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Summary

Background Intranasal glucocorticoids represent the most effective pharmacologic treatment
of allergic rhinitis. So far, no clinical data are available that compare fluticasone furoate (FF)
with other intranasally applied glucocorticoids.
Objective Because the pharmacokinetic behaviour of drugs governs their presence at the
therapeutic target site we analysed selected in vitro properties of FF in comparison with
triamcinolone acetonide (TCA), budesonide (Bud), fluticasone propionate (FP) and
mometasone furoate (MF). Additionally, we determined the anti-inflammatory activity of the
glucocorticoid fraction residing in human nasal tissue samples after washing.
Methods We analysed the solubility of the compounds in artificial human nasal fluid and the
retention in human nasal tissue as well as typical spray volumes of commercially available
drug preparations. As an anti-inflammatory measure, we evaluated the inhibition of IL-8
release from epithelial cells.
Results FF is delivered in the smallest application volume per spray. Despite the low aqueous
solubility of glucocorticoids, a fraction of the compounds is already dissolved in the aqueous
supernatants of drug preparations (Bud4TCA4FP4MF4FF). The dissolution of FP, MF
and FF was significantly enhanced in artificial nasal fluid and FF displayed the most
pronounced enhancement of solubility in the presence of proteins. Consistent with this result,
the highest retention in nasal tissue was observed for FF, followed by FP4MF4Bud4TCA.
After washing of the nasal tissue samples, all compounds inhibited IL-8 release, with FF
displaying the highest activity.
Conclusion FF displayed beneficial properties for nasal application. Its low application
volume per spray is a prerequisite for effective drug utilization by avoiding immediate loss
by nose runoff or drip down the throat. Sustained dissolution and high tissue binding of FF
should contribute towards an extended presence of compounds in nasal tissue as a basis for a
prolonged pharmacologic activity.
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Introduction

Intranasal glucocorticoids are the most effective pharma-
cologic treatment of allergic rhinitis (AR) as they potently
reduce nasal inflammation and nasal hyper-reactivity [1].
Compared with oral or local antihistamines, glucocorti-
coids are also superior in relieving nasal congestion. Various
glucocorticoids are available for intranasal administration.
Long-established compounds like triamcinolone acetonide

(TCA) and budesonide (Bud) as well as more modern drugs
like fluticasone propionate (FP) and mometasone furoate
(MF) are therapeutically used. The latest glucocorticoid that
has been approved for the treatment of AR is fluticasone
furoate (FF). FF has yielded promising clinical data with
regard to the improvement of nasal and ocular symptoms of
seasonal and perennial allergic rhinitis [2–6].

So far, no clinical data that compare FF with other
intranasally applied glucocorticoids are available.
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Pre-clinical results revealed that FF has the highest
relative receptor affinity of all glucocorticoids [7]. Conse-
quently, FF showed the greatest potency compared with
other glucocorticoids [8]. Thus, the pharmacologic profile
of FF was highly promising. Besides their pharmacody-
namic measure potency topical glucocorticoids differ in
their pharmacokinetics.

With the exception of flunisolide, all marketed gluco-
corticoid formulations for intranasal use are aqueous drug
suspensions. Although glucocorticoids show a very low
aqueous solubility, the dissolution of the compound is
obligatory for its pharmacologic activity after adminis-
tration. In this context, a sustained dissolution in nasal
secretions contributes to a prolonged nasal contact
time [9]. Another factor contributing to a prolonged
residence time of the compound is a high retention in
nasal tissue. We earlier elucidated the tissue binding
of glucocorticoids to human nasal tissue in vitro and
found a good correlation to the lipophilicity of the
compounds [10]. Subsequently, a clinical study confirmed
prolonged presence of the so far most lipophilic gluco-
corticoid FP in nasal secretions and the nasal tissue
after intranasal administration to patients [11]. An ex-
tended residence time of drugs in the nasal tissue is
the basis for a prolonged pharmacologic activity. An
additional advantage is the slow distribution into
systemic circulation resulting in low plasma concentra-
tions [12] and therefore a low risk for systemic adverse
effects.

The purpose of the present study was to evaluate
selected in vitro pharmacokinetic properties of FF in
comparison with other topically administered glucocorti-
coids, specifically TCA, Bud, FP and MF. Therefore, we
analysed the glucocorticoid concentrations already dis-
solved in the aqueous supernatants of commercially
available drug preparations, the typical application vo-
lume (spray volume), the dissolution of the intranasally
administered glucocorticoids in artificial human nasal
secretions and the human nasal tissue retention of the
compounds. All these factors play a role in the initial
stages of drug pharmacokinetics. Because a prolonged
presence of glucocorticoids in tissue should translate into
a longer duration of pharmacologic effects, we sought to
determine the residual anti-inflammatory activity of the
compounds in human nasal tissue after its extensive
washing in human plasma of 37 1C. As a pharmacody-
namic measure, we chose the inhibition of IL-8 secretion
from human epithelial cells after an inflammatory stimu-
lus. The chemokine IL-8 has been detected in nasal
secretions of patients with AR upon allergen challenge
[13] and its concentration showed a significant correlation
with the symptom score [14]. Furthermore, IL-8 has been
shown to be up-regulated in nasal polyps of AR patients
and in the nasal mucosa of patients with polyposis as well
as in nasal sinusitis [15–18].

