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Functional effects of econazole on inducible nitric oxide synthase:
production of a calmodulin-dependent enzyme

'Richard G. Bogle & Patrick Vallance

Clinical Pharmacology Unit, Department of Pharmacology and Clinical Pharmacology, St. George’s Hospital Medical School,

Cranmer Terrace, London SW17 ORE

1 We performed experiments to examine the effects of an anti-fungal imidazole compound, econazole,
on the regulation and effects of lipopolysaccharide-inducible nitric oxide synthase (iNOS) activity in rat
aortic rings and cultured J774 murine macrophage cells.

2 In endothelium-intact rings of thoracic aorta, phenylephrine caused a concentration-dependent
contraction with ECs, of 1.940.15x 108 M (n=35). Following incubation with lipopolysaccharide (LPS,
5 ug ml~?) for 8 h there was a right-shift in the concentration-response curve (ECsp 3.14£0.28 x 10~7 M,
P<0.05) with a depression in the maximum contraction from 1.4440.25 g to 0.86+0.26 g (n=4). Co-
incubation of rings with econazole (1 x 10~° M) partially inhibited the LPS-induced loss of reactivity to
phenylephrine (ECs, 6.5+0.72x 1073 M) and fully inhibited the reduction in maximum tension
(1.49+0.19 g; n=15).

3 In J774 cells, incubation with LPS (10 ug ml~', 24 h) resulted in significant nitrite production that
was inhibited by co-incubation with econazole (ICsy 5.040.9 x 10~ M; n=5). In cells stimulated with
LPS, production of L-[*H]-citrulline from L-[*HJ-arginine was 6.41+0.22 pmol mg~' protein min~'
(n=3). This was inhibited by 92+ 6% by addition of N®-monomethyl-L-arginine (L-NMMA, 1 x 1073 Mm;
n=3) to the homogenate but not by econazole (1 x 10~5 M; n=3). In contrast pretreatment of cells with
econazole (1x10~°M) markedly reduced the LPS-induced [*H]-citrulline production
(0.86+0.053 pmol mg~! protein min~'; P<0.01; n=3).

4 In cells treated with LPS and econazole, L-*H]-citrulline production was restored in a concentration-
dependent manner by addition of calmodulin (1 x 10~5-3 x 10~7 M) with an ICs, of 4.240.9 x 102 M.
5 We have shown that econazole inhibits the functional and biochemical activity of iNOS in rat aortic
rings and cultured J774 cells. Treatment of cells with econazole renders the NO synthase functionally
inactive. In econazole-treated cells enzyme activity is restored by calmodulin suggesting that econazole
may inhibit the binding of this essential co-factor to the enzyme following its production. These studies
may have implications for the design of novel anti-inflammatory agents working through the L-arginine-

nitric oxide pathway.
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Introduction

Nitric oxide (NO) plays an important role in the regulation of
cellular processes in the cardiovascular, nervous and immune
systems (Moncada et al., 1991). It has become clear that NO
synthase occurs in at least three different enzyme isoforms
known as endothelial type (eNOS), neuronal-type (nNOS) and
inducible or macrophage-type (iNOS) NO synthase respec-
tively (Vallance & Moncada, 1994). All three isoforms convert
L-arginine to NO and a co-product L-citrulline, and are related
to cytochrome P450 reductase (Bredt et al., 1991). Under
normal quiescent conditions iNOS is not expressed; however,
in the presence of inflammatory cytokines (including certain
interleukins and tumour necrosis factor), high levels of active
iNOS are induced in a wide variety of cell types and this results
in elevated NO production. Induction of NO synthesis through
this pathway is important in the cardiovascular response to
endotoxin (Wei et al., 1995), in sepsis (Vallance & Moncada,
1993) and many other inflammatory conditions (Morris &
Billiar, 1994).

