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Am J Physiol Lung Cell Mol Physiol 301: L441-1.450, 2011. First
published July 22, 2011; doi:10.1152/ajplung.00407.2010.—Chronic
inflammation is a hallmark of pulmonary diseases, which leads to lung
parenchyma destruction (emphysema) and obstructive bronchiolitis
occurring in both chronic obstructive pulmonary disease and asthma.
Inflammation is strongly correlated with low intracellular cAMP
levels and increase in specific cAMP hydrolyzing activity. The aim of
the present study was to investigate the role of the cyclic phosphodi-
esterase type 4 (PDE4) in human lung and to determine the effects of
NCS 613, a new PDE4 inhibitor, on lung inflammation and bronchial
hyperresponsiveness. High cAMP-PDE activities were found in the
cytosoluble fractions from human lung parenchyma and distal bron-
chi. PDE4 (rolipram sensitive) represented 40% and 56% of total
cAMP-PDE activities in the above-corresponding tissues. Moreover,
PDE4A, PDE4B, PDE4C, and PDE4D isoforms were detected in all
three subcellular fractions (cytosolic, microsomal, and nuclear) with
differential distributions according to specific variants. Pharmacolog-
ical treatments with NCS 613 significantly decreased PDE4 activity
and reduced IkBa degradation in cultured parenchyma, both of which
are usually correlated with a lower inflammation status. Moreover,
NCS 613 pretreatment potentiated isoproterenol-induced relaxations
in human distal bronchi, while reducing TNF-a-induced hyperrespon-
siveness in cultured bronchi, as assessed in the presence of metha-
choline, U-46619, or histamine. This reducing effect of NCS 613 on
human bronchi hyperresponsiveness triggered by TNF-a was related
to a lower expression level of PDE4B and PDE4C, as well as a
downregulation of the phosphorylated forms of p38-MAPK, CPI-17,
and MYPT-1, which are known to control tone. In conclusion, specific
PDEA4 inhibitors, such as NCS 613, may represent an alternative and
isoform-specific approach toward reducing human lung inflammation
and airway overreactivity.

phosphodiesterase 4 isozymes; airways hyperresponsiveness

LUNG PARENCHYMA DESTRUCTION resulting from chronic inflam-
mation and leading to emphysema and obstructive bronchiolitis
are typical pathological changes related to both chronic ob-
structive pulmonary disease (COPD) (22, 29) and asthma (6,
36). These pathologies are functionally characterized by pro-
gressive airway inflammation, resulting in mucus secretion,
cell proliferation, airway remodeling, and obstruction (7, 8).
Downstream of surface membrane receptor activation, cyclic
nucleotide phosphodiesterases (PDE) play a pivotal role in
cAMP and cGMP signaling (9). This superfamily of enzymes
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hydrolyses cyclic nucleotides as a feedback mechanism for
returning local nucleotide concentration to basal levels. In
mammals, 11 families of PDE are currently identified (PDE1-
PDE11), most of which consist of several isozymes and nu-
merous PDE isozyme-splice variants. Although all PDEs share
a common structural feature of a catalytic core, they differ,
however, in substrate affinity, kinetic properties, specific
inhibitor sensitivity, and allosteric regulation (12, 17). By
regulating local cyclic nucleotide levels, PDE contributes to
their compartmentalization and governs many biology pro-
cesses, including proliferation, inflammation, and regulation
of smooth muscle tone (10, 21).

Phosphodiesterase type 4 (PDE4) has been suggested to be
a critical factor in the pathogenesis of inflammation by metab-
olizing cAMP in human leukocytes and in both endothelial and
epithelial lung tissues (3, 4). In animal, human, and cell
models, PDE4 implication has been reported in lung diseases
related to chronic inflammation such as smoking-induced lung
injury, fibrosis, asthma, and COPD (8, 17, 22). It is well known
that maternal exposure to secondhand cigarette smoke primes
the lung for induction of phosphodiesterase-4D5 isozyme and
exacerbated Th2 responses (34). In addition, cAMP and cGMP
are also important second messengers associated with the
control of smooth muscle relaxation (30). Mobilization of
Ca®* from intracellular stores or from the extracellular space
triggers and maintains airway smooth muscle (ASM) tone,
whereas relaxation is usually associated with activation of
cyclic nucleotide signaling pathways, which regulate the inter-
action between myosin and actin as well as Ca>" reuptake (31).
The functional role of PDE in ASM tone has also been
demonstrated in mice deficient in the PDE4D gene, which are
believed to be refractory to muscarinic cholinergic stimulation
(24). Consequently, PDE4 is thought to play a key role in lung
inflammation and hyperresponsiveness. Despite increasing ev-
idence, which depict PDE4 family enzymes as attractive tar-
gets for treatment of asthma and COPD (6, 22), little is known
regarding their relative activities and expression in human lung
tissue (16, 36, 41).

The main objectives of this study were as follows: /) to
characterize subcellular cAMP-PDE activities and PDE4 iso-
form expression in human lung parenchyma and 2) to assess
whether NCS 613, a specific PDE4 inhibitor (1, 2), is able to
modulate inflammation in human lung parenchyma and hyper-
responsiveness triggered in distal bronchi. Herein, we report
cAMP-PDE activities and for the first time the subcellular
expression of PDE4 isozymes in human lung parenchyma, as
well as anti-inflammatory effects of NCS 613 on this tissue.
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We also report the functional role of PDE4 in controlling
smooth muscle tone derived from human distal bronchi.

MATERIALS AND METHODS

Materials. cAMP, EGTA, and erythro-9-(2-hydroxy-3-nonyl)
adenine hydrochloride (EHNA) were purchased from Sigma (St.
Louis, MO). [*H]-cAMP and [*H]-cGMP were from New England
Nuclear (Boston, MA). Rolipram (a generous gift of Schering,
Berlin, Germany), cilostamide (from Sigma), and NCS 613 (1, 2)
were dissolved in 100% DMSO:; the final concentration of DMSO did
not exceed 1% for PDE activity assessment and 0.1% for tension
measurements. All PDE antibodies were from FabGennix (Frisco,
TX): anti-PDE4A (DP4-112AP), anti-PDE4B (PD4-201P), anti-
PDE4C (PD4-301P), and anti-PDE4D (PD4-401P). Anti-GAPDH
(#MAB374), anti-Histone Hs (06-755), and anti-EGF receptor (06-
847) were from Chemicon/Millipore. Anti-IkBa was from BD-
Bioscience, and anti-phospho-CPI-17 and anti-total CPI-17 were from
Upstate. Anti-p38-MAPK and anti-B-actin were from NEB-cell sig-
naling. Horse radish peroxidase-conjugates were from Promega. En-
hanced chemiluminescence (ECL) kit was from GE Healthcare.

