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Dual PDE3/4 inhibitors as therapeutic agents for
chronic obstructive pulmonary disease
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Phosphodiesterase (PDE)4, and to a lesser extent, PDE3/4 inhibitors have attracted considerable interest as potential thera-
peutic agents for diseases including chronic obstructive pulmonary disease. Indeed, ibudilast and theophylline are utilized
clinically, and roflumilast is in late-stage clinical development. Unfortunately, however many PDE4 and dual PDE3/4 inhibitors
have failed in early development due to low therapeutic ratios. The majority of these compounds are however orally
administered and non-selective for either PDE3(A, B) or PDE4(A, B, C, D) subtypes. Developing an inhaled dual PDE3/4 inhibitor
with subtype specificity may represent one strategy to improve the therapeutic index. Indeed combined inhibition of PDE3 and
PDE4 inhibitor has additive and synergistic anti-inflammatory and bronchodilatory effects versus inhibition of either PDE3 or
PDE4 alone. Given that synergy has been seen in terms of efficacy end points, an obvious concern is that synergy may also be
observed in side effects. Interestingly, however, no synergy or additive effects with a combination of a PDE3 and PDE4 inhibitor
in a cardiomyocyte assay were observed. This review will summarize the rationale for developing an inhaled dual PDE3/4
inhibitor, as a treatment for chronic obstructive pulmonary disease together with recent advances in trying to understand the
pathogenesis of PDE inhibitor-induced mesenteric vasculitis (a key potential dose-limiting side effect of these agents),
highlighting potential early and sensitive predictive biomarkers.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a major
cause of morbidity and mortality and is currently the fourth
most common cause of death in the world according to the
World Health Organisation (WHO). The WHO estimates that
by 2020, COPD will be the third leading cause of death and
the fifth leading cause of disability worldwide (Murray and
Lopez, 1997). It is estimated that more than one million
people in the UK suffer from this disease (Barnes, 1998), with
the regional (adult) prevalence in 2000 varying from 0.5% in
parts of Africa to 3–4% in North America (reviewed by Lopez
et al., 2006). COPD is defined as ‘a preventable and treatable
disease with some significant extrapulmonary effects that
may contribute to the severity in individual patients. Its pul-
monary component is characterized by airflow limitation that

is not fully reversible. The airflow limitation is usually pro-
gressive and associated with an abnormal inflammatory
response of the lungs to noxious particles or gases’ [Global
Initiative for Chronic Obstructive Lung Disease (GOLD),
2006] (Pauwels et al., 2001; Rabe, 2006). Airflow limitation in
COPD patients results from mucosal inflammation and
oedema, bronchoconstriction, increased secretions in the
airways and loss of elastic recoil. Risk factors for the develop-
ment of COPD include cigarette smoking and occupational
exposure to dust and chemicals (Zaher et al., 2004; Blanc
et al., 2008). Inhaled corticosteroids and bronchodilator
agents are the main therapies used for the treatment of COPD
(Gosens et al., 2006) and have modest beneficial effects on
health-related quality of life and FEV1 (Mahler et al., 2002).
Steroids, are however, relatively ineffective at suppressing the
airway wall thickening and luminal occlusion in COPD
patients (Hogg et al., 2007) and the consequent disease pro-
gression. There is thus a high unmet medical need for novel
effective therapies to treat COPD.

Inflammation is a prominent feature of COPD, highlighted
by the presence of activated CD8+ T-and B-lymphocytes, neu-
trophils, macrophages and dendritic cells in the bronchial
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mucosa, together with increased levels of pro-inflammatory
mediators [e.g. IL-6, IL-1b, tumour necrosis factor (TNF)-a,
Gro-a, MCP-1 and IL-8] in the lung (Saetta et al., 1993; Riise
et al., 1995; Vassallo et al., 2008). These cell types persist even
in the absence of overt infection (Barnes, 2003). It has been
hypothesized that an increased oxidant burden, both directly
as a result of smoking, or indirectly by the release of increased
amounts of reactive oxygen species from airspace leukocytes
may not be sufficiently counteracted by the lung’s antioxi-
dant systems, resulting in oxidant stress. Excessive oxidants
may then lead to an increase in pro-inflammatory gene
expression and protein release, inactivation of anti-proteases
and oxidative tissue injury leading to COPD. Exacerbations of
COPD are considered to reflect a worsening of the underlying
chronic inflammation in the airways and are characterized by
a marked elevation in neutrophils and their markers (e.g.
neutrophil elastase) in the airways (Qiu et al., 2003; Drost
et al., 2005), together with a significant increase in cytokines
such as IL-8 and TNF-a, which are known to act as chemoat-
tractants for neutrophils (Drost et al., 2005). Interestingly, a
significant correlation has been observed between the per-
centage of neutrophils in bronchoalveolar lavage fluid and
severity of airways obstruction assessed by FEV1/FVC ratio
(Drost et al., 2005). Increases in eosinophils have also been
reported in patients undergoing exacerbations of chronic
bronchitis (Saetta et al., 1994).

Chronic obstructive pulmonary disease is also characterized
by goblet cell hyperplasia and submucosal gland hypertrophy
associated with loss of ciliated epithelial cell numbers and
function, which leads to reduced mucociliary clearance and
mucus plug formation (Maestrelli et al., 2001). Hyper-
production of mucus, together with reduced mucociliary
clearance is thought to also contribute to the airways obstruc-
tion observed in COPD (Rogers, 2005).

Cyclic adenosine monophosphate (cAMP) and cyclic gua-
nosine monophosphate (cGMP) are second messengers that
regulate a number of critical cellular processes such as
metabolism, cell proliferation and differentiation, secretion,
vascular and airway smooth muscle relaxation and the release
of inflammatory mediators (Beavo and Brunton, 2002). The
phosphodiesterase (PDE) enzyme family hydrolyses, cAMP
and cGMP, to inactive 5′AMP and 5′GMP respectively, and
thus inhibition of PDEs represents a potential mechanism by
which cellular processes can be modulated (Conti et al.,
2003). Eleven major PDE gene families have been identified,
denoted PDE1–11, which differ in primary structures, affini-
ties for cAMP and cGMP, responses to specific effectors, sen-
sitivities to specific inhibitors and mechanisms of regulation
(Bingham et al., 2006). Each family contains at least one
member, and in some cases the members are products of more
than one gene.

