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Interleukin-I [3 (IL-I r~) and basic fibroblast growth factor (bFGF) are important regulators of proliferation, and their expression is 
increased in lungs of patients with asthma, idiopathic pulmonary fibrosis (IPF), or chronic obstructive pulmonary disease (COPD). We 
investigated the effectoflL-1 f:l and bFGF on proliferation of human lungfibroblasts and the role ofCOX-2, PGEl> and cAMP in this process. 
Furthermore, the effect of phosphodiesterase (PDE) 3 and 4 inhibition was analyzed.ln primary human lungfibroblasts low concentrations 
of IL-I [I « I 0 pg/m!) potentiated the bFGF-induced DNA synthesis, whereas higher concentrations revealed antiproliferative effects. 
Higher concentrations of IL-licl-induced COX-2 mRNA and protein associated with an increase in PGE, and cAMP, and all of these 
parameters were potentiated by bFGF. The PDE4 inhibitor piclamilast concentration-dependently reduced proliferation by a partial G I 
arrest. The PDE3 inhibitor motapizone was inactive by itself but enhanced the effect of the PDE4 inhibitor. This study demonstrates that 
bFGF and IL-I [:l act in concert to fine-tune lung fibroblast proliferation resulting in amplification or reduction. The anti proliferative effect 
of IL-I f3 is likely attributed to the induction of COX-2, which is further potentiated by bFGF, and the subsequent generation of PGE2 and 
cAMP. Inhibition of PDE4 inhibition (rather than PDE3) may diminish proliferation of human lung fibroblasts and therefore could be useful 
in the therapy of pathological remodeling in lung diseases. 

Wound healing and scarring are essential physiological 
mechanisms to maintain tissue integrity and function. However, 
they can exaggerate to a profibrotic state or even fibrosis 
especially under repeated exposure to various insults such as 
virus/bacterial infections, chemicals, radiation, or allergens, 
which at the end can impair the function of the afflicted organs. 

Fibrosis of different extent, localization and etiology in the 
lung accompanies various diseases and is often associated with 
inflammation such as in asthma, chronic obstructive pulmonary 
disease (COPD), and idiopathic pulmonary fibrosis (IPF). 
Peribronchiolar wall fibrosis is described in COPD patients 
(Spurzem and Rennard, 2005) and a fibrotic thickening of the 
basal membrane has also been observed in asthmatic patients. 
For asthma and COPD the impact of these fibrotic processes, 
which are most likely driven by repeated inflammation-repair 
cycles Oeffery, 200 I; Barnes, 2003), is not totally clear. 
However, in IPF the massive subpleural honeycombing 
parenchymal fibrosis and the fibrotic vascular remodeling are 
the major causes for reducing lung forced vital capacity (FVC), 
leading to a poor prognosis of this disease (Gross and 
Hunninghake, 200 I). Thus, the 5-year mortality in IPF is higher 
than in many cancer types (American Thoracic Society, 2000). 

Lung fibroblasts may cause fibrotic remodeling attributed to 
their potential to excessively proliferate and deposit matrix, 
representing one disease mechanism in pulmonary ailments. 
Taming hyperactivated lung fibroblasts may be critical for 
therapeutic success in IPF, a relentlessly progressing and 
devastating condition that remains rather poorly addressed by 
current treatment options. Activation of lung fibroblasts or 
recruited fibrocytes (Andersson-Sjoland et aI., 2008) in IPF is 
driven by a myriad of growth factors, cytokines and 
chemokines, such as TGF-I3, PDGF, basic fibroblast growth 
factor (bFGF), and interleukin-113 (IL-Ij3? from various cellular 

sources (Agostini and Gurrieri, 2006). Several drug candidates 
such as neutralizing antibodies against TGF-13 or multi-specific 
cytokine receptor kinase inhibitors (previously developed for 
oncology indication) are in clinical development for IPF (Giri 
et aI., 1993; Dempsey et aI., 2006). 

bFGF (Kranenburg et aI., 2005) is a critical growth factor in 
fibrosis. As a potent elicitor of lung fibroblast proliferation, 
bFGF has been proposed to induce fibrogenic, proliferative 
effects on lung fibroblasts in IPF based on histological 
investigations in lung tissue from patient with IPF (Inoue et aI., 
2002). In COPD an up-regulation of bFGF-receptors has been 
described in bronchial airway walls (Kranenburg et aI., 2005). 
Strikingly, by using explanted rat lung slices and primary 
pulmonary fibroblasts a recent study demonstrated that TGF-13 
unfolds its proliferative activity on fibroblasts by stimulating 
their bFGF release that acts in an autocrine fashion (Khalil et aI., 
2005). Besides this activity, bFGF is supposed to contribute to 
vascularization of the parenchyma representing another disease 
mechanism in IPF (Strieter, 2005). 
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IL-113 is expressed in alveolar macrophages of IPF patients 
with a constitutive interstitial inflammation (Zhang et aI., 1993). 
In animal models overexpression of IL-113 in airway epithelium 
induces fibrosis, while aiL-I receptor antagonist inhibits lung 
fibrosis (Piguet et aI., 1993; Kolb et aI., 200 I ; Lappalainen et aI., 
2005). Lower concentrations of IL-113 have been described to 
exert modest proliferative effects on cells such as human lung 
fibroblasts, aside from inducing the release of PDGF and 
collagen I (Goldring et aI., 1988; Raines et aI., 1989). In contrast, 
higher concentrations of IL-113 have been reported to cause 
anti proliferative effects, for example, in endothelial cells 
(Cozzolino et aI., 1990) and in cardiac fibroblast (Palmer et aI., 
1995). 

Mechanistic interactions between bFGF and IL-113 on 
proliferation of rat aortic smooth muscle cells (Bourcier et aI., 
1995) and on COX-2 expression in human osteosarcoma cells 
have been reported (Laulederkind et aI., 2000). Because of the 
important roles ofbFGF and IL-113 in the progression of fibrotic 
processes in the lung, we analyzed the interplay between 
different concentrations of IL-113 and bFGF on proliferation of 
primary human lung fibroblasts. The crucial regulatory role of 
COX-2, its product PGE2 and the second messenger cAMP is 
elucidated and the mechanistic basis to interfere with 
cytokine-induced proliferation by means of inhibition of cAMP
hydrolyzing PDEs (such as PDE3 and PDE4) is analyzed. 
Previously, it was shown that cAMP and more specifically PDE4 
inhibitors reduce a number of fib rob last functions such as 
fibronectin-induced chemotaxis, fibroblast-driven collagen-gel 
contraction, myofibroblast transition, proliferation and 
formation of extracellular matrix (Kohyama et aI., 2002, 2004; 
T ogo et aI., 2008, 2009). 

