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Currently available glucocorticoids are relatively short acting and may be less effective in patients with chronic
obstructive pulmonary disease (COPD)where high levels of oxidative stress are seen. Here we show that a novel
glucocorticoid, fluticasone furoate (FF), has a longer duration of action in several cell systems compared with
fluticasone propionate (FP) and budesonide, and unlike FP, FF is resistant to oxidative stress. FF had similar or
slightly higher potency to FP and was 2–9 foldmore potent than budesonide, when assessed at 4 h, in inhibiting
inflammatory cytokine production in epithelial cell lines (BEAS2B, A549), primary bronchial epithelial cells and
a monocytic cell line (U937). The potency of FF was sustained beyond 16 h with or without washout compared
with FP or budesonide, such that it showed a greater duration of action in this range of cellular assays. The ac-
tivated YFP-conjugated glucocorticoid receptor was detectable in nuclei of FF treated BEAS2B cells for at least for
30 h, and FF had a longer duration of action than FP in inhibiting activation of transcription factors such as NF-κB
and AP-1. In addition, FF showed superior effects to FP in peripheral blood mononuclear cells from patients with
COPD and also in U937 cells or primary bronchial epithelial cells under conditions of oxidative stress. The longer
duration of action and oxidative stress insensitivity of FF compared with FP has potential clinical implications
for the control of inflammation in respiratory diseases, such as COPD.
by an academic grant from
uroate and fluticasone propio-
K).
ion, NHLI Imperial College,
el.: +44 20 7 352 8121x8389;

rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Glucocorticoids are highly effective in the control of chronic in-
flammatory diseases such as asthma, where they have become the
mainstay of therapy. Glucocorticoid receptors are specific cytoplasmic
transcription factors that mediate the biological actions of glucocorti-
coid (Ito et al., 2006a,b). Upon ligand binding, the glucocorticoid
receptor translocates into the nucleus and binds to DNA at glucocorti-
coid response elements (GRE) in the promoter region of steroid-
responsive genes that induce transcription. The glucocorticoid inducible
anti-inflammatory genes include inhibitory kappa-B (Iκ-B), glucocorti-
coid-induced leucine zipper (GILZ), mitogen-activated-protein kinase
phosphatase-1 (MKP-1) and secretory leukocyte proteinase inhibitor
(SLPI). Glucocorticoid receptor may also influence downstream anti-
inflammatory events by non-genomic transrepression pathways,
having inhibitory interactions with pro-inflammatory DNA-binding
transcription factors such as Activator protein (AP)-1, Nuclear factor
(NF)-κB or by recruitment of co-repressors, such as histone deacety-
lase 2 (Barnes et al., 2005).

Patients with mild and moderate asthma respond to varying de-
grees to inhaled corticosteroids, although severe asthma patients
are corticosteroid insensitive (Ito and Mercado, 2009). In addition,
corticosteroids provide less clinical benefit in chronic obstructive pul-
monary disease (COPD) although they do reduce acute exacerbations
(Falk et al., 2008). COPD is a major and increasing global health prob-
lem. The Global Burden of Disease studies predict that COPD will rise
to become the third to fourth commonest cause of death in the world
by 2020 to 2030(Lopez and Mathers, 2006). COPD is caused by long-
term inhalation of noxious gases and particles, such as cigarette
smoke, and is a chronic inflammatory disorder, which is orchestrated
by various inflammatory cytokines, chemokines and mediators. Glu-
cocorticoid insensitivity associated with oxidative stress, is also a
major barrier to treating other inflammatory diseases, such as severe
asthma, rheumatoid arthritis and inflammatory bowel disease, and
presents considerable management problems, accounting for a dis-
proportionate amount of healthcare spending.

Fluticasone furoate (FF) is a novel enhanced-affinity glucocorti-
coid with a unique combination of pharmacodynamic and physico-
chemical properties (Salter et al., 2007; Valotis and Hogger, 2007).
FF is already available as a once-daily topical therapy for allergic
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rhinitis (Veramyst™ Nasal Spray) (McCormack and Scott, 2007). Al-
though FF is structurally related to FP, they are distinct chemical
and pharmacological entities. In studies examining the respiratory
tissue binding properties of glucocorticoids, FF exhibited the largest
cellular accumulation and slowest rate of efflux, consistent with
greater tissue retention, compared with other clinically used gluco-
corticoids, such as FP and budesonide (Valotis and Hogger, 2007).

The aim of this study was to compare the potency and duration of
action of FF with FP and budesonide in several cultured respiratory
cell lines. The steroids were also compared in primary cells from
COPD and asthma patients and in cells under simulated conditions
of oxidative stress.

2. Materials and methods

2.1. Reagents

FF and FP were provided by Glaxo SmithKline (Stevenage, UK) and
dissolved in DMSO at a concentration of 10 mM. Budesonide was pur-
chased from Sigma-Aldrich (Poole, UK). Appropriate dilutions were
prepared in DMSO and the dilutions were transferred to the assay
plates ensuring that the DMSO concentration was constant at 0.5%
for cell based assays.