Preparation of human parenchymal subcellular fractions. Cytoso-
lic (¢), microsomal (m), and nuclear (n) enriched fractions were
prepared from human lung parenchyma as described previously (18,
19). The study was approved by our institution’s Ethical Committee
(Protocol number CRC 05-088). Human lung explants were obtained
from 14 patients aged between 50 and 60 years undergoing surgery for
lung carcinoma resection. Tissue samples were collected from fresh
lobectomy and transported to the laboratory in physiological Krebs
solution (26). In brief, 20 g of lung parenchyma were homogenized
with a Polytron (1 X 30 s at 8,000 rpm followed by 2 X 30 s at 13,500
rpm) in 80 ml of the following buffer containing (in mM) 300 sucrose,
20 K-PIPES, 3 K-EGTA, 0.1 di-isopropylfluorophosphate (DIFP), 2
dithiothreitol, 1 ascorbic acid, plus 1 pepstatin, 1 leupeptin, and 2.5
Ul/ml aprotinin (pH 7.4) and centrifuged at 6,500 g for 20 min in a TI
42.1 rotor (Beckman) at 4°C. The first pellet containing nuclei and
mitochondria was kept in ice while the first supernatant was filtered
through two layers of cheesecloth and centrifuged 1 h at 85,000 g in
a TI 42.1 rotor at 4°C. The supernatant from the second centrifugation
was thereafter pooled and aliquoted as cytosolic (c) fraction, whereas
the corresponding pellet was resuspended in a preservation buffer
containing (in mM) 300 sucrose, 400 KC1, 1 K-EGTA, 5 K-PIPES,
0.1 MgCly, 0.1 DIFP (pH 7.4) and preserved as the microsomal (m)
fraction. The first pellet was thereafter resuspended in 2.4 M sucrose
(pH 7.2) and filtered through four layers of cheesecloth and centri-
fuged 15 min at 1,000 g. This mixture was progressively dehydrated
with 2.2 M sucrose and centrifuged 1 h at 100,000 g in a TI 35 rotor
at 4°C. The supernatant was discarded and the pellet, comprising the
nuclear (n) fraction, was resuspended in the preservation buffer
described above and stored as 50 pl aliquots. All samples were frozen
in liquid nitrogen and stored at —81°C for subsequent use.

Preparation of human distal bronchi extracts. Either fresh or
cultured distal bronchi from human lung were homogenized with a
Polytron (1 X 30 s at 8,000 rpm followed by 2 X 30 s at 13,500 rpm)
in the following buffer containing (in mM) 300 sucrose, 20 K-PIPES,
3 K-EGTA, 0.1 di-isopropylfluorophosphate, 2 dithiothreitol, 1 ascor-
bic acid, plus 1 pepstatin, 1 leupeptin, and 2.5 Ul/ml aprotinin (pH
7.4) and centrifuged at 10,000 g for 10 min at 4°C. Supernatant
aliquots were stored at —80°C until use. These cytosolic extracts were
used for PDE assay and Western blot analysis (26).

Assessment of PDE activities in lung tissue. PDE activity was
measured by a radioenzymatic assay as previously described (14) at a
substrate concentration of 1 wM cAMP or cGMP in presence of
10,000 cpm [*H]-cAMP or [*H]-cGMP as tracer and hydrolyzed
between 10% to 20%. Contribution of the different isozymes to PDE
activities were assessed with either 1 WM cGMP in the presence of 10
M nimodipine for PDE1, 20 uM EHNA for PDE2, and 0.1 puM
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DMPPO for PDES5 or with 1 uM cAMP in the presence of 1 uM
cilostamide for PDE3 and 10 uM rolipram for PDE4. Alternatively,
NCS 613 (0.1-10 wM) was used as a PDE4 inhibitor, as previously
reported (1, 2). All samples were also tested in the presence of 1 mM
of EGTA and 1 pM of substrate for cAMP-PDE or cGMP-PDE total
activity. Protein concentration assessment enabled to calculate spe-
cific activity in picomoles per minute per milligram of protein. The
remaining activity in the presence of a specific inhibitor was sub-
tracted from total activity for each PDE family contribution.

Western blot analysis. Proteins from subcellular fractions derived
from either lung parenchyma or human distal bronchi (30 wg) were
subjected to Western blot analysis. In brief, protein samples were
solubilized and denatured for 5 min at 95°C in Laemmli buffer,
electrophoresed on SDS 10% polyacrylamide gel, and electrotrans-
ferred onto polyvinylidene fluoride membranes. Immunodetection
was carried out with anti-PDE4A, anti-PDE4B, anti-PDE4C, anti-
PDE4D, anti-IkBa, anti-phospho-CPI-17, anti-p38 MAPK, anti-
3-actin, and anti-GAPDH. Immobilized antigens were detected by
chemiluminescence using horseradish peroxidase conjugates as sec-
ondary antibodies, an ECL kit, and autoradiography films. Autora-
diography signals were captured on a GeneGenius Bio Imaging
System (Syngene) using the GeneSnap software and analyzed using
the GeneTools software.

Isolation and organ culture of human lung tissue. Human lung
tissues were obtained from patients undergoing surgery for lung
carcinoma (26). After lobectomy and transport in sterile physiological
saline solution, lung samples, distant from the malignant lesion, were
dissected by the pathologist. The absence of tumoral infiltration was
retrospectively established in all bronchi by pathological analysis.
Tissue samples were immediately placed in Krebs solution containing
(in mM) 118 NaCl, 4.7 KCl, 2.5 CaCl,, 1.2 KH,POy4, 1.2 MgSO4, 25
NaHCOs3, and 11.1 dextrose (pH 7.4) previously bubbled with 95%
05-5% CO» at 22°C and then immediately transported to a level
two-culture room. After removal of connective tissues and adhering
parenchyma, paired rings of similar weight and length (inner diameter
of 0.5-0.8 mm) were microdissected from the same bronchus seg-
ment. Bronchial rings were placed in individual wells of 24 well-
culture plates, containing DMEM-F12 culture medium (1 ml/well)
supplemented with 0.3% penicillin (100 IU/ml) and streptomycin (0.1
mg/ml) (11, 25). Culture plates were placed in a humidified incubator
at 37°C under 5% CO,. Distal bronchi explants were untreated
(control) or treated (every 12 h for 48 h) with either 10 uM NCS 613,
10 ng/ml TNF-a or 10 ng/ml TNF-a combined with 10 uM NCS 613.

Isometric tension measurements. The mechanical tensions induced
by specific agonists were measured as previously described (26, 27).
Bronchial rings were mounted in isolated organ baths (Radnoti Mo-
rovia CA), containing 6 ml of Krebs’ solution at 37°C, bubbled with
carbogen (95% 0>-5% CO-). An initial load of 0.6 g was applied to
the rings. Tissues were allowed to equilibrate for 1 h in Krebs’
solution and washed out every 15 min. Passive and active tensions
were assessed using transducer systems coupled to Polyview software
(Grass-Astro-Med, West Warwick, RI) for facilitating data acquisition
and analysis.

