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ABSTRACT: Fluticasone propionate (FP) and mometasone furoate (MF) are potent
synthetic corticosteroids that are widely used as anti-inflammatory agents to treat
respiratory diseases. As part of the assessment of the potential for side-effects
associated with their use, their activities, not only at the glucocorticoid receptor (GR)
but also at the other members of the steroid nuclear receptor family, have been
compared.
Cell-based functional systems were established to measure different aspects of GR

function, as well as the activity at all the other steroid nuclear receptors.
The effects of MF and FP on the GR were potent and indistinguishable. Neither

corticosteroid showed any activity at the oestrogen receptor, while both were weak
antagonists of the androgen receptor. FP was a relatively weak agonist of the
progesterone receptor but MF was a very potent agonist of the progesterone receptor,
giving activity at similar concentrations to those that stimulate the GR (concentration
generating 50% maximal effect (EC50)=50 pM). Moreover, while FP was a weak
antagonist of the mineralocorticoid receptor (concentration generating 50% maximal
inhibitory effect=80 nM), MF displayed potent partial agonist activity (EC50=3 nM,
30%).
Mometasone furoate is considerably less specific for the glucocorticoid receptor than

fluticasone propionate, showing significant activity at other nuclear steroid receptors.
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In recent decades, topically applied synthetic
corticosteroid drugs have become, for many, the
drug of choice used to control the chronic inflamma-
tion that characterises conditions such as asthma and
allergic rhinitis [1]. While the clinical efficacy of agents
such as budesonide and beclomethasone is well
established, a number of side-effects have been
associated with long-term use of high-dose inhaled
corticosteroids. These include reduction in bone
mineral density [2], slowing of growth [3], appearance
of skin bruising [4], development of cataracts [5] and
dysregulation of blood glucose control mechanisms
[6], and result from systemic exposure to the corti-
costeroid despite topical administration. Attempts to
minimise the potential for such side-effects have led to
the development of a new generation of corticosteroid
drugs that display not only increased potency but also
faster clearance rates from the systemic circulation.
Forefront among this new generation of corticos-
teroids are fluticasone propionate (FP) [7] and
mometasone furoate (MF) [8, 9], and these agents
are now being widely promoted for use in both
intranasal and inhaled formulations to treat a number
of inflammatory disorders of the respiratory tract
[10, 11].

Corticosteroids exert their actions through the
glucocorticoid receptor (GR) [12], which is a

member of a family of nuclear steroid receptors that
includes the progesterone receptor, the oestrogen
receptors, the mineralocorticoid receptor and the
androgen receptor [13]. These receptors are closely
related in structure, and many synthetic ligands can
bind to more than one receptor. Under resting
conditions, GR exists in a cytosolic complex that
includes the chaperone protein heat shock protein
(hsp)90 [14]. Following ligand binding, the receptor is
released from the hsp90 complex and rapidly trans-
locates into the nucleus where, like other nuclear
receptors, it modulates gene expression by binding to
distinct deoxyribonucleic acid (DNA) elements within
gene promoters. These glucocorticoid response ele-
ments (GREs) take the form of imperfect palindromes
to which the receptor binds as a homodimer and acts
as a transcription factor. However in recent years
it has become clear that GR can also regulate gene
expression from promoters that lack any GRE
through direct interaction with other transcription
factors including nuclear factor (NF)-kB [15], activat-
ing protein (AP)-1 [16] and members of the signal
transducer and activator of transcription STAT
family [17, 18]. Many of the genes regulated by
NF-kB and AP-1 are intimately involved in the inflam-
matory response, and it is the repression of the activity
of these transcription factors that is believed to be the
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principle mechanism underlying the anti-inflammatory
efficacy of corticosteroids [19, 20].

Attempts to compare the cellular activities of
FP and MF have consistently failed to distinguish
between the molecules [11, 21, 22]. Therefore, the
pharmacology of these important corticosteroids was
compared in a number of cell-based functional assays
designed to measure not only GR function but also
the activity of other related nuclear steroid receptors.

