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Enhancement of inflammatory mediator release by
b2-adrenoceptor agonists in airway epithelial cells is
reversed by glucocorticoid actionbph_708 410..420
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Background and purpose: Due to their potent bronchodilator properties, b2-adrenoceptor agonists are a mainstay of therapy
in asthma. However, the effects of b2-adrenoceptor agonists on inflammation are less clear. Accordingly, we have investigated
the effects of b2-adrenoceptor agonists on inflammatory mediator release.
Experimental approach: Transcription factor activation, and both release and mRNA expression of IL-6 and IL-8 were
examined by luciferase reporter assay, ELISA and real-time RT–PCR in bronchial human epithelial BEAS-2B cells or primary human
bronchial epithelial cells grown at an air–liquid interface.
Key results: Pre-incubation with b2-adrenoceptor agonists (salbutamol, salmeterol, formoterol) augmented the release and
mRNA expression of IL-6 and IL-8 induced by IL-1b and IL-1b plus histamine, whereas NF-kB-dependent transcription was
significantly repressed, and AP-1-dependent transcription was unaffected. These effects were mimicked by other cAMP-
elevating agents (PGE2, forskolin). Enhancement of cytokine release by b2-adrenoceptor agonists also occurred in primary
bronchial epithelial cells. Addition of dexamethasone with salmeterol repressed IL-6 and IL-8 release to levels that were similar
to the repression achieved in the absence of salmeterol. IL-6 release was enhanced when salmeterol was added before,
concurrently or after IL-1b plus histamine stimulation, whereas IL-8 release was only enhanced by salmeterol addition prior to
stimulation.
Conclusions and implications: Enhancement of IL-6 and IL-8 release may contribute to the deleterious effects of
b2-adrenoceptor agonists in asthma. As increased inflammatory mediator expression is prevented by the addition of gluco-
corticoid to the b2-adrenoceptor, our data provide further mechanistic support for the use of combination therapies in asthma
management.
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Introduction

Asthma is a chronic inflammatory disease of the airways
for which the most common treatments include inhaled

glucocorticoids and b2-adrenoceptor agonists, administered
either separately or in combination (Sears and Lotvall, 2005).
b2-Adrenoceptor agonists represent the standard bronchodila-
tor therapy both in emergency room admissions and in the
daily management of asthma (Sears and Lotvall, 2005).
However, controversy over the use of b2-adrenoceptor ago-
nists as monotherapy arose in the 1960s when increased mor-
tality of asthma sufferers was attributed to overuse of the
non-selective b-adrenoceptor agonist, isoprenaline (Stolley
and Schinnar, 1978). In the 1980s, the b2-adrenoceptor
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agonist, fenoterol, was associated with increased mortality in
New Zealand (Crane et al., 1989). Although there were indi-
cations that this effect was due to cardiopathic side effects, via
non-specific activation of the b1-adrenoceptor (Crane et al.,
1989), other studies suggested that this mortality was due to
increased asthma severity (Sears and Taylor, 1994). More
recently, the salmeterol multicenter asthma research trial
demonstrated that patients, particularly African Americans,
receiving long-acting b2-adrenoceptor agonist (LABA) mono-
therapy have a significantly higher risk of fatal, or potentially
fatal, asthma episodes (Nelson et al., 2006). Accordingly,
current therapeutic guidelines recommend the use of LABAs
only in combination with glucocorticoids, and, although
regular long-term daily use of short-acting b2-adrenoceptor
agonists is not recommended, they remain the mainstay of
acute asthma treatment (Bateman et al., 2008).

The b2-adrenoceptor is a member of the seven transmem-
brane G-protein-coupled receptor superfamily, and couples
typically with the heterotrimeric G-protein, Gs (Giembycz
and Newton, 2006). Binding of ligand results in activation of
adenylyl cyclase by Gs. This catalyses the conversion of ATP
into cAMP, which in turn binds to the regulatory subunits of
protein kinase A (PKA) (Giembycz and Newton, 2006). These
disassociate from the catalytic subunits enabling the phos-
phorylation of numerous effector proteins, some of which
lead to airway smooth muscle relaxation (Giembycz and
Newton, 2006). However, agonists of the b2-adrenoceptor are
now recognized to activate multiple cAMP-dependent and
-independent pathways, and may actually increase the under-
lying inflammation in asthma (see Giembycz and Newton,
2006 and references therein).

Asthmatic inflammation involves the increased production
of numerous mediators, including cytokines, such as interleu-
kin (IL)-6, and chemokines such as IL-8, whose expression is
partly controlled at the level of transcription by factors such
as activator protein (AP)-1, cAMP response element (CRE)
binding protein (CREB), CCAAT/enhancer binding protein
and nuclear factor kB (NF-kB) (see Roebuck, 1999; Ammit
et al., 2002; Holden et al., 2007).