2.2. Subjects

Six healthy non-smoking subjects, 4 mild asthmatic patients de-
fined by GINA guidelines (http://www.ginasthma.com), 4 moderate-
severe COPD patients defined by GOLD guidelines (http://www.
goldcopd.com) were recruited (Table 1) and peripheral blood mono-
nuclear cells (PBMCs) were separated by Ficoll–Paque gradients
(Sigma-Aldrich, Poole, UK). This study was approved by the Ethics
Committee of the Royal Brompton & Harefield Hospitals National
Health Service Trust, and all subjects gave written informed consent.

2.3. Cell culture

A549 cells (a human airway type II cell line), BEAS-2B cells (SV40-
immortalised airway bronchial epithelial cell line) and U-937 cells (a
human monocytic cell-line) were purchased from the American Cul-
ture of Tissue Collection (ATCC) and cultured in Dulbecco-MEM con-
taining both heat-inactivated 10% FBS and L-glutamine, Keratinocyte-
SFM (Invitrogen Ltd., Paisley, UK) with bovine pituitary extract and
human epidermal growth factor (EGF 1-53), and RPMI-1640 media
containing both heat-inactivated 10% FBS and L-glutamine, respec-
tively. Normal human primary bronchial epithelial cells were pur-
chased from Lonza (Basel, Switzerland) and cultured in BEGM Bullet
Kit.

2.4. Cytokine detection

PBMCs and U937 cells were seeded at a density of 50,000 cells/
well in a 96-well plate at 2 h before use. A549 and BEAS2B cells
Table 1
Characteristics of the subjects recruited.

Healthy Volunteers Mild asthma COPD

N 6 4 4
Gender (M/F) 4/2 1/3 4/0
Age (yr) 34.2±5.1 35.8±8.5 56.3±6.8
Atopy 0 4 0
FEV1 (% pred.) 101.0±7.3 92.1±10.1 63.1±12.0
FEV1/FVC (%) 81.6±5.5 82.6±7.2 65.9±13.1
Medication n/a Albuterol on demand (4/4) ICS (4/4)

n/a: not applicable.
ICS: inhaled corticosteroid.
were seeded at a density of 5000 cells/well and used when it was
grown to be 70% confluent. Cells were stimulated with TNF-α
(1–10 ng/ml) and/or IL-1β (1 ng/ml) in the presence or absence of
glucocorticoids, and incubated at 37 °C for 16 h. The supernatant
was collected for determination of proinflammatory cytokines. The
levels of CXCL8/IL-8, IL-6 and GM-CSF were determined using ELISA
kits (R&D Systems, Minneapolis, MN) following the manufacturer's
instructions. The IC50 value for each glucocorticoid was calculated
from sigmoid dose–response curves with variable slope using Graph-
Pad Prism® version 4 software (GraphPad Software, San Diego, CA).
Cells were treated with compounds for 20 min, 4 h or 16 h. In some
experiments, compounds were treated for 4 h, washed out and then
incubated for 12 h further without compounds, describing “4 h with
(or +) 12 h washout”.

2.5. Western blot analysis

Total cell extracts and nuclear proteins were prepared as previ-
ously described (Ito et al., 2000). Proteins were separated by SDS-
PAGE under denaturing conditions, and electrotransferred to a nitro-
cellulose membrane (Amersham Biosciences, Amersham, U.K.). The
membranes were blocked in TBS containing 0.05% Tween 20 and 5%
non-fat dried milk, and then incubated with anti-glucocorticoid re-
ceptor antibody (Santa Cruz biotechnology Inc., Santa Cruz, CA),
anti-p38MAPK antibody or anti-phosphorylated-p38MAPK antibody
(Cell Signaling Technology Inc., Danvers, MA) followed by an horse
radish peroxidase-conjugated secondary antibody (Dako UK Ltd.,
Ely, UK). Bound antibodies were visualised by use of the Amersham
ECL system (GE Healthcare UK Ltd., Little Chalfont, UK). The band
density was calculated by densitometry (UVP Bioimaging Systems,
Cambridge, UK) using Labworks software (Ultra-Violet Products,
Cambridge, UK).

2.6. YFP GR overexpression

Plasmid containing a YFP-conjugated glucocorticoid receptor
alpha was supplied by GlaxoSmithKline (Stevenage, UK). BEAS-2B
cells were seeded 12 h before the transfection and grown to 70% con-
fluency in an 8 well chamber (LabTek® chamber slide, Thermo-Fisher
Scientific, Loughborough, UK). The plasmids were transfected into
cells using Lipofectamine 2000 (Invitrogen Ltd., Paisley, UK) accord-
ing to the manufacturer's instruction. Twenty-four hours after trans-
fection, cells were treated with FF or FP (10−9 M or 10−10 M) for
4 h, 12 h and 30 h. Cells were fixed by cold methanol/acetone solution
(50/50, v/v) and YFP-glucocorticoid receptor was visualised by fluo-
rescent microscopy. More than 300 cells were observed and the num-
ber of cells where the glucocorticoid receptor signal was positive in
the nuclei was counted.