The results of the current study suggest that the interplay 
between bFGF and IL-113 promotes lung fibroblast 
proliferation, which might also drive the fibrotic process in 
lungs of IPF patients. In addition, these studies also establish 
conditions under which PDE4 inhibitors become efficient, and 
might therefore be considered as therapeutic drugs for IPF and 
possibly other respiratory diseases associated with fibrosis. 

Materials and Methods 
Materials 

The selective PDE3 inhibitor motapizone (Borbe et aI., 1986) was a 
generous gift from Sanofi-Aventis (formerly Rhone-Poulenc Rorer, 
Cologne, Germany). The PDE2 inhibitor 9-(6-phenyl-2-oxohex-3-
yl)-2-(3.4-dimethoxybenzyl)purin-6-one; example 100 from US 
patent 5861396 (Bayer AG), the selective PDE4 inhibitors 
piclamilast RP7340 I (Benzamide, 3-cyclopentyloxy-4-methoxy-N
(3,5-dichloro-4-pyridyl) (Raeburn et aI., 1994), roflumilast N-oxide 
(Hatzelmann and Schudt, 200 I) and the PDE5 inhibitor sildenafil 
were synthesized at the chemical facilities of Nycomed GmbH. 

Cell culture 

Normal human lung fibroblasts (NHLF, Cambrex Bio Science, 
Wakersville, MD) were cultured in Fibroblast Basal Medium plus 
FGM SingleQuots'" (both Lonza, Wakersville, MD) in tissue 
culture flasks at 37°C in an atmosphere containing 5% CO2 up to 
the eight passage. 

RNA samples 

RNA samples from primary human lung fibroblasts were prepared 
according to the instructions of the manufacturer using the High 
Pure RNA isolation kit (Roche Applied Science, Mannheim 
Germany). RNA levels were quantified with the Nanodrop 
ND-IOOO spectrophotometer (PEQLAB Biotechnologie GmbH, 
Erlangen, Germany) and then stored at -80°C. 

cDNA synthesis 

One microgram RNA was reverse-transcribed using random 
hexanucleotide primers (Roche Applied Science), dNTPs (PCR 3 
Mix, Larova, Teltow, Germany) and avian myeloblastosis virus 
(AMV) reverse transcriptase (Roche Diagnostics GmbH, Penzberg. 
Germany) at 42"C for I h. cDNAs were diluted in I mM Tris, 
0.1 mM EDT A, pH 8.0, to a final concentration of 2 ng/ml and 
stored at -20°C until further use. 

Quantitative real-time PCR 

All primers and 6-carboxyfluorescein (FAM)- or VIC-Iabeled 
probes were obtained from Applied Biosystems (Darmstadt, 
Germany). TaqMan'W gene expression assay HSOO 153133_m I was 
used for specific detection of prostaglandin-endoperoxide 
synthase 2 and used the intronexon boundary 5-7. For 
normalization we used primers and VIC-Iabeled probes for 
detection of 18S ribosomal RNA. The following endogenous 185 
rRNA control primers and probe were used: sense 5'-CGGCT
ACCACATCCAAGGAA-3', antisense 5'-GCTGGAA TT ACCG
CGGCT-3', probe S'-VIC-TGCTGGCACCAGACTTGCCCTC
TAMRA-3'. 

For analyzing the gene expression of PDE4 we used designed 
primer and probe sets as follows: PDE4A (NM_006202) sense, 5'
GTGGCTCCGGATGAGTTCTC-3', antisense, 5' -GGGCTGCT
GTGGCTT ACAG-3', probe 5'-FAM-CCGGGAGGAA TTCGTG
GT-minor groove binder-3' (MGB); PDE4B (NM_002600) sense, 
S'-AGCAGCACAAAGACGCTTTGT-3', antisense, 5'-TCAGTC
TCTCCCAGGGAA TCTC-3', probe 5'-FAM-TGA TTGATCCA
GAAAAC-MGB-3'; PDE4C (NM_000923) sense, 5'-ACTCTGG
AGGAGGCAGAGGAA-3', anti sense, 5'-AGGCAACTCCAAG
GCCTCTT-3', probe S'-FAM-AAGAGACAGCTTT AGCC-MGB-
3'; PDE4D (NM_006203) sense, 5'-GGCAGGGTCAAACTGAG
AAATT-3', antisense 5'-TGACTGCCACTGTCCTTTTCC-3', 
probe S'-FAM-TAGAGGAAGATGGTGAGTCAG-MGB-3'. The 
PDE4 sUbtype primer/probe sets have been designed to bind at the 
3' end of the open reading frame of each subtype, at positions 
where individual splice variants of one subtype are identical. 

For analyzing the gene expression of cyclin D I, cyclin El, CDK6, 
and CDK2 we used the following TaqManli gene expression assays 
from Applied Biosystems: Hs00277039_m I, Hs00233356_m I, 
HsO I 026372_m I , and Hs00608082_m I. 

TaqMan PCRs were run on ABI 7900 HT Sequence Detection 
Systems (Applied Biosystems). Each PCR reaction was performed 
in a total volume of 25 fJ.1 in 96-well plates, containing 2.5 fJ.1 cDNA 
(5 ng). 12.S fJ.1 qPCR Mastermix Plus (Eurogentec, Seraing, 
Belgium), 1.2S fJ.1 of the primer/probe set, and nuclease-free water. 
185 rRNA primers and probe were used at a concentration of 
50 nM each. All PCRs were performed in triplicate for each sample. 
Relative expression units (REUs) were calculated from 
6.Ct = C

tFAM 
C

tVIC 
according to the equation REU 2(~ACtlxI07 

This REU unit describes the expression of a target RNA relative to 
the 18S rRNA internal standard of the respective sample 
(Herrmann et aI., 2007). 

By using plasmid DNA with PDE4 subtype-specific sequence 
inserts (PDE4 sUbtypes A4, A I 0, B I, B2. C I and D4 and D5) the 
specificity of the used PDE4 subtype-specific primer/probe sets 
was verified and identical amplification efficacy was shown. 

