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1 Anti-in¯ammatory e�ects of a novel derivative of the glucocorticoid prednisolone were
investigated. NCX-1015 (prednisolone 21-[(4'-nitrooxymethyl)benzoate]) incubation in human
platelet-rich plasma produced a time (0 ± 60 min) and concentration (3 ± 300 mM) dependent release
of nitrite, that was mirrored by accumulation of cyclic guanosine monophosphate in the human
platelets. Intraperitoneal injection of NCX-1015 to mice (up to 27.7 mmol kg71) produced nitrite
accumulation in the peritoneal cavity maximal at 60 min.

2 NCX-1015 dose-dependently induced the steroid sensitive cell surface marker CD163 in human
peripheral blood mononuclear cells (PBMCs). NCX-1015 was more potent than prednisolone in
inducing CD163. Similarly, lipopolysaccharide induced interleukin-1b release from these cells was
inhibited by NCX-1015 with higher potency than prednisolone.

3 In the zymosan peritonitis model, NCX-1015 was more active than prednisolone in suppressing
neutrophil extravasation (ED50 of 5.5 and 25.8 mmol kg71, respectively), nitrite accumulation (ED50

of 1.38 and 22.2 mmol kg71, respectively) and release of the chemokine KC (ED50 of 5.5 and
27.7 mmol kg71, respectively) as determined at the 4 h time-point. No di�erences were measured for
the levels of interleukin-1b or prostaglandin E2. NCX-1015 administered orally was also found to be
equally active. Co-administration of the nitric oxide donors NOC-18 ((z)-1-[(2-aminoethyl)-N-(2-
aminoethyl)amino] diazen-1-ium-1, 2-diolate; 7.9 mmol kg71) or sodium nitroprusside
(13.8 mmol kg71) with prednisolone resulted in an additive anti-migratory action.

4 In a chronic model of granulomatous tissue in¯ammation, administration of NCX-1015
(13.9 mmol kg71) from day 1 (i.e. after induction of in¯ammation) was more e�ective than
prednisolone in reducing the granuloma dry weight, and this was associated to a lower anti-
angiogenic e�ect.

5 In conclusion we show that NCX-1015 is more potent than prednisolone in controlling several,
though not all, parameters of acute and chronic in¯ammation, and propose that this e�ect may be
due to a co-operation between the steroid moiety and nitric oxide or related species released in
biological ¯uids. Whereas this aspect needs to be further clari®ed, we propose NCX-1015 as the ®rst
member of a novel class of anti-in¯ammatory compounds, the nitro-steroids.
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Introduction

Glucocorticoids (GCs) are potent anti-in¯ammatory drugs

with a therapeutic e�cacy in most in¯ammatory conditions.
Their wide spectrum of e�ects ranges from inhibition of the
synthesis of pro-in¯ammatory cytokines and other mediators
(including speci®c adhesion molecules) (PaneÂ s & Granger,

1998; Henricks & Nijkamp, 1998; Fantuzzi & Ghezzi,
1993) to promotion of leukocyte apoptosis and subsequent
removal (Liu et al., 1999). At a molecular level, GCs interfere

with the activation and nuclear translocation of several
distinct transcription factors, including nuclear factor-kB

(NF-kB): such an e�ect would explain their ability to inhibit

de novo synthesis of in¯ammatory mediators (Barnes &
Karin, 1997). More recently, it has also been clear that GCs
exert potent actions within minutes of application possibly
through a direct alteration of protein-protein interactions and

these actions are referred to as non-genomic e�ects
(Buttgereit et al., 1998). Overall, these pharmacological
actions account for the large application that GC have in

the clinical management of in¯ammatory diseases, including
rheumatoid arthritis and in¯ammatory bowel disease (Kir-
wan, 1995; Bickston & Cominelli, 1998). However, the use of

GCs is often hampered since long-term treatment is
associated with a multiplicity of side e�ects, particularly at
the level of the bone compartment and hypothalamo-

pituitary axis, with the latter resulting in abnormalities in
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hormone release (Kimberly, 1991). In addition, use of high
doses of GCs is accompanied by serious side e�ects such as
diabetes-like syndrome and hypertension. Therefore, modi®ed

forms of steroids active at lower therapeutic doses are an
urgent need.
A novel class of anti-in¯ammatory drugs obtained by the

addition of a chemical moiety able to release nitric oxide

(NO) to non-steroidal anti-in¯ammatory drugs (NSAIDs) has
been recently described (Wallace et al., 1995). Examples are
the nitroso-butyl esters of the NSAID ¯urbiprofen or of

acetylsalycilic acid (aspirin2): these novel chemical entities
not only lack the gastrointestinal damaging e�ect of classical
NSAIDs, but the slow release of NO in a biological

microenvironment confers novel activities not shared by the
parent compound (Wallace & Cirino, 1994; Wallace et al.,
1994, 1995). For instance, NO released from NO-aspirin as

