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Chronic obstructive pulmonary disease represents a major global health care burden for both primary and secondary care providers
and is the most common respiratory condition necessitating hospital admission. Short-acting bronchodilators play a vital role in
immediate relief of symptoms, while inhaled long-acting bronchodilators and inhaled corticosteroids are advocated for regular use in
individuals with persistent symptoms and exacerbations. Theophylline is a nonspecific phosphodiesterase inhibitor and is usually
reserved for patients with ongoing symptoms despite optimum inhaled bronchodilator treatment or when difficulty is encountered
with inhaler devices. However, it is often not widely used mainly due to frequency of dose-related adverse effects, numerous drug
interactions and narrow therapeutic index. This in turn has lead to the development of more selective phosphodiesterase inhibitors in
an attempt to create a drug which patients can use with beneficial effects but without the problems associated with theophylline.
Current data do indicate that phosphodiesterase 4 inhibitors confer some benefits in chronic obstructive pulmonary disease when
compared to placebo in terms of lung function, quality of life and exacerbations. They are also generally well tolerated. Further studies
are required to determine fully their long-term beneficial and adverse effect profiles and ultimately where they might comfortably sit in
management algorithms.

Introduction

Chronic obstructive pulmonary disease (COPD) is a
common cause of morbidity and mortality encompassing
large numbers of individuals in both developed and less
well developed countries. It places an enormous burden
upon patients, families, society and primary and second-
ary care providers alike. It is predicted that COPD will
become the world’s third leading cause of mortality and
the fifth most common cause of serious morbidity over
the next 20 years [1]. Since spirometry is increasingly per-
formed in primary care settings, it is anticipated that
earlier diagnosis will become more common, especially if
current or previous cigarette smokers are selectively
screened.

Smoking cessation is the only intervention demon-
strated to slow significantly the inextricable decline in
forced expiratory volume in 1 s (FEV1) characteristic of

COPD and its encouragement remains at the cornerstone
of management [2]. In patients with persistent symptoms,
the principle pharmacological strategy comprises the
regular use of inhaled long acting bronchodilators such as
long acting b2-adrenoceptor agonists and long acting anti-
cholinergics [3]. Inhaled corticosteroids are generally
reserved for those with more severe airflow obstruction
and recurrent exacerbations [4]. An important disadvan-
tage with all of these drugs is that they are delivered by the
inhaled route. Some individuals may dislike such an
approach, while the elderly and those with concomitant
upper limb locomotor problems may have difficulty in
using and co-ordinating hand-held inhaler devices. As a
consequence, poor compliance and suboptimal inhaler
technique may contribute to inadequate drug delivery to
the lungs in patients with obstructive lung disorders [5, 6].
Moreover, it has also been suggested that drug delivery
following inhalation may be suboptimal in COPD
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compared with asthma, mainly due to the different patho-
physiological features [7].

Theophylline, an indiscriminate inhibitor of phosphodi-
esterase, is an oral bronchodilator and anti-inflammatory
agent which has been available for many decades to treat
obstructive lung disorders [8]. However, its widespread use
is often limited due to concerns regarding dose-related
adverse effects, numerous drug interactions and narrow
therapeutic index.This in turn has lead to the development
of a closely related class of drug, phosphodiesterase-4
(PDE4) inhibitors, in an attempt to confer some of the bron-
chodilator and anti-inflammatory effects of theophylline
but exhibit a more favourable adverse effect profile [9].The
current role of PDE4 inhibitors in COPD is yet to be fully
defined but this class of drug does represent an exciting
and timely development in the management of a common
and often disabling condition.

This evidence based review outlines the problems
associated with the use of theophylline and the develop-
ment, pharmacology, clinical effects and potential role of
PDE4 inhibitors in COPD. We also highlight the recent
studies which have evaluated this class of drug. All authors
performed a comprehensive literature search using
Medline, Clinical Evidence and Cochrane library. The fol-
lowing keywords were used in the search: chronic obstruc-
tive pulmonary disease, PDE4 inhibitor, cilomilast,
roflumilast, rolipram, lung function, exacerbations, symp-
toms, quality of life and adverse effects. We also searched
the abstract books from the American Thoracic Society and
European Respiratory Society from 2000 to 2006.

