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BACKGROUND AND PURPOSE

An important objective in asthma therapy is to prevent the accelerated growth of airway smooth muscle cells which leads to
hyperplasia and bronchial hyperreactivity. We investigated the effect of combination of salbutamol and PPARy agonists on
growth factor-stimulated human bronchial smooth muscle cell (BSMC) proliferation.

EXPERIMENTAL APPROACH
Synergism was quantified by the combination index-isobologram method. Assays used here included analyses of growth
inhibition, cell viability, DNA fragmentation, gene transcription, cell cycle and protein expression.

KEY RESULTS

The PPARy gene was highly expressed in BSMC and the protein was identified in cell nuclei. Single-agent salbutamol or PPARY
agonists prevented growth factor-induced human BSMC proliferation within a micromolar range of concentrations through
their specific receptor subtypes. Sub-micromolar levels of combined salbutamol-PPARy agonist inhibited growth by 50% at
concentrations from ~2 to 12-fold lower than those required for each drug alone, without induction of apoptosis or necrosis.
Combination treatments also promoted cell cycle arrest at the G1/S transition phase and inhibition of ERK phosphorylation.

CONCLUSIONS AND IMPLICATIONS
The synergistic interaction between PPARy agonists and B.-adrenoceptor agonists on airway smooth muscle cell proliferation
highlights the anti-remodelling potential of this combination in chronic lung diseases.

Abbreviations
BSMC, bronchial smooth muscle cell; bFGF, basic fibroblast growth factor; COPD, chronic obstructive pulmonary
disease

Introduction recognized that, at variance with intermittent or mild to

moderate asthma, patients with severe long-standing disease
Airway remodelling, that is, the development of structural are usually highly symptomatic, difficult to treat and can be
changes in the airway wall, represents a critical step in the extremely refractory to current treatments (Hassan et al.,
pathophysiology of asthma (Hirst et al., 2000; Bentley and 2010; Parfrey etal., 2010). Noteworthy, the absence of
Hershenson, 2008; Jarjour ef al., 2012). It has been widely response to corticosteroids is related to subepithelial thick-
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ness and is a potential signal for an important remodelling
process (Bourdin et al., 2012). Finally, children who suffer
from severe, persistent asthma, require high dose inhaled or
near continuous oral glucocorticoid treatment to maintain
disease control and have a high risk of developing chronic
obstructive pulmonary disease (COPD) in adulthood (Firszt
and Kraft, 2010).

Regulation of airway smooth muscle hyperplasia is con-
sidered an attractive strategy for novel therapeutic interven-
tions aimed at preventing disease progression in asthma
patients, and cell culture techniques have been extensively
used to test anti-remodelling drugs (Ammit and Panettieri,
2003). A large number of mitogenic factors generated by the
inflammatory process in asthma patients, including poly-
peptide growth factors such as PDGF and EGF, contractile
agents such as thromboxane and leukotriene D, and pro-
inflammatory cytokines such as IL-1p and TNF-a, stimulate
proliferation of human airway smooth muscle cells in
culture, and are probable contributors to airway wall remod-
eling in vivo. These diverse extracellular stimuli regulate cell
cycle entry and DNA synthesis by activating common signal-
ling pathways, such as ERK, (also known as MAPK; Hirst et al.,
2000).

B.-Adrenoceptor agonists and glucocorticosteroids alone
or in combination, represent the foundation of pharmaco-
therapy for chronic lung diseases (Niewoehner, 2010).
However, despite their capacity to alleviate symptoms and
decrease exacerbations of disease, these drugs do not fully
reverse the structural changes that occur during the progres-
sion of the pathological state. These considerations highlight
the need for identification of alternative drug targets as a
logical approach to select novel therapeutic interventions in
asthma that would be able to prevent or arrest airway remod-
elling and disease progression.

PPARs are a family of nuclear hormone receptors that play
a role in the pathophysiology of lung-related diseases. Acti-
vation of these receptors by natural or pharmacological
ligands leads to both gene-dependent and gene-independent
effects that alter the expression of a wide array of proteins
(Belvisi and Mitchell, 2009). Several lines of evidence suggest
that PPARy ligands may have anti-inflammatory effects in
asthma and are endowed with anti-proliferative and anti-
angiogenic properties in epithelial lung cancers (Denning
and Stoll, 2006). Furthermore, PPARy agonists reversed
B.-adrenoceptor tolerance induced by prolonged exposure of
human bronchial smooth muscle cells (BSMCs) to salbutamol
(Fogli et al., 2011), thus supporting the potential combined
benefit of PPARy agonists and drugs currently used in the
treatment of asthma.