well as from other NO-releasing molecules is able to interact
with caspases (Dimmeler et al., 1997), preventing the damage
to the gastric mucosa produced by the non-nitrosylated
NSAID alone (Fiorucci et al., 1999a). This molecular

mechanism is also likely to be responsible for the reported
capacity of NO-NSAIDs to diminish the synthesis of Th1-
derived cytokines, IL-1b, IL-18 and IFNg in models of

experimental in¯ammation (Fiorucci et al., 1999a,b, 2000).
In the present study we have used a similar approach to

produce a novel GC with additional properties. We have

synthesized a new compound, the nitrooxy-methylbenzoate
derivative of the GC prednisolone (thereafter referred to as
NCX-1015 or NO-prednisolone) and compared its e�cacy

with the parent compound on: (i) a rodent model of acute
in¯ammation and (ii) in a murine model of chronic
granulomatous tissue formation. We propose that NCX-
1015 is the ®rst member of a novel class of anti-in¯ammatory

drugs, the nitro-steroids (or NO-steroids) that has increased
anti-in¯ammatory actions compared to its parent coticoster-
one. A preliminary account of this work was presented to a

recent meeting of the British Pharmacological Society (Paul-
Clark et al., 2000).

Methods

Synthesis of NCX-1015 (NO-prednisolone)

NCX-1015 (prednisolone 21-[(4'nitrooxymethyl)benzoate])
was synthetized at NicOx S.a. laboratories, in Milan (Italy).

The batches were prepared following a two-step synthesis
with a overall yield of about 75%. A solution of prednisolone
(33.3 mmol) in tetrahydrofurane was added to 49.9 mmol of

4-(chloromethyl)benzoyl chloride and triethylamine. The
reaction was stirred for 24 h, and the solvent evaporated
under vacuum. Following treatment of the residue with ethyl

acetate and water, and removal of the insoluble material, the
intermediate I (prednisolone 21-(4'chlorobenzoate) was
obtained by anidri®cation with sodium sulphate and
concentrated under reduced pressure (31.19 mmol, yield

97%). This intermediate was then treated with silver nitrite
(43.66 mmol), acetonitrile (100 ml) and tetrahydrofurane
(200 ml) in the dark for 35 h. The precipitate was ®ltered

o�, the solvent evaporated under vacuum and the residue
puri®ed by silica gel chromatography, and crystalized from
tetrahydrofurane. The ®nal product, (prednisolone 21-[(4'-
nitrooxymethyl)benzoate) was obtained as a white powder,
with a molecular weight of 539.59 and a melting point of
231 ± 2358C (Figure 1). The structure of NCX-1015 was
con®rmed by nuclear magnetic resonance (with 1H and 13C)

and infrared analyses. This preparation was tested for
endotoxin and found to have less than 1 endotoxin unit per

mg as determined by the Limulus assay (Whittaker,
Walkersville, MS, U.S.A.).

Animals

Male or female Swiss Albino mice were purchased from

Banton and Kingsman (Hull, U.K.). The animals were fed on
a standard chow pellet diet and had free access to water. All
animals were maintained on a 12 h light/dark cycles and
housed for 1 week prior to experimentation. Mice weighed

between 26 ± 30 g on the day of the peritonitis experiment.
Animal work was performed according to Home O�ce
regulations (guidance on the operation on animals was from

the Scienti®c Procedures act 1986).

Release of nitrite from NCX-1015 in biological
microenvironments

Monitoring liberation of NO from the prednisolone structure

in human platelet rich plasma (PRP) was carried out
according to a published method (Wallace et al., 1995).
Initially, blood collected from healthy volunteers was spun at
4006g for 30 min. PRP was collected and aliquots (1 ml)

incubated with 100 mM NCX-1015, prednisolone, the NO
donor sodium nitroprusside (SNP) or vehicle (PBS+0.01%
DMSO) at 378C. At di�erent times aliquots (0.2 ml) were

collected, platelets removed by centrifugation and super-
natants tested for nitrite levels (see below). In another set of
experiments, 5 ± 500 mM of NCX-1015 or prednisolone were

added to PRP for 45 min. At the end of the incubation,
samples were centrifuged and supernatants assayed for nitrite
levels. Pellets containing platelets were tested for cyclic GMP
content using a commercially available enzyme immunoassay

(Amersham, Little Chalfont, U.K.).
The enzymatic release of NO from NCX-1015 was tested in

vitro. A commercially available mixture of esterases

Figure 1 Chemical structure and a schematic summary of NCX-
1015 synthesis from prednisolone.
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(10 u ml71 ®nal concentration; Sigma, Poole, U.K.) was
added to sterile PBS containing prednisolone or NCX-1015
(5 ± 500 mM) and incubated at 378C for 30 min. At the end of

the incubation period, samples were snap-frozen in liquid N2

and assayed for nitrite content (see below).
In vivo, NCX-1015 was injected to mice i.p. at doses of 7.5

and 15 mg kg71 (13.8 and 27.7 mmol kg71). Control groups

received 100 ml peanut oil, 8.3 mg kg71 SNP (27.7 mmol
kg71) or 10 mg kg71 prednisolone (27.7 mmol kg71). At the
reported time, mice were sacri®ced and their peritoneal

cavities washed with 1 ml PBS containing 3 mM EDTA and
25 u ml71 heparin. The lavage ¯uid was then tested for nitrite
release as detailed below.

