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ABSTRACT

A novel series of 12 antipyrine derivatives containing 1,3,4-oxadiazoles (4a-d), 1,3,4-thiadiazoles (6a-d),
and pyrimidines (8a-d), was preparedand assessed for its potential in vitro COX-2 inhibitors. Compared to
Celecoxib, compounds 4b-d and 8d were the most potent derivatives ¢ with a half-maximal inhibitory
concentration range of 53-69nM. Considering COX-2 selectivity index, compounds 4b and 4c were
chosen among these most potent derivatives for further investigation. The in vivo ability of compounds
4b and 4c to counteract carrageenan-induced paw edoema has been assessed and their potential under-
lying mechanisms have been elucidated and the results have been further validated using molecular dock-

ing simulations.

Introduction

Because of their anti-inflammatory, anti-pyretic, and analgesic
properties, nonsteroidal anti-inflammatory drugs (NSAIDs) are
among the most often used treatments worldwide.! They are con-
sidered as the drugs of choice in numerous inflammatory disor-
ders like rheumatoid arthritis (RA), osteoarthritis, and tendonitis.
Other medical indications include muscle aches, backaches, and
dental pain. Moreover, they are routinely prescribed as a palliative
therapy in cases of cancer, gout, and menstrual cramps. They
induce their pharmacological effects via the inhibition of cyclooxy-
genase (COX) enzymes, which in turn suppress the formation of
the pro-inflammatory mediators, prostaglandins (PGs), from arachi-
donic acid.*® Constitutive COX-1 and inducible COX-2 are the two
mainly described COX isozymes in literature.* It is worth saying
that COX-2 is linked to several pathological diseases, including
cancer and inflammation. Both isoforms share a 65% sequence
homology and their active sites are approximately indistinguish-
able. The substitution of valine 523 in COX-2 active site for the
relatively bulkier isoleucine residue in COX-1, produces an extra
side pocket with limited access to this additional binding pocket.
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It is worth to mention that this difference can be exploited by
COX-2 selective ligands such as celecoxib.

Long-term use of non-selective NSAIDs can cause gastrointes-
tinal discomfort, bleeding, ulceration, and other undesirable side
effects.>”” The primary reason for these negative pharmacological
effects is the inhibitory effect on the gastroprotective prostanoids
produced by COX-1 enzymes in the gastrointestinal tract. As a
result, there is a growing interest in the development of powerful
and selective COX-2 inhibitors with improved gastro-intestinal
safety profiles.® Furthermore, the use of non-acidic NSAIDs may
reduce their direct ulcerogenic properties.”'°

Recently, antipyrine structural motif is a valuable tool that has
attracted considerable attention for designing new medications
for the management of various kinds of diseases. Over the past
decades, antipyrine-containing compounds have caught research-
ers’ interest looking for new potential NSAIDs since they act as
analgesics that help to decrease the pain and inflammation in
cases of arthritis, gout, and others."'"'®

Reviewing the literature, we observed the incorporation of
1,3,4-oxadiazole,'””"%° 1,3 ,4-thiadiazole,'””?'"%* and pyrimidine®* 2’
moieties was observed into several bioactive chemical scaffolds,
some of which are anti-inflammatory, antihyperglycemic, or
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antimycobacterial, etc. A number of structure-activity relationship
(SAR) studies, following the molecular hybridisation approach on
compounds bearing these motifs was accomplished for designing
new anti-inflammatory agents via the introduction of different
pharmacophoric subunits (Figure 1).242%-3

As a result of these findings and as part of our continuing pro-
ject committed to the synthesis of diverse heterocycles as anti-
inflammatory agents with better safety profile, a novel series of
compounds bearing oxadiazoles, thiadiazoles and pyrimidines
linked with antipyrine structure as potential anti-inflammatory
medicines was synthesized and described as potential anti-inflam-
matory medicine agents (Figure 1),'%1320.23.25

On the basis of the molecular hybrid-pharmacophore strategy,
functionalization of the antipyrine amino functional group with
different substituted amide moieties was carried out to hybridise
two active pharmacophores in one molecular frame. SAR has been
investigated and the promising candidates have been computa-
tionally investigated to better understand their behaviour inside
the potential pocket of COX-2 enzymes.

Anti-inflammatory potential of the target compounds was
assessed via different in vitro assays (COX-1 and COX-2. On the
basis of in vitro results, the in vivo anti-inflammatory investigations
were executed on the highly potent structures using carrageenan
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paw edema model. The potential underlying mechanisms of 4b
and 4c were elucidated by investigating their effect on NF-xB,
which controls the expression of different pro-inflammatory genes
encoding COX-2 and cytokines like TNF-o. Furthermore, the effects
on the production level of PGE, as well as the oxidative and nitro-
sative stress were thoroughly investigated. The selectivity profile
of the target structures against cyclooxygenase isoforms was aug-
mented by the virtual docking simulations. Significant interactions
between selective COX-2 drugs and the amino acid residues in
the extra secondary COX-2 enzyme pocket were observed.

Results and discussion
Chemistry

The chemical synthesis of the designed structures, oxadiazoles
4a-d, thiadiazoles 6a-d and pyrimidines 8a-d, involved many steps
which are is illustrated in schemes 1-3. Initially, 4-amino antipyr-
ine 1 was acetylated using chloroacetyl chloride with triethyl-
amine as a base, to furnish 4-(2-chloro acetamido) antipyrine 2,
which in turn has been introduced as key precursor in several
nucleophilic substitution reactions.>
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Figure 1. Chemical structures of certain reported antipyrine, oxadiazolyl, thiadiazolyl, pyrimidinyl analogues and our designed compounds (4,6,8).
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Scheme 2. Synthetic pathway of 1,3,4-thiadiazoles derivatives (6a-d).

Oxadiazole-2-thiol ~ derivatives 3a-d were obtained by
the reaction of benzohydrazide derivatives Il with carbon disul-
phide. 33 3> At the first, 2-mercapto-5-aryl-oxadiazoles 3a-d were
refluxed in acetone with chloroacetamide antipyrine 2 in presence
of potassium carbonate as previous reported for alkylation of such
thiols, but no conversion was occurred.>® Then, NaOEt as strong
base was used instead,*® led to complete conversion to obtain
the corresponding oxadiazole-antipyrine hybrids (4a-d; Scheme 1).

By reacting 5-amino-1,3,4-thiadiazole-2-thiol (Ill) with different
phenyl isocyanates under reflux for 5 hours while utilizing aceto-
nitrile as a solvent, the main intermediates 5 were produced
(Scheme 2).37-38

Also, carbonitrile intermediates 7a-d were prepared via
extended heating of various aldehydes with ethyl cyanoacetate
and thiourea in ethyl alcohol and K,CO5 (Scheme 3)3°%° At the
end, compounds 5a-d and 7a-d were refluxed with chloride 3 2
in acetone in presence of K,CO; to obtain our target compounds
6a-d and 8a-d, respectively (Schemes 2 and 3).*°

The proton-NMR spectra showed a characteristic singlet peak
at ~4.20 ppm, corresponding to -CH,- protons confirming the

6a-d

hybrid formation. Furthermore, two characteristic singlet peaks at
~241 (-CHs group) and 3.20 (-NCHs; group) are present in all
"H-NMR spectra. Furthermore, the IR charts of acid amides 4a-d
exhibit two characteristic absorption bands at ~1704cm™" and
1670cm™" due to the presence of two amidic -C=0 groups,
while 6a-d and 8a-d derivatives displayed 3 strong peaks
at~1704cm™", 1704cm™"' and 1670cm™" attributed for three
-C =0 groups stretching vibration.

13C-NMR showed the presence of two peaks in derivatives 4a-d
or three peaks in derivatives 6a-d and 8a-d at ~160- 169 ppm
equivalent to the C=0 carbons. In addition, all hybrids showed
three peaks at aliphatic region at nearly 11-39ppm that exhibit
methyl carbons.