Measurements of phosphodiesterase isoenzyme activities and 
preparation of cellular extracts 

Cells (1-3 x 106
) were washed twice in phosphate-buffered saline 

(PBS) and resuspended in I ml homogenization buffer (137 mM 
NaCI, 2.7 mM KC!, 8.1 mM Na2HP04' 1.5 mM KH 2P04, 10 mM 
HEPES, I mM EGT A, I mM MgCI2, I mM l3-mercaptoethanol, 
5 mM pepstatin A, 10 mM leupeptin, 50 mM phenylmethyl-sulfonyl 
fluoride, 10 mM soybean trypsin inhibitor, 2 mM benzamidine, pH 
8.2). Thereafter, cells were disrupted by sonification and PDE 
activity was assessed as described by Thompson et al. (1979) 



with some modifications (Bauer and Schwa be, 1980). The assay 
mixture (final volume 200 J.LI) contained: Tris-HCI 30 mM; pH 7.4, 
MgCI2 5 mM, O.S ILM of either cyclic AMP or cyclic GMP as 
substrate including [3H]cAMP or [3H]cGMP, 0.1 mM EGTA, PDE 
isoenzyme-specific activators and inhibitors as described and 
cellular Iysates. Reactions were performed for 30 min at 37°C in 
96-well plates and terminated by adding 50 J.LI 0.2 M HCI per well. 
Assays were left on ice for 10 min and then 25 J.Lg 51-nucleotidase 
(Crotalus atrox) was added. Following incubation for 10 min at 
37°C assay mixtures were loaded onto QAE-Sephadex A25 
columns and subsequently eluted with 30 mM ammonium formiate 
(pH 6.0). Thereafter radioactivity in the eluate was measured. 
Results were corrected for blank values (measured in the presence 
of denatured protein) that were below 2% of total radioactivity. 
Cyclic AMP degradation did not exceed 25% of the amount of 
substrate added. The final DMSO concentration was 0.3% (v/v) in 
all assays. Selective inhibitors and activators of PDE isoenzymes 
were used to determine activities of PDE families as described 
previously (Rabe et aI., 1993) with modifications. Briefly, PDE4 was 
calculated as the difference ofPDE activities at 0.5 J.LM cyclic AMP in 
the presence and absence of I J.LM piclamilast. The difference 
between piclamilast-inhibited cyclic AMP hydrolysis in the 
presence and absence of 10 J.LM motapizone was defined as PDE3. 
The fraction of cyclic GMP (0.5 J.LM) hydrolysis in the presence of 
10 J.LM motapizone that was inhibited by 100 nM sildenafil reflected 
PDE5. At the concentrations used in the assay piclamilast (I J.LM), 
motapizone (10 ILM), and sildenafil (100 nM) completely blocked 
PDE4, PDE3, and PDE5 activities without interfering with activities 
from other PDE families. 

PDE I was defined as the increment of cyclic AMP hydrolysis (in 
the presence of I J.LM piclamilast and 10 ILM motapizone) or cyclic 
GMP hydrolysis induced by I mM Ca2 

I and 100 nM calmodulin. 
The increase of cyclic AMP (0.5 J.LM) degrading activity (in the 
presence of I mM piclamilast and 10 mM motapizone) induced by 
5 J.LM cyclic GMP represented PDE2. The PDE2 inhibitor (100 nM) 
completely inhibited this cyclic GMP-induced activity increment 
further verifying that this activity is PDE2. 

Western Blot 

Proteins of the samples were separated on a 10% SDS 
polyacrylamide gel. Thereafter, proteins were blotted onto a 
nitrocellulose transfer membrane (Protran nitrocellulose transfer 
membrane (Schleicher & Schuell Bioscience GmbH, Dassel, 
Germany), for 2-3 h. Membranes were blocked for 2 h in 5% (w/v) 
milk powder in PBS containing 0.1 % Tween-20 (PBT), incubated for 
2 h with the primary antibody against COX-2 (I: I ,000 dilution, 
Cayman Chemicals, Ann Arbor, MI), washed three times in PBT, 
and incubated for I h with a horseradish peroxidase-coupled 
secondary antibody (I: 10,000 dilution, Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PAl. After final washing with PBT 
(three times for 10 min each) blots were developed by using a 
chemiluminescence detection system (Lumi Light Plus, Roche 
GmbH, Mannheim, Germany) and a luminescent image analyzer. To 
control homogenous protein loading, blots were additionally 
hybridized with a primary anti-GAPDH (antibody; I :2,000 dilution, 
Calbiochem<)", Darmstadt, Germany). 

The densitometric analyses of the blots were performed by 
using the AIDA image analyzer software. Each signal was 
normalized by the overall Signal of the corresponding blot. Results 
are expressed as arbitrary units related to GAPDH (%). 

cAMP and PGE2 ELlSA measurements 

5 x 105 human lung fibroblasts were seeded in six-well plates and 
starved the day after for 24 h. Thereafter, the cells were treated 
with bFGF (Sigma-Aldrich, Inc., Saint Louis, MI) and IL-113 (R&D 
Systems, Inc., Minneapolis, MN) as indicated for additional 24 h at 
37°C. 

For detection ofPGE2, I ml medium was removed and stored at 
-80°C until measurement with a PGE2 ELlSA (Assay Designs, Ann 
Harbor, MI) according to the manufacturers instructions. 

Alternatively, for cAMP measurements treated adding HCI to a 
final concentration of 0.3 M lysed cells and were stored at - 20°C. 
For measurement, thawed samples were diluted 1:2 (v/v) in 0.1 M 
HCI. cAMP was quantified by competitive ELlSA as instructed by 
the manufacturer (Assay Designs). 

eH]thymidine incorporation and flow cytometric cell 
cycle analysis 

2 x 104 NHLF cells were plated into 24-well or 105 cells into 6-well 
cell culture plates precoated with 30 ILg/ml collagen (INAMED 
Biomaterials, Fremont, CA), 10 ILg/ml fibronectin (from human 
plasma, Sigma-Aldrich, MO), 10 ILg/ml bovine serum albumin 
(Sigma-Aldrich, Inc., Saint Louis, MI) and incubated for 24 h by 
37°C. Thereafter, cells were starved for 24 h in serum-free 
Fibroblast Basal Medium. Following preincubation with piclamilast 
(I J.LM), motapizone (I J.LM), and IL-113 (10-100 pg/ml) (R&D 
Systems, Wiesbaden, Germany) fibroblasts were stimulated with 
10 ng/ml bFGF. For flow cytometric cell cycle analYSiS, the cells 
were trypsinated, washed twice in PBS, resuspended in 500 ILl PBS, 
treated with RNase (10 J.Lg/ml, RNase A, VWR International 
GmbH, Darmstadt, Germany) and propidium iodide (50 J.Lg/ml, 
Sigma-Aldrich, St. Louis) was added. Thereafter, samples were 
analyzed on a FACSCalibur (BD Bioscience, Heidelberg, Germany). 