PBMC preparation and release of IL-1b

Peripheral blood mononuclear cells (PBMCs) were isolated
from heparinized human whole venous blood using Ficoll-
Hypaque (d=1.077 g) as recently described (Perretti et al.,
1999). PBMCs were then washed three times with HEPES

bu�ered RPMI 1640 containing 0.05% gentamycin and 10%
donor serum. Cells (16106, *20% monocytes, the remainder
having been lymphocytes) were transferred to a 48-well plate

and pre-incubated for 1 h with prednisolone, NCX-1015
(1075 ± 10710 M) or vehicle, followed by activation with LPS
(1 mg ml71) for 24 h at 378C and 5% CO2. Supernatants were

removed and IL-1b production measured using a commer-
cially available human IL-1b ELISA (R&D systems,
Abingdon, U.K.).

CD163 staining and FACS analysis

All staining procedures were performed at 48C as previously

described (Morganelli & Guyre, 1988). Brie¯y, human
peripheral blood mononuclear cells (PBMCs) were incubated
for 24 h at 378C and 5% CO2 with prednisolone, NCX-

1015 (1075 ± 10710 M) or vehicle. Cells were washed then
blocked with normal human IgG (6 mg ml71) and
30 mg ml71 of the isotype control monoclonal antibody P3

or a saturating amount of monoclonal antibody Mac 2 ± 48
(20 mg ml71, anti-CD163 monoclonal antibody), provided by
Dr N.J. Goulding (William Harvey Research Institute) for
1 h. Cells were then washed and stained for 1 h with

17.5 mg ml71 FITC labelled goat F(ab')2 anti-mouse IgG.
FACS analysis was then performed, and cell ¯uorescence of
monocytes gated using forward and side scatter measured in

the FL1 channel using a Becton Dickenson FACScan (San
Jose, CA, U.S.A.). Mean ¯uorescence intensity (MFI) was
calculated by subtracting the MFI of the P3 stained

mononuclear cells from the corresponding Mac 2-28 stained
cells.

Model of acute inflammation: zymosan peritonitis

Zymosan peritonitis was induced as previously reported
(Getting et al., 1997; Ajuebor et al., 1999). Brie¯y, male

Swiss Albino mice were injected i.p. with zymosan A (1 mg in
0.5 ml sterile saline). Animals were sacri®ced 4 h later by
carbon-dioxide exposure and peritoneal cavities were lavaged

with 3 ml PBS containing 3 mM EDTA. Aliquots of the
lavage ¯uid were then stained with Turk's solution (0.01%
crystal violet in 3% acetic acid) and di�erential cell counts

performed using a Neubauer hemocytometer and a light
microscope (Olympus B061). At this time-point between 80
and 90% of the cells recovered were granulocytes, of which
the large majority were neutrophils, with less than 3% being

eosinophils, as determined on cytospin preparations following
staining with hematoxilyn/eosin (H/E, not shown). The
lavage ¯uids were centrifuged at 4006g for 10 min and cell

free supernatants stored at 7208C prior to mediator
measurements, including evaluation of chemokine and
cytokine by ELISA (see below). Cell pellets were then
prepared for protein extraction and Western blotting analysis

as described below.
NCX-1015 and prednisolone were dissolved in peanut oil

and injected i.p. or in PEG 400 and administered by oral

gavage, 1 h prior to zymosan. In view of the di�erent
molecular weights (see Figure 1) doses were adjusted to give
equivalent number of moles. Control animals received peanut

oil or PEG 400 alone (100 ml i.p. or p.o.).
The contribution of NO to the e�ects of NCX-1015 in vivo

was assessed by injecting the NO donors SNP

(13.8 mmol kg71) and NOC-18 (7.9 mmol kg71) with or
without prednisolone (13.8 mmol kg71).

Mouse chronic croton oil-induced chronic granulomatous
air pouch

Female Swiss Albino mice were lightly anaesthetized with

halothane and 3 ml of air injected subcutaneously into the
dorsal area (day 71). On day 0, 0.5 ml Freund's complete
adjuvant supplemented with 0.1% croton oil was injected

into this pre-formed air pouch. Animals were sacri®ced 3, 7
and 14 days later for assessment of pouch vascularity using
the carmine red vascular casting technique (Colville-Nash et

al., 1995). Animals were anaesthetized with hypnorm/
hypnovel and warmed on a heated box (408C) for 10 min,
then injected with 1 ml 25% carmine red dye in 10% gelatine
(408C). Cadavers were chilled for 24 h, then the granuloma

dissected and dried (568C). Once dry, the granulomatous
tissue was weighed then digested (12 u ml71 papain in 0.05 M

phosphate bu�er, pH 7.0 supplemented with 0.33 gl71 N-

acetyl cystine). The extracted carmine dye was solubilized
with 0.5 M sodiun hydroxide then quanti®ed, in a 96-well
plate at 405 nm, against a carmine standard curve (1 ±

100 mgml71).

