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Different glucocorticoids vary in their genomic and non-genomic
mechanism of action in A549 cells
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1 We have examined the effects of 12 glucocorticoids as inhibitors of A549 cell growth.

2 Other than cortisone and prednisone, all the glucocorticoids inhibited cell growth and this was
strongly correlated (r=0.91) with inhibition of prostaglandin (PG)E, formation.

3 The molecular mechanism by which the active steroids prevented PGE, synthesis was examined
and three groups were identified. Group A drugs did not inhibit arachidonic acid release but
inhibited the induction of COX2. Group B drugs were not able to inhibit the induction of COX2 but
inhibited arachidonic acid release through suppression of cPLA, activation. Group C drugs were
apparently able to bring about both effects.

4 The inhibitory actions of all steroids was dependent upon glucocorticoid receptor occupation
since RU486 reversed their effects. However, group A acted through the NF-«xB pathway to inhibit
COX2 as the response was blocked by the inhibitor geldanamycin which prevents dissociation of GR
and the effect was blocked by APDC, the NF-«B inhibitor. On the other hand, the group B drugs
were not inhibited by NF-xB inhibitors or geldanamycin but their effect was abolished by the src
inhibitor PP2. Group C drugs depended on both pathways.

5 In terms of PGE, generation, there is clear evidence of two entirely separate mechanisms of
glucocorticoid action, one of which correlates with NF-xB mediated genomic actions whilst the
other, depends upon rapid effects on a cell signalling system which does not require dissociation of

GR. The implications for these findings are discussed.
British Journal of Pharmacology (2002) 135, 511-519

Keywords: Glucocorticoids; non-genomic; cell signalling; genome-independent
Abbreviations: AA, arachidonic acid; APDC, pyrrolidinedithiocarbamate; COX, cyclo-oxygenase; EGF, epidermal growth
factor; GA, geldanamycin; GC, glucocorticoid; GR, glucocorticoid receptor; GRE, glucocorticoid response
element; hsp, heat shock protein; PG, prostaglandin; PP2, 4-amino-5-(4-chlorophenyl)-7-(¢-butyl)pyrazolo
[3,4-d]pyrimidine; RU 486, glucocorticoid receptor antagonist
Introduction

Since 1949, glucocorticoids (GCs) have been widely used in
the treatment of inflammatory diseases (Hench et al., 1949)
and despite undesirable side effects they are still regarded as
one of the most potent and, in some cases, life saving
therapies. Since their introduction, our insight into their
molecular mechanism of action has grown considerably.
Many investigators are convinced that a nuclear or
‘genomic’ mechanism is responsible for most, if not all,
of the effects of GCs (Beato et al., 1995; De Waal, 1994).
According to this idea the expression of key genes is
modulated by a glucocorticoid receptor (GR)-dependent
process. Following passive diffusion through the cell
membrane, GCs bind with GRs which are believed to be
located predominantly in the cytoplasm (Gustafsson et al.,
1987) as multi-protein complexes including heat shock
proteins (hsp), immunophillins and several kinases (Pratt
et al., 1999). Following the binding of ligand the receptor
undergoes key steric changes where many of the hsps and
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other factors are dissociated and the molecule acquires a
dimer conformation (Beato et al., 1996). This multi-step
process also brings about a recruitment/activation of several
transcription factors and, as a result, the GR complex
acquires a higher affinity for binding to specific DNA
sequences — glucocorticoid response elements (GREs) in
the nucleus (Sanchez et al., 1990). Due to the nature of
these interactions the expression of target genes controlling
the inflammatory process may be either up or down-
regulated.

The relative importance of the contributions of tran-
scription factor/response element binding versus GR/GRE
binding of the GR complex in mediating GC effects has
been widely debated. Some investigators believe that most
of the anti-inflammatory actions of GCs can be accounted
for by transcription factor interaction alone (Barnes, 1999).
Indeed, the A458T mutated GR (GR“"), which is unable
to dimerize and bind to classical nuclear GREs, is
nevertheless capable of functionally interacting with
transcription factors APl and NFxB (Reichardt et al.,
1998) and therefore gives credence to this. These are



512 J.D. Croxtall et al

Dual action of glucocorticoids

profound observations which appear to support the notion
that interaction with GREs and transcription factors are
functionally separate molecular events which follow ligand
binding.

However, it is increasingly clear that due to the
pluripotent nature of GCs upon gene expression (approxi-
mately 1% of the genome is believed to be affected;
Merkulova et al.,, 1997) systemic side effects including
reduced bone mass, hypertension, diabetes, skin bruising
and weight gain severely compromise their therapeutic
effectiveness (Kimberly, 1991). In order to diminish the
contribution of unwanted side effects to GC therapy
several strategies have been employed. These include
altering the route of administration. For example, a
topical application or inhalation of an aerosol may target
GCs to their site of action whilst reducing the amount in
systemic circulation (Barnes et al., 1998). Similarly, using
GCs with short half-lives (either through hepatic clearance
or localized metabolism) may have the same effect. The
creation of a new generation of GCs including mometa-
sone, fluticasone and budesonide has gone some way in
achieving this (Boobis, 1998; Johnson, 1998; Nathan et al.,
2001). These GCs have significantly reduced side effects
whilst retaining their potent anti-inflammatory properties
and in some cases this has been attributed to a more
rapid systemic clearance. Alternatively, a novel class of
NO-derivatized GCs has also been shown to exhibit
enhanced anti-inflammatory properties (Paul-Clark et al.,
2000). The concept of dissociating the transcription factor-
mediated responses from GRE-mediated effects by using
highly specific synthetic GCs has also been advanced
(Heck et al., 1994). A useful outcome of this remains to
be proven — but, nevertheless, a differential selection of
the beneficial effects of GCs still remains an important
pharmacological target.