2.7. Real-time PCR

Cells were harvested 4 h or 16 h (or 4 h treatment +12 h wash-
out) after treatment with FF or FP. Total RNA extraction and reverse
transcription were performed using an RNeasy kit (Qiagen, Crawley,
UK) and an Omniscript RT kit (Qiagen). Gene transcript level of
MKP-1 and GAPDH, as a house keeping gene, were quantified by
real-time PCR using commercially available primers by a Taqman sys-
tem (Applied Biosystems, Warrington, UK) on a Rotor-Gene 3000
(Corbett Research, Mortlake, NSW, Australia).

Variations in cDNA concentration between different samples were
corrected using the housekeeping gene, where the GAPDH concentra-
tion in each cDNA sample was calculated, and the cDNA diluted to
contain equal amounts of GAPDH. Standard curves for GAPDH were
generated by performing a dilution series of the untreated control
cDNA. The relative amount of gene transcript present after different
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treatments was calculated and normalised by dividing the calculated
value for the gene of interest by the housekeeping gene value.
2.8. Measurement of activities of transcription factors and glucocorticoid
receptor

Nuclear proteins were prepared using a nuclear extraction kit (Ac-
tive Motif, Rixensart, Belgium), and the activity of NF-kB (p65) and
AP-1 (c-fos) were determined by Trans-AM kit (ActiveMotif, Rixensart,
Belgium). The activated glucocorticoid receptor bound to GRE was also
determined by Trans-AM kit (Active Motif, Rixensart, Belgium).
2.9. Measurement of phosphorylated and total p38MAPK in cells

Phosphorylated p38MAPK and total p38MAPK were detected in
A549 cells and also BEAS2B cells using p38MAPK phosphorylation
cell-based ELISA (FACE kit, Active Motif, Rixensart, Belgium). Briefly,
cells are grown in 96-well plates and stimulated with H2O2 (200 μM)
for A549 and H2O2 (100 μM) for BEAS2B. At 30 min after stimulation,
cells are fixed and permeabilized in the wells. The target protein phos-
phorylation is measured using a double immunoenzymatic labelling.
2.10. Statistical analysis

Results are expressed as mean or mean±S.E.M. Although the data
are not normally distributed, non-parametric statistical analyses were
performed using Graph Pad Prism 4 Software (Graph Pad Prism, San
Diego, CA). Determination of variance was done by Kruskal–Wallis
analysis and when significant, comparisons were made by the Mann
Whitney U-test or Dunn's test. Multiple comparisons for compound
efficacies were also performed by ANNOVA, following Dunnett's
test. The differences between treatment groups in the in vitro data
were analysed by Welch's t-test. Results were also analysed using
Friedman analysis of variance and comparisons between time points
were made using the Wilcoxon matched pairs signed rank sum test.
A P valueb0.05 was considered statistically significant.
Table 2
Comparison of efficacy between fluticasone propionate (FP), fluticasone furoate (FF) and b

Cell type n Stimulant Read-out (n

A549 4 IL-1 beta GM-CSF IC
4
4 IL-1 beta CXCL8 IC
4
3 GCs GRE-binding E
3
3 GCs MKP-1 E
3

BEAS2B 3 IL-1 beta GM-CSF IC
3
3 IL-1 beta CXCL8 IC
3
3 IL-1 beta IL-6 IC
3
3 GCs GRE-binding E
3

U937 3 TNF alpha CXCL8 IC
3

HBEC 3 IL-1 beta+TNF alpha GM-CSF IC

ND: not done, HBEC: human bronchial epithelial cells.
GCs: glucocorticoids GRE binding: binding to glucocorticoid receptor responsive element 1
further 12 h.
3. Results