Measurement of nitrite levels

Nitrite formation was measured by a modi®cation of the
Griess method (Verdon et al., 1995). Brie¯y, 10 ml of
NADPH (10 mM), glucose-6-phosphate (5 mM), glucose-6-

phosphate dehydrogenase (0.16 u) and PBS (10 mM) was
added to 50 ml of cell-free lavage ¯uids or in plasma samples
in a 96-well plate. Nitrate was converted to nitrite by

addition of 10 ml (0.08 u) nitrate reductase and incubated for
45 min. 200 ml of Griess reagent (equal volumes of 1% w v71

sulphanilamide in 5% H3PO4 and 0.1% w v71 (1-napthy-

l)ethylenediamine) was added and incubated for a further
10 min. Nitrite concentrations were measured at 570 nm with
a reference ®lter at 620 nm and results expressed as mM nitrite
in cell-free exudates.

Western blot analysis

Cell pellets were sonicated using a micro-probe (Sonics and
Materials Inc. U.S.A.) on ice in protease inhibitory bu�er
(1 mM phenylmethylsulphonyl¯uoride, 1.5 mM pepstatin A

and 0.2 mM leupeptin in 50 mM Tris bu�er, pH 7.4) and
centrifuged (40006g, 5 min, 48C). Protein concentrations of
the supernatants were determined by the Bradford assay.
Samples were adjusted to 2 mg ml71 concentration, mixed
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1 : 1 with 26 loading bu�er (125 mM Tris base, 2 mM

ethylenediaminetetra-acetic acid, 10% mercaptoethanol, 4%
sodium dodecyl sulphate (SDS), 20% glycerol and 0.1%

Coomassie brilliant blue, pH 6.8) and boiled for 5 min.
Samples (30 ± 50 mg lane71), iNOS positive control antigen
and molecular weight colour markers were resolved by gel
electrophoresis on 7.5% SDS-polyacrylamide gels, and

transferred onto nitrocellulose membranes. iNOS protein
was detected using a speci®c polyclonal rabbit anti-mouse
antibody (1 : 5000; Santa Cruz Biotechnology, CA, U.S.A.),

the signal was ampli®ed with a horseradish peroxidase linked
goat anti-rabbit secondary antibody (1 : 2000; Santa Cruz,
CA, U.S.A.) and visualized using a BioMax MR-1 ®lm

(Kodak, NY, U.S.A.) after the application of Luminol (ECL,
Amersham, U.K.).

Measurement of PGE2 in cell-free exudates

Prostaglandin E2 (PGE2) levels were measured in peritoneal
lavage ¯uids 4 h after the injection of zymosan, using a

commercially available enzyme-immunoassay system and
following the manufacturer's instructions (Amersham Phar-
macia Biotech, Buckinghamshire, U.K.). PGE2 concentra-

tions in unknown samples (50 ml) were calculated from the
standard curve and results expressed as pg PGE2 ml71. The
kit was speci®c and showed neglibile cross-reactivity with

several other eicosanoids (data furnished by the manufac-
turer).

Measurement of chemokines and cytokine levels

Immunoreactive murine IL-1b and KC in the in¯ammatory
exudates were quanti®ed using commercially available

ELISAs (R&D Systems, Abingdon, U.K.) according to
manufacturer's protocol. The ELISAs showed negligible
(51%) cross-reactivity with several other murine cytokines

and chemokines (data as furnished by manufacturer).

Data analysis

All values in the ®gures and text are expressed as mean+
s.e.mean of n mice per group. Comparisons of more than two
groups were calculated on original values using one-way

ANOVA followed by Bonferroni post-hoc test. A P value
50.05 was considered signi®cant.

Results

NCX-1015 releases NO in biological microenvironments

Incubation of human PRP with 100 mM NCX-1015 resulted

in a time-dependent accumulation of nitrite maximal between
30 and 60 min (Figure 2A). An equimolar concentration of
the NO donor SNP produced a much faster accumulation of
nitrite, whereas prednisolone did not increase values above

those measured in control tubes. The NCX-1015 e�ect was
concentration-dependent as shown in Figure 2B, whereas
prednisolone was again without e�ect. Finally, cyclic GMP

accumulation into human platelets mirrored nitrite accumula-
tion in the plasma, with detectable amounts above controls
only in SNP (data not shown) and NCX-1015 samples

(Figure 2C). In a ®nal experiment the potential sensitivity of
the nitrooxymethylbenzoate side chain to esterases was
determined. Addition of a commercially available mixture
of esterases to NCX-1015, but not prednisolone, produced a

concentration dependent accumulation of nitrite in sterile
PBS in the NCX-1015 group, whereas prednisolone was
without e�ect (Figure 3). Some spontaneous release of nitrite
was observed by NCX-1015 alone at the highest dose tested