The aim of the present study was to investigate the
potential interaction between PPARy ligands and the
B.-adrenoceptor agonist, salbutamol, on human BSMC
proliferation stimulated by serum and growth factor-
supplemented medium.

Methods

Cell cultures
Human BSMCs (Lonza, Walkersville, MD, USA) were main-
tained as recommended by the manufacturer in an optimized
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medium containing 5% FBS, 5.5 mM glucose, 50 ug-mL™
gentamicin, 50 ng-mL™" amphotericin-B, 5 ng-mL™" insulin,
2ng-mL" basic fibroblast growth factor (bFGF) and
0.5 ng-mL™" EGF (SmGM-2 Bullet Kit, Lonza).

Real-time PCR

RNA from cells was extracted by using the RNeasy Mini kit
and reverse-transcribed by the QuantiTect Reverse Transcrip-
tion kit. The concentration and purity of total RNA were
measured by 260 nm UV absorption and by 260/280 ratios,
respectively, using NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies, Inc., Wilmington, DE, USA); all
RNAs displayed a 260/280 optical density ratio >1.9. The RNA
integrity was verified by electrophoresis through 1.2%
agarose-formaldehyde gel.

The resulting cDNA was amplified by quantitative PCR
with the Applied Biosystems 7900HT sequence detection
system (Applied Biosystems, Foster City, CA, USA). PCR reac-
tions were performed in triplicate using 5 puL of cDNA,
12.5 uL of TagMan Universal PCR Master Mix, 43.75 pL of
probe and 2.5 pL of forward and reverse primers in a final
volume of 25 pL. Samples were amplified using the following
thermal profile: 50°C for 2 min, 95°C for 10 min, 40 cycles of
denaturation at 95°C for 15 s followed by annealing and
extension at 60°C for 1 min.

Forward and reverse primers and probes for PPARy were
purchased from Applied Biosystems Made-to-order(R) prod-
ucts. Amplifications were normalized to GAPDH. Preliminary
experiments were carried out with dilutions of cDNA
obtained from Quantitative PCR Human Reference Total RNA
(Stratagene, La Jolla, CA, USA) to demonstrate that the effi-
ciencies of amplification of the target and reference genes are
approximately equal and to determine the absolute value of
the slope of standard cDNA concentration versus CT, where
CT is the threshold cycle.

Human melanoma (MeWo) and pancreatic cancer (MIA
PaCa-2) cells were used as positive and negative controls,
respectively, based on a previously published work (Sub-
barayan et al., 2005).

PPARYy transcription factor assay

Nuclear protein extracts was obtained from serum-starved
BSMC in the presence or absence of rosiglitazone 0.5 uM
(Nuclear extract Kit, Cayman Chemical Company, Ann
Arbor, MI, USA) and then the presence of functional PPARy
protein was confirmed by a sensitive and specific ELISA
method (Cayman Chemical Company). Experiments were
performed in the absence or presence of a competitor double-
stranded oligonucleotide to confirm the assay specificity.

Single-agent effect on BSMC growth

BSMCs were sub-cultured into 24-well plates (Corning Life
Sciences, Tewksbury, MA, USA) at a density of 10? cells per well
overnight and kept in serum-free medium for 24 h. This
incubation was designed to deprive the cells of serum
mitogens and produce growth arrest to synchronize cell pro-
liferation upon subsequent stimulation. BSMCs were then
incubated in growth medium and concentration-response
curves were obtained following 48 h exposure to salbutamol
(B.-adrenoceptor agonist; Sigma Aldrich, St Louis, MO, USA) at
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0.01-200 pM, rosiglitazone or 15-deoxy-A'*'*-prostaglandin J,
(PGJ>) (selective PPARyagonists; Cayman Chemical Company)
at 0.5-100 and 0.1-50 puM, respectively; and dexamethasone
(Sigma Aldrich) at 0.1-100 uM. In a separate set of experi-
ments, the following antagonists were added 30 min before
addition of the agonist: butoxamine (B,-adrenoceptor) at 0.1-
100 uM, GW9662 (PPARy) at 0.1-50 uM (Sigma Aldrich), and
RU486 (glucocorticoid receptor, Tocris Bioscience, Ellisville,
MO, USA) at 0.1-100 uM Receptor nomenclature follows Alex-
ander et al. (2011). At the end of the experiments, cells were
harvested and counted by haemocytometer and changes in
cell growth were expressed as a percentage relative to day 0.
The potential cytotoxic effect of compounds at the maximum
concentrations tested in growth inhibition assay was then
evaluated on BSMC cultured in growth factor-free medium.