Immunohistochemistry experiments. Data have been obtained on
lung parenchyma and human bronchi cryosections, exactly as previ-
ously described by our group (27), using rabbit anti-human PDE4B
and PDE4C primary antibodies. Immunofluorescence staining was
revealed by rabbit IgG antibody coupled to either Alexa fluor 647
(red) or Alexa fluor 488 (green), if not otherwise specified. DAPI
4',6'-diamino-2-phenylindole counterstaining was used to highlight
cell nuclei.

Data analysis and statistics. Results are expressed as means * SE
with n indicating the number of experiments. Statistical analyses
were performed using a one-way ANOVA followed by a Bonfer-
roni post test. Differences were considered statistically significant
(*) when P < 0.05. Data curve fittings were performed using
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Sigma Plot 9.0 (SPSS-Science, Chicago, IL) and Prism graph Pad
to determine ICso values.

RESULTS

Total cAMP-PDE and specific PDE activities in subcellular
parenchymal fractions. Total cAMP-PDE as well as specific
PDE2, PDE3, and PDE4 hydrolytic activities were detected in
cytosolic (c), microsomal (m), and nuclear (n) subcellular
fractions derived from human lung parenchyma (Fig. 1). Total
cAMP-PDE activity was 100 pmol-min~!mg~! of protein in
the cytosolic fraction, which was approximately two- and
eightfold higher than the total activity measured in the micro-
somal and nuclear fractions, respectively (Fig. 1A). Of the
PDEs assayed, PDE2 hydrolytic activity remained the most
important cAMP-hydrolyzing enzyme detected in these three
subcellular compartments, representing about 50% of total
hydrolytic activities (Fig. 1B), followed by PDE4, which dis-
played a similar distribution (Fig. 1D). PDE3 activity was also
detected in all three subcellular fractions but to a lesser pro-
portion than both PDE2 and PDE4 (Fig. 1C). To assess the
identity and quality of the subcellular fractions, three different
biomarkers have been used, namely GAPDH, histone H; and
EGFR antibodies. Specific protein immunostaining attests that
chosen biomarkers were unique for cytosolic, nuclear, and
microsomal fractions, respectively (Fig. 1E). Hence cross-
contamination was fairly low. These observations validate the
quantitative analysis of PDE isoform distribution, described
above, and their identity and location are assessed below.
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Subcellular localization of PDE4 isoforms in human
parenchyma. The intracellular pattern of PDE4 expression was
analyzed by Western blot and revealed several PDE4 isoforms
in human lung parenchyma distributed among the three sub-
cellular fractions (Fig. 2, A-D). PDE4A, PDE4B, PDE4C, and
PDE4D were detected in all three subcellular fractions but with
differential distributions. In the cytosolic fraction (left lane),
PDE4 proteins were highly expressed and contained several
PDE4 isoforms, comprised mainly of PDE4A and PDE4B,
whereas the microsomal fraction appeared to be enriched in a
51 kDa PDE4A variant. The nuclear fraction also contained all
four isoforms, with PDE4B variants of 60 and 71 kDa being
the most prominent (Fig. 2, A-D, right lane). Finally, 63 kDa
PDE4D was mainly present in the cytosol, whereas 112 kDa
PDE4D and 84 kDa PDE4C were typical of the nuclear
fraction (Fig. 2C).

Effects of NCS 613 pretreatment on PDE4 activity and IkBo
expression. It has previously been reported that NCS 613 did
not inhibit PDE1, PDE2, PDE3, and PDES5 isoforms (2). A
72-h treatment with NCS 613 induced a 64% decrease in PDE4
activity in human parenchyma (Fig. 3A). Complementary ex-
periments revealed that NCS 613 did not modify the hydrolytic
activity of PDE2 and PDE3 isoforms from human lung paren-
chyma (data not illustrated). Furthermore, among the four
PDE4 isoforms analyzed by Western blot, 48-h NCS 613
treatments consistently decreased the 75 kDa PDE4C isoform
(Fig. 3B). To assess the putative anti-inflammatory effect of
NCS 613, we also verified the expression of IkBa, the repres-
sor of transcription factor NF-kB. IkBa was largely expressed

PDE2

| .

PDE4

Fig. 1. Total cAMP-phosphodiesterase (PDE)
and specific PDE2, PDE3, and PDE4 activi-
ties in subcellular parenchymal fractions. To-
tal cAMP-PDE activity and contribution of 3
PDE isoforms were assessed at | M cAMP
by radio-enzymatic assay. A: total cAMP-
PDE activity was assessed in presence of 1
mM EGTA in human parenchyma subcel-
lular fractions (c: cytosolic; m: micro-
somal; n: nuclear). B-D: relative distribu-
tion of PDE2 (B), PDE3 (C), and PDE4 (D)
specific activity. Data are expressed as pi-
comoles per minute per milligram protein
and represent means * SE of 3 independent
experiments performed in triplicate. E: char-
acterization of cytosolic, nuclear, and micro-
somal subcellular fractions was performed
using specific antibodies against GAPDH,
histone Hs, and EGF receptor, respectively.
Data attest that the cross contamination was
fairly low.
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Fig. 2. Subcellular location of PDE4 isoforms in human parenchyma. Subcel-
lular fractions from human parenchyma were prepared and subjected to
Western blot analysis as described in MATERIALS AND METHODS. Cytosol (c),
microsomal (m), and nuclear (n) fractions were probed with: anti-PDE4A (A),
anti-PDE4B (B), anti-PDE4C (C), and anti-PDE4D (D) specific primary
antibodies. Results are representative of 3 independent experiments. Note the
different location patterns when comparing the distribution of PDE4 subtypes
in cytosolic, microsomal, and nuclear subcellular fractions.

in native human parenchyma (Fig. 3C), whereas after a 72-h
cultured period, IkBa was no longer detectable in cultured
parenchyma (Fig. 3C, second lane). By contrast, 72-h treat-
ments of human lung parenchyma with NCS 613 (3 and 10
M) rescued IkBa detection. Note that a reduced IkBa detec-
tion is positively correlated with an activation of NF-kB (26).

cAMP-PDE and PDEA4 activities in human bronchi. With the
use of cytosolic fractions, cAMP-PDE, PDE3, and PDE4
activities were detected in human distal bronchi (Fig. 4A).
Total cAMP-PDE activity was consistently higher in human
bronchi than that measured in the cytosolic fraction of human
parenchyma described above (Fig. 14). Cytosolic PDE4 con-
trolled 56% of cAMP hydrolytic activity in human bronchi
(Fig. 4A). Total cAMP-PDE in bronchi was approximately
twofold higher than in pulmonary arteries (28), whereas bron-
chial PDE4 activity was 3.5-fold higher than its activity in
pulmonary arteries (data not shown).