Materials and methods

Cell lines

All parental cell lines were obtained from the
European Collection of Cell Cultures. COS-1 cells
(monkey kidney fibroblasts) and T47D cells (human
breast carcinoma) were cultured in Dulbecco9s Mod-
ified Eagle Medium (DMEM) supplemented with
10% foetal calf serum (FCS), 0.1 U?mL-1 penicillin,
0.1 mg?mL-1 streptomycin, 2 mM glutamine, and non-
essential amino acids (16). Ishikawa cells (human
endometrial adenocarcinoma) were grown in phenol
red-free DMEM supplemented as above. A549
(human lung epithelial carcinoma)-derived reporter
cell lines were routinely maintained in DMEM
supplemented as above, containing 0.5 mg?mL-1 of
the antibiotic G418 (geneticin) to maintain selection
pressure.

Construction of reporter gene cell lines

Reporter gene constructs. The long terminal repeat
of the mouse mammary tumour virus (MMTV-LTR)
driven renilla luciferase reporter construct was generated
by a three-way ligation of a HindIII/BamHI fragment
of pRL-Null vector (Promega Corp., Madison, WI,
USA) containing the renilla luciferase gene, minimal
promoter and a 39 untranslated region derived from the
SV40 virus, a MunI/HindIII fragment of the MMTV-
LTR containing the steroid response elements and a
BamHI/MunI fragment of pcDNA3 vector (Invitrogen,
Groningen, the Netherlands) containing the neomycin
and ampicillin selection markers, but not the strong
cytomegalovirus (CMV) promoter element.

The firefly luciferase gene driven by a promoter
containing five copies of the NF-kB consensus
sequence (GGGGACTTTCC) was derived from the
pNF-kB-Luc plasmid (Stratagene, La Jolla, CA,
USA) using NdeI and StyI restriction enzymes. It
was then subcloned into the pcDNA3 vector and the
CMV promoter was deleted using NdeI and XbaI
restriction enzymes, in order to generate the construct
p5NF-kB-firefly-neo.

The MMTV-secreted placental alkaline phospha-
tase (sPAP) construct contained the secreted placental
alkaline phosphatase gene under the control of the
entire MMTV-LTR, and was a kind gift from D.
Wallace (GlaxoSmithKline, Stevenage, UK).

Generation of the reporter cell lines. A549 cells were
transfected either by electroporation (NF-kB reporter,
25 mg DNA, 16107 cells per transfection at 960 mF and

250 V) or by using lipofectamine 2000 (MMTV
reporter; Life Technologies, Paisley, UK). Stably
transfected cells were selected based on the acquisi-
tion of antibiotic resistance by the addition of
1 mg?mL-1 G418 to the culture media and the
resulting clones were isolated, by ring cloning, and
screened for activity. A single clone for each reporter
was chosen and maintained.

Glucocorticoid receptor-mediated gene transactivation

The A549-MMTV-LTR reporter cells were seeded
into a white 96-well plate at a density of 46104 cells
per well and grown overnight at 37uC. The steroids
were dissolved in dimethylsulphoxide (DMSO) and
added to the cells to give a final DMSO concentration
of 0.7%. After 16-h incubation at 37uC the medium
was removed and the cells washed into phosphate-
buffered saline (PBS) containing 1 mM CaCl2 and
1 mM MgCl2. Renilla luciferase activity was detected
using the Firelite kit (Packard, Pangbourne, UK)
according to the manufacturer9s protocol.

Glucocorticoid receptor-mediated transrepression of
nuclear factor-kB activity

The A549-NF-kB reporter cells were seeded into a
white 96-well plate at a density of 46104 cells per well
and grown overnight at 37uC. The steroids were
dissolved in DMSO and added to the cells to give a
final DMSO concentration of 0.7%. One hour later,
cells were stimulated with 0.5 ng?mL-1 tumour necro-
sis factor (TNF)-a (R&D Systems, Abingdon, UK).
After 16-h incubation at 37uC the medium was
removed and the cells washed into PBS containing
1 mM CaCl2 and 1 mM MgCl2. Firefly luciferase
activity was detected using the Luclite kit (Packard)
according to the manufacturer9s protocol.

