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Background: Airway smooth muscle (ASM) cells may

contribute to airway remodeling through the release of

growth factors, cytokines, and extracellular matrix (ECM)

proteins. The effect of current asthma therapies on this release

is not known.

Objective: We examined the effect of corticosteroids, long-

acting b2-agonists, and a phosphodiesterase 4 (PDE4) inhibitor

on ASM-released connective tissue growth factor (CTGF),

collagen I, fibronectin, versican, and IL-6.

Methods: Airway smooth muscle cells from individuals with

and without asthma were stimulated with TGF-b with or

without the drugs and CTGF and ECM protein expression

measured by real-time PCR, cell surface, or matrix-associated

ELISA. IL-6 release was measured by ELISA. Bronchial rings

from individuals without asthma were incubated with TGF-b

with or without the drugs.

Results: Neither corticosteroids nor long-acting b2-agonists

reduced TGF-b–induced CTGF, collagen I, or fibronectin

in either cell type, whereas corticosteroids alone induced

the expression of CTGF, collagen I, and fibronectin. These

drugs did not prevent the accumulation of TGF-b–induced

proteins in bronchial rings, whereas the PDE4 inhibitor

roflumilast inhibited TGF-b–induced CTGF, collagen I,

and fibronectin.

Conclusion: In our model, current asthma therapies are not

able to inhibit matrix protein deposition from ASM cells. The

results of this study suggest that the PDE4 inhibitor roflumilast

may have a role in regulating the ECM and therefore aspects of

airway remodeling in asthma.

Clinical implications: Although current asthma therapies

are effective in reducing inflammation and symptoms,

reversal or prevention of structural changes contributing

to remodeling may require additional therapy, which could

include PDE4 inhibitors. (J Allergy Clin Immunol

2006;118:649-57.)
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Structural changes in the airways are one of the
characteristic features of severe persistent asthma. These
changes, referred to as airway remodeling, include thick-
ening of the laminar reticularis, an increase in the bulk of
the airway smooth muscle (ASM), an increase in the num-
ber of blood vessels, and alterations in the profile of extra-
cellular matrix (ECM) proteins in the airway wall. The
mechanisms leading to airway remodeling are not well
understood, but ASM cells may play a role in that they
produce and release ECM proteins. James et al1 reported
that the area of smooth muscle correlated with the reticular
basement membrane thickness in central airways. We
have previously reported that the profile of ECM proteins
released in vitro from ASM isolated from individuals
with asthma is different from that from individuals
without asthma. These findings indicate that the ASM
could play an important role in the regulation of airway
remodeling.

Current asthma therapies are effective at reducing
airway hyperresponsiveness, but their effect on airway
remodeling is not as evident. Several studies have reported
that inhaled corticosteroids (ICSs) were able to reduce
the thickness of the basement membrane in asthma,2-7

whereas several others have shown no effect.8-11 ICSs
have also been reported to have no effect in reversing
the reticular basement membrane thickening in lung
allografts.12

Less is known about the effects of b2-agonists on
airway remodeling. Early studies by Jeffery et al8 and
Laitinen et al11 showed b2-agonists had no effect on the
remodeled basement membrane. b2-agonists also had no
influence on subbasement membrane collagen, fibronec-
tin, or tenascin deposition.13,14

Another class of drugs that is currently being tested as
asthma therapeutics are the phosphodiesterase 4 (PDE4)
inhibitors.15,16 Roflumilast has been shown to be effica-
cious in the treatment of exercise-induced asthma17 and
allergen-induced asthma18 and to reduce inflammation,17

but whether this class of drugs may also play a role in reg-
ulation of airway remodeling in the asthmatic airway is not
known.