Quantitation of the synergism

between compounds

Cells were cultured as for single experiments and treated for
48 h with salbutamol (0.1 or 0.5 uM) plus PPARy agonists or
dexamethasone at the fixed ratio of 1:1. The combination
index (CI)-isobologram method was applied to analyse data
from the in vitro drug-combination study (Chou et al., 1994).
Briefly, synergism or antagonism for salbutamol plus PPARy
agonists or dexamethasone was calculated on the basis of the
multiple drug-effect equation, and quantified by the CI,
where CI < 1, CI =1 and CI > 1 indicate synergism, additive
effect and antagonism respectively. Based on the classic iso-
bologram for mutually exclusive effects, CI values were cal-
culated as follows: CI = [(D)1/(Dx)1] + [(D)2/(Dx)2], where
(D)1 and(D)2 are the concentrations of salbutamol and PPARy
agonists or dexamethasone in combinations that induced an
x% of cell growth inhibition, while (Dx)1 and (Dx)2 are the
calculated concentrations for x% inhibition by salbutamol
and PPARy agonists or dexamethasone respectively. Dx values
were obtained from the following equation: (Dx) = Dm[fa/
(1-fa)]' ™1, where Dm is the median-effect dose (ED50) of the
single drug, fa is the fractional inhibition, (1-fa) is the frac-
tion unaffected and m is the coefficient signifying the shape
of the dose-effect curves.

The dose-reduction index (DRI) defines the extent (fold
change) of concentration reductions that is possible in a
combination schedule for a given degree of effect as com-
pared with the concentration of each drug alone as follows:
(DRI)1 = (Dx)1/(D)1 and (DRI)2 = (Dx)2/(D)2. The DRI values
for actual combination data points were calculated from the
results obtained from CI equations (Chou et al., 1994).

Apoptosis

Treatment protocols were as for combination studies. At the
end of experiments, cells harvested by trypsinization were
combined with detached cells and apoptosis was analysed by
the Cell Death Detection ELISA kit (Roche, Mannheim,
Germany), as recommended by the manufacturer.

Cell cycle analysis

Cells were plated at a density of 1 x 10° cells-mL™ in 100 mm
Petri dishes (Sigma Aldrich) and treated with salbutamol plus
rosiglitazone at 0.5 uM in a 1:1 ratio. Cells were harvested
immediately after the end of drug exposure, washed twice
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with PBS and DNA was stained with propidium iodide
(25 ug-mL™), RNase (1 mg-mL™) and Nonidet-P40 (0.1%).
Samples were kept on ice for 30 min and cytofluorimetry was
performed using a FACScan (Becton-Dickinson, San José, CA,
USA). Data analysis was carried out with CELLQuest and
ModWt software (Verity Software, Topsham, ME, USA).

Western blot analysis

Cells treated with combination 1:1 rosiglitazone and salbuta-
mol at 0.5 uM for 48 h and untreated controls were washed
twice with PBS (pH 7.4), and solubilized at 4°C for 45 min in
lysis buffer [Tris base (50 mM), pH 7.6, EDTA (2 mM), NaCl
(100 mM), Nonidet P40 (1%, v/v), PMSF (1 mM), aprotinin,
pepstatin and antipain (2 pg-mL™" each)]. The cell lysates
were then centrifuged at 12 000 g for 10 min, and aliquots of
the supernatants (50 uL of cytoplasmic proteins) were added
with combination 1:1 of Laemmli sample buffer (50 mM Tris
base, pH 6.8, 2% sodium dodecyl sulfate, 100 mM dithioth-
reitol, 10% glycerol and 0.025% p-mercaptoethanol) and
separated with 12% SDS-PAGE. The membranes were then
incubated overnight with monoclonal mouse anti-human
primary antibodies directed against phospho-ERK1/2, total
ERK or B-actin, and levels were detected by enhanced chemi-
luminescence after a 2 h incubation with a 1:2.000 dilution
of horseradish peroxidase-conjugated goat anti-mouse sec-
ondary antibody, followed by exposure to autoradiography
film. The protein band intensities were quantified by
densitometry.