Theophylline

Theophylline is one of the oldest drugs for the manage-
ment of obstructive airways diseases (COPD and asthma)
which is still used today. Despite the modest clinical effi-
cacy of theophylline, it is orally active and inexpensive, in
turn making it an attractive pharmacotherapeutic option,
especially in less developed countries.

Pathophysiology
PDEs (of which at least 11 izoenzymes have been identi-
fied) are important enzymes in the hydrolysis of cyclic
adenosine monophosphate (cAMP) and cyclic guanosine
monophosphate (cGMP) to inactive nucleotides [10]. In
inflammatory cells, the effects of cAMP are largely inhibi-
tory and it plays an important role in dampening the
inflammatory response [11]. Elevated cAMP concentra-
tions are also involved in relaxing smooth muscle in the
airway and modulating sensory nerves in the lung.

Theophylline acts as a nonselective PDE inhibitor in a
variety of cells throughout the body [8]; indiscriminate PDE
inhibition results in an increase in cAMP and cGMP con-
centrations in organs such as the lungs, kidney, brain, heart,
pancreas and liver. It is also thought to have a variety of

other effects such as increased interleukin 10 release,
enhanced apoptosis, inflammatory mediator inhibition,
adenosine receptor antagonism and increased catechola-
mine release [8]. Studies have also demonstrated that
theophylline confers some neutrophil mediated anti-
inflammatory effects [12, 13]. Since histone deacetylase,
which is able to suppress inflammatory gene expression, is
reduced in COPD, it has been suggested that this may be
one reason why corticosteroids have limited efficacy [14].
Previous studies have indicated that theophylline can
actually increase histone deacetylase concentrations and
may as a consequence enhance the responsiveness of
corticosteroids [15].

Use of theophylline in COPD
Theophylline is not considered a first line agent in the
management of COPD. However, current guidelines
suggest that a therapeutic trial should be considered in
patients with persistent symptoms and exacerbations
despite good compliance with inhaled bronchodilators
[16]. Indeed, there are some data which indicate that up to
50% of individuals with more advanced airflow obstruc-
tion may derive benefit to some extent from theophylline
[17]. Theophylline may also be tried in individuals who
have difficulty in using inhaler devices.

Problems encountered with theophylline
Many limitations exist to the more widespread use of theo-
phylline [8]. Since it is a nonselective inhibitor of PDEs,
theophylline indiscriminately inhibits izoenzymes in many
cell types and organs (Figure 1), in part explaining many of
its undesired effects. For example, it often causes dose-
related adverse effects such as gastro-intestinal problems,
cardiac arrhythmias, headaches, irritability, insomnia and
lowering of the seizure threshold. It also interacts with
drugs such as fluoroquinolones, macrolides, lithium,
rifampicin and anticonvulsants. Moreover, in liver cirrhosis
and heart failure there is reduced plasma clearance
leading to increased concentrations, while in cigarette
smokers, the plasma clearance is increased. This all implies
that theophylline doses require to be titrated slowly and
plasma monitoring is required.

The isoenzyme PDE4 is expressed in many pro-
inflammatory cells found in the airway such as neutrophils,
macrophages, eosinophils, mast cells and lymphocytes
[11]. As a consequence, selective PDE4 inhibition confers
an inhibitory effect upon various inflammatory and immu-
nomodulatory cells. It might therefore be assumed that
a theophylline derivative which exhibits more selective
PDE isoenzyme inhibition, could result in greater overall
benefit in the management of COPD. Moreover, newer
theophylline derivatives may not exhibit some of the
effects peculiar to theophylline (such as adenosine recep-
tor antagonism which is implicated in unwanted effects)
[8] and in turn be of overall greater therapeutic efficacy.
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First generation phosphodiesterase
inhibitors

Rolipram was one of early selective PDE4 inhibitors and
demonstrated some promise in animals [11], although its
use resulted in unacceptable levels of nausea and vomit-
ing [18–20]. An important discovery was the fact that PDE4
enzymes exist in both low and high affinity rolipram
binding conformations [21]. Inhibition of high affinity
rolipram binding sites (expressed in the nervous system)
has been hypothesized to be implicated in adverse effects
such as nausea and vomiting, while inhibition of low affin-
ity sites may result in immunomodulatory and anti-
inflammatory effects [22].

