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ABSTRACT 

 Glucocorticoids remain among the most commonly used anti-inflammatory 

drugs, despite significant adverse effects.  Other anti-inflammatory drugs, 

including aspirin, have been coupled through an ester linkage, to a nitric oxide-

releasing moiety, resulting in an increase in potency and a decrease in adverse 

effects.  Prednisolone has similarly been modified, with marked improvement of 

its therapeutic index.  In the present study, we have evaluated whether or not a 

nitric oxide-releasing derivative of another glucocorticoid, flunisolide, would 

increase its potency as an anti-inflammatory agent and would decrease its 

systemic toxicity.  To evaluate anti-inflammatory potency and efficacy, the 

carrageenan-airpouch model in the rat was used.  Flunisolide and NCX-1024 were 

compared across a range of doses, with both direct injection into the airpouch and 

oral administration.  The ability of these agents to protect the stomach against 

indomethacin-induced damage was also assessed.  Effects of oral administration 

of the two drugs on body weight gain and adrenal suppression were also 

evaluated.  With direct application into the airpouch, NCX-1024 was found to be 

41-times more potent than flunisolide in reducing leukocyte accumulation and 

PGE2 generation.  The increased potency may be related to an enhanced ability of 

NCX-1024 to prevent NF-κB activation.  When given orally, the two compounds 

exhibited similar potency.  However, orally administered NCX-1024 was more 

potent at protecting against indomethacin-induced gastric damage, caused less 

reduction of body weight and, unlike flunisolide, did not cause adrenal atrophy.  

These studies suggest that NCX-1024 may be an attractive alternative to 

conventional glucocorticoids, particularly for applications involving topical 

administration. 
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INTRODUCTION 

Glucocorticoids are among the mostly widely used and most effective anti-

inflammatory drugs (Buckingham, 1994).  However, significant adverse effects, 

including osteoporosis, hypertension and hyperglycemia, greatly limit the utility 

of this class of drugs, particularly for long-term use.  Another class of anti-

inflammatory drugs, the nonsteroidal anti-inflammatory drugs (NSAIDs), are 

similarly limited by significant toxicity (Wallace, 1997).  One of the approaches 

that has recently been taken to reduce the toxicity of NSAIDs is to couple them to 

a nitric oxide (NO)-releasing moiety (Wallace and del Soldato, 2003).  These “NO-

NSAIDs” have been shown to spare the gastrointestinal tract of damage, while 

also exhibiting beneficial effects in the cardiovascular system (Wallace & del 

Soldato 2003; Wallace et al., 2002).  Moreover, at least in some circumstances, the 

potency of NO-NSAIDs was enhanced relative to that of the parent drugs (Davies 

et al., 1997; Cicala et al., 2000; Fiorucci et al., 2000).  This latter observation led to 

the examination of the possibility that similar derivatization of other types of 

drugs may also lead to enhanced potency, and possibly reduced toxicity.  Thus, an 

NO-releasing derivative of prednisolone was synthesized.  This compound 

exhibited markedly enhanced anti-inflammatory effects in a mouse model of 

pleurisy (Paul-Clark et al., 2000) and a rat model of adjuvant arthritis, while 

exhibiting a reduced propensity for induction of degradation of bone (Paul-Clark 

et al., 2002).  The NO-releasing derivative of prednisolone also was found to be 

more effective in a mouse model of colitis than the parent drug (Fiorucci et al., 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 5, 2004 as DOI: 10.1124/jpet.104.067850

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #67850                      Wallace et al. - 5 

2002a).  In studies of carrageenan-induced inflammation of an airpouch in rats, we 

observed that the NO-releasing derivative of prednisolone was 3- to 10-fold more 

potent than prednisolone in reducing leukocyte infiltration (Turesin et al., 2003).  

These effects appeared to be related to enhanced inhibition of the induction of key 

pro-inflammatory enzymes, such as cyclooxygenase-2 (COX-2) and inducible 

nitric oxide synthase (iNOS).  However, the mechanism underlying these 

enhanced effects was not clear. 

In the present study, we have examined the effect of a different NO-

releasing glucocorticoid in order to determine if the enhanced potency observed in 

NO-releasing prednisolone is extendable to other members of this class of drugs.  