Progesterone receptor-mediated gene transactivation

The human breast cancer cell line T47D has been
reported to upregulate an endogenous alkaline phos-
phatase in response to progestins [23]. T47D cells were
seeded into 96-well plates at a density of 16105 cells
per well and grown overnight at 37uC. Steroids were
dissolved in DMSO, added to the cells (final DMSO
concentration 0.7%), and incubated for 24 h at 37uC.
The cells were then washed with PBS and lysed with
RIPA buffer (1% Igepal, 0.5% sodium deoxycholate,
0.1% sodium dodecylsulphate in PBS). Alkaline
phosphatase activity was measured spectrophoto-
metrically (405 nm) using p-nitrophenylphosphate
(1.5 mg?mL-1) as a substrate, dissolved in 1 M
diethanolamine, 0.28 M NaCl and 0.5 mM magne-
sium chloride.

Oestrogen receptor-mediated gene transactivation

The human endometrial adenocarcinoma cell
line, Ishikawa, has been reported to upregulate an
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endogenous alkaline phosphatase in response to
oestrogens [24]. The procedure was identical to that
for the progesterone receptor assay, except that the
cells were seeded at a density of 46104 cells per well,
and were treated with steroids in the absence of FCS.
To investigate anti-oestrogenic effects of steroids, the
corticosteroid was added to the cells 15 min prior to
the addition of 5 pM oestradiol (a concentration that
elicits 80% of the maximal response to oestradiol) and
the assay was carried out as described above.

Mineralocorticoid and androgen receptor-mediated
gene transactivation

A flask of COS-1 cells was cotransfected with a
reporter plasmid containing the sPAP under the
control of the MMTV-LTR and a plasmid encoding
expression of either human mineralocorticoid receptor
or human androgen receptor using lipofectamine 2000
according to the manufacturer9s protocol. Twenty-
four hours after transfection, the cells were seeded
into a 96-well plate and incubated at 37uC for 6 h.
Steroids were dissolved in DMSO and added to the
cells to give a final DMSO concentration of 0.7%.
After 16-h incubation at 37uC, medium was harvested,
heat-inactivated for 15 min at 65uC and assayed for
sPAP activity spectrophotometrically (405 nm) using
p-nitrophenylphosphate (1.5 mg?mL-1) as a substrate,
dissolved in 1 M diethanolamine, 0.28 M NaCl,
0.5 mM MgCl2. To investigate the antimineralocorti-
coid or anti-androgen effects of steroids, the corticos-
teroid was added to the cells 15 min prior to the
addition of 1 nM aldosterone or 6 nM testosterone
(concentrations that elicit 80% of the maximal
response in each case) and the assay carried out as
described above.

Results

The MMTV-LTR contains a number of steroid
response elements that potentially can be stimulated
by all of the steroid receptors. In stably transfected
A549 lung epithelial cells, dexamethasone stimulated
a 5.1¡0.7-fold increase in MMTV-LTR reporter
gene expression with a concentration generating 50%
maximal effect (EC50) of 8nM (fig. 1a). However,
steroid ligands specific for all the other steroid nuclear
receptors failed to stimulate reporter gene expression
(i.e. progesterone, oestradiol, aldosterone and testos-
terone; data not shown), indicating that the only
active steroid receptor in these cells is GR. The new
generation corticosteroids FP and MF, were both
more than two orders of magnitude more potent than
dexamethasone, giving EC50 values of 25 pM and
20 pM, respectively (fig. 1a). Although MF reached
the same maximal response as dexamethasone, high
concentrations of FP consistently stimulated a mod-
erately higher level of reporter gene expression
(144¡14%, pv0.01).