Second generation
phosphodiesterase inhibitors

Following the discovery of rolipram, a variety of more
selective second generation PDE4 inhibitors have been
developed. Roflumilast and cilomilast are the most clini-
cally advanced PDE4 inhibitors currently undergoing clini-
cal evaluation in obstructive lung disorders (Figure 2).
Roflumilast is currently manufactured by Nycomed Inc and
Cilomilast is manufactured by GlaxoSmithKline.

Unlike rolipram, roflumilast and cilomilast more selec-
tively inhibit low affinity rolipram binding sites in immu-
nomodulatory cells, and have less potency for high
affinity rolipram binding sites [20]. A further development

was the identification that PDE4 can exist in different iso-
forms (PDE4A, B, C and D) that are encoded by separate
genes. PDE4B is considered to mediate anti-inflammatory
effects [23] while PDE4D may be important in unwanted
adverse effects, although further work is required to
determine the exact functional roles of different PDE4
isoforms across a variety of cellular functions and cell
types.

Pharmacology
PDE4 inhibitors exhibit a variety of immunomodulatory
and anti-inflammatory effects (Figure 3) [24–27]. Roflumi-
last is a once daily oral PDE4 inhibitor that is metabolized in
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Figure 1
Phosphodiesterase isoenzymes are found in a variety of cells throughout the body. Figure reproduced with permission from Vignola [42], with permission
from Elsevier
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Figure 2
The chemical structures of (a) roflumilast and (b) cilomilast
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the body to an active metabolite, roflumilast N-oxide. Rof-
lumilast and its metabolites are not thought to interact
with food or have an altered metabolism depending on
whether patients smoke or not [9]. Moreover, no significant
interactions with roflumilast or its active metabolite have
been identified with warfarin, erythromycin, salbutamol
and inhaled budesonide [9].

Cilomilast is a twice daily administered PDE4 inhibitor.
Its metabolism is not significantly affected by cigarette
smoking [28], and it has a low potential for interaction with
warfarin, digoxin, antacids, prednisolone and salbutamol

[29, 30]. The comparative pharmacokinetic profiles of rof-
lumilast, cilomilast and theophylline are shown in Table 1.

Trials evaluating the use of PDE4 inhibitors
Four fully published randomized placebo controlled trials
[31–34] and three studies published in abstract form
[35–37] have evaluated the clinical effects of PDE4 inhibi-
tors in patients with COPD (Table 2).The mean FEV1 in all of
the studies varied between from 41%-61% predicted and
in one study the range of FEV1 was 35%-75% predicted.
None of the studies was greater than 1 year duration. From

PDE4 INHIBITORS

T Lymphocyte
Reduced IL-2, IL-4, IL-5 and IFN-g
production

Neutrophil
Reduced IL-8 and LTB4 production
Decreased ROS activity
Reduced CD11b expression
Suppressed NE, MPO and MMP-9 
release
Decreased chemotaxis

Eosinophil
Decreased ROS and LTC4 production

Macrophage
Decreased TNF-a, LTC4 and LTB4
release
Increased IL-10 production 

Mast Cell
Decreased IgE-mediated 
degranulation

Airway smooth muscle
Enhanced smooth muscle 
relaxation

Fibroblast
Attenuated activity / proliferation

Mucous gland cells
Decreased mucous secretion

Neuronal cells
Decreased neuropeptide release 
eg. eNANC

Epithelial cells
Decreased IL-6 and TNF-a release
Reduced MUC5AC expression
Increased PGE2 production

Endothelial cells
Decreased adhesion molecule 
expression
Reduced lymphocyte 
transmigration

