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Introduction
Non-steroidal anti-inflammatory drugs (NSAID) are

among the most widely used prescriptions, primarily for the
treatment of pain, bronchial asthma, allergy, and inflamma-
tion[1].  Although modifications of established non-selective
agents, such as the lengthening of the carboxyl side chain of
indomethacin[2] have been strategies for the design of
cyclooxygenase-2 (COX-2) selective inhibitors[3], the main
effort has been addressed to the diarylheterocycle class[4].
Many lead compounds reported to have selective COX-2

inhibitory activity have been clinically introduced to reduce
inflammation with very little gastrointestinal GI side effects,
namely, celecoxib[5], rofecoxib[6], valdecoxib[7], lumiracoxib,
etoricoxib[8], and nimesulide.  Also, recent studies have
shown that selective COX-2 inhibitors can induce apoptosis
in the colon, stomach, prostate, and breast cancer cell
lines[9–13].

Overall, these selective COX-2 inhibitors have fulfilled
the hope of exhibiting a reduced risk in gastrointestinal
events[14]; however, the increased incidence of non-gastro-
intestinal, serious, adverse events with the COX-2 selective
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inhibitors as compared with non-selective NSAID in the
Celecoxib Long-term Arthritis Safety Study and the Vioxx
Gastrointestinal Outcomes Research study, remains a major
concern[15].  With all these aspects considered, developing
drugs that preferentially inhibit COX-2 with moderate po-
tency and selectivity was of interest, since the currently used,
very selective COX-2 inhibitors cause unwanted side effects
in a significant amount of people[16].

Flumizole, an early known 4,5-diarylimidazole (Figure 1),
and 4,5-diaryl-2-substituted thioimidazole, have been
reported to exhibit anti-inflammatory activity[14,17].  As a part
of our ongoing research to design novel selective COX-2
inhibitors[18–23],  we describe herein, the design and biologi-
cal evaluation of 4-[2-alkylthio-5(4)-(4-substitutedphenyl)imi-
dazole-4(5)-yl]benzenesulfonamides as COX-2 inhibitors with
anti-inflammatory activities.

Materials and methods
Animals  Male Sprague Dawley rats, weighing 150–200 g

(n=6), were supplied by Razi Institute, Tehran, Iran.  All the
animals were housed in Plexiglas cages on a 12/12 h light/
dark cycle in temperature- and humidity-controlled rooms.
Food was withheld 24 h before the experiments, but with free
access to water.  All the experiments confirmed to the guide-
lines of the committee on animal experiments at Tehran Uni-
versity of Medical Sciences (Tehran, Iran)

Chemicals and reagents  All of the chemicals and re-
agents were purchased from Merck (KGaA, Darmstadt,
Germany) and Sigma-Aldrich (St Louis, MO, USA).

Molecular modeling and chemistry  Docking studies
were performed using the Autodock 3.05 Package (Scripps
Research Institute, La Jolla, California)[24–26].  The coordi-
nates of the X-ray crystal structure of selective COX-2
inhibitor S-58701 (B) bound to the murine COX-2 enzyme
was obtained from the Protein Data Bank (www.rcsb.org)
code 1CX2 and hydrogens were added.  The ligand mol-
ecules were constructed using Chem-3D (CambridgeSoft,

Cambridge, MA) and were minimized for 500 iterations, reach-
ing a convergence of 0.01 kcal/mol Å.  The compound 4 was
docked using Lamarckian genetic algorithm (LGA), where
the number of GA=10, the population size=50, and the maxi-
mum number of energy evaluations is 250000.  The result
was analyzed using root mean square deviation (RMSD),
estimated inhibition constant (Ki), and estimated free energy
of binding (∆G).  The best resulting ∆G=-11.5 kcal/mol was
for compound 4c with RMSD 2.115 Å.  The Ki was 3.72×10-9.

The 4,5-diarylimidazole-2-thiones (compound 2), with
substituents at the para position of one of the phenyl rings,
was prepared in high yield (80%–90%) using ammonium thio-
cyanate and 2-oxo-1,2-diphenylethyl benzoates (compound
1) in amyl alcohol at 150–160 ºC.  Subsequent alkylation of
compound 2 with alkyl iodide in methanol in the presence of
triethylamine afforded 2-alkylthio-4,5-diarylimidazoles
(compound 3, 24%–81%).  The sequential chlorosulfonation
of compound 3 with chlorosulfonic acid, followed by ammo-
nia gave 4-[2-alkylthio-5(4)-(4-substitutedphenyl)imidazole-
4(5)yl]benzenesulfonamides (compound 4).  The structure
of compound 4 was confirmed by infrared, by proton nuclear
magnetic resonance and Mass spectrometry[23].

