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ABSTRACT

The work reported herein describes the synthesis of a new series of anti-inflammatory pyrazolyl thiazo-
lones. In addition to COX-2/15-LOX inhibition, these hybrids exerted their anti-inflammatory actions
through novel mechanisms. The most active compounds possessed COX-2 inhibitory activities comparable
to celecoxib (ICsy values of 0.09-0.14 M) with significant 15-LOX inhibitory activities (ICsos 1.96 to
3.52 uM). Upon investigation of their in vivo anti-inflammatory activities and ulcerogenic profiles, these
compounds showed activity patterns equivalent or more superior to diclofenac and/or celecoxib.
Intriguingly, the most active compounds were more effective than diclofenac in suppressing monocyte-to-
macrophage differentiation and inflammatory cytokine production by activated macrophages, as well as
their ability to induce macrophage apoptosis. The latter finding potentially adds a new dimension to the
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previously reported anti-inflammatory mechanisms of similar compounds. These compounds were effect-
ively docked into COX-2 and 15-LOX active sites. Also, in silico predictions confirmed the appropriateness

of these compounds as drug-like candidates.

1. Introduction

In the last two decades, progressive steps were made in our
understanding of the molecular mechanisms of Arachidonic acid
(AA)-mediated inflammation’. Two main pathways involving either
cyclooxygenase (COX) or lipoxygenase (LOX) enzymes exist with
potential pro-inflammatory products. COX isoforms are responsible
for the conversion of AA to prostaglandins (PGs), prostacyclin (PGI2)
and thromboxane A2 (TXA2)>™. While COX-1 is constitutively active
and synthesises PGs with a favourable physiological role in the gastro-
intestinal tract and kidneys®™, COX-2 expression is triggered by pro-
inflammatory stimuli and is responsible for the production of PGs
involved in inflammation®™. On the other hand, LOX converts AA to
leukotrienes (LTs) and/or eoxins®™. Specifically, the latter are products
of the 15-LOX pathway'® and together with PGs and LTs, have been
implicated in the pathophysiology of several inflammatory disorders,
like Alzheimer's disease, rheumatoid arthritis, osteoarthritis, COPD,
psoriasis and multiple sclerosis®®. Furthermore, the perspective of
developing selective COX-2 inhibitors that are devoid of GIT side
effects turned out to be counterintuitive, since clinical practice proved
that several of these selective inhibitors were associated with severe
cardiovascular complications'""2 Also, only blocking the inflamma-
tory pathway downstream of COX-2 would divert the arachidonic

acid inflammatory flux into the LOX pathway; increasing the level of
production of LTs/eoxins, therefore resulting in a greater incidence of
unfavourable side effects such as asthma'>. As such, constructing a
dual COX-2/LOX inhibitor seems to be an advantageous therapeutic
option in terms of both efficacy and safety.

Up until the moment, the only bona fide selective COX-2/LOX
inhibitor close to therapeutic use is licofelone, which entered
phase 3 clinical trials for osteoarthritis'®. Nonetheless, numerous
research groups synthesised dual COX/LOX inhibitors. Of particular
interest to this study, are the phenolic arylidene thiazolidinones
darbufelone (Structure 1, Figure 1)'° and CI-987 (Structure I,
Figure 1)'® that showed low ulcerogenicity and potent COX/LOX
inhibitory activity. Moreover, some morpholinoethyl thiazolidin-4-
ones (Structure lll, Figure 1) reduced ear oedema in mice and pos-
sessed COX inhibitory activity'’. Besides, the pyrazoline derivative
(Structure 1V, Figure 1) reported by Abdellal et al. showed more
selectivity than celecoxib towards COX-2 and more potency than
meclofenamate sodium towards 15-LOX'®. Furthermore, pyrazole-
containing hydroxamic acid COX/LOX inhibitor, tepoxalin
(Structure V, Figure 1), was authorised for use in veterinary set-
tings in the European Union and the United States under the
brand name Zubrin® for the relief of pain associated with muscu-
loskeletal disorders'®.
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Figure 1. Rationale for the design of target compounds.

On the other hand, monocyte recruitment and subsequent
activation into macrophages is an early event of the inflammatory
response®°. This process has been recognised to play an essential
role in the pathogenesis of atherosclerosis?'. Multiple studies have
reported an enhancement in COX-2 expression during monocyte
differentiation into macrophages®*?3. Prostaglandin E2, upon
binding to EP2 and EP4 receptors, was shown to stimulate inter-
leukin-10 (IL-10) production, which mediates functional reprog-
ramming of monocytes and macrophages®*. Additionally, 15-LOX
was shown to contribute to macrophage activation and adhe-
sion®®. Of particular interest, 15-LOX was found to be upregulated
in macrophage-rich atherosclerotic lesions®®?’. Our previous
reports demonstrated inhibitory effects of combined COX-2 and
15-LOX blockade on THP-1 monocyte-to-macrophage differenti-
ation as shown by the 2-thioxothiazolidin-4-one derivative
(Structure VI, Figure 1)%%%°,

In view of the above facts, we envisioned that a hybrid design
that combines both pyrazolyl and thiazolyl privileged scaffolds
might be a good candidate for a dual COX-2/LOX inhibitor. In add-
ition, we reasoned that adding a cyclized secondary amine moiety
(such as; morpholine, piperidine and piperazine) might enhance the
anti-inflammatory activity as indicated by several reports'’3%3",
Consequently, we synthesised and evaluated the anti-inflammatory
activity of the designed pyrazolyl-thiazolones (Structure VI, Figure
1). In vitro COX-1/2 and 15-LOX inhibitory assays were performed.
Moreover, anti-inflammatory activities were assessed in several
in vivo and in vitro models. Finally, docking and drug likeness studies
were carried out to further support their mechanism of action and
appropriateness as drug-like candidates.

2. Experimental
2.1. Chemistry

All chemicals and solvents were obtained from Sigma-Aldrich or
Fisher Scientific. A Stuart melting point apparatus (SMP10) was
used for determining uncorrected melting points. Infra-red spectra
(IR) were recorded using KBr discs on a Shimadzu IR 435 spectro-
photometer. Nuclear magnetic resonance ("H NMR and '>C NMR)
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spectra were recorded on a Bruker spectrometer (400 MHz) using
deuterated Pyridine (Pyridine-d5) as a solvent. Elemental analyses
(C, H, N and S) were conducted on a FLASH 2000 CHNS/O
Analyser (Thermo Scientific). In addition, compounds were found
to be >95% pure by reversed phase HPLC analysis using Agilent
1260 infinity HPLC equipped with G1311B Quaternary pump,
G1329 injector and G 1315D DAD VI detector. A G1316A C18 col-
umn (4.6 x 150 mm) was used. An injection volume of 0.5 ml (DMF
and phosphate buffer pH 5 1:1), a flow rate of 1 ml/min and an
isocratic elution of acetonitrile in water (1:1) were applied. The
detection was done at a wavelength of 254 nm.

2.1.1. General procedure for the preparation of (Z)-5-benzylidene
thiazol-4(5H)-one (1-10):

A mixture of the appropriate aldehyde a-e (1.5 mmol), rhodanine
(0.13 g, 1 mmol) and cyclic secondary amine (1.5 mmol) in absolute
ethanol (10ml), in the presence of catalytic amount of glacial
acetic acid was heated under reflux with stirring for 12-15 h. After
cooling to room temperature overnight, the precipitated product
was filtered, washed with cold ethanol and then dried. The solid
was crystallised from ethanol or ethanol/DMF to furnish the
appropriate solid products.

2.1.1.1.  (Z)-5-((5-chloro-3-methyl-1-phenyl-1H-pyrazol-4-yl)methy-
lene)-2-(piperidin-1-yl)thiazol-4(5H)-one (1). Yield 84.9%.
m.p0.184-186 °C. IR (KBr, cm™'): 1589.34 (C=N), 1678.07 (C=0),
2924.09 (aliphatic C-H). 'H NMR (400 MHz, Pyridine-ds): 6 1.37-1.42
(m, 6H, piperidine-C3 45-H), 2.37 (s, 3H, CHs), 3.33 —3.35 and 3.87
(2m, 4H, piperidine-Cy6-H), 7.35-7-39 (t, J=8Hz, 1H, Aryl-C4;-H),
7.46-7.50 (t, J=8Hz, 2H, Aryl-C35-H), 7.70-7.72 (d, J=8Hz, 2H,
Aryl-Cy5-H), 7.87 (s, TH, =CH). "*C NMR (100 MHz, Pyridine- ds): &
179.7, 173.8, 148.9, 138.2, 132.5, 129.3, 128.7, 128.6, 126.1, 125.05,
119.4, 114.8, 49.8, 49.2, 26.0, 25.3, 23.8, 13.8. Anal. Calcd (%) for
CyoH19CIN4OS (386.90): C, 58.98; H, 4.95; N, 14.48; S, 8.29. Found:
C, 59.12; H, 498; N, 14.67; S, 8.38. HPLC/DAD: Retention time
6.49 min and 100% purity.



2.1.1.2.  (Z)-5-((5-chloro-3-methyl-1-phenyl-1H-pyrazol-4-yl)methy-
lene)-2-morpholinothiazol-4(5H)-one  (2). Yield 91.1%. m.p
0.215-217°C. IR (KBr, cm™"): 161635 (C=N), 1678.07 (C=0),
2974.23 (aliphatic C-H). '"H NMR (400 MHz, Pyridine-ds): 6 2.38 (s,
3H, CHs), 3.52—3.54 and 3.66-3.69 (2m, 4H, morpholine-C;¢-H),
3.71 —3.74 and 4.00-4.02 (2m, 4H, morpholine-C35-H), 7.36-7.40
(dd, J=7.2 & 7.6Hz, 1H, Aryl-C4,-H), 7.47-7.51 (dd, /=7.6 & 8Hz,
2H, Aryl-C35-H), 7.70-7.72 (d, J=8Hz, 2H, Aryl-Cy4-H), 7.90 (s, TH,
=CH). '*C NMR (100 MHz, Pyridine- ds): d 179.5, 174.9, 148.9,
138.1, 131.6, 129.3, 129.3, 129.1, 128.6, 126.2, 125.0, 120.1, 114.6,
66.1, 66.0, 48.6, 48.5, 13.8. Anal. Calcd (%) for CygH;7CIN4O,S
(388.87): C, 55.60; H, 4.41; N, 1441; S, 8.24. Found: C, 55.84; H,
4.38; N, 14.63; S, 8.30. HPLC/DAD: Retention time 4.92min and
99.79% purity.