Data analysis and statistics

All experiments were done in triplicate and data were
expressed as mean * SEM. Results were then plotted by Prism
software (Graphpad Software, San Diego, CA, USA). Statistical
analysis was carried out by one-way analysis of variance fol-
lowed by the Newman-Keuls test for multiple comparisons.
Densitometric assay of RT-PCR and Western blot bands was
performed by using the ‘Quantity One’ softhware (Bio-Rad
Laboratories, Hercules, CA, USA).

Results

Evidence of PPARy expression in BSMC

Real-time PCR analysis demonstrated that the PPARy gene
was expressed in BSMC at high levels, comparable with those
of the housekeeping gene, GAPDH, and with those measured
in MIA PaCa-2 cells (Figure 1A). The presence of functional
PPARy protein was also confirmed in serum-starved BSMC
by ELISA, in the presence or absence of rosiglitazone
(Figure 1B).

Effect of compounds on growth

factor-stimulated BSMC growth

Antiproliferative effects induced by single agents were studied
by exposing cells at different drug concentrations for 48 h.
Stimulation of BSMC with growth factor-enriched medium
promotes about fourfold increase in cell proliferation which
was significantly prevented by rosiglitazone and PGJ, in the
micromolar range of concentrations (Figure 2A,C), with ICs



mean values of 8.5 = 1.3 and 10.1 * 1.4 uM, respectively.
Such an effect was mediated by PPARy as the selective antago-
nist, GW9662, dose-dependently reversed the antiprolifera-
tive action of compounds (Figure 2B,D).
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Real-time PCR assessment of PPARy gene expression in different
human cell lines (A) and analysis of DNA-binding activity of PPARy in
nuclear extracts of human BSMCs by ELISA (B). C+, positive control;
Sfm, serum-free medium; Rgz, rosiglitazone. Data are expressed as
mean = SEM. ***P < 0.001 (n = 3).

Cell number
(% relative to day 0)
N
&
%

O N D 0 D P
: SRS MR

Rgz (uM)

@]

Cell number
(% relative to day 0)

N N
& o o°

o 0 §

PGJ, (uM)

Figure 2

Salbutamol-PPARYy agonists interaction

Salbutamol, tested in the same experimental conditions,
could also prevent the growth factor-stimulated BMSC pro-
liferation from 1 to 200 uM with an ICso of 7.4 = 1.8 uM
(Figure 3A). Inhibition of cell proliferation induced by
salbutamol was significantly reversed by the selective
B.-adrenoceptor antagonist, butoxamine (Figure 3B).

We used dexamethasone as reference compound as
glucocorticoids have been reported to interact with
B.-adrenoceptor agonists at the molecular level and synergis-
tically prevent the accelerated growth of BSMC (Roth
et al., 2002). As shown in Figure 4A, dexamethasone dose-
dependently inhibited growth factor-stimulated BSMC
proliferation (ICso of 34.8 = 1.6 uM). Co-treatment with the
glucocorticoid receptor antagonist, RU486, from 10 to
100 uM, prevented such an effect (Figure 4B), whereas RU486
alone did not affect cell proliferation (data not shown).

To clarify whether cytotoxicity could contribute to the
reduced cell number observed after drug treatment, BSMCs
cultured in a growth factor-free medium containing only 5%
FBS as a supplement were exposed to compounds at the
highest concentrations tested in cell growth inhibition assay.
In these conditions, BSMC proliferation was lower than that
observed in growth factor-enriched cultures (about 1.3-fold
increase in cell number relative to day 0) (Figure 5). Interest-
ingly, after 48 h exposure, all compounds did not signifi-
cantly change cell number, as compared with control
(Figure 5), and cell viability assessed by Trypan blue exclusion
method was unaffected by treatments (data not shown),
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Antiproliferative effect of the PPARy agonists, rosiglitazone (Rgz) and PGJ,, on growth factor-stimulated BSMC in the absence (A,C) or presence
(B,D) of the selective PPARy antagonist, GW9662. Data are expressed as mean + SEM. *P < 0.05, ***P < 0.001, as compared with control (n = 3);