3.1. FF is more potent than FP and budesonide in cultured cell lines

A549 cells were stimulated with IL-1β (1 ng/ml) in the presence
or absence of 4 h preincubation with FF, FP or budesonide, and GM-
CSF and CXCL8 were measured in the supernatant collected at 16 h
after stimulation. GM-CSF and CXCL8 were significantly increased
by IL-1β stimulation (GM-CSF, 1274.5±93.7 ng/ml with IL-1β vs.
39.6±5.7 ng/ml in non-treated cells, CXCL8, 1994.7±219.4 ng/ml
with IL-1β vs. 85.6±13.2 ng/ml in non-treated cells). FF inhibited
GM-CSF and CXCL8 in a concentration-dependent manner, with
IC50's of 0.009 and 0.063 nM, respectively (Table 2). Compared with
FP, the inhibitory effects of FF on GM-CSF and CXCL8 production
were 1.8-fold and 1.7-fold more potent, respectively, and FF was
16.7-fold more potent than budesonide against GM-CSF production
(Table 2). After 4 h pre-treatment in BEAS2B cells, FF was also 2.5,
1.7 and 1.6-fold more potent than FP on IL-1β-induced GM-CSF (FF,
IC50: 0.002 nM), IL-8 (FF, IC50: 0.014 nM) and IL-6 production (FF,
IC50: 0.086 nM), respectively (Table 2). In addition, FF inhibited
TNFα-induced IL-8 production in U937 cells, with an IC50 of 0.2 nM,
which is by 2.8-fold more potent than FP (0.55 nM). As examples of
glucocorticoid receptor-genomic effects, glucocorticoid receptor
binding to GRE (GR-GRE binding) and glucocorticoid-dependent
MKP-1 gene expression were determined in A549 cells. Four-hour
treatment with FF increased GR-GRE binding in a concentration-
dependent manner. The concentration to enhance GR-GRE binding
activity over baseline by 300% (EC300) was 0.16 nM, which was simi-
lar to FP (0.21 nM) and more potent than budesonide (1.1 nM)
(Table 2). FF also increased steroid-sensitive MKP-1 gene expression,
with an EC300 of 0.29 nM, which was 1.5-fold and 5.2-fold more po-
tent than FP (0.44 nM) and budesonide (1.5 nM), respectively. The in-
crease in GR-GRE binding by FF was also confirmed in BEAS2B cells
(EC300: FF; 0.85 nM, FP; 0.47 nM, Bud 1.2 nM) (Table 2). In normal
human bronchial epithelial cells, four hour pretreatment of FF and
FP concentration-dependently inhibited IL-1β/TNFα induced GM-
CSF release with IC50 values of 1.2±0.1 nM and 3.2±1.2 nM, respec-
tively, and the efficacies were decreased by 9.6 fold and 76 fold after
16 h pre-treatment, respectively (Table 2).
udesonide.

M) Pre-incubation FF FP Budesonide

50 4 h 0.009 0.016 0.15
16 h (WO)* 0.049 9.4 4.1

50 4 h 0.063 0.11 ND
16 h (WO)* 0.36 N100 ND

C300 4 h 0.16 0.21 1.1
16 h (WO)* 0.37 64.8 30.2

C300 4 h 0.29 0.44 1.5
16 h (WO)* 0.85 69.0 N100

50 4 h 0.002 0.005 ND
16 h (WO)* 0.025 0.80 ND

50 4 h 0.014 0.024 ND
16 h (WO)* 0.21 N100 ND

50 4 h 0.086 0.14 ND
16 h (WO)* 0.68 N100 ND

C300 4 h 0.85 0.47 1.2
16 h (WO)* ND ND ND

50 4 h 0.20 0.55 ND
16 h (WO)* 1.4 39.1 ND

50 4 h 1.2 3.2 ND
16 h 11.5 243 ND

6 h (WO)*: Cells were treated with glucocorticoids for 4 h, washed out and incubated



Table 3
Comparison of efficacies on TNFalpha-induced CXCL8 release in PBMCs between fluti-
casone propionate (FP) and fluticasone furoate (FF).

Cell type n FF FP p value

PBMC (healthy) 5 IC50 (nM) 14.2±8.0 6.0±1.3 N0.5
E-max (%) 50.8±3.7 53.9±1.7 N0.5

PBMC (COPD) 4 IC50 (nM) 3.9±1.7 192.6±125.5 0.057
E-max (%) 62.6±5.4 60.0±6.1 N0.5

PBMC (mild asthma) 4 IC50 (nM) 1.9±0.64 4.0±1.6 0.34
E-max (%) 65.4±8.7 62.1±7.2 N0.5

Mean±S.E.M. Glucocorticoids were treated 20 min before TNFalpha stimulation.
E-max was determined at 10−8 M.
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3.2. FF is more potent than FP in PBMCs from asthma and COPD

PBMCs were obtained from healthy volunteers and patients with
mild asthma and moderate to severe COPD. PBMCs were treated
with compounds for 20 min, and stimulated with TNFα for 16 h in
the presence or absence of glucocorticoids, and CXCL8 production
was measured in the supernatant. In PBMCs from healthy volunteers
(n=6), FF inhibited TNFα-induced IL-8 production in a concentra-
tion-dependent manner and the IC50 value (14.2±8.0 nM) was simi-
lar to, or rather weaker, than that of FP (6.0±1.3 nM) (Table 3). In
contrast, the potency of FF in PBMCs from mild asthma (IC50:
1.9±0.64 nM, n=4) was 2.1 fold higher than FP (4.0±1.6 nM,
n=4). Although the IC50 value of FP was significantly higher in
Fig. 1. FF was more potent and had a longer duration of action than FP. A549 cells were treate
circles) and stimulated with IL-1β (1 ng/ml) for 16 h. Concentration–response curves for FP a
GR-GRE binding (C) was also determined 4 h and 16 h (4 h+12 h washout) after treatmentw
PCR in cells treated with FP (10−9 M), FF (10−9 M) or budesonide (Bud: 10−8 M) for 4 h or 16
increase over baseline. Time–response curve ofMKP-1 gene expression by FP (10−9 M) (E) and
significance between 4 h and 16 h treatments, n=3–4.
PBMCs of COPD patients (184.3±130.2 nM in COPD, n=4) when
compared with healthy volunteers (6.0±1.3 nM in healthy volun-
teers, n=6), there was no significant difference in the IC50 value for
FF between healthy volunteers and COPD patients (3.9±1.7 nM in
COPD, 14.2±8.0 nM in healthy volunteers). FF was 47-fold more po-
tent than FP in COPD patients (Table 3). There was no difference of
E-max between FF and FP.