Many aspects of inflammation involve the over-produc-
tion of eicosanoid metabolites such as the prostaglandins
(PGs) (Vane, 1978). These are formed following the action
of PLA, enzymes on the phospholipid bilayer membrane
and the subsequent conversion of liberated arachidonic
acid by the cyclo-oxygenase (COX) enzymes. PLA, activity
and COX expression are therefore not only control points
for regulating inflammation, but also important targets for
pharmacological intervention. In studies using the A549
human lung adenocarcinoma cell line, we have shown that
the synthetic GC dexamethasone, may, following binding
to GR, inhibit the induction of COX2 (Newman et al.,
1994). Furthermore, we have also shown that dexametha-
sone can modulate cytokine activation of arachidonic acid
release (Croxtall ez al., 1995) by inhibiting key components
in the signal transduction pathway leading to the control
of MAPK and specifically cPLA, activity (Croxtall et al.,
1996a,b; 2000). More importantly, we have shown that
this effect upon arachidonic acid release precedes the down
regulation of COX2 and is reversed by neither inhibitors
of protein synthesis nor inhibitors of nuclear translocation
such as geldanamycin (Croxtall er al., 2000). In this study
we have investigated two major points. Firstly, whether
the inhibition of cPLA, activity and the down regulation
of COX2 expression by dexamethasone are functionally
separate events. Secondly, we have sought to compare and
contrast the efficacy of a range of conventional GCs

together with the new generation GCs on these two
processes.

Methods
Cell culture

AS549 cells (Flow) were maintained in continuous log phase
growth in Dulbecco’s modified Eagle medium/F-12 (DMEM/
F-12) containing phenol red, 10% foetal calf serum (FCS)
and 1% penicillin/streptomycin (PS) in T-150 flasks (Greiner)
at 37°C, 5% CO,. The cells were not allowed to reach
confluence at any time as this diminishes their response to
growth factors, stimulators and GCs.

Cell proliferation experiments

Sub-confluent A549 cells were seeded into 12-place multi-well
plates (Falcon) at a density of 5x 10* cells ml=' well™! in
DMEM/F-12, 10% FCS and 1% PS. Following incubation
overnight, the cells were washed in 2 ml of sterile PBS and
1 ml of fresh DMEM/F-12 containing 1% PS (without
phenol red) plus various GCs (107'2—107 M) or vehicle
control added (either ethanol or DMSO). On day 2, cells
were replenished with fresh experimental media containing
test GCs or vehicle control. On day 3, media was removed
from each well and 1 ml of PBS containing 0.05% trypsin
and 0.02% EDTA was added to each well. The dispersed
cells then counted with a Coulter Multisizer II counter. The
percentage inhibition of cell proliferation for each GC treated
culture was calculated compared to control well. We found
this experimental template best revealed the growth inhibitory
effects of GC treatment. Trypan Blue was used to determine
cell viability. The data reported are due to inhibition of cell
proliferation and not cell death due to toxicity of the GCs
tested.

Measurements of IL-1p-stimulated PGE; release

Sub-confluent A549 cells were seeded into 12-place multi-well
plates at a density of 5x 10* cells ml~! well~' in DMEM/F-
12, 10% FCS and 1% PS. Following incubation overnight,
the cells were washed in 2 ml of sterile PBS and 1 ml of fresh
DMEM/F-12 containing 1% PS (without phenol red) plus
I ng ml~' IL-18 together with the various GCs (10~'°—
10=° M) or vehicle control (either ethanol or DMSQ) were
added for 3 h. After which time 0.5 ml of experimental media
was removed and PGE, was measured in the samples using
an enzyme-immunoassay (EIA) kit.

Measurement of arachidonic acid release

Sub-confluent A549 cells were seeded into 12-place multi-well
plates (Falcon) at a density of 3 x 10° cells ml~' well~! in
DMEM/F-12, 10% FCS, 1% PS and incubated overnight.
[*H]-arachidonic acid [*’H]-AA in ethanol was evaporated to
dryness under N, and resuspended in an appropriate volume
of DMEM/F-12 (without phenol red) and after vortex mixing
left at 37°C for 1 h. After the cells had been washed with
PBS, 9.25 KBq of [*H]-AA in 0.5 ml DMEM/F-12 (without
phenol red or FCS) was added to each well and incubated
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overnight. The media containing free [*H]-AA was then
removed and the cells washed three times with 1 ml DMEM/
F-12 containing 1 mg ml~" BSA. The cells thus labelled with
[PH]-AA were then treated for 3 h with various GCs (10—
10~° M) or vehicle control (either ethanol or DMSO). Then
10 nM EGF and 50 nM thapsigargin was added for 30 min.
After incubation, 0.4 ml of medium was removed from each
well for scintillation counting.