TGF-b is an important profibrotic cytokine, the levels
of which are increased in the asthmatic airway.19-22 Many
of the profibrotic effects of TGF-b have been shown to be
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Abbreviations used
ASM: Airway smooth muscle

CTGF: Connective tissue growth factor

DMSO: Dimethyl sulfoxide

ECM: Extracellular matrix

ICS: Inhaled corticosteroid

LABA: Long-acting b2-agonist

PDE4: Phosphodiesterase 4

mediated via connective tissue growth factor (CTGF), and
we have recently reported that TGF-b induces collagen I
and fibronectin via CTGF-dependent and CTGF-indepen-
dent pathways in human ASM cells.23

Few studies that have examined airway remodeling
have looked at the effect of current asthma therapies on the
alterations in the vicinity of the ASM. ASM cells express
b2-adrenoceptors and glucocorticoid receptors and there-
fore are potential targets for these therapies; however,
how these treatments affect ASM production of ECM
proteins has not been examined.

In this study, we examined the effect of corticosteroids,
long-acting b2-agonists (LABAs), and the specific PDE4
inhibitor roflumilast on TGF-b–induced CTGF, collagen
I, and fibronectin in human asthmatic and nonasthmatic
ASM cells in culture and in nonasthmatic bronchial rings.

METHODS

Cell culture

Approval for all experiments with human lung was provided by

the Human Ethics Committees of the University of Sydney and the

South West Sydney Area Health Service. Nonasthmatic ASM was

obtained from bronchial airways of 23 patients (mean age, 54.8 6

19.1 years SD) undergoing resection for either lung transplantation or

carcinoma. Asthmatic ASM was obtained from 15 patients (mean

age, 24 6 4.8 years SD) undergoing either resection for lung

transplantation or endobronchial biopsies. The characteristics of the

patients are listed in this article’s Table E1 in the Online Repository

at www.jacionline.org. Pure ASM bundles were dissected free and

grown as explants as previously described.24-26 ASM cell character-

istics were determined by immunofluorescence and light microscopy.

Cells were stained with antibodies against a-smooth muscle actin and

calponin, whereas omission of the primary antibody was used as a

control.27 All experiments were performed with cells between pas-

sages 4 and 8.

Airway smooth muscle cell treatment

Airway smooth muscle cells from patients with and without

asthma were seeded for 24 hours in 5% FBS Dulbecco modified

Eagle medium at a density of 1 3 104 cells per cm2. Medium was then

changed to 0.1% insulin transferrin and selenium (ITS) Dulbecco

modified Eagle medium for 24 hours before addition of TGF-b

(1 ng/mL), formoterol (10 and 100 nmol/L), salmeterol (10 and

100 nmol/L), fluticasone (1 and 10 nmol/L), budesonide (1 and 10

nmol/L), roflumilast (1, 10, and 100 nmol/L and 1 mmol/L where ap-

propriate) or the combinations of TGF-b and each of the drugs for the

periods described below. All of the drugs were dissolved in aqueous

solutions except roflumilast, which was dissolved in dimethyl
sulfoxide (DMSO), for which appropriate controls were included in

all experiments.

Real-time PCR

Airway smooth muscle cells from 5 to 7 patients without asthma

and 5 to 7 patients with asthma were seeded in 6-well plates and

treated as described. Total RNA was extracted from the cells at 8 or

24 hours, and real-time PCR for analysis of CTGF or collagen I

was performed as previously described.28

ELISAs

CTGF cell surface ELISA. ASM cells from 6 to 7 patients without

asthma and 6 to 7 patients with asthma were seeded in 96-well plates

and treated as described for 24 hours. The supernatant was removed

and the cells dried overnight at room temperature. The plates were

stored at –20�C, in the presence of desiccant, until analysis. After

defrosting, the plates were washed twice with 0.05% (vol/vol)

Tween-20/PBS and blocked with 2% (wt/vol) BSA/PBS for 1 hour

at room temperature. The wells were washed and goat antihuman

CTGF (L-20; Santa Cruz Biotechnology, Santa Cruz, Calif) at a final

concentration of 1 mg/mL added before overnight incubation at 4�C.