For DNA synthesis measurement [methyl-3H]thymidine (I ILCi/ 
well) was added to the cells for the last 6 h of the incubation period. 
Culture supernatants were removed, adherent cells were washed 
twice in PBS and exposed to ice-cold 10% (w/v) trichloroacetic acid 
(TCA) for 30 min. Thereafter, TCA was removed and the fixed 
cells dissolved in 0.2 N NaOH. DNA-incorporated radioactivity 
was counted and expressed as cpm per well (LS6500, Beckman 
Counter, Krefeld, Germany). 

PDE inh ibitors were dissolved from stock solutions as described 
above and the final DMSO concentration was 0.1 % (v/v). Neither 
PDE inhibitors nor vehicle were affecting cell viability. 

Data analysis and software 

Data are presented as means ± SD. For statistical analYSis, one-way 
ANOVA (Graph Pad Prism 5.0; GraphPad Prism Software, Inc., San 
Diego, CA) was used. The grubbs test was used to identify and 
remove outliers in the sample datasets. Densitometric analysis of 
immunoblots was performed with the Advanced Image Data 
Analyzer (AIDA 3.22; Ray test). The primer and probe sets for 
quantitative PCR analysis were designed using Primer Express 
2.0 (Applied Biosystems). 

Results 
Biphasic effects of IL-I (3 on proliferation-interaction 
with bFGF and the role of cAMP 

In a first series of experiments we investigated the combined 
effects of IL-113 and bFGF on primary human lung fibroblast 
proliferation. For this purpose, cells were starved overnight in 
serum free medium, stimulated subsequently for 24 h with 
IL-I p and bFGF at varying concentrations, and assessed for 
proliferation as measured by CH]thymidine incorporation 
(Fig. I AB). 

As expected, bFGF strongly induced proliferation of lung 
fibroblast in a concentration-dependent manner and at 10 ng/ml 
induced maximum proliferation of 14.6 ± 2.8-fold of control 
(Fig. lA; n = 3, mean ± SD). 

In contrast, treatment with IL-I P up to concentrations of 
10 pg/ml only slightly increased proliferation (maximum: 
2.2-fold), whereas higher concentrations appeared even to 
decrease DNA synthesis. This observation suggests that at 
higher concentrations of the cytokine mechanisms opposing 
the mitogenic effects of IL-I p may evolve. 
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Fig. I. Effects oflL-Ij3 and bFGF on proliferation ofNHLF. A: NH LF were starved for 24 hand subsequently treated for 24 h with IL-Ij3 or bFGF at 
different concentrations. Oata are expressed as fold of control of ('H)thymidine incorporation (mean ± SO; n = 3), **p < 0.0 I, ***p < 0.00 I. 
B: Proliferation of24 h starved NHLF induced by subsequent combined treatment with bFGF or/and IL-Ij3 for24 h.Asynergistic mitogenic effect at 
a concentration of bFGF at 10 ng/ml and IL-Ij3 at 10 pg/ml is observed, whereas a significant decrease of proliferation is measured when using a 
co-treatment with IL-Ij3 at 100 pg/ml. Oata are expressed as fold of control of ('H)thymidine incorporation (mean ± SO; n = 5-8), *p < 0.05, 
***p < 0.00 I. 

Co-incubation of NHLF with IL-I f3 (10 pg/ml) and bFGF 
(10 ng/ml) overadditively augmented proliferation of NHLF 
(Fig. I B): Under these conditions, eH]thymidine incorporation 
was approximately doubled compared to bFGF alone. In 
contrast, at the higher IL-I f3 concentration of 100 pg/ml the 
cytokine reduced bFGF-induced eH]thymidine incorporation 
by ~41 %. This inhibitory effect of higher concentrations of 
IL-I f3 on bFGF-induced lung fibroblast proliferation 
corroborates findings observed with IL-I f3 treatment alone. 

The second messenger cAMP has repeatedly been described 
to mediate antiproliferative effects in lung fibroblasts (Haag 
et aI., 2008). 

Whereas bFGF treatment (24 h with 10 ng/ml) alone did not 
influence intracellular cAMP concentrations in lung fibroblasts, 
IL-I f3 treatment at concentrations of up to 10 pg/m I resulted in 
a modest yet concentration-dependent increase in cAMP 
(Fig. 2A). At IL-I f3 concentrations higher than 10 pg/ml a 
substantial increase in cAMP of up to 10-fold (for 50 pg/ml 
IL-I (3) compared to untreated controls was measured. In the 
additional presence of bFGF (10 ng/ml), while the 
concentration-dependent increase of cAMP by I L-I f3 followed a 
comparable pattern, absolute cAMP levels in the lung 
fibroblasts were approximately doubled (Fig. 2B). The higher 
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Fig. 2. Influence of treatment with IL-Ij3 and bFGF on cellular 
cAMP. NHLF were starved for 24 h and subsequently treated for 24 h 
with (A) IL-Ij3 alone or combined with (B) bFGF (IOng/ml). Oataare 
expressed as fold of control (mean ± SO; n = 3). 

IL-I f3 concentration shown to augment cAMP was also found to 
reduce bFGF-induced fibroblasts proliferation. 

bFGF increases the IL-I J3-induced COX-2 expression 
in NHLF 

The mechanism behind the observed pattern of cAMPfoliowing 
IL-I f3 in presence or absence of bFGF was explored. As 
expected, incubation of NHLF for 24 h with IL-I f3 
concentration-dependently increased COX-2 expression 
(Fig. 3A-C). Thus, IL-I f3 at the concentration of 10, 50, or 
100 pg/ml induced COX-2 protein expression to 0.2 ± 0.1 %, 
11.5 ± 5.2%, and 14.1 ± 4.4% of total arbitrary units (related to 
GAPDH, serving as the house-keeping protein) (Fig. 3A,B, 
n = 3, mean ± SD). COX-2 expression was already detectable 
I h after adding IL-I f3 to the cells (data not shown). Surprisingly. 
co-treatment with 10 ng/ml bFGF, which by itself had no effect. 
significantly potentiated COX-2 expression by approximately 
threefold compared to I L-I f3 alone. 

