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Abstract

Within the series of chiral 3,3’-(1,2-ethanediyl)bis[2-arylthiazolidin-4-ones], the 3,4-dimethoxyphenyl substituted derivative was found in
the primary anti-inflammatory screening to be endowed with superior in vivo properties and good safety profile. Such a lead compound was
modified by eliminating 3-methoxy group while retaining 4-methoxy group on the aryl rings at 2 and 2’ stereogenic carbons. The 2R,2’S-
meso isomer (VIG3b) of the resulting bisthiazolidinone has been widely investigated. The inhibitory effects on cyclo-oxygenase-1 and cyclo-
oxygenase-2 isoenzymes were measured in a human whole blood assay. VIG3b was almost 50 times more selective on the inducible isoform.
The cyclo-oxygenase-2 preferential selectivity has been confirmed by modeling VIG3b into the cyclo-oxygenase-1 and cyclo-oxygenase-2
active sites. furthermore, VIG3b was assayed in the experimental model of carrageenan-induced lung injury by evaluating its ability to
inhibit: (1) fluid accumulation in the pleural cavity, (2) neutrophil infiltration, (3) prostaglandin E, production and (4) lung injury. VIG3b
exhibited interesting activity in all these tests. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 1989; Kosaka et al., 1994). The expression of cyclo-oxy-

genase-2, induced by inflammatory stimuli in many differ-

It is known that the inflammatory process is associated
with an increase in arachidonic acid metabolites in blood
and tissues (Feuerstain and Hallenbeck, 1987). This increase
is associated with the de novo synthesis of a new cyclo-
oxygenase protein, termed cyclo-oxygenase-2, which is
encoded by a gene located on chromosome 1, different
from that encoding for the constitutive one (cyclo-oxygen-
ase-1) located on chromosome 9 (Yokohama and Tanabe,
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ent cell types, is secondary to the activation of protein
tyrosine kinases (Akarasereenont et al., 1995) and of the
transcription factor NF-kB (Mitchell et al., 1995).

The current use of nonsteroidal anti-inflammatory drugs
(NSAIDs) for the treatment of inflammation and pain is
usually accompanied by gastrointestinal ulceration and
bleeding, long considered to be inseparably related to the
therapeutic effect, since cyclo-oxygenase inhibition was
little investigated until the nineties much amount of evi-
dence has now explained that currently available NSAIDs
inhibit both cyclo-oxygenase-1 and cyclo-oxygenase-2,
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most of them exhibiting selectivity or preference for cyclo-
oxygenase-1 (Vane et al., 1994).

The discovery and characterisation of the cyclo-oxygen-
ase-2 isoform (Vane, 1987) suggested that selective inhib-
ition of this enzyme might avoid the side effects of currently
available NSAIDs while retaining the therapeutic efficacy.
The hypothesis was partially proven when the first selective
compounds, NS-398 and DuP-697 were tested in animal
models. Both compounds showed anti-inflammatory, anal-
gesic and antipyretic activities, but did not cause gastro-
intestinal lesions at high doses (Futaki et al., 1993; Copeland
et al., 1994). In the last years many different classes of
selective cyclo-oxygenase-2 inhibitors have been developed
worldwide (Futaki et al., 1993; Gans et al., 1990; Chan et al.,
1995). Recently two potent selective cyclo-oxygenase-2
inhibitors, celecoxib and rofecoxib, have demonstrated effi-
cacy in clinical trials of acute pain, osteoarthritis, and
rheumatoid arthritis (Simon et al., 1998) and have been
marketed in many countries. Both compounds show superior
gastrointestinal safety profiles when compared to naproxen,
diclofenac or ibuprofen, confirming that the cyclo-oxygen-
ase-2 selectivity mechanism constitutes a promising ap-
proach for the treatment of inflammatory diseases.

Based on these considerations, we evaluated this aspect
of the biological activity of a novel class of potential
NSAIDs with a bisthiazolidinone structure (Previtera et
al., 1990). These compounds have in their structure two
equivalent stereogenic centres (2 and 2’) bearing aryl or
heteroaryl substituents, so they are obtained as 2R,2'R/
28,2’ S (a) and 2R,2’ S-meso (b) stereomers. They have been
assayed as anti-inflammatory agents in the carragenan-
induced rat paw edema, acetic acid-induced whriting and
hot plate tests. Mesoforms b generally are more potent than
racemates a, both forms showing better safety profiles than
indomethacin and phenylbutazone (Previtera et al., 1990;
Vigorita et al., 1988).