(500 mM).
Injection of NCX-1015 in the mouse peritoneal cavity led

to the accumulation of nitrite into the lavage ¯uids collected

between 0 and 60 min later (Figure 4). Injection of SNP (i.p.)
produced an immediate increase (15 min) in nitrite recovered
into the peritoneal washing. Prednisolone (27.7 mmol kg71)

had no e�ect above control values, whereas NCX-1015
produced a time- and dose-dependent increase in nitrite levels
(Figure 4). At the highest dose tested of 27.7 mmol kg71,
NCX-1015 produced an e�ect comparable to SNP, whereas a

slower onset of nitrite release was measured after adminis-
tration of the lower dose tested of 13.8 mmol kg71, being
signi®cant at 60 min.

Figure 2 NCX-1015 releases nitrite in human platelet-rich plasma.
Time-course (A) and dose-dependency (B) of nitrite accumulation
following NCX-1015 incubation in human platelet rich plasma.
Cyclic guanosine monophosphate (cyclic GMP) accumulation in
platelets present in the samples of (B) was also measured (C). Data
are mean+s.e.mean of n=8 determinations per group. *P50.05 and
**P50.01 vs vehicle group.
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NCX-1015 effect on CD163 expression and IL-1b release
from human PBMCs

Expression of the human mononuclear phagocyte-speci®c
antigen CD163 has recently been demonstrated to be under
exquisite control by glucocorticoids (Morganelli & Guyre,

1988; Hogger et al., 1998b). GCs have long been shown to
inhibit IL-1b production from stimulated PBMCs (Lew et al.,
1988). Therefore, both parameters were used to assess the
e�ect of NCX-1015 on glucocorticoid receptor activation.

Incubation of PBMCs with NCX-1015 and prednisolone
produced a concentration-dependent activation of CD163
(Figure 5A). NCX-1015 was more potent than prednisolone

at inducing CD163 cell surface expression. The increased
e�cacy of NCX1015, compared with the parent molecule
prednisolone, was also observed when assessing inhibition of

LPS induced IL-1b production (Figure 5B).

NCX-1015 and prednisolone in the zymosan-induced
peritonitis model

Treatment of mice with NCX-1015 produced a potent anti-

migratory action on the peritoneal extravasation of neutro-
phils, which was signi®cant even at the lowest dose tested of
1.38 mmol kg71 (Figure 6A). Prednisolone produced a sig-

ni®cant anti-in¯ammatory e�ect at doses513.8 mmol kg711.
Approximate ED50s calculated from the dose-responses curves
shown in Figure 5 were 25.8 mmol kg71 for prednisolone and

5.5 mmol kg71 for NCX-1015. A marked di�erence between
the two steroid derivatives was also seen with respect to iNOS
expression and nitrite levels in the exudates. Figure 6B shows
these data, with a potent reduction in nitrite levels been

measured at all doses of NCX-1015, whereas prednisolone
was active only at the highest dose tested of 27.7 mmol kg71

(an approximate ED50 of 22.2 mmol kg71 could be calcu-

lated). The potent inhibitory action of NCX-1015 on nitrite
production was clearly paralleled by a strong attenuation of
iNOS expression (Figure 6B).

Figure 7A shows that a highly signi®cant reduction in KC
levels was observed only in the animals treated with NCX-
1015. An ED50 of 5.5 mmol kg71 could be calculated from

Figure 3 Nitrite release from NCX-1015 after incubation with
esterases. Known concentrations of NCX-1015, prednisolone or
vehicle (DMSO) were incubated for 30 min at 378C with a mixture of
commercially available esterases (10 u ml71). Data are mean+
s.e.mean of n=8 determinations per group. *P50.05 and
**P50.01 vs vehicle group.

Figure 4 NCX-1015 releases nitrite in the mouse peritoneal cavity.
NCX-1015, prednisolone (pred), sodium nitroprusside (SNP) or
DMSO (0.01%) when injected i.p. into naõÈ ve mice at time 0 and
lavage ¯uids collected from 15 to 60 min later (15 min only for SNP).
Data are mean+s.e.mean of n=56 determinations or animals per
group. *P50.05 and **P50.01 vs vehicle group.

Figure 5 E�ects of NCX-1015 on the expression of CD163 and IL-
1b production in human peripheral blood mononuclear cells
(PBMC). (A) Shows concentration-dependent induction of CD163
expression in PBMC after 24 h incubation with prednisolone, NCX-
1015 or vehicle (DMSO). (B) Shows inhibition of LPS-stimulated IL-
1b production after treatment with the reported concentrations of
prednisolone, NCX-1015 or vehicle (DMSO). Data are mean+
s.e.mean of n=6 distinct determinations per group.
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this dose-response curve, which interestingly is identical to
that measured on neutrophil extravasation. However, the
lowest dose of 1.38 mmol kg71 NCX-1015 signi®cantly

inhibited neutrophil extravasation but not KC release
(compare Figure 6A with Figure 7A). In this model, both
drugs were equipotent in reducing exudate levels of PGE2

(ED50s around 13.8 mmol kg71) (Figure 7B). Similarly, no
signi®cant di�erences were detected with respect to IL-1b
release (Figure 7C).