Immunolocalization PDE4 isoforms in human bronchi. Fig-
ure 4B reveals PDE4B detection in the human lung paren-
chyma. PDE4B immunofluorescence signals were very light in
lung parenchyma tissues, as well as in bronchial cryosections.
Figure 4, C-F, illustrates the immunolocalization of PDE4C,

PDE4 INHIBITOR REDUCES LUNG INFLAMMATION

including DAPI counterstaining in human bronchial cryosec-
tions. Parallel experiments, using a specific antibody against
human PDE4B and a secondary antibody coupled to Alexa-
fluor 647, revealed low staining levels of PDE4B in ASM cells,
similar to the fluorescence recovered from lung parenchyma
cryosections, as illustrated above (Fig. 4B). PDE4C isoform
was consistently detected in epithelial and ASM cells of
bronchi cryosections (green staining), since the secondary
antibody was coupled to Alexa fluor 488 (Fig. 4C and F).
PDEA4C was also detected in pneumocytes 1 surrounding alve-
oli, in lung parenchyma, but to a lesser extent. Consequently,
the presence of PDE4B and PDE4C isoforms in lung paren-
chyma and bronchi was ascertained, but it would be hazardous
to compare immunofluorescence signals to staining levels
detected following Western blot experiments where the immu-
nereactive bands were of high intensity (Fig. 2, B and C).
Effect of NCS 613 on human bronchial hyperresponsiveness.
TNF-a-induced bronchi hyperresponsiveness was used as an in
vitro model as reported previously (26, 27). TNF-a treatments
(10 ng/ml for 48 h) increased the mechanical tension induced
by either I pM MCh, 30 nM U-46619, or 1 pM histamine
when compared with control cultured bronchi (26) (data not
shown). Conversely, TNF-a-treated bronchi coupled to 10 uM
NCS 613 pretreatments resulted in a consistent reduction in
reactivity and amplitude of the mechanical responses (Fig. 5,

A PDE4 activity
40 *x
(o]
E ——
£
£ 20
S
£
o
L

10 uM NCS613

B PDE4C
48 h cultured

NCS 613 (pM) 0 10 KkDa

e - 75

GAPDH — _ 37
C 1B,

native cultured
NCS613(um) 0 0 3 10
I'KBu — — | _ 42

B-actin | e e - 42

Fig. 3. Effects of NCS 613 treatment on PDE4 activity and IkBo expression in
parenchyma. A: specific PDE4 activity assessed in control and after NCS 613
treatment of parenchymal explants. **P < 0.05. B: PDE4C immunostain-
ing level in control and after NCS 613 treatment of parenchymal explants
over a 48-h period. C: detection of cytoplasmic IkBa levels in native and
cultured parenchymal explants in the absence and upon 10 uM NSC613
treatment. Data are representative of 4 distinct experiments.
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A-C), thereby delaying the maximal amplitude. As can be seen
in the representative histograms in Fig. 5 obtained from eight
different patient lungs, TNF-a induced a hyperresponsiveness
in human bronchi as shown by the significant increase in
mechanical tension, whereas the combination of TNF-a and 10
pM NCS 613 treatment significantly decreased the mean
mechanical responses to all three agonists used (Fig. 5, D-F).
Finally, NCS 613 had no effect on tone from control bronchial
tissues (Fig. 5, D-F; white and light gray columns).

Effect of NCS 613 on relaxation properties of human
bronchi. The effects of acute 10 uM NCS 613 pretreatments on
human bronchial relaxations induced by a (3, adrenoceptor-
agonist were assessed on freshly dissected human bronchi. In
the absence of NCS 613 treatment, the mechanical tension
induced by 1 M methacholine (MCh) was fully relaxed by
300 nM isoproterenol (Fig. 6A). However, acute pretreatment
with 10 uM NCS 613 reduced the basal tension of resting

L445

Fig. 4. Total cAMP-PDE and isoform specific
hydrolytic activities in human bronchi as well
as PDE4B and PDE4C immuno-localization
in lung tissues. A: total cAMP-PDE activity
and relative contribution of PDE4 and PDE3
were assessed by radio-enzymatic measurement
in human airway smooth muscle. B: immuno-
fluorescence staining revealed by rabbit anti-
human PDE4B + anti-rabbit IgG coupled to
Alexa fluor 647 (red arrows), including DAPI
counter staining (A = 405 nm). PDE4B specific
staining corresponds to the red signal in human
bronchi cryosection. C: immunofluorescence
staining revealed following rabbit anti-human
PDEAC and anti-rabbit IgG antibodies coupled
to Alexa fluor 488 (white arrows: smooth mus-
cle cell layer). D: putative auto-fluorescent sig-
nal at 647 nm on the same cryosection (negative
control). E: superposition of C and D, including
DAPI counterstaining (A = 405 nm). Green
arrows pointing toward decorated epithelial cell.
PDEAC specific staining corresponds to the
green signal. F: negative control in the presence
of DAPI and secondary rabbit-IgG antibody
coupled to Alexa fluor 488, but in the absence of
rabbit anti-human PDEAC. Scale bar, 50 pm.

bronchial rings (Fig. 6B). Of note, in the presence of 10 uM
NCS 613 treatment for 10 min, 100 nM isoproterenol fully
relaxed the mechanical tension induced by 1 uM MCh (Fig.
6B). After quantitative analysis, NCS 613 pretreatment reduced
by twofold the apparent ICsq value to isoproterenol, from 40
nM in control bronchi to 20 nM in NCS 613-treated bronchi
(Fig. 60).

Effects of NCS 613 treatment on specific protein markers
upon proinflammatory conditions. Inflammation marker, such
as p65-NF-kB, and phospho-proteins likely involved in human
bronchial hyperresponsiveness were analyzed by Western blot
under various experimental conditions. When compared with
control conditions, TNF-a treatment alone increased translo-
cation of p65-NF-kB subunit into nuclear fraction, when com-
pared with the basal levels in the cytosolic fractions (Fig. 7A).
Higher p65-NF-kB staining in nuclei is usually correlated with
a higher IkBa degradation (26). For instance, NCS 613 treat-
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Fig. 5. Effects of NCS 613 (NCS) on human bronchi hyperresponsweness.
Human bronchi were treated for 48 h with 10 ng/ml TNF-a in the absence
(black lines) or presence (gray lines) of 10 wM NCS 613 (leff). Representative
superimposed recordings illustrating the tension induced by 1 wM methacho-
line (A), 1 M histamine (B), and 30 nM U-46619 (C) on human distal bronchi.
Right: bar histogram displaying the mean contractile responses induced by 1
M methacholine (D), 1 pM histamine (E), and 30 nM U-46619 (F).
Responses to pharmacological agonists were normalized to the responses
triggered by 80 mM KCI. Human bronchi were cultured for a 48-h period
under the following experimental conditions: untreated (control), + 10 uM
NCS 613, + 10 ng/ml TNF-a, or 10 ng/ml TNF-a + 10 uM NCS 613.
Each bar represents means = SE, with n = 8 for each experimental
condition. **P < 0.05.

ment slightly increased IkBa detection due to a lower degra-
dation rate, as already illustrated in Fig. 3C. This observation
was correlated with lower inflammation level in bronchi treated
with the isoform-specific PDE4 inhibitor. Under proinflamma-
tory condition, detection of PDE4B and PDE4C protein levels
(Fig. 7B, top 2 rows), as well as phopho-p38-MAPK, were
consistently increased (Fig. 7B, middle row); whereas 10 uM
NCS 613 treatments reduced the detection of these protein
immunoreactive bands enhanced by TNF-«a (Fig. 7B, lanes 3
and 4, respectively). On the other hand, the total p38 MAPK
detection levels were fairly constant.