It was found that (2R,2’S) 3,3'-(1,2-ethanediyl)bis[2-(3,4-
dimethoxyphenyl)-thiazolidin-4-one] had a promising anti-
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Fig. 1. Structure of 3,3’-(1,2-ethanediyl)bis[2-(4-methoxyphenyl)-thiazoli-
din-4-one] (VIG3Db).

inflammatory activity (“lead” compound) (Vigorita et al.,
1997). Aiming to ameliorate this activity, we have differ-
ently modified the lead structure. In the lead compound
VIG3b (Fig. 1) 3-methoxy groups on the benzene rings were
eliminated while 4-methoxy groups were retained. Prelimi-
nary screening of VIG3b has shown an improvement of anti-
inflammatory activity with good gastrointestinal safety
(Vigorita et al., 2001). We then investigated its potential as
a selective inhibitor of cyclo-oxygenase-1 and cyclo-oxy-
genase-2 enzymes in the human whole blood assay, along
with the anti-inflammatory effects in the model of rat
carrageenan-induced pleurisy. In addition, in order to clarify
its interaction modes, VIG3b was modeled into cyclo-oxy-
genase-1 and cyclo-oxygenase-2 active sites, whose struc-
tures have recently been reported (Picot et al., 1994;
Kurumbail et al., 1996).

2. Materials and methods
2.1. Synthesis

The preparation of [2R,2’S-meso]3,3’-(1,2-ethanediyl)-
bis[2-(4-methoxyphenyl)-thiazolidin-4-one] followed the
general procedure reported by Vigorita et al. (1997). Briefly,
to a stirred solution of N,N’-di-(4-methoxybenzylidene)-
ethylenediamine (0.01 mol, 2.96 g) in dry toluene (50 ml),
mercaptoacetic acid (0.03 mol, 2.76 g) was added and the
mixture was refluxed for 24—48 h. Removal of the solvent
in vacuo gave an oily residue which was repeatedly washed
with an aqueous solution of Na,CO; (20%) and dried with
Na,SO,. The crude product (oil) was chromatographed on
silica gel columns (diethyl ether: light petroleum 40-60
°C): the first fractions provided the racemate 3a and sub-
sequent ones the mesoform VIG3b. The eluted fractions
were dried in vacuo and the solid products were recovered
and recrystallised from ethanol.

The 2R2’'R/252'S isomer (3a): yield 56%; m.p. 110-115
°C; IR (nujol, em™") 1660 (vC=0); '"H NMR (5, CDCls):
2.48, 3.89 (AA'XX' system, CH,—CH,), 3.66, 3.71 (AB
system, J=15.5, 5,5 CH,), 3.79 (s, 3H OCHs;), 5.91 (s, 2H,
2,2'CH), 6.84, 7.29 (m, 4H, aromatic protons).

The 2R2' S-meso isomer (VIG3b): yield 38%; m.p. 180—
185 °C; IR (nujol, cm™") 1668 (vC=0); 'H NMR (5,
CDCl3): 2.79, 3.61 (AA’XX’ system, CH,—CH,), 3.65, 3.74
(AB system, J=15.5, 5,5 CH,), 3.82 (s, 3H OCHs), 5.55 (s,
2H, 2,2/CH), 6.90, 7.25 (m, 4H, aromatic protons).

2.2. Computation

To explore the interaction between VIG3b and the cyclo-
oxygenase-1 and cyclo-oxygenase-2 enzymes, the crystallo-
graphic models of such macromolecules deposited in the
Protein Data Bank (PDB) were studied. The models 1CQE
(1CQE is the complex between ovine cyclo-oxygenase-1
and flurbiprofen obtained at a resolution of 3.10) (Picot et
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al.,, 1994) and 6COX (6COX is the complex between
murine cyclo-oxygenase-2 and SC-558 obtained at a reso-
lution of 3.0 A) (Kurumbail et al., 1996), related respec-
tively to cyclo-oxygenase-1 and cyclo-oxygenase-2 co-
crystals with non-covalent ligands were selected, as then
had the lowest resolution factor with respect to other
available PDB structures. Crystallographic models of both
cyclo-oxygenase isozymes obtained with the same level of
resolution factor have recently been used for a computa-
tional study (Palomer et al., 2000).