Oral efficacy of NCX-1015 and prednisolone in the
zymosan-induced peritonitis model

From a therapeutic point of view, it was also important to
establish whether or not NCX-1015 was orally active. As
observed in Figure 8, both NCX-1015 and prednisolone had

similar potentency pro®les when administered either i.p. or
p.o., again NCX-1015 being more e�ective than prednisolone
at reducing in¯ammatory cell in¯ux, nitrite and KC levels in

lavage ¯uids.

Nitric oxide contributes to the increased
anti-inflammatory profile of NCX-1015

The e�ect of co-administration of prednisolone with two
distinct NO donors SNP and NOC-18 was established. As

observed in Figure 9, either prednisolone, SNP or NOC-18
alone reduced PMN in¯ux into the peritoneal cavity in¯amed
with zymosan. An additive e�ect was seen with the

combination of prednisolone and slow NO releasing
compound NOC-18. The combination of this particular NO
donor and prednisolone best re¯ects the pro®le of NO release
from NCX-1015, since NO is released from SNP in a rapid

manner (see also Figures 2A and 4).

Therapeutic administration of NCX-1015 is more
effective than prednisolone in reducing granulomatous
tissue formation in a chronic air pouch model

NCX-1015 was more potent anti-in¯ammatory than pre-
dnisolone in a model of acute in¯ammation, however since
steroids are given over extended periods of time and are used

mainly for the control of chronic in¯ammation, it was
important to assess the e�ects of this drug in a chronic

Figure 6 E�ect of NCX-1015 in the zymosan peritonitis model.
Mice were treated i.p. with the reported doses of NCX-1015,
prednisolone or vehicle (100 ml peanut oil) 1 h prior to zymosan
(1 mg i.p.). Peritoneal cavities were washed 4 h later and the
following determinations obtained: (A) Neutrophil counts; (B) nitrite
levels in the lavage ¯uids and iNOS protein expression in the cell
pellets as determined by Western blotting analysis. Data are
mean+s.e.mean of n=6±8 animals per group. *P50.05 and
**P50.01 vs vehicle group.

Figure 7 E�ect of NCX-1015 on the release of soluble mediators in
the zymosan peritonitis model. Mice were treated i.p. with the
reported doses of NCX-1015, prednisolone or vehicle (100 ml peanut
oil) 1 h prior to zymosan (1 mg i.p.). Peritoneal cavities were washed
4 h later and the following determinations obtained: (A) KC; (B)
PGE2; (C) IL-1b. Data are mean+s.e.mean of n=6±8 animals per
group. *P50.05 and **P50.01 vs vehicle group.
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in¯ammatory model. NCX-1015 signi®cantly reduced granu-
lomatous tissue formation at every time point measured,

whereas prednisolone was only e�ective at day 7, the peak of
in¯ammation (Figure 10A). Again carmine content, a
measure of blood vessel formation in the air pouch, was

also signi®cantly reduced at all time points, with prednisolone
only being e�ective at day 3 (Figure 10B). However, when the
data from Figure 10A,B are combined to produce a vascular

index (Figure 10C), there was an overall increase in
vascularity in the NCX-1015 group.

Discussion

There are a number of reasons supporting the hypothesis that

addition of a NO releasing moiety to a GC structure will
provide bene®cial `added value' to the anti-in¯ammatory
actions of the GC nucleus. Chief amongst these is that the

anti-in¯ammatory actions of GCs require ongoing RNA and
protein (Barnes & Karin, 1997; Buttgereit et al., 1998),
therefore many of GC e�ects have a long (hours) latency. In

contrast the e�ects of NO are more acute, with rapid

alterations of the microcirculation being observed within
minutes of application of a NO donor. For instance, arteriole
dilation and an anti-adhesive e�ect on circulating leukocytes

are both phenomena requiring NO dependent cyclic GMP
(Kubes & Grainger, 1996). Although it is clear that
inappropriate production of NO by iNOS can lead to tissue

damage, there is a growing body of evidence suggesting that
reactive nitrogen intermediates produced during in¯ammation
are protective in various models of pathology. NOS
inhibitors increased organ damage and mortality following

endotoxic shock in rats by NO dependent maintenance of
vascular tone (Harbrecht et al., 1992; Park et al., 1996).
Acetic acid-induced colitis in iNOS-de®cient mice resulted in

increased PMN-associated tissue damage in comparison to
wild type (McCa�erty et al., 1997). Accumulation of
in¯ammatory cell in the hepatic microvasculature of these

animals during experimental endotoxaemia has also been
observed (Hickey et al., 1997). Overall these and other
®ndings support the concept for a protective role of

endogenously produced NO in several experimental pathol-
ogies.
There are a number of possible molecular mechanisms by

which NO can produce an anti-in¯ammatory e�ect. One

possibility is that NO interacts directly with the haeme
prosthetic group within NADPH oxidase to inhibit super-
oxide production (Fukahori et al., 1994; Wang et al., 1995)

thereby reducing tissue damage associated with production of
this free radical (Vega et al., 1998). Elevated levels of
superoxide radicals produce mediator release from mast cells