PDE4 is described as a low km (~1–10 mM) cAMP-specific PDE
with only a weak affinity for cGMP (km > 50 mM). The PDE4
family is comprised of four genes (PDE4A, B, C, D), with each
gene having multiple splice variants. PDE4 gene products
have a broad tissue distribution; including the brain, gas-
trointestinal tract, spleen, lung, heart, testis and kidney
(Zhang et al., 2005). In addition PDE4 is expressed in almost
all inflammatory cell types except blood platelets (Peachell
et al., 1992; Giembycz et al., 1996; Ito et al., 1996; Gantner

et al., 1998; Wright et al., 1998;Baroja et al., 1999; Fuhrmann
et al., 1999; Liu and Maurice, 1999; Wang et al., 1999;
Landells et al., 2001; LeJeune et al., 2002; Pryzwansky and
Madden, 2003; Barber et al., 2004; Netherton and Maurice,
2005; Tilley and Maurice, 2005; Millen et al., 2006; Netherton
et al., 2007; Peter et al., 2007; Billington et al., 2008; Campos-
Toimil et al., 2008).

PDE3 hydrolyses both cAMP and cGMP with relatively high
affinities (km cAMP < 0.4 mM; km cGMP < 0.3 mM); however, the
Vmax for cAMP hydrolysis is nearly 10-fold higher than for
cGMP. Two genes have been identified for PDE3 known as
PDE3A and PDE3B that have >80% amino acid identity for the
catalytic region. Splice variants have only conclusively been
demonstrated for the 3A isoform. PDE3A is expressed in plate-
lets, as well as in vascular smooth muscle, cardiac myocytes,
oocytes (Shakur et al., 2001) and B-lymphocytes (Gantner
et al., 1998). PDE3B is relatively highly expressed in adipo-
cytes, hepatocytes and spermatocytes, but can also be
detected in vascular smooth muscle cells, the pancreas,
T-lymphocytes and macrophages (Shakur et al., 2001). To
date, there have been no inhibitors described that clearly
distinguish between PDE3A and PDE3B, although there are
two reports of compounds showing approximately 10-fold
selectivity (Sudo et al., 2000; Edmondson et al., 2003).

While PDE4 inhibitors are very efficacious at inhibiting
pro-inflammatory mediator release from certain cell types
(e.g. neutrophils, eosinophils) (Banner et al., 1996; Hatzel-
mann and Schudt, 2001; Trevethick et al., 2007a), there is
evidence to suggest that dual inhibition of PDE3 and PDE4 is
additive or synergistic at suppressing the activation/functions
of other cell types, which are thought to play a role in COPD
(e.g. macrophages, dendritic cells, epithelial cells, lympho-
cytes, airway smooth muscle cells and endothelial cells)
(Schudt et al., 1993; Giembycz et al., 1996; Wright et al., 1998;
Blease et al., 1998; Gantner et al., 1999). In addition, PDE4 or
PDE3 inhibitors alone are unable to inhibit spasmogen-
induced contraction of human airway, but in combination act
synergistically (Schmidt et al., 2000). PDE4 inhibitors have
also been shown to activate the cystic fibrosis transmembrane
conductance regulator (CFTR)-mediated Cl- secretion, sug-
gesting they may be able to stimulate mucociliary clearance
(Liu et al., 2005), and a PDE3 inhibitor has been shown to
inhibit cough (Ishiura et al., 2005). This diverse spectrum of
biological effects has thus implicated PDE4 and PDE3/4
inhibitors as potential therapeutic agents for a range of
disease indications including COPD. Orally administered
non-isoform-selective PDE4 inhibitors, do, however, have a
low therapeutic ratio. It is conceivable that administration of
a dual PDE3/4 inhibitor by the inhaled route may offer
increased efficacy with a reduced side effect potential versus
an orally administered PDE4 inhibitor.

In vitro effects of PDE3 and PDE4 inhibitors along
with evidence for synergy

Monocyte and macrophage
Macrophage numbers are significantly increased in bronchial
biopsies from patients with COPD (O’Shaughnessy et al.,
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1997), and subepithelial macrophages increase with severity
of disease and the presence of airways obstruction (Di Stefano
et al., 1998). Given the capacity of the macrophage to release
a range of pro-inflammatory mediators that are increased in
COPD patients, this cell type has been implicated in the tissue
injury associated with COPD.

All four subtypes of PDE4 have been detected in human
lung macrophages and peripheral blood monocytes (Tenor
et al., 1995; Barber et al., 2004), and PDE3B has been detected
in macrophages (Shakur et al., 2001). Interestingly, PDE4A4 is
up-regulated in lung macrophages from smokers with COPD
compared with control smokers (Barber et al., 2004), and
increased amounts of PDE4A4 and PDE4B2 have been
detected in peripheral blood monocytes from smokers versus
non-smokers (Barber et al., 2004). Indeed, PDE4B2 appears to
be the predominant PDE isoform in human monocytes (Wang
et al., 1999) and is selectively induced by lipopolysaccharide
(LPS). This induction is inhibited by IL-4 and IL-10. PDE4
inhibitors are capable of completely abolishing LPS-
stimulated TNF-a release from peripheral blood monocytes
(Molnar-Kimber et al., 1993; Manning et al., 1999) and inter-
estingly, in PDE4B-/- mice (but not PDE4D-/- mice), there is a
marked reduction in the ability of LPS to stimulate TNF-a
release from peripheral blood leukocytes (Jin and Conti,
2002), suggesting a key role for PDE4B in this response.
Further support for PDE4B involvement in LPS-induced
TNF-a release from monocytes can be derived from a separate
study demonstrating that mean IC50 values for inhibition of
LPS-stimulated TNF-a release significantly correlated with
compound potency against the catalytic activity of recombi-
nant human PDE4B (and PDE4A), but not the catalytic activ-
ity of recombinant human PDE4D (Manning et al., 1999). In
contrast to studies with monocytes however, only a partial
inhibitory effect of PDE4 inhibitors is observed on LPS-
stimulated TNF-a release from human alveolar macrophages
(Schudt et al., 1993). This appears to be due to the presence of
PDE3B (Shakur et al., 2001), as a dual PDE3/4 inhibitor can
completely suppress this effect (Schudt et al., 1993). This
clearly suggests that combined inhibition of PDE3 and PDE4
is required for maximal inhibition of pro-inflammatory
mediator release from macrophages.