Thus, the effects of NO-releasing flunisolide (NCX-1024) and flunisolide itself 

have been tested in the rat carrageenan-airpouch model.  We also compared the 

potency of these two compounds in a model of glucocorticoid-induced protection 

against indomethacin-induced gastric damage.  The systemic toxicity of these 

compounds in terms of impact on body weight and on adrenal integrity was 

evaluated.  Moreover, we examined the possibility that differential effects on NF-

κB activation may underlie any observed differences in the potency of NCX-1024 

versus flunisolide. 
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METHODS 

Animals 

Male, Wistar rats (175-200 g) were obtained from Charles River Breeding 

Farms (Montreal, Canada).  The rats were housed in the Animal Care Service of 

the University of Calgary and were fed standard laboratory chow and water ad 

libitum.  In all experiments described herein, the minimum sample size per group 

was 5.  All experimental procedures were approved by the Animal Care 

Committee of the University of Calgary and were in accordance with the 

guidelines of the Canadian Council on Animal Care. 

 

Carrageenan-airpouch model 

An airpouch was produced in each rat by the subcutaneous injection of 20 

ml of air on the back of the rats on the first day (Edwards et al., 1981;  Wallace et 

al., 1999).  On the third day, an additional 10 ml of air was injected into the 

airpouch.  Five days after the first injection, another 10 ml of air was injected at the 

same site.  On the sixth day, 2 ml of either saline or a 1% w/v solution of 

carrageenan was injected into the pouch.  All injections were performed under 5% 

(v/v) halothane anaesthesia.  One hour before the carrageenan injection, one of the 

test drugs (flunisolide or NCX-1024) at doses ranging from 0.007 to 23 µmol/kg, or 

the vehicle (1% dimethylsulfoxide; DMSO), was injected directly into the airpouch 

(1 mL/kg).  We have previously demonstrated that this amount of DMSO does 

not significantly affect the recruitment of leukocytes or the generation of 
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inflammatory mediators in the airpouch (Turesin et al., 2003).  The direct injection 

of the test drugs into the airpouch was selected as the route of administration in 

order to eliminate the possibility of different bioavailability within the airpouch if 

delivered via another route, which would confound direct comparisons of drug 

potency.  However, we also performed a study in which the test drugs were given 

orally, at doses ranging from 0.023 to 2.3 µmol/kg, one hour prior to carrageenan 

administration.  In all studies, samples were collected 6 hours after the 

carrageenan injection.  The rats were killed by an overdose of sodium 

pentobarbital (MTC Pharmaceuticals, Cambridge, ON, Canada).  A small incision 

was performed on the airpouch and samples of the exudate were collected into 

sterile tubes.  

The volume of the exudate was measured.  An aliquot of the exudate was 

used to quantify the number of leukocytes using a Coulter Particle Counter 

(Coulter Electronics, Bedfordshire, UK).  Finally, the rest of the exudate was 

centrifuged at 1,000 g for 10 min.  The supernatants were also collected and stored 

at –80oC for subsequent measurement of prostaglandin E2 (PGE2) using a specific, 

commercially available ELISA (Turesin et al., 2003).   

 

Protection of the Stomach from Indomethacin-Induced Damage 

 Glucocorticoids have previously been shown to protect the stomach from 

acute damage induced by indomethacin (Filaretova et al., 2002).  We compared the 

effects of NCX-1024 and flunisolide in this regard.  Rats (n=6 per group) were 
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fasted for 18 hours then given flunisolide (0.07 or 0.23 umol/kg), equimolar doses 

of NCX-1024 or vehicle orally or intraperitoneally.  Two hours later the rats were 

given indomethacin orally at a dose of 20 mg/kg.  Three hours later the rats were 

killed by an overdose of sodium pentobarbital and the stomach was removed, 

opened by an incision along the greater curvature and pinned out on a wax block.  

An observer unaware of the treatments the rats had received measured the lengths 

of any hemorrhagic erosions (in mm).  The sum the lengths of all such lesions in a 

stomach was taken as the ‘gastric damage score’. (Wallace et al., 1990) 

 

Systemic Toxicity 

Groups of 5 rats each were treated orally each day with flunisolide or NCX-

1024 (each at a dose of 0.23 umol/kg), or with vehicle.  Body weight was recorded 

at the start and end of the study.  Three hours after the final dose of the test drugs 

or vehicle, the rats were sacrificed by an overdose of sodium pentobarbital and the 

adrenal glands were excised, placed in a drying oven (60oC) for 24 h, then 

weighed. 