(Mannaioni et al., 1991), whereas NO has an important
stabilising e�ect on this cell type (Gaboury et al., 1996). In
addition, raised levels of superoxide activate NF-kB (Sen &
Packer, 1996) whereas NO prevents activation of this

transcription factor. This can occur via superoxide-dependent
and independent pathways. In fact, NO can also decrease
NF-kB activation through inhibition of IkB-phosphorylation
and degradation (Katsuyama et al., 1998). Finally, it can also
inhibit direct NF-kB binding to DNA (Park et al., 1997).

Figure 8 E�ect of oral administration of NCX-1015 in the zymosan
peritonitis model. Mice were treated p.o. with the reported doses of
NCX-1015, prednisolone or vehicle (100 ml PEG 400) 1 h prior to
zymosan (1 mg i.p.). Peritoneal cavities were washed 4 h later and the
following determinations obtained: (A) Neutrophil counts; (B) nitrite
levels and (C) KC levels in the lavage ¯uids. Data are mean+
s.e.mean of n=68 animals per group. *P50.05 and **P50.01 vs
vehicle group.

Figure 9 The cumulative anti-in¯ammatory e�ect of prednisolone
and NO donors in the zymosan peritonitis model. Mice were treated
i.p. with the reported doses of SNP and NOC-18 with either
prednisolone or vehicle (100 ml peanut oil) 1 h prior to zymosan
(1 mg i.p.). Peritoneal cavities were washed 4 h later and neutrophil
counts performed. Data are mean+s.e.mean of n=6 animals per
group. *P50.05 vs vehicle group alone and #P50.05 vs predniso-
lone group alone.
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Together with the ®nding that micromolar concentrations of

NO inhibits the release of Th1-dependent cytokines (IL-1b,
IL-18 and IFN-g), T lymphocyte proliferation and T cell-
mediated diseases (Dimmeler et al., 1997; Fiorucci et al.,

2000; Kim et al., 1998; Kolb & Kolb-Bacofen, 1998), these
data clearly provide a mechanistic support to NO anti-
in¯ammatory pro®le.

To test our hypothesis we linked NO to prednisolone, a
glucocorticoid of moderate potency (Schimmer & Parker,
1996), at position 21 in a ratio of 1 : 1 to obtain NCX-1015.

Position 21 was chosen because substitution of this position
does not inhibit the biological activity of the molecule
(Schimmer & Parker, 1996). NO was linked to prednisolone

through a methyl benzoate side chain. This side chain was
chosen because sensitive to esterase action as demonstrated
for an aspirin derivative (Wallace et al., 1995). Therefore, we
initially demonstrated that incubation of NCX-1015 with

plasma liberated nitrite in a time- and concentration-
dependent fashion, and that this process was associated to
increased formation of cyclic GMP in platelets. These

observations could only have risen through the liberation of
NO from the parent compound. This data is in line with that
reported for NO-aspirin (Wallace et al., 1994, 1995). As

expected SNP produced a much faster accumulation of
nitrite, whereas at least 30 min were required to reach 80 ±
90% of maximal release of nitrite from the benzoic nitroso

esther moiety. Finally, nitrite accumulation was also detected
in vivo following i.p. administration of NCX-1015. Therefore,
NCX-1015 ful®lled the ®rst criteria of our hypothesis, since it
released a biologically active NO species.

To compare the glucocorticoid activity of NCX-1015 with
that of the parent compound prednisolone, the e�ect on
CD163 expression was measured. This marker has recently

been characterized (Morganelli & Guyre, 1988) and shown to
genuinely correlate with activation of the glucocorticoid
receptor (Hogger et al., 1998a,b). In this system NCX-1015

was more potent (shift of the dose response curve to the left)
and more e�cacious (higher maximal e�ect) than predniso-
lone. Though studies examining the molecular interactions

between NCX-1015 and the glucocorticoid receptor, as well
as glucocorticoid receptor activation are required (and are in
progress), the data obtained on CD163 expression are
strongly supportive of the notion that NCX-1015 possesses

higher glucocorticoid activity. This hypothesis is well
corroborated by the analysis of the drug's inhibitory e�ect
upon IL-1b synthesis. This cytokine expression is exquisitely

sensitive to glucocorticoids (Lew et al., 1988) and in this
experimental condition NCX-1015 was again more potent
than prednisolone. In line with what was discussed above,

NO inhibition of the enzyme synthesizing IL-1b (Dimmeler et
al., 1997; Kim et al., 1998) could easily explain the higher
potency displayed by NCX-1015.