Materials and methods

Chemicals and reagents

Bud was purchased from Sigma-Aldrich-Chemie (Taufkirch-
en, Germany). Amcinonide and TCA were obtained from
Cyanamid (Wolfratshausen, Germany). FF, FP and MF were
generous gifts from GlaxoSmithKline (Greenford, UK). Nasal
glucocorticoid sprays FF (Avamyss), FP (Flutides Nasal,
both GlaxoSmithKline), MF (Nasonexs, Essex Pharma,
Munich, Germany), Bud (Budess, Hexal, Holzkirchen, Ger-
many) and TCA (Nasacorts, Aventis, Frankfurt, Germany)
were obtained from a local pharmacy. Phosphate-buffered
saline (PBS) was purchased from Biochrom AG (Berlin,
Germany), mucin (from porcine stomach, type II) and
bicinchonic acid from Sigma-Aldrich-Chemie and bovine
serum albumin (BSA) and N-(2-hydroxyethyl)piperazine-N0-
2-ethanesulphonic acid (HEPES) from Gerbu (Heidelberg,
Germany). Polypropylene glycol (PPG, Pluriols P 4000)
was provided by BASF (Ludwigshafen, Germany). Diethy-
lether (p.a. quality) was obtained from Fluka (Buchs,
Switzerland) and acetonitrile (HPLC gradient grade) from
VWR (Ismaning, Germany). Water from a Millipore water
purification unit was used. All other chemicals were
obtained from E. Merck (Darmstadt, Germany).

Buffer solutions

PBS was adjusted to pH 6.5 with 1 N HCl. Krebs–Ringer–
HEPES buffer (pH 7.4) that consisted of 118 mM NaCl,
4.84 mM KCl, 1.2 mM K2PO4, 1.18 mM MgSO4�7H2O,
2.44 mM CaCl2�2H2O and 10 mM HEPES.

Cell culture reagents

Dulbecco’s modified eagle’s medium (DMEM), fetal bovine
serum (FBS), Penicillin/Streptomycin, L-glutamine, non-
essential amino acids (NEA), trypsin/ethylenediaminete-
traacetic acid (EDTA) (0.05/0.02% in PBS without calcium
and magnesium) and trypan blue (0.5% in physiological
saline) were purchased from Biochrom AG. Lipopolysac-
charide (LPS, from Salmonella minnesota RE 595, Sigma-
Aldrich-Chemie) was dissolved in cell culture medium.

Cell culture conditions of lung epithelial cells

The human lung adenocarcinoma epithelial cell line A 549
was purchased from DSMZ (Braunschweig, Germany).
Cells were maintained in DMEM containing 10% FBS,
100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM gluta-
mine, 1 mM NEA, and were grown as monolayers in 75 cm2

tissue culture flasks (Nunc, Roskilde, Denmark) at 37 1C in
a humidified atmosphere of 5% CO2. Medium was chan-
ged every second day. At confluence, the cells were
removed from the flask by trypsin/EDTA treatment.
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For experiments, cells were seeded in six-well plates at a
density of 2�105 cells/well and grown to subconfluence.

Glucocorticoid concentrations in the aqueous supernatant
of commercially available drug suspensions

To determine the glucocorticoid concentrations in the
aqueous supernatant in drug preparations, 100 mL of the
commercially available nasal glucocorticoid suspension
was applied into a ultrafiltration unit (Microcons Ultracel
YM-10 MWCO 10000, Millipore, Bedford, MA, USA) and
centrifuged for 15 min at 12 000 g at 20 1C (Microfuges

22R Centrifuge, Beckman Coulter, CA, USA). The filtrate
was discarded. This procedure was repeated once again to
ensure that non-specific binding (NSB) sites on the filter
and/or the tube were exposed with the respective drug.
Thereafter, 200 mL of the glucocorticoid suspension was
applied on the same filter unit and centrifuged again for
30 min at 14 000 g at 20 1C. The filtrate of the last
centrifugation was directly injected into the high-perfor-
mance liquid chromatography (HPLC) system. To analyse
NSB of the compounds to the filter material, standard
solutions (methanol/water 1 : 8) of the respective gluco-
corticoids (0.5 mg/mL for FF, MF, and FP; 10 mg/mL for Bud
and TCA) were treated identically.

Calculation of NSB:

NSB %½ � ¼ Cðstandard solution after the last centrifugationÞ
Cðstandard solutionÞ

� 100

Calculation of the sample concentration with NSB
correction:

Cðwith NSB correctionÞ mg=mL½ �

¼ Cðwithout NSB correctionÞ � 100

100� NSBð%Þ½ �

Typical application volumes of commercially available
drug suspensions

The volume of a defined dose applied to the nasal cavity
was calculated based on the total drug concentration of
the nasal glucocorticoid suspensions. Therefore, 50 mL of
the suspension was dispersed in a 1 mL mixture (MeOH/
water 1 : 1), followed by sonication for 15 min. Samples
were analysed by HPLC. Based on the manufacturers’
declaration of drug dose per spray, the volume per spray
was calculated.