 

Electrophoretic Mobility Shift Analysis (EMSA) 

Human monocytic THP-1 cells (American Type Culture Collection, 

Manassas, VA) were grown in RPMI 1640 medium (Life Technologies, Rockville, 

MD), with 4.5 g/L glucose, 10 mM HEPES, 1 mM sodium pyruvate, and 50 µM 2-

ME supplemented with 10% FBS (Equitech-Bio, Ingram, TX), were cultured under 
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a humidified 5% CO2 atmosphere at 37°C.  After stimulation with endotoxin (from 

E. coli 055:B5; 10 µM), alone or in combination with 1 µM of flunisolide or NCX- 

1024 for 18 h, the THP-1 cells were washed three times with ice-cold phosphate-

buffered (pH 7.4) saline, harvested, and re-suspended in 0.5 ml of buffer A (20 mM 

HEPES pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 1 mM 

PMSF) and a protease inhibitor cocktail (5 µg/ml aprotinin, 5 µg/ml pepstatin A, 5 

µg/ml leupeptin).  After 10 min incubation on ice, 23 µl of 10% Nonidet P-40 was 

added and vigorously mixed for 15 s.  Nuclei were separated from cytosol by 

centrifugation at 13,000 x g for 10 s.  The cytosolic proteins contained in the 

supernatant fraction were separated from membrane by centrifugation 10’ at 

13,000 x g  (Haglund and Rothblum, 1987).  The pellet containing a nuclear protein 

fraction was re-suspended in 50 µl of buffer B (20 mM HEPES pH 7.4, 1.5 mM 

MgCl2, 0.42 M NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, 10% glycerol) and the 

same volume of protease inhibitor cocktail (as described above). After 30 min at 

4°C, the samples were centrifuged (13,000 xg, 30 s), and the supernatant containing 

the nuclear proteins was transferred to new vials.  The protein concentration was 

measured using a protein dye reagent (Bio-Rad, Richmond, CA), with bovine 

serum albumin used as the standard. 

 Probes used for EMSAs were radiolabeled with [γ-32P]ATP end labeling 

with T4 polynucleotide kinase.  Briefly, 10 pM of double strand oligonucleotide 

CAGTTGAGGGGACTTTCCCAGGC was end-labeled with [γ-32P]ATP for 60 min 

at room temperature before the kinase was inactivated at 95 °C for 5 min.  The 
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labeled probe was purified from unincorporated nucleotides by using a QuickSpin 

column (G-25, Gibco) following the manufacturer's instructions.  The specific 

activities of  32P-labeled oligoprobe were measured by beta counter.  For EMSAs, 

aliquots of nuclear extracts (the same amount of protein in each sample in a given 

assay) were incubated in a total volume of 20-25 µl of binding buffer (50 mM NaCl, 

10 mM Tris pH 7.4, 0.5 mM EDTA, 1 mM PMSF, 1 µg of poly(dI-dC), and 5% 

glycerol) for 20 min at room temperature with 50,000 cpm (50 fmol) of labeled 

probe.  For competition assays, a 20-fold excess of unlabeled oligonucleotides was 

pre-incubated for 15 min prior to the addition of the radiolabeled probe.  For 

antibody-mediated supershift assays, extracts were pre-incubated with 5 µl of NF-

κB subunit anti-p50 (Santa Cruz Biotechnology, Santa Cruz, CA) at room 

temperature for 10 min before the addition of the radiolabeled probe.  The 

reactions were loaded on a 6% polyacrylamide non-denaturing gel in 0.5× Tris-

borate-EDTA, electrophoresed for 2 h at 170 V before drying (1 h at 80oC) and 

exposed to autoradiographic film. 

  

COX-1 and COX-2 mRNA expression 

 Experiments were performed as describe above for the EMSA measurements.  

After incubation with endotoxin and the test drugs for 18 h, the cells were lysed  

and total RNA was isolated using TRIzol reagent (Life Technologies, Milan, Italy) 

as previously described (Fiorucci et al., 2002b).  RT-PCR was performed using 

specific primers.  The sense and antisense primers were obtained from Sigma 
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Genosys (Lid, UK) and are as follows (sense primer followed by the antisense 