Figure 8, A-F, displays quantitative analysis of the Western
blot experiments of the relative detection levels of p65 NF-kB
in the nuclear fractions, PDE4B, PDE4C, phospho/total-p38-
MAPK, phospho/total-CPI-17, and GAPDH, respectively.
Data demonstrate that a 48-h TNF-a treatment upregulates

PDE4 INHIBITOR REDUCES LUNG INFLAMMATION

protein detection levels, whereas addition of 10 uM NCS 613
significantly decreases PDE4B and PDE4C detection, as well
as the phosphorylated forms of p38-MAPK and CPI-17 under
proinflammatory experimental condition (Fig. 7C and Fig. 8, D
and E), which correlates well with changes in the pharmaco-
logical reactivity reported in Fig. 5.

DISCUSSION

Chronic inflammation is a deleterious process occurring in
several pulmonary diseases (41). Specific cAMP hydrolyzing
phosphodiesterases (PDE4) have been shown to be involved in
the control of inflammatory responses (10, 33, 38). In the
present study, we report for the first time the characterization
of cAMP-PDE activities as well as the location of four PDE4
subtypes (4A, 4B, 4C, and 4D) in human lung parenchyma. We
also demonstrate that a specific and novel PDE4 inhibitor, NCS
613, is able to decrease inflammation markers in lung paren-
chyma by restoring IkBa detection, suggesting a potential
buffering of NF-kB signaling. This compound also reduced
NF-kB translocation into nuclei and pharmacological hyperre-

300 ISO

T1 MM MCh 100
10 uM NCS 613
C —IC;, Control =40nM

IC5,+ NCS 613 = 20 nM

100
80+
60
40

20

% of relaxation

AR
log [isoproterenol] (M)

Fig. 6. Effects of NCS 613 on human bronchial relaxation induced by
isoproterenol (ISO). A: representative recording illustrating the tension induced
by 1 uM MCh and subsequent relaxations in the presence of cumulative
isoproterenol concentrations in fresh human bronchi. B: same experiment
following acute pretreatment with 10 wM NCS 613. C: mean relaxing re-
sponses to isoproterenol were assessed on human bronchi in the absence or
presence of 10 wuM NCS 613 pretreatments after which corresponding ICso
values to isoproterenol were calculated (n = 12 for each data point).
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Fig. 7. Effects TNF-a and NCS 613 pretreatments on p65 NF-kB and
various intracellular proteins in human distal bronchi, including PDE4
isoforms. A: detection p65 NF-kB in cytosolic (c) and nuclear (n) fractions
in control conditions (CTRL), upon 10 uM NCS 613, 10 ng/ml TNF-«, and 10
ng/ml TNF-a + 10 uM NCS 613 pretreatments. B: comparative detection
level of PDE4B, PDEA4C, phospho-p38 MAPK, and total p38 MAPK, in the
cytosolic fractions under the same experimental conditions, as described in
A. All experiments were performed in bronchial explants cultured for a 48-h
period. Data are representative of 5 independent experiments from 5 lung
resections. C: total CPI-17, phospho-CPI-17, p-MYPT-1 (myosin light chain
phosphatase catalytic subunit) and -actin detection under the same experi-
mental conditions as defined above in A. TNF-a induced a consistent increase
of the assessed proteins in A and phosphorylated level of CPI-17, whereas NCS
613 treatment opposed the effects of TNF-a.

sponsiveness in TNF-a-treated bronchi, whereas potentiating
isoproterenol induced relaxation in human distal bronchi.
cAMP-PDE activities and PDE4 subcellular locations in
human parenchyma. Although results showed that cAMP-PDE
activities were present in all three subcellular compartments
from human lung parenchyma, mean cytosolic cAMP-PDE
activity was nevertheless higher than that measured in both
microsomal and nuclear fractions. These data are consistent
with those of a previous report showing that both cGMP and
cAMP hydrolytic activities in bovine main pulmonary artery
were higher in the cytosolic fraction comparatively to the
microsomal fraction (28). PDE4 isozymes, which predomi-
nantly catabolize cAMP in the cell, clearly displayed differen-
tial distribution profiles in the present study. In human paren-
chyma, PDE2 and PDE4 were found to be the major cAMP
hydrolyzing enzymes with mean contributions representing
40% of total activity. Indeed, PDE4 activity, which was rela-
tively low in the nuclear fraction, may be important for inac-
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tivation of cAMP and its binding effectors, such as cAMP-
dependent transcription factors. Previous studies have reported
that PDE4 significantly contributes to cAMP hydrolysis in
airways smooth muscle (30) and tracheal epithelial cells (31).
Moreover, microsomal fractions from bovine trachea have
been shown previously to contain three PDE isoforms: PDEI,
PDE3, and mainly PDE4, the latter representing 48% of total
cAMP hydrolytic activity (37).

In the present study, the distribution of PDE4 isoforms
(PDE4A, PDE4B, PDE4C, and PDE4D) also revealed differ-
ential distributions according to specific variants. As expected,
these isoenzyme proteins were abundantly found in the cyto-
solic fraction, which is likely correlated with the presence of
high cAMP hydrolytic activity. PDE4A (64 and 84 kDa) was
only found in the cytosolic fraction, whereas 64 kDa PDE4B
and 63 kDa PDE4D were differentially expressed in this
compartment (16). As for the microsomal fraction, 51 kDa
PDE4A and mainly three PDE4C immunoreactive bands (84,
75, and 64 kDa) were the predominant forms, with 75 kDa
PDEA4C being exclusively expressed in this fraction. PDE4
activity was found to be lower in the nuclear fraction, although
this compartment did reveal several PDE4 isoforms, with 60
and 71 kDa PDE4B and 84 kDa PDE4C being exclusively
expressed in this fraction. Hence, according to their activity
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Fig. 8. Quantitative and statistical analysis of the mean TNF-a and NCS 613
effects on the protein profiles and phosphorylation levels shown in Fig. 7.
Calculated density ratio in percentage of control value under the corresponding
experimental conditions: in control (CTRL), upon 10 M NCS 613, 10 ng/ml
TNF-a, and 10 ng/ml TNF-a + 10 uM NCS 613 pretreatments. Bar histo-
grams represent means of 3 experiments. A: p65 NF-kB in the nuclear fractions.
B: PDE4B. C: PDEAC. D: phospho/total-p38-MAPK. E: phospho/total-CPI-17. F:
GAPDH in the cytosolic fractions (n = 3; *P < 0.05; **P < 0.01).
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and subcellular location, PDE4 protein variants may participate
in cAMP compartmentalization and henceforth regulate the
biological process, such as inflammation, gene expression, and
ASM tone. Indeed, it has been reported that PDE4D-deficient
mice are refractory to muscarinic cholinergic stimulation (24).