Anti-inflammatory studies

In vitro cyclooxygenase (COX) inhibition assay

The in vitro assay was done to test the ability of the new hybrids
to cause both COX-1 and COX-2 subtypes inhibition (Table 1).
The results revealed that 4b-d and 8d were the most promising
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Scheme 3. Synthetic pathway of pyrimidines derivatives 8a-d.

and powerful derivatives in comparison to celecoxib with a half--
maximal inhibitory concentration(ICsy) range of 53— 69nM.
Considering COX-2 selectivity index along with potency, com-
pounds 4b and 4c possess the highest two selectivity indexes, 4.4
4 and 1.86, respectively, among these potent derivatives.
Accordingly, compounds 4b and 4c seemed to be the most prom-
ising candidates among all the synthesized derivatives.

These results demonstrated the potent anti-inflammatory activ-
ity of oxadiazoles antipyrine antipyrines and suggested that intro-
duction of p-chloro/bromo group on the phenyl moiety of
oxadiazole, as in compounds 4b and 4c, respectively, adds some
degree of selectivity towards the inhibition of COX-2.

To obtain information on the binding interactions of the two
promising compounds, 4b and 4c, into COX isoforms, wehave
applied virtual molecular docking studies. In general, considering
the different degrees of magnitude for the selected compounds in
inhibiting COX isoforms, we detected a little drop in the number
of contacts when the compounds were docked into COX-1
enzyme with respect to the output obtained for the COX-2 iso-
form, this is also reflected in a reduction in computational scores.
In fact, as reported in Figure 2(A), the compound 4b into COX-1
was able to establish an Hydrogen bond with Arg120 and a n-=
stacking with Tyr355 by the oxadiazole moiety, while when
docked into COX-2, 4b increased the number of contacts, estab-
lishing, in addition to the H-bond with Arg120 by the oxadiazole
moiety, a series of hydrophobic interactions with Tyr355 and
Trp387 (n-m stacking), and with Arg120 (cation-n stacking) by the
oxadiazole moiety, the benzyl group, and the chlorobenzene ring,
respectively (Figure 2(B)). These binding modes accounted for a
different docking score of 4b into the two enzymes (GlideScore:
4b/COX-1 = —7.904kcal/mol, reference compound celecoxib
—8.211 kcal/mol; 4b/COX-2 = —9.221kcal/mol, reference com-
pound celecoxib —9.631 kcal/mol), in agreement with the diverse
inhibitory potency against the two enzymes as found by
in vitro studies.

The same trend was noted for compound 4c. In effect, this
compound is able to produce the same interactions found for 4 b
when it is docked into COX-1 enzyme, targeting Arg120 (H-bond)
and Tyr355 (n—7 stacking) by the oxadiazole moiety (Figure 3(A)).

Table 1. ICsy values of the tested compounds as COX inhibitors.

COX-2 COX-1

Comp. no. (ICso NM)® + SD (ICso NM)® + SD (ShP
1 4a 86.92 +2.19 178.5+2.15 2.05
2 4b 53.76 +2.05 238.5+2.08 4.44
3 4c 69.79+2.14 129.5+2.30 1.86
4 4d 65.54+2.23 50.76 +2.18 0.77
5 6a 154.80 +2.07 131.60+2.36 0.85
6 6b 103.70+2.25 8227 +2.28 0.79
7 6¢ 86.10+2.26 282.10+2.34 3.28
8 6d 169.00 + 2.34 106.00 £2.16 0.63
9 8a 88.62+2.19 138.80 £2.31 157
10 8b 119.80 +2.06 209.00 +2.21 174
1 8¢ 129.80+£2.10 163.60 £2.39 126
12 8d 68.74+2.19 91.59+2.15 133
Celecoxib 4593+2.19 309.60+2.16 6.74

®Data are presented as ICso values of three different experiments using the
human COXs (1 and 2) assay Kkit.
BIn vitro COX-2 selectivity index = (COX-1 IC50/COX-2 1Cs).

Considering COX-2, the active site’s key residues, we noticed a rise
in the number of interactions. Compound 4c, also in this case, is
able to establish a strong network of hydrophobic interactions
into COX-2, targeting Tyr355 and Trp387 by a n—n stacking by the
oxadiazole moiety and benzyl group, respectively, and Arg120 by
a polar contact established by the oxadiazole moiety (Figure 3(B)).
These binding modes accounted for a different docking score of
4c into the two enzymes (GlideScore: 4c¢/COX-1 =
—8.224 kcal/mol; 4c/COX-2 = —9.014kcal/mol), again in agree-
ment with the experimental data.

Considering other members of the series, we evaluated the
binding mode of compound 6c. Based on docking calculations,
this compound when docked within the binding site of COX-1 can
target Arg120 by H-bond and cation-n stacking by the carbonyl
group and the methyl pyrazole moiety, respectively, while we also
observed a n-7 stacking with Tyr355 by the thiadiazol moiety
(Figure 4(A)). The docking output of 6¢ into COX-2 showed that
compound 6c can target Arg120 by several H-bonds established
by the carbonyl group and the thiadiazol moiety, and in addition
can establish a cation-n stacking by the methyl pyrazole moiety
with the same residue. These binding modes accounted for a
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Figure 2. (A) Proposed binding interactions of compound 4b into COX-1 enzyme (PDB ID 6Y3C). (B) Proposed binding interactions 4b into COX-2 enzyme (PDB ID
5KIR). Important residues in the active site are indicated by lines, while the gray dotted lines are used for representing H-bonds. For the sake of clarity, nonpolar Hs
were removed. In the ligand-interaction diagrams the magenta arrow represents the H-bond, the green line the m—= stacking, the red line the cation-r stacking.
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Figure 3. (A) Proposed binding interactions 4c into COX-1 enzyme (PDB ID 6Y3C). (B) Proposed binding interactions 4c into COX-2 enzyme. In the ligand-interaction
diagrams the magenta arrow represents the H-bond, the green line the n-m stacking, the red line the cation-n stacking.

different docking score of 6c into the two enzymes (GlideScore: Considering compound 8d, we observed favourable interac-
6c/COX-1 = —8.372kcal/mol; 6c¢/COX-2 = —9.236kcal/mol), tions within the COX-1 binding site, being able to target the key
accounting to the diverse potency of the compound found by the residues Arg120 by H-bonds by the carbonyl group, while can
experimental procedures. establish 7n— 7 stacking with Tyr355 by the dihydropyrimidine
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Figure 4. (A) Proposed binding interactions 6c into COX-1 enzyme (PDB ID 6Y3C). (B) Proposed binding interactions 6c into COX-2 enzyme. In the ligand-interaction
diagrams the magenta arrow represents the H-bond, the green line the n-m stacking, the red line the cation-n stacking.
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Figure 5. (A) Proposed binding interactions 8d into COX-1 enzyme (PDB ID 6Y3C). (B) Proposed binding interactions 8d into COX-2 enzyme. In the ligand-interaction
diagrams the magenta arrow represents the H-bond, the green line the - stacking, the red line the cation-t stacking.



nucleus and a cation-n stacking with Arg 120 by the methoxyben-
zene moiety (Figure 5(A)). Considering COX-2, we noted a small
increase in the number of interactions with the key residues of
the active site. Compound 8d can target Arg120 and Tyr355 by
H-bonds established by the dihydropyrimidine nucleus, the car-
bonyl group, and the NH, respectively, and it can establish a cati-
on-n stacking with Arg120 by the methoxybenzene moiety
(Figure 5(B)). These binding modes accounted for a similar dock-
ing score of 8d into the two enzymes (GlideScore: 8d/COX-1 =
—9.093 kcal/mol; 8d/COX-2 = —9.113 kcal/mol), in agreement with
the experimental data.
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Carrageenan-induced rat paw edoema

The in vivo anti-inflammatory potential of the selected hybrids
resulted from the above COX-2/COX-1 screening, 4b and 4c, were
evaluated against rat paw edoema occured by carrageenan, which
is a well-documented model of acute inflammation to study the
anti-inflammatory activity of synthetic compounds as it involves
various inflammatory mediators and has greater reproducibility.