2.1.1.3.  (Z)-5-((1,3-diphenyl-1H-pyrazol-4-yl)methylene)-2-(piperi-
din-1-yl)thiazol-4(5H)-one (3). Yield 92.7%. m.p 0.260-262°C
(reported 262-264°C3?). IR (KBr, cm™'): 1573.91 (C=N), 1674.21
(C=0), 2927.94 (aliphatic C-H). "H NMR (400 MHz, Pyridine-ds):
1.426 (m, 6H, piperidine-C; 45-H), 3.19-3.30 & 3.87 (2m, 4H, piperi-
dine-C;¢-H), 7.32-8.12 (m, 10H, Ar-H), 8.19 (s, TH, =CH), 8.71 (s,
1H, pyrazole-Cs-H). '*C NMR (100 MHz, Pyridine-ds): 6 180.2, 173.2,
154.0, 139.7, 135.9, 134.8, 132.6, 129.7, 129.4, 129.1, 129.0, 128.9,
127.4,127.2, 123.8, 122.8, 120.2, 119.4, 117.6, 49.8, 49.2, 26.0, 25.3,
23.8. Anal. Calcd (%) for Co4H,oN,0OS (414.53): C, 69.54; H, 5.35; N,
13.52; S, 7.73. Found: C, 69.80; H, 5.48; N, 13.74; S, 7.65. HPLC/
DAD: Retention time 11.25min and 98.60% purity.

2.1.1.4. (2)-5-((1,3-diphenyl-1H-pyrazol-4-yl)methylene)-2-morpholi-
nothiazol-4(5H)-one (4). Yield 86.4%. m.p 0.263-265°C (reported
266-268°C>%). IR (KBr, cm™'): 1573.91 (C=N), 1678.07 (C=0),
297423 (aliphatic C-H). 'H NMR (400MHz, Pyridine-ds): o
347 —3.54 and 3.67-3.69 (2m, 4H, morpholine-C,¢-H), 3.71-3.74
and 4.00-4.02 (2m, 4H, morpholine-C35-H), 7.34-8.11 (m, 10H, Ar-
H), 819 (s, 1H, =CH), 854 (s, 1H, pyrazole-Cs-H). "*C NMR
(100 MHz, Pyridine-ds): 6 179.9, 174.2,170.6, 154.5, 139.7, 132.5,
129.7, 129.1, 128.8, 128.0, 127.6, 127.4, 126.0, 122.0, 120.9, 119.69,
1194, 117.5, 116.6, 66.1, 66.0, 48.7, 48.5. Anal. Calcd (%) for
Cy3H,0N405S (416.50): C, 66.33; H, 4.84; N, 13.45; S, 7.70. Found: C,
66.54; H, 490; N, 13.62; S, 7.76. HPLC/DAD: Retention time
8.50 min and 100% purity.

2.1.1.5.  (2)-5-((1-phenyl-3-(p-tolyl)-1H-pyrazol-4-yl)methylene)-2-
(piperidin-1-yl)thiazol-4(5H)-one (5). Yield 84.6%. m.p
0.203-205°C. IR (KBr, cm™"): 1597.06 (C=N), 1678.07 (C=0),
2931.80 (aliphatic C-H). 'H NMR (400 MHz, Pyridine-ds): 6 1.45 (m,
6H, piperidine-C545-H), 2.29 (s, 3H, CHs), 3.34 & 3.90 (2m, 4H,
piperidine-Cy6-H), 7.28-7.93 (m, 9H, Ar-H), 8.13 (s, 1H, =CH), 8.57
(s, TH, pyrazole-Cs-H). >*C NMR (100 MHz, Pyridine-ds): 6 180.31,
173.2, 170.6, 154.7, 139.0, 138.7, 129.8, 129.1, 128.0, 127.6,127.2,
125.8, 122.8, 122.2, 1204, 119.6, 119.4, 117.6, 116.6, 49.9, 49.2,
26.0, 25.3, 23.8, 21.0. Anal. Calcd (%) for CysH,4N,OS (428.55): C,
70.07; H, 5.65; N, 13.07; S, 7.48. Found: C, 70.31; H, 5.70; N, 13.24;
S, 7.54. HPLC/DAD: Retention time 12.62 min and 99.34% purity.

2.1.1.6. (Z)-2-morpholino-5-((1-phenyl-3-(p-tolyl)-1H-pyrazol-4-
yl)methylene)thiazol-4(5H)-one (6). Yield 90.8%. m.p 0.234-236°C.
IR (KBr, cm™"): 1597.06 (C=N), 1678.07 (C=0), 2981.95 (aliphatic
C-H).. 'H NMR (400MHz, Pyridine-ds): & 2.26 (s, 3H, CHs),
3.45 —3.47 and 3.66-3.68 (2m, 4H, morpholine-C,4-H), 3.70 —3.72
and 3.99-4.01 (2m, 4H, morpholine-C3s-H), 7.24-7.26 (d, 2H,
J=8Hz, phenyl-C,6-H), 7.29-7.33 (dd, /=4 & 8Hz, 1H, phenyl-C,-
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H), 7.44-7.48 (t, J=8Hz, 2H, phenyl-C5s-H), 7.82-7.84 (d, J=8Hz,
2H, p-tolyl-C3 5-H), 8.08-8.10 (d, J=8Hz, 2H, p-tolyl-C;6-H), 8.21 (s,
1H,=CH), 8.66 (s, 1H, pyrazole-Cs-H). *C NMR (100 MHz, Pyridine-
ds): 0 179.9, 174.2, 154.2, 139.7, 138.7, 130.1, 129.7, 129.6, 129.2,
129.0, 128.6, 127.7, 127.3, 127.2, 121.0, 119.5, 1194, 1174, 66.1,
66.0, 48.6, 48.5, 21.0. Anal. Calcd (%) for Cy3H;oN40,S (416.50): C,
66.96; H, 5.15; N, 13.01; S, 7.45. Found: C, 66.74; H, 5.19; N, 13.28;
S, 7.51. HPLC/DAD: Retention time 8.70 min and 99.80% purity.

2.1.1.7. (Z2)-5-((3-(4-methoxyphenyl)-1-phenyl-1H-pyrazol-4-
yl)methylene)-2-(piperidin-1-yl)thiazol-4(5H)-one (7). Yield 89.1%.
m.p 0.208-210°C. IR (KBr, cm™'): 1612.49 (C=N), 1678.07 (C=0),
2939.52 (aliphatic C-H). "H NMR (400 MHz, Pyridine-ds): 6 1.41 (m,
6H, piperidine-C5 45-H), 3.69 (s, 3H, OCHs), 3.29 & 3.86 (2m, 4H,
piperidine-C,6-H), 7.07-7.09 (d, 2H, J=8Hz, phenyl-C,¢-H), 7.28-
7.31 (dd, /=4 & 8Hz, 1H, phenyl-C4,-H), 7.43-7.47 (t, J=8Hz, 2H,
phenyl-C5s-H), 7.88-7.90 (d, J=8Hz, 2H, p-OCHs-phenyl-C;s-H),
8.09-8.11 (d, J=8Hz, 2H, p- OCH3-phenyl-C;6-H), 8.21 (s, TH,=CH),
853 (s, 1H, pyrazole-Cs-H). *C NMR (100 MHz, Pyridine-ds): o
180.2, 173.2, 160.4, 153.9, 139.4, 139.8, 130.5, 130.4, 129.1, 127.7,
127.5, 127.2, 127.1, 1249, 1204, 119.5, 119.4, 117.5, 114.5, 55.1,
49.8, 49.2, 26.0, 253, 23.8. Anal. Calcd (%) for CysH,4N40,S
(444.55): C, 67.55; H, 5.44; N, 12.60; S, 7.21. Found: C, 67.81; H,
552; N, 12.89; S, 7.28. HPLC/DAD: Retention time 4.57 min and
96.32% purity.

2.1.1.8. (Z)-5-((3-(4-methoxyphenyl)-1-phenyl-1H-pyrazol-4-
yl)methylene)-2-morpholinothiazol-4(5H)-one (8). Yield 90.9%. m.p
0.235-237°C. IR (KBr, cm™'): 1597.06 (C=N), 1678.07 (C=0),
2939.52 (aliphatic C-H). 'H NMR (400 MHz, Pyridine-ds): ¢
3.47 —3.48 and 3.68-3.69 (2m, 4H, morpholine-C,4-H), 3.70 (s, 3H,
OCHs;), 3.71—-3.72 and 3.99-4.01 (2m, 4H, morpholine-C;s-H),
7.07-7.09 (d, 2H, J=8Hz, phenyl-C;¢-H), 7.29-7.33 (t, J=7.2Hz,
1H, phenyl-C4-H), 7.45-7.48 (dd, J=7.2 & 7.6Hz, 2H, phenyl-C;5-
H), 7.88-7.90 (d, J=8Hz, 2H, p-OCH;-phenyl-C5s-H), 8.08-8.10 (d,
J=8Hz, 2H, p- OCH3-phenyl-C,6-H), 8.21 (s, 1H,=CH), 8.65 (s, TH,
pyrazole-Cs-H). >*C NMR (100 MHz, Pyridine-ds): 6 179.9, 174.2,
160.4, 154.0, 139.7, 130.4, 129.7, 128.5, 127.2, 127.1, 124.8, 121.1,
119.6, 119.4, 117.3, 114.6, 66.1, 66.0, 55.1, 48.6, 48.5. Anal. Calcd
(%) for Cy4H,5N403S (446.53): C, 64.56; H, 4.97; N, 12.55; S, 7.18.
Found: C, 64.31; H, 5.04; N, 12.68; S, 7.22. HPLC/DAD: Retention
time 5.88 min and 96.12% purity.