Supportive evidence for this finding is obtained from COX-2 
mRNA expression analyses (Fig. 3C). By analogy to COX-2 
protein expression. bFGF potentiated accumulation of COX-2 
transcripts following I L-I f3 irrespective of the selected cytokine 
concentration. Addition of bFGF at 10 ng/ml to IL-I f3 at 10.50. 
and 100 pg/ml increased the expression of COX-2 mRNA by 
approximately 3.0-. 5.7-, and 2.4-fold compared to the 
corresponding IL-I f3 concentration alone. bFGF alone did not 
increase accumulation of COX-2 transcripts. Therefore. we 
can conclude that the potentiating effect of bFGF on IL-I f3-
induced COX-2 protein is predominantly due to enhanced 
transcription. although any post-translational regulation cannot 
be ruled out. 

bFGF potentiates IL·I J3 induced formation of PGE2 

in NHLF 

In order to analyze whether the changes in COX-2 expression 
translate into corresponding changes of PGE2 release. this 
prostanoid was measured in conditioned medium following 
incubation of NHLF over 24 h with IL-I f3 in the presence or 
absence ofbFGF.IL-1 f3 at concentrations of 10,50, or 100 pg/ml 
increased accumulation of PGE2 in the conditioned medium of 
NHLF to 0.2 ± 0.1. 5.7 ± 0.8. and 6.6 ± 0.5 ng/ml; 
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Fig. 3. Influence of treatment with IL-I /3 and bFGF on COX-2 expression and subsequent PGE2 generation in NHLF. A: COX-2 protein 
expression of starved (24 h) NHLF aftertreatment(24 h) with bFGF (10 nglml) and/orlL-1 /3 at different concentrations. The Western blot shown is 
a representative out of three independent experiments. B: Densitometric quantification of Western blots shows that bFGF si/Inificantly 
fotentiated the IL-I /3-induced COX-2 expression. Data are expressed as percent of total arbitrary units (mean ± SD; n = 3). * p < 0.0 I. 
**p < 0.00 I. C: COX-2 gene expression of NHLF (same experimental setting as A). bFGF significantly potentiated IL-I /3-induced COX-2 gene 

expression. Data are expressed as relative expression units (mean ± SD; n = 3). **p < 0.0 I. ***p < 0.00 I. D: Prostaglandin E2 synthesis from NHLF 
(same experimental setting as A). bFGF significantly potentiated IL-I /3-induced PGE2 expression. Data show PGE2 concentrations (mean ± SD; 
n = 3). **1><p < 0.00 I. 

(Fig. 3D; n = 3. means ± SO). Control cells did not produce any 
detectable basal PGE2• The distinct rise in accumulated PGE2, 

when elevating IL-I 13 from 10 to 50 pg/m I, is in agreement with 
the COX-2 expression and cAMP levels. The additional 
presence of bFGF further increased IL-I j3-induced PGE2 
accumulation to 1.1 ± 0.5 ng/ml of PGE2 at 10 pg/ml; 
8.6 ± 0.6 ng/ml at 50 pg/ml. and 9.2 ± 0.9 ng/ml at 100 pg/m I 
IL-lj3. These findings are in line with the results obtained for 
cAMP levels and COX-2 expression. bFGF treatment alone did 
not result in detectable PGE2 accumulation. 

The PDE4 inhibitor piclamilast elevates cAMP levels 
and inhibits the bFGF- and IL-I f3-induced cell 
proliferation in NHLF 

In order to identify the cyclic nucleotide hydrolyzing PDE 
isoenzymes in NHLF. we measured PDE activities by using 
isoenzyme-specific inhibitors and activators. As shown in 
Figure 4A cGMP hydrolysis substantially exceeds cAMP 
hydrolysis. The main cGMP-hydrolyzing PDE activities in these 
cells are PDE5 and PDE I. while cAMP hydrolysis is attributed to 
PDE I. PDE4. and to a minor extent to PDE3. 

PDE4 subtype gene expression in NHLF were analyzed by 
RT-PCR. Under basal. unstimulated conditions PDE4A 
revealed as the major PDE4 sUbtype expressed followed by 
PDE4B. mRNA transcripts of the PDE4 subtypes C and 0 were 
very low and close to the limit of detection (Fig. 4B). 

Since we assumed that the inhibition of bFGF-induced 
proliferation at high IL-I 13 concentrations is attributed to 
increased cAMP levels and because PDE4 is expressed in NHLF 
we analyzed the effects of the selective PDE4 inhibitors 
piclamilast and roflumilast N-oxide on proliferation under 
various conditions (Fig. 5). 

Piclamilast reduced the bFGF and IL-I j3-induced eH]thymidine 
incorporation in a concentration-dependent manner (Fig. SA). 
When IL-I 13 was absent or present only at a low concentration 
(I 0 pg/ml~ piclamilast afforded more than 20% inhibition of bFGF
induced [ H]thymidine incorporation in NHLF. When IL-I 13 was 
present at a high concentration of 50 pg/ml. which substantially 
increased COX-2, PGE2, and cAMP, pidamilast resulted in a 
maximum of rv60% inhibition of bFGF-induced DNA synthesis. 
The inhibitory effect of the PDE4 inhibitor pidamilast on 
[3H]thymidine incorporation was reversible as proven by means 
of wash-out experiments (data not shown). 

We obtained similar results using the PDE4 inhibitor 
roflumilast N-oxide (Fig. 5B). which also inhibited 
[3H]thymidine incorporation in NHLF in aiL-I j3-dependent 
manner to a maximum of '"'-'60%. Interestingly. the 
inhibitory effect was fully abolished by simultaneous 
treatment with the COX-I /2 inhibitor indometacin 
(Fig. 5C). This supports our hypothesis that the 
IL-lj3-induced PGE2 formation and subsequent cAMP 
generation provides the basis for the anti proliferative efficacy of 
PDE4 inhibition. 
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Fig. 4. Activity of PDE isoenzymes and PDE4 sUbtype gene expression in NHLF. A: PDE isoenzyme activities. NHLF were analyzed for total 
cAMP, cGMP, PDE I (cAMP and cGMP), PDE2, PDE3, PDE4, and PDES activities. Data are given as pmollmin X 10· cells' I (mean ± SD; n = 3). B: 
PDE4 subtype gene expression of unstimulated NHLF. Data are expressed as relative mRNA expression units (REU, mean ± SD; n = 9). 