Effects on paw edoema and edoema inhibition rate. Injection of
carrageenan-induced paw swelling in a time-dependent manner
(Figure 6) where an increase in the percentage of paw swelling
reached a maximum after 2h followed by minor decreases till
became near constant at the final stage of the experiment (5h).
Pre-treatment with celecoxib (CLX), 4b, and 4c resulted in the
same trend but as expected, with marked lower percentages of
paw swelling compared to the carrageenan group. These results
demonestrated the promising anti-inflammatory potential of 4b,
and 4c¢, compared to CLX in the model which would be further
confirmed via histopathological evaluation of the inflamed tissue.

Histopathological evaluation of inflamed tissue. Carrageenan-
injected rat paw tissues showed severe inflammation characterised
by enormous neutrophil infiltration. Interestingly, pre-treatment
with not only CLX, but also 4b, and 4c markedly reduced such
inflammatory reaction (Figure 7(A)). Semi-quantitative determin-
ation of inflammation scores demonstrated a significant
(P <0.001) increase in the of the carrageenan group compared to
the control one. This score was decreased upon pre-treatment
with CLX, 4b, and 4c and the difference between the three
treated groups was statistically significant. However, this decrease

»

Figure 7. (A) Representative images of hematoxylin-eosin-stained paw sections showing areas of inflammation (arrows). (B) Semi-quantitative scoring of inflammation.
*** p<0.001 compared to the control group; # p < 0.05 compared to the carrageenan group.
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Figure 8. (A) Representative images of immunostained paw sections showing NF-kB positive expression (arrows). (B) Semi-quantitative scoring of NF-kB positive
expression. *** p < 0.001 in comparison to the control group; # p < 0.05 compared to the carrageenan group.
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Figure 9. (A) Representative images of immunostained paw sections showing COX-2 positive expression (arrows). (B) Semi-quantitative scoring of COX-2 positive
expression. *** p < 0.001 compared to the control group; # p < 0.05, ## P < 0.01 compared to the carrageenan group.
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Figure 10. Effects of Celecoxib (CLX), 4b, and 4c on carrageenan-induced elevation of (A) Prostaglandin E2 (PGE2) and (B) Tumour necrosis factor-alpha (TNF-o) paw
tissue levels. *** p < 0.001 compared to the control group; # p < 0.05, ### P < 0.001 compared to the carrageenan group; $$p < 0.01, $$$P < 0.001 compared to the

CLX group; + p < 0.05 compared to the 4b group.
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Figure 11. Effects of Celecoxib (CLX), 4b, and 4c on carrageenan-induced elevation of (A) malondialdehyde (MDA) and (B) Nitric oxide (NO) paw tissue contents.
** p<0.01, ¥* p<0.001 compared to the control group; # p < 0.05, ### P < 0.001 compared to the carrageenan group; $$p < 0.01 compared to the CLX group; +

p < 0.05 compared to the 4b group.

was statistically significant (P <0.05) only with the CLX group in
comparison with the carrageenan group (Figure 7(B)).

Effects on NF-xB activation and COX-2 expression level. The tran-
scription factor NF-xB plays a vital role in mediating inflammatory
responses. Upon activation and translocation to the nucleus, it
mediates the expression of different pro-inflammatory genes such
as those encoding inducible enzymes like COX-2 and cytokines
like TNF-a.*' COX-2 represents a crucial enzyme in inflammatory
reactions as it is known to be the rate-limiting enzyme, which
induces the production of pro-inflammatory PGs, mainly PGE2, at
the site of inflammation.*? Herein, the immunohistochemistry
results showed that pre-treatment with CLX, 4b, and 4c sup-
pressed the marked elevation of the immuno-expression of NF-xB
(Figure 8(A)) and COX-2 (Figure 9(A)) induced by carrageenan in
paw tissue. Furthermore, semi-quantitative scoring of NF-xB
(Figure 8(B)) and COX-2 (Figure 9(B)) positive expression illustrated
that carrageenan significantly (P < 0.001) increased their expres-
sion score in comparison with the control group, meanwhile pre-
treatment with CLX, 4 b, and 4c¢, decreased their expression score

and the difference between the threetreated groups was insignifi-
cant. However, this decrease in NF-kB score was only statistically
significant (P < 0.05) only with the CLX group when compared to
the carrageenan group.

Effects on TNF-o. and PGE2 tissue levels. PGE2 is the principal
mediator of inflammatory disorders and still the principal target
for anti-inflammatory therapy.”®> In the present study, PGE2 level
was significantly (P <0.001) increased by carrageenan injection
compared to the control group. Pre-treatment with CLX, 4b, and
4c significantly (P<0.001, 0.05, and 0.001, respectively) reduced
PGE2 level in comparison to the carrageenan group. However,
both 4b and 4c groups showed significantly (P < 0.001) higher
levels in comparison to the CLX group. Of note, PGE2 level was
significantly (P < 0.05) lower in the 4c compared to the 4b groups
(Figure 10(A)).

TNF-a is a potent pro-inflammatory cytokine that amplifies almost
all acute inflammatory reactions.** Our results showed that carra-
geenan injection significantly (P < 0.001) increased TNF-o level. Upon
pre-treatment either with CLX, 4b, or 4c, there was a significant
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(P < 0.001) decrease in the TNF-« level compared to the carrageenan
group. Interestingly, this effect was significantly (P<0.01) higher
with both 4b and 4c than CLX (Figure 10(B)).

Effects on oxidative and nitrosative stress. Oxidative stress is
closely connected to inflammatory reactions. Reactive oxygen spe-
cies (ROS) may modulate NF-«xB signals to produce pro-inflamma-
tory cytokines like TNF-a. Furthermore, oxidative stress has been
reported to be linked to COX-2 induction with subsequent PGs
production.”>*® Additionally, an association has been evidenced
between NO, a key mediator of acute inflammation, and COX
activity, where NO activates COX enzymes enhancing PGs synthe-
sis.*” In the current study, carrageenan injection induced a status
of both oxidative and nitrosative stress indicated by significantly
(P<0.001) elevated in paw tissue contents of the lipid peroxida-
tion product, malondialdehyde (MDA) (Figure 11(A)) and the nitro-
sative stress product, NO (Figure 11(B)), respectively in comparison
with the control group. However, pre-treatment with CLX, 4 b, and
4c significantly (P < 0.001) reduced both levels compared to the
control group. Notably, the difference between the three treated
groups was significant regarding the NO content. Interestingly,
the content was significantly (P<0.01 and 0.05, respectively)
lower with 4c compared to CLX and 4b, and it was significantly
(P < 0.01) higher with 4b than with CLX.

Conclusion

Following the synthetic methods described in the literature, a
novel series of antipyrine-based scaffolds was designed and syn-
thesised by combining pyrimidines, 1,3,4-oxadiazoles, and
1,3,4-thiadiazoles motifs. A variety of spectroscopic methods were
used to confirm the chemical structures of the synthesised com-
pounds. The carrageenan-induced paw edoema model and other
in vitro assays were applied to evaluate the target compounds as
potential anti-inflammatory agents. Additionally, the selective
inhibitory activity towards COX-2 enzymes was assessed, and the
results revealed that compounds 4 b and 4c represented the most
active compounds among the series compounds. The obtained
in vitro results have been validated using molecular modelling
approach. The findings can be applied for the optimisation of the
most active compounds in order to get more potent agents with
better safety profiles in the near future.