Detailed analysis of the ligand binding modes into the
selected Protein Data Bank models allowed us to identify
the aminoacid residues responsible for recognition of the
inhibitor. We considered the aminoacids within 10 A from
the crystallographic position of each ligand in the original
PDB structures. Both cyclo-oxygenase-1 and cyclo-oxygen-
ase-2 catalytic sites are delimited by the Tyr*® residue that
hinders the heme group from the ligand position. Therefore,
we excluded it from our models. Following this procedure
two reduced models were obtained, taking into account 73
and 87 aminoacid residues for cyclo-oxygenase-1 and
cyclo-oxygenase-2, respectively.

The starting geometries of the enzyme—inhibitor [E-I]
complexes were generated by placing an energy minimized
conformation of the ligand into the binding site. These
complexes were submitted to 100 ps of molecular stochastic
dynamic mix-mode simulations (Guarnieri and Still, 1994)
at 300° K using an Amber* force field (McDonald and Still,
1992) as implemented in the MacroModel package (Macro-
Model version 5.5 for SGI) (Mohamadi et al., 1990). In
these calculations, we constrained the enzyme atoms apply-
ing the standard force constant of 100 kJ/mol. No constraint
was applied to the inhibitor. We preferred to keep the protein
3D structure of both enzymes rigid, because we wanted to
keep our model as close as possible to the original X-ray
structures. Using this approach, we have found good corre-
lations between drug-enzyme interaction energies and the
experimental biological data.

In order to relax the internal degrees of freedom of the
ligand, the conformations generated by the previous steps
were minimized with the same force field and constraint.

Finally, the enzyme—ligand interaction energies were
calculated with the MOLINE package (Alcaro et al.,
2000) using the same molecular mechanics parameters of
the Amber* force field. The internal energies of the ligand
were extrapolated from the conformations assumed by the
inhibitor in the global minima obtained after the mix-mode
and enzyme-constrained simulations.

2.3. Animals

Male Sprague—Dawley rats (300—350 g; Charles River;
Milan; Italy) were housed in a controlled environment and
provided with standard rodent chow and water.

Animal care was in compliance with Italian regulations
on protection of animals used for experimental and other

scientific purposes (D.M. 116192) as well as with the EEC
regulations (O.J. of E.C. L 358/1 12/18/1986).

2.4. Cyclo-oxygenase-1 activity in human whole blood

Whole blood was drawn from donors when they had not
taken any NSAIDs during the 2 weeks preceding the study.
One-milliliter aliquots of whole blood were immediately
transferred into glass tubes and allowed to clot at 37 °C for
60 min. Serum was separated by centrifugation (10 min at
2000 rpm) and kept at —80 °C until assayed for trombox-
aneB,. Whole blood tromboxaneB, production was meas-
ured by enzyme immunoassay (EIA) as a reflection of the
cyclooxygenase activity of the platelet cyclo-oxygenase-1
maximally stimulated by endogenously formed thrombin
(Patrono et al., 1980).

2.5. Cyclo-oxygenase-2 induction in human whole blood

One-milliliter aliquots of whole blood samples from the
same donors, containing 10 IU of sodium heparin were
incubated in both the absence and presence of lipopolysac-
charide (10 pg/ml) for 24 h at 37 °C. The contribution of
platelet cyclo-oxygenase-1 was suppressed by adding acetyl
salicylic acid (10 pg/ml) at time 0. Plasma was separated by
centrifugation (10 min at 2000 rpm) and kept at —80 °C
until assayed for prostaglandin E,. Prostaglandin E, pro-
duction by lipopolysaccharide-stimulated monocytes was
measured by EIA.