Determination of the activation of ¢cPLA; and expression
of COX2

The activation of cPLA, was determined by measuring the
phosphorylation status of serine residues of the immunopre-
cipitated protein by Western blotting (Croxtall ez al., 2000)
and the same cell lysates were also Western blotted for COX
2 protein induction. A549 cells were incubated with
I ng ml~" IL-18 together with various GCs (10~'°—10° M)
or vehicle control (either ethanol or DMSO) for 3 h (Figure
1). In inhibitor studies the wvarious GCs (1 uM) were
incubated together with either 1 um PP2, 10 um APDC or
10 uM geldanamycin for 3 h. The medium from T-75 flasks
was aspirated and the A549 cell monolayer washed with PBS,
1 mMm EDTA to remove adherent surface-bound proteins.
The monolayer was dispersed with 0.05% trypsin in PBS,
10 mM EDTA. Cell pellets were snap-frozen in 3 ml of PBS,
10 mm EDTA containing 1 mg ml~' soyabean trypsin
inhibitor, 0.01% leupeptin, 1 mM PMSF and 1 mM sodium
orthovanadate. Once thawed, cell lysates were clarified by
centrifugation at 13,000 x g for 20 min. Protein concentra-
tions were measured by Bradford assay and identical
concentrations were used in each immunoprecipitation. One
millilitre of cell lysate was incubated with 5 ug of precipitat-
ing monoclonal antibody to cPLA, (Santa Cruz) for 16 h
with continuous rocking. Then 20 mg Protein A-Sepharose
was added for a further 2 h. The Protein A-Sepharose bound

Group A e G o e sy CPLA2-PS
Mometasone
T T ™ CcoxX2

Group B = w= w= w= w= . == CPLA2-PS
Dexamethasone

— e — cox2

ol - o - cPLA-PS
Group C
Methyl-prednisolone

. e — COX2

CHI-14™0 "9 "8 “7 "6 5M

Figure 1 Representative examples of the effect of GCs from each
group upon IL-1f activation of cPLA, and induction of COX2
expression. A549 cells were treated with 1 ngml™' for 3 h in the
presence of a range of concentrations of each GC (107'°—~107° wm).
Immunoprecipitates of cPLA, were examined for activation status by
Western blotting with antibodies to phosphoserine. COX2 expression
was assessed by Western blotting the total cell lysate with COX2
antibody.

immunocomplexes were washed three times in PBS, 10 mMm
EDTA and then incubated with 250 ul sample buffer for
Smin at 90°C prior to SDS—PAGE analysis by Western
blotting with anti-phospho serine monoclonal antibody
(10 ug ml~") and detection by DAB. The same cell lysate
was also Western blotted for COX2 (Santa Cruz) expression.
Western blots were scanned using an Agfa Snapscan 1236S
and the image composite transferred into Power Point
(Microsoft, WA, U.S.A.) running on an Apple Macintosh.
Densitometric analysis was performed with NIH Image 1.54
and relative band intensities reported as per cent changes
within each blot. The calculated values are semiquantitative
and are only meant to give some numerical guide to the ratio
of band intensities. The blots are presented graphically to
enable easier comparisons between treatments and are typical
examples of at least three such experiments. Although overall
band intensities varied between experiments, the ratio of
band intensities remained the same.

Materials

EGF, thapsigargin, geldanamycin, Protein A sepharose, anti-
phospho serine monoclonal antibodies, GCs (except below)
and all other general purpose, cell culture or blotting reagents
were from Sigma (Poole, U.K.). PP2 was from Calbiochem-
Novabiochem (U.K.). APDC was from Tocris Cookson.
RU486 was a gift from Roussel-Uclaf (Romainville, France).
[5.6,8,9,11,12,14,15-*H]-(N)-arachidonic acid was from NEN
Du Pont (Belgium). Immunoprecipitation of activated cPLA,
and Western blotting for COX2 was performed using
monoclonal antibodies from Santa Cruz Biotechnology.
PGE, EIA kits were from Amersham. Budesonide was from
AstraZeneca, Lund, Sweden. We are very grateful to Dr
William Kreutner, Schering-Plough, New Jersey for mome-
tasone and GlaxoSmithKline, The Netherlands for flutica-
sone proprionate.

Statistical analysis

Each experiment was performed in triplicate (»=3) and each
experiment is a typical example of at least three such
experiments. Results were calculated as the mean +s.e.mean
and are presented as the per cent inhibition+s.e.mean.
Statistical differences were calculated on raw data using the
ANOVA test with post analysis Bonferroni correction. A
threshold value of P<0.05 was taken as significant.