3.3. FF has a longer duration of action than FP

As shown in Fig. 1A, after 4 h pre-treatment, FP inhibited IL-1β-
induced GM-CSF production in A549 cell in a concentration-depen-
dent manner, but the concentration–response curve was shifted
rightwards by 16 h (4 h treatment with 12 h washout) and the IC50
value was increased to 9.4 nM, which is by 63-fold weaker than that
at 4 h (Table 2). The efficacy of budesonide on GM-CSF production
was also 27-fold lower at 16 h (4 h with 12 h washout), compared
with 4 h pre-incubation (Table 2). In contrast, the concentration-
dependent inhibitory response curve of FF did not shift significantly
rightwards after −4 h treatment with 12 h washout (Fig. 1B) and
the IC50 value (0.049 nM) was only by 5.4-fold higher when com-
pared with that at 4 h (0.009 nM). The longer duration action of FF
compared with FP was confirmed against IL-1β-induced CXCL8 pro-
duction in A549 cells and IL-1β-induced CXCL 8/IL-6/GM-CSF in
BEAS2B cells (Table 2). FF's long duration of action was also found
on glucocorticoid-dependent genomic effects. As shown in Fig. 1C,
d with FF or FP for 4 h (closed circles) or 16 h (4 h treatment with 12 h washout) (open
nd FF on IL-1β-induced GM-CSF production were shown in Panels A and B, respectively.
ith FF, FP and Budesonide. MKP-1 gene expression (D) was determined by RT-quantitative
h (4 h+12 h washout), and normalised to a GAPDH housekeeping gene. Y axis shows %
FF (10−9 M) (G). FP was also added twice at 0 h and 12 h (F). * Pb0.05, denotes statistical
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FF at 10−8 M enhanced GR-GRE binding by 385±59% over baseline at
4 h after treatment and this was still enhanced (276±54%) at 16 h
(4 h with 12 h washout), but the effect of FP was not detectable at
16 h after treatment (4 h with 12 h washout) (43±20% increase).
The EC300 value for GR-GRE binding activity of FF was 0.37 nM after
16 h incubation (4 h with 12 h washout), which was only reduced
by 2-fold compared with that at 4 h (0.16 nM). The efficacy of FF
after 16-h pre-treatment (4 h with 12 h washout t) was 175-fold
and 82-fold more potent than FP and budesonide respectively
(Table 2). As shown in Fig. 1D, as well as GR-GRE binding, glucocorti-
coid-dependent MKP-1 gene expression was still seen at 16 h (4 h
with 12 h washout) after treatment with FF (748±172% enhance-
ment at 4 h, 477±70% at 16 h (4 h with 12 h washout)), but the ef-
fects of FP and budesonide were reduced at 16 h (4 h with 12 h
washout). The EC300 value of MKP-1 gene induction by FF was
0.85 nM after 16 h incubation, which was only reduced by 3-fold
compared with that at 4 h (0.29 nM). The efficacy of FF on MKP-1
was 175-fold more potent than FP (Table 2). As shown in Fig. 1E, FP
induced MKP-1 gene expression peaked at 4 h (0.19±0.013 MKP-
1/GAPDH vs. 0.019±0.002 in non-treatment) and went back to
baseline at 16 h (0.015±0.003 MKP-1/GAPDH). When FP was added
again at 12 h, MKP-1 gene expression was elevated again, but after
washout, returned to baseline at 24 h (Fig. 1F). On the other hand,
MKP-1 gene induction was still detectable at 16–24 h after incubation
of a single dose of FF for 4 h and washout, and this effect was signifi-
cantly greater than two doses of FP (Fig. 1G).

3.4. FF induced GR nuclear translocation for longer than FP

YFP-conjugated GR was overexpressed in BEAS2B cells, and gluco-
corticoid receptor nuclear translocation was detected under
Fig. 2. Glucocorticoid receptor nuclear translocation in cells treated with FF and FP. BEAS2B c
after transfection, cells were treated with FF (10−9 M or 10−10 M) or FP (10−9 M or 10−10