The pulmonary epithelium is a source of many inflamma-
tory cytokines and chemokines involved in asthmatic inflam-
mation (Janssen-Heininger et al., 2009). Importantly, the
epithelium acts as an interface between inhaled air and the
respiratory system, and is the first point of contact for not
only inflammatory insults, such as airborne allergens, patho-
gens and pollutants, but also inhaled therapies such as
b2-adrenoceptor agonists and glucocorticoids (Davies and
Holgate, 2002). Thus, the airway epithelium is critical to both
the pathogenesis and treatment of asthma, and may hold the
key to the detrimental effects observed in patients taking
b2-adrenoceptor agonists as monotherapies.

In the current study, we have used human bronchial airway
epithelial cells to demonstrate that the induction of IL-6 and
IL-8 expression, and NF-kB-dependent transcription, by IL-1b
is increased by histamine. Addition of the b2-adrenoceptor
agonists salbutamol, salmeterol or formoterol significantly
increased IL-6 and IL-8 release, yet had a repressive effect on
NF-kB-dependent transcription. However, further addition of
dexamethasone with the b2-adrenoceptor agonist abolished
the enhanced release of both IL-6 and IL-8.

Methods

Cell culture
BEAS-2B cells were grown to confluence in 24-well plates
using DMEM/F12 medium (Invitrogen, Burlington, Ontario,
Canada) supplemented with 10% fetal calf serum as previously
described (Catley et al., 2004). Cells were cultured overnight in
serum-free medium before changing to fresh serum-free
medium containing drugs and stimuli. Normal human bron-
chial epithelial (NHBE) cells (EpiAirway) (Mattek, Ashland,
MA, USA) were cultured at an air–liquid interface on Millipore
Millicell CM single-well tissue culture plate inserts (Millipore,
Billerica, MA, USA) according to the supplier’s instructions.

Adenovirus infection
BEAS-2B cells were either infected with an empty Ad5 expres-
sion vector (Ad5.CMV.Null) or a vector expressing PKIa, a
highly selective PKA inhibitory peptide (Ad5.CMV.PKIa).
Cells were infected with Ad5.CMV.PKIa and Ad5.CMV.Null
adenoviruses at a multiplicity of infection of 30 as previously
described (Meja et al., 2004).

NF-kB, CRE and AP-1 transcriptional reporters and
luciferase assay
BEAS-2B cells stably harbouring the previously described,
and validated, NF-kB-dependent luciferase reporter,
pGL3.neo.TATA.3kBu (3kBu-luc) (Holden et al., 2007), or the
previously characterized CRE reporter, pADneo2-C6-BGL,
which contains six tandem CRE motifs upstream of a minimal
b-globin site (Meja et al., 2004), were grown in 24-well
plates to confluence before being incubated in serum-free
medium overnight and subsequently treated for 6 h. The
AP-1 luciferase reporter plasmid, pGL3.neo.TATA.3AP-1, was
created by inserting two tandem repeats of the sequence,
sense strand 5′-TCGATGTGAGTCAGTGAGTCACTGAGT
CACGTCGA-3′ (the AP-1 consensus sites are in bold, and the
Xho1 compatible sticky end sites are underlined), into
the Xho1 site upstream of the minimal promoter of
pGL3.neo,TATA (Catley et al., 2004 for details of vector).
Insertion of the AP-1 binding sites was validated by sequenc-
ing (data not shown). BEAS-2B cells grown to ~60% conflu-
ence in 24-well plates were transiently transfected with
pGL3.neo.TATA.3AP-1 using 0.25 mg of plasmid and 0.25 mL
of Lipofectamine 2000 (Invitrogen) per well. These were incu-
bated for 30 min before being added to 500 mL of serum-free
medium and transfered onto the cells. After 24 h, the cells
were changed to fresh serum-free medium for a further 12 h
prior to experiments. Cells were harvested 6 h after treat-
ments in reporter lysis buffer (Promega, Madison, WI, USA).
Luciferase activity was measured using luciferase assay kits
(Biotium, Hayward, CA, USA).

Cytokine release measurement
Release of IL-6 and IL-8 from BEAS-2B cells was measured by
using commercial ELISA kits (R&D Systems, Hornby, ON,
Canada) according to the manufacturer’s instructions. Analy-
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sis of cytokine release from NHBE basolateral samples was
performed using the Procarta cytokine assay (Affymetrix,
Santa Clara, CA, USA). Samples were diluted in medium con-
taining 0.5% BSA, and analysed for IL-6 and IL-8 expression
according to the manufacturer’s instructions (Affymetrix).
MiraiBio Masterplex QT v4.0 software (MasterPlex version
1.0.1.18, Hitachi Software Engineering Co., Ltd., San Fran-
cisco, CA, USA) was used to extrapolate mean fluorescence
intensity to IL-6 and IL-8 concentrations.