°P < 0.05, compared with treatment with PPARy agonist alone (n = 3).
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Antiproliferative effect of salbutamol (Sal) on growth factor-stimulated BSMC in the absence (A) or presence (B) of the selective f2-adrenoceptor
antagonist, butoxamine (But). Data are expressed as mean * SEM. *P < 0.05, ***P < 0.001, as compared with control (n = 3); °P < 0.05, compared

with treatment with salbutamol alone (n = 3).
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Antiproliferative effect of dexamethasone (Dex) on growth factor-stimulated BSMC in the absence (A) or presence (B) of the glucocorticoid
receptor antagonist, RU486. Data are expressed as mean * SEM. *P < 0.05, ***P < 0.001, as compared with control (n = 3); °P < 0.05, compared

with treatment with dexamethasone alone (n = 3).

suggesting that these compounds function by a cytostatic
mechanism. The mechanism of action of compounds may
also depend on the concentration level tested, as the endog-
enous PPARy ligand PGJ, was cytotoxic at 50 uM (Figure 5).

Synergistic interaction between PPARy
agonists and salbutamol
Single-agent concentration-response curves allowed us to cal-
culate parameters (e.g. ICsp mean values and coefficients sig-
nifying the shape of the dose-effect curves) that serve for
combination study design. The combination of salbutamol
with rosiglitazone or PGJ, at low concentrations (0.1 and
0.5 uM) produced an effect greater than that of each drug
alone (Figure 6A,B) and the quantitative CI method demon-
strated the presence of a synergistic interaction between
drugs (i.e. CI < 1) (Table 1). As expected, the combination of
salbutamol and dexamethasone also synergistically reduced
growth factor-stimulated BSMC growth after 48 h (Figure 6C;
Table 1).

The DRI represents the fold of dose reduction allowed in
a combination (for a given degree of effect) as compared with
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the dose of each drug alone. Combinations between salbuta-
mol and PPARy agonists allow obtaining approximately the
50% growth inhibition at concentrations from 2.3 to 12.4-
fold lower than those required for each drug alone (Table 1).

To investigate whether a switch from cytostatic to cyto-
toxic effects could account for synergism of combination
schedules, we performed experiments aimed at evaluating the
extent of accumulation of histone-complexed DNA frag-
ments in the cytoplasmic fraction (apoptosis) or directly in
the culture supernatant (necrosis). Noteworthy, combina-
tions of salbutamol with PPARy agonists or dexamethasone
did not significantly induce cell death (Figure 7), suggesting
that synergism was most probably caused by a more
pronounced cytostatic effect than that induced by single
treatments.

Effect of rosiglitazone plus salbutamol on cell
cycle distribution and mitogen-induced

ERK activation

To further elucidate the mechanism of drug combination, we
studied possible changes in cell cycle regulation after treat-



ment with salbutamol + rosiglitazone (0.5 uM) in a 1:1 ratio.
In BSMC stimulated with growth factor-enriched medium
(control), the proportion of cells in GO/G1, S and G2/M
phases of the cell cycle was 71.4, 17.3 and 11.3% respectively
(Figure 8A). The percentage of S-phase and G2/M-phase cells
was considerably decreased (1.86 and 0% total events) by the
presence of the combination treatment. The parallel increase
in the proportion of cells in GO/G1 phase in treated (98.1%
total events) versus untreated cells suggest a cell cycle arrest at
this level of the cell cycle (Figure 8A).
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Effect of compounds at the highest concentrations tested in cell
growth inhibition assay on BSMC cultured in a growth factor-free
medium containing 5% FBS. Rgz, rosiglitazone; Sal, salbutamol; Dex,
dexamethasone. Data are expressed as mean = SEM. ***P < 0.001,
compared with control (n = 3).
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Growth factor-induced ERK1/2 activation in BSMC
occurred within 2 min and it was characterized by a 12-fold
increase in protein phosphorylation, as compared with
unstimulated cells (Figure 8B). While rosiglitazone or salbuta-
mol alone did not exert any effect, combination treatment at
0.5 uM significantly reduced (P < 0.001) ERK phosphorylation
by 50%, as compared with cells cultured in growth factor-
enriched medium (Figure 8B).