Dendritic cells
A significant increase in dendritic cells has been observed in
the small airways of patients with COPD, with a positive
correlation between dendritic cell infiltration and disease
severity (Demedts et al., 2007).

PDE3 and PDE4 have been identified in monocyte-derived
dendritic cells (Gantner et al., 1999) with PDE4A appearing to
be the predominant PDE4 isoform (Heystek et al., 2003),
although PDE4B and D are also present (Heystek et al., 2003).
Interestingly, while the PDE4 inhibitor rolipram only partially
inhibited (by 37%) LPS-stimulated TNF-a release from den-
dritic cells, and the PDE3 inhibitor, motapizone, only had a
minimal inhibitory effect, in combination, rolipram and mot-
apizone acted in a synergistic manner to reduce TNF-a pro-
duction in dendritic cells by 82% (Gantner et al., 1999).
Similar to the macrophage, this also suggests that dual inhi-

bition of PDE3 and PDE4 is required to effectively suppress
the pro-inflammatory activity of dendritic cells.

Lymphocytes
Increased numbers of CD3+ and CD8+ T-lymphocytes have
been found in bronchial biopsies from COPD patients versus
normal people (O’Shaughnessy et al., 1997).

PDE4A, B and D (but not PDE4C) and PDE3 has been
detected in human T- and B-lymphocytes (Giembycz et al.,
1996; Gantner et al., 1998; Baroja et al., 1999; Landells et al.,
2001; Barber et al., 2004). In terms of PDE3 isoform expres-
sion, PDE3A has been detected in B-lymphocytes (Gantner
et al., 1998), and PDE3B has been identified in T-lymphocytes
(Shakur et al., 2001).

In a recent study PDE4 subtype-specific siRNAs were used to
investigate the functional impact of subtype-specific knock-
down on anti-CD3/CD28-stimulated cytokine release from
CD4+ T-cells. Knockdown of PDE4B or PDE4D (but not
PDE4A) inhibited IL-2 release, whereas knockdown of
PDE4D showed the most predominant inhibitory effect on
interferon-g and IL-5 release (Peter et al., 2007). PDE4 inhibi-
tors have also been shown to partially inhibit IL-4 and IL-5
gene expression in TH2 cells (Essayan et al., 1997), together
with IL-4 and IL-5 release from human CD4+ T-cells (Tenor
et al., 1996). In contrast, a separate study demonstrated that
specific inhibition of PDE4 had no significant effect on TH2
cell-mediated IL-4 or IL-13 generation, but preferentially
inhibited TH1 cell cytokine generation (IFN-g) (Claveau et al.,
2004). PDE4 inhibitors have also been shown to partially
inhibit phytohaemagglutinin and anti-CD3/CD28-stimulated
proliferation of CD4+ and CD8+ T-cells (Giembycz et al., 1996;
Hatzelmann and Schudt, 2001). In a separate study dual
PDE4A/B- and PDE4D-selective inhibitors inhibited antigen-
stimulated human T-cell proliferation, with mean IC50 values
significantly correlating with compound potency against the
catalytic activity of recombinant PDE4A or B, but not with
catalytic activity of recombinant PDE4D (Manning et al.,
1999). In contrast, a PDE4D siRNA (but not PDE4A or B
siRNAs) also significantly inhibited anti-CD3/CD28-
stimulated CD4+ proliferation (Peter et al., 2007). The reason
for this apparent difference in PDE4 subtype involvement in
this proliferative response is unclear, but could be related to
the fact that different T-cell populations were used, or the fact
that different stimuli were used to elicit proliferation. As with
macrophages and dendritic cells, there is evidence for PDE3
and PDE4 inhibitors acting synergistically. Specifically, while
the PDE4 inhibitor, rolipram only partially inhibited (by
40–60%) mitogen-stimulated IL-2 release from CD4+ and
CD8+ human T-cells (Giembycz et al., 1996; Hatzelmann and
Schudt, 2001) and the PDE3 inhibitor, SK&F 95654 had no
effect alone, SK&F 95654 potentiated the ability of rolipram
to suppress mitogen-stimulated IL-2 release (Giembycz et al.,
1996).

Airway epithelial cells
In addition to their role in lung defence, airway epithelial
cells are believed to play an integral role in the pathophysi-
ology of airway diseases such as COPD through their ability to
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release multiple pro-inflammatory and pro-remodelling
mediators (Wright et al., 1998). Indeed, the lung epithelium is
one of the first targets of cigarette smoke. In addition, CFTR is
the primary cAMP-activated chloride channel on the apical
membrane of airway epithelia, and thus plays an integral role
in controlling the electrolyte/fluid balance and regulating
mucociliary clearance (Liu et al., 2005). Indeed activation of
CFTR has the potential to enhance mucociliary clearance,
which may be of benefit in COPD.

PDE4A, C and D and PDE3 are expressed in human airway
epithelial cells (Dent et al., 1998; Wright et al., 1998; Fuhr-
mann et al., 1999). Interestingly, the PDE4 inhibitor, rolip-
ram, only partially inhibited IL-1b-stimulated GMCSF release
from human airway epithelial cells and A549 cells; whereas
treatment with a dual PDE3/4 inhibitor (ORG-9935) com-
pletely suppressed this effect (Wright et al., 1998). In addition,
while the PDE4 inhibitor, rolipram inhibited LPS-stimulated
IL-6 release from human airway epithelial cells, relatively
high concentrations were required to see an inhibitory effect,
with an IC50 of 24 mM, suggesting the effect could have been
mediated through other PDE enzymes such as PDE3 (Haddad
et al., 2002). It would thus appear that dual inhibition of
PDE3 and PDE4 is required to maximally suppress pro-
inflammatory mediator release from epithelial cells. In addi-
tion, inhibition of PDE4 (in particular the D isoform) and also
inhibition of PDE3 has been shown to activate CFTR-
mediated chloride secretion in an epithelial cell line (Kelley
et al., 1995; Liu et al., 2005) suggesting that PDE3/4 inhibitors
may have additional benefit in COPD by being able to
enhance mucocilary clearance.