Preparation of artificial nasal fluid

Artificial nasal fluid (ANF) was prepared based on
published analyses of nasal secretions of humans
[19–22]. Because the reported ion concentrations differed,

we chose isotonic PBS buffer as the basis of the ANF. Thus,
mucin was dispersed in PBS and shaken in an ultrasonic
bath for a total of 2 h under frequent manual resuspension
of the residue. The homogenous mucin dispersion was
centrifuged for 10 min at 3345 g at 15 1C (Megafuge 1.0R,
Biofuge A, Kendro-Heraeus, Berlin, Germany). The super-
natant obtained was centrifuged again for 15 min at
18 000 g at 15 1C (Microfuges 22R Centrifuge, Beckman
Coulter). The protein concentration of the supernatant was
determined according to the method of Smith et al. [23].
In the following, the protein concentration of the mucin
dispersion was adjusted with BSA to 8 mg/mL according
to the total protein levels of human nasal mucus [24]. ANF
was adjusted to pH 6.5 with 1 N NaOH and PBS was
adjusted to pH 6.5 with 1 N HCl. ANF and PBS were stored
in aliquots at �80 1C.

Solubility of glucocorticoids from drug suspensions in
artificial nasal fluid

To determine solubility, 200 mL of the nasal glucocorticoid
suspensions were dispersed in 3.8 mL of pre-warmed PBS
and ANF, respectively, at 31 1C in a thermostatically
controlled shaking water bath GFL 1083 (Burgwedel,
Germany). 1.5 mL samples were obtained after 0.5 and
5 h and centrifuged for 5 min at 15 000 g at 30 1C (Micro-
fuges 22R Centrifuge, Beckman Coulter). The supernatant
obtained was centrifuged again for 15 min at 15 000 g at
30 1C. Thereafter, samples with a volume of 1 mL were
taken, transferred in 0.5 mL MeOH and stored at �40 1C
until further analysis. The plastic caps for centrifugation
were coated with PPG 4000 [25] to minimize NSB effects
of the highly lipophilic compounds and proteins to plastic
material during centrifugation. For incubation and storing
of the samples, only glass lab ware was used.

Source and handling of human specimen

Nasal tissue was resection material from nasal surgery
obtained from Dr Bachert from the University Hospital of
Ghent. Surgery was indicated for reasons unrelated to the
study. The use of the resected tissue for research purposes
was approved by the Ethics Committee of the University of
Ghent. Tissue samples from 30 patients who gave in-
formed consent were pooled for the experiments to obtain
sufficient material. None of the patients were treated with
glucocorticoids for the last 3 weeks before surgery. There
was no chronic inflammatory disease in the nasal cavity.
Immediately after resection the tissue was frozen and
stored at �80 1C until usage. Tissue was washed in
Krebs–Ringer–HEPES buffer (pH 7.4) and sliced into
pieces of approximately 1 mm3. Human plasma was
purchased from the department of transfusion medicine
and immune haematology, Würzburg, Germany.
Plasma samples from at least three patients were pooled,
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shock frozen in liquid nitrogen and stored at �80 1C until
usage.

Adsorption and desorption of glucocorticoids from human
nasal tissue

To determine adsorption, nasal tissue pieces (1.0 g) were
suspended under gentle shaking for 1 h at 37 1C in 40 mL
Krebs–Ringer–HEPES buffer containing 0.3 mg/mL of FF,
MF, FP, Bud and TCA, respectively. Only glass lab ware
was used for these experiments to avoid NSB of the highly
lipophilic compounds to plastic material. To determine
any non-specific adsorption of the glucocorticoids to the
glass tubes, experiments with glucocorticoid containing
buffer, but no tissue, were conducted under the same
conditions. Samples with a volume of 2.0 mL were taken
after 1 h and stored at �40 1C until further analysis. To
determine desorption saturated human nasal tissue (1.0 g)
was washed with 2 mL Krebs–Ringer–HEPES buffer and
transferred into 10.0 mL human plasma of 37 1C. The
tissue suspension was gently shaken in a thermostatically
controlled shaking water bath. Samples of 1.0 mL were
taken after 30 and 60 min. The volume withdrawn was
replaced with fresh human plasma of 37 1C. Plasma
samples were stored at �40 1C until analysis. After the
end of the 1-h incubation period, tissue samples were
washed for an additional 6 h with human plasma at 37 1C
under continuous shaking. Tissue samples were then
autoclaved and stored at �80 1C until further use (see
‘‘Inhibition of IL-8 secretion by residual glucocorticoid
concentrations in human nasal tissue’’).

Sample preparation, analysis and high-performance
liquid chromatography conditions

Samples of saturation solubility were directly injected into
the HPLC system. Fifty microlitres of filtrate was mixed
with 10 mL internal standard solution (amcinonide
5 mg/mL). Typically, 30 mL of sample was injected. Linear-
ity was given from 10 to 200 ng/mL for FF and MF, from
20 to 200 ng/mL for FP and from 5 to 80 mg/mL for Bud
and TCA; coefficients of correlation of the calibration
curves were at least 0.99.

Samples of 1.0 mL (solubility in PBS/ANF, tissue deso-
rption) or 2.0 mL (tissue adsorption) were mixed with 50mL
internal standard solution (amcinonide 5mg/mL), samples
of 1.0 mL (dose volume) were mixed with 100mL internal
standard solution (amcinonide 150mg/mL) and extracted
twice with 3 mL diethylether for 20 min, using a roller
mixer, followed by centrifugation at 500 g (Labofuge II,
Heraeus-Christ GmbH, Osterode am Harz, Germany) for
5 min at room temperature. The organic phases were
combined and evaporated to dryness under a gentle stream
of nitrogen at 25 1C. The resulting residue was reconsti-
tuted in methanol. Typically, 20mL of sample (solubility in

PBS/ANF, tissue desorption, tissue adsorption) or 10mL
(dose volume) was injected. Linearity was given from 10 to
400 ng/mL glucocorticoid; coefficients of correlation of
the calibration curves were at least 0.99. For determination
of a typical application volume (dose volume), linearity
was given from 2.5 to 80mg/mL glucocorticoid; coeffi-
cients of correlation of the calibration curves were at least
0.99.