Figure 3
In vivo and in vitro immunomodulatory and anti-inflammatory effects of phosphodiesterase 4 inhibitors. Abbreviations: eNANC, excitatory nonadrenergic
noncholinergic; IFN-g, Interferon gamma; IL, Interleukin; LT, leukotriene; MMP-9, Matrix metalloprotease-9; MPO, Myeloperoxidase; MUC5AC, Mucin 5;
subtypes A and C; NE, Neutrophil elastase; ROS, Reactive oxygen species; TNF-a, Tumour necrosis factor alpha. Figure derived with data from Boswell-Smith
et al. [39]

Table 1
Pharmacokinetic profiles of cilomilast, roflumilast and theophylline

Parameter Cilomilast Roflumilast Theophylline

tmax 1–2 h 1.5 h (roflumilast N-oxide 12 h) Formulation dependant
t1/2 7 h 10 h (roflumilast N-oxide 20 h) 8 h

Kinetics Linear Linear Non-linear
Oral bioavailability 96% 80% Formulation dependant

First pass metabolism Negligible Negligible 90%
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Table 2, it can be seen that when compared with placebo,
PDE4 inhibitors do have some benefit upon lung function,
exacerbation frequency and quality of life.

In the largest double-blind, randomized, placebo con-
trolled study, 1411 patients with COPD (mean FEV1 around
51% predicted) were randomized to receive roflumilast
250 mg (n = 576), roflumilast 500 mg (n = 555) or placebo
(n = 280) for 24 weeks [33]. For the primary outcome of
postbronchodilator FEV1, both doses conferred improve-
ments amounting to 74 ml and 97 ml compared with
placebo (P < 0.0001) for the low and high doses, respec-
tively. Similarly, for the other primary outcome of health
related quality of life, the differences between both doses
of roflumilast and placebo were significant. Although a
secondary outcome measure, the mean numbers of exac-
erbations for each patient were similar at 1.1, 1.0, and
0.8 with placebo, roflumilast 250 mg and roflumilast
500 mg day-1, respectively. A major problem with this study
was the fact that only a small proportion of individuals
were using regular inhaled treatment. For example, less
than 20% were using long acting b2-adrenoceptor ago-
nists, around 20% were using inhaled corticosteroids and
less than 40% were using anticholinergics.

In an earlier 6 week study, three dosing regimes for cilo-
milast (5 mg, 10 mg and 15 mg twice daily) vs. placebo
were evaluated in patients with COPD (mean FEV1 47%
predicted) [31]. Cilomilast 15 mg twice daily significantly
improved the FEV1 compared with placebo (mean 130 ml
vs. a reduction of 30 ml, respectively, P < 0.0001). Similar
improvements were also observed in terms of forced vital
capacity and peak expiratory flow (P = 0.001 and
P < 0.0001 for active drug vs. placebo, respectively),
although quality of life was not significantly different
between groups. In the same study, the postbronchodila-
tor FEV1 improved in the treatment groups, suggesting an
additional benefit of cilomilast over that achieved by
b2-adrenoceptor agonists may be conferred. It should also
be pointed out that in this study of patients with moder-

ately severe airflow obstruction, most individuals were not
receiving maximal inhaled treatment.

In a double-blind, placebo-controlled, parallel-group,
multicentre study, individuals with COPD were randomized
in a 2 : 1 ratio to receive twice daily cilomilast 15 mg or
placebo for 24 weeks [34].The mean change from baseline
in FEV1 over 24 weeks in the cilomilast group was an
increase of 10 ml compared with a decrease of 30 ml in the
placebo group (P = 0.002 for the difference). Taken over
24 weeks, a clinically significant reduction was apparent in
the mean total quality of life score in subjects receiving
cilomilast compared with placebo (P = 0.001 for the differ-
ence). Moreover, a greater proportion receiving cilomilast
experienced no exacerbations at 24 weeks (74%) com-
pared with placebo (62%, P = 0.008 for the difference).

Other studies have specifically evaluated the effects
of PDE4 inhibitors in terms of inflammatory cell profile.
For example, in a parallel-group randomized, placebo-
controlled trial lasting 12 weeks [32], CD8+ T lymphocytes
and CD68+ monocytes/macrophages (both of which are
considered to be involved in the inflammatory process of
COPD) significantly fell in bronchial biopsy specimens in
patients using cilomilast. However, no significant differ-
ences were observed between treatment and placebo
groups in terms of sputum neutrophils percentage (which
was the primary outcome measure), IL-8 or neutrophil
elastase concentrations.