Experimental
Chemistry

All specifications regarding melting point measurements, FT-IR
200 spectrophotometer and NMR spectrometry, mass analyser and
elemental analysis are previously reported in our published article.
The key intermediate 2 and intermediate compounds 5a-d, 7a-d
were synthesized according to the previously reported methods in
literature, 3273237740

General procedure for the preparation of 1,3,4-oxadiazole deriva-
tives (4a-d)

To a solution of thiol 3a-d (0.3 mmol) and NaOEt (2 eq.), stirred
for 2h in ethyl alcohol, was added chloride 2 (0.3 mmol). The mix-
ture was then left to reflux overnight. After the reaction was com-
pleted, it was transferred into ice, the precepitate was filtered and
purified via recrystallization from ethyl alcohol.

N-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)-2-
((5-(p-tolyl)-1,3,4-oxadiazol-2-yl)thio)acetamide (4a)

White coloured powder; (0.08g, 61%). M.p. 234-236°C. IR
(vmax/cm™'):  3451(NH), 1680, 1644 (C=0s). Proton NMR
(DMSO-dg) 6 9.63 (s, 1H), 7.89 (d, J=8.0Hz, 2H), 7.55—-7.49
(m, 2H), 7.52 (d, J=8.0Hz, 2H), 7.40—7.30 (m, 3H), 431 (s, 2H),
3.06 (s, 3H), 2.40 (s, 3H), 2.10 (s, 3H). Carbon-13 NMR (DMSO-de) o
166.2, 165.7, 163.4, 161.9, 152.7, 142.7, 135.4, 130.5, 129.6, 126.9,
126.8, 124.1, 120.7, 107.3, 36.8, 36.1, 21.6, 11.6. MS m/z (%): 435.31
(M*, 24.33). Anal. Calcd (435.50): C, 60.67; H, 4.86; N, 16.08; S, 7.36.
Found: C, 60.78; H, 4.88; N, 16.18; S, 7.28%.

2-((5- (4-Chlorophenyl)-1,3,4-oxadiazol-2-yl)thio)-N-(1,5-dimethyl-
3-ox0-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)acetamide (4 b)

Yellow coloured powder; (0.089g, 65%). M.p. 190-192°C. IR
(vmax/cm™"): 3319 (NH), 1677, 1643 (C=0O0s). Proton NMR
(DMSO-dg) 6 11.02 (s, 1H), 7.85 (d, J=8.4Hz 2H), 7.60 —7.50 (m,
4H), 7.40 —7.35 (m, 3H), 425 (s, 2H), 3.24 (s, 3H), 2.27 (s, 3H).
Carbon-13 NMR (DMSO-dg) 6 171.3, 162.7, 162.6, 160.5, 154.3,
136.7, 134.9, 132.6, 130.2, 129.7, 129.0, 127.5, 1249, 1034, 35.7,
32.7, 11.0. MS m/z (%): 455.06 (M*, 13.51). Anal. Calcd (455.92): C,
55.32; H, 3.98; Cl, 7.78; N, 15.36; S, 7.03. Found: C, 55.14; H, 3.85;
Cl, 7.70; N, 15.39; S, 7.09%.

2-((5- (4-Bromophenyl)-1,3,4-oxadiazol-2-yl)thio)-N-(1,5-dimethyl-
3-ox0-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)acetamide (4c)

Yellow coloured powder; (0.089g, 59%). M.p. 173-175°C. IR
(vmax/cm™'): 3443 (NH), 1735, 1659 (C=0Os). Proton NMR
(DMSO-dg) 6 1093 (s, 1H), 7.81 (d, J=79Hz, 2H), 7.68 (d,
J=7.9Hz, 2H), 7.62-7.50 (m, 2H), 7.43-7.35 (m, 3H), 4.21 (s, 2H),
3.24 (s, 3H), 2.26 (s, 3H). Carbon-13 NMR (DMSO-dy) 6 171.4, 163.0,
161.2, 160.5, 153.9, 134.8, 133.9, 131.9, 129.9, 129.7, 127.6, 125.2,
125.1, 103.4, 35.6, 32.5, 11.1. MS m/z (%): 500.4 (M*, 22.56). Anal.
Calcd (500.37): C, 50.41; H, 3.63; Br, 15.97; N, 14.00; S, 6.41. Found:
C, 50.30; H, 3.55; Br, 16.04; N, 14.15; S, 6.23%.

N-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)-2-
((5-(4-nitrophenyl)-1,3,4-oxadiazol-2-yl)thio)acetamide (4d)

Yellow coloured powder; (0.0764g, 54%). M.p. 214-216°C. IR
(vmax/cm™'): 3446 (NH), 1737, 1656 (C=0s). Proton NMR
(DMSO-dg) 0 1136 (s, 1H), 833 (d, J=82Hz, 2H), 8.07 (d,
J=82Hz, 2H), 7.55 (t, J=7.3Hz, 2H), 7.39 (d, J=7.3Hz, 3H), 4.24
(s, 2H), 3.25 (s, 3H), 2.27 (s, 3H). Carbon-13 NMR (DMSO-dg) ¢
171.4, 162.5, 162.0, 160.5, 154.2, 149.5, 139.9, 134.9, 129.7, 129.3,
127.5, 125.0, 124.1, 103.3, 35.7, 32.7, 11.0. MS m/z (%): 466.10 (M™,
33.12). Anal. Calcd (466.47): C, 54.07; H, 3.89; N, 18.02; S, 6.87.
Found: C, 54.07; H, 3.90; N, 17.90; S, 6.82%.

General procedure for the preparation of 1,3,4-thiadiazole deriva-
tives (6a-d)
The suitable thiol hybrids 5a-d (0.3 mmole) with K,CO;
(0.45 mmole) in acetone were allowed to be stirred at rt for half
an hour followed by addition of equivalent amount of 2. The
obtained mixture was left for reflux overnight.After that, the reac-
tion was poured into ice, the solid was filtered off and recrystal-
lized from ethyl alcohol to give the target compounds.

N-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)-2-
((5-(3-phenylureido)-1,3,4-thiadiazol-2-yl)thio)acetamide (6a)

Pale yellow coloured powder; (0.097 g, 65%). M.p. 254-256°C.
IR (max/cm™"'): 3451, 3353, 3244 (NHs), 1716, 1671, 1638 (C = Os).
Proton NMR (DMSO-dg) 6 11.07 (s, TH), 9.51 (s, TH), 9.08 (s, 1H),
7.50 (d, J=6.9Hz, 4H), 7.44-7.31 (m, 5H), 7.08 (d, J=6.9Hz, 1H),
4.13 (s, 2H), 3.06 (s, 3H), 2.12 (s, 3H). Carbon-13 NMR (DMSO-dg) ¢
166.8, 162.0, 161.3, 157.4, 152.7, 138.8, 135.4, 129.6, 129.4, 126.8,
124.1, 123.6, 119.4, 107.4, 37.6, 36.4, 11.6. MS m/z (%): 495.33 (M™,



32.55). Anal. Calcd (495.58): C, 53.32; H, 4.27; N, 19.78; S, 12.94.
Found: C, 53.19; H, 4.20; N, 19.80; S, 12.99%.