The plate was washed 5 times before the rabbit antigoat horseradish

peroxidase–conjugated secondary antibody (DakoCytomation, Car-

penteria, Calif) in 1% BSA/PBS/0.05% Tween-20 was added and in-

cubated at room temperature for 1 hour. The plate was washed 7 times

and the 3,39,5,59-tetramethylbenzidine (TMB) substrate (Progen,

Darra, Queensland, Australia) added according to the manufacturer’s

instructions. Color development was stopped by the addition of phos-

phoric acid and the optical density read at 450 nm.

ECM protein ELISAs. Airway smooth muscle cells from 3 to 7

patients without asthma and 5 to 7 patients with asthma were seeded

in 96-well plates and treated as described for 48 hours. ECM free of

cells was prepared by treatment with sterile hypotonic ammonium

hydroxide. ECM proteins were measured by ELISA as previously

described29 by using antibodies to fibronectin (mouse antihuman

plasma fibronectin, 2 mg/mL, clone 868A11; Chemicon, Temecula,

Calif), versican (mouse antihuman large proteoglycan [versican], 2

mg/mL, clone 2-B-1; Calbiochem, San Diego, Calif), and a purified

mouse IgG1 isotype control (2 mg/mL, clone MOPC-31C; Becton

& Dickinson Pharmingen, San Jose, Calif). In a separate series of

experiments, cells were treated with TGF-b (1 ng/mL) in the presence

or absence of roflumilast (1, 10, and 100 nmol/L and 1 mmol/L)

for 48 hours and ECM free of cells prepared as described. Fibronectin

deposition was measured as described.

Immunohistochemistry

Human lung tissue was obtained from lung specimens resected for

carcinoma or transplantation. Bronchial rings (2-5 mm in diameter

and 3 mm in length) were dissected free from surrounding paren-

chymal tissue. The bronchial rings were incubated in treatments as

described. After 24 hours, tissues were frozen in optimal cutting

temperature embedding medium (Fronine Laboratory Supplies,

Riverstone, Australia) and sectioned on a cryostat, and immunohisto-

chemistry was performed by using rabbit antihuman connective

tissue growth factor (CTGF) (4 mg/mL; Torrey Pines Biolabs,

Houston, Tex), mouse antifibronectin (1 mg/mL; Chemicon, Temec-

ula, Calif), and mouse anticollagen I (1 mg/mL; Chemicon) coupled

with a peroxidase-labeled polymer horseradish peroxidase. To help

identify the morphology of the tissue, hematoxylin and eosin staining

was performed on serial sections. Image analysis was performed as

described previously.30 Full details of this method are provided in

the Online Repository at www.jacionline.org. In a separate series

of experiments, bronchial rings were treated with TGFb (1 ng/mL)
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TABLE I. Summary of the major findings*

Formoterol Salmeterol Fluticasone Budesonide Roflumilast

CTGF protein

A ASM — — [ [ —

A ASM 1 TGF — — — — —

NA ASM — — [ [ —

NA ASM 1 TGF — — [ [ —

Fibronectin protein

A ASM — — [ [ —

A ASM 1 TGF — — — — Y
NA ASM — — [ [ —

NA ASM 1 TGF — — [ — Y
Versican protein

A ASM — — — — —

A ASM 1 TGF — — Y — —

NA ASM [ — — — —

NA ASM 1 TGF — [ Y Y —

CTGF protein

NA BR ND ND ND ND —

NA BR1 TGF — — — — YYY
Fibronectin protein

NA BR ND ND ND ND —

NA BR 1 TGF — — — — YYY
Versican protein

NA BR ND ND ND ND —

NA BR 1 TGF — — — — YYY

*Effect of formoterol, salmeterol, fluticasone, budesonide, and roflumilast on ECM protein deposition, both in the absence and in the presence of TGF-b

(1TGFb) in asthmatic (A) and nonasthmatic (NA) ASM and bronchial rings (BR). No change (–), increase ([), and decrease (Y) compared with the appropriate

control (ITS or TFG-b alone). Data are not available for some combinations of treatments (ND).
in the presence or absence of roflumilast (1, 10, and 100 nmol/L and

1 mmol/L) for 24 hours and the deposition of fibronectin measured as

described.