Results

Effects of glucocorticoids on the proliferation of A549
cells

We have previously described the growth inhibitory response
of A549 cells to dexamethasone (Croxtall & Flower, 1992).
The data presented in Table 1 (column 1) show that this
property is shared by many of the various GCs tested,
however, there are marked differences of efficacy between
these compounds. Following a 3 day incubation period,
dexamethasone (our reference GC) significantly (P<0.05)
inhibited proliferation (within the concentration range 1-—
100 nM) with a half-maximal inhibitory effect at 5 nM and
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Table 1 Concentration of glucocorticoids required to give a half-maximal inhibition of A549 cell growth, PGE, release, arachidonic
acid release, COX2 expression and cPLA, activity. Values in parentheses (% maximum inhibition +s.c.mean)

Cell PGE, AA CcoXx2 cPLA,
Glucocorticoid growth release release expression activation
Mometasone <1072 ™ I1x107"m NS Ix107""Mm NS
(87+0.7) (76+3) (98 +2)
Fluticasone-17-proprionate <1072 m 5x10710Mm NS 5x10710Mm NS
(82.2+1) (69+4) (86+2)
Budesonide 5x107 " ™M Ix107° M NS Ix107° ™M NS
(66.540.8) (59+3) (64+2)
Beclomethasone I1x107 "% ™ 7.5%107 "9 m NS 7.5%107 " m NS
Diproprionate (72+2) (75+2) (84+4)
Beclomethasone 25x107 "M 2x 107%™ 2x 1078 ™M 2x 107" ™M 2x 1078 ™M
(70+4) (69+4) (7244) (70+4) (70+5)
Methyl-prednisolone 5%107° M 1x107% M I1x107%m NS 1x107%™m
(76.3+1) (78+3) (59+4) (644 6)
Dexamethasone 5x107° M 2x107% ™M 2x 1078 ™M Ix1077 ™M 2x 1078 ™M
(61.2+7) (63+4) (57+4) (71+2) (60+4)
Prednisolone I1x107° ™M 5x107% m NS 5x107%m NS
(40.6 +4) (42+4) (76+1)
Hydrocortisone 1x107 %M 7.5%x 1078 m 7.5%x107% M 7.5x1078% M 7.5x107% M
(58.6+6) 96+2) (56+10) 86+1) (704+3)
Triamcinolone 25%x107%m 2x107" ™ 2x1077 ™M 2x107" ™ 2x1077" ™M
Acetonide (69.243) 924+2) (4443) (1004+4) (5943)
Cortisone NS NS NS NS NS
Prednisone NS NS NS NS NS

NS, no significant effect.

maximal inhibition of 61.2% at 100 nM. Whereas hydro-
cortisone and triamcinolone acetonide were less active, with
half-maximal inhibitory effects at 10 and 25 nM respectively,
albeit with similar maximal potencies to dexamethasone. On
the other hand, prednisolone and methyl-prednisolone had
similar half-maximal inhibitory concentations to dexametha-
sone (1 and 5 nM respectively) but with different degrees of
maximal inhibition of proliferation (40.6% at 100 nm for
prednisolone and 76.3% at 100 nM for methyl-prednisolone).
Both beclomethasone and beclomethasone diproprionate
were more potent than dexamethasone with maximal
inhibition of 70 and 72% at 100 nM and half-maximal
inhibitory effects at 0.25 nM and 1 pM respectively. Likewise,
budesonide was also more active than dexamethasone with a
half-maximal inhibitory effect at 50 pM but a similar maximal
potency of 66.5% at 100 nM. Mometasone and fluticasone
differed markedly from the rest of this group of GCs in their
degree of efficacy with maximal inhibitions at 100 nM of 87
and 82.2% respectively and half-maximal inhibitory concen-
trations that were assessed to be <107'>M. Due to the
lipophillic nature of mometasone and fluticasone there is a
residue of GC bound to the cell culture plasticware over the
3-day culture period making an accurate measurement
unreliable at high dilution. Therefore, specific values for
half-maximal inhibitory concentrations have not been given.
Ranking this group of GCs in order of efficacy for growth
inhibition of A549 cells would be as follows:- Mometa-

sone = fluticasone > beclomethasone diproprionate > budeso-
nide > beclomethasone > prednisolone >methyl prednisolone
= dexamethasone > hydrocortisone > triancinolone acetonide.
Cortisone and prednisone are inactive GCs that lack the 11-
hydoxyl substituent and are not converted to other active
metabolites under these experimental conditions.

