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Abstract—A series of styrylheterocycles was prepared and their inhibitory activities against nitric oxide (NO) production were
evaluated in a cell culture system using lipopolysaccharide-stimulated RAW264.7 macrophage cells. Our studies have identified a
new series of inhibitors on NO production, providing the basis for further development of potent inhibitors. The preliminary
structure–activity relationship, to elucidate the essential structural requirements, has been described. Mechanistic studies suggest
that the suppression of iNOS mRNA transcription is, at least in part, related to the inhibitory activity of styrylheterocycles.
# 2003 Elsevier Ltd. All rights reserved.
Endogenous nitric oxide (NO) is an inorganic free radi-
cal that has been implicated in a variety of pathophys-
iological responses, including vasodilation, nonspecific
host defense, ischemia reperfusion injury, chronic
inflammation and carcinogenesis.1�6 It is enzymatically
synthesized from l-arginine in numerous tissue and cell
types by a nitric oxide synthase (NOS).7�10 There are
three distinct isoforms of NOS: neural (nNOS), endo-
thelial (eNOS) and inducible (iNOS). Among them, the
iNOS is involved in the pathological responses mediated
by the overproduction of NO, and is overexpressed by
pro-inflammatory and/or carcinogenic stimuli, such as
interleukin-1b, tumor necrosis factor-a and lipopoly-
saccharide (LPS) in macrophages, endothelial cells and
smooth muscle cells.11,12 Thus, inhibitors of iNOS
enzyme activity or its induction have been postulated to
be beneficial in the treatment of numerous disease
mediated by the overproduction of NO.

Intensive efforts are currently under way to try and dis-
cover potent and selective inhibitors of NOS. Some of
the earliest synthetic inhibitors are analogues of l-argi-
nine, such as N-monomethyl arginine (l-NMMA),13 N-
nitroarginine (l-NA)14 and its methyl ester (l-NAME),
but the low potency and minimal selectivity have limited
their utility. More recently, a diverse class of non-ami-
noacid synthetic NOS inhibitors has appeared in the
literature, including guanidines,15 isothioureas,16 iso-
quinolinamines17 and carboxamidines.18 Even though
some of these exhibited the adequate levels of selectivity
and potency in vitro, their usefulness in vivo has
generally been limited by their poor bioavailability or
toxicity.19

Many natural products that inhibit the production of
NO have also been found, such as flavonoids, coumar-
ins and stilbenoids.20�22 Of these, stilbenoid has attrac-
ted our attention as a starting point for a new class of
inhibitors, due to its simplicity of structure and ease of
synthesis. It was seen, by comparing the reported activ-
ities of the various natural stilbenoids,22 that the inhib-
itory potency of stilbene compounds, against NO
production, was sensitive to the substitution patterns on
the stilbene template. On the basis of these studies, we
began to investigate the biological evaluation of synthetic
stilbene derivatives to find a potent inhibitor, which
might serve as a new lead for chemical optimization.

We designed and prepared a series of compounds, with
the general structure 1 (Fig. 1), where one of the phenyl
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rings of the stilbene was replaced by a five-membered
heteroaromatic ring. One of the rationales for this was
the observation of Hamley et al.,23 where the replacement
of the phenyl ring in 3,4-dihydro-1-isoquinolinamines,
with five-membered aromatic heterocycles, resulted in
increased potency. In addition, furanocoumarins have
shown greater inhibitory effects than simple coumar-
ins.20 Thus, we envisaged that the substitution by a five-
membered heteroaromatic ring on the stilbene template
could enhance the activity. Herein, we report the pre-
paration and evaluation of this class of compounds, as
well as the results of the preliminary structure–activity
relationship studies.

The preparation of the styrylheterocycles was carried
out according to Scheme 1. The stilbenoid skeletons of
styrylfuran and styrylthiophene could be constructed by
Wittig reactions, between a five-membered aromatic
heterocyclic aldehyde and an aromatic phosphonium
ylide. Modified Wittig reactions,24 between phospho-
nium bromide 2a–c and commercially available alde-
hydes 3a–d (1.1 equiv) in the presence of freshly
powdered KOH and a catalytic amount of 18-crown-6
in CH2Cl2 at room temperature yielded a mixture of
olefins 4 (>85%) with a Z/E ratio of ca. 1:1 to 5:1 by
TLC intensity. The cis/trans isomers were separated by
silica gel column chromatography, and the structures
were determined from the characteristic 1H NMR cou-
pling constants of the olefinic protons [16–17 Hz for
(E)-4 and 12 Hz for (Z)-4]. When the separation of the
Z/E isomers was not possible by silica gel column chro-
matography, the Z/E mixtures 4 were converted to the
E-isomers [4a, 4h, 4o, and 4r (Table 1)] by heating with
catalytic amounts of iodine in refluxing heptane.25

The compounds were evaluated for their inhibitory
activities on NO production in a cell culture system,
using LPS-activated RAW264.7 macrophage cells,
according to a previously documented procedure.26,27

When the cells had been treated with 1 mg/mL LPS for
20 h, the NO production was markedly increased from
the basal level of 2.5�0.5 to 42.5�0.7 mM. Under this
experimental condition, the positive control l-NMMA
exhibited an IC50 value of 44.0 mM. The inhibitory
potencies, expressed as the IC50 values, of the synthe-
sized styrylfurans and styrylthiophenes are shown in
Table 1 and are compared with that of prototype nat-
ural stilbene resveratrol22,28 (IC50=15.9 mM). The
results in the present study demonstrated that nine
styrylheterocycles (4a, 4h, 4j and 4o–t) inhibited the
LPS-induced NO production more effectively than
resveratrol, whereas eight compounds (4d–g and 4k–n)
showed little activity (IC50 >50 mM).