2.6. Effects of cycloxygenase inhibitor VIG3b

The compound to be tested was dissolved in ethanol and
0.30-pl aliquot of the solution was pipetted directly into test
tubes to a final concentration of 10~%/10> M. The solvent
was evaporated and 1-ml aliquots of heparinized whole
blood were added. The effects of VIG3b on cyclo-oxygen-
ase-2 activity were studied by incubating the compound at
four different concentrations with multiple heparinized
whole blood samples in the presence of lipopolysaccharide
(10 pg/ml) for 24 h, whereas the effects on cyclo-oxygen-
ase-1 activity were evaluated by incubating VIG3b the
compound at four different concentrations with multiple
whole blood samples that were allowed to clot at 37 °C for
60 min.

The results were expressed as percentage inhibition
versus control (inhibitor absence) and the cyclo-oxygen-
ase-1/cyclo-oxygenase-2 selectivity is given as ICsq cyclo-
oxygenase-1/ICsocyclo-oxygenase-2 ratio.

2.7. Carrageenan-induced pleurisy

The rats were anaesthetised with isoflurane and a skin
incision was mode at the level of the left sixth intercostal
space. The underlying muscle was dissected and saline (0.2
ml) or saline containing 1% M\-carrageenan (0.2 ml) was
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injected into the pleural cavity. The skin incision was closed
with a suture and the animals were allowed to recover.
VIG3b (5—-20 mg/kg), or an equivalent volume (0.3 ml) of
vehicle (dimethyl sulfonic acid, DMSO), was administered
intraperitoneally (i.p.) 5 min before carrageenan. At 4 h after
the injection of carrageenan, the animals were killed by
inhalation of CO,. The chest was carefully opened and the
pleural cavity was rinsed with 2 ml of saline solution
containing heparin (5 U/ml) and indomethacin (10 pg/ml).
The exudate and washing solution were removed by aspira-
tion and the total volume was measured. Any exudate
contaminated with blood was discarded. The amount of
exudate was calculated by subtracting the volume injected
(2 ml) from the total volume recovered. The leukocytes in
the exudate were suspended in phosphate-buffer saline
(PBS) and counted with an optical microscope in a Burker’s
chamber after vital Trypan Blue staining.

2.8. Measurement of lung-tissue myeloperoxidase activity
and malondialdehyde levels

The activity of myeloperoxidase, a hemoprotein located
in azurophil granules of neutrophils, was used as a bio-
chemical marker for neutrophil infiltration into tissues
(Bradley et al., 1982).

Myeloperoxidase activity was measured photometrically
by a method similar to that described previously (Laight et
al., 1994). At 4 h following the intrapleural injection of
carrageenan, lung tissues were obtained and weighed. Each
piece of tissue was homogenized in a solution containing
0.5% hexa-decyl-trimethyl-ammonium bromide dissolved in
10 mM potassium phosphate buffer (pH 7.00) and centri-
fuged for 30 min at 20,000xg at 4 °C. An aliquot of the
supernatant was then allowed to react with a solution of
tetramethylbenzidine (1.6 mM) and 0.1 mM H,O,. The rate
of change in absorbance was measured spectrophotometri-
cally at 650 nm. Myeloperoxidase activity was defined as
the quantity of enzyme degrading 1 pmol of peroxide/min at
37 °C and was expressed in milliunits per 100 mg weight of
wet tissue. Malondialdehyde levels in the lung tissue were
determined as an indicator of lipid peroxidation (Ohkawa et
al., 1979).

Lung tissue, collected at the time specified, was homo-
genized in 1.15% KCI solution. An aliquot (100 pl) of the
homogenate was added to a reaction mixture containing 200
ul of 8.1% SDS, 1500 pl of 20% acetic acid (pH 3.5), 1500
ul of 0.8% thiobarbituric acid and 700 pl distilled water.
Samples were then boiled for 1 h at 95 °C and centrifuged at
3000xg for 10 min. Absorbance of the supernatant was
measured by spectrophotometry at 650 nm.

2.9. Histological examination
Lung biopsies were taken at 4 h after injection of

carrageenan. The biopsies were fixed for 1 week in buffered
formaldehyde solution (10% in phosphate buffered saline) at

room temperature, dehydrated in an ethanol gradient and
embedded in Paraplast (Sherwood Medical, Mahwah, NJ).
Tissue sections (thickness 7 pm) were deparaffinized with
xylene, stained with trichromic Van Gieson and studied
using light microscopy (Dialux 22 Leitz).