Airway smooth muscle
Vagal tone is increased in airway inflammation associated
with COPD resulting from exaggerated acetylcholine release
and enhanced expression of downstream signalling compo-
nents in airway smooth muscle (reviewed by Gosens et al.,
2006).

PDE3 together with PDE4B and D are expressed in human
airway smooth muscle cells (Rabe et al., 1993; LeJeune et al.,
2002; Billington et al., 2008). Some studies have demon-
strated that PDE4 inhibitors can relax inherent tone in iso-
lated human bronchial muscle (Naline et al., 1996; Schmidt
et al., 2000), while other studies have found that PDE3 or
PDE4 inhibitors alone are ineffective, but in combination
effectively relax inherent tone (Rabe et al., 1993). In addition,
PDE3 or PDE4 inhibition alone had no effect on allergen- or
LTC4-induced contraction of human airway smooth muscle,
but in combination acted synergistically to inhibit contrac-
tion (Schmidt et al., 2000). Interestingly, in a study using
siRNA targeted to PDE4D5, this PDE4 splice variant
was shown to be the key physiological regulator of b2

adrenoceptor-induced cAMP turnover within human airway
smooth muscle (LeJeune et al., 2002; Billington et al., 2008).
Further evidence to support a key role for the D isoform in the
contractile response of airway smooth muscle can be derived
from a study with PDE4D-/- mice, in which a significant dis-
ruption in airway smooth muscle contractility was observed
in isolated tracheas from PDE4D-/- mice, highlighted by a
marked reduction in maximal tension and reduced sensitivity
to muscarinic cholinergic agonists (Méhats et al., 2003).

It is likely that airway smooth muscle cells also contribute
to airway remodelling observed in COPD, through the release
of growth factors, cytokines and extracellular matrix (ECM)
proteins (Burgess et al., 2006). Interestingly, the PDE4 inhibi-
tor roflumilast can inhibit both transforming growth factor
(TGF)-b-induced fibronectin deposition in human airway
smooth muscle cells and also TGF-b-induced CTGF, collagen I
and fibronectin expression in human bronchial tissue rings
(Burgess et al., 2006).

Airway nerves
Airway smooth muscle receives cholinergic, adrenergic and
non-adrenergic, non-cholinergic (NANC) neural input. In
guinea-pig airways cholinergic and NANC nerves provide
contractile innervation, while adrenergic and NANC nerves
provide relaxant pathways. In contrast, the major relaxant
innervation in human airways is NANC in nature. PDE3 and
to a greater extent PDE4 inhibitors have been shown to
inhibit NANC contractions in guinea-pig isolated bronchus
while having no effect on electrical field-stimulated cholin-
ergic contractions (Qian et al., 1994; Undem et al., 1994). In
addition, PDE4 inhibitors have been shown to potentiate
NANC relaxation of human isolated bronchus (Fernandes
et al., 1994). This data are reviewed by Fernandes (1996) in
detail. Modulation of the neural control of airway smooth
muscle may thus represent another mechanism by which
PDE3 and PDE4 inhibitors can influence airways function.

Endothelial cells
The endothelium acts as a major permeability barrier of the
blood vessel wall and facilitates the transmigration of blood
cells to tissue, through expression of adhesion molecules.
Inhibition of adhesion molecule expression could thus be one
potential strategy to inhibit excessive recruitment of inflam-
matory cells to the lungs.

Human aortic, umbilical vein and microvascular endothe-
lial cells express PDE4A, B and D (Netherton and Maurice,
2005; Netherton et al., 2007; Campos-Toimil et al., 2008) and
PDE3 (Suttorp et al., 1993; Suttorp et al., 1996). While, inhi-
bition of PDE4 in combination with appropriate activation of
adenylate cyclase could inhibit TNF-a-induced E-selectin
expression on human lung microvascular endothelial cells
(Blease et al., 1998), combined inhibition of PDE3 and PDE4
had a synergistic inhibitory effect on vascular cell adhesion
molecule-1 expression and eosinophil adhesion to activated
human lung microvascular endothelial cells (Blease et al.,
1998).

In addition to the role of the endothelium in facilitating
transmigration of cells, during inflammation, leukocytes may
damage endothelial cells resulting in an increased vascular
permeability (Suttorp et al., 1993). The PDE4 inhibitor, rolip-
ram has been shown to potently block H2O2-induced endot-
helial permeability when combined with PGE1 (Suttorp et al.,
1993), thus suggesting this may be an additional beneficial
effect of PDE4 inhibition.

Fibroblasts
Pulmonary fibroblast to myofibroblast conversion is a patho-
physiological feature of COPD (Dunkern et al., 2007), which
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results in an increase in the production of ECM degrading
enzymes. Matrix metalloproteinases (MMPs) are involved in
the proteolytic degradation of the ECM and are thus thought
to play an important role in the destruction of the elastin
fibres in the lung parenchyma of COPD patients. Therapies
that mitigate the fibrotic process may thus be able to slow
progressive loss of airways function observed in COPD.

PDE4 is expressed in human fibroblasts, although the sub-
type(s) present have not yet been defined (Dunkern et al.,
2007). The PDE4 inhibitor, piclamilast, has been shown to
inhibit lung fibroblast to myofibroblast differentiation
(induced by TGF-b) (Dunkern et al., 2007). In addition, PDE4
inhibitors can inhibit TNF-a-stimulated pro-MMP1 and pro-
MMP2 release from human lung fibroblasts (Martin-Chouly
et al., 2004; Lagente et al., 2005) as well as the chemotaxis of
fetal lung fibroblasts towards fibronectin (Kohyama et al.,
2002).