The HPLC system was a Waters HPLC (Milford, MA,
USA) consisting of a 1525 binary pump, a 717plus auto-
sampler and a 2487 dual wavelength absorbance detector.
Analysis was performed on a Symmetry C18 column
(150 mm�4.6 mm I.D., 5 mm particle size, Waters, Milford,
MA, USA). Data collection and integration were accom-
plished using BreezeTM software version 3.3. A flow rate of
1 mL/min was used and the detection wavelength was set
to 254 nm. The mobile phase consisted of water contain-
ing 0.2% (v/v) acetic acid (A) and acetonitrile (B). For FF,
FP and MF, the gradient elution started at 60 : 40 (v/v) A/
B, increasing linearly to 29 : 71 (v/v) A/B by 30 min. For
Bud, the gradient elution started at 60 : 40 (v/v) A/B,
increasing linearly to 40 : 60 (v/v) A/B by 20 min, and for
TCA at 65 : 35 (v/v) A/B, increasing linearly to 40 : 60 (v/v)
A/B by 25 min.

Inhibition of interleukin-8 secretion by residual
glucocorticoid concentrations in human nasal tissue

At subconfluence A 549 cells were incubated with tissue
samples using hanging cell culture inserts (Millicells, 8.0
mm pore size, polyethylene terephtalate, Millipore) to
avoid direct contact of tissue with the cell monolayer.
Therefore, autoclaved tissue samples from binding experi-
ments were resuspended in cell culture medium and added
to the inserts in each well 8 h before LPS exposure (50
mg/mL) for 24 h. After this incubation period, all culture
supernatants were centrifuged for 10 min at 1000 g at
20 1C to remove cell debris and stored at �80 1C until
further analysis. The cells were washed with PBS, de-
tached by trypsin treatment and the number of viable cells
was determined by staining with trypan blue. The number
of living cells was equivalent after each treatment. The
concentration of IL-8 secreted into the cell culture med-
ium from the epithelial cells was analysed by a commer-
cial ELISA test kit (QuantikineTM, R&D Systems Europe,
Abingdon, UK) according to the manufacturer’s protocol.
The IL-8 concentrations were assayed at an optical density
of 450 nm. The lower limit of detection of the assay was
31.2 pg/mL.

To control the stability of the compounds in cell culture
medium and to determine any NSB to cell culture materi-
als, standard solutions in cell culture medium of the
glucocorticoids (80 ng/mL) were added the hanging cell
culture inserts and incubated for 8 h. Samples of 2.0 mL
were taken from the lower cell culture wells and analysed
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by HPLC. These control experiments were performed in
triplicate for each glucocorticoid. Typically, 20 mL of
sample was injected into the HPLC system. Linearity was
given from 10 to 600 ng/mL glucocorticoid; coefficients of
correlation of the calibration curves were at least 0.99.

Statistical analysis

Mean and standard deviation were calculated for all data.
Data sets of the groups of lipophilic and hydrophilic
glucocorticoids were analysed separately based on the
group differences of up to three orders of magnitude. Data
sets were analysed by one-way ANOVA with a post hoc
Bonferroni’s multiple comparison test. Statistical signifi-
cance was defined as a significance level of P40.05.
Because of the limited sample number a pre-test was
performed for all data to test the normal distribution of
the residuals. Therefore, the residuals of each data group
were calculated and the ratio of range to standard devia-
tion was analysed according to David et al. [26]. Only
when the results were between the lower and the upper
critical limits tabulated by Pearson and Stephens [27] a
normal distribution of the residuals was assumed and a
subsequent ANOVA analysis was performed. Because of the
limited number of data, P-values should be interpreted
with caution.

Results

Glucocorticoid concentration in the aqueous supernatants
of commercially available drug suspensions

Glucocorticoids for intranasal application were proportio-
nately already dissolved in the commercially available
aqueous preparation (Table 1). Naturally, the concentra-
tion of the respective compound in the aqueous super-
natant of the suspension is consistent with the
lipophilicity of the drug. Thus, highest concentrations of

TCA and Bud were measured. These TCA concentrations
determined in the drug preparation were in excellent
agreement with previously published data of the com-
pounds’ water solubility at 37 1C while the solubility of
Bud was clearly higher than reported previously [28–31].
The latter might be due to the composition of the drug
formulation, which might enhance the drug solubility by
the use of certain excipients.

The relationship between the glucocorticoids’ concen-
tration in the supernatant and their lipophilicity was also
valid for the more lipophilic representatives of this drug
class. However, these compounds displayed a significant
NSB to materials (e.g. the ultrafiltration membranes) as
well. To analyse the extent of this binding, glucocorticoid
solutions with known concentrations were subjected to
ultrafiltration and NSB rates of 57–73% were determined,
depending on the compound. When the measured con-
centrations in the drug preparation supernatants were
corrected for this NSB the resulting concentrations were
again in excellent agreement with published data if
available. Generally, compared with TCA and Bud, the
concentrations of the more lipophilic glucocorticoids
were lower by a factor of about 1000. Among the group
of the more lipophilic glucocorticoids, the lowest concen-
trations of FF were dissolved in the aqueous drug pre-
paration, followed by MF, and the highest concentrations
of FP.