2.1.1.9. (Z)-5-((3-(4-bromophenyl)-1-phenyl-1H-pyrazol-4-yl)methy-
lene)-2-(piperidin-1-yl)thiazol-4(5H)-one (9). Yield 88.7%. m.p
0.266-268°C. IR (KBr, cm™"): 1589.34 (C=N), 1685.79 (C=0),
2927.94 (aliphatic C-H). "H NMR (400 MHz, Pyridine-ds): 6 1.41 (m,
6H, piperidine-C345-H), 3.31 & 3.89 (2m, 4H, piperidine-C,4-H),
7.34-7.66 (m, 5H, phenyl-H), 7.78-7.80 (d, J=8Hz, 2H, p-Br-phe-
nyl-C35-H), 8.09-8.11 (d, J=8Hz, 2H, p-Br-phenyl-C,4-H), 8.55 (s,
1H,=CH), 8.67 (s, 1H, pyrazole-Cs-H). '*C NMR (100 MHz, Pyridine-
ds): 6 179.5, 173.1, 153.1, 152.7, 139.6, 132.2, 131.6, 130.8, 130.3,
129.8, 128.1, 127.7, 127.4, 126.8, 121.2, 120.0, 119.7, 117.6, 116.7,
499, 49.2, 26.0, 25.3, 23.8. Anal. Calcd (%) for Cy4H,;BrN,4OS
(493.42): C, 58.42; H, 4.29; N, 11.35; S, 6.50 Found: C, 58.65; H,
434; N, 11.61; S, 6.62. HPLC/DAD: Retention time 11.37 min and
99.82% purity.

2.1.1.10. (Z)-5-((3-(4-bromophenyl)-1-phenyl-1H-pyrazol-4-
yl)methylene)-2-morpholinothiazol-4(5H)-one (10). Yield 92.7%.
m.p 0.270-272°C. IR (KBr, cm™'): 1610.24 (C=N), 1678.85 (C=0),
2965.51 (aliphatic C-H). 'H NMR (400 MHz, Pyridine-ds): § 3.47 and
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3.68- (2m, 4H, morpholine-C,6-H), 3.71 and 4.01 (2 m, 4H, morpho-
line-C55-H), 7.33-7.65 (m, 5H, phenyl-H), 7.77-7.79 (d, J=8Hz, 2H,
p-Br-phenyl-C5 5-H), 8.09-8.11 (d, J=8Hz, 2H, p-Br-phenyl-C;¢-H),
8.45 (s, 1H, =CH), 8.67 (s, 1H, pyrazole-Cs-H). *C NMR (100 MHz,
DMSO-dg): 6 179.3, 174.1, 152.4, 139.6, 131.2, 130.7, 129.7, 129.2,
127.4, 123.8, 122.8, 120.4, 119.9, 66.0, 48.6, 48.5. Anal. Calcd (%)
for Cy3H9BrN4O,S (495.40): C, 55.76; H, 3.87; N, 11.31; S, 6.47.
Found: C, 55.90; H, 3.85; N, 11.47; S, 6.54. HPLC/DAD: Retention
time 6.88 min and 100% purity.

2.2. Biological evaluation

2.2.1. In vitro COX-1/2 and 15-LOX inhibition assays

The capability of the target compounds to inhibit COX-1/2 and
15-LOX enzymes was tested using colorimetric COX (ovine)
(Catalog No. 560131) and lipoxygenase (Catalog No. 760700)
inhibitor screening assay kits, respectively, that were supplied by
Cayman chemicals, Ann Arbour, MI, USA. Both assays were carried
out in compliance with the manufacturer’s instructions and in
accordance to prior studies®*33,

2.2.2. In vivo anti-inflammatory activity

Protocols including animals and their care have been carried out
in accordance with the Guide for the Care and Use of Laboratory
Animals issued by US National Institute of Health (NIH publication
No. 83-23, revised 1996) and the ethical guidelines of Alexandria
University on laboratory animals. Across all experiments, sufficient
care was taken to minimise discomfort or pain for animals. Adult
female Wistar rats weighing 150-250g (acquired from the
Experimental Animal Centre at Alexandria University) were utilised.
All animals had access to water and food ad libitum and were
kept in a controlled environment at 23-25°C with a 12-h dark/
light cycle. Rats were acclimatised for 7days before the experi-
ment. Diclofenac sodium, celecoxib (from European Egyptian
Pharmaceutical industries, Alexandria, Egypt) were used
as references.

2.2.3. Inflammatory models

The in vivo anti-inflammatory activity of compounds (2,4,7-10)
was assessed both in acute and chronic inflammatory models by
using the formalin-induced paw oedema®**> and cotton pellet-
induced granuloma screening protocols®®, respectively. Diclofenac
sodium (5mg/kg) and celecoxib (5mg/kg) were used as referen-
ces. Animals were randomly split into six groups, where each
group consisted of six rats, and was treated with different test
compounds. Sets treated with celecoxib and diclofenac sodium
acted as reference and those given the vehicle only (DMSO) were
used as control. The same groups of rats were utilised in inflam-
matory models and in ulcerogenicity experiments.

2.2.4. Formalin-induced paw oedema test (acute inflamma-
tion model)

A freshly prepared 5% formalin solution (prepared from 37% for-
maldehyde and saline (Merck, Germany)) was used as a phlogistic
agent. Test and reference compounds (5mg/kg body weight)
were dissolved in DMSO and given orally with gastric gavage
once per day for seven consecutive days, whereas DMSO was
administered to the control group. On the 8™ day, the initial paw
volume was determined by a Vernier calliper. Then, a subcutane-
ous injection of 40 ul formalin was introduced into the right hind

paw of all groups under light ether anaesthesia. The paw volume
was measured 4h after the formalin injection and the oedema
volume was calculated by the difference in paw volume before
and 4h after the formalin injection. The percentage inhibition of
oedema (or % protection against inflammation) was calculated for
each compound as previously reported®*3°,

2.2.5. Cotton pellet-induced granuloma assay (chronic inflamma-
tion model)

The rat abdomen was prepared by shaving and swabbing with
70% ethanol then two sterilised cotton pellets (each weighing
20+ 1mg) were subcutaneously implanted, on both sides of the
abdomen under xylazine/ketamine anaesthesia (intraperitoneally,
9mg/kg and 50mg/kg, respectively). Intramuscular gentamycin
injection (4 mg/kg) was used for three days after the experiment
to guard against post-operative infection.

Test compounds, celecoxib, diclofenac sodium or vehicle
(DMSO) were administered orally as before. On the gth day after
implantation, rats were subjected to light ether anaesthesia.

The pellets were excised, dried at 60°C for 24h and weighed
after cooling. The mean weights of the dried cotton pellets of all
groups were calculated then % granuloma inhibition of all com-
pounds was calculated relative to control®®,

2.2.6. Gastric ulcerogenic activity

The same compounds were tested for chronic gastric ulcerative
symptoms>"3%, Rat stomach was removed on the 8" day of drug
administration. Stomach was opened through the greater curva-
ture, washed and kept in saline. Gross examination was carried
out for any signs of haemorrhage, hyperaemia, haemorrhagic ero-
sion or ulcers. Moreover, histopathological inspection was con-
ducted to verify the extent of inflammatory reaction in
mucosal layers?®-3%,

2.2.7. Monocyte-to-macrophage differentiation assay

Monocytes were cultured and differentiated as described previ-
ously®’. THP-1 cells (human acute monocytic leukaemia lineage,
American Type Culture Collection, Manassas, VA) were seeded at a
density of 20 x 10° cells/ml. A set of cells were exposed to 25nM
of phorbol myristate-acetate (PMA, Calbiochem, Darmstadt,
Germany) for 24 h to drive differentiation. Another set was simi-
larly treated with PMA followed by 100 ng/ml of lipopolysacchar-
ide (LPS, invivogen, San Diego, CA, USA) for 72 h. After incubation,
the supernatant was aspirated and the density of the adherent
cells was estimated using MTS colorimetric cell viability kit
(Abcam, Cambridge, UK). The inhibitory actions of different com-
pounds on the differentiation process were evaluated by pre-incu-
bation with different concentrations of each compound for 6h.
Cell viability after treatment was normalised to the reading after
PMA exposure following a 6-h incubation with DMSO. All experi-
ments were conducted in triplicates. A positive control for the
effect of COX1/COX2 inhibition on monocyte-to-macrophage dif-
ferentiation was obtained by treatment with diclofenac. I1C5, val-
ues for each compound were determined by non-linear regression
as the best fit values of the log [inhibitor] vs. response curve using
GraphPad Prism software.

2.2.8. Cytotoxicity assay
To confirm that the previous observations were a consequence of
interference of the compounds with the differentiation process



rather than a reduction in monocyte viability, THP-1 monocytes
were incubated with different concentrations of the compound
for 30 h. No difference in cell viability was detected. Moreover, the
cytotoxic effects of the drugs on differentiated macrophages were
evaluated. Following the incubation of THP-1 cells with 25nM
PMA for 24 h and 100 ng/ml LPS for 24 h, the differentiated macro-
phages were treated with different concentrations of the com-
pounds for 24 h. Cell viability was assessed using MTS colorimetric
cell viability kit (Abcam, Cambridge, UK).

2.2.9. IL-1B

Western blotting
THP-1 monocytes were exposed to 100 uM of the test compounds,
activated with 25nM PMA for 24 h followed by 100 ng/ml LPS for
72 h. At the end of the incubation period, cells were harvested, pro-
teins were extracted and SDS-PAGE electrophoresis, blotting, and
antibody probing were conducted as described previously*.
Primary rabbit polyclonal antibodies to IL-1f5, procaspase-3, and
GAPDH were obtained from Abcam (Cambridge, UK). Clarity
Western ECL substrate (BioRad, Hercules, CA, USA) was used to
obtain a chemiluminescence signal captured by a Chemidoc imag-
ing system (BioRad, Hercules, CA, USA). Band density was estimated
using ImageJ software (National Institutes of Health, Bethesda, MD)
and normalised to the GAPDH band density as a loading control.

and procaspase-3  protein  expression by

2.2.10. Caspase-3 activity determination

THP-1 cells were activated with 25nM PMA for 24 h, followed by
100 ng/ml LPS for 4 h. For treatment, cells were exposed to 100 uM
of the test compounds. Afterwards, adherent macrophages were
detached using 2.5% trypsin in PBS (abcam, Cambridge, UK).
Caspase activity was assessed using the Caspase-3 Assay Kit (Abcam,
Cambridge, UK). Measured activity was normalised to sample pro-
tein concentration determined by Bradford protein assay.