2.10. Measurement of cytokines

Tumor necrosis factor-a (TNF-a) and interleukin-13
levels were evaluated in the exudate at 4 h after the
induction of pleurisy by carrageenan injection. The assay
was carried out with a colorimetric, commercial kit (Cal-
biochem-Novabiochem, USA). The ELISA has a lower
detection limit of 10 pg/ml.

2.11. Assessment of cyclo-oxygenase activity

Lungs were obtained at 24 h after the induction of
pleurisy by carrageenan injection. The tissue was homoge-
nised at 4 °C in a buffer containing the following protease
inhibitors are: Hepes Buffer 20 mM pH 7.2+ Sucrose 320
mM, DTT 1 mM, STY 10 ug/ml, aprotinin 2 ug/ml, leu-
peptin 10 ug/ml in a ratio of 5:1 (v/w). The protein
concentration in the homogenates was measured by the
Bradford assay (Bradford, 1976), with bovine serum albu-
min as standard. Homogenates were incubated at 37 °C for
30 min in the presence of excess arachidonic acid (30 puM).
The samples were boiled and centrifuged at 10,000xg for
min. The concentration of 6-keto-prostaglandin F;, present
in the supernatant was measured by radioimmunoassay as
previously described (Tomlinson et al., 1994).

2.12. Measurement of prostaglandin e, in the pleural
exudate

The amount of prostaglandin E, present in the pleural
fluid was measured by radioimmunoassay without prior
extraction or purification (Sautebin et al., 1995).

2.13. Materials

Cell culture medium, heparin and fetal calf serum were
obtained from Sigma (Milan, Italy). Perchloric acid was
obtained from Aldrich (Milan, Italy). All other reagents and
compounds used were obtained from Sigma.

2.14. Data analysis

All values in the figures and text are expressed as
means =+ standard error of the mean (S.E.M.) for n observa-
tions. For the in vitro studies, the data represent the number
of wells studied (six to nine wells from two to three
independent experiments). For the in vivo studies, » repre-
sents the number of animals studied. The results were
analysed by one-way analysis of variance (ANOVA) fol-
lowed by a Bonferroni’s post-hoc test for multiple compar-
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isons. A P value less of than 0.05 was considered signifi-
cant. In the experiments involving histology, the figures
shown are representative of at least three experiments
performed on different experimental days.

3. Results
3.1. Chemistry

To prepare (2R,2' S)3,3'-(1,2-ethanediyl)bis[2-(4-methox-
yphenyl)-thiazolidin-4-one] VIG3b, synthetic procedures
previously reported were followed (Fig. 2). The 2R,2'S-
meso isomer (VIG3b) was obtained in small yields and had
a higher melting point than the enantiomeric pair 2R,2'S/
28,2’S. As is usual in bisthiazolidinone series, the stereo-
chemistry of both diastereomers was assigned on the basis
of the '"H NMR spectra characteristics: in particular, the
isochronism of the corresponding protons in the heterocy-
clic rings, the 2,2'-CH resonance of the R,R/S,S racemate at
higher frequencies than those of the meso-isomer (4y =0.35
ppm in CDCI3) and the difference in the resonance of the
heterotopic geminal protons of the ethylene chain that
resonate as AA’ XX’ systems (Vigorita et al., 1997). These
assignments, in turn, were supported by X-ray crystallo-
graphic analysis of analogues (Benetollo et al., 1991, 1998).

3.2. Computation study

The conformational search described in the experimental
section was applied to model the interactions of VIG3b with
cyclo-oxygenase-1 and cyclo-oxygenase-2 active sites. On
the basis of the structures of co-crystallized complexes
(Picot et al., 1994; Kurumbail et al., 1996), the energetic
data expressed as enzyme-inhibitor interaction and ligand
internal energies are displayed in Table 1, together with two
significant geometrical descriptors of VIG3b conformations
modeled into the binding sites of the enzymes. VIG3b can
interact with both enzymes but it shows a significant
preference for the cyclo-oxygenase-2 isoform; in fact, bind-
ing into the cyclo-oxygenase-2 cleft is more stabilized than
in the cyclo-oxygenase-1 cavity with AE of about 10 kcal/
mol. The ligand internal energy of VIG3b into the cyclo-

oxygenase-2 binding site is also entropically favored, as
shown in Table 1, where the AE (internal) is more than 5
kcal/mol.