In addition to PDE4 also a minor PDE3 activity was detected 
in NHLF, and therefore potential effects of a selective PDE3 
inhibitor motapizone were explored. Both in the presence and 
absence of IL-I f3 the PDE3 inhibitor alone did not affect 
bFGF-induced DNA synthesis in NHLF. On the other hand, in 
the presence of IL-113 (but not in its absence) motapizone 
further accentuated the reduction of bFGF-induced 
eH]thymidine incorporation by the PDE4 inhibitor piclamilast 
(Fig. 6). 

High levels of cAMP block NHLF in the G I phase of 
their cell cycle 

In order to extend our findings obtained by measurements of 
eH]thymidine incorporation we next performed flow 
cytometric cell cycle analysis of NHFL under the various 
conditions described before. As illustrated in Figure 7, starving 
of NHLF for 24 h arrested most of the cells in G I phase 
(91.2 ± I.S%, n = 6, means ± SD). As expected from the 
measurements of DNA synthesis, co-incubation of starved cells 
with bFGF at 10 nglml and IL-113 at 10 pglml induced 
proliferation most efficiently resulting in an increase of the 
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T 

proportion of S-phase cells to 19.9 ± 1.0%, compared to bFGF 
alone with 12.5 ± O.S% and 2.2 ± 0.5% for controls. I nhibition of 
PDE4 reduced the bFGF-induced increase of the proportion of 
NHLF in the S-phase by arresting cells in G I. This effect of the 
PDE4 inhibitor was observed following incubation with bFGF 
on its own and was found accentuated with increasing 
concentrations of IL-II3. Gene expression analyses showed 
significant down-regulation of the G lIS phase transition 
controlling Cyclins D I and E I as well as the cyclin-dependent 
kinases 6 and 2 under conditions of PDE4 inhibition (Fig. SA-D), 
which is in line with investigations of other groups (L'Allemain 
et aI., 1997; Musa et aI., 1999; Lee and Kay, 2003). Taken 
together, results of the flow cytometric cell crcle analysis 
corroborate findings from measurements of [ H]thymidine 
incorporation. 

Discussion 

Human lung fibroblasts are major structural cells orchestrating 
repair and remodeling in ailments such as IPF, asthma, or 
COPD. Persistent activation of these cells may foster their 
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Fig. S. PDE4 inhibitors inhibit the IL-I (3- and bFGF-induced proliferation in aiL-I (3/COX-2-dependent manner. A: Concentration-response 
relationship of the PDE4 inhibitorpiclamilast. NHLF were starved for 24 h, subsequently treated with piciamilast at I p.M and stimulated over 24 h 
with bFGF alone or in combination with IL-I (3. Data are expressed as percent inhibition of induced eH)thymidine incorporation (mean ± SD; 
n = 3). B: Concentration-response relationship of the PDE4 inhibitor roflumilast N-oxide. NHLFwere starved for 48 h, subsequently treated with 
the PDE4i (I p.M), and then stimulated over 24 h with bFGF and IL-I (3. Data are expressed as percent inhibition of induced eH)thymidine 
incorporation (mean ± SD; n = 7), *p < 0.05. C: NHLF were starved for48 hand subsequently stimulated with bFGF ( I 0 ng/ml). Starved NHLF were 
pretreated with either the PDE4 inhibitor roflumilast N-oxide (I p.M) and/orindomethacin (INDO, 10 p.M) and subsequently stimulated with bFGF 
(10 ng/ml) and IL-I (3 (SO pg/ml). TheCOX inhibitorlNDO reversed the proliferation reducingeffectofthePDE4 inhibitorunderconditionsoflL-1 (3 
co-treatment. Data are expressed as percent related to bFGF treated cells (mean ± SD; n = 9), ***p < 0.00 I. 
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Fig. 6. A PDE4 but not PDE3 inhibitor reduces proliferation of NHLF induced by bFGF plus/minus IL-I 13. NHLF were starved for 24 hand 
subsequently stimulated with bFGF (10 ng/ml) alone (I) or together with IL-I 13 at 10 pg/ml (2) or 50 pg/m I (3). Under these conditions the PDE4i 
piclamilast (I ",M) reduced proliferation significantly. Treatment with the PDE3 inhibitor motapizone (I ",M) alone showed no reducing effect but 
may have some additional effects on top of the PDE4 inhibitor. Data are expressed as fold of control of eH)thymidine incorporation (mean ± SO; 
n =3), *P<0.05, ***P<O.OOI. 

inappropriate proliferation, migration, production of 
extracellular matrix proteins, contractile properties, amongst 
others, and together will support fibrotic remodeling 
(Bjornsdottir and Cypcar, 1999; Chung, 200 I; Gross and 
Hunninghake, 200 I; Dempsey et aI., 2006). 

Previous data indicate the spatial heterogeneity of fibroblasts 
within the healthy lung and the phenotypic differences of lung 
fibroblasts between normal and disease state (Kotaru et aI., 
2006). For example, Kotaru and coworkers demonstrated that 
there are differences in morphology, proliferation, a-SMA, and 
procollagen expression in primary lung fibroblast obtained 
from proximal airways compared to those derived from distal 
lung parenchyma of asthmatic patients. 

The question still persists, whether these different 
phenotypes are derived from distinct sUbpopulations with 
unique progenitors or represent different stages of 
differentiation from a common progenitor (Phan, 2008). 

control bFGF ~ 

I 1171 

bFGF 

We used NHLF for our studies. These primary cells from 
healthy donors derive from several different parts of the lung 
and therefore reflect the naturally occurring heterogeneity of 
fibroblasts in this tissue. 

Proliferation is controlled by divergent (Huang et aI., 2008) 
and sometimes opposing signals (Dumaz and Marais, 2005). To 
understand the mechanistic basis of fibrotic hyperproliferation 
in respiratory diseases, the complex network of numerous 
cytokines, growth factors, and other mediators must be 
considered. Since IL-113 and bFGF are found to be increased in 
lungs of patients with asthma, COPD, and IPF (Gross and 
Hunninghake, 200 I ; Jeffery, 200 I; Barnes, 2003), their 
interaction may be of interest in the pathogenesis of respiratory 
diseases with fibrotic components. 