Effects of glucocorticoids on the release of PGE; from
A549 cells

The dexamethasone inhibitory response of AS549 cell
growth is mediated, at least in part, by suppression of
the release of growth stimulating PGE, (Croxtall &
Flower, 1992). In the experiments presented in Table 1
(column 2) we have measured the inhibitory effect of the
various GCs co-incubated with IL-18 for 3h on the
stimulation of PGE, release. Again we have found that
there is a significant correlation (r=0.91, data not shown)
between the degree of inhibition of PGE, release and cell
growth. II-18 typically stimulated PGE, release from a
basal concentration of 30 ngml' to approximately
200 ng ml~". Our reference GC dexamethasone significantly
(P<0.05) inhibited the release of PGE, (within the
concentration range 10 nM—10 uM) with a half-maximal
inhibitory effect at 20 nM. Lower concentrations of GCs
are required for inhibition of cell growth compared to
inhibition of PGE, release due to a residue of bound GC
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in the cell culture plasticware. Hydrocortisone and
triamcinolone acetonide were less active with half-maximal
inhibitory effects at 75 and 200 nM respectively. On the
other hand, prednisolone and methyl-prednisolone had
half-maximal inhibitory concentrations (50 and 10 nM
respectively) to dexamethasone but again with differing
degrees of maximal inhibition which matched their growth
inhibitory profiles. Beclomethasone was of comparable
activity to dexamethasone with a half-maximal inhibitory
effect at 20 nM, however, beclomethasone diproprionate
was more active with a half-maximal inhibitory effect at
0.75 nM. Similarly, budesonide was also more potent than
the reference compound with a half-maximal inhibitory
effect at 1 nM. Again mometasone and fluticasone differed
significantly from the rest of this group of GCs showing
high activity at low concentrations with half-maximal
inhibitory effects at 107" M and 0.5 nM respectively.
Ranking the group of GCs in order of efficacy for
inhibition of PGE, release produces a similar profile as for
growth inhibition. Mometasone > fluticasone > beclometha-
sone diproprionate > budesonide >methyl prednisolone >
dexamethasone= beclomethasone > prednisolone > hydrocor-
tisone > triancinolone acetonide.

Effects of glucocorticoids on the release of arachidonic
acid from A549 cells

Arachidonic acid is released from cellular phospholipids by
PLA, enzymes in response to a variety of extracellular stimuli
and is therefore an important control point in eicosanoid
biosynthesis. We have previously shown that dexamethasone
suppresses the release of arachidonic acid from A549 cells by
inhibiting the activation of cPLA, (Croxtall et al., 1998). In
the experiments presented in Table 1 (column 3) we have
measured the inhibitory effect (following pretreatment for
3 h) of the various GCs on the release of arachidonic acid
stimulated by 10 nMm EGF and 50 nM thapsigargin. In these
experiments EGF and thapsigargin typically stimulated
arachidonic acid release by approximately 500%. Dexametha-
sone significantly (P <0.05) inhibited arachidonic acid release
(within the concentration range 10 nM—10 uM) with half-
maximal inhibitory effect at 20 nM. This is a similar profile to
that reported above for inhibition of PGE, release at similar
contact times. Both hydrocortisone and triamcinolone
acetonide were less active with half-maximal inhibitory effects
at 75 and 200 nM respectively. Prednisolone, which, in
contrast to the growth inhibition and PGE, release assays
reported above, was not significantly active within the range
of concentrations tested up to 10 uM. Conversely, methyl-
prednisolone appears to be more active than dexamethasone
with a half-maximal inhibitory effect at 10 nM. A similar
finding was also seen with beclomethasone diproprionate
which failed to significantly inhibit arachidonic acid release
within the concentration range tested. Whereas, beclometha-
sone was found to be similarly active to dexamethasone with
a half-maximal inhibitory effect at 20 nM. Mometasone,
fluticasone and budesonide failed to inhibit the release of
arachidonic acid at any concentration tested. Ranking the
GCs in this assay produces a clearly different profile of
activity:- methyl-prednisolone > beclomethasone = dexametha-
sone > hydrocortisone > triamcinolone acetonide with the
remainder inactive. These results are contrary to what might

be expected but imply that different GCs have profoundly
different activities in regulating arachidonic acid generation
and PGE, release.

Effects of glucocorticoids on activation of cPLA> and
expression of COX2

The agonist-activated release of arachidonic acid from A549
cells is largely mediated by the activation of cPLA, (Croxtall
et al., 1995; Choudhury et al., 2000). Furthermore, we have
described the co-ordinate activation of cPLA, and up-
regulation of COX2 expression in these cells following
treatment with IL-1f (Croxtall ez al., 1996a). In A549 cells
this activation of cPLA, and induction of COX2 expression is
inhibited by pretreatment with dexamethasone (Croxtall et
al., 1996b; Newman et al., 1994). The experiments presented
in Table 1 (columns 4 and 5) show the comparative effects of
co-incubation of the various GCs with IL-1§ for 3 h on
activation of cPLA, and induction of COX2. IL-1p typically
stimulated cPLA, activation by approximately 100%,
whereas COX2 expression was undetectable in untreated
cells. Dexamethasone inhibits both c¢cPLA, activation and
induction of COX2 expression, albeit, with differing half-
maximal inhibitory concentrations (20 and 100 nM respec-
tively). Hydrocortisone and triamcinolone acetonide also
inhibited both pathways in a similar manner but, with less
activity. However, prednisolone did not significantly inhibit
cPLA, activation, whereas COX2 expression was inhibited
with a half-maximal inhibitory effect at 50 nM. On the other
hand, methyl-prednisolone inhibited COX2 expression very
weakly (P<0.05, 1 and 10 uM), whereas cPLA, activity was
inhibited with a half-maximal inhibitory effect at 10 nM. This
differential regulation was also seen with beclomethasone
diproprionate where no inhibition of cPLA, activity was seen
in the concentration range tested. However, COX2 induction
was inhibited with a half-maximal inhibitory effect at
0.75 nM. On the other hand beclomethasone inhibited cPLA,
activity with a half-maximal inhibitory effect at 20 nM,
whereas, COX2 induction was only significantly (P <0.05)
inhibited at concentrations of 1 and 10 uM (half-maximal
inhibitory effect at 200 nMm). Again, mometasone, fluticasone
and budesonide were markedly different from the other GCs.
All of these compounds exhibited high inhibitory activities
against COX2 induction without appearing to significantly
effect the activation of cPLA,. These differential activities on
the regulation of cPLA, activity and COX2 expression imply
that they are functionally separable events that may be
mediated by different mechanisms of action.