primer): β-actin (540 bp) 5’- TGT GAT GGT GGG AAT GGG TCA G -3’ and 5’- 

TTT GAT GTC ACG CAC GAT TTC C-3’; COX-1 (391 bp) 5’- TTT TTT TTC ATG 

TAA CAT CTT C -3’ and 5’- TTA AAA CTG AAC TTG GAC CC -3’; COX-2 (420 

bp) 5’- CAT GGG TGT GAA GGG AAA TAA G -3’ and 5’- GGC ATA CAT CAT 

CAG ACC AG -3’. ). The cDNA was amplified with a “hot start” reaction (20 µl) 

containing: 5 µl cDNA product, 2 µl PCR buffer (200 mM Tris-HCl pH8.4, 500 mM 

KCl), 200 µM dNTP’s, 1 µM each of sense and anti-sense primers, 1.5 mM MgCl2, 1 

U Platinum Taq polymerase (Life Technologies, Milan, Italy) and water in a 

Hybaid PCR Sprint thermocycler (Celbio, Milan, Italy).  PCR was carried out for 

35 cycles (30 for amplification of β-actin) as follows: 94°C for 30 s, 60°C for 15 s 

and 72°C for 30 s, with a final extension at 72°C for 5 min.  PCR products were 

separated on a 1.5% agarose gel and band intensity quantified using Kodak Digital 

Science ID Image Analysis Software (Kodak Co, Milan, Italy).  Each assay was 

carried out in triplicate.  The β-actin primers were used as a control for both 

reverse transcription and the PCR reaction itself. 

 

Materials 

DMSO was obtained from Merck (Darmstadt, Germany).  NCX-1024 

(flunisolide-21-[4’-(nitrooxymethyl) benzoate]) and flunisolide were synthesized 

by NicOx S.A. (Sophia Antipolis, France).  Lambda carrageenan and the endotoxin 

were obtained from Sigma Chemical Co. (St. Louis, MO).  The ELISA kits for PGE2 
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were obtained from Neogen (Medicorp, PQ, Canada. The protease inhibitor 

cocktail was obtained from Roche Molecular Biochemicals (Monza, Italy).  All 

other chemicals and supplies were obtained from Fisher Scientific (Edmonton, AB, 

Canada).   

 

Statistical Analysis  

Data are expressed as the mean ± SEM.  Comparisons among groups were 

made using a  one-way analysis of variance followed by the Student-Newman-

Keuls test.  A P value of less than 5% was considered as significant. 
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RESULTS 

Airpouch Model 

 Injection of carrageenan into the airpouch resulted in accumulation of fluid 

and leukocytes (>90% neutrophils).  As shown in figure 1a, there was an average 

of 50-60 million leukocytes in the pouch 6 h after carrageenan injection.  Pre-

treatment with flunisolide, injected directly into the pouch, resulted in a dose-

dependent inhibition of leukocyte accumulation.  NCX-1024 also dose-

dependently inhibited leukocyte and fluid accumulation in the pouch in response 

to injection of carrageenan.  As shown in figure 1b, NCX-1024 was 41-times more 

potent than flunisolide in this regard (the EC50 for NCX-1024 was 3 nmol/kg, 

while that for flunisolide was 124 nmol/kg).  NCX-1024 and flunisolide also dose-

dependently reduced leukocyte recruitment into the airpouch when the drugs 

were given orally (figure 1c).  However, unlike the situation in which the drugs 

were given directly into the airpouch, there was no difference in the potency when 

the drugs were given orally. 

At doses of greater than 23 nmol/kg injected directly into the airpouch, 

flunisolide and NCX-1024  also produced a small, but significant reduction of fluid 

accumulation in the pouch,  (i.e., with flunisolide and NCX-1024 at a dose of 23 

nmol/kg, the mean volume of fluid was 1.89 ± 0.17 mL and 1.81 ± 0.13 mL, 

respectively, compared to 2.73 ± 0.08 mL in the vehicle-treated group).  Higher 

doses of the test drugs did not produce any further reduction in the volume of 
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fluid recovered from the pouch.  It should be noted that the volume of the 

carrageenan solution injected into the airpouch was 2 mL. 

Prostaglandin E2 levels in the exudate were measured as an index of 

inflammatory mediator production.  Both flunisolide and NCX-1024, when 

injected directly into the airpouch, significantly inhibited accumulation of PGE2 in 

the pouch, but again, the effects of NCX-1024 were much more potent than those 

of flunisolide (Figure 2).  Indeed, there was a highly significant correlation 

(r2=0.95; p<0.01) between the inhibitory effects of the test drugs on exudate PGE2 

levels and their effects on exudate leukocyte numbers. 