Real-time TaqMan PCR analysis
Total RNA was isolated using the RNeasy mini kit
(Qiagen, Mississauga, ON, Canada), and 0.5 mg was used
for reverse transcription (RT) reactions to prepare cDNA
as previously described (Chivers et al., 2006). After cDNA
synthesis, TaqMan PCR was performed using 2.5 mL of
cDNA in a reaction volume of 20 mL according to the manu-
facturer’s specification (Applied Biosystems Inc., Foster
City, CA, USA) using a pre-made master mix (Applied Bio-
systems) and an ABI 7900HT instrument (Applied Biosys-
tems). Analysis of GAPDH was carried out using the
validated off-the-shelf assay 432631E (Applied Biosystems).
IL-8 was amplified using the primers 5′-CTGGCCGTGGC
TCTCTTG-3′ (forward) and 5′-TTAGCACTCCTTGGCAAAA
CTG-3′ (reverse) with the 5-carboxyfluorescein/5-carboxyte
tramethylrhodamine-linked probe 5′-CCTTCCTGATTTCT
GCAGCTCTGTGTGAA-3′. IL-6 was amplified using the
primers 5′-TGGCTGAAAAAGATGGATGCT-3′ (forward) and
5′-AACTCCAAAAGACCAGTGATGATTT-3′ (reverse) with the
5-carboxyfluorescein/minor groove binding protein-linked
probe 5′-CAATGAGGAGACTTG-3′. All primers were designed
to amplify only cDNA (from which introns had been
excised), using Primer Express version 2 software (Applied
Biosystems). Samples were analysed in duplicate, and relative
cDNA concentrations were obtained from a cDNA standard
curve of serial dilutions of an IL-1b plus histamine-
stimulated cDNA sample.

Statistics
Data are presented as means � SEM of ‘n’ independent obser-
vations. Comparison between groups of experimental data
was performed using either a one-way ANOVA with a Dunnett’s
post-test, or Student’s t-test as appropriate. Significance was
taken where P < 0.05 (*/#), P < 0.01 (**/##) and P < 0.001
(***/###).

Materials
IL-1b (R&D Systems), histamine and poly I : C (Sigma,
Oakville, ON, Canada) were dissolved in sterile phosphate-
buffered saline. Salbutamol, salmeterol, formoterol, forskolin
and ICI 118551 (Sigma) were dissolved in dimethylsulphox-
ide (DMSO), and prostaglandin (PG) E2 (Sigma) was dissolved
in ethanol. Final concentrations of DMSO or ethanol added
to cells were <0.1%, and this had no effect on any of the
responses (data not shown). Drug and molecular target
nomenclature follows Alexander et al. (2009).

Results

Effect of b2-adrenoceptor agonists and other cAMP-elevating
agents on IL-6 and IL-8 expression
In supernatants from untreated BEAS-2B cells, both IL-6 and
IL-8 release were below the level of detection for the respective
ELISA kits (<7.8 pg·mL-1). Although there did appear to
be an increase in IL-6 and IL-8 release when short-acting
(salbutamol) or long-acting (salmeterol and formoterol),
b2-adrenoceptor agonists were incubated with otherwise
untreated cells. However, these increases were not significant
(see Supporting Information Figure S1). Upon stimulation
with IL-1b (1 ng·mL-1), IL-6 and IL-8 release were increased to
29 � 9 and 64 � 24 pg·mL-1 respectively. Addition of a maxi-
mally effective concentration of histamine (100 mM) with
IL-1b increased IL-6 and IL-8 release to 164 � 16 and 141 �

14 pg·mL-1, respectively (Holden et al., 2007). The addition of
either short-acting, or LABAs, increased IL-1b-stimulated IL-6
by 13.7- to 17.8-fold, and IL-8 release by 2.5- to 2.9-fold
(Figure 1A). When the b2-adrenoceptor agonists were added to
histamine plus IL-1b-stimulated cells, IL-6 release increased by
5.2- to 5.5-fold, and IL-8 release increased by 2.1- to 2.2-fold
(Figure 1A). Likewise, the adenylyl cyclase activator, forskolin,
or PGE2, an alternative activator of Gs, increased IL-1b-
stimulated IL-6 release by 11.2- to 15.7-fold (Figure 1B), and
IL-8 release by 3.3- to 3.5-fold (Figure 1B). When cells were
stimulated with IL-1b plus histamine, the prior addition of
either forskolin or PGE2 increased IL-6 release by 2.5- to 4.1-
fold (Figure 1B), and IL-8 release by 2.4- to 2.8-fold (Figure 1B).
In each case, possible autocrine roles for prostanoids formed
via the COX pathway were excluded as neither indomethacin
(10 mM) nor diclofenac (10 mM) affected the release of IL-6 or
IL-8 (see Supporting Information Figure S2).

In BEAS-2B cells stimulated with IL-1b, expression of IL-6
and IL-8 mRNA was increased 7.7 � 4.7- and 74 � 30-fold,
respectively (Figure 2). The addition of histamine plus IL-1b
increased IL-6 and IL-8 mRNA to 79 � 31- and 247 � 92-fold,
respectively (Figure 2). Prior addition of either short- or LABAs
to IL-1b-stimulated cells increased IL-6 mRNA to 183- to 204-
fold (Figure 2), while IL-8 mRNA was increased to 522- to
619-fold (Figure 2). When either short or LABAs were added to
histamine plus IL-1b-stimulated cells, IL-6 mRNA increased
to 364- to 479-fold (Figure 2), and IL-8 mRNA increased to
885- to 992-fold (Figure 2).