In order to understand the reasons for such a trend, we
analyzed in detail the structural differences in binding sites
between the cyclo-oxygenase-1 and cyclo-oxygenase-2
enzymes. According to Kurumbail et al. (1996), the most
important influence is due to the amino acid residue 523.
Such a non-conserved residue in cyclo-oxygenase-1 is an Ile
and in cyclo-oxygenase-2, a Val. Due to this replacement, a
supplementary small cleft is available in cyclo-oxygenase-2
to accommodate the ligands.

Fig. 3 shows the role of the residue Ile*** which blocks
access into the cyclo-oxygenase-1 minor cavity of the
binding site with respect to the Val®*® in cyclo-oxygenase-
2. The conformation induced effect of VIG3b is remarkable:
in cyclo-oxygenase-1 it assumes a folded conformation and
in cyclo-oxygenase-2, an extended one (see Table 1). The
most representative residues involved in the recognition of
VIG3b with both sites are shown in Fig. 3.

In conclusion, the differently accessible volumen of the
crucial area in the clefts, as shown in Fig. 3, are responsible
for the ligand energy stabilization and its conformation into
the binding site. Both interaction and internal energies are
affected by this sterically driven diversity as described in
Table 1 and clearly indicate the preference of VIG3b for
interaction with the cyclo-oxygenase-2 isoform.

3.3. Evaluation of VIG3b on cyclo-oxygenase-1 and cyclo-
oxygenase-2 activity

VIG3b showed marked selectivity for cyclo-oxygenase-2
in the human whole blood assay (Bradley et al., 1982). Its
ICso on cyclo-oxygenase-2 was 1.12 uM while on cyclo-
oxygenase-1 it was 53.7 uM. The ratio of cyclo-oxygenase-
1/cyclo-oxygenase-2 selectivity was thus 47.9.

3.4. Effects of VIG3b in carrageenan-induced pleurisy

Compared to lung sections from saline-treated animals,
those from rats treated with carrageenan revealed significant
tissue damage on histological examination. They showed
edema, tissue injury as well as infiltration of the tissue with
neutrophils (Fig. 4A). The new compound (VIG3b) at the

Table 1
Geometrical descriptors”, E/L interaction and ligand internal energies of
VIG3b

Ar/Ar N-C-C-N Enzyme/ligand Ligand
distance dihedral interaction internal
(10\) angle(°C) energy energy
(kcal/mol) (kcal/mol)
COX-1 4.94 40.2 —33.2 6.22
COX-2 7.47 —150.8 —43.82 0.68

? In global minimum conformations within the enzyme clefts.
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Fig. 3. Minimum energy conformations of VIG3b into the cyclo-oxygenase-1 (A) and cyclo-oxygenase-2 (B) binding clefts. The ligand and the most important
amino acid residues of the enzymes are labeled and displayed by polytube representation; other sterically important residues in the binding clefts are shown in

blue as CPK models.

highest dose tested (20 mg/kg, intraperitoneally, i.p.), sig-
nificantly reduced the degree of injury as well as neutrophil
infiltration (Fig. 4B). Furthermore, the injection of carra-
geenan into the pleural cavity of rats elicited an acute
inflammatory response characterized by the accumulation
of fluid (edema) containing a large amounts of neutrophils
(Fig. 5A and B). Neutrophils also infiltrated the lung tissues
(Fig. 6A) and this was associated with lipid peroxidation of
lung tissues as evidenced by the increased levels of malo-
nyldialdehyde (Fig. 6B). Edema, neutrophil infiltration in
lung tissue and lipid peroxidation were attenuated in a dose-
dependent fashion by the oral administration of VIG3b (5—
20 mg/kg, n=10) (Figs. 4—06).