Typical application volumes of commercially available
drug suspensions for nasal application

The analysis of the glucocorticoid concentrations in 50 mL
drug suspension and the declared dose per spray accord-
ing to the drug information leaflet allowed the calculation
of the volume per spray for each commercially available
aqueous preparation (Table 2). These volumes per spray
were low for TCA and Bud (60�0.4 and 69�0.9 mL,
respectively) and clearly higher for the more lipophilic

Table 1. Glucocorticoid concentrations (C) in the aqueous supernatant of commercially available drug suspensions for nasal application

Compound
Commercial
preparation

NSB
(%)

C [mg/mL] without
NSB correction

C [mg/mL] with
NSB correction

Solubility in water
(37 1C) [mg/mL] References

Triamcinolone acetonide Nasacorts 5 26.9�0.5 28.2�0.5 25.5
21.0

[28, 29]

Budesonide Budess 6 52.4�1.7 55.9�1.9 16.0
20.9
14.0

[29–31]

Fluticasone propionate Flutides Nasal 57 0.048�0.004 0.111�0.010 0.14
o0.1

[29, 31]

Mometasone furoate Nasonexs 73 0.016�0.002 0.060�0.006 o0.1 [31]
Fluticasone furoate Avamyss 65 0.019�0.001 0.055�0.004 NA

Values for the concentration are the mean and the standard deviation of the mean of five experiments, calculated with and without correction for non-
specific binding (NSB). NSB data are the mean of three experiments. The determined glucocorticoid concentrations are compared with reported data for
compound solubility in water of 37 1C.
NSB, non-specific binding.
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FP (147�1.7 mL) and MF (102�1.9 mL). In contrast, the
volume per spray was statistically significantly the lowest
for the most lipophilic compound FF (56�1.2 mL; FF vs.
FP, MF, Bud P40.001 and FF vs. TCA P40.05). Based on
the suggested daily doses obtained from the drug infor-
mation leaflet and the regular dose for continuous ther-
apy, the resulting volumes per application per nostril
ranged from 56 mL (FF) to 294 mL (FP).

Dissolution of glucocorticoids from drug suspensions in
artificial nasal fluid

Dissolution of commercially available glucocorticoid drug
suspensions was determined in ANF compared with PBS
buffer at 31 1C, which represents the mean nasal mucosal
temperature [32]. Glucocorticoid concentrations were
measured after 30 min and 5 h of incubation. Although
no significant differences were observed between the
chosen time-points, the solubility of the individual com-
pounds clearly differed (Fig. 1). The solubility of the more
hydrophilic glucocorticoids TCA and Bud exceeded that of
the more lipophilic compounds FP, MF and FF by a factor
of 4100.

The highest concentrations were measured for TCA and
Bud, with concentrations of TCA (28.8�0.3 mg/mL in PBS
and 28.4�0.6 mg/mL in ANF after 5 h) exceeding those of
Bud (18.4�0.4 mg/mL in PBS and 19.9�0.9 mg/mL in ANF
after 5 h). For both compounds, the solubility was not
much affected by the presence of proteins in the ANF. In
contrast, the solubility of the more lipophilic glucocorti-
coids was significantly enhanced in ANF compared with
PBS buffer. The dissolved concentration of FP increased

from 0.055�0.004 mg/mL in PBS to 0.129�0.005 mg/mL
in ANF after 5 h. The concentration of MF was
0.039�0.003 mg/mL in PBS and 0.168�0.006 mg/mL in
ANF, and while only 0.063�0.002 mg/mL of FF dissolved
in PBS after 5 h the solubility in ANF was 0.196�0.006
mg/mL in ANF. Thus, the presence of proteins in the ANF
was most beneficial for the most lipophilic compound FF,
with statistically significantly higher dissolved concentra-
tions compared with FP and MF (P40.001).

Adsorption and desorption of glucocorticoids from human
nasal tissue

For evaluation of the tissue retention of glucocorticoids
human nasal tissue pieces were incubated at 37 1C with
glucocorticoid-containing buffer solutions and maximum
tissue adsorption was determined after reaching equili-
bration (Fig. 2; left columns representing values before
incubation in human plasma). The highest tissue binding
values were observed for FF (3.54�0.13 ng/mg tissue).
Statistically significantly lower adsorbed concentrations
were determined for MF (2.96�0.12 ng/mg; P40.01) and
FP (2.83�0.23 ng/mg; P40.001). Less pronounced tissue
binding was seen for the more hydrophilic compounds
Bud (1.01�0.27 ng/mg) and TCA (0.60�0.15 ng/mg).

The glucocorticoid-saturated nasal tissue pieces were
subsequently incubated in human plasma at 37 1C. After a
30-min incubation in human plasma the remaining
tissue concentrations were the highest for FF (1.52�
0.33 ng/mg tissue), followed by FP (1.34�0.13 ng/mg),
MF (0.98�0.14 ng/mg), Bud (0.48�0.24 ng/mg) and TCA
(0.34�0.15 ng/mg). After a 60-min equilibration, the

Table 2. Glucocorticoid doses per single spray and calculated volumes per spray of commercially available drug suspensions for nasal application

Compound
Commercial
preparation

Dose� per spray
(mg)

Volumew per spray
(mL)

Sprays per
nostrilz

Volume per
application w (mL)

Triamcinolone acetonide Nasacorts 55 60�0.4 2 q.d.
1 q.d.