N-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)-2-
((5-(3-(p-tolyl)ureido)-1,3,4-thiadiazol-2-yl)thio)acetamide (6 b)

Pale yellow coloured powder; (0.093g, 61%). M.p. 253-255°C.
IR (vmax/cm™"): 3449, 3352, 3245 (NHs), 1712, 1672, 1638 (C=Os).
Proton NMR (DMSO-ds) 6 11.10 (s, TH), 9.49 (s, TH), 9.08 (s, TH),
7.51 (d, J=7.5Hz, 2H), 7.41-7.30 (m, 5H), 7.15 (d, J=7.5Hz, 2H),
4.12 (s, 2H), 3.06 (s, 3H), 2.27 (s, 3H), 2.11 (s, 3H). Carbon-13 NMR
(DMSO-dg) 6 166.9, 162.0, 161.1, 152.7, 151.6, 136.1, 135.4, 132.7,
132.6, 129.8, 129.6, 126.9, 124.1, 119.5, 107.4, 37.5, 36.3, 20.9, 11.6.
MS m/z (%): 509.10 (M", 41.13). Anal. Calcd (509.60): C, 54.21; H,
455; N, 19.24; S, 1258. Found: C, 54.05; H, 4.56; N, 19.33;
S, 12.42%.

N-(1,5-Dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)-2-
((5-  (3-(4-methoxyphenyl)ureido)-1,3,4-thiadiazol-2-yl)thio)aceta-
mide (6¢)

Pale yellow coloured powder; (0.104 g, 66%). M.p. 250-252°C.
IR (vmax/cm™"): 3449, 3348, 3247 (NHs), 1710, 1673, 1637 (C=0s).
Proton NMR (DMSO-dg) ¢ 11.05 (s, TH), 9.50 (s, 1H), 8.94 (s, T1H),
7.51 (d, J=7.6Hz, 2H), 7.44-7.31 (m, 5H), 6.91 (d, J=7.6Hz, 2H),
4.12 (s, 2H), 3.73 (s, 3H), 3.05 (s, 3H), 2.11 (s, 3H). Carbon-13 NMR
(DMSO-dg) 6 166.9, 162.0, 161.4, 155.8, 152.7, 135.3, 135.1, 131.6,
129.7, 129.6, 126.9, 124.2, 121.3, 114.6, 107.3, 55.7, 37.5, 36.3, 11.6.
MS m/z (%): 525.02 (M, 34.07). Anal. Calcd (525.60): C, 52.56; H,
441; N, 1865; S, 12.20. Found: C, 52.50; H, 4.44; N, 18.69;
S, 12.35%.

2-((5- (3-(4-Chlorophenyl)ureido)-1,3,4-thiadiazol-2-yl)thio)-N-(1,
5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)acetamide (6d)

Pale yellow coloured powder; (0.095 g, 60%). M.p. 248-250°C. IR
(vmax/cm™"): 3451, 3345, 3246 (NHs), 1712, 1672, 1637 (C=Os).
Proton NMR (DMSO-dg) 6 11.29 (s, 1H), 9.49 (s, 1H), 8.90 (s, 1H),
7.57 =750 (m, 4H), 741 —7.31 (m, 5H), 4.13 (s, 2H), 3.05 (s, 3H),
2.10 (s, 3H). Carbon-13 NMR (DMSO-dg) 6 166.8, 162.0, 161.3, 157.4,
152.7, 137.5, 1354, 133.3, 1294, 126.8, 124.1, 121.6, 119.4, 1074,
37.6, 364, 116. MS m/z (%): 529.89 (M', 2523). Anal. Calcd
(530.02): C, 49.85; H, 3.80; Cl, 6.69; N, 18.50; S, 12.10. Found: C,
49.76; H, 3.80; Cl, 6.62; N, 18.55; S, 12.21%.

General procedure for the preparation of pyrimidine deriva-
tives (8a-d)
A mixture of thiol intermediates 7a-d (0.3 mmole) and K,CO;
(0.45 mmole) was stirred at rt in acetone for half an hour. Then,
compound 2 was added. The obtained mixture was heate under
reflux overnight. The solid obtained was filtered and dried to
afford the target compound.
2-((5-Cyano-6-oxo-4-(p-tolyl)-1,6-dihydropyrimidin-2-yl)thio)-N-
(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)acetamid-
e (8a)

White coloured powder; (0.102g, 70%). M.p. >300°C. IR
(vmax/cm™"): 3451, 3253 (NHs), 2210 (CN), 1687, 1653 (C=Os).
Proton NMR (DMSO-dg) 6 9.42 (s, 1H), 7.71 (d, J=28.1Hz, 2H), 7.51
(t, J=7.8Hz, 2H), 7.40-7.32 (m, 3H), 7.27 (d, J=8.1Hz, 2H), 3.85 (s,
2H), 3.03 (s, 3H), 2.36 (s, 3H), 2.05 (s, 3H). Carbon-13 NMR
(DMSO-dg) 6 1719, 171.3, 169.1, 167.7, 162.1, 153.5, 140.3, 135.2,
134.9, 129.6, 129.2, 128.6, 127.0, 124.3, 1204, 107.3, 89.2, 36.2,
25.6, 214, 11.2. MS m/z (%): 486.50 (M™, 30.53). Anal. Calcd
(486.55): C, 61.71; H, 4.56; N, 17.27; S, 6.59. Found: C, 61.77; H,
4.58; N, 17.20; S, 6.58%.

2-((4- (4-Chlorophenyl)-5-cyano-6-oxo-1,6-dihydropyrimidin-2-yl
)thio)-N-(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-yl)a-
cetamide (8b)
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White coloured powder; (0.114g, 75%). M.p. 239-241°C. IR
(vmax/cm™"): 3448, 3222 (NHs), 2211 (CN), 1687, 1654 (C=Os).
Proton NMR (DMSO-dg) 6 9.39 (s, 1H), 7.84 (d, J=8.5Hz, 2H), 7.54
(d, J=8.5Hz, 2H), 7.55—7.48 (m, 2H), 7.41 —7.30 (m, 3H), 3.87 (s,
2H), 3.03 (s, 3H), 2.05 (s, 3H). Carbon-13 NMR (DMSO-ds) 6 172.0,
170.5, 168.7, 166.2, 162.1, 152.9, 136.8, 135.5, 135.0, 130.5, 129.6,
128.7, 126.7, 124.0, 120.3, 107.9, 89.5, 36.4, 34.5, 11.5. MS m/z (%):
506.53 (M*, 32.73). Anal. Calcd (506.96): C, 56.86; H, 3.78; Cl, 6.99;
N, 16.58; S, 6.32. Found: C, 56.76; H, 3.66; Cl, 6.80; N, 16.78;
S, 6.30%.

2-((4- (4-Bromophenyl)-5-cyano-6-oxo-1,6-dihydropyrimidin-2-
yl)thio)-N-(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-y-
l)acetamide (8c)

White coloured powder; (0.121g, 73%). M.p. 243-245°C. IR
(vmax/cm™"): 3450, 3214 (NHs), 2212 (CN), 1685, 1655 (C=0Os).
Proton NMR (DMSO-dg) 6 9.39 (s, 1H), 7.77 (d, J=7.1Hz, 2H), 7.70
(d, J=7.1Hz, 2H), 7.54 — 7.48 (m, 2H), 7.40 —7.29 (m, 3H), 3.87 (s,
2H), 3.03 (s, 3H), 2.04 (s, 3H). Carbon-13 NMR (DMSO-ds) 6 172.0,
170.5, 168.6, 166.3, 162.1, 152.9, 137.1, 135.5, 131.6, 130.8, 129.6,
126.7, 124.0, 123.8, 120.3, 107.9, 89.5, 36.4, 34.5, 11.5. MS m/z (%):
551.39 (M™, 52.67). Anal. Calcd (551.42): C, 52.28; H, 3.47; Br, 14.49;
N, 15.24; S, 5.82. Found: C, 52.40; H, 3.48; Br, 14.55; N, 15.14;
S, 5.77%.