Analysis of data

Results from triplicate wells from each individual patient for cycle

number for real time RT-PCR were averaged, and an overall mean

and SEM were calculated for cycle number. Results from duplicate

wells from each individual patient for absorbance at 450 nm for

ECM ELISAs were averaged, and the absorbance from cells alone

at 450 nm was subtracted before an overall mean and SEM were

obtained from patients with and without asthma. ANOVA repeated

measures with Dunnett multiple comparison or Bonferroni post tests

or Student paired t tests were performed on the results for real time

RT-PCR, ECM ELISAs, and immunohistochemistry analysis where

appropriate. In all cases, a P value of less than or equal to 0.05 was

considered significant.

RESULTS

We have summarized the major findings of our current
studies in Table I.

Effect of corticosteroids, LABAs, and a
phosphodiesterase inhibitor on CTGF
and collagen I mRNA expression

At 8 hours, formoterol and salmeterol (100 nmol/L)
caused a significant increase in collagen I mRNA in the
asthmatic cells (see this article’s Table E2 in the Online
Repository at www.jacionline.org). At 24 hours, budeso-
nide (1 nmol/L) caused a significant increase in CTGF
and collagen I mRNA expression in the asthmatic cells
(see this article’s Table E3 in the Online Repository at
www.jacionline.org). Formoterol alone significantly
inhibited CTGF mRNA expression in both asthmatic
and nonasthmatic ASM cells at 24 hours (see this article’s
Table E3 in the Online Repository at www.jacionline.org).
Roflumilast (1 mmol/L) alone did not have any effect on
the expression of CTGF or collagen I mRNA in either
asthmatic or nonasthmatic ASM cells in culture. TGF-b
significantly upregulated CTGF and collagen I mRNA
expression after 8 and 24 hours in both asthmatic and non-
asthmatic ASM cells (P < .05). The addition of formoterol
(10 and 100 nmol/L), salmeterol (10 and 100 nmol/L),
fluticasone (1 and 10 nmol/L), or budesonide (1 and
10 nmol/L) did not reduce the TGF-b–induced expression
of CTGF or collagen I mRNA at 8 or 24 hours in either
asthmatic or nonasthmatic cells (see this article’s Table
E2 and Table E3 in the Online Repository at www.jacion-
line.org) with the exception of formoterol 10 nmol/L,
which reduced collagen I in asthmatic cells at 8 hours.
Budesonide 10 nmol/L, in the presence of TGF-b, in-
creased collagen I mRNA in asthmatic ASM cells at 24
hours. The addition of roflumilast (1 mmol/L) also did
not decrease the TGF-b–induced CTGF or collagen I
mRNA.
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FIG 1. Corticosteroids (A-C) and LABAs (D-F) induction of fibronectin (A and D), versican (B and E), and IL-6

release (C and F). Data are means 6 SEMs from n 5 6-7 asthmatic and n 5 6-7 nonasthmatic. *Significantly

greater than 0.1% ITS, P < .02. Bud, Budesonide; Flut, fluticasone; Formot, formoterol; Salmet, salmeterol.
Effect of corticosteroids, LABAs, and a
phosphodiesterase inhibitor on cell
associated CTGF protein

Transforming growth factor–b significantly increased
the cell-associated CTGF protein in both asthmatic and
nonasthmatic ASM cells (P < .05). This induction was
not inhibited by any of the drugs tested (see this article’s
Table E4 in the Online Repository at www.jacionline.org).
In addition, fluticasone (10 nmol/L) and budesonide
(1 and 10 nmol/L), in the presence of TGF-b, significantly
increased cell-associated CTGF in the nonasthmatic cells
(see this article’s Table E4 in the Online Repository at
www.jacionline.org). Both corticosteroids alone at both
concentrations tested (with the exception of budesonide
1 nmol/L in nonasthmatic cells) significantly increased
the cell-associated CTGF.