Biological assays
In vitro COX inhibition assay  COX activity was deter-

mined by using arachidonic acid (AA) as substrate and N,N,
N,N-tetramethylphenylenediamine (TMPD) as the cosub-
strate , as previously described[18,19,27].  The reaction mixture
(200  µL) contained 0.5 µmol/L heme, 0.05 mmol/L TMPD,
0.1 mmol/LAA, and 36 units of the COX-2 enzyme (57 units
for COX-1) in 0.1 mol/L Tris/HCl (pH 8.1).  The oxidation of
the substrate, the starter of the reaction, was measured at
25 ºC by monitoring the increase of absorbance at 630 nm.
The inhibition of the studied compound 4[23] was determined
after pre-incubation for 5 min with the enzyme in the pres-
ence of heme, and the reaction was started by adding AA
and TMPD.  This mixture was incubated for another 5 min
and the absorbance was measured on a strip reader.  For
synthesized compound 4, 10 µL of scalar dilutions of the
inhibitors in DMSO was added.  Celecoxib, a potent and
selective COX-2 inhibitor, was used as a reference drug.  The
average absorbance of all of the samples was determined.
The absorbance of the test wells was normalized with back-
ground and calculated as the percentage of total activity: %
test inhibition=100 (1-test abs/total activity abs) where test
abs=absorbance in the test well and total activity abs=
absorbance in the well without any inhibitor.  The percent-
age of inhibition was used to calculate the inhibition con-
centration  IC50 of the compound (concen-tration at which
there was 50% inhibition).

Figure 1.  Structure of flunizole.
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In vivo methods  The method of carrageenan-induced
paw edema in rats[28] was used to evaluate the anti-inflamma-
tory activity.  The treatment was performed 30 min before the
injection of 50 µL carrageenan 1% into the rat paw plantar
surface.  The foot volume was measured using a plethysmo-
meter[29] at 1 h intervals after the carrageenan injection for
3 h, but the activity was acknowledged only for the third
hour, in which maximum edema occurred.  The inflammation
index was calculated as the difference between the final vol-
ume of the carrageenan injected paw (Vt) and the initial vol-
ume of the same paw before injection (Vo), that is, inflamma-
tion index (Ii)=Vt–Vo.  The edema inhibition (%) was calcu-
lated as the percentage of the difference of Ii according to
the following formula: % inhibition=([pre-drug Ii]-[post-drug
Ii]/[pre-drug Ii])×100.

In order to evaluate the anti-inflammatory effect of com-
pound 4a–4f, 3 doses were used.  The 50% inhibition of the
compound (by definition, the dose required to reduce the
carrageenan-induced paw edema to 50% of the control
group) was calculated.  The compound was injected intrap-
eritoneally (ip) using the following doses: 5.1, 7.6, and 11.4
mg/kg for celecoxib (reference drug); 4.7, 7.2, and 10.7 mg/kg
for compound 4a; 4.5, 6.4, and 10.3 mg/kg  for compound 4b;
5.0, 7.5, and 11.3 mg/kg for compound 4c; 4.8, 7.2, and 10.9
mg/kg  for compound 4d; 5.2, 7.8, and 11.8 mg/kg for com-
pound 4e; and 5.1, 7.6, and 11.4 mg/kg for compound 4f.  The
rats of the control group received the same volume of DMSO
according to their weight.

Statistical analysis  The data were expressed as mean±
SEM.  One-way ANOVA with Tukey’s post-hoc test was
used, and P<0.05 was considered statistically significant.
The IC50 was calculated using the non-linear regression with
cubic spline method.

