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Comparison of the effects of two long-acting beta2-agonists

on cytokine secretion by human airway epithelial cells

Jou-Chia Chiut, Jeng-Yuan Hsu?, Lin-Shien Fu?, Jao-Jia Chu?, Chin-Shiang Chi?

Division of Immunology and Nephrology, Department of Pediatrics, and 2Division of Chest Medicine,

Department of Internal Medicine, Taichung Veterans General Hospital, Taichung, Taiwan

Received: May 4, 2006 Revised: August 27, 2006 Accepted: September 11, 2006

Background and Purpose: Long-acting beta2-agonists (LABAs) have proved to be useful in the management of
asthma and prevention of exacerbations. LABAs can modulate inflammatory and repair processes in the airways
of individuals affected by many respiratory disorders. This study assessed the effects of LABAs on the release of
inflammatory mediators by bronchial epithelia.

Methods: The effects of the LABAs salmeterol and formoterol on the synthesis of soluble interleukin-8 (IL-8),
granulocyte-macrophage colony-stimulating factor (GM-CSF), and vascular endothelial growth factor (VEGF) in
the human airway epithelial cell line A549 was investigated in vitro. Cells cultured for 8 h in the presence of an
LABA were stimulated with tumor necrosis factor-alpha for 16 h and then enzyme-linked immunosorbent assays
for IL-8, GM-CSF, and VEGF were performed on the supernatants.

Results: Both salmeterol and formoterol significantly suppressed IL-8, GM-CSF, and VEGF secretion from tumor
necrosis factor-alpha-stimulated A549 cells. Results indicated that formoterol was more potent than salmeterol in
suppressing IL-8 and VEGF production. In contrast, salmeterol appeared to be more potent than formoterol in
suppressing GM-CSF production.

Conclusion: LABAs have some anti-inflammatory effects on bronchial epithelia. The differences between salmeterol
and formoterol and mechanisms for the observed effects need further evaluation.
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I ntroduction

Recent clinical studies have demonstrated that a
combination of inhaled short- or long-acting beta (3)
2-agonists (LABASs) with inhaled glucocorticoids
results in better asthma control than higher doses of
glucocorticoids alone[1-3]. These clinical findings have
been supported by the results of in vitro mechanistic
studies, which demonstrated the additive effects of
[32-agonists or other cyclic adenosine monophosphate
(cAMP) elevating agents and glucocorticoids on the
inhibition of cytokine release and adhesion molecule
expression in human blood mononuclear cells [4,5].
Moreover, some in vivo studies revealed that LABAS
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have positive effects on some indicators of inflammation
in inflammatory cells (e.g., eosinophils) and tissues
(e.g., bronchial mucosa), but the clinical importance of
these findings has not been established [6-9].

The effect of LABASs s based on their interactions
with cellsthat contain B-adrenergic receptors. Although
the main target of 3-agonist action isthe airway smooth
muscle cell, there is now evidence that B-receptors are
widely distributed in cells that both reside in and
infiltrate thelung [10,11]. Moreover, LABAS can inhibit
the histamine release from mast cells and neutrophils
[12,13]. This means that LABASs may exert their anti-
inflammatory effects via some other as yet unclear
[3-adrenoceptor-independent mechanisms.

Asthma is characterized by airway inflammation,
bronchial hyper-responsiveness, and reversible airflow
obstruction. The asthmatic inflammatory response
consists of infiltration into the airway of a variety of
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activated inflammatory cells and the rel ease of avariety
of mediators. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) and interleukin-8 (IL-8)
are the most potent cytokines involved in airway
inflammation; vascular endothelial growth factor
(VEGF) isinvolved in the airway remodeling process
[14-16]. Thisin vitro study compared the effect of the
LABAssameterol and formoterol on cytokine secretion
in airway epithelial cells, in order to assess their anti-
inflammatory effects on bronchial epithelia.

M ethods

Cellsand culture medium

The human airway epithelia cell line, A549 (American
Type Culture Collection[ATTC], Rockville, MD, USA),
was derived from a human pulmonary adenocarcinoma
and is regarded as a model of the type Il pneumocyte
[17]. Cells were grown to confluence in RPMI-1640
medium (Cambrex Corp., East Rutherford, NJ, USA)
with 10%fetal bovineserum (ATCC), 100 U/mL penicillin
(Invitrogen, Carlsbad, CA, USA), and 100 U/mL
streptomycin (Invitrogen).