2-((5-Cyano-4- (4-methoxyphenyl)-6-oxo-1,6-dihydropyrimidin-2-
yl)thio)-N-(1,5-dimethyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazol-4-y-
l)acetamide (8d)

White coloured powder; (0.1169g, 77%). M.p. 166- 168°C. IR
(vmax/cm™"): 3482, 3301 (NHs), 2219 (CN), 1687, 1655 (C=Os).
Proton NMR (DMSO-dg) 6 9.55 (s, 1H), 8.08 (d, J=8.5Hz, 2H), 7.50
(d, J=7.1Hz, 2H), 7.41 —7.30 (m, 3H), 7.10 (d, J=8.5Hz, 2H), 4.22
(s, 2H), 3.84 (s, 3H), 3.00 (s, 3H), 1.87 (s, 3H). Carbon-13 NMR
(DMSO-dg) 6 1719, 171.3, 169.1, 167.7, 162.1, 159.8, 153.5, 140.3,
129.7, 129.1, 129.2, 127.9, 1243, 1204, 114.2, 107.3, 89.2, 5538,
36.2, 256, 11.2. MS m/z (%): 50241 (M*, 34.41). Anal. Calcd
(502.54): C, 59.75; H, 441; N, 16.72; S, 6.38. Found: C, 59.64; H,
4.48; N, 16.86; S, 6.22%.

Anti-inflammatory studies

Twelve potential anti-inflammatory compounds derived from anti-
pyrine were screened for their potential inhibitory activity against
COX-1 and COX-2 enzymes and for their selectivity profiles using
CLX as a reference drug. Then, the identified hit” compounds with
high COX-2 selectivity compared to CLX were tested in vivo for
their anti-inflammatory efficacy against paw edema in rats
induced by carrageenan and their potential underlying mecha-
nisms were further investigated.

In vitro cyclooxygenase (COX) inhibition assay

This assay examined the inhibitory potency of the target struc-
tures towardboth COX isoforms via colorimetric screening assay
kit (Cayman Chemical, MI, United States) based on the directions
provided by the manufacturer. ELISA reader Thermo Scientific
Multiskan® EX (Thermo scientific, United States) was used. 1Csq
(concentration at which there was 50% inhibition) values were cal-
culated using GraphPad Prism 8 analysis software (Graph-Pad, San
Diego, CA, United States) to form the dose-response curves of
eight concentrations of each test compound. Serial dilutions of
CLX, as a reference standard, and tested compounds at concentra-
tions of 1000, 300, 100, 30, 10, 3, 1, and 0.30 nM were used in the
assay. ICsq of the tested compounds were determined using three
different experiments. The selectivity (SI) of each ompound was
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measured using the COX-2/COX-1 ratio, which compares the 1Cs,
of COX-2 and COX-1.

In vivo evaluation of the anti-inflammatory activity

The anti-inflammatory activity of the two selected compounds
from the above screening, 4b and 4c was scrutinized in vivo using
a paw edema model produced by carrageenan. Male Sprague
Dawley rats (180-200g) were obtained from Vacsera (Giza, Egypt)
and maintained at rtunfettered access to food and water in a
light-controlled space with a twelve-hour light/dark cycle. The
research ethics committee at Mansoura University, Egypt exam-
ined and authorized the experiments (code number: 2022-78).

Experimental design. After overnight fasting, five groups of rats
were randomly divided (n = 5). Group | (Control): injected only
with the DMSO solution (1.2 ml/kg, i.p, 10% v/v of DMSO in sterile
0.9% saline solution). Group Il (Carrageenan): injected with carra-
geenan [0.1ml of a freshly prepared solution of carrageenan (1%
w/v in sterile 0.9% saline solution) into the sub-plantar region of
the right hind paw] and the DSMO solution. Group Il (CLX):
injected the standard drug CLX (30mg/kg, ip, 2.5% w/v in the
DMSO solution). Group IV (4b) injected the test drug 4b
(36 mg/kg, i.p, 2% w/v in the vehicle). Group V (4c): injected the
test drug 4c (40mg/kg, ip, 2% w/v in the DMSO solution). The
selected doses of 4b and 4c were equimolar to 30mg/kg CLX.
One hour after treatments, edema caused by carrageenan injec-
tion as described above. A digital vernier caliper (Elora, Germany)
was used to measure the thickness of the paw right prior to injec-
tion of carrageenan and thereafter at 1, 2, 3, 4, and 5h.

Determination of paw edoema and edoema inhibition rate
The paw edoema (E%) and edoema inhibition rate (1%) were cal-
culated as follow:

E% = %100,

A: paw thickness (mm) just before carrageenan injection and B:
paw thickness (mm) at different time intervals after carrageenan
injection:

Ec. — E
19 = ——— %100,
E

E.: mean paw edoema of the carrageenan group and E; is the

paw odema of the tested groups.

Paw homogenate preparation. After five hours from carrageenan
injection, the rats were euthanized using surgical dislocation with
removal of the inflamed paws. Tissues of rat hind-paw’s pad were
collected, and 5-mm pieces were homogenised in iced phosphate
buffer saline (pH 7.4) on ice. Next, the prepared homogenate was
centrifuged (10,0009, 15min, 4°C) and the obtained supernatant
was collected for additional analysis. The remaining tissue was
fixed in formalin (10% v/v) for 24 h after which it was inserted in
paraffin wax.

Histopathological and immunohistochemical evaluation

Paraffinized tissue sections were dewaxed in xylene and mounted
on slides then discoloured with hematoxylin-eosin (H&E) for histo-
pathological evaluation of inflammation. Inflammation score from 0
to 5 was given as follows: 0,1,2,3,4, and 5 if there is no, mild, mild/-
moderate, moderate, moderate/severe, and severe inflammation,

respectively.*® The other set of sections were immunostained to
examine expression levels of COX-2 and nuclear factor kappa B
(NF-xB p65) using monoclonal antibodies (Thermo Fisher Scientific,
MA, United States) and as per the guidelines provided by the
manufacturer. Immunostained sections were scored as follows: 0,1,
2 and 3 if there is no, weak, moderate, and strong staining effect,
respectively.*

Determination of PGE2 and TNF-u tissue levels

Levels of prostaglandin E2 (PGE2) and tumour necrosis factor-al-
pha (TNF-x) were measured in paw tissue homogenate using
ELISA kits (Cusabio Technology LLC, TX, United States) and as per
the guidelines provided by the manufacturer.

Oxidative and nitrosative biomarkers measurements

Contents of malondialdehyde (MDA) as a lipid peroxidation product,
and nitric oxide (NO) as anitrosative product, were measured in
paw tissue homogenate using colorimetric commercial kits
(Biodiagnostic, Giza, Egypt) and as per the guidelines provided by
the manufacturer.

Statistical analysis

Using GraphPad Prism 8 analysis software (Graph-Pad, San Diego,
CA, USA), data were expressed as mean+S.E (n=5) and analysed
via ANOVA test followed by Tukey-Kramer multiple comparison
test as post hoc test. Kruskal- Wallis test by rank followed by
Dunn’s multiple comparison test was applied for scores of histo-
pathological and immunohistochemistry.

Computational details

Molecular docking studies were performed in Maestro suite
release 2020-3 employing Glide software.>*" The 3D structures of
hCOX-1 and hCOX-2 (PDB IDs 6Y3C and 5KIR, respectively) were
retrieved from the Protein Data Bank and acquiesced to the
Protein Preparation Wizard protocol executed in Maestro for
obtaining appropriate structures for the computational studies.
The structures of the ligands were built in Maestro employing the
available drawing tools, while energy minimization was achieved
by using MacroModel program with OPLS-2005 as the force field.
Subsequently, LigPrep application (LigPrep, Schrodinger, LLC, New
York, NY, release 20120-3) was used for generating the most
probable ionization state of the molecules at cellular pH.
Molecular docking experiments were performed employing the
scoring function extra precision (XP). Energy grids using a protein
atom scaling factor of 1.0 A were obtained using default values.
The cubic box used for docking calculation, for each protein, was
prepared starting from the middle of thepocket. Fifty poses were
considered for the post-docking minimization procedure. The
number of poses entered to post-docking minimization was set to
50. The validation of the docking protocol is described in the
Supplementary data file.