2.2.11. Statistical analysis:

Statistical analysis was performed using one-way ANOVA followed
by Tukey multiple comparisons test using GraphPad Prism
Software. A p values < 0.05 was considered statistically significant.
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Scheme 1. Synthesis of the target compounds 1-10
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2.3. Molecular modelling and in silico studies

2.3.1. Molecular docking studies on COX-2 and 15-LOX enzymes
Molecular Operating Environment software (version
MOE2016.0802) was used for the docking of compounds 4 and 7
into the x-ray crystal structures of COX- 2 (co-crystallised with SC-
558, PDB ID 1CX2: https://www.rcsh.org/structure/1CX2*") and 15-
LOX enzymes (co-crystallised with RS7, PDB ID 1LOX: https://www.
resb.org/structure/1LOX*?), which were obtained from Protein
Data Bank. The database of the test compounds was constructed
by 3D protonation, energy minimisation and partial charges calcu-
lation. As for the proteins, they were prepared by skipping the
repeating chains, surfactants and water molecules. In addition,
hydrogens were added, and partial charges were calculated.
Compounds were then docked into the active site through the
MOE-Dock panel under default settings, applying the triangle
matcher as the placement method and the London dG as the pri-
mary scoring function. Further refinement using rigid receptor and
GBVI/WSA dG scoring function was carried out. The output data-
base comprised the binding energy scores in Kcal/mol. A number
of conformers for each compound was generated. The pose show-
ing the most favourable ligand-enzyme interaction together with
high score was set as default.

2.3.2. In silico estimation of physicochemical properties, drug-like-
ness and pharmacokinetics:

The pharmacokinetic profile, drug-likeness and conformity to
Lipinski's rule and physicochemical properties for the most active
six compounds were assessed by Molinspiration®*, Pre-ADMET*,
ProTox-II**  (http://tox.charite.de/protox_Il/) and Data warrior*®
software, as previously reported.

3. Results and discussion
3.1. Chemistry

The synthetic strategy adopted for the preparation of the target
compounds is outlined in Scheme 1. The starting aldehydes were
prepared as previously reported®’ ', The target compounds 1-10
were attained by a one-pot reaction of the aldehydes a-e with

Acetic acid
Ethanol

CHs;, R'=CI, X = CH,

CH;, R'=CI,X=0

CGHSr R1 = H, X= CH2
Ce¢Hs, R'=H,X=0

= 4-CH3CGH4, R1 = H, X= CH2
4-CH3CgH4, R1=H, X=0
=4-OCH;CgH4, R'=H, X
; R=4-OCH3CgHy, R'=H,X=0
9; R = 4-BrCgHy, R'=H, X = CH,
10; R=4-BrC¢H4, R'=H,X=0

’
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Table 1. In vitro COX-1/2, 15-LOX inhibition ICso values and COX selectivity indices of the newly synthesised compounds
ICso (LM)?

SIP
Code Structure 15-LOX COX-1 COX-2 (COX-1/ COX-2)
Celecoxib — nd® 14.8 0.05 296
Diclofenac Na — nd 39 0.8 4
Indomethacin — nd 0.039 0.49 0.08
Meclofenamate Na — 5.64 nd nd nd
Quercetin — 3.34 nd nd nd
NDGA — 10.56 nd nd nd
1 1.96 6.56 0.11 59
2 242 8.14 0.09 920
3 2.54 7.86 0.19 4
4 (0] 463 11.32 0.14 80
N
M o=
ONTs
o_/ a
N~ N

5 (0] 4.23 9.23 0.34 27

N

l —

N S
7
N-

6 O 2.85 12.54 0.18 69

N

(continued)



Table 1. Continued.
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1Cso (HM)a

siP
Code Structure 15-LOX COX-1 COX-2 (COX-1/ COX-2)
7 0 3.52 10.34 0.09 114
N SN
I e —
N~ S
7
N-N
8 0 4.64 12.45 0.11 113
N O~
M =
N s
o\) / |
n-N
9 o) 5.64 14.02 0.13 107
Br
N
I R—
N™ s
7
N/N
10 0 452 11.33 0.11 103
Br
N
N
O 74
N,N

°ICsp = concentration, in micromolar, that causes 50% inhibition of COX-1, COX-2 and 15-LOX enzymatic activity. Values are shown as mean of three determinations

with standard deviation of less than 10% of the mean.
bSelectivity index (SI) = ICsy (COX-1)/ICs5o (COX-2).
“nd = not determined.

rhodanine and cyclic secondary amines (namely; piperidine and
morpholine) in refluxing ethanol using catalytic amount of acetic
acid, similar to previously reported procedure®®>3, The reaction
proceeded via Knoevenagel condensation of the appropriate alde-
hyde and rhodanine with subsequent replacement of the sulphur
of the thiocarbonyl functionality with secondary amine in the
same reaction mixture. The secondary amine has a dual role by
acting as the catalyst for the Knoevenagel condensation and
behaving as the nucleophile in the next step. It is necessary to
point out that compounds 3 and 4 were previously reported by
different synthetic route instead of the one-pot reaction®?

The "H-NMR spectra of target compounds 1-10 displayed only
one type of methine proton indicating Z-configuration in light of
the crystal structures of previously reported analogous com-
pounds®**>, For piperidine derivatives (1,3,5,7 and 9), the 'H-
NMR spectra revealed the characteristic multiplets for C3,45 and
C,6 of the piperidine moiety at the range of 1.58-1.70 and
3.51-3.92 ppm, respectively. Whereas, for the morpholine deriva-
tives (2,4,6,8 and 10), the 'H-NMR revealed the characteristic

multiplet peaks for C,5 and Css of the morpholine moiety reso-
nating at the range of 3.61-3.75 and 3.74-3.94 ppm, respectively.
Moreover, the "> C-NMR of all target compounds showed the char-
acteristic signal assigned for the C=0 carbon of the thiazolone
ring around 179.5 ppm. Also, existence of the same carbonyl was
confirmed by the characteristic IR band at 1670.35-1685.79cm ™"
Furthermore, thiazolone-C; and methine carbons characteristic
peaks appeared around 173.5 and 153.5 ppm, respectively, in the
13 C-NMR spectra.

3.2. Biological evaluation

3.2.1. In vitro COX-1/2 and 15-LOX inhibition assays

We used ovine COX-1/human recombinant COX-2 assay kit
(Catalog no. 560131; Cayman Chemicals Inc. Ann Arbour, MI, USA)
to test the in vitro COX-1/COX-2 inhibitory activities of the syn-
thesised compounds. ICso values (uM) and selectivity indices (SI)
were calculated. Quercetin (selective 12/15-LOX inhibitor), nordihy-
droguaiaretic acid (NDGA, universal LOX inhibitor) and the LOX
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Figure 2. In vivo anti-inflammatory activities of compounds (2,4,7-10) in formalin-induced rat paw edoema assay (model of acute inflammation) (A) and in cotton pel-
let induced granuloma test (model of chronic inflammation) (B). Statistical significance was assessed by one-way ANOVA followed by Tukey multiple comparisons test.

* and * denote p values < 0.05 vs. diclofenac and celecoxib, respectively.

inhibitory drug meclofenamate, were used as positive controls for
LOX inhibition assay. Celecoxib (selective COX-2 inhibitor), diclofe-
nac and indomethacin (non-selective COX inhibitors) were used as
references for COX inhibition assay.

Generally speaking, as depicted in Table 1, all compounds
showed submicromolar ICs, values for COX-2 inhibition along with
being one to two orders of magnitude lower than those for COX-
1 inhibition. They were both more active and selective than the
reference drugs diclofenac and indomethacin as COX-2 inhibitors.
For 15-LOX inhibition, 1Cso values for all compounds operated in
the one-digit micromolar range and were more potent than both
meclofenamate and NDGA. Additionally, compounds 1-3,6 and 7
were either more potent or equipotent to quercetin.

Regarding thiazolones (1 and 2) originating from 5-chloropyra-
zole-aldehyde (a), the piperidino-derivative 1 showed 1.7 times
the activity of quercetin towards 15-LOX inhibition. Switching to
the morpholino analogue 2 slightly decreased 15-LOX inhibitory
activity but still spanning within the same order of magnitude.
Concerning thiazolones (3 and 4) derived from 1,3-diphenyl pyra-
zole-aldehyde (b), piperidine derivative 3 demonstrated higher 15-
LOX inhibition that somewhat decreased upon replacement with
morpholine moiety, yet, retaining the same one-digit micromolar
range of inhibition. As for thiazolones (5 and 6) obtained from 1-
phenyl-3-p-tolyl pyrazole-aldehyde (c), the lowest activity for 15-
LOX inhibition was noticed with the piperidine derivative 5.
Enhancement of activity occurred upon switching to the morpho-
lino-analogue 6, showing ICso value of 2.85uM for 15-LOX inhib-
ition. While in case of the thiazolones (7 and 8) bearing an EDG
methoxy group on the pyrazole-aldehyde moiety, the piperidine
analogue 7 was almost equipotent to quercetin for 15-LOX inhib-
ition but the activity decreased upon shifting to the morpholine
derivative 8. Finally, the thiazolones (9 and 10) carrying bromo
substituent on the pyrazole-aldehyde moiety had 15-LOX inhibi-
tory activities corresponding to 59% and 74% of the activity of
quercetin, respectively.