 

COX expression 

 Incubation of human monocyte THP-1 cells with endotoxin (LPS) resulted 

in a robust up-regulation of COX-2 mRNA expression, but no effect on COX-1 

mRNA expression (Figure 3).  Co-incubation of the cells with flunisolide (1 µM) 

and LPS did not significant affect the up-regulation of COX-2 as compared to the 

cells exposed only to LPS.  However, co-incubation with NCX-1024 (1 µM) and 

LPS led to a significantly lower up-regulation of COX-2 than was seen with LPS 

alone. 

 

NF-κB activation 

 Given the differential effects of the two test drugs on airpouch 

inflammation and on COX-2 expression, we examined whether or not flunisolide 
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or NCX-1024 modulate NF-κB activation induced by LPS.  As shown in figure 4, 

treatment with LPS alone induced NF-κB DNA binding activity of both the 

p50/p50 homodimer and the p50/p65 heterodimer.  This was substantially 

inhibited by treating cells with NCX-1024 (1 µM), while flunisolide (1 µM) was 

ineffective. 

 
Gastroprotection 

 Indomethacin administration resulted in the formation of hemorrhagic 

erosions along the crests of rugal folds in the stomach.  In the vehicle-treated 

group, the mean damage score was ~50 (Figure 5).  Oral pre-treatment with 

flunisolide at a dose of 70 nmol/kg did not significantly affect the severity of 

indomethacin-induced gastric damage.  However, at a dose of 23 nmol/kg, 

flunisolide significantly reduced the severity of indomethacin-induced damage 

(by ~70%).  Orally administered NCX-1024 markedly reduced indomethacin-

induced gastric damage at both doses tested (by ~80% at the lower dose).  

Moreover, the effects of NCX-1024 were significantly greater than those of the 

corresponding doses of flunisolide. 

 To determine if NCX-1024 could also reduce the severity of indomethacin-

induced gastric damage when administered systemically, rats were pre-treated 

intraperitoneally with NCX-1024 (23 nmol/kg) or vehicle 2 h prior to oral 

indomethacin (20 mg/kg) administration.  As with oral pre-treatment, 

intraperitoneal pre-treatment with NCX-1024 (23 nmol/kg) resulted in a profound 
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reduction of the severity of indomethacin-induced gastric damage (mean score of 

7.2 ± 2.7 versus 58.6 ± 15.5 in the vehicle-treated group; p<0.001), significantly 

greater than the reduction seen with flunisolide (18.5 ± 3.1). 

 

Systemic toxicity 

 Daily oral administration of flunisolide (23 nmol/kg) for 5 days resulted in 

a significant decrease in body weight (~40 g), while rats treated with vehicle 

gained weight (~20 g) (Figure 6).  Likewise, treatment with NCX-1024 resulted in a 

significant decrease in body weight gain, but significantly less than that seen with 

flunisolide.   

Treatment with flunisolide resulted in a significant decrease in the dry 

weight of the adrenal glands.  In contrast, daily treatment with NCX-1024 for 5 

days did not significantly affect adrenal gland weight as compared to the vehicle-

treated group. 

Neither flunisolide nor NCX-1024 caused detectable gastric damage when 

given orally (23 nmol/kg) for five days. 
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DISCUSSION 

Flunisolide is a glucocorticoid used in the treatment of airway 

inflammation, and is administered primarily as an aerosol (nasally or orally).  In 

the present study, we demonstrated that the anti-inflammatory potency of 

flunisolide could be markedly increased (~40-fold) by addition, through an ester 

linkage, of a NO-releasing moiety.  This increase in potency is consistent with 

previous studies in which NO-releasing derivatives of prednisolone have been 

examined in experimental inflammation models (Paul-Clark et al., 2000; Paul-

Clark et al., 2002; Fiorucci et al., 2002a, Turesin et al., 2003).  NCX-1024 was found 

to be more active in suppressing endotoxin-induced up-regulation of COX-2 

mRNA expression and NF-κB activation, which may contribute to the observed 

increase in anti-inflammatory potency.  We also observed a significant reduction 

in systemic toxicity of the NO-releasing derivative of flunisolide versus the parent 

drug; thus, adrenal atrophy and the reduction of body weight gain associated with 

daily administration of flunisolide were substantially reduced in rats treated with 

NCX-1024.  In studies of NO-releasing prednisolone, Paul-Clark et al. (2002) 

observed a significant reduction of collagen-induced arthritis associated bone and 

cartilage erosion in comparison to that seen in rats treated with prednisolone. 