Next, the ability of the corticosteroids to transre-
press the activity of the pro-inflammatory transcrip-
tion factor NF-kB was examined using an A549 cell

line stably transfected with an NF-kB-dependent
reporter construct. Stimulation with 0.5 ng?mL-1

TNF-a induced a 3.8-fold increase in luciferase
expression (data not shown). All three corticosteroids
were able to repress TNF-a-driven NF-kB activation
by similar amounts in a dose-dependent manner,
with concentration values generating 50% maximal
inhibitory effect (IC50) of 4 pM (FP), 10 pM (MF)
and 0.2 nM (dexamethasone). Again, other steroid
receptor ligands were unable to repress NF-kB
reporter gene expression in these cells (data not
shown).

The specificity of FP and MF for the GR was
assessed. To measure activity at the progesterone
receptor, T47D cells were used, a breast carcinoma
cell line that naturally overexpresses the progesterone
receptor and responds to progestins with an increase
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Fig. 1. –Corticosteroid effects on glucocorticoid receptor function.
The level of reporter gene expression was measured in A549-
derived cell lines where the reporter was under the control of a)
the long terminal repeat of the mouse mammary tumour virus
and b) a nuclear factor (NF)-kB responsive promoter. Cells were
treated with indicated amounts of dexamethasone (#), fluticasone
propionate (h) or mometasone furoate (+). To measure NF-kB
activity, cells were stimulated with 0.5 ng?mL-1 tumour necrosis
factor (TNF)-a 1 h after the addition of steroid. Luciferase levels
were measured 16 h after stimulation. Data were normalised to
the maximal stimulation by a) dexamethasone (5.1¡0.7-fold above
basal) or b) TNF-a (3.8¡0.84-fold above basal). Results are the
mean¡SEM for three independent experiments.
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in cellular expression of alkaline phosphatase [23].
FP stimulated alkaline phosphatase expression in
T47D cells, reaching 80¡5% (pv0.01) of the maximal
response to progesterone with an EC50 of 1 nM
(fig. 2a). MF was clearly a full agonist, and was more
than an order of magnitude more potent than FP,
with an EC50 of 50 pM (fig. 2a). In contrast,
dexamethasone could only stimulate alkaline phos-
phatase expression at concentrations w1 mM, while
oestradiol, aldosterone and testosterone were inactive
(data not shown). The effects of progesterone, FP and
MF could all be reversed by pretreatment of the cells
with the progesterone receptor/GR antagonist RU486,
demonstrating that the effects seen are receptor
mediated (fig. 2b). Thus, both FP and MF are not

pure corticosteroids, but have significant activity at
the progesterone receptor.

Ishikawa cells, an endometrial carcinoma cell line,
constitutively overexpress oestrogen receptors and
respond to oestrogens with an increase in cellular
expression of alkaline phosphatase, while ligands
specific for other steroid receptors (including dexa-
methasone) are inactive [24]. FP and MF were both
unable to stimulate alkaline phosphatase expression in
Ishikawa cells (fig. 3a), and neither corticosteroid was
able to antagonise the effects of oestradiol (fig. 3b),
indicating that neither FP nor MF have any cross-
reactivity with oestrogen receptors in Ishikawa cells.