Discussion

Severe asthma is characterized by airway remodelling due, in
part, to increases in airway smooth muscle mass (Hirst et al.,
2000; Bentley and Hershenson, 2008; Jarjour et al., 2012).
Combination treatments represent the most commonly used
therapeutic strategy in patients with severe disease; however,
clinical trials of combination therapy are frequently con-
ducted empirically in the absence of supporting experimental
data, especially for new drugs. In our opinion, the method
used in this study may represent a useful approach for
rational clinical protocol design of novel anti-remodelling
drug combinations. Specifically, we carried out an in vitro
drug combination study to determine the real synergism
between PPARy agonists and the B,-adrenoceptor agonist,
salbutamol, on human BSMC proliferation stimulated by
growth factors, as cellular model of airway remodelling. We
used the CI method, a quantitative analysis that takes into
account both the potency of each drug and combinations of
these drugs and the shapes of their dose-effect curves (Chou
etal., 1994). Our findings demonstrated, for the first time,
that combination of these two drug classes at sub-micromolar
concentrations synergistically inhibited mitogen-induced
BSMC proliferation. We have also quantified the dose reduc-
tion for the component drugs, showing that combination
schedules allowed the salbutamol and PPARy agonist concen-
trations to be decreased by about 2 to 12-fold compared with
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Figure 6

Antiproliferative effect of salbutamol (Sal), rosiglitazone (Rgz), PG, and dexamethasone (Dex), alone or in combination schedules, on growth
factor-stimulated BSMC. All data are mean *= SEM). ***P < 0.001, significant difference from the effects with each drug alone (n = 3).
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Table 1

Combination Index (Cl) and Dose Reduction Index (DRI) values for salbutamol in combination with PPARy agonists or dexamethasone after 48 h

on human BSMC

Compounds (uM)

PG),

Dex

Gl (%)

Rgz
0.1 0.1
0.5 0.5
0.1
0.5
0.1
0.5

0.1
0.5

0.1
0.5

36 = 5.5
53 3.1
48 = 1.5
55 2.1
42 + 2.25
48 = 0.57

0.66 = 0.1

0.56 = 0.15
0.18 = 0.02
0.51 = 0.07
0.29 = 0.08
0.70 = 0.05

4.7 =23
55*+22
129 + 2.2
6.4 +1.7
6.2+ 14
24 +0.2

55*+1.8
3.5+ 0.85
10.2 = 0.8
3+0.3
10.2 £1.9
3.6 £0.2

Data are expressed as mean = SEM (n=3). CI <1, Cl =1, and ClI > 1 indicate synergism, additive effect and antagonism respectively.

Gl, growth inhibition; Sal, salbutamol; Rgz, rosiglitazone; Dex, dexamethasone.

Necrosis

Apoptosis

T

[N
|

=

Cell death
(fold increase)

g
+
+
+
+
+
+

0.1 uM
T 0
OR
N

+
+

+
+

Sal + + + + + +
Rgz + +

PGJ, ¥ ¥

Dex + +

0.5uM

Figure 7

Absence of apoptosis and necrosis after treatment of BSMC with
different drug combinations at concentrations that caused a 50%
inhibition of cell growth. Rgz, rosiglitazone; Sal, salbutamol; Dex,
dexamethasone. Data are expressed as mean = SEM (n = 3).

single agents, while maintaining drug effect. This informa-
tion appears to be clinically relevant because, as a general
rule, dose reduction (due to efficacy synergy) always leads to
reduction in toxicity, therefore improving overall therapeutic
results.

Another relevant finding of the present study is that the
synergistic effect induced by PPARy agonists + salbutamol was
comparable with that observed for the combination dexam-
ethasone + salbutamol, suggesting that PPARy agonists might

272 British Journal of Pharmacology (2013) 168 266-275

be used instead of steroids to design B,-adrenoceptor agonist-
based combination schedules in steroid-resistant airway dis-
eases. In support of this proposal, rosiglitazone produced
improvements in lung function in smokers with asthma,
showing a reduced response to inhaled corticosteroids (Spears
et al., 2009), and preserved airway smooth muscle responsive-
ness to salbutamol following homologous desensitization
(Fogli et al., 2011).