Inhibition of iNOS expression by glucocorticoids or of en-
Zyme activity by certain arginine analogues (e.g. N®mono-
methyl-L-arginine; L-NMMA) decreases NO generation
(Moncada et al., 1991) and this might have beneficial ther-

! Author for correspondence.

apeutic effects. Recently however interest has focused on in-
hibitors of NO synthase that exhibit isoform selectivity. Such
compounds may be particularly useful in the cardiovascular
system where all three isoforms may contribute to the control
of vascular tone. One approach has been to develop novel
substrate analogues of L-arginine. Compounds such as ami-
noguanidine (Griffiths ez al., 1994), isothioureas (Southan ez
al., 1995) and L-thiocitrulline (Joly et al., 1995), have been
reported to exhibit some isoform selectivity for iNOS. How-
ever, compounds based on inhibiting enzyme expression might
also show some selectivity and we reported that anti-fungal
imidazoles inhibit expression of the iNOS activity in murine
macrophages (Bogle et al., 1994). This effect might account for
some of the anti-inflammatory actions of these compounds
(Petri et al., 1986). Our results suggested that anti-fungal
imidazoles inhibited expression of NO synthesis at a level after
production of mRNA for NO synthase but did not alter ac-
tivity of the expressed enzyme. We hypothesized that anti-
fungal imidazoles inhibit synthesis of NO either by inhibition
of mRNA translation or by affecting a cofactor essential for
the activity of the iNOS. It is known that iNOS requires tet-
rahydrobiopterin for full activity (Gross & Levi, 1992), and
flavoproteins are also important co-factors (Stuehr ez al,
1991). In addition it appears that calmodulin is a subunit of
iNOS from macrophages (Cho et al., 1992). The enzyme binds
calmodulin tightly so that in most cells iNOS activity appears
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calcium/calmodulin-independent. Since imidazoles are known
to act as calmodulin antagonists (Hegemann et al., 1993; Wolff
et al., 1993) it is possible that they may inhibit induction of
iNOS via inhibition of calmodulin activity.

In the present study we have examined the effects of eco-
nazole on the functional expression of iNOS in rings of rat
aorta and determined the mechanism of inhibition for these
drugs using isolated preparations of iNOS. A preliminary ac-
count of some of this work has been presented at a meeting of
the British Pharmacological Society (Bogle & Vallance, 1995a,
b).

Methods

Rat thoracic aortic rings

Male Wistar rats (250—300 g) were stunned and killed by ex-
sanguination. Rings, 4—5 mm wide, of thoracic aorta were
suspended between two hooks connected to a transducer
(Statham UC3, Gould Inc, Cleveland, Ohio, U.S.A.) for the
measurement of isometric force. Endothelium-intact rings were
used (> 70% relaxation of preconstricted rings in response to
acetylcholine 1 x 10~® M; data not shown). The preparations
were suspended in 10 ml organ baths containing oxygenated
(95% 0,/5% CO,), warmed (37°C) Krebs solution in the
presence of indomethacin (1 x 10~° M). Basal tension was set
at 1.5 g and rings were allowed to equilibrate until the resting
tension was stable at 1 g (approximately 1 h); rings were
washed every 20 min during this time. Tone was increased to
approximately 70% maximal contraction by addition of phe-
nylephrine (1-3x 1077 M). When responses had reached a
plateau either lipopolysaccharide (LPS; 5 ug ml~'), LPS and
econazole (1 x 107> M) or vehicle (absolute ethanol; 0.1% v/v)
were added and tone was monitored for 8 h. In some experi-
ments after 4 h incubation with LPS, D-arginine (3 x 10~* M)
was added to the organ baths followed by L-arginine
(3x10 ~*M). In another series of experiments, un-
preconstricted rings of rat aorta were incubated with either
control vehicle (ethanol, 0.1% v/v), LPS (5 ug ml~') or LPS
and econazole (1 x 107> M) under resting tension. After 8 h
incubation concentration-response curves to phenylephrine
(10~°~10~° M) were constructed.