As for COX-2 inhibition, careful inspection of the results
revealed no appreciable differences in the ICso values
(0.09-0.19 uM) of the synthesised compounds, with the exception
of compound 5 (ICsq value of 0.34 uM). This is in addition to some
unique structural difference between the synthesised compounds,
which impeded extracting sharper structure-activity relationships.
However, the outcome of this study represents a good starting
point to attempt a wider variety of substitution patterns that

might aid in establishing decisive structure-activity relationships.
However, and with regards to COX selectivity indices, it was
clearly evident that thiazolones (7-10), bearing methoxy or bromo
substitution, showed the highest selectivity (103-114). While for
thiazolones (1-6), a decreased selectivity was generally observed
with Sl values ranging from 27-90. Among the latter, the morpho-
line derivatives 2, 4 and 6 demonstrated superior selectivity to
the piperidine derivatives 1, 3 and 5.

3.2.2. In vivo anti-inflammatory activity

The in vivo anti-inflammatory activity of the six most active com-
pounds in the in vitro COX and LOX inhibition assays (2,4,7-10)
were challenged using the acute inflammation model formalin-
induced rat paw oedema bioassay. Inflammation was stimulated
by subcutaneous injection of formalin and the test compounds
were administered as an oral dose of 5mg/kg body weight.
The % inhibition of oedema after 4h was measured to determine
potencies of the test compounds in comparison to the control.
The positive controls used were celecoxib and diclofenac sodium.
Results indicated that compounds (2,7,9,10) were as effective as
either diclofenac or celecoxib in suppressing acute inflammation
measured by inhibition of formalin-induced rat paw oedema
(Figure 2(A)).

While, in the cotton pellet induced-granuloma test used as a
chronic model of inflammation, all tested compounds demonstrated
clear anti-inflammatory activity of a magnitude equal or superior to
reference compounds (Figure 2(B)). Specifically, compounds (2 and
8) showed increased inhibition of granuloma weight in comparison
to both celecoxib and diclofenac, whereas the activities of com-
pound (7,9,10) were only superior to celecoxib.

3.2.3. Gastric
examination:

The same six compounds were further examined for their ulcero-
genic liability in rats. Gross observation of the isolated rat stom-
achs demonstrated a normal stomach texture for compounds (2
and 7-9) in addition to the reference celecoxib and diclofenac
sodium as well as DMSO-treated groups (Figure 3(A)). While for
compounds 4 (Figure 3(B,C)) and 10 (Figure 3(D,E)), variable levels
of hyperaemia without gross ulceration were detected. Moreover,
the histopathological examination of the degree of inflammatory

ulcerogenic activity and histopathological
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Figure 3. Gross examination of the isolated rat stomachs. Panel A shows normal texture demonstrated by 2. Panels (B and C) and (D and E) show variable levels of

hyperaemia without gross ulceration by 4 and 10, respectively.

Figure 4. Light microscopic shots of rats’ gastric mucosa treated with compounds 2, 4 and 10 (H&E 100 x). Panel A showed no ulceration with normal gastro-esopha-
geal junction exemplified by 2. Panel B displayed gastro-esophageal inflammatory infiltrates exhibited by 4. Panel C revealed both edoema and inflammatory changes

in stomach mucosal surface produced by 10.

reaction in the stomach gastric layers revealed superior gastro-
intestinal safety profile for compounds (2 and 7-9) (no ulceration
with normal gastro-esophageal junction) as well as the references
celecoxib and DMSO negative control. Figure 4(A) illustrated the
effect of compound 2 as representative example of the safest
compounds. On the other hand, as expected from the gross
observation, compound 4 exhibited esophago-gastric inflamma-
tion (Figure 4(B)) and compound 10 showed both edoema and
inflammatory changes (Figure 4(Q)).

3.2.4. Inhibition of monocyte-to-macrophage differentiation assay
Following the in vivo assays demonstrating equal or superior anti-
inflammatory activities of the tested compounds, we assessed
their cellular effects on the pro-inflammatory M1 polarisation of
macrophages. Three compounds were selected for this assay with
a variety of dual COX-2 and LOX inhibitory activities, relatively low
gastric ulcerogenic activity, and a range of in vivo anti-inflamma-
tory activities. Compounds 4, 7 and 8 were chosen to represent
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Figure 5. The effect of selected compounds on the differentiation of THP-1 monocytes to the pro-inflammatory M1 macrophage polarisation. Panel A shows a sche-
matic for the assay performed, panel B depicts the THP-1 cell viability at the different drug concentrations used for the assay, while panel C shows the concentration-
dependent inhibition of monocyte differentiation into macrophage in response to sequential stimulation with PMA and LPS. The calculated 1Csq values are listed in D.

compounds with in vivo activities higher than both diclofenac and
celecoxib, higher than celecoxib, or equivalent to both reference
compounds, respectively. For the purpose of monitoring the effect
on monocyte recruitment and subsequent activation into macro-
phages, we utilised the PMA-induced THP-1 differentiation assay
as a typical in vitro model of this process®®. We tested the inhibi-
tory effects of the compounds on monocyte differentiation into
pro-inflammatory M1 macrophages, using PMA and LPS consecu-
tively for THP-1 stimulation®” (Figure 5). The effects of these dual
inhibitors were compared to diclofenac as a reference compound.
The range of concentrations used for the assay was shown not to
induce any cytotoxicity on THP-1 cells (Figure 5(B)). As shown in
Figure 5(C), all three compounds inhibited THP-1 differentiation
into M1 macrophages in a concentration-dependent manner.
Calculated ICso values are shown in the table (Figure 5(D)) with 4
and 7 demonstrating higher potency compared to diclofenac.
Moreover, we tested the inhibitory effects of the compounds on
monocyte differentiation into resting MO macrophages, upon
stimulation of THP-1 cells with PMA only. Interestingly, while
diclofenac showed a comparable ICso to that observed for the M1
macrophage differentiation, the tested compounds showed at
least 6-fold less potency towards the resting polarisation (data not
shown). Not only do these results support the anti-inflammatory
potential of these inhibitors, they provide evidence that our tested
compounds may exhibit a more biased effect towards inhibition
of differentiation into pro-inflammatory macrophages.

3.2.5. IL-1P expression

Previous studies have demonstrated an association between 15-
LOX activation and cytokine production in multiple cell lines>®°.
In particular, 15-LOX and its metabolites were shown to induce
the production of a number of proinflammatory cytokines in mac-
rophages, including tumour necrosis factor-a (TNF-z), IL-1f, IL-6,

IL-12, and monocyte chemo-attractant protein-15"%2, The pro-
duced IL-1f causes further activation of a signalling pathway lead-
ing to the enhancement of phospholipase A,-dependent
arachidonate release and metabolism in a positive feedback
loop®. Interestingly, 15-LOX expression in macrophages also con-
tributes to atherosclerosis progression, via enhancing lipid accu-
mulation and cytokine production®. Furthermore, a body of
evidence has proposed a role for COX-2 in increasing the produc-
tion of the pro-inflammatory cytokine IL-18. PGE,, a major COX-2
metabolite, enhanced NLRP3 inflammasome-dependent IL-1f pro-
duction in macrophages through enhancing cAMP levels®*%®, In
this context, various studies demonstrated that COX-2 inhibition
abolished the expression of IL-15%%8,

In an attempt to provide a pathophysiological context for the
dual COX-2/15-LOX inhibition, we tested the effect of our hybrid
compounds on IL-1f expression in THP-1 monocytes challenged
with PMA and LPS (Figure 6). PMA/LPS treatment exhibited a
marked increase in IL-1f production when compared to untreated
control. Such an increase in IL-1f expression was significantly atte-
nuated in cells treated with our compounds (Figure 6(A,B)).

3.2.6. Induction of macrophage apoptosis

Although our dual COX-2/15-LOX inhibitors did not demonstrate
cytotoxic effects on THP-1 monocytes up to the highest concentra-
tion used (100 uM), 4 and 7 tended to slightly decrease PMA/LPS-
stimulated THP-1 (M1 macrophages) cell viability (Figure 6(D)). In
view of the enhanced inhibitory effects of the compounds on M1
macrophages, such an observation proposed a possible cell death
mechanism induced by our dual inhibitors. Along these lines, non-
steroidal anti-inflammatory drugs were previously reported to mani-
fest apoptotic effects in peritoneal macrophages via induction of
CHOP, an ER stress response-related protein®. Specifically, EP4-inde-
pendent PGE, signalling was shown to promote macrophage
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Figure 6. The effect of selected compounds on IL-1f expression and apoptotic changes in M1 macrophages. Panel A shows representative blots for IL-13 and procas-
pase-3, panels B & C depict the quantified protein expression levels for IL-1p and procaspase-3, respectively, panel D demonstrates M1 macrophage viability at the dif-
ferent drug concentrations used, and panel E represents the increased caspase-3 activity in M1 macrophages treated with different compounds. Statistical significance
was assessed by one-way ANOVA followed by Tukey multiple comparisons test. * and * denote p values < 0.05 vs. untreated control and PMA/LPS differentiated mac-
rophages, respectively.

apoptosis and attenuate early inflammatory changes’. Therefore, we  enhanced cleavage of procaspase-3 into its active form caspase-3
examined the protein expression and activity of caspase-3, a key (Figure 6(A,C)). Consistently, these dual inhibitors also produced a
regulator of apoptosis. Our hybrid compounds attenuated the pro- significant enhancement of caspase-3 activity in PMA/LPS-induced
tein expression of non-cleaved procaspase-3, hence suggesting an  THP-1 monocytes (Figure 6(E)).
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Figure 7. A comparison between the docked pose of compound 4 (in green for 2D and cyan for 3 D) with the co-crystallised ligand SC558 (in red for 2D and yellow
for 3D). The right and left panels are the overlay of both poses in 2D and 3D views, respectively.

Figure 8. A comparison between the docked pose of compound 7 (in pink for 3D and green for 2 D) with the co-crystallised ligand SC558 (in yellow for 3D and red
for 2D). The right and left panels are the overlay of both poses in 2D and 3D views, respectively.