Adverse effects
In contrast to theophylline, PDE4 inhibitors do not require
plasma monitoring and pose far less of a problem in terms
of interaction with other drugs mainly due to the fact that
theophylline is metabolized in the liver through the cyto-
chrome P450 system. However, studies highlighted in this
paper do demonstrate that PDE4 inhibitors are associated
with a higher incidence of gastrointestinal side-effects,
typically nausea, vomiting, diarrhoea and abdominal pain,
when compared with placebo. Table 3 summarizes the fre-

Table 2
Randomized controlled trials evaluating the effects of phosphodiesterase 4 inhibitors vs. placebo in patients with COPD

Study n
Duration
(weeks)

Mean FEV1

(% predicted)
PDE4
inhibitor

Lung
function Exacerbations

QOL or
symptoms

Compton [31] 424 6 47 Cilomilast PDE4+† NM PDE4↔
Rennard [34] 647 24 47 Cilomilast PDE4+† PDE4+ PDE4+†

Gamble [32] 59 12 56 Cilomilast PDE4↔ NM NM
Rabe [33] 1411 24 51 Roflumilast PDE4+† PDE4+ PDE4+†

Bredenbroker [35]* 516 26 35–75 (range) Roflumilast PDE4+ PDE4+ NM
Calverley [36, 37, 40]* 1513 52 41 Roflumilast PDE4+ PDE4+ PDE4↔
Grootendorst [41]* 38 4 61 Roflumilast PDE4+ NM NM

*Denotes that the study is published in abstract form alone and †denotes primary endpoint. n, number of randomized individuals; FEV1, forced expiratory volume in 1 s; QOL, quality
of life; PDE4+ denotes significant improvement with phosphodiesterase 4 inhibitor vs. placebo and PDE4↔ denotes nonsignificant difference with phosphodiesterase 4 inhibitor vs.
placebo; NM, information not mentioned or not available from paper or abstract; COPD, chronic obstructive pulmonary disease.
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quency of adverse effects identified from currently avail-
able literature [31–34, 36, 38].

In the largest study, evaluating roflumilast 250 mg and
500 mg [33], the numbers of patients withdrawing from the
study randomized to placebo, and low and high doses of
roflumilast were 32 (11%),100 (17%) and 124 (22%),respec-
tively. The most common adverse effects, which were not
considered related to active treatment, were exacerbations
of COPD and nasopharyngitis. Diarrhoea was the most
common adverse effect considered to be a result of roflu-
milast and occurred in no patients using placebo and 13
(2%) and 34 (6%) of those treated with low and high doses
of roflumilast, respectively.However, this was considered to
be generally mild-to-moderate in severity and occurred
more often within the first 4 weeks of treatment. In the
same study, nausea occurred in no patients receiving
placebo and 6 (1%) and 18 (3%) of those low and high
doses of roflumilast, respectively; despite this finding, vom-
iting was rare. There were no significant changes in terms
of electrocardiogram or laboratory findings.

In another study, 424 patients (mean FEV1 47% pre-
dicted) were randomized to receive twice daily 5 mg,
10 mg or 15 mg cilomilast [31]. Nausea, which was usually
mild to moderate and self-limiting, was the most common
adverse effect and occurred in 1 (1%), 1 (1%), 12 (12%) and
12 (11%) of individuals randomized to receive placebo and
low, medium and high doses of cilomilast, respectively.
Diarrhoea was relatively uncommon and occurred in only
2 (1%), 2 (2%), 4 (4%) and 9 (9%) of those using placebo and
low, medium and high doses of cilomilast, respectively.
During the study, the most serious adverse event was an
exacerbation of COPD. No relevant changes in laboratory
parameters or electrocardiograph recordings were
observed with any randomised treatment dose.

In a 12 week study of 59 individuals, diarrhoea occurred
in four (13%) and six (21%) of patients receiving placebo
and cilomilast, respectively, and was reported as being
mild to moderate in nature [32]. Two patients receiving
placebo reported nausea compared with three treated
with cilomilast. No changes in laboratory parameters
occurred in either randomized group.