Murine macrophage cell culture

Cells of the murine monocyte/macrophage line J774 were
maintained in continuous culture in tissue-culture flasks
(75 cm? growth area) in Dulbecco’s modified Eagle’s medium
supplemented with foetal calf serum (10% v/v), L-glutamine
(4 mM), penicillin (100 units ml~') and streptomycin
(100 ug ml~"). Cells were harvested by gentle scraping and
passaged every 3—6 days by dilution of a suspension of the
cells 1:10 in fresh medium. For use, cells were seeded into 96-
well plates or 10 cm dishes and allowed to adhere for 2 h. After
this, medium was replaced with fresh medium containing LPS
(10 ug ml~") or LPS and econazole (0.01-3 x 10~°> M) and
cells were incubated at 37°C for a further 20 h. Nitrite pro-
duction in the culture medium was measured with the Greiss
reagent as described below.

Measurement of nitrite production as an assay of NO
release

Production of NO was assayed by measurement of the accu-
mulation of nitrite in the culture medium by the Griess reac-
tion (Green et al., 1982; Bogle et al., 1992). An aliquot (100 ul)
of the culture medium was mixed with an equal volume of
Griess reagent (sulphanilamide, 1% w/v; napthylethylenedia-
mine dihydrochloride, 0.1% w/v; and orthophosphoric acid,
2.5% v/v) and incubated at room temperature for 10 min. The
absorbance was read at 560 nm in a Titertek Multiskan II
plate reader (Flow, High Wycombe, U.K.). Nitrite con-

centration in the medium was determined with sodium nitrite
used as a standard.

Isolation and measurement of nitric oxide synthase
activity from J774 cells

NO synthase activity was determined in crude homogenates of
J774 cells. Cells were cultured in dishes (10 cm diameter;
5 x 106 cells) and incubated for 20 h with control medium, LPS
(10 ug m1~—") or LPS and econazole (1 x 10=° M). Following
incubation, cells were rinsed three times with ice-cold Dul-
becco’s phosphate-buffer saline and lysed by addition of 150 ul
ice-cold homogenization buffer (composition: sucrose, 0.25 M;
potassium phosphate, 0.1 mM; dithiothreitol, 0.1 mM EDTA,
1 mM, pH 7.4). Cellular material was removed from the culture
plates with a cell scraper, collected and centrifuged at 10,000 g
for 10 min at 4°C. The resulting supernatant was maintained
on ice (up to 4 h) and used as a crude preparation of NO
synthase as previously described (Salter et al., 1991). For the
assay, 70 ul of assay buffer (composition: HEPES 10 mM,
EDTA 1mM, NADPH 0.1 mM, L-{2,3-*H]-arginine
220,000 d.p.m., pH 7.4) was mixed with 30 ul cell homogenate
and incubated for 10 min at 37°C in microcentrifuge tubes. In
some experiments cell lysates obtained from cells treated with
LPS were co-incubated with assay buffer containing either L-
NMMA (final concentration: 1x 1073 M) or econazole (final
concentration: 1x 107> M). In other experiments lysates ob-
tained from cells treated with LPS and econazole were in-
cubated with assay buffer containing increasing concentrations
of calmodulin (1 x 10~2-3 x 10~7 M).

After incubation, 1 ml of Dowex AG40WX-8 resin (1:1;
resin : H,O) was added to each sample and centrifuged at
10,000 g for S min. Supernatants (400 ul) were mixed with
10 ml Optiphase Safe scintillation fluid and radioactivity de-
termined by liquid scintillation spectroscopy. Portions of the
assay buffer were included in each batch of samples counted.
Background radioactivity was determined by including sam-
ples from which only the radiolabel was omitted. Disintegra-
tions per minute were converted to citrulline production and
expressed in pmol per mg protein per min.