120
60

Budesonide Budess 50 69�0.9 4 q.d.
2 q.d.
2 b.i.d.
1 b.i.d.

276
138
138
69

Fluticasone propionate Flutides Nasal 50 147�1.7 2 b.i.d.
2 q.d.

294
294

Mometasone furoate Nasonexs 50 102�1.9 4 q.d.
2 q.d.

408
204

Fluticasone furoate Avamyss 27.5 56�1.2 2 q.d.
1 q.d.

112
56

�Obtained from drug information leaflet.
wDetermined from own experiments.
zAll recommended daily doses for treatment of allergic rhinitis as listed in the drug information leaflet; the regular dose for continuous therapy and its
volume per application is underlined.
Typical recommended application frequencies according drug information leaflet are listed along with calculated application volumes per nostril for the
individual preparations. Spray volume of FF is statistically significantly lower compared with FP, MF, Bud (P40.001) and TCA (P40.05).
Bud, budesonide; FP, fluticasone propionate; MF, mometasone furoate; TCA, triamcinolone acetonide.
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tissue retention was the highest for FP (1.01�0.08 ng/mg
tissue) and FF (0.95�0.22 ng/mg), followed by MF
(0.65�0.05 ng/mg), Bud (0.39�0.23 ng/mg) and TCA
(0.33�0.15 ng/mg). Among the lipophilic glucocorticoids,

tissue concentrations of FF were statistically significantly
higher compared with MF after 30 and 60 min (P40.05).

The correlation between nasal tissue binding and rela-
tive affinities to the human glucocorticoid receptor
[7, 33–35] was high, with a coefficient of correlation of
r = 0.971 (P40.01) (Fig. 3). To gain an idea about an
integral measure of the tissue retention the area under
the curve (AUC) was calculated for the first hour (Fig. 4).
The AUC was the highest for FF (104.8�13.5 ng/mg�min),
followed by FP (90.7�8.6 ng/mg�min). Compared with
FF, the AUC of MF was statistically significantly lower
(73.6�4.9 ng/mg�min; P40.01) as were the AUCs of
Bud (32.5�14.4 ng/mg�min; P40.001) and TCA
(22.0�8.4 ng/mg�min; P40.001).

Fig. 1. Comparison of the solubility of nasal glucocorticoid suspensions of triamcinolone acetonide (TCA), budesonide (Bud), fluticasone propionate
(FP), mometasone furoate (MF) and fluticasone furoate (FF) in phosphate-buffered saline (PBS) buffer and artificial nasal fluid (ANF). The columns
represent the part of the compound dissolved in PBS (left column) and ANF (right column) after a 30-min and a 5-h incubation, respectively. The
columns represent the mean and standard deviation of the mean from five independent experiments. Both after 30 min and 5 h, concentrations of FF in
ANF were statistically significantly higher compared with FP and MF (P40.001).

Fig. 2. Comparison of concentrations of fluticasone furoate (FF), flutica-
sone propionate (FP), mometasone furoate (MF), budesonide (Bud) and
triamcinolone acetonide (TCA) in human nasal tissue. The left column
represents the glucocorticoid concentration in saturated tissue before
incubation in human plasma. The middle and the right column show the
compound concentration after a 30-min and a 60-min incubation in
human plasma at 37 1C. The columns display the mean and the standard
deviation of the mean from four independent experiments for FF, FP and
MF and from triplicate experiments for Bud and TCA. Tissue concentra-
tions of FF in relation to FP and MF were statistically significantly higher
before incubation in human plasma (FF vs. FP P40.001; FF vs. MF
P40.01), after a 30-min (FF vs. MF P40.05) and a 60-min (FF vs. MF
P40.05) incubation in human plasma.

Fig. 3. Relationship between the binding of the analysed glucocorticoids
to human nasal tissue and relative affinities to the human glucocorticoid
receptor [7, 33–35]. The coefficient of correlation was r = 0.971 (P40.01).
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Inhibition of interleukin-8 secretion by glucocorticoid
concentrations in human nasal tissue after extensive
washing

In response to the stimulation with 50 mg/mL LPS over
24 h control A 549 cells secreted 498�34 pg/mL IL-8. Pre-
incubation of the epithelial cells with human nasal tissue
containing residual glucocorticoid concentrations after
the binding experiments and subsequent washing inhib-
ited the IL-8 secretion. Nasal tissue pieces previously
incubated with FF reduced IL-8 secretion to 82�5 pg/mL
(Fig. 5). For comparison, the tissue previously exposed to

TCA, Bud, FP and MF reduced the IL-8 concentration to
159�10, 137�24, 93�15 and 195�17 pg/mL, respec-
tively. The inhibition of IL-8 secretion was statistically
significantly more pronounced for tissue pieces pre-
viously incubated with FF compared with MF (P40.001),
Bud (P40.01) and TCA (P40.001).

Control experiments with the respective glucocorticoids
in cell culture medium revealed no adsorption to cell
culture plates or the hanging cell culture inserts over the
incubation period of 8 h at 37 1C. However, MF displayed
significant instability, with an about 30% loss of the
mother compound. The initial MF concentrations de-
creased from 74�4.1 to 51�1.5 ng/mL, and formation of
9,11-epoxy-MF was observed.