Effect of corticosteroids, LABAs, and a
phosphodiesterase inhibitor on
ECM protein deposition

The corticosteroids fluticasone and budesonide alone at
both concentrations tested caused significant deposition of
fibronectin, and formoterol (100 nmol/L) increased depo-
sition of versican in nonasthmatic cells (Fig 1). TGF-b
significantly increased the deposition of fibronectin and
versican in the ECM produced by both asthmatic and non-
asthmatic ASM cells (Fig 2). Neither the corticosteroids
nor the LABAs were able to inhibit the TGF-b–induced
fibronectin deposition (Fig 2). Fluticasone (1 and 10
nmol/L), budesonide (10 nmol/L), and salmeterol (100
nmol/L) inhibited the deposition of TGF-b–induced versi-
can in nonasthmatic cells, but only fluticasone (10 nmol/L)
was effective in asthmatic cells. Roflumilast (1 mmol/L)
significantly inhibited TGF-b–induced fibronectin in
asthmatic and nonasthmatic ASM cells (Fig 3) but had
no effect on versican deposition. Lower concentrations
of roflumilast (1-100 nmol/L) were unable to inhibit the
TGF-b–induced fibronectin deposition from asthmatic
and nonasthmatic ASM cells (data not shown).

Effect of corticosteroids, LABAs, and a
phosphodiesterase inhibitor on IL-6 release

Both corticosteroids alone inhibited IL-6 release in the
asthmatic ASM cells, but only budesonide was effective in
the nonasthmatic cells (Fig 1). In contrast, the LABAs
alone induced significant release of IL-6 from both cell
types (both concentrations of formoterol in asthmatic
and 100 nmol/L in nonasthmatic cells; salmeterol 10
nmol/L in both cell types; Fig 1), as reported previously
in nonasthmatic cells.31 TGF-b significantly increased
the release of IL-6 from both asthmatic and nonasthmatic
ASM cells, as has been reported previously in nonasth-
matic ASM cells32 (Fig 2). When the drugs were combined
with TGF-b, both corticosteroids at either concentration
tested were able to inhibit IL-6 release in both cell types,
whereas the LABAs had no effect (Fig 2). Roflumilast
(1 mmol/L) alone had no effect on basal or TGF-b–induced
IL-6 release (Fig 3).
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FIG 2. Effect of corticosteroids (A-C) and LABAs (D-F) on TGF-b–induced deposition of fibronectin (A and D),

versican (B and E), and IL-6 release (C and F). Data are means 6 SEMs from n 5 6-7 asthmatic and n 5 6-7

nonasthmatic. *Significantly greater than 0.1% ITS, P < .04; #significantly different from TGF-b, P < .05.

Bud, Budesonide; Flut, fluticasone; Formot, formoterol; Salmet, salmeterol.
Effect of corticosteroids, LABAs, and a
phosphodiesterase inhibitor on CTGF,
collagen I, and fibronectin expression
in bronchial tissue rings

Incubation of nonasthmatic bronchial rings in the
presence of TGF-b resulted in a significant increase in
CTGF, collagen I, and fibronectin protein in the tissue
sections (Fig 4). Neither the corticosteroids nor the
LABAs (at either concentration tested) were able to inhibit
this TGF-b–induced protein expression (Fig 4). In con-
trast, the addition of roflumilast (100 nmol/L and
1 mmol/L) significantly inhibited the TGF-b–induced ex-
pression of CTGF, collagen I, and fibronectin at 24 hours
(Fig 4). Lower concentrations of roflumilast (1 and 10
nmol/L) were ineffective (data not shown).