Results
Molecular modeling and chemistry  The docking

study showed that compound 4 bound to the primary bind-
ing site of COX-2 with the sulfonamide SO2NH2 moiety
interacting with the secondary pocket amino acid residues
Phe518, His90, and Val523, which is comparable to S-58701
(B) (Figure 2).  One of the O-atoms of the SO2NH2 sub-
stituent forms a hydrogen bond with the amide hydrogen of
Phe518 (2.5 Å).  The N-atom of the SO2NH2 forms a hydro-
gen bond with His90 (2.5 Å).  The substituted phenyl ring
lies in a hydrophobic cavity lined by Val349.  The ethyl sul-
fide (EtS) substituent is oriented in the direction of the
polar amino acid Arg120, and Tyr355 and forms a weak hydro-
gen bond with them (4 Å).  It is located in a hydrophobic
region formed by Val116 and Leu531.  Also, the amino (NH) of

imidazole forms another hydrogen bond with Tyr355 (3 Å)
(Figure 2).  Considering the molecular modeling information,
the synthetic reaction used for the synthesis of 4-[2-alkylthio-
5(4)-(4-substitutedphenyl)imidazole-4(5)-yl]benzenesulfo-
namides (4a–4j) are outlined in Figure 3[23].

In vitro assay  The ability of compound 4a–4j to inhibit
ovine COX-1 and COX-2 (IC50 values, nmol/L) was deter-
mined using a colorimetric COX (ovine) inhibitor screening
assay.  In this regard, compound 4a–4j exhibited a broad
range of COX-2 inhibitory potency (Table 1).

In vivo evaluation  The potent and selective COX-2 in-
hibitors emerging from the in vitro studies were evaluated in
the acute carrageenan-induced rat paw edema.  Pretreatment
with celecoxib (0.02 mmol/kg) intraperitoneally resulted in a
marked decrease in paw inflammation when compared to
control group (P<0.001).  Repeated experiments with the same
dose of compound 4a–4e also showed significant differences
(P<0.001) in anti-inflammatory effects on carrageenan hind
paw edema (Figure 4).  Compound 4a–4f (0.02 mmol/kg)
induced protection against carrageenan-induced paw edema
(Figure 5).  The 50% inhibition (by definition, the dose
required to reduce the carrageenan-induced paw edema to
50% of that of the control) for compound 4a–4f ranged from
1.58–4.3 mg/kg, while the 50% inhibition for the reference
drug celecoxib was 2.90 mg/kg (Table 2).

Discussion
In this diarylheterocyclic class of COX-2 inhibitors, the

initial modification was the insertion of sulfonamide at the
para position of one of the phenyl ring and was held con-
stant throughout of the structure-activity relationship (SAR)
studies.  Within the sulfonamide analogues (compound 4),
modification at the alkylthio group at the C-2 position of the
imidazole ring gave variable results.  In the presence of smaller
C-4 substituents (H, F; 4a–4d), increasing the size of alkylthio
did not significantly affect the COX-2 inhibitory potency.
However, in the presence of C-4 phenyl chloro substituent
(4e, 4f), the size of C-2 alkylthio had an effect on COX-2
inhibition and increasing the size led to an increase in COX-2
potency.

There was, however, some sensitivity to the electronic
property at the 4-position of this aromatic ring, particularly
with regards to COX-2 potency.  In the EtS-substituted
compound, 4a, 4c, and 4e, the analogs with an electron-with-
drawing group (4c, 4e), tended to increase COX-2 potency.
In contrast, electron-donating group had poor COX-2
activity.  Therefore, methyl (4g, 4h) and methoxy (4i, 4j) sub-
stituents all worked poorly in this regard.  These results
suggested that the electronic property of the substituents at
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Figure 2.  Docking of compound 4c (ball and stick) in the active site of murine COX-2.

Figure 3.  Reagents and conditions: (a) amyl alcohol, ammonium thiocyanate, reflux, 5 h; (b) methanol, triethylamine, methyl or ethyl iodide,
25 ºC, 24 h; (c) ClSO3H, 0 ºC, 5 h; (d) methanol, NH3(aq), 25 ºC, 24 h.
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the para position of the phenyl ring can influence the COX-2
inhibitory activity.

In the in vivo studies, the fluorine and hydrogen analogs
(4a–4d) showed a good inhibition on edema (Table 2).  The
other derivative, compound 4e and 4f, despite good COX-2

potency, was moderately active in vivo.  In general, in vivo
data prove our SAR of compound 4a–4j.  Its potency is greatly
influenced by the substitution pattern and shows that para
fluorine or hydrogen besides the SO2NH2 pharmacophore
represents a series of anti-inflammatory agents, which pref-

Table 1.   In vitro  inhibition of COX-1 and COX-2 by 4-[2-alkylthio-5(4)-(4-substitutedphenyl) imidazole-4(5)yl]benzenesulfonamides (4a–
4j).  aValues are the means of 3 determinations acquired using the colorimetric screening assay.  Each value represents the Mean±SEM.  bSI,
selectivity index.