under a fluorescence microscope. Panel A shows a representative image of 3 experiments. (
itive nuclei in the total cells counted. * Pb0.05 denotes statistical significance versus non-tre
nuclear extract. BEAS2B cells treated with FP or FF (10−9 M) for 4 h or 16 h (without wash
microscopy. YFP-glucocorticoid receptor was mainly and diffusely lo-
cated in cytoplasm without stimulation, but at 4 h after FP and FF (at
10−10 M) treatment, YFP signal was clearly increased in nuclei with
reducing YFP signal in cytoplasmic, suggesting glucocorticoid recep-
tor nuclear translocation. (Fig. 2A). With both FF and FP, YFP signal
in nuclei was increased in a concentration-dependent manner at 4 h
of treatment (Fig. 2B). At 30 h after FF treatment (without washout),
YFP-glucocorticoid receptor was still detectable in cell nuclei and the
% of cells with glucocorticoid receptor positive signal in nuclei was
6.6±1.6 in non-treated cells, 6.3±2.2 in FP at 10−10 M, 9.8±0.7 in
FP at 10−9 M, 18.1±4.5 in FF at 10−10 M and 30.8±6.5 in FF at
10−9 M (Fig. 2B). We also detected glucocorticoid receptor in nuclei
by western blotting (Fig. 2C). The cells were collected 4 h and 16 h
after FF (10−9 M) and FP (10−9 M) treatment. Both FF and FP showed
higher level of glucocorticoid receptor in nuclei at 4 h and 16 h in nu-
clei, and the high levels of glucocorticoid receptor were still detected
in FF-, but not in FP-, treated cells after 16 h in BEAS2B (Fig. 2C) as
well as A549 cells (data not shown).

3.5. FF has superior effects to FP on inhibition of transcription factors

IL-1β significantly increased NF-κB p65 activity 15 min after treat-
ment (ABS: 0.46±0.058, n=3 in IL-1β-treated cells, 0.10±0.011,
n=3 in non-treated cells). NF-κB activation was inhibited by 30.1±
4.2% and 57.1±12.0% at 10−10 M and 10−9 M of FP, respectively,
and also inhibited by 30.1±1.8% at 10−10 M and 58.6±7.7% at
10−9 M of FF by 4 h-pretreatment, but these effects were not signifi-
cant. However, 16 h (without washout)-pretreatment with FF at
10−9 M significantly reduced NF-κB activation (0.17±0.038 by FF
vs. 0.53±0.094 in IL-1β-treated cells, Pb0.05) whereas FP showed
no significant effects (Fig. 3A). IL-1β also significantly increased AP-
ells were transfected with a plasmid of YFP conjugated glucocorticoid receptor. At 24 h
M) for 4 h, 16 h or 30 h. The YFP-GR signal (shown as yellowish green) was detected
→N: nuclei area, →C: cytoplasmic area, White bar: 20 μm scale), Panel B: % of YFP pos-
ated (NT) cells. Panel C: Representative Western-blot analysis of GR protein in 20 μg of
out).

image of Fig.�2


Fig. 3. The effects of FF and FP on transcription factor activation and p38MAPK phosphorylation. A549 cells were stimulated with IL-1β (1 ng/ml) for 15 min for NF-κB analysis
(Panel A) or for 30 min for AP-1 analysis (Panel B). NF-kB and AP-1 activity were determined by TransAM kit. FP or FF was preincubated for 4 h or 16 h before IL-1β treatment.
n=3 each. A549 cells were treated with H2O2 (200 μM) for 30 min and phosphorylated p38MAPK was detected in whole cell extracts. A549 cells treated with FP or FF
(10−9 M) for 4 h, 24 h or 48 h. Panel C: Representative Western-blot analysis of phosphorylated p38MAPK and total p38MAPK. Phosphorylated p38MAPK and total p38MAPK
were also determined by cell based ELISA in A549 (Panel D) and BEAS2B (Panel E), and the ratio (±S.E.M.) was shown. * Pb0.05 denotes statistical significance versus stimulated
control cells.
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1 c-fos activity 30 min after treatment (ABS: 0.44±0.12, n=3 in IL-
1β-treated cells, 0.083±0.023 in non-treated cells). AP-1 activation
was inhibited by 11.6±22.2% and 42.6±31.2% at 10−10 M and
10−9 M of FP, respectively, and also inhibited by 29.9±15.0% at
10−10 M and 41.8±23.7% at 10−9 M of FF after 4 h-pretreatment,
but these effects were not significant. However, 16 h -pretreatment
of FF at 10−9 M significantly reduced AP-1 activation (0.17±0.010
by FF vs. 0.34±0.035 in IL-1β-treated cells, Pb0.05), whereas FP
showed no significant effects (Fig. 3B).