Which signalling pathways controlling cPLA> activity and
COX2 expression are regulated by glucocorticoids?

Inhibition of arachidonic acid release by dexamethasone,
which, although dependent upon occupation of GR does not
require translocation of the receptor to the nucleus (Croxtall
et al., 2000). Rather, it appears that a perturbation of src-
mediated pathways is involved instead. In the experiments
described below we have investigated the contribution of src-
mediated pathways to the GC inhibition of cPLA, activity
and COX2 expression by pre-treating the cells with the src
inhibitor PP2. We have then compared this to cells pre-
treated with either geldanamycin, which prevent translocation

British Journal of Pharmacology vol 135 (2)



516 J.D. Croxtall et al

Dual action of glucocorticoids

of the GR to the nucleus, or with APDC, which prevents
activation of NFkB-dependent regulation of gene transcrip-
tion.

In agreement with our previously published data, dex-
amethasone (1 uM, 3 h) inhibited both cPLA, activity and
COX2 expression. However, the inhibition of cPLA, activity
was significantly (P<0.05) reversed by pre-treatment with
1 um PP2, whereas the inhibition of COX2 expression
remained unaffected. On the other hand, pre-treatment with
either 10 uM geldanamycin or 10 um APDC did not affect
inhibition of cPLA, activity but significantly (P <0.05)
reversed the inhibition of COX2 expression. Both inhibition
of cPLA; activity and COX2 expression were reversed in the
presence of the GR antagonist RU486 (10 uM) confirming the
requirement for GR occupation in both processes. These
observations clearly show that the inhibition of cPLA,
activity and COX2 expression by dexamethasone are
functionally separable events. The inhibition of cPLA,
activity does not require translocation of the GR complex
to the nucleus nor the activation of NF-xB-dependent
processes but nevertheless, the activation of src-mediated
pathways is required. Conversely, the inhibition of COX2
expression is dependent upon nuclear translocation of GR
and the participation of NF-xB-dependent mechanisms.

Both hydrocortisone and triamcinolone acetonide (1 uMm,
3 h) also appeared to regulate these pathways in a similar
manner. In both cases the inhibition of cPLA, activity was
significantly (P <0.05) reversed by 1 um PP2 and unaffected
by 10 um geldanamycin or 10 uMm APDC. Whereas the
inhibition of COX2 expression was significantly (P <0.05)
reversed by geldanamycin and APDC but unaffected by PP2.
Prednisolone (1 uM, 3 h) did not significantly affect cPLA,
activity, nevertheless, the inhibition of COX2 expression was
significantly (P<0.05) reversed by both geldanamycin and
APDC but unaffected by PP2. On the other hand methyl-
prednisolone (1 uM, 3 h) significantly (P<0.05) inhibited
cPLA; activity but only weakly inhibited COX2 expression.
The inhibition of cPLA, activity was again significantly
(P<0.05) reversed by PP2 but unaffected by geldanamycin or
APDC. At a concentration of 1 uM beclomethasone behaved
as dexamethasone. However, beclomethasone diproprionate
inhibited only COX2 expression and this was reversed by
geldanamycin and APDC, whereas PP2 was without effect.
Of the remaining group of GCs mometasone, fluticasone and
budesonide, all of these inhibited only COX2 expression and
this was significantly (P <0.05) reversed by geldanamycin and
APDC, whereas, PP2 was without effect.

Discussion

The anti-inflammatory and anti-proliferative effects of
physiological and synthetic GCs are thought to rely upon
their ability to influence gene expression, and, a key
parameter in determining efficacy is thought to be their
binding affinity to GR. The data we have presented in Table
1 shows clearly the close correlation between inhibition of
PGE, release and the arrest of cell proliferation (r=0.91) for
all GCs tested. However, the activities of these GCs upon
PGE, release and cell proliferation we have described do not
always strictly correlate to their reported binding affinities for
GR. The new generation of highly active GCs mometasone,