COS-1 cells, a simian fibroblast cell line, does not
respond to any of the steroid ligands for nuclear
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Fig. 2. –Activity of corticosteroids at the progesterone receptor. a)
T47D cells were stimulated for 16 h with indicated amounts of
progesterone ($), fluticasone propionate (h) or mometasone
furoate (') and the amount of cellular alkaline phosphatase
activity was measured. Data were normalised to the maximal
stimulation by progesterone in each experiment which was
2.6¡0.26-fold above basal. Results are the mean¡SEM for three
independent experiments. b) T47D cells were treated with (u) or
without (h) 50 nM RU486 for 15 min prior to stimulation with
1 nM steroid as indicated. Data were normalised to the response
to 1 mM progesterone in each assay. Results are the average of
two independent experiments. FP: fluticasone propionate; MF:
mometasone furoate; AP: alkaline phosphatase.
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Fig. 3. –Activity of corticosteroids at the oestrogen receptor. a)
Ishikawa cells were stimulated for 16 h with indicated amounts of
oestradiol (#), fluticasone propionate (h) or mometasone furoate
(+) and the amount of cellular alkaline phosphatase activity was
measured. Data were normalised to the maximal stimulation by
oestradiol in each experiment which was 1.7¡0.4-fold above basal.
Results are the mean¡SEM for three independent experiments. b)
Ishikawa cells were treated with indicated amounts of fluticasone
propionate (h) or mometasone furoate (+) for 1 h prior to the
addition of 10 pM oestradiol. The amount of cellular alkaline
phosphatase activity was measured 16 h later. Data were normal-
ised to the stimulation by oestradiol alone in each experiment,
which was 1.5-fold above basal. Results are the mean for two
independent experiments that gave essentially identical results.
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receptors when transfected with a plasmid contain-
ing an MMTV-LTR-driven reporter gene (data not
shown). However, if a plasmid coding for expression
of the human GR was transfected along with the
MMTV reporter, dexamethasone was able to stimu-
late reporter gene expression with an EC50 similar to
that observed in A549 cells (2 nM; data not shown).
This demonstrates that the COS-1 cells do not contain
high levels of 11-b hydroxysteroid dehydrogenase
activity, which protects tissues that are mineralocorti-
coid targets from activation by glucocorticoids [25].
The MR agonist aldosterone was able to stimulate
responses through transfected GR, but only at high
concentrations (EC50 of 400 nM; data not shown).

In COS-1 cells, transiently transfected with a
plasmid allowing expression of the human androgen
receptor along with the MMTV reporter, the androgen
receptor ligand, testosterone, was able to stimulate
reporter gene expression with an EC50 of 0.6 nM
(fig. 4a). This activation could be prevented by
pretreatment of the cells with the androgen receptor
antagonist cyproterone (data not shown). Both FP
and MF showed very little agonist activity at the
androgen receptor, with neither reachingw18% of the
maximal response to testosterone (fig. 4a). Instead,
both compounds acted as antagonists of the androgen
receptor, although the concentrations at which this
occurred were more than three orders of magni-
tude higher than their effects on the GR (1.7 mM
and 70 nM for FP and MF, respectively; fig. 4b).
Dexamethasone showed no activity at the androgen
receptor at concentrations up to 1 mM (data not shown).

COS-1 cells were also transiently transfected with a
plasmid allowing expression of the human mineralo-
corticoid receptor along with the MMTV reporter. In
these cells, the mineralocorticoid receptor ligand,
aldosterone, potently stimulated an increase in repor-
ter gene activity with an EC50 of 50 pM. In contrast,
FP was unable to stimulate a response at concentra-
tions as high as 1 mM (fig. 5a). MF, however, induced
partial activation of the mineralocorticoid receptor,
generating 30% of the maximal response to aldoster-
one with an EC50 of 3 nM (fig. 5a). Dexamethasone
was a full agonist (EC50 of 10 nM), and the effects of
aldosterone, dexamethasone and MF could all be
blocked by pretreatment of the cells with the specific
MR antagonist, spironolactone (data not shown). At
high concentrations, FP acted as an antagonist of
aldosterone in these cells, with an IC50 of 80 nM,
while MF partially blocked aldosterone-stimulated
responses at the same concentrations as it induced
MR activity (60% inhibition, IC50 of 3 nM; fig. 5b).
This indicates that while FP is a weak mineralocorti-
coid receptor antagonist, MF is a relatively potent
partial agonist of the mineralocorticoid receptor.

Discussion

In this study, the authors have clearly demonstrated
that MF and FP are essentially indistinguishable in
their effects on the GR, in terms of potency of gene
transactivation and transrepression [22, 25–27]. How-
ever, they have gone on to show that MF is

significantly less specific for the GR than FP. First,
MF was more than an order of magnitude more
potent than FP as an agonist of the progesterone
receptor, making it one of the most potent progestins
observed. Secondly, MF was a relatively potent
partial agonist of the mineralocorticoid receptor
while FP was a pure antagonist with lower potency.