To examine the relevance of these observations in a more
physiological system, we took advantage of a model in which
primary NHBE cells are grown to confluence at an air–liquid
interface. In this model, the cells adopt a pseudostratified,
highly differentiated phenotype that closely resembles the
epithelium of the respiratory tract (Hayden et al., 2007).
The cells become ciliated, secrete mucus and interact with
adjacent cells to form tight junctions (Hayden et al., 2007).
Moreover, these cells can contribute to innate responses, char-
acterized by the increased secretion of chemokines and cytok-
ines to Toll-like receptor agonists such as poly I : C (Sha et al.,
2004). Therefore, poly I : C was selected as a stimulus to
examine the effect of salmeterol in this system. In basolateral
supernatants from untreated NHBE cells, IL-6 and Il-8 release
was 61 � 4 and 564 � 87 pg·mL-1 respectively. Following
stimulation with poly I : C (100 mg mL), IL-6 and IL-8 release
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was significantly increased to 2460 � 638 and 42 100 �

3100 pg·mL-1. When salmeterol (10 mM) was added prior to
stimulation with poly I : C (100 mg mL), IL-6 release was
increased by 2.9-fold to 7250 � 483 pg·mL-1 (P < 0.01) (Sup-
porting Information Table S1), and IL-8 release was increased
by 1.5-fold to 62 500 � 10 700 pg·mL-1 (P < 0.05) (Supporting
Information Table S1). In addition, analysis of tumour necro-
sis factor (TNF)-a, monocyte chemotactic protein-1, IL-1b,
epithelial-derived neutrophil-activating peptide 78 and
granulocyte colony-stimulating factor (G-CSF) revealed
robust release in response to poly I : C, and in each case this
was significantly enhanced by prior treatment with salmeterol
(Supporting Information Table S1).

Effect of b2-adrenoceptor agonists and other cAMP-elevating
agents on NF-kB-dependent transcription
As the genes encoding IL-6 and IL-8 in BEAS-2B cells are
highly dependent on NF-kB (Holden et al., 2007), we investi-
gated the effects of b2-adrenoceptor agonists, forskolin and
PGE2 on NF-kB-dependent transcription. In contrast to the
effects on IL-6 and IL-8 expression, a 1 h pre-incubation with
salbutamol, salmeterol or formoterol resulted in decreases of

33 � 11, 35 � 13 and 39 � 16%, respectively, in IL-1b-
stimulated NF-kB-dependent transcription (Figure 3). Like-
wise, a 1 h pre-incubation with forskolin or PGE2 resulted
in 19 � 9 or 22 � 7% repression of NF-kB-dependent tran-
scription, respectively (Figure 3). Similar to the previously
described TNF-a plus histamine stimuli (Holden et al., 2007),
treatment of BEAS-2B cells with IL-1b plus histamine resulted
in a 2.1 � 0.1-fold increase in NF-kB-dependent transcription
as compared to cells treated with IL-1b alone (Figure 3). Pre-
treatment of cells with salbutamol, salmeterol or formoterol
before stimulation with IL-1b plus histamine decreased
NF-kB-dependent transcription by 41 � 7, 47 � 11 and 52 �

11%, respectively (Figure 3). Pre-incubation of cells with for-
skolin or PGE2 decreased NF-kB-dependent transcription by
39 � 8 and 39 � 8%, respectively, when compared to cells
treated with IL-1b plus histamine alone (Figure 3). Thus, the
enhancement of IL-6 and IL-8 release by b2-adrenoceptor ago-
nists is unlikely to be due to increases in NF-kB-dependent
transcription.

Effect of LABA on AP-1- and CRE-dependent transcription
To investigate other transcription factors that may be
involved in b2-adrenoceptor-mediated enhancement of IL-6
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and IL-8 release, BEAS-2B cells were transiently transfected
with the AP-1-dependent luciferase reporter plasmid,
pGL3.neo.TATA.3AP-1. However, pre-incubation for 1 h with
salmeterol had no significant effect on either histamine-,
IL-1b- or IL-1b plus histamine-stimulated AP-1-dependent
transcription (Figure 4A).

We have previously described BEAS-2B cells as harbouring a
CRE reporter that responds to salmeterol (Kaur et al., 2008). In
the current study, we investigated the effects of histamine and
IL-1b alone, and in combination, on basal and salmeterol-
stimulated CRE-dependent transcription (Figure 4B). As pre-
viously reported (Holden et al., 2007), histamine (100 mM)
stimulated CRE-dependent transcription 2.3 � 0.1-fold,
whereas IL-1b had no effect (Figure 4B). In combination, IL-1b
plus histamine produced a similar response to histamine
alone, with CRE-dependent transcription being stimulated
2.2 � 0.2-fold (Figure 4B). Stimulation with salmeterol alone
increased CRE-dependent transcription 13.8 � 0.6-fold
(Figure 4B). This was not significantly changed in the pres-
ence of IL-1b or histamine alone, or in combination
(Figure 4B). Thus the b2-adrenoceptor agonist-dependent

enhancement of IL-6 and IL-8 release is unlikely to be due to
the simple enhancement of either AP-1 or CRE-dependent
transcription.