Previous studies investigated the effects of IL-II3-induced 
PGE2 and bFGF on proliferation on various cell types. Overall 
these studies show that their effects on proliferation is 
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Fig. 7. PDE4 inhibition provokes G I-block in NHLF. Flow cytometric cell cycle analyses from 24 h starved NHLF (control) after induction of 
proliferation with either bFGF (10 ng/ml) alone or in combination with IL-I 13 at 10 or 50 pg/ml are shown. PDE4 inhibition (piclamilast, I ",M) 
provokes a G I-block, which is most pronounced at a concentration of IL-I 13 at 50 pg/ml. Data are expressed as percent of total cells number 
(mean ± SO; n = 3-6), **P<O.OI, ***P<O.OOI. 
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Fig. 8. Gene expression of G liS-transition regulating cyclins and cyclin-dependent kinases is downregulated by means of POE4 inhibition in 
NHLF. RT-PCR gene expression analyses from 24 h starved NHLF (control) after induction of proliferation with eitherbFGF (10 ng/ml) alone orin 
combination with IL-IIJ at SO or 100 pg/ml. Additionally, treatment with the POE4 inhibitorpiclamilast (I I'M) reduced geneexf.ression of cyclin E I 
~A), cyclin 0 I (8), COK6 (C), and COK2 (0) significant. Oataare expressed as relative expression units (mean ± SO; n = 3-4), P = 0.05, **p < 0.0 I, 
* P<O.OOI. 

contingent on the concentrations of these factors or the 
investigated cell types (Cozzolino et aI., 1990; Bourcier et aI., 
1995; White et aI., 2008). 

In our own studies we analyzed the interaction of IL-I f3 and 
bFGF on lung fibroblast proliferation and related mechanisms 
such as COX-2 induction, PGE2 release, and cAMP synthesis. 
That cAMP reduces proliferation of human lung fibroblasts has 
been repeatedly described in the past and more recently the 
cAMP-GEF (GTP exchange factor) Epac, yet not protein kinase 
A, was disclosed to mediate this antimitogenic effect (Schmitt 
and Stork, 200 I; Sanchez and Moreno, 2002; Liu et aI., 2004). 

Our own data show that IL-I f3 treatment alone is able to 
increase proliferation significantly at a concentration of 10 pg/ 
ml (2.2-fold, P-value: <0.0 I) to an extent, which however, is by 
far less than that reached by incubation with bFGF. This is in 
agreement with the results of White et al. (2008). 

White et al. concluded that IL-I f3 induces proliferation by 
triggering low concentrations of PGE2, thereby activating G;
coupled EP3-receptor, reducing cAMP and promoting 
proliferation. In contrast, our own data show that low IL-I f3 
concentrations trigger only a very small amount of PGE2, which 
does not reduce intracellular cAMP. Instead, these low 
concentrations of PGE2 already seem to increase cAMP. In line, 

under our experimental conditions PGE2 in a concentration 
range from I pM to I IJ.M concentration-dependently 
diminished bFGF-induced eH]thymidine incorporation to a 
maximum efficacy of ~70% and with a half-maximum inhibition 
at 2.1 nM (data not shown). In contrast, White and colleagues 
described a biphasic effect of PGE2 on the proliferation of 
human lung fibroblasts under their experimental conditions 
with a maximum mitogenic effect attained at about 3 nM. 
Differences in cell types, their expression pattern of PGE2 
receptors (EP I-EP 4) and their coupling to intracellular signaling 
cascades as well as cell culture conditions may explain these 
inconsistent findings. Therefore, we assume that in our 
experimental system the mitogenic effects of IL-I f3 are 
unrelated to PGE2 and cAMP. An explanation for the mitogenic 
effect of IL-I f3 may be an influence on MAPK pathway as 
published by several other groups (Scherle et aI., 1997; Kida 
et aI., 2005). 

The current report demonstrates that in normal human lung 
fibroblasts the mitogenic potential of bFGF is accentuated by 
low concentrations of IL-I f3 (::; 10 pg/ml). Such a synergism has 
previously been described in different cell types, for example, in 
rat aortic smooth muscle cells (Bourcier et aI., 1995), in human 
endothelial cells (Norioka et aI., 1994) or in primary rabbit and 



human dermal fibroblasts (Bond et aI., 1998). One may 
hypothesize that converging downstream signaling shared by 
bFGF and IL-I 13 accounts for this observation, yet the precise 
molecular mechanisms are not well understood. 

The observation that IL-I 13 potentiates bFGF-induced DNA 
synthesis in NHLF was limited to low concentrations of the 
cytokine (10 pg/m I) while higher concentrations of IL-I 13 
progressively reduced proliferation. At these higher 
concentrations of IL-I 13 intracellular cAMP strongly increased 
that may explain the antiproliferative effect of IL-I 13. Since the 
higher IL-I 13 concentrations up-regulated COX-2 resulting in 
an increased accumulation of PGE2 one may assume that the 
prostanoid senses EP2 and EP4 receptor coupled to 
heterotrimeric Gs protein, and that finally adenylyl cyclase 
activity accounts for the rise in cAMP. Indeed, human lung 
fibroblasts express EP2 and EP4 receptors with EP2 being the 
predominant subtype (Huang et aI., 2007; Haag et aI., 2008). 

A major finding of the current study was that in NHLF bFGF 
strongly potentiated the induction by IL-I 13 of COX-2, and 
consequently, the increase in PGE2 and cAMP secondary to the 
cytokine. This crosstalk between FGF and IL-I 13 has been 
described earlier in human osteosarcoma cells, yet its 
mechanistic origin remains to be explored (Laulederkind et aI., 
2000). 

In aggregate, there is a high level of complexity in the 
interactions between IL-I 13 and bFGF to control proliferation 
of lung fibroblasts. Whereas bFGF-induced proliferation is 
potentiated by lower concentrations of IL-I 13, by a separate 
mechanism bFGF amplifies the potential of higher 
concentrations of the cytokine to diminish proliferation, thus 
limiting its own mitogenic effects. As mentioned before bFGF 
and IL-I 13 have been described to be up-regulated in various 
respiratory diseases where excessive proliferation of lung 
fibroblasts occurs. Strategies to increase or stabilize 
intracellular cAMP levels may represent a therapeutic 
perspective in fibrotic conditions, a view shared by others (Liu 
et aI., 2004; Dunkern et aI., 2007; Haag et aI., 2008). 