NCS 613 abolishes inflammation in human lung parenchyma.
The present data showed that treatment with the specific PDE4
inhibitor NCS 613 significantly decreased PDE4 activity in
cultured parenchyma. More specifically, this treatment signif-
icantly decreased 75 kDa PDE4C detection, which is in agree-
ment with the high selectivity of NCS 613 for the PDE4C
subtype. The use of NCS 613 induced a reduction of protein
expression, which is likely due to a feedback mechanism at the
nuclear level, since PDE4B and PDE4C isoforms are mainly
localized in the nuclear fraction (Fig. 2, B and C). Hence, there
is other evidence of negative regulation of PDE4 species by
elevated levels of cAMP, which induce PKA-dependent up-
regulation of inducible cAMP early repressor (ICER) expres-
sion. For instance, the PDE4 inhibitor rolipram has been
reported to stimulate ICER expression in mouse osteoblastic
cells (5). In addition, in cardiac myocytes, cAMP elevation
triggers the downregulation of transcripts and promoter activity
for cyclic AMP PDE4A10 (23).

In addition, the NF-kB transcription factor repressor IkBa
was consistently detected in native (fresh) parenchyma,
whereas cultured lung tissue in the absence of NCS 613
resulted in IkBa becoming undetectable, thus revealing a fast
degradation rate, which is likely correlated with the transloca-
tion of NF-«kB subunits into the nuclei (26). Interestingly, NCS
613 treatment restored IkBa detection in a concentration-
dependent manner, suggesting that IkBa binds to NF-kB and
prevents its nuclear translocation, which would result in a
lower inflammation status. In contrast, cytokine stimuli and
oxidative stress can activate the NF-kB pathway. Under these
inflammatory conditions, IkBa is released from NF-kB, ubi-
quitinated and degraded by proteasomes, thus decreasing its
detection upon induced inflammation (13, 24). NF-kB translo-
cation thus allows gene transcription under its control and more
specially those genes encoding for COX-1 and proinflamma-
tory cytokines (TNF-«, IL-1, IL-6).

Lung inflammation is the first leading cause of mucus
secretion, airway hyperresponsiveness, and fibrosis (27a, 35).
Increasing evidence has also revealed the implication of PDE4
in lung disease in regard to inflammation and remodeling (39).
During the fibrotic process, PDE4 inhibitors display epithelial
mesenchymal transition, a critical event in this pathogenesis
(15). Hence, the present data would suggest that NCS 613 may
be a preventive agent for lung inflammation and injury.

cAMP-PDE in human distal bronchi. Patterns of cAMP-
PDE activity were also assessed in human bronchi. PDE4
and PDE3 hydrolytic activities were confirmed in this tissue,
with PDE4 being the predominant cAMP hydrolyzing en-
zyme in bronchi (56% of total cAMP-PDE). These results
thus strongly suggest that PDE4 is a major cAMP hydro-
lyzing enzyme in lung smooth muscle and may represent a
valuable pharmacological target through modulation of its
functional properties (27a, 28).

NCS 613 potentiates isoproterenol relaxation in human
distal bronchi. Relaxation induced by isoproterenol on human
bronchi is mediated by 3, receptors, adenyl cyclase, and cAMP
production. Herein, fresh human bronchi precontracted with 1

PDE4 INHIBITOR REDUCES LUNG INFLAMMATION

pM MCh relaxed completely in response to cumulative con-
centrations of 1-300 nM isoproterenol. NCS 613 pretreatment,
on the other hand, was shown to reduce basal tone. Moreover,
when NCS 613-pretreated distal bronchi were contracted with
1 pM MCh, only cumulative concentrations of 1-100 nM
isoproterenol induced total relaxation. In addition, NCS 613
pretreatment decreased by twofold the ICsq value to isoproter-
enol. This observation could be explained by the fact that NCS
613 pretreatment likely lowers cAMP degradation rate, thus
amplifying the effect of isoproterenol. Thus PDE4 isozymes
are clearly involved in controlling ASM tone as previously
reported (37).

NCS 613 prevents TNF-a-induced human distal hyper-
responsiveness. Another facet investigated in the present study
was the putative role of PDE4 in bronchial hyperresponsive-
ness occurring in lung diseases such as asthma and COPD. The
well characterized proinflammatory cytokine TNF-a was used
to induce inflammation and hyperresponsiveness in an in vitro
model of cultured human bronchi, which has been previously
validated (26). In this particular model, TNF-a-treated bronchi
exhibit rapid and large mechanical responses induced by phar-
macological agents such as MCh, histamine, and U-46619. In
the present study, micromolar concentrations of NCS 613
exhibited preventive effects on airway responsiveness since it
reduced mechanical responses to agonists in TNF-a-treated
bronchi, as witnessed by a shifting of the slope to the right,
meaning a reduced sensitivity to agonists. Hence, NCS 613
significantly decreases hyper-responsiveness in TNF-a-treated
bronchi by controlling cAMP hydrolytic rate. Such inhibitory
action of NCS 613 may represent a valuable tool in addressing
cytokine-induced bronchial remodeling and hyper-responsive-
ness, which are well documented in asthma (8, 32). Under
inflammatory conditions, cytokines such as TNF-a and IL-1(3
are known to induce upregulation of various signaling path-
ways and proliferation of ASM cells, hence resulting in an
increased sensitivity to agonists (39, 40).

Finally, to better understand the role PDE4 inhibition on
human bronchial hyper-responsiveness induced by TNF-«, the
putative pathways involved in this process were also analyzed
by assessing the expression of PDE4C, PDE4B, and phospho-
p38 MAPK. Indeed, TNF-a is known to activate inflammatory
signaling through involvement of p38 MAPK phosphorylation
and p65-NF-kB translocation (26). Convincing evidence has
now been reported along those lines using quantitative and
statistical analyses, whereas NCS 613 treatments opposed
TNF-a proinflammatory effects in human airways. TNF-a
pretreatments also modified the phosphorylation level of con-
tractile regulatory proteins. For instance, CPI-17 is a phospho-
rylation-dependent inhibitor of myosin light chain phosphatase
(MLCP) and necessary for PKC-mediated Ca®" sensitization
(27). CPI-17 is believed to be implicated in bronchial hyper-
responsiveness in that inflammation and/or stress leads to
upregulation of its phosphorylated form. CPI-17 phosphoryla-
tion also results in an inhibition of MLCP activity, which in
turn maintains steady state tension in ASM (27). Our data
confirmed that TNF-a did in fact induce an increase in phos-
phorylated CPI-17 protein in cultured human bronchi (Fig.
7C). Addition of NCS 613 resulted in a decrease in CPI-17
phosphorylation, thus facilitating relaxation. Furthermore,
TNF-a-induced bronchial upregulation of CPI-17 expression
and hyper-responsiveness observed in our model was found to
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occur under proinflammatory conditions since TNF-a also
increased PDE4B and PDE4C expressions and phosho-p38
MAPK. In agreement with the functional data, NCS 613
treatments were found to reduce airway smooth reactivity and
inflammation in TNF-a-treated bronchi (p65 NF-«B translo-
cation), which was correlated with a low inflammatory status.