Several lines of evidence supporting the potential com-
bined benefit of PPARy agonists and corticosteroids currently
used in the treatment of chronic lung diseases are also impor-
tant from the clinical and pharmacological point of view. For
example, corticosteroids can favourably interact with PPARy
agonists by reducing IL-1B-induced COX-2 expression (Pang
etal., 2003) and TNFa-induced production of chemokines
(Nie et al., 2005) in human BSMCs. Furthermore, the gluco-
corticoid budesonide induced PPARy expression in sputum
cells of patients with COPD (Holownia etal., 2008), a
condition that may increase cell responsiveness to PPARy
ligands. Finally, it is worth mentioning that in some steroid-
insensitive subjects, glucocorticoid receptors are unable to
translocate to the nucleus, as a result of MAPK-induced phos-
phorylation, and steroids are thereby ineffective (Adcock and
Lane, 2003). In the present study, we demonstrated that the
combination of salbutamol with the PPARy agonist rosiglita-
zone strongly inhibited MAPK/ERK phosphorylation and
may have potential in reversing glucocorticoid insensitivity.

Single-agent experiments were required to calculate
parameters used in combination studies in order to achieve a
high level of accuracy in CI analyses. Furthermore, we
assessed the inhibitory potency of compounds in a cellular
model that mimics a clinical condition of steroid resistance
(dexamethasone ICs, > 1 uM) and demonstrated that salbuta-
mol and PPARy agonists were able to inhibit human BSMC
growth at clinically relevant concentrations in this experi-
mental setting. The current finding that PPARy ligands inhib-
ited proliferative responses induced by the specific mitogens
that have been found elevated in the airways of asthmatic
patients (Hirst ef al., 2000; Bentley and Hershenson, 2008)
supports the anti-remodelling potential of these compounds.
With regard to the molecular mechanism of action, the role
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(A) Effect of salbutamol + rosiglitazone 0.5 uM at the fixed ratio of 1:1 on the distribution of events in the cell cycle. (B) The phosphorylation of
ERK1/2 protein in BSMC treated with 0.5 uM salbutamol or rosiglitazone, alone and in combination with each other (the images were analysed
by densitometry). Sfm, serum-free medium; Gfm, growth factor-enriched medium; Rgz, rosiglitazone; Sal, salbutamol.

of PPARy in the antiproliferative effects of PGJ, and rosiglita-
zone observed in the present study was investigated using the
selective and irreversible antagonist of the PPARy receptor,
GW9662 (Leesnitzer et al., 2002). ICso values for PPARy ago-
nists were in the micromolar range and the concentration-
dependent reversal of the rosiglitazone or PGJ,-mediated
inhibition of mitogen-induced proliferation by GW9662 pro-
vided evidence that the antimitogenic action of PPARy ago-
nists in human BSMCs was PPARy-dependent. In line with
these results, rosiglitazone inhibited serum-induced growth
in human pulmonary arterial smooth muscle cells with
potency (ICsp) of 35-45 uM and such an effect was PPARy-
dependent (Falcetti et al., 2010). The effect of GW9662 (1 uM)
on the growth inhibition induced by rosiglitazone (10 uM)
observed in our study was comparable with that obtained
by Ward and co-workers (2004) in BSMCs stimulated by
thrombin. The almost complete reversal by 1 uM GW9662
reported by Ward and co-workers appeared to be in contrast
with the partial reversal observed in our study. However, this
apparent discrepancy is mainly due to the difference between
the maximum stimulatory effects induced by thrombin-
enriched media (Ward et al.,, 2004) and multiple growth
factor stimulation (our study). In line with this notion, we
showed that higher GW9662 concentrations completely
reduced the antimitogenic potential of both rosiglitazone
and PGJ,, supporting a crucial role for PPARy also in this
experimental setting.

Our results also clearly confirm previously reported find-
ings showing that single-agent salbutamol, through activa-
tion of B,-adrenoceptors, has a direct inhibitory effect on the
proliferation of human BSMC:s elicited by growth factors at
clinically relevant concentrations, with no evidence of cyto-
toxicity (Tomlinson et al., 1994; Stewart et al., 1997; 1999).
The molecular mechanism involved in the antiproliferative

action of B,-adrenoceptor agonists in BSMCs is not fully
understood. For example, while the action of these drugs is
considered to be dependent largely on increase in intracellu-
lar cAMP levels, the antimitogenic effects of cAMP involve
multiple mechanisms, including inhibition of ERK1/2 and
phosphoinositide 3-kinase, via PKA activation and/or Epac in
BSMCs (Billington et al., 2012). Furthermore, there is contro-
versy concerning the specific role played by each of these
signalling pathways (Kassel et al., 2008; Yan et al., 2011).