The side-effects reported to be associated with
inhaled glucocorticoid use result from systemic
exposure to the steroid despite topical administration.
Both FP and MF have been developed to have
pharmacokinetic profiles (lung retention, rapid meta-
bolism) that should minimise such effects, but despite
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Fig. 4. –Activity of corticosteroids at the androgen receptor. COS-
1 cells were transiently transfected with a plasmid encoding
expression of the human androgen receptor and a reporter
plasmid containing the secreted placental alkaline phosphatase
under the control of the long terminal repeat of the mouse
mammary tumour virus. a) Transfected cells were stimulated for
16 h with indicated amounts of testosterone (#), fluticasone
propionate (h) or mometasone furoate (+) and the amount of
secreted alkaline phosphatase activity was measured. Data were
normalised to the maximal stimulation by testosterone in each
experiment which was 3.4¡0.31-fold above basal. Results are the
mean¡SEM for three independent experiments. b) Transfected
cells were treated with indicated amounts of fluticasone propio-
nate (h) or mometasone furoate (+) for 1 h prior to the addition
of 6 nM testosterone. The amount of cellular alkaline phosphatase
activity was measured 16 h later. Data were normalised to the
stimulation by testosterone alone in each experiment which was
3.2-fold above basal. Results are the mean for two independent
experiments that gave essentially identical results.
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extensive drug development effort, evidence of sys-
temic exposure has still been reported [2, 28, 29].
Neither corticosteroid had any activity at the oestro-
gen receptor, and although both acted as antagonists
of the androgen receptor, the concentrations at which
this effect was observed were well above those which
are physiologically relevant. Both FP and MF were
agonists of the progesterone receptor. However,
the effects of FP were relatively weak, such that at

concentrations required to give 90% activation of the
MMTV reporter (100 nM), FP displayed negligible
progesterone-like activity (5%). In contrast, MF is
more than an order of magnitude more potent than
FP at the progesterone receptor such that the con-
centration response curves for the effects of MF on
GR and progesterone receptor overlap. Thus, 100 nM
MF, which gives the same response as 100 nM FP at
the GR, also shows considerable activity at the
progesterone receptor (70% maximum; fig. 4a). There-
fore, if systemic exposure is sufficient to generate
effects mediated through the GR (e.g. suppression of
the hypothalamus-pituitary-adrenal axis [30]), it is
highly likely that with MF the progesterone receptor
is also activated, while with FP it would not be.
Inappropriate activation of the progesterone receptor
is likely to result in dysregulation of the oestrus cycle
and/or a worsening of the symptoms of premenstrual
tension. These effects may be more evident or severe
in women with pre-existing difficulties. Clearly, exces-
sive activation of progesterone receptors will ulti-
mately have a contraceptive effect. The availability of
MF and FP, which have identical activities at the GR,
but very significant differences in activity at the
progesterone receptor, should allow the design of
clinical studies to determine whether these in vitro
observations have any clinical relevance.

A similar argument can be made for the effects on
the mineralocorticoid receptor, where FP acted as an
antagonist with low potency (80 nM), while MF
behaved as a classical partial agonist with potency at
the mineralocorticoid receptorw10-times higher than
FP (3 nM). While these concentrations are a little
higher than those which stimulate GR, even small
effects on the mineralocorticoid receptor may lead to
a disturbance of the homeostatic mechanisms regulat-
ing electrolyte balance that could result in clinical
manifestations following long-term corticosteroid use
or during corticosteroid withdrawal.

The data presented in this study raise significant
new issues when considering the potential for side-
effects with the new generation inhaled cortico-
steroids. It is clear that if systemic effects resulting
from the activity at the glucocorticoid receptor can be
observed, then there is a much greater chance of also
seeing effects related to the progesterone and mine-
ralocorticoid receptor when using mometasone furoate
compared with fluticasone propionate. It is likely that
different individuals or groups may be more or less
susceptible to alterations in these important hormonal
systems, and the effects may become much more
significant during prolonged use. Both prospective
and retrospective clinical studies are required to
ascertain the significance of these findings, but in the
future these considerations may influence the decision
of which corticosteroid to prescribe in any circum-
stance, in order to achieve the best possible safety
profile for the patient.
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