Neutrophils
Neutrophils are thought to play a pivotal role in chronic lung
inflammation and tissue destruction present in COPD
through their ability to release many toxic substances such as
proteases and oxygen radicals, which cause tissue injury and
remodelling (Watt et al., 2005; Tirouvanziam, 2006).

PDE4A, B and D are expressed in human neutrophils (Wang
et al., 1999; Pryzwansky and Madden, 2003; Barber et al.,
2004) with evidence that PDE4B2 is the predominant PDE4
isoform (Wang et al., 1999). PDE4A is exclusively located
within a subset of myeloperoxidase containing neutrophil
granules (Pryzwansky and Madden, 2003). PDE4 inhibitors
can inhibit the release of a range of pro-inflammatory media-
tors from human neutrophils. For example, they inhibit
fMLP-stimulated release of LTB4 and reactive oxygen species
(Hatzelmann and Schudt, 2001; Trevethick et al., 2007a),
together with the fMLP/TNF-a-stimulated release of MMP-9
and neutrophil degranulation products such as neutrophil
elastase and myeloperoxidase (Jones et al., 2005). PDE4
inhibitors can also inhibit platelet activating factor (PAF)-
induced CD11b expression and L-selectin shedding by ~50%
(Berends et al., 1997) and also TNF-a- and fMLP-mediated
neutrophil adhesion to human umbilical vein endothelial
cells (Derian et al., 1995; Jones et al., 2005). PDE4 inhibitors
have also been shown to delay spontaneous human neutro-
phil apoptosis (Parkkonen et al., 2008).

Eosinophils
Eosinophils can release a plethora of pro-inflammatory
mediators, which cause tissue injury, remodelling and con-
traction of smooth muscle (Watt et al., 2005), and elevated
numbers of eosinophils have been detected in lung secretions
and subepithelial regions of central airway wall of individuals
undergoing exacerbations of chronic bronchitis (Saetta et al.,
1994).

PDE4A, B and D, but not PDE3, have been detected in
human eosinophils, with evidence to suggest that PDE4A is
exclusively located in all eosinophil granules (Pryzwansky
and Madden, 2003). A range of PDE4 inhibitors have been
shown to inhibit fMLP-stimulated release of reactive oxygen

species from human eosinophil (Hatzelmann and Schudt,
2001) as well as inhibiting C5a and PAF-stimulated LTC4 syn-
thesis (Tenor et al., 1996). PDE4 inhibitors can also inhibit
PAF-induced CD11b expression and L-selectin shedding by
~50% (Berends et al., 1997), P- and E-selectin expression (Sanz
et al., 2002) and also C5a and PAF-stimulated eosinophil
chemotaxis (Tenor et al., 1996; Cooper et al., 1999). In addi-
tion, they have also been shown to delay spontaneous human
eosinophil apoptosis (Parkkonen et al., 2008).

Mechanisms underlying synergy

The mechanism(s) underlying the apparent synergistic effects
of dual PDE3/4 inhibition are unclear. Interestingly, it has
been reported that PDE3 inhibitors alone have little or no
effect on total intracellular cAMP levels in T-lymphocytes
(Giembycz et al., 1996), and they do not further enhance the
cAMP accumulation induced by rolipram in polymorpho-
nuclear cells (Denis and Riendeau, 1999). It has, however,
been suggested that PDE3 (which is predominantly localized
to the particulate cellular fraction) and PDE4 (which is pre-
dominantly cytosolic) may regulate different pools of cAMP
(Denis and Riendeau, 1999).

In vivo effects of PDE3 and PDE4 inhibitors and
evidence for efficacy via the inhaled route

In acute cigarette smoke exposure studies in mice, oral treat-
ment with the PDE4 inhibitor, cilomilast inhibited neutrophil
recruitment to the lung as well as suppressing the increase in
MIP-1b in bronchoalveolar lavage fluid (Leclerc et al., 2006),
and in a separate study, oral treatment with roflumilast par-
tially inhibited neutrophil influx to the lung (Martorana et al.,
2005). In more chronic cigarette smoke exposure studies, rof-
lumilast (oral treatment for 7 months) has been shown to
fully prevent emphysema in mice (Martorana et al., 2005),
and the PDE4 inhibitor, GPD-1116 (oral treatment for 8
weeks) also markedly attenuated the development of cigarette
smoke-induced emphysema in the senescence-accelerated
mice P1 strain (Mori et al., 2008). PDE4 inhibitors have also
been shown to reduce MMP-9 and TGF-b release during LPS-
induced lung injury in mice (Lagente et al., 2005).

Local administration of PDE4 and dual PDE3/4 inhibitors
directly to the lung has also been shown to be effective at
inhibiting LPS-induced neutrophil recruitment to the lung in
a range of species: rats (Kuss et al., 2003; Trevethick et al.,
2007b), ferrets (Kuss et al., 2003) and pigs (Kuss et al., 2003).
In addition local administration of an inhaled PDE3/4 inhibi-
tor, SDZ ISQ 844 in dogs decreased airways responsiveness to
inhaled methacholine at a dose that did not affect base-line
respiratory resistance (Horikoshi et al., 1994).

In studies with PDE4 subtype deficient mice, PDE4B and
PDE4D (but not PDE4A) appeared to be important in medi-
ating LPS-induced neutrophil recruitment to the lung, as neu-
trophil migration was inhibited by 31% and 48% in PDE4B-/-

and PDE4D-/- mice respectively. These effects were associated
with a reduction in the expression of CD18, but not CD11
(Ariga et al., 2004) (Table 1), suggesting that PDE4B and
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PDE4D inhibition of adhesion molecule expression may con-
tribute to the reduced neutrophil recruitment.

Adverse effects of PDE3 and PDE4 Inhibitors

The therapeutic window of orally administered selective PDE4
inhibitors in clinical trials is limited by gastrointestinal side
effects of nausea, vomiting, diarrhoea, abdominal pain and
dyspepsia, although some of these appear to resolve with
continued treatment. Regulatory agencies are however par-
ticularly concerned by the development of mesenteric vascu-
litis in laboratory animals.