To test the pro®le of anti-in¯ammatory activities, the

zymosan peritonitis model was initially employed, since we
have already demonstrated the sensitivity of the process of
cell recruitment to synthetic glucocorticoids (Getting et al.,

1997). With the exception of PGE2 and IL-1b release, NCX-
1015 was found to be approximately between two and 20
times more potent than the parent compound in this

experimental set up. In particular, neutrophil extravasation
and KC release were much more sensitive to NCX-1015, with
inhibition of nitrite formation being essentially abolished by

the NO-steroid. The latter e�ect was linked to a dramatic
suppression of iNOS expression. Higher potency of NCX-
1015 on neutrophil migration is likely to be NO-dependent in
view of the anti-adhesive activity of this molecule (Kubes &

Granger, 1996; Kubes et al., 1991). It is now clear that this
speci®c action of NO occurs via mast cell stabilization (and
consequent reduction in endothelial P-selectin expression)

(Kubes & Granger, 1996; Gaboury et al., 1996). Such an
inhibitory loop may also be operating in our model, since
peritoneal mast cells greatly contribute to the release of KC

(Ajuebor et al., 1999), a parameter greatly a�ected by NCX-
1015. The potent inhibitory action of NCX-1015 on iNOS
expression and nitrite formation are likely the result of NO-
dependent inhibition of NF-kB as discussed above. Similarly,

Figure 10 E�ect of therapeutic administration of prednisolone and
NCX-1015 on the murine croton oil-induced chronic granulomatous
tissue air pouch. After injection of CO/CFA on day 0, mice were
injected i.p. daily with the reported doses of NCX-1015, prednisolone
or vehicle (peanut oil) from days 2 to 14. Distinct groups were
sacri®ced at days 3, 7 or 14. (A) Granuloma dry weight; (B) carmine
content and (C) vascular index were measured. Data are mean+
s.e.mean of n=8±10 animals per group. *P50.05 and **P50.01 vs
vehicle group.
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it is likely that NF-kB-dependent NO suppression of cytokine
and adhesion molecule expressions may contribute, together
with the mast cell stabilizing e�ect discussed above, to the

higher potency displayed by NCX-1015 compared to
prednisolone in both the peritonitis model and the murine
croton oil-induced chronic granulomatous tissue air pouch.
Targeting the formation of these mediators by NCX-1015-

released NO provides a molecular explanation for the higher
anti-in¯ammatory potency of this compound.
Finally, we tested the e�cacy of NCX-1015 in a chronic

model of in¯ammation. The chronic in¯ammatory air pouch
induced by croton oil has histological similarities to invading
in¯ammatory tissue seen in RA (Colville-Nash et al., 1995),

therefore was chosen as an appropriate model to assess the
e�ects of NCX-1015 not only on granulomatous tissue
formation but also on angiogenesis (Colville-Nash et al.,

1995). It was found that therapeutic administration of NCX-
1015, but not prednisolone, reduced in¯ammation at day 3,
with the nitro-derivative being more e�ective at day 7. Since
intense accumulation of blood-borne leukocytes is the

predominant characteristic of this in¯ammatory reaction at
these time-points (Appleton et al., 1993), it is clear that
NCX-1015 is more potent than prednisolone in inhibiting

neutrophil and monocyte extravasation also in this experi-
mental condition. The injection of the viscous suspension of
Carmine red in gelatine has been successfully used as a

marker of angiogenesis in this chronic air-pouch model
(Colville-Nash et al., 1995). At day 14, which is the most

relevant to neo-vessel formation (Colville-Nash et al., 1995).
NCX-1015 appeared to have a more favourable vascular
index, that takes into account the extent of vascularity per

gram of granuloma tissue. Though waiting for con®rmation
in more focused studies, it seems possible to suggest that NO
release from NCX-1015 may occur in a manner to reduce the
anti-angiogenic e�ect of the steroid moiety. Interestingly, the

pro-angiogenic action of NO and NO donor has been
reported in a few studies (Morbidelli et al., 1996; Ziche et
al., 1997).

The potential clinical implications of these ®ndings are
important, for steroids are amongst the most potent anti-
in¯ammatory drugs that we possess and yet their chronic use

is limited by their burden of side e�ects which are themselves
related to the dose of the steroid in use. If a way could be
found to reduce the overall dosage of such compounds whilst

maintaining their potency it would be possible to remove
many of the concerns which surround the clinical usage of
these most useful drugs. We believe that our data points to a
method whereby this might be done and through which even

the great potency exhibited by glucocorticoids may be
increased in a safe and e�cacious manner.

M. Paul-Clark is a post-doctoral fellow of the Arthritis Research
Campaign (U.K.), whereas R.J. Flower is a principal research
fellow of the Wellcome Trust (U.K.). S. Fiorucci is partially
supported by a grant from MURST (Rome, Italy).
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