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Summary

Background Airway remodelling is a key feature of asthma and chronic obstructive
pulmonary disease (COPD). The remodelling process involves the deposition of extracellular
matrix (ECM) proteins within the airways. Current therapies for asthma and COPD consist of
inhaled corticosteroids and long-acting b2-agonists (LABA). However, their effect on airway
remodelling is not well understood so far.
Objective In this study we investigated the effect of fluticasone and salmeterol, either alone or
in combination, on fibronectin and tenascin-C protein, isoform, and mRNA levels in primary
human lung fibroblasts.
Methods In our model, fibroblasts cultured in serum-free medium represented a non-
inflammatory condition and stimulation with 5% fetal calf serum and/or TGF-b1 mimicked a
pro-fibrotic environment with activation of tissue repair. Using these two different
conditions, the effects of fluticasone and salmeterol on fibronectin and tenascin-C protein and
mRNA levels were analysed by immunoblotting and semi-quantitative RT-PCR.
Results In both conditions, fluticasone increased fibronectin transcript and protein levels,
whereas it decreased those of tenascin-C. Salmeterol neither affected fibronectin and
tenascin-C synthesis significantly nor did it influence the effect of fluticasone when applied in
combination. Furthermore, we found that treatment with fluticasone had an opposite effect
on extra domain A and B containing fibronectin isoforms generated by alternative splicing
compared with total fibronectin transcript levels, whereas tenascin-C isoforms were not
differently modulated by fluticasone.
Conclusions Our results indicate that standard therapies for inflammatory lung disorders
influence ECM protein composition and relative expression levels. In contrast to
corticosteroids, LABA did not significantly alter the expression of tenascin-C and fibronectin
in cultures of primary human lung fibroblasts.

Keywords alternative splicing, asthma therapy, fibronectin, human lung fibroblasts,
tenascin-C
Submitted 10 June 2008; revised 11 December 2008; accepted 15 December 2008

Introduction

The extracellular matrix (ECM) consists of a complex
network of proteins which cells secrete and organize
around themselves and affects many aspects of cellular

behaviour. These include proliferation, differentiation,
survival, adhesion, and migration of cells [1]. It is well
established that the ECM profile in the airways of healthy
individuals differs both in quantity and composition from
that of asthmatic and chronic obstructive pulmonary
disease (COPD) subjects. Whereas deposition of collagen
IV and elastin is decreased in asthmatic patients compared
with healthy individuals, deposition of other specific ECM
proteins, including collagen I, III, and V, fibronectin,
tenascin, versican, and laminin is increased [2–6].
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Asthma and COPD are characterized by chronic inflam-
mation and tissue remodelling resulting in irreversible
structural changes in the lung. Lung fibroblasts are
important mediators of the lung tissue repair process as
they are involved in cell proliferation and synthesis of
ECM components. Among the various ECM proteins, lung
fibroblasts secrete tenascin-C and fibronectin, two large
multifunctional and multidomain ECM glycoproteins
highly expressed during morphogenesis and in tissue
remodelling processes [7]. Both proteins are subject to
alternative splicing resulting in various numbers of iso-
forms which are known to have specific functions and
expression patterns during development and disease.
Furthermore, both proteins are implicated, or at least
highly expressed, in various lung diseases including
asthma and COPD [7–10].

Current asthma and COPD therapies include inhaled
corticosteroids and long-acting b2-agonists (LABA) ap-
plied either alone or in combination. Corticosteroids have
a well-described anti-inflammatory effect. However, their
influence on airway remodelling remains controversial
[11–18]. More than a decade ago, Pauwels et al. [18] have
shown that the addition of inhaled formoterol to budeso-
nide resulted in improved clinical outcome in asthma
patients than higher dose of budesonide. However, the
effect of combined corticosteroids and LABA on lung ECM
synthesis and deposition remains to be fully elucidated.

In the present study, we investigated the effect of
corticosteroids and LABA, alone or in combination, on
tenascin-C and fibronectin expression in primary human
lung fibroblasts. As previously described, we used two
experimental conditions in our culture model: a serum-
deprived medium representing a non-inflammatory en-
vironment, and stimulation with 5% fetal calf serum
(FCS), the common pro-inflammatory factor related to
inflammation, and/or TGF-b1, the component in the
serum triggering ECM remodelling. The latter culture
model mimicked an early stage of a pro-fibrotic environ-
ment with vessel leakage and activated tissue repair [17].