Author contributions

Pharmacological experiments conceptualization, methodology,
performance, data analysis, visualization, and writing were carried
out by Mahmoud Elshal.


https://doi.org/10.1080/14756366.2022.2162511

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Deanship of Scientific Research at

Jouf

University under Grant Number [grant number

DSR2022-RG-0146].

ORCID

Simone Brogi

http://orcid.org/0000-0001-9375-6242

References

1.

10.

11.

12.

13.

14.

Cryer B. NSAID-associated deaths: the rise and fall of
NSAID-associated Gl mortality. Am J Gastroenterol. 2005;100:
1694-1695.

Smith WL, Song I. The enzymology of prostaglandin endo-
peroxide H synthases-1 and-2. Prostagland Other Lipid
Mediat. 2002;68-69:115-128.

FitzGerald GA, Patrono C. The coxibs, selective inhibitors of
cyclooxygenase-2. N Engl J Med. 2001;345:433-442.

Fu J-Y, Masferrer J, Seibert K, Raz A, Needleman P. The
induction and suppression of prostaglandin H2 synthase
(cyclooxygenase) in human monocytes. J Biol Chem. 1990;
265(28):16737-16740.

Kurumbail RG, Stevens AM, Gierse JK, McDonald JJ,
Stegeman RA, Pak JY, Gildehaus D, Miyashiro JM, Penning
TD, Seibert K, et al. Structural basis for selective inhibition of
cyclooxygenase-2 by anti-inflammatory agents. Nature. 1996;
384(6610):644-648.

Dannhardt G, Kiefer W. Cyclooxygenase inhibitors— current
status and future prospects. Eur J Med Chem. 2001;36:109-
126.

Lipsky P. Progress toward a new class of therapeutics: select-
ive COX-2 inhibition: introduction and course description. J
Rheumatol Suppl. 1997;24:1-5.

Lane NE. Pain management in osteoarthritis: the role of
COX-2 inhibitors. J Rheumatol Suppl. 1997;49:20-24.

Marnett LJ, Kalgutkar AS. Cyclooxygenase 2 inhibitors: dis-
covery, selectivity and the future. Trends Pharmacol Sci.
1999;20(11):465-469.

Gierse JK, McDonald JJ, Hauser SD, Rangwala SH, Koboldt
CM, Seibert K. A single amino acid difference between cyclo-
oxygenase-1 (COX-1) and— 2 (COX-2) reverses the selectivity
of COX-2 specific inhibitors. J Biol Chem. 1996;271(26):
15810-15814.

Bromm B, Forth W, Richter E, Scharein E. Effects of acet-
aminophen and antipyrine on non-inflammatory pain and
EEG activity. Pain. 1992;50:213-221.

El Sayed MT, El-Sharief MAS, Zarie ES, Morsy NM, Elsheakh
AR, Voronkov A, Berishvili V, Hassan GS. Design, synthesis,
anti-inflammatory activity and molecular docking of poten-
tial novel antipyrine and pyrazolone analogs as cyclooxyge-
nase enzyme (COX) inhibitors. Bioorg Med Chem Lett. 2018;
28:952-957.

Turan-Zitouni G, Sivac1 M, Kili¢ FS, Erol K. Synthesis of some
triazolyl-antipyrine derivatives and investigation of analgesic
activity. Eur J Med Chem. 2001;36:685-689.

Domiati SA, Abd El Galil KH, Abourehab MA, Ibrahim TM,
Ragab HM. Structure-guided approach on the role of

15.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 13

substitution on amide-linked bipyrazoles and its effect on
their anti-inflammatory activity. J Enzyme Inhib Med Chem.
2022;37:2179-2190.

Karati D, Mahadik KR, Kumar D. Pyrazole Scaffolds: Centrality
in Anti-Inflammatory and Antiviral Drug Design. Med Chem.
2022;18(10):1060-1072.

Yao H, Guo Q, Wang M, Wang R, Xu Z. Discovery of pyrazole
N-aryl sulfonate: A novel and highly potent cyclooxyge-
nase-2 (COX-2) selective inhibitors. Bioorg Med Chem. 2021;
46:116344.

Palaska E, Sahin G, Kelicen P, Durlu NT, Altinok G. Synthesis
and anti-inflammatory activity of 1-acylthiosemicarbazides,
1, 3, 4-oxadiazoles, 1, 3, 4-thiadiazoles and 1, 2, 4-triazole-3-
thiones. Farmaco. 2002;57:101-107.

Nargund L, Reddy G, Hariprasad V. Anti-inflammatory activ-
ity of substituted 1, 3, 4-oxadiazoles. J Pharm Sci. 1994;83:
246-248.

Ravindra K, Vagdevi H, Vaidya V, Padmashali B. Synthesis,
antimicrobial and antiinflammatory activities of 1, 3, 4-oxa-
diazoles linked to naphtho [2, 1-b] furan, 2006.

Glomb T, Wiatrak B, Gebczak K, Gebarowski T, Bodetko D,
Czyznikowska 7, Swigtek P. New 1, 3, 4-Oxadiazole
Derivatives of Pyridothiazine-1, 1-Dioxide with
Anti-Inflammatory Activity. [JMS. 2020;21(23):9122.
Karegoudar P, Prasad DJ, Ashok M, Mahalinga M, Poojary B,
Holla BS. Synthesis, antimicrobial and anti-inflammatory
activities of some 1, 2, 4-triazolo [3, 4-b][1, 3, 4] thiadiazoles
and 1, 2, 4-triazolo [3, 4-b][1, 3, 4] thiadiazines bearing tri-
chlorophenyl moiety. Eur J Med Chem. 2008;43:808-815.
Jadhav V, Kulkarni M, Rasal V, Biradar S, Vinay M. Synthesis
and anti-inflammatory evaluation of methylene bridged ben-
zofuranyl imidazo. Eur J Med Chem. 2008;43:1721-1729.
Rostom SA, El-Ashmawy IM, Abd El Razik HA, Badr MH,
Ashour HM. Design and synthesis of some thiazolyl and thia-
diazolyl derivatives of antipyrine as potential non-acidic
anti-inflammatory, analgesic and antimicrobial agents.
Bioorg Med Chem. 2009;17:882-895.

Amir M, Javed S, Kumar H. Pyrimidine as antiinflammatory
agent: A review. Indian J Pharm Sci. 2007;69:337.

Ur Rashid H, Martines MAU, Duarte AP, Jorge J, Rasool S,
Muhammad R, Ahmad N, Umar MN. Research developments
in the syntheses, anti-inflammatory activities and structure-
activity relationships of pyrimidines. RSC Adv. 2021;11(11):
6060-6098.

Sondhi SM, Jain S, Dwivedi AD, Shukla R, Raghubir R.
Synthesis of condensed pyrimidines and their evaluation for
anti-inflammatory and analgesic activities, 2008.

Sahu M, Siddiqui N. A review on biological importance of pyr-
imidines in the new era. Int J Pharm Pharm Sci. 2016;8:8-21.
Chawla G, Naaz B, Siddiqui AA. Exploring 1, 3, 4-oxadiazole
scaffold for anti-inflammatory and analgesic activities: a review
of literature from. Mini Rev Med Chem. 2018;18:216-233.
Yerragunta V, Patil P, Anusha V, Kumaraswamy T, Suman D,
Sambhitha T. Pyrimidine and its biological activity: a review,
PharmaTutor. 2013;1(2):39-44.