Measurement of cell protein

Protein content was determined with the Coomassie blue
protein reagent (Bradford, 1976) diluted 1:10 with distilled
water before use. Samples (0.2 ml) were mixed with 0.8 ml
protein reagent and incubated for 20 min at room tempera-
ture. Absorbance was measured in aliquots (200 ul) at 620 nm
in a MultiSkan plate reader (Flow Laboratories, Irvine, U.K.).
Bovine serum albumin was used as a standard.

Materials

The Krebs solution had the following composition, (mM: NaCl
118, KCl14.7, CaCl, 2.5, KH,PO, 1.2, MgSO, 1.2, NaHCO; 25,
D-glucose 11). Dulbecco’s modified Eagle’s medium (DMEM),
Dulbecco’s phosphate buffered saline (PBS ‘A’, composition,
mM: NaCl 138, KCl 2.6, Na,HPO, 1.8, KH,PO, 1.5, pH 7.4)
and foetal calf serum (heat-inactivated) were obtained from
Flow Laboratories Ltd, Oxon, U.K. The following reagents
were obtained from Sigma Chemical Co., Poole, U.K.: cal-
modulin (bovine brain), dithiothreitol, Dowex AG40WX-8
resin (Na* form), econazole nitrate, ethylenediamine-tetracetic
acid (EDTA), N-[2-hydroxy ethyl] piperazine-N'-[2-ethanesul-
phonic acid] (HEPES), lipopolysaccharide (from Escherichia
coli, serotype 055:B5), B-nicotinamide adenine dinucleotide
phosphate, reduced form (NADPH), phenylephrine and sul-
phanilamide. The following reagents were obtained from BDH
Ltd, U.K.: sucrose, orthophosphoric acid, napthylethylene-
diamine hydrochloride and potassium phosphate. L-[2,3-*H]-
arginine (specific activity: 65 Ci mmol~') was obtained from
NEN-DuPont (U.K.), Stevenage, Herts. Coomassic Blue
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protein reagent was obtained from BioRad Ltd (Hemel
Hempstead, U.K.). Optiphase Safe scintillation fluid was from
LKB (Milton Keynes, U.K.).

Drugs were prepared fresh in Krebs buffer with the excep-
tion of econazole nitrate which was dissolved in ethanol to a
concentration of 10 mM. The final concentration of ethanol in
the organ bath was always 0.1% or less.

Data analysis and statistics

Results are shown as the means +s.e.mean of n experiments.
Statistical analysis was performed by a one-way analysis of
variance and unpaired, two-tailed ¢ tests with P <0.05 con-
sidered statistically significant.

Results

Functional studies in rat aortic rings in vitro

In phenylephrine-constricted aortic rings, with intact en-
dothelium, incubation in Krebs solution for 8 h resulted in a
small decrease in tone (—20+8%; n=4, Figure la) and ad-
dition of L-NMMA (3 x10~* M) constricted these vessels
(Figure la). Incubation of vessels with LPS (5 ug ml~!) re-
sulted in a significantly greater (P <0.05) loss of tone which
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Figure 1 Induction of NO synthase in isolated vascular rings:
representative traces obtained from rings of rat thoracic aorta
mounted in organ baths and preconstricted with phenylephrine (PE)
as described in the methods section. (a) Rings incubated with vehicle
control for 8h, followed by addmon of L-NMMA (3 x 10™*m); (b)
rings incubated w:th LPS (5 ugml_ ) for 8h followed by addltlon of
L-NMMA (3 x 10™*m); (c) nngs incubated w1th LPS (5pugml™ 4h)
followed by addition of D-arginine (3 x 10~*M) and then L-arginine
(B x107*m); (d) nn% were incubated with LPS (5 ug ml~!; 4h) and
econazole (1x107°M) followed by addltlon of D-arginine
(3x107*M) and then L-arginine (3x10™*M). Results show repre-
sentative traces of data obtained in at least 3 other experiments.