These finding do support the notion that PDE4 inhibi-
tors are associated with some adverse effects which mainly
affect the gastro-intestinal system, although direct com-
parisons with traditional phosphodiesterase inhibitors
have not been made. However, they do suggest that this
group of drugs are generally safe and tolerated by patients
with COPD; whether these findings can be extrapolated
into ‘real-life’ and patient long-term tolerability is yet to be
discovered.

Conclusions

The studies highlighted in this review do indicate that
PDE4 inhibitors confer some benefits in COPD when com-
pared with placebo in terms of lung function, quality of life
and exacerbations. They also appear to be generally well
tolerated although close pharmacovigilance is required in
future long-term studies and real-life settings.

Inhaled bronchodilators form the cornerstone of phar-
macological intervention in the management of symptom-
atic COPD. Non-selective phosphodiesterase inhibitors
such as theophylline have usually been confined as a last
resort in patients with ongoing symptoms and exacerba-
tions. However, PDE4 inhibitors now represent a specific
class of drug which initially appear to confer fewer prob-
lems than theophylline in terms of drug interactions, need
to monitor plasma levels or adjustment of the dose in indi-
viduals with concomitant medical conditions. Indeed,
there remains a considerable unmet need in terms of an
effective oral bronchodilator in an attempt to avoid the
problems encountered with inhaled treatment in COPD
and perhaps PDE4 inhibitors might help pave the way in
overcoming this problem. The studies highlighted in this
paper demonstrate that PDE4 inhibitors appear to confer
benefit in improving lung function and health-related out-
comes, while the oral route of administration may present
a compliance and ease of administration advantage over
inhaled medication. However, current data do indicate that
there are consistent increases in gastro-intestinal adverse

Table 3
Frequency of adverse effects with phosphodiesterase 4 inhibitors vs. placebo (% of patients)

Study Drug
Greater than one
adverse event Nausea

Respiratory
disorder Diarrhoea

Abdominal
pain Headache

Compton [31] Cilomilast 61 vs. 52 12 vs. 1 10 vs. 16 9 vs. 1 8 vs. 3 7 vs. 7
Rennard [34] Cilomilast 87 vs. 82 5 vs. 1 N/A 8 vs. 4 8 vs. 4 N/A

Gamble [32] Cilomilast N/A 10 vs. 7 N/A 21 vs. 14 N/A N/A
Rabe [33] Roflumilast 67 vs. 62 3–5 vs. 1 23 vs. 23 9 vs. 2 N/A <1 vs. 2

Calverley [36] Roflumilast N/A 3 vs. N/A N/A 6 vs. N/A N/A N/A
Leichtl [38] Roflumilast 49 vs. 49 2 vs. N/A N/A 1 vs. N/A N/A 2 vs. N/A

N/A, result not available or recorded. Not all studies published as abstracts alone are included due to lack of data surrounding adverse effect profile. Where different doses of active
drug were used in the studies, the higher frequency of adverse effects is shown.
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effect profiles for these drugs when compared with
placebo.

Further studies are required to establish whether PDE4
inhibitors do in fact have a definite place in the step-wise
management of COPD. Ultimately, the prescribing clinician
will wish to know whether selective phosphodiesterase
inhibitors confer clinical advantages over and above
existing management algorithms and if so, under what cir-
cumstances they should be prescribed. For example, is this
new class of drug effective as monotherapy? Do they
confer additive effects to inhaled long acting bronchodila-
tors? Do they confer additive effects to inhaled corticoster-
oids? Are they more or less effective in individuals with
mild, moderate or severe disease? Will they confer overall
pharmacoeconomic benefits? Can they alter the natural
history of COPD? Moreover, before the long-term safety
and tolerability of these drugs are truly established, large
numbers of patients with COPD over a prolonged period of
time will require to use them not only in the domain of
clinical trials, but also in the real world setting. Indeed, no
study evaluating the effects of PDE4 inhibitors has had
a duration of greater than 1 years or been specifically
designed to identify effects upon mortality. The jury must
surely be out as to whether PDE4 inhibitors are merely
theophylline in disguise.

Competing interests: None declared.
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