DISCUSSION

In this study, we have examined the effectiveness of
current asthma therapies in inhibiting TGF-b–induced
ECM proteins produced by ASM cells in vitro. Neither the
corticosteroids nor the LABAs tested were effective in re-
ducing TGF-b–induced CTGF, collagen I, or fibronectin
mRNA expression or protein deposition from asthmatic
or nonasthmatic ASM cells. There was a limited effect
on the deposition of versican. In addition, the corticoste-
roids alone induced the expression of fibronectin protein
deposition. Furthermore, these drugs were unable to pre-
vent the accumulation of these proteins in nonasthmatic
bronchial rings stimulated with TGF-b. In contrast, the
PDE4 inhibitor roflumilast was effective at inhibiting the
TGF-b–induced CTGF, collagen I, and fibronectin in
nonasthmatic bronchial rings.

Few patients with asthma ever achieve a normal level
of airway reactivity to histamine or methacholine, often
despite years of ICS treatment.9,33 This suggests that if
airway hyperresponsiveness and airway remodeling are
directly related, then at least a component of airway
remodeling is corticosteroid-insensitive. The lack of effec-
tiveness of corticosteroids in our study supports this obser-
vation, although whether this is true for ECM deposition
in areas other than near the ASM is not known. There is
a need to identify other classes of drugs that can be used
in concert with the current mainline asthma therapies
that are able to control the components of airway remod-
eling not addressed by corticosteroids. The results of our
study suggest that the PDE4 inhibitors may have potential
in fulfilling this role.
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FIG 3. Effect of roflumilast on TGF-b–induced fibronectin and versican deposition and IL-6 release from ASM

cells. Roflumilast effect on TGF-b–induced deposition of fibronectin (A), versican (B), and IL-6 release (C). Data

are means 6 SEMs from n 5 5 asthmatic and n 5 3 nonasthmatic. *Significantly greater than 0.1% ITS, P < .03;

#significantly different from TGF-b 1 DMSO, P < .04.
We found that the corticosteroids themselves were able to
induce the expression of CTGF, collagen I, and fibronectin.
This is in agreement with our previous study in which we
reported that beclomethasone induced ECM protein pro-
duction from nonasthmatic ASM cells exposed to atopic and
nonatopic serum.29 In addition, other investigators have re-
ported the induction of CTGF34 and collagen35,36 by cortico-
steroids. However, these effects are not universal, because
corticosteroids can reduce the production of ECM
proteins from bovine tracheal ASM cells,37 fibroblasts,38
and sputum cells.39 The regulation of these ECM proteins
appears to be, at least partially, regulated at the level of
mRNA transcription, because we observed increased
CTGF and collagen I mRNA in the asthmatic ASM cells
in the presence of budesonide alone. In addition, we ob-
served for the first time that LABAs also induce the expres-
sion of collagen I mRNA in the asthmatic ASM cells,
although this was not the case for either CTGF or fibronectin.

There is very little information available about the effec-
tiveness of b2-agonists at inhibiting airway remodeling.
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FIG 4. Effect of corticosteroids, LABAs, or roflumilast on TGF-b–induced CTGF, collagen, and fibronectin in

nonasthmatic bronchial rings. Immunohistochemical detection of CTGF, collagen I, and fibronectin (brown

staining) after stimulation with TGF-b in the presence or absence of drugs in nonasthmatic tissue sections.

These changes are shown graphically in A, B, and C. Roflumilast effect on TGF-b–induced CTGF (A), collagen

I (B), and fibronectin (C) in nonasthmatic bronchial rings. Data are means 6 SEMs from n 5 5. *Significantly

greater than 0.1% ITS, P < .01, #significantly different from TGF-b 1 DMSO, P < .003.
Short-acting b2-agonists have been reported to increase
airway inflammation in vivo,40 but the effect on remodel-
ing was not examined. LABAs are known to have anti-
inflammatory effects,41-43 but only 1 study has shown an
effect on the increased vascularity in the remodeled asth-
matic airway.44 The findings in our in vitro model would
be consistent with the lack of an inhibitory effect of
LABAs on airway remodeling.