Materials and methods

Cell culture

Primary human lung fibroblasts were established from
non-diseased peripheral lung tissue samples obtained
from patients undergoing lung resection following ap-
proval by the ethics committee (Faculty of Medicine,
University Hospital, Basel, Switzerland). In this study we
analysed cells isolated from three different patients. Cells
were grown in RPMI 1640 (Cambrex Bio Science, Verviers,
Belgium) supplemented with 10% FCS (Gibco BRL Invi-
trogen, Basel, Switzerland) and 1% MEM-vitamins (Cam-
brex Bio Science). Fibroblasts were stimulated with
recombinant human TGF-b1 (2.5 ng/mL; Sigma, Schnell-

dorf, Germany) and treated with fluticasone and salmeter-
ol (10�7

M; GlaxoSmithKline, London, UK), formoterol
(AstraZeneca, Lund, Sweden) or dexamethasone (10�6

M;
Calbiochem, Lucerne, Switzerland). Culture conditions
and optimal drug doses have been determined previously
[17]. Before any treatment, cells were serum-deprived for
24 h in 0.3% human albumin. Fibroblasts between pas-
sages 3 and 6 were used for all experiments. HT1080
fibrosarcoma cells (ATCC # CCL-121) were cultured in
DMEM (Invitrogen) supplemented with 10% FCS.

Immunofluorescence

For immunofluorescence staining of primary human lung
fibroblasts, cells were plated on coverslips inside 3.5 cm
dishes at a concentration of 105 cells/dish for 72 h. Cells
were then fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 30 min followed by a PBS rinse.
After permeabilization with 0.1% Triton in PBS for 5 min,
cells were washed twice with PBS and incubated with the
primary antibodies for 1 h. For the fibronectin and tenas-
cin-C double-labelling, primary antibodies included the
monoclonal anti-human tenascin-C B28-C13 [19] at
1 : 250 and the polyclonal anti-human fibronectin anti-
serum (1 : 500 [20]). In the case of the anti-EDA (F8 [21])
and anti-EDB (L19 [21]) the primary antibody incubation
(1.6 mg/mL) was followed by an additional incubation for
1 h with rabbit-anti-human IgE (1 : 500; Dako, Lausen,
Switzerland) together with the anti-human fibronectin
antiserum as mentioned above. Following these primary
antibody incubations, cells were washed three times with
PBS. After incubation with fluorescently labelled second-
ary antibodies for 1 h in the dark (Alexa Fluor 594 goat
anti-rabbit and Alexa Fluor 488 goat anti-mouse at
1 : 1000 each; Invitrogen, Carlsbad, CA, USA) cells were
washed three times with PBS, then once with water before
coverslips were mounted onto slides in Mowiol (Calbio-
chem, La Jolla, CA, USA). Cells were analysed with a Zeiss
Axioskop equipped with a HXP120 lamp (Carl Zeiss,
Feldbach, Switzerland) and pictures were taken with a
Hamamatsu ORCA-ER (Hamamatsu, Solothurn, Switzer-
land) camera.

Promoter studies

The human tenascin-C and fibronectin promoter
constructs were cloned from human genomic DNA by
PCR amplification using the Expand High Fidelity
PCR System (Roche Diagnostic, Mannheim, Germany).
The following two sets of primers were used for the
tenascin-C constructs: 50TAGCTAGCCTGGGGAGAGGA
GTTCGAG30/50TACTCGAGCTGCCTTTGTGCCCACGGAG30

for pTNC-2016 and 50ATGCTAGCGCAGGCGGGAATTCC
TACTTT30/50TACTCGAGCTGCCTTTGTGCCCACGGAG30 for
pTNC-220.
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The primers included NheI and XhoI restriction sites,
respectively, allowing directional cloning into the reporter
vector pSEAP2-Basic (Clontech, Mountain View, CA, USA).
The fibronectin promoter constructs were obtained with
primer sets 50ATGCTAGCCTCTAACCCAGACAGGATTC30/
50ATCTCGAGCCGGCGCGGGCGTCCGAG30 for pFN-1761
and 50ATGCTAGCCCAGCCGCTTCCCATCCCTTC30/50ATCTC
GAGCCGGCGCGGGCGTCCGAG30 for pFN-317. The pro-
moter sequences correspond to nucleotides 25203660
–25201566 of accession NT_008470 for pTNC-2016,
25201858–25201566 of accession NT_008470 for pTNC-
220, 66511971–66510198 of accession NT_005403 for pFN-
1761 and 66510527-66510198 for pFN-317. Furthermore, a
plasmid containing a glucocorticoid responsive element,
pGRE-SEAP from the Pathway Profiling SEAP System
(Clontech) was used as positive control.