Conclusion

The present study reports the presence of PDE4 activity and
subcellular location of its isoforms in human lung parenchyma.
Although PDE4 remained the major cAMP hydrolyzing en-
zyme in well-characterized cytosolic, microsomal, and nuclear
fractions, PDE4 isoform variants were differentially expressed
according to the investigated subcellular compartment. These
PDE4 isozymes likely control important biological responses
in the lung since their specific inhibition by NCS 613 resulted
in anti-inflammatory effects in parenchyma (39, 40). Further-
more, NCS 613 demonstrated beneficial effects in airways
reactivity to pharmacologically induced ASM tension, thus
providing further insight into its current status (35). This new
PDE4 inhibitor was also found to reduce human distal bron-
chial hyperresponsiveness by decreasing phospho-CPI-17,
which in turn may be related to a downregulation of PDE4C,
PDE4B, and other intracellular signaling pathways. Thus, spe-
cific PDE4C inhibitors, such as NCS 613, may represent an
alternative approach to reducing bronchial hyperresponsive-
ness.

ACKNOWLEDGMENTS

We thank Drs. Marco Sirois and Chantal Sirois for help in patient recruit-
ment and Dr. Edmond Rizcallah and the members of the pathology laboratory
for technical support.

GRANTS

This work was supported by transition grants from the FMSS and CRC
E-LeBel. I. Yougbare and C. Morin are recipients of PhD studentships from the
European Doctorate College EDC (Strasbourg) and Natural Science and
Engineering Research Council of Canada, respectively.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

REFERENCES

1. Boichot E, Wallace JL, Germain N, Corbel M, Lugnier C, Lagente V,
Bourguignon JJ. Anti-inflammatory activities of a new series of selective
phosphodiesterase 4 inhibitors derived from 9-benzyladenine. J Pharma-
col Exp Ther 292: 647-653, 2000.

2. Bourguignon JJ, Désaubry L, Raboisson P, Wermuth CG, Lugnier C.
9-Benzyladenines: potent and selective cAMP phosphodiesterase inhibi-
tors. J Med Chem 40: 1768-1770, 1997.

3. Brown DM, Hutchison L, Donaldson K, MacKenzie SJ, Dick CA,
Stone V. The effect of oxidative stress on macrophages and lung epithelial
cells: the role of phosphodiesterases 1 and 4. Toxicol Lett 168: 1-6, 2007.

4. Burgess JK, Oliver BG, Poniris MH, Ge Q, Boustany S, Cox N, Moir
LM, Johnson PR, Black JL. A phosphodiesterase 4 inhibitor inhibits
matrix protein deposition in airways in vitro. J Allergy Clin Immunol 118:
649-657, 2006.

5. Cho ES, Yu JH, Kim MS, Yim M. Rolipram, a phosphodiesterase 4
inhibitor, stimulates inducible cAMP early repressor expression in osteo-
blasts. Yonsei Med J 46: 149—-154, 2005.

6. Deng YM, Xie QM, Tang HF, Sun JG, Deng JF, Chen JQ, Yang SY.
Effects of ciclamilast, a new PDE 4 PDE4 inhibitor, on airway hyperre-
sponsiveness, PDE4D expression and airway inflammation in a murine
model of asthma. Eur J Pharmacol 547: 125-135, 2006.

L449

7. Dent G, White SR, Tenor H, Bodtke K, Schudt C, Leff AR, Magnus-
sen H, Rabe KF. Cyclic nucleotide phosphodiesterase in human bronchial
epithelial cells: characterization of isoenzymes and functional effects of
PDE inhibitors. Pulm Pharmacol Ther 11: 47-56, 1998.

8. Dunkern TR, Feurstein D, Rossi GA, Sabatini F, Hatzelmann A.
Inhibition of TGF-beta induced lung fibroblast to myofibroblast conver-
sion by phosphodiesterase inhibiting drugs and activators of soluble
guanylyl cyclase. Eur J Pharmacol 572: 12-22, 2007.

9. Fan Chung K. Phosphodiesterase inhibitors in airways disease. Eur J
Pharmacol 533: 110-117, 2006.

10. Growcott EJ, Spink KG, Ren X, Afzal S, Banner KH, Wharton J.
Phosphodiesterase type 4 expression and anti-proliferative effects in hu-
man pulmonary artery smooth muscle cells. Respir Res 19: 7-9, 2006.

11. Guibert C, Savineau JP, Crevel H, Marthan R, Rousseau E. Effect of
short-term organoid culture on the pharmaco-mechanical properties of rat
extra- and intrapulmonary arteries. Br J Pharmacol 146: 692-701, 2005.

12. Houslay MD, Schafer P, Zhang KY. Keynote review: phosphodiester-
ase-4 as a therapeutic target. Drug Discov Today 10: 1503-1519, 2005.

13. Jeon KI, Xu X, Aizawa T, Lim JH, Jono H, Kwon DS, Abe J, Berk BC,
Li JD, Yan C. Vinpocetine inhibits NF-kappaB-dependent inflammation
via an IKK-dependent but PDE-independent mechanism. Proc Natl Acad
Sci USA 107: 9795-9800, 2010.

14. Keravis T, Thaseldar-Roumie R, Lugnier C. Assessment of phospho-
diesterase isozyme contribution in cell and tissue extracts. Methods Mol
Biol 307: 63-74, 2005.

15. Kolosionek E, Savai R, Ghofrani HA, Weissmann N, Guenther A,
Grimminger F, Seeger W, Banat GA, Schermuly RT, Pullamsetti SS.
Expression and activity of phosphodiesterase isoforms during epithelial
mesenchymal transition: the role of phosphodiesterase 4. Mol Biol Cell 20:
47514765, 2009.

16. Lopez E, Jarreau PH, Zana E, Franco-Montoya ML, Schmitz T,
Evain-Brion D, Bourbon J, Delacourt C, Méhats C. Differential ex-
pression of cyclic nucleotide phosphodiesterases 4 in developing rat lung.
Dev Dyn 239: 2470-2478, 2010.

17. Lugnier C. Cyclic nucleotide phosphodiesterase (PDE) superfamily: a
new target for the development of specific therapeutic agents. Pharmacol
Ther 109: 366398, 2006.

18. Lugnier C, Keravis T, Le Bec A, Pauvert O, Proteau S, Rousseau E.
Characterization of cyclic nucleotide phosphodiesterase isoforms associ-
ated to isolated cardiac nuclei. Biochim Biophys Acta 1472: 431-446,
1999.