Mesenteric vasculitis has, however, never been seen in man.
Indeed mesenteric vasculitis has never been seen in people
treated for many years with bronchodilator doses of theo-
phylline, a regime that produces medial necrosis of mesen-
teric vessels in rats (Collins et al., 1988; Nyska et al., 1998).
Rats and dogs may have an increased susceptibility to drug-
induced vascular legions as arteriopathies commonly occur in
these species (Bishop, 1989; Ruben et al., 1989), and species
differences have been shown to exist in terms of both PDE4
expression and the functional effects of PDE4 inhibitors. For
example, a recent study demonstrated that levels of PDE4
enzyme activity are much higher in rats than humans in
multiple tissues, which could explain why rats are more sus-
ceptible to PDE4 inhibitor-induced toxicities (Bian et al.,
2004). In addition, the PDE4 inhibitor IC542 (structure not
available) markedly enhanced LPS-induced IL-6 release from
rat whole blood (Dietsch et al., 2006), but did not potentiate
LPS-induced IL-6 release from human or non-human primate
blood. In addition while, cilomilast caused medial necrosis
of mesenteric arteries in rodents, these findings were not

observed in comparable studies in primates (http://
www.fda.gov/ohrms/dockets/ac/03/slides/3976S1_01_Glaxo–
Ariflo.ppt). There is however, one report of the PDE4
inhibitor, SCH 351591, causing arteriopathy in nonhuman
primates (Losco et al., 2004). Vasculitis, thus, clearly requires
careful monitoring in man, and indeed current research is
focused on identifying potential predictive biomarkers. While
the vascular lesions in rats have been well characterized his-
tologically, only very little was known, until recently, about
their pathogenesis. Interestingly, tissue inhibitor of metallo-
proteinase 1 appears to be an early and sensitive predictive
biomarker of the inflammatory and tissue remodelling com-
ponents of PDE4 inhibitor-induced vascular injury in rats
(Dagues et al., 2007).

Some insight into the potential subtypes responsible for
mediating side effects of PDE4 inhibition can be gleaned from
studies with subtype knockout mice, although clearly poten-
tial species differences need to be borne in mind. Table 1
summarizes published data on phenotypes of PDE4A-/-, B-/-

and D-/- mice. We are not aware of any published reports of
PDE4C-/- mice. PDE4A-/- and B-/- mice have normal neonatal
growth survival and fertility, whereas this is impaired in
PDE4D-/- mice (Lehnart et al., 2005). Specifically, PDE4D-/-

mice have been shown to suffer from various cardiovascular
complications (Lehnart et al., 2005) (summarized in Table 1).
PDE4D-/-, but not PDE4B-/- mice have shortened a2

adrenoceptor-mediated anaesthesia, which is thought to be a
behavioural correlate of emesis (Robichaud et al., 2002), and
thus it has been suggested that the D isoform is responsible
for the emesis that has been observed with orally adminis-
tered PDE4 inhibitors. In addition, it has recently been sug-
gested that a rat model of conditioned gating can detect the
nauseating properties of PDE4 inhibitors (Rock et al., 2009)

Table 1 Phenotypes of PDE4A, B and D knockout mice

PDE4A PDE4B PDE4D

Physiological
Neonatal growth, survival and fertility Normal Normal Impaired

Anti-inflammatory
LPS-stimulated TNF-a release from circulating
leukocytes

Normal 90% Reduction Normal

LPS-induced neutrophil recruitment to lung Normal 31% Reduction 48% Reduction
Airway contractility

Allergen and cholinergic agonist-induced increase
in airway hyper-reactivity

Reduced Reduced Absent

Cholinergic agonist-induced tracheal contractility Normal Normal 34% Reduction in maximum
efficacy; fivefold reduction
in sensitivity

Cardiovascular
Myocyte contraction rate mediated by b2

adrenoceptor
Normal Normal Increased

Progressive age-related cardiomyopathy Not reported Not reported Increased versus wt mice
Exercise-induced arrhythmias Not reported Not reported Observed in 100% mice

Emesis
PDE4 inhibitor-induced shortening of a2

adrenoceptor-mediated anaesthesia (behavioural
correlate of emesis)

Not reported Normal Reduced

Depressive behaviour Not reported Display depressive behaviour Not reported
Anxiogenic behaviour Not reported Display anxiogenic-like behaviour Normal

References: Hansen et al. (2000); Jin and Conti (2002); Robichaud et al. (2002); Zhang et al. (2002); Méhats et al. (2003); Ariga et al. (2004); Lehnart et al. (2005);
Siuciak et al. (2008); Zhang et al. (2008).
LPS, lipopolysaccharide; PDE, phosphodiesterase; TNF, tumour necrosis factor.
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PDE3 inhibitors were developed in the 1980s as ‘safer’ alter-
natives to cardiac glycosides for the treatment of dilated car-
diomyopathy, and in the short term, beneficial effects on the
force of myocardial contraction and vascular smooth muscle
tone were reported. However, chronic treatment resulted in a
significant increase in mortality (Movsesian and Alharethi,
2002). The PDE3 inhibitor, milrinone, is however, currently
used clinically in the short-term therapy of severe congestive
heart failure. In addition, PDE3 inhibitors have been shown
to cause arteritis in rats and dogs (Joseph, 2000). The relative
contribution of PDE3A and B to these adverse effects is
however unclear, as these inhibitors inhibit both PDE3 iso-
forms. Some insight into the potential roles of PDE3A and 3B
can be derived from knockout mouse studies, and the pheno-
types of PDE3A-/- and PDE3B-/- mice are summarized in
Table 2. PDE3A-/- and PDE3B-/- mice have normal neonatal
growth and survival, but PDE3A-/- mice have an increased
heart rate and are infertile (Masciarelli et al., 2004). PDE3B-/-

mice do not share these characteristics (Table 2). Metabolic
dysregulation including systemic insulin resistance has,
however, been observed in PDE3B-/- mice (Choi et al., 2006).