HT1080 cells were plated at 8x104 cells/well in six-well
plates 18 h before transfection. Cells were transfected with
Fugene 6 Transfection reagent (Roche) using 2mg DNA per
well either in 10% FCS or 0.3% FCS with or without the
addition of hormones as indicated in ‘Results’. Twenty-four
hours after transfection the medium was collected and
secreted alkaline phosphatase was measured using the
chemiluminescent alkaline phosphatase detection kit Great
EscAPeTM SEAP (Clontech) according to the manufacturer’s
procedure. For normalization co-transfection with the firefly
luciferase-containing pGL3 basic vector (Promega, Madison,
WI, USA) was performed. Twenty-four hours after transfec-
tion, cells were lysed with Passive Lysis Buffer (Promega)
and assayed with the LARII Luciferase Assay System (Pro-
mega). Secreted alkaline phosphatase and firefly luciferase
activity, were measured in a Luminometer Mithras LB 940
(Berthold technologies, Regensdorf, Switzerland).

Reverse transcriptase-polymerase chain reaction

Confluent serum-deprived fibroblasts were treated with
fluticasone and/or salmeterol (10�7

M) in 0.3% albumin or

5% FCS for 48 h. Total RNA was extracted using the
RNeasy Mini kit (Qiagen GmbH, Hilden, Germany) and
reverse-transcribed using M-MLV Reverse Transcriptase
(Promega). PCR was performed using the fibroblast
cDNAs as templates and primers amplifying specific
amplicons of GAPDH, fibronectin, tenascin-C, tenascin-C
isoforms, and the fibronectin splicing isoforms con-
taining EDA and EDB (Microsynth AG, Balgach, Switzer-
land; Table 1). PCR conditions were initial denaturation
at 94 1C for 2 min then denaturation at 94 1C for 30 s
primer annealing at 55 1C for 30 s and extension at 72 1C
for 1 min. PCR cycle numbers were optimized for each
primer pair. PCR amplicons were size fractionated by
electrophoresis on 1.5% agarose gels and visualized by
ethidium bromide stain under UV light. The intensity of
each band was analysed by densitometry using the soft-
ware Gene Tools (SynGene, Cambridge, UK) and the
relative mRNA expression of target gene was normalized
to the GAPDH control. Results are expressed as relative
to controls (without drug treatment) which were defined
as 1.

Western blotting and quantification

Thirty microlitres of collected conditioned medium of
primary human lung fibroblasts were mixed with 10 ml of
4� reducing SDS-PAGE sample buffer, boiled for 5 min at
95 1C and loaded onto a 6% SDS-PAGE gel. After electro-
phoresis, proteins were electro-transferred onto a poly-
vinyldifluoride membrane (Millipore, Billerica, MA, USA)
using a semi-dry blotting apparatus (Millipore). After-
wards, membranes were stained with amido black to
control equal protein loading. After blocking for 1 h at
room temperature in TBS containing 0.05% Tween and
5% skim milk powder, membranes were incubated over-
night at 4 1C with either the monoclonal antibody B28-13
raised against human tenascin-C (1 : 100) [19] or the
monoclonal anti-human fibronectin antibody (1 : 1000)

Table 1. Sequences of primers used for RT-PCR

Primers Sequences Amplicon size(s)

GAPDH forw 50-GAAGGTGAAGGTCGGAGTC-30 229 bp
GAPDH rev 50-GAAGATGGTGATGGGATTTC-30

FN forw 50-CGAACAACATGAGAGCACACC-30 401 bp
FN rev 50-TCACTGTGACAGCAGGAGCATC-30

TN-C forw 50-GACACAGATTCAGCCATCACCA-30 152 bp
TN-C rev 50-GAGTGTTCGTGGCCCTTCCAGT-30

EDA forw 50-TTCTTTCATTGGTCCGGTCTT-30 EDA1: 496 bp
EDA rev 50-GCAGCCCACAGTGGAGTATGT-30 EDA-: 226 bp
EDB forw 50-CCCCTACAAACGGCCAGCAGGG-30 EDB1: 731 bp
EDB rev 50-GCCAGTTGGGGAATCAAGACCTG-30 EDB-: 458 bp
TN-C isoforms forw 50-ACCGCTACCGCCTCAATTACA-30 331 bp/607 bp/883 bp/1159 bp/
TN-C isoforms rev 50-GGTTCCGTCCACAGTTACCA-30 1435 bp/1711 bp/1969 bp�

�Seven TN-C isoforms are detectable which correspond to the inclusion of seven FNIII extra-domains, each consisting of 276 bp (see Fig. 6b).
The major isoforms present in the primary human lung fibroblasts are highlighted in bold.
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(Sigma, Buchs, Switzerland). Membranes were washed
three times with TBS containing 0.05% Tween and then
incubated with goat anti-mouse IgG coupled to horse-
radish peroxidase (1 : 10 000) (MP Biomedicals, Illkirch,
France) for 1 h at room temperature. Blots were developed
using Super Signal (Pierce, Rockford, IL, USA) and finally
exposed on Kodak BioMax MR Films (Kodak, Rochester,
NY, USA).

For Western blot quantification, the software Gene
Tools was used. Different exposure times of the same blots
were quantified to check accuracy of the quantification
method. Results represent the quantification of three
different blots using three different primary human lung
fibroblasts cell lines. Graphs are expressed as relative to
controls (without drug treatment), which were defined as
100%.

Statistical analysis

Data are expressed as means �SEM. Statistical signifi-
cances were established with the Student’s t-test (avail-
able at the web server hosted by St John’s University,
St Joseph, MN, USA: http://www.physics.csbsju.edu/stats/
t-test.html). Differences were considered significant if
Po0.05 compared with control.

Results

5% fetal calf serum and tumour growth factor-b1 increase
the expression of fibronectin and tenascin-C

Confluent fibroblasts cultured in serum-free medium,
mimicking a non-inflammatory environment secreted a
moderate constitutive level of fibronectin and tenascin-C
detectable after 48 h by immunoblotting (Fig. 1). These
control values were defined as 100% for further compar-
isons. Since we have shown previously that the addition of
5% FCS initiated a pro-inflammatory response in primary
human lung fibroblasts [17] we investigated the effect of
FCS on fibronectin and tenascin-C synthesis. Stimulation
with 5% FCS showed only a slight increase of fibronectin
levels but did not reach significance compared with
control (P = 0.06) (Fig. 1a). In contrast, 5% FCS signifi-
cantly increased tenascin-C levels by more than 2.5-fold
compared with 0.3% albumin (Po0.001) (Fig. 1b). In order
to investigate the effect of TGF-b1 which can function
either as a pro- or anti-inflammatory cytokine on inflam-
matory cells, we treated fibroblasts with TGF-b1 under
both experimental conditions. Addition of TGF-b1 into
serum-free medium significantly augmented fibronectin
(Po0.01) and tenascin-C levels (Po0.001) compared with
controls. TGF-b1 in the presence of 5% FCS significantly

Fig. 1. Increased fibronectin and tenascin-C expression by 5% FCS and TGF-b1. Confluent serum-deprived primary human lung fibroblasts were
stimulated with 5% FCS and/or TGF-b1 (2.5 ng/mL) for 48 h. Supernatants were collected and fibronectin and tenascin-C were detected by
immunoblotting. A representative immunoblot is shown for fibronectin (a, top) and for tenascin-C (b, top). Quantification of the immunoblots of three
different primary cell lines is shown for fibronectin (a, bottom) and tenascin-C (b, bottom). Bars represent means�SEM expressed as % of control, where
0.3% albumin was defined as 100%. �Po0.05, ��Po0.01, and ���Po0.001. The P-values correspond to the comparisons to 0.3% albumin. FCS, fetal
calf serum.

�c 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1–12
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increased fibronectin levels by threefold compared with
0.3% albumin (Po0.001) and more than twofold com-
pared with the presence of 5% FCS alone (Po0.001)

(Fig. 1a). Since tenascin-C levels were already very high
in the presence of 5% FCS, we did not detect a further
increase by treatment with TGF-b1 (Fig. 1b).