19. Lugnier C, Muller B, Le Bec A, Beaudry C, Rousseau E. Character-
ization of indolidan- and rolipram-sensitive cyclic nucleotide phosphodi-
esterases in canine and human cardiac microsomal fractions. J Pharmacol
Exp Ther 265: 1142-1151, 1993.

21. Maclean MR, Johnston ED, Mcculloch KM, Pooley L, Houslay MD,
Sweeney G. Phosphodiesterase isoforms in the pulmonary arterial circu-
lation of the rat: changes in pulmonary hypertension. J Pharmacol Exp
Ther 283: 619-624, 1997.

22. Martin-Chouly CA, Astier A, Jacob C, Pruniaux MP, Bertrand C,
Lagente V. Modulation of matrix metalloproteinase production from
human lung fibroblasts by type 4 phosphodiesterase inhibitors. Life Sci 75:
823-840, 2004.

23. McCahill A, Campbell L, McSorley T, Sood A, Lynch MJ, Li X, Yan
C, Baillie GS, Houslay MD. In cardiac myocytes, cAMP elevation
triggers the down-regulation of transcripts and promoter activity for cyclic
AMP phosphodiesterase-4A10 (PDE4A10). Cell Signal 20: 2071-2083,
2008.

24. Méhats C, Jin SL, Wahlstrom J, Law E, Umetsu DT, Conti M. PDE4D
plays a critical role in the control of airway smooth muscle contraction.
FASEB J 17: 1831-1841, 2003.

25. Morin C, Proteau S, Rousseau E, Brayden J. Organ-cultured airway
explants: a new model of airway hyperresponsiveness. Exp Lung Res 31:
719-744, 2005.

26. Morin C, Sirois Echave M, V, Gomes MM, Rousseau E. EET displays
anti-inflammatory effects in TNF-alpha stimulated human bronchi: puta-
tive role of CPI-17. Am J Respir Cell Mol Biol 38: 192-201, 2008.

27. Morin C, Sirois M, Echave V, Rousseau E. CPI-17 silencing-reduced
responsiveness in control and TNF-alpha-treated human bronchi. Am J
Respir Cell Mol Biol 39: 638—643, 2008.

27a.Murray F, Patel HH, Suda RY, Zhang S, Thistlethwaite PA, Yuan JX,
Insel PA. Expression and activity of cAMP phosphodiesterase isoforms in
pulmonary artery smooth muscle cells from patients with pulmonary

AJP-Lung Cell Mol Physiol - VOL 301 « OCTOBER 2011 - www.ajplung.org

€T0Z ‘9z Arenuer uo elebliap Jo] 1g Alun e /610 ABojoisAyd-Bunidie//:dny woly papeojumoq



http://ajplung.physiology.org/

L450

28.

29.

30.

31.

32.

33.

34.

hypertension: role for PDE1. Am J Physiol Lung Cell Mol Physiol 292:
12941303, 2007.

Pauvert O, Salvail D, Rousseau E, Lugnier C, Marthan R, Savineau
JP. Characterisation of cyclic nucleotide phosphodiesterase isoforms in
the media layer of the main pulmonary artery. Biochem Pharmacol 63:
1763-1772, 2002.

Rodriguez-Roisin R. The airway pathophysiology of COPD: implications
for treatment. COPD 2: 253-262, 2005.

Rousseau E, Dostie J, Taoudi-Benchekroun M, Cadieux A, Beaudry
C, Lugnier C. Specific cyclic nucleotide phosphodiesterase inhibitors
differently modulate contractile kinetics in airway smooth muscle. Can J
Physiol Pharmacol 73: 1784—-1794, 1995.

Rousseau E, Gagnon J, Lugnier C. Biochemical and pharmacological
characterization of cyclic nucleotide phosphodiesterase in airway epithe-
lium. Mol Cell Biochem 140: 171-175, 1994.

Selige J, Tenor H, Hatzelmann A, Dunkern T. Cytokine-dependent
balance of mitogenic effects in primary human lung fibroblasts related to
cyclic AMP signaling and phosphodiesterase 4 inhibition. J Cell Physiol
223: 317-326, 2010.

Shi JR, Mao LG, Jiang RA, Qian Y, Tang HF, Chen JQ. Monoam-
monium glycyrrhizinate inhibited the inflammation of LPS-induced acute
lung injury in mice. Int Immunopharmacol 10: 1235-1241, 2010.

Singh SP, Mishra NC, Rir-Sima-Ah J, Kurup V, Razani-Boroujerdi S,
Sopori ML. Maternal exposure to secondhand cigarette smoke primes the
lung for induction of phosphodiesterase-4D5 isozyme and exacerbated
Th2 responses: rolipram attenuates the airway hyperreactivity and mus-

35.

36.

37.

38.

39.

40.

41.

PDE4 INHIBITOR REDUCES LUNG INFLAMMATION

carinic receptor expression but not lung inflammation and atopy. J Immu-
nol 183: 2115-2121, 2009.

Spina D. PDE4 inhibitors: current status. Br J Pharmacol 155: 308-315,
2008.

Tang HF, Chen JQ, Xie QM, Zheng XY, Zhu YL, Adcock I, Wang X.
The role of PDE4 in pulmonary inflammation and goblet cell hyperplasia
in allergic rats. Biochim Biophys Acta 1762: 525-532, 2006.

Torphy TJ, Undem BJ, Cieslinski LB, Luttmann MA, Reeves ML,
Hay DW. Identification, characterization and functional role of phospho-
diesterase isozymes in human airway smooth muscle. J Pharmacol Exp
Ther 265: 1213-1223, 1993.

Udalov S, Dumitrascu R, Pullamsetti SS, Al-tamari HM, Weissmann
N, Ghofrani HA, Guenther A, Voswinckel R, Seeger W, Grimminger
F, Schermuly RT. Effects of phosphodiesterase 4 inhibition on bleomy-
cin-induced pulmonary fibrosis in mice. BMC Pulmonary Medicine 10: 26,
2010.

Wang YJ, Jiang YL, Tang HF, Zhao CZ, Chen JQ. ZI-n-91, a selective
phosphodiesterase 4 inhibitor, suppresses inflammatory response in a
COPD-like rat model. Int Immunopharmacol 10: 252-258, 2010.
Wollin L, Bundschuh DS, Wohlsen A, Marx D, Beume R. Inhibition of
airway hyperresponsiveness and pulmonary inflammation by roflumilast
and other PDE4 inhibitors. Pulm Pharmacol Ther 19: 343-352, 2006.
Yao H, de Boer WI, Rahman I. Targeting lung inflammation: novel
therapies for the treatment of COPD. Curr Respir Med Rev 4: 57-68,
2008.

AJP-Lung Cell Mol Physiol - VOL 301 « OCTOBER 2011 - www.ajplung.org

€T0Z ‘9z Arenuer uo elebliap Jo] 1g Alun e /610 ABojoisAyd-Bunidie//:dny woly papeojumoq



http://ajplung.physiology.org/