Cyclic AMP is degraded by several PDE isoenzymes, as a 
corollary inhibition of PDEs augments cAMP. PDE 
isoenzymes activities were analyzed in primary human lung 
fibroblasts and the presence of PDE I, PDE3, and PDE4 
hydrolyzing cAMP as well as PDE I and PDE5 hydrolyzing cGMP 
was revealed. 

Based on this analysis we investigated the effects of a PDE4 
and a PDE3 inhibitor on proliferation of human lung fibroblasts. 
The possible role of PDE I cannot be further assessed due to the 
lack of specific inhibitors for this isoenzyme. Complete and 
selective inhibition of PDE4 by piclamilast at I f-lM reduced 
proliferation of these cells, as it has been described on various 
other cell types (Hatzelmann and Schudt, 200 I), however to a 
modest extent. The inhibitory efficacy of this compound on 
proliferation strongly increased by simultaneous treatment 
with IL-I 13, which somehow could be expected due to the 
enhancement of cAMP. Therefore, PDE4 inhibition strengthens 
the IL-I J3-induced PGErdriven biological response, namely the 
decrease in proliferation. This is further supported by our 
data showing that treatment with a cyclooxygenase 
inhibitor (inhibiting PGE2 formation) abolishes the synergistic 
effect between IL-I 13 and PDE4-inhibition on reducing 
proliferation. 

Whether the effect of piclamilast is due to inhibition of the 
four subtypes PDE4A, B, C, or D is rather unclear. To address 
this aspect we performed quantitative real-time PCR 
experiments. We generated primer and probes, displaying 
similar efficacy on recombinant PDE4 subtype plasmid DNA, 
and used them for relative quantification of PDE4 subtype 
expression in human lung fibroblasts. Our results demonstrate 
an inhomogeneous mRNA expression pattern. PDE4A turned 
out to be the predominant subtype, followed by sUbtype B. In 

contrast, the expression of PDE4 subtypes C and D was low. 
Since we detect all four PDE4 subtypes the antiproliferative 
effect of piclamilast, which is known to be a pan-PDE4 
subtype-specific inhibitor, in principal can be due to inhibition of 
each of these subtypes, although PDE4A and/or 4B have the 
highest probability in this respect. 

Since besides PDE4 also cAMP-hydrolyzing PDE3 was 
detected in human lung fibroblasts, we also analyzed the effect 
of PDE3 inhibition on proliferation. PDE3 inhibition via 
motapizone by itself did not affect proliferation, however, it 
potentiates the anti proliferative effect of PDE4 inhibition. This 
finding confirms the hypothesis of the role of different PDEs in 
generating subcellular signaling compartments and nucleotide 
pools (Conti and Beavo, 2007). We hypothesize that under 
conditions of PDE4 inhibition the cAMP pool generated by 
adenyl cyclase activity increases and looses confinement, 
consequently diffusing into compartments of the cell, where 
PDE3 gets access to cAMP and will hydrolyze it. In this case a 
PDE3 inhibitor becomes effective in blocking proliferation of 
these cells, since it even more increases the cAMP pool 
originally controlled by PDE4 only (Zaccolo et aI., 2006). 

In order to elucidate the mechanism of proliferation 
inhibition in more detail we performed cell cycle analysis and 
asked, whether the inhibition of proliferation by PDE4 
inhibitors under concomitant incubation with IL-I 13 induces 
changes in cell cycle distribution. Overall, the cell cycle analysis 
reflected findings in the proliferation assays. In comparison to 
starved cells bFGF increased the proportion of S-phase cells, 
which was potentiated by lower concentrations of I L-I 13. At 
higher concentrations of IL-I 13 the percentage of S-phase cells 
decreased again. A PDE4 inhibitor on its own reduced the 
number of S-phase cells following bFGF by inducing a partial 
G I-arrest. By analogy to results from measurements of 
eH]thymidine incorporation co-incubation with IL-I 13 
potentiated the efficacy of a PDE4 inhibitor in inducing partial 
G I arrest. The G I arrest was accompanied by a decrease in 
Cyclin El, D I, and cyclin-dependent kinase 4 and 6 mRNA 
expression, which gives some mechanistical insight about the 
influence of PDE4 inhibitors/cAMP on cell cycle control. These 
results are in line with investigations by other groups using 
various cell types (L'Allemain et aI., 1997; Musa et aI., 1999; 
Stuart et aI., 2000; Lee and Kay, 2003). 

In summary, we have described the interaction of bFGF and 
IL-I 13 on proliferation of human lungfibroblasts. Both cytokines 
are assumed to be involved in pathophysiological processes 
leading to fibrosis in various respiratory disorders. In particular, 
the presence of IL-I 13 may be considered in view of ongoing 
inflammatory processes such as those described in IPF. In our 
experimental system it was shown that IL-I 13 may either drive 
the fibrotic process by its ability to stimulate proliferation on its 
own but also by potentiating the action of bFGF, or that IL-I 13 
may be antiproliferative by inducing COX-2 and subsequently 
enhances PGE2• It is possible that the balance between these 
two cytokines will determine, at least in part, whether fibrotic 
processes are ongoing or tissue homeostasis is maintained. 

Up to now there is no therapy available addressing the 
fibrotic component of, for example, IPF, COPD, or asthma. 
PDE4 inhibitors as, for example, roflumilast, which succeeded 
recently in phase III trials in COPD, are well known 
antiinflammatory agents (Hatzelmann and Schudt, 200 I) by 
their ability to increase intracellular cAMP. Our in vitro 
investigations suggest that these drugs might offer additional 
therapeutic benefit by inhibiting proliferation of lung fibroblasts 
especially under pathologic conditions of enhanced IL-I 13 and 
PGE2• This might be of particular importance since different 
groups (Wilborn et aI., 1995; Vancheri et aI., 2000) have shown, 
that the capability of lung fib rob lasts to produce 
antiproliferative PGE2 levels is diminished in patients with 
pulmonary fibrosis. 
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It might therefore be important to boost the signal 
transduction initiated by PGE2 via inhibition of cAMP hydrolysis 
by PDE4 inhibitors. 

Roflumilast N-oxide has already been shown to be effective 
in bleomycin-induced lung fibrosis in mice, in particular when 
administered in a therapeutic protocol (Cortijo et aI., 2009). 
This is of paramount interest since corticosteroids, standard 
anti inflammatory drugs failed in this therapeutic protocol and 
did not show efficacy in clinical trials with IPF patients. Whether 
PDE4 inhibitors may reveal a favorable profile on fibrotic 
conditions in man remains to be ascertained. 
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