3.6. FF has superior effects to FP on inhibition of p38MAPK phosphorylation

H2O2 induced phosphorylation of p38MAPK, peaked at 15 min and
thereafter gradually declined over 1 h. Neither FF nor FP with 4 h-
pretreatment inhibited peaked phosphorylation of p38MAPK at
15 min after H2O2 stimulation (data not shown). However, as
shown in Fig. 3C, both FP and FF when pretreated for 4 h or 24 h,
inhibited phosphorylation of p38MAPK at 30 min of H2O2 stimulation.
This suggests that FF and FP quickly resolved phosphorylation of
p38MAPK rather than actively inhibited phosphorylation. Further-
more, in contrast to FP, FF still inhibited H2O2-induced p38MAPK
phosphorylation after 48 h. To analyse the efficacies quantitatively,
phosphorylation level of p38MAPK was determined by cell based
ELISA and normalised to total p38MAPK level (Fig. 3, Panels D and
E). In A549 cells (Panel D), the level was increased by 9.7 fold after
30 min H2O2 treatment (ratio of phospho-p38MAPK/total
p38MAPK: NT, 0.093±0.05, H2O2, 0.90±0.05). After 48 h treatment
(without washout), FF still inhibited the phosphorylation, but FP did
not shown any effects (FF, 0.44±0.051, FP, 0.94±0.20). In BEAS2B
cells (Panel E), we found similar effects. Briefly, the level was in-
creased by 6.7 fold after 30 min H2O2 treatment (ratio of phospho-
p38MAPK/total p38MAPK: NT, 0.19±0.0, H2O2, 1.28±0.19).
Although both FF and FP inhibited p38MAPK phosphorylation by 4 h
or 24 h treatment, FF showed better efficacy than FP (FF, 0.51±
0.027, FP, 1.2±0.20) after 48 h treatment (without washout).

3.7. FF has superior effects to FP under conditions of oxidative stress

A549 cells were incubated with H2O2 (200 μM) for 4 h andwashed
out, and then the cells were treated with glucocorticoids for 1 h, fol-
lowing stimulation with IL-1β (1 ng/ml) for overnight. The concen-
tration–inhibitory response curve of FP on IL-1β induced GM-CSF
release in A549 cells shifted rightwards in the presence of H2O2, and
the IC50 value increased by 35-fold (IC50 values: 0.034 nM in non-
treated cells, 1.2 nM in H2O2-treated cells) (Fig. 4A), suggesting that
conditions of oxidative stress reduced FP sensitivity. H2O2 also re-
duced the effect of dexamethasone (IC50 values: 0.87 nM in non-
treated cells, 11.6 nM in H2O2-treated cells). In contrast, the IC50
value of FF was not significantly changed under oxidative stress
(IC50 values: 0.016 nM in non-treated cells, 0.064 nM in H2O2-treated
cells) (Fig. 4B). H2O2 caused 18%–24% reduction of cell viability, but FF
and FP did not affect the reduction of cell viability significantly.

This experiment has been repeated in normal human bronchial
epithelial cell. H2O2 (25 μM) caused 30.7±9.4% reduction of cell via-
bility assessed by MTT assay, and FF and FP at 10−6 M showed
25.4±2.5% and 30.3±4.6% reduction, respectively, suggesting FF
protected the cell death under oxidative stress partially, but not sig-
nificantly. In this system in normal human bronchial epithelial cells,
FF and FP concentration-dependently inhibited IL-1β/TNFα induced
GM-CSF release with IC50 values of 1.2±0.1 nM and 3.2±1.2 nM, re-
spectively. The concentration-inhibitory response curve of FP on IL-
1β/TNFα induced GM-CSF release shifted rightwards in the presence
of H2O2, and the IC50 value was not able to be determined under ox-
idative stress (Fig. 4C). Although the IC50 value of FF was reduced
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Fig. 4. The anti-inflammatory effect of FP and FF under conditions of oxidative stress. A549 cells were pre-treated with H2O2 (200 μM) (triangle) or control media (square) for 4 h.
Cells were then treated with indicated concentrations of FF (Panel A) or FP (Panel B) for 1 h and stimulated with IL-1β (1 ng/ml) for 16 h. GM-CSF levels were determined in su-
pernatants by ELISA and the inhibitory effects of treatment were calculated. Primary airway epithelial cells are also pre-treated with H2O2 (25 μM) and stimulated with mixture of
IL-1β (1 ng/ml) and TNFα (10 ng/ml) in the presence of FP (Panel C) or FF (Panel D). Concentration–response curves for FP and FF on GM-CSF production are shown. n=3.
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by 31 fold under oxidative stress (IC50 value in H2O2-treated cells,
36.6±8.2 nM) (Fig. 4D), the efficacy of FF under oxidative stress
was superior to that of FP.

4. Discussion

Previous studies on the human glucocorticoid receptor binding ki-
netics of FF have shown a very fast association and slow dissociation
(Valotis and Hogger, 2007). X-ray crystal structure studies have
shown that the furoate group of FF, in combination with the fluoro-
methylthio, keto, and hydroxyl groups on the fluticasone steroid
backbone, enable better H-bond and van der Waal's interactions to
be made with amino acids within the ligand-binding site of glucocor-
ticoid receptor (Valotis and Hogger, 2007). These interactions are
reflected in the enhanced-affinity of FF for the glucocorticoid receptor
(Baumann et al., 2009a; Salter et al., 2007). In this study, FF was up to
18-fold more potent than FP in several cell systems (Tables 2 and 3).