fluticasone and budesonide do indeed exhibit much higher
binding affinities than the other members of the group.
However, there are several significant anomalies such as
triamcinolone acetonide which has a binding affinity of 3.6
fold higher than dexamethasone yet is the least active GC of
the group. Conversely, beclomethasone diproprionate which
has a binding affinity of less than half that for dexametha-
sone yet is one of the most active members of the group
(Johnson, 1998; Boobis, 1998; Wurthwein et al., 1992). The
problem of GR binding affinity as a measure of efficacy is
further highlighted by the data presented in Table 1 where it
is clear that several GCs have significantly different half-
maximal inhibitory concentrations for cPLA, activity and
COX2 expression. This issue, is perhaps, also reflected by the
fact that many reported binding affinities appear to be ‘assay-
dependent’ resulting in significant differences in the values
described. For example the ICsy’s of a panel of GCs in assays
including inhibition of T-cell IL-5 release, T-cell proliferation,
basophil histamine release and eosinophil apoptosis not only
vary considerably between assay but in some cases result in a
different ranking of GC potency (Johnson, 1998). Whilst
hepatic clearance, serum half-life, lipophilicity and sequestra-
tion by binding globulins etc may be important factors that
may account for variations in GC efficacy in vivo, it is clearly
difficult to accommodate binding affinity alone as a key
parameter in determining GC efficacy in the serum-free in
vitro assays used in this study.

Despite our knowledge of the molecular detail of GR
function it is increasingly apparent that many familiar actions
of GCs cannot be adequately explained by the classical
genomic mechanism outlined in the Introduction. In
particular, it seems that some GC actions are more rapid
than could be explained by a protein synthesis-dependent
mechanism. For example, the rapid response of patients with
acute adrenal insufficiency (Merry et al., 1994) and the rapid
inhibition of ACTH or prolactin release (Buckingham, 1996)
are both evident within minutes following GC administration.
Similarly, increases in inositol tri-phosphate production
(Steiner et al., 1988) and prolonged growth arrest of cells in
culture (Kawai et al., 1998) have been shown following only a
brief exposure to GCs. Therefore this has lead investigators
to postulate that GCs can influence cellular events directly —
without invoking transcriptional and/or translational pro-
cesses. Buttgereit er al. (1998) has extended this concept
further and proposed a ‘modular’ mechanism to GC action
which is both concentration- and time-dependent. In this
hypothesis genomic processes are activated by low GC
concentrations (>107'2 M) and require at least 30 min to
work. Whereas, non-genomic receptor-mediated processes
require concentrations of GC >10""M and occur within
minutes (Buttgereit er al., 1998). So far, the relative
importance of these processes in determining GC efficacy
has not been determined. However, a ‘two-concentration’
model would be congruent with our findings. Intriguingly,
low doses of mometasone have been shown to bind to
monomeric forms of GR and ellicit selective effects upon
histone acetylation whereas higher doses bind to dimeric
forms of the receptor and ellicit gene expression events
(Barnes, 2001).

Early indications to provide direct evidence for the concept
of non-genomic, GR-mediated actions of GCs first came
from in vitro cell culture studies. Brief treatment (mins) of
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cultured human endometrial cells with GCs resulted in a
rapid polymerization and stabilization of the actin cytoske-
leton (Koukouritaki et al., 1997). This process did not require
de novo protein synthesis, but rather, a rapid activation of
PTK’s was involved instead (Koukouritaki et al., 1999).
More specifically, it has also been shown that rapid
inactivation of JNK signalling pathways by GCs (Caelles et
al., 1997) may account for antagonism of AP-1 function by
activated steroid receptors. How this might happen remains
an open question, however, the demonstration of an
interaction between GR and 14-3-3 and Raf-1 may provide
a mechanistic solution to this (Widen et al., 2000).
Exposure to dexamethasone significantly arrests A549
human lung epithelial cell growth by inhibiting the release
of PGE,, an autocrine regulator of proliferation in these cells
(Croxtall & Flower, 1992). There are two significant
observations connected to this. Firstly, the continued
presence of dexamethasone in the culture media is not
required to inhibit cell growth since a brief exposure (and
subsequent withdrawal) is almost as effective. Secondly, it is
also apparent that dexamethasone rapidly modulates cyto-
kine activation of arachidonic acid (and hence PGE,) release
by inhibiting key components in the signal transduction
pathway leading to the control of MAPK and cPLA, activity
(Croxtall et al., 2000). This process occurs within minutes and
is reversed by the GR antagonist RU486 but not by
inhibitors of protein synthesis (Croxtall et al., 2000).
Dexamethasone causes an immediate increase in the
phosphorylation of annexin 1 (ANXAI) which shares
homologous domains to the signal recruitment factor Grb2
(Croxtall et al., 1998; 2000). In its phosphorylated form it
appears that ANXAI can displace Grb2 from growth factor
receptor signalling complexes and thereby block the transdu-
cing signal leading to activation of JNKI1, MAPK’s and
cPLA, (Croxtall et al., 2000). In A549 cells pre-treated with
either the benzoquinone ansamycin geldanamycin, which
selectively binds hsp90 and prevents nuclear translocation
of GR, the dexamethasone-induced inhibition of cPLA, is
completely unaffected (Croxtall et al., 2000). However, this
rapid signalling effect of dexamethasone is reversed by pre-
treatment with the src inhibitor PP2. We have now shown in
this report that rapid effects of dexamethasone upon
arachidonic acid release and cPLA, activity are also
unaffected by pre-treatment with the NF-xB inhibitor APDC.
Conversely, what might be regarded as ‘classical genomic’
effects of dexamethasone, the suppression of COX2 expres-
sion, are inhibited by geldanamycin and APDC but not PP2.
These observations perhaps become more significant when
the differential effects of other GCs upon cPLA, activity and
COX2 expression are also taken into consideration. The data
presented in Table 1 shows clearly the distinct activities of the
GCs tested and we have arbitrarily assigned these into three
groups. Firstly, the members of group A comprise the new
generation of GCs, mometasone, fluticasone and budesonide
and also beclomethasone diproprionate and prednisolone,
and have no significant effect on arachidonic acid release and
cPLA, activity. However, they retain a profound inhibitory
activity upon COX2 expression (mometasone > fluticasone >
beclomethasone diproprionate >budesonide > prednisolone)
which presumably accounts for their growth inhibitory
effects. Secondly, group B, comprises methyl-prednisolone
which, in complete contrast to group A, inhibits only cPLA,