Fig. 2. Fibronectin and tenascin-C regulation by fluticasone and salmeterol. Confluent serum-deprived primary human lung fibroblasts were treated
with fluticasone (10�7

M) and/or salmeterol (10�7
M) in 0.3% albumin and 5% FCS for 48 h. Supernatants were subjected to immunoblot analysis for

fibronectin and tenascin-C. Amido black staining is included to show equal protein concentrations. A representative immunoblot is shown for
fibronectin (a, c, top) and for tenascin-C (b, d, top). The same membrane was used for (a) and (b) as well as for (c) and (d). Quantification of the
immunoblots of three different primary cell lines is shown for fibronectin (a, c, bottom) and tenascin-C (b, d, bottom). Bars represent means �SEM
expressed as % of control, where 0.3% albumin and 5% FCS were defined as 100%. �Po0.05, ��Po0.01, and ���Po0.001. The P-values correspond to
the comparisons to control. FCS, fetal calf serum.

�c 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1–12
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Fibronectin and tenascin-C are differently regulated by
fluticasone and salmeterol in the presence or absence of
5% fetal calf serum and/or tumour growth factor-b1

Next we evaluated by immunoblotting the effects of
fluticasone and salmeterol, applied alone or in combina-
tion, in the presence or absence of 5% FCS on fibronectin
and tenascin-C synthesis (Fig. 2). Under serum-free con-
ditions, fluticasone led to an increase in fibronectin

expression compared to the control (Po0.01), whereas
salmeterol had no effect. Combined fluticasone and sal-
meterol increased fibronectin levels (Po0.001) similarly
to fluticasone administration alone (Fig. 2a). Fluticasone
had an opposite effect on tenascin-C levels, which were
significantly decreased by fivefold compared with the
control (Po0.01). Salmeterol alone did not modulate
tenascin-C expression compared with controls nor did it
affect the decrease observed with fluticasone in

Fig. 3. Fibronectin and tenascin-C regulation by fluticasone and salmeterol in the presence of TGF-b1. Confluent serum-deprived primary human lung
fibroblasts were treated with fluticasone (10�7

M) and/or salmeterol (10�7
M) in the presence of TGF-b1 (2.5 ng/mL) in both 0.3% albumin and 5% FCS for

48 h. Supernatants were subjected to immunoblot analysis for fibronectin and tenascin-C. Amido black staining is included to show equal protein
concentrations. A representative immunoblot is shown for fibronectin (a, c, top) and for tenascin-C (b, d, top). The same membrane was used for (a) and
(b) as well as for (c) and (d). Quantification of the immunoblots of three different primary cell lines is shown for fibronectin (a, c, bottom) and tenascin-C
(b, d, bottom). Bars represent means�SEM expressed as % of control, where 0.3% albumin and 5% FCS were defined as 100%. �Po0.05, ��Po0.01, and
���Po0.001. The P-values correspond to the comparisons to control. FCS, fetal calf serum.

�c 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1–12
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combination (Fig. 2b). Inflammatory conditions with 5%
FCS stimulation did not influence the effects of both drugs
on fibronectin and tenascin-C expression in comparison
to the one observed in serum-deprived fibroblasts. Indeed,
fluticasone augmented fibronectin levels (Po0.01),
whereas it decreased tenascin-C levels secreted into the
conditioned medium (Po0.001). Again, salmeterol ad-
ministration alone in the presence of 5% FCS did not show
any effect on fibronectin and tenascin-C levels. However,
combination with fluticasone significantly reduced fibro-
nectin as well as tenascin-C expression in the presence of
5% FCS (Figs 2c and 2d). These effects of fluticasone and
salmeterol on fibronectin and tenascin-C expression were
not modulated by further stimulation with TGF-b1 under
both 0.3% albumin and 5% FCS (Fig. 3). We observed the
same results when the primary human lung fibroblasts
were treated with other corticosteroids and/or LABAs such
as budesonide, formoterol, or dexamethasone (data not
shown).

Response of tenascin-C and fibronectin promoter
constructs to corticosteroids

It is known that fibronectin and tenascin-C protein
expression in HT1080 cells shows a reverse response to
dexamethasone [22]. Therefore, we used these cells to test
whether glucocorticoids could regulate tenascin-C
and fibronectin expression on the promoter level. We
analysed the response of HT1080 cells transfected with
promoter reporter constructs of tenascin-C, fibronectin, or
a glucocorticoid responsive promoter plasmid pGRE as
control (Fig. 4). Interestingly, while the activity of the
pGRE plasmid was highly induced by the addition of
dexamethasone or fluticasone, the promoter activities of
both tenascin-C constructs were inhibited by more than
40% in the presence of glucocorticoids. In contrast,
the promoter activity of the fibronectin constructs was
not affected by the addition of either corticosteroid.
Thus, transcription of tenascin-C seems to be directly
repressed by corticosteroids and the responsive region is
contained within the proximal promoter within 220 bp of
the transcription start while the activities of fibronectin
promoter constructs are not affected by corticosteroid
treatments.