3.3. Molecular modelling and in silico studies

3.3.1. Molecular docking study on COX-2 enzyme

For better understanding of the interaction of our compounds
with their biological target at the molecular level, we docked 2
representative examples which are 4 and 7 into COX-2 active site
and subsequently examined their binding modes. Docking experi-
ments were performed using Molecular Operating Environment
(MOE) version 2016.0802 (Chemical Computing Group, Montreal,
CA) and the protein data bank file 1CX2. Validation via redocking
of the co-crystallised ligand yielded a pose retrieval with RMSD
less than 1A (Figure SM1, Supplementary Material) which confirms
the suitability of the docking protocol. In order to gauge the bind-
ing affinities to the COX-2 active site, we determined the docking
scores, hydrogen bonds established with the neighbouring amino
acids, and spatial orientation of the docked compounds in

comparison to the native ligand SC-558. Generally speaking, both
compounds fitted perfectly into the active site in a similar pattern
to that of the co-crystallised ligand SC-558.

Inspection of the most favourable pose of compound 4 in
complex with COX-2 enzyme highlighted its similar orientation to
that of the co-crystallised ligand (Figure 7). It was lodged in the
active site through three hydrogen bonds. Of particular interest,
the morpholine oxygen was hydrogen bonded to Gly526 (distance
of 3.32A). The thiazolone ring participated in 2 hydrogen bonds
through its Nitrogen and Sulphur atoms with Trp387 (4A) and
Ala527 (3.33 A) residues, respectively. The complex was further sta-
bilised via six arene-hydrogen interactions; two of them were
between the morpholine ring and Tyr385 and Phe518, another
two were between the pyrazole ring and Val349 and Val523, along
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Figure 9. Docking and binding pattern of compound 4 into 15-LOX active site (PDB 1LOX) in 3D (left panel) and 2D (right panel). The 3D pose contains an overlay

of 4 (yellow) over the co-crystallised ligand RS7 (cyan).

Table 2. In silico physicochemical parameters and drug-likeness data of compounds (2,4,7-10)

Comp. ID LogPa MwP HAC HD ¢ Lipinski’s violation TPSA® (A2) Volume (A%) NROTB' Drug likeness
2 278 388.88 6 0 - 60.26 321.84 3 5.44
4 343 416.51 6 0 - 60.26 363.15 4 5.14
7 455 444,56 6 0 - 60.26 396.52 5 426
8 349 446.53 7 0 - 69.5 388.70 5 5.17
9 53 49343 5 0 1 51.03 388.86 4 249
10 424 49540 6 0 - 60.26 381.04 4 335

2LogP: logarithm of partition coefficient between n-octanol and water. "MW: molecular weight. “HA: number of hydrogen bond acceptors. “HD: number of hydrogen
bond donors. *TPSA: topological polar surface area. fNROTB: number of rotatable bonds.

Table 3. ADME and toxicity data of the most active compounds.

Comp. ID Caco2? HIAP BBB® ppB¢ LDso® (mg/kg)
2 50.91 98.74 0.25 84.41 700
4 32.85 98.08 0.27 93.30 670
7 3345 97.84 0.25 92.66 670
8 3253 98.66 031 92.70 250
9 4937 97.78 0.082 99.78 670
10 47.01 97.66 0.23 93.69 500

Caco2: permeability through human colon adenocarcinoma cells; Caco2 values
< 4nm/s (low permeability), values ranging from 4 to 70 nm/s (medium perme-
ability) and values > 70 nm/s (high permeability).

PHIA: % human intestinal absorption; HIA values ranging from 0 to 20% (low
absorption), values from 20 to 70% (moderate absorption) and from 70 to 100%
(high absorption). “BBB: blood-brain barrier penetration; BBB values < 0.1 (low
CNS absorption), values from 0.1 to 2 (medium CNS absorption) and values > 2
(high CNS absorption). “PPB: plasma protein binding; PPB values < 90% (poorly
bound) and values > 90% (strongly bound). °LDso: Median lethal dose, Class Ill:
toxic if swallowed (50<LDs, < 300) and Class IV: harmful if swallowed
(300 < LDso < 2000).

with two more hydrophobic contact between the 2 phenyl rings
and Ser353 and Leu531.

For the piperidine derivative 7, it also adopted a binding mode
similar to that of SC-558 (Figure 8). It was perfectly anchored in
the active site cavity through three hydrogen bonds; two of them
existed between the thiazolone ring and Leu352 and Ser353 (dis-
tance of 4.24 and 3.02 A, respectively). This is in addition to two
arene-hydrogen contacts between the thiazolone ring and Ser353
and Val523. The interaction pattern of the thiazolone ring was
also spotted with compound 7, which emphasises its part in

biomolecular target recognition. Moreover, the phenyl ring con-
tributed three arene-hydrogen contacts with Tyr355, Leu359
and Leu531.

3.3.2. Molecular docking study on 15-LOX enzyme
In order to gain insight into the possible binding interactions of
the representative compounds 4 and 7 with 15-LOX enzyme,
docking experiments of the mentioned compounds were per-
formed using Molecular Operating Environment (MOE) version
2016.0802 (Chemical Computing Group, Montreal, CA) and the
protein data bank file 1LOX. Pose retrieval of the co-crystallised
ligand RS7 produced an RMSD of 044 A, which validated the
adopted docking protocol (Figure SM2, supplementary material).

Again, docking scores, hydrogen bonds established with the
surrounding amino acids, and spatial orientation of the docked
compounds in comparison to the native ligand RS7 were used to
evaluate the binding affinities of our target two compounds.

Regarding compound 4, three evident H-bonding interactions
were noticed with both His 545 and Leu597 (4 as an acceptor via
thiazolone carbonyl, distance of 3.2A) and lle663 (4 as an
acceptor via thiazolone nitrogen, distance of 3.69 A). Besides, nine
hydrophobic interactions were observed with His361, Leu362,
His366, Leu408, 1le593, along with pyrazolyl and both phenyl rings
(Figure 9).

Concerning Compound 7 (Figure 10), it was perfectly posi-
tioned in the active site cavity through three hydrogen bonds,
with the following residues: His 545 and Leu597 (7 as an acceptor
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Figure 10. Docking and binding pattern of compound 7 into 15-LOX active site (PDB 1LOX) in 3D (left panel) and 2D (right panel). The 3D pose contains an overlay

of 7 (yellow) over the co-crystallised ligand RS7 (cyan).

via thiazolone carbonyl, distance of 3.3A) and lle663 (7 as an
acceptor via thiazolone nitrogen, distance of 3.77 A). Moreover,
nine hydrophobic interactions were observed with Glu357,
Leu408, His366, Leu597, along with thiazolone and both phe-
nyl rings.

As such, the results of the docking studies performed on com-
pounds 4 and 7 could shed light on the molecular basis for their
in vitro and in vivo activity.

3.3.3. In silico estimation of physicochemical properties, drug-like-
ness and pharmacokinetics

In the present work, we estimated the pharmacokinetic profile,
drug-likeness and conformity to Lipinski’'s rule and physicochemi-
cal properties for the most active six compounds by
Molinspiration®®, Pre-ADMET*, ProTox-lI** (http://tox.charite.de/
protox_lI/) and Data warrior*® software. Results are summarised in
Tables 2 and 3. The compounds obeyed Lipinski's rule of five, and
thus should theoretically exhibit satisfactory passive oral absorp-
tion. They demonstrated molecular polar surface area (TPSA) val-
ues less than 140 A? thus designating good intestinal absorption
and transport. Moreover, they possessed 3 to 5 rotatable bonds
and therefore exhibiting moderate to high conformational flexibil-
ity. With positive drug-likeness scores, these compounds can be
considered as drug-like. They showed extremely high human
intestinal absorption values. Besides, they have predicted LDs, val-
ues of 250-700 mg/kg. They showed medium cell permeability in
the human colon adenocarcinoma cell model, displayed low to
medium BBB penetration capability and all except 2c were
strongly bound to plasma proteins.

4. Conclusions

As a continuity of our endeavours towards the development of
anti-inflammatory agents with minimal ulcerogenic propensities,
we are presenting the design and synthesis of a new series of pyr-
azolyl thiazolones (1-10) as dual COX-2/15-LOX inhibitors with
potential anti-inflammatory activity. Synthesis proceeded via one
pot reaction of substituted pyrazolaldehydes (a-e), rhodanine and
the appropriate secondary amine. In vitro COX inhibition assay
data identified seven out of the ten compounds as submicromolar

COX-2 inhibitors with ICso values ranging from 0.09 to 0.14pM,
compared to 0.05, 0.8 and 0.49 uM for the reference drugs cele-
coxib, diclofenac sodium and indomethacin, respectively. In add-
ition, these compounds displayed relatively weak COX-1 inhibitory
activities (6.45-14.02 uM). Moreover, six compounds showed rea-
sonable selectivity indices (COX-1/2) of 80-114. 15-LOX inhibitory
activities of the test compounds were also assessed. Interestingly,
five compounds exerted substantial activities with 1Cso values
spanning from 1.96 to 3.52 uM, compared to 3.34 uM for the refer-
ence quercetin. Biological screening results indicated that all com-
pounds showed significant in vivo anti-inflammatory activity,
equivalent to that of celecoxib and diclofenac in the acute inflam-
matory model. While compounds 2 and 8 displayed superior anti-
inflammatory activity, when compared to diclofenac and celecoxib
in the chronic model. As expected, two of these compounds (4, 7)
demonstrated potent inhibitory effects on monocyte-to-macro-
phage differentiation, an important and early step in the inflam-
matory process, with more selective ability to inhibit
differentiation into the pro-inflammatory M1 polarisation.
Moreover, COX-2/15-LOX inhibitory effects of three compounds (4,
7, 8) were manifested by attenuating IL-1f production in M1 mac-
rophages. Interestingly, these compounds also showed apoptotic
effects on M1 macrophages, a mechanism that further augments
their anti-inflammatory activity. These findings will provide guid-
ance to further chemical modifications for the development of
new drug-like clinically useful anti-inflammatory agents.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was partially supported by an AUB-FM MPP grant num-
ber 320148 to AFE. RAA was supported by PhD Scholarships from
the Faculty of Medicine at the American University of Beirut and
CNRS-L.


http://tox.charite.de/protox_II/
http://tox.charite.de/protox_II/

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Aratjo AC, Wheelock CE, Haeggstrom JZ. The eicosanoids,
redox-regulated lipid mediators in immunometabolic disor-
ders. Antioxid. Redox Signal 2017;29(3):275-296.