Cell culture
Cells were grown to 260% confluence in uncoated 24-
well plates (BD Biosciences, San Jose, CA, USA). For
subsequent experiments, the cell suspension was diluted
to afinal concentration of 2.5 x 10°cellsymL. One mL
of this suspension was transferred to each well of
24-well tissue culture plates (BD Biosciences) and
incubated overnight to allow for cell adherence.
Experiments were started by culturing the cellsin
RPMI-1640 medium, pre-incubating with formoterol
(GlaxoSmithKline, Taipei, Taiwan) or salmeterol
(AstraZeneca, Taipei, Tailwan) at different concentrations
(0, 25, 50, 75, or 100 uM) for 8 h, and then adding
10 ng/mL human recombinant tumor necrosis factor-
alpha (TNF-a; BD Biosciences). Cells were then
cultured for an additional 16 h along with appropriate
vehicle controls. Cell-free supernatants were collected
by centrifugation and stored at —70°C until an enzyme-
linked immunosorbent assay (ELISA) was performed.
At all stages of culture, cells were maintained at 37°C
in amoist 5% carbon dioxide atmosphere. The experi-
ments were performed independently at least 3 times.

Drug sensitivity assay

Drug sensitivities of A549 to either salmeterol or
formoterol were assayed with a 3-(4,5-dimethyl thiazol)-
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2,5-diphenyltetrazolium bromide (MTT) colorimetric
cell survival assay [18]. In brief, cells were incubated
with various concentrations of either salmeterol or
formoterol for 24 h. MTT solution was then added
to each well up to afinal concentration of 5 mg/mL,
and then the plates were incubated for another 4 h
at 37°C. Cells were dissolved in dimethyl sulfoxide.
The absorbance at 450 nm was recorded immediately
using an ELISA reader (Thermo Clinical Labsystems,
Vantaa, Finland).

M easurement of GM-CSF, IL-8, and VEGF
GM-CSF, IL-8, and VEGF concentrations in cell
supernatants were measured using ELISA kits (BD
Biosciences) according to the manufacturer’sspecifi-
cations. Absorbance was read at 450 nm with the ELISA
reader.

Statistical analysis

Results of experiments were analyzed by the independent
t test. Differences with a probability value <0.05 were
considered significant.

Results

Drug sensitivity assay

AnMTT colorimetric assay [18] was used to determine
the survival of A549 cells exposed to either salmeterol
or formoterol (0, 25, 50, 75, or 100 uM). Their surviva
(Fig. 1) was 98% that of control (untreated cells).

Salmeterol and formoterol inhibition of IL-8
Secretion

Both salmeterol and formoterol dose-dependently
inhibited IL-8 secretion from TNF-a-induced A549 cells
(Fig. 2). However, the salmeterol-associated inhibition
was only significant at a concentration of 100 uM
(p<0.01 compared with control; Fig. 2). On the other
hand, formoterol-associated inhibition was dose-
dependent and significant from 25 pM to 100 uM
(p<0.05 at 25 pM, 75 uM, and 100 pM, and p<0.01 at
50 uM, compared with control; Fig. 2). Formoterol was
the more potent inhibitor of IL-8 production at a
concentration of 50 uM (p=0.001, Table 1).

Salmeterol and formoterol inhibition of
GM-CSF secretion

Both salmeterol and formoterol dose-dependently
inhibited GM-CSF secretion from TNF-a-stimulated
A549 cells (p<0.01, Fig. 3). Salmeterol was the more
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Fig. 1. Twenty four-hour survival curves of A549 cells. Drug
sensitivities of A549 to either salmeterol or formoterol were
assayed by 3-(4,5-dimethyl thiazol)-2,5-diphenyltetrazolium
bromide colorimetric cell survival assay.

potent inhibitor of GM-CSF production at concen-
trations of 25 uM and 50 uM (p=0.001 at 25 uM and
p<0.001 at 50 uM, Table 1).

Salmeterol and formoterol inhibition of VEGF
secretion

Salmeterol and formoterol dose-dependently inhibited
VEGF secretion from TNF-a-stimulated A549 cells

140

(p<0.01, Fig. 4). Formoterol was the more potent
inhibitor of VEGF secretion at a concentration of
75 UM (p=0.003, Table 1).