In our study, dexamethasone inhibited growth of human
BSMCs cultured in a specific growth factor-enriched medium
by 50% at micromolar concentrations, an experimental con-
dition that can be considered to mimic steroid resistance (De
etal., 2002). Although establishing the effect of multiple
growth factor stimulation on the antiproliferative response to
corticosteroids in BSMCs was beyond the scope of the current
study, several lines of evidence suggest that corticosteroids
may not be effective in inhibiting BSMC mitogenesis in
response to receptor tyrosine Kkinase-activating mitogens
(Panettieri, 2004; Wang et al., 2006). Therefore, our cellular
model mimics a clinical condition of corticosteroid resist-
ance, that is, low responses to steroid and clear evidence of
airway remodelling, as recently observed in patients with
severe asthma (Bourdin et al., 2012).

In the current study, the mechanism of the enhanced
reduction in cell number following salbutamol plus PPARy
agonists was further explored to determine whether these
combinations were causing cell death or inhibiting BSMC
proliferation. Such a pharmacological property appears to be
important especially in patients with severe long-standing
asthma or COPD in which the turnover rates of human
BSMCs are most probably higher than in normal subjects
(Barnes, 2009). As we could not find evidence for induction of
BSMC cytotoxicity or apoptosis, it is conceivable that com-
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binations of these two drug classes can effectively reduce
airway smooth muscle hyperplasia without affecting tissue
integrity, in chronic patients. The cytostatic effect of salbuta-
mol + PPARy agonist combination is also supported by our
finding a cell cycle arrest at the GO/G1 phase of the cell cycle.

The present study emphasize the quantitative end results
of drug combinations rather than the molecular mechanism
underlying the synergistic interaction that remains to be
clarified. An interesting point that should be considered in
this regard comes from recently published findings showing
that homologous B.-adrenoceptor desensitization induced by
exposing BSMCs to salbutamol 1 uM for 24 h (i.e. a condition
similar to that used in combination studies) significantly
increased nuclear PPARy translocation (Fogli et al., 2011).
Such a mechanism might account for a more effective anti-
proliferative effect of the combined drugs compared with
each drug alone due to the sensitizing effect of salbutamol on
the PPARy agonist-induced cell growth inhibition. Compat-
ible with such a mechanism, fenoterol at 0.1 uM for 15 h has
been demonstrated to up-regulate the mRNA expression of
PPARy in cultured epithelial cells (Faisy et al., 2010), suggest-
ing that such an effect is independent of cell type.

It is widely recognized that prolonged in vitro exposure to
salbutamol causes tolerance (as a consequence of homolo-
gous B,-adrenoceptor desensitization), which became evident
at the cellular level after 24 h through the reduced ability of
the P,-adrenoceptor agonist to promote cAMP synthesis
(Dtiringer et al., 2009; Fogli et al., 2011). As B,-adrenoceptor
agonists affect cell proliferation by increasing cAMP
(Tomlinson etal.,, 1994), it could be that homologous
B.-adrenoceptor desensitization abolished the inhibitory
effect of B,-adrenoceptor agonists, therefore limiting their
anti-remodelling potential. We have previously demon-
strated that the PPARy agonists, rosiglitazone and PG]J,,
reverse salbutamol-induced tolerance in homologously
desensitized BSMC, restoring cAMP synthesis to a level
comparable with that of control (Fogli etal., 2011), a
property that could preserve the antiproliferative action of
B.-adrenoceptor agonists. However, such an effect occurred at
a concentration 20-fold higher than that used in combina-
tion experiments and it is unlikely that this mechanism could
account for the synergistic interaction observed in the
present study.

In conclusion, our findings provide the first evidence of
the synergistic interaction between PPARy agonists and
B.-adrenoceptor agonists on BSMC proliferation. The combi-
nation of these two drug classes might therefore be consid-
ered in patients with severe asthma who do not respond
adequately to corticosteroid therapy.
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