3.5. Effects of VIG3b on the release of cytokines

When compared to controls at 4 h after the injection of
carrageenan, an increase in the levels of TNF-a and inter-
leukin-1p was observed in pleural exudates (Fig. 7A and B).
Cytokine production was attenuated in a dose-dependent
fashion by the administration of VIG3b (5-20 mg/kg,
n=10).

3.6. Effects of VIG3b on the release of prostaglandins

The cyclo-oxygenase-2 activity in carrageenan-induced
pleural exudate and lung homogenates was assessed by

Fig. 4. Effect of VIG3b on lung injury: When compared to lung sections taken from carrageenan-treated rats (A) demonstrates interstitial hemorrhage and
polymorphonuclear leukocyte accumulation. Lung sections from a carrageenan-treated rat that had received VIG3b (20 mg/kg) (B) exhibit reduced interstitial
hemorrhage and less cellular infiltration. Original magnification: X125. Figure is representative of at least three experiments performed on different

experimental days.
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Fig. 6. Effect of VIG3b on myeloperoxidase activity and malondialdehyde
levels in the lung. Within 24 h, pleural injection of carrageenan led to an
increase in neutrophil accumulation in the lung (as measured by myelo-
peroxidase activity, A) an effect that was associated with increased lipid
peroxidation of lung tissue (as measured by malondialdheyde, B). VIG3b
inhibited in a dose-dependent (5—20 mg/kg) fashion neutrophil infiltration
and lipid peroxidation. Each value is the mean+S.E.M. for n=10
experiments. *P<0.01 vs. sham. °P<0.01 vs. carrageenan.

measuring the increase in the formation of prostaglandin E,
in the exudate. The amounts of prostaglandin E, found in
the pleural exudate of carrageenan-treated rats was 255+12
pg/rat (n=10). Prostaglandin E, levels were significantly
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Fig. 7. Pleural injection of carrageenan caused after an increase in the
release of the cytokines, tumor necrosis factor alpha (TNF-a, A) and
interleukin-1p (B). VIG3b (5—20 mg/kg) significantly inhibited TNF-a and
interleukin-1p3. Each value is the mean+S.E.M. for n=10 experiments.
*P<0.01 vs. sham. °P<0.01 vs. carrageenan.
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Fig. 8. Prostaglandin E, levels in the pleural exudate (A) and 6-keto-
prostaglandin F;, in the lungs (B) from carrageenan-treated rats. The
amounts of prostaglandin E, and 6-keto-prostaglandin F,, were signifi-
cantly reduced in a dose dependent manner in rats treated with VIG3b (5—
20 mg/kg). Data are means+S.E.M. means for 10 rats for each group.
*P<0.01 vs. sham. °P<0.01 vs. carrageenan.

lower in the exudate obtained from carrageenan-treated rats
which had been treated with VIG3b. In lungs from carra-
geenan-treated rats, the amount of 6-keto-prostaglandin F
was 17919 pg/mg/tissue (Fig. 8A), but it was significantly
reduced in lungs from carrageenan-treated rats which had
been treated with VIG3b (Fig. 8B).

4. Discussion

In the present study, we demonstrated that the new
bisthiazolidinone compound, VIG3b, is a better cyclo-oxy-
genase-2 inhibitor than the lead compound of this class (Fig.
1), as the results from human whole blood assay and com
putational study indicate. In particular, the cyclo-oxygenase-
1/cyclo-oxygenase-2 selectivity ratio of VIG3b (47.8) is
more than 30 times higher than the same ratio for the lead
compound, 1.51. Thus VIG3b can be classed among the
partially selective cyclo-oxygenase-2 inhibitors on the basis
of its cyclo-oxygenase-1/cyclo-oxygenase-2 selectivity ratio
(Warner et al., 1999).

In addition, theoretical evidence was obtained when the
flexible structure of VIG3b was modeled into binding sites

of both enzymes, on the basis of the structures reported by
Picot et al. (1994) and Kurumbail et al. (1996). In the cyclo-
oxygenase-2 hydrophobic channel, VIG3b assumes the
extended conformation, having a N-C—-C—-N dihedral
angle of —150.8° and an internal energy of only 0.68
kcal/mol. (Table 1). The corresponding data for the lead
compound are very different: N-C—-C-N dihedral
angle=59.4° and ligand internal energy=28.93 kcal/mol
(Ottana et al., 2001). Together, these results account well
for the better cyclo-oxygenase-2 selectivity of VIG3b.