Given that additive and synergistic effects of dual PDE3/4
inhibition have been observed in terms of efficacy end points,
a clear concern is that additive or synergistic effects could also
be seen with adverse events. The phenotype of dual PDE3-/-

and PDE4-/- mice would clearly be of interest, but we are not
aware of such mice being available. It is of interest, however,
that while selective inhibition of PDE3 or PDE4 in wild-type
cardiomyocytes elevated calcium transients, sarcoplasmic
reticulum Ca2+ content and phospholamban phosphorylation
(Kerfant et al., 2007), combined PDE3 and PDE4 inhibition
caused no further increases in sarcoplasmic reticulum func-
tion. The reason for this perhaps unexpected finding is
unclear, but could be related to compartmentalization of
pools of cAMP. Nevertheless, no preclinical findings were
identified in toxicology studies that prevented some dual
PDE3/4 inhibitors progressing to early clinical trials.

Published dual PDE3/4 inhibitors

Compounds reaching clinical trials
There are few dual PDE3/4 inhibitors to date that have been
published as reaching clinical trials. Two of the more well-
known compounds are zardaverine (Nycomed, Zurich, Swit-
zerland) and benafentrine (aka AH-21-132, Sandoz, Novartis,
Basel, Switzerland) (Figure 1).

Zardaverine (1) is a 6-phenyl-2H-pyridazin-3-one from
Nycomed, which has reported IC50 values on human PDE3
and PDE4 as 110 nM and 210 nM respectively (Pitts et al.,
2004) and has shown bronchodilation (Hoymann et al., 1994;
Underwood et al., 1994) and anti-inflammatory (Schudt et al.,
1991) activity in animal models. In 1995, results were
reported of a PhII clinical trial in which zardaverine was tested
in 10 patients with partially reversible chronic airflow
obstruction. Zardaverine was administered by metered dose
inhaler at single doses of 1.5 mg, 3.0 mg or 6.0 mg, and com-
pared with salbutamol (0.3 mg) and placebo (administered on
separate days). In this trial, salbutamol induced a significant
bronchodilatation, whereas zardaverine did not improve
airway function. Unwanted effects of the study medication
were not observed (Ukena et al., 1995). The results are some-
what surprising, given that the compound had been previ-
ously shown (Brunnee et al., 1992) to have a modest and
short-lasting bronchodilating activity when give by inhala-
tion to 12 patients with reversible bronchial obstruction. In
this study, four puffs of either zardaverine (total dose 6 mg) or
placebo were inhaled at 15 min intervals. Compared with
placebo, specific airway conductance (sGaw) and FEV1

increased significantly during the first hour of repeated inha-
lations. In seven patients FEV1 increased by >15%, but the
duration of action varied considerably between patients.
Three patients complained of side effects (headache, drowsi-
ness, vertigo, nausea), and one of these dropped out of the
study due to vomiting. At best then, zardaverine appears to
have a fairly modest and certainly short-lived effect
bronchodilatory effect in man and appears to have been
discontinued as a drug candidate.

Benafentrine (2) is a benzonaphthyridine derivative that
inhibits PDE3 from guinea-pig platelets with an IC50 of
1.74 mM and PDE4 from guinea-pig neutrophils with an IC50

of 1.76 mM (Hatzelmann et al., 1996). Despite the fact that
this compound is a relatively weak inhibitor of the PDE3 and
PDE4 enzymes, it has been tested in man. Normal human
subjects were dosed with benafentrine at doses up to 90 mg
orally, but no bronchodilator activity was seen after metha-
choline challenge. However, when given by inhalation,
benafentrine produced a dose-dependent bronchodilation to
methacholine challenge, with an ED50 of approximately
9.2 mg. Interestingly the drug was also given by i.v. infusion
(at 20 or 40 mg), in which capacity a short-lived bronchodi-
latation was also observed without affecting blood pressure or
heart rate (Foster et al., 1992). Unfortunately, a detailed analy-
sis of pharmacokinetic data is missing from this report;
however, the study does imply that an inhaled approach
directly to the airways smooth muscle may give the best
therapeutic benefit in obstructive airways disease. Despite
these encouraging early results, benafentrine appears to have
been discontinued as a drug.

Pumafentrine (3, Figure 2) is a compound from Nycomed,
which has entered the clinic more recently and has reported
IC50 values for PDE3 and PDE4 of 28 nM and 7 nM respec-
tively (Dony et al., 2008). Also known as BY343, this com-
pound is of the benzonaphthyridine class, and similar in
structure to benafentrine – the differences being in the
reversed amide, and the ethoxymethoxycatechol. This com-
pound was believed to have been in PhII clinical trials for the

Table 2 Phenotypes of phosphodiesterase (PDE)3A and B
knockout mice

PDE3A PDE3B

Physiological
Neonatal growth
and survival

Normal Normal

Fertility Infertile Metabolic dysregulation including
systemic insulin-resistant

Cardiovascular Increased
heart rate

Normal heart rate

References: Masciarelli et al. (2004); Choi et al. (2006); Sun et al. (2007).
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treatment of asthma, but was discontinued in 2002 due to a
failure to meet expectation regarding duration of action. It
has been speculated that the focus shifted to an active
metabolite of pumafentrine – hydroxypumafentrine (exact
structure unknown) – however there are no published data on
this compound (Giembycz, 2005).

Tolafentrine (4, Figure 2) is from Nycomed and is the third
compound in this benzonaphthyridine class, in this case
replacing the amide with a p-methylphenylsulphonamide.
The compound is variously cited as a dual PDE3/4 inhibitor,
although there is in fact a dearth of published information
regarding the affinity of the drug to each enzyme. The com-
pound has been shown to be effective by inhaled delivery in
rodent models of pulmonary hypertension (Schermuly et al.,
2004; Pullamsetti et al., 2005) and in 2002 was reported to be
in PhI clinical trials for primary pulmonary hypertension
(Bayes et al., 2002) (having previously been described as syn-

ergistically prolonging the vasodilating properties of pros-
tanoid in secondary pulmonary hypertension) (Ghofrani
et al., 2001).

Compounds in preclinical testing
While there is a scarcity of dual inhibitors that have been
tested in man, there are some interesting tool compounds
available and some preclinical candidates that may be
approaching human testing.