Modulation of fibronectin and tenascin-C mRNA
expression by fluticasone and salmeterol

So far we investigated the effects of fluticasone and
salmeterol alone or in combination on fibronectin and
tenascin-C protein levels and on the level of direct
activation of their promoters using promoter reporter
constructs. In order to determine the drug’s effect on
fibronectin and tenascin-C transcript levels, we performed
RT-PCR analysis on mRNA isolated from primary human

lung fibroblasts cultured under both 0.3% albumin and
5% FCS. The agarose gels shown in Fig. 5a confirm our
immunoblot results. Expression of the transcript levels
was analysed by densitometry analysis and normalized to
GAPDH and the relative gene expression from three cell
lines is depicted in Fig. 5b. Treatment with fluticasone
under any experimental condition is associated with a
significant increase in fibronectin mRNA accumulation
(Po0.05), and with a significant reduction in tenascin-C
transcript levels (Po0.05). This indicates that glucocorti-
coids may regulate fibronectin transcript levels post-
transcriptionally. Again, administration of salmeterol
applied alone or in combination with fluticasone did
neither modulate fibronectin nor tenascin-C mRNA levels
compared with controls (Fig. 5b).

To test the modulatory effects of fluticasone and salme-
terol on the major splice variants of fibronectin and
tenascin-C, we specifically designed primers which flank
the sequences that are subjected to alternative splicing in
the human fibronectin and tenascin-C cDNAs (Table 1,
Fig. 6b top). Treatment with fluticasone in either 0.3%
albumin or 5% FCS, but in the absence of TGF-b1 was
associated with a down-regulation of the extra domain A
containing isoform (EDA1) compared with non-treated
cells, whereas salmeterol did not influence EDA-contain-
ing transcripts (Fig. 6a). This regulation of the EDA1

Fig. 4. Effect of corticosteroids on promoter reporter constructs of
tenascin-C and fibronectin. Cells were transfected with either a promo-
ter-free control plasmid pSEAP2-basic, a plasmid containing a gluco-
corticoid-responsive promoter pGRE, tenascin-C promoter plasmids
including 2016 bp (pTNC -2016) or 220 bp (pTNC -220) upstream of the
transcription start site or fibronectin promoter plasmids including
1761 bp (pFN -1761) or 317 bp (pFN -317) upstream of the transcription
start site in the presence or absence of dexamethasone (10�6

M) or
fluticasone (10�7

M). All transfections were done in 0.3% FCS except for
the tenascin-C constructs which were transfected in 10% FCS. Tenascin-C
promoter activity stimulated by serum was greatly reduced by the
addition of dexamethasone and fluticasone. The plasmid pGRE was
highly induced by the addition of the hormones while the fibronectin
reporter plasmids remained unaffected. FCS, fetal calf serum.

�c 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1–12
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isoform is the exact opposite to total levels of fibronectin
transcripts. However, in the presence of TGF-b1, the
changes in EDA1 mRNA expression are masked. The extra
domain B containing isoform (EDB1) is regulated in the
same manner as the EDA1 transcripts. However, the
decrease of EDB1 by fluticasone was also observed in
the presence of TGF-b1 (Fig. 6a). In contrast to fibronectin,
treatment with fluticasone and/or salmeterol did not
differently modulate tenascin-C isoform expression gen-
erated by alternative splicing compared with total tenas-
cin-C transcript levels (Fig. 6b, bottom).

Next we analysed the deposition of tenascin-C and
fibronectin as well as the fibronectin splice variants in
the ECM deposited by the lung fibroblasts. We found that
fibronectin and tenascin-C were deposited independently
in different fibrillar patterns, while the staining patterns
for total fibronectin and EDA1 or EDB1 fibronectin were
indistinguishable (Figs 7a–d). It appears that tenascin-C
accumulates preferentially in areas where cells are parti-
cularly dense.