Sondhi SM, Singh N, Johar M, Kumar A. Synthesis, anti-in-
flammatory and analgesic activities evaluation of some
mono, bi and tricyclic pyrimidine derivatives. Bioorg Med
Chem. 2005;13(22):6158-6166.

Willis PA, Bonnert RV, Hunt SF, Walters IAS. Novel thiazolo
(4, 5-d) pyrimidine compounds novel compounds, in,
Google Patents, 2009.



14 @ M. M. AL-SANEA ET AL.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Patil V, Tilekar K, Mehendale-Munj S, Mohan R, Ramaa C.
Synthesis and primary cytotoxicity evaluation of new 5-ben-
zylidene-2, 4-thiazolidinedione derivatives. Eur J Med Chem.
2010;45(10):4539-4544.

Yu W, Cheng LP, Pang W, Guo LL. Design, Synthesis and
Biological Evaluation of Novel 1, 3, 4-Oxadiazole Derivatives
as Potent Neuraminidase Inhibitors. Bioorg Med Chem.
2022; 57:116647.

Upadhyay PK, Mishra P. Microwave assisted synthesis and
evaluation of some substituted 1, 3, 4-oxadiazoles as free
radical scavenger. J Indian Chem Soc. 2018;95:661-666.
Karabanovich G, Zemanova J, Smutny T, Székely R, Sarkan
M, Centarova |, Vocat A, Pavkova I, Conka P, Némecek J,
et al. Development of 3, 5-dinitrobenzylsulfanyl-1, 3, 4-oxa-
diazoles and thiadiazoles as selective antitubercular agents
active against replicating and nonreplicating Mycobacterium
tuberculosis. J Med Chem. 2016;59:2362-2380.

Ma C-L, Tian G-R, Zhang R-F. Investigation on steric effect in
the coordination of S, N and O donor heterocycle to orga-
notin (IV): Syntheses and crystal structures of triorganotin
(IV) derivatives with 5-phenyl-1, 3, 4-oxadiazole-2-thiol.
Polyhedron. 2005;24(13):1773-1780.

Li W, Chu J, Fan T, Zhang W, Yao M, Ning Z, Wang M, Sun J,
Zhao X, Wen A. Design and synthesis of novel 1-phe-
nyl-3-(5-(pyrimidin-4-ylthio)-1, 3, 4-thiadiazol-2-yl) urea deriv-
atives with potent anti-CML activity throughout PI3K/AKT
signaling pathway. Bioorg Med Chem Lett. 2019;29(14):
1831-1835.

Jacobsen EJ, Mitchell MA, Hendges SK, Belonga KL, Skaletzky
LL, Stelzer LS, Lindberg TJ, Fritzen EL, Schostarez HJ,
O'Sullivan TJ, et al. Synthesis of a series of stromelysin-selec-
tive thiadiazole urea matrix metalloproteinase inhibitors. J
Med Chem. 1999;42:1525-1536.

Al-Abdullah ES, Al-Obaid A-RM, Al-Deeb OA, Habib EE,
El-Emam AA. Synthesis of novel 6-phenyl-2, 4-disubstituted
pyrimidine-5-carbonitriles as potential antimicrobial agents.
Eur J Med Chem. 2011;46:4642-4647.

Mohan SB, Kumar BR, Dinda S, Naik D, Seenivasan SP,
Kumar V, Rana DN, Brahmkshatriya PS. Microwave-assisted
synthesis, molecular docking and antitubercular activity of 1,
2, 3, 4-tetrahydropyrimidine-5-carbonitrile derivatives. Bioorg
Med Chem Lett. 2012;22(24):7539-7542.

Liu T, Zhang L, Joo D, Sun S. Signal Transduct. Target. Ther.
2017;2:e17023.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Rouzer CA, Marnett LJ. Cyclooxygenases: structural and func-
tional insights. J Lipid Res. 2009;50:529-534.

Mahesh G, Kumar KA, Reddanna P. Overview on the discov-
ery and development of anti-inflammatory drugs: should
the focus be on synthesis or degradation of PGE2? J
Inflamm Res. 2021;14:253-263.

Del Valle DM, Kim-Schulze S, Huang H-H, Beckmann ND,
Nirenberg S, Wang B, Lavin Y, Swartz TH, Madduri D, Stock A,
et al. An inflammatory cytokine signature predicts COVID-19
severity and survival. Nat Med. 2020;26(10):1636-1643.
Lawrence T. The nuclear factor NF-xB pathway in inflamma-
tion. Cold Spring Harb Perspect Biol. 2009;1:a001651.
Houshmand G, Naghizadeh B, Ghorbanzadeh B, Ghafouri Z,
Goudarzi M, Mansouri MT. Celecoxib inhibits acute edema
and inflammatory biomarkers through peroxisome prolifera-
tor-activated receptor-y in rats. Iran J Basic Med Sci. 2020;
23(12):1544-1550.

Salvemini D, Kim SF, Mollace V. Reciprocal regulation of the
nitric oxide and cyclooxygenase pathway in pathophysi-
ology: relevance and clinical implications. Am J Physiol
Regul Integr Comp Physiol. 2013;304:R473-R487.

Bang JS, Oh DH, Choi HM, Sur B-J, Lim S-J, Kim JY, Yang H-|,
Yoo MC, Hahm D-H, Kim KS. Anti-inflammatory and antiar-
thritic effects of piperine in human interleukin 1f-stimulated
fibroblast-like synoviocytes and in rat arthritis models.
Arthritis Res Ther. 2009;11:R49-9.

Wang F, Wang LY, Wright D, Parmely MJ. Redox imbalance
differentially inhibits lipopolysaccharide-induced macro-
phage activation in the mouse liver. Infect Immun. 1999;
67(10):5409-5416.

Di Capua A, Sticozzi C, Brogi S, Brindisi M, Cappelli A,
Sautebin L, Rossi A, Pace S, Ghelardini C, Di Cesare Mannelli
L, et al. Synthesis and biological evaluation of fluorinated 1,
5-diarylpyrrole-3-alkoxyethyl ether derivatives as selective
COX-2 inhibitors endowed with anti-inflammatory activity.
Eur J Med Chem. 2016;109:99-106.

Saletti M, Maramai S, Reale A, Paolino M, Brogi S, Di Capua
A, Cappelli A, Giorgi G, D'Avino D, Rossi A, et al. Novel anal-
gesic/anti-inflammatory agents: 1, 5-Diarylpyrrole nitroox-
yethyl sulfides and related compounds as Cyclooxygenase-2
inhibitors containing a nitric oxide donor moiety endowed
with vasorelaxant properties. Eur J Med Chem. 2022;241:
114615.



	Abstract
	Introduction
	Results and discussion
	Chemistry
	Anti-inflammatory studies
	In vitro cyclooxygenase (COX) inhibition assay
	Carrageenan-induced rat paw edoema
	Effects on paw edoema and edoema inhibition rate
	Histopathological evaluation of inflamed tissue
	Effects on NF-κB activation and COX-2 expression level
	Effects on TNF-α and PGE2 tissue levels
	Effects on oxidative and nitrosative stress



	Conclusion
	Experimental
	Chemistry
	General procedure for the preparation of 1,3,4-oxadiazole derivatives (4a-d)
	General procedure for the preparation of 1,3,4-thiadiazole derivatives (6a-d)
	General procedure for the preparation of pyrimidine derivatives (8a-d)

	Anti-inflammatory studies
	In vitro cyclooxygenase (COX) inhibition assay
	In vivo evaluation of the anti-inflammatory activity
	Experimental design

	Determination of paw edoema and edoema inhibition rate
	Paw homogenate preparation

	Histopathological and immunohistochemical evaluation
	Determination of PGE2 and TNF-α tissue levels
	Oxidative and nitrosative biomarkers measurements

	Statistical analysis
	Computational details

	Author contributions
	Disclosure statement
	Funding
	Orcid
	References


