novel
pyridine hybrids exhibited potent cytotoxicity. Moreover,
tubulin inhibitory effect of the most potent compounds was
assessed, and they showed good tubulin inhibition activity.
Compound 3b was found to be the most potent compound
possessing cytotoxic activity on cancer cell lines with IC5, = 6.54
uM against (Huh-7) liver cancer cell line and ICs, = 6.13 uM
against (MCF-7) breast cancer cell line. Also, compound 3b
showed great ability to inhibit tubulin polymerization with
superior value of IC50 = 4.03 uM (81% inhibition) compared to
CA-4 the reference drug. These results also coincide with the
docking interaction energy score (—48.22 keal mol™") which was
obtained from the in silico study. Compound 3b was also the
least toxic compound against the non-cancerous cells with ICs,
of 8.11 uM. Also, compound 3b was able to suppress tumour
size in experimental rats by 79% according to (in vivo studies).
These findings have proven that pyrano-pyridine ring could be
an essential feature for further new anticancer scaffolds.
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