Discussion

Contemporary treatment strategies for moderate
to severe persistent asthma represent a move away
from inhaed corticosteroid (ICS) monotherapy towards
a combination of ICS and LABASs [19]. Comparison
of the effectiveness of these combinations with mono-
therapy has provided consistent clinical evidence that
the former better improved pulmonary function, symp-
tomatology, and exacerbation rates [2,20]. Although
LABAsand ICSareknown to work by different mechan-
isms, the mechanism of the combination remains unclear
and underlying mechanisms are under investigation.
Distinguishing the anti-inflammatory activity of LABAS
will help define optimal long-term treatment regimens
for asthma that not only improve pulmonary function,
symptoms and exacerbation rates, but also protect against
airway remodeling.

As observed inin vitro studies [5,21], B2-receptor
agonists reduce TNF-a-stimulated GM-CSF production
in T lymphocytes and human blood mononuclear
cells. The high potency of formoterol depends on its
strong lipophilicity, resulting in plasma membrane
accumulation of the drug during a24-h experiment [22].
The cell membrane is the target of 32-agonist activity,
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Fig. 2. Interleukin (IL)-8 levels produced by A549 cells exposed to 0, 25, 50, 75, and 100 uM of salmeterol and formoterol for
24 h and then stimulated with tumor necrosis factor-alpha 10 ng/mL. Columns and bars represent the mean + standard error of

the mean. *p<0.05, *p<0.01, **p<0.01 vs control.
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Table 1. Comparison of effects of salmeterol (SAL) and formoterol (FOR) on cytokine secretion in tumor necrosis factor-alpha-

stimulated A549 cells

% of control (mean + SEM)

Concentration (uM) P
SAL FOR
IL-8 % of control
25 93.50+ 3.94 86.46 + 3.27 0.241
50 96.40+ 0.99 84.13+ 0.67 0.001
75 84.25+3.74 75.75+2.51 0.132
100 58.52 + 2.61 62.06 + 9.26 0.732
GM-CSF
25 49.32 £ 1.49 73.04 £2.20 0.001
50 4453 +0.97 67.18+1.54 <0.001
75 39.77+1.88 49.30+ 3.50 0.074
100 28.59 + 3.96 35.40 + 3.56 0.270
VEGF
25 78.29+3.49 85.51+0.27 0.108
50 79.33+2.06 7418+ 0.28 0.069
75 75.66 + 1.39 64.07 +1.26 0.003
100 47.76 £ 0.90 46.74+1.13 0.520

Abbreviations: SEM = standard error of the mean; IL-8 = interleukin-8; GM-CSF = granulocyte-macrophage colony-stimulating factor;

VEGF = vascular endothelial growth factor
aIndependent t test.

as the [32-receptors are located there, but few studies
have monitored change in the membrane concentration
of drug over time. Our study focusing on the effect of
increasing concentrations of LABAs was based on
apreviousin vitro study of the effect of salmeterol on
immunoglobulin E-mediated histamine release from
human basophils by Kleine-Tebbe et al [12] and the

results of our drug sensitivity assay. We found that
100 uM salmeterol and amuch lower level of formoterol
(25 uM) significantly suppressed IL-8 secretion from
TNF-a-stimulated A549 cells (58.52% + 2.61, p=0.004
and 86.46% + 3.27 of control value, p=0.014). At adose
of 50 uM, formoterol was more potent than salmeterol
in suppressing IL-8 secretion (84.13% vs 96.40% of
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Fig. 3. Granulocyte macrophage-colony stimulation factor (GM-CSF) levels produced by A549 cells exposed to 0, 25, 50, 75,
and 100 puM of salmeterol and formoterol for 24 h and then stimulated with tumor necrosis factor-alpha 10 ng/mL. Columns and
bars represent mean + standard error of the mean. *p<0.01 vs control.
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Fig. 4. Vascular endothelial growth factor (VEGF) levels produced by A549 cells exposed to 0, 25, 50, 75, and 100 uM of
salmeterol and formoterol for 24 h and then stimulated with tumor necrosis factor-alpha 10 ng/mL. Columns and bars represent

mean + standard error of the mean. *p<0.01 vs control.