From the pharmacological point of view, the results from
the carrageenin-induced pleurisy assay indicate that the
development of lung inflammation in induced pleurisy is
associated with prostaglandin production in affected tissues.
It is known that the regulation of cyclo-oxygenase-2 gene
expression involves both transcriptional and translational
mechanisms (Raz et al., 1989), but details of the mecha-
nisms remain elusive. (Ristimaki et al., 1994) Recently it
was shown that interleukin-1p induces a rapid but transient
activation of cyclo-oxygenase-2 transcription in inflamma-
tory cells and stabilizes the cyclo-oxygenase-2 mRNA in the
absence of transcription. It is likely that carrageenan induces
the production of interleukin-1p as well as TNF-a in the
exudate (Cuzzocrea et al., 1999) and that interleukin-1@ and
TNF-a play an important role in the regulation of sustained
cyclo-oxygenase-2 polypeptide synthesis in inflammatory
responses.

Therefore, the in vivo administration of VIG3b to carra-
geenan-treated animals rapidly reversed exudate formation,
reduced lung inflammation and returned prostaglandin E,
levels to normal. Furthermore, VIG3b diminished the level
of cyclo-oxygenase-2 activity in lung tissue, suggesting that
prostaglandins enhance the local expression of cyclo-oxy-
genase-2 itself in inflamed lung tissue. The development of
lung injury was also associated with increased levels of
TNF-a and interleukin-1@3 in the exudate. Treatment of
carrageenan-treated rats with VIG3b markedly reduced the
level of TNF-a and interleukin-13 in the exudate. Partial
inhibition of systemic cytokines production by treatment
with indomethacin has been documented (Theisen-Popp et
al.,, 1992). Both enhancement and suppression of TNF-a
production have been demonstrated to be dose-dependently
regulated by prostaglandinE, and cAMP in rat peritoneal
macrophages (Renz et al., 1988). In addition, treatment with
VIG3b markedly reduced (1) the cellular infiltrate in the
pleural cavity as well as in the lung, and (2) inflammation of
lung tissue. The ability of cyclo-oxygenase inhibitors to
partially reduce the inflammatory cell infiltrate in the lung
could partly explain the observed reduction in the levels of
cyclo-oxygenase-2 and cytokine production.

Moreover, lung inflammation is usually characterised by
an extensive infiltration of pulmonary tissue by polymor-
phonuclear leukocytes, which is more marked in bronchoal-
veolar lavage fluid during acute, infectious exacerbations.
Neutrophil activation represents an important source of
reactive oxygen species (Cuzzocrea et al., 2001).
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Furthermore, there is much evidence that the production
of reactive oxygen species such as hydrogen peroxide,
superoxide and hydroxyl radicals at the site of inflammation
contributes to tissue damage (Cuzzocrea et al., 2001). Using
the experimental model described here, previous work has
demonstrated the anti-inflammatory potential of various
therapeutic approaches aimed at the inhibition of NO syn-
thesis, peroxynitrite and reactive oxygen species formation
(Cuzzocrea et al., 2001).

In the present study, we have found that VIG3b reduced
lipid peroxidation; this effect is more likely to be related to
the reduced mononuclear cell infiltration.

As with most pharmacological cyclo-oxygenase inhib-
itors, however, we cannot exclude additional, prostaglandin-
independent effects which may have contributed to the anti-
inflammatory effects observed with VIG3b in the current
study.

At the present time, our findings support a model in
which carrageenan induces local TNF-a, cyclo-oxygenase-2
and interleukin-1 production during experimental pleurisy,
and these results support the view that the overproduction of
cyclo-oxygenase-2-derived prostaglandins contributes to
acute inflammation.

Taken together our results point to VIG3b as a represen-
tative compound of a new class of cyclo-oxygenase-2 inhib-
itors with bisthiazolidinone structure. VIG3b as such, or as
further optimised derivatives, could be useful in the therapy
of conditions associated with local or systemic inflammation.
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