Concentration dependence of LABA-enhanced IL-6 and
IL-8 release
BEAS-2B cells were pre-incubated for 1 h with salmeterol
(10 fM to 1 mM) prior to stimulation with IL-1b and hista-
mine. IL-6 release was significantly enhanced by 1 pM salme-
terol, and this effect reached a maximum at 100 pM with an
EC50 of 280 fM (Figure 5). IL-8 release demonstrated a similar
pattern and was significantly enhanced by 0.1 pM salmeterol.
This response reached a maximum around 1 pM with an EC50

of 125 fM (Figure 5). Analysis of IL-1b-stimulated cells dem-
onstrated a similar enhancement of IL-6 release by salmeterol
(data not shown) with an EC50 of 7 pM. Additionally, the
effects of formoterol (0.1 fM–10 nM) and forskolin (0.1 pM–
10 mM) were also examined on IL-1b plus histamine-
stimulated IL-6 release, yielding EC50 values of 15 pM and
704 nM, respectively (data not shown).
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Role of the b2-adrenoceptor and PKA in salmeterol-enhanced
IL-6 and IL-8 release
Pretreatment of BEAS-2B cells with the selective b2-
adrenoceptor antagonist, ICI 118551, revealed no significant
effect on either IL-1b- or IL-1b plus histamine-stimulated IL-6
and IL-8 release (Figure 6A). Pretreatment with salmeterol sig-
nificantly increased both IL-6 and IL-8 release as compared to
cells stimulated with IL-1b or IL-1b plus histamine. This effect
was prevented by pre-incubation with ICI 118551 and con-
firmed dependence on the b2-adrenoceptor (Figure 6A).

In BEAS-2B cells infected with Ad5.CMV.Null virus, pre-
incubation with salmeterol significantly increased IL-6 and
IL-8 release when compared to cells stimulated with IL-1b
alone (Figure 6B). This effect was indistinguishable from that
produced by naïve cells treated in the same manner. How-
ever, when cells were infected with Ad5.CMV.PKIa, which
expresses PKIa, a highly selective inhibitor of PKA, salmeterol
no longer enhanced the IL-1b-stimulated release of IL-6
and IL-8 (Figure 6B). Identical effects were also found in
cells stimulated with IL-1b plus histamine, with salmeterol
significantly enhancing release from both naïve and
Ad5.CMV.null-infected cells (Figure 6B), yet having no signifi-
cant effect on Ad5.CMV.PKIa-infected cells (Figure 6B). Thus,
b2-adrenoceptor agonist-dependent increases in IL-6 and IL-8
release are contingent on activation of PKA.

Effect of dexamethasone on salmeterol- and histamine-enhanced
IL-1b-induced IL-6 and IL-8 release
BEAS-2B cells were stimulated with the indicated concentra-
tions of IL-1b, which alone caused concentration-dependent
increases in IL-6 and IL-8 release (Figure 7, left panels). The
addition of histamine further increased IL-6 and IL-8 release
at all concentrations of IL-1b studied (Figure 7, right panels).
Pre-incubation of BEAS-2B cells with salmeterol prior to IL-1b
treatment increased IL-6 release only at a concentration of
1 ng·mL-1 IL-1b (Figure 7, upper left panel). Similarly, salme-
terol increased IL-1b-stimulated IL-8 release at concentrations
of 0.3 and 1 ng·mL-1 of IL-1b (Figure 7, lower left panel).
However, pre-incubation of cells with salmeterol prior to his-
tamine stimulation in the presence of various IL-1b concen-
trations increased IL-6 and IL-8 release at all concentrations of
IL-1b (Figure 7, right panels).

As LABAs are typically prescribed in combination with a
glucocorticoid, the effect of adding dexamethasone was
examined. In each case, pre-incubation with a maximally
effective concentration of dexamethasone (1 mM) prior to
stimulation, both in the absence and presence of salmeterol,
reduced the release of IL-6 and IL-8 to basal levels with only
the highest concentration of IL-1b causing detectable release
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of IL-6 and IL-8 (Figure 7). In each case (IL-1b alone, or IL-1b
plus histamine), the presence of dexamethasone diminished
the response to salmeterol such that IL-1b- and IL-1b plus
histamine-treated cells gave rise to responses that were indis-
tinguishable from the corresponding treatment in the pres-
ence of salmeterol.