control value, p=0.001). Both salmeterol and formoterol
significantly and dose-dependently suppressed GM -
CSF and VEGF secretion from TNF-a-stimulated
A549 (p<0.01). Salmeterol was more active than
formeterol in suppressing GM-CSF production (25 pM:
49.32% vs 73.04% of control value, p<0.001; 50 uM:
44.53% vs 67.18% of control value, p<0.001) whereas
formoterol was more active than salmeterol in sup-
pressing VEGF production (75 pM: 64.07% vs 75.66%
of control value, p=0.003). Thus, LABAS can suppress
proinflammatory cytokine secretion from airway
epithelium. The underlying mechanisms remain unclear
and the differences in the activities of salmeterol and
formoterol action needs further evaluation.

It has recently been suggested that the anti-
inflammatory properties of [32-agonists might be par-
tially mediated through activation of the glucocorticoid
receptor (GR). Eickelberg et al [23] demonstrated in
primary pulmonary fibroblasts and vascular smooth
muscle cells that 32-agonists could activate the GR,
resulting in nuclear translocation, DNA binding,
and initiation of transcription of a glucocorticoid
responsive element-regulated reporter gene. Protein
kinase A, a cCAMP-dependent kinase activated by [32-
agonists, apparently activates GR [24], asitsinhibition
blocks GR activation. An in vitro study on the anti-
inflammatory effects of salmeterol and fluticasone on
lung myofibroblasts revealed that the 2 drugs block
the TNF-a-induced nuclear translocation of the
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proinflammatory transcription factor, nuclear factor-
kappaB (NF-kB). Finally, salmeterol decreases TNF-
a-induced production of the inflammatory cytokine,
IL-6 [25]. These findings suggest that blocking the
TNF-a-induced nuclear translocation of NF-kB may
contribute to the anti-inflammatory effect of LABAS.
However, another in vitro study on human bronchial
epithelial cells showed that the GR antagonist, RU486,
did not influence the effect of formoterol, suggesting
no involvement of the GR in the mechanism of action.
In contrast, formoterol rapidly induced an elevation in
intracellular cAMP, an effect which was reduced in the
presence of propranolol. In addition, formoterol-induced
cytokine secretion was fully blocked by propranolol,
demonstrating that this effect is f2-receptor mediated
[26]. The above findings suggest that the effect of
formoterol is not fully mediated through the GR and
may involve interactions between glucocortcosteroids
and [32-agonists at other levels.

One recently published paper pointed out that [32-
adrenergic receptor agonists can reduce the release
of GM-CSF by human airway smooth muscle cells.
These effects are considered anti-inflammatory and
are ascribed to the activity of the (R)-enantiomer of the
agonist. However, the effect of the (S)-enantiomer, once
thought to be inert, on GM-CSF release has not been
extensively explored. The study concluded that GM-
CSF release by human airway smooth muscle cellsis
downregulated by (R)-enantiomers and enhanced by
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(S)-enantiomers. The reversal of (R)-enantiomer and
dexamethasone effects suggests suppression of their anti-
inflammatory effects by the (S)-enantiomer, perhaps
through an antagonistic mechanism similar to that of
propranolol [27].

A subsequent study was designed on the hypothesis
that the acute 32-adrenergic stimulation of airway epi-
thelial cellswith albuterol could suppress the production
and release of inflammatory mediators, specifically
GM-CSF, viaapathway involving inducible nitric oxide
synthase. The results showed that inducible nitric oxide
synthase was significantly upregulated in aconcentration-
dependent manner by the active (R)-enantiomer of al-
buterol. (R)-albuterol also attenuated cytokine-induced
increasesin GM-CSF steady-state mRNA expression and
protein release. The (S)-enantiomer of albuterol had no
effect on these parameters. Overall, this study identified
anovel pathway by which [32-adrenergic agonists may
exhibit anti-inflammatory effectsin the airway epithe-
lium and surrounding milieu [28]. However, the final
mechanisms of the anti-inflammatory effects of LABAS
have yet to be fully elucidated and will remain the main
objective our studies.

In the present study, we assessed the effects of
2 LABAs, salmeterol or formoterol, on IL-8, GM-CSF,
and VEGF secretion by a human bronchial epithelial
cell lineand concluded that both had anti-inflammatory
effects, as evidenced by inhibition of these inflammatory
mediators.
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