Funk CD. Prostaglandins and leukotrienes: advances in eico-
sanoid biology. Science 2001;294:1871-5.

Fiorucci S, Meli R, Bucci M, Cirino G. Dual inhibitors of cyclo-
oxygenase and 5-lipoxygenase. A new avenue in anti-inflam-
matory therapy? Biochem Pharmacol 2001;62:1433-8.
Capone ML, Tacconelli S, Francesco LD, et al
Pharmacodynamic of cyclooxygenase inhibitors in humans.
Prostaglandins Other Lipid Mediat 2007,82:85-94.,
Alaaeddine RA, Elzahhar PA, AlZaim |, et al. The emerging
role of COX-2, 15-LOX, and PPARy in metabolic diseases and
cancer: an introduction to novel multi-target directed
ligands (MTDLs). Curr. Med. Chem 2020;27.DOI:10.2174/
0929867327999200820173853. Online ahead of print.
Czapski GA, Czubowicz K, Strosznajder JB, Strosznajder RP.
The lipoxygenases: their regulation and implication in
Alzheimer’s disease. Neurochem Res 2016;41:243-57.

Czapski GA, Czubowicz K, Strosznajder RP. Evaluation of the
antioxidative  properties of lipoxygenase inhibitors.
Pharmacol. Reports 2012;64:1179-88.

Ackermann JA, Hofheinz K, Zaiss MM, Kronke G. The double-
edged role of 12/15-lipoxygenase during inflammation and
immunity. Biochim Biophys Acta Mol Cell Biol Lipids 2017;
1862:371-81.

Sharma-walia N, Chandrasekharan J. Lipoxins: nature’s way
to resolve inflammation . J Inflamm Res 2015; 8:) 181-92.
Omar YM, Abdu-Allah HHM, Abdel-Moty SG. Synthesis, bio-
logical evaluation and docking study of 1,3,4-thiadiazole-thia-
zolidinone hybrids as anti-inflammatory agents with dual
inhibition of COX-2 and 15-LOX. Bioorg Chem 2018;80:461-71.
Wang D, Wong D, Wang M, et al. Cardiovascular hazard and
non-steroidal anti-inflammatory drugs. Curr Opin Pharmacol
2005;5:204-10.

Ungprasert P, Srivali N, Kittanamongkolchai W. Non-steroidal
anti-inflammatory drugs and risk of heart failure exacerba-
tion: a systematic review and meta-analysis. Eur J Intern
Med 2015;26:685-90.

Charlier C, Michaux C. Dual inhibition of cyclooxygenase-2
(COX-2) and 5-lipoxygenase (5-LOX) as a new strategy to
provide safer non-steroidal anti-inflammatory drugs. Eur J
Med Chem 2003;38:645-59.

Hanke T, Merk D, Steinhilber D, et al. Small molecules with
anti-inflammatory  properties in clinical development.
Pharmacol Ther 2016;157:163-87.

Song Y, Connor DT, Doubleday R, et al. Synthesis, structure-
activity relationships, and in vivo evaluations of substituted
di-tert-butylphenols as a novel class of potent, selective, and
orally active cyclooxygenase-2 inhibitors. 1. Thiazolone and
oxazolone series . J. Med. Chem 1999;42:1151-60.

Mullican MD, Wilson MW, Connor DT, et al. Design of 5-(3,5-
di-tert-butyl-4-hydroxyphenyl)-1,3,4-thiadiazoles, -1,3,4-oxa-
diazoles, and -1,2,4-triazoles as orally-active, nonulcerogenic
antiinflammatory agents. J Med Chem 1993;36:1090-9.

Pires Gouvea D, Vasconcellos FA, dos Anjos Berwaldt G,
et al. 2-Aryl-3-(2-morpholinoethyl)thiazolidin-4-ones: synthe-
sis, anti-inflammatory in vivo, cytotoxicity in vitro and
molecular docking studies. Eur J Med Chem 2016;118:
259-65.,

Abdelall EKA, Kamel GM. Synthesis of new thiazolo-celecoxib
analogues as dual cyclooxygenase-2/15-lipoxygenase

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 683

inhibitors: determination of regio-specific different pyrazole
cyclization by 2D NMR. Eur J Med Chem 2016;118:250-8.
Curry SL, Cogar SM, Cook JL. Nonsteroidal antiinflammatory
drugs: a review. J Am Anim Hosp Assoc 2005;41:298-309.
Smith CJ, Morrow JD, Roberts LJ, Marnett LJ. Differentiation
of monocytoid THP-1 cells with phorbol ester induces
expression of prostaglandin endoperoxide synthase-1 (COX-
1). Biochem Biophys Res Commun 1993;192:787-93.

Moore KJ, Tabas |. Macrophages in the pathogenesis of ath-
erosclerosis. Cell 2011;145:341-55.

Martinez FO, Gordon S, Locati M, Mantovani A.
Transcriptional profiling of the human monocyte-to-macro-
phage differentiation and polarization: new molecules and
patterns of gene expression. J Immunol 2006;177:7303-11.
Barrios-Rodiles M, Chadee K. Novel regulation of cyclooxyge-
nase-2 expression and prostaglandin E2 production by IFN-
gamma in human macrophages. J Immunol 1998;161:2441-8.
Németh K, Leelahavanichkul A, Yuen PST, et al. Bone mar-
row stromal cells attenuate sepsis via prostaglandin E(2)-
dependent reprogramming of host macrophages to increase
their interleukin-10 production. Nat Med 2009;15:42-9.
Tafakh MS, Saidijam M, Ranjbarnejad T, et al. Sulforaphane, a
chemopreventive compound, inhibits cyclooxygenase-2 and
microsomal prostaglandin e synthase-1 expression in human
HT-29 colon cancer cells. Cells Tissues Organs 2018;206:46-53.
Yla-Herttuala S, Rosenfeld ME, Parthasarathy S, et al. Gene
expression in macrophage-rich human atherosclerotic
lesions. 15-lipoxygenase and acetyl low density lipoprotein
receptor messenger RNA colocalize with oxidation specific
lipid-protein adducts. J Clin Invest 1991;87:1146-52.
Yla-Herttuala S, Rosenfeld ME, Parthasarathy S, et al.
Colocalization of 15-lipoxygenase mRNA and protein with
epitopes of oxidized low density lipoprotein in macrophage-
rich areas of atherosclerotic lesions. Proc Natl Acad Sci U S
A 1990;87:6959-63.

Moussa G, Alaaeddine R, Alaeddine LM, et al. Novel click
modifiable thioquinazolinones as anti-inflammatory agents:
Design, synthesis, biological evaluation and docking study.
Eur J Med Chem 2018;144:635-50.

Elzahhar PA, Alaaeddine R, Ibrahim TM, et al. Shooting three
inflammatory targets with a single bullet: Novel multi-targeting
anti-inflammatory glitazones. Eur J Med Chem 2019;167:562-82.
Devi R, Banerjee B, Devi M, et al. One-pot pseudo five com-
ponent synthesis of biologically relevant 1,2,6-triaryl-4-aryla-
mino-piperidine-3-ene-3- carboxylates: a decade update.
ChemistrySelect 2018;3:9892-910.

Marella A, Tasneem S, Akhter M, et al. Piperazine scaffold: a
remarkable tool in generation of diverse pharmacological
agents. Eur J Med Chem 2015;102:487-529.

Insuasty A, Ramirez J, Raimondi M, et al. Synthesis, antifun-
gal and  antitumor  activity of  novel (2)-5-
Hetarylmethylidene-1,3-thiazol-4-ones and (Z)-5-ethylidene-
1,3-thiazol-4-ones. Molecules 2013;18:5482-97.

Elzahhar PA, Abd El Wahab SM, Elagawany M, et al.
Expanding the anticancer potential of 1,2,3-triazoles via sim-
ultaneously targeting cyclooxygenase-2, 15-lipoxygenase
and tumor-associated carbonic anhydrases. Eur. J. Med.
Chem 2020;200:112439.

Subramanium P, Maran S. Evaluation of anti-inflammatory
and analgesic activities of methanolic leaf extract of the
endangered tree species, Hildegardia populifolia (Roxb.)
Schott and Endl. Int. J. Green Pharm 2015;9:125-30.


https://doi.org/10.2174/0929867327999200820173853. Online ahead of print
https://doi.org/10.2174/0929867327999200820173853. Online ahead of print

684 @ P. A. ELZAHHAR

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Razmi A, Zarghi A, Arfaee S, et al. Evaluation of anti-nocicep-
tive and anti-inflammatory activities of novel chalcone deriv-
atives. Iran. J. Pharm. Res 2013;12:149-55.

Mishra N, Mishra G, Rajakumar V, et al. Mollugo pentaphylla
by using cotton pellet induced granuloma in rat. Int. J.
Pharm. Life Sci 2011;2:791-6.

Srivastava SK, Nath C, Gupta MB, et al. Protection against
gastric ulcer by verapamil. Pharmacol Res 1991;23:81-6.
Lakshmi V, Mishra V, Palit G. A new gastroprotective effect
of limonoid compounds xyloccensins X and Y from
Xylocarpus Molluccensis in rats. Nat Prod Bioprospect 2014;
4:277-83.

Vasamsetti SB, Karnewar S, Kanugula AK, et al. Metformin
inhibits monocyte-to-macrophage differentiation via AMPK-
mediated inhibition of STAT3 activation: potential role in
atherosclerosis. Diabetes 2015;64:2028-41.

Alaaeddine R, Elkhatib MAW, Mroueh A, et al. Impaired
endothelium-dependent hyperpolarization underlies endo-
thelial dysfunction during early metabolic challenge:
increased ROS generation and possible interference with NO
function. J Pharmacol Exp Ther 2019;371:567-82.

Kurumbail RG, Stevens AM, Gierse JK, et al. Structural basis
for selective inhibition of cyclooxygenase-2 by anti-inflam-
matory agents. Nature 1996;384:644-8.