The effect of time on the salmeterol-enhanced and
dexamethasone-dependent inhibition of IL-6 and IL-8 release
In the experiments above, b2-adrenoceptor agonists were
added 1 h prior to cell stimulation. To investigate the effect
of time of addition, BEAS-2B cells were incubated with sal-
meterol (0.1 mM) at various times in relation to the IL-1b
plus histamine stimulus. IL-6 release was significantly
increased by the addition of salmeterol at all the times exam-
ined compared to cells treated with IL-1b plus histamine
alone. This effect appeared maximal when salmeterol was
added simultaneously with IL-1b plus histamine (Figure 8).
Even when added 4 h post-stimulation, salmeterol still sig-
nificantly increased IL-6 release compared to cells treated
with IL-1b plus histamine alone (Figure 8). Conversely, IL-8
release was maximally, and significantly, enhanced when sal-
meterol was added 4 h prior to the IL-1b plus histamine
stimulation compared to that in the presence of IL-1b plus

histamine alone (Figure 8). With shorter pre-incubation
times, this effect was progressively lost, until the simulta-
neous incubation of salmeterol with the IL-1b plus histamine
was indistinguishable from cells treated with IL-1b plus his-
tamine alone (Figure 8). This loss of enhancement remained
at all time-points thereafter.

To investigate whether the addition of glucocorticoid was
effective at inhibiting the salmeterol-enhanced release of
IL-6 and IL-8 at each of these times, BEAS-2B cells were incu-
bated with dexamethasone (1 mM) added simultaneously
with the salmeterol. For IL-8, simultaneous addition of dex-
amethasone and salmeterol significantly inhibited release
compared to cells treated with salmeterol alone (Figure 8).
Similarly, IL-6 release was also significantly inhibited by the
addition of dexamethasone, except when added 4 h post-
stimulation. This inhibitory effect was maximal around the
time of IL-1b plus histamine treatment (t = 0), after which
the addition of dexamethasone became less effective. These
patterns of salmeterol-induced enhancement of cytokine
release and repression by the addition of a glucocorticoid
were maintained at 24 h post-stimulation (Supporting Infor-
mation Figure S3). By 48 h, the relative enhancement by sal-
meterol was reduced, but repression in the presence of
dexamethasone was maintained (Supporting Information
Figure S3).
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Discussion

A number of studies have indicated that b2-adrenoceptor ago-
nists increase the release of inflammatory mediators, includ-
ing IL-4, TNF-a, IL-6 and IL-8, in the context of inflammatory
stimuli such as rhinovirus, IL-1b and organic dust (Edwards
et al., 2007; Strandberg et al., 2007). However, inflammation
is a complex process, which involves numerous mediators
that may interact in a combinatorial manner. Thus, hista-
mine can synergistically enhance TNF-a-stimulated release
of both IL-6 and IL-8 (Holden et al., 2007). Consequently,
in the current study, we have examined the effects of
b2-adrenoceptor agonists on IL-6 and IL-8 release from
human bronchial epithelial BEAS-2B cells, stimulated with
IL-1b and histamine. As previously described (Edwards et al.,
2007), we showed that pretreatment of BEAS-2B cells with
salmeterol enhanced the release of IL-6 induced by IL-1b.
Furthermore this effect extended to IL-8 release, which was
also enhanced by salmeterol (Edwards et al., 2007). However,
in the context of IL-1b plus histamine stimulation, the release
of both IL-6 and IL-8 was substantially further increased fol-
lowing pre-incubation with b2-adrenoceptor agonists. Thus,
the effects of b2-adrenoceptor agonists on IL-6 and IL-8

expression may have been considerably underestimated in
previous biological model systems, by not taking into
account the interactions of several inflammatory mediators.
Paradoxically, there are indications of both pro- and anti-
inflammatory effects for b2-adrenoceptor agonists. Thus, in
airway smooth muscle, salbutamol and salmeterol inhibited
eotaxin expression by preventing histone H4 acetylation
and NF-kB activation (Nie et al., 2005). Similarly, ‘anti-
inflammatory’ or repressive effects of b2-adrenoceptor ago-
nists were attributed to the inhibition of the IkBa/NF-kB
pathway in monocytic cells and myofibroblasts (Farmer and
Pugin, 2000; Baouz et al., 2005). Conversely, salbutamol may
induce IkBa phosphorylation and the activation of NF-kB-
dependent transcription in airway smooth muscle cells
(Agrawal et al., 2004). In the current study, b2-adrenoceptor
agonists and other cAMP-elevating agents significantly
decreased NF-kB-dependent transcription in BEAS-2B cells.
Thus, despite both IL-6 and IL-8 being highly NF-kB depen-
dent in BEAS-2B cells (Holden et al., 2007), the enhancement
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of IL-6 and IL-8 release cannot be readily explained by
increased NF-kB-dependent transcription. In addition to
NF-kB, the promoters of both IL-6 and IL-8 contain several
other putative transcription factor binding sites. Thus, the
IL-8 gene promoter contains sites for AP-1, C/EBP, Oct – 1 and
NFAT-1 (Roebuck, 1999), whereas the IL-6 promoter contains
IRF-1, AP-1, CREB, C/EBP and Sp1 binding sites (see Ammit
et al., 2002; Holden et al., 2007 and references therein).
However, salmeterol had no discernible effects on either basal
or stimulated AP-1-dependent transcription, and, although
histamine alone enhanced CRE-dependent transcription
approximately twofold over basal levels, this is an effect we
have previously demonstrated to occur through activation of
the Gsa-linked H2 receptor (Holden et al., 2007). There was no
apparent effect on salmeterol-stimulated CRE luciferase activ-
ity by either histamine or IL-1b. Thus, the increased release of
IL-6 and IL-8 also cannot be readily explained by increased
AP-1- or CRE-dependent transcription occurring via a single,
simple, cis-acting site. Despite this, the enhancement of TNF-
a-induced IL-6 release by b2-adrenoceptor agonists in airway
smooth muscle cells was found to be dependent on the acti-
vation of a CRE element in the IL-6 promoter (Ammit et al.,
2002). Thus, it is possible that enhancement of IL-6 transcrip-
tion by cAMP-elevating agents may involve cross-talk
between factors binding at a CRE site and other key sites.
However, such a scheme is unlikely to account for the
observed increases in IL-8 expression because no CRE has, to
date, been described for this chemokine (Roebuck, 1999).