reached —88+4% loss of tone by 8 h (n=>5, Figure 1b). The
reduction in tone could be reversed by addition of L-NMMA
(3 x 10~* M; Figure 1b) but not by econazole (1 x 10~° M; data
not shown). Co-incubation of vessels with econazole (1 x 10~°
M) significantly (P <0.05) inhibited the LPS-induced reduction
in tone (Figure 2). After incubation with LPS for 4 h, addition
of L-arginine (3 x 10~* M) but not D-arginine (3 x 10~* M) re-
sulted in a rapid reduction in tone (n=4, Figure 1c), the re-
laxation to arginine was not seen when rings were co-incubated
with LPS and econazole (n=4, Figure 1d), or when L-arginine
was added to vessels not incubated with LPS (n=3; data not
shown).

In control rings phenylephrine caused a concentration-de-
pendent increase in contraction (Figure 3). Incubation with
LPS (5 ug ml~', 8 h) resulted in a right-shift in the con-
centration-response curve to phenylephrine and a depression
of the maximum contractile response (Figure 3). Co-incuba-
tion with econazole (1 x 10~° M) inhibited the LPS-induced
changes in the response to phenylephrine (Figure 3). Calcu-
lated ECs, values and maximum contractile response for each
part of the study are shown in Table 1.

Mechanisms of action of econazole on inducible nitric
oxide synthase

In cultured J774 cells, incubation with LPS (10 ug ml~!) re-
sulted in increased nitrite production that was inhibited by co-
incubation with econazole (ICs, 5.0+0.9 x 1076 M; n=15). We
have previously reported that the inhibitory effects of imida-
zoles are mediated at a site after messenger RNA production
(Bogle et al., 1994). Crude J774 cell extracts were obtained
from either control cells or cells stimulated with either LPS
(10 pug ml~'; 20 h) or LPS and econazole (1 x 10=° M; 20 h).
Treatment of cells with LPS resulted in a large increase in
production of L-[*H]-citrulline from L-*H]-arginine by the cell
extracts. This production of citrulline was inhibited by addi-
tion of L-NMMA (1 x 10~3 M; Figure 4) but not econazole
(1 x 10~3 M; Figure 4). In contrast L-[>H]-citrulline production
was markedly reduced (>90%) by cell extracts obtained from
cells treated for 20 h with LPS and econazole (1 x107° M;
Figure 4). Addition of calmodulin (1x107%-3x 107 M) to
the cytosol prepared from J774 cells treated with LPS and
econazole resulted in a full restoration of NO synthase activity
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Figure 2 Econazole inhibits the time-dependent reduction of
vascular tone in rat aortic rings in vitro: rings of aorta were mounted
in 10ml organ baths, preconstncted with phenylephrine and
mcubated with either LPS (5 ygml‘ ; W) or LPS and econazole
(1 x10~%Mm; ). Tone of the rings was monitored over the next 8h.
Results are shown as the means+s.e.mean of data obtained in 4
separate experiments, *P <0.05, unpaired ¢ test.
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Figure 3 Effects of econazole on dose responses to phenylephrine
(PE) in LPS-treated aortic rings: rings of aorta were mounted in
organ baths and incubated with either Krebs solutlon alone (W), LPS
(Sugml™!, A) or LPS and econazole (1x10™°M, W). Following
mcubatlon for 8h concentration-response curves to phenylephrine
(1x107°-3x107%M) were constructed. Results shown are the
means +s.e.mean of 4—5 separate experiments.

Table 1 Prevention by econazole of the LPS-induced
changes in vascular reactivity in rat aortic rings in vitro

Condition ECsyp (M) Maximum tension (g)
Control 1.9+0.15x107® 1.44+0.27

LPS 3.1£0.28x 107 0.86+0.26*
LPS +econazole 6.5+£0.72x 107" 1.49+0.19

Rings of thoracic aorta were incubated for 8 h with either
control veh1c1e, LPS (5 pug mI™') or LPS and econazole
(1 x 107° M). Concentration-response curves to phenylephr-
ine were then constructed and curves fitted using a logistic-
sigmoid curve weighted for the standard deviation of each
experimental value. Results are shown as the means
+s.e.mean of 4-5 observations; *P<0.01 versus control,
1P <0.05 vs LPS alone.