     Compound      X                  R                          COX-1 inhibition               COX-2 inhibition          IC50 COX-1/COX-2
                                                                                                           IC50, nmol/La                IC50, nmol/L                        SIb

4a H E t 2.00±0.02 1.50±0.03   1.3
4b H Me       >20 1.55±0.02 13.3
4c F E t 4.47±0.01 1.23±0.03   3.6
4d F Me 2.95±0.02 1.35±0.03   2.18
4e Cl E t 2.98±0.02 1.25±0.02   2.38
4 f Cl Me 2.00±0.02 2.00±0.03   1
4g Me E t       >10       >1.5   -
4 h Me Me       >10       >2.5   -
4i OMe E t       >29       >7.0   -
4j OMe Me       >25       >8.0   -
Celecoxib 2.95±0.02 1.50±0.02   1.96

Figure 4.  Time course of anti-inflam-
matory effect of different celecoxib de-
rivatives (0.02 mmol/kg) on carrageenan-
induced paw edema in rats.  Carrageenan
1% (50 µg) was injected into the plantar
surface of the right hind paw, 30 min
after ip injection of the drugs.  Increases
in paw volume and edema were measured
before and 1, 2, and 3 h after the carrag-
eenan injection.  Values are presented as
Mean±SEM (n=6).  bP<0.05, cP<0.01 vs the
vehicle group.
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erentially inhibit COX-2 with moderate potency and
selectivity.

The potent in vitro and in vivo COX-2 inhibition exhib-
ited by compound 4c is consistent with observations from a
molecular modeling experiment where compound 4c was
docked in the active site of the COX-2 enzyme.  Molecular
modeling studies show that the critical difference between
the binding sites for COX-1 and COX-2 is at position 523
where COX-2 has the amino acid residue Val in place of the
bulkier Ile in COX-1.  This difference produces a secondary

pocket extending off the primary binding site in COX-2 that
is absent in COX-1.  Consequently, the combined volume of
the primary binding site and the secondary pocket in COX-2
is about 25% larger than the volume of the COX-1 binding
site[30,31].  This difference in volume can be exploited to ma-
nipulate COX-2 selectivity of the diarylheterocyclic class of
COX-2 inhibitors by varying the volume of the drug and the
appropriate placement of substituents with varying electronic
and steric properties[32].  Designed compound 4c binds in
the center of the active site with the phenylsulfonamide
moiety oriented toward the secondary pocket region where
it can undergo H-bonding via one of its SO2 oxygen atoms
and NH2 group of the sulfonamide moiety with Phe518 and
His90.  Interestingly, the C-2 EtS substituent is located in a
hydrophobic region, with the S-atom forming a weak hydro-
gen bond with the Tyr355 and Arg120.  This shows the impor-
tance of the C-2 substituent in orienting the molecule such
that the sulfonamide moiety inserts into the secondary pocket
of COX-2.  The ring N-atom of the central imidazole is ori-
ented in the direction of the polar amino acid Tyr355, where
this N-atom is about 3 Å away from the NH2 of Tyr355.  This
interaction may disrupt the salt bridge between His90, Arg120,
and Tyr355 at the mouth of the COX-2 active site (Figure 2).
The similarity between the Ki (S-8701 B) as the reference
drug and the Ki which was calculated for compound 4c, shows
that changing the structure from S-8701 B to compound 4c
does not decrease the binding for the COX-2 enzyme.  How-
ever, introducing the imidazole ring, ethyl sulfide SEt
substituent, and SO2NH2 pharmacophore improves the
binding, which is a result of the hydrogen bonds.  These
observations confirm the suggested SAR for COX-2 inhibi-
tory activity.

Our observations provide a good explanation for these
results: (i) compound 4 with good COX-2 inhibitory po-
tency and selectivity can be designed by the appropriate
placement of the para P-SO2NH2 pharmacophore on the C-
4 phenyl ring, in which the 2-alkylthio imidazole ring serves
as a suitable central ring template; and (ii) COX-2 inhibi-
tory potency and selectivity is sensitive to substituent elec-
tronic property at the para position of the phenyl ring where
compound 4b exhibits the best combination of potency and
selectivity and compound 4c exhibits better potency on
COX-2, but lower selectivity compared to compound 4b.
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