What is the mechanism underlying the increased potency of NCX-1024 

versus flunisolide?  Based on previous studies, it is reasonable to assume that the 

NO that is generated from NCX-1024 accounts for the increased potency.  Paul-

Clark et al. (2000) showed that an NO-releasing derivative of prednisolone 
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exhibited substantially increased anti-inflammatory potency as compared to the 

parent drug.  They further showed that a similar derivatization of prednisolone, 

but without the NO-releasing (ONO2) group, did not affect anti-inflammatory 

potency.  Turesin et al. (2003) demonstrated that co-administration of 

prednisolone with a DETA-NONOate, an NO donor, resulted in a significantly 

greater reduction of leukocyte infiltration and inflammatory mediator production 

in a rat airpouch model than was observed with either drug alone.  NO can exert 

many anti-inflammatory effects, including reduction of leukocyte adherence to the 

vascular endothelium (Gauthier et al., 1994) and suppression of production of 

various chemotactic factors (Walford & Loscalzo, 2003 ).  Thus, the release of NO 

from NCX-1024 is likely to have accounted for the improved potency of this drug.  

However, the question remains as to the molecular target of the NO in producing 

this effect.   The in vitro studies with human monocytic cells (THP-1) suggest that 

enhanced activation of NF-κB may account, at least in part, for the enhanced 

potency of NCX-1024 versus flunisolide.  NF-κB is a transcriptional activator of 

genes involved in inflammation, including numerous cytokines, cytokine 

receptors, and adhesion molecules (Barnes and Karin, 1997).  NF-κB transcription 

is sensitive to oxidative and nitrosative stress (Stamler et al., 1992).  An oxidizing 

cytoplasmic environment is typically associated with NF-κB activation, yet 

oxidation or nitrosation of the NF-κB heterodimer (p50-p65) prevents DNA 

binding (Stamler et al., 1992).   Cysteine residue 62 of the p50 monomer of NF-κB 

has been identified as the primary site of S-nitrosylation, an event that leads to an 
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inability of p50 to bind to DNA (Marshall et al., 2000). Matthews et al. (1996) 

found that S-nitrosylation of the cysteine 62 residue results in inhibition of p50 

homodimer and p50-p65 heterodimer binding to its consensus DNA target 

sequence, resulting in a 4-fold decrease in the equilibrium binding constant.  

Glucocorticoids, such as flunisolide, can inhibit activation of NF-κB.  NCX-1024 

would therefore be able to regulate NF-κB activation in two ways: via 

nitrosylation and via the actions of its glucocorticoid moiety.  Interestingly, Paul-

Clarke et al. (2003), have recently reported that NO-releasing prednisolone, 

through nitration of the glucocorticoid receptor, results in an enhancement of 

downstream anti-inflammatory events.  This nitration resulted in accelerated 

binding of the glucocorticoid to the glucocorticoid receptor, accelerated 

dissociation of the receptor from heat shock protein 90 and accelerated 

translocation of the receptor to the nucleus.  Nitration of glucocorticoid receptors 

therefore represents another possible mechanism to explain the enhanced anti-

inflammatory potency of NCX-1024 in the present study. 

 The majority of the experiments we performed involved direct injection of 

the test drugs into the airpouch.  This was done for two reasons.  First, we were 

interested in comparing the potencies of these two drugs, so direct injection to the 

site of inflammation removes several confounding factors, such as differences in 

absorption had the drugs been given orally.  Second, in a clinical setting 

flunisolide is mainly used topically, so we wanted to mimic that condition.  The 

increased potency of NCX-1024 versus flunisolide was observed when the drug 
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was administered directly into the airpouch, but not when administered orally.  

The reasons for this difference are not clear.  Both drugs were far less potent in 

terms of reducing airpouch inflammation when given orally as opposed to the 

direct injection, so it is possible that differences in absorption or metabolism 

accounted for the reduced potency after oral administration.  It is also possible 

that the NO-releasing group is cleaved shortly after oral administration, and that 

this accounts for the absence of the enhanced anti-inflammatory potency in the 

airpouch model.  It is important to note that the studies of systemic toxicity were 

performed using flunisolide and NCX-1024 at a dose that, with oral 

administration, was effective in reducing airpouch inflammation.   