(ECso 4.24+0.9x10~® M; Figure 5). Calmodulin did not in-
crease L-[*H]-citrulline formation in cytosol obtained from
J774 cells stimulated with LPS alone (data not shown).

Discussion

The results obtained in this study show that econazole prevents
the decrease in vascular tone induced by LPS and inhibits the
induction of an active NO synthase in murine macrophage
J774 cells. The mechanism of action of econazole appears to be
due to inhibition of the binding of active calmodulin to NO
synthase since iNOS activity was restored in vitro by addition
of exogenous calmodulin.

In isolated vascular rings we demonstrated that the slowly
developing LPS-induced relaxation and hypo-responsiveness
to phenylephrine was prevented when econazole was added to
the vessels at the same time as LPS. After 4 h incubation with
LPS vascular tone decreased only slightly, although there was
a marked relaxant response to L-arginine but not D-arginine.
Co-incubation with econazole also prevented this relaxant re-
sponse to L-arginine in LPS-treated rings. Finally in vascular
rings treated with LPS for 8 h, addition of econazole did not

©
]

Citrulline production (pmol mg'1 protein min”")

Control LPS LPS + LPS + LPS +
Econ L-NMMA Econ
Incubated Added to
with LPS cell extracts

Figure 4 Effects of econazole (Econ) on isolated nitric oxide
synthase activity: NO synthase activity was determined in cultured
J774 cells treated for 20h with either control vehicle (open column),
LPS (10 pgml‘ ; solid column) or LPS and econazole (1 x107°M;
hatched column). Altematlvely, extracts from J774 cells treated with
LPS alone (10 ugml™~'; 20 h) were co-incubated during the assay with
either L-NMMA (1 x1073M, hatched column) or econazole
(1 x10~3M, cross-hatched column). Results are the means+s.e.mean
of data obtained from 3 batches of cells. *P<0.05, unpaired ¢ test.
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Figure 5 Calmodulin restores activity of isolated nitric oxide
synthase from econazole treated cells: cultured J774 cells were treated
for 20h with elther LPS (10ugml~!; open column) or LPS and
econazole (1x107°M; solid column) and crude homogenates
prepared as described in the methods section. Cell extracts (30 ul)
were incubated for 10min at 37°C in the presence of mcreasmg
concentrations of calmodulin (1x1078-3x10""M) and L-[H]-
citrulline production determined as previously described. Results
are the means+s.emean of results obtained in 3 separate
experiments. *P <0.01, unpaired ¢ test.

affect tone. Taken together these results are consistent with the
prevention of induction of iNOS in vascular rings. Thus the
inhibition of induction of a functionally active iNOS by anti-
fungal imidazoles occurs in the vessel wall as well as macro-
phages (Bogle et al., 1994) and thus might contribute to the
anti-inflammatory effects of these compounds. Using J774 cells
as an experimental model to study iNOS we have also identi-
fied a mechanism by which these effects appear to be mediated.

We have demonstrated previously that econazole and other
anti-fungal imidazoles inhibit the generation of NO synthase in
J774 cells when added at the same time as an inducing agent
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(e.g. LPS), but are ineffective once NO synthase is expressed
(Bogle et al., 1994). These results suggested that anti-fungal
imidazoles inhibited the induction rather than the activity of
NO synthase. However, when mRNA levels for NO synthase
were measured in imidazole-treated cells we found them to be
similar to those found in cells that had been treated with LPS
alone and were expressing fully active iNOS. These results
could be explained in several ways. (1) Anti-fungal imidazoles
inhibit the translation of NO synthase mRNA into protein; (2)
anti-fungal imidazoles inhibit the synthesis or binding of a co-
factor essential for activity of the expressed enzyme; or (3) anti-
fungal imidazoles inhibit post-translational modification(s)
necessary for the activity of NO synthase. Subsequently it has
been shown that clotrimazole inhibits the induction of NO
synthesis in rat hepatocytes without affecting mRNA or levels
of the enzyme expressed (Kuo & Abe, 1995), indicating that
translation of mRNA is not affected by these agents. In the
present study we have shown that anti-fungal imidazoles are
likely to act via inhibition of the activity or binding of cal-
modulin, which is required for activity of iNOS.