An alternative, and possibly unifying, explanation may rest
in the fact that both IL-6 and IL-8 promoters contain C/EBP
elements. Thus, the increased release of IL-6 and IL-8 could
be due to the b2-adrenoceptor agonist enhancing C/EBP-
dependent transcription. Indeed, there are several reports sug-
gesting that the cAMP/PKA pathway plays a major role in the
regulation of both C/EBP expression and function. For
example, both C/EBP-b and C/EBP-d mRNA are induced in a
cAMP-dependent fashion in various cell types (Cardinaux and
Magistretti, 1996; Cantwell et al., 1998; Vogel et al., 2004).
In addition, the C/EBP-b protein contains a number of
PKA-specific phospho-acceptor sites that can modulate the
DNA binding affinity of this factor (Trautwein et al., 1994).
However, the possibility of multiple transcription factors
acting together in a synergistic fashion, either between them-
selves or with other proteins such as the CREB binding
protein (CBP) must also be considered. Further studies are
needed to explore this.

The marked sensitivity of BEAS-2B cells to the b2-
adrenoceptor agonists studied is a novel and surprising
finding. This was shown by EC50 values for enhancement of
IL-6 and IL-8 that were considerably lower than previously
reported for the activation of CRE-dependent transcription in
these cells (Kaur et al., 2008). Furthermore, because such con-
centrations may be readily achievable in the lung following
inhaled therapy (Johnson and Rennard, 2001; Todorova et al.,
2006), it is likely that such effects could occur in individuals
taking b2-adrenoceptor agonist monotherapy. This potency of
salmeterol is, to our knowledge, unprecedented, and this phe-
nomenon warrants further investigation.

The ablation of salmeterol-dependent enhancement of IL-6
and IL-8 by PKIa over-expression demonstrates that this

pathway is PKA dependent. A number of previous reports
have suggested a role for PKA either by using cAMP ana-
logues, PDE inhibitors and forskolin (Edwards et al., 2007), or
by use of the pharmacological PKA inhibitor H-89 (Tan et al.,
2007). While the use of forskolin, PDE inhibitors and cAMP
analogues clearly demonstrates that the enhancement of
inflammatory mediators may be cAMP dependent, they do
not per se denote PKA dependence as numerous studies now
document the existence of cAMP-dependent, but PKA-
independent pathways (see Giembycz and Newton, 2006).
Furthermore, the use of the H-89 to investigate the role of
PKA is compromised by a number of off-target effects that
include the inhibition of protein kinases such as mitogen-
and stress-activated protein kinase 1, p70 ribosomal protein
S6 kinase 1 and Rho-dependent protein kinase II at potencies
greater than, or similar to, that for PKA (Davies et al., 2000),
as well as direct antagonism of the b2-adrenoceptor (Penn
et al., 1999).

The cAMP dependence of the enhancement of IL-6 and IL-8
also suggests that other cAMP-elevating agents such as PDE4
inhibitors may have similar effects. In this respect, the PDE4
inhibitor rolipram was shown to increase the expression of
IL-6 in BEAS-2B cells (Edwards et al., 2007). Additionally,
other cAMP-elevating agents also increase inflammatory
mediator release. Thus PGE2, acting via the EP2 and EP4 recep-
tors, increases the expression of G-CSF in a PKA-dependent
manner (Clarke et al., 2005). Consequently, when new cAMP-
elevating therapies are evaluated, their combination with a
glucocorticoid should be carefully considered in order to
counteract any possible adverse pro-inflammatory effects.

Although current asthma guidelines recommend the use of
LABAs only in the presence of a glucocorticoid, short-acting
b2-adrenoceptor agonists are prescribed as an ‘as-needed’
medication (Bateman et al., 2008). However, more recently,
there have also been moves to replace this monotherapy
with a b2-adrenoceptor agonist and glucocorticoid combina-
tion inhaler (Papi et al., 2009). In the current study, we dem-
onstrate that the simultaneous addition of dexamethasone
with a b2-adrenoceptor agonist reverses the b2-adenoceptor
agonist-dependent enhancement of IL-6 and IL-8 that is
observed in the presence of IL-1b and IL-1b plus histamine.
Thus, our data strongly support the use of combination
inhalers as rescue therapy because this may prevent any
b2-adrenoceptor agonist-dependent increases in the underly-
ing inflammation.