As well as higher glucocorticoid receptor affinity and potency, FF
was also expected to have longer inherent duration of action than
other glucocorticoid's (Baumann et al., 2009a; Salter et al., 2007). In-
deed, this study showed that FF has a longer duration of action com-
pared with FP and budesonide. Glucocorticoid receptors were still
present in the nuclei after 30 h treatment with FF in BEAS2B cells,
whilst glucocorticoid receptor was dominant in the cytoplasm in FP-
treated cells (Fig. 2A, B). In this manuscript, cells were treated with
glucocorticoids for 4 h, washed and incubated further for 12 h for cy-
tokine inhibition, GR-GRE binding and MKP1 induction. The washout
results suggested that FF has longer duration of action. In addition, in
several systems such as transcription factor, p38MAPK phosphoryla-
tion and glucocorticoid receptor nuclear translocation, compounds
were not washed out. In those systems, although FP showed efficacy
even at 24 h after treatment, there was obvious difference of effica-
cies between FF and FP at 48 h after treatment. A previous study
demonstrated that the rate of transport of FF out of cells into the
basal aqueous layer was slower than with other glucocorticoids test-
ed, consistent with retention of FF in the respiratory tissue for longer
(Salter et al., 2007). A further study has also demonstrated that FF
was retained longer by freshly isolated human lung tissue than FP
(Valotis and Hogger, 2007). This cell retention, slower release and
long duration of glucocorticoid receptor binding may contribute to
the extended duration of anti-inflammatory activity of FF seen in
this study.

As shown in Fig. 3A and B, FP and FF only weakly inhibited NF-κB
and AP-1, which are common transcription factors in inflammation.
Several reports have shown that glucocorticoids directly inhibit
NF-κB and AP-1 activity, but the efficacies are relatively low, similar
to our own results (Jeon et al., 2000; Newton et al., 1998; Yamazaki
et al., 2005). However, we demonstrated that at 48 h after glucocorti-
coid treatment, only FF inhibited NF-κB and AP-1 activity significant-
ly. This may be due to prolonged induction of endogenous inhibitors
of these transcription factors, such as IκB (NFκB inhibitor), GILZ
(AP-1 inhibitor) or MKP-1 p38MAPK inhibitor by phosphatase activi-
ty, which are glucocorticoid inducible genes. In fact, H2O2, oxidative
stress, stimulated phosphorylation of p38MAPK in A549 cells and
BEAS2B cells, peaked at 15 min and gradually decreased over the fol-
lowing 1 h, possibly as a result of endogenous phosphatase activity,
such as MKP-1(Owens and Keyse, 2007). Neither FP nor FF inhibited
phosphorylation of p38MAPK at 15 min after H2O2 treatment, but
they significantly reduced the phosphorylation level at 30 min
(Fig. 3C). This suggests that FP and FF are not able to inhibit
p38MAPK phosphorylation directly, but both are able to enhance
the natural reduction of p38MAPK phosphorylation possibly via en-
hancement of MKP-1 expression. More importantly, the efficacy of
FF was still seen at 48 h after treatment (Fig. 3C). Thus, the longer du-
ration action of FF may enable it to inhibit activities of transcription
factors and kinases more efficiently than FP.
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COPD is recognised as a corticosteroid sub-sensitive disease. The
efficacy of FP in cells from COPD patients (IC50: 184.3 nM) was 31-
fold lower than that in PBMCs from healthy volunteers (IC50:
6.0 nM). We also found that dexamethasone sensitivity was 9 fold
lower in COPD (To et al., 2010). However, the efficacy of FF (IC50) in
COPD patients was similar to that in healthy volunteers (Table 2).
As shown in Fig. 4A and C, the efficacy of FP was also reduced in
cells treated with H2O2, but the effects of FF were not significantly
changed under conditions of oxidative stress (Fig. 4B and D). Al-
though the molecular mechanisms of corticosteroid insensitivity in
COPD or under oxidative stress have not been fully clarified, we
have previously demonstrated a reduction in histone deacetylase 2
(HDAC2) (Ito, Ito et al., 2005), which deacetylates glucocorticoid re-
ceptor to enable it to bind to NF-κB (Ito et al., 2006a,b). As a glucocor-
ticoid receptor binding site was seen in the promoter region of
HDAC2, FF may have better effect in inducing HDAC2 expression
than FP. Alternatively, the furoate group of FF, which binds to the
17-alpha pocket of the glucocorticoid receptor ligand binding site
(Biggadike et al., 2008;Wang et al., 2008), may confer a different con-
formational change in the receptor protein which may then contrib-
ute to the improved steroid sensitivity in COPD seen with FF
compared with FP. Further studies will be required to confirm the
mechanism involved.

5. Conclusion

The novel enhanced-affinity glucocorticoid, FF, showed a longer
duration of action and higher resistance to oxidative stress compared
with FP. Although currently only available for rhinitis in an aqueous
nasal formulation, FF may have benefits over other glucocorticoids
in the treatment of asthma, especially severe asthma, and COPD,
where high levels of oxidative stress are seen.
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