The pharmacology of two new PDE3/4 inhibitors (RPL554
and RPL565) has recently been described (Boswell-Smith et al.,
2006) (Figure 3). RPL554 is a trequinsin (PDE3 IC50 = 40 pM,
PDE4 IC50 ~ 400 nM) (Liu et al., 2005) analogue, with reported
IC50 values at human PDE3 and PDE4 of 400 pM and 1.5 mM
respectively (3440¥ selective for PDE3). Compound RPL565 is
similar in structure, but lacks the urea side chain and has an
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ether link to the diisopropylbenzene moiety; this compound
has reported IC50 values of 107 nM and 1.2 mM at human
PDE3 and PDE4 respectively (giving a more balanced 11¥
selectivity for PDE3). Both compounds have been shown to be
effective in an in vivo model of inflammation, inhibiting eosi-
nophil recruitment in ovalbumin-sensitized guinea-pigs at
10 mg·kg-1 p.o. (Boswell-Smith et al., 2006).

These compounds have been tested in preclinical models by
dosing directly to the airways, possibly to support inhaled
delivery in man. Both compounds were shown to
significantly inhibit histamine-induced plasma protein
extravasation in the trachea and histamine-induced bron-
choconstriction after inhaled administration of dry powder
(2.5% RPL554 in lactose, 25% RPL565 in lactose) to the
guinea-pig. Although it is difficult to measure the exact dose
given in such an experiment, 3–5 mg of the lactose blend was
delivered into a ‘volumatic’ chamber nine times in 3 min
prior to the i.v. challenge with histamine. Presumably the idea
behind local delivery of the drugs would be to reduce systemic
side effects. In this experiment, inhalation of RPL554 signifi-
cantly reduced mean arterial blood pressure over 4.5 h by
60% of control, whereas RPL565 had no significant effect on
mean arterial blood pressure compared with controls
(Boswell-Smith et al., 2006). While such results are intriguing,
they can be difficult to interpret further without a full phar-
macokinetic analysis, which is unfortunately not reported.

Of the two compounds, RPL554 appears to be preferred and
it has been reported that it has passed safety and toxicology
studies, allowing Verona pharma to prepare the submissions
in support of regulatory approval for clinical trials with this
compound as a long-acting bronchodilator for allergic respi-
ratory diseases (Verona Pharma website, 2008).

Researchers at the Leiden/Amsterdam Center for Drug
Research have reported the synthesis and structure activity
relationship (SAR) of a new series of potent dual PDE3/4
inhibitors that are cis-tetrahydrophthalazinone/pyridazinone
hybrids and are based around hybrid structures combining
pharmacophores for PDE3 and PDE4 activity combined by a
linker group (Figure 4) (Van der Mey et al., 2003). By follow-
ing this strategy, the team were able to produce compounds
with dual activity. Of these, compound (10) was shown to be
effective in an in vivo model of arachidonic acid – induced ear
oedema in the mouse, giving 44% inhibition at an oral dose
of 16 mg·kg-1 (Van der Mey et al., 2003).

Researchers at Altana Pharmaceuticals have filed a number
of patent applications for benzonaphthyridine derivatives as
dual PDE3/4 inhibitors. The in vitro and in vivo data for these
compounds are not published; however, some representative
structures are illustrated in Figure 5; the compounds do
appear to be continuing the pharmacophore of compounds
such as benafentrine and pumafentrine.

Conclusion and future directions

Dual inhibition of PDE3 and PDE4 would appear to be attrac-
tive from an efficacy perspective to target key pathological
features of COPD, given the broad anti-inflammatory and
bronchodilatory activity of these agents, together with their
potential to stimulate mucociliary clearance. It is clear that
dual inhibition of PDE3 and PDE4 is required to inhibit the
activity of certain key cell types involved in the pathogenesis
of COPD, a fact that may explain in part why selective PDE4
inhibitors have had limited efficacy in the clinic. The key

N

N O

MeO

MeO

N

N
H

O

NH2Me

MeMe

O

N

N O

MeO

MeO

iPr

iPr

N

N

O

N

O

O

(6) RPL554 (7) RPL565

(5) Trequinsin

Figure 3 Trequinsin analogues.

Dual PDE3/4 inhibitors for COPD
900 KH Banner and NJ Press

British Journal of Pharmacology (2009) 157 892–906



N
N O

MeO

MeO

H

H

N
N

N
NH

O

O

O

Cl

MeO

H

H

N
NH

NH

O

O

(8) Phthalazinone
PDE4 IC50=13nM

(10) Hybrid structure
PDE3 IC50=32nM
PDE4 IC50=16nM

(9) LY197055
PDE3 IC50=13nM

Figure 4 A cis-tetrahydrophthalazinone/pyridazinone hybrid.

N
H

N

N

H

H
EtO

MeO

Me

O O

Me

Me

O
N

N

N

H

H
EtO

MeO

Me

O

O

Ph

Me

MeMe

(11) Phenylbenzonaphthyridine Derivative (12) Phenylbenzonaphthyridine Derivative

Figure 5 Benzonaphthyridine derivatives from Altana.

Dual PDE3/4 inhibitors for COPD
KH Banner and NJ Press 901

British Journal of Pharmacology (2009) 157 892–906



challenge would be to develop an agent with a sufficient
therapeutic ratio given the well-known side effects of these
agents. One strategy could be to develop an inhaled agent
that is rapidly cleared from the systemic circulation. Design-
ing an agent with subtype selectivity could also offer an
advantage. Indeed, it would appear from knockout mouse
data together with the expression profile of PDE3B, that a
compound that could selectively inhibit PDE3B, rather than
PDE3A would be beneficial to potentially mitigate cardiovas-
cular risk, although selective inhibitors of PDE3A and PDE3B
would clearly be required to confirm this. It would seem that
PDE4A, B and D (the role of 4C is less clear, although its
expression is much more restricted than the other PDE4 iso-
forms) all play important roles in mediating the anti-
inflammatory effects of PDE4 inhibitors, and that 4D is
involved in the bronchodilator activity, and thus from an
efficacy perspective a non-PDE4 isoform-selective inhibitor
would appear to be the most attractive. A key question that
remains, however, is whether the synergy of PDE3/4 inhibi-
tors could be exploited from an efficacy perspective, without
observing synergistic effects on potential adverse effects.
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