In summary, we show here that fluticasone regulates
tenascin-C and fibronectin protein and mRNA levels in an
opposite manner, and the localization of the two proteins
in the ECM is different as well. In the case of fibronectin
and its alternative splicing variants, transcripts accumu-
late differentially after fluticasone treatment but the
protein variants are deposited in the same ECM fibres. In
contrast to fluticasone, salmeterol has no significant
effect on fibronectin, fibronectin variants or tenascin-C
levels under any conditions tested.

Discussion

Asthma is more or less effectively controlled in most
patients with maintenance treatment. Control may be
achieved with an inhaled corticosteroid or with a more
effective approach of a combination inhaler containing a
corticosteroid and a LABA. However, their exact mechan-
ism of action and direct influence on tissue remodelling
are not well understood so far.

Fig. 5. Modulation of fibronectin and tenascin-C mRNA expression by fluticasone and salmeterol. Confluent serum-deprived primary human lung
fibroblasts were treated with fluticasone and/or salmeterol (10�7

M) in the absence or presence of TGF-b1 (2.5 ng/mL) under both 0.3% albumin and 5%
FCS. Total RNA was extracted after 48 h and cDNA was synthesized. Representative PCR gels are shown in (a) and quantification of three cell lines is
shown in (b). Bars represent means�SEM expressed as fold induction compared with control and are normalized to GAPDH. �Po0.05, ��Po0.01, and
���Po0.001. The P-values correspond to the comparisons to 0.3% control. FCS, fetal calf serum.

�c 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1–12
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In our report, we studied the effect of fluticasone
and salmeterol on tissue remodelling, a prominent
characteristic of asthma and COPD. We specifically,
analysed total fibronectin, tenascin-C, fibronectin-,
and tenascin-C isoform accumulation in the medium
by primary human lung fibroblasts in response to the
drugs.

We observed an increase of fibronectin protein and
mRNA levels by primary human lung fibroblasts upon
treatment with budesonide as well as with dexamethasone
(data not shown). This is in agreement with other reports
showing that corticosteroid treatment is associated with
fibronectin accumulation [23–26]. This was also the case
in an in vivo model of asthma in rats [27]. Down-regula-
tion of tenascin-C by corticosteroids seems to be common
to many cell types as has been shown in several reports [6,
26, 28–30]. Interestingly, our results show that even the

presence of TGF-b1, an inducer of tenascin-C production
[31, 32] did not counteract the reducing effect of flutica-
sone on tenascin-C levels. Thus, corticosteroids can down-
regulate tenascin-C synthesis even in the presence of local
stimulatory growth factors. The same has been observed
before for collagen type I, III, and V [17]. Salmeterol did
not affect fibronectin or tenascin-C levels compared with
control, nor did it attenuate the effect of fluticasone when
applied in combination. This stands in contrast to the
effect of LABA on total ECM and collagen deposition by
lung fibroblasts, which are reduced by them [17]. Further-
more, we show that fibronectin and tenascin-C are influ-
enced in the opposite way by corticosteroids applied alone
or in combination with LABA. This may have functional
consequences, since it was shown that fibronectin and
tenascin-C can directly interact with each other and that
the presence of tenascin-C results in abolishment of

Fig. 6. Modulation of fibronectin and tenascin-C isoform mRNA expression by fluticasone and salmeterol. Confluent serum-deprived primary human
lung fibroblasts were treated with fluticasone and/or salmeterol (10�7

M) in the absence or presence of TGF-b1 (2.5 ng/mL) under both 0.3% albumin and
5% FCS. Total RNA was extracted after 48 h and cDNA was synthesized. (a) Representative PCR gels of the major fibronectin splice variants, where
EDA1and EDB1indicate the EDA-containing fibronectin, or the EDB-containing fibronectin isoform respectively are shown. (b) Schematic
representation of the 15 fibronectin type III repeats (white boxes: constant repeats; grey boxes: repeats subject to alternative splicing) present in
tenascin-C and the primers used to detect the tenascin-C isoforms is shown (top). Representative PCR gels of the tenascin-C splice variants are shown
(bottom). Seven tenascin-C isforms are detectable corresponding to the inclusion of the seven fibronectin type III repeats (grey boxes, top), each
containing 276 bp. The major isoforms present in the primary human lung fibroblasts are highlighted by asterisks (�, ��) and they give rise to the 250
and 180 kDa protein respectively. FCS, fetal calf serum.
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fibronectin-mediated cell spreading [33, 34]. At least in
tumor cells, fibronectin and tenascin-C interaction is
associated with reduced cell adhesion and enhanced cell
proliferation [34, 35]. This might also be true in other
pathological conditions such as asthma or COPD. Thus,
indirect effects of corticosteroids may involve the mod-
ulation of cell–cell or cell–ECM interactions.