Discussion

The pharmacokinetic behaviour of drugs governs their
presence at the therapeutic target site. In the present study,
we analysed selected pharmacokinetic properties of FF in
comparison with other glucocorticoids for intranasal use,
namely TCA, Bud, FP and MF. Additionally, we deter-
mined the anti-inflammatory activity of the glucocorti-
coid fraction residing in the human nasal tissue samples
after extensive washing over 7 h.

To our knowledge, so far, no data have been published
regarding the glucocorticoid concentrations in the aqu-
eous supernatants of commercially available drug suspen-
sions for intranasal application. This already dissolved
fraction of the compound is instantaneously available for
diffusion and binding processes including activation of
the glucocorticoid receptor. Thus, it might be regarded as a
‘bolus’ of the respective drug serving as a loading dose.
Accordingly, compared with the lipophilic FP, MF and FF,
about 1000-fold higher loading doses of the hydrophilic
glucocorticoids TCA and Bud are available at the nasal
mucosa. Although this dose fraction might initiate a fast
onset of action it might also undergo rapid systemic
absorption via the mucosa. Because the genomic gluco-
corticoid effects are observed with a delay of some hours,
the faster availability of the compound in the cell is
presumably less relevant compared with the risk of rapid
clearance of the dissolved drug.

Any excess volume of an intranasally administered
dose will be rapidly cleared, e.g. as nose runoff or drip
down the throat with subsequent swallowing. This trans-
lates into loss of active drug that is not available to the
target tissue. It has been suggested that the volume
applied into the nasal cavity should not exceed 100 mL
[36] to 150 mL [37] per nostril. Of the commercially
available nasal sprays that we analysed, only three deliv-
ered volumes up to 150 mL per application per nostril as
the recommended regular dose for continuous therapy.
These were the nasal sprays containing Bud (138 mL per
application), TCA (120 mL per application) and FF (112 mL

Fig. 4. Comparison of the area under the tissue concentration – time
curve (AUC) for 1 h of fluticasone furoate (FF), fluticasone propionate
(FP), mometasone furoate (MF), budesonide (Bud) and triamcinolone
acetonide (TCA). The columns represent the mean and the standard
deviation of the mean from four independent experiments for FF, FP
and MF or the mean and the standard deviation of the mean from
triplicate experiments for Bud and TCA. The AUC of FF was statistically
significantly higher than AUCs of MF (P40.01), Bud (P40.001) and TCA
(P40.001).

Fig. 5. Inhibition of IL-8 secretion from A 549 cells by residual
glucocorticoid concentrations in human nasal tissue after extensive
washing of the tissue over 7 h. A 549 cells were stimulated with LPS and
IL-8 was measured by ELISA. The columns represent the mean and the
standard deviation of the mean from three (TCA, Bud, FP), respectively,
four (MF, FF) experiments (control: six replicates). The inhibition of IL-8
secretion was statistically significantly more pronounced for tissue
pieces previously incubated with FF compared with MF (P40.001), Bud
(P40.01) and TCA (P40.001).
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per application). However, the delivered total doses of
200 mg Bud (100 mg per nostril), 220 mg TCA (110 mg per
nostril) and 110 mg FF (55 mg per nostril) also have to be
considered under the aspect of the drugs’ anti-inflamma-
tory potency. In this context, it has to be pointed out that
especially TCA is less potent compared with Bud and FF
[12]. Although differences in the compounds’ potencies
can generally be compensated for by adjusting the dose
[9] this is of limited applicability for intranasal glucocor-
ticoids. The elevated spray volume necessary for delivery
of higher doses will result in rapid clearance by nose
runoff or drip down the throat. Alternatively, the higher
dose can be divided into multiple dose fractions adminis-
tered at intervals, which is certainly less convenient for
the patients and might negatively influence adherence to
the therapeutic regime.

After intranasal application of the aqueous glucocorti-
coid suspension, the drug crystals have to dissolve in the
epithelial mucous fluid layer. A sustained dissolution of
drug particles contributes to a prolonged nasal contact
time [9]. However, compounds dissolving too slowly
might be subjected to removal by mucociliary clearance
[38]. The aqueous nasal secretions contain macromolecu-
lar glycoproteins (mucin) and lipids along with mineral
salts and free proteins [39]. Because drugs might bind to
mucin, this has a potential influence on the extent of drug
solubility. Especially compounds with little aqueous solu-
bility should benefit from the presence of proteins they
can bind to. Indeed, our experiments revealed that the
solubility of TCA, the most hydrophilic glucocorticoid
tested, was high and not much enhanced by ANF contain-
ing mucin. As expected, the solubility of Bud was moder-
ately lower than that of TCA, and it was only slightly
improved in ANF. In contrast, the solubility of the more
lipophilic compounds FP, MF and FF was about 100-fold
lower compared with TCA and Bud. Additionally, the
solubility of these lipophilic glucocorticoids was signifi-
cantly enhanced in ANF. This amplification of solubility
can be attributed to the presence of proteins as mucin
because the solubility of all three glucocorticoids was
comparably low in buffer. Among the lipophilic com-
pounds, FF displayed the most pronounced enhancement
of solubility in the presence of proteins. A low aqueous
solubility of a drug along with a high protein binding
should be the basis for a prolonged presence of the
compound at the site of action and thus the basis for a
prolonged effect.