The effectiveness of the corticosteroids at inhibiting
and the LABAs at inducing IL-6 release in our study
indicates that these drugs were active and the concentra-
tions examined in our study were able to effect responses
in the ASM cells. Corticosteroids have previously been re-
ported to inhibit the release of FBS-induced IL-6 from
asthmatic and nonasthmatic cells45 and to partially inhibit
TNF-a–induced IL-6 from nonasthmatic ASM cells.31
This, to our knowledge, is the first report that LABAs
induce release of IL-6 from asthmatic ASM cells, although
this has previously been reported for nonasthmatic cells.31

The length of time that the airways have been exposed
to ICS also plays a role in the effectiveness of the drugs
in inhibiting airway remodeling. Short-term studies (3
months or less) generally have not reported a reduction in
the basement membrane thickness or the deposition of
ECM proteins in the airways, whereas longer studies with
continuous treatment with high-dose corticosteroids for
6 to 12 months have reported significant reductions.46 Our
selection of time points in the current study may have
altered the responses of the ASM cells. We examined
only the early time points of 24 and 48 hours and did
not continue to expose the cells for longer periods. It is
possible the corticosteroids may have been able to inhibit
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the TGF-b–induced ECM protein production with longer
exposure times. Moreover, we acknowledge that it may
not be possible to extrapolate observations in vitro to
events in vivo.

In a mouse model of asthma, corticosteroids inhibited
TGF-b–induced Smad2 signaling and collagen deposi-
tion.47 We have previously shown that TGF-b–induced col-
lagen and fibronectin in human ASM uses other pathways
in addition to Smad signaling.23 This difference in signaling
pathways may explain why the corticosteroids were not ef-
fective at inhibiting ECM protein deposition in our study.

Roflumilast inhibited fibronectin deposition by both the
asthmatic and the nonasthmatic ASM cells. This effect
was not evident for the deposition of versican. These
proteins are regulated by different signaling pathways and
also play different roles in the ECM. Further work is
necessary to understand the contribution of these different
proteins to functional changes in the asthmatic airway.

In this study, we have shown that the ASM cells have
the potential to contribute to the processes regulating
airway remodeling by influencing the ECM composition
in their direct vicinity, and that current asthma drugs are not
effective at regulating the release of growth factors and
ECM proteins from the ASM cells. Our results demonstrate
that roflumilast has the potential to regulate at least 1 of the
ECM proteins viz fibronectin produced by these cells.

The current experiments in which we exposed isolated
bronchial rings to TGF-b in the presence or absence of
the drugs were conducted only in nonasthmatic tissue,
because it was not possible to obtain fresh asthmatic
tissue, as opposed to cells from biopsies. Whether these
effects would be reproduced in asthmatic tissue remains to
be verified. It was noticeable that the inhibitory effect of
roflumilast was strong in the tissue sections and less
marked in the isolated ASM cells. The reason for this is
unclear, but it may reflect intercellular cross-talk between
the ASM and other resident cell types. The inhibitory
effect of roflumilast in these experiments was dramatic
and in sharp contrast to the lack of effect by corticosteroids
and LABAs. The effects of roflumilast depend on its
potent metabolite roflumilast N-oxide, which has activity
at 0.3 to 10 nmol/L in vivo (Dr H. Tenor, Personal commu-
nication, February 2006). Presumably its mechanism of
action is related to an increase in cyclic AMP, which raises
the issue of why there was no such response for LABA.
The high potency and local concentration of the roflumi-
last metabolite may explain this discrepancy.

In summary, in this particular model in cell and tissue
systems, we have shown that corticosteroids and long-
acting b2-agonists have little or no effect in inhibiting
TGF-b–induced changes that may be relevant to airway
remodeling. By contrast, the inhibitory effect of the
PDE4 inhibitor roflumilast was marked. Bearing in mind
the limitations inherent in in vitro studies, we suggest
that these results indicate PDE4 inhibitors, such as roflu-
milast, may have a role in reversing these changes.
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