Alternative splicing in fibronectin, which is regulated
both temporally and spatially, is a very prominent feature
of this complex ECM protein [36]. Alternative splicing is
clearly adding another level of complexity to the many
functions ascribed to fibronectin. EDA1 and EDB1 fibro-
nectin expressions are high during embryonic develop-
ment and basically absent in the adult tissues. However,

Fig. 7. Deposition of fibronectin variants and tenascin-C in the ECM synthesized by primary lung fibroblasts. Phase contrast pictures (phase) and double
immunostainings of total fibronectin (FN) in red with EDA1fibronectin (EDA) in green panel (a), EDB1fibronectin (EDB) in green panel (b) or tenascin-C
(TNC) in green panels (c and d) with the corresponding overlays are shown. Whereas all fibronectin antibodies stained the same ECM fibres, the
immunostaining of fibronectin and tenascin-C was to a large extent non-overlapping. Panel (d) shows a different cell line than panels (a–c) with the
same result. Bar, 100mm. ECM, extracellular matrix.
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these extra domains are included into fibronectin during
pathological conditions such as tumorigenesis, inflamma-
tion, or tissue remodelling [37]. More recently, the discri-
mination between EDA1 and EDB1 fibronectin expression
in pathological conditions and normal tissues was used to
specifically target or image sites of tumor angiogenesis or
chronic skin inflammation using EDA or EDB-specific hu-
man monoclonal antibodies [21, 38]. Therefore, EDA1 and
EDB1 fibronectin have the potential to be used as marker
for different pathological conditions such as a vascular
marker of solid tumours and metastases, a marker for
chronic skin inflammation or a marker for atherosclerotic
plaques [21, 38, 39]. Interestingly, in the present study it
seemed that treatment of primary human lung fibroblasts
with fluticasone resulted in a differential effect on EDA1

and EDB1 mRNA as compared with fibronectin tran-
scripts without these extra repeats. It has been shown
previously that dexamethasone greatly increases fibro-
nectin protein and transcript levels and that this effect is
based on the stabilization of transcripts rather than on
transcriptional regulation. Furthermore, Dean et al.
showed that while fibronectin promoter reporter con-
structs could be activated by TGF-b, the same reporter
constructs did not respond to dexamethasone treatment
[24, 25]. These results were confirmed here in our study,
and we found that in contrast to fibronectin, the activity
of tenascin-C promoter reporters was repressed by corti-
costeroids. Thus, the differential effect of corticosteroids
on tenascin-C vs. fibronectin expression could be ex-
plained by their different means of regulation. While
tenascin-C appears to be regulated on a transcriptional
level by corticosteroids, fibronectin transcripts are regu-
lated post-transcriptionally through mRNA stabilization.
The differential effect on EDA1 and EDB1 fibronectin
could be based on factors involved in the stabilization of
mRNA acting specifically on fibronectin transcripts de-
void of extra repeats EDA and EDB. Tenascin-C is also
subject to alternative splicing. However, we do not have
any evidence that tenascin-C splice variants are regulated
in an opposite manner by corticosteroids and LABA
compared with total tenascin-C levels as observed for
fibronectin splice variants.

In summary, we analysed the effect of corticosteroids
and LABA on the expression levels of tenascin-C and
fibronectin in primary human lung fibroblasts. Corticos-
teroid treatment negatively regulated expression of tenas-
cin-C. The effect of corticosteroids on fibronectin was
exactly the opposite: corticosteroids increased fibronectin
deposition. LABA neither showed a prominent effect on
tenascin-C or fibronectin expression nor modulated the
effect of corticosteroids. However, since we have pre-
viously shown that total ECM and collagen deposition
were decreased by LABA [17], it becomes clear that
in relation to other ECM-proteins the relative amounts of
tenascin-C, fibronectin, and its variants are shifting with

corticosteroids as well as with LABA. Our results strength-
en the idea that drug treatment of asthma patients might
have different effects on specific ECM proteins and hence
on the remodelling process during pathogenesis.
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