Gillmor SA, Villasenor A, Fletterick R, et al. The structure of mam-
malian 15-lipoxygenase reveals similarity to the lipases and the
determinants of substrate specificity. Nat Struct Biol 1997;4:
1003-9.

Molinspiration Cheminformatics (n.d.). http://www.molinspi-
ration.com/cgi-bin/properties

PreADMET. (n.d). http://preadmet.omdrc.org/adme-prediction/
Banerjee P, Eckert AO, Schrey AK, Preissner R. ProTox-Il: A
webserver for the prediction of toxicity of chemicals. Nucleic
Acids Res 2018;46:W257-W263.

Openmolecules (n.d.). http://www.openmolecules.org/
datawarrior/

Kira MA, Abdel-Rahman MO, Gadalla KZ. The vilsmeier-haack
reaction - Il Cyclization of hydrazones to pyrazoles.
Tetrahedron Lett 1969;10:109-10.

Kumar G, Tanwar O, Kumar J, et al. Pyrazole-pyrazoline as
promising novel antimalarial agents: a mechanistic study.
Eur J Med Chem 2018;149:139-47.

Sun L-P, Zheng C-J, Jin M-J, et al. Synthesis and antibacterial
evaluation of rhodanine-based 5-aryloxy pyrazoles against
selected methicillin  resistant and quinolone-resistant
Staphylococcus aureus (MRSA and QRSA). Eur J Med Chem
2013;60:376-85.,

Prakash O, Pannu K, Kumar A. Synthesis of some new 2-(3-
Aryl-1-phenyl-4-pyrazolyl)-benzoxazoles using hypervalent
iodine mediated oxidative cyclization of Schiff's bases.
Molecules 2006;11:43-8.

Prasath R, Bhavana P, Ng SW, Tiekink ERT. 3-(4-Bromo-phen-
yl)-1-phenyl-1H-pyrazole-4-carbaldehyde. Acta Crystallogr
Sect E Struct Rep Online 2011;67:02650.

Chauhan K, Sharma M, Trivedi P, et al. New class of methyl
tetrazole based hybrid of (Z)-5-benzylidene-2-(piperazin-1-
yl)thiazol-4(%H)-one as potent antitubercular agents. Bioorg
Med Chem Lett 2014;24:4166-70.,

Anderluh M, Juki¢ M, Petric R. Three-component one-pot
synthetic route to 2-amino-5-alkylidene-thiazol-4-ones.
Tetrahedron 2009;65:344-50.

Delgado P, Quiroga J, Cobo J, et al. Supramolecular struc-
tures of four (Z)-5-arylmethylene-2-thioxothiazolidin-4-ones:

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

hydrogen-bonded dimers, chains of rings and sheets. Acta
Crystallogr C 2005;61:0477-0482.,

Delgado P, Quiroga J, de la Torre JM, et al. Three substi-
tuted (Z)-5-benzylidene-2-thioxothiazolidin-4-ones: hydro-
gen-bonded dimers that can be effectively isolated or linked
into chains either by aromatic pi-pi stacking interactions or
by dipolar carbonyl-carbonyl interactions. Acta Crystallogr.
Sect. C Cryst. Struct. Commun 2006;62:0382-0385.

Sakamoto H, Aikawa M, Hill CC, et al. Biomechanical strain
induces class a scavenger receptor expression in human
monocyte/macrophages and THP-1 cells: a potential mech-
anism of increased atherosclerosis in hypertension.
Circulation 2001;104:109-14.

Genin M, Clement F, Fattaccioli A, et al. M1 and M2 macro-
phages derived from THP-1 cells differentially modulate the
response of cancer cells to etoposide. BMC Cancer 2015;15:577.
Zhang L, Li Y, Chen M, et al. 15-LO/15-HETE mediated vascu-
lar adventitia fibrosis via p38 MAPK-dependent TGF-f. J Cell
Physiol 2014;229:245-57.

Abrial C, Grassin-Delyle S, Salvator H, et al. 15-Lipoxygenases
regulate the production of chemokines in human lung mac-
rophages. Br J Pharmacol 2015;172:4319-30.

Liu C, Xu D, Liu L, et al. 15-Lipoxygenase-1 induces expression
and release of chemokines in cultured human lung epithelial
cells. Am J Physiol Lung Cell Mol Physiol 2009;297:L196-203.
Middleton MK, Rubinstein T, Puré E. Cellular and molecular
mechanisms of the selective regulation of IL-12 production
by 12/15-lipoxygenase. J Immunol 2006;176:265-74.

Wen Y, Gu J, Chakrabarti SK, et al. The role of 12/15-lipoxyge-
nase in the expression of interleukin-6 and tumor necrosis fac-
tor-alpha in macrophages. Endocrinology 2007;148:1313-22.
Walters JN, Bickford JS, Beachy DE, et al. cPLA(2)x gene acti-
vation by IL-1f is dependent on an upstream kinase path-
way, enzymatic activation and downstream 15-lipoxygenase
activity: a positive feedback loop. Cell Signal 2011;23:
1944-51.

Magnusson LU, Lundqvist A, Karlsson MN, et al
Arachidonate 15-lipoxygenase type B knockdown leads to
reduced lipid accumulation and inflammation in
Atherosclerosis. PLoS One 2012;7:e43142.

Hua K-F, Chou J-C, Ka S-M, et al. Cyclooxygenase-2 regulates
NLRP3 inflammasome-derived IL-18 production. J Cell
Physiol 2015;230:863-74.

Park Y-G, Kang S-K, Noh S-H, et al. PGE2 induces IL-1beta
gene expression in mouse osteoblasts through a cAMP-PKA
signaling pathway. Int Immunopharmacol 2004;4:779-89.

Liu Y, Duan C, Chen H, et al. Inhibition of COX-2/mPGES-1
and 5-LOX in macrophages by leonurine ameliorates mono-
sodium urate crystal-induced inflammation. Toxicol Appl
Pharmacol 2018;351:1-11.

da Silva DPB, Florentino IF, da Silva DM, et al. Molecular
docking and pharmacological/toxicological assessment of a
new compound designed from celecoxib and paracetamol
by molecular hybridization. Inflammopharmacology 2018;26:
1189-206.

Tsutsumi S, Gotoh T, Tomisato W, et al. Endoplasmic reticu-
lum stress response is involved in nonsteroidal anti-inflam-
matory drug-induced apoptosis. Cell Death Differ 2004;11:
1009-16.

Babaev VR, Chew JD, Ding L, et al. Macrophage EP4
Deficiency Increases Apoptosis and Suppresses Early
Atherosclerosis. Cell Metab 2008;8:492-501.


http://www.molinspiration.com/cgi-bin/properties
http://www.molinspiration.com/cgi-bin/properties
http://preadmet.bmdrc.org/adme-prediction/
http://www.openmolecules.org/datawarrior/
http://www.openmolecules.org/datawarrior/

	Abstract
	Introduction
	Experimental
	Chemistry
	General procedure for the preparation of (Z)-5-benzylidene thiazol-4(5H)-one (1-10):
	(Z)-5-((5-chloro-3-methyl-1-phenyl-1H-pyrazol-4-yl)methylene)-2-(piperidin-1-yl)thiazol-4(5H)-one (1)
	(Z)-5-((5-chloro-3-methyl-1-phenyl-1H-pyrazol-4-yl)methylene)-2-morpholinothiazol-4(5H)-one (2)
	(Z)-5-((1,3-diphenyl-1H-pyrazol-4-yl)methylene)-2-(piperidin-1-yl)thiazol-4(5H)-one (3)
	(Z)-5-((1,3-diphenyl-1H-pyrazol-4-yl)methylene)-2-morpholinothiazol-4(5H)-one (4)
	(Z)-5-((1-phenyl-3-(p-tolyl)-1H-pyrazol-4-yl)methylene)-2-(piperidin-1-yl)thiazol-4(5H)-one (5)
	(Z)-2-morpholino-5-((1-phenyl-3-(p-tolyl)-1H-pyrazol-4-yl)methylene)thiazol-4(5H)-one (6)
	(Z)-5-((3-(4-methoxyphenyl)-1-phenyl-1H-pyrazol-4-yl)methylene)-2-(piperidin-1-yl)thiazol-4(5H)-one (7)
	(Z)-5-((3-(4-methoxyphenyl)-1-phenyl-1H-pyrazol-4-yl)methylene)-2-morpholinothiazol-4(5H)-one (8)
	(Z)-5-((3-(4-bromophenyl)-1-phenyl-1H-pyrazol-4-yl)methylene)-2-(piperidin-1-yl)thiazol-4(5H)-one (9)
	(Z)-5-((3-(4-bromophenyl)-1-phenyl-1H-pyrazol-4-yl)methylene)-2-morpholinothiazol-4(5H)-one (10)


	Biological evaluation
	In vitro COX-1/2 and 15-LOX inhibition assays
	In vivo anti-inflammatory activity
	Inflammatory models
	Formalin-induced paw oedema test (acute inflammation model)
	Cotton pellet-induced granuloma assay (chronic inflammation model)
	Gastric ulcerogenic activity
	Monocyte-to-macrophage differentiation assay
	Cytotoxicity assay
	IL-1β and procaspase-3 protein expression by Western blotting
	Caspase-3 activity determination
	Statistical analysis:

	Molecular modelling and in silico studies
	Molecular docking studies on COX-2 and 15-LOX enzymes
	In silico estimation of physicochemical properties, drug-likeness and pharmacokinetics:


	Results and discussion
	Chemistry
	Biological evaluation
	In vitro COX-1/2 and 15-LOX inhibition assays
	In vivo anti-inflammatory activity
	Gastric ulcerogenic activity and histopathological examination:
	Inhibition of monocyte-to-macrophage differentiation assay
	IL-1β expression
	Induction of macrophage apoptosis

	Molecular modelling and in silico studies
	Molecular docking study on COX-2 enzyme
	Molecular docking study on 15-LOX enzyme
	In silico estimation of physicochemical properties, drug-likeness and pharmacokinetics


	Conclusions
	Disclosure statement
	Funding
	References