The styrylheterocycles having a 3,4,5-trimethoxy group
on the phenyl ring, 4o–t, generally exhibited greater
inhibitory activities than the corresponding compounds
with 3,5-dimethoxy (4h–n) or 4-methoxy groups (4a–g).
As with the 3,4,5-trimethoxyphenyl series, all the fur-
anyl (4o–q) and thiophenyl (4r–t) derivatives showed 2-
to 3-fold greater inhibitory activities than resveratrol.
However, for the 3,5-dimethoxyphenyl (4h–n) or
Figure 1. General structure 1.
Scheme 1. Synthetic approach employed for the preparation of the
styrylheterocycles described in Table 1.
Table 1. Inhibitory effects of styrylfurans and styrylthiophenes on

the NO production in LPS-activated mouse macrophage RAW264.7

cells

Compd R R Ar E/Z IC (mM)
1
 2
 50
4a
 H
 OCH3
 2-Furanyl
 E
 13

4b
 H
 OCH3
 3-Furanyl
 Z
 34.6

4c
 H
 OCH3
 3-Furanyl
 E
 31.6a
4d
 H
 OCH3
 2-Thiophenyl
 Z
 >50

4e
 H
 OCH3
 2-Thiophenyl
 E
 >50

4f
 H
 OCH3
 3-Thiophenyl
 Z
 >50

4g
 H
 OCH3
 3-Thiophenyl
 E
 >50

4h
 OCH3
 H
 2-Furanyl
 E
 4.8a
4i
 OCH3
 H
 3-Furanyl
 Z
 18.7

4j
 OCH3
 H
 3-Furanyl
 E
 13.5

4k
 OCH3
 H
 2-Thiophenyl
 Z
 >50

4l
 OCH3
 H
 2-Thiophenyl
 E
 >50

4m
 OCH3
 H
 3-Thiophenyl
 Z
 >50

4n
 OCH3
 H
 3-Thiophenyl
 E
 >50

4o
 OCH3
 OCH3
 2-Furanyl
 E
 5.9

4p
 OCH3
 OCH3
 3-Furanyl
 Z
 6.6

4q
 OCH3
 OCH3
 3-Furanyl
 E
 9.5

4r
 OCH3
 OCH3
 2-Thiophenyl
 E
 5.3

4s
 OCH3
 OCH3
 3-Thiophenyl
 Z
 5.6

4t
 OCH3
 OCH3
 3-Thiophenyl
 E
 7.8a
Resveratrol
 OH
 H
 4-Hydroxyphenyl
 E
 15.9
aThese compounds exhibited cytotoxicity at 50 mM. At lower con-
centrations the cell viability was maintained over 90%.
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4-methoxyphenyl (4a–g) series, only the furanyl deriva-
tives exhibited comparable activities. These results indi-
cate that the potency of these compounds is highly
dependent on the substitution pattern of the phenyl
ring. However, to our surprise, there was no significant
correlation between the double-bond geometry and the
inhibitory activity. Compounds with Z-double bonds
(4b, 4i, 4p and 4s) showed almost equipotent activities
compared with their corresponding E-double bonds
compounds (4c, 4j, 4q and 4t). In the 2-furanyl deriva-
tives (4a, 4h and 4o), the inhibitory activity on NO
production by iNOS was enhanced with respect to their
corresponding 3-furanyl analogues (4c, 4j and 4q).

To elucidate the possible mechanisms of active styryl-
heterocycles, the inhibition of the production of NO by
compound 4r was examined in relation to the suppres-
sion of the iNOS mRNA expression in the LPS-acti-
vated RAW264.7 cells, using RT-PCR analysis.29

Treatment with LPS, for 6 h, dramatically increased the
level of iNOS mRNA expression, and the induction
mRNA was suppressed by treatment with 4r in a dose-
dependent manner, as shown in Figure 2. The RT-PCR
analysis indicated that the inhibition of the NO pro-
duction by active compounds was correlated with the
suppression of the iNOS mRNA gene expression. This
result indicates that active styrylheterocycles, at least in
part, suppress the pathway of stimulation by LPS to
iNOS gene expression, thereby alleviating the produc-
tion of NO.

In conclusion, we have designed and evaluated a series
of styrylheterocycles as inhibitors on NO production by
iNOS. Several compounds have shown potent inhibi-
tory activity towards the LPS-induced NO production.
The present study suggests that the suppression of iNOS
mRNA transcription is, at least in part, related to the
inhibitory activity of styrylheterocycles. This new series
of inhibitors are suggested as lead compounds for the
development of potent and selective inhibitors for
potential therapeutic use. Further studies toward more
potent inhibitors, based on these findings, are currently
in progress in our laboratory.
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