Besides the binding to proteins in the aqueous nasal
secretions intranasally administered glucocorticoids can
also interact with the epithelial cells and the underlying
nasal tissue. To analyse the retention of TCA, Bud, FP, MF
and FF, the maximum equilibrium binding to human nasal
tissue pieces was determined as well as the compound
fraction remaining tissue bound after 1 h equilibration
with human plasma. The results revealed that the most

lipophilic glucocorticoid FF displayed both the highest
maximum binding as well as highest retention in human
nasal tissue, followed by FP4MF4Bud4TCA. The bind-
ing relation of FP and Bud was consistent with previous
results obtained with human nasal tissue [10]. Although
the absolutely retaining tissue concentrations were lower
in the present study, in both studies more than twice as
high concentrations of FP remained in the nasal tissue
compared with Bud. The retention of FF, FP and MF in
human lung tissue was recently elucidated with the same
experimental setting [7] and the results are comparable
with the present findings.

A slow dissolution and a high compound retention in
the therapeutic target tissue serve as a basis for a pro-
longed anti-inflammatory activity. To support this notion
we elucidated the anti-inflammatory activity of glucocor-
ticoids residing in human nasal tissue after 7 h of
extensive washing. Therefore, we used the glucocorti-
coid-saturated tissue samples from the binding studies
and washed them in human plasma under continuous
shaking at the physiologic temperature. Subsequently, the
tissue pieces were co-incubated with human epithelial A
549 cells and the release of IL-8 after an inflammatory
stimulus was analysed. IL-8 induces chemotaxis of in-
flammatory cells and elevated concentrations have been
found in nasal secretions of patients with AR upon
allergen challenge [13] and it appears to be involved in
chronic rhinosinusitis with nasal polyps [17]. Treatment
with a topical glucocorticoid has been shown to be
effective in decreasing the IL-8 release after allergen
challenge in patients [40], and so we chose this proto-
typical chemokine as a model for our ex vivo experiments
with human nasal tissue. In the presence of all previously
glucocorticoid-exposed nasal tissue samples, the release
of IL-8 was inhibited. However, the percentage of inhibi-
tion varied among the individual compounds. The most
pronounced decrease of IL-8 release was observed for FF.
This is consistent with both the sustained tissue retention
and the high potency of this glucocorticoid [7, 8]. A clear
inhibition of IL-8 secretion from epithelial cells was also
seen for the tissue samples previously exposed to FP.
Surprisingly, the decrease of IL-8 release was least pro-
nounced for the nasal tissue containing the potent gluco-
corticoid MF. Although this might be due to a faster
desorption rate of MF from the nasal tissue, another factor
contributed to this result. It has been repeatedly reported
that MF displays chemical instability with formation of
degradation products such as 9,11-epoxy-MF [9, 35, 41,
42]. While the formation of these degradation products is
rather slow, it occurred under the present experimental
conditions and resulted in a reduced activity of MF in this
assay. In contrast to the more lipophilic glucocorticoids FP
and FF, the hydrophilic compounds TCA and Bud remain-
ing in the tissue exerted a less pronounced inhibition of
IL-8 secretion.
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An additional advantage of a sustained dissolution and
a high tissue binding of compounds is the slow distribu-
tion into systemic circulation resulting in low plasma
concentrations [12]. Indeed, after repeated intranasal
administration of a supertherapeutic dose of 880 mg FF to
15 human volunteers very low maximal plasma concen-
trations (Cmax) of 20.5 pg/mL were measured [43]. Like-
wise, after nasal spray doses of 800 mg FP and MF Cmax

levels of 27.7 and 25.5 pg/mL, respectively, were detected
in humans [44]. In contrast, systemic absorption rates
have been shown to be higher for the more hydrophilic
TCA with a Cmax of 320 pg/mL after repeated administra-
tion of 800 mg doses [45]. Intranasal administration of
Bud resulted in mean Cmax levels of 426 pg/mL (dose
400 mg; aqueous preparation), 220 pg/mL (dose 800 mg;
pMDI) and 432 pg/mL (dose 800 mg; dry powder formula-
tion) [38]. This substantiates that the more hydrophilic
glucocorticoids TCA and Bud produce more than tenfold
higher peak plasma concentrations after a comparable
dose. This can be explained by the higher fraction already
dissolved in the aqueous suspension, by the higher solu-
bility in nasal secretions and less pronounced tissue
binding.

To summarize, the glucocorticoids for nasal application
reveal individual pharmacokinetic parameters that are
most divergent between the more hydrophilic TCA and
Bud vs. the more lipophilic FP, MF and FF. FF revealed the
lowest concentrations in the aqueous supernatant of
commercially available drug suspensions for nasal appli-
cation. Its low application volume per spray avoids
immediate drug loss by nose runoff or drip down the
throat and thus improves drug utilization. Once in contact
with the nasal secretions and nasal mucosa, the aqueous
solubility of the drug particles competes with mucociliary
clearance. In this context, the low solubility of FF was
enhanced by contact with proteins from nasal secretion
or from nasal tissue. FF was reversibly bound to a high
extent to protein structures. Its high tissue retention was
also reflected in the pronounced inhibition of IL-8 release
from epithelial cells after co-incubation with extensively
washed nasal tissue samples. Thus, FF displayed a very
beneficial profile for nasal application.
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