Another intriguing aspect of this study is the different
temporal patterns of IL-6 and IL-8 enhancement by
b2-adrenoceptor agonists. While IL-6 release was significantly
enhanced by all pre- and post-treatment times, and addition
even 4 h following the IL-1b plus histamine stimulus, IL-8
release was only enhanced by b2-adrenoceptor agonist pre-
treatments. Thus, it is possible that the enhancement of IL-6
can occur at any stage in the gene expression process up to
and most likely including cytokine translation. Conversely,
the enhancement of IL-8 is totally lost once gene transcrip-
tion has commenced, and this raises the prospect of a purely
transcriptional mechanism. The further elucidation of these
novel findings will undoubtedly shed light on different
facets of the regulation of these two important inflammatory
genes.
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In summary, we have shown b2-adrenoceptor agonist-
dependent enhancement of IL-1b-stimulated, and IL-1b plus
histamine-stimulated IL-6 and IL-8 expression at concentra-
tions that are readily achieved in clinical practice (Johnson
and Rennard, 2001; Todorova et al., 2006). These effects were
mimicked by forskolin and PGE2, and prevented by PKIa,
thereby implicating a key role for the cAMP–PKA cascade.
Despite the fact that IL-6 and IL-8 are highly NF-kB-
dependent genes, b2-adrenoceptor agonists, as well as forsko-
lin and PGE2, all inhibited NF-kB-dependent transcription.
Finally, whereas b2-adrenoceptor agonists enhanced the
release of IL-6 and IL-8, we also showed that addition of a
glucocorticoid effectively prevented this enhancement.
Because NHBE cells grown at an air–liquid interface also
revealed enhanced cytokine release in the presence of LABA,
these findings strongly support the clinical use of glucocor-
ticoid and b2-adrenoceptor agonist combination inhalers to
prevent adverse inflammatory effects of b2-adrenoceptor
agonists.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Effect of b2-adrenoceptor agonists and cAMP-
elevating agents on the release of IL-6 and IL-8. BEAS-2B cells
were either left untreated or were incubated with: (A) salbuta-
mol (1 mM), salmeterol (0.1 mM) or formoterol (0.01 mM), or
(B) forskolin (10 mM) or PGE2 (1 mM) for 1 h prior to being left
non-stimulated (NS). Cells were harvested after 6 h, and the

supernatants were analysed by ELISA for IL-6 and IL-8 release.
Data (n = 4–6), expressed as pg·mL-1, are plotted as means �

SEM.
Figure S2 Effect of COX inhibition on the enhancement of
cytokine release. BEAS-2B CRE luciferase reporter cells were
either left untreated or were pre-incubated with either
indomethacin (10 mM) or diclofenac (10 mM) for 30 min prior
to either being left untreated, or treatment with salmeterol
(0.1 mM) (S). After a further hour, cells were either not stimu-
lated (NS) or stimulated with IL-1b (1 ng·mL-1) or IL-1b
(1 ng·mL-1) plus histamine (100 mM) (I + H). Cells were har-
vested after 6 h, and IL-6 in the supernatants was analysed by
ELISA. Data (n = 4), expressed as pg·mL-1, are plotted as means
� SEM. Cell lysates were analysed for luciferase activity deter-
mination. Data (n = 4), expressed as fold activation, are
plotted as means � SEM.
Figure S3 The effect of time of addition on the salmeterol-
enhanced and dexamethasone-dependent inhibition of IL-6
release at 24 and 48 h. BEAS-2B cells were either left untreated
(naïve) or were incubated with salmeterol (0.1 mM) in the
absence or presence of dexamethasone (1 mM) added together
at various times (-4 to +4 h) in relation to the IL-1b
(1 ng·mL-1) plus histamine (100 mM) (I + H) stimulus (added at
time 0). Cells were also not stimulated (NS) or stimulated with
IL-1b (1 ng·mL-1) alone. Cells were harvested at either (A) 24 h
or (B) 48 h post-stimulation, and the supernatants were analy-
sed for IL-6 release by ELISA. Data (n = 4), expressed as pg·mL-1,
are plotted as means � SEM. *P < 0.05, **P < 0.01 versus I + H,
#P < 0.05, ##P < 0.01 versus relevant salmeterol-treated
sample.
Table S1 NHBE cells, grown to confluence at an air–liquid
interface, were either not stimulated (untreated) or were
either pre-incubated with salmeterol (10 mM) or vehicle (0.1%
DMSO) for 4 h prior to stimulation with poly I:C (100
mg·mL-1) as indicated. Basolateral supernatants were har-
vested at 24 h post-stimulation, and IL-6, IL-8, TNFa, MCP-1,
IL-1b, ENA78 and G-CSF release was measured by the Procarta
cytokine assay kit. Data (n = 3–6) in pg·mL-1 are expressed as
means � SEM. Significance between untreated and poly I:C +
vehicle is indicated as P < 0.05 (*), P < 0.01 (**). Significance
between poly I:C + vehicle and poly I:C + salmeterol is indi-
cated as P < 0.05 (#), P < 0.01 (##).
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