The suggestion that binding of calmodulin is the mechanism
of action of the anti-fungal imidazoles is supported by the
observation that these compounds inhibit caimodulin activity
at low micromolar concentrations (e.g. ICs, 6.3 x 1075 M for
econazole; Hegemann et al., 1993), similar to those con-
centrations required to inhibit expression of NO synthesis in
our experiments in J774 cells (ICso 5.0 x 10~° M for econazole).
Moreover the rank order of potency of the anti-fungal imi-
dazoles in inhibiting NO synthase (Bogle & Vallance, 1995b)
or calmodulin (Hegemann et al., 1993) are similar, and other
calmodulin antagonists including chlorpromazine (Palacios et
al., 1993), TMB-8 and W-7 (Sodhi & Kumar, 1994) and tri-
fluoperazine (Bogle R.G., unpublished observations), also in-
hibit the induction of an active iNOS in macrophages. Finally
we demonstrated that in econazole-treated macrophages iNOS
was present and its activity could be restored by addition of
excess calmodulin.

Anti-fungal imidazoles also inhibit activity of bovine brain
Ca?* Jcalmodulin-dependent NO synthase (Wolff et al., 1993).
This inhibition is attributable to interaction at two sites. At
low concentrations (<50 uM), anti-fungal imidazoles act as
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calmodulin antagonists, whilst at higher concentrations
(>50 uM) they reduce NO synthase activity directly by inter-
action at the haem site of the enzyme (Wolff et al., 1993). Once
it is actively expressed, iNOS is not inhibited by econazole (this
study) or other anti-fungal imidazoles at concentrations up to
200 uM (Wolff & Bradley, 1994; Bogle & Vallance, 1995b).
This is consistent with the observation that the iNOS does not
undergo a reversible, Ca?*-dependent association with cal-
modulin, but calmodulin is an integral subunit, tightly asso-
ciated with the enzyme in an apparently Ca?*-independent
manner (Cho et al., 1992). However, the present experiments
suggest that inhibition of calmodulin activity of binding to
iNOS during the process of induction results in expression of
an inactive enzyme, the activity of which can be reconstituted
by addition of excess calmodulin. Incubation with econazole
(and presumably with other agents that remove or inhibit
calmodulin during the process of induction) turns the normally
calmodulin-insensitive NO synthase into a calmodulin-defi-
cient enzyme that is calmodulin-dependent. It remains to be
determined whether this observation accounts for the finding
that an enzyme similar to, or identical with iNOS, appears to
be Ca?*/calmodulin-sensitive in some cells such as the rabbit
chrondrocyte (Palmer et al., 1992).

Recently there have been several reports suggesting that
anti-fungal imidazoles have anti-inflammatory properties
(Williams & Maier, 1992) and might be potential therapeutic
agents for the treatment of septic shock (Slotman et al., 1988;
Yu & Tomasa, 1993). In septic shock there is induction of
iNOS leading to widespread vasodilatation and reduced re-
sponsiveness to vasoconstrictors (Vallance & Moncada, 1993).
Our results show that econazole prevents the induction of ac-
tive NO synthase in response to LPS and indicate that the
mechanism of action is likely to be dependent on inhibition of
calmodulin. This might have implications for the development
of novel anti-inflammatory agents.
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