 Glucocorticoids are likely to remain as one of the most important classes of 

drugs for treating a wide range of inflammatory conditions, in particular when 

they can be used topically to avoid systemic toxicity.  NO-releasing 

glucocorticoids, such as NCX-1024, appear to represent an attractive alternative to 

existing glucocorticoids for such uses, given their marked increase in potency over 

the parent drugs, and the reduced systemic toxicity.   
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Footnotes 
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Figure Legends 

Figure 1: Panel A:  Inhibition of carrageenan-induced leukocyte recruitment by 

flunisolide and NCX-1024, injected directly into the airpouch 1 h prior to 

instillation of carrageenan.  Each bar represents the mean ± SEM for at least 5 rats. 

**p<0.01 versus the vehicle-treated group.  Ψp<0.05 versus the corresponding 

flunisolide-treated group.  Panel B:  Dose-response curves for inhibition of 

carrageenan-induced leukocyte infiltration into the rat airpouch by flunisolide and 

NCX-1024, injected directly into the airpouch..  Each point represents the mean for 

at least 5 rats.  Panel C: :  Inhibition of carrageenan-induced leukocyte recruitment 

by flunisolide and NCX-1024, administered orally.  ***p<0.001 versus the vehicle-

treated group. 

 

Figure 2: Inhibition of carrageenan-induced prostaglandin E2 production by 

flunisolide and NCX-1024, injected directly into the airpouch 1 h prior to 

instillation of carrageenan.  Each bar represents the mean ± SEM for at least 5 rats. 

**p<0.01 versus the vehicle-treated group.  Ψp<0.05 versus the corresponding 

flunisolide-treated group. 

 

Figure 3:  Bacterial endotoxin (LPS)-induced expression of COX-1 and COX-2 

mRNA in human monocytic (THP-1) cells.  Upper panel:  RT-PCR for COX-1, COX-

2 and β-actin.  The lanes represent the following conditions:  Lane 1: untreated 

cells;  Lane 2: LPS alone;  Lane 3: Flunisolide (1 µM) + LPS;  Lane 4:  NCX-1024 + 
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LPS.  Bottom panel:  COX-2 mRNA expression in THP-1 cells, normalized to the 

expression of β-actin.  *p<0.05 versus LPS alone.  Each bar represents the mean of 

at least 4 experiments. 

 

Figure 4: Panel a: NCX-1024 inhibits NF-κB binding to DNA.  NF-κB DNA 

binding activity was measured in nuclear lysates of THP-1 cells after 18 h of 

treatment with bacterial endotoxin (LPS; 10 µM) alone or in combination with 

flunisolide or NCX-1024 (1 µM).  Treatment with LPS alone induced the specific 

NF-κB (p50/p50 and p50/65) DNA binding activity.  This induction was partially 

reduced by flunisolide, and to a greater extent by NCX-1024.  “Control” indicates 

the DNA binding in untreated cells.  The specificity of binding was examined by 

competition with the addition of unlabeled oligonucleotides, in 20-fold excess.   

The same amount of protein was loaded on each lane (10 ug).  The sample shown 

is representative of a total of 4 such experiments. 

Panel b: Densitometric analysis of EMSA studies. Data are presented as the mean 

± SEM of 4 experiments, showing NF-κB p50/p50 binding to DNA in the presence 

or absence of flunisolide or NCX-1024 (each at 1 µM).  NCX-1024, but not 

flunisolide, significantly (*p<0.05) reduced NF-κB binding to DNA. 

 

Figure 5: Gastroprotective effects of flunisolide and NCX-1024 versus 

indomethacin-induced damage.  Rats were orally treated with one of the test 

drugs or vehicle 2 h prior to oral administration of indomethacin at 20 mg/kg.  
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The extent of gastric damage was scored blindly 3 h after indomethacin 

administration.  **p<0.01 versus the vehicle-treated group.  ψp<0.05 versus the 

corresponding flunisolide-treated group. 

 

 

Figure 6: Systemic toxicity of flunisolide versus NCX-1024.  Rats were treated 

orally each day for five days with flunisolide or NCX-1024 at a dose of 0.23 umol/kg.  The top panel shows 

changes in body weight over the 5-day treatment period, while the bottom panel shows the dry weight of adrenal glands at 

the end of the study.  *p<0.05, ***p<0.001 versus the vehicle-treated group.   ψp<0.05 versus the flunisolide-

treated group. 
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