activity without significantly inhibiting COX2 expression.
Finally, in group C there is beclomethasone, dexamethasone,
hydrocortisone and triamcinolone acetonide which inhibit
both cPLA, activity and COX2 expression. However, even
within this group beclomethasone and dexamethasone express
a differential effect upon cPLA, activity and COX2
expression that appears to be concentration-dependent.

These differences in activity for each group are reflected in
apparent differences in mechanism of action as reported in
the results section. The effects of GCs from group A, which
only inhibit COX2 expression, are reversed in the presence of
geldanamycin and NF-xB but unaffected by PP2. Whereas
for group B, the cPLA,-inhibitory action is reversed by PP2
but unaffected by geldanamycin and NF-xB. Even in group C
where both cPLA, activity and COX2 expression are
inhibited, these pathways are still mechanistically distinct.
These observations would appear to support the notion that
the genomic versus non-genomic actions of GCs are not
merely concentration-dependent, but that they are also
mediated via distinct cellular pathways following GR
activation. This perhaps gives some credence to the proposed
modular mechanism of action (Buttgereit et al., 1998) where
it is possible that, for some GCs, sub-threshold concentra-
tions of hormone would activate only genomic pathways
leaving signalling pathways unactivated or vice versa.

The ability of various GCs to differentially influence
transactivation, NF-xB transrepression and apoptosis has
been described in a study by Hofmann er al. (1998) where
significant differences were found. Prednisolone and hydro-
cortisone were significantly less effective than dexamethasone
in activating MMTV-luciferase reporter constructs and
inducing apoptosis in CEM C7 cells. However, no significant
differences were observed in the ability of these GCs to
regulate NF-xB transrepression, rather, it appears that IxB-o
degradation was instead affected. The authors commented on
the structural similarities of modifications at C16 and C17 of
the active GCs. In our study mometasone, fluticasone,
budesonide and beclomethasone diproprionate were not only
the most active GCs, but also formed a distinct group (A) in
terms of their mechanism of action. It may not be
coincidental, but these GCs all have significant modifications
at their C16 and Cl17 positions. The implication of these
findings is, that, changes in key structural determinants of
GCs may elicit differential functional interactions of GR
leading to either classical genomic or rapid non-genomic
effects, or both. Whether GCs are able to differentially
influence GR structure in a manner analagous to that which
has already been established for oestrogen antagonists upon
ER (Brzozowski et al., 1997) remains to be determined.

The data presented in this study appears to support the
concept that the inhibitory action of GCs upon genomic
versus non-genomic mechanisms as evidenced by changes in
cPLA, activity and COX2 expression are indeed functionally
separate events. Furthermore, it is also apparent that many
GCs have widely differing activities in these two processes.
These differences between GCs may have important clinical
implications. For example, in asthma therapy although
inhaled GCs reduce clinical symptoms, there are, in some
cases, further beneficial effects when used in combination
with either long-acting f,-sympathicomimetics (Bateman et
al., 1998) or leukotriene receptor antagonists (LTRA) (Nayak
et al., 1998). It may be postulated that the clinical benefits of
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such drug combinations may depend on the choice of inhaled
GC. Adding a LTRA to fluticasone, mometasone or
budesonide is theoretically justified as none of these GCs
inhibit AA release. However, it might be expected that
adding a LTRA to methyl-prednisolone would be of less
value since as this GC suppresses AA release, leukotriene
generation would in any case be reduced.

For the new generation of GCs mometasone, fluticasone
and budesonide the therapeutic benefits are more widely
acknowledged. This has been attributed to higher binding
affinities for GR and reduced systemic effects (Barnes et al.,
1998). However, the lack of any detectable effect upon
arachidonic acid release reported here may also be another
important factor. On the other hand, the therapeutic benefits
of methyl-prednisolone, which we and others (Buttgereit et
al., 